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Abstract

A high proportion of non-crystalline (X-ray-amorphous) components has been found in all samples analyzed by CheMin on

the Curiosity rover at Gale crater on Mars, and such X-ray-amorphous components probably occur at all sites that have

been investigated thus far by landers and rovers. The amorphous material at Gale crater is rich in volatiles (S, Cl, and

H2O), as indicated by other science payload elements (APXS, SAM). We demonstrate here that amorphization of S and Cl

salts can be induced by energetic electrons and free radicals generated in a medium-strength electrostatic discharge (ESD)

process during martian dust activities such as dust storms, dust devils, and grain saltation. Furthermore, we found that the

amorphization is commonly accompanied by dehydration of the salts and oxidation of Cl, S, and Fe species. On the basis of

experimentally observed rates of the above phase transformations and the mission-observed dust activities and wind speeds

on Mars, we anticipate that similar phase transformations could occur on Mars within a time frame of years to hundreds of

years. Considering the high frequency, long duration, and large areal coverage of Martian dust activities, our study suggests

that the ESD induced by Martian dust activities may have contributed to some the S- and Cl-rich portion of X-ray amorphous

materials observed in surface soils at Gale crater. Furthermore, dust activities in the Amazonian period may have generated

and deposited a significant quantity
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Key points 18 
 19 

 Amorphization of S and Cl salts was induced by electrostatic discharge (ESD) in a Mars 20 
chamber that simulates martian dust activities.  21 

 Amorphization is commonly accompanied by dehydration of salts and the oxidation of Fe, 22 
Cl, and S species.  23 

 Dust activities may have generated and deposited large quantities of S- and Cl-rich 24 
amorphous materials all over the martian surface. 25 

 26 
 27 

  28 
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Abstract 29 
 30 
A high proportion of non-crystalline (X-ray-amorphous) components has been found in all 31 
samples analyzed by CheMin on the Curiosity Rover at Gale Crater on Mars, and such X-ray-32 

amorphous components probably occur at all sites that have been investigated thus far by landers 33 
and rovers. The amorphous material at Gale Crater is rich in volatiles (S, Cl, and H2O), as 34 
indicated by other science payload elements (APXS, SAM). We demonstrate here that 35 
amorphization of S and Cl salts can be induced by energetic electrons and free radicals generated 36 
in a medium-strength electrostatic discharge (ESD) process during martian dust activities such as 37 

dust storms, dust devils, and grain saltation. Furthermore, we found that the amorphization is 38 
commonly accompanied by dehydration of the salts and oxidation of Cl, S, and Fe species. On 39 
the basis of experimentally observed rates of the above phase transformations and the mission-40 
observed dust activities and wind speeds on Mars, we anticipate that similar phase 41 

transformations could occur on Mars within a time frame of years to hundreds of years. 42 
Considering the high frequency, long duration, and large areal coverage of martian dust activities, 43 

our study suggests that the ESD induced by martian dust activities may have contributed to some 44 
the S- and Cl-rich portion of X-ray amorphous materials observed at Gale Crater. Furthermore, 45 

dust activities in the Amazonian period may have generated and deposited a significant quantity 46 
of S- and Cl-rich amorphous materials all over Mars.  47 

 48 
 49 

 50 
Plan language summary 51 
 52 
Martian dust activities have physically altered the morphology of the surface of Mars. When 53 

electrostatic discharge (ESD) is induced by dust activity, it exerts two additional processes on the 54 

surface materials: it physically impacts them with energetic electrons and chemically attacks 55 
them with free radicals and electrons, causing mineral and chemical reactions. Our study reports 56 
experimental findings through a simulated ESD process on various Mars-relevant minerals in a 57 

Mars environmental chamber. Three types of phase transformations in S and Cl salts were 58 
induced by a moderate-strength ESD process: amorphization, dehydration, and oxidation of Cl, S, 59 

and Fe. Based on these observations, and considering the areal and temporal extent of martian 60 
dust activities during the Amazonian period, i.e., dust storms, dust devils, and dust- and sand-61 

grain saltation, they may have generated and deposited a large quantity of S- and Cl-rich 62 
amorphous materials all over the surface of Mars. 63 

64 
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1. Introduction 65 
 66 

Among many great findings in martian mineralogy, the discovery of X-ray amorphous components in all 67 
samples analyzed by CheMin on the Curiosity rover at Gale Crater (Bish et al., 2013, Blake et al., 2013, 68 
Vaniman et al., 2014) has been an eye-opening discovery. The proportion of X-ray amorphous 69 
components in different martian samples ranges from 19-36 wt% in active and inactive dune materials to 70 
20-54 wt% in all mudstones and 14-71 wt% in non-altered and altered Stimson formation samples 71 
(Achilles et al., 2017; Morris, et al., 2016; Morrison et al., 2018a; Rampe et al., 2017, 2018; Yen et al., 72 
2017), implying multiple geological processes for producing the X-ray amorphous components.  73 
 74 
In the early history of Mars, several geological processes would form species with low crystallinity. 75 
These processes include volcanic activity, impacts, hydrothermal activity, and chemical (including acidic) 76 
weathering at low temperature that could free (or partially free) molecules or ionic groups in geological 77 
materials, but with insufficient time (or energy) for the newly formed phases to reach crystallographic 78 
equilibrium (i.e., a high degree of crystallinity).  79 
 80 
A phenomenon with equal significance was that the X-ray amorphous components in all Gale crater 81 
samples have a high concentration of volatile-element components (e.g., SO3 and Cl), a conclusion from 82 
combined CheMin and APXS data analyses (Dehouck et al., 2014; Morris et al., 2016; Rampe et al., 2017, 83 
2018; Yen et al., 2017; Achilles et al., 2017), based on a newly developed method to refine unit-cell 84 
parameters that has increased the accuracy in derived major-mineral chemistry (Morrison et al, 2018b).  85 
An overview published by Morrison et al. (2018a) revealed the highest average concentration of SO3 + Cl 86 
in the amorphous components to be 18.5 wt% from two soil samples, among all 13 samples from 87 
Bradbury landing through Naukluft Plateau (69 -1332 sols) at Gale crater. In addition, the data from the 88 
SAM payload on the same set of collected samples support the existence of poorly crystalline magnesium 89 
and iron sulfates and the association of water with amorphous phases (Sutter et al. 2017, 2019).  A 90 
relevant observation made by the Spirit and Opportunity rovers at Gusev crater and Meridiani Planum, 91 
was that a higher content of SO3 and Cl were found in surface soils and un-brushed rock surfaces than in 92 
rock interiors (Gellert et al., 2006). A key follow up question is:  By what processes could some of the S- 93 
and Cl-bearing salts at the martian surface become (or form as) X-ray amorphous materials?   94 
 95 
A sudden exposure (by impact or by rover trench, e.g., Byrne et al., 2009; Wang et al., 2006a) of 96 
subsurface hydrous sulfates to current atmospheric conditions at the martian surface, as simulated by 97 
vacuum desiccation of hydrous salts in laboratory experiments (Sklute et al., 2015; Vaniman et al., 2004; 98 
Wang et al., 2006b, Wang and Zhou 2014), could have formed amorphous sulfates directly from 99 
crystalline Mg, Fe

2+
, and Fe

3+
 sulfates. Another process, a sudden release of subsurface brine(s) to the 100 

current martian surface with subsequent desiccation may also form non-crystalline salts. Geological 101 
processes on present-day Mars that might induce subsurface brine release could be Recurring Slope 102 
Lineae (RSL) (McEwen et al., 2014, Wang et al., 2019) and impacts. In a fast brine-dehydration 103 
laboratory simulation, amorphous ferric sulfates were first found to form at mid to high temperatures 104 
(293-323 K) (Sklute et al., 2015; Wang et al., 2012), and amorphous Mg, Fe

2+
, Fe

3+
 (but not Ca, K, Na) 105 

sulfates formed at 77 K (Morris et al., 2015). Sklute et al. (2018) further revealed the formation of 106 
amorphous phases from pure FeCl3 brine (but not from pure CaCl2, MgCl2, and NaCl brines), and from 107 
the brines of mixed salts, i.e., Fe2(SO4)3 mixed with Na, Mg, Ca, Fe

3+
 chlorides and Na bicarbonate, at 108 

room temperature. Toner et al. (2014) observed that amorphous glasses of Mg(ClO4)2 and Ca(ClO4)2 109 
formed near 153 K by cooling the relevant brines below their eutectic temperatures. Furthermore, both 110 
amorphous Mg and Fe

3+
sulfates can host structural H2O to various degrees (up to three structural H2O per 111 

Mg-sulfate molecule, and up to eleven structural H2O per Fe
3+

-sulfate molecule), all of which are stable at 112 
low relative humidity (RH <11%) and in a wide temperature range (278-323 K) (Wang et al., 2009, 2012).  113 
 114 
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In addition, energetic particles from space, such as galactic cosmic rays and energetic UV photons, are 115 
capable of damaging the crystal structures of surface minerals on airless planetary bodies, while their 116 
effect on martian secondary minerals at the surface needs further investigation. 117 
 118 
On the basis of the studies referenced above and our previous experimental investigations (Wu et al., 119 
2018, Wang et al., 2020), we hypothesize that S- and Cl-rich X-ray amorphous materials at the surface of 120 
Mars may be very common, and one mechanism to produced them is by multiphase redox plasma 121 
chemistry (or simply, electrochemistry) induced by electrostatic discharge (ESD) that occurred during 122 
martian dust activities during the Amazonian period. In this manuscript, we report the results of 75 sets of 123 
ESD experiments on 22 Mars-relevant minerals under martian atmospheric conditions to explore and test 124 
our hypothesis.  125 
 126 
We present some background about ESD in martian dust events in section 2, the studied samples and the 127 
experiments in section 3, and the results in section 4. We then report the finding of three phase 128 
transformation trends in section 5, and discuss the implications of our study in section 6.  129 
 130 

2. Martian dust activities, ESD, free radicals, and electrochemistry 131 
 132 
Frictional electrification of mineral particles and aerosols can occur in four types of martian surface 133 
processes: volcanic eruption, dust storm, dust devil, and grain saltation. Except for volcanic eruptions, the 134 
last three processes occur continuously on present-day Mars. For example, a regional dust storm occurs 135 
every martian year and a global dust storm occurs every 6-8 Earth years (Shirley, 2015; Wang and 136 
Richardson, 2015). Dust devils have been observed by all landed missions on Mars (Metzger and Carr, 137 
1999; Ferri at al., 2000; Ellehoj et al., 2010; Greeley et al., 2006, 2010; Lemmon et al., 2017; Murphy et 138 
al., 2016), as well as remotely by orbital observations (Cantor et al., 2006; Choi and Dundas, 2011; Reiss 139 
and Lorentz, 2016; Verba et al., 2010; Whelley and Greeley, 2008). Grain saltation was first confirmed on 140 
Mars at Meridiani Planum and Gusev Crater (Sullivan et al., 2005, 2008), with laboratory simulations 141 
suggesting that they could be a ubiquitous occurrence on the martian surface (Sullivan and Kok, 2017).   142 
 143 
A tendency for triboelectric charge was revealed by experiments (Forward et al., 2009; Krauss et al., 144 
2003), i.e., generation of negative charges on smaller grains, but positive charges on larger grains of 145 
similar composition. Separation of smaller grains from larger grains by convective martian dust storms 146 
and dust devils would generate a large-scale charge separation, i.e., an active electric field (E-field). On 147 
Earth, E-fields of up to 60 kv/m were detected during the passage of dust devils (Esposito et al., 2016; 148 
Farrell et al., 2004; Harrison et al., 2016; Jackson and Farrell, 2006), and 166 kv/m during grain saltation 149 
(Schmidt et al., 1998).  150 
 151 
When a local E-field accumulates beyond the breakdown electric field threshold (BEFT), electrostatic 152 
discharge (ESD) can occur. BEFT on Mars is estimated to be ~ 20-25 kv/m from modeling (Melnik and 153 
Parrot, 1998) and ~ 25-34 kv/m from measurements in Mars environmental chambers (Farrell et al., 2015; 154 
Yan et al., 2017). This is about 1% of the BEFT on Earth (~ 3000 kv/m), consistent with martian 155 
atmospheric pressure being < 1% that of Earth. Therefore, ESD occurs on Mars much more easily than on 156 
Earth. Among the three types of ESD processes (Gallo, 1975), Townsend dark discharge (TDD) and 157 
normal glow discharge (NGD) would more likely occur on Mars, but not lightning. Unlike what occurs 158 
on Earth, the low BEFT on Mars prevents the accumulation and separation of large amounts of charges. 159 
In a set of experiments simulating grain saltation using silicates under Mars atmospheric composition and 160 
pressure, Bak et al. (2017) detected light emissions (red colored glow from quartz sand and blue colored 161 
glow from basaltic sand) that are similar to normal glow discharge (NGD) in a Mars chamber simulated 162 
in our laboratory (Wang et al., 2020; Wu et al., 2018).  163 
 164 
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ESD generates a flux of electrons with high kinetic energy (i.e., a relatively high drift speed), producing 165 
an electron avalanche. When these electrons collide with CO2, O2, N2, Ar, and H2O in the martian 166 
atmosphere, electron impact ionization (EII) of CO2, electron/CO2 dissociation attachment (ED of CO2), 167 
and electron/H2O dissociation attachment (ED of H2O) can occur (Jackson et al., 2010; Wu et al., 2018). 168 
This generates free radicals, such as ions with positive and negative charges, neutral species at excited 169 
states, and additional electrons that could cause further chain electron avalanches (Delory et al., 2006).  170 
 171 
During a normal glow discharge (ESD-NGD) under simulated Mars atmospheric composition and 172 
pressure (Wu et al., 2018), CO

2+
, CO

+
, OI, HIII, HII, OH, ArI, N2, N2

+
 were detected instantaneously as free 173 

radicals by in situ plasma emission spectroscopy. This does not exclude O2, NO, and O
+ 

because of the 174 
overlapping of plasma lines used for detection. O3 was detected in the output gas by UV and mid-IR 175 
spectroscopy. Similarly, H2O2 and ·OH production were detected in a simulated saltation experiment on 176 
silicates upon contact of water (Bak et al., 2017). A study of CO2 splitting (to CO and O2) by dielectric 177 
barrier discharge was reported by Aerts et al. (2015).  178 
 179 
These charged ions or excited neutral particles with high kinetic energy would react with the molecules in 180 
the martian atmosphere and in surface materials. As demonstrated by our previous work, these multiphase 181 
redox plasma chemical reaction (or simply electrochemical reaction) cause the oxidation of chlorine 182 
from chloride (Cl

1-
) to chlorate/perchlorate (Cl

5+
 and Cl

7+
) (Wu et al., 2018), and the release of Cl atoms 183 

at the first excited state (ClI) from common chlorides (Wang et al., 2020), instantaneously and apparently 184 
with high yields.   185 
 186 
3. Samples and Experiments 187 
 188 
3.1 Sample selection  189 
To make our experiments relevant to the volatile portion (high wt% of SO3 + Cl) of the X-ray amorphous 190 
component found on Mars (Dehouck et al., 2013; Morris et al., 2016; Morrison et al., 2018a; Rampe et al., 191 
2017), we selected crystalline sulfates and chlorides as the starting phases for our ESD experiments. For 192 
the most part, hydrous salts were used, based on the association of H2O with amorphous phases suggested 193 
by data analyses of SAM (Sutter et al., 2017, 2019). Salts with Mg, Fe

2+
, Fe

3+
, Ca, Al, Na, K were 194 

selected, based on the findings by recent missions of martian sedimentary minerals that were enriched in 195 
Mg and Fe, moderately enriched in Ca, and relatively depleted in Na and K (McLennan and Grotzinger 196 
2008; McLennan, 2012; McLennan et al., 2019). A few relevant samples were added later, including two 197 
Na-sulfites, an Fe-sulfide (pyrite), and a Fe-hydroxide (akaganeite). These starting phases are listed in 198 
Table 1.  199 
 200 
Each starting sample for an ESD experiment was ground and sieved. A grain size range of 63-88 µm was 201 
selected for all samples. Each powdered sample was placed into a fused-SiO2 cell with an inner diameter 202 
of 22 mm and inner depth of 2 mm, i.e., about 760 mm

3  
in volume. Depending on the density of different 203 

salts, a total mass of different salts in the range of 400-1100 mg was used. During each ESD experiment 204 
(Figure 1), the SiO2 sample cell was placed in the lower electrode (Figure 1b), facing the energetic 205 
electrons from the upper electrode, and was entirely enveloped by the generated plasma (inset of Figure 206 
1).  207 
 208 
3.2 ESD experiments 209 
We conducted all ESD experiments in a Mars environmental Chamber (Figure 1a, the PEACh, Planetary 210 
Environment and Analysis Chamber at Washington University in St. Louis, Sobron and Wang, 2012). 211 
The simulated atmospheric composition and pressure are regulated via a combination of needle and ball 212 
valves connecting the PEACh with a CO2 gas tank. During an ESD experiment, the PEACh was first 213 
evacuated to 310

-2
 mbar to remove the air, and then it was filled with pure ultra-dry CO2 for this study. 214 



Confidential manuscript submitted to J. Geophysical Research: Planets 

 

6 
 

The atmospheric pressure, during an active evacuation and continuous CO2 in-filling, was kept at 3 ± 0.1 215 
mbar for all ESD experiments of this study.  216 
 217 
As described by Sobron and Wang (2012), the temperature of the sample cell can be controlled by a 218 
liquid nitrogen (LN2) delivery system attached to the PEACh (Figure 1). The LN2, stored in a dewar 219 
outside the PEACh, is heated by a resistor immersed in the LN2 reservoir, and the evaporated N2 gas at 220 
near-LN2 temperature is directed via a feedthrough in the PEACh’s wall into a toroid-shaped, double-221 
walled copper block (referred to as the cold plate hereafter) that sits inside the PEACh. Another 222 
feedthrough allows for the evacuation of the nitrogen gas after its circulation through the cold plate. An 223 
electronic controller (OMEGA Engineering Inc. CN76000 autotune controller) monitors the temperature 224 
of the cold plate via a resistive thermal device and regulates the flow of cold N2 gas that enters the cold 225 
plate. This setup allows the temperature of the cold plate to be kept relatively constant at a desired 226 
temperature between 21C and −100C with deviations of less than 0.5C.  227 
 228 
Two parallel electrodes (made of copper, 35 mm diameter) were used in the PEACh for ESD experiments 229 
(Fig. 1b). The upper electrode (6 mm thickness) has a flat surface (top one in Figure 1b). The lower 230 
electrode (10 mm thickness) has a sample cup (bottom one in Figure 1b) that can hold the fused SiO2 cell 231 
filled with powdered salts for this study. A motorized precision translation stage (Thorlab PTI-Z8) was 232 
used to fine-adjust the distance between the two electrodes. A distance of 6 mm was used in all 233 
experiments of this study.  234 
 235 
Normal glow discharge (NGD) was generated in the experiments (insert of Fig. 1a). We used AC power 236 
(110 V, 50/60 Hz), a contact voltage regulator (No. 2090 VR), and a triggering neon power supply (CPI 237 
Advanced Inc., CPI-EZ12, max output 12 kV, 40 mA) that was directly connected to the ESD electrodes 238 
in the PEACh. We recorded electric voltage from the upper electrode to the ground, and electric current 239 
through the pair of ESD electrodes every 30 minutes during an ESD experiment, using two multimeters 240 
(KEYSIGHT-U1251B). Among different starting salt samples, we found very similar values of electric 241 
current (~ 22 mA) to those reported in Wu et al. (2018) and Wang et al. (2020), which gave the same 242 
electron flux density shown in Table S1.  243 
 244 
The electron flux density in this experimental setting is 1.4210

20 
s

-1
m

-2
, calculated from the electric 245 

current measurement (Table S1). Thus the ESD process in our experimental setting has a strength midway 246 
between the two extreme cases, ESD-TDD and ESD-NGD, that range from 910

16
 s

-1
m

-2 
(TDD) to 247 

1.510
24 

s
-1

m
-2

 (NGD) (detailed discussion in section 5.3 of Wu et al., 2018). The energy of electrons 248 
generated in our ESD experimental setting can be estimated using the observed free radicals. For example, 249 
CO2

+
 was the dominant species generated by ESD in CO2, (Figure 4a, b, c, and Table 1 of Wu et al., 2018) 250 

and it is a product of electron impact ionization (EII) of CO2 (Delory et al., 2006; Jackson et al., 2010). 251 
The occurrence of EII of CO2 revealed that a considerable portion of electrons generated in our ESD 252 
experimental setting has a kinetic energy >14 eV. Furthermore, a very strong Hα line at 656.3 nm was 253 
observed by in situ plasma spectroscopy at extremely low PH2O (Fig. 4b, d, e of Wu et al., 2018) or when 254 
the starting mineral is hydrous salt. This line is generated by a transition from HIII to HII that indicates the 255 
presence of electrons with energy > 17.19 eV (Delory et al., 2006, Itikawa and Mason 2005).  256 
 257 
Specifically for this investigation, we used the cold plate to control the temperature of some starting salts 258 
during ESD so that is was lower than 30C to avoid sample melting (melting point (MP) in Table 1, based 259 
on Lide 2001). The cold plate in the PEACh is electrically grounded, as well as the PEACh itself. On the 260 
other hand, the lower electrode must be isolated electrically from the cold plate; this was satisfied by 261 
using a Teflon holder between the lower electrode and the cold plate. The holder is thin enough (1.59 mm) 262 
to allow the temperature (T) of the lower electrode to be thermally controlled by the cold plate. A 263 
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thermocouple was inserted into a tunnel of 0.79 mm diameter in this Teflon holder to measure the T of the 264 
lower electrode while keeping its electric isolation from the cold plate.  265 
 266 
During an ESD process in the PEACh, the equilibrated temperature Teq of the lower-electrode sample cell 267 
was normally reached after > 30 minutes. For most hydrous S and Cl salts with melting-point 268 
temperatures above 130C, we do not use LN2 cooling. The resulting Teq is in the range of 80-105C 269 
(Figure 2). For a few selected salts (e.g., FeSO4·7H2O and some hydrous chlorides, Table 1), the ESD 270 
experiments were run using LN2 to cool the cold plate and generate a Teq in the range of 10-30C, with the 271 
exact Teq value depending on the type of salt (Figure 2).  272 
 273 
3.3 Analyses of ESD reaction products 274 
Almost all sulfates and chlorides show a color change after an ESD process of certain time duration (e.g., 275 
7 hours, Table 1) under Mars conditions. For example, the photos in Figure 3 (a, b) are MgCl2·6H2O 276 
before and after 7h ESD, shown with different magnifications (Figure 3b, c, d). The color change only 277 
appears at the surface of ESD products, consistent with our previous finding of surface enrichment of 278 
ESD-generated species (NaClO3 and NaClO4, when using NaCl as the starting phase) from Ion 279 
Chromatography (IC) analyses of the layers in the ESD-product (Figure 6b of Wu et al., 2018). Both color 280 
change and IC data suggest that the electrochemical reaction induced by ESD in a Mars chamber is an 281 
atmosphere-to-surface interaction, i.e., the as is surface of an ESD product should be the best sampling 282 
site for the characterization of new species generated by ESD.  283 
 284 
We used laser Raman spectroscopy (Raman), X-ray diffraction (XRD), Vis-Near-IR spectroscopy 285 
(VNIR), Mössbauer spectroscopy (MB), and Ion Chromatography (IC) to characterize the ESD products 286 
in this study. Among them, Raman and VNIR measurements were made on the as is surface. In particular, 287 
all micro-beam Raman analyses were made directly on the spots that show color changes, which were 288 
selected under the microscope of our Raman system. On the other hand, the field of view (FOV) of the 289 
VNIR probe matches well with the size of the SiO2 cell that contains the ESD product, so a VNIR 290 
spectrum was taken from the whole as is surface of the ESD product. For XRD and Mössbauer analyses, 291 
the bulk powder sample from the full depth of the SiO2 cell of an ESD product was re-ground and used. 292 
Bulk powder samples were also used for IC analyses. All these analyses were taken at room temperature. 293 
 294 
Raman spectra of all samples were collected using a Renishaw inVia Raman system, with 532 nm 295 
excitation wavelength, spectral range of 50-4300 cm

-1
 and spectral resolution better than 1 cm

-1
. A 50 296 

long-working-distance objective was used that generates an ~ 1 µm beam diameter at laser focus. Raman 297 
analysis of each ESD product was always taken on multiple spots in several areas at the as is surface of a 298 
sample, with a total of > 30 (at least) spectra per sample. A laser beam energy of 5 mW was normally 299 
used for the measurements of ESD products from Mg, Ca, and Na salts. A much lower laser energy (0.5- 300 
0.05 mW) was used on the ESD products from Fe-bearing salts. The Raman spectrometer is calibrated 301 
during each working day to keep the accuracy and precision of Raman peak positions within ± 0.5 cm

-1
.  302 

 303 
The VNIR spectra of the ESD products were acquired using Analytical Spectral Devices (ASD) 304 
FieldSpec4 spectroradiometer (Malvern Panalytical Company) with a contact probe. The obtained 305 
spectrum covers a wavelength range of 0.35 to 2.5 μm, with spectral resolution of 3 nm @ 700 nm and 10 306 
nm @ 1400/2100 nm. A Spectralon target was used for absolute reflectance calibration before the sample 307 
measurements. The VNIR spectra were taken directly on the as is surface of an ESD product that matches 308 
with the full FOV of the VNIR probe. The recording time of each spectrum was 1 second, and at least two 309 
spectra were taken from each sample for redundancy.  310 
 311 
XRD measurements were made using a Bruker D8 Advance diffractometer with CuKα radiation (λ = 312 
1.54052 Å) at 40 kV and 40 mA and a collecting angle of 3° was used for phase identification. Each 313 
sample was ground again to fine powder and held by a MTI zero background silicon holder. A 0.02° step 314 
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size, 1 second dwell time, and 15 rotation per minute for the sample holder were used to record the XRD 315 
pattern in a 4° to 60° 2θ range. The Bruker XRD has a guaranteed calibration that is confirmed during 316 
installation and monitored by analysis of a NIST SRM 1976a Al2O3 standard. The alignment is also 317 
guaranteed and has been demonstrated to be within 0.03° 2 of the absolute peak position of the NIST 318 
SRM. 319 
 320 
Mössbauer spectral measurements were made on the ESD products from a few Fe-bearing phases. Each 321 
sample was gently mixed with sugar and then heaped in a sample holder confined by Kapton® polyimide 322 
tape. Mössbauer spectra were acquired at 295 K using a source of ~80 mCi 

57
Co in Rh on a SEE Co. 323 

(formerly WEB Research Co.) model WT302 spectrometer at Mount Holyoke College. For each sample, 324 
the fraction of the baseline due to the Compton scattering of 122 keV gammas by electrons inside the 325 
detector was determined by measuring the count rate with and without a 14.4-keV stop filter (~2 mm of 326 
Al foil) in the gamma beam. Compton-corrected absorption was calculated for each individual spectrum 327 
using the formulation A/(1 - b), where b is the Compton fraction and A is the uncorrected absorption. 328 
This correction does not change the results of the fits per se but does allow accurate determination of % 329 
absorption in the spectra. It is necessary because the range of energy deposited in the detector by 330 
Compton events extends from 0 keV to 40 keV, overlapping both the 14 keV and 2 keV energies 331 
deposited by the 14 keV gammas. 332 
 333 
The run time of each Mössbauer measurement was ~24 hours. Spectra were collected in 1024 channels 334 
and corrected for nonlinearity via interpolation to a linear velocity scale, which is defined by the spectrum 335 
of the 31 m Fe foil used for calibration. The WMOSS algorithm fits a straight line to the points defined 336 
by the published values of the Fe metal peak positions (as y values) and the observed positions in 337 
channels (x values). Data were then folded before fitting, using the WMOSS Auto-fold procedure that 338 
folds the spectrum about the channel value that produces the minimum least squares sum difference 339 
between the first half of the spectrum and the reflected second half of the spectrum. 340 
 341 
Ion chromatography was used to quantify the SO4 production from ESD experiments using Na2SO3 and 342 
NaHSO3 as starting salts. A 15-20 mg homogenized sample was dissolved in N2-purged milliQ water and 343 
analyzed by ion chromatography using an A-Supp7-250 anion column (45◦C, 3mM Na2CO3 eluent, 344 
0.8mL/min, with suppression) on a Metrohm 881 Compact IC pro with a conductivity detector. Five 345 
standards were prepared from pure Na2SO4 from Sigma-Aldrich at concentrations of 1.3 ppm, 10.6 ppm, 346 
20.3 ppm, 51.4 ppm, and 100.6 ppm, which generated a calibration line with R

2
 value of 0.9954. The 347 

detection limit for sulfate by IC analysis was 0.1 ppm. The concentration in solution (in ppm) is then 348 
converted to ppm in the solid (mg SO4/kg sample). Due to the rapid oxidation of sulfite in solution to 349 
sulfate under ambient laboratory conditions, the sample solutions were analyzed immediately after 350 
preparation to minimize oxidation during sample handling. The stability of sulfite was tested by 351 
comparing the concentration in the freshly prepared solutions and the same solution after sitting in air for 352 
1 hour. Slight oxidation occurs even in this short time; therefore, the error of these measurements is 353 
estimated as the standard deviation between these two replicate measurements and was found to be on 354 
average 0.6 ppm in solution. This equates to a conservative estimate of ~350 ppm error in the solid, 355 
although samples were prepared and analyzed within ~20 min. 356 
 357 
4. Analyses of the ESD products from S and Cl salts 358 

 359 
4.1 ESD products from Mg, Fe

2+
, Fe

3+
, Ca, Na sulfates and sulfites 360 

4.1.1. ESD products from MgSO4·xH2O (x=1, 4, 7) 361 
As listed in Table 1, 0.25h, 1h, 2h and  7h ESD experiments were carried out on MgSO4·xH2O (x=1, 4, 7) 362 
powder. The ESD product from each experiment was analyzed using Raman on multiple spots of an as is 363 
surface and using XRD on the bulk sample (from the full depth of the SiO2 cell).  364 
 365 
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Raman spectra in Figure 4a are from 36-spot analyses on the as is surface of a 0.25h-ESD product from 366 
epsomite MgSO4·7H2O. Data from the shortest ESD duration (0.25 hour) were purposely presented to 367 
show the intermediate species generated during the ESD process. In a Raman spectrum of sulfate, the 368 
fundamental vibrational modes (1, 2, 3, and 4) of SO4 unit are located in four spectral regions centered 369 
around ~ 1000, 500, 1150, and 600 cm

-1
, often with multiple peaks for each mode. Among the 1 Raman 370 

peaks near 1000 cm
-1 

in Figure 4a, the strongest sharp peak at 1000 cm
-1

 belongs to a crystalline starkeyite 371 
MgSO4·4H2O (4W), a weak sharp peak at 983 cm

-1
 belongs to a crystalline MgSO4·6-7H2O phase (6-7 W) 372 

(983.6 cm
-1

 for MgSO4·6H2O and 984.1 cm
-1

 for MgSO4·7H2O, Table 3 of Wang et al., 2006), the broad 373 
peaks (from all sampling spots) centered ~1030 cm

-1
, ~600 cm

-1
 and ~500 cm

-1
 (marked as “Amor”) 374 

demonstrate the initiation of amorphization (based on Figure 20 of Wang et al., 2009). Figure 4b shows 375 
an overlay of the Raman spectra from a 37-spot analysis of the same 0.25h-ESD product in 3876 - 3072 376 
cm

-1
 spectral range. The occurrence of H2O peaks from each sampling spots indicates retention of 377 

structural H2O in ESD product, i.e., MgSO4·7H2O is partially dehydrated.  378 
 379 
Raman spectra in Figure 4 reveal a fast dehydration from epsomite MgSO4·7H2O to crystalline starkeyite 380 
(4W) at least, and the initiation of amorphization. Experimental study of hydrous Mg-sulfates (Wang et 381 
al., 2009) revealed that amorphous MgSO4·xH2O can hold up to three structural H2O per MgSO4 molecule, 382 
consistent with the observation of H2O Raman peaks of different shapes from all sampled spots on the as 383 
is surface (Fig. 4b).  384 
 385 
Amorphization in epsomite MgSO4·7H2O developed very fast with increased ESD time duration. After 1 386 
hour of ESD processing in the PEACh, almost no crystalline Mg-sulfates can be detected in the 387 
fundamental vibrational spectra range (not shown, but similar to Figure 5a). On the other hand, a trace of 388 
the H2O peak still remains (not shown) after 7h ESD process on epsomite. In other words, full 389 
amorphization was reached but the full dehydration was not reached at the as is surface. 390 
 391 
Total amorphization at the as is surface was reached after 1.5 h of ESD process on crystalline starkeyite 392 
MgSO4·4H2O. As seen in Figure 5a, amorphization is characterized by (1) shift of the 1 peak from 1000 393 
cm

-1
 to ~ 1030 cm

-1
, (2) broadened peak width for every peak in the whole spectrum and in every 394 

spectrum from all sampled spots, (3) merged peaks of 2, 4, and the lattice modes (below 400 cm
-1

) into 395 
three large spectral envelopes, and (4) severely reduced S/N ratio (because the Raman peak intensity of 396 
non-crystalline phase is 1-2 order of magnitude weaker than that of crystalline phase with similar 397 
composition, White 1975) which also appeared as a raised spectral background. In Figure 5b, the 398 
structural damage of a crystalline kieserite MgSO4·H2O by a 1.5h ESD are presented by (1) broadened 399 
peak widths, (2) loss of minor peaks, and (3) reduction of S/N, but to a lesser degree when compared with 400 
Figure 5a from crystalline starkeyite of 1.5h ESD.  401 
 402 
XRD measurements made on the bulk ESD products from MgSO4·xH2O (x=1, 4, 7) are shown in Figure 6. 403 
Both XRD patterns on the top of Figure 6 have a raised “hump” from 10 to 40(2), which can be fitted 404 
with three wide “bands”, centered at 14.2, 21.9, and 28.0 with widths of 5.4, 11.4, and 11.5, 405 
respectively. A few sharp XRD lines remain on the top of the “hump”; some can be assigned as 406 
crystalline MgSO4·H2O (1w) or MgSO4·4H2O (4w), with some lines unassigned since hydrous Mg-407 
sulfates can have eight different hydration degrees. The difference in the degrees of amorphization seen in 408 
XRD patterns (Fig. 6) and Raman spectra (Fig. 5a) is caused by the sampling differences of the two 409 
analyses, with XRD sampled the bulk sample (from full depth of SiO2 cell) and Raman sampled the as is 410 
surface only. 411 
 412 
The third XRD pattern in Figure 6 is obtained from the 1.5h-ESD product from kieserite MgSO4.H2O 413 
(8.5h-ESD product has the same pattern). When compared with the standard XRD pattern of kieserite, the 414 
1.5h-ESD product has a broadened line width for every line in the whole XRD pattern. In addition, the 415 
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multiple lines in the line groups at 25-30, 35-40, ~44, and 55-60 2 ranges are merged into envelopes 416 
with non-symmetric shape. XRD standard 00-001-0638 (kieserite, MgSO4·H2O, monoclinic) and 00-037-417 
009 (caminite Mg2(SO4)2·2H2O, tetragonal) in the PDF database have lines that may contribute the 418 
merged line groups of the ESD product (Fig. 6). The observed XRD line widening and merging of line 419 
clusters suggest a heavily distorted crystal structure in the ESD product from kieserite, suggesting 420 
development of amorphization caused by the impact of energetic electrons and by the reaction with free 421 
radicals generated in the ESD process. This conclusion is consistent with Raman observations from 422 
Figure 5b.  423 
 424 
Overall, the effects of ESD processes on hydrous Mg sulfates are dehydration and amorphization. The 425 
higher the hydration degree in an original salt, the higher the rate of amorphization by the ESD process, a 426 
phenomenon that we also observed for other salts in this study. 427 
 428 
4.1.2. ESD products from FeSO4.xH2O (x=1, 4, 7) 429 
The melting point of melanterite FeSO4·7H2O is 60C (Lide 2001, Table 1). So the ESD experiment of 430 
melanterite was made with LN2 temperature control, Teq < 30C (Figure 2), and durations of 0.25h, 1h, 3h, 431 
and 7h. ESD products were analyzed by Raman and VNIR on the as is surface, and by XRD and 432 
Mössbauer on bulk samples. Very low laser power (0.5 mW) was used in Raman measurements to avoid 433 
overheating of these Fe-bearing phases by the laser beam, which was confirmed by visual inspection 434 
under the Raman microscope before and after each scan. 435 
 436 
Raman spectra Figure 7 (a, b) shows the overlay of the first 60 Raman spectra from the 0.25h ESD and 437 
7h ESD products. The obtained spectra from the 0.25h ESD product are compared in Figure 7a with the 438 
standard Raman spectra of FeSO4·xH2O (x=1, 4, 7, Choi et al., 2007). The 1 mode of rozenite 439 
FeSO4.4H2O (4w) and szomolnokite FeSO4·H2O (1w), 1018 cm

-1
 and 990 cm

-1
, appeared after a 0.25 440 

hour ESD process, while the Raman peaks of melanterite FeSO4·7H2O (7w) disappeared i.e., a total 441 
destruction of melanterite by 0.25h-ESD. The only unassigned Raman peak in Figure 7a is at 1035 cm

-1 442 
(marked by red arrow), which is an indication of early development of amorphization (Fig. 7 of Ling and 443 
Wang, 2010), similar to the case of MgSO4·7H2O after 0.25h-ESD (Fig. 4a). The peak position at 1035 444 
cm

-1
 suggests an amorphous phase Fe

3+
2(SO4)3·5H2O (based on Fig. 18 of Wang and Ling 2011). 445 

Because of the different Teq achieved by ESD processes on epsomite and melanterite (Fig. 2), a direct 446 
comparison of the amorphization rate cannot be extracted for these Mg, Fe-sulfates.  447 
 448 
Figure 7b shows the first 60 spectra from a 120-spots Raman scan on the as is surface of 7h ESD product 449 
from melanterite, which revealed the abundant amorphization in the product. The center of strongest peak 450 
moves to near 1075 cm

-1
 (Fig. 7b), shown as a large envelop that merged the multiple peaks of 1 and 3 451 

modes of SO4 unit together (the merge of 1 and 3 was less obvious in Mg-sulfates, Fig. 5, 6). Peaks of 452 
the 2, 4, and lattice modes are also merged into three large envelopes around 610, 470, and 240 cm

-1
, 453 

respectively, with severely reduced S/N ratio. The 1 peak of crystalline szomolnokite FeSO4·H2O (1w) at 454 
1018 cm

-1
 remains in some spectra.  455 

 456 
Raman spectra obtained from a scan on the 1.5h-ESD product from rozenite FeSO4·4H2O are shown in 457 
Figure 8a. The strong and wide envelope spanning 1300 to 950 cm

-1
 represents a merge of 1 and 3 458 

modes of SO4 unit, with the sharp 1 peak of FeSO4·H2O remaining in some spectra. The other three wide 459 
envelopes (below 1000 cm

-1
) are from the merged peaks of 2, 4, and lattice modes respectively, similar 460 

to 7h ESD products from melanterite (Fig. 7b). H2O peaks centered at 3430 cm
-1

 were detected at almost 461 
all sampled spots on the as is surface (Fig. 8a), suggesting that full dehydration was not reached.  462 
 463 
Very sharp Raman peaks remained in all spectra from the ESD products of szomolnokite FeSO4·H2O 464 
(1w), even after 15.5h-ESD (Fig. 8b). When compared with the standard spectra of various ferrous and 465 
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ferric sulfates, we found that the best match was with Fe
3+

OHSO4. The transformation from Fe
2+

SO4·H2O 466 
to Fe

3+
OHSO4 demonstrated the occurrence of oxidation (Fe

2+
  Fe

3+
) and hydrolysis caused by the ESD 467 

process. The major peak at 1094 cm
-1

 of Fe
3+

OHSO4 was also observed at some sampled spots (hidden in 468 
the spectral overlay of Fig. 8a) on the as is surface of 1.5h-ESD product from rozenite FeSO4·4H2O.  469 
 470 
XRD measurements were made on the bulk samples of ESD products from FeSO4·xH2O (x = 1, 4, 7). 471 
Figure 9 shows the XRD pattern from the 7h ESD product from melanterite FeSO4·7H2O and from 472 
szomolnokite FeSO4·H2O. The top XRD pattern in Figure 9 overlays the characteristic XRD lines of 473 
FeSO4.H2O onto two large XRD “humps”, centered at 11.4 and 27.5 that are similar to the humps in 474 
Figure 6, but slightly narrower in widths, 5.4 and 9.0. This XRD pattern reveals a partially amorphous 475 
bulk sample. The XRD pattern from the 1.5h-ESD product from FeSO4·4H2O (not shown) has strong 476 
lines of crystalline rozenite and szomolnokite. The partial amorphization observed in Raman data (Fig. 8a) 477 
appears less obvious in XRD data, likely because a bulk sample from full depth of ESD product in the 478 
SiO2 cell was used for XRD. The XRD pattern (2

nd
 in Fig. 9) from the 1.5h-ESD product from 479 

FeSO4·H2O has the major lines of butlerite Fe
3+

OHSO4·2H2O and Fe
3+

OHSO4, in addition to the 480 
remaining lines of FeSO4·H2O. The appearance of butlerite and dehydrated butlerite indicate the 481 
oxidation of Fe

2+ 
to Fe

3+
, and hydrolysis caused by ESD processes, consistent with Raman observations 482 

(Fig. 8b).  483 
 484 
VNIR spectra (Fig. 10) were taken at the as is surfaces of 0.25h, 1h, 3h, and 7h ESD products from 485 
FeSO4·7H2O (Teq < 30C, Fig. 2). The first major spectral change with increasing ESD time is a decrease 486 
in absorption band depth near 1.0, 1.4, and 1.9 µm, suggesting gradual dehydration. Indeed, the narrow 487 
and strong VNIR doublet near 1.9 µm of the 0.25h-ESD product can be assigned to FeSO4·4H2O (Fig. 3 488 
of Wang et al., 2016), and the much wider and weaker doublets (near 1.9 µm) in the spectra of the 1h, 3h, 489 
7h ESD products are similar to the doublet of FeSO4·H2O (Fig. 6 of Wang et al., 2016). The second major 490 
spectral change is a gradual decrease of spectral contrast, which is especially obvious in the spectrum of 491 
7h ESD product. This phenomenon reflects the destruction from a crystalline structure, consistent with 492 
Raman and XRD observations. Notice a weak but characteristic VNIR spectral pattern of FeSO4·H2O (Fig. 493 
10) was obtained from the 7h ESD product, while on the same as is surface, a multi-spot Raman scan 494 
shows almost total amorphization; only a few spots retained the 1018 cm

-1
 peak of szomolnokite (Fig. 7b). 495 

This phenomenon shows that the sensitivities of Raman and VNIR spectra for detecting structural damage 496 
are different. A previous study using XRD, Raman, Mid-IR, and VNIR on a set of saponite samples with 497 
different degrees of amorphization revealed that VNIR spectroscopy is less sensitive to the loss of 498 
crystallinity. From the saponite samples that show totally non-crystalline XRD patterns, sharp VNIR 499 
spectral peaks can still be seen at 1.4 µm, 1.9 µm and especially in the 2.2-2.4 µm spectral range (Fig. 1, 500 
2 of Fu et al., 2017). 501 
  502 
A Mössbauer spectrum was obtained from 59 mg of the powdered bulk 7h ESD product from 503 
FeSO4·7H2O. The measured spectrum was fit in a variety of ways using two different programs. The 504 
Mex_disdd solves the full hyperfine interaction Hamiltonian and minimizes the difference between 505 
modeled line shape independent peaks and the experimental spectrum using center shift, quadrupole 506 
splitting, and linewidth as variable parameters. Disd_3e makes velocity approximations rather than 507 
solving the full interaction Hamiltonian and uses a range of line-shape-independent quadrupole splitting 508 
distributions (QSD) to build the peaks. Because the peaks in these spectra overlap heavily and it is 509 
difficult to prioritize one model over the other, so both are shown and reported (Figure 11a, b). In both 510 
models, there are two Fe

3+
 and three Fe

2+
 distributions. Parameters are given in Table 2; errors on 511 

total %Fe
3+

 are ±1-5 % absolute based on repeated fits to the same spectra, with a detection limit for Fe
3+

 512 
of roughly 1%. Although it is known that differential recoil-free fraction (f) effects can affect the 513 
assumption that Mössbauer peak area directly represents the proportions of Fe in each site or valence state, 514 
f has not been determined for these materials. Thus, this paper assumes that recoil is the same for both 515 
Fe

2+
 and Fe

3+
. Based on Mössbauer analysis, we obtained a Fe

3+/
Fetotal ratio of 44% in analyzed sample. 516 
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This result indicates a strong oxidation has occurred during ESD process on melanterite FeSO4·7H2O. 517 
This conclusion is visually confirmed by the color change of the samples, from light green of 518 
FeSO4·7H2O, to light yellow, to light brow, and finally to dark brown after 7h ESD, suggesting more 519 
oxidized iron (Fig. S1). The amorphization development in  7h ESD product from FeSO4·7H2O may be 520 
reflected in the details of  Mössbauer parameters, e.g., CS = 1.21-1.29 mm/s and QS = 1.55-2.66 mm/s, 521 
which are different from the ranges in literature for FeSO4·xH2O (x=1, 4,7), 1.16-1.31 mm/s for CS and 522 
3.17-3.24 mm/s for QS (Cheetham et al., 1981; Dyar et al., 2013; Eissa et al., 1994a,b; Grant et al., 1966; 523 
Montano; 1981; Sakai et al., 1981; Sallam et al., 1994).  524 
 525 
Overall, the effects of ESD processes on hydrous Fe

2+
 sulfates are dehydration, amorphization, and 526 

oxidation from Fe
2+

 to Fe
3+

. 527 
 528 
4.1.3. ESD products from ferric sulfates  529 
Given the importance of Fe

3+
-bearing phases for Mars surface mineralogy, we conducted ESD 530 

experiments in the PEACh on four Fe
3+

-bearing species, Na-jarosite NaFe3(OH)6(SO4)2, ferricopiapite 531 
Fe4.67(SO4)6(OH)2·20H2O, akaganeite FeO(OH,Cl), and pyrite FeS2 (Table 1). 532 
  533 
4.1.3.1. ESD products from ferricopiapite  534 
Figure 12 shows a typical Raman spectra obtained from ESD products of ferricopiapite 535 
Fe4.67(SO4)6(OH)2·20H2O, with the ESD durations of 0.25h, 1h, 2h, 3h, and 7h. When compared with 536 
Raman spectra of standard ferric sulfates (Fig. 12a, from Ling and Wang, 2010), we found the spectra 537 
from the 0.25h-ESD product can be assigned to ferricopiapite (#1 in Fig. 12b), rhomboclase 538 
FeH(SO4)2·4H2O (#2 in Fig. 12b), and a phase whose most peaks are similar to those of ferricopiapite in 539 
positions and shapes, except its strongest 1 peak at 1018 cm

-1 
(#3 in Fig. 12b) that can be regarded as a 540 

merged ferricopiapte doublet, with an upper-shifted peak center. Forming acidic rhomboclase from basic 541 
ferricopiapite is also a dehydration process with NH2O/NSO4=3.67  2. The shifting of 1 peak position to 542 
higher wavenumber is normally an indication of dehydration, observed in the Raman spectra of hydrous 543 
Mg, Fe

2+
, and Ca sulfates. The merge of the doublet suggests a damaged crystal structure, i.e., an early 544 

step towards the amorphization.  545 
 546 
Typical Raman spectra from #4 to #8 in Figure 12b obtained from 1h, 2h, and 7h ESD products all have 547 
the strong and wide peak in 1 spectral range, but the central position of this peak gradually shifted 548 
towards higher wavenumber (indicated by a dotted arrow line in Fig. 12b), from 1018 cm

-1
 to 1057cm

-1 549 
(#3 to #8 in Fig. 12b). This peak shift is accompanied by the loss of details for all peaks below 800 cm

-1
, 550 

which eventually become three wide envelopes centered around ~650 cm
-1

, ~480 cm
-1

, and ~250 cm
-1

 551 
(spectrum #4, #5, #6, #7, #8). These are typical Raman spectral pattern of amorphous ferric sulfates (#3 in 552 
Fig. 12a). Wang and Ling (2011) built a calibration curve (their Fig. 18) to quantify the number of 553 
structural H2O per Fe2(SO4)3 unit, from eleven to five, using the 1 peak position of amorphous ferric 554 
sulfates (from 1022 to 1035 cm

-1
).

 
Although there are no other experimental studies of amorphous ferric 555 

sulfates with structural water less than five, an educated guess is that the continuous 1 peak upper shift 556 
from 1035 cm

-1
 to 1057 cm

-1
 (Fig. 12b) is due to continuous dehydration from five to zero structural 557 

waters per Fe2(SO4)3 unit, based on the assignment of spectra #9 and #10 in Figure 12b.  558 
 559 
Spectra #9 and #10 (Figure 12b) were obtained from many Raman sampled spots on the as is surface of 560 
the 7h ESD product from ferricopiapite. Spectrum #10 is a perfect match with the standard Raman 561 
spectrum of crystalline anhydrous Fe2(SO4)3 (#4 in Fig. 12a), and spectrum #9 is a mixture of standard 562 
spectra of two polymorphs, the anhydrous Fe2(SO4)3 and mikasaite Fe2(SO4)3 (#5 in Fig. 12a), both are 563 
crystalline materials (Ling and Wang 2010). The multi-spots Raman scans revealed that crystalline 564 
anhydrous Fe2(SO4)3 appeared early in ESD products (e.g., 1h-ESD) and became abundant in the ESD 565 
product with longer time duration (e.g.,  7h ESD). 566 
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 567 
Overall, the major effect of ESD process on ferricopiapite is dehydration, from NH2O/NSO4=3.67 to 568 
NH2O/NSO4=0. The ESD caused structural change is complicated, from crystalline to full amorphization, 569 
then back to crystalline again. During the early dehydration, the ferric sulfate also changed from basic 570 
ferricopiapite to acidic rhomboclase.  571 
 572 
4.1.3.2. ESD products from Na-jarosite, akaganeite, and pyrite 573 
It is quite surprising that no obvious mineral transformation occurred in Na-jarosite after long duration 574 
ESD processes (even after 64 hours). The post-ESD sample surface color shows an obvious darkening 575 
(Fig. S2). The peaks of hematite appeared in the spectra from some spots in multi-spots Raman scans. 576 
However, 99% of Raman spectra obtained from the as is surfaces of eight ESD products from Na-jarosite 577 
maintain an almost perfect match with the Raman spectrum of the original Na-jarosite (Fig. S3). The 578 
Mössbauer spectrum of this post-64h ESD product revealed a set of typical CS and QS for Na-jarosite 579 
(Fig. S4).  580 
 581 
Considering the importance of jarosite in martian surface mineralogy, we made two sets of 1:1 mixtures 582 
of Na-jarosite with MgSO4·7H2O and MgCl2·6H2O, and did ESD on them, with a goal to study a potential 583 
catalysis effect. Again, no obvious mineral phase transformation was observed by Raman spectroscopy in 584 
the products from two additional sets of eight ESD experiments (Table 1, 2), except the spectrum of 585 
hematite was seen from some spots in the Raman scans on these ESD products. The Mössbauer spectra of 586 
the 7h ESD products from the two mixtures (not shown) support ~ 100% jarosite among the Fe-phases in 587 
bulk samples.  588 
 589 
Similar to Na-jarosite, no obvious mineral transformation was found by Raman and Mössbauer analysis 590 
of the post-ESD products from akaganeite Fe

3+
O(OH,Cl) (Fig. S5). On the other hand, Raman scans on 591 

post-ESD products from a natural pyrite show minor changes in Raman peak positions and shapes (Fig. 592 
S6). However, the XRD pattern of the 14h ESD product from this natural pyrite does show an obvious 593 
change from standard pyrite, thus it cannot be compared with Raman spectra to suggest any significant 594 
phase transformation.  595 
 596 
4.1.4. ESD products from Na2SO4 597 
The Raman spectra obtained on the as is surface of the 7h ESD product from Na2SO4 powder have only 598 
minor changes from the standard spectrum (Fig. 13), such as the slight peak broadening of Raman 1 599 
mode near 992 cm

-1 
(insert of Fig. 13), and slightly raised spectral background after 400 cm

-1
. The 600 

broadening of the Raman peak indicates a damaged crystalline structure from original Na2SO4. XRD 601 
measurements were not made on this sample.  602 
 603 
4.1.5. ESD products from CaSO4.2H2O 604 
The Raman spectra (Fig. 14) obtained on the 7h ESD product of CaSO4·2H2O powder revealed the 605 
transformation from gypsum to -CaSO4 phase (not anhydrite -CaSO4) mainly, that has a sharp peak at 606 
1026 cm

-1
 shown in the insert of Figure 14. Ordinary -CaSO4 would not be stable at ambient terrestrial 607 

laboratory conditions. The post-ESD product from CaSO4·2H2O was sealed in a glass vial, with the 608 
Raman measurements made through the glass wall. In addition to -CaSO4, bassanite CaSO4·0.5H2O was 609 
identified in some sampled spots (peak at 1014 cm

-1
 in the inset of Fig. 14), that is also supported by the 610 

observations of structural H2O peaks in Raman spectra (not shown) of some sampled spots. No XRD 611 
measurement was made on this sample. It is notable that a large amount of -CaSO4 was found to be 612 
stable within the vein system of martian meteorite MIL03346 (Ling and Wang, 2015), as well as in soils 613 
of hyperarid regions on Earth, such as from the Atacama Desert (Wei et al., 2015) and the saline playa on 614 
the Tibet Plateau (Wang et al., 2018). The -CaSO4 phase apparently can exist stably under ambient 615 
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terrestrial laboratory conditions. We are currently investigating the structural and chemical reasons for the 616 
abnormal stability of the -CaSO4. 617 
 618 
4.1.6. ESD products from Na2SO3 and NaHSO3 619 
In order to evaluate the oxidation power of ESD processes on S-bearing species, we selected two sulfites, 620 
Na2S

4+
O3 and NaHS

4+
O3, as the starting phases for a set of ESD experiments with 0.25h to 11h duration 621 

(Table 1).  622 
 623 
Among the obtained Raman spectra from 252 spots-scan on the as is surface of  7h ESD product from 624 
Na2SO3, about ~ 12% has an additional peaks at 997 cm

-1
 (insert of Fig. 15). On the other hand, all Raman 625 

spectra from a total of 188 spots-scan on the as is surface of the 7h ESD product from NaHSO3 has the 626 
additional peak at 997 cm

-1 
(not shown). Besides, this peak position does not match with the 1 peak of 627 

Na2SO4 at 993 cm
-1

 (insert of Fig. 15). XRD measurements were made on both sulfites. The XRD pattern 628 
of the 7h ESD product of NaHSO3 is different from that of original sample (#1 in Fig. 16). After the 7h 629 
ESD process, new XRD lines appeared, and multiple lines merged in four regions (22-30, 31-37, 46-50, 630 
and 57– 61 2), suggesting structural damage of NaHSO3. In addition, XRD standards 00-037-1488 631 
(Na2S

4+
O3), 04-015-3684 (Na2S

4+
2O5), and 00-021-1371 (Na2S

6+
3O10) in PDF database (#2, #3, #4 in Fig. 632 

16) have lines that might contribute the merged line groups that appear in the top XRD pattern of Figure 633 
16. The potential contribution of Na2S

6+
3O10 (#4 in Fig. 16) to the merged line groups provides a hint for 634 

the oxidation of S
4+

 to S
6+

.  635 
 636 
Oxidation of sulfite (S

4+
O3

-2
) to sulfate (S

6+
O4

-2
) through the ESD process was finally established using 637 

the Ion Chromatography (IC) analyses of 1h, 3h, 7h ESD products from Na2SO3 (dissolved in N2-purged 638 
milliQ water and immediately analyzed by IC), shown in Figure 17. The time series shows a gradual 639 
increase as a function of ESD experimental duration, from 1 hour to 7 hours.   640 
 641 
4.2.  Analyses of the ESD products from Mg, Fe, Ca, Al, Na, K- Chlorides 642 
We conducted ESD experiments on six chlorides (Table 1), two anhydrous (NaCl and KCl) and four 643 
hydrous (Mg-, Fe

2+
-, Ca-, Al-chlorides). This selection was made on the basis of their potential existence 644 

in anhydrous or hydrous forms on Mars and their stable existence at ambient laboratory conditions 645 
making them experimentally feasible. Three hydrous chlorides (Mg-, Fe

2+
-, Al-) among them have 646 

melting points Tmp below 100C (Table 1); thus we ran the ESD experiments on these chlorides with LN2 647 
temperature control with equilibrated temperature Teq < 30 C (Fig. 2).  648 
 649 
4.2.1. ESD products from FeCl2.4H2O 650 
Figure 18 shows typical Raman spectra obtained from the as is surfaces of 0.25h, 1h, 3h, and 7h ESD 651 
products from FeCl2·4H2O. Spectral features from most spots on 0.25h-ESD product remained similar to 652 
those of crystalline chlorides, with an additional sharp Raman peak at 334 cm

-1 
(#2 in Fig. 18) The major 653 

H2O peak at 3406 cm
-1

 and a peak-shoulder at 3445 cm
-1

 (not shown) suggest a change of hydration 654 
degree from FeCl2·4H2O to probably FeCl2·2H2O. After 1h ESD, Raman peaks began to broaden (#3 in 655 
Fig. 18). In addition, an overall Raman spectral shape very similar to that of hematite Fe

3+
2O3 occurs 656 

frequently after 3h ESD (#4 in Fig. 18). After 7h ESD, a few sampled spots have a peak near 395 cm
-1

 (#5 657 
in Fig. 18) that is the major Raman peak of goethite, Fe

3+
OOH, but most spots have extremely broad 658 

Raman “humps” near 1310, 710, and 300 cm
-1

 (#6 in Fig. 18). The H2O peak in the 3300-3700 cm
-1

 range 659 
becomes wide and weak, to almost nonexistent (not shown). Overall, this set of spectra revealed a 660 
progressive loss of crystallinity, oxidation (Fe

2+
  Fe

3+
), and dehydration.  661 

 662 
The XRD pattern obtained from this 7h ESD product from FeCl2·4H2O (Fig. 19) has three “humps” in 2 663 
ranges of 8-18, 23-41, and 45-60, with broadened lines on top of the humps. These XRD lines match 664 
with FeCl2·2H2O (pdf: 00-025-1040), FeCl2 (pdf: 00-001-1106), and Fe

3+
OCl (pdf: 00-039-0612) (#1, #2, 665 
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#3 in Fig. 19), but have much wider linewidth and merged line groups. Therefore, XRD data supports the 666 
inferences of amorphization, oxidation, and dehydration that are based on Raman analysis.  667 
 668 
The Mössbauer spectrum of bulk 7h ESD product from FeCl2·4H2O (Fig. 20) was modeled using the 669 
Mex_disdd program. These data are interpreted within the context of broader work on Mössbauer 670 
spectroscopy of minerals with similar structures. Only a handful of Mössbauer spectra could be found in 671 
the literature for iron dichloride tetrahydrate, and most of the papers do not provide explicit parameters 672 
(Ohshita et al., 2002) or focus on low-temperature (Shinohara, 1977) or magnetic field measurements 673 
(Johnson, 1966; Kandel et al., 1973; Spiering et al., 1978) that are not comparable to this study. Overall, 674 
the analyzed sample contains 88% of the total Fe as Fe

3+
, which was 0% in the starting phase of 675 

FeCl2·4H2O. The strong oxidation revealed by this Mössbauer result is consistent with Raman 676 
observation of hematite occurrence in 3h and 7h ESD products.  677 
 678 
The Mössbauer result suggests that both Fe

2+
 and Fe

3+
 are present in two dissimilar sites. Most of the Fe is 679 

Fe
3+

 in sites with CS = 0.37-0.38 mm/s and Qs = 0.55 and 0.93 mm/s. A small amount of Fe
2+

 is also 680 
observed, with CS = 1.22 and 1.26 mm/s and Qs = 2.96 and 2.10 mm/s, respectively. Ôno et al. (1964) 681 
report parameters of CS = 1.26 mm/s and QS = 0.80 mm/s for FeCl2; these seem unusual for this phase. 682 
Chandra and Hoy (1966) studied FeCl2·2H2O and gave parameters of CS = 1.03 mm/s and QS = 2.50 683 
mm/s. Grant et al. (1966) gave parameters of CS = 1.22 mm/s and QS = 2.98 mm/s for FeCl2·4H2O – very 684 
similar to the parameters obtained in this study, though our modern analyses reveal two different doublets. 685 
 686 
VNIR spectra (Fig. 21) were measured from the as is surfaces of 0.25h, 1h, 3h, and 7h ESD products 687 
from FeCl2·4H2O (Teq < 30C, Fig. 2). As with the ESD products from FeSO4·7H2O (Fig. 10), there are 688 
two major trends of spectral changes following the increase of ESD duration. Absorption band depth near 689 
1.0, 1.4, and 1.9 µm decreases, suggesting a gradual dehydration, and overall spectral contrast decreases, 690 
consistent with the destruction of a crystalline structure observed by Raman and XRD analysis. 691 
Furthermore, there is a reduction of spectral slope between 400 to 800 nm that is more obvious in Figure 692 
21 than in Figure 10. This more obvious slope change could be a reflection of Fe

3+
/Fetotal = 88% in  7h 693 

ESD from FeCl2·4H2O, which is higher than Fe
3+

/Fetotal = 44% in  7h ESD product from FeSO4·7H2O, 694 
determined by Mössbauer analyses.  695 
 696 
4.2.2. ESD products from Na, K, Mg, Al, Fe

2+
-chlorides 697 

The structural damage (i.e., development towards amorphization) of common chlorides by energetic 698 
electrons of the ESD process is strongly influenced by chemical bonding. XRD is the major tool to 699 
characterize these ESD products. 700 
 701 
After running ESD experiments with the same time duration (Table 1), the product from a starting 702 
material of FeCl2·4H2O shows an obvious change in XRD pattern (Fig. 19), whereas the products from 703 
either NaCl or KCl as starting material (Fig. 22) still have perfect matches with the standard crystalline 704 
forms of NaCl (pdf: 00-005-0628) and KCl (pdf: 00-004-0587).  705 
 706 
Similarly, the XRD pattern of the LT-7h ESD product from AlCl3.6H2O indicates a total amorphization 707 
(1

st
 black curve in Fig. 23). On the other hand, the XRD pattern of the LT-7h ESD product from 708 

MgCl2·6H2O (2
nd

 black curve in Fig. 23) has an uneven raised background, with lines that match with a 709 
mixture of MgCl2·H2O (pdf: 00-061-0222), MgCl2·2H2O (pdf: 00-003-0765), and MgCl2·4H2O (pdf: 04-710 
017-8711), suggesting dehydration from MgCl2·6H2O. The raised background, the line broadening, and 711 
line merging indicate development of amorphization. Furthermore after a long duration (21 hours) ESD 712 
on MgCl2·6H2O, the XRD lines of Mg(ClO4)2·6H2O (pdf: 00-014-0022) appear (not shown), indicating 713 
oxidation from Cl

1-
 to Cl

7+
 as observed in NaCl by our previous study (Wu et al., 2018).  714 

 715 



Confidential manuscript submitted to J. Geophysical Research: Planets 

 

16 
 

In contrast, the XRD pattern of the LT-7h ESD product from CaCl2·2H2O (3
rd

 black curve in Fig. 23) 716 
almost perfectly matches standard CaCl2·2H2O (pdf: 04-010-1481). During the XRD measurement (total 717 
of 15 minutes) on the 14h ESD product from CaCl2·2H2O, an obvious color change of the sample (from 718 
white to semi-transparent) was observed (laboratory relative humidity > 55%) and an XRD pattern similar 719 
to standard CaCl2·2H2O was obtained. Based on these two XRD measurements, we estimate that the ESD 720 
process may have caused dehydration of CaCl2·2H2O, while a positive identification of the ending phase 721 
is lacking at current stage.  722 
 723 
Overall, these XRD data on 7h ESD products from Mg, Fe, Al, Ca, Na, K chlorides suggest an 724 
approximate grouping that reflects how easily the ESD process causes structural damage of these 725 
chlorides, with Al, Fe, and Mg chlorides more easily damaged than Ca, Na, and K chlorides. This 726 
grouping is consistent with the observed ease of Cl release induced by the ESD process from common 727 
chlorides as reported in Wang et al. (2020).  728 
 729 
5. Discussion  730 
Table 3 summarizes the major conclusions on phase identifications of the ESD products from each salt. 731 
The column of “mid-phase” after a short period of ESD (≤ 1.5 hour) shows the pathways of these ESD-732 
induced phase transformations. The listed final phases were reached mostly after 7 hours of the ESD 733 
process, with a few exceptions.  Table 3 shows that phase transformations have occurred to different 734 
degrees in most of the 22 minerals and their mixtures tested in this study (a total of 75 ESD experiments, 735 
Table 1), as induced by a medium-strength ESD process with limited time duration (normally 7 hours). 736 
There are three major trends in the phase transformations: dehydration, amorphization, and oxidation of 737 
Fe, S, and Cl, which will be discussed separately.  738 
 739 
5.1.  Dehydration 740 
Dehydration of hydrous salts was determined on the basis of direct Raman and XRD identification in 741 
ESD products of phases with hydration degrees lower than the starting salts. For example, MgSO4·xH2O 742 
(x=1, 4), FeSO4·xH2O (x=1, 4), FeOHSO4, Fe2(SO4)3, and γ-CaSO4 were found in the ESD products of 743 
MgSO4·7H2O, FeSO4·7H2O, Fe4.67(SO4)6(OH)2·20H2O, and CaSO4·2H2O (Fig. 4, 6, 7, 8, 9, 12, 14). 744 
FeCl2·2H2O, FeCl2, and MgCl2·xH2O (x=1, 2, 4) were found in the ESD products of FeCl2·4H2O and 745 
MgCl2·6H2O (Fig. 19, 23).  746 
 747 
In addition, there are three specific ESD-induced dehydrations. The first is that the highly hydrated 748 
sulfates (MgSO4·7H2O, FeSO4·7H2O) have a higher dehydration rate than those with lower hydration 749 
degrees of the same type (i.e., MgSO4·xH2O, FeSO4·xH2O, x=1, 4). This was reflected by the shift of 750 
central positions of the 1 Raman peak in the products as a function of ESD duration. The second is the 751 
occurrence of hydrolysis induced by ESD, i.e., from FeSO4·H2O to Fe(OH)SO4. The third is the difficulty 752 
in the dehydration of the salts (and minerals) without structural H2O but only OH, such as jarosite 753 
NaFe3(OH)6(SO4)2 and akaganeite FeO(OH, Cl), as well as the 1:1 mixtures of Na-jarosite with each of 754 
two hydrous salts (MgSO4·7H2O and MgCl2·6H2O). The spectrum of hematite was seen from some spots 755 
in the Raman scans on these ESD products, but it did not affect the conclusion from Mössbauer spectra, 756 
i.e. ~ 100% jarosite among the Fe-phases in bulk samples. This result means that transformation to 757 
hematite from jarosite by medium-strength ESD must be at a very low rate compared with those of other 758 
Mg, Fe

2+
, Fe

3+
, Ca, and Na sulfates.  759 

 760 
5.2. Amorphization 761 
Amorphization of salts in this study is judged by Raman and XRD data analyses, with Raman analysis 762 
made on the as is surface of ESD products, and XRD analysis made on the bulk sample of ESD products. 763 
Three stages of amorphization can be distinguished based on Raman data analyses (Table 3). For the 764 
Amor-I group, such as those observed from Na2SO4, CaSO4·2H2O, and Na2SO3 after 7h ESD (Fig. 13, 14, 765 
15), the obvious broadening of major Raman peaks indicates the initiation of structural distortion from a 766 
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perfect crystalline phase, which is commonly accompanied by the raising of spectral background and 767 
reduction of signal to noise (S/N). Structural distortion would generate the observed changes in chemical 768 
bond lengths and bond angles in a crystal, causing a much wider Raman peak to be obtained from a 769 
vibrational mode. The envelope of many Raman peaks with slightly different central positions widens 770 
because of many slightly different chemical bonds in a distorted structure, and an overall reduced S/N. 771 
Raman spectra of Amor-III exhibit a total loss of spectral details, in many cases with merged peaks in 1, 772 
2, 3, and 4 modes, extensively broadened peak widths (> 10 times), and very low S/N, observed from 773 
MgSO4·yH2O (y=7, 4), FeSO4·yH2O (y=7, 4), Fe4.67(SO4)6(OH)2·20H2O, FeCl2·4H2O after the ESD 774 
process (Fig. 5a, 7b, spectra #4 to #8 in Fig. 12b, spectra #3 to #6 in Fig. 18). The spectra of Amor-II 775 
have characteristics between those of Amor-I and Amor-III, such as the ESD product of MgSO4·H2O 776 
shown in Fig. 5b.  777 
 778 
Two stages of amorphization can be distinguished from the XRD data (Table 3). Amor-III would appear 779 
as the “large hump” in the XRD patterns from the ESD products from MgSO4·yH2O (y=7, 4) (Fig. 6), 780 
FeSO4·7H2O (Fig.9), FeCl·4H2O (Fig. 19), and AlCl3.6H2O (Fig. 23), consistent with Amor-III assigned 781 
by Raman analyses. Because XRD sampled the powder from the full depth of the SiO2 cell including the 782 
bottom of cell that is less affected by energetic electrons, some XRD lines of crystalline phases may 783 
overlie the “large hump” (Fig. 6, 9, 19) while the Raman spectra from the as is surface show full 784 
amorphization (Fig. 5a, 18). The XRD pattern of the products assigned to Amor-I and Amor-II by Raman 785 
analysis would appear as line broadening and the merge of line groups, as seen in Figure 6 (1.5h-ESD 786 
from MgSO4·H2O), Figure 16 (7h ESD from NaHSO3), and Figure 23 (LT- 7h ESD from MgCl2·6H2O).  787 
 788 
It is worth noting that the generation of Amor-III is normally accompanied by the rapid dehydration from 789 
sulfates originally having high degrees of hydration, such as from MgSO4·xH2O (x=4, 7), FeSO4·xH2O 790 
(x=4,7), and Fe4.67(SO4)6(OH)2·20H2O. Amor-I or Amor-II occurred in anhydrous sulfates (e.g., Na2SO4, 791 
Na2SO3) or those with a low degree of hydration, e.g., MgSO4·H2O.  792 
 793 
The rate of amorphization (i.e., the ease of damaging the crystalline structure) of common chlorides 794 
appears to be more related to the type of cations present, and reflected by a grouping of chlorides 795 
mentioned in section 4.2.2, i.e., higher rates in Fe, Mg, and Al chlorides than in Ca, Na, and K chlorides. 796 
The same grouping was found in experimentally observed rates of Cl-release induced by ESD from Mg, 797 
Fe, Al, Ca, Na, and K chlorides (Wang et al., 2020), which was correlated with the degree of M‐Cl bond 798 
covalence that is usually quantified by the difference of electronegativity of M and Cl (Allred, 1961). 799 
These electronegativity differences range from 2.34 to 2.16 for KCl, NaCl, and CaCl2, and from 1.2 to 800 
1.85 for FeCl3, AlCl3, FeCl2, and MgCl2 (Wang et al., 2020). An apparent connection between 801 
amorphization and dehydration is observed in chlorides. Hydrous chlorides (AlCl3·6H2O, FeCl2·4H2O, 802 
MgCl2·6H2O) appeared to amorphize more quickly (Fig. 19, 23) than anhydrous chlorides (NaCl, KCl, 803 
Fig. 22). Nevertheless, the ESD-induced Cl-release experiments were conducted strictly on anhydrous 804 
chlorides (KCl, NaCl, CaCl2, FeCl3, AlCl3, FeCl2, and MgCl2), and the same grouping was found in two 805 
sets of experiments (Wang et al., 2020, and this study). We conclude that the rate of amorphization of the 806 
tested chlorides is fundamentally affected by the degree of M‐Cl bond covalence.  807 
 808 
5.3.  Oxidation 809 
Oxidation of Fe

2+
 to Fe

3+
 is evidenced by Mössbauer analyses of the ESD products from FeSO4·7H2O and 810 

FeCl2·4H2O. The ratio of Fe
3+

/Fetotal in both cases changed from zero to 44%, and to 88%, respectively, 811 
after a medium-strength ESD process of only 7 hours. These Mössbauer results are confirmed by the 812 
slope change in the 400-800 nm range of VNIR spectra, particularly as seen in the ESD-product set from 813 
FeCl2·4H2O (Fig. 21). The hydrolysis from Fe

2+
SO4·H2O to Fe

3+
(OH)SO4 revealed by Raman spectra (Fig. 814 

8) and by XRD-based phase ID (Fig. 9), and the appearance of Fe
3+

OCl in the ESD product of 815 
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FeCl2·4H2O (Fig. 19), provide additional evidence of the oxidation of ferrous iron to ferric iron, induced 816 
by the ESD process. 817 
 818 
During a normal glow discharge (ESD-NGD) in simulated Mars atmospheric composition and pressure, 819 
the free radicals CO

2+
, CO

+
, OI, HIII, HII, OH, ArI, N2, N2

+
 (and not excluding O2, NO, and O

+ 
because of 820 

the overlapping of plasma lines used for detection) were detected instantaneously by in situ plasma 821 
emission spectroscopy. O3 was also detected in the output gas by UV and mid-IR spectroscopy (Wu et al., 822 
2018). These free radicals would induce the oxidation of Fe

2+
 to Fe

3+
. Similarly, oxidation of Cl

- 
to Cl

7+
 823 

was indicated in this study by the presence of Mg(ClO4)2·6H2O in 21h ESD products from MgCl2·6H2O 824 
(section 4.2.2). In addition, Wu et al. (2018) observed the formation of NaClO3 and NaClO4 from NaCl, 825 
both induced by the ESD processes of medium strength (Table S1).  826 
 827 
Finally, our hypothesis of S-oxidation induced by ESD process was validated by the analyses of ESD 828 
products from two sulfites, Na2S

4+
O3 and NaHS

4+
O3. The XRD-based identification of Na2S

6+
3O10 in ESD 829 

products (Fig. 16) supports the oxidation hypothesis, as does the IC observation of a surge in SO4 830 
concentration with increasing ESD duration (Fig. 17).  831 

 832 
Overall, the results of this study demonstrated that dehydration and amorphization (to different degrees 833 
depending on the properties of salts) were induced by the medium-strength ESD processes within a 834 
nominal time duration from 0.25 hours to 7 hours. In addition, oxidation of Cl, S, and Fe occurred in Cl-, 835 
S-, and Fe-bearing salts as a result of this type of ESD process.  836 
 837 
6. Implications for martian dust activities 838 
Martian dust activities have been physically altering the morphology of the martian surface, including 839 
physically removing/redepositing the top layer of rocks and soils, particularly for soft secondary minerals. 840 
When electrostatic discharge is induced by martian dust activity, it exerts two additional effects on 841 
surface minerals: physically impacting them with energetic electrons and chemically attacking them with 842 
free radicals and electrons. The potential effects in chemistry and biology of ESD induced by Mars dust 843 
activities have been investigated and reported by Wu et al. (2018), and Wang et al. (2020a, b and this 844 
study) and by another group in Denmark (Bak et al., 2016, 2017, 2018; Knakjensen et al., 2014; 845 
Thoegersen et al., 2019).  846 

 847 
To date, there has been no actual measurement made of the electric properties of martian dust events. 848 
Thus, two important unknowns remain. First is the probability of the occurrence of an ESD during a dust 849 
event, which would be expressed as a percentage of time duration in a dust event. Second is the type of 850 
ESD, either Townsend dark discharge (TDD), or normal glow discharge (NGD), that would occur in a 851 
specific dust event. Our current investigations (Wu et al. (2018), and Wang et al. (2020a, b and this study) 852 
revealed the types of phase transformations (with some rate information) that can be induced by a 853 
medium-strength NGD to a group of important secondary martian minerals (S- and Cl-salts). However, 854 
the overall effect of these phase transformations on the “big picture” of martian surface mineralogy 855 
cannot be estimated, unless some assumptions on the above two important unknowns are made.  856 
 857 
We will take a very conservative assumption for the first unknown, and consider only two extreme cases: 858 
grain saltation and global dust storm.   859 
 860 
First, grain saltation (GS) can occur on Mars everywhere and all year around when wind speed is beyond 861 
a threshold. Atmospheric scientists use threshold friction speed (u*t) to judge the generation of GS. An 862 
early experiment using a wind tunnel (Greely et al., 1980) found that the u*t at martian condition (at 5 863 
mbar, 95% CO2, T =150-240K) is about 10 times higher than on Earth, i.e., GS is more difficult to initiate 864 
on Mars than on Earth. For example, the u*t for grain size of 100 µm is 2.5-3.5 m/s, and the u*t for grain 865 
size of 800 µm is 4-5 m/s (Figure 5 of Greely et al., 1980). When adding the effect of the lower 866 
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gravitational field of Mars, however, a recent study (Sullivan and Kok, 2017) found that at a wind speed 867 
much lower than u*t, “sporadically mobilized” grains on Mars can develop into “self-sustaining saltation.” 868 
This conclusion was validated by the observations made during the Spirit, Opportunity, and Curiosity 869 
rover missions (Sullivan et al., 2005, 2008; Sullivan and Kok, 2017).  870 
 871 
Fortunately, a Rover Environmental Monitoring Station (REMS) was carried by Curiosity rover to Gale 872 
Crater. A recent paper (Viudex-Mpreiras et al., 2019) published wind speed data at Gale Crater collected 873 
by REMS from sol 9 to sol 1474. Their finding was that the wind speed probability density function at 874 
Gale Crater matches quite well with the Weibull function, with a scale factor c= 6.87 m/s and a shape 875 
parameter k= 1.73 (Fig.1 of Viudex-Mpreiras et al., 2019; Table S2). Furthermore, they found these 876 
parameters fall into the ranges of two Viking landers (which landed on flat plain, c=2.55 – 7.9 m/s, 877 
k=1.06 – 1.68). On the basis of this REMS data set collected during 2.19 Mars years, the probability of 878 
wind speed > 3.5 m/s is 70% and of wind speed > 5 m/s is 53%, at Gale Crater (Table S2). Therefore, 879 
even we took the most conservative consideration by using the high threshold friction speed (u*t) derived 880 
by the Greely et al. (1980) experiments (> 5 m/s for grain size of 800 µm), the winds at Gale Crater would 881 
induce grain saltation (GS) over half of a martian year (53%, Table 4).  882 
 883 
Schmidt et al. (1998) measured the E-fields in saltating grains at a California field site and found a level 884 
as high as 166 kV/m (>> 25-34 kv/m BEFT measured in Mars environmental chambers, Farrell et al., 885 
2015; Yan et al., 2017). Since there was no actual measurement of the electric properties of grain saltation 886 
made on Mars and counting the other uncertainties in ESD generation that beyond the scope of current 887 
study, we chose a very conservative number, 1%, to estimate the ESD occurrence probability induced by 888 
martian grain saltation (GS). Combined with the occurring probability of GS during a Mars year at 889 
specific sites (e.g., Gale Crater), the resulting probability of a GS-induced ESD would be 5.3 × 10

-3
, equal 890 

to 87 hours during a martian year (Table 4).  891 
 892 
Other martian dust activities, e.g., dust devils and dust storms, would disturb the martian surface dust and 893 
sand to much larger degrees than that by grain saltation.  For simplification, we use global dust storm 894 
(GDS) to make a rough numerical calculation for comparison purposes. In general, GDS occurs on 895 
average once every three martian years. Once it occurs, it can be roughly assumed to cover at least 80% 896 
of the martian surface and last 10% of a martian year, corresponding ~ 69 Earth days (Gierasch, 1974; 897 
Shirley, 2015; Wang and Richardson, 2015). Therefore, the probability of any location on Mars during a 898 
martian year encountering a GDS is 0.026, or 435 hours (Table 4). 899 
  900 
Now the question is: what is the percentage of time during a GDS that ESD could occur? Based on 901 
decades of study of martian dust storms, we understand that they are driven by a set of hot cores. Within 902 
the cores, there is likely convective activity, which could generate large electric fields (E-field) that would 903 
eventually cause an ESD to occur. During a GDS, the dust in these cores then gets transported to high 904 
altitudes and covers the globe of Mars. Therefore in the regions away from the cores, the dust load 905 
increases, but it is not vigorously mixing dust. The amount of suspended small aerosols increases, but 906 
there is probably not a lot of electrical activity away from the cores (Gierasch, 1974). Considering this 907 
model and many more remaining uncertainties in martian GDS than GS, we chose a percentage at two 908 
orders of magnitude lower, 0.01%, for the probability of ESD occurring during a global dust storm (Table 909 
4). Thus, the probability of encountering ESD as induced by GDS at any location on Mars during a 910 
martian year is 2.6 × 10

-6 
that equals to 4.4 × 10

-2 
hour (Table 4).  911 

 912 
The second unknown is the type of ESD (either Townsend dark discharge (TDD), or normal glow 913 
discharge (NGD)) that would occur in a specific dust event. Based on gas discharge phenomena described 914 
in the literature (Fig. S7), the major difference between TDD and NGD is in electron flux density. This is 915 
reflected by the electric current measured in a discharge event (Gallo, 1975), which was observed at µA 916 
level for TDD by Farrell et al., (2015), and at mA level for NGD by Wu et al., (2018), both under Mars 917 
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atmospheric conditions. Based on a modeling study (Delory et al., 2006), the full range of estimated 918 
electron flux density between martian TDD and NGD ranges over seven orders of magnitude, from 9 919 
10

16
 s

-1
m

-2 
(TDD) and 1.5 10

24 
s

-1
m

-2
 (NGD) (detailed discussion in section 5.3 of Wu et al., 2018). An 920 

ESD-NGD was observed in our experimental setting, with an electron flux density of 1.42 10
20 

s
-1

m
-2

 921 
(Table S1) calculated on the basis of measured electric current across the two electrodes, a strength at 922 
mid-way between the two extreme cases.  923 
 924 
On the other hand, the type of chemical reaction that would be induced by an ESD process depends on the 925 
kinetic energy (Ek) of electrons being generated, i.e., Ek > an energy threshold for a reaction to occur. As 926 
discussed in Wu et al. (2018) and discussed in section 3.2, the kinetic energy of electrons generated in our 927 
ESD experiments was estimated on the basis of plasma spectroscopic observations of CO2

+
 and Hα lines, 928 

with considerable portion of electrons having Ek >14 eV and even > 17.2 eV. Because the drift velocities 929 
of electrons in TDD and NGD are similar (Fig. 4a and equation (8) of Delory et al., 2006; Jackson et al., 930 
2008, 2010), their electrons should have similar kinetic energy distributions. Therefore, the chemical 931 
reactions induced by NGD can also be induced by TDD. However, the same reaction induced by the TDD 932 
process will take much longer time than NGD to reach the same level of phase transformation because of 933 
its lower electron flux density (Fig. S7). For example, the electron flux realized in our NGD experiments 934 
is about ~10

4
 times of that of typical TDD, thus the mineral transformation produced by a 0.25h ESD-935 

NGD in our experiments (Table 3) would only be seen after about 2500 hours of a typical TDD process.  936 
 937 
We further assume that NGD would more likely be induced by dust storms, while TDD would more 938 
likely be induced by grain saltation, simply because the difference in the amounts of dust grains involved 939 
in these two extreme dust activities matches well with the differences in electron flux densities of NGD 940 
and TDD, which are at mA and µA levels, respectively, when measuring electric current under Mars 941 
conditions (Farrell et al., 2015; Wu et al., 2018).  942 
 943 
Based on the above assumptions and considering only the grain saltation and the global dust storms, we 944 
can make very rough estimations on how long it would take on Mars to reach the levels of phase 945 
transformations induced by our medium-strength ESD-NGD process in PEACh. The last two rows of 946 
Table 4 show that the phase transformations produced by a 0.25h-ESD-NGD process in the PEACh 947 
(column #3 of Table 3) would likely be seen after > 29 martian years when considering only the grain 948 
saltation induced ESD-TDD (at typical TDD electron flux density level, Table S1). The time would be > 949 
5.7 martian years when considering only the global dust storms induced ESD-NGD (at the same electron 950 
flux density level of our experiments, Table S1). The durations needed for the phase transformation levels 951 
reached by 7h ESD-NGD (column #4 of Table 3) would likely be seen on Mars after a few hundred 952 
martian years for both extreme cases (grain saltation and global dust storms).  953 
 954 
Note that the choice of ESD-occurring probabilities in the above analyses (1% for grain saltation and 0.01% 955 
for global dust storms), although based on some knowledge, maintains certain arbitrary nature because no 956 
real measurements have yet been made on Mars. Our goal was to enable a rough estimation on the 957 
numbers of martian years (Table 4), after which the phase transformations observed in our experiments 958 
(dehydration, amorphization, and oxidations of Fe, Cl, and S) would be seen on Mars. The estimated time 959 
lengths would be 10 to 100 times longer if we chose to further reduce the probability by one to two order 960 
of magnitude for both extreme dust activities, with a result of thousands to tens’ thousands martian years.  961 
Nevertheless, the cold and dry atmospheric conditions have prevailed during Amazonian period (~ 3 Ga), 962 
especially in the most recent tens’ of million years, during which martian dust activities (dust storms, dust 963 
devil, and grain saltation) have been rampantly altering martian surface materials. Our experimental 964 
results suggest that ESD induced by martian dust activities may have contributed some of the S- and Cl-965 
rich X-ray amorphous materials at Gale crater, especially in surface soils.   966 
 967 
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Furthermore, compared with the high frequency of occurrence, large area, and long temporal coverage of 968 
martian dust activities in the current epoch on Mars, the other potential amorphization processes, i.e., the 969 
sudden exposure of subsurface hydrous salts or a sudden release of subsurface brines (section 1) that 970 
might be induced by impacts or by other events such as Recurring Slope Lineae (RSL) would result in 971 
mostly localized occurrences with a lower probability of occurrence. This comparison suggests that the 972 
ESD process induced by martian dust activities could be a very important process during the Amazonian 973 
period on Mars in causing the generation of S- and Cl-rich amorphous materials and the oxidation of Fe, 974 
S, and Cl. A direct implication of this conclusion is that we would anticipate significant amounts of S- 975 
and Cl-rich amorphous materials, with highly oxidized Cl, S, and Fe, over the entire surface of Mars.  976 
 977 
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Table 1. Salts used in the ESD process and analysis. 

 

Mineral name Salts Sources MP (°C) * time duration of ESD Raman  XRD MB VNIR IC 

Epsomite MgSO4.7H2O Sigma-Aldrich 150 0.25, 1, 2, 7h as is surfaces bulk sample        

Starkeyite  MgSO4.4H2O made from MgSO4.7H2O NA 1.5h as is surfaces bulk sample        

Kieserite MgSO4.H2O Aldrich 150 1.5h, 8.5h as is surfaces bulk sample        

Melanterite FeSO4.7H2O Fisher 60 0.25, 1, 3, 7h @ < 30°C* as is surfaces bulk sample  bulk sample  as is surfaces   

Rozenite FeSO4.4H2O made from FeSO4.7H2O NA 1.5h as is surfaces bulk sample        

Szomolnokite FeSO4.H2O made from FeSO4.7H2O 300 1.5, 8.5, 15.5h as is surfaces bulk sample        

Ferricopiapite Fe4.67(SO4)6(OH)2.20H2O 
made from Fe2(SO4)3.5H2O 

of ACROS 
NA 0.25h, 1h, 2h, 3h, 7h 

as is surfaces         

Na-Jarosite NaFe3(OH)6(SO4)2 RUBLEV 
NA 

0.25h, 1h, 2h, 7h,28h, 
31h, 57h, 64h as is surfaces   bulk sample  as is surfaces   

Na-jarosite +  MgCl2.6H2O at 1:1   NA 1h, 2h, 3h, 7h as is surfaces   bulk sample      

Na-jarosite +  MgSO4.7H2O at 1:1   NA 1h, 2h, 3h, 7h as is surfaces   bulk sample      

Gypsum CaSO4.2H2O Alfa Aesor 150 0.25, 1, 2, 7, 14, 16, 18h as is surfaces         

Thenardite_ Na2SO4 Sigma-Aldrich 884 0.25, 1, 2, 7h as is surfaces         

Sodium sulfite Na2SO3 Sigma 
NA 

0.25, 1, 2, 7h as is surfaces bulk sample      
Dissolved 

bulk sample 

Sodium bisulfite NaHSO3 Sigma NA 0.25, 1, 2, 7, 11h as is surfaces bulk sample        

Halite NaCl Sigma-Aldrich 801 7h   bulk sample        

Sylvite KCl Fisher 771 7h   bulk sample        

Bischofite MgCl2.6H2O Sigma-Aldrich 100 7h, 14h@ < 30°C   bulk sample        

Rokuhnite FeCl2.4H2O Fisher 105 7h @ < 30°C as is surfaces bulk sample  bulk sample  as is surfaces   

Sinjarite  CaCl2.2H2O  ACROS 175 7h, 14h @ < 30°C   bulk sample        

Chloraluminite  AlCl3.6H2O Sigma 100 7h @ < 30°C   bulk sample        

Pyrite FeS2 natural from Huanzala, Peru NA 3h, 7h, 10h, 14h as is surfaces bulk sample  bulk sample  as is surfaces   

Akaganeite FeO(OH,Cl) made by Fu et al., 2019 NA 0.25h, 1h, 2h, 3h, 7h as is surfaces   bulk sample      

 

* melting point (C) from CRC Handbook of Chemistry and Physics, 82nd edition (Lide 2001) 
 

 



Table 2. Mössbauer parameters obtained from curve fittings. 

 

Sample 
7h-ESD from 
FeCl2·4H2O 

7h-ESD from FeSO4·7H2O 7h-ESD from FeSO4·7H2O 

Model 
Lorentzian/Full 

Hamiltonian 
Lorentzian/Full 

Hamiltonian 
QSD/Velocity 
approximation 

Parameter    

CS 1 0.37 0.49 0.47 

QS 1 0.55 0.57 0.57 

Width 1 0.29 0.40 0.35* 

Area 1 48 23 15 

CS 2 0.38 0.42 0.42 

QS 2 0.93 1.20 1.09 

Width 2 0.32 0.49 0.54 

Area 2 40 21 29 

CS 3 1.22 1.28 1.27 

QS 3 2.96 2.64 2.66 

Width 3 0.26* 0.39 0.38 

Area 3 5 19 19 

CS 4 1.26 1.21 1.24  

QS 4 2.10 2.29 2.24 

Width 4 0.26 0.45 0.40 

Area 4 7 24 20 

CS 5  1.29 1.29 

QS 5  1.55 1.61 

Width 5  0.47 0.53 

Area 5  13 17 

%Fe3+ 88 44 44 

2 5.98 1.30 1.38 

*indicates parameter held constant. 

 

 



 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3. Compilation of analyses results of ESD products of the salts studied 

 

Minerals Salts Mid-phase after short ESD  (≤ 1.5 h) Final phase after long ESD (7h) 

Epsomite MgSO4.7H2O MgSO4.4H2O, Amor-III (Raman) Amor-III (Raman, XRD) 

Starkeyite MgSO4.4H2O Amor-III (Raman)   

Kieserite MgSO4.H2O Amor-II (Raman, XRD) Amor-II (XRD) 

Melanterite FeSO4.7H2O FeSO4.4H2O, FeSO4.H2O, Amor-II (Raman) Amor-III, FeSO4.H2O (Raman, XRD), Fe3+/Fetotal =44% (MB) 

Rozenite FeSO4.4H2O FeSO4.H2O, Amor-III (Raman)   

Szomolnokite FeSO4.H2O FeSO4.H2O, Fe2+ to Fe3+ (Raman) Fe2+ to Fe3+, FeSO4.H2O (Raman, XRD) 

Ferricopiapite Fe4.67(SO4)6(OH)2.20H2O 
Ferricopiapite, Rhomboclase, Amor-III 
(Raman) 

Amor-III, mikasaite, Fe2(SO4)3 (Raman) 

Na-Jarosite NaFe3(OH)6(SO4)2 No obvious phase change no obvious phase change, rare hematite, ~ 100% jarosite (MB) 

Na-jarosite + MgCl2.6H2O at 1:1 No obvious phase change No obvious phase change, rare hematite, goethite, ~ 100% jarosite (MB) 

Na-jarosite + MgSO4.7H2O at 1:1 No obvious phase change No obvious phase change, ~100% jarosite (MB) 

Gypsum CaSO4.2H2O   -anhydrite, basanite, Amor-I (Raman) 

Thenardite Na2SO4   Amor-I (Raman) 

Sodium sulfite Na2SO3   Amor-I (Raman),S4+ to S6+ (IC) 

Sodium 
bisulfite 

NaHSO3   Amor-I, S4+ to S6+ (XRD) 

Halite NaCl   No obvious phase change 

Sylvite KCl   No obvious phase change 

Bischofite MgCl2.6H2O   MgCl2 xH2O (x=1, 2, 4), Amor-I, Cl1- to Cl7+ (XRD) 

Rokuhnite FeCl2.4H2O Amor-III (Raman) FeCl2.2H2O, FeCl2, Amor-III, Fe2+ to Fe3+(Raman, XRD),  Fe3+/Fetotal =88% (MB) 

Sinjarite CaCl2.2H2O   dehydration 

Chloraluminite AlCl3.6H2O   Amor-III (XRD) 

Akaganiete FeO(OH,Cl)   No obvious change, ~ 100% Fe3+ (MB) 

Pyrite FeS2 
 

Minor changes (Raman, VNIR,  XRD), ~ 98% Fe3+ (MB) 

 

 

  



Table 4. Rough calculations on grain saltation (GS) and global dust storm (GDS) induced ESD probabilities based on mission 

observations and various assumptions 

 

Basics     

a year on Mars 668 sols   

a sol on Mars 
24h 39m 

24s   

total Earth days in a Mars year (day) 687   

total Earth hours in a Mars year (hour) 16488   

Probability in a Mars year GS* GDS** 

Once per every three Mars years   0.33 

Assumed duration  (10% of a Mars year)   0.1 

Assumed area coverage (80%  surface)   0.8 

Probability having a GDS pass a site    0.026 

Total duration of a GDS at a site (hour)   435 

Probability of wind speed > 5 m/s (Gale crater)  0.53 
 

Total duration of GS at Gale crater (hour) 8739 
 

Chosen ESD occurring probability 1% 0.01% 

Probability  to see ESD at a site  5.30E-03 2.6E-06 

Duration of ESD at a site (hour) 87 0.0435 

Electron flux density vs. current study (ESD-NGD)   
 

ESD-NGD of same level by GDS   1.0 

typical TDD by GS 1.00E-04 
 

To reach the same level of PT*** on Mars  (year)   
 

End-phases of 0.25h-ESD-NGD  29 5.7 

End-phases of 7h-ESD-NGD  801 161 

 
* GS = Grain Saltation  
** GDS = Global Dust Storm 
*** PT= phase transformation 
 



Figure 11. Mössbauer spectrum and curve fitting results (a, b) of a  7h 
ESD product from melanterite, FeSO4·7H2O 

Fe3+/Fetotal = 44% 

a 

b 

Fe3+/Fetotal = 44% 



Figure 12. Raman spectra of ESD product from ferricopiapite 
Fe4.67(SO4)6(OH)2·20H2O, compared with standards. (a) Standard spectra of 
ferricopiapite (ferri), rhomboclase FeH(SO4)·4H2O (rhom), amorphous 
Fe2(SO4)3·5H2O (Am5w), anhydrous Fe2(SO4)3(anhy), and mikasaite 
Fe2(SO4)3(mika) (Ling and Wang 2010); (b) Raman spectra of ESD products from 
ferricopiapite. 
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Figure 13. Raman spectra of 7h ESD product from Na2SO4, compared 
with the spectrum of starting Na2SO4. 
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Figure 14. Raman spectra of 7h ESD product from CaSO4·2H2O 



Figure 15. Raman spectra of 7h ESD products from NaSO3, compared 
with standard spectra.  
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Figure 16. XRD results of 7h ESD product from NaHSO3, compared with 
original salt, and standards. 



Figure 17. Results from ion chromatography on 1h, 2h, 7h ESD products 
from Na2SO3.  



Figure 18. Typical Raman spectra of LT-ESD-products from FeCl2·4H2O, 
compared with a standard spectrum of starting FeCl2·4H2O. 
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Figure 19. XRD pattern of  LT-7h ESD product from FeCl2·4H2O, 
compared with standards.  



Figure 20. Mössbauer spectrum and curve fitting results of a 7h ESD 
product from FeCl2·4H2O. 

Fe3+/Fetotal = 88% 



Figure 21. VNIR spectra from as is surfaces of 0.25h, 1h, 3h, 7h LT-ESD 
(Teq <30C) from FeCl2·4H2O.  



Figure 22. XRD results of ESD-7h products from NaCl, KCl, which match 
with PDF:00-005-0628(NaCl) and PDF: 00-004-0587 (KCl). 
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Figure 23. XRD results obtained from LT-7h ESD on AlCl3·6H2O, 
MgCl2·6H2O and CaCl2·2H2O, compared with standards. 
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Figure 1. Scheme of ESD experimental setup 



Figure 2. Examples of the equilibrated temperatures Teq during ESD 
experiments on studied salts 



Figure 3. (a) starting MgCl2·6H2O in a SiO2 cell; (b, c, d) LT-7h ESD 
product of MgCl2·6H2O (in a SiO2 cell, and zoom-in) 
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Figure 4. Raman spectra of 0.25h ESD products from MgSO4·7H2O in (a) 
spectral range of fundamental vibrational modes; (b) spectral range of  H2O 
modes, which are compared with standard Raman spectra of MgSO4·3H2O 
(3w), MgSO4·4H2O (4w), MgSO4·5H2O (5w), MgSO4·6H2O (6w).  
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Figure 5. Raman spectra of 1.5h ESD products  (a) from 
MgSO4·4H2O compared with standard spectrum (4w); (b) from 
MgSO4·H2O compared with standard spectrum (1w) 



Figure 6. XRD results of ESD products from MgSO4·7H2O, MgSO4·4H2O. 
MgSO4·H2O, compared with standard XRD patterns of starkeyite (MgSO4·4H2O), 
Kieserite (MgSO4·H2O), and caminite (MgSO4·xMg(OH)2· (1-2x)H2O). 
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Figure 7. Raman spectra of LT-ESD products from FeSO4·7H2O (using 1% laser 
power=0.5 mw, Teq < 30°C); (a) First 60 spectra from a 99-spots Raman analysis 
on as is surface of 0.25h LT-ESD product, compared with standard Raman 
spectra; (b) first 60 spectra of a 120 Raman analysis on as is surface of  LT-7h 
ESD product.  
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Figure 8. Raman spectra of ESD products: (a) 1.5h-ESD product from 
FeSO4·4H2O; (b) products after 1.5h, 8.5h, 15.5h ESD process from 
FeSO4·H2O, compared with standard spectra. 
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Figure 9. XRD result of LT-7h ESD product (bulk sample) from melanterite 
FeSO4·7H2O and szomolnokite FeSO4·H2O, compared with standard. 
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Figure 10. VNIR spectra on as is surfaces of 0.25h, 1h, 3h,  7h LT-ESD 
(Teq<30C) from melanterite FeSO4·7H2O.  
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Figure S2. Photo of Na-jarosite after 35h and  64h ESD. 
 
Figure S3. Raman spectra of 64h ESD product from Na-jarosite. Raman sampled spots 
are from dark area on as is surface. 
 
Figure S4. Mössbauer spectrum and curve fitting results of post 64h ESD jarosite. 
 
Figure S5. Raman spectra of 7h ESD product from akaganeite. 
 
Figure S6. Raman spectra on as is surface of 14h ESD product from pyrite. They have the 

peak ranges of 378.5 – 368.8 ( =9.7) cm-1 and 342,0 – 337.0 (=5.0) cm-1; while the 
original natural pyrite sample (from Huanzala, Peru) has much narrow peak ranges of 

379.8 – 374.6 (=5.2) cm-1 and 344.4 – 340.6 ( =3.7) cm-1. In addition, doublet occurs 
frequently that does not exist in the spectra of original pyrite.  
 
Figure S7. Three types of electrostatic discharge (Gallo 1975). 
 
Figure S8. Plasma spectra generated by ESD in CO2, CO2+H2O, and MSGM (from Figure 4 
of Wu et al., 2018) 
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This supporting information document contains two tables and eight figures that 
provide additional information for the observations presented in this manuscript.  

Table S1 lists the derived electron flux in the ESD experiments based on the current 

measurement (~ 22 mA,  same value to that of Wu et al., 2018), which is 1.421020 s-1m-

2. When compared with the calculated electron fluxes based on modeled value for ESD- 
Townsend dark discharge (TDD) and ESD-normal glow discharge (NGD)(Delory et al., 

2006), 91016 s-1m-2 (TDD) and 1.51024 s-1m-2 (NGD), we can conclude that the electron 
flux density realized in our experiments has a strength mid-way between ESD-TDD and 
ESD-NGD. 

Table S2 lists the Weibull probability density function calculated used the Weibull 
parameters obtained from the curve fit of REMS data from sol 9 to sol 1474 (1465 sols 
=2.19 Mars year): Cc=6.87 m/s, k=1.73, into the Weibull probability  density function: 
f(v)=(k/c)(v/c)^(k-1)exp(-(v/c)^k). (Viudex-Mpreiras et al., 2019) 

Figure S1 supports section 4.2.1 ESD products from FeSO4.xH2O (x=1, 4, 7), especially 
the Mossbauer analysis results.  
 
Figure S2-S6 support section 4.1.3.2 ESD products from Na-jarosite, akaganeite, and 
pyrite that show no obvious phase changes after 7h, 14h, 64h ESD processes on those 
minerals.  
 
Figure S7 support the discussion in section 6. Implications for martian dust activities, 
especially about the major differences between Townsend dark discharge (TDD), or 
normal glow discharge (NGD) is in electron flux density (Gallo 1975). 
 
Figure S8 (from Figure 4 of Wu et al., 2018) supports the statement in abstract and 
section 2 on the generation of “free Radicals” by ESD process in CO2, CO2+H2O, and 
MSGM, shown as their emission lines in plasma spectra.  
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Table S1. Calculated electron flux of our ESD experiments which is same as Wu et al 
(2018) compared with modeled ESD-TDD and ESD-NGD (Delory et al., 2006). 
 

ESD-NGD of Wu et al., 
2018:           

current  in mA 
current  in 

C/s 

number of 
electron per 
second (1/s) 

electrode 
diameter (m) 

electrode 
area (m^2) 

electron flux 
(number of 

electron/(s*m
^2)) 

22 0.022 1.37E+17 0.035 0.000962 1.43E+20 

Delory et al., 2006, 
Figure 4 & 5 

  
      

      

electron drift 
velocity 
(m/s) by 

Delory model 
[3] 

electron 
density 

(Ne/m^3) by 
Delory model 

electron flux 
(number of 

electron/(s*m
^2)) by Delory 

model 

BEFT of ESD_TDD = 25 
kV/m (Farrell et al., 2015)     3.00E+05 3.00E+11 9.00E+16 

BEFT of ESD_NGD = 34 
kV/m (Yan et al., 2017)     3.00E+05 5.00E+18 1.50E+24 

 
[1]. 1 ampere (A) =1 Coulomb/s, 1 Coulomb =6.238729x1018 electron charge, 1 eV =1.6x10-19 Joule 
[2]. Electrode: diameter=0.035mm, area=0.000962 m2 
[3]. Assuming the electron drift velocities for ESD-TDD and ESD-NGD are very similar
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Table S2. MSL_REMS Weibull probability density function (Viudex-Mpreiras et al., 
2019) 
 
Weibull probability  density function: f(v)=(k/c)(v/c)^(k-1)exp(-(v/c)^k) 
 
The obtained Weibull Parameters based on curve fit of REMS data from sol 9 to sol 1474 
(1465 sols =2.19 Mars year): Cc=6.87 m/s, k=1.73 
 

v 
(m/s) k/c v/c 

(v/c)^k-
1 (v/c)^k 

exp(-
(v/c)^k) f(V) area 

< 3.5 
m/s 

< 5 
m/s 

< 7 
m/s 

< 10 
m/s 

< 15 
m/s 

< 20 
m/s 

0 0.2518 0.0000 0.0000 0.0000 1.0000 0.0000               

0.5 0.2518 0.0728 0.1477 0.0107 0.9893 0.0368 0.0184             

1 0.2518 0.1456 0.2449 0.0357 0.9650 0.0595 0.0298             

1.5 0.2518 0.2183 0.3293 0.0719 0.9306 0.0772 0.0386             

2 0.2518 0.2911 0.4062 0.1183 0.8885 0.0909 0.0454             

2.5 0.2518 0.3639 0.4781 0.1740 0.8403 0.1012 0.0506             

3 0.2518 0.4367 0.5462 0.2385 0.7878 0.1084 0.0542             

3.5 0.2518 0.5095 0.6112 0.3114 0.7324 0.1127 0.0564 0.2933           

4 0.2518 0.5822 0.6738 0.3923 0.6755 0.1146 0.0573             

4.5 0.2518 0.6550 0.7343 0.4810 0.6182 0.1143 0.0572             

5 0.2518 0.7278 0.7930 0.5771 0.5615 0.1121 0.0561   0.4638         

5.5 0.2518 0.8006 0.8501 0.6806 0.5063 0.1084 0.0542             

6 0.2518 0.8734 0.9059 0.7912 0.4533 0.1034 0.0517             

6.5 0.2518 0.9461 0.9604 0.9087 0.4031 0.0975 0.0487             

7 0.2518 1.0189 1.0138 1.0330 0.3560 0.0909 0.0454     0.6639       

7.5 0.2518 1.0917 1.0661 1.1639 0.3123 0.0838 0.0419             

8 0.2518 1.1645 1.1176 1.3014 0.2722 0.0766 0.0383             

8.5 0.2518 1.2373 1.1681 1.4453 0.2357 0.0693 0.0347             

9 0.2518 1.3100 1.2179 1.5955 0.2028 0.0622 0.0311             

9.5 0.2518 1.3828 1.2670 1.7520 0.1734 0.0553 0.0277             

10 0.2518 1.4556 1.3153 1.9145 0.1474 0.0488 0.0244       0.8620     

10.5 0.2518 1.5284 1.3630 2.0832 0.1245 0.0427 0.0214             

11 0.2518 1.6012 1.4101 2.2577 0.1046 0.0371 0.0186             

11.5 0.2518 1.6739 1.4566 2.4382 0.0873 0.0320 0.0160             

12 0.2518 1.7467 1.5025 2.6245 0.0725 0.0274 0.0137             

12.5 0.2518 1.8195 1.5480 2.8166 0.0598 0.0233 0.0117             

13 0.2518 1.8923 1.5929 3.0143 0.0491 0.0197 0.0098             

13.5 0.2518 1.9651 1.6374 3.2177 0.0400 0.0165 0.0083             

14 0.2518 2.0378 1.6815 3.4266 0.0325 0.0138 0.0069             

14.5 0.2518 2.1106 1.7251 3.6411 0.0262 0.0114 0.0057             

15 0.2518 2.1834 1.7683 3.8610 0.0210 0.0094 0.0047         0.9786   

15.5 0.2518 2.2562 1.8112 4.0864 0.0168 0.0077 0.0038             
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16 0.2518 2.3290 1.8537 4.3171 0.0133 0.0062 0.0031             

16.5 0.2518 2.4017 1.8958 4.5532 0.0105 0.0050 0.0025             

17 0.2518 2.4745 1.9375 4.7945 0.0083 0.0040 0.0020             

17.5 0.2518 2.5473 1.9790 5.0410 0.0065 0.0032 0.0016             

18 0.2518 2.6201 2.0201 5.2928 0.0050 0.0026 0.0013             

18.5 0.2518 2.6929 2.0609 5.5497 0.0039 0.0020 0.0010             

19 0.2518 2.7656 2.1014 5.8118 0.0030 0.0016 0.0008             

19.5 0.2518 2.8384 2.1416 6.0789 0.0023 0.0012 0.0006             

20 0.2518 2.9112 2.1816 6.3511 0.0017 0.0010 0.0005           0.9959 

20.5 0.2518 2.9840 2.2213 6.6283 0.0013 0.0007 0.0004             

21 0.2518 3.0568 2.2607 6.9104 0.0010 0.0006 0.0003             

21.5 0.2518 3.1295 2.2999 7.1975 0.0007 0.0004 0.0002             

22 0.2518 3.2023 2.3388 7.4896 0.0006 0.0003 0.0002             

22.5 0.2518 3.2751 2.3775 7.7865 0.0004 0.0002 0.0001             

23 0.2518 3.3479 2.4159 8.0882 0.0003 0.0002 0.0001             

23.5 0.2518 3.4207 2.4542 8.3948 0.0002 0.0001 0.0001             

24 0.2518 3.4934 2.4922 8.7062 0.0002 0.0001 0.0001             

24.5 0.2518 3.5662 2.5300 9.0224 0.0001 0.0001 0.0000             

25 0.2518 3.6390 2.5675 9.3433 0.0001 0.0001 0.0000             
 

Probability of wind speed  (in the 2.19 Mars year) 

> 3.5 m/s > 5m/s > 7m/s > 10 m/s > 15 m/s > 20 m/s 

0.7040 0.5335 0.3334 0.1354 0.0187 0.0014 
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Figure S1. Photos of 0.25h, 1h, 3h, 7h ESD products from melanterite, FeSO4·7H2O. 

 

 
 

  



 

 

8 

 

 

 

  

Figure S2. Photos of Na-jarosite after 35h and 64h ESD. 
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Figure S3. Raman spectra of 64h ESD product from Na-jarosite. Raman sampled spots are from dark 
area on as is surface. 
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Figure S4. Mössbauer spectrum and curve fitting results of post 64h ESD jarosite. 
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Figure S5. Raman spectra of 7h ESD product from akaganeite. 
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Figure S6. Raman spectra on as is surface of 14h ESD product from pyrite. They have the 

peak ranges of 378.5 – 368.8 ( =9.7) cm-1 and 342,0 – 337.0 (=5.0) cm-1; while the 
original natural pyrite sample (from Huanzala, Peru) has much narrow peak ranges of 

379.8 – 374.6 (=5.2) cm-1 and 344.4 – 340.6 ( =3.7) cm-1. In addition, doublet occurs 
frequently in ESD products that does not exist in the spectra of original pyrite.  
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Figure S7. Three types of electrostatic discharge (Gallo 1975). 
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Figure S8 (from Figure 4 of Wu et al., 2018). Plasma emission spectra generated by ESD in 
PEACh within three different atmospheric environments at room temperature (a) in dry CO

2
 

(3.0 mbar); (b) in CO
2
+H

2
O (6.2 mbar, 7.2 %RH); (c) in Mars Simulate Gas Mixture (MSGM, 

CO
2
 95%, N

2
 2%, Ar 2%, O

2
 1%, 3.0 mbar).  
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Key points 18 
 19 

 Amorphization of S and Cl salts was induced by electrostatic discharge (ESD) in a Mars 20 
chamber that simulates martian dust activities.  21 

 Amorphization is commonly accompanied by dehydration of salts and the oxidation of Fe, 22 
Cl, and S species.  23 

 Dust activities may have generated and deposited large quantities of S- and Cl-rich 24 
amorphous materials all over the martian surface. 25 

 26 
 27 

  28 



Confidential manuscript submitted to J. Geophysical Research: Planets 

 

2 
 

Abstract 29 
 30 
A high proportion of non-crystalline (X-ray-amorphous) components has been found in all 31 
samples analyzed by CheMin on the Curiosity rover at Gale crater on Mars, and such X-ray-32 

amorphous components probably occur at all sites that have been investigated thus far by landers 33 
and rovers. The amorphous material at Gale crater is rich in volatiles (S, Cl, and H2O), as 34 
indicated by other science payload elements (APXS, SAM). We demonstrate here that 35 
amorphization of S and Cl salts can be induced by energetic electrons and free radicals generated 36 
in a medium-strength electrostatic discharge (ESD) process during martian dust activities such as 37 

dust storms, dust devils, and grain saltation. Furthermore, we found that the amorphization is 38 
commonly accompanied by dehydration of the salts and oxidation of Cl, S, and Fe species. On 39 
the basis of experimentally observed rates of the above phase transformations and the mission-40 
observed dust activities and wind speeds on Mars, we anticipate that similar phase 41 

transformations could occur on Mars within a time frame of years to hundreds of years. 42 
Considering the high frequency, long duration, and large areal coverage of Martian dust 43 

activities, our study suggests that the ESD induced by Martian dust activities may have 44 
contributed to some the S- and Cl-rich portion of X-ray amorphous materials observed in surface 45 

soils at Gale crater. Furthermore, dust activities in the Amazonian period may have generated 46 
and deposited a significant quantity of S- and Cl-rich amorphous materials all over Mars.  47 

 48 
 49 

 50 
Plan language summary 51 
 52 
Martian dust activities have been altering the look of the surface of Mars, by the blast of particles 53 

of various sizes. In addition, frictional electrification in these events would charge the particles, 54 

and the charged particles would be further spatially separated by wind at the same time, to form 55 

an electric field like those formed in the cloud layers on Earth. Electrostatic discharge (ESD) 56 

would occur when enough charges are accumulated. Unlike the lightning on Earth, another two 57 

types of ESD, Townsend dark discharge (TDD) and normal glow discharge (NGD) would more 58 

likely occur on Mars because of its thin atmosphere. The electrostatic discharge (ESD) would 59 

induce electrochemical reactions and change Martian surface materials. Our new simulated ESD 60 

experiments revealed three types of phase changes can occur in S and Cl salts. They are 61 

amorphization (damage of crystal structure), dehydration (loss of structural water), and oxidation 62 

of Cl, S, and Fe. Because of the high occurring frequency, the large area coverage, and long 63 

duration of dust events during the recent Amazonian period on Mars, our results imply that 64 

Martian dust activities may have generated and deposited a large quantity of S- and Cl-rich 65 

amorphous materials all over the surface of Mars. 66 

67 
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1. Introduction 68 
 69 

Among many great findings in martian mineralogy, the discovery of X-ray amorphous components in all 70 
samples analyzed by CheMin on the Curiosity rover at Gale crater (Bish et al., 2013, Blake et al., 2013, 71 
Vaniman et al., 2014) has been an eye-opening discovery. The proportion of X-ray amorphous 72 
components in different martian samples ranges from ~19-36 wt% in active and inactive dune materials, 73 
to ~ 20-56 wt% in all mudstones, and ~ 14-71 wt% in altered and less-altered Stimson formation samples 74 
(the lowest estimated percentages based on Table 1 and Table 10 of Morrison et al., 2018a, which were 75 
supported within the uncertainty range of measurements and analyses by Achilles et al., 2017; Morris, et 76 
al., 2016; Rampe et al., 2017, 2018; Yen et al., 2017), implying multiple geological processes for 77 
producing the X-ray amorphous components.  78 
 79 
In the early history of Mars, several geological processes would form species with low crystallinity. 80 
These processes include volcanic activity, impacts, hydrothermal activity, and chemical (including acidic) 81 
weathering at low temperature that could free (or partially free) molecules or ionic groups in geological 82 
materials, but with insufficient time (or energy) for the newly formed phases to reach crystallographic 83 
equilibrium, i.e., an ordinary degree of crystallinity.  84 
 85 
A phenomenon with equal significance was that the X-ray amorphous components in all Gale crater 86 
samples have a high concentration of volatile-element components (e.g., SO3 and Cl), a conclusion from 87 
combined CheMin and APXS data analyses (Dehouck et al., 2014; Morris et al., 2016; Rampe et al., 2017, 88 
2018; Yen et al., 2017; Achilles et al., 2017), based on a newly developed method to refine unit-cell 89 
parameters that has increased the accuracy in derived major-mineral chemistry (Morrison et al, 2018b).  90 
An overview published by Morrison et al. (2018a) revealed the highest concentration of SO3 + Cl in the 91 
amorphous component  of a surface soil (Rocknest), among all 13 samples from Bradbury landing 92 
through Naukluft Plateau (from sol 69 to sol 1332) at Gale crater, to be 24.4 wt% for SO3 and 3.5 wt% for 93 
Cl. In addition, the data from the SAM payload on the same set of collected samples support the existence 94 
of poorly crystalline magnesium and iron sulfates and the association of water with amorphous phases 95 
(Sutter et al. 2017, 2019).  A relevant observation made by the Spirit and Opportunity rovers at Gusev 96 
crater and Meridiani Planum, was that a higher content of SO3 and Cl were found in surface soils and un-97 
brushed rock surfaces than in rock interiors (Yen et al. 2005; Gellert et al., 2006). The S and Cl 98 
enrichment nature and the similar molar S/C ratio in air-fall dust were further confirmed by APXS 99 
analyses of the Curiosity rover, and were implied to relate to global Martian dust (Berger et al., 2015, 100 
Schmidt et al., 2018). A key follow up question is:  By what processes could some of the S- and Cl-101 
bearing salts at the martian surface become (or form as) X-ray amorphous materials?   102 
 103 
A sudden exposure (by impact or by rover trench, e.g., Byrne et al., 2009; Wang et al., 2006a) of 104 
subsurface hydrous sulfates to current atmospheric conditions at the martian surface, as simulated by 105 
vacuum desiccation of hydrous salts in laboratory experiments (Sklute et al., 2015; Vaniman et al., 2004; 106 
Wang et al., 2006b, Wang and Zhou 2014), could have formed amorphous sulfates directly from 107 
crystalline Mg, Fe

2+
, and Fe

3+
 sulfates. Another process, a sudden release of subsurface brine(s) to the 108 

current martian surface with subsequent desiccation may also form non-crystalline salts. Geological 109 
processes on present-day Mars that might induce subsurface brine release could be Recurring Slope 110 
Lineae (RSL) (McEwen et al., 2014, Wang et al., 2019) and impacts. In a fast brine-dehydration 111 
laboratory simulation, amorphous ferric sulfates were first found to form at mid to high temperatures 112 
(293-323 K) (Sklute et al., 2015; Wang et al., 2012), and amorphous Mg, Fe

2+
, Fe

3+
 (but not Ca, K, Na) 113 

sulfates formed at 77 K (Morris et al., 2015). Sklute et al. (2018) further revealed the formation of 114 
amorphous phases from pure FeCl3 brine (but not from pure CaCl2, MgCl2, and NaCl brines), and from 115 
the brines of mixed salts, i.e., Fe2(SO4)3 mixed with Na, Mg, Ca, Fe

3+
 chlorides and Na bicarbonate, at 116 

room temperature. Toner et al. (2014) observed that amorphous glasses of Mg(ClO4)2 and Ca(ClO4)2 117 
formed near 153 K by cooling the relevant brines below their eutectic temperatures. Furthermore, both 118 



Confidential manuscript submitted to J. Geophysical Research: Planets 

 

4 
 

amorphous Mg and Fe
3+

sulfates can host structural H2O to various degrees (up to three structural H2O per 119 
Mg-sulfate molecule, and up to eleven structural H2O per Fe

3+
-sulfate molecule), all of which are stable at 120 

low relative humidity (RH <11%) and in a wide temperature range (278-323 K) (Wang et al., 2009, 2012).  121 
 122 
In addition, energetic particles from space, such as galactic cosmic rays and energetic UV photons, are 123 
capable of damaging the crystal structures of surface minerals on airless planetary bodies, while their 124 
effect on martian secondary minerals at the surface needs further investigation. 125 
 126 
On the basis of the studies referenced above and our previous experimental investigations (Wu et al., 127 
2018, Wang et al., 2020), we hypothesize that S- and Cl-rich X-ray amorphous materials at the surface of 128 
Mars may be very common, and one mechanism to produce them is by multiphase redox plasma 129 
chemistry (or simply, electrochemistry) induced by electrostatic discharge (ESD) that occurred during 130 
martian dust activities during the Amazonian period. In this manuscript, we report the results of 75 sets of 131 
ESD experiments on 22 Mars-relevant minerals under martian atmospheric conditions to explore and test 132 
our hypothesis.  133 
 134 
We present some background about ESD in martian dust events in section 2, the studied samples and the 135 
experiments in section 3, and the results in section 4. We then report the finding of three phase 136 
transformation trends in section 5, and discuss the implications of our study in section 6.  137 
 138 
2. Martian dust activities, ESD, free radicals, and electrochemistry 139 
 140 
Frictional electrification of mineral particles and aerosols can occur in four types of martian surface 141 
processes: volcanic eruption, dust storm, dust devil, and grain saltation. Except for volcanic eruptions, the 142 
last three processes occur continuously on present-day Mars. For example, regional dust storms occur 143 
every martian year and a global dust storm occurs every 6-8 Earth years (Shirley, 2015; Wang and 144 
Richardson, 2015). Dust devils have been observed by all landed missions on Mars (Metzger and Carr, 145 
1999; Ferri at al., 2000; Ellehoj et al., 2010; Greeley et al., 2006, 2010; Lemmon et al., 2017; Murphy et 146 
al., 2016), as well as remotely by orbital observations (Cantor et al., 2006; Choi and Dundas, 2011; Reiss 147 
and Lorentz, 2016; Verba et al., 2010; Whelley and Greeley, 2008). Grain saltation was first confirmed on 148 
Mars at Meridiani Planum and Gusev Crater (Sullivan et al., 2005, 2008), with laboratory simulations 149 
suggesting that they could be a ubiquitous occurrence on the martian surface (Sullivan and Kok, 2017).   150 
 151 
A tendency for triboelectric charge, i.e., generation of negative charges on smaller grains, but positive 152 
charges on larger grains of similar composition, was revealed by experiments (Forward et al., 2009; 153 
Krauss et al., 2003). Separation of smaller grains from larger grains by convective martian dust events 154 
would generate a large-scale charge separation, i.e., an active electric field (E-field). On Earth, E-fields of 155 
up to 166 kV/m was detected during grain saltation (Schmidt et al., 1998), and 60 kV/m during the 156 
passage of dust devils (Esposito et al., 2016; Farrell et al., 2004; Harrison et al., 2016; Jackson and 157 
Farrell, 2006).   158 
 159 
When a local E-field accumulates beyond the breakdown electric field threshold (BEFT), electrostatic 160 
discharge (ESD) can occur. BEFT on Mars is estimated to be ~ 25-34 kV/m from measurements in Mars 161 
environmental chambers (Farrell et al., 2015; Yan et al., 2017), slightly higher than ~ 20-25 kV/m from a 162 
modeling study (Melnik and Parrot, 1998). This range is about 1% of the BEFT on Earth (~ 3000 kV/m), 163 
which matches with martian atmospheric pressure being < 1% that of Earth. Therefore, ESD occurs on 164 
Mars much more easily than on Earth. The low BEFT on Mars prevents the accumulation and separation 165 
of large amounts of charges, thus lightning would be unlikely to occur. Whereas the other two types of 166 
ESD (Gallo, 1975), Townsend dark discharge (TDD) and normal glow discharge (NGD) would more 167 
likely occur on Mars. In a set of experiments simulating grain saltation using silicates under Mars 168 
atmospheric composition and pressure, Bak et al. (2017) detected light emissions (red colored glow from 169 
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quartz sand and blue colored glow from basaltic sand) that are similar to normal glow discharge (NGD) in 170 
a Mars chamber simulated in our laboratory (Wang et al., 2020; Wu et al., 2018).  171 
 172 
ESD generates a flux of energetic electrons with high speed, i.e., an electron avalanche. These electrons 173 
collide with gaseous molecules and atoms in the martian atmosphere,  CO2, O2, N2, Ar, and H2O, to cause 174 
electron impact ionization (EII) of CO2, electron/CO2 dissociation attachment (ED of CO2), and 175 
electron/H2O dissociation attachment (ED of H2O) (Jackson et al., 2010; Wu et al., 2018). The collision 176 
generates free radicals, including ions with positive and negative charges, neutral species at excited states, 177 
and additional electrons. The last one could cause further chain electron avalanches (Delory et al., 2006).  178 
 179 
Above expectations were validated by our experimental observations (Wu et al., 2018) of CO

2+
, CO

+
, OI, 180 

HIII, HII, OH, ArI, N2, N2
+
 by in situ plasma emission spectroscopy (also O2, NO, and O

+ 
because of the 181 

overlapping of plasma lines used for detection, Figure S8) and O3 in the output gas by UV and mid-IR 182 
spectroscopy (Figure 5 of Wu et al., 2018), generated by normal glow discharge (ESD-NGD) under 183 
simulated Mars atmospheric composition and pressure. During a simulated saltation experiment on 184 
silicates upon contact of water (Bak et al., 2017), H2O2 and ·OH were detected.  Furthermore, Aerts et al. 185 
(2015) reported CO2 splitting (to CO and O2) by dielectric barrier discharge.   186 
 187 
These energetic free radicals could react with the molecules in the martian atmosphere and in surface 188 
materials. As demonstrated by our previous work, these multiphase redox plasma chemical reaction (or 189 
simply electrochemical reaction) cause the oxidation of chlorine from chloride (Cl

1-
) to 190 

chlorate/perchlorate (Cl
5+

 and Cl
7+

) (Wu et al., 2018), and the release of Cl atoms at the first excited state 191 
(ClI) from common chlorides (Wang et al., 2020), instantaneously and apparently with high yields.   192 
 193 
3. Samples and Experiments 194 
 195 
3.1 Sample selection  196 
In order to validate our hypothesis, i.e., to make our experiments relevant to the volatile portion (high wt% 197 
of SO3 + Cl) of the X-ray amorphous component found on Mars (Dehouck et al., 2013; Morris et al., 2016; 198 
Morrison et al., 2018a; Rampe et al., 2017), we selected crystalline sulfates and chlorides as the starting 199 
phases for our ESD experiments. For the most part, hydrous salts were used, based on the association of 200 
H2O with amorphous phases suggested by data analyses of SAM (Sutter et al., 2017, 2019). Salts with Mg, 201 
Fe

2+
, Fe

3+
, Ca, Al, Na, K were selected, based on the findings by recent missions of martian sedimentary 202 

minerals, i.e., they are  enriched in Mg and Fe, less in Ca, and relatively depleted in Na and K (McLennan 203 
and Grotzinger 2008; McLennan, 2012; McLennan et al., 2019). A few relevant samples were added later, 204 
including two Na-sulfites, an Fe-sulfide (pyrite), and a Fe-hydroxide (akaganeite). These starting phases 205 
are listed in Table 1.  206 
 207 
Each starting sample for an ESD experiment was ground and sieved. A grain size range of 63-88 µm was 208 
selected for all samples. Each powdered sample was placed into a fused-SiO2 cell with an inner diameter 209 
of 22 mm and inner depth of 2 mm, i.e., about 760 mm

3  
in volume. Depending on the density of different 210 

salts, a total mass of different salts in the range of 400-1100 mg was used. During each ESD experiment 211 
(Figure 1), the SiO2 sample cell was placed in the lower electrode (Figure 1b), facing the energetic 212 
electrons from the upper electrode, and was entirely enveloped by the generated plasma (inset of Figure 213 
1).  214 
 215 
3.2 ESD experiments 216 
A Planetary Environment and Analysis Chamber (PEACh) at Washington University in St. Louis (Sobron 217 
and Wang, 2012) was used for all ESD experiments designed for this study. A combination of needle and 218 
ball valves connect the PEACh with a CO2 gas tank to regulate atmospheric pressure (and composition 219 
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when desired). The PEACh was first evacuated to 310
-2

 mbar to remove the air, and then filled with pure 220 
ultra-dry CO2 for this study. The ESD experiments of this study were conducted with active evacuation 221 
and continuous CO2 in-filling. The pressure was kept at 3 ± 0.1 mbar in each ESD experiment.  222 
 223 
As described by Sobron and Wang (2012), the temperature of the sample cell can be controlled by a 224 
liquid nitrogen (LN2) delivery system attached to the PEACh (Figure 1). The LN2, stored in a dewar 225 
outside the PEACh, is heated by a resistor immersed in the LN2 reservoir, and the evaporated N2 gas at 226 
near-LN2 temperature is directed via a feedthrough in the PEACh’s wall into a toroid-shaped, double-227 
walled copper block (referred to as the cold plate hereafter) that sits inside the PEACh. Another 228 
feedthrough allows for the evacuation of the nitrogen gas after its circulation through the cold plate. An 229 
electronic controller (OMEGA Engineering Inc. CN76000 autotune controller) monitors the temperature 230 
of the cold plate via a resistive thermal device and regulates the flow of cold N2 gas that enters the cold 231 
plate. This setup allows the temperature of the cold plate to be kept relatively constant at a desired 232 
temperature between 21C and −100C with deviations of less than 0.5C.  233 
 234 
The normal glow discharge (NGD) in this set of ESD experiment was generated by two parallelly 235 
mounted electrodes in the PEACh (Fig. 1b). They are made of copper, with a diameter of 35 mm. The 236 
distance between the two electrodes was adjusted by a motorized precision translation stage (Thorlab PTI-237 
Z8), 6 mm was used in all experiments of this study.  238 
 239 
We used AC power (110 V, 50/60 Hz), a contact voltage regulator (No. 2090 VR), and a triggering neon 240 
power supply (CPI Advanced Inc., CPI-EZ12, max output 12 kV, 40 mA) that was directly connected to 241 
the ESD electrodes in the PEACh. Electric voltage from the upper electrode to the ground, and electric 242 
current through the pair of ESD electrodes were recorded every 30 minutes during an ESD experiment, 243 
using two multimeters (KEYSIGHT-U1251B). We found the values of electric current is ~ 22 mA,  not 244 
affected by different starting salts, and is very similar to those reported in Wu et al. (2018) and Wang et al. 245 
(2020), i.e., with the same electron flux shown in Table S1.  246 
 247 
The electron flux in our current experimental setting is 1.4210

20 
s

-1
m

-2
, calculated from the electric 248 

current measurement (Table S1), indicating that we used an ESD with a strength midway between the two 249 
extreme cases, ESD-TDD and ESD-NGD (ranging from 910

16
 s

-1
m

-2 
(TDD) to 1.510

24 
s

-1
m

-2
 (NGD), 250 

detailed discussion in section 5.3 of Wu et al., 2018) to process all selected starting phases. Another 251 
important parameter is the kinetic energy of ESD generated electrons, for which we use the observed free 252 
radicals and relevant reactions to make estimation. For example, CO2

+
 was the dominant species 253 

generated by the same ESD setup in CO2 (Figure 4a, b, c, and Table 1 of Wu et al., 2018), and it is a 254 
product of electron impact ionization (EII) of CO2 (Delory et al., 2006; Jackson et al., 2010). The 255 
occurrence of EII of CO2 in our ESD experiment revealed that a considerable portion of ESD generated 256 
electrons has a kinetic energy >14 eV. Furthermore, a very strong Hα line at 656.3 nm was observed by in 257 
situ plasma spectroscopy at extremely low PH2O (Fig. 4b, d, e of Wu et al., 2018) or when the starting 258 
mineral is hydrous salt. This line is generated by a transition from HIII to HII that indicates the presence of 259 
electrons with a kinetic energy > 17.19 eV to excite hydrogen to HIII (Delory et al., 2006, Itikawa and 260 
Mason 2005).  261 
 262 
Specifically for this investigation, we used the cold plate to control the temperature of some starting salts 263 
during ESD so that is was lower than 30C to avoid sample melting (melting point (MP) in Table 1, based 264 
on Lide 2001). The cold plate in the PEACh is electrically grounded, as well as the PEACh itself. On the 265 
other hand, the lower electrode must be isolated electrically from the cold plate; this was satisfied by 266 
using a Teflon holder between the lower electrode and the cold plate. The holder is thin enough (1.59 mm) 267 
to allow the temperature (T) of the lower electrode to be thermally controlled by the cold plate. A 268 
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thermocouple was inserted into a tunnel of 0.79 mm diameter in this Teflon holder to measure the T of the 269 
lower electrode while keeping its electric isolation from the cold plate.  270 
 271 
During an ESD process in the PEACh, the equilibrated temperature Teq of the lower-electrode sample cell 272 
was normally reached after > 30 minutes. For most hydrous S and Cl salts with melting-point 273 
temperatures above 130C, we do not use LN2 cooling. The resulting Teq is in the range of 80-105C 274 
(Figure 2). For a few selected salts (e.g., FeSO4·7H2O and some hydrous chlorides, Table 1), the ESD 275 
experiments were run using LN2 to cool the cold plate and generate a Teq in the range of 10-30C, with the 276 
exact Teq value depending on the type of salt (Figure 2). Those experiment products are marked as LT 277 
(low temperature) –ESD in figures.  278 
 279 
3.3 Analysis methods of ESD reaction products 280 
Almost all sulfates and chlorides show a color change after an ESD process of certain time duration (e.g., 281 
 7 hours, Table 1) under Mars conditions. For example, the photos in Figure 3 (a, b) are MgCl2·6H2O 282 
before and after 7h ESD, shown with different magnifications (Figure 3b, c, d). The color change only 283 
appears at the surface of ESD products, that is consistent with our previous finding of surface enrichment 284 
of ESD-generated species (NaClO3 and NaClO4, when using NaCl as the starting phase) based on Ion 285 
Chromatography (IC) analyses of the layers in the ESD-product (Figure 6b of Wu et al., 2018). Both color 286 
change and IC data suggest that the electrochemical reaction induced by ESD in a Mars chamber is an 287 
atmosphere-to-surface interaction, which also means the as is surface of an ESD product should be the 288 
best sampling site for the characterization of new species generated by ESD.  289 
 290 
We used laser Raman spectroscopy (Raman), X-ray diffraction (XRD), Vis-Near-IR spectroscopy 291 
(VNIR), Mössbauer spectroscopy (MB), and Ion Chromatography (IC) to characterize the ESD products 292 
in this study. Among them, Raman and VNIR measurements were made on the as is surface. In particular, 293 
all micro-beam Raman analyses were made directly on the spots that show color changes, which were 294 
selected under the microscope of our Raman system. On the other hand, the field of view (FOV) of the 295 
VNIR probe matches well with the size of the SiO2 cell that contains the ESD product, so a VNIR 296 
spectrum was taken from the whole as is surface of the ESD product. For XRD and Mössbauer analyses, 297 
the bulk powder sample from the full depth of the SiO2 cell of an ESD product was re-ground and used. 298 
Bulk powder samples were also used for IC analyses. All these analyses were taken at room temperature. 299 
 300 
Raman spectra of all samples were collected using a Renishaw inVia Raman system, with 532 nm 301 
excitation wavelength, spectral range of 50-4300 cm

-1
 and spectral resolution better than 1 cm

-1
. A 50 302 

long-working-distance objective was used that generates an ~ 1 µm beam diameter at laser focus. Raman 303 
analysis of each ESD product was always taken on multiple spots in several areas at the as is surface of a 304 
sample, with a total of > 30 (at least) spectra per sample. A laser beam energy of 5 mW was normally 305 
used for the measurements of ESD products from Mg, Ca, and Na salts. A much lower laser energy (0.5- 306 
0.05 mW) was used on the ESD products from Fe-bearing salts. The Raman spectrometer is calibrated 307 
during each working day to keep the accuracy and precision of Raman peak positions within ± 0.5 cm

-1
.  308 

 309 
The VNIR spectra of the ESD products were acquired using Analytical Spectral Devices (ASD) 310 
FieldSpec4 spectroradiometer (Malvern Panalytical Company) with a contact probe. The obtained 311 
spectrum covers a wavelength range of 0.35 to 2.5 μm, with spectral resolution of 3 nm @ 700 nm and 10 312 
nm @ 1400/2100 nm. A Spectralon target was used for absolute reflectance calibration before the sample 313 
measurements. The recording time of each spectrum was 1 second, and at least two spectra were taken 314 
from each sample for redundancy.  315 
 316 
XRD measurements of ESD products were made using a Bruker D8 Advance diffractometer, with CuKα 317 
radiation (λ = 1.54052 Å) at 40 kV and 40 mA and a collecting angle of 3°. Each sample was ground 318 
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again to fine powder, and was put into a MTI zero background silicon holder. The XRD measurement 319 
routine was  0.02° step size, 1 second dwell time, and 15 rotation per minute, and  4° to 60° 2θ range. The 320 
Bruker XRD has a guaranteed calibration that is confirmed during installation and monitored by analysis 321 
of a NIST SRM 1976a Al2O3 standard. The alignment is also guaranteed and has been demonstrated to be 322 
within 0.03° 2 of the absolute peak position of the NIST SRM. 323 
 324 
Mössbauer spectral measurements were made on the ESD products from a few Fe-bearing phases. A 325 
plastic washer with an inner diameter of 1.2 cm was used to hold a mixture of sample plus sugar with 326 
Kapton® polyimide tape on either side. A source of ~80 mCi 

57
Co in Rh on a SEE Co. (formerly WEB 327 

Research Co.)  model WT302 spectrometer at Mount Holyoke College was used. Following standard 328 
practice, Compton scattering of 122 keV gammas caused by electrons inside the detector were measured 329 
with and without a 14.4-keV Al foil stop filter in the gamma beam. Absorption was corrected Compton 330 
scattering by dividing the uncorrected absorption by one minus the Compton fraction. This correction 331 
allows accurate determination of % absorption in the spectra without affecting the fits. The range of 332 
energy deposited in the detector by Compton events extends from 0 keV to 40 keV, and overlaps both the 333 
14 keV and 2 keV energies deposited by the 14 keV gammas, thus requiring correction. 334 

Mössbauer spectra were acquired in 1024 channels at 295K over 24 hours for each sample. Interpolation 335 
to a linear velocity scale was used to correct for non-linearity using the spectrum of a 31 mm Fe foil.. The 336 
WMOSS Auto-fold procedure fits a straight line to points at the published values of the Fe metal and the 337 
observed positions in channels (x values), then folds each spectrum around the channel value that 338 
minimizes the least squares sum difference between the first and second halves of each spectrum. 339 
 340 
Ion chromatography was used to quantify the SO4 production from ESD experiments using Na2SO3 and 341 
NaHSO3 as starting salts. A 15-20 mg homogenized sample was dissolved in N2-purged milliQ water for 342 
IC analysis. An A-Supp7-250 anion column (45◦C, 3mM Na2CO3 eluent, 0.8mL/min, with suppression) 343 
on a Metrohm 881 Compact IC pro was used with a conductivity detector. We prepared five standards, 344 
from pure Na2SO4 from Sigma-Aldrich ,at concentrations of 1.3 ppm, 10.6 ppm, 20.3 ppm, 51.4 ppm, and 345 
100.6 ppm, and generated a calibration line with R

2
 value of 0.9954. The detection limit for sulfate by IC 346 

analysis was 0.1 ppm. The concentration in solution (in ppm) is then converted to ppm in the solid (mg 347 
SO4/kg sample). Due to the rapid oxidation of sulfite in solution to sulfate under ambient laboratory 348 
conditions, the sample solutions were analyzed immediately after preparation to minimize oxidation 349 
during sample handling. The stability of sulfite was tested by comparing the concentration in the freshly 350 
prepared solutions and the same solution after sitting in air for 1 hour. Slight oxidation occurs even in this 351 
short time; therefore, the error of these measurements is estimated as the standard deviation between these 352 
two replicate measurements and was found to be on average 0.6 ppm in solution. This equates to a 353 
conservative estimate of ~350 ppm error in the solid, although samples were prepared and analyzed 354 
within ~20 min. 355 
 356 
4. Analysis results of the ESD products from S and Cl salts 357 

 358 
4.1 ESD products from Mg, Fe

2+
, Fe

3+
, Ca, Na sulfates and sulfites 359 

4.1.1. ESD products from MgSO4·xH2O (x=1, 4, 7) 360 
As listed in Table 1, 0.25h, 1h, 2h and  7h ESD experiments were carried out on MgSO4·xH2O (x=1, 4, 7) 361 
powder. The ESD product from each experiment was analyzed using Raman on multiple spots of an as is 362 
surface and using XRD on the bulk sample (from the full depth of the SiO2 cell).  363 
 364 
Raman spectra in Figure 4a are from 36-spot analyses on the as is surface of a 0.25h-ESD product from 365 
epsomite MgSO4·7H2O. Data from the shortest ESD duration (0.25 hour) were purposely presented to 366 
show the intermediate species generated during the ESD process. In a Raman spectrum of sulfate, the 367 
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fundamental vibrational modes (1, 2, 3, and 4) of the (SO4)
2-

 unit are located in four spectral regions 368 
centered around ~ 1000, 500, 1150, and 600 cm

-1
, often with multiple peaks for each mode. Among the 1 369 

Raman peaks near 1000 cm
-1 

in Figure 4a, the strongest sharp peak at 1000 cm
-1

 belongs to a crystalline 370 
starkeyite MgSO4·4H2O (4W), a weak sharp peak at 983 cm

-1
 belongs to a crystalline MgSO4·6-7H2O 371 

phase (6-7 W) (983.6 cm
-1

 for MgSO4·6H2O and 984.1 cm
-1

 for MgSO4·7H2O, Table 3 of Wang et al., 372 
2006), the broad peaks (from all sampling spots) centered ~1030 cm

-1
, ~600 cm

-1
 and ~500 cm

-1
 (marked 373 

as “Amor”) demonstrate the initiation of amorphization (based on Figure 20 of Wang et al., 2009). Figure 374 
4b shows an overlay of the Raman spectra from a 37-spot analysis of the same 0.25h-ESD product in 375 
3876 - 3072 cm

-1
 spectral range. The occurrence of H2O peaks from each sampling spots indicates 376 

retention of structural H2O in ESD product, i.e., MgSO4·7H2O is partially dehydrated.  377 
 378 
Raman spectra in Figure 4 reveal a fast dehydration from epsomite MgSO4·7H2O to crystalline starkeyite 379 
(4W) at least, and the initiation of amorphization. Experimental study of hydrous Mg-sulfates (Wang et 380 
al., 2009) revealed that amorphous MgSO4·xH2O can hold up to three structural H2O per MgSO4 molecule, 381 
consistent with the observation of H2O Raman peaks of different shapes from all sampled spots on the as 382 
is surface (Fig. 4b).  383 
 384 
Amorphization in epsomite MgSO4·7H2O developed very fast with increased ESD time duration. After 1 385 
hour of ESD processing in the PEACh, almost no crystalline Mg-sulfates can be detected in the 386 
fundamental vibrational spectra range (not shown, but similar to Figure 5a). On the other hand, a trace of 387 
the H2O peak still remains (not shown) after 7h ESD process on epsomite. In other words, full 388 
amorphization was reached but the full dehydration was not reached at the as is surface. 389 
 390 
Total amorphization at the as is surface was reached after 1.5 h of ESD process on crystalline starkeyite 391 
MgSO4·4H2O. As seen in Figure 5a, amorphization is characterized by (1) shift of the 1 peak from 1000 392 
cm

-1
 to ~ 1030 cm

-1
, (2) broadened peak width for every peak in the whole spectrum and in every 393 

spectrum from all sampled spots, (3) merged peaks of 2, 4, and the lattice modes (below 400 cm
-1

) into 394 
three large spectral envelopes, and (4) severely reduced S/N ratio (because the Raman peak intensity of 395 
non-crystalline phase is 1-2 order of magnitude weaker than that of crystalline phase with similar 396 
composition, White 1975) which also appeared as a raised spectral background. In Figure 5b, the 397 
structural damage of a crystalline kieserite MgSO4·H2O by a 1.5h ESD are presented by (1) broadened 398 
peak widths, (2) loss of minor peaks, and (3) reduction of S/N, but to a lesser degree when compared with 399 
Figure 5a from crystalline starkeyite of 1.5h ESD.  400 
 401 
XRD measurements made on the bulk ESD products from MgSO4·xH2O (x=1, 4, 7) are shown in Figure 6. 402 
Both XRD patterns on the top of Figure 6 have a raised “hump” from 10 to 40(2), which can be fitted 403 
with three wide “bands”, centered at 14.2, 21.9, and 28.0 with widths of 5.4, 11.4, and 11.5, 404 
respectively. A few sharp XRD lines remain on the top of the “hump”; some can be assigned as 405 
crystalline MgSO4·H2O (1w) or MgSO4·4H2O (4w), with some lines unassigned since hydrous Mg-406 
sulfates can have eight different hydration degrees. The difference in the degrees of amorphization seen in 407 
XRD patterns (Fig. 6) and Raman spectra (Fig. 5a) is caused by the sampling differences of the two 408 
analyses, with XRD sampled the bulk sample (from full depth of SiO2 cell) and Raman sampled the as is 409 
surface only. 410 
 411 
The third XRD pattern in Figure 6 is obtained from the 1.5h-ESD product from kieserite MgSO4.H2O 412 
(8.5h-ESD product has the same pattern). When compared with the standard XRD pattern of kieserite, the 413 
1.5h-ESD product has a broadened line width for every line in the whole XRD pattern. In addition, the 414 
multiple lines in the line groups at 25-30, 35-40, ~44, and 55-60 2 ranges are merged into envelopes 415 
with non-symmetric shape. XRD standard 00-001-0638 (kieserite, MgSO4·H2O, monoclinic) and 00-037-416 
009 (caminite Mg2(SO4)2·2H2O, tetragonal) in the PDF database have lines that may contribute the 417 
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merged line groups of the ESD product (Fig. 6). The observed XRD line widening and merging of line 418 
clusters suggest a heavily distorted crystal structure in the ESD product from kieserite, suggesting 419 
development of amorphization caused by the impact of energetic electrons and by the reaction with free 420 
radicals generated in the ESD process. This conclusion is consistent with Raman observations from 421 
Figure 5b.  422 
 423 
Overall, the effects of ESD processes on hydrous Mg sulfates are dehydration and amorphization. The 424 
higher the hydration degree in an original salt, the higher the rate of amorphization by the ESD process, a 425 
phenomenon that we also observed for other salts in this study. 426 
 427 
4.1.2. ESD products from FeSO4.xH2O (x=1, 4, 7) 428 
The melting point of melanterite FeSO4·7H2O is 60C (Lide 2001, Table 1). So the ESD experiment of 429 
melanterite was made with LN2 temperature control, Teq < 30C (Figure 2), and durations of 0.25h, 1h, 3h, 430 
and 7h. ESD products were analyzed by Raman and VNIR on the as is surface, and by XRD and 431 
Mössbauer on bulk samples. Very low laser power (0.5 mW) was used in Raman measurements to avoid 432 
overheating of these Fe-bearing phases by the laser beam, which was confirmed by visual inspection 433 
under the Raman microscope before and after each scan. 434 
 435 
Raman spectra Figure 7 (a, b) shows the overlay of the first 60 Raman spectra from the 0.25h ESD and 436 
7h ESD products. The obtained spectra from the 0.25h ESD product are compared in Figure 7a with the 437 
standard Raman spectra of FeSO4·xH2O (x=1, 4, 7, Choi et al., 2007). The 1 mode of rozenite 438 
FeSO4.4H2O (4w) and szomolnokite FeSO4·H2O (1w), 1018 cm

-1
 and 990 cm

-1
, appeared after a 0.25 439 

hour ESD process, while the Raman peaks of melanterite FeSO4·7H2O (7w) disappeared i.e., a total 440 
destruction of melanterite by 0.25h-ESD. The only unassigned Raman peak in Figure 7a is at 1035 cm

-1 441 
(marked by red arrow), which is an indication of early development of amorphization (Fig. 7 of Ling and 442 
Wang, 2010), similar to the case of MgSO4·7H2O after 0.25h-ESD (Fig. 4a). The peak position at 1035 443 
cm

-1
 suggests an amorphous phase Fe

3+
2(SO4)3·5H2O (based on Fig. 18 of Wang and Ling 2011). 444 

Because of the different Teq achieved by ESD processes on epsomite and melanterite (Fig. 2), a direct 445 
comparison of the amorphization rate cannot be extracted for these Mg, Fe-sulfates.  446 
 447 
Figure 7b shows the first 60 spectra from a 120-spots Raman scan on the as is surface of 7h ESD product 448 
from melanterite, which revealed the abundant amorphization in the product. The center of strongest peak 449 
moves to near 1075 cm

-1
 (Fig. 7b), shown as a large envelop that merged the multiple peaks of 1 and 3 450 

modes of SO4 unit together (the merge of 1 and 3 was less obvious in Mg-sulfates, Fig. 5, 6). Peaks of 451 
the 2, 4, and lattice modes are also merged into three large envelopes around 610, 470, and 240 cm

-1
, 452 

respectively, with severely reduced S/N ratio. The 1 peak of crystalline szomolnokite FeSO4·H2O (1w) at 453 
1018 cm

-1
 remains in some spectra.  454 

 455 
Raman spectra obtained from a scan on the 1.5h-ESD product from rozenite FeSO4·4H2O are shown in 456 
Figure 8a. The strong and wide envelope spanning 1300 to 950 cm

-1
 represents a merge of 1 and 3 457 

modes of SO4 unit, with the sharp 1 peak of FeSO4·H2O remaining in some spectra. The other three wide 458 
envelopes (below 1000 cm

-1
) are from the merged peaks of 2, 4, and lattice modes respectively, similar 459 

to 7h ESD products from melanterite (Fig. 7b). H2O peaks centered at 3430 cm
-1

 were detected at almost 460 
all sampled spots on the as is surface (Fig. 8a), suggesting that full dehydration was not reached.  461 
 462 
Very sharp Raman peaks remained in all spectra from the ESD products of szomolnokite FeSO4·H2O 463 
(1w), even after 15.5h-ESD (Fig. 8b). When compared with the standard spectra of various ferrous and 464 
ferric sulfates, we found that the best match was with Fe

3+
OHSO4. The transformation from Fe

2+
SO4·H2O 465 

to Fe
3+

OHSO4 demonstrated the occurrence of oxidation (Fe
2+

  Fe
3+

) and hydrolysis caused by the ESD 466 
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process. The major peak at 1094 cm
-1

 of Fe
3+

OHSO4 was also observed at some sampled spots (hidden in 467 
the spectral overlay of Fig. 8a) on the as is surface of 1.5h-ESD product from rozenite FeSO4·4H2O.  468 
 469 
XRD measurements were made on the bulk samples of ESD products from FeSO4·xH2O (x = 1, 4, 7). 470 
Figure 9 shows the XRD pattern from the 7h ESD product from melanterite FeSO4·7H2O and from 471 
szomolnokite FeSO4·H2O. The top XRD pattern in Figure 9 overlays the characteristic XRD lines of 472 
FeSO4.H2O onto two large XRD “humps”, centered at 11.4 and 27.5 that are similar to the humps in 473 
Figure 6, but slightly narrower in widths, 5.4 and 9.0. This XRD pattern reveals a partially amorphous 474 
bulk sample. The XRD pattern from the 1.5h-ESD product from FeSO4·4H2O (not shown) has strong 475 
lines of crystalline rozenite and szomolnokite. The partial amorphization observed in Raman data (Fig. 8a) 476 
appears less obvious in XRD data, likely because a bulk sample from full depth of ESD product in the 477 
SiO2 cell was used for XRD. The XRD pattern (2

nd
 in Fig. 9) from the 1.5h-ESD product from 478 

FeSO4·H2O has the major lines of butlerite Fe
3+

OHSO4·2H2O and Fe
3+

OHSO4, in addition to the 479 
remaining lines of FeSO4·H2O. The appearance of butlerite and dehydrated butlerite indicate the 480 
oxidation of Fe

2+ 
to Fe

3+
, and hydrolysis caused by ESD processes, consistent with Raman observations 481 

(Fig. 8b).  482 
 483 
VNIR spectra (Fig. 10) were taken at the as is surfaces of 0.25h, 1h, 3h, and 7h ESD products from 484 
FeSO4·7H2O (Teq < 30C, Fig. 2). The first major spectral change with increasing ESD time is a decrease 485 
in absorption band depth near 1.0, 1.4, and 1.9 µm, suggesting gradual dehydration. Indeed, the narrow 486 
and strong VNIR doublet near 1.9 µm of the 0.25h-ESD product can be assigned to FeSO4·4H2O (Fig. 3 487 
of Wang et al., 2016), and the much wider and weaker doublets (near 1.9 µm) in the spectra of the 1h, 3h, 488 
7h ESD products are similar to the doublet of FeSO4·H2O (Fig. 6 of Wang et al., 2016). The second major 489 
spectral change is a gradual decrease of spectral contrast, which is especially obvious in the spectrum of 490 
7h ESD product. This phenomenon reflects the destruction from a crystalline structure, consistent with 491 
Raman and XRD observations. Notice a weak but characteristic VNIR spectral pattern of FeSO4·H2O (Fig. 492 
10) was obtained from the 7h ESD product, while on the same as is surface, a multi-spot Raman scan 493 
shows almost total amorphization; only a few spots retained the 1018 cm

-1
 peak of szomolnokite (Fig. 7b). 494 

This phenomenon shows that the sensitivities of Raman and VNIR spectra for detecting structural damage 495 
are different. A previous study using XRD, Raman, Mid-IR, and VNIR on a set of saponite samples with 496 
different degrees of amorphization revealed that VNIR spectroscopy is less sensitive to the loss of 497 
crystallinity. From the saponite samples that show totally non-crystalline XRD patterns, sharp VNIR 498 
spectral peaks can still be seen at 1.4 µm, 1.9 µm and especially in the 2.2-2.4 µm spectral range (Fig. 1, 499 
2 of Fu et al., 2017). 500 
  501 
A Mössbauer spectrum was obtained from 59 mg of the powdered bulk 7h ESD product from 502 
FeSO4·7H2O. The measured spectrum was fit in a variety of ways using two different programs. The 503 
Mex_disdd solves the full hyperfine interaction Hamiltonian and minimizes the difference between 504 
modeled line shape independent peaks and the experimental spectrum using center shift, quadrupole 505 
splitting, and linewidth as variable parameters. Disd_3e makes velocity approximations rather than 506 
solving the full interaction Hamiltonian and uses a range of line-shape-independent quadrupole splitting 507 
distributions (QSD) to build the peaks. Because the peaks in these spectra overlap heavily and it is 508 
difficult to prioritize one model over the other, so both are shown and reported (Figure 11a, b). In both 509 
models, there are two Fe

3+
 and three Fe

2+
 distributions. Parameters are given in Table 2; errors on 510 

total %Fe
3+

 are ±1-5 % absolute based on repeated fits to the same spectra, with a detection limit for Fe
3+

 511 
of roughly 1%. Although it is known that differential recoil-free fraction (f) effects can affect the 512 
assumption that Mössbauer peak area directly represents the proportions of Fe in each site or valence state, 513 
f has not been determined for these materials. Thus, this paper assumes that recoil is the same for both 514 
Fe

2+
 and Fe

3+
. Based on Mössbauer analysis, we obtained a Fe

3+/
Fetotal ratio of 44% in analyzed sample. 515 

This result indicates a strong oxidation has occurred during ESD process on melanterite FeSO4·7H2O. 516 
This conclusion is visually confirmed by the color change of the samples, from light green of 517 
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FeSO4·7H2O, to light yellow, to light brown, and finally to dark brown after 7h ESD, suggesting more 518 
oxidized iron (Fig. S1). The amorphization development in  7h ESD product from FeSO4·7H2O may be 519 
reflected in the details of  Mössbauer parameters, e.g., CS = 1.21-1.29 mm/s and QS = 1.55-2.66 mm/s, 520 
which are different from the ranges in literature for FeSO4·xH2O (x=1, 4,7), 1.16-1.31 mm/s for CS and 521 
3.17-3.24 mm/s for QS (Cheetham et al., 1981; Dyar et al., 2013; Eissa et al., 1994a,b; Grant et al., 1966; 522 
Montano; 1981; Sakai et al., 1981; Sallam et al., 1994).  523 
 524 
Overall, the effects of ESD processes on hydrous Fe

2+
 sulfates are dehydration, amorphization, and 525 

oxidation from Fe
2+

 to Fe
3+

. 526 
 527 
4.1.3. ESD products from ferric sulfates  528 
Given the importance of Fe

3+
-bearing phases for Mars surface mineralogy, we conducted ESD 529 

experiments in the PEACh on four Fe
3+

-bearing species, Na-jarosite NaFe3(OH)6(SO4)2, ferricopiapite 530 
Fe4.67(SO4)6(OH)2·20H2O, akaganeite FeO(OH,Cl), and pyrite FeS2 (Table 1). 531 
  532 
4.1.3.1. ESD products from ferricopiapite  533 
Figure 12b shows typical Raman spectra obtained from ESD products of ferricopiapite 534 
Fe4.67(SO4)6(OH)2·20H2O, with the ESD durations of 0.25h, 1h, 2h, 3h, and 7h. When compared with 535 
Raman spectra of standard ferric sulfates (Fig. 12a, from Ling and Wang, 2010), we found the spectra 536 
from the 0.25h-ESD product can be assigned to ferricopiapite (#1 in Fig. 12b), rhomboclase 537 
FeH(SO4)2·4H2O (#2 in Fig. 12b), and a phase whose most peaks are similar to those of ferricopiapite in 538 
positions and shapes, except its strongest 1 peak at 1018 cm

-1 
(#3 in Fig. 12b) that can be regarded as a 539 

merged ferricopiapte doublet, with an upper-shifted peak center. Forming acidic rhomboclase from basic 540 
ferricopiapite is also a dehydration process with NH2O/NSO4=3.67  2. The shifting of 1 peak position to 541 
higher wavenumber is normally an indication of dehydration, observed in the Raman spectra of hydrous 542 
Mg, Fe

2+
, and Ca sulfates. The merge of the doublet suggests a damaged crystal structure, i.e., an early 543 

step towards the amorphization.  544 
 545 
Typical Raman spectra from #4 to #8 in Figure 12b obtained from 1h, 2h, and 7h ESD products all have 546 
the strong and wide peak in 1 spectral range, but the central position of this peak gradually shifted 547 
towards higher wavenumber (indicated by a dotted arrow line in Fig. 12b), from 1018 cm

-1
 to 1057cm

-1 548 
(#3 to #8 in Fig. 12b). This peak shift is accompanied by the loss of details for all peaks below 800 cm

-1
, 549 

which eventually become three wide envelopes centered around ~650 cm
-1

, ~480 cm
-1

, and ~250 cm
-1

 550 
(spectrum #4, #5, #6, #7, #8). These are typical Raman spectral pattern of amorphous ferric sulfates (#3 in 551 
Fig. 12a). Wang and Ling (2011) built a calibration curve (their Fig. 18) to quantify the number of 552 
structural H2O per Fe2(SO4)3 unit, from eleven to five, using the 1 peak position of amorphous ferric 553 
sulfates (from 1022 to 1035 cm

-1
).

 
Although there are no other experimental studies of amorphous ferric 554 

sulfates with structural water less than five, an educated guess is that the continuous 1 peak upper shift 555 
from 1035 cm

-1
 to 1057 cm

-1
 (Fig. 12b) is due to continuous dehydration from five to zero structural 556 

waters per Fe2(SO4)3 unit, based on the assignment of spectra #9 and #10 in Figure 12b.  557 
 558 
Spectra #9 and #10 (Figure 12b) were obtained from many Raman sampled spots on the as is surface of 559 
the 7h ESD product from ferricopiapite. Spectrum #10 is a perfect match with the standard Raman 560 
spectrum of crystalline anhydrous Fe2(SO4)3 (#4 in Fig. 12a), and spectrum #9 is a mixture of standard 561 
spectra of two polymorphs, the anhydrous Fe2(SO4)3 and mikasaite Fe2(SO4)3 (#5 in Fig. 12a), both are 562 
crystalline materials (Ling and Wang 2010). The multi-spots Raman scans revealed that crystalline 563 
anhydrous Fe2(SO4)3 appeared early in ESD products (e.g., 1h-ESD) and became abundant in the ESD 564 
product with longer time duration (e.g.,  7h ESD). 565 
 566 
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Overall, the major effect of ESD process on ferricopiapite is dehydration, from NH2O/NSO4=3.67 to 567 
NH2O/NSO4=0. The ESD caused structural change is complicated, from crystalline to full amorphization, 568 
then back to crystalline again. During the early dehydration, the ferric sulfate also changed from basic 569 
ferricopiapite to acidic rhomboclase.  570 
 571 
4.1.3.2. ESD products from Na-jarosite, akaganeite, and pyrite 572 
It is quite surprising that no obvious mineral transformation occurred in Na-jarosite after long duration 573 
ESD processes (even after 64 hours). The color of post-ESD sample surface shows an obvious darkening 574 
(Fig. S2). The peaks of hematite appeared in the spectra from some spots in multi-spots Raman scans. 575 
However, 99% of Raman spectra obtained from the as is surfaces of eight ESD products from Na-jarosite 576 
maintain an almost perfect match with the Raman spectrum of the original Na-jarosite (Fig. S3). The 577 
Mössbauer spectrum of this post-64h ESD product revealed a set of typical CS and QS for Na-jarosite 578 
(Fig. S4).  579 
 580 
Considering the importance of jarosite in martian surface mineralogy, we made two sets of 1:1 mixtures 581 
of Na-jarosite with MgSO4·7H2O and MgCl2·6H2O, and did ESD on them, with a goal to study a potential 582 
catalysis effect. Again, no obvious mineral phase transformation was observed by Raman spectroscopy in 583 
the products from two additional sets of eight ESD experiments (Table 1, 2), except the spectrum of 584 
hematite was seen from some spots in the Raman scans on these ESD products. The Mössbauer spectra of 585 
the 7h ESD products from the two mixtures (not shown) support ~ 100% jarosite among the Fe-phases in 586 
bulk samples.  587 
 588 
Similar to Na-jarosite, no obvious mineral transformation from akaganeite Fe

3+
O(OH,Cl) was found by 589 

Raman and Mössbauer analysis of the post-ESD products (Fig. S5). On the other hand, Raman scans on 590 
post-ESD products from a natural pyrite show minor changes in Raman peak positions and shapes (Fig. 591 
S6). However, the XRD pattern of the 14h ESD product from this natural pyrite does show an obvious 592 
change from standard pyrite, thus it cannot be compared with Raman spectra to suggest any significant 593 
phase transformation.  594 
 595 
4.1.4. ESD products from Na2SO4 596 
The Raman spectra obtained on the as is surface of the 7h ESD product from Na2SO4 powder have only 597 
minor changes from the standard spectrum (Fig. 13), such as the slight peak broadening of Raman 1 598 
mode near 992 cm

-1 
(insert of Fig. 13), and slightly raised spectral background after 400 cm

-1
. The 599 

broadening of the Raman peak indicates a damaged crystalline structure from original Na2SO4. XRD 600 
measurements were not made on this sample.  601 
 602 
4.1.5. ESD products from CaSO4.2H2O 603 
The Raman spectra (Fig. 14) obtained on the 7h ESD product of CaSO4·2H2O powder revealed the 604 
transformation from gypsum to -CaSO4 phase (not anhydrite -CaSO4) mainly, that has a sharp peak at 605 
1026 cm

-1
 shown in the insert of Figure 14. Ordinary -CaSO4 would not be stable at ambient terrestrial 606 

laboratory conditions. The post-ESD product from CaSO4·2H2O was sealed in a glass vial, with the 607 
Raman measurements made through the glass wall. In addition to -CaSO4, bassanite CaSO4·0.5H2O was 608 
identified in some sampled spots (peak at 1014 cm

-1
 in the inset of Fig. 14), that is also supported by the 609 

observations of structural H2O peaks in Raman spectra (not shown) of some sampled spots. No XRD 610 
measurement was made on this sample. It is notable that a large amount of -CaSO4 was found to be 611 
stable within the vein system of martian meteorite MIL03346 (Ling and Wang, 2015), as well as in soils 612 
of hyperarid regions on Earth, such as from the Atacama Desert (Wei et al., 2015) and the saline playa on 613 
the Tibet Plateau (Wang et al., 2018). The -CaSO4 phase apparently can exist stably under ambient 614 
terrestrial laboratory conditions. We are currently investigating the structural and chemical reasons for the 615 
abnormal stability of the -CaSO4. 616 
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 617 
4.1.6. ESD products from Na2SO3 and NaHSO3 618 
In order to evaluate the oxidation power of ESD processes on S-bearing species, we selected two sulfites, 619 
Na2S

4+
O3 and NaHS

4+
O3, as the starting phases for a set of ESD experiments with 0.25h to 11h duration 620 

(Table 1).  621 
 622 
Among the obtained Raman spectra from 252 spots-scan on the as is surface of  7h ESD product from 623 
Na2SO3, about ~ 12% has an additional peaks at 997 cm

-1
 (insert of Fig. 15). On the other hand, all Raman 624 

spectra from a total of 188 spots-scan on the as is surface of the 7h ESD product from NaHSO3 has the 625 
additional peak at 997 cm

-1 
(not shown). Besides, this peak position does not match with the 1 peak of 626 

Na2SO4 at 993 cm
-1

 (insert of Fig. 15). XRD measurements were made on both sulfites. The XRD pattern 627 
of the 7h ESD product of NaHSO3 is different from that of original sample (#1 in Fig. 16). After the 7h 628 
ESD process, new XRD lines appeared, and multiple lines merged in four regions (22-30, 31-37, 46-50, 629 
and 57– 61 2), suggesting structural damage of NaHSO3. In addition, XRD standards 00-037-1488 630 
(Na2S

4+
O3), 04-015-3684 (Na2S

4+
2O5), and 00-021-1371 (Na2S

6+
3O10) in PDF database (#2, #3, #4 in Fig. 631 

16) have lines that might contribute the merged line groups that appear in the top XRD pattern of Figure 632 
16. The potential contribution of Na2S

6+
3O10 (#4 in Fig. 16) to the merged line groups provides a hint for 633 

the oxidation of S
4+

 to S
6+

.  634 
 635 
Oxidation of sulfite (S

4+
O3

-2
) to sulfate (S

6+
O4

-2
) through the ESD process was finally established using 636 

the Ion Chromatography (IC) analyses of 1h, 3h, 7h ESD products from Na2SO3 (dissolved in N2-purged 637 
milliQ water and immediately analyzed by IC), shown in Figure 17. The time series shows a gradual 638 
increase as a function of ESD experimental duration, from 1 hour to 7 hours.   639 
 640 
4.2.  Analyses of the ESD products from Mg, Fe, Ca, Al, Na, K- Chlorides 641 
We conducted ESD experiments on six chlorides (Table 1), two anhydrous (NaCl and KCl) and four 642 
hydrous (Mg-, Fe

2+
-, Ca-, Al-chlorides). This selection was made on the basis of their potential existence 643 

in anhydrous or hydrous forms on Mars and their stable existence at ambient laboratory conditions 644 
making them experimentally feasible. Three hydrous chlorides (Mg-, Fe

2+
-, Al-) among them have 645 

melting points Tmp below 100C (Table 1); thus we ran the ESD experiments on these chlorides with LN2 646 
temperature control with equilibrated temperature Teq < 30 C (Fig. 2).  647 
 648 
4.2.1. ESD products from FeCl2.4H2O 649 
Figure 18 shows typical Raman spectra obtained from the as is surfaces of 0.25h, 1h, 3h, and 7h ESD 650 
products from FeCl2·4H2O. Spectral features from most spots on 0.25h-ESD product remained similar to 651 
those of crystalline chlorides, with an additional sharp Raman peak at 334 cm

-1 
(#2 in Fig. 18) The major 652 

H2O peak at 3406 cm
-1

 and a peak-shoulder at 3445 cm
-1

 (not shown) suggest a change of hydration 653 
degree from FeCl2·4H2O to probably FeCl2·2H2O. After 1h ESD, Raman peaks began to broaden (#3 in 654 
Fig. 18). In addition, an overall Raman spectral shape very similar to that of hematite Fe

3+
2O3 occurs 655 

frequently after 3h ESD (#4 in Fig. 18). After 7h ESD, a few sampled spots have a peak near 395 cm
-1

 (#5 656 
in Fig. 18) that is the major Raman peak of goethite, Fe

3+
OOH, but most spots have extremely broad 657 

Raman “humps” near 1310, 710, and 300 cm
-1

 (#6 in Fig. 18). The H2O peak in the 3300-3700 cm
-1

 range 658 
becomes wide and weak, to almost nonexistent (not shown). Overall, this set of spectra revealed a 659 
progressive loss of crystallinity, oxidation (Fe

2+
  Fe

3+
), and dehydration.  660 

 661 
The XRD pattern obtained from this 7h ESD product from FeCl2·4H2O (Fig. 19) has three “humps” in 2 662 
ranges of 8-18, 23-41, and 45-60, with broadened lines on top of the humps. These XRD lines match 663 
with FeCl2·2H2O (pdf: 00-025-1040), FeCl2 (pdf: 00-001-1106), and Fe

3+
OCl (pdf: 00-039-0612) (#1, #2, 664 

#3 in Fig. 19), but have much wider linewidth and merged line groups. Therefore, XRD data supports the 665 
inferences of amorphization, oxidation, and dehydration that are based on Raman analysis.  666 
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 667 
The Mössbauer spectrum of bulk 7h ESD product from FeCl2·4H2O (Fig. 20) was modeled using the 668 
Mex_disdd program. These data are interpreted within the context of broader work on Mössbauer 669 
spectroscopy of minerals with similar structures. Only a handful of Mössbauer spectra could be found in 670 
the literature for iron dichloride tetrahydrate, and most of the papers do not provide explicit parameters 671 
(Ohshita et al., 2002) or focus on low-temperature (Shinohara, 1977) or magnetic field measurements 672 
(Johnson, 1966; Kandel et al., 1973; Spiering et al., 1978) that are not comparable to this study. Overall, 673 
the analyzed sample contains 88% of the total Fe as Fe

3+
, which was 0% in the starting phase of 674 

FeCl2·4H2O. The strong oxidation revealed by this Mössbauer result is consistent with Raman 675 
observation of hematite occurrence in 3h and 7h ESD products.  676 
 677 
The Mössbauer result suggests that both Fe

2+
 and Fe

3+
 are present in two dissimilar sites. Most of the Fe is 678 

Fe
3+

 in sites with CS = 0.37-0.38 mm/s and Qs = 0.55 and 0.93 mm/s. A small amount of Fe
2+

 is also 679 
observed, with CS = 1.22 and 1.26 mm/s and Qs = 2.96 and 2.10 mm/s, respectively. Ôno et al. (1964) 680 
report parameters of CS = 1.26 mm/s and QS = 0.80 mm/s for FeCl2; these seem unusual for this phase. 681 
Chandra and Hoy (1966) studied FeCl2·2H2O and gave parameters of CS = 1.03 mm/s and QS = 2.50 682 
mm/s. Grant et al. (1966) gave parameters of CS = 1.22 mm/s and QS = 2.98 mm/s for FeCl2·4H2O – very 683 
similar to the parameters obtained in this study, though our modern analyses reveal two different doublets. 684 
 685 
VNIR spectra (Fig. 21) were measured from the as is surfaces of 0.25h, 1h, 3h, and 7h ESD products 686 
from FeCl2·4H2O (Teq < 30C, Fig. 2). As with the ESD products from FeSO4·7H2O (Fig. 10), there are 687 
two major trends of spectral changes following the increase of ESD duration. Absorption band depth near 688 
1.0, 1.4, and 1.9 µm decreases, suggesting a gradual dehydration, and overall spectral contrast decreases, 689 
consistent with the destruction of a crystalline structure observed by Raman and XRD analysis. 690 
Furthermore, there is a reduction of spectral slope between 400 to 800 nm that is more obvious in Figure 691 
21 than in Figure 10. This more obvious slope change could be a reflection of Fe

3+
/Fetotal = 88% in  7h 692 

ESD from FeCl2·4H2O, which is higher than Fe
3+

/Fetotal = 44% in  7h ESD product from FeSO4·7H2O, 693 
determined by Mössbauer analyses.  694 
 695 
4.2.2. ESD products from Na, K, Mg, Al, Fe

2+
-chlorides 696 

The structural damage (i.e., development towards amorphization) of common chlorides by energetic 697 
electrons of the ESD process is strongly influenced by chemical bonding. XRD is the major tool to 698 
characterize these ESD products. 699 
 700 
After running ESD experiments with the same time duration (Table 1), the product from a starting 701 
material of FeCl2·4H2O shows an obvious change in XRD pattern (Fig. 19), whereas the products from 702 
either NaCl or KCl as starting material (Fig. 22) still have perfect matches with the standard crystalline 703 
forms of NaCl (pdf: 00-005-0628) and KCl (pdf: 00-004-0587).  704 
 705 
Similarly, the XRD pattern of the LT-7h ESD product from AlCl3.6H2O indicates a total amorphization 706 
(1

st
 black curve in Fig. 23). On the other hand, the XRD pattern of the LT-7h ESD product from 707 

MgCl2·6H2O (2
nd

 black curve in Fig. 23) has an uneven raised background, with lines that match with a 708 
mixture of MgCl2·H2O (pdf: 00-061-0222), MgCl2·2H2O (pdf: 00-003-0765), and MgCl2·4H2O (pdf: 04-709 
017-8711), suggesting dehydration from MgCl2·6H2O. The raised background, the line broadening, and 710 
line merging indicate development of amorphization. Furthermore after a long duration (21 hours) ESD 711 
on MgCl2·6H2O, the XRD lines of Mg(ClO4)2·6H2O (pdf: 00-014-0022) appear (not shown), indicating 712 
oxidation from Cl

1-
 to Cl

7+
 as observed in NaCl by our previous study (Wu et al., 2018).  713 

 714 
In contrast, the XRD pattern of the LT-7h ESD product from CaCl2·2H2O (3

rd
 black curve in Fig. 23) 715 

almost perfectly matches standard CaCl2·2H2O (pdf: 04-010-1481). During the XRD measurement (total 716 
of 15 minutes) on the 14h ESD product from CaCl2·2H2O, an obvious color change of the sample (from 717 
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white to semi-transparent) was observed (laboratory relative humidity > 55%) and an XRD pattern similar 718 
to standard CaCl2·2H2O was obtained. Based on these two XRD measurements, we estimate that the ESD 719 
process may have caused dehydration of CaCl2·2H2O, while a positive identification of the ending phase 720 
is lacking at current stage.  721 
 722 
Overall, these XRD data on 7h ESD products from Mg, Fe, Al, Ca, Na, K chlorides suggest an 723 
approximate grouping that reflects how easily the ESD process causes structural damage of these 724 
chlorides, with Al, Fe, and Mg chlorides more easily damaged than Ca, Na, and K chlorides. This 725 
grouping is consistent with the observed ease of Cl release induced by the ESD process from common 726 
chlorides as reported in Wang et al. (2020).  727 
 728 
5. Discussion  729 
Table 3 summarizes the major conclusions on phase identifications of the ESD products from each salt. 730 
The column of “mid-phase” after a short period of ESD (≤ 1.5 hour) shows the pathways of these ESD-731 
induced phase transformations. The listed final phases were reached mostly after 7 hours of the ESD 732 
process, with a few exceptions.  Table 3 shows that phase transformations have occurred to different 733 
degrees in most of the 22 minerals and their mixtures tested in this study (a total of 75 ESD experiments, 734 
Table 1), as induced by a medium-strength ESD process with limited time duration (normally 7 hours). 735 
There are three major trends in the phase transformations: dehydration, amorphization, and oxidation of 736 
Fe, S, and Cl, which will be discussed separately.  737 
 738 
5.1.  Dehydration 739 
Dehydration of hydrous salts was determined on the basis of direct Raman and XRD identification in 740 
ESD products of phases with hydration degrees lower than the starting salts. For example, MgSO4·xH2O 741 
(x=1, 4), FeSO4·xH2O (x=1, 4), FeOHSO4, Fe2(SO4)3, and γ-CaSO4 were found in the ESD products of 742 
MgSO4·7H2O, FeSO4·7H2O, Fe4.67(SO4)6(OH)2·20H2O, and CaSO4·2H2O (Fig. 4, 6, 7, 8, 9, 12, 14). 743 
FeCl2·2H2O, FeCl2, and MgCl2·xH2O (x=1, 2, 4) were found in the ESD products of FeCl2·4H2O and 744 
MgCl2·6H2O (Fig. 19, 23).  745 
 746 
In addition, there are three specific ESD-induced dehydrations. The first is that the highly hydrated 747 
sulfates (MgSO4·7H2O, FeSO4·7H2O) have a higher dehydration rate than those with lower hydration 748 
degrees of the same type (i.e., MgSO4·xH2O, FeSO4·xH2O, x=1, 4). This was reflected by the shift of 749 
central positions of the 1 Raman peak in the products as a function of ESD duration. The second is the 750 
occurrence of hydrolysis induced by ESD, i.e., from FeSO4·H2O to Fe(OH)SO4. The third is the difficulty 751 
in the dehydration of the salts (and minerals) without structural H2O but only OH, such as jarosite 752 
NaFe3(OH)6(SO4)2 and akaganeite FeO(OH, Cl), as well as the 1:1 mixtures of Na-jarosite with each of 753 
two hydrous salts (MgSO4·7H2O and MgCl2·6H2O). The spectrum of hematite was seen from some spots 754 
in the Raman scans on these ESD products, but it did not affect the conclusion from Mössbauer spectra, 755 
i.e. ~ 100% jarosite among the Fe-phases in bulk samples. This result means that transformation to 756 
hematite from jarosite by medium-strength ESD must be at a very low rate compared with those of other 757 
Mg, Fe

2+
, Fe

3+
, Ca, and Na sulfates.  758 

 759 
It is worth to mention that we did not put a control in PEACh (i.e., a starting salt of same type but to 760 
protect it from being affected by ESD generated plasma and free radicals) during each of 75 sets of 761 
experiments, mainly due to the experimental difficulties. Considering the vacuum desiccation 762 
experiments on hydrous salts (Sklute et al., 2015; Vaniman et al., 2004; Wang et al., 2006b, Wang and 763 
Zhou 2014), dehydrations caused by the simulated martian atmospheric conditions should have also 764 
occurred. 765 
 766 
5.2. Amorphization 767 
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Amorphization of salts in this study is judged by Raman and XRD data analyses, with Raman analysis 768 
made on the as is surface of ESD products, and XRD analysis made on the bulk sample of ESD products. 769 
Three stages of amorphization can be distinguished based on Raman data analyses (Table 3), as Amor-I, 770 
Amor-II, and Amor-III. For the Amor-I group, such as those observed from Na2SO4, CaSO4·2H2O, and 771 
Na2SO3 after 7h ESD (Fig. 13, 14, 15), the obvious broadening of major Raman peaks indicates the 772 
initiation of structural distortion from a perfect crystalline phase, which is commonly accompanied by the 773 
raising of spectral background and reduction of signal to noise (S/N). Structural distortion would generate 774 
the observed changes in chemical bond lengths and bond angles in a crystal, causing a much wider Raman 775 
peak to be obtained from a vibrational mode. The envelope of many Raman peaks with slightly different 776 
central positions widens because of many slightly different chemical bonds in a distorted structure, and an 777 
overall reduced S/N. Raman spectra of Amor-III exhibit a total loss of spectral details, in many cases with 778 
merged peaks in 1, 2, 3, and 4 modes, extensively broadened peak widths (> 10 times), and very low 779 
S/N, observed from MgSO4·yH2O (y=7, 4), FeSO4·yH2O (y=7, 4), Fe4.67(SO4)6(OH)2·20H2O, FeCl2·4H2O 780 
after the ESD process (Fig. 5a, 7b, spectra #4 to #8 in Fig. 12b, spectra #3 to #6 in Fig. 18). The spectra 781 
of Amor-II have characteristics between those of Amor-I and Amor-III, such as the ESD product of 782 
MgSO4·H2O shown in Fig. 5b.  783 
 784 
Two stages of amorphization can be distinguished from the XRD data (Table 3), corresponding to Amor-785 
III and the combined Amor-I and –II assigned by Raman results. Amor-III would appear as the “large 786 
hump” in the XRD patterns from the ESD products from MgSO4·yH2O (y=7, 4) (Fig. 6), FeSO4·7H2O 787 
(Fig.9), FeCl·4H2O (Fig. 19), and AlCl3.6H2O (Fig. 23), consistent with Amor-III assigned by Raman 788 
analyses. Because XRD sampled the powder from the full depth of the SiO2 cell including the bottom of 789 
cell that is less affected by energetic electrons, some XRD lines of crystalline phases may overlie the 790 
“large hump” (Fig. 6, 9, 19) while the Raman spectra from the as is surface show full amorphization (Fig. 791 
5a, 18). The XRD pattern of the products assigned to Amor-I and Amor-II by Raman analysis would 792 
appear as line broadening and the merge of line groups, as seen in Figure 6 (1.5h-ESD from MgSO4·H2O), 793 
Figure 16 (7h ESD from NaHSO3), and Figure 23 (LT- 7h ESD from MgCl2·6H2O).  794 
 795 
It is worth noting that the generation of Amor-III is normally accompanied by the rapid dehydration from 796 
sulfates originally having high degrees of hydration, such as from MgSO4·xH2O (x=4, 7), FeSO4·xH2O 797 
(x=4,7), and Fe4.67(SO4)6(OH)2·20H2O. Amor-I or Amor-II occurred in anhydrous sulfates (e.g., Na2SO4, 798 
Na2SO3) or those with a low degree of hydration, e.g., MgSO4·H2O.  799 
 800 
The rate of amorphization (i.e., the ease of damaging the crystalline structure) of common chlorides 801 
appears to be more related to the type of cations present, and reflected by a grouping of chlorides 802 
mentioned in section 4.2.2, i.e., higher rates in Fe, Mg, and Al chlorides than in Ca, Na, and K chlorides. 803 
The same grouping was found in experimentally observed rates of Cl-release induced by ESD from Mg, 804 
Fe, Al, Ca, Na, and K chlorides (Wang et al., 2020), which was correlated with the degree of M‐Cl bond 805 
covalence that is usually quantified by the difference of electronegativity of M and Cl (Allred, 1961). 806 
These electronegativity differences range from 2.34 to 2.16 for KCl, NaCl, and CaCl2, and from 1.2 to 807 
1.85 for FeCl3, AlCl3, FeCl2, and MgCl2 (Wang et al., 2020). An apparent connection between 808 
amorphization and dehydration is observed in chlorides. Hydrous chlorides (AlCl3·6H2O, FeCl2·4H2O, 809 
MgCl2·6H2O) appeared to amorphize more quickly (Fig. 19, 23) than anhydrous chlorides (NaCl, KCl, 810 
Fig. 22). Nevertheless, the ESD-induced Cl-release experiments were conducted strictly on anhydrous 811 
chlorides (KCl, NaCl, CaCl2, FeCl3, AlCl3, FeCl2, and MgCl2), and the same grouping was found in two 812 
sets of experiments (Wang et al., 2020, and this study). We conclude that the rate of amorphization of the 813 
tested chlorides is fundamentally affected by the degree of M‐Cl bond covalence.  814 
 815 
5.3.  Oxidation 816 
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Oxidation of Fe
2+

 to Fe
3+

 is evidenced by Mössbauer analyses of the ESD products from FeSO4·7H2O and 817 
FeCl2·4H2O. The ratio of Fe

3+
/Fetotal in both cases changed from zero to 44%, and to 88%, respectively, 818 

after a medium-strength ESD process of only 7 hours. These Mössbauer results are confirmed by the 819 
slope change in the 400-800 nm range of VNIR spectra, particularly as seen in the ESD-product set from 820 
FeCl2·4H2O (Fig. 21). The hydrolysis from Fe

2+
SO4·H2O to Fe

3+
(OH)SO4 revealed by Raman spectra (Fig. 821 

8) and by XRD-based phase ID (Fig. 9), and the appearance of Fe
3+

OCl in the ESD product of 822 
FeCl2·4H2O (Fig. 19), provide additional evidence of the oxidation of ferrous iron to ferric iron, induced 823 
by the ESD process. 824 
 825 
During a normal glow discharge (ESD-NGD) in simulated Mars atmospheric composition and pressure, 826 
the free radicals CO

2+
, CO

+
, OI, HIII, HII, OH, ArI, N2, N2

+
 (as well as O2, NO, and O

+ 
because of the 827 

overlapping of plasma lines used for detection, Figure S8) were detected instantaneously by in situ plasma 828 
emission spectroscopy. O3 was also detected in the output gas by UV and mid-IR spectroscopy (Wu et al., 829 
2018). These free radicals would induce the oxidation of Fe

2+
 to Fe

3+
. Similarly, oxidation of Cl

- 
to Cl

7+
 830 

was indicated in this study by the presence of Mg(ClO4)2·6H2O in 21h ESD products from MgCl2·6H2O 831 
(section 4.2.2). In addition, Wu et al. (2018) observed the formation of NaClO3 and NaClO4 from NaCl, 832 
both induced by the ESD processes of medium strength (Table S1).  833 
 834 
Finally, our hypothesis of S-oxidation induced by ESD process was validated by the analyses of ESD 835 
products from two sulfites, Na2S

4+
O3 and NaHS

4+
O3. The XRD-based identification of Na2S

6+
3O10 in ESD 836 

products (Fig. 16) supports the oxidation hypothesis, as does the IC observation of a surge in SO4 837 
concentration with increasing ESD duration (Fig. 17).  838 

 839 
Overall, the results of this study demonstrated that dehydration and amorphization (to different degrees 840 
depending on the properties of salts) were induced by the medium-strength ESD processes within a 841 
nominal time duration from 0.25 hours to 7 hours. In addition, oxidation of Cl, S, and Fe occurred in Cl-, 842 
S-, and Fe-bearing salts as a result of this type of ESD process.  843 
 844 
6. Implications for martian dust activities 845 
Martian dust activities have been physically altering the morphology of the martian surface. Some of 846 
them, especially the regional and global dust storms, have the potential to physically remove and re-847 
deposit the top layer of regolith and even rocks if secondary minerals (salts and phyllosilicates) are the 848 
major components. When electrostatic discharge is induced by martian dust activity, it exerts two 849 
additional effects on surface minerals: physically impacting them with energetic electrons and chemically 850 
attacking them with free radicals and electrons. The potential effects in chemistry and biology of ESD 851 
induced by Mars dust activities have been investigated and reported by Wu et al. (2018), and Wang et al. 852 
(2020a, b and this study) and by another group in Denmark (Bak et al., 2016, 2017, 2018; Knakjensen et 853 
al., 2014; Thoegersen et al., 2019).  854 

 855 
To date, there has been no actual measurement made of the electric properties of martian dust events. 856 
Thus, two important unknowns remain. First is the probability of the occurrence of an ESD during a dust 857 
event, which would be expressed as a percentage of time duration in a dust event. Second is the type of 858 
ESD, either Townsend dark discharge (TDD), or normal glow discharge (NGD), that would occur in a 859 
specific dust event. Our current investigations (Wu et al., (2018), and Wang et al., 2020a, b, c) revealed 860 
the types of phase transformations (with some rate information) that can be induced by a medium-strength 861 
NGD, to a group of important secondary martian minerals (S- and Cl-salts). However, the overall effect 862 
of these phase transformations on the “big picture” of martian surface mineralogy cannot be estimated, 863 
unless some assumptions on the above two important unknowns are made.  864 
 865 
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We will take a very conservative assumption for the first unknown, and consider only two extreme cases: 866 
grain saltation and global dust storm. Our terminology in using “dust” in following discussion lumps all 867 
particles (dust, sand, soil grains, etc.) that can be physically moved by these two processes 868 
 869 
First, grain saltation (GS) can occur on Mars everywhere and all year around when wind speed is beyond 870 
a threshold. Atmospheric scientists use threshold friction speed (u*t) to judge the generation of GS. An 871 
early experiment using a wind tunnel (Greely et al., 1980) found that the u*t at martian condition (at 5 872 
mbar, 95% CO2, T =150-240K) is about 10 times higher than on Earth, i.e., GS is more difficult to initiate 873 
on Mars than on Earth. For example, the u*t for grain size of 100 µm would be  2.5-3.5 m/s, and the u*t for 874 
grain size of 800 µm would be 4-5 m/s under Mars conditions (Figure 5 of Greely et al., 1980). When 875 
adding the effect of the lower gravitational field of Mars, however, a recent study (Sullivan and Kok, 876 
2017) found that at a wind speed much lower than u*t, “sporadically mobilized” grains on Mars can 877 
develop into “self-sustaining saltation.” This conclusion was validated by the observations made during 878 
the Spirit, Opportunity, and Curiosity rover missions (Sullivan et al., 2005, 2008; Sullivan and Kok, 879 
2017).  880 
 881 
Fortunately, a Rover Environmental Monitoring Station (REMS) was carried by Curiosity rover to Gale 882 
crater. A recent paper (Viudex-Mpreiras et al., 2019) published wind speed data at Gale crater collected 883 
by REMS from sol 9 to sol 1474. Their finding was that the wind speed probability density function at 884 
Gale crater matches quite well with the Weibull function, with a scale factor c= 6.87 m/s and a shape 885 
parameter k= 1.73 (Fig.1 of Viudex-Mpreiras et al., 2019; Table S2). Furthermore, they found these 886 
parameters fall into the ranges of two Viking landers (which landed on flat plain, c=2.55 – 7.9 m/s, 887 
k=1.06 – 1.68). On the basis of this REMS data set collected during 2.19 Mars years, the probability of 888 
wind speed > 3.5 m/s is 70% and of wind speed > 5 m/s is 53%, at Gale crater (Table S2). Therefore, 889 
even we take the most conservative consideration by using the high threshold friction speed (u*t) derived 890 
by the Greely et al. (1980) experiments (> 5 m/s for grain size of 800 µm), the winds at Gale crater would 891 
induce grain saltation (GS) over half of a martian year (53%, Table 4).  892 
 893 
Schmidt et al. (1998) measured the E-fields in saltating grains at a California field site and found a level 894 
as high as 166 kV/m (>> 25-34 kV/m BEFT measured in Mars environmental chambers, Farrell et al., 895 
2015; Yan et al., 2017). Since there was no actual measurement of the electric properties of grain saltation 896 
made on Mars and counting the other uncertainties in ESD generation that beyond the scope of current 897 
study, we chose a very conservative number, 1%, to estimate the ESD occurrence probability induced by 898 
martian grain saltation (GS). Combined with the occurring probability of GS during a Mars year at 899 
specific sites (e.g., Gale crater), the resulting probability of a GS-induced ESD would be 5.3 × 10

-3
, equal 900 

to 87 hours during a martian year (Table 4).  901 
 902 
Other martian dust activities, e.g., dust devils and dust storms, would disturb the martian surface dust and 903 
sand to much larger degrees than that by grain saltation.  For simplification, we use global dust storm 904 
(GDS) to make a rough numerical calculation for comparison purposes. In general, GDS occurs on 905 
average once every three martian years. Once it occurs, it can be roughly assumed to cover at least 80% 906 
of the martian surface and last 10% of a martian year, corresponding ~ 69 Earth days (Gierasch, 1974; 907 
Shirley, 2015; Wang and Richardson, 2015). Therefore, the probability of any location on Mars during a 908 
martian year encountering a GDS is 0.026, or 435 hours (Table 4). 909 
  910 
Now the question is: what is the percentage of time during a GDS that ESD could occur? Based on 911 
decades of study of martian dust storms, we understand that GDS are driven by a set of hot cores. Within 912 
the cores, there is likely convective activity, which could generate large electric fields (E-field) that would 913 
eventually cause an ESD to occur. During a GDS, the dust in these cores then gets transported to high 914 
altitudes and covers the globe of Mars. Therefore in the regions away from the cores, the dust load 915 
increases, but it is not vigorously mixing dust. The amount of suspended small aerosols increases, but 916 
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there is probably not a lot of electrical activity away from the cores (Gierasch, 1974). Considering this 917 
model and many more remaining uncertainties in martian GDS than GS, we chose a percentage at two 918 
orders of magnitude lower, 0.01%, for the probability of ESD occurring during a global dust storm (Table 919 
4). Thus, the probability of encountering ESD as induced by GDS at any location on Mars during a 920 
martian year is 2.6 × 10

-6 
that equals to 4.4 × 10

-2 
hour (Table 4).  921 

 922 
The second unknown is the type of ESD (either Townsend dark discharge (TDD), or normal glow 923 
discharge (NGD)) that would occur in a specific dust event. Based on gas discharge phenomena described 924 
in the literature (Fig. S7), the major difference between TDD and NGD is in electron flux. This is 925 
reflected by the electric current measured in a discharge event (Gallo, 1975), which was observed at µA 926 
level for TDD by Farrell et al., (2015), and at mA level for NGD by Wu et al., (2018), both under Mars 927 
atmospheric conditions. Based on a modeling study (Delory et al., 2006), the full range of estimated 928 
electron flux between martian TDD and NGD ranges over seven orders of magnitude, from 9 10

16
 s

-1
m

-2 929 
(TDD) and 1.5 10

24 
s

-1
m

-2
 (NGD) (detailed discussion in section 5.3 of Wu et al., 2018). An ESD-NGD 930 

was observed in our experimental setting, with an electron flux of 1.42 10
20 

s
-1

m
-2

 (Table S1) calculated 931 
on the basis of measured electric current across the two electrodes, a strength at mid-way between the two 932 
extreme cases.  933 
 934 
On the other hand, the type of chemical reaction that could be induced by an ESD process depends on the 935 
kinetic energy (Ek) of electrons being generated, i.e., Ek > an energy threshold for a chemical reaction to 936 
occur. As discussed in Wu et al. (2018) and discussed in section 3.2, the kinetic energy of electrons 937 
generated in our ESD experiments was estimated on the basis of plasma spectroscopic observations of 938 
CO2

+
 and Hα lines, with considerable portion of electrons having Ek >14 eV and even > 17.2 eV. Because 939 

the drift velocities of electrons in TDD and NGD are similar (Fig. 4a and equation (8) of Delory et al., 940 
2006; Jackson et al., 2008, 2010), their electrons should have similar kinetic energy distributions. 941 
Therefore, the chemical reactions induced by NGD can also be induced by TDD. However, the same 942 
reaction induced by the TDD process will take much longer time than NGD to reach the same level of 943 
phase transformation because of its lower electron flux (Fig. S7). For example, the electron flux realized 944 
in our NGD experiments is about ~10

4
 times of that of typical TDD, thus the mineral transformation 945 

produced by a 0.25h ESD-NGD in our experiments (Table 3) would only be seen after about 2500 hours 946 
of a typical TDD process.  947 
 948 
We further assume that NGD would more likely be induced by dust storms, while TDD would more 949 
likely be induced by grain saltation, simply because the difference in the amounts of dust grains involved 950 
in these two extreme dust activities matches well with the differences in electron flux densities of NGD 951 
and TDD, which are at mA and µA levels, respectively, when measuring electric current under Mars 952 
conditions (Farrell et al., 2015; Wu et al., 2018).  953 
 954 
Based on the above assumptions and considering only the grain saltation and the global dust storms (and 955 
the probabilities derived in the front part of this section), we can make very rough estimations on how 956 
long it would take on Mars to reach the levels of phase transformations induced by our medium-strength 957 
ESD-NGD process in PEACh. The last two rows of Table 4 show that the phase transformations 958 
produced by a 0.25h-ESD-NGD process in the PEACh (column #3 of Table 3) would likely be seen after > 959 
29 martian years when considering only the grain saltation induced ESD-TDD (at typical TDD electron 960 
flux level, Table S1). The time would be > 5.7 martian years when considering only the global dust 961 
storms induced ESD-NGD (at the same electron flux level of our experiments, Table S1). The durations 962 
needed for the phase transformation levels reached by 7h ESD-NGD (column #4 of Table 3) would likely 963 
be seen on Mars after a few hundred martian years for both extreme cases (grain saltation and global dust 964 
storms).  965 
 966 
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Note that the choice of ESD-occurring probabilities in the above analyses (1% for grain saltation and 0.01% 967 
for global dust storms), although based on some knowledge, maintains certain arbitrary nature because no 968 
real measurements have yet been made on Mars. Our goal was to enable a rough estimation on the 969 
numbers of martian years (Table 4), after which the phase transformations observed in our experiments 970 
(dehydration, amorphization, and oxidations of Fe, Cl, and S) would be seen on Mars. The estimated time 971 
lengths would be 10 to 100 times longer if we chose to further reduce the probability by one to two order 972 
of magnitude for both extreme dust activities, which would result an estimation of  thousands to tens’ 973 
thousands martian years.  Nevertheless, the cold and dry atmospheric conditions have prevailed during 974 
Amazonian period (~ 3 Ga), especially in the most recent tens’ of million years, during which martian 975 
dust activities (dust storms, dust devil, and grain saltation) have been rampantly altering martian surface 976 
materials. Our experimental results suggest that ESD induced by martian dust activities may have 977 
contributed some of the S- and Cl-rich X-ray amorphous materials in surface soils at Gale crater.   978 
 979 
Furthermore, compared with the high frequency of occurrence, large area, and long temporal coverage of 980 
martian dust activities in the current epoch on Mars, the other potential amorphization processes, i.e., the 981 
sudden exposure of subsurface hydrous salts or a sudden release of subsurface brines (section 1) that 982 
might be induced by impacts or by other events such as Recurring Slope Lineae (RSL) would result in 983 
mostly localized occurrences with a lower probability of occurrence. This comparison suggests that the 984 
ESD process induced by martian dust activities could be a very important process during the Amazonian 985 
period on Mars in causing the generation of S- and Cl-rich amorphous materials and the oxidation of Fe, 986 
S, and Cl. A direct implication of this conclusion is that we would anticipate significant amounts of S- 987 
and Cl-rich amorphous materials, with highly oxidized Cl, S, and Fe, over the entire surface of Mars.  988 
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