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Abstract—The structures of sodium silicate and aluminosilicate glasses quenched from melts at high pressure
(6—10 GPa) with varying degrees of polymerization (fractions of nonbridging oxygen) were explored using
solid-state NMR 17O and®"Al triple-quantum magic-angle spinning (3QMAS) NMR]. The bond connectivity
in melts among four and highly coordinated network polyhedra, suéBbs ®-¢IAl, ¥1Sj, and®®!S;, at high
pressure is shown to be significantly different from that at ambient pressure. In particular, in the silicate and
aluminosilicate melts, the proportion of nonbridging oxygen (NBO) generally decreases with increasing
pressure, leading to the formation of new oxygen clusters that include 5- and 6-coordinated Si and Al in
addition to 4-coordinated Al and Si, suchldsi-01>61Sj, [41Sj-0I5-61A] and Na-O®-€1Si. While the fractions
of [>€IAl increase with pressure, the magnitude of this increase diminishes with increasing degrees of
ambient-pressure polymerization under isobaric conditions. Incorporating the above structural information
into models of melt properties reproduces the anomalous pressure-dependeficaisfuSivity and viscosity
often observed in silicate melts Copyright © 2004 Elsevier Ltd

1. INTRODUCTION melts at high pressure shows a trend opposite to that of alumi-
nosilicate melts (Kushiro, 1976; Shimizu and Kushiro, 1984).
These early studies and subsequent experiments confirmed that
the degree of polymerization of silicate liquids [e.g., the frac-
tion of nonbridging oxygen (NBO) or NBO/T, T is four-
coordinated framework cations] strongly affects their transport
and thermodynamic properties as well as their pressure depen-
dence (Kushiro, 1976; Dunn, 1983; Brearley et al., 1986;
Tinker and Lesher, 2001; Behrens and Schulze, 2003; Tinker et
al., 2003).

The polymerization of silicates at high pressure can also
govern the distribution (or partitioning) of elements in the
mantle (Mysen, 1988; Kushiro and Mysen, 2002). For example,
structure of silicate melts (NBO/T) appears to determine the
partitioning of Mg and F&" between olivine and magmatic
melts (Kushiro and Mysen, 2002). Therefore, if NBO/T of a
melt varies with pressure, the FeMg equilibria between melt

Silicate and aluminosilicate melts are dominant phases in the
earth’s crust and mantle and are key transport agents in the
chemical evolution of the earth (Kushiro, 1976; Mysen, 1988).
The properties of silicate melts at high pressure can provide
important constraints on global geochemical processes, includ-
ing mantle dynamics. The structure of silicate liquids at high
pressure is centrally important for an understanding of the
thermodynamic and transport properties of melts in the Earth’s
interior. Theoretical studies using molecular dynamics simula-
tions (e.g., Angell et al., 1982) and experimental studies with
conventional diffraction and spectroscopic methods have been
applied to better understand the relationship between melt
structures and properties at high pressure (see the review by
Wolf and McMillan, 1995).

Previous high-pressure studies of the structure of silicate

melts and glasses suggest that with increasing pressure, Si-
distances increase and bond angles (e.g., Si-O-Si) decrease
pure SiQ glasses (Hemley et al., 1986). The distortion of
network polyhedra associated with Si-O bond length distribu-

tion has also been positively correlated with pressure (Devine

and Arndt, 1987). The fraction of highly coordinated Si (e.g., 5
or 6 coordinated Si>®!Si) or Al in partially depolymerized
melts (e.g., N&Si,O, and NgAISi,O,,) gradually increases
with pressure, a phenomenon that has been related to th
anomalous transport properties of aluminosilicate melts,
wherein the diffusivity first increases, then decreases with
increasing pressure (Waff, 1975; Xue et al., 1989; Poe et al.
1997; Diefenbacher et al., 1998; Poe et al., 2001). This behav
ior depends on the composition (Si/Al ratio, nonbridging oxy-
gen fraction, etc.) of the silicate melts (e.g., Scarfe et al., 1986)
For example, the & diffusivity of diopside (CaMgSiOg)
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ir?nd olivine is also pressure-dependent.

Notwithstanding the importance of the nature of polymer-
ization of silicate melts at high pressure, the effect of pressure
on the structures and the extent of polymerization are largely
unknown. The degree of polymerization (NBO/T) has often
been deduced indirectly from the melt composition or pressure-
dependent melt properties due to a lack of suitable experimen-
tal probes. Recent advances in solid state NMR, particularly

€170 3Q (triple quantum) MAS NMR (Frydman and Harwood,

1995), make it possible to probe in some detail the atomic

configuration around nonbridging oxygen and bridging oxy-
' gens (BO), to ascertain their populations, and to provide a
" direct measure of connectivity among framework units (e.g.,
Lee and Stebbins, 2002). We recently reported the fif&t
two-dimensional NMR spectra for binary silicate glasses
quenched from melts at high pressure (10 GPa) in the multi-
anvil apparatus, revealing previously unknown details of glass
and melt structure at high pressure, including new oxygen sites
such asSi-0f> €IS (Lee et al., 2003). In addition t&6’0
NMR, 2’Al MAS NMR has been useful for revealing the effect
of pressure on Al coordination (Yarger et al., 1995JAl

4189



4190 S. K. Leg, G. D. Cody, Y. Fei, and B. O. Mysen

3QMAS NMR has improved prospects for Al coordination
studies, even at relatively low static magnetic fields (e.g., 9.4
and 7.1 T; Lee and Stebbins, 2000b).

Here, we extend the previous study of silicate glasses and
melt structure at high pressures (Lee et a., 2003) to alumino-
silicate glasses and melts with varying pressure conditions and
degrees of polymerization. These studies allow direct explora-
tion of the evolution of oxygen site configuration as a function
of pressure and composition. The chemical composition of the
silicate glasses and melts studied here corresponds to NBO/T
values appropriate for basaltic (depolymerized) to rhyalitic
melts (fully polymerized). We also report ’Al 3QMAS NMR
spectra for aluminosilicate melts to examine how the coordi-
nation environment of Al changes with pressure. Finaly, we
present a model that seems to explain the anomalous pressure
dependence of the transport properties of silicate melts.

2. EXPERIMENTS

2.1. Starting Materials and High-Pressure
Glass Synthesis

Sodium silicate and aluminosilicate glasses along the pseudobinary
join Na,0-3Si0, (NS3)-NaAlSi ;05 (NASE), including these end mem-
bers and (N&0)g5(Al,05)0253SI0,(NAS150560) composition
glasses were synthesized from Na,CO; Al,Os, and 40% *’O-enriched
SiO,. Approximately 0.2 wt % of Co oxides was added to enhance the
spin-lattice relaxation. The oxide-carbonate mixtures were decarbon-
ated and fused for an hour at ambient pressure at 1200 to 1500 °C and
then quenched. Negligible weight loss was observed during synthesis
after accounting for decarbonation. The glass starting materials were
loaded in a multi-anvil apparatus at the Geophysical Laboratory with a
10/5 (for 10 GPa) and an 18/11 (for sample synthesis below 8GPg;
octahedron edge length/truncated edge length of the anvils) assembly.
For adetailed design of the apparatus, see Bertkaand Fei (1997). Each
sample was fused at approximately 1650 to 1900 °C for 15 to 20 min,
depending on their melting temperatures, and then quenched to glass by
turning off power to the heater at 6 to 10 GPa. Initial quenching rate is
approximately 500 °C/s.

The diameter of the quenched sample from the 18/11 assembly is
slightly larger than the inner diameter of the 2.5 mm rotor used for the
NMR experiments. Consequently, the sample was broken into small
pieces comparabl e to the diameter of the rotor. The width of the sample
obtained from the 10/5 assembly is smaller than that of the rotor, and
the samples from this assembly were used without grinding them into
powder, to prohibit possible hydration or to minimize the structural
changes that may be associated with crushing and grinding the sample.

2.2. NMR Spectroscopy

Nuclear magnetic resonance spectra were collected on a CMX In-
finity 300 spectrometer (7.1 tesla) at a Larmor frequency of 40.7 MHz
for 170 and 78.2 MHz for 2’Al. Experiments were run using a double
resonance magic angle spinning (MAS) probe with a 2.5mm rotor.
Recycle delays for 'O and ’Al MAS NMR were 1 s, with radio
frequency pulse lengths of ~0.15 us, which corresponds to a 15° tip
angle for the central transition (1/2 « -1/2) in solids. The *’O and 2’Al
3QMAS NMR spectra were collected using a shifted-echo pulse se-
guence with acquisition parameters similar to those previously de-
scribed (Lee et a., 2003). A sample spinning speed of 19 kHz was
used. The spectra were referenced to external tap water for 17O and 0.1
mol/L AICl, for Z7Al.

3. RESULTS AND DISCUSSION

3.1. Structure of Sodium Silicate Glasses (NS3) Quenched
From Melts at High Pressure

Figure 1 presents the typical O MAS and 3QMAS NMR
spectra of sodium trisilicate glasses quenched from melts at 8
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Fig. 1. YO MAS and 3QMAS NMR spectra of Na,0-3SiO, glass
(NS3) quenched from melts at 8 GPa (NS3_8GPa). The contour lines
are drawn from 8 to 98% with 5% increments and additional 4 and 6%
lines. For a spin-5/2 nuclei (’Al and *’0), the center of gravity in the
isotropic dimension in 3QMAS NMR spectra (83qma) IS given by
Saomas = —17/318% + 10/31872 while the center of gravity of the
same peak in the MAS dimension (8,,,5) can be expressed as, Sy, as =
835 + 822 Here, 855 and 622 are the isotropic chemical shift and the
second-order quadrupolar shift, respectively (Baltisberger et a., 1996;
Lee and Stebbins, 2000b). Note that the isotropic dimension of 2-dim.
spectrais plotted in the opposite sense to that portrayed in the to 1-dim.
MAS spectra.

GPa (NS3_8GPa). As described previously (Lee et al., 2003),
the narrow (around 20 ppm) and broad peaks observed in the
70 MAS NMR spectra are assigned to nonbridging oxygen
(NBO) and bridging oxygen (BO), respectively. The 'O
3QMAS NMR spectrum, on the other hand, provides consid-
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Fig. 2. Total isotropic projection of O 3QMAS NMR spectra for
Na,0-3SI0, glasses quenched from melts at varying pressure as la-
beled (7.1 tesla). The chemica shift range for ¥1Si-O-l4S in the
3QMAS (isotropic) dimension is from quantum chemical calculations
(Leeet al., 2003). The arrow at about -82 ppm at 10 GPa indicates the
predicted peak position for wadeite (K,Si,Og; Xue et al., 1994).

erably improved resolution, revealing two NBO sites (Na-O-
[5€l5 and Na-O-[“Si) and two BO sites (IS -O-59Si and
45j-0-115}). These data clearly demonstrate that the structure
of melts at high pressures differs considerably from that at
ambient pressure; NS3_amb has only one type of NBO (Na-
0-115j) and BO (!Si-O-14S)). Total isotropic projection spec-
tra (the sum of the 2D NMR data in the isotropic dimension)
also reveal the additional oxygen clusters at high pressure, and
thus, we mainly present theisotropic projections of 2D 3QMAS
spectra for the glasses studied here (see below). The isotropic
projection usually yields a spectrum free from residual second-
order quadrupolar broadening, and the projection on the MAS
dimension provides a spectrum comparable with conventional
1 dim. MAS NMR. Structurally relevant NMR parameters can
be obtained from the center of gravity of each peak in 3SQMAS
NMR spectra (see Figure caption 1; and also Baltisberger et al.
(1996); Lee and Stebhins, (2000b)).

Figure 2 presents a total isotropic projection of NS3
guenched from melts at varying pressure from 1 atm to 10 GPa.
It is clear that the fraction of [“Si-O-15€lSj, indicated by
increasing intensities between —70 to —80 ppm, increases with
increasing pressure.

Na-O->€l5 (inverse triangle, Fig. 2) appears to form pref-
erentially over [1Si-0-1591S at ~6 GPa as observed by notice-
able spectral intensity increase at approximately -40 ppm in the
isotropic dimension of the spectra. One plausible mechanism
for pressure-induced structural changes, therefore, involves the
annihilation of Na-O-11Si and formation of the other types of
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Fig. 3. Variation of oxygen cluster population with pressure in
Na,0-3Si0, glasses. Closed diamonds, squares, circles and diamonds
refer to Na-O-14g, 15i-0-gj, [565-0-1gj, and Na-O-1>€Sj, re-
spectively. Thick curves show trend line connecting experimental data.

NBO, such as Na-O-1°€1Si. A possible structural scheme con-
sistent with this observation would have NBOsin Q5 (3BO and
1 NBO for 4-coordinated Si) and Q, (2BO and 2NBO for 4
coordinated Si) combining to form Na-O-®'Si:

2Na-0-11Si(Q,) + Na-O-141Si(Q;)
= 2Na-O-"ISi(F5)-0-1si(Q,) + Na*  (1.1)

where Na* is acharge-balancing cation that does not contribute
to formation of NBO, and where P°, refers to 5-coordinated Si
cluster with 2NBO and 3BO.

Above 6 GPa, it is likely that [1Si-O-15€1S] forms at the
expense of both Na-O-[“1Gj, [15-0-191S5j (Xue et al., 1991), as
well as Na-O-1591g;:

Na-O-“Si + Na-O-°°Si = Na-O-14Si-0-5%5j + Na*.  (1.2)
Na-O-sj + Mgj-0-15j = 5j-0-59Si + Nat.  (1.3)

These mechanisms (Egn. 1.1.—-1.3) highlight the changesin role
of Na from a charge-modifying cation to a charge-balancing
cation, while the total degree of melt polymerization increases.
Figure 3 illustrates the effect of pressure on the oxygen cluster
population in sodium silicate glasses. The oxygen site popula-
tions were obtained by fitting the total isotropic projection with
multiple Gaussian peaks. These intensities are normalized by
considering the 3QMAS efficiency of each oxygen cluster (e.g.,
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Lee and Stebbins, 2000b). It is observed that the fraction of
[45i-0-15} decreases slightly with pressure (by ~2 to 4% of
the total fraction) up to 6 GPa and then significantly decreases,
from 70 to 55% between 6 GPa and 10 GPa. This decrease
suggests that Q; and Q, species (and thus the BO) participate
further pressure-induced structural changes above 6 GPa as
suggested in Egn. 1.1 and Eqgn. 1.2. The fraction of [5€1S-O-
S also exhibits a positive correlation with pressure. NBOs
(Na-O-1Si and Na-O-[>€1Sj) in sodium silicate glasses reveal
intriguing pressure dependences near 6 GPa. The Na-O-lSj
fraction decreases by ~10%, reflecting formation of Na-O-
(561G gt 6 GPa. Above 6 GPa, however, the Na-O-[4S fraction
increases up to 8 GPa while the fraction of Na-O-!°€'Si de-
creases. These changes are accompanied by the formation of
[5€15j-0-14gj, as shown in Figure 2 and Egn. 1.2. These struc-
tural responses to pressure suggest that initial structural
changes of silicate melts with pressure primarily involve inter-
actions among the NBOs rather than those between NBO
and BO.

The peak width in the NMR spectra of each oxygen site
increases with increasing pressure, consistent with increasing
topological disorder, e.g., broadening of bond length and angle
distribution (see below for further discussion). A systematic
pesk shift (e.g., 1Si-O-141S)) is observed in the isotropic di-
mension (Fig. 2) and is primarily due to an increased isotropic
chemical shift with pressure as opposed to 2™ order quadru-
polar shift. Detailed analysis of variation of NMR parameters
with pressure can be found in the recent report (Lee, 2004).
Whereas it is difficult to distinguish the contribution of [*!Si-
O-11Si from that of [°1Si-O-[*1Si because of pesk overlap, the
contribution from the [®Si-O-1Si peak appears to increase
with pressure, as shown in the isotropic projection for 6 GPa
and 10 GPa glasses (Fig. 2, arrows).

3.2. Structure of (Na,0)g 75(A1,03)0253SI0, Glasses
(NAS150560) Quenched From Melts at
High Pressure

It iswell known that the degree of polymerization in silicate
melts increases when Al,O; replaces Na,O in peralkaline Na-
silicate glasses at 1 atm (e.g., Mysen et a., 1982). Thus
NAS150560 is more polymerized than NS3. Figure 4 presents
the 2’Al 3QMAS NMR spectra for this sodium aluminosilicate
glass as a function of pressure. The fraction of highly coordi-
nated [>®'Al clearly increases with increasing pressure, consis-
tent with previous reports from high-field 2’Al MAS NMR for
sodium aluminosilicate glasses (Yarger et al., 1995).

Figure 5 presents the total isotropic projection of the *’O
3QMAS NMR spectra of NAS150560. At 1 atm, a single type
of NBO (Na-O-Si) and two types of BOs (1!Si-O-14Si and
[45i-0-1Al) are observed. With increasing pressure, both the
Na-O-[S and 1Si-O-1*Al oxygen cluster populations de-
crease for NS150560. These trends suggest the following struc-
tural changes with pressure:

Na-O-ISi + 5i-0-MIA| = MSi-0-B9A| + Nax.  (2)

Note that there is a negligible fraction of Si-O-15€lg in
NAS150560 at 8 GPa, unlike in the NS3. These results suggest
that the decrease of Na-O-[“1Si is mainly connected with the
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Fig. 4. Al 3QMAS NMR spectra (7.1 teda) for (Na,0)ys
(Al,05)0 25 3SI0O, glasses (NAS150560) quenched from melts at vary-
ing pressure as labeled. The contour lines are drawn from 8 to 98% with
5% increments and an additional 4% line.

formation of highly coordinated Al. This conclusion is consis-
tent with previous reports that Al is more likely than Si to be
highly coordinated (e.g., Waff, 1975; Poe et al., 1997). In
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Fig. 5. Total isotropic projection of O 3QMAS NMR spectra (7.1
tesla) for (Na,0)g.75(Al1503)0.253SI0, glasses with varying pressure.

Figure 6 the oxygen cluster population for each cluster in
NAS150560 with varying pressure is summarized. One-dimen-
sional isotropic projections do not revea low abundances of
Na-O-191Si due to pesk overlap with [Si-O-[*Al. Small con-
tribution in spectra intensity due to Na-O-!9'Si can be resolved
in 2D spectra as discussed further below (Fig. 10).

3.3. Structure of NaAISi;Og Glasses (NAS6) Quenched
From Melts at High Pressure

NAS6 glasses are fully or nearly fully polymerized at 1 atm,
and thus provide a good model system to assess pressure-
induced structural changes that do not involve NBO. Figure 7
presents 2’Al 3QMAS NMR spectra of NASG, which shows
evidence of some [PAl at NAS6 glasses quenched from melts
at 8GPa (NAS6 8GPa), whereas only Al is present at
NAS6_latm. In Figure 8 the effect of pressure on Al coordi-
nation in NAS6 and NAS150560 is compared. It is observed
that, in both cases, the fraction of (Al decreases with pressure,
whereas Al and [®'Al species increase. However, the total
fractions of high coordinated Al (YAl + Al in
NAS150560 8GPais ~37%, which is much larger than that in
NAS6 8GPa (~7 to 8% and negligible amount of [®IAl). This
observation confirms that the formation of [™!Al in aluminosili-
cate melts is facilitated by the presence of NBO. Small frac-
tions of SAl may suggest the presence of tricluster (oxygen
coordinated by three framework units) or edge-shared oxygens.

Figure 9 shows the total isotropic projections of YO 3QMAS
NMR spectra for NaAlSi;O4 (NASE) glasses quenched from
melts at 1 am and a 8 GPa. At 1 am, two types of bridging
oxygen (“1Si-O-AI and (Si-0-14S)) are observed (Dirken et
a., 1997; Xu et a., 1998; Lee and Stebbins, 2000a). At 8 GPa,
these BO pesks shift toward higher frequency (more negative in
the isotropic dimension). This shift may suggest that the Al-O and
Si-O bond lengths increase, and thus intertetrahedral bond angles
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Fig. 6. Variation of oxygen cluster population with pressure in
NAS150560 auminosilicate glasses. Closed circles, diamonds,
squares, and triangle refer to [AI-O0-1S), Na-O-14S), [415j-0-41S], and
58171-0-14Si, respectively. Open circles and diamond denote [5€1Si-
O-1Si and Na-O-15915i,

(Si-0-Al and 'Si-O-14S)) are likely to be smaler (Leeet al.,
2003) as suggested from crystalline luminosilicates (Brown et &l .,
1969). Spectrd intengity near -45 ppm in the isotropic projection
for NAS6_8GPa may suggest the presence of [1S-0-1581Ai (Fig.
9, arrow). The presence of tricluster or nonbridging oxygen is not
obvious because of insufficient signa/noise in the two-dimen-
sionad NMR spectra of NAS6 8 GPa, as wdl as because of
possible peak overlap with other BO peaks. It should be noted that
M5-0-9 clusters in NAS6 are also subject to topological
adjustment comparable to 1Si-O-1MAl (reducing the intertetrahe-
dral angle) as suggested from similar pesk shifts for both clusters
in the isotropic dimension (Fig. 9). “S-014S clugters in
NAS150560 (Fig. 5), on the other hand, appear to exhibit less
topological variation than those in NAS6 with pressure, as sug-
gested by relatively smaller peak shift and narrow pesk width in
isotropic dimension (Fig. 9). Thisimplies that NASG is subject to
more severe topological (bond angle and bond length) rearrange-
ment with pressure than are depolymerized aluminosilicates
(NAS150560) that form highly coordinated Al species.

3.4. The Degree of Polymerization of Silicate Melts at
High Pressure

Figure 10 shows 'O 3QMAS NMR spectraof the three silicate
glasses quenched from melts at 8 GPa. These spectraillustrate the
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Fig. 7. Al 3QMAS NMR spectra (7.1 teda) for NaAlSi,Op glasses
quenched from melts at varying pressure as labeled. The contour lines are
drawn from 8 to 98% with 5% increments and an additional 4% line.

connectivity among framework unitsin silicate meltswith varying
degrees of polymerization a high pressure. These spectra aso
provide detailed structural information on the effect of composi-
tion on NBO and BO. As for depolymerized, Al-free, sodium
silicate glasses, the mgjor structural changes with pressure involve
the formation of [>®1Si, primarily at the expanse of NBO. As was
shown previoudly (Lee et a., 2003), the oxygen clusters at high
pressure are consistent with the chemical ordering among frame-
work units, favoring oxygen-linking of dissimilar types of frame-
work units, such as 15-0-158g,

Increased polymerization in melts and glasses at 1 atm
occurs through Al for Na replacement (e.g., from NS3 to
NAS150560). This |eads to the formation of [4Si-O-[*Al. Note
that neither “AI-O-MA| nor Na-O-IAl species were ob-
served. This provides another example of chemica ordering
among framework units at 1 atm. At higher pressure, Al tends
to be more highly coordinated than Si, which specifically forms
45-0-581Al. The major mechanism of pressure-induced
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Fig. 8. Populations of Al sites with pressure. Circles, diamonds, and
squares refer to fractions (%) of AL, BIAl, and [®Al, respectively.
Open and closed symbols denote Al sites in NaAlSi;Og glasses and
NAS150560 glasses, respectively. We believe that the thick solid line
shows the trend line for Al in NAS150560 glass.

structural changesisagain the reduction of NBO, increasing the
total fraction of BO (Egn. 2). In the case of fully polymerized
melts (NAS6), no clear evidence is found of NBO or tricluster
oxygen at 8 GPa, although the presence of a small fraction of
ISIA] implies that some of these species might be present. The
connectivity of framework unitsin NAS6 quenched from melts
a 8 GPa is similar to that at 1 atm; eg., [1Si-O-1Al and
4g-0-[*S are the predominant oxygen clusters. Those
formed at high pressure, however, may have smaller average
bond angle, as discussed above. Figure 11 presents the pressure
dependence of the fraction of NBO (Na-O-[4Si + Na-O-15°€1S))
and BO (the sum of all the other oxygen clusters) in NS3 and
NAS150560 (as shown in Figs. 3 and 6). The variation of
X neo/ 9P appears to depend on both Si/Al and NBO fraction
of silicate melts at 1 atm.

The three glass compositions studied here share common
structural characteristics upon pressurization. The T-O bond
length seems to increase, as evidenced by peak shifts in the
isotropic projection of O 3QMAS NMR spectra (Lee et al.,
2003). In addition, the distribution of T-O or T-O-T may be
wider with increasing pressure as inferred from the increase in
peak width for BO and NBO in the NMR spectra with pressure
(Figs. 2 and 5). The broadening of these interna variables
obviously results in the increase in the topological disorder
(Lee and Stebbins, 2003). On the other hand, chemical ordering
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Fig. 9. Total isotropic projection of ’O 3QMAS NMR spectra (7.1
tesla) for NaAlSi;Og glasses quenched from melts at varying pressure
as labeled.

in the framework distribution at ambient pressure favors dis-
similar pairs, and ordering among NBOs precludes Na-O-[“Al,
even at high pressures (Fig. 10). Furthermore, there is chemical
ordering among highly coordinated framework units at high
pressure. This chemical ordering behavior is likely to decrease
the configurational enthalpy and entropy of the silicate melts
(see Lee and Stebbins (2002) for detailed discussion) and,
therefore, lowers the activity coefficient of silicain high-pres-
sure silicate melts in equilibrium with mantle mineral assem-
blages (Lee and Stebbins, 2003; Lee et al., 2003).

3.5. Modeling of Pressure Dependence of Transport
Properties of Silicate Melt

One of the outstanding geochemical problems involves re-
lating the structure of melts to macroscopic transport proper-
ties, which can provide improved prospects for understanding
magmatic processes such as magma mixing and assimilations
(Kushiro, 1983). As shown above, the detailed connectivity
among framework units of silicate melts at high pressure can be
directly estimated from two-dimensional "0 3QMAS NMR
data. Such information can be used to develop a semiquantita-
tive model to describe transport properties (e.g., effective dif-
fusivity of O*~ and viscosity) of silicate melts that show
anomalous pressure dependence as mentioned previously. The
objective of modeling isto derive a phenomenological relation-
ship between the nature of polymerization and transport prop-
erties of melts. No attempt is made to provide a quantitatively
rigorous solution for complex melt properties.

The diffusion of 0%~ in silicate melts may be described by
considering two different processes, cooperative and noncoop-
erative (primarily) bond breaking. In this modeling, it is as-
sumed that O%~ diffusion involving NBOs is more cooperative
(i.e., employing molecular-scale rearrangement) than the pro-
cess with BO's. These constraints can be used to model the
composition-dependent activation energy barrier for O~ dif-
fusion. In addition, we assume that the activation energy can be
decomposed into primarily pressure-dependent terms and a
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Fig. 10. 7O 3QMAS NMR spectra for NS3 (top), NAS150560
(middle), and NAS6 glasses (bottom) quenched from melts at 8 GPa.
The contour lines are drawn from 8 to 98% with 5% increments and
additional lines at 4 and 6%.
temperature-dependent term. Given the assumptions and an-
other conditions as described below, the total activation energy
barrier for transport of O~ may be written as follows:
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E(P, T, X) = [Xygo(P)Engo(P)

—F(X)
E, /[ T \TFrx
+ XBo(P)EBo(P)]m(T (X)) )]
g g

where the terms inside the square bracket mainly describe the
pressure dependence of activation energy barrier. The X g0 and
Xgo ae the pressure-dependent fractions of NBO and BO, re-
spectively (as shown in the O 3QMAS NMR spectra of silicate
and aluminosilicate glasses quenched from melts at high pressure
in Figs. 2, 4, and 11). E\zc is defined to be the activation energy
barrier that is responsible for the diffuson of oxygen when the
system congists of mostly NBO (note that this is a hypothetical
limit), and Eg, is the activation energy that is mostly responsible
for the diffusion of oxygen when the system is fully polymerized.
This definition assumes that the variation of activation with com-
position (Xgo) islinear (without considering the terms outside of
the bracket), which seems a reasonable first approximation as was
evidenced from the viscosity vs. Xygo plot (Fig. 12). The former
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Fig. 12. The variation of viscosity with NBO fraction in sodium
silicate melts at 1473 K. Circle refers to experimental data (Mazurin,
1983) and thick line shows a trendline (Eqgn. 6).

islikely to be smdler than thelatter, because Eg o ismainly related
to bond bresking, wheress Eygo may mainly stem from the
molecular-scae rearrangement. The diffusion of NBO and BO
aso involves interconversion between them, which would have to
be considered in a more rigorous model. Briefly, this could be an
important contribution to understanding the diffusion process. One
of the reviewers of this manuscript carefully indicated the fact that
the conversion from NBO to BO may show negetive activation
volume, smilar to the case in associatively activated ligand-
exchange reactions in solutions. The term E is congtant. T(X) is
a composition-dependent glass transition temperature, and F(X) is
fragility, which varies from 1 (fragile, a deviation from Arrhenian
behavior over a specified temperature range is large) to 0 (strong,
classical Arrhenian behavior) (Angell, 1995; Reo et d., 2001). The
terms outside the square brackets can thus account for the tem-
perature dependence of the activation energy barrier (Rao et dl.,
2001) where the temperature dependence of the activation energy
barrier increases with increasing fragility. T, varies little with
pressure (Rosenhauer et al., 1979), and it is assumed to be inde-
pendent of pressure in the present case. It is reasonable to assume
that the fragility should vary with pressure and potentialy be
important to transport properties near the glass transgition. On the
other hand, for much higher temperatures than T, the diffusivity
exhibits Arrhenian behavior (Shimizu and Kushiro, 1984) as does
melt viscosity (eg., Richet, 1984). We therefore assumed the
fragility to be invariant with pressure in the present modeling,
leaving the terms inside the square brackets as the only pressure-
dependent terms in Egn. 3.

Accepting these simplifying assumptions, the pressure de-
pendence of the effective oxygen diffusion [D(O?7)] is given
as.

(8D(OZ_)) [ (3XNBO)
« — | (Exgo — Ego)
P - P/,
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The effect of composition to (9D/dP)+ comes from the terms
inside the bracket in Egn. 3. Similarly, the viscosity of the melt
may be also proportional to the quantity inside the square
brackets in Eqgn. 4, assuming Stokes-Einstein relations [n =
KT/(67AD(O?7)), where k is the Boltzman constant and A is
atomic jump distances]. The pressure dependence of viscosity
can thus be expressed as follows (from dD/dP = -an/dP):

aom 9 X\go
— | «|[(Exso— E
<8P)T [( NBO BO)( ap )T
9Engo 9Ego
+ X —— | + Xgo| — . (5
NBO( P ). ol p ; (%)

Note that there can be decoupling of the viscosity from diffu-
sivity of O?~ with varying composition, temperature, and pres-
sure where Stokes-Einstein relationship is no longer valid.
Whereas the sign for each term in Egn. 4 and Eqn. 5 for silicate
melts can depend on the characteristics of each system, there
are several common features. Firgt, the sign of Eygo-Ego IS
negative as discussed above. Below a threshold pressure (P,)
where highly coordinated framework units form, or in pressure
ranges where only small fractions of highly coordinated frame-
work units are present, dXgo/dP =~ 0. P, is typically ~4 to
8 GPa (Figs. 3 and 6; Xue et a., 1991; Yarger et a., 1995).
While it is probable that formation of small amounts of highly
coordinated framework units occurs at the lower pressure, the
small amount of these would not affect the properties, and thus,
the results of the modeling given here. The signs of the pressure
dependence of diffusivity and viscosity are, thus, mainly de-
termined by the relative magnitudes of the last two terms of
Eqn. 4 and Eqn. 5, respectively. 0E,go/0P islikely greater than
0 because molecular-scal e readjustment may be prohibited by a
possible decrease in free volume with pressure. dEgo/0P is
largely negative due to increased T-O bond length with pres-
sure: it would seem reasonable that the activation energy bar-
rier of BO diffusion is likely to be inversely proportional to
Si-O bond length as a first approximation. The Si-O bond
length tends to increase with pressure as previously mentioned,
resulting in a decrease in activation energy barrier, i.e,
dEgo/dP < 0. Therefore, in this modeling, it is assumed that
the Eygo has positive activation volume, while Eg5 has neg-
ative activation volume (see Figure caption 13 for more infor-
mation). These are consistent with the observation for negative
activation volume for highly polymerized melts and positive
activation volume for the melts with high NBO concentrations
(e.g., Shimizu and Kushiro, 1984). Second, upon formation of
highly coordinated framework units above P, dXgo/dP < O.
Therefore, the 1% and 2™ terms contribute positively to diffu-
sivity, whereas the 3™ term contributes negatively.

The viscosity decreases with increasing concentration (or
mole fraction) of network modifying cations (X,,) at ambient
pressure (Mazurin, 1983). In binary silicate melts, X, has 1:1
correspondence with fractions of NBO [Xygo = NBO/
(BO+NBO) = 2X/(2-X)] s0 that X g increases with Xy.
The decreasing viscosity with Xz in sodium silicate meltsis
illustrated in Figure 12 as an example. Here, the viscosity may
be expressed as given below (solid linein Fig. 12), similar to a
recent study on multicomponent melts (Giordano and Ding-
well, 2003):

mn« eXp[A/(B + Xneo)]s (6)

where A and B are constant. The pressure dependence, there-
fore, can be deduced:

am 9 Xngo
() (5); )

As shown above, X\go decreases gradually with increasing
pressure (Fig. 11). Therefore, the relationship of Egn. 7 dem-
onstrates that above P, where the NBO concentration begins to
decrease noticeably, the viscosity of silicate melts increases
(and D(O?") decreases) with increasing pressure, if we ignore
the pressure dependence of other contributions. Setting
IEnso/IP = dEgo/dP = 0in Egn. 5leadsto Eqgn. 7, suggesting
that Egn. 5 can be applied to more general cases. Below, we
illustrate the variation of D(O®~) with pressure, temperature
and composition. The viscosity of melts can easily be obtained
from the Stokes-Einstein relations. Here, we use the fraction of
NBO (Xyso = NBO/(BO+NBO)) as a measure of the degree
of polymerization. While NBO/T is a useful term to describe
the degree of polymerization in covalent oxide melts and
glasses, the fraction of NBO can be effective, particularly at
high pressure (and even at ambient pressure) where its pressure
dependence can be independently obtained via 'O NMR, and
the coordination environments of the frameworks cations can
be complicated as shown in Figures 7 and 10. Before proceed-
ing in this direction, however, it is important to recall that the
transport properties of silicate melts are complex functions of
both long- and short-range interactions. Care should be taken
for direct application of Egn. 3 to rea experimental data be-
cause of the several aforementioned assumptions, and the fact
that it does not capture the complexity (composition, types of
modifying cations, Si/Al, speciation, etc.) of the system. Fur-
ther modeling considering interconversion between NBO and
BO, and adding even more terms (pressure, temperature, and
composition) for the determination of activation energy, can be
formulated. The simple relationship given here avoids such
complexity and, therefore, addresses the pressure dependence
phenomenologically. The above conceptual approach does ac-
count for the effects of polymerization in silicate melts with
microscopic observations, such as the fraction of nonbridging
oxygen and its pressure dependence as illustrated below.

In Figure 13 the effect of pressure on D(O?") is presented. It
is seen that the anomalous pressure dependence may be ex-
plained by the relative pressure dependences of the activation
energy barriers and the reduction of nonbridging oxygens (see
figure caption for relevant model parameters for the calcula-
tions). In Figure 13A the hypothetical variation in the fractions
of NBO with pressureis shown, which is used for the modeling
of melt properties. In the case of melts with X go = 0.3, the
sign of (aD/9P)+ is positive before the reduction of the NBO
fraction and becomes negative with further increase of pressure
(Fig. 13 B). This result is consistent with experimental diffu-
sivity-vs.-pressure trends for NAS6 and other partially depoly-
merized aluminosilicate glasses (Poe et al., 1997). With further
depolymerization of melts (Xygo = 0.5, and 0.65), the value of
(0D/oP)+ becomes progressively more negative, consistent
with experimental results where the sign (¢D/oP)+ varies from
positive to negative with decreasing polymerization (Shimizu



4198 S. K. Leg, G. D. Cody, Y. Fei, and B. O. Mysen

Pressure (GPa)
5 10 15

0.7 : :
X NBO = 065

NBO fraction

Pressure (GPa)
0 5 10 15

-4.9 L
T=1250+Ty B

-51 4 XNBO =0.65

-5.9

Log,,[Diffusivity of 02]
o
~J

-6.1

-6.3

-6.5

Fig. 13. A) Hypothetical variation of NBO fraction with pressure. B)
Effect of pressure on O?~ diffusivity at constant temperature (T4+1250
K), where T is the glass transition temperature that varies with frac-
tions of NBO. Modeling conditions for T, at Xygo = 0.65, 0.5, 0.3 are
set to 850, 750, and 675 K, respectively, and F(Xygo)s are 0.22, 0.3,
and 0.36, respectively. The plots are also based on the relations for
pressure dependent Eygo (kJmoal) [= 150 + 2 P (GPa)] and Ego
(kdmol) [= 300 - 2.5 P (GPa)]. Constant terms in Eygo and Egg can
be comparable to typical activation energy for O?~ diffusion in silicate
melts, and the pressure dependence can be comparable to experimental
pressure dependent part of O%~ diffusion (activation volume) in silicate
melts (e.g., Tinker and Lesher, 2001). Note that these modeling pa-
rameters are only for semiquantitative analysis for the trend of O~
diffusivity.

and Kushiro, 1984). Therefore the changes in the sign of
(dD/oP)+ or (dm/oP); are heavily dependent on the pressure
dependence of NBO, as well as the degree of polymerization
(concentration of NBO).

Figure 14 illustrates the effect on D(O?7) of varying
(0XNgo/dP)+. It is seen that the pressure dependence of
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Fig. 14. Effect of pressure dependence of NBO fraction on 0%~
diffusivity. A) variation of NBO fraction with pressure, B) correspond-
ing O?~ diffusivity vs. pressure. Curve a, b, ¢, and d illustrate hypo-
thetical pressure dependence of NBO fraction for modeling (A) and the
corresponding variation of 0%~ diffusivity (B). The identical modeling
conditions to Figure 13 were used.

D(0?") is sensitive to the pressure dependence of Xyge. For
example, a monotonic decrease of X g l€ads to adecrease in
D(O?7) (Fig. 14 A, curves a and b), the precise behavior
depending on (0Xygo/9P)+ (Fig. 14 B). Furthermore, the sign
of (0®Xneo/0?P)y can change the sign of (aD/oP);, eg.,
D(0?") increases with pressure if the sign of (02X go/0°P); is
positive (Fig. 14A, curves ¢ and d). This may account for the
pressure dependence of D(O?7) in diopside (CaMgSi,Op)
melts (Xyeo = 0.66 a 1 atm) up to 15 GPa. In this case,
diffusivity decreases with increasing pressure below ~10 GPa,
but increases above 10 GPa (Reid et al., 2001). As shown in
Figure 11, the actual pressure dependence of the NBO fraction
can be more fluctuating than the model behavior given in
Figures 13 and 14. Thisimplies more dramatic changesin melt



Polymerization of silicate melts at high pressure 4199

properties with pressure, which may agree with experimental
measurements of these properties that often show large fluctu-
ations in their pressure dependence (Poe et al., 1997). The
phenomenological model given here can also be extended to
the other systems, including fully polymerized aluminosili-
cates, by considering Si/Al dependence.

The Adam-Gibbs theory has been previously applied to
describe the temperature dependence of viscosity in glass-
forming liquids (Adam and Gibbs, 1965; Richet, 1984). Here,
the pressure dependence of viscosity can be obtained as given
below (e.g., Bottinga and Richet, 1995):

(r’)_n) = Are eXp(BAG/TS:onfig)
.

aP _TS:onfig
B d onfi JaB,
X[ Ae< S, fg> +< AG> ] ®
S:onfig P T apP T

where A, isaconstant and the B,  is related to the activation
energy barrier for the cooperative rearrangement, and thus, we
assume the pressure dependence of B, for Egn. 8. Determin-
ing the configurational entropy from the structure of silicate
melts can be rather ambiguous; entropy of mixing among
structural units near the glass transition temperature has typi-
cally been used to model it (Neuville and Richet, 1991; Toplis
et al., 1997; Lee and Stebbins, 1999). The NBO-fraction-
dependent sign of (0S;ovi/0P) wasinferred from the Maxwell
relations [(0S/0P) = —(aV/dT)p] and from the contribution
for NBO-BO mixing entropy near T,, which determines the
pressure dependence of viscosity without considering (0B g/
dP)+ (Bottinga and Richet, 1995). Their approach could qual-
itatively explain the change in the sign of (9n/dP); with NBO
fraction (if Xygo <0.5, (a1/dP)+ <0, and vice versa) below P,
(Bottinga and Richet, 1995). The model prediction (Eqns. 3, 4,
and 5) is consistent with the result based on Adam-Gibbs
theory when dE\go/dP = —JdEgo/dP in Egn. 5. Furthermore,
our semiquantitative approach can explain the variation of
diffusivity and viscosity above P, by estimating the pressure
dependence of the NBO fraction that can be experimentally
obtained.

It is worthwhile mentioning that the effect of temperature on
the molecular structures of silicate glasses and melts at ambient
pressure has been studied extensively. These results showed
changes of coordination environments of the framework cat-
ions in binary silicate and aluminosilicate glasses (e.g., Steb-
bins, 1991; Poe et a., 1992), strongly implying probable
changes in local oxygen environments.

We have shown that the detailed structura information,
particularly the connectivity among network polyhedra (14>Sj
or S€IA|) as a function of pressure, can be directly estimated,
alowing the evaluation of the degree of polymerization in
silicate glasses and melts at high pressure. The model presented
here can be used to account for the anomal ous pressure depen-
dence of silicate melt properties with composition and demon-
strates that the fraction of NBO, as well as its pressure depen-
dence, are critical in determining these properties. Together
with previous studies of calculating the configurational ther-
modynamic properties from the atomic scale disorder (Lee and
Stebbins, 2002), the results here provide another strong link

between the atomic structures of melts and their macroscopic
transport properties.
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