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ABSTRACT. The chemistry of trace sulfur gases in planetary organic haze formation is poorly
understood, though both are ubiquitous in planetary atmospheres. Here, we perform laboratory
studies to explore how the addition of trace amounts of H2S (0.5-5 ppmv) affects organic aerosol
produced from ultraviolet photochemistry of CHs in N2. We analyze the aerosol product
composition and size in real time. Inclusion of trace amounts of H2S in the precursor mixture
significantly enhances the formation of organic aerosol mass and the particle effective density,
both of which increase as a function of initial H2S concentration and in the absence of an additional
carbon source. We further present evidence that the addition of trace H2S to the precursor mixtures
leads to the formation of organosulfur compounds. Their inclusion in the aerosol-phase contributes
to the organic aerosol mass enhancement. Thiyl-alkene chemistry is proposed as a possible

organosulfur formation mechanism. In contrast to previous assumptions that sulfur and carbon
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chemistry occur largely independently of each other, these results suggest a coupling between the
two chemistries. This coupling has potential impacts on organic haze and atmospheric sulfur

chemistry in planetary atmospheres.

INTRODUCTION

Sulfur gases, such as SOz and Ha2S, are common in planetary atmospheres and it is likely that
they are ubiquitous constituents of exoplanetary atmospheres.!” In our solar system, these gases
are found in the atmospheres of Earth, Venus, Jupiter, and Jupiter’s moon Io."*3 Sulfur gases are
also of particular relevance for our understanding of the Archean Earth (4.0 — 2.5 billion years
ago) as the mass-independent fractionation of sulfur isotopes (S-MIF) in Archean sediment records
is currently the strongest evidence for an anoxic early atmosphere.® For S-MIF fractionation to
occur, sulfur must leave the atmosphere in at least two chemically distinct reservoirs, currently
thought to be as Ss and H2SO4 aerosols.”®

In Earth’s current atmosphere, we know that a third sulfur reservoir exists — organosulfur.
Moreover, the amount of organosulfur in the atmosphere is significant: organosulfates are
estimated to comprise 5-10% of the modern-day organic aerosol mass.” Geochemical evidence
suggests that organic aerosol also formed during the Archean via methane photochemistry,
constituting what is known as organic haze.'*!? Despite its known presence on modern Earth,
current thought rarely considers organosulfur in the organic haze chemistry of the Archean or
exoplanetary atmospheres. Most models of planetary atmospheres treat the chemistry of inorganic
aerosol formation from H2S and SO: largely independently from the methane photochemistry
leading to organic aerosol formation.>!* The connection between organic compounds and sulfur

compounds has typically been limited to indirect interactions. For example, by blocking relevant



wavelengths of ultraviolet (UV) light, a periodic presence of organic haze aerosol in the Archean
atmosphere could have altered SO2 photolysis and consequently the S-MIF.!%1214 This is thought
to be the primary cause of correlations in carbon and sulfur isotopes in Archean sediment records,
observed as variations in the S-MIF magnitude before its permanent loss due to the rise of oxygen.
In another example, Arney et al. (2018)"° presents an organic haze model that includes
organosulfur gases (such as CH3SH and CH3SCH3), but only as additional hydrocarbon sources
and excludes direct sulfur-carbon chemistry originating from HzS or SOz (i.e. inorganic S).!?
Although the chemistry of organic haze formation has been explored in laboratory experiments
and atmospheric models, experimental investigation of the effects of atmospheric sulfur gases on

organic haze is lacking. To the best of our knowledge, DeWitt et al.'®

presents the only laboratory
study on the effects of a sulfur gas in photochemical methane haze formation.'® They investigated
how the addition of SOz perturbed methane haze photochemistry. Using aerosol mass spectrometry
(AMS), DeWitt et al.'® were able to identify specific organosulfur ions such as CH3SO2", CH3SO",
and CH3S". These ions were attributed to organosulfates such as methyl sulfonic acid (MSA,
CH3SOs3H). Thus, these findings are in-line with organosulfur observations of modern Earth
aerosol.

Laboratory studies on methane haze formation in the presence of another major atmospheric
sulfur gas, H2S, are completely absent from the literature. Although SOz is usually assumed to be
the dominate volcanic sulfur gas emitted in planetary atmospheres, the relative amounts of H2S
and SO: in volcanic emissions vary and in some cases H2S fluxes can dominate.!”!® Atmospheric
chemistry models have also shown that H2S can accumulate in reducing atmospheres with low
levels of oxygen,'® conditions that are also favorable for organic haze formation.?>?! Because H2S

gas is known to be produced by microbial sulfate reduction, the relevance of H2S as a biosignature
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has also been debated.” In addition, microbial sulfate reduction is the oldest known form of
metabolism and was likely prominent on the Archean Earth.??

To improve our understanding of organic haze and sulfur chemistry in reducing atmospheres,
we conducted laboratory experiments to explore how the addition of trace amounts of HzS to
CHa4/N2 mixtures affects photochemical methane haze formation. The composition, amount, and
size of the aerosol products were monitored in real-time using a quadrupole aerosol mass
spectrometer (Q-AMS) and a scanning mobility particle sizer (SMPS).

MATERIALS AND METHODS
Haze Aerosol Generation

The flow-through haze generation system (Figure 1) has been previously described in detail.?*~
% Briefly, gas mixtures with mixing ratios of 0.1% CHa (Airgas, 99.99%) and 0-5 ppmv H2S
(Airgas, 1000 ppmv H2S in N2) were mixed in a stainless-steel mixing cell in a nitrogen (N2)
background gas (Airgas, ultra-high purity 99.998%) for at least 8 hours in advance of each
experiment. This CH4 mixing ratio is within the range of values expected for the Archean Earth
and reduced planetary atmospheres exhibiting a photochemical organic haze.'>?® The H2S mixing
ratios were chosen to provide sulfur-to-methane ratios consistent with the sulfur-to-methane
emission flux ratios of past modeling studies.!®'>?” These ratios are broadly applicable to reduced
atmospheres with either high volcanic activity or biological sulfate reduction, such as the Archean

Earth or possibly rocky exoplanets.>!®?%2° Using fluxes as a metric for precursor mixing ratios is

appropriate as our mixtures represent composition prior to photochemistry.
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Figure 1. Schematic of the haze formation flow system. Flow from the reaction chamber continues

to either a Q-AMS or SMPS with a dilution flow specific for the instrument requirements.

A mass flow controller (MFC, Millipore, FC-2901V) set the precursor mixture flow from the
mixing cell into the stainless-steel reaction chamber (volume 300 cm?) at 100 standard cm? per
minute (sccm). In the reaction chamber, a water-cooled deuterium lamp (Hamamatsu, L1825)
irradiates the gases. The lamp has continuous emission over the range 115 to 400 nm and peak
emission between 115 and 165 nm. Figure 2 shows the lamp flux and absorption cross-sections of

CHa4 and Ha2S as a function of wavelength.
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Figure 2. Absorption cross sections (cm? molecule™, left axis) for CHa (blue)*® and HzS (red)®!
and lamp flux (cm? s, right axis) (black, provided by the manufacturer) as a function of

wavelength in the range of the lamp’s peak emission.

The lamp emission includes the Lyman-a line at 121.6 nm, which is the primary wavelength for
CHa4 photolysis in planetary atmospheres in the solar system.*? The primary pathways and products
of CHs photodissociation at 121.6 nm are shown in reactions 1a and 1b, where @1a and @1v are the

quantum yields of each pathway.>?
hv
CH, > H-+-CHs,®p, =041 (1a)

CH, 2 H, + CH, ,®;, = 0.53 (1b)

In the experiments presented here, the precursor mixtures are optically thick at wavelengths
below ~145 nm due to the high methane concentration. HzS, however, has a significant absorption
cross section at wavelengths outside the range of CHa4 absorption. H2S will photodissociate at 156.7
nm with the major pathway shown in reaction 2.>*** H>S also photodissociates at 121.6 nm to
produce H radicals and elemental sulfur, S.>* However, as the reaction mixture is optically thick

at 121.6 nm, this pathway is a negligible contribution.



H,S > H- + HS-(X2IT), hv = 1567 nm  (2)

Products formed in the UV reaction chamber continuously flow into either a quadrupole aerosol
mass spectrometer (Q-AMS) or scanning mobility particle sizer (SMPS) for measurements of
aerosol composition or mobility size distribution, respectively. A nitrogen gas dilution of ~20 sccm
and ~200 sccm is added for the AMS and SMPS, respectively, due to instrument flow
requirements. Experiments were conducted under ambient pressures and temperatures, ~630 Torr
and ~20 °C, respectively.

Quadrupole Aerosol Mass Spectrometry (Q-AMS)

The Q-AMS, previously described in detail, provides quantitative measurements of the total
aerosol mass loading, chemical composition, and aerodynamic size.>>*¢37 Briefly, an aerodynamic
lens focuses aerosol particles into a beam through a vacuum chamber while trace gases are
differentially pumped away. The particle beam is modulated by a chopper that can block the
particle beam (“beam closed” position), allow the particle beam to pass through freely (“beam
open” position), or “chops” the beam into packets at a user-defined rate (100-150 Hz) (“chopped”
position). In the “chopped” position each opening of the chopper acting as the time-zero point
before the beam passes through a vacuum time-of-flight region.>” Aerosols are then flash vaporized
at ~600 °C into gas-phase molecules, ionized by electron ionization (EI) at 70 eV, and detected
using quadrupole mass spectrometry (QMA 410, Balzers, Liechtenstein) with unit-mass
resolution. The Q-AMS measurement mode was alternated between mass spectrum (MS) and
particle time-of-flight (PTOF) modes for real-time measurements of aerosol mass
loading/chemical composition and vacuum aerodynamic diameter (Dva) particle size distribution,
respectively. In MS mode, the chopper alternates between “beam open” and “beam closed”

positions every 5 seconds. In PTOF mode, the chopper is set to “chopped” position.’” All mass
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spectra are reported as difference spectra between the beam open and beam closed modes and
report only the aerosol-phase compositions. Major gas-phase species, predominately Nz in this
instance, are unable to be completely pumped away; this is referred to as a background gas or air
beam. Background spectra of the air beam are acquired for each experiment before particles are
produced and these background spectra are subtracted from the aerosol spectra collected, thus
omitting any detected gas-phase interference. The aerosol mass loading of each spectra is
quantitatively determined using the ion signals, sample flow rate, and ionization efficiency as
described previously in detail in standard AMS analysis methods.?’

Scanning Mobility Particle Sizer (SMPS)

A SMPS is used to measure the number of particles as a function of their electrical mobility
diameter (Dm) over a size range of 14.3 to 673 nm. The SMPS setup consists of a differential
mobility analyzer (DMA, TSI, model 3081) connected to a condensation particle counter (CPC,
TSI, model 3775). Polydisperse aerosol particles are charged by a **Kr charger before entering the
DMA. In the DMA, aerosols are size selected based on their Dm against a drag force of air. The
CPC counts the number of particles via light scattering at each Dm.

RESULTS AND DISCUSSION
Aerosol Mass Loading, Chemical Composition, and Organosulfur Formation

The AMS measurements provide insight into how the addition of H2S alters the aerosol mass
loading and composition. Figure 3A shows representative absolute mass spectra of aerosol
produced using 0.1% CHa in N2 with either 0, 1, or 5 ppmv HzS included in the initial gas mixture.
The absolute signal at nearly each m/z increased as the initial H2S mixing ratio was increased.
Furthermore, total aerosol mass loading increased appreciably as the initial H2S mixing ratio was

increased (Figure 4) with a mass enhancement factor of 2.8 measured at 5 ppmv H2S. The mass
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enhancement factor was calculated as the ratio of mass loading for a given experiment to that of

the 0 ppmv Hz2S experiment. This result indicates that even ppmv amounts of H2S, compared to

percent amounts of CHa, broadly enhanced the production of organic compounds without any

additional carbon source in the precursor mixture.

>
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Figure 3. A. Superimposed representative mass spectra of aerosol produced by gas mixtures

consisting of 5 ppmv HzS (blue), 1 ppmv HaS (red), or 0 ppmv HzS (black) with 0.1% CHa4 in Na.

B. Superimposed ratios of the average absolute signals at each m/z (Average Enhancement Ratio)

of experiments with 1 or 5 ppmv HzS to experiments without H2S in 0.1% CHa4 in Na.
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Figure 4. The total organic aerosol mass loading enhancements as a function of H2S mixing ratio.
Enhancements are calculated relative to the average 0 ppmv H2S mass loading. Error bars signify
2 standard errors of the mean centered at the average mass loading. Only one experiment of 0.5

ppmv HaS was conducted due to subsequent failure of the deuterium lamp.

In addition to increased aerosol mass, several compositional changes are observed in the mass
spectra produced from mixtures that included trace H2S. The compositional changes between the
mass spectra are further illustrated in Figure 3B, which shows the ratio of the average absolute
signals at each m/z for the 1 and 5 ppmv HaS experiments to the average absolute signal at each
m/z for experiments without H2S. This ratio is referred to as the average enhancement ratio. Note
that there is an enhancement at nearly each m/z. Particular mass ranges are clearly more enhanced
than the rest, as highlighted in the figure, and illustrate the most significant changes in composition.
These changes in composition are consistent with the formation of organosulfur compounds.
Notably, there is an appearance of ions at m/z 32, 33, 34, and 35, interpreted as S*, HS", H2S", and
H3S", respectively, in the mass spectra of aerosol generated from the mixtures with Ha2S (Figure
3A and Figure 3B). Note that the origins of m/z 32-35are from the aerosol, not gas-phase H:S, as
discussed in Materials and Methods. These ions are characteristic EI fragments of organic thiols
and sulfides and therefore provide evidence for organosulfur formation.*® The relative intensities

of m/z 32, 33, and 34are higher than expected for EI spectra of organic thiols and sulfides. This is
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likely the result of thermally induced elimination of H2S from thiols and sulfides during
vaporization on the AMS heater.>* Analogous thermal dehydration of alcohols is a well-known
occurrence in AMS measurements.*’ The HaS formed from thermal decomposition on the heater
can be ionized resulting in high relative intensities for m/z 32, 33, and 34.

The Q-AMS used here is limited to unit mass resolution (UMR). Furthermore, the Q-AMS
provides information on the bulk chemical composition but does not provide molecular level
information, and the likelihood of isobaric ions increases at higher m/z. Because of these factors,
the exact chemical formulas of individual mass-to-charge ratios cannot be explicitly determined.
However, educated interpretations about the bulk compositions can be made by considering the
likely products formed during the experiments based on known chemistry and common EI mass
spectrum fragmentation patterns of compounds. Aerosol compositional changes were therefore
interpreted in further detail using delta analysis.*® Delta analysis is a mass spectra analysis method
for organic molecules in which the ions are interpreted based on common fragmentation patterns.
The ions are classified by delta (A) values, each a series of ions separated by 14 mass units
(equivalent to a CHz unit), calculated by equation 1:

A=m -14n+1 (1)
where m is the m/z of the ion of interest and n is physically interpreted as the number of carbons
of a standard alkene fragment and produces a A value between -7 and +6. The fraction of total
signal of each A series allows for a bulk analysis of the aerosol composition.

The A series exhibiting the largest fractional increase as a function of H2S mixing ratio (Figure
5A) were A = +4 (m/z 45, 59, 73, 87, and 101) followed by A = +6 (m/z 33, 47, 61, 75, 89, and
103), and A =+5 (m/z 32, 46, 60, 74, 88, 102, and 116). These were interpreted as fragments of
unsaturated thiols/sulfides, alkyl thiols/sulfides, and cyclic sulfides®3, respectively, thus providing
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further evidence for organosulfur formation. The ions of these A series are observed in the
enhanced mass ranges highlighted in Figure 3B. Further, the ions of the enhanced mass ranges
excluded from the delta analysis are also consistent with organosulfur EI fragments.334!

The A series exhibiting the largest fractional decrease as a function of H2S mixing ratio (Figure
5B) were A=0 (m/z 27,41, 55, 69, and 83), followed by A =-2 (m/z 53, 67, 81, 95, 109, and 123),
and A = +1 (m/z 14, 28, 42, 56, and 70). These A series correspond to what can broadly be
categorized as unsaturated hydrocarbons.*® The A = 0 series is indicative of alkenes and
cycloalkanes, A = -2 of dienes, alkynes, and cycloalkenes, and A = +1 of terminal alkenes or
alkenyl/cyclic amines (CnH20N).*® Note that organic nitrogen compounds have previously been
observed in the aerosol products of similar haze experiments, even though N2 does not
photodissociate at the wavelengths used in this experiment. Possible mechanisms for nitrogen
incorporation have previously been discussed in detail, however, no conclusive mechanism has
been identified (see Trainer et al. (2012)?°; Sebree et al.*’; Berry et al.*’; Berry et al.?* and
references therein). These fractional decreases could imply that unsaturated hydrocarbons

contribute less to the overall composition of the organic aerosol due to reactions leading to

organosulfur formation.
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Figure 5. A. A series that increased in fraction of total signal as a function of H2S mixing ratio,
which correspond to unsaturated thiols and sulfides (A = +4), alkyl thiols and sulfides (A = +6),
and cyclic sulfides (A = +5). B. A series that that decreased as a function of H2S mixing ratio,
which broadly correspond to unsaturated hydrocarbons: alkenes and cycloalkanes (A = 0), dienes,

alkynes, and cycloalkenes (A = -2), and terminal alkenes or alkenyl/cyclic amines (CaH2nN) (A =

+1).

The compositional analyses of the mass spectra are inconsistent with the formation of inorganic
sulfur aerosol. The ion series for elemental sulfur (Ss) aerosol (m/z 64, 96, 128, 160, and 192)*!
and H2SO4 aerosol (m/z 48, 64, 80, 81, and 98)*! both show negligible enhancement. While m/z 48
and 64 are observed to increase upon the addition of HzS, the ratio between the two ions is
inconsistent with the measured ion ratio of sulfate aerosol, expected to be ~1. We therefore
attribute m/z 48 to SCH4". Furthermore, the m/z 80 and 81 signals do not show significant

enhancement, implying that H2SO4 aerosol is unlikely. The absence of an increase in m/z 96 and
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the relatively low m/z 64 signal compared to the m/z 32 signal further suggests that sulfur chain
formation is unlikely.
Aerosol Particle Size and Effective Density

Combined measurements of the vacuum aerodynamic diameter (Dva, measured by the PTOF
mode of the AMS) and the volume-weighted mode mobility diameter (Dm, measured by the SMPS)
of the aerosol particles allow for a calculation of the particle effective density (psf) via equation
2:

Dy,
= o T 2
Pefr = P D (2)

m
where p, is unit density (1 g cm3).%
Dva increased as the initial mixing ratio of H2S increased (Figure 6). In contrast, Dm remained

relatively constant with the addition of HaS to the precursor mixture (Figure 6.).
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Figure 6. The volume-weighted mode mobility diameter (Dm, nm) (blue) and vacuum

aerodynamic diameter (Dva, nm) (red) as a function of initial H2S mixing ratio.
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This observation that Dm remains relatively constant while Dva increases as a function of initial
H:>S mixing ratio implies that the particle effective density increased as the initial H2S mixing ratio

increased (Table 1).

Table 1. Particle effective density (pefr,

g/cm?) for each experiment.

Gas Mixture in N2 Pesr (g/cm’)
*0.1% CHa4 *0.65 +/-0.11
0.1% CHa4 0.69

1 ppmv Hz2S, 0.1% CH4  0.73 +/- 0.04
5 ppmv H2S, 0.1% CH4  1.20 +/- 0.06

*From Horst and Tolbert.?* Errors
represent two standard errors of the mean.

Although proportional to material density, effective density is influenced by the shape and
porosity of the particles.* Previous work has found that the particles formed by UV irradiation of
0.1% CHa in N2 mixtures are spherical.?® Since we do not expect the addition of H2S to
significantly alter the particle shape or porosity, the increase in effective density is likely due to an
increase in material density. Similar increases in particle effective density have been reported when
oxygen has been added to the precursor mixture.?

The formation of organic thiols and sulfides and the depletion of unsaturated hydrocarbons is
consistent with an observed increase in particle effective density, which is proportional to the
material density. This is because organic thiols and sulfides have a greater density than
corresponding hydrocarbons of similar molecular weights (i.e. the density of 1-hexene® is 0.67

g/cm® while the density of butane thiol*® is 0.83 g/cm?® and that of diethyl sulfide*” is 0.84 g/cm?).
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Possible Mechanism of Organosulfur Formation.

Based on the mass spectral evidence presented above, we attribute the increase in organic haze
mass to the formation of organosulfur compounds, such as thiols and sulfides. A hypothesized
organosulfur production mechanism is shown in Figure 7. The mechanism begins with CH4
photodissociation. Subsequent reactions form alkene or alkyne products (step 1). The HS radicals
formed from H2S photodissociation (step 2) react with the alkene or alkyne products to form
substituted alkyl radicals (step 3). The initial substituted alkyl radicals could then form molecular
products (i.e. thiols) by abstracting a hydrogen from another species (step 4) or through radical-
radical recombination (not shown). Alternatively, the substituted alkyl radicals can react further
with alkenes or alkynes resulting in carbon chain growth (step 5). As small thiols are known to
photolyze at wavelengths within the lamp range and at wavelengths beyond the absorption of CHa,
thiol photolysis could form thiyl radicals (step 6).***° Once formed, thiyl radicals can add to the

pi bonds of alkenes or alkynes resulting in a sulfide bond (step 7) and a substituted alkyl radical.*®*°
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Figure 7. Proposed reaction mechanism for organosulfur formation in the current experiments.

This sulfide alkyl radical can then form molecular products (i.e. sulfides) by abstracting a
hydrogen from another species (step 8) or through radical-radical recombination (not shown).
Alternatively, the sulfide alkyl radical can react with alkenes or alkynes resulting in further carbon
chain growth (step 9). Products from steps 5 and 9 may undergo hydrogen abstraction, radical-
radical recombination, or further chain growth. Efficient chain growth would favor molecular
partitioning into the particle phase, which could explain the overall observed increase in organic
aerosol signal. Further, as shown in Figure 7, H2S photolysis initiates radical chemistry that could
lead to radical propagation and chain growth (steps 3, 5, 7, and 9), and is thus a possible
explanation for the overall enhancement of organic compounds. Arney et al. (2018)!° proposed
that the photochemistry of organosulfur gases could enhance organic haze formation by acting as

an additional hydrocarbon radical source.!®> However, we have shown that the photochemistry of
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H>S, a non-carbon gas, also enhances organic aerosol formation without any additional carbon
source.

The chemistry of HS and thiyl radicals reacting with alkenes and alkynes and the production of
organosulfur is currently absent from models and considerations of planetary haze formation
chemistry. However, analogous chemistry has been proposed in other studies. For example,
Tsukada et. al.>® observed that gas-phase UV photochemical reactions of H2S and acetylene
yielded gas-phase thiophene.’® Arthur et al.! also found that gas-phase photochemical reactions
of H2S and ethylene produced thiols and sulfides.’’ The mechanisms proposed in Tsukada et al.*®
and Arthur et al.’! both involved HS radical additions to alkene/alkyne pi bonds, consistent with
the mechanism proposed in this work. Analogous fast gas-phase reactions of hydroxyl radicals
(OH) with alkenes and alkynes have been well-established, where OH adds to pi bonds.>? Further,
UV-initiated thiol-alkene chemistry is known to be highly efficient in solution, including effective
radical propagation and chain growth, and is the basis of high-yield radical polymerization
reactions in organic and materials synthesis methods.?-* Applied to the context of our studies,
this thiol-alkene photochemistry can have a potential impact on the understanding organic haze
formation processes in planetary atmospheres.

Impact of Sulfur on Planetary Organic Haze Chemistry

The observation of significant organosulfur formation stands in contrast to previous assumptions
that sulfur gases primarily form Ss or H2SO4 aerosols and instead suggests direct interactions
between carbon and sulfur chemistry. Organosulfur formation has also been previously observed
by DeWitt et al.!¢ in similar experiments to the present study, although SO2/CH4/N2 mixtures were
studied.'® The results of DeWitt et al.'® differ from those presented here in that they observed the

formation of inorganic sulfur aerosol, H2SO4 aerosol, in addition to organosulfur aerosol. In the
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present study using HzS, the sulfur was incorporated into the aerosol exclusively in the form of
reduced organosulfur compounds, with no compelling evidence for the formation of Ss or H2SOa.

Further, a recent study by He et al.>®

also observed organosulfur formation and increased aerosol
production in experiments using CO2/CO/N2/H2/H20/He mixtures (without added methane) with
higher mixing ratios of H2S (1.6%) and lower mixing ratios of N2 (11%) than investigated here.*

1.55

The experiments of He et al.®> were also conducted at a higher temperature (800 K).>> However,

the results of He et al.>>

support the idea that organosulfur formation may be a common occurrence
in a range of planetary atmospheres.>®

The combination of our results and those of DeWitt et al.!® and He et al.>> show that in the
presence of either H2S or SOz, organic haze chemistry can produce significant amounts of
organosulfur.'®>> Given these results, organosulfur acrosol may be common in organic hazes
formed in the presence of inorganic sulfur gases. The formation of organosulfur aerosol provides
a third pathway (in addition to Ss and H2SO4) for sulfur to exit the atmosphere and thus may be of
importance when considering the interpretation of the S-MIF geochemical record. In order to
further investigate the potential impact of coupled sulfur-haze chemistry on the S-MIF, further
experiments using precursor mixtures relevant to the Archean atmosphere are required. Our results
suggest that CH4/CO2/H2S/SO2/N2 mixtures should be investigated to better understand the
interplay of the Archean Earth atmospheric sulfur cycle and organic haze chemistry.

Beyond the Archean Earth, organic hazes are thought to be important for the interpretation and
characterization of exoplanetary atmospheres and their climates.'* Depending on aerosol particle
composition, size, and optical properties, a planetary organic haze can affect a planet’s radiative

forcing, thus influencing climate and habitability. We found that trace amounts of H2S, a non-

carbon gas, opens new reaction pathways that enhance organic aerosol formation and increases the
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effective density of the haze aerosol. Enhancement of organic aerosol formation could imply
changes to the thickness and optical properties of an organic haze. Haze chemistry also leads to
the formation of complex organic molecules, making organic haze of potential importance to the
formation of prebiotic molecules. Since organosulfur is essential for biological molecules, the
formation of organosulfur in sulfur-haze chemistry could further the prebiotic relevance of organic
hazes.
CONCLUSIONS

The results of this work show that under the photochemical conditions considered here, inclusion
of trace amounts of H2S dramatically increases organic aerosol mass loading in the absence of an
additional carbon source. Significant organosulfur formation was observed and is the only form of
sulfur aerosol detected. Organosulfur formation is also the likely cause for the observed increase
in particle effective density. When taken in combination with the results of DeWitt et al.'® and He
et al.'’, these results indicate that organic haze composition is directly influenced by the
photochemistry of inorganic sulfur gases. Although organosulfur is observed in modern Earth
aerosol, the reactions responsible for organosulfur formation are typically missing from most
models of other planetary atmospheres. In the case of the Archean atmosphere, the effects of H2S
on organic haze chemistry observed here could influence the interpretation of the S-MIF. It is clear
that more studies are required to further investigate the effects of sulfur gases on haze chemistry

in different atmospheric compositions, especially Archean-like atmospheric analogs.
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