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ABSTRACT: Single-particle characterization of Antarctic aerosols was
performed to investigate the impact of marine biogenic sulfur species on
the chemical compositions of sea-salt aerosols in the polar atmosphere.
Quantitative energy-dispersive electron probe X-ray microanalysis was
used to characterize 2900 individual particles in 10 sets of aerosol samples
collected between March 12 and 16, 2009 at King Sejong Station, a
Korean scientific research station located at King George Island in the
Antarctic. Two size modes of particles, i.e., PM, 510 and PM; g, 5, were
analyzed, and four types of particles were identified, with sulfur-contain-
ing sea-salt particles being the most abundant, followed by genuine sea-
salt particles without sulfur species, iron-containing particles, and other
species including CaCO;/CaMg(CO3),, organic carbon, and alumino-
silicates. When a sulfur-containing sea-salt particle showed an atomic
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concentration ratio of sulfur to sodium of >0.083 (seawater ratio), it is regarded as containing nonsea-salt sulfate (nss-SO,>") and/
or methanesulfonate (CH3SO; ), which was supported by attenuated total reflection Fourier transform-infrared imaging
measurements. These internal mixture particles of sea-salt/CH;SO; /SO, were very frequently encountered. As nitrate-
containing particles were not encountered, and the air-masses for all of the samples originated from the Pacific Ocean (based on
S-day backward trajectories), the oxidation of dimethylsulfide (DMS) emitted from phytoplanktons in the ocean is most likely to be

responsible for the formation of the mixed sea-salt/CH3SO5 /SO, particles.

1. INTRODUCTION

The Antarctic region, isolated from anthropogenic sources, is
one of the few pristine places to study natural aerosol processes
and evaluate various anthropogenic impacts on the atmosphere.'
Some studies on the characterization and seasonal cycles of
different aerosol species at various Antarctic locations, such as
McMurdo (Ross Island), Aboa (Queen Maud Land), Syowa
(East Ongul Island), Dome Fuji (Queen Maud Land), O’Higgins
(Chile), Admiralty Bay (King George Island), and Mizuho (Atka
Bay) stations, have been carried out, and bulk and single-particle
analytical techniques showed that sea-salts and sulfur-containing
species were the most abundant constituents in Antarctic aerosol
samples.' It was also reported that greater than 94% of aerosol
particles in Antarctic aerosol samples were sea-salt and trans-
formed sea-salt particles (containing excess sulfate (SO,>”) and
methanesulfonate (CH;S0;)).?
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However, more studies are still required to fully understand
the characteristics of Antarctic aerosols. Herein, two single-
particle analytical techniques, i.e., quantitative energy-dispersive
electron probe X-ray microanalysis (ED-EPMA), called low-Z
particle EPMA, and attenuated total reflection Fourier trans-
form-infrared (ATR-FT-IR) imaging, were applied to character-
ize aerosols collected between March 12 and 16, 2009 at King
Sejong Station, a Korean scientific research station located at
King George Island in the Antarctic. Low-Z particle EPMA is
capable of determining the chemical composition and morphol-
ogy of a single atmospheric particle’ "' and reliably analyzing
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Table 1. Sampling Dates, Sampling Times, and Metrological
Conditions at the Sampling Site

samples sampling date sampling time T (°C) RH (%)
S1 March 12, 2009 14:08—15:43 3.2—4.5 62.4—64.1
S2 March 13, 2009 13:40—14:05 32-3.5 65.3—65.7
S3 March 14, 2009 17:27—17:40 29-3.1 68.9—70.1
S4 March 15, 2009 15:44—16:01 2.5-32 68.8—69.3
SS March 16, 2009 09:12—09:27 1.8—-22 68.5—68.6

environmentally important atmospheric particles such as sul-
fates, nitrates, ammonium, and carbonaceous par’cicles.u’13 How-
ever, the low-Z particle EPMA technique has a limitation in the
identification of molecular species and compounds containing
hydrogen; thus sulfur-containing sea-salt particles were further
investigated using ATR-FT-IR imaging as this technique can provide
information on molecular species and the functional groups of
individual particles.'* The main objective of this work is to
characterize summertime Antarctic aerosol particles by the use of
the two single-particle analytical techniques in order to better
understand aerosol properties and natural processes in a pristine
environment distant from anthropogenic sources.

2. MATERIALS AND METHODS

2.1. Sampling. Aerosol samples were collected at a Korean
scientific research station in the Antarctic: the King Sejong sta-
tion (62°13S, 58°47W), which is located at King George Island,
Chile (see Figure S1 of the Supporting Information). King
George Island in the South Ocean is 120 km off the coast of
the Antarctica, and is dominated by pervasive ice caps, with more
than 90% of the island being glaciated. All samples were collected
during daytime at temperatures T = 1.8—4.5 °C and relative
humidity RH = 62—70% (Table 1).

Ten sets of aerosol samples were collected on Al foils (Sigma-
Aldrich, 99.8% purity) during March 12 - 16, 2009 using a three
stage cascade impactor (PM;o Impactor, Dekati Inc.). The
impactor has aerodynamic cut-sizes of 10, 2.5, and 1 um for
stages 1,2, and 3, respectively,ata 10 L min~* sampling flow. To
avoid collecting agglomerated particles, sampling duration was
adjusted: a shorter sampling time for smaller particles and a
longer time for larger ones. Overall, 2900 individual particles
collected on stages 2 and 3 (PM,s 19 and PM, o, 5 fractions
with the size range of 2.5—10 um and 1—2.5 um, respectively)
were examined.

Five-day (120 h) backward air-mass trajectories were obtained
using the Hybrid Lagrangian Single-Particle Integrated Trajec-
tory (HYSPLIT) model from the NOAA Air Resources Labora-
tory’s web server (http://www.arl.noaa.gov/ready/hysplit4.
html). The back-trajectories show that air-masses at heights of
500 m, 1000 m, and 1500 m above sea level originated from and
traveled over the Pacific Ocean between March 12 and 16, 2009
(see Figure S2 of the Supporting Information).

2.2. EPMA Measurement and Data Analysis. Low-Z particle
EPMA measurements were carried out on a JEOL JSM-6390
SEM equipped with an Oxford Link SATW ultrathin window
energy-dispersive X-ray (EDX) detector. The resolution of the
detector was 133 eV for Mn Ko X-rays. X-ray spectra were
recorded under the control of INCA software (Oxford). An
accelerating voltage of 10 kV, beam current of 0.5 nA, and a
typical measuring time of 15 s were employed to ensure a low

background level for the spectra, good sensitivity for low-Z
element analysis, and statistically significant characteristic X-ray
counts.'® Morphological parameters, such as the diameter and
shape factor, were calculated by an image processing routine using
the INCA software. The net X-ray intensities for chemical elements
were obtained by nonlinear, least-squares fitting of the collected
spectra using the AXIL program.'® The elemental concentrations of
individual particles were determined from their X-ray intensities
using a Monte Carlo calculation combined with reverse successive
approximations.'® By the use of the “expert system” program,'”
individual particles were classified into different groups based on
their chemical compositions and morphologies. The basic classifica-
tion rules are given elsewhere.'"'®

2.3. ATR-FT-IR Imaging Technique. ATR-FT-IR imaging
measurements were performed using a Perkin-Elmer Spectrum
100 FT-IR spectrometer interfaced to a Spectrum Spotlight 400
FT-IR microscope. For ATR imaging, an ATR accessory employing
a germanium hemispherical internal reflection element (IRE)
crystal with a diameter of 600 ¢«4m was used. A 16 X 1 pixel Mercury
Cadmium Telluride (MCT) array detector was used to obtain FT-
IR images with a pixel size of 1.56 ym. An ATR-FT-IR spectrum
(720 to 4000 cm ') with a spectral resolution of 8 cm™ ' was
obtained for each pixel; each spectrum is an average of four coadded
spectra. The position of the sample was determined using a visible
light optical microscope equipped with a light-emitting diode and
charge-coupled device camera. Additionally, the optical image was
used to identify the same individual particles that were analyzed
using low-Z particle EPMA before conducting the ATR-FT-IR
imaging measurements, as optical microscopy provides an image of
sufficient spatial resolution to help locate the same image field
observed by low-Z particle EPMA. ATR-FT-IR imaging measure-
ments were made for dehydrated particles as they had been under
vacuum for low-Z particle EPMA measurements prior to ATR-FT-
IR imaging measurements. The Ge IRE crystal was cleaned by
isopropanol to avoid the contamination of the crystal surface before
the ATR-FT-IR imaging measurement. A detailed description of
the AER—FT—IR imaging technique can be found in our previous
paper.

3. RESULTS AND DISCUSSION

3.1. Particle Types. Typical secondary electron images (SEIs)
of individual particles on PM, 5 10 and PM, o, s samples are
shown in Figure 1, where the chemical species making up each
particle is indicated. The relative abundances of all particle types,
which were classified based on their X-ray spectra and SEI data of
individual particles, are shown in Table 2. The characteristics of
various particle types are described as follows.

3.2. Genuine Sea-Salt Particles without Sulfur Species.
Sea-salt aerosols are produced at the ocean surface, are ubiquitous
in the marine boundary layer (MBL), can act as a source of reactive
halogen species and cloud condensation nuclei (CCN), and can
cause atmospheric scattering of solar radiation."” Genuine sea-salt
particles that did not experience atmospheric chemical reactions
after being emitted into the air have SEI that are bright and cubic in
shape (e.g, particles #1, #5, #6, #17, and #25 in Figure 1). Their
X-ray spectra are dominated by Na and Cl X-ray peaks (Figure S3a
of the Supporting Information, SI), often together with small peaks
from C, O, and/or Mg. The atomic Mg/Na concentration ratios are
0.086 and 0.114 on weighted average for PM, 5_1o and PM; o_, 5
aerosols, respectively (Tables S1 and S2 of the SI), which are close
to 0.119, ie., the seawater [Mg]/[Na] ratio; but the atomic Cl/Na

6276 dx.doi.org/10.1021/es200936m |Environ. Sci. Technol. 2011, 45, 6275-6282



Environmental Science & Technology

4. (Na,Mg)(SO.,CI)/(Fe,Si)Oox

1. Naclio (Na,Mg.K.Ca)(S0,,Cl)

V
2. NaCllo—>
Ll
a 3. (Na,Mg,KCa)(S0,Cl) @
7.NaClic,0 Mg Q

(Na,Mg)(S0,4.Cl) (h
i 9.(Na,Mg)Clo

8. NaClio—> Sl 4
1. (Na,Mg)(SO,.Cl)

&

L
A

- ; - 14.(Na,Mg)(SO,.Cl) P
10.(Na,Mg)(SO,,Cl) ' 15.NaClC,0

@< Nacl
~13.Na,50,

12.Na(S0,,Cl) —10um

< (Na.Mg)(S04.Cl)
16.NaCl/C,0,Mg—> o

(a) Particles #1-#16, deposited on stage 2 (from sample S1)

5.NacCl

3
6.NaCllo
> L

T
17.NaCl ‘ '

v 0

- Na(SO,, 8t »
3 i C'-’19,(Na_r.-qgj;n(so4_CI') Jd ,J

ZB.I,-‘IaCI."C.O.P\‘Ig

7 21.(NaMg.Ca)(SO,.Cl)IIN
3 .
23.NaClio

.
20. r-Ja(g 04.Clj

~ 28.NaCllO 22 NaClio

24.NaCICOMI} 30 s Mg CaySO,Cl)

r”« 27.NaClo § J

29.(Na.Mg.Ca)(S0,.Cl) f‘
34.(Na,\ 1g)(so+cn\ = 4

31.(Na.Mg.Cg)S0,.Cl)

. 32.Na(SO ,Cl‘].
v ® < T) A

36. (NasMa.Ca)(SO,,Cl)

T
33.Naclro Mg 36. (Na,Mg,Ca)(S o,.(cn

- e L
’ 37.(NaMg.Ca)(SO.LlyC—> V‘ 38.Na(S0,.Cl)—>
Spm }

(b) Particles #17-#38, deposited on stage 3 (from sample S1)

Figure 1. Typical secondary electron images of aerosol particles collected at King Sejong station, Antarctica. (a) Particles #1—#16, deposited on stage 2
(from sample S1) ; (b) Particles #17—#38, deposited on stage 3 (from sample S1).

Table 2. Particle Types and Their Relative Abundances in PM, 5 ;o and PM, ¢, s Fractions, Respectively, for the Samples S1—S5

relative abundances in PM, s_;, fraction (%)

relative abundances in PM, o_,  fraction (%)

particle types s1 s2 S3 S4
1. genuine sea-salts without sulfur ~ 47.9 42.1 43.0 23.2
NaCl 3.5 7.2 0.0 0.7
NaCl/O 22.6 28.9 12.1 18.9
NaCl/O,Mg 4.2 14 2.0 13
NaCl/C,0 6.3 0.0 94 0.9
NaCl/C,0,Mg 113 4.6 19.5 1.4
2. sulfur-containing sea-salts 48.6 55.3 55.0 75.4
(1) [S]/[Na]<0.083 27.5 34.8 22.8 412
Na(S04,Cl) 1.4 39 1.3 3.6
(Na,Mg)(S0,,Cl) 92 12.5 13 8.7
Na(S0,,Cl)/C 0.0 0.0 0.7 1.4
(Na,Mg)(S0,,Cl)/C 16.9 184 19.5 27.5
(2) [S]/[Na]>0.083 21.1 20.5 322 34
(Na,Mg,Ca)(S0,,Cl) 1.4 6.6 1.3 7.2
(Na,Mg,K,Ca)(SO,,Cl) 3.5 2.0 0.0 29
(Na,Mg,K,Ca)(S0,,Cl)/C 7.0 2.0 2.0 29
(Na,Mg,Ca)(50,,Cl)/C 92 9.9 28.9 21.0
3. Fe-containing particles 2.1 2.6 1.3 1.4
4. others 1.4 0.0 0.7 0.0
sum 100 100 100 100

SS ave S1 S2 S3 S4 SS ave
48.4 40.9 17.3 38.0 38.6 10.2 20.8 25.0
0.6 24 0.6 6.3 0.8 0.6 0 1.7
26.8 21.9 12.6 229 26.1 4.5 5.8 14.4
1.9 2.2 0.7 2.5 2.5 0.0 0.8 1.3
1.3 3.6 2.7 1.9 6.7 2.6 4.2 3.6
17.8 10.9 0.7 4.4 2.5 2.5 10.0 4.0

47.1 56.3 78.1 59.5 55.5 87.2 72.5 70.6

258.5 30.4 59.7 39.9 49.6 64.8 50.9 53.0

32 2.7 2.7 13 16.8 7.1 1.7 5.9
8.3 8.0 14.6 7.0 134 5.8 42 9.0
0.0 0.4 2.0 0.0 34 6.4 42 32
14.0 19.3 40.4 31.6 16.0 45.5 40.8 34.9
21.7 25.9 18.5 19.7 5.8 22.9 21.7 17.7
1.9 3.7 13 13 0.8 0.6 0.0 0.8
1.3 19 0.0 0.0 0.0 0.6 42 1.0
5.8 3.9 13 2.5 1.6 5.7 5.8 3.4
12.7 16.3 159 159 34 16.0 11.7 12.6
1.3 1.7 3.3 1.9 5.9 2.6 5.0 3.7
3.2 1.1 1.3 0.6 0.0 0.0 1.7 0.7
100 100 100 100 100 100 100 100

concentration ratios, which are 0.861 and 0.787 on weighted average
for PM, s jpand PM, ;5 s aerosols, respectively (Tables S1 and S2
of the SI), are somewhat lower than the seawater [Cl]/[Na] ratio
(1.16). Organic species present in the sea-salt particles, inferred
from carbon (~4—12 at%, on average) and oxygen signals in their
X-ray spectra, possibly result from biogenic species and/or humic or
humic-like substances in the marine environment. Some of the
oxygen species might come from water inside the particles and
the NaOH shell, an alkaline hygroscopic coating around
NaCl.*° Herein, the genuine sea-salt particles without sulfur
were further classified into five types, based on their X-ray
signals from C, O, and other minor elements (Table 2 and
Tables S1 and S2 of the SI). They include NaCl, NaCl/O,
NaCl/(Mg,0), NaCl/(C,0), and NaCl/(C,0,Mg) and look
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similar on their SEIs (e.g., particles #1, #5, #16, and #33 in
Figure 1, respectively).

3.3. Sulfur-Containing Sea-Salt Particles. Many sea-salt parti-
cles have a sulfur peak in their X-ray spectra (Table 2 and Figures S3b
and S3c of the SI). These sulfur-containing sea-salt particles include
two categories. One is for particles whose atomic S/Na concentration
is <0.083, i.e,, the seawater [S]/[Na] ratio.*' They contain Na(SO,,
Cl), Na(SO,, Cl)/C, (Na, Mg)(SO,, Cl), and (Na, Mg)(SO,, Cl)/
C, where the [S]/[Na] ratio is on average ~0.048 (Tables S1 and S2
of the SI) and the [O]/[Na] ratio is ~0.3—1.1 (0.526 and 0.506 on
weighted average in PM, s 19 and PM; _, 5 fractions, respectively).
Thus, their sulfur signals are regarded to be from sea-salt sulfate
(ss-504>"). Another category is for particles whose atomic [S]/
[Na] ratio is >0.083, such as (Na, Mg, Ca)(SO,, Cl), (Na, Mg,

dx.doi.org/10.1021/es200936m |Environ. Sci. Technol. 2011, 45, 6275-6282
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(c) an ATR-FT-IR image

N

-

(d) an SEI after the ATR-FT-IR imaging measurement

Figure 2. Comparison of the secondary electron images (SEIs) and ATR-FT-IR image of the same 57 individual airborne particles on stage 2 for the
sample S2 (the particles without additional label are genuine sea-salt particles, the particles labeled with * are sulfur-containing sea-salt particles with
[S]/[Na] < 0.083, and the particles labeled with ** are sulfur-containing sea-salt particles with [S]/[Na] > 0.083).

Ca, K)(SO,, Cl), (Na, Mg, Ca)(SO,, Cl)/C, and (Na, Mg, K,
Ca)(SO,, Cl)/C. The average [S]/[Na] ratio is ~0.1—0.3 (0.167
and 0.210 on weighted average in PM, 519 and PM; 5 5, respec-
tively, see Tables S1 and S2 of the SI), indicating that the additional
sulfur comes from other sources, such as nss-SO,*~ (e.g, Na,SO,
and (Na, Mg)SO,) and/or CH3SO; . They are likely to be the reac-
tion products of genuine sea-salt with SO,/H,SO, and/or methyl-
sulfonic acid (MSA) from the oxidation of dimethylsulfide (DMS).>
The [O]/[Na] ratio is ~0.5—4.2 (1.146 and 1.297 on weighted
averagein PM, 5 j9and PM, o, s, respectively). The [S]/[Na] ratio
increases with a decrease in particle size: (0.167 vs 0.210). This
suggests that the reactions occurred more frequently for smaller parti-
cles due to their larger area/volume ratio.

The core—shell sea-salt particles (e.g., particles #2, #8, #14,
#15,#19, #31, #35, and #36 in Figure 1) indicates that they might
be in the form of liquid droplets at the time of collection.”® When
water evaporated from the collected sea-salt particles, crystalline
NaCl particles were fractionally or wholly crystallized out.
The liquid content would provide an enhanced capacity for soluble
species in the reactions.”” Kukui et al. reported that MSA, the
major oxidized end product of DMS, would be produced by
liquid-phase reactions and that the water-soluble intermediate
products from the oxidation of DMS would contribute to the
growth of existing particles.”* This is consistent with our observation,

in that the X-ray spectra data obtained from the shell (darkly
shaded) particles showed the sulfur species.

To further determine sulfur species existing in the sulfur-
containing sea-salt particles, some particles on stage 2 for sample
S2 were investigated by ATR-FT-IR imaging, since the relative
abundances of particles with [S]/[Na] < 0.083 and particles with
[S]/[Na] > 0.083 in the PM, 5, fraction of sample S2 are close
to their respective overall average abundance (Table 2). Figure 2
shows an SEI obtained prior to ATR-FT-IR imaging measure-
ment (Figure 2(a)), a visible light optical image (Figure 2(b)), an
ATR-FT-IR image (Figure 2(c)), and an SEI after ATR-FT-IR
imaging measurement (Figure 2(d)) for the same 57 airborne
particles. First, the morphologies and chemical compositions of
all the particles on the image field were obtained by low-Z particle
EPMA. Then, the ATR-FT-IR image was obtained by the
application of principle component analysis (PCA) after the first
differentiation of the original ATR-FT-IR spectra across all of the
pixels in the image. Although the quality of the SEI and ATR-FT-
IR images differ due to the inherently different spatial resolutions
of the images (~100 nm for SEIs and 3.1 #m for the ATR-FT-IR
images), the same particle patterns ensured that the same
particles were probed. The area of each image is ~120 X
80 um®. Considering that the pixel size of the ATR-FT-IR image is
1.56 x 1.56 um”, the number of pixels for the ATR-FT-IR image
shown is ~3940. An IR spectrum (4000—720 cm ") is recorded
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Figure 3. ATR-FT-IR spectra of aerosol particles and standard materials (Na,SO,, CH;SO3Na, DMS, DMSO, MSA, and natural organic matter
(NOM)). Data from the 2200—2390 cm ™" region, where atmospheric CO, peaks are present, were deleted for clarity.

for each pixel in the image. The manufacturer’s software inter- ATR-FT-IR spectra measured for aqueous solutions of Na,SOy,
polates ATR-FT-IR imaging pixel data onto a display image with CH3SO;3Na, DMS, dimethyl sulfoxide (DMSO), and MSA (pur-
many more pixels, such that the final display image looks better than chased from Aldrich) are also shown in Figure 3. These chemicals
the actual image. are reported to be intermediate or final chemicals in the formation

The SEIs (Figure 2(a),(d)) clearly show the morphologies and of nonsea-salt sulfates from phytoplankton activities.”>* In addition,
locations of the 57 particles before and after the ATR-FT-IR an ATR-FT-IR spectrum obtained from Natural Organic Matter

imaging measurements. For the ATR-FT-IR imaging measure- (NOM) powders (purchased from International Humic Substance
ment, the sample has to be in contact with the IRE crystal so that Society) is shown in Figure 3. The NOM sample is reported to have
some force is applied to the sample during contact. When good been obtained from a drinking water reservoir at Skarnes, Norway
contact is made and the sample is well pressed against the IRE and contain humic and fulvic substances. The broad IR peaks seen at
crystal, the particles were (partly or fully) embedded into the ~3325 and ~1640 cm ™" in the ATR-FT-IR spectra of all particles
ductile Al collecting foil. (except DMS) are from the O—H vibrations of water molecule.

The ATR-FT-IR spectra for all of the pixels in the image were Although the SEIs of the particles show that they look crystalline,
considered in the PCA analysis. Similar spectra with significant it is clear that a significant amount of water exists in the particles
encountering frequencies were grouped as a principle compo- according to ATR-FT-IR analysis. The IR peaks at 2922 and
nent. Low-Z particle EPMA and ATR-FT-IR image data indicate 2853 cm ' are from DMS molecule, which is contained in particles
that two types of particles (two principle components) are #18, #21, and #57. The peak at 1640 cm™ " is too broad to be only
dominant: 19 genuine sea-salt particles and 38 sulfur-containing from water molecule; it seems that another IR peak at 1587 cm ™'
sea-salt particles (see Figure 2 and Table S4 of the SI). Since (NOM) is convoluted with the peak at 1640 cm ™. IR peaks at 1476,
NaCl species is IR inactive, 19 genuine sea-salt particles do not 1364, 1251, and 812 cm™ ' seem to be from biogenic species and/or
show any significant IR peak (see ATR-FT-IR spectrum of an humic or humic-like substances in the marine environment. The
exemplar genuine sea-salt particle #20 in Figure 3). Typical ATR- peaks at 1427 and 1311 cm™ ' are either from DMS or DMSO
FT-IR spectra of the sulfur-containing particles are also shown in molecules. A very broad, strong peak in the 1190—1040 cm™ ' region

Figure 3, in which particle #2 is the one with [S]/[Na] < 0.083 seems to have merged with the two IR peaks arising from SO, of
while particles #18, #21, and #57 are those with [S]/[Na] > 0.083 CH,SO;Na at ~1046 and ~1170 cm ', and also with that at
(see Table S4 of the SI). The spectra for the four particles are ~1091 cm™ ' from SO,>~ of Na,SO,. Hopkins et al. reported that

similar at a glance. Each spectrum shows IR absorption peaks at substantial heterogeneous replacement of chloride by CH;SO;  and
3325, 1640, 1364, 1251, and 1123 cm ™ '. However, the spectra of nss-SO,” in sea-salt particles (with characteristic ratios of nss-S/Na >
particle #2 are somewhat different from those of particles #18, 0.10 and CH3S03 /nss-SO,>~ > 0.6) occurred at low tempera-
#21 and #57: IR peaks at 1476, 1427, 1311, 1251, 1123, and tures (T < 15 °C).22 The IR peaks of MSA at 1174 and 1047 may
1640 cm ™! are stronger in the spectra of particle #2, whereas IR also have merged into the broad IR peak in the 1190—1040 cm ™'
peaks at 2922 and 2853 cm ™' are stronger in those of particles region. The sharp IR peak at 1123 cm™ ' in the ATR-FT-IR
#18, #21, and #57. ATR-FT-IR spectra of all 38 sulfur-containing spectra of particle #2 indicates that it likely only contains ss-
particles belong to one of the two types. Overall, the peak height SO,>". It suggests that the sulfur-containing sea-salt particles
(in A) of SO,” IR peak at ~1123 cm ™' on average in genuine with [S]/[Na] <0.083 can be distinguished from those with
sea-salt particles (0.012 & 0.002) is lower than that in sulfur- [S]/[Na] > 0.083 by their ATR-FT-IR spectra. The peaks
containing sea-salt particles (0.031 & 0.012) (Table S4 of the SI). at 1587, 1390, and 1109 cm™ ' in the NOM ATR-FT-IR
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spectrum indicate that biogenic species and/or humic or
humic-like substances are likely mixed with the sulfur-con-
taining sea-salt particles. It is consistent with the EPMA
measurement results (the carbonaceous species was often
detected in genuine and sulfur-containing sea-salt particles as
shown in Tables S1 and S2 of the SI). The sulfur species in
the sulfur-containing particles seem to be complex mixtures
of SO, CH;3S0;, DMS, DMSO, MSA, and NOM-like
species.

3.4. Fe-Containing Particles. Fe-containing particles have
irregular shapes in their SEIs, including FeO, particles and Fe/
FeO, particles internally mixed with sea-salts (particle #4 in
Figure 1). The atomic concentrations of Fe are in the range 1—80
at%, as shown in Table S3 and Figure S4 of the SI The
observation that many of them (especially for particles in
PM, s fraction) are coupled with S suggests that the Fe-
containing particles are likely to have come from the seawater.
Much research has shown that in seawater, especially when
phytoplankton blooms occur, there is a close link between Fe
and S.*”*® In “High-Nutrient, Low-Chlorophyll”(HNLC) areas
such as the Southern Ocean where external Fe inputs are low, sea
ice might be a significant pool of bioavailable Fe in the Antarctic
surface waters.” In addition, as soil particles (e.g, alumino-
silicates) are rarely encountered in these samples, Fe-containing
particles are not likely to be of soil origin.

3.5. Other Species. We classified the particles which did not
belong to the above types into the “other species” group because
they were observed in all samples very infrequently (<1%). They
include CaCO3/CaMg(COs3),, carbonaceous (mostly organic
compounds), and aluminosilicate-containing particles. It seems
that most of them originated from the ocean (i.e, biogenic
particles) and a very few originated from the local land (i,
CaCO;3/CaMg(CO3), and aluminosilicate-containing particles).

3.6. Relative Abundances of Various Particle Types. The
relative abundances of major particle types are shown in Table 2.
Sea-salt particles, including both genuine and sulfur-containing
species, are the most frequently encountered, with relative
abundances of 97.1% and 95.6% on average in the PM, s
and PM, o_, s fractions, respectively. The sulfur-containing sea-
salt particles outnumber the genuine ones: relative abundances of
56.3% vs. 40.9% on average in the PM, s, fraction and 70.6%
vs. 25.0% in the PM; o, 5 fraction. For the sulfur-containing sea-
salt particles, those with [S]/[Na] < 0.083 are more abundant
than those with [S]/[Na] > 0.083: 30.4% vs. 25.9% on average in
the PM,s_ ;o fraction and 53.0% vs. 17.7% in the PM, ¢ s
fraction, respectively. This suggests that a significant fraction of
the sulfur in many sulfur-containing sea-salt particles also came
from ss-SO,> . The five-day air-mass back-trajectories at heights
of 500, 1000, and 1500 m (Figure S2 of the SI) indicate that the air-
masses for all of the samples originated from the Pacific Ocean and
arrived at the sampling site with westerly wind, implying seawater
from the Pacific Ocean should be the only source of the aerosol
particles. The relative abundances of genuine sea-salt particles
without sulfur on average in the PM;o_, 5 fractions of samples
S1—SS5 are smaller than those in the PM, 5o fractions, revealing
that smaller sea-salt particles tend to contain sulfur/sulfate than
larger ones. The variations of relative abundances among different
samples (S1—S5) (especially in the PM, o, s fractions), as shown
in Table 2, might be attributed to different local temperatures, RHs,
atmospheric pressures, waves, etc.

Fe-containing particles show relative abundances of 1.7% on
average in the PM, 5, fraction (2.6% maximum in sample S2)

and 3.7% on average in the PM, o, s fraction (5.9% maximum in
sample S3).

3.7. Possible Mechanisms for the Formation of SO,2 /
CH3SO3 -containing Sea-Salt Particles in the Antarctic Re-
gion. In the austral summer (November—March) of the Ant-
arctic, higher solar radiation levels and temperatures tend to
enhance phytoplankton activities and, thus, enhance the
production and emission of oceanic DMS.>*~** The volatile
DMS diffuses into the atmosphere and undergoes complex
sequences of gas-phase oxidation reactions, generating various
sulfur-containing products such as DMSO, MSA, SO,, and
H,50,.>>° These oxidized products can condense onto preex-
isting particles (primarily sea salt particles), resulting in changes
in the particle compositions and sizes.”* From the Antarctic
aerosol particles’ chemical compositions and relative abun-
dances, we deduced that the nss-SO,>~ /CH3SO;  -containing
sea-salt particles were generated by reactions of the sea-salt
particles with MSA and/or H,SO, from biogenic sources rather
than anthropogenic ones. The reasons are as follows:

(1) Among all of the analyzed individual particles, no nitrate-
containing sea-salt particle was encountered, i.e., none of
the X-ray spectra showed a nitrogen (N) peak. It has
been rarely reported that in the urban atmosphere, where
anthropogenic sources are abundant, air pollutants con-
tain only sulfur species without nitrogen species. The
mass concentration of airborne NO, is usually larger than
that of SO, in the urban atmosphere, and ambient NO,,
has a higher reactivity than SO,."> Our previous study
reported that the summertime Arctic aerosols contained
more nitrate than sulfate, indicating the anthropogenic
influence on the Arctic aerosols.'”

(2) The air-mass back-trajectories at heights of 500, 1000, and
1500 m showed that the air-masses for all the samples
originated from the Pacific Ocean (Figure S2 of the SI),
indicating that the source of aerosol particles was of
marine origin.

(3) Itwas reported that phytoplankton bloom could occur in
the austral summer of the Southern Ocean, resulting in
promoted emissions of DMS in this region.”> As Fe
supply controls phytoplankton growth and community
composition during the summer in the polar Southern
Ocean waters,”” our observation of a significant amount
of Fe-containing particles (Table 2) suggests that oceanic
phytoplankton might bloom during the sampling days.

(4) Other obvious sources of volatile sulfurs (e.g., volcano
eruptions) were absent during the sampling period in this
region and the surrounding area.

Our conclusion is that the aerosols over King George Island
were influenced by natural sources during the sampling period:
airborne SO,/H,SO, and MSA produced from the oxidation of
DMS of marine origin contributed to the formation of nss-
SO,* 7/ CH;S0; -containing sea-salt particles. The low-Z par-
ticle EPMA combined with ATR-FT-IR measurements can be
used to differentiate ss—SO42_-containing sea-salt particles from
nss-SO,”> /CH,3SO5 -containing ones and for the detailed
characterization of the coastal aerosols in the marine boundary
layer (MBL).
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