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Abstract.

Mineral dust exerts wide-ranging influences on climate, atmospheric chemistry, and ecosystems, yet its compositional het-

erogeneity remains poorly represented in global impact assessments. Here, we provide observational constraints and process-

level understanding of the compositional variability of long-range transported Saharan dust, including inorganic ions, crustal

elements, and trace metals, sampled at the High Altitude Research Station Jungfraujoch (3580m above sea level) during major5

dust intrusions between 2011 and 2021. Crustal elements dominate PM10 (~45% from Si, Al, Fe, Ca, K, and Mg) and exhibit

the strongest enrichment relative to background concentrations (e.g. factor ~60 for Ti). However, compositional variability dif-

fers markedly among species, spanning nearly an order of magnitude for Ca, CO2−
3 , S, and Pb, but remaining below a factor

of two for Fe and Ti. Combining aerosol observations with satellite remote-sensing retrievals and atmospheric reanalysis, we

identify dust source regions and transport history as first-order controls on Saharan dust composition far from source. Soil min-10

eralogy leaves persistent signatures that remain detectable after transcontinental transport, including variations in sedimentary

carbonate and clay minerals governing Ca, CO2−
3 , and alkali metal fractions. Superimposed, atmospheric processing modifies

dust composition through interactions with anthropogenic pollution and size-selective transport, leading to sulfate and heavy-

metal accumulation, enhanced crustal-element solubility, and depletion of coarse-mode species like rare earth elements through

gravitational settling. These findings demonstrate that mineral dust is not a passive tracer but a compositionally evolving vector15

linking desert emissions with climate, atmospheric chemistry, and biogeochemical cycling on a global scale.

1 Introduction

Mineral dust is the dominant aerosol by mass in the atmosphere, with a global burden of 22 to 29Tg, of which northern African

sources alone contribute nearly half (11 to 15Tg) (Kok et al., 2021). Dust emissions have likely doubled since pre-industrial
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times (Hooper and Marx, 2018; Kok et al., 2023). While trends have become less clear in recent decades (Moustaka et al., 2026)20

and future projections are highly uncertain (Kok et al., 2023), global dust emissions could increase further under intensifying

aridity, land degradation, and climate-driven desertification (UNCCD, 2022). Once injected into the troposphere, dust persists

for days to weeks and is transported over thousands of kilometers across continents and oceans (Creamean et al., 2013; Yu

et al., 2021; Harr et al., 2024), exerting influence on the Earth system at a planetary scale.

These impacts are multifaceted and tightly coupled to ecosystem productivity, climate, and atmospheric chemistry. Depo-25

sition of mineral dust supplies essential nutrients to remote ecosystems, sustaining primary productivity in nutrient-deficient

regions such as the Amazon basin and the Southern Ocean (Swap et al., 1992; Jickells et al., 2005; Schulz et al., 2012; Moore

et al., 2013). At the same time, dust perturbs the Earth’s radiative balance both directly — through scattering and absorption

of solar radiation (Moteki et al., 2017; Kok et al., 2017) — and indirectly via its interactions with clouds. In particular, mineral

dust constitutes the dominant source of ice-nucleating particles in the troposphere (Cziczo et al., 2013; Brunner et al., 2021),30

thereby exerting a disproportionate influence on mixed-phase and cirrus cloud formation.

Crucially, these Earth system interactions are not governed by dust mass alone, but by its physicochemical properties (Kok

et al., 2023). Particle size, mineralogical composition, and mixing state determine how dust absorbs radiation, nucleates cloud

droplets and ice, and evolves chemically during transport (Green et al., 2020). The direct radiative effect of dust, for example,

depends sensitively on the abundance and speciation of the iron-bearing minerals hematite and goethite (Sokolik and Toon,35

1999; Di Biagio et al., 2019), as well as on coatings acquired during atmospheric aging (Seinfeld et al., 2004; Bauer et al.,

2007). Likewise, the efficiency of heterogeneous ice nucleation is controlled by specific mineral phases, notably feldspars

and quartz, while secondary processing can deactivate or enhance active sites (Boose et al., 2016, 2019; Cziczo et al., 2009).

Chemical aging further alters hygroscopicity, as insoluble minerals such as calcite are transformed into soluble salts (Vlasenko

et al., 2006; Sullivan et al., 2009), thereby modifying cloud condensation nuclei activity, deposition pathways, and atmospheric40

lifetime (Kok et al., 2023).

An accurate representation of dust composition and aging is therefore essential for quantifying its climatic and biogeo-

chemical impacts. Yet, despite recent advances, a fundamental gap persists in linking the mineralogical properties of source

soils to the composition of airborne dust after long-range transport. Earth system and chemical transport models have only

recently begun to move beyond the simplifying assumption of uniform dust composition, incorporating mineral-resolved emis-45

sion schemes (Gómez Maqueo Anaya et al., 2024; Song et al., 2024). These are informed by field measurement based soil

databases such as GMINER (Nickovic et al., 2012) or emerging satellite products from missions like NASA’s Earth Surface

Mineral Dust Source Investigation (EMIT) (Green et al., 2020).

While these developments may improve agreement with observations, critical limitations remain: First, the connection be-

tween soil mineralogy and emitted dust composition remains uncertain, owing to sparse and heterogeneous soil datasets and50

incomplete representation of size-selective emission processes (Gonçalves Ageitos et al., 2023). Second, the evolution of dust

composition during transport — through chemical aging, mixing, and removal — is poorly constrained, limiting our ability to

retrace the processing history of observed plumes (Gaston, 2020; Kok et al., 2023). Third, observational datasets capable of
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linking source, transport, and composition in a consistent framework are scarce, particularly for long-range transported dust

far from source regions (Gómez Maqueo Anaya et al., 2024; Ratcliffe et al., 2024).55

Here, we address these challenges by combining source attribution, transport analysis, and detailed chemical characteriza-

tion of Saharan dust observed at the High Altitude Research Station Jungfraujoch (JFJ, 3580m above sea level) in the Swiss

Alps. This unique site samples the free troposphere (FT) under conditions representative of long-range aerosol transport (Col-

laud Coen et al., 2026) while offering minimal regional contamination (Bukowiecki et al., 2016). We analyze the most intense

Saharan dust events over more than one decade (2011–2021), leveraging satellite observations and atmospheric reanalysis to60

constrain source regions, transport pathways, and transit times. By integrating bulk chemical measurements with mass spec-

trometric analysis into a comprehensive dust mass reconstruction, we directly relate observed compositional variability to both

source soil mineralogy and atmospheric transport history. In doing so, we provide a quantitative framework linking emission,

transformation, and long-range evolution of mineral dust.

2 Experimental65

2.1 Measurement site description

The High Altitude Research Station Jungfraujoch (JFJ, 3580m above sea level, 46°32′ N 7°59′ E) is located on the ridge

between the two alpine summits Jungfrau (4158m) and Mönch (4110m) in the Swiss Alps. Owing to its high elevation, the

JFJ is situated at a large distance from major pollution sources. It was categorized as mostly remote (Henne et al., 2010) and

is considered to be one of the monitoring stations with lowest planetary boundary layer (PBL) influence in Europe. Especially70

in winter, it is located predominantly in the FT (Herrmann et al., 2015). Throughout the last three decades, the JFJ has served

as location to investigate transported Saharan dust aerosol, e.g. its deposition, hygroscopic growth, optical properties, cloud

condensation nuclei (CCN) and ice-nucleating particle (INP) activity (Schwikowski et al., 1995; Jurányi et al., 2010; Chou

et al., 2011; Brunner et al., 2021; Collaud Coen et al., 2026). In the absence of long-range transport events (Saharan dust,

wildfire smoke (Masoom et al., 2025), volcanic plumes (Bukowiecki et al., 2011)), the variability of aerosol observations at75

the JFJ is largely driven by regional PBL intrusions (PBLi) (Baltensperger et al., 1997; Collaud Coen et al., 2011).

2.2 Aerosol sampling, dust event detection and sample selection

Daily PM10 aerosol High Volume (HiVol) filters (Pallflex XP56 Tissuquartz 2500QAT-UP, Cytiva, USA) were sampled at the

JFJ by the Swiss National Air Pollution Monitoring Network (NABEL) using a HiVol sampler (DHA-80, Digitel, Switzerland)

(Hueglin et al., 2024). For each 24 h sample, an air volume of 1075m3 (actual volume) was filtered. Filters were conditioned at80

20 °C and 50% relative humidity for 96 h prior to gravimetric mass determination and subsequently stored at -23 °C until anal-

ysis. Fieldblank filters were collected in an identical way (including the transport to the JFJ) except for exposure to filtration.

From HiVol filters, gravimetric PM10 was determined by weighing before and after sample collection with a high precision

analytical balance with antistatic-kit (XP205, Mettler Toledo, USA).
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Saharan dust events at the JFJ were detected by online optical aerosol measurements, applying a method based on the85

Ångström exponent of the single scattering albedo (SSA) (Collaud Coen et al., 2004, 2026) (Sect. S1). For all detected events

within the period of 2011 to 2021 (at least 12h of continuous positive detection), daily gravimetric PM10 was used to select

the 47 sampling days with the highest dust loadings (cf. orange markers in Fig. 2a and dates listed in Table S1). As some of the

47 daily samples are from consecutive days of a single Saharan dust plume arriving at the JFJ, the number of distinct plumes

covered in this study is 27.90

Although selecting events based on the highest local PM10 concentrations may introduce a bias toward more intense dust

plumes, we consider this selection essential for establishing process-level understanding. First, high dust loadings ensure a clear

separation from local background concentrations, enabling a robust characterization of the chemical composition of long-range

transported Saharan dust. Second, the reconstruction of plume origin and transport characteristics is substantially facilitated

for pronounced dust events, thereby reducing uncertainties in the obtainment of corresponding parameters (Sect. 2.5). Third,95

the dust loadings observed locally at the JFJ are strongly influenced by the plume’s transport altitude and interactions with the

complex Alpine orography. Consequently, also long-range transported dust events showing lower concentrations at the station

may nevertheless share similar large-scale characteristics (such as loading and spatial extension) with the events selected here.

Therefore, while this event selection is not intended to provide a comprehensive climatological representation of Saharan dust

sources and transport to the JFJ, it captures a diverse set of well-defined dust plumes, ideal for process-oriented analyses.100

The dust samples — denoted Dust hereafter — were chemically analyzed along with a reference set of samples representing

background conditions at the JFJ — denoted Non-Dust hereafter. For the different chemical analysis methods, Non-Dust filters

were either pooled to composite samples of four at an interval of four days each for the years 2011 to 2021 (n= 249, named

composite Non-Dust), or analyzed individually on every fourth day from March 2019 to May 2020 (n= 112, named daily

resolution Non-Dust). A schematic of the sample selection strategy is provided in Fig. S1. The Non-Dust data set was filtered105

for samples with considerable Saharan dust influence based on titanium (Ti) mass concentrations (Ti filter thresholds and

description of the filtering can be found in Sect. S2.3 and Fig. S2). After filtering, 206 composite Non-Dust samples (blue

markers in Fig. 2a, yellow markers are removed samples) and 104 daily resolution Non-Dust samples remained.

2.3 Chemical analysis of filter samples

Dust filter samples and daily resolution Non-Dust samples were analyzed for metal and trace element composition by Induc-110

tively Coupled Plasma Mass Spectrometry (ICP-MS, iCAP TQ, Thermo Fisher Scientific, USA), following a full mineralization

sample preparation protocol (including hydrofluoric acid digestion). Details on sample preparation and instrumentation are pro-

vided in Sect. S4.1. Major water-soluble inorganic ions were measured by Ion Chromatography Mass Spectrometry (IC–MS,

INTEGRION and ISQ EC, Thermo Fisher Scientific, USA), using filter water extracts of Dust and composite Non-Dust sam-

ples (details in Sect. S4.2). Bulk water-soluble organic carbon (WSOC) was quantified from water extracts of all sample types115

by a total organic carbon (TOC) analyzer (TOC-L-series, Shimadzu, Japan), after removal of inorganic carbon (carbonates)

by acidification with hydrochloric acid and phosphoric acid (details in Sect. S4.3). Organic carbon (OC) and elemental carbon
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(EC) were analyzed by an OC/EC analyzer (Model 5, Sunset Lab, USA), operated using the National Institute for Occupational

Safety and Health (NIOSH) 870 protocol (Birch and Cary, 1996), which allows quantification of carbonate (CO2−
3 ).

2.4 PM10 aerosol mass reconstruction of Dust samples120

For the Dust samples, PM10 aerosol mass was reconstructed as follows:

– Nitrate and sulfate of Dust samples are not fully neutralized by ammonium at the JFJ, unlike for Non-Dust-conditions

(cf. the plot of nitrate/sufate-based reconstructed ammonium and measured ammonium in Fig. S3). Consequently, be-

sides ammonium sulfate and filter-based ammonium nitrate, the corresponding non-ammonium-sulfate (NAS) and non-

ammmonium-nitrate (NAN) mass concentrations were calculated. The calculations are based on measured ammonium125

which is attributed to regional PBLi and only to minor extent to transport by Saharan dust (details in Sect. S5.1.1, box

plots of ammonium, nitrate and sulfate under Dust and Non-Dust conditions in Fig. S4 and the good correlation of am-

monium with the PBLi tracer NOy/CO in Fig. S5 with R2 = 0.61). NAS and NAN are attributed to be bound to crustal

elements, either from mineral occurrence or through atmospheric processing of precursor gases on dust.

– CO2−
3 mass concentrations were calculated from the OC4 fraction of the NIOSH OC/EC protocol (Chow et al., 2001), by130

referencing to OC4/OC ratios of Dust samples in comparison to Non-Dust samples (details in Sect. S5.1.2). An excellent

correlation of the calculated CO2−
3 with ICP-MS quantified Ca — the principal binding partner of carbonate in calcite

minerals — is found (R2 = 0.98).

– Oxide (O2−) as a binding partner of crustal elements was calculated by a molar valence balance of crustal cations and

anions (details in Sect. S5.1.3). For this, neutralization of cations with O2− was assumed after consideration of NAS,135

NAN, Cl− and CO2−
3 .

– Besides the crustal elements and trace elements from ICP-MS measurements, silicon (Si) was estimated based on alu-

minum (Al) mass concentrations, assuming a largely uniform Al-Si-ratio of 2.1 (Caquineau et al., 1998) in the Sahara

desert (Sect. S5.2).

– WSOA as a proxy of OA (>80% water solubility of OA at the JFJ (Weng et al., 2026)) was calculated from WSOC140

applying median OM/OC-ratios obtained from Offline-Aerosol Mass Spectrometer measurements (Weng et al., 2026) of

Non-Dust filters (Sect. S5.3).

Consequently, PM10 of Dust samples was reconstructed considering the following species:

PM10 (Dust, reconstructed) =NH4NO3 (filter)+ (NH4)2SO4 +NAN (NO−
3 )+NAS (SO2−

4 )

+CO2−
3 +Cl− +O2− + crustal elements (Table S3)+WSOA+EC

(R1)
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A very good agreement of PM10 (Dust, reconstructed) with bulk gravimetric PM10 was achieved (correlation R2 =145

0.95, Fig. S8; median mass recovery ratio= 0.83 with interquartile range IQR= 0.77 to 0.88, Fig. S9). The slight

underestimation can be attributed primarily to unaccounted mineral crystal water and adsorbed water on the filters (Sect. S5.4).

2.5 Determination of Saharan dust source regions, plume trajectories and transport times

Source regions, plume trajectories and transport times of the analyzed 27 Saharan dust plumes arriving at the JFJ (Fig. 1) were

obtained from a compilation of remote sensing satellite observations and a reanalysis model.150

The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) (Schmetz et al., 2002) Dust RGB (Red, Green, Blue) of

European Space Agency’s (ESA) geostationary satellite Meteosat Second Generation (MSG) was used to determine the dom-

inating dust plume emission source regions and emission start times of each plume. Being based on brightness temperature

differences of SEVIRI’s IR channels, the Dust RGB offers high spatiotemporal resolution (3 km× 3 km, 15min). Source areas

and times were retraced by the visual ’back-tracking’ method introduced by Schepanski et al. (2007, 2012). In comparison to155

the receptor time windows (i.e. the duration of the Saharan dust events at the JFJ), the emission time windows remained short

in length (in the order of one to few hours). Considering the long-range transport of some of the plumes and the limitations of

the MSG SEVIRI Dust RGB product — namely its non-quantitative nature and sensitivity to environmental conditions affect-

ing dust detection (Banks et al., 2019) — a combination of additional satellite and reanalysis products were employed. These

were essential for reconstructing dust trajectories from the JFJ to their emission regions and thereby linking observed plumes160

to individual emission events. The Copernicus Atmosphere Monitoring Service (CAMS) European Centre for Medium-Range

Weather Forecasts Atmospheric Composition Reanalysis 4 (EAC4) (Inness et al., 2019), a global atmospheric composition

forecasting model constrained by assimilated observations, was used to qualitatively track dust plume transport over large spa-

tial scales through dust aerosol optical depth (AOD) at 550 nm. A more quantitative approach was then applied to approximate

daily plume position centroids from emission to arrival at the JFJ: Column-integrated AOD from the Moderate Resolution165

Imaging Spectroradiometer (MODIS) aboard the polar-orbiting Terra and Aqua satellites of NASA. MODIS AOD offers a

quantitative measure for mass loadings of (visible and near-IR) light absorbing atmospheric aerosols, including dust (Sayer

et al., 2019). Here, level 3 retrieval products MOD08_D3 (Platnick et al., 2015a) and MYD08_D3 (Platnick et al., 2015b) were

used, being available once per day (per each of the two satellites) at a spatial resolution of approximately 110 km × 110 km.

Data origin and processing steps for the satellite and reanalysis model products are described in Sect. S6.1. A discussion of170

uncertainties associated with the parameter obtainment and an independent validation by online, size resolved PM measure-

ments at the JFJ is provided in Sect. S6.2. An example case with a visualization of all observational products for an individual

dust plume is shown in Fig. S11.
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3 Results and Discussion

3.1 Northern and central Saharan source areas produce distinct transport pathways to the JFJ175

The long-range transported Saharan dust plumes investigated in this study originate from a broad range of source regions

across the Sahara (Fig. 1a, where each determined source region was allocated based on its location to literature potential

source areas, PSAs (Scheuvens et al., 2013)). Only 10 of the 27 analyzed events (37%) are associated with the northern source

regions PSA1 (Tunisia and northern Algeria) and PSA2a (foothills of Atlas mountains), which are geographically closest to the

JFJ (Fig. 1c-1). These plumes are transported almost exclusively along a direct pathway across the Mediterranean Sea towards180

the JFJ and are characterized by relatively short transport times between 1-2 days (Fig. 1b).

The majority of the plumes (14 out of 27, 52%) originate from an area around southern Algeria and northern Mali (PSA3).

Two distinct transport pathways were identified for these events. One subset is transported rather directly northward towards

the JFJ via the Mediterranean Sea (Fig. 1c-2), resulting in transport times of approximately 2-4 days. In contrast, the second

subset is initially advected northwestward, subsequently recirculating over the Atlantic before reaching the JFJ via the Iberian185

Peninsula and France (Fig. 1c-3). These plumes exhibit substantially longer transport times of 5-10 days.

The remaining 3 plumes originate from more variable source regions located in the western and eastern Sahara (Fig. 1c-4).

3.2 Composition and compositional variability of long-range transported Saharan Dust

Intense Saharan dust events (Dust samples) increase daily PM10 at the JFJ by one to two orders of magnitude relative to back-

ground (Non-Dust) concentrations (Fig. 2a). Interferences through regional pollution are therefore negligible when interpreting190

Saharan dust crustal composition. Within the 11-year reference time series, about 17% of samples were considerably influ-

enced by Saharan dust (Sect. S2.3) and excluded from the Non-Dust sample set (yellow markers in Fig. 2a). This frequency

agrees well with previous high-temporal-resolution online measurements reporting 17% of the year 2020 to be affected by

Saharan dust (Brunner et al., 2021).

Under Dust conditions, PM10 at the JFJ is dominated by Si, Al, Fe, Ca, K and Mg (20%, 9.5%, 5.0%, 4.9%, 2.3% and195

2.0%, respectively, cf. Fig. 2b), reflecting the elemental composition of the Earth’s crust (Fleischer, 1954). Charge balance is

primarily maintained by O2−, with additional contributions from CO2−
3 , NAN and NAS. In contrast, secondary components

such as WSOA and ammonium sulfate — accounting for almost half of the PM10 mass under Non-Dust conditions at the JFJ

(Weng et al., 2026) — contribute a minor fraction (~6%) during Dust events. Nevertheless, these species may influence dust

particle properties via surface coating effects (Sullivan et al., 2009; Möhler et al., 2008; Tobo et al., 2012).200

Elemental enrichment relative to Non-Dust conditions highlights the dominance of crustal material during Dust events. In

particular, Ti and Fe serve as robust tracers of Saharan dust, with enrichment ratios of 59 and 28, respectively (Table S5),

and highly significant differences between Dust and Non-Dust samples (Mann–Whitney U test p-values Dust vs. Non-Dust in

Table S6: 1.0e-15 for Ti and 8.6e-17 for Fe). Most other crustal elements exhibit enrichment ratios clearly exceeding 10 (e.g.,

Ca: 19, Li: 39, Rb: 27; Table S5). Complementary metalloids and nonmetals feature moderate enrichment (e.g., P: 11, S: 5.1,205
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(c)-3 (c)-4

PSA4PSA2b

(c)-2(c)-1
PSA1 and PSA2a PSA3 - Mediterranean

PSA3 - Atlantic Western and eastern PSAs

(a) (b)

PSA1

PSA4

PSA3

PSA2a

PSA2b

PSA3

PSA3

PSA1

PSA2a

Figure 1. For the investigated Saharan dust plumes, (a) obtained source region centroids (grey with red shaded borders), allocated to major

Saharan dust potential source areas (PSA) defined in literature (literature naming provided in the following) (Scheuvens et al., 2013): PSA1

— Tunisia and northern Algeria including the ‘zone of chotts’, PSA2a — foothills of Atlas mountains , PSA2b — western coastal region ,

PSA3 — Southern Algeria and northern Mali, PSA4 — Central Libya. (b) Estimated transport times to the JFJ by source area, from emission

start to sampling start of the respective filter sample. Event 21-B was not allocated to any PSA and is listed as ’Other’. (c1-4) For different

PSAs, obtained transport trajectories of Saharan dust plumes from source regions to the JFJ. Blue points denote approximate daily plume

centroid positions after emission.
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(a)

(b)

Figure 2. (a) PM10 time series from 2011 to 2021 at the JFJ (log10 scale). Non-Dust composite samples are colored in blue, composite

samples flagged as dominated by Saharan dust (Sect. S2.3) in yellow. The separate daily Dust samples investigated in this study are shown in

orange. (b) Reconstructed aerosol chemical composition under long-range transported Saharan dust conditions at the JFJ. Composition is a

median relative composition of the 27 most intense dust plumes between 2011 and 2021. Abbreviations are: WSOA — water-soluble organic

carbon, NAN — non-ammonium-nitrate, NAS — non-ammonium-sulfate, Oxide — O2− (in metal oxides).

As: 11, Se: 6.7; Table S5). Heavy metals, which are often associated with anthropogenic sources (Cho et al., 2011; Shafer

et al., 2012; Gonzalez et al., 2016), are also enhanced, although to a lesser extent (e.g., Pb: 4.1, Cd: 4.1, Cu: 2.8; Table S5).

Across all 27 distinct plumes analyzed here, long-range transported Saharan dust exhibits considerable chemical hetero-

geneity (Fig. 3 for elements and Fig. S12 for water-soluble ions). Variability in elemental composition normalized to Al

(cm/cm(Al)), whose mass fraction is relatively homogeneous throughout the Sahara (Scheuvens et al., 2013), reveals distinct210

groups with substantially higher covariance within groups than between them (Fig. 3a). This pattern reflects geochemical fin-

gerprints arising from shared mineralogical sources or closely related chemical processing (e.g., among chemical analogues).

9
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Importantly, these groups describe patterns of variability (Fig. 3b) rather than a complete mineralogical association. For ex-

ample, although Ca occurs in multiple mineral phases, sedimentary carbonate minerals are likely the primary control on its

variability in Saharan dust (Scheuvens et al., 2013). The following groups are identified:215

– Alkali metals: Li, K, Rb, Cs (excluding Na). Rb and Cs closely track K due to isomorphic substitution in K-bearing

mineral phases such as feldspars, micas and the mica-like illite (Négrel et al., 2018; Uno et al., 2024). Micas also host

Li, and a strong association with Rb and Cs was previously identified (Breiter et al., 2023). A very strong positive

correlation between the Alkali metals is found (Kendall’s τ = 0.5 to 0.9), along with a generally low variability for

each component across Dust events (Fig. 3b, e.g. IQR of cm/cm(Al) for K: 0.21 to 0.27 at a median of 0.24). Strong220

correlation (Kendall’s τ = 0.5 to 0.7) is also observed with the Sedimentary carbonate minerals and Phosphorus group.

– Alkaline earth metals: Be, Sr, Ba. A moderately positive correlation (Kendall’s τ = 0.4 to 0.5) and moderately high

variability across Dust events is observed (e.g. IQR of cm/cm(Al) for Ba: 0.0035 to 0.0060 at a median of 0.0047).

– Sedimentary carbonate minerals: Mg, Ca, CO2−
3 . While also other mineral phases like gypsum (CaSO4) are abundant,

variability of Ca (and CO2−
3 ) is typically associated with the sedimentary mineral calcite (CaCO3) (Scheuvens et al.,225

2013). Mg closely tracks Ca, reflected in the typical co-occurrence of dolomite (CaMg(CO3)2) with calcite (Cai et al.,

2021). A very strong positive correlation (Kendall’s τ = 0.7 to 0.8) and high variability across Dust events is observed

(e.g. IQR of cm/cm(Al) for Ca: 0.39 to 0.72 at a median of 0.53).

– Heavy metals: Cr, Cu, Cd, Sn, Pb, Bi. Generally of low mass fraction, these elements are grouped based on their

location in the periodic system (d- or p-block), high atomic mass and density. A moderate to strong positive correlation230

(Kendall’s τ = 0.2 to 0.6) and high variability across Dust events is found (e.g. IQR of cm/cm(Al) for Cr: 0.0018 to

0.0041 at a median of 0.0033). The Heavy metals group exhibits a moderate to strong anti-correlation (Kendall’s τ =

-0.1 to -0.7) with the Rare earth metals and actinides.

– Rare earth metals and actinides: Y, La, Ce, Sm, Tb, Ho, Th, U. Of low mass fraction, a strong positive correlation

(Kendall’s τ = 0.4 to 0.9, with exception of Ce and U) and moderate to low variability across Dust events is observed235

(e.g. IQR of cm/cm(Al) for Ce: 0.0010 to 0.0014 at a median of 0.0011).

– Sulfur group: S, Se. The chalcogens S and Se have similar chemical properties and interconnected biogeochemical cycles

(Feinberg et al., 2020). A very strong positive correlation (Kendall’s τ = 0.7) and strong variability across Dust events

is found (e.g. IQR of cm/cm(Al) for S: 0.10 to 0.25 at a median of 0.19). Generally strong correlations (Kendall’s τ =

0.3 to 0.7) are also observed with the Evaporative minerals and Phosphorus group.240

– Phosphorus group: P, As, V. P and As are known to act as chemical analogues (Strawn, 2018), and V tends to show

similar chemical behavior (all with five valence electrons, tendency for tetrahedral oxyanion XO3−
4 formation (Gresser

et al., 1986)). A very high positive correlation (Kendall’s τ = 0.6 to 0.7) is observed. The variability across Dust events

is low (e.g. IQR of cm/cm(Al) for P: 0.0099 to 0.012 at a median of 0.010).
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– Evaporative minerals: B, Na, Br. Based on their high water-solubility and strong correlation to water-soluble ions, these245

elements were grouped as Evaporative minerals (despite the high diversity of evaporative mineral phases, which reaches

far beyond these three elements (Warren, 2016b)). Na and Br are typically found in evaporative minerals such as halite

(Warren, 2016b; Eggenkamp et al., 2019). Also B occurs in evaporites in the form of borates (Warren, 2016a). Compared

to other elements, a very high water solubility is observed for Na and Br (cf. Fig. S12, e.g. median cm/cm(Al) for

Na+/Na= 0.045/0.082 = 0.55, while for Mg2+/Mg= 0.015/0.21 = 0.071). A moderate to good correlation (Kendall’s250

τ = 0.3 to 0.6) is observed between the three elements B, Na and Br, while they exhibit moderate to high variability

across Dust events (e.g. IQR of cm/cm(Al) for Na: 0.072 to 0.11 at a median of 0.082). The Evaporative minerals show

a generally good to very good correlation (Kendall’s τ = 0.3 to 0.8) with water-soluble ions such as K+, Mg2+ and

PO3−
3 (Fig. S12). Notably, low correlation or even anti-correlation (Kendall’s τ = 0.1 to -0.5) is observed between Cl−

and Evaporative minerals/water soluble ions. Na is not or only weakly anti-correlated with the Alkali metals (Kendall’s255

τ = -0.1 to -0.3).

A range of other elements, including the relatively abundant Fe, Ti and Mn, show very little variability across Dust events

(e.g. IQR of cm/cm(Al) for Fe: 0.52 to 0.55 at a median of 0.54) and were therefore not assigned to specific geochemical

groups. These elements show weak or non-specific correlations with other elements and water-soluble ions (Kendall’s τ all

within +/–0.5 ).260

Overall, the variability of elemental dust mass fractions presents a highly diverse picture (Fig. 3b). While elements such

as Fe and Ti remain relatively constant, others — including Ca, Heavy metals and the Sulfur group — vary by up to an

order of magnitude. Understanding the mechanistic drivers underlying this variability is essential for better constraining the

composition and properties of long-range transported Saharan dust.

3.3 Dust source regions and transport history as drivers of compositional heterogeneity265

To identify drivers of compositional heterogeneity, a principle component analysis (PCA) was performed on Dust samples

and interpreted with respect to source regions and transport times derived from satellite remote sensing data. The first two

principal components explain more than 60% of the total variance (Fig. 4). Distinct clustering by source region is evident:

samples from the northern Saharan PSA1 and PSA2a cluster at positive PC1 and negative PC2, whereas central Saharan PSA3

and PSA4 occupy the opposite quadrant. This separation is predominately driven by variability in the Sedimentary carbonate270

minerals and Alkali metals, as indicated by the PCA loadings (Fig. S13). Mann–Whitney U tests of Al-normalized species

further confirm significant differences between the dominant source regions PSA1 and PSA3 (p < 0.005 for CO2−
3 , Mg, Ca,

Cs, Rb, K, and Li; Table S7).

In addition to source regions, a second separation is observed with respect to transport time, clearly indicated by the split

within the PSA3 samples. Samples with transport times, from emission to receptor, below 120 h show systematically lower275

PC1 and PC2 scores than those with longer transport durations above 120 h (different green marker symbols in Fig. 4). The

Sulfur group and Phosphorus group contribute most strongly to this separation according to PCA loadings (Fig. S13). Within
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Alkali metals 
(AM)

Alkaline earth 
metals (AEM)
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erals (SCM)
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Sulfur group (SG)

Evaporative
minerals (EM)

Phosphorus 
group (PG)

(a)
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Figure 3. (a) Kendall’s τ correlation coefficient matrix of Al-normalized element mass concentrations over all analyzed Dust samples. The

Al fractional content is relatively homogeneous throughout the Sahara (Caquineau et al., 1998) and therefore applied for normalization of

different dust loadings (Scheuvens et al., 2013). Correlation-based geochemical associations were allocated for the species. For simplicity,

some elements with low correlations were omitted from the plot. (b) Box plot of Al-normalized mass concentrations of elements for all

analyzed Dust samples. The species are grouped according to the correlation-based geochemical associations.
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Figure 4. PCA of Al-normalized element and ion mass concentrations of all Dust samples with allocated source regions (event 25 was

excluded as it strongly clusters as an outlier from all other samples). Marker symbols and color is according to source regions. For PSA3,

transport times from emission to sampling start at the JFJ are additionally indicated by different marker symbols (below 120h: cross; above

120h: open circle). Standardized data of elements and ions with complete data coverage (above limit of detection) for all displayed Dust

samples were included in the PCA.

PSA3, Mann–Whitney U tests comparing short (<120 h) and long (>120 h) transport times further highlight the role of the

Rare earth elements and actinides (p < 0.05 for Ho, Tb and Y; Table S8).

Together, these results identify both dust source region and transport history, particularly its transport time, as major controls280

on the compositional heterogeneity of long-range transported Saharan dust.

3.3.1 Dust source regions

Mineralogical variability across the Sahara (Scheuvens et al., 2013; Green et al., 2020; Nickovic et al., 2012) is clearly reflected

in the elemental composition of Saharan dust arriving at the JFJ (Fig. 5). The Ca/Al ratio exhibits a pronounced north–south

contrast spanning nearly one order of magnitude (Fig. 5a). This pattern is directly related to the high abundance of calcite in285

northern source regions (PSA1, PSA2a), particularly the Atlas mountain range (Scheuvens et al., 2013), consistent with spatial

distributions of topsoil calcite fractions from the GMINER database (orange shading in Fig. 5a). Equivalent contrasts are also

observed for the other components of the Sedimentary carbonate minerals group (CO2−
3 and Mg in Fig. S14).

The K/Al ratio also shows a strong north–south gradient (Fig. 5b), which extends to other members of the Alkali metals

group (Li, Rb, Cs; Fig. S15). This pattern mirrors the large-scale climatic control on weathering intensity and clay mineralogy290

across the Sahara, particularly the distribution of the clay minerals illite and kaolinite (Caquineau et al., 1998). Kaolinite

originates from intense weathering induced destabilization of feldspars and micas, under complete loss of interlayer cations,

and predominates in the southern Sahara (reflecting periods of past humid climate conditions). In contrast, the arid northern

regions are characterized by illite, a less weathered mica-like clay that retains interlayer K. In a mineralogical context, the K/Al
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Calcite fraction > 6% 

(a) (b)

Illite fraction > 50% 

Ca/Al K/Al

Figure 5. Physical maps showing Saharan dust plume source region centroids colored according to the corresponding log10 of Al-normalized

mass concentrations of (a) Ca and (b) K measured at the JFJ. Selected mineral contents of dust-productive soils are highlighted according

to the GMINER30 mineralogical database (Nickovic et al., 2012). In (a), regions with clay size (< 2 µm) top soil calcite content fractions

above 6% are shaded in orange. In (b), regions with clay size (< 2 µm) top soil illite content fractions above 50% are shaded in pink.

ratio has been applied previously as a proxy for clay mineral weathering (Limmer et al., 2012b, a) and illite abundance (Algeo295

et al., 2025). The K/Al gradient observed in long-range transported Saharan dust therefore aligns well with the north-south

gradient of illite (pink shading in Fig. 5b), reflecting weathering intensity.

In contrast to the Sedimentary carbonate minerals and Alkali metals groups, the Heavy metals and Sulfur group show no

obvious spatial gradient between source regions (e.g., Pb and Cd in Fig. S16, S and Se in Fig. S17), despite their substantial

variability across Dust samples (Fig. 3). This suggests that their variability is not primarily source region driven but may instead300

reflect mixing and secondary processing during transport, including interaction with anthropogenic pollution (Rodríguez et al.,

2011).

3.3.2 Dust transport history

Transport history likely exerts a first-order control on dust composition through two coupled mechanisms: (i) Atmospheric up-

take and processing, including mixing with anthropogenic pollutants and modification of particle composition through hetero-305

geneous reactions and secondary aerosol formation (Usher et al., 2003; Tang et al., 2017). Although long-range dust transport

is generally thought to occur predominantly within the lower FT (Harr et al., 2024), surface-derived pollutants — for example,

from the substantial industrial activity across North Africa (Rodríguez et al., 2011) — can be efficiently lofted to these altitudes

via the exceptionally deep PBL over the Sahara (Knippertz and Todd, 2012), as well as through orographic mixing along trans-

port pathways over the Atlas Mountains, Pyrenees, and Alps (cf. Figure 1). And (ii) size-selective removal during transport,310

leading to progressive depletion of more coarse particles and associated species via gravitational settling (cf. PM2.5/PM10 in

Fig. S10 and van der Does et al. (2016); Ryder et al. (2019)). Element-specific trends with transport time reflect the relative

importance of these processes (cf. Kendall’s τ in Fig. 6, which includes only samples from a single source region, PSA3; rates

of change in Al-normalized element mass concentrations with transport time are also provided in Table S9).
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The Sulfur group elements, S and Se, show strong positive correlations with transport time (Kendall’s τ = 0.44 for S —315

Fig. 6c — and 0.52 for Se, both significant at p<0.005), indicating net accumulation during long-range transport. This behavior

is consistent with ongoing atmospheric processing, particularly heterogeneous oxidation of SO2 to sulfate on dust surfaces,

as previously reported (Huang et al., 2014; Park et al., 2017). The increase in total sulfate concentrations with transport time

supports this interpretation (Fig. S18). A similar behavior of Se suggests coupling to sulfur chemistry and/or anthropogenic

inputs.320

Heavy metals also increase with transport time, showing strong positive correlations (e.g. Kendall’s τ = 0.50 for Cd, 0.44

for Pb and 0.46 for Sn, all significant at p<0.005). This is consistent with the likely progressive uptake of anthropogenic

pollutants during long-range transport (Rodríguez et al., 2011) and aligns with their high inter-sample variability but weak

dependence on source regions.

In contrast, the Rare earth metals and actinides group exhibits negative correlations with transport time (e.g. Kendall’s τ =325

-0.52 for Y, -0.49 for Tb and -0.64 for Ho — Fig. 6b —, all significant at p<0.005), indicating progressive depletion of their

dust fraction. This could be explained by a preferential association of the Rare earth metals and actinides group with specific

coarse mineral fractions, which are more efficiently removed by gravitational settling.

Other elements, including the Alkali metals, Sedimentary carbonate minerals and Fe, show no significant dependence on

transport time (Kendall’s τ ≈ 0). For these species, the impacts of chemical processing, pollution uptake and size-selective330

removal appear to be either weak or compensating on a bulk level. A markedly different picture however is revealed by

examining the water-soluble fraction of the crustal elements Ca, Mg, and K. The ratios Ca2+/Ca, Mg2+/Mg, and K+/K

increase substantially with transport time (Fig. 7; Kendall’s τ = 0.30, 0.45, and 0.48, respectively; all significant at p<0.05).

This trend points to progressive atmospheric aging, likely driven by processes such as anion exchange with in-situ formed

nitrate, sulfate or organic acids (as previously observed, for example, for Fe (Johnson and Meskhidze, 2013)). Although these335

transformations do not alter the bulk elemental fractions, they may significantly modify dust particle properties, including ice

nucleation capacity as well as the bioavailability of nutrients.

Overall, the contrasting trends of species demonstrates that transport history integrates both pollution uptake/chemical aging

and physical fractionation, with element-specific responses.

4 Atmospheric implications340

Despite transport over thousands of kilometers, Saharan dust remains a dominant contributor to aerosol mass in the remote

free troposphere, including the JFJ (Collaud Coen et al., 2026). This study shows that long-range transported dust does not

converge toward a uniform composition; rather, it retains a resolvable and physically interpretable structure imposed by its

origin and subsequently modified during transport. By combining satellite-constrained source attribution with in-situ chemical

characterization, we demonstrate that source region and transport time act as first-order, and largely separable, controls on dust345

composition.
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Only PSA3 Only PSA3

(a)

(b) (c)

Figure 6. (a) Periodic system colored according to Kendall’s τ of Al-normalized mass concentrations of analyzed elements vs dust plume

transport time from the emission to sampling start at the JFJ. Only Dust samples originating from PSA3 were included. Elements with

significant Kendall’s τ p-values on a 2σ (p= 0.05) criterion are highlighted by an asterisk. For the two elements, (b) holmium and (c) sulfur,

the Al-normalized mass concentrations are displayed as a function of dust plume transport time.

Source soil mineralogy imprints a persistent compositional signature on airborne dust, preserved even after multi-day trans-

port across the Mediterranean and Europe. Systematic gradients in sedimentary carbonate- and clay-associated elements di-

rectly reflect large-scale mineralogical contrasts across the Sahara, linking emitted particles to their geological origin. This

finding establishes that mineralogical heterogeneity at the source propagates into the free troposphere, where it governs key350

properties relevant for climate (Green et al., 2020). In particular, variability in carbonate content and clay mineralogy di-

rectly influences radiative behavior and ice nucleation efficiency (Boose et al., 2016), implying that accurate representation of

dust–climate interactions requires explicit consideration of source-resolved mineralogy.

Superimposed on this inherited signature, atmospheric transport exerts a second, equally important control through chemical

aging and physical fractionation. Progressive enrichment of sulfate and trace metals with transport time provides clear evidence355

for sustained interaction with anthropogenic pollution and in-situ chemical processing. At the same time, the depletion of

rare earth elements and actinides points to size-selective removal, indicating that physical sorting continues to reshape dust

composition far from the source. These processes do not simply add secondary species; they fundamentally alter the chemical
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(b)

(a)

(c)

Figure 7. For Saharan dust plumes originating from PSA3, ratios of elemental (ICP-MS) and water-soluble (IC-MS) (a) Ca, (b) Mg and

(c) K mass concentrations as a function of dust plume transport time from emission to sampling start at the JFJ. Indicated in red are locally

weighted scatterplot smoothing (LOWESS) trend lines. One outlier data point is not displayed in the plots.

and mineralogical state of the particles. The observed increase in solubility of major crustal elements demonstrates that aging

transforms dust from a largely inert mineral assemblage into a chemically reactive and bioavailable substrate.360

These results have direct implications for the representation of mineral dust in Earth system models. Recent efforts to

incorporate mineral-resolved emissions mark a critical step forward (Gómez Maqueo Anaya et al., 2024; Song et al., 2024), but
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our findings show that this is insufficient in isolation. The compositional state of dust arriving in the remote troposphere reflects

not only where it originated, but also how it has evolved during transport. Neglecting this evolution obscures key processes

controlling radiative forcing, cloud interactions, and nutrient deposition. In particular, the coupling between mineralogy and365

atmospheric processing — linking, for example, carbonate buffering capacity to heterogeneous chemistry or clay mineralogy

to pollutant uptake — remains highly uncertain in current model frameworks (Soussé Villa et al., 2025; Kok et al., 2023).

More broadly, the transformation of dust during transport connects atmospheric chemistry to biogeochemical cycles. En-

hanced solubility of iron, phosphorus, and other nutrients increases their bioavailability upon deposition, with consequences

for ocean productivity and terrestrial ecosystems (Jickells et al., 2005; Johnson and Meskhidze, 2013). Simultaneously, the370

accumulation of anthropogenic trace metals introduces a pathway for long-range dispersal of pollutants into otherwise pristine

environments. Long-range transported dust thus emerges not as a passive tracer, but as an evolving vector that couples desert

emissions to climate, chemistry, and ecosystems on a global scale.

Constraining this evolution requires observational strategies that resolve both sources and processes. High-altitude sites such

as the Jungfraujoch, where long-range transport can be sampled with minimal local interference, provide a uniquely powerful375

platform in this regard. The integration of such in-situ observations with satellite-based source attribution offers a pathway

toward process-level understanding. Future work should extend this framework to include direct mineralogical measurements,

size-resolved composition, and climate-relevant properties such as aerosol absorption, scattering and INP activity. Regarding

atmospheric processing and dust–pollution interactions, further investigation is needed into the effects of dust plume spatial

extent, loading, composition, and transport altitude, as well as the influence of seasonally and spatially varying vertical mixing380

strengths of pollutants. Ultimately, only by resolving the coupled effects of source mineralogy and atmospheric processing can

we better constrain the role of mineral dust in the Earth system.
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