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Abstract

Single-crystal Brillouin scattering measurements are important for interpreting seismic velocities within the Earth and
other planetary interiors. These measurements are rare, however, at temperatures above 1000 K, due to the fact that the
transparent samples cannot be heated by common laser heating systems operating at a wavelength on the order of 1 pum.
Here we present Brillouin scattering data on pyrope collected at pressures up to 23.8 GPa and temperatures between 850
and 1900 K using a novel CO, laser heating system confined in either a flexible hollow silica waveguide or an articulated
arm with mirrors mounted in each junction to direct the laser to the exit point. Pyrope has been chosen because it has
been extensively studied at high pressures and moderate temperatures and therefore it is an excellent sample for bench-
marking the CO, laser heating system. The new high-temperature velocity data collected in this study allow the room
pressure thermal parameters of pyrope to be constrained more tightly, resulting in values that reproduce the temperature
dependence of the unit-cell volume of pyrope measured in recent studies at ambient pressure. Aggregate wave velocities
of pyrope calculated along an adiabat using the thermoelastic parameters determined in this study are larger than those
obtained using published values, implying that velocities for many mantle components may be underestimated at mantle
temperatures because high temperature experimental data are lacking.
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Introduction therefore plays a major role in determining mantle seismic

velocities to depths of approximately 700 km. While the

Aluminosilicate garnet is a major mineral throughout
the Earth’s upper mantle and transition zone and is pres-
ent within the top 100 km of the lower mantle (Bass and
Anderson 1984; Irifune and Ringwood 1987; Weidner and
Ito 1987; Duffy and Anderson 1989). Within a bulk silicate
Earth (BSE) composition, the most dominant component
of aluminosilicate garnet is pyrope, Mg;Al,S1;0,,, which
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elastic properties of pyrope have been extensively studied,
(see Angel et al. 2022; for a comprehensive review), there
is, however, still disagreement among these studies, espe-
cially in terms of the pressure and temperature derivatives
of the bulk and shear moduli. Lu et al. (2013) used Brillouin
scattering measurements performed in the diamond anvil
cell (DAC) to examine the elastic properties of Fe-bearing
pyrope but due to the use of an external resistive heater,
the highest temperature data were only collected at 750 K.
At such conditions, the temperature derivatives cannot be
determined with sufficient accuracy to allow extrapola-
tion to mantle temperatures without significant uncertain-
ties. Similarly, the three studies performed on pyrope in
the multi-anvil apparatus using ultrasonic-measurements
are in poor agreement at room temperature (Gwanmesia et
al. 2006, 2007; Zou et al. 2012; Chantel et al. 2016) and
although the agreement actually improves for the higher
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temperature data, the resulting temperature derivatives are
quite different. As few data points were collected in these
studies above 1300 K, the results still need to be extrapo-
lated to reach actual mantle temperatures. A major objective
in mineral physics is to be able to discern whether varia-
tions in mantle seismic wave velocities have chemical or
thermal origins (Duffy and Anderson 1989; Cammarano
and Romanowicz 2007). At the base of the transition zone,
current pyrope elasticity models (Stixrude and Lithgow-
Bertelloni 2005; Zou et al. 2012; Chantel et al. 2016) devi-
ate from each other in their predicted values of shear, vg,
and compressional, vp, velocities by approximately 2% at
typical mantle adiabatic conditions. This gives an indication
of the uncertainties in current seismic velocity estimates; to
put this into context, this is the same variation in velocities
that would arise from temperature differences of approxi-
mately 800 K. If measurements could be made at mantle
temperatures, however, the need for thermal extrapolation
of the measured velocities would be removed, so that the
uncertainties that need to be taken into account are those
arising only from the measurements themselves, which are
typically near 0.5%.

The ability to perform elasticity measurements at mantle
temperatures and pressures is an important challenge, but
it is beset by difficulties. For ultrasonic experiments in the
multi-anvil apparatus, high temperatures invariably cause
problems due to sample grain growth, preferred orienta-
tion and plastic deformation, with the latter likely to lead
to uncertainties in sample length determination. Brillouin
measurements on single crystals in the DAC have been per-
formed using resistive heaters placed around the diamonds.
Temperatures are generally limited to below 1200 K (Lu
et al. 2013; Pamato et al. 2016), however, due to the long
heating times required for the scattering measurements and
the potential for the diamonds and DAC body to be oxi-
dized. One promising methodology is the use of a graphite
resistive heater in combination with a vacuum chamber to
minimize DAC oxidation (Immoor et al. 2020), which was
recently used to obtain temperatures of nearly 2000 K. How-
ever, such a heater requires a water-cooled vacuum chamber
to prevent the oxidation not only of the DAC elements but
especially of the heater itself, therefore such a setup can-
not be easily coupled with a Brillouin system. Mantle tem-
peratures can potentially also be reached through the use
of laser heating in the DAC. This is challenging since the
transparent samples employed cannot be heated by conven-
tional near-infrared (NIR) laser heating systems, but require
the use of a CO, laser (Murakami et al. 2009, 2012; Zhang
et al. 2015; Zhang and Bass 2016). There is, however, a
major advantage related to the use of such a laser, because
its wavelength of 10.6 um ensures homogeneous heating
of relatively thick (15-20 pm) silicate materials, regardless
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of the presence of NIR-absorbing species (e.g., iron). This
is achieved thanks to the different laser absorption mecha-
nism of the CO, laser with respect to the NIR laser. In fact,
the NIR laser radiation, typically used for heating metallic
materials, is absorbed primarily at the surface of the sam-
ple, creating large gradients inside the sample, which can
be reduced only by heating both sides of the sample (see
Anzellini and Boccato 2020 for a review). Instead, the CO,
radiation is absorbed by the lattice vibrations of the mate-
rial, ensuring uniform heating throughout the entire thick-
ness of the sample, with negligible axial thermal gradients,
so that it is not necessary to construct a heating system that
heats from both sides (Anzellini and Boccato 2020). Unfor-
tunately, because of its long wavelength, not only the direct
beam, but also the diffuse radiation is extremely dangerous
for the human skin. At the Bayerisches Geoinstitut (BGI),
we have developed a system in which the laser beam is com-
pletely enclosed right up to the diamond anvil cell either
using a flexible optical hollow silica waveguide (Kurnosov
et al. 2019) or an articulated arm. Brillouin scattering data
of single crystals of pyrope have been measured up to pres-
sures of 23.8(1) GPa and at temperatures between 850 and
1900 K with a three-fold objective: (i) to characterize the
advantages and disadvantages of the two different enclosure
techniques; (ii) to benchmark the CO, laser system with an
extensively studied material at high P and 7, to evaluate
the accuracy and precision of the method before measure-
ments on completely unknown materials are performed;
(iii) to provide strong constraints on the elastic behaviour
of pyrope that allow interpretation of seismic profiles using
mineral-physics models.

Methods
Sample preparation

Several single crystals of pyrope (space group la 3 d) with
dimensions between 100 and 150 um were selected from
a natural sample from the Dora Maira Massif (Italy) with
composition Mg, osFeg osAl 04515 9501, (Aubaud et al.
2007). This sample has been well characterized in terms
of purity and microstructure (Chopin 1984) and contains a
negligible amount of water (44 ppm) (Aubaud et al. 2007).
The selected crystals were inclusion free and revealed
sharp diffraction profiles in omega scans (full width at half
maximum < 0.08°) obtained using a Huber four-circle dif-
fractometer in combination with a FR-E4 SuperBright
microfocus rotating anode X-ray source employing Mo
Ko radiation (Trots et al. 2011) and a point detector, driven
by the program SINGLE (Angel and Finger 2011). The
unit-cell volume of this pyrope was determined at room
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conditions by measuring 22 reflections centered with the
8-positions method (King and Finger 1979). The unit-cell
axis and volume of pyrope, refined using the vector least-
squares method (Ralph and Finger 1982) are the follow-
ing: a=11.45560(13) A and V'=1503.33(5) A®, resulting
in a density of 3.572 g/cm>. The selected pyrope crystals
were double-side polished in random orientations down
to a thickness of 18 um and cut using a FEI Scios focused
ion beam into optically transparent disks of approximately
60—70 pum in diameter. One to three of these cylinders were
loaded between two thin layers of KBr (for measurements at
pressures below 8 GPa) or KCI (for measurements at pres-
sures above 8 GPa) in a pressure chamber of a BX-90 DAC
(Kantor et al. 2012) with a 90° optical opening angle. Both
KBr and KCI provide sufficient thermal insulation of the
sample from the heat-conductive diamond anvils and are
relatively soft pressure transmitting media especially at high
temperature. The need to use two different isolating materi-
als arises from the fact that the Brillouin signals of the soft
pressure transmitting media are more sensitive to pressure
than those of pyrope. For instance, at 8 GPa the vg of pyrope
starts to overlap with the v, of KBr, whereas above this pres-
sure there is no more overlap between the pyrope vg and the
KCl vp. A ruby chip and a crystal of Sm-doped Y;Al;0,,
garnet (Sm: YAG), both used as pressure calibrants, were
placed between one of the diamond anvil surfaces and the
KBr/KCl layers.

€02 laser heating system
Two different technologies, developed mainly for medical

surgeries, were used to guide the CO, laser within a com-
pletely enclosed environment. The first, shown in Fig. 1,

XYZ stage

Fig.1 Schematic drawing (left) of the hollow laser waveguide mounted
on a XYZ stage equipped with two ZnSe lenses for collimating and
focusing the CO, laser beam into the sample inside the DAC. A photo-
graph (right) of the system build onto the Huber goniometer, including
the optic camera for visualization and power meter for monitoring the

makes use of a flexible hollow silica waveguide (HSW)
described in detail by Kurnosov et al. (2019) and the second
uses an articulated arm (AA), model S-7 from CNI Laser
(China), with seven junctions in which mirrors are mounted
to direct the laser to the exit point (Fig. 2). Either the HSW
or the AA were used to guide the light produced by a fan-
cooled 100 W Synrad Firestar CO, laser to the DAC used for
the Brillouin scattering measurements, which was mounted
on a 4-circle Huber goniometer. The end of the HSW is
inserted into an optical cage system from Thorlabs (Fig. 1),
mounted on top of an XYZ stage and a magnetic mount and
equipped with two 25.4 mm diameter ZnSe lenses, one with
a 200 mm focal length and the other with 50 mm, which
are used to collimate and focus, respectively, the CO, laser
beam onto the sample (Kurnosov et al. 2019). This system
was used for measurements up to ~12 GPa.

The AA, on the other hand, has a 50 mm focal distance
lens incorporated at the final junction. To achieve the
desired focusing, this junction is mounted on a XYZ trans-
lation stage (Fig. 2). This setup was used for measurements
up to 23 GPa.

In both cases the laser is focused on the sample inside the
DAC by monitoring the power exiting the pressure cham-
ber using a power-meter installed on the detector arm of the
4-circle Huber diffractometer behind the DAC. The sample
is continually monitored using a Mitutoyo x5 long working
distance objective mounted on a separate XYZ stage, com-
bined with a CCD camera.

In situ pressure determination

Typically, during laser heating experiments, pressure
is determined at room temperature before and after the
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laser power exiting the pressure chamber that facilitates focusing of
the CO, laser beam on the sample. For reference, the diameter of the
diamond anvil cell used is 50 mm. BS stands for Brillouin scattering
and T is temperature
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Fig. 2 Schematic drawing (left) of the articulated arm attached to the
CO, laser (in orange) on the optic table of the Brillouin+XRD sys-
tem; and picture (right) of the end junction mounted onto a XYZ stage
directly in front of the DAC. Power-meter and optics for visualization

laser-heating cycles using the ruby luminescence and
the pressure at temperature is assumed to be an average
between the two pressure measurements. A number of stud-
ies, however, have shown that the effect of thermal pres-
sure due to laser heating is significant (Andrault et al. 1998;
Dewaele et al. 1998; Andrault and Fiquet 2001). Depend-
ing on the strength of the sample and of the pressure trans-
mitting medium, the thermal pressure can be localized in
the hot spot or equilibrated within the sample chamber. In
this work, the whole sample is heated by the laser spot,
moreover the pressure gradients in the highly compressible
KBr or KCI material are likely small at the temperatures
reached in this study, therefore the thermal pressure during
laser heating is expected to be equilibrated during the time
scale of the Brillouin measurements. In order to monitor the
changes in pressure due to laser heating we use Sm-doped
Y;Al;0,, garnet, Sm: YAG, since the change with pressure
of its Y1 and Y2 luminescence lines have been calibrated
(Trots et al. 2013) and are temperature independent, con-
trary to the luminescence lines of ruby, at least up to 850 K
(Hess and Schiferl 1992; Goncharov et al. 2005). Sm: YAG
luminescence spectra (i.e. Fig. 3 left) were collected using a
Princeton Instruments “Acton” Raman Spectrometer with a
PIXIS camera. An 1800 g/mm grating was used for high res-
olution measurements of the luminescence peaks. The lumi-
nescence signal is delivered to the spectrometer through the
same optical pathway used for the Brillouin measurements
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XYZ stage

are the same as used for the HSW system (Fig. 1). The diamond anvil
cell used with the AA is inserted into a membrane cylinder of 60 mm
diameter

by inserting a mirror and a focusing lens behind the pinhole
to direct the laser into the Raman spectrometer. Pressure
based on the frequency shift of the Y1 line of Sm: YAG
is indeed found to increase by at least 0.5 (1) GPa during
heating due to thermal expansion in the sample chamber but
remains constant for a given laser heating power. Because
Sm: YAG is in contact with the diamond and the DAC is
inserted into a massive stainless-steel cylinder flushed with
compressed air, we expect a minimal temperature increase
(less than 100 °C) recorded by Sm: YAG, i.e. well below the
temperature that would affect its luminescence lines.

In situ temperature measurements

To determine temperature, three to five thermal radiation
spectra (i.e. Fig. 3 right) were collected during laser heat-
ing before and after the Brillouin scattering measurements
using a Princeton Instruments “Acton” Spectrometer with a
PIXIS camera and 150 g/mm wide-range grating. The tem-
perature values from all collected spectra at a given pressure
point were averaged and the standard deviation was used as
a T'uncertainty. The thermal radiation spectra were recorded
through the Brillouin optical system by using a pinhole at
the entrance of the Fabry—Pérot Brillouin interferometer to
analyze an image that corresponds to a 40 um diameter spot
on the sample platelet. In this way the sample thermal radia-
tion and the Brillouin scattering measurement are collected
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Fig. 3 (left) Sm: YAG luminescence spectrum collected using the
LightField software during laser heating at P=18.8 GPa and analyzed
with the PeakFit software and (right) the thermal radiation spectrum
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Fig. 4 (left) Comparison between a Brillouin spectrum collected at 8.3
GPa and room temperature (red) in KBr, at a pressure just before the vg
peak of the sample overlaps with the v, peak of the pressure medium
and a Brillouin spectrum collected at 8.5 GPa and room temperature
(black) in KCl, just after the pressure at which the vg peak of the sam-

Intensity (cts.)

1687 K + 4

550 600 650 700 750 800 850 900
Wavelength (nm)

collected at the same pressure of the laser heated pyrope crystal using
the LightField software and analyzed with T-Rax software provided
by C. Prescher
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ple overlaps with the v, peak of the pressure medium; (right) Brillouin
spectrum collected at 20 GPa and 1900 K. An image of the pyrope
crystal while being heated with the CO, laser using the articulated arm
is shown in the inset
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Fig. 5 Acoustic wave velocities of pyrope at 6.39 GPa and room tem-
perature after heating up to 1677 (50) K, collected at different orienta-
tions obtained by rotating the chi diffractometer circle, showing the
negligible anisotropy of the garnet structure

from exactly the same area of the sample, and the insertion
of a mirror behind the entrance pinhole is used to switch
easily between the Brillouin scattering measurements and
temperature measurements. This approach reduces tempera-
ture uncertainties that may otherwise arise from misalign-
ments. The thermal radiation spectra were analyzed using
the T-Rax software (by C. Prescher), applying a temperature
calibration performed using a pre-calibrated tungsten-lamp.

Brillouin scattering measurements at simultaneous
high-pressures and high-temperatures

Brillouin scattering measurements were performed using the
system installed at the Bayerisches Geoinstitut (Trots et al.
2013). This system employs a Coherent Verdi V2 solid-state
Nd: YVO, laser with a 532 nm single wavelength output, a
six-pass Sandercock-type piezoelectrically driven scanning
tandem Fabry-Pérot interferometer (Sandercock 1982) and
a single pixel photon counter detector (Hamamatsu C11202-
50). The incident laser beam is focused onto the sample and
the scattered light is collected from the sample through
optical paths consisting of sets of lenses and mirrors with
motorized adjustments along the optical axis of the DAC.
The distance between the sample and the collecting lens is
100 mm, whereas that between the focusing lens and the
entrance pinhole of the Brillouin spectrometer is 500 mm.
This provides a magnification factor of 5:1. A 200 um pin-
hole size was used for all measurements, this ensures that
the analyzed sample area is 40 um, i.e. smaller than the CO,
laser hotspot size. A laser power of 400 mW was used to
collect the Brillouin spectra. The scattering angle between
the incident laser beam and the analyzed scattered light
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was regularly controlled and calibrated using a fused silica
glass standard. All Brillouin scattering experiments were
conducted in a symmetric platelet geometry (Speziale et al.
2014; Whitfield et al. 1976).

Brillouin spectra at high pressure and room temperature
were collected after annealing at high temperature for up
to 2 h. Pyrope samples were measured in different crystal
directions in order to examine the effect of different pressure
media on the room temperature elasticity of pyrope. Probing
different directions was important in this case because any
deviation from the practically isotropic behaviour, which
has been reported for cubic garnets both at room conditions
and at high-pressures and temperatures (Sinogeikin and
Bass 2000, 2002; Lu et al. 2013; Pamato et al. 2016), would
suggest a possible tilt of the crystal (i.e. a deviation from
the platelet geometry) or alteration of the crystal due to the
heating cycles.

Given the negligible anisotropy of pyrope, however, Bril-
louin spectra at high temperature were collected only in one
direction in order to reduce the number of measurements
and in this way to minimize the degradation of the sample
surface at high-temperature. During these measurements the
diamond anvil cell was cooled using a flux of compressed
air. Increasing temperature increases thermal fluctuations
in the sample and, therefore, the number of photon-phonon
scattering events. This allows for faster data collection, so
that at high temperatures a reasonable signal to noise ratio
for the Brillouin signal was obtained after collection times
of between two to ten minutes, versus approximately 30 min
at room temperature for a comparable signal strength.

Several loadings were necessary to cover the pressure-
temperature range of this study, due to the degradation of
the crystal surfaces as a result of the prolonged laser heat-
ing. After each temperature cycle, if the crystals were not
damaged, pressure was increased manually after removing
the DAC from the X-ray diffractometer. After every pres-
sure increase or new loading, the sample in the DAC was
carefully aligned into the centre of rotation of the Eulerian
cradle and care was taken to preserve the symmetric platelet
geometry.

The Brillouin signals were analyzed using the program
Brillouin Win1024 version 2.6.3 written by S. Sinogeikin
and the signal to noise ratio of the Brillouin peaks was used
to estimate the uncertainties in wave velocity values (Pam-
ato et al. 2016). Brillouin scattering spectra have been col-
lected at several temperatures up to 1923 K and at different
pressures up to 23.8 GPa. A comparison between Brillouin
spectra collected in KBr and KCI at room temperature and
8.3 and 8.5 GPa respectively as well as an example of a Bril-
louin spectrum collected at high temperature are shown in
Fig. 4. Both acoustic wave velocities, vp and vg, of pyrope
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are clearly visible together with the signals of the pressure
transmitting media.

Results

Comparison between the two laser beam delivery
systems

In this study two different types of CO, laser beam delivery
systems were tested; the first uses a flexible HSW and the
second one uses a series of mirrors housed at the junctions
of an AA. The flexible HSW system provides the possibil-
ity of guiding the laser to a distance of up to 3 m from the
laser source. However, the internal reflective layer of the
waveguide is damaged significantly for integral laser pow-
ers above 20 W, limiting, therefore, the system to use at
lower pressures, where the sample can be easily insulated
from the diamonds and can, therefore, be heated using such
lower laser power. For example, in this study we could
reach~1650 K at 11.6 GPa with the HSW, but could not
increase the temperature further because the integral power
of the CO, laser was already 20 W. With this limited power
we were unable to heat the pyrope samples at pressures
higher than 12 GPa.

The AA used in this work requires the CO, laser
to be mounted within one meter from the four-circle
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Fig.6 Variation with pressure of the acoustic wave velocities of pyrope
at room temperature. The solid curve shows the pressure dependence
of vp and vg wave velocities determined using the EoS parameters
obtained in this study (the shaded areas indicate the propagated uncer-
tainties of the EoS parameters). The dashed curve shows the global fit
EoS from Chantel et al. (2016)

diffractometer, but it provides stable transmission of the
CO, laser beam up to an integral power of 60 W. Short laser
beam transmissions (max 10 min) were tested using the full
laser power of 100 W, however for longer operation times
needed for collecting Brillouin spectra with good signal to
noise ratio (i.e. more than 30 min of constant transmission)
overheating of the junctions and consequent damage of one
of the mirrors occurred at integral laser power above 60 W.
In the present study a maximum integral laser power of only
40 W was needed to reach 1790 (67) K at 23.7 GPa. Note
that the AA used in this study is equipped with gold coated
quartz-based mirrors without external cooling. Using an AA
with metallic mirrors would likely increase the maximum
laser power, which can be sustained without failure of the
mirrors even without external cooling.

High pressure and room temperature elasticity of
pyrope

The acoustic wave velocities of pyrope were measured as
a function of pressure at room temperature after each high-
temperature annealing. Measurements were also made in
several different crystal orientations and an example of a
dispersion curve collected at 6.39 GPa, after high-tempera-
ture measurements up to 1677(50) K is shown in Fig. 5. The
standard deviations of the average of the vg and v, values are
24 m/s and 43 m/s, respectively and reflect the 16 uncertain-
ties of the individual velocities, confirming that the anisot-
ropy of pyrope is negligible, as reported in previous studies
(Sinogeikin and Bass 2000, 2002). As shown in Fig. 6 the
room temperature velocities (i.e. the average of the values
collected in different directions) are in very good agreement
with those obtained for a single-crystal of synthetic pyrope
using Brillouin scattering by Sinogeikin and Bass (2000).
In fact, the extent of scattering, particularly in vp, is smaller
in the current study. Sinogeikin and Bass (2000) used a
16:3:1 by volume mixture of methanol-ethanol-water as a
pressure transmitting medium in their experiments. Above
10 GPa, however, they externally heated the DAC to relax
non-hydrostatic stresses before each measurement, which
were assessed by measuring pressure gradients using ruby-
luminescence. The very good agreement between the two
studies indicates that laser heating also relaxes non-hydro-
static stresses that might accumulate on the crystal at room
temperature due to the use of KBr and KCl as pressure
transmitting media. Given the good agreement, we can also
conclude that the small amount of Fe present in the natu-
ral pyrope used in this study (Fe/[Fe+Mg]=0.017) has a
negligible effect on the wave velocities of the pyrope end-
member. This is expected given the small difference in the
molar volume between the natural sample used in this study
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Table 1 Acoustic velocities collected at high-pressures and high-temperatures for pyrope

P (GPa) * T (K) vg (km/s) v, (km/s) p (g/cm’)
Run 1 (HSW fiber)

0.0001 298 (1) 5.108 (31) 9.087 (40) 3.573 (5)
3.20 298 (1) 5.205 (26) 9.325 (30) 3.639 (5)
3.29 1358 (50) 5.028 (30) 9.120 (48) 3.507 (5)
3.32 1413 (62) 5.080 (24) 9.112 (37) 3.500 (5)
3.38 1413 (61) 5.041 (38) 9.109 (66) 3.501 (5)
3.30 1487 (50) 5.028 (28) 9.142 (33) 3.489 (5)
3.35 1490 (50) 5.035 (26) 9.075 (30) 3.490 (5)
3.31 1500 (94) 4.954 (38) 9.000 (79) 3.487 (5)
3.31 1598 (77) 5.050 (58) 9.023 (79) 3.474 (5)
5.68 298 (1) 5.223 (16) 9.416 (19) 3.688 (5)
5.69 851 (50) 5.191 (30) 9.339 (48) 3.625 (5)
5.75 934 (50) 5.195 (38) 9.375 (45) 3.616 (5)
5.73 972 (188) 5.171 (26) 9.299 (38) 3.610 (5)
5.68 1486 (50) 5.094 (30) 9.275 (38) 3.541 (5)
5.73 1182 (68) 5.177 (28) 9.320 (43) 3.583 (5)
5.72 1214 (115) 5.126 (30) 9.312 (48) 3.578 (5)
5.75 1287 (64) 5.107 (30) 9.237 (38) 3.569 (5)
5.75 1318 (50) 5.077 (30) 9.258 (58) 3.565 (5)
5.82 1414 (67) 5.068 (37) 9.209 (48) 3.554 (5)
5.82 1418 (90) 5.090 (26) 9.231 (33) 3.553 (5)
5.84 1419 (50) 5.095 (30) 9.213 (66) 3.554 (5)
5.82 1453 (97) 5.070 (26) 9.236 (38) 3.548 (5)
5.92 1525 (68) 5.065 (30) 9.204 (38) 3.541 (5)
6.39 298 (1) 5.226 (33) 9.512 (48) 3.702 (5)
6.78 1100 (114) 5.159 (26) 9.384 (58) 3.615 (5)
6.87 1194 (50) 5.132 (26) 9.353 (43) 3.605 (5)
6.92 1296 (50) 5.159 (30) 9.399 (48) 3.592 (5)
6.78 1324 (50) 5.107 (30) 9.346 (48) 3.586 (5)
6.82 1395 (50) 5.090 (30) 9.353 (48) 3.577 (5)
6.94 1425 (50) 5.103 (26) 9.344 (48) 3.576 (5)
6.88 1626 (50) 5.074 (26) 9.294 (48) 3.548 (5)
6.92 1677 (50) 5.076 (48) 9.195 (58) 3.542 (5)
7.56 1203 (157) 5.173 (48) 9.448 (48) 3.618 (5)
7.50 1501 (63) 5.129 (38) 9.381 (43) 3.577 (5)
8.47 298 (1) 5.328 (24) 9.642 (38) 3.741 (5)
8.70 298 (1) 5.352(26) 9.631 (43) 3.745 (5)
8.87 1392 (122) 5.214 (33) 9.508 (43) 3.619 (5)
8.50 1440 (50) 5.220 (20) 9.479 (37) 3.606 (5)
8.87 1445 (62) 5.192 (33) 9.474 (43) 3.612 (5)
8.88 1487 (103) 5.229 (38) 9.464 (48) 3.607 (5)
8.83 1923 (85) 5.116 (38) 9.423 (58) 3.549 (5)
9.20 298 (1) 5.335 (30) 9.685 (38) 3.754 (5)
9.43 298 (1) 5.355 (20) 9.657 (26) 3.758 (5)
9.46 1308 (117) 5.234 (24) 9.554 (30) 3.642 (5)
9.57 1329 (58) 5.278 (22) 9.586 (26) 3.641 (5)
9.52 1454 (142) 5.218 (24) 9.540 (30) 3.624 (5)
9.52 1513 (68) 5.246 (26) 9.508 (33) 3.617 (5)
11.40 298 (1) 5.380 (18) 9.804 (22) 3.794 (5)
11.86 974 (117) 5.295 (26) 9.682 (26) 3.729 (5)
11.86 1124 (116) 5.273 (24) 9.677 (33) 3.711 (5)
11.53 1161 (81) 5.254 (22) 9.641 (30) 3.700 (5)
11.23 1190 (150) 5.286 (30) 9.682 (38) 3.691 (5)
11.86 1378 (189) 5.271 (26) 9.667 (38) 3.679 (5)
11.53 1480 (69) 5.256 (30) 9.664 (30) 3.660 (5)
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Table 1 (continued)

P (GPa) * T (K) vg (km/s) v, (km/s) p (g/cm’)
11.63 1663 (50) 5.268 (26) 9.643 (38) 3.639 (5)
Run 2 (AA)

19.68 298 (1) 5.506 (40) 10.170 (40) 3.930 (5)
19.68 1577 (88) 5.352 (20) 10.059 (50) 3.789 (5)
19.68 1615 (49) 5.368 (30) 10.035 (50) 3.776 (5)
19.60 1744 (67) 5.344 (20) 10.009 (30) 3.767 (5)
19.7 1761 (82) 5.387 (30) 9.996 (70) 3.759 (5)
19.68 1412 (28) 5.435 (20) 10.021 (70) 3.806 (5)
23.96 1790 (67) 5.386 (30) 10.202 (70) 3.841 (5)
23.69 1709 (97) 5.426 (30) 10.294 (70) 3.865 (5)
23.96 298 (1) 5.518 (30) 10.456 (50) 3.995 (5)

*Note: the uncertainties on pressure are smaller than 0.08 GPa

(113.16 cm*/mol) and the pyrope end-member (113.13 cm?/
mol as reported by Angel et al. 2022).

The two most extensive ultrasonic measurements of
polycrystalline pyrope samples measured using a multi-
anvil apparatus (Chantel et al. 2016; Zou et al. 2012) are
also reported in Fig. 6 for comparison. A detailed compari-
son among ultrasonic wave velocity data including Gwan-
mesia et al. (2006, 2007) and Chen et al. (1999) is given in
Chantel et al. (2016). The room temperature wave velocities
determined in the current study are in reasonable agreement
with the ultrasonic measurements of Chantel et al. (2016),
although there is a clear difference in slope with pressure
that is most evident in vg at pressures below 15 GPa. The
lower values of vg at lower pressures may result from micro-
porosity within the hot-pressed samples, that might only
close at higher pressures due to the relatively high strength
of pyrope (Li et al. 2006). Higher values of both vq and v}
at higher pressures in the ultrasonic study of Chantel et al.
(2016) might result from the development of high levels of
deviatoric stress in the samples during room temperature
compression. The aggregate velocities of pyrope measured
ultrasonically by Zou et al. (2012) are higher, compared to
the other studies, at pressures above 10 GPa (Fig. 6). Each
room temperature measurement, in this previous study, was
made after high temperature annealing, which should, there-
fore, have relaxed any non-hydrostatic stresses. The origin
of this difference, which increases systematically with pres-
sure, is therefore hard to evaluate.

P-V-T-vs-v, equation of state of pyrope

Given the negligible anisotropy of pyrope over the pres-
sures and temperatures of its stability, the acoustic wave
velocities measured in any direction at a given P and T can
be considered to be representative of the aggregate wave
velocity of pyrope, i.e.

op = \/1\s+ /3G and vg = \/f, where K is the adiabatic

p

bulk modulus, G is the shear modulus and p is the den-
sity at any given condition. As such all 64 acoustic wave
velocity measurements collected in this study (Table 1)
were used directly in a fitting routine implemented in the
Origin software (Buchen 2018), which makes use of a self-
consistent thermodynamic formalism employing a modified
Mie-Grlineisen equation of state with a Debye approxi-
mation, according to the equations based on the Eulerian
strain reported by Stixrude and Lithgow-Bertelloni (2005).
Because the Mie-Griineisen equation of state is expressed in
terms of isothermal parameters, whereas elastic wave prop-
agation is an adiabatic process, the adiabatic bulk moduli
are converted to isothermal values, K, during each step of
the fitting procedure using the relationship:

TCy~?

Kg=Kp+ v

()

where ¥ is the volume in cm®/mol, T the temperature in
Kelvin, Cj, the heat capacity at constant volume in kJ/(mol
K) and y the Griineisen parameter. In this formalism Cj, is
expressed in terms of the Debye temperature 6:

T 3 r0)T t44
Cv—9nR< )/ vt @)
0) )0 -1

with n the number of atoms in the formula unit of pyrope
and R the gas constant in J/(mol K). The room pressure
density, p,, is fixed to the value determined in this study,
whereas densities at high pressures and temperatures are
obtained through an iterative procedure, starting from the
values determined using the equation of state parameters
reported by Angel et al. (2022) at the pressures measured
using Sm: YAG. In this procedure, the analytical approxi-
mation of the Debye function proposed by Anderson
(2019) was employed. Initially, the room pressure bulk
and shear moduli, K, and G, their first pressure deriva-
tives, Ky," and G,’, the Griineisen parameter y, and its
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Table 2 Thermo-elastic parameters of pyrope

K1 (GPa) K19 Gy (GPa) G/ Yo q 0, K) Mo
This study 168.2 (1.5) 4.30(20) 93.8(5) 1.48 (6) 1.22 (14) 0.03 (35) 823* 0.21 (10)
Chantel et al. (2016) global fit 169.5(2.6) 438(20) 91.4(6)  1.55(10) 1.15(30)  1.5* 823* 0.45 (30)
Angel et al. (2022) 169.4 (3.0) 4.55(5) == == 1.185(12)  0.79(17) 771 (28) ==
Stixrude and Lithgow-Bertelloni (2024)  170.0 (2.0) 4.10(30) 94.0(2) 1.40(2) 1.010(6)  1.4(5) 843 (4)  1.00 (3)
* fixed values
02 Temperature T (K)
b 1900
—_ 1500
~ 0.1
= _ 1100
@ pi¥
3 £ oo 4ge s 5. 700
» 2 IR i 300
Q ) .
= -0.1 ]
(6]
o
(O]
S 020l . . . . L
q>) 0.15 ——r . v . v
) orof C
2
O 0.05 |
sgas 0 " ¥ u
w "
=3 E ooo|= : Tl =
8 3 g e <
< -0.05 | ' s
0.10f
I P PR IR 015t ) )

10 15 20
Pressure (GPa)

25

Fig. 7 Variation with pressure of a) the acoustic wave velocities of
pyrope measured in this study (filled circles) at different temperatures
(colour coded). Solid curves have been calculated at 298, 1000, 1500
and 1900 K using the EoS parameters resulting from the P-7-finite

shear strain derivative #g, and the parameter g,, were all
fitted, whereas the room pressure Debye temperature, 6,,,
was fixed to the value of 823 K, as in the study of Chantel
et al. (2016). Results of this initial fitting highlighted the
strong correlation between y, and #g, with a correlation
coefficient of -0.97, for this reason in the following cycles
the two parameters were not refined simultaneously. A
range of fitting parameters were found that could suitably
fit the entire data set from this study, and were in good
general agreement with the other pyrope elasticity stud-
ies. However, only a sub-set of these fitting parameters
could reproduce the ambient pressure thermal expansion
data on pyrope (Milani et al. 2015). In a second round of
optimization the elasticity data set from our study were,
therefore, fitted using the volume-temperature measure-
ments of Milani et al. (2015) as a further constraint. The
resulting fit parameters are reported in Table 2, where they

@ Springer
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Pressure (GPa)

strain fitting procedure; and b, ¢) the difference between calculated and
observed acoustic wave velocities vg and v, respectively showing that
the agreement is better than 100 m/s at all temperatures

are compared with previous assessments. A comparison
between the EoS fits and the velocity data measured in this
study is shown in Fig. 7. The difference between calculated
and observed acoustic wave velocities is below 100 m/s at
all temperatures, with the majority of data actually deviat-
ing by less than 50 m/s, particularly for vg.

A comparison between the volume of pyrope at ambi-
ent pressure and high temperature calculated using the
EoS parameters determined in this study and the volume
data measured in previous studies is shown in Fig. 8.
Overall the model is in good agreement with a range of
volume data recently measured at ambient pressure for
pyrope. The parameters reported by Stixrude and Lith-
gow-Bertelloni (2024), instead, result in a smaller varia-
tion with temperature of the unit-cell volume of pyrope
more in agreement with the older study of Skinner et al.
(1956).
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Fig. 8 Variation with temperature of the unit-cell volumes of pyrope
measured in previous studies normalised with respect to the corre-
sponding room temperature values, compared with the high-temper-
ature variations obtained from the EoS parameters determined in this
study (solid curve) and those reported in Stixrude and Lithgow-Bertel-
loni (2024) (dashed curve)
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Fig.9 Variation with pressure of the acoustic wave velocities of pyrope
determined in previous studies at different temperatures indicated by
the colour scheme, compared with isotherms calculated at 300, 1100,
1500 and 1900 K obtained using the EoS parameter determined in this
study (solid lines) and the global fit EoS parameters (dashed lines)
reported by Chantel et al. (2016). For the values determined in this
study see Fig. 7

Discussion

In Fig. 9 isothermal curves calculated using the pyrope EoS
parameters determined in this study (Table 2) and also using
the global fit parameters reported by Chantel et al. (2016),
are compared with wave velocities measured in previous
studies using Brillouin scattering (Sinogeikin and Bass
2000, 2002) and ultrasonic techniques (Chantel et al. 2016;
Zou et al. 2012). The isotherms calculated using our EoS are

320 + | Temperature T (K)
1900

1500
1100
700
300

—— This study
- - - Angel et al. (2022)

100 L L
0 10 20 30

Pressure (GPa)

Fig. 10 Variation with pressure of the isothermal bulk modulus of
pyrope calculated at 300, 1100, 1500 and 1900 K (color scheme) using
the EoS parameters obtained in this study and those obtained by Angel
et al. (2022). The shaded areas represent the propagated uncertainties
for K at room temperature and at 1900 K

in general agreement with previous measurements and the
differences, particularly with the data of Zou et al. (2012),
decrease with increasing temperature. As can be seen in
Fig. 9, except for the ambient pressure measurements of
Sinogeikin and Bass (2002), which only extend to 1073 K,
there is a lack of lower pressure, high-temperature data in
previous studies.

By comparison with Fig. 7, it can be seen that in the cur-
rent study there are more constraints on velocities at mantle-
temperatures both below and above 10 GPa. The deviation
between our EoS model and the previous global fit model
proposed by Chantel et al. (2016), which was based on a fit
to all the experimental data shown in Fig. 9, is the greatest
at the conditions where the previous data coverage was the
poorest. At high pressures the isotherms calculated in this
study tend to converge with those of Chantel et al. (2016)
but there is still a degree of divergence once temperatures
become higher than 1100 K. It seems, therefore, that our
EoS is in good agreement with previous high-temperature
measurements, which, provides an important benchmark for
the laser heated technique. However, a global fit to these
previous data (Chantel et al. 2016) does not extrapolate
optimally to reproduce the higher temperature velocities
measured in our study.

A further comparison can be made between our EoS
and the P-V-T EoS recently refined by Angel et al. (2022)
using a combination of compressibility, thermal expansion,
elasticity and heat capacity data for pyrope. The Mie-Grii-
neisen-Debye EoS used by Angel et al. (2022) is practically
equivalent to the finite strain expressions used in this study
(Stixrude and Lithgow-Bertelloni 2005), as demonstrated
by Criniti et al. (2024). In Fig. 10 the variation with pres-
sure of the isothermal bulk modulus (K;) of pyrope calcu-
lated at different temperatures using the EoS parameters of
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Fig. 11 Longitudinal and shear wave velocities calculated for pyrope
using the EoS parameters derived in this study are compared with the
models of Chantel et al. (2016) and Stixrude and Lithgow-Bertelloni

Angel et al. (2022) is compared with that calculated from
the EoS determined in this study. The main differences arise
from the slightly steeper dependence in pressure (i.e. higher
K') and a larger decrease in K, with temperature at lower
pressures in the study of Angel et al. (2022). The higher K’
is most likely inherited from ultrasonics data used in the
fitting (Zou et al. 2012; Chantel et al. 2016), which have
been discussed previously, whereas the lower K values are
likely inherited from fitting the ambient pressure velocity
data of Sinogeikin and Bass (2002), which only extend to
1073 K, whereas in our study data at approximately 3 GPa
extend to 1598 K and reach 1923 K at 8.8 GPa. In summary,
the agreement between our EoS and that of Angel et al.
(2022) is extremely good at the conditions where this previ-
ous model could be fitted to actual data. This provides also
an excellent benchmark for the results of the laser heated
single-crystal technique.

In Fig. 11a the vy and v, wave velocities of pyrope
are calculated as a function of pressure at temperatures
along the mantle adiabat reported by Katsura (2022), but
smoothed to remove the sharp jumps in temperature result-
ing from the latent heat of phase transformations occurring
in the Earth’s transition zone at approximately 14 GPa and
20 GPa. The values calculated from our study are compared
with values determined using the global fit of Chantel et al.
(2016) and the database of Stixrude and Lithgow-Bertelloni
(2024). Pyrope is only one component in mantle garnet,
which is comprised also of significant proportions of alman-
dine and grossular and, depending on the pressure, majorite
components. Pyrope remains one of the more dominant
components over the garnet stability field, however, and
existing measurements seem to indicate that EoS terms may
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be quite similar among the garnet components (Pamato et
al. 2016; Beyer et al. 2021; Angel et al. 2022). As can be
seen in Fig. 11a, the velocities calculated for pyrope using
the database of Stixrude and Lithgow-Bertelloni (2024) are
consistently below the values determined using our EoS,
with deviations that increase with pressure and are outside
of the uncertainties of our study. At the base of the transition
zone (~24 GPa) the differences are approximately 200 m/s
in vp and 150 m/s in vy These differences can in part be
attributed to lower values of g, and 7, in our EoS (Table 2).
The values obtained in our study, however, are fitted to data
that extend to much higher temperatures than achieved in
previous studies and, therefore, provide better constraints
on these terms. It is quite possible that velocities for many
mantle components are underestimated at mantle tempera-
tures because high temperature data are lacking. This may
explain why seismic velocities calculated for pyrolitic man-
tle compositions using mineral elasticity data are lower than
seismic reference models in the lower half of the transition
zone (Irifune et al. 2008; Pamato et al. 2016). This differ-
ence is larger in vy but is also apparent in vp. This discrep-
ancy may in part be resolved if, as in the case of pyrope,
velocities are generally higher at mantle adiabatic tempera-
tures than so far reported.

A further consequence of the higher velocities deter-
mined in this study at high temperatures can be seen in
Fig. 11b, where velocities are calculated as a function of
temperature at 20 GPa, corresponding to approximately
570 km depth, near the base of the transition zone. At this
depth, seismic velocities can be reproduced using the EoS
parameters determined in this study for a mantle tempera-
ture of approximately 1850 K. The same values of seismic
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wave velocities, however, can be obtained at temperatures
850 K lower for v, and 750 K lower for vy when the EoS
parameters reported by Stixrude and Lithgow-Bertelloni
(2024) are used. If variations in mantle velocities are to be
interpreted in terms of mantle temperature or composition,
it is critical to obtain more experimental data on the acoustic
velocities of rock-forming mantle minerals at or near realis-
tic mantle temperatures.
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