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In-situ spectroscopic investigation of high-pressure hydrated (Mg,Fe)SiO,

glasses: OH vibrations as a probe of glass structure
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ABSTRACT

We have investigated the structure of hydrated (Mg,Fe)SiO, glasses both at high pressure
and after quenching, using infrared spectroscopy. Glasses were synthesized by fusion at
pressures of up to 41 GPa and probed in situ to 39 GPa. Strong H bonding, as manifested
by the presence of distinct OH stretching bands between 2250 and 2600 cm~!, plays an
important role in the speciation of OH groups at pressures between 15 and 25 GPa. At
higher pressures, strong H bonding is also observed in the glasses but is completely un-
quenchable to ambient pressure; major structural changes are observed during decom-
pression from pressures in excess of 20 GPa. Both the absence of a significant concentra-
tion of strongly H-bound OH groups and the similarity in frequency of the primary O-H
stretching peak in the spectra of samples quenched from pressures above 30 GPa and
those formed below 15 GPa indicate that similar structural features exist in glasses syn-
thesized and quenched from these two separate pressure regimes. We infer that changes
in Si coordination occur primarily between these two pressures and are largely unquench-
able. Intratetrahedral H bonding is suggested as a possible mechanism for densification at
pressures lower than ~25 GPa. Estimated bond lengths for high-pressure hydroxylated
species imply that the hydrous component in silicate melts undergoes significant densifi-
cation with pressure, and that the volume of dissolved H,O in high-pressure silicate melts

is controlled almost solely by the volume of O anions.

INTRODUCTION

The structural state of pressure-densified glasses and
melts is important in providing a physical basis for un-
derstanding melt rheology, petrogenesis, and melt-solid
density contrasts in the deep Earth. Recent work has
shown that under deep Earth conditions, basic melts may
be denser than coexisting solids (Rigden et al., 1984; Mil-
ler et al., 1991; Agee and Walker, 1988, 1993). Such den-
sity crossovers have profound implications for the Earth’s
differentiation history (Agee and Walker, 1993) and may
play an important role in maintaining partial melts at
depth in the Earth today. For example, Revenaugh and
Sipkin (1994) found seismological indications of a thin
layer (<40 km) of partial melt above the 410-km discon-
tinuity. In addition, Poisson’s ratio in the lower mantle
is higher (0.30) than that in any other part of the silicate
Earth (Dziewonski and Anderson, 1981), suggesting that
the lower mantle could also contain small quantities of
partial melt. That such partial melts may exist in the
mantle indicates that the structure of such a melt could
directly affect deep Earth processes.

Moreover, such melts are likely to be hydrous. Tybur-
czy ct al. (1991) showed that a H,O content of up to 2
wt% could be consistent with seismological data for the
lower mantle, and Revenaugh and Sipkin’s (1994) pro-
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posed partial melt in the transition zone is probably vol-
atile-rich. Hence, H,O is a plausible component of melts
in the deep Earth. Therefore, detailed investigation of the
microscopic mechanisms of hydrous melt and glass den-
sification under compression is crucial for a thorough un-
derstanding of the physical changes taking place in man-
tle melts. To date, there have been almost no data on the
structure of hydrous glasses formed under lower mantle
conditions (Williams, 1990).

Both experimental and theoretical methods have been
used to examine densification processes in silicate liquids
and glasses. With increasing pressure, densification
mechanisms for silicate glasses include closure of the Si-
O-Si angle, distortion and compaction of Si tetrahedra
(Hemley et al., 1986; Williams et al., 1993), and ulti-
mately changes in the coordination number of Si. Indeed,
studies of diopside, anorthite, silica, and sodium silicate
glasses have found that at pressures of 20-30 GPa, den-
sification is dominated by an increase in the coordination
of Si by O from fourfold toward sixfold, a transition me-
diated by tetrahedral distortions (Williams and Jeanloz,
1988; Wolf et al., 1990; Meade et al., 1992; Kubicki et
al., 1992; Williams et al., 1993).

The bonding environment and speciation of dissolved
H.,O in glasses provides a useful probe of local structural
features (McMillan and Remmele, 1986; Susman et al.,
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1990; Williams, 1990), and lends insight into how H,O
alters the macroscopic properties of glasses and melts
(Hetherington and Jack, 1962; Shelby and McVay, 1976;
Watson, 1981; Acocella et al., 1984; White and Montana,
1990). A number of studies at relatively low pressures
have shown that for total H,O contents of up to ~4-6
wt%, H,O dissolves in melts predominantly as OH groups
(Bartholomew et al., 1980; Wu, 1980; Stolper, 1982a;
Eckert et al., 1988). The mechanism by which H,O alters
the structure of silicate glasses at these low total H,O
contents is generally agreed to be by reaction of OH groups
with a bridging O atom to form SiOH groups, thereby
depolymerizing the silicate network (Scholze, 1966; Stol-
per, 1982a, 1982b; Tomozawa, 1985; White and Mon-
tana, 1990; Kiimmerlen et al., 1992). Again, however, the
effect of very high pressures on H,O speciation and struc-
tural environment remains ill-constrained both at high
pressures and after quenching. Indeed, there is significant
uncertainty as to which structural features of high-pres-
sure glasses and liquids are quenched to ambient pres-
sures (McMillan and Piriou, 1983; Williams, 1990; Wolf
et al., 1990).

Thus, our goals are to examine the overall changes in
the structure of hydrous glasses induced by pressure, the
changes in the speciation of H,O as a function of pres-
sure, and the degree to which structural features are pre-
served on decompression in these glasses. In particular,
we obtained infrared spectra of hydrated (Mg,Fe)SiO,
glasses synthesized at pressure between 5 and 41 GPa,
both in situ at high pressures (quenched only in temper-
ature) and upon quench from pressure. As the behavior
of OH units (and their vibrations) is well understood at
ambient conditions in a wide range of bonding environ-
ments (Nakamoto et al.,, 1955; Novak, 1974), the OH
unit represents an ideal probe for structural environments
in high-pressure amorphous samples. We infer that pres-
sure-induced changes in the OH stretching region of the
spectrum are sensitive to the coordination environment
of Si and that glasses quenched from a pressure regime
in which ©Si dominates the glass structure closely resem-
ble glasses quenched from the lowest pressures of our
study. Additionally, we present evidence for intratetra-
hedral H bonding as a densification mechanism for glass-
es in the ¥Si regime. Thus, our experiments illuminate
the structural behavior of hydrous glasses and, by exten-
sion, their isochemical melts under deep Earth condi-
tions. Our results represent the first in-situ characteriza-
tion at high pressure of glasses formed by fusion at con-
ditions of the deep transition zone and lower mantle of
the Earth.

EXPERIMENTAL METHODS

Hydrous (Mg,Fe)SiO, glasses were synthesized in situ
at high pressure from samples of crystalline
(Mg, 4sFe, 5)Si0, enstatite from Webster, North Caroli-
na. Enstatite powders were loaded into an Inconel gasket
in a diamond-anvil cell, with characteristic sample di-
ameters of 200 um. A drop of distilled H,O was added

CLOSMANN AND WILLIAMS: HIGH-P HYDRATED (Mg,Fe)SiO, GLASSES

to a precompacted sample, along with a small amount of
ruby (always <2% of the sample volume) on the sample
surface for pressure calibration. As discussed below, this
method produced samples with between 0.5 and 11 wt%
H,O. For the samples for which in-situ high pressure
spectra were obtained, we used a Merrill-Bassett type di-
amond cell, and for samples for which we only examined
spectra at ambient pressure, Mao-Bell type diamond-an-
vil cells were utilized. Otherwise, synthesis procedures
were identical for the 19 samples examined in this study,
with Type I diamonds used in all experiments. The com-
pressed samples were melted using a continuous wave
Nd:YAG laser operating in the TEM,, mode at 1.06 um.
Pressures were measured following melting using the ruby
fluorescence method. Melting was observed visually by
the onset of convective motion in the sample, with melt-
ed stripes being formed as the laser was moved across
the sample. Using the spectroradiometric technique of
Heinz and Jeanloz (1987) and the average to peak tem-
perature correction of Williams et al. (1991), we estimat-
ed the melting temperature of a subset of our samples to
be 1700 + 300 K. We estimated that the quench times
of our samples are faster than ~10-3 s, on the basis of
the thermal diffusivity of diamond and our sample thick-
nesses. Such rapid quench rates result in a glass transition
at a higher temperature than glasses quenched at rates of
only several hundred degrees per second. Some samples
were decompressed immediately after synthesis, whereas
others were analyzed in situ at high pressures. Spectra of
quenched glasses remained unchanged after five months
of storage, implying that no intergranular H,O was pres-
ent in the samples. Also, deuterated (Mg,Fe)SiO, glasses
were synthesized to confirm the identification of bands
in the H-O-H bending region and OH stretching region
of the spectrum. Identical synthesis procedures were used
in generating these glasses, with the substitution of 99.8%
pure D,O for H,O.

We obtained infrared measurements during decom-
pression of four of our high-pressure samples. Infrared
spectra were obtained using a Bruker IFS-66V FTIR
spectrometer, equipped with a layered InSb/MCT detec-
tor cooled by liquid N,. After removal of base lines pro-
duced by either scattering or crystal-field absorptions of
Fe*+, the spectra were normalized by a frequency-depen-
dent linear absorption coefficient (Paterson, 1982), using
the integrated absorption coefficient of Stolper (1982a)
for OH groups at a fixed frequency, for a hydrous glass
of basaltic composition. Areas of each individual band of
the OH-stretching peak, as well as the entire OH stretch
region (2100-3700 cm~'), were determined by integrat-
ing under the peaks, and the ratio of the concentrations
of the different species producing these bands were cal-
culated from the absorption-coefficient normalized peak
areas. Using the Beer-Lambert Law, we estimated the
total concentration of H,O in our samples on the basis
of these areas. For quenched glasses, thicknesses were
measured using scanning electron microscopy, and we
assumed a glass density of 3 g/cm3. Table 1 shows the
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TaBLe 1. Weight percent H,O in quenched samples

Synthesis P (GPa) Total wt% H,O

5.8(0.3) 1.5(0.4)

7.7(2.5) 2.2(0.6)
16.4(4.5) 0.5(0.1)*
19.5(0.3) 2.5(0.7)
21.3(3.4) 5.5(1.5)"
22.2(0.3) 3.6(1.0)
23.6(0.3) 5.2(1.4)
25.5(0.3) 11.0(3.0)
27.5(0.3) 3.9(1.0)
30.0(1.2) 10.0{2.7)
35.6(1.6) 1.0{0.3)*
37.1(0.1) 9.0(2.4)
38.7(1.9) 3.4(0.9)"
41.2(0.3) 8.0(2.2)

Note: five samples had interference fringes of sufficiently high amplitude
that absolute calculations of H,O concentrations were not reliable.
* Experiments examined in situ at high pressure.

results of the H,O-content calculations for quenched
glasses. H,O contents range from 0.5 to 11 wt% and are
below expected H,O solubilities at the synthesis pressures
of these glasses (Silver and Stolper, 1985). As the fixed
absorption coeflicient we used was for a basalt with 0.17
wt% H,O, probably dissolved almost entirely as OH
groups, we expect that the values in Table 1 are minimum
estimates of our H,O contents. This is because of the
differing absorption coefficients of OH groups relative to
OH groups bound in molecular H,O (Newman et al.,
1986).

Below ~2400 cm~!, the high-pressure spectra were
dominated by two-phonon and impurity absorption of
the diamonds, and we were unable to observe the H-O-H
bend of molecular H,O (1450-1800 cm~!) at high pres-
sures; these bands were observed in the zero-pressure
spectra of all glasses. Finally, we estimated the refractive
indices of four of these glasses in the wavelength range
between 2 and 5 um, using the fringe method (Grimsditch
et al., 1986) and assuming negligible dispersion over this
wavelength range.

RESULTS AND DISCUSSION
Spectra of quenched glasses

Infrared spectra of six samples quenched from high
pressure are shown in Figure 1. All spectra have a broad
absorption band due to the primary OH stretch vibration
of both molecular H,O and OH groups (Bartholomew et
al., 1980; Stolper, 1982a): the centroid of this band varies
between 3400 and 2900 cm~'. This band is both broad
and asymmetric, with a tail to lower energies indicating
that a broad distribution of H bond lengths, and thus a
range of H bond strengths, exists in the glasses (Naka-
moto et al., 1955; Novak, 1974; Stolper, 1982a). In sev-
eral glasses (particularly those synthesized at 41 and 30
GPa), the OH absorption was sufficiently strong that the
samples had very low transmission between 2900 and
3600 cm~!, producing a high-frequency choppiness in this
region (Fig. 1). Samples with lower H,O contents in this
same pressure regime (such as the sample synthesized at
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Infrared Spectra of Quenched
Hydrous Enstatitic Glasses
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Fig. 1. Representative infrared spectra of hydrous enstatite

glasses quenched from 5 to 41 GPa. The highest pressure glass
has some hydrocarbon contamination, as manifested by the two
peaks near 2900 cm~'. Noisiness of spectra of glasses synthe-
sized at 41 and 30 GPa results from high H,O content of these
glasses (Table 1).

38.7 GPa, whose spectrum is shown below) do not have
this choppiness in the primary OH stretch region of the
spectrum. We obtained an infrared spectrum of H,O in
order to confirm that there was no undissolved H,O con-
tributing to the spectra. This spectrum differed in both
peak positions and relative amplitudes (e.g., Stevenson,
1968) from our samples, indicating that no undissolved
H,O contributed to our spectra.

In the glasses synthesized at intermediate pressures (Fig.
1), two relatively discrete peaks near 2250 and 2450 cm !
occur on the low-energy side of the primary OH stretch-
ing peak. Similar bands in other silicate glasses have been
assigned to strongly H-bound OH groups associated with
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“Si and with nonbridging O atoms (Scholze, 1959a,
1959b; Franz and Kelen, 1967; Ernsberger, 1977; Wol-
ters and Verweij, 1981; McMillan and Remmele, 1986;
Williams, 1990; Uchino et al., 1991). Scholze (1966) and
Franz and Kelen (1967) assigned them to strongly
H-bound SiOH groups positioned between nonbridging
O atoms, whereas McMillan and Remmele (1986) attrib-
uted them to intratetrahedral H bonding: these two as-
signments are not necessarily exclusive. Notably, these
bands cannot be due to a crystal-field transition of Fe2*
such as occurs in orthopyroxene at 2350 cm~—*, both be-
cause this transition has too broad a peak width and be-
cause its amplitude is expected to be a factor of 102-103
lower than the peaks we observe in this region of the
spectrum (Goldman and Rossman, 1977).

Other interpretations of features between 2200 and 2800
cm~! in hydrated alkali silicate glasses include those of
Uchino et al. (1991) and Wolters and Verweij (1981),
who attributed bands at 2800 and 2400 cm~' in sodium
silicate glasses to H bonding of molecular H,O positioned
between dipoles formed by nonbridging O and cations.
Wolters and Verweij (1981) argued that the area under
the bands at 2800 and 2400 cm~! should occur in a con-
stant ratio of 3:1. However, our peaks are both at differ-
ent frequencies, and clearly do not show this 3:1 peak
area relationship, implying that the peaks we observe are
of a different origin. Uchino et al. (1991) correlate an
H-O-H bending vibration at 1760 cm~! and the OH vi-
brations at 2350 and 2800 cm~! with a structurally dis-
tinct and strongly H-bound H,O molecule. However, an
inverse correlation exists between the amplitude of our
peaks at 2250 and 2450 cm~! and the H-O-H bend we
observed at 1710 cm~! (Fig. 1), thus demonstrating that
these peaks are not produced by the same molecular spe-
cies within our glasses. The presence of two distinct,
strongly H-bound OH bands in our glasses suggests the
presence of two distinct sets of Q species or two sets of
0-0O pairs, between which OH and H bonds can exist
(i.e., two NBOs vs. one NBO and one BO: McMillan and
Remmele, 1986). This is plausible on the basis of Q spe-
ciation studies, which predict that a range of Q species
from Q° to Q? should be present in our quenched glasses
because of the combined effects of pressure and H,O con-
tent (Yin et al., 1983; Xue et al., 1989, 1991; Mysen,
1990; Dickinson et al., 1990).

A spectrum of a partially deuterated sample synthe-
sized at ~32 GPa confirms that all the peaks observed
above 2000 cm~! are produced by OH stretching vibra-
tions. An OD stretch band appears at ~2100 cm~!, along
with two features at 1870 and 1620 cm~!, on the low-
frequency side of the OD band. The ratio of the frequen-
cies of these strongly H-bound peaks in hydrated samples
(2450 and 2250 cm!) relative to their frequencies in the
deuterated samples is 1.31 and 1.39, respectively, in ap-
proximate accord with the square root of the ratio of the
reduced masses of O-H and O-D of 1.34.

Also present in the quenched spectra are peaks at 3690,
1710, 1595, and 1440 cm—! (Fig. 1). The first of these is
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due to a small quantity of brucite (Ryskin, 1974; Kruger
et al., 1989). Such brucite is an ubiquitous, but minor,
product in all our syntheses. On the basis of its peak area,
we estimate that it is always less than ~2% of the abun-
dance of hydrous glass. Because brucite is present in even
our lowest pressure samples (Fig. 1), it is probably pro-
duced in a cooler region of the samples, in proximity to
the highly thermally conductive diamond anvils. Any
crystalline SiO, generated by a brucite-producing reaction
is unlikely to produce a signature in our OH spectra, as
the solubility of H,O in stishovite is very small (~45 =+
29 H per 10¢ Si atoms: Pawley et al., 1993). The three
peaks between 1400 and 1750 cm~! arise from the H-O-H
bend of molecular H,O (Scholze, 1966; Ryskin, 1974;
Ernsberger, 1977; Nakamoto, 1986; Uchino et al., 1991).
In some of the spectra (such as the two highest pressure
spectra in Fig. 1), bands appear at 2925 and 2855 cm-!,
which we attribute to CH, stretch modes produced by
minor hydrocarbon contamination of the samples (e.g.,
Wong and Mantsch, 1985).

The centroid frequency of the primary OH stretching
peak in the ambient pressure samples is plotted as a func-
tion of synthesis pressure in Figure 2. At synthesis pres-
sures up to 19.5 GPa, the frequency of the primary OH
stretch peak shifts to lower energy with increasing pres-
sure, reaching a minimum of ~2900 cm—! near 20 GPa.
This trend reverses with increasing synthesis pressure
above 25 GPa. At 41.2 GPa, the frequency of this peak
is 3410 cm~', nearly identical in frequency (within error)
to that of the glass quenched from 5.8 GPa. Using sys-
tematics between H bond distance and OH stretching fre-
quency, we infer that the OH:--O bond distance repre-
sented by the primary OH stretching peak of the glass
synthesized at 19.5 GPa is ~2.68 A, 0.17 A shorter than
the O-H- - -O distance of the 5.8 GPa glass (2.85 A) (Nak-
amoto et al., 1955). Thus, glasses quenched from near 20
GPa appear to contain shorter O-O distances and denser
bonding configurations than the glasses quenched from
either lower or higher pressures.

The amplitudes of the features at 2450 and 2250 cm !
are strongly dependent on synthesis pressure. These bands
have low amplitudes in the samples synthesized at 11.7
and 30 GPa and are much stronger in samples quenched
from near 20 GPa, with a maximum amplitude in the
glass synthesized at 21.3 GPa (Fig. 1). Between 30 and
37 GPa, these features decrease steadily in amplitude un-
til they become unresolvable. This trend is quantified in
Figure 3, which shows the ratio of the concentration of
OH represented by these low-frequency peaks to OH pro-
ducing the primary OH stretch peak as a function of syn-
thesis pressure. Approximately one-fourth of the OH units
in glasses quenched from near 20 GPa are present in sites
with close O-O distances. Notably, the ratio of the am-
plitudes of these peaks appears to be independent of the
total H,O content of the glasses (Table 1).

The frequencies of these features as a function of syn-
thesis pressure are relatively invariant (Fig. 4), with the
~2450 cm~! peak shifting by only 2 cm~'/GPa of syn-
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Fig. 2. OH stretch frequency of the primary OH stretching
peak, as a function of synthesis pressure. The line is intended to
guide the eye.

thesis pressure and the 2250 cm~! peak showing no shift
in frequency. The 2-cm~!/GPa shift is particularly small
relative to changes induced by synthesis pressure in the
peak maximum of the primary OH stretch peak (~36
cm~!/GPa of synthesis pressure: Fig. 2). The O-H---O
bond lengths corresponding to the frequencies of these
peaks are 2.55 and ~2.60 A, respectively (Nakamoto et
al., 1955), in contrast to the low-pressure O-H---O av-
erage bond distance of 2.85-2.90 A, These shorter bond
distances are close to the O-O bond distances in SiO,
tetrahedra in enstatite at ambient pressure (Sasaki et al.,
1982). Therefore, it is possible that these peaks are pro-
duced by intratetrahedrally H-bound OH groups, in ac-
cord with the interpretation of McMillan and Remmele
(1986) about the origin of similar peaks in hydrated so-
dium silicate glasses. The invariance is consistent with a
structural environment that remains relatively un-
changed by different synthesis pressures, such as that
which exists within Si tetrahedra.

Our observation that glasses quenched from between
~20 and 30 GPa have the lowest O-H stretching fre-
quencies (Fig. 2) and the largest number of strongly
H-bound OH groups (Fig. 3) is consistent with portions
of the densely packed tetrahedral structure of these glass-
es (particularly close O-O distances) being quenchable
from these pressures. However, our glasses quenched from
pressures above 30 GPa have an apparent low-density
configuration surrounding the OH units, with OH vibra-
tional spectra that are essentially indistinguishable from
those of glasses formed at pressures below 8 GPa.

The pressure range from which the high-density O-H
---O configurations are quenched (Figs. 2 and 3), ~20-
30 GPa, and above which they are not quenched, is that
at which a gradual coordination change of Si from four-
fold to sixfold has been documented to occur in silica,
sodium silicate, diopside, and anorthite glasses (Meade
et al., 1992; Wolf et al., 1990; Williams and Jeanloz,
1988). Spectroscopic and X-ray diffraction studies of
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Fig. 3. Ratio of the concentration of strongly H-bound OH
groups, C, (~2500- and 2250-cm~' peaks), to weakly H-bound
OH groups, C,, (the primary OH stretch at between 2900 and
3400 cm~'), as a function of synthesis pressure. The line is in-
tended to guide the eye. Concentrations were obtained by divid-
ing spectral amplitudes by a linear frequency-dependent inte-
grated absorption coefficient (Paterson, 1982).

glasses compressed at 300 K (Williams and Jeanloz, 1988;
Wolf et al., 1990; Meade et al., 1992; Williams et al.,
1993) and the phase equilibria of the crystalline phases
of MgSiO, provide strong evidence for a “Si to ©ISi co-
ordination change in this pressure regime. It is near 16
GPa that majorite, with one quarter of its Si in octahedral
coordination, becomes a stable high-pressure phase in the
MgSiO, system (Ohtani et al., 1986; Ito and Takahashi,
1987). Furthermore, a combination of ¥Si and ¥ISi atoms
has been documented to be present in Na,Si,O, glass
quenched from 12 GPa at a maximum level of only 15%,
with 6.3% ©1Si. At this pressure, the stable liquidus phase
of this composition has at least 25% of ©ISi (see Fig. 3 of
Xue et al., 1991). In K,Si,0,, for which the wadeite struc-
ture is the stable crystalline polymorph (25% of Si in
octahedral coordination), only 1.5% of Si in glasses
quenched from 6 GPa is octahedrally coordinated (Xue
et al., 1991). These results are consistent with spectro-
scopic and X-ray diffraction studies that have docu-
mented that ©ISi in glasses is largely unquenchable (Wil-
liams and Jeanloz, 1988; Williams, 1990; Wolf et al.,
1990; Meade et al., 1992; Williams et al., 1993). Addi-
tionally, both spectroscopic results and shock-wave ex-
periments indicate that we should expect any coordina-
tion change of Si in liquids to occur over a broad pressure
interval, with an increasing proportion of Si octahedra
with increasing pressure, once the coordination change
has commenced (Farber and Williams, 1992; Rigden et
al., 1988). Hence, the behavior of our glasses is entirely
consistent with “Si undergoing a gradual and largely re-
versible transformation from fourfold to sixfold coordi-
nation, and we base the interpretation of our data on this
framework.

The trends in Figures 2 and 3 thus indicate that glasses
quenched from necar 20-25 GPa represent the densest
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Fig. 4. Frequency of the strongly bound OH groups in pres-
sure-quenched glasses as a function of synthesis pressure. Lines
represent linear least-squares fits.

possible glasses in which “ISi predominates over ©Si. It
is near 25 GPa that the trade-off between densification
involving tetrahedra and the associated strongly H-bound
OH groups and densification by formation of Si octahe-
dra is expected to shift in favor of ¥ISi formation, result-
ing in a gradual decrease in the amplitude of peaks as-
sociated with tetrahedra, such that, by ~37 GPa, there
are no more strongly H-bound peaks, and probably no Si
tetrahedra. Hence, intratetrahedral H bonding provides
a natural explanation of the frequencies and pressure range
of occurrence and the invariance in frequency with re-
spect to synthesis pressure of the strongly H-bound OH
groups. Further, as we inferred from the similarity of the
primary OH stretch frequency in glasses quenched from
above 30 GPa to those produced at pressures below 10
GPa (Fig. 2), the rearrangement of the structure of the
glass upon quench from pressures above ~30 GPa could
destroy much of the high-pressure dense structure for-
merly present in the glass, thus explaining the absence of
the strongly H-bound peaks at low frequency in the very
high pressure samples. Instead, glasses quenched from
the highest pressure regime record structural features that
dominate at the lowest pressures on decompression, where
intratetrahedral H bonding is not operative.

The measurement of four refractive indices of these
glasses (Fig. 5) provides an independent check on their
physical properties. In these calculations, we used the
standard relationship for the interference fringes (e.g.,
Grimsditch et al., 1986)

2nd cos ¢ = KA

where 7 is the refractive index, d is the sample thickness,
¢ is the angle that the light makes with the cell axis, K is
the interference order (chosen arbitrarily to be an integer
sequence), and X is wavelength. Thus, a plot of 2d/\ vs.
K yields a slope equal to 1/n. The characteristic fringing
we used in these calculations appears in the spectrum of
a glass decompressed to 1.9 GPa from 35.6 GPa, which
is shown later. As with the infrared spectral properties,
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Fig. 5. Refractive indices for four glasses determined using

the fringe method of Grimsditch et al. (1986). Error bars pri-
marily reflect uncertainties in sample thicknesses.

the derived refractive indices are similar in the glasses
quenched from below 20 GPa and above 30 GPa, dem-
onstrating that the optical properties and thus the den-
sities of these two sets of glasses are similar. Although
the error bars are large, the data clearly indicate that glasses
formed between 20 and 30 GPa are more dense than
those formed at lower and higher pressures, in complete
accord with our spectral observations.

Figure 6 shows spectra in the region between 1200 and
2000 cm~! for quenched glasses. We attribute the peaks
at 1420-1455, 1600, and 1710 cm~! to the H-O-H bend
of molecular H,O and observe a dramatic increase in the
amount of molecular H,O in the glasses quenched from
between 30 and 41 GPa. Although the 37 and 41 GPa
samples have relatively large H,O contents, the 25.5 GPa
sample has the highest H,O content of any in this study
(Table 1). Therefore, the size of these bending peaks in
the highest pressure samples is not due to the presence of
larger amounts of H,O relative to lower pressure samples.
The amplitude of the 1600-cm—! peak decreases slightly
in the samples synthesized between 19 and 28 GPa rel-
ative to samples synthesized at lower pressures but in-
creases dramatically in the samples synthesized from 35
GPa and above. Thus, an inverse correlation exists be-
tween the intensity of the H-O-H bend of molecular H,0
and the intensities of the peaks representing strongly
H-bound OH groups, in accord with previous observa-
tions (Gennick and Harmon, 1975; Wolters and Verweij,
1981).

The frequency of the H-O-H bend moves to higher
energy with increased strength of H bonding (Stevenson,
1968), and the 1710-cm—! band thus represents the most
strongly H-bound H,O in our spectra. Additionally, pre-
vious results on crystalline hydroxide hydrates have in-
dicated that the absorptivity of the H-O-H bend is de-
creased by H bonding (Gennick and Harmon, 1975). Ac-
cordingly, we are unable to ascertain from our quench
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spectra whether the absolute amount of molecular H,O
in our glasses is less in the pressure interval between ~20
and 25 GPa, or whether the strong H bonding present in
these glasses simply decreases the absorptivity of the
H-O-H bending vibration, thereby decreasing the ampli-
tude of these peaks. However, since the frequency of these
peaks does not shift in glasses quenched from the strongly
H-bound regime between 20 and 30 GPa, we believe that
a decrease in the amount of molecular H,O between these
pressures provides the most straightforward explanation
for the amplitude of the bending vibrations.

High-pressure spectra

In order to examine the degree to which our quenched
spectra reflect the structure of glasses at high pressures,
we conducted a sequence of experiments to examine the
structure of glasses at their synthesis pressures and during
decompression. Figure 7 shows three sets of spectra ob-
tained on decompression from ~39, 36, and 21 GPa. The
broad primary OH stretch absorption band is present in
all spectra, along with the weak brucite absorption near
~3690 cm~!. Also, a feature with varying amplitude ap-
pears at a frequency near ~2500 cm~! on the shoulder
of the primary OH stretch peak in all samples. Within
the 38.7-GPa sample, this feature is present only at the
highest pressures, whereas in the 35.6-GPa sample there
is amplitude in this spectral region to pressures of 1.9
GPa (Fig. 7B). In the sample synthesized at 21 GPa, this
feature is associated with the quenched strongly H-bound
peaks of Figures 1, 3, 4, and 6.

In all three samples, the frequency of the OH stretch
peak maximum gradually increases with decreasing pres-
sure, starting near 2700 cm~! or lower at 38.7 GPa, near
~2900 cm~! or lower at 35.6 GPa, and near 2900 cm !
at 21.3 GPa (Fig. 7). The exact maximum of this peak is
difficult to determine in the highest pressure samples be-
cause of both overlap with the neighboring peak at lower
energy and our diamond-produced lower spectral cutoff.
The primary OH stretch frequency of 2700 cm~!' ob-
served in the 38.7-GPa sample corresponds to an O-H
-+-O distance of 2.64 A (Nakamoto et al., 1955). Half
this distance, 1.32 A, is slightly shorter than the anionic
radius of O?~ in twofold coordination at ambient pres-
sure (1.35 A: Shannon and Prewitt, 1969). Moreover, it
is similar to the radius of O in both stishovite and MgSiO,
perovskite (Sinclair and Ringwood, 1978; Horiuchi et al.,
1987). Thus, it appears that the volume of O-H groups
is close to that of the volume of O>~ ions at pressures of
39 GPa and above. For comparison, half of the O-O bond
distance in this glass after quenching is 1.43 A.

In the sample synthesized at 21.3 GPa, the frequencies
of the primary O-H stretch at 6.4 GPa and at ambient
pressure are 3139 and 2908 cm ', respectively, indicating
that complex changes in the relative amplitudes of dif-
ferent components of this band take place on quench at
low pressures (Fig. 7C). In this sample, a weak shoulder
is present on the low-energy side of the OH stretch peak
maximum near ~2810 cm~!. This shoulder is weakly
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Fig. 6. Ambient-pressure infrared spectra of glasses synthe-
sized between 5 and 41 GPa in the region of the strongly H-bound
OH stretch and H-O-H bending vibrations (1350-2600 cm—!).

visible at 14.2 GPa and becomes more apparent as the
maximum of the principal OH stretch peak moves to
higher energy upon decompression. It is possible that the
species associated with the zero-pressure peak maximum
is the same as that which produces this shoulder in the
high-pressure spectra, with a frequency at ambient pres-
sure ~100 cm~! higher than at 21 GPa. We observe sim-
ilarly complex behavior of different components of the
primary OH stretch for a sample synthesized at 28 GPa.
We attribute this shift in ambient pressure position of the
primary O-H stretch peak for samples synthesized be-
tween ~16 and 30 GPa (Fig. 2) to a changing range of
OH-group environments with decreasing pressure, with
those OH molecules with longer O-O distances and thus
higher energy vibrations spreading out over a broad range
of frequencies upon quenching.

The feature that occurs near 2500 cm~! in the high-
pressure spectra only quenches in the glass synthesized at
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Fig. 7. Infrared spectra of hydrous enstatite glass on decom-

pression from synthesis pressures of 38.7 (A), 35.6 (B), and 21.3
GPa (C). All three sets of spectra show the spectra of the quenched
glasses at the bottom. Minor interference from atmospheric H,O
vapor is present in B and C at frequencies near 3700 cm—!. In
B, the 1.9-GPa spectrum shows the heavy fringing characteristic

of samples used for refractive index measurements. This fringing
was eliminated by damaging the surface of the decompressed
sample. Note that in contrast to the zero-pressure spectrum (B),
the strongly H-bound OH peak at ~2500 cm~! is present in the
1.9-GPa spectrum but is obscured by fringing.

21.3 GPa. In the 38.7 GPa it disappears below 29 GPa
or shifts to the portion of the spectrum we did not obtain,
whereas in the 35.6-GPa glass it persists down to 1.9 GPa
(Fig. 7B). We note that in minerals with all or most of
their Si in octahedral coordination, OH stretch vibrations
occur at notably low frequencies, as in stishovite, with an
OH stretch vibration at 3111 cm—! (Pawley et al., 1993),
and phase D, with its most intense vibration at 3270
cm~! (Williams, 1992). Our association of the peaks at
~2250 and 2450 cm~!' in the quenched spectra with dense
tetrahedral environments and their absence in the sam-
ples quenched from above 30 GPa suggest that no Si
tetrahedra existed in the highest pressure glasses. We
therefore associate the unquenchable low frequencies of
the OH stretch in the spectra of the samples synthesized
at 38.7 and 35.6 GPa with environments involving high-
er coordinations of Si. That strongly H-bound OH species
persist to pressures below 10 GPa in the glasses synthe-
sized at above 30 GPa indicates a large amount of hys-
teresis exists in the conversion of Si octahedra to tetra-
hedra (e.g., Stolper and Ahrens, 1987; Williams et al.,
1993). This supports the idea of a decompressional mech-
anism for the highest pressure glasses (>35 GPa) whereby
hysteresis of the ¥1Si to “ISi conversion results in adjust-
ment of the structural features of the glass to “ISi at rel-
atively low pressures (below ~5-10 GPa), where other
pressure-induced structural changes, such as intratetra-
hedral H bonding, would not be operative.

In Figure 8A, the pressure shifts of the primary OH

stretch peak for two sets of decompression spectra are
shown. The zero-pressure frequencies are excluded from
the linear fits to the mode shifts because of the unusual
quench behavior of these glasses. As shown in Figure 8A,
the absolute location of the primary OH stretch peak upon
decompression shows a broad variation in different sam-
ples, as a result of both the difficulty in locating this peak
and shifts in band shape on decompression. However, the
markedly increased frequency of the primary OH stretch-
ing peak with decreasing pressure demonstrates that as
these glasses decompress, major decreases in the strength
of H bonding and increases in O-O distance occur.

The feature at ~2500 cm~', in contrast to the primary
O-H stretch, shows a weak decrease in frequency with
decreasing pressure (Fig. 8B). A positive pressure shift is
unusual for H-bonded species (e.g., Williams, 1992) and
could indicate that on decompression the O-O distances
associated with this species actually decrease; more likely,
the amount of cation-H repulsion (with the cations being
H or Mg) could be decreasing on decompression. In the
35.6-GPa sample, this peak shows only a slight depen-
dence on pressure (Fig. 8B), but in the sample synthesized
at 21.3 GPa, the shift is larger (~5 cm~!/GPa: Fig. 8A,
8B). Thus, rapid overall changes in the OH structural
environment apparently occur on decompression from
21.3 GPa, whereas only modest changes occur on decom-
pression from 35.6 GPa (until this band disappears at low
pressures). This nonquenchability of the 2500-cm ! fea-
ture in the two highest pressure samples, when coupled
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Fig. 8. Mode shifts of OH stretch vibrations in glasses syn-
thesized at 35.6 and 21.3 GPa. Solid circles represent the 21.3-
GPa glass, open squares, the 35.6-GPa glass. (A) Frequency of
the primary OH stretch peak vs. pressure. Frequencies of the
ambient-pressure spectra are not included in the linear fits of the
mode shifts because of the complex rearrangement of the band
envelope on quench in these glasses. (B) Pressure dependence of
the frequency of the strongly H-bound OH groups. The ambient
pressure frequency of the 35.6-GPa glass is not included because
of its nonquenchability to zero pressure.

with the difference in pressure dependences, documents
that the bands in this spectral region have a different
origin in the higher pressure samples than in the lower
pressure samples.

The frequency of the unquenchable peak at 2500 cm !
in samples synthesized above 30 GPa, with which we
have associated Si in octahedral coordination, is consis-
tent with what would be expected for intraoctahedral H
bonding. Indeed, ~2500 cm~' corresponds to an OH- - -
O bond distance of ~2.60 A (Nakamoto et al., 1955),
close to the O-O bond distances in MgSiO, perovskite
(~2.53 A: Horiuchi et al., 1987). Because O-O bond dis-
tances calculated from the systematics of Nakamoto et
al. (1955) are for linear OH- - - O groups, our inferred bond
length estimates represent maximum estimates, as any
bending of the OH: - -O group would shorten the actual
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TaBLE 2. Peak areas and species concentrations on decom-
pression in a sample synthesized at 35.6 GPa

P (GPa) Area (x10%) C. C,/C..
35.6(1.6) 1.307 0.10(0.03) 0.25(0.11)
30.7(1.0) 2.024 0.08(0.02) 0.12(0.04)
23.0(4.5) 2125 0.06(0.02) 0.08(0.03)

9.0(5.2) 2.028 0.05(0.01) 0.07(0.03)

0.1 MPa 2.940 0.05(0.01) 0.05(0.02)

Note: area = area under entire OH peak, includes both C, and C,;
determined after normalization by integrated absorption coefficient. C, =
concentration of strongly H-bound OH groups, as determined by integra-
tion under the ~2500-cm~' peak. C,/C,, = ratio of the concentration of
strongly H-bound OH to weakly bound OH, determined by the difference
between total weight percent H,O and C,. Numbers in parentheses rep-
resent errors limits based on uncertainties in density, thickness, integrated
absorbance, ¢ (at 3550 cm~1), and de*/dv.

0-0 bond length. The larger positive pressure shift of the
H-bound OH groups associated with intratetrahedral OH
groups could be correlated with changes in tetrahedral
distortion known to accompany high pressure glass com-
pression (Hemley et al., 1986; Williams and Jeanloz, 1988;
Williams et al., 1993).

To constrain the number of strongly H-bound OH
molecules and the pressure dependence of the extinction
coeflicient, we calculated the relative concentrations of
both strongly H-bound OH groups (~2500 cm~') and the
OH groups under the primary OH stretch band from the
peak areas at each pressure in the spectra of the sample
synthesized at 35.6 GPa (Table 2). Not surprisingly, the
relative concentration of strongly H-bound OH mole-
cules decreases on decompression. However, the overall
integrated intensity under the OH bands increases by
about a factor of two on decompression. This change in
band intensity plausibly reflects a decrease with pressure
of the extinction coefficient of the OH species, possibly
produced by a pressure-induced change in the charge dis-
tribution around the O ion (and thus an altered dipole
moment of the OH stretch). Such a pressure dependence
of the extinction coefficient could be crucial in determin-
ing H,O content and H,O speciation of glasses at high
pressures. Because of the low total H,O content of this
sample (~1 wt%), most of the H,O in this glass is dis-
solved as OH groups. Therefore, the peak areas of these
spectra are primarily sensitive to the extinction coeffi-
cient of OH groups, and not to a mixture of OH and H,O
groups (e.g., Newman et al., 1986).

In Figure 9, we speculate on one way in which H,O
may facilitate a coordination change in our glases
quenched from the ©ISi regime. This largely geometric
model includes features that plausibly are present in our
glasses and structural characteristics on which we can draw
constraints from the known bond distances of high-pres-
sure silicate phases. In Figure 9a, the addition of H,O to
a corner-sharing (61Si network results in breakage of bridg-
ing O atoms between octahedra, and the formation of
intraoctahedral H bonding, with OH- - -O bond distances
of ~2.55-2.60 A. Each octahedron contains two non-
bridging O atoms (NBOs) and four bridging O atoms
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Fig. 9. Schematic of possible mechanism by which H,O de-
polymerizes Si octahedra and facilitates the transformation from
©1Si to “ISi on decompression. Bridging O atoms are all within
the x-y plane, as defined by the axes in the figure, forming sheets
of corner-sharing octahedra. (a) Fully polymerized Si octahedral
network depolymerized by addition of one molecule of H,O per
octahedron, generating intraoctahedral O-O bond distances of
~255 pm; after addition of H,O, there are 4 O atoms per Si,
resulting in two nonbridging O atoms (NBO) per octahedron and
four bridging O atoms (BO) per octahedron. All four BOs lie
within the x-y plane, generating sheets of corner-sharing octa-
hedra. (b) Si octahedra undergoing a coordination change, with
the loss of one BO and two NBOs per octahedron. This is achieved
when two bonds are broken: one to a OH-bound O and one to
a H-bound O. H,O molecules are formed. (c) The stabilization
of the network after undergoing the coordination change, with
weak H bonding forming at the lowest pressures on decompres-
sion. In b and c¢ the chains of tetrahedra run parallel to the x
axis.

(BOs). On decompression, the glass reverts to “Si, with
the loss of one NBO and two BOs per octahedron by
breakage of two bonds per octahedron (Fig. 9b). One Si-O
bond involving a OH-bound NBO, and one Si-O bond
involving a H-bound BO, are broken. The bonds asso-
ciated with OH or H-bound O atoms are expected to be
weaker than Si-O bonds that do not involve H. When an
O atom and its associated H atoms are lost from the
polyhedron, they could form molecular H,O by bonding
to a H from the adjacent polyhedron (Fig. 9b). In Figure
9c¢, chains of point-shared tetrahedra form (parallel to the
x axis). The protons in the H,O molecules form weak H
bonds to nearby O atoms at the lowest pressures on de-
compression. This simple scenario for the reversion of
11Si to “ISi would generate the abundance of molecular
H,O we observe in our glasses quenched from above 35
GPa, the lack of strongly H-bound OH units in these
glasses, and the notable decrease in H bonding of the glass
observed on decompression.

IMPLICATIONS AND CONCLUSIONS

Under pressure, the frequency of the primary OH stretch
peak in our glasses decreases markedly, indicating that
stronger H bonding is an important densification mech-
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anism of OH in hydrous glasses throughout the pressure
range of this study. Yet, between ~19 and 28 GPa, the
observed mode of densification of these glasses gradually
changes. The low frequency (near 2900 cm~—!) of the pri-
mary OH stretching peak upon quench from this pressure
range, its higher frequency (~3400 cm~!) on quench from
above 30 GPa, and the unguenchability of the strongly
H-bound OH vibrations from above 30 GPa suggest that
the dominant mode of densification above 30 GPa is not
preserved on quench (Figs. 1 and 2). The lack of similar-
ity of the spectra of glasses above 30 GPa to their
quenched products is consistent with most of the features
in the glasses at high pressure being associated with Si in
sixfold coordination. Also, the resemblance of these glasses
at zero pressure to those synthesized at the lowest pres-
sures of this study is consistent with a relatively low-
pressure reversion of ©Si to “ISi. At the low pressures at
which this reversion plausibly occurs, low-pressure den-
sification mechanisms are reflected in the spectra of the
quenched glasses. Therefore, the most plausible interpre-
tation of our results is that “ISi and 1“!Si coexist up to ~37
GPa, but with an increasing proportion of ©1Si (and pos-
sibly ©ISi) with increasing pressure starting at ~20 GPa.
Quenching our hydrous glasses from pressures at which
sixfold coordination plausibly predominates, above 30
GPa, results in the destruction of many high-pressure
structural characteristics as the glass structure undergoes
reconstructive changes upon quench. Qur data provide
the first evidence for such major reconstructive changes
in glasses formed at high pressure and examined in situ
at their pressure of synthesis. Additionally, we associate
both the ability to quench the low-frequency OH stretch-
ing vibration peak (near 2900 cm~') and the presence of
peaks on the low-energy side of the primary OH stretch
peak with irreversible densification of glasses within a
dominantly tetrahedrally coordinated regime.

The structure of a hydrous (Mg,Fe)SiO, glass under high
pressure has implications for element partitioning and
melt buoyancy in the deep Earth. A melt similar to this
composition could plausibly be generated at high tem-
peratures in a hydrous assemblage in the deep Earth,
thereby modulating the occurrence of deep-mantle hy-
drous phases. Sixfold-coordinated melts may be nega-
tively or neutrally buoyant in the deep Earth and, if they
are hydrous, such melts could transport or retain volatiles
in the deep Earth. Moreover, H,O in melts at high pres-
sures clearly adopts structurally dense configurations, and
we therefore suggest that modeling hydrous melts exclu-
sively as mixed oxides (including H,O) is not consistent
with our spectroscopic data and structural interpreta-
tions. Indeed, it is likely from our inferred O-O bond
distances that H,O dissolves in silicate melts at high pres-
sures in a manner that is consistent with simply intro-
ducing one O atom per H,O molecule into the silicate
network; that is, the volume occupied by hydroxide units
in an octahedral network is probably similar to that oc-
cupied simply by O?~ anions. Such a dissolution mech-
anism, in which the volume of H,O is entirely modulated
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by the volume of O>~ in compressed melts, could produce
very dense hydrous melts such as have been inferred to
exist in hydrous assemblages under shock-loading con-
ditions (Tyburczy et al., 1991).
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