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 25 

ABSTRACT 26 

 27 

X-ray diffraction analysis and ultrasonic measurements of glass with a pyrope 28 

composition were conducted to determine its structural and elastic properties at pressures ranging 29 

from 1 atm to 12.9 GPa. Our results indicated that the structural evolution in the glass was 30 

closely related to changes in the compression wave velocity (VP), the shear wave velocity (VS), 31 

and the Poisson ratio. We observed three modes of pyrope glass compression. Moderate 32 

shrinkage in the intermediate-range ordered structure occurred at pressures below 6 GPa. 33 

Significant shrinkage in the intermediate-range ordering was observed at pressures between 6 34 

GPa and 9 GPa. We observed changes in the short-range ordered structure at pressures above 9 35 

GPa, which were associated with an increase in the coordination number of tetrahedral cations. 36 

The absolute values of VP and VS in pyrope glass were similar to those in magnesium-bearing 37 

silicate glasses with enstatite and diopside compositions. However, the velocities were higher 38 

than those observed in sodium aluminum silicate glasses with jadeite and albite compositions. 39 

This indicated that the absolute values were governed by the initial density of the glass, which 40 

was determined by its chemical composition. In terms of pressure, the velocity minimum in 41 

pyrope glass was observed at ~5 GPa, which was similar to the velocity minima in fully 42 

polymerized glasses, such as jadeite and albite. The degree of polymerization in the pyrope glass 43 

was intermediate, and it had a relatively polymerized network. A drastic increase in velocity was 44 

observed when the pyrope glass was subjected to pressures above 7–8 GPa, and the velocity 45 

exceeded that observed in silicate glasses. Densification phenomenon, such as an increase in the 46 
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Al coordination number, was efficiently promoted. This was because the cationic field strength 47 

of Mg2+ exceeded that of typical non-network forming cations. Magnesium cations may have an 48 

important role in controlling the behavior of silicate glass, and partially melted mantle becomes 49 

enriched with Mg under pressure. Studying Mg-bearing aluminosilicate glasses can thus help us 50 

to better understand the behavior of magma deep in the interior of the Earth. 51 

 52 

Keywords: Pyrope glass; elastic wave velocity; structure; high pressure 53 

 54 

Introduction 55 

 56 

The atomic structures of magmas are closely related to their physical, chemical, and 57 

thermal properties (Mysen et al. 1982; 1985; Kushiro and Mysen 2002). Examining silicate 58 

glasses can provide insight into magma structure. Many analytical methods have been used to 59 

investigate pressure-induced structural and physical changes in silicate (SiO2) glasses. These 60 

include Raman spectroscopy (McMillan et al. 1984; Devine and Arndt 1987), X-ray diffraction 61 

analysis (Meade et al. 1992; Inamura et al. 2004; Sato and Funamori 2010), neutron diffraction 62 

analysis (Inamura et al. 2001), molecular dynamics simulation (Jin et al. 1994; Trachenko and 63 

Dove 2002, 2003), Brillouin scattering analysis (Zha et al. 1994; Murakami and Bass 2010), and 64 

ultrasonic techniques (Yokoyama et al. 2010; Kono et al. 2012). A large increase in density of 65 

glasses is attributed to a significant shrinkage of the intermediate-range order (IRO) network, 66 

which is indicated by a drastic change in the first sharp diffraction peak (FSDP) in the structure 67 

factor, S(Q) (Susman et al. 1991; Inamura et al. 2001; Trachenko and Dove 2002). 68 

Aluminum is one of the most abundant elements on Earth, and it significantly influences 69 
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the properties of silicate networks in melts and glasses. Al3+ is an intermediate species in silicate 70 

melts, meaning that it can be incorporated into a network modified depending on the 71 

composition (Riebling 1966; Mysen et al. 1981). In fully polymerized melts, such as jadeite and 72 

albite, all of the TO4 tetrahedra (T = Si4+, Al3+) are linked by shared oxygen anions and form a 73 

three-dimensional network structure. Alkali metal ions, such as Na+ and K+, and alkali earth 74 

metal ions, including Mg2+ and Ca2+, can also affect the behavior of melts. These cations are 75 

known as network modifiers, and they can break the Si–O–Si bonds that join adjacent SiO4 76 

tetrahedra (Mysen et al. 1982).  77 

An increase in the coordination number (CN), or the number of coordinated oxygen 78 

atoms around a network-forming metal, leads to densification during pressure-induced structural 79 

evolution. Nuclear magnetic resonance (NMR) spectroscopy studies of aluminosilicate glasses 80 

have shown that the Al–O CN increases at lower pressures than the Si–O CN (Stebbins and 81 

Sykes 1990; Yarger et al. 1995; Lee et al. 2004; Allwardt et al. 2007). Based on the results of 82 

these NMR studies, an increase in the Al–O CN is affected by the field strengths of cationic 83 

modifiers. The cationic field strength is equal to the charge of the cation divided by the square of 84 

the distance between the cation and an oxygen atom (Allwardt et al. 2005, 2007; Kelsey et al. 85 

2009). In other words, modifiers with high cationic field strengths promote increases in the Al–O 86 

CN. The cationic field strengths of alkali and alkali earth metal cations follow the order K < Na 87 

< Ca < Mg, which means that Mg-aluminosilicate glasses can undergo structural changes at 88 

relatively low pressures (McMillan and Kirkpatrick 1992; Toplis et al. 2000; Neuville et al. 89 

2008). 90 

Pyrope (Mg3Al2Si3O12) is a Mg-aluminosilicate mineral that is abundant in the Earth’s 91 

upper mantle. A change in the slope of the pyrope melting curve from approximately 7 GPa to 10 92 
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GPa suggests that pressure induces a change in aluminum coordination (Irifune and Ohtani 1986; 93 

Zhang and Herzberg 1994). The structures and elasticity of Mg-aluminosilicate glasses have 94 

been investigated extensively via neutron and X-ray diffraction analysis (Guignard and Cormier, 95 

2008) and NMR spectroscopy (McMillan and Kirkpatrick, 1992; Toplis et al. 2000; Neuville et 96 

al. 2008). Those of pyrope glasses have been studied at ambient pressure via XRD analysis 97 

(Okuno and Marumo 1997) and NMR spectroscopy (Lee et al. 2016). However, the properties of 98 

pyrope at high pressures are poorly understood. 99 

In this study, we investigated the elastic wave velocities in pyrope glass at pressures 100 

ranging up to 12.9 GPa using a pulse-echo overlap ultrasonic technique to better understand the 101 

dependence of its elastic properties on pressure. Information about the structure of the glass at 102 

pressures up to 12.9 GPa was obtained by performing multi-angle energy-dispersive X-ray 103 

diffraction analysis. Herein we describe pressure-induced changes in the wave velocity in pyrope 104 

glass and its structure, and we discuss the relationship between its elastic properties and 105 

structural evolution. 106 

 107 

Experimental Methods 108 

Reagent grade SiO2, MgO, and Al2O3 were mixed to obtain a pyrope composition 109 

(Mg3Al2Si3O12) in an agate mortar with acetone for 1 h. The mixed powder was melted at 1,873 110 

K and quenched to ambient temperature to form the glass. In glass with a pyrope composition, 111 

the ratio of non-bridging oxygen (NBO) anions to tetrahedrally coordinated cations (T), or 112 

NBO/T, is 0.8 (Mysen et al. 1982). The NBO/T ratio in a silicate network is a fundamental 113 

indicator of its degree of polymerization. A fully polymerized network has an NBO/T ratio of 0, 114 

while a TO4 monomer assembly has an NBO/T ratio of 4. Based on the NBO/T ratio of pyrope 115 
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glass (0.8), it has a relatively polymerized structure. 116 

For our structural investigations, we performed energy-dispersive X-ray diffraction 117 

analysis at pressures ranging from 1 atm to 12.9 GPa using the PF-AR NE5C beamline at the 118 

High Energy Accelerator Research Organization (KEK) Facility in Tsukuba, Japan. We used a 119 

MAX80 cubic multi-anvil apparatus (Shimomura et al. 1984) in combination with MA6-6 120 

assembly (Nishiyama et al. 2008) to generate high pressures. The incident X-ray beam was 121 

collimated by directing it through two sets of 0.1 mm vertical slits and 0.2 mm horizontal slits. 122 

The diffracted beam was collimated by placing a 0.1 mm gap collimator 43 mm downstream 123 

from the sample and two receiving slits 40 mm downstream from the scattering slits. A 0.2 mm 124 

vertical receiving slit and either a 0.3 mm (2q ≤ 8°) or 1.0 mm (2q ≥ 11°) horizontal receiving 125 

slit were used. A Ge solid-state detector (Ge-SSD) with a 2048 multichannel analyzer was 126 

mounted on a two theta arm, which enabled us to accurately control the diffraction angle. 127 

Diffraction patterns were collected at fixed diffraction angles (2q) of 3°, 4°, 5°, 6°, 8°, 11°, 14°, 128 

17°, 21°, 25°, and 30°. Collection times varied and depended on the diffraction angle, since the 129 

intensity decreased as 2q increased. Pattern collection continued until the maximum intensity 130 

reached at least 7,000 counts. An example of diffraction patterns of pyrope glass is shown in 131 

Figure 1. The connection of multiple data sets collected at various 2q angles was conducted to 132 

minimize the differences between intensity patterns in each overlap region. This procedure has 133 

been performed based on the Monte Carlo simulation method (MCEDX) developed by 134 

Funakoshi (1997). This method enables us to obtain the reliable intensity profile without using 135 

any theoretical functions. The structure factor, S(Q), was obtained from the X-ray diffraction data 136 

using the MCEDX analytical program. S(Q) is given by Equation (1). 137 
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S(Q) = "Icoh(Q)/N−$ ci%fi(Q)&2

i

' ($ ci fi(Q)
i

)
2

* + 1, (1) 

where N is the number of atoms and Icoh(Q) is the coherent intensity due to atomic correlation. ci 138 

and fi(Q) are the concentration and the atomic scattering factor of the ith atom, respectively. The 139 

summation is taken over the atomic species. Q is the magnitude of the scattering vector given by 140 

Equation (2). 141 

Q =
4pEsinq

hc =
4psinq
l

, (2) 

where λ is the X-ray wavelength, E is the X-ray energy, q is half of the diffraction angle, h is 142 

Planck’s constant, and c is the speed of light in a vacuum. The local structure in real space is 143 

given by the pair distribution function, g(r) (Kaplow et al. 1965), which is the Fourier transform 144 

of S(Q) according to Equation (3). 145 

g(r) = 1+
1

2p2nr, Q[S(Q)− 1]sin(Qr)dr
Qmax

Qmin

, (3) 

where n is the number density, and r is the radial distance. 146 

Ultrasonic experiments to measure elastic wave velocities were conducted at pressures of 147 

up to 12.9 GPa using a SPEED-1500 Kawai multi-anvil apparatus installed on the BL04B1 148 

beamline at SPring-8 (Utsumi et al. 1998). Cobalt-doped magnesia was used as the pressure 149 

medium. The sample was sandwiched between fully densified alumina cylinders, which served 150 

as a buffer rod and back-reflector. The top and bottom surfaces of the glass sample, the alumina 151 

buffer rod, and the back-reflector were polished with diamond paste (1 μm) to ensure good 152 

mechanical contact. Two pieces of gold foil were placed on the top and bottom of the sample as 153 

markers for length measurements. Radiographs were collected using a CCD camera to determine 154 

the length of the sample under high pressures. The pressures were determined using the NaCl 155 
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equation of state (Decker 1971). The scattered X-rays were detected using a Ge SSD paired with 156 

a 4096 multichannel analyzer. High-pressure elastic wave velocity measurements were 157 

performed using the ultrasonic pulse-echo overlap method. A 10° rotated Y-cut LiNbO3 158 

transducer was used as the ultrasonic signal generator and receiver. The signals were recorded at 159 

a sampling rate of 1 × 1010 points per second. Detailed descriptions of the ultrasonic 160 

measurements can be found in Higo et al. (2008, 2009, 2018). An example of X-ray radiography 161 

image and ultrasonic signal is shown in Figure 2. At an ultrasonic wave frequency of 42 MHz, 162 

the accuracy of the travel time is not less than one tenth of the period, ~2.4 ns (Higo et al. 2009). 163 

An uncertainty of ±2.4 ns in the travel time generated uncertainties of no more than ±0.95% and 164 

±0.68% in the compression and shear wave velocities, respectively. An uncertainty of <1 pixel in 165 

the sample length was a conservative estimate, because the positions of the sample interfaces 166 

with the buffer rod and back-reflector were determined with a standard deviation of <1.8 pixel. 167 

An uncertainty of ±1.8 pixel in the sample length corresponded to an error of ±0.31% in 168 

measurements of both compression and shear wave velocity. We concluded that the overall 169 

uncertainties in the compression and shear wave velocity measurements were less than 1.00% 170 

and ±0.74%, respectively. 171 

Results and Discussion 172 

Structure of pyrope glass under pressure 173 

 174 

The structure of pyrope glass was analyzed at pressures ranging from 1 atm to 12.9 GPa. 175 

The structure factor obtained at each pressure is shown in Fig. 3. For silicates, the FSDP is 176 

typically centered at 2–3 Å−1 in the S(Q). This is indicated by the solid arrow in Fig. 3. The 177 

FSDP is generally a signature of the …–T–O–T–… IRO structure in a silicate network (Elliott 178 
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1991). The FSDP positions of various silicate glasses under pressure are shown in Fig. 4. The 179 

FSDP position under ambient conditions is associated with the void volume in the network 180 

structure (e.g., Onodera et al. 2019) of the glass, which is mainly governed by its chemical 181 

composition. Pure silica glass has the spongiest network, while sodium aluminosilicates (albite, 182 

jadeite) have smaller void volumes. The void volume in magnesium aluminosilicate (pyrope) 183 

glass is smaller still, and calcium magnesium silicate (diopside) glasses have the lowest void 184 

volumes. In other words, the relationship between pressure and the FSDP position is governed by 185 

the combination of metal cations in the silicate glass. The FSDP position of pyrope glass at 186 

ambient pressure is between those of albite/jadeite glass and diopside glass. In terms of the 187 

dependence of the FSDP position on pressure, a shift in the peak to a higher Q indicates 188 

pressure-induced shrinkage of the IRO structure in real space. This corresponds to a change in 189 

the network TO4 configuration, such as a decrease in the tetrahedral T–O–T bond angle and a 190 

reduction in the void volume in the network. The FSDP positions of pyrope and depolymerized 191 

glasses are less sensitive to pressure than those of fully depolymerized glass. Wang et al. (2014) 192 

investigated the dichotomy between pressure and the FSDP position using structural data from 193 

both X-ray diffraction and molecular dynamics analyses of the jadeite-diopside join. They 194 

observed an interesting phenomenon in a fully polymerized jadeite melt. The number of bridging 195 

oxygen (BO) atoms monotonically decreased with increasing pressure. This indicated that the 196 

fully polymerized melt had a spongy structure. Since every oxygen anion was a BO, the initial 197 

response to pressure was a decrease in the T–O–T bond angle, which resulted in bond breakage 198 

in the continuous network. The first stage of compression thus involved a pressure-induced 199 

decrease in the BO population, i.e. depolymerization. In contrast, an increase in the BO 200 

population and a monotonic decrease in the NBO population were observed in the 201 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7410.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



Revision 2 
 

 10 

depolymerized diopside melt. Due to the reduced connectivity of its TO4 network, the 202 

depolymerized diopside melt had a much weaker structure that could rearrange without breaking 203 

many BO bonds. A rapid decrease in the NBO population with pressure caused the structure to 204 

polymerize. Similar behavior has been observed in depolymerized MgO-SiO2 glasses under 205 

pressure (Wilding et al. 2012). 206 

Since the network in pyrope glass is moderately polymerized (NBO/T = 0.8), the FSDP 207 

position of pyrope glass is affected less by pressure than those of fully polymerized glasses. A 208 

monotonic shift in the FSDP toward higher Q values was observed as the pressure increased up 209 

to 7.1 GPa (Fig. 4), which suggested continuous shrinkage of the IRO network structure. The 210 

FSDP position underwent a relatively large shift to higher Q values at pressures between 7.1 GPa 211 

and 8.8 GPa, and the shift continued monotonically up to 12.9 GPa. 212 

The local structure in the glass was determined from the pair distribution function, g(r), 213 

which was obtained by performing a Fourier transformation of S(Q) (Eq. 3). Variations in the 214 

g(r) of the pyrope glass with pressure are shown in Fig. 5. The peak near 1.6–1.7 Å corresponded 215 

to T–O, or the length of the bonds between tetrahedrally coordinated cations and oxygen anions 216 

in the pyrope glass. The Mg2+/Al3+ molar ratio in pyrope glass is 1.5. All of the Al cations in the 217 

glass are incorporated into the network, while interstitial Mg cations balance the charge. The 218 

shoulder peaks in the ranges of 2.0–2.2 Å and 2.6–2.8 Å represented the Mg–O and O–O bond 219 

distances, respectively. The positions of these peaks were consistent with those reported by 220 

Okuno and Marumo (1993) at ambient pressure. The peak observed near 1.6–1.7 Å did not have 221 

any distinctive features that would enable us to distinguish between Si–O and Al–O bonds, so it 222 

was taken as the average of the Si–O and Al–O bond distances. It is important to determine the 223 

T–O bond length to understand the properties of the TO4 tetrahedra, which are the basic units of 224 
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silicate glass. The T–O bond length in pyrope glass is shown as a function of pressure in Fig. 6. 225 

The Si–O and Al–O bond lengths in crystalline pyrope (Zhang et al. 1998) are plotted for 226 

comparison. The length of T–O bonds in pyrope glass remained stable up to 11.6 GPa, then 227 

increased. The T–O peak broadened near 12.9 GPa. This implied that the average CN of 228 

tetrahedrally coordinated cations increased near 13 GPa. In contrast, the Si–O and Al–O bond 229 

lengths in crystalline pyrope slightly decreased with pressure. 230 

Al is much more susceptible to changes in coordination than Si (Waff 1975; Yarger et al. 231 

1995; Lee et al. 2004). The fraction of highly coordinated Al (i.e. [5,6]Al) in ternary 232 

aluminosilicate glasses also increases as the cationic field strengths of network-modifying 233 

cations increase (Neuville et al. 2008; Kelsey et al. 2008; Ifterkhar et al. 2012; Jaworski et al. 234 

2012), and the cationic field strength of Mg2+ is higher than that of Na+, K+, and Ca2+ (McMillan 235 

and Kirkpatrick 1992; Toplis et al. 2000; Neuville et al. 2008). 236 

The T–T bond length near 3.1 Å provided information about the relationship between 237 

adjacent TO4 tetrahedra, which was important for understanding the three-dimensional (3D) 238 

nature of the glass structure. The calculated average T–O–T bond angles were based on the 239 

relationship between the T–O and T–T bond lengths. The T–O–T angle was set equal to 240 

2arcsin{[T–T]/2[T–O]} assuming that corner-sharing TO4 tetrahedra formed a 3D framework 241 

structure. The dependence of the T–O bond length, the T–T bond length, and the T–O–T angle in 242 

pyrope glass on pressure is illustrated in Fig. 7. The T–T bond length was more sensitive to 243 

pressure than that of T–O. Broadening of the T–T peaks above 7.1 GPa could have been due to 244 

topological disordering. The dependence of the T–O–T angle on pressure followed a similar 245 

trend to that observed in the T–T bond length. The T–O–T angle decreased by 6.9% from 141.4° 246 

at 1 atm to 131.7° at 12.9 GPa. The T–O–T angle was closely related to the IRO network 247 
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structure, and a decrease in the T–O–T angle indicated a transition to a more compact structure. 248 

This compression may have been related to an increase in the proportion of edge-sharing TO4 249 

tetrahedra relative to corner-sharing TO4 tetrahedra. 250 

Crystalline pyrope has a cubic structure with Si and Al CNs of 4 and 6, respectively 251 

(Novak and Gibbs 1971). SiO4 tetrahedra and AlO6 octahedra share corners to form the 3D 252 

network. Cavities within the network structure can be viewed as distorted cubes comprised of 253 

eight oxygen atoms surrounding a Mg cation. Therefore, oxygen is bonded to one Si, one Al, and 254 

two Mg. The Si–O–Al angle in crystalline pyrope decreases from 131.0° at ambient pressure to 255 

128.8° at 11.53 GPa (Zhang et al. 1998). This decrease was far less pronounced than the changes 256 

in the T–O–T angle in pyrope glass observed in this pressure range. The structure of pyrope glass 257 

differs significantly from that of crystalline pyrope in terms of Al coordination. Lee et al. (2016) 258 

investigated the environment around Al in pyrope glass at ambient pressure via NMR 259 

spectroscopy. Most of the Al in pyrope glass has a CN of 4, and the amount of [5,6]Al ranges from 260 

~7% to 10%. In other words, the CN of Al in pyrope glass differs from the CN of Al in 261 

crystalline pyrope.  262 

 263 

Elastic wave velocities in pyrope glass under pressure 264 

 265 

The experimental elastic wave velocity measurements are summarized in Table 1. The 266 

dependencies of the compression wave velocity (VP) and shear wave velocity (VS) on pressure 267 

are illustrated in Figs. 8 and 9, respectively. The velocities in silica (Zha et al. 1994), jadeite, 268 

albite, diopside (Sakamaki et al. 2014), and enstatite glasses (Sanchez-Valle and Bass 2010) are 269 

plotted for comparison. The velocities at ambient pressure were governed by the chemical 270 
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composition, particularly the Mg content. According to Birch’s law, there is a linear relationship 271 

between density and velocity at a constant mean atomic weight (Birch 1961). This means that the 272 

velocities in magnesium-bearing silicate glasses are much higher than those in less dense, 273 

magnesium-free glasses. 274 

Marked changes in the elastic wave velocities in pyrope glass were observed in three 275 

pressure regions. At pressures below 6 GPa, the slopes of the elastic wave velocities were 276 

negative. At pressures between 6 GPa and 9 GPa, the velocities increased sharply with pressure. 277 

At pressures above 9 GPa, increases in the velocities were moderate. In terms of composition, 278 

the impact of pressure on velocity was either the appearance of a velocity minimum or the 279 

absence of a minimum. These results indicated that the degree of polymerization fundamentally 280 

affected the behavior of compressed silicate glass. In polymerized glasses, both the VP and VS 281 

initially decreased with pressure, then increased above a threshold pressure. Softening was much 282 

more pronounced in the VS than the VP. This can be seen in Figs. 8 and 9. In contrast, the VP and 283 

VS in depolymerized glasses, such as diopside and enstatite glasses, changed only slightly as the 284 

pressure increased. This behavior differed from that observed in the polymerized glasses. The 285 

marked differences between the impacts of pressure on the elastic wave velocities suggested that 286 

the dominant structural changes in the glasses in each compressed region differed significantly. 287 

 288 

The Poisson ratio of pyrope glass 289 

 290 

The Poisson ratio (σ) is shown as a function of pressure in Fig. 10. The Poisson ratio is 291 

obtained directly from the measured elastic wave velocities by Equation (4). 292 
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σ =
VP2 − 2VS2

2(VP2 − VS2)
. (4) 

The Poisson ratio in depolymerized glasses is close to 0.3 at ambient pressure and seems to 293 

increase monotonically (Sakamaki et al. 2014). The Poisson ratio in fully polymerized glasses is 294 

~0.2 under ambient conditions, although it increases rapidly with pressure (Sakamaki et al. 295 

2014). The dependence of the Poisson ratio in pyrope glass on pressure was similar to that 296 

observed in depolymerized glasses. Although the error is large, there may be an anomalous 297 

behavior at pressures between 6 GPa and 9 GPa. A dramatic drop in the Poisson ratio indicated 298 

that the volume of the glass decreased significantly. 299 

 300 

Compression behavior of pyrope glass 301 

 302 

Based on our structural measurements, we identified three pressure regions in which 303 

structural changes were induced. Moderate structural changes characterized by a monotonous 304 

shift in the FSDP position to higher Q values were observed at pressures at or below ~6 GPa. 305 

The dependence of the FSDP position in S(Q) on pressure changed at pressures between 6 and 9 306 

GPa, and the T–T bond length and T–O–T angle in g(r) both decreased. At pressures at or above 307 

9 GPa, the T–O bond length increased. In the lower pressure range from 1 atm to ~6 GPa, there 308 

was an inverse relationship between the elastic wave velocity in the pyrope glass and pressure. 309 

Moderate shrinkage of the IRO structure was observed, while the short-range structure was less 310 

sensitive to pressure. Non-elastic deformation dominated the first stage of compaction. In the 311 

mid-pressure range (6–9 GPa), shrinkage of the IRO structure in the pyrope glass was fairly 312 

significant. The dependence of the elastic properties on pressure became positive. The structure 313 

of the glass became more compact due to topological rearrangement associated with a decrease 314 
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in the T–O–T angle. A change in the compaction mechanism may have been related to changes in 315 

the pyrope melting curve near 7 GPa (Irifune and Ohtani 1986; Zhang and Herzberg 1994). In 316 

the high-pressure range (≥9 GPa), pressure-induced changes in the elastic properties of the 317 

pyrope glass and the FSDP position were moderate. First-principles molecular dynamics 318 

simulations have revealed a relationship between the structure of anorthite (CaAl2Si2O8) glass 319 

and the velocity of sound waves (Ghosh and Karki 2018). Based on the results of that study, the 320 

tetrahedral cations underwent primarily topological changes. These did not significantly affect 321 

the average bond distance or coordination during the initial stages of cold compression (0–10 322 

GPa). The velocity of sound waves began to increase sharply at pressures above ~10 GPa, and 323 

the T–O bond length increased. Similar changes in velocity and structure have been observed in 324 

SiO2 glass at pressures in the range of 15–20 GPa (Zha et al. 1994; Benmore et al. 2010). A 325 

structural analysis of SiO2 glass also indicated that the dependence of the Si–O bond length on 326 

pressure changed from negative to positive, and the Si–O CN increased at the same pressures 327 

(Benmore et al. 2010). The relationship between sound wave velocity and the T–O bond length 328 

may be a common feature in silicate glasses, although the changes occur at different pressures 329 

due to variations in chemical composition. The onset of such increases is particularly affected by 330 

the presence or absence of aluminum. 331 

 332 

Implications 333 

In this study, we demonstrated that the structural densification of pyrope glass was 334 

closely related to changes in its elastic properties. The compression behavior of pyrope glass was 335 

distinctly different in three pressure regions. Moderate shrinkage of the IRO was observed at 336 

pressures below GPa. IRO shrinkage was relatively pronounced at pressures in the range from 6 337 
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GPa to 9 GPa. The T–O CN increased at pressures above 9 GPa. Compared to other silicate 338 

glasses, the chemical composition of pyrope glass had a more significant effect on its properties 339 

and pressure dependence (Figs. 6–8). Although pyrope, diopside, and enstatite were all 340 

magnesium-bearing silicate glasses with velocities that had similar absolute values at low 341 

experimental pressures, the velocity in pyrope glass was highest at higher pressures. This was 342 

due to densification related to the presence of Al. Magnesium is abundant in the partially melted 343 

regions of the Earth’s mantle, particularly in the deeper regions (Nakajima et al. 2019). Al-344 

bearing hydrous minerals are stable in the lower mantle (Xu and Inoue 2019). Hydrous minerals 345 

have an important role in mantle melting, because they become sources of H2O in the lower 346 

mantle when they are dehydrated. Partial melts that form in the deep mantle are rich in 347 

magnesium and aluminum, which are incorporated into the melt. Therefore, knowledge about 348 

magnesium-bearing aluminosilicate glass can further our understanding of deep magma 349 

behavior. 350 
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Figure captions 517 

Figure 1. An example of data set collected at 12 .9 GPa. 518 

Figure 2. An example of X-ray radiography image of sample (a) and ultrasonic signal (b) at 12.9 519 

GPa. 520 

Figure 3. Changes in the structure factor (S(Q)) of pyrope glass with pressure. The solid arrow 521 

indicates the position of the FSDP. 522 

Figure 4. FSDP positions of silicate glasses as a function of pressure. The data for silica glass 523 

were obtained from Inamura et al. (2004). Values for jadeite, albite, and diopside glasses were 524 

obtained from Sakamaki et al. (2014). The error bars are smaller than the symbols. 525 

Figure 5. Pair distribution function, g(r), of pyrope glass with pressure.  526 

Figure 6. T–O bond length in pyrope glass as a function pressure. The Si–O and Al–O bond 527 

lengths in crystalline pyrope are plotted for comparison. The error bars are smaller than the 528 

symbols.  529 

Figure 7. Dependence of the T–O and T–T bond lengths and the T–O–T angle in pyrope glass on 530 

pressure. 531 

Figure 8. Compressional wave velocities in silicate glasses as a function of pressure. Data for the 532 

silica glass were obtained from Zha et al. (1994). Data for enstatite glass were obtained from 533 

Sanchez-Valle and Bass (2010). Values for jadeite, albite, and diopside glasses were obtained 534 

from Sakamaki et al. (2014).  535 

Figure 9. Shear wave velocities in silicate glasses as a function of pressure. Data for silica glass 536 

were obtained from Zha et al. (1994). Values for enstatite glass were obtained from Sanchez-537 

Valle and Bass (2010). Values for jadeite, albite, and diopside glasses were obtained from 538 

Sakamaki et al. (2014). 539 
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Figure 10. The Poisson ratios of silicate glasses as a function of pressure. Data for silica glass 540 

was obtained from Zha et al. (1994). Information for enstatite glass was obtained from Sanchez-541 

Valle and Bass (2010). Values for jadeite, albite, and diopside glasses were obtained from 542 

Sakamaki et al. (2014).  543 
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Tables 545 

Table 1 Results of sound velocity measurements 546 

Pressure [GPa] VP [km/s] VS [km/s] Poisson ratio 

2.48(3) 7.06(5) 3.81(2) 0.294(13) 

3.01(5) 7.02(5) 3.80(2) 0.293(13) 

3.75(6) 6.98(5) 3.76(2) 0.296(12) 

4.03(4) 6.95(5) 3.73(2) 0.298(12) 

4.62(6) 6.91(5) 3.69(2) 0.300(12) 

5.13(7) 6.89(5) 3.67(2) 0.301(13) 

5.61(7) 6.88(5) 3.66(2) 0.302(13) 

6.11(7) 6.92(5) 3.66(2) 0.305(13) 

6.57(5) 7.07(5) 3.72(2) 0.309(13) 

7.08(7) 7.11(5) 3.77(2) 0.304(13) 

7.55(6) 7.11(5) 3.91(2) 0.283(14) 

8.07(2) 7.47(6) 3.96(2) 0.304(14) 

8.87(3) 7.79(7) 4.05(3) 0.315(15) 

9.93(7) 7.86(7) 4.12(3) 0.310(16) 

10.92(7) 7.96(7) 4.18(3) 0.310(16) 

12.05(6) 8.16(8) 4.24(3) 0.315(17) 

12.85(8) 8.24(8) 4.27(3) 0.317(17) 

 547 

 548 
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