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The ability of atmospheric aerosols to impact climate through
water uptake and cloud formation is fundamentally determined
by the size, composition, and phase (liquid, semisolid, or solid) of
individual particles. Particle phase is dependent on atmospheric
conditions (relative humidity and temperature) and chemical com-
position and, importantly, solid particles can inhibit the uptake of
water and other trace gases, even under humid conditions. Par-
ticles composed primarily of ammonium sulfate are presumed to
be liquid at the relative humidities (67 to 98%) and temperatures
(22 to 4 °C) of the summertime Arctic. Under these atmospheric
conditions, we report the observation of solid organic-coated
ammonium sulfate particles representing 30% of particles, by
number, in a key size range (<0.2 μm) for cloud activation within
marine air masses from the Arctic Ocean at Utqia _gvik, AK. The
composition and size of the observed particles are consistent with
recent Arctic modeling and observational results showing new
particle formation and growth from dimethylsulfide oxidation to
form sulfuric acid, reaction with ammonia, and condensation of
marine biogenic sulfate and highly oxygenated organic molecules.
Aqueous sulfate particles typically undergo efflorescence and
solidify at relative humidities of less than 34%. Therefore, the
observed solid phase is hypothesized to occur from contact efflo-
rescence during collision of a newly formed Aitken mode sulfate
particle with an organic-coated ammonium sulfate particle. With
declining sea ice in the warming Arctic, this particle source is
expected to increase with increasing open water and marine bio-
genic emissions.

Arctic aerosol j atmospheric chemistry j aerosol phase j secondary aerosol j
marine biogenic aerosol

In the atmosphere, aerosols impact climate by directly scatter-
ing or absorbing solar radiation and by taking up water to act

as cloud condensation nuclei (CCN) or ice nucleating particles
(INPs), thereby modifying cloud properties. Water uptake is
governed by individual particle physicochemical properties,
including composition, phase, size, and morphology (1, 2). Par-
ticle phase impacts particle reactivity (3), water uptake (4), gas
partitioning (3), optical properties (5), and CCN and INP effi-
ciencies (1). Particles with high viscosity impact heterogeneous
reactions by inhibiting diffusion of gaseous species into par-
ticles (6, 7). Thus, it is critical to understand the phase behavior
of a particle to be able to predict aerosol impacts on climate.
Water uptake calculations are typically driven by thermody-
namic predictions incorporated into global climate models (8).
However, laboratory and field evidence (9, 10), as well as
modeling predictions (8), have shown that organic particles are
more often in a solid or viscous state than previously assumed.

Despite the evidence for abundant solid or glassy organic
particles (11, 12), ubiquitous hygroscopic inorganic compo-
nents, such as ammonium sulfate, are presumed to be primarily
present as ions dissolved in aqueous particles in the marine
boundary layer due to the high relative humidity (RH) (13, 14).
When considering the phase of ammonium sulfate at 293 K,
there is a well-known hysteresis effect where a solid ammonium
sulfate particle undergoes a phase transition to an aqueous
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particle at 78% RH when RH is increasing, while a liquid parti-
cle will not crystallize when drying until 34% RH (15). Thus,
since one of the most common mechanisms for sulfate
[SO4

2�
(aq)] formation is aqueous phase oxidation of SO2, and

the RH over the Arctic Ocean does not go below 34% (16), it
is commonly assumed that ammonium sulfate is present as dis-
solved ions in aqueous particles in the summertime Arctic.
Even at temperatures near 0 °C, the phase transition to a solid
is not predicted for pure ammonium sulfate at typical ambient
RH values (∼60 to 100%) by the ammonium sulfate phase dia-
gram (15).

In this study we report the surprising observation of solid
ammonium sulfate particles with organic coatings in the accu-
mulation mode collected in marine air masses in the summer-
time Arctic at low temperatures (�2 to +4 °C) and high RH
(67 to 98%), for which ammonium sulfate is predicted to be
present in aqueous particles. These particles were characterized
using a multimodal microspectroscopic approach to determine
their chemical composition, phase, and morphology. A combi-
nation of laboratory studies, thermodynamic modeling, and
attribution of sources and formation processes is used to
explain these unexpected results and their potential implica-
tions for atmospheric chemistry in cold, humid environments,
including the summertime Arctic marine boundary layer.

Results and Discussion
Solid Particles Observed at Low Temperature and High RH. Ambi-
ent particles were collected at the coastal Arctic location of
Utqia _gvik, AK during August to September 2015, at ambient
temperatures from –2 to +4 °C and RHs between 67 and 98%
within marine air masses. Microscopic analysis revealed a
unique type of particle that was predominantly ammonium sul-
fate, the phase of which was unexpectedly solid with a complex
morphology (Fig. 1). The physical properties of these particles
were investigated using atomic force microscopy (AFM), which
demonstrated the tall nature of the particles, with heights of
150 to 200 nm measured for 130- to 500-nm projected area
diameter (dpa) particles (Fig. 1 A and B). Upon impaction,
these particles spread a similar amount as solid particles and
far less than aqueous particles (17, 18), indicating these ambi-
ent particles existed in a solid or viscous phase. AFM phase
images revealed particles with complex structure, showing a dif-
ference in particle phase (19) between the main particle and
distinct smaller particle(s) on its surface (Fig. 1C). Scanning
electron microscopy (SEM) imaging in transmission mode
showed that most of these round particles contained small
(∼20 nm) cubic sulfate particles on the surface (Fig. 1D),
distinct from the ammonium sulfate in the core (20). SEM
images collected at a 75° tilt in back-scattering mode further
demonstrated the tall, hemispherical nature of these particles
(Fig. 1F), in comparison to other flat, liquid ambient particle
types observed within the same samples (SI Appendix, Fig. S1).
This tilt method has previously been used to show solid organic
particles formed in agricultural areas (10). To our knowledge,
this tall morphology has not been previously observed for ambi-
ent particles in the Arctic or beyond, suggesting it is unique to
the particle composition, observed atmospheric conditions, and
particle’s history since its formation.

The physical properties of these ambient particles were com-
pared to the morphology of laboratory-generated solid (RH =
15%, effloresced) ammonium sulfate particles, as well as liquid
(RH = 50%, deliquesced) inorganic sulfate particles from
Olson et al. (18) (Fig. 2). Particle phase can be inferred by the
extent of spreading, determined by the particle radius and
height following inertial impaction onto a substrate at ambient
pressure. AFM height traces (25 to 72 particles per trace)
showed that the tall ambient particles were comparable to

similar diameter solid laboratory-generated ammonium sulfate
particles, while the aqueous laboratory-generated sulfate par-
ticles were much shorter (Fig. 2A). Spreading ratios are similar
for the ambient (2.0 ± 0.1) and solid laboratory (1.43 ± 0.08)
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Fig. 1. AFM (A and B) height and (C) phase images demonstrating the
unique morphology of the observed ammonium sulfate particles (15 Sep-
tember 2015 00:00 to 08:00 sample). SEM (D) transmission electron detec-
tor image (16 September 2015 00:00 to 08:00 sample), (E) transmission
electron detector image (5 to 6 September 2015 16:00 to 00:00 sample)
and (F) secondary electron detector 75° tilted image (7 September 2015
00:00 to 08:00 sample) further demonstrating the morphology of these
particles. All sample times are given in Alaska Daylight Time.
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Fig. 2. (A) Average AFM height traces for ambient ammonium sulfate-
dominant particles (16 September 2015 00:00 to 08:00 Alaska Daylight
Time sample) (blue), as well as solid (red) and liquid (green) ammonium
sulfate particles generated in the laboratory. Liquid ammonium sulfate
plus sulfuric acid particles (green) are from Olson et al. (18). (B) spreading
ratios (radius/height) from AFM for ambient, solid (laboratory), and liquid
(laboratory) (70, 72, and 25 particles measured, respectively) following
method in Olson et al. (18) with error bars at 95% confidence interval.
The inset cartoon shows how radius and height are defined for calculating
the spreading ratio. AFM three-dimensional height profiles for (C) ambient
ammonium sulfate-dominant particles from Utqia _gvik and (D) solid
laboratory-generated ammonium sulfate particles.
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particles and far less than for the aqueous laboratory particles (7
± 1) (Fig. 2B). Three-dimensional AFM height images further
demonstrated the similar morphology of the tall ambient (Fig.
2C) and solid laboratory-generated ammonium sulfate particles
(Fig. 2D), indicating the ambient particles exhibited a solid
phase (21). To examine whether the ambient particles were capa-
ble of deliquescing and spreading substantially on the substrate,
RH cycling experiments were conducted for the ambient par-
ticles where RH was increased up to 85%, above the deliques-
cence RH of ammonium sulfate, and then decreased to 30%.
Low spreading ratios were still observed after cycling, confirming
the particles did not deliquesce to fully liquid particles on the
substrate and spread (see details in SI Appendix and SI Appendix,
Fig. S1).

Chemical Composition and Phase Separation. The chemical com-
position of the individual particles was determined to investi-
gate its role in the observed morphology and phase. SEM
coupled with energy dispersive X-ray spectroscopy (SEM-
EDX) identified carbon, oxygen, and sulfur in the individual
particles (Fig. 3A and Fig. S3), indicative of sulfate and organ-
ics. Notably, these particles were extremely sensitive to the
electron beam, characteristic of ammonium sulfate (22). Other
elements associated with sea spray (e.g., Na, Mg, K, Ca, and
Cl) were not observed in these particles. Scanning transmission
X-ray microscopy with near-edge X-ray absorption fine struc-
ture (STXM-NEXAFS) spectra of individual particles over the
sulfur L-edge confirmed the presence of inorganic sulfate
[S(VI)] in the particles (Fig. S4) (23). AFM coupled with pho-
tothermal infrared spectroscopy (AFM-PTIR) was used to
identify functional groups present in particles smaller than the
optical diffraction limit (17, 24). AFM-PTIR analysis of individ-
ual particles identified ammonium sulfate, with characteristic
νas(SO4

2�) and δ(NH4
+) modes at 1,098 cm�1 and 1,420 cm�1,

respectively (13, 17), a bisulfate νas(HSO4
�) mode at 1,260 cm�1,

and a δ(H2O) mode at 1,726 cm�1 (13) (Fig. 3B and additional
PTIR spectra in Fig. S5). The location of an ammonium δ(NH4

+)
mode at 1,420 cm�1 is consistent with solid ammonium sulfate,
based on prior efflorescence studies (13).

Trace organic compounds impact the phase (25) and physical
properties [deliquescence, efflorescence, and crystallization (15,
26–28)] of ammonium sulfate particles. The presence of organ-
ics in the ambient particles was confirmed by STXM-NEXAFS
mapping over the carbon K-edge, which showed organic com-
ponents coating the primarily inorganic particles (Fig. 3C).
Inclusions of sp2 carbon were also observed on the organic/
inorganic interface of a few particles (Fig. 3C), indicative of
material not soluble in the organic phase and further demon-
strating the complex multiphase nature of these particles.
Though commonly associated with soot, sp2 carbon has also
been attributed to marine biogenic sources (29, 30). Organic
coatings on ammonium sulfate particles were recently observed
during summertime in the Norwegian Arctic, including some
particles with soot inclusions in the organic coating, though
these particles were liquid when collected based on extensive
spreading (31). Organic volume fractions within the individual
ambient particles in this study were determined based on the
STXM-NEXAFS data. Two distinct components were defined:
an organic coating (average 89% organic, 11% inorganic) and
an inorganic core (average 3% organic, 97% inorganic) (Fig. 3
D and E). The thickness of the inorganic and organic compo-
nents from the edge to center of each particle was determined
based on the organic volume fraction, further demonstrating
the presence of an organic dominant coating (100- to 150-nm
thickness) and inorganic dominant core (Fig. 3 D and E). The
solubility of organic compounds decreases with temperature
(32); therefore, at the observed temperatures (–2° to +4 °C),
the organic coatings likely formed via liquid–liquid phase

separations due to the lower surface energy of that structure
(33). However, the sampled particles observed herein were
solid, which means the ammonium sulfate core effloresced in
the atmosphere prior to collection. This efflorescence likely
concentrated the organic material at the surface, leading to the
formation of a more viscous organic phase.

For each time period when the solid particles were collected,
RH <81% was observed during a portion of the air mass trajec-
tory (SI Appendix, Discussion of Impaction and Analysis of Solid
Particles and Fig. S6). During Arctic Ocean air mass sampling,
ambient RH ranged from 67 to 98%, with 38% of the sampling
time at RH <81%. Aqueous ammonium sulfate is metastable
(i.e., supersaturated) at RH <81% (13), the deliquescence RH
of ammonium sulfate for the sampling temperatures (15, 34).
In a metastable phase, it is thermodynamically favorable for
particles to effloresce and form a solid phase, but without a sur-
face to overcome the free energy barrier necessary to nucleate
a new phase (35), the particles remain aqueous. Contact
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Fig. 3. (A) Average EDX elements present in the ambient ammonium sul-
fate particles from all samples (*C and O peaks contain some signal from
substrate background) and (B) a representative AFM-PTIR spectrum of an
individual ambient ammonium sulfate particle. (C) STXM-NEXAFS map
showing the distribution of inorganic (blue), organic (green), and sp2 car-
bon (red) within individual sulfur-rich particles. (D) Average organic and
inorganic fractions for the coating and core regions of sulfur-rich particles
determined by STXM-NEXAFS. (E) Distribution of inorganic and organic
thickness from coating to core of a representative ambient organic-coated
ammonium sulfate particle, determined by STXM-NEXAFS.
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efflorescence occurs when a solid particle collides with a meta-
stable particle and provides a surface that facilitates efflores-
cence at an RH much higher than the efflorescence RH (34)
[40% for ammonium sulfate at the sampling temperatures
(15)]. Recently, it has been shown in laboratory experiments
that solid ammonium sulfate particles induce efflorescence
when they collide with phase-separated particles composed of
an organic shell and aqueous ammonium sulfate core (36).
Therefore, small, solid sulfate particles, formed at RH <81%,
colliding with larger core-shell (ammonium sulfate-organic)
particles at <81%, can explain the solid organic-coated ammo-
nium sulfate particle structure with cubic sulfate protrusions at
the surface observed by AFM and SEM (Fig. 1). Therefore, we
hypothesize that contact efflorescence led to these unexpected
solid sulfate particles.

Proposed Marine Biogenic Source and Formation Mechanism. The
organic-coated ammonium sulfate particles were primarily
observed under Arctic Ocean air mass influence from the Beau-
fort Sea (SI Appendix, Fig. S6), with minimal anthropogenic
influence (37). Bulk aerosol composition, including sulfur iso-
tope analysis, supports a marine biogenic aerosol source, as dis-
cussed in SI Appendix. During these marine air masses, the full
aerosol size distribution has modes in both the Aitken and
accumulation diameter ranges (SI Appendix, Fig. S2), which is
representative and typical of the summertime Arctic (38). The
number fraction of the observed solid organic-coated ammo-
nium sulfate particles increased with decreasing particle diame-
ter from 0.56 μm dpa to 0.18 μm (31 ± 2%, by number) then
slightly decreased to the lower size collection limit of 0.13 μm
dpa (23 ± 5%, by number) (SI Appendix, Fig. S2) (37). At less
than 0.2 μm dpa, ∼30% of the total particles, by number, corre-
sponded to these solid, organic-coated ammonium sulfate par-
ticles, associated with a peak in the size distribution at ∼120
nm (SI Appendix, Fig. S2) (37), indicating that a significant frac-
tion of the observed particle number concentration exhibited a
solid phase in a key size range for CCN activation. The Aitken
mode particles were below the lower size collection limit, which
prohibited microscopic analysis; however, these particles (mode
diameter ∼25 nm) are notably similar in size to the sulfate edge

protrusions on the larger solid particles, supporting the hypoth-
esis of Aitken mode particles colliding with accumulation
mode particles.

The typical summertime Arctic bimodal aerosol size distribu-
tion has been explained, through observations and modeling by
Croft et al. (38), by new particle formation and growth resulting
in Arctic Aitken mode particles (<0.1 μm) and further conden-
sation leading to the accumulation mode (0.1 to 1.0 μm).
Recently, Beck et al. (39) showed summertime observations at
Svalbard of particle nucleation via sulfuric acid (from marine
dimethylsulfide [DMS] oxidation) and ammonia, followed by
condensation of sulfate, methanesulfonate, and highly oxygen-
ated organic molecules, with growth to CCN sizes. Earlier
measurements showed that ammonium sulfate is the main com-
ponent of new particles during summertime at Svalbard (40)
and that oxygenated volatile organic compounds are emitted
from open water during summer in the Canadian Archipelago
(41). Modeling has shown that ammonia emissions from sea
birds react with sulfuric acid, from DMS oxidation, and contrib-
ute to new particle formation and increased cloud droplet
number concentrations across the Arctic, including over the
Beaufort Sea, an area where elevated ammonia concentrations
were previously observed (42). Further Arctic air quality
modeling by Ghahremaninezhad et al. (43) suggests that DMS
oxidation and resulting new particle formation and growth
leads to significant enhancements in sulfate particles up to
0.2 μm at high latitudes (>70°N), with strong enhancements up
to 1 μm at lower latitudes (<70°N). Indeed, frequent aerosol
growth events, with >0.1-μm particles consisting primarily of
organics and sulfate, were observed simultaneously at the
Canadian Archipelago Arctic sites of Eureka and Alert, located
480 km apart, during August to September 2015 (44). The
observed bimodal aerosol size distribution (SI Appendix,
Fig. S2) resulting from the regional new particle formation and
growth events supports the hypothesized contact efflorescence
occurring when a newly formed Aitken mode sulfate particle,
formed at a portion of the air mass trajectory at <81% RH (SI
Appendix, Fig. S6), collides with an accumulation mode
organic-coated ammonium sulfate particle at RH <81%. There-
fore, this new particle formation and growth mechanism, domi-
nated by marine biogenic sulfate, is consistent with the particle
properties measured in our study at Utqia _gvik, AK (71°N) with
marine air mass influence from the Beaufort Sea (Fig. 4).

Conclusions
The observation of solid, organic-coated ammonium sulfate
particles in the Arctic boundary layer has significant implica-
tions for regional atmospheric chemistry, cloud formation, and
climate feedbacks. The solid phase of these particles is hypoth-
esized to have formed through contact efflorescence when an
Aitken mode solid sulfate particle collided with an accumula-
tion mode organic-coated ammonium sulfate particle, with the
ammonium sulfate core in a metastable (i.e., supersaturated)
state, which has recently been observed in the laboratory (36).
The unexpected solid phase and solid organic coating on these
particles likely inhibited trace gas and water uptake at subsatu-
rated RH (45, 46). Despite the increased timescale expected
for water uptake, glassy organic particles with ammonium sul-
fate cores are expected to activate as CCN at elevated water
supersaturation, based on room-temperature measurements
(47). Notably, solid ammonium sulfate particles also have a
higher refractive index than liquid particles and can serve as
INPs via deposition freezing (48). These particles may be a
previously unconsidered source of INPs in the Arctic, where
mixed-phase clouds are important for the surface energy bud-
get and yet challenging to simulate (49). Recent incorporation
of inferred viscosity into a global model predicted secondary
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Fig. 4. Illustration of observed solid ammonium sulfate particles with
organic coatings, and associated processes, during summer for Arctic
Ocean air masses. The particles at cloud-nucleating sizes were surprisingly
observed to be solid, rather than aqueous, despite sampling RHs >40%,
which is the efflorescence RH of ammonium sulfate at the sampling tem-
peratures. The particle composition and air mass influence are consistent
with observational and modeling studies showing new particle formation
via sulfuric acid (H2SO4, from DMS oxidation) and ammonia (NH3), with
condensational growth from sulfate and highly oxygenated organic mole-
cules from oxidized volatile organic compounds (OVOCs) (39, 40, 42, 43).
DMS, VOCs, and OVOCs are emitted from the Arctic Ocean (41), while
ammonia (NH3) is attributed to birds in the Arctic (42). Modeling suggests
that this process increases CCN concentrations (42). CCN activation at
supersaturated RH is likely (47), with these solid particles also potentially
acting as INPs (48), thereby contributing to Arctic climate feedbacks.
Aitken mode solid sulfate particles, formed and present at portions of the
air mass trajectory with RH <81%, colliding with accumulation mode
organic-coated ammonium sulfate particles are hypothesized to induce
contact efflorescence, as observed in the laboratory (36).
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organic aerosol to be mostly liquid or semisolid in the bound-
ary layer, with glassy particles mostly existing in the upper tro-
posphere (8). Yet, here we demonstrate the presence of
organic-coated ammonium sulfate particles that were solid under
summertime Arctic conditions with low temperature and high
RH. This highlights the need to further investigate aerosol phase
and water uptake at temperatures near freezing under humid
conditions.

The observed organic-coated ammonium sulfate particles
are consistent with new particle formation from the reaction of
marine-derived sulfuric acid and ammonia, followed by con-
densation of biogenic sulfate and highly oxygenated organic
molecules, with growth to cloud activation sizes (39). Atmo-
spheric new particle formation and growth is simulated to be
the dominant source of Aitken and accumulation mode par-
ticles and an important source of CCN to the Arctic atmo-
sphere (38, 42), which is warming faster than elsewhere on
Earth (50). Secondary marine aerosol has also been shown to
be the dominant source of CCN in marine regions, including
the Arctic (51). Given the prevalence of this formation mecha-
nism across the Arctic (42), especially in areas of open water
(39), the phase of the particles observed in this study is impor-
tant to consider, especially in the rapidly warming Arctic with
increasing open water (52) and thereby increasing marine bio-
genic emissions.

Methods
Sample Collection. Atmospheric particles were sampled near Utqia _gvik, AK
using a three-stage microanalysis particle sampler for individual particle
microscopy analyses (8-h samples), a TSP sampler for sulfur isotope analysis
and ion chromatography analysis, and a PM1 Berner-type multijet cascade
impactor for submicron particle ion chromatography analysis; details of each
sampling method are described below and in SI Appendix. Meteorological
data, including RH and temperature, were obtained from the National Oce-
anic & Atmospheric Administration (NOAA) Barrow Observatory and the
Department of Energy (DOE) Atmospheric Radiation Measurement (ARM)
North Slope of Alaska Observatory.

Atmospheric particles for microscopy analysis were sampled at an Arctic
coastal tundra field site (71°160300 0 N, 156°380260 0 W) from 21 August to 30
September 2015, as described by Gunsch et al. (37). Individual particles (70- to
400-nm aerodynamic diameter) were collected using a microanalysis particle
sampler (MPS) (MPS-3; California Measurements Inc.) onto transmission elec-
tron microscopy (TEM) grid substrates (carbon Type-B Formvar film copper
grids; Ted Pella Inc.). Samples were collected for ∼8 h then sealed in airtight
containers and stored in the dark at room temperature prior to analysis. Here
we focus on 22 samples (SI Appendix, Table S3) that contained significant
number fractions (>15%) of the ammonium sulfate particle type identified
previously by Gunsch et al. (37). Discussion of particle sampling and analysis of
solid particles is included in SI Appendix.

Laboratory Particle Generation. Ammonium sulfate aerosol particles were
generated for individual particle microscopy analysis using an atomizer from a
10 μM solution (99.7%; Fisher Scientific). Particles 200 nm in diameter were
size-selected using a differential mobility analyzer (DMA) (model 3082; TSI
Inc.) to be representative of the observed ambient particle size mode. The RH
within the DMA was controlled using diffusion driers upstream to generate
solid particles at 15% RH. Particles were impacted onto TEM grids for offline
analysis using anMPS.

Single-Particle Microscopy Measurements. The individual particle MPS sam-
ples on TEM grid substrates were analyzed by computer-controlled SEM-EDX
using an FEI Quanta scanning electron microscope with field emission gun
operating at 20-keV accelerating voltage. The instrument is equipped with a
high angle annular dark field detector and energy-dispersive X-ray detector
(EDAX, Inc.) to provide information on the size, morphology, and elemental
composition of individual particles. K-means clustering of the EDX data identi-
fied unique particle classes, as described by Gunsch et al. (37) and references
therein. Additional SEM images were collected using a secondary electron
detector with the sample tilted 75° to provide additional information on parti-
cle three-dimensional morphology (10).

AFM-PTIR was used to further probe the morphology and chemical compo-
sition of individual particles using a nanoIR2 (Anasys Instruments). AFM
images were collected in contact mode at a 0.75-Hz scan rate over a 5-μm ×
5-μm area on the copper grid bar of the TEM grid substrate in order to
measure the diameter and height of individual particles, according to an
established method for AFM-PTIR application to aerosol particles (17, 53).
Spreading ratios and associated errors (95% confidence interval) were calcu-
lated following the method in Olson et al. (18). IR spectra were collected over
the 900 to 3,600 cm�1 range at 4 cm�1 per point resolution. Additional AFM
images were collected in tapping mode to provide information on particle
phase (19).

STXM-NEXAFS was conducted at the Canadian Light Source Beamline
10ID-1. Analysis was conducted over the carbon K-absorption edge and sul-
fur L-absorption edge to distinguish carbon and sulfur oxidation states pre-
sent in the individual particles, using a previously described method (23,
54). Briefly, X-ray energies are selected with a monochromator and raster-
scanned across the sample. Images at closely spaced X-ray energies are com-
bined to create an image stack, and X-ray spectra are converted to optical
density using the Beer–Lambert law. Pre-edge/postedge ratios of X-ray
absorption over the carbon K-absorption edge (280 to 320 eV) were used to
create a map showing the relative contribution of organic and inorganic
components in individual particles. Sulfur L-absorption edge spectra were
collected over the 168- to 176-eV range. The ratio of peaks at 173.2 and
171.1 eV was used to assess the relative contribution of different sulfur oxi-
dation states [S(V) and S(VI)].

Data Availability. All study data are included in the article and/or SI Appendix.
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