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ABSTRACT

High purity natural based quartz is used as raw material for production of crucibles for solar-grade silicon
production. The crucible properties are strongly related to presence of water and hydroxyl groups in the raw
material. In this work, in situ temperature-dependent diffuse reflectance infrared (DRIFT) and Raman spec-
troscopy in the spectral range of the OH stretching modes, 3000-4000 cm ™), were used to investigate water
inclusions and hydroxyl groups at temperatures up to 800 °C. DRIFT shows that a substantial amount of liquid
water was removed at 700 °C whereas new silanol groups characterised by stretching modes at about 3650 cm ™
were formed above 200 °C. A surface OH mode was also identified by multivariante curve resolution (MCR) of
Raman maps. These surface OH groups were interpreted as the sign of formation of a hydrated layer at the
surface of inclusions. It was not possible to detect water signals in other types of structural defect like cracks.
Images were acquired in an in situ cell showing different stages of the rupture of an inclusion with a diameter of
~8 um between 400 and 500 °C. The in situ Raman spectrum of the inclusion water showed the typical liquid
water bands at room temperature with a maximum moving to higher wavenumbers with increasing temperature.
At 400 °G, the single peak at 3645 cm ™! indicated a situation close to the critical point, triggering rupture. The
rupture of such large inclusions was thus identified as the dominating channel for the removal of liquid water
inclusions. A small inclusion with a diameter ~4 ym, however, was stable even at 800 °C. These small inclusions
contain supercritical water, as evidenced by the sharp Raman peak at 3600 cm™'. Via the peak position, the
internal pressure in this stable inclusion was estimated to be 90 MPa. Stability may be facilitated by the for-
mation of a hydrated interfacial layer; the different reactivities of the inclusion fluid at different temperatures
leads to different interfacial structures at different temperatures. The presented evidence suggests that inclusions
with diameter in the range of few ym are the main source of remaining water and hydroxyl groups in thermally
treated high purity quartz sand.

1. Introduction

as raw material for the production of crucibles for photovoltaics grade
silicon. Despite of the low metal impurity content, this application also

Quartz is the second most abundant mineral in the earth’s crust and
the main constituent in hydrothermal quartz veins as well as zoned
pegmatite bodies (Deer et al., 2013). The latter are often a source of high
purity quartz (HPQ) which is an important raw material for the elec-
tronic and semiconductor industry. Quartz from small pegmatite bodies
has the highest lattice purity, however, it usually needs beneficiation
because of the presence of intergrown minerals like feldspar (Aasly,
2008). Upgraded pegmatite based HPQ exhibits extremely low levels of
lattice metal impurities (< 20 ppm) (Buttress et al., 2019) and it is used
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requires low levels of hydroxyl groups and molecular water; water or
hydroxyls are often present at interfaces, in defects or inclusions (Biro
et al., 2016; Fukuda et al., 2009; Aines et al., 1984; Gawel et al., 2020Db).
Presence of water can lead to hydrolytic weakening by hydrolysis of
Si—O bonds (Baron et al., 2015; Stiinitz et al., 2017),
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which may lead to deformation of crucibles at high temperature appli-
cation conditions because of a lowering of quartz glass viscosity. For
instance, 24 diameter crucibles are often kept for 100 h at temperatures
>1500 °C, while 32” diameter crucibles may have a working life of more
than 350 h (Franssila, 2010). Moreover, the presence of hydrogen from
water or OH groups triggers the formation of gasses which remain in the
crucible in the form of unwanted bubbles. Bubbles present during the
pulling of single crystal silicon ingots can lead to a reduction in quality
of the silicon product through the formation of crystal defects which can
result from the rupturing of the bubble through the crucible surface,
thereby reducing the production yield (Sabatino et al., 2017; Yamahara
et al., 2001).

One source of water are fluid inclusions. These inclusions are micron-
scale cavities which contain paleo-fluids physically trapped within
mineral grains in crystal lattice imperfections, in structural holes or
channels, or along grain boundaries (Roedder, 1984). In quartz they
originate from hydrothermal geological processes during deposition, or
from subsequent alteration events such as changes in pressure or tem-
perature. Fluid components in these inclusions are predominantly
aqueous solutions with variable concentration of K™, Na' and CI™, as
well as the gases CO, CH4 and Ny (Roedder, 1984). Accompanying solid
phases are predominantly halite (NaCl) and sylvite (KCl) precipitates
(Roedder, 1984) as well as amorphous SiO» and feldspars (Thomas et al.,
2012).

Upon heating a mineral grain which contains a liquid inclusion, the
inclusion may rupture or decrepitate when the internal pressure of the
fluid exceeds the confining pressure of the surrounding mineral grain.
Partial or full decrepitation events may be observed. The decrepitation
temperature is controlled by parameters such as size and shape of the
inclusions as well as properties of the host grain. Typically, fluid in-
clusions in quartz begin to rupture at temperatures below 600 °C with
two main stages: the first one between 150 °C and 500 °C, and the
second one at 573 °C (Barker and Robinson, 1984). At the latter tem-
perature, the a-f quartz phase transition occurs (Barker and Robinson,
1984). At temperatures above 374 °C and pressures above 22 MPa,
water exists in the supercritical state (Wagner and Pruf, 2002). It is
likely that reaction between quartz and supercritical water leads to the
formation of new hydroxyl species (Walther, 1986).

Clay inclusions are often a source of hydroxyl groups and a source of
the Al content in HPQ (Li and Chou, 2015). Moreover, metal ion im-
purities are also present in quartz lattices as point defects (Gotze and
Mockel, 2012). These defects often can be recognised by the presence of
OH stretching bands in the infrared (IR) spectrum (Rovetta et al., 1989;
Aines et al., 1984). Traditionally, the IR bands are assigned to Al-OH
stretching vibrations (Aines et al., 1984), however, some authors sug-
gest the presence of “hydrous point defects” in which water molecules
inside defects have hydrogen bonds (HBs) to neighbouring atoms,
similar to crystal water in hydrous minerals (Koch-Miiller et al., 2005).
These kinds of structures have been found in nominally anhydrous
minerals like olivine and forsterite (Wallis et al., 2019; Padron-Navarta
et al., 2014). However, there is little information about their presence in
quartz and in particular HPQ. At the interface HyO/SiO2, by using
vibrational spectroscopic imaging, a diffuse interfacial layer of a thick-
ness of several um has been shown to develop at room temperature
(Bergonzi et al., 2016). This observation indicates the possibility of
chemical reactions even at room temperature. An individual “model”
inclusion of water in quartz was studied recently by Raman spectros-
copy, and supercritical water was shown to develop at sufficiently high
temperatures (Zhou et al., 2019). The study of model water inclusion in
quartz during cooling enabled an exploration of regions of the water
phase diagram which are otherwise hard to access (Kriiger et al., 2019),
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and showed spectra of strongly hydrogen bound H0O in ice. Details
about the spectral features of water and surface hydroxyls will briefly be
summarised in Section 2.

As these examples show, vibrational spectroscopy based methods are
often methods of choice for the study of fluid inclusions, e.g. (Fries and
Steele, 2018). While the last decade saw an exploding number of studies
of fluid inclusions in minerals, many of them also using vibrational
spectroscopy, we are not aware of any in situ studies for processed HPQ
in powder form. HPQ is a particular challenging substrate for such
studies, as it contains only few fluid inclusions and many of the prepa-
ration techniques for cross sections as used to study inclusions in
extended, macro-scale mineral samples are not suitable. The difficulties
of microscopic inspection of these few inclusions highlights the need for
“chemical” methods for water detection, as discussed e.g. for the
example of structural water by (Sheng et al., 2016). The birefringence of
quartz leads to specific challenges concerning quantification (Caumon
et al., 2020).

Recently, we have studied the effect of thermal, chemical and me-
chanical treatment of adsorbed and inclusion water in high purity nat-
ural quartz (Gawel et al., 2020b). Inclusions were imaged by Raman
spectroscopy, and water removal by temperature treatment charac-
terised via post treatment IR, Raman and NMR spectroscopy (Gawel
et al., 2020b). Even after heat treatment to up to 600 °C, significant
fractions of the water inclusions were still present in the quartz. The
mechanism of its removal and the reactions between water and SiO at
higher temperature could, however, not be elucidated only from post
mortem investigations. On a general level, in situ studies circumvent the
problem of system changes during transfer from the treatment envi-
ronment to the analysis (Erbe et al., 2016; Erbe et al., 2018).

In this work, we applied in situ IR spectroscopy and Raman micro-
scopy during heating of high purity natural quartz up to 800 °C. Inspired
by the processing issues discussed above, we present an analysis mainly
of the OH stretching mode region of the spectrum. These experiments
shall enable the investigation of formation and condensation of various
hydroxyl species which exist only in a certain temperature range. The
focus is thus on the spectral features observed with changing tempera-
ture, their decomposition using e.g. multivariante curve resolution
(MCR), spectrum interpretation, and the structural implications of this
interpretation. This work shall neither focus on a full geochemical study
of the complete composition of the inclusion fluids, nor on a full analysis
of all the information contained in the spectra.

2. Important features of the vibrational spectrum of water and
hydroxyls in HPQ

Water and OH groups have been studied extensively by vibrational
spectroscopy, but different interpretations of the water spectrum exist
(Schmidt and Miki, 2007; Max and Chapados, 2002; Max and Chapados,
2009; Auer and Skinner, 2008), which have been summarised recently
(Gawel et al., 2020b). By combining in situ IR spectroscopy with
multivariate data analysis, specific water spectral features which change
with electrode potential in an electrochemical environment could be
extracted, peaking at 3350 and 3240 cm™! (Niu et al., 2017; Niu et al.,
2018). In addition to the modes of liquid water, surface water, and OH
groups which were extensively discussed in (Gawel et al., 2020b), in situ
temperature dependent measurements may yield spectra of water in the
gas phase or, above the critical point, of supercritical water. At room
temperature, the spectrum of gaseous water is dominated by the sym-
metric stretching mode at 3654-3657 cm ™! (Penney and Lapp, 1976;
Frantz et al.,, 1993; Walrafen et al., 1999; Zhou et al., 2019). With
increasing temperature, this peak shifts to lower wavenumber (Walrafen
et al., 1999). The exact position is closely related to the density of the
developing fluid (Yasaka et al., 2007; Tkushima et al., 1998; Frantz et al.,
1993).

The DRIFT spectrum of a typical HPQ sample is shown in Fig. 1.
Because of strong absorption from overlapping Si—O related bands
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Fig. 1. IR spectrum of typical HPQ sample with peak fitting (envelop line).
Peaks assigned to hydroxyl groups (mostly Si—OH), the OH stretchinng mode
of interfacial water and from bulk water are shown with different line types.
Figure based on (Gawel et al., 2020b).

(including overtones) below 3000 cm ™!, only the range between 3800
cm ™! and 3000 cm™! of the absorption spectrum of the quartz samples
was used. This region mainly comprises the OH stretching modes. The
assignment has been discussed in detail elsewhere (Gawel et al., 2020b).
The bands can be divided into 5 main groups:

Non-HB and weak HB surface silanol groups at wavenumbers 3750
cm ! and 3720 cm ™! (Dalstein et al., 2017);

H-bound silanol indicated by the presence of a band between 3700
em~!t03650 em ™! (Gallas et al., 2009), only present in non-calcined
samples;

Molecular water, including adsorbed water, with broad features;
Peak at 3600 cm ™! assigned to surface-bound water (Comas-Vives,
2016; Gaigeot et al., 2012), peak at 3470 cm ™! to Si—OH with HB to
water, peaks at 3375 em ! and 3246 cm™! to water with HB-patterns
corresponding to the liquid state (Schmidt and Miki, 2007; Max and
Chapados, 2002; Auer and Skinner, 2008; Bergonzi et al., 2014;
Maréchal, 2011);

Defect related bands; Peak at 3595 cm™! identified as the B-OH
stretching mode (Thomas et al., 2009; Jollands et al., 2020), band at
3585 cm™! as related to OH groups in dislocations (Stalder and
Konzett, 2012) or OH™ defect (Jollands et al., 2020), sharp peaks at
3420 cm ™!, 3374 cm ™! and 3310 cm ™! as related to Al-rich defects
(Aines et al., 1984; Hadjiivanov, 2014; Jollands et al., 2020);

e Si—O overtones; Peak at 3200 cm ™! difficult to assign, however, is
likely attributed to Si—O overtones (Thomas et al., 2009);

Solid inclusion related bands; Peaks at 3146 em ! and 3035 cm ! are
rarely discussed in literature, however these bands could be related
to the presence of clay-like solid inclusions (e.g. muscovite) (Kro-
nenberg et al., 2017).

3. Materials and methods

Raw and processed data from this study is available online (Gawel
et al., 2020a).

3.1. Materials

HPQ samples used in this work were prepared at The Quartz Corp
from ore originating from the Spruce Pine deposit, North Carolina, USA.
The originally mined ore was subjected to a series of controlled pro-
cessing steps like crushing, flotation, acid leaching and thermal treat-
ment. The final quartz product was a powder with 230 ym median
diameter, with <10% of particles larger than 400 ym and <10% smaller
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than 120 ym and more then 99.99% purity. More details on the sample
treatment and the trace element impurities are available elsewhere
(Gawel et al., 2020Db).

3.2. Methods

3.2.1. DRIFT spectroscopy

In situ DRIFT experiments were performed using a Vertex 80v
spectrometer (Bruker) fitted with a Praying Mantis accessory and a high
temperature reaction chamber (Harrick). The setup consists of a Harrick
Temperature Controller (HTC) operated from a computer using the
TempLink software designed to link the HTC and Bruker’s OPUS soft-
ware which is used to control the spectrometer. This combination en-
ables an automatisation of temperature dependent in situ experiments.
DRIFT Spectra were acquired by averaging 100 scans at 4 em ™! reso-
lution using a liquid nitrogen cooled Mercury Cadmium Telluride (MCT)
detector.

The spectrometer was equipped with a homemade add-on to assure
vacuum in the sample compartment of the instrument during the ex-
periments. At the same time, argon feed through lines were available to
control the atmosphere in the Praying Mantis chamber.

Measurements were preformed every 50 °C or 100 °C between room
temperature and a nominal temperature of 700 °C. Since the tempera-
ture sensor wasn’t placed inside the quartz sample, but below the sample
holder in the in situ chamber, the actual temperature of quartz was
slightly lower. The difference was up to 50 °C and the deviation was
largest at high temperatures.

Collected reflectance spectra measured at different temperatures
were divided by a reference spectrum of KBr powder (FTIR grade, Alfa
Aesar) measured at room temperature. The baseline of these normalised
spectra was fitted with a polynomial which was then subtracted. Finally,
the spectra were converted to absorbance.

Peak fitting of the spectra was performed using the software Fityk
(Wojdyr, 2010). Multivariate analysis was performed with the software
Unscrambler (https://www.camo.com/unscrambler/). The standard
multivariate curve resolution with the alternating least squares (MCR-
ALS) algorithm from Unscrambler was used. For analysis, absorbance
spectra measured at room temperature were used within the range be-
tween 4000 cm ™! and 3000 cm™}, with the constraint of non-negative
concentrations and spectral intensities for all components. The spec-
tral window was limited on the low wavenumber side by the onset of
strong harmonic absorption from SiO2. Most of the variance of the OH
stretching mode region spectra was described based on 3 components.

3.2.2. Raman spectroscopy

In situ Raman spectroscopy experiments were performed using a
general purpose confocal Raman microscope (Alpha 300 R, WiTec) in a
backscattering geometry. The same high temperature reaction chamber
(Harrick) used in the DRIFT experiments was used here in a configura-
tion equipped with a flat glass window on top suitable for Raman ex-
periments. The spectra were collected over a range from 100 cm ™! to
3800 cm ™! with a spectral resolution of 1 cm ™! at an excitation wave-
length of 532 nm (frequency-doubled Nd-YAG laser operating at 66 mW
power). Illumination and detection were performed through a micro-
scope objective of 50x magnification, numerical aperture of 0.75. The
experiments were performed between room temperature and nominally
800 °C. Both point measurements and mapping at room temperature
were performed, and only point scans at elevated temperatures as
spectral mapping was prone to technical challenges in the in situ cell.
The resulting hyperspectral images were analysed using the True
Component Analysis algorithm implemented in WiTec Control 5.2
software.

MCR analysis as described in Section 3.2.1 was also performed for
Raman data; in this case the range was between 3800 cm ™! and 3000
cm!. The same constrains and number of components as for the IR
spectra (Section 3.2.1) were used.
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4. Results
4.1. Characterisation of HPQ sand at ambient conditions

A micrograph of a quartz sample is shown in Fig. 2A, with an arrow
marking a water inclusion. The diameter of this inclusion is ~2 ym and it
is barely discernible in the visual image. This situation is typical for the
investigated quartz powder; because of the small size and location under
the quartz surface both bright and dark field microscopy gave very low
contrast. The presence of imaging artefacts, the diameter in the low ym
region and the presence of empty inclusions make the visual detection of
fluid containing inclusions even more difficult.

A Raman spectrum of this inclusion is presented in Fig. 2B. The
spectrum shows only quartz related modes (McMillan and Hess, 1990;
Ichikawa et al., 2003) and weak bands in the OH stretching mode region
between 3000 cm ™! and 3800 cm ™.

To separate the different dominating components in the Raman
spectrum, Raman mapping with analysis of components using the
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Fig. 2. (A) Micrograph of HPQ, a water inclusion is marked with an arrow. (B)
Corresponding Raman spectrum of the region containing the inclusion shown in
(A); a constant offset slightly below the minimum measured intensity was
subtracted from the measured intensity. Assignment of important characteristic
modes is shown together with the observed peak wavenumber.
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TrueComponent analysis of the instrument’s control software was per-
formed. Results from an image are shown in Fig. 3; spectra are available
in the data package (Gawel et al., 2020a). These images show 3 main
components. Component 1 fills the area around the inclusion and shows
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Fig. 3. Raman mapping of a mixed water/SiO, containing solid inclusion. A -
Microscopy image; B - Raman map from the highlighted area in A, showing the
distributions of the components with the spectra shown in C; C - Spectra of the
identified components using the instrument control software’s TrueComponent
analysis (Component 1 - Quartz, Component 2 - Water, Component 3 - SiO»-
based solid inclusion).
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only peaks from quartz, as e.g. (Etchepare et al., 1974; McMillan and
Hess, 1990; Dolino and Vallade, 1994). Component 2 contains the
typical spectrum of liquid water with broad peaks in the OH stretching
and bending mode regions, and no sharp peaks. Component 3 is domi-
nated by the sharp modes of quartz, but in a significantly different in-
tensity ratio as component 1. Component 3 is located around the fluid
inclusion mainly consisting of water. There are no additional peaks
present in this component that would point to the presence of e.g. salts.
The difference in intensity of the modes between the main quartz
component (component 1) and the solid inclusion component (compo-
nent 3) is likely related to the presence of a quartz phase with a different
crystallographic orientation, also, possibly, with an amorphous
component. Component 3 contains in addition a weak peak at ~3500
em™?, indicating the presence of OH in this solid phase. The minor peaks
in the region between 1250 and 3000 cm ™! are present in component 1,
i.e. distributed throughout the matrix, with exception of the OHj
bending mode, which is as expected present in component 2 (details see
(Gawel et al., 2020a)). In this inclusion, there is thus no evidence for the
presence of other inclusion fluids." The minor peaks between 1250 and
3000 cm ! are thus most likely combinational modes or harmonics from
quartz. The size of the inclusion in this case was about 5 x 2 ym?. Water
(Component 2) was present inside the inclusion but it filled only a minor
part of it. The solid component (Component 3), however, was the major
component in this inclusion.

4.2. In situ characterisation of liquid inclusions in heat treated HPQ
samples

4.2.1. Raman mapping

Fig. 4 shows a series of micrographs containing a highlighted water
inclusion, recorded at different temperatures. While the inclusion is
round initially, it changes shape between 200 and 400 °C. Raman
spectra recorded at the inclusion position (Fig. 5) at room temperature
showed a spectrum which clearly resembles the spectrum of liquid
water, e.g. (Walrafen et al., 1999; Auer and Skinner, 2008). The peak
maximum gradually shifted toward higher wavenumbers with

increasing temperature. At 400 °C, only a narrow peak at 3645 cm ™! is

2000 E ‘
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Fig. 4. Micrographs of an inclusion in quartz grains acquired at different
temperatures as indicated in the respective panel. Corresponding Raman
spectra of the inclusion are shown in Fig. 5.

! When comparing spectra to the spectra of other typical inclusion fluids such
as CHy, COz and Ny, e.g. (Naglik et al., 2017; Caumon et al., 2020; Hagiwara
et al., 2021), only the peak at ~ 2330 cm ™' matches approximately the position
of the NN stretching mode in Nj, however, the observed peak is much wider
than the peak of a gaseous N, stretching mode.
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Fig. 5. Insitu Raman spectra of the inclusion shown in Fig. 4 heated from room
temperature up to 500 °C. Intensities up to 400 °C have been normalised to the
maximum intensity with a subsequent baseline subtraction. At 500 °C, no OH
stretching mode was detected; the intensity scale for this spectrum is the same
as for the 400 °C spectrum..

present, indicating the absence of strong hydrogen bonds. In Section 5.2,
this peak will be assigned to the symmetric stretching mode of a fluid
close to or above the critical point.

At 500 °C, no signs of water were recorded in the spectra, which
means that all water leaked from the inclusion likely through a crack
which is shown to develop in Fig. 4. This inclusion also showed spectral
signatures of gaseous CO» and N», with sharp peaks at 1390 and 2330
cm_l, respectively, e.g. (Hagiwara et al., 2021); c.f. (Gawel et al.,
2020a) for the full spectra. At the lower temperatures in this series, the
integrated intensities of the CO, were ~1% of the water intensities. Even
if we take into account the fact that at 532 and 514 nm excitation
wavelength, respectively, the Raman scattering cross section per mole-
cule of liquid HyO (Plakhotnik and Reichardt, 2017) is ten times as high
as for the 1390 cm™! CO, peak (Penney et al., 1972), liquid water is still
by far the dominating species. A full quantification of the different
spectral components is even more challenging than described by (Cau-
mon et al., 2020) due to the powdered nature of the samples and was
thus not attempted. The intensity of Ny was only slightly above the noise
level at the lower temperatures. The characteristic peaks of CO2 and Na
are below the noise level at 500 °C.

In Fig. 6, a micrograph and Raman maps before and after in situ heat
treatment experiments at 800 °C are presented. The Raman maps
highlight the distribution of water around a water inclusion with a
diameter of ~4 ym. In this case, water was present also after treatment at
800 °C. The location of the water inclusions was shifted compared to the
original map. The shape of the water peaks used for the maps were
similar in both cases.

Fig. 7 shows Raman spectra of one of the smaller inclusions. The
spectra were similar to those shown in Fig. 5. The water peak maximum
was shifted with temperature towards higher Raman shift. However, at
700 °C and 800 °C, a band at ~3600 cm~' was observed which is
different than the OH stretching mode at about 3645 cm ™! observed in
the larger inclusions at lower temperature (Fig. 5). This peak will in
Section 5.2 be assigned to supercritical water. In the spectra from this
inclusion, no signatures indicating the presence of CO2 or Ny were
detected.

An MCR analysis of the spectra from Fig. 7A shows three main
components (Fig. 7B) and their contributions (Fig. 7C). Component 1
with maximum at 3600 cm ™! increases its contribution at 400 °C. Its
assignments will be discussed at length in Section 5.2. Component 2,
with its main contributions at 3400 cm ™! and 3240 cm ™! is close to the
typical spectrum of liquid water. The intensity of this component van-
ishes above 400 °C. Component 3 contributes mainly to the spectra
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Fig. 6. Micrograph of quartz grain (A) with corresponding Raman scanning maps of the area indicated by a red square in (A) before (B) and after (C) heat treatment
at 800 °C. Raman maps represent false colour images obtained as output of the instrument software’s True Component Analysis. Blue colour represents a component

identified as liquid molecular water based on the shape of the spectral features.

between 200 °C and 600 °C, and will in Section 5.2 be assigned to the
presence of surface silanols.

4.2.2. DRIFT spectroscopy

Spectra from in situ heating experiments are shown in Fig. 8. The
largest decrease of absorbance was observed near 3400 cm ! (Fig. 8B),
related to removal of molecular liquid water from inclusions (Section
4.1). This observation is in line with expectations based on literature
(Stiinitz et al., 2017; Fukuda et al., 2009; Gallas et al., 2009). Further-
more, removal of species at 3650 cm ™! associated with bridged OH
species at grains boundaries was also observed. Along with removal of
water, new peaks were observed at 3720 cm ! and 3750 cm L. These
peaks indicate the formation of new terminal bridged hydroxyl groups
and non-HB hydroxyl species, respectively (Section 4.1). Peaks related
to Al-rich defects were stable even at 700 °C.

MCR analysis results of the DRIFT spectra are presented in Fig. 9.
Fig. 9A shows the resulting component spectra, while Fig. 9B shows the
relative content of each component. This content is estimated based on
the unrealistic assumption of equal molar absorption coefficients of
different components and may differ from actual composition. A com-
parison of the spectra with the peak assignments shows the nature of the
different components. At the same time, such a comparison also aids a
validation of the assignments presented in Section (Section 4.1).
Component 3 is related to Al-rich defect related OH species. Component
2 represents molecular and confined water, and component 1 isolated
and HB hydroxyl groups. The temperature dependence (Fig. 9B) showed
that Al-rich defect OH groups content did not change significantly
during heat treatment while water content was decreasing. The highest
change was observed at temperatures above 600 °C which corresponds
to the “dewatering peak” reported previously in literature (Barker and
Robinson, 1984; Kendrick et al., 2006). An important observation was
that the Si—OH component increased from 200 °C until 600 °C. The
onset of the increase corresponds to the onset of the decrease in the
molecular water content. This behaviour is a sign of hydrolysis reaction
1).

The relative content of the Si—OH component, component 1,
decreased above 600 °C. In this temperature range, the majority of the
water was removed from inclusions, and thus, condensation reactions of
OH in appropriate geometric arrangement may be stimulated. It is likely
that most of these reactions occur at the inside of previously water-filled
inclusions.

The spectrum of component 2, representing molecular liquid water,
also contains a peak related to the presence of silanols bound to water
likely inside inclusions (peak at 3650 cm ™). The spectrum of compo-
nent 1 showed not only peaks above 3700 cm™?, but also in the range
3100 cm™! to 3400 ecm ™, which are typically associated with Al-rich
defects (Section 4.1). There is thus a significant overlap between the
spectral components in the spectra of components 1 and 3. The fact that
MCR analysis groups some of the peaks of the OH in Al-rich defects

together with unbound Si—OH may be an indication that a fraction of
the Al-OH rich defects changes in the same manner as Si—OH groups on
the surface. The occurrence of these peaks in both components is also a
clear sign of the limitations of MCR in this case.

5. Discussion
5.1. Weighting differences between DRIFT and Raman

The Raman and DRIFT spectra showed significant differences, which
are related not only to the different selection rules, but also to the
different sensitivity and averaging in the two different methods. Raman
experiments show mostly water related modes whereas in DRIFT, bands
related to OH groups were also present. Raman spectroscopy is highly
suited to investigate the majority species in the illuminated, localised
area on the order of 1 ym. DRIFT on the other hand gives an average,
possibly representative information over the complete sample, including
interfacial contributions which are difficult to elucidate from Raman.
DRIFT is a highly sensitive method, thus, overtones of the Si—O modes
make it challenging to analyse the region below 3000 cm ™.

Because of its high sensitivity towards interfacial species, DRIFT
spectra naturally show signatures of surface OH groups. In some cases,
multivariate analysis of inclusions gave the possibility to identity also
corresponding OH modes in Raman maps. In our experiments, silanols
groups were detected along with water in the investigated inclusion.

5.2. Assignment of OH spectral features

The DRIFT spectra can be understood based on the assignment pre-
viously reported and summarised in Section 2 (Gawel et al., 2020b). Also
the MCR components did not reveal new features.

Raman spectra of individual inclusions at room temperature show
the typical spectral signature of liquid water, which shall not be dis-
cussed here in detail. In line with a series of investigations of the water to
temperatures above the critical point (Frantz et al., 1993; Walrafen
etal., 1999; Ikushima et al., 1998; Yasaka et al., 2007; Zhou et al., 2019),
the peak maximum moves to higher wavenumbers with increasing
temperature, while the peak becomes narrower. We will argue here that
in both inclusions, the sharp and clearly visible peak at the highest
temperatures is an indication of the symmetric stretching mode of su-
percritical water inside the inclusion. For both inclusions, the absence of
a second, separated maximum indicating a pure gas phase is the stron-
gest argument for the presence of supercritical water in the inclusions.

The 8 um inclusion showed a peak at 3645 cm™* at 400 °C, and no
water peak at 500 °C. At a temperature above the critical temperature,
the peak is below the room temperature gas phase peak position of
~3655 cm ! (Walrafen et al., 1999). Data from (Frantz et al., 1993)
shows at 401 °C a peak at 3640 cm™! at a pressure of 23.4 MPa, i.e.
slightly above the critical pressure. Data from (Ikushima et al., 1998)
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Fig. 7. A —In situ Raman spectra of an inclusion in HPQ with a diameter of ~4
pum recorded from room temperature up to 800 °C. B — Component spectra
obtained from MCR analysis of the spectra in A. C — Temperature-dependent
arbitrary scaled concentration of components displayed in B.

shows at 375 °C peaks slightly below 3650 cm™! around the critical
pressure. On the other hand, data from (Yasaka et al., 2007) shows for
400 °C that a peak at ~3645 cm ™! corresponds to a density of ~0.05 g
cm’3, indicating a pressure of ~13 MPa (Wagner and PruB, 2002; Orlov
and Ochkov, 2013) which is below the critical pressure. (Yasaka et al.,
2007) also highlight their disagreement with (Ikushima et al., 1998) for
the region around the critical point. As no water vapour spectrum was
detected at 500 °C in our experiment, but water vapour at ambient
densities must have been present, we conclude that the pressure in this
inclusion before rupture must have been around the critical pressure of
~22 MPa. The large fluctuations in the critical region make accurate
determinations difficult.

The 4 ym inclusion shows a peak at 3600 cm™! which clearly is
indicating supercritical water at 700-800 °C. The data from (Yasaka
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up to 700 °C. A - Original spectra, B — difference spectra (absorbance at tem-
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et al., 2007), in line with earlier studies (Ikushima et al., 1998; Frantz
et al., 1993), indicates the presence of a supercritical water phase of a
density 0.2 g cm~>. The shape and recording parameters for these peaks
were very similar to those for the 8 ym inclusion.

The MCR results of the temperature dependent Raman features help
in the further assignments of the features by facilitating a deconvolution.
Component 2 in Fig. 7 agrees well in shape with the well-known spec-
trum of liquid water at room temperature (see Section 2). Component 1
in the same figure is the component assigned in the previous paragraph
to supercritical water. A component at its peak wavenumber of 3600
cm ! appears to be present also in the liquid water. However, compo-
nent 2 shows a dip at the peak wavenumber of component 1, and this dip
is not present in the spectrum of liquid water. It is thus likely that the dip
in the spectrum of component 2 is an MCR artefact, which would imply
that the structural reason for the presence of the feature at 3600 cm™! in
room temperature liquid water is different from the mode in supercrit-
ical water. In room temperature liquid water, this feature has in the IR
been assigned to combination of v; +u1, stretching bands of molecular
water (Max and Chapados, 2002).

Component 3 (Fig. 7) shows strong contributions at wavenumbers
between 3500 and 3600 cm ™. Based on IR assignments for liquid water,
its presence at intermediate temperatures could represent a combination
of vy +vry stretching modes (Max and Chapados, 2002), or a mode of
undercoordinated water (Bergonzi et al., 2014; Schmidt and Miki,
2007). However, a liquid water component should follow the same
temperature dependence as the main liquid water spectrum, and thus,
by MCR it should be impossible to separate it from component 2. Thus,
we reason here that this component is the same as detected in the IR
where it has been assigned to the presence of water molecules H-bound
to surface silanols (Gawel et al., 2020b; Gaigeot et al., 2012; Gierada
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et al., 2019; Comas-Vives, 2016). While the MCR results of the DRIFT
spectra (Fig. 9) do not show a component identical to the component 3
from Raman MCR, the DRIFT component 2 has a very strong absorbance
in the region as discussed and is clearly related to surface hydroxyl
groups. Surface hydroxyl detection in Raman spectroscopy requires a
substantial volume to be filled with the species, i.e. a certain surface
roughness or porosity of the internal surface of the inclusions.

5.3. Transformations of water filled inclusions

DRIFT spectra do not display a component that can be attributed to
the supercritical water component discussed above. The absence of such
a component in DRIFT indicates that formation of supercritical fluid in
the inclusions is a distributed event in which different inclusions will
rupture at different times or temperatures. Since components at the
same wavenumber are also contained in other DRIFT spectra, the special
features from “supercritical inclusions” are likely obscured by the many
other components.

The close relation between peak wavenumber of the Raman sym-
metric stretching mode of a water fluid and the density (Frantz et al.,
1993; Yasaka et al., 2007; Ikushima et al., 1998) enables an estimate of
the fluid density based on the Raman results, assuming the presence of a
pure fluid. Using the IAPWS water equation of state (Wagner and Pruf,
2002; Orlov and Ochkov, 2013), the observed density at a set temper-
ature can be used to estimate the maximum pressure pp,x observed in-
side the inclusion. These estimates are compiled in Table 1.

It is clear from fundamental physical chemistry that below the crit-
ical point, both liquid and gas phase exist. Thus, at room temperature,
inclusions may exist which have both a liquid and a gas phase, e.g. (Zhou
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Table 1

Conditions inside inclusions, assuming in first approximation the presence of
pure water. The ~8 ym inclusion ruptured above the temperature indicated
here, while water was still observed in the ~4 ym inclusion up to the experi-
mental limits in this work.

D" Raman shift” Trmax p(H,0)¢ DPmax”

pm em™! °C g em ™3 MPa

~8 3645 400 0.05-0.1 13-22
~4 3600 800 0.2 90

@ Approximate diameter D of the investigated inclusion.

b Raman shift of the water peak at Tpax.

¢ Maximum Temperature Tpay at which water was detected.

4 Density p(H20) of water from Raman peak.

¢ Maximum pressure ppmax in inclusion based on IAPWS equation of state
(Orlov and Ochkov, 2013).

etal., 2019; Hagiwara et al., 2021). Here, however, such inclusions were
not clearly observed, due to the technical challenges getting well-
resolved images of these relatively small inclusions, especially in the
in situ cell through its top window. Indeed, also quantification has been
found challenging for water inclusions $10 ym (Kotov et al., 2021),
presumably because of the aperture constraints in their confocal imag-
ing. The inclusions in Fig. 6 may contain both liquid and gas phases.
Because of the imaging challenges, the homogenisation temperature
could not be determined accurately in this work, which would have been
an alternative method to determine when an inclusion reaches the
critical point. The fact that the spectra nevertheless show such a tran-
sition reveals the strength of the method used here to estimate condi-
tions from the Raman spectra. On the other hand, the Raman method has
also disadvantages, discussed and compared e.g. by (Hagiwara et al.,
2021). Furthermore, the quartz samples here are processed samples, and
the processing may have lead to release of part of the inclusion fluids;
indeed, also monophase inclusions have been observed in synthetic in-
clusions (Qiu et al., 2016).

More information on the pressure on the quartz side of the inclusion
could be expected to be obtained from analysis of the main A; mode of
quartz in the region between 460-470 cm ™, as e.g. shown by (Mercury
etal., 2021). Applying the calibration data from (Schmidt and Ziemann,
2000) based on the full width at half maximum of the main quartz A;
mode did, however, not yield meaningful results, possibly because of a
superposition of different contributions. On the other hand, the peak
maximum shifted by ~5 cm ™! to lower wavenumbers in the temperature
range 25-500 °C, vs. ~7 cm~'in the quartz reference data (Schmidt and
Ziemann, 2000). These differences indicate a difference in stress state
and thus pressure.

As the data in Table 1 shows, the 8 ym inclusion ruptured at a lower
pressure than present in the 4 ym inclusion; the latter was still stable at
significantly higher temperature. While the data presented here has
individual character, the observation of small, ym size water inclusions
that survive high temperature treatment has also been evidenced in post
mortem investigations (Gawel et al., 2020b).

The reasons for the different stability could be related to

. local differences in mechanical properties of quartz,

. different microstructure of HPQ around the inclusion,

. the composition of inclusion fluids,

. a buildup of a silica interface in the small inclusion which increases
mechanical stability, or

5. different reactivities of the fluid at the different temperatures,

A WN =

which shall be discussed in the following.

(i) Mechanical properties. Many experimental data show that the
maximum pressure inside a fluid inclusion depends on its size, shape,
composition and density, as well as on the mechanical properties of the
host mineral. Pressures of fluid inclusions calculated from rupture
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temperatures in various mineral phases (e.g., olivine and quartz) indi-
cate that the fluid overpressure required to cause rupture inversely
correlates with the inclusion size; this observation is typically being
related to defects in the inclusion surface scaling inversely with size
(Bodnar et al., 1989; Wanamaker et al., 1990). Also regimes with
negative pressure are important under certain circumstances (Mercury
et al., 2021). In this context, the local microstructure must be the un-
derlying reason, see (ii).

(ii) HPQ microstructure. Differences in microstructure around in-
clusions, such as nature of grain boundaries or vicinity of defects, are
likely to contribute to differences in the energetics of inclusions
rupturing. With the methods used in this work, no comment on the
details of this point can be made. On the other hand, the differences
observed here in situ and previously post mortem (Gawel et al., 2020b)
are first and foremost related to the size of the liquid domain, and it is
not immediately obvious (though via different mechanisms not impos-
sible) that the atomic level details e.g. of a certain grain boundary would
be responsible for differences between inclusions on the ym level. Thus,
we consider it likely that other mechanisms acting also on the mesoscale
must contribute to the differences in rupturing behaviour observed.

(iii) Composition. There is no evidence for significant amounts of salt
dissolved in the fluid inclusions in HPQ. Sufficiently high salt concen-
trations should display by deviations in the bulk liquid spectra, e.g. by
shifts of the water OH stretching modes because of the presence of salts
in the solutions, e.g. (Wu et al., 2017; Roy et al., 2020). Such differences
are not observed, the peak maxima observed here are around 3400 em?
as for pure water. However, effects are relatively small at moderate salt
concentrations (Wu et al., 2017), so that a certain presence of other ions
cannot be ruled out.

Furthermore, in the ruptured inclusions, remaining salt deposits
should show up in the Raman spectrum e.g. by the characteristic modes
of the remaining salts, or the OH stretching modes of hydrated salts, e.g.
for NaCl (Burstein et al., 1965; Malley et al., 2018). No such charac-
teristic modes have been found in the data.

(iv) Creation of an amorphous silica interface. A buildup of a silica
interface in the small inclusion which likely increases its mechanical
stability is possible. As small inclusions are more stable, it is more likely
that for those, a hydration of the silica interface will occur. Therefore, a
too low calcination temperature may result only in conversion of water
into bulk hydroxyl groups instead of their removal, with a formation of a
“hydrous” interface after lowering of the temperature. A similar phe-
nomenon has been observed at room temperature (Bergonzi et al.,
2016). At higher temperatures in this work, mapping, e.g. of the rim of
the inclusions, did not yield meaningful results due to experimental
challenges. Therefore, the data presented here is limited to point mea-
surements in the inclusions.

(v) Differences in fluid reactivity. Whether a protective silica layer
develops or an inclusion ruptures must necessarily be related to some
initiating chemical processes. The fact that the Raman peak position of
supercritical water as discussed above depend on density of the fluid is
related to structural changes in water with temperature and pressure.
Thus, the differences in peak position reflect structural changes of the
water inside the inclusions.

Several experimental and simulation techniques shows that
hydrogen bonding is present especially at higher densities in supercrit-
ical water (Bellissent-Funel, 2001). A model considering supercritical
water to consist of clusters with one, two and three HoO molecules in
thermodynamic equilibrium was shown to be consistent with vibra-
tional spectra (Tassaing et al., 2010). A study combining molecular
dynamics simulations and Raman spectroscopy lead to the suggestion of
tetrahedrally coordinated and linearly coordinated water (Sun et al.,
2014). The bending mode, which could not be investigated here easily
may be well-suited for structural investigations (Ikeda, 2014).

When the inclusion water observed in this work first enters the su-
percritical state, this happens at different temperatures in the inclusions
of different diameters. While a detailed discussion is beyond the scope of
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this work, the ~40 cm ™! lower peak frequency of the supercritical water
in the 4 ym inclusion indicates the presence of a larger number of H-
bound Hy0-molecules. On the other hand, the 8 ym inclusion shows
parameters close to the critical temperature and pressure, where the
water is still similar to the gas-phase and thus contains significant
amounts of mono-and dimers. Under these conditions, thus, more “free”,
non-H-bound OH groups are available as partners in chemical reactions,
e.g. for the hydrolysis of Si—O—Si bond.

Based on the previous discussion, the differences in rupturing con-
ditions of the inclusions may originate from different reactivity of the
water once it becomes supercritical. For example, the silica layer dis-
cussed in (iii) may form only at higher temperatures at sufficient rates.

The fact that the inclusion which did rupture included CO,, even
though only as minor component, could indicate that the CO, is playing
a part in the initiation of the rupturing process. For a systematic study,
dedicated model inclusion experiments with mixed COy/H20 ratios
would be needed. Such studies were not part of this work.

5.4. Role of surface OH groups

DRIFT and Raman spectra show the formation of new hydroxyl
groups above 200 °C, i.e. at temperatures below the critical temperature.
Surface reactions thus set in in a regime when the inclusion fluid is still
liquid. It is likely that formed silanols as “hydrous defect” inside the
quartz are far more mobile than molecular water. At higher tempera-
tures, the presence of pores originating from “empty” liquid inclusions
and removal of water facilitate also OH removal because of lowering of
water vapour pressure inside liquid inclusions.

Inside the inclusions, the forming silanol groups may be a precursor
of a silica layer as discussed under (iii) in Section 5.3. As discussed
previously, the isolated, non-H-bound OH groups observed in DRIFT up
to the highest temperatures can themselves not contribute to further
Si—O—Si hydrolysis. However, these groups are always present, may
become mobile at temperatures near 1500 °C, could react with each
other in a condensation, and the resulting water could elsewhere attack
Si—O—Si bonds. On the other hand, thermodynamically there is at best
a small driving force for this process. Thus, we reason here that the
presence of water in small, stable inclusions will be the main source of
inclusion water which may react at temperatures of the Czochralski
process.

5.5. Structural reorganisation during heat treatment

Combing the information from the different experiments yields a
structural picture as shown in Fig. 10. During thermal treatment, three
steps can be distinguished up to the temperature of 800 °C. In the first
step, loosely bound water is evaporated from external surfaces. This step
proceeds at temperatures around 100 °C (Fig. 10A). After this stage,
water is mostly present in inclusions; hydroxyls at the internal interfaces
are also present. In the second step, large inclusions rupture, leading to
formation of cracks and new surface hydroxyls. In the last step, hy-
droxyls start to condensate under water release. Only the isolated hy-
droxyls and small water-filled inclusions remain after heating up to 800
°C. At this temperature water is in the supercritical state.

6. Conclusions

High stability of small (4 ym) inclusions in HPQ grains up to 800 °C
was observed. From the peak position of the supercritical water’s OH
stretching mode, the pressure in this inclusion was determined to be
~90 MPa. Residual water inclusions may thus play an important role in
the behaviour of quartz even at high temperatures. It is also clear that
the rupture of larger (down to 8 ym) liquid inclusions is because of a
pressure built-up. The single sharp Raman OH stretching mode peak
indicates conditions near the critical pressure of ~22 MPa upon rupture.
The fact that the larger inclusion ruptured at 1/3 of the pressure at
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Fig. 10. Overview of inclusion behaviour during heat treatment. Quartz grain
after drying at 100 °C (A), 300 °C (B) and 700 °C (C). Water filled inclusions are
stable at 100 °C. At 300 °C, the larger inclusions are ruptured and thus empty.
At 700 °C, stable inclusions contain supercritical water.

which the smaller inclusion is still stable may be related to different
mechanical properties of grains around small inclusions inside quartz
grains; the built-up up a silica layer at the solution/quartz interface may
have arole in explaining these different mechanical properties. Different
reactivities of the inclusion fluid, related to the water structure at the
temperatures at which the inclusion fluid becomes supercritical may be
the underlying cause of the built-up of this silica layer only in some
inclusions. The further role of the internal structure of the investigated
grains remains subject to further investigations. In particular, the in-
clusion which did rupture contained CO» as minor component.

Analysing spectroscopic maps with MCR allowed for the detection,
likely at the surface of a liquid inclusion, of a layer with OH groups
characterised by stretching modes at about 3500 cm ™. This interface
was mostly crystalline as evidenced by a sharp peak in the Raman
spectrum, however, the presence of an amorphous layer cannot be ruled
out. The origin of this interface could be recrystallisation because of
changes in temperature and pressure conditions during rock formation.
In situ DRIFT showed the formation of new hydroxyls groups at tem-
peratures above 200 °C. These new OH groups must originate from a
reaction of water in inclusion with silica at the inclusions surface.
Moreover, at temperatures as high as 700 °C, larger inclusions start to
rupture. Condensation reactions at the surface free further water and
result in the terminal stages in “free”, non-H-bound surface OH groups,
clearly evidenced in the DRIFT spectra.

It is likely that water from the thermally stable small inclusion and
hydroxyl groups which form in the reaction between water and quartz
are the main source of hydrogen at process temperatures of the Czo-
chralski process. The fact that hydrolysis sets in at temperatures as low
as 200 °C could be an indication that the actual hydrolytic weakening
under process conditions must be related to a mechanism releasing
water that was bound at lower temperatures. Candidates for this release,
triggering unwanted bubble formation in fused quartz, are the rupturing
of smaller inclusions, and the reaction of then mobile previously isolated
silanol groups. In order to obtain a full picture of the structural trans-
formations of inclusion water and quartz, an extension of the experi-
ments conducted here to higher temperature will be beneficial.
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