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X-ray diffraction and ultrasonic velocity measurements of three silicate glasses (in jadeite, albite, and
diopside compositions) show a sharp contrast in pressure-induced changes in structure and elasticity.
With increasing pressure to around 6 GPa, polymerized glasses (jadeite and albite) display large shift in
the first sharp diffraction peak (FSDP) in the structure factor, S(Q ), to higher-Q values, indicating rapid
shrinkage in the intermediate-range ordered (IRO) structure. Above 6 GPa, the shift of FSDP decelerates,
suggesting that shrinkage in the IRO structure has been largely completed and the structure evolution
is now dominated by the diminution of the interstitial volume in a more densely packed arrangement.
Associated with this structural change, sound velocities increase with pressure above 6 GPa. In contrast,
the depolymerized diopside glass exhibits smaller changes in the pressure dependence for both sound
velocities and FSDP positions. Compared to the polymerized glasses, the velocities are faster and the
positions of FSDP appear at higher-Q under the same experimental conditions. The results suggest
that the depolymerized diopside glass has an initially denser IRO structure compared to that of the
polymerized glasses, and there are no sufficient interstitial voids to shrink. The different behaviors
between polymerized and depolymerized glasses are apparently related to the initial linkage of tetrahedra
and the pressure-induced structural reactions. These results suggest that under compression up to 10 GPa,
the degree of polymerization is a major factor affecting the IRO network structure and the sound velocity
of silicate glasses.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Igneous activities are primarily controlled by magmas, which
occur in various geological/geophysical settings and have a wide
range of compositions (e.g., basalt–andesite–rhyolite). These com-
positional differences largely determine structures of the magmas
at depths and fundamentally control magma properties, which,
in turn, control variations in eruption styles (e.g., Eichelberger et
al., 1986). One of the most important parameters for constrain-
ing magma behaviors in the interior of the Earth is the degree of
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polymerization. Under upper mantle conditions, this is a useful in-
dicator for the connectivity of SiO2 tetrahedra, which are the basic
units in all silicate melts. Compositional differences are generally
considered in terms of variety of alkaline (e.g., Na+) and alkaline–
earth (e.g., Mg2+, Ca2+) cations in the melts. These cations, called
network modifiers, tend to cut Si–O–Si bonds between adjacent
SiO4 tetrahedra (e.g., Mysen et al., 1982). Al3+ behaves as an in-
termediate species in silicate melts; it can act as either a network
former (on the tetrahedral site) or a modifier, depending on com-
position (e.g., Riebling, 1966; Mysen et al., 1981). In the case of
a fully-polymerized melt, such as jadeite and albite, all TO4 tetra-
hedra are interconnected via oxygen anions, forming a continuous
three-dimensional network. Whereas, for depolymerized diopside
melt, approximately half the tetrahedral corners are disconnected.
It is likely that the difference in the degree of polymerization re-
sults in different structural responses and physical properties of
silicate melts.

http://dx.doi.org/10.1016/j.epsl.2014.02.008
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
mailto:sakamaki@m.tohoku.ac.jp
http://dx.doi.org/10.1016/j.epsl.2014.02.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2014.02.008&domain=pdf


T. Sakamaki et al. / Earth and Planetary Science Letters 391 (2014) 288–295 289
Because of the technical difficulties in measuring structure
and properties of silicate melts under high pressure and high
temperature conditions, many researchers instead have made ef-
forts for obtaining insights by studying glasses which are quenched
from melts. The relationship between the degree of polymerization
and the structure/properties of quenched (or supercooled) silicate
melts under pressure has been reported previously (e.g., Allwardt
et al., 2004, 2005, 2007; Lee, 2004, 2011; Lee et al., 2003, 2004,
2006, 2012; Xue et al., 1989, 1991). In addition to the quenched
silicate glass studies at ambient condition, in-situ high-pressure
structure and/or property measurements on silicate glasses have
also been conducted. For example, silica glass (SiO2) has been
well studied for pressure-induced changes in structure, density,
and elastic properties (Susman et al., 1991; Meade et al., 1992;
Zha et al., 1994; Sugai and Onodera, 1996; Tsiok et al., 1998;
Clark et al., 2004; Inamura et al., 2004; Sato and Funamori,
2008, 2010; Murakami and Bass, 2010; Yokoyama et al., 2010;
Kono et al., 2011). Sound velocities of SiO2 glass up to 57.5 GPa
have been investigated using the Brillouin scattering measurement
(Zha et al., 1994). In this latter study, a negative pressure depen-
dence in velocities up to about 3 GPa is reported, followed by a
drastic increase in the velocities between 12 and 23 GPa. Ultra-
sonic velocity measurements have also been performed on SiO2
glass (Yokoyama et al., 2010; Kono et al., 2011). In both studies,
anomalous minima in V P and V S around 3 GPa were also found,
confirming the Brillouin scattering measurements.

However, the effect of degree of polymerization in silicate
melts/glasses on the structural response and physical properties
under high pressure remains unclear (e.g., effect of degree of poly-
merization on the IRO, sound velocity, density, as well as pres-
sure dependence of these properties). For silicate melts at am-
bient pressure, the degree of polymerization is closely related to
composition and is quantitatively described by a ratio of non-
bridging oxygens (NBO) to tetrahedral cations (T) (NBO/T; Mysen
et al., 1982). The NBO/T ratio is widely used in examining vis-
cosity systematics in various silicate melts and discussing magma
mobility in the Earth’s interior (e.g., Suzuki et al., 2005). Experi-
mental data show that polymerized melts generally possess much
higher values of viscosity than those of depolymerized ones near
1 atm (Dingwell and Virgo, 1988; Richet et al., 1996; Dingwell
et al., 2004) and that pressure dependences of the viscosities for
polymerized and depolymerized melts are fundamentally different:
while viscosities of polymerized melts decrease with increasing
pressure, those of depolymerized melts increase (Taniguchi, 1992;
Wolf and McMillan, 1995; Poe et al., 1997; Funakoshi et al., 2002;
Reid et al., 2003; Liebske et al., 2005; Suzuki et al., 2005, 2011;
Lesher, 2010; Sakamaki et al., 2013). Although NBO fraction in the
silicate glass generally decreases gradually with pressure (e.g., Lee,
2011), NBO/T under ambient condition appears to be a useful in-
dicator for understanding the behavior of silicate melts.

In this study, we investigate sound velocities of polymerized
(jadeite and albite composition: NBO/T = 0 at 1 atm) and depoly-
merized (diopside composition: NBO/T = 2 at 1 atm) glasses at
pressures up to 10 GPa by using ultrasonic technique and syn-
chrotron X-ray imaging in a Paris–Edinburgh press. We also study
X-ray structure factors, S(Q ), of these glasses by using the multi-
angle energy-dispersive X-ray diffraction technique, in order to un-
derstand structural changes in the intermediate-range order (IRO)
with pressure. Finally, we discuss the correlation between sound
velocities and structures, and the influence of the degree of poly-
merization on these properties.

2. Experimental methods

All experiments were conducted in a Paris–Edinburgh press, in-
stalled at the HPCAT 16-BM-B beamline, Advanced Photon Source
Fig. 1. A design of cell assembly for ultrasonic measurements.

(APS). Details of the setup are given by Kono et al. (2013).
A schematic illustration of the high-pressure cell assembly is
shown in Fig. 1. The outer pressure media consisted of machin-
able zirconia pallets and sintered boron-epoxy. Graphite cylinder
was used as a sample container, with a gold foil placed on top and
bottom of the capsule as markers for sample length measurements.

X-ray radiography images allowed us to determine sample
lengths under high pressure (Fig. 2a). A fully densified alumina
cylinder above the sample was used as a buffer rod for the trans-
mission of ultrasonic signals. Both the glass sample and the alu-
mina buffer rod were polished with 1 μm diamond paste to ensure
good mechanical contact. High-pressure sound velocity measure-
ments were carried out using the ultrasonic pulse-echo-overlap
method. Details of the ultrasonic measurement are described in
Kono et al. (2012). Ultrasonic signals were generated and received
by a LiNbO3 transducer. The signals were collected with a sampling
rate of 5 × 109 Hz (Fig. 2b). The compressional and shear wave
travel times were determined using the reflected signals from the
buffer rod/sample (R1) and sample/teflon (R2) interfaces. The travel
time was determined within the uncertainty of ±0.1 ns, corre-
sponding to an uncertainty in compressional and shear wave veloc-
ities of up to ±0.08% and ±0.05%, respectively. Uncertainty of the
sample length determination was less than ±0.948 μm (±1 pixel)
in a conservative estimation, because the buffer rod/sample and
sample/backing reflector interface position was determined with
the standard deviation of less than ±0.190 μm (±0.2 pixel), re-
spectively. The ±0.948 μm uncertainty in sample length determi-
nation corresponds to ±0.26% error in both compressional- and
shear-wave velocity determinations. We therefore consider the
overall uncertainty in the compressional and shear wave velocity
measurement to be less than ±0.34% and ±0.30%, respectively.

Structure measurements were performed using the energy dis-
persive X-ray diffraction (XRD) technique as described in Yamada
et al. (2011). The 16-BM-B is a bending magnet beamline provid-
ing white X-rays (5–120 keV) with high brightness. The incident
X-ray beam was collimated by two sets of vertical (0.1 mm) and
horizontal (0.1 mm) slits. The diffracted signal was collimated
with a 0.1 mm gap collimator, 60 mm downstream from the
sample, and a 0.1 mm (H) × 5.0 mm (V) receiving slit 480 mm
further downstream from the scattering slits. A Ge-SSD with a
4096 multi-channel analyzer was mounted on a two-theta arm,
on air pads over a granite table, on a large Huber rotation stage,
which allowed accurate control of the two-theta angles. Diffrac-
tion patterns were collected at 9 fixed diffraction angles (2θ =
3◦,4◦,5◦,7◦,9◦,11◦,15◦,20◦,25◦). Collecting time varied with
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Fig. 2. (a) An example of X-ray radiography image of sample (diopside glass) at
1.2 GPa. (b) An example of compressional and shear wave signals reflected at
anvil/Al2O3 buffer rod (R0), Al2O3 buffer rod/diopside glass (R1), and diopside
glass/teflon (R2) interfaces at pressure of 1.2 GPa.

diffraction angles as intensities decreased with increasing angle.
All patterns were collected until the maximum intensity reached
at least 2000 counts. Structure factors, S(Q )s, were obtained from
the measured X-ray diffraction data using the analytical program
by Funakoshi (1997).

Pressure was determined by the equation of state of gold
(Tsuchiya, 2003), of which the diffraction patters were collected
from the foil below the sample.

3. Results

3.1. Sound velocities under pressure

Experimental results are summarized in Table 1. The differ-
ence in sound velocities at ambient pressure between polymerized
and depolymerized glasses/melts is partly due to the difference in
chemical compositions (e.g., Rivers and Carmichael, 1987). Pressure
dependence of both compressional wave velocity, V P , and shear
wave velocity, V S , are shown in Figs. 3a and 3b, respectively. Ve-
locities of silica (Zha et al., 1994), a polymerized glass (NBO/T = 0
at 1 atm), and enstatite (Sanchez-Valle and Bass, 2010), a depoly-
merized glass (NBO/T = 2 at 1 atm), are also plotted for com-
parison. Two pressure regions with marked changes in the pres-
sure dependence of sound velocities are identified in polymerized
Table 1
Experimental result of sound velocity measurements. Uncertainties in calculated
densities at high pressure are less than 1%.

Pressure
(GPa)

V P

(km/s)
V S

(km/s)
V B

(km/s)
Poisson’s
ratio

Density
(g/cm3)

Jadeite
0.0 2.531 (8)
0.9 5.466 (19) 3.292 (10) 3.928 (15) 0.215 (1) 2.586
1.4 5.464 (19) 3.255 (10) 3.965 (15) 0.225 (1) 2.617
2.2 5.417 (18) 3.226 (10) 3.934 (15) 0.225 (1) 2.670
2.8 5.349 (18) 3.186 (10) 3.883 (15) 0.225 (1) 2.709
3.0 5.350 (18) 3.193 (10) 3.876 (15) 0.223 (1) 2.724
3.0 5.323 (18) 3.173 (10) 3.862 (15) 0.224 (1) 2.725
3.4 5.272 (18) 3.160 (9) 3.805 (14) 0.220 (1) 2.755
3.5 5.258 (18) 3.133 (9) 3.816 (14) 0.225 (1) 2.761
4.1 5.272 (18) 3.118 (9) 3.851 (14) 0.231 (1) 2.800
4.4 5.241 (18) 3.111 (9) 3.816 (14) 0.228 (1) 2.819
4.5 5.279 (18) 3.095 (9) 3.885 (14) 0.238 (1) 2.829
4.6 5.250 (18) 3.099 (9) 3.841 (14) 0.233 (1) 2.837
5.1 5.225 (18) 3.061 (9) 3.849 (14) 0.239 (1) 2.868
5.3 5.227 (18) 3.052 (9) 3.861 (14) 0.241 (1) 2.884
5.6 5.210 (18) 3.048 (9) 3.841 (15) 0.240 (1) 2.901
6.1 5.230 (18) 3.031 (9) 3.887 (14) 0.247 (1) 2.933
6.2 5.275 (18) 3.028 (9) 3.949 (15) 0.254 (1) 2.940
6.6 5.317 (18) 3.044 (9) 3.990 (15) 0.256 (1) 2.969
7.0 5.315 (18) 3.036 (9) 3.995 (14) 0.258 (1) 2.991
7.0 5.313 (18) 3.026 (9) 4.003 (15) 0.260 (1) 2.992
7.3 5.352 (18) 3.019 (9) 4.061 (15) 0.267 (1) 3.007
7.3 5.380 (18) 3.026 (9) 4.091 (15) 0.269 (1) 3.009
7.5 5.439 (18) 3.048 (9) 4.147 (15) 0.271 (1) 3.023
7.6 5.472 (19) 3.047 (9) 4.191 (15) 0.275 (1) 3.029
7.9 5.518 (19) 3.054 (9) 4.245 (16) 0.279 (1) 3.045
8.3 5.550 (19) 3.057 (9) 4.282 (16) 0.282 (1) 3.064
8.3 5.691 (19) 3.099 (9) 4.425 (16) 0.289 (1) 3.064
8.8 5.777 (20) 3.101 (9) 4.533 (17) 0.298 (1) 3.089
9.1 5.854 (20) 3.150 (9) 4.587 (17) 0.296 (1) 3.103
9.6 5.877 (20) 3.160 (9) 4.607 (17) 0.297 (1) 3.130

Albite
0.0 2.460 (7)
1.4 5.571 (19) 3.469 (10) 3.871 (15) 0.183 (1) 2.556
1.3 5.468 (19) 3.370 (10) 3.841 (15) 0.194 (1) 2.544
2.0 5.381 (18) 3.317 (10) 3.779 (14) 0.194 (1) 2.596
2.8 5.306 (18) 3.249 (10) 3.753 (14) 0.200 (1) 2.653
3.6 5.250 (18) 3.205 (10) 3.723 (14) 0.203 (1) 2.709
3.8 5.196 (18) 3.179 (10) 3.678 (14) 0.201 (1) 2.726
4.8 5.184 (18) 3.146 (9) 3.699 (14) 0.209 (1) 2.800
4.6 5.167 (18) 3.119 (9) 3.705 (14) 0.213 (1) 2.783
4.5 5.174 (18) 3.105 (9) 3.730 (14) 0.219 (1) 2.779
4.8 5.176 (18) 3.120 (9) 3.717 (14) 0.215 (1) 2.801
5.8 5.204 (18) 3.090 (9) 3.788 (14) 0.228 (1) 2.866
5.8 5.185 (18) 3.100 (9) 3.751 (14) 0.222 (1) 2.869
6.1 5.224 (18) 3.107 (9) 3.797 (14) 0.226 (1) 2.890
6.5 5.252 (18) 3.082 (9) 3.863 (14) 0.237 (1) 2.919
6.9 5.286 (18) 3.117 (9) 3.871 (14) 0.233 (1) 2.945
7.1 5.341 (18) 3.123 (9) 3.939 (15) 0.240 (1) 2.954
7.4 5.388 (18) 3.117 (9) 4.010 (15) 0.249 (1) 2.975

Diopside
0.0 2.920 (13)
0.8 6.667 (23) 3.636 (11) 5.179 (19) 0.288 (1) 2.951
1.0 6.696 (23) 3.589 (11) 5.260 (19) 0.298 (1) 2.959
1.2 6.718 (23) 3.585 (11) 5.290 (19) 0.301 (1) 2.964
1.9 6.733 (23) 3.586 (11) 5.310 (19) 0.302 (1) 2.989
1.8 6.748 (23) 3.587 (11) 5.327 (19) 0.303 (1) 2.987
2.1 6.770 (23) 3.594 (11) 5.349 (19) 0.304 (1) 2.995
2.2 6.792 (23) 3.590 (11) 5.380 (20) 0.306 (1) 2.998
3.3 6.807 (23) 3.611 (11) 5.380 (20) 0.304 (1) 3.037
2.1 6.816 (23) 3.618 (11) 5.386 (20) 0.304 (1) 2.995
3.4 6.828 (23) 3.620 (11) 5.399 (20) 0.304 (1) 3.041
3.5 6.851 (23) 3.620 (11) 5.428 (20) 0.306 (1) 3.044
3.8 6.871 (23) 3.616 (11) 5.457 (20) 0.309 (1) 3.056
3.7 6.886 (23) 3.615 (11) 5.476 (20) 0.310 (1) 3.052
4.6 6.857 (23) 3.596 (11) 5.457 (20) 0.310 (1) 3.082
6.2 6.870 (23) 3.577 (11) 5.490 (20) 0.314 (1) 3.133
6.2 6.875 (23) 3.562 (11) 5.507 (20) 0.316 (1) 3.133
6.5 6.867 (23) 3.561 (11) 5.500 (20) 0.316 (1) 3.144
7.1 6.862 (23) 3.546 (11) 5.506 (20) 0.318 (1) 3.164
8.4 6.852 (23) 3.550 (11) 5.491 (20) 0.317 (1) 3.207
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Fig. 3. Compressional wave velocities (a), shear wave velocities (b), and bulk sound
velocities (c) of silicate glasses as a function of pressure. The data of silica and
enstatite glass are from Zha et al. (1994) and Sanchez-Valle and Bass (2010), re-
spectively. Jadeite, albite and silica glass are polymerized glasses (NBO/T = 0) and
diopside and enstatite glasses are depolymerized glasses (NBO/T = 2). Error bars
are smaller than symbols.

(jadeite and albite) glasses. Below 6 GPa, sound velocities exhibit
negative pressure dependence; above 6 GPa, velocities increase
rapidly with pressure. The pressure dependences of velocities of
these polymerized glasses show similar trend to that of silica glass
(Zha et al., 1994). The marked difference in pressure dependence
of sound velocities suggests a change in compression mechanism.
In the case of depolymerized (diopside) glass, no obvious change in
the pressure dependence of sound velocities is observed; both V P

and V S are higher than those of jadeite and albite glasses. Magni-
tude of the pressure dependence in diopside glass is also smaller
than those of jadeite and albite glasses.

Using the compressional and shear velocities, bulk sound veloc-
ities (V B ) are calculated using the following equation,

V B =
√

V 2
P − 4

3
V 2

S =
√

K S

ρ
, (1)

where K S is the adiabatic bulk modulus and ρ is density. The pres-
sure dependence of V B also clearly falls into two groups (Fig. 3c),
one for polymerized (jadeite, albite, and silica) glasses, and the
other for depolymerized (diopside and enstatite) glasses. The re-
sults show that the degree of polymerization is fundamentally re-
lated to the compression behavior of silicate glasses.

The observed pressure dependence of velocities is summarized
as follows (Table 2). For jadeite and albite glasses, V B is nearly
constant up to 6 GPa and then increases rapidly, while V S de-
creases slowly up to 6 GPa and remains relatively constant with
very little increase after that. For diopside glass, V S is nearly con-
stant up to about 4 GPa and decreases after that, but V B increases
up to about 4 GPa and remains nearly constant after that. V P ,
on the other hand, reaches a maximum at ∼4 GPa. The sequence
of velocity variation in diopside glass is essentially reversed com-
pared with jadeite and albite glasses. Furthermore, the slopes are
very different and the turn-over pressure point is ∼6 GPa for
jadeite and albite glasses, ∼4 GPa for diopside.

3.2. Structural responses to pressure

Fig. 4 shows results of structural evolution. Structure factors
S(Q ) of jadeite glass up to 9.6 GPa are shown in Fig. 4a. The first
sharp diffraction peak (FSDP), typically centered around 1–3 Å

−1

in S(Q ) for silicates, is in general a signature of the · · ·–T–O–T–· · ·
IRO in silicate network (e.g., Elliott, 1991). Peaks at lower-Qs in
reciprocal space reflect longer range ordering in real space. The
positive pressure dependence of the FSDP in Q -space in jadeite
glass represents a rapid decrease in the intermediate correlation
distances in real space with pressure. Shrinkage of IRO corre-
sponds to the change of TO4 configuration in the network, such
as a decrease in · · ·–T–O–T–· · · bond angles of tetrahedron and
the reduction of void space in the network. For jadeite glass, FSDP
moves towards higher-Q monotonically with increasing pressure
up to 7.4 GPa, suggesting continuous shrinkage of the network
structure, by changing the intermediate-range ordering, such as
reducing –T–O–T– angle. Between 7.4 and 9.6 GPa, the FSDP posi-
tion moves more slowly than the lower pressure region. The sharp
change in the slope suggests again a change in compression mech-
anism around this pressure.

In addition to the large shift to higher-Q in the FSDP po-
sition, S(Q ) provides additional evidence of densification of the
jadeite glass. Above 7.4 GPa, a small peak appears on the right
side (∼3.0–3.2 Å

−1
) of the FSDPs in S(Q ), termed “second sharp

diffraction peak (SSDP)” by Elliott (1995). The SSDP, which denotes
a diminution of the interstitial volume between the silicate net-
work (Salmon et al., 2005, 2006), has been reported in previous
X-ray diffraction studies on silicate glasses and melts (e.g., Meade
et al., 1992; Inamura et al., 2004; Yamada et al., 2011) attributed
to more densely packed structure.

Structure factors of albite glass are shown in Fig. 4b. Similar
to jadeite glass, the FSDP position in albite also shifts rapidly to
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Table 2
Summary of the pressure dependence of sound velocities in silicate glasses.

Silicate glass V P V S V B

Jadeite/Albite (NBO/T = 0 at 1 atm) Minimum at ∼6 GPa (↘↗) decrease below 4 GPa (↘) constant below 4 GPa (→)
constant above 4 GPa (→) increase above 4 GPa (↗)

Diopside (NBO/T = 2 at 1 atm) Maximum at ∼4 GPa (↗↘) constant below 4 GPa (→) constant below 4 GPa (→)
decrease above 4 GPa (↘) increase above 4 GPa (↗)
higher-Q between 1 atm and 5.5 GPa, suggesting significant den-
sification, and slows down above 5.5 GPa. This change in pressure
dependence also corresponds to the appearance of SSDP above
7.3 GPa, as is observed in jadeite glass.

In contrast, diopside glass shows a rather different compression
behavior in structure factors as shown in Fig. 4c. The positions of
FSDP are located at higher-Q values and show little change with
increasing pressure.

4. Discussion

4.1. Contrasting compression mechanisms of polymerized versus
depolymerized glasses

In this study, the most pronounced difference in S(Q ) between
polymerized and depolymerized glasses is the positions of FSDP
and its pressure dependence (Fig. 5). The FSDP of diopside glass
at ambient pressure appears at higher-Q than those of jadeite and
albite glasses, meaning that diopside glass has a more packed IRO
structure than the jadeite and albite counterparts. More impor-
tantly, the pressure dependence of FSDP in diopside glass is signif-
icantly smaller compared to those in jadeite and albite glasses. In
addition, the peak shifts of diopside glass are more likely mono-
tonic with pressure. This also suggests that diopside glass pos-
sesses fewer interstitial voids to accommodate pressure-induced
modification in the IRO.

These differences in IRO structure are well consistent with the
observations in bulk sound velocities (Fig. 3c): bulk sound veloci-
ties of diopside glass are significantly higher than those of jadeite
and albite glasses, and its pressure dependence increases slightly
with increasing pressure. In fully polymerized tetrahedral glasses
such as silica and Germania (SiO2 and GeO2, NBO/T = 0), the
structural response to pressure is dominated by the tightening of
the T–O–T bond angle (e.g., Susman et al., 1991; Salmon et al.,
2012). Since each T cation is statistically connected to four adja-
cent T cations, the bending of the T–O–T bond angle results in an
overall volume response to pressure. Thus silica exhibits a “soften-
ing” in both bulk and shear moduli upon compression (e.g., Kono
et al., 2012). According to the rigidity percolation theory (Thorpe,
1983) 2.4 connections are required between each structural unit
to form a fully continuous 3D network. For tetrahedral random
networks, this means that when NBO/T � 1.6, there are too few
tetrahedron–tetrahedron connections to form fully continuous 3D
networks (Phillips, 1979). Unlike chalcogenide systems, here per-
colation (or rigidity) is applied to inter-tetrahedral bonds instead
of inter-atomic bonds, as TO4 are considered to act like fixed units
in silicate liquids.

For jadeite glass, the presence of Na+ cations helps Al3+ build
tetrahedral network along with Si4+ while maintaining charge bal-
ance, whereas Mg2+ and Ca2+ cations in diopside glass play a
role as network modifiers (i.e., network breakers). The initial struc-
tural changes in response to compression are therefore different:
for polymerized jadeite glass is most likely the T–O–T angle re-
duction (as has been observed in jadeite melt by Wang et al.,
2014), whereas for depolymerized diopside glass and melt, it is
the reduction of Mg–O and Ca–O bond-lengths. Our observations
are consistent with these compression mechanisms and show that
structural responses are the key in explaining the pressure depen-
dence in elastic properties and density of glasses.

4.2. Difference in properties between polymerized and depolymerized
glasses

4.2.1. Sound velocity and Poisson’s ratio
Sound velocity measurements support the notion of two dif-

ferent structural compression mechanisms below and above about
6 GPa in polymerized glasses, as the pressure regions of ob-
served structural changes are consistent with those in sound ve-
locity measurements. In the low-pressure region (<6 GPa), drastic
shrinkage of IRO network of polymerized glasses occurs, causing
an abnormal decrease in the sound velocities. Around 6 GPa, major
densification appears to have completed with no significant inter-
stitial voids left in the glass. Hence in the high-pressure region
(>6 GPa), structural shrinkage diminishes, and the velocities be-
gin to increase with pressure. In the case of depolymerized glass,
there are no drastic changes in structure and sound velocities up
to about 8 GPa, the maximum pressure of this study for diop-
side glass. Effects of Mg and Ca on the observed behavior of V P
and V S appear less important under pressure, because the results
of enstatite and diopside show similar behavior. If the difference
in the pressure dependence of V P and V S is due to Mg and Ca,
there should be clear trend among NaAlSi2O6 Jadeite (Mg = 0,
Ca = 0), CaMgSi2O6 diopside (Mg = 1, Ca = 1), and Mg2Si2O6 en-
statite (Mg = 2, Ca = 0). Thus, we conclude that the degree of
polymerization has a profound influence on the correlation be-
tween sound velocities and IRO structure.

The Poisson’s ratio (σ ) is obtained directly from the measured
sound velocities by,

σ = V 2
P − 2V 2

S

2(V 2
P − V 2

S )
(2)

and its pressure dependence is shown in Fig. 6. In the case of de-
polymerized glasses, the Poisson’s ratio is about 0.30 at ambient
pressure and seems to increase nearly linearly with pressure. On
the other hand, polymerized glasses generally have lower Poisson’s
ratios (between 0.15 and 0.22) at ambient condition, with signifi-
cantly higher pressure dependence, especially above 5–6 GPa.

Poisson’s ratio, which measures a material’s resistance to dis-
tort under mechanical load, is affected by atomic arrangements
in silicate glasses (Greaves et al., 2011). For polymerized jadeite
and albite glasses (NBO/T = 0), the continuous three-dimensional
(3D) tetrahedral network imposes structural constraints on how
the glasses respond to mechanical stress. Especially, the tightening
of the T–O–T angle in the 3D network may lead to low Poisson’s
ratios, analogous to recently discovered “metamaterials” (Babaee
et al., 2013). On the other hand, depolymerized glasses, such as
diopside and enstatite, are compressed via bond length reduction
and tend to have higher Poisson’s ratios. This is generally consis-
tent with systematics over a large number of non-silicate glasses
(Greaves et al., 2011).

4.2.2. Density
Assuming that all deformation is elastic, the density (ρ) of

isotropic silicate glasses under pressure is calculated using the am-
bient density (ρ0) through the relationship:
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Fig. 4. Structure factors, S(Q ), of jadeite glass (a), albite glass (b), and diopside glass
(c) with pressure. Vertical dotted lines indicate the FSDP position at 1 atm. Arrows
in (a) indicate the SSDP.

ρ − ρ0 =
P∫
γ

1

V 2
B

dP . (3)
P0
Fig. 5. FSDP positions of silicate glasses as a function of pressure. The data of silica
glass is from Inamura et al. (2004). Jadeite, albite and silica glass are polymerized
glasses (NBO/T = 0) and diopside glass is depolymerized glass (NBO/T = 2).

Fig. 6. Poisson’s ratio of silicate glasses as a function of pressure. The data of silica
and enstatite glass are from Zha et al. (1994) and Sanchez-Valle and Bass (2010),
respectively. Jadeite, albite and silica glass are polymerized glasses (NBO/T = 0) and
diopside and enstatite glasses are depolymerized glasses (NBO/T = 2). Error bars
are smaller than symbols.

where γ is the ratio of the isothermal and adiabatic bulk mod-
uli; γ is taken to be 1 for the present silicate glasses at ambient
temperature. Densities of silicate glasses as a function of pressure
are shown in Fig. 7a. The densities of silica glass (Zha et al., 1994)
and enstatite glass (Sanchez-Valle and Bass, 2010) are also plotted
for comparison. All densities increase monotonically with pressure.
Densities of jadeite and albite glasses cross over that of enstatite
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Fig. 7. (a) Density of silicate glasses as a function of pressure. The data of silica and
enstatite glass are from Zha et al. (1994) and Sanchez-Valle and Bass (2010), re-
spectively. Jadeite, albite and silica glass are polymerized glasses (NBO/T = 0) and
diopside and enstatite glasses are depolymerized glasses (NBO/T = 2). Error bars are
smaller than symbols. (b) The average slope of density-pressure diagram in silicate
glasses as a function of NBO/T. The slope is calculated by linear fitting. (c) Pressure-
dependence of density (dρ/dP ) of silicate glasses as a function of pressure.

around 8 GPa. Density crossover between diopside and jadeite/al-
bite glasses may occur around 12 GPa.

However, there is a difference in compressibility between poly-
merized and depolymerized glasses. Fig. 7b indicates the average
slopes, which are calculated by linear fitting of data in Fig. 7a as a
function of NBO/T ratio. Diopside and enstatite glasses are denser
than the others at ambient pressure, however their compressibil-
ity is lower and the density contrast between depolymerized and
polymerized glasses becomes smaller at higher pressures.

Fig. 7c indicates the pressure-dependence of density (dρ/dP )
of silicate glasses. There is a systematic difference between poly-
merized and depolymerized glasses. The polymerized glasses show
maxima in dρ/dP around 4 GPa. On the other hand, dρ/dP values
of depolymerized glasses are much smaller, and decrease slightly
with increasing pressure.
4.3. Implications to tectonics

Since the compression mechanisms of polymerized and depoly-
merized glasses observed here are similar to those of melts of the
same compositions (Wang et al., 2014), our results on physical
properties of compressed glasses may be applied to melts. Ac-
cording to Fig. 7 polymerized melts are denser and gravitationally
more stable in the deep earth than depolymerized melts. Consid-
ering compositions of the Earth’s component, melts with granitic
continental crustal compositions are more polymerized than those
of basaltic oceanic crust compositions. Recently, subduction of
granitic materials by tectonic erosion, sediment-trapped subduc-
tion and direct subduction of immature oceanic arcs are indicated
by geological and geophysical surveys (e.g., Plank and Langmuir,
1998; Jackson et al., 2007). The granitic melt generated at shal-
lower depth is lighter and can return to the surface. However, if
the granitic rock is transported to the deep mantle and melted un-
der higher pressure conditions, the generated melt may be denser
than surrounding mantle and gravitationally stable.
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