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[11 Most of the aerosol particles present in the surface snow and ice of inland Antarctica
come from primary sea salt (sodium chloride) and marine biological activity
(methansulfonic and sulfuric acids). Melted water from surface snow, firn, and Holocene
ice contains mainly sodium, chloride, and sulfate ions. Although it is well known that sea
salt aerosols react rapidly with sulfuric acid, a process known as sulfatization, it is not
known when this process takes place. In this research we undertake to measure the
proportion of sea salt aerosols that undergo sulfatization in the atmosphere and surface
snow, as opposed to deeper ice, in order to understand the suitability of sea salt aerosols as
a proxy for past climates in deep ice cores. We directly measure the sulfatization rates in
recently fallen snow (0—4 m in depth) collected at the Dome Fuji station, using X-ray
dispersion spectroscopy to determine the constituent elements of soluble particles and
computing the molar ratios of sodium chloride and sodium sulfate. We estimate that about
90% of the initial sea salt aerosols sulfatize as they are taken up by precipitation over Dome
Fuji or in the snowpack within one year after being deposited on the ice sheet.

Citation:

lizuka, Y., A. Tsuchimoto, Y. Hoshina, T. Sakurai, M. Hansson, T. Karlin, K. Fujita, F. Nakazawa, H. Motoyama, and

S. Fujita (2012), The rates of sea salt sulfatization in the atmosphere and surface snow of inland Antarctica, J. Geophys. Res., 117,

D04308, doi:10.1029/2011JD016378.

1. Introduction

[2] Atmospheric aerosol particles in the free troposphere
have a strong influence on direct and indirect radiation
effects in the Earth’s atmosphere [Andreae, 1995]. Some
aerosol particles are formed by the disintegration of bulk
material on the Earth’s surface (e.g., sea salt and dust), while
others are produced by chemical reactions (scavenging and
loss of gases, aqueous phase reactions) in the atmosphere.
The latter are known as secondary aerosols.

[3] In the present (Holocene) climate, the most common
aerosols present in inland Antarctic ice and snow come from
sea salt (sodium chloride) and marine biological activity
(methansulfonic and sulfuric acids) in the Southern Ocean
[e.g., Legrand et al., 1988]. Both of these aerosols are sol-
uble, so melted samples of surface snow, firn, and ice from
inland Antarctica contain mainly sodium, chloride, and sul-
fate ions [e.g., Legrand et al., 1988].
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[4] It is well known that sea salt aerosols can undergo a
number of rapid chemical reactions as they are transported to
inland Antarctica. Due to the large amount of sulfuric acid in
the Antarctic atmosphere, the most important reaction during
the Holocene and similar climates is sulfatization [e.g.,
Legrand et al., 1988; Delmas et al., 2003]:

H,S04 + 2NaCl — Na,;SO4 + 2HC1

Ultimately, it is this reaction that determines the molar ratio
of sodium chloride to sodium sulfate observed in snow, firn,
and ice.

[5] Since the sea salt and biological acids are typically
transported over long distances (about 1000 km from the
Southern Ocean to inland Antarctica), and since few aerosols
are added from the Antarctic ice sheet during this journey,
the chemical compositions and relative abundances of
aerosols present in the inland snow of Antarctica provide
good constraints on the rate of sulfatization in the atmo-
sphere, which is currently unknown.

[6] In the present Antarctic atmosphere, the ratio of
sodium chloride to sodium sulfate is highest during the
winter. The reason is clear: in winter, sea salt aerosols
(sodium and chloride ions) are at their maximum con-
centrations because cyclones frequently carry seawater from
the Antarctic sea to the inland ice sheet [Delmas et al.,
2003]. The molar ratio is lowest in summer, when marine
biological activity produces a great deal of sulfuric acid,
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which passes into the atmosphere and there promotes
sulfatization [Delmas et al., 2003]. Thus, there is a well-
documented seasonal variation in the relative abundances
of aerosols and their reaction products.

[7] Long-term variations in the Antarctic climate also
have an impact. The ion concentration profiles of deep ice
cores can be used to reconstruct the history of aerosols over
the past several hundred thousand years, a period that
includes several glacial cycles. Long-term paleoclimate
studies of Antarctica have been carried out on ice cores from
Byrd [e.g., Johnsen et al., 1972], Vostok [e.g., Petit et al.,
1999], Dome Fuji [e.g., Watanabe et al., 2003], EPICA
DML [EPICA Community Members, 2006], and EPICA
Dome C [EPICA Community Members, 2004].

[8] Some recent studies have proposed that chemical
reactions such as sulfatization may not just occur in the
atmosphere during transport to inland Antarctica, but
also in the surface snow and firn [Wagnon et al., 1999;
Réthlisberger et al., 2003; lizuka et al., 2006]. The time
scale of this process, however, is unknown. If sea salt sul-
fatization continues in the ice sheet for a long time after the
snow is deposited, and accounts for a large fraction of the
total reaction rate, then the value of these chemical com-
pounds as proxies for past atmospheric aerosols would be
diminished. It is therefore interesting to find out exactly how
much sea salt sulfatizes in the atmosphere during transpor-
tation, how much of it sulfatizes during precipitation and in
recently fallen snow, and how much of it sulfatizes deep in
the ice layer.

[v] Many studies have tried to constrain the proportions of
compounds affected by this reaction by measuring the ratio
of CI” to Na© [e.g., Legrand et al., 1988; Delmas et al.,
2003; Mulvaney and Wolff, 1994; Udisti et al., 2004].
These studies may work with melted ice samples, aerosols
collected from the atmosphere, or freshly fallen snow.

[10] In the Dome Fuji region of our previous study [lizuka
et al.,2004], Na" concentrations in freshly precipitated snow
from 1995 to 1997 were largest (1.57 pmol/l on average)
during the winter and spring (from July to September) and
smallest (0.20 pmol/l) during the summer (from December
to February). Cl™ concentrations in fresh snow, on the other
hand, were slightly higher during winter (2.77 pmol/l) than
during summer (2.50 umol/l). Even during winter, the C1™
concentration at Dome Fuji is almost twice that of Na.

[11] Hara et al. [2004] found the same seasonal trend of
Na“ and CI~ concentrations in aerosols collected from the
atmosphere at Dome Fuji during 1998. The fact that C1 /Na*
is higher during summer can be attributed to the transpor-
tation of gaseous HCI, which is a product of sulfatization, in
the atmosphere [e.g., Legrand et al., 1988]. Some Na' is
removed from the Na,SO, produced during atmospheric
transportation over the Antarctic Ocean. These results sug-
gest that ion measurements of aerosols captured in the
atmosphere can reflect the amount of sulfatization that
occurs during transportation.

[12] By comparing ion concentrations on the ground with
those detected in the atmosphere, we reach some interesting
results. Non-sea-salt (nss) SO3~ concentrations in fresh
snow at Dome Fuji are smallest in summer (0.74 pmol/l) and
largest in winter (1.11 pmol/l) from 1995 to 1997 [lizuka
et al, 2004]. In atmospheric aerosols, however, K. Hara
et al. found that nss-SO3~ concentrations were highest
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during summer at the same location in 1998 (personal
communication, 2011; their Na" and Cl~ concentrations
are published in the work by Hara et al [2004]).
Jourdain et al. [2008] also found a summer maximum
for the nss-SO3~ concentration in atmospheric aerosols
over Dome C (another dome of east Antarctica).

[13] Apparently, the fresh snow at Dome Fuji has a sea-
sonal pattern of nss-SO3~ concentrations opposite to that of
the atmospheric aerosols. However, the SO~ concentration
in fresh snow is greater than the Na" concentration during all
seasons. Even in winter, there is always an excess of sulfate
ions compared to sea salt (sodium ions). Dome Fuji snow
has very few anthropogenic sulfate acrosols; it is known that
the aerosols in Antarctic snow come mainly from the Ant-
arctic Ocean and high-latitude regions of the southern con-
tinents. Furthermore, very little change in the sulfate ion
concentration has been observed over the past 150 yrs; the
level today is comparable with long-term estimates from the
Holocene period [lizuka et al., 2004; Igarashi et al., 2011].
Therefore, the patterns just described provide evidence for
sulfatization during precipitation and deposition.

[14] However, because the ion concentrations lack infor-
mation on the original chemical compounds of the aerosols,
these data are insufficient to quantify the rate of sulfatization
during this phase. We also have little knowledge of the
reactions that take place in the snow and firn of inland
Antarctica.

[15] Recently, we developed a sublimation method capa-
ble of collecting several hundreds of nonvolatile particles
from a small ice sample at temperatures below —45°C
[lizuka et al., 2009]. The same system can be applied to
surface snow and firn. Using scanning electron microscopy
and energy dispersion X-ray spectrometry (SEM-EDS), we
can determine the constituent elements of these particles and
also classify them as insoluble or soluble [lizuka et al.,
2009]. In this paper, we collect and identify soluble, non-
volatile particles from surface (0—4 m) snow at the Dome
Fuji station, and calculated the masses of sodium sulfate and
sodium chloride in surface snow. These measurements allow
us to quantify the amount of sea salt that sulfatized during
precipitation over Dome Fuji and in the surface snow, as
opposed to during transportation through the atmosphere.
Our result confirms the reliability of ice core aerosols as
indicators of past atmospheric chemistry.

2. Experimental Method

[16] From 10 to 12 December 2007, the Japanese-
Swedish Antarctic Traverse Expedition (JASE) cut blocks
of surface snow at varying depths from the sides of a
snow pit at the Dome Fuji (DF) Station. The DF Station is
located at one of the highest points of central Antarctica
(77.25, 39.4E), 3810 m above sea level. Each snow
block is a rectangular solid measuring about 200 x 200 X
500 (depth) mm. Eight such blocks were cut in a vertical
column, the lowest extending to a maximum depth of
4.0 m. The blocks were transported in the frozen state to
a cold laboratory at the Institute of Low Temperature
Science, Hokkaido University, Sapporo, Japan.

[17] At the laboratory, they were preserved at temperatures
not higher than —45°C, below the eutectic temperatures of
major salts [Ohno et al., 2005]. We took column-shaped
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samples (diameter 8 mm and length 30 mm) by piercing the
block with a pre-cleaned stainless steel pipe. To avoid con-
tamination from the surface of the block, we removed the first
10 mm of snow. The remaining sample (8 mm by 20 mm)
was placed inside a cylindrical sublimation chamber, its cir-
cular face resting on a polycarbonate membrane filter with
pores 0.45 pym in diameter.

[18] The sublimation chamber is a stainless steel pipe with
inside diameter 8 mm and length 100 mm. The samples were
treated using a laminar flow bench (class 100). We chan-
neled clean, dry air with a dew point of —65°C through the
pipe at a rate of 15 1/min over a period of about 70 h, suf-
ficient to completely sublimate the ice. The air contained no
oil or solid particles more than 0.03 pum in diameter.

[19] After sublimation, the sample’s nonvolatile particles
remain on the membrane. We measured the constituent ele-
ments and surface areas of these particles for a total of 20
snow samples: six segments of about 15 mm depth resolu-
tion, ranging from the surface to 0.1 m in depth, and fourteen
segments of about 0.30 m depth resolution, ranging from 0.1
to 4 m in depth. We avoid the depth ranges 1.0 to 1.3 m and
3.3 to 3.6 m, because these snow layers might contain vol-
canic impurities. (Such impurities have been detected by
ordinary soluble ion analysis [see Hoshina, 2010].) We also
analyzed a section of firn taken from a depth of 18 m at the
Dome Fuji station, which was drilled in 1999. The subli-
mation system is described in detail by lizuka et al. [2009].

[20] Soluble sodium, chloride, and sulfate ion concen-
trations at the same depths as the snow blocks were mea-
sured by ion chromatography (Dionex 500) following the
method described by Hoshina [2010]. This apparatus mea-
sures the concentrations of soluble ions with a precision
better than 5%.

3. EDS Data Reliability

[21] The nonvolatile particles on the filter were analyzed
for constituent elements using a JSM-6360LV (JEOL) SEM
(scanning electron microscope) and a JED2201 (JEOL) EDS
(energy dispersive X-ray spectrometry) system. The accel-
erating voltage was 20 keV, high enough for the electron
beam to penetrate particles several ym in diameter. The X-
ray spectrum of each particle was measured for a period of
about 60 s. Each snow sample yielded at least 180 particles
more than 0.4 pm in diameter, whose constituent elements
could be determined by SEM-EDS.

[22] We calculate the total mass of Na, S, and Cl by
assuming that each particle is a sphere whose radius is cal-
culated from its cross-sectional area on the SEM image. That
is, the particle volume V' (um?) is estimated as

R=(C4/m)'?
V =4/37R

where C4 and R are the cross-sectional area (um?) and
inferred radius (um) respectively. The particle mass m (ug) is

m=pV x 107

where the density p is assumed to be 2500 kg'm > for
insoluble dust [Petit et al., 1999].
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[23] EDS can measure an “atomicity ratio” for each
detected element by comparing the signal of its peak to the
total signal due to all elements (the range is therefore 0 to 1).
For example, the sodium mass my;, (ug) is expressed as

MNa = WNaANa(EVViAi)_I X m,

where m is the total mass of the particle. W and A are the
atomic weight and atomicity ratio respectively. The sub-
script i refers to the eight major detected elements: O, Si, Al,
S, Cl, Na, Mg, and Ca (see Appendix A and section 4). We
assume that all particles consist almost entirely of these eight
elements, so that ¥4; = 1.

[24] We checked the reproducibility of the mass mea-
surement for a single particle by the following method.

1. We measured the eight atomicity ratios 20 times for a
single particle selected at random.

2. We calculated the coefficient of variation (CV) for
each atomicity ratio, based on the average values and
standard deviations of these 20 measurements. For exam-
ple, the standard deviation of the Na atomicity ratio in this
data set is 7.2, while the average atomicity ratio is 17.9.
The CV of the Na atomicity ratio is therefore 0.40. The
CVs of S and CI were 0.39 and 0.45 respectively.

3. Because the eight elements had similar CVs in step 2,
we took their average: 0.40. Henceforth, we assume that
any individual atomicity ratio measurement follows a nor-
mal distribution with a CV equal to 0.40. The mean
atomicity ratio measured over N particles therefore has the
relative uncertainty CVy = %. We repeated the above

procedure with several other particles, obtaining similar
results in each case.

[25] In the analysis to follow, we will assume that the
masses and moles of sodium sulfate and sodium chloride can
be inferred directly from the elemental masses, which are
directly proportional to the atomicity ratios measured in the
X-ray spectra. In the case of sodium sulfate, for example, we
obtain an uncertainty based on the average CV for an
atomicity ratio and the number of particles (Ny,s) for which

both Na and S are detected: CVy = \/01%. When calcu-

lating the mass ratio or molar ratio of sodium sulfate to
sodium chloride, the measurement which we shall use to
constrain sulfatization rates, the relative uncertainty is
expressed as

1 1 2
CViatio = 0.40
ratio (NNaS * NNaCl) '

following the standard rule of error propagation.

[26] The maximum value of CV g, is 0.234, at the depth
of 2.24 m, and its average value over all depths is 0.123. The
relative uncertainties given by this formula depend only on
the number of particles detected for each species, so vary
little with depth. The standard deviation of CV ., (for the
ratio of sodium sulfate to sodium chloride) over all the
samples is only 0.032, so in most cases the ratios reported in
section 4 can be taken as having uncertainties in the range of
10% to 15%.

[27] In this manuscript, we calculate elemental masses in
terms of the mass ratios on a single particle. Thus, any biases
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Figure 1. From top to bottom: typical electron diffraction
spectra of nonvolatile particles containing sodium and cho-
rine (sodium chloride), sodium and sulfur (sodium sulfate),
and sodium and silicon (insoluble sodium). The carbon sig-
nal comes from the filter.

related to the approximation of a uniform density sphere are
eliminated in the course of calculation.

4. Results and Discussion

4.1. The Soluble Elements and Related Ion
Concentrations

[28] Among the nonvolatile particles found at depths from
0.01 m to 3.85 m, we detected eight major elements: O, Si,
Al S, Cl, Na, Mg, and Ca. We also observed C, Cr, and Fe
on a few occasions, but interpret these peaks as artifacts
from the membrane filter (C), sample mounting (Cr), and the
stainless steel of the sublimation system (Fe). Other ele-
ments are only rarely detected. Figure 1 shows three EDS
results from surface snow at 4 m depth. Many particles have
the pairs (S, Na) and (Cl, Na). In this paper we focus on
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particles containing Cl, S, and Na, especially the two pairs
just mentioned. As described in the Appendix, after sepa-
rating soluble and insoluble particles (for a complete
description of this experimental method [see lizuka et al.,
2009]), we found that almost all (more than 99%) particles
containing S or Cl were soluble. Also, it is important to note
that when separating the nonvolatile particles containing Na
into soluble and insoluble types, only those which also
contained Cl or S were soluble. Therefore, we keep separate
counts of Na-containing particles (total-Na) and soluble
particles containing both Na and either CI or S (soluble-Na).

[20] Figure 2 plots the fraction of nonvolatile particles
containing Cl, S, and Na (total-Na), as well as the fraction of
soluble particles containing Na (soluble-Na) at depths from
0.01 m to 3.85 m. A significant amount of particles con-
taining Cl, S, and soluble-Na are confirmed to exist in the
surface snow. About half of the particles contain S and/or Na
in any form, and about 20% of the particles contain CI.
Among all the particles containing Na, 76% are soluble.

[30] Table 1 shows the correlation coefficients between
Cl, S, total-Na, and soluble-Na. The correlation coefficients
in the top panel include all depths (0 to 4.0 m), while the
lower set is based on all depths except for the prior year (0.1
to 4.0 m). At present, the annual accumulation of snow at the
DF station is about 0.1 m (equivalent to 27.3 mm of water
precipitation, as reported by Kameda et al. [2008]). There is
no correlation between Cl and either type of Na (total nor
soluble), probably due to nearly complete sea salt sulfatized.
The correlation between S and soluble-Na is stronger than
the correlation between S and total-Na. Also, the correlation
between soluble-Na and S is stronger in a sample that
excludes the prior year (* = 0.80) than it is over the com-
plete range of depths (r* = 0.64). These results strongly
suggest that a large proportion of soluble-Na has combined
with S as sodium sulfate, especially in snow deposited more
than one year ago.

[31] Figure 3 shows the depth profiles of two mass ratios:
S to soluble-Na and Cl to soluble-Na. The related ion con-
centration ratios SO3~ to Na“ and CI™ to Na" (weight/
weight) are also shown in Figure 3 (data from Hoshina
[2010]). The mass and ion ratios for Na and S exhibit simi-
lar fluctuations with depth, and the ion ratios are two to three
times larger than the mass ratios. This similarity between the
ion concentration depth profiles suggests that almost all Na*
combines with SO~ as sodium sulfate. Indeed, the consis-
tency between the two mass ratios can be attributed entirely
to the creation of sodium sulfate [fizuka et al., 2006]. The
excess observed in the ion concentration ratios compared to
the mass ratios is probably due to sulfuric acid [lizuka et al.,
2006] in the sample, which does not appear as particles on
the membrane filter. It has been suggested that the sulfuric
acid exists at triple junctions and/or along grain boundaries
in the ice core [Mulvaney et al., 1988].

[32] The correlation between the mass and ion ratios is
stronger in samples excluding the prior year (* = 0.74; 0.1 m
to 4.0 m) than over the entire range of depths (r* = 0.38).
Again, this difference suggests that almost all soluble-Na has
combined with S as sodium sulfate in snow deposited more
than one year ago.

[33] Dealing now with the mass and ion concentration
ratios of Cl and Na, we find that the mass ratios are about an
order of magnitude smaller than the ion ratios at most
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Figure 2. (a) Depth profiles for the proportion of particles containing Cl, S, Na, and soluble Na. (b) A
close-up of the shallower part of Figure 2a. More than 99% of Cl and S in particles are soluble materials.

depths. This difference suggests that a certain amount of C1~
exists as hydrochloric acid rather than sodium chloride
[lizuka et al., 2006]. Note that hydrochloric acid will not
appear as particles on the membrane filter. We found no
correlation between the mass and ion ratios: r* = 0.48 in 0.1
to 4.0 m snow, and ?=-0.10 in 0 to 4.0 m snow.

4.2. Quantifying the Amount of Sea Salt Sulfatization in
the Atmosphere

[34] This section estimates the moles of sodium chloride
(Mnac1) and sodium sulfate (Mya2s04) in the first 4.0 m of
surface snow at Dome Fuji. In the above discussions, we
showed evidence that 1) particles containing S and Cl are
sulfate and chloride respectively; and 2) when Na coexists
with S or Cl, that particle is soluble. We therefore assume
that particles containing both Na and S consist of sodium
sulfate, while those containing both Na and Cl consist of
sodium chloride. The same assumptions are used by many
studies analyzing present-day atmospheric aerosols by SEM-
EDS [e.g., Campos-Ramos et al., 2010]. Because melted DF
snow samples contain mainly sodium, chloride, and sulfate
ions [Watanabe et al., 2003], we regard these assumptions as
highly reliable.

[35] To determine the moles of sodium chloride, we
compare My, to Mc for each particle. The moles (M;; i =
Na, Cl, and S) are calculated from the total mass of each
element, which in turn is inferred from the atomicity ratios
observed by XDS (section 3). If My, < Mcy, then My,ci
(mol) is expressed as Myaci = Mna- If Mna > Mgy, then
Muyact (mol) is given by Myac1 = M. In the case of sodium
sulfate, if My, < 2Mg then M504 (mol) is expressed as
MNaZSO4 =12 MNa- If MNa > 2MS: then MNaZSO4 (mol) is
given by Mnazsos = Ms.

[36] Figure 4 shows the molar ratio of Mynacy t0 Mnazsos
as a function of depth. On average, this ratio is higher within
0.1 m of the surface than in deeper snow. However, in the
first 0.1 m of snow we also observe some very low molar
ratios (less than 0.05), suggesting that almost all sodium
chloride changed rapidly to sodium sulfate, either in the air
or soon after it precipitated. The low ratios plausibly come
from a summer with relatively high sulfuric acid content,
and can be taken as evidence that sea salt sulfatization
occurred mainly in the atmosphere for these layers. Like-
wise, the high ratios (greater than 0.1) in the first 0.1 m of
snow may come from a winter layer with low sulfuric acid
content and high sea salt content. Under these conditions,
some sodium chloride could survive sulfatization in the
atmosphere.

[37] When reconstructing past aerosols from the deep ice
cores of inland Antarctica, we usually discuss fluctuations

Table 1. Correlation Coefficients Between the Proportions of
Particles Containing Cl, S, Total Na, and Soluble Na, as Shown
in Figure 2

Total Na S Cl Soluble Na
0-4.0 m
Total Na 1
S 0.46 1
Cl 0.16 —0.14 1
Soluble Na 0.95 0.64 0.19 1
0.1-4.0 m
Total Na 1
S 0.68 1
Cl 0.23 0.13 1
Soluble Na 0.96 0.81 0.25 1
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Figure 3. (a) The mass ratios of chlorine to soluble sodium are marked as black circles, estimated from
the volumes of particles identified by EDS. The open triangles are ion concentration ratios of chloride to
sodium, measured by IC. (b) The black circles are the mass ratios of sulfur to soluble sodium, and the open
triangles are the ratios of sulfate ion to sodium ion concentrations.

on time scales of more than a decade (or at least one year).
For this reason, from now on we base our calculations on
two average values: the molar ratio in fresh (first year) snow
is 0.18 (one-sigma confidence range 0.16~0.20), and the
molar ratio over the last decade of snow is 0.09 (0.08~0.10).
As a reference, 140 particles containing both Na and S, and
115 particles containing both Na and Cl, were used to cal-
culate the first year’s ratio of 0.18. A total of 921 and 288
particles containing (Na,S) and (Na,Cl) respectively were

The mole ratio of sodium
chloride to sodium sulfate

used to calculate the ratio of 0.09. These ratios can be used
to estimate the proportion of sea salt that sulfatized in the
atmosphere, as we will describe below.

[38] According to the literature, there are two principal
sources of sea salt in the snow: spray from the open sea
[Legrand et al., 1988] and frost flowers on sea ice [Wolff
et al., 2003]. Rankin and Wolff [2002] measured the mass
ratio of SO~ to Na' at a coastal site of Antarctica,
obtaining average values of 0.25 and 0.1 for open

The mole ratio of sodium
chloride to sodium sulfate
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Figure 4. (a) Depth profile of the molar ratio of sodium chloride to sodium sulfate. (b) A close-up of the

shallower part of Figure 4a.
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Figure 5. A schematic of sea salt sulfatization processes from the Antarctic Ocean to the surface snow of

Dome Fuji.

seawater and sea ice respectively. These mass ratios can be
transformed to molar ratios of 5.98 x 1072 and 2.39 x 1072
respectively. If we assume that all the SOF~ ions in sea salt
react with Na", and that the remaining Na" ions compound
with Cl™, then the moles [Na,SO,4] and [NaCl] can be cal-
culated as shown below. This assumption leads to a lower
limit on the ratio of Myac1 t0 Mya2sos 1n the two sources.

[Na,SO4] = [SO37]
[NaCl] = [Na™] — 2[SO37]

Thus, the molar ratio of [NaCl] to [Na,SO4] can be expressed
as

[NaCl]  [Na']—2[SO;"]  [Na']

[Na,SO4] [sor] [sor] 2

Substituting in Rankin’s values, we find that the molar ratios
of NaCl to Na,SO, are 14.7 and 39.8 in open seawater and
sea ice respectively (Figure 5).

[39] As shown in Figures 4 and 5, the annual and decadal
average molar ratios in the snow are 0.18 (0.16~0.20) and
0.09 (0.08~0.10) respectively. If the salt originated in sea
ice, the molar ratio would have had to decrease from 39.8 to
0.18 (0.16~0.20) over the course of a year, as the salt was
transported through the atmosphere from the Antarctic
Ocean to inland Antarctica. Over a decade, the molar ratio
had to decrease from 0.18 to 0.09 (0.08~0.10) from post-
depositional effects.

[40] If we denote [Na,SOy4] at the source as k (>0) (mol),
then [NaCl] at the source is 39.8k (mol). If the rate of
[Na,SO4] production is n (mol), then the amount of [NaCl]
that must react is 2n (mol). This notation leads to the fol-
lowing expression:

[NaCl]  39.8k —2n

NSO~ k¥n = 0.18(0.16 ~ 0.20)

Solving this equation yields n = 18.2k (18.0k~18.4k) (mol).
[NaCl] in the surface snow can be expressed as 3.45k
(3.06k~3.84k). The amounts of [NaCl] present at the source

and in the first year of snow are 39.8k and 3.45k
(3.06k~3.84k) respectively. Thus, about 91.3% (90.4%~
92.3%) of the initial sea salt (sodium chloride) is removed by
sulfatization in the atmosphere and in the uppermost layer of
snow within one year after precipitation (Figure 5).

[41] In the same way, substituting 0.09 (0.08~0.10) for
0.18 (0.16~0.20) in the above relation tells us that about
95.5% (94.9%~96.0%) of the initial sea salt (sodium
chloride) is removed by sulfatization in the atmosphere
and by post-depositional processes in the surface snow
over ten years (Figure 5).

[42] The results just derived assume that the salt originated
from sea ice. If the salt instead originated from the open sea,
we can repeat the calculations with a different initial molar
ratio. Without entering into the details, [NaCl] at the source
should be 14.7k (mol). The [NaCl] values at the source, in
the first 0.1 m of surface snow, and in the deeper snow are
14.7k, 1.38k (1.22k~1.53k), and 0.72k (0.63k~0.80k)
respectively. In this scenario, about 90.6% (89.6%~91.7%)
of the initial sea salt is removed by sulfatization in the first
year, and 95.1% (94.5%~94.7%) is removed after ten years
(Figure 5).

[43] As described in the Introduction, the main seasonal
difference in ion concentrations is that in the summer,
SO3~ concentrations are maximized in the atmosphere and
minimized in fresh snow. If we focus on fresh snow
[lizuka et al., 2004, Figure 1], we find that the seasonal
trends of Na™ and SOﬁ_ are synchronized, with the SOﬁ_
concentration being similar to or slightly higher than the
Na' concentration in mole equivalent. This suggests that
throughout the year, even during the summer when sulfu-
ric acid is high and sea salt is low, the SOAZf concentration
in fresh snow is controlled by the Na® concentration. We
propose that the seasonal difference between the two
trends can be explained by the process of aerosols being
deposited from atmosphere to snow (“fallout”), and by the
differences between Na,SO, in solid form and H,SO4
(SO, gas in the atmosphere). Solid Na,SO,, formed by the
reaction H,SO,4 + 2NaCl — Na,SO,4 + 2HCI in atmosphere,
is likely to be deposited on snow. SO, gas, on the other hand,
is not likely to be deposited on fresh snow as H,SO,, but
remain a gaseous phase in atmosphere. Thus, although a
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Table Al. Sample Depth, Average Size of Nonvolatile Particles,
and Average Size of Insoluble Particles in Three Ice Samples®

Nonvolatile Particles (ym) Insoluble Particles (ym)

0.07 m section 3.23 + 1.60 341 +1.51
3.25 m section 322 +1.36 3.19 + 1.38
18.0 m section 2.65 £ 1.41 2.86 + 1.48

*The uncertainties are one standard deviation, and each sample yielded at
least 180 insoluble particles.

certain amount of sulfate can be supplied by H,SO,, the
majority of SO3 ™ is precipitated in the form of solid Na,SO.

[44] We cannot completely distinguish between the pro-
cesses of sulfatization occurring in the atmosphere or in the
snow layer within one year after particle deposition. How-
ever, redistribution processes from some studies [e.g.,
Wagnon et al., 1999] point out that chloride decreases with
depth over the first several meters of snowpack in Dome C
and Vostok. If these processes require several decades
(several meters of snowpack) to occur, then the rate of sul-
fatization in the snow layer is also likely to be very slow in
the first year after being deposited, which corresponds to
several centimeters of snowpack. We therefore conclude that
the observed evolution in molar ratios is primarily due to
sulfatization that occurred in the atmosphere.

[45] If a certain amount of reaction between nitrate acid
and sea salt also occurred in the Antarctic atmosphere, then
we should consider the molar ratio NaCl / (NaNO; +
Na,SO,) rather than NaCl / Na,SO4. However, NaCl /
(NaNOs; + Na,SO,) has a lower value than NaCl / Na,SQOy,
so ignoring the contribution of nitrate acid would lead us to
underestimate the proportion of sea salt that underwent sul-
fate reactions in the atmosphere or the uppermost snow
layer. Thus, even if we consider the effect of the nitrate
reaction, our main conclusion does not change.

[46] At annual resolution, our analysis clearly suggests
that about 90% of the sea salt underwent sulfatization during
its fallout over Dome Fuji or in the snow layer within one
year after being deposited. Among the several glacial and

Containing Si ContainingS  Containing Cl
yes
yes
No
yes
yes
No
No
yes
yes
No No
yes
No
No

[IZUKA ET AL.: SEA SALT SULFATIZATION IN ANTARCTICA

D04308

interglacial periods recorded by the DF core, the present
climate (Holocene) is one of the most acidic [e.g., lizuka
et al., 2008]. One way to explain this high acidity of the
Holocene is that, during colder periods than the present
environment, a higher flux of sea salt and soluble conti-
nental minerals (e.g., CaCQOs3) probably entered the atmo-
sphere, in a manner similar to that described here for modern
sea salt [e.g., lizuka et al., 2008]. The greater availability of
reactants would have more rapidly depleted the sulfuric acid,
so we would expect an even higher sulfatization ratio com-
pared to the present. These findings also imply that aerosol
sulfatization in past cycles was more likely to occur in the
atmosphere or fallout stages, rather than after being deposited.

[47] In summary, the fact that sulfatization is close to
completion in freshly fallen snow implies that little or no
additional sulfatization of sea salt takes place in the deep ice
cores. We therefore claim that the aerosol compounds dis-
covered in Dome Fuji ice cores accurately reflect the atmo-
spheric chemistry’s effects on sea salts and continental
minerals at the time the snow layer was formed.

5. Conclusion

[48] Using SEM-EDS technology, we measured the con-
stituent elements of nonvolatile particles in samples of sur-
face snow to a depth of 4 m at the Dome Fuji station with a
decadal time-resolution, which is same resolution of ion
fluxes analyzed from Dome Fuji ice core. Soluble particles
containing Na with either Cl or S are confirmed to exist in
the surface snow. About half of the particles contain S or Na,
and about 20% contain Cl. Among all Na-containing parti-
cles, 76% are soluble. We observe that Cl ratios are higher
within 0.1 m of the surface than in snow taken from depths
between 0.1 and 4.0 m.

[49] We measured the mass ratio of sulfur to soluble
sodium, and the ion concentration ratio of SO to Na'. The
two ratios vary with depth in a similar pattern, and in deep
snow their trends are closely synchronized, suggesting that
almost all Na™ are combined with SO~ as sodium sulfate.
On the other hand, when comparing the mass ratio of ClI to

Type 2 and Type 3

Type 2: a mixture of silicate and sulfate

Type 3: a mixture of silicate and chloride

Type 1: an insoluble silicate

Type 4 and Type 5

Type 4: a sulfate
Type 5: a chloride

Type 6: none of silicate, sulfate nor chloride

Figure Al. Classification scheme dividing the particles into six types based on their measured constitu-
ents. These types are identified using our method for dividing soluble and insoluble particles [lizuka et al.,

2009].
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Figure A2. Frequencies of various elemental compositions
in nonvolatile particles (those remaining after sublimation)
from the 0.07, 3.75, and 18.0 m snow sections. The constit-
uent elements are described in Figure Al.

soluble-Na with the ion ratio of Cl~ to Na*, the former is
about an order of magnitude smaller. This difference sug-
gests that a certain amount of Cl1™~ exists as hydrochloric acid
rather than sodium chloride.

[s0] We then estimated the molar ratio of sodium chloride
(Mpac1) to sodium sulfate (Myazsos), and calculated the
amount of sea salt that would have had to sulfatize in the
atmosphere during transport, as compared to the amount that
sulfatized during fallout and in the fresh surface snow. The
molar ratio in the first year’s snow (0.18 on average) is
extremely low compared to that of salt originating in open
sea or sea ice (14.7 or 39.8), respectively. We estimate that
on average, about 90% of the initial sea salt sulfatized in the
first year. When taking into account the seasonal trends of
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ion species in the fresh snow [lizuka et al., 2004, Figure 1],
we can conclude that almost all of the SO3~ precipitated in
the form of sodium sulfate. This fallout process was proba-
bly the major contributor to the 90% of sea salt that sulfa-
tized in the first year.

Appendix A: How to Divide Nonvolatile Particles
Into Insoluble and Soluble Particles

[s1] For three randomly selected samples taken from
depths of 0.07, 3.25, and 18 m, we immersed the filter in
ultra-pure water at 25°C for about 50 h after the SEM-EDS
measurement, which is enough time to dissolve all soluble
constituents. The insoluble particles remaining on the filter
were then analyzed again using SEM-EDS. In this way, we
obtained separate measurements of nonvolatile and insoluble
particles from the same sample.

[s2] Table Al lists the average diameters and standard
deviations of nonvolatile particles (those remaining after
sublimation) and insoluble particles (those remaining after
immersing the nonvolatile particles in water for 50 h) in each
ice sample. We cannot detect a significant relationship
between particle diameter and elemental composition.
Hence, in some of the discussions to follow, we assume that
the number of particles identified as a given element is
directly proportional to the volume of material composed of
that element. An important motivation for adopting this
simplified method is to allow researchers without access to
SEM-EDS equipment to validate the results. We are not sure
why particle diameters should be similar between insoluble
and nonvolatile particles; however, a simple explanation
would be that the process of transportation from the sea to
DF is not efficient for particles larger and heavier than sev-
eral um [e.g., Fattori et al., 2005].

[53] We focus on the six elements Si, S, Cl, Na, Mg, and
Ca due to their strong associations with dust and ion con-
centrations. Nearly all the particles contained at least one of
these elements. We have provided a distribution diagram
(Figure A1) of the various types defined below.

1. Type 1: Si was detected but not S or Cl, implying a
kind of silicate.

2. Type 2: Si and S were detected, implying a mixture of
silicate and sulfate.

3. Type 3: Si and CI were detected, implying a mixture of
silicate and chloride.

4. Type 4: S was detected but not Si, implying a kind of
sulfate.

5. Type 5: Cl was detected but not Si, implying a kind of
chloride.

6. Type 6: No Si, S or Cl was detected.

[s4] Within each type, we also classified particles
according to their cationic combination (i.e., whether they
contained Na, Mg, and/or Ca).

[s5s] Figures A2 and A3 show the frequency distribution of
nonvolatile and insoluble particle types found in each ice
section. Among the insoluble particles, 94.6% and 4.3%
were Type 1 or Type 6 respectively (Figure A3). In contrast,
among nonvolatile particles (Figure A2), from 42.7% to
65.5% contain sulfur or chlorine (Types 2 through 4). Thus,
almost all sulfates and chloride are dissolved and ionized in
the melting process, which changes Type 2 and Type 3
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Figure A3. As Figure A2, but for insoluble particles
(those remaining after immersing the nonvolatiles in water
for 50 h).

particles into Type 1 particles. The distributions shown in
Figure A3 suggest that insoluble particles contain mainly
silicate minerals [e.g., De Angelis et al., 1984], while soluble
particles contain mainly sulfate and chloride salts. Based on
Figure A3, Table A2 shows the proportion of insoluble
particles containing calcium or sodium in each of the three
sections. These elements, both insoluble and soluble parti-
cles, are primary components of aerosols in the Dome Fuji
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ice core [ Watanabe et al., 2003], so play an important role in
paleo-environment reconstruction from the DF ice core.

[s6] According to Figure A2, the most common combi-
nation in soluble particles is Na and S (light blue in types 3
and 5). This result indicates the existence of sodium sulfate
at all depths in the Dome Fuji snow. In the 0.07 m section,
the combination of Na and Cl is also very important (light
blue in types 2 and 4), indicating the existence of sodium
chloride in surface snow. The reason for the differences in
particle types at the three depths is described in the main text
(see section 4.1).

[57] Figure A2 visualizes the proportion of insoluble par-
ticles containing calcium or sodium in each of the three
sections (Table A2). For the sake of comparison, following a
method that we developed in previous work dealing with
Last Glacial Maximum ice [[izuka et al., 2009], we can also
infer this ratio from our measurements of nonvolatile parti-
cles by making the following assumptions: (1) any calcium
(sodium) in a Type 1 (silicate) particle is insoluble; (2) any
calcium (sodium) in a particle of Type 2, 3, 4,or 5 is soluble;
(3) Type 2 and Type 3 particles with calcium (sodium)
change to Type 1 particles without calcium (sodium) when
immersed in water; and (4) all Type 1 particles are insoluble.
Thus, among nonvolatiles, the only insoluble particles con-
taining calcium or sodium are of Type 1. However, Types 1,
2 and 3 are all considered insoluble.

[s8] The inferred ratio of insoluble particles containing
calcium to all insoluble particles is therefore

Ntypcl_Ca/ (Ntypcl + Ntych + Ntypc3) .

The corresponding ratio for insoluble particles containing
sodium is

Ntypcl_Na/ (Ntypcl + Ntych + Ntypc3)~

Niypel_ca and Niyper na are the numbers of Type 1 particles
containing calcium and sodium respectively. For both cal-
cium and sodium, the measured and inferred ratios are
very similar, differing by at most three percentage points
(Table A2). The consistency of these results strongly sug-
gests that we have correctly interpreted the roles of calcium
and sodium in each type of particle.

[s9] Although the inference method just described was
developed for an analysis of LGM ice [lizuka et al., 2009],
this agreement implies that it is equally valid during one of
the warmest climate periods (Holocene). The Holocene and
glacial maximum periods are taken from opposite ends of
the ice core [e.g., lizuka et al., 2008]. At depths where the
ice temperature is above the eutectic temperature of one of
these salts, however, this issue of particle types should be
considered more cautiously.

Table A2. The Four Columns Report the Proportions of Insoluble Particles Containing Ca and the Proportions of Insoluble Particles

Containing Na*

Insoluble Ca / Insoluble Total
From the Insoluble Particles

Insoluble Ca / Insoluble Total
From the Nonvolatile Particles

Insoluble Na / Insoluble Total
From the Nonvolatile Particles

Insoluble Na / Insoluble Total
From the Insoluble Particles

0.07 m section
3.25 m section
18.0 m section

0.02 (£<0.005)
0.02 (£<0.005)
0.13 £ 0.01

0.04 £+ 0.01
0.13 £ 0.01

0.02 (£<0.005)

0.17 = 0.01 0.19 £ 0.02
0.14 £ 0.01 0.11 +£0.02
0.23 +£0.02 0.26 = 0.02

“Each ratio is calculated in two ways; see Appendix A for details.
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