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Abstract 17 

 Knowledge of the structural behavior of silicate melts and/or glasses at high 18 

pressures provides fundamental information in discussing the nature and properties of 19 

silicate magmas in the Earth’s interior. The behavior of Si-O structure under high pressure 20 

conditions has been widely studied, while the effect of cation atoms on the high-pressure 21 

structural behavior of silicate melts or glasses has not been well investigated. In this study, 22 

we investigated the structures of MgSiO3 and CaSiO3 glasses up to 5.4 GPa by in-situ X-23 

ray pair distribution function measurements, to understand the effect of different cations 24 

(Mg2+ and Ca2+) on high pressure structural behavior of silicate glasses. We found that the 25 

structural behavior of MgSiO3 and CaSiO3 glasses are different at high pressures. The 26 

structure of MgSiO3 glass changes by shrinking of Si-O-Si angle with increasing pressures, 27 

which is consistent with previous studies for SiO2 and MgSiO3 glasses. On the other hand, 28 

CaSiO3 glass shows almost no change in Si-Si distance at high pressures, while the 29 

intensities of two peaks at ~3.0 Å and ~3.5 Å change with increasing pressure. The 30 

structural change in CaSiO3 glass at high pressure is interpreted as the change of the 31 
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fraction of the edge-shared and corner-shared CaO6-SiO4 structures. The different high-32 

pressure structural behavior obtained in MgSiO3 and CaSiO3 glasses may be structural 33 

origin of the difference in the properties such as viscosity between MgSiO3 and CaSiO3 34 

melts at high pressures, implying the importance of the different structural behavior due to 35 

different cation atoms to discuss the nature and properties of silicate magmas in the Earth’s 36 

interior. 37 

 38 

Keywords: glass structure, MgSiO3, CaSiO3, pair distribution function, high pressure  39 

 40 

Introduction 41 

Structures of silicate melts strongly influence physical properties such as density, 42 

viscosity, and diffusivity (e.g., Sakamaki et al., 2013; Sanloup et al., 2013; Wang et al., 43 

2014; Bajgain et al., 2015), and therefore knowledge of the structural behavior of silicate 44 

melts and/or glasses under high pressure conditions is fundamental in understanding the 45 

nature and properties of silicate magmas in the Earth’s interior. Since structural 46 

investigation of silicate melts under in situ high pressure and high temperature condition is 47 
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still challenging, due to the technical difficulties, silicate glasses have been studied at high 48 

pressures under room temperature condition as an analogue of silicate melts. Pressure-49 

induced structural changes of SiO2 glass have been the most studied as the simplest silicate 50 

composition by using in situ high-pressure techniques (e.g., Sato and Funamori, 2008; 51 

Benmore et al., 2010; Murakami and Bass, 2010; Prescher et al., 2017; Lee et al., 2019; 52 

Petitgirard et al., 2019; Kono et al., 2020; Andrault et al., 2020, Kono et al., 2022), which 53 

provide important knowledge on the behavior of Si-O structure under high pressure 54 

conditions. In addition, MgSiO3 glass also has been studied by several researchers as a 55 

representative composition of silicate magma in the Earth’s interior (e.g., Lee et al., 2008; 56 

Kono et al., 2018; Salmon et al., 2019; Ryu et al., 2022). However, structural behavior of 57 

other silicate glasses with different compositions remains not well investigated at in situ 58 

high-pressure conditions.  59 

In this study, we investigate structure of MgSiO3 and CaSiO3 glasses at high pressure 60 

conditions up to 5.4 GPa by using in situ pair distribution function measurements, to 61 

understand the effect of different cations (Mg2+ and Ca2+) on the high-pressure structural 62 

behavior of silicate glasses. MgSiO3 and CaSiO3 glasses are the end-member pyroxene 63 

compositions, and therefore knowledge of the structural behavior of MgSiO3 and CaSiO3 64 
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glasses at high pressures would provide important clues to understand structure and 65 

properties of silicate magmas in the Earth’s upper mantle. At ambient pressure condition, 66 

structures of MgSiO3 and CaSiO3 glasses have been studied by neutron diffraction (e.g., 67 

Cormier and Cuello, 2011), high energy X-ray diffraction (Kohara et al., 2011), Raman 68 

spectroscopy (e.g., Kalampounias et al., 2009), and nuclear magnetic resonance (NMR) 69 

spectroscopy (e.g., Kaseman et al., 2015) techniques. On the other hand, structural 70 

investigations of these glasses at in situ high pressure conditions are still limited, although 71 

there are several structural analyses for the high-pressure synthesized silicate glasses at 72 

ambient pressure condition (Shimoda et al., 2005). Nevertheless, structure of MgSiO3 glass 73 

at in situ high pressure conditions has been studied by some previous studies using neutron 74 

diffraction (Salmon et al., 2019), X-ray diffraction (Kono et al., 2018; Ryu et al., 2022), and 75 

X-ray Raman scattering (Lee et al., 2008) measurements. In contrast, structure of CaSiO3 76 

glass has not been well studied at in situ high pressure conditions. To the best of our 77 

knowledge, only Kubicki et al. (1992) and Salmon et al. (2019) investigated the structure of 78 

CaSiO3 glass at in situ high pressure conditions. Kubicki et al. (1992) conducted in-situ 79 

Raman spectroscopy and infrared absorption measurements on CaSiO3 glasses in DAC 80 

(diamond anvil cell) at 11-35 GPa. Salmon et al. (2019) investigated the structure of 81 
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CaSiO3 and MgSiO3 glasses from ambient pressure to 17.5 GPa by using in-situ neutron 82 

diffraction measurement and molecular dynamics (MD) simulation. Salmon et al. (2019) 83 

showed that the M-O (M=Mg, Ca) coordination number of both CaSiO3 and MgSiO3 84 

glasses increase at high pressures in a similar manner. The nearest neighbor Si-O and M-O 85 

distances show slight increase with increasing pressure from ambient pressure to 17.5 GPa 86 

(1.61 to 1.62Å for Si-O distance of MgSiO3 glass; 1.62 to 1.63 Å for Si-O distance of 87 

CaSiO3 glass; 1.99-2.02 Å for Mg-O distance in MgSiO3 glass; 2.32-2.35 Å for Ca-O 88 

distance in CaSiO3 glass). Mg-O coordination number in MgSiO3 glass changes from 4.50 89 

at ambient pressure to 6.20 at 17.5 GPa, and Ca-O coordination number in CaSiO3 glass 90 

changes from 6.15 at ambient pressure to 7.41 at 17.5 GPa. These data indicate that the 91 

nearest neighbor structures in MgSiO3 and CaSiO3 glasses change similarly with increasing 92 

pressure. However, the study of Salmon et al. (2019) was limited only for the nearest 93 

neighbor Si-O and M-O distances, due to weak scattering of Si and Ca in neutron 94 

diffraction measurement, and the intermediate range structure such as Si-Si, Ca-Si and Ca-95 

Ca distances have not been investigated in Salmon et al. (2019).  96 

In this study, we investigated structures of MgSiO3 and CaSiO3 glasses at high 97 

pressures up to 5.4 GPa by using in-situ X-ray diffraction measurements to understand 98 
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effect of different cation (Mg and Ca) on the high-pressure structural behavior not only in 99 

the nearest Si-O and M-O distances but also in the intermediate Si-Si, M-Si, and M-M 100 

distances. We found different behavior in the intermediate range structures of MgSiO3 and 101 

CaSiO3 glasses at high pressure conditions.  102 

 103 

Experimental methods 104 

CaSiO3 and MgSiO3 samples were prepared by mixing powders of SiO2, CaCO3, 105 

and/or MgO. Powders of these oxides and carbonates were dried at 110 °C for >24 hours 106 

before weighing with an electric balance, and were mixed in an agate mortar with ethanol 107 

for 1-2 hours. Glass samples were prepared by an aerodynamic levitation furnace with CO2 108 

laser heating at ~1800-2100 °C at Geodynamics Research Center (GRC), Ehime University. 109 

Chemical compositions of the synthesized glass samples were confirmed by using JEOL 110 

JM-7000F field-emission scanning electron microscope (FE-SEM) with energy-dispersive 111 

spectroscopy (EDS) at GRC (Table S1). Densities of the CaSiO3 (2.80±0.05 g/cm3) and 112 

MgSiO3 (2.68±0.06 g/cm3) glasses were measured by Archimedes’ method.  113 

High-energy X-ray diffraction measurements of the CaSiO3 and MgSiO3 glasses at 114 
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ambient pressure were conducted at the BL04B2 beamline of the SPring-8. The dedicated 115 

X-ray diffractometer with six points detectors (four cadmium telluride detectors and two 116 

germanium detectors) at the BL04B2 beamline enables us to conduct accurate pair 117 

distribution function (PDF) analysis with high-real space resolution (Ohara et al, 2020). We 118 

used spherical glass samples of 1.8 mm diameter, which were placed in a vacuum chamber 119 

under room temperature condition. High-energy X-ray diffraction measurements using 120 

monochromatic X-ray of 61.4 keV were carried out by scanning the 2θ angle from 0.3 to 49 121 

degrees, which covers the range of the momentum transfer Q up to 25.5 Å-1. The obtained 122 

X-ray diffraction data were analyzed by using standard analysis procedures of the BL04B2 123 

beamline (Kohara et al., 2007).  124 

High-pressure experiments for CaSiO3 and MgSiO3 glasses were carried out by using 125 

a Paris-Edinburgh (PE) press with a standard PE cell assembly of the 16-BM-B beamline in 126 

the Advanced Photon Source (APS) (Kono et al., 2014). Cup-shaped WC anvils with the 127 

cup diameter of 12 mm and the bottom diameter of 3 mm were used. The cell assembly 128 

mainly consists of BN capsule surrounded by inner MgO ring and outer boron-epoxy (BE) 129 

gaskets with ZrO2 caps at the top and bottom the cell. Pressure was determined by X-ray 130 

diffraction measurement of MgO ring with the equation of state of MgO (Kono et al., 2010) 131 
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for the CaSiO3 glass experiment, and of Au foil, which is inserted between the MgO ring 132 

and BN capsule, using the equation of state of Tsuchiya (2003) for the MgSiO3 glass 133 

experiment. Densities of CaSiO3 and MgSiO3 glasses at high pressure conditions are 134 

calculated based on the densities of CaSiO3 (2.80±0.05 g/cm3) and MgSiO3 (2.68±0.06 135 

g/cm3) glasses measured at ambient pressure by Archimedes’ method and the pressure-136 

volume relation of CaSiO3 and MgSiO3 glasses reported in Salmon et al. (2019).  137 

Pair distribution function measurement of CaSiO3 glass at high pressures was carried 138 

out by a multi-angle energy dispersive X-ray diffraction technique combined with the PE 139 

cell at the 16-BM-B beamline of the APS. A large Huber stage holding a germanium solid 140 

state detector allows precise control of 2θ angles, and energy dispersive X-ray diffraction 141 

measurements using fine collimation slits enables us to collect clean signals from glass 142 

sample without background noise from the surrounding pressure medium materials (Kono 143 

et al., 2014). We collected energy dispersive X-ray diffraction patterns at the 2θ angles of 3, 144 

4, 5, 7, 9, 12, 16, 22, 28, and 35 degrees. The obtained energy dispersive X-ray diffraction 145 

spectra were analyzed by using an analysis program developed by Changyong Park and 146 

Rostislav Hrubiak at the 16-BM-B beamline (Kono et al., 2014). We obtained the S(Q) of 147 

CaSiO3 glass at the Q range up to 17.0 Å-1 under the pressure conditions from 0.8 GPa to 148 
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5.4 GPa at room temperature. 149 

Pair distribution function measurement of MgSiO3 glass at high pressures was 150 

conducted at the BL37XU beamline of the SPring-8. We used a monochromatic X-ray of 151 

37.4 keV. The X-ray was focused from 1.0 to 0.2 mm in horizontal with 0.7-m-long 152 

horizontal-deflection mirrors so as to increase an available flux. The structure of MgSiO3 153 

glass was measured up to 5.2 GPa in the PE cell by high-energy X-ray diffraction 154 

measurement using a cadmium telluride point detector (Amptek X-123) with a double slit 155 

collimation setup in front of the detector. The double slit collimation setup yields 156 

collimation length of <1.8 mm at the sample position at 2θ angles higher than ~9˚, to avoid 157 

background noises. Size of incident slit and two collimation slits were adjusted with 158 

varying 2θ angle to maximize intensity of signal by increasing collimation length within the 159 

diameter of MgSiO3 glass sample. High-energy X-ray diffraction measurements for 160 

MgSiO3 glass at high pressures were carried out by scanning the 2θ angle from 1 to 60 161 

degrees. Analysis was conducted by using the method developed at the BL04B2 beamline 162 

of the SPring-8 (Ohara et al., 2020). We obtained the S(Q) of MgSiO3 glass at the Q range 163 

up to 15.0 Å-1 under the pressure conditions from 1.0 GPa to 5.2 GPa at room temperature. 164 

 It is important to note that both experiments at BL37XU beamline at SPring-8 165 
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(MgSiO3 glass experiment) and at 16-BM-B beamline at APS (CaSiO3 glass experiment) 166 

used collimation slit setup in front of the detector. The collimation slit setup enables us to 167 

collect the XRD signal only from the sample at the 2θ angle higher than ~9˚ for the 168 

MgSiO3 glass experiment and at the 2θ angle higher than ~3˚ for the CaSiO3 glass 169 

experiment. Since the collimation slit setup eliminates back-ground noises not only from 170 

the high-pressure cell assemblies but also from different beamline component, we can 171 

obtain comparable data.  172 

The pair distribution function g(r) was obtained by Fourier transmission of the Faber-173 

Ziman total structure factor S(Q) (Faber and Ziman, 1965). The Lorch function was applied 174 

to remove the truncation effect on the final pair distribution function determination (Lorch, 175 

1969). The positions of the peaks of the g(r) showing discernible separation were 176 

determined by using simple Gaussian peak fitting. On the other hand, Si-Si, Mg-Si, and 177 

Mg-Mg peaks in MgSiO3 glass, and Ca-O and O-O peaks in CaSiO3 glass overlap each 178 

other. For the overlapping peaks, we used a multi-peak fitting method described in de 179 

Grouchy et al. (2017). In the de Grouchy et al.’s method, the g(r) is the sum of all the 180 

individual ion-ion interactions within the sample, where each ion-ion contribution is 181 

represented by a Gaussian peak, g(r)ind. The g(r) is fit using the following equations:  182 
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𝑔(𝑟) = ෍ 𝑔(𝑟)௜௡ௗ = 1𝑛଴𝑆 ෍ 𝑥௜𝐴௜𝜎௜√ଶగ௜ exp ቆ−(𝑟 − 𝑑௜)ଶ2𝜎௜ଶ ቇ,         (1) 

where 183 

𝐴௜ = 𝐶𝑁௜׬ 4𝜋𝑟ଶ𝜎௜√2𝜋 𝑒𝑥𝑝 − ൬(𝑟 − 𝑑௜)ଶ2𝜎௜ଶ ൰ 𝑑𝑟,        (2) 

where CNi is coordination number for individual ion-ion contributions, n0 is number 184 

density, xi is concentration of the species, and di is interatomic distance. 𝜎௜ is calculated 185 

from 𝑘ඥ𝑑௜ , which defines width and height of the individual Gaussian peak. k is an 186 

adjustable parameter (Hosemann and Bagchi, 1962), with values ranging from 0.06 to 0.15 187 

depending on the ion-ion contribution. 188 

 189 

Results 190 

Structure of MgSiO3 and CaSiO3 glasses at ambient pressure  191 

Figures 1a and 1b show the S(Q) and g(r) of MgSiO3 glass at ambient pressure, 192 

respectively. The g(r) of MgSiO3 glass shows peaks at r1=1.621±0.002 Å, r2=2.030±0.004 193 

Å, r3=2.618±0.009 Å, and r4=3.179±0.006 Å. A first-principles molecular dynamics 194 

simulation of MgSiO3 glass reports bond distances of Si-O=1.63 Å, Mg-O=1.98 Å, O-195 

O=2.68 Å, Si-Si=3.02 Å, Mg-Si=3.22 Å, and Mg-Mg=3.42 Å (Ghosh et al., 2014), 196 

indicating that the r1, r2, and r3 peaks obtained in this study correspond to Si-O, Mg-O, and 197 
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O-O distances, respectively. The r4 peak is considered as overlapping of Si-Si, Mg-Si, and 198 

Mg-Mg distances.  199 

The S(Q) and g(r) of CaSiO3 glass at ambient pressure are shown in Figs. 1c and 1d, 200 

respectively. The g(r) of CaSiO3 glass shows the peak positions at r1=1.622±0.001 Å, 201 

r2=2.335±0.008 Å, r3=2.623±0.012 Å, r4=3.017±0.008 Å, and r5=3.573±0.014 Å, which are 202 

considered as Si-O, Ca-O, O-O, Si-Si/Ca-Si, and Ca-Si/Ca-Ca distances, respectively 203 

(Cormier and Cuello, 2013; Mead and Mountjoy, 2006ab). According to a molecular 204 

dynamics simulation study (Mead and Mountjoy, 2006ab), Si-Si and Ca-Si distances 205 

overlap at the same distance at around 3.1 Å, and Ca-Si and Ca-Ca distances also overlap at 206 

around 3.6 Å.  207 

 208 

Structures of MgSiO3 and CaSiO3 glasses at high pressures 209 

Figures 2a and 2b show the S(Q) and g(r) of MgSiO3 glass from 1.0 to 5.2 GPa. 210 

With increasing pressure, intensity of the first sharp diffraction peak (FSDP) of MgSiO3 211 

glass decreases, and the FSDP position shifts toward high Q (Figs. 2a and 3). The high-212 

pressure behaviour of the FSDP is consistent with those reported in previous MgSiO3 glass 213 

study (e.g., Ryu et al., 2022). On the other hand, the S(Q) of MgSiO3 glass shows negligible 214 
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change at Q>3 Å-1 at high pressure conditions up to 5.2 GPa. The g(r) of MgSiO3 glass 215 

shows clear r1 (Si-O) and r4 (Si-Si/Mg-Si/Mg-Mg) peaks (Fig. 2b). On the other hand, the r2 216 

(Mg-O) peak is identified as a shoulder peak on the high r side of the r1 (Si-O) peak, and 217 

the r3 (O-O) peak is not visible. This is due to broadening of the peak width of g(r) by 218 

narrower range of Q (15 Å-1) in the S(Q) data obtained in the high pressure experiments. 219 

Fig. S1 shows the effect of the maximum Q (Qmax) range on the g(r) simulated by using the 220 

ambient pressure data. The resolution of the g(r) is defined as 2π/Qmax (e.g., Lorch, 1969), 221 

and the peak width of g(r) becomes broader by reducing the Qmax. In Fig. S1a, the g(r) 222 

result simulated with the Qmax=15 Å-1 shows the r2 peak as the shoulder peak of the r1 peak, 223 

similarly to the high-pressure experimental result, and it is difficult to identify the r3 peak. 224 

On the other hand, the peak positions of g(r) determined from the result of Qmax=15 Å-1 225 

(r1=1.619±0.003 Å; r2=2.029±0.010 Å; r4=3.183±0.003 Å; r3 is fixed at 2.618 Å) are 226 

comparable to those obtained from the data of Qmax=25 Å-1 (r1=1.621±0.002 Å; 227 

r2=2.030±0.004 Å; r3=2.618±0.003 Å; r4=3.179±0.003 Å). Therefore, the peak positions of 228 

the g(r) of MgSiO3 glass at high pressures determined from the S(Q) of Qmax=15 Å-1 are 229 

considered to be comparable to those determined at ambient pressure. The g(r) of MgSiO3 230 

glass at high pressures shows almost no change in the r1 and r2 peaks up to 5.2 GPa, while 231 
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the position of the r4 peak decreases with increasing pressure (Fig. 2b).  232 

Figures 2c and 2d show the S(Q) and g(r) of CaSiO3 glass from 0.8 to 5.4 GPa. In 233 

contrast to the marked change in the FSDP of MgSiO3 glass at high pressures, the S(Q) of 234 

CaSiO3 glass shows only small change in the intensity and position of the FSDP at high 235 

pressures (Figs. 2c and 3). On the other hand, the second and third peak features in the S(Q) 236 

at around 4-6 Å-1 shift toward high Q with increasing pressure (Fig. 2c). The g(r) of CaSiO3 237 

glass obtained at high pressures show clear r1 (Si-O), r2 (Ca-O), r4 (Si-Si/Ca-Si), and r5 (Ca-238 

Si/Ca-Ca) peaks (Fig. 2d). The Ca-O peak of the g(r) in CaSiO3 glass can be well identified 239 

even at the narrower range of Qmax (17 Å-1) in the S(Q) of the high-pressure experiments 240 

(Fig. S1a), because of longer distance of Ca-O peak in CaSiO3 glass compared to Mg-O 241 

peak in MgSiO3 glass. In addition, comparison of the peak positions of CaSiO3 glass at 242 

ambient pressure determined by the Q range of 17 Å-1 (r1=1.614±0.003 Å; r2=2.358±0.008 243 

Å; r4=3.077±0.165 Å; r5=3.560±0.021 Å) and 25 Å-1 (r1=1.622±0.001 Å; r2=2.335±0.008 244 

Å; r4=3.017±0.008 Å; r5=3.573±0.014 Å) show similar values. The r1 and r2 peaks of the 245 

g(r) of CaSiO3 glass stay almost same up to 5.4 GPa, while there are marked changes in the 246 

intensity of the r4 and r5 peaks with increasing pressure (Fig. 2d). The intensity of the r4 247 

peak markedly increases with increasing pressure, accompanied with the decrease of the 248 
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intensity of the r5 peak. The position of the r4 peak stays almost same up to 5.4 GPa, while 249 

the position of the r5 peak slightly decreases with increasing pressure.  250 

Table 1 summarizes the positions of the FSDP of S(Q), the g(r) peak positions, Si-O-251 

Si angle of MgSiO3 glass, and Si-O-Si/Ca-O-Si angles of CaSiO3 glass from ambient to 252 

high pressures. Since the r3 and r4 peaks of MgSiO3 glass are overlapped by O-O, Si-Si, 253 

Mg-Si, and Mg-Mg distances, we carried out multi-peak fitting procedure with the method 254 

of de Grouchy et al. (2017). We firstly fitted O-O, Si-Si, Mg-Si, and Mg-Mg peaks into the 255 

r3 and r4 peaks at ambient pressure (using the Qmax=15 Å-1 data) by referring the bond 256 

distances and the coordination numbers reported in Ghosh et al. (2014). The g(r) at ambient 257 

pressure is well reproduced by the parameters of Ghosh et al. (2014) with minor adjustment 258 

for O-O and Si-Si distances (Fig. S2a). Then, the Si-Si and Mg-Si peak positions at high 259 

pressures were determined by fixing widths and heights of all peaks, and peak positions of 260 

O-O and Mg-Mg (2.65 and 3.42 Å, respectively) (Fig. S2). It has been reported in SiO2 261 

glass that O-O distance does not change at least up to 6.0 GPa, because of almost no change 262 

of Si-O tetrahedron structure (Kono et al., 2022). Since our observed Si-O distances of 263 

MgSiO3 and CaSiO3 glasses also do not change with varying pressure (cf. Fig. 4), we 264 

assumed no change in O-O peak distance in MgSiO3 glass at the pressure range of this 265 
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study up to 5.4 GPa. For Mg-Mg distance of MgSiO3 glass, MD simulations of Salmon et 266 

al. (2019) show that Mg-O bond distance and Mg-O-Mg angle do not change below 6 GPa, 267 

which indicates no change in Mg-Mg distance. We therefore assumed that the Mg-Mg 268 

distance have no pressure dependence at the pressure range of this study (< 5.2 GPa). 269 

In addition, the Ca-O distances of CaSiO3 glass at high pressure conditions are 270 

determined also by the peak-fitting method of de Grouchy et al. (2017), because the r3 (O-271 

O) peak of the g(r) of CaSiO3 glass is hidden around the right side shoulder of the r2 (Ca-O) 272 

peak in the high-pressure data. Firstly, we fitted r2 (Ca-O) and r3 (O-O) peak positions at 273 

ambient pressure (using the Qmax=25 Å-1 data) by fixing the coordination numbers reported 274 

in Mead and Mountjoy (2006b) and Bajgain et al. (2015). Our obtained Ca-O 275 

[2.302(±0.001) Å] and O-O [2.611(±0.007) Å] distances at ambient pressure condition are 276 

consistent with those reported in Mead and Mountjoy (2006b) and Bajgain et al. (2015). 277 

Then, we fitted r2 (Ca-O) peak positions of CaSiO3 glass at high pressures by fixing 278 

coordination number and O-O peak position obtained at ambient pressure (Figure S3).  279 

 280 

Discussion 281 

Figure 4 shows the nearest-neighbor Si-O and M-O (M=Mg, Ca) distances (Fig.4a) 282 
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and the intermediate range Si-Si and M-Si distances (Fig. 4b) of MgSiO3 and CaSiO3 283 

glasses at high pressures. The Si-O peak positions of MgSiO3 and CaSiO3 glasses are same, 284 

while the positions of the M-O peaks are markedly different between MgSiO3 and CaSiO3 285 

glasses (Fig. 4a). The difference between Mg-O and Ca-O distances in MgSiO3 and CaSiO3 286 

glasses have also been observed in previous ambient pressure study, and is considered to be 287 

due to the different ionic radius of M cation (e.g., Cormier and Cuello, 2013). Our results 288 

show that the M-O peak positions of MgSiO3 and CaSiO3 glasses show almost no change 289 

with varying pressure. Similarly to our results, the experimental results of Salmon et al. 290 

(2019) also show almost no change in the M-O distances and coordination numbers at the 291 

pressure conditions below ~5 GPa, although Salmon et al. (2019) shows increase of M-O 292 

coordination number in MgSiO3 and CaSiO3 glasses at higher pressures than 6 GPa. These 293 

data indicate that nearest neighbor Si-O and M-O distances do not change at the pressure 294 

conditions of this study up to 5.4 GPa. 295 

The intermediate range Si-Si distance of MgSiO3 glass markedly decreases with 296 

increasing pressure (Fig. 4b), and it causes shrinking of Si-O-Si angle ( 𝜃 = 2 ∙297 

𝑎𝑟𝑐𝑠𝑖𝑛[(|𝑆𝑖 − 𝑆𝑖|/2)/|𝑆𝑖 − 𝑂|]) at high pressures (Fig. 5). It has been known that high-298 

pressure structural change of SiO2 glass occurs mainly by decreasing Si-O-Si angle at high 299 
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pressures (e.g., Sonneville et al., 2013). Similarly to SiO2 glass, Ryu et al. (2022) has also 300 

reported decrease of Si-O-Si angle in MgSiO3 glass with increasing pressure. We therefore 301 

consider that the pressure-induced structural change in MgSiO3 glass up to 5.2 GPa is 302 

attributed to the decrease of Si-O-Si angle, as same as well-known compression behavior in 303 

SiO2 glass (e.g., Sonneville et al., 2013). On the other hand, CaSiO3 glass shows almost no 304 

change in the r4 peak position with varying pressure (Fig. 4), which indicate both Si-Si and 305 

Ca-Si distances at ~3.0 Å do not change at high pressures. The calculated Si-O-Si and Ca-306 

O-Si angles of the CaSiO3 glass show almost no change with increasing pressure (Fig. 5), 307 

which is different from the marked decrease of the Si-O-Si angle in MgSiO3 glass at high 308 

pressures. In exchange for the almost no change in Si-O-Si and Ca-Si-O angles, the g(r) of 309 

CaSiO3 glass at high pressures show marked increase of the r4 peak intensity accompanied 310 

with the decrease of the r5 peak intensity (Fig. 2d). Although the r5 (Ca-Si/Ca-Ca) peak 311 

position of CaSiO3 glass slightly shortens with increasing pressure (0.8 % between ambient 312 

and 5.4 GPa) (Fig. 4b), it is not as large as the shortening of the Si-Si peak position in 313 

MgSiO3 glass at high pressures (1.8 % between ambient and 5.2 GPa).   314 

 These data indicate marked difference in the high-pressure behavior of 315 

intermediate range structures of MgSiO3 and CaSiO3 glasses. There are two important 316 
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structural parameters to discuss intermediate range structure in silicate glasses. One is Qn 317 

species, which represents the number of bridging oxygens (n) connected with a tetrahedral 318 

cation (e.g., Mysen, 1990; Stebbins et al., 1992). Salmon et al. (2019) has shown pressure 319 

dependence of Qn species in MgSiO3 and CaSiO3 glasses calculated by MD simulations. 320 

The MD simulations of Salmon et al. (2019) show that both MgSiO3 and CaSiO3 glasses 321 

consist of ~50% of Q2 species with ~25% of Q1 and Q3 species, which are consistent with 322 

those reported by 29Si NMR measurements at ambient pressure for MgSiO3 (Sen et al. 323 

2009; Davis et al., 2011) and CaSiO3 (Zhang et al., 1997; Kaseman et al., 2015) glasses. 324 

The fractions of the Qn species in both MgSiO3 and CaSiO3 glasses show only little change 325 

with varying pressure at least below 10 GPa (Salmon et al., 2019). The data indicate that Qn 326 

species do not change in both MgSiO3 and CaSiO3 glasses at least in the pressure 327 

conditions of this study up to 5.4 GPa. We therefore consider that Qn species are not 328 

structural origin of our obtained different high-pressure behavior in the intermediate range 329 

structures of MgSiO3 and CaSiO3 glasses (Figs. 4 and 5).  330 

Another important structural parameter to discuss pressure-induced structural change 331 

in silicate glasses is polyhedron connectivity (e.g., Lan et al., 2017; Hasmy et al. 2021). It 332 

has been reported in theoretical studies that SiOx polyhedrons of silicate glasses connect by 333 
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corner-shared, edge-shared, and/or face-shared configurations, and the polyhedron 334 

connectivity may change with varying pressure (e.g., Lan et al., 2017; Hasmy et al. 2021). 335 

A molecular dynamics simulation study showed that CaSiO3 glass has similar polyhedron 336 

connectivity structure to wollastonite (Mead and Mountjoy, 2006b). We therefore consider 337 

polyhedron connectivity in CaSiO3 glass based on the wollastonite structure as a structural 338 

motif. In wollastonite, SiO4 tetrahedra and CaO6 octahedra forms corner-shared SiO4-SiO4 339 

and edge-shared CaO6-CaO6 structures. These configurations yield the average Si-Si 340 

distance of 3.14±0.04 Å and the average Ca-Ca distance of 3.58±0.11 Å, respectively 341 

(Ohashi, 1984). On the other hand, there are two Ca-Si distances in wollastonite crystal 342 

structure formed by the corner-shared (3.65±0.16 Å) and edge-shared (3.10±0.03 Å) 343 

configurations of SiO4 tetrahedron and CaO6 octahedron (Ohashi, 1984). The two Ca-Si 344 

distances of the corner-shared and edge-shared CaO6-SiO4 configurations in the CaSiO3 345 

structural motif correspond to the r5 and r4 peak positions, respectively, in CaSiO3 glass in 346 

this study. Then, our data imply that the change of the peak intensity between the r4 and r5 347 

peaks obtained in the g(r) of CaSiO3 glass at high pressures (Fig. 2d) can be due to the 348 

structural change in the CaO6-SiO4 configuration. At low pressures up to 0.8 GPa, low r4 349 

peak intensity implies that the r4 peak is mainly composed of the SiO4-SiO4 structure and 350 
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that the fraction of the edge-shared CaO6-SiO4 structure is low. The low contribution of the 351 

edge-shared CaO6-SiO4 structure on the r4 peak is consistent with previous molecular 352 

dynamics simulation study of CaSiO3 glass at ambient pressure (Mead and Mountjoy, 353 

2006b). On the other hand, at high pressures, the intensity of the r4 peak markedly increases 354 

accompanied with decreasing intensity of the r5 peak (Fig. 2d). From the previous 355 

simulation study of SiO2 glass (Hasmy et al., 2021), Si-Si coordination number does not 356 

change at the pressure conditions below 5.4 GPa. Furthermore, the Raman spectroscopy 357 

observations of CaSiO3 glass below 5 GPa (Kubicki et al., 1992; Wolf and McMillan, 1995) 358 

show no change in the vibrational spectra related to SiO4 polyhedral units with increasing 359 

pressure at least below 5 GPa, although it starts to change above 10 GPa. Therefore, we 360 

interpret the r4 peak intensity change as the increase of the fraction of the edge-shared 361 

CaO6-SiO4 structure accompanied with decrease of the fraction of the corner-shared CaO6-362 

SiO4 structure (the decrease of the intensity of the r5 peak) at high pressures. The 363 

interpretation of the high-pressure structural behavior of CaSiO3 glass at the pressure 364 

conditions less than 5.4 GPa is consistent with previous molecular dynamics simulations 365 

(e.g., Mead and Mountjoy, 2006a; Shimoda and Okuno, 2006). Mead and Mountjoy 366 

(2006a) investigated pressure-induced structural change in CaSiO3 glasses at 0, 5, and 10 367 
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GPa, and showed that the intensity of the Ca-Si peak at ~ 3.1 Å increases with increasing 368 

pressure. In addition, Shimoda and Okuno (2006) also showed increase of the Ca-Si peak at 369 

~3.1 Å accompanied with decrease of the Ca-Si peak ~3.6 Å between 0 and 7.5 GPa. Thus, 370 

our data suggest that compression of CaSiO3 glass at high pressures up to 5.4 GPa occurs 371 

through the modification of the CaO6-SiO4 structure from the corner-shared configuration 372 

to the edge-shared configuration without changing the SiO4-SiO4 structure.  373 

 374 

Implications 375 

In this study, we observed different structural behavior in CaSiO3 and MgSiO3 glasses 376 

at high pressures. The different high-pressure structural behavior is also likely present in 377 

CaSiO3 and MgSiO3 melts, as Funamori et al. (2004) reported different behavior in the 378 

FSDP position at high pressures as same as our observations (Fig. 3).  MgSiO3 glass shows 379 

marked shift of the position of the FSDP with increasing pressure, while CaSiO3 glass 380 

shows only small change in the FSDP position at high pressures (Fig. 3). The different 381 

behavior of the FSDP position in MgSiO3 and CaSiO3 glasses obtained in this study are 382 

similar to those in MgSiO3 and CaSiO3 melts reported in Funamori et al. (2004) (Fig. 3). 383 

These data imply possible presence of intrinsic high-pressure structural difference due to 384 
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different cation of Mg and Ca in both silicate glass and melt, and its importance in 385 

understanding nature and properties of silicate magmas in the Earth’s upper mantle. For 386 

example, it has been known that viscosity of supercooled liquid MgSiO3-CaSiO3 387 

compositions show deep minima in the viscosity-composition relationship (Neuville and 388 

Richet, 1991), which is difficult to be interpreted by common viscosity-NBO/T (non-389 

bridging oxygen (NBO) per tetrahedrally coordinated cation (T)) model (e.g., Bottinga and 390 

Weil, 1972; Shaw, 1972; Giordano and Dingwell, 2003). In addition, Cochain et al. (2017) 391 

reported different high-pressure behavior in the viscosity of MgSiO3 and CaSiO3 melts. 392 

CaSiO3 melt (103.6 mPa s at 6.4 GPa and 2128 K) has markedly higher viscosity than 393 

MgSiO3 melt (53.5 mPa s at 6.3 GPa and 2148 K) at high pressures. Furthermore, 394 

molecular dynamics simulations by Zhang et al. (2010) showed that the difference in 395 

viscosity between CaSiO3 and MgSiO3 melts becomes larger at 20 GPa. Our observed 396 

different high-pressure structural behavior between CaSiO3 and MgSiO3 glasses may be 397 

structural origin of the marked difference in the viscosity of CaSiO3 and MgSiO3 melts at 398 

high pressures.  399 

 400 
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List of figure captions 582 

Figure 1. Structure factor, S(Q), and pair distribution function, g(r), of MgSiO3 glass (a, b) 583 

and of CaSiO3 glass (c, d) at ambient pressure. (b) r1, r2, r3, and r4 are Si-O, Mg-O, O-O, 584 

and Si-Si/Mg-Si/Mg-Mg distances, respectively. (d) r1, r2, r3, r4 and r5 are Si-O, Ca-O, O-O, 585 

Si-Si, and Ca-Si/Ca-Ca distances, respectively.   586 
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 587 

Figure 2. Structure factor, S(Q), and pair distribution function, g(r), of MgSiO3 glass (a, b) 588 

and CaSiO3 glass (c, d) at high pressures. (b) r1, r2, and r4 are Si-O, Mg-O, and Si-Si/Mg-589 

Si/Mg-Mg distances, respectively. (d) r1, r2, r4 and r5 are Si-O, Ca-O, Si-Si, and Ca-Si/Ca-590 

Ca distances, respectively.   591 

 592 

Figure 3. Position of the first sharp diffraction peak (FSDP) in S(Q) of CaSiO3 and MgSiO3 593 

glasses at high pressures, compared with those of CaSiO3 and MgSiO3 melts reported in 594 

Funamori et al. (2004). Solid red squares and solid black triangles represent the FSDP 595 

positions of CaSiO3 and MgSiO3 glasses, respectively, obtained in this study. Sizes of the 596 

errors in CaSiO3 glass results are smaller than the size of the symbol. Open red squares and 597 

open black triangles represent the FSDP positions of CaSiO3 and MgSiO3 melts, 598 

respectively, reported in Funamori et al. (2004). Vertical bars on the symbols represent the 599 

size of the error. Several data have the error bar smaller than the symbol size. 600 

 601 

 602 

Figure 4. Peak positions in g(r) of CaSiO3 and MgSiO3 glasses form ambient to around 5 603 
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GPa. Red solid squares and black solid triangles represent peak positions of CaSiO3 and 604 

MgSiO3 glasses, respectively. Vertical bars on the symbols represent the size of the error. 605 

Several data have the error bar smaller than the symbol size. 606 

 607 

Figure 5. Si-O-Si angle of MgSiO3 glasses and Si-O-Si/Ca-O-Si angles of CaSiO3 glass as 608 

a function of pressure. The Si-O-Si angle (𝜃 ) was calculated by using simple sine relation 609 

(𝜃 = 2 ∙ 𝑎𝑟𝑐𝑠𝑖𝑛[(|𝑆𝑖 − 𝑆𝑖|/2)/|𝑆𝑖 − 𝑂|]). Vertical bars on the symbols represent the size of 610 

the error. Several data have the error bar smaller than the symbol size. 611 

 612 

Table 1. Positions of the first sharp diffraction peak (FSDP) of S(Q), peak positions in 613 

g(r), Si-O-Si angle of MgSiO3, and Si-O-Si and Ca-O-Si angles of CaSiO3 glasses at 614 

ambient and high pressure conditions. 615 

MgSiO3 glass Ambient  1.0 GPa  1.9 GPa  3.0 GPa  4.3 GPa  5.2 GPa  

FSDP (Å-1) 1.88(±0.01) 1.93(±0.01) 1.94(±0.01) 1.96(±0.01) 2.01(±0.05) 2.03(±0.06)

Si-O (Å) 1.621(±0.002) 1.613(±0.002) 1.618(±0.002) 1.616(±0.002) 1.605(±0.003) 1.614(±0.009)

Mg-O (Å) 2.030(±0.004) 2.026(±0.006) 2.004(±0.005) 2.050(±0.004) 2.027(±0.007) 2.055(±0.004)

O-O (Å) 2.65(fixed) 2.65(fixed) 2.65(fixed) 2.65(fixed) 2.65(fixed) 2.65(fixed)

Si-Si (Å) 3.179(±0.006) 3.171(±0.002) 3.168(±0.002) 3.134(±0.013) 3.113(±0.003) 3.122(±0.011)

Mg-Si (Å) 3.220(±0.006) 3.226(±0.006) 3.234(±0.008) 3.210(±0.006) 3.206(±0.007) 3.209(±0.004)

Mg-Mg 3.42(fixed) 3.42(fixed) 3.42(fixed) 3.42(fixed) 3.42(fixed) 3.42(fixed)

Si-O-Si angle (°) 137.3(±0.8) 135.8(±0.5) 133.9(±0.6) 133.8(±0.6) 133.7(±0.9) 130.9(±1.4)
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CaSiO3 glass Ambient  0.8 GPa  2.3 GPa  3.3 GPa  4.6 GPa  5.4 GPa  

FSDP (Å-1) 2.137(±0.005) 2.154(±0.003) 2.168(±0.001) 2.177(±0.002) 2.189(±0.003) 2.200(±0.002)

Si-O (Å) 1.622(±0.001) 1.618(±0.003) 1.616(±0.003) 1.621(±0.003) 1.611(±0.003) 1.614(±0.003)

Ca-O (Å) 2.302(±0.001) 2.315(±0.004) 2.306(±0.004) 2.305(±0.004) 2.298(±0.004) 2.297(±0.004)

O-O (Å) 2.611(±0.007) 2.611(fixed) 2.611(fixed) 2.611(fixed) 2.611(fixed) 2.611(fixed)

Si-Si, Ca-Si (Å) 3.017(±0.008) 2.997(±0.026) 2.998(±0.032) 2.998(±0.014) 2.998(±0.018) 2.996(±0.001)

Ca-Si, Ca-Ca (Å) 3.573(±0.014) 3.569(±0.015) 3.550(±0.021) 3.557(±0.026) 3.554(±0.013) 3.554(±0.015)
Si-O-Si and 

 Ca-O-Si angles (°) 136.8(±0.8) 135.6(±2.5) 136.2(±3.0) 135.4(±1.4) 137.0(±1.8) 136.3(±1.2)

 616 
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