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Abstract: Magnesium sulfate has been widely detected on the surface of Mars. The occurrence of mag-
nesium sulfate and mixed cationic sulfates preserves clues regarding the sedimentary environment,
hydrological processes, and climate history of ancient Mars. In this study, seven magnesium sulfate
double salts were synthesized in the laboratory using a high-temperature solid phase reaction or slow
evaporation of aqueous solutions. The samples were analyzed using X-ray diffraction to confirm their
phase and homogeneity. Subsequently, the Raman, mid-infrared spectra, and visible near-infrared
spectra of these samples were collected and analyzed. Our results showed that the spectra of the
analyzed magnesium sulfate double salts exhibited distinctive spectral features. These laboratory
results may provide new insights for the identification of various magnesium sulfate double salts on
Mars during the interpretation of in situ data collected by Scanning Habitable Environments with
Raman and Luminescence for Organics and Chemicals (SHERLOC), SuperCam, and the ExoMars
Raman Laser Spectrometer (RLS). In addition, the MIR and VNIR spectra features obtained in this
study provide an improved reference and spectra library for decipherment of data sourced from
the Thermal Emission Spectrometer (TES), Thermal Emission Imaging System (THEMIS), and Mars
Mineralogical Spectrometer (MMS).

Keywords: Mineralogy; Spectroscopy; Mg-sulfates; double salts; Mars

1. Introduction

Sulfate minerals (Mg-, Fe-, and Ca-sulfates) have been widely identified across various
regions on the Martian surface. The first detection of magnesium sulfate on Mars can be
traced back to the Viking spacecraft in 1976. During this mission, the identification of
kieserite was proposed based on the correlation between magnesium and sulfur observed
in X-ray fluorescence data [1,2]. Subsequently, magnesium sulfate on Mars was identified
by OMEGA (Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité) and CRISM
(Compact Reconnaissance Imaging Spectrometer of Mars Reconnaissance Orbiter) at Arabia
Terra, Meridiani Planum, Valles Marineris, Candor Chasma, East Candor, Melas Chasma,
Ophir Chasma, and Gale Crater [3–11]. Furthermore, in situ detections have also confirmed
the presence of magnesium sulfate at various locations on Mars, including Meridiani
Planum, Gusev Crater, and Gale Crater, by the Opportunity, Spirit, and Curiosity rovers,
respectively [12–14]. In particular, the presence of MgSO4·4H2O was confirmed at the
Gale Crater [15]. Among the identified phases, kieserite stands out as the most common
phase of magnesium sulfate identified on Mars, occasionally associated with calcium
sulfates (CaSO4·nH2O) [16]. The magnesium sulfates found in various regions on Mars
are acknowledged to play a crucial role in the climate evolution and hydrological cycle of
Mars, especially because they hold information about different environmental parameters
(e.g., pH, Eh, and salinity) [14,17].

Remote Sens. 2024, 16, 1592. https://doi.org/10.3390/rs16091592 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs16091592
https://doi.org/10.3390/rs16091592
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-3702-6792
https://orcid.org/0000-0002-9260-5765
https://doi.org/10.3390/rs16091592
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs16091592?type=check_update&version=1


Remote Sens. 2024, 16, 1592 2 of 13

Sulfate has also been observed to occur as light-toned veins in the Gale Crater, Jezero
Crater, and Endeavor Crater [18–21]. The predominant phases in these light veins have
primarily been identified as calcium sulfates exhibiting varying degrees of hydration, in-
cluding anhydrite, bassanite, and gypsum [18–21]. This reveals the fluid process and the
environmental evolution of typical regions on Mars. However, based on APXS (Alpha
Particle X-ray Spectrometer) and LIBS (Laser-Induced Breakdown Spectroscopy) measure-
ments, the composition of these light veins is complex. CaO and SO3 cannot be balanced in
these veins; in addition to Ca2+, they also contain other cations, such as Mg2+, K+, Na+, and
Fe3+ [19–21]. This phenomenon is not limited to calcium sulfate veins; magnesium sulfate
bedrock enrichments have also been observed in a relatively thin (<10 m) stratigraphic
interval within the heterolithic Sutton Island member in the Gale Crater. Interestingly,
discrepancies in the balance between SO3 and MgO have been noted in this context [14]. Fur-
thermore, in the Gale Crater, the concentrations of the Ca2+, Na+, Mg2+, and K+ cations in
amorphous materials are also not sufficient to entirely balance the abundance of SO2−

4 [22].
The APXS data obtained from the Mars Exploration Rover (MER) Opportunity highlighted
an association of Ca-sulfate with Mg-sulfate in the sedimentary outcrops of the Merid-
iani Planum [23], along with the UV-vis data from the OMEGA spectrometer on Mars
Express [16]. These observations suggest the presence of mixed cations (e.g., double salts
and solid solutions) on Mars.

Regarding the origin of magnesium sulfate double salts or solid solutions, previous
works have suggested that the sulfur may be sourced from various fluid activities on
Mars. These include high-temperature volcanic gases, hydrothermal fluids [24–26], or
low-temperature groundwater interacting with S-bearing rocks. In addition, modeling
studies have been used to understand the nature and sequence of salts precipitated from
multicomponent magnesium-sulfur-rich solutions [27]. These models aim to serve as
potential analogs for the overall composition of the early Martian hydrosphere [27–29].
For example, King et al. (2004) predicted phases in the Mg-Na-SO4-Cl system based on
groundwater compositions of igneous rocks [27]. These groundwaters were found to be
enriched in Mg, Ca, Na, K, SO4, HCO3/CO3, and Cl. The evolution of these groundwaters,
which should be acidic and sulfate-rich [30], has been predicted to form different double
salts or solid solutions [27]. Specifically, blödite (Na2Mg(SO4)2·4H2O) is an important phase
in the Mg-Na-SO4-Cl system, and picromerite (K2Mg(SO4)2·6H2O) is another important
phase in the low calcium alkali water and salt system [27].

To date, the presence of magnesium sulfate double salts on Mars is still being debated.
To accurately reveal the mineralogy of light-toned veins and magnesium sulfate sedimen-
tary rocks, seven magnesium sulfate double salts were synthesized in the laboratory. The
synthesized samples were divided into Na-Mg, K-Mg, and K-Ca-Mg systems. XRD (X-ray
diffraction), Raman, MIR (mid-infrared), and VNIR (visible and near-Infrared) spectrome-
ters were used to analyze these samples. The distinctive spectral features identified in this
analysis aim to fill the existing gap in the spectral understanding of magnesium sulfate
double salts. Our results are expected to be instrumental in processing remote sensing and
in situ data, and in detecting magnesium sulfate double salts on Mars and Earth. Eventu-
ally, this work can also provide laboratorial parameters for constraining the formation and
alteration processes of magnesium sulfate double salts on Mars.

2. Materials and Methods
2.1. Materials

Seven magnesium sulfate double salts were synthesized in the laboratory using high-
temperature solid phase reaction or slow evaporation of aqueous solution methods. The
reagents used in this study included sodium sulfate (Na2SO4, ≥99%, AR (Analytical
Reagent)), anhydrous sodium sulfate (MgSO4, ≥99%, AR), potassium sulfate (K2SO4,
≥99%, AR), magnesium sulfate heptahydrate (MgSO4·7H2O, ≥99%, AR), and calcium
sulfate dihydrate (CaSO4·2H2O, ≥99%, AR). The CaSO4·2H2O, Na2SO4, MgSO4, K2SO4,
and MgSO4·7H2O were all analytical reagent phases, purchased from the Sinopharm
Chemical Reagent Beijing Co., Ltd. (Beijing, China).
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2.2. Synthesis of Magnesium Sulfate Double Salts

Blödite (Na2Mg(SO4)2·4H2O) was synthesized by evaporating salt solutions that
contained 18.18 wt% of sodium sulfate (Na2SO4) and 16 wt% of anhydrous magnesium
sulfate (MgSO4) at 323 K in an oven for 5 days [31].

Konyaite (Na2Mg(SO4)2·5H2O) was prepared by evaporating solutions containing
sodium sulfate (Na2SO4) and magnesium sulfate heptahydrate (MgSO4·7H2O) in a molar
ratio of 1:1 in a Petri dish at 308 K for 5 days in an oven [32].

Löweite (Na12Mg7(SO4)13·15H2O) was synthesized from a solution of magnesium
sulfate heptahydrate (MgSO4·7H2O) and anhydrous sodium sulfate (Na2SO4) in a molar
ratio of 7:6 at 353 K for 5 days in an oven [33].

Langbeinite (K2Mg2(SO4)3) was synthesized using magnesium sulfate heptahydrate
(MgSO4·7H2O) and anhydrous potassium sulfate (K2SO4) which was mixed according
to a molar ratio of 2:1 [34], and ground for 1 h. The ground materials were put into a
muffle furnace, heated at 973 K for 3 h, and then removed immediately and placed at room
temperature to quench. The quenched product was ground for 20 min, then heated again
at 673 K for about 24 h. The product was immediately placed at room temperature, left to
cool, and then bottled.

Leonite (K2Mg(SO4)2·4H2O) was synthesized by mixing 0.015 mol anhydrous potas-
sium sulfate (K2SO4) and 0.015 mol magnesium sulfate heptahydrate (MgSO4·7H2O) in
70 mL H2O, followed by blending the solution in a magnetic mixer for 30 min. Then, water
from the solution was evaporated in a drying oven at 363 K [35]. Three days later, the
crystal was obtained under the experimental conditions and bottled.

Picromerite (K2Mg(SO4)2·6H2O) was synthesized using an equal molar amount of
anhydrous potassium sulfate (K2SO4) and magnesium sulfate heptahydrate (MgSO4·7H2O)
in a triple distilled water medium. The resulting mixture underwent evaporation to remove
water in a drying oven at 308 K [36]. After four days, the water had evaporated completely,
and the crystal was harvested.

K2CaMg(SO4)3 was synthesized by mixing anhydrous potassium sulfate (K2SO4), mag-
nesium sulfate heptahydrate (MgSO4·7H2O), and calcium sulfate dihydrate (CaSO4·2H2O)
in equal molar amounts. The mixture was ground for 45 min. Then, the ground material
was put into a muffle furnace, heated at 1073 K for 20 h, and then cooled to room tempera-
ture. The cooled product was ground for half an hour, heated at 673 K for 17 h, and then
slowly cooled to room temperature. This synthesis method comes from PDF#20-0866 [37].

2.3. Instruments

XRD analysis was carried out at Shandong University, Weihai, utilizing a Rigaku
UltimaIV diffractometer equipped with CuKα radiation (λ = 1.54052 Å). The measurements
were conducted at an acceleration voltage of 40 kV, a current of 40 mA, and a scanning step
of 0.02◦, within the range of 5◦ to 70◦. The software JADE 6.5, along with the PDF-2004
database from Materials Data Inc. (Greensburg, PA, USA), was employed to determine the
position and width of the diffraction peaks, as well as the crystal face index.

The homogenous and phase identification of the seven synthesized samples was
carried out using Raman spectroscopy. The Raman spectra of the magnesium sulfate
double salts were obtained using the InVia Raman imaging system of Renishaw’s micro
laser Raman spectrometer. A 532 nm laser excitation from a DPSS laser and a 50× telephoto
objective was used to collect signals. The Raman spectra of the samples were collected in
the range of 100–4000 cm−1, including basic molecular and lattice vibration modes. The
spectral resolution of the InVia system was better than 1 cm−1, and the spectral repeatability
was ±0.2 cm−1. The emission line of the Ne lamp was used to calibrate the wavelength of
the spectrometer, and also to calibrate the Raman peak position of the Si chip at ~520.7 cm−1

every day. Through these two calibrations, an accuracy of ±0.2 cm−1 was ensured for the
Raman peak position.

The Bruker vertex 70 Fourier Transform infrared spectrometer at Shandong University
in Weihai was used to obtain the MIR spectra of samples in the range of 400–4000 cm−1
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with 32 scans. The Spectral resolution was better than 0.16 cm−1, with a signal-to-noise
ratio of 45000:1. To measure the MIR transmission spectrum, we chose the HF-12 tablet
mold. The KBr and sample were mixed at a mass ratio of 100:1, then the mixture was
ground. Finally, the ground mixture was put into the HF-12 tablet mold and pressed by the
tablet press at 12–13 MPa for 2 min.

The FiledSpec4 Hi-Res VNIR spectroradiometer (Analytical Spectral Devices (ASD),
Inc. (Boulder, CO, USA)) at Shandong University in Weihai was used to obtain the VNIR
spectra of the samples in the range of 350–2500 nm. The spectrum had a resolution of 3 nm
in the range of 350–1000 nm and 8 nm in the range of 1000–2500 nm. Before measurement,
the spectrometer was calibrated using a Lambert surface (SRS-99-010) from Labsphere®

(Peabody, MA, USA).

3. Results
3.1. XRD Pattern

The XRD patterns collected from the synthesized seven magnesium sulfate double
salts are shown in Figure 1. All samples were not ground, and were measured at room
temperature with a 2theta angle of 5◦–70◦. The seven samples were then directly put
into the molds and the surfaces were flattened. The phase identifications of the seven
samples were firstly conducted by XRD, according to the standard in the PDF-2004 mineral
database. The diffraction patterns of these samples were well matched with those of the
PDF-2004 mineral database according to evaluation of the positions of all of the apparent
peaks. The results indicated that the synthesized samples were pure and homogeneous.
Consequently, we were able to proceed with additional spectroscopic analyses of the pure
synthesized samples.
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5◦ and 70◦. The XRD patterns of these double salts were well matched with the PDF-2004 database,
indicating that the samples were prepared successfully.

3.2. Raman

All of the samples were placed on a slide without grinding and then pressed flat,
and testing was carried out at room temperature, with the laser shining vertically at the
sample. The characteristic Raman spectra of the seven magnesium sulfate double salts
were collected from 100 to 4000 cm−1 (Figure 2; Table 1). The Raman spectra revealed
the fundamental vibrational modes of the molecules. The vibrational characteristics of
the synthesized samples in the region of 100–1400 cm−1 indicated the effects of SO2−

4
tetrahedra, including symmetric stretching (ν1), antisymmetric stretching (ν3), symmetric
bending (ν2), and antisymmetric bending (ν4) modes around 983, 1105, 450, and 611 cm−1,
respectively [38,39]. The region between 1500 and 4000 cm−1 showed the O–H stretching
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mode of the structure of H2O. H2O characteristics relating to the symmetric stretching (ν1),
antisymmetric stretching (ν3), and bending (ν2) modes were typically observed at around
3450, 3615, and 1640 cm−1, respectively [38,39]. The Raman features, and their assignment
to the seven synthesized samples, are summarized in Table 1.
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which indicates the effects of SO2−

4 tetrahedra. (b) The enlarged view of the area framed by dotted
lines. (c) The 1500–2850 cm−1 region, which indicates the effects of water bending vibrations. (d) The
3000–4000 cm−1 region, which indicates the effects of water stretching vibrations. All of these have
distinct Raman features that can be used to identify them on Mars and Earth.

Compared with previous studies, the Raman features of Na2Mg(SO4)2·4H2O revealed
here showed two more peaks at 617.4 cm−1 (ν4) and 1173 cm−1 (ν3), and the other peaks
exhibited differences of about 3 cm−1 [33]. We assigned these peaks using the H2O mode
assignment of other magnesium sulfate salts [33,38,40], since the Raman measured by
Vargas Jentzsch et al. (2011) did not identify peaks in the 1500–4000 cm−1 range [33]. The
peaks at 3186.3, 3328.2, and 3445.5 cm−1 were attributed to the H2O stretching mode, and
the weak band at 2329.0 cm−1 was attributed to the H2O bending mode combined with the
rocking mode [38]. The bending modes at about 1640 cm−1 were too weak to be observed.

Several peaks were also observed in the corresponding positions of the ν1 mode, v2
mode, ν3 mode, and ν4 mode in other samples. The strong peaks of the ν1 mode were
consistent with previous work, but the positions and numbers of some peaks were not
particularly compatible with past research. For Na2Mg(SO4)2·5H2O, the ν4 mode had three
peaks at 613.9, 622.8, and 650.1 cm−1, which was different from the four peaks observed
at 602, 610, 619, and 648 cm−1 in a previous study [33]. The ν3 mode had four peaks at
1090.3, 1130.6, 1145.1, and 1180.1 cm−1, but previous work reported only three peaks at
1091, 1144, and 1179 cm−1 [33]. The observed variations in the Raman feature numbers of
Na2Mg(SO4)2·5H2O between the study by Vargas Jentzsch et al. in 2011 and our results
may be attributed to the diverse synthesis methods employed in their production. Different
synthetic techniques can yield distinct levels of crystallinity in samples, contributing to
the observed differences in their Raman spectra [33]. For Na12Mg7(SO4)13·15H2O, the ν3
mode had one more peak, located at 1184.9 cm−1, than was detected in previous work. For
K2Mg2(SO4)3, we compared the observed Raman features with the corresponding R070285
from the RRUFF database (rruff.info), and the peak locations matched well with the results
in the database. For K2Mg(SO4)2·4H2O and K2CaMg(SO4)3, we did not find a detailed
Raman spectral study. However, the results of XRD showed that the phase of our sample
corresponded well with the corresponding PDF reference pattern; thus, the results for these
two samples were recognized as accurate. The Raman features of K2Mg(SO4)2·6H2O were
also well matched with the results of Marzougui et al.(2015) [41].
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Table 1. Raman peak position (cm−1) of seven magnesium sulfate double salts.

Sample
H2O Mode SO4 Vib. Mode Others

Stretching Bending Bending + Rocking ν1 ν2 ν3 ν4 Lattice Vibration

K2MgCa(SO4)3 984.2 452.9 1122.8 609.0
1025.9 466.0 1154.7 625.4
1038.1 1212.4 643.5

1235.8
K2Mg2(SO4)3 984.1 441.8 1109.1 606.8 128.2

1054.7 457.4 1124.2 618.2 139.5
467.7 1136.8 628.0 183.0
473.8 1151.3 640.0 202.3

1162.8 658.5
1178.1
1197.0
1251.1

K2Mg(SO4)2·4H2O 3251.1 1658.8 2329.9 983.7 447.1 1068.7 582.2 105.8
3431.3 1000.4 456.5 1063.6 604.7 115.8
3543.0 1005.6 465.5 1116.1 627.0 123.4

1130.5 131.9
1145.5 138.0
1179.7 144.0

160.5
205.7
220.8
244.7
343.6

K2Mg(SO4)2·6H2O 3216.0 985.3 448.0 1080.3 612.0 116.8
3324.9 460.4 1110.7 632.7 139.2

1125.8 187.2
1155.2 227.9

270.4
303.9
377.4

Na2Mg(SO4)2·4H2O 3182.6 2329.0 991.8 454.9 1069.1 617.4 107.1
3328.2 470.4 1114.6 629.2 126.5
3445.5 1173.1 152.2

1188.1 181.2
197.3
220.9
260.8
299.1
351.6

Na2Mg(SO4)2·5H2O 3281.8 2328.9 982.8 448.8 1090.3 613.9 106.0
3363.2 1005.0 458.7 1130.6 622.8 122.4
3432.3 472.4 1145.1 650.1 145.6
3516.3 1180.1 170.2

194.9
217.8
242.0
254.4

Na12Mg7(SO4)13·15H2O 3251.8 1653.3 2152.3 973.6 456.5 1071.6 608.9 119.5
3435.9 983.6 463.6 1120.5 626.2 141.0
3539.8 1004.3 473.3 1145.2 642.7 167.2

1042.0 1184.9 178.6
1212.3 205.3

219.3
240.6

3.3. MIR

For MIR spectra measurement, small samples was taken directly from all samples
without grinding. Section 2 of this paper describes the sample preparation process. The test
was carried out at room temperature, and the sample surface was at a 90-degree angle with
the infrared laser (that is, the test angle was 90 degrees). The MIR spectra were taken to
support the Raman spectra, and the MIR vibration modes of the seven magnesium sulfate
double salts were identified. The peak centers and assignments of the seven synthesized
samples are shown in Table 2, and their MIR spectra are shown in Figure 3. Generally
speaking, the MIR peak positions were close to the Raman peaks, but the MIR peaks were
wider than the Raman ones [38,42]. The MIR spectra characteristics were mainly observed
at 350–1300 cm−1, 1500–2000 cm−1, and 3000–4000 cm−1. Among them, 350–1300 cm−1

represented the vibration features of the tetrahedron of SO2−
4 , while the 1500–2000 cm−1

and 3000–4000 cm−1 both indicated the spectra features of the H2O modes [38,39,43]. The ν1
mode of SO2−

4 was the strongest peak in the Raman spectra; however, the ν1 feature in the
mid-infrared spectra data we obtained was not obvious, and there may even have been one
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or two less than the ν1 peak in the Raman data. In the MIR spectra for our samples, the ν3
mode of SO2−

4 contributed the strongest MIR peak. For K2CaMg(SO4)3 and K2Mg2(SO4)3,
the features that appeared in the regions at 1500–2000 cm−1 and 3000–4000 cm−1 were from
adsorbed water [39,44].

Table 2. MIR peak position (cm−1) and assignment of seven magnesium sulfate double salts.

Sample
H2O Mode SO4 Vib. Mode

Stretching Bending Vibrational ν1 ν2 ν3 ν4

K2MgCa(SO4)3 417.9 1024.5 612.0
423.3 1123.5 632.2
442.1 654.4

K2Mg2(SO4)3 1046.5 415.6 1116.8 605.5
426.4 1128.5 610.5
437.1 1139.0 636.4
448.1 1149.8 660.2

1172.2 668.0
K2Mg(SO4)2·4H2O 3180.9 1604.0 773.2 981.9 428.9 1090.2 568.4

3365.9 1676.5 823.1 1003.0 437.5 1114.6 623.5
3447.6 452.3 1129.4 644.7
3524.5 477.0 1149.3 668.0
3558.5 515.6 1169.3 714.7

1185.3
K2Mg(SO4)2·6H2O 3187.5 1673.7 761.5 983.1 443.4 1077.0 584.6

3497.9 875.8 444.7 1160.0 609.1
456.9 1209.2 632.8
513.6 705.6

Na2Mg(SO4)2·4H2O 3185.4 1596.5 834.9 993.3 423.5 1079.0 584.0
3460.6 1631.8 881.8 441.1 1116.9 620.4

1675.8 459.5 1160.5 662.3
466.1 1185.9 725.8
474.5

Na2Mg(SO4)2·5H2O 3219.8 1673.8 761.6 981.8 429.3 1080.8 573.5
3443.7 825.6 1003.5 444.6 1130.2 603.9
3516.5 456.1 1148.8 623.5
3525.3 475.4 1186.7 644.6
3562.0 480.4 668.0

516.2 709.0
Na12Mg7(SO4)13·15H2O 3205.4 1660.1 773.9 983.8 406.4 1085.5 589.3

3425.9 997.7 418.4 1119.7 615.7
3574.6 451.2 1148.1 640.0

1184.6 663.9
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3.4. VNIR

For VNIR testing, the samples were also not ground, but were poured directly into
the sample pool on the cup light source at room temperature. The light source was at a
30-degree angle to the sample surface. As there were almost no absorption peaks in the
VNIR spectra of K2CaMg(SO4)3 and K2Mg2(SO4)3, the VNIR spectra from 350 to 2500 nm
of the other five hydration samples were taken to investigate the overtone and combina-
tional vibrational modes from the H2O, OH−, and SO2−

4 ionic groups. The 500 to 2500 nm
region is displayed in Figure 4. The VNIR spectra of the five assessed magnesium sulfate
double salts in this study were similar to the VNIR spectra of magnesium sulfates. For
K2Mg(SO4)2·nH2O (n = 4, 6), the peak pattern in the VNIR was very similar, except for a
deeper variation in absorption depth with higher hydration, and some peak positions in
the high hydrous region showed a small shift to lower wavelengths. The bands between
1700 and 1850 nm were attributed to the combinations of H2O and OH− bending, trans-
lation, and rotation, and the 2100–2500 nm bands were ascribed to the combinations of
H2O and OH− and the fundamental overtones of S–O bending [43]. The peaks between
1900 and 2100 nm were attributed to H2O interacting with the sulfate ion [5]. Other ob-
servable features between 900 and 1900 nm were the overtones and combinations of O–H
stretching and H–O–H bending vibrations in H2O molecules [45]. At around 1900 nm, all
five samples showed strong absorption peaks, likely due to a combination of OH stretching
and water bending modes. The peak around 2400 nm was due to the combination of the
stretching mode of the SO2−

4 tetrahedron and the bending mode of water [38,42]. The
detailed assignments of absorption peaks are listed in Table 3.
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Table 3. VNIR peak position (cm−1) and assignment of five hydrous magnesium sulfate double salts.

K2Mg(SO4)2·4H2O K2Mg(SO4)2·6H2O Na2Mg(SO4)2·4H2O Na2Mg(SO4)2·5H2O Na12Mg7(SO4)13·15H2O Assignment

990 984 2νW
1 + νW

2
1051 1040 1000 1000 3νW

1 or νW
3

1172 2νW
1 + νW

2
1268 1273 1263 1265 νW

1 + νW
2 + νSO4

1
1541 1534 1469 1491 1442 2νW

1 or 2νW
3

1650 1656 1550 1638 2νW
1 or 2νW

3
1709 1765 νW

2 + νW
3 (or νW

1 ) +νLT
1951 1963 1930 νW

1 + νW
2 (or νW

3 )
1993 1994 2080 νW

1 + νW
2 (or νW

3 )
2201 νW

1 (or νW
3 ) + νSO4

3
2450 2441 2435 2445 2465 νW

2 + νSO4
1 + νSO4

3

4. Discussion and Implications for Mars

On Mars, different types of sulfate minerals have been identified by multiple payloads.
For example, Ca-sulfates and Mg-sulfates were detected in different elements of the Gale
Crater using CheMin (XRD) measurements, and in Jezero Crater in different formations
using SHELORC (Raman) measurements. Different species of sulfates were also detected
through the IR payloads from the orbiter and in situ rovers, such as PanCam (UV-VNIR)
on the Opportunity and Spirit rovers, CRISM on MRO, and OMEGA on Mars Express.
However, most sulfates are only inferred to exist on the Martian surface because the spectra
shape are similar and there is a lack of reference data. Some minerals synthesized in this
study have been detected in Mars-analog environments, such as Na2Mg(SO4)2·4H2O and
K2Mg(SO4)2·4H2Om, which have been identified in the Atacama desert, one of the most
famous Mars-analog sites [46]. This means that Na2Mg(SO4)2·4H2O, K2Mg(SO4)2·4H2O,
and other minerals synthesized in this study most probably occur on Mars. Therefore, the
spectra features obtained in this study can serve as a database for detecting seven different
magnesium sulfate double salts.

X-ray diffraction (XRD) serves as a versatile non-destructive analytical technique
employed for analyzing various physical properties, including phase composition, crystal
structure, and orientation, across powder, solid, and liquid samples. X-ray powder diffrac-
tion is now routinely exploited for the identification of minerals in geological materials.

Specifically, CheMin stands out as a miniaturized X-ray diffraction/X-ray fluorescence
(XRD/XRF) instrument that is among the ten instruments situated either on or inside
the rover, each crafted to furnish comprehensive insights into the rocks, soils, and atmo-
sphere within the designated region. The obtained XRD patterns of the seven synthesized
magnesium sulfate double salts will benefit CheMin-based detection in the Gale Crater.

Raman spectroscopy has proven highly valuable in situ for identifying and char-
acterizing mineral phases during planetary surface exploration, encompassing hydrous
magnesium sulfates and magnesium sulfate double salts. Our findings indicate that mag-
nesium sulfate double salts exhibit distinct and precise Raman signatures, facilitating direct
identification of their phases from raw spectra. This feature promises utility in NASA’s
Mars2020 mission using SuperCam and SHERLOC instruments, and in future Mars mis-
sions like the ExoMars RSL. Additionally, these data aid in distinguishing magnesium
sulfate double salts from other minerals like sulfates and chlorides, which are less easily dis-
cerned using alternative spectroscopic techniques. FTIR spectroscopy serves as the current
standard for acquiring MIR spectra in laboratory settings, exhibiting high sensitivity to both
organic and inorganic phases, including hydrous and anhydrous compounds. Leveraging
the principles of MIR, a Thermal Emission Imaging System (THEMIS) was developed and
deployed on the Mars Global Surveyor and Mars Odyssey orbiters for remote sensing from
orbit. Chojnacki et al. utilized THEMIS data to identify the spectral features of magnesium
sulfate-bearing materials in Valles Marineris on Mars [47]. The MIR spectra obtained in our
study contribute to the characterization of magnesium sulfate double salt-bearing minerals
on Mars using thermal emission spectroscopic techniques, specifically data from THEMIS.

VNIR spectroscopy stands out as the most widely employed technique in orbital
remote sensing, offering insights even into biological activities. Nevertheless, the spectral
bands around 1.4, 1.9, and 2.4 µm in the VNIR spectra of hydrated magnesium sulfate
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double salts may overlap with the typical features of certain other hydrated minerals,
posing challenges in distinguishing these phases accurately. The standard VNIR spectra we
generated for hydrated magnesium sulfate double salts in this study will prove instrumental
for VNIR/NIR payload utilization in orbital remote sensing and standoff sensing during
forthcoming exploration missions to Mars.

It is true that pure mineral phases are not common in the complex natural systems
of Mars. Instead, complex phases are more prevalent, due to the solubilization of salts in
soil and rocks triggered by natural processes like groundwater upwelling. This process
involves various inorganic compounds, making the composition of the soil and rocks
on Mars quite complex. The subsequent vaporization of water leads to the formation
of intricate solid mixtures. According to previous studies, evaporite salts (e.g., Na2SO4
(thenardite), Na2SO4·10H2O (mirabilite), MgSO4·6H2O (hexahydrite), MgSO4·7H2O (ep-
somite), Na2Mg(SO4)2·4H2O (blödite), and Na2Mg(SO4)2·5H2O (konyaite)) can be found
in saline soil in Mars-analog environments [27,33,48]. Environmental factors can transport
these mixtures and minerals to different environment subtypes, such as into the atmo-
sphere, where they are expected to form particles or dissolve and recrystallize into double
salts. By analyzing the types and distribution of these produced materials, the sedimentary
environments and the environmental factors that produced them can be inferred. Accurate
identification of these minerals requires corresponding spectral data; therefore, knowledge
of the different spectra properties (e.g., XRD, Raman, MIR, and VNIR) of these mixtures
and minerals is essential for analytical purposes.

Evaporite-rich sedimentary deposits on Mars were formed under chemical conditions
significantly different from those on Earth. The distinct chemistries of these deposits serve
as a record of the chemical and aqueous conditions during their formation and potentially
subsequent alterations. During in situ explorations by Mars rovers (e.g., the Opportunity,
Spirit, and Curiosity rovers), magnesium sulfate (MgSO4) salts have been prominently
identified, often associated with calcium and iron sulfates, or existing as mixture salts or
double salts within the regolith [49–51]. These findings have contributed significantly to
understanding the geochemistry of Mars [51,52], indicating the potential presence of high
sulfate concentrations in past and/or present Martian brines. Furthermore, magnesium
sulfates, as revealed by previous studies [2,51,53], may contribute to the water content in
the regolith, underscoring the importance of investigating the interaction among Mg-, Fe-,
and Ca-sulfates and water, particularly during dynamic processes such as evaporation.

Although direct detection of magnesium sulfate double salts on Mars has not been
achieved, numerical evidence supports the possibility of their occurrence on the planet [14,
19–21,27,28,54]. For example, the in situ detection of magnesium sulfate sedimentary
rock associated with calcium sulfates and light-toned veins showed that these structures
contain many cations and sulfate ions in different typical regions of Mars, and much
modeling has been conducted to understand the evaporation of minerals under Martian
conditions [14,19–21,27,28]. All results show support for the existence of magnesium
sulfate double salts on Mars. The results of this study not only contribute to the potential
detection of magnesium sulfate double salts on Mars, but also offer insights into plausible
sulfate formation scenarios. Furthermore, this work enhances our understanding of sulfate
formation processes, volcanic activities, and the hydrogeologic settings of typical regions on
Mars. For example, the fact that K2CaMg(SO4)3 and langbeinite were synthesized at higher
temperatures may indicate their presence them around volcanoes, near lava flow areas, and
near the impact areas that provide heat sources on Mars. The other five magnesium sulfate
double salts can most probably be identified in areas with a geological history of aqueous
activities, such as those formed with different fluids, fractures, hydrothermal systems, and
other evaporite environments. Moreover, these aqueous solutions may have originated
from groundwater upwellings, springs, and hydrothermal fluids formed by the impact
process. In summary, both the synthetic methods of magnesium sulfate double salts and
their obtained spectroscopic data are of great significance for understanding the geological
environment of Mars and its geochemical processes.
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5. Conclusions

In this study, seven magnesium sulfate double salts were synthesized in the laboratory,
and spectroscopic studies were conducted using XRD, Raman spectroscopy, MIR, and
VNIR techniques. The homogeneity and phase of seven samples were determined by
XRD patterning. The Raman spectra unveiled the molecular fundamental vibrational
modes, with the ν1 mode of SO2−

4 being particularly prominent. To complement the
Raman data and reveal additional fundamental vibrational modes, MIR spectra were
collected. Additionally, VNIR spectra were acquired to expose the combination modes
of water and the SO2−

4 tetrahedron. Different samples showed unique spectra features
that can be used to precisely identify phases in evaporite environments on Earth and
Mars. Raman spectroscopy, in particular, can easily distinguish samples with the same
cations but different hydrated states, and samples with different cations. These data will
be helpful for data processing in instruments used in Mars exploration with the same
spectrum (e.g., RLS at Oxia Planum and SHERLOC at the Jezero Crater), and the features
of Raman, MIR, and VNIR can assist in the identification of Martian sulfates and aid in
understanding environmental changes on Mars and Earth. In general, both the synthesis
methods of magnesium sulfate double salts and the spectral data obtained from them are
of significant importance for understanding the geological environment and geochemical
processes of Mars.
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