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Abstract
Experimental studies on the phase transition and thermoelastic behavior of barite-group minerals are crucial to understand the 
recycle of sulfur in Earth’s interior. Here, we present a high-pressure and high-temperature (high P–T) study on two barite-
group minerals—barite  (BaSO4) and celestite  (SrSO4) up to ~ 59.5 GPa 700 K and ~ 22.2 GPa, 700 K, respectively, using 
in situ synchrotron-based X-ray diffraction (XRD) combined with diamond anvil cells (DACs). Our results show that  BaSO4 
undergoes a pressure-induced phase transition from Pbnm to P212121 at ~ 20.3 GPa, which is different from the previous 
results. Upon decompression, the high-pressure phase of  BaSO4 transforms back into its initial structure, which indicates a 
reversible phase transition. However, no phase transitions have been detected in  SrSO4 over the experimental P–T range. In 
addition, fitting a third-order Birch–Murnaghan equation of state to the pressure–volume data yields the bulk moduli and their 
pressure derivatives of  BaSO4 and  SrSO4. Simultaneously, the thermal expansion coefficients of  BaSO4 and  SrSO4 are also 
obtained, by fitting the temperature-volume data to the Fei-type thermal equation of state. Furthermore, the compositional 
effects on the phase transformation and thermoelastic behavior of barite-group minerals are also discussed, and the results 
suggest that the bond length of < M–O > (M=Ba, Sr, Pb) is an important factor that causes the phase transition pressure of 
 SrSO4 to be the largest,  PbSO4 is the second, and  BaSO4 is the lowest.

Keywords Sulfate · High temperature and high pressure · Synchrotron · X-ray diffraction · Equation of state · Diamond 
anvil cell

Introduction

As an abundant environment-influencing element, sulfur is 
not only vital in the evolution of life, but also a basic compo-
nent of the ore-forming systems associated with subduction 
(Richards 2011; Tomkins and Evans 2015). Sulfur is trans-
ported into the deep Earth by the effective carrier of fluids or 
melts liberated from the subducted crust, while released into 
the atmosphere by magma degassing, dynamics of volcanic 
eruption, and redox evolution of magma (Evans 2012; Jégo 
and Dasgupta 2013, 2014; Wang et al. 2014; Tomkins and 
Evans 2015). Therefore, the recycling of sulfur in subduction 
zone is particularly important for biogeochemical cycles, 
the history of degassing of magmas, and the migration of 
ore metals (Canil and Fellows 2017). Sulfur exists in the 
forms of sulfide, sulfate minerals, sulfur-bearing fluids and 
melt in Earth’s interior (Jégo and Dasgupta 2013). Some 
studies have suggested that the remarkable oxidized state 
of the mantle wedge originates from slab-derived sulfate 
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species  (SO4
2−) (Mungall 2002; Kelley and Cottrell 2009), 

indicating the importance of sulfate. Obviously, as common 
crust minerals and important sulfur-bearing minerals, the 
structural variation and thermoelastic properties of sulfates 
at high P–T conditions are necessary to improve our under-
standing on the existing forms of sulfur in Earth’s interior 
(Kuang et al. 2017; Li et al. 2018).

Typical sulfate minerals in the deep Earth are anhydrite 
 (CaSO4), gypsum  (CaSO4·2H2O), barite  (BaSO4), celestite 
 (SrSO4), and anglesite  (PbSO4) (Gracia et al. 2012; Lee et al. 
2013). Anhydrite and gypsum are not only the most impor-
tant sulfate minerals, but also important component minerals 
in the crust. To date, the phase transformation characteris-
tics of  CaSO4 have been extensively studied by experiment 
(e.g., XRD, Raman spectroscopy) and theoretical calculation 
(e.g., density functional theory) (e.g., Borg and Smith 1975; 
Crichton et al. 2005; Gracia et al. 2012; Fujii et al. 2016). 
Besides  CaSO4, barite-group minerals (celestite, barite, and 
anglesite) are also widely distributed in the crust (Lee et al. 
2013). At ambient conditions, barite-group minerals are 
orthorhombic structure (Pbnm) and characterized by  SO4 
tetrahedra and  MO12 polyhedra (M=Sr, Pb, Ba). Each M 
atom coordinates with 12 oxygen atoms of six neighboring 
 SO4 groups to form a  MO12 polyhedron, and  SO4 tetrahedra 
and  MO12 polyhedra share edges (Fig. 1) (Garske and Peacor 
1965; Miyake et al. 1978).

To date, a considerable number of experimental and 
theoretical investigations have been conducted to explore 
the structural phase transition of barite-group minerals. 
Previous synchrotron XRD studies show that  BaSO4 exists 

a pressure-induced phase transition at different pressures 
using different pressure media (Lee et al. 2003; Santamaría-
Pérez et al. 2011). Simultaneously, Lee et al. (2003) also 
conducted the high-pressure Raman spectroscopic measure-
ments on  BaSO4 and confirmed the pressure-induced phase 
transition by synchrotron XRD. Moreover, the theoretical 
calculation further indicated that the crystal structure of 
the high-pressure phase for  BaSO4 is also orthorhombic 
structure (P212121) (Santamaría-Pérez et al. 2011). In con-
trast, Crichton et al. (2011) have not observed any pressure-
induced phase transition of  BaSO4 to 21.5 GPa by Raman 
spectroscopic method. Therefore, experimental results of the 
pressure-induced phase transition of  BaSO4 are controver-
sial. As an isostructural material with  BaSO4, the phase tran-
sition of  SrSO4 is controversial as well. Chen et al. (2010) 
observed a pressure-induced phase transition of  SrSO4 at 
~ 12 GPa by Raman spectroscopic method. However, Kuang 
et al. (2017) have not observed any phase transition of  SrSO4 
using in situ angle-dispersive XRD method to a maximum 
pressure of 15 GPa. Moreover, the previous studies of  SrSO4 
are conducted under relatively poor hydrostatic conditions, 
which can significantly influence the structural phase tran-
sition. Hence, considering the controversy about the phase 
transition of  SrSO4, further experimental studies under bet-
ter hydrostatic conditions are still essential to clarify its 
phase transition processes.

Insofar, the thermoelastic behavior of barite-group min-
erals has been the subject of several previous studies, but 
these experimental studies about the axial compression ani-
sotropies of  BaSO4 and  SrSO4 are still controversial (Lee 
et al. 2003; Chen et al. 2010; Santamaría-Pérez et al. 2011; 
Kuang et al. 2017). In addition, the previous XRD studies on 
 BaSO4 were carried out at high temperatures, but have not 
provided the thermal expansion coefficient directly (Sawada 
and Takéuchi 1990). Furthermore, to the authors’ knowl-
edge, there are still no any existing relevant studies about the 
thermal properties of  SrSO4 at high temperatures. From the 
above, studying the compressibility and expansion of  BaSO4 
and  SrSO4 at high P–T conditions are still needed to under-
stand the thermoelastic behavior of barite-group minerals.

In this study, we have investigated the phase transition, 
compressibility, and thermal expansion of  BaSO4 and  SrSO4 
at high-pressure/temperature conditions up to ~ 59.5 GPa 
and 700 K, ~ 22.2 GPa and 700 K, respectively, using the 
DACs combined with in situ angle-dispersive synchrotron 
XRD method. We find that  BaSO4 undergoes a pressure-
induced phase transition, but no phase transition occurs in 
 SrSO4 over the current P–T range. We also obtain the com-
pressibility and expansivities of  BaSO4 and  SrSO4. Moreo-
ver, combined with the previous results of  PbSO4, we also 
discuss the phase transitions, compressibility, and thermal 
expansion of barite-group minerals  MSO4 (M=Ba, Pb, and 
Sr).

Fig. 1  Crystal structure of barite-group minerals at ambient pressure 
and room temperature (in Pbnm)
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Samples and experiments

Samples

The high-purity  BaSO4 and  SrSO4 samples (99.999%) 
in this study were purchased from Alfa Aesar Corpora-
tion. Both of them were ground in the agate mortar to 
an average size of 5 µm, and then were heated at 100 °C 
in the constant temperature furnace for 2 h to eliminate 
the absorbed water. The XRD pattern of samples under 
ambient conditions was obtained from the conventional 
power X-ray diffraction method with a D/Max-2200 X-ray 
diffractometer using graphite crystal monochromator and 
Cu Kα radiation. The ambient XRD spectrum of  BaSO4 
and  SrSO4 was indexed according to the standard spectra 
of JCPDS83-1718 and JCPDS83-1719, respectively, con-
firming that the crystal structure of  BaSO4 and  SrSO4 is 
orthorhombic, and with Pbnm space group. In this study, 
to solve the controversy about the pressure-induced transi-
tion of  BaSO4 and  SrSO4 and obtain the thermal expan-
sion coefficient accurately, the in situ synchrotron XRD 
experiments consist of two parts: ambient-temperature and 
high-pressure, and ambient-pressure and high-temperature 
experiments.

High‑pressure experiments

Ambient-temperature and high-pressure experiments of 
 BaSO4 and  SrSO4 were carried out using symmetric piston 
cylinder DACs with pairs of 300 µm and 500 µm culet-
size diamond anvils, respectively. The rhenium gaskets 
pre-indented to a thickness of ~ 45 µm and ~ 50 µm with 
a hole of 180 µm and 300 µm in diameter were used as 
the sample chamber for  BaSO4 and  SrSO4, respectively. 
In both experiments, a piece of sample disk was loaded 
into the sample chamber with a gold tablet as the pressure 
calibrant (Fei et al. 2007). The XRD patterns of gold were 
collected before and after sample data collection for each 
pressure, and the average pressure values were used for 
equation of state (EoS) calculation. Neon gas was used as 
the pressure-transmitting medium (Hemley et al. 1989), 
by the gas-loading system at Center for High-Pressure 
Science and Technology Advanced Research (HPSTAR), 
China.

In situ ambient-temperature and high-pressure synchro-
tron XRD experiments were carried out at the BL15U1 
beamline of Shanghai Synchrotron Radiation Facility 
(SSRF). The incident wavelength of the monochromatic 
beam was 0.6199 Å and the X-ray beam was focused to 
a beam size of 2 × 3 µm2. The sample-to-detector dis-
tance and the geometrical parameters of the detector were 

calibrated with cerium dioxide  (CeO2). Diffraction data 
of the samples were collected by a MAR-165 charge-cou-
ple device (CCD) detector, and then were integrated as 
a function of 2θ using the Fit2D program (Hammersley 
et al. 1996). Further analyses and refinements of high-
pressure XRD patterns were performed by means of the 
profile-fitting technique implemented in the EXPGUI/
GSAS software package (Larson and Von Dreele 2004). 
Refinement of peak positions and extraction of unit-cell 
parameters were analyzed by the Le Bail method (Le Bail 
et  al. 1988). The initial unit-cell parameters, unit-cell 
coordinates, and space group were stemmed from Miyake 
et al. (1978). The sequence of the full-matrix least-squares 
fitting was refined by changing the unit-cell parameters, 
background, and profile function parameters. Until the end 
of the refinement, all the unit-cell parameters should be 
changed simultaneously, and the refinement approached 
convergence.

High‑temperature experiments

Ambient-pressure and high-temperature experiments were 
carried out using an externally heating DAC (Fan et al. 2010, 
2014) equipped with two pairs of 400 µm and 500 µm culets-
size diamond anvils for  BaSO4 and  SrSO4, respectively. The 
pre-indented T301 stainless steel foil gaskets with thickness 
of 60–80 µm were drilled with diameter of 280–300 µm 
holes as the sample chambers. Heating was carried out using 
NiCr resistor wire with a diameter of 0.3 mm as an external 
heating device. The experimental temperature was measured 
by a  Pt90Rh10–Pt100 thermocouple attached to the pavilion of 
the diamond anvil, and its precision was ± 2 °C. The  BaSO4 
and  SrSO4 powders were slightly formed approximately 
50-µm-thick disks, and a piece of sample about 200 µm in 
diameter was loaded into the sample chamber without any 
pressure-transmitting medium. The ambient-pressure and 
high-temperature experimental process is as follows. The 
temperature was first increased from ambient-temperature to 
the maximum temperature of 700 K, and then, temperature 
was kept for ~ 600 s to relax the sample before collection of 
the XRD spectrum. Then, the temperature was dropped to 
320 K in 30 K steps. For each temperature point, an XRD 
pattern was collected, and the typical exposure time for col-
lecting these XRD patterns of samples was 300 s. Additional 
details of the experimental setup and DAC assembly were 
given in Fan et al. (2010).

The ambient-pressure and high-temperature synchrotron 
XRD experiments were conducted at the 4W2 beamline of 
Beijing Synchrotron Radiation Facility (BSRF). Diffraction 
patterns were collected using an image plate detector (MAR-
345). The incident X-ray beam was monochromatized to a 
wavelength of 0.6199 Å and the beam size was collimated to 
20 × 30 µm2.  CeO2 was used as the diffraction standard. The 
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process of integrate diffraction patterns and further analysis 
of high-temperature XRD data were the same as ambient-
temperature and high-pressure XRD experiments.

Results

Figure 2 shows the typical pressure evolution of the XRD pat-
terns of  BaSO4, where all of the peaks shift to higher 2θ angle 
and the intensity of some peaks become slightly weak and 
broad with increasing pressure. However, a new peak appears 
at 2θ = 10.086° when pressure increases to ~ 20.3 GPa. Further 
increase pressure to ~ 26.6 GPa, another new peak appears at 
2θ = 12.037°. These significant changes indicate that  BaSO4 
undergoes a pressure-induced phase transition. In addition, 
with continuous increasing pressure, the intensity of these 
new peaks increases and obviously split. These new diffrac-
tion peaks from the new high-pressure phase are stable up to 
the maximum pressure (59.5 GPa) in this study, which indi-
cates that there is no further phase transition of  BaSO4. Upon 
decompression, the high-pressure phase of  BaSO4 transforms 
back to its original structure (on the top of Fig. 2), which 
demonstrates that  BaSO4 undergoes a reversible phase tran-
sition at ~ 20.3 GPa. Previous experimental and theoretical 
results show that the crystal structure of the new high-pressure 
phase of  BaSO4 is P212121 structure (Santamaría-Pérez et al. 
2011). Hence, it is reasonable to infer that P212121 structure 
is the most possible high-pressure phase of  BaSO4. We thus 
fit the XRD patterns of the high-pressure phase using the 

P212121 structure, but the fitting results are unsatisfactory. 
Nevertheless, we obtain excellent fitting results using the 
P212121 + Pbnm structure to fit the XRD patterns of the high-
pressure phase. The Le Bail refinements show an excellent 
agreement between calculated and experimental results using 
GSAS program (Fig. 3), and give satisfying fitting results 
with Rwp = 0.9% and Rp = 0.54%. Therefore, we infer that 
 BaSO4 undergoes a pressure-induced phase transition from 
Pbnm to P212121, but this phase does not completely imme-
diately and there is a two-phase coexistence zone at pressures 
above 20 GPa. Moreover, up to the maximum pressure (59.5 
GPa) in this study, we still obtain better fitting results using 
P212121 + Pbnm structures than only using P212121 structure, 
which means that the two phases of Pbnm and P212121 may 
still coexist at pressures up to ~ 60 GPa.

Moreover, typical XRD patterns of  SrSO4 at high pres-
sure are also shown in Fig. 4. With increasing pressure, all 
peaks just shift toward higher 2θ angles and become slightly 
broad and weak. It is noteworthy that a new peak appears 
at 12.4 GPa in the region of 17°–19°, which is confirmed to 
be a peak of Neon pressure medium at this pressure condi-
tion. However, besides this Neon peak, neither the disap-
pearance of peaks nor appearance of other new peaks has 
been observed in the pressure range of this study. Therefore, 
 SrSO4 does not undergo phase transition under the pressure 
range in this study. The typical refinement results of  SrSO4 
at high pressure are shown in Fig. 5.

The typical temperature evolution of the XRD patterns for 
 BaSO4 and  SrSO4 is shown in Fig. 6, where all the peaks for 
 BaSO4 and  SrSO4 shift toward lower 2θ angle with increas-
ing temperature from 315 to 320 K to 700 K at ambient 
pressure. Neither the disappearance of peaks nor appearance 
of new peaks has been observed in the temperature range of 
these experiments, indicating that  BaSO4 and  SrSO4 remain 
stable without any temperature-induced phase transition. 
The typical refinement results of  BaSO4 and  SrSO4 at high 
temperature are shown in Fig. 7.

The unit-cell parameters of  BaSO4 and  SrSO4 at 
high-pressure conditions are shown in Tables  1 and 2, 
respectively. The P–V data are fitted with the third-order 
Birch–Murnaghan EoS to obtain the elastic parameters 
(Birch 1947):

where V0, V, K0, and K0
′ are the zero-pressure unit-cell vol-

ume, and high-pressure unit-cell volume, isothermal bulk 
modulus, and its pressure derivative at ambient conditions, 
respectively. The results obtained from least-squares fitting 
by Eos-Fit program (Gonzalez-Platas et  al. 2016) are 

P =
(

2

3

)

K0

[

(

V0∕V
)7∕3

−
(

V0∕V
)5∕3

]

×
{

1 + (3∕4)
(

K0
� − 4

)

[

(

V0∕V
)2∕3

− 1

]}

,

Fig. 2  Representative X-ray diffraction patterns of  BaSO4 obtained 
in this study up to 59.5 GPa at room temperature. The appearance of 
new peaks for  BaSO4 has been observed in the experimental process 
at 20.3 GPa and 26.6 GPa, respectively. Asterisks indicate the peak 
indices of P212121 phase, which are (011), (021), (121), (201), (031), 
and (112). Black solid dot indicates diffraction peaks from the pres-
sure-transmitting medium Neon
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V0 = 344.173 (1) Å3, K0 = 58 (2) GPa, K0
′ = 4.2 (4) of  BaSO4 

and V0 = 306.846 (1) Å3, K0 = 64 (2) GPa, K0
′ = 4.8 (4) of 

 SrSO4. When fix K0
′ = 4, the fitting results yield K0 = 60 (1) 

GPa and K0 = 68 (1) GPa of  BaSO4 and  SrSO4, respectively. 
The unit-cell volume variation of  BaSO4 and  SrSO4 as a 
function of pressure and the compression curve calculated 
by these fitted parameters are plotted in Fig. 8, where only 
the data before the phase transition of  BaSO4 are selected 
for fitting. To evaluate the quality of the third-order 

Birch–Murnaghan EoS fitting, the relationship between the 
Eulerian strain 

(

fE =
[

(

V0∕V
)2∕3

− 1
])

 and normalized 

pressure 
(

FE = P∕
[

3fE
(

2fE + 1
)5∕2

])

 (Angel 2000) of 
 BaSO4 and  SrSO4 are plotted and shown in Fig. 9. Both sets 
of data show a slightly positive slope (Fig.  9) which 

Fig. 3  La Bail profile fit of the 
diffraction profile of  BaSO4 at 
17.7 GPa (a) and Rietveld pro-
file fit of the diffraction profile 
at 45.4 GPa at room temperature 
(b). Observed spectra (black 
line), fitted spectra (red solid 
line), difference plot (blue solid 
line), and Bragg peak positions 
(tick marks) are shown

Fig. 4  Representative X-ray diffraction patterns of  SrSO4 obtained in 
this study up to 22.2 GPa at room temperature. Asterisk indicates dif-
fraction peaks from the pressure-transmitting medium Neon

Fig. 5  La Bail profile fit of the diffraction profile of  SrSO4 at 
10.1  GPa at room temperature. Observed spectra (black line), fitted 
spectra (red solid line), difference plot (blue solid line), and Bragg 
peak positions (tick marks) are shown
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indicates that the pressure derivative of the bulk modulus 
( K0

′ ) is higher than 4. In addition, the weighted linear 
regression through the data points yields the intercept value, 
FE (0) = 58 (1) GPa for  BaSO4 and FE (0) = 64 (1) GPa for 
 SrSO4, which is absolutely consistent with the isothermal 

bulk modulus K0 = 58 (2) GPa and K0 = 64 (2) GPa obtained 
by the third-order Birch–Murnaghan EoS fitting, respec-
tively. Therefore, the third-order Birch–Murnaghan EoS is 
reasonable to describe the P–V data for  BaSO4 and  SrSO4 in 
this study.

Fig. 6  Representative X-ray dif-
fraction patterns of  BaSO4 (a) 
and  SrSO4 (b) obtained in this 
study up to 700 K at ambient 
pressure

Fig. 7  La Bail profile fit of the 
diffraction profile of  BaSO4 at 
700 K at ambient pressure (a) 
and  SrSO4 at 640 K at ambient 
pressure (b). Observed spectra 
(black line), fitted spectra (red 
solid line), difference plot (blue 
solid line), and Bragg peak 
positions (tick marks) are shown
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The axial compressibility of  BaSO4 and  SrSO4 as func-
tions of pressure are plotted in Fig. 10. Fitting the unit-cell 
parameters at room temperature by a “linearized” third-
order Birch–Murnaghan EoS with Eos-Fit program (Gon-
zalez-Platas et al. 2016) obtain the unit-cell parameters 
and the axial elastic parameters of  BaSO4 and  SrSO4. The 
unit-cell parameters of  BaSO4 and  SrSO4 are a0 = 7.138 
(1) Å, b0 = 8.866 (1) Å, c0 = 5.439 (1) Å and a0 = 6.864 
(1) Å, b0 = 8.358 (1) Å, c0 = 5.348 (1) Å and the refined 
axial moduli of  BaSO4 and  SrSO4 are Ka0 = 169 (2) GPa, 
Kb0 = 203 (2) GPa, Kc0 = 164 (2) GPa and Ka0 = 214 
(2) GPa, Kb0 = 237(3) GPa, Kc0 = 167 (2) GPa, respec-
tively, at ambient pressure. According to the following 
form of ambient-pressure axial compressibility βι (Xia 
et al. 1998; Fan et al. 2010, 2015):

The ambient-pressure axial compressibility of a-, 
b-, and c-axes are 1.97 (2) × 10− 3, 1.64 (2) × 10− 3, 2.03 
(2) × 10− 3  GPa− 1 for  BaSO4 and 1.56 (2) × 10− 3, 1.41 
(3) × 10− 3, and 2.00 (2) × 10− 3  GPa− 1 for  SrSO4. This 
clearly shows that both  BaSO4 and  SrSO4 have axial 
compressive anisotropy. For  BaSO4, b-axial is the most 

�l =
1

(

3Ml

) .

incompressible and the compressibility along a-axis and 
c-axis is almost equivalent (Fig. 10). Meanwhile, the com-
pressibility of  SrSO4 along c-axis is the most, followed by 
a-axis and b-axis (Fig. 10). There is a good consistency of 
b-axis compressibility between  BaSO4 and  SrSO4.

Thermal expansion coefficients of  BaSO4 and  SrSO4 are 
obtained from the T–V data (Tables 3, 4) up to 700 K at 
ambient pressure. The thermal expansion expression pro-
posed by Fei (1995) is fitted to calculate our ambient-pres-
sure and high-temperature data with the following form:

where V0 represents the unit-cell volume at room tempera-
ture, and α0, α1, and α2 are the parameters for the thermal 

V0T = V0exp

(

�0
(

T − Tref

)

+
1

2
�1
(

T
2 − Tref

2
)

− �2

(

1

T
−

1

Tref

))

,

Table 1  Unit-cell parameters in  BaSO4 at ambient temperature and 
high pressure

Numbers in parenthesis represent standard deviations

P (GPa) a (Å) b (Å) c (Å) V (Å)

0.0001 7.1371 (2) 8.8656 (4) 5.4384 (3) 344.11 (3)
0.7 7.1117 (2) 8.8384 (6) 5.4170 (3) 340.49 (3)
1.8 7.0695 (2) 8.7929 (4) 5.3800 (3) 334.43 (3)
2.7 7.0341 (2) 8.7513 (5) 5.3511 (3) 329.40 (3)
3.9 6.9907 (3) 8.7075 (6) 5.3180 (4) 323.68 (4)
4.6 6.9816 (2) 8.6974 (6) 5.3077 (3) 322.29 (3)
4.9 6.9651 (2) 8.6790 (4) 5.2967 (2) 320.19 (2)
5.9 6.9307 (2) 8.6409 (5) 5.2726 (3) 315.76 (3)
7.3 6.8898 (3) 8.6019 (8) 5.2410 (4) 310.60 (4)
7.5 6.8868 (2) 8.5985 (6) 5.2409 (3) 310.34 (3)
7.8 6.8787 (2) 8.5917 (6) 5.2310 (4) 309.16 (3)
8.7 6.8533 (2) 8.5663 (5) 5.2157 (3) 306.20 (3)
9.5 6.8359 (3) 8.5407 (7) 5.2069 (3) 304.00 (3)
10.5 6.8024 (3) 8.5109 (7) 5.1817 (4) 300.00 (4)
11.6 6.7771 (3) 8.4839 (7) 5.1690 (5) 298.20 (4)
13.2 6.7519 (3) 8.4628 (7) 5.1483 (4) 294.18 (4)
13.8 6.7410 (2) 8.4324 (6) 5.1288 (4) 291.54 (3)
14.5 6.7202 (3) 8.4192 (9) 5.1194 (6) 289.65 (5)
15.9 6.7045 (3) 8.3669 (9) 5.0934 (7) 285.72 (5)
17.7 6.6897 (3) 8.3518 (8) 5.0715 (5) 283.35 (4)

Table 2  Unit-cell parameters in  SrSO4 at ambient temperature and 
high pressure

Numbers in parenthesis represent standard deviations

P (GPa) a (Å) b (Å) c (Å) V (Å)

0.6 6.8479 (2) 8.3379 (2) 5.3322 (1) 304.45 (1)
0.6 6.8440 (3) 8.3323 (2) 5.3282 (1) 303.84 (2)
1.0 6.8315 (3) 8.3204 (2) 5.3156 (1) 302.14 (2)
1.7 6.8083 (2) 8.2904 (2) 5.2936 (1) 298.80 (1)
2.5 6.7858 (2) 8.2641 (2) 5.2733 (1) 295.72 (1)
3.6 6.7608 (2) 8.2341 (2) 5.2500 (1) 292.27 (1)
4.8 6.7330 (3) 8.1953 (3) 5.2198 (2) 288.02 (2)
5.6 6.7145 (4) 8.1804 (3) 5.2022 (2) 285.75 (2)
6.2 6.7011 (3) 8.1680 (2) 5.1901 (1) 284.08 (2)
6.8 6.6835 (3) 8.1493 (2) 5.1742 (1) 281.82 (2)
7.2 6.6738 (4) 8.1382 (3) 5.1671 (2) 280.64 (2)
7.9 6.6576 (5) 8.1204 (3) 5.1523 (2) 278.54 (3)
8.7 6.6449 (4) 8.1055 (4) 5.1359 (4) 276.62 (3)
9.4 6.6239 (3) 8.0867 (5) 5.1215 (4) 274.34 (3)
10.1 6.6082 (4) 8.0712 (3) 5.1059 (2) 272.33 (2)
10.9 6.5900 (5) 8.0483 (3) 5.0903 (2) 269.98 (2)
11.5 6.5758 (5) 8.0346 (3) 5.0789 (2) 268.34 (2)
12.4 6.5593 (6) 8.0187 (3) 5.0616 (2) 266.22 (3)
13.5 6.5449 (5) 8.0019 (3) 5.0477 (2) 264.36 (3)
14.2 6.5335 (5) 7.9919 (3) 5.0384 (2) 263.08 (3)
14.9 6.5202 (7) 7.9788 (4) 5.0278 (2) 261.56 (3)
15.6 6.5122 (6) 7.9646 (3) 5.0202 (1) 260.38 (3)
16.4 6.4962 (8) 7.9453 (3) 5.0080 (2) 258.48 (4)
17.0 6.4901 (6) 7.9388 (2) 5.0043 (1) 257.84 (3)
17.6 6.4809 (6) 7.9305 (3) 4.9942 (2) 256.68 (3)
18.3 6.4682 (6) 7.9164 (2) 4.9834 (1) 255.17 (2)
19.3 6.4519 (6) 7.9006 (2) 4.9705 (1) 253.37 (3)
19.9 6.4455 (6) 7.8885 (2) 4.9630 (1) 252.35 (6)
20.6 6.4356 (9) 7.8801 (3) 4.9554 (2) 251.30 (4)
21.1 6.4269 (6) 7.8711 (3) 4.9471 (1) 250.26 (3)
22.2 6.4148 (7) 7.8599 (3) 4.9372 (1) 248.93 (3)
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expansion α as a function of temperature a = a0+a1T+a2T
−2 . 

Considering the limited data at high temperatures, we use 
the simplified form a = a0+a1T . Using the above equa-
tions to fit our high-temperature data with the Eos-Fit 
program (Gonzalez-Platas et  al. 2016), the volumetric 
thermal expansion coefficients for  BaSO4 and  SrSO4 are 
aV = 2.52 (24) ×  10− 5 + 5.25 (54)  ×   10− 8  ×  T, and aV = 2.52 
(24) ×    10− 5 + 8.48 (51) ×    10− 8  ×  T within 300–700 K, 
where the volumetric thermal expansion coefficients at 

ambient conditions are 4.091 × 10− 5  K− 1 for  BaSO4 and 
5.061 × 10− 5  K− 1 for  SrSO4, respectively (Fig. 11). Simul-
taneously, the axial thermal expansion coefficients of  BaSO4 
along a-, b-, and c-axes are aa = 0.66 (6) × 10− 5 + 1.75 
(12) × 10− 8 × T, ab = 0.92 (10) × 10− 5 + 1.50 (23) × 10− 8 × T, 
and ac = 1.25 (11) × 10− 5 + 1.43 (24) × 10− 8 × T, respec-
tively. At ambient conditions, aa0 = 1.18 × 10− 5  K− 1, 
ab0 = 1.36 × 10− 5  K− 1, and ac0 = 1. 67 × 10− 5  K− 1 for 
 BaSO4 along a-, b-, and c-axes (Fig. 12a). The obtained 

Fig. 8  Comparison of P–V 
data of  BaSO4 (a) and  SrSO4 
(b) at room temperature with 
predecessors

Fig. 9  Eulerian finite stain-nor-
malized pressure (FE–fE) plot of 
 BaSO4 (a) and  SrSO4 (b). The 
solid lines represent the linear 
fit through the data
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axial thermal expansion coefficients of  SrSO4 along a-, b-, 
and c-axes are aa = 1.14 (11) × 10− 5 + 1.45 (23) × 10− 8 × T, 
ab = – 0.06 (11) × 10− 5 + 5.25 (24) × 10− 8 × T, and ac = 1.49 
(15) × 10− 5 + 1.63 (31) × 10− 8 × T, respectively. These 
values at ambient conditions are aa0 = 1.57 × 10− 5 K− 1, 
ab0 = 1.52 × 10− 5 K− 1, and ac0 = 1.98 × 10− 5 K− 1 for  SrSO4 
along a-, b-, and c-axes (Fig. 12b). The ratios of axial ther-
mal expansion coefficients at 300K of  BaSO4 and  SrSO4 are 

1.00:1.15:1.42 and 1.03:1.00:1.30, respectively. The axial 
thermal expansion of  BaSO4 and  SrSO4 is slightly aniso-
tropic, where the c-axis of  BaSO4 exhibits a much larger 
thermal expansion coefficient than those along a-, and 
b-axes, but b-axis of  SrSO4 has larger thermal expansion 
coefficient than those along a- and c-axes. It is worth noting 
that c-axis of  BaSO4 has the most compressibility as well as 
thermal expansivity.

Fig. 10  Pressure dependence 
of the unit-cell parameters a, b, 
and c of  BaSO4 (a) and  SrSO4 
(b) at room temperature

Table 3  Unit-cell parameters in  BaSO4 at high temperature and room 
pressure

Numbers in parenthesis represent standard deviations

T (K) a (Å) b (Å) c (Å) V (Å3)

315 7.1449 (1) 8.8683 (3) 5.4501 (1) 345.33 (2)
340 7.1472 (1) 8.8712 (3) 5.4528 (1) 345.73 (1)
370 7.1499 (1) 8.8753 (3) 5.4556 (1) 346.20 (2)
400 7.1526 (1) 8.8785 (3) 5.4585 (1) 346.64 (2)
430 7.1550 (1) 8.8811 (3) 5.4601 (2) 346.95 (2)
460 7.1584 (2) 8.8876 (4) 5.4641 (2) 347.63 (2)
490 7.1624 (2) 8.8907 (4) 5.4665 (2) 348.10 (2)
520 7.1655 (2) 8.8966 (2) 5.4712 (1) 348.78 (2)
550 7.1690 (1) 8.9012 (3) 5.4743 (1) 349.33 (2)
580 7.1720 (1) 8.9056 (4) 5.4771 (2) 349.83 (2)
610 7.1758 (1) 8.9101 (3) 5.4812 (1) 350.45 (2)
640 7.1798 (2) 8.9148 (3) 5.4880 (2) 350.99 (2)
670 7.1838 (1) 8.9207 (4) 5.4883 (2) 351.71 (2)
700 7.1873 (1) 8.9250 (3) 5.4914 (2) 352.25 (2)

Table 4  Unit-cell parameters in  SrSO4 at high temperature and room 
pressure

Numbers in parenthesis represent standard deviations

T (K) a (Å) b (Å) c (Å) V (Å3)

320 6.8603 (4) 8.3494 (4) 5.3465 (2) 306.24 (3)
340 6.8625 (4) 8.3527 (4) 5.3481 (2) 306.56 (3)
370 6.8657 (4) 8.3574 (4) 5.3507 (2) 307.02 (3)
400 6.8686 (5) 8.3612 (5) 5.3542 (3) 307.49 (3)
430 6.8718 (5) 8.3672 (2) 5.3573 (2) 308.03 (3)
460 6.8765 (5) 8.3729 (5) 5.3614 (3) 308.69 (3)
490 6.8809 (6) 8.3801 (6) 5.3654 (3) 309.38 (4)
520 6.8838 (6) 8.3863 (6) 5.3688 (3) 309.94 (4)
550 6.8874 (6) 8.3924 (6) 5.3733 (3) 310.58 (4)
580 6.8919 (6) 8.3984 (6) 5.3780 (4) 311.28 (4)
610 6.8974 (6) 8.4062 (6) 5.3821 (3) 312.06 (4)
640 6.9023 (6) 8.4149 (6) 5.3862 (3) 312.84 (4)
670 6.9045 (3) 8.4261 (3) 5.3880 (1) 313.51 (2)
700 6.9090 (2) 8.4329 (2) 5.3929 (1) 314.20 (2)
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Discussion

Pressure‑induced phase transition of barite‑group 
minerals

BaSO4

Our results confirm that  BaSO4 exists a pressure-induced 
reversible phase transition from Pbnm to P212121 at 
~ 20.3 GPa. A comparison of our results with the previous 
results shows that  BaSO4 undergoes a pressure-induced 

phase transition, but the phase transition pressure is still 
inconclusive. Santamaría-Pérez et al. (2011) obtained the 
phase transition pressures were ~ 17 GPa, ~ 19 GPa, and 
~ 27 GPa using different pressure-transmitting mediums 
(methanol–ethanol mixture, silicone oil, and He, respec-
tively) by synchrotron XRD. Similarly, Lee et al. (2003) 
also observed a reversible phase transition of  BaSO4 at 
~ 10 GPa without any pressure-transmitting medium (Lee 
et al. 2003). On the contrary, Crichton et al. (2011) have 
not observed any phase transition of  BaSO4 by XRD and 
Raman spectroscopy methods up to 21.5 GPa using He as 

Fig. 11  T–V data of  BaSO4 
(a) and  SrSO4 (b) at ambient 
pressure

Fig. 12  Temperature depend-
ence of the unit-cell parameters 
a, b, and c of  BaSO4 (a) and 
 SrSO4 (b) at ambient pressure
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pressure-transmitting medium. From the above analysis, 
we can conclude that the hydrostatic environment provided 
by different pressure-transmitting media can result in the 
different phase transition pressures of  BaSO4. The better 
hydrostatic environment may drive the phase transition to 
occur at higher pressures.

SrSO4

Until now, it is still controversial about whether  SrSO4 
exists the pressure-induced phase transition. Chen et al. 
(2010) concluded relevant Raman spectroscopy and 
XRD measurements of  SrSO4 at high pressure. They 
observed a discontinuity in the slope (dν1/dp) of vibra-
tion and a disappearance of the (201) diffraction peak at 
~ 11–12 GPa, and they inferred that  SrSO4 exists a pres-
sure-induced phase transition. However, the discontinuity 
in the slope (dν1/dp) of Raman vibration showed in the 
study of Chen et al. (2010) was not clear. In addition, 
Chen et al. (2010) used 4:1 methanol–ethanol mixture 
as a pressure-transmitting medium that could result in 
relatively low quality of experimental data. Therefore, 
we estimate that there is not enough evidence to prove 
that  SrSO4 has undergone a pressure-induced phase tran-
sition. Recently, Kuang et al. (2017) conducted the in situ 
synchrotron XRD measurements of  SrSO4 up to 15 GPa 
at ambient temperature without observing any phase 
transition that is consistent with this study. However, the 
pressure-transmitting medium used in the previous stud-
ies were 4:1 methanol–ethanol mixture or 16:3:1 metha-
nol–ethanol–water mixture, which could not maintain a 
good hydrostatic environment and cause nonhydrostatic 
stress in the sample chambers at pressures above 10 GPa. 
Furthermore, by coupling with the spontaneous strain, 
nonhydrostatic stresses can promote or suppress phase 
transitions (Decker et al. 1979; Resel et al. 2004), indi-
cating that the previous studies cannot provide an ade-
quate explanation about the structural characteristics of 
 SrSO4 at high pressures. In this study, neon is chosen 
as pressure-transmitting medium which provides a better 
hydrostatic environment in the sample chambers at pres-
sures above 10 GPa. Even so, there is still no pressure-
induced transition of  SrSO4 occurred within the pressure 
range in this study. These results clearly show that the 
crystal structure of  SrSO4 is stable at least at pressures 
lower than ~ 22.2 GPa. Furthermore, the previous stud-
ies have not observed any pressure-induced phase transi-
tion of  PbSO4 at pressures up to 35 GPa and 21.6 GPa, 
respectively (Lee et al. 2003; Li et al. 2018). Therefore, 
for better understanding the phase transition behavior of 
the barite-group minerals, future further investigations of 
 SrSO4 and  PbSO4 are highly needed at higher pressure.

Factors on the pressure‑induced phase transition

From the above analysis, our results indicate that  BaSO4 
undergoes a pressure-induced phase transition from Pbnm 
to P212121 at ~ 20.3 GPa. However, the existing data show 
no pressure-induced phase transitions of  SrSO4 and  PbSO4 
up to 22.2 GPa and 35 GPa, respectively. The bond length 
may be the most important factor on the phase transition 
pressure of barite-group minerals. In the crystal structure of 
barite-group minerals, each  M2+ coordinates with 12 oxy-
gen atoms, and each S atom is surrounded by four oxygen 
atoms to form  SO4 tetrahedron (Miyake et al. 1978). The 
radii of  Sr2+,  Pb2+, and  Ba2+ are 1.44 Å, 1.49 Å, and 1. 61 Å, 
respectively (Shannon 1976). The average < M–O > distance 
increases with increasing ionic radius, and the correspond-
ing average < M–O > distances for  SrSO4,  PbSO4, and 
 BaSO4 are 2.827 Å, 2.856 Å, and 2.953 Å (Antao 2012), 
respectively. Hence, the < Sr–O > distance is the shortest 
and the < Ba–O > distance is the longest, and the bond-
ing force of < Sr–O > is the strongest, followed by those 
of < Pb–O > and < Ba–O>. In addition, the correspond-
ing average < S–O > distances are 1.480 Å, 1.477 Å, and 
1.471 Å (Miyake et al. 1978). Although the < S–O > dis-
tance decreases linearly with increasing cation ionic radius, 
the magnitude of the < S–O > distance variation is smaller 
than that of < M–O > distance variation, and the aver-
age of < S–O–S > angles of three barite-group minerals 
are nearly constant (109.5° for  SrSO4, 109.4° for  PbSO4, 
and 109.46° for  BaSO4). Therefore, < S–O > distances and 
< S–O–S > angles are less insensitive to pressure increase 
than that of < M–O > distances in the structure. When 
 SrSO4 is compressed, it needs to overcome more energy 
of < Sr–O > to convert into another more stable structure. 
Consequently,  SrSO4 may undergo a phase transition at a 
relatively higher pressure. The conjecture is consistent with 
the existing experimental results, where the phase transition 
pressure of  BaSO4 is ~ 20.3 GPa using neon as pressure-
transmitting medium and the phase transition pressure of 
 PbSO4 is higher than ~ 35 GPa. However, the phase tran-
sition pressure of  SrSO4 may be even higher than that of 
 PbSO4. Therefore, among  BaSO4,  PbSO4, and  SrSO4,  SrSO4 
has the highest phase transition pressure, and then,  PbSO4, 
and  BaSO4 has the lowest phase transition pressure.

Thermoelastic of barite‑group minerals

Bulk modulus

The bulk moduli and their pressure derivatives of  BaSO4 and 
 SrSO4 in this study are 58 (2) GPa, 4.2 (2) and 64 (2) GPa, 
4.8 (4), respectively. The bulk moduli of barite-group min-
erals under different pressure-transmitting media are sum-
marized in Table 5 and the variation of bulk modulus with 



618 Physics and Chemistry of Minerals (2019) 46:607–621

1 3

effective size of ionic radius is shown in Fig. 13. Consider-
ing that neon can maintain a good hydrostatic environment, 
we chose the bulk moduli of  BaSO4 and  SrSO4 obtained in 
this study and the bulk modulus of  PbSO4 obtained by Li 
et al. (2018) for comparison. From Fig. 13, the bulk modulus 
of  SrSO4 is slightly higher than those of  BaSO4 and  PbSO4, 
where their bulk moduli are almost equal each other. In fact, 
the influencing factors on the compressibility of minerals 
are many and complicated. The effective size of  M2+ cation, 
the bond length, the polarizability of the M element, the 
electronegativity, and the chemical valence are believed to 
be the factors on the compressibility of barite-group min-
erals (Zhang 1999; Liu et al. 2008; Fan et al. 2011, 2013; 
Li et al. 2018). The factors affecting the compressibility of 

barite-group minerals have been summarized by Li et al. 
(2018). In the light of the complexity of its impact, we 
believe that both geometrical and chemical factors actually 
influence the compressibility of barite-group minerals.

Volumetric thermal expansion

The volumetric thermal expansion coefficients at 300 K of 
 BaSO4 and  SrSO4 obtained in this study are 4.09 × 10− 5 
 K− 1 and 5.06 × 10− 5  K− 1, respectively (Fig. 11). However, 
among the previous studies, only Fei (1995) recalculated the 
volumetric thermal expansion coefficient of  BaSO4 based 
on the data obtained from Sawada and Takéuchi (1990) and 
yielded αV = 5.48 × 10− 5  K− 1, which is inconsistent with this 

Table 5  Elastic parameters of 
barite-group minerals

Numbers in parenthesis represent standard deviations

Samples K0 (GPa) K0
′ References

Barite (He) 58.6 (2) 4.82 (4) Santamaría-Pérez et al. (2011)
Barite (Silicone oil) 62 (1) 7.3 (4) Santamaría-Pérez et al. (2011)
Barite (M:E = 4:1) 60.3 (9) 6.3 (2) Santamaría-Pérez et al. (2011)
Barite (Theory) 62 (2) 4.5 (3) Santamaría-Pérez et al. (2011)
Barite (No medium) 63 (2) 4 (fixed) Lee et al. (2003)
Barite (He) 58.5 (20) 4.9 (3) Crichton et al. (2011)
Barite (Neon) 58 (2) 4.2 (4) This study
Barite (Neon) 60 (1) 4 (fixed) This study
Celestite (Neon) 64 (2) 4.8 (4) This study
Celestite (Neon) 68 (1) 4 (fixed) This study
Celestite (M:E = 4:1) 87 (3) 4 (fixed) Chen et al. (2010)
Celestite (M:E:W = 16:3:1) 62 (5) 11 (1) Kuang et al. (2017)
Celestite (M:E:W = 16:3:1) 98 (2) 4 (fixed) Kuang et al. (2017)
Anglesite (Neon) 59 (1) 5.3 (4) Li et al. (2018)
Anglesite (Neon) 63.8 (7) 4 (fixed) Li et al. (2018)

Fig. 13  Variations of the bulk modulus and linear modulus of barite-
group minerals against ionic radius

Fig. 14  Variation of the linear and volume thermal expansion coef-
ficients of barite-group minerals with ion radius
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study. Meanwhile, there are still no reports about the volu-
metric thermal expansion of  SrSO4. In addition, Li et al. 
(2018) also reported the volumetric thermal expansion coef-
ficient of  PbSO4 at high temperatures. However, to ensure 
the reliability of comparison, we recalculate the volumetric 
thermal expansion coefficients of  PbSO4 using the data from 
Li et al. (2018) based on the expression proposed by Fei 
(1995) and obtain the αV = 5.11 × 10− 5  K− 1. Figure 14 shows 
the relationship between the volumetric thermal expansion 
coefficients and the effective size of ionic radius of barite-
group minerals, which suggests that the volumetric thermal 
expansion coefficients seem to be decreasing within increas-
ing ionic radius. The effective ionic radii of  Sr2+,  Pb2+, and 
 Ba2+ are 1.44 Å, 1.49 Å, and 1.61 Å, respectively (Shannon 
1976) and the corresponding average < M–O > distances 
for  SrSO4,  PbSO4, and  BaSO4 are 2.827 Å, 2.856 Å, and 
2.953 Å (Antao 2012). Therefore, we infer that bond length 
may be a major factor affecting the volumetric thermal 
expansion of barite-group minerals.

Axial compressibility

The axial compressibility of  BaSO4 and  SrSO4 is also 
obtained in this study (Table 6). The variations of lattice 
parameters a, b, and c of  BaSO4 and  SrSO4 with pressure 
are shown in Fig. 10. These results clearly indicate that 
there is a different axial compression anisotropy between 
 BaSO4 and  SrSO4. The b-axis in both  BaSO4 and  SrSO4 
is the most incompressible, and the axial compressibility 
of  BaSO4 along a- and c-axes is almost equivalent, but the 
axial compressibility of  SrSO4 along c-axis is higher than 
a-axis. Moreover, the minimal axial compressibility of all 
three barite-group minerals  (SrSO4,  BaSO4, and  PbSO4) 
is along the b-axis (Table 6). This phenomenon may be 

caused by the different bonding distances between M and 
 SO4 among the three crystallographic axes. The b-axis is 
the longest crystallographic axis in the barite-group miner-
als, but the distance between M and  SO4 is minimal, and 
then results in the maximum bonding force between M 
and  SO4. Therefore, when external force like pressure is 
applied to these minerals, the b-axis reflects the minimum 
axial compressibility.

In addition, Fig. 13 shows a comparison of the relation-
ship between axial compressibility and ionic radius among 
the barite-group minerals. The axial moduli of a-axis and 
c-axis for the barite-group minerals decrease with increas-
ing ionic radius; however, the variation tendency of b-axis 
with ionic radius is different, where the b-axis of  PbSO4 is 
the least compared with  SrSO4 and  BaSO4.

Axial thermal expansion

The axial thermal expansion coefficients of  BaSO4 and 
 SrSO4 at ambient conditions are also obtained in this 
study, 1.18 × 10− 5  K− 1, 1.37 × 10− 5  K− 1, 1.67 × 10− 5 
 K− 1 and 1.57 × 10− 5  K− 1, 1.52 × 10− 5  K− 1, 1.98 × 10− 5 
 K− 1 along a-, b-, and c-axes, respectively. Moreover, we 
also calculate the axial thermal expansion coefficients of 
 BaSO4 using the data of Sawada and Takéuchi (1990) as 
well and obtain αa = 1.39 × 10− 5  K− 1, αb = 1.09 × 10− 5  K− 1, 
and αc = 2.49 × 10− 5  K− 1 at ambient conditions, which are 
inconsistent with this study. Too large temperature interval 
and too few data points in the previous work may cause the 
difference. From Fig. 12, we conclude that the axial ther-
mal expansion of  BaSO4 and  SrSO4 is slightly anisotropic. 
The axial thermal expansion along c-axis of  BaSO4 exhibits 
larger than those along a- and b-axes, but the b-axis of  SrSO4 
has larger thermal expansion coefficient than those along 
a- and b-axes. Moreover, the compressibility and thermal 
expansion coefficient of  BaSO4 along c-axis are both larg-
est, which is consistent with the result of Lee et al. (2003).

In addition, Table 7 summarizes the axial thermal expan-
sivities of the barite-group minerals and Fig. 14 shows the 
variation of axial thermal expansion at 300 K with ionic 
radius. Obviously, the variation of the axial thermal expan-
sions with ionic radius of these three barite-group minerals 
is different. The axial thermal expansion along a-axis of 
 SrSO4 and  PbSO4 is similar, but both of them are larger 
than that of  BaSO4. In addition, the axial thermal expansion 
along b-axis of  PbSO4 is also larger than that of  SrSO4 and 
 BaSO4. Moreover, the axial thermal expansion along c-axis 
of  BaSO4 and  PbSO4 is almost identical and smaller than 
that of  SrSO4. In a word, the axial thermal expansion of bar-
ite minerals is insensitive to ionic radius and there is no good 
correlation between the axial thermal expansion behavior 
and the axial compressibility of the barite-group minerals.

Table 6  Axial compressibility moduli along l-axial (l = a, b, c) of bar-
ite-group minerals at room temperature

Numbers in parenthesis represent standard deviations

l0 (Å) K0 (GPa) K0
′ References

Celestite
 a 6.864 (1) 209 (7) 13 (1) This study
 b 8.358 (1) 207 (7) 18 (2)
 c 5.348 (1) 163 (4) 13 (1)

Barite
 a 7.1375 (2) 174 (5) 11 (1) This study
 b 8.8661 (4) 203 (5) 12 (1)
 c 5.4388 (3) 155 (4) 14 (1)

Anglesite
 a 6.9493 (3) 186 (4) 13 (1) Li et al. (2018)
 b 8.4681 (4) 190 (5) 17 (1)
 c 5.3931 (2) 156 (4) 17 (1)
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Conclusion

The phase transition and thermoelastic behavior of  BaSO4 
and  SrSO4 have been investigated in the P–T range of 
59.5 GPa, 700 K and 22.2 GPa, 700 K, respectively, using 
in situ synchrotron XRD combined with DACs. Our results 
confirm that  BaSO4 undergoes a pressure-induced phase 
transition at ~ 20.3 GPa from Pbnm to P212121, but  SrSO4 
does not in the P–T ranges. The bulk moduli and their pres-
sure derivatives of  BaSO4 and  SrSO4 are derived from the 
P–V data. While their volumetric thermal expansion coef-
ficients are derived from the T–V data. Our results show 
that  SrSO4 has anisotropic axial compressibility and axial 
thermal expansivity, but  BaSO4 has almost the same axial 
compressibility along a-axis and c-axis and relatively weak 
axial thermal expansivity. Furthermore, the influencing fac-
tors on the phase transition pressure of barite-group miner-
als are also discussed. The bond length of < M–O > may be 
the main factor which results in the maximum phase transi-
tion pressure of  SrSO4, compared with  PbSO4 and  BaSO4. 
Our results also show that geometrical and chemical fac-
tors influence the compressibility of barite-group minerals 
together and bond length may be the major factor affecting 
the volumetric thermal expansion of barite-group minerals. 
In addition, there is no good correlation between the axial 
thermal expansion behavior and the axial compressibility of 
the barite-group minerals.
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