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Key Points:

Regional characteristics of
atmospheric sulfate formation were
probed by "O-excess (4'70) of
sulfate at inland and coastal East
Antarctica

Specifically, high A0 in spring-
summer at inland suggests

that chemical destruction of
methanesulfonate (MS") on the
Antarctic Plateau produces sulfate
Existing gap between A'’0 of sulfate
in the atmosphere and ice can be
reconciled by MS™ destruction in
SNOW
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Summary: Oxidation of MSA likely largely impacts A170(S04%).

7

A170O(S042°) reflects the oxidants chemistry involved in sulfate formation.

\,

—> Those preserved in Antarctic ice cores might tell the past oxidants chemistry? But there is an unexplained gap between ice and air.

J

OH, H20:
A170(S0427) = ~0%o “

-
DMS SO.2- A170 = ~1.5%o in aerosols

(Dimethyl sulfide; > S0; ~——

We observed specifically high A170O(S042")

CH3SCH3) A17O(SOc2)-:),’ = ~6.5Y values in aerosols at inland Antarctica, which
) 00 coincided with MSA decrease in the atmosphere.
A170(S0427)= ~12%o —> MSA s likely oxidized into sulfate with very
MSA ——— basedon ourisotope high A170O(S042-).

. . mass-balance calculation
(Methanesulfonic acid;

CH3SOsH)

T2 — &3.0%0 in ice cores

MSA ---------- > S04%

MSA is known to be lost in snow. —> Ppossibly explains the gap between
Antarctic ice sheet A170(S04%) in ice and aerosols.




Background: 170-excess of atmospheric sulfate (A170(S042"))

A170 O: 0%0, . 1.3%0, : 26%o0

Simplified definition: A170 = 6170 - 0.52 x 6180
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5180 [%o] A170(S042") might tell the past oxidants chemistry.

[e.g., Alexander et al., 2002]
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Background: A170(S042°) in the Antarctic ice and atmosphere

1. An unexplained ice-core A170(S042-) record

Previous study with WAIS-Divide ice cores [Sofen et al., 2014]
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“The sulfate A!70O record exhibits a 1.1 %o increase in the early 19th,
which suggests that an additional 12—-18 % of sulfate formation
occurs via aqueous-phase production by Os, relative to that in the gas
phase. ... However, assuming OH, H2O2, and O3 are the main
oxidants contributing to sulfate formation, Monte Carlo box model
simulations require a large (260%) increase in the O3 / OH mole
fraction ratio over the Southern Ocean 1n the early 19th century to
match the sulfate A!70O record. This unlikely scenario points to a
deficiency in our understanding of sulfur chemistry and suggests
other oxidants may play an important role in sulfate formation in the
mid- to high-latitude marine boundary layer. * [Sofen et al., 2014]

WAIS-Divide

2. A significant gap between A170(S0427) in ice and air

Sample
type

Aerosols

Site

Dome C a

Sout

N

Pole b

Time period

Jan.-Dec., 2010
Jan.-Dec., 2010
Jan.-Dec., 2011

WAIS d
Dome Ce

Vostok e
[aHill-Falkenthal et al., 2013; bWalters et al., 2019; clshino et al., 2017; dKunasek

lce cores

1774~2005 C.E.

2.5~9.4 kya
5.7~11.2 kya

A170(S042)
Mean Surface
1.310.1
12403 +1.5%0
1.410.2 -\
2.810.3 2.9
3.310.6 2.9
2.910.6 3.1

et al., 2010; eAlexander et al., 2002, 2003]

A

South Pole
A

Vostok
A

Any missing

post-depositional processes

for sulfate?

A Dome C

DU
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Methods

Aerosol samples collection by HVAS

e Dome C (75°06°S, 123°12’E, 3233 m): Total suspended particles "'"
e Dumont d’Urville (66°40’S, 140°01°E, 40 m): Fine (< 1um) and Coarse (> 1um)
*A170(S042°) was measured for Fine particles only, while concentrations were for Fine and Coarse

 Time resolution: 7 to 10 days per sample

 Time period: January - December, 2011

Chemical analyses

1. lon extraction and quantification by IC

Dome C samples @ Tokyo Tech [Ishino et al., 2019]
DDU samples @ |IGE [Jourdain and Legrand, 2002]

2. A'70(S042") measurement

The method developed by [Savarino et al., 2001] and
updated by [Schauer et al., 2012; Geng et al., 2013] was set
up at Tokyo Tech [Ishino et al., 2017].

~1 umol of SO42- was separated from other anions using IC
H2SO4 obtained from IC was converted to Ag2SOea.

Ag2S04 pyrolysis into SO2 and O2 using TC/EA

Measure O, (m/z = 32, 33, 34) using IRMS (MAT253,
Thermo Fischer Scientific)

South Pole

A Vostok

A
A
WAIS-Divide

DU

GEOS-Chem global chemistry transport model

( http://acmg.seas.harvard.edu/geos/ )

* Version 11-02d: Updated halogen chemistry including S(IV)+HOBr

[Chen et al., 2017]

* Additionally introduced reactive bromine emissions from sea-salts

produced via blowing snow sublimation over sea ice [Huang et al., 2020]

e Grid: 4° x 5° horizontal grid with 47 vertical layers up to 0.01hPa
* Met data: MERRAZ2
* Year: 2011

e S042 produced by each oxidation pathway is transported as a separate

“tracer” in the model.
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Results: Observed and modeled A170(S04%) in aerosols

,l_gbservedl i e General seasonality at both sites: summer minima (~1.0%o) and winter maxima (~2.5%o)
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*Apc-opu = A70(S042-) at DC — A70O(S042-) at DDU 6/10
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Discussion: Specifically high A170(S04%) at inland than at coast in summer

*Aoc-oou = A70(5042-) at DC — A70(S042-) at DDU

| ! ) . .
- _ﬂ_gl?servedl An efficient chemical destruction of — Does _th's reaction r:;od?uce sultate’?
= methanesulfonic acid (MSA) over the What is expected AT7O*
< . . . .
Ooay [ Antarctic plgteau gs_soqateQ Wlth- high DMS > SO, > SO42-
= photochemical activity in this period. =
<C 0.2 - "
(V) — [L_egrand et al., 2017] \ "¢’?
2 T F ) ’ A170O7? MSA - '
0.0 - .
(b) > Table S1. Correlations of Apc-opu to other
¢ DC 22 atmospheric components at Dome C during Oct.-Dec.
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Discussion: Isotope mass-balance calculation for A170(S042") produced from MSA

[Assumed A170 of oxidants O: 39%o, ©: 26%0, ©': 1.3%0, O: 0% ]

H3C

addition
OH .
DMS 36% DMSO
BrO . H3C CHs
HsC\ /CH3 49% \S / OH :
Il
S O3 (.Q.term)) @)
o —
(no oxygen atom) 8% A0 = 22.2%:
Cl (02) (estimated)
7%
abstraction
OH, NOs3,
Cl, O3 Of
in cloud/aerosol
A 4
SO..-H20
302 ‘]rT
A0 = 0%, |< o >/  HSOs"
(assumed) iIsotope equilibrium 1
with water SO:2-

MSIA
OH OH >
N S / 31%
g O; (_(:_)Jerm)>
A0 = 11.1%o s
(estimated)

aqueous-phase oxidation

>

gas-phase oxidation

H>
O3 (Cruw)
HOBr (H20)
OH

MSA

O
|l

H3C—ﬁ— O-
O

A0 = 16.3%o
(estimated)

OH 7?

S042-

' A'70 = 1.3%0
DDU, observed

A0 = 1.0%o

>

(Dome C, estimated)

T

Recognized processes affecting A70O(S0O42")

* Relative contributions of each pathway (%) were estimated by the model of Chen et al. (2018)
and averaged within the troposphere in 60°-90°S during October-December.

Newly proposed process leading to high A170(S0427)

Iv

S042-

A0 = 12.2%o
(estimated)

)

' Minor
.+ contribution
* [MSA]/[SO4]nss at DDU = ~0.14
* [MSA]/[SO4]nss at DC = ~0.05
i ->~9% of sulfate at DC may be
¥ produced by MSA oxidation.

S042-
A170 = 2.0%o0

(Dome C, observed)

1.3 x0.91+12.2 x 0.09 = 2.3%o
Fairly consistent with the observed value at DC.

[Ishino et al., 2021]

MSA oxidation is the most likely process responsible for high A17O(S04#) at inland in summer. g
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Implication: Post-depositional increase in A170(S042") due to MSA oxidation?

Vertical profile of MSA in snow at Vostok [\Wagnon et al., 1999]

04

0.2 —

00

I

LIPYPRIIA

MS/nss-SO4

1
;

90% lost
after deposition

e A170O(S042) produced by MSA oxidation = 12.2%o [slide 8]
 Annual mean [MSA]/[SO4]nss at DC = 0.11 [Legrand et al., 2017]
e 90% of MSA is lost after deposition to snow [WWagnon et al., 1999]

Ko

MSA

10 20
DEPTH (m)

-> 12.2%0 x 0.11 x 0.09 = 1.2%0

N

30

In good agreement with the ~1.5%o difference between
ice and atmosphere A170(S042-).

A significant gap between A170(S042-) in ice and air

Sample

Site Time period
type

Dome C a Jan.-Dec., 2010
Aerosols South Poleb Jan.-Dec., 2010
DDUc¢ Jan.-Dec., 2011

WAIS d 1774~2005 C.E.

lce cores Dome Ce 2.5~9.4 kya
Vostok e 5.7~11.2 kya

A170(S042)
Mean Surface

1.3£0.1
240.3 +1.5%o

1.410.2 -\

2.8+0.3 2.9
3.3+0.6 2.9
2.910.6 3.1

[aHill-Falkenthal et al., 2013; bWalters et al., 2019; clshino et al., 2017; dKunasek

et al., 2010; eAlexander et al., 2002, 2003]

A170(S042) records in ice cores seem to be largely perturbed by MSA oxidation in snow.
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Conclusions

We observed specifically high A170(S0427) at inland (2.0 £ 0.3 %o0) than the coastal site (1.3 £ 0.3 %o) during summer (Oct. to Dec.).

Evidences that

 Those high A170O(S042-) values coincide with chemical destruction of MSA in aerosols at inland.

* Our isotope mass-balance calculation gives AT7O(MSA) of ~16%o0, and A170O(S042) produced from MSA oxidation of ~12%eo.
suggest MSA oxidation into sulfate is the most likely process responsible for the high A170(S042-) observed.

If contributing to the known post-depositional loss of MSA in snow, this process should also cause a significant post-depositional
increase in A170(S042-) over 1%o, that can reconcile the discrepancy between A170(S0427) in the atmosphere and ice.

A170(S042) recorded in Antarctic ice cores has been proposed as a potential tool for assessing the past oxidants chemistry in the
atmosphere, BUT the signature seems to be largely perturbed by MSA oxidation in snow after deposition.

—> Future works are needed. Investigating the relationship between A170(S042-) and [MSA]/[SO42] in snow over Antarctica to see
to what extent the signature modified?, if can information of the past oxidants be extracted?, etc...

Acknowledgements

Technical support: Shuting Zhai for support to S.l. and S.H. for handling the GEOS-Chem model.
Field support: IPEV for winter and summer campaigns at Dome C and DDU via program 1011 (SUNITEDC) and program 1177 (CAPOXI 35-75).
Data: IPEV and INSU-CNRS for aerosol data via the French Environmental Observation Service CESOA. Meteo France and IPEV/PNRA for providing meteorological data at DDU and
Concordia station, respectively.
Finaltial: JSPS KAKENHI (JP17J08978 [S.l.], JP19J00682 [S.l.], JP16H05884 [S.H.], JP18H05050 [S.H.], JP20H04305 [S.H.], JP20H04969 [S.H.], and JP17H06105 [N.Y. and S.H.])
from the MEXT, Japan. Labex OSUG@2020 (Investissements d'avenir — ANR10 LABX56), French ANR via FOFAMIFS project (grant ANR—14-CE33-0009-01) and EAIIST project
(grant ANR—16-CE01-0011-01), and the BNP-Paribas foundation (J.S.). NSF AGS award 1343077 and 1702266 (B.A.), and NASA award 8ONSSC19K1273 (L.J.). S.H. acknowledges
JSPS and CNRS under the JSPS—CNRS Joint Research Program. J.S. acknowledges the CNRS/INSU (PRC program 207394) and the PH-SAKURA program of the French Embassy
in Japan (project 31897PM).

10/10



References

* Alexander et al. (2002). Climate driven changes in the oxidation pathways of atmospheric sulfur. Geophysical Research Letters, 29(14). https://doi.org/10.1029/2002GL014879

e Alexander et al. (2003). East Antarctic ice core sulfur isotope measurements over a complete glacial—interglacial cycle. Journal of Geophysical Research, 108(24), 4876. https://doi.org/
10.1029/2003JD003513

 Chen et al. (2017). Sulfate production by reactive bromine: Implications for the global sulfur and reactive bromine budgets. Geophysical Research Letters, 44, 7069—-7078. https://doi.org/
10.1002/2017GL073812

 Chen et al. (2018). DMS oxidation and sulfur aerosol formation in the marine troposphere: a focus on reactive halogen and multiphase chemistry. Atmospheric Chemistry and Physics,
18(18), 13617-13637. https://doi.org/10.5194/acp-18-13617-2018

 Geng et al. (2013). Analysis of oxygen-17 excess of nitrate and sulfate at sub-micromole levels using the pyrolysis method. Rapid Communications in Mass Spectrometry, 27(21), 2411—
2419. https://doi.org/10.1002/rcm.6703

* Hill-Falkenthal et al. (2013). Seasonal variations in 35S and A170 of sulfate aerosols on the Antarctic plateau. Journal of Geophysical Research Atmospheres, 118(16), 9444-9455.
https://doi.org/10.1002/jgrd.50716

 Huang et al. (2020). Evaluating the impact of blowing-snow sea salt aerosol on springtime BrO and Os in the Arctic. Atmospheric Chemistry and Physics, 20(12), 7335-7358. https://
doi.org/10.5194/acp-20-7335-2020

* Ishino et al. (2017). Seasonal variations of triple oxygen isotopic compositions of atmospheric sulfate, nitrate, and ozone at Dumont d’Urville, coastal Antarctica. Atmospheric Chemistry
and Physics, 17(5), 3713-3727. https://doi.org/10.5194/acp-17-3713-2017

* Ishino et al. (2019). Homogeneous sulfur isotope signature in East Antarctica and implication for sulfur source shifts through the last glacial-interglacial cycle. Scientific Reports, 9(1),
12378. https://doi.org/10.1038/s41598-019-48801-1

e Jourdain & Legrand. (2002). Year-round records of bulk and size-segregated aerosol composition and HCl and HNQO3 levels in the Dumont d’Urville (coastal Antarctica) atmosphere:
Implications for sea-salt aerosol fractionation in the winter and summer. Journal of Geophysical Research Atmospheres, 107(22). https://doi.org/10.1029/2002JD00247 1

 Kunasek et al. (2010). Sulfate sources and oxidation chemistry over the past 230 years from sulfur and oxygen isotopes of sulfate in a West Antarctic ice core. Journal of Geophysical
Research Atmospheres, 115(18). https://doi.org/10.1029/2010JD013846

* Legrand et al. (2017). Year-round record of bulk and size-segregated aerosol composition in central Antarctica (Concordia site) — Part 2: Biogenic sulfur (sulfate and methanesulfonate)
aerosol. Atmospheric Chemistry and Physics, 17(22), 14055-14073. https://doi.org/10.5194/acp-17-14055-2017

 Thiemens, M. H. (2006). HISTORY AND APPLICATIONS OF MASS-INDEPENDENT ISOTOPE EFFECTS. Annual Review of Earth and Planetary Sciences, 34(1), 217-262. https://
doi.org/10.1146/annurev.earth.34.031405.125026

e Savarino et al. (2001). Sulfur and oxygen isotope analysis of sulfate at micromole levels using a pyrolysis technique in a continuous flow system. Analytical Chemistry, 73(18), 4457—-4462.
https://doi.org/10.1021/ac010017f

e Schauer et al. (2012). Oxygen isotope exchange with quartz during pyrolysis of silver sulfate and silver nitrate. Rapid Communications in Mass Spectrometry, 26(18), 2151-2157. https://
doi.org/10.1002/rcm.6332

e Sofen et al. (2014). WAIS Divide ice core suggests sustained changes in the atmospheric formation pathways of sulfate and nitrate since the 19th century in the extratropical Southern
Hemisphere. Atmospheric Chemistry and Physics, 14(11), 5749-5769. https://doi.org/10.5194/acp-14-5749-2014

* Walters et al. (2019). Assessing the Seasonal Dynamics of Nitrate and Sulfate Aerosols at the South Pole Utilizing Stable Isotopes. Journal of Geophysical Research: Atmospheres,
124(14), 8161-8177. https://doi.org/10.1029/2019JD030517

 Wagnon et al. (1999). Loss of volatile acid species from upper firn layers at Vostok, Antarctica. Journal of Geophysical Research: Atmospheres, 104(D3), 3423—3431. https://doi.org/
10.1029/98JD02855



https://doi.org/10.1029/2002GL014879
https://doi.org/10.1029/2003JD003513
https://doi.org/10.1029/2003JD003513
https://doi.org/10.1002/2017GL073812
https://doi.org/10.1002/2017GL073812
https://doi.org/10.5194/acp-18-13617-2018
https://doi.org/10.1002/rcm.6703
https://doi.org/10.1002/jgrd.50716
https://doi.org/10.5194/acp-20-7335-2020
https://doi.org/10.5194/acp-20-7335-2020
https://doi.org/10.5194/acp-17-3713-2017
https://doi.org/10.1038/s41598-019-48801-1
https://doi.org/10.1029/2002JD002471
https://doi.org/10.1029/2010JD013846
https://doi.org/10.5194/acp-17-14055-2017
https://doi.org/10.1146/annurev.earth.34.031405.125026
https://doi.org/10.1146/annurev.earth.34.031405.125026
https://doi.org/10.1021/ac010017f
https://doi.org/10.1002/rcm.6332
https://doi.org/10.1002/rcm.6332
https://doi.org/10.5194/acp-14-5749-2014
https://doi.org/10.1029/2019JD030517
https://doi.org/10.1029/98JD02855
https://doi.org/10.1029/98JD02855

