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ABSTRACT

We present the in situ neutron diffraction data of a water and silica mixture at
high pressure and temperature. We show initially the formation of ice VI at 1.5 GPa
at 290K in the presence of crystalline SiO2, upon heating we observe its melting
at ~400 K. Upon further warming to 1200 K we observe melting of the crystalline
silica. Upon cooling to 290 K and recovery to ambient pressure we obtain a mixture
of silica in the coesite structure and liquid water. These results have implications
for the phase diagram of the coesite—water solidus and hence the behaviour of fluids
at mantle conditions.
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1. Introduction

At relatively modest pressures (1-2 GPa) the solubility of SiOy and other silicate min-
erals in HoO increases dramatically. Many geological processes are dominated by the
interaction of minerals and volatile components such as HoO under hydrothermal con-
ditions. For example, in the process of subduction, water and other volatile components
may be released and can cause melting in the overlying mantle. The resulting high-
density water-rich silica-melts, and silica-rich fluids are important in chemical transport
within the earth [1, 2, 3, 4, 5, 6], and continue to be the subject of considerable research
[1,7,8,9]. While many of these studies have focussed on phase relations and the chemi-
cal composition of coexisting phases [10, 11, 12, 13], there have also been in-situ Raman
studies on the silica speciation in these important geochemical fluids [14, 15, 16, 17].
The solubility of crystalline and amorphous silica (and other solutes) increases at
higher pressure, such that water rich fluids become more silica rich [18, 19]. Similarly,
the presence of water lowers the melting temperature of silica (SiO2) and other silicate
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minerals, as the reactions between between silica and water become energetically more
favourable [20]. At high pressures and temperatures, hydrous silicate liquids and silica-
rich fluids become completely miscible as illustrated in the simplest geologically-relevant
system SiO2-H20.[7] The fluid (H20) saturated melting curve for silica was studied by
Kennedy et al [7, 8, 21], this wet solidus was found to terminate in an invariant point,
often referred to as the ”"second critical point”, which marks the point at which the
hydrous melt and aqueous fluid become indistinguishable from eachother. The trace of
the apex of a melt/fluid solvus in P-T space defines a curve that separates fluid from
saturated melt in the sub-critical regime, whereas only a single fluid phase is present un-
der supercritical conditions. Figure 1 shows the dry-silica phase-diagram and the phase
relations for the Si02-HyO mixed system. The wet solidus curve is based on the studies
of Kennedy et al. [7] and Manning [20] which identify the regime where a homogenous
fluid is present. The invariant point (second critical point) for this system is identi-
fied at 1353 K and 1 GPa. The activity-composition relations (equilibrium coefficient of
reaction) have also been used to infer structural interpretations for the homogeneous
fluids [20]. There is near-constant activity (agio,) of SiO2 between 20 and 60 mole %
SiOs. At higher silica concentrations there is a change in solubility mechanics, and the
activity is directly proportional to concentration. There have been a large number of
studies of this and related geological relevant systems although there are few in-situ
diffraction studies of these systems. Fluids such as these are expected to comprise of
a mixture of monomers and dimers with the remaining fraction forming hydroxylated
oligomers.[16, 17, 22, 23]

In the present study, neutron diffraction is used to explore the structure of Si0Oy— Hs0O
mixtures at the pressures and temperatures of the supercritical regime. The corrosive
nature of water, and the requirement for relatively large sample volumes (compared to
diamond anvil cell based methods) makes the study of water-rich fluids under high-PT
conditions, technically very challenging. However, neutron diffraction provides a number
of distinct advantages to this work, primarily the relative scattering lengths between
the constituent components providing a good contrast in the data. We take advantage
of recent developments in high-pressure methodology to perform an in-situ neutron
diffraction study at elevated pressures and temperatures.

2. Experimental

High pressure time-of-flight (TOF) neutron powder-diffraction measurements were con-
ducted on the PEARL high pressure instrument (ISIS Neutron and Muon Facility, UK)
[24]. Crystalline SiOy (~ 10.41 mg) and liquid water (D20, ~14.25 mg) were sealed in a
Pt capsule (a 4mm tall cylinder with a 2.8 mm ID, and wall thickness of 0.1 mm) using
a ‘tungsten in inert-gas’ (TIG) welding technique. The capsule was then housed in an
MgO sleeve, and loaded into a pyrophylite gasket with graphite heater assembly [25].
50 pm thick Hf foils were placed between the MgO caps, and the Pt capsule for tem-
perature determination. The Paris-Edinburgh press [26] with tungsten carbide (WC)
anvils was used to pressurise the assembly. The sample pressure was determined from
the known equation-of-state (EoS) of MgO and the temperature was determined using
a calibrated Doppler line broadening of the Hf resonance with temperature [25]. The
TOF diffraction data were normalised and corrected using the Mantid package [27]. An
in-house correction for the wavelength and scattering-angle dependence of the neutron
attenuation by the WC anvils was applied to the observed pattern. GSAS and EXPGUI
were used for Rietveld refinement [28]. The scattering from the MgO, Pt capsule and
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Figure 1. The pressure-temperature phase diagram of the binary system SiO2-H20O. The fluid saturated
melting curve identified by Kennedy et al is shown as squares. [7] The critical temperature and pressure is
identified at 1 GPa, 1353 K [20] above which a single homogeneous fluid exists. The dry melting curve of
quartz is shown, based on the study of Hudon et al (2002) [30] and the « to B quartz transition and quartz-
coestite transitions are based on Mirwald and Massone [31]. Also shown are the positions of the quartz coesite
transition from Bose et al [32] and from Bohlen and Boettcher [33].

the anvil materials (WC and Ni binder) were accounted for by additional crystalline
phases in the Rietveld refinements.

Additional neutron powder-diffraction patterns were obtained from the recovered
sample out-with the Pt capsule, using the Polaris instrument (ISIS Neutron and Muon
Source, UK) [29]. The Time-of-flight diffraction pattern was collected from the sample
held in a 1 mm diameter quartz glass capillary in vacuum. Data acquisition time was of
the order of 12 hours.

Raman spectra were measured for all samples at ambient temperature. Spectra were
recorded in backscattering using an in-house system comprising a Princeton Instruments
SP2500i spectrometer equipped with a 1800 g holographic blaze grating. A diode laser
(A = 532nm) was focused using a 20x Mitutoyu objective lens with a laser power of
5mW at the sample position.



3. Results

3.1. In-situ Neutron Diffraction

Figure 2b shows the in situ neutron diffraction pattern of the as loaded mixture of
SiO5 and DO at room temperature at a pressure of 1.5 GPa. At these conditions DyO
solidifies into crystalline ice VI with a tetragonal structure [34]. Rietveld analysis of the
patterns gives the ratio of SiOy to DyO as 24% SiO4 (by mass of capsule prior to loading
was estimated to be 37% the difference in these two values is likely due to the illuminated
sample volume visible by the detectors being less than the total sample volume in the
capsule.). Upon heating to ~400 K the ice melted (as shown by the disappearance of the
crystalline ice reflections) and a liquid signal in the diffraction pattern appears (Figure
2¢) leaving only crystalline a-SiO9 [35] and and diffraction peaks from the Pt capsule
and WC anvils. Upon further heating to 1200 K (close to the limit possible with the
graphite heater assembly) no melting or changes in the crystalline SiOy is observed,
however, upon compression at this temperature the crystalline SiO, reflections are also
lost, leaving a more intense and modified liquid signal (Figure 2d). Thus at 1200 K and
3.5 GPa we measure a liquid mixture of SiOs and DsO. The liquid was quenched at high
pressure by gradually reducing the applied power to the furnace. The sample pressure
was then reduced back to ambient pressure. Upon recovery to ambient temperature and
pressure, some crystalline reflections reappear but are different to those observed prior
to heating. This result is in contrast to the recent work of Urakawa et al who rapidly
quenched (1000K s™1) a mixture of DoO and quartz SIO, from a pressure of 3 GPa and
1873 K and formed hydrous SiO9 glass.[36]

As a result of the high attenuation of the WC anvils, small sample volume, inher-
ently weak scattering from non-crystalline samples and the difficulty in measuring a
suitable background !, full correction of the liquid signal is not possible, and to obtain
a reproducible diffraction pattern of the pure liquid-signal in situ at high pressure and
temperature could not be obtained.

3.2. Recovery of Sample

Following the high pressure, high temperature experiment the gasket assembly was
retrieved, and the Pt capsule recovered and removed the surrounding MgO (as far as
possible). This was then placed into a V canister and the diffraction pattern obtained on
the PEARL instrument (Figure 3a). The pattern is dominated by the scattering from
the Pt capsule. However, small reflections are observed beyond ~2.3 A which are not
those of crystalline quartz SiO,. These instead index on a monoclinic crystal structure
similar to that of coesite (refined lattice parameters of a=7.151(7) A, b=12.350(9) A,
¢=7.175(4) A and $=120.28(5)° in the C2/c monoclinic space group and similar to that
reported previously[37]), see Figure 3. There is also a small non-crystalline profile to
the background of the diffraction pattern indicating either a glassy or liquid sample is
present. The Pt capsule was then opened in controlled conditions, and liquid water was
observed escaping the capsule, see Figure 3b. The capsule was then opened further and
clear crystallites were found within (Figure 3b). The Raman spectrum of the solid phase
was then obtained and is shown in Figure 3c. The Raman spectrum is in good agreement
with that reported previously for naturally occurring coesite, and is distinctly different

1Reconstruction of a suitable high temperature gasket assembly with similar scattering contribution of ma-
terials proved difficult to achieve satisfactorily, due to the highly plastic deformation of the pyrophyllite, and
deformation of the furnace components.
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Figure 2. In situ characterisation of silica and water interaction. (a) Raman of powdered crystalline quartz
structured SiO2. (b) Neutron diffraction pattern of crystalline quartz SiO2 and ice VI (D20O) within the PE press
at 1.5 GPa and 290 K. (c¢) Neutron powder diffraction pattern of crystalline SiO2 and liquid D20 at 1.5 GPa
and 400 K. (d) Neutron diffraction pattern of liquid SiO2 and D20 at 3.5 GPa and 1200 K. In panels b-d the
vertical tick marks show the reflection positions from (bottom to top) MgO (black), WC (red), SiO2(green),
Pt (blue) and D2O ice VI (magenta).



to that of the starting crystalline quartz SiOy (Figure 2a).

The recovered sample was then ground into a powder, placed in a glass quartz capil-
lary, and the diffraction pattern measured on the POLARIS instrument at ambient
conditions, see Figure 3d.[29] The glass capillary itself provides a structured back-
ground, which is quite dominant in the pattern due to the small recovered sample
volume (~10mm3). Tt is, however, clear that the sample consists of only crystalline
monoclinic coesite as shown by the tick mark indexing of the pattern in Figure 3d. The
coesite structure, as previously determined by Smyth et al [37], was Rietveld refined
against the diffraction pattern (Figure 3d), and the refined structural values are reported
in Table 1. Considering the above limitations, these values are in good agreement with
those reported from single crystal X-ray diffraction (Smyth et al) of naturally occurring
coesite, which are also reported in Table 1).

4. Discussion

Within the level of detection we are unable to see any demonstrable crystalline reflec-
tions in the in situ diffraction pattern of DoO and SiOg at 3.5 GPa and 1200 K. This
would imply that there is only liquid present in the illuminated sample volume. We note
that the neutron scattering of the liquid will be weak, compounded in the presence of
the strongly scattering anvils and background inherent to the gasket material. However,
even with the high counting statistics (in excess 24 hours for this data point) no crys-
talline reflections from SiOy are observed. The most intense reflections from coesite at
3.5 GPa are the 202, 002, 040 reflections (each with similar intensity) all centred at ~
2.93 A (based upon the non-uniform axial compression of the crystalline structure [38]).
However, we see no evidence of such reflections in the in situ diffraction pattern. This
observation of liquid SiOs and DO at 3.5 GPa and 1200 K has implications for the
phase boundary of coesite formation in the presence of water as it starts to show that
the SiO5 melting curve is depressed by the presence of water (as expected) and to our
knowledge is the first in situ experimental data point adding to the phase diagram in
this region. As we first cooled the sample slowly the SiOs crystallised out of the melt
into the stable phase at this pressure resulting in coesite in the presence of water. This
would suggest the presence of a second critical point for coesite, and a region of complete
miscibility between a silicate liquid and an aqueous fluid. There is however, no available
experimental data to indicate how the supercritical region for the two crystalline SiOq
phases are related.

Coesite, the high-pressure polymorph of SiOs, is a framework silicate that comprises
of four-membered rings aligned in chains parallel to the c-axis; interactions between
these chains result in the formation of 6- and 8-membered rings. Shorter distances be-
tween the oxygen atoms of the linked SiO4 tetrahedra mean that the structure is denser
than either quartz or cristobalite [37]. There are two non-equivalent SiO4 tetrahedra and
eight Si-O distances [39] and cristobalite can be viewed as a disordered phase closely
resembling an amorphous structure of linked tetrahedral units. Indeed, it has been re-
ported that cristobalite can nucleate and grow metastably from hydrous gels at ambient
pressure [40]. More recently it has been shown how the amorphous forms of SiOs are
related structurally to the crystalline forms in terms of connectivity and networks, by
comparison of diffraction patterns.[41] Coesite can be synthesised hydrothermally [42]
at the temperatures and pressures accessed by this experiment and the depression of
the melting point of coesite in the presence of water is consistent with the explorations
of phase relations of SiO9 and NaAlO, in the presence of water [31, 43]; the addition of



Table 1. Determined crystallographic parameters determined form synthetic coesite (this study) compared
to that determined previously by Smyth et al from naturally occurring coesite [37].

Parameter Synthetic Natural

a (A) 7.1379(17) 7.1464(9)

b (A) 12.375(2) 12.3796(19)

¢ (A) 7.1738(14) 7.1829(8)

B (°) 120.336(15) 120.351(12)

vV (A3) 546.92(11) 548.76(22)

Atom x Y z x Y z

Sil 0.149(4) 0.100(3)  0.064(5) 0.14302(4) 0.10832(2) 0.07231(4)
Si2 0.504(6) 0.161(3)  0.534(5) 0.50677(4)  0.15800(2) 0.54073(4)
01 0 0 0 0 0 0

02 0.5 0.119(2)  0.75 0.5 0.11643(7) 0.75

03 0.272(4) 0.117(2)  0.946(4) 0.26400(11) 0.12452(6) 0.93830(11)
04 0.306(3) 0.0978(17) 0.323(3) 0.31144(12) 0.10379(6) 0.32785(12)
05 0.017(3) 0.2153(15) 0.489(3) 0.01746(11) 0.21192(5) 0.47851(12)

water to the Na-Al-Si-O system results in complete melting at 3 GPa, 1300 K. It is easy
to envisage how coesite would nucleate from a high-density fluid; the silica-rich fluids
comprise H;Si04 monomers which become progressively polymerised as the SiOs con-
tent increases[16, 17, 9, 20]. Evidence supporting this concept includes the near constant
activity of SiOg close to the critical region [9], and the formation of stable Si,,O,,(OH)a,
ring structures, hydrogen-bonded to adjacent rings. There is further evidence from sim-
ulation and experiment to indicate the formation of stable Si,,O,,(OH)a,, rings [22, 23].
It is clear, therefore, to see energetic pathways to the formation of the crystalline phase
coesite, comprising different-membered rings, from a high-density fluid with a similar
but more disordered distribution of rings and polymerised hydrous silicate species.

5. Conclusions

We have performed neutron diffraction measurements in situ on a mixture of DoO and
crystalline SiO5 at high temperatures and pressures. The pressure and temperatures
accessed (3.5GPa and 1200K) lies within the coesite stability field but there is no
evidence for the presence of crystalline coesite in situ. We are confident that at the
highest pressures and temperatures achieved we have accessed a liquid phase, shown
by the progressive disappearance of characteristic Bragg reflections of a-quartz and
crystalline ice. We were unable to obtain the structure of the fluid phase in this current
experiment; measurement and evaluation of the liquid structure in the future is the
ultimate goal of these types of hydrothermal fluid experiments as progress in anvil and
gasket developments are made. The conditions of 1200 K and 3.5 GPa suggest we are
within the stability field of crystalline coesite however, within the limits of the diffraction
signal in situ, no crystalline coesite is present and we are led to conclude that in these
conditions the stable phase is a silica rich fluid consistent with the depression of the
melting point of coesite in the presence of water, and we provide the first experimentally
determined data point for the pressure temperature region of its existence. Upon slow
cooling, coesite nucleates and is recovered together with excess D5O.
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Figure 3. Characterisation of recovered coesite sample. (a) Neutron powder diffraction pattern of recovered
sample within Pt capsule. Vertical tick marks show the indexed position of Pt, crystalline SiO2 (in the coesite
structure), and MgO (top to bottom). Also present is a liquid water signal in the background signal as a
broad feature centered around 3 A. (b) Top right image of just opened Pt capsule with water escaping form
the opening and bottom left a piece of the recovered SiO2 solid. (¢) Raman spectra of solid recovered from Pt
capsule. (d) Neutron diffraction pattern of recovered crystalline phase (measured within a glass capillary). The
black circles are data points, red line is the Rietveld fit to the data, the blue trace the residual of the fit to the
data and the red tick marks are the expected reflection positions for the coesite.
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