Earth and Planetary Science Letters 406 (2014) 165-173

www.elsevier.com/locate/epsl

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

E/
SPLANETARY
SCIERCE LETTERS

Pressure-induced elastic and structural changes in hydrous basalt
glasses: The effect of H,O on the gravitational stability of basalt melts

at the base of the upper mantle

@ CrossMark

Lei Wu*, De-Bin Yang®, Hong-Sen Xie b Fang-Fei Li¢, Bo Hu?, Yang Yu®, Wen-Liang Xu?,

Chun-Xiao Gao®*

4 State Key Laboratory of Superhard Materials, College of Earth Sciences, Jilin University, Changchun 130012, China
b Laboratory of the Earth’s Interior and Geofluid Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, China

ARTICLE INFO ABSTRACT

Article history:

Received 1 April 2014

Received in revised form 26 August 2014
Accepted 2 September 2014

Available online 30 September 2014
Editor: ]. Brodholt

To understand the effect of hydration on the elastic properties of silicate melts, we conducted in situ
high-pressure Brillouin scattering measurements on two hydrous basalt glasses with different water
contents in diamond anvil cells. Second-order phase transitions were observed in the hydrous basalt
glasses and are due to the topological rearrangement of the silicate network to a high [Si, Al]-O
coordination. Up to a pressure of 10 GPa at 300 K, the extra 2.23 wt% H,O lowers the elastic moduli
of FX-2 basalt glass (2.69 wt% H0) by 10%-18%, but does not affect the pressure derivatives of the
elastic moduli, compared with FX-1 (0.46 wt% H;O) basalt glass. The phase transition takes place at a
higher pressure in FX-2 compared with FX-1, possibly because of the depolymerization of water to silicate
glass. Water interacts with network-forming cations and creates Si—-OH and Al-OH groups, and prohibits
nonbridging oxygen ions from being connected to other nearby framework cations (i.e., [361(Si,Al)),
resulting in the hysteresis of the second-order phase transition. The density contrasts of our hydrous
basalt melts with previous mid-ocean ridge basalt and preliminary reference Earth model data indicate
that basalt melts may need very low water content (<0.46 wt% H,0) to maintain gravitational stability
at the base of the upper mantle. Our results show that the elastic properties of hydrous silicate melts
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may have important implications for the dynamic evolution and chemical differentiation of the mantle.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Silicate melts are important carriers of mass and heat in both
the crust and mantle, and may have played an important role in
controlling chemical differentiation and mass transport in Earth’s
interior (Agee, 1998; Ohtani and Maeda, 2001; Suzuki and Ohtani,
2003). The density contrast between melts and surrounding solids
is a key control on whether a subducting slab floats or sinks
through the mantle (Agee and Walker, 1993; Bercovici and Karato,
2003; Stolper et al., 1981; Suzuki et al., 1995). Given the greater
compressibility of liquids compared with solids, Stolper et al.
(1981) suggested that the density of silicate melts may be higher
than that of coexisting solids in the deep upper mantle. The
410-km depth of gravitational stabilization based on seismologi-
cal observations may be closely related to the density of silicate
melts (Revenaugh and Sipkin, 1994).
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The viscosity, compressibility, and density of silicate melts are
important parameters that influence the migration of magma in
Earth’s interior (Ai and Lange, 2008; Dingwell, 1998; Hemley,
1998; Matsukage et al., 2005; Rigden et al., 1984; Stolper et al,,
1981). Many measurements of silicate melts have been conducted
at high pressure-temperature (P-T) conditions. Using shock-wave
techniques, Rigden et al. (1984, 1988) directly determined the den-
sities of silicate melts for the first time at high P-T conditions.
By using the floating-sinking sphere technique, Agee and Walker
(1993) obtained the density of molten komatite and peridotite
melts at pressures of between 7 and 10 GPa. These high pressure-
temperature experiments can provide constraints on the density
of melts, but they are generally limited to low pressures and/or
low melt viscosities, and they are also unable to reproduce some
elastic properties with pressure (Agee and Walker, 1993; Akins
et al.,, 2004; Mosenfelder et al., 2007, 2009; Rigden et al., 1984,
1988). Brillouin scattering spectroscopy has been widely used to
directly measure the sound velocities of silicate glasses and melts,
and hence their elastic properties (Sanchez-Valle and Bass, 2010;
Tkachev et al., 2005; Whittington et al., 2012). A number of recent
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studies have investigated the structure of silicate glasses and melts
using Brillouin scattering, Raman spectroscopy, and NMR, comple-
mented by molecular dynamic simulations (de Koker et al., 2008;
Mookherjee et al., 2008; Shim and Catalli, 2009; Tkachev et al.,
2005). The pressure-induced structural transitions and the densifi-
cation mechanism of the silicate glasses have also been extensively
studied (Allwardt et al., 2005, 2007; Kelsey et al., 2009; Lee, 2010;
Lee et al., 2004, 2011; Park and Lee, 2012; Yarger et al., 1995). Pre-
vious high-pressure studies of the structure of silicate melts and
glasses suggest that with increasing pressure, Si-O distances in-
crease and bond angles (e.g., for Si-O-Si) decrease in pure SiO;
glasses (Hemley et al., 1986). The densification of silicate glasses
under high pressure occurs by increases in network-forming cation
coordination, combined with increases in modifier cation coordi-
nation and decreases in mean network bond angles (Allwardt et
al.,, 2005; Lee et al., 2004).

However, few experiments have considered the influence of
water on the properties of silicate melts. Water has long been
known to play a fundamental role in the igneous processes of
Earth’s mantle. As the most abundant volatile constituent with low
molecular weight, water has a fundamental effect on the physical
properties of silicate melts, such as viscosity and density (Malfait
and Xue, 2010a; Mysen and Richet, 2005). Numerous experiments
have shown that the stability of several hydrous phases at high
pressure makes it possible to sequester subducted H,O at the
upper-mantle transition zone and perhaps to the base of the lower
mantle (Abe et al., 2000; Agee, 1998; Ohtani and Maeda, 2001;
Rigden et al., 1988).

In this paper, the sound velocities and elastic properties of two
basalt glasses with different water contents are measured at the
pressure of the transition zone (20.0 GPa) by Brillouin scatter-
ing spectroscopy in conjunction with a diamond anvil cell (DAC).
The density and corresponding elastic parameters are calculated by
using the velocity-pressure relationship. Using the bulk velocity-
pressure relationship and experimental results on the thermal ex-
pansion of the silicate glasses, we estimate the densities of basalt
melts with different water contents under upper-mantle pressure.
By comparing our calculated densities of basalt melts with previ-
ous hydrous mid-ocean ridge basalt (MORB) melts and preliminary
reference Earth model (PREM) data, we evaluate the influence of
water on the density of hydrous basalt melts and the gravitational
stability of basalt melts at a depth of ~410 km.

2. Experimental methods
2.1. Description of samples

The starting materials for our experiment were Feixian high-
magnesium basalts erupted during the Early Cretaceous (~120 Ma),
and were hand-picked from Huiminzhuang village in Feixian
county, eastern China. The basalt samples were fresh and exhibit
porphyritic texture and massive structure. The phenocrysts are
olivine, clinopyroxene, rare orthopyroxene, and plagioclase (Gao
et al., 2008; Pei et al., 2004). Olivine and orthopyroxene xenocrysts
are also observed under the microscope. Whole-rock K-Ar dating
indicates an Early Cretaceous age of 119 &2 Ma for the basalt (Pei
et al., 2004). In general, basalt is an ideal candidate for studying
mantle silicate melts deep in the mantle (Li and Van Der Hilst,
2010).

The hydrous basalt glasses used during the study were syn-
thesized in a multi-anvil press (YJ-3000t) at the Institute of Geo-
chemistry, Chinese Academy of Sciences, Guiyang, China. The de-
tails of this apparatus are contained in Xie et al. (1993). Fig. 1
shows the furnace assembly. A pyrophyllite cube with dimensions
of 33 x 33 x 33 mm was used as the pressure medium and was
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Fig. 1. Schematic diagram of the experimental sample assembly.

heated to 850°C to remove any absorbed water before the exper-
iment. The original basalt rocks were crushed in a pestle to 200#
powder and placed in an oven at 100 °C for >48 h to eliminate any
adsorbed water. The powders were sealed in Pt capsules (0.5 mm
thick, 6 mm outside diameter, and 6 mm high) with appropriate
amounts of water. A graphite heater was wrapped around each
Pt capsule and then inserted into a 0.5-mm-thick alumina sleeve.
A PtRh10-Pt thermocouple with an estimated accuracy of 5 K
was used to measure the temperature. Automatic P-T control was
used during the entire experiment. The pressure was maintained
at 1 GPa during the synthesis process. Heating was started after
the samples had been compressed to the target pressure (1 GPa).
The temperature was first raised to 450°C over 540 s and then
maintained for 180 s, then raised to 900 °C over another 540 s and
maintained again for 180 s, and then raised to nearly 1400 °C over
680 s. The basalt melts were held at this temperature of nearly
1400°C for 25 min and then quenched to homogeneous glasses
in 20 s with quench rates in the order of 60 K/s. At the end of
the run, the heating was switched off but the pressure line was
left open to the compressor for 180 s to maintain the nominal run
pressure during the quenching process.

The quenched glasses were polished on both sides to attain
specimen thicknesses of 100-300 pm. The two samples used in
this study were free of crystals and bubbles, as verified by op-
tical microscopy. The chemical composition and homogeneity of
the two samples were confirmed by electron microprobe analy-
sis (EMPA) on different points across each glass. Water content
was analyzed by Fourier Transform infrared (FTIR) absorption spec-
troscopy on the same double-sided polished sections. All of the
electron microprobe and water content data are given in Table 1.
When the total water content of a sample exceeds 2%, the absorp-
tion peak of 3550 cm~! (the fundamental OH vibration band) is
saturated and cannot be used to determine the total water content.
Therefore, in the present study, we used the sum of the infrared
absorption peak at 4500 cm~! (OH- groups) and at 5200 cm™!
(molecular H,0) for total water determination (Fig. 2b). The Beer-
Lambert law (c = 1802 x A/d/p/¢) is generally used to calculate
H,0 content from the FTIR spectrum of minerals, where c is H,O
concentration expressed as a weight fraction (H,O wt%), A is the
height of the absorption peak or integrated area (cm~') of OH ab-
sorption bands in the region of interest, d is the thickness of the
specimen in cm, and € is the molar absorption coefficient of basalt
glasses (Ohlhorst et al., 2001).

2.2. Brillouin scattering spectroscopy under high pressure
Two hydrous basalt glasses with different water contents (FX-1

with 0.46 wt% H,O content and FX-2 with 2.69 wt% H,O con-
tent) and of high optical quality and free of visible inclusions were
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Table 1
Electron microprobe (EMP) analyses and Fourier Transform infrared (FTIR) absorption spectroscopy results for two kinds of Feixian basalt glasses.
Sample Si0, TiO, Al;03 FeO MnO MgO Cao Na;0 K;0 Cr03 NiO Water OH H,0 Total
FX 48.60 1.09 14.54 9.08 0.12 12.91 8.85 2.31 2.21 0.10 0.06 0 0 0 99.86
FX-1-1 48.18 0.96 14.42 8.23 0.09 12.22 8.88 2.21 217 0.08 0.05 0.46 0.16 0.32 98.17
FX-1-2 48.35 113 14.41 8.75 0.14 12.10 8.70 2.06 2.16 0.10 0.06 0.46 0.16 0.32 98.41
FX-1-3 48.56 114 14.72 8.93 0.10 12.61 8.75 2.09 2.16 0.10 0.10 0.46 0.16 0.32 99.73
FX-1-4 48.21 1.09 15.98 8.54 0.12 12.74 8.63 2.09 2.04 0.12 0.05 0.46 0.16 0.32 100.1
FX-1-5 4812 1.07 15.93 8.22 0.16 12.42 8.47 2.07 2.06 012 0.09 0.46 0.16 0.32 99.19
FX-1% 48.28 1.08 15.09 8.54 012 12.41 8.68 2.10 212 0.11 0.07 0.46 0.16 0.32 99.11
FX-2-1 48.30 1.01 14.92 7.89 0.14 11.82 8.72 2.10 2.02 0.06 0.06 2.69 0.45 224 99.72
FX-2-2 48.59 1.07 14.84 7.75 0.10 12.11 8.74 2.01 219 012 0.07 2.69 0.45 2.24 100.3
FX-2-3 48.37 0.95 14.07 7.63 0.10 12.05 8.87 213 2.09 0.09 0.08 2.69 0.45 2.24 99.11
FX-2# 48.42 1.01 14.61 7.76 0.11 11.99 8.77 2.08 210 0.09 0.07 2.69 0.45 224 99..7
" The original rock sample.
# The average values of multiple measurements.
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Fig. 2. (a) A piece of basalt glass sample (40 pm thick) was loaded in the cell together with two ruby spheres at each side of the sample. (b) Absorption peaks at 4500 cm™

(OH- groups) and 5200 cm~! (molecular H,0) of the two basalt glasses.

prepared for Brillouin scattering spectroscopy measurements. The
hydrous basalt glasses were polished to a thickness of 40-50 pm
and loaded into a gasketed high-pressure Mao-Bell-type DAC with
a culet face of 500 pm in diameter, as shown in Fig. 2a. A sheet
of T-301 stainless steel was pre-indented to 70-80 pm and drilled
with holes 250-300 pm in diameter. In each spectroscopy deter-
mination, a piece of basalt glass sample (40 pm thick) was loaded
in the cell, together with 2 or 3 ruby spheres (Chervin et al., 2001)
for determining pressure using the ruby fluorescence method. Bril-
louin scattering measurements were conducted using an Argon ion
laser (Ag = 514.5 nm) as an excitation source with a 3 + 3 pass
tandem Fabry-Pérot interferometer designed by Sandercock (Mock
et al, 1987). All measurements were conducted in a symmet-
ric scattering geometry, in which the sound velocities, V; (i = P
or S), are directly calculated without knowing the refractive in-
dex of the sample, using the relationship (Whitfield et al., 1976):
Vi = A0Aw;/(25sin(0/2)), where V; is the compressional (Vp) or
shear (Vs) phonon velocity, w; is the measured Brillouin shift, Ag
is the laser wavelength (514.5 nm), and 6 is the angle between
the incident and scattered light outside the sample platelet (60°).
Because of the overlap of the peak position of the sample and
the pressure-transmitting medium, we used either a methanol-
ethanol (ME) mixture (4:1 volume ratio) or cryogenically loaded
Ar as the pressure-transmitting medium. To avoid the possibility
of relaxation of the glass, each sample was held at each pressure
used for at least 5-6 h before Brilliouin spectra were collected. For
each pressure, at least three different spots on each sample were
measured to confirm the homogeneity of the sample. The experi-

T T T T T 4 T T T
4000 4500 5000 5500 6000
Wavenumber(cm)”

(b)

1

mental error of multiple measurements for each sample was less
than 0.1%, so we consider the weighted mean value as a reliable
representation of the data for each sample. Laser power ranged
from 10 to 100 mW and the collection times ranged from 10 min
to 10 h depending on the pressure used.

2.3. Thermal expansion coefficients of the basalt glasses

The thermal expansion of each glass was measured with a
horizontal-type dilatometer (DIL402C, Netzsch). Because the hy-
drous basalt glasses were synthesized under a pressure of 1 GPa,
directly measuring the thermal expansion of samples was unreal-
istic. Previous studies have demonstrated that performing thermal
expansion measurements on compressed glasses gives spurious re-
sults, whereby the observed expansion is a combination of the
true thermal expansion and the temperature-induced release of
the permanent densification (Bouhifd et al.,, 2001). Therefore, mea-
surements over a series of heating-cooling experiments up to Tg
(glass transition temperature) and back down are necessary to ob-
tain the relaxed thermal expansion.

To overcome the problem of the permanent densification of
the original compressed glasses, measurements of the thermal ex-
pansion coefficient for each hydrous glass were divided into two
stages, for which the temperature-time path is shown in Fig. 3a.
In the first stage, the initially compacted glass was heated con-
tinuously from room temperature to T1 (Fig. 3a), which is slightly
lower than its transition temperature Ty (Tg was established from
our previous thermal expansion experiments) and was maintained
at T1 for 180 min. Then the temperature was raised to T, (the
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Fig. 3. (a) Typical temperature-time path for hydrous basalt samples, in this case of FX-1, where T; indicates a temperature that is slightly lower than its transition
temperature Tg and T indicates a temperature that is higher than Tg. (b) dL/Lo curves of the hydrous basalt melts obtained with the DIL402C dilatometer at a heating rate
of 3 K/min. The slope of the curve between 25°C and the point where the slope diverges from a straight line was used to calculate the coefficient of thermal expansion of

each glass. Tg (FX-1) = 327°C and Tg (FX-2) = 457°C.

highest temperature) and maintained for 180 min. Finally, the tem-
perature was decreased to T1 and maintained for another 180 min.
The phases of temperature increase and decrease during the pro-
cedure were applied at a constant rate of 3 K/min. After the first
density measurement of each compacted glass, we measured the
density of the relaxed glass and performed a second measurement
with the same heating rate on the relaxed sample. No density vari-
ations were observed after the second measurement.

Fig. 3b shows the dL/Lg (Lo is the initial length of the sam-
ple) curves of the hydrous basalt glasses obtained from scanning
dilatometry. The linear thermal expansion coefficient is calculated
as the relative change in the length of the sample across a temper-
ature interval (AT):

linear = (1/L0o)(AL/3T). (1)

Because of the isotropy of the glasses, the volume thermal ex-
pansion coefficient (ctyolume) i three times higher than the linear
expansion coefficient (@jipear). It should be noted that the change
in volume thermal expansion both before and after the glass tran-
sition temperature shows an almost linear trend (Fig. 3b). The
coefficient of volume thermal expansion of each glass or melt was
determined by measuring the slope of the dilatometry data both
before and after Tg.

3. Results and discussion

3.1. Brillouin spectra and the sound velocities of the basalt glasses at
pressures of up to 20 GPa

The compressional and shear wave sound velocities of the
two basalt glasses measured at ambient pressure are Vpgx-1) =
6880 + 25 ITl/S and VS(FX—]) = 3825 + 20 m/s, and VP(FX-Z) =
6742 £+ 31 m/s and Vsgx-2) = 3760 & 21 m/s, respectively. The
wave sound velocities (Vp and Vs) of the hydrous glasses in our
experiment are slightly higher than the values reported by Malfait
et al. (2011) (Vp =6416+27 to 6380+23 m/s and Vs =3636+31
to 3589+ 17 m/s for <0.18 mol% to 13.68 mol% H,O content, syn-
thesized at 25 MPa) and Whittington et al. (2012) (Vp = 6505 to
6330 m/s and Vs =3711 to 3576 m/s for 0 mol% to 9.61 mol%
H,0 content, synthesized at 0.1-215 MPa). This may be attributed
to the higher synthesis pressure (1 GPa) used for our hydrous
basalt glasses, which is also reflected by their higher densities.

The densities of the basalt glasses at room pressure were mea-
sured using the Archimedean method, as reported in Table A (see
Appendix A) and with an error of <0.5%. Fig. 4 shows a represen-
tative Brillouin spectra of FX-1 glass under high pressure using Ar
and ME as the pressure-transmitting mediums. For each pressure,
the spectra are of good quality with a high signal-to-noise ratio,
and the pronounced feature at the center of each spectrum is the
elastic scattered light signal (Rayleigh scattering). The variables wp,
ws, war, and wyg represent the Brillouin shifts of the compres-
sional and shear wave sound velocities (Vp and V) of the glass,
and of the Ar and ME pressure-transmitting mediums, respectively.
As seen in the 4.73 GPa spectrum of Fig. 4a, because of the peak
overlap we were unable to determine the shear Brillouin shift ws
of the glass loaded in the Ar pressure-transmitting medium. For
the 7.07, 7.85, and 9.05 GPa spectra of Fig. 4b, the compressional
Brillouin shifts wp of the sample were covered by the ME vibration
peak. In fact, in all cases there are several blank areas for the vi-
bration peaks of the sample under particular pressure-transmitting
mediums (e.g., for the sample under the Ar pressure-transmitting
medium, the pressure range from 2.2 to 5.8 GPa is invalid for the
compression process and from 5.1 to 10.2 GPa for the decompres-
sion process). Therefore, we used both Ar and the ME mixture
(4:1 volume ratio) as pressure-transmitting mediums. In the over-
lap range of the Ar and ME pressure-transmitting mediums, the
sound velocities obtained are found to be in excellent agreement.

Fig. 5 shows the sound velocities of FX-1 and FX-2 as a func-
tion of pressure during both the compression and decompression
processes. Vp and Vs vary widely during both compression and
decompression. For FX-1 glass upon compression, the first appar-
ent change in the slope of the pressure dependence of both Vp
and Vs is at around 7.1 GPa, suggesting a possible amorphous to
amorphous transition (Tkachev et al,, 2005). Both Vp and Vs of
FX-1 glass increase gradually from ambient pressure to 7.1 GPa,
followed by a higher rate of increase above this pressure. This
sharp change in sound velocity with respect to pressure is also
observed in other silicate or pure silica glasses (Grimsditch, 1984;
Sanchez-Valle and Bass, 2010). From 7.1 GPa to about 119 GPa,
the rates of increase in both Vp and Vg reduce, and then mono-
tonically increase with increasing pressure from 11.9 GPa up to
the highest pressure. During the decompression process, both Vp
and Vs follow a path that differs from the compression process,
exhibiting a smooth decrease with decreasing pressure. The ve-
locities during decompression remain higher than those during
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Fig. 5. Pressure dependence of Vp and Vs of FX-1 (a) and FX-2 (b) glasses during compression (solid symbols) and decompression (open symbols) runs. Errors in velocities

and pressures are smaller than the size of the symbols.

compression over the entire pressure range, and Vp and Vs after
complete decompression are slightly higher than those obtained
before pressurization. This may be attributed to a permanent den-
sification of the silicate glass, which is a common feature of silicate
glasses under high pressure (Gaudio et al., 2008; Lee et al., 2008;
Shim and Catalli, 2009). The structural rearrangements in melts
become kinetically impeded in the glass transition, and eventu-
ally the structure of the liquid is permanently imparted into the
glass, and only the purely elastic part of the compression is able
to be released after decompression (Seifert and Moldowan, 1981;
Tammann and Jenckel, 1929). The pressure dependence of the ve-
locities of the FX-2 glass is similar to that of the FX-1 glass except
for the delay in the first and second points of change in slope,
which occur at higher pressures of around 10.5 and 14.3 GPa, re-
spectively (Fig. 5b). The initial velocities of FX-2 glass are slightly
lower than those of FX-1, which can be attributed to the higher

water content of FX-2 glass. At the highest pressure used in this
study, the differences between Vp and Vs for FX-1 and FX-2
glasses are 553 + 21 and 157 £ 25 m/s, respectively.

3.2. Elastic properties of the basalt glasses with different water contents

The points of change in slope in Vp and Vs indicate that the
basalt glasses undergo significant structural modifications at par-
ticular pressures. However, the order of the transitions depend on
the presence of discontinuities in thermodynamic quantities. The
Brillouin scattering geometry used in this study is forward sym-
metric, which allows elastic properties and density to be measured
without knowing the refractive index of glass under high pressure.
Therefore, the density of the glass can be calculated using the fol-
lowing equation:

dP/dp =V3 —4VZ/3. 2)
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Integrating Eq. (2), we obtain:

P
1
—po= [ ———dP. 3
p—po /vg_4vg/3 3)
Po

The initial density (0p) was measured under ambient condi-
tions. Given the velocities at each pressure, we obtained the den-
sity at each pressure using Eq. (3). All of the velocity data under
Ar and ME conditions (including the use of mean values of veloc-
ity in the overlap area of Ar and ME) were integrated to calcu-
late the density of each glass. The adiabatic shear (G), adiabatic
bulk modulus (Ks), and adiabatic compressibility (Bs) of these sil-
icate glasses were calculated using the relationships of G = pV2,
Ks = p(VZ —4/3V2), and Bs = 1/Ks. The calculated values of p,
G, Ks, and Bs are listed in Table A (see Appendix A).

Fig. 6 shows the pressure dependence of the calculated elas-
tic parameters. The monotonic increase in density shown in Fig. 7,
together with the sudden changes in elastic modulus slope with
respect to pressure, is in accordance with the characteristics of a
second-order phase transition. Because melts lack long-range or-
der and contain large variations in both bond lengths and angles,
abrupt increases in density with increasing pressure are unlikely.
For the FX-1 glass at pressures of <7.1 GPa, (0Ks/dP)T=1.24+0.2
and (0G/9P)r = 0.13 + 0.1. At pressures of >7.1 GPa, both Ks
and G show a higher rate of increase, (0Ks/9P)r = 5.2 £ 0.3
and (0G/dP)T =4.1 £0.3. A less dramatic change in the slope of
the pressure-elastic modulus curve is seen at a pressure of about
13.0 GPa (Fig. 6). These different rates of increase in modulus with
respect to pressure indicate different densification mechanisms for
different pressure regions. The second-order phase transition ob-
served in FX-1 at 7.1 GPa cannot be attributed to recrystallization
or disproportionation because the glass remained isotropic during
the experiment and no crystals were detected in the recovered
sample by inspection under polarized light.

Many models and experiments have been used to explain
the continuous change in density in conjunction with anomalous
(sharp) changes in the slope of the elastic modulus (Allwardt et
al.,, 2007; Gaudio et al., 2008; Lee et al., 2004, 2011; Shim and
Catalli, 2009; Stolper and Ahrens, 1987; Yarger et al., 1995). With
increasing pressure, the T-O (T = Si, Al; i.e.,, a tetrahedrally co-
ordinated cation) distance increases and bond angles (e.g. T-O-T)
decrease, and the changes in these internal variables evidently in-
tensify the topological disorder, resulting in distortion of network
polyhedra and reorganization of the oxygen network (Allwardt
et al., 2005, 2007; de Koker et al.,, 2008; Kelsey et al., 2009;

Lee and Stebbins, 2000). In addition, the change in the distribution
of chemical ordering would elevate the fraction of highly coordi-
nated Si and Al in partially depolymerized melts (Lee et al., 2004).
In fact, at higher pressures, Al tends to be more highly coordi-
nated than does Si, which specifically forms [41Si-0-[>6IA] (Lee et
al.,, 2004, 2011). The abrupt nature of the variation in both Vp and
Vs with respect to pressure can be attributed to the topological
rearrangement of the silicate network to high [Si, Al]-O coordina-
tion. At pressures of <7.1 GPa, both Ks and G increase gradually
whereas density increases at a high rate, indicating a reduction in
the free volume of [4ISi and [4JAl caused by the decrease in bond
angle only, without any emergence of [>6][Si, Al]. At pressures of
>7.1 GPa, the decrease in bond angle becomes difficult, consistent
with the sharp drop in compressibility and slow increase in density
of the glass. This second-order transition ends at about 13.0 GPa,
where another anomalous change in modulus is observed. In short,
the major mechanism of pressure-induced structural changes is the
result of the decrease in the configurational enthalpy and entropy
of the silicate melts (Lee and Stebbins, 2003).

For FX-2 glass, both Ks and G exhibit similar variational ten-
dencies to those of FX-1, except for the delay in the structural tran-
sition points in FX-2. Comparing the elastic modulus of FX-2 with
that of FX-1, for pressures up to 10 GPa at 300 K, the additional
2.23 wt% Hy0 of FX-2 lowers the Ks and G of FX-2 by 10%-17%
and 13%-18%, respectively. However, the additional 2.23 wt% H,0
does not affect the pressure derivatives of the elastic moduli of
FX-2 basalt glass compared with FX-1. The second-order transition
for FX-2 occurs at around 10 GPa, which is 3 GPa higher than in
the case of FX-1. This means that water content has a significant
effect on the elastic properties of the silicate system of the glasses.
Previous studies have suggested that the densification of silicate
glasses can be facilitated by increases in network-forming cation
coordination, combined with increases in modifier cation coordina-
tion and decreases in mean network bond angles (Allwardt et al.,
2005). With an increase in pressure, the proportion of nonbridging
oxygen (NBO) ions gradually decreases, resulting in the formation
of new oxygen clusters that include 5- and 6-coordinated Si and
Al in addition to 4-coordinated Al and Si, such as [4lSi-0-[>6lsj,
[415i-0-[>61Al and (K, Na)-0-[36ISj (Lee et al., 2004, 2011). For hy-
drous silicate melts, it is generally considered that water can in-
teract with the bridging oxygen of T-O tetrahedrons and finally
decrease the degree of polymerization of the silicate melts (Lee et
al., 2011). The process can be described as follows:

=T-0-T= + H,0 < 2=T-OH. (4)

Previous studies demonstrate that the pressure-induced coordi-
nation change is closely related to the NBO/T ratio of the melts
(Kelsey et al., 2009; Lee, 2010; Lee et al., 2004). However, the
correlation of coordination with NBO/T is not a simple linear
trend, but rather a function of competing densification mecha-
nisms involving steric hindrance due to the fraction of network-
modifying cations and NBOs in the silicate melts (Lee et al., 2011).
Highly coordinated T (Si,Al) is formed at the expense of NBO
ions, whereas the increase in network-modifying cations will lead
to an increase in steric hindrance and thus prohibit the coordi-
nation transformation. The NBO/T ratios of FX-1 and FX-2 were
calculated to be 0.92 and 1.09, respectively. This means that the
excess water content of FX-2 will interact with more network-
forming cations and create Si-OH and Al-OH groups, in addi-
tion to forming molecular water (Malfait and Xue, 2010a, 2010b).
The addition of non-network-forming cations around NBO ions
would prohibit NBO ions from being connected to other nearby
framework cations (i.e.!>®l(Si,Al)); this steric hindrance becomes
dominant and eventually results in the hysteresis of the second-
order phase transition (Malfait et al., 2011; Malfait et al., 2014,
Malfait and Xue, 2010a, 2010b).
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Fig. 7. (a) Density of FX-1 and FX-2 glasses as a function of pressure on compression (full symbols) and decompression (open symbols) experiments. Estimated errors on
density (0.5%) are smaller than the symbol size. (b) Pressure dependence of compressibility of FX-1 and FX-2 glasses upon compression.

This lagging behavior of the silicate melts can be also man-
ifested by Raman experiments on Mg silicate glass (Shim and
Catalli, 2009). The frequencies of stretching vibrations are related
to the degree of polymerization of the SiO4 tetrahedral network:
the tetrahedra with zero (Q%), one (Q!), two (Q?), and three
(Q%) bridging oxygen ions are associated with modes at 850, 900,
950-1000, and 1050-1100 cm™~!, respectively (Mysen and Richet,
2005). A tetrahedra model with a less polymerized Si-O network
can remain stable at higher pressure than can other stretching
modes. When the structure of the glass is depolymerized, increas-
ing the coordination of [Si,Al] is more difficult, which is also
consistent with the model of Stolper and Ahrens (1987). Conse-
quently, the higher transition pressure of FX-2 can be attributed
to the relative deficiency of highly polymerized SiO4 tetrahedra.
In other words, water makes it difficult for Si to transform from
a lower to a higher coordination. The transition pressure is sensi-
tive to the degree of polymerization of the Si-O network, leading
to higher transition pressures in glasses with low Si concentrations
and abundant network modifier cations.

3.3. Density and compressibility

Fig. 7a displays the calculated densities of FX-1 and FX-2 glasses
during both compression and decompression. Unlike the sharp
changes in the slopes of velocities and elastic modulus with re-
spect to pressure under compression, the densities of FX-1 and
FX-2 glasses increase smoothly with increasing pressure and the
final values (at 20.0 GPa) are 3.61 and 3.56 g/cm?>, respectively.
The densities during decompression are always higher than those
during compression at the same pressure. As pressure is returned
to ambient conditions, the densities of FX-1 and FX-2 do not return
to their initial values. The decompressed FX-1 and FX-2 glasses
are 3.5% and 4.3% denser compared with the glasses prior to com-
pression, respectively. This densification effect in basalt glasses has
been observed in previous experimental studies of silicate glasses
(Sanchez-Valle and Bass, 2010; Tkachev et al., 2005).

It is interesting to note that before pressurization, the density
of FX-1 is higher than that of FX-2 (Fig. 7a), indicating that wa-
ter content reduces the density of the system. The compressibility
of glasses FX-1 and FX-2 decreases steeply with pressure and FX-2
(with higher water content) exhibits greater compressibility than
does FX-1 under compression (Fig. 7b). Similar to the velocities, the
compressibility also shows sharp changes at both the beginning
and the end of the second-order transition. In silicate glasses and
melts, water can break and replace the bridging oxygen of the Si-O

tetrahedron and increase the number of NBO ions (Kohn, 2000;
Malfait et al., 2011; Malfait and Xue, 2010a, 2010b; Mysen and
Richet, 2005; Mysen et al., 2009). The breaking of the stable tetra-
hedral bridging oxygen structure can make the silicate structure
more easily compressed. Because of the reduction in the num-
ber of bridging oxygens, the change in (Si,Al) coordination from
a lower level (4) to a higher level (5 or 6) becomes difficult, which
delays the onset of the second-order transition in FX-2 glass. Af-
ter the transition, the difference between the compressibilities of
FX-1 and FX-2 decreases and tends to vanish with increasing pres-
sure. Before the second-order transition, water reduces the density
of hydrous basalt glass and softens the silicate structure. After the
transition, with the increase in higher (Si, Al) coordination, the ef-
fect of water on density becomes weak, and the compressibility of
the two glasses tends to overlap.

3.4. Density of hydrous basalt melts at the base of Earth’s upper mantle

To evaluate the gravitational stability of hydrous basalt melts
at the base of Earth’s upper mantle, we considered the thermal
expansion of our glasses with respect to the densities of basalt
melts. Fig. 3b shows that higher water content leads to higher ther-
mal expansion coefficients but reduces the glass transition tem-
perature. However, the ambient pressure thermal expansion coef-
ficient is insufficient on its own to predict the density of melts
because the thermal expansion coefficient of solids could be sig-
nificantly reduced at high pressures (Chopelas and Boehler, 1989;
Suzuki et al., 1998). Therefore, we used an approximate relation-
ship between thermal expansion coefficient of solid and pressure
to determine the thermal expansion coefficients of basalt melts un-
der high pressure (Guillermet, 1986; Yan, 2000):

P 81(T,0)
B 1<o+(1<g,+1)13/2]

where «o(T,0) is the thermal expansion coefficient of melts at
ambient pressure, and Ko and K; are the isothermal bulk mod-
ulus and its first-order pressure derivative at ambient conditions,

respectively, and §(T, 0) is the isothermal Anderson-Griineisen pa-
rameter at ambient pressure, calculated as follows:

1 [oKr
8T(T’O):_a1<1 aT

where 0Ky /9T is the first-order partial derivative of the bulk
modulus with temperature. In the present study, we chose Ko =

a(T, P) =a(T,0)[l (5)

(6)
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Fig. 8. Densities of hydrous basalt melts corresponding to the compositions of FX-1
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IT8720 are from Sakamaki et al. (2006). The data for PREM are from Dziewonski
and Anderson (1981).

40.0 GPa, Ky =5.0%+0.7, and (3Kt /dT) = —74 GPa/K from a pre-
vious experimental study (Ohtani and Maeda, 2001) in which the
sample used was similar to our basalt glasses. Finally, we obtained
the densities of FX-1 and FX-2 hydrous basalt melts at high pres-
sure and high temperature as displayed in Fig. 8.

The resulting density curves of our hydrous basalt melts ver-
sus those of previous hydrous MORB melts (Sakamaki et al., 2006)
and PREM data are shown in Fig. 8. For depths to 200 km, the
densities of our hydrous basalt melts are higher than that of dry
MORB. At a depth of 300 km, the density of the hydrous basalt
melt with 2.69 wt% water is equal to that of MORB with 2.0 wt%
water. At a depth of 200 km, the density of the hydrous basalt melt
with 0.46 wt% water is equal to that of PREM (Dziewonski and An-
derson, 1981) but at 400 km is slightly lower than that of PREM.
This means that basalt melts containing 0.46 wt% water would
be unstable at the 410-km discontinuity. Sakamaki et al. (2006)
proposed that the hydrous IT8720 composition (Ito and Takahashi,
1987; Suzuki et al., 1995) is a good candidate for the partial melt
at the base of the upper mantle. Therefore, we compare the densi-
ties of hydrous basalt melts with the hydrous IT8720 composition
in Fig. 8b, which shows that at a depth of about 200 km, the den-
sity of our hydrous basalt melt with 2.69 wt% water is equal to
that of the IT8720 composition with 2.0 wt% water content. With
increasing depth, the density contrast between our hydrous basalt
melt (FX-1) and the hydrous IT8720 composition (2.0 wt% wa-
ter content) gradually increases and reaches 0.1 g/cm? at 410 km
depth.

Although relevant density data for dry basalt melts are not
available, the density differences of our hydrous basalt melts with
PREM and MORB illustrate that the basalt melts would need to

contain very low water contents (<0.46 wt%) to guarantee their
gravitational stability at the bottom of the upper mantle. The dry
mantle transition zone model constructed by Yoshino et al. (2008)
suggests that Earth’s mantle transition zone might store very lit-
tle water (<0.1 wt%), which is consistent with our experimental
results.
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