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Introduction:  Amorphous materials represent a 

significant percentage (~15-70 wt%) of both drilled and 

scooped sediment samples analyzed by MSL Curiosity 

at Gale crater [1-6]. Estimates of the composition of the 

amorphous component in these samples show 

enrichment in sulfate and iron oxide [7], as well as the 

possibility of mixed-cation sulfate, phosphate, and 

chloride−perchlorate−chlorate amorphous salts [8]. 

This study focuses on mixtures of ferric sulfate and 

various chlorides. Chlorides have been found at the 

Phoenix landing site [9], as well as distributed globally 

on Mars [10]. Both chlorides and ferric sulfates are 

known to deliquesce at high relative humidity (RH), and 

rapid dehydration of these materials can lead to the 

formation of an amorphous solid [11,12]. The RH in the 

subsurface of Mars can go through large variations on 

both a diurnal and seasonal cycle, which may be 

favorable to subsurface brine formation [13-15]. These 

cycles may lead to repeating deliquescence-desiccation 

of salts and brines. Due to the possibility of both ferric 

sulfate and chlorides contributing to a Martian 

subsurface brine through deliquescence, it is important 

to consider mixtures of these brines, and the nature of 

their potential amorphous products after rapid 

dehydration. When studying these mixtures in a 

laboratory setting, it may also be important to consider 

multiple cycles of deliquescence and desiccation.  

To this end, this study mixed ferric sulfate with 

various chlorides and put the mixtures through multiple 

deliquescence-desiccation cycles. At the end of each 

cycle, the desiccation products of the brine mixtures 

were analyzed with x-ray diffraction (XRD) and Fourier 

Transform Infrared (FTIR) spectroscopy. 

Methods: The starting chlorides used in this study 

include MgCl2∙6H2O, FeCl2∙4H2O, FeCl3∙6H2O, 

CaCl2∙2H2O, and NaCl. Powders of each of these 

chlorides were mixed with powdered ferric sulfate, 

Fe2(SO4)3. The ferric sulfate powder is formed by 

heating ferric sulfate hydrate at 350 °C for 2 hours. Each 

starting mixture consisted of 0.5 g of ferric sulfate 

mixed with 0.5 g of one of the five chlorides. To 

deliquesce, the mixtures were placed in air-tight 

containers buffered with deionized water, which 

stabilizes the RH at ~92%. Samples were desiccated in 

identical containers buffered with lithium chloride, 

which stabilizes the RH at ~11%. Instead of cycling 

between low and high RH with a set timeline, it was 

determined that the timing of RH cycles would depend 

on when the samples were fully deliquesced or 

desiccated. Full deliquescence was determined 

qualitatively when the sample was entirely liquid. Full 

desiccation was determined when the sample returned 

to a powdered state, became hard and brittle, or a mix of 

both. Initial tests showed that it took a maximum of 3 

days for all the samples to fully deliquesce, and 10 days 

to fully desiccate. The exception were samples 

containing magnesium chloride, which took multiple 

weeks to fully desiccate. Three batches of the five 

mixtures of ferric sulfate and a chloride were made. 

Each batch went through one, two, or three full 

deliquescence-desiccation cycles.  

At the end of the last desiccation for each batch, the 

products were analyzed with FTIR spectroscopy and 

XRD. The FTIR instrument used was a Nicolet 6700 

spectrometer with an attenuated total reflectance (ATR) 

Smart Orbit diamond attachment (330-4000 cm-1, 2 cm-

1 resolution, 128 scans). The XRD instrument used was 

a Rigaku Miniflex (CuKα, 15mA, 40kV), optimized to 

reduce the fluorescence of iron-bearing samples. Any 

crystalline phases seen in the XRD patterns were 

identified using the Match! phase identification 

software, made by Crystal Impact.  

One hypothesis was that that the products of the first 

desiccation may subsequently deliquesce differently 

than the initial heterogenous mixture. Additionally, a 

brine resulting from the deliquescence of an amorphous 

solid may have a different homogeneity than a brine 

resulting from a powder mixture, which may affect the 

morphology or crystallinity of the next desiccation. 
Results:  Overall, very little change was observed 

between compositionally equivalent samples through 1, 

2, or 3 deliquescence-desiccation cycles, in both FTIR 

spectra and XRD patterns. In some samples, specific 

absorptions in the FTIR spectra are slightly shifted to 

lower wavenumbers with additional cycles. The FTIR 

spectra of the Fe2(SO4)3 - CaCl2∙2H2O mixtures after 1, 

2, and 3 cycles are shown in Figure 1, as these samples 

had the most spectral variation. For this composition, 

the samples after 1 and 2 cycles are nearly identical, 

while the sample after 3 cycles has clearer differences 

in adsorption features. All three spectra show 

absorptions of gypsum, but the 3-cycle sample is 

missing a key absorption at ~1680 cm-1 (Fig. 1A). 

Additionally, the 3-cycle sample has an absorption at 

~1145 cm-1 that is not obvious in the 1 and 2 cycle 
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spectra, but may be present in these spectra as a shoulder 

(Fig. 1B). The same is true for the absorption at ~610 

cm-1, which is also only found in the 3-cycle sample 

(Fig. 1C).  

There is even less variation in the XRD patterns of 

samples after 1, 2, or 3 cycles. The ferric sulfate control 

sample, and the mixtures with FeCl3∙6H2O both resulted 

in an entirely amorphous material for all experiments, 

regardless of number of cycles. The other samples 

resulted in a mixture of amorphous and crystalline 

material after each desiccation. For these mixed XRD 

patterns, the amorphous component can be mostly 

attributed to amorphous ferric sulfate. An example of 

this is given in Figure 2, which shows the XRD pattern 

of the Fe2(SO4)3 - FeCl2∙4H2O mixture after a 3rd 

desiccation of 3 cycles. The sample product is a 

combination of amorphous ferric sulfate, hydrated 

ferrous sulfate, and hydrated ferrous chloride. 

Conclusions: Aside from minor changes in the 

FTIR spectra of some samples, there is no substantial 

difference between samples that underwent a different 

number of full deliquescence-desiccation cycles. While 

there is more research required on this topic, this study 

increases the confidence of only performing one 

deliquescence-desiccation cycle on chloride and ferric 

sulfate mixtures in future studies. 
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Figure 2. XRD patterns of the ferric sulfate and 

ferrous chloride mixture (black) and the ferric sulfate 

control (grey) after 3 cycles. The red and blue peaks 

are those associated with hydrated ferrous sulfate and 

hydrated ferrous chloride, respectively 
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Figure 1. FTIR spectra, in three wavenumber 

regions, of the ferric sulfate (FS) and calcium 

chloride mixture desiccation products through 1, 

2, and 3 cycles.  
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