:' frontiers ‘ Frontiers in Earth Science

ORIGINAL RESEARCH
published: 27 April 2022
doi: 10.3389/feart.2022.864183

OPEN ACCESS

Edited by:
Nibir Mandal,
Jadavpur University, India

Reviewed by:

Pratik K. Das,

University at Buffalo, United States
Prafulla K. Jha,

Maharaja Sayajirao University of
Baroda, India

*Correspondence:
Lidong Dai
dailidong@vip.gyig.ac.cn
Haiying Hu
huhaiying@vip.gyig.ac.cn

Specialty section:

This article was submitted to
Solid Earth Geophysics,

a section of the journal
Frontiers in Earth Science

Received: 28 January 2022
Accepted: 11 April 2022
Published: 27 April 2022

Citation:

Hong M, Dai L, Hu H, Zhang X and Li C
(2022) High-Temperature and High-
Pressure Phase Transition of Natural
Barite Investigated by Raman
Spectroscopy and

Electrical Conductivity.

Front. Earth Sci. 10:864183.

doi: 10.3389/feart.2022.864183

®

Check for
updates

High-Temperature and High-Pressure
Phase Transition of Natural Barite
Investigated by Raman Spectroscopy
and Electrical Conductivity
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We investigated the structural, vibrational, and electrical transport properties for natural
barite under the conditions of 298-873 K and 1.5-35.0 GPa using a diamond anvil cell by
vitue of Raman spectroscopy and electrical conductivity measurements. Upon
compression, natural barite transformed into post-barite at 18.9 GPa and atmospheric
temperature, which was evidenced by the emergence of vs Raman peak, the
discontinuities in the pressure-dependent Raman shifts, FWHM of vy Raman peak and
electrical conductivity under non-hydrostatic condition. The phase transition is of good
reversibility, whereas a considerable pressure hysteresis was detected during the process
of decompression. Under quasi-hydrostatic condition, the structural transition of natural
barite occurred at a higher pressure of 21.4 GPa, which is possibly related to the influence
of deviatoric stress. Furthermore, our high-temperature and high-pressure Raman spectra
and electrical conductivity results for natural barite revealed that the phase transformation
pressures decreased as temperatures enhanced and further, the phase boundary
between barite and post-barite was described as P (GPa) = 24.00-0.0166 T (K). Our
obtained phase diagram of natural barite can improve the knowledge about the structural
and electrical properties for other barite-group minerals MSO,4 (M = Sr and Pb) under high
temperature and high pressure conditions.

Keywords: natural barite, Raman spectroscopy, electrical conductivity, structural phase transition, hydrostaticity,
high temperature, high pressure

INTRODUCTION

Barite-group sulfates MSO, (M = Ba, Sr, and Pb), the most prominent and common sulfate minerals in
the Earth’s crust, play a vital role in the recycling of sulfur from crust into mantle through plate subduction
(Evans et al,, 2014; Canil and Fellows, 2017). Under ambient conditions, barite-group sulfates crystallize
into orthorhombic crystal systems, where each M atom coordinates with twelve oxygen atoms derived
from six neighboring SO, tetrahedrons to constitute MO;, polyhedron, leading to the edge sharing
between SO4 and MO;, polyhedrons (Antao, 2012; Ye et al,, 2019). As a representative barite-group
sulfate, barite (BaSO,) primarily outcrops in low temperature hydrothermal deposits and sedimentary
deposits (Abidi et al.,, 2012). In light of its chemical stability, high reservation, and low cost, barite has been
extensively applied in the fields of chemical raw materials, drilling mud raw materials, glass raw materials,
and chemical fillers (Zhou et al., 2015).
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Previous high-pressure phase stability investigations on barite
have been performed through synchrotron X-ray diffraction and
Raman spectroscopy (Lee et al., 2001; Lee et al., 2003; Crichton
et al., 2011; Santamaria-Pérez et al, 2011; Ye et al, 2019).
However, there are numerous disputes regarding the phase
stability and structural transition pressure for barite.
Santamarfa-Pérez et al. (2011) conducted the synchrotron
X-ray diffraction research on synthetic barite in a diamond
anvil cell using three different pressure mediums of the
methanol and ethanol mixture (4:1 volume ratio), silicone oil,
and helium up to 48.0 GPa. Their experimental results revealed
that barite underwent a structural transition from the Pbnm to
P2,2,2, phases within the pressure range of 17.0-27.0 GPa,
depending on the employed pressure medium. Subsequently, a
similar synchrotron X-ray diffraction study reported the Pbnm-
to-P2,2,2; phase transition at ~20.3 GPa with neon as the
pressure medium (Ye et al., 2019). However, Lee et al. (2001);
Lee et al. (2003) disclosed the occurrence of a phase transition at a
lower pressure of 10.0GPa wunder different hydrostatic
environments with no pressure medium and the mixture of
methanol and ethanol (4:1 volume ratio) as the pressure
medium by virtue of synchrotron X-ray diffraction and Raman
spectroscopy. By contrast, Crichton et al. (2011) performed the
synchrotron X-ray diffraction and Raman spectroscopy
measurements on natural barite single crystal from Germany
using helium as the pressure medium and results demonstrated
that natural barite remained stable up to 21.5 GPa. And thus, the
controversies on the high-pressure phase stability and structural
transition pressure for barite are worthy of further investigation.
Besides the aforementioned two experimental means, electrical
conductivity measurement is another sensitive and effective
method, since the occurrence of structural transition is often
accompanied by the variation in electrical transport characteristic
for some rocks and minerals (Pu et al., 2018; Yang et al,, 2018;
Hong et al., 2022). However, the related investigation on the high-
temperature and high-pressure electrical conductivity of natural
barite remains blank until now.

On the other hand, temperature is an important factor of
influencing the phase transition pressure for some minerals and
rocks (Hong et al., 2022). To the best of our knowledge, Lee et al.
(2001) have proposed the phase diagram of synthetic barite under
the temperature range of 298-1000K and pressures up to
29.0 GPa through synchrotron X-ray diffraction. Additionally,
Raman spectroscopy and electrical conductivity measurements
have been proved to be efficient methods of identifying the
occurrence of structural transition under high temperature and
high pressure conditions and thus have been extensively applied
to establish the phase diagram of minerals and rocks (Pu et al.,
2018; Yang et al., 2018; Hong et al., 2022). Previously available
Raman spectroscopy investigations paid special attention on the
structural transition of barite under high pressure and room
temperature conditions (Lee et al., 2003; Chen et al., 2009;
Crichton et al.,, 2011), whereas the relevant Raman scattering
research on the phase stability of barite under simultaneously
high-temperature and high-pressure conditions is still lacking.

In the present study, we reported the structural transition of
natural barite up to 35.0 GPa at atmospheric temperature under
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FIGURE 1 | The representative diffraction pattern of natural barite. Inset:
Optical microscope image and the calculated lattice parameters for the
starting sample. In here, the black line represents the measured diffraction
pattern and the red vertical lines are the standardized peak positions of
barite from the standard PDF card of JCPDS no.83-1718.

different hydrostatic environments using a diamond anvil cell in
conjunction with Raman spectroscopy and alternating current
(AC) complex impedance spectroscopy, and the influence of
different hydrostatic environments on the phase transition
pressures was discussed in detail. Furthermore, we also
revealed the influence of temperatures on the phase
transformation pressures, and a phase diagram of natural
barite was constructed under conditions of 298-873 K and
10.9-18.9 GPa.

MATERIALS AND METHODS

Sample Preparation and Characterization

The natural transparent barite crystal (see the inset of Figure 1)
was gathered from Huili city, Sichuan province, China. We
crushed and ground the bulk sample into powders using an
agate mortar. The phase identification of the initial sample was
performed by X-ray diffraction (XRD) with a X'Pert Pro X-ray
powder diffractometer operating at an acceleration voltage of
45kV and a beam current of 40 mA, respectively. Figure 1 shows
the typical XRD pattern of the starting sample and the results
revealed that the initial sample belongs to orthorhombic structure
with the space group of Pbnm. The lattice parameters of the
starting sample were calculated using MDI Jade 6.5 software and
the correspondent results are listed as follows: a = 7.145 A,
b=8866A,c=5445A, a =B =7y=2900° and V = 345.0 A®,
which concides well with the standard PDF data of barite (JCPDS
no.83-1718). Although our obtained zero-pressure unit cell
volume is slightly different from previous investigations (Lee
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FIGURE 2 | Experimental assemblage of the high-temperature and high-pressure electrical conductivity measurements on natural barite. (A) Configuration of plate
electrodes installed on two diamond anvils. (B) Cross-sectional schematic of the externally heated diamond anvil cell (DAC) applied for the high-temperature and high-
pressure electrical conductivity experiments. In here, (1) tungsten carbide seat; (2) diamond; (3) heating furnace; (4) gasket; (5) ruby; (6) electrode; (7) thermocouple; (8)
sample. (C) and (D) The photographs of the external resistance heating DAC assembly employed in high-temperature and high-pressure electrical conductivity

measurements.
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etal., 2001; Lee et al., 2003; Crichton et al., 2011; Ye et al., 2019), it
has a negligible effect on the equation of state (EoS) of barite.

High-Temperature and High-Pressure

Raman Spectroscopy Measurements

A four column-type diamond anvil cell (DAC) with a facet
diameter of 300 um and bevel angle of 10° was utilized for
high-temperature and high-pressure Raman spectroscopy and
electrical conductivity measurements. High temperature was
generated by an external resistance heating furnace made up
of a 300-um diametral nickel-chromium wire. We fixed the
prepared heating furnace to the tungsten carbide seat by high-
temperature cement. Temperature was gradually increased from
298 to 873 K with an interval of 50 K and was monitored through
a k-type thermocouple adhered to the diamond with the precise
of +5 K. Raman spectroscopic experiments were performed using
a Renishaw 2000 microconfocal Raman spectrometer equipped
with an excitation source of 514.5 nm. In our present work, the
mixture of methanol and ethanol (4:1 volume ratio) was selected
as the pressure medium to provide quasi-hydrostatic condition
and no pressure medium was employed to attain non-hydrostatic
condition. A ruby single crystal with a grain size of ~5 um was
chosen as the pressure calibration at room temperature based on

the shift of R1 fluorescence peak. Furthermore, we determined
the pressure under high temperature based on the high-
temperature corrected equation of pressure calibration (Rekhi
et al,, 1999).

High-Temperature and High-Pressure

Electrical Conductivity Measurements

A sheet of 250 um thick T-301 stainless steel was preindented to
~40 pm thickness and later a central hole with the diameter of
180 um was drilled by a laser drilling machine. Afterwards, a
mixture of boron nitride and epoxy powder was compacted into
the hole for electrical insulation and another new central hole
with a diameter of 100 um was made as the insulating sample
chamber. Subsequently, the remaining part of the gasket was
coated by the insulating cement. The sample chamber was
surrounded by the resistance heating furnace and thus the
sample could be homogeneously heated based on the thermal
conduction principle. For the sake of realizing thermal
equilibrium, we waited for ~10min at each pre-designed
temperature prior to the Raman spectroscopy and electrical
conductivity measurements. No pressure medium was utilized
to avoid introducing additional impurities and guarantee good
contaction between sample and electrodes during electrical
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FIGURE 3| High-pressure Raman spectroscopic results on natural barite within the wavenumber range of 400-1,300 cm™" up to 34.8 GPa and room temperature
upon compression. (A) 0.5-8.7 GPa; (B) 9.8-17.2 GPa; (C) 18.9-34.8 GPa. (D) The corresponding evolution of Raman shifts with increasing pressure for natural barite
under non-hydrostatic condition. The solid and dashed lines are employed to guide to the eyes.
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TABLE 1 | Pressure-dependent Raman shift dw/dP (cm™" GPa™") for natural barite under non-hydrostatic and quasi-hydrostatic environments at room temperature. Here,

(em™) and P (GPa) represent Raman frequency and pressure, respectively.

Pressure condition Pressure (GPa)  (cm™) dw/dP (cm™ GPa™) w (ecm™) dw/dP (cm™ GPa™)
Non-hydrostatic 0.5-18.9 454.6 (v2q) 2.60 462.8 (v2p) 3.03
618.6 (vag) 1.54 648.7 (vs0) 2,59
989.6 (1) 458 1,140.4 (vas) 4.39
20.0-34.8 501.8 (v5) 2.18 522.9 (vp0) 2.82
648.7 (vag) 234 698.2 (v4c) 1.81
1,071.9 (vy) 2.88 1,217.9 (vs2) 2.76
472.3 (vg) 1.25
Quasi-hydrostatic 1.5-21.4 454.6 (v2q) 2.42 462.8 (vap) 2.94
618.6 (vag) 1.29 648.7 (v40) 2,50
989.6 (v-) 417 1,141.5 (vg) 3.97
22.9-35.0 505.3 (vp) 1.26 527.6 (va0) 1.85
649.8 (v4s) 1.25 700.4 (v4) 1.41
1,074.2 (v3) 1.65 1,222.2 (v30) 1.32
475.8 (vg) 0.84
conductivity measurements. Figure 2 represents the  increasing pressure. Meanwhile, we found that the v, and vy,

experimental assemblage of the high-temperature and high-
pressure electrical conductivity measurement. We measured
the complex impedance spectra of natural barite under the
conditions of 298-873 K and 2.8-30.0 GPa by a Solartron-1260
impedance/gain phase analyzer within the frequency range of
107'-10" Hz and at an alternating voltage of 1.0 V. Detailed
instructions on the high-temperature and high-pressure
measurement principles and experimental procedures have
been reported by Hong et al. (2022).

RESULTS AND DISCUSSION

The Phase Transition of Natural Barite at
Room Temperature

Raman spectroscopy has been proved to be a sensitive method of
exploring the occurrence of pressure-induced structural
transition for some minerals and rocks (Pu et al., 2018; Yang
etal,2018; Hongetal., 2022). From Figure 3A, ten representative
Raman peaks were detected for natural barite within the
wavenumber range of 400-1,300 cm ' at a given pressure of
0.5GPa under non-hydrostatic condition, which can be
assigned as v; (989.6 cm™), vy, (4546 cm™h), vy
(462.8 ecm™), vs, (1,083.9 cm™), vy, (1,105.7 cm™), vs.
(1,1404 cm™), vsq (1,167.4 cm™), vy, (6186 cm™), vy,
(631.3 cm™), and v, (648.7 cm™), respectively. All of these
Raman peaks are in good accordance with previous investigations
(Lee et al., 2003; Chen et al., 2009; Liu et al., 2015; Zhou et al.,
2020). To diminish experimental error, we analyzed six stronger
Raman modes of vy, U,, Uap, User Ugq, and vy in the processes of
compression and decompression.

Figure 3 displays the high-pressure Raman spectra of natural
barite within the pressure range of 0.5-34.8 GPa under non-
hydrostatic condition. The corresponding fitting results of the
pressure-dependent Raman shifts (dw/dP, where w and P are the
Raman shift and pressure, respectively) are summarized in
Table 1. As depicted in Figure 3A-C, all of these Raman
peaks monotonously shifted towards higher wavenumbers with

Raman peaks overlapped within the pressure range of 11.9-15.0
GPa, while they separated obviously above 16.0 GPa. Notably, as
the pressure reached up to 18.9 GPa, an absolutely new Raman
peak at 468.7 cm™' (denoted as the vs mode in Figure 3C)
appeared. Furthermore, we found that the Raman peaks of
sample became significant broadening accompanied by the
remarkable decrease in their Raman peak intensities, which is
possibly related to the intrinsic nature of crystalline structure. To
further reveal the occurrence of phase transition, we detailedly
analyzed the pressure dependence of Raman shifts for natural
barite. Two discrete pressure ranges of 0.5-18.9 GPa and
20.0-34.8 GPa were distinguished. Below 18.9 GPa, the Raman
modes of vy, Uap, V4 ¥1, and v3, displayed blue shifts with larger
slopes of 2.60, 3.03, 2.59, 4.58, and 4.39 cm ! GPa™! and the vy,
mode showed a smaller rate of 1.54 cm™' GPa™'. However, within
the pressure range of 20.0-34.8 GPa, smaller rates of 2.18, 2.82,
1.81,2.88,and 2.76 cm™ ! GPa ™! were acquired for the vy,, Uap, V4o,
v, and v3, modes and a larger slope of 2.34 cm ' GPa™' was
detected for the vy, mode, respectively. Additionally, we also
analyzed the Raman full width at half-maximum (FWHM) of v,
Raman peak with increasing pressure under different hydrostatic
environments, as displayed in Figure 4. The correspondent fitting
results of pressure-dependent FWHM for natural barite under
different hydrostatic environments were listed in Table 2. Results
showed that the Raman FWHM of v; Raman peak exhibited an
obvious inflection point at 18.9 GPa under non-hydrostatic
condition, which can be attributed to the occurrence of
structural phase transition for natural barite. In short, the
appearance of vs Raman peak and the inflection points in the
pressure-dependent Raman shifts and FWHM of v; Raman peak
indicate that natural barite underwent a phase transformation at
18.9 GPa under non-hydrostatic condition.

Upon decompression, within the pressure range of 32.1-2.9 GPa,
all these Raman peaks of natural barite continuously shifted towards
lower wavenumbers, as illustrated in Figure 5. Noteworthily, the vs
Raman peak disappeared when the pressure was released to 1.8 GPa.
At the same time, all the Raman peaks of sample became sharp and
narrow accompanied by the apparent increase in their Raman peak
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TABLE 2 | Pressure dependence of Raman FWHM dF/dP (cm™" GPa™") for
natural barite under non-hydrostatic and quasi-hydrostatic environments. In
here, F (cm™") and P (GPa) stand for Raman FWHM and pressure, respectively.

Mode Pressure Condition Pressure (GPa) dF/dP (cm™ GPa™)
V1 Non-hydrostatic 0.5-18.9 0.265
20.0-34.8 0.439
Quasi-hydrostatic 1.5-21.4 0.201
22.9-35.0 0.592

intensities. Furthermore, an available discontinuity in the pressure-
dependent Raman shifts was found at 1.8 GPa, indicating the
occurrence of phase transformation. After quenched down to
ambient conditions, all of these Raman peaks of barite returned
to their original Raman peak positions, suggesting the reversibility of
the structural transition. However, there exists a huge pressure
hysteresis of approximately 17.0 GPa for natural barite, which is
probably related to the large kinetic barrier for the structural
transition upon decompression. In addition, we compared the
pressure-dependent Raman shift relationships obtained in this
study and previously available investigations from Lee et al
(2003) and Chen et al. (2009), as shown in Supplementary
Figure S1. Results indicated that our acquired pressure-
dependent Raman shift relationships of barite are in reasonable
agreement with previous investigations under both processes of
compression and decompression.

Under quasi-hydrostatic condition, the high-pressure Raman
spectra of natural barite in the processes of compression and
decompression are displayed in Supplementary Figures S2,S3,
respectively. Accordingly, the fitting results of the pressure-
dependent Raman shifts are presented in Table 1.
Experimental results showed similar phenomena of the
emergence of vs Raman peak and the inflection points in the
pressure-dependent Raman shifts and FWHM of v; Raman peak
at 21.4 GPa under quasi-hydrostatic condition.

As detailedly discussed by Santamaria-Pérez et al. (2011) and
Ye et al. (2019), the phase transition pressure of barite is highly
sensitive to the hydrostaticity within the sample chamber of the

diamond anvil cell. In other words, the larger deviatoric stress
under non-hydrostatic condition can promote the occurrence of
phase transition. By contrast, the smaller deviatoric stress within
the sample chamber provides a reasonable explanation for the
higher phase transition pressure of natural barite under quasi-
hydrostatic condition. Additionally, it is indispensable to conduct
the high-pressure Raman spectroscopy of natural barite under
non-hydrostatic condition based on the following three dominant
perspectives including detailed investigation the high-pressure
physiochemical behaviors of natural barite by Raman spectroscopy
combined with electrical conductivity results, comparisons with
previous studies under same hydrostatic environments, as well as
a systematic exploration on the influence of hydrostaticity on the
structural transition pressure for natural barite.

It is well known that the structural phase transition of minerals
and rocks is often accompanied by the variation in electrical
transport properties (Pu et al., 2018; Yang et al., 2018; Hong et al.,
2022). To further disclose the structural transition of natural
barite, high-pressure electrical conductivity measurements were
carried out within the pressure range of 2.8-30.0 GPa. As
illustrated in Figure 6A-C, all of these measured impedance
spectra were consisted of a high-frequency semicircle
(~10°-10" Hz) and a small tail in the low-frequency region
(~10'-10% Hz), which can be interpreted as the grain interior
and grain boundary contributions of sample, respectively. We
determined sample resistances by fitting impedance semicircular
arcs using the appropriate equivalent circuit comprised of the
parallel combination of R (resistance) and CPE (constant-phase
element). In here, the fitting error is not more than 5% of the
resistance. The corresponding electrical conductivity (o) of
natural barite was calculated from the resistance (R) and
geometric factor (L/S; where L stands for the distance between
the electrodes and S is the cross-sectional area of electrode) based
on the equation o = L/SR. The logarithmic electrical conductivity
of natural barite as a function of pressure during both processes of
compression and decompression is plotted in Figure 6D. It
makes clear that natural barite showed a rapid increase in
electrical conductivity at a rate of 0.018 Scm™' GPa™' within
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the pressure range of 2.8-19.2 GPa. However, beyond 19.2 GPa,
the electrical conductivity of sample exhibited a positive pressure-
dependent electrical conductivity relation with a smaller speed of
0.0046 Scm ™' GPa™'. And thus, the apparent discontinuity in
electrical conductivity at 19.2 GPa confirms the occurrence of
phase transition for natural barite, which is consistent with our
Raman spectra results under non-hydrostatic condition. Upon
decompression, the electrical conductivity of sample retained
almost invariable within the pressure range of 27.2-3.2 GPa.
As the pressure decreased from 3.2 to 2.4 GPa, an obvious
decrease in electrical conductivity from —5.94 S/cm to —6.05 S/
cm was detected. The available inflection point in electrical
conductivity at 3.2GPa can be attributed to the structural
transformation of natural barite.

In the present study, we found that natural barite
underwent a structural phase transition at ~18.9 GPa and
atmospheric temperature by virtue of two independent
experimental methods of Raman spectroscopy and electrical
conductivity. A detailed comparison on the high-pressure
structural transition of barite between our acquired results
and reported investigations was made and summarized in
Table 3. In terms of the structural stability of barite under
high pressure, our results agree well with previous
investigations (Lee et al., 2001; Lee et al., 2003; Chen et al,,
2009; Crichton et al., 2011; Santamaria-Pérez et al., 2011; Ye

etal., 2019). Crichton et al. (2011) reported that natural barite
remained stable up to 21.5 GPa with helium as the pressure
medium and they attributed the phase stability of natural barite
to the higher hydrostaticity and the limited experimental pressure.
Our high-pressure Raman spectra results on natural barite under
different hydrostatic environments provided a robust support for
their conclusions that natural barite will undergo a structural
transition under the conditions of lower hydrostaticity or higher
experimental pressure.

On the other hand, another predominate dispute is the phase
transition pressure of barite. Under non-hydrostatic condition,
our obtained phase transition pressure is substantially higher
than that of Chen et al. (2009) with deionized water as the
pressure medium and Lee et al. (2001); Lee et al. (2003) without
pressure medium. As for quasi-hydrostatic condition, our
acquired phase transition pressure is distinctly higher than
that of Lee et al. (2001); Lee et al. (2003) and Santamaria-
Pérez et al. (2011) with the mixture of methanol and ethanol (4:1
volume ratio) as the pressure medium, whereas is comparable to
that of Ye et al. (2019) using neon as the pressure medium. Thus,
it seems that the discrepancy in the structural transition
pressure of barite cannot be fully explained by the influence
of different pressure mediums alone. Although we do not have a
definite explanation for the discrepancy in the structural
transition pressure among different investigations, it may be
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FIGURE 6 | Complex impedance spectra of natural barite under the conditions of 2.8-30.0 GPa and atmospheric temperature during the process of compression.
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respectively. (D) The logarithmic electrical conductivity of natural barite as a function of pressure during both processes of compression and decompression at
atmospheric temperature. In here, the solid and dashed lines are used to guide to the eyes.
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TABLE 3 | Comparison of the experimental details and structural transition pressure (Py;) between present and previous investigations on barite. In here, MeOH-EtOH

represents the mixture of methanol and ethanol (4:1 volume ratio).

Samples Experimental Methods Pressure Mediums

Natural barite Raman spectroscopy No
Electrical conductivity MeOH-EtOH
Natural barite Synchrotron X-ray diffraction Helium
Raman spectroscopy
Synthetic barite Synchrotron X-ray diffraction MeOH-EtOH
Silicone oil
Helium
Synthetic barite Synchrotron X-ray diffraction Neon
Synthetic barite Raman spectroscopy Deionized water
Synthetic barite Synchrotron X-ray diffraction No
Raman spectroscopy MeOH-EtOH

related to the comprehensive influences of the difficulty in phase
identification since the significant decrease in the Raman peak
intensity of barite as the pressure was increased (Lee et al., 2003;
Chen et al., 2009), the choice of pressure calibrations, the
different starting samples, the various experimental methods,
the selection of pressure mediums, and so on.

Pressure P, (GPa) References
Calibrations
Ruby 18.9 This study
21.4
Ruby - Crichton et al. (2011)
Ruby 17.0 Santamaria-Pérez et al. (2011)
19.0
27.0
Au 20.3 Ye et al. (2019)
Ruby 6.0/15.0 Chen et al. (2009)
Au 10.0 Lee et al. (2001); Lee et al. (2003)
Ruby

The Phase Transition of Natural Barite at

High Temperature

As usual, temperature plays a crucial role in influencing the phase
transition pressure for some minerals and rocks (Hu et al., 2017; Sun
etal, 2017; Hu et al,, 2018; Hong et al,, 2022). To illustrate the effect
of temperature on the phase transition pressure of natural barite, five
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TABLE 4 | Temperature-dependent Raman shift dw/dT (cm™" K™") for natural barite at some representative pressures of 10.9, 11.9, 13.2, 15.5, and 19.5 GPa within the
temperature range of 298-873 K under non-hydrostatic condition. Here, w (cm™) and T (K) represent the Raman frequency and temperature, respectively.

Pressure (GPa) Temperature (K) o (cm™)

10.9 298-773 468.7 (v20)
626.6 (v40)
664.8 (v4)

1,170.6 (v3)
4711 (vp0)
626.6 (v40)
661.3 (va0)

1,168.5 (u30)

475.8 (Uga)
630.1 (van)
669.4 (v4)
1,178.2 (vs0)
475.8 (v32)
629.0 (v42)
667.1 (v40)
1,174.9 (va)

4841 (vpe)
634.7 (v42)
678.6 (v40)
1,192.2 (va0)
4841 (vpe)
633.6 (v42)
675.1 (v40)
1,186.7 (v30)

489.9 (vp0)
638.2 (v42)
684.4 (v40)
1,197.5 (u30)
489.9 (ve)
637.1 (v4a)
683.2 (v40)
1,198.6 (u30)

773-873

1.9 208-723

723-873

13.2 298-673

673-873

16.5 298-523

523-873

195 298-873 502.4 (vps)

648.2 (v40)
694.4 (va0)
1,212.9 (us)

sets of representative high-temperature Raman spectroscopy
experiments were performed at pre-determined pressures of 10.9,
119, 13.2, 15.5, and 19.5 GPa within the temperature range of
298-873 K. The fitting results of the temperature dependence of
Raman shifts (dw/dT, where w and T are the Raman shift and
temperature, respectively) are displayed in Table 4.

Figure 7 represents the high-temperature Raman spectra of
natural barite at a pre-designed pressure of 10.9 GPa. In contrast
to the influence of pressure-induced crystal lattice contraction, all of
these Raman peaks monotonously shifted towards lower
wavenumbers, indicating the thermal expansion of the crystal
lattice as the sample was subjected to high temperature.
According to diverse temperature-dependent Raman shifts (dw/
dT, where w and T are the Raman shift and temperature,
respectively), two temperature regions of 298-773K and
773-873 K were identified at 10.9 GPa. Below 773 K, the Raman
peaks of 04, Vs, Vg Ugpy Uso Uy, and vs. exhibited smaller rates of
-0.0021, -0.0025, —0.0012, -0.0052, -0.0054, -0.0072, and
-0.0060cm ™' K'  with increasing temperature, respectively.

dw/dT (cm™' K™)  (cm™) dw/dT (cm™' K™)

—0.0021 486.4 (vop) -0.0025
-0.0012 647.5 (vap) -0.0052
-0.0054 1,019.3 (v9) -0.0072
~0.0060
-0.012 485.2 (uap) -0.035
-0.023 645.1 (v4p) -0.023
-0.035 1,016.0 (u7) -0.044
-0.054
—0.0011 4911 (vap) -0.00030
-0.0025 652.1 (vap) ~0.0050
-0.0059 1,027.1 (v9) -0.0097
-0.0073
-0.018 4911 (uap) -0.029
-0.017 649.8 (vap) -0.023
-0.039 1,023.7 (v7) -0.043
-0.047
0.0000 498.2 (vap) -0.0089
-0.0033 660.1 (vap) -0.010
-0.012 1,041.3 (v9) -0.012
-0.014
-0.0096 497.1 (vap) -0.0074
-0.011 657.8 (vap) -0.023
-0.025 1,038.0 (u7) -0.035
-0.024
-0.0049 506.5 (vop) -0.0053

-0.000050 664.8 (vap) -0.0022
-0.0036 1,050.1 (u7) -0.0035
-0.0013
-0.0080 505.3 (vap) -0.019
-0.014 664.0 (vap) -0.017
-0.018 1,049.0 (v4) -0.026
-0.018
-0.030 515.3 (vap) -0.036
-0.019 674.8 (vap) -0.033
-0.042 1,061.2 (u7) -0.060
-0.058

Nevertheless, larger slopes of —0.012, —0.035, —0.023, —0.023,
—0.035, —0.044, and —0.054 cm ™' K were obtained for the v,,,
Vs> Udgs Uspy Vso U1, and vz modes within the temperature range
of 773-873 K. Therefore, at a representative pressure of 10.9 GPa, the
available inflection point in the temperature-dependent Raman shifts
at 773 K is probably attributed to the occurrence of phase transition.
To verify this speculation, we performed an absolutely new high-
temperature Raman scattering experiment for post-barite at
19.5 GPa. As shown in Supplementary Figure S4, all the Raman
peaks of post-barite continuously shifted towards
wavenumbers up to the maximum temperature of 873 K without
anomaly in the temperature dependence of Raman shifts, which
implies that post-barite remained stable in our investigated
temperature range. Therefore, the discontinuity in the temperature
dependence of Raman shifts is most possibly caused by the
occurrence of structural transition for natural barite under high
temperature. Furthermore, similar inflection points in Raman
shifts at 723, 673, and 523 K were also detected at other three
pressures of 11.9, 132, and 15.5 GPa, as shown in Figure 8,

lower
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Supplementary Figure S5, S6Material. However, we have never
observed the appearance of vs Raman peak up to the maximum
temperature of 873 K at all of these measured pressures (10.9, 11.9,
13.2,15.5, and 19.5 GPa). One possible explanation is the influence of
high temperature. More specifically, under cold compression, the
deviatoric stress within the sample chamber of the diamond anvil cell
enhanced significantly as the pressure increased, resulting in the
increase of dislocations and defects within the sample, which may be
responsible for the emergence of vs Raman peak. Conversely, high
temperature plays a vital role in relaxing deviatoric stress and thus
minimizing the dislocations and defects inside sample, which may
suppress the appearance of v; Raman peak. As a matter of fact,
similar phenomenon has been detected in another anhydrous
mineral of calcite under high temperature condition (Yuan et al,
2021). In comprehensive comparison the Raman spectroscopy results
of natural barite during both processes of decompression and heating,
we concluded that the decompression and heating have same effect
on expanding the crystalline lattice of natural barite, which is
characterized by the red shifts of Raman peaks with increasing
temperature or releasing pressure.

A series of high-temperature impedance spectra on natural
barite were also collected at some typical pressures of 11.5, 12.6,
and 15.7 GPa within the temperature range of 298-873K to
further demonstrate the relationship between phase transition

pressures and temperatures. Figure 9 shows the high-
temperature complex impedance spectra for natural barite at a
representative pressure of 11.5 GPa. The electrical conductivity of
sample decreased obviously from —4.95 S/cm to —5.91 S/cm as the
temperature enhanced from 298 to 323 K, which is probably
attributed to the removal of the absorbed water from the sample
surfaces (Hong et al., 2022). Within the temperature ranges of
323-523 K and 773-873 K, two positive temperature-dependent
electrical conductivity correlations were obtained due to the
enhanced mobility of charge carriers with increasing
temperature, which satisfies with the representative electrical
transport characteristic of semiconductor (Hu et al., 2017; Hu
et al,, 2018; Hong et al., 2022). More importantly, we found that
the electrical conductivity of sample decreased significantly by
approximately two orders of magnitude when the temperature
was increased from 523 to 773 K. Therefore, at the given pressure
of 11.5 GPa, the remarkable drop in electrical conductivity may
be related to the structural phase transition of natural barite,
which started at 523 K and was completed at 773 K. Furthermore,
the high-temperature electrical conductivity variation tendencies
observed at 11.5 GPa resemble to that at other two pressures of
12.6 and 15.7 GPa. From Supplementary Figure S7,S8, the
evident decrease in the electrical conductivity of natural barite
was observed within the temperature ranges of 523-673 K and
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473-623 K at the respective pressures of 12.6 and 15.7 GPa.
Therefore, it is reasonable to speculate that these decreases in
electrical conductivities are possibly associated with the
occurrence of phase transitions at high temperature.

By comparing the variation in the electrical conductivity of
natural barite under high pressure and high temperature
conditions, we found that only a feeble increase by less than
0.5 log unit in the electrical conductivity of natural barite was
observed as the pressure increased from 2.8 to 30.0 GPa at room
temperature, as illustrated in Figure 6. However, at a certain
pressure, the electrical conductivity of natural barite varies by
several orders of magnitude with increasing temperature.
Therefore, temperature has a much more pronounced
influence on the electrical conductivity of natural barite
compared with pressure, which has been extensively reported
among other minerals and rocks (Hu et al., 2017; Sun et al., 2017;
Hu et al, 2018; Hong et al,, 2022).

Based on our high-pressure Raman spectroscopy and electrical
conductivity results at room temperature, the emergence of vs
Raman peak and the discontinuities in the pressure-dependent
Raman shifts and FWHM of v; Raman peak indicated the
occurrence of structural phase transition in natural barite at
18.9 GPa under non-hydrostatic condition, which agrees well
with the inflection point in electrical conductivity at 19.2 GPa.
Under high temperature and high pressure conditions, we found
that the Raman shifts of natural barite exhibited obvious

discontinuities in 773, 723, 673, and 523K at the
corresponding pressure points of 109, 11.9, 13.2, and
15.5 GPa. Furthermore, the negative correlation between the
phase transition temperatures and pressures was confirmed by
our electrical conductivity results. Similar phenomena of the
remarkable decrease in electrical conductivities at 773, 673,
and 623K were detected at three representative pressure
points of 11.5, 12.6, and 15.7 GPa, respectively.

In combination with the high-temperature and high-pressure
Raman spectroscopy and electrical conductivity measurements,
we concluded that the phase transition pressures decreased as
temperatures increased and thus, a negative Clapeyron slope (dP/
dT) was acquired for the barite to post-barite phase transition. On
the basis of the phase transition temperatures and pressures
derived from high-temperature and high-pressure Raman
spectra results, a P-T phase diagram over broad temperature
and pressure ranges of 298-873 K and 10.9-18.9 GPa was
constructed for natural barite, and the phase transition
boundary between barite and post-barite was described as P
(GPa) 24.00—0.0166 T (K), as shown in Figure 10.
Moreover, the phase diagram obtained in our present study on
natural barite was compared with that in previously available
study on synthetic barite. Lee et al. (2001); Lee et al. (2003)
claimed that synthetic barite transformed into post-barite at
10.0 GPa and atmospheric temperature, and further, the phase
boundary of barite and post-barite under high-temperature and
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high-pressure conditions was determined as 90 K/GPa by virtue
of synchrotron X-ray diffraction. As we know, the Clapeyron
slope (dP/dT) is closely related to the variations in volumes and
entropy before and after the phase transition, and they statifies
the following Clapeyron equation: dP/dT = AS/AV (Lee et al,
2001). Previous synchrotron X-ray diffraction investigations
disclosed that there exists an obvious volume contraction of
approximately 2% during the barite-to-post-barite phase
transition (Lee et al, 2001; Santamaria-Pérez et al., 2011).
Therefore, the AV is a negative value. Meanwhile, entropy (S)
is an important thermodynamic parameter characterizing the
disorder of crystal. As usual, an ordered crystal is of a smaller
entropy value and a larger entropy value can be obtained for a
disordered crystal. At ambient conditions, barite belongs to
orthorhombic structure with the space group of Pbnm. Lee
et al. (2001) reported that barite transformed into post-barite
under high pressure and the post-barite is of triclinic structure.
However, subsequent  synchrotron X-ray diffraction
investigations disclosed that the post-barite belongs to
orthorhombic structure with the space group of P2;2,2;
(Santamaria-Pérez et al., 2011; Ye et al., 2019). In the above-
mentioned two cases, the initial high-symmetry barite
transformed into the low-symmetry post-barite under high
pressure, and thus, the AS is a positive value. In
comprehensive consideration of the negative AV value and the

positive AS value, the Clapeyron slope (dP/dT) for the barite to
post-barite phase boundary yields a negative value, which agrees
well with our acquired phase transition results under high
temperature and high pressure conditions.

It is well known that barite (BaSOy) is isostructural with other
barite-group minerals, including celestine (SrSO,) and anglesite
(PbSO,), and they share the same orthorhombic crystal systems
with the space group of Pbnm under ambient conditions. To our
knowledge, there exists huge controversies on the high-pressure
phase stability and structural transition pressure for other barite-
group minerals until now (Kuang et al., 2017; Li et al., 2018; Ye
etal., 2019). Chen et al. (2010) reported that celestite underwent
a structural phase transformation at ~12.0 GPa and
atmospheric temperature with the mixture of methanol
and ethanol as the pressure medium by means of Raman
spectroscopy and synchrotron X-ray diffraction. However,
some researchers proposed that celestine remained stable up
to 22.2 GPa using neon as the pressure medium (Kuang et al.,
2017; Ye et al, 2019). Our results provide a new insight
into the causes of the discrepancies in the high-pressure
phase stability and structural transition pressure for barite
among previous investigations, which may be applied to
other barite-group minerals. Additionally, the high-
temperature and high-pressure phase diagram of barite-
group minerals is still limited. And thus, our acquired
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phase diagram of natural barite can improve the knowledge
about the high-temperature and high-pressure structural
and electrical transport characterizations for other barite-
group minerals.

CONCLUSION

Raman  spectroscopy  and  electrical  conductivity
measurements have been conducted to investigate the
structural transition of natural barite under different
hydrostatic environments at temperatures of 298-873 K and
pressures of 1.5-35.0 GPa using a diamond anvil cell. At room
temperature, natural barite underwent a phase transformation
at 18.9 GPa under non-hydrostatic condition, which was
characterized by the appearance of vs Raman peak, the
kinks in the pressure-dependent Raman shifts, FWHM of v,
Raman peak and electrical conductivity. Moreover, the smaller
deviatoric stress within the sample chamber is responsible for
the higher phase transition pressure of 21.4 GPa under quasi-
hydrostatic condition. On the other hand, the phase transition
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