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The stability of Th solubility during transport may make it a more suitable tracer for dust inputs 17 

to the ocean than Al or Ti. 18 
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Abstract 20 

Soluble and total trace metals were measured in size fractionated aerosol samples collected over 21 

the tropical eastern Atlantic Ocean. In samples that were dominated by Saharan dust, the size 22 

distributions of total iron, aluminium, titanium, manganese, cobalt and thorium were very similar 23 

to one another and to the size distributions of soluble manganese, cobalt and thorium. Finer 24 

particle sizes (< ~3 µm) showed enhanced soluble concentrations of iron, aluminium and 25 

titanium, possibly as a result of acid processing during atmospheric transport. The difference in 26 

fine particle solubility between these two groups of elements might be related to the hyperbolic 27 

increase in the fractional solubility of iron, and a number of other elements, during the 28 

atmospheric transport of Saharan dust, which is not observed for manganese and its associated 29 

elements. In comparison to elements whose solubility varies during atmospheric transport, the 30 

stability of thorium fractional solubility should reduce uncertainties in the use of dissolved 31 

concentrations of this element in seawater as a proxy for dust deposition. 32 

  33 
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1 Introduction 34 

Atmospheric deposition of mineral dust is an important source of trace elements to the remote 35 

surface ocean. Many of these trace elements (e.g. iron (Fe), phosphorus (P), cobalt (Co), 36 

manganese (Mn), copper (Cu)) are essential components of marine microbial metabolic systems 37 

(Mahowald et al., 2018) and thus the deposition of dust plays a significant role in phytoplankton 38 

growth and the cycling of carbon in the ocean and the Earth System as a whole (Jickells et al., 39 

2005). 40 

The solubility (the fraction of their total atmospheric input that dissolves) of these trace elements 41 

is key to their impact on microorganisms, because in most cases it is soluble forms that are 42 

available for incorporation into cells (e.g. Morel et al., 2008). There is a large body of evidence 43 

that indicates that the solubility of Fe increases hyperbolically as total Fe atmospheric 44 

concentration decreases (i.e. with transport away from dust source regions) (Baker & Jickells, 45 

2006; Chen & Siefert, 2004; Jickells et al., 2016; Shelley et al., 2018; Sholkovitz et al., 2012). 46 

Similar hyperbolic relationships between solubility and atmospheric concentration have been 47 

reported for many other dust-associated elements, e.g. aluminium (Al), silicon (Si), P, titanium 48 

(Ti) and lead (Pb) (Baker & Jickells, 2006; Prospero et al., 1987; Shelley et al., 2018). 49 

Attempts to understand this solubility behaviour have focussed largely on Fe (Aguilar-Islas et al., 50 

2010; Baker & Jickells, 2006; Sedwick et al., 2007; Sholkovitz et al., 2012; Spokes et al., 1994), 51 

because of its major role as a limiting nutrient over large regions of the global ocean (Jickells et 52 

al., 2005). Consideration of additional trace elements can help to evaluate the relative importance 53 

of  potential controls on solubility (Baker et al., 2014), as well as shed light on the 54 

biogeochemical cycles of these other species. When trace elements delivered with dust (such as 55 

Al, Ti and thorium (Th)) do not have a significant metabolic function or other confounding 56 

factor, their surface water dissolved concentrations can be used to estimate dust flux and hence 57 

the atmospheric supply of associated bioactive elements (Anderson et al., 2016). The fractional 58 

solubility of these tracer elements in dust is a key uncertainty in these calculations (Anderson et 59 

al., 2016; Hsieh et al., 2011; Measures et al., 2010). 60 

Not all elements exhibit significant increases in solubility with decreasing atmospheric dust 61 

concentration. The solubility of Mn in Saharan dust aerosols has been reported to vary little with 62 

dust (total Mn) concentration (Jickells et al., 2016; Shelley et al., 2018) and similar behaviour 63 

has been observed for Co (Shelley et al., 2018). 64 
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In this work, the solubilities of several mineral dust-associated trace elements (Fe, Al, Ti, Mn, 65 

Co, Th) have been examined in size fractionated aerosol samples collected over the tropical 66 

Atlantic Ocean. The overall (summed over all size fractions) solubility observed in these samples 67 

is compared to that of other non-size fractionated Saharan dust aerosols. Variations in solubility 68 

with particle size are discussed in terms of the influences on dust solubility of weathering in 69 

source regions and atmospheric processing. The impact of variations in solubility on the 70 

suitability of trace elements as proxies for Saharan dust deposition is also considered. 71 

2 Materials and Methods 72 

Size segregated aerosol samples were collected during two cruises in 2011 in the eastern tropical 73 

Atlantic Ocean aboard RRS Discovery (Figure 1). Cruise D361 (GEOTRACES section cruise 74 

GA06) took place in February – March (Jickells et al., 2016), while D371 (AMT21) crossed the 75 

north Atlantic in October as part of the Atlantic Meridional Transect (AMT) programme (Baker 76 

& Jickells, 2017). Most aerosol sampling during these cruises was done using Sierra-type 77 

cascade impactors to separate the collected material into two size classes, with a boundary at an 78 

aerodynamic diameter of ~ 1 µm. However, the 4 samples discussed here were collected using 79 

multiple impactor stages to give more detailed information on the size distribution of aerosol 80 

components (Table 1). Soluble trace metals were extracted from aerosol samples using 81 

ammonium acetate solution at pH 4.7, while leaching with ultrapure water was used for major 82 

ion (including sodium, nitrate, sulphate and oxalate) extraction. The application of these methods 83 

to the samples collected during AMT21 and D361 have been described previously (Baker & 84 

Jickells, 2017; Bridgestock et al., 2017; Jickells et al., 2016). 85 
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 86 

Figure 1 Tracks of the D361 (black) and AMT21 (grey) cruises through the eastern north 87 

Atlantic. Aerosol collection periods are indicated by thick solid lines (red for samples with high 88 

concentrations of mineral dust, blues for other samples). 5 day air mass back trajectories are 89 

shown as dotted lines for arrivals 10 m above the ship’s position and solid lines for 1000 m 90 

arrivals. Back trajectories extend beyond the boundaries of the map in some cases. 91 

 92 

 93 

Table 1 Cascade impactor stages used during the D361 and AMT21 cruises, and their associated 94 

particle size cut-offs (aerodynamic diameter) at the collector flow rate used, 1 m
3
 min

-1
. Backup 95 

filters (stage w in Figures 3 – 5) collected particles smaller than the cut-off for the last impactor 96 

stage. 97 

a – not used for TM sampling during AMT21. 98 

Impactor stage Cut-off diameter 

(µm) 

1 7.8 

2 3.3 

3 1.65 

4 1.09 

5 0.61 

6 
a
 0.36 

 99 
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The total metal composition of the multi-stage samples was determined after a strong acid 100 

digestion procedure using 15.4 M HNO3 (TraceSELECT™, for trace analysis, ≥69.0%, 101 

Honeywell Fluka™) and 27-30 M HF (47-51%, Trace Metal™, for Trace Metal Analysis, Fisher 102 

Chemical). Portions of each collection substrate were placed in acid-washed Teflon beakers and 103 

evaporated gently to dryness after sequential additions of 5 mL HNO3, 1 mL HF and 1 mL HNO3 104 

on a ceramic hotplate (Baker et al., 2006). The hotplate was housed inside a plastic box, which 105 

was placed in a fume cupboard. Fumes from the digestion were drawn through a saturated 106 

solution of CaCO3 in order to remove any excess HF from the vented air flow. Once digestion 107 

was complete, the residues were redissolved in 0.15 M HNO3, quantitatively transferred to acid-108 

washed 50 mL polypropylene centrifuge tubes and left to stand for 24 hours before filtration 109 

through 0.2 µm cartridge filters (cellulose acetate, Sartorius). Blank digestions and digestions of 110 

Arizona Test Dust (20 – 24 mg) were performed with each batch of aerosol digests. Results 111 

obtained for Arizona Test Dust are presented in Table 2. 112 

 113 

Table 2 Mean and standard deviation elemental composition of Arizona Test Dust determined in 114 

this study (n = 5). 115 

Element Concentration (ppm) 

Fe 28600±1100 

Al 60300±3500 

Ti 2510±100 

Mn 658±34 

Co 15.0±0.5 

Th 16.0±0.7 

 116 

 117 

Trace element concentrations in the filtered digests were determined by ICP-MS (iCAP TQ, 118 

Thermo Scientific) using rhodium as an internal standard. Calibration solutions were prepared 119 

from SPEX CertiPrep stock solutions. Certified reference materials (TM27.3 and TMDA64.2, 120 

Environment Canada) were analysed together with each batch of samples. Recoveries for 121 

certified elements in these standards were within 5 % (Fe, Mn, Co) and 10 % (Al, Ti). Reference 122 

values for Th in these CRMs are not available. Blank values and detection limits impactor stages 123 

and backup filters are given in Table S1.  124 
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Fractional solubility for each element was calculated as the ratio of its soluble to total 125 

concentration, expressed as a percentage. Separation of aerosol samples into multiple size 126 

fractions results in a lower sample loading per stage, and hence an increased likelihood of 127 

components in individual size fractions being below the limit of detection, particularly when 128 

total aerosol trace metal concentrations are low (Sakata et al., 2018). If both soluble and total 129 

concentrations were below the detection limit, solubility was not calculated. In cases where 130 

either one of the measured values was below detection limit, the detection limit was substituted 131 

for the missing value in the calculation. The calculated solubility was therefore an upper limit if 132 

the soluble concentration was below detection, and a lower limit if the total concentration was 133 

below detection. Where below detection limit values were present in the calculation of properties 134 

summed over sample size fractions (e.g. in Table 3), missing values in the summation were 135 

replaced with 75% of the relevant limit of detection. If more than one below detection limit value 136 

was present in such a calculation, their contribution to the total was taken to be the square root of 137 

the sum of their squares (i.e. they were treated as uncertainties). In order to account for these 138 

corrections in the uncertainty in the summed value, for each below detection limit value in a 139 

calculation the associated uncertainty was taken to be 100% of the relevant detection limit. 140 

Air mass back trajectories were calculated for the 5 days prior to sample collection at heights of 141 

10, 500 and 1000 m above the ship’s position using the READY Hysplit archived trajectory 142 

model (Draxler & Rolph, 2003). 143 

3 Results and Discussion 144 

3.1 Properties of size-fractionated samples 145 

Two of the samples reported here (AMT21 M15 and D361 TM07) exhibited the orange/brown 146 

colouration associated with mineral dust aerosols on several of their upper impactor stages. Air 147 

mass back trajectories for these samples (Figure 1) indicated passage of air over regions in 148 

Mauritania that have been identified as active dust sources (Stuut et al., 2005). The other samples 149 

collected during D361 (TM25 & TM26) did not show dust colouration, had air mass arrivals 150 

predominantly from the north and their total (summed over all size fractions) concentrations of 151 

dust-associated trace elements were at least an order of magnitude lower than samples M15 and 152 

TM07 (Table 3). Based on their respective concentrations of soluble Na
+
 and total Al, the mass 153 

ratios of seaspray to mineral dust in the samples were 0.13 (M15), 0.34 (TM07), 13.2 (TM25) 154 

and 6.0 (TM26). Mineral dust was therefore a relatively minor constituent of samples TM25 & 155 
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TM26. Isotopic analysis of samples collected concurrently with TM07 and TM25 + TM26 156 

combined also suggests that mineral dust contributed a greater proportion of Pb to sample TM07 157 

than during the latter period (Bridgestock et al., 2016). 158 

The concentrations of dust-associated elements in samples M15 and TM07 were within a factor 159 

of 2 of each other (Table 3). The lower concentrations observed in sample M15 may have been 160 

partly due to deposition along its probable longer atmospheric transport pathway (M15 was 161 

located ~2200 km west of the coast of Western Sahara, while TM07 was collected ~350 km west 162 

of Senegal, although actual transport pathways from source regions will be longer than this). 163 

Differences in the relative proportions of dust-associated elements in the different size fractions 164 

of these two samples may also be due to changes during transport. For instance, the proportions 165 

of total Fe found in the > 7.8 µm (stage 1) and < 0.61 µm (stages w & 6) fractions in TM07 were 166 

13.7% and 9.7 % respectively, while the corresponding values for M15 were 5.5% and 26.2%. 167 

These differences would be consistent with preferential deposition of larger dust particles during 168 

transport (Ryder et al., 2013).  169 

 170 

Table 3 Sum of the total concentrations of trace elements over all size fractions for the aerosol 171 

samples considered here, and the overall solubility of those trace elements in each sample.  172 

Sample Element Total Conc. 

(pmol m
-3

) 

Overall 

Sol. 

(%) 

Element Total Conc. 

(pmol m
-3

) 

Overall Sol. 

(%) 

M15 

Fe 20000±130 1.09±0.06 Mn 323±3 43.3±1.6 

Al 74200±570 2.05±0.07 Co 8.6±0.5 19.0±1.1 

Ti 1620±14 0.167±0.016 Th 1.85±0.11 6.6±0.4 

TM07 

Fe 32800±200 1.08±0.05 Mn 614±5 46.4±0.5 

Al 126000±1000 2.04±0.02 Co 15.3±0.8 27.2±1.5 

Ti 2640±20 0.094±0.005 Th 3.09±0.15 7.9±0.7 

TM25 

Fe 724±6 2.32±0.26 Mn 22.6±0.3 71.9±1.0 

Al 3160±50 7.75±0.16 Co 0.43±0.05 29.2±4.0 

Ti 92.1±1.9 <0.139 Th 0.089±0.016 4.9±1.0 

TM26 

Fe 1140±6 <0.88 Mn 21.2±0.3 35.2±0.8 

Al 4600±50 4.23±0.13 Co 0.73±0.06 15.7±1.6 

Ti 98.5±2.0 <0.203 Th 0.14±0.02 3.6±0.8 

 173 

3.2 Solubility – concentration relationships of non-fractionated dust aerosols 174 

Figure 2 shows the overall solubility (i.e. the average solubility across all size fractions) of Fe, 175 

Al, Ti, Mn, Co and Th in the samples studied here, together with previously reported data for 176 
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Saharan dust aerosols collected over the Atlantic Ocean for which soluble element 177 

concentrations were determined by the same extraction protocol used here (Jickells et al., 2016). 178 

Dust concentration (calculated from total Al concentration) is plotted on the x-axes of Figure 2, 179 

rather than total element concentration, for convenience. This truncates the range of values on 180 

the x-axes, but does not otherwise alter the plots. The data are plotted on both log and linear 181 

scales to emphasise the differences in behaviour between Fe / Al and Mn (n = 124 for these 182 

elements). There are fewer observations available for Ti, Co and Th (n = 14), but the latter two 183 

elements appear to behave similarly to Mn, with very little variation in solubility with dust (total 184 

element) concentration. Shelley et al. (2018) reported that the solubility of Co varied more 185 

strongly with total Co concentration in Saharan dust aerosols when ultrapure water was used to 186 

leach the soluble element than it did when acetic acid was used as the leaching solution. The data 187 

for Ti are rather scattered, and it is not possible to state, based on Figure 2, whether this 188 

element’s variation in solubility with dust concentration is hyperbolic or less variable. However, 189 

Ti has been shown to have a hyperbolic solubility – concentration relationship in other Saharan 190 

dust aerosols (Shelley et al., 2018). 191 

 192 
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Figure 2 The variation in fractional solubility with atmospheric dust concentration for Fe, Al and 193 

Ti (a & b) and Mn, Co and Th (c & d) in Saharan dust aerosols sampled over the Atlantic Ocean 194 

(Jickells et al., 2016). Values for the size-segregated samples examined in this work (Table 3) are 195 

indicated with larger symbols. All other data for Ti, Co and Th are from D361. (Data are plotted 196 

on log scales in a & c and linear scales in b & d). 197 

 198 

3.3 Solubility of size-fractionated samples 199 

Within each of the dusty samples, the distributions of the total concentrations of Fe, Al, Ti, Mn, 200 

Co and Th (as well as P and chromium, not shown) across the size fractions were very similar 201 

(Figure 3a & b), providing further evidence that dust was the dominant source of these elements 202 

in those samples. Although absolute concentrations were much lower (Table 3), total element 203 

distributions in sample TM25 (Figure 3c) were also similar to those in TM07, which may 204 

indicate that some dust was present (as hinted at by high-level air mass arrivals from Mauritania 205 

early in the collection period, Figure 1). Total element distributions in sample TM26 indicate 206 

higher proportions in particles smaller than ~3 µm (Figure 3d). Broadly similar size distributions 207 
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of total Fe have been reported in Saharan dust-dominated and northerly marine-influenced 208 

aerosol samples in this region of the North Atlantic (Buck et al., 2010). 209 

The size distributions of soluble Mn, Co and Th in TM07 and M15 are also essentially the same 210 

as their total element distributions, but this is not the case for the other soluble elements in these 211 

samples (Figure 3e & f). In particular, the relative soluble concentrations of Fe and Al were 212 

much higher in particles smaller than ~1.65 µm (stages w – 4), than were their relative total 213 

concentrations. Due to their much lower overall concentrations, soluble concentrations in 214 

samples TM25 and TM26 were not always detectable. (Below detection limit concentrations are 215 

not plotted in Figure 3g & h for clarity, but all relevant values are included in Table S1). Partly 216 

because the size distributions of the elements’ total concentrations were less uniform than for the 217 

dusty samples, and partly because there was less data available for the soluble elements, it is 218 

difficult to discern whether Fe and Al soluble concentrations are enhanced in the finer fractions 219 

of the non-dusty samples. 220 

221 
Figure 3 Concentrations of total (a - d) and soluble (e - h) elements in each aerosol size fraction 222 

normalised to their respective concentrations in impactor stage 2 for samples M15 (a & e), TM07 223 

(b & f), TM25 (c & g) and TM26 (d & h). (Numbers on x-axis refer to the cascade impactor 224 

stages (Table 1), and w to the backup filter). 225 

 226 
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As a result of the differences in the soluble concentrations, there are some striking differences in 227 

the variation of fractional solubility across the aerosol size distribution for the two groups of 228 

elements (Figure 4). The profiles of Mn, Co and Th solubility are relatively flat across the size 229 

range, while those of Fe, Al and Ti show distinct maxima in the smaller size fractions, especially 230 

for the dusty samples. Buck et al. (2010) have also reported that the solubility of Fe was higher 231 

in particles in the ~0.3 – 1 µm size range than in larger (> ~3 µm) particles in dust-dominated 232 

aerosols over the tropical Atlantic, and Ooki et al. (2009) reported higher Fe solubility (up to 233 

12%) in fine (< 3.3 µm) fractions of Asian mineral dust aerosol collected at Hokkaido, Japan.  234 

235 
Figure 4 Fractional solubility (%) of elements in each aerosol size fraction for samples M15 (a 236 

& e), TM07 (b & f), TM25 (c & g) and TM26 (d & h). Ti solubility is increased 15-fold for 237 

clarity. Upward- and downward-pointing triangles on individual markers indicate that the plotted 238 

values are minima or maxima, respectively. 239 

 240 

3.4 Influences on dust solubility 241 

The enhancement of solubility in fine dust fractions for Fe, Al and Ti, and the absence of such 242 

enhancement for Mn, Co and Th, is intriguing, especially since these groups of elements are the 243 

same as those which do, and do not, exhibit hyperbolic changes in overall solubility with 244 

changing atmospheric dust (and total element) concentrations (Figure 2). A variety of proposed 245 

mechanisms could potentially account for the observed solubility – total atmospheric 246 
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concentration behaviour: mixing of dust with fine, high-solubility anthropogenic aerosol (as 247 

suggested for Fe (Sedwick et al., 2007; Sholkovitz et al., 2009)); acid-processing of dust particles 248 

during atmospheric transport (Spokes et al., 1994); preferential removal of larger, lower-249 

solubility particles during atmospheric transport (Baker & Jickells, 2006).  250 

The information available from the samples studied here is insufficient to determine 251 

unambiguously whether any one of these mechanisms dominates their solubility behaviour. If 252 

inclusion of anthropogenic Fe makes a significant contribution to the solubility of samples TM07 253 

and M15, then similar high-solubility anthropogenic sources of Al (and Ti) would also be 254 

required to account for their observed solubility in these samples. This seems unlikely, but 255 

cannot be discounted without further evidence on anthropogenic emissions of the latter elements. 256 

Changes in mineral particle size distribution with transport cannot account for the particle size-257 

dependent variation of solubility within each sample.  258 

Acid processing provides a plausible mechanism which could be responsible for the similar 259 

enhancement of Fe, Al and Ti solubility in the fine fractions of samples TM07 and M15. Figure 260 

5 shows the distributions of the major acid species (nitrate, non-seasalt sulphate and oxalate) in 261 

all of the aerosol samples. Nitrate was present predominantly on the larger size fractions, most 262 

probably as a result of the uptake of HNO3 into seasalt particles and the subsequent displacement 263 

of HCl (Andreae & Crutzen, 1997). Thus acidity arising from nitrate probably does not play a 264 

role in the enhancement of Fe and Al solubility in the finer fractions of the dusty samples. The 265 

size distributions of nss-SO4
2-

 show higher concentrations in the finer fractions, although there 266 

were noticeably higher proportions in the larger size fractions in the dusty samples (Figure 5a & 267 

b). The > 1 µm size fractions accounted for 42%, 56%, 10% and 20% of total nss-SO4
2-

 in 268 

samples M15, TM07, TM25 and TM26 respectively. These distributions might be a result of the 269 

higher particle surface area available for SO2 uptake when dust is present in high concentrations. 270 

Fang et al. (2017) reported enhanced solubility of Cu and Fe in aerosol size fractions where the 271 

populations of (fine mode) SO4
2-

 and coarser particle total Cu and Fe overlap in urban aerosols. 272 

This change in solubility appeared to be linked to a large change in pH between the < 2.5 µm 273 

aerosol (pH < 2) and the coarser fractions (pH > 6), and resulted in the soluble metals being 274 

distributed on smaller particles than their total metals (Fang et al., 2017), as is observed for Fe, 275 

Al and Ti in the dusty samples here. Similar dependence on pH changes driven by the 276 

distribution of nss-SO4
2-

 may be responsible for the enhanced solubility of Fe, Al and Ti 277 
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observed in samples M15 and TM07. Interestingly, Fang et al. (2017) also reported that there 278 

was much less difference between the size distributions of soluble and total Mn than for Cu and 279 

Fe, suggesting that Mn solubility has a weaker dependence on pH or that its solubilisation occurs 280 

via a different mechanism. Although complexation with oxalate can stabilise dissolved Fe (Paris 281 

et al., 2011), the distribution of oxalate does not appear to be related to the enhanced 282 

concentrations of soluble Fe in the dusty samples. 283 

284 
Figure 5 Concentrations of non-seasalt sulphate, nitrate and oxalate in each aerosol size fraction 285 

for samples M15 (a), TM07 (b), TM25 (c) and TM26 (d). Black caps on nss-SO4
2-

 concentration 286 

bars (e.g. stages 5 & 6 in d)) indicate the uncertainty due to Na
+
 concentrations being 287 

undetectable. 288 

 289 

Whatever the cause of the higher solubility of Fe, Al and Ti in the fine fractions of the dusty 290 

samples, it is apparent that it does not result in similar enhancement in the solubility of Mn, Co 291 

and Th (Figure 4e & f). Weathering in arid environments produces mineral phases that have 292 

quite distinct geochemical compositions that are enriched in Mn, such as desert varnishes (Potter 293 

& Rossman, 1979) and these phases have been found coating Saharan dust particles collected at 294 

Barbados (Rydell & Prospero, 1972). Manganese oxides in soils are also noted to be associated 295 

with Co (Krauskopf & Bird, 1995). If Mn-enriched weathering products are present in Saharan 296 

dust aerosols, their size distribution appears to be similar to those of the principal Fe-, Al- and 297 

Ti- bearing minerals (Figure 3a & b). Whether such Mn-enriched minerals are associated with 298 

Co and Th, and how their dissolution behaviour differs from that of Fe-bearing minerals, is a 299 

subject for further study. Although Th solubility in a small number of other Saharan dust aerosol 300 

samples has been reported (Anderson et al., 2016), there does not appear to be any data, other 301 

than that reported here, with which to assess the variation of Th solubility with dust 302 

concentration changes during atmospheric transport. However, the similarity in the behaviour of 303 
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Mn and Th reported here suggests that the fractional solubility of Th over large gradients in dust 304 

concentration might be relatively constant. This would simplify the use of seawater Th 305 

concentration as a proxy for dust deposition flux (Hsieh et al., 2011), by reducing uncertainties in 306 

this term with respect to proxies (such as Al) that have hyperbolic solubility – concentration 307 

relationships. 308 

4 Conclusions 309 

Separation of two Saharan dust aerosol samples collected over the tropical Atlantic Ocean into 310 

multiple size fractions has demonstrated that the two groups of dust-associated trace metals (Fe, 311 

Al, Ti and Mn, Co, Th) show very different solubility characteristics in the particle size range 312 

0.61 – 3.3 µm. The former group have enhanced solubility in this size range, while the latter do 313 

not. The solubility of these two groups also differs over large gradients in their total atmospheric 314 

concentration (as Saharan dust is transported over long distances in the atmosphere). The 315 

presence of Mn-enriched mineral phases in desert soils, and the association of Co with Mn 316 

minerals, might go some way to explaining the differences in solubility between these two 317 

groups of elements, and the unusual behaviour of Mn, Co and Th solubility in Saharan dust 318 

aerosols during atmospheric transport (Jickells et al., 2016; Shelley et al., 2018), but further work is 319 

necessary to confirm this. 320 
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