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Abstract Monohydrated Mg sulfate (MgSO,4+H,0) and polyhydrated sulfate are the most common and
abundant hydrous sulfates observed thus far on Mars. They are widely distributed and coexist in many
locations. On the basis of results from two new sets of experiments, in combination with past experimental
studies and the subsurface salt mineralogy observed at a saline playa (Dalangtan, DLT) in a terrestrial
analogue hyperarid region on the Tibet Plateau, we can now set new constraints on the nature and origin of
these two major Martian sulfates. Starkeyite (MgSO,4:4H,0) is the best candidate for polyhydrated sulfate.
MgSO4+H,0 in the form of “LH-1w,” generated from dehydration of Mg sulfates with high degrees of
hydration, is the most likely mineral form for the majority of Martian monohydrated Mg sulfate. Two critical
properties of Mg sulfates are responsible for the coexistence of these two phases that have very different
degrees of hydration: (1) the metastability of a substructural unit in starkeyite at relatively low temperatures,
and (2) catalytic effects attributed to coprecipitated species (sulfates, chlorides, oxides, and hydroxides)
from chemically complex brines that help overcome the metastability of starkeyite. The combination of
these two properties controls the coexistence of the LH-1w layer and starkeyite layers at many locations
on Mars, which sometimes occur in an interbedded stratigraphy. The structural H,O held by these two
broadly distributed sulfates represents a large H,O reservoir at the surface and in the shallow subsurface
on current Mars.

1. Introduction

Two important hydrous sulfates have been discovered on Mars by orbital remote sensing using the visible-
near-infrared (Vis-NIR) reflectance spectrometers, the Observatoire pour la Minéralogie, I'Eau, les Glaces et
I'Activité (OMEGA) onboard ESA’'s Mars Express [Bibring et al., 2004] and the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) on board NASA’s Mars Reconnaissance Orbiter [Murchie et al.,
20071. The two hydrous sulfates are monohydrated Mg sulfate (MgSO,4-H,0), which was identified on the
basis of its distinct double band at 2.06 and 2.13 um [Arvidson et al., 2005; Gendrin et al., 2005] and polyhy-
drated sulfate, whose nature remained largely undetermined hitherto because the observed spectral features
match approximately with those of hydrous sulfates with a variety of cations and hydration degrees [Bibring
et al., 2005, 2006, 2007].

Two phenomena relevant to this finding of remote sensing are highly significant for Mars. First, monohydrated
Mg sulfate MgSO,4-H,0 (identified as kieserite in many remote sensing papers) and polyhydrated sulfates are
the two most common hydrous sulfates, with the largest quantity and the widest distribution on the Martian
surface (Figure 1). For instance, several kilometer thick layers of monohydrated and polyhydrated sulfates have
been observed. Many of these layers are associated with the interior layered deposits (ILDs) in Valles Marineris
near the equatorial region [Arvidson et al., 2005; Bishop et al., 2009; Catling et al., 2006; Carter et al., 2010; Dobrea
et al., 2008; Gendrin et al., 2005; Flahaut et al., 2010; Lichtenberg et al., 2010; Massé et al., 2008; Milliken et al., 2008;
Mangold et al., 2008; Murchie et al., 2009; Roach et al., 2009, 2010; Weitz et al., 2012; Wendt et al., 2011], and
additional occurrences have been found recently in other regions, including the Noachian southern highlands
[Ackiss and Wray, 2014; Wray et al,, 2009, 2011; Wiseman et al., 2010].

Other types of hydrated sulfates, especially Fe sulfates (e.g., jarosite, hydroxylated ferric sulfates, and szomol-
nokite) and Al sulfate (alunite), have been found by remote sensing either in low abundance (i.e., rarely
identified) and/or occur only in localized spots [Bishop et al., 2009; Farrand et al., 2009; Lichtenberg et al.,
2010; Swayze et al., 2008; Weitz et al., 2012; Wray et al., 2010, 2011]. Large quantity of gypsum have been
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Figure 1. Locations on Mars where hydrous sulfates are found by orbital remote sensing and surface exploration
missions. References ((red star = orbital observation; blue star =landed mission observation): 1. Ackiss and Wray
[2014]; 2. Arvidson et al. [2005]; 3. Arvidson et al. [2010]; 4. Bibring et al. [2006]; 5. Bibring et al. [2007]; 6. Bishop et al.
[2009]; 7. Carter et al. [2010]; 8. Catling et al. [2006]; 9. Clark and Van Hart [1981]; 10. Dobrea et al. [2008]; 11. Farrand
et al. [2009]; 12. Fishbaugh and Head [2005], 13. Fishbaugh et al. [2007]; 14. Flahaut et al. [2010]; 15. Gendrin et al.
[2005]; 16. Haskin et al. [2005]; 17. Horgan et al. [2009]; 18. Kounaves et al. [2010]; 19. Langevin et al. [2005]; 20.
Lichtenberg et al. [2010]; 21. Liu et al. [2012]; 22. Y. Liu et al. (in revision, 2015); 23. Mangold et al. [2007]; 24. Mangold
et al. [2008]; 25. Massé et al. [2008]; 26. McLennan et al. [2013]; 27. McSween et al. [1999]; 28. Milliken et al. [2008]; 29.
Murchie et al. [2009]; 30. Roach et al. [2009]; 31. Roach et al. [2010]; 32. Squyres et al. [2004]; 33. Swayze et al. [2008];
34. Wang et al. [2006a]; 35. Weitz et al. [2012]; 36. Wendt et al. [2011]; 37. Wiseman et al. [2010]; 38. Wray et al. [2009];
39. Wray et al. [2010]; 40. Wray et al. [2011]; 41. Vaniman et al. [2013]).

observed in north polar regions [Langevin et al., 2005; Fishbaugh and Head, 2005; Fishbaugh et al., 2007;
Horgan et al., 2009], whereas other findings of Ca sulfates have localized distributions [Wray et al., 2010;
Ackiss and Wray, 2014]. In many of these reports, Fe and Ca sulfates have been reported to coexist with
monohydrated and polyhydrated sulfates [Bishop et al., 2009; Lichtenberg et al., 2010; Weitz et al., 2012;
Wray et al., 2011; Ackiss and Wray, 2014].

In comparison with the orbital remote sensing of surface exposures of sulfates on a global scale, the in situ
measurements made during surface exploration missions (Vikings, Pathfinder, MER, Phoenix, and MSL) have
revealed the existence of Mg, Ca, and Fe** sulfates at all landing sites, either in outcrop or within the subsur-
face regolith [Arvidson et al., 2010; Bish et al., 2013; Blake et al., 2013; Clark and Van Hart, 1981; Haskin et al.,
2005; Kounaves et al., 2010; McLennan et al., 2013; McSween et al., 1999; Squyres et al., 2004; Wang et al.,
2006a; Vaniman et al., 2013]. The surface expression of hydrous sulfates at some of the landing sites was
either ambiguous or not found by orbital remote sensing (e.g., in Gusev Crater).

The second important phenomenon is the frequent coexistence of monohydrated sulfate layers and polyhy-
drated sulfate layers on Mars. This coexistence is observed at almost all locations where hydrous sulfates have
been identified by remote sensing. At some locations, six to nine alternating layers of these two types of
sulfates, known as interbedded sulfate stratigraphy (Figure 2 and Figure S1 in the supporting information)
have been reported [Roach et al., 2009; (Y. Liu et al., Spectral and stratigraphic mapping of hydrated minerals
associated with interior layered deposits near the southern wall of Melas Chasma, in revision, Journal of
Geophysical Research, 2015)]. At other locations, various stratigraphic sequences of the two, in some cases
mixed with other sulfates and nonsulfates, have been observed [Ackiss and Wray, 2014; Bishop et al., 2009;
Catling et al., 2006; Dobrea et al., 2008; Ehlmann et al., 2009; Flahaut et al., 2010; Lichtenberg et al., 2010; Liu
et al., 2012; Massé et al., 2008; Mangold et al., 2007, 2008; Murchie et al., 2009; Roach et al., 2010; Weitz et al.,
2012; Wendt et al., 2011; Wiseman et al., 2010].

A key question regarding the frequent coexistence of the two most common and abundant hydrous sulfates
on Mars relates to how the two hydrous sulfates with very different hydration degrees can coexist in a hyper-
arid environment, i.e., in direct contact with the current Mars surface atmosphere. In other words, why did the
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Figure 2. Interbedded sulfate stratigraphy seen on Mars. K =kieserite, P = polyhydrated sulfates. (a, b) East Chondor
Chasma [Roach et al., 2009]; (c, d) South Melas Chasma (Y. Liu et al., in revision, 2015).

dehydration process of some sulfates stop in one layer at a polyhydrated stage but progress in the next layer
to reach a monohydrated stage?

The goal of this study is to establish constraints on the nature, origin, and coexistence of monohydrated and
polyhydrated sulfates, using knowledge gained from laboratory experimental studies, in combination with
analyses of subsurface salts from a saline playa (Dalangtan, DLT) in a terrestrial hyperarid region (Qaidam
basin, Tibet Plateau) (Wang et al., submitted manuscript, 2015).

2. Basis of Experimental Design
2.1. Nature of Polyhydrated Sulfates: Current Knowledge

Martian sedimentary minerals are found to be rich in Mg and Fe, moderate in Ca, and poor in Na and K
[McLennan, 2012a, 2012b]. This compositional feature is a reflection of a lower alteration degree on Mars
(than that on Earth), and a higher dissolution rate of olivine than those of pyroxene, plagioclase, and
K-feldspar [Hurowitz et al., 2006; McLennan, 2012a, 2012b]. On this basis, we would anticipate the types of
cations in Martian sulfates to have a descending abundance as follows: Mg, Fe, Ca, to Al, Na, K. A potential
disruption of this order of abundance could come from cations released from volcanic glasses, which are rela-
tively easier to alter or weather than feldspar and which can release Mg, Fe, Ca, Al, and other cations [Nesbitt
and Wilson, 1992].

With the cation abundance order for sulfate formation on Mars in mind, we compared the Vis-NIR reflectance
spectra of Mg, Fe**, Fe3*, Ca, Al, Na, and K sulfates taken in the laboratory [Kong et al., 2011; Ling and Wang,
2010; Liu and Wang, 2015; Wang and Zhou, 2014; McCollum et al., 2014; Wang et al., 2009; Wray et al., 2010]
(see also Figure S2) with typical OMEGA and CRISM spectra of polyhydrated sulfate (Figure 3). On the basis
of their Vis-NIR spectral features, Fe>*, Ca, Al, Na, and K sulfates were excluded from the list of candidates that
might contribute to the spectral features of polyhydrated sulfate.

Among the remaining candidates (Mg and Fe** sulfates) for polyhydrated sulfate, those with high degrees of
hydration, i.e.,, MgSO4:xH,0 (where x=11, 7, and 6) and FeSO,4:xH,0 (where x=7 or 6), can also be excluded
for the following two reasons: (1) OMEGA or CRISM instruments sense only the top ~1 mm thick layer of
Martian materials that are in equilibrium with the current hyperarid Martian atmosphere, (2) laboratory
experiments on the stability field of Mg and Fe sulfates suggest that the species with high degrees (6-11
structural H,0) of hydration in these two series would quickly dehydrate, within minutes or hours, at the
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Martian surface under current Martian atmo-

7 \,v\ OMEGA spheric conditions [Chipera and Vaniman, 2007;

/ \ Wang et al,, 2006b, 2009, 2011; Wang and Zhou,

/ /,/\ ANV \ 2014; Wang and Connor, 2014; Vaniman and
m{M . ok \ RN \W Chipera, 2006].

J ‘\M/\\ /N" \\ The remaining potential candidates for polyhy-

MgSO4.4\H20 CRISM\\ drated sulfate are starkeyite, MgSO4-4H,0, and

rozenite, FeSO4+4H,0. These minerals have almost
indistinguishable NIR spectral features when com-
pared with the typical (low signal-to-noise ratio)
OMEGA and CRISM spectra of polyhydrated sulfate
obtained from Mars (Figure 3). These two sulfates
have intermediate degrees of hydration and
were found in dehydration products of Mg and
\T Fe sulfates with high degrees of hydration [Wang
\ ! et al, 2009; Wang and Connor, 2014]. Other Mg
\i\ sulfates with intermediate hydration degree

: (MgSQO4:xH,0, where x=5, 3, and 2) are extremely
1 12 14 16 18 2 22 24 rare in terrestrial occurrences and have been
found to be unstable in the laboratory [Chou and
Seal, 2003, 2007; Wang et al., 2006b]. Fe sulfates
Figure 3. Two typical OMEGA and CRISM spectra of other than FeSO4xH0 (where x=7, 6, 4, and 1)
polyhydrated sulfate (OMEGA data #308 and CRISM data do not occur naturally on Earth, and we infer that

FeSO,.4H,0

Wavelength (micrometer)

FRT00013F5B from Melas Chasma region on Mars), com- they also are unlikely to occur on Mars.
pared with the diffuse reflectance spectra of synthesized .
starkeyite MgSO,. 4H,0 and rozenite FeSO. 4H-0. In three early sets of experiments, at temperatures

(T)=50°C, 21°C, 5°C, —10°C, and 10 different

relative humidity (RH) levels in the 6-100%
range [Wang et al., 2006b, 2009, 2011], we found that the dehydration of MgSO,4-xH,0 (x=11, 7, and 6) at
T<50°C stops at the stage of starkeyite, MgSO,4-4H,0, with no further dehydration to monohydrate
MgSO,4+H,0, except under two specific circumstances [Wang et al., 2009] that are presented in section 4.1.
The upper temperature limit of 50°C for these simulation experiments was chosen on the basis of the surface
temperature measured by recent missions on Mars and the fact that Mars climate models do not support a
temperature >50°C at the surface at any time in Martian history [Smith et al., 2004, 2006; Spanovich et al.,
2006; Harri et al., 2014].

In order to constrain the nature of polyhydrated sulfate on Mars, we need to study the dehydration process of
FeS04xH,0 (x=7 and 6) at T<50°C (section 3.1), and to compare the results with those of MgSO,4:xH,0
(x=11,7,and 6).

2.2. Origin of Monohydrated Mg Sulfate: Past Experiments and Two Schools of Thought

Experiments on thermodynamic properties of Mg sulfates MgSO4-xH,0 (x=11 to 0) have demonstrated that
at T>69°C, kieserite MgSO4+-H,0 would directly precipitate from Mg-SO,4-H,0 brine [van't Hoff et al., 1912;
Chou and Seal, 2007]. We anticipate that this high-T precipitation could occur during hydrothermal or
volcanic events on Mars, when Mg-SO4-H,0 brine was available and the temperature exceeded 69°C.
Nevertheless, high-T kieserite precipitation can explain neither the wide distribution of Martian MgSO,4-H,O
at various geomorphologic sites nor its coexistence with polyhydrated sulfate that would precipitate at lower
temperatures. Therefore, we need to find a pathway that can explain the formation of the majority of observed
Martian MgSO,4-H,0 at relative low temperatures, e.g., <50°C.

There are two schools of thought on the low-T formation of Mg sulfate monohydrate: (1) by dehydration or
(2) by direct precipitation. The first school of thought is based on dehydration-rehydration experiments at
T<50°C in a wide range of relative humidity (RH) including vacuum desiccation in which Py,o was main-
tained in a Martian Py,0 range [Chipera and Vaniman, 2007; Wang et al., 2006b, 2009, 2011; Vaniman et al.,
2004; Vaniman and Chipera, 2006]. These studies suggest that Martian MgSO,4-H,O0 is the dehydration product
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Table 1. Temperature (°C) and Relative Humidity (RH in %) Conditions  from Mg sulfates with high degrees of

Used in 90 Experiments on FeSO4-xH20 (x=7, 4, 1) hydration (ie, meridianiite, epsomite

RH Buffer Salts 5°C 21°C 50°C and hexahydrite, with 11-6 structural
LiBr 7% 7% 6% H,0 molecules per formula unit) through
LicCl 11% 11% 11% two specific pathways (section 4.1). The
MgCl, 34% 33% 31%  second school of thought is based
Mg(NO3); >9% >4% 45% on geochemical modeling calculations
NaBr 64% 59% 51% 9 , 9 e
KI 73% 70% 64% (using the Pitzer model) on the precipita-
NaCl 76% 75% 74% tion sequence of a brine system with
KCl 88% 85% 81% high ionic strength at T~ 25°C. The
KNOs 96% 94% 85%  model calculations [Catalano et al,
H,O 100% 100% 100%

2012; Liu et al, 2002] suggest that
with sufficiently high ionic strength in
Cl-enriched Mg-S0,4-CI-H,0 brine (Cl:504 mole ratio >4.5 was used in Liu et al. [2002]), the water activity of the
brine would be reduced to a level that would support the direct precipitation of kieserite, instead of the precipi-
tations of epsomite or hexahydrite.

In order to understand the origin of the majority of Martian MgSO,4+H,0, we need to study the precipitation of
Mg sulfates from Cl-enriched Mg-SO,4-Cl-H,0 brines experimentally (section 3.2) to test or validate the above
model predictions.

Monohydrated Mg sulfate MgSO,4-H,0 has two polymorphs, observed by both Chipera and Vaniman [2007]
and Wang et al. [2009] in experiments. They were studied in detail using synthesis, X-ray diffraction (XRD),
Raman, Mid-IR spectroscopy by Wang et al. [2009] and designated as LH-1w (i.e,, MgSO4-H,0 formed at
low humidity levels, i.e., <33% RH) and kieserite natural or laboratory formed MH-1w (i.e.,, MgSO,4-H,0 formed
at mid humidity levels, i.e,, >51% RH). These two polymorphs have slightly different XRD patterns [Chipera
and Vaniman, 2007; Wang et al., 2009, Figure 13] but highly distinct Raman and Mid-IR spectra [Wang et al.,
2009, Figures 14 and 15]. Gravimetric measurements before and after baking at 400°C confirmed that both
polymorphs have one structural H,O per MgSO, formula unit.

More importantly, the two polymorphs LH-1w and kieserite (or MH-1w) form through different paths. LH-1w
has been observed as the end product of dehydration of MgSO4-xH,0 (x=11 to 4) by Chipera and Vaniman
[2007] and by Wang et al. [2009]. MH-1w, with an XRD pattern similar to that of natural kieserite (e.g., from
Lehrte, Germany), only formed at middle to high RH conditions, either directly precipitated from aqueous
brines of Mg-SO4-H,0 at high T (e.g., at T> 95°C reported by Wang et al. [2009], with relevance for hydrother-
mal processes) or converted slowly from LH-1w at intermediate level RH (51%) and higher T (50°C) [Wang
et al., 2009].

3. Experiments, Observations, and Interpretations

Two new sets of experiments were designed and conducted to address the needs stated in sections 2.1
and 2.2.

3.1. Dehydration of FeSO,-7H,0—To Understand the Nature of Polyhydrated Sulfate

3.1.1. Samples and Experiments

We conducted 90 experiments on dehydration, rehydration, and deliquescence of three ferrous sulfates at
three temperatures (T=50°C, 21°C, and 5°C) and 10 relative humidity levels (in the 6-100% range, Table 1).
Pure chemicals, melanterite (FeSO,4:7H,0), rozenite (FeSO4-4H,0), and szomolnokite (FeSO4-H,0), were
used as starting phases. Sample identifications were made by XRD and laser Raman spectroscopy (based
on the standard Raman spectra published by Chio et al. [2007]). Sample homogeneity in degree of hydration
was confirmed by 100 spot checks using laser Raman spectroscopy on each of the starting samples. For each
experiment, the starting sample (about 50 mg, 90-150 um grain size) was placed in a reaction vial (~10 mm
diameter and 40 mm height). The unsealed reaction vial was placed into a glass bottle (~25 mm diameter
and 50 mm height) half-filled with an RH buffer solution [Chou and Seal, 2003; Greenspan, 1977]. Ten RH
buffer solutions were used. Ten pairs of reaction vials and RH buffer bottles were then placed in an environ-
ment with controlled temperature, i.e., 50 £ 1 °C in an oven, 21 *+ 1°C on laboratory bench top, and 5 + 1°C
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Dehydration at 50°C w/controlled RH in a refrigerator, thus 30 experiments for
w4 mel -30'5?’RH e ePS—SO'SZARH each of the three ferrous sulfates: melan-

: ::: ::Z:g;i: : :Zi::g:g;i: terite, rozenite, and szomolnokite.
--#--mel _64.5%RH These 90 sets of T-RH-driven experiments
8 on dehydration, rehydration, and deliques-
7 m Mgs0,-7H,0 cence of three ferrous sulfates lasted over
f;‘;\u Fe§94.7H20 MESOL6H.0 21' months, a'md 88 have reached egylll-
6 % "‘::11:::::*--&\ 4O brium at the time of this manuscript writing.
SN e A b The reaction products were measured at
5 1 ”_,M§?04'4H20 intervals of 3, 8, and 16 h and 1.3, 23, 5, 8,

15, 29, 57, 113, 203, 327, and 483 days, at
14 intermediate stages of the experiments.
At each intermediate stage, the reaction vial

Number of H,0 per molecule
H

.‘\ was removed from the RH buffer bottle,

. \ sealed immediately, and then we made

2 N ‘_\.\ __FfSOA'Hzo noninvasive gravimetric and laser Raman
. &1334“1" spectroscopic measurements. We used
gravimetric measurements to extract the

0 average loss or gain in H,O per Fe sulfate
1 10 100 1000 10000  Mmolecule from its starting degree of hydra-
Experiment duration (Hour) tion. We used laser Raman spectroscopic

measurements to make molecular phase
Figure 4. Comparison of dehydration pathways and end products of  jdentifications. These Raman measure-
epsomite MgSO4. 7H50 and melanterite FeSO4. 7H,0 at 50°C with con-
trolled relative humidity (RH). The dehydration of FeSO,4. 7H,0 reached
FeSO4. H,O while MgSO4. 4H,0 remained. This phenomenon demon-
strates the lower stability of Fe sulfate(s) than Mg sulfate(s) against dehy- ~ Photons collected through—the transpar-
dration. Phase identifications were made using laser Raman spectroscopy.  ent glass wall of the sealed reaction vial. A

low laser power density (3mW of 532nm

continuous wave line with a 6 um beam
diameter) was used. For each sample at every intermediate stage, at least three sampling spots were checked
by Raman spectroscopy to determine the homogeneity of reaction products. Attainment of equilibrium of a
dehydration-rehydration experiment is marked by (1) no more mass change in gravimetric measurement and
(2) no more change in phase identifications in repeated Raman measurements.
3.1.2. Observations From Experiments
Through 30 dehydration experiments on melanterite (FeSO4:7H,0), we found a reaction rate and final
products that were very different from similar dehydration experiments on epsomite (MgSO4:7H,0)
(Figure 4). At 50°C and middle to low RH levels (65%, 51%, 45%, and 31%), the dehydration of melanterite
FeS04+7H,0 reached the szomolnokite FeSO4+:H,0 stage in 56 h (at 30.5% RH) to 360 h (at 64.5% RH). The
Raman spectra of three ferrous sulfates shown in Figure S3 indicate that the phase identification of products
is straightforward. In comparison, under the same conditions, the dehydration of epsomite MgSO,4-7H,0 at
50°C stopped at the starkeyite MgSO4+4H,0 stage and never reached the monohydrated MgSO,4:H,0 stage
(Figure 4, with Raman spectra shown in Figure S4), except through two specific pathways (to be discussed in
section 4.1). A similar dehydration rate comparison based on experiments at 21°C and 5°C also demonstrate
the lower stability of Fe sulfates compared to Mg sulfates against dehydration (Figure S4).
3.1.3. Structural Reasons for Metastability of Starkeyite and Lower Stability of Rozenite in
Dehydration at T<50°C
The metastability of substructural units in starkeyite (MgSO4+4H,0) during dehydration at T<50°C likely
prevents the formation of MgSO4:H,0, based on the following reasons. The key substructural unit in the star-
keyite structure is the four-member ring [Baur, 1964] made of two [SO4] tetrahedra and two [MgO,(H,0),4]
octahedra sharing corner oxygen atoms (Figure 5a). In comparison, the kieserite structure [Bregeault et al.,
1970; Hawthorne et al., 1987] has a tightly interconnected 3-D framework made by sharing all coordinating
oxygen atoms of an [SO,4] tetrahedron with four Mg centered octahedra (Figure 5b). The large structural
difference between starkeyite and kieserite requires additional activation energy to first break down the

ments were made with the excitation
laser beam passing through—and Raman
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b. kieserite

Figure 5. Structures of (a) starkeyite MgSQ4. 4H,0 and (b) kieserite MgSOg4. H,0. A four-member-ring substructural unit in
starkeyite is enclosed by a yellow rectangle.

four-member rings in starkeyite and then to reorganize the octahedra and tetrahedra into a compact kieserite
structure (the density of starkeyite and kieserite are 2.01 and 2.57 g/cm?, respectively). Apparently, a tempera-
tures range <50°C does not provide enough energy to overcome the large structural difference of starkeyite and
kieserite, resulting in the metastability of starkeyite at T<50°C.

Rozenite FeSO4+4H,0 has a similar substructural unit [Baur, 1962], the four-member ring made of two [SO,4]
tetrahedra and two [FeO(H,0),] octahedra (a structure very similar to Figure 5a but replace Mg** by Fe?");
however, rozenite has a slightly larger ring size, caused by a slightly larger [FeO,(H,0)4] octahedron.
Comparing the average bond length (2.076 A) in [MgO5(H,0)4] octahedra and the average S-O bond
length (1.472 A) in [SO,] tetrahedra in starkeyite, the lengths of same types of bonds in rozenite are
2.103 A and 1.491 A, respectively. The larger [FeO,(H,0),4] octahedra and [SO,] tetrahedra in rozenite gen-
erate a larger four-member ring with an average S-Fe distance of 3.275 A, whereas the average S-Mg dis-
tance in starkeyite is 3.245 A. We infer that the larger [FeO,(H,0),] octahedron in rozenite would be less
capable of holding its coordinating H,O as tightly as is the case for [MgO,(H;0)4] in starkeyite, which
makes rozenite less resistant to dehydration. Our experiments show that under the same conditions at
T<50°C, the dehydration of melanterite passes over the rozenite stage and reaches the monohydrated
stage, szomolnokite FeSO4-H,0 (Figure 4).

We observed a similar instability for another Fe centered octahedron when compared with a Mg centered
octahedron. During the dehydration of melanterite (Figure 4), a direct phase transition from FeSO,4-7H,0
to FeS0O44H,0 occurred in <10h, whereas the dehydration of epsomite under the same experimental
conditions results in a stable presence of hexahydrite MgSO,4:6H,0, over 100 h at 51% RH (Figure 4). This
phenomenon demonstrates the lower stability of [Fe(H,0)g] in FeSO46H,O compared to [Mg(H,0)sl
in MgSQO4+:6H,0.

The lower stability of rozenite revealed through the dehydration of melanterite at T<50°C suggests a constraint,
i.e,, rozenite should not be stable at the present-day Martian surface and therefore does not contribute the vis-
NIR spectral features of polyhydrated sulfate. In other words, when epsomite and melanterite both formed on
Mars through weathering of basaltic minerals and by precipitation from the Mg-Fe-504-H,0 system, their dehy-
dration products in the general Martian surface T range (i.e., not during hydrothermal or volcanic events with
much higher T) would have been starkeyite (MgSO,4-4H,0) and szomolnokite (FeSO,4-H,0). Starkeyite would
remain metastable on Mars unless involved in two other processes (discussed below, in section 4.1) and would
contribute spectral features similar to those assigned to polyhydrated sulfate on the basis of OMEGA and CRISM
data. Szomolnokite would either contribute spectral features with slightly shifted band centers from those of
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MgSO,:H,0 (Figure 6) [Bishop et al.,, 2009; Weitz et al.,
2012] or it would transform to Fe-bearing hydroxides
and oxides through later processes [Tosca and
McLennan, 2008].

3.2. Evaporation of Mg-SO,-Cl-H,0 Brines With
High lonic Strength—To Constrain the Origin of
Martian Monohydrated Mg Sulfate

3.2.1. Samples and Experiments

In order to validate the model prediction [Catalano
et al, 2012; Liu et al.,, 2002], we conducted two sets
of evaporation-precipitation experiments of Cl rich
Mg-SO,4-CI-H,O brines; one set used synthetic
brines and one set used a pseudonatural brine
made from a natural salty soil sample.

The synthetic brine samples in the Mg-50,4-Cl-H,0
system were made by dissolving MgS0O4:7H,0 and
MgCl,-6H,0 into small amounts of Millipore H,O0.
The commonly observed molar ratio in Martian
! samples is Cl:SOs~ 1:10 [Clark et al., 2005; Gellert
et al., 2006]. The Cl:SO, ratio of the starting brine
in Liu et al. [2002] Pitzer modeling was 4.5 and
higher. In order to test the extreme cases, we made
the synthetic brine samples with Cl:SO4 molar ratios
of 2:9, 6:7, 10:5, 14:3, and 18:1, i.e., 4, 8, 20, 46, and
180 times the common Cl:SO3 ratio on Mars.
These brine samples were placed in open petri

FeSO,-H,0 \

12 14 16 18 20 22 24
Wavelength (micrometer)

Figure 6. Laboratory spectra of monohydrated Mg sulfates ) o .
(LH-1w and MH-1w) and FeSO4-H,0 (szomolnokite), com- dishes and maintained at T=21+1°C and T=5
pared with OMEGA and CRISM monohydrated Mg sulfate +1°C for brine evaporation and salt precipitation.

spectrum (OMEGA data #308 and CRISM data FRTO0013F5B . L .
from Melas Chasma region on Mars). For eight of the 10 synthetic brines, the environmen-

tal relative humidity (RH) level during evaporation-

precipitation was maintained by the brines and preci-
pitated crystals themselves. Because the solubility of MgCl, (56 g per 100g H,O at 25°C [Lide, 2001]) is much
higher than that of MgSO,4 (36 g per 100 g H,0), bischofite MgCl,-6H,0 would precipitate later in the process,
which was confirmed by repeated in situ Raman measurements of the precipitated crystals through the
evaporation-precipitation process. Therefore, the local RH during Mg sulfate precipitation for eight brine samples
was mainly controlled by MgCl,-H,O saturated solutions (33.0-33.6% RH at 21°C and 5°C, based on Greenspan
[1977]). Furthermore, we placed the two brine samples with the highest Cl content (Cl:SO4 = 18:1) at lower RH,
into two desiccators whose RH levels were buffered by a LiCI-H,O saturated solution (RH=11.3% at 21°C and
5°C). In this way, their evaporation-precipitation processes were forced to take place in an environment with
much lower water activity than can be maintained by saturated Mg-SO4-Cl-H,O brine to further verify the
Pitzer model predictions [Catalano et al., 2012; Liu et al,, 2002] at an extreme RH condition.

During the entire evaporation-precipitation process of 10 brine samples, repeated in situ Raman measure-
ments were made directly on the precipitated crystals starting from day 2 (when early crystals formed) until
full solidification of the entire brine. Then, repeated Raman spectroscopic monitoring on dry crystals was
done until day 124 of the experiments.

The pseudonatural brine was generated by dissolving a natural salt-rich soil sample from a saline playa in a
hyperarid region (Dalangtan (DLT) saline playa, Qaidam basin, on the Tibet Plateau), where the local aridity
index is less than 0.04 (A. Wang et al., submitted manuscript, 2015), into small amounts of Millipore H,0.
The original sample has a Cl:SO, ratio of ~7.8:1 (i.e., 78 times that commonly observed on Mars) and was
found to contain Na, Mg, Li, Ca, and K. The evaporation-precipitation process was maintained at 21°C and

WANG ET AL.

ORIGIN OF MAJOR SULFATES ON MARS 685



10.1002/2015JE004889

@AG U Journal of Geophysical Research: Planets

Table 2. Hydration Degree of the Mg Sulfates in Precipitations From Synthetic Brines of Mg-SO4-Cl-H,0 System, Identified by Laser Raman Spectroscopy
(7w =MgSO4. 7H50, 6w = MgSO4. 6H,0, 5w = MgSO4. 5H50, and 4w = MgSQO4. 4H,0)

T 21°C 5°C

RH 11.30% RH Maintained by Brine Itself 11.30% RH Maintained by Brine Itself
Cl:SO4 Ratios in Brine 18:1 14:3 10:5 6:7 29 18:1 14:3 10:5 6:7 29
Phase after full solidification 6w 6w 6w 6w 6w, 7w 7w 7w 6w 7w 6w
Phase at day 124 5W, 6Wirace 5w, 6w 5w 4w, 6w 4w, 5w, 6w 5w, 6w 6w, 5w 6w 7w 7w

11% RH (buffered by an LiCl-H,O solution). Repeated in situ Raman measurements were taken until the brine
reached full solidification.

3.2.2. Observations in Experiments

Only epsomite MgS0O4:7H,0 and hexahydrite MgSO4:6H,0 were identified by in situ Raman measure-
ments on precipitated crystals (Table 2) formed in all 10 synthetic brines at 21°C and 5°C, including the
two brines with the highest Cl:SO,4 (18:1) and evaporated at 11% RH. Bischofite MgCl,-6H,0 was identified
in a later stage of precipitation. In other words, no monohydrated Mg sulfate (MgSO,4-H,0) was observed
as a direct precipitate from the brine samples with Cl/SO, ratios being 2-180 times that commonly
observed on Mars.

After full solidification, the precipitated crystals were kept at the same T-RH conditions until day 124. The
Raman spectra of final products show the presence of additional MgSO,4:5H,0 and MgSO,4-4H,0 phases
(Table 2). However, no MgSO4+H,0 formed with further dehydration (Table 2 and Figure 7). On the basis of
early studies of dehydration processes of Mg sulfates [Chipera and Vaniman, 2007; Wang et al., 2006b,
2009, 2011], we conclude that MgSO,4-5H,0 and starkeyite MgSO4+4H,0 are the dehydration products of
originally precipitated epsomite and/or hexahydrite in the T range used in these experiments.

From the evaporation-precipitation of the pseudona-
tural brine that belongs to the Na-Mg-Li-Ca-K-S04-Cl
system, in situ Raman measurements indicate
the presence of MgS0,4:7H,0, MgS0,4:6H,0, and

5w 6w+7w

MgSO,-H,0 CaS042H,0 in direct precipitation (Figure 8), with
peak additional chloride hydrates KMgCls-6H,O and
(if present) halite NaCl (identified by XRD). Similar to the case

of precipitation from synthetic brines, MgSO4-H,0
was not found in the direct precipitation products
from pseudonatural brine (Figure 8) or in the dehy-
dration products.

These two experimental observations are validated
by the characterization of hydration degrees of
subsurface Mg sulfates in the DLT saline playa
[Wang et al., 2014; A. Wang et al., submitted manu-

1200

1100
Raman Shift (cm)

1000 900

Figure 7. Raman spectra from 100 spots on the crystals pre-
cipitated from a synthetic brine of Mg-SO4-Cl-H,0 system,
with the highest CI/SO4 ratio in the experimental set (i.e., 180
times that commonly seen on Mars), after full solidification
and until Day 124. MgSO4-H,0 peak (1042-1046 cm71,
Figure 9) is absent in all Raman scans of precipitates at
intermediate and final stages of the experiments. The Raman
peak positions in this plot indicate epsomite (7w, 984 cm ™),
hexahydrite (6w, 983 cmq), and MgS04-5H,0 (5w, 1005 cm ™ ! ).
MgCl,+6H,0 is detected in the precipitation by its major Raman
peaks at 3508, 3387, and 3354 em ™" (not shown in this plot).

script, 2015] (Figure S6). At this site, chlorides
(mainly NaCl, with minor KCl) are widely distributed
at the surface and within the subsurface. Carnallite
(KMgCl5-6H,0), kainite (KCl-MgCl,-3H,0), polyhalite
(K;Ca;Mg(S04)4-2H,0), and thenardite (NaySOg4)
were found coprecipitated with Mg sulfates, which
suggests extremely high ionic strength in the origi-
nal brine. Among the abundant Mg sulfates in the
subsurface, epsomite MgSO,4-7H,0 and hexahydrite
MgS046H,0 are the major phases. MgSO,4-5H,0
and MgS0,4-4H,0 appear in some samples. No
MgSO4H,0 was found in any subsurface salt
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gypsum 6w, 7w

samples. On the other hand, after subsurface
salts were exposed by local mining activities
(Figure S6) and experienced direct interaction with
the regional hyperarid atmosphere, monohy-
drated MgSO4:H,0 (in the form of LH-1w) was
identified at the surface of some samples
(Figure 9); this observation is discussed below in
section 4.1.
3.2.3. Inferences From Experimental Results
In the experiments described in section 3.2 (with
Cl/SO4 ratios up to 180 times that commonly
observed on Mars), we have not found evidence
to support direct precipitation of MgSO4-H,0 from
Cl-enriched Mg-5S04-CI-H,0 brines as suggested by
geochemical model calculations [Catalano et al.,
1200 1100 1000 900 800 2012; Liu et al,, 2002]. This fact, together with the
Raman Shift (cm'1) almost constant Cl:SO5 ratio (~1:10) found in Mars’
surface materials by landed missions [Clark and
Figure 8. Raman spectra from 100 spots on the precipitated  Van Hart, 1981; McSween et al., 1999; Gellert et al.,
crystals from a pseudonatural brine in the Na-Mg-Li-Ca-K- 2006; Kounaves et al, 2010; McLennan et al., 2013]

SO4-Cl-H,0 system, made from a natural salt sample .
collected from DalLangTan saline playa on Tibet Plateau. The and the huge amount of MgSO,H;0 at the Martian

brine has a Cl/S0,4 ratio of 7.8:1. After full solidification, the surface revealed by orbital remote sensing (Bibring
Raman peak positions indicate epsomite (7w), hexahydrite et al. [2006], and many others), suggests that it is
(6w), and gypsum CaSO4-2H_29 (1008 cm ). The peak of highly unlikely that the large amount of Martian
Mg504-H20 (1042-1046 cm , Figure 9) is absent in all MgS0,4+-H,0 (i.e, the monohydrate) originated from
collected Raman spectra. KMgCl,-6H,0 is present, with its di o £ Cl iched MQ-SO.-Cl-H-0
major Raman peaks at 3428cm ™| (not shown in this plot). lrect precipitation of Cl-enriche G504t
NaCl is also present and identified by XRD. brines. These observations in simulation experiments
and in terrestrial field observations set a constraint
on the origin of the majority of Martian MgSO,4-H,0, i.e., the results support the formation mechanism of
MgSO4-H,0 on Mars through dehydration. That is, the Mg sulfates with high degrees of hydration,

MgSOy4-xH,0 (x=11, 7, and 6) were likely the precursors of the majority of Martian MgSO,4:H,0.

Among the two Mg sulfate monohydrate polymorphs, LH-1w and kieserite (MH-1w) described in section 2.2,
the dehydration product would take the form of LH-1w. Thus, we anticipate that most Martian MgSO,4-H,0 at
the surface would also take the form of LH-1w. The current T-RH conditions at the Martian surface would
make the conversion from LH-1w to kieserite less likely to occur (because it would require an intermediate
level RH, e.g., 51%). However, at locations where hydrothermal events could raise the local T> 69°C, the
existence of kieserite by direct precipitation cannot be excluded.

4. Coexistence of MgS0,4-H,0 and MgS0O,4-4H,0 on Mars

On the basis of two constraints established by the experiments described in section 3.1 and 3.2, and results
from earlier reported experiments [Chipera and Vaniman, 2007; Wang et al., 2006b, 2009, 2011], we infer that
starkeyite (MgS0,4:4H,0) is the best candidate for polyhydrated sulfate on Mars (formed through the path
indicated by blue colored arrows in Figure 10). We infer that the majority of Martian MgSO4-H,O (monohy-
drate) formed through the dehydration of Mg sulfates with higher degrees of hydration (i.e,, MgSO4:xH20,
x=11,7, and 6) and that upon dehydration, it takes the form of LH-1w (formed through the path indicated
by red colored arrows in Figure 10).

In light of these results, a relevant question is how two Mg sulfates with very different hydration degrees
could coexist in a hyperarid environment, in direct contact with the current Martian surface atmosphere
for millions of years? Why would the dehydration process of hydrous sulfates result in one layer with
MgS0,4+-4H,0 but progress in an adjacent layer to reach a monohydrated MgSO,4-H,0 stage? In addition,
when were the observed hydration degrees set?
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4.1. Two Pathways of Forming LH-1w
by Dehydration at T<50°C

To answer these questions, we examine
the two phase transition pathways that
have been found through some early
experiments, which bypassed or helped
to overcome the metastability of star-
keyite at relatively low temperature
(T<50°C) and then drove the progress
of dehydration to the final stage to form
MgSO,4+H,0 in the form of LH-1w.

DLT-03-01-11a

N N A
. WA\ N

MgS0,.4H,0

KMgCl,.6H,0

Pathway #1 is through an intermediate
amorphization stage (indicated by two
red dotted line arrows in Figure 10).
~ s || The experiments reported by Vaniman
o \__ Natural kieserite NAL08 A et al. [2004], Vaniman and Chipera
4000 3800 3600 3400 3200 3000 1200 1150 1100 1050 1000 [2006], Wang et al. [2006b, section 4.5],
Raman Shift (cm-1) and Wang et al. [2009, Table 2]

revealed that amorphous Mg sulfates

Figure 9. Raman spectrum of a sample collected from the Dalangtan sal- MgSO,4nH,0 (n=0.9 to 3) would
ine playa (Tibet), DLT-03-01-11a. It is a subsurface soil sample partially be formed when highly hydrated
exposed to surface atmospheric conditions. The Raman spectra of a MgSO4xH,0 (x=11, 7, and 6) were
natural kieserite from Lehrte (Germany), and laboratory synthesized 47112 ro
LH-1w, starkeyite MgSO,-4H,0, and carnallite KMgClz-6H,0 are shown for ~ Suddenly exposed to a hyperarid envir-
comparison: (a) H,O/OH vibration spectral range, (b) SO4 fundamental onment. The formation of an amor-
vibration spectral range. The Raman spectral peak matching suggests that phous phase at an intermediate stage

this sample contains mainly LH-1w. The evidence is as follows: in Figure 9b
the matching of the two peaks with LH-1w is indicated by two black thick
dotted lines, and in Figure 9a the absence of a sharp peak near 3184 cm !
(one of the doublet of natural kieserite) is marked by a black thick dotted
line. This sample also contains starkeyite and carnallite. The peak match-
ing is indicated by four solid thin lines of purple color: in Figure 9b a peak
matching with starkeyite main peak at 1000 ecm™ ', and in Figure 9a the
H,0 peaks of this sample matching with the combined H,0 peaks of
starkeyite and carnallite (pink and purple spectra in Figure 9a). The H,0O
peak of LH-1w has a large peak width and a low signal strength (blue
spectrum in Figure 9a) that would be nondistinguishable when coexisting
with the strong H,0 peaks of starkeyite and carnallite.

can increase the rate of dehydration
of the Mg sulfates. This pathway
would bypass starkeyite as the middle
stage of dehydration and thus would
pose no requirement for excess activa-
tion energy to break down the
four-member ring discussed above. In
addition, the irregular structural fra-
mework of amorphous phases would
be relatively easy to break, to reorga-

nize, and to form the more compact
MgS0O4+H,0 structure. The formation of MgSO4:H,0 in the form of LH-1w directly from amorphous Mg
sulfates at T<50°C has been demonstrated experimentally [Wang et al., 2009, Table 2 and 5].

The effect of sudden exposure of highly hydrated Mg sulfates to a hyperarid environment has been seen in
samples from the DLT saline playa [Wang et al., 2014; A. Wang et al., submitted manuscript, 2015]. The local
mining activities at DLT have excavated the subsurface Mg sulfates (originally with seven or six structural H,O
per MgSO, [Wang et al., 2014; A. Wang et al., submitted manuscript, 2015]) by making many large and deep
trenches (Figure S6). The effects of hyperarid regional atmospheric condition (aridity index, Al < 0.04,) would
cause structural collapse of epsomite and hexahydrite and the formation of amorphous Mg sulfates. Under
the local hyperarid conditions, the dehydration of amorphous Mg sulfates would continue and would form
LH-1w at the surface of freshly exposed salts. The Raman spectrum of the DLT-03-01-11a sample in compar-
ison with the spectra of kieserite, LH-1w, starkeyite, and carnallite, illustrates this phenomenon (Figure 9).

Pathway #2 is by catalysis (indicated by three red solid-line arrows in Figure 10). The experiments reported by
Wang et al. [2009] revealed that the metastability of starkeyite can be overcome at relatively low temperature
(T<50°C) by a catalysis effect. This finding was demonstrated through dehydration experiments of epsomite
MgS04-7H,0 that was mixed separately with Ca sulfates (gypsum, basanite, and anhydrite) or with Fe**
sulfate (FeSO4-7H,0) and Fe3* sulfates (Fex(S04)3:7H,0 and Fe»(S0O4)3:5H,0), or with Fe;03 and FeOOH.
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| Mg-Fe-Ca-SO,-Cl brine | | Mg-SO,-brine |
‘ <s0°C <50°C <2°C
MgSO,-(6-7)H,0, w/Fe-, Ca-
sulfates, chlorides, etc | MgS0,-7H,0 IMgSO4-11H20|
‘ <50°C
v
MgS0,-4H,0, w/Fe-, Ca- [ Mgso,-Am |
sulfates, chlorides, etc MgSO,-4H,0
Starkeyite layer
‘ <50°C
MgSO,H,0 et 21 5 RH @ S0°C | [(Mgs0,H,0 (kieserite) |
LH-1w layer Less likely on Mars

Figure 10. Pathways of Mg sulfate dehydrations that facilitate the formation of starkeyite, monohydrated Mg sulfates (LH-1w
and kieserite), and the coexistence of LH-1w layers and starkeyite layers on Mars. The red solid arrows indicate the pathway of
forming monohydrated Mg sulfate in the form of LH-1w from chemically complex brines. The blue solid arrows indicate
that the dehydration of highly hydrated Mg sulfates from relatively pure Mg-SO4 brines would stop at starkeyite at T < 69°C. A
black solid arrow indicates the precipitation of kieserite from brine at T> 69°C. The red dotted arrows indicate a potential
pathway of forming monohydrated Mg sulfate through the intermediate amorphous hydrous Mg sulfates. A black dotted
arrow indicates a transition from LH-1w to the kieserite structure observed in the laboratory at RH > 51% and at 50°C.

MgSO4:H,0 (LH-1w) was found to be the dehydration product in these mixing experiments (details in
Tables 6 and 7 and evidence in Figures 11 and 12 of Wang et al. [2009]).

Recently, we completed a new set of dehydration experiments on epsomite that was mixed separately with
NaCl, KCl, and KMgCls+6H,0 at 50°C and 11% and 33% RH. Table 3 lists the dehydration pathways in six sub-
sets of mixing experiments, in comparison with the dehydration pathways of pure MgSO,-7H,0O and
FeS04:7H,0 under the same T-RH conditions. Phase identifications in all 10 subsets of experiments were
made using Raman spectroscopy. Similar to the results in mixtures with Ca and Fe sulfates, and Fe oxides
and oxyhydroxides [Wang et al., 2009], MgSO4:H,0 monohydrate was reached (in 5-118 days) during the
dehydration of epsomite that was mixed with three chlorides (Table 3, with experimental details), while
the dehydration of pure epsomite in a control experiment stopped at starkeyite MgSO4-4H,0 (Table 3).
Notably, formation of FeSO4:H,0 (Felw in Table 3) occurred in one day at both RH levels, demonstrating
the rapid dehydration rate of Fe sulfates, consistent with Figures 4 and S5. The results from these mixing
experiments suggest that the microscopic local environments surrounding an epsomite grain maintained
by the coexisting species (sulfates or chlorides, or Fe hydroxides or oxides) have helped the dehydration of
epsomite to overcome the metastability of starkeyite and to form the monohydrate, MgSO4+H,0 (LH-1w).

Table 3. Dehydration Pathways of MgS0,:7H,0%

MgSO4 7H,0 MgSO4 7H,0 MgSO4 7H,0 Mixed

Mixed w/NaCl Mixed w/KCl w/KMgCl,-6H,0 Pure MgSO,4 7H,0 Pure FeSO4 7H,0
Day 11% RH 33% RH 11% RH 33% RH 11% RH 33% RH 11% RH 33% RH 11% RH 33% RH
1 4w, 6W 4w, 6w 6w, 4w 6w, 5w, 4w 4w, 5w 4w 4w, 6W 4w, 6W Felw, Fedw Felw, Fedw
2 4w, 6w 4w, 6w 4w, 6w 6w, 5w, 4w 4w 4w 4w Felw, Fedw Felw, Fedw
5 4w, 6W 4w, 6W 4w, 6W 4w, 6W 4w, 3w, Tw 4w 4w 4w Felw Felw
12 4w 4w, 6W 4w 4w, 5w, 6w Tw 4w 4w 4w Felw Felw
15 4w 4w, 6w 4w 4w, 6W Tw 4w 4w 4w Felw Felw
41 4w,2w,1w 4w, 6W 4w,2w,1w,6w 4w, 3w, 1w Tw 1w 4w 4w Felw Felw
118 Tw, 2w, 4w 1w, 4w, 6w 4w, 1w, 2w 2w, 3w, 4w Tw Tw, 6w 4w 4w Felw Felw

%It was mixed with NaCl, KCl, and KMgCl3-6H,0 separately, at 1:9 molar ratio and maintained at 50°C in LiCl (11% RH) and MgCl, (33% RH) buffers. The dehydration
pathways of mixtures are compared with those of pure MgSO4:7H,0 and FeSO4:7H,0 under the same T-RH conditions. The phase identifications were made by
laser Raman spectroscopy. (6w, 5w, 4w, 3w, 2w, Tw = MgSO4:xH,0, where x =6, 5, 4, 3, 2, 1; Felw, Fedw = FeSO4-yH,0, where y = 1, 4; in boldface = the first appear-
ance of 1w) or Felw; in italics = seeing MgCl,:6H,0 from KMgCl3:6H,0 decomposition).
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Among the two pathways, we think the second pathway has the higher probability of occurring on Mars (red
solid arrows in Figure 10). Chemically complex brines of the Mg-Fe-Ca-SO4-Cl system can be readily gener-
ated from chemical weathering of basaltic rocks [McLennan, 2012a]. From those brines, MgSO4-xH20
(x=11 or 7 or 6, depending on precipitation temperature) could precipitate together with other sulfates
(Ca and Fe®* sulfates) and chlorides. The coexistence of Ca, Fe?* sulfates (and Fe3* sulfates, Fe,05, and
FeOOH as possible alteration products from Fe2" sulfates) would provide catalytic effects to overcome the
metastability of starkeyite and thus facilitate the formation of MgSO4+H,0 (LH-1w) at T<50°C (Figure 10).

On the other hand, we think that the first pathway (amorphization, red dotted arrows in Figure 10) has a
lower likelihood of occurring during the diurnal cycle at the present-day Martian surface (as discussed in
Wang et al. [2011]). However, at the vicinity of an impact cater, this pathway might generate some
MgS0O,4+H,0 in association with the sudden exposure of sulfate-bearing sediments by impact. Nevertheless,
it cannot explain the broad coexistence of (or proximity of layers containing) the two Mg sulfates with differ-
ent degrees of hydration.

4.2, Formation of Interbedded Stratigraphy and Other Sulfate Coexistence on Mars

Following the pathway discussion in section 4.1 (Figure 10), we hypothesize that (1) the dehydration of “dirty”
Mg sulfates, i.e., those originally precipitated from a complex Mg-Ca-Fe-SO,4-Cl-H,0 brine, would progress to
MgSO4+H,0 (in the form of LH-1w) and thus form a LH-1w layer (solid red arrows in Figure 10); (2) the dehy-
dration of “clean” Mg sulfates, i.e., those originally precipitated from a relatively pure Mg-SO4-H,0 brine,
would terminate at the stage of starkeyite (metastable at relatively low temperatures), thus forming a star-
keyite layer (blue solid arrows in Figure 10).

There are two ways to generate the coexisting LH-1w layer and starkeyite layers on Mars. First, they could
have been generated from unrelated episodic brines, with different chemistry. The chemistry and the quan-
tity of the brine would be the determining factor for the resulting LH-1w layer or starkeyite layer and their
thicknesses. The sequence of episodic brines input to a specific location would set the order of stratigraphic
layers of hydrous sulfates at the location, i.e.,, sometimes LH-1w layer on top of starkeyite layer, or vice versa,
as observed at most locations on Mars [Ackiss and Wray, 2014; Bishop et al., 2009; Catling et al., 2006; Dobrea
et al., 2008; Flahaut et al., 2010; Lichtenberg et al., 2010; Massé et al., 2008; Mangold et al., 2008; Murchie et al.,
2009; Roach et al., 2010; Weitz et al., 2012; Wiseman et al., 2010; Wendt et al., 2011].

Second, a pair of LH-1w and starkeyite layers could also result from two precipitation-dehydration stages
from single complex Mg-Ca-Fe-SO,4-CI-H,0 brine in the following way. The solubilities of CaSO, and
FeSO,4 in water (0.205 and 29.5g/100gH,0 at 25°C [Lide, 2001]) are both lower than that of MgSO,
(35.79/100gH,0 at 25°C). From a Mg-Ca-Fe-SO4-Cl- H,O brine, the early precipitated sulfates would
deplete the Ca and Fe cations in the brine, resulting in a late-stage brine that is relatively pure, as
Mg-SO,4-H,0. During the dehydration process of this two-stage sequence, the early precipitated Mg sulfates
coexisting with catalytic species (Ca and Fe sulfates and chlorides) would dehydrate to MgSO,4-H,0 and
form an LH-1w layer, whereas the dehydration of later-precipitated Mg sulfates from late-stage brine would
terminate at a middegree of hydration and form a starkeyite layer. For interbedded sulfate stratigraphy of
six to nine layers [Roach et al, 2009; Y. Liu et al, in revision, 2015], several input cycles of chemically
complex brines would have to be involved, and each initial brine would have to experience two
precipitation-dehydration stages that would generate one set of paired LH-1w and starkeyite layers.

Using this reasoning, we might be able to explain the formation of the upper three morphologic layers in
Figure 2b (observed by Roach et al. [2009]), each has a “K-P” layer pair that follows the same order in all three
morphologic layers, and similarly, the three “K-P” layer pairs in Figure 2d (observed by Y. Liu et al. (in revision,
2015)). These layers might form from three events of brine input. In the precipitation process from each brine,
the LH-1w layer (called the K layer in Roach et al. [2009] and Y. Liu et al. (in revision, 2015)) in a “K-P” layer pair
would be generated from the dehydration of the early “dirty” Mg sulfates precipitated from chemically com-
plex brine and would form the base of a “K-P” layer pair. A starkeyite layer (called the P layer in Roach et al.
[2009] and Y. Liu et al. (in revision, 2015)) would be generated from the dehydration of the later “clean”
Mg sulfates precipitated from the remaining later-stage brine (depleted of Fe, Ca, etc.) and would be depos-
ited at the top of the LH-1w base of the “K-P” layer pair. We suspect that both processes could have occurred
on Mars, depending on the locations of sulfate deposits, local geochemistry, and geomorphology.
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4.3. Effect of Obliquity Cycles

As discussed in section 4.2, we infer that the primary precipitation processes from episodic brine(s) would
have established the chemical characteristics of deposited sulfate layers. During subsequent dehydration,
these chemical/mineralogical characteristics would determine the final hydration state of the dehydrated
Mg sulfates (section 4.1). A reasonable question would be whether these early established hydration states
would change during the long history of Mars. In particular, would the hydration states of Mg sulfates
exposed at the surface, and recognition of the original stratigraphy, be affected by obliquity cycles and asso-
ciated climate changes?

Cycling of obliquity would control the cycles of H,O ice deposition and sublimation at various regions on
Mars, which would in turn stimulate the rehydration and subsequent dehydration of Mg sulfates, which have
the highest phase transition rates among Mg, Fe, Ca, and Al sulfates [Wang and Zhou, 2014]. Richardson and
Wilson [2002] indicated that when obliquity exceeded 45°, ice sublimation at the polar regions is very high
and H,0 ice would occur and persist at the equator of Mars. Calculations by Laskar et al. [2004] suggest that
the most recent few periods with obliquity >45° occurred between 5.8 and 5.4 Myr ago, with durations of
0.019, 0.028, 0.026, and 0.008 Myr. During those periods, based on our experimental studies on the kinetic
properties of Mg sulfates [Wang et al., 2011, 2013], Mg sulfates coexisting with H,O ice at the Martian surface
(or in the shallow subsurface that are in communication with the atmosphere) would equilibrate with H,0 ice
(100% RH) and would rehydrate to the highest hydration degree, i.e., meridianiite, MgSO4+11H,0 (at T < 2°C
[Peterson and Wang, 2006]).

We suspect that the time at which the observed hydration states of Mg sulfates at a specific Martian surface
location would have been set sometime following the end of the most recent period of high obliquity when
the location was covered by H,O ice. The dehydration of surface Mg sulfates would begin after ice removal by
sublimation and would follow the two pathways illustrated in Figure 10, i.e., relatively “clean” Mg sulfate
dehydrates to starkeyite and relatively “dirty” Mg sulfate dehydrates to LH-1w. As a result, the stratigraphic
order of coexisting LH-1w and starkeyite layers after each obliquity cycle would be controlled by the chemical
and mineralogical characteristics of a layer related to the primary precipitation or deposition; i.e., the layering
in terms of the prominent Mg sulfate would remain basically unchanged from the early stratigraphic order;
except in the case where a major change in catalytic species (e.g., the removal of Fe sulfates by some later
atmosphere-surface processes) occurred for a “dirty” layer prior to the latest obliquity cycle.

5. Conclusions

The results from two new experiments suggest additional constraints on the nature and origin of MgSO,4+H,0
(monohydrate) and polyhydrated sulfate observed on Mars. On the basis of these results, we conclude that
starkeyite (MgSO,4+4H,0) is the best candidate for polyhydrated sulfate and that dehydration of highly
hydrated Mg sulfates is the origin of the majority of Martian MgSO,4-H,O (monohydrate) that would take
the form of LH-1w, which is different from kieserite.

We conclude that two critical properties of Mg sulfates are responsible for their frequently observed coexis-
tence on Mars. These properties are the following: (1) the metastability of a substructural unit (four-member
ring) in starkeyite at relatively low temperatures (T<50°C over Martian history); and (2) catalytic effects asso-
ciated with coprecipitated species (sulfates, chlorides, oxides, and hydroxides) from chemically complex
brines, which can overcome the metastability of starkeyite.

We suggest that a natural combination of the two precipitation processes (Figure 10) is responsible for the
broad coexistence of LH-1w and starkeyite layers on Mars. The formation of interbedded sulfate stratigraphy
would require multiple inputs of chemically complex brines. The formation of other types of stratigraphic
sequences would involve unrelated episodic brine input, whose stratigraphic relationships would depend
on brine chemistry, quantity, and input sequence, which are complex functions of climate at the time of
deposition, local geochemical characteristics, water-rock ratios, and local geomorphologic features.

In addition to formation related to evaporation of surface waters, MgSO4-H,0O can form through impact-
related or hydrothermal events. When subsurface sulfates (with high hydration degrees [Wang et al.,
2013]) are exposed suddenly by impact to a hyperarid Martian atmosphere, rapid subsequent dehydration
can bypass the metastability of starkeyite (through amorphization) and form LH-1w directly. Furthermore,
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the direct precipitation of kieserite from brine could occur during hydrothermal or volcanic events on Mars,
when Mg-SO,4-H,0 brines were available and the temperature exceeded 69°C.

Overall, the structural H,O held by these two sulfates would represent a large H,0 reservoir at the surface and
shallow subsurface on Mars.
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