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Abstract 

Saharan dust contains significant amount of P, an important macronutrient to all living organisms, 

which has been shown to exert large effects on nearby and remote ecosystems located across the 

dust transport pathways. 

The biological effect of Saharan dust depends on the amount and nature of the P speciation of the 

dust. However, thus far relatively small numbers of samples frompotential source areas (PSA) has 

been analyzed. Here we report the P speciation (resin-P, HCl-P, Fe-bound-P and organic-P), the 

~18OP values, the elemental composition, and the 87Sr/86Sr and 143Nd/144Nd of the fine fraction 

and bulk soil from 5 important PSAs across Northern Africa. We found the HCl-P concentrations 

between different source areas were relatively constrained but that these concentrations 

were higher in the fine fraction, which here is used a surrogate for dust. The ~18OP values for soils 

fromsand dunes varied from15.0 to 21.4Ц,which is in the range of phosphate minerals 

fromsedimentary origin. 

The ~18OP values of soils from dry lakes were significantly higher (24.0に28.5Ц), probably since their 

P is derived from fossilized plankton that lived in the lake as it dried up. The 87Sr/86Sr and 0Nd 

values ranged from 0.7219 to 7276 andЪ12.7 toЪ14.0 in eastern samples and from 0.7146 to 0.7185 

andЪ11.9 toЪ13.4 inwestern samples, suggesting a different source for the siliciclastic material of 

eastern and western samples. Our analysis indicates that the ~18OP values are decoupled from the 

Sr and Nd isotopic systems. Together, the new chemical and isotope data are specific for different 

PSAs and thus are used for source apportionment purposes. Such data can be used to provide more 

accurate estimates of the flux of potentially bioavailable P to marine and terrestrial ecosystems. 

These estimates can be used in global climatemodels to determine themagnitude and distribution of 

P control on carbon uptake. 

 

Introduction 

The Saharan desert is the largest dust source on earth and contributes more than 50% of the global 

mineral dust load (Goudie and Middleton, 2001; Schutz et al., 1981). Once lifted from the Saharan 

soils, the dust can spread southward to the Sahel and central Western Africa, northward across the 

Mediterranean towards Europe (Thevenon et al., 2010), eastward towards the Middle East (Ganor, 

1991; Israelevich et al., 2003) and westward across the Atlantic Ocean reaching as far as the Amazon 

Basin (Prospero et al., 1981; Swap et al.,1992). Because of the large spread of Saharan dust its 

transport pathways, active sources and chemical composition have been intensively studied 

((Scheuvens et al., 2013) and references within). 

The Saharan desert covers a large area, and as a result it cannot be referred to as a uniformdust 

source.Within the Sahara desert, several potential source areas (PSA) have been identified which 

emit most of the dust burden ((Scheuvens et al., 2013) and references within). Many of these active 

sources are shown in Fig. 1 (adapted with permission from Scheuvens et al. (2013)) and include 

Northern Algeria and the さZone of Chottsざ in Tunisia (PSA 1, green), the foothills of the Atlas 

mountains andWesternMauritania (PSA 2, light blue), Southern Algeria and Northern Mali, near the 

Ahaggar massif (PSA 3, dark blue), Central Libya (PSA 4, purple), the Bodèlè depression in Western 

Chad (PSA 5, brown) and Central Egypt and Northern Sudan (PSA 6, red). It has been suggested that 

the most active sources within these large areas are associated with depressions and dry lakes 

(Ashpole and Washington, 2013; Prospero et al., 2002). However recent studies revealed 



the active dust sources are more diverse and include alluvial fans, dry wadis, sand dunes and 

anthropogenic surfaces (Bullard et al., 2011; Crouvi et al., 2012; Ginoux et al., 2012; Schepanski et al., 

2013; Schepanski et al., 2009). 

The most important source of atmospheric P is desert dust, which has been estimated to account for 

83% (1.15 Tg P aЪ1) of the total global source of atmospheric phosphorus (Mahowald et al., 2008). In 

particular Saharan dust is considered one of the major external suppliers of phosphorus (P) to the 

Atlantic Ocean (Mills et al., 2004; Okin et al., 2011), to the Mediterranean Sea (Krom et al., 2004) 

and to America's tropical forests (Gross et al., 2015b; Okin et al., 2004; Swap et al., 1992). The total 

amount of P in atmospheric dust and its potential bioavailability depends on P mineralogy in the 

source soils and the subsequent atmospheric processes, which occur during transit to final 

deposition in the ocean or on land (Nenes et al., 2011; Stockdale, Submitted (PNAS)). Bioavailable P 

in the ocean is the phase which rapidly dissolves in surface seawater before the refractory minerals 

drop out of the photic zone. Here this was determined as the P fraction that is extracted by anion 

exchange resin (resin P phase (Gross et al., 2015a, 2013; Qian and Schoenau, 2002)). In addition, 

during atmospheric transport, acidic processes in the atmosphere dissolve some fraction of the less 

bioavailable P fractions such as P that is bound to calcium minerals as apatite or P that is bound to 

iron minerals (Stockdale,Submitted (PNAS)). Thus, the P phase that is released by 1MHCl extraction 

represents the potentially bioavailable P in the ocean. On land, the resin P fraction is considered 

immediately bioavailable to organisms (Cooperband et al., 1999) while the HCl P fraction is likely to 

become available in longer time scales and thus represents the potentially bioavailable P. At present, 

the degree of bioavailability of organic P to marine or terrestrial ecosystems is still unknown. 

Yang et al. (2013), developed a global estimate of P in source soils based mainly on the soil map of 

Dürr et al. (2005) and estimates of the effect of desert weathering on the rocks, derived from data 

obtained in the deserts of SW USA. However, North African dust sources are still poorly 

characterized. In order to characterize the P speciation of dust that derives from the various PSAs in 

the Sahara and to predict its biogeochemical effect on nearby or remote ecosystems, data on the P 

mineralogy of the soils in the source area is required. 

Furthermore measurement of relevant different isotopic systems and elemental content of the soils 

in the source area ca be used to characterize the area within the Sahara desert that is the 

source of a given sample of dust. 

Our aim in this study was to create a data set that includes isotopic values and bulk concentrations 

of major and trace elements in a serie of soils sampled fromthemajor dust source areas (PSAs) in 

North Africa. 

Our measurements include the isotopic composition of oxygen in phosphate (~18OP),which can be 

used to trace Saharan dust-P sources (Grosset al., 2015a, b) and the isotopic ratios of Sr and Nd 

which have been widely used as fingerprints for particle sources (e.g. Box et al., 2011; Grousset and 

Biscaye, 2005; Grousset et al., 1992). Our elemental analysis is focused on phosphorus (P) because 

Saharan dust has been shown to be enriched in P (Gross et al., 2015a, b; Scheuvens et al., 2013) 

which is crucial for the productivity and carbon uptake of marine and terrestrial ecosystems located 

across the dust transport pathway (Carbo et al., 2005; Mills et al., 2004; Okin et al., 2004; Swap et al., 

1992). Since dust is derived primarily from the soil finest particles, we also examined the elemental 

and isotopic composition in fine particles (PM10 and PM20) separated from a selected number of 

soils, as a surrogate for mineral dust (Lafon et al., 2006; Shi et al.,2011b). Overall, the data set 

presented in this study partly complements older studies and can be used in future studies to 

identify the source of the Saharan dust, and by characterizing its P speciation, to predict the flux of 

potentially bioavailable P to globally important marine and terrestrial ecosystems. 

 

2. Methods 

2.1. Soil sampling 



Table 1 and Fig. 1 details the locations of 13 soil samples used in this study. The soils were collected 

from the upper soil profile (0に10 cm deep). Samples were ground and sieved to 2 mm and roots, 

stones, and large fauna were removed by hand. We analyzed 9 bulk samples (TL, IR, LIB1, LIB2, CHT, 

BODU, JB, EM and AGF (Table 1), 2 (PM10 samples(particles b10 ´m, BM and MAL) and 2 PM20 

samples (WS and BODI). The fine grain size samples were received from the University of Leeds. For 

the bulk samples JB, EM, and AGF, particle size separation was generated following the dust tower 

separation and filtration methods reported by Shi et al. (2011b) and particles b10 ´m (PM10) were 

collected and analyzed (JB, EM, AGF). The fractionated Saharan soils have been shown to be close 

surrogates to atmospherically sampled dust (Desboeufs et al., 2014; Guieu et al., 2010; Lafon et al., 

2006; Shi et al., 2011a). From each soils sample, the first subsample was taken for phosphate oxygen 

isotopes analysis (~18OP) and resin P and HCl P determinations. In 8 out of the total 13 samples 

used in this study (JB, TL, EM, IR, AGF, LIB, BODI, BODU) we had sufficient material for full elemental 

analysis and Sr and Nd isotopes measurements.  

 

2.2. Soil P determinations 

Resin P and HCl P concentrationswere determined for all of our samples (Table 2). The resin P 

fraction is considered to be indicative of the phosphate pool that is available for plant uptake 

(Cooperband et al., 1999; Qian and Schoenau, 2002)). The HCl P fractionis considered to be a good 

approximation of phosphate present in acid soluble P minerals such as apatite and Fe-bound P. To 

determine the resin P fraction, a subsample of 0.5 g was shaken on an orbital shaker with anion 

exchange resin membranes (BDH-55164) in 50 ml of double deionized water for 24 h. To elute P 

from the membranes, the resin membranes were shaken overnight in 5 ml of 0.2 M HNO3 (Gross 

and Angert, 2015; Weiner et al., 2011). To determine the HCl P, phosphate was extracted from 0.5 g 

of soil by 50 ml of 1 M HCl for 24 h. Because of the sizes of the sampleswere limited,we didn't have 

enough material to analyse the Fe-bound P and the organic P fractions in all of our samples. 

Thus, the Fe-P and organic P were analyzed only for samples JB, EM, LIB1, BM. This analysis was 

performed following the SPExMan SEDEX sequential extraction scheme presented by Ruttenberg et 

al. (2009). P concentrations in the extracted solutions were determined by molybdate colorimetry 

(Murphy and Riley, 1962). The average difference between duplicate samples was 1.3%. The Fe-

bound P and the organic P fraction for sample WS reported here, were taken from Nenes et al. 

(2011). 

 

2.3. ICP-MS elemental analysis 

Eight soil samples (JB, TL, EM, IR, AGF, LIB1, BODI and BODU, Table S1) were analyzed for total 

elemental content of their carbonate and siliciclastic fractions. The carbonate leachate and the 

siliciclastic fractions were extracted following the method from Palchan et al. (2013). 

Twenty-seven elements (Al, Fe, Ca, Mg, Mn, Na, K, Rb, Ba, Th, U, La, Ce, Pb, Pr, Sr, Nd, Sm, Eu, Gd, Tb, 

Dy, Ho, Er, Tm, Yb, Lu) were analyzed by ICP-MS system (Agilent 7500cx). Rare earth elements (REE) 

were normalized to Post Archean Australian Shale (PAAS). Prior to the analysis, the ICP-MS was 

calibrated with a series of ICP multi-element standard solutions VIにMerck Millipore (with 

concentrations ranging from 1 pptね100 ng/ml)) and standards of major metals (with concentrations 

ranging from 300 ng/mlね3 ´g/ml). Internal standards (50 ng/ml Sc, 5 ng/ml Re and Rh) were added 

to every standard and sample for drift correction. We present some of the major element results 

using the Chemical Index of Alteration (CIA) which is the molecular ratio of the oxides of Al, Ca, Na 

and K using the formula of (Nesbitt and Young, 1982):  

CIA ¼ Al2O3 

Al2O3 þ CaO þ Na2O þ K2O 

CIA estimates the proportions of the primary and secondary minerals hence is a good measure for 

the weathering of the samples (Nesbitt and Markovics, 1997), although it should be used cautiously 

(Li and Yang, 2010). 

 



2.4. ~18OP determinations 

Since most of the P in the samples analyzed in this study is bound to HCl extractable minerals (Table 

2) we determined the ~18OP values for the HCl P fraction. We followed the method of Tamburini et 

al. (2010), which is based on extraction of the total inorganic P from the soils with 1 M HCl. The 

extracted phosphate was precipitated as silver phosphate. For isotopic composition determinations, 

three replicates of ~0.3 mgsilver phosphatewere packed in silver capsules and introduced into a high 

temperature pyrolysis unit (HT-EA), where they were converted to CO in the presence of glassy 

carbon tube placed inside the unit reactor (Vennemann et al., 2002). The HT-EA is interfaced in 

continuous-flowmode, through a gas chromatograph column, to an isotope ratio mass spectrometer 

(Sercon 20-20). All isotopic values are given in the delta-notation versus VSMOW (Vienna Standard 

Mean Ocean Water). The average standard deviation between three replicates of the same sample 

was 0.3Ц. All measurements were performed against Ag3PO4 laboratory standards, which were 

calibrated against the following Ag3PO4 standards, with their (isotopic signatures in parentheses): 

TU-1 (21.1Ц) and TU-2 (5.4Ц; (Vennemann et al., 2002), UMCS-1 

(32.6Ц) andUMCS-2 (19.4Ц; (Halas et al., 2011) and against IAEA-601 benzoic acid standard 

(23.3Ц; (Coplen et al., 2006)). 2.5. Sr and Nd isotopic ratio determinations In order to elute and 

separate the Sr and Nd fromthe soils, solutions of eight soil samples were passed through resins 

following the procedure of Palchan et al. (2013). Isotopic analysis was carried out using 

Neptune multi collector mass spectrometer. SRM 987 standard was run every 10 samples for Sr with 

average value of 87Sr/86Sr = 0.71024 ± 6 (2ゝ, n = 10). JNdi standard was run every 10 samples for Nd 

with average value of 143Nd/144Nd= 0.51208 ± 4 (2ゝ,n = 20). 

The Nd isotopic values are expressed as 0Nd=[[143Nd/144Nd](meas.) /[143Nd/144Nd](CHUR)-1] × 

104, where CHUR = 0.512638 (JacobsenandWasserburg, 1980). 

 

2.6. Statistical analysis 

Comparisons between the soils were made using post-hoc Tukey HSD analysis and significant 

differences were determined at p b 0.05.  

 

3. Results 

3.1. P concentrations 

The majority of the P in all samples was inorganic and extracted by HCl while the Fe-bound P and the 

organic P amounts were generally low (Table 2). TheHCl P concentrations in the bulk sampleswere 

similar within the same PSA and between PSA1, PSA2, PSA3 and PSA5 (Table 2) and ranged from 440 

to 570 ´g P gЪ1 soil. However, significantly higher HCl P concentration (p b 0.05) in the bulk samples 

were found in PSA4 (760 and 700 ´g P gЪ1 soil for LIB1 and LIB2, respectively). 

In the samples that were analyzed for both the bulk and PM10 fractions the HCl P concentrations, 

resin P concentrations and P solubility were significantly higher in the fine fraction (p b 0.05, Table 2) 

than the bulk. The HCl P concentrations, resin P concentrations and P solubility were significantly 

higher in the PM10 than in the bulk for JB, EM and AGF. (p b 0.05, Table 2). 

 

3.2. Elemental composition 

The concentration of major and trace elements in the carbonate leachate and the siliciclastic 

fractions termed L1 and L2, respectively, are given in Table S1. The CIA values of the L2 range from 

65 to 85 where higher values correlate with lower latitudes (excluding the LIB1 sample (Fig. 2)). Al 

and Fe oxides content of the L2 fraction vary from 1 wt% to 18 wt% and 0.3 wt% to 7.5 wt%, 

respectively. The L1 fraction shows practically zero wt.% of these metal oxides indicating there was 

considerable enrichment in the L2 fraction (Fig. 3). The enrichment of these metals is an indication 

for the leaching of soluble elements from the sample (e.g. Haliva-Cohen et al., 2012). Ca andMg 

oxides of the entire data set ranged from 0.1 wt% to 10 wt%. The L1 fraction showed a strong 

correlation between Mg and Ca but this correlation did not show in the L2 fraction (Fig. 4). REE 

patterns from the various regions showed considerable changes between the PSAs (p b 0.05). 



Samples from PSA5 and PSA3 had a unique signature with a weak Eu anomaly whereas samples from 

PSA2 clearly show this anomaly (Fig. S1). 

 

3.3. ~18OP values 

The ~18OP values varied significantly between soils (Table 2, p b 0.05) and ranged from 15.0 ± 0.2Ц 
(TL) to 28.5 ± 0.2Ц (BODU). The ~18OP values in soils from Morocco, at the Northern edge of PSA2 

(JB, IR, EM, Fig. 1) fell in a narrow range (17.1 ± 0.3Ц to 17.3 ± 0.3Ц) except in TL that had 

significantly lower values (15.0±0.2Ц). These values overlapped with the values of LIB1 (PSA4) from 

Northern Libya (17.0 ± 0.6Ц). The ~18OP values of WS (PSA2), LIB2 (PSA4) and CHT (PSA1) were 

significantly higher (19.6 ± 0.4Ц, 21.6 ± 0.1Ц and 20.8 ± 0.1Ц, respectively, p b 0.05). The highest 

~18OP values were found in samples taken from dry lake beds, AGF (24.0 ± 0.3Ц), BODI (25.5 ± 

0.2Ц) and BODU (28.5 ± 0.2Ц). Particle size separation treatments did not alter or altered only 

slightly the ~18OP values (Table 2). 

 

3.4. Sr and Nd isotopes 

Sr and Nd isotopic ratios of the insoluble residue of the soil samples were plotted on a Sr\\Nd 

diagram (Fig. 5). The 87Sr/86Sr values ranged from 0.71467 to 0.72764 and the 0Nd ranged from Ъ14 

to Ъ11.9 except for the southernmost sample (AGF), which is characterized by 87Sr/86Sr value of 

0.75402 and 0Nd value of Ъ17.2 (Table 3). 

 

4. Discussion 

4.1. Elemental characterization 

The geochemical analysis showed local and regional variability between Saharan soils and dust from 

different source regions (Table S1), in accordance with numerous previous studies that report the 

elemental composition of Saharan dust depends on the source region (Caquineau et al., 2002, 1998; 

Formenti et al., 2008; Scheuvens et al.,2013). The concentrations of Fe and K, which are also 

important nutrients tomany organisms in the terrestrial and marine ecosystems, varied not only 

between PSA1-5 but also within the same PSA. This suggests that local environmental changes 

possibly related to lithological and weathering changes (Shi et al., 2011b) can alter the Fe and K 

content and biological availability in dust and thus its biogeochemical effect. 

This local variability indicates that it will be hard to predict the nutrient (Fe and K) concentration in 

dust based simply on its source location and hence it's biogeochemical effect. The samples showed 

dependence of the CIA upon latitude interpreted as due to increased rainfall towards subtropical 

latitudes (Fig. 2). Samples from PSA2, which is the location upwind from marine corps sampled off 

Western Africa show lower CIA values than those reported for siliciclastic dust in these cores (Cole 

et al., 2009). The former weathering trend is not seen in the Fe oxide similarly to the observations of 

Scheuvens et al. (2013). Nonetheless, we found that the content of Fe and Al oxides can serve as a 

tool to discriminate between the various PSAs (Fig. 3). The content of Ca and Mg oxides in the L1 

fraction shows a good correlation due to the strong association of carbonate minerals calcite and 

dolomite (Fig. 4). The L2 fraction content of Mg oxide probably reflects the presence of palygorskite 

which is a common magnesium bearing clay mineral that occurs in arid environments (Singer, 1984). 

We have showed that based on the REE content we can differentiate the sources from PSA2 and the 

other PSA5 and PSA4 due to the different patterns of the Eu anomaly (Fig. S1, p b 0.05). The REE 

patterns of soils from PSA4 were similar to the pattern found in sediments fromthe Red Sea that 

were deposited during the Pleistocene (Palchan et al., 2013), indicating the origin of these particular 

sediments is likely fromPSA4 in northern Sahara. 

 

4.1.1. P concentrations 

In contrast to the variability in the elemental composition of the other major and rare earth 

elements, the variability in the P concentrations for soils within the same PSA and between PSA's 

was much more constrained. The bulk of the P in Saharan soils is attached to calcium minerals such 



as apatites, which is the HCl-P minus Fe-Bound-P as defined within the SEDEX fractionation scheme 

((Ruttenberg, 1992), Table 2). The similarity in P concentration may be an indication to a relatively 

homogenous distribution of detrital apatite's in most of the desert soils. The significantly higher HCl 

P concentrations found in PSA 4 may be an indication that these soils are lying adjacent to a 

sedimentary phosphorite deposit which are common in the Saharan desert. The significantly higher 

P concentrations in PSA 4 shows that some dust source area are enriched in P in relative to others. 

This suggests that the identification of the source area of a specific dust storm is important to 

predict the amount of potentially bioavailable P concentrations in a given sample of Saharan dust. 

These results are in line with previous analysis of P in Saharan dust that report that dust P 

concentration vary significantly between dust events, owing to differences in P concentrations in the 

areas identified by remote sensing as the sources of individual dust events (Gross et al., 2015a). Thus, 

our evidence from this and EMand IR) suggests their siliciclastic material is either derived from 

different sources or that their siliciclastic material is derived from a uniform source but the Sr and Nd 

isotopic values were affected by the grain size differences in the bulk., However, overall the Sr and 

Nd values in Western Sahara are significantly different than that in soils from Eastern Sahara. Similar 

values to the Sr and Nd values we report for PSA2 (within error margins) are found off shore from 

western Africa in core ODP 658C (Cole et al., 2009; Grousset et al., 1988, 1998). The Nd\\Sr isotopic 

system does not always provide clear identification of the source area and the isotopic values may 

overlap between different PSAs such as in samples from Libya and Chad. Yet, the phosphate ~18OP 

values differed markedly between these two areas (because of the difference in the phosphate 

origin), suggesting that the combination of Sr and phosphate oxygen isotopic systems can be used 

for source identification in these cases (Fig. 6). 

 

5. Summary 

In summary the amount of bioavailable P supplied to marine and terrestrial ecosystems via Saharan 

dust depends on the nature and concentration of P in the source area aswell as on subsequent acid 

processes in the atmosphere (Nenes et al., 2011; Stockdale, Submitted (PNAS)). 

Our analysis of 87Sr/86Sr and 144Nd/143Nd extends the existing data set of Sr and Nd isotopic 

systems in various Saharan soils, sediments and dust samples (Scheuvens et al., 2013) though still 

only represents a limited fraction of the total area of the Sahara desert. We provide the first data set 

of phosphate ~18OP values in Saharan soil samples. Our analysis of this unique isotopic system 

shows that the soil's P origin is regionally different for different PSAs and is decoupled from the 

87Sr/86Sr and 144Nd/143Nd isotopic systems. Thus, we suggest that in cases where the isotopic 

values of the phosphate minerals are similar, combining the ~18OP values with other isotopic 

systems such as Sr and Nd can be useful in identifying the source location of the dust. This shows 

that a multi-proxy approach including also elemental and mineralogical data will sometimes be 

necessary to assign a dust sample to a specific potential source area. 

Our measurements point to a regional trend in the soil P concentrations across the Sahara, in 

contrast to previous reports (Scheuvens et al., 2013). Existing maps of P content in Saharan soils 

(E.g.(Yang et al., 2013)) use indirect methods to estimate the amount of P in dust source locations. 

The data obtained in this study provide direct measurements, which enables the source location of 

sampled dust to be identified. It also offers the potential of a more sophisticated estimate of the 

potentially bioavailable P being supplied from different regions (PSAs) of the Saharan desert. Such 

values combined with back trajectory data, when incorporated into global climate models, will 

enable more accurate estimates of the effect of P delivered from Saharan sources on the carbon 

dioxide uptake rates in both offshore oceanic systems and terrestrial systems such as the Amazon 

forest. 
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