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A B S T R A C T   

Salts and basalt are widespread on the surface of Mars. Therefore, basalt-brine interactions may have significant 
effects on both the aqueous history of the planet, and near-surface alteration assemblages. Raman spectra were 
collected from McKinney Basalt samples that were immersed in eight near-saturated brines composed of Na-Cl- 
H2O, Na-SO4-H2O, Na-ClO4-H2O, Mg-Cl-H2O, Mg-SO4-H2O, and two salt mixtures (Mg-Cl-SO4-H2O and Na-ClO4- 
SO4-H2O), as well as ultra-pure water for up to one year. Secondary minerals were observed in the Raman specta, 
including iron oxides, hydrated sulfates, amorphous silica, phosphates, and carbonates. Detection of these sec
ondary minerals demonstrates the utility of Raman spectroscopy to identify basalt-brine alteration assemblages 
on Mars. This work also demonstrates that major classes of alteration phases can be distinguished using Raman 
spectra with resolution similar to those expected from the Raman instruments aboard the Perseverance and 
Rosalind Franklin Mars rovers. In addition, observations of carbonate minerals within alteration assemblages 
suggest CO2 from the atmosphere readily reacted with ions released from the basalt during alteration in near- 
saturated brines.   

1. Introduction 

As we continue to send rovers, landers, and orbiters to Mars, our 
understanding of the past geologic landscape has broadened to include 
water-salt interactions in addition to more traditional aspects of an 
active hydrologic cycle. Geomorphic and geochemical observations, 
combined with modern atmospheric water vapor fluctuations suggest 
hydrologic activity may have continued intermittently throughout Mars 
history (Beck et al., 2020; Bhattacharya et al., 2005; Gaillard et al., 
2013; Nachon et al., 2014; Nuding et al., 2014; Ojha et al., 2015; Rennó 
et al., 2009; Schon et al., 2012). For example, recurring slope lineae 
(RSL) observed in orbital images may be evidence of upwelling of salty 
groundwater, or may form from water vapor as a result of the salts 
present (Abotalib and Heggy, 2019; McEwen et al., 2014), albeit over 
limited latitudes and time periods (Rivera-Valentín et al., 2020). 
Droplet-like growths on the Phoenix lander struts as well as images of 
possible liquid-induced recurring slope lineae at Richardson Crater 
provide further evidence of modern brines on the surface of Mars 

(Kieffer, 2007; Martínez et al., 2012). While pure liquid water is not 
thermodynamically stable under Mars surface conditions and will 
evaporate rapidly, ubiquitous salts observed by rovers, landers, and 
orbiters could mix with water to form brines more stable in liquid state 
than pure or dilute solutions on the Martian surface (Chevrier et al., 
2020, 2009; Chevrier and Morisson, 2021; Martín-Torres et al., 2015; 
Rivera-Valentín et al., 2020). Because dissolved ions lower the freezing 
point of water, liquid water could be present over at locations on Mars 
including Gale Crater, Gusev Crater, and Meridiani Planum (Clark and 
Baird, 1979; Cull et al., 2010; Haberle et al., 2001; Kounaves et al., 2010; 
Rennó et al., 2009). 

Therefore, understanding the role of brines in past– and possibly 
current– aqueous processes on Mars is necessary for interpreting the 
geological history of the planet and its potential habitability (Baker 
et al., 1991; Benison et al., 2008; Bish et al., 2003; Carter et al., 2013; 
Clark and Baird, 1979; Clifford and Parker, 2001; Goudge et al., 2016; 
Haskin et al., 2005; Kite, 2019; Rummel et al., 2014; Solomon et al., 
2005). Given the abundance of salts and the low temperature and 
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pressure conditions, any liquid water present at the surface today is 
likely very salty, since near-saturated brines are stable over the broadest 
range of temperature and pressure conditions and timeframes (Carr, 
1979; Chevrier et al., 2020; Chevrier and Rivera-Valentin, 2012; Mar
tínez and Renno, 2013; Primm et al., 2017; Temel et al., 2021; Tosca and 
McLennan, 2009). Furthermore, if high salinity brines have been present 
on the surface of Mars, they likely interacted with basalts and basalt- 
sourced sediments common on the surface. 

Previous studies have shown that high salinity Na-Cl-H2O and Na- 
SO4-H2O brines have significant effects on diopside dissolution, despite 
low water activity (Phillips-Lander et al., 2019). Other studies have also 
demonstrated that increasing concentrations of Na+ and Cl− ions can 
also increase silicate dissolution rates (Dove et al., 2005). However, it is 
unclear if such alteration could be observed with current analytical 
techniques available on Mars. Here we investigate the effectiveness of 
Raman spectroscopy in detecting and characterizing short-term basalt- 
brine interactions and their implications for the Mars 2020 and ExoMars 
missions. In this study we examine basalt dissolution, alteration, sec
ondary mineral precipitation, and possible changes to solution 
chemistry. 

The inclusion of Raman spectrometers on both the Mars 2020 and 
ExoMars rover missions provides a new opportunity for identifying and 
analyzing chemical weathering products in situ (Beegle et al., 2015; Rull 
et al., 2017; Vago et al., 2017). The SuperCam instrument on the Mars 
2020 rover uses a 532 nm green laser to study the mineralogy of the 
Martian surface, and the Scanning Habitable Environments with Raman 
& Luminescence for Organics & Chemicals instrument (SHERLOC) uses 
both a 548.6 nm green laser and a 248.6 nm deep ultraviolet (DUV) laser 
to characterize possible suspect organic molecules (Beegle et al., 2015; 
Wiens et al., 2017). 

Raman spectroscopy is a vibrational spectroscopy technique that can 
be used to identify covalently bonded materials without the need to 
prepare or disturb the sample. This allows researchers to discern mineral 
phases that may occur as a result of aqueous alteration, as different 
minerals will produce a different Raman spectra due to the unique 
intramolecular forces in covalently bonded materials (Chou and Wang, 
2017; Nikolakakos and Whiteway, 2018). Raman spectrometers can be 
used to identify minerals based on the inelastic scattering of energy from 
phonons within a target, and have the potential to distinguish minerals 
that are similar in chemical composition (Das and Hendry, 2011). In 
addition, Raman spectroscopic analyses do not require a radioactive 
source, in contrast to other methods such as alpha particle x-ray spec
trometry (APXS) 

However, few studies have used Raman spectroscopy as a tool to look 
for evidence of aqueous weathering in igneous rocks (Bakker, 2004; 
Frezzotti et al., 2012; Martinez et al., 2004; Wang et al., 2006). In this 
study we tested the utility of Raman spectroscopy to discern weathering 
products produced by reacting Mars-analog basalt with near-saturated 
brines for up to one year. In these moderate-term experiments, brines 
reacted with the basalt samples and precipitated secondary minerals at a 
scale which can be discerned with a Raman spectrometer. We used a 
532 nm laser similar to the excitation sources used by the SuperCam 
Raman/LIBS system on NASA's Mars 2020 rover, as well as the RLS 
Raman Spectrometer on the European Space Agency's ExoMars 2020 
rover. Through these experiments and subsequent Raman analyses, we 
demonstrate that moderate-term basalt-brine weathering products can 
be observed. 

2. Methods 

In order to investigate basalt-brine interactions, we placed nine 
samples of McKinney Basalt (0.1 g to 0.2 g ±0.05 g) in 250 mL wide- 
mouth round HDPE bottles containing 100 mL of single salt saturated 
brines (NaCl, Na-SO4H2O, Na-ClO4-H2O, Mg-SO4-H2O, Mg-Cl-H2O, or 
Ca-Cl-H2O), 100 mL of ultra-pure water, or 100 mL of a mixed brine 
solution (Mg-Cl-SO4-H2O, Na-ClO4-SO4-H2O) and analyzed the solid and 

liquid components to document changes to these components of the 
samples as time progressed after 3, 6, or 12 months of reaction. These 
salts were chosen because they have been previously observed on Mars 
(Brass, 1980; Carrier and Kounaves, 2015; Hanley et al., 2013; Martínez 
and Renno, 2013; Martín-Torres et al., 2015; Wang et al., 2006). We 
used McKinney basalt because it has similar bulk chemistry to multiple 
locations on Mars and Mars meteorites (Adcock et al., 2018; Leeman, 
1982; Leeman and Vitaliano, 1976). 

The basalt pieces were sonicated to remove fine dust and microscopic 
grains, then air dried. A subset of fourteen sample chips were cut and 
hand polished with lapping film to form a single planar surface on each 
chip for electron microbeam analyses. The chips were further polished 
with 0.3 μm and 0.05 μm Al2O3 powder. These polished chips are 
referred to as “polished” henceforth to distinguish them from the rough, 
unpolished samples. For each brine experiment, one polished chip and 
11 rough chips were selected and rinsed with 18.2 MΩ H2O before the 
experiment. 

The brines were produced by adding laboratory grade salts to ultra- 
pure water in non-reactive plastic containers and constantly agitating 
the reactors until no further salts dissolved. 100 mL of single-salt satu
rated brine (Na-Cl-H2O, Na-SO4-H2O, Na-ClO4-H2O, Mg-SO4-H2O, Mg- 
Cl-H2O, Ca-Cl-H2O) or 100 mL of ultra-pure water (UPW, 18MΩ con
ductivity) were then placed in separate Nalgene bottle reactors. Two 
additional reactors contained mixed brines—one with a mixture of 50 
mL of Na-ClO4-H2O saturated brine and 50 mL of Na-SO4-H2O saturated 
brine, and the other with a mixture of 50 mL of Mg-SO4-H2O saturated 
brine and 50 mL of Mg-Cl-H2O saturated brine. 

Five mL of each solution were extracted before the experiment and 
used as a control; pH was measured using an Orion 3 Star pH benchtop 
electrode, with a range from −2.00 to 19.99 ± 0.002. While this probe is 
designed for general lab use and does not produce highly accurate pH 
measurements in highly saline solutions, measurements can be used to 
compare relative pH between solutions and monitor pH change over 
time. An additional 4 mL of each brine was reserved for Raman analysis, 
then 0.3 mL sub-samples of each brine were placed into wells on a 
porcelain painter's dish for analysis with a Renishaw InVia Raman 
spectrometer using a 532 nm green laser set to streamline laser settings, 
centered at 1500 wavenumbers (cm−1) with a 1200 lines/cm grating. 
This provides a wide enough range to include peaks from the polyatomic 
ions in the brine, the water peak at 1640 wavenumbers, possible sec
ondary minerals in suspension, and/or any new polyatomic ions from 
chemical reactions. The painter's dish produces no additional peaks in 
the Raman analysis, allowing for a clear Raman signal from the brines. 

Once we collected the control brine samples, we added the basalt 
chips to each of the nine reactors. The bottles were capped to prevent 
spills, but we expected atmospheric O2 and CO2 to be in equilibrium 
with the gas inside the bottles since the experiment occurred on a lab 
bench outside of a controlled environment, we opened the bottles 
multiple times, and the caps were not a perfect seal. We remeasured the 
pH of each solution within the first hour of reaction, and then placed the 
nine bottles, each containing a different experimental solution and 12 
basalt chips on a shaker table set for 240 rpm; temperature was main
tained at ~25 ◦C. 

After 30 days of we reaction, we removed three rough basalt chips 
from each reactor and rinsed with 30 mL of ultrapure water or less to 
remove any brine remaining on the basalt sample surfaces, thus allowing 
analysis of less soluble secondary phases without obstruction from salt 
crusts which would form as the brines evaporate. Each rock chip was 
weighed and placed in a sealed plastic bag with a dry paper towel for 
storage. We extracted 7 mL from the 100 mL of solution, with 3 mL used 
for pH measurements and 4 mL used for Raman spectroscopy. The re
actors were then recapped and returned to the shaker table to continue 
agitation. 

Within 24 h of sampling, Raman spectra were collected from the 
reacted basalt samples using the 532 nm laser with a 1200 l/cm grating 
centered at 1500 cm−1. The laser was focused on a one micron diameter 
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spot on the surface of each basalt sample at 10% power for 240 s each. 
Raman spectra were collected at different locations on the basalt sample 
until at least three separate spectra were collected that were indicative 
of each of the primary minerals observed in the McKinney Basalt sam
ples: plagioclase, olivine, and pyroxene. Locations were chosen based on 
surface morphology, as well as color, texture, or opacity. Previous 
studies note that this basalt contains some glass (Adcock et al., 2018); 
these locations produce Raman spectra that contain background noise 
and no other discernable signal. As such, while glass is present in our 
samples and may provide elements for reactions, we did not focus our 
Raman analyses on the glass since no discernable peaks appeared in the 
analyses, making it difficult to collect consistent and meaningful data. In 
a few instances where the CCD detector was oversaturated with signal 
from the Raman scattered light, the collection was aborted and repeated 
at 5% laser power. 

We used Renishaw's WiRE 4.2 software to subtract the background 
noise and normalize the spectra. We analyzed each spectra further using 
CrystalSleuth, a free search engine software created by the RRUFF™ 
Project (Lafuente et al., 2015) that compares each spectrum to the li
brary of Raman spectra in the RRUFF™ database. RRUFF™ files were 
compared to each spectrum and matches were based on the calculated 
similarity between spectra, regardless of the wavelength of laser used. 

The complete sample collection process was repeated for the 3- 
month, 6-month, and 12-month observations. In addition, the 6-month 
extractions included two rough chips and one polished sample from 
each solution. We analyzed both the rough and polished surfaces with 
Raman spectroscopy. We also analyzed a polished control sample using 
a CAMECA SX100 electron probe micro-analyzer to determine the 
composition of the mineral phases (Table S1) using wavelength 
dispersive spectroscopy (WDS), and as a comparison to previously 
published bulk chemistry analyses (Adcock et al., 2018). We also 
collected backscatter electron (BSE) images to investigate the texture of 
the sample (Fig. 1) and identify targets for wavelength dispersive 
spectroscopy (WDS) analysis. 

3. Results 

Raman spectra of the brines showed no measurable changes 
throughout the experiment. From the control sample to the final sample, 

no additional peaks were observed in the brine samples analyzed, nor 
were there any alterations to the peak height, width, or position for any 
of the brine solute peaks. Because of this evidence, we focus on basalt 
alteration throughout the remainder of this study. 

3.1. Control samples 

We analyzed a control sample of the McKinney Basalt using a Rigaku 
Ultima-IV X-ray diffractometer and analyzed the diffraction data with 
MDI Jade to determine the bulk mineralogy of the rock before brine 
alteration. The phases identified in the electron microprobe analyses 
align closely with the phases also observed with powder X-ray diffrac
tion (XRD) analysis and in the Raman spectra. XRD analysis (Table S2) of 
a micronized portion of our McKinney Basalt sample suggests the basalt 
is composed of plagioclase that closely fits with labradorite (55.9 wt%), 
forsterite (26.3 wt%), and an iron-bearing pyroxene similar to ferroan 
hedenbergite that makes up 12.6% of the sample. All three of these 
minerals were also observed in the Raman spectra collected from each 
sample. Ilmenite (3.0%) and quartz (1.3%) were also indicated in the 
XRD analysis but were not observed in the Raman spectra collected from 
the control sample. 

Raman spectroscopy of the control sample also shows three main 
minerals in the McKinney Basalt sample: pyroxene, plagioclase, and 
olivine (Fig. 2 & Table 1). Olivine has a pair of intense peaks at 819 cm−1 

and 850 cm−1; plagioclase has a primary peak at 508 cm−1 and a sec
ondary peak at 483 cm−1. The unreacted sample from McKinney Basalt 
shares a minor peak with a plagioclase from the RRUFF™ database at 
407 cm−1, but lacks the sharp, minor peaks in the <400 wavenumbers 
range. The Raman spectra of pyroxene from the unreacted sample has a 
primary peak at 679–680 cm−1 (Fig. 2). The spectra from the RRUFF™ 
database shows a narrower peak in this spectral range of 678–680 cm−1, 
while the basalt sample exhibits a broader curve. Similar broadness in 
pyroxene spectra has been attributed to natural impurities in previous 
studies (Vandenabeele, 2013). Backscatter electron imaging of the 
control polished sample supports this assertion as the pyroxene matrix 
shows exsolution throughout the sample (Fig. 1) which suggests the 
peak broadening observed in the pyroxene is likely due to variations in 
the chemistry between two or more exsolved pyroxene phases. (See 
Table 2.) 

No Raman spectra indicative of ilmenite were collected from the 
control samples; XRD analysis suggests that this mineral accounts for 
about 3.0% of the basalt samples by weight. Therefore, it is within 
reason that any ilmenite in the control samples were either too small to 
be resolved or that no sample of ilmenite was found on the surface of the 
sample for Raman analysis (table S2). Ilmenite was observed in the 
electron microprobe analysis as a small, bright trace phases in BSE im
ages. Quartz was only observed with the XRD. No evidence of quartz was 
detected with Raman or in the electron microprobe analyses of the 
control sample. 

We collected 67 spot analysis spectra of the primary minerals on the 
surface of the control chip. No secondary minerals (iron oxides, sulfates, 
or carbonates) were observed in any of the analyses of the unreacted 
control sample 

3.2. One month samples 

The primary minerals olivine, pyroxene, and plagioclase observed 
from this reaction period did not show changes in the peak position nor 
peak intensities (Fig. S1). The basalt chips reacting in Na-ClO4-H2O 
produced spectra consistent with lepidocrocite and goethite (Fig. 3). An 
iron oxide spectrum was also observed on the McKinney Basalt chip 
taken from the ultra-pure water reactor. This spectrum is unique in that 
it contains the peak positions of both hematite and quartz, suggesting 
the deposition of the hematite onto a quartz crystal original to the basalt 
or co-precipitation of secondary hematite and quartz (Fig. 3). Spectra 
consistent with hematite were also observed on the basalt chips reacted 

Fig. 1. BSE image of a control sample of the McKinney Basalt. A large 
plagioclase (Plag) crystal is centered with many smaller plagioclase crystals 
throughout the basalt. Small olivine (Ol) crystals are of a light gray color and 
pyroxene (Px) make up the rest of the matrix of the basalt. Tiny bright spots on 
the right side of the large plagioclase crystal are ilmenite (ilm). The pyroxene 
shows exsolution throughout the matrix and is particularly prevalent near the 
plagioclase crystals. 

A. Rodriguez et al.                                                                                                                                                                                                                              



Icarus 385 (2022) 115111

4

in the Na-SO4-H2O brine. Chips reacted with Mg-Cl-SO4-H2O brine also 
produced spectra consistent with lepidocrocite (Fe3+O(OH)). (Fig. 3). 

Raman spectra consistent with sulfate minerals were also observed 
after 1 month of reaction (Fig. S2). A spectra matching thenardite 
(Na2SO4) was identified from a basalt chip reacting in the Na-ClO4-SO4- 
H2O brine. Additionally, one spectrum collected from the McKinney 
basalt samples reacting in the Mg-Cl-SO4-H2O brine shows a good match 
to the sorosilicate, aluminum rich phase macfallite (Fig. S3) (Ca2(Mn3+, 
Al)3(SiO4)(Si2O7)(OH)3) (Moore et al., 1979). 

3.3. Three month samples 

Raman spectra of the three primary minerals in our McKinney Basalt 
sample remained unchanged in all nine of the solutions (Fig. S4). Iron 
oxide secondary minerals appear more prominently in samples reacting 
in Na-ClO4-H2O brine, with samples producing spectra consistent with 

goethite, lepidocrocite, and hematite. A broad peak around 1350 cm−1 is 
present due to secondary phonon excitation of the iron oxides. This peak 
is not recorded in the RRUFF™ database since the RRUFF™ spectra 
terminate at 1300 wavenumbers, so the peak intensity is partially 
obstructed and likely misinterpreted as background noise. Faria (1997) 
shows this peak at 1350 wavenumbers as indicative of maghemite 
(Fig. S11). The Na-ClO4-H2O basalt sample shows evidence of hematite, 
but also shows a peak at 952 cm−1, which matches well with hydroxy
apatite (Ca10(PO4)6(OH)2). Finally, one sample reacting in Mg-SO4-H2O 
brine shows hematite along with quartz. 

Sulfate minerals in addition to thenardite were also identified in the 
three month experiments. While thenardite is identified on a basalt chip 
reacting with Na-SO4-H2O brine with a peak at 991 cm−1 alone as well as 
in a spectra indicative of plagioclase, a peak at 985 cm−1 that closely fits 
with the peak intensity of epsomite (MgSO4 ִ⋅7H2O) was observed in 
samples after reacting in Mg-SO4-H2O brine as well as the Mg-Cl-SO4- 
H2O brine (Fig. S6). A sample reacting in Ca-Cl-H2O also produced a 
spectrum that contains a peak at 1010 cm−1, which is the most intense 
peak for gypsum. 

Carbonate minerals were also identified on the samples collected 
during this time interval (Fig. 4). Samples reacting in Mg-SO4-H2O, Mg- 
Cl-H2O, and Na-Cl-H2O each show a peak at 1086 cm−1 which fits with 
calcite. The calcite peak was also observed in a spectrum with olivine 
collected from a sample reacted with Na-Cl-H2O brine, as well as in a 
spectrum with pyroxene collected from the Mg-Cl-H2O experiment. 

One spectrum collected from the basalt reacting in the ultra-pure 
water for three months shows a good fit for opal (Fig. 5), with an 
intense primary peak at 1001 cm−1. The spectra also shows a secondary 
peak at 1030 cm−1. Other smaller secondary peaks are ether absent or 

Fig. 2. Raman spectra of plagioclase, pyroxene, and olivine from a control sample of the McKinney Basalt as compared to spectra of anorthite, pyroxene, and 
forsterite from the online database RRUFF™. 

Table 1 
Raman peak positions of primary minerals in the McKinney Basalt samples. 
Units are in wavenumbers (cm−1) and are based on spectra produced by a 532 
nm green laser. Bold values denote a primary peak and all peak values are 
roughly located where the peak would be located within the spectrum.  

Mineral Raman excitation positions (cm−1) 

pyroxene    466 679   
olivine    534  819 850 
plagioclase 196 278 407 483 509 562  
ilmenite 240 325 445   680  
augite 324 390   665  1008  
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unable to be discerned from the background noise. 

3.4. Six month samples 

Chips reacting with brines containing magnesium cations produced 
peaks similar to those reacted with sodium-bearing brines. However, 
Crystalsleuth shows a higher match percentage with pentahydrate (Mg 
(SO4)⋅5H2O) in magnesium sulfate and magnesium chloride brines, 
whereas a higher percent match is found with hexahydrite (Mg(SO4)⋅ 
6H2O) in sodium perchlorate and sodium sulfate experiments. The dif
ference in peak position for these two hydrated forms of MgSO4 is 13 
wavenumbers, with the primary sulfate peak observed at 984 cm−1 for 
hexahydrite and 997 cm−1 for pentahydrate (Fig. S7). Pentahydrite was 
also observed in a basalt sample from the Mg-Cl-SO4-H2O experiment 
without any primary mineral peaks present in the spectrum, providing 
enough clarity to identify the peak position from the sample. One 
spectrum collected from a sample reacted with Na-Cl-H2O brine shows a 
clear peak consistent with trona (Na3(HCO3)⋅2H2O) (Fig. 6). 

3.5. Twelve month samples 

During the final collection period, no changes were observed in the 
spectra collected from the primary minerals pyroxene, olivine, plagio
clase, and ilmenite (Fig. S8). Additionally, no quartz was observed. We 
observed spectra consistent with iron oxides within this sampling period 
(Fig. S9), including hematite in the Mg-SO4-H2O, Na-ClO4-SO4-H2O, and 
Mg-Cl-SO4-H2O near-saturated brines. Additional spectra indicative of 
carbonate minerals were collected from samples of the basalt which had 
reacted with the mixed Na-ClO4-SO4-H2O brine and the Mg-SO4-H2O 
brine, with a peak at 1086 wavenumbers, which is indicative of calcite 
(Fig. 7). 

Samples reacted in the Mg-SO4-H2O and the Mg-Cl-SO4-H2O brines 
continued to produce spectra that are best fit with pentahydrite (Fig. 8). 
Additional sulfate minerals were observed in spectra collected from 
samples reacted in Na-SO4-H2O; however, the best fit for these samples 
is either thenardite, aluminite (Al2SO4(OH)4⋅7H2O) or blödite (Na2Mg 
(SO4)2⋅4H2O). Each of these minerals exhibit a peak near 992 cm−1. 
However, since only a few secondary peaks are present in the spectra, it 
is difficult to discern the mineral species more precisely. The Na-ClO4- 
H2O brine experiments include spectra indicative of the alunite 
(KAl3(SO4)2(OH)6) (Fig. 8). (See Fig. 9.) 

Three additional spectra from the twelve-month sampling period 
exhibit peaks that are not synonymous with the primary minerals, nor 
are they a good match with any of the iron oxides, carbonates or sulfates 

observed in the other samples. A spectrum of basalt reacted in Na-Cl- 
H2O brine shows a major peak at 145 cm−1 and minor peaks at 320 
cm−1, 450−1, and 675 cm−1 which is similar to anatase (TiO2, Fig. S10). 
A spectrum from the basalt samples that reacted in Na-ClO4-H2O brine 
for 12 months shows a peak at 951 cm−1, similar to either vivianite 
(Fe2+

3 (PO4)2⋅8H2O) or ludlamite (Fe2+
3 (PO4)2⋅4H2O) as well as peaks 

indicative of olivine. This observation, however, is not a complete match 
in the database to either phosphate mineral. 

3.6. Overall patterns observed 

We note that sulfate minerals were commonly observed in spectra of 
basalt that reacted in sulfate bearing solutions at all stages of the ex
periments, as well as rare observations in spectra collected from basalt 
that reacted with non-sulfate bearing solutions. However, perchlorate 
minerals were not observed in any of the spectra, including spectra 
collected from basalt chips that had reacted with near saturated 
perchlorate brine. Instead, the most common secondary mienrals 
observed in the basalt-Na-ClO4-H2O experiments are hematite, calcite, 
goethite, and anatase (Fig. S55). 

4. Discussion 

The McKinney Basalt chip samples exhibit qualitative evidence of 
alteration and secondary mineral formation in all solutions based on 
Raman observations of iron oxides, sulfates, carbonates, and opal, which 
were not observed in the control samples. Spectra consistent with iron 
oxides were commonly observed in both the one- and three-month ex
periments, indicating that iron oxides are likely evidence of early-stage 
basalt alteration in brines (Fig. S57). Throughout all the sampling in
tervals, iron oxide minerals were observed more frequently in samples 
reacted with ultra-pure water and sulfate-bearing brines than in the 
other solutions(Fig. S48-S56). This preferential precipitation is likely 
due to three mechanisms. First, perchlorate solutions may result in a 
slower release of iron than ultra-pure water and chloride solutions, 
similar to trends observed in jarosite dissolution experiments (Legett 
et al., 2018). Second, chloride solutions tend to maintain iron complexes 
in solution, resulting in less iron oxide precipitations as suggested by 
Phillips-Lander et al. (2019). Third, water activity could be a driving 
force of this phenomenon as Na-SO4-H2O brine and Mg-SO4-H2O brine 
have a water activity of 0.92 and 0.96, respectively (Guendouzi et al., 
2003). The water activities of Na-Cl-H2O, Ca-Cl-H2O, Mg-Cl-H2O, and 
Na-ClO4-H2O brines are significantly lower- 0.75, 0.2, 0.32, and 0.68, 
respectively (Ally, 1999; Chan and Ha, 1999; Morales et al., 2011). The 
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disparity of the water activities may alter the rate at which iron dissolves 
into solution or precipitates as secondary minerals, as previous studies 
suggest a general trend of decreasing mineral dissolution rates as ac
tivity of water decreases (e.g. Steiner et al., 2016). 

As the experiments continued, more spectra contained peaks indic
ative of hydrated sulfate minerals than iron oxides (Figs. S57–S60). In 
some cases, the sulfate phases may be attributed to brine residue 
remaining on the surface of the sample after rinsing (e.g., pentahydrate 
observed in samples reacted with Mg-SO4-H2O brines and thernadite 
observed in samples reacted with brines containing Na-SO4-H2O). These 
observations indicate that even if little alteration has occurred, sedi
ments and rocks may contain traces of previous sulfate-bearing fluids 

present in the system, similar to the observed salts found within the 
fractures of Mars meteorite samples found on Earth (Bridges et al., 2001; 
Leshin and Vicenzi, 2006; Ling and Wang, 2015). However, evidence of 
the perchlorate brine was not evident in the Raman spectra suggesting 
that near-saturated perchlorate brine is much easier to remove from 
basalt surfaces via rinsing compared to near-saturated sulfate bearing 
brines. Therefore, subsequent fluid interactions may preferentially 
remove perchlorate salts while sulfate salts are more likely to remain on 
the rock surface. The rinsing procedure may have also removed other 
soluble phases weakly adsorbed to the basalt surface, but Raman spec
troscopy of the filtered brines did not show evidence of any additional 
phases or ions in solution separate from the original brine chemistry. 

Fig. 3. Raman spectra of iron oxides identified on samples of McKinney Basalt as compared to known iron oxides from the online database RRUFF™. Samples 
collected in this experiment are denoted by the month collected and what solution the chips were reacting with. The spectra from this experiment include an artifact 
from the laser around 1340 wavenumbers. 
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Sulfate minerals were also observed in samples reacted with brines 
that did not contain sulfate anions (e.g., alunite observed in the twelve- 
month Na-ClO4-H2O brine experiment). Spectra indicative of blödite or 

aluminite in the Na-SO4-H2O brine also indicate that sulfate brine- 
mineral interactions can leach additional cations from the sample, 
resulting in formation of new sulfate phases. 

The identification of sulfates in the experiments reacted with Cl− and 
ClO4

− brines (i.e., brines that did not contain sulfate) requires a sulfur 
source within the basalt samples. However, neither sulfate nor sulfide 

Fig. 4. Raman spectra of McKinney Basalt chips from the Snake River Lava 
flows after reacting in near-saturated brines for three months, as compared to 
the Raman spectra of calcite from the online RRUFF™ database. Each spectrum 
shows a primary peak at 1086 wavenumbers, which corresponds to the location 
of calcite excited by a 532 nm laser. 

Fig. 5. Raman spectra of a McKinney Basalt chip from the Snake River Lava flows after reacting in ultra-pure water for three months, as compared to the spectra of 
opal from the online RRUFF™ database. 

Fig. 6. Raman spectra of a KcKinney Basalt from the Snake River Lava flows as compared to a spectrum of trona from the online RRUFF™ database.  

Fig. 7. Raman spectra of KcKinney basalt from the Snake River Lava flows as 
compared to calcite from the online Rruff™ database. The basalt samples had 
been reacting in a near-saturated brine of MgSO4 or a Na-ClO4-SO4H2O brine 
for twelve months. 
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minerals were detected in the Raman spectra or XRD analyses of the 
control samples. In addition, EDS analysis of the control chip did not 
detect sulfur in the unreacted basalt samples. However, micron- or nano- 
scale sulfide minerals may have gone undetected in these analyses. The 
presence of sulfur, while not detected by our analyses of the control 
samples, has been observed in previous studies of McKinney Basalt 
(Adcock et al., 2018; Doc Richardson et al., 2012). Thus, we reason that 
sulfur is present in our samples but is below the detection limit of our 
instruments. 

Indeed, bulk chemical analysis of the McKinney Basalt used in this 
study indicates 0.6 wt% loss on ignition (LOI), which is likely attributed 
to loss of adsorbed water and volatiles such as sulfur and carbon. Ob
servations of sulfate minerals formed within the lava tube cave systems 
of the Blue Dragon Flow, part of the Snake River Plain basalts also 
suggest that there is a sulfur source within the primary rocks (Doc 
Richardson et al., 2012). Our observations of sulfate minerals formed 
from basalt interacting with chloride and perchlorate brines demon
strates how trace constituents within the basalt samples can be prefer
entially leached and precipitate secondary minerals in near saturated 
brines, even if those constituents may be below typical detection limits 
for bulk chemistry. 

The identification of carbonates is also interesting, since no carbon or 
carbonate phases were detected in the XRD or EDS analyses of the 
control samples, nor are carbonates reported in previous studies of 
McKinney basalt. The source of carbon needed to form the secondary 

carbonates may be CO2 from the atmosphere trapped within the reactor 
bottles, that then dissolve into solution. Previous studies show evidence 
of carbonate solubility decreasing as the system becomes more saline, 
causing carbonate minerals to precipitate (Hänchen et al., 2008; Kim 
et al., 2017; Papadimitriou et al., 2004). This indicates that trace car
bonate minerals observed with Raman spectroscopy can also provide 
clues about the atmospheric composition during the weathering period 
(Bonales et al., 2013; Eytan Sass and Ben-Yaakov, 1977; Moyano-Cam
bero et al., 2017; Papadimitriou et al., 2004). Indeed, observations of 
carbonates in this study is of interest as evidence of carbonate species 
have been identified from orbiters and possible water-rock interactions 
that produce carbonates can be broadened to include hypersaline solu
tions (Ehlmann et al., 2008; Horgan et al., 2019). 

Many carbonate minerals, like the sulfates, exhibit a consistent 
spectrum shape of a single, intense peak that is shifted by a few wave
numbers from that of carbonate ions in aqueous solutions. Carbonate 
species dissolved in solution will produce a peak at 1064 wavenumbers, 
while carbonate minerals with different cations and varying hydration 
states show a shift in the carbonate ion peak from 1085 cm−1 in 
rhodochrosite (Mn(CO3)) to 1122 cm−1 in huntite (CaMg3(CO3)4) 
(Martinez et al., 2004). With few exceptions– such as dolomite, siderite, 
and magnesite– the only discernable peak is the single, intense car
bonate peak between ~1080–1125 cm−1 (Fig. 10). 

It is important to note that the secondary minerals observed in this 
study can, and often are, formed by by less saline solutions on Earth. Our 

Fig. 8. Raman spectra of McKinney Basalt samples from the Snake River Lava flows as compared to sulfate minerals from the online RRUFF™ database. The spectra 
from the two samples reacting in the Na-SO4-H2O brine and the Mg-Cl-SO4-H2O brine both exhibit additional peaks that are indicative of anorthite. 
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focus on highly saline solutions is to ascertain the products of basalt 
alteration based on our hypothesis that any recent liquid water present 
on the surface of Mars is likely present as a near-saturated brine formed 
as liquid water deliquesces, evaporates, or freezes on the Martian sur
face. However, our focus on secondary mineral formation on the basalt 
surface also required us to rinse the samples after reacting in the brines 
since any salt formation on the basalt would impede Raman spectros
copy. Trace amounts of more soluble secondary materials were likely 
lost in the process; however, rinsing allows us to focus on the less soluble 
secondary minerals that are more likely to be preserved in the rock re
cord over geologic time. 

4.1. Implications 

Of the 2379 total Raman spectra collected in these experiments, 
~88% showed peaks indicative of at least one of the primary minerals, 
while ~12% contained peaks consistent with secondary mineral for
mation (Fig. 11). Therefore, when using a focused laser spot size 
(~5–10 μm) it is necessary to take multiple spectra within even a small 
area of a sample target if we are seeking evidence of secondary minerals 
indicative of aqueous alteration. Failure to take multiple spectra of a 
target risks collecting data that does not represent the diversity of phases 
present in the sample. 

Raman spectroscopy can present challenges when the sample is dark 

Fig. 9. Raman spectra of select sulfate minerals. Data is from the online RRUFF™ database.  

A. Rodriguez et al.                                                                                                                                                                                                                              



Icarus 385 (2022) 115111

10

due to the ability for the laser to heat the sample. Laser heating of the 
sample can cause phase changes and burning. While the simple solution 
to this issue is to reduce the laser power, this power reduction must be 
countered with a longer total collection time to offset the background 
noise. Fluorescence is another common challenge in Raman spectros
copy, creating peaks and increased background signal that can obscure 
the primary Raman peaks. In some cases, fluorescence may even over
saturate the detector. In order to reduce fluorescence, investigators may 
use a laser with a longer wavelength. 

Additional challenges occur in interpreting Raman spectra, as the 
signal produced by heterogeneous samples can be complex and the 

combination of peaks observed can be non-unique. Many phases pro
duce spectra with multiple peaks, some of which may overlap with other 
phases. When using an automated search program, the algorithms may 
suggest geologic or organic phases unlikely to exist in the context of the 
experiments. However, careful analysis can allow for robust in
terpretations of spectra that contain multiple peaks. 

Geochemical context is vital when a spectrum contains only shows 
one peak (e.g. sulfate, carbonate, trona) or multiple phases contain a 
peak or broad shoulder in the same location (e.g. pyroxene, goethite). In 
this case, the spectra for both pyroxene and goethite contain additional 
peaks that can be used to clearly identify which phase is present. This 

Fig. 10. Raman spectra of carbonate minerals from the online RRUFF™ database. Order is presented to ascend with increasing wavenumbers.  
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deductive technique of identification through elimination of known 
phases is particularly effective when a researcher limits their scope to 
the geologic context of the sample. For example, our observations of a 
strong carbonate peak in several samples was at first surprising, but 
careful consideration of the geochemical context of the experiments and 
an examination of the literature indicate that carbonate precipitation is 
possible. In addition, peaks produced by carbonate minerals 
(1085–1122 wavenumbers) are significantly shifted away from other 
anion peaks which might be more expected in these experiments, such as 
sulfate phases (980–1026 wavenumbers) and perchlorate (928 cm−1). 
Due to these differences in peak position, as well as the clear, intense 
peaks observed at 1086, these peaks are likely formed by carbonate 
minerals, since no other mineral phases in the database produces intense 
single peaks in this region. 

In addition, the Raman intensity of peaks is also important to 
consider. Our assessment that NaClO4 was not observed is supported by 
previous experiments that demonstrate the very high intensity of the 
perchlorate peak both in solution and as a solid phase (Mason and 
Elwood Madden, 2022; McGraw et al., 2018). Employing geochemical 
context, as well as our understanding of the relative intensities of peaks 

expected from different phases aided our interpretations of the spectra 
matches produced by CrystalSleuth (Lafuente et al., 2015). The resulting 
list of possible phases in the spectrum is filtered using known 
geochemical constraints and geochemical context, laser wavelength, 
and finally fitness of the spectrum to the RRUFF™ library. We expect 
similar challenges to occur in the field, where heterogeneous samples 
will be the norm. Robust interpretations will rely upon both careful 
examination of peak positions and intensities, but also analysis of sec
ondary peaks and attention to the geochemical and geologic context of 
the samples. 

An alternate strategy could be to obtain a Raman spectrum of a larger 
sample area by using a less focused laser spot instead of a narrow point. 
This strategy would likely include more surface minerals in each spec
trum. However, based on our experience in this study, intense peaks 
from more abundant primary minerals may outweigh a weaker signal 
from secondary minerals. For example, olivine produced intense peaks 
that dominated the spectra, making the signal from secondary phases 
more difficult to detect (Fig. 12). Since olivine is both abundant in the 
sample, and produces intense peaks, any additional minerals sampled 
within the focus area usually produced much less prevalent spectra 
compared to olivine, making it difficult to identify these secondary 
without multiple reviews of all the data. 

The results of these experiments demonstrate that secondary car
bonate minerals can form from the reaction of Mars analogous basalt 
and near-saturated brines under relatively short time spans. In our ex
periments, we interpret that atmospheric CO2 was likely the main source 
of carbon needed for carbonate precipitation. Similar processes may 
have formed carbonates on the surface of Mars, and if such processes 
occurred, then Raman spectroscopy is a viable tool for identifying car
bonate minerals present on the surface. 

Previous studies have suggested that there is evidence of carbonates 
in the Martian dust and sediment based on orbital, lander, and rover 
observations (Boynton et al., 2007). This is in spite of evidence that Mars 
experienced highly acidic and oxidizing environments during the Hes
perian (Dehouck et al., 2016, 2012; Fairen et al., 2004; Horgan et al., 
2019; Kim et al., 2017; Moyano-Cambero et al., 2017; Saheb et al., 
2011). If carbonate minerals are observed directly with the Raman 
spectrometer, this would provide support for a more neutral pH envi
ronment during the period of alteration and deposition. Since the pri
mary peaks observed for carbonate minerals do not overlap with the 
primary peaks observed for sulfates, it is relatively straightforward to 
discern between the spectra of these two important mineral groups. The 
Renishaw InVia Raman spectrometer coupled with a 532 nm laser, as 
used in this study, has a spectral resolution of ~1.25 wavenumbers with 
the 1200 l/cm grating or ~ 0.75 wavenumbers with the 2400 l/cm 
grating. While the Raman spectrometer onboard Perseverance rover has 

Fig. 11. Histogram of observed secondary minerals for all solutions for the 
entirety of the experiment. 

Fig. 12. Raman spectra of the three primary minerals before normalizing the intensities from a sample of KcKinney Basalt from the Snake River Lava flows. The 
plagioclase sample includes a secondary mineral peak at 997 cm−1 which signifies hexahydrite. While the hexahydrite peak is relatively intense as compared to the 
peaks for plagioclase and pyroxene, such a peak is not as well detected as the signal from olivine and risks being overlooked if the peak intensity of the secondary 
mineral were located within the peak range of olivine. 
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have a spectral resolution of about 4 wavenumbers (Wiens et al., 2017). 
While this spectral resolution providse enough clarity to discern whether 
a spectra is indicative of one of the broad mineral groups (e.g. sulfate, 
carbonate, and Mn/Fe-oxide minerals), it may be difficult to discern 
between specific mineral phases within a broader group, due to the 
slight changes in primary peak position indicative of individual car
bonate, sulfate, and phosphate species within the broader group. Other 
analyses will likely be needed to further identify specific mineral phases. 

5. Conclusions 

These experiments suggest that secondary minerals created from the 
alteration of Mars analogous basalt in near-saturated brines can be 
observed with Raman spectroscopy. Key peaks can be used to identify 
the presence of secondary mineral groups based on the general location 
of a primary peak (e.g., primary peaks ranging 1080 cm−1 to 1130 cm−1 

for carbonates, and 980 cm−1 to 1020 cm−1 for sulphate minerals). 
These general insights can lead scientists to further investigate an area 
with other, more resource intensive instruments to provide bulk chem
istry and mineralogy of the sample. Based on this study, we expect that 
even with the limitations of a broad, low resolution spectrometer, a 
spectrum exhibiting a strong peak can be utilized to identify the mineral 
group, which may be helpful in constraining the conditions of alteration. 
However, multiple spectra may need to be collected over a fairly small 
sample area in order to capture secondary minerals phases that may be 
present, as only 12% of the spectra collected in this study contained 
evidence of secondary mineral phases. Such challenges, however, can 
easily be conquered with automation and is may be of little concern as 
the rocks on Mars would be altered for a longer period of time, 
increasing the likelihood of widespread secondary minerals. Thus, 
Raman is a useful, non-destructive measurement technique that pro
vides opportunities for significant in situ research focused on secondary 
alteration minerals on the surface of Mars. The returned samples can be 
measured with the Raman spectrometer before any destructive pro
cesses as either complementary data or as an indicator for how to pro
ceed with other measurements. 
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