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ARTICLE INFO ABSTRACT

Editor: Hailiang Dong Aeolian dust deposition is an important phosphorus (P) input to terrestrial ecosystems, but it lacks evidence of
how dust inputs supply available P and affect P geochemistry and dynamics in soils of sub-humid ecosystems. We
determined soil P speciation using P K-edge X-ray absorption near edge spectroscopy and P availability using
modified Hedley sequential chemical extractions in a weakly acidic soil profile (2.5 m thick) in a sub-humid
temperate forest ecosystem. The soil profile receives substantial dust inputs that account for 34.8% - 53.5% of
the soil mass at depths based on a Sr isotope analysis. The acidic topsoils (5 < pH < 5.5) contain Ca-bound P (Ca-
P) that accounts for 4%-18% of total soil P. Since Ca-P compounds are unstable and transform to other forms at
pH < 5.5, continuous inputs of dust materials rich in Ca-P must occur to sustain the considerable Ca-P in the
topsoils. Across all depths, soil Ca-P positively correlates with soil labile P; (both resin and NaHCO3 extracted) in
proportion, suggesting that dissolution of dust-borne Ca-P compounds replenishes the labile P; pool. On the other
hand, weathering of the Fe-rich dusts leads to formation of abundant iron oxides that in turn favors formation of
occluded P (44-85%) and Fe (and Al)-bound P (57-83%), which may fix released P from the dust-borne Ca-P
dissolution and reduce soil P availability in a long term. Interestingly, the saprolite layer has an unexpectedly
high weathering degree with nearly depleted Ca-P, likely caused by dust inputs that increase soil moisture and
microbial activities and accordingly weathering. Our study identifies that continuous deposition and subsequent
dissolution of dust-borne Ca-P compounds in acidic soils sustain soil P availability. The study also highlights that
aeolian dust inputs affect soil P availability and dynamics in a sub-humid forest ecosystem not only by acting as a
bioavailable P source but also altering soil chemistry and weathering.
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ecosystems that are located at the margins of dust source areas and
thus receive large quantities of dust inputs (Selmants and Hart, 2008).

1. Introduction

Phosphorus (P) is an essential nutrient and its bioavailability con-
trols critical functions and properties of terrestrial ecosystems (Elser
et al., 2007; Filippelli, 2008; Follmi, 1996; Tyrrell, 1999). Aeolian
mineral dust is an important P source to terrestrial ecosystems (Aciego
et al., 2017; Chadwick et al., 1999; Okin et al., 2004; Pett-Ridge, 2009;
Porder et al., 2007). Mineral dust inputs can replenish P stock of eco-
systems, such as for tropical rainforests highly limited by P (Chadwick
et al., 1999; Eger et al., 2013; Kurtz et al., 2001; Okin et al., 2004; Pett-
Ridge, 2009; Richardson et al., 2004; Yu et al., 2015) and semi-arid

* Corresponding authors.

Dust inputs to supply P to ecosystems may become more important in
the context of global environmental change since dust production is
predicted to increase as land-use intensifies and droughts become more
severe and frequent due to global warming (Dai, 2013; Neff et al., 2008).

Pedogenic processes, including weathering, leaching, vertical
translocation, and biological cycling, determine the fate and availability
of dust-borne P in a dust-receiving ecosystem, and the relative impor-
tance of these processes depends on the climate of the ecosystem (Zhang
etal., 2021). Apatite and other calcium-bound P (Ca-P) species are often
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the dominant P compounds in mineral dust while Fe- and Al-bound P
[(Fe + Al)-P] and organic P (P,) can be significant as well (Gu et al.,
2019; Hudson-Edwards et al., 2014; Longo et al., 2014; Zhang et al.,
2018) although long-distance traveled mineral dust could contain
dominant (Fe + Al)-P due to atmospheric acidification and particle
sorting (Dam et al., 2021). In humid and super-humid ecosystems, Ca-P
compounds in mineral dust are readily dissolved in the acidic, organic-
rich surface layer of forest grounds (Crews et al., 1995; Eger et al., 2013;
Vogel et al., 2021). The released P can be quickly absorbed by organisms
to form P, in the surface organic horizon where the plant roots and
microbial P cycling are concentrated in the super-humid climate (Eger
et al., 2013), or leach down to increase the level of non-occluded P in
topsoils of tropical rainforests (Crews et al., 1995). In contrast, mineral
dust slowly releases P to alkaline and circumneutral soils characteristic
of semi-arid and seasonally dry environments due to water limitation
and thus weak weathering, leading to accumulation of dust-borne Ca-P
in soils (Gallardo et al., 2020; Gu et al., 2019). Compared to humid,
super-humid, arid and semi-arid ecosystems, the fate and availability of
dust-borne P remains less understood in sub-humid ecosystems that
cover about 10% of Earth's land surface (Pravalie, 2016) and are ex-
pected to increase during the twenty-first century due to forecasted
increasing aridity (Huang et al., 2016; Sauchyn et al., 2002). We hy-
pothesize that dust-borne P has different fate and availability traits in a
sub-humid ecosystem compared to others because both the dust inputs
and water availability are at moderate levels compared to humid (high
water availability but low dust inputs) and semi-arid (low water avail-
ability but high dust inputs) ecosystems.

In this study, we aim to determine the fate and availability of dust-
borne P and how dust inputs affect soil P geochemistry and dynamics
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in a sub-humid ecosystem. We quantified soil mass contributions of dust
inputs and determined P distribution, speciation, and availability in a
soil profile of a sub-humid temperate forest ecosystem located in the
margin of dust source areas. Sequential chemical extractions and P K-
edge X-ray near edge structure absorption (XANES) spectroscopy were
used to characterize P availability and speciation, respectively. The soils
were also separated into different size fractions, corresponding to
varying weathering degrees, to further evaluate the influence of dust
inputs on soil P speciation. We also conducted a dust acidification test to
infer how susceptible dust-borne Ca-P compounds are to dissolution in
acidic soils.

2. Materials and methods
2.1. Study site and soil sampling

The study site was located in Dunhua city, Jilin, China in a sub-
humid mid-temperate climate zone. The site had a mean annual tem-
perature of 2.6 °C and a mean annual precipitation of 598 mm. The site
was covered by a broadleaved forest. The exposed rock in the study site
was Indosinian granite. The site received the aeolian dust inputs that
were mainly originated from the loess and desert in the northern China
because it was in the northeastern margin of the deserts and Loess
Plateau in the northern China (Hoffmann et al., 2008; Ma et al., 2013;
Shao and Dong, 2006; Sun, 2002) (Fig. 1a). The soil profiles had a gentle
slope (<3°), which favored dust accumulation and stabilization.

Two soil profiles were sampled from the study site. Preliminary an-
alyses showed that these two profiles had similar concentrations of
major elements and Sr isotopic composition (Fig. S1). However, due to a
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Fig. 1. (a) A sketch map showing the distribution of loess, Gobi deserts and sandy deserts in northern China and southern Mongolia (modified after Sun et al., 1998).
The dust-storm transporting pathway is drawn based on meteorological record and back trajectories of moving path of dust particles at 250-1500-m heights (after Ma
et al., 2013). Three loess samples were collected at Loess Plateau. (b) Site location and schematic geological map, and (c) a photo of the profile.
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limited amount of synchrotron X-ray beamtime, only one soil profile was
selected for P K-edge XANES analysis, and we only report other data
associated with the profile as well. In addition, a visual inspection of the
profile suggests that the interruption or abrupt changes in color, texture,
and structure did not occur in the transition from bottom to topsoil of the
profile (Fig. 1c); thus, we inferred that this profile developed continu-
ously since it was exposed to weathering. Despite dust inputs, it did not
change the general patterns of metal distribution in soil profiles resulted
from in-situ weathering of granite protolith (Liu et al., 2016), i.e.,
increasing K and Na concentrations and decreasing Fe and Al concen-
tration with increasing depth (Fig. S1).

The soils were sampled with fine depth intervals (5-10 cm) down to
250 cm. The profile was divided into five horizons: A (0-20 cm), Bw1l
(20-30 cm), Bw2 (30-60 cm), BC (60-100 cm), and C (100-250 cm)
(Table S1) according to the United States Soil Taxonomy (Soil Survey
Staff, 2014). The soil of the profile was classified as Ustic Dystrocryepts
(Soil Survey Staff, 2014). Two bedrock samples were collected from an
outcrop located on the downslope of the hillslope (tens of meters away
from the profile). The mineralogy proved that the sampled bedrock
specimens can represent the parent rock of the studied profile
(Table S2).

The denudation rate of the soil profile was reported to be 33 m/Myr
based on a cosmogenic nuclide (26Al, 10Be) analysis of the 250-500 pm
coarse size fraction that was mainly produced by in-situ weathering of
granite (Cui et al., 2021). Dust inputs also carry coarse particles that,
however, contribute <0.6% of total dust mass and are deemed not to
affect the cosmogenic analysis for obtaining the denudation rate (Xie
et al., 2015). The soil residence time (SRT) was the duration of time
during which soil particles, generated from in-situ weathering, remain
in a soil profile and can be calculated as the profile thickness divided by
the denudation rate (Dere, 2014). Using the reported denudation rate
(Cui et al., 2021), the SRT of the profile was calculated to be 76 kyr.
Since dust inputs increase the soil thickness of the profile (Eger et al.,
2012), the SRT is likely overestimated.

2.2. Bulk soil preparation and particle size separations

The soil samples were air-dried and passed through 2-mm mesh
sieves. The <2 mm samples were used for measurements of soil pH and
particle size composition, as well as particle-size separation. Subsamples
of the sieved soils and the granite rock samples were ball-milled to <200
mesh (75 pm) for measuring concentrations of major elements, pedo-
genic Fe and Al minerals and soil organic carbon (SOC), and Sr isotopic
composition. The ground soils were also used for modified Hedley
sequential extractions and P K-edge XANES spectroscopic analysis.

To determine the influence of dust inputs on weathering of apatite in
parent materials, we selected 4 depths from different horizons to
perform particle-size separation: 0-5, 20-25, 50-60, and 180-190 cm.
The fine earth (<2 mm) was separated into four particle-size fractions:
clay (<2 pm), silt (2-50 pm), fine sand (50-250 pm), and coarse sand
(250-2000 pm). The separation was performed following the previous
method (Stemmer et al., 1998). Briefly, bulk air-dried soil samples were
suspended in Milli-Q water (water/soil = 5:1, v/w) and dispersed by
low-energy sonication. The fine sand (50-250 pm) and coarse sand
(250-2000 pm) particles were separated by manual wet sieving. The silt-
size particles (2-50 pm) were obtained by centrifuging the remaining
suspension at 150g for 2 min at 15 °C, which was repeated three times.
The clay-size particles (0-2 pm) were separated by centrifuging the su-
pernatant at 3900g and 15 °C for 30 min. Then the obtained size frac-
tions of the soils were freeze-dried. All the particle-size fractions were
ground to pass through a 200-mesh sieve prior to concentration mea-
surements of total P and other major elements, as well as P K-edge
XANES data collection.
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2.3. Strontium isotopic composition

Strontium isotopic composition was used to quantify the dust mass
contribution of soil in the profile because it is not much altered by
weathering processes and can reflect the mixing of Sr derived from
various isotopically different sources (e.g., Aciego et al., 2017; Borg and
Banner, 1996; Capo et al., 1998; Chadwick et al., 1999; Li et al., 2016;
Pett-Ridge et al., 2009). The Sr isotopic compositions of granite and
continental dust contrast strongly (Aciego et al., 2017; Capo et al,,
1998), providing a useful means of distinguishing between local and
aeolian soil components. Soil and rock samples were digested using
HNOs3 and HF, and the digested suspension was then taken to dryness.
All samples were then dissolved in 1.5 M HCl and centrifuged to remove
any trace insoluble residues, and the concentration of Sr was measured
on a small aliquot of these solutions using inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Perkin Elmer Optima 8300)
with an accuracy of <1%. Another aliquot of each solution was eluted
through quartz cation exchange columns using Biorad AG50-WX8
200-400 mesh resin to separate a pure Sr fraction. Sr isotopic compo-
sitions were analyzed with a multiple-collector inductively coupled
plasma-mass spectrometer (MC-ICP-MS; Nu Instruments, Wrexham,
UK). Analyses of National Bureau of Standards (NBS) standard SRM 987
yielded a mean 8”Sr/%0Sr ratio of 0.710288 + 0.000020 (o, n = 20)
(certified value: 0.710340 + 0.000260) during the period of analyses.
The column processed seawater yielded ®Sr/%%Sr = 0.709198 +
0.000014 (6, n = 8), identical to that reported by Mokadem et al. (2015).
U.S. Geological Survey BHVO basalt, which was digested and analyzed
in the same manner as the profile samples, yielded %Sr/%¢sr =
0.703540 4+ 0.000017 (o, n = 6), identical to that reported by Weis et al.
(2006). The uncertainties of ¥ Sr/%Sr based on duplicate profile samples
were estimated to be less than +0.000032.

The mass fraction of dust-derived Sr (fi ) in the profile was calcu-
lated using the following equation based on the Sr isotope mass balance
(Kurtz et al., 2001).

Sr dsail - dgranil(’
dust = dd/m - dgmm'm (1)
where dgit, dgranite and dgys; refer to the 873r/8%8r ratio of the soil, granite
and continental dust, respectively.

The “bulk soil” Sr concentration for the profile was corrected by the
loss on ignition (LOI wt%) that was determined by ashing soil samples
for 5 h at 550 °C (Christensen and Malmros, 1982).

100 — LOI(Wt%)) @

(St = [S7] ( 100

The mass of dust-derived Sr (g/mz) was determined from the product
of the mass fraction of dust-derived Sr (Eq. 1), bulk soil [Sr] (Eq. 2), soil
dry bulk density p and profile thickness h.

SYIS = 3 [SF] e X P X B 3)

dust dust

The mass of dust deposited in the profile was calculated by dividing
the mass of dust-derived Sr by the Sr concentration in Asian dust (26
ppm, based on the Geochemical Earth Reference Model average for
upper continental crust; see http://www-ep.es.llnl.gov/germ). The long-
term average dust deposition rate, 2.25 g/m?/yr, was then estimated by
dividing the mass of dust deposited by SRT.

2.4. Soil physical and chemical characterization

The bulk density of each soil sample was determined using the core
method (Blake and Hartge, 1986). A portion of each field-moist soil
sample was weighed, oven-dried at 105 °C to equilibrium (in practice,
over a 24 h period), and then re-weighed. The bulk density was calcu-
lated as the ratio of the mass of oven-dried soil to the volume of the
sampler (100 cm®). Bulk soil pH was measured in 1:2.5 soil/COy-free
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deionized water suspensions using a glass electrode. The SOC concen-
trations were determined with an elemental analyzer (vario MACRO
cube, ELEMENTAR) after decarbonation. In addition to the above par-
ticle size separation, the particle size composition of the bulk soils was
determined using a Mastersizer 2000 (Malvern, UK) laser diffractom-
eter, following a pretreatment with hydrogen peroxide to remove the
organic component and chemical dispersion with sodium hexameta-
phosphate. The mineralogy of bulk soils was characterized using X-ray
diffraction (XRD). The XRD data were collected using an amorphous
silicon image plate at beamline 11-ID-B (A = 0.2115 i\) at the Advanced
Photon Source (APS), Argonne National Laboratory. Samples were
mounted in 1-mm thick Kapton capillaries. Two dimensional images
were integrated into intensity vs 20 plots using the program Fit2D
(Hammersley et al., 1996). Detailed parameters used in the calibration
and conversion were described in our previous study (Gu et al., 2019).
The PROFEX software was used to identify and quantify the mineral
phases in the samples (Doebelin and Kleeberg, 2015).

Major elements (Si, Al, Fe, Na, K, Mg, Ca, P and Ti) of the bulk soils
and particle-size fractions were determined by ICP-OES after lithium
tetraborate fusion at 1000 °C for 60 min followed by 5% aqua regia
digestion of the fusion beads (Robertson et al., 1999).

The mass transfer coefficient Tz was used to evaluate the enrichment
or depletion of Fe in the bulk soils relative to parent material (Nesbitt,
1979).

B ( [Fe], x [Ti],
Tre = o1 o

Pl <11, 1) % 100 @
where [Fe] and [Ti] are the concentrations of Fe and the relatively
immobile element Ti respectively, and the subscript w and p refer to the
weathered soils and bedrock, respectively. The tg, indicates Fe depletion
(tpe < 0) or enrichment (tge > 0) relative to the composition of the
bedrock. Note that using this equation to calculate mass balance as-
sumes granite rock as the only parent material source. The influence of
dust on mass balance calculations can be ignored when dust inputs do
not alter the ratio of [Fe]/[Ti] in the bedrock (Lawrence et al., 2013). In
this study, the ratio of [Fe]/[Ti] in the granite (8.1) was similar to that in
the modern dust that deposited at the studied site (7.4-9.2) (Xie and Chi,
2016). Thus, Eq. 4 allows for rough estimates of the gain and loss of Fe in
the profile (Bullen and Chadwick, 2015; Buss et al., 2017; Lawrence
et al., 2013; Li et al., 2020; Rea et al., 2020).

Pedogenic Fe and Al minerals were assessed by a two-step extraction
method using acidic (pH 3.2) ammonium oxalate solution (Feyy, Algy)
(Schwertmann, 1964), followed by citrate-dithionite solution (Feg;, Alg;)
(Holmgren, 1967). The extracts were analyzed for Fe, Al and P con-
centrations by ICP-OES. The total contents of pedogenic Fe and Al
(Feox-+di» Alox+di) were calculated as the sum of the oxalate and dithionite
extracted Fe and Al. Phosphorous (Pyx 4i) associated with pedogenic Fe
and Al was also extracted by the above two processes.

The degree of P saturation (DPS,y) of each soil, defined as the ratio of
the amount of adsorbed P to the P sorption capacity of the soil, was used
to evaluate the potential of soils to release P (Hooda et al., 2000). DPSy
was calculated on a molar basis using the following formula:

P
= x 100 5)

DPS, = ——2
Al + Fe,,

The modified weathering potential index (MWPI) was used to
quantify the degree of weathering based on the molecular ratio of major
oxides, as calculated below (Vogel, 1975):

Na,0 + K,0 + CaO + MgO

MWPI = : x
NayO + K20 + CaO + MgO + SiO, + AL O5 + Fe, 05

100 (6)

The smaller value of MWPI indicates a greater degree of weathering
and leaching loss.
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2.5. Phosphorus K-edge XANES spectroscopy

Phosphorus K-edge XANES spectra were collected from the bulk soil
samples and particle-size fractions at the Soft X-ray Micro-
Characterization Beamline (SXRMB) at the Canadian Light Source,
Saskatoon, Canada. The characteristics of the equipment and the scan-
ning parameters were the same as used in our previous study (Gu et al.,
2019; Zhang et al., 2021). Each sample was scanned twice or more, and
the spectra were averaged to improve signal-to-noise ratios. The spectra
were background removed, normalized and then subject to a linear
combination fitting (LCF) analysis to quantify the relative proportions of
various P species using ATHENA (Ravel and Newville, 2005). The
following phosphate references, which were either purchased or syn-
thesized according to the previous studies (Gu et al., 2019; Zhang et al.,
2018; Zhang et al., 2021), were used for LCF spectral fitting, including
poorly crystalline apatite (Ca-P), hydroxyl apatite (Ca-P), ferrihydrite-
adsorbed POy (Fe-P), amorphous FePO4 (Fe-P), kaolinite-adsorbed PO4
(Al-P), and phytic acid sodium salt (organic P, P,) (Fig. S2). Four or
fewer P reference compounds were chosen for each fitting to prevent
overfitting for the LCF analysis. No energy shift was allowed during the
fitting. The obtained soil P species were grouped into three pools that are
Ca-P, (Fe + Al)-P, and P,. The Ca-P pool comprises all Ca-P references
used in the XANES fitting, and (Fe + Al)-P all Fe-P and Al-P references.
These two pools correspond to inorganic P in soils.

2.6. Modified Hedley chemical extractions

We used the modified Hedley methods to extract the operationally-
defined pools of P from bulk soils (Hedley et al., 1982; Tiessen and
Moir, 1993). A soil sample (0.5 g) was sequentially extracted in dupli-
cate with anion-exchange resin, 0.5 M NaHCOs3 (pH 8.5), 0.1 M NaOH
and 1 M HCI (hereinafter referred to as “dHCI”), and concentrated HCI
(hereinafter referred to as “cHCI”). After each extraction, the suspension
was centrifuged and the supernatant was passed through a 0.45-pm
filter. The residual P after the cHCI extraction was determined by the
lithium tetraborate fusion method (Robertson et al., 1999).

Total P (Py) in dHCI and cHCI extracts was determined by ICP-OES.
Aliquots from the filtered NaHCO3 and NaOH extracts were digested
in an autoclave at 103.5 kPa and 121 °C with ammonium persulfate to
convert all the dissolved P into orthophosphate, which was then
measured as P. The inorganic P (P;) in all extracts and the Py in NaHCO3
and NaOH extracts were determined by the molybdenum blue method
(Murphy and Riley, 1962), and P, was calculated as the difference (P -
P;). The obtained fractions were combined to approximate P pools as
follows (Cross and Schlesinger, 1995): Ca-P = dHCI-P;; non-occluded P
(Pn-occ) = resin-P; + NaHCO3-P; + NaOH-P;; occluded P (Pycc) = cHCI-P;
+ residual P; and P, = NaHCO3-P, + NaOH-P,, + dHCI-P,, + cHCI-P,. In
addition, resin-P; and NaHCOs3-P; are also widely used as indicators of
soil P bioavailability. The labile P; pool was calculated as the sum of
resin-P; + NaHCOs-P;, which is probably equivalent to Olsen P, a clas-
sical agronomic test for soil P availability (Sims, 2000).

2.7. Dust acidification treatment

To evaluate the susceptibility of dust-borne P to acidic dissolution in
the acidic soils after deposition, we investigated the dust-borne P
transformation using leaching experiments with 10% acetic acid solu-
tion (pH 4). It is difficult to obtain a dust sample to represent historical
dust because modern dust might differ from dust deposited during the
long history of soil development (Marx et al., 2018). Thus, in this study,
three loess samples were used as surrogates of the dust deposited at our
study site and collected from the surface soils of Loess Plateau and
located in Tongxin, Ningxia; Wangjiashan, Gansu; and Huanxian, Gansu
(Fig. 1a). The loess samples were air-dried and pooled to make one
composite sample. The silt-sized loess from the Loess Plateau was re-
ported to be the most important source of aeolian inputs for the study
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sites during the long time period of soil development (Hoffmann et al.,
2008; Shen et al., 2007; Xie et al., 2018b),

The loess sample was resuspended in a 10% acetic acid solution and
mixed at 30 rpm on a rotator for 48 h. Every 12 h, the suspension was
centrifuged, and the obtained supernatant was replaced by a fresh acetic
acid solution, which was mixed by vortex prior to continuing mixing on
the rotator. The solid residues collected at 12 h and 48 h by centrifu-
gation, respectively, were subject to measurements of elemental
composition and P K-edge XANES spectra.

2.8. Statistical analyses

To determine how P speciation determines P availability, potential
correlations were explored between P availability indicators (i.e., resin-
P;, NaHCOg3-P;, and labile P;) and XANES-derived P speciation and
Hedley-derived P,. A correlation analysis was also carried out between
the indicators and DPSy. The correlations were assessed by regression
analyses using Origin 2018.

3. Results
3.1. Dust mass contributions to soils

The dust mass contributions to soils were quantified using the Sr
isotope analysis. The granitic bedrock had an average 87Sr/%°sr ratio of
0.70625 (Fig. 2a). Based on the reported Sr isotopic data of Asian dust
(Chen and Li, 2013; Kanayama et al., 2002; Rao et al., 2006), we used a
mean &7Sr/80Sr ratio of 0.7199 as the representative value of the con-
tinental dust (see SM-1). The entire profile had higher 875r/805r values
than the bedrock, ranging from 0.71100 to 0.71355 (Fig. 2a). Based on
Eq. (1), the soil mass fraction of dust-derived Sr in the profile was
determined and ranged from 34.8% to 53.5% at different depths
(Fig. 2b). The highest contribution of dust to soils in the Bw2 horizon
may be attributed to the downward translocation of fine dust particles,
as well as temporal variations in dust flux and composition during the
soil profile development. Overall, the Sr isotopic composition suggests
that aeolian dust inputs penetrate the deep soils and contribute
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substantially to the soil mass at depths in the entire profile.

3.2. Soil properties

The MWPI, soil pH, SOC, tge value, pedogenic Fe and Al concentra-
tions, and particle-size distributions are provided in Figs. 3 and 4. The
MWPI value of the unweathered bedrock was 11.0 (Fig. 3a). The MWPI
values of the soils at depths were substantially lower than that of the
bedrock and varied slightly between 6.4 and 8.0 with depth (Fig. 3a).
The MWPI value of highly weathered granite was reported to be about 6
(Lee et al., 2020). Thus, the soils in the entire profile were well
weathered.

The soils were weakly to moderately acidic (Fig. 3b). The soil pH
slightly increased from 5.3 at the surface to 5.5 at 10-cm depth, then
decreased to 5.0 at 25-cm depth, and again gradually increased to 6.2 at
the bottom. The SOC concentrations were the highest at the surface
(32.4 mg/g) and declined rapidly to 5 mg/g around 30 cm, below which
the concentration decreased slowly to the bottom (Fig. 3c).

The tg. values were the lowest (~ 10%) in the A horizon and
remained nearly constant (~ 43%) below 25-cm depth (Fig. 3d). Feox
and Fey; accounted for 2.8-9.0% and 29.4-50.8% of total Fe, respec-
tively (Fig. 3e, f). The proportion of Feyy to the total Fe was higher in the
A and Bw1 horizons than in the underlying horizons. The proportion of
Feg; to the total Fe increased with increasing depth. Additionally, oxa-
late and dithionite extracted 33.7-60.8% of total P (Fig. 3g). The entire
profile has low DPS. values, ranging from 1.9 to 5.8% (Fig. 3h).

The soil texture of the profile was dominated by fine sand
(29.4-62.1%) and silt (28.9-61.8%) with minor clay (0.8-8.7%) and
coarse sand (0-14.3%) (Fig. 4a-d). Both clay and silt fractions had
higher proportions in the A and Bw1 horizons than in the underlying
horizons, whereas both fine and coarse sand fractions showed reverse
trends. Fig. 4e showed the particle-size frequency curves of the profile
samples, which are consistent with the soil texture results.

3.3. Phosphorus concentration, speciation, and pools in bulk soils

Total P concentrations were the highest (379-411 pg/g) in the A
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Fig. 2. The 878r/80Sr ratios (a) and the dust mass contributions (b) as a function of soil depth in the soil profile.
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Fig. 3. Depth-dependent modified weathering potential index (MWPI) (a), pH (b), soil organic carbon (SOC) concentration (c), tr. (d), percentages of oxalate (e) and
dithionite extractable Fe of total Fe (f), percentages of P,y 4; of total P (g), and degree of P saturation (DPS,,) (h).

decreased from surface (5.3%) to B horizons (< 1%) and then increased

horizon, substantially lower (180-239 pg/g) in the B horizons whereas it
remained nearly constant (172-225 pg/g) in the C horizon (Fig. 5a,
Table S4). The total P concentrations in B and C horizons were lower
than that of bedrock (295 pg/g).

Phosphorus K-edge XANES spectroscopy was used to characterize the
speciation of inorganic P in the soil samples based on the type of metal
bound to PO4. According to the LCF analysis, the proportion of (Fe + Al)-
P ranged from 57 to 83% of total P and that of Ca-P from 4 to 18% in the
profile (Fig. 5b, Table S5). The Ca-P proportions decreased from the
surface to the B horizons and then increased towards the bottom of the
profile. The (Fe 4+ Al)-P proportions increased from the surface to the B
horizons and remained nearly constant below that depth.

To assess P availability, soil P was fractionated into different pools
using the modified Hedley sequential extractions (Fig. 5c, d, Table S4).
Labile P; (sum of resin- and NaHCO3-P;), which is considered readily
available for plants, constituted a small proportion of total P across the
entire profile (0.5-7.4%). The proportion of labile P; over total P

towards the bottom (7.4%) of the profile. A similar pattern was observed
for NaOH-P; (4.0-15.0%) that is defined as inorganic P adsorbed to
secondary Fe/Al minerals. The sum of labile P; and NaOH-P;, repre-
senting the Pp .. pool in the Walker and Syers model (Cross and
Schlesinger, 1995), constituted 5.3-22.4% of total P. The P, pool (sum
of cHCI-P; and residual-P), assumed to be P strongly bound to Fe and Al
and/or physically protected, was the dominant form (43.6-84.5%)
across the profile. dHCI-P;, which is considered to be mainly Ca-P and
may include some (Fe + Al)-P occluded by poorly crystalline Fe and Al
oxides (Gu et al., 2020), constituted a small proportion (4.9-14.6%) of
total P across the profile. In addition, the P, pool (sum of NaHCO3-P,,
NaOH-P,, dHCI-P,,, and cHCI-P,)) decreased from 33.7% at the surface to
11.3% at the bottom of the profile. The difference of P, fractions
determined between the XANES-LCF and chemical extraction analyses
was less than 10% (Fig. S5), which can be attributed to the uncertainty
of the XANES fitting (Ajiboye et al., 2007; Zhang et al., 2021).
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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% P,
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% P,
(Fig. 6¢). 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% P, (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
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leaching had similar Ca-P percentages (51% and 48%, respectively),
which dropped to 0% at 48-h (Fig. 7c, Table S8). This indicates that dust-
borne Ca-P compounds were highly susceptible to acidic dissolution.

3.6. Correlations of P availability with P speciation and DPS,

To understand how dust affects P availability, we further explored
correlations of P availability with P speciation, P, and DPSyy (Fig. 8).
The proportions of resin-P;, NaHCOs3-P;, and labile P; correlated signif-
icantly and positively with the XANES-derived Ca-P proportions (R? =
0.64-0.98, p < 0.005, Fig. 8a-c), Hedley-derived P, R? = 0.31-0.57, p
< 0.038, Fig. 8g-i), and DPSoy (R* = 0.41-0.68, p < 0.045, Fig. 8j-I) but
negatively with (Fe + Al)-P (R2 = 0.48-0.82, p < 0.022, Fig. 8d - f). In
addition, P, correlated positively with (Fe + Al)-P in proportion R?=
0.9, p = 0.00003) (Fig. 8m).

4. Discussion
4.1. Phosphorus speciation and concentration in topsoils
The observed P speciation and concentration distribution as a func-

tion of depth in the topsoils (Fig. 5) are typical to forest ecosystems
(Zhang et al., 2021). With increasing depth in the topsoils, total P

concentration decreases, and both Ca-P and P, decrease and (Fe + Al)-P
increase in proportion (Fig. 5a, b). A conceptual model to describe the
vertical patterns of P concentration and speciation was proposed pre-
viously by Zhang et al. (2021), as shown in Fig. 5e and f. Those profiles
were less affected by dust inputs than the profile in the present study.
The patterns can be ascribed to inputs of alkaline, calcareous and Ca-P
rich dust materials, weathering, plant biolifting of P from B to over-
lying A horizon, and downward P leaching and particle translocation
(Zhang et al., 2021).

The dust inputs are likely the primary source of the observed Ca-P in
the acidic topsoils. Ca-P was essentially absent in soils with soil pH < 5.5
because Ca-P compounds are highly susceptible to acidic dissolution in
this pH range (Andersson et al., 2016; Zhang et al., 2021). Indeed, the
acidic leaching experiment demonstrates that dust-borne Ca-P can be
completely dissolved at pH 4 within 48 h (Fig. 7c). Phosphate leaching
with even higher pH (pH 5) was observed previously for mineral dust
deposited to Cape Verde islands and the Rocky Mountains in Colorado
(Dam et al., 2021; Zhang et al., 2018). The presence of considerable Ca-P
(4-24% of the total inorganic P pool, Fig. S6) in the topsoils of pH 5-5.5
can be ascribed to the continuous dust inputs, bringing new Ca-P to the
system (Vogel et al., 2021). The Ca-P pool in the topsoils likely reaches a
steady state where the rate of Ca-P accrual due to dust inputs is equal to
the rate of Ca-P removal by weathering and other processes. The
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observed P speciation pattern in the topsoils (Fig. 5) is likely at a steady
state as well.

The relatively low Ca-P proportions (25%) of the coarse sand frac-
tions of the topsoils suggest ongoing weathering of dust-borne Ca-P
minerals. The coarse sand grains that bear the Ca-P minerals in the
topsoils must originate from aeolian dust inputs. In-situ weathering of
granite at the site is unable to produce sand grains containing that high
level of Ca-P in the acidic topsoils because apatite is relatively soluble
and depleted in the early stage of weathering (Liu et al., 2016) and
because the soils are old and the forest ecosystem has a strong weath-
ering capability. A coarser size fraction usually has a higher Ca-P pro-
portion than the bulk because of its lower weathering degree (Dam et al.,
2021; Guo et al., 2011; Liu et al., 2014). However, the Ca-P proportions
of the coarse sand grains are much lower than those of previously
studied bulk dusts (47-92%) (Chen et al., 2006; Dam et al., 2021; Zhang
et al., 2018) and the loess sample (42-74%) (Guo et al., 2011), sug-
gesting that the sand grains have lost Ca-P via weathering substantially.
Compared to the coarse sand fraction, other fractions of smaller particle
sizes in topsoils generally have lower Ca-P proportions (<10%) (Fig. 6)
probably because of their originally low Ca-P (Dam et al., 2021; Guo
et al., 2011; Liu et al., 2014) and their larger specific surface areas that
favor weathering after incorporation into soils.

Note that large sand-sized soil particles (up to 450 pm) can be
transported across a long distance by complex meteorological processes,
such as the transport of Saharan coarse sand dust particles to the Atlantic
Ocean 2400-3500 km away from West Africa (van der Does et al., 2018).
Our study site is only 200-2000 km away from the dust source area
(Fig. 1a) and thus has a high chance of receiving inputs of coarse dust
particles. Indeed, Xie et al. (2015) showed that 0.1-0.6% coarse sand
particles (250-500 pm) existed in the aeolian dust deposition at a site
geographically near ours.

4.2. Phosphorus speciation and concentration in C horizon soils

Neither P concentration nor speciation in the C horizon soils follow
the typical patterns observed previously as shown in Fig. 5e and f. The
most remarkable characteristics are the very low Ca-P proportions (<
13%, Fig. 5b), in contrast to the high Ca-P fractions previously observed
in poorly weathered C horizon soils receiving little dust inputs in wetter
and warmer environment (Zhang et al., 2021). The high weathering of
the C horizon soils almost depleted all apatite in the coarse sand frac-
tions that likely result from in-situ weathering of granite bedrock
(Fig. 6d). The relatively high weathering degree could be due to
increased soil moisture caused by dust inputs that enhance weathering
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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 P, 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 P; propor-
tion (resin-P; + NaHCO3-P;) 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 P; proportions, resin-P; and NaHCOg3-P; (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 P, (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 P; 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 P; and Ca-P do not always positively correlate to each other.
Instead, Zhang et al. (2018) found that water-soluble P; (similar to resin-
P;) 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 P, 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 DPSy 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 DPSyx and P availability (Fig. 8j-1). Overall, pedogenic Fe and
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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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