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Abstract

The martian orbital and landed surface missions, OMEGA on Mar Express and the two Mars Explorations Rovers, respectively, have
yielded evidence pointing to the presence of magnesium sulfates on the martian surface. In situ identification of the hydration states of
magnesium sulfates, as well as the hydration states of other Ca- and Fe- sulfates, will be crucial in future landed missions on Mars in
order to advance our knowledge of the hydrologic history of Mars as well as the potential for hosting life on Mars. Raman spectroscopy
is a technique well-suited for landed missions on the martian surface. In this paper, we report a systematic study of the Raman spectra of
the hydrates of magnesium sulfate. Characteristic and distinct Raman spectral patterns were observed for each of the 11 distinct hydrates
of magnesium sulfates, crystalline and non-crystalline. The unique Raman spectral features along with the general tendency of the shift of
the position of the sulfate v; band towards higher wavenumbers with a decrease in the degree of hydration allow in situ identification of
these hydrated magnesium sulfates from the raw Raman spectra of mixtures. Using these Raman spectral features, we have started the
study of the stability field of hydrated magnesium sulfates and the pathways of their transformations at various temperature and relative
humidity conditions. In particular we report on the Raman spectrum of an amorphous hydrate of magnesium sulfate (MgSO42H,0)

that may have specific relevance for the martian surface.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The sulfur enrichment and the compositional correla-
tions of Mg and S within martian surface materials were
first found in X-ray fluorescence data during Viking mis-
sions (Clark et al., 1982). Both observations were con-
firmed by the APXS (Alpha Particle X-ray Spectrometer)
experiments on the Sojourner rover of the Mars Pathfinder
mission (Rieder et al., 1997; McSween et al., 1999) and on
the Spirit and the Opportunity rovers of the Mars Explora-
tion Rovers (MER) missions (Gellert et al., 2004, 2006;
Rieder et al., 2004). The correlations between Ca and S,
and Fe and S have also been found in various regions at
the Gusev landing site (Haskin et al., 2005; Ming et al.,
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2006; Wang et al., 2006a). Chemical correlations from
these landed missions imply that sulfate salts are important
constituents in martian surface and subsurface materials.
There is only one direct identification of sulfate, as a
mineral, from the landed missions on Mars, jarosite
[KFe*"(SO4)»(OH)¢], which was identified through
Moéssbauer spectrometer analysis (Klingelhofer et al.,
2004) by the Opportunity rover at Meridiani Planum.

By comparison, a variety of sulfates has been identified
through the results of the Mars Express orbital mission.
The OMEGA spectrometer (Observatiore pour la Minéral-
ogie, I'Eau, les Glacies, et I’Activitié¢) observed characteris-
tic near infrared (NIR) peaks of sulfates at various
locations on Mars (Bibring et al., 2005), including Meridi-
ani Planum where the Opportunity rover landed (Arvidson
et al., 2005). The types of sulfates definitively identified
from OMEGA spectra were kieserite (MgSO4-H,0), gyp-
sum (CaSO4-2H,0), and bassanite (2CaSO4H»0). Another


mailto:alianw@levee.wustl.edu

Hydration states of Mg-sulfates on Mars 6119

type of OMEGA spectrum was assigned to polyhydrated
sulfates and the sulfates with different cations, for which
the spectra of epsomite (MgSO47H,0), copiapite
(Fe**Fe’",(SO4)((OH), - 20H,0),  and  halotrichite
(Fe2+A12(SO4)4‘22H20) would provide matches (Gendrin
et al., 2005). A few percent of adsorbed water was also as-
signed on the basis of observations that (1) 3 um absorp-
tion bands are observed in every spectrum obtained by
OMEGA; and (2) the 3-um band intensity is positively cor-
related with the high albedo areas on Mars.

The neutron spectrometer (NS) component of the gam-
ma-ray spectrometer suite (GRS) on board the Mars Odys-
sey spacecraft detected high concentrations of hydrogen in
two broad equatorial regions in the neighborhood of Ara-
bia Terra (centered at —5°N, +25°E) and Medusae Fossae
(centered at —15°N, +180°E), which cover respectively the
Meridiani Planum and Gusev Crater sites (Boynton et al.,
2002; Feldman et al., 2004). The relative maxima in hydro-
gen abundances correlate topographically with mid- and
low-altitude areas. Because water—ice should not be stable
under the current conditions at the surface and near surface
of these equatorial areas, the hydrogen is assumed to reside
in hydrated minerals although ground ice cannot totally be
ruled out (Boynton et al., 2002; Feldman et al., 2004, 2005).

Mars apparently had large amounts of surface water in
the past that could plausibly have produced evaporite
deposits, including water-bearing minerals such as the
hydrated sulfates (Carr, 1996; Hynek and Phillips, 2001,
2003; Carr and Head, 2003; Squyres et al., 2004).

Sulfur-bearing materials associated with the sulfur cycle
must have played an important role in the evolution and
hydrologic history of Mars. Large amounts of sulfur may
have originated from volcanic outgassing, in the form of
H,S or SO,, which could react with oxidizing atmospheric
components to form [SO3]2*, [HSO4], or [H,SOy4], and
then fall onto the martian surface. During a warm and
wet era, these gaseous species would have dissolved in
water to form acidic aqueous solutions. The solutions
would be neutralized by reacting with igneous minerals,
which release Mg, Ca, Fe, and Al cations. At high degrees
of alteration, sulfides, as minor phases in igneous mineral
assemblages (as seen in martian meteorites), would also
be oxidized and S released into solution.

Sulfur-rich solutions might also originate from hydro-
thermal alteration associated with convection cells driven
by intrusive igneous activity, especially in areas near
long-lived volcanic provinces. Igneous activity would have
occurred throughout Noachian time and may have extend-
ed to geologically recent times, judging from relatively
young ages of some of the martian basaltic meteorites.
Such solutions might also be mixed and carried laterally
by surface or ground waters, and eventually deposited in
evaporite sulfates. Sulfur-bearing phases at different stages
of the cycle and phase transitions among them would
provide energy sources for metabolic processes of bio-spe-
cies, as seen on Earth (Tosca et al., 2004; Golden et al.,
2005).

Planetary Raman spectroscopy is a powerful tool for
in situ identification of minerals and biogenic species
expected (potentially) to be encountered in planetary sur-
face exploration (Wdowiak et al., 1994; Wang et al.,
1995; Haskin et al., 1997, Wynn-Williams and Edwards,
2000). A laser Raman spectroscopy (LRS) experiment
can characterize, structurally and compositionally, many
classes of minerals and inorganic compounds such as sili-
cates, carbonates, sulfates, phosphates, oxides, sulfides,
and oxyhydroxides, as well as clathrates of CO, and
CH,. Additionally, Raman spectroscopy is useful for char-
acterizing the organic species produced in biogenic or non-
biogenic processes where it can distinguish functional
groups in organics materials containing H-O, H-N, H-
C, N-O, C-0O, C-N, and P-O bonds (Nakamoto, 1997).
All species in the sulfur cycle on Earth have a diagnostic
Raman spectrum that would enable in sitru identification.
A Raman instrument suitable for martian surface studies
is the Mars Microbeam Raman Spectrometer (MMRS)
that we have developed which combines a microbeam Ra-
man detection capability with a line-scanning capability
(Haskin et al., 1997; Wang et al., 1998, 2003). This system
permits trace constituents in a target to be detected (Wang
et al., 2004b) in addition to the major and minor phases.
The line scanning capability of the MMRS can be used
to obtain information on the distributions and relative pro-
portions of species and on grain sizes and the rock textures
(Wang et al., 1999a); thus, the mineralogical information
can be correlated directly with morphological microscopic
imaging (Wang et al., 1999b; Kuebler et al., 2003). In addi-
tion, remote Raman technology has been developed in re-
cent years, which shows the effective detections of various
mineral phases from a distance of ~10 m (Sharma et al.,
2002; Misra et al., 2006).

Among all species involved in S-cycling, hydrated sul-
fate minerals bear special interest due to the recent discov-
eries by the Mars Exploration Rover missions and Mars
Express OMEGA. There is no systematic Raman spectro-
scopic study to date in the literature on the full range of
hydrated magnesium and iron sulfates (LaFont and Vinh,
1966; Chio et al., 2004, 2005; Wang et al., 2005; Sharma
et al., 2006). We report in this paper, our first study of Ra-
man experiments on the full range of hydrated Mg-sulfates.

2. Importance of studying the hydration states of sulfates

The highest concentration of Mg-sulfates found by the
Spirit rover (inferred from the APXS data) at Gusev thus
far has been in the subsurface regolith at The Boroughs
trench (Wang et al., 2005b; Wang et al., 2006a). The distri-
bution of sulfates in subsurface regolith within this trench
is heterogeneous. By first-order approximation, sulfates
make about 22 wt% of subsurface regolith at the most sul-
fur-rich spot in the trench, and approximately 85 mole % of
these sulfates consists of Mg-sulfate. Assuming all these
Mg-sulfates are in the form of kieserite as seen by OMEGA
from other locations on Mars including Meridiani Planum,
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Table 1

Estimates of water content based on mixing-model analyses on two targets at Gusev Crater. (a) The Borough trench regolith which shows a positive Mg
vs. SOy correlation and for which mixing-model analysis suggests a maximum of ~22 wt% sulfates

Water-bearing phases (assumed hydration state of Mg-sulfates)

Corresponding wt% of water in regolith at

Trench wall Trench floor Subsurface
MgSO4H,0, Kieserite® 3.1 2.5 1.0
MgSO,42H,0, Sanderite 6.0 4.8 2.1
MgS0,43H,0 8.7 7.0 3.1
MgSO,44H,0, Starkeyite 11.3 9.2 4.0
MgSO,5H,0, Pentahydrite 13.7 11.2 5.0
MgS0,46H,0, Hexahydrite 16.0 13.2 5.9
MgSO,7H,0, Epsomite 18.2 15.0 6.9

(b) Wooly Patch outcrop, which shows a positive Ca vs. SO4 correlation and an excess of Si and Al, and for which mixing-model analysis suggests the

presence of Ca- and Mg-sulfates (72.5:27.5) and kaolinite-type phyllosilicates

Water-bearing phases (assumed hydration states of Ca- and Mg-sulfate)

Corresponding wt% of water in outcrop

Mastodon target Sabre target

MgSO,4H,0, CaSO,, kaolinite
MgSO,H,0, CaS0O,40.5H,0, kaolinite
MgSO4H,0, CaSO,42H,0, kaolinite
MgS0O,44H,0, CaS042H,0, kaolinite
MgSO,7H,0, CaS042H,0, kaolinite

2.1 2.6
22 2.8
2.8 35
3.2 4.0
3.7 4.5

the water held by these kieserite molecules would make
~3 wt% of the regolith (Table 1a).

Phyllosilicates are suggested as potential constituents in
some rocks in the Columbia Hills at Gusev Crater, judging
by the distinct compositional features of these rocks (Wang
et al., 2005a, 2006b; Clark et al., 2005). These phyllosili-
cates, kaolinite or montmorillonite, coexist with sulfates
and unaltered igneous minerals. On the basis of Ca and S
correlations found in West Spur rocks (Wang et al.,
2006b) in the Columbia Hills, we could assume gypsum is
the major form of Ca-sulfates and kieserite is the major
form of Mg-sulfates. On the basis of these assumptions,
the total water concentration held by sulfates and phyllos-
ilicates in the rock “Wooly Patch” on West Spur at Gusev
could be ~3 wt% of the whole rock (Table 1b).

A much higher water-equivalent-hydrogen (WEH) val-
ue, however, is indicated by the NS—-GRS (neutron spec-
trometer in gamma-ray spectrometer suite) of the Mars
Odyssey mission in the vicinity of Gusev Crater (Feldman
et al., 2005). Using the epithermal-neutron data, an average
WEH concentration of ~7 wt% was found over a footprint
of 600 km diameter, which covers the entire Gusev Crater,
its in-flow channel Ma’Adim Valles, and the lowlands
around Gusev Crater and Apollinaris Patera (Fig. 1).
When using these assumptions on hydration states for sul-
fates (i.e., gypsum for Ca-sulfates and kieserite for Mg-sul-
fates), and averaging the potential water held by all the
rock and soil targets at Gusev investigated by the Spirit ro-
ver thus far, the water concentration value would be
<1 wt%. Even adding a few percent for the water potential-
ly adsorbed in the interstitial spaces among soil grains and
surface dust particles, the water content would be much
lower than the WEH value inferred from the NS-GRS.

Fig. 1. Spatial correlations among orbital observations and surface
exploration at Gusev Crater (http://ltpwww.gsfc.nasa.gov/tharsis/
Mars_topography_from_MOLA/; other images from Wang et al.,
2006a,b).

This discrepancy suggests additional water reservoirs in
the vicinity of Gusev Crater. We consider two possibilities:
one, that ground ice or other types of water-rich entities
(e.g., evaporite deposits) occur at locations where Spirit
has not yet explored; another is that Mg-sulfate minerals
in the subsurface regolith actually hold more water by
maintaining hydration states higher than kieserite.

In order to improve our understanding of Mars surface
mineralogy and geochemistry based on the data from these
missions and to address the hydrologic history of Mars, it
is crucial to improve knowledge of the stability field of var-
ious hydrated sulfates under martian conditions (past and
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present), and the pathways and the rates of phase transfor-
mations. These data will also help to provide insight to the
geochemical processes and evolution during the diurnal cy-
cle, the obliquity cycles, and throughout martian geological
time during which the surface has been modified by volca-
nic, impact, aqueous, and eolian processes.

Several studies concerning the hydrated sulfates have
been published in the past few years. Among them, Vani-
man et al. (2004, 2005) reported that structurally amor-
phous Mg-sulfates can be formed rapidly (in a few hours
or a day) from hexahydrite (MgSO46H,0O) under low rela-
tive humidity (0.3-0.4% RH) or with a vacuum at 1 torr
(132 Pa) total pressure. They suggest the number of struc-
tural waters held by this amorphous phase can vary from
2 to 1.2. Because of the large relative-humidity swing dur-
ing the current diurnal cycle on the surface of Mars, vary-
ing from <1% RH (~290 K) at mid-day summer to near
100% RH (~180 K) during the cold early morning, kiese-
rite at the surface would convert to hexahydrite (and eps-
omite) at high RH and then dehydrate to form hydrated
amorphous Mg-sulfate, whose re-hydration is extremely
sluggish at night-time temperatures. Therefore, the hydrat-
ed amorphous phase, not kieserite, would be the favored
Mg-sulfate at the martian surface today.

Chipera et al. (2005) demonstrated that besides hexahy-
drite and epsomite, other hydrated phases of Mg-sulfate,
especially starkeyite (MgSO44H,0), can be stable and
co-exist with kieserite under martian surface conditions.
The phase transformations between these different hydrat-
ed phases of Mg-sulfates are characterized by sluggish
kinetics, path dependence, and the presence of metastable
intermediate states of hydration.

Chou and Seal determined the epsomite-hexahydrite
equilibria (Chou and Seal, 2003) and starkeyite-hexahy-
drite equilibria (Chou et al., 2005) as a function of both
temperature and relative humidity using the humidity-buff-

Table 2

er technique. Their results suggest that kieserite, starkeyite,
epsomite, and MgSO,412H,0 (based on a recent work by
Peterson and Wang, 2006, we will use MgSO411H,0 to
represent this phase) would be the possible crystalline
Mg-sulfate phases existing under current conditions in
martian regolith in equatorial regions.

On the basis of the work of Vaniman et al. (2004, 2005),
Chipera et al. (2005), Chou and Seal (2003) and Chou et al.
(2005), the de-hydration and re-hydration of Mg-sulfates in
martian regolith could occur within hours during every
martian sol. In this paper, we report first that all 11 types
of known anhydrous and hydrous forms of magnesium sul-
fates have diagnostic Raman spectral patterns that can be
used to identify them from raw spectra of mixtures. We
then discuss how these Raman features enable us to study
the stability and meta-stability fields of the hydrated phas-
es, to characterize the hydrated amorphous phases, and to
monitor the phase-transformation pathways under chang-
ing environmental conditions.

3. Sample preparations and measurements

We list in Table 2 the anhydrous and hydrated phases of
Mg-sulfate that we have investigated in this study. We pur-
chased commercially available anhydrous B-MgSO, (Sig-
ma-Aldrich, ReagentPlus™, >99%, Batch 025K0154),
MgSO4H,O (Sigma—-Aldrich, >97%, Batch 12426BC),
and MgSO47H,0 (Sigma—-Aldrich, SigmaUltra, >98%,
Batch 084k01061) as starting materials. We used four types
of preparations to produce other hydration states of Mg-
sulfate. Laser Raman spectroscopy (LRS) and X-ray dif-
fraction (XRD) measurements were used to characterize
the starting materials and the reaction products. The mass-
es of samples were measured before and after reactions to
monitor the variations in hydration states in the de-hydra-
tion and re-hydration experiments.

Past and current Raman and XRD studies of hydrous and anhydrous Mg-sulfates

Chemical formula Crystal structure Space group

XRD std data

Raman study in literature This Raman study

Aqueous [SO,*~ In solution

MgSO,411H,0 Triclinic Pl -C!
MgSO,7H,O Orthorhombic P2,2,2) — D‘z‘
MgSO,-6H,0O Monoclinic C2/c—CS,
MgSO,5H,0 Triclinic Pl — C}
MgSO44H,0 Monoclinic P2,/b—C3,
MgSO,43H,0 Unknown Unknown
MgS0O42H,0 Monoclinic Unknown
MgSO41.2-2H,0 Non-crystalline

MgSO,-H,0 Monoclinic C2/c—CS,
B-MgSO, Orthorhombic Cmem — DY)

g Yes
No Yes
h Yes
h Yes
No Yes
No Yes
Yes No Yes
Yes No Yes
No Yes
No Yes
No Yes

a. Baur (1964a).

b. Zalkin et al. (1964).

c. Baur and Rolin (1972).

d. Baur (1964Db).

e. Aleksovska (1998).

f. Rentzeperis and Soldatos (1958).

g. Zangmeister and Pemberton (2000).
h. LaFont and Vinh (1966).

i. Peterson and Wang (20006).
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3.1. Direct crystallization from saturated solutions

The methods we used are based on those described by
Emons et al. (1990) and involve crystallization from satu-
rated MgSO, solution, oversaturated methanolic MgSOy4
solution, and mixtures of saturated MgSO, and MgCl,
solutions. Pure epsomite and hexahydrite were produced.
From the preparations targeted on Mg-sulfates with 2-5
structural water molecules, however, we only obtained mix-
tures of Mg-sulfates with various hydration states. Never-
theless, using Raman microbeam analysis, single-phase
Raman spectra of most hydration states of the Mg-sulfates
were obtained from individual crystals within these mix-
tures. The assignments of these Raman spectra were later
confirmed by coupled LRS and XRD measurements on
the pure samples prepared using two other methods.

3.2. Heating solid samples at fixed temperatures

Baking epsomite at different temperatures in an open
oven has produced homogenous kieserite (at 95 °C) and
starkeyite (at 40 °C) samples, with sufficient quantities for
XRD verification of LRS spectral assignments. The tem-
perature of the oven was held at the set point to within
+1 °C, whereas the water-vapor pressure in the oven was
determined by the relative humidity of the laboratory
which varied from 30% to 55% RH depending on the
season.

3.3. Vacuum desiccation of solid samples

A vacuum desiccator kept at room temperature
(21 £ 1 °C) was used to convert epsomite and hexahydrite
into amorphous MgSQO,, which was reported in the exper-
iments of Vaniman et al. (2004, 2005). The vacuum in the
desiccator was kept at about 0.5 torr (~67 Pa) for two
experiments of 5 and 15 days duration. LRS and XRD
measurements were made on the samples in sealed contain-
ers immediately after removal from the vacuum.

3.4. Using humidity buffer solutions to convert the hydration
states

We used the humidity-buffer technique (Chou et al.,
2002) to convert the magnesium sulfates of different hydra-
tion states at fixed temperature (7) and relative humidity
(RH) conditions. The humidity-buffers we used are based
on saturated aqueous solutions of the binary salts, LiBr,
LiCl, MgCl,, Mg(NO3),, NaBr, KI, NaCl, KCI, KNO;,
as well as pure water (Chou et al., 2002; Greenspan,
1977). Humidity-buffer solutions were contained in
60 mm diameter straight-wall, capped glass bottles. Solu-
tions were prepared from 25 ml of water plus sufficient salt
to produce a saturated solution with excess salt. A thin
layer of powdered starting Mg-sulfate (~0.2 g, ground
and sieved with a grain-size range of <75 um) was placed
at the bottom of a 30 mm diameter, straight-wall Kimax®

glass reaction vial. This vial was selected because it is free
of laser-induced fluorescence and has a size that can be
mounted on the microscopic stage of the LRS system.
The uncapped reaction vial was placed upright in the tight-
ly capped solution bottle. For each type of starting Mg-sul-
fate, a set of de-hydration and re-hydration experiments
was conducted using a full range of humidity buffer solu-
tions at constant temperatures, either in the oven at
50 &1 °C, or in the laboratory at 21 + 1 °C. An epsomite
reaction vial was kept over a 100% RH buffer within an iso-
lated freezer compartment of a laboratory refrigerator at
—5°C to produce MgSO411H,0. This experimental proce-
dure allows free interaction of the fine Mg-sulfate grains
with water vapor at pre-determined RH and T. The Mg-
sulfate samples were allowed to equilibrate in the humidity
buffer bottles for weeks and in some cases several months.
We monitored the progress of the de-hydration/re-hydra-
tion experiments by measuring the mass of the reaction vial
(capped immediately after its removal from the humidity
buffer bottle), and by measuring the Raman spectra of
the intermediate products through the glass wall of the
sealed reaction vials. The LRS measurements took only
minutes to complete and were made at regular time inter-
vals throughout the entire de-hydration/re-hydration pro-
cess. The final products were measured with both LRS
and XRD techniques.

3.5. XRD measurements

A Rigaku Geigerflex X-ray diffractometer with a CuKa
radiation source was used in this study. Data reduction was
done using the Jade™ software. The protocol for XRD
measurements of unstable Mg-sulfate samples was to first
collect the Raman spectrum of the sample with the sample
still in its sealed glass vial. Then about 0.2-0.3 g of sample
were quickly ground together with CaF, powder as an
internal standard and immediately sealed in the well of
an XRD powder sample holder using an extremely thin
plastic film (Saran Wrap®). At the end of the XRD pattern
collection, the Raman spectrum of the sample, still in the
sealed XRD sample holder, was collected again. The pow-
dered CaF, added to the Mg-sulfate samples provides two
strong diffraction lines as the internal standard for calibra-
tion of the XRD system. The plastic film covering the sam-
ples produces one strong line at 21.3°20 and a few weak
features (20.8 and 23.7°20, and a wide hump centered at
20.3°26). The Raman peaks produced by the plastic film
can be easily subtracted from the Raman spectra of the
samples. The post-XRD Raman measurement on the
XRD sample sealed in this fashion showed that for all
the hydrated magnesium sulfates that we studied, no
detectable phase transformation occurred during the
course of the XRD measurements (~7.5 min for a scan
from 10° to 55°, 0.1° per step with 1s dwell). Follow-up
LRS measurements indicate that phase transformations
in the sealed XRD sample holders eventually occur
after 1-2 days. On the other hand, the most hydrated
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Mg-sulfates (crystalline or amorphous) sealed in reaction
vials do not show detectable phase changes even after 1—
2 months of storage.

3.6. Raman measurements

A HoloLab5000 Raman spectrometer made by Kaiser
Optical Systems Inc., (KOSI) was used in this study. This
system uses the 532nm line of a frequency-doubled
Nd:YAG laser for excitation and has Stokes—Raman shift-
ed spectral coverage of 504300 cm~'. The spectral resolu-
tion is about 4-5cm~'. The wavelength of the CCD
camera was calibrated using a standard neon emission
lamp. The intensity throughput of the system was stan-
dardized against a secondary standard tungsten lamp using
software provided by KOSI. The 0 cm~' Raman shift of
the excitation laser was set using the 801.3 cm™~! Stokes—
Raman band of a cyclohexane standard, and was checked
daily by measuring the Raman line 520.7 cm ™' of a wafer
of single crystal Si. Deviations of the Si Raman line greater
than +0.2 cm~! were corrected by either shifting the Ra-
man shift axis of the sample spectra or by resetting the
0cm™! of the laser line to the correct position using the
KOSI software. With this calibration procedure, errors in
accuracy and precision of Raman peak position measure-
ments were kept to less than +0.2cm™'. An Olympus
BX60 microscope fitted with a CCD image camera was
coupled with the Raman spectrograph through two optical
fibers; a single-mode optical fiber to transfer the excitation
laser, and a 100 um diameter optical fiber to transfer the
collected Raman photons. A 20x microscopic objective
(NA =0.4) was used to focus the laser beam (6 um in
diameter) onto the sample and to collect the Raman pho-
tons produced by the sample. We generally employed a
15-mW laser light at the sample. The microscope was
equipped with a software controlled, digital XYZ scanning
stage, which had 0.1 um as the smallest moving step, with
>10 cm total moving distances in both X and Y directions
perpendicular to the direction of the incident laser beam.

Using this Raman microprobe system, the Raman spec-
tra of powdered samples (randomly oriented fine grains) in
sealed reaction vials can be examined through the glass
wall with 10x or 20x objectives. This sampling system per-
mitted us to check routinely the progress of hydration/de-
hydration of the Mg-sulfates over various humidity-buffer
solutions without altering the sample hydration state dur-
ing the Raman measurements. Raman spectra of unstable
hydrates of Mg-sulfates could also be readily obtained on
the sample powder in XRD sample holders sealed with Sar-
an Wrap® film or in the wells of microscope slides covered
with a #1 or #11/2 cover slips. Unstable hydrates of Mg-
sulfates remained unchanged in these sample containers
for periods of hours or a day, whereas the Raman spectra
of each sample could be recorded within minutes. In addi-
tion, using the 6 pm diameter laser beam focused with the
20x objective and a linear scan procedure, we could exam-
ine the heterogeneity in hydration states of a sample batch.

This Raman point counting procedure, obtaining 50-100
Raman spectra at points of equal interval and requiring
10-20 min to complete, was conducted on the equilibrated
Mg-sulfate samples and on the sealed XRD samples before
and after the XRD measurements.

4. Results and discussion

Every S-bearing species has a characteristic Raman
spectrum, because sulfur can form highly covalent chemical
bonds both with itself and with other elements. Fig. 2
shows the typical Raman spectra of a set of S-bearing spe-
cies that may exist in the sulfur cycle of a planet, including
gas, liquid, elemental sulfur, sulfide, and sulfate. The Ra-
man spectra for aqueous sulfates are quite dependent upon
concentration, temperature, and pH. The middle three
spectra in Fig. 2 can distinguish among various oxyanions
of sulfur such as [SOs], [HSO4]", [SO.F~, H3SOs and
H,SO,4 (Walrafen and Young, 1960; Young and Walrafen,
1961; Walrafen et al., 2002).

4.1. Raman spectra of 10 hydrated and anhydrous
Mg-sulfates

We have recorded the Raman spectra from one anhy-
drous and nine hydrated Mg-sulfates prepared in this
study. Fig. 3 shows these Raman spectra in the 400-
1300 cm™! spectral range dominated by the fundamental
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Fig. 2. Typical Raman spectra of S-bearing species that may exist in a
planetary sulfur cycle.
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Fig. 3. Raman spectra of 10 hydrated and an anhydrous Mg-sulfates in
the spectral region of SO, fundamental vibrational modes. *, Tentative
spectral assignment; #, peak of kieserite as impurity.

vibrational modes of the SO, tetrahedra Fig. 4 shows the
2500-4000 cm ! spectral range where the Raman peaks
of structural water dominate. Table 3 lists the positions
of the major Raman peaks of these Mg-sulfates.

Except for the MgSO,4 aqueous solution, MgSO411H,0,
and MgS0O,4-3H,0, the Raman spectra assignments of the
other seven Mg-sulfates in Figs. 3 and 4 have been con-
firmed by XRD measurements on the same samples using
published values for the XRD powder diffraction patterns.
The spectrum of MgSO, aqueous solution is obtained
directly from a saturated solution within a liquid cell and
the spectrum matches the data for neutral pH aqueous solu-
tions of SO, 2 obtained by Nakamoto (1997). We found no
published X-ray diffraction pattern for MgSO4 12H,0 that
can be used to verify the Raman identification. Our assign-
ment is based on the fact that (1) our sample was prepared
according to the conditions shown in the phase diagram of
Hogenboom et al. (1995) (i.e., the hydration of MgSOy -
7H,0 in equilibrium with ice at —5 °C); (2) the product
shows a mass increase from the original mass of MgSOy
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aqueous soluti
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Fig. 4. Raman spectra of 10 hydrated and anhydrous Mg-sulfates in the
spectral region of water OH stretching vibrational modes. *, Tentative
spectral assignment.

7H,O0 that is consistant with an increased degree of hydra-
tion; and (3) the LRS measurements on microscopically
small crystals of several batches suggest a mixture of
MgSO47H>0 and a new phase. The spectrum of this new
phase is tentatively assigned to MgSO411H,O (Figs. 3
and 4).

The Raman spectrum with a Raman peak at
1023.8 cm ™! is also tentatively assigned to MgSO43H,O.
The sample from which this spectrum was obtained was
only produced once from hexahydrite powder baked in
an oven at 60 °C in ambient-laboratory relative humidity.
Raman point-counting measurements suggest that this
sample is a mixture. Among numerous Raman spectra
from this sample, we see Raman peaks of hexahydrite with
a minor amount of kieserite, starkeyite, and sanderite, plus
the Raman spectrum of a new phase with a unique Raman
spectrum showing a v, peak at 1023.8 cm ™! and a distinct
spectral pattern. Compared with the Raman v, peak posi-
tions of other hydrated Mg-sulfates whose identities were
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Table 3
Raman peak positions of 10 hydrous and anhydrous Mg-sulfates

Hydrous and anhydrous Mg-sulfates H,O vib. modes

SO, vib. modes Other peaks

Stretching mode Bending mode v; mode v, mode v3; mode v4 mode
MgSO, in aqueous solution 3423 1644 982.1 451 1113 617 366
3292
MgSO411H,0 3211 1670 984.3 460 1059 611 371
3263 1679 (446) 1095 251
3413 (1673) 1133 205
3479
Epsomite MgSO,7H,O 3303 1672 984.1 447 1095 612 369
3425 (459) 1134 245
(3217) (470) 1061 154
Hexahydrite MgSO,6H,0 3428 1655 983.6 466 1146 610 364
3258 445 1085 (626) 245
(1088) 223
(1079)
Pentahydrite MgSO45H,O 3391 1650 1004.9 447 1159 602 241
3343 371 1106 206
3553 165
3494 119
3289
Starkeyite MgSO44H,0 3427 1603 1000.3 462 1156 616 313
(3402) 1643 (480) 1183 (627) 240
3558 (1634) 401 1116 664 150
3481 (1688) (1119) 565 109
3331 (1114)
1086
MgSO,43H,0 (tentative) 3429 1664 1023.8 449 1141 622 200
3308 1189 113
1114
Sanderite MgSO42H,0O 3446 1647 1033.8 447 1164 597 266
3539 492 630
Kieserite MgSO4H,0 3297 1509 1046.1 436 1117 629 272
481 1215 218
Anhydrous B-MgSO, 1022.8 499 1136 608 205
1052.7 475 1220 681
451 1256 697

Note: (1) peak position values were obtained from the spectra of fine ground powder samples with randomly oriented grains, data from several samples of
each species were compared and compiled; (2) peak position values in ( ) were observed less commonly, possibly from crystal grains of different
orientations; (3) the first peak position value in each vibrational mode of each species has the strongest intensity.

confirmed by powder XRD, e.g., 1033.8cm™' for
MgSO,2H,0 (sanderite) and 1000.3 cm™' for MgSO44-
H,O (starkeyite), a 1023.8 cm ™' v, peak position for this
new phase suggests an Mg-sulfate with low degree of
hydration. We assigned this spectrum to the trihydrate
phase, because Raman spectra of all other hydrates of
Mg-sulfate have been precisely assigned and verified by
powder XRD data. We are currently attempting to repro-
duce a sufficient quantity of pure sample with this Raman
spectral feature to verify its structure using XRD methods.

4.2. Systematic [SO,]* v, peak position shift following the
hydration degree changes

In the Raman spectra within the 400-1300 cm ™' spectral
range (Fig. 3), the symmetric stretching vibration v; mode

of SO, tetrahedra shows as the strongest Raman peak for
each hydrated and anhydrous Mg-sulfate. This peak shifts
upward, from 982.1 to 1052.7 cm~ ' generally following the
decrease of the degree of hydration. Unlike the peak posi-
tion shift caused by the mass effect of cation substitutions
in pyroxene (Wang et al., 2001), olivine (Kuebler et al.,
2005), carbonates and sulfates (Herman et al., 1987; Kue-
bler et al., 2001), and Fe-Cr-Ti oxides (Wang et al.,
2004a), these observed peak shifts arise solely from the
variations of hydration state of the magnesium sulfates.
Furthermore, the v; peak shift towards higher frequencies
with decreasing water content, although it is not strictly
monotonic. Minor deviations from a smooth trend exist
for epsomite and hexahydrite, and for pentahydrite and
starkeyite (Fig. 5). Also, the v; peak position of anhydrous
Mg-sulfate falls away from the smooth trend. Nevertheless,
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Fig. 5. Inverse correlation between the Raman v, peak position and the
degree of hydration of Mg-sulfates.

a general inverse correlation exists between the position of
the v; Raman peak position and the degree of hydration
(Fig. 5). In addition to the strongest v; peak for each
Mg-sulfate species, the other Raman peaks with weaker
intensities also have patterns that are distinct among these
species (Table 3). These peaks arise from other fundamen-
tal modes of SO, tetrahedra and the lattice modes involv-
ing the translational and librational modes of SO4 and
Mg ions and structural water.

Crystal structural variations are the general causes for
the variations in Raman spectral patterns and the system-
atic shift of Raman peaks. In these Mg-sulfates, the v,
Raman peak shift is a combinational effect caused by vari-
ations in linkages among SO, tetrahedra to MgO,,(OH,).,
octahedra, and in the amount of hydrogen bonding that af-
fects the coordinating oxygen of SO, tetrahedra. Table 4
compares some structural details that may affect the ob-
served vibrations of SO, tetrahedra. Complete crystal
structure refinements, including neutron scattering for
hydrogen atom positions, have been made for the following
Mg-sulfates: anhydrous MgSO, (Rentzeperis and Soldatos,
1958), kieserite (MgSO4H,O, Aleksovska, 1998), starkey-
ite (MgSO44H,0, Baur, 1964b), pentahydrite (MgSOy

Table 4

5H,0, Baur and Rolin, 1972), hexahydrite (MgSQO46H,0,
Zalkin et al., 1964), and epsomite (MgSQO47H,0, Baur,
1964a). We have reconstructed the crystal structures of
these phases (Fig. 6) using those data and PC software Dia-
mond 2.1 (Crystal Impact, 1998-2002). Using this software
program, we analyzed the effects of hydration state varia-
tions on bond lengths of SO, tetrahedra and on the linkag-
es among the SO, tetrahedra and the MgO,(OH,)s.,
octahedra. Tables 4 and 5 list some variations in the struc-
tures that may affect the Raman spectral features.

The SOy tetrahedra are connected to Mg cations in dif-
ferent ways within these Mg-sulfates, either by sharing a
bridging oxygen (O, in Table 4), or linked only by hydro-
gen bonding. For example in epsomite (Fig. 6a), the SOq4
tetrahedra are linked to the Mg(OH,)g octahedra through
hydrogen bonding with coordinated water molecules only.
The lattice contains additional free water molecules that
are not coordinated in any polyhedra. In starkeyite, each
SO, tetrahedron is connected directly to Mg by sharing
two bridging oxygen atoms (Op), and this results in a
four-member ring as the basic structural unit (Fig. 6b).
The waters of hydration are only associated with the Mg.
The four-member rings are connected weakly by the hydro-
gen bonding between the structural water and non-bridging
oxygen (O,p) on neighboring SO, tetrahedra. In kieserite
(Fig. 6¢c), each SO, tetrahedron is tightly connected to four
Mg octahedra by sharing coordinated oxygen (Oy,). The ef-
fect of hydrogen bonding is less prominent.

In silicates, when the degree of polymerization of the
SiO4 tetrahedra increases (i.e., when the number of O,
decreases), the v symmetric stretching peak of SiOy, tetra-
hedra shifts to higher wavenumbers: i.e. from ~860 to
950 cm ™" in olivine and garnet (O, = 4), to ~1000 cm ™!
for pyroxene (Onp, = 2), to ~1000 to 1100 cm ™! in amphi-
bole (Opp=1.5), and to ~1100 to 1150 cm™' in mica
(Onp = 1). This trend was attributed to the linkage to a
2nd (or 3rd) Si tetrahedron that affects the symmetric
stretching vibrational mode of SiO4 as an ionic group
(McMillan, 1984; Wang et al., 1994). Similar mechanisms
may also be used to interpret the peak-position shift in

A comparison of the structural details related to Raman peak positions of the SO, ionic group (from crystal refinement data in references a—f of Table 2)

Mg-sulfates with S-O,;, bonds in SO, S—Obb—Mg linkage No. of H-bonds that affect

known structure

individual oxygen ions in SO4

No. of Oy in SOy No. of Oy in SO,  Total No. O 0,0 Average
of H-bonds length (A)
affecting SO4 of H-bonds
MgSO, 0 4 (0; & O5) 0 0 0
MgSO4H,0 0 4(0; & 0,) 1 1 for O,° 1.806
MgSO44H20 2 (Oiii & Oiv) 2 (Ol & Oii) 8 3 for Oiiis 3 for Oiv~ 1 for Oi, 1 for Oii- 1.955
MgSO,45H,0 2 (03 & Oy) 2 (0; & Oy) 8 2 for O3, 3 for Oy. 1 for Oy, 2 for O,. 1.923
MgSO46H,0 3 (04, O3, Oy) 1(0y) 10 2 for Oy, 2 for Os, 3 for Oy. 3 for O, 2.061
MgSO,7H,0 4 0 10 2 for Oy, 2 for O,, 3 for O3, 3 for O4. 0 1.834

* Opp, OXxygen ion in the SO, group that is not linked to any Mg cation.

® Oy, oxygen ion in the SO, group that is linked to an Mg cation.

€ O34 or Ojjiiiivs the symbols used in structural refinement results of that compound.
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Wb. starkeyite

c. kieserite

Fig. 6. Crystal Structures of three hydrated Mg-sulfates: (a) epsomite; note that SO, tetrahedra are only linked to Mg(OH,)s through hydrogen bonding
and note the existence of free H,O molecules; (b) starkeyite; note the four-member ring made by two SO, tetrahedra and two MgO,(OH,)4 octahedra; and
(c) kieserite; note that each oxygen ion in the SO, group is connected directly to a Mg cation.

hydrated Mg-sulfates of this study: the lower the number of
O,,p in the SO, tetrahedron, the higher the position of the v,
peak (kieserite has O,,=0 and a Raman peak at
1046.1 cm ™!, Tables 3 and 4). We note that the analogy be-
tween connected SiO, tetrahedra in the silicates and the
connected SOy tetrahedra and Mg-polyhedra in Mg-sulfat-
es is not strictly equivalent because the strength of the
bonding in S-O,—Mg is much weaker than the covalent
bonding in Si—Oy-Si. Owing to the lower electronegativity
of Mg compared to Si, the extent of the peak shift is there-
fore much smaller in Mg-sulfates (~70 cm™ ') than in sili-
cates (~300 cm ™).

In addition to the effect of S-O,—Mg bonds, we think
the hydrogen bonding to coordinated oxygen in SOy tetra-
hedra plays a concomitant role in producing the systematic
shift of v; Raman peak positions in these hydrated Mg-sul-
fates. The normal effect of hydrogen bonding to the oxygen
of an M-O bond is to shift the vibrational peak of M-O
bond to lower wavenumbers. Regarding this point, we note
that the number of total H-bonds that affect the coordinat-
ed oxygen ions in SOy tetrahedra increases following the in-
crease of the hydration degree from one in kieserite to ten
in epsomite (Table 4). This increase is accompanied by a
consistent tendency of the v; Raman peak position of
SO, tetrahedra to shift downward, e.g., the structure of
epsomite and hexahydrite have the highest number (10)
of H-bonding that affect the coordinated oxygen in SOy tet-
rahedra per formula unit and the v; Raman peak positions
(984.1 and 983.6 cm ™) at the very low end of the full range
(Tables 3 and 4).

4.3. Water-band shape variations and sub-peak position
changes

The broad Raman band in the 2500-4000 cm ! spectral
region (Fig. 4) consists of the v; symmetric stretching, the
weaker v; asymmetric stretching, and the 1st overtone of
the v, bending mode of the water molecule. Among the

10 hydrated and anhydrous magnesium sulfates, we ob-
serve changes in the positions of the maximum and in the
overall band shape following the change of hydration
states. For each species except anhydrous MgSO, and
kieserite, the broad water band is made of several sub-
peaks, and the number of sub-peaks and their positions
change following the number of structural water molecules
in hydrated Mg-sulfates. Table 3 lists the positions of these
sub-peaks.

In five known hydrated magnesium sulfate structures
(Baur, 1964a,b; Zalkin et al., 1964; Baur and Rolin, 1972;
Aleksovska, 1998), each of the structural waters occupies
a distinct crystallographic site. For example, starkeyite
has four distinct crystallographic sites for its four structural
water molecules (Oy,1, Oy2, Oys, Oy in Table 5, the nota-
tion follows that used in the original structural refinement),
while pentahydrite has five, hexahydrite has six, epsomite
has seven, and kieserite has only one. From the structural
refinements using neutron diffraction data, it appears that
the shape of each structural water molecule can be severely
distorted from the shape of a free water molecule, appar-
ently affected by the site symmetry. The two O-H bonds
(O-H; and O-H, columns of Table 5) in one water mole-
cule can have different bond lengths. For example, a water
molecule with Oy, as the central oxygen in hexahydrite has
two O-H °bond lengths of Loy =0447A and Lo
a2 = 1.093A. Although Table 5 lists only the changes in
O-H bond length, similar changes in H-O-H bond angles
are also present. The change in the molecular shape would
in turn result in a set of shifted Raman peaks in the 2500—
4000 cm ! spectral region. When the molecular shape dis-
tortions are less severe, the individual molecule retains its
basic symmetry but average bond lengths vary from one
site to another (cf., starkeyite and pentahydrite in Table
5). In theses cases, the individual peaks from water mole-
cules of distinct crystallographic sites would occur near
each other and would sometimes overlap to become a
broad spectral band with distinct sub-peak structure, e.g.,



6128

Table 5

A. Wang et al. 70 (2006) 61186135

The length of OH bonds in five known hydrated Mg-sulfate structures (from crystal refinement data in references a—f of Table 2)

Oxygen in structural water OH bond length (A)

All OH bonds in compound

O-H, O-H, Average OH Max. variation Largest variation of
bond length (A) of OH bond length (A) OH bond length (%)
Kieserite 05,° 0.984 0.984 0.984 0.000 0
Starkeyite Oy 0.951 0.969 0.962 0.059 6
Oy2 0.931* 0.968
Oyws 0.951 0.99
Oywg 0.958 0.98
Pentahydrite Ows 0.97 0.975 0.972 0.014 1
Ows 0.971 0.982
Ow7 0.97 0.973
Ows 0.968 0.969
Owpo 0.968 0.97
Hexahydrite Osy, 0.818 0.835 0.832 0.646 78
Ogw 0.752 0.974
Oy, 0.447 1.093
Ogy, 0.834 1.025
Ogy, 0.688 0.844
Ojow 0.775 0.9
Epsomite Oy 0.957 0.989 0.979 0.35 36
Oy2 0.87 1.035
Oyws 0.977 1.216
Oyws 0.866 1.101
Oys 0.869 0.897
Oys 0.944 0.988
Oyw7 0.996 1.006

% Bold numbers indicate the longest or shortest O-H bond in the compound.

® The symbols used in the structural refinement work of that compound.

the Raman band of structural water in amphiboles (Wang
et al., 1988). This type of band complexity is seen in the
spectra of some hydrated Mg-sulfates, e.g., starkeyite and
pentahydrite (Fig. 4).

In the case of hexahydrite (and epsomite), a higher num-
ber of structural water molecules is contained in a much
less compact crystal structure (the density of hexahydrite
is only 12% that of starkeyite). Here, some structural water
molecules take a very irregular shape, i.e., the two O-H
bonds of a water molecule can have very different bond
lengths with significant molecular asymmetry (e.g., water
with O, in hexahydrite). When using the maximum O-
H bond length variation (in % over the average O-H bond
length in a structure) to evaluate the degree of asymmetry
of the water molecules in a compound (Table 5), the values
for hexahydrite and epsomite are 78% and 36%, respective-
ly, in comparison with 1% for pentahydrite and 6% for
starkeyite. We consider that the irregular shapes of the
water molecules in hexahydrite and epsomite structures
could be the cause for the less obvious sub-peak structure
of their water bands (Fig. 4).

We obtained a Raman band in the OH stretching vibra-
tional region (2500-4000 cm ') with very distinct sub-peak
structure from an Mg-sulfate phase that was equilibrated
from epsomite over the 100% relative humidity buffer at
—5°C. Several batches of samples (in powder and crystal

forms) under similar conditions were made and examined
in order to check the reproducibility of this spectral fea-
ture. This particular water band is compared with the water
band of crystalline epsomite and starkeyite in Fig. 7, with
the latter two taken from the crystals grown from solutions
and measured at two distinct crystal orientations relative to
a partially polarized laser beam. This comparison confirms
that this particular water band is not produced from the
crystal orientation effect on the water band of epsomite,
but rather arises from a new hydrated magnesium sulfate
phase. This phase is assigned to MgSO411H>0, the only
known Mg sulfate having higher hydration state than eps-
omite (or MgSO411H,0 based on Peterson and Wang,
2006). This assignment is tentative, however, because the
structural refinement for MgSQOy4 11H,0 becomes available
only recently (Peterson and Wang, 2006). The v, peak posi-
tion (984.3 cm™') of this new phase is almost the same as
that of epsomite (984.1cm™'), although having minor
peaks at slightly different positions (Table 3). Similarly, a
very small peak-position difference is noticed for the v,
peaks of hexahydrite and epsomite (983.6 and
984.1 cm '), with epsomite having an additional structural
water molecule that is not connected to any SO, and
Mg(OH,)¢ polyhedra. We consider, based on similar rea-
soning, that the very similar v; peak positions of
MgSO,4 11H,0 and epsomite may mean that the additional
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Fig. 7. The Raman water band from a new phase (tentatively assigned to
MgSO,4 11H,0) compared with those of epsomite and starkeyite at two
distinct crystal orientations. *, Tentative spectral assignment.

five structural water molecules in MgSO,4'11H,0 could oc-
cur in the spaces among the polyhedra, without directly
bonding to either SO4 or Mg(OH,)g polyhedra.

4.4. Stability fields and pathways of phase transitions using
anhydrous Mg-sulfate as starting material

Using the characteristic Raman peaks of the Mg-sulfat-
es, we can identify the corresponding hydration states of
Mg-sulfates directly from the raw spectrum of a mixture.
The Raman point scan with a microbeam laser stimulation
will allow determination of the spatial distribution of the
phases in fluid-solid interactions, and of the relative pro-
portions of co-existing species. This information permits
us to study the stability field of these species under different
temperatures and relative humidities, and to simulate (or to
extrapolate) the reactions that might occur during a mar-
tian diurnal cycle. Results of this study and of previous
studies (Chou and Seal, 2003; Vaniman et al., 2004, 2005;
Chipera et al., 2005; Chou et al., 2005) indicate that phase
transitions tend to occur rapidly at the initial stage, but are
typically sluggish in the attainment of final equilibrium,
thus it is not easy to achieve equilibrium during the diurnal
cycle on Mars. It is thus very important to study not only
the apparent final reaction products but also the pathways
of the phase transitions, i.e., the dehydration and re-hydra-
tion processes of crystalline and non-crystalline species.
Knowledge of reaction pathways and products bear impor-
tantly on the interpretations of spectral observations by the
Mars Express OMEGA instrument, as well as on data from
future landed missions.

The Raman v, peaks of SO, tetrahedra from ~982.1 to
~1052.7 cm™! are especially suitable to identify the differ-
ent hydrated Mg-sulfates in mixtures, because the narrow
peak width allowing visual resolution of individual peaks
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Fig. 8. Raman spectra from different spots on a Mg-sulfate sample
prepared at 60°C and ~7% RH, which suggest the coexistence of
starkeyite, MgSO,4-3H,0, sanderite, and kieserite.

from the spectrum of mixture and the systematic peak po-
sition shift identify directly the degree of hydration. Fig. 8
shows a set of Raman spectra in the 900-1150 cm ' range,
taken at various locations in a sample prepared at 60 °C
and ~7% RH using hexahydrite as the starting material.
These spectra demonstrate the coexistence of kieserite,
MgS0O43H,0, sanderite, and starkeyite in the resulting
mixture, with varying ratios of peak intensity. The phase
heterogeneity of this sample was studied using the 20x
objective of the Raman microprobe (6 pm diameter con-
densed laser beam at sample focus) in a 200 points linear
scan across the surface of the sample. Raman spectra of
multiple hydrate phases like those shown in Fig. 8§ were ob-
served from every sampling spot. This means that the laser
beam encountered several different hydration states within
each sampled volume, which may result either from
extremely tiny grains packed closely together (~6pum), or
the same grain containing zones of different hydrations
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within larger crystal. Among the 200 Raman spectra
recorded, the number of times that the different phases ap-
pear in the Raman spectra are as follows: kieserite—177;
sanderite—43; MgS043H,0—195; starkeyite—199; hexa-
hydrite—54. In the Raman point-counting procedure, we
do not use the relative peak intensities of every species to
calculate its relative proportion in the mixture because
the peak intensities are dependent on Raman cross-sections
(currently unknown for hydrated Mg-sulfates). Instead, we
use the frequency of appearance of characteristic peaks of
each species in the set of 50-200 spectra to estimate their
relative proportions (Haskin et al., 1997).

We have begun a study of stability fields of various
hydrated Mg-sulfates where we use the relative humidity
buffer solutions at fixed temperature to drive the de-hydra-
tion or re-hydration process. The anhydrous MgSO, at
50 °C and seven relative humidities (11.1%, 30.5%, 50.9%,
64.5%, 74.4%, 84.8%, and 100% RH) were investigated
first. Raman spectroscopy and mass-change measurements
were used to monitor the progress of hydration by fre-
quently measuring the intermediate products. XRD mea-
surements were made on some final products to verify
specific Raman identifications.

At 50 °C in these experiments, the initial hydration spe-
cies of anhydrous Mg-sulfate were observed almost imme-
diately (within 1 day), but the rates of hydration, the
amounts and types of intermediate phases, and the final
equilibrium phase(s) were quite dependent upon the RH
of the environment (Table 6). Fig. 9 presents some typical
Raman spectra obtained from this set of experiments.

No trace hydration of anhydrous MgSO, was observed
through a 1-month reaction at 11.1% RH and 50 °C. Nev-
ertheless, a trace of sanderite (MgS0O,4-2H,0) was observed
after 18 h at 30.5% RH, which showed a progressively
strengthened water band with maximum ~3446 cm™! and

A. Wang et al. 70 (2006) 61186135

the appearance of a shoulder ~1033.8 cm™' between the
two Raman peaks of anhydrous MgSO, (1052.7 and
1023.8 cm™'). From day 4 through day 40, this spectral
pattern did not change at all, suggesting the equilibrium
was reached.

v, modes water modes
—Ow —_— .
11.1% RH
30.5% RH
MR
w
y 1w
aw 50.9% RH
6w
64.5% RH
" _/\_
4w 74.4% RH
w| 1w
\-\_____‘ ___A
aqueous
solution 87.7% RH
900 1000 1100 3000 3500 4000

Raman Shift (cm™)

Fig. 9. Raman spectra of hydration products (at different stages of
process) from the experiments of anhydrous B-MgSO, at 50 °C and
various humidity buffers.

Table 6

Hydrated Mg-sulfate phases observed during the hydration progress of anhydrous MgSO, at 50 °C under different relative humidity at 1 atm
Humidity buffers LiCI? MgCl, NaBr KI NacCl KNO; H,0O
RH (%) 11.1 30.5 50.9 64.5 74.4 84.8 100

18 h° Ow, 2w 4w, Ow 4w, 6wP
Dayl ow Ow, 2w, 4w Ow, 2w, 4w 4w, Ow

Day2 Oow Ow, 2w, 4w Ow, 2w, 4w 4w

Day4 Ow, 2w 4w, 6w 6w, solution
Day7 Oow 1w, 2w, 3w, & weak 4w 1w, 2w, 4w, & weak 3w 6w, solution

Day8 1w, 2w, 3w, & weak 4w 4w, 1w, 2w, & weak 3w

Dayl3 Oow 4w, 1w, 2w 6w 6w, solution Solution
Dayl4 Ow, 2w ow, 4w

Dayl5 Oow 4w, 1w, 2w 6w 6w, solution

Day21 Ow, 2w 6w

Day22 Ow, 2w 6w

Day27 Oow Ow, 2w 6w

Day29 Ow, 2w 6w

# Salts in saturated aqueous solutions for maintaining constant relative humidity.
® Identifications made by Raman spectroscopy: Ow, anhydrous MgSO,; 1w, kieserite; 2w, sanderite; 3w, MgSO,-3H,0; 4w, starkeyite; 6w, hexahydrite;

solution, Mg>" and SO4>~ in aqueous solution.
¢ Duration of anhydrous MgSOy kept in the humidity buffers.

4 Bolded words are the Mg-sulfate phases in the final steady state at 50 °C and the listed RH.
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At 50.9% RH and 50 °C, minor amounts of sanderite
and starkeyite (MgSO44H,0) appeared simultaneously
within 1 day. Anhydrous MgSO, disappeared totally by
day 7, accompanied by the appearance of MgSO,43H,0
and kieserite (MgSO4H,0). The coexistence of kieserite,
sanderite, MgS0O,43H,0, and starkeyite only lasted for a
few days, then MgSO43H,O disappeared first, followed
by gradually reduced peak intensities of kieserite and
sanderite. Starkeyite became the dominant phase after
day 15, accompanied by minor amounts of kieserite and
sanderite as final products.

For the experiments done at 64.5% RH and 74.4%
RH at 50 °C, starkeyite (MgS0O44H,0) appeared within
1 day. Both systems reached apparent equilibrium by to-
tal conversion to hexahydrite, but the system at 74.4%
RH reached apparent equilibrium earlier (after 13 days)
than that at 64.5% RH (after 21days). Nevertheless, the
system at 74.4% RH went through an intermediate step
with coexisting kieserite, sanderite, MgSO43H,0, and
starkeyite; whereas the system at 64.5% RH had a mix-
ture of starkeyite and hexahydrite at an intermediate
step.

Even for the systems at 84.8% and 100% RH and 50 °C,
starkeyite is found among the early hydration products.
The system at 84.8%RH converted completely to starkeyite
by day 2. Hexahydrite appears also at an early stage of
hydration (in 18 h for 100% RH and at day 7 for 84.8%
RH). Deliquescence is the equilibrium product for the sam-
ples at both RHs, and the system at 100% RH reached this
stage earlier than the one at 84.8% RH.

In these preliminary experiments, the equilibrated
phases at relative humidity >65% are consistent with
the phase diagram obtained by Chou et al. (2005). At
lower humidity, starkeyite, sanderite, kieserite, and anhy-
drous MgSO, remain in the final mixtures. We note that
the phase transitions among most of the hydrated magne-
sium sulfates involve significant crystal structure rear-
rangement (Table 2). This structural rearrangement
requires additional energy to overcome activation energy
barriers. In contrast, the phase transitions between hexa-
hydrite and epsomite (and maybe MgSO411H,0) involve
mainly the addition/or removal of the interstitial water
molecules that were not coordinated with any polyhedra.
Therefore, it may be structurally easier to reach final equi-
libria at high RH than at mid-to-low RH. The observed
final products at mid-to-low RH in the experiments de-
scribed above may reflect the metastability of certain
hydrated species, sluggish kinetics for some, and path
dependence, as observed by Chipera et al. (2005). Owing
to the structural rearrangements involved in the reactions,
the initial structure is an important factor for the pathway
of phase transitions. We are therefore continuing the
experiments using four of the most common (on Earth
and most-likely on Mars) Mg-sulfates as starting materi-
als, i.e., kieserite, starkeyite, epsomite, and amorphous
Mg-sulfates with more humidity buffers (10 in total),
and multiple temperatures.

4.5. Amorphization from rapid dehydration

Vaniman et al. (2004, 2005) suggested that during the
diurnal cycle on Mars, when temperature changes over
100 °C and relative humidity swings from almost 0% to
100%, the rapid dehydration of hydrous Mg-sulfates (eps-
omite and hexahydrite) would produce an amorphous
Mg-sulfate, evidenced by the loss of all diffraction lines in
an X-ray diffraction pattern. Because the re-hydration of
this XRD-amorphous phase is extremely sluggish under
the current martian surface conditions, Vaniman et al.
(2004, 2005) suggested that non-crystalline MgSQ,, not
kieserite, would be the most commonly observed phase at
equatorial regions on the martian surface.

We conducted a rapid dehydration experiment by plac-
ing finely powdered (<75um) crystalline epsomite
(MgSO47H,0; XRD pattern shown in Fig. 10a) into a des-
iccator under vacuum at room temperature (21 +1 °C).
Active vacuum was held at ~0.5 torr (~67 Pa) for 15 days.
The mass-change measurement of the end-product indi-
cates that each epsomite molecule lost ~5.1 water mole-
cules on average. Consistent with the result of Vaniman
et al. (2004), this product is XRD-amorphous (Fig. 10b).
A broad featureless hump centered ~29° 20 remains in
the X-ray diffraction pattern, which indicates the transfor-
mation of the original orthorhombic structure (epsomite)
to a non-crystalline structure.

Although, the end-product of this rapid dehydration has
a featureless XRD pattern, its Raman spectrum (Fig. 10c)
still contains many characteristic spectral features that re-

MgSO,7H,0

b Amorphous phase after 15 days at <1%RH

50 20
Same amorphous sample as b

10 20 30 40

SO, modes

H20 mode

500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm™)

Fig. 10. Amorphous Mg-sulfate formed from rapid dehydration of
epsomite: (a) XRD pattern of epsomite as starting material, (b) XRD
pattern of dehydration product after putting epsomite powder in vacuum
for 15 days at room temperature, and (c) Raman spectrum of the same
dehydration product.
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veal its hydration state and low-crystallinity features. In
particular, the broadening of the Raman bands and result-
ing loss of fine spectral details (which are normally associ-
ated with the spectrum of a crystalline material) clearly
indicates an amorphous material was formed by rapid
dehydration.

Unlike XRD, the translational symmetry in a structure
is not a necessary condition to produce Raman and infra-
red spectra. Gases, liquids, and glasses all have characteris-
tic vibrational spectral peaks, because they are produced by
the vibrations of chemical bonds. Nevertheless, the struc-
tural distortion or amorphization in solids such as glasses,
polymers, and disordered crystalline lattices, arising during
rapid changes in chemical composition or shocks due to
sudden changes in pressure and/or temperature, will
change the peak parameters in their vibrational spectra.
Thus the crystalline and amorphous forms of a chemically
identical species can generally be distinguished. Typically,
Raman peak width is the first spectral parameter to be
affected by the loss of crystallinity. The loss of translational
symmetry would affect the environmental symmetry of a
site where an anionic group resides (e.g., SO4 group in sul-
fate). Slight structural distortion (bond lengths and bond
angles) of the SO4 group could be introduced, which would
translate into a v, peak position slightly different from that
of an SO4 group in a regular crystalline structure. The con-
tributions from many irregularly distorted SO, groups
would produce a broad Raman peak, i.c., an envelope of
many peaks with slightly different peak positions. The
higher the degree of amorphization, the broader the Ra-
man peak width.

The Raman spectrum of the end-product of rapid dehy-
dration from epsomite shows a prominent water band in the
2500-4000 cm ! spectral region (Fig. 1la), with a maxi-
mum centered at 3460cm~' and a shoulder at
~3290 cm ™!, which clearly indicates a hydrated species. In
the fundamental vibration region (950-1150 cm™!), this
phase shows a v; peak with much wider peak width than
any crystalline hydrated or anhydrous Mg-sulfates, includ-
ing MgSQOy in an aqueous solution (Fig. 11a). This broad-
ened peak width is indicative for a heavily disordered
non-crystalline structure. The maximum of the broad peak
for a 15-day dehydration product at room temperature is
centered at ~1030 cm ™. This peak position (Fig. 11a) lies
between the v; peaks of starkeyite (MgSO44H,0,
1000.3 cm™') and kieserite (MgSO4H,0, 1046.1 cm™'),
and suggests a hydration state within the range of MgSQOy4-3-
H,0 (1023.8 cm™ ') and MgSO,2H,0 (1033.8 cm™'). The
assignment of hydration degree based on the Raman peak
position is consistent for the most part with the result of
mass-change measurements, i.e., a product with an average
hydration degree of MgSO,4-1.9H,0. The loss in crystallin-
ity of epsomite by evacuation at ambient temperature can
occur very quickly. Fig. 11b shows that the loss of crystal-
linity began within the first 30 min, and a shift upward of
the v, peak position of SO, was observed during the pro-
gress of dehydration, evidenced by the decreasing intensity

Kieserite
MQSO4.H2°

1047cm’™

~
>

Amorphous
MgS0,.2H,0

1030cm™

>

1000cm™ Starkeyite

MgS0,.4H,0

Pk N

900 1000 1100 2800 3200 3600 4000

i
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Mg-sulfates
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Fig. 11. (a) Comparison of the Raman spectra of an amorphous Mg-
sulfate with starkeyite and kieserite; (b) Comparison of the Raman v, peak
positions of amorphous Mg-sulfates formed after rapid dehydration of
epsomite for various durations.

of the epsomite v, peak at ~984.1 cm™~'. These observations
suggest that this peak-position variation of non-crystalline
Mg-sulfates can also be used to evaluate their degree of
hydration.

The conversion of hexahydrite to the amorphous dihy-
drate was also observed after a similar dehydration pro-
cess at room temperature, where a loss of four
molecules of water per molecule of sulfate was observed.
Conversely, no weight loss was observed nor did any
changes occur in the Raman spectra of either crystalline
kieserite and starkeyite samples subjected to the same vac-
uum dehydration at room temperature. In the crystal
structures of kieserite and starkeyite, the water molecules
are more tightly coordinated with Mg cations, and the
Mg polyhedra are tightly connected with SO, tetrahedra
by sharing the bridging oxygen (O,), which make their
structures very stable towards vacuum dehydration. In
comparison, the crystal structures of hexahydrite and eps-
omite are more loosely packed, evidenced by the larger
volume per formula unit (2.5-2.8 times of kieserite when
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normalized for Z =4). The water molecules in epsomite
and hexahydrite are associated with the Mg polyhedra
and are only linked to SO, tetrahedra by hydrogen bond-
ing, with the 7th water molecule not coordinated to any
of the polyhedra in epsomite. The rapid loss of water mol-
ecules from these two higher hydrates would thus cause
the crystal framework to collapse producing the observed
amorphous phases.

5. Conclusions

Magnesium sulfates are found on Mars by orbital re-
mote sensing and landed surface exploration missions. Re-
ports of the data from these missions, especially those from
the Mars Exploration Rovers, the GRS on Mars Odyssey,
and OMEGA on Mars Express, suggest that magnesium
sulfates with degrees of hydration higher than kieserite
may exist at the martian surface in equatorial regions.

In this study, we demonstrated that crystalline Mg-sul-
fates with nine different hydration states can be readily dis-
tinguished using the systematic peak-position shift of their
Raman v; mode and the specific sub-peak structures in
their Raman water bands. In addition, [SO4~, [HSO4]~
and SOj; in aqueous solutions, SO, and H,S as gases, as
well as elemental sulfur, sulfides, and sulfates that may par-
ticipate in the martian sulfur cycle, all have diagnostic Ra-
man spectra and thus can be characterized during
hydration, dehydration, oxidation, and reduction process-
es, in mixtures, and at intermediate steps during phase
transitions. Amorphous Mg-sulfates produced in rapid
dehydration of epsomite and hexahydrite yield characteris-
tic Raman spectra that reveal their hydration states and
disordered structures.

The systematic Raman spectroscopic study of hydrated
Mg-sulfates presented in this paper provides the essential
basis for using planetary Raman spectroscopy to character-
ize, in situ, the hydration state and variation in crystallinity,
and to monitor the phase transitions likely to occur (now
or in the past) when the martian surface conditions change,
as well as to understand the pathways of phase transitions
as a function of initial structures, and of temperature and
relative humidity excursions.

Studies of the phase stability fields and the phase transi-
tion pathways of Mg-sulfates (crystalline or non-crystal-
line), and the in situ characterization of their hydration
states are extremely important in future planetary surface
exploration. The combination of these two types of infor-
mation will enable assessments of the current geochemical
processes active at the martian surface as well as an im-
proved understanding of martian hydrologic history, the
cycles of water and sulfur, and the potential for past or
present habitability.
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