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3.4. Phosphorus speciation in particle-size fractions 

The P speciation of different particle-size fractions was further 
characterized to examine the influence of dust inputs on P geochemistry 
in soils (Fig. 6, Table S6). The P speciation in the coarse sand fraction of 
the surface soil was composed of 25% Ca-P, 41% (Fe +Al)-P and 34% Po, 
whereas the P speciation in the fractions of B and C horizons was 
dominated by (Fe + Al)-P (94–100%) with negligible Ca-P (0–2%) 
(Fig. 6d). The P speciation of the fine sand fraction varied slightly with 
depth, consisting of 3–14% Ca-P, 68–83% (Fe + Al)-P, and 6–18% Po 
(Fig. 6c). The low Ca-P in the two sand fractions was consistent with the 
barely observed Ca-P spectral features (Fig. S4). Note that the obtained 
Ca-P proportions in the fine and coarse sand fractions of the C horizon 
sample (180–190 cm) may have large uncertainties due to the low 
spectral quality caused by their low P concentrations (R-factor > 0.01, 
Table S6). As to the finer size fractions, the clay and silt fractions showed 
similar P speciation, consisting of 0–10% Ca-P, 76–93% (Fe + Al)-P and 

7–19% Po (Fig. 6a, b). 

3.5. Solubility of dust-borne P during acidic leaching 

The acidic leaching experiment at pH 4 was performed on the dust 
sample to determine how the speciation and availability of dust-borne P 
would change after deposition into acidic soils. The dust residue after 12 
h and 48 h leaching with 10% acetic acid solution showed slightly higher 
concentrations of Si, Al, Fe, K and Mg than the untreated loess (Fig. 7a, 
Table S7). However, Ca and P showed significant decreases in the dust 
residues compared with the untreated dust. Thus, Ca and P were pref
erentially leached into solution compared to other elements. The acid
ification substantially changed the P speciation of the dust. The XANES 
spectra of the untreated dust sample and residue after 12-h leaching 
exhibited the strong Ca-P features, while the spectrum of the residue of 
48-h treatment resembled the Fe-P spectra (Fig. 7b). Consistently, the 
LCF results showed that the untreated dust sample and residue after 12-h 

Fig. 4. The particle size composition (a-d) and particle-size frequency curves of selected profile samples (e). The <2 mm soil was fractionated into clay (0–2 μm), silt 
(2–50 μm), fine sand (50–250 μm) and coarse sand (250–2000 μm) fractions. 
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in the relatively dry environment (Harden et al., 1991; Rasmussen et al., 
2017). In addition, downward-moving dust particles may adsorb organic 
matter from the forest floor and deliver it to deep soils (Eger et al., 2013) 
to boost microbial activities there to enhance weathering (Buss et al., 
2010). This postulation is supported by the presence of high Po in the C 
horizon soils (~ 11%, Fig. 5d), which, however, was not detected in C 
horizon soils of forest soil profiles receiving little dust inputs (Zhang 
et al., 2021). Leaching may also transport organics to deep soils, as 
observed in the tropical climate (Zhang et al., 2021), which is likely 
limited here due to the low water availability. 

4.3. Dust control of P bioavailability in soils 

Phosphorus bioavailability in the soil profile is strongly influenced 
by aeolian dust inputs. With increasing soil depth, the labile Pi propor
tion (resin-Pi + NaHCO3-Pi) decreases and reaches minimum at the B 
horizon before increasing towards the C horizon, similar to the Ca-P 
proportion (Fig. 5). The Ca-P proportions correlated with the pro
portions of labile Pi proportions, resin-Pi and NaHCO3-Pi (Fig. 8a-c). 
Since Ca-P in the topsoils originate from aeolian dust inputs and that in 
the deep soils from bedrock, we can conclude that dissolution of dust- 
borne Ca-P and bedrock Ca-P minerals are, respectively, responsible 
for the relatively high P availability at the surface and bottom of the 
profile. The stronger correlation of the P availability with Ca-P (Fig. 8a- 
c) than Po (Fig. 8g-i), suggests that dissolution of Ca-P minerals is more 
important than mineralization of organic P in supplying available 
phosphate in these soils. Previous studies also suggest that dust inputs 
supply available P to tropical rainforests, but the contribution of dust- 
borne P to the labile Pi pool was not directly observed, and the avail
able forms of dust-borne P were not specified (Crews et al., 1995; Eger 
et al., 2013). They were not observed probably because tropical rain
forests do not receive as much dust inputs as the sub-humid forest in the 
present study, and because organic P mineralization is the primary 
mechanism to supply available P in tropical soils (Johnson et al., 2003; 
Vincent et al., 2010). 

Labile Pi and Ca-P do not always positively correlate to each other. 
Instead, Zhang et al. (2018) found that water-soluble Pi (similar to resin- 
Pi) negatively correlated with Ca-P but positively correlated with (Fe +
Al)-P for short-distance transported alkaline mineral dust collected in 
the Rocky Mountains of Colorado, USA (Fig. 8n, o). The inconsistency is 
likely because Ca-P is unstable in the acidic soil as in the present study 
but stable in the alkaline aeolian dust, and vice versa for (Fe + Al)-P. A 
more quantitative relationship between the stability of Ca-P or (Fe + Al)- 
P and pH is reported in our previous study (Zhang et al., 2021). 
Therefore, dust-borne Ca-P can be effectively used by biota in sub-humid 
or wetter environment with acidic soils (pH < 5.5) but not in semiarid or 
arid environment characterized by circumneutral and alkaline soils (also 
including alkaline marine environment), which is opposite for dust- 
borne (Fe + Al)-P. 

Another feature about the P availability in these soils is the domi
nance of occluded P, particularly in B horizons (Fig. 5d). The correlation 
between Pocc and (Fe + Al)-P (Fig. 8m) is consistent with the notion that 
Fe and Al oxides are primarily responsible for the occlusion. The oc
clusion largely limits the P availability although occluded P can be 
utilized by organisms with special P acquisition strategies (Cahill and 
McNickle, 2011; Lang et al., 2016). The dominance of occluded P is 
consistent with the high level of pedogenic Fe (34.7–55.6% of total Fe, 
Fig. 3e, f) throughout the profile that can be attributed to the inputs of 
Fe-rich aeolian dusts. Aeolian dust inputs in this geographic region 
(25–45 mg/g, e.g., Xie and Chi, 2016; Xie et al., 2018a) typically have 
several times higher Fe concentration than the granitic bedrock (12.2 
mg/g) at the study site. The low DPSox values further indicate that Fe/Al 
oxides in the soils are far from saturation with P adsorption and have a 
high potential to adsorb additional P from soil solution (Fig. 3h), which 
can further decrease P availability. In fact, a strong correlation exists 
between DPSox and P availability (Fig. 8j-l). Overall, pedogenic Fe and 

Al oxides can adsorb released P from dissolution of dust-borne Ca-P and 
further regulate P availability. 

5. Conclusions 

Given that dust inputs are predicted to increase as climate warms and 
land-use intensifies and thus are increasingly important for supplying P 
to terrestrial ecosystems, it is important to understand the post- 
deposition fate of dust-borne P and how it becomes available in soils. 
Our study shows that in a sub-humid forest, aeolian dust inputs are the 
major supply of available P via acidic dissolution of dust-borne Ca-P 
minerals, and probably also enhance bedrock weathering in saprolite to 
enhance P release and availability. On the other hand, aeolian dust in
puts lead to a high content of soil Fe oxides that can adsorb and occlude 
P to decrease its availability in a long term. Therefore, aeolian dust in
puts affect P availability and dynamics in water-limited terrestrial eco
systems not only through acting as a P source but also through altering 
soil chemistry and bedrock weathering. Our findings also imply that the 
importance of dust-borne P to the available P pool in a dust-receiving 
ecosystem depends on both the chemical speciation of the dust-borne 
P and the pH of the ecosystem, as previously suggested for aquatic 
ecosystems (Dam et al., 2021; Zhang et al., 2018). 
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Géogr. Phys. Quat 56 (2–3), 247–259. 

Schwertmann, U., 1964. Differentiation of soil iron oxides by extraction with ammonium 
oxalate-solution. Z. Pflanzenernähr. Düng. Bodenkd. 105, 194–202. 
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