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Supplementary Figure 1. Concentrations of total arsenic (As) and sulfur (S) over time for atmospheric
samples collected in this study. Aerosol samples were collected at a weekly time resolution during the 2015-
2020 (a, n=134). Cloud water (b, n=56) and precipitation (c, n=26) samples were collected at a sub-event basis
during the 2019 campaign. The error bars in a-c represent the standard deviation values resulting from quantification
by ICP-MS/MS in triplicate.
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Supplementary Table 1. Overview of As species concentrations and deposition of sub-precipitation events. Indicated standard deviations represent the uncertainty of
quantification by HPLC-ICP-MS/MS in duplicate.

As species concentrations As species depositions
Precipitation ~ TMAs'O DMAs" MMAs" iAs TMAs'O DMAs" MMAs" iAs
Sub-events (ng-L™?) (ng-L?) (ng-L™) (ng-L™) (ng-m?) (ng-m) (ng-m*) (ng-m)

P1 23.8 £ 0.3 31+0.2 <LOD 524 + 0.4 95+ 0.1 1.2 + 0.06 <LOD 209 £ 0.2
P2 18.7 = 0.05 2.6 + 0.3 <LOD 28.5 + 0.06 10.4 = 0.02 1.4 + 0.1 <LOD 15.8 + 0.03
P3.1 2.7 £ 0.08 0.9 + 0.03 <LOD 14.4 + 0.04 58 £ 0.2 1.8 + 0.06 <LOD 30.2 £ 0.09
P3.2 19 + 0.1 09 £ 0.1 <LOD 121 + 0.2 4.0 £ 0.2 1.9 £+ 0.2 <LOD 253 £ 04
P4 19 + 0.2 1.0 = 0.06 <LOD 19.2 + 0.7 1.8 + 0.2 0.9 £ 0.05 <LOD 18.1 + 0.7
P5.1 2.7 £ 0.04 1.3 +0.1 <LOD 5.8 + 0.02 4.3 £ 0.07 2.0 £ 0.2 <LOD 9.2 £ 0.03
P5.2 1.6 + 0.2 09 £ 0.1 <LOD 6.0 £+ 0.1 2.2 £ 0.2 1.3 £+ 0.2 <LOD 8.1 £ 0.2
P5.3 24 + 0.1 0.9 + 0.04 <LOD 11.6 + 0.03 42 + 0.2 1.6 + 0.07 <LOD 20.2 £ 0.05
P5.4 3.6 £ 0.09 1.1 + 0.09 <LOD 16.8 + 0.4 44 £ 0.1 1.3 £+ 0.1 <LOD 20.7 £ 0.5
P6 6.3 £+ 0.1 1.8 £+ 0.1 0.6 + 0.8 40.1 + 04 46 £ 0.1 1.3 £ 0.08 04 + 0.6 29.3 £ 0.3
P7 2.8 £ 0.1 1.0 £ 0.1 <LOD 232 £+ 05 10.0 = 0.3 35+ 05 <LOD 82.7 £+ 1.7
P8 11.2 + 0.05 25+ 0.1 <LOD 31.3 £ 0.08 422 + 0.2 94 + 04 <LOD 117.8 £ 0.3
P9.1 52 + 0.8 1.8 £+ 0.1 0.1+ 0.2 279 £ 0.3 71+ 11 25+ 0.1 0.2 £ 0.2 38.4 £ 05
P9.2 6.3 £ 0.2 1.4 + 0.09 0.6 + 0.8 35.6 £ 0.6 6.2 £ 0.2 1.4 + 0.09 0.6 £ 0.8 35.2 £ 0.6
P10 7.7 £ 04 1.2 + 0.02 <LOD 245 + 0.1 340 £+ 1.9 55+ 0.1 <LOD 108.1 + 0.6
P11.1 8.0 £ 0.05 1.9 + 0.02 <LOD 29.8 £ 0.06 523 + 0.3 126 + 0.1 <LOD 1935 + 04
P11.2 3.6 +0.2 1.0 £ 0.07 <LOD 20.8 £ 0.3 85+ 05 25 %+ 0.2 <LOD 49.7 + 0.6
P12 95 + 0.2 25 + 0.03 <LOD 17.0 + 0.1 2.2 £ 0.03 0.6 £ 0.01 <LOD 3.9 £ 0.03
P13 179 + 0.2 2.4 + 0.1 <LOD 27.3 £+ 04 15.7 £ 0.2 2.1 £ 0.1 <LOD 239 £ 0.3
P14 18.7 + 0.3 3.1 +0.1 <LOD 294 + 0.4 109 + 0.2 1.8 + 0.06 <LOD 17.2 + 0.3
P15 6.3 £ 0.1 1.3 + 0.03 <LOD 155 + 0.2 13.3 £ 0.2 2.8 £ 0.06 <LOD 32.7 £ 0.5
P16 6.2 £ 0.2 1.4 + 0.03 <LOD 11.2 + 0.6 12.7 + 0.4 2.9 £ 0.06 <LOD 229 £ 1.2
P17.1 3.2 £ 0.05 1.1 + 0.09 <LOD 6.8 + 0.3 6.4 £ 0.1 2.2 £ 0.2 <LOD 13.7 £+ 0.5
P17.2 2.4 £ 0.01 09 £+ 0.1 <LOD 6.2 + 04 13.7 + 0.04 52 + 0.9 <LOD 355+ 21
P17.3 1.8 £ 0.1 0.7 = 0.02 <LOD 129 + 0.2 28 £ 0.2 1.1 + 0.04 <LOD 20.3 £+ 04
P18 34 £ 0.1 1.1 £ 0.1 <LOD 13.0 + 04 4.4 £ 0.1 1.5+ 0.1 <LOD 17.0 £ 0.5
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Supplementary Discussion 1: Extraction and pre-concentration of As species in
atmospheric deposition

a) Pre-concentration of As species by lyophilization

Aqueous atmospheric samples, including precipitation and cloud water samples and aerosol
water extracts (detailed description in the next section), were pre-concentrated using the
lyophilization method previously developed for selenium (Se)™.

Briefly, the pre-concentration protocol included the lyophilization from an initial volume of 12
mL to a residual volume of 1.5 mL (pre-concentration factor of 8), to which 2 mmol-L?
ammonium citrate was added to increase ionic strength. The suitability of the method in terms
of As species recovery and stability was tested on three different rainwater samples collected
at Pic du Midi Observatory (previously stored at 4°C) and spiked with individual and mixtures
of methylated (i.e., MMAsY, DMAs") and inorganic As species (i.e., As") previously identified
in rainwater® > 4 and aerosols®> & 7 8, Recoveries were determined by comparing the initial
concentration of spiked As species (200 ng-L?) to the final concentrations after lyophilization.
Analyses were performed via HPLC-ICP-MS/MS (described in Supplementary Discussion 2).

Supplementary Figure 2 demonstrates that all As species tested were fully recovered after
lyophilisation (MMAsY: 103 + 2%, DMAsY: 96 + 4% AsV: 103 + 4%), regardless of whether a
compound was spiked individually or as a species mixture.
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Supplementary Figure 2. As species recoveries during lyophilisation in rainwaters collected at Pic du Midi
Observatory. Recoveries of initial added single As species (MMAsY, DMAsY, AsV) and As species mixture
(MMAsV+DMAsVY+AsY) are given in % of initial As species concentrations added (200 ng-L). The error bars
represent the standard deviation values of three independent rainwaters injected each two times, so a total of 6
analytical replicates.

b) Aerosol extraction

Two different extraction methods were applied to collected aerosol samples to determine (i)
As species in the water soluble fraction by extraction in ultrapure water and (i) total As species
by extraction in 1% HNOg (previously applied to rice and other biological samples)®.

Similar to a method previously described for Se!, As species extraction in the water soluble
fraction involved placing 11.404 cm? of aerosol filter (corresponding to 7197 + 1816 m?® of
sampled air) in a polypropylene tube with 15 mL of ultrapure water. The mixture was then
sonicated twice for 20 min at 20°C. Sonication was performed twice for 20 min (instead of once
for 40 min) to avoid increasing the sample’s temperature. After sonication, the supernatant
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was filtered (0.22 um syringe filter, Nylon 66, BGB) and stored at -20°C until pre-concentration
by lyophilization (described in previous section).

The stability of MMAsY, DMAsY, TMAsVO, and AsY during this process was determined by
measuring recoveries of spike compounds (0.5-10 pg-L?) following sonication by HPLC-ICP-
MS/MS (described in Supplementary Discussion 2). MMAsY, DMAsY, TMAs'O, and As"
showed high recoveries, i.e., 96 + 6%, 97 + 1%, 98 *+ 3% and 97 + 1%, respectively.

To quantify total As species, the extraction protocol included the addition of 4.8 mL 1% (v/v) of
69% HNO; and 0.2 mL H20: (30%, (w/w)) with an extraction ratio of 14.137 cm?.5 mL™.
Samples were extracted in a microwave oven (UltraClave 1V, MLS) according to Sun et al.*°.
The extraction program included a first temperature increase to 55°C (5 min ramp, temperature
held for 10 min) then to 75°C (5 min ramp, temperature held for 10 min) and finally to 95°C
(5 min ramp, temperature held for 30 min). After extraction, the suspensions were filtered
(0.22 ym syringe filter, Nylon 66, BGB) and stored at 4°C until analysis.

We determined the extraction efficiencies of the two methods by comparing the sum of
detected species to the concentration of total As in acid digestions obtained by ICP-MS/MS
analysis (using HNOz and H20). Extraction efficiencies in water and 1% HNO3 extracts were
38+17% (n=70) and 87+33% (n=70), respectively. For comparison, S species were fully
recovered by water extraction (103+23%).

Apart from ultrapure water extractions, several previous authors used harsher extraction
procedures, with average efficiencies ranging from 42 to 89% (using ultrapure water!?, diluted
H.0,> ¢ "8 or hydroxylammonium chloride'?) — although we note that these studies were
performed on aerosol samples with ~3-7 times® & 7 or even up to ~50-70 times'* 12 higher As
concentration compared to ours. Extraction efficiencies may also vary depending on the
particle size fraction containing As, which is likely to be source dependent. Indeed, previous

studies reported higher recoveries of As species for smaller size fractions of urban aerosols”
11

Supplementary Discussion 2: HPLC-ICP-MS/MS method optimization and detailed
procedures

The chromatographic separation of As species was optimized on the basis of the method
published by Raber et al.®® that used anion exchange chromatography (Hamilton PRP-X100,
150x4.1 mm, 5 ym) with isocratic elution of malonic acid (10 mmol-L*?, pH 5.6) delivered at
1 mL-min, and injection volumes of 10-20 uL*3.

Here, we used the same column type, but with smaller inner column diameter (i.e., 2.1 mm
versus 4.1 mm) to reduce solvent consumption (reduction of mobile phase flow rate).
Furthermore, we optimized the isocratic elution of the tested As species by using a lower
solvent concentration in combination with a flow gradient (see Supplementary Table 2). This
choice allowed us to improve peak shapes, thereby decreasing the detection limits of As
species. To further improve peak shapes, we used a Peltier Cooled Cyclonic Chamber (PC3-
MR, Element Scientific) equipped with a PFA MicroFlow (Element Scientific).
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Supplementary Table 2. Flow gradient of the HPLC-ICP-MS/MS method used for the speciation analysis of As.

Time Malonic acid Flow

(min) (mmol-L1) (mL-L1)
1.6 5 0.4
1.7 5 0.5
3.5 5 0.5

Supplementary Figure 3 shows the HPLC-ICP-MS/MS chromatogram obtained with a mixed
standard solution of 1 ug-L* using our optimized separation (Supplementary Figure 3b) and
using the method of Raber et al.*® (obtained with a mixed standard solution of 10 pg-L7?,
Supplementary Figure 3a). In comparison to the previous method by Raber et al.’*, species
separation and peak shape was improved and consumption of solvent (0.5 mL:min?t) was
significantly reduced.
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Supplementary Figure 3. Comparison of As intensity chromatograms obtained for mixed standard solutions
for initial HPLC-ICP-MS method described by Raber et al.*® (a) and with the optimized HPLC-ICP-MS/MS
method (b). The mixed As species standard solutions contained 10 ug(As)-L' (a, method Raber et al.) or 1
Mg(As)-L? (b, optimized method) of TMAsSYO, DMAsY, MMAsY, and AsV (in order of elution). The initial HPLC-ICP-
MS method described by Raber et al.*? (a) involves a PRP-X100 column (150x4.1 mm, 10 ym), an isocratic elution
using 10 mmol-L* malonic acid at pH 5.6, a flow of 1 mL-mint and an injection volume of 10 pL. Our optimized
HPLC-ICP-MS/MS method (b) involves a PRP-X100 column (150x2.1 mm, 5 pm), isocratic elution using 5 mmol-L-
1 malonic acid at pH 5.6, a flow gradient of 0.4-0.5mL-min* and an injection volume of 20 uL. Shown
chromatograms were obtained without adding tetramethylammonium hydroxide (TMAH) post-column.

To further increase the sensitivity of As analyses via the well-known carbon enhancement
effect4, 14% (v/v) tetramethylammonium hydroxide (TMAH) was continuously added post-
column to the internal standard solution through a T-piece via the peristaltic pump of the ICP-
MS/MS. The addition of TMAH resulted in an increase of sensitivity of approximately 3.5. With
this set-up and considering the pre-concentration step, detection limits of 1-2 ng-L** were
reached, depending on the As species.
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Supplementary Figure 4. Bi-variate correlations between As species proportions in precipitation (panel a),
cloud water (panel b) and aerosol water extracts (panel c¢). The top and middle panels show the correlations
between the proportions of inorganic As and TMAsYO (panel i: precipitation, panel iv: cloud water, and panel vii:
aerosol extract) or between inorganic As and DMAsY (panel ii: precipitation, panel v: cloud water, and panel viii:
aerosol extract). The bottom panels show the correlations between the proportions of DMAsY and TMAsVO (panel
ii. precipitation, panel vi: cloud water, and panel ix: aerosol extract). Indicated correlation coefficients for
precipitation (n= 26, p<0.05), cloud water (h=55, p<0.01) and aerosol water extracts (n= 70, p<0.01) are significant,
and the error bars represent the uncertainty of quantification by HPLC-ICP-MS/MS in duplicate, with invisible error
bars indicating standard deviations within the symbol.

7134



| = MMASY W DMAsV = TMAS'O

125
2
6 1004 (] T I I I
t (7]
o.0
o o
S8 75
o w
0 E
.g 3 50 -
g
o 251
N
el \ of n <
su‘mm u““ﬂ uf“m u"‘“‘m \.’6“0 o
A
f : f 'ote®" o
Aerosol Aerosol

1% HNO,; extract water extract

Supplementary Figure 5. Variability of proportions of As species in different atmospheric deposition
samples. Species proportions (% sum As species concentrations in respective extracts or sample types) of MMAsY
(pink), DMASsY (purple), TMAsYO (cyan) and iAs (grey) in the 1% HNOs aerosol extract, the aerosol water extract,
as well as in precipitation and cloud water. As species proportions in both aerosol extracts are divided into summer
(June-August; 2015-2019) and autumn (September-October; 2015-2019) months. Precipitation and cloud water
samples were collected in autumn months (campaign September-October; 2019).
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Supplementary Table 3. Averages and standard deviations of moisture sources within 4 main groups of
precipitation (sub)events identified by hierarchical cluster analysis. Identified cluster discussed in the main
manuscript include: cluster 1: predominant moisture sources from Spain/ France, cluster 2: predominant moisture
sources from North Atlantic, cluster 3: predominant moisture sources from North Africa/ Mediterranean Sea, cluster
4: predominant moisture sources from Atlantic/Spain. Considered sources regions are classified by land (sub-
regions: UK, Ireland, Spain, Portugal, France, Local (local source, in France south of 43.6°N), Eastern Europe,
Africa, America and other lands) and oceanic moisture sources (sub-regions: Atlantic, Bay of Biscay, Atlantic
Subtropics, Western and Eastern Mediterranean Sea, Arctic and other seas). Y indicates the sum of moisture
contributions of sub-regions over land and the ocean, respectively.

Cluster 1 Cluster 2 Cluster 3 Cluster 4

Land Y723 = 87 >36.0 + 16.3 >69.8 + 35 Y450 + 44
UK 0.2 + 0.1 0.7 £ 0.7 01 + 0.1 0.0 + 0.0
Ireland 0.0 + 0.0 14 + 10 00 £ 0.0 0.0 + 0.0
Spain 402 + 54 9.2 + 55 180 = 1.9 269 = 19
Portugal 25 + 30 0.7 + 0.9 01 + 0.1 36 = 1.7
France 16.2 =+ 4.0 18.1 = 131 156 = 4.2 70 = 21
Local 9.1 + 27 26 £ 1.2 80 * 0.7 33 = 07
Eastern Europe 13 £ 11 0.0 £+ 0.1 24 = 09 05 = 07
Africa 28 + 17 0.0 + 0.0 256 = 85 0.7 £ 0.8
America 02 + 04 31 £ 20 00 = 0.0 30 £ 05
Other Lands 0.0 + 0.0 01 + 01 00 * 0.0 0.0 + 0.0
Ocean Y269 = 838 Y636 + 164 Y284 + 3.6 Y544 + 42
Atlantic 109 = 3.6 46.8 + 181 36 + 04 455 + 45
Bay of Biscay 33 + 35 147 + 438 0.7 £+ 07 34 + 16
Atlantic Subtropics 22 + 19 01 + 0.1 07 + 05 13 + 1.2
Western Mediterranean 104 + 54 15 + 3.2 232 = 238 40 + 47
Eastern Mediterranean 0.0 + 0.0 0.0 + 0.0 01 = 0.1 0.0 + 0.0
Artic 0.0 + 0.0 06 + 04 00 £ 0.0 0.0 + 0.0
Other Seas 0.0 + 0.0 0.0 + 0.0 00 * 0.0 02 + 01
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Supplementary Figure 7. Variability in total concentrations of all measured elements in precipitation
collected during 2019 campaign, including arsenic (As; pink), sulfur (S; yellow) and strontium (Sr; brown).
To remove the influence of high elemental deposition between P6 and P11 (shaded in light brown), Sr was
determined as the most suitable element for normalization as it was the only element that showed high elemental
deposition solely during this period. Figure adapted from Breuninger et al.
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Supplementary Figure 9. As species proportions as a function of moisture sources coming from Spain
(panel a) and Portugal (panel b) in (sub)event precipitation samples. All data points of TMAsVO (top panels i
and iv), DMAsY (middle panels ii and v), and inorganic As (iAs, bottom panels iii and vi) proportions (% sum As
species) are colour coded according to moisture source clusters. Indicated correlation coefficients in panels i and
iv are significant (p<0.05, n=26), and the error bars represent the uncertainty of quantification by HPLC-ICP-MS/MS
in duplicate, with invisible error bars indicating standard deviations within the symbol.

13/34



(a) DMAsY (b) Inorganic As

E 159 j M ’_\100 iv Xy » .
2 f3 .
& » &;,_ 75 @
v 10
2 x o =
E <
50
2 Y é E
L s i] >
= R 25
< 7]
= <
[a] 0 0-
Atlantic Africa/ Atlantic/ Atlantic Africa/ Atlantic/
Med.Sea Spain Med.Sea Spain
—_ 16 T 100
3 n - \"A
i) k! Eil,
2 o e % e2 ©
o 12 Q 75 [JIEN
[ °

"] n § o ®
< } r=-0.461 2 LY 08 . oo
% s .. p<0.05 £ 0

3
8 st e . ® 2
g feld o * 2
7] 49 i!- g® 2 o 0 25 A
= <
E —
[a]

0 T T T 0 T T T

2 4 6 8 0
DOC (mg-L")

o
o

~

_ [ Vs \ . —
3 iii ol o~ | Vi
‘O w
2 { poc <, | @ ."o DOC
& 121 Mgl 'y | 8 751 ° (mg L)%, |
» \"’ ./ % & ° \ >
< It E » . = b
£ ® - <
5 8- e 80 1
» ®__-" r=0623 £
2 ' p<0.01 @
S L £
g 4 ;’ 25
= <
o

0 . ‘ ‘ ‘ 0 . ‘ ‘ ‘

0 200 400 600 800 1000 0 200 400 600 800 1000
Na:Sr Na:Sr

Supplementary Figure 10. Relationships between DMAsY (panel a) and inorganic As (panel b) in
precipitation (sub)events and contributing moisture sources, dissolved organic carbon (DOC) and the sea
salt proxy (Na:Sr). The top panels show the variability of DMAsY (panel i) and inorganic As (panel iv) proportions
(% sum As species) in the clusters 1-4 defined by different contributing moisture sources. The boxplots show the
interquartile range, representing the middle 50% of the data, which fall between the upper quartile (75% data below
that score) and the lower quartile (less than 25% below that score). The whiskers refer to the 5th/95th percentiles.
The middle and bottom panels show the variability of both species proportions as a function of dissolved organic
carbon (DMAsV: panel ii, inorganic As: panel v) and as a function of the sea salt proxy Na:Sr (DMAsY: panel iii,
inorganic As: panel vi). The size of data points corresponds to the DOC concentrations in precipitation samples; All
denote significance levels based on Mann-Whitney-U test (p<0.05), i.e., for all clusters with the same letter, the
difference between species proportion is not statistically significant. Indicated correlation coefficients in panels i
quantification by HPLC-ICP-MS/MS in duplicate, with invisible error bars indicating standard deviations within the
symbol.
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Supplementary Note 1: Principle component analysis of precipitation samples

In the main manuscript, we based our interpretation of the origin of As species in precipitation
on moisture sources, indicating significant differences in As species proportions between the
4 identified clusters (Mann-Whitney test), as well as bivariate correlations between As species
proportions and chemical source proxies (i.e., methane sulfonic acid -MSA-, Na normalized by
Sr -Na:Sr-, sulfur isotopic composition -8**S-, and dissolved organic carbon concentrations -
DOC-). In addition, we performed a principal component analysis (PCA) using the precipitation
dataset, after converting data to Z-scores (average=0, variance=1). Only PCs with eigenvalues
>1 were selected and extracted using a Varimax rotated solution. The PCA output, with the
first four principal components (PC1-PC4) explaining 76% of the total variability, are shown in
Supplementary Figure 11. DMAsY proportions were only found on PC1’s positive side (r’=
0.552) together with the proportion of moisture sources from the Atlantic and Bay of Biscay,
and the two marine chemical proxies, i.e., MSA proportions and Na:Sr (Supplementary Figure
11a). TMAsVO proportions had positive but very low loadings on PC1 (r?= 0.388; not significant)
and plotted more significantly on the negative side of PC3 (Supplementary Figure 11b;
described below). Positive scores on PC1 thus represent (sub)event precipitation samples with
higher proportions of DMAs" and marine moisture sources. The samples with positive scores
on PC1 included all samples from cluster 2 (Atlantic) and cluster 4 (Atlantic/Spain)
(Supplementary Figure 11c), for which significantly higher proportions of DMAs" were found in
comparison to clusters 1 and 3 (Mann-Whitney test; see section “DMAsY has a dominant
marine origin” and Fig. 5a in the manuscript).

TMASVO proportions plotted significantly on the negative side of PC3 (r?= 0.967) together with
moisture sources from Portugal, “other seas” and Spain as well as DOC concentrations
(Supplementary Figure 11b). Negative loadings on PC3 were also found, although less
significant (r* between 0.232-0.644), for DMAs" and indicators for marine moisture source (i.e.,
Na:Sr, MSA and moisture sources from the Atlantic). Therefore, the negative side of PC3
represents a mixture of land and marine sources and/or coastal source regions that are
associated with high TMAs'O proportions. The samples with negative scores on PC3 included
all samples from cluster 4, for which we reported significantly higher proportions of TMAsVO
compared to clusters 1-3 (Mann-Whitney test; see section “TMAsYO has mixed terrestrial and
marine biogenic sources with likely important coastal contributions” and Fig. 4a in the
manuscript). Apart from cluster 4, a few samples from clusters 1, 2, and 3 plotted on the
negative side of PC3, in line with what we observed when correlating TMAsVO with DOC and
Na:Sr (Fig. 4b and 4c in main manuscript).

Inorganic As (iAs) proportions plotted on the positive side of PC3 (r?= 0.965), in contrast to
other As species or chemical proxies. Positive loadings on PC3 were also found for moisture
sources coming from Ireland and other land areas, of which the latter plotted more strongly on
the positive side of PC4 (r>= 0.607-0.648 on PC3 vs 0.659-0.770 on PC4) together with
moisture sources from the Arctic region and the UK.

Altogether, the PCA output confirms the clustering of the precipitation (sub)event samples
based on the moisture source data and the relationships between As species and specific
moisture source regions and/or chemical source proxies as presented in the main manuscript.
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Supplementary Figure 11. Loading plots (panels a, b) and score plots (panels c, d) for principal components
(PCs) 1-4 resulting from the principal component analysis performed with the element concentrations in
precipitation samples from the 2019 campaign. Four PCs were retained, i.e., PC1: 41%, PC2: 19%, PC3: 9%,
PC4: 7% of total variance. Samples scores on PC1-4 shown in panels (c) and (d) are colour coded according to the
clusters 1-4 defined by different contributing moisture sources.

16/34



Supplementary Table 4. Correlation coefficients between the abundance of (sub-)groups of organic
compounds identified by Py-GC/MS and the proportions of species (% sum As species) in different aerosol
extracts. Shown As species proportions include iAs (sum of As'!, AsV), methylated As (sum of TMAsVO, DMAsY,
MMAsY), and individual methylAs species. Positive and negative correlations (determined using Spearman
correlation coefficient, n=63) are highlighted in blue and orange, respectively. Different significance levels are
indicated by colour strength: **p<0.01 (dark blue/orange), *p<0.05 (light blue/orange).

ar(:n(',llayt,i-cs ':Iﬁ::' hg‘g:'g?e-s Ca;?:?‘;(;rllc N-comp. Alkanes Alkenes aliopthhaetircs Phenols S-comp. Steroids

iAs 0192 032 -0312*  -0032  -0.174 0239 0.227 0.227 0.168 0092  -0.291*

- % methly.As 0192 032" 0312 0.032 0174 0239 0227 0227 0.168 0.092 0.291*
% S T™mas'o 0.147  -0.326*  0.316" 0.061 0224  -0.308°  -0.277" 0232 0215 0.133 0.276
= E DMAs" 0.333*  -0.309"  0.265" -0.045 0042  -0.021 -0.061 -0.202 -0.040 0062 0278
MMAsY 0.070 0.146 0.008 0039  -0.274* 0296 0.242 0.162 0.378% 0338~ 0028

iAs 0101 | DA452% 0363 0149  -0.276* 0.422°* 0374 03417  0.450% 0074 0155

e + methly. As 0119 0.440™ & 0.334™ 0.121 0.258*  -0.383*  -0.364"  -0.347*  -0.449*  0.053 0.103
Z S 1masvo 0080  -DA479™ = 0.453* 0098 | 0368 -0.492  -0.443" -0.145 0430  0.127 0.209
Ef g DMAs" 0.163  -0.341*  0.341" -0.053 0038  -0.059 0.031 -0.282* -0.145 0188 0.313*
MMAsY 0.265 0139 -0.119 0179 -0179 | 0382 @ 0242 -0.197 0.343 0.155 0.014
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Supplementary Discussion 3: Photochemical Experiments

Motivation. We performed photochemical experiments to test the potential abiotic formation
of pentavalent methylated As species from inorganic As in the presence of low molecular
organic acids. In a previous study, Guo et al.’® reported the photochemical alkylation of
inorganic As to volatile methylated As species in the presence of low molecular weight organic
acids under UV-C light (i.e., ultraviolet radiation with shorter wavelengths: 100-280 nm). The
authors found high methylation rates for solutions containing arsenite (As"O,*) and mixtures
of acetic acid and formic acid, with As-to-organic acid molar ratios of 1-to-10’. When using
arsenite (AsVO4%), no significant generation of volatile As species was observed*®.

However, UV-C radiation is largely absorbed and/or reflected in the stratospheric ozone layer
and therefore not very representative for atmospheric conditions in the troposphere®. To test
potential photochemical formation of methylated As species under more realistic atmospheric
conditions, we irradiated aqueous solutions of As"'O,*, organic acids (formic, acetic and oxalic
acid), and dissolved organic matter (as photosensitizer) over a pH range of 2 to 4 using more
environmentally relevant UV radiation (290-345 nm).

Experimental details. All experiments were conducted with a photochemical reactor
(Southern New England Ultraviolet Company) equipped with a cooler, a motorized turntable,
and 6 UV light bulbs (Southern New England Ultraviolet Co., RPR 3000A, peak emission at
310 nm). Throughout all experiments, the solution temperature ranged from 29 to 31 °C.
Aqueous solutions were irradiated in 20 mL scintillation vials (DWK Life Sciences Wheaton™,
Thermo Scientific) closed with screw caps with integrated PTFE septum.

To ensure detection of all As species of interest, we increased 100 times the concentration of
each solution component while keeping their relative ratios the same as typical environmental
samples. Previously reported As concentrations in rainwater are ~0.050 ug-L*,*# while molar
ratios between As and organic acids are ~1:10* 17-18.19.20. 21 in rain and cloud watert’: 8. 19, 20,
21 Accordingly, for tested As"'O4* concentrations of 5 pg(As)-L* (0.067 pmol(As)-L 1), we used
667 umol-L* of organic acids (i.e., 7.5 mg(C)-L* of formic acid and 15 mg(C)-L™* for acetic and
oxalic acid, respectively). Natural organic matter (SRNOM, 1R101N, International Humic
Substance Society) was also added as natural sensitizer with concentrations of 40 mg(C)-L™*,
approximately two orders of magnitude higher than previously reported humic like substances
in rainwater (i.e., 0.1-0.5 mg(C)-L'1)?2. The use of a sensitizer is required because neither
As""O,* nor the tested acids absorb light >280 nm?® 24 25 26 These solutions were prepared
using either ultrapure water or rainwater as the solvent.

At the beginning (t0) and various hourly time points (up to 6 h), we collected an aliquot (500 pLL)
for quantification of As species (i.e., As"0,*, MMAs", DMAsY, TMAsVO and AsVO,*) via HPLC-
ICP-MS/MS (detailed description in Supplementary Discussion 2). All experiments were
performed in duplicate.

Results. The first experiments consisted of irradiation of:

- Solutions of As" (5 pug(As)-L ), formic acid (7.5 mg(C)-L?), acetic acid (15 mg(C)-L?),
oxalic acid (15 mg(C)-L}), natural organic matter (40 mg(C)-L?)in ultrapure water at
pH 2 (Supplementary Figure 12a) and pH 4 (Supplementary Figure 12b)

- Solutions of As" (5 ug-L?), oxalic acid (15 mg(C)-L?), natural organic matter
(40 mg(C)-LY) in ultrapure water at pH 2 (Supplementary Figure 12c¢) and pH 4
(Supplementary Figure 12d)

- Solutions of As" (5 ug(As)-L1), natural organic matter (40 mg(C)-L?)in ultrapure
water at pH 2 (Supplementary Figure 12e) and pH 4 (Supplementary Figure 12f)
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Supplementary Figure 12. Transformation of As species concentrations during irradiation experiments
performed in ultrapure water over 6 h. Panel a and b show As species transformation for solutions containing
As'"O4%, formic acid, acetic acid, oxalic acid, and natural organic matter at pH 2 (a) and pH 4 (b). Panel c and d
show As species transformation for solutions containing As"O4%-, oxalic acid, and natural organic matter at pH 2 (c)
and pH 4 (d). Panel e and f show As species concentrations in the beginning (t0) and the end of irradiation for
solutions containing As"' and natural organic matter at pH 2 (e) and pH 4 (f). The error bars represent the standard
deviation values resulting from two independent replicates.

Irradiation experiments performed at pH 2 and 4 in ultrapure water (Supplementary Figure 12)
demonstrated the rapid and quantitative oxidation of spiked As"'to AsV for different mixtures of
organic acids and natural organic matter (Supplementary Figure 12a-d) and solutions only
containing natural organic matter (Supplementary Figure 12e-f) within the first two hours.
During the irradiation period, we did not detect any methylated As species.

In a following test, two different rainwater samples collected at Pic du Midi Observatory
(previously stored at 4°C) were irradiated using similar mixtures described above:

- Solutions of As'"' (5 pug(As)-L?), formic acid (7.5 mg(C)-L?), acetic acid (15 mg(C)-L ™),
oxalic acid (15 mg(C)-L?), natural organic matter (40 mg(C)-L) in two different
rainwater samples

- Solutions of As"' (5 pug(As)-L?) in two different rainwater samples
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Supplementary Figure 13. Transformation of As species concentrations during irradiation experiments
performed in two different rainwater samples collected at Pic du Midi Observatory water over 6 h. Panel (a)
shows the As species transformation for solutions containing As'"', formic acid, acetic acid, oxalic acid, and natural
organic matter. Panel (b) shows the As species transformation for solutions containing As'' and rainwater. The error
bars represent the standard deviation values resulting from two independent replicates (i.e., rainwater samples).

Similar to irradiation experiments performed in ultrapure water, solutions prepared in rainwater
demonstrated rapid and quantitative oxidation of spiked As''to AsY, with no detected formation
of methylated As species during the irradiation period. Irradiation of solutions containing As"
and rainwater in the absence of organic acids and natural organic matter (Supplementary
Figure 13b) showed slower oxidation rates compared to other experiments, in agreement with
its lower DOC (and consequently reactive intermediate concentrations) as compared to
solution spiked with SRNOM (i.e., 1.2 vs. 40 mg(C)-L%).

Overall, our results suggest no significant abiotic formation of methylated As species from As"
under tested atmospheric conditions.
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Supplementary Figure 14. Relationships of TMAsYO (panel a) and inorganic As (panel b) with contributing
moisture sources, the time spent in the Atlantic boundary layer and the sea salt proxy (Na:Sr) in
precipitation (sub)events. The top panels show the variability of TMAsYO (panel i) and inorganic As (panel iv)
proportions (% sum As species) in the clusters 1-4 defined by different contributing moisture sources. The boxplots
show the interquartile range, representing the middle 50% of the data, which fall between the upper quartile (75%
data below that score) and the lower quartile (less than 25% below that score). The whiskers refer to the 5th/95th
percentiles. The middle and bottom panels show the variability of both species proportions as a function of the time
spend in the Atlantic boundary layer (TMAsYO: panel ii, inorganic As: panel v) and as a function of the sea salt
according to moisture source clusters. Different letters (X, y) in i and iv denote significance levels based on Mann-
Whitney-U test (p<0.05), i.e., for all clusters with the same letter, the difference between species proportion is not
statistically significant. The error bars in panels ii, iii, v, and vi represent the uncertainty of quantification by HPLC-
ICP-MS/MS in duplicate, with invisible error bars indicating standard deviations within the symbol.
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Supplementary Figure 15. As species proportions as a function of the time spend in the continental
boundary layer (panel a) and proportions of methane sulfonic acid (MSA; panel b) in (sub) event
precipitation samples. All data points of TMAsYO (top panels i and iv), DMAsY (middle panels ii and v), and
inorganic As (iAs, bottom panels iii and vi) proportions (% sum As species) are colour coded according to moisture
source clusters. Indicated correlation coefficients in panels ii and v are significant (p<0.05, n=26. The error bars
represent the uncertainty of quantification by HPLC-ICP-MS/MS in duplicate, with invisible error bars indicating
standard deviations within the symbol.
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Supplementary Figure 16. Proportions of TMAsYO, DMAsY and inorganic As (iAs) as a function of the
proportions of methane sulfonic acid (MSA) in the aerosol water extracts of the 2015-2020 time series.
Indicated correlation coefficients in panels b and ¢ are significant (p<0.05, n=70), and the error bars represent the
uncertainty of quantification by HPLC-ICP-MS/MS in duplicate, with invisible error bars indicating standard
deviations within the symbol.
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Supplementary Figure 17. Variability of MMAsY proportions in the 1% HNOs aerosol extract in different
seasons. As species proportions (% total As in extract) are shown for spring (March-May; n=9), summer (June-
August; n=35), autumn (September-October; n=27), and winter (December-February; n=15) months during the
2015-2020 aerosol series. The boxplots show the interquartile range, representing the middle 50% of the data,
which fall between the upper quartile (75% data below that score) and the lower quartile (less than 25% below that
score). The whiskers refer to the 5th/95th percentiles. Different letters (x, y) denote significance levels based on
Mann-Whitney-U test (p<0.05), i.e., for all clusters with the same letter, the difference between species proportion
is not statistically significant.
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Supplementary Discussion 4: Atmospheric deposition flux of methylated As and
comparison to in-soil methylation rates

To investigate the potential impact of atmospheric inputs of methylated As to soil systems, we
compared deposition fluxes of methylated As species based on our precipitation data collected
during the high-resolution campaign with previously reported As methylation rates in soils. The
atmospheric deposition flux (ug-L*-d?) of methylated As species (sum of TMAs'O, DMAsY,
MMAsY) was calculated using the weighted sample volume and duration of individual sub-
events. The wet deposition flux ranged between 0.01 and 3.38 pg-L*-d* with an average of
0.5+0.8 ug-L*-d™.

We compared this deposition flux to in-soil production rates based on previous published
measurements of methylated As species determined in pore water of natural soils (pot
experiments with paddy and arable soils from Bangladesh, China, UK and USA) with varying
contamination levels (contamination by irrigation, mining, high geogenic background or no
contamination; Supplementary Table 5)°"-%°. Specific methylation rates were calculated based
on the maximum observed methylation efficiency, which describes the percentage of substrate
(i.e., initial As'' concentration) converted to methylated As species within specific incubation
times?’. As" has been identified as the primary substrate for As methylation for various
microbial strains?’. The two considered studies solely reported the formation of MMAsY and
DMASs". Although it should be noted that the analysis of TMAsO was not indicated.

Supplementary Table 5. Estimated in-soil methylation rates of different paddy and arable soils from
Bangladesh, China, UK and USA with varying contamination sources. Methylation efficiencies and rates were
calculated based on reported concentrations of As"' (substrate) and methylated As species in soil pore waters?8 2°,

Soil classification Contamination Initial substrate Maximum Incubation  Methylation
(region) source (As") concentration methylation time rate
(ng-L™) efficiency? (d) (hg-LHdY)
(%)
paddy soil (Bangladesh) Irrigation 50 14 49 0.14
paddy soil (Bangladesh) Irrigation 90 2.2 49 0.04
paddy soil (China) Mining 180 0.5 49 0.02
paddy soil (China) Geogenic 160 0.3 49 0.01
arable (UK) None 4 2.6 49 0.002
arable (USA) None 2.5 9.5 49 0.005
Arable (UK) None 38 47 44 0.41

aMaximum methylation efficiencies were calculated as percentage of substrate (i.e., initial As"' concentration) converted to
methylated As species.

The estimated maximum methylation efficiencies range between 0.5-47%, which is similar to
previously reported methylation efficiencies in pure and mixed cultures?’: 30 31, Methylation
efficiencies in natural soils are generally expected to be lower compared to tested cultures due
to the abundance and diversity of As methylating microbes across different soils as well as
other biotic and abiotic factors?®. We specifically used methylation rates based on
measurements in natural soils to enable the comparison of environmentally relevant
conditions. The estimated soil methylation rates, considering methylation efficiencies and
incubation time of listed studies, range between 0.002 and 0.41 ug-L*.d?! (average:
0.09+0.15 ug-L*-d?1), which is lower than the average atmospheric inputs we estimated.
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Supplementary Table 6. Average recoveries (%) and error (%) obtained for measured elements in two
certified reference materials (CRMs) which were analysed with atmospheric deposition samples. The CRMs
were analysed after their dilution (d10 or d100) in the corresponding sample matrix, i.e., 1% HNO3s for the
precipitation, cloud water and aerosol water extracts samples, and 16-26% HNO3 for the aerosol digests. N gives
the number of analysed replicates for each CRM. Table previously published in Breuninger et al.™.

Precipitation & Cloud water
(1% HNO3)

Aerosol Extract

(16-26% HNO3)

Cég;;f;? Recoveries? ErrorP Used Recoveries? Error® Used
concentration (%) (%) Dilution N (%) (%) Dilution N
(Mg-L™)
CRM NIST 1643f, Trace Elements in Water
Li 16.6 = 0.4 103 + 9 3 di0, d100 4 995 + 4 -0.5 d10,d100 6
Na 18830 * 250 102 + 2 2 d10,d100 4 98 + 2 -2 d10,d100 12
Mg 7454 + 60 103 + 2 3 d10,d100 4 102.7 + 1.1 2.7 di0,d100 12
Al 1338 + 1.2 + 4 105 = 3 5 di0, d100 12
K 1933 £ 9 100.4 + 6.7 0.4 di0 4 985 + 0.7 -1.5 di10,d100 12
\% 36.1 + 0.3 105 + O 5 di0 4 103 + 2 3 d10,d100 6
Cr 185 *+ 0.1 101 + 8 1 di0, d100 4 105 + 3 5 d10,d100 6
Mn 37.1 £+ 0.6 103 + 4 3 di0, d100 4 98.7 + 2.3 -1.3 d10,d100 6
Fe 934 + 0.8 105 + 3 5 di0 4 101.8 + 0.5 1.8 d10,d100 12
Co 253 + 0.2 98 + 4 -2 d10,d100 4 103.0 + 0.1 3.0 d10,d100 6
Ni 598 + 1.4 99.6 + 3.0 -0.4 di10,d100 4 1019 + 04 1.9 d10,d100 6
Cu 21.7 £+ 0.7 102 + 7 2 di0, d100 4 102.3 + 1.6 2.3 d10,d100 6
Zn 744 + 1.7 102 + 4 2 dio 4 105 + 3 5 di0 6
As 574 + 04 99 + 0.7 -1 di0, d100 4 103.7 + 0.7 3.7 d10,d100 6
8Se 11.7 =+ 0.1 99 + 1 -1 d10,d100 4 1029 + 0.5 29 d10,d100 6
80Se 11.7 + 0.1 99.2 + 04 -0.8 d10,d100 4 101.2 + 0.1 1.2 d10,d100 6
Rb 126 = 0.1 97 + 7 -3 di0 4 1055 + 1.0 55 d10,d100 6
Sr 314 + 19 101 £ 5 1 d10,d100 4 1032 + 14 3.2 d10,d100 6
Mo 1153 + 1.7 99 + 5 -1 d10,d100 4 1034 + 04 3.4 di10,d100 6
Ag 1.0 =+ 0.0 97 + 7 -3 dio 4 107 + 4 7 di0 6
Cd 59 + 0.1 102 + 4 2 d10,d100 4 102 + 3 2 d10,d100 6
Ba 518.2 + 7 102 + 2 2 d10,d100 4 102.2 + 0.2 2.2 d10,d100 6
Pb 185 + 0.1 99.7 + 1.7 -0.3 di0 4 103.1 + 15 3.1 d10,d100 6
CRM TMDA 51.2, Trace Elements in Surface Water (Lake Ontario)

Al 96 + 19 99.2 + 7.8 -0.8 dio 6
% 48 + 8 102 + 2 2 d10,d100 4 1027 + 05 2.7 d10,d100 6
Cr 63 + 7 97 £ 5 -3 d10,d100 4 1038 + 1.3 3.8 d10,d100 6
Mn 82 + 10 98 + 2 -2 d10,d100 4 102.0 + 1.0 2.0 di10,d100 6
Fe 111 + 26 108 + 6 8 dio 4 103 + 3 3 6
Co 72 + 6 94 + 8 -6 d10,d100 4 1048 + 1.0 4.8 d10,d100 6
Ni 67 £ 7 97.7 + 09 2.3 d10,d100 4 1049 + 03 49 d10,d100 6
Cu 91 + 10 99 * 3 -1 d10,d100 4 1044 + 12 44 d10,d100 6
Zn 106 = 15 102 + 3 2 dio 4 105.6 + 04 5.6 d10,d100 6
As 15 + 3 96.0 = 1.2 -4 d10, d100 4 103.1 + 0.9 3.1 d10,d100 6
8Se 12 + 3 96.7 = 0.3 -3.3 di0, d100 4 976 + 0.3 -2.4 d10,d100 6
80Se 12 + 3 96.0 + 1.2 -4 d10,d100 4 984 + 2.0 -2 d10,d100 6
Sr 121 + 12 9% + 4 -4 dio 4 101.7 + 04 1.7 d10,d100 6
Mo 59 + 6 97 + 5 -3 d10,d100 4 106.3 + 1.0 6.3 d10,d100 6
Cd 25 + 3 99.2 + 1.0 -0.8 d10,d100 4 103 + 2 3 d10,d100 6
Ba 73 = 6 99 + 3 -1 d10, d100 4 104.3 + 0.8 4.3 d10,d100 6
Pb 73 + 11 99 + 4 -1 d10, d100 4 102.0 + 05 2.0 d10,d100 6

aRecoveries were calculated as follows: (element concentration measured)/(element concentration certified) x100;
bErrors were calculated as follows: [(element concentration measured)-(element concentration certified)] /
(element concentration certified) x100
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Supplementary Table 7. HPLC-ICP-MS/MS operating conditions for speciation analysis of As.

LC system

Column
Injection Volume
Mobile Phase
Flow Rate

Agilent 1260 Infinity Il Bio-Inert high performance LC System
Hamilton PRPX-100, 150x2.1mm, 5 pm

20 pL

5 mmol-L* Malonic acid (optimized), pH 5.4

0.4-0.5 mL mint

ICP-MS/MS system
Configuration

RF power

Spray Chamber
Nebulizer Gas
Make up Gas

Cell Gas
Acquisition time

8900 Agilent ICP-MS/MS

Quartz torch (2.5 mm id), Ni cones, x-lenses
1550 W

Scott type, + 2°C

1.10 L min*t

0.10 L min+

30% of O2 with 1 ml min't of Hz

300 ms for "°As,
10 ms for Y
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Supplementary Method 1: Analysis of organic compounds in aerosol samples by Py-
GC/MS

The analysis of organic compounds in aerosols was carried out using a FrontierLab pyrolyzer
(equipped with a FrontierLab AS-1020E autosampler) connected to a GC/MS system (Trace
1310 GC, I1SQ 7000 MS, Thermoscientific). The experimental conditions and data processing
method followed the protocol described by Tolu et al.®2.

Peak identification was done using the software "NIST MS Search 2," which includes the library
"NIST/EPA/NIH 2011" and additional spectra from published studies®?. We identified 105
pyrolysis compounds from 11 classes in the warm season aerosol samples (collected from
June-October, 2015-2019). These compounds included, among others carbohydrates, N
compounds, and (poly)aromatics. For each compound, we obtained the molecular mass and
chemical formula, along with references for the theoretical mass spectra. To facilitate
comparison, the relative abundance of each compound was calculated by setting the total
identified peak area for each sample to 100%. Individual pyrolysis products were grouped
based on similarities in their molecular structure and origin, and these groups were used for
further statistical analysis (see defined compound (sub)groups in Supplementary Table 8).

Supplementary Table 8. List of organic compounds identified by Py-GC/MS in aerosol samples, including their
formula, molecular mass (M), specific mass fragments with respective references of the mass spectra, and the
compound sub-groupings used for the statistical analyses. Table previously published in Breuninger et al.*

Name Formula M Specific mass fragments Ref Compound
sub-groups

Carbohydrates

gg/?:lcl?plgr?ttgzllz-one C7H100 110 41+67+95+110 NIST (C)/t:jl_o)penteno

4-Cyclopentene-1,3-dione C5H402 96 26+42+54+68+96 NisT  Merdione

3-Furaldehyde C5H402 96 39+67+95+96 NIST

2(3H)-Furanone, 5-methyl- C5H602 98 27+43+55+98 NIST

2(5H)-Furanone C4H402 84 39+55+84 NIST

2(5H)-Furanone, 5,5-dimethyl- C6H802 112 43+96+97 NIST (alkyl)furans/ -

(3H)-Furanone, dihydro-5-methyl- C5H802 100 56+85+100 NIST furanones

2-Furaldehyde, 5-methyl- C6H602 110 27+53+110 NIST

4-Methyl-5H-furan-2-one C5H602 98 39+40+41+69+98 NIST

2(5H)-Furanone, 3,5,5-trimethyl- C7H1002 126 83+111 NIST

2(3H)-Benzofuranone C8H602 134 78+106+134 NIST

1,4:3,6-Dianhydro-a-d- C6HB8O4 144 20441457469 NIST Levoglucosan

glucopyranose or fresh

B-D-Glucopyranose, 1,6-anhydro- C6H1005 162 29+57+60+73 NIST  polyaccharides

Carboxylic acids

2-Propenoic acid C3H402 72 26+27+45+55+72 NIST

2-Pentenoic acid, 2-methyl-, (E)- C6H1002 114 27+39+41+69+114 NIST  Alkanoic acids

Pinonic acid C10H1603 184 69+83+98+114+125 NIST C3-C12

Dodecanoic acid C12H2402 200 41+43+55+57+60+73 NIST

Tetradecanoic acid C14H2802 228 41+43+55+57+60+73+129+228 NIST

Pentadecanoic acid C15H3002 242 41+43+55+57+60+73+129+242 NIST Alkanoic acids

Hexadecanoic acid C16H3202 256 41+43+55+57+60+73+129+256 NIST C14-C18

Octadecenoic acid C18H3402 282 55+69+83+97+123+264+282 NIST

Octadecanoic acid C18H3602 284 41+43+55+57+60+73+129+284 NIST

Alkanoic acid methyl ester 74+87+255+298 NIST  Alkanoic acids

Alkanoic acid C22:0 C22H4402 332 41+43+55+57+60+73+129+332 NIST >C18

N-compounds

Pyrrole+pyridine ((Cc45|7-|55'\3; (83)+(79) (50+51+52+79) + (67) NIST

Pyrrole C4H5N 67 37+38+39+40+41+67 NIST

1H-Pyrrole, 2-methyl- C5H7N 81 80+81 NIST (alkyl)pyrroles/

Pyridine, 3-methyl- C6H7N 93 39+65+66+92+93 NIsT idines

Pyridine, 2,4,6-trimethyl- C8H1IN 121 79+106+121 nisT Py

Pyrazole-5-carboxylic acid C4H4N202 112 66+94+95+112 NIST

1H-Pyrrole-2,5-dione, 1-methyl- C5H5NO2 111 26+54+83+83+111 NIST

2,5-Pyrrolidinedione (succinimide)  C4H5NO2 929 59+99 NIST

1H-Pyrazole, 1,3,5-trimethyl- C6H10N2 110 95+110 NIST

Acetamide C2H5NO 59 42+43+44+59 NIST  Alkylamides

Alkylamidel unknown 59+72 NIST
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Compound

Name Formula M Specific mass fragments Ref
sub-groups

Alkylamide2 unknown 59+72 NIST
Alkylamide3 unknown 59+72 NIST
Docosenamide C22H43NO 337 59+72+240+277+294+320+337 NIST
Diketopiperazine (DKP) Pro-Pro C10H14N20 194 70+96+138+166+ 194 [1, 2] .

2 Proteins
B'ﬁgmp'peraz'”e (DKP) Pro-Lys- | nknown 208 70, 125, 154, 166, 208 11, 2]
Octadecanenitrile C18H35N 265 57+70+97+110+ 124 NIST
alkanenitrilel unknown X 57+70+97+110+ 124 NIST
alkanenitrile2 unknown X 57+70+97+110+ 124 NIST  Alkylnitriles
alkanenitrile3 unknown X 57+70+97+110+ 124 NIST
alkanenitrile4 unknown X 57+70+97+110+ 124 NIST
n-alkenes
n-C13:1 C13H26 182 56+69+...+182 NIST  C13 (odd n°)
n-C14:1 C14H28 196 56+69+...+196 NIST
n-C16:1 C16H32 224 56+69+...+224 NIST %/‘ért]onf)zo
n-C18:1 C18H36 252 56+69+...+252 NIST
n-C20:1 C20H40 280 56+69+...+280 NIST
n-C15:1 C15H30 210 56+69+...+210 NIST C15to C19
n-C17:1 C17H34 238 56+69+...+238 NIST  (odd n°)
n-C19:1 C19H38 266 56+69+...+266 NIST
n-C21:1 C21H42 294 56+69+...+294 NIST
n-C23:1 C23H46 322 56+69+...+322 NIST
n-C25:1 C25H50 350  56+69+.. +350 NIST ﬁz)l €33 (odd
n-C29:1 C29H58 406 56+69+...+406 NIST
n-C31:1 C31H62 434 56+69+...+434 NIST
n-C33:1 C33H66 462 56+69+...+462 NIST
n-C22:1 C22H44 308 56+69+...+308 NIST C22to C26
n-C24:1 C24H48 336 56+69+...+336 NIST (evenn°®)
n-C26:1 C26H52 364 56+69+...+364 NIST
n-alkanes
n-C14:0 C14H30 198 57+71+85+...+198 NIST Cl4to C20
n-C18:0 C18H38 254 57+71+85+...+254 NIST  (evenn®)
n-C20:0 C20H42 282 57+71+85+...+282 NIST
n-C15:0 C15H32 212 57+71+85+...+212 NIST C15to C19
n-C17:0 C17H36 240 57+71+85+...+240 NIST  (odd n°)
n-C19:0 C19H40 268 57+71+85+...+268 NIST
n-C21:0 C21H44 296 57+71+85+...+296 NIST
n-C23:0 C23H48 324 57+71+85+...+324 NIST
n-C25:0 C25H52 352 57+71+85+...+352 NIST C21to C37
n-C27:0 C27H56 380 57+71+85+...+380 NIST  (odd n°)
n-C29:0 C29H60 408 57+71+85+...+408 NIST
n-C31:.0 C31H64 436 57+71+85+...+436 NIST
n-C37:0 C37H76 521 57+71+85+...+521 NIST
n-C22:0 C22H46 311 57+71+85+...+310 NIST
n-C24:0 C24H50 338 57+71+85+...+338 NIST C22 to C38
n-C32:0 C32H66 450 57+71+85+...+450 NIST (even n°)
n-C34:0 C34H70 480 57+71+85+...+480 NIST
n-C36:0 C36H74 506 57+71+85+...+506 NIST
n-C38:0 C38H78 535 57+71+85+...+535 NIST
Alkanones
2-Pentadecanone C15H300 226 43+58+71 NIST
Heptadecanone C17H340 254 43+58+71+254 NIST Alkanones
Alkanone Unknown X 43+58+71 NIST
2-Pentanone C5H100 86 43+86 NIST
Other aliphatics
2-Pentene, 2,4-dimethyl- C7H14 98 41+55+83+98 NIST Other aliphatics
Nonanal C9H180 142 29+43+43+56+57+70+98 NIST P
Phenols
Phenol C6H60 94 39+65+66+94 NIST
Phenol, 4-methyl- C7H80 108 77+79+107+108 NIST  Phenols
Phenol, -dimethyl- C7H80O 122 77+91+107+121+ 122 NIST
S compounds
2(3H)-Benzothiazolone C7H5NOS 151 96+123+151 NIST
Benzenesulfonamide, N-butyl- ClOHéE’NOZ 213 51477+141+170 NiST S compounds
Steroids
Stigmasta-3,5-dien-7-one C29H460 411 161+174+187+395+410 NIST  Steroids
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Compound

Name Formula M Specific mass fragments Ref
sub-groups

(Poly)aromatics
Toluene C7H8 92 91+92 NIST  Toluene
Benzoic acid C7H602 122 51+77+105+122 NIST  Benzoic acid
Naphthalene, 2-phenyl- C16H12 204 101+204 NIST
Phenanthrene, 3,6-dimethyl- Cl6H14 206 102+191+206 NIST .
Retene or Phenanthrene, 3,4,5,6- Polyaromatics

T Both C18H18 234 165+178+204+219+234 NIST
tetramethyl-
1,4-Diphenyl-1,3-butadiene Cl6H14 206 91+128+191+206 NIST
Alkyl-Benzene C12 C18H30 246 91+92+...246 NIST
Alkyl-Benzene C16 C22H38 302 91+92+...302 NIST  (Alkyl)benzene
Alkyl-Benzene C17 C23H40 316 91+92+...316 NIST s
Alkyl-Benzene C18 C24H42 330 91+92+...330 NIST
Alkyl-Benzene C22 C28H50 386 91+92+...386 NIST

[1] Chen et al., (2009) Journal of Food Science, 74: 100-105; [2] Fabbri et al., (2012) Journal of Analytical and Applied

Pyrolysis, 95: 145-155
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Supplementary Method 2: Sulfur isotope analysis

All precipitation samples used for the analysis of sulfur (S) isotopes were prepared in a Class
10 clean laboratory. Concentrated nitric acid (HNOs, Primar Plus™, Thermo Scientific) and
hydrochloric acid (HCI, Primar Plus™, Thermo Scientific) used for sample preparation were
further purified by a two-step sub-boiling distillation (DST 4000, Savillex). All plastic labware
was pre-cleaned with HNOs; and then rinsed with ultrapure water (=18.2 MQcm, Merck
Millipore).

S isotopes were analysed following the method by Fassbender et al.®, including offline S
isolation by anion exchange chromatography and analysis by multicollector ICP-MS (MC-ICP-
MS, Neptune Plus Thermo Scientific). Briefly, we digested an Ag.S International Atomic
Energy Agency standards (IAEA-S-1, S-2, S-3) and the precipitation samples following
Craddock et al.34. This procedure included the addition of 5 mL of concentrated HNO3; and
evaporation to dryness at 70°C, followed by addition of 3 mL of concentrated HNO3; and 2 mL
of HCL (6 mol-L?) and again evaporation to dryness at 70°C. The dry residue was re-dissolved
in 1 mL of 0.03 mol-L"* HNOs and purified using an anion exchange resin (AG1X8; Cl form;
200-400 mesh; BIORAD labs) following the protocol by Das et al.*®. Recovery was 100 + 2.6%
(n=4)for samples containing 4 pg of S. The concentrations of two procedural blanks were 14
and 20 ng S, corresponding to 0.5% of the recovered 4 ug S.

All solutions for MC-ICP-MS analysis were diluted to a final S concentration of ~400 pg-L* in
0.3 mol-Lt HNO; with the addition of 0.9 mg-L* of Na (prepared from 1000 mg-L* NaNQOs,
TraceCERT®, Merck) to improve transmission of S thought the membrane desolvation system.
Allinstrumental parameters for the S analysis are given in Supplementary Table 9. Background
correction and delta calculation was performed with the Neptune software. Instrumental
conditions were optimized using the IAEA S-2 and S-3 standards. A certified S standard (ICP-
S, prepared from 1000 mg-L* H,SO,, Certipur®, Merck) was used as a bracketing standard
for all samples to correct for instrument drift and mass bias. At medium resolution mode
400 pg-L* of S generated around 10 V (for *S) intensity. The intensity of the isotopes was
measured on the lower mass shoulder.

Supplementary Table 9. MC-ICP-MS operating conditions for S isotope analysis.

MC-ICP-MS Neptune Plus (Thermo Scientific)
RF power 1200 W

Cones Ni sampler and Ni skimmer cone
Cooling gas 16 L-min‘

Aucxiliary gas 0.8 L-min

Sample gas 0.9 L-min*

Nebulizer Microflow PFA-ST (100 pL-mint)
Cup configuration L3 (2S), C (33S), H3 (3*S)
Resolution mode Medium

Measurement settings 40 cycles with 4.194 s-cycle!
Desolvation system Apex-Q (Elemental Scientific)
Sweep gas 3.8 L-min?

Nitrogen gas 6 mL-min-t

Spray chamber Quartz, 140°C

Peltier cooling Quartz, 3°C

Membrane 155°C
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Two normalizations were applied for the conversion to the Vienna Canyon Diablo Troilite
(VCDT) scale: conversion from working standard S-ICP to the certified reference material
IAEA-S-1, then to the VCDT scale. The scale is defined by assigning a 3**S value of =-0.3%o
to the IAEA-S-1 relative to VCDT (§345/4845-1), without uncertainty®®. 84S values of samples
relative to the VCDT scale (634S,zr) are calculated using the following equation (1):

34 cSMp
8> Ss jcptl

8%*Sycpr (%oo) = [(m) X (83SHAEAS1 4 1) — 1] x 1000 )
S—-ICP

The combined uncertainty (20) corresponding to repeatability (n = 11) and to these two
normalizations was 0.24%.
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