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1.  Introduction
1.1.  Lithogenic Fluxes: Relevance to Climate

Lithogenic fluxes from continents to the oceans depend on climatic processes, such as wind and precipi-
tation, and exert influence on climate through radiative and biogeochemical processes. Radiative effects 
include the interaction of mineral dust with incoming and outgoing radiation (Evan et al., 2009; Kohfeld & 
Harrison, 2001; Maher et al., 2010), and the provision of cloud condensation nuclei, which affects albedo 
(DeMott et al., 2003). These dust properties are thought to influence atmospheric and ocean surface tem-
peratures, and the monsoon systems (Evan et al., 2009; Strong et al., 2015; Williams et al., 2016). Lithogenic 

Abstract  The flux of terrestrial material from the continents to the oceans links the lithosphere, 
hydrosphere, and biosphere through physical and biogeochemical processes, with important implications 
for Earth's climate. Quantitative estimates of terrigenous fluxes from sources such as rivers, aeolian dust, 
and resuspended shelf sediments are required to understand how the processes delivering terrigenous 
material respond to and are influenced by climate. We compile thorium-230 normalized 232Th flux records 
in the tropical Atlantic to provide an improved understanding of aeolian fluxes since the Last Glacial 
Maximum (LGM). By identifying and isolating sites dominated by aeolian terrigenous inputs, we show 
that there was a persistent meridional gradient in dust fluxes in the eastern equatorial Atlantic at the 
LGM, arguing against a large southward shift of the intertropical convergence zone during LGM boreal 
winter. The ratio of LGM to late-Holocene 232Th fluxes highlights a meridional difference in the magnitude 
of variations in dust deposition, with sites <10°N showing larger changes over time. This supports an 
interpretation of increased trade wind strength at the LGM, potentially combined with differential 
changes in soil moisture and reductions in higher altitude summer winds. Our results also highlight the 
persistent importance of continental margins as sources of high terrigenous flux to the open ocean. This is 
especially evident in the western tropical Atlantic, where study locations reveal the primary influence of 
the South American continent up to >700 km away, characterized by 232Th fluxes approximately twice as 
large as aeolian-dominated sites in the east.

Plain Language Summary  The movement of dust and sediment (“detritus”) by winds, 
rain, and rivers, from land to the oceans is affected by Earth's climate. Measurements of past amounts 
of detritus can help us understand how the processes that move detritus have changed. We collected 
published measurements of two types of the element thorium from sediments in the tropical Atlantic 
Ocean dating back to the last ice age (20,000 years ago). The two types of thorium have different sources—
seawater and detritus—and allow us to calculate the accumulation of detritus through time. We show 
that the pattern of desert dust near the equator did not change much between recent times and the peak 
of the last ice age, suggesting that the monsoon rains—which wash a lot of dust from the atmosphere—
were also in the same position. During the peak of the ice age, we found larger changes in detritus at sites 
that receive most dust in the wintertime nearer the equator, which suggests that, on the whole, winds 
strengthened more in that season. We also traced large amounts of detritus from South America far into 
the ocean, showing that river-borne detritus can travel hundreds of kilometers from land.
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material is a key component in oceanic biogeochemical cycling (Jeandel & Oelkers, 2015), as its dissolution 
helps to balance alkalinity lost due to carbonate burial (e.g., Broecker & Peng, 1982), and provides nutrients 
that support primary production (Jeandel & Oelkers, 2015; Moore et al., 2013). The addition of dust to the 
surface ocean may enhance primary productivity (Jickells & Moore, 2015; Moore et al., 2013; Pabortsava 
et al., 2017) and increase organic carbon export to the deep ocean (Pabortsava et al., 2017; van der Jagt 
et al., 2018).

1.2.  Lithogenic Fluxes in the Tropical Atlantic

The tropical Atlantic Ocean is an area well suited to the study of terrigenous fluxes from aeolian sources. 
Northwest Africa lies to the east and is the largest global source of mineral dust, with estimates of the total 
emission of dust ranging from ∼440 to 3,220 Tg/yr (Wu et al., 2020). Satellite-derived and model-derived 
dust flux estimates indicate 182–260 Tg/yr is transported from Northwest Africa toward the tropical Atlantic 
Ocean (Ridley et al., 2012; Yu et al., 2015). Dust transport across the Atlantic is highly seasonal (Engelstaed-
er et al., 2006); most summer dust is transported between ∼5°N and 25°N, predominantly at high atmos-
pheric levels (∼4–5 km, Ridley et al., 2012), in part due to the thick atmospheric boundary layer resulting 
from summer insolation (Ben-Ami et al., 2009; Schepanski et al., 2009a). Dust lifted to these high levels is 
transported west by the African Easterly jet (AEJ) (Nicholson, 2009; Pye, 1987; Wu et al., 2009). In contrast, 
winter dust is delivered further south (∼5°S–15°N), and at lower atmospheric levels (generally <2 km, Ri-
dley et al., 2012) due to reductions in the speed of easterly winds above ∼1.5 km (Schütz, 1980) and the 
strong near-surface northeasterly trade winds, that reach their peak speed during this season (Engelstaeder 
et al., 2006). This seasonal migration in the position of the dust plume is directly linked to the position of 
the intertropical convergence zone (ITCZ; Engelstaedter et al., 2006). On longer time scales African dust 
responds to millennial-scale and orbital-scale climate changes, with increases in dust corresponding to re-
duced boreal summer insolation and Northern Hemisphere cold events (McGee et  al.,  2013; Middleton 
et al., 2018; Mulitza et al., 2008; Skonieczny et al., 2019; Williams et al., 2016).

Large rivers drain into the western tropical Atlantic from South America (Peucker-Ehrenbrink, 2009); the 
suspended sediment load of the Amazon river alone accounts for an estimated ∼750 Tg/yr (Peucker-Ehren-
brink, 2018), suggesting that the fluxes of lithogenic material to the tropical Atlantic from the east (dust) and 
west (riverine material) are of the same order of magnitude. The resuspension and movement of sediment 
from continental shelves and slopes provides an additional flux of terrigenous material into the ocean interi-
or (Biscaye & Eittreim, 1977; Wynn et al., 2002). There is evidence that terrigenous fluxes from the Amazon 
are deposited across the western tropical Atlantic, as recorded in sediment core sites west of the Mid-Atlan-
tic Ridge (François & Bacon, 1991; Hemming et al., 1998; Rühlemann et al., 2001; Zabel et al., 1999). Large 
changes in the proportion and flux of terrigenous material delivered to these sites since the Last Glacial 
Maximum (LGM) have been attributed to the effect of sea-level on the position of the continental shelf edge 
(François & Bacon, 1991; Hemming et al., 1998; Rühlemann et al., 2001). Widespread nepheloid layers and 
mass wasting at shelf edges (Hemming et al., 1998) alongside changes in ocean currents may have played a 
role in the distribution of terrigenous fluxes during the LGM (Rühlemann et al., 2001).

1.3.  The Position of the ITCZ

The location of the ITCZ across the Atlantic is linked to the position of the tropical rain belt, monsoon 
systems on South America and Africa, ocean surface salinity, Atlantic Meridional Overturning Circulation 
(AMOC), and river runoff (Donohoe et al., 2013; Haug et al., 2001; Krebs & Timmermann, 2007; Portil-
ho-Ramos et al., 2017; Schneider et al., 2014). It also manifests as a biogeochemical barrier in the surface 
ocean, influencing patterns of nitrogen fixation and nutrient limitation (Schlosser et al., 2014). The ITCZ 
migrates north and south as a response to changes in the energy balance between the hemispheres (Sch-
neider et al., 2014), and its present mean position north of the equator results from the northward heat 
flux across the equator from the AMOC (Marshall et al., 2014; McGee et al., 2014; Schneider et al., 2014). 
Thus, constraining the position of the ITCZ through time is important for understanding a range of climate 
processes.
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Latitudinal migrations and effective expansions/contractions of the rain belt may have occurred in the past, 
the type of change depending on the forcing mechanism (e.g., orbital variations vs. high-latitude freshwater 
input), and whether or not the ITCZ overlies land or ocean (Singarayer et al., 2017). Changes in the position 
of the global ITCZ have been hypothesized during periods of past climate change (Arbuszewski et al., 2013; 
Haug et al., 2001; Jacobel et al., 2016, 2017; McGee et al., 2014; Muller et al., 2012; Wang et al., 2006). In 
the western tropical Atlantic, there seems to be consensus that during strongly hemispherically asymmet-
ric climate shifts, such as those occurring during Heinrich stadials, the ITCZ could have shifted by several 
degrees latitude (Broccoli et al., 2006; Burckel et al., 2015; Crivellari et al., 2018; Deplazes et al., 2013; Häggi 
et al., 2017; Mulitza et al., 2017; Portilho-Ramos et al., 2017; Stríkis et al., 2018; Waelbroeck et al., 2018; 
Zhang et al., 2015). However, the longer time scale behavior of the ITCZ from LGM to late-Holocene re-
mains less certain.

In the Atlantic region, two proxy-based approaches yield contrasting views of the differences between LGM 
and late-Holocene precipitation patterns and the past location of the ITCZ. Planktonic foraminiferal δ18O 
and Mg/Ca data from cores at the southern edge of the modern ITCZ indicate large (several degrees) latitu-
dinal migrations of the rain belt (Arbuszewski et al., 2013). In contrast, sediment records of n-alkane δ13C 
close to Africa indicate a contracted region of C3 plants north and south of the equator during the LGM 
and Heinrich stadial 1 (HS1) (Collins et al., 2011), implying a contracted rain belt during these times. Both 
proxies have their own uncertainties, and there are limitations relating to the location and temporal reso-
lution of the sediment cores, such that placing a robust constraint on the ITCZ position through time with 
the available data is challenging.

As the delivery of aeolian dust may be controlled in large part by wet deposition associated with the ITCZ, 
reconstructions of past dust fluxes have been applied as one approach for reconstructing shifts in the Pacific 
ITCZ (Jacobel et al., 2016; McGee et al., 2007; Reimi et al., 2019); no such attempt has yet been made for the 
Atlantic ITCZ. To reconcile the existing proxy-based estimates (Arbuszewski et al., 2013; Collins et al., 2011) 
with the model results (Singarayer et al., 2017), we use compiled 232Th flux data to assess whether there is 
evidence for large latitudinal migrations of the ITCZ over the LGM to late-Holocene transition.

1.4.  Approach of This Study

Earlier compilations of terrigenous flux in the tropical Atlantic (Kohfeld & Harrison, 2001) relied on ter-
rigenous fluxes derived from age-model-based mass accumulation rates (e.g., Ruddiman, 1997) which are 
subject to biases due to sediment redistribution at the seafloor (François et al., 2004). More recently Kien-
ast et al.  (2016) generated an improved compilation, combining 230Th normalization (Costa et al., 2020; 
François et al., 2004) with measurements of lithogenic 232Th for late-Holocene and LGM time slices.

In this study, we build on this latter approach, bringing together temporally and spatially resolved 230Th-nor-
malized records of 232Th accumulation in the tropical Atlantic throughout the last ∼25 ka. This new compi-
lation draws on records that reflect aeolian input to the ocean as well as riverine and shelf/slope fluxes. The 
compilation includes four records that have not been previously considered in the context of terrigenous 
inputs (Ng et al., 2018). Together these records allow us to divide the study area into broad zones based upon 
the likely dominant source of 232Th fluxes (i.e., riverine, shelf, or aeolian). We use the data to identify and in-
terpret records that reflect 232Th delivery predominantly from aeolian dust throughout the past ∼25 ka. This 
allows us to determine the past meridional gradients of aeolian dust in the tropical Atlantic at increased 
spatial and temporal resolution, and to investigate the past position of the ITCZ in the area.

2.  Materials and Methods
2.1.  Terrigenous Fluxes From 230Th Normalization of 232Th

Thorium-230 normalization (Costa et al., 2020; François et al., 2004; Henderson & Anderson, 2003) relies 
on the assumption that the flux of 230Th delivered by settling sediment to the seafloor can be predicted. This 
assumption has been validated by observations and modeling (Bacon, 1984; Hayes et al., 2015; Hender-
son et al., 1999; Yu et al., 2001). The method is considered to represent a significant improvement on the 
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traditional approach using fluxes derived from bulk accumulation rates (Costa & McManus, 2017; Costa 
et al., 2020; François et al., 2004) and generally compares well with other constant-flux proxies, such as 3He, 
where the two have been measured in the same sediments (e.g., McGee et al., 2010b). One exception is in 
the presence of intense hydrothermal scavenging regimes where the differences in sediment flux can be 
large (Lund et al., 2019) over limited spatial scales (Middleton et al., 2020).

The separation and analysis of 230Th and U-series isotopes from the sediment—typically by anion-exchange 
chromatography and inductively coupled plasma mass spectrometry, ICP-MS—also allows for the measure-
ment of the primordial isotope 232Th. Thorium-232 is preferentially incorporated into melt phases during 
the processes of crustal formation (Blundy & Wood, 2003), and so is present in high concentrations in the 
continental crust—over an order of magnitude greater than in oceanic basalts (Kienast et al., 2016, and ref-
erences therein; McGee et al., 2007, 2016). This fractionation allows the flux of 232Th recorded in sediments 
to be used as a proxy for varying terrigenous inputs through time (Adkins et al., 2006; Anderson et al., 2006; 
Jacobel et al., 2017; McGee et al., 2007; Pourmand et al., 2004). Although it is possible to estimate an abso-
lute flux of lithogenic sediment based on the 232Th concentration of the material in question, this estimate 
is dependent on the grain size and provenance of the material (e.g., ∼14 µg g−1 in fine aeolian dust vs. 
∼11 µg g−1 in average upper continental crust; McGee et al., 2016; Rudnick & Gao, 2003; Taylor & McLen-
nan, 1995). We present reconstructions of lithogenic fluxes as 232Th fluxes to avoid a priori assumptions 
about the source of the material. We note that the term “terrigenous” properly refers to material derived 
from the continents, while “lithogenic” and “detrital” suggest material derived from the solid lithosphere 
(i.e., rocks). However, given the enrichment of 232Th in continental material and the lack of large volcanic 
inputs to our study sites, in this paper, we use these terms interchangeably.

2.2.  Data Compilation

We compiled down-core U and Th isotopic data from the tropical Atlantic that provide a temporal resolu-
tion higher than late-Holocene and LGM time slices (e.g., Kienast et al., 2016). The compilation consists of 
data that were mainly derived from ICP-MS measurements, but also contains data that were obtained with 
alpha spectrometry (e.g., Francois et al., 1990). The data set covers the last deglacial transition, with the 
highest data density being between 0 and 18 ka. The 36 cores span a spatial range from 4°S to 31°N latitude, 
11°W to 78°W longitude, and 965–5,104 m water depth (Table S1). The sediment core records from McGee 
et al. (2013) are presented as 232Th fluxes, rather than dust flux as estimated in the original study, to allow 
for direct comparison to neighboring cores. Fluxes of 232Th from cores KN207-2-GGC6 and KN207-2-GGC3 
at the Mid-Atlantic Ridge were normalized to 3He, rather than 230Th (Middleton et al., 2016, 2018).

The data in previous studies were presented in a range of different formats; in some cases, only the raw data 
were presented, and in other cases, the corrections necessary for 230Th normalization were already under-
taken. Our approach here was to use 230Thxs

0 (excess 230Th corrected for the time since deposition and for 
activity supported by U in the sediment) from the original studies where available. If necessary, the 230Thxs

0 
values were recalculated based on the methods set out by Francois et al. (2004), using chronology and cor-
rection factors given in the original studies (e.g., 238U/232Th in detrital material) and using the 230Th half-life 
of Cheng et al. (2000) (Table S1).

2.2.1.  Sources of Uncertainty

Analytical uncertainties were taken from the original studies where presented, or given as 2 standard devi-
ations from the mean where fluxes were calculated in this study. These uncertainties are typically smaller 
than that associated with predicting the vertical 230Th flux (±30%–40%; Costa et al., 2020, and references 
therein). No specific uncertainty was available for the data from Francois et al. (1990), but an average count-
ing precision of ∼8% for 230Th and 232Th (2SD) was reported. In addition, uncertainties associated with the 
238U/232Th activity ratios were propagated in the calculation of 230Thxs

0 made in this study using the ratio and 
corresponding uncertainty provided by the original studies.

In settings with a high proportion of lithogenic material, 230Th-normalized fluxes are sensitive to the as-
sumed value of 238U/232Th in detrital material (Missiaen et al., 2018). The 238U/232Th ratios can vary between 
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source lithologies (Costa et al., 2020, and references therein), but meas-
urements of African dusts and Amazon river sediments (i.e., the major 
terrigenous sources for our study area) indicate similar average values 
of 238U/232Th (0.83 ± 0.1 and 0.75 ± 0.1, respectively, activity ratio ±1σ; 
Bouchez et al., 2011; Muhs et al., 2007). Records at the ocean margins 
with high proportions of terrigenous material must be more cautious-
ly interpreted than those in open-ocean settings with lower lithogenic 
content. For example, core GeoB16206-1 (South American margin, ma-
genta square, Figure 1; Voigt et al., 2017) records 232Th flux from 93 to 
875 µg m−2 yr−1 with 238U/232Th activity ratio = 0.4, which increases to 99–
2,332 µg m−2 yr−1 (7%–167% change) with 238U/232Th = 0.5. Some original 
studies analyzing closely spaced records used different detrital 238U/232Th 
or other correction factors in the calculation of 230Thxs

0 (Table S1 and Fig-
ure S1). Biases in 232Th fluxes are most likely at the Ceará Rise (“West” 
core group, Figure 1) and around the African Margin, where differences 
of 0.13 and 0.2 in the assumed 238U/232Th ratio between closely spaced 
cores are coupled with high lithogenic proportions (i.e., >50%). However, 
reprocessing data from cores 1JPC and 3JPC (red diamonds, “West” core 
group, Figure 1; Ng et al., 2018) using a lower detrital 238U/232Th of 0.47 
(Lippold et al., 2016; Figure S1) we find an average difference in 232Th 
fluxes of only 5% and 15% for 1JPC and 3JPC, respectively (maximum 
∼20%). This suggests that for mid-ocean cores with moderately high lith-
ogenic contents the impact of different assumed lithogenic 238U/232Th ra-
tios is less than other uncertainties inherent to the 230Th normalization 
technique (Costa et al., 2020).

The age control on the different sedimentary records varies in resolution 
and quality (Table S1). Eighteen cores have ages constrained by 14C dates 
on planktic foraminifera. Other chronologies use δ18O correlation that is 
dependent on uncalibrated 14C dates (François et al., 1990; Table S1) and 
an assumed core-top age of zero (inconsistent with 14C dated core-top 
ages >3 ka; e.g., Ng et al., 2018). As such there are systematic offsets in 
the chronologies of some cores (François et al., 1990; ∼2–4 ka, Table S1). 
We reduce the significance of uncertainty from any single record by fo-
cusing on multimillennial-scale changes and the main regional trends. 
This approach is suited to the setting of many open-ocean cores with low 
sedimentation rates where millennial-scale variations may have been 
masked by bioturbation (Middleton et al., 2018; Williams et al., 2016).

3.  232Th Fluxes in the Tropical Atlantic Since the 
LGM
3.1.  Ocean Margin Data

Sediment cores recovered from both eastern and western margins of the 
tropical Atlantic show significantly higher 232Th fluxes than those from 
the open ocean. The sites defined here as margin records are located 
within 300 km of the nearest coast, except for core MD03-2705 (Skoniec-
zny et al., 2019), which is located >500 km. This site is considered to be 
transitional as it exhibits 232Th fluxes similar to both margin and open-
ocean sites at different times. The margin sites generally have 232Th fluxes 
>200 µg m−2 yr−1 and show high temporal variability, particularly during 

the deglaciation (Figure 1). In African margin cores, there is often a peak in 232Th fluxes around the 12–13 ka 
(associated with the Younger Dryas) and variably expressed peaks during Heinrich Stadials 1 and 2 (cf. cores 
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Figure 1.  Sediment cores with 232Th/230Th data compiled in this study, 
grouped by 232Th flux magnitude and location. Ocean margin sites are 
colored green and black (African) and pink (South American), open-
ocean sites are colored red (“West”), yellow and blue (East), and cyan 
(“Northwest”) (Adkins et al., 2006; Bradtmiller et al., 2014, 2007; Burckel 
et al., 2015; François et al., 1990; Lippold et al., 2011, 2012a, 2012b, 2016; 
McGee et al., 2013; Meckler et al., 2013; Middleton et al., 2016, 2018; 
Mulitza et al., 2017; Ng et al., 2018; Skonieczny et al., 2019; Voigt 
et al., 2017; Waelbroeck et al., 2018; Williams et al., 2016). Some closely 
spaced cores from a particular study are given the same symbols. Error 
bars are 2SD if calculated here, or as given by the original studies. No 
uncertainty is plotted for the data from Francois et al. (1990) (as discussed 
in the text). Figure created using Ocean Data View (Schlitzer, 2018).
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ODP658C and OCE437-7-GC68 with GeoB9508-5 and MD03-2705). The relative magnitude of these flux 
peaks is different between cores (Figure 1). The African margin cores show lower 232Th fluxes during much 
of the mid-Holocene, with flux minima often around 6–8 ka. Fluxes at the South American continental 
margin were up to an order of magnitude higher than those on the African margin during the deglaciation; 
the main peaks are at ∼11–13, ∼15–18, and ∼24–25 ka. Late-Holocene fluxes are lower than LGM fluxes in 
the two South American records that resolve both time periods (a factor of 1.7× to 6.7× higher at the LGM).

3.2.  Open-Ocean Data

Away from the continental margins (beyond ∼300 km) the open-ocean records are largely consistent in 
terms of their broad scale temporal trends. In general, the lowest 232Th fluxes are observed during the 
mid-Holocene, fluxes during the LGM are relatively elevated, and peak fluxes are typically observed during 
the deglaciation. These core sites can be further divided into three groups based on the magnitudes and 
temporal patterns of their 232Th flux (Figure 1).

3.2.1.  High 232Th Flux Sites

Eight sites located west of the Mid-Atlantic Ridge but away from the continental slope show the highest 
232Th flux among the open-ocean sites (red symbols, Figure 1). The cores all show an interglacial-glacial 
difference, with average LGM (19–26.5 ka) 232Th fluxes of ∼220 ± 40 µg m−2 yr−1 (1SD), compared to a Hol-
ocene (0–10 ka) average of ∼90 ± 40 µg m−2 yr−1. The initiation and end of the deglacial transition appears 
to span a range of several thousand years ages between the different records, likely as a result of the variable 
core chronologies (Table S1).

3.2.2.  Moderate 232Th Flux Sites

Six sites on or east of the Mid-Atlantic Ridge from 1.9 to 7.4°N (yellow symbols in Figure 1) have 232Th 
fluxes of 36 ± 10 µg m−2 yr−1 in the Holocene and LGM fluxes of 88 ± 13 µg m−2 yr−1. These sites also show 
shorter timescale variations, with peaks in 232Th fluxes around the time of the deglaciation and at the LGM. 
Minimum values are typically reached in the mid-Holocene, where fluxes remain lower than late-Holocene 
values for a time period of several thousand years (e.g., core VM20-234; Williams et al., 2016). These sites 
are at least 840 km from the coast at present, with the LGM coast up to ∼200 km closer. The main LGM 
to Holocene reduction in dust flux is offset by up to several thousand years in the different cores, with the 
mid-Holocene flux minimum being reached between ∼5.4 and 8.4 ka.

3.2.3.  Low 232Th Flux Sites

Eleven sites designated as low 232Th flux sites in this study come from the broadest geographical range, with 
five equatorial cores (Bradtmiller et al., 2007) located around the Mid-Atlantic Ridge (dark blue symbols in 
Figure 1), and six cores located between 15 and 30°N (cyan symbols in Figure 1). Two cores are included 
in which 232Th fluxes have been estimated by means of normalization to extra-terrestrial 3He (Middleton 
et al., 2018). Maximum fluxes are seen around the time of the deglaciation, with the most southerly cores 
in the group (dark blue symbols in Figure 1) showing peak deglacial values 25–72 µg m−2 yr−1, and those 
further north and west (cyan symbols in Figure 1) showing peak values 15–34 µg m−2 yr−1. The low flux sites 
have minima around the early-Holocene to mid-Holocene. The low 232Th flux sites are all distal from conti-
nents (∼700–2,800 km), apart from two cores near the Bahamas (Williams et al., 2016), which are ∼200 km 
from the coast of North America.

4.  Discussion
4.1.  The Influence of Continental Margins

4.1.1.  High and Variable Fluxes at Continental Margins

Our compilation shows that the flux of terrigenous material at the ocean margins is much higher (well 
in excess of 200 µg m−2 yr−1) than fluxes to the more remote parts of the ocean (Kienast et al., 2016). The 
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marked differences between the African margin records (green and black symbols, Figure 1), both in terms 
of the absolute fluxes and the temporal variability of the records could be explained by the different dis-
tances to 232Th sources, variable contributions of riverine or resuspended shelf/slope material, variable sus-
ceptibility to bioturbation, differences in aeolian deposition or by age-model biases. Because modeled dust 
flux gradients are generally gradual—unless some atmospheric barrier acts to rapidly remove dust (Albani 
et al., 2016; Mahowald et al., 2005)—it is plausible that some of the differences between the closely spaced 
cores may be attributed to non-aeolian processes. In order to use sites at ocean margins to reconstruct dust 
fluxes, additional techniques must be used to separate aeolian and hemipelagic or riverine influences (e.g., 
McGee et al., 2013).

The records at the South American margin (magenta symbols, Figure 1) have been interpreted as represent-
ing riverine inputs, with the prominent peaks in some records reflecting precipitation maxima (Waelbroeck 
et al., 2018). The deglacial peaks are similar to those recorded at the African margin, and are coincident 
with major millennial climate variations (the Younger Dryas, HS1, and HS2). The co-occurrence of high 
232Th fluxes at both margins of the tropical Atlantic during millennial-scale climate events indicates a sim-
ilar response of lithogenic flux to the atmospheric reorganizations during these climate periods, although 
different processes dominated at each margin (i.e., riverine input vs. dust) (McGee et al., 2013; Mulitza 
et al., 2017). It is notable that during these periods of rapid and intense climatic change the terrigenous flux 
component of the climate system was also at an extreme.

4.1.2.  Long Range Transport to the Western Tropical Atlantic

Distal sites as far from continental margins as the Ceará Rise (>600 km from South America) show fluxes 
far above those of other open-ocean sites (“West” core group, red symbols, Figure 1), similar, on average, to 
those at the African margin. Kienast et al. (2016) noted the penetration of terrigenous fluxes into this part of 
the western Atlantic and excluded the sites from their compilation of LGM aeolian deposition. However, the 
increased temporal resolution in this study shows that the records at the Ceará Rise have been consistently 
elevated for >25 ka and should also be excluded from Holocene dust reconstructions. We also observe fluxes 
of this magnitude far from the Amazon river mouth or South American continent (>1,400 and >500 km, 
respectively; core RC16-66, red inverted triangle, Figure 1; Bradtmiller et al., 2007). This pattern and mag-
nitude of 232Th fluxes indicate that resuspended and/or riverine fluxes from South America have been the 
dominant source of lithogenic sediment to the western tropical Atlantic throughout the last ∼30 ka (Da-
muth, 1977; François & Bacon, 1991; Hemming et al., 1998; Rühlemann et al., 2001). In the subsequent sec-
tions, we focus on distinguishing and interpreting sites that we believe to be dominated by aeolian inputs.

4.2.  Aeolian-Dominated Sites

Cores at latitudes <10°N on or east of the Mid-Atlantic Ridge (“East” core groups, yellow and blue symbols, 
Figure 1), and those at latitudes >10°N, on or west of the Mid-Atlantic Ridge (“Northwest” core group, 
cyan symbols, Figure 1) are interpreted as being dominated by aeolian deposition. These sites, far from 
the ocean margins, have substantially lower 232Th fluxes than those at the margins. An African origin for 
232Th in some of these cores is supported by Pb isotopic analysis on cores at the Sierra Leone Rise (“East” 
core group, yellow squares, Figure 1; Abouchami & Zabel, 2003), as well as Nd isotopic evidence, albeit at 
time-slice resolution (Grousset et al., 1998). Cores close to the African margin that have been corrected for 
riverine/resuspended inputs (McGee et al., 2013) or show 232Th fluxes similar to more distal sites (Skoniec-
zny et al., 2019) are also considered to reflect aeolian inputs (Section 4.2.2).

4.2.1.  Latitudinal Trends of 232Th Flux and the Position of the ITCZ

In order to reconstruct the position of the ITCZ through time we followed the approach applied in the 
tropical Pacific (Jacobel et al., 2016; McGee et al., 2007). The method assumes that the ITCZ represents 
a significant barrier to atmospheric dust transport and leads to an additional removal flux of dust (due to 
the strong precipitation). This assumption is supported by the strong latitudinal gradients in surface ocean 
dissolved Al and Fe concentrations across the ITCZ (Moore et al., 2009; Schlosser et al., 2014), as well as by 
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modeled and observed associations between precipitation and dust dep-
osition (van der Does et al., 2020; Yu et al., 2019). This wet deposition in 
the ITCZ results in a steeper gradient of dust deposition (with latitude) 
at the southern edge of the dust plume than is seen further north, in con-
trast to the approximately symmetrical pattern of aerosol thickness indi-
cated by satellite retrievals (Yu et al., 2019). Under a scenario with a shift 
in position of the ITCZ, the associated strong gradient in dust deposition 
would move concurrently (e.g., a southward shift in the ITCZ would also 
be expected to move the strong gradient in dust deposition further south).

We focused on sediment cores from the eastern tropical Atlantic that are 
likely to be sensitive to shifts in the ITCZ and have minimal sensitivity to 
additional factors, such as distance from the dust sources or the seasonal-
ity of dust deposition. These sites receive dust dominantly during boreal 
winter (Yu et al., 2019) and span a latitudinal gradient across the position 
of the present boreal winter ITCZ. The relatively low total accumulation 
rates in open-ocean cores do not allow examination of millennial-scale 
latitudinal shifts in the ITCZ (such as those thought to occur during Hein-
rich stadials; e.g., Broccoli et al., 2006). Instead, we focused on assessing 
evidence for the hypothesized 7° latitudinal shift southward of the LGM 
ITCZ (Arbuszewski et al., 2013), compared to the late-Holocene.

A prominent feature of the data is a latitudinal gradient in 232Th fluxes in 
the eastern tropical Atlantic, with higher fluxes in the north (∼2.4–7.4°N) 
and lower fluxes in the south (∼0.6–3.0°S) This latitudinal gradient per-
sists at the LGM and the late-Holocene with a north-south reduction in 
flux of about a factor of 3 (late-Holocene) to 4 (LGM) (Figures 2 and 3). 
The highest 232Th fluxes occur at approximately the same latitude as the 
maximum winter precipitation rate. In addition, the highest latitudinal 
gradient is approximately coincident with the highest latitudinal gradient 
in precipitation rate (Figure 3). The strong gradient in 232Th flux is thus 
likely due to the position of the ITCZ at around the same latitude during 
the LGM and the late-Holocene (Figures 2 and 3). A similar feature is 
also revealed by a dust deposition model (Albani et al., 2016), which indi-
cates a decrease in dust flux of around a factor of 4.5 (at 21 ka) to 6.5 (at 
2 ka) moving south between about 4°N and 1°N (Figure 3). The modeled 
decrease in dust flux is dominated by the decrease in wet-dust deposition 
over this latitude (Albani et al., 2014), implying a dominant role for ITCZ 
processes in scavenging dust from the atmosphere. Although in broad 
agreement, the modeled dust flux curve indicates a decline in values 
starting slightly further north than the 232Th flux data.

Some difference between modeled dust and 232Th flux gradients might be 
expected due to the lateral advection of dust particles by ocean currents (Anderson et al., 2016). However, 
a significant northward current would be required for the reconstructed latitudinal 232Th flux gradient to 
be an artifact of such oceanic redistribution. In the modern tropical Atlantic, there is no strong northward 
current; flow in the surface and subsurface is dominated by zonal currents (Brandt et al., 2006; Schmid 
et al., 2001; Zhang et al., 2003). The presence of zonal 232Th flux gradients across the tropical Atlantic, de-
spite the strong east-west currents gives us confidence that sediments do capture dust deposition patterns 
(Anderson et al., 2016; Rowland et al., 2017).

The 232Th flux data support model results that indicate the maximum southern extent of the ITCZ over the 
Atlantic was similar at the late-Holocene and LGM (Singarayer et al., 2017). The model generally highlights 
expansion and contraction of the ITCZ seasonal range on orbital time scales over the ocean, rather than 
large-scale latitudinal shifts of the marine ITCZ. Our results argue against a potential 7° latitudinal shift in 
the LGM ITCZ (Arbuszewski et al., 2013), as the gradient of 232Th fluxes between the northern and southern 
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Figure 2.  (a) Position of the modern boreal winter ITCZ indicated by 
the seasonal average (December to February) precipitation rate (greyscale 
color and contours, maximum values shown are 400 and 300 mm/month, 
respectively). (b) 232Th flux in sediment cores; sites shown in blue lie 
approximately south of the ITCZ during modern boreal winter, those 
shown in yellow approximately underlie the ITCZ during that season. 
Precipitation data from January 1998 to February 2019 are from the 
tropical rainfall measuring mission (TRMM; Goddard Earth Sciences Data 
and Information Services Center (GES DISC), 2011), accessed through the 
Giovanni online data system. ITCZ, intertropical convergence zone. Figure 
created using Ocean Data View (Schlitzer, 2018).
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sites of the transect is expected to decrease, in relative terms, if the ITCZ dust barrier were shifted so far 
south. Our data are consistent with no large shift in the mean position of the boreal winter Atlantic ITCZ 
at the LGM (Singarayer et al., 2017), or in the position of the winter dust plume emanating from the Sahara 
(Grousset et al., 1998; Sarnthein et al., 1981). At the most, any southward shift in the boreal winter ITCZ at 
the LGM must have been less than the minimum spatial resolution of our core transect (i.e., <2° latitude). 
One important consequence of this interpretation is the potential change in the amount of precipitation in 
the ITCZ during the LGM. If precipitation within the ITCZ was reduced, then dust might be less efficiently 
scavenged by the ITCZ, as is suggested in the eastern Pacific (McGee et al., 2007). If true, the reduced pre-
cipitation would serve to decrease the gradient in dust fluxes. Following this scenario, the gradient in 232Th 
fluxes that we reconstruct may be a minimum estimate for the gradient in LGM dust loading (e.g., Collins 
et al., 2011).

During the deglaciation (11–18 ka) the latitudinal gradient in 232Th fluxes appears to break down (in relative 
terms, Figure 2). The average 232Th flux of all sites further north (73 µg m−2 yr−1, yellow symbols Figure 2) 
is a factor of 1.7 higher than those to the south (42 µg m−2 yr−1, blue symbols Figure 2), in contrast to a 
factor of 2.5 higher during the late-Holocene (0–5 ka, 38 µg m−2 yr−1/15 µg m−2 yr−1) and LGM (19–26.5 ka, 
88 µg m−2 yr−1/35 µg m−2 yr−1). This reduced latitudinal gradient in 232Th flux and the prominent peaks of 
232Th flux observed at the southern sites (Figure 2) would support the notion of a southward shifted ITCZ 
during the deglaciation (Broccoli et al., 2006; Portilho-Ramos et al., 2017; Singarayer et al., 2017). However, 
this interpretation is sensitive to age-model uncertainties (Section 2.1.1); systematic offsets in model ages 
combined with rapid changes in 232Th flux could produce the apparent breakdown of latitudinal gradients.

Throughout the Holocene the north-south gradient in 232Th fluxes persists, with northern sites a factor of 
1.8 higher during the early-Holocene (5–10 ka), increasing to a factor of 2.5 at the late-Holocene (average 
of yellow and blue sites, “East” core groups, Figures 1 and 2). During the early-Holocene the seasonality of 
northern hemisphere insolation was high, and the ITCZ is thought to have expanded northwards during bo-
real summer, and further south during boreal winter (Singarayer et al., 2017). Under these conditions, one 
might expect that the gradient between the northern and southern transect sites to be greatly reduced, be-
cause the barrier to dust should have been removed during the season relevant for dust deposition at these 
sites (boreal winter). There are several nonexclusive scenarios that could contribute to the early-Holocene 
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Figure 3.  Left: The latitudinal gradient in 232Th fluxes at the late-Holocene (0–5 ka) shown as gray dots, and around 
the LGM (19–26.5 ka) shown as red dots from a transect of sites (inset map). Right: Modeled dust fluxes for 2 ka 
(gray dots and line) and 21 ka scenarios (red dots and line) for the same transect from Albani et al. (2016) are shown. 
Also plotted is the TRMM average precipitation rate for December to February (Goddard Earth Sciences Data and 
Information Services Center (GES DISC), 2011). The range of latitudes coincident with the highest gradient of 232Th 
flux and with a high gradient in precipitation rate is highlighted by a gray bar. LGM, Last Glacial Maximum; TRMM, 
tropical rainfall measuring mission.
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gradient, resulting from atmospheric or postdepositional processes. One 
explanation for the persistent, albeit reduced, early-Holocene 232Th flux 
gradient is that the ITCZ may have occupied locations between northern 
and southern transect sites for sufficient time to scavenge dust during its 
seasonal transit between the higher latitudinal maxima. The efficiency 
of dust removal associated with the ITCZ may have been greater dur-
ing the mid-Holocene, potentially due to higher boreal winter rainfall in 
the Atlantic rain belt during the mid-Holocene (e.g., Collins et al., 2011). 
Alternatively, the 232Th-flux gradient may have been maintained if the 
ITCZ did not shift far enough from its present position to remove the dust 
barrier between the low 232Th and moderate 232Th sites (in contradiction 
with model results; Singarayer et al., 2017). Increasing bioturbation with 
decreasing latitude could also contribute to the north-south gradient by 
moving the low mid-Holocene 232Th flux signal down-core.

4.2.2.  Changes in Aeolian Flux: LGM to Late-Holocene Ratios

Dust fluxes decline more from the LGM to late-Holocene at sites south of 
∼10°N (Figure 4; Table S2). Sites <10°N show an average change in 232Th 
fluxes from LGM to late-Holocene of a factor of 2.30 ± 0.26 (n = 11, 2SE), 
while those >10°N show an average factor of 1.36 ± 0.25 (n = 8, 2SE) 
difference. Although flux ratios vary between cores within each latitudi-
nal group (Figure 4), the largest differences are explicable by non-aeolian 
processes and the overall latitudinal pattern of flux ratios is consistent. 
For example, at the Bahamas site (Williams et al., 2016), the high LGM/
late-Holocene 232Th flux ratio, ∼1.9, may be explained by additional con-
tributions from North American terrigenous sources (e.g., aeolian dust 
prevalent during glacial periods), bioturbation of deglacial flux maxima 
or biases in 230Th normalization (due to the shallow water depth and/
or variable sediment focusing; Williams et al., 2016). Likewise, the low 
flux ratio, <1, in core OCE437-3-GC27 at the African margin may be ex-
plained by the high proportion of non-aeolian inputs, high focusing fac-
tors and the presence of an active submarine canyon at the site (McGee 
et al., 2013).

It has been proposed that North African dust emissions are primari-
ly driven by changes in the African monsoon system, closely linked to 
Northern Hemisphere insolation, rather than glacial-interglacial condi-
tions (Skonieczny et al., 2019). This view is based on the ∼240 ka 232Th 

flux record from core MD03-2705, and is supported by modeled LGM/late-Holocene dust (i.e., glacial/inter-
glacial) flux ratios in the tropical Atlantic ∼1 (Albani et al., 2016). However, the high LGM/late-Holocene 
232Th flux ratios at open-ocean sites <10°N (∼2) align more closely with larger glacial-interglacial shifts in 
dust fluxes recorded elsewhere (Kienast et al., 2016; Winckler et al., 2008). This discrepancy highlights the 
question: are the differences in LGM/late-Holocene 232Th flux ratios the result of real latitudinal differences 
in aeolian processes, or are they an artifact of the sampling sites? Differences in dust emission and wind sea-
sonality, postdepositional changes to the sediment and differences in wet vs. dry dust deposition are all pro-
cesses that may affect the 232Th flux ratios. Because the latitudinal trend is constrained by a number of cores 
across a range of depositional environments, we consider real differences in dust emission and deposition 
with latitude as our favored interpretation. We further discuss the range of possible interpretations below.

One potential artifact associated with the open-ocean records is that bioturbation may affect the LGM/
late-Holocene flux ratios. For example, large deglacial peaks in dust deposition (as indicated by margin 
records; Figure 1) could have been smoothed down-core, artificially elevating LGM 232Th fluxes (Middleton 
et al., 2018). At individual core sites the sedimentation rate and organic carbon flux determine the efficacy 
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Figure 4.  The ratio of LGM (19–26.5 ka) to late-Holocene (0–5 ka) 232Th 
flux for sites representative of aeolian terrigenous inputs, shown by a 
color scale. Ratios from three African margin sites of McGee et al. (2013) 
are calculated using the estimated aeolian flux from that study, rather 
than bulk 232Th flux. Upper panel contours indicate mean December-
February 555 nm aerosol optical depth from the multiangle imaging 
spectroradiometer for the time period December 2000 to February 2017, 
using the MIL3MAE version 4 data product (Diner, 2009), and accessed 
through the Giovanni online data system. Lower panel contours are 
TRMM December to February precipitation rate (mm/month), the same 
as the upper panel of Figure 2. LGM, Last Glacial Maximum; TRMM, 
tropical rainfall measuring mission. Figure created using Ocean Data View 
(Schlitzer, 2018).
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and the maximum depth of bioturbation, respectively (Mekik & Anderson, 2018; Trauth et al., 1997). De-
pending on the interplay of each process, higher 232Th flux ratios close to the equator might be explained 
by higher bioturbation at these more productive sites (Bradtmiller et al., 2007). However, the consistency 
of flux ratios >10°N between the African margin and mid-ocean, despite vastly different sedimentation 
regimes, gives us confidence that the pattern of flux ratios represents a real signal (e.g., deglacial and LGM 
sedimentation rates ∼8× higher at the margin; McGee et al., 2013; Middleton et al., 2018). When modeling 
the effects of bioturbation (Middleton et  al.,  2018) could not fully account for the differences in LGM/
late-Holocene flux changes between margin and open-ocean records. Middleton et al. modeled <4 cm of 
mixing at their mid-ocean sites >10°N, in good agreement with modern mixing depths of equatorial cores 
(Trauth et al., 1997). This similarity in mixing depth combined with generally higher sedimentation rates 
closer to the equator suggests that bioturbation is unlikely to account for the higher 232Th flux ratios at sites 
<10°N.

The latitudinal differences in relative LGM to late-Holocene 232Th flux change require a physical explana-
tion. Williams et al. (2016) suggested that latitudinal variation in LGM/late-Holocene flux ratios resulted 
from a southward shift in the ITCZ at the LGM, which we have ruled out. However, the transport efficiency 
of dust at the LGM may have varied with latitude due to differing impacts of wet and dry deposition with lat-
itude. For example, model results (Albani et al., 2014) indicate a slightly higher proportion of wet deposition 
at some of the sites <10°N during the LGM compared to the modern, which could contribute to the higher 
LGM fluxes at these sites. The modeled changes are only ∼10% (Figure S2), and many sites do not show any 
large shift in wet deposition. Changes in LGM rainfall would have a smaller effect at the African margin 
where dry deposition is generally >80% of the dust flux (Albani et al., 2014; Figure S2). At sites >10°N and 
>40°W, wet-dust deposition may account for >50% of annual dust flux (Albani et al., 2014; Figure S2). On 
the other hand, the sensitivity of dust deposition to precipitation in this region may be limited because the 
dust transport pathway toward these sites is dominated by dry deposition (Albani et al., 2014; Figure S2). 
Taken together it seems unlikely that changes in rainfall at the LGM could explain the systematic pattern 
of flux ratios with latitude.

The modern seasonal emission and deposition of dust has a clear variation with latitude (Engelstaeder 
et al., 2006; Yu et al., 2019), and so the latitudinal difference in LGM/late-Holocene 232Th flux ratios may be 
linked to dust seasonality during the LGM. The sites <10°N mainly receive dust that is delivered at lower 
atmospheric levels by the North East trade winds during the boreal winter (Engelstaeder et al., 2006; Yu 
et al., 2019). In contrast, open-ocean sites at latitudes >10°N receive much of their dust load during the 
summer (e.g., Ridley et al.,  2012). There is some uncertainty regarding the modern dust seasonality for 
African margin sites >10°N (e.g., GC68, MD03-2705), with sediment traps indicating variable dust flux 
seasonality, often with a peak during boreal winter (Bory & Newton, 2000; Neuer et al., 1997; Ratmeyer 
et al., 1999), and more recent satellite studies indicating summer as the primary depositional season (Yu 
et al., 2015, 2019). These different wind systems and atmospheric features may have different sensitivities 
to LGM climate changes.

Sarnthein et al. (1981) inferred increases in glacial trade wind strength based on grain-size analysis; up-
welling proxies provide equivocal support for this inference (Bradtmiller et al., 2016). Lower-level dust emit-
ted during the winter and carried by the northeast trade winds may be quite sensitive to glacial increases in 
wind gusts and trade wind strength (McGee et al., 2010a). Glacial increases in key local wind systems, such 
as the Bodélé low-level jet also likely play a role (Washington et al., 2006). The enhanced glacial low-level 
wind systems fit with the higher LGM/late-Holocene fluxes at sites <10°N. On the other hand, the atmos-
pheric boundary layer—important for lofting dust to higher atmospheric levels during the summer (Ben-
Ami et al., 2009; Engelstaeder & Washington, 2007; Schepanski et al., 2009a)—would presumably have been 
affected by the slightly lower summer insolation at the LGM (Laskar et al., 2004) and lower temperatures 
(Peters & Tetzlaff, 1990). In combination with this, a reduction in the wind systems that transport summer 
dust is also possible at the LGM. For example, the AEJ is dependent on the existence of the meridional 
temperature gradient between the equator and Sahara (in addition to vegetation cover and other factors; 
Cook, 1999; Wu et al., 2009). This temperature gradient exists, in part, due to the soil moisture gradient from 
the equator to the latitude of the Sahara (Cook, 1999). Given modeled reductions in the meridional soil 
moisture gradient at the LGM (Scheff et al., 2017), the AEJ may well have been weakened at that time, and 

ROWLAND ET AL.

10.1029/2020PA004148

11 of 17



Paleoceanography and Paleoclimatology

there is both model and data support for this possibility. Peters and Tetzlaff (1990) modeled the strength of 
the AEJ at the LGM and concluded that it was reduced to 65% of its modern strength. Sarnthein et al. (1981) 
came to a similar conclusion from grain-size analysis of sediments, arguing that easterly wind speeds in the 
Saharan Air Layer (that approximately encompasses the AEJ; Prospero & Carlson, 1980) were lowered to 
∼60% of their modern values.

In addition to wind strength, the aridity of dust source areas is a key control of dust emission (McGee 
et al., 2010a). Although difficult to reconstruct, there is some evidence from proxies and models that dif-
ferent parts of north Africa experienced different changes in soil moisture during the LGM (McGee, 2020; 
Scheff et al., 2017). The equatorial regions may have had reduced soil moisture at the LGM, with regions 
further north and northwest showing either little change or potentially showing slightly higher soil mois-
ture and higher moisture availability in lakes (McGee, 2020; Scheff et al., 2017). It is thus plausible that 
differential changes in dust source surface properties may account for some of the spatial patterns of LGM/
late-Holocene flux ratios. For example, sites at the African margin receive significant contributions of win-
ter dust from sources in northwest Africa (Friese et al., 2017), while mid-ocean sites dominated by dust 
sources further south and east (Schepanski et al., 2009a).

In summary, for certain dust sources the effect of increased LGM surface winds may have been lessened by 
a modulation of other key processes responsible for the emission (soil moisture), lofting (insolation/temper-
ature), and transport (AEJ strength) of this dust. These combined processes go some way to explaining the 
lower LGM/late-Holocene flux ratios >10°N, which may be influenced mainly by summer dust (especially 
at sites far from the African coast). In contrast, those sites <10°N dominated by low-level winter dust would 
be more sensitive to the increased low-level winds (Sarnthein et al., 1981; Washington et al., 2006) and 
reduced soil moisture (Scheff et al., 2017) closer to key winter dust sources, such as the Bodélé depression, 
during the LGM (Engelstaeder et al., 2006; Prospero et al., 2002; Schepanski et al., 2009b). Our data set 
supports relatively small glacial-interglacial dust flux variability (Skonieczny et al., 2019) for sites >10°N, 
but we show this conclusion is not supported for sites <10°N and infer a potential role for seasonality in 
past changes of tropical Atlantic dust flux. Although modeled LGM to late-Holocene dust flux ratios indi-
cate little latitudinal variability over our study region (∼0.8–1.2; Albani et al., 2016), they strongly increase 
between 4°S and 7°S (from ∼1 to 4); understanding this discrepancy may be an important avenue for future 
work.

5.  Conclusions
We have compiled published U and Th data from sediment cores to calculate 230Th-normalized 232Th fluxes 
in order to investigate changes in terrigenous fluxes in the tropical Atlantic throughout the past 25 ka. We 
have used gradients of late-Holocene and LGM 232Th fluxes at open-ocean sites to test and reject a hypothe-
sis suggesting that the LGM ITCZ was situated several degrees of latitude further south than at present. The 
strong meridional gradient in LGM 232Th fluxes observed at a similar latitude as during the late-Holocene 
indicates little change in the boreal winter ITCZ position between these time periods, in line with a recent 
modeling study (Singarayer et al., 2017) and consistent with small globally averaged ITCZ shifts during the 
LGM (McGee et al., 2014). The relative change in 232Th flux between the LGM and late-Holocene varies with 
latitude; sites <10°N have an average LGM/late-Holocene flux ratio of 2.3 (between 1.6 and 3.3), while those 
>10°N have an average ratio of 1.4 (between 0.7 and 1.9). This difference is potentially linked to the season-
ality of dust emission and deposition, with sites dominated by winter-season dust showing larger changes. 
This pattern, not captured by recent dust models (Albani et al., 2016), may be explained by strengthened 
trade winds, reductions in higher level summer winds (AEJ), and variable changes in soil moisture since 
the LGM.

Our compilation also highlights that terrigenous fluxes at continental margins display large amplitude 
changes, vary on millennial time scales and are orders of magnitude higher than at open-ocean sites. We 
show that these high, margin-derived, fluxes can propagate far into the open ocean, particularly in the 
western tropical Atlantic, and that sites in this area should be excluded from comparisons with dust model 
output throughout the past 25 ka.
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