Isotopic apportionment of sulfate aerosols between natural
and anthropogenic sources in the outflow of South Asia
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Method S1: Mass-spectrometer settings for 3%S.

Instrument Settings

Mass spectrometer Nu Plasma (1l) MC-ICP-MS

Introduction Aridus Il

PFA nebulizer, ~100 pL min'* uptake rate

Nebulizer gas 37 psi

Sweep gas 5.8 Lmin?

Spray Chamber Temperature 110°C

Desolvator Temperature 160°C

Cones common Ni cones

Torch glass

Measurement mode high resolution (slit width: 25um, resolving power ~10000)

standard-sample bracketing (IAEA-S-1, 534S = -0.30%vcor)
sample consumption per single analysis: ~500 pL

36 cycles, 6 seconds integration time/cycle

washout time: 70 sec

transfer time: 90 sec

Sensitivity (m/z = 28) ~1.5-4 V/ppm samples and standards measured at 1.3-3 ppm Sulfur +
2.6-6 ppm Sodium (S:Na =0.5) in 0.3 M HNOs

Blanks (m/z = 28) 15 mV (~0.2 - 0.5 % of sample intensity)

Background on-mass-zero measured for 60 sec in 0.3 M HNOs at the beginning of
each run

External reproducibility

The S isotopes on the Nu Plasma Il coupled with the Aridus Il (Vegacenter, NRM) based on repeated analyses (n =20)
on the reference solution IAEA-S-4

6=5:0.31 (20)

575 :0.74 (20)



Method S2: Error propagation
This approach considers uncertainties in the variables; the first method only captures the deviation

among samples and not the end-member uncertainties.
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Text S1: Natural and anthropogenic Sources of Sulfate and Isotopic Attribution Uncertainty

Natural sulfate has multiple sources, including crustal, volcanic, biogenic (both terrestrial and marine), and
biomass burning emissions. Volcanic emissions can be considered minor in South Asia as there is only one
volcano in the region, at Barren Island (12.3° N, 93.9° E), but global outgassing could lead to a potential input
(Jongebloed et al., 2023; Rastogi et al., 2020).

Terrestrial biogenic sources have received relatively little attention, but environments such as wetlands may
emit significant amounts of sulfate. The isotopic composition of terrestrial biogenic sulfate overlaps with the
depleted anthropogenic signature identified in this study, making it difficult to distinguish without additional
analyses.

The ship end-member is thought to be primarily from the combustion of heavy fuel oil (HFO), with this study
using a value of 3 + 3 %o (Seguin etal., 2010, 2011; Wadleigh, 2004). This end-member was applied for
measurements in the North Atlantic, where conditions are similar to those experienced at MCOH in summer.
The 34S end-member of heavy fuel oil (HFO) used by large ships can be quite depleted, with blended HFOs for
East Asia averaging around 0 + 4 %o, (Maruyama et al., 2000). To arrive at the end-member used in this study, an
enrichment during oxidation from sulfur dioxide to sulfate of about 3 %0 would need to happen. This is
consistent with measured enrichment factors at urban sites in East Asia but lower than those derived from
laboratory studies (Harris et al., 2013; Lee et al., 2023).
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Fig. S1. Comparison between in situ measurements (SAPOEX-16; Dasari et al., 2019) and reanalysis/satellite
products (TROPESS; MERRA-2;Buchard et al., 2017; Gelaro et al., 2017; Miyazaki, 2024; Randles et al.,
2017). The spring average from TROPESS was approximately 1.5 ug m=>, compared to this study’s 4.6 = 0.7

ug m= for spring (April).
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Fig. S2. Seven-day back trajectories for SAPOEX-16 campaign (January—March, Dasari et al., 2019) with color
corresponding to sulfate concentration.
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Fig. S3. Fossil fuel BC (4C) versus anthropogenic sulfate (6°S) for the summer samples (2013-2015).



Table 1: Samples used to derive the anthropogenic IGP end-member

Date Location %S (%) Author
10/02/2016 | Delhi 4 Sawlani et al., 2019
10/05/2016 | Delhi 4.5 Sawlani et al., 2019
10/08/2016 | Delhi 6 Sawlani et al., 2019
10/12/2016 | Delhi 55 Sawlani et al., 2019
10/15/2016 | Delhi 5.6 Sawlani et al., 2019
10/18/2016 | Delhi 35 Sawlani et al., 2019
10/24/2016 | Delhi 4.6 Sawlani et al., 2019
10/26/2016 | Delhi 3 Sawlani et al., 2019
10/27/2016 | Delhi 2.5 Sawlani et al., 2019
10/28/2016 | Delhi 2.6 Sawlani et al., 2019
10/29/2016 (D) | Delhi 2.8 Sawlani et al., 2019
10/29/2016 (N) | Delhi 1.2 Sawlani et al., 2019
10/30/2016 (D) | Delhi 1.5 Sawlani et al., 2019
10/30/2016 (N) | Delhi -1.3 Sawlani et al., 2019
10/31/2016 (D) | Delhi 1.7 Sawlani et al., 2019
10/31/2016 (N) | Delhi -1 Sawlani et al., 2019
11/01/2016 (D) | Delhi 3.2 Sawlani et al., 2019
11/01/2016 (N) | Delhi 1.3 Sawlani et al., 2019
11/02/2016 (D) | Delhi 1.3 Sawlani et al., 2019
11/02/2016 (N) | Delhi -0.4 Sawlani et al., 2019
11/03/2016 (D) | Delhi 4.5 Sawlani et al., 2019
11/03/2016 (N) | Delhi 4.1 Sawlani et al., 2019
11/04/2016 (D) | Delhi 2.3 Sawlani et al., 2019
11/04/2016 (N) | Delhi 2 Sawlani et al., 2019
11/05/2016 (D) | Delhi -0.8 Sawlani et al., 2019
11/05/2016 (N) | Delhi -0.2 Sawlani et al., 2019
11/06/2016 (D) | Delhi -0.7 Sawlani et al., 2019




11/06/2016 (N) | Delhi -1 Sawlani et al., 2019
11/07/2016 (D) | Delhi 4 Sawlani et al., 2019
11/07/2016 | Delhi 0.6 Sawlani et al., 2019
05/04/2021 | Delhi 471 Dasari & Widory, 2024
10/04/2021 | Delhi 3.41 Dasari & Widory, 2024
14/04/2021 | Delhi 1.52 Dasari & Widory, 2024
18/04/2021 | Delhi 0.67 Dasari & Widory, 2024
23/04/2021 | Delhi 1.95 Dasari & Widory, 2024
01/05/2021 | Delhi 3.4 Dasari & Widory, 2024
04/05/2021 | Delhi 2.4 Dasari & Widory, 2024
07/05/2021 | Delhi 1.34 Dasari & Widory, 2024
09/05/2021 | Delhi 1.38 Dasari & Widory, 2024
10/05/2021 | Delhi 1.55 Dasari & Widory, 2024
14/05/2021 | Delhi 2.16 Dasari & Widory, 2024
22/05/2021 | Delhi 1.72 Dasari & Widory, 2024
25/05/2021 | Delhi 0.73 Dasari & Widory, 2024
30/05/2021 | Delhi 2.8 Dasari & Widory, 2024
31/05/2021 | Delhi 0.69 Dasari & Widory, 2024
Batch 116; 16/01/2016 | BCOB 2.83 This study
Batch 117; 17/01/2016 | BCOB 2.52 This study
Batch 118; 19/01/2016 | BCOB 2.4 This study
DEL_SPX-16_24hrs 25JAN_2016 | Delhi -0.07 This study
DEL_SPX-16_night_27FEB_2016 | Delhi 1.98 This study



References

Buchard, V., Randles, C. A., da Silva, A. M., Darmenov, A., Colarco, P. R., Govindaraju, R., Ferrare,
R., Hair, J., Beyersdorf, A. J., Ziemba, L. D., & Yu, H. (2017). The MERRA-2 aerosol
reanalysis, 1980 onward. Part 11: Evaluation and case studies. Journal of Climate, 30(17).
https://doi.org/10.1175/JCLI-D-16-0613.1

Dasari, S., Andersson, A., Bikkina, S., Holmstrand, H., Budhavant, K., Satheesh, S., Asmi, E., Kesti,
J., Backman, J., Salam, A., Bisht, D. S., Tiwari, S., Hameed, Z., & Gustafsson, O. (2019).
Photochemical degradation affects the light absorption of water-soluble brown carbon in the
South Asian outflow. Science Advances, 5(1). https://doi.org/10.1126/sciadv.aau8066

Dasari, S., & Widory, D. (2024). Retrospective Isotopic Analysis of Summertime Urban Atmospheric
Sulfate in South Asia Using Improved Source Constraints. ACS ES&T Air, 1(5), 357-364.
https://doi.org/10.1021/acsestair.3c00060

Gelaro, R., McCarty, W., Suarez, M. J., Todling, R., Molod, A., Takacs, L., Randles, C. A.,
Darmenov, A., Bosilovich, M. G., Reichle, R., Wargan, K., Coy, L., Cullather, R., Draper, C.,
Akella, S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., ... Zhao, B. (2017). The modern-
era retrospective analysis for research and applications, version 2 (MERRA-2). Journal of
Climate, 30(14). https://doi.org/10.1175/JCLI-D-16-0758.1

Harris, E., Sinha, B., Van Pinxteren, D., Tilgner, A., Fomba, K. W., Schneider, J., Roth, A., Gnauk,
T., Fahlbusch, B., Mertes, S., Lee, T., Collett, J., Foley, S., Borrmann, S., Hoppe, P., &
Herrmann, H. (2013). Enhanced role of transition metal ion catalysis during in-cloud oxidation
of SO2. Science, 340(6133). https://doi.org/10.1126/science.1230911

Jongebloed, U. A., Schauer, A. J., Cole-Dai, J., Larrick, C. G., Wood, R., Fischer, T. P, Carn, S. A,
Salimi, S., Edouard, S. R., Zhai, S., Geng, L., & Alexander, B. (2023). Underestimated Passive
Volcanic Sulfur Degassing Implies Overestimated Anthropogenic Aerosol Forcing. Geophysical
Research Letters, 50(1). https://doi.org/10.1029/2022GL102061

Lee, G., Ahn, J., Park, S. M., Moon, J., Park, R., Sim, M. S., Choi, H., Park, J., & Ahn, J. Y. (2023).
Sulfur isotope-based source apportionment and control mechanisms of PM2.5 sulfate in Seoul,
South Korea during winter and early spring (2017—2020). Science of the Total Environment,
905. https://doi.org/10.1016/j.scitotenv.2023.167112

Maruyama, T., Ohizumi, T., Taneoka, Y., Minami, N., Fukuzaki, N., Murai, H., Murano, K., &
Kusakabe, M. (2000). Sulfur isotope ratios of coals and oils used in China and Japan. Nippon
Kagaku Kaishi / Chemical Society of Japan - Chemistry and Industrial Chemistry Journal,
2000(1). https://doi.org/10.1246/nikkashi.2000.45

Miyazaki, K. (2024). TROPESS Chemical Reanalysis Aerosol SO4 6-Hourly 3-Dimensional Product
V1. https://doi.org/10.506 7/ TWDAYANXT8UM

Randles, C. A., da Silva, A. M., Buchard, V., Colarco, P. R., Darmenov, A., Govindaraju, R.,
Smirnov, A., Holben, B., Ferrare, R., Hair, J., Shinozuka, Y., & Flynn, C. J. (2017). The
MERRA-2 aerosol reanalysis, 1980 onward. Part I: System description and data assimilation
evaluation. Journal of Climate, 30(17). https://doi.org/10.1175/JCLI-D-16-0609.1

Rastogi, N., Agnihotri, R., Sawlani, R., Patel, A., Babu, S. S., & Satish, R. (2020). Chemical and
isotopic characteristics of PM10 over the Bay of Bengal: Effects of continental outflow on a
marine environment. Science of the Total Environment, 726.
https://doi.org/10.1016/j.scitotenv.2020.138438



Sawlani, R., Agnihotri, R., Sharma, C., Patra, P. K., Dimri, A. P., Ram, K., & Verma, R. L. (2019).
The severe Delhi SMOG of 2016: A case of delayed crop residue burning, coincident firecracker
emissions, and atypical meteorology. Atmospheric Pollution Research, 10(3).
https://doi.org/10.1016/j.apr.2018.12.015

Seguin, A. M., Norman, A. L., Eaton, S., & Wadleigh, M. (2011). Seasonality in size segregated
biogenic, anthropogenic and sea salt sulfate aerosols over the North Atlantic. Atmospheric
Environment, 45(38). https://doi.org/10.1016/j.atmosenv.2011.09.033

Seguin, A. M., Norman, A. L., Eaton, S., Wadleigh, M., & Sharma, S. (2010). Elevated biogenic
sulphur dioxide concentrations over the North Atlantic. Atmospheric Environment, 44(9), 1139-
1144, https://doi.org/10.1016/j.atmosenv.2010.01.005

Wadleigh, M. A. (2004). Sulphur isotopic composition of aerosols over the western North Atlantic
Ocean. Canadian Journal of Fisheries and Aquatic Sciences, 61(5). https://doi.org/10.1139/F04-
073



