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Structure of silicate melts at high temperature: In-situ measurements in the
system BaO-SiO, to 1669 .C
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AssrRAcr

The structure of glasses, melts, and supercooled melts in the system BaO-SiO, with
BaO/SiO, :0.367 has been investigated in-situ with Raman spectroscopy from 25 to 1669
"C. For this purpose a technique has been developed that integrates confocal micro-Raman
spectroscopy with a microheating stage that fits on the sample stage of a petrographic
microscope. The temperatures are precise to +4 oC and accurate to 5-10'C. The excited
volume is - I pm in diameter by 20-50 pm in depth.

The Raman spectra of room-temperature glasses and of melts and supercooled melts at
higher temperatures are consistent with the presence of SiO3 (or Q'), Si'O3- (or Q3), and
SiO, (or Qa) units coexisting in the samples at all temperatures. No evidence for changes
in types of structural units was found. The Raman spectra indicate that the abundance at
SiOl and SiO, units increases, whereas that of SirOl-decreases with temperature. Under
the assumption of ideal mixing, the high-temperature data are fitted in terms of ln K vs.
l/f (K), which yields a AH for the reaction SirO3- * 5i6z + SiO, of 34 + 4 kJ/mol.

INrnonucrroN

Description ofthe structure of magmatic liquids at high
temperature is necessary for characterization of melt
properties needed to understand magma formation and
evolution. For example, viscous behavior (and related
transport properties, e.g., diffusion and conductivity) of
silicate melts can be described accurately with the config-
urational entropy model (Richet, 1984; Richet and Neu-
ville, 1992). Although the model can be used to describe
observed viscous behavior, prediction of melt viscosity
based on the model requires accurate information on the
abundance of structural units in the melts and how the
unit distribution affects the configurational entropy at the
temperature of interest.

Activity coefficients for chemical components such as,
for example, SiOr, can be derived from liquidus phase
relations in specific systems. It has been shown that sim-
ple compositional variations, such as alkali or alkaline
earth, have significant effects on the activity coefficients
of these components (e.g., Ryerson, 1985). Without
translation of this information into the thermodynamic
behavior of the individual structural units at the liquidus
temperature of inlerest, it is difficult to extend this infor-
mation into realistic modeling of liquidus phase relations.
Furthermore, quantitative, high-temperature melt struc-
ture data are required in modeling of liquidus phase re-
lations and element partitioning between melts and min-
erals in magmatic systems. Models based on ad-hoc
assumptions of melt structure have been proposed (e.g.,
Nielsen et al., 1988), but their reliability depends on the
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validity of the structural assumptions and without inde-
pendent determination of melt structure may lead to er-
roneous conclusions (Ellison and Hess, 1989; see also
Nielsen and Gallahan. 1990: Ellison and Hess. 1990).

The melt structure data bases currently available are
severely limited, however, in part because of the technical
difrculties associated with the high-temperature (mag-
matic temperature) spectroscopy needed to obtain the rel-
evant structural data. For certain forms of spectroscopy
(e.g., NMR), relaxation times are on the order of the time
scale of the resonance at magmatic temperatures (- t 0- t

s) and thus render the techniques impractical as a struc-
tural probe for in-situ structure determination at most
temperatures relevant to magmatic processes. Neverthe-
less, a few data have been reported (Stebbins, 1988; Far-
nan and Stebbins, 1990). Raman spectroscopy does not
suffer from this limitation because the time scale of Ra-
man scattering is on the order of l0-'3 s, but until re-
cently high-temperature Raman spectroscopy of silicate
melts was impractical because of severe problems of sam-
ple degradation during extended exposure to high tem-
perature and signal obliteration due to black-body radi-
ation from the sample and furnace. Despite such problems,
a few high-temperature data have been reported (Seifert
et al., l98l; Takahashi etal.,1992:, McMillan etal.,1992).

In order to obtain the large data base needed for struc-
tural characterization of magmatic liquids, a structural
probe that overcomes these practical problems is needed.
In this report, we describe a micro-Raman microheater
system that, coupled with new, greatly enhanced signal
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Fig. 1. Unpolarized Raman spectrum of partially crystalline

sample at I2l4"C after 5 min at this temperature.

detection devices, has greatly reduced or perhaps elimi-
nated the problems previously associated with Raman
spectroscopy at high temperature. With this system, spec-
tra can be obtained routinely and quickly (= I min per
spectrum) to temperatures exceeding 1700 'C at I bar.
The capabilities will be illustrated with melt structural
data for a composition in the system BaO-SiO, (Greig,
1927), whose liquidus temperature is near 1400 'C and
has a glass transition temperature near 850 "C.

ExpnnrrvrrNTAl- TECHNIQUE

Most of the compositions in previous high-tempera-
ture studies of melt structure were chosen primarily by
their relatively low liquidus temperatures (e.g., alkali sil-
icates), which reduced the technological barriers associ-
ated with the high-temperature spectroscopy. The prin-
cipal problems were (l) sample degradation resulting from
exposure of large sample surfaces (relative to volume) to
high temperature over extended time periods (often sev-
eral hours per spectrum), (2) heat shielding ofoptical and
electronic components from high-temperature furnace
environments, and (3) in certain forms of spectroscopy
(e.g., Raman) the presence of black-body radiation from
comparatively large furnaces and samples.

These problems were overcome by integrating a micro-
heating stage with the focusing capability of a confocal
micro-Raman system equipped with multichannel rather
than single-channel detection systems. The heart of the
system is a miniaturized heater (resembling a typical
heating stage attached to a petrographic microscope) that
takes advantage of two essential features of the confocal
micro-Raman system. These are (l) the focus and posi-
tioning of the laser beam (<1 pm diameter on the sam-
ple), and (2) the confocal optical system itself, with which
the depth of focus even in a clear sample such as silicate
melts can be reduced to a few tens of micrometers.

The glass and melt samples and the positioning of the
laser in the sample were monitored optically through the
microscope before, during, and after all experiments. By
monitoring the sample during an experiment, crystalli-
zation of glasses and supercooled liquids will be imme-
diately evident. Onset of crystallization is also evident in
the spectra themselves (Fig. l). The spectrum in Figure I
was taken 5 min after a melt was cooled rapidly (-100
"C/s) from 1500 to l2l4"C (-200'C below the l iquidus
and -250'C above the glass transition temperature). The
narrow Lorentzian lines typical for spectra of crystalline
materials are evident. Most likely the crystal is BaSirO',
as this is the liquidus phase for the melt composition used
in the present experiments (see further discussion ofstart-
ing compositions below).

The confocal micro-Raman system plays a central role
in rejecting stray light (e.g., black-body radiation) from
sources other than the melt volume in the optical focus.
Black-body radiation from a transparent material such as
a silicate melt is comparatively small even at tempera-
tures above 1600-1700 'C. Radiation does emanate,
however, from bubble and melt surfaces, and also from
the furnace itself. The positioning of the laser beam in
the focal plane is done by optical imaging of the beam on
the focal plane as observed through the microscope. The
confocal system provides a means by which to reduce the
focal depth in the sample. In this system, the laser point
source is imaged on (or in the case of a melt, within) the
sample. The Raman scattered light is directed to an ad-
justable pinhole (confocal hole in Fig. 2) located in the
image plane of the microscope. The pinhole, which filters
the laser beam, and the one used to transmit the Raman
signal are the confocal diaphragms. These are optically
conjugated with the sample in the image plane of the
microscope so that only light from the focal plane (sam-
ple) reaches the detection system. In this fashion, the con-
focal system discriminates between light from the sample
in focus and light from sources in deeper or shallower
segments of the melt. With the objective lens (50 x , 0.5 5
N.A.) used in our experiments, the diameter of the laser
beam is approximately I pm. The depth of focus depends
on the diameter of the adjustable confocal hole (adjust-
able from 0 to 1800 prm diameter; Fig. 2) and is in the
range of 20-50 pm in the present experiments. Thus,
black-body radiation from sources other than this vol-
ume - I pm in diameter by 20-50 /lm deep will not be
transmitted to the detector.
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Fig. 2. Schematic illustration of confocal system.

The heater-thermocouple is fabricated from two pieces
of 0.8-mm Pt and PtrnRh,o wire, which are welded and
flattened to a thickness of 500 pm at the join. The Pt-
Pte.Rhr. heater-thermocouple serves a dual function as
both a thermocouple and heater (Ohashi and Hadidiacos,
1976). Heating takes place during the first half of every
60-Hz power-line cycle, and an emf is measured during
the second half. The heater responds to applied power in
a matter of seconds. A hole I mm in diameter is drilled
through the junction. After a sample is melted into the
hole, it is held in place by surface tension during high-
temperature expenments.

Although the emf from the thermocouple yields an ap-
proximate temperature (principal uncertainties are intro-
duced by electrical connections between dissimilar metals
and alloys in the signal path between the hot spot ofthe
furnace itself and the control unit), accurate temperature
calibration is achieved by calibration of the emf against
melting points of known compounds (Fig. 3). Initially a
Pt-PteoRhro thermocouple 0.04 mm in diameter was in-
serted into the melt for temperature measurement (My-
sen and Frantz, 1992). This thermocouple acts, however,
as a heat sink and so its recorded temperature is lower
than that of the sample. This effect becomes more pro-
nounced the higher the temperature (Fig. 3). More accu-
rate calibration based on melting points was conducted
with the samples exposed to the laser beam both with
and without power settings between 100 and 850 mW at
the sample. No discernible effect of laser power on the
melting temperatures could be observed. The tempera-
tures measured with this design are precise to within 4
"C anywhere within the sample over a time period of
hours. The temperature accuracy, as determined by mon-
itoring a melt-crystal interface passing through the sam-
ple from the furnace-sample boundary to the middle of
the furnace hole as power is applied, is 5-10'C.

The microheater is placed on the microscope stage of

U
0 200 400 600 800 1000 1200 1400 1600 1800

Temperature,'C
Fig. 3. Calibration data for microheater. The compounds used

for calibration based on melting points (with melting tempera-
ture shown) are marked.

a custom-designed microscope port of a Dilor XY con-
focal micro-Raman system equipped with an EG&G
Model 1433-C cryogenic charge coupled detector (CCD)
and an intensified diode array detector (IPDA). For the
high-temperature experiments reported here, the CCD
provided a superior peak to background ratio (between
10/l and 50/l) and was used for most of the measure-
ments. The samples were excited with the 488- and 514-
nm lines of a SpectraPhysics model 2025 Ar* ion laser
operating near 850 mW at the sample. With this system,
quality spectra were recorded in 10-60 s with the CCD
within a single detector window. (The width of a detector
window is governed by grating density, spectral range,
wavelength of the excitation line, and the number of pix-
els in the detector. In the present experiment, the window
width translated to 500-600 cm-'. Whenever a wider
spectral range was needed, individual windows are con-
nected numerically. The IPDA detector was used when
this need arose because unions of individual windows
from the CCD are less precise than those from the IPDA
detector.) Acquisition times with the IPDA detector were
3-5 min.

A melt composition (denoted BSU with 48 wto/o BaO
and 52 wto/o SiOr) in the system BaO-SiO, near the bar-
ium disilicate + tridymite eutectic (eutectic temperature,
-1370'C; see Greig, 1927) was chosen to test the limi-
tations of the system. From spectroscopic studies of glass-
es (Mysen et al., 1982a), the coexisting structural units in
this composition (the bulk NBO/Si of the glass is 0.734)
are of Q2, Q3, and Qo type.The nonbridging O per Si,
nbo/si, of these individual units is 2, I, and 0, respec-
tively (nonbridging O per Si ofindividual structural units
are indicated with lower case, nbo/si, whereas the non-
bridging O per Si in the bulk melts and glasses is indi-
cated by upper case, NBO/Si). Thus, the material consists
of the same structural units as those commonly present
in silicate melts compositionally relevant to natural mag-
matic liquids (Mysen, 1988).

Spectra ofglasses were taken before and after the series
of high-temperature measurements to determine whether

u2sio3 (1201'c)
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Fig.4. Unpolarized Raman spectra of BSU composition glass before (A) and after (B) high-temperature experiments. In diagram
C the spectra and fitted curves ofA and B are superimposed.
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the samples degraded (composition changed) during an
experiment. If the melt composition changed during heat-
ing, this change is reflected in changes in the spectra of
the quenched samples recorded after the high-tempera-
ture measurements. The curve-fitted spectrum (see also
below for further discussion of curve-fitting procedures)
of starting glass is compared with that taken after quench-
ing to room temperature from the highest temperature
(1669'C) used in this study after acquisition ofall the
Raman spectra (Fig. a). Both the data themselves and the
lines fitted to the spectra ofthe two glasses are identical,
thus leading to the conclusion that the composition of the
sample used here was not altered by exposure to the high
temperatures used in this study.

The samples were monitored optically through the mi-
croscope before, during, and after an experiment to en-
sure that visually evident sample changes (e.g., bubble
formation and crystallization) did not occur. It was found,
for example, that in the temperature range 800-1250'C
(fs - 850'C for this composition) nucleation and growth
commenced within about 60 s after the sample was
brought from above the liquidus to the desired temper-
ature. Quality spectra in this temperature range could not
be obtained with the IPDA detector, but the CCD was
sufficiently fast that spectra could be taken before nucle-
ation occurred. The procedure was as follows. Before each
measurement, the sample was brought to melting at 1550
'C, followed by lowering the temperature to the desired
value at - 100 t/s. Spectral acquisition times were l0-
20 s. The sample was monitored microscopically for crys-
tallization (780 x magnification), and the Raman spec-
trum was inspected for evidence of crystalline materials
(e.g., Fig. l).

Structural information was obtained from statistical
analysis of Raman spectra of the melts. The spectra were
corrected for temperature- and frequency-dependent

scattering intensity (e.g., Long, 1977) pior to statistical
analysis. Instrumental background was subtracted from
spectra before temperature correction by least-squares fit-
ting of a line through the data points at frequencies at
which no Raman scattering was observed. The intensities
were then normalized to the data point of the greatest
absolute intensity. The curve fitting itself (Seifert et al.,
1982; Mysen et al., 1982b) was carried out with the meth-
od of minimization of least squares with the algorithm
written by Davidon (1966).

In the curve fitting all line parameters (frequency, half-
width, and intensity) and the number of lines fitted to a
spectrum are independent and unconstrained variables in
the fitting routine. The number of lines fitted to a spec-
trum is treated statistically by numerical minimization of
the squares of the deviations between the observed and
the calculated Raman envelopes and by maximizing the
randomness of the residuals. The principal three consid-
erations were as follows. (l) The number of lines was
determined by evaluating the effect of varying their num-
ber on the value of 1'?. The appropriate number of lines
was defined as that where additional lines did not im-
prove 12 significantly. A significant decrease in 12 is an
approximately l0o/o decrease per additional line (Hamil-
ton, 1965). Fewer than four lines results in rapid deteri-
oration ofthe residual distribution and a rapid increase
in the value of 1'(Fig. 5A-5C). Additional lines did not
improve the goodness of fit. Also shown in Figure 5,A-
5C is the influence of the number of fitted lines of the
calculated abundance of individual structural units (as-
signments and calculation procedures are described be-
low). (2) The line shape was evaluated by monitoring the
influence ofa Lorentzian component on the goodness of
fit (Fig. 5D). On the basis of these tests, it was decided
to use pure Gaussian lines, as is common for Raman
spectra of amorphous materials (e.g., Seifert et al., 198 l;
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Fig. 5. Examples of two-, three-, and fourJine fits to high-
frequency envelope of unpolarized Raman spectrum of BSU melt
taken at 1535 "C (A-D). (D) Effect of percent Lorentzian com-
ponent on the 1, ofthe f i t .

McMillan er. al., 1982, 1992; Mysen et aI., 1982a, 1982b;
McKeown et al., 19841' Domine and Piriou, 1986; Lines
et al., 1987). (3) As to whether the converged fits repre-
sent global or regional minima, that was evaluated by
varying the values of the input parameters (trial values)
randomly in the curve-fitting routine.

Rnsur,rs
Temperature-corrected spectra are shown in Figures 6

and 7. The spectra in Figure 6 cover the entire range of
first-order Raman scattering in these glasses and melts.
Those spectra were taken at temperatures above (> 1250
.C) and below (<800 "C) those where nucleation was not
a problem over the 3-5 min required to record the spec-
tra (IPDA was used as a detector). Figure 7 shows the
high-frequency region of the spectra (recorded with the
CCD) from room temperature to 1669 "C, including those
where nucleation occurred when the samples remained at
temperature typically for periods longer than 60 s (see
also detailed discussion of these problems in the section
on experimental methods). In accord with previous ob-
servations (e.g., Seifert et al., 198 l; Mysen and Frantz,
1992; McMillan et al., 1992),the overall topological fea-
tures of the spectra of silicate melts and glasses do not
differ greatly with a sharp band centered near I 100 cm-'
and a less intense band near 950 cm r. At lower frequen-
cy (see Fig. 6), the relative intensities of the two peaks
between - 500 and 600 cm I change with increasing tem-
perature. The higher frequency peak (near 600 cm ') ex-
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Fig. 6. Unpolarized Raman spectra (corrected for back-

ground and temperature) of BSU glass, supercooled liquid, and
melt at the temperature indicated on individual spectra. Each
spectrum is normalized to l00o/o for rhe highest intensity data
point within that spectrum. The individual spectra are offset
vertically by 2oo/o for visual clarity.

hibits increasing intensity with increasing temperature.
Similar features were observed by McMillan et al. (1992)
in spectra of KS2 (K,O'2SiOr) and KS4 (K,O'4SiOr)
composition. They advanced a suggestion that the inten-
sity increase near 600 cm-' might reflect increased abun-
dance of siloxane rings with increasing temperature, but
other interpretations (Si-O-Si bending in depolymerized
structural units) of this frequency region are also possible
(e.g.,I-azarev,1972; Furukawa et al., l98l;Mysen et al.,
1982a; Hemley et al., 1986). Regardless of the interpre-
tation chosen, it is important to note that, at least on the
basis of a visual inspection of the spectra recorded at
different temperatures, there is no evidence for new bands
in this or the high-frequency region (800-1300 cm-').
Thus, it is unlikely that new structural units in the melts
formed as the temperature was increased and the glass
transformed from a glass to a melt.

The high-frequency region of the spectra (-800-1300
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Fig. 7. Unpolarized Raman spectra (corrected for back-
ground and temperature) of composition BSU at the tempera-
tures ("C) indicated. Each spectrum is normalized to l00o/o for
the highest intensity data point within that spectrum. The indi-
vidual spectra are offset vertically by 2oo/o for visual clarity.

cm ') can be a sensitive indicator ofthe types and abun-
dance of structural units (e.g., Brawer and White, 1975;
Virgo et al., 1980; Mysen eI al., 1982a; Mysen, 1990a,
1990b; McMillan et al., 1992). A qualitative description
of most of the Raman spectra of the present samples in
this spectral region as a function of temperature was pro-
vided by Mysen and Frantz (1992), and only a summary
will be presented here. (Mysen and Frantz, 1992, dis-
cussed the spectrum of the glass aL 25 "C and the spectra
in the temperature range I165-1669 'C. The spectra of
samples from 300 to I100 "C were recorded for the pres-
ent study. It should be noted that because Mysen and
Frantz, 1992, used an inserted thermocouple to monitor
the temperature, they reported temperatures that were
too low. See the experimental methods section and Fig.
3 to evaluate this problem. The temperatures shown on
the spectra in Fig. 7 have been corrected with the furnace
calibration against melting points of known compounds.)

The spectra, whether of glasses or melts, generally show
an asymmetry on the high-frequency side of the strong
I 100-cm-' band and a shoulder or less intense Deak near

950 cm-' (Fig. 6). An intensity increase of the 950-cm-'
peak with temperature is noted for all the samples (Fig. 7).

All the spectra were fitted to three Gaussian lines in
the high-frequency region (see Fig. 8 for examples). The
assignments of the Raman bands are based on a variety
of Raman studies of alkaline earth and alkali silicate and
aluminosilicate melt compositions. These assignments
yield structural interpretations consistent with those from
other spectroscopic techniques such as 27Al and'?eSi NMR
(see Mysen, 1988, 1990a, 1990b, for a summary of the
relevant literature). The sharp band near ll00 cm-' is
assigned to Si-O stretching in units with nbo/l : l, which
are referred to as SirOl-and Q3 units in the text (see also
Brawer and White, 1975; Virgo et al., 1980; Furukawa et
al., 1981; McMillan, 1984). The band near 950 cm ' is
assigned to Si-O- stretching in units with nbo/r : 2 (see
also Brawer and White, 1975; Furukawa et al., l98l),
which are referred to as SiOl and Q2 units in the text. In
the lower-frequency region near 400-600 cm I (Fig. 4),
there are two bands, the highest frequency ofwhich (near
600 cm r) most likely is due to Si-O-Si bending vibra-
tions in these structural units (e.g., Furukawa et al., l98l;
Lazarev. 1972\.

At temperatures above that of the glass transition (Zr),
the integrated intensities ofthe bands at 950 and I 100 cm '

are systematic functions of temperature. The 950-cm-' band
intensity increases, whereas that of the I100-cm-' band
decreases (Fig. 9).

There is also a broad band near 1070 cm ' whose in-
tensity increases slightly with temperature (Figs. 8, 9).
This band may be assigned to Si-O0 from bridging O in
the melts (Lasaga, 1982; Mysen, 1990a, 1990b), although
Fukumi et al. ( I 990) and McMillan et aI. (1992) suggested
that this band may be assigned to an Si-O vibration in
structural units associated with metal cations (alkali met-
als in their case). Whereas the bands at 950 and ll00
cm I are generally accepted as being caused by antisym-
metric Si-O stretch vibrations in units with 2 and I
NBO/Si, respectively, the cause of the bands at 1070 and
1150 cm-' remains somewhat controversial (Matson et
al., 1983; Mysen eI al.,1982a; Fukumi et al., 1990; Mc-
Millan et al., 1992), as the only evidence suggesting that
they are due to an Si-OO vibration is derived from the
spectra ofvitreous SiO, (Lasaga, 1982). A band occurs in
this region, however, whether or not fully polymerized
(Qa) units occur in glasses. As a matter of fact, Mysen et
al. (1982a) noted a band near 1070 cm-' from compo-
sitions as polymerized as tectosilicate (as in vitreous SiO')
to compositions as depolymerized as those with bulk melt
NBO/Si : 3.95 (orthosilicate has NBO/Si : 4), where
there is no evidence for fully polymerized units. This ob-
servation led them to suggest that this band could be
assigned to an Si-Oo stretch vibration in structural units
that were not, by themselves, firlly polymerized. It is clear,
nevertheless, that this band assignment is problematic.
Its presence is definitely required from the viewpoint of
statistical deconvolution of symmetric Gaussian (or Lo-
renlzian for that matter) lines, but the assignment is
uncertarn.
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All the nonbridging O in these melts and glasses resides
in SiO. (Q'z) and SirO, (O3) structural units whose respec-
tive values of NBO/Si are 2 and l. The overall NBO/Si
of the melts and glasses is, however, 0.734. Therefore,
there must also be at least one additional structural unit
in these melts with NBO/Si < 0.734. Other vibrational
and NMR spectroscopic data for alkali and alkaline earth
silicate compositions in the same NBO/Si range indicate
that this unit is of SiO, (or Qo) type (e.g., Virgo et al.,
1980; Mysen et al., 1982al' Stebbins, I 987; Matson et al.,
I 983). The band near 500 cm I in the low-frequency range
(Fig. a) could be assigned to S-Oo rocking motions in such
units (e.g., Bell and Dean, 1972; Revesz and Walrafen,
1983; Phillips, 1982, 1984). It has also been suggested
that there would be a weak band between I 150 and 1200
cm ' assigned to Si-Oo stretching in such fully polymer-
ized units (e.g., Mysen et al., 1982a), but inclusion of such
a band in the curve fitting does not improve the quality
of the fits significantly (e.g., Fig. 5). Coincidentally, My-
sen et al. (1982a) suggested that the Raman cross section
for this band is only about l0o/o of that of the bands at
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I 100 and 950 cm-' bands. It is not surprising, therefore,
that this band cannot be resolved in the present spectra.

Increasing temperature does not change the number of
lines fitted to the high-frequency envelope ofthe spectra.
Thus, it appears that major structural changes (e.g., dif-
ferent structural units) in the samples do not occur, as
these are transformed from glass to supercooled melt and
superliquidus melt. Therefore, a simple anionic equilib-
rium can be used to describe silicate melt and glass struc-
ture in the polymerization (NBO/Si) range between - 1.0
and near 0 (e.g., Virgo et al., 1980; Mysen et al., 1982a;'
Matson et al., 1983; Stebbins, 1987). The reaction

S1'o4 QQ,) * Sio? (Q') + Sio, (O') (l)

adequately describes the anionic equilibrium among the
structural units in these glasses and melts at least to the
highest temperature of the present measurements (1669 lC).

Line frequencies (2,) and full width at half height
(FWHH) generally are systematic functions of tempera-
ture (Fig. 10). The Raman frequencies are essentially lin-
ear functions of temperature (Fig. l0A) with (l/u,)(6v/07)

100100 a
'2 75
o
E

Euo
(!
E

9. zs

0
4

I

'E 75
o

Euo
(!
E

2 2 5

ie

'E 75
o

Euo
(!
tr

Ers

740 890 1040 1190 1340
Wavenumber, cmi

Fig. 8. Examples ofcurve-fitted spectra taken at the temperatures indicated

0
2

(!
J

Eo
o
E - 2



'706
MYSEN AND FRANTZ: SILICATE MELTS AT HIGH 7

E
o
to
6 eeo=
0
o

lJ-

o
9 6 0
a

S*

A
11lo "T';lr:rtt n =r.+zt. 1 o_s c-1
1o7ocm-l.,rrf*,rrUGffi

TTjg"r:.32s.r0.5*,

890 '
0

T 8 0
E
o
r
T 6 0

f.

$zo
F

a

n\-

o 1(X)0 2000
Temperature, "C

Fig. 9. (A) Area ofthe bands at 950. 1070. and I 150 cm r
relative to the area of the entire high-frequency envelope ()A)
as a function of temperature. (B) An expansion of the intensity
relations among the 950 and I 100 cm ' bands.

between - 1.4 and -2.4.10 s/'C. These values, resulting
from the anharmonicity of the vibrational modes, com-
pare well with those reported by McMillan et al. (1992\
for KS2 and KS4 melts and glasses. The full width at half
height (FWHH) for all but the bands increases system-
atically with temperature (Fig. l0B), presumably because
of thermally induced broadening in distribution of bond
angles (and bond lengths?).

Abundance of structural units

The abundance ofthe individual structural units in the
melts as a function of temperature can be obtained from
the Raman spectra. The simplest approach to this prob-
lem is to derive calibration factors for the integrated Ra-
man intensities of appropriate bands by measuring spec-
tra for which the abundance of the structural units has
been obtained independently by, for example, ,rsi NMR
or Raman spectroscopy, or both. With such an approach,
Mysen (1990b) noted (see Fig.4 in thar paper) rhar Ra-
man and NMR spectroscopy yield abundances that agree
within the statistical error of the measurements. It should

1000

Temperature,'C

1000 2000

Temperature,'C

Fig. 10. Frequency (A) and full width at half height (FWHH)
(B) of bands from structural units, indicated as a function of
acqulsltron temperature.

be noted, however, that because the quenching rate by
which a glass is formed from a melt affects the fictive
temperature, it is possible that the abundance of struc-
tural units in a glass used for calibration could depend
on the quenching rate (e.g., Buckermann et al., 1992). In
fact, Stebbins (1988), using ,eSi NMR spectroscopy to
study the structural behavior of NS2 (NarO.2SiOr) glass
with fictive temperatures of 530 and 450 oC, reported a
Qa abundance in these two glasses as 7.9 and 6.4 (+9.51o1r,
respectively. The flctive temperature of 530 "C was from
samples quenched at a reported rate of - 500 oCls, where-
as the glass at 450 "C was formed with a quenching rate
on the order of 0.01 "C/s. The glass samples in the NarO-
SiO, system used for calibration of Raman spectra for
unit abundance determination (Mysen, 1990a, 1990b)
were formed with quenching rates near 100 "C/s.

Calibration factors, 0,, for integrated Raman intensities
of appropriate Si-O stretch bands assigned to units, l,
are developed as follows. (In these following expressions,
Q notations are used to indicate the particular Raman
band of interest. For the - I 100-cm I band, for example,
the integrated area is denoted An; for the -950-cm-'
band, An,.) We first define calibration factors, |qz znd

20.
0

Temperature,'C
B 1o7o cm-r
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dn,, which are related to the mole fractions, Xn and
Xd, and the areas of the bands at 950 and ll00 cm ',

Aq, and Ae., &s follows:

0p' : Xq,/Aq:, €Ind 0n': Xn,/An (2)

which yields the expression

0e'/0e,: (Xo./Xa,)(Aa,/Ao,). (3)

The values of Xe,/Xp, afid Ae./Ap, needed to determine
the 0q./0r, ratio can be obtained from a standard where
Xe./Xe, is determined independently. An example of such
a standard is NarSirO, (NS2) composition glass, where
the combined "Si NMR and Raman data summarized
by Mysen (1990a) yield Xn /Xn' : 13.4 and Ap'/Ap, :

0.218. The calibration factor ratio then is

0p, /0e ' :  2 .92.  (4)

Equation 3 can be rearranged to express mole fractions
of the structural units of an unknown:

(xn,/Xn)*k" : (0o,/0o,)"^d(An,/An)""k". (5)

In a composition such as BSU used here (with NBO/Si
: 0.734), all nonbridging O atoms reside in Q3 and Q2
species. Therefore, the NBO/Si of the melt can be ex-
pressed as

(NBO/Si): XU!" + 2XUi". (6)

From the (0n,/0n)"'^"d calibrated with the NS2 glass stan-
dard and (An,/An)""k" obtained from the Raman spectra,
the abundance of Q' and Q3 species can be obtained by
combining Equations 5 and 6. The abundance of fully
polymerized structural units (O4 or SiOr) can then be de-
termined from the simple mass balance

X n ^ : l - ( X a . + X o , ) .  ( 7 )

When applying these calibration factors to melts and
glasses in the system BaO-SiO', it is assumed (l) that the
calibration factors are insensitive to the different metal
cation (Ba2+ in the unknowns as compared with Na+ from
the calibration samples) and (2) that these calibration fac-
tors are insensitive to the temperature at which the spec-
tra were obtained. Mysen ( I 990a) found that even though
in principle it would be expected that the type of metal
cation should affect the Raman intensities, a comparison
ofcalibrations derived from the spectra ofglasses in the
systems NarO-SiO, and KrO-SiO2 revealed no differences
within the errors.

The second assumption, that the relative scattering in-
tensity of the two Si-O stretch bands at 950 and I 100
cm ' is independent of temperature in principle, is an
approximation because the optic mode loss coefficient, a,
is a function of temperature (e.g., Lines, 1987). The ques-
tion is whether this dependence differs significantly for
the two modes of interest. The function relating a to tem-
perature is ofthe form

f("): C coth(h,o/2k7) (8)

where C is a constant for a specific mode (which includes

1000 1 100 1200 1300 1 400 1500 1 600 1700

Temperature,'C

Fig. I l. (A) Abundance of structural units in the melts as a
function of temperature as indicated. (B) Comparison of SiO,
(or Q'?) abundance calculated from two-, three-, and fourline fits
to the spectra (see Fig. 5), as marked on the figure'

a range of parameters specific to the mode in question),
h and k are Planck's and Boltzmann's constants, <o is fre-
quency, and Z is temperature. If a temperature depen-
dence of the relative Raman intensities used to calculate
the abundance ofstructural units affects the data (outside
the error in the intensity measurements), systematic
changes of apparent unit distributions with temperature
would be expected.

The unit distribution as a function of temperature be-
tween 25 and 1669 oC is shown in Figure ll, where the
approximate positions of the glass transition (Zr) and liq-
uidus (?",,") temperatures are also shown. These data (Fig.

I lA) show that the abundance of the structural units is
nearly independent of temperature from 25 "C to tem-
peratures near that ofthe glass transition. This trend would
not be expected ifthe relative intensities ofthe 950 and
I 100 cm-r varied with temperature. This absence of tem-
perature-dependent unit distribution at temperatures be-
low the glass transition is consistent, however, with the
distribution ofstructural units being frozen in, at, or near
Z, (Dingwell and Webb, 1990).

Above 1'" it is evident that the abundance of the fully
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Y
-

1rr.104 (K-1)

Fig. 12. The equilibrium constant for Reaction I as a func-
tion of temperature expressed as ln K vs. l/T (K). The glass
transition temperature is shown with a bar marked Z, and the
liquidus temperature with a bar marked ?],". Solid circles mark
the data through which linear regression was conducted- The
average ln Kvalue for 7 < { is from the temperatures less than
that of the glass transition (including the room-temperature
spectrum, 25'C).

polymerized structural units (SiO, or Qo) increases sys-
tematically with increasing temperature, whereas that of
the structural units with NBo/si : I (siro3 or 03) de-
creases with increasing temperature. These changes are
associated with a slight increase in the SiOl (Qr) unit
abundance. The evolution of the abundance with tem-
perature is continuous across that ofthe liquidus (- I 370
'C; see Greig, 1927).

Also shown in Figure I I is a comparison of SiO. (or
l) abundance in BSU melts calculated from two-, three-,
and four-line fits to the high-frequency envelope (see also
Fig. 5). The general trend of increasing SiO, abundance
with increasing temperature remains regardless of the
number of lines chosen. The results from the three- and
four-line fits are indistinguishable, whereas those from
the statistically much poorer two-line fits (see Fig. 5) are
lower. The general trend of increasing SiO. abundance
with increasing temperature remains regardless of the
number of lines chosen.

Under an assumption of ideal mixing of the structural
units in the high-temperature melts, the equilibrium con-
stant for Equation I

Y -- Xstol 'Xsi6r/X5iror- (9)

expressed as ln Kvs. l/T (Fig. 12), at temperatures above
that of the glass transition follows the straight-line rela-
tionship expected from the simple expression

ln K: -(AH/P.T- - AS/R). (10)

The equilibrium constant, K is insensitive to temper-
ature within the uncertainty ofthe data from near that of
the glass transition to room temperature. This observa-
tion differs slightly from that of McMillan eL al. (1992)

for KS2 and KS4 glasses. McMillan et al. (1992) suggest-
ed an apparent slight increase in calculated K values be-
tween { and room temperature and suggested that this
increase may result from a small temperature dependence
of the Raman cross sections for the bands at 950 and
ll00 cm '. It was estimated that this temperature de-
pendence would be equivalent to an -2 kJlmol overes-
timation of the AfI values calculated for KS2 and KS4
melts. It should be noted, however, that McMillan et al.
(1992) fitted only three Gaussian lines to the high-fre-
quency envelope of their spectra (the 1050-cm-' band
was not included), thus possibly introducing a small error
in the ln K vs. l/T slope. Furthermore, McMillan et al.
(1992) did not report uncertainties in the individual ln K
vs. l/T data points. Thus, it is not known whether their
slight positive temperature for Z = 4 is within the error
of the data. Within the error of the present data (Fig. l2)
for BSU melt (its NBO/Si is -0.75, which is intermedi-
ate, therefore, between that of KS2, with NBO/Si: l,
and KS4, with NBO/Si : 0.5), the temperature effect sug-
gested by McMillan et al. (1992) cannot be discerned.

The All derived from this relationship (Fig. 12) is 34
+ 4 kJ/mol. The AI1 for the barium silicate melt (with
NBO/Si near 0.75) reported here compares with that of
melt composition NAl5 {(Na.Si,O,)r, .[Na, (NaAl)rO,],,,
by mol) with -30 kJlmol reported by Mysen (1990a).
On the basis of the difference in species distribution de-
termined by'zeSi NMR on slow-cooled (5.t0-, "C/s) and
rapidly-cooled (-500 'Cls) NS2 glass, Brandriss and
Stebbins (1988) suggested a LH value of 30 + l5 kJlmol
for Reaction I for sodium disilicate melts. McMillan et
al. (1992) reported 20.6 + 5.5 kJ/mol for KS2 melt and
supercooled liquid. It would appear, therefore, that the
high-temperature, in-situ micro-Raman spectroscopic
technique can be used routinely for quantitative descrip-
tion of the anionic structure of silicate melts.
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