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Abstract Theoretical calculations and experimental simulations indicate that the surprisingly low sulfur
abundance on the surfaces of spacecraft visited S-type asteroids 433 Eros and 25143 Itokawa may be due to
space weathering. Two current missions, Osiris-Rex and Hayabusa 2, are studing asteroids 101955 Bennu
(B-type) and 162173 Ryugu (C-type), respectively. Understanding space weathering effects related to sulfur
containing species is only in the beginning stages and has not been studied from the point of view of C-type
asteroids. This laboratory study details the formation of hydrogen sulfide (H,S) and hydrogen disulfide
(H,S,) from conversion of nonvolatile-sulfuretted species in the Murchison meteorite by exposure to
energetic electrons and laser processing, which mimics the synergic effect of secondary electrons generated
by galactic cosmic rays and high-energy solar wind particles plus micrometeorite impact on airless bodies.
The results indicate that space weathering processes likely induce depletion of sulfur on the surface of C-type
and undifferentiated S-type asteroids. For keeping scientific integrity of these fragile species, cold/cryogenic
curation of future collected samples from asteroids might be required.

Plain Language Summary The Near Earth Asteroid Rendezvous (NEAR) Shoemaker and
Hayabusa spacecraft have detected surprisingly low sulfur abundance on the surfaces of asteroids 433 Eros
and 25143 Itokawa. The physical and chemical properties of the surfaces of asteroids are affected by space
weathering processes including irradiation by cosmic rays and bombardment of micrometeorites. However,
understanding space weathering effects related to sulfur containing species is only in the beginning stages.
Here we show that hydrogen sulfide (H,S) and hydrogen disulfide (H,S,) can be generated from conversion
of nonvolatile sulfuretted species in the Murchison meteorite by simulated weathering processes.

The Murchison meteorite is suggested to originate from asteroids. These volatile sulfur-containing species
sublimed at temperatures lower than the maximum surface temperatures (with the Sun overhead) on
asteroids. These results indicate that space weathering likely induces depletion of sulfur on the surfaces

of asteroids.

1. Introduction

Sulfur depletion has been found at two S-type asteroids—433 Eros and 25143 Itokawa (Keller & Berger, 2014;
McCoy et al., 2001; Mcfadden et al., 2001; Nittler et al., 2001; Trombka et al., 2000). Data taken by the visible-
near infrared spectrometer and the X-ray/Gamma-ray Spectrometer on board the Near Earth Asteroid
Rendezvous Shoemaker spacecraft indicate that the surface chemistry of Eros is similar to ordinary chondrites
(OC; McCoy et al., 2001; Mcfadden et al., 2001), which is consistent with Earth-based observations (Chapman,
1995; Kelley et al., 2001; Murchie & Pieters, 1996). However, the measured upper limit of the sulfur to silicon
weight ratio (S:Si = 0.05) on the surface of Eros is significantly lower than ratios of 0.075-0.165 in OC (Nittler
et al., 2001). Transmission electron microscope coupled with energy-dispersive X-ray spectroscopy analysis of
the particle (RA-QD02-0125) from asteroid 25143 Itokawa returned by the Hayabusa mission identified a pyr-
rhotite grain with a disordered rim on its surface. The rim was found to be sulfur-depleted by up to 75% with
dispersive nanophase iron (Fe) grains on the outermost surface (Keller & Berger, 2014).

Space weathering, composed of a complex set of processes (e.g., galactic cosmic rays (GCR), solar wind par-
ticles, and bombardment by micrometeorites), is proposed to be responsible for the low sulfur abundance on
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the surface of S-type asteroids (Foley et al., 2006; Gillis-Davis & Scott, 2014; Keller et al., 2013; Killen, 2003;
Kracher & Sears, 2005; Loeffler et al., 2008; Nittler et al., 2001; Trombka et al., 2000). Killen (2003) modelled
aluminum (Al) projectiles impact onto troilite (FeS)—the primary sulfur-bearing mineral in OC—and ensta-
tite. The results show that the vaporization rate for the sulfur-containing species is nine times as fast as that
for the latter refractory species. Laboratory simulations of solar wind irradiation by 4 keV ions and microme-
teorite impact by laser pulses (193 nm) on FeS revealed similar decrease of the S:Fe atomic ratio on the sur-
face (up to 2.5) to that of the Near Earth Asteroid Rendezvous measurements (at least 1.5; Loeffler et al.,
2008). Keller et al. (2013) reported that 5 keV gallium ions (Ga*) irradiation of FeS results in preferential
sputtering of S and the formation of nanophase Fe. Furthermore, the relative sputtering rate of FeS by ener-
getic Ga* was found to be much higher than that of olivine or enstatite. Gillis-Davis and Scott (2014)
observed the release of volatile hydrogen sulfide (H,S) during laser irradiation of Holbrook (L6) OC, which
may originate from S-type asteroids like Eros. This result implies that sulfur-containing species on Eros may
be converted to H,S by micrometeorite impact and lost into space. However, S-type asteroids represent only
about 30% of the asteroid belt (DeMeo & Carry, 2014). Approximately half of all known asteroids belong to C-
complex—where “complex” refers to a range of similar spectral taxonomic classes (e.g., C, B, D, F, and G)—
yet the fundamental effects of space weathering on sulfur-containing species on the surfaces of C-complex
asteroids are not well known.

Here, we demonstrate that H,S and hydrogen disulfide (H,S,) can form in the Murchison CM2 meteorite
upon exposure to energetic electrons and laser processing. These irradiations are intended to mimic the com-
bined effects of secondary electrons generated by GCR and high-energy solar wind particles plus microme-
teorite impact on airless bodies; two principal components of the space weathering process. As the link
between the CM meteorites and the C-type asteroids has been well established (Burbine, 2014), we suggest
that sulfur on the surface of C-type asteroids, and C-complex asteroid in general, may be depleted via genera-
tion of volatile H,S and H,S, by space weathering. Hence, we predict the current C-complex asteroid sample-
return missions OSIRIS-REx/NASA (launched in 2016) and Hayabusa 2/JAXA (launched in 2014) would
detect sulfur depletion on the surfaces of asteroids 101955 Bennu and 162173 Ryugu, respectively.

2. Experimental

The experiments were conducted in a contamination-free ultra-high vacuum stainless chamber evacuated to
a base pressure of a few 10~ Torr exploiting magnetically suspended turbo molecular pumps backed by oil-
free scroll pumps (Jones & Kaiser, 2013). Within the chamber, a silver mirror substrate is interfaced to a cold
finger via indium foil for thermal conductivity. The cold finger is cooled by a closed-cycle helium compressor
(Sumitomo Heavy Industries, RDK-415E) while the temperature can be maintained between 5.5 + 0.1 K and
300.0 + 0.1 by the help of a cartridge heater connected to a programmable temperature controller
(Lakeshore, Mode 336). The substrate is able to be rotated in the horizontal plane and translated in the ver-
tical plane with the assistance of a doubly differentially pumped rotational feedthrough (Thermionics
Vacuum Products, RNN-600/FA/MCO) and an ultra-high vacuum compatible bellow (McAllister,
BLT106), respectively.

A 57 = 7 pm thick layer of Murchison meteorite crushed powder was pressed onto a silver substrate. The
mass of the powder was 0.0306 + 0.0005 g, and the average density of the precrushed meteorite was
2.83 +0.18 g/cm® (McCausland et al., 2011). The powder was made by crushing and dry sieving a bulk sam-
ple of Murchison to grain size of less than 45 pum. The Murchison meteorite was provided by Dr. Mike
Zolensky, given from his own personal collection. The sample was then cooled to 5.5 + 0.1 or
150.0 + 0.1 K whereupon it was irradiated simultaneously by infrared pulsed laser (10.6 um) from a
SYNRAD Firestar v40 carbon dioxide (CO,) laser operated at 14% of full power (pulse width of 30 us) and
by energetic electrons with an energy of 5 keV from a Specs EQ 22-35 electron gun (Table 1). Infrared ps laser
and energetic electron irradiations simulate thermal effects of micrometeorite bombardments (Basilevsky
et al., 2000; Hiroi et al., 2003; Moroz et al., 1996; Moroz et al., 2004; Moroz et al., 2009; Shingareva et al.,
2004; Wasson et al., 1998), and secondary electrons released during GCR and high-energy solar wind parti-
cles penetrating asteroid regoliths (Bennett et al., 2005; Johnson, 1990; Turner et al., 2016), respectively. In
the planetary science community, both ns (Brunetto et al., 2007; Gillis-Davis et al., 2017; Hiroi & Sasaki,
2001; Sasaki et al., 2001) and us (Basilevsky et al., 2000; Hiroi et al., 2003; Moroz et al., 1996; Moroz et al.,
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Table 1

Summary of the parameters involved in the space-weathering experiments

2004; Moroz et al., 2009; Shingareva et al., 2004; Wasson et al., 1998) lasers

are exploited to simulate micrometeorite impacts. The ns laser experi-

Angle of incidence (deg)

Initial energy of the electrons (keV)
Electron current (uA)

Laser power (W/ sz)

Irradiation time (min)

Average penetration depth (um)
Dose per atomic mass unit (eV/amu)
Total deposited laser energy (J. /mz)

Electron ments simulate the initial impact caused shock heating, which results in
Beam Lk projectile vaporization and cratering on targets, while the us laser studies
70 45 encompass the time scale of thermal dissipation to impact adjacent

5 regions, which may induce thermal diffusion and enhance bond-breaking
10+1 processes. Our preliminary studies using Fourier-transform infrared spec-
- 8'03300'4 troscopy and quadrupole mass spectrometry (QMS) found that irradiation
0.14 + 0.02 1543 of the samples with only energetic electrons or laser does not generate
150 =+ 30 noteworthy new species. The deposited energy of the laser and the irradia-

(1.4 +0.2) x 10° tion dose of the 5 keV electrons as computed via Monte Carlo simulations

(CASINO v2.42; Drouin et al., 2007) are compiled in Table 1. It is impor-

tant to extrapolate these laboratory simulations to the astrophysical envir-
onment. The particle component of GCR and solar wind mainly consists of protons (H*) and helium nuclei
(He*") with low energy part (E = 1 keV) and high-energy part (E ~ 100 keV; Strazzulla & Johnson, 1989).
The penetration depth in silicates of a low energy particle (E ~ 1 keV) is only a few tens of nanometers
(Crandall et al., 2017), which is significantly smaller than the impact and subsequent thermal diffusion depth
(more than few tens of micrometers) of a typical hypervelocity micrometeorite (Fletcher et al., 2015; Zook
et al., 1970). High-energy particles (E ~ 100 keV) can easily penetrate deeper than micrometer regions and
generate significant synergic effects with micrometeorite impacts. Therefore, in this study, we only consid-
ered the dose of the high-energy particles (E = 100 keV), which is 10 eV per 10* years per small molecule such
as methane (CH,) at 1 AU (Strazzulla & Johnson, 1989). Investigating effects of low energy solar wind pro-
tons is also an interesting topic but out of the scope of this study. If the flux of these particles follows the
inverse-square law, the dose in the asteroid belt at 3 AU can be determined to be 6.9 X 107 eV-amu-year,
which is one ninth of that at 1 AU. These high-energy particles lose their energy almost exclusively
(99.99%) via electronic interaction to the target molecules and generate secondary electrons with kinetic
energies up to a few keV. Energetic electrons have been widely used in the planetary science and astrochem-
istry communities to simulate these secondary electrons (Abplanalp, Gozem, et al., 2016; Boamah et al.,
2014; Boyer et al., 2014; Harris et al., 1995; Shingledecker & Herbst, 2018; Turner et al., 2018). The microme-
teorite impact energy in the asteroid belt was estimated to be ~1,000 J-m?-year as it is about two orders of
magnitude (Chapman et al., 1989) higher than that on the Moon (~10 J ~m2-year; Love & Brownlee, 1993;
Lucey et al., 2006). Therefore, the laboratory electron-irradiation dose at 150 + 30 eV/amu and laser-
irradiation dose at (1.4 + 0.2) x 10° J/m? (Table 1) correspond to those received by silicates on asteroid sur-
faces in 10° to 107 years. The simulated average penetration depths of the laser of 15 um and of the electrons
(0.14 £ 0.02 um) are both less than the thickness of the sample (57 + 7 um), which eliminates any interaction
between the laser and electrons with the substrate.

The irradiated samples were kept at 5.5 + 0.1 K or 150.0 & 0.10 K for 1-hr post irradiation and then warmed
up to 300 K at a rate of 1 K/min (temperature programmed desorption; TPD). The TPD profiles of the sub-
limed molecules from the irradiated samples at different temperatures (5.5 + 0.1 K; 150.0 + 0.1 K) were col-
lected via photoionization reflectron time-of-flight mass spectrometry (PI-ReTOF-MS). This technique
utilizes pulsed coherent vacuum ultraviolet (VUV) light at 118.2 nm (10.49 eV) to ionize the subliming mole-
cules. The ionized molecules were mass analyzed with a ReTOF mass spectrometer (Jordan TOF Products,
Inc.) based on the arrival time to a multichannel plate. The signals were then amplified with a fast preampli-
fier (Ortec 9305) and recorded with a personal computer multichannel scalar (FAST ComTec, P7888-1 E) in
4 ns bin widths, which was triggered via the pulse delay generator at 30 Hz (Quantum Composers 9518). The
final mass spectrum is the summation of 3,600 sweeps.

The PI-ReTOF-MS bears two key advantages compared to traditional electron impact ionization mass spec-
trometry (EI-QMS). First, a typical QMS using an electron impact ionizer operating at 70-100 eV electron
energy does not only ionize molecules but also results in a significant fragmentation of the parent ion thus
forming numerous fragment ions and even leads to the absence of signal from the molecular parent ion.
Our “soft” single photon ionizing source (e.g., 10.49 eV) does not result in fragmentation of the molecular
ion, if ionized close to the ionization limit (Abplanalp et al., 2015; Abplanalp, Forstel, & Kaiser, 2016).
Second, even though exploiting soft ionization with low-energy electrons of a few eV kinetic energy, the
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Figure 1. Mass-to-charge dependent temperature programmed desorption (TPD) profiles obtained after photoionizing the desorbing molecules of the Murchison
sample at 10.49 eV. (a) blank, (b) electron and carbon dioxide laser exposure at 5.5 K, and (c) electron and carbon dioxide laser exposure at 150 K.

resolution is typically only 1.0 eV, which makes it hard to differentiate species with ionization energies
differing less than 1.5 eV. The energy of single photon used in PI-ReTOF-MS can be “controlled” within a
resolution of at least 0.01 eV (Abplanalp, Gozem, et al., 2016; Turner et al., 2015).

3. Results

Figure 1 depicts the intensities of the mass-to-charge ratios up to m/z = 100 as a function of the temperature
during the TPD phase of the unirradiated (blank) and irradiated (5 and 150 K) Murchison samples recorded
via highly sensitive PI-ReTOF-MS using 10.49 eV. No signal was detected in the blank experiment
(Figure 1a), which confirms that the peaks observed in the irradiation experiments originate from irradiation
of the samples and not from a TPD heating to 300 K. The PI-ReTOF-MS data exhibit more complexity at a
higher irradiation temperature (Figure 1, Supporting Information), which is detailed below.

3.1. m/z = 34 and 36

The signals from m/z = 34 and 36 can be assigned to H,>%S (IE = 10.453 + 0.008 eV; Walters & Blais, 1984)
and H,>*S, respectively (Figure 2). First, we demonstrate the m/z = 36 signal is associated to isotopic species
H234S. While tricarbon (C3;, IE = 13.0 + 0.1 eV; Ramanathan et al, 1993), hypofluorous acid
(IE = 12.69 + 0.03 eV; Berkowitz et al., 1973), and hydrogen chloride (IE = 12.752 + 0.006 eV; Pennetreau
et al., 1983) can match m/z = 36 in principal, their ionization energies are above the photon energy of
10.49 eV used in the experiment; hence, these molecules would not be detectable. Signal at m/z = 36 cannot
be assigned to deuterated silane (SiD,) and/or methanol (CD;0D) because the nonisotopic signal at m/z = 32
for silane (SiH4) and/or methanol (CH;OH) is lacking. Second, the ratio (0.049 + 0.005) of the integrated
areas of signal at m/z = 36 and 34 agrees quite well with the natural abundance ratio of **S and **S (0.045;
Cooper et al., 1997), which confirms the assignments of H,**S (m/z = 36) and H,**S (m/z = 34). The contri-
bution of D,*%S to the m/z = 36 is negligible due to low natural deuterium abundance of only 0.00015. Note
that the sublimation temperature of H,S in this study is higher than that of pure H,S ice (Jiménez-Escobar &
Muiioz Caro, 2011), which is likely due to the molecular interaction between H,S and silicates.

3.2. m/z = 64, 66, and 68

The ion signals at m/z = 64, 66, and 68 can be assigned to 3252, H,*S, (IE = 9.3 eV; Wagner & Bock, 1974),
and H,*?S**S, respectively. The ratio of integrated area of m/z = 68 and 66 is calculated to be 0.092 + 0.009,
which is consistent with the natural abundance ratio of H,>2S, and H,>*S>*S (0.089). The weak ion signal at
m/z = 64 may be due to minor fragmentation of H,>?S, rather than direct sublimation of S, from the
sample (Jiménez-Escobar et al., 2012; Jiménez-Escobar & Mufioz Caro, 2011). The above mentioned signal
at m/z = 34 (H,S) cannot be linked to fragments of H,S, since this signal is much more intense than m/z = 66
while our “soft” ionization method does not result in so major fragmentation (Abplanalp et al., 2015).

4. Discussion

Our results establish that the generation of H,S and H,S, via a simultaneous electron and laser irradiation of
the Murchison meteorite occurs. Next, it is important to briefly discuss possible underlying formation
mechanisms. Various sulfur-containing species such as pentlandite ((Fe,Ni)sSg), tochilinite (interlayered
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Figure 2. Temperature programmed desorption (TPD) profiles recorded via photoionization reflectron time-of-flight mass
spegcztrometry (PI-ReTOF-MS) for m/z = 34, 36, 64, 66, and 68. The weak m/z = 64 signal (3282+) is due to fragmentation of
H,>%S,™ .

FeS and MgOH layers; Labidi et al., 2017), troilite (FeS; Levin et al., 2007), pyrrhotite (Fe;;_y)S (x = 0-0.2);
Palmer & Lauretta, 2011), Murchisite (CrsSg; Ma et al.,, 2011), and alkyl sulfonic acids (CH3SOsH,
C,HsSOsH; Cooper et al., 1992) have been found in the Murchison meteorite. During the irradiation of
the sample to typically 0.14 um depth, the energetic electrons easily break weak chemical bonds like Fe-S
and S-H, which have typical bond energies of only 3.51 and 3.76 eV, respectively; thus generating
suprathermal sulfur and hydrogen atoms (Bennett et al., 2006). Since these atoms have excess kinetic
energies, diffuse recombination reactions such as H + S — HS, HS + H — H,S, and HS + HS — H,S, can
proceed even at temperatures as low as 5.5 K. H2S may also serve as a precursor to H,S,. Previous
laboratory experiments found that irradiation of H2S ices led to the formation of H,S, (Jiménez-Escobar
et al., 2012; Jiménez-Escobar & Muifioz Caro, 2011). These newly formed species may be trapped in
micropores and/or vesicles in the sample (Zhu et al., 2019) and therefore were not detected in preliminary
experiments with only energetic electron irradiation. Once formed within the sample, the simulated
micrometeorite impact likely induces thermal diffusion of the sulfur-bearing molecules to the surface,
where they may sublime during the TPD phase. The irradiation at higher temperature of 150 K
significantly enhances the thermal effects (diffusion) and therefore generates appreciably enhanced
surface H,S and H,S, (Figure 2). Taken quantitatively, the high temperature irradiations generated more
H,S and H,S, than the low temperature experiments by factors of 4.1 + 0.5 and 10.5 + 1.0, respectively.
The higher temperature experiments are more applicable to Bennu (230-280 K) and Ryugu (260-400 K).
We predict with these even higher temperatures for the asteroids, that more H,S and H,S, is generated
and that it is released instantaneously upon formation. Furthermore, the laser can also vibrationally excite
the C-H and Fe-S stretches in the sample exposed to electrons. It has been reported that the bond rupture
processes and reactions of vibrationally excited molecules are considerably enhanced compare to their
counterpart in the vibrational ground state (Palma et al., 2002). This effect may enrich the energetic sulfur
and hydrogen atoms in the sample and therefore produce more H,S and H,S,. Unlike the present results,
Gillis-Davis et al. (2017) detected H,S during solely laser irradiation of a chondrite. However, the previous
experiments were performed at room temperature. Laser irradiation-induced thermal effect may
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decompose the sulfur-containing molecules and generate surface H,S at room temperature, while these ther-
mal processes are much less efficient at low temperatures (5 and 150 K) and therefore electron irradiation is
needed to generate detectable H,S as well as H,S,.

5. Conclusion

The present study demonstrates the formation of H,S and H,S, upon simulated space weathering of the
Murchison meteorite, which is performed via simultaneous exposure of the samples to energetic electrons
and laser irradiation as proxies for interaction with charged particles from the solar wind as well as galactic
cosmic rays and micrometeorite bombardment, respectively. These compounds are converted from the
sulfur-containing minerals in the exposed samples. The Murchison meteorite is classified as a CM2 chondrite
and is suggested to originate from C-type asteroids. The current C-complex asteroid sample-return missions
Osiris-Rex/NASA (launched in 2016) and Hayabusa 2/JAXA (launched in 2014) have investigated asteroids
101955 Bennu and 162173 Ryugu, respectively, and will return samples from these objects. Our measure-
ments of volatile H,S and H,S, generated via simulated space weathering of the Murchison meteorite implies
that Osiris-Rex and Hayabusa 2 missions would detect low surficial sulfur abundance on asteroids 101955
Bennu and 162173 Ryugu, respectively, since space-weathering processes occur on these airless bodies.
Furthermore, as H,S and H,S, will sublime when the samples from asteroids are allowed to reach tempera-
tures higher than 150 K (Figure 2), and H,S; is unstable at ambient temperatures on Earth, cryogenic cura-
tion of future samples from cold asteroids is necessary to keep scientific integrity of these fragile species
(Calaway & Allen, 2011).
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