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ABSTRACT

A mathematical formalism was tested on compressibility studies of water, before

applying it to the high pressure-temperature compressibility studies of hydrated and

anhydrous sodium silicate-based liquids and glasses. The hypersonic sound velocity,

refractive index and attenuation coefficient obtained using Brillouin light scattering

spectroscopy technique were in agreement with literature data. From the measured sound

velocities, the pressure dependence of the bulk moduli and density of liquid water were

calculated, using Vinet equation of state. The formalism was extended to the Brillouin

scattering studies of the elastic properties of alkaline-calcium silica hydrogels and float

glass, which exhibits a dramatic increase in the pressure dependence of longitudinal

velocity and a discontinuity in the compressibility at about 6 GPa. It is demonstrated that

an apparent second-order transition to a new amorphous phase can form via the abrupt

onset of a new compressional mechanism, which may be triggered by a shift in

polymerization of the glass or an onset of a change in coordination of silicon.

Brillouin scattering measurements were carried out on an aqueous solution of

NazO-2SiOz and anhydrous NazO-2SiOz glass and liquid at high P-T conditions. The

"modified" platelet scattering geometry has allowed a determination of the longitudinal

velocity independently from refractive index, and hence the adiabatic compressibility and

density of liquids as a function of pressure and temperature. The observed increase in

density of the melt and glass phases formed at high P-T conditions is likely associated

with structural effects. The large values of Ks' of the liquid phase illustrate that the means

of compaction of the liquid differs substantially from that of the glass, and that the liquid

vii



is able to access a wider range of compaction mechanisms. The measured bulk modulus

of NazO-2SiOz aqueous solution is closer to values of silicate melts than to that of end

member water at high pressures. Thus, water-rich silica-bearing solutions present at depth

are likely to be difficult to seismically distinguish from anhydrous silicate melts based

solely upon their sound velocities. The data on water-bearing compounds allow the

pressure dependence of the partial molar volume of water to be assessed to upper mantle

depths.
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Chapter 1

GENERAL INTRODUCTION

1.1 ELASTICITY OF THE SILICATE MELTS IN THE EARTH'S INTERIOR

The composition of silicate melts within the Earth is dominated by the oxides

SiOz, Ah03, FeO, MgO, CaO, NazO and KzO. Various mixtures of these oxides, with 40

80-mol% SiOz, make up the granites of the crust, basalt and rhyolite magmas, and plume

associated melts in the mantle. The majority of binary and ternary oxide melt

compositions investigated in the laboratory have bulk moduli ranging from 15 to 25 GPa

at 1 atmospheric pressure (105 Pa) [Rivers and Cannichaet, 1987; Secco et at., 1991].

Ultrasonic studies [e.g., Rivers and Cannichael, 1987; Kress et al., 1988; Secco et

at.,1991; Webb and Courtiat, 1996] have provided data that elucidate the composition

dependence of compressibility of silicate melts at ambient pressures.

Our understanding of both magmatic processes and the differentiation history of

the Earth's mantle is dependent on the physical properties of silicate melts under

simultaneous high pressure and temperature conditions. The behavior of such melts at

pressure depends on their composition (and thus their structure), as well as the

surrounding mineral assemblage [Mysen, 1990]. A number of studies have shown that at

high pressures, silicon in silicate melts plausibly undergoes a change from four- to six

fold coordinate with respect to oxygen [e.g., Stolper and Ahrens, 1987]. Shock wave

studies on silicate melts have indicated that at depths of 150-200 km in the upper mantle,
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the density of melts could be higher than the surrounding rocks due to pressure-induced

coordination changes [Stolper and Ahrens, 1987; Rigden et aI., 1988, 1989].

Indeed, coordination changes of silicon provide the most plausible mechanism for

generating the 20% (or more) increase in silicate melt density inferred to occur in the

upper mantle of the planet: this change in density is considerably in excess of that likely

to occur from either pressure-induced shifts in chemical partitioning or structural

transformations associated with other elements. The implications of the density

difference between melts and their surrounding rocks, and the role of these differences in

the early differentiation and evolution of the Earth and planetary interiors have been

discussed by numerous authors [Rigden et al., 1984, 1988, 1989; Jeanloz, 1989; Miller et

al., 1991; Circone and Agee, 1996].

The thermodynamic and viscoelastic properties of silicate melts are essential for

modeling the generation, flow and transport of magmas in the Earth's upper mantle. In

terms of the most fundamental of questions about magmas, whether they will buoyantly

rise or sink, the most important parameters are the composition and structural dependence

of the melt density (P), its bulk modulus (Ks), and pressure derivative of the bulk

modulus (dK/dP) at high pressures. Indeed, such data have relevance not only for

processes of mantle differentiation and primordial stratification, but also for the

magnitude of the buoyancy forces that drive the upwelling silicic magmas in the deep

crust. Ultrasonic measurements (at ambient pressure) have provided excellent data on

density-bulk modulus systematics for a variety of both natural and synthetic silicate melts

[Sato and Manghnani, 1985; Rai et aI., 1981; Kress et al., 1988, 1989; Rivers and

Carmichael, 1987; Lange and Carmichael, 1987, 1991; Secco et al., 1991; Webb and

2



Courtial, 1996]. Shock-wave studies on the diopside-anorthite system have provided

values for densities and the equation-of-state of model basaltic melts to - 35 GPa,

including constraints on dK/dP [Rigden et al., 1984,1988,1989]. The implications of the

shock-wave data for producing incompatible-element enriched reservoirs in the deep

mantle due to downward melt segregation in Earth's early history have been emphasized

by Rigden et al. [1984]. Static compression [Agee and Walker, 1988; Agee, 1992a,

1992b; Circone and Agee, 1996] data for komatiite, peridotite, fayalite and Ti-rich melts

at high pressures (up to 8 GPa) have also provided values for melt densities, thermal

expansion, bulk modulus and its pressure derivative for these compositions. The shock

wave and static compression studies of silicate melt densities consistently support the

olivine flotation hypothesis of Stolper et al. [1981] that basic silicate melts become

denser than coexisting crystalline olivines and pyroxenes (at depths of 150-200 km)

through their higher compressibility. Such studies also raise the possibility that such

density inversions could occur at deeper depths within the Earth's mantle [Miller et al.,

1991]. Unfortunately, no static studies of melts sample a pressure (or composition) range

over which coordination changes of Si are likely to occur. As such coordination changes

plausibly control melt-solid density inversions at depths of the transition zone, few

constraints exist on the relationship between the structural changes in a melt under

compression, and the rapid changes in elastic properties known to occur in melts under

shock-loading. Therefore, an experimental determination of silicate melt/glass/aqueous

solution elasticity under the high P-T conditions of the lower crust and upper mantle by

means of laser Brillouin light scattering spectroscopy, which can directly probe the

changes in elastic properties of melts, in conjunction with the static compression in the
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externally heated diamond anvil cell (DAC) will be advantageous from the standpoint of

filling the gap in the data between the high pressure dynamic shock loading and large

volume static compression experiments.

The two main fluid phases within the Earth's crust and mantle are silicate rock

melts and hydrous fluids, which form a continuity of miscible compositions at shallow

upper mantle conditions [Kohn, 2000; Shen and Keppler, 1997]. Even though these

phases are physically and chemically different near the surface of the Earth, water and

liquid Si02 exhibit striking similarities in their structure and behavior [Angell et al.,

1982]. For example, the vitrification of aqueous binary solutions under pressure and low

temperature [Angell, 2002; Kanno, 1987] support the notion that water- and silica-rich

liquid systems may have similar structural mechanisms responsible for their anomalous

thermodynamic properties [http://www.btinternet.com/-martin.chaplin/anmlies.html;

Polian et al., 2002] which distinguish them from normal liquids [Wolf and McMillan,

1995]. In this regard, the effect of alkalis, which lower the melting temperatures (and

glass transitions) of natural silicate liquids and, therefore, make the silicate melts

experimentally more straightforward to probe, on the thermoelastic properties of binary

silicate liquids under pressure is not well constrained. Similarly, virtually no data exist on

the effect of dissolved silicate species on the elastic properties of aqueous solutions at

more moderate pressures and temperatures.

The goals of this dissertation are two-fold: first, to demonstrate the feasibility of

determining the effect of changes in the coordination number of silicon on the elasticity

of amorphous silicates at high pressures and temperatures using Brillouin spectroscopy.

Second, we wish to constrain whether the elastic properties of silica-rich aqueous fluids
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more closely resemble water or silicate melts, particularly at the high pressure and

temperature conditions under which silicate melts and hydrous fluids may be completely

miscible.

1.2 ORGANIZATION OF CHAPTERS

In Chapter 2, the high-pressure experimental studies of liquid water, alkaline

calcium silica hydrogel and anhydrous silicate glass by Brillouin scattering spectroscopy

are presented and accompanied by an introduction into the Brillouin scattering technique

as well as analysis of the conventional scattering geometries used to extract acoustic

velocities of the liquids and solids. Further analysis is given with regard to the elastic

moduli obtained from the measured pressure dependencies of the acoustic velocities. The

results on liquid water have been presented at the International Conference on High

Pressure Science and Technology (AIRAPT-17), held in Honolulu, Hawaii, USA, July

25-30, 1999 [Tkachev and Manghnani, 2000], whereas work on elastic and structural

properties of alkaline-calcium hydrogels has been published in the Journal of Materials

Research in February 2005 [Phair et al., 2005] and carried out in collaboration under a

grant from the Federal Highway Administration.

In Chapter 3, the approach developed in Chapter 2 is applied to the high-pressure

and high-temperature studies of hydrated and anhydrous Na20-2Si02 liquid, and glass

using Brillouin scattering technique. A concept of the "modified" platelet scattering

geometry, that has been successfully used in elastic modulus determination and is

described in the work published in Physical Review B in August 2003 [Tkachev et al.,

2003a], is introduced. The results of these studies, that also include a recent assessment
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of partial molar volume of water to upper mantle depths, have been presented at the

COMPRES (Consortium for Materials Properties Research in Earth Sciences) 3rd Annual

Meeting, held in Lake Tahoe, California, USA, June 19-22, 2004, while the preliminary

results without the data on partial molar volume of water were presented at the Fall 2003

meeting of the American Geophysical Union (AGU) in San Francisco [Tkachev et al.,

2003b].

Results on float glass presented in Chapter 2 and those on hydrated and anhydrous

Na20-2Si02 liquid and glass from Chapter 3 have formed bases of two manuscripts

recently accepted for publication in Physical Review Letters and in the Journal of

Geophysical Research - Solid Earth, respectively.
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Chapter 2

HIGH-PRESSURE BRILLOUIN SPECTROSCOPIC STUDIES OF PURE

WATER, ALKALINE-CALCIUM SILICA HYDROGELS AND

ANHYDROUS SILICATE GLASS

2.1 SOUND VELOCITY AND ATTENUATION IN STABLE AND METASTABLE

LIQUID WATER TO 1.2 GPA BY BRILLOUIN SPECTROSCOPY AND CASE

STUDY OF ALKALINE-CALCIUM SILICA HYDROGELS

2.1.1 INTRODUCTION

At the end of the sixties, viscoelastic properties of water were investigated by

ultrasonic methods [Heydemann and Houck, 1969; Holton et al., 1968]. The use of

Brillouin light scattering spectroscopy in combination with static compression in the

diamond anvil cell (DAC) provided an additional powerful tool for investigation of

viscoelastic behavior of water in a different frequency range and at higher pressures

[Grimsditch et al., 1996; Polian and Grimsditch, 1983; Rouch et al., 1976].

Recent interest in metastable (i.e., outside its stability field) water [Mishima and

Stanley, 1998a,b; Poole et al., 1992] prompted us to conduct Brillouin scattering

spectroscopy studies on stable and metastable water in DAC up to 1.2 GPa at room

temperature.

Two main OBJECTIVES of this Section are:

• To investigate viscoelastic properties (sound velocity, sound absorption and equation

of state) of water in stable and metastable regions within the frequency scale of the

laser light Brillouin scattering spectroscopy.
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• To investigate the elastic and structural properties of alkaline-calcium silica hydrogels

using the formalism developed by meeting the first objective.

2.1.2 THEORETICAL BACKGROUND

Brillouin spectroscopy is based on measuring the frequency shift (Fig. 2.1)

between elastically scattered light (Rayleigh peak) and inelastically scattered light

(Brillouin peaks). The elastically scattered light has the same frequency as incident light

while the inelastically scattered light has its frequency shift due to the Doppler effect

resulting from the interaction of light with propagating acoustic waves (phonons). In

general, the thermodynamic theory defines two types of density fluctuations (the

departure of the density from its average value in a small volume, the linear dimensions

of which are small in comparison with the wavelength of the light, but it contains a

sufficient number of molecules that it can be subjected to statistical analysis [Fabelinskii,

1968]) that cause the scattering of light in matter. The Raleigh peak is resulting from

density fluctuations at constant pressure, while the Brillouin peaks are resulting from

those at constant temperature [Mountain, 1966]. Since Doppler-shifted light photons

scattered on thermally excited acoustic phonons (sound waves) of the sample produce

peaks in the Brillouin spectrum (Fig. 2.1), the sound velocity (V is either longitudinal,

Vp, or shear, Vs, velocity) can be expressed via:

v= .-tv
2nsin(B/2)

(2.1.1)

where v is the Brillouin frequency shift; A is the wavelength of the laser (514.5 nm); n is

the refractive index; eis the scattering angle.
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Figure 2.1.

Brillouin spectrum of liquid water (metastable phase) at 1.16 GPa and room

temperature. Central Rayleigh peak (truncated) originates from the elastic scattering of

photons, while the two Brillouin peaks are due to inelastic scattering of photons.

Positions of the Rayleigh peak and one of the Brillouin peaks are indicated by dashed

vertical lines. The Brillouin shift is a frequency shift between the Rayleigh peak and

Brillouin peak. FWHM is the full-width at half maximum of the Brillouin peak. The Y

axis is the integral intensity of accumulated photons, while the X axis represents the

corresponding frequency shift from the position of the Raleigh peak (zero point).
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For Brillouin peaks, density fluctuations also dissipate with time. This process of

dissipation results in broadening of the peaks, due to attenuation of acoustic waves

(phonons). A full-width at half maximum (FWHM) of the Brillouin peak (Fig. 2.1) serves

as a measure of viscous dissipation in liquid medium.

For our measurements of the viscoelastic constants of liquid water, we used a six-

pass tandem Fabry-Perot interferometer [Sandercock, 1982]. A spectrum of incident

light was produced by a single-mode argon-ion laser with a wavelength of 514.5 nm,

operating at 40 mW. The scattered light was recorded on a 1024-channel multichannel

analyzer. From this instrument, the spectra were downloaded to a computer for curve-

fitting of the peaks and deconvolution of the instrumental contribution [Oliver et al.,

1992] to the Brillouin width.

Brillouin scattering data on double distilled liquid water were obtained at 22.5°C

in a DAC (Fig. 2.2) between atmospheric pressure and 1.2 GPa (Fig. 2.3). The diameter

of the diamond anvil flat was 0.7 mm. An Inconel-718 gasket (thickness of 0.315 mm)

with a 0.31 mm diameter sample chamber was used. In most cases, the gasket was pre-

indented to a thickness of about 0.2 mm. The Merrill-Bassett-type DAC [Merrill and

Bassett, 1974] and also Bassett-type DAC [Jayaraman, 1983] allowed us to perform

measurements in a backscattering (180°) geometry and also in a symmetric (90°) platelet

geometry [Whitfield et aI., 1976; Xu and Manghnani, 1992; Tkachev et al., 1995b]. A

simplified view of the setup for symmetric platelet geometry is shown in Figure 2.2. For

this geometry, the sound velocity, V, is related to the Brillouin frequency shift v by

V-~- ,
2sinB

10
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SCATIERED LIGHT

DIAMOND ANVIL

INCONEL GASKET

DIAMOND ANVIL

Figure 2.2.

Sketch of the experimental setup. The high pressure diamond anvil cell (DAC) is

represented by two diamond anvils (upper and lower) and an Inconel gasket, with a

central hole, which serves as a miniature container for the sample. The external scattering

angle () is the angle between the incident laser beam, which PasseS through the

transparent diamonds in the same direction as it enters DAC after refractions on the

surfaces ofthe diamonds, and a normal to the base ofa diamond. A dashed line shows the

normal to the base ofa diamond.
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3

Pressure region of sound velocity measurements in the phase diagram of water.

A thick solid line shows the P-T phase boundaries of water in the vicinity of the triple

point Liquid -Ice VI - Ice VII [Pistorius et al., 1968]. A thin horizontal solid line marks

the region of Brillouin scattering spectroscopy measurements (present study) of liquid

water at room temperature. The red solid square represents coexistence between liquid

water and crystals of ice VI, obtained in the vicinity of the phase boundary between

liquid water and ice VI. The portion of the thin horizontal solid line, which lies in the

field of stability of ice VI, to the right of the red solid square, represents the region of

measurements on metastable liquid water. Metastable liquid water undergoes phase

transition to ice VI [Tkachev et al., 1995a, 1996] at pressures above 1.16 GPa.
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where A is the incident laser wavelength (514.5 nm) and e is the external scattering

angle. For the backscattering (180°) geometry, the sound velocity is related to the

Brillouin frequency shift through the refractive index n of the scattering medium

bynV =O.5VA.

In order to obtain the equation of state (EOS) from sound velocity data, we

expressed the pressure dependence of the sound velocities through commonly used

parameters of the EOS: KOT (isothermal bulk modulus at atmospheric pressure) and

KOT ' (pressure derivative of the isothermal bulk modulus at atmospheric pressure).

The longitudinal and shear sound velocities can be expressed through the

adiabatic (constant entropy) bulk modulus Ks and the density p:

(2.1.3)

In general, the equation of state contains an isothermal bulk modulus, KT , rather than the

adiabatic bulk modulus Ks . The adiabatic bulk modulus was derived from the isothermal

bulk modulus [Brown et al., 1988]:

1 1 {dT)
Ks = K

T
- dP s ' (2.1.4)

where a is the coefficient of thermal expansion. The thermal expansion coefficient was

calculated from P-V-T data on liquid water [Hilbert et al., 1981] using the definition of

this parameter [Stacey, 1977], while the pressure derivative of temperature for water was

taken from the literature [Boehler and Kennedy, 1977].

We measured the attenuation of sound in liquid water, using the Brillouin

linewidths. The final expression for the Rayleigh-Brillouin spectral density [Rouch et al.,
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1976] defines the full-width at half maximum (FWHM) of the Brillouin peaks (Fig.

2.1), 2r, as quadratically dependent on the frequency v. Therefore, to get a

comprehensive picture of results obtained from different experimental techniques,

varying in frequency ranges, we used formulation involving the frequency-independent

aD
attenuation coefficient [Herzfeld and Litovitz, 1959] (where aD is energy decay

v 2

constant), which is related to the FWHM by:

aD r
-=1l--.
v 2 Vv2

(2.1.5)

This term allows for a more direct comparison of results from various types of

experiments.

The ruby fluorescence technique [Piermarini and Block, 1975] was used to

measure pressure at the center and edges in the sample. The pressure uncertainties did not

exceed 0.05 GPa.

2.1.3 RESULTS

Pressure dependencies of sound velocities and refractive index of liquid water

were measured up to 1.2 GPa at room temperature. Present hypersonic results shown on

Figures 2.4 and 2.5 are in agreement with literature data on ultrasonic measurements of

sound velocity [Heydemann and Houck, 1969; Holton et al., 1968] and on optical

interferometric measurements of refractive index [Vedam and Limsuwan, 1978] in liquid

water at high pressures. It can be seen that the region of transition between stable and

metastable water is not marked by discontinuities in sound velocity and refractive index.

On the contrary, the jump in longitudinal sound velocity at - 1.2 GPa reflects the first-
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Pressure dependence of sound velocities in liquid water and Ice VI obtained

using the ultrasonic technique [Heydemann and Houck, 1969] and Brillouin scattering

spectroscopy [present study; Shimizu et al., 1996b]. The dashed and dotted vertical lines

represent the phase boundaries between liquid water, metastable water and ice VI.
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A good agreement is found between the results on the pressure dependence of

refractive index of liquid water determined by optical interferometry and our Brillouin

spectroscopy.
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order phase transition between metastable water and Ice VI (the first-order phase

transition from Ice VI to liquid water occurs at the phase boundary between the stability

fields of Ice VI and liquid water [Tkachev et al., 1995a, 1996]).

The best fit to the existing volumetric data on water has been obtained by utilizing

the universal Vinet EOS, which is based on the universal relationship between binding

energies and the distance between atoms [Rose et al., 1981]. This EOS successfully used

in case of organic liquids [Oliver et al., 1991] is expressed as:

P(X)=3K (l-X]e l7(l-X),
aT x2

(2.1.6)

where X "V(~),~,,% (KOT ' -1), and p 0 is the density at ambient pressure. For this

type of EOS, an expression for the isothermal bulk modulus as a function of strain is

given by:

(2.1.7)

Available data on pressure dependencies of the thermal expansion [Hilbert et al., 1981]

and pressure derivative of temperature [Boehler and Kennedy, 1977] for water allow us

(Equation 2.1.4) to determine [Brown et al., 1988] KaT =2.17 ± 0.05 GPa and KaT' =

7.0 ± 0.8. These values are in good agreement with literature values: KaT = 2.18 ± 0.02

GPa [Fine and Millero, 1973] and KaT' =6.67 ± 0.03 [Heydemann and Houck, 1969].
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Figure 2.6 demonstrates the difference between K s calculated from present

sound velocity data and KT calculated using Equation 2.1.7 increases with pressure and

becomes as large as 10 % or more at 1.2 GPa.

Figure 2.7 shows an excellent agreement between densities calculated from

present sound velocity data and Bridgman's [1913] volumetric measurements. It should

be noted that this is not a fit to Bridgman's data. This figure contains two completely

independent sources of data.

Figure 2.8 demonstrates that the attenuation coefficient for liquid water decreases

with increasing pressure, in qualitative agreement with ultrasonic measurements [Litovitz

and Carnevale, 1955]. No discontinuity has been observed between the regions of stable

and pressure-induced metastable water.

2.1.4 A CASE STUDY: ELASTIC AND STUCTURAL PROPERTIES OF ALKALINE

CALCIUM SILICA HYDROGELS

2.1.4.1 Experimental

Alkaline-calcium silica hydrogels, also referred to as the alkali-silica reaction

(ASR) gel, were synthesized by the addition of calcium hydroxide (Aldrich, AR grade)

powder to solutions of sodium silicate (Aldrich, ~ 27 % SiOz, ~ 14% NaOH, density =

1.390 glcm-3
) diluted with distilled water to a concentration of [SiOz] =1.5 M. Solutions

were sonicated for 5 minutes to fully disperse the suspension. Two alkaline-calcium silica

gels of different Ca(OHh concentration were prepared, one with initial [Ca(OHh] equal

to 0.08 M (referred to as sample A) and the other with initial [Ca(OHh] equal to 0.8 M
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(referred to as sample B). To the best of our knowledge this will be the first study of the

bulk elastic moduli for this type of alkaline-calcium silica hydrogel.

Brillouin scattering measurements were conducted on the alkaline-calcium silica

hydrogels placed inside a diamond anvil cell (DAC) at 22.5 °c, over a pressure range of

0.1 to 1.6 GPa. A Bassett-type DAC [Jayaraman, 1983] was used for measurements in

both 180° backscattering and 90° symmetric platelet geometries [Whitfield et al., 1976].

Pressure within the DAC was determined using the ruby fluorescence technique

[Piermarini and Block, 1975], which allowed monitoring at several locations in the

sample. The refractive index of the gels was estimated from the comparison of the 1800

and 900 scattering geometry measurements. FTIR spectra were recorded for the samples

using a Nicolet Magna-IR 560 Spectrometer equipped with a DRIFT attachment, utilizing

OMNIC v 6.0a software for data analysis. Water content of the gels was determined

using a TA Instruments thermogravimetric analysis system (TGA) and the density was

measured using a pycnometer.

2.1.4.2 Discussions

Figure 2.9 depicts the effect of pressure on the longitudinal (Vp) and shear (Vs)

sound wave velocities as well as the product of the refractive index and longitudinal wave

(nVp) , for both alkaline-calcium silica hydrogels. However, no shear wave velocities

could be observed for sample A due to the fact that its viscosity was too low. In any case,

both samples exhibited a gradual increase in the longitudinal wave velocity with

increasing pressure. The presence of pressure-induced irreversible changes, occurring in

sample B upon compression (dashed lines), was confirmed during the decompression
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cycle (solid lines). Increasing pressure seemed to have less of an effect on the shear wave

velocities determined for sample B. Notwithstanding, the longitudinal wave velocity for

sample B (between -4000 and -5000 mlsec) was typically twice that observed for sample

A (between -2000 and -2500 mlsec). Figure 2.9 displays also the longitudinal wave

velocity and product of the refractive index and longitudinal wave velocity fitted to a

second order polynomial for sample B. Recording the product of the refractive index and

the longitudinal wave velocity is useful for indicating whether there is a second order

phase transition (e.g. glass transition) in the material [e.g., Askarpour and Manghnani,

1994; also: Section 3.3 in Chapter 3]. This can easily (usually as a change in slope) be

traced by measuring pressure/temperature dependencies of nVp .

The empirical equations for these fits relating the pressure (P) to nVp and Vp are

as follows: nVp(P) =5759.90 + 2194.99P - 316.46r , and Vp(P) =3900.60 + 1574.70P

372.44p2
•

The fact that a negative value for the second derivative was observed is

empirically consistent with normal compression behavior of liquids under pressure, for

example, in pentane [Tkachev and Bass, 1996]. From the plot of nVp against pressure in

Figure 2.9, it is also clear that, for the present samples, no second order phase transition

could be observed.

Values for the density, bulk modulus and compressibility for both gels are

presented in Figures 2.10, 2.11, and 2.12, respectively. The data values have also been

fitted to second-order polynomials to serve as a guide to the eye. In viewing Figure 2.11,

it is of interest to note that the bulk modulus (Ks) values for sample B are approximately

2 to 3 times larger than for sample A. This trend is largely in agreement with previous
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Longitudinal (square) and shear (diamond) sound wave velocities, and nVp

(circle) for alkaline-calcium silica hydrogel. Sample A is represented by closed symbols.

Sample B is represented by open symbols. Polynomial and linear fits for sample Bare

also provided with dashed lines passing through data points collected on compression and

solid lines passing through data points collected on decompression, respectively (no

difference between compression and decompression data has been observed for sample

A).
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data [Gaboriaud et al., 2002]. While no published data are available for the bulk modulus

(Ks) of Ca(OHh containing ASR gels, complex (storage and loss) shear moduli have

been reported [Gaboriaud et al., 2002]. In all instances, it was observed that increasing

the Ca(OH)z concentration caused an increase in the relative moduli. Storage moduli of

0.1 KPa and 70 KPa have been recorded for ASR gels containing 0.08 and 0.5 M

Ca(OH)z respectively [Gaboriaud et al., 2002]. Bulk moduli, on the other hand, represent

a fundamentally different parameter and as a consequence, their absolute values are

different. It must also be noted that previously reported storage moduli for ASR gels were

measured on gels synthesized from different alkali metal hydroxides and at lower

SiOzlNazO values than those used in the present study. As such, the differences in moduli

are to be expected.

Given that there is no comparable increase in the bulk modulus with increasing

calcium hydroxide concentration, this suggests that the increase in the bulk modulus is

not a simple concentration effect. Further experimentation is required to explain the

increase in the bulk modulus with increasing Ca(OHh concentration.

By referring to the supplementary FfIR data presented in Figure 2.13, it is

possible to gather molecular structure information to explain the differences in the elastic

moduli between the two ASR gels. The absence of any peak associated with crystalline

structure confirms the amorphous nature of the material. Neither out of plane Si-O

bending (520-545 em-I) nor in plane Si-O bending (450-465 em-I) peaks could be

observed, which would be indicative of crystalline structure in the silica. Moreover, the

fact that most of the peaks are generally broad and diffuse suggests a highly random

structure.
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While four major peaks can be observed in Figure 2.13, only two are of interest

for explaining structural changes that accompany any variation to the elastic properties of

the material. The first peak of interest, observed at approximately 900-915 cm-I, may be

assigned to nonbridging free Si-O- bending modes [Marinangeli et al., 1978]. While this

is a broad peak, it was not possible to deconvolve this peak into neighboring peaks such

as the Si-O(H) bond stretching vibration at approximately 950 em-I. Nevertheless, the

peak at 900-915 cm-I gives information on the size of the Si-based species, since it

predominates only in clusters of average size smaller than the dimension of (SiO)6 rings

[Almeida and Pantano, 1990; Viart et al., 1997].

Silica polycondensation reactions go through a stage where if the hydrogel nano

and micro-scale particles are small enough, they will promote the formation of broken Si

0- bonds and thus contribute to the peak intensity at 900-915 cm-I [Chmel et al., 1990].

According to Figure 2.13, sample A demonstrates a considerably peak at approximately

900 em-I, suggesting the presence of significant amounts of smaller particles. For sample

B, the reduced intensity of the 900 cm-I peak absorption is consistent with greater

progress in network formation and polycondensation reactions [Chmel et al., 1990],

which causes the small oligomers to condense to form larger structures.

The second infrared band of importance in Figure 2.13 is between 1040 and 1200

cm-1 and may be assigned to the asymmetric stretching mode of Si-O(-Si) bonds arising

from the formation of a silica network [Bass and Turner, 1997]. Typically, this band can

be deconvoluted into four or five peaks at approximately 1040, 1080, 1100, 1160, and

1200 cm-I. The peaks at 1040, 1100, and 1160 cm-1 are commonly assigned to stretching

vibrations of Si-O-(Si) and belong to structures that are more linear than they are
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FfIR spectra of alkaline-calcium silica hydrogels. Solid line represents sample A

while dashed line represents sample B. Lines are displaced arbitrarily for ease of viewing.
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crosslinked [Viart et ai., 1997]. Peaks at 1080 and 1200 em-I vibrations, on the other

hand, have been assigned to Si-O-(Si) stretching in cyclic structures [Viart et ai., 1997;

Chmei et ai., 1990]. Referring to Figure 2.13, the Si-O(-Si) band in sample A appears to

be dominated by peaks at 1040 and 1100 em-I, suggesting a more linear and less

interconnected structure. Sample B in addition to the peak at approximately 1160 cm-\

has a significant peak at approximately 1080 em-I, which suggests the presence of more

complex cyclic structures that maybe associated with greater silica network formation or

polycondensation reactions [Ortego et ai., 1991].

The two remaining peaks of note within the spectra are observed at 1450 and

1700 em-I. The first peak is associated with carbonation while the second peak may be

assigned to absorbed water on the gel surface [Hughes et ai., 1994].

Taking into account the infrared peak assignments and relative peak intensities, it

is possible to deduce from Figure 2.13 that sample B has undergone more

polycondensation (i.e., Si-O-Si network formation) than sample A. In addition, more

smaller silica oligomers predominate in sample A compared to sample B, as

demonstrated by the relative intensities of the Si-O- bending mode peak. Both these

points indicate that calcium promotes the formation of the siloxane network and may

subsequently explain the observed increase in the bulk modulus of the gel. This

explanation largely follows the mechanism of formation given previously for similar

measurements on ASR gels, in which calcium acts as a silica condensation "catalyst"

[Gaboriaud et ai., 1999].

Of further interest is the fact that both the bulk modulus (Ks) and the density (P)

of the two gels smoothly increased with increasing pressure while the compressibility
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(/Js) decreased. At the pressures investigated for the present alkaline-calcium silica

hydrogels, no phase transition of the gel from liquid state to solid state was observed. It is

expected that considerably more pressure (>10 GPa) is required to facilitate this

conversion.

Summing up, for the first time, Brillouin spectroscopy has been applied to

determine the bulk moduli for alkaline-ealcium silica hydrogels. Meaningful differences

in the bulk moduli were observed as a function of composition and pressure. In summary,

the bulk moduli were found to be dependent upon the cross-link density of the network,

which could be controlled by the Ca(OHh concentration. Bulk moduli of 4 to 8 GPa, and

16 to 25 GPa were observed for alkaline-ealcium silica hydrogels gels synthesized from

0.08 and the 0.8 M Ca(OHh solutions respectively. This followed a similar pattern to

shear moduli reported previously for a comparable system, as a function of calcium

content [Gaboriaud et aI., 2002]. Supplementary FTIR measurements determined that

increasing calcium concentration promoted the formation of more complex silica species

and a more inter-connected silica network, which explains the higher elastic moduli

observed for samples with higher calcium concentrations. The present work can be

regarded as a clear demonstration of the potential of Brillouin scattering technique for

characterizing the elastic properties of ASR gels as a function of composition and

pressure.

2.1.5 CONCLUSIONS

In summary, the densification curve of water obtained at high pressures by

Brillouin scattering measurements is in agreement with Bridgman's volumetric data, and
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the formalism applied to the well-known substance (water) has been successfully

extended to the Brillouin scattering studies of the relatively less investigated material

(alkaline-calcium silica hydrogel). Brillouin Scattering measurements on water to - 1.2

GPa have not revealed discontinuity in sound velocity and attenuation, whereas, above

1.2 GPa, a sharp discontinuity represented by a jump in the sound velocity data, has

signified the onset of the first-order phase transition from the pressure-induced

metastable liquid water to the stable phase of Ice VI as shown on Figure 2.4. No phase

transition of the hydrogels from liquid state to solid state has been observed. A

consistency between hypersonic (GHz) and ultrasonic (MHz) data (i.e., no frequency

dependence in sound velocities has been observed) and continuous decrease in

attenuation with pressure (Fig. 2.8) imply a relaxed nature (i.e., the system returns to the

equilibrium following displacement caused by laser light photons before the occurrence

of the next displacement) of both stable (see also the next Section and the answers to

questions 7 and 8 from Appendix for the discussion on systems that are not fully

equilibrated) and metastable water phases at room temperature.

2.2 AN IN SITU BRILLOUIN SPECTROSCOPIC STUDY OF A PRESSURE

INDUCED APPARENT SECOND ORDER TRANSITION IN A SILICATE GLASS

2.2.1 INTRODUCTION AND EXPERIMENTAL

The study of phase transitions in amorphous solids is of importance in condensed

matter physics [Huang and Kieffer, 2004], geophysics [Williams and Jeanloz, 1988], and

materials science [Gaskell, 1977]. A variety of experimental methods have been deployed
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to investigate the elastic, vibrational and structural properties [Meade et al., 1992;

Gromnitskaya et al., 2001; Hemley et al., 1986] of amorphous polymorphs formed in

solids and liquids at high pressure and/or temperature, providing valuable constraints for

the corresponding theoretical simulations [Zotov et al., 1999; Poole et al., 1992]. The

means by which amorphous materials densify is among the principal concerns of such

studies, with both apparently first-order phase transitions between amorphous phases

[Gromnitskaya et al., 2001; Mishima et al., 1985] and gradual densification processes

[Williams and Jeanloz, 1988; Meade et al., 1992; Hemley et al., 1986] having been

documented to occur under compression. The notable aspect of these results on

pressurized metastable amorphous phases is that apparent thermodynamic transitions can

be observed. These observations, despite the portion of the potential energy landscape

occupied by the amorphous phases, and their relationship (or lack thereof) to liquid

structures are each remaining enigmatic [Giovambattista et al., 2003].

Being a very sensitive technique, Brillouin light scattering spectroscopy is a very

sensitive technique, and has been widely used for characterizing first-order phase

transitions [Shimizu et al., 1996a] as well as for detecting phase transitions which are not

characterized by a jump in density [Xu and Manghnani, 1992], including second-order

order-disorder phase transitions in crystals [Askarpour et al., 1993]. Brillouin scattering

enables direct measurements of the sound velocities, and hence the elastic properties of

materials [Benedek and Fritsch, 1966; Vacher and Boyer, 1972]. In conjunction with the

diamond anvil cell (DAC), Brillouin light scattering is uniquely suitable for

characterizing the mixed (amorphous) states existing in materials [Zha et al., 1994], and

34



for monitoring changes in elasticity occurring during densification of amorphous

materials.

During the past two decades, numerous studies focusing on the nature of

amorphous-amorphous transitions (AAT) in pure a-SiOz under high pressure have been

conducted by Brillouin scattering [e.g., Zha et ai., 1994; Grimsditch, 1984, 1986; Polian

and Grimsditch, 1990, 1993; Doring et ai., 1994; Rau et ai., 1995] as well as vibrational

spectroscopy and NMR, complemented by molecular dynamics (MD) simulations

[Huang and Kieffer, 2004; Williams and Jeanioz, 1988; Hemiey et ai., 1986; Stebbins,

1987, 1991; Wolf et ai., 1990; Lacks, 1998; Trachenko and Dove, 2003]. However,

experimental elasticity data are sparse for silica-based glasses, alkali and/or alkaline earth

oxides in the tetrahedral network structure, which are not fully polymerized (that is,

glasses in which non-bridging oxygen ions, or NBO, are not bound to two silicons). In

such glasses (values of NBO per tetrahedral unit, or NBOIT, in these glasses generally

span from 0.5 to 1) different mechanisms of densification are available relative to pure

silica. In other words, the distribution of non-bridging oxygens around silicons may shift,

and coordination changes may initiate more readily than in pure silica glass [Williams

and Jeanioz, 1988; Meade et ai., 1992; Stebbins, 1991].

Studies of water-white (NBOIT=0.75) and window glasses (NBOIT=0.67) by

Brillouin scattering [Xu, 1996] « 6 GPa) and ultrasonic methods [Li et ai., 2000] « 2

GPa) showed the anomalous shear modulus softening in water-white glass similar to that

observed in pure silica below 2 GPa. However, unlike in silica [Zha et ai., 1994], the

anomalous pressure-induced decrease of longitudinal velocity is not observed in such

glasses [Xu, 1996]. Moreover, no conclusions on the nature of the transition to the denser
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amorphous states were drawn from previous studies [Xu, 1996; Li et al., 2000].

Therefore, we were motivated to investigate in situ the elastic behavior of float glass

(soda-lime silicate glass) during compression and decompression.

Here, we report the first macroscopic evidence of a partially reversible pressure-

induced, apparently second-order amorphous-amorphous transition in float glass

(NBO/T=0.66) with high silica content [Holmquist et al., 1995] (for comparison, basaltic

magmas have NBO/T between 0.9 and 0.6, andesite and dacite have values between 0.5

and 0.3, rhyolite and granite generally have values between 0.2 and 0.05 for anhydrous

compositions [e.g., Mysen et al., 1982]):

Chemical composition of float Qlass (in wt%) Density

Si02 Na20 CaO MgO AI20 3 K20 Fe203 (kg/m;j)

73.7 10.6 9.4 3.1 1.8 1.1 0.2 2530

We used two different DACs, a lever type DAC [Ming et al., 1987] for

backscattering geometry [Grimsditch, 2001] and a Bassett-type DAC [Jayaraman, 1983]

for symmetric 90° scattering geometry [Whitfield et al., 1976], coupled with a Brillouin

scattering setup similar to those employed in previous studies [Xu and Manghnani, 1992;

Tkachev et al., 2003a]. In the former case, a ground sample of the glass was loaded

without pressure transmitting medium in a 150-~m thick Inconel 718 gasket pre-indented

to approximately 70 ~m, and the sample was repeatedly cycled to high pressure and

decompressed in order to characterize any hysteresis/irreversible densification. In the

latter case, a T301 stainless steel gasket (250 Jim in thickness) was utilized. Five samples

ranging from 90 to 30 microns in thickness and polished on both sides were used for five

sequential compression runs at hydrostatic conditions; and a 4: 1 mixture of methanol-
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ethanol, which is hydrostatic to 10.4 GPa, was used as the pressure medium. The time

scales at which the samples were held at pressure between measurements varied between

30 minutes and 7 days; all five samples yielded data that fell along the same trend, thus

indicating that time-dependent effects are not significant over these conditions. The ruby

fluorescence method was used to determine the pressure [Piennarini et al., 1975] in all

experiments. Raman spectra of pressurized glasses were acquired using a setup described

previously [Manghnani et al., 2000], with an accumulation time of 30 minutes.

2.2.2 RESULTS AND DISCUSSIONS

Results of the Brillouin scattering measurements in backscattering geometry (Fig.

2.14) show pronounced changes in the pressure dependence of nVp (where n is the

refractive index, and Vp is longitudinal sound velocity), suggesting that an amorphous

amorphous transition(s) occurs both during compression and decompression. Such

transitions are exhibited in the sound velocity of pure silica [Grimsditch, 1984], but it is

unclear whether they are associated with a discontinuity in elastic moduli. It has long

been recognized that silica-rich glasses show changes in pressure dependence of the

elastic moduli that are related to the anomalous elastic behavior of pure silica. These

changes quantitatively correlate with silica content [Manghnani, 1969; Manghnani and

Benzing, 1969], but there are distinct differences between float glass and pure a-SiOz

[Grimsditch, 1984] in the pressure-induced changes in nVp (nVp = 0.5vA-, where A- =

514.5 nm is the incident laser light wavelength, and v is a frequency shift defined by the

position of the symmetric peaks shown in the upper left inset of Figure 2.15) during

compression and decompression.
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In the case of pure silica, there is a decrease in nVpup to about 2 GPa followed by

a pronounced increase [Grimsditch, 1984]. However, float glass shows no distinguishable

change (a "plateau" region, Fig. 2.14) in sound velocity up to 3-4 GPa. Instead there is a

larger pressure dependence of nVp than in the case of silica glass at higher pressures. The

nVp values obtained during decompression approximately correspond to those of pure

silica only down to 3 GPa (first decompression cycle on Figure 2.14) and decrease at a

steeper rate at lower pressures, almost reaching its initial value, which is characterizing

the glass at ambient conditions, prior to being compressed. The pressure dependences of

nVp in the second and third compression cycles are similar, with the nVp values in the

third cycle slightly lower than in the second (Fig. 2.14), but again both appreciably differ

from those for pure silica after the onset of permanent densification.

During second decompression cycle of float glass the nVp values (Fig. 2.14) are

different from the corresponding values in pure silica and do not follow the nVp-P path of

the first decompression cycle, in contrast to the behavior of pure silica at high pressure

[Grimsditch, 1984]. Interestingly, there is evidence for significant time-dependence of

glass densification: the first point of the second decompression cycle (~6 GPa, Fig. 2.14)

was taken two days after the last point of the second compression cycle (~ 7 GPa). The

sample pressure had relaxed by almost 1 GPa, and nVp had increased by a well-resolved

270 mls. Both the pressure drop and velocity increase are consistent with a time

dependent densification of the glass, and this implies that the glass had not fully

structurally equilibrated at the end of the second compression cycle (similar observations

were made at lower as well as higher pressures during the second decompression and the

first compression cycles, respectively, with delay periods varying from two hours to
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Figure 2.14.

Pressure dependence of nVp in float glass during three compression and two

decompression cycles; the black and gray arrows indicate directions of compression and

decompression, respectively. Note that the ambient-pressure decompression value of nVp

is higher than the one obtained before pressurization, signifying an onset of permanent

densification in the glass. The accuracy of the measurements determined by the standard

deviation of the replicate analysis is within the size of the symbols.
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several days). Nevertheless, the reproducibility of the ambient pressure sound velocity for

different pressure-time histories (Fig. 2.14) implies that while a range of path-dependent

structural states may exist at high pressures, they uniformly return to a similarly densified

glass at ambient conditions.

The nVp "plateau" region (Fig. 2.14) is also observed during the second and the

third compression cycles, but it is offset to pressures of -1.5-2.5 OPa, and is preceded by

a relatively strong increase in nVp. Moreover, the "plateau" region shifts to higher values

of nVp, during the second and third compressional cycles. Clearly, there is a complex

interplay between the initial level of densification of the glass at ambient pressure and the

anomalous lack of pressure dependence of the longitudinal sound velocity.

Raman scattering data of the densified glasses at ambient pressure are shown in

Figure 2.15. No indication of glass devitrification are present in the spectra; an increase

in linewidth of a number of the peaks is observed, and there are minor changes in the

positions of the major bands identified in the glass. Most of the changes in the peak

positions are within ±1O cm- l of the Raman bands of the glass powder prior to

compression. There are shifts in intensities, particularly, of the 525 and 637 cm- l bands.

The former band is associated with Si04 tetrahedra with 3 bridging oxygens; accordingly,

a shift in the distribution of bridging oxygens may occur within the densified glasses [Xue

et al., 1991].

The advantage of employing the symmetric Brillouin light scattering geometry is

that it allows longitudinal and shear velocities to be measured without knowing the

refractive index of the sample [Whitfield et al., 1976]. The velocity values can then be

used to estimate elastic parameters of the silicate glass [e.g., Xu, 1996]. Importantly, the
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present results (Fig. 2.16) are in good agreement with available ultrasonic [Li et aI., 2000]

and independent DAC strain measurements [Meade and Jeanloz, 1987], at ultralow

frequencies. Indeed, the strain measurements also predict both an anomalous increase, as

well as a "plateau" region, in the bulk modulus (above and below 5 GPa, respectively) for

a silicate glass with a slightly different composition from ours.

The interesting aspect of the hydrostatic experiments of Fig. 2.16 is that while the

density of the glass appears to monotonically increase with pressure, the bulk modulus

clearly shows a discrete discontinuity near 6 GPa, and Poisson's ratio exhibits a distinct

decrease (Fig. 2.16). The pressure ofthis transition is slightly elevated from that observed

in the backscattering experiments (Fig. 2.14): this is likely due to the well-known role of

shear stresses in triggering transformations at lower pressure [Brilckner, 1970, 1971] in

the non-hydrostatic backscattering experiments. The non-hydrostatic experiments (Fig.

2.14) provide an upper bound on the amount of irreversibility that is shown (Fig. 2.16) on

decompression in the hydrostatic experiments, as permanent densification likely occurs

more rapidly (and perhaps at lower pressures) under non-hydrostatic stress conditions.

The shift in bulk modulus, but apparently not in density, is in accord with the

characteristics of a second-order phase transition. The higher-pressure amorphous

material is characterized by markedly different pressure derivatives of the Young's and

bulk moduli, and it is at precisely the pressure of this transition that the shear modulus

begins to have a normal positive pressure derivative. The likely rationale for the initial

decrease in bulk modulus (increase in compressibility) associated with the phase

transition is that the glass has accessed a different compressional mechanism at pressures

above 6 GPa, which in tum results in a different atomic configuration in the glass
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Figure 2.15.

(a) and (b) are typical Brillouin spectra of float glass showing nVp, longitudinal

(Vp) and shear (Vs) wave modes obtained in situ from the backscattering [Grimsditch,

2001] and symmetric 90° scattering [Whitfield et al., 1976] geometries at 3.9 and 9.5

GPa, respectively. (c) shows unpolarized Raman spectra, from top to the bottom, of float

glass after the second decompression cycle, first decompression cycle, and of the glass

sample before DAC loading, respectively. Raman shift peak at -1336 cm-1 is from the

lower diamond anvil.
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Figure 2.16.

Pressure dependences (first compression cycle, gray symbols) of sound velocities

(ultrasonic values [Li et ai., 2000] are indicated by small dark-gray symbols on the left

plot, and hypersonic values obtained during decompression from about 8 GPa are marked

by gray triangles) and calculated elastic moduli and density p (lines are guides for the

eyes, titles are self-explanatory, black symbols are representative elastic constants of float

glass [e.g., http://www.sunmanagement.com/AtsI29.pdf]) of float glass. The density

values have been calculated using dP/dp;;::Vp
2-4/3Vs

2 (while sample density is not directly

measured, the bootstrap technique has been shown to be quite accurate [Tkachev and

Manghnani, 2000]). Accuracies of experimental and calculated values are within the size

of the symbols, making the transition identifiable at about 6 GPa.
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structure. The dense, high-pressure configuration may be associated with either

disproportionation of Si04 species with three bridging oxygens to a mixture of two and

four [e.g., Xue et aI., 1991], or an onset of highly coordinated silicon [Williams and

Jeanloz, 1988; Meade and Jeanloz, 1987]. The combination of an initially increased

compressibility (as denser coordinations are accessed) followed by a markedly large

decrease in compressibility with pressure leads us to favor the latter alternative. In other

words, the onset of the change in coordination allows more "room" for the sample to be

initially compressed than during subsequent increase in pressure, due to the accumulation

of denser coordinations in the sample that results in the decreased susceptibility of the

sample to the pressure changes.

2.2.3 CONCLUSIONS

In summary, Brillouin scattering measurements in both scattering geometries

explicitly demonstrate that the onset of an amorphous-amorphous phase transition need

not have a discontinuity in the density as pressure is changed, but rather may exhibit

anomalous jumps (Fig. 2.16) in Poisson's ratio and compressibility (bulk modulus) under

pressure. The pressure dependence of Poisson's ratio is, in tum, clearly consistent with a

pressure-induced increase in ductility and a decrease in shear strength at high pressures,

as reported [Meade and Jeanloz, 1988] for amorphous Si02• Moreover, the softening of

shear modulus, as is observed during the transformation between amorphous forms of ice

[Gromnitskaya et al., 2001], with the minimum shear modulus lying at the pressure of the

transition is consistent with the existence of two different amorphous states in float glass.

Our results demonstrate that a similar set of phase transition types is available to

44



amorphous solids on densification as is available to crystalline solids: first order

transitions [Gromnitskaya et al., 2001]; apparent second order transitions, as shown by

this study; as well as gradual structural changes occurring with densification [Williams

and Jeanloz, 1988; Meade et al., 1992; Hemley et al., 1986; Meade and Jeanloz, 1987].

The likely second-order transformation we documented here is clearly distinct from the

well-known thermally-activated second-order glass transition. However, this pressure

induced second order transition does share characteristics with the glass transition: it is

associated with the glass accessing a different (and, in this instance) pressure-activated

set of structural environments, and this transition is associated with significant time and

sample history dependences. The idea that a change in compressional mechanism can

generate a glass-to-glass transition is in accord with the underlying concepts behind the

"free volume" model of the glass transition [Cohen and Grest, 1979]. The significance of

amorphous-amorphous phase transitions in silicate glass with regard to the study of Earth

by seismic methods has to be viewed from the perspective of the corresponding pressure

induced gradual changes that occur in silicate melt and is addressed in Chapter 3.
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Chapter 3

COMPRESSIBLITY OF HYDRATED AND ANHYDROUS Na20-2Si02

LIQUID, AND GLASS TO 8 GPA USING BRILLOUIN SCATTERING

3.1 INTRODUCTION

A knowledge of the viscoelastic properties of molten silicate material generated

within the Earth's interior is crucially important for understanding the dynamics of

magmatic processes as well as the history of the planet's primordial stratification.

Because experimental data on density and bulk modulus play valuable roles in models of

the transport and buoyancy of magmas, a variety of spectroscopic, ultrasonic and shock

wave techniques has been applied in numerous studies of natural and synthetic silicate

liquids and glasses [Wolf and McMillan, 1995] at high temperature (T) and pressure (P).

The two main fluid phases within the Earth's crust and mantle are silicate melts

and hydrous fluids, which form a continuum of miscible compositions at shallow upper

mantle conditions [Kohn, 2000~ Shen and Keppler, 1997]. Even though these phases are

physically and chemically different near the surface of the Earth, water and liquid SiOz

exhibit striking similarities in their structure and behavior [Angell et al., 1982]. For

example, the vitrification of aqueous binary solutions (e.g., aqueous lithium chloride

solutions) under moderate pressure and low temperature [Angell, 2002; Kanno, 1987]

supports the notion that silica- and water-rich liquid systems may have similar structural

mechanisms responsible for their anomalous thermodynamic properties, which

distinguish them from other liquids [Wolf and McMillan, 1995] that do not vitrify under
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pressure. In this regard, the effect of alkalis on the thermoelastic properties of binary

silicate liquids under pressure is not well constrained. Similarly, virtually no data exist on

the effect of dissolved silicate species on the elastic properties of aqueous solutions at

high pressures and temperatures.

The present study is oriented towards experimentally determining silicate

melt/glass/aqueous solution elasticity under high P-T conditions of the lower crust and

upper mantle by means of Brillouin scattering spectroscopy in conjunction with the

externally heated diamond anvil cell (DAC). Our experimental objectives are to

demonstrate the feasibility of determining elastic properties of liquids using Brillouin

spectroscopy under extreme conditions, as well as to collect reconnaissance data on the

effect of both pressure and dissolved water on the compressibility of silicate liquids. We

utilize sodium silicate-based liquids as analogues for chemically complex, naturally

occurring liquids. There are two rationales for using such alkali silicate liquids. First,

their melting temperatures (and glass transitions) lie far below those of most natural

silicate liquids, making their liquids experimentally more straightforward to probe,

particularly at pressure. Second, the bonding environment of silicon is known to shift to

higher coordination numbers in both crystalline and amorphous alkali silicates at

substantially lower pressure conditions than is inferred to occur within natural liquids

[e.g., Farber and Williams, 1996; Fleet and Henderson, 1997]. Accordingly, alkali

silicate liquids are likely to undergo structural transitions at substantially lower pressure

and temperature conditions than melts containing abundant alkaline-earth cations

(Section 3.6 at the end of this Chapter gives more details on how analog studies will be

related to Earth's P-T regimes and natural materials).
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Pressure-induced coordination changes of silicon with respect to oxygen in

natural melts have been inferred from both static measurements as well as shock wave

measurements of molten silicates [e.g., Rigden et al., 1988] and also confirmed by

numerous Molecular Dynamics studies [Rustad et al., 1990, 1991; Wasserman et al.,

1993; Bryce et al., 1997; Diefenbacher et al., 1998; Nevins and Spera, 1998]. Such

structural changes may generate the density cross-over between silicate liquids and

surrounding rocks within the upper mantle [Stolper and Ahrens, 1987; Williams and

Jeanloz, 1988; Wolf and McMillan, 1995; Farber and Williams, 1996; Matsui, 1996].

The coordination change of silicon has been suggested to be largely responsible for

generating the 20 % (or more) increase in silicate melt density believed to occur in the

Earth's upper mantle. Moreover, the buoyancy forces on the aqueous fluids released from

the dehydrating oceanic slab remain ill-constrained. The implications of the density

contrasts between liquids and solids in planetary interiors for the differentiation and

evolution of the planets are among the outstanding topics in modern geophysics [Agee,

1998].

The geophysical goals of this study are two-fold: first, to demonstrate the

feasibility of determining the effect of changes in the coordination number of silicon on

the elasticity of amorphous silicates at high pressures and temperatures using Brillouin

spectroscopy. Second, we wish to constrain the elastic properties of hydrous silicate

liquids at high pressures. Indeed, whether the elastic properties of silica-rich aqueous

fluids more closely resemble water or silicate melts, particularly at the high pressure and

temperature conditions under which silicate melts and hydrous fluids may be completely

miscible, is unknown. In this respect, it is notable that the adiabatic bulk modulus of pure
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water is near 2.0 GPa at ambient pressure, while those of silicate melts typically lie near

20 GPa [Shimizu et ai., 1996b; Rivers and Carmichael, 1987]. Accordingly, there is

nearly a factor of two difference between the bulk sound velocity of water and silicate

melts near their respective melting temperatures. If temperature differences could be

taken into account, the discrepancy between the sound velocities would be even larger

(sound velocity of water will be significantly lower at those melting temperatures).

Whether this difference in sound speeds between these two geochemically important

fluids persists at even shallow upper mantle conditions is ill-constrained. Moreover, the

pressure dependence of the partial molar volume of water within silicate liquids has been

constrained for only a few compositions [e.g., Ochs and Lange, 1997; 1999]. Therefore,

we examine the constraints provided by our Brillouin data on the high pressure molar

volume of water.

3.2 EXPERIMENTAL METHODS

Brillouin scattering spectroscopy employed in the present study is an optical

technique that allows direct measurements of acoustic wave velocities by probing the

sample with a laser beam (typical Brillouin spectra of the samples under investigation are

shown on Figures 3.1a and 3.1b) thus eliminating the necessity of mechanical contact

with the sample. The Brillouin scattering experimental setup (Fg. 3.2) and curve-fitting
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Figure 3.l.a.

Experimental Brillouin spectrum (thin solid lines) of hydrous NazO-2SiOz

solution at 0.13 GPa, ambient T, before the glass transition.
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Experimental Brillouin spectrum (thin solid lines) of hydrous Na20-2Si02

solution at 2.5 GPa, ambient T, after the glass transition. Thick solid lines are results of

curve fitting routine for shear velocity (Vs) peaks. Conventional platelet geometry

[Whitfield et al., 1976] has been utilized in both a) and b).

51



Simplified Diagram of Sound Wave Velocity Measurements
By Brillouin Light Scattering Spectroscopy in High P,T DAC

laf.er
M

CC - Comer cube;
M - Mirror;
L - Lens;
Ph - Pinhole;
Pr - Prism;
DAC - Diamond Anvil Cell
MPG - "Modified" Platelet Geometry

Scattered light

Incident beam

Figure 3.2.

!k:nnn1ng Illig\:'

Transmitted beal

Brillouin scattering spectroscopy experimental setup and "modified" platelet

geometry (inset at the bottom in the shaded frame), where dashed lines are normals to the

diamond surfaces.

52



routine are the same ones as those that have been recently utilized for detennining the

elastic properties of cubic BC2N [Tkachev et al., 2003a]. A beam from an argon ion laser

(A=514.5 nm and beam power of 100 mW) was focused onto the pressurized sample in a

resistively heated diamond anvil cell (DAC) [Ming et al., 1987] with a 1:4 if =50 mm)

lens. Each spectrum was typically accumulated for 1-2 hours.

Since classical backscattering geometry (8 =180°) enables only measurements of

nVp (product of refractive index and longitudinal velocity), and the conventional platelet

geometry [Whitfield et al., 1976] utilized in Chapter 2 could not be adopted for use in our

high-T DAC, we deployed the "modified" platelet geometry (Fig. 3.2, inset), which is

based on probing the sample with the laser beam reflected from the surface of the

diamond [Zha et al., 1993, 1994]. The advantage of this approach is that the sound

velocity can be obtained independently from the sample's refractive index without

changing from ordinary backscattering geometry [Kriiger et al., 1998; Tkachev et al.,

2003a]. In this case Brillouin shift v is related to the bulk sound velocity Vas:

V = AV
2sin8

(3.2.1)

where e is the angle between the incident wave vector and normal (dashed line, Fig. 3.2)

to the surface of the diamond.

Figure 3.3 shows the Brillouin spectrum of water obtained in the "modified"

platelet geometry. Note that the Brillouin peaks, from which the values of nVp and Vp

can been calculated, are well defined. The calculated Vp and n are plotted in Figure 3.4

for comparison with other independent measurements. A good agreement among the

results by the various approaches demonstrates that "modified" platelet geometry is an

effective route for independent and reliable determination of V p and refractive index in
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Figure 3.3.

Brillouin spectrum of water in the Diamond Anvil Cell at O.05±O.03 GPa and

room temperature using "modified" symmetric geometry with 20-degree external

scattering angle.
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Figures 3.4.a and 3.4.b.

a) Vp and b) n of water as a function of pressure at room temperature. A very

good agreement is found among the various Brillouin scattering geometries: "modified"

platelet geometry (solid square); backscattering; and conventional platelet 90° scattering

geometries (solid and open circles); as well as ultrasonic (inverse triangles), and optical

interferometry measurements (triangles).
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transparent liquids and solids under high P-T conditions. This geometry has also been

used successfully [Crowhurst et al., 2000] in determining the pressure dependence of the

elastic properties of glass substrate in the zirconium anvil cell using surface Brillouin

scattering technique.

Two types of the samples were employed in this study: (1) anhydrous Na20

2Si02 glass prepared from commercially available ultra-pure Si02 and Na2C03 (Alfa

Aesar®), following the procedures outlined in Farber and Williams, [1996]; and (2)

sodium disilicate (Na20-2Si02) solution (containing 18 wt. % of Na20 and 36 wt. % of

Si02, density of 1.68 glcm3 and viscosity of 70 Pa·s at 20°C) given by the manufacturer

(PQ® Corporation). Stoichiometrically, this corresponds to a mixture of Na20-2Si02

8.5H20. The samples of the aqueous solution were loaded in rhenium gaskets hardened

by multi-step pre-indentations from 250 I-lm to 90-70 I-lm thickness. On the other hand,

only pre-indented Inconel 718 with original thickness of 150 I-lm allowed the anhydrous

sample to be retained under pressure at temperatures exceeding the glass transition, Tg.

For each type of starting material, the temperature was increased at the rate of -10 K/min.

The samples were held at the end of every 100 K interval for at least 30 minutes prior to

data acquisition. We did not observe any textural or spectral evidence for crystal growth

in any of these charges, and melts were never heated above -885 K to avoid

heterogeneous nucleation and rapid growth of crystals [Farber and Williams, 1996]. For

reference, the ambient pressure calorimetric glass transition of this composition is -700

K, and there are indications that the glass transition temperature in silicates may decrease

with pressure [Kress et al., 1989; Rosenhauer et al., 1978]; glass transitions for aqueous

solutions may, however, loosely parallel the melting curve of water [e.g., Kanno and
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Angell, 1977]. In order to avoid possible sample contamination at high P-T conditions, no

pressure-transmitting medium (in contrast to Section 2.2, where mixture of alcohols was

used as a pressure-transmitting medium) was utilized: due to a combination of the modest

pressure range, the high temperatures, and the low (or zero) shear strength of the starting

materials, pressure gradients were not important in these experiments.

Two to three tiny ruby chips, ranging in size from 3 to 7 f..lm, were placed in a

150-micron gasket hole on the top of the bottom diamond culet for pressure

determination. The position of the ruby fluorescence line Ap,T, which was excited by the

same laser used for Brillouin measurements, depends on both pressure P [Piennarini et

al., 1975] and temperature T [Yen and Nicol, 1992]. Therefore, the wavelength shift LlAp,T

was expressed via LlAp,T=Ap,T-Ap 0 ,T 0 =LlAp+LlAT+fiP,T), with LlAp and LlAT as pressure and

temperature dependent terms at To = 20°C and Po = 1 atm, respectively. Because the

correction term fiP,T), which describes the pressure dependence of LlAT and the

temperature dependence of LlAp, is negligibly small [Shimomura et al., 1982], this

equation with f(P,T)=O is used to estimate the pressure in a sample chamber using the

experimentally established LlAT [Yen and Nicol, 1992]. This in situ pressure calibration is

of critical importance, as both cell relaxation at high temperatures (producing a decrease

of pressure), and thermally-induced shifts in volume of the sample (producing either an

increase or decrease in pressure) can occur. As described in the Discussion section below,

it appears that the latter effect dominates in these experiments.

We utilized two methods for studying the viscoelastic responses of the sodium

silicate glasses and liquids to high P-T conditions. The first consisted of compressing and

decompressing (in some cases the specimen was initially pre-compressed at room T to
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perform decompression melting at high T) before the aqueous sodium disilicate solution

at constant T across the glass transition region (since this is the first time when aqueous

sodium disilicate solution is studied under the pressure, no P-T phase diagram is available

for this composition). For this particular case, Brillouin measurements were performed

using the two types of platelet scattering geometries: conventional alongside with

"modified" at ambient temperature - to ensure the consistency of the data acquired in

both, and only "modified" at elevated T. The experiments using the conventional type of

platelet right-angle geometry were carried out in a Bassett-type DAC redesigned to allow

± 45° optical access to the sample [Jayaraman, 1983]. In the second approach, the

Brillouin spectra were collected using the modified platelet geometry during heating of

both anhydrous and aqueous samples pre-compressed at room temperature to a certain P.

3.3 RESULTS

Figure 3.5 shows the pressure dependence of the shear (Vs) as well as

longitudinal sound velocities, and nVp of the aqueous solution. The presence of a shear

generated mode [e.g., Grimsditch et al., 1989] implies that these GHz-frequency

measurements sample the fluid in an unrelaxed state: the time-frame of the probe is faster

than the rate at which the sample is able to attenuate shear excitations. Indeed, relaxation

mechanisms in both silicate liquids and aqueous fluids are likely dominated by shear

components: volumetric relaxation is typically weak in these fluids [Kress et al., 1989;

Halalay and Nelson, 1992]. Thus, we anticipate that bulk moduli derived from our study

will closely approximate those of the fluid. There are clear indications (bending points on
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Figure 3.5.

Pressure dependencies of Vp (solid circles), Vs (solid squares), and nVp (solid

rhombs) in aqueous Na-disilicate liquid at ambient T (while experimental errors do not

exceed the size of the symbols, the apparent "hump" in the Vs values prior to phase

transition is, most likely, an artifact associated with the accuracy limits of the

measurements: the shear peaks are both weak and broad within the liquid (Fig. 3.1.a) and

substantially more inaccurate determined than the longitudinal peaks. Dotted lines are

linear and polynomial fits to the experimental data (only compression cycle is shown).

Dash-dotted line represents boundary between two different states.
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all curves at about 1.3 GPa) of a liquid-to-solid phase transition (see also: answers to

questions 1-3 from Appendix). This is a reversible phase transition (we observed it under

both compression and decompression cycles) that reveals a marked change in Ks'

(dKs/dP), which exists between two different thermodynamic states (Fig. 3.6) separated

by the glass transition. We associate this break in slope with the onset of glassy behavior

of the aqueous solution at Brillouin frequencies (see also: answer to question 4 from

Appendix). The universal Vinet equation of state (EOS) was utilized to fit the densities of

the liquid and glass by using-ambient pressure values of the adiabatic bulk modulus and

its pressure derivative (Fig. 3.6), as iteratively calculated to fit our data: an approach

previously applied in glass-forming organic liquids [Takagi et ai., 1997]. Except for the

assumption that adiabatic and isothermal bulk moduli are equal, similar calculations

[Tkachev and Manghnani, 2000] have been carried out on pure water with excellent

agreement with prior studies (e.g., Fig. 3.4). The notably higher Ks' of the fluid is

consistent with the liquid being able to access a wider range of compressional

mechanisms (see also: answer to question 6 from Appendix), thus illustrating that the

means of compaction of the liquid (Ks'= 6.3) may differ substantially from those of the

glass (Ks'= 4.8). However, the unresolvably small change in bulk modulus at the

transition point (Fig. 3.6) is consistent with a comparatively minor role of volumetric (as

opposed to shear) relaxation mechanisms at the transition to a fully unrelaxed state

[Krisch et ai., 2002].

Figures 3.7 and 3.8 show results from decompression of the aqueous solution at

constant temperature (457 K). The percentage increase in Vp (or, dVpNp) is similar

between the low pressure liquid and the high pressure solid; we speculate that the large
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Figure 3.6.

Pressure dependences of density (squares) and bulk modulus (circles) of hydrous

NazO-2SiOz at ambient temperature (298 K). Open and solid symbols represent liquid

and solid states, respectively (calculation errors do not exceed the size of the symbols).

Dotted and solid lines are linear and universal Vinet EOS-type [Vinet et ai., 1987] fits

(see "Results" for the details) to the calculated data, accordingly. Dash-dotted line

separates fields of stability for two different states (only compression cycle is shown).
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Pressure dependences of Vp (squares) and nVp (circles) of hydrous sodium

disilicate sample at 457 K (experimental errors are the same as on Fig. 3.5). Dotted lines

are linear and polynomial fits to the experimental data. Dash-dotted line represents

boundary between liquid (open symbols) and solid (solid symbols) states.
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Figure 3.8.

Pressure dependences of density (solid circles) and bulk modulus (squares) of the

Na20-2Si02liquid (hydrous) formed upon decompression melting at 457 K (calculation

errors are the same as on Fig. 3.6). Open circles represent density of the sodium disilicate

fluid (Fig. 3.6) at ambient T (298 K). Dotted line is a polynomial (Ks = 8.35 + 6.56P +

O.23p2) fit to the calculated data.
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pressure derivative of Vp in the solid may be associated with a coordination

transformation of silicon within the glassy aqueous material (see also: answer to question

5 from Appendix), as occurs within the crystalline form within this pressure range [Fleet

and Henderson, 1977]. Figure 3.8 juxtaposes the pressure dependencies of density and

bulk modulus for both high-T isothermal decompression melting (Fig. 3.7) of the hydrous

Na-disilicate glass (it was initially pre-compressed to 8.8 GPa at ambient T) and (density

only) ambient-T isothermal compression of the corresponding liquid (Fig. 3.6). Due to

the structural changes occurring in both liquid and solid [Farber and Williams, 1996], the

density of the high-T silicate fluid formed at pressure dramatically exceeds that of the

same fluid studied at lower temperature (Fig. 3.8). This effect is a tandem consequence of

the temperature dependence of the compressibility and the accessing of fully

volumetrically relaxed states in the high temperature runs. A subsequent compression

cycle did not show any differences in the pressure dependencies of Vp and nVp within the

limits of the experimental errors, implying that this densification is reversible.

Accordingly, we attribute this dramatic shift in elasticity (and thus density) primarily to a

strong temperature dependence of the elasticity of the aqueous fluid: the zero pressure

bulk modulus is reduced by about a factor of two, from 18 to 9 GPa between 300 and 457

K. The weakly positive second pressure derivative of the adiabatic bulk modulus (Fig.

3.8) also indicates that the fluid formed at high P and T experiences gradual structural

rearrangements that lead to a greater degree of high pressure compaction than would be

inferred from the lower temperature behavior under pressure.

For each temperature in both isothermal compression (Fig. 3.5) and

decompression (Fig. 3.7) cycles, Vinet EOS KOT (ambient-pressure isothermal bulk
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modulus) and Ko/ (ambient-pressure pressure derivative of isothermal bulk modulus) are

determined by fitting the calculated values of Ky/p, where p is the density, to the

experimental values of Ks/p (correction term between KT and Ks used in Section 2.1.2

was not considered during the fitting routine due to the lack of literature data for this

composition), and calculated values of pressure PEOS to the experimental values of

pressure Pexp, to minimize the weighted sum of squares (SSQw), which is expressed as

SSQw=I{[(KY/p)i-(Ks/p)iJ/(KslpMz + I {[(PEos)r(Pexp)iJ/(Pexp)Jz. Well-defined minima

of the SSQw characterize the uniqueness of the solutions as well as satisfactory accuracy

(maximum variation in density values does not exceed ±1% around the smallest contour

line of the SSQw minima at the highest pressure reached in the experimental runs) of the

fitting procedure (Fig. 3.9.a,b). These calculations would not be possible to accomplish if

the density of melt at ambient pressure is unknown. Therefore, after the experimental

values of Vp and nVp had been utilized to determine n at 457 K and ambient pressure, we

estimated the zero-pressure density of the melt at 457 K by using the ratio of Lorentz

Lorenz expression at 457 K to the one at ambient T (general view of Lorentz-Lorenz

expression is presented by the formula (nz-l)/(nz+2)=4nap/(3M) with M as the molecular

weight and a as the electronic polarizability), assuming that a is constant.

Brillouin scattering measurements of hydrous as well as anhydrous NazO-2SiOz

samples (compressed at room temperature to 5.6 GPa and 5.9 GPa, respectively) were

also carried out during heating cycles across the corresponding glass transition regions.

The typical Brillouin spectra of glass and melt below (Fig. 3.1O.a) and above (Fig. 3.1O.b)

Tg clearly demonstrate not only change in the peak positions but also a marked difference

in the linewidths [Masnik et aI., 1993] for two thermodynamic states: such shifts in

65



6 •

6.2 -I

7

6.B

6.6

KOT' 6.4

•

17.9

•

•

18

•

18.1

K01

1B.2 1B.3

•
•

lB.4

11.5 • •
•••

11 •

10.5 -

KOT
, 10

9.5

9

3.5 4 4.5

K01

Figures 3.9.a (top) and 3.9.b (bottom).

5

Vinet EOS KOT (X-axis) and KoT' (Y-axis) contour plots of SSQw (Z-axis)

minimization. A set of 50 contour lines and triangle-based cubic interpolation routine

have been used to identify the minima in SSQw for both isothermal compression (a) and

decompression (b) cycles. Solid circles are data points utilized for the routine.

66



T= 407 K,' P= 7.8 GPa6000 p-- ----'

-40 -30 -20 -10 o

"Modified"
300

200

10 20 30 40

Frequency Shift (GHz)

Figure 3.10.a.

Experimental Brillouin spectra of aqueous NazO-2SiOz solution below glass

transition T. The Vp and Vs peaks from diamond anvils are marked.
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Figure 3.10.b.

Experimental Brillouin spectra of aqueous NazO-2SiOz solution above glass

transition T. The Vp and Vs peaks from diamond anvils are also marked.
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Brillouin linewidth are well-documented to be associated with shifts in the viscoelastic

response associated with the glass transition [e.g., Pinnow et al., 1967]. Experimentally

measured temperature dependencies of Vp and nVp (Fig. 3.11) at high P allowed us to

quantitatively evaluate the influence of heating on densities, optical (Fig. 3.12) and

elastic (Fig. 3.13) properties in both states separated by the glass transition boundary.

These data do, however, depend on the pressure path taken by the cell during the heating

process: these changes, while measurable, are neither simple nor readily predictable (Fig.

3.14). The effect of the shifting pressure environment within the cell and its relation to

the evolution of the obtained parameters is analyzed in detail in the next section.

3.4 DISCUSSION

3.4.1 Temperature and Pressure Effects on Liquid and Glass Elasticity

Our estimated pressure dependence of the density for the aqueous sodium

disilicate fluid (Fig. 3.8) indicates that pressure-induced structural changes, which

gradually occur in the corresponding glasses on simple compression, are significantly

enhanced by increased temperature. As has been experimentally established for

amorphous-amorphous transformations in SiOz glasses [El'kin et al., 2002], an increase

in temperature can decrease the pressure at which structural changes can occur: this may

be viewed as hotter liquids being simply able to access a wider suite of structural states

[e.g., Morgan and Spera, 2001 a, b]. Some of these structural states may be

comparatively high density relative to those present in the glassy precursor, or those

69



900800

o

T aq = 483 K T anh= 607 K
g g

P= 8.1 GPa P = 6 GPa

300

I I
i i
i jnV .i 1

p •.Pp. i

•. , Ip:":.PP u :$3::.
0:::::/.0 i '. i'
tj j i

! Iii·.
i .•

6 .··v· pr
e.pi'.

I .

Solid ILiquid····.

400 500 600 700

14

Temperature (K)

Figure 3.11.

Temperature dependencies of Vp (circles) and nVp (squares) measured below and

above the glass transition temperatures of aqueous (Tgaq) NazO-2SiOz solution (solid

symbols) and anhydrous (Tg
anh) NazO-2SiOz glass (open symbols). Phase boundaries

between solid and liquid are depicted as dash-dotted lines for both types of samples

(experimental errors are the same as on Fig. 3.5). Dotted lines are linear (for

corresponding liquid state) and 2nd-degree polynomial (for corresponding solid state) fits

to the experimental data.
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aqueous NazO-2SiOz solution. Dotted lines are linear fits to the measured and estimated

data. Dash-dotted line represents boundary between liquid and solid states.

71



100 0.10

- Tg= 483 K
I

80 - ..
I- 0.08\

\
\

\

\ ,-..,.

_-------11 \ ......,-..,. \ I

roro - /-.- \

~
\ ~

c:; \ c:;60 - .-- \

I- 0.06\
'-" \ '-"

r./:J \ >,
~ / .. -+-'

/ '''';......
/ .......g \

'''';- / \ l-• \ ..0
0 \ '''';

\ r./:J

::E ro \ r./:J

40 - ~
\ - 0.04 11)

~
\ • I-<

(j \

S...... \

~
\ /

)/
~ - \0 / \ - 0. / \ Utr) Solid Liquid / •/

/
/

20 - .- / - 0.02/

- -. ____ -e __ I • --------. --e-
-

o ----'r-------rl-,-----I.-I----,I-,---I-.---1-r1-----,1--.---1---r1--r1--.---1---r1--r1--.---1-L- 0.00

300 350 400 450 500 550 600 650
Temperature (K)

Figure 3.13.

Temperature dependencies of adiabatic bulk modulus (squares) and

compressibility (circles) of aqueous Na20-2Si02 solution calculated from the results of

sound velocity measurements. Dotted lines are linear and 2nd-degree polynomial fits to

the data. Dash-dotted line represents boundary between liquid and solid states.

72



I

8

2

i
i
to-- -¢

I /~
i / / !
'/ I", :"," '''-'''

"," l..,d ,-.
+--------.. ... /' i § E-<----- .'" i--- .0

'''0 ~
!·S @
I 0" • ,-------------"'----,

i;:l &: ......... 0 Aqueous: 5,6 GPa, ambient T
i.e, d
';.::I 0, -.- 0 Anhydrous: 5.9 GPa, ambient T
! 0 N
'</'1 '-' h.__ 0 Anhydrous: 2.9 GPa, ambient T

aJ.-,,.-,--......-r-"T""'"!'"""....--r-...,....,..~---r-"'I~~~~=~~~~...

10 ..,....-------------"~~"""'::--------------,
I
§ ~
'-' ..0

i"O S
."-,...l c..s16- .
i.~ c<l

i~ t5,"0
1;'= 0\

!r55 ~
!
I

0 1 0
. I

250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

Temperature (K)

Figure 3.14.

Temperature-induced pressure changes in the sample chamber of DAC for
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present in liquids equilibrated at lower temperatures. The same type of behavior may also

characterize hydrous sodium disilicate glasses and, therefore, glasses formed from liquids

differ in their densities depending on their pressure-temperature history. In other words,

the structural arrangements of atoms, as recorded in the glasses, reflects the density

change associated with the corresponding liquids. In the case of the sodium disilicate

solution, a higher temperature of melt equilibration at constant pressure produces a

substantially higher density of the molten product. Indeed, the present high P-T

experimental results (Fig. 3.8) clearly demonstrate that decompression melting at higher

temperatures produces liquids with progressively higher densities relative to the ambient

temperature liquid. Furthermore, the positive sign of the second pressure derivative of the

adiabatic bulk modulus (Ks) at higher T indicates that there exist more efficient

mechanisms of sample densification than at lower T (Fig. 3.6). Even though the Ks' of

the glass (Fig. 3.6) is comparatively normal (4.8), it produces almost a doubling of its

bulk modulus between about 2 and 8 OPa. This is a direct consequence of the markedly

low initial Ks associated with the high compressibility of the dissolved water. It is

important to emphasize that while a shortening of hydrogen bonds is a major

compression mechanism for OIr and H20 present in glasses [Richet and Polian, 1998],

within this pressure range and at ambient temperature the silicate network itself likely

compacts primarily via changes in the Si-O-Si angle [Remley et al., 1986; Williams et al.,

1993].

An indirect confirmation of the expected gradual structural changes in glass and

its melt can also be shown through an analysis of the temperature-induced changes of

pressure (Fig. 3.14) in the sample chamber of DAC. There are two distinctly opposite

74



types of pressure changes observed across Tg regions during heating cycles in the DAC: a

gradual increase (2.9 GPa initial pressure curve) and a substantial drop in pressures (5.6

and 5.9 GPa initial pressure curves) at the onset of the phase transition. These changes

are likely associated with a decrease (for higher P) or increase (for lower P) in sample

volume, implying that liquids formed from high-P glass melting structurally differ from

those generated at lower pressures. This supplementary experimental observation is also

in qualitative agreement with the general concept of new densification mechanisms

[EI'kin et al., 2002, Farber and Williams, 1996] induced by high pressure in the silicate

glasses and melts.

It is worthwhile to note that the experimentally measured temperature

dependencies of Vp and nVp (Fig. 3.11) as well as the densities, optical (Fig. 3.12) and

elastic (Fig. 3.13) properties extracted from these measurements are each subject to the

pressure changes inside the DAC chamber during heating cycles. Below 650 K, the total

change in pressure is relatively small between the 300-K starting pressure and the

pressure at which the glass transition is encountered for the runs with initial pressures of

5.6 and 5.9 GPa: a significant excursion to higher pressure does take place at low

temperature (below 450 K) in the 5.6 GPa run, but the sample reverts back to near its

starting pressure near the glass transition. In contrast to the anhydrous sodium disilicate

glass, which, similar to silica glass, shows an increase in sound velocity at relatively

constant pressure, the significant pressure increase (Fig. 3.14) in the DAC sample

chamber is one of the reasons for the more dramatic sound velocity increase with

temperature in the hydrous material. Therefore, we expect that the density of the melt

should be undergoing a larger isobaric increase than that shown in Figure 3.12 when the
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observed pressure drop is considered (Fig. 3.14). Accordingly, the results of Figure 3.12

provide a lower bound on the actual density change with pressure of the melt. In other

words, the density of the liquids formed upon melting of the glass are shown at lower

pressures than their precursors due to the decrease in the volume of the sample associated

with the more compact packing of atoms in the high temperature, relaxed form.

The same effect is seen in the temperature dependence of elastic properties (Fig.

3.13). Here, at a temperature corresponding essentially precisely to the glass transition

(485 K), the index of refraction, and hence density, show a significant discontinuity (Fig.

3.12). This drop in density, and commensurate pressure decrease, coupled with the near

constancy of Vp across this transition (Fig. 3.11), produce a bulk modulus near the glass

transition that lies, perhaps fortuitously, on the solid trend (Fig. 3.13). That the results of

Figures 3.12 and 3.13 are not under isobaric conditions (a difficult condition to generate

within the externally heated diamond cell in systems with large volume changes) makes it

important to take into account the crucial role played by a decrease in pressure in

generating the apparent negative dKs/dT for the liquid. While the intercalated effects of

changes in sample volume and thermal relaxation of the cell assembly are difficult to

separate from one another, the key aspect here is that changes in phase are clearly

apparent in such measurements, and robust changes in the behavior of the derivatives of

elastic properties are also apparent.

Indeed, precise results on dKs/dT might be achievable only when the technical

problems associated with making measurements at isobaric conditions at high

temperatures are fully resolved: a difficult but not impossible experimental task.

Alternatively, conducting a large number of measurements at known (but varying)

76



pressure and temperature conditions and inverting these data for derivatives of elastic

properties may prove necessary: given the difficulty of these measurements, such

extensive data sets are likely possible, but still require technical improvements in both

sample retention at high pressures and temperatures, and likely in the speed/signal-to-

noise of the Brillouin measurements.

3.4.2 The Pressure Dependence ofthe Partial Molar Volume ofWater

The partial molar volume of water (VHzO) in the melt has been expressed in terms

of a model equation [Ochs and Lange, 1997] for hydrous silicate liquids (over the

temperature range from 600 to 1873 K and pressures up to 1 OPa) as:

( dViJ

V liq -""'X Vj,Tref+ dVj(T-Tref)+ (dVjJ + dP (T-Tref) (P-Pref)
P,T,Xi L...; j dT dP dT

Tref

VHzO = (3.4.1)
XHzO

where V~;T,X,iS the molar volume of the liquid, V j, Tref is the partial molar volume of each

oxide component j (except water), T is the temperature in Kelvins, P is the pressure in

dVj
bars, Pref is one bar, is the partial molar thermal expansivity of each oxide

dT

dVj
component j (except water), is the partial molar volume compressibility of each

dP

oxide component j (except water), (::JjdT is the temperature dependence of the

partial molar compressibility of each oxide component j (except water), X j is the mole
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fraction of each oxide componentj (except water), and XH20 is the mole fraction of water

component. It is possible to estimate the pressure dependence of partial molar volume of

water in the hydrated Na20-2Si02liquid at 457 K by using Equation 3.4.1 in conjunction

with the values of partial molar volume, thermal expansivity, compressibility,

(~ )/dT previously determined for SiO, and Na,O components at T", = 1673 K, and

V~:T,Xi recalculated from our density values (Fig. 3.8). The consistency of our present

results for the partial molar volume of water (Fig. 3.15) with those obtained by both

dilatometryexperiments [Ochs and Lange, 1997, 1999] and direct density measurements

[Burnham and Davis, 1971] not only indicates that the range of applicability of the

proposed model equation might extend far towards water-rich compositions, but also is

qualitatively consistent (for pressures below 0.8 GPa) with the results of studies on the

solubility of water in peralkaline silicate and aluminosilicate melts [Mysen and Acton,

1999], where values of VH20 are reported to be lower than those derived by Ochs and

Lange.

It is important to recognize that the substantial amount of data relating to the

pressure dependence of water solubility [Mysen and Acton, 1999; Mysen and Wheeler,

2000; Mysen, 2002] cannot be directly used in the present study to estimate VH20.

Nevertheless, the interpolation of both the model equation for hydrous silicate liquids

[Ochs and Lange, 1997] and the empirical P-VH20-T equation of state [Burnham and

Davis, 1971] down to 457 K appears to provide a reasonable approximation to this value

(Fig. 3.15). Although the dVj obtained by using the data of this study on the pressure
dP
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Pressure dependence of VH20 in the hydrated Na20-2Si02 liquid fonned upon

decompression melting at 457 K. Solid line is present study (maximum error in

calculations does not exceed ±1.5 %). Dotted and dashed lines are the interpolations of

the model equation for hydrous silicate liquids [Oehs and Lange, 1997] and the empirical

P-VH20-TEOS [Burnham and Davis, 1971] down to 457 K, respectively (measured molar

volumes can be recovered with a standard deviation of 0.5 %).
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dependence of VH20 agrees well with the earlier reported values [Ochs and Lange, 1997,

1999], and the combination of Equation 3.4.1 with our density data (Fig. 3.8) produces a

monotonic trend at higher pressures, the extrapolation (Fig. 3.16) of the model equation

and the empirical EOS at pressures higher than 1 GPa and low temperatures produce

peculiar functional forms and/or zero partial molar volumes for water in silicate melts.

Accordingly, we view high temperature and pressure Brillouin experiments as ultimately

being perhaps the most viable mechanism for establishing the partial molar volume of

water at the pressure conditions of the shallow upper mantle. While we do not view our

derived pressure dependence of the partial molar volume of water (Fig. 3.16) as

definitive, we believe that it provides a starting point for the assessment of the partial

molar volume of water at upper mantle depths, and the temperatures associated with

shallow subducted material.

The glass transition temperature (Tg) inferred from the present Brillouin scattering

measurements of the hydrous liquid and glass (Fig. 3.11) at high pressure lies within the

boundaries of trends of total water content vs Tg for glasses of rhyolitic [Sowerby and

Keppler, 1999], haplogranitic and albitic [Shen and Keppler, 1995; Dingwell, 1998]

chemistries. The experimentally determined value of Tg of 483 K at a pressure of 8.1 GPa

is strikingly close to the Tg of 466 K calculated for hydrous sodium disilicate system

using expression Tg =1059-83.47In(cw), where Cw is the water concentration in wt.%

[Dingwell, 1998]. This excellent agreement supports the idea originally proposed for the

felsic melts that the effect of hydration on the glass transition is largely independent of

composition [Sowerby and Keppler, 1999].
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Figure 3.16.

Extended pressure dependence of VlliO in the hydrated NazO-2SiOzliquid formed

upon decompression melting at 457 K. Solid line is present study (maximum error in

calculations does not exceed ±1.5 %). Dotted and dashed lines are the interpolations of

the model equation for hydrous silicate liquids [Ochs and Lange, 1997] and the empirical

p- VHzO -TEOS [Burnham and Davis, 1971] down to 457 K, respectively (measured molar

volumes can be recovered with a standard deviation of 0.5 %).
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The relative importance of water-rich fluids relative to mildly hydrated silicate

melts for volatile transport within subduction zones remains uncertain. While such liquids

are fully miscible at high pressure and temperature conditions, both the amount of water

present and perhaps the wetting/rheologic behavior of the fluid would differ markedly

between a comparatively refractory silica-rich liquid and a water-dominated liquid.

Indeed, partially molten (and likely hydrated) zones have been seismically inferred to

exist at depths between 300 and 400 km [Revenaugh and Sipkin, 1994; Nolet and

Zielhuis, 1994]. Our results demonstrate that the densities and bulk moduli accessed by

even a 46 wt% (or 74 mol%) water solution at modest pressures far more closely

resemble those of a silicate liquid than those of low pressure water (Figs. 3.6, 3.8).

Silicate melts generally have bulk moduli that lie in the 15-25 GPa range [Rivers and

Carmichael, 1987; Secco et al., 1991], while liquid water at ambient pressure has a bulk

modulus less than 2 GPa [Shimizu et al., 1996b]. For comparison, estimates of the bulk

modulus of the water component in silicate liquids containing up to 6 wt% water lie near

6 GPa [Ochs and Lange, 1997]. Our data show that (at least at modest temperatures), the

bulk modulus of a 74 mol% water sodium silicate aqueous solution is near 9 GPa, and

increases markedly with compression. Indeed, an extrapolation of the trends in Figure 3.8

implies that under the pressure conditions of the deep upper mantle (10-13 GPa), this

aqueous solution will have a bulk modulus of -100 GPa and a density near 2.8 g/cm3
:

values approaching those of a silicate liquid under these conditions. Accordingly, we

hypothesize that the seismic signature of a region containing a water-rich fluid may be

effectively indistinguishable from that of a partially molten zone with a (nearly

anhydrous) silicate liquid.
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3.5 CONCLUSIONS

Brillouin spectroscopy using the "modified" platelet scattering geometry can be

successfully applied to molten silicate systems at high pressure and temperature

conditions. The glass transitions in these systems is manifested by a shift in the pressure

derivatives of the sound velocities, and are likely associated with the complete onset of

the spectrum of relaxational mechanisms at Brillouin frequencies. This criterion for

determining the glass transition temperature produces values in close accord with those

inferred from other, longer time-scale probes. Our data allow not only the elastic

properties of hydrous and anhydrous sodium silicate liquids to be determined at

simultaneous high pressures and temperatures, but also can be used to model the partial

molar volume of water in silicate liquids at high pressures. We find that water-rich fluids

at deep upper mantle depths may have elastic properties far more similar to those of

anhydrous silicate liquids than at low pressure conditions. Thus, while the precise

temperature dependence of the density and elasticity of aqueous fluids under the

comparatively hot conditions of ambient mantle remains to be determined, our

reconnaissance results demonstrate the utility of Brillouin spectroscopy coupled with the

externally heated diamond anvil cell in characterizing the elastic behavior of hot,

compressed liquid systems.

3.6 FUTURE DIRECTIONS

As a short-term commitment, we plan to perform the Brillouin scattering
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measurements of sodium silicate liquids to 600°C (1000 °c is feasible to achieve if the

cubic zirconia anvils are used; the tradeoff is the lower pressure range and increased

amount of breakage of such anvils) and - 10 GPa in the externally heated DAC. Liquid

silicates with the following set of silica-to-alkali weight ratios and viscosities: 3.25

(viscosity: 0.83 Pa's); 3.22 (viscosity: 0.18 Pa's); 2.88 (viscosity: 0.96 Pa's); 2.4

(viscosity: 2.1 Pa's); 2.00 (viscosity: 0.4 Pa's); 1.60 (viscosity: 0.28 Pa's) and the

corresponding anhydrous sodium silicates - will be studied in addition to the samples

with 2.00 (viscosity: 70 Pa's) silica-to-alkali weight ratio and the corresponding water

free glass and melt that are already under investigation. The elastic and relaxation

properties obtained from the Brillouin measurements will be correlated with Raman

spectroscopic data that constrain the degree of polymerization of the liquids. Our goal is

to produce a correlation between high pressure elasticity/density and pressure-induced

shifts in melt polymerization. Brillouin light scattering results obtained in the "modified"

platelet scattering geometry will be verified by the Brillouin measurements at lower

pressures up to 2.5 GPa and 1000 °c in the newly designed for symmetric 90°-scattering

geometry DAC (based on hydrothermal DAC [Bassett, 2003]) that allows to carry out the

experiments in the conventional platelet geometry [e.g., Tkachev and Bass, 1996]. The P

T dependences of elasticity and density measured in liquids will be used as analogs for

density and elasticity changes in silicate melts at pressures and temperatures of the

Earth's lower crust and upper mantle.

Our goals also include measurements of sound velocity in potassium silicate

liquids at high T and P of internally heated DAC by Brillouin light scattering. Again,

silica-to-alkali weight ratios and water content will be varied and Brillouin data will be
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correlated with Raman spectroscopy measurements in order to assess the effect of the

degree of polymerization and composition on viscous and elastic properties of silicate

liquids under extreme conditions of the Earth's interior. In fact, we have already made an

initial effort in the direction of extending our research towards other compositions of

silicate liquids by performing Brillouin light scattering measurements at moderate

pressures of two sodium silicate solutions with different Ca(OH)2 concentrations [Phair

et al., 2004]. The data on sodium silicate liquids will be compared with data on potassium

silicates and, if necessary, custom made compositions of silicate liquids with Li oxide

network modifiers will be utilized for further Brillouin and Raman measurements. The

final data will be directly applied to constrain structural and elastic changes in properties

that natural melts are likely to undergo at high pressures.

We recognize that this suite of studies involves an ambitious research plan, which

holds the prospect of providing an unprecedented data set of the elasticity of melts at high

pressures and temperatures. The compositions, which we have chosen to date, are those

that we are confident will undergo major structural changes under pressure, which are

readily interpretable from a chemical and microstructural viewpoint using Raman

spectroscopy. Examining melts, which have greater chemical complexity and incorporate

volatile constituents, are a long-term goal of this set of studies.

Measurements on these materials may be conducted toward the end of this

sequence of studies designed to illuminate the microstructural systematics of melt

elasticity at pressure, likely utilizing a combination of chemistry and pressure to tune the

structure of the melt, while probing its elastic response. Additionally, we recognize that

the ultimate goal of such studies is to conduct measurements on actual molten natural
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magma compositions at high pressures and temperatures: because of the high

temperatures required to access the liquidus of most mafic magmas, we view such studies

as demanding a new generation of measurements which couple diamond anvil-cell laser

heating with Brillouin spectroscopy: we believe that our proposed studies provide a

logical (and completely necessary) step towards this ultimate goal of studies of melt

elasticity.
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APPENDIX

Selected answers (A) to some reviewers' critique (Q)

Q1. One question is the use of the term glass transition, with regard to the solidification

of the sodium silicate solution. Historically, the term glass transition is used to refer to

the transition in a solid from a glass to a higher temperature supercooled liquid in which

the structural configuration can easily change. This is still the most common way in

which the term is used.

At. The glass transition as we use it in the context of our sodium silicate solution reflects

the transition from a supercooled liquid to a glass through compression: the glass

transition is, from a thermodynamic perspective, a second-order transition from a liquid

to an amorphous solid (or vice versa). That we encounter this transition on compression

is a natural consequence of a positive Clapeyron slope of this transition. There is thus no

contradiction in the usage of the term "glass transition" at pressures other than ambient,

because pressure only adds another degree of freedom to the system and does not change

the physical meaning of the glass transition itself. Accordingly, we believe that our usage

of this term is thermochemically correct. Our usage is also in accord with the chemical

physics literature, as shown by Takagi et al. [1997] (including in their title - referenced

in the text of the dissertation), who observe a glass transition in propanol at ambient

temperature and -5 GPa.

Q2. There is an observation of a change in some properties at high pressure, which is

interpreted as a transition to an amorphous solid, and that is probably fine. It is referred to
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as a glass transition, but it may be very different from the usual sense of a glass

transition.

A2. Transition from a liquid to a crystalline state and vice versa are typically associated

with a discontinuity in sound velocities at the transition pressure/temperature. We

observe only bending points (changes in slope), that are usually characteristic of

transitions between amorphous states. Finally, the Brillouin spectra above Tg, are

noticeably broader than below Tg, which is one of the confirmations that glass exists

below Tg.

Q3. It is true that the "glass" material transmits shear waves, but Grimsditch et aI., [1989]

has shown that shear waves can be seen in this frequency range even above the melting

point. Is what they are observing a glass transition, or a freezing point?

A3. The freezing point is associated with a first order phase transition, which is

characterized by discontinuities in pressure or/and temperature dependencies of density

and sound velocity. It is also associated with sample crystallinity. Our results demonstrate

that there are no discrete jumps in pressure dependencies of sound velocities during the

transition from one state to another; neither are there crystals; therefore, the concept of

"freezing point" is not valid in our case, and we believe that the evidence is unambiguous

that we are observing the glass transition.
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Q4. In Figure 3.5, it seems clear that Vs show a different glass transition pressure (about

.7 GPa) than Vp or nVp• These glass transition pressures differ by about a factor of two!

This deserves some comment. In terms of density, there is no glass transition at 1.3 GPa

(Fig.3.6).

A4. There is an apparent "hump" in Vs values and the explanation is now given in the

caption to Figure 3.5 - the simple observation is, as Figure 3.1a shows, that the shear

peak is broad and weak, and is thus far more subject to possible errors than Vp.

Additionally, as a second order transition, we do not expect to see a change in density at

the glass transition; only a shift in its pressure dependence. The latter shows up in both

the sound velocity and bulk modulus. Accordingly, density is not very sensitive to the

glass transition, and it is not surprising that Figure 3.6 does not have a clear cut bending

point in density.

QS. Figure 3.7 is very interesting. It shows that Vp changes FASTER with pressure in the

solid, than it does in the liquid! Wouldn't one expect the liquid to change more rapidly

with pressure? Does this contradict the solid versus liquid behavior of K' discussed earlier

in the text? This should be addressed. It is either a very interesting physical phenomenon

or an error in the data.

AS. The errors in Brillouin spectroscopy measurements do not exceed the sizes of the

symbols, so errors are not a potential cause of the trend mentioned above. We believe that

the relevant parameter to consider is dVpNp here, which is roughly comparable between
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solid and liquid. Nevertheless, we believe this trend may have a straightforward (although

speculative) physical explanation, associated with a coordination transformation of

silicon within the solid. Characterizing this phenomenon would require Raman

experiments at these conditions, as well. These unique experiments are currently in

progress, and we hope to fully address this intriguing question in the nearest future.

Q6. It has been asserted that "the notably higher Ks' of the fluid is consistent with the

liquid being able to access a wider range of compression mechanisms, thus illustrating..."

This is an interesting idea but is it possible to provide some other examples to give some

credibility to this argument?

A6. It is an interesting idea. However, it is certainly not new. It was discussed over 17

years ago by one of the collaborators [e.g., Williams and Jeanloz, 1988], and formed a

basis for interpreting the well-publicized shock experiments on silicate liquids [Stolper

and Ahrens, 1987]. There are a number of other examples as well, but the fact is that this

argument is quite well-precedented; it also makes simple physical sense. We could

include copious references, but this argument is really routine at this stage.

Q7. Does it make sense speculating on the existence of a first or second order transition

in a system which is not fully equilibrated?

A7. The ability of thermodynamics to treat metastable phases is well-documented, in a

broad suite of studies that spans from thermodynamic measurements of thin films to

ceramics (as exemplified by the cement literature) to the enormous literature on the
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thennodynamics of amorphous solids at ambient or near-ambient pressures. This

comment seems to imply that one should only thennodynamically examine phases that

have the lowest Gibbs Free Energy (and thus are "fully equilibrated") - which, were we to

take it to its logical extreme, indicates that if one wanted to apply thennodynamics to our

system (or any amorphous or metastable system), we should just simply

crystallize/equilibrate our samples and be done with them. In short, the fact that a phase

is metastable (or "non-equilibrium") in no way or fonn obviates the ability to apply

thennodynamics to that phase. This is not to say that amorphous-amorphous transitions

(in ice, silicate glass, or otherwise) must be correlated with liquid-liquid transitions; nor

that they need to occupy the same portion of the potential energy landscape as the liquid;

nor that the time-scales/sample history might play a role in the structural state of the

glass; nor that a continuum of (amorphous) structural states might not exist

[Giovambattista et aI., 2003]. Rather, irrespective of metastability or degree of

equilibration, the thennodynamic state of a sample may be specified, and the response to

Q7 is thus a resounding "yes".

The underlying subtext of this response to the reviewer's query is important: the

recognition that apparent pressure-induced first-order transitions can occur within

amorphous/out-of-equilibrium materials (as first described by Mishima et aI., [1985])

inspired extensive theoretical and experimental follow-ups and interest (and 312 citations

to date in the lSI index). We view our present work documenting apparent pressure

induced second-order transitions in amorphous materials as being of comparable interest

to the previous documentations of first-order amorphous-amorphous (and not fully

equilibrated) transitions. So, irrespective of our arguments in the paragraph above, the
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reviewer's query, on which much of hislher first comment is based, has already been

abundantly answered within the current literature of the field.

QS. The self-contradictory phrase "this pressure-induced second order transition does

share characteristics with the glass transition" shows the weak point of the present work.

In fact the liquid-glass transition, similar to the glass-glass transition here observed in

float glass, is an out-of-equilibrium process and, for this reason, it cannot be recognized

either as a first or a second order phase transition.

AS. We disagree, and believe that the entire quote should have been used: "The likely

second order transformation we document here is CLEARLY DISTINCT from the well

known thermally activated second-order glass transition. However, this pressure-induced

second order transition does share characteristics with the glass transition: it is associated

with the glass accessing a different (and, in this instance) pressure-activated set of

structural environments... ". The full quote exemplifies the disagreement that the reviewer

has with our study: our description of the glass transition as second-order. The reviewer

is correct that this has been a topic of extensive discussion: from a phenomenological

standpoint, the near-universal smeared discontinuities in second-order thermodynamic

properties have led a wide suite of investigators, from Gibbs and DiMarzio [1958] on to

Richard Zallen in his text "The Physics of Amorphous Solids" [1983] to describe the

liquid -glass transition as (Zallen's description, p. 19) "an apparent, diffuse, second order

transition." More recently, Nieuwenhuizen [1997; 2000] has documented that the

Ehrenfest relations, when correctly formulated, are satisfied for the best-documented
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glass-liquid transitions (and thus that the transition satisfies the thermodynamic criteria

for a second order transition). It is with such studies in mind that we referred to the

liquid-glass transition as second order.
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