American Mineralogist, Volume 99, pages 1199—1205, 2014

WHAT LURKS IN THE MARTIAN ROCKS AND SOIL? INVESTIGATIONS OF SULFATES, PHOSPHATES, AND PERCHLORATES
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ABSTRACT

We have characterized complex iron- and sulfate-bearing samples from Rio Tinto (Spain) using
X-ray diffraction (XRD), visible-near infrared reflectance (VNIR) spectroscopy, and laser Raman
spectroscopy (LRS). Samples were collected for this study from the Pefia de Hierro region of Rio Tinto
because this site represents a natural acidic environment that is a potential analog for such environ-
ments on Mars. We report an evaluation of the capabilities of these three techniques in performing
detailed mineralogical characterization of potential Mars-like samples from a natural acidic terrestrial
environment. Sulfate minerals found in these samples include gypsum, jarosite, and copiapite, and
iron hydroxide bearing minerals found include goethite and ferrihydrite. These sulfate and iron hy-
droxide/oxyhydroxide minerals were detected by XRD, VNIR, and LRS. Minor quartz was identified
in some samples by XRD as well, but was not identified using VNIR spectroscopy. Coordinating the
results from these three techniques provides a complete picture of the mineralogical composition of
the samples. Field instruments were used for this study to mimic the kinds of analyses that could be

performed in the field or on martian rovers.
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INTRODUCTION

The surface of Mars contains abundant occurrences of aque-
ous environments that host sulfates and iron oxide/hydroxide-
bearing minerals. The detection of crystalline hematite by the
Mars global surveyor thermal emission spectrometer (MGS-TES)
(Christensen et al. 2000, 2001) was a main driver for the selec-
tion of Meridiani Planum as the landing site for the NASA’s
Mars Exploration Rover (MER) Opportunity. TES studies
contributed to the understanding of the occurrence of hematite;
geochemical considerations led to the conclusion that the most
plausible mechanism for the occurrence of the hematite units
was precipitation from Fe-rich water.

Identification of hydrous sulfates in several bright regions
including Paso Robles and Tyrone at Gusev crater (Gellert et al.
2006; Haskin et al. 2005; Johnson et al. 2007; Lane et al. 2008;
Ming et al. 2008; Parente et al. 2009; Wang et al. 2008, 2006)
and the alleged findings of jarosite in the Meridiani regolith
(Klingelhofer et al. 2004), at Mawrth Vallis (Farrand et al. 2009),
and at Noctis Labyrinthus (Weitz et al. 2011) provide evidence
for former aqueous processes on Mars.

Massive accumulations of sulfates have also been detected
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remotely using data from the OMEGA (Observatoire pour la
Minéralogie, I’Eau, les Glaces, et I’Activité) instrument on
ESA’s Mars Express (Bibring et al. 2007; Gendrin et al. 2005)
and the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) instrument on NASA’s Mars Reconnaissance
Orbiter (Bishop et al. 2009; Flahaut et al. 2010; Lichtenberg et
al. 2010; Murchie et al. 2009; Roach et al. 2009, 2010; Sowe et
al. 2012; Wiseman et al. 2010).

Sulfates were also detected at the Phoenix landing site (Smith
et al. 2009). More recently, the ChemCam instrument onboard
the Mars Science Laboratory rover, Curiosity, has identified the
presence of Ca-sulfates at Rocknest (Clegg et al. 2013; Tokar
et al. 2013). The presence of the sulfate mineral species listed
above not only constitutes evidence regarding the environmental
history of a particular region (Meslin et al. 2013), but may define
the potential habitability of an environment (Boston et al. 2001).

The Rio Tinto acid mine drainage-dominated region features
numerous settings where sulfates and iron oxide/hydroxide spe-
cies have formed (Amils et al. 2007; Fernandez-Remolar et al.
2005, 2011). These studies have shown that both inorganic and
biologic activity plays a role in formation of many of the precipi-
tates and efflorescent salts in this region. Given the association of
microorganisms such as Acidithiobacillus ferrooxidans with the
aqueous oxidation of sulfides in Rio Tinto (Amils et al. 2002),
deposits of sulfate precipitates on Mars represent possible sites
to search for extinct life on that planet.
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Lab and field investigations of iron-rich aqueous precipitates
and alteration environments are needed to provide ground-
truthing for identification of these minerals on Mars and to
improve our ability to connect the martian mineralogy to geo-
chemical environments. For this study, we used three techniques
for a mineralogical investigation that are currently employed or
planned for landed missions on Mars: X-ray diffraction (XRD),
visible-near infrared (VNIR) reflectance spectroscopy, and laser
Raman spectroscopy (LRS).

The goals of our investigation are to: (1) characterize the
complex iron and sulfate-bearing samples from a site at Rio
Tinto (SW Spain); (2) compare measurement type, analysis, and
results of these three techniques to perform detailed mineralogi-
cal characterization of potential Mars-like samples from a natural
acidic terrestrial environment; and (3) provide a collection of
diffraction and spectral data that can help interpret mission data.

METHOD

Samples

Efflorescences and precipitates associated with acidic surface stream waters
were collected from several sites near Pefia de Hierro; this is the main source of
the natural acid mine drainage characteristic of Rio Tinto. Figure 1 shows a context
image of the Pefia de Hierro sampling site and images of the four samples analyzed.
The samples were collected from the banks of the stream as indicated in the figure
and sealed in plastic bags bags to minimize transformation of the minerals. The pH
in our sampling site was ~3 at the time samples were collected. The samples were
analyzed in the laboratory within two weeks of collection. Although transformation
of the samples was possible during storage and transport, we tried to minimize this
through careful sample handling. VNIR and LRS measurements were performed
on unprepared samples. Sample preparation for XRD was performed prior to
measurement. In situ mineralogical analyses of samples from the Rio Tinto site
have been reported elsewhere (Sobron et al. 2011).

X-ray diffraction analyses

Powder X-ray diffraction was performed using inXitu’s Terra instrument, a
field-portable version of the CheMin instrument aboard NASA’s Mars Science
Laboratory (MSL) mission (Blake et al. 2012; Sarrazin et al. 2008). Terra utilizes
a CoKo X-ray tube, and its 20 range is 4-55°. Samples were gently crushed and
sieved prior to the analyses to achieve particles about 150 pum in size. Mineral
identification was carried out through peak comparison against the International
Centre for Diffraction Data’s (ICDD) Powder Diffraction File (PDF) mineral
database. Quantitative results were obtained through Rietveld refinement or full
pattern fitting techniques (Rietveld 1969).

Visible-near infrared reflectance spectroscopy analyses

VNIR reflectance spectra were measured using a FieldSpecProFR from
Analytical Spectral Devices (ASD) with a contact probe and solar simulated light
source. Spectra were measured relative to a halon white reference from spots ~1
cm across on the rock surfaces at 2 nm spectral resolution from 0.35 to 2.50 um.
Spectra were collected at several locations on the rock surfaces without prepara-
tion. Minerals were identified by comparing the data with spectra of minerals in
library collected by co-author Bishop. Reflectance spectra of the natural samples
are darker than the lab mineral spectra. This is because the natural samples are all
solid coatings on rock surfaces, while the mineral spectra are all particulate samples.

Laser Raman spectroscopy analyses

The samples were placed on a 3D-motion stage of an inVia Raman micro-
scope (Renishaw), and analyzed using 20x objective lenses. The 632.8 nm line
from a Renishaw He-Ne laser was used as the excitation source. Laser power at
the sample was measured as 1 mW, and the spot size was 50 um. The spectra
were recorded within the region 100-3700 cm™ with a spectral resolution of 4
cm™'. Samples were analyzed without preparation. An average of five spots were
analyzed on the surface of each of the samples; all of the spectra recorded for each
sample were averaged, thus yielding a single spectra per sample that accounts for
inhomogeneities in the samples. The LRS spectra were analyzed in three regions
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FIGURE 1. Pictures of the sampling site, located at 37°43'18.69" N
6°33'33.24W, and pictures of the samples used for this study. (Color online.)

of interest: low wavenumbers (100 to 800 cm ™), mid wavenumbers (800 to 1300
cm™), and high wavenumbers (3100 to 3700 cm™). The spectra were filtered and
baseline-corrected using improved fast-Fourier transform algorithms. Routines
based on the Marquardt method (Marquardt 1963) were used to analyze the spectra
in terms of band position, intensity, width, and Gaussian-Lorentzian (G-L) factor
(Sobron et al. 2008). The LRS spectra were interpreted in terms of the fundamental
molecular vibrational modes that shape the spectral profiles.

RESULTS AND DISCUSSION

Figures 2 to 4 show the XRD pattern and the VNIR and LRS
spectra of sample RTNPO3, respectively. The XRD pattern of
this sample is contributed mainly by gypsum, CaSO,-2H,0. The
additional peaks in this pattern are likely due to Na-jarosite,
NaFei*(SO,),(OH), and quartz, SiO,. The strong water combi-
nation bands in the RTNP03 VNIR spectra near 1.45 and 1.95
pum and the small shoulder near 1.76 um are highly consistent
with gypsum (Bishop et al. 2004). Jarosite contains features at
0.43, 0.89, 1.46, 1.85, and 2.26 um (Bishop and Murad 2005)
that correspond well to the features observed in the spectra of
RTNPO3. Goethite exhibits a broader Fe’* transition than jarosite
and reflectance peaks at 0.59 and 0.76 pum (Bishop et al. 2004)
that could be contributing to the RTNPO3 spectra as well.

The Raman spectrum of sample RTNPO3 corresponds to that
of'a sulfate rich minerals; it is mainly composed of bands arising
from sulfate molecular vibrations and water. In aqueous systems,
the v,, v,, vs, and v, degenerate vibrational modes of sulfate
give rise to bands at 982, 450, 1105, and 625 cm™!, respectively
(Nakamoto 1997). A split of these sulfate vibrational modes into
separate bands is observed in the crystal structures (Frost et al.
2005; Sasaki et al. 1998) and is due to symmetry breakdown.
This effect is readily observed in the Raman spectra of samples
RTNPO3, particularly the splitting of the sulfate bands in the
1000-1300 cm™! region. The two sets of bands centered around
450 and 600 cm™ in the spectrum of RTNPO3 are attributed to the
v, and v, vibrational modes of the sulfate tetrahedral oxyanions,
respectively. The above discussion applies to the Raman spectra
of samples RTNPOS, 07, and 10 discussed below.
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FIGURE 2. XRD pattern of sample RTNP03. The main peaks in the
pattern match those of quartz (red), gypsum (blue), and Na-jarosite (green).
(Color online.)
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FIGURE 3. VNIR reflectance spectrum of sample RTNP03. The
spectra compare to those of gypsum (JB556), jarosite (JB53), and likely
goethite (JB54). (Color online.)
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The RTNP03 Raman spectrum shows characteristic features
of jarosite in the high-wavenumber region: an intense band at
3401 cm™ with two shoulders at 3367 and 3445 cm™' (Chio et
al. 2005; Frost et al. 2006). It is likely that additional bands are
contributing to the complex the spectral envelope of sample
RTPNO3 in the high-wavenumber region, including gypsum. The
identification of the latter is, however, not unambigous. Finally,
a strong band is observed at 386 cm™, attributed to a vibration
of the [Fe(H,0),]*" complex (Hester and Plane 1964; Sobron et
al. 2007). Based on our interpretation of the Raman spectrum,
we suggest that sample RTNPO3 is composed of jarosite, an
unidentified hydrated Fe?* sulfate, and possibly gypsum.

Figures 5 to 7 show the XRD pattern and the VNIR and LRS
spectra of sample RTNPOS, respectively. The XRD pattern of
this sample is contributed mainly by gypsum, and shows peaks
related to goethite, FeO(OH), and ferrihydrite, Fe3"0,-0.5(H,0).
Two areas of the RTNPOS5 samples were analyzed with VNRI re-
flectance. VNIR spectrum RTNPO5 01 is consistent with jarosite,
gypsum, and goethite as in the spectra of sample RTNP03. VNIR
spectrum RTNPOS 02 lacks the jarosite features and exhibits
broader water bands at shorter wavelengths and a broader Fe**
band at longer wavelengths more consistent with ferrihydrite
(Bishop and Murad 2002) and ferricopiapite (Bishop et al. 2005).
The Fe’* reflectance peak near 0.6 pum is also consistent with
goethite. However, these are not unique mineral assignments
and other Fe-bearing minerals also have features that are similar.

Two Raman spectra, RTNP05a and RTNPO5b, were recorded
from the RTNPOS5 sample; the LRS spectra are collocated with the
VNIR spectra discussed above. The Raman spectrum RTNP0O5b
shows two intense bands at 1006 and 1137 cm™'. These bands
are characteristic of gypsum (Krishnamurthy and Soots 1971).
The 412/491 cm™ and the 617/668 cm™ doublets originate from
the degenerate sulfate v, and v, vibrational modes, respectively.
Additionally, the pair of bands located in the water-stretching
region around 3405 and 3491 cm™! are indicative of the presence
of two water molecules in the unit cell, consistent with gypsum.

The Raman spectrum RTNO5a shows a sharp intense band at
3405 cm™ with two shoulders at 3371 and 3443 cm™, consistent
with jarosite (Chio et al. 2005; Frost et al. 2006). An additional
band is observed at 3497 cm ™, likely related to additional water
molecules associated with other cations, e.g., gypsum. Based on
the interpretation of the Raman spectra recorded from sample
RTNPOS5, our conclusion is that the RTNPO5 sample contains
both jarosite and gypsum.

Figures 8 to 10 show the XRD pattern and the VNIR and
LRS spectra of sample RTNPO07, respectively. The XRD pat-
tern of sample RTNPO7 includes contributions from copiapite,
jarosite, and quartz. The VNIR reflectance spectra of two spots
on the surface of the RTNP07 sample compare well to particulate
samples of gypsum (JB556) <63 um and ferricopiapite (JB620)
<125 pum. The Fe** bands at 0.43 and 0.87 um are characteristic

<«4FIGURE 4. Raman spectrum (red circles) of sample RTNP03
in three regions of interest, spectral bands (gray), and fitted spectrum
(black). Jarosite, gypsum, and a hydrated iron sulfate were identified
based on the position and relative intensity of the spectral bands. (Color
online.)
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FIGURE 5. XRD pattern of sample RTNPOS5. The main peaks in the
pattern match those of gypsum (green), goethite (blue), and jarosite
(red). (Color online.)
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FIGURE 6. VNIR reflectance spectra of sample RTNPOS5. The spectra
compare to those of gypsum (JB556), jarosite (JB53), goethite (JB54),
ferrihydrite (JB499), and ferricopiapite (JB620). Unidentified Fe-bearing
minerals may be present in the sample. (Color online.)
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of ferricopiapite (Bishop et al. 2005). The water bands at 1.44 and
1.93 um are consistent with a combination of ferricopiapite and
gypsum, and the weak feature at 2.2 um is consistent with gypsum.

The complex envelope around 1000 cm ™ in the Raman spec-
trum of the RTNP07 sample confirms the presence of multiple
cation-sulfate bondings. The sharp band at 3526 cm™ may be
assigned to Fe* or Fe?*-OH vibrations, and the broad continuum
around 3200 cm™! may be associated with water stretching vibra-
tions; therefore, the RTNPO07 sample contains hydrous Fe*" and
Fe** oxides, likely belonging to the copiapite group, as suggested
by the XRD and VNIR reflectance analyses.

Figures 11 to 13 show the XRD pattern and the VNIR and
LRS spectra of sample RTNP10. The XRD pattern of this sample
is contributed mainly by gypsum and quartz. Additional peaks are
likely due to Na-jarosite. The VNIR spectra of sample RTNP10
are highly consistent with gypsum, matching the triplet at 1.44,
1.49, and 1.54 pm, the bands near 1.75 and 1.94 pum, and exhibit-
ing the doublet at 2.20 and 2.26 um. Some ferrihydrite is likely
present as well due to the broadening of the Fe*" band near 0.9
wm and the water bands near 1.4 and 1.9 um, and some goethite
is consistent with these spectra due to the shoulder near 0.6 um.

The Raman spectrum of the RTNP10 sample is similar to the
spectrum RTNPO5D in the low- and mid-wavenumber regions.
However, the RTNP10 Raman spectrum shows two sharp bands
at 3405 and 3492 cm™! at approximately the same position as
those in the RTNPO5b spectrum. The relative intensities of these
pair of bands are, however, inverted in the RTNP10 spectrum.
This is likely due to different crystal orientation—see lishi
(1979) for a detailed explanation of this phenomenon. Gypsum
is the only mineral phase identified from the Raman spectrum
of sample RTNP10.

IMPLICATIONS

Table 1 summarizes the results from the three techniques used
for the analysis of the Rio Tinto sulfates. A range of mineral phases
were detected within the samples, including jarosite, Na-jarosite,
gypsum, goethite, copiapite, ferricopiapite, and ferrihydrite. The
XRD technique detected quartz in some of the samples, however
no traces of this component were detected by the other techniques.
It is likely that the rock substrate underneath the sulfate layers
contained quartz crystals. While VNIR reflectance and Raman,
as non-destructive spectroscopic techniques, yielded information
from the surface layers alone, the powder used for the XRD analy-
ses contained both sulfate layer and rock substrate grains, and thus
information from the latter is retrieved from the XRD patterns.

Raman detection of ferrihydrite and goethite is difficult when
mixed with Fe?* and Fe** sulfates because sulfate and Fe-O inter-
action bands overlap in the low-wavenumber region.

VNIR reflectance facilitated the identification of various
sulfate compounds in each of the samples, while XRD and Ra-
man only provided positive identification of one or two different

<4FIGURE 7. Raman spectra (red circles) of sample RTNPOS in three
regions of interest, spectral bands (gray), and fitted spectrum (black).
Spectra 05a and 05b are offset for clarity. Jarosite and gypsum were
identified based on the position and relative intensity of the spectral
bands. (Color online.)
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FIGURE 8. XRD pattern of sample RTNP07. The main peaks in the
pattern match those of copiapite, jarosite, and quartz. (Color online.)
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FIGURE 9. VNIR reflectance spectra of sample RTNPO7. The spectra
compare to those of gypsum (JB556) and ferricopiapite (JB620). (Color
online.)
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FIGURE 11. XRD pattern of sample RTNP010. The main peaks in the
pattern match those of gypsum, quartz, and Na-jarosite. (Color online.)
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(Color online.)
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FIGURE 10. Raman spectrum (red circles) of sample RTNPO7 in three
regions of interest, spectral bands (gray), and fitted spectrum (black).
Hydrous iron oxides were identified based on the position and relative
intensity of the spectral bands. (Color online.)
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FIGURE 13. Raman spectrum (red circles) of sample RTNP10 in three
regions of interest, spectral bands (gray), and fitted spectrum (black). Gypsum
was identified based on the position and relative intensity of the spectral
bands. (Color online.)
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TABLE 1. Summary of the mineral identification
Sample ID RTNPO3 RTNPO5 RTNPO7 RTNP10
XRD Gypsum, Quartz, Na-jarosite Gypsum, K-jarosite Copiapite, K-jarosite, Quartz Gypsum, K-jarosite, Quartz

VNIR
LRS K-jarosite, UnID sulfate

K-jarosite, Gypsum, Goethite K-jarosite, Gypsum, Goethite, Ferrihydrite, Ferricopiapite
Gypsum, K-jarosite

Ferricopiapite, Gypsum
Ferricopiapite

Gypsum, Ferrihydrite, Goethite
Gypsum

phases; the VNIR reflectance spectra were measured from spots
~1 cm across, notably increasing the probability of finding mul-
tiple components in a single spectrum. On the other hand, such a
large spot size prevented the detection of microscopic inclusions
in the mineral matrices.

VNIR reflectance is uniquely suited for the characterization
of water units and anions in minerals; however, water is a very
intense absorber and may mask the reflectance of the cation-
hydroxyl units (M-OH, where M represents a metallic cation). For
this reason, the identification of spectral features associated with
hydrated minerals in the VNIR spectra is not always unambigu-
ous. One of the advantages of Raman is that water is a relatively
poor scatterer, and hence the hydroxyl stretching of the M-OH
units can be better resolved. As a result, more accurate band as-
signments can be achieved.

One of the difficulties associated with iron- and sulfate-bearing
compounds collected in fieldwork is that they are often found to
be poorly crystalline, making detection using XRD and Raman
spectroscopy difficult. In these instances, VNIR reflectance fre-
quently enables better detection of sulfate materials.

The small differences observed upon interpretation of the
results from XRD, VNIR reflectance, and Raman spectroscopy
of four natural samples from the Rio Tinto Mars analog provide a
complete picture of the mineralogical composition of the samples,
thus demonstrating that the three techniques are fully complemen-
tary and could be used simultaneously for the characterization
of sulfate- and iron-rich mineralogy without sample preparation
(except for XRD) and down to the crystal size (Raman).

In highly hydrated samples, Raman and XRD complement
VNIR reflectance by unambiguously identifying different phases.
For poorly crystalline samples, VNIR reflectance provides a more
robust mineral identification, overcoming the difficulties associ-
ated with XRD and Raman spectroscopy.

In summary: the combined use of the Raman, VNIR reflec-
tance, and XRD techniques is widely justified for achieving
unique mineral identification of Fe-bearing oxides and sulfates
on natural samples from acidic Mars analog sites, and likely on
samples from Mars surface and surface. Synergies between these
three techniques should be explored in the context of the science
objectives of future Mars missions, e.g., ESA’s ExoMars and
NASA’s Mars 2020 through assessing their potential to character-
ize other types of minerals relevant to Mars exploration.
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