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ABSTRACT: Saharan dust is an important phosphorus (P) supply to ~ Acidification aprch bust oume
remote and oligotrophic parts of the oceans and American lowland Fefaiprich (N SO,) e ’
tropical rainforests. Phosphorus speciation in aeolian dust ultimately
controls the release and bioavailability of P after dust deposition, but the
speciation in Saharan dust and its change during the trans-Atlantic
transport remains unclear. Using P K-edge X-ray absorption near edge
structure (XANES) spectroscopy, we showed that with increasing dust
traveling distance from the Sahara Desert to Cape Verde and to Puerto
Rico, about 570 and 4000 km, respectively, the proportion of Ca-bound
P (Ca-P), including both apatite and non-apatite forms, decreased from
68—73% to 50—71% and to 21—37%. The changes were accompanied by
increased iron/aluminum-bound P proportion from 14—25% to 23—46%
and to 44—73%, correspondingly. Laboratory simulation experiments
suggest that the changes in P speciation can be ascribed to increasing degrees of particle sorting and atmospheric acidification during
dust transport. The presence of relatively soluble non-apatite Ca-P in the Cape Verde dust but not in the Puerto Rico dust is
consistent with the higher P water solubility of the former than the latter. Our findings provide insights into the controls of
atmospheric processes on P speciation, solubility, and stability in Saharan dust.
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1. INTRODUCTION seawater are different. In tropical soils, while labile P may be
more readily available to plants and microorganisms than other
forms, all of the soil P, including mineral-P (e.g., apatite), is
eventually released through biotic or abiotic processes.'”"* By
contrast, in the ocean, only labile P (i.e., primarily the soluble P
in alkaline seawater) is available for phytoplankton uptake,
while nonlabile P drops through the euphotic zone and gets
buried in sediments.'* A fraction of the labile dust-borne P
compounds is formed at the source and is immediately
available while the initially refractory mineral-P, such as apatite,
may become partially available as a result of atmospheric
acidification during dust transport.'>'® The solubility and fate
of dust-borne P after deposition are ultimately controlled by its
chemical forms or speciation. While much information has
been gained about the P speciation in the Saharan dust
collected within or near the Sahara Desert,'”"® its changes and
underlying mechanisms during the long-range trans-Atlantic

The offshore oligotrophic oceans and lowland tropical
rainforests rely heavily on atmospheric deposition of long-
range transported mineral dust as a major external supply of
phosphorus (P)."”> Mineral dust-borne P increases phyto-
plankton growth and (together with iron) nitrogen fixation
rates in oceanic regions’ and partially sustains tropical
rainforests and other ecosystems with low weathering-derived
nutrient input.*"® Consequently, the dust-borne P supply
affects the primary productivity of terrestrial and marine
ecosystems and the global carbon cycle.”

The Sahara Desert is the largest and most important global
dust source.® Annually, around 182 million tons of Saharan
mineral dust are carried by the African trade winds.*
Approximately 28 million tons of that amount are deposited
onto the Amazon basin in winter and spring, fertilizing the P-
poor tropical soils* while the remaining amount is deposited
along its transport pathway, providing an important source of
nutrients to the oligotrophic open ocean gyres and the
Caribbean Sea.” The dust generated from the Sahara Desert is
enriched in P because some of the dust source soils overlie
sedimentary phosphorite bedrock or inherit sediments from
the dry lake beds containing P-rich materials.'”"" The fate and
availability of dust-borne P in P-depleted tropical soils and
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Figure 1. Dust samples were collected at Cape Verde and Puerto Rico, located ~570 and ~4000 km, respectively, downwind from the African west
coast. Potential source soils were collected at different locations (SAHI—SAHS) of the Sahara Desert. The background picture is adopted from

OpenStreetMap.

transport remain poorly understood. This information is
critical to our understanding of the solubility, stability, and
thus the bioavailability of dust-borne P. In turn, it provides
insights into the effectiveness of dust inputs in supplying
bioavailable P to remote and oligotrophic parts of the oceans
and to the P-poor tropical rainforests of the Americas.

The speciation of P has been reported only for local and
short-range transported African dusts.'”"” In the dust collected
from the Bodéle Depression within the Sahara Desert, both
calcium-bound P (Ca-P) and Fe-bound P (Fe-P) were
important species,’” and the dust had a relatively low P
water solubility (2—4% of the total P). In contrast, the aeolian
dust collected above the Mediterranean Sea, adjacent to the
north border of Africa, contained mainly Ca-P in some samples
but dominantly organic P (P,,,) and Fe- and/or Al-bound P
(Fe/Al-P) in others due to the mixing of Saharan dust rich in
Ca-P with European dust of anthropogenic sources to various
degrees.'” The P solubility of the North African aerosols was
15.5 + 14.1% of the total P on average, much lower than that
of the European aerosols (54.0 + 5.6%)."” Due to the short
travel distances of the Saharan dust reported previously,'”"
their results on P speciation may not be applicable to the long-
range transported dust from the Sahara Desert to the
Caribbean Sea and American tropical rainforests. The trans-
Atlantic dust travels across a distance of at least 4000 km. The
travel takes about a week (5—6 days),””*' presumably allowing
for a high degree of atmospheric acidic processing, particle
sorting, and physical mixing with other dust sources, which
may strongly alter P speciation and solubility.**

The P speciation in dust can be altered via interaction with
acids in clouds and aerosols™”** produced by acidic precursors
from anthropogenic sources, e.g, NO, and SO,** In such
acidic environments, reaction with acids lowers the pH and can
substantially alter the mineralogy, geochemistry, and solubility
of nutrients (e.g, Fe and P) in the dust.'®**7*” The Saharan
dust deposited in Bermuda, about 5000 km from the western
edge of Africa, underwent substantial atmospheric acidification,
increasing the iron solubility and contents of ferrous iron,”®
although minimal chemical processing was suggested by
unchanged hygroscopic properties of Saharan dust deposited
in Puerto Rico.”” Laboratory studies simulated atmospheric

acidification using cycles of alternate pH 5 and pH 2 to
represent pH conditions of clouds and aerosols, respec-
tively.”>~*”*° Upon acidification, both P and Fe compounds in
the dust can be partially dissolved,'®**™*"*° increasing their
solubility,”” and reactive Fe minerals, such as ferrihydrite, were
also produced.”>*” The dissolution of apatite in aeolian dust
increased with increasing acidity, even before the complete
consumption of carbonates by acids.'® Similarly, a portion of
Ca-P in aeolian dust deposited in the Rocky Mountain region
was dissolved in synthetic alpine lake water of pH S and some
of the released P resorbed back onto Fe oxides within the dust,
leading to increased Fe-P.*!

Dust particle sorting is another potential atmospheric
process to affect P speciation and solubility during dust
transport. Due to different gravitational settling velocities of
particles in the atmosphere, the size of dust particles decreases
with increasing transport distance.*”** Phosphorus speciation
in dust particles varies with particle size. The P in the fine size
fraction is dominated by Fe/Al-P, while the coarse fraction
contains more Ca-P because Fe and Al oxides and
phyllosilicates accumulate in the fine fraction.>* The finer
soil particles also have higher P contents and sorption
capacities than the coarser ones due to larger specific surface
areas and higher abundance of metal oxides.>*® Moreover,
mixing with other sources, including sea salt aerosols, biomass-
burning particles, anthropogenic aerosols, volcanic ash,
etc.'”””?® during Saharan mineral dust transport can alter
the dust-borne P speciation as well.

In the present study, we determined P speciation in the
Saharan dust and potential dust source soils using P K-edge X-
ray absorption near edge structure (XANES) spectroscopy and
assessed the role of atmospheric acidification and particle
sorting in altering P speciation during long-term trans-Atlantic
dust transport. The dust samples were collected in different
dust events at either Puerto Rico or Cape Verde Island on the
east to west Atlantic transect. Although Cape Verde and
Puerto Rico are not on the same dust transport pathway, they
can provide insights into changes in P speciation and dust
mineralogy with increasing distance from the dust source.
Phosphorus speciation in bulk versus the fine fraction of the
Saharan soils and the dust treated with simulated atmospheric
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acidification were characterized to evaluate how particle sorting
and atmospheric acidification would alter P speciation during
the dust transport. Furthermore, we explored the relationship
between the determined P speciation and P water solubility of
the dust samples.

2. MATERIALS AND METHODS

2.1. Dust and Soil Sampling. Aeolian dust samples were
collected during major Saharan dust events by active samplers
equipped with a particulate matter (PM,) size cutoff device in
Cape Verde archipelago and in Puerto Rico, operating with a
flow rate of 1.13 m® min™.'** Twelve and six dust samples
were collected in Cape Verde and Puerto Rico, respectively,
and used in the present study. The specific sampling dates,
sampler, and filter types are listed in Table S1. Both sampling
sites were on the trans-Atlantic Saharan dust transport
pathway, located ~570 and ~4000 km away from the west
coast of Africa, respectively (Figure 1). In Cape Verde, dust
samples were collected using a high-volume air sampler at the
former airport of Praia (14.92°N, 23.48°W; altitude 98 m). In
Puerto Rico, five dust samples (PR1—PRS) were collected
using a high-volume air sampler in the nature reserve of
Cabezas de San Juan (18.38107°N 65.61775°W, altitude 67
m), specifically in the Cape San Juan Atmospheric Observatory
at the northeastern tip of the island. This site had a good
exposure to the easterly trade winds, which transport Saharan
dust. The sample PR6 was collected using stacked-filter units at
the University of Puerto Rico in San Juan during a Saharan
dust incursion. The Cape Verde dust samples were collected
during the winter of 2011 and the Puerto Rico dust samples in
the summer of 201S. The different dust collection seasons at
the two locations were due to the fact that the Saharan dust
reaches Cape Verde only during winter and Puerto Rico only
during summer.>**® The two locations, together with the
Sahara Desert, form a long-range dust transport pathway
although the dust samples were not produced from the same
dust plumes and events. After collection, the filters loaded with
dust were air-dried prior to all of the analyses. The collection
of the dust samples during major Saharan dust events was to
minimize potential contributions from local dust sources. The
origin of the dust samples from the Sahara Desert was
confirmed by satellite observation and back-trajectory analyses
in previous studies.'®” More details about the dust collection
and other dust characteristics, including total elemental
composition, were reported in those studies as well."**’

In addition to the dust samples, surface soil samples (top 1
cm) were collected at various locations from four out of six
major trans-Atlantic Saharan dust source areas in the Sahara
Desert (SAH1—-SAH4) (Figure 1).*! Also, a dust sample that
had traveled a relatively short distance away from northern
Africa was collected in Jerusalem, Israel (SAHS). This dust
sample was regarded as a soil sample, given the fact that its
properties were similar to those of the northern Saharan
surface soils.* Other potential dust source areas in the Sahara
Desert were difficult to access due to logistic challenges. The
details about the soil collection are provided elsewhere'® with
the sampling locations in Table S2.

2.2. Fine Soil Fraction Separation. Phosphorus speci-
ation in the fine soil fractions versus the bulk soil was
determined to evaluate the particle sorting effect on P
speciation. The fine soil fraction (<10 pm) was separated
using the pipette method.** Specifically, 0.2 g of each soil was
mixed with deionized (DI) water of pH 6.5 in a S0-mL

volumetric flask. The suspension was settled for 20 min when
the top 10 cm depth of the suspension was transferred to a
clean tube. The suspension was filtered through a 0.2-ym P-
free membrane filter, and the particles collected on the filter
were air-dried for P K-edge XANES analyses. The P
concentration in the solution was measured by the molybdate
blue method using a UV—vis spectrophotometer (UV-1600PC,
VWR) at a wavelength of 882 nm to estimate the soluble P loss
to the solution during the size separation.*’

2.3. X-ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM). All soil (both bulk and fine fraction) and
dust samples were characterized using synchrotron-based XRD
(SR-XRD) at beamlines 17-BM-B or 11-ID-B using X-rays of
0.4359 or 0.2125 A at the Advanced Photon Source, Argonne
National Laboratory, to identify mineral phase changes during
dust transport. The diffraction data were background removed
and converted to 26 with Cu Ka radiation (1 = 1.5406 A) for
phase identification using MDI Jade 6.0 (Livermore, CA).
Changes in sizes and morphology of dust particles were
characterized using SEM. The SEM images could also indicate
whether biomass-burning particles were present in the dust
samples.’® Details on SR-XRD and SEM characterization
techniques are provided in Text S1.

2.4. Atmospheric Acidification Processing Simula-
tion. The acidification experiments were performed on two
selected Cape Verde dust samples (CV098 and CV13$) to
evaluate P speciation changes during atmospheric acidification,
following a protocol used in previous studies.”>~>”*° Due to
the short traveling distance, the Cape Verde dust represented
the Saharan dust during the early stage of the transport. The
simulation was conducted in 10 days, including 10 continuous
cycles, and each cycle consisted of two 12 h incubations at pH
S and pH 2, respectively, representing cloud droplet and
aerosol conditions.”””” Five pieces of dust-loaded quartz
membrane filters (each piece was cut in a round shape of 1/4
in. in diameter) of CV098 or CV135 were transferred to 1 L of
pH S deionized (DI) water. The solution was continuously
stirred on a stirrer plate at a slow speed (150 round min~").
The solution pH, measured by a pH meter, was maintained at
the target pH by adding either H,SO, or NH,OH during each
incubation. Solid residues and solution samples were collected
only at pH S after 1.5, 3.5, 5.5, and 10 pH cycles. More details
in the setup of the simulation experiments are provided in Text
S2 and Figure S1. The treated dust membranes were then air-
dried and used for the XANES analysis. Another similar
experiment with dust sample CV098 was conducted by
incubating the dust at pH S or 2 for 12 h to examine the
impact of pH on the residual P speciation. The concentration
of dissolved P was measured using inductively coupled plasma
mass spectrometry (iCAP RQ ICP-MS, Thermo Scientific).

2.5. Phosphorus K-Edge XANES Spectroscopy.
XANES spectroscopy was used to determine P speciation in
all source soils, fine fractions of the source soils, and Puerto
Rico dust samples, while 6 out of 12 Cape Verde dust samples
were chosen for the measurement due to a limited amount of
beamtime. With a linear combination fitting (LCF) analysis,
XANES spectroscopy was used to identify and quantify solid P
species of three main categories, Ca-P, Fe/Al-P, and organic P
(Porg).31’44’45 The spectra were collected at Soft X-ray
Microcharacterization Beamline, Canadian Light Source,
Saskatoon, Canada. The peak maximum of the first derivative
spectrum of AIPO,, (berlinite) was set at 2152.9 eV to calibrate
the beamline energy. The spectra were recorded between 2110
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Figure 2. Phosphorus K-edge XANES spectra and their linear combination fits for (a) Saharan bulk soils, (b) Saharan fine soil fractions, (c) Cape
Verde dust, and (d) Puerto Rico dust. The vertical lines indicate the white line position and spectral features to assist in the visual identification of

the differences among samples.

and 2210 eV with a step size of 2 eV in the pre-edge range
(2110—2140 eV), 0.15 eV at the edge (2140—2175 eV), and
0.75 eV in the post-edge region (2175—2210 eV). All samples
were scanned twice and averaged to improve the signal-to-
noise ratio. To determine P speciation, the XANES spectra
were background removed and normalized prior to the LCF
analysis with a pool of P reference spectra. The set of
references included well-crystallized hydroxyapatite and poorly
crystalline apatite as well as Ca(H,PO,),-H,O, representing
two major groups of Ca-P species (ie. apatite Ca-P and
nonapatite Ca-P) of different solubility; a combination of
PO,*" adsorbed kaolinite or amorphous Al hydroxide at pH
5.5 to represent Al-P; a combination of PO,’” adsorbed on
goethite at pH S and amorphous FePO, to represent Fe-P; and
sodium phytate, B-glycerophosphate disodium hydrate, and
sodium phytate absorbed on ferrihydrite, together representing
P The standards with high P concentrations were measured
in the total electron yield mode to avoid self-absorption. Our
previous studies showed that the reference pool can well
represent major P species present in aeolian dust and dryland
soils.””* In the present study, Ca(H,PO,),-H,0O was used to
represent nonapatite Ca-P species to determine how the Ca-P
pool in the dust was altered with respect to apatite. The
nonapatite Ca-P is supposed to have a higher solubility and be
more readily available compared to apatite Ca-P. While the
XANES-LCF analysis generally has a considerable amount of
uncertainty in differentiating individual Ca-P species, the
spectra of Ca(H,PO,),-H,0O and apatite differed greatly from
each other (Figure S2). As a rule of thumb, the detection limit
of the LCF analysis is ~10%. More details on the XANES data
collection and analyses are provided in Text S3.

2.6. Determination of Organic P Contributions. The
proportions of P, in both Puerto Rico and Cape Verde dust
samples were also determined using the ashing method,*®
which were compared to the XANES results that can have
relatively large uncertainties in quantifying P,,. Details on the
measurement are presented in Text S4. Unfortunately, there
were not enough materials remaining from the six Cape Verde
dust samples after the XANES analysis; so, the chemical
extraction was performed on the other six Cape Verde dust
samples collected at the same location during the same time
periods (Table S1). The two sets of Cape Verde samples
presumably had similar P speciation and concentration.

12697

3. RESULTS AND DISCUSSION
3.1. Mineralogy and Morphology of the Dust and Soil

Samples. Substantial differences were observed in the mineral
composition and morphology among the dust samples and the
potential dust source soils. The SR-XRD data show that the
major mineral phases in the bulk source soils were quartz,
calcite, and dolomite, with a small amount of kaolinite and
muscovite (Figure S3a), consistent with the findings of
Formenti et al."” These mineral phases were also present in
the fine fraction soils (<10 ym, Figure S3b) and the Cape
Verde dust (Figure S3c), although their relative proportions
were different between the two sets of samples. The fine
fraction of neither SAH2 nor SAH3 soils had enough materials
to collect good quality XRD data. Minor amounts of halite
(NaCl) were detected in the Cape Verde dust, suggesting the
mixing of the Saharan dust with sea salt aerosols during dust
transport and collection (Figure S3c). In contrast, halite was
the dominant mineral in the Puerto Rico dust samples, and
small amounts of quartz were also detected (Figure S3d).
More importantly, no carbonates were detected by XRD (with
~0.5% detection limit) in the Puerto Rico dust (Figure S3d).
The presence of halite in the dust samples but not in the soils
and its increase from Cape Verde to Puerto Rico dust indicated
an increased contribution of sea salt aerosols during dust
transport.””*®* The decreased quartz content from the Cape
Verde dust to the Puerto Rico dust can be ascribed to particle
sorting due to the large particle size and high density of
quartz,*”*" while both particle sorting and atmospheric
acidification that dissolves carbonates could contribute to the
decline of carbonates.”"

The shape and size of the dust particles differ greatly
between the Cape Verde and Puerto Rico dust samples and
between the dust and the fine fractions of the source soils as
well (Figures S4 and SS). The fine soil fractions and the Cape
Verde dust contained mainly sharp-edged aggregates with a
large range of particle sizes, whereas the Puerto Rico dust was
dominated by smaller size and size ranges of aggregates with a
more rounded shape (Figure SS), consistent with the particle
sorting effects.’” Dissolution of calcite by acidic gases during
the dust transport may also contribute to the genesis of the
spherical particles.”

The Saharan soil sample (SAH4) from Bodélé depression
contained abundant diatoms, consistent with its origin from

https://doi.org/10.1021/acs.est.1c01573
Environ. Sci. Technol. 2021, 55, 12694—12703


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01573/suppl_file/es1c01573_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01573?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c01573?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

[ Apatite Ca-P [___| Non-apatite Ca-P [l Fe/Al-P [ Porg

(@) (b)
100 - 100
e e
S 801 S
) Y
2 60 2 60
s 3
= =
[} Y
£ 40 £ 40
- &
20 - 20
0-.—¢NMV‘C 28&2&3 —'Ngv&\o 0 =T
EEEEE §§§;;; :‘fﬁmﬁmﬁ EEEEE
nwununwnw 00000 nwnnunwn

©

100

~80

i S

N

. | I %60

] £

g

sa S 40

-

&~

20

0
Yoo ny S g3I 0 =% g% 8 " a-
sSEC0f EEEEEE Eg Bp Bf Ef g
000000 v = "’E "’E Wg VJE

Figure 3. XANES-derived relative proportion of each P species over the total P (a) and the inorganic P pool (b). A comparison between bulk and
fine fractions of Saharan soils (c). Fe/Al-P is the sum of Fe-P and Al-P. The standard deviations of the data are derived from the LCF analysis. "f"

refers to the fine soil fraction (<10 um).

paleolake sediments (Figure S4). However, diatoms were not
observed in any dust samples, suggesting that either the dust
from the Bodélé depression did not contribute greatly to the
dust samples used in our study, or there was a preferential loss
of diatom frustules due to their different size, shape, and/or
density. Our results are consistent with the PO,-"*O isotopic
evidence from Gross et al.'” and satellite observation in Yu et
al.>* but disagree with those in Koren et al,,>> which suggested
the dominant role of Bodélé depression for dust supply to the
Amazon basin.

Biomass burning can be another important source of
atmospheric particles in addition to surface desert soils.
Phosphorus in biomass-burning aerosols is often highly soluble
and has been found to be a major fraction within some Saharan
dust events."”** For example, a recent study showed a
considerable proportion of biomass-burning materials present
in the atmospheric particles sampled during Saharan dust
storms transported from Africa to the Amazon Basin and
Tropical Atlantic Ocean during spring.”® However, only a small
amount of biomass-burning particles characterized by their
porous structure were observed in two of the 12 dust samples
examined in the present study (CV13S and PRS, Figure SS).
The result indicated that biomass burning was not an
important source of particulate-P in our dust samples. The
discrepancy in composition between the Puerto Rico dust in
the present study and the dust studied by Barkley et al.*® is
probably caused more by temporal variations in the intensity of
the wildfires in Africa than sampling locations.

3.2. Phosphorus Speciation. Phosphorus speciation
changed substantially from the bulk dust source soils to the
Cape Verde dust and to the Puerto Rico dust. The bulk and
the fine fraction of the soils and Cape Verde dust all exhibited
a strong shoulder peak at 2155 eV and two post-edge features
at 2164 and 2169 eV in their P K-edge XANES spectra (Figure
2a—c), indicating the dominance of Ca-P species. The
dominance of Ca-P reflects the alkaline condition of the dust
generated from desert soils.”® Compared to the fine fractions
of the soils and the Cape Verde dust, the Puerto Rico dust had
much weaker Ca-P spectral features, indicating less Ca-P and
more Fe/Al-P in the Puerto Rico dust (Figure 3c). From the
bulk soils to the Cape Verde dust and then to the Puerto Rico
dust, in the same order of increasing dust traveling distance,
the Ca-P proportion (apatite + nonapatite Ca-P) decreased
from 68—73% to 50—71% and to 21—37%, while the Fe/Al-P
proportion increased from 14—25% to 23—46% and then to

12698

44-73% (Figure 3a). A similar trend was observed for the
proportions of Ca-P and Fe/Al-P over total inorganic P (ie,
excluding the P, contributions, as shown in Figure 3b).

Nonapatite Ca-P, represented by Ca(H,PO,),-H,O in the
XANES-LCF analysis, was detected primarily in the Cape
Verde dust, up to 18% (Figure 3a). Various Ca-P species could
be present in the dust, and it is challenging to differentiate
them using P K-edge XANES spectroscopy. However, the
presence of nonapatite Ca-P in the Cape Verde dust but not in
the source soils suggests that part of the apatite is transformed
to Ca phosphate minerals of low Ca/P ratios or phosphate
adsorbed onto Ca-bearing mineral surfaces (e.g, calcite)
during the relatively short-distance transport from Sahara to
Cape Verde. However, both nonapatite and apatite Ca-P
fractions of the Puerto Rico dust are lower than those of the
Cape Verde dust, suggesting that the Ca-P species was lost or
transformed to Fe/Al-P en route to Puerto Rico.

The XANES analysis detects organic P in the soil and dust
samples with the proportion ranging from 2 to 17% in the
source soils, 4 to 11% in the Cape Verde dust, and 6 to 27% in
the Puerto Rico dust (Figure 3a). The organic P concen-
trations measured by chemical extraction (Table S3) are within
the 10% uncertainty of the XANES-LCF analysis, indicating
that our XANES results are reliable. The higher P,
concentration of the Puerto Rico dust than that of the Cape
Verde dust suggests a higher degree of physical mixing with
P, -rich aerosols of other natural or anthropogenic sources
during dust transport and deposition. However, the contribu-
tions of those sources to P, in the Puerto Rico dust are lower
than those in the dust collected above the Mediterranean Sea'®
and Panama during drying season, which had much higher P,
concentration.> High organic P concentrations were also
observed in the aerosols that were collected at mountainous
sites and had a high contribution of biogenic P.>’

The Cape Verde dust samples were collected in winter but
the Puerto Rico dust in summer, which could potentially have
contributed to the observed difference in P speciation. During
summer, Saharan dust mainly originates from the northwest
and central-west parts of the Sahara Desert, while in winter,
dust source areas tend to be from the border of the Sahel
activated by Harmattan winds.’®*®" However, neither the bulk
nor the fine fractions of the dust source soils collected from
different regions showed substantial systematic differences in P
speciation. Thus, dust collection in different seasons was
unlikely to be the major reason for the different P speciation.
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Mixture with other dust sources during Saharan dust transport
may also affect the P speciation. However, volcanic activity and
marine aerosols were reported to account for <10% of total
dust-borne P.°*®* Our SEM results showed that biomass
burning was not an important dust source. The dominant
processes leading to the observed changes in the P speciation
during dust transport are likely particle sorting and
atmospheric acidification, as discussed below.

3.3. Effects of Particle Sorting on P Speciation. To
evaluate particle sorting effects on P speciation, the P
speciation of the bulk and fine fractions of the Saharan source
soils were compared. The actual sizes of the separated fine soil
particles were confirmed with SEM to be smaller than 10 ym
(Figure S4), except for soil sample SAH4. The fine fraction of
SAH4 had some larger particles of diatoms (10—1S ym) that
probably had a lower density than soil particles of similar sizes
and did not settle down efliciently during the size separation
using the pipette method (Figure S4). The P K-edge XANES
spectra of the fine fraction soils had a weaker shoulder peak
and less pronounced post-edge features than the spectra of the
bulk soils, suggesting less Ca-P and more Fe/Al-P in the fine
fractions (Figure S2). Consistently, Ca-P accounted for 68—
73% of total P in the bulk soil but only 54—59% in the fine
fractions (Figure 3c and Table S4). Low P, in the fine soils is
consistent with that of Liu et al,,** showing that soil colloids
(<1 pm soil fraction) contain much less P, than bulk soils.
Note that the size separation process resulted in minimal P
dissolution (0.04—0.38%) (Figure S6) and thus was not
expected to much affect the P speciation in the fine soil
fraction. The observed effects of particle sorting on P
speciation suggest that a longer dust transport distance can
lead to decreased Ca-P and increased Fe/Al-P proportions in
the dust because dust particles are increasingly smaller, while
larger particles rich in Ca-P are lost during the transport.
Nonapatite Ca-P can be associated with coarse particles and
preferentially lost because it may be adsorbed on pedogenic
carbonate minerals that form coatings around coarse primary
particles.”* Thus, particle sorting can contribute to the
observed difference in P speciation between the Cape Verde
and Puerto Rico dust.

3.4. Effects of Atmospheric Acidification on P
Speciation. Atmospheric acidification can further affect P
speciation in the dust.'>'® The solid residues were collected
from the simulated acidification experiments after 1.5, 3.5, S.5,
and 10 pH cycles to examine the change of P speciation during
the acidification of the two Cape Verde dust samples (CV098
and CV135). After 1.5 pH cycles, the strong Ca-P spectral
features in the initial sample diminished, and the spectra were
dominated by the Fe/Al-P features (Figures 4b and S7b).
Specifically, the apatite-P percentage in CV098 and CV135
decreased from S0 and 44% to around 10%, while Fe/Al-P
increased to 92 and 84% of the total P, respectively (Figures 4c
and S7c). Non-apatite Ca-P in the dust sample (CV135)
disappeared after the acidification treatment, indicating that it
was dissolved and released into the solution (Figures 4c and
S8). The concentration of dissolved P increased with
increasing time of acidification but remained low (Figure S8)
due to the high solution to solid ratio and potential re-
adsorption of solubilized P back to Fe/Al minerals in the
dust.>! In addition, a high degree of acidification of the Puerto
Rico dust may partially dissolve and convert crystalline Fe and
Al-bearing minerals (oxides and phyllosilicates) into poorly
crystalline ferrihydrite and dissolved Fe(III) and its aluminum
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Figure 4. pH cycle of the simulated atmospheric acidification
experiments under laboratory conditions (a), in which “a” refers to
“aerosol condition,” “c” to “cloud droplet condition,” and red stars
indicate when the solid samples were collected. Note that in the last
pH cycle, the pH was adjusted to S before the dust residue collection.
Phosphorus K-edge XANES spectra of the dust sample CV098 before

and after acidification (b) and its XANES-derived P speciation (c).

equivalents,” which are very reactive and strongly adsorb
p. 286566 Phosphate may also form Fe(III) or AI(III)
phosphate precipitates with the reactive Fe(III) and AI(III),
as identified by Fe K-edge XANES spectroscopy in the Saharan
dust deposited to Bermuda, which has a similar distance to
Africa as Puerto Rico.”® The fact that apatite is still present in
the Puerto Rico dust, accounting for 21%—34% of the total P
pool after potentially strong acidification, can be due to a lack
of thorouégh internal mixing of dust particles in clouds and
aerosols.'® Alternatively, the dust experienced weak atmos-
pheric acidification before arriving in Puerto Rico, as discussed
below. Due to the shorter traveling distance, the Cape Verde
dust may experience limited acidification, which, however, can
be strong enough to convert some apatite to non-apatite Ca-P.

While the simulated acidification experiments suggest that
atmospheric acidification can strongly affect P speciation in the
dust, the simulation may overestimate the degree of the
alteration occurring during dust transport. That atmospheric
acidification, if it occurred, had not dissolved all apatite is in
contrast to the negligible amount of Ca-P remaining after the
acidification treatment with the alternate pH 2 and pH §
treatment (Figure 4). The strong decrease of Ca-P in the
acidification experiments was caused mainly by the use of pH 2
solution, as indicated by the fact that the acidification of
CV098 for 12 h at pH 5 decreased the Ca-P proportion from
50 to 37% but to 7% at pH 2 (Figure S9). Thus, a weaker
acidic solution (e.g, pH S) than pH 2 may need to be used to
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simulate acidification under laboratory conditions. In fact,
Stockdale et al.'® used a series of increasingly acidic solutions
but with their H ion activity less than that of pH 2 solution to
simulate atmospheric acidification of dust, and found that
more P was released from dust with increasing H' ion activity
until the acid-reactive P-bearing mineral pool in the dust was
depleted.

3.5. Linking P Speciation to Solubility. The P solubility
of the dust samples used in the present study was measured by
extraction with doubly deionized water plus anion exchange
resin membranes as in our previous studies.'®*” The Cape
Verde dust samples (0.4—2.3 mg P ¢! dust) had much higher
P solubility than not only the source soils (0.003—0.11 mg P
g~! soil) but also the Puerto Rico dust (0.08 + 0.02 mg P g~
dust).'”'®** The high P solubility of the Cape Verde dust is
consistent with the presence of significant non-apatite Ca-P,
which is presumably more soluble than apatite but is negligible
in the source soils and the Puerto Rico dust. Our results are in
contrast to the previous report in which long-range transported
dust is supposed to have higher P solubility than the short-
range transported dust due to increased acidification, as
demonstrated in Baker et al.,** despite NaHCO, solution (pH
7.2) being used for the extraction. It is likely that the non-
apatite Ca-P compounds in our Cape Verde dust samples
produced by limited acidification in the early transport stage
were lost later through particle sorting during the transport en
route to Puerto Rico. That is, atmospheric acidification may
couple with particle sorting to affect P solubility in the dust.
Another potential reason for the high P solubility of the Cape
Verde dust is that the dust may contain particles derived from
anthropogenic sources that have much higher P solubility than
the dust of desert-type events.®”

4. ENVIRONMENTAL IMPLICATIONS

Phosphorus speciation in aeolian dust ultimately controls P
solubility and its fate after the deposition of the dust. Our
study has characterized the changes of dust-borne P speciation
during a long-range dust transport across the Atlantic Ocean
using XANES spectroscopy. With increasing dust traveling
distance, more Fe/Al-P and less Ca-P are present in the dust,
likely due to the increasing degree of particle sorting and
atmospheric acidification. Despite the long-range transport,
some Puerto Rico dust still contained considerable amounts of
apatite-P (~30%) that is essentially not bioavailable in the
euphotic zone of the oligotrophic Caribbean Sea. On the other
hand, the abundant Fe/Al-P in the dust is unstable, and some
of them could release into the alkaline seawater or be
solubilized by marine phytoplankton. While terrestrial plants
can absorb P of different forms with various strategies,le"68 the
P composition in the dust affects the ease and rate of the P
uptake by plants in the tropical rainforests. The apatite in the
dust received by the ecosystem may readily dissolve and
become available to plants and microorganisms in the acidic
tropical rainforest soils (pH 4.2—4.9),°77° although the
dissolution may take a while. In fact, a recent study discovered
apatite grains, some of which were likely derived from African
dust, in acidic, highly weathered Hawaiian soils.”" Further
research is warranted on the potential coupling between
atmospheric acidification and particle sorting to affect the
speciation and the solubility of dust-borne P.
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