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Introduction:  Ca-sulfate is an important salt on Mars, 
whose hydration states are important indicators for 
Mars environment and climate changes [1-2]. The Cu-
riosity rover has analyzed abundant calcium sulfate 
veins occurring as fillings in the rock, which consists of 
gypsum and basanite in Yellowknife Bay, Gale crater 
[3]. Millimeter to centimeter-scale Ca-sulfates veins 
sometimes surround alteration halos, and Ca and 
mixed-cation sulfates may be introduced during aque-
ous fluids leaching parent materials [4]. Recognition of 
the sulfates is important for figuring out the water-rock 
interactions of the target, thus better understanding of 
the local environment evolution. 

However, the discovery of Ca-sulfates is related to 
the occurrence, mineral species, spectroscopic datasets. 
Specifically, when Ca-sulfates were mixed with other 
sulfates, e.g. Mg-sulfates, which can affect their hydra-
tion and dehydration pathways. Furthermore, the calci-
um sulfates can form (Ca, Na)- or (Ca, K)-sulfates sol-
id solutions and the natural occurrence of Ca-sulfates 
does not always follow the predictions of thermody-
namics or phase boundaries. Calcium sulfate can form 
solid solutions with potassium and sodium on Earth [5]. 
Thus, it is very important to establish a solid under-
standing of the spectroscopic characterization of Ca-
sulfate solid solutions, to make a definitive identifica-
tion of different solid solutions of calcium sulfates, as 
well as other sulfates on Mars and Earth. 

In this study, two solid solutions of Ca-sulfate were 
synthesized in the laboratory and reported their Raman 
spectroscopic properties. Calciolangbeinite 
(K2Ca2(SO4)3) and sodium calcium sulfate 
(Na4Ca(SO4)3) were both synthesized by high tempera-
ture sintering, and their spectral data would support 
future in-situ detections of calcium sulfates on Mars by 
Raman payloads (e.g., SuperCam and SHERLOC 
aboard Perseverance rover).  

Synthesis of K2Ca2(SO4)3 and Na4Ca(SO4)3:  Po-
tassium sulfate and calcium sulfate powder were 
ground in a mortar, and then mixed according to the 
stoichiometric ratios of K2Ca2(SO4)3 (mol:mol = 1:2) 
and put into the crucible. The mixed powder was heat-
ed to 840℃ for 16 hours, and cooled slowly to room 
temperature. The synthesis method of Na4Ca(SO4)3 is 
similar to K2Ca2(SO4)3. The mixed powder of sodium 
sulfate and calcium sulfate was heated to about 900℃ 
for 12 hours, and rapidly cooled to room temperature. 
Different from K2Ca2(SO4)3, the Na4Ca(SO4)3 would 

not be synthesized when the crucible cooled slowly to 
room temperature. 

XRD characterization:  The phase identification 
of K2Ca2(SO4)3 and Na4Ca(SO4)3 was conducted by X-
ray powder diffraction (Rigaku UltimaIV, Japan) in 
Shandong University at Weihai. The samples were 
scanned at 0.02° step from 10° to 70° with a CuKα 
radiation (λ = 1.54052 Å) at 40 kV and 40 mA. As 
shown in figure 1, the XRD pattern of K2Ca2(SO4)3 is 
consistent with its PDF-2004 database ( PDF#20-0867). 
The XRD pattern of Na4Ca(SO4)3 shows a similar re-
sult as K2Ca2(SO4)3 which matched well with PDF#34-
1238. These results indicated that the two samples 
were successfully synthesized. 

Besides, the K2Ca2(SO4)3 and Na4Ca(SO4)3 were 
stable at room temperature without hydration by re-
peated XRD measurements. 

 
Figure 1. XRD pattern of the synthetic K2Ca2(SO4)3,  

the PDF#20-0867, the synthetic sodium calcium sulfate, 
the PDF#34-1238. 
 
Raman spectral features of two solid solutions:  
Raman spectroscopy can reveal the fundamental vibra-
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tional modes of K2Ca2(SO4)3 and Na4Ca(SO4)3. Two 
samples of Raman spectral were acquired using the 
inVia® Raman System (Renishaw, UK) in Shandong 
University at Weihai. The fundamental vibrational 
modes from the SO4 tetrahedra contribute Raman spec-
tral features in region 150-1500cm-1, including sym-
metric stretching modes (ν1) located at 983 cm-1, sym-
metric bending modes (ν2) located at 450 cm-1, asym-
metric stretching modes (ν3) located at 1105 cm-1, 
asymmetric bending modes (ν4) located at 611 cm-1 [6-
7]. For K2Ca2(SO4)3, the symmetric stretching modes 
(ν1) are the strongest diagnostic peaks, which split into 
three peaks located at 1004.5, 1018.7, and 1024.6 cm-1, 
indicating a big distortion of the SO4 tetrahedra in 
K2Ca2(SO4)3. The Raman spectra of Na4Ca(SO4)3 (Fig-
ure 2) showed that the symmetric stretching modes (ν1) 
split into 993.8 and 1011.6 cm-1, indicated that 
Na4Ca(SO4)3 may have smaller distortion of the SO4 
tetrahedra than that of K2Ca2(SO4)3.  

 
Figure 2. Raman spectra of K2Ca2(SO4)3, Na4Ca(SO4)3, 
H-BE(humidity-buffer experiment) of Na4Ca(SO4)3, 
and Na2SO4. 
 

After that, a new experiment was set to study the 
Na4Ca(SO4)3 stability and monitor whether a new 
phase appeared due to the H2O into the structure using 
the humidity-buffer technique. Firstly, the sample was 
put into KCl saturated solution at 80℃ (~80% RH%). 
After 10 days, the Raman spectra and XRD patterns 
showed that Na4Ca(SO4)3 gained structural water and 
decomposed. The Raman spectra of Na4Ca(SO4)3 and 
reaction products from humidity-buffer experiment are 
shown in Figure 2, and 1000.8cm-1 contributes from 
Na2Ca(SO4)3. Based on the previous report, our results 
reveal that the Na4Ca(SO4)3 become 
Na4Ca(SO4)3·2H2O by getting structural water A ‘la-

bile salt’ and the phase transition reactions can be di-
vided into two steps [8]: 
Na4Ca(SO4)3 + 2H2O(g) →    

Na4Ca(SO4)3·2H2O                                        (1) 
Na4Ca(SO4)3·2H2O →  

Na2Ca(SO4)3 + Na2SO4 + 2H2O                     (2) 
Conclusion and future work:  We have synthe-

sized two solid solutions (K2Ca2(SO4)3, Na4Ca(SO4)3), 
and obtained their XRD patterns and Raman spectra. 
These two solid solutions are stable in ambient condi-
tions for a long time, which is different from the prod-
ucts synthesized using humidity-buffer technique that 
contains two H2O molecules in the structure. In the 
future, more calcium sulfate solid solutions will be 
synthesized using multiple methods, and conduct a set 
of experiments to study the stability and spectra prop-
erties, such as the mid-IR and Vis-NIR spectra, which 
will be collected and used to help us to better interpret 
the orbital and in situ detection data. 
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