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Abstract

Quartz is one of the most abundant minerals in the Earth crust and therefore quartz inclusions in garnet are of great interest
for elastic geobarometry, an approach that exploits the elastic properties of the mineral pair to back-calculate the conditions
of inclusion entrapment. However, the high-temperature behavior of quartz inclusions close to the a—f transition bound-
ary has not been studied experimentally. We have therefore performed in situ high-temperature Raman spectroscopy on a
quartz-in-garnet system up to 1000 K, and have also collected an improved reference data set for the temperature dependence
of the Raman scattering of free quartz. Our results show that the a-to-f phase transition is hindered by the stress imposed
by the host on the quartz inclusion, resulting in a thermosalient effect of the whole host-inclusion system or a mechanical

cracking of the host mineral.

Keywords Host-inclusion system - Geobarometry - Phase transition - Thermoelastic properties

Introduction

Quartz is one of the most studied minerals due to its
natural abundance, rich polymorphism, and technologically
important physical properties (e.g. Ballato 2008; Curie
and Curie 1880; Jorgensen 1978; Glinnemann et al 1992;
Hazen et al 1989; Wang et al 2015; Scheidl et al 2016).
The temperature-induced displacive a—f phase transition of
quartz has drawn much attention over time, including a lively
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debate on its nature (Salje et al 1992; Dove et al 1999), and it
was one of the first phase transitions characterized by Raman
spectroscopy (Raman and Nedungadi 1940). Both phases
are chiral (Donnay and Le Page 1978), and the transition
from the high-temperature f-phase (P6,22 or P6,22) to
the low-temperature a-phase (P3,21 or P3,21) consists of
a slight rotation of the SiO, tetrahedra around their two-
fold axis, with the rotation angle ¢ taken as a microscopic
order parameter (Grimm and Dorner 1975). The critical
phase-transition temperature 7, is ~847 K at atmospheric
pressure and increases with pressure (e.g. Shen et al 1993).
Recently, quartz inclusions have been employed in elastic
geobarometry, a methodology that allows the pressure
and temperature conditions of inclusion entrapment to be
determined from the difference in thermoelastic and elastic
properties between the host and the inclusion (e.g. Bonazzi
et al 2019; Alvaro et al 2020). Raman spectroscopy is often
the technique of choice to measure the residual pressure in
the inclusion, as a straight-forward method with a spatial
resolution down to a few microns (Campomenosi et al
2018; Mazzucchelli et al 2018; Murri et al 2018; Bonazzi
et al 2019). The inclusion pressure can be determined
from the difference in the Raman peak positions of an
inclusion from those of a free crystal through a hydrostatic
calibration (Schmidt and Ziemann 2000; Morana et al
2020) or by using the recently developed phonon-mode
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Griineisen-tensor approach (Murri et al 2018; Angel et al
2019). Mineral inclusions also provide the opportunity to
study the behavior of minerals under non-hydrostatic stress
conditions, because any elastic anisotropic crystal entrapped
in another solid develops a deviatoric stress state (Angel et al
2019). In situ temperature-dependent studies have also been
proposed as a tool to explore the thermoelastic properties of
host-inclusions system and to test the applicability of elastic
geobarometry (Campomenosi et al 2023; Ashley et al 2016).
For example, Campomenosi et al (2023) showed that zircon
inclusions in garnet might experience resetting, depending
on the exhumation path of the host rock, thus providing
a further constraint on the P-T history of metamorphic
rocks. Although the elastic and thermoelastic properties of
quartz considerably change across the a—f phase transition
(Carpenter et al 1998; Angel et al 2017), little is known about
the behavior of quartz inclusions at elevated temperatures
around 7. To fill this gap of knowledge, here we report our
results from in situ high-temperature Raman spectroscopy
on a quartz-in-garnet (QuiG) system, together with a
reexamination of the temperature dependence of the Raman
scattering of free quartz. We show that stress in the quartz
inclusion suppresses the a-to-f phase transition. Instead, the
energy accumulated in the inclusion near the anticipated 7,
is anisotropically released to the surrounding host, leading
to a thermosalient effect of the whole QuiG sample or a
mechanical cracking of the host garnet. In addition, we
provide an improved wavenumber-vs-temperature reference
dependence for the interpretation of the inclusion data.

Materials and methods

Oriented (010)- and (001)-cuts of a gem-quality quartz, pro-
vided by the Mineralogical Museum, Universitit Hamburg,
were used as a reference free quartz. A garnet with a quartz
inclusion was extracted from a polished section from the
microdiamond-bearing garnet-kyanite gneiss in the Blahg
nappe, Fjgrtoft, Nordgyane archipelago, Norway (Dobr-
zhinetskaya et al 1995; Larsen et al 1998; Liu and Mas-
sonne 2019). The overall dimensions of the QuiG-sample
were 400 X 40 x 300 um. The host mineral is garnet,
with composition pyrope: 0.33, almandine: 0.60, grossu-
lar: 0.05, spessartine: 0.02 (Gilio et al 2022). It contained
a large quartz inclusion (60 X 40 pm), two smaller zircon
inclusions, approximately 80 and 120 ym distant from the
quartz inclusion, and rutile exsolution needles. Spectra were
acquired at the center of the inclusion, in the host close to
the host-inclusion boundary and away from the inclusion.
The spectra collected from the host away from the inclusion
were subtracted from the inclusion spectra, since the peak
positions of the garnet host were the same throughout the
sample.
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Polarized Raman spectra were collected with a Horiba
Jobin-Yvon T64000 triple-monochromator system equipped
with a Symphony LN,-cooled CCD detector, an Olympus
BH41 microscope, and a Coherent Ar* laser. The measure-
ments were performed in backscattering geometry, with a
50x super-long working distance objective and an exci-
tation wavelength of 514.532 nm. The spectrometer was
calibrated to the T,, mode at 520.5 cm™! of a silicon wafer.
The spectral resolution was approximately 2 cm™!, while the
instrumental precision in the peak positions was 0.35 cm™.
The data collection was conducted on heating from room
temperature with a heating rate of 50 K min~! between
measurements, in a Linkam TS1200 stage equipped with
a Linkam T95 controller. The sample was kept for 5 min at
the desired experimental temperature before the data col-
lection was started. The acquisition time was set to obtain a
satisfactory signal-to-noise ratio, and thus the spectra were
collected for 30 s averaging over a minimum of 5 accumula-
tions in the wavenumber range 15-1615 cm™!. To account
for the Bose-Einstein occupation factor, the intensity of
the measured spectra was temperature-corrected using the
relation I = I, ea/[(exp™/%T —1)~1 + 1], where h, o,
kg, and T are the reduced Planck constant, phonon wave-
number, Boltzmann constant, and temperature, respectively.
The spectra were then normalized to the acquisition time.
Pseudo-Voigt functions (PV = gL + (1 — ¢)G, where L and
G are Lorentzian and Gaussian peak-shape functions) were
used to fit the spectra and determine the Raman peak posi-
tions w, full widths at half maximum (FWHMs), and inte-
grated intensities /. The A; mode at 465 cm™' shows a pro-
nounced asymmetry upon increasing temperature, resulting
from multi-phonon excitation (Schmidt and Ziemann 2000),
which cannot be taken into account by a single Pseudo-Voigt
function. As consequence, an additional peak was introduced
in the fitting model at elevated temperatures, following the
fitting procedure described in Murri et al (2019).

Results and discussion

Group-theory analysis and high-temperature
Raman scattering of free quartz

The Brillouin-zone-center optical phonon modes in a-quartz
are Fz;tQ =4A,(R)+4A,(IR)+8E(R,IR), while those in f
-quartz are I, ¢ =A,(R)+2A,(IR)+2B,(ina)+3B (ina) +
4E,(R,IR)+4E,(R), where "R", "IR", and "ina" designate
Raman-active, IR-active and inactive modes, respectively.
The E modes in a-quartz as well as the E; modes in f
-quartz are simultaneously Raman- and IR-active and
thus show transverse optic (TO) and longitudinal optic
(LO) components. The symmetry relationships between
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irreducible representations for the two phases is shown in
the correlation diagram in Table S1 (Bates and Quist 1972).
The Raman-active phonon modes selected for this study
in the two phases as well as their peak positions observed
correspondingly below and above the phase transition are
given in Table 1.

Figure la shows the Raman spectra of free quartz
at selected temperatures, indicating that the 465 cm™'
mode is not the only A, that persists in the f-phase, as
would be expected from group factor analysis. In fact, the
A, mode around 207 cm~! is still present after the a-f
transition. This mode is the most sensitive to temperature
and has often been considered as the soft mode driving
the phase transition. However, for a soft-mode-driven
displacive phase transition, the phonon wavenumber of
the soft mode should decrease to zero as the transition
temperature is reached (Cochran 1960; Ginzburg 1960),

which is not the case for A; ~207 cm™'. It was proposed
that the true soft-mode excitation triggering the a-f phase
transition is a two-phonon excitation of A, symmetry,
which at room temperature appears around 147 cm™!
(Scott 1968, 1974). As can be seen in Fig. 1b, this two-
phonon excitation is strongly enhanced when approaching
T. and its wavenumber and FWHM show typical soft-mode
behavior (Fig. 2). The softening of the fundamental A | ~
207 cm™! thus results from its interaction with the true
soft-mode excitation near 147 cm™! (Scott 1968). These
two spectral features are mixed via Fermi resonance, and
above T, the parent A; ~207 cm™~' mode is preserved (see
Fig. 1) because of its predominantly second-order Raman-
activity (Scott 1968). The temperature dependence of the
peak positions and FWHM for the 128, 207, 355 and

Table 1 Peak positions of

. a-quartz (D5)
selected Raman active modes :

f-quartz (D)

(cm™Y) for a- and f-quartz Symmetry Activity D300k @340k Symmetry Activity W70k
E(TO) XX, VY, Y2, Xy, XZ 128.24 (3)! 106.2 (9) E,(LO) ¥z, X2 97.7 (1)?
A, XX, Yy, 22 207.27 (5) 174.9 (5) 168.0 (5)3
E(TO) XX, YV, YZ, XY, XZ 263.5(9) 252 (3) E, XX, Yy, Xy 249 (1)
A XX, Yy, 22 355.12 (5) 353.9 (4)
E(TO) XX, YV, YZ, XY, XZ 393.89 (9) 397.6 (3) E, XX, Yy, Xy 402.6 (5)
A, XX, Yy, 22 464.775 (6) 457.83 (4) A, XX, Yy, 22 458.87 (3)
E(TO) XX, YV, YZ, XY, XZ 696.0 (2) 684.5(9) E, XX, yy, Xy 684 (1)
E(TO) XX, YY, Y2, Xy, XZ 1161.0 (1) 1161.9 (4) E, XX, YV, Xy 1168.4 (4)

Reported uncertainties are from spectral fitting

!Observed in scattering geometry 7(xx)z

20Observed in scattering geometry y(xz)y

3 Anomalous Raman activity stemming from the parent fundamental A, mode, see text for details

Fig.1 a Selected spectra of
free quartz upon increasing
temperature in the z(xx)z e
scattering geometry. b Close-
ups of the region below " \
300 cm™! are showed at 300 K (1S
and at 7 immediately before and
after the phase transition with
the fitted peak functions. The
enhancement of the soft mode
near 147 cm™! upon heating and
its disappearance above T, are
clearly apparent
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Fig.2 Temperature dependence of the peak position and FWHM of
the two-phonon excitation SM~147 cm™!, which is the true soft-mode
excitation triggering the a-to-f phase transition (Scott 1968, 1974).
The dashed line indicates the a-f transition temperature at ambient
pressure

465 cm~! modes and the 147 cm™! two-phonon band are
reported in tables S2 and S3.

Residual pressures of the quartz inclusion

The residual pressure of the quartz inclusion P;,. was deter-
mined using three different methods: (i) calculating the
strains from the wavenumber shifts and the quartz elastic
tensor, as described in Bonazzi et al (2019); (ii) using the
EntraPT software (Mazzucchelli et al 2021); (iii) apply-
ing a wavenumber shift versus pressure equation obtained
from high pressure experiments (Morana et al 2020). Within
uncertainties, all methods point to a room-temperature P;,.
~0.30 GPa, see SI for details. From this value of P, the
pressure of entrapment Py, (1.353, 1.371 and 1.290 GPa
for almandine, grossular and pyrope, respectively) was
calculated at a temperature of entrapment 7y, of 1050 K,
which was previously estimated for this locality by Gilio
et al (2022); detailed information about the calculation is
provided in the SI.

@ Springer

The temperature dependencies of the wavenumber w
and FWHM T for selected phonon modes in QuiG and in
a free quartz are compared in Fig. 3, to reveal the effect
of the garnet host on the quartz-inclusion strain with the
temperature increase. Except for the A, mode at 355 ~!,
which even in a free quartz is insensitive to temperature
changes as well as to a pressure increase up to ~2.0 GPa
(Morana et al 2020), for all Raman modes @y, > ®yyar,
at the same temperature. This confirms that the inclusion
remains under pressure over the entire temperature range
of the measurements. Besides, in the temperature range
of a-quartz stability, the slope of w(T) is steeper for free
quartz than for QuiG. For example, the linear fits to data
points below 600 K provide that (T)/dT for free quartz
vs QuiG is —0.0551(4) vs —0.035(2) for A(207) and —
0.0144(2) vs —0.0120(8) for A(465). This emphasizes that
the confinement effect of the host on the inclusion increases
at elevated temperatures, because of the differences in the
volume thermal expansion of garnet and quartz [at room
temperature a};'=2.256 (5) x 107 K™', a/"=1.957 (5)
x 107 K~!(Angel et al 2022), a3”=4.31 (4) x 1075 K™!
(Ackermann and Sorrell 1974)]. In particular, a;’/”“"z tends
to infinite values at temperatures on the approach to the «
—p phase transition, with the unit-cell volume increasing
by about 5% between room temperature and 7, (Carpenter
et al 1998; Angel et al 2017), and then becomes negative in
the f-phase (Heine et al 1999; Welche et al 1998), whereas
the thermal expansion coefficients of garnets increase only
slightly (Angel et al 2022). When approaching the transition
temperature expected at ambient pressure, 7,=847 K, the A,
(207) and A (465) in free quartz show typical behavior of
hard phonon modes coupled with the soft-mode excitation
(Bismayer 1990): in the vicinity of the phase transition w(T)
exhibits a minimum, while I'(T) becomes larger due to the
reorganization of the structure from the « to the § phase. In
contrast, (T for the quartz inclusion do not show a clear
minimum and above 847 K the data points are clustered
around a constant value. Moreover, I'(T) shows only a trivial
increase upon heating [due to increasing phonon decay
(Kuzmany 2009)], without being in excess. Besides, the
E(128) and A,(355) persist above 847 K (see Fig. 3), as
all resolved Raman peaks typical of a-quartz do (see Fig. 4
and Table S9). All these observations show that a phase
transition does not occur in QuiG up to 1000 K.

The calculated entrapment conditions P, (1.353,
1.371 and 1.290 GPa for almandine, grossular and pyrope,
respectively) at 1050 K were then used to determine the P;,,
at different temperature through the equations of state of
the host (Angel et al 2022), and the inclusion (Angel et al
2017), under the assumption of hydrostatic conditions in the
inclusion (see section 2.2 in ESM1 for further details). The
calculation was performed for almandine and pyrope, the
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two most abundant endmember components in the sample,
while grossular gives an intermediate results, as expected
from its thermoelastic properties (Angel et al 2022). From
this calculation, the a—f transition is predicted to occur in
the inclusion at 1171 and 1162 K for almandine and pyrope,
respectively (Fig. 5), which is consistent with the expected
increase in the transition temperature from 7,=847 K at
atmospheric pressure due to a pressure of 0.3 GPa.

To have a further insight into the inclusion stress state,
we have compared the P, back-calculated from the
inclusion entrapment conditions with the P;,. obtained by
applying a hydrostatic calibration (Morana et al 2020), to
the Aw calculated as the difference between the Raman
peak position in the free and in the trapped quartz at the

|
800

600 800 1000 1200 1400
Temperature (K)

1000 1200 1400 200 400

same temperature (solid symbols in Fig. 5). Below 600
K, the two sets of P;,. are the same within uncertainties,
indicating that the QuiG system is behaving elastically.
Above this temperature, from ca 600 K to ca 850 K, the
agreement is worse, in particular for the modes at 128 and
207 cm~!, which are both more sensitive to pressure and
temperature changes than the mode at 465 cm™' (Morana
et al 2020; Murri et al 2019). In fact, as shown in Figs. 1
and 4 and discussed in the previous section, these two
modes undergo large variations upon heating. This is espe-
cially true for the mode at 207 cm™!, since it is involved
in a complex interaction with the two-phonon band of A
symmetry, which also shows a huge change in the FWHM
starting from 600 K (Fig. 2). It is also worth noting that

@ Springer
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Fig.4 Example Raman spectra from the quartz inclusion at various
temperatures obtained after subtracting the host spectra. The inset
contains a close-up of the region below 350 cm™!, showing that the
E(128) and A (355) modes persist above 847 K
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Fig.5 Expected pressure evolution of a quartz inclusion calculated
with almandine and pyrope as the host, plotted as lines. Solid sym-
bols are calculated with the hydrostatic calibration (Morana et al
2020) for the modes at 128, 207 and 465 cm~! up to 700 K. Open
symbols are the pressures calculated applying the hydrostatic calibra-
tion to a linear fit of the free quartz data. The dashed line represents
the a—f phase transition boundary

different modes provide different pressure values. This
is expected because the quartz inclusion, being an ani-
sotropic mineral trapped inside a cubic host, is not under
hydrostatic conditions and thus its stress state cannot be
described by a single pressure value (Anzolini et al 2018;
Murri et al 2018). Other explanations for this deviation,

@ Springer

such as the dependence of (dw/dT) upon pressure or the
difference in the host composition, can be excluded. In
fact, Schmidt and Ziemann (2000) showed that at least
the 465 cm™! mode has a constant isotherm slope up to
1.1 GPa. The composition of the garnet is not a reason for
the discrepancy, since, as shown in Fig. 5, the differences
in calculated P;,. for different garnet endmembers are
small. This calculation of P;,. cannot be applied at higher
temperature, since the free quartz data show the typical
trend due to the phase transition that is not present in the
inclusion data, as already discussed (Fig. 4). In order to
exclude the transition effects, for the 465 cm™! mode, Aw
was calculated as the difference between the peak posi-
tions of the inclusion with respect to the position obtained
from a linear fit to the free quartz data up to 600 K [Aw,4s
=4.5(1)—0.015(3)T], and this Aw was then converted to a
pressure. The resulting P;,. show a good agreement with
the calculation from the inclusion entrapment conditions,
confirming that the a—f transition does not occur at 7. =
847 K in the inclusion.

High-temperature behavior of quartz inclusions
in a garnet host

As discussed above, the quartz inclusion does not go through
the phase transition near 7, = 847 K because it is under a
confining stress. However, if that would be only the effect of
increasing hydrostatic pressure, then (7)) for A,(207) and
A (465) of the inclusion would not have a kink precisely at
847 K, but would rather display the same trends observed
for free quartz but shifted to to higher 7. Furthermore, while
heating from 1000 to 1050 K, the QuiG sample showed
rather unexpected and peculiar behavior: it jumped away
from the visible field of the microscope through which the
laser was focused on the sample, and it was not possible
to continue the Raman measurements. Then, the sample
was cooled down to room temperature, repositioned, and
heated again, but in this second run the sample jumped
again and broke into pieces at 1150 K without the quartz
going through the a-f phase transition (video ESM_2).
After cooling down to room temperature, it was possible
to recover only a fragment of the garnet host. The spectra
at room temperature for runs 1 and 2 show that the host
was not altered by the first heating, whereas the recovered
garnet after run 2 has a distinctly different spectrum
(Fig. 6b). Consequently, temperature-induced changes in
the host can be excluded during the first run. In fact, up to
1000 K the most intense peak of garnet, the A;, mode at ~
920 cm™!, shows the expected behavior (Fig. 6a), with the
peak position decreasing linearly upon heating (Gillet et al
1992). The additional peaks in the spectrum of the recovered
garnet from the second run are attributed to nanocrystalline
hematite, which forms in almandine upon heating above ~
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970 K (Barcova et al 2001; Zboril et al 2004). Additionally,
in the spectrum of the recovered fragment, the most intense
peak in the garnet host is shifted from 920.05(3) cm™' to
918.07(7) cm™!, reflecting the partial oxidation of Fe?* to
Fe3* (Kolesov and Geiger 1998).

Similar macroscopic effects such as jumping have been
observed in single crystals and have been called ’dynamic
effects’ (Naumov et al 2020). In particular, the thermosali-
ent effect is defined as the propensity of a crystal to jump,
sometimes to heights of several times its size, when heated
over a phase transition, and it is usually accompanied by
a large anisotropic change in the unit-cell volume (Skoko
et al 2010; Sahoo et al 2013; Panda et al 2014). Jumping
has never been reported so far for a host-inclusion system.
For example, zircon-in-garnet systems can be heated up to
1400 K (Campomenosi et al 2023), but do not jump or break.
This strongly suggests that the elastic anisotropy associated
with a-f phase transition is probably the major reason for the
occurrence of the thermosalient effect in QuiG. The QuiG
system studied here first jumped at 1050 K and then cata-
strophically broke at 1150 K, that is, well above the ambient-
pressure 7. = 847 K and right below the calculated 7.~ 1167
K for hydrostatic conditions, suggesting that this peculiar
and unexpected behavior is most probably due to the con-
finement of the quartz grain under anisotropic stress while
approaching the a—f phase transition. The energy accumu-
lated in the inclusion due to the hindered phase transition is
liberated in the host, causing first the thermosalient effect,
the jump, of the whole host-inclusion system and later the
mechanical failure of the host.

Conclusions

Our results demonstrate that a quartz inclusion in a
garnet host shows a considerably slower expansion
than free quartz crystals, since it is under stress due to
the confinement by the host garnet. The inclusion stress
inferred from the measured Raman shifts of the inclusion
are in reasonable agreement with isotropic calculations, at
least up to 600 K. Divergence from calculated inclusion
pressures at higher temperatures may be due to several
effects, including that the hydrostatic calibration of Raman
shift in no longer appropriate at higher temperatures as
the physical properties of the free quartz change as it
approaches the a—f phase transition (as indicated by the
strong increase in the FWHM of the soft mode above 600
K, Fig. 2). The stress applied to the quartz inclusion shifts
the expected a—f phase transition to higher temperature.
As a consequence, the entrapment of the inclusion within
the garnet host suppresses the a—f phase transition,
which is not observed. Upon further heating, beyond
the room-pressure 7,, enormous anisotropic stress is
developed at the host-inclusion boundary resulting first in
a thermosalient effect of the whole system, and later in the
catastrophic shattering of the host mineral. Considering
the widespread occurrence of quartz inclusions in crustal
rocks, it is possible that the phenomenon of inclusion-
triggered cracking of host minerals may have geological
consequences on a larger scale.
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