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ABSTRACT: Aeolian dust is a significant source of
phosphorus (P) to alpine oligotrophic lakes, but P speciation
in dust and source sediments and its release kinetics to lake
water remain unknown. Phosphorus K-edge XANES spectros-
copy shows that calcium-bound P (Ca−P) is dominant in 10
of 12 dust samples (41−74%) deposited on snow in the
central Rocky Mountains and all 42 source sediment samples
(the fine fraction) (68−80%), with a lower proportion in dust
probably because acidic snowmelt dissolves some Ca−P in
dust before collection. Iron-bound P (Fe−P, ∼54%)
dominates in the remaining two dust samples. Chemical
extractions (SEDEX) on these samples provide inaccurate
results because of unselective extraction of targeted species and
artifacts introduced by the extractions. Dust releases increasingly more P in synthetic lake water within 6−72 h thanks to
dissolution of Ca−P, but dust release of P declines afterward due to back adsorption of P onto Fe oxides present in the dust. The
back sorption is stronger for the dust with a lower degree of P saturation determined by oxalate extraction. This work suggests
that P speciation, poorly crystalline minerals in the dust, and lake acidification all affect the availability and fate of dust-borne P in
lakes.

■ INTRODUCTION

Phosphorus (P) can limit the primary productivity of
oligotrophic alpine lakes due to the low P input from poorly
weathered surrounding watersheds.1,2 In such environments,
mineral dust derived from dryland sediments is potentially an
important P source, in particular when referring to alpine
lakes3−10 located at the margins of continental arid and
semiarid regions, where dust mobilization and deposition are
massive.11 The P supply from dust deposition can alter the
nutrient-limitation regime,3,8,12,13 stimulate primary productiv-
ity, and shift bacterial abundance and phytoplankton-species
composition14−16 in most alpine lacustrine ecosystems.
Not all forms of P carried by dust are available in aquatic

ecosystems. The availability, fate, and behavior of dust-borne P
in alpine lakes can be affected by both P speciation and water
chemistry. Sequential extractions were used to characterize
speciation of dust-borne P and have improved the under-
standing of its bioavailability.17−19 However, the extraction-
derived P pools are operational and do not necessarily
correspond to P species.20,21 Phosphorus K-edge X-ray

absorption near edge structure (XANES) spectroscopy
provides more detailed and precise information on P
speciation.22−27 XANES spectroscopy divides solid P into P
bound to Ca (Ca−P), Fe (Fe−P), Al (Al−P), and organic
matter (Po).

22 To date, only two studies reported P XANES
analysis of the speciation of dust-borne P.28,29 Main results of
these works showed that European anthropogenic aerosols are
rich in Po, polyphosphate, and alkali phosphate,28 whereas P
speciation in Saharan dust collected at dust-emission sites is
dominated by Ca−P and Fe−P.28,29 The dust samples in these
studies were enriched in anthropogenic aerosols28 or collected
at dust emission sites.29 The results may be inapplicable to
mineral dust received in downwind continental terrestrial
ecosystems because the speciation of dust-borne P is related to
dust source regions and travel distances. Dust collected at
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source sites may not represent that at deposition sites because
internal mixing with other sources28,30 and atmospheric
processing31,32 during dust transport prior to collection could
cause P transformation.
Physicochemical factors, such as pH, of the ecosystems

where aeolian dust is deposited, strongly affect P behavior after
deposition. Only 15−30% of P is water-soluble in aerosol
samples reaching the Gulf of Aqaba18 because of the alkaline
seawater (pH ≈ 8.2), whereas Saharan dust can be weathered
intensively upon arrival and release most of the P in the
Amazon basin33 due to its highly acidic soils (pH 4.17−4.94).34
In addition to the amount of P released, the kinetics of P
release are important as they affect temporal availability of dust-
borne P. Previous dissolution kinetic experiments showed that
dust released increasingly more dissolved inorganic P (DIP) to
seawater over time.35,36 In contrast, an initial increase followed
by a decline in DIP was observed during dust-seeding
experiments in seawater.37 The decline was ascribed to P
adsorption back onto mineral particles in the dust.37 However,
the kinetics of P release from dust in fresh alpine lake water
remain unknown,3−10 and they may differ from those observed
in seawater because of their distinct water chemistry.38−40

The semiarid Colorado Plateau region is one of the main
dust sources in the western U.S.41−45 Increased dust emission
due to extensive grazing and prolonged aridity in the western
U.S. has increased P loading to nearby alpine lakes in the Rocky
Mountain area.6,7,10 The pH of the alpine lakes ranges between
pH 4.5 and 7.5 due to different degrees of lake acidification
caused by elevated atmospheric nitrogen deposition.38−40 In
the present study, we identified the solid-phase speciation of P
in dust collected in the central Rocky Mountains of Colorado
and sediment samples from major potential source areas using
sequential extractions combined with P K-edge XANES
spectroscopy. We further evaluated the accuracy of the
extractions by characterizing the P speciation in each pool
using XANES spectroscopy to provide insights into the
usefulness of this method. To better comprehend the
biogeochemical impact of dust-borne P deposition in alpine
lacustrine environments, we investigated P release kinetics
through the dissolution experiments using synthetic alpine lake
water of pH 5.0−7.5.

■ MATERIALS AND METHODS
Sampling and Pretreatment. Dust samples were

collected from snow cover in the central Rocky Mountains of
Colorado (Figure 1) during late spring, representing the
merged accumulation of all dust layers deposited to snow
during water year 2014 (October 1, 2013 to September 30,
2014). Sites were sampled by the Center for Snow and
Avalanche Studies for investigation of effects of dust on
snowmelt processes and rates. Complete site descriptions can
be found at http://www.codos.org/. Samples were sent to the
Geosciences and Environmental Change Science Center of the
U.S. Geological Survey in Denver, CO, where snow was
evaporated at 35 °C. The dried dust samples were preserved at
room temperature before analyses.
We collected surface-sediment samples from five high and

arid basins: The Uinta Basin, Hanksville area, Chinle Valley,
Chuska Valley, and Little Colorado River basin (LCR) (Figure
1). These basins are the major potential source areas of the dust
samples on the basis of dust particle sizes, back-trajectory
analyses, and direct observation, as discussed in detail in
Supporting Information Text SI-1. Surface-sediment samples

were dried and sieved to obtain the size fraction passing
through 63-μm sieve for the further analysis because the dust
contains more than 77% of particles smaller than 63 μm (Table
S1). The mineralogy of the dust samples and two surface
samples was determined by X-ray diffraction (XRD; Table S-2).
Poorly and well-crystallized Al and Fe (Feox, Fed, Alox) were
quantified using oxalate and dithionite extractions, respec-
tively.46 See the details of all samples in Table S2.

Sequential Chemical Extractions. The operationally
defined P pools in the dust and source sediments were
determined using the sequential extraction method
(SEDEX)47,48 that was developed for aquatic sediments. This
method was selected for dust17−19,29 because dust deposited to
aquatic ecosystems is incorporated into aquatic sediments
eventually. This method allowed for quantification of five major
operationally defined P pools: (i) water-soluble P, (ii)
exchangeable and reactive Fe-bound P (CDB-P, extracted
with a citrate-dithionite-bicarbonate solution), (iii) authigenic
apatite P (Acet-P, extracted with acetic acid-sodium acetate),
(iv) detrital P (Det-P, extracted with 1 M HCl without ashing),
and (v) organic P (Po). Detailed procedures are provided in SI-
2. The P concentration in each extract was determined using
the standard molybdate blue method49 except for the CDB-P
because the composition of the CDB extracts interferes with
the molybdate blue method. The CDB-P was measured using
inductively coupled plasma atomic emission spectroscopy. Four
dust samples (others did not have enough mass) and all

Figure 1. A satellite image showing the locations where the dust
(yellow circles) and source sediment (white circles) samples were
collected (see Table S2 for the coordinates). The dust sampling sites
are located in the central Rocky Mountains of Colorado, listed as
follows: 1, Rabbit Ears Pass (REP); 2, Willow Creek Pass (WCP); 3,
Berthoud Pass (Berth); 4, Grizzly Peak (GrP); 5, Hoosier Pass (HP);
6, Grand Mesa (GM); 7, McClure Pass (McClP); 8, Independence
Pass (IndP); 9, Park Cone (PC); 10, Swamp Angel (SASP); 11, Spring
Creek Pass (SCP); and 12, Wolf Creek Pass (WoCrP). The dust
source sites are centered in five areas on the Colorado Plateau (white
dashed line): the Uinta Basin, Hanksville area, Chinle Valley, Chuska
Valley, and Little Colorado River (LCR) basin. Map data from Esri,
DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS,
USDA, USGS, AeroGRID, IGN, and the GIS User Community.
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sediment samples were analyzed in duplicate to assess the
reproducibility of the extractions. See SI-2 for more details.
Phosphorus K-Edge XANES Spectroscopy. The spectra

were collected from both the dust and the source sediment
samples at room temperature at the Soft X-ray Micro-
Characterization Beamline (SXRMB) at the Canadian Light
Source, Saskatoon, Canada. The spectra were background
removed, normalized, and then subject to linear combination
fitting (LCF) analysis to determine P speciation. A set of P
reference compounds were used for spectral fitting, including
well-crystallized and poorly crystalline hydroxyl apatite (Ca−
P), phosphate adsorbed on ferrihydrite and goethite (Fe−P),
phosphate adsorbed on kaolinite (Al−P), and phytate (Po).
The preparation procedures of the references are provided in
SI-3. Four or fewer reference spectra were used in the LCF for
each sample. Energy was not allowed to float during the fitting.
The combination of the Ca−P, Fe−P, and Po reference spectra
yielded the best fits for all samples.
To validate the operational definitions of P pools obtained by

SEDEX, we characterized the speciation of P in each pool for
three selected dust samples (REP, GM, and SASP) using
XANES spectroscopy. The P XANES spectra of solid residues
after each extraction step were measured, and the difference
spectra were obtained by subtracting the spectra of the
successive steps.20 The difference spectra were analyzed with
the LCF analysis to determine the P speciation of each pool.
Phosphorus Release Kinetics. The experiment was

performed on the dust samples using synthetic lake water
(SLW) of different pHs. Four representative dust samples
(REP, GM, McClP, and SASP) were selected based on the
XANES-derived P speciation. SLW was made based on the
reported major ion composition (50 μM CaCO3, 20 μM
NaHCO3, 10 μM MgSO4, 3 μM KNO3, 2 μM KCl, and 1 μM
NH4Cl) and pH (5, 6.5, and 7.5) of the alpine lake water in the
Rocky Mountains of Colorado.38−40 The solution was agitated
for 3 days to ensure the chemicals were dissolved completely.
Then the pH was maintained at the target value by adding 0.1
M HCl for 1 day before use for the release experiments, and the
pH changed negligibly during the entire period of experiments.
Eighty mg dust was added to an acid-washed plastic bottle
(Nalgene) containing 1000 mL SLW. The bottle was agitated
in a shaker at room temperature. Aliquots were taken at <10

min (t0), 6 h (t6), 1 d (t24), 3 d (t72), 7 d (t168), 14 d (t336),
and 24 d (t576). For sampling, the bottle was vigorously stirred
on a magnetic stirring plate to homogenize the suspension, and
an aliquot of 140 mL suspension was removed and filtered
through 0.2 μm polypropylene syringe filters for DIP analysis.
The control experiments (no dust addition) were conducted
using the identical procedure in the absence of dust.
Because the solution samples contained an ultra-low level of

DIP, a modified magnesium (Mg) hydroxide co-precipitation
method MAGIC50 was used to determine the DIP concen-
trations. Here, we used high-purity Mg standard in 2% nitric
acid matrix (Inorganic Ventures, 10 000 μg/mL) as the P-free
Mg source. About 1 mM (millimoles per liter) Mg solution was
used, achieving slight supersaturation with respect to Mg(OH)2
pellets, and contributing a negligible amount of DIP (0.0047
nanomole per liter). In brief, 1 mL 45 mM Mg standard
solution was added into 40 mL sample, followed by addition of
0.2 mL 1 M NaOH, capping and shaking, and sitting for 20 min
at room temperature. Then, the precipitate was collected by
centrifugation of 5 min at 2700g. After dissolution of the
precipitate in 0.8 mL 1 M HCl, the solution was analyzed using
the standard molybdate blue method.49 All chemicals used in
these experiments were of trace metal grade. Due to the limited
mass, only the release experiment with dust SASP at pH 6.5 was
repeated to examine the reproducibility of the kinetic
experiments. The detection limit of DIP was 0.01 μM (n =
6) based on three times the standard deviation of the blanks.

■ RESULTS AND DISCUSSION

The total P (TP) concentration is 562−798 μg/g in the dust
and 809 ± 70, 567 ± 46, 471 ± 37, 451 ± 41, and 588 ± 33
μg/g (mean ± standard error) in the Uinta, Hanksville, Chinle,
Chuska, and LCR source sediments (<63 μm) (Figure 2a,
Table S3), respectively. Mineralogy, as well as concentrations of
extracted Fe and Al are listed in Table S2.

Phosphorus Speciation. The P K-edge XANES spectra of
all dust samples except for REP and GM exhibit a strong
shoulder peak at 2155 eV and two post-edge peaks at 2163 and
2169 eV as well (Figure 3b). These spectral features are similar
to those of apatite (Figure 3a), indicating dominance of Ca−P.
The post-edge spectral features of REP and GM are not as
clearly resolved as the dust samples at other sites, but the

Figure 2. (a) The total P concentrations in dust and sediment samples; (b) the relative fraction of each P pool in dust and sediment samples as
determined by SEDEX. The mean RSD for both TP and each pool is 6.5%, based on duplicate analyses. *TP in the source sediments are represented
by means ± standard errors. Standard errors for water-soluble P, Fe−P, Acet-P, Det-P, and Po in sediments are 0.5%, 2.4%, 4.5%, 7.8%, and 3.3%,
respectively.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b04729
Environ. Sci. Technol. 2018, 52, 2658−2667

2660

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b04729/suppl_file/es7b04729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b04729/suppl_file/es7b04729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b04729/suppl_file/es7b04729_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b04729/suppl_file/es7b04729_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b04729


spectra have the pre-edge peaks at 2150 eV, and their white-
lines shift to higher energy relative to apatite. These are the
characteristic features of Fe−P, indicating an important fraction
of Fe−P in REP and GM (Figure 3a, b). Consistently, the LCF
results indicate that REP and GM contain 52.2−55.8% Fe−P,
21−31.6% Ca−P, and 16.2−23.2% Po. The remaining 10 dust
samples contain 40.6−73.9% (mean 57.3%) Ca−P, 14.6−29%
Fe−P (mean 21.3%), and 7.6−32% (mean 21.4%) Po (Figure
3c, Table S3). Previous P K-edge XANES results show that dust
originating from the Saharan desert soils contains 25−95% Ca−
P and 28−60% Fe−P.28,29
The XANES spectra of all sediment samples in the five

source areas closely resemble the apatite spectra, indicating the
dominance of Ca−P (Figure S5). The LCF results show that
the sediments contain mean values of 68−80% Ca−P, 15.4−
24.6% Fe−P, and 4.6−13.3% Po. The P speciation is consistent
with the alkaline sediments and the presence of calcareous
sedimentary rock formations on the Colorado Plateau.51,52

The dust samples contain lower portions of Ca−P and higher
portions of both Po and Fe−P than the source sediments. The
comparison result is the same after excluding Po from the dust
(Figure S6a); hence the accumulation of high levels of Po in the
dust is not the sole reason for the lower Ca−P fractions in the
dust. The difference between the dust and sediments is ascribed
to other unknown P sources of dust or atmospheric and
snowmelt processing that alters P speciation in the dust before
dust collection.
Atmospheric acidification during dust transport can dissolve

apatite, particularly in offshore areas of oceans where mineral
aerosols interact with air masses polluted by anthropogenic SO2

and NOx.
31,32 However, in the present study, the dust travels

much shorter distances (hundreds of kilometers) across the dry
continental region,6 not allowing for significant alteration of P
speciation. Instead, acid processing of dust more likely occurs
during weeks- or months-long snow melting as the snowmelt is
acidic in the Rocky Mountain regions and can dissolve
carbonates51,53 and other alkaline materials (e.g., apatite).

Figure 3. (a) Phosphorus K-edge XANES spectra of the reference compounds, including hydroxyl apatite and poorly crystalline apatite representing
Ca−P, ferrihydrite-, and goethite-adsorbed PO4 representing Fe−P, and phytic acid representing organic P; (b), the linear combination fits (LCF) of
the P spectra for the dust samples; and (c) the relative fractions of each P species in dust and sediment samples as determined by the LCF analysis.
*The source sediments are represented by mean values at each site. The mean relative standard deviation (RSD) of the XANES fitting is 5%.
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The dissolution of apatite might increase the water-soluble P of
dust (Figure 4a), indicated by a negative correlation between
the water-soluble P and Ca−P (Figure 4b). Calcium can also be
leached out of dust, resulting in the lower Ca contents in the
dust than in the sediments (Table S3). Given that the dust
contains abundant Fe oxides (Table S2), P released by
snowmelt acidification may react with Fe oxides within the
dust particles, forming additional Fe−P and hence increasing
the Fe−P fractions in the dust (Figures 3c and S6a), which is
consistent with a strong negative correlation between the Ca−P
and Fe−P fractions (Figure 4c).
The rearrangement of P speciation within dust caused by

acidification in snowmelt could contribute to the exceptionally
high Fe−P fractions (>50%) in REP and GM if the snowmelt at
the two sites are highly acidic. However, the exceptionally high
levels of Fe−P are also likely caused by input of other dust
sources containing abundant Fe−P. For example, wood ash,
produced from biomass burning, is rich in Fe−P (∼68%)18 and
may incorporate into REP and GM.
The higher levels of Po in dust than in the sediments

probably result from mixing with diverse organic materials
during transportation and deposition of mineral dust prior to
collection, including wildfire ash, pollen, microorganisms, and
other forms of windblown plant materials.28,41,54,55 The
different Po concentration among the dust samples suggests

varying amounts of Po input to the dust at different sampling
sites.
Additionally, P speciation may be related to the local

topography of the sites. Dust deposited at high-elevation sites
tends to contain less Po than those at low-elevation sites
(Figure S7a), which is likely attributed to the greater amount of
biomass at low-elevation sites.56 Meanwhile, relatively less Ca−
P with respect to the low-elevation sites (Figure S7c) occurs
probably because the acid processing in snowmelt is enhanced
by high temperature and increased availability of snowmelt at
low elevation. In summary, varying degrees of snowmelt
processing, diverse atmospheric pathways, and varying
unknown material inputs are responsible for the large variations
of P speciation in the dust.

Operationally Defined P Pools. The size of each P
fraction based on SEDEX varies greatly among the dust
samples. The dust-borne P is composed of 11.6−37.7% (mean
29.4%) authigenic P, 0.5−41.7% (mean 25.5%) detrital P,
15.7−61.3% (mean 27.0%) Po, 11.8−21.0% (mean 14.6%) Fe−
P, and 2.0−6.4% (mean 3.4%) water-soluble P (Figure 2b,
Table S3). Consistent with the XANES analysis, dust deposited
at lower elevations contains more Po and probably less
authigenic and detrital P (together as Ca−P) than at higher
elevations (Figure S8). Our dust samples contain much less
detrital P than the coastal aerosols of eastern Asia (53−92%)17

Figure 4. (a) Water-soluble P concentrations of the dust and sediment samples. The upper and lower edges of the boxes depict mean ± standard
errors, the center lines in the boxes indicate the median values, and the asterisks denote the mean values. The lines show the range of the value. The
sample size for the statistical analysis is 12, 7, 5, 8, 5, and 17 for dust, Uinta, Hanksville, Chinle, Chuska, and LCR sediments, respectively. A plot of
XANES-derived Ca−P fraction versus water-soluble P (b), and the XANES-derived Fe−P fractions (c) for the dust samples. The error bars shown in
b and c indicate the standard errors of measurements. Eight of the dust samples were not measured for multiple times to determine error bars for
water-soluble P because of their limited sample mass. The red lines represent linear regressions.

Figure 5. Comparison of Fe−P (a), Ca−P (b), and organic P (c) as determined by SEDEX and P K-edge XANES spectroscopy for all dust and
sediment samples. The SEDEX-determined Ca−P is the sum of the authigenic and detrital P. The gray dashed lines show the 1:1 relationship. The
linear regression (blue lines) is based on all the data points. The data points corresponding to dust REP and GM are labeled as they deviate the most
from the 1:1 line among all dust samples.
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and slightly less authigenic P than the aerosols reaching the
Gulf of Aqaba.18

The source-area sediments show much lower variations
among samples compared to the dust. The apatite P is the
dominant form (68.2−86%), consisting of mean 39.1−47.6%
authigenic P and 29−46.2% detrital P, whereas Fe−P
contributes less than 15%. Organic P only contributes 4−15%
of TP. These source sediments (<63 μm) contain similar
amounts of apatite as the Saharan soils (fine- to medium-
grained sand)29,31 and sands (<63 μm) from the arid regions of
Asia.57,58

The dust contains lower proportions of authigenic and
detrital P, and higher proportions of water-soluble P and Fe−P
than the source sediments (Figures 2b and S6b). Again, the
differences can be ascribed to the acid processing in snowmelt

(Figure S9), as discussed above. Similarly, aerosol samples
above oceans have greater fractions of soluble P than dust-soil
precursors or aerosols collected closer to the dust
source17,18,28,59 due to the acid processing during atmospheric
transport.

Comparison of SEDEX and XANES Spectroscopy. The
SEDEX protocol is commonly used for P fractionation in
aquatic sediments. However, our results indicate that the
operationally defined P fractions are different from the XANES-
derived P speciation. The difference is particularly significant
for dust samples REP, WCP, and GM (Figures 2b and 3c).
Overall, SEDEX underestimates Fe−P for most of the dust and
sediment samples, and no correlation exists between the two
methods (Figure 5a). Despite some agreements for Ca−P and
Po (Figure 5b, c), most data points deviate significantly from

Table 1. XANES LCF-Derived Speciation of P in the Whole Dust, and Extracted by CDB (the Fe−P Pool), Acetate (the
Authigenic P Pool), and HCl (the Inorganic P) for Dust REP, GM, and SASPa

pool TPb (μg/g) Fe−P% Ca−P% Po% Rc TFe-Pd% TCa-Pd% TPo
d%

REP whole dust 798 (8.5) 55.8 (1.3) 21.0 (1.2) 23.2 (1.7) 0.003
Fe−P 212 (1.9) 77.9 (2.1) 17.5 (1.8) 4.6 (2.7) 0.007 37.2 22.2 5.2
authigenic P 92.5 (2.2) 0.4 (2.1) 36.1 (1.8) 63.5 (2.6) 0.011 0.1 20.0 31.7
inorganic P 309 (2.1) 49.1 (1.6) 36.2 (1.3) 14.8 (1.9) 0.005 34.1 66.7 24.7

GM whole dust 558 (1.2) 52.2 (1.0) 31.6 (1.3) 16.2 (2.0) 0.006
Fe−P 89.5 (0) 69.0 (1.4) 23.4 (2.1) 7.6 (2.9) 0.013 21.2 11.9 7.5
authigenic P 170 (1.4) 22.2 (1.1) 63.2 (1.5) 14.6 (2.2) 0.008 13.0 61.1 27.5
inorganic P 439 (0.9) 55.9 (1.1) 35.2 (1.6) 8.9 (2.4) 0.008 84.3 87.8 43.2

SASP whole dust 561 (9) 26.8 (0.8) 65.7 (2.0) 7.6 (2.5) 0.005
Fe−P 83.6 (4.1) 28.9 (1.8) 63.4 (4.5) 7.8 (5.5) 0.024 16.0 14.4 15.3
authigenic P 197 (2.1) 26.7 (1.7) 71.1 (4.3) 2.2 (5.4) 0.018 35.0 37.9 10.4
inorganic P 468 (3.7) 24.4 (0.9) 73.0 (2.2) 2.6 (2.7) 0.005 75.9 92.6 28.3

aStandard errors are given in parentheses. bTotal P. cR-factor = Σi(XANESexperimental − XANESfit)
2/Σi(XANESexperimental)

2. dThe percentage of the P
species in each extractable pool relative to those in the whole dust.

Figure 6. Dissolved inorganic P (DIP) released from dust in synthetic lake water at room temperature. Inset: the DIP concentration over the first 24
h of dissolution. (a) REP, (b) GM, (c) McClP, and (d) SASP. The error bars on SASP at pH 6.5 indicate the standard errors from duplicate
experiments. The RSD of each time point was estimated to be <14% based on the duplicate experiments with dust SASP (d).
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the 1:1 relation line and the difference can be up to 40% of TP
(Figure S10b, c). Although the uncertainty of the XANES LCF
analysis may be as much as 10%,60 such uncertainty cannot
explain the marked difference between XANES and SEDEX
results. The discrepancy is more likely due to a lack of
specificity in the chemical fractionations.20,23

We chose three representative dust samples (REP, GM, and
SASP) that differ in P speciation to further characterize the P
speciation of each extraction pool (Figure S11). The XANES
results show that each pool contains a mixture of P species, and
the species most affected by a given extraction is not necessarily
the one that is initially assumed to be (Table 1). The form of P
removed by the CDB extraction represents the Fe−P pool, but
CDB removes only 16% to 37% of total Fe−P (Table 1),
probably due to the low efficiency of CDB in dissolving
crystalline Fe oxides.61 The HCl pool is assumed as the total
inorganic P in SEDEX, but HCl extracts only 34% - 84% of
total Fe−P, and 67−93% of total Ca−P. The incomplete
dissolution of the inorganic P species (i.e., Ca−P and Fe−P) by
HCl extraction leads to the overestimation of Po since the Po
pool size is the difference between the total P and the HCl-
extracted P.
The P speciation of each pool determined from XANES

spectroscopy also suggests that P bound to the same type of
metals can have distinct reactivity. The HCl extraction removes
only 34% of total Fe−P and 67% of total Ca−P from REP, but
76−84% of total Fe−P and 88−93% of total Ca−P is removed
from GM and SASP (Table 1). Thus, the Ca−P and Fe−P in
REP are more chemically stable than those in GM and SASP.
In summary, the SEDEX results can be misleading for the

dust and sediment samples, and the degree of accuracy depends
on the physicochemical properties of the samples that affect
extraction efficiencies. In contrast, a good agreement between
SEDEX and XANES results is observed for marine sediments,27

suggesting that SEDEX well assesses speciation of P in aquatic
sediments but not in aeolian dust and dryland sediments. The
previously reported SEDEX results on aeolian dust17,18 thus
need to be interpreted cautiously.
Solubility of Dust-Borne P in Synthetic Lake Water.

Under all experimental conditions, the DIP concentration
increases within the first 6−72 h and then decreases during the
next week. It finally remains constant or declines slightly until
the end of the experiments 576 h later (Figure 6).
The decline of the DIP concentration can be attributed to

two different processes: biological uptake and/or resorption
back to dust particles. Low temperature can suppress microbial
growth and metabolism, and accordingly decrease P con-
sumption.62,63 Thus, we examined the DIP release at 4 °C to
test whether biological uptake occurs. We found that the low
temperature results in a lower DIP at the late stage, but it does
not change the increase-decline pattern (Figure S12),
suggesting that biological uptake is not responsible for the
observed remarkable decline of DIP. Thus, the observed DIP
loss is ascribed to its resorption onto dust particles. There is no
decline phase in the P release kinetics in seawater,35,36,64 likely
because resorption of DIP is disfavored in alkaline seawater.
Both dissolution of apatite (Ca−P) and desorption of surface

weakly adsorbed P contribute to P release whereas P sorption
reduces it. The observed DIP kinetics are the net results of the
above three processes. The presence of a maximum in the DIP
concentration suggests that the first two processes are faster
than the resorption. A low pH favors apatite dissolution.65 P
sorption typically decreases with increasing pH due to lower

positive surface charge of particles, and conversely, desorption
is favorable at higher pH.66 Thus, dust with various P speciation
and mineralogy has different release behaviors in response to
pH changes. Dust GM, McClP, and SASP all have higher DIP
at pH 5 (Figure 6b−d) than at higher pHs (6.5 and 7.5),
suggesting that the DIP release is controlled by dissolution of
Ca−P. In contrast, dust REP shows the lowest DIP at pH 5
(Figure 6a), suggesting that P release is dominated by
disfavored desorption of surface-labile P and/or favored
resorption of DIP at low pH. The unique pH dependence of
P release of REP can be ascribed to the much higher content of
poorly crystalline Fe oxides (Table S2) favoring P resorption at
lower pH, and/or the lower solubility of Ca−P in REP than in
GM and SASP (Table 1). In addition, REP has a lower degree

of P saturation (DPSOX =
+

100[P]
[Fe Al]

oxalate

oxalate
)67 (17.2) than GM,

McClP, and SASP (24.4, 31.5, and 25.9, respectively) (Table
S4). DPSOX is a ratio of sorbed P to the P sorption capacity of
dust based on oxalate extraction. The lower DPSOX value
suggests the poorly crystalline Fe oxides in REP are less
saturated with P adsorption or have more available sites for P
adsorption, than those in the other three samples, consistent
with the stronger resorption of P for REP. Thus, DPSOX can be
used as an index to predict the potential of resorption of P back
to the dust particles in lake water.
The solid residue of SASP after a 24-d release experiment at

pH 6.5 was characterized by XANES spectroscopy. The lower
shoulder peak indicates less Ca−P in the residue (Figure S14).
Consistently, the Ca−P fraction decreases from 65.7% to 45.9%
with an accompanying increase of the Fe−P fraction from
26.8% to 42.5% (Table S5). This result indicates resorption of
P released from dissolution of Ca−P onto Fe oxides within the
dust to form additional Fe−P. If the additional Fe−P did not
form, then the dissolution of Ca−P alone would release about
20% (65.7−45.9% ≈ 20%) of TP, contradictory to the observed
2.1% release (Figure S13b). The redistribution of P species
toward higher Fe−P fractions during acidic leaching is expected
because the dust contains abundant Fe oxides (Table S2). This
evidence strongly proves that the decline phase of the P release
kinetics is due to the resorption of P back to the dust particles.
This finding also provides support for the changes of P
speciation in the dust by snowmelt processing prior to dust
collection.
On the basis of per gram of dust particles, the amount of

water-soluble P (16-h extraction) released in SEDEX is close to
that released at the end of the leaching experiments at pH 6.5
and 7.5 but lower than that at pH 5 for GM, McClP, and SASP
(Figure S13a). However, REP shows a lower release of P at
both pH 5 and 7.5 than at pH 6.5 where the release is similar to
the water-soluble P (Figure S13a). This result suggests that
water-soluble P measured using deionized water in SEDEX
cannot correctly assess the short-term availability of dust-borne
P in acidified lakes from the perspectives of both the kinetics
and the quantity of the P release.

Environmental Implications. Mineral dust is a significant
source of P to the oligotrophic lakes of the central Rocky
Mountains that have varying degrees of acidification.39 Most
such dust discussed here was generated from source areas
within the western U.S. and particularly from basins on the
Colorado Plateau on the basis of dust particle sizes, back-
trajectory analyses, and direct observation (SI-1). The
dominant Ca−P in the aeolian dust deposited to the lakes
will be eventually dissolved by the acidic lake water and
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transformed to either soluble P or P associated with Fe and Al
oxides. However, the Ca−P species will likely remain in the
sediments for lakes with circumneutral or alkaline pH.
Therefore, the efficiency of dust deposition as P fertilizer
depends strongly on lake water pH. The ongoing acidification
of the alpine lakes in Colorado68 will further promote
dissolution of apatite and the related release of DIP and
subsequent fixation by Fe and Al oxides as well, over decades or
longer time periods.69,70 However, a recovery from acid-
ification5 can impose opposite effects.
In the short term, water-soluble P is the major source of

bioavailable P from dust after deposition into lakes. On the
basis of the water-soluble portion (11.5−50.9 mg/L) and dust
deposition rates in the southwestern U.S. (average 3.34 g m−2

a−1),7 we can estimate that dust provides 38−170 μg m−2 a−1

DIP to lakes. Such values are likely underestimated for those
lakes that have already been acidified because 1.3−2.7 times
more DIP could be released at pH 5 than the so-called water-
soluble P for most of the dust samples tested (Figure S13a).
The temporal P release within a short-term after deposition is
also critical to P availability. Phytoplankton can quickly
incorporate DIP released from dust because the phosphate
turnover time is 1−5 h in the oligotrophic surface water.71,72

Such biologic uptake is faster than or comparable to our
observed DIP release kinetics (Figure 6). Thus, the impact on
lake ecosystems could be larger than indicated by the water-
soluble P because 2 to 6 times more DIP than water-soluble P
can be released when reaching the maxima (Figure 6).
However, we should be cautious about predicting the effects

of lake acidification on the availability of dust-borne P. The
presence of poorly crystalline Fe (and/or Al) oxides in the dust,
dissolved Al in lake water, and Fe and Al oxides in overlying
sediments all can scavenge more DIP released from enhanced
apatite dissolution at lower pH.5 The Fe and Al oxides in the
dust with low DPSOX may even adsorb and remove the DIP
originally present in the lakes. These processes would, however,
decrease dust-borne P availability in the lakes.73
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