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Melting phase relations in the methane-ammonia-water system up to 3 GPa have been obtained
in a series of in situ experiments in externally heated diamond anvil cells. The melting temperature
of methane clathrate hydrates increases rapidly above pressures of ∼ 1.5 GPa, and does not appear
to be significantly affected by the presence of ammonia. The reaction of the hydrate formation at
pressures 2 – 3 GPa is kinetically impeded. Our data show that the high-pressure methane hydrate has
the maximum melting temperature among the clathrate hydrates studied so far.
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Introduction

The behaviour of the methane-ammonia-water sys-
tem is extremely important for understanding the na-
ture and origin of the Titan’s atmosphere and Titan’s
interior structure [1]. Titan is a Mars-sized moon of
Saturn. It is the only moon in the solar system with a
dense atmosphere [2]. The atmosphere can mimic that
of the early Earth. Apart from the main constituent –
nitrogen – it also contains some 5% of methane. The
origin of methane in Titan’s atmosphere is now closely
attributed to high-pressure (few GPa range) physico-
chemical processes in Titan’s interior involving the
core. The main constituents responsible for these pro-
cesses are considered to be water, methane, and ammo-
nia [1].

The ammonia-water system has been studied rather
well at high pressures with ammonia concentrations of
less than 30% [3]. The melting temperature of ammo-
nia hydrates at a wide pressure range is lower than
the melting temperature of ice and the difference is
∼ 100 K at the eutectic (∼ 34% NH3) at least at low
pressures (up to 300 MPa) [4, 5]. This experimental in-
formation creates a basis for proposing the subsurface
liquid layer at Titan.

The melting curve of methane clathrate hydrates
was studied up to 0.4 GPa [6] and up to a maxi-
mum pressure of 1.5 GPa [7] – the pressure range
where two hydrate structures exist (MH-I* with the
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structure-I water framework [8] and MH-II with the
structure-H water framework [9]). At pressures higher
than 2.6 MPa, methane hydrates are more stable than
ice (i. e. they have a higher melting temperature). At
pressures above∼ 0.5 GPa, the decomposition temper-
ature of the hydrates does not depend significantly on
pressure [7]. At pressures higher than 1.5 GPa only r. t.
diffraction and Raman spectroscopic data have been re-
ported. The transition to a new high-pressure hydrate
(MH-III) has been found around 2 GPa at r. t. by means
of r. t. X-ray and neutron diffraction [10, 11] and Ra-
man spectroscopic measurements [12]. The new hy-
drate was found to have a new type of water frame-
work consisting of channels hosting methane in sto-
ichiometric composition, CH4 · 2 H2O. In diffraction
experiments at r. t., the hydrate was found to be stable
up to very high pressures [11, 13]. So far, the melting
curve of this particular hydrate at high pressures has
not been studied, and for reasons outlined above, it is
extremely important to model Titan’s interior [1], and
is the topic of this contribution.

Experimental Section

We performed two sets of experiments on the CH4-NH3-
H2O system with a slight excess of methane and ∼ 15 wt. %

* Following Loveday et al., 2003 [9], MH is an abbreviation for
methane hydrate; the numeration of the hydrates increases as the
pressure increases.
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Fig. 1. Representative syn-
chrotron X-ray diffraction pat-
tern of the H2O-CH4-NH3
sample at 2.75 GPa and r. t.,
with profile matching by Full-
Prof. A monochromatic beam
(λ = 0.7108 Å) was used as
the X-ray source and diffrac-
tion images were collected by
a MAR-345 imaging plate. Up-
per row of ticks: MH-III phase
(Imma, a = 7.892, b = 4.763,
c = 8.095 Å); middle: ice
VII (Pm3̄n, a = 3.346 Å);
lower: methane-I (Fm3̄m, a =
5.346 Å).

of ammonia in the initial water solution. Ammonia was
added to examine its influence on the phase equilibria of
clathrate hydrates. The sample was prepared by loading a
water-ammonia mixture in approximately half the volume
of the pressure chamber of a diamond anvil cell (DAC). By
measuring the melting temperature of the ammonia-water so-
lution upon cooling of the cell, the concentration was con-
firmed to be about 10 – 15 wt % NH3. The solution then was
frozen by liquid nitrogen and the remaining empty volume
of the pressure chamber was filled with liquid methane. Then
the DAC was sealed and heated to r. t. at pressures between
0.5 – 1 GPa. We used the modified Merill-Basset type DAC
with an electrical heating element described previously [14].
In the first set of experiments we used diamonds with a culet
size of 700 µm and gold-covered stainless steel gaskets. In
the second set, we used diamonds with a 300 µm culet and
rhenium gaskets. In both cases we did not observe any re-
action of the gasket with the water-ammonia-methane so-
lution. The melting curve was studied using in situ Raman
spectroscopy and visual observations simultaneously at the
same pressure and temperature conditions. For Raman and
ruby luminescence measurements, we used a LABRAM Ra-
man spectrometer with a He-Ne laser with the 632 nm red
line excitation. Diffraction patterns were collected at ESRF
at beamline BM01a using X-ray radiation of λ = 0.7108 Å.
A MAR-345 imaging plate detector placed at a distance of
340 mm was used to collect powder diffraction patterns in
Deby-Scherrer geometry.

The incongruent melting of methane clathrate hydrate was
studied using external heating in the DAC by simultane-

ous application and measurement of temperature and pres-
sure. The experiments were analysed using Raman spec-
troscopy coupled with visual observations. Measurements
of ruby luminescence were made at half transparent geom-
etry of the optical path of the Raman spectrometer. The
sample was observed through a CCD camera coupled with
the microscope. The laser light focused on the ruby was
weak enough to allow us to clearly observe the sample,
and at the same time the intensity of the laser light was
sufficient to collect a spectrum of the ruby luminescence.
Temperature was measured by K-type (or B-type at high
temperatures) thermocouples placed at the diamond-gasket
contact.

Results and Discussion

We performed experiments in the pressure range
0.5 – 3 GPa. The main phases present in the system at
pressures of 2 – 3 GPa, as determined by synchrotron
powder X-ray diffraction, are methane hydrate MH-
III, ice VII, and the phase-I of solid methane (Fig. 1).
Three phases coexist in the two-phase region due to a
very slow rate of hydrate formation at pressures above
2 GPa. A Raman spectrum (C–H stretching mode) 1 –
2 degrees below the melting point (497 K at 2.8 GPa)
contains bands both of the enclathrated CH4 molecule
and liquid methane (Fig. 2, bottom panel). With in-
creasing temperature, the C–H vibrations of the en-
clathrated methane molecules disappear as a sign of in-
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Fig. 2. Photomicrograph of the
sample in a pressure chamber
of a DAC just prior to decom-
position (p = 2.86(±0.1) GPa,
T = 496(±2) K, left) and
after decomposition (p =
2.73(±0.1) GPa, T =
498(±2) K, right) with
corresponding Raman spectra
of the C-H stretching mode
for CH4 molecules in each
phase. The area marked as “2”
refers to the clathrate hydrate
(left) and the methane + water
(+ammonia) mixture (right).
Area “1” is an excess of liquid
methane. Upper curves are
recorded for area “1”, lower
curves for area “2”. The shift
of the peak on the curve “2”
corresponds to decomposition
of MH-III to methane and
water.

congruent melting. The transition also can be detected
visually (Fig. 2, top panel).

In the pressure range of 0.5 – 1.5 GPa, the melt-
ing temperatures (±2 K at ∼ 350 K) of methane hy-
drates formed in the CH4-H2O-NH3 system do not dif-
fer significantly from that of clathrate hydrates in the
methane-water system [7]. At pressures of 2 – 2.5 GPa
the observed melting curve of excess (not reacted)
methane seems to be in good agreement with previ-
ously published data (Fig. 3).

Fig. 3. Decomposition curves of hydrates MH-I, MH-II and
MH-III. Open circles: present work; asterisks: ref. [7]; thin
solid line: water melting curve [15, 16]; vertical solid lines
going down from corresponding triple points: boundaries of
various ice modifications designated by corresponding Ro-
man numerals; thin dotted line: methane melting curve [17];
diamonds: melting of methane (this work). Quadruple points:
Q1: l1–h1–h2–l2; Q2: l1–h2–h3–l2. Notations for quadruple
points and three-phase coexistence lines: l1: water-rich liquid
phase; l2: methane rich liquid phase; h1: MH-I; h2: MH-II;
h3: MH-III; asterisks: observed sold phase transitions MH-I
→ MH-II and MH-II → MH-III [9, 12, this work]; lines link-
ing quadruple points and asterisks: schematic lines of coexis-
tence of two corresponding hydrate phases and a water (ice)
phase. The lines h1–h2–l2 and h2–h3–l2 are shown schemat-
ically according to Schreinemakers’ rules.

The experimentally determined melting curve of the
clathrate hydrates is shown in Fig. 3, together with
previous data on clathrate hydrates in the methane-
water system [7], the melting curve of ice [15, 16],
and the melting curve of methane [17]. The stability
field of methane clathrate MH-III begins at the quadru-
ple point l1-h2-h3–l2 at 1.4 GPa and 333 K and is re-
stricted by the three-phase three-component lines l1-
h3-l2 and h2-h3-l2 or l1-h2-h3 depending on methane
or water in excess (Fig. 3). The melting curve slope of
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the hydrate is much steeper as compared to the known
lower-pressure hydrates. The melting curve of methane
hydrate (this study) does not intersect with the melt-
ing curve of either ice (i–l1–l2) or methane (l1–l2–s).
The intersection of the hydrate melting curve l1-h3-l2
with both i–l1–l2 and l1–l2–s would imply the appear-
ance of the three-phase line i-h3–s which is a line of
pressure-induced decomposition of the hydrate to ice
and methane in a solid-state reaction. The irreversibil-
ity of the melting of the hydrate at around 3 GPa may
imply a significant effect of kinetics at higher pres-
sures, making the hydrate stable up to at least 42 GPa
[11, 13].

The melting temperature of methane clathrate hy-
drate is 497 K at 2.8 GPa and tends to grow with

pressure. Among the known clathrate hydrates this
temperature is the highest reported so far. The pre-
viously observed maximum temperature for melt-
ing of clathrate hydrates was 409 K at 2.9 GPa
for argon hydrate (at the maximum of the melt-
ing curve) [18]. In this context methane-water is the
most promising system for the study of weak in-
termolecular interactions at very high pressures and
temperatures.
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