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Introduction: Recent orbital and landed missions,
OMEGA on Mar Express and two Mars Exploration
rovers [1-5] have found Mg-sulfates on Mars. In order
to further advance our knowledge on the hydrologic
history of Mars and to evaluate its potential for hosting
life, in situ identification of hydration states of magne-
sium sulfates, as well as the Ca-, Fe-, hydrated sul-
fates, will be crucial for future landing missions.

Because of the large daily temperature variation at
the surface of Mars [>100K] and the full-scale swing
in relative humidity (RH) of ~ 0% to ~ 100% occur-
ring during these temperature excursions, it is antici-
pated that the hydration state and degree of crystallin-
ity of Mg-sulfates may change during the Martian di-
urnal cycle [2]. During the rapid dehydration proc-
esses, a magnesium sulfate with high degree of hydra-
tion such as hexahydrite and epsomite may transform
into less hydrated, amorphous phases. Because the re-
hydration of these amorphous phases may be ex-
tremely sluggish at the cold night temperatures of
Mars when the RH is higher, it has been suggested that
non-crystalline magnesium sulfates holding more wa-
ter than kieserite would be the most commonly seen
sulfate phase on the surface of Mars [6].

In addition to the Raman study of eight hydrated
crystalline magnesium sulfates that we report else-
where [7], we report here our use of Raman, XRD,
and reflectance NIR spectroscopy to study the conver-
sion of crystalline, hydrated magnesium sulfates into

moles of water were lost per mol epsomite and 4 moles
of water were lost per mole of hexahydrite. The XRD
powder pattern of crystalline epsomite shown in Fig la
is converted to the amorphous phase (Fig. 1b) where
all crystalline diffraction lines associated with the or-
thorhombic structure of epsomite have disappeared.
The powder diffraction now shows only a broad fea-
tureless hump at a 20 angle centered at ~ 29°. Al-
though this dehydration product has a featureless XRD
pattern, the Raman spectrum of this material (Fig.1c)
contains a prominent, broad water band centered at
3460 cm™ and a shoulder at ~ 3290 cm™. Furthermore
the SO, v; fundamental band lies at ~1030 Acm™ (Fig.
2a), having a much broader peak width than any crys-
talline hydrated or anhydrous Mg-sulfate (Fig. 2a) [7].
Unlike XRD, the translational symmetry in the
structure is not a necessary condition to produce Ra-
man and infrared spectral peaks. Gases, liquids, and
glasses all have characteristic vibrational spectra.
Nevertheless, disordered solids such as glasses, poly-
mers, and disordered crystalline lattices, arising during
rapid changes in chemical composition or shocks due
to sudden changes in pressure and/or temperature, will
have broadened peak width. The crystalline and amor-
phous forms of a chemically identical species can
generally be distinguished. A disordering of the lattice
of epsomite or hexahydrite due to rapid vacuum dehy-
dration would be reflected in a broadening of the Ra-
man bands of the product such was observed in this

an amorphous, hydrated phase.
We also compare the NIR
spectra of this amorphous, hy-
drated phase with NIR spectra
obtained by the OMEGA in-
strument on Mars Express —
data that were obtained from
the dark etched terrain at Me-
ridiani Planum where the Op-
portunity rover landed.

a. XRD pattern of Epsomite

b. XRD pattern of amorphous MgS0,-2H,0
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study. The broadened Raman bands
in the XRD-amorphous, hydrated
magnesium sulfate that we have
produced are thus indicative of a
highly disordered, non-crystalline
hydrated magnesium sulfate.

The presence of a water band in
the Raman spectrum of this amor-
phous phase (Fig. 1c) plus the posi-
tion of its fundamental SO, v, band
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Amorphous, hydrated magne-
sium sulfate was prepared from
finely powdered, crystalline
epsomite and hexahydrite. The
samples were placed in a vac-

c. Raman spectrum of
amorphous MgSO,-2H,0

between the 1047 Acm™ band crys-
talline kieserite (MgSO4,H,0) and
the 1000 Acm™ band of crystalline
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Figure 1. Characterization of amorphous
MgS042H20

water in this amorphous magnesium
sulfate phase.
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The loss in crystallinity of
epsomite under evacuation at RT
happens very quickly (Fig. 2b) —
starting within the first 30 min-
utes and an up shift of the SO, v,
was observed during the progress
of dehydration.

We also observed the similar
conversion of hexahydrite, at RT
and vacuum dehydration, result-
ing in a similar less hydrated
amorphous phase. When kieser-
ite and starkeyite were put under
the same rapid dehydration con-
ditions, however, no weight loss
was observed nor did any
changes occur in the Raman
spectra of the crystalline phases.

In the crystal structures of
kieserite and starkeyite, the water
molecules are more tightly coor-
dinated with Mg cations whose
octahedral coordination spheres
are closely links with SO,
groups, which make them very
stable towards vacuum dehydra-
tion at RT. The crystal structures
of hexahydrite and epsomite salts
are, however. more loosely
packed, evidenced by the larger
volume per formula and ~ 79 to
88 % less dense than starkeyite.
The water molecules in epsomite
and hexahydrite are associated
with the magnesium coordina-
tion sphere and only linked to
the sulfate tetrahedra by hydro-
gen bonding. Additionally in
epsomite, the 7th water mole-
cule is not linked to any of the
polyhedra. The rapid loss of
water molecules from these two
higher hydrates would thus
cause the collapsing of the crys-
tal framework resulting in the
observed amorphous phases.

Implications for Martian
Magnesium Hydrates: In a
separate study of phase transfor-
mations among the hydrated Mg
sulfates [7], we found no evi-
dence of any rehydration of the
kieserite (MgSO4H,0) at 30%
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Figure 3. Comparison of OMEGA

and laboratory NIR spectra

RH and 50°C within the first 24
hours. We found no evidence of
re-crystallization of amorphous
Mg-sulfates at ~ 30% RH and
RT within a few days. It would
thus appear unlikely that rehy-
dration and re-crystallization of
the amorphous Mg-sulfates
would progress to a detectable
level during a 2-3 hours period
of high RH at extremely cold
temperatures (<200K) in the
martian night [8]. The %RH
drops very quickly as the warm-
ing of the martian day starts.
Based on our experiments,
starkeyite and kieserite (if they
existed) would survive the 10-12
hours extra dry condition of the
martian daytime, while epsomite
and hexahydrite would quickly
convert to hydrous amorphous
Mg-sulfates.

Figure 3 presents the NIR
diffuse reflectance spectrum of
amorphous MgSO,2H,0 com-
pared with the NIR spectra of
kieserite, starkeyite, and an
OMEGA spectrum from the
dark etched terrain at Meridiani
Planum where the Opportunity
rover landed. The OMEGA
spectrum shows a better match
with kieserite than with the
amorphous Mg-sulfate dihydrate
produced in this study.
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