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 Introduction:  Among many great findings in 

martian mineralogy made by CheMin, the discovery of 

X-ray amorphous components in all samples at Gale 

Crater [1-3] has been an eye-opening topic for plane-

tary scientists working in the fields of martian geology, 

geochemistry, mineralogy, and spectroscopy. The large 

range of the X-ray amorphous component proportions 

in different samples (19-36 wt% in active and inactive 

dune materials; 20-54 wt% in all mudstones, 14-71 

wt% in non-altered and altered Stimson samples, [4-8]) 

implies multiple geological processes for producing 

them. 

 As data have accumulated, it  becomes increasing-

ly evident that the X-ray amorphous components in all 

CheMin samples at Gale crater have a volatile compo-

nent or may even be enriched in volatiles, i.e., high 

wt% of SO3+Cl+P2O5 and possibly H2O-bearing.  The 

mineral hosts for the volatile portion of X-ray amor-

phous components have been suggested to include 

mixed-cation sulfates, phosphate, chloride-perchlorate-

chlorate, and small proportions of ferrihydrite [4-8]. 

Analyses by the SAM (Sample Analysis at Mars) in-

strument on the same set of drilled samples used for 

CheMin analyses support the existence of crystalline 

and/or poorly crystalline Mg- and Fe-sulfates, associat-

ed with water in amorphous phases [9].  

  A logical follow-up question is, by what processes 

could some S and, Cl-bearing salts become (or form 

as) X-ray amorphous materials? 

 Laboratory experiments have demonstrated that 

amorphous sulfates can be formed from crystalline Mg-

, Fe
2+

-, and Fe
3+

-sulfates [10-13] under vacuum desic-

cation that simulates the exposure of subsurface hy-

drous sulfates to current atmospheric conditions at the 

martian surface. Alternatively, they may form by fast 

dehydration of relevant brines (sulfates, chlorides, per-

chlorates, and mixtures) at very low relative humidity 

(RH) or by vacuum desiccation at mid-to-low tempera-

ture [14-15] or at extremely low temperature [16-17], 

to simulate the sudden release of subsurface brine(s) on 

Mars that may cause the Recurring Slope Lineae [18].   
 Amorphous sulfates and chlorides may have 

formed by major geological processes in the early his-

tory of Mars, e.g., volcanic activity, impacts, and acidic 

weathering. Also, energetic particles from outer space, 

such as galactic cosmic rays and UVC photons have 

the potential to cause amorphization of surface salts.  

 We report here a new set of experimental results, 

that suggest a different type of surface process on Mars 

that may have caused the formation of amorphous salts. 

Namely, amorphization of hydrous sulfates (mainly 

Mg, Fe
2+

), and some chlorides induced by electrostatic 

discharge (ESD) can happen during various martian 

dust activities, such as dust storms, dust devils, and 

grain saltation. 

 ESD process and salts: The ESD process was 

induced in a Mars chamber [19-21], which simulates 

martian atmospheric composition and pressure, with 

sample temperature controlled [22]. Using an in situ 

plasma emission spectroscopy probe, we detected the 

instantaneous generation of the following free radicals 

in a simulated Mars atmosphere: CO2
+
, CO

+
, OI, HIII, 

HII, OH, ArI, N2, N2
+ 

(not excluding O2, NO, and O
+
 

because of the overlapping of plasma lines used for 

detection), as well as O3 by UV and mid-IR spectros-

copy. These free radicals and energetic electrons can 

cause multiphase redox plasma chemical reactions in 

the martian atmosphere and at the surface. The trans-

formation of chloride to oxychlorates [20] and the re-

lease of Cl as the first excited state (ClI) from common 

chlorides were observed and reported previously [21]. 

 During the new set of ESD experiments, the fol-

lowing sulfates and chlorides were selected as samples:  

MgSO4·7H2O, MgSO4·4H2O, and MgSO4·H2O; 

FeSO4·7H2O, FeSO4·4H2O, and FeSO4·H2O; Na2SO4, 

Na2SO3, and NaHSO3, CaSO4·2H2O; NaCl, KCl, 

MgCl2·6H2O, FeCl2·4H2O, CaCl2·2H2O, and 

AlCl3·6H2O.  

 Each starting sample was ground and sieved, and 

about 1 g of powder in the grain size range of 88 µm > 

d > 63 µm was placed in a fused-SiO2 cell of 15  mm 

diameter and 3 mm depth. During each ESD experi-

ment (max duration = 7 hrs), the sample cell was 

placed in the lower electrode, facing the energetic elec-

trons from the upper electrode, also entirely enveloped 

by the plasma generated (inset of Figure 1). In previous 

experiments [20, 21] using the same conditions, the 

reaction products were found to be enriched at the 

sample surface.  

 Laser Raman spectroscopy and XRD were used to 

make mineral identifications of the ESD processed 

salts. VNIR and Mössbauer (MB) spectra were taken 

from selected samples. Ion chromatography was used 

to confirm sulfate production during experiments using 

Na2SO3 and NaHSO3 as starting salts.  
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Results: Raman spectra were taken 

at the surface of each ESD product 

of salts. Figure 1 shows Raman 

spectra from multiple sampling 

spots on the  product  of 15 minute 

ESD beginning from MgSO4·7H2O. 

The sharp 983 cm
-1

 peak belongs to 

the 1 mode of a crystalline 

MgSO4·6-7H2O phase. The  sharp 

1000 cm
-1

 peak belongs to a crystal-

line MgSO4·4H2O phase. The broad 

peaks centered ~1030 cm
-1

, ~600 

cm
-1

 and ~500 cm
-1

 demonstrate 

initiation of amorphization 

(MgSO4·xH2O). H2O spectral peaks 

from 4000-2500 cm
-1

 (not shown) 

suggesting retention of some struc-

tural H2O [12, 23].  Amorphization 

in MgSO4·7H2O developed very fast 

with increasing ESD duration. After 

1 hour of ESD processing, almost no 

crystalline Mg-sulfates can be de-

tected by Raman spot analysis.  

 Similarly, total amorphization 

was observed in the ESD products 

from MgSO4·4H2O, MgSO4·H2O; 

FeSO4·7H2O, and FeSO4·4H2O, but 

not FeSO4·H2O, which transformed 

to FeOHSO4 after 15.5 hours of ESD. On the other 

hand, 7 hours of ESD did not turn Na2SO4 amorphous, 

but did broaden its Raman peak width, suggesting a 

gradually damaged crystalline structure.  Seven hours 

of ESD transformed most of the CaSO4·2H2O to -

CaSO4, with minor gypsum and basanite and reduced 

structural H2O in both phases. 

 XRD measurements were made on the collected 

upper layer of each salt sample after ESD processing. 

Figure 2 shows the XRD pattern of three ESD products 

of Mg-sulfates. In the 1
st
 and 2

nd
 XRD patterns, the rise 

of diffraction background between 10-40 revealed that 

most salt grains in the samples (MgSO4·7H2O and  

MgSO4·4H2O) turned amorphous. The last XRD pat-

tern shows the broadened and combined XRD lines, 

indicating initial development of amorphization.  

 We found that the amorphization of chlorides un-

der ESD is strongly influenced by their chemical bond-

ing, i.e., high amorphization rates of FeCl2·4H2O and 

AlCl3·6H2O, but no amorphization observed for KCl 

and NaCl after 7h ESD, while the amorphization rates 

of MgCl2·6H2O and CaCl2·2H2O were intermediate.  

ASD spectra were taken at the surfaces of  

FeSO4·7H2O and FeCl2·4H2O after 15 min, 1h, 3h, and 

7h ESD with the sample cell temperature controlled 

below 30C [22]. The ma-

jor spectral changes are a 

decrease in absorption 

near 1.0, 1.4, and 1.9 µm, 

and a gradual decrease of 

spectral contrast. The for-

mer change suggests the 

dehydration of these two 

hydrous salts. The latter is 

consistent with Raman and 

XRD observations, i.e., the 

destruction of crystalline 

structure.  

 Mössbauer  spectra 

taken on the entire sample 

of FeSO4·7H2O and 

FeCl2·4H2O after 7 hours 

ESD  revealed partial  oxi-

dation of Fe
2+

 to Fe
3+

 in 

these samples. The 

Fe
3+

/Fetotal ratio changed 

from 0% to 44% and from 

0% to 88% in the ESD 

products of FeSO4·7H2O 

and FeCl2·4H2O, respec-

tively.  

 Conclusion and im-

plications: The overall 

effects of ESD on hydrous salts that simulate martian 

dust activities are (1) dehydration, (2) amorphization, 

and (3) oxidation. The amorphous hydrous sulfates and 

chlorides generated during martian dust activities may 

contribute the volatile portion of X-ray amorphous 

components found in Gale crater materials, and may 

potentially exist in surface materials all over Mars. 
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