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The structural stability and elastic properties of celestine have been inves-
tigated at room temperature and pressure up to 15GPa, by using in situ 
angle-dispersive X-ray diffraction and a diamond anvil cell. No phase 
change is observed within the range of pressure in this study. Analysis of 
room temperature P-V data to a third-order Birch-Murnaghan (BM) Eos 
yields: the zero-pressure volume V0 = 306.0(6) Å3, isothermal bulk modu-
lus K0 = 62(5) GPa and its pressure derivative K′0 = 11(1). If K′0 is fixed 
at 4, then the isothermal bulk modulus is K0 = 98(2) GPa. In addition, the 
axial compressiblity moduli of the three unit cell axes of celestine are 
obtained as Ka0 = 102(2) GPa, Kb0 = 92(2) GPa and Kc0 = 98(2) GPa, 
indicating the anisotropy of axial compressibility, with the a axis the most 
incompressible and the b axis the most compressible. Furthermore, the 
elastic properties of barite-type sulfates are discussed by combining the 
results in this study with previous studies on barite-group minerals.

Keywords: Celestine, High-pressure, X-ray diffraction, Diamond anvil cell, Equation 
of state
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1 INTRODUCTION

Sulfur is one of the major magmatic volatile components, which in the forms 
of sulfates and sulfides exists in the Earth’s crust. Recent studies showed that 
sulfates and sulfides can enter into the Earth’s interior through plate subduc-
tion and are efficiently recycled into the deep mantle [1–2]. Since sulfates  
act as an important carrier for the sulfur cycle in Earth’s interior, the high-
pressure studies on the structural variation and physical chemical properties 
of sulfates can help us to further understand the existing forms of sulfur in the 
deep mantle, and to establish a model for the sulfur cycle in the deep Earth. 
In addition, the sulfates have similar structures to those of olivines, but the 
SO4 tetrahedra of sulfates are more compressible than the SiO4 tetrahedra of 
olivine, therefore, it is important to study the behavior of SO4 tetrahedra and 
the lattice distortion of sulfates at high pressure to correlate structural change 
with that of the silicates [3]. Therefore, the study of elastic properties of sul-
fates at high pressure is very important to understand the behavior of the deep 
interior of the Earth.

Sulfate minerals in the Earth’s crust mainly include gypsum (CaSO4 ⋅ 2H2O),  
anhydrite (CaSO4), barite (BaSO4), celestine (SrSO4), anglesite (PbSO4), 
and the most abundant anhydrite (CaSO4). It is believed that anhydrite 
(CaSO4) was abundant within the target rocks of the cretaceous asteroid 
impacts and formed sulfur-rich gases which resulted in the extinction of the 
dinosaurs [4]. The anhydrite (CaSO4) forms through the dehydration of  
the gypsum (CaSO4 ⋅ 2H2O) and has Cmcm space group symmetry [5]. The 
structural phase transitions of anhydrite (CaSO4) at high pressure have been 
studied extensively, and the high-pressure phases were identified to include 
(i) monazite-type phase (space group P21/n) [6]; (ii) barite-type phase 
(space group Pnma(Pbnm)) [7]; (iii) AgMnO4-type phase (space group 
P21/n) [7, 8]; and (iv) scheelite-type phase (space group I41/a) [9]. In addi-
tion, barite (BaSO4), celestine (SrSO4), anglesite (PbSO4) has the same 
crystal structure (space group Pnma(Pbnm)). All these minerals belong to 
the barite group minerals. The crystal structure of barite group minerals is 
characterised by SO4 tetrahedra and each M atom coordinates with 12 O 
atoms of six neighbouring SO4 groups to form a MO12 polyhedra, and the 
SO4 and MO12 polyhedra share edges (Figure 1) [10]. The crystal structure 
of SnSO4 (II) is a strongly distorted barite structure [11]. Hinrichsen [12] 
identified three high-pressure phases of SnSO4 (II) and determined the crys-
tal structures respectively: the original phase of SnSO4(II) at ambient condi-
tions as a barite structure type with space group Pnma(Pbnm), phase II as a 
monoclinic phase with space group P1121/a, phase III belonging to the tri-
clinic system in space group P1 , and phase IV as another triclinic phase in 
space group P1 .

Celestine (SrSO4) is a common sulfate mineral in the Earth’s crust, and 
an important raw material for the production of strontium. It mainly occurs 
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in hydrothermal veins and always as a secondary mineral in sedimentary 
environments [13]. Celestine (SrSO4) is isostructural with barite (BaSO4) 
and anglesite (PbSO4), containing 56.42% SrO and 43.58% SO3. The hard-
ness and density of celestine is 3~3.5 (Mohs’ hardness scale) and 3.9~4.0g/
cm3, respectively [14]. The crystal structure of celestine has been investi-
gated by James and Tunstall [15], and they identified that the structure of 

FIGURE 1
(a) Crystal structure of celestine (SrSO4) at ambient pressure and room temperature (in Pnma). 
(b) Crystal structure of celestine (SrSO4) at ambient pressure and room temperature (in Pbnm).
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celestine was based on a simple orthorhombic lattice with four molecules in 
each unit cell, and the space group is Pnma (Pbnm) (they used Schoenflies 
notation in the paper). Subsequently, Garske and Peacor [16] and Hawthorne 
and Ferguson [17] determined the coordination number of M2+ coordinated 
in celestine is 12 and the space group is Pnma (Pbnm). Recently, the space 
group of barite group minerals is expressed either as Pnma or Pbnm, both of 
which belong to space group 62 [13,17]. The two expressions are identical 
with regard to the crystal orientation (crystal axial direction), but only the  
a axis is defined as the longest axis and the b axis as the shortest one in the 
Pnma space group, while the b axis is the longest and c axis is the shortest 
with Pbnm space group (Figure 1). The Pnma space group can be trans-
formed to the Pbnm using a transformation matrix (0 1 0; 0 0 1; 1 0 0). In 
this study, we analyzed the crystal structure of celestine using Pnma space 
group, just in order to facilitate to compare with the results of previous 
studies.

Barite (BaSO4) and anglesite (PbSO4), which are isostructural with celes-
tine (SrSO4), have been found the structural phase transitions at high pres-
sure. Lee et al. [18] have carried out Raman spectroscopic measurements in 
anglesite (PbSO4) up to 35GPa at room temperature, two stages of changes in 
the pattern of wavenumber-versus-pressure plot at 14GPa and 21GPa were 
observed in most of the vibrational modes; Lee et al. [19,20] observed that 
BaSO4 undergoes a reversible phase transition at 10GPa; Santanmaria et al. 
[21] reported an angle-dispersive X-ray diffraction study in barite (BaSO4) up 
to 48GPa using three different fluid pressure-transmitting media (methanol- 
ethanol mixture, silicone oil, and He), showed the phase transitions of BaSO4 
at 17, 19 and 27GPa respectively, and refined the new high-pressure phase as 
an orthorhombic P212121 structure. However, Crichton et al. [22] have carried 
out Raman and angle-dispersive X-ray measurements in barite up to 21GPa, 
have not observed any phase transition in BaSO4 over the pressure range of 
investigation. Therefore, until now, the phase transition pressure of BaSO4 is 
still controversial.

Despite the observation of phase transitions at high pressures have been 
observed in barite and anglesite, which have the same ambient pressure struc-
ture as celestine, the existence of a high-pressure phase transition for celes-
tine is still controversial. Li [23] found that celestine remains structurally 
stable up to 36.3 GPa through high-pressure Raman experiments, but a new 
peak appears at 2.2GPa and disappears at 23.1GPa. Ma [24] observed a new 
peak appear in the Raman spectrum of celestine after quenching at 3500K 
and 31.4GPa, however, the Raman spectrum of celestine is well comparable 
to that of the high-pressure phase of CaSO4, which has a barite-type structure, 
thus they deduced that no phase transition were found for celestine. In addi-
tion, Geng et al. [25] also reported that the celestine is stable up to at least 
32GPa based on X-ray diffraction and Raman spectrum measurements.  
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However, recently, Chen et al. [26] thought that celestine undergoes a reversi-
ble phase transition at a pressure between 11 and 12GPa according to the 
XRD and Raman spectrum observations.

In this study, we have investigated the compressional behavior of natural 
celestine at high pressure by using a diamond anvil cell and in situ angle-
dispersive X-ray synchrotron powder diffraction, and we discuss the elastic 
behavior of celestine at high pressure. Furthermore, the elastic properties of 
barite-type sulfates are also discussed by combining the results in this study 
with previous studies for other barite-group minerals.

2 SAMPLE AND EXPERIMENT

The natural celestine sample was collected from the Madagascar, Africa. The 
pure celestine mineral grains were selected by hand under a microscope, and 
then ground in an agate mortar for 4–6 h to obtain an average grain size of 
~10μm. The ground samples were examined using the conventional power 
X-ray diffraction method with a D/Max-2200 X-ray diffractometer equipped 
with graphite crystal monochromator and Cu Kα radiation, after being heated 
at 50°C in a constant tempreature furnace for 2 h to eliminate the absorbed 
water. The ambient X-ray diffraction spectrum of celestine was indexed 
according to the standard spectra (JCPDS74-2035), confirming that the 
structure of the natural celestine is orthorhomic, and belongs to the Pnma 
space group. 

The in situ high-pressure angle-dispersive X-ray diffraction experiment 
was performed at the High Pressure Experiment Station (4W2), Beijing 
Synchrotron Radiation Facility (BSRF). The incident synchrotron X-ray 
beam was monochromatized to a wavelength of 0.6199Å and collimated to 
a beam size of 20 × 30μm2. An image plate detector MAR-345 was used to 
collect the diffraction patterns. Typical exposure times for collecting diffrac-
tion patterns of the sample were 5~10 min. The high-pressure and room-
temperature experiments were carried out using a diamond anvil cell 
equipping with two diamond anvils (culet faces diameters 500μm). A T301 
stainless steel plate was used as the gasket, the central area of which was 
pre-indented and a 200μm diameter hole was drilled to be used as the sample 
chamber. The pressure transmitting medium was a mixture (16:3:1) of  
methanol-ethanol-water. The celestine powder was loaded along with a 
small ruby grain as a pressure calibrant, and the ruby fluorescence method 
was employed to determine the experimental pressure [27]. The diffraction 
patterns were integrated to generate the conventional one-dimensional pro-
files using the Fit2D program [28]. The unit-cell parameters were calculated 
and refined using the Le Bail method with the software GSAS and the graph-
ical interface EXPGUI [29–31].
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3 RESULTS

The high-pressure X-ray diffraction data were collected up to 15GPa at room 
temperature, and Figure 2 shows the typical diffraction patterns of celestine 
at selected pressures. With the increase of pressure, all the peaks just shifted 
toward higher diffraction angles and the intensity of the peaks became 
weaker. Neither the disappearance of peaks nor the appearance of new peaks 
has been observed in the experimental process, indicating that there was no 
phase transition in the range of experimental pressures. Figure 3 shows a 
typical Le Bail profile fitting for celestine in this study [29]. The unit-cell 
parameters and volumes at each pressure are shown in Table 1.

The pressure-volume data were fitted with the third-order Birch- 
Murnaghan equation of state (III-BM-EoS) to obtain the isothermal bulk 
modulus and its pressure derivative [32]:

( ) ( ) ( )( ) ( ){ }7/3 5/3 2/3'
0 0 0 0 0(3/2) / / 1 3/4 4 / 1P K V V V V K V V   = − × + − −      

FIGURE 2
Representative X-ray diffraction patterns of celestine obtained in this study up to 14.9GPa at 
room temperature.
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FIGURE 3
Le Bail profile fit of the diffraction profile at 1.35GPa. Observed spectra (black line), fitted spec-
tra (red solid line), diffence plot (blue solid line), and Bragg peak positions (tick marks) are 
shown.

where V0, V, K0, and K′ 0 are the zero-pressure volume, high-pressure volume, 
zero-pressure isothermal bulk modulus and its pressure derivative, respec-
tively. By fitting the P-V data via least squares using the EosFit program ver-
sion 5.2 [33] to the III-BM-EoS, we obtained V0 = 306.0(6)Å3, K0 = 62(5) 
GPa, K′ 0 = 11(1). Setting K′ 0 = 4, the isothermal bulk modulus is determined 
to be 98(2) GPa. The unit-cell volume data as a function of pressure and the 
compression curve calculated from these fitted parameters in this study are 
shown in Figure 4.

The unit-cell parameters a, b and c at each pressure are summarized in 
Table 1, and Figure 5 shows these parameters as a function of pressure. In 
addition, the axial bulk modulus of celestine were also calculated with a  
“linearized” III-BM-EoS with the EosFit program [33]. The refined axial 
elastic parameters are Ka0 = 103(2) GPa, Kb0 = 92(2) GPa, and Kc0 = 98(2) 
GPa for the a, b, c axis, respectively, which indicates that the a axis in celes-
tine is the most incompressible and the b axis is the most compressible.
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TABLE 1
Cell patameters versus pressure for celestine

P(GPa) a(Å) b(Å) c(Å) V(Å3)

1.4 (1) 8.2998 (3) 5.3016 (2) 6.8179 (2) 300.00 (2)

1.7 (1) 8.2871 (3) 5.2954 (3) 6.8086 (3) 298.79 (2)

2.3 (1) 8.2673 (4) 5.2825 (3) 6.7937 (3) 296.70 (3)

2.9 (1) 8.2494 (4) 5.2697 (4) 6.7796 (3) 294.72 (3)

3.4 (2) 8.2340 (5) 5.2594 (4) 6.7671 (4) 293.06 (3)

3.9 (2) 8.2174 (6) 5.2504 (5) 6.7548 (4) 291.43 (4)

4.5 (2) 8.1998 (6) 5.2371 (6) 6.7403 (4) 289.45 (4)

5.3 (3) 8.1782 (6) 5.2241 (5) 6.7248 (3) 287.31 (4)

5.8 (3) 8.1675 (11) 5.2140 (11) 6.7145 (5) 285.94 (7)

6.2 (3) 8.1597 (5) 5.2099 (5) 6.7080( 3) 285.14 (4)

6.6 (3) 8.1525 (6) 5.2009 (6) 6.6999 (3) 284.08 (4)

6.9 (3) 8.1447 (5) 5.1954 (5) 6.6925 (3) 283.20 (4)

7.3 (4) 8.1373 (8) 5.1925 (8) 6.6886 (4) 282.61 (5)

7.7 (4) 8.1288 (8) 5.1896 (7) 6.6816 (4) 281.87 (5)

8.5 (4) 8.1166 (7) 5.1770 (7) 6.6680 (4) 280.19 (5)

9.1 (5) 8.1069 (7) 5.1647 (6) 6.6569 (4) 278.73 (5)

9.7 (5) 8.0955 (8) 5.1635 (8) 6.6509 (4) 278.73 (5)

10.2 (5) 8.0814 (11) 5.1655 (10) 6.6451 (6) 277.39 (7)

10.7 (5) 8.0821 (10) 5.1516 (9) 6.6379 (5) 276.37 (6)

11.4 (6) 8.0678 (13) 5.1449 (12) 6.6297 (9) 275.17 (9)

11.8 (6) 8.0601 (9) 5.1354 (8) 6.6170 (5) 273.89 (6)

12.6 (6) 8.0466 (11) 5.1266 (10) 6.6083 (6) 272.40 (7)

13.3 (7) 8.0378 (11) 5.1214 (10) 6.5959 (6) 271.52 (7)

13.6 (7) 8.0297 (13) 5.1185 (12) 6.5900 (7) 270.85 (8)

14.3 (7) 8.0207 (14) 5.1107 (13) 6.5827 (8) 269.84 (9)

14.9 (7) 8.0131 (13) 5.1063 (12) 6.5794 (8) 269.21 (8)

The volume Eulerian finite strain (fE = [(V0/V)2/3-1]) versus “normalized 
pressure” (FE =  P/[3fE(2fE + 1)5/2]) plot is shown in Figure 6 [34]. The 
weighted linear regression through the data points yields the intercept value, 
FE(0) = 61.6(8) GPa, which shows a good agreement with the isothermal 
bulk modulus K0 = 62(5) GPa obtained by III-BM-EoS. And the celestine 
data showed a relatively large positive slope (Fig. 6) that indicates the pres-
sure derivative of the bulk modulus (K′0) was higher than 4, showing that the 
III-BM-EoS is reasonable description of the P-V data for celestine.
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FIGURE 4
Pressure-volume data for celestine at room temperature. A third-order Birch-Murnahan equation 
of state fitted with K0 and K’0 are 62GPa and 11.

FIGURE 5
Pressure dependence of unit-cell parameters a, b, and c of celestine at room temperature.
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FIGURE 6
Volume Eulerian strain-normalized pressure (FE– fE) plot. The solid lines represent the linear fit 
through the data.

4 DISCUSSION

Geng et al. [25] have carried out X-ray diffraction and Raman measurements 
of celestine up to 32GPa, and found that celestine still remain the barite-type 
structure up to the highest experimental pressures. They did not observed a 
phase transition in celestine, which is very consistent with the results in this 
study. However, Chen et al. [26] suggested that celestine undergoes a revers-
ible phase transition at 11~12GPa. Based on the following observations: (i) 
a discontinuity in the slope (dv1/dp) of Raman vibrational modes was observed 
at a pressure around 10GPa. However, there is no significant slope disconti-
nuity in the Raman result of Geng et al. [25]; (ii) the disappearance of the 
(201) diffraction plane at 11-12GPa. However, the (201) diffraction plane is 
observable in our study (Figure 3) although the intensity weakens with the 
pressure increase to 15GPa. It is likely that in the experiment of Chen et al. 
[26], where the signal of the 201 peak was consistently weak, the peak 
became undetectable with the increased pressure. Therefore, it seems uncer-
tain to assert that the peak disappeared. It can be seen from Figure 3 and 
Figure 4 in Chen’s study that their determination of the pressure dependence 
of the lattice parameters and molar volume of celestine has rather large uncer-
tainties, and there is no strong evidence for a kink at around 11GPa [26]. 
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Furthermore, from a comprehensive analysis of the experimental results in 
this study and from Geng et al. [25], indicates that there is no discontinuity of 
the unit-cell parameters for celestine at high pressure. In conclusion, there is 
yet no adequate evidence for a phase transition of celestine around 10GPa.

Figure 5 shows the relation of lattice parameters a, b, and c of celestine 
with the pressure, which indicates the slight compression anisotropy of 
celestine, where the a axis is the most incompressible and b axis is the most 
compressible. Although the b axis is the shortest crystallographic axis in 
celestine, the largest bond distance of Sr-O is also parallel to the b axis in 
celestine structure. Therefore, the bonding force between Sr-O in this direc-
tion is the weakest and thus results in the b axis being the most compressible 
axis. The anisotropic compressibility along three crystallographic axes in 
celestine is in excellent agreement with the study on barite by Lee et al. [20] 
(The space group was Pbnm in the study of Lee et al. and has been trans-
formed to Pnma here for comparison), where the longest a axis and the short-
est b axis were found to be the most incompressible and the most compressible, 
respectively.

Table 2 provides a comparison of the bulk modulus in this study with the 
values given by previous studies, in which K’0 was fixed at 4. Form Table 2, 
we can find that the bulk modulus K0 = 98(2) GPa in this study is higher than 
others as consequence of non-hydrostaticity at pressure higher than 10 GPa, 
and the bulk modulus value K0  =  87(2) GPa below 10GPa in this study. 
Geng et al. [25] determined K0 = 83GPa based on experimental pressures up 
to 32GPa. However, the pressure-transmitting medium used in Geng et al.’s 
study was methanol-ethanol mixture which is non-hydrostatic compression 
at pressure above 10GPa, and can result in the deviation of the bulk modulus 
[35]. The bulk modulus value of celestine obtained by Chen et al. [26] is 
87(3) GPa below 12GPa, which is relatively closer to our result below 
10GPa. 

Celestine has the same structure with barite and anglesite, which have 
been observed the phase transitions at high pressures. Lee et al. [18] have 
carried out Raman spectroscopic experiments in anglesite (PbSO4) up  
to 35GPa at room temperature using a 4:1 methanol-ethanol mixture as a 
pressure-transmitting medium, and observed two stages of changes in the 
pattern of wavenumber-versus-pressure plot in most of the vibrational modes. 
The first stage is the kink in the slope of wavenumber-pressure plot at about 
14GPa, and the second stage is the splitting of v1 and v3b modes under the 
compression up to 21GPa. Lee et al. [19] observed the phase transitions of 
barite (BaSO4) at 11.5GPa, based on X-ray diffraction experiment without 
any pressure-transmitting medium. Whereafter, Lee et al. [20] reported high-
pressure Raman spectroscopic and X-ray diffraction experiments of barite 
(BaSO4) using a methanol-ethanol mixture as a pressure-transmitting 
medium, where the slope of Raman modes has discontinuities around 8GPa, 
the v1 mode splits into two peaks when the pressure exceeds 17GPa. The 
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X-ray diffraction patterns of BaSO4 showed two new peaks between 10GPa 
and 13GPa. The phase transition pressure was determined as 10GPa by the 
change in the diffraction pattern. In addition, Santamaria et al. [21] also 
reported an angle-dispersive X-ray diffraction study in barite (BaSO4) up to 
48GPa using three different fluid pressure-transmitting media (methanol-
ethanol mixture, silicone oil, and He), showed the phase transitions of BaSO4 
at 17, 19 and 27GPa respectively. Compared the phase transition pressures of 
PbSO4 to BaSO4, the kink in the slope of wavenumber-pressure plots of 
PbSO4 and BaSO4 appears at about 14GPa and 8GPa respectively, and the 
splitting of v1 mode of PbSO4 and BaSO4 appears at 21GPa and 17GPa respec-
tively. To conclude, the phase transition pressure of PbSO4 is lower than 
BaSO4, and using different pressure-transmitting media will result in differ-
ences in transition pressures. Furthermore, Fujii et al. [8] also demonstrated 
high-pressure transition of CaSO4 on the basis of the result obtained by in situ 
X-ray diffraction and Raman spectroscopy, the phase transition from  
monazite-type phase to barite-type phase was occurred at 1500K and about 
20GPa, and the barite-type phase was found to be stable in a wide pressure 
and temperature range at least up to 93GPa and 2300K. No phase change has 
been observed for celestine within the pressure range in this study. The radii 
of 12-coordinated M2+ cations (rM) for Ca2+, Sr2+, Pb2+, Ba2+ are 1.34Å, 
1.44Å, 1.49Å, 1.61Å, respectively [36]. By contrast, we found the correlation 
for barite-type structure sulfate minerals, the smaller rM, the higher phase 
transition pressures. The possible reason for this phenomenon is that the aver-
age <M-O> distance increases with increasing rM; the average <S-O> dis-
tance decreases linearly with increasing rM, and the average <O-S-O> angle 
is essentially constant [13]. When the barite-type structure sulfate mineral is 
compressed, the change in the bond distance between M-O in the MO12 poly-
hedra would respond more to the compression force than that between S-O in 
the SO4 tetrahedron [18]. The bonding length of M-O is shorter when the rM 

is small, which means that the interatomic force of M-O is higher and the 
phase transition pressure is higher. Therefore, the phase transition pressure of 
barite-type CaSO4 is higher than others, followed by SrSO4, PbSO4, and the 
lowest BaSO4.

We also compared the bulk modulus in this study with the values of other 
isostructural sulfate minerals (Figure 7, Table 2), and observed that the bulk 
modulus of BaSO4 in previous studies is obviously lower than the values of 
SrSO4, and the CaSO4 is equal with SrSO4 within the experimental uncertain-
ties, but the obtained bulk modulus of the barite-type phase CaSO4 is likely 
to be underestimated due to relatively large scattering of the fitted data points 
and the lack of data in low-pressure region [8]. This indicates that for the 
barite-type structure sulfate mineral, the bulk modulus decreases with increas-
ing rM, which is due to the fact that the interatomic force of M-O is higher for 
the smaller cation, rendering the MO12 polyhedra in the structure more diffi-
cult to compress.
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5 CONCLUSION

This study reports an in situ high-pressure angle-dispersive X-ray diffraction 
experiment for celestine, utilizing synchrotron radiation X-ray diffraction 

FIGURE 7
Correlation between the elastic parameters and cation radius in barite-type structure of  
sulfate minerals.

TABLE 2
The elastic parameters of Celestine and barite

Samples K0/(GPa) K′0 References

Celestine 87(3) 4 (Fixed) Chen et al. [26]

Celestine 83 4 (Fixed) Geng et al. [25]

Barite (He) 58.6(2) 4.82(4) Santamaría-Pérez D et al. [21]

Barite (Silicone oil) 62(1) 7.3(4) Santamaría-Pérez D et al. [21]

Barite (M:E = 4:1) 60.3(9) 6.3(2) Santamaría-Pérez D et al. [21]

Barite 63(2) 4 (Fixed) Lee et al. [19]

Celestine 62(5) 11(1) This study

Celestine 98(2) 4 (Fixed) This study

Celestine 87(2) 4 (Fixed) This study (below 10GPa)

CaSO4(Barite) 97(14) 4(Fixed) Fujii et al. [8]
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and a diamond anvil cell. No phase change has been observed for celestine 
within the pressure range (0~15GPa) in this study. The axial compressibili-
ties of celestine are slightly anisotropic, with the a axis as the most incom-
pressible axis and the b axis as the most compressible. Analysis of the 
room-temperature P-V data to a third-order Birch-Murnaghan EoS yielded: 
the isothermal bulk modulus K0  =  62(5) GPa and its pressure derivative 
K′0 = 11(1). The comparison of the isostructural sulfate mineral with celes-
tine suggests that the barite sulfate minerals with smaller cations have higher 
phase transition pressures and are more difficult to compress.
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