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1. Introduction
Aeolian dust is produced perennially across numerous potential source areas (PSAs) in North Africa, and it is 
transported to the Amazon and western Tropical Atlantic Ocean (TAO) in boreal winter and spring (Prospero 
et al., 1981). Transported dust is thought to alleviate nutrient limitations in the TAO and Amazon Basin, fueling 
net primary productivity and sequestering carbon dioxide into the biosphere. Because the source location of dust 
controls the magnitude, mineralogy, and solubility—a proxy for bioavailability—of associated nutrients such 
as phosphorus (P) and iron (Fe), it is important to identify the PSA(s) of transported dust (Barkley et al., 2019; 
Journet et al., 2008; Okin et al., 2004; Scheuvens et al., 2013; Swap et al., 1992).

Identification of dust PSAs can be used to validate dust transport models, which struggle to accurately predict 
transport to different receptor ecosystems in past and present climate regimes (Evan et  al.,  2014; Huneeus 
et al., 2011; Mahowald et al., 1999, 2010; Pu & Ginoux, 2018; Wu et al., 2020). Improved predictions would 
aid in understanding dust-climate interactions, not limited to biogeochemical effects. Moreover, climate change 
will affect atmospheric circulation as well as wind and precipitation patterns, altering the primary locations of 
dust emission, transport, and deposition (Goudie & Middleton, 2001; Mahowald et al., 2007; Yuan et al., 2020). 

Abstract African dust is transported to South America (SA) every winter and spring. Hypotheses suggest 
that either Western or Central North Africa (e.g., Bodélé Depression) is the main source of transported dust, 
yet these notions remain largely untested with geochemical data. Using 2 years of isotopic measurements 
(strontium and neodymium) of African dust collected in SA integrated into a statistical model, we identified 
strong interannual variability in dust source region. Central North Africa supplied 44% of long-range 
transported dust in winter 2016 while the Western region accounted for 53% of dust in winter 2014. We propose 
the variability is due to differences in the strength of the Libyan High and precipitation over the Gulf of Guinea 
and Atlantic Ocean between the 2 years. Our findings can improve constraints of dust nutrient deposition and 
predictions of how changes in climate impact the source and magnitude of dust transported to the Amazon.

Plain Language Summary Dust is blown from North Africa to the Amazon and the western 
Atlantic Ocean in winter and spring. Identifying the area within North Africa where dust originates is the 
subject of intense debate, with leading hypotheses disagreeing on whether the Bodélé Depression (Central 
North Africa) or Western North Africa provide dust that fertilizes the Amazon. Here, we present a more 
nuanced hypothesis: dust from both the Central and Western North African dust source regions are important 
with the dominate source depending on the prevailing meteorological factors and precipitation patterns. Our 
hypothesis is supported by isotopic fingerprinting that was used to determine the source area of dust transported 
to South America (SA). We then integrated our data into a statistical model, which quantifies the proportion 
of dust from each North African region that contributes to the dust we collected in SA. Because dust source 
location dictates the amount and solubility of associated nutrients, changes in dust source impacts nutrient 
deposition to the Amazon and Tropical Atlantic Ocean. Additionally, identifying the factors that control dust 
source location can provide clues into how past and future changes in climatological conditions affect dust 
transport.
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Therefore, determining the meteorological factors that control which PSAs contribute long-range transported dust 
in the present may provide clues into changes to dust source region(s) in the future.

Definitive identification of the PSAs that account for wintertime trans-Atlantic dust transport to the Amazon 
has remained elusive with several studies disagreeing with one another (Abouchami et  al.,  2013; Ben-Ami 
et al., 2010; Gläser et al., 2015; Koren et al., 2006; Y. Yu et al., 2020). Difficulties in determining the PSA(s) of 
dust arise due to emission, transport, and deposition processes, which are difficult to constrain using models and 
remote sensing (Adebiyi & Kok, 2020; H. Yu et al., 2015; A. Zhao et al., 2022). For example, the earliest remote 
sensing studies identified the Bodélé Depression within Central North Africa as the largest source of dust in the 
world and the major dust contributor to the Amazon (Koren et al., 2006; Washington et al., 2003). However, a 
clear geochemical signature that would indicate dust contribution from the Bodélé has not been conclusively 
identified in Amazonian soil (Abouchami et al., 2013).

Western North African sources have been suggested to supersede transport from Central North Africa, poten-
tially due to losses of Central North African dust to wet deposition (Goudie & Middleton, 2001; Knippertz & 
Todd,  2010; Y. Yu et  al.,  2018,  2020). While wintertime measurements of dust collected in the Cape Verde 
Islands support this assertion (Kumar et al., 2018), dust collected in the Caribbean in boreal summer suggests 
that southern regions of Central and Western North Africa (Sahel) prevail (Bozlaker et  al.,  2018; Pourmand 
et al., 2014; van der Does et al., 2018). In the absence of long-term isotopic analysis of wintertime African dust 
collected in South America (SA), it is difficult to settle this disagreement.

In this work, we aim to resolve this issue with a multi-year analysis of the isotopic composition of dust transported 
to South America (SA). Aerosol samples were collected at our field site in Cayenne (Figure 1) and can be used 
to extrapolate transport to the Amazon because air masses that pass over Cayenne continue into the interior of 
Amazon (Barkley et al., 2019; Pöhlker et al., 2019), though the magnitude of dust may decrease substantially 
(Prospero et al., 2020). Using radiogenic strontium (Sr) and neodymium (Nd) isotopes in combination with a 
Bayesian mixing model, we quantified the relative importance of each PSA to dust transported to Cayenne. The 
isotopic ratios (e.g.,  87Sr/ 86Sr and  143Nd/ 144Nd, denoted as εNd) of each PSA is controlled by the geochemical 
evolution of the underlying bedrock, which can be associated with the history of its formation (Banner, 2004; 
Grousset & Biscaye,  2005; Grousset et  al.,  1992; Scheuvens et  al.,  2013). Our analysis makes it possible to 
describe seasonal and interannual variability of dust sources, and we propose a hypothesis for the annual change 
in dust source. Our results can be used to validate both nutrient deposition estimates from biogeochemical models 
and dust emission in transport models.

2. Materials and Methods
2.1. Field Site and Sample Collection

Our field site is located north of Cayenne, French Guiana (4.92°N, 52.31°W) on a peninsula 67 m above sea level 
that receives minimal local emissions (Barkley et al., 2019; Prospero et al., 2014). Approximately daily samples 
were collected on Whatman-41 cellulose filters using a high-volume sampler with an average air flow rate of 
0.75 m 3 min −1. This study uses 2 years of samples from 2014 to 2016. Samples collected in 2015 were not used 
in this study because of gaps in the measurement record.

2.2. Dust Mass Quantification and Radiogenic Isotope Analysis

Dust mass concentrations were determined by rinsing a portion of the filter with Milli-Q (MQ) to remove soluble 
material, ashing the samples at 500°C overnight, and quantifying the ash gravimetrically (Prospero, 1999). Due to 
the daily resolution of our sampling protocol, there was often not enough dust on the daily samples to quantify Sr 
and Nd, resulting in samples from multiple days needing to be combined. Samples for isotope analysis were acid 
digested (Baker et al., 2006) and a two-stage chromatographic extraction scheme separated Sr and Nd from inter-
fering matrix elements using Sr and TODGA cartridges from Eichrom Inc (Pourmand et al., 2014). Results are 
reported as a ratio of the radiogenic isotope ( 87Sr) to the stable Sr isotope ( 86Sr) to yield  87Sr/ 86Sr. Samples were 
bracketed with measurements of SRM987 standard solutions, and they were adjusted relative to the accepted 
value to compare to other literature values. Nd ratios were also bracketed with two JNdi-1 standard solutions. The 
ratio of the radiogenic Nd isotope ( 143Nd) was normalized to the stable Nd isotope ( 144Nd) to yield  143Nd/ 144Nd, 
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which was normalized to the Chrondrite Uniform Reservoir value of 0.512638 (Jacobsen & Wasserburg, 1980) 
and reported in epsilon notation (εNd).

��� =
[ 143��∕144��Sample

143��∕144��CHUR
− 1

]

x 104 

All analysis was conducted using a Thermo Scientific Neptune Plus High-performance Multi-Collector Induc-
tively Coupled Plasma Mass Spectrometer. Certified reference materials AGV-2 and SGR-1b were analyzed 
for analytical accuracy and precision. All measurements are reported in the data repository (ds01; Barkley 
et al., 2019; Prospero et al., 2020).

2.3. MixSIAR: A Bayesian Mixing Model

MixSIAR is a Bayesian mixing model developed for use in stable isotope studies (Stock et al., 2018; Stock & 
Semmens, 2016). By considering the dust compositions in aerosol samples as mixtures and the isotopic signa-
tures of North African PSAs as sources, MixSIAR is able to estimate the mixture of dust from different North 
African PSAs that satisfy isotopic mass balance in our dust samples (Longman et al., 2022; see Figure S1 in 
Supporting Information S1). Through incorporating standard deviations of the sources, the model considers vari-
ation in the isotopic signature of PSAs when considering likely model fits. All model simulations were run using 
uninformative priors and assuming equal likelihood of all sources contributing to the collected dust. Because Nd 
and Sr isotopes are not linearly related in crustal rocks and sediments (Winter, 2001), Sr and Nd concentrations 
from the source PSAs (Castillo et al., 2008) are included in MixSIAR runs following Phillips and Koch (2002). 
A total of 3,000 Markov Chain Monte Carlo simulations were produced, resulting in potential outcomes that are 
plotted in Figure 3. More information is available in Supporting Information S1.

Figure 1. Map showing potential source areas (PSAs) of dust emission in North Africa. The Eastern, Central, and Western-PSA2 were adapted from Jewell 
et al. (2020) and Western-PSA3 from Kumar et al. (2014), Skonieczny et al. (2013), and Bakker et al. (2019). The bolder color represents locations (1° × 1°) where 
dust source activation is >5% and the lighter color represents <5% (Schepanski et al., 2012). The red asterisk shows the location of the field site where our samples 
were collected in South America. The gray triangles represent the locations of the Amazon Tall Tower Observatory, Cape Verde Atmospheric Observatory, and Mbour, 
Senegal.
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3. Results
3.1. Isotopic Fingerprinting of Dust Transported to the Amazon and Tropical Atlantic Ocean

The Western, Central, and Eastern North African PSAs are represented by the shaded boxes in Figure 1, which 
were geographically defined by Jewell et al. (2020). The isotopic domains of each of these sources are shown 
in the crosses in Figure 2 (Jewell et al., 2020). We further subdivide the Western PSA into two regions based on 
their distinct ages and geology and name them to be consistent with previous terminology (Formenti et al., 2011; 
Scheuvens et al., 2013). One is the Western-PSA2, which contains Precambrian outcrops and is defined as the 
only area inside the Western PSA from which there are samples with known Sr and Nd values (diamonds in 
Figure 1; Guiraud et  al.,  2005). The second region is the Western-PSA3, which contains younger, Paleozoic 
terrains. It is located within the turquoise box in Figure 1 but has no published Sr or Nd isotope values for soil 
material despite being previously identified as a considerable dust source using remote sensing and back trajec-
tory analysis (Bakker et al., 2019; Feuerstein & Schepanski, 2019; Kumar et al., 2018; Pourmand et al., 2014; 
Schepanski et al., 2012; Skonieczny et al., 2013; Y. Yu et al., 2020). Western-PSA3 contains erodible silt-rich 
alluvium deposits derived from wadis inside a closed depression (Goudie & Middleton,  2001). The isotopic 
domain of the Western-PSA3 source (Figure 2) was inferred using dust collected off the western coast of Africa 
in Cape Verde and Mbour, Senegal, where air mass back trajectory analysis pointed to the Western-PSA3 as the 
source of dust (Kumar et al., 2018; Skonieczny et al., 2013). Though there is overlap in the Sr domain of the 
Central and Western-PSA3 sources, the Nd ratios are significantly different (p-value < 0.005). PSA source data 
are summarized in Table S1 in Supporting Information S1.

The isotopic composition of dust presented in Figure 2 (filled circles) is a multi-year geochemical fingerprinting 
analysis of aerosol samples collected in Cayenne. Previously published  87Sr/ 86Sr and εNd values (open markers) 

Figure 2. Results showing the  87Sr/ 86Sr and εNd isotopic signature of samples collected in South America (This work; filled circles). The green, red, blue, and turquoise 
crosses correspond to the average  87Sr/ 86Sr and εNd and one standard deviation (±1SD) and correspond to the source locations (potential source areas [PSAs]) shown in 
Figure 1. The isotopic signature of the Eastern, Central, and Western-PSA2 were adapted following Jewell et al. (2020). Due to the lack of samples from the Western-
PSA3, its isotopic signature was inferred from samples collected nearby in Cape Verde (Kumar et al., 2018) and Mbour, Senegal (Skonieczny et al., 2013). The black 
cross shows the average and ±1SD of our data. Data from previously published literature of dust collected at receptor sites are shown in unfilled markers with colors 
that correspond to the season in which they were collected. Error bars on data points represent ±1SD, except for Pourmand et al. (2014) and this study, which shows 
95% confidence intervals. When error bars are not present, SDs are smaller than their marker size. Winter is DJF, spring is MAM, summer is JJA, and fall is SON. The 
insert shows the section of the plot inside the gray box and further subdivides our data by year.
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are also plotted for reference and categorized by season of collection. Our sample values fall within the domain 
of the Central PSA; however, mixing with dust from other regions of North Africa cannot be ruled out because 
nearly all of our samples fall below the mean Sr and Nd isotopic composition of the Central PSA. Our data 
broadly agree with data collected at receptor sites in Barbados (Bozlaker et al., 2018; Pourmand et al., 2014; W. 
Zhao et al., 2018), other eastern Caribbean islands (Kumar et al., 2014), and sediment traps in the TAO (van der 
Does et al., 2018). Samples collected in winter and spring in the TAO are likely the closest comparison to our 
data because these samples were collected in the same season at a similar latitude (10°N). Indeed, these data show 
similar values to our measurements.

Samples analyzed in this study are not isotopically similar to measurements of dust from the Western-PSA2, but 
we cannot rule out mixing with this region. Previous studies have shown that strong winds pass over parts of the 
Western-PSA2 (Knippertz & Todd, 2012), which led to the hypothesis that this region can emit large quantities 
of dust (Kumar et al., 2018; Y. Yu et al., 2018). The Eastern PSA, likely an important source of dust for eastern 
Mediterranean and North African regions (Falkovich et al., 2001; Laskin et al., 2005), does also not appear to 
contribute dust to the western TAO at any point during the year (Figure 2).

Small amounts of dust reach the Amazon in the summer (JJA) and fall (SON) as detected in samples collected 
at the Amazon Tall Tower Observatory (ATTO) in the Central Amazon (Nogueira et al., 2021). A shift toward 
more radiogenic εNd values in transported dust collected at Amazon Tall Tower Observatory (ATTO) in summer 
and fall is observed and the authors suggest this dust originated from southern Africa (Nogueira et al., 2021). In 
our samples, however, we see no comparable shift in εNd values, which suggests dust transport to Cayenne is not 
from southern Africa during summer and fall, in agreement with findings from previous modeling and remote 
sensing studies (Kok et al., 2021; Prospero et al., 2020). The reason for the seasonal differences between Amazon 
Tall Tower Observatory (ATTO) and Cayenne is likely due to the location of Cayenne, approximately 1,000 km 
northeast of ATTO (Figure 1). Therefore, while Cayenne and ATTO likely receive dust from the same dust events 
in winter (DJF) and spring (MAM; Barkley et al., 2019; Pöhlker et al., 2019; Prospero et al., 2020), ATTO is 
affected by different sources than Cayenne in the summer and fall.

When winter and spring samples were categorized by collection year, the isotopic signatures suggest interannual 
variability in dust source region (inset of Figure  2). For example, samples analyzed in 2016 showed a more 
radiogenic εNd signature (average εNd = −11.5, ±1SD = 0.83, n = 13) than samples collected in 2014 (average 
εNd = −13.1, ±1SD = 0.89, n = 11) and the difference between the 2 years were statistically different (p < 0.005). 

Figure 3. Panel (a) timeseries showing the proportion of each potential source area (PSA; Western-PSA2, Western-PSA3, Central) modeled by MixSIAR that explains 
our geochemical results measured in each aerosol sample (n = 33). The number in parentheses in the x-axis denotes the number of days dust was collected for each 
sample (e.g., sample collection occurred for 1 day for sample “20 January 2014”). Samples with an asterisk indicate approximately a month of sampling and the range 
of collection dates is listed. Panel (b) The relative proportion of each dust source PSA contributing to our aerosol samples collected during different years and seasons 
in Cayenne modeled by MixSIAR (same legend as panel a). Winter is DJF and spring is MAM.
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Sr isotope ratios between the 2 years were also statically different (p < 0.005) with more radiogenic Sr isotope 
signature in samples collected in 2016 (average  87Sr/ 86Sr = 0.7176, ±1SD = 0.0006 n = 13) than in 2014 (aver-
age  87Sr/ 86Sr = 0.7155, ±1SD = 0.0014, n = 11).

3.2. Interannual Variability in the Source Location of Transported Dust

To quantify the contribution of dust transported to South America (SA) from each North African PSA, we used 
MixSIAR. The model requires all source PSAs are identified to apportion our samples. This a priori step is done 
by connecting the  87Sr/ 86Sr and εNd values of each source PSA (endmember) to each other in Sr-Nd space, result-
ing in a mixing envelope (Figure S1 in Supporting Information S1). Samples that fall inside the mixing envelope 
are likely mixtures of the known PSAs while samples that fall outside indicate an unknown contributor.

Because the Central PSA and Western-PSA2 have been characterized using samples collected in these regions, 
we first used only these PSAs as endmembers. However, approximately one-third of our samples fell outside 
the mixing envelope, indicating a missing source(s) PSA containing unradiogenic Sr and Nd values is respon-
sible for dust transport to Cayenne. We propose that the Western-PSA3 is the missing source (turquoise box, 
Figure 1; turquoise cross, Figure 2). Dust samples collected at receptor sites in Senegal and Cape Verde have 
been suggested to be from the Western-PSA3 (Kumar et al., 2018; Skonieczny et al., 2013), and samples collected 
in these locations have a similar isotopic signature as our missing source ( 87Sr/ 86Sr = 0.716; εNd = −14.5). By 
including the Western-PSA3 source, 33 of 34 of our sample mixtures fall within the mixing envelope.

To validate our modeling approach, we compared our results to products from a suite of high-resolution remote 
sensing products (Schepanski et al., 2012). We investigated a dust storm initiated on 19 February 2016 in the 
Bodélé Depression (Figure S2 in Supporting Information S1) that reached Cayenne on 29 February 2016 (Figures 
S3a–S3k in Supporting Information S1), likely resulting in an increase in dust from the Central PSA. Our mode-
ling results agreed with remote sensing products and indicated that approximately 48% of dust collected on 29 
February 2016 was from the Central PSA, which suggests that MixSIAR can accurately discern PSAs. To further 
validate our results, we performed two sensitivity analyses using MixSIAR to demonstrate our results were not 
biased by the use of remote sensing (test 1; see Figures S4–S6 in Supporting Information S1) nor by particle grain 
size (test 2; see Figures S7–S9 in Supporting Information S1).

Looking first at the results in 2016, Figure 3a shows that the Central PSA dominated transport to SA in winter and 
spring on most days. The seasonal median of dust from the Central PSA was 44% (Figure 3b), a result that is in 
line with previous studies that suggest Central PSA dust sources active during winter contribute to dust deposition 
in the Amazon (Koren et al., 2006; Washington & Todd, 2005; Washington et al., 2006). We also include pie 
plots of our model results in Sr-Nd space (a scatter-pie plot) in Figure S10 in Supporting Information S1 to enable 
better visualization of the model results. Wintertime dust emission from the Central PSA is due to a confluence 
of synoptic-scale meteorological conditions including intensification of anticyclonic systems that occur over 
the  North African mid-latitudes, fueling stronger, drier, and colder northeasterlies (Engelstaedter et al., 2006; 
Knippertz & Todd, 2012; Stuut et al., 2005). Simultaneously, the ITCZ begins to shift northward, which brings 
winds from the southeast that meet the northeasterlies, enhancing surface convergence and gustiness (Engels-
taedter & Washington, 2007). The strongest anticyclone over North Africa during this season is the Libyan High 
(Knippertz & Todd, 2012), located north of the Bodélé Depression, resulting in strong dust emissions from this 
region. Previous remote sensing work has suggested that dust from the Central PSA was the major contributor 
to dust to SA (Koren et al., 2006), and our geochemical results from 2016 support this, as does our detection 
of species of freshwater diatoms from African paleolakes (e.g., Aulocoseria) in winter and spring of 2016 at 
Cayenne (Barkley et al., 2021; Skonieczny et al., 2011).

In contrast, the majority of long-range transported dust collected in Cayenne in 2014 originated from the West-
ern-PSA3. For example, on 29 January 2014, and for all samples until 8 April 2014, the Western-PSA3 contributed 
54% to our samples (Figure 3a). During winter 2014, more dust originated from the Western-PSA3 on average 
(53%) than the Central PSA (23%). This trend continues into spring 2014 (Figure 3b), when the Western-PSA3 
again provides more dust (48%) to Cayenne than the Central PSA (23%). Our results suggest that the West-
ern-PSA3 is also an important wintertime dust source transported to the Amazon Basin in agreement with other 
studies (Kumar et al., 2018; Skonieczny et al., 2013). Generally, dust emission from the Western-PSA3 region in 
boreal winter is less well understood but is again likely related to anticyclonic activity over North Africa. This 
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activity provides a strong pressure-gradient differential between northern and southern North Africa, fueling 
the convergence that drives dust transport from the Western PSA (Engelstaedter et al., 2006; Evan et al., 2016; 
Knippertz et al., 2011).

Our model results shown in this work do not support the Western-PSA2 as a consistent source of dust to SA. 
Results in Figure 3a show enhanced transport from the Western-PSA2 is episodic in nature, with three peri-
ods of time where Western-PSA2 contributes 20%–30% of dust (early February 2014, late March 2014, and 
summer 2016). Early flight studies and meteorological analysis suggest that dust from the coastal region of the 
Western-PSA2 is lofted into the atmosphere but stays constrained below the inversion layer in the MBL and, 
therefore, would not be expected to undergo extensive long-range transport (Carlson & Prospero, 1972; Prospero 
et al., 2020, 2021).

3.3. Possible Role of North African Climate in Controlling the Source of Transported Wintertime Dust

We suggest that the strength of the Libyan High over North Africa and its associated zonal winds affect dust 
emission while precipitation results in losses of dust during transport, modulating the relative importance of each 
dust PSA transported to the Amazon.

In 2016, the Libyan High was stronger than in 2014 (Figures S11 and S12 in Supporting Information S1), caus-
ing stronger northeasterlies to pass over the Central PSA. This is evidenced by Figure 4a, which, using NCEP/
NCAR reanalysis monthly composites, shows that the zonal winds at 925 hPa were up to 2 m s −1 stronger in 2016 
than in 2014 over the southern part of the Libyan High, represented by the warmer colors below the “L.” Addi-
tionally, the Trade Winds were up to 5 m s −1 stronger in 2016 across the eastern TAO. The stronger winds over 
Africa and the TAO could have more efficiently transported dust across these regions. While there is evidence of 
intra-seasonal variability in the amount of dust transport that has been linked to the strength of the Libyan High 
(Washington & Todd, 2005), we suggest that the variation in the strength of the Libyan High can also modulate 
the relative amount of dust transport from different PSAs to the Amazon.

Precipitation has been suggested to dominate dust deposition across the TAO, particularly from the Central PSA 
(Goudie & Middleton, 2001; van der Does et al., 2020). Using the Tropical Rainfall Measuring Mission product 
34B2, Figure 4b shows the difference in precipitation rate for January to April in 2014 and January to April 
in 2016 with warmer colors indicating more precipitation in 2016 than in 2014. The plot shows that there was 
more precipitation in the Gulf of Guinea and TAO in 2014, which we suggest caused enhanced wet deposition 
of dust from the Central PSA in 2014 compared to 2016. This conclusion is in agreement with a recent study in 
which the authors used a trajectory model to show that a majority of the dust from the Central PSA was depos-
ited over the Gulf of Guinea and TAO as a result of their location underneath or within precipitating clouds (Y. 
Yu et al., 2020). An analysis of individual days also confirms our hypothesis; these results are shown in Figures 
S13–S18 in Supporting Information S1.

Our finding that there is interannual variability in the source of dust transported to Cayenne agrees with a recent 
modeling study showing Cayenne is located near (within ∼1°) a transition zone whereby both Western and 
Central African dust sources contribute equally to dust deposition in the Amazon (Kok et al., 2021). Model runs 
in Kok et al. show that the Central PSA (which in their study includes the Sahel region) can contribute between 
16% and 53% of dust deposition to the Amazon while the Western PSA (which in their study combined the West-
ern-PSA2 and Western-PSA3) can contribute between 28% and 53% of the annual deposition flux. The spread 
in their results, which are the average of 4-year runs, may be due to the interannual variability of dust transport 
from each PSA.

4. Implications
Previous work has suggested that either the Bodélé Depression (Ben-Ami et al., 2010; Koren et al., 2006) or 
parts of the Western North African PSAs (Y. Yu et al., 2020) dominate long-range dust transport to SA and the 
TAO. Our results, which are based on radiogenic Sr and Nd isotopes combined with a mixing model, reveal a 
more nuanced picture. We proport that interannual variability in the transported dust PSA(s) is controlled by the 
prevailing meteorology. Additionally, differences in our results and those reported at ATTO point to gradients 
in the dust PSAs transported to different regions of the Amazon Basin during different seasons. Because the 
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atmospheric deposition of nutrients associated with dust is thought to control primary productivity in the nutri-
ent-limited TAO and Amazon (Jickells & Moore, 2015; Okin et al., 2004), interannual variability in the dominant 
PSA can, in turn, modulate nutrient deposition and the biogeochemical outcome in these ecosystems. We note 
that more isotopic analysis from each PSA—particularly from Western-PSA3—is needed to extend the results of 
this work as well as fingerprinting using other isotopes such as lead (Pb) that have shown promise in distinguish-
ing between different PSAs (Scheuvens et al., 2013).

North African dust contains iron (Fe) concentrations that are approximately uniform throughout the region 
(Scheuvens et al., 2013). Soil from the Bodélé Depression contains nanosized Fe oxides including magnetite that 
might enhance Fe solubility; however, it is unclear if soil from the Western-PSA2 and Western-PSA3 contain 

Figure 4. The difference in 925 hPa zonal wind between February 2014 and February 2016 is shown in panel a. The warmer 
colors indicated stronger easterly winds in 2016. The “L” denotes the location of the Libyan High in 2016. The difference in 
precipitation from January to April 2016 and January to April 2014 is shown in panel b. The warmer colors indicate more 
precipitation in 2016. The star shows the location of our sampling site in Cayenne.
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these soluble forms (Moskowitz et al., 2016). Phosphorus (P) concentrations are less uniform across North Africa 
and the Western-PSA2 has some magmatic P “hotspots” with enhanced P solubility (Gross et al., 2015; Scheu-
vens et al., 2013). The Bodélé contains elevated levels of P from fishbones or scales that are more bioavailable 
than P from apatite, the most common P-containing mineral in North African dust (Hudson-Edwards et al., 2014). 
Therefore, when combined with our results, the available data suggest that there may be an enhancement in the 
solubility of Fe transported to the TAO and the magnitude and solubility of P transported to the Amazon in years 
when transport from the Central PSA dominates but more elemental and solubility analyses of Western PSA soils 
are needed.

Climate change is poised to affect global precipitation, wind, and atmospheric circulation patterns. There is 
high confidence that precipitation will increase over North Africa (Arias et al., 2021) with the largest increases 
projected over parts of the Central PSA and Western-PSA3 (Figure S19 in Supporting Information S1), poten-
tially reducing dust emission from these PSAs by increasing soil moisture and vegetation. This may result in 
a change in the amount as well as the dominant dust PSA transported to the Amazon. Given the present-day 
connections between meteorological conditions and dust (Prospero & Lamb, 2003), isotopic fingerprinting of 
paleodust samples combined with MixSIAR could provide a window into past and future changes in meteorolog-
ical patterns as well as dust emissions under a changing climate.

Data Availability Statement
Isotopic data and code for MixSIAR presented in this work can be found at the University of Miami data repos-
itory: https://doi.org/10.17604/qqq0-p310. Dust mass concentrations from Cayenne in 2014 and 2016 can be 
found in Prospero et al. (2020) and Barkley et al. (2019), respectively. Data used to make Figures 4a and 4b can be 
found at https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html and https://giovanni.gsfc.nasa.gov/giovanni/ 
respectively.

References
Abouchami, W., Näthe, K., Kumar, A., Galer, S. J. G., Jochum, K. P., Williams, E., et al. (2013). Geochemical and isotopic characterization of 

the Bodélé Depression dust source and implications for transatlantic dust transport to the Amazon basin. Earth and Planetary Science Letters, 
380, 112–123. https://doi.org/10.1016/j.epsl.2013.08.028

Adebiyi, A. A., & Kok, J. F. (2020). Climate models miss most of the coarse dust in the atmosphere. Science Advances, 6(15). eaaz9507. https://
doi.org/10.1126/sciadv.aaz9507

Arias, P. A., Bellouin, N., Coppola, E., Jones, R. G., Krinner, G., Marotzke, J., et al. (2021). Assessment report 6 climate change 2021: The phys-
ical science BasisClimate change 2021: The physical science basis(Technical Summary). Retrieved from https://www.ipcc.ch/report/ar6/wg1/

Baker, A. R., Jickells, T. D., Witt, M., & Linge, K. L. (2006). Trends in the solubility of iron, aluminium, manganese and phosphorus in aerosol 
collected over the Atlantic Ocean. Marine Chemistry, 98(1), 43–58. https://doi.org/10.1016/j.marchem.2005.06.004

Bakker, N. L., Drake, N. A., & Bristow, C. S. (2019). Evaluating the relative importance of northern African mineral dust sources using remote 
sensing. Atmospheric Chemistry and Physics, 19(16), 10525–10535. https://doi.org/10.5194/acp-19-10525-2019

Banner, J. L. (2004). Radiogenic isotopes: Systematics and applications to Earth surface processes and chemical stratigraphy. Earth-Science 
Reviews, 65(3–4), 141–194. https://doi.org/10.1016/S0012-8252(03)00086-2

Barkley, A. E., Olson, N. E., Prospero, J. M., Gatineau, A., Panechou, K., Maynard, N. G., et al. (2021). Atmospheric transport of North Afri-
can dust-bearing supermicron freshwater diatoms to South America: Implications for iron transport to the equatorial North Atlantic Ocean. 
Geophysical Research Letters, 48(5), e2020GL090476. https://doi.org/10.1029/2020GL090476

Barkley, A. E., Prospero, J. M., Mahowald, N. M., Hamilton, D. S., Popendorf, K. J., Oehlert, A. M., et al. (2019). African biomass burning is 
a substantial source of phosphorus deposition to the Amazon, Tropical Atlantic Ocean, and Southern Ocean. Proceedings of the National 
Academy of Sciences, 116(33), 16216–16221. https://doi.org/10.1073/pnas.1906091116

Ben-Ami, Y., Koren, I., Rudich, Y., Artaxo, P., Martin, S. T., & Andreae, M. O. (2010). Transport of North African dust from the Bodélé depres-
sion to the Amazon basin: A case study. Atmospheric Chemistry and Physics, 10(16), 7533–7544. https://doi.org/10.5194/acp-10-7533-2010

Bozlaker, A., Prospero, J. M., Price, J., & Chellam, S. (2018). Linking Barbados mineral dust aerosols to North African sources using elemental 
composition and radiogenic Sr, Nd, and Pb isotope signatures. Journal of Geophysical Research: Atmospheres, 123(2), 1384–1400. https://
doi.org/10.1002/2017JD027505

Carlson, T., & Prospero, J. M. (1972). The large-scale movement of Saharan air outbreaks over the northern Equatorial Atlantic. Journal of 
Applied Meteorology and Climatology, 11(2), 283–297. https://doi.org/10.1175/1520-0450(1972)011<0283:tlsmos>2.0.co;2

Castillo, S., Moreno, T., Querol, X., Alastuey, A., Cuevas, E., Herrmann, L., et al. (2008). Trace element variation in size-fractionated African 
desert dusts. Journal of Arid Environments, 72(6), 1034–1045. https://doi.org/10.1016/j.jaridenv.2007.12.007

Engelstaedter, S., Tegen, I., & Washington, R. (2006). North African dust emissions and transport. Earth-Science Reviews, 79(1–2), 73–100. 
https://doi.org/10.1016/j.earscirev.2006.06.004

Engelstaedter, S., & Washington, R. (2007). Atmospheric controls on the annual cycle of North African dust. Journal of Geophysical Research, 
112(3), D03103. https://doi.org/10.1029/2006JD007195

Evan, A. T., Flamant, C., Fiedler, S., & Doherty, O. (2014). An analysis of aeolian dust in climate models. Geophysical Research Letters, 41(16), 
5996–6001. https://doi.org/10.1002/2014GL060545

Acknowledgments
We thank ATMO-Guyane for collecting 
samples in Cayenne, French Guiana 
(https://www.atmo-guyane.org/). C.J.G. 
acknowledges funding provided by an 
NSF CAREER award (AGS-1944958) 
and a Provost Award provided by the 
University of Miami. A.E.B. and N.B. 
thank the Jet Propulsion Laboratory's 
Center for Climate Studies and the Keck 
Institute for Space Studies Summer 
School on Satellite Observations and 
Climate Models for initiating the collab-
oration that helped shape this work. We 
thank Stephen J.G. Galer for providing 
insightful comments.

https://doi.org/10.17604/qqq0-p310
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://giovanni.gsfc.nasa.gov/giovanni/
https://doi.org/10.1016/j.epsl.2013.08.028
https://doi.org/10.1126/sciadv.aaz9507
https://doi.org/10.1126/sciadv.aaz9507
https://www.ipcc.ch/report/ar6/wg1/
https://doi.org/10.1016/j.marchem.2005.06.004
https://doi.org/10.5194/acp-19-10525-2019
https://doi.org/10.1016/S0012-8252(03)00086-2
https://doi.org/10.1029/2020GL090476
https://doi.org/10.1073/pnas.1906091116
https://doi.org/10.5194/acp-10-7533-2010
https://doi.org/10.1002/2017JD027505
https://doi.org/10.1002/2017JD027505
https://doi.org/10.1175/1520-0450(1972)011%3C0283:tlsmos%3E2.0.co;2
https://doi.org/10.1016/j.jaridenv.2007.12.007
https://doi.org/10.1016/j.earscirev.2006.06.004
https://doi.org/10.1029/2006JD007195
https://doi.org/10.1002/2014GL060545


Geophysical Research Letters

BARKLEY ET AL.

10.1029/2021GL097344

10 of 11

Evan, A. T., Flamant, C., Gaetani, M., & Guichard, F. (2016). The past, present and future of African dust. Nature, 531(7595), 493–495. https://
doi.org/10.1038/nature17149

Falkovich, A. H., Ganor, E., Levin, Z., Formenti, P., & Rudich, Y. (2001). Chemical and mineralogical analysis of individual mineral dust parti-
cles. Journal of Geophysical Research, 106(D16), 18029–18036. https://doi.org/10.1029/2000JD900430

Feuerstein, S., & Schepanski, K. (2019). Identification of dust sources in a Saharan dust hot-spot and their implementation in a dust-emission 
model. Remote Sensing, 11(1), 4. https://doi.org/10.3390/rs11010004

Formenti, P., Schütz, L., Balkanski, Y., Desboeufs, K., Ebert, M., Kandler, K., et al. (2011). Recent progress in understanding physical and 
chemical properties of African and Asian mineral dust. Atmospheric Chemistry and Physics, 11(16), 8231–8256. https://doi.org/10.5194/
acp-11-8231-2011

Gläser, G., Wernli, H., Kerkweg, A., & Teubler, F. (2015). The transatlantic dust transport from North Africa to the Americas—Its characteristics 
and source regions. Journal of Geophysical Research, 120(2111), 231252–231311. https://doi.org/10.1002/2015JD023792

Goudie, A. S., & Middleton, N. J. (2001). Saharan dust storms: Nature and consequences. Earth-Science Reviews, 56(1–4), 179–204. https://doi.
org/10.1016/S0012-8252(01)00067-8

Gross, A., Goren, T., Pio, C., Cardoso, J., Tirosh, O., Todd, M. C., et al. (2015). Variability in sources and concentrations of Saharan dust phos-
phorus over the Atlantic Ocean. Environmental Science and Technology Letters, 2(2), 31–37. https://doi.org/10.1021/ez500399z

Grousset, F. E., & Biscaye, P. E. (2005). Tracing dust sources and transport patterns using Sr, Nd and Pb isotopes. Chemical Geology, 222(3–4), 
149–167. https://doi.org/10.1016/j.chemgeo.2005.05.006

Grousset, F. E., Rognon, P., Coudé-Gaussen, G., & Pédemay, P. (1992). Origins of peri-Saharan dust deposits traced by their Nd and Sr isotopic 
composition. Palaeogeography, Palaeoclimatology, Palaeoecology, 93(3–4), 203–212. https://doi.org/10.1016/0031-0182(92)90097-O

Guiraud, R., Bosworth, W., Thierry, J., & Delplanque, A. (2005). Phanerozoic geological evolution of Northern and Central Africa: An overview. 
Journal of African Earth Sciences, 43(1–3), 83–143. https://doi.org/10.1016/j.jafrearsci.2005.07.017

Hudson-Edwards, K. A., Bristow, C. S., Cibin, G., Mason, G., & Peacock, C. L. (2014). Solid-phase phosphorus speciation in Saharan Bodélé 
Depression dusts and source sediments. Chemical Geology, 384, 16–26. https://doi.org/10.1016/j.chemgeo.2014.06.014

Huneeus, N., Schulz, M., Balkanski, Y., Griesfeller, J., Prospero, J. M., Kinne, S., et al. (2011). Global dust model intercomparison in AeroCom 
phase i. Atmospheric Chemistry and Physics, 11(15), 7781–7816. https://doi.org/10.5194/acp-11-7781-2011

Jacobsen, S. B., & Wasserburg, G. J. (1980). Sm-Nd isotopic evolution of chondrites. Earth and Planetary Science Letters, 50(1), 139–155. 
https://doi.org/10.1016/0012-821X(80)90125-9

Jewell, A. M., Drake, N. A., Crocker, A. J., Bakker, N. L., Kunkelova, T., Bristow, C. S., et al. (2020). Three North African dust source areas and 
their geochemical fingerprint. Earth and Planetary Science Letters, 1, 116645. https://doi.org/10.1016/j.epsl.2020.116645

Jickells, T. D., & Moore, C. M. (2015). The importance of atmospheric deposition for ocean productivity. Annual Review of Ecology Evolution 
and Systematics, 46(1), 481–501. https://doi.org/10.1146/annurev-ecolsys-112414-054118

Journet, E., Desboeufs, K. V., Caquineau, S., & Colin, J. (2008). Mineralogy as a critical factor of dust iron solubility. Geophysical Research 
Letters, 35(7), L07805. https://doi.org/10.1029/2007GL031589

Knippertz, P., Tesche, M., Heinold, B., Kandler, K., Toledano, C., & Esselborn, M. (2011). Dust mobilization and aerosol transport from West 
Africa to Cape Verde-a meteorological overview of SAMUM-2. Tellus Series B Chemical and Physical Meteorology, 63(4), 430–447. https://
doi.org/10.1111/j.1600-0889.2011.00544.x

Knippertz, P., & Todd, M. C. (2010). The central west Saharan dust hot spot and its relation to African easterly waves and extratropical distur-
bances. Journal of Geophysical Research, 115(12), 1–14. https://doi.org/10.1029/2009JD012819

Knippertz, P., & Todd, M. C. (2012). Mineral dust aerosols over the Sahara: Meteorological controls on emission and transport and implications 
for modeling. Reviews of Geophysics, 50(1), RG1007. https://doi.org/10.1029/2011RG000362

Kok, J. F., Adebiyi, A. A., Albani, S., Balkanski, Y., Checa-Garcia, R., Chin, M., et al. (2021). Contribution of the world’s main dust source 
regions to the global cycle of desert dust. Atmospheric Chemistry and Physics, 1–34. https://doi.org/10.5194/acp-2021-4

Koren, I., Kaufman, Y. J., Washington, R., Todd, M. C., Rudich, Y., Martins, J. V., & Rosenfeld, D. (2006). The Bodélé depression: A single 
spot in the Sahara that provides most of the mineral dust to the Amazon forest. Environmental Research Letters, 1(1), 014005. https://doi.
org/10.1088/1748-9326/1/1/014005

Kumar, A., Abouchami, W., Galer, S. J. G., Garrison, V. H., Williams, E., & Andreae, M. O. (2014). A radiogenic isotope tracer study of trans-
atlantic dust transport from Africa to the Caribbean. Atmospheric Environment, 82, 130–143. https://doi.org/10.1016/j.atmosenv.2013.10.021

Kumar, A., Abouchami, W., Galer, S. J. G., Singh, S. P., Fomba, K. W., Prospero, J. M., & Andreae, M. O. (2018). Seasonal radiogenic isotopic 
variability of the African dust outflow to the tropical Atlantic Ocean and across to the Caribbean. Earth and Planetary Science Letters, 487, 
94–105. https://doi.org/10.1016/j.epsl.2018.01.025

Laskin, A., Iedema, M. J., Ichkovich, A., Graber, E. R., Taraniuk, I., & Rudich, Y. (2005). Direct observation of completely processed calcium 
carbonate dust particles. Faraday Discussions, 130, 453. https://doi.org/10.1039/b417366j

Longman, J., Struve, T., & Pahnke, K. (2022). Spatial and temporal trends in mineral dust provenance in the South Pacific—Evidence from 
mixing models. Paleoceanography and Paleoclimatology, 37(2), e2021PA004. https://doi.org/10.1029/2021pa004356

Mahowald, N. M., Ballantine, J. A., Feddema, J., & Ramankutty, N. (2007). Global trends in visibility: Implications for dust sources. Atmospheric 
Chemistry and Physics, 7(12), 3309–3339. https://doi.org/10.5194/acp-7-3309-2007

Mahowald, N. M., Kloster, S., Engelstaedter, S., Moore, J. K., Mukhopadhyay, S., McConnell, J. R., et al. (2010). Observed 20th century desert 
dust variability: Impact on climate and biogeochemistry. Atmospheric Chemistry and Physics, 10(22), 10875–10893. https://doi.org/10.5194/
acp-10-10875-2010

Mahowald, N. M., Kohfeld, K., Hansson, M., Balkanski, Y., Harrison, S. P., Prentice, I. C., et al. (1999). Dust sources and deposition during the 
last glacial maximum and current climate: A comparison of model results with paleodata from ice cores and marine sediments. Journal of 
Geophysical Research, 104(D13), 15895–15916. https://doi.org/10.1029/1999JD900084

Moskowitz, B. M., Reynolds, R. L., Goldstein, H. L., Berquó, T. S., Kokaly, R. F., & Bristow, C. S. (2016). Iron oxide minerals in dust-source 
sediments from the Bodele Depression, Chad: Implications for radiative properties and Fe bioavailability of dust plumes from the Sahara. 
Aeolian Research, 22, 93–106. https://doi.org/10.1016/j.aeolia.2016.07.001

Nogueira, J., Evangelista, H., Valeriano, C. d. M., Sifeddine, A., Neto, C., Vaz, G., et  al. (2021). Dust arriving in the Amazon basin over 
the past 7,500 years came from diverse sources. Nature Communications: Earth and Environment, 2(1), 1–11. https://doi.org/10.1038/
s43247-020-00071-w

Okin, G. S., Mahowald, N. M., Chadwick, O. A., & Artaxo, P. (2004). Impact of desert dust on the biogeochemistry of phosphorus in terrestrial 
ecosystems. Global Biogeochemical Cycles, 18(2), 1–9. https://doi.org/10.1029/2003GB002145

Phillips, D. L., & Koch, P. L. (2002). Incorporating concentration dependence in stable isotope mixing models. Oecologia, 130(1), 114–125. 
https://doi.org/10.1007/s004420100786

https://doi.org/10.1038/nature17149
https://doi.org/10.1038/nature17149
https://doi.org/10.1029/2000JD900430
https://doi.org/10.3390/rs11010004
https://doi.org/10.5194/acp-11-8231-2011
https://doi.org/10.5194/acp-11-8231-2011
https://doi.org/10.1002/2015JD023792
https://doi.org/10.1016/S0012-8252(01)00067-8
https://doi.org/10.1016/S0012-8252(01)00067-8
https://doi.org/10.1021/ez500399z
https://doi.org/10.1016/j.chemgeo.2005.05.006
https://doi.org/10.1016/0031-0182(92)90097-O
https://doi.org/10.1016/j.jafrearsci.2005.07.017
https://doi.org/10.1016/j.chemgeo.2014.06.014
https://doi.org/10.5194/acp-11-7781-2011
https://doi.org/10.1016/0012-821X(80)90125-9
https://doi.org/10.1016/j.epsl.2020.116645
https://doi.org/10.1146/annurev-ecolsys-112414-054118
https://doi.org/10.1029/2007GL031589
https://doi.org/10.1111/j.1600-0889.2011.00544.x
https://doi.org/10.1111/j.1600-0889.2011.00544.x
https://doi.org/10.1029/2009JD012819
https://doi.org/10.1029/2011RG000362
https://doi.org/10.5194/acp-2021-4
https://doi.org/10.1088/1748-9326/1/1/014005
https://doi.org/10.1088/1748-9326/1/1/014005
https://doi.org/10.1016/j.atmosenv.2013.10.021
https://doi.org/10.1016/j.epsl.2018.01.025
https://doi.org/10.1039/b417366j
https://doi.org/10.1029/2021pa004356
https://doi.org/10.5194/acp-7-3309-2007
https://doi.org/10.5194/acp-10-10875-2010
https://doi.org/10.5194/acp-10-10875-2010
https://doi.org/10.1029/1999JD900084
https://doi.org/10.1016/j.aeolia.2016.07.001
https://doi.org/10.1038/s43247-020-00071-w
https://doi.org/10.1038/s43247-020-00071-w
https://doi.org/10.1029/2003GB002145
https://doi.org/10.1007/s004420100786


Geophysical Research Letters

BARKLEY ET AL.

10.1029/2021GL097344

11 of 11

Pöhlker, C., Walter, D., Paulsen, H., Könemann, T., Rodríguez-Caballero, E., Moran-Zuloaga, D., et al. (2019). Land cover and its transformation 
in the backward trajectory footprint region of the Amazon Tall Tower Observatory. Atmospheric Chemistry and Physics, 19(13), 8425–8470. 
https://doi.org/10.5194/acp-19-8425-2019

Pourmand, A., Prospero, J. M., & Sharifi, A. (2014). Geochemical fingerprinting of trans-Atlantic African dust based on radiogenic Sr-Nd-Hf 
isotopes and rare Earth element anomalies. Geology, 42(8), 675–678. https://doi.org/10.1130/G35624.1

Prospero, J. M. (1999). Long-term measurements of the transport of African mineral dust to the southeastern United States: Implications for 
regional air quality. Journal of Geophysical Research, 104(D13), 15917–15927. https://doi.org/10.1029/1999JD900072

Prospero, J. M., Barkley, A. E., Gaston, C. J., Gatineau, A., Campos y Sansano, A., & Panechou, K. (2020). Characterizing and quantifying 
African dust transport and deposition to South America: Implications for the phosphorus budget in the Amazon Basin. Global Biogeochemical 
Cycles, 34(9), e2020GB006536. https://doi.org/10.1029/2020gb006536

Prospero, J. M., Collard, F., Molinié, J., & Jeannot, A. (2014). Characterizing the annual cycle of African dust transport to the Caribbean 
Basin and South America and its impact on the environment and air quality. Global Biogeochemical Cycles, 28(7), 1–17. https://doi.
org/10.1002/2013GB004802.Received

Prospero, J. M., Delany, A. C., Delany, A. C., & Carlson, T. N. (2021). The discovery of African dust transport to the western hemisphere 
and the Saharan air layer: A history. Bulletin of the American Meteorological Society, 102(6), E1239–E1260. https://doi.org/10.1175/
BAMS-D-19-0309.1

Prospero, J. M., Glaccum, R. A., & Nees, R. T. (1981). Atmospheric transport of soil dust from Africa to South America. Nature, 289(5798), 
570–572. https://doi.org/10.1038/289570a0

Prospero, J. M., & Lamb, P. J. (2003). African droughts and dust transport to the Caribbean: Climate change implications. Science, 302(5647), 
1024–1027. https://doi.org/10.1126/science.1089915

Pu, B., & Ginoux, P. (2018). How reliable are CMIP5 models in simulating dust optical depth? Atmospheric Chemistry and Physics, 18(16), 
12491–12510. https://doi.org/10.5194/acp-18-12491-2018

Schepanski, K., Tegen, I., & Macke, A. (2012). Comparison of satellite based observations of Saharan dust source areas. Remote Sensing of 
Environment, 123, 90–97. https://doi.org/10.1016/j.rse.2012.03.019

Scheuvens, D., Schütz, L., Kandler, K., Ebert, M., & Weinbruch, S. (2013). Bulk composition of northern African dust and its source sedi-
ments—A compilation. Earth-Science Reviews, 116(1), 170–194. https://doi.org/10.1016/j.earscirev.2012.08.005

Skonieczny, C., Bory, A. J. M., Bout-Roumazeilles, V., Abouchami, W., Galer, S. J. G., Crosta, X., et al. (2011). The 7-13 March 2006 major 
Saharan outbreak: Multiproxy characterization of mineral dust deposited on the West African margin. Journal of Geophysical Research, 
116(18), D18210. https://doi.org/10.1029/2011JD016173

Skonieczny, C., Bory, A. J. M., Bout-Roumazeilles, V., Abouchami, W., Galer, S. J. G., Crosta, X., et al. (2013). A three-year time series of 
mineral dust deposits on the West African margin: Sedimentological and geochemical signatures and implications for interpretation of marine 
paleo-dust records. Earth and Planetary Science Letters, 364, 145–156. https://doi.org/10.1016/j.epsl.2012.12.039

Stock, B. C., Jackson, A. L., Ward, E. J., Parnell, A. C., Phillips, D. L., & Semmens, B. X. (2018). Analyzing mixing systems using a new gener-
ation of Bayesian tracer mixing models. PeerJ, 2018(6), 1–27. https://doi.org/10.7717/peerj.5096

Stock, B. C., & Semmens, B. X. (2016). MixSIAR user manual. version 3.1. https://doi.org/10.5281/zenodo.47719.1
Stuut, J. B., Zabel, M., Ratmeyer, V., Helmke, P., Schefuß, E., Lavik, G., & Schneider, R. (2005). Provenance of present-day eolian dust collected 

off NW Africa. Journal of Geophysical Research, 110(4), 1–14. https://doi.org/10.1029/2004JD005161
Swap, R., Garstang, M., Greco, S., Talbot, R., & Kållberg, P. (1992). Saharan dust in the Amazon Basin. Tellus, 44(2), 133–149. https://doi.

org/10.1034/j.1600-0889.1992.t01-1-00005.x
van der Does, M., Brummer, G.-J. A., van Crimpen, F. C. J., Korte, L. F., Mahowald, N. M., Merkel, U., et al. (2020). Tropical rains controlling 

deposition of Saharan dust across the North Atlantic Ocean. Geophysical Research Letters, 47(5), 1–10. https://doi.org/10.1029/2019GL086867
van der Does, M., Pourmand, A., Sharifi, A., & Stuut, J. B. W. (2018). North African mineral dust across the tropical Atlantic Ocean: Insights 

from dust particle size, radiogenic Sr-Nd-Hf isotopes and rare Earth elements (REE). Aeolian Research, 33(March), 106–116. https://doi.
org/10.1016/j.aeolia.2018.06.001

Washington, R., Todd, M., Middleton, N. J., & Goudie, A. S. (2003). Dust-storm source areas determined by the total ozone monitoring spectrome-
ter and surface observations. Annals of the Association of American Geographers, 93(2), 297–313. https://doi.org/10.1111/1467-8306.9302003

Washington, R., & Todd, M. C. (2005). Atmospheric controls on mineral dust emission from the Bodélé Depression, Chad: The role of the low 
level jet. Geophysical Research Letters, 32(17), 1–5. https://doi.org/10.1029/2005GL023597

Washington, R., Todd, M. C., Engelstaedter, S., Mbainayel, S., & Mitchell, F. (2006). Dust and the low-level circulation over the Bodélé Depres-
sion, Chad: Observations from BoDEx 2005. Journal of Geophysical Research, 111(3), 1–15. https://doi.org/10.1029/2005JD006502

Winter, J. D. (2001). An introduction to igneous and metamorphic petrology. Prentice Hall Inc.
Wu, C., Lin, Z., & Liu, X. (2020). Global dust cycle and uncertainty in CMIP5 models. Atmospheric Chemistry and Physics Discussions(April), 

1–52.
Yu, H., Chin, M., Bian, H., Yuan, T., Prospero, J. M., Omar, A. H., et al. (2015). Quantification of trans-Atlantic dust transport from seven-year 

(2007-2013) record of CALIPSO lidar measurements. Remote Sensing of Environment, 159, 232–249. https://doi.org/10.1016/j.rse.2014.12.010
Yu, Y., Kalashnikova, O. V., Garay, M. J., Lee, H., & Notaro, M. (2018). Identification and characterization of dust source regions across 

North Africa and the Middle East using MISR satellite observations. Geophysical Research Letters, 45(13), 6690–6701. https://doi.
org/10.1029/2018GL078324

Yu, Y., Kalashnikova, O. V., Garay, M. J., Lee, H., Notaro, M., Campbell, J. R., et al. (2020). Disproving the Bodélé depression as the primary 
source of dust fertilizing the Amazon Rainforest. Geophysical Research Letters, 47(13), 1–23. https://doi.org/10.1029/2020GL088020

Yuan, T., Yu, H., Chin, M., Remer, L. A., McGee, D., & Evan, A. (2020). Anthropogenic decline of African dust: Insights from the holocene 
records and beyond. Geophysical Research Letters, 47(22). https://doi.org/10.1029/2020GL089711

Zhao, A., Ryder, C., & Wilcox, L. (2022). How well do the CMIP6 models simulate dust aerosols? Atmospheric Chemistry and Physics, 22, 
2095–2119. https://doi.org/10.5194/acp-22-2095-2022

Zhao, W., Balsam, W., Williams, E., Long, X., & Ji, J. (2018). Sr–Nd–Hf isotopic fingerprinting of transatlantic dust derived from North Africa. 
Earth and Planetary Science Letters, 486, 23–31. https://doi.org/10.1016/j.epsl.2018.01.004

https://doi.org/10.5194/acp-19-8425-2019
https://doi.org/10.1130/G35624.1
https://doi.org/10.1029/1999JD900072
https://doi.org/10.1029/2020gb006536
https://doi.org/10.1002/2013GB004802.Received
https://doi.org/10.1002/2013GB004802.Received
https://doi.org/10.1175/BAMS-D-19-0309.1
https://doi.org/10.1175/BAMS-D-19-0309.1
https://doi.org/10.1038/289570a0
https://doi.org/10.1126/science.1089915
https://doi.org/10.5194/acp-18-12491-2018
https://doi.org/10.1016/j.rse.2012.03.019
https://doi.org/10.1016/j.earscirev.2012.08.005
https://doi.org/10.1029/2011JD016173
https://doi.org/10.1016/j.epsl.2012.12.039
https://doi.org/10.7717/peerj.5096
https://doi.org/10.5281/zenodo.47719.1
https://doi.org/10.1029/2004JD005161
https://doi.org/10.1034/j.1600-0889.1992.t01-1-00005.x
https://doi.org/10.1034/j.1600-0889.1992.t01-1-00005.x
https://doi.org/10.1029/2019GL086867
https://doi.org/10.1016/j.aeolia.2018.06.001
https://doi.org/10.1016/j.aeolia.2018.06.001
https://doi.org/10.1111/1467-8306.9302003
https://doi.org/10.1029/2005GL023597
https://doi.org/10.1029/2005JD006502
https://doi.org/10.1016/j.rse.2014.12.010
https://doi.org/10.1029/2018GL078324
https://doi.org/10.1029/2018GL078324
https://doi.org/10.1029/2020GL088020
https://doi.org/10.1029/2020GL089711
https://doi.org/10.5194/acp-22-2095-2022
https://doi.org/10.1016/j.epsl.2018.01.004

	Interannual Variability in the Source Location of North African Dust Transported to the Amazon
	Abstract
	Plain Language Summary
	1. Introduction
	2. Materials and Methods
	2.1. Field Site and Sample Collection
	2.2. Dust Mass Quantification and Radiogenic Isotope Analysis
	2.3. MixSIAR: A Bayesian Mixing Model

	3. Results
	3.1. Isotopic Fingerprinting of Dust Transported to the Amazon and Tropical Atlantic Ocean
	3.2. Interannual Variability in the Source Location of Transported Dust
	3.3. Possible Role of North African Climate in Controlling the Source of Transported Wintertime Dust

	4. Implications
	Data Availability Statement
	References


