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Abstract Understanding the stability of volatile species and their compounds under various surface and
subsurface conditions is of great importance in gaining insights into the formation and evolution of planetary
and satellite bodies. We report the experimental results of the temperature- and pressure-dependent
structural transformation of methane hydrates in salt environments using in situ synchrotron X-ray powder
diffraction, solid-state nuclear magnetic resonance, and Raman spectroscopy. We find that under pressurized
and concentrated brine solutions methane hydrate forms a mixture of type | clathrate hydrate, ice, and
hydrated salts. Under a low-pressure condition, however, the methane hydrates are decomposed through a
rapid sublimation of water molecules from the surface of hydrate crystals, while NaCl - 2H,0 undergoes a
phase transition into a crystal growth of NaCl via the migration of salt ions. In ambient pressure conditions,
the methane hydrate is fully decomposed in brine solutions at temperatures above 252K, the eutectic
point of NaCl-2H,0.

1. Introduction

Clathrate hydrates, which possess similar chemical properties to ice, can be stabilized using the van der Waals
interaction between the small guest molecules (CH,, CO,, H,, Ny, etc.) and the host water framework con-
structed by the hydrogen bonds in the water molecules [Berecz and Bella-Achs, 1983; Sloan, 2003; Sloan
and Koh, 2008]. Several types of guest molecules are known to form the three common structures of clathrate
hydrates, which are classified into structure | (sl), structure Il (sll), and structure H (sH) hydrates [Sloan, 2003;
Sloan and Koh, 2008]. In the icy matrix of clathrate hydrates, vast amounts of gas storage and selective guest
enclathration from mixtures are possible, which has resulted in these hydrates garnering considerable atten-
tion in the energy and environmental fields over the past several decades [Gudmundsson et al.,, 1994; Kang
and Lee, 2000; Sun et al., 2003; Linga et al., 2007; Makogon et al., 2007; Park et al., 2011; Cha and Seol, 2013;
Xu and Li, 2014; Seo et al., 2015]. It has been proposed that clathrate hydrates could also exist on planetary
or icy satellite bodies such as Mars [Miller and Smythe, 1970; Pellenbarg et al., 2003; Thomas et al., 2009],
Titan [Lunine and Stevenson, 1987; Loveday et al., 2001; Tobie et al., 2006], and Enceladus [Kieffer et al., 2006;
Fortes, 2007].

Chlorine salts, such as chlorides (CI™) and perchlorates (CIO, ), can provide a significant role in the liquid
water stability [Altheide et al., 2009; Chevrier et al., 2009; Hanley et al., 2012]. Notably, the freezing point of
water can be depressed to 204K by chlorine salts owing to the alteration of the water chemical potential
in brine solutions [Chevrier et al., 2009; Hanley et al., 2012]. The existence of chlorine salts on planetary or
icy satellite bodies may support the existence of salty ocean, and thus, brine water is also believed to be pre-
sent on the Martian surface in warm seasons [McEwen et al., 2011, 2014; Ojha et al., 2015]. The clathrate
hydrates in the planetary and satellite bodies might be exposed to various thermodynamic conditions such
as low-pressure and highly concentrated salt environments. For instance, a salty ocean containing clathrate
hydrates is thought to exist within the subsurface of Enceladus because salt-rich ice particles, water vapor,
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and volatile gases were detected within plumes emanating from Enceladus [Postberg et al., 2011]. Therefore,
understanding the clathrate hydrate destabilization process in the salt environments on planetary and satel-
lite bodies is important.

Based on this background, the following behaviors that occur in clathrate hydrates with salt environments
are addressed: (1) the effect of salts on the crystal structure and guest distributions of the clathrate hydrates,
(2) the clathrate hydrate dissociation in the presence of salts under various temperature and pressure condi-
tions, and (3) the structural transition of the clathrate hydrates in salt environments during the hydrate
decomposition. Methane hydrates were prepared in the presence of salts, and a suite of spectroscopic
analyses combining X-ray diffraction (XRD), solid-state nuclear magnetic resonance (NMR), and Raman spec-
troscopy was performed in order to identify the crystal structure, guest distribution, and dissociation
behavior of the methane hydrate samples. These results can provide useful insights into the structural trans-
formation of the clathrate hydrates in salt environments.

2. Methods
2.1. Materials

Methane gas with a minimum purity of 99.99 mol % was obtained from Headong Gas Co. (South Korea). NaCl
with @ minimum purity of 99.5mol % was supplied by Sigma-Aldrich. MgCl, with a minimum purity of
99.9 mol % was also supplied by Sigma-Aldrich. Deionized water was obtained using a purification unit.

2.2. Preparation of Methane Hydrates

A high-pressure cell with approximately 90 cm? of internal volume was initially charged with aqueous salt
solutions and then pressurized with methane gas to the desired pressure condition. The high-pressure cell
was maintained at 274K and 10 MPa for at least 6 days, and the hydrate formation was monitored using
the sudden pressure drops. After the complete hydrate conversion, the cell was immersed in liquid nitrogen,
and the hydrate samples were ground with a 100 pm sieve under liquid nitrogen.

2.3. In Situ Synchrotron XRD

The XRD patterns of the methane hydrate samples were measured at 80 K using a synchrotron radiation with
a step length of 0.01° and A=1.5178 A at the Pohang Accelerator Laboratory (PAL). The phase identification
was determined using the CheckCell software [Laugier and Bochu, 2000]. In situ temperature-dependent syn-
chrotron XRD experiments were performed at the 9B high-resolution powder diffraction beamline
(1=1.4861A) at PAL. Each diffraction pattern was scanned in the range of 5-125° with a step length of
0.04°. For the temperature-dependent XRD measurements, the sample temperature was varied from 100
to 250K at intervals of 5 K. Changes in the phase fraction were derived from the Rietveld refinements using
the General Structure Analysis System (GSAS) program [Larson and Von Dreele, 1994; Toby, 20011.

2.4. NMR Spectroscopy

Solid-state '*C and *3Na magic angle spinning (MAS) NMR spectra were acquired using a Bruker AVANCE II*
400 MHz spectrometer in a 9.4 T magnetic field using a 4 mm zirconia rotor. The 13C MAS NMR spectra were
obtained at 213 K and a Larmor frequency of 100.6 MHz under proton decoupling with a 7 kHz spinning rate,
30° pulse length of 1.6 pus, and 3 s pulse repetition delay time. The downfield-shifted carbon resonance peak
of adamantane, which appeared at 38.56 ppm relative to tetramethylsilane, was used as an external chemical
shift reference. The 2>Na MAS NMR spectra were acquired at a radio frequency of 105.84 MHz with a 7 kHz
spinning rate, 30° pulse width of length of 1 s, and 5 s pulse repetition delay time. An external chemical shift
reference of 1 M NaCl aqueous solution was used.

2.5. Raman Spectroscopy

A maximum power of 150 mW from a 532 nm line of an Nd:YAG laser (Excelsior) source was used for the
Raman spectroscopy. The laser spot size on the samples was approximately 20 um, and a spectral resolution
of approximately 1.5cm ™' was provided from the combination of a spectrograph (SpectraPro) and a multi-
channel air-cooled CCD detector (Princeton Instruments). A Linkam temperature-controlled stage was used
to control the system temperature during the Raman measurements with a stability of <0.1K. For the
temperature-dependent Raman measurements, the sample temperature on the microscope stage was varied
from 130 to 270K at intervals of 5K.
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3. Results and Discussion

First, methane hydrates in the presence of either of the two salts (4 wt % NaCl or MgCl,) were prepared, and
their crystal structures and characteristics were analyzed using XRD, solid-state '3C MAS NMR, and Raman
spectroscopy. Methane is known to be a sl hydrate former [Sloan, 2003; Sloan and Koh, 2008] with the occu-
pation of methane molecules in both the small 5'% and large 5'%6 cages, and the obtained XRD patterns indi-
cate that there were no salt effects on the crystal structure of the methane hydrates in the presence of either
of the two salts (4wt % NaCl or MgCl,) as depicted in Figure 1a. The crystal structures of both methane
hydrate samples in the presence of 4wt % NaCl or MgCl, were identified as cubic unit cell structures with
a space group of Pm3n and a lattice parameter of a=11.8862 A for the NaCl salt system and a=11.8824 A
for the MgCl, salt system. These crystal structures with the lattice parameters are in good agreement with
the literature [Sloan, 2003; Sloan and Koh, 2008]. Hexagonal ice (Ih) phases were also observed in the XRD pat-
terns (Figure 1a). Figures 1b and 1c show the solid-state '3C MAS NMR and Raman spectra of methane clath-
rate hydrate samples with and without 4 wt % NaCl. Raman spectroscopy was used to determine the crystal
structure and cage occupancy of the methane hydrates with and without 4 wt % NaCl (Figure 1c). For both
methane hydrate samples with and without 4 wt % NaCl, the Raman bands corresponding to the C-H vibra-
tion of the methane molecules in the large 5'%6% and small 5'% cages of the sl hydrate were also observed at
2905 and 2915 cm ™, respectively [Sum et al,, 1997; Subramanian et al., 2000]. There were no changes in the
spectral position of the Raman bands and their peak area ratio (A /As). Therefore, these results indicate that
there were no changes in the cage occupancy and crystal structure of the methane hydrates formed in brine
solutions. Similar trends could be also observed in the solid-state '>C NMR spectra as depicted in Figure 1b. It
is known that the 3C resonance peaks at —4.2 and —6.6 ppm can be assigned to methane molecules trapped
in the small and large cages of sl hydrates, respectively [Sloan and Koh, 2008]. The 3C resonance peak at
—11.0 ppm can be attributed to the release of the methane gas due to the partial decomposition of the
methane hydrates. Using the area ratios of the NMR peaks at —4.2 and —6.6 ppm, the fractional occupancy
ratio (8,/6s) of methane in the large and small cages of the sl hydrate can be evaluated to be 6, /6s=~1.07
(=AL/3As) for both methane hydrates with and without the 4 wt % NaCl. Differences were not found in the
13C resonance peak position and fractional occupancy ratio of the methane molecules in the hydrate cages;
thus, these are consistent with the Raman results.

We conclude that the salt ions do not affect the crystal structure and guest distribution of the methane
hydrates during the hydrate formation, and we also confirm that the salts are concentrated in brine solu-
tions during the methane hydrate formation, resulting to the formation of hydrohalite after the hydrate
formation as shown in Figures 1a and 1c. From the XRD patterns, the hydrated salt compounds represent-
ing NaCl-2H,0 and MgCl, - 12H,0 were observed, which result from the phase behavior of the water-salt
binary systems (Figure S1 in the supporting information), and the Bragg signals from the hydrated salt
compounds are indexed at the bottom of Figure 1a. In Figure 1¢, the Raman spectra (red lines) from
the methane hydrate sample with 4wt % NaCl exhibited Raman bands of hydrohalite (hydrated salt,
NaCl- 2H,0) at approximately 3405, 3423, and 3540cm™" [Bakker, 2004; Wise et al., 2012]. In addition, it
should be noted that the O-H stretching vibration of the water molecules in the hydrogen-bonded frame-
works of the sI hydrate exhibited a blue shift (approximately 6cm™") with the addition of the 4wt % NaCl
salts as depicted in Figure 1c. Several researchers have investigated the contribution of hydrogen-bonded
water molecules to the Raman signals from the O-H stretching vibration regions [Smith et al., 2005;
Burickovic et al., 2010], and they concluded that the strongly coupled hydrogen-bonding interaction in
the water molecules induced the left shoulder of the Raman signals from the O-H stretching vibration
region, whereas the right shoulder of the Raman signals from the O-H stretching vibration region might
result from the weakly coupled hydrogen-bonding interaction in the water molecules [Smith et al., 2005;
Burickovic et al., 2010]. Therefore, we propose that the water-water interaction in the hydrogen-bonded
framework of the sl hydrate is affected by the ion-water interaction between the water and salt ions in
the brine solutions on the surface of the methane hydrate crystals.

Methane hydrate in icy planetary bodies might be exposed to various thermodynamic conditions such as
low-pressure and highly concentrated salt environments, which lead to a phase transition. In this case, it
can be expected that the decomposition behavior of the methane hydrate under these conditions differs sig-
nificantly from the self-preservation phenomena at an ambient pressure, which is typically observed for
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Figure 1. (a) XRD patterns of methane clathrate hydrates formed in aqueous salt solutions. XRD measurements were
performed at 80K and 10~ torr. (b) Solid-state 3¢ MAS NMR spectra of pure methane clathrate hydrate (black line)
and methane clathrate hydrate formed with 4 wt % NaCl (red line). NMR measurements were performed at 213 K and
ambient pressure. (c) Raman spectra of pure methane clathrate hydrate (black lines) and methane clathrate hydrate formed
with 4 wt % NaCl (red lines). Raman measurements were performed at 120 K and ambient pressure.

methane hydrates. In addition, the presence of salt with hydrate phase in icy planetary bodies may provide
significant effects on the hydrate decomposition, and thus, a key question arises as to the role of the salts in
the hydrate phase during the hydrate decomposition. In order to elucidate the phase transition of the
methane hydrates under planetary environments and the role of salts in the hydrate phase during
the hydrate decomposition, in situ synchrotron XRD measurements were performed in the temperature
range of 100-250K using the methane hydrate formed in the aqueous NaCl solutions (Figure 2). For
temperature-dependent XRD measurements, the methane hydrate formed in the 4wt % NaCl solution
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Figure 2. (a) In situ temperature-dependent synchrotron XRD patterns of methane clathrate hydrates formed with 4 wt % NaCl. (b) Selected XRD patterns taken from
Figure 2a. (c) Phase fraction of methane clathrate hydrate, ice, NaCl - 2H,0, and NaCl(s) in methane clathrate hydrate formed with 4 wt % NaCl as a function of
temperature, derived from the Rietveld refinements. (d) Normalized XRD intensity and phase fraction of methane clathrate hydrate, ice, and NaCl(s) as a function of
temperature and salt concentration. All measurements were performed at 10~ torr.

sample was tested in the range of 5-125° with a step length of 0.04° from 100 to 220K at intervals of 5K.
Figures 2a and 2b present enlarged XRD patterns of the methane hydrates formed in the 4wt % NaCl
solution between 15° and 40°, and the phase transition of the ice, methane clathrate hydrate, and salts can
be seen as the temperature increases. The Rietveld refinements using the GSAS program [Larson and Von
Dreele, 1994; Toby, 2001] were performed in order to identify the phase fraction of the ice, methane
clathrate hydrate, and salts in the methane hydrate formed in the 4 wt % NaCl solution sample (Figure 2c¢).
In this measurement, the depleted planetary atmospheric conditions, which lower the pressure of the
synchrotron XRD sample chamber to approximately 10~ torr, are demonstrated. Therefore, the phase
fractions of the initial solid mixture at 100K and approximately 10~ torr were found to be 0.88 for the ice
phase, 0.06 for the methane clathrate hydrate phase, and 0.06 for the NaCl-2H,0 solid phase. Previously,
Falabella [1975] reported the three-phase (ice-hydrate-vapor) equilibrium conditions of methane hydrates
at temperatures below 273 K. It should be noted that the equilibrium dissociation pressure of the methane
hydrate at 148.8K is estimated to be 5.3 kPa (approximately 40 torr). Therefore, it can be expected that the
methane hydrates are thermodynamically unstable at 100-160K and approximately 1077 torr; thus, they
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are preserved by the sheets of ice and/or the hydrated salt NaCl - 2H,0. In particular, the amount of methane
clathrate hydrates was nearly intact in the temperature range of 100-160K as seen in Figure 2c although the
pure methane clathrate hydrate was thermodynamically unstable at a pressure of approximately 10~ torr
[Falabella, 1975]. Bryson et al. [1974] investigated the sublimation rates and vapor pressures of H,O in the
temperature range of 131-188K, and the results demonstrated that the vapor pressures of H,0 at 131.8K
and 148.5K were 6.33x 107 '° and 4.70 x 102 torr, respectively. Upon increasing the temperature to 175K,
the vapor pressure of the H,0 increased significantly and resulted in 1.49 x 10> torr at 174.6 K. Therefore,
an abrupt change in the phase fraction near 160K (Figure 2c) is closely related to the vapor pressure of
the H,0. In the temperature range of 100 to 160K, the solid phases of ice and NaCl-2H,0 exposed to the
pressure of approximately 107 torr were thermodynamically stable and contributed to the strong preserva-
tion of the methane hydrate. However, upon increasing the temperature to >160K, the ice phase and
hydrated salt compounds began to have rapid sublimation; thus, a new set of diffraction peaks began to
grow (Figure 2b), which signaled the phase transition of NaCl - 2H,0 to crystalline NaCl solids. With a further
increase in the temperature, the amount of crystalline NaCl solids increased, as depicted in Figure 2c.

In order to clearly observe the formation of the crystalline NaCl solids during the hydrate decomposition, in
situ synchrotron XRD measurements were tested in the temperature range of 160-250 K using the methane
hydrate formed in the 4 wt % NaCl solution and 10 wt % NaCl solution samples. Figures S2 and S3 in the sup-
porting information present the enlarged XRD patterns of the methane hydrates formed in the 4 wt % and
10 wt % NaCl aqueous solutions between 15° and 40°. The normalized XRD intensity of the methane clathrate
hydrate and ice and the phase fraction of NaCl(s) as a function of the temperature and salt concentration are
depicted in Figure 2d. Due to the sublimation of H,O above 160K, the relative XRD intensity of the sl hydrate
and hexagonal ice phases rapidly decreased as the temperature increased, whereas the phase fraction of the
crystalline NaCl solids increased for both methane hydrates formed in the 4 wt % and 10 wt % NaCl aqueous
solutions. This is a clear demonstration that the rapid sublimation of H,O from the surface of the ice, methane
clathrate hydrate, and NaCl - 2H,0 accelerated the phase transition to crystalline NaCl solids in low-pressure
conditions (~1077 torr). In addition, the shape of the diffraction peaks for the crystalline NaCl solids began
broader than those of the ice and NaCl:2H,0. This is suspected to result from a crystal growth effect of
the crystalline NaCl solids via the migration of salt ions. At temperatures above 200 K, the XRD patterns clearly
indicated that only crystalline NaCl solids existed, as seen in Figures 2c and 2d.

The decomposition behavior of the methane clathrate hydrates that formed in the 0, 4, and 10 wt % NaCl
solutions was also investigated at an ambient pressure using Raman spectroscopy in the temperature range
of 130-270K as depicted in Figures 3a, 3b, and S4 in the supporting information. The Raman bands at
2905 cm ™" corresponding to the methane molecules in the large 5'%6 cages of the sl clathrate hydrates were
normalized using the Raman band at 3150 cm™', which represents the O-H stretching vibration of the water
molecules; then, their relative intensities were proposed as a function of the temperature (Figure 3c). Similar
to the decomposition behavior in low-pressure conditions (pressure = approximately 10~ torr), the amount
of methane clathrate hydrates remained nearly intact in the temperature range of 100-160 K; however, the
methane clathrate hydrates in ambient pressure exhibited a significant self-preservation effect in the tem-
perature range of 160-250K. In particular, it appeared that the suppressed decomposition behavior of the
methane clathrate hydrates with brine solutions was very similar to that of the pure methane clathrate
hydrates (Figure 3c). However, at temperatures above 255K, the Raman spectra of the methane hydrates
formed in the brine solutions disappeared (Figure S5 in the supporting information), which indicates the full
decomposition of the methane hydrates formed in the NaCl solutions.

In order to identify the true role of salts during the hydrate decomposition, solid-state >>Na MAS NMR mea-
surements were performed in the temperature range of 213-253 K for the methane clathrate hydrates that
formed in 4 wt % NaCl brine solutions (Figure 3d). A broad NMR signal was observed at 3.6 ppm, which indi-
cates the *>Na resonance peak of NaCl-2H,O at temperatures of 213K and 233K [Cho et al., 2002]. Upon
increasing the temperature to 253K, the broad NMR peak disappeared, whereas a new sharp peak was
observed at 0.8 ppm, which represents the *>Na resonance peak of the Na* in the aqueous salt solution
[Cho et al.,, 2002]. In particular, the eutectic transition in the NaCl-H,O binary system occurred at approxi-
mately 252K, where the NaCl:2H,0 melted in equilibrium with the ice and liquid [Linke, 1965; Marion
and Farren, 1999; Koop et al, 2000]. Therefore, the combination of the Raman and solid-state NMR
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Figure 3. Temperature-dependent Raman spectra of methane molecules trapped in (a) pure methane clathrate hydrate and (b) methane clathrate hydrate
formed with 4 wt % NaCl. (c) Normalized Raman intensity of methane molecules trapped in methane clathrate hydrate formed with and without salts. (d) Solid-
state 2>Na MAS NMR spectra of methane clathrate hydrate formed with 4 wt % NaCl. All Raman and NMR measurements were performed at ambient pressure.

spectroscopy indicates that the significant phase transition of NaCl-2H,0 occurred at the eutectic point
(approximately 252K), and thus, methane clathrate hydrates are fully decomposed in brine solutions at
temperatures above 252 K. However, at temperatures below 252K, the existence of NaCl-2H,0 induced a
negligible effect on the clathrate hydrate destabilization regardless of the salt concentration. These results
provide useful insights into the phase transition of clathrate hydrates in salt environments, particularly
under low-temperature and low-pressure conditions, which are similar to planetary environments, and
might be important for a better understanding of hydrate decomposition via salt migration.

4, Conclusion and Implications

The experimental results of the temperature- and pressure-dependent structural transformation and salt
migration of methane hydrates in salt environments were presented. The crystal structures and guest distri-
bution of the clathrate hydrates with and without salts were analyzed using the spectroscopic tools of XRD,
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Raman, and solid-state NMR spectroscopy. The methane hydrate that formed in the NaCl aqueous solution
exhibited slight changes in the hydrogen-bonded interaction between water molecules, even though the
addition of NaCl during the hydrate formation cannot affect the crystal structure and guest distribution of
the methane hydrate. Under low-pressure conditions, the methane hydrates in the salt environments
decomposed through rapid sublimation of the H,O from the surfaces of the ice, methane clathrate hydrates,
and NaCl - 2H,0, which led to the crystal growth of crystalline NaCl solids via migration of the salt ions. In
ambient pressure conditions, the existence of NaCl-2H,0 induced a negligible effect on the clathrate
hydrate destabilization regardless of the salt concentration. However, the methane clathrate hydrates were
fully decomposed in the brine solutions at temperatures above the eutectic point of NaCl - 2H,0.

The presence of methane and carbon dioxide clathrate hydrates within the Martian subsurface may be of
critical importance in understanding the geomorphic evolution of Mars. Recent findings also support the
hypothesis that hydrated salts and liquid water coexist on the surface of Mars [Ojha et al., 2015; McEwen
et al,, 2014]. Considering seasonal temperature changes on Mars, the stability of clathrate hydrates may be
influenced by the hydrated salts and/or brines penetrated into the Martian subsurface. In addition to this
Martian clathrate hydrate scenario, a similar hypothesis might be proposed for the plume of Enceladus
[Kieffer et al., 2006; Fortes, 2007]. Given that the plume consists of water vapor, salty-ice grains, and insoluble
gases such as CHy, CO,, and Ny, Enceladus is likely to have a salty subsurface ocean beneath its frozen surface
in the south pole where clathrate hydrates are formed and drive the plume [Postberg et al., 2009, 2011]. We
also know that the temperature in the south polar fracture regions “tiger stripes” is higher (110-180K) than
the mean surface temperature (80-90K) [Kieffer et al., 2006; Spencer et al., 2006; Showman et al., 2013;
Behounkovd et al., 2013]. Therefore, the plume composition through Enceladus’ cryovolcanism may undergo
variations depending on the regional changes in temperature and pressure. The in situ synchrotron
XRD experiments presented in this study would give good estimates in the phase transition of clathrate
hydrates in salt environments, especially under low-temperature and low-pressure conditions, similar to
these planetary environments.
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