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Nonlinear effects of hydration on high-pressure sound velocities of rhyolitic glasses
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ABSTRACT

Acoustic compressional and shear wave velocities (Vp, Vs) of anhydrous (AHRG) and hydrous
rhyolitic glasses (HRG) containing 3.28 wt% (HRG-3) and 5.90 wt% (HRG-6) total water concentra-
tion (H,O,) have been measured using Brillouin light scattering (BLS) spectroscopy up to 3 GPaina
diamond-anvil cell at ambient temperature. In addition, Fourier-transform infrared (FTIR) spectroscopy
was used to measure the speciation of H,O in the glasses up to 3 GPa. At ambient pressure, HRG-3
contains 1.58 (6) wt% hydroxyl groups (OH") and 1.70 (7) wt% molecular water (H,0,,) while HRG-6
contains 1.67 (10) wt% OH™ and 4.23 (17) wt% H,O,, where the numbers in parentheses are £1c. With
increasing pressure, very little H,O,,, if any, converts to OH" within uncertainties in hydrous rhyolitic
glasses such that HRG-6 contains much more H,O,, than HRG-3 at all experimental pressures. We
observe a nonlinear relationship between high-pressure sound velocities and H,O,, which is attributed
to the distinct effects of each water species on acoustic velocities and elastic moduli of hydrous glasses.
Near ambient pressure, depolymerization due to OH™ reduces Vs and G more than ¥} and K. Vp and
K in both anhydrous and hydrous glasses decrease with increasing pressure up to ~1-2 GPa before
increasing with pressure. Above ~1-2 GPa, V; and K in both hydrous glasses converge with those in
AHRG. In particular, V; in HRG-6 crosses over and becomes higher than V', in AHRG. HRG-6 displays
lower Vs and G than HRG-3 near ambient pressure, but Vs and G in these glasses converge above ~2
GPa. Our results show that hydrous rhyolitic glasses with ~2—4 wt% H,0O,, can be as incompressible
as their anhydrous counterpart above ~1.5 GPa. The nonlinear effects of hydration on high-pressure
acoustic velocities and elastic moduli of thyolitic glasses observed here may provide some insight into
the behavior of hydrous silicate melts in felsic magma chambers at depth.

Keywords: Hydrous glass, sound velocity, elasticity, water, rhyolite, Brillouin light scattering
spectroscopy, FTIR spectroscopy, high pressure, diamond-anvil cell

INTRODUCTION Zhang 2001), and electrical conductivity (Ni et al. 2011; Guo
et al. 2016). These effects are manifested in explosive volcanic
eruptions, some of the largest of which involve felsic magmas.
The intensity of volcanic eruptions is largely governed by the
viscosity of constituent magmas and, correspondingly, the degree

Igneous activity at Earth’s surface significantly affects society
and also shapes the physical and chemical properties of the crust
(Carn et al. 2009). The role of “water” in igneous processes
is a topic of great interest due to the widespread occurrence
of H,0 in Earth’s crust and mantle (Mysen and Richet 2005). to which the magmas are polymerized or depolymerized due to
H,O is present in magmas and quenched silicate glasses as both the presence of water species. While H,O incorporated in silicate
molecular water (H,0,,) and hydroxyl groups (OH"), where melts as OH™ depolymerizes the silicate network and decreases
OH- depolymerizes the silicate network (Stolper 1982a, 1982b). the viscosity of respective melts, it still plays an important role
Even at low concentrations, incorporation of these H,O species 1 €xplosive eruptions (Shaw 1963). H,O solubility decreases
has been shown to significantly alter the physical properties of during magma ascent and results in the exsolution of species into
glasses and melts, such as acoustic velocities and elastic moduli ~ molecular H,O vapor, which expands rapidly at magmatic tem-
(Malfait et al. 2011; Whittington et al. 2012), melting temperature ~ Peratures (Moore et al. 1995). This process, in combination with
(Kushiro et al. 1968; Grove et al. 2012), density (Richet and the inherently high viscosity of anhydrous felsic magmas, causes
Polian 1998; Ochs and Lange 1999; Richet et al. 2000), viscosity the explosiveness of felsic, H,O-rich magmas (Shaw 1972).
(Hess and Dingwell 1996; Richet et al. 1996; Whittington et al. Felsic eruptions can occur when differentiation of partially

2000; Hui and Zhang 2007), chemical diffusivities (Behrens and melted lower crustal materials produce melts with high silica
contents (Borg and Clynne 1998). These melts have been reported
to contain as much as ~6—-8 wt% H,O, at ~200-400 MPa and
* E-mail: afu@jsg.utexas.cdu ~400-600 °C (Lowenstern 1994; Wallace et al. 1999; Wallace
T Orcid 0000-0002-6625-6346 2005). S £ the 1 ¢ felsi i 1 .
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University, Kumatori, Osaka 590-9494, Japan. eruptions that formed the Long Valley and Yellowstone calde-
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ras (Bailey et al. 1976; Crosweller et al. 2012). Others felsic
eruptions occur along subduction zones, like in the Andes,
Japan, and the Cascades (Wallace 2005; Kimura et al. 2015;
Brandmeier and Worner 2016). Although seismic observations
can give insight into pre-eruptive processes, the detection and
estimation of crustal melt volumes and volatile contents under
extreme pressure-temperature (P-7) conditions remain challeng-
ing (Flinders and Shen 2017; Flinders et al. 2018). Understanding
the acoustic velocities in glasses of relevant compositions and
the role of different species of H,O on altering these velocities
with depth can aid in constraining and interpreting melt fractions
and volatile contents of magmatic bodies observed from seismic
studies. Furthermore, uncovering physical properties, such as
density and incompressibility, of rhyolitic melts at depth is es-
sential to our interpretation of eruptive processes, such as melt
buoyancy and melt migration.

Two previous studies have focused on the effect of H,O on
the elastic properties of quenched haplogranitic and rhyolitic
glasses at ambient pressure (Malfait et al. 2011; Whittington et
al. 2012). Other experimental studies have explored the elastic
properties of anhydrous silicate glasses of various compositions
at high pressure (Meister et al. 1980; Suito et al. 1992; Zha et
al. 1994; Sanchez-Valle and Bass 2010; Yokoyama et al. 2010;
Liu and Lin 2014; Clark et al. 2016). These studies have shown
that silicate glasses exhibit anomalous elastic properties with
increasing pressure. In crystalline materials, acoustic velocities
and elastic parameters normally increase approximately linearly
with pressure. In silicate glasses, however, these properties
decrease with pressure up to ~2—5 GPa, but then increase with
pressure above a certain transition pressure. This minima in elas-
tic properties has been attributed to the anomalous compression
mechanisms in silicate glasses, whereby densification results
from tightening of inter-tetrahedral bond angles and a distortion
of'the tetrahedral network rather than by decreasing bond lengths
(Clark et al. 2014; Wang et al. 2014). The minima in velocities
and compressibility correspond to pressures at which silicate
glasses reach a packing limit. At higher pressures, densification
occurs through shortening of bond lengths and increasing Al
and Si coordination. The pressure dependence of the increasing
coordination depends upon the composition and polymerization
of the glass (Lee et al. 2004, 2011; Lee and Stebbins 2009). The
presence of volatiles in interstitial voids can affect the velocity
minima and the transition pressure of the glass (Clark et al. 2016).
Therefore, the linear effects of water on acoustic velocities of
hydrous glasses observed near ambient pressure in previous
studies (Malfait et al. 2011; Whittington et al. 2012) may not
hold at high pressure and need to be investigated.

The polymerization of hydrous rhyolitic melts and glasses
may also change if the proportion of OH™ to H,0,, changes as
a function of pressure and temperature. The relative proportion
of H,0,, and OH" has been shown to change above ~1.0 GPa
and could alter the structure and elastic properties of hydrous
glasses and melts at higher pressures (lhinger et al. 1999; Hui
et al. 2008; Malfait et al. 2012; Ardia et al. 2014; Helwig et al.
2016). With increasing temperature, the ratio of OH™ to H,0,,
will increase, and OH~ will dominate at magmatic temperatures
(Stolper 1982a; Keppler and Bagdassarov 1993; Nowak and
Behrens 1995; Shen and Keppler 1995). Because studying the
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properties of melts at high pressure and temperature conditions
remains challenging, silicate glasses have commonly been used
as analogs for silicate melts (Williams and Jeanloz 1998; Lee et
al. 2008). Previous studies have shown that quenched glasses
retain the local structure of their corresponding liquids (Seifert
etal. 1981; Malfait et al. 2014), which has been commonly used
as justification for the analog approach.

Despite previous efforts, the effects of H,O,, and OH™ on
the acoustic velocities and elastic moduli of rhyolitic glasses at
pressures above a few hundred megapascals have been poorly
studied. At pressures relevant to felsic magma chambers, elastic
properties depend not only on H,O,, but also on how the dif-
ferent species of H,O interact with the structure of the glass.
The linear hydration effect on acoustic velocities of rhyolitic
glasses observed previously at ambient pressure (Malfait et al.
2011; Whittington et al. 2012) could become nonlinear at high
pressures. To better understand the behavior of felsic magmas at
depth, it is thus essential to constrain water speciation in hydrous
glasses and correlate these species with experimental acoustic
velocities and elastic moduli at high pressures.

Here, we report acoustic velocities and elastic moduli in
both anhydrous (AHRG) and hydrous rhyolitic glasses (HRG)
containing 3.28 wt% H,0, (HRG-3) and 5.90 wt% H,O, (HRG-6),
measured using Brillouin light scattering (BLS) spectroscopy in
a diamond-anvil cell (DAC) up to 3 GPa. Complementary FTIR
measurements were also conducted to examine H,O speciation
as a function of pressure. These observations are applied to cor-
relate how the different species of H,O contribute to the observed
changes in velocities and equation of state parameters of hydrous
rhyolitic glasses at high pressures. We observe nonlinear effects
of hydration on acoustic velocities and elastic moduli at high
pressure, which are applied to decipher elastic behaviors of felsic
magmas in the deep crust.

EXPERIMENTAL METHODS

Rhyolitic glass samples were cored from a natural obsidian, which consisted
of high-silica rhyolitic glass and <1 vol% microlites of Fe-Ti oxides (Gardner and
Ketcham 2011). Two cores were placed in Au capsules, along with a pre-deter-
mined amount of deionized water to ensure H,O-saturation at run conditions. The
capsules were welded shut and then heated and weighed to ensure that no leaks
existed. The samples were then run in externally heated pressure vessels at high-
P-T conditions for ~7 days in the Petrology Laboratory of the University of Texas
at Austin (Table 1). A third core was placed inside a Pt capsule for the synthesis
of anhydrous rhyolitic glass (AHRG), which was left open, and was placed inside
an externally heated pressure vessel and run at 0.5 MPa and 1150 °C in Ar gas to
dehydrate the glass sample. All samples were quenched rapidly, and the two runs
at elevated pressures were weighed to check for leaks. After quenching, sample
compositions and homogeneity were evaluated by the JEOL JXA-8200 Electron
Microprobe in the Department of Geological Sciences at The University of Texas
at Austin (Table 2). At least 10 measurements of each glass sample were made with
an accelerating voltage of 10 kV, beam currents of 2—-10 nA, and defocused beam
sizes of 10-20 um. Oxide compositions were averaged and normalized to 100% for
comparison among different glass samples (Table 2). In total, three samples were
synthesized and used for the study: one glass with 3.28 wt% H,O, (HRG-3) and
one glass with 5.90 wt% H,O, (HRG-6), while the third core produced anhydrous
glass with ~0.1 wt% H,O, (AHRG) (Table 1).

TABLE 1. Synthesis conditions of rhyolitic glasses

Sample Run P (MPa) T(°C) Time (h) OH- (wt%) H,0,, (Wwt%) H,O,(wt%)
HRG-6 G-1730 190 850 169 1.67(10)  4.23(17)  5.90(20)
AHRG G-1756 0.5 1150 415 - - <0.15

HRG-3 G-1800 675 875 165 1.58 (6) 1.70(7) 3.28(9)

Note:Values in parentheses are standard deviations (+10) from FTIRmeasurements.
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TABLE 2. Compositions and total water contents (H,0,) of glasses in

this study
Oxide wt% Whole-rock AHRG HRG-3 HRG-6
Sio, 76.53 76.70(98) 76.23(67) 76.46(97)
Al,O; 13.01 13.30(18) 13.37(19) 13.23(22)
Na,O 3.87 4.00(40) 3.67(3) 3.85(17)
K,O 4.91 4.85(21) 4.99(7) 4.91(10)
Ca0 0.74 0.82(5) 0.77(3) 0.75(3)
FeO 0.79 0.23(14) 0.84(10) 0.67(9)
MgO 0.02 0.03(2) 0.02(1) 0.02(2)
MnO 0.08 0.02(2) 0.05(1) 0.06(2)
TiO, 0.06 0.04(3) 0.05(3) 0.05(2)
H,0, - <0.15 3.28(9) 5.90(18)

Notes: The sum of components other than H,0, are normalized to 100% for
comparison between different glass samples. Values in parentheses are standard
deviations (+10) from EPMA and FTIR measurements.

FTIR analyses of double-polished samples at ambient conditions were carried
out on all glass samples in the Department of Geological Sciences at The Univer-
sity of Texas at Austin to determine H,O, using a Thermo-Electron Nicolet 6700
spectrometer and Continuum IR microscope. Absorbances in the near-infrared
region at ~4500 and ~5200 cm™' were used to calculate H,O, at ambient conditions
following the procedures of Gardner and Ketcham (2011). At ambient pressure,
AHRG contains ~0.1 wt% H,0,, HRG-3 contains 1.58(6) wt% OH~ and 1.70(7)
wt% H,0,,, and HRG-6 contains 1.67(10) wt% OH" and 4.23(17) wt% H,0,,. The
water content in AHRG is negligible compared to the two hydrous glasses so it is
used as the reference for the anhydrous rhyolitic glass.

Furthermore, densities at ambient pressure (p,) for the glasses were determined
from the partial molar volumes of oxide components and H,O at 300 K following
literature procedures (Richet et al. 2000; Lin and Liu 2006). Archimedes’s method
with toluene as the immersion liquid was used to confirm that the density of HRG-6
matched the calculated density within uncertainties. The other two glass samples,
AHRG and HRG-3, were not checked with this method because of insufficient
quantities of materials.

Two runs of micro-FTIR measurements at high pressure were carried out on all
glass samples in DACs at the Institute for Planetary Materials, Okayama University
in Misasa, Japan. Micro-FTIR measurements were taken using a Jasco FTIR-6200
Fourier-transform spectrometer fitted with a Jasco IRT-7000 microscope with
Cassegrain optics (Chertkova and Yamashita 2015). Transmitted light was received
by a LN,-cooled HgCdTe detector for both mid-infrared (MIR) and near-infrared
(NIR) measurements. Analytical procedures were similar to those described in
Chertkova and Yamashita (2015), except a CaF,/Si beamsplitter was used for NIR
measurements while a KBr/Ge beamsplitter was used for MIR measurements. Glass
sample platelets were prepared by polishing both sides using 3M diamond films
with 1 and 0.3 pm grain sizes. Ambient-pressure spectra in the NIR region were
recorded to confirm H,O, in the glasses and to compare with MIR spectra before
high-pressure runs (Fig. 1). H,O speciation in HRG-6 calculated using MIR and
NIR spectra agreed well within uncertainties. In high-pressure measurements,
background spectra of the diamond anvils and the sample chamber were taken
prior to each measurement and were subsequently subtracted from the recorded
spectra (Chertkova and Yamashita 2015). In the first run (FTIR-Run 1), a 250 pm
thick Re gasket with a 300 um hole in the center was pre-indented to a thickness of
~100 um and was sandwiched between diamond anvils with diameters of 600 um
in a DAC. One piece of AHRG that was 23 + 3 um thick and one piece of HRG-6
that was 28 + 3 um thick were simultaneously loaded into the DAC along with
Ne and a ruby sphere as a pressure medium and pressure calibrant, respectively
(Dewaele et al. 2008). The MIR region from 14004000 cm™' was used in this run
to measure H,O, and H,0,, in the glasses (Fig. 1). OH™ contents were then calculated
based on the difference between H,O, and H,O,,. In the second run (FTIR-Run 2),
a DAC with a pair of 750 um culets was equipped with a 500 um thick Re gasket
pre-indented to ~400 pm with a 650 um hole in the center. A 333 + 3 um thick
piece of HRG-3 was loaded into the DAC along with Ne and a ruby sphere. The
large thickness of the sample resulted in saturated absorption bands in the MIR
region, so bands in the NIR region from 4000-6000 cm™" were used to measure
H,O speciation instead (Fig. 1).

Three separate runs of BLS measurements were carried out on the glasses up
to 3 GPa in DACs (Fig. 2). Each DAC with a pair of 600 um culets was equipped
with a 250 pm thick Re gasket pre-indented to ~150 um with a 300 um hole in the
center. Glass samples with diameters of ~100 pm were double-polished down to
<70 pm thick using 3M diamond films with 1 and 0.3 pm grain sizes. The samples
were then placed in a sample chamber with either Ne or 4:1 methanol:ethanol as the
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FI1GURE 1. Representative raw FTIR spectra of rhyolitic glasses
at ambient conditions. Numbers in parentheses represent sample
thicknesses. The absorption bands are assigned and labeled with the
associated H,O species based on previous studies (Stolper 1982b;
Newman et al. 1986; Withers and Behrens 1999). MIR spectra
(<4000 cm™) were only recorded for thin samples (<~30 pm), whereas
NIR spectra (>4000 cm™) allow for comparison between thicker samples.
The modulations in the MIR spectrum of AHRG are fringes resulting
from the double-side polished sample. (Color online.)

pressure medium (Fig. 2). It has been proposed that the use of noble gas pressure
media could alter the compressibilities and measured velocities in silicate glasses
(Shen et al. 2011; Weigel et al. 2012; Clark et al. 2014; Coasne et al. 2014), so
4:1 methanol:ethanol was used as the pressure medium in a separate run to check
for these effects. Both AHRG and HRG-6 were loaded simultaneously in the first
(BLS-Run 1) and second (BLS-Run 2) runs with Ne and 4:1 methanol:ethanol,
respectively. In the third run (BLS-Run 3), HRG-3 was loaded with Ne as the
pressure medium. In all runs, a ruby sphere was used as the pressure calibrant
(Dewaele et al. 2008).

BLS measurements were taken at the Mineral Physics Laboratory in the
Department of Geological Sciences at The University of Texas at Austin. The
Brillouin system is equipped with a 532 nm Coherent Verdi V2 laser and a JRS
six-pass tandem Fabry-Perot interferometer (Lu et al. 2013; Yang et al. 2014; Fu
et al. 2017). The focused beam size at the sample position was ~30 um. Spectra
were collected in a symmetric forward scattering geometry with an external angle
of 48.1°. The system is calibrated monthly using standard distilled water and sil-
ica glass (Lu et al. 2013). Acoustic velocities were calculated from the measured
frequency shift from:

_ Avgh,
™ 2sin(6/2)

where Vps is the compressional (¥3) or shear (Vs) velocity, Avg is the measured
Brillouin shift, A, is the laser wavelength in vacuum (approximately the same as
in air) (532 nm), and 0 is the external scattering angle (48.1°). Representative
Brillouin spectra of rhyolitic glasses at high pressure are shown in Figure 2. See
Online Material' for data.

DATA ANALYSIS AND MODELING
Measured acoustic velocities from BLS were used to derive other elastic pa-
rameters, including density (p), adiabatic bulk moduli (Ks), and shear moduli (G)
(Sanchez-Valle and Bass 2010; Liu and Lin 2014). To derive these elastic moduli
from velocity data, it is first necessary to determine the density of the glasses
as a function of pressure. Assuming the glass samples behave elastically under
compression, the density of the glasses at high pressures can be derived from:

P 1
L v
VP _EVS

American Mineralogist, vol. 106, 2021

Downloaded from http://pubs.geoscienceworld.org/msa/ammin/article-pdf/106/7/1143/5346113/am-2021-7597 .pdf
by Univ of Texas-Austin user
on 03 November 2021



1146

44

(a) AHRG

Intensity (Arb. Unit)

Velocity (km/s)

FIGURE 2. Representative Brillouin Light Scattering spectra of
rhyolitic glasses at ~3 GPa. (a) anhydrous (AHRG) and (b and ¢) hydrous
glasses with 3.28 wt% H,0O, (HRG-3) and 5.90 wt% H,O, (HRG-6).
Open circles are experimental data and red lines show fitted Gaussian
peaks. The compressional (¥}) and shear (¥s) wave velocities of the
glasses and Ne are labeled. The insert in b shows the sample chamber
in a DAC that has been loaded with AHRG (lower left), HRG-6 (upper
right), ruby as the pressure calibrant (upper left), and Ne as the pressure
medium. (Color online.)

where p is the density of the glass at high pressure, p, is the density of the glass at
ambient pressure (0.1 MPa), and P is the pressure (Sanchez-Valle and Bass 2010;
Liu and Lin 2014; Sakamaki et al. 2014). Once acoustic velocities and densities at
corresponding pressures were determined, the elastic moduli were determined from:

K :p(sz _ngzj
G=pV

Fourth-order Eulerian finite-strain EoS (Birch 1978) were then fit to the
derived elastic moduli. The fourth-order EoS was used to better capture the anom-
alous incompressibility and nonlinear change in K5 and G in silicate glasses with
increasing pressure (Clark et al. 2014; Liu and Lin 2014). Fitted elastic moduli
are also used to simultaneously fit measured acoustic velocities as a function of
pressure up to 3 GPa.

Measured FTIR spectra were analyzed to calculate H,O speciation of the sam-
ples as a function of pressure via the Beer-Lambert law, which relates absorbance
and thickness of a material to the concentration of the absorbing species within
it (Newman et al. 1986; Ihinger et al. 1999; Mclntosh et al. 2017), according to:
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M *A
H,0,,,0H — p*r¥g
where Ciy,,, oy, is the concentration of either H,0,, H,0,,,, or H,O dissolved as OH",
M is the molar mass of the species of interest, 4 is the absorbance, p is density of
the glass, ¢ is thickness of the glass, and ¢ is the molar absorption coefficient of the
FTIR band of interest (Fig. 3). € in rhyolitic glasses has been studied extensively
in both MIR and NIR regions (Newman et al. 1986; Zhang et al. 1997; Withers et
al. 1999; MclIntosh et al. 2017). Both MIR and NIR calibrations result in the same
H,O speciation, within uncertainties, in HRG-6 at ambient pressure. Therefore, both
IR regions are suitable for calculation of H,O speciation at high pressure. Densities
of glass samples as a function of pressure were determined from equation of state
(EoS) fitting. Because glass is elastically isotropic, the thickness of a sample at
high pressure is determined from:
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F1GURE 3. Representative FTIR spectra of the two hydrous rhyolitic
glasses with increasing pressure. (a) FTIR spectra of HRG-6 (5.90 wt%
H,0,) in the mid-IR region. (b) FTIR spectra of HRG-3 (3.28 wt% H,O,)
in the near-IR region. Linear baselines were subtracted from the mid-IR
spectra in a, whereas flexicurve baselines were used for background
subtraction from the near-IR spectra in b (Newman et al. 1986; Withers
and Behrens 1999; Mclntosh et al. 2017). Ne was used as the pressure
medium in FTIR experiments. (Color online.)
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e
p

where £, is the sample thickness in pm at ambient pressure that was measured using
an optical microscope (Amin et al. 2012). The MIR region was used to determine
the H,O speciation in HRG-6. The area under the peaks at ~1600 and ~3500 cm™!
was determined after a linear baseline was subtracted from the raw spectra (Newman
et al. 1986). The species-dependent method of determining H,O, from the band
at ~3500 cm™! was used along with molar absorption coefficients from Newman
et al. (1986) and McIntosh et al. (2017). Because of the thickness of HRG-3, the
bands in the MIR region were saturated. The ~4500 and ~5200 cm™! peaks in the
NIR region were therefore used instead to determine H,O speciation. However, the
sample was bridged and crushed by the diamond anvils at ~1.5 GPa, so no spectra
were recorded above this pressure. Using published values for the molar absorption
coefficients, the speciation of H,0,, and OH™ were determined from the area under
the peaks at ~4500 and ~5200 cm™ after a flexicurve baseline was subtracted from
the raw spectra (Fig. 3) (Withers and Behrens 1999).

RESuULTS

Analyses of BLS and FTIR results show that the addition
of H,O into rhyolitic glasses decreases Vp and Vs in hydrous
glasses at ambient pressure, consistent with previous studies
(Fig. 4) (Malfait et al. 2011; Whittington et al. 2012). Compared
to AHRG at ambient pressure, V; (Vs) in HRG-3 and HRG-6 are
reduced by ~4.8% (~6.7%) and ~5.1% (~8.6%), respectively
(Table 3). Our results are consistent with those of rhyolitic
glasses in previous studies and show slightly larger reductions in
velocities compared to haplogranitic glasses (Meister et al. 1980;
Suito et al. 1992; Malfait et al. 2011; Whittington et al. 2012). In
addition, reductions in velocities due to hydration are larger in Vs
than those in V5. The larger reductions in Vs can be attributed to
depolymerization of the glass structure by OH-, which reduces its
shear-resistance (Stolper 1982b, 1982a; Deschamps et al. 2011).
Vs, on the other hand, is not affected as much because the bulk
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FIGURE 4. Comparison of acoustic velocities in rhyolitic and
haplogranitic glasses as a function of total water content (H,O,) at ambient
conditions. Red symbols represent acoustic velocities in rhyolitic glasses
whereas open black symbols represent acoustic velocities in haplogranitic
glasses. The dashed red lines are linear fits to the data for rhyolitic glasses
while the dashed black lines are linear best-fit lines for haplogranitic
glasses similar to those used by Malfait et al. (2011). Uncertainties are
smaller than symbols when not shown. (Color online.)

1147

TABLE 3. Ambient-pressure acoustic velocities, elastic moduli, and
densities of investigated glasses

AHRG (BLS-Run 1)

HRG-3 (BLS-Run 3)

HRG-6 (BLS-Run 1)

Ve (km/s) 5.87(3) 5.59(3) 5.57(3)
Vs (km/s) 3.63(3) 3.38(3) 3.32(3)
Ks (GPa) 39.7(3) 36.9(4) 37.2(4)
Ks' (no unit) -3.7(3) -1.4(6) -2.2(4)
K" (GPa™) 1.9(1) 1.7(3) 2.2(2)

G (GPa) 31.0(2) 26.6(2) 25.0(2)
G’ (no unit) -1.7(2) -1.4(3) -1.5(2)
G" (GPa™) 0.4(1) 0.6(2) 1.1(1)
Density (g/cm?3) 2.353(5) 2.318(5) 2.270(5)

Notes:Values in parentheses are estimated uncertainties for velocities and densi-
ties, or standard deviations (+10) from equation of state fitting for elastic moduli.

compressibility of the glass structure is not altered as much by
H,0,, in interstitial voids or by depolymerization due to OH.
The pressure dependence of H,O speciation was determined
from analyses of high-pressure FTIR spectra (Fig. 3). Spectral
features in high-pressure FTIR spectra are generally consistent
with those observed at ambient pressure. Broadening of the band
at ~3250 cm™!, however, is interpreted to result from pressure-
induced broadening of the absorption band. Similarly, pressure
appears to shift the band at ~4500 cm™ to lower wavenumbers.
Despite these slight modifications, calculated H,O, remains
constant within uncertainties at high pressure. With increas-
ing pressure, very little, if any, H,0O,, in HRG-6 appears to be
converted into OH~ (Fig. 5). Conversion of water species is
not resolvable due to the large uncertainties in our calculated
species abundances. If present, this conversion mostly occurs
below 1.5 GPa in HRG-6. In glasses with low H,O, (<4 wt%),
the conversion from H,0O,, to OH™ has only been observed above
1 GPa in previous studies (Hui et al. 2008). In contrast, HRG-3
shows almost no change in speciation up to ~1.5 GPa (Fig. 5).

O HRG-3(OH) @ HRG-6(OH)
54 O HRG-3(H,0,) B HRG-6(H,0,)
g i
S g
T
3]
T 3-
o
3. :
o) 24
< é o (i}
. D888 8 53835
Q Q 8
8 14 °
= P 6 0 (o]
OJ-E ) Dl M ) M nl M ) 'ﬁ )
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Pressure (GPa)

Fi1GURE 5. Calculated H,O speciation in the two hydrous rhyolitic
glasses (HRG-3 and HRG-6). Abundance of hydroxyl groups (OH")
is depicted by circles while abundance of molecular water (H,0,,) is
depicted by squares. Error bars are shown for HRG-6 (5.90 wt% H,0,)
whereas they lie within the symbols for HRG-3 (3.28 wt% H,0,).
Literature data from (Hui et al. 2008) are shown as open symbols where
red symbols indicate glasses with <2 wt% H,0O, and orange symbols
represent glasses with 2—4.16 wt% H,0,. (Color online.)
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Even if HRG-3 undergoes changes in speciation above ~1.5 GPa,
as reported in the literature, the quantity of change will not be
large and the relative ratio of OH to H,O,, will remain relatively
constant. At all pressures, HRG-6 will contain more than a fac-
tor of two more H,0,, than HRG-3, whereas their OH contents
will remain similar. Therefore, differences in behavior between
HRG-3 and HRG-6 can almost entirely be attributed to the
excess H,0,, in HRG-6. These samples allow us to investigate
the effects of water species on velocities and elastic moduli of
rhyolitic glasses at high pressure without having to consider
changes in speciation.

Measured ¥ and Vs of the three glasses display nonlinear
and negative slopes with increasing pressure up to ~1-2 GPa
(Fig. 6). Vs in HRG-6 shows a minimum and increases above
~2 GPa, whereas V5 in both AHRG and HRG-3 decrease through-
out the whole experimental pressure range. On the contrary,
there is a minimum in ¥ below 3 GPa in all glass samples.
The anomalous pressure dependence of velocities is consistent
with previous studies on silicate glasses (Sanchez-Valle and
Bass 2010; Clark et al. 2014; Liu and Lin 2014). The pressure
at which acoustic velocities reach their minima in glasses is
termed in the literature as the “transition” pressure and has been
shown to occur at lower pressures due to the presence of vola-
tiles (Weigel et al. 2012; Coasne et al. 2014; Liu and Lin 2014;
Clark et al. 2016). In rhyolitic glasses, this transition pressure
decreases in the hydrous glasses, such that the transition in V5
occurs at ~1-1.5 GPa in HRG-3 and HRG-6 whereas it occurs
at ~2 GPa in AHRG. The lower transition pressure in hydrous
glasses causes V5 and Vs in hydrous glasses to converge with
those in AHRG (Fig. 6¢). In other words, velocity differences
(AVpand AVs) between hydrous glasses and AHRG become less
negative at high pressure. Eventually, V;, in HRG-6 crosses over
and becomes higher than 7} in both HRG-3 and AHRG. Based
on the modeled velocities, the crossover in V}, between AHRG
and HRG-3 occurs above 3 GPa. V5 of HRG-6 converges with
that of HRG-3 and eventually becomes indistinguishable from
HRG-3 above ~2 GPa. Crossovers in Vs between hydrous glasses
and their anhydrous counterpart appear to occur above 3 GPa.
Despite differences in transition pressures between Vp and Vs,
and even though AV remains ~4% lower than AV, both AV and
AV in hydrous glasses display remarkably similar trends at high
pressure (Fig. 6¢). The convergence of AV, and AV at different
rates between all three samples produces nonlinear effects of
hydration at high pressure.

The derived densities of hydrous rhyolitic glasses at ambient
pressure are consistent with reported densities of haplogranitic
and rhyolitic glasses (Fig. 7) (Malfait et al. 2011; Whittington et
al. 2012). These observations show decreasing density with the
addition of H,O, where increasing H,O, by 1 wt% reduces density
by ~0.5-0.6%. In contrast, the derived high-pressure densities
are higher than those observed in haplogranitic glasses quenched
from high pressures and measured at ambient pressure (Ardia et
al. 2014). Despite these differences, we observe similar trends in
the density differences (Ap) between hydrous glasses and AHRG
where the difference in density due to hydration increases above
~1.5 GPa (Fig. 7 inset). The modeled elastic moduli of the glasses
also show anomalous behavior at high pressure due to hydration
and correspond to the density trends above ~1.5 GPa (Fig. 8).
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FIGURE 6. Acoustic velocities in anhydrous and hydrous rhyolitic
glasses as a function of pressure. (a) Compressional wave velocities (V5),
(b) shear wave velocities (75), and (¢) percent differences in velocity
[100(Viyarous — Vanhydrous) Vanhyarous) between hydrous glasses and the
anhydrous glass in this study. In a and b, solid circles are experimental
data from BLS-Run 1 and BLS-Run 3 where Ne was used as the pressure
medium. Solid squares are experimental data from BLS-Run 2 where 4:1
methanol:ethanol (ME) was used as the pressure medium. Solid lines are
modeled velocity profiles using data from the BLS-Run 1 and BLS-Run
3. Open symbols are literature data on haplogranitic or rhyolitic glasses:
open squares (Malfait et al. 2011), open circles (Whittington et al. 2012),
and open triangles (Meister et al. 1980). Dashed lines are velocity
profiles for SiO, glasses with either Ne (green, Coasne et al. 2014) or
ME (magenta, Weigel et al. 2012) as the pressure medium. In ¢, solid
lines represent percent differences in V5, dashed lines represent percent
differences in Vs, and vertical ticks represent error bars. The color of
the lines corresponds to the glass sample they represent (red = AHRG,
orange = HRG-3, and blue = HRG-6). (Color online.)
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The addition of H,O decreases both K and G below ~1.5 GPa
(Table 3). At these pressures, Ks is virtually indistinguishable
between HRG-3 and HRG-6, whereas the reduction in G due
to hydration between HRG-3 and HRG-6 is discernible. Above
~1-1.5 GPa, Ks in all three glasses converge and become virtu-
ally indistinguishable from each other. This convergence causes
K in hydrous glasses to increase more rapidly than in AHRG
and results in a slight increase in Ap in hydrous glasses (Fig. 7
inset). In G, however, HRG-3 and HRG-6 begin to converge
with AHRG above ~2 GPa but remain distinctly lower. It is
possible that convergence of G between hydrous glasses and
their anhydrous counterpart occur at higher pressures. The
pressure-dependence of K is more similar to that of V;, whereas
the pressure-dependence of G is more comparable to that of V.

Previous studies have reported that the use of noble gases
(He or Ne) as pressure media can significantly alter the observed
elastic properties in silicate glasses (Shen et al. 2011; Weigel et
al. 2012; Clark et al. 2014; Coasne et al. 2014). These effects
have been attributed to the adsorption of noble gas molecules
into interstitial sites in silicate glasses, which stiffens the glass
network, making it more incompressible. The difference between
our results using the two pressure transmitting media is, how-
ever, much smaller compared to those observed in silica glass at
similar pressures (Fig. 6) (Coasne et al. 2014). These differences
may be due to the synthesis of our glasses under volatile-rich
conditions. According to our velocity results using Ne and 4:1
methanol:ethanol, respectively, we observed little change in
velocities below ~2.5 GPa. Above ~2.5 GPa, velocities from
the run with Ne as the pressure medium begin to diverge from
the velocities from the run where 4:1 methanol:ethanol was used

2.55

|| @ AHRG (0 wt%, Run1-Ne)

Q HRG-3 (3.28 wt%, Run3-Ne)
2.50 4| @ HRG-6 (5.90 wt%, Run1-Ne)
1O <twt% [0 24wt O >5wt%

2.454

o
2.40

Density (g/cm®)

2
Pressure (GPa)

0 0.5 1 1.5 2 25 3
Pressure (GPa)

FIGURE 7. Modeled density-pressure relationships of anhydrous and
hydrous rhyolitic glasses. Solid symbols represent densities calculated
from our measured sound velocities with Ne as the pressure medium.
Solid lines are best fits from equation-of-state modeling (Birch 1978).
Open symbols are literature data on haplogranitic or rhyolitic glasses:
open squares (Malfait et al. 2011), open circles (Whittington et al. 2012),
and open triangles (Ardia et al. 2014). Dashed lines are polynomial fits
to the data from Ardia et al. (2014). The insert shows modeled percent
differences in density [ 100 (Phydrous — Panhydrous)/ Panhydrous] DEtWEEN hydrous
glasses and the anhydrous glass in this study. (Color online.)
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FiGURE 8. Adiabatic bulk moduli and shear moduli of anhydrous
and hydrous rhyolitic glasses as a function of pressure. Solid symbols
represent elastic moduli calculated from measured sound velocities with
Ne as the pressure medium. Solid lines are best fits from equation-of-
state fitting (Birch 1978). Uncertainties are smaller than symbols. Open
symbols are literature data on haplogranitic or rhyolitic glasses: open
squares (Malfait et al. 2011), open circles (Whittington et al. 2012),
open triangles (Meister et al. 1980), and open diamonds (Suito et al.
1992). (Color online.)

as the pressure medium. We note that using Ne as the pressure
medium may alter the elasticity of glasses at higher pressures
in DAC studies, but does not display any noticeable effects on
rhyolitic glasses in the pressure range investigated here.

DISCUSSION

At ambient pressure and relatively low pressures (<1 GPa),
the incorporation of H,O species decreases acoustic velocities
and elastic moduli because dissolved H,O is much more com-
pressible than the surrounding silicate network (Figs. 4 and 8)
(Richet and Polian 1998). The effects of hydration on Vs are
larger than those on V; due to depolymerization of the glass
network due to OH™ (Stolper 1982a, 1982b; Deschamps et al.
2011). At higher pressures, interactions between the silicate
glass network and H,O species result in the observed nonlinear
trends in sound velocities and elastic moduli. The anomalous
pressure dependence of sound velocities in silicate glasses has
been attributed to their compression mechanism. Rather than
reducing bond lengths, glasses are compressed by the collapse
of interstitial void spaces and changing of bond angles between
bridging tetrahedra (Weigel et al. 2012; Clark et al. 2014; Wang
et al. 2014). The transition at which acoustic velocities reach
their minima as a function of pressure has been associated
with a tetrahedral packing limit, above which the compression
mechanism changes in silicate glasses (Wang et al. 2014). The
hydrous glasses in this study have different transition pressures
compared to that of AHRG in both ¥} and Vs; the transition
pressure appears to decrease with increasing H,O; (Fig. 6). The
presence of H,O,, in interstitial sites may contribute to this shift
in transition pressure with increasing H,O,. The packing limit of
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hydrous glasses is reached at lower pressures below ~1.5 GPa
because H,O,, in interstitial sites is more compressible than the
anhydrous silicate network (Fig. 8). That is, higher quantities of
H,0, allow the glass to be compressed more easily at pressures
below ~1.5 GPa. The transition pressure in /; occurs below
~2 GPa, whereas it occurs above ~1.5-2 GPa in Vs in all glasses,
indicating that G is less responsive to the packing limit in hydrous
glasses. While K begins increasing in both hydrous glasses at
~0.75 GPa, G only begins to increase above ~1.5 GPa. Between
~0.75-1.5 GPa, H,0,, in interstitial sites prevents compression of
the surrounding silicate network and causes K in hydrous glasses
to converge with K5 in AHRG. Indiscernible K values between
hydrous and anhydrous glasses above ~1.5 GPa indicate that the
silicate glass network controls compression at these pressures.
The incorporation of volatiles in interstitial sites has also been
shown to flatten the pressure dependence of acoustic velocities
(Weigel et al. 2012; Coasne et al. 2014; Clark et al. 2016). Simi-
larly, V» of hydrous glasses in this study show flatter slopes as a
function of pressure below their transition pressures. In contrast,
the Vp-pressure slopes are higher in hydrous glasses above their
transition pressures. As a result of the lower transition pressure
and the steeper V,-pressure slope above its transition pressure,
Ve in HRG-6, which contains abundant H,O,,, exceeds V}; in both
HRG-3 and AHRG above ~1.5 GPa (Fig. 6). The more positive
slopes and crossover in F; can be attributed to the presence of
H,0,, in interstitial voids, which causes incompressibility in
hydrous glasses to converge with those in AHRG (Fig. 8). Be-
cause hydrous glasses are intrinsically less dense than AHRG,
their bulk moduli eventually become very similar above their
transition pressures. While Vs-pressure slopes among all glasses
are relatively similar below ~1.5 GPa, Vs in both hydrous glasses
converge with AHRG above ~1.5 GPa. Based on modeled ve-
locities, it appears that Vs in hydrous glasses will crossover and
become higher than those in AHRG above 3 GPa. These results
imply that the effects of hydration on acoustic velocities and
elastic moduli are nonlinear at high pressures up to 3 GPa.

IMPLICATIONS

The nonlinear effects of H,O on acoustic velocities and
elastic moduli reported here imply that different water species
may also alter acoustic velocities and elastic moduli differently
at different P-T conditions relevant to felsic magma chambers at
depth. These results could thus be used to provide some insight
into the behavior of hydrous felsic silicate melts at depth, given
that experimental results at such conditions are still not feasible.
For example, the nonlinear hydration effects reported here result
in lower V; and K at ambient pressure and 300 K compared to
the linear hydration effects observed in previous studies (Fig. 9)
(Meister et al. 1980; Suito et al. 1992; Malfait et al. 2011; Whit-
tington et al. 2012). Using these previously determined linear
hydration effects to estimate H,O, from seismic measurements
would thus result in overestimation of H,O, in rhyolitic melts.
At high temperatures, however, there are several factors that
may affect the nonlinear hydration effects reported here. For
instance, the effects of temperature on water speciation can be
significant at magmatic temperatures (~650-800 °C): the ratio
of OH" to H,0,, will increase dramatically compared to that at
ambient temperature (Keppler and Bagdassarov 1993; Nowak
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Fi1GURE 9. Modeled compressional wave velocities, bulk moduli, and
density of hydrous glasses at pressures relevant to magmatic processes.
(a) Compressional wave velocities, (b) bulk moduli, and (¢) densities
of rhyolitic glasses as functions of H,O,. Solid lines are parabolic fits
of the velocity and equation of state parameters at each given pressure.
Dashed lines represent linear fits to ambient pressure literature data for
rhyolitic glasses from this study, Meister et al. (1980), Suito et al. (1992),
and Whittington et al. (2012). (Color online.)

and Behrens 1995; Evans et al. 2016). In contrast, the effects of
pressure on altering water speciation at high temperatures up to
~2 GPa appear to be negligible (Shen and Keppler 1995; Sowerby
and Keppler 1999; Behrens and Yamashita 2008; Chertkova and
Yamashita 2015). Because OH™ affects acoustic velocities and
elastic moduli more than H,O,,, such an increase in the ratio
of OH™ to H,0,, at high temperatures may increase velocity
reductions in hydrous melts at high P-7 and could accentuate
the nonlinear effects of H,O, found in this study. Furthermore,
silicate liquids are expected to be more compressible than their
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glass counterparts (Xu et al. 2018). The role of H,0,, in inter-
stitial voids may thus be enhanced in melts. Such effects could
also add to the nonlinear hydration effects at high pressures
observed here but should not be too significant at pressures
relevant to rhyolitic magma chambers (~0.5 GPa) (Huang et al.
2015; Flinders et al. 2018; Schmandt et al. 2019). In addition to
the effects of water on acoustic velocities at high P-7,, the direct
effects of temperature on acoustic velocities in glasses and melts
with varying H,O, need to be determined at high-P-T conditions
in future studies. Taking all these factors into consideration, it is
conceivable that the nonlinear effects of hydration on acoustic
velocities and elastic moduli of silicate melts exist in felsic
magma chambers at deep crustal conditions. This, in turn, can
significantly affect our understanding of seismic signatures and
the dynamic behavior of felsic magmas. Despite their geologic
significance, the effects of hydration on sound velocities and
elastic moduli have yet to be explored at high temperatures,
even at ambient pressure. It is thus essential for future studies
to examine the combined effects of pressure, temperature, and
H,O on acoustic velocities and elastic moduli in felsic silicate
melts at deep crustal conditions.
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