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Phosphorus (P) in aerosols can originate from multiple sources (mineral dust, biomass burning, fuel
emissions) and can be associated with multiple phases including various minerals, organic matter and P
adsorbed on particle surfaces. These associations will greatly impact the solubility of P in an aerosol sample
and thus determine the bioavailability of P from atmospheric deposition to oceanic ecosystems. Here we use
a sequential leaching extraction to determine the distribution of P within different operationally defined
fractions in aerosol samples reaching the Gulf of Aqaba from different air mass trajectories and at different
seasons. We found that on average 40% of the P in aerosols is associated with the “authigenic” fraction
(soluble in acetic acid) which is unlikely to dissolve in seawater and become bioavailable. Another 15% is
associated with each the HCl-“detrital” and insoluble organic matter components that are also not readily
bioavailable. Only 15–30% of P is associated with phases that are water soluble or that are relatively soluble
oxide phases that may be bioavailable for organisms. We did not find a consistent relationship between the
distribution of P in the various phases and air-mass back trajectory or season but a distinct and strong
positive correlation was observed between metals associated with anthropogenic sources such as Zn and Ni
and the extractable water soluble P fraction. This suggests that anthropogenic P sources are more soluble and
bioavailable than mineral sources even though most of the P in aerosols in this region is in the mineral phase.
These results have implications for determining how changes in atmospheric input of P to the ocean related
to urban development and anthropogenic (wood and fuel burning) activities may impact marine ecosystems.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Phosphorus (P) plays a critical role in all living systems
(e.g., Westheimer, 1987). Unlike nitrogen (N), which can be retrieved
from the abundant atmospheric pool and fixed in bioavailable forms
for organisms, the predominant source of P to the ocean is low
temperature weathering from the continents (e.g., Froelich et al.,
1982; Delaney, 1998; Paytan and McLaughlin, 2007). In portions
of the ocean and in many lakes, P is biolimiting on seasonal,
(e.g., Sanudo-Wilhelmy et al., 2001; Mackey et al., 2007; Moutin
et al., 2008) and geological time-scales (e.g., Tyrell, 1999). In such
systems, atmospheric deposition of aerosols may provide additional
nutrients. Many studies have been conducted on the distribution,
abundance, and availability of N in aerosols because of the role of N
species as both green house gas and acid rain components. Relatively
little has been done to explore either the abundance or the bioavail-
ability of aerosol P.

Aerosols include both natural components such as mineral dust
and anthropogenic components such as bio-burning and diesel fuel
by-products. Aerosols from industrialized and urban areas such as
Western and Eastern Europe are dominated by anthropogenic sources
ll rights reserved.
while dust storms from the Sahara or other deserts are enriched in
mineral particles (e.g., Ridame and Guieu, 2002; Legrand and
Puxbaum, 2007; Pio et al., 2007; Puxbaum et al., 2007). Although
published data is limited, anthropogenic aerosol P concentrations for
urban particulates and diesel fuel standards (SRM 1648 and
SRM 1650) have high levels of total P (250 μmol g−1 aerosol and
24 μmol g−1 aerosol, respectively, (Chutke et al., 1994; Huggins et al.,
2000). Ash from agricultural and residential burning is also high in
P (e.g., 550 mmol g−1, Sander and Andrén, 1997). Small aerosols from
forest and grass burning are up to 100 times more enriched with
P relative to ash due to pyro-phosphate formation as hydrochloric acid
interacts with small organic molecules (Chester et al., 1987).

Crustal sources are generally quite low in P (~4 μmol g−1 aerosol,
(Taylor and McLennan, 1995; Wedepohl, 1995)). However, mineral
dust from the Saharan and Arabian deserts is enriched in P relative to
other regions due to arid-alkaline-soil processes and the presence
of apatite-rich sedimentary formations (Bergametti et al., 1992;
Chiapello et al., 1997; Guerzoni et al., 1999; Guieu et al., 2002).

The soluble fraction of P (percent soluble of total P) is generally
low for mineral dust (about 8% of total P) but can constitute 60–100%
of the P associated with anthropogenic particles (Bergametti et al.,
1992; Herut et al., 1999; Mignon and Sandroni, 1999; Markaki et al.,
2003). However, it should be noted that different strategies of
assessing water soluble P have been applied to evaluate wet versus

mailto:linda@ucsc.edu
http://dx.doi.org/10.1016/j.marchem.2009.04.008
http://www.sciencedirect.com/science/journal/03044203


45L.D. Anderson et al. / Marine Chemistry 120 (2010) 44–56
dry aerosol deposition (pure water simulating rain and seawater ex-
tractions, respectively) (e.g., Mignon and Sandroni, 1999; Ridame and
Guieu, 2002; Markaki et al., 2003; Chen et al., 2006b). Furthermore,
dissolved concentrations of P in rainwater have been shown to be very
sensitive to pH, largely because of the role of oxides in adsorbing and
removing P from solution (Mignon and Sandroni, 1999).

A comparison study of aerosols from the Gulf of Aqaba extracted
using sonication for 30 min in both seawater and pure water showed
that significantly less P is extracted in the seawater (Chen et al.,
2006b). Interestingly, the only time that seawater extracted P was
similar to pure water extracted concentrations was when air-mass
back trajectories suggested a dominance of anthropogenic-influenced
European aerosols. Thus, an increase in the relative amounts of aero-
sols from anthropogenic sources could increase the seawater soluble P
fraction.

Water-soluble P concentrations in samples extracted from aerosols
from the Gulf of Aqaba are quite variable temporally but with no
obvious seasonal trends (Chen et al., 2007). Concentrations of Cu, Zn,
and Ni in these samples are well above crustal concentrations
(calculated by normalizing to Al), which suggest that a significant
fraction of the aerosols come from anthropogenic sources (Chen et al.,
2007). The variable solubility of P in aerosols may be related to the
association of P with specific phases (apatite, carbonate, adsorbed on
clays or metal hydroxides, organic matter etc.) which have different
susceptibility to dissolution. The degree of solubility will eventually
determine the bioavailability of P and the impact aerosol deposition
may have on the ecosystem.

Sequential extraction procedures have been used previously to
ascertain operationally defined components in both soils and ocean
sediments (Lucotte and d'Angeljan, 1985; Ruttenberg, 1992; Anderson
and Delaney, 2000). When carefully calibrated, these techniques can
yield insights into how elements of interest are sequestered and with
what phases within the bulk sediment they are associated. Because of
the importance of P to both terrestrial and oceanic productivity, a
number of techniques have been developed to specifically determine
associations of P. In this paper, we apply both a 4-step and a 5-step
extraction procedure developed specifically for oceanic sediments
(Ruttenberg, 1992; Anderson and Delaney, 2000). The five step
procedure includes the following extracts–magnesium chloride or
Table 1
Summary and comparison of SEDEX five-step procedure and four-step extraction procedure

SEDEX five-step procedure
(Ruttenberg, 1992) as modified for this study

Step name Chemical treatment
(Step number)
Chemical process

Water-soluble MilliQ water (pH=5.6, 10 ml)
(Step 1) Extended dissolution experime
Weakly sorbed and easily soluble organic compounds Typical aerosols, 1 h

CDB-“oxide-associated” 0.22 M sodium citrate, 0.14 M
sodium bicarbonate (pH=7.6)

(Step 2) 1 M MgCl2 (pH=8), 10 ml, 2 h
Reduction with dithionite and complexation with citrate Distilled water, 10 ml, 2 h

Acetate-“authigenic” 1 M sodium acetate buffered (
(Step 3) 1 M MgCl2 (pH=8), 10 ml, 1 h
Dissolution 1 M MgCl2 (pH=8), 10 ml, 1 h

Distilled water, 10 ml, 1 h

HCl-“detrital” 1 N HCl, 13 ml, 16 h
(Step 4)
Acid dissolution

Residual-“organic” 50% (wv−1) MgNO3, 1 ml-dry
(Step 5)
Acid dissolution 1 N HCl, 13 ml, 24 h
water-, citrate bicarbonate dithionite extract (pH=7, CDB-), buffered
acetate (pH=4.3), hydrochloric acid (1 NHCl), and ashing/1 NHCl (in
this paper, this step is designated as residual)-that target weakly
sorbed-, oxide-bound-, authigenic apatite-, detrital-, and organic-P in
oceanic sediments, respectively (Ruttenberg, 1992). The 4-step
procedure excludes the first step (see details of the extraction pro-
cedure in Table 1).

We fully recognize that processes that dictate P forms and
associations within ocean sediments are distinctly different from
those characteristic of aerosols. In particular, within ocean sediments,
the primary source of P to the sediments is organic matter, which in
turn is transformed to authigenic P (apatite), with or without an
intermediate step sorbed to oxide coatings (e.g., Ruttenberg, 1990;
Filippelli and Delaney, 1996; Anderson et al., 2001). Apatite as the
predominant final form can be predicted by the alkaline pH of both
seawater and pore-waters and the abundance of calcite (e.g., Savenko,
2007). In contrast, P minerals formed within soils (a source of
atmospheric mineral dust) will vary with pH and soil composition and
their solubility will vary accordingly. Low pH soils tend to form
phosphate minerals with Al and Fe (variscite and strengite, respec-
tively), while alkaline soils form the Ca minerals fluoroapatite and
hydroxyapatite (e.g., Bohn et al., 1979). If these are transported via
aerosols and deposited within seawater, variscite and strengite will
readily dissolve under alkaline conditions whereas apatite will
generally not (e.g., Bohn et al., 1979). However, recently formed,
amorphous minerals tend to be soluble even under conditions of
supersaturation (e.g., Bohn et al., 1979), thus the maturity of the soil
can affect dissolution as well. In addition, aerosols may have a sig-
nificant anthropogenic source of P most likely associated with organic
compounds that are not abundant in sediments.

Despite these caveats, seasonal trends or relationship to air-mass
back trajectory could tell us something about potential P loading in the
Gulf of Aqaba. Furthermore, the P form or association in the aerosols
could tell something about the source of the P as well as its solubility
and bioavailability. Determining P components and association in
aerosol samples from the Gulf of Aqaba could be interpreted in terms
of sources and related solubility because of the existing vast data sets
obtained on the same samples (co-collected at the same time and
location see Chen et al., 2006a,b, 2007, 2008).
.

Four-step procedure Detection limits
(Anderson and Delaney, 2000) (μmol g−1)

New step name
(New step number)

nt was 4 days 0.03

sodium dithionite, 1.0 M
, 10 ml, 6 h

CDB-“oxide-associated”
(Step 1)

0.30“Adsorbed + oxide-associated”

pH=4), 10 ml, 5 h Acetate-“authigenic”
(Step 2) 0.41

HCl-“detrital”
(Step 3) 0.06

in oven at 80 °C, ash at 550 °C Residual-“organic”
(Step 4) 0.05
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2. Methods

2.1. Site description

Aerosol samples were collected in the small coastal town of Eilat
on the shores of the Gulf of Aqaba (29_31′N, 34_55′E). There is no
industry in the region and the aerosol concentrations (total
suspended particles per m3 of air) are relatively high (Chen et al.,
2007). Metal concentrations and enrichment factors suggest anthro-
pogenic inputs despite the proximity of the site to desert regions
(Chen et al., 2008). Predominantly northern and northwestern winds
likely bring aerosols from industrial European and Middle Eastern
cities (Chen et al., 2008).

2.2. Aerosol collection

An aerosol total suspended particle high-volume sampler with non
metal detachable filter holders (HI-Q Environmental Products
Company of San Diego, California) was installed ~15 m above the
ground on the roof of the Interuniversity Institute of Marine Sciences
laboratory in Eliat, Israel, within 50m of the shore of the Gulf of Aqaba.
This placement allows unobstructed exposure to air masses blown
from all directions, and minimizes exposure to ground-level con-
taminants. Four independent samples were collected for a 24-h period
with airflow of 2.5–2.8 m3h−1 (total volume ~70 m3) each week
between August 2003, and November 2004. Air volume and aerosol
weight were recorded for each sample. Filters used for aerosol
collection (47 mm polycarbonate membrane, Isopore™) were
processed within a laminar flow hood. All filters were pre-cleaned
by first soaking in concentrated hydrochloric acid (A.C.S plus) for at
least 24 h, then in ultra-pure HCl twice, and finally rinsed thoroughly
in milli-Q water.

2.3. Trajectories

Air-mass back trajectories were calculated for each sample using
the freely available NASA program HYbridSingle-Particle Lagrangian
Integrated Trajectory (HYSPLIT) Model. Air-mass back trajectories
were averaged over 5 days and calculated at 100, 700, and 2000 m
height levels for each sampling day at the sampling site (Chen et al.,
2008). The major air-mass back trajectory sectors are the same as
those described in Chen et al, 2008 and include North African
(Saharan desert, Zone 1), Arabian peninsula (Zone 2), Local, (Israel,
Jordan, Syria, Iran, Iraq, Zone 3), Eastern Europe (Zone 4), Western
Europe (Zone 5), and Mediterranean (Zone 6).

2.4. Sequential extraction of P

We analyzed aerosol samples for P components on replicate filters
co-collected at the same sampling dates as those reported in Chen
et al, 2007, 2008. We compared the four-step operationally defined
sequential extraction (Anderson and Delaney, 2000) with a modified
version of the five-step P extraction procedure (SEDEX, Ruttenberg,
1992) on splits of an individual filter. It should be emphasized that
these techniques were developed and tested on oceanic sediments
and therefore are not directly applicable to aerosols, yet they provide a
goodmeans for comparison among samples (see Table 1 for extraction
procedures). The four-step procedure discriminates four components:
exchangeable P (P sorbed to and incorporated in oxyhydroxides as
well as any P associated with labile organic matter), authigenic P
(authigenic carbonate fluoroapatite), organic P (acid-insoluble), and
detrital P (terrestrial silicates and detrital apatite). The five-step
procedure used here differs by starting with a milli-Q water rinse (the
original technique starts with MgCl2, (Ruttenberg, 1992)). The milli-Q
rinse simulates solubility in rain water. Samples are centrifuged at
10,000 rpm for 10 min to remove solids. Known volumes of
extractants are analyzed using a LaChat Quick Chem 8000 automated
spectrophotometric flow injection analysis system to measure P con-
centrations in each of the solutions (Anderson and Delaney, 2000).

Detection limits, defined as three times the standard deviation of
replicate measures of a low concentration solution standard and
expressed in equivalent concentration for a sample, were typically
0.03 µmol g−1 for water extractable P, 0.30 µmol g−1 for citrate–
dithionite–bicarbonate (CDB) extractable P, 0.41 µmol g−1 for acetate
extractable P, 0.06 µmol g−1 for acid extractable P, and 0.05 µmol g−1

for ashing followed by acid extraction P. The long-term analytical
reproducibility has been established by running several aliquots of a
large well-mixed batch of oceanic sediment from the California
Current as samples with each run. Over 20 runs of the standard, steps
2 through 5 had concentrations of 1.65±0.24, 18.82±0.98, 5.86±
0.39, 1.47±0.07 µmol g−1, respectively. We dropped step one for
oceanic sediment standard because the values were so low but it is
included in the five step procedure for the aerosols.

2.5. Ancillary analyses

Thewater extracts (step 1 above) were also analyzed for additional
elements using an ICP-OES (Perkin Elmer). Concentrations of Al, Ca,
Mg, and Na were determined and had detection limits of 0.94, 0.06,
0.04, and 1.6 μM respectively. Other data on these samples used for
comparison to P extracts is available and has been published by Chen
et al. (2007, 2008).

3. Results and discussion

P is critical to the productivity of both terrestrial and aqueous
systems, and thus better understanding its associations, solubility and
bioavailability is important. We use the sequential extraction pro-
cedure as a first order method of understanding how phosphate may
be locked up or released within aerosols with the ultimate objective
of trying to better understand the role of aerosol-P in oligotrophic
aqueous systems. While operationally defined the data set is inter-
nally consistent and thus comparison among samples is possible.

3.1. Wood-ash and aerosol extended water dissolution experiment

To provide additional insights into the potential contribution of
biomass burning to the different operational components, we ex-
tracted five wood-ash samples (which simulate one potential anthro-
pogenic P source) and 5 aerosol samples, and did a cross-comparison
of samples extracted by the 4- and 5-stepmethods. In this experiment,
thewater-extraction stepwas extended to 4 days and analyzed for P as
well as Al, Ca, Mg and Na to see if we could elucidate any information
about the water-soluble mineral phases. The intent of this experi-
ment is not to try tomimic rain-water, as do our (see below) and Chen
et al. 's (2007, 2008) as well as other short-term water extractions
(typically a few minutes to 1 h), but to better understand potential
P association with various mineral phases. It should be noted that the
oceanic sediment consistency standard that is typically run with our
oceanic sediment extractions behaved as expected and did not show
significant redistribution between components with and without the
water-extraction step (Table 2).

3.2. Wood-ash
Biomass burning contribution can be as high as 75% of the total

aerosol carbon during the winter season in low-lying rural areas
(e.g., Chester et al., 1987; Sander and Andrén, 1997). Our ash samples
were collected from the screen on top of a 30 ft flue on a wood-
burning stove. P concentrations in our ash samples are extremely high
(1800 μmol g−1 ash) and are an order of magnitude greater than the
average amount extracted from the Aqaba aerosols (Tables 2 and 3).
The greatest fraction of P fromwood ash samples was extractedwithin



Table 3
Geometric mean regressions of phosphate from the 5-step sequential leaching
extraction (includes a water rinse) of ash and aerosol samples versus total sediment
extractions.

Wood-ash P vs Al Na Ca Mg

m 0.93 12 581 14.69
b 0.41 −48 −3964 7.11
r 0.93 0.63 0.07 0.86
r2 0.86 0.40 0.005 0.73

Aerosol P vs
m −4.14 390 127 48
b 21.56 −1292 −160 −143
r −0.38 0.52 0.75 0.59
r2 0.15 0.27 0.57 0.34

Only slopes significantly different from horizontal are included, (t-test, Davis, 1973).
(Wood-ash, n=24, Aerosol, n=36). (m=slope, b=intercept, r=variance, r2=
correlation coefficient).

Table 2
P concentration and fraction of total P for sequential extractions with and without an extended water-extraction step.

Treatment

Extended water extraction No water extraction

Water 1 h Water 119 h CDB oxide Acetate
authigenic

HCl detrital Ash/HCl
organic

Total CDB oxide Acetate authigenic HCl detrital Ash/HCl organic Total

Concentration μmol g−1) Concentration μmol g−1)

Aerosols (n=36) (n=6)
Avg 11 24 1.32 110 3.67 8.00 146 17 169 2.78 7.73 196
Std 6 12 0.63 111 2.55 3.07 116 10 103 1.00 3.20 109
Rsd 58 50 48 101 69 38 79 60 61 36 41 56

Wood ash (n=24) (n=4)
Avg 13 39 1214 497 27 3.78 1781 983 742 51 3.12 1781
Std 2 8 41 60.67 23 1.41 106 396.43 185.96 36.24 0.20 329
Rsd 16 20 3 12 87 37 6 40 25 71 7 19

Ocean
sediment

(n=12) (n=4)

Avg 0.24 0.49 1.01 25 4.36 3.27 34 1.06 24 4.79 3.08 33
Std 0.34 0.05 0.16 0.31 0.43 0.30 0.84 0.09 2.70 0.08 0.09 2.61
Rsd 141 10 15 1 10 9 2 9 11 2 3 8

Fraction of total P Fraction of total P
Aerosols (n=36) (n=6)
Avg 0.10 0.21 0.01 0.65 0.04 0.09 0.09 0.82 0.02 0.07
Std 0.05 0.09 0.01 0.17 0.04 0.08 0.03 0.10 0.03 0.08
Rsd 47.71 43.64 148.89 26.06 121.40 88.13 35.04 12.23 138.24 119.72

Wood ash (n=24) (n=4)
Avg 0.01 0.02 0.68 0.28 0.01 0.002 0.54 0.43 0.03 0.002
Std 0.00 0.01 0.02 0.02 0.01 0.0006 0.15 0.13 0.02 0.0003
Rsd 19.12 24.13 3.46 7.72 79.75 31.11 27.13 29.40 72.94 19.13

Ocean
sediment

(n=12) (n=4)

Avg 0.01 0.01 0.03 0.73 0.13 0.10 0.03 0.73 0.14 0.09
Std 0.01 0.002 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.005
Rsd 141 13 18 1 7 7 16 3 9 5

Sample number is given in parentheses and for the extended water experiment includes the six time steps.
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the CDB-“oxide”-step (Fig. 1). The concentration averaged 1200 μmol
P g−1 wood-ash (Table 2). Concentrations of P in the water, acetate-
“authigenic”-, HCl- “detrital” and residual-“organic” extraction steps
were 39, 500, 26, and 4 μmol P g−1 wood-ash respectively (Table 2).

Previous reports of total ash-P are similarly high (Sander and
Andrén, 1997), 500–1300 μmol P g−1 ash). Thus even a small con-
tribution of ash to the total aerosol composition will affect the total P
content and understanding the behavior of P within this ash fraction
will provide insights into the behavior of aerosols as a whole.

There are several indications that wood-ash P is associated with
the oxide component. The largest fraction of the total wood-ash P is
extracted with CDB, suggesting association with the “oxide” phase
with or without a water extraction (68% and 54%, respectively).
Interestingly, the addition of a water extraction step appears to mobi-
lize some of the phosphate that would have been extracted with
acetate- and thus defined as the “authigenic”-P fraction if therewas no
water step. The mobilized P is then adsorbed onto the oxide phase
(Table 2). Thus the acetate-“authigenic”-fraction decreases and the
CDB- “oxide”-fraction increases with the addition of a water ex-
traction step (Fig. 1a). The addition of a water extraction step also
seems to significantly decrease the variability of the CDB-“oxide”,
acetate-“authigenic”, residual-“organic” extraction steps. Because
ultra-pure water (MilliQ, 18 Ω) has a pH 5.6, some dissolution of
phosphate mineral phases is expected, as is the re-adsorption to
oxides. Thus, the assumption that the CDB-extraction is in fact dis-
solving oxide-associated P is reasonable. Phosphate has a high affinity
for oxides (Dimirkoua et al., 2007). In fact, oxides are used to “scrub” P
emissions from biofuel-powered energy facilities (e.g., Grubb et al.,
2000). However, some of the P within the acetate-“authigenic” and
residual-“organic” extraction steps change their association within
operationally defined fractions with the addition of a water step, and
thus that portion of the P does not meet the operational definition of
“authigenic” or “organic” P.
The water-dissolved phosphate fraction is only a small part of the
total ash P (~2%, Table 2). But because of the high concentration of P in
ash, the actual concentration release in water (per gram of sample) is
greater than for most of the natural aerosol extractions (Table 2,
39 μmol g−1 ash vs 24 μmol g−1 aerosol). Water-dissolved P con-
centrations are strongly correlated with Al concentrations (r2=0.86,
Table 3), suggesting the release of highly available phosphate with Al
oxide dissolution. The P to Al regression shows an almost one-to-one
relationship (Fig. 2). This relationship is different from that of crustal
material (ranges from 7–12 mmol P/mol Al, (e.g., Turekian and
Wedepohl, 1961; Wedepohl, 1995)) and is much more enriched in P
relative to Al compared to the average aerosol total digestion (0.21±
0.19 mol/mol).

The shared variance between phosphate and Mg is also high
(r2=0.73, Table 3). The initial increase in Mg concentration is



Fig. 2. Comparison of water-dissolved P and water-dissolved Al (A), Na (B), Ca (C), and
Mg (D) in wood-ash and Aqaba aerosol samples. All units are in μmol g−1.

Fig. 1. The fraction of total P extracted fromwood-ash (A) and Aqaba Aerosols (B) in the
water-dissolved, citrate-dithionite-bicarbonate (CDB)-“oxide-associated”, acetate-
“authigenic”-, HCl-“detrital”, and residual-“refractory organic”-associated P phases
with andwithout a 4 daywater extraction. Error bars are±1 standard deviation (n=5).

48 L.D. Anderson et al. / Marine Chemistry 120 (2010) 44–56
positively correlated with the P until Mg concentrations level out at
~5 μmol g−1 (Table 2, Fig. 2). This is consistent with other studies
where Al, Mg, and P were all hypothesized to participate in small
particle formation during biomass burning (Leslie, 1981). Further-
more, Al, Mg, and P in aerosols from anthropogenic sources tend
to loosely associate with particulates and to dissolve more readily
(Bergametti et al., 1992), and thus are likely to provide more
bioavailable P.

Only 50% of thewater-soluble P dissolved within the first hour, and
P dissolution continued over the 4-day period. Thus, the short period
dissolution typical of most aerosol extractions both ours and in other
studies captures only a portion of the total water-soluble P. The
continued release of Al, in conjunction with the reallocation of P from
CDB fraction to the water soluble fraction with the addition of a water
extraction step, again suggests that dissolution of some portion of
more soluble oxides may facilitate the release of bioavailable P. It
should be reemphasized that short-term dissolution in fresh waters
have been used to mimic rainfall and our longer term dissolution
experiment, which was intended to extract information on P asso-
ciation with potential mineral phases, would only be relevant in fresh
water bodies where the aerosol interact with water for extended
periods.

3.3. Aerosols
The likely sources of readily available P phases in the aerosol

samples are not as easily identified as those in wood ash. Total
concentration of P ranges from 60 to 340 μmol g−1 aerosol and is
significantly lower than the wood ash extractable P concentrations
(Table 2). The greatest fraction of extracted aerosol-P was within the
acetate-“authigenic”-step. Similar to the ash samples, aerosol P
fractions change based on whether a water extraction was applied
or not. With an initial water step, both CDB-“oxide” fraction and the
acetate-“authigenic”-fraction decrease significantly (8% and 17%,
respectively, Table 2). In several of the samples, P concentrations
within the CDB-“oxide” fraction decreased to below detection limit.
What is lost by these phases appears to be gained by the water-
extracted P fraction (~21%). Thus, the four-step extraction procedure
would underestimate the amount of soluble aerosol P if aerosols were
suspended in fresh waters for an extended period of time. Multiple-
day experiments need to be carried out to assess if this occurs in sea
water as well.

Similar to the ash experiment, about half of the water-soluble P is
dissolved within the first hour of extraction (Table 2). Unlike the ash
the water-soluble P fraction shows only a minor and negative
correlationwith Al, althoughMg, Ca, and Na share significant variance
and is positively correlatedwith P (Table 2, Fig. 2). Note that the longer
term dissolution experiment (4 days) preformed on these sam-
ples differs from the larger data set reported below in Sections 3.2 as
30–60 min dissolutionwas employed. The intents of the two data sets
are different. The short-term dissolution mimics rain water, while the
longer term dissolution experiments were meant to help in evaluating
the potential P associated to various mineral phases. Data from the
short dissolution is more strongly negatively correlated with Al, but
has a miniscule correlation with Ca and weaker correlations with Na
andMg. This suggests that, givenmore time, there may be Ca, Mg, and
Na P-forms that are water soluble in lower pH fresh waters, and thus
bioavailable, which may be overlooked in short time dissolution
procedures applied to aerosols. Whether this is at all applicable to
salinewatersmust be testedwith similar longer termexperiments. But
as noted below, oceanic sediments do not show similar redistributions
between components during the longer distilled water extraction.

In contrast to the wood-ash and aerosol water extractions, the
oceanic sediments (used as comparison standards) showed less than
1% water dissolution and there was no change in the fractions
extracted within the CDB-“oxide”- and acetate-“authigenic” P with or
without a prior water extraction step. This reiterates the differences
discussed above between the P phases in aerosols as compared to
oceanic sediments. With time, in oceanic sediments P is transformed
from mobile oxide-associated and organic phases to recalcitrant
authigenic apatite, locking P within the sediments. The P in aerosols
on the other hand is more mobile. The shift of aerosol P compo-
nents between operational definitions with the addition of a water
step demonstrates that the CDB-“oxide”, acetate-“authigenic”, and
HCl-“organic” phases have water-soluble fractions and are not
accounted for by the classical operational definitions developed in
oceanic settings. Further research is needed to characterize the aerosol



Table 4
Phosphorus extractions of aerosols from the Gulf of Aqaba.

Sample # Water CDB/oxides Acetate/authigenic Acid/detrital Residual/organic Total

Avg Std Rsd Avg Std Rsd Avg Std Rsd Avg Std Rsd Avg Std Rsd Avg Std Rsd

Extraction components concentration (μmol g−1 sed)
All samples

10 6 62 23 13 57 104 81 77 10 7 68 13 26 208 149 101 68

Seasonal
Winter (Nov–Feb) 24 10 8 81 19 9 47 118 100 84 8 4 54 7 3 42 174 149 85
Spring (Mar–May) 15 8 4 58 19 7 40 84 63 75 8 6 77 11 10 96 122 72 59
Summer (Jun–Aug) 12 11 4 34 25 8 33 90 72 80 14 7 50 13 6 46 142 84 59
Fall (Sept–Oct) 7 8 1 8 31 25 81 100 52 52 7 5 75 6 4 58 148 66 44

Dominant air-mass trajectory
North African 11 6 3 57 16 7 44 75 49 65 7 2 33 7 3 40 135 113 84
Arabian 5 10 6 59 19 8 41 116 106 92 6 4 61 5 2 36 253 243 96
Local 7 12 10 85 17 6 33 118 56 47 8 4 55 12 14 116 228 151 66
Eastern Europe 6 12 7 61 34 25 73 117 99 85 10 8 78 10 7 74 275 298 108
Western Europe 10 9 4 41 26 8 32 80 72 90 13 9 65 12 6 51 169 119 70
Mediterranean 17 11 6 50 23 12 51 120 97 81 10 6 59 9 4 44 197 136 69

Fraction of total P
All samples

0.17 0.07 40 0.13 0.04 31 0.40 0.18 46 0.15 0.07 45 0.15 0.09 59

Seasonal
Winter (Nov–Feb) 24 0.17 0.07 45 0.12 0.05 39 0.53 0.23 43 0.12 0.07 61 0.12 0.08 63
Spring (Mar–May) 15 0.14 0.06 44 0.12 0.04 31 0.54 0.23 42 0.12 0.08 69 0.15 0.11 73
Summer (Jun–Aug) 12 0.19 0.06 31 0.14 0.04 30 0.39 0.20 50 0.18 0.08 44 0.16 0.06 35
Fall (Sept–Oct) 7 0.18 0.07 37 0.18 0.09 51 0.54 0.22 41 0.10 0.08 85 0.08 0.06 75

Dominant air-mass trajectory
North African 11 0.14 0.07 52 0.14 0.04 25 0.42 0.13 32 0.14 0.07 48 0.14 0.07 48
Arabian 5 0.15 0.04 28 0.10 0.01 14 0.51 0.29 57 0.08 0.06 84 0.09 0.09 97
Local 7 0.17 0.07 41 0.10 0.02 23 0.47 0.19 40 0.09 0.04 48 0.09 0.02 24
Eastern Europe 6 0.19 0.08 43 0.12 0.04 31 0.42 0.21 49 0.11 0.06 56 0.12 0.07 56
Western Europe 10 0.17 0.06 35 0.16 0.05 27 0.35 0.30 87 0.17 0.12 71 0.15 0.10 66
Mediterranean 17 0.18 0.06 34 0.13 0.05 43 0.49 0.27 55 0.12 0.08 70 0.10 0.06 61

Average concentrations and fraction of the total P concentration are parsed according to season and dominant air-mass trajectory.
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P phases that are being extracted and more aerosol specific protocols
developed. Evaluation will be greatly aided by investigations focusing
on aerosols withwell-characterized known sources (as done above for
the wood ash).

3.4. Aqaba aerosols

A significant portion of the total P in aerosols was water soluble
(17%), although the largest percentage (~40%) of aerosol P is asso-
ciated with the operationally defined authigenic mineral phases
(e.g., apatite). CDB-“oxide”-, HCl-“detrital”, and residual-“organic”
aerosol P fractions are about 13%, 15%, and 15%, respectively (Table 4).

3.4.1. Seasonal and air-mass trajectory trends in P
We grouped the Gulf of Aqaba aerosols according to season over a

2 year sampling period and according to the back-tracked air-mass
trajectories in the preceding 5 days (Chen et al., 2008). P concentra-
tion in none of the extraction steps show a statistically significant
seasonal trend, although the variability is greater in the winter for the
water-extractable, the spring for the residual-“organic”-extraction
step, and the fall for the CDB-“oxide” extraction step. The highest P
concentrations were extracted within the acetate-“authigenic”-P step
with an average of ~100 μmol g−1 P for all the seasons but the
variability is high for both P concentrations (±81 μmol g−1) and
fraction of the total P (±18%, Table 4). This differs from P aerosol
extractions of East China Sea samples, which were dominated by the
“detrital” fraction throughout the year (Detrital P/Total P(average)=
72%) (Chen et al., 2006a) which the authors linked to mineral dust
sources. Furthermore, the authors note a distinct seasonal pattern in
their year-long record. The winter had the highest percentage
“detrital” P loads associated with the northwest monsoons, and the
spring had greatest percentage organic P loads, potentially associated
with terrestrial andmarine biological activity (Chen et al., 2006a). The
air-mass sources in the East China Sea change seasonally thus
resulting in the observed trend. Although the Gulf of Aqaba was
dominated by air masses from Europe and the Mediterranean (69% of
the time, (Chen et al., 2007, 2008)), seasonal variability was not as
predictable. This contrasts with analyses of aerosol total P concen-
trations over the northeast Mediterranean, where the summer dry
season had both higher P concentrations and high particle flux
(Bergametti et al., 1992). The precipitation history of the air masses
was the primary control of the resultant aerosol P concentrations in
that region lowering P concentrations in the residual aerosols with
more precipitation (Bergametti et al., 1992). This illustrates that total P
cannot be used to get accurate predictions of the soluble fraction.

Most of the P concentrations within the different extraction-steps
do not show statistically significant differences when related to air-
mass back trajectories because of the high variability of P concen-
tration in samples within each sector (Table 4). However, there are
several interesting observations. The average water soluble P concen-
trations are lowest for the North Africa source region. Saharan dust
from this region, although P-enriched relative to crustal abundance
(Bergametti et al., 1992; Migon and Sandroni, 1999), is relatively
insoluble in water (Bergametti et al., 1992), thus this may not be
surprising. However, P concentrations for the acetate “authigenic” P
extraction is also low for the North African air-mass sector compared
to other source regions. North Africa, as well as the Arabian Peninsula,
and local Negev air-mass sectors have known deposits of phospho-
rites (authigenic apatite), which should be extracted in this step. The
HCl-“detrital”-P concentrations are also slightly higher and more



Fig. 3. Comparison of water extracted P and total digests of Al (A), Fe (B), Mg (C), Ca (D), Zn (E), Ni (F), and Na (G). Total digest data from Chen et al. (2008) preformed on samples
collected simultaneously. Data is parsed according to the predominant air-mass back trajectory. Geometric regression lines are included for aerosols with statistically significant
trends (See Table 5).
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variable in samples from the Eastern, Western Europe, and Mediter-
ranean regions and not the desert zones (Table 4). If phosphorite
deposits contribute a lot of P to mineral dust in aerosols from North
African, Arabian, and local air-mass sectors, but have recrystallized,
and thus were not extracted in the acetate “authigenic” P step, it is
expected that this component will dissolve in the HCl-“detrital” step.
Thus, in general much of the soluble P in all samples seems to be
related to anthropogenic sourceswithin samples from each region and
sector and not so much with mineral components.

3.4.2. P components compared to total metal digests
Some interesting trends are apparent when the P components

are compared to the metals in the total aerosol bulk digests on co-
collected samples (data from Chen et al., 2007). Water-extractable P is



Table 5
Cross-plot results for phosphorus components versus major and minor elements.

Al Fe Ca Mg Na Zn Ni

All z3 z4 z5 All z3 z4 All z3 z4 z6 All z3 z4 z6 All z3 All z3 z4 z5 all z2 z3 z4

Water/easily soluble
# 42 6 5 9 6 5 42 5 5 12 42 6 5 12 42 5 42 5 42
m −90 −44 −76 −34 −20 −574 −119 −48 −17 −27 227 88 0.25 0.88 0.02
b 1782 1302 1645 702 570 8045 3525 1087 831 905 −879 303 3.27 −0.9 1.06
r2 0.37 0.60 0.34 0.36 0.60 0.02 0.31 0.21 0.64 0.42 0.19 0.95 0.35 0.98 0.09

CDB/oxide-associated
# 55 6 55 6 55 6 55 6 55 6 55 6 55 6
m −94 −66 −31 −30 −41 −62 −26 133 92 0.04 0.54 0.005 0.02
b 2548 1918 903 848 2954 1709 1070 −1451 −445 3.9 −3.4 0.89 1.14
r2 0.08 0.84 0.11 0.83 0.73 0.04 0.90 0.12 0.78 0.05 0.81 0.03 0.50

Acetate/authigenic P
# 55 6 5 55 6 5 55 5 55 5 6 55 5 10 55 5 6 5
m −19 −8.2 4.7 −4.6 −3.3 1.3 27.7 16 −6.1 1.02 9.16 0.00 0.01 0.03 0.001 0.008 0.003 0.004
b 2730 1823 −50 785 746 71 −866 274 1172 394 −5.0 5.33 3.4 4.18 1.03 0.04 1.10 0.66
r2 0.05 0.66 0.35 0.05 0.55 0.29 0.06 0.55 0.03 0.49 0.93 0.01 0.44 0.59 0.02 0.70 0.52 0.76

Residual/organic P
# 55 5 6 5 6 5 55 6 5 5 55
m 665 60 −25 201 −103 64 17 0.12 0.01
b −5387 −54 2460 243.4 1526 −23 355 3.63 1.08
r2 0.01 0.39 0.74 0.52 0.04 0.25 0.57 0.32 0.02

All concentrations are in μmol g−1 aerosol. Data are given for all slopes that are significantly different from zero(t-test, Davis, 1973). Sector air-mass trajectories are given when correlations were significant (air-mass trajectory sectors are as
identified in Chen et al. (2008): North African (z1), Arabian (z2), local (z3), Eastern Europe (z4), Western Europe (z5), and the Mediterranean (z6), respectively.) Highly significant linear relationships for aerosols from the local air-mass
trajectory (z3) are highlighted with gray. (#= number of samples, m= slope of line, b=intercept, and r2= correlation coefficient, calculated using standard geometric mean regression).
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negatively correlated with the total digest concentrations of Al, Fe, Ca,
and Mg. The negative correlation is particularly strong for local air-
mass back trajectories (z3, Fig. 3, Table 5). A negative relationship
between total digests concentrations of Al and Fe andwater-soluble Al
and Fe is noted by Chen et al. (2008) as well. The authors suggest that
mineral dust is the primary control on the total Al and Fe aerosol
concentrations and that this fraction of the total aerosols is less
soluble resulting in the negative correlation (Chen et al., 2008). Thus,
when anthropogenic sources dominate, total Al is low but the soluble
Al fraction is high; and when dust sources dominate, total Al is high
and soluble Al fraction is low. The positive correlation of Al with P in
the water soluble extracts suggests that some P is also associated with
these more soluble phases in anthropogenic aerosols. Thus the nega-
tive relationship between water-soluble P and total digest Al, Fe, Ca,
and Mg concentrations likely results from mineral dust dilution of an
anthropogenic aerosol source of soluble P, and is consistent with our
interpretation based on the sequential leaching procedure.

The association of P with anthropogenic aerosols is also consistent
with the positive correlation between dissolved P and total digestion
Zn and Ni concentrations. Prior work suggests that Zn and Ni are
associated with anthropogenic aerosols (Duce et al., 1991; Herut et al.,
2001; Chen et al., 2008). Furthermore, observations of aerosol water
leaches of Zn and Ni indicated solubility one to two orders higher than
those of Al and Fe (Chen et al., 2006b) supporting more labile anthro-
pogenic sources and consistent with the higher solubility of anthro-
pogenic aerosols.

Water-soluble P concentrations from aerosol sources with a local
air-mass back trajectory also have a very high correlation with total
digest Na concentrations. Previous interpretations have suggested
that most of the Na is from sea-salt (Chen et al., 2008). However, the
correlation between Na+ and Cl− is not very strong (r2=0.49, (Chen
et al., 2008)) and a significant portion of the samples are enriched
with Na relative to seawater. Furthermore, neither Na–Mg nor Na–K
ratios are the same as those of seawater. Because both Na+ and Cl−

have anthropogenic sources and/or atmospheric sinks, there is not a
simple way to remove sea-salt using solely these elements (Leslie,
1981; Levin et al., 1996). However, the higher Na concentrations, and
correlationwith soluble P suggest Na contribution by aerosol particles
coated with Na sulphates from anthropogenic sources (e.g., Na2SO4,
Levin et al., 1996) which also carry anthropogenic P.

P concentrations in the CDB-“oxide”-extraction show a negative
relationship with total digest major mineral related elements (Al, Fe,
Ca, Mg) and a positive relationship with total digest anthropogenic
metals (Zn, Ni) (Table 5, Fig. 4). There is shared negative variance for
the aerosol data set as a whole for Al, Fe, Ca, and Mg, and all have a
highly significant negative linear relationship for regional aerosols
predominated by local air-mass back trajectories. These relationships
suggest thatmineral dust particularly frommore local sources controls
themajor element total digest concentrations, but thatminor elements
including Zn, Ni, and P are associated with anthropogenic aerosol
sources. This is consistent with observations from other investigations
(e.g., Bergametti et al.,1992; Herut et al.,1999, 2001; Chen et al., 2008).

If the wood ash experiment is representative of how P components
in anthropogenic sources behave, then the oxide component could
continue to release soluble P to the environment and at least some of
this P could be considered bioavailable. The CDB-“oxide”-P extractions
of samples with a local air-mass back trajectory, like the water ex-
traction, also have a very high positive correlationwith total digest Na
concentrations. Again, this relationship is at least suggestive that there
is another source of Na besides sea salt and that, like P, this Na is
associated with anthropogenic aerosols.

The acetate-“authigenic”-extractable P concentrations show little,
but statistically significant, shared variance with total digest Al and Fe
(negative, Table 5, Fig. 5), andCa concentrations (positive, Table 5, Fig. 5)
There is not a statistically significant relationship between acetate-
“authigenic”-extractable P concentrations and total digest Ca concen-
trations in air-masses back-tracked to local region. This was unexpected
because Saharan and Arabian mineral dust is enriched in P because of
arid-alkaline-soil processes and presence of apatite-rich sedimentary
formations (Bergametti et al.,1992; Chiapello et al.,1997;Guerzoni et al.,
1999; Guieu et al., 2002). Thus, these P-enriched forms were either
soluble in water or CDB-extractions that proceeded the acetate
treatment or more likely the apatite is in a more crystalline form and
is removedwithdetrital apatite in theacid step. Thedifferentbehaviorof
authigenic P phases in aerosol when compared to those from oceanic
sediments is not surprising, being that mineral dust is formed in and
associated with different soil mineral phases in either the arid-alkaline
local, Arabian, and African soils or the more lower pH, moist European
soils and in both cases thesemineralswill differ frommarine sediments.
Acetate-“authigenic”-extractable P concentrations also have a very
strong and strong correlation with Na and Ni total digests for local air-
masses (r2=0.93, 0.52, respectively, Fig. 5) and strong negative
correlation between total digest Al and Fe (Table 5, Fig. 5). Asmentioned
above, the Ni and the Na, which is not associated with sea salt (excess
Na), are related to anthropogenic sources, specifically burning of fossil
fuel and Na2SO4 coating of aerosol particles, respectively (Rahn and
Lowenthal, 1984; Yatin et al., 2000; Venkataraman et al., 2002). These
combined relationships once again suggest that P-enriched aerosol
particles are primarily associated with anthropogenic sources and P-
depleted aerosols are associatedwithmineral dust (as indicated by total
digests of Al and Fe).

The residual-“organic” P extractions share little variance with the
total digest concentrations of major or minor elements with the ex-
ception of a significant negative correlation with total digests Ca
concentrations from local air masses (Fig. 6, Table 5). Although, again
the relationship is negative, suggesting dilution of a higher potentially
anthropogenic P aerosol source with a local low P mineral dust source
enriched in carbonate minerals.

4. Summary and conclusions

A significant portion of the total P in aerosols was water soluble
(17%), although the largest percentage (~40%) of aerosol P was
associated with the operationally defined authigenic mineral phases
(e.g., apatite). Interestingly, the comparison of extraction series with
and without water digestion suggested that some fraction of the
acetate “authigenic”-P and CDB-“oxide”-P phases was soluble inwater
(8% and 17%, respectively) indicating that the P in aerosols is generally
more labile than in marine sediments for which the leaching
procedure was developed. This also suggests that at least some
fraction of the acetate “authigenic”-P and CDB-“oxide”-P phases is
bioavailable and water soluble. Phosphorus associated with oxides
and extracted in CDB-“oxide”-fraction (~15%) continued to dissolve
over 4 days of exposure to water and thus, with time, may contribute
to the bioavailable pool. However, this needs to be tested with sea
water to see if this is also true in an oceanic setting. P is also associated
with refractory organic matter (~15%) and this fraction is less likely to
be bioavailable like the detrital P (~4%).

P-extractions of wood ash, although not collected from the
atmosphere and thus not a direct analog, were explored to provide a
potential important end-member for one known source of anthro-
pogenic aerosols (e.g., Pio et al., 2007). Total concentrations of P in
wood-ash are an order of magnitude higher than in Gulf of Aqaba
aerosols, although only a small fraction of the total was water soluble
(2%). The average concentration of water-soluble P released from the
wood-ash is still equivalent to or higher than the water-soluble P
concentrations in natural aerosols collected in the Gulf of Aqaba area.
Other studies have found that aerosol P from anthropogenic sources
were highly water soluble (40–100%, Bergametti et al., 1992) but in
the wood-ash we used, a majority of the P was only extracted within
the CDB/oxide steps. Over time, both water-soluble P and Al continued
to be released from wood-ash in close to a one-to-one relationship



Fig. 4. Comparison of CDB-“oxide”-associated P and total digests of Al (A), Fe (B), Mg (C), Ca (D), Zn (E), Ni (F), and Na (G). Total digest data from Chen et al. (2008) preformed on
samples collected simultaneously. Data is parsed according to the predominant air-mass back trajectory. Geometric regression lines are included for aerosols with statistically
significant trends (See Table 5).
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(Fig. 2). Furthermore, when the CDB and acetate extraction steps
without a prior water-extraction are compared to those with a prior
water-extraction, a significant decrease occurs in the acetate-
extracted P with a gain in the CDB-extracted P. This suggests that
water soluble P forms are dissolved from the “acetate”-P phases and
re-adsorbed onto oxides. Because there are photochemical processes
that change the solubility of redox-sensitive elements within the
atmosphere and the surface ocean, oxide-associated P could poten-
tially be released.

The fractions and concentrations of different P containing com-
ponents in aerosols collected at the Gulf of Aqaba do not show strong
seasonal trends. This differs from summer-dry, high P and winter-wet,



Fig. 5. Comparison of acetate-“authigenic” P phases and total digests of Al (A), Fe (B), Mg (C), Ca (D), Zn (E), Ni (F), and Na (G). Total digest data from Chen et al. (2008) preformed on
samples collected simultaneously. Data is parsed according to the predominant air-mass back trajectory. Geometric regression lines are included for aerosols with statistically
significant trends (See Table 5).
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low P observations reported for theMediterranean region (Bergametti
et al., 1992). Our study, however, comprises a relatively short record
(2 years) with significant variability within each season, which makes
statistically significant observations difficult.

No statistically significant differences exist between the air-mass
sectors and soluble P concentrations in any fraction, probably due
to the small sample size and large variability. However, regional
averages suggest some potential differences. Water-soluble P con-
centrations are lowest in aerosols from North Africa, as would be
predicted from relatively insolubility of aerosol P from Saharan
mineral dust (e.g., Bergametti et al., 1992). Surprisingly, the acetate
“authigenic”-P phase is not high for North Africa sources. High P



Fig. 6. Comparison of organic P and total digests of Al (A), Fe (B), Mg (C), Ca (D), Zn (E), Ni (F), and Na (G). Total digest data from Chen et al. (2008) preformed on samples collected
simultaneously. Data is parsed according to the predominant air-mass back trajectory. Geometric regression lines are included for aerosolswith statistically significant trends (See Table 5).
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concentrations within this fraction were expected in regions with
known phosphorite deposits (North Africa, Arabian Peninsula, and
local sources) it is possible that this fraction is extracted with the
water or CBD steps or is more refractory and is included in the detrital
fraction. Finally, aerosols originating from Eastern Europe had the
highest and most variable concentrations of P within the CDB-
“oxide”-P fraction as expected from this anthropogenically impacted
region.

Correlations between the different P components and bulk aerosol
total digest concentrations of Al, Fe, Ca, Mg, Na, Zn and Ni indicate
some interesting trends. The easily water-soluble P shares significant
variance with all of these metals. The predominant mineral dust
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elements (Al, Fe, Ca, andMg) are negatively correlatedwith thewater-
extracted P and the anthropogenic metals (Zn and Ni) are positively
correlated, suggesting two end-member mixing of a low P concentra-
tion mineral dust aerosol source with a higher, potentially anthro-
pogenic aerosol P source. The positive correlation between both
water-soluble and CDB-“oxide”-associated P, and Zn and Ni suggest
that the anthropogenic source of P-containing aerosol is more soluble
and thus potentially more bioavailable. Furthermore, the transfer of
acetate-“authigenic” P fraction to the CDB-“oxide”-associated and
water-soluble fractions, suggests that water facilitates the transfer of P
to a more easily dissolved phase. Thus the extractions in conjunction
with alkaline earth and trace metal data give us a sense of the aerosol
P fraction that would be biologically available to organisms. However,
to better understand the different phases extracted with each step, an
investigation of well-characterized aerosols with known sources and
defined end-member samples is required.
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