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The speciation of dissolved water in rhyolitic melt
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Abstract—Concentrations of water molecules and hydroxyl groups have been measured in rhyolitic glasses
with 0.5% to 5.0% HO, using infrared spectroscopy at room temperature. The glasses were cootEef@ls

after having been held at 400 to 600C, for sufficient time for the equilibrium distribution of species to have
been reached. The speciation of water in samples with greater than 2.5 wt.% total dissolved water and
quenched rapidly from temperature$600C were shown to reequilibrate during quench. However, samples
with less than 2.0% water and quenched rapidly fre#800C, and those with less than 5.5% water and
quenched rapidly from=500C, did not undergo changes on quench and record the equilibrium species
concentrations of the experimental run conditions. Knowledge of the equilibrium speciation of water in
samples at lower temperatures can be used to predict the species concentrations at magmatic temperatures and
allow us to explore the effect of melt structure on the physical properties of natural hydrous magmas. Ideal
mixing models can be used as a rough approximation for modeling the solution of water in rhyolitic melts with
less than 2.5 wt.% total water:

IN[(XBEH2/(XTE XBTH] = In K = 1.89= 0.05— (3120= 40)/T,

where X™" is the mole fraction of specigson a single oxygen basis,,B,, = water molecules, G=
anhydrous oxygens, afidis temperature in Kelvin. This fit provides a standard state enthalpy and entropy of
AH° = 25.9* 0.4 kJ/mol andAS’ = 15.7 = 0.4 J/mol- K for the mixing of water molecules in rhyolitic

melt. At high water contents, either a modification to the infrared calibration or more complex models (such
as a regular solution model) are required to fit the data.

Our measurements differ with recent studies using in situ measurement techniques that show lesser
concentrations of molecular species at magmatic temperatures, and we address concerns associated with the
in situ method. Our study on quenched glasses can be applied to natural rhyolites; using measured species
concentrations, the “apparent” equilibration temperature can be calculated to within 12d@rtainty)
which can be used to determine the cooling rate of a naturally quenched rhyolitic @aggright © 1999
Elsevier Science Ltd

1. INTRODUCTION referred as HO,,,; the total dissolved kD content, i.e., the sum

of the amounts of water dissolved as OH angDH, will be
The nature of water dissolved in silicate melt has received referred to as 5O,) and tetrahedral aluminosilicate units in the
considerable attention from geologists for many years (e.g., melt. However, neither the details of these reactions (Mysen
Goranson, 1938; Wasserburg, 1957; Burnham, 1975; Stolper, and Virgo, 1986; Kohn et al., 1989; McMillan et al., 1992;
1982a; b). It is well known that the structure of a silicate melt Sykes and Kubicki, 1993), nor the abundances of OH and
is altered with the dissolution of water such that the addition of HZOm in felsic ||qu|ds and g|asses (inc|uding their dependences
small amounts of water can significantly change its physical gn H,O, and temperature; Stolper, 1989; Dingwell and Webb,
and chemical properties. The presence of water in a magmaticlggo; Mysen, 1993; Nowak and Behrens, 1995; Shen and
system influences, for example, the liquidus and solidus tem- Keppler, 1995; Romano et al., 1995; Behrens and Nowak,
peratures (e.g., Tuttle and Bowen, 1958; Kushiro, 1969; Wyl- 1997) are fully agreed upon or understood.
lie, 1979), the viscosity of the liquid (e.g., Shaw, 1963; Burn-  Thjs paper presents experimental results on the dependence
ham, 1967; Dingwell et al., 1996; Schulze et al., 1996; qf the speciation of water in felsic melts and glasses on tem-
Stevenson et al., 1998), crystal nucleation rates (Davis et al., perature and KD,. Some of the results presented in this study
19_97),_ and the chemical diffusivities that control mel_t homog- (especially speciation at low J@,) have been utilized in other
enization, crystal growth rates, and the degree of interaction g gies that have focused on other aspects of the interaction of
with surrounding wall-rock (e.g., Watson, 1979; Zhang et al., \yater with silicate melt (lhinger, 1991; Zhang et al., 1991
1991). Itis generally accepted that in felsic liquids these effects 1995: 1997). The data base reported here combines data used in
are related to reactions that form hydroxyl groups (hereafter o0 gy dies with new experimental data and spans the entire
referred to as OH) from dissolved,8 molecules (hereafter 40 of temperature and dissolved water content accessible to

our experimental technique. We present in this paper a formal
+ Address reprint requests to Phillio D. lhinder. Department of Geolo treatment of the speciation of water in silicate melts as deduced
and Geophygics, Ygle University,pNew Hag\’/eﬁ, C1lEZ 06520-8109, US?O):. from measurements made on quenched glasses at room tem-

t Present addressDept. of Geological Sciences, The University of ~Perature, and we discuss some caveats regarding interpretation
Michigan, Ann Arbor, MI 48109-1063, USA. of in situ infrared (IR) measurements of speciation made on
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Table 1. Starting material compositions.

Mono Crater8 GB LPR1 LPR2 LPR3 Q3 Q8
Sio, 76.4 77.6 76.6 76.6 76.6 74.2 72.6
Al,Oq4 12.3 12.9 12.7 12.7 12.7 12.4 12.1
FeO 1.0 0.4 2.2 2.2 2.2 0.0 0.7
CaO 0.5 0.5 0.3 0.3 0.3 0.0 0.7
Na,0 3.8 4.2 4.1 4.1 4.1 4.0 35
K,0 4.8 4.2 4.6 4.6 4.6 4.8 4.7
H,0, variable variable 3.5 4.8 4.0 3.2 3.1
Notes b c d e e
Synthesis conditions
T(C) — 850 850 850 850 1300 1100
P (bar) — 500 550 1100 700 1000 1000
Time (h) — 500 140 118 125 20 65
Apparatu$ — CSPV IHPV IHPV IHPV IHPV IHPV

2 All values reported as wt.%.

b samples collected by Sieh and Bursik (1986). Microprobe analyses represent average of 15 samples (Newman et al., 1988). See Table 2 for totz
water contents.

¢ Obsidian from Glass Buttes, Oregon collected by lhinger (1991).

d Obsidian from Los Pasos, New Mexico; analysis from Shaw (1963) on prehydrated sample. Water content determined by IR from Stanton (1989).

¢ Synthesized by Hamilton from oxide powders plus excess water sealed in Pt capsules. Microprobe analyses represent average of ten spots ¢
hydrated samples.

fCSPV = cold-seal pressure vessels; IHRVinternally heated pressure vessels.

samples at magmatic pressures and temperatures (Nowak andhydrous species in each glass were determined by FTIR spectroscopy
Behrens, 1995; Shen and Keppler, 1995). before and after each experiment.

In this study, hydrous rhyolitic melts and glasses were held
under run conditions for sufficient time to approach an equi- 2-1. Starting Materials

librium distribution of species and then quenched to room  chemical compositions of all starting materials are listed in Table 1.
temperature on time scales short enough that the high-temper-Rhyolitic obsidians with 0.45 to 2.3 wt.% (wt.% is shortened to %
ature distributions of hydrous melt species were preserved in hereafter) HO, from the Mono Craters, California were used as starting

- . materials in the 1 atm experiments. These glasses have been described
the quenched glasses. Species concentrations measured by FOLE—y Sieh and Bursik (1986?), Newman et al. ?1986; 1988) and Zhang et

rier transform infrared (FTIR) spectroscopy at room tempera- 4j (1991). One high-pressure experiment (PD-D2 in Table 2) at 250 bar
ture on these quenched glasses thus provide quantitative con-also used a natural obsidian as the starting material. Starting materials
straints on speciation at high temperatures. This approach tofor all other high-pressure experiments were synthesized. Sample GB
characterizing the temperature dependence of the speciation of¥as synthesized by hydrating rhyolitic obsidian from Glass Buittes,

. -, . . Oregon in our laboratory. LPR samples were synthesized by Dr. T.
water in rhyolitic glasses was first used by Stolper (1989), in Stanton at the Arizona State University (Stanton, 1989) by hydrating

which samples were quenched from temperatures ranging from rhyolitic obsidian from Los Pasos, New Mexico. Samples Q3 and Q8
300 to 900C. At about the same time the quenchability of water were prepared by Dr. D. Hamilton at the University of Manchester
speciation was questioned by Dingwell and Webb (1990) who (UK). Synthesis conditions for all these starting materials are given in
outiined a qualitative prediction of quenchability based on ng(lqeué' (ﬁ('il dsef::(t?im)a;er:('jalrzxefﬁ das%grgr:i’;‘;egggoﬁmfigrsesﬁqgce of
viscosity. Here, we confirm that samples with high water con- atral obsidians.

tents quenched from high temperatures can change their spe-

ciation on quench. There is, however, a restricted range of 2 2 gquilibration Experiments

temperatures and Water contents for--a given que-nCh rate that One atm experiments were described in detail by Zhang et al. (1991
aIIo_W for the preservation of the _equﬂlbrlum Species concen- 1995) and are only summarized here. Doubly polished glass' wafers’,
trations at run temperature. Using samples quenched from (2-10 mm wide and long by 0.36—3.4 mm thick) were held at elevated
conditions that satisfy criteria for species preservation, we temperature in 1 atm tube furnaces for 40 s to 50 days under flowing N
constrain a thermodynamic model of the equilibrium speciation such that hydrous species concentrations reequilibrated to the new
of water in rhyolite as a function of temperature angdH This conditions before loss of water by diffusion significantly alteregDH

del id d ioti f th lati bund f Temperatures were controlled with a chromel-alumel thermocouple
model provides a description of the relative abundances ot yide the tube and monitored with a chromel-alumel thermocouple

H,0,, and OH under magmatic conditions that can be used in adjacent to the experimental charge. Glass wafers were quenched by
determining the effect of water on melt properties such as pulling them out of the furnace and dropping them into water. As noted
viscosity and cation diffusivity and on magmatic processes I Table 2, some of the samples from the 1-atm experiments (particu-

PRI - _ larly those with high HO,) experienced bubble formation, deforma
such as raf[es of assimilation, mixing, bubble growth, and crys tion, and discoloration. However, as discussed by Zhang et al. (1991),
tal nucleation and growth.

these changes do not appear to affect measured species concentrations.
Because samples with high,@, (=2.5%) deform and bubble during
2. EXPERIMENTAL METHODS heating at 1 atm, experiments to determine species equilibrium for such
samples were conducted at high pressures (up to 1000 bar) in vertical
Natural and synthetic rhyolitic glasses were held at 400 to 600°C for rapid-quench, cold-seal pressure vessels as described in lhinger (1991).
40 s to 50 days, at pressures-el to 1000 bar. The concentrations of ~ For each experiment, starting materials (doubly polishe8,x 3 X
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0.3 3-mm chips with homogeneous,®},, and OH contents) were have uncertainties in individual species concentrations larger than 1%
sealed in Pt capsules. The capsules were pressurized in the cold part ofdue to heterogeneity. However, even for these samples, the precision
a pressure vessel to 250 to 1000 bar using distilled water as the for Q based on multiple spectra from different spots is usually less than
pressurizing medium and then levitated magnetically within the pres- or equal to the typical value of 2% relative error, due to correlated
sure vessel into the hot zone of the furnace. The pressure was chosenvariations inX,o andXgy.

to be greater than the vapor saturation pressure of the samples (based
on H,0,) so as to prevent bubble formation. Temperatures were-mon
itored with external chromel-alumel thermocouples previously shown

to be 13+ 3C cooler than the internal hot spot (lhinger, 1991). . .
Quenches were achieved by removing the magnetic levitation and The concentrations of §0,, and OH in all quenched glasses

allowing the sample to fall to a cold part of the pressure vessel. The are listed in Table 2. The actual IR absorbance data are also
time scales for quenching in these experiments (and in the 1-atm reported because there may be further improvement in the IR
experiments) depended on the thermal diffusivity and the thickness of calibration. Both the 1-atm and the high-pressure data are used

3. RESULTS AND DISCUSSION

the sample and were on the orddrlos (~10°C/s). After quenching,
some samples from the high-pressure experiments exhibited a dull
“frosting”; these samples were repolished withuin alumina to re-
move the “frost” before FTIR analysis. No bubbles or other changes
relative to the starting materials were observed in the polished, high-
pressure run products.

2.3. Infrared Spectroscopy

All starting materials and run products were analyzed fg®Hand
OH using an FTIR Nicolet 60SX spectrometer following the proce-
dures of Newman et al. (1986). Apertures used to delimit the infrared
beam depended on sample size and heterogeneity; i.e., smaller aper
tures or narrower slits were used for smaller and more heterogeneous

to examine the dependence of speciation on temperature and
H,0O, because the effect of pressure is negligible for pressures
less than 1 kbar (Zhang, 1993). The equilibrium constants are
plotted as a function of 5O, and 17 in Figure 1.

3.1. Melt Species Equilibrium and the Effect of Quench

In order to demonstrate that our measurements represent
equilibrium distributions of hydrous species at run conditions,
we must show that (1) samples have attained equilibrium

during the duration of the run, and (2) samples have not

samples. The intensities (peak heights) of the absorption bands at 5230undergone changes in species concentrations during the quench

cm ' (Ag,30 and 4520 cm® (A,5,0 were measured. The baseline is
fit by a flexicurve. Uncertainties on the infrared spectroscopic mea-
surements have been estimated based on the quality of individual
spectra, the reproducibility of an internal standard analyzed repeatedly
along with the unknowns, and the reproducibility of analyses of dif-
ferent polished sections of the same sample. Precisions for single
measurements 0hs,50 and A, 5, Were taken as the larger af1%
relative or=0.001 absolute absorbance units (all the precisions stated
and error bars shown in this paper are at #&r level).

Species concentrations were calculated using the molar absorptivites
from Zhang et al. (1997). The concentrations (in wt.%) of OH and
H,0,, are calculated using the following relations:

H2On = 85230 As230

OH = 4520Aus20

1)
(2
where

8s230= (p/18.015(ay);

84520= (p/18.019(by — b1Acz30 + D2Aus20;

®
4)

and

®)

where p is glass densityp, is the density of anhydrous glass of an
otherwise identical compositioa, = 0.04217 b, = 0.04024 b, =
0.02011, andb, 0.0522. Eqgn. 2 represents a modified Beer—
Lambert relationship in that the molar absorptivity, L., is depen
dent on HO,,, as well as OH. The dependence of glass density gb H
is expressed g¥p, ~ 1 — H,0,/100. AsZhang et al. (1997) assessed,
the above calibration for species concentrations is best constrained for
H,0, =2.7%,although the applicability for kD, content is up to 5.5%

Or.

Following Zhang et al. (1995), we use the parameter

oy
Q = Xg{\aés X%Iass
20m

plpoH20; = 85230 As230 T Sas20Auss

(6)

to describe the proportions of OH ang®},, in a sample, wher?'ass

is the measured mole fraction of speciem the glass on a single
oxygen basis, and O denotes an anhydrous oxygen (Stolper, 1982b).
Propagated errors dR are typically~2% relative except wheAs,3,
and/orA,s,o are less than 0.1 (e.g., for thin samples or samples with
low H,0,). Analyses of different spots in the same sample sometimes

to room temperature.

Attainment of equilibrium for some experiments (Zhang et
al., 1995) has been demonstrated by “reversals” (i.e., approach-
ing a final value o from initially higher and lower values) or
by observing tha@ no longer varies with heating duration. The
degree to which an equilibrium distribution of species was
achieved in other experiments has been evaluated by compar-
ison of run durations with time scales for equilibrium deter-
mined by Zhang et al. (1995). Specifically, the durations of all
1-atm equilibrium speciation experiments reported here are
greater than or equal to the time required to reach equilibrium
(~57, as given in Fig. 3 of Zhang et al., 1995). At low
temperatures (400—480C), the durations of the 1-atm experi-
ments were all significantly longer than the estimated times to
reach equilibrium based on extrapolation of the results of
Zhang et al. (1995). For the high-pressure experiments, run
durations were at least twice (10 the time calculated as
necessary to reach equilibrium.

Zhang et al. (1991, 1995) discussed the conditions under
which concentrations of hydrous species can be preserved on
quenching of rhyolitic glasses; i.e., conditions for which the
back reaction for BO,, + O = 2 OH is negligible. They
showed that for samples quenched at a given rate, the quench
effect can be neglected only for samples with less than a
particular critical concentration of J&,, where the critical
concentration is inversely correlated with the temperature of
the experiment. For example, for a quench rate-a00C/s, the
quench effect can be neglected for samples wifpHs2.0%
quenched from 600C, for samples wi#8.2% quenched from
550C, and with<5.5% for samples quenched from 500C. Only
those samples that satisfy these conditions are included in the
equilibrium data base (the upper part of Table 2). The lower
part of Table 2 includes experimental data from this study that
are not used to constrain equilibrium speciation for rhyolitic
glasses and melts. For example, based on the analysis in Zhang
et al. (1991, 1995), some samples (e.g., witB% H,O, at
600C) underwent significant species reequilibration upon
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3572 P. D. lhinger, Y. Zhang, and E. Stolper

guenching. In addition, samples with,®, only slightly more While the simple, three-species ideal solution model pro-
than those predicted to have quench problems (such as 2%—-3%vides a good approximation, the decreas& iwith increasing
H,O, at 600C; see later discussion) have also been excludedH,O, shown in Fig. 1b for higher kD, is inconsistent with it.
from the equilibrium database. The speciation data for starting One explanation for the apparent nonideality of mixing of
compositions Q3 and Q8 are believed to represent equilibrium, hydrous species in silicate melts concerns the accuracy of the
but are included in the lower part of Table 2 because their calibration of species concentrations at high concentrations of
major element compositions differ from the natural composi- H,O,. The calibration of Zhang et al. (1997) was limited to
tions of the other samples studied. glasses with HO, <2.7% and may not bapplicable to sam

The temperatures of some of our experiments are lower than ples with greater water contents. However, we can modify the
what would typically be taken as the “glass transition temper- calibration for 85,55 and 8,50 in Eqns. 3 and 4 byassuming
ature” based on bulk or macroscopic properties (e.g., viscosity ideal mixing and refitting the results in Table 2 (zhang and
or heat capacity; Dingwell, 1993; Doremus, 1994) under typi- Behrens, 1998). Using the concentration-dependent molar ab-
cal laboratory cooling rates. However, in the kinetic definition, sorptivities, our data yield a best-fit value AH ., = 25.3
the glass transition temperature (or fictive temperature) de- kJ/mol, indistinguishable from the value given above for an
pends on the cooling rate, and hence the time scale held at aideal fit to lower water content glasses.

given temperature. As described above, the time scales of our

experiments are long enough for the®,—OH interconver
sion reactions to reach equilibrium. Therefore, our equilibrium
results are representative of reladtieglid rather than unrelaxed
glassbehavior with respect to the reactions controlling inter-

A second possible explanation for the decreas& iwith
increasing HO, shown in Fig. 1b for samples with high,B,
is that a greater level of complexity (i.e., more free or adjust-
able model parameters) is required to describe homogeneous
equilibria among hydrous species in rhyolitic melts and glasses.

conversion of hydrous species, even though the experiments areThis is not surprising because ideality typically only holds for
at temperatures that might otherwise exhibit a glassy responsedilute solutions. There are several plausible extensions of the
to thermal or mechanical perturbations experienced on shorterideal model that can account for the apparent deviation from
time scales. Note that for those samples that preserve high-ideality at high water content (e.g., the formulation of Silver
temperature speciation on quenching to room temperature, theand Stolper, 1989). For example, if we assume that hydroxyl
experimental charge shows what would be called unrelaxed, groups are preferentially associated with Al ions (i.e., as AIOH
“glassy” behavior during quenching (Dingwell and Webb, groups; e.g., Sykes and Kubicki, 1993) and consider ideal
1990). mixing of H,OM" AIOSi™e", SiOS™e", and AIOH™" groups,

the deviations from horizontal isotherms shown in Fig. 1b can
be modeled. Similarly, an exchange mechanism similar to that
of Kohn et al. (1992) modeled as an ideal mixture gOXe"

(Na, K)OH™ " (Al, Si)OH™" and (Na, K)O(Si, Alj**" spe

cies can also explain these trends. There are other choices and
combinations of ideally mixing melt species that could explain
our data, and future work will undoubtedly determine the
<2.5% and inFig. 1b for samples up to 5% J&,. Figure la nature of the H-bearing and oxygen-bearing species and the
shows that up to~2.5% H,O,, K is independent of water interactions between them. It is important to emphasize that our
content (within error) at each temperature, indicating that at technique can precisely distinguisB®},, and hydroxyl species
these concentrations and conditions, the speciation of H-bear-but not the “subspeciation” at the next detailed level, and this
ing components in these melts can be described by an idealsubspeciation may be the key to understanding the variation of
mixture of H,O,,,, OH, and anhydrous oxygen, as proposed by K with H,0,.

Stolper (1982b), Silver and Stolper (1985), and Dingwell and  In the absence of a detailed understanding of subspeciation
Webb (1990). Figure 1c shows K vs. 1/T, with different and an unambiguous calibration of the molar absorptivities for
symbols for different ranges of J@,. The data on samples with  high water-content samples, the simplest approximation be-
less than 2.5% kD, define a single line on this plot; the  yond ideal mixing of BO,,, OH, and O in hydrous silicate melt
isotherms on Fig. 1a correspond to points on the best-fit line. is a regular solution model for mixing of these same idealized
The slope of this line indicates a standard state enthalpy changespecies (Silver and Stolper, 1989; Stolper, 1989; Silver et al.,

3.2. Equilibrium Speciation as a Function of
Temperature and H,O,

Equilibrium speciation data are listed in Table 2 and results
at selected temperatures are plotted in Fig. 1a as (K is
defined asQ at equilibrium; see Eqn. 6) vs. @, for H,O,

(AH°®) for the reaction HO,, + O = 2 OH of 25.9+ 0.3
kJ/mol of H,O,,, similar to earlier estimates of 25 5 kJ/mol
(Dingwell and Webb, 1990) and 234 1.0 kJ/mol (Zhang et

al., 1991), but smaller than the value base on in situ measure-
ments of species concentrations in peraluminous sodium alu-

minosilicate with 8.1% HO, (30.3 kJ/mol; Shen and Keppler,
1995), and in haplogranite with 4.14%.,8, (33.6 = 2.0

kJ/mol; Nowak and Behrens, 1995). Figure 2 compares calcu-

lated species concentrations using this fit (light solid curves)
with measured species concentrations as a function,©X it
500C and demonstrates that the data up-805% H,O, are fit

1990; Zhang et al., 1991). For a regular solution of these three
melt species, equilibrium is described by the following equa-
tion (Silver et al., 1990; Zhang et al., 1991):

I ( XOH )
n
X ZOmXo

1000
= A+ "5 (B+ CXio, + DXo),

—-InK =

@)

where A, B, C, and D are constants related to the binary

well by the ideal mixing model, as expected based on the interaction parameterd\(s) among the three melt species (Sil-

excellent linear fit in Fig. 1c.

ver etal., 1990)100BR (R is the gas constant) is the standard
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(a) Ideal Mixing Model (b) Regular Solution Model
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Fig. 1. (a) The dependence of khon H,O, in rhyolitic samples equilibrated at 400 to 600C with®i < 2.5%. Only
data judged (see text for criteria) to have achieved an equilibrium distribution of species at high temperature and then to
have preserved it on quenching are shown. The experimental data-®@itkerror bars and the best-fit horizontal isotherms
based on the ideal mixing model described in the text are shown. For clarity, data at 475 and 540C are not shown. (b) The
dependence of IrK on H,O, in rhyolitic samples equilibrated at 400 to 600C for samples wifOH< 5%. The
experimental data (symbols as in (a)) withr 2rror bars and the best-fit isotherms based on the regular solution model
described in the text are shown. (c) The dependence Kfdm 1/T (whereT is in Kelvin) for several HO, (indicated in
the legend) for rhyolitic samples. We have fit the data for all samples wi® K 2.5% to thefunction InK = a + b/T.
The best-fit parameters ase= 1.89 andb = —3120(i.e.,AH° = 25.9*+ 0.4 kJ/mol and\S* = 15.7 = 0.4 kJ/mok K).

state enthalpy change for the reaction among melt species wherfollows the patterns described in earlier studies (Stolper, 1982a;
H,O, approaches zero, anfl is the temperature in Kelvin. Silver and Stolper, 1989; Silver et al., 1990) in that at loyDH
Using the algorithm of Albamde and Provost (1977), the best- concentrations, OH is the dominant H-bearing species. With

fit parameters with & errors areA = —1.50 = 0.07,B = increasing HO,, the relative concentration of OH decreases,
2.87+ 0.05,C =8.88+ 0.7, andD = —4.53* 0.60. The such that at high total water contents,®i, becomes the
standard state enthalpy change of the reaction &3, Hp- prevalent hydrous species. The crossover (i.e., the point at

proaches zero is thus 239 0.4 kJ/mol, similar to the values  which equal amounts of }© are dissolved as }J®,, and as
based on the ideal solution approximations described above.OH) for rhyolitic glasses and melts occurs at 1.7%OHat

The best-fit isotherms from the regular solution fit are shown in 400C and is predicted to occur at 4.3% at 600C and 8.2% at
Fig. 1b, and they clearly describe the data well. The double- 850C based on extrapolation of the regular solution model. If
weight solid curves in Fig. 2 are calculated from our regular the ideal solution model by modifying the calibration of Zhang
solution model at 500C and, again, show that the model fits the et al. (1997) is applied, the crossover occurs at 1.8% at 400C,
data well. The trend in the 500C isotherm shown in Fig. 2 4.7% at 600C, and 9.3% at 850C.
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Fig. 2. The equilibrium concentrations of molecular water (solid
circles) and hydroxyl species (open circles) in rhyolitic samples held at
500C. Open (OH concentrations) and solid, @, concentrations)

Fig. 3. Histogram showing the distribution of differences between
the experimental temperature and the temperature inferred from the
measured species concentrations of quenched glasses using the regular
solution model (Eqn. 7).

circles are experimental data; errors on experimental data are compa-jhe anorthite—silica eutectic, the anorthite—silica—wollastonite

rable to or less than the size of the symbols. The solid curves are the

eutectic, and a Na, Zn-rich silicate melt=a850C (Silver et al.,

species concentrations predicted by the regular solution model and the :
dashed curves are the species concentrations predicted by the ideall990; Bartholomew et al., 1980). Our analysis supports the
mixing model of this work described in the text. The dotted curves interpretation of Dingwell and Webb (1990) that the more

(nearly on top of one another) describe the OH concentrations predicted
by the ideal mixing models based on in situ high-temperature measure-
ments of Nowak and Behrens (1995) and Shen and Keppler (1995).

To evaluate further the effect of uncertainties in our exper-
imental data and the accuracy of our regular solution model,
Fig. 3 shows in histogram form the difference for each equi-
librium experiment in Table 2 between the experimental tem-

extreme leveling off of hydroxyl concentrations observed pre-
viously in silicate glasses reflected changes in speciation that
occurred on quenching at high water contents rather than a
property of melts at high temperature. However, the progres-
sive increase in KD,/OH ratio with increasing O, and the
concave downward trend of hydroxyl concentration (and the
concave upward trend of molecular water contents) versus total
water content that were the main emphases of these earlier
studies remain qualitatively valid descriptions of the behavior

perature and the predicted temperature based on the measureds \yater in silicate melts.

H,O,, and OH and our solution model. Based on the figure, the
distribution of errors is roughly Gaussian. The average error is
zero, the maximum absolute error in reproducing the temper-
ature is 16C, and twice the standard deviation for the error
distribution is 12C. That is, theq2uncertainty in reproducing
the experimental temperature using Eqgn. 7 is 12C. This signi-
fies that even at O, as low as 0.45% (and J@,, as low as
0.08%), the FTIR analyses are accurate enough to predict
experimental temperature to within 16C. The accuracy in re-
trieving experimental temperatures is similar if the ideal solu-
tion model is used.

Figure 4 shows the model OH isotherms based on the regular
solution fit at 400, 600, 850, and 1200C. An important feature
of the results presented in this paper (and their extrapolation to
higher H,0,,, and temperature based on the regular solution
model) is that the concentration of the hydroxyl species does
not fully level off with increasing water content at 400 to 600C
with up to about 5% total water content. This result differs from
those that predicted that hydroxyl concentrations level off at
~3.5% H,0, in rhyolitic glass at 400C (Stolper, 1989) or at
~5.8% H,0O, (Xy,0, = 0.1) in rhyolitic, albitic, orthoclasic,

6 T j !
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==
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w 47T
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Fig. 4. Predicted isotherms for OH concentration vgOHn rhyolite
for T = 400, 600, 850, and200C using Eqn. 7.
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-0.5 T T T T T presented here. Based either on the analysis of Dingwell and
650 °C Webb (1990) or on the time scales required to preserve spe-
------------------------ == ciation given by Zhang et al. (1995), neither data set would be
0 o Guurcies expected to have preserved on quenching the high-temperature
speciation of the experimental temperature. The experiments
-5 e o ] from this study held at 600C are also plotted in Fig. 5 (solid
— .X.".‘« e’%-é.‘o:g}_i,“;-u--______égo o symbqls). The samples with Ies§ than 2.5%0Hplot on the
850°C. Q- P o Toe. Tt 600C isotherm, whereas those with greater than 2.5@ Fall

-2 [ (200°C/min) s T e,
X-X_X‘;;. % e below the isotherm. This again is consistent with the analysis of

" ] Zhang et al. (1995), where at quench rates of 200C/s, samples
251 N&%‘ with less than 2.0% KO, are expected to preserve their spe
X"‘*\\fso °c ciation on quench from 600C, whereas those with greater than
B3 e ~2.5% H,O, are predicted to reequilibrate on quench from this
temperature. Note that the samples with greater th@b%
3.5 L L L L L H,0, record similar species concentrations to those recorded in
0 1 2 3 4 5 6 glasses with equivalent J&, quenched from 850C in rapid-
HZOt (wt%) quench, cold-seal pressure vessels (Silver et al., 1990); i.e., the
guenched speciation is independent of the experimental (or
Fig. 5. The measured speciation of water in rhyolitic samples peak) temperature as long as the latter is sufficiently high.
quenched from 600C (this work) and from 850C determined by Silver 1,4 recent studies have demonstrated that IR measurements
et al. (1990). Solid circles: rapid quenck200C/s) from 600C; open S
circles: rapid quench from 850C; crosses: slow queneB0OC/min) can be made on melts in situ at elevated pressures and temper-
from 850C. Dashed curves show calculated speciation at 850, 600, andatures (Nowak and Behrens, 1995; Shen and Keppler, 1995).
450C using the regular solution model described in the text. Solid Compared to our results, these in situ studies suggest that
curves show calculated speciation from the regular solution model significantly higher OH concentrations are present in silicate

where the model is constrained by the data. Dotted curves are fits to the . 0 0 .
data of Silver et al. (1990) and define the upper limits oKlthat can melt of any given HO, (€.g., about 20% more OH at 3%,

In K or In Q

be preserved on quenches-e200C/s (dashed curve) ane200C/min see comparisons in Fig. 2). In addition, as noted above, their
(dotted curve): INQapia quenchy= —1.13-1.44 In (HO); In Qgow results suggest a stronger temperature dependence to specia-
quenc = —1.54-1.86 In (HO,). tion, manifested by values dfH° ~20% to 40% higher than

those indicated by our results. There are two possible explana-
tions for these differences.

3.3. Comparison with Previous Data and Models The first explanation is that the Fe-, Ca-free, lower silica
compositions used in their studies may enhance the reaction of
Stolper (1989) held natural rhyolitic samples with low®{ water molecules with the silicate network, resulting in higher

at temperatures ranging from 400 to 900C. The data on samplesOH contents at a given J®,. Our preliminary results on a
equilibrated at temperatures below 600C from Stolper (1989) similar haplogranite composition (Q3) corroborate this sugges-
are in good agreement with this study, but are more scatteredtion. Note that the results for Q3 in Table 2 show at 500 and
(the average deviation from the model is 23C, the maximum 475C, respectively, IIK = —2.04 and—2.19 for 3.3% and
absolute difference is 90C, and & 62C). We attribute this to 3.4% H,0,; i.e., at these temperatures, the glasses of haplogra
the availability for this work of the Nicolet 60SX FTIR spec-  nitic composition show OH enrichments of 5% to 10% relative
trophotometer (instead of a Cary 17 spectrophotometer) andto the concentrations predicted by the regular solution model
our continuing efforts to improve the precision of our measure- for rhyolitic compositions.
ments over the years. The regular solution fit of Stolper (1989) A second explanation is that the molar absorptivities for
incorporated data from glasses rapidly quenched from 850C H,O,, and OH change with measurement temperature, contrary
(Silver et al., 1990) that we now know to have been influenced to the assumption of both of the in situ high-temperature
by quenching (Zhang et al., 1991, 1995, and below) and is studies. If this was the case, it would undermine the quantita-
superseded by the regular solution fit presented here. Thetive determinations of species concentrations at high tempera-
regular solution models of lhinger (1991) and Zhang et al. ture. In support of this possibility, Zhang and Behrens (1998)
(1991) were updated by the work of Zhang et al. (1997) using demonstrated that in situ measurements on rhyolitic samples at
the new calibration. The model of Zhang et al. (1997) is based temperatures below 400C appear to record anomalous changes
on preliminary results from this study and is similar to the in species concentrations with changing temperature, but that
model presented here, which incorporates additional experi- on closer inspection, these changes are better explained by
mental data for glasses with higher®j. variations in molar absorptivities. They compared two samples
Figure 5 shows the speciation data collected by Silver et al. for the relative variation of the OH band intensity with tem-
(1990) on a series of water-saturated rhyolitic samples. Their perature. One sample had negligiblge®d, (H,O, = 0.18%)
study included samples quenched from 850C both rapidly (in while the other had significantJ®,,, (H,O, = 0.76%).When
the same apparatus used for the high-pressure experiments ofn situ measurements were made from 25 to 400C, the intensity
this study) and slowly (by blasting the cold-seal bomb in air to of the OH band at 4520 cit in both samples increased by the
provide quenches at200C/min). Each series of experiments same percentage. If some sort of equilibrium reaction was
shows a well-defined trend in Fig. 5 falling below the 850C responsible for the OH band increase, the relative variation of
isotherm based on extrapolation of the regular solution model the intensity of the OH band would be different: the lowQ4
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sample had insignificant}®,, and hence the OH band increase equilibration temperatureT(, Zhang, 1994) of a naturally
would be insignificant, whereas the higher water sample had cooled, hydrous glass. As shown above (Fig. 3), experimental
significant HO,,, and hence the OH band increase would be temperatures can be accurately reproduced from the measured
significant. The fact that the OH band intensity in both samples species concentrations with a 2incertainty of 12C by using
increases by the same percentage is best explained by theEqgn. 7, provided the sample is in the region of parameter space
temperature dependence of the molar absorptivity. With the (i.e., cooling rate and D) that allows high-temperature spe
erroneous assumption of temperature-independent molar ab-ciation to be preserved on quenching. It is important to empha-
sorptivities, these changes would be mistakenly interpreted assize that this accuracy in retrieving the experimental tempera-
reflecting a change in species concentration. Zhang and Beh-ture and hence in predictirif,. is independent of the accuracy
rens (1998) and Behrens et al. (1998) also demonstrate that theof the molar absorptivities; i.e., as long as the molar absorp-
degree to which the molar absorptivities vary with temperature tivities of Zhang et al. (1997) are used, Eqn. 7 with the
depends on how the baseline is fit (curved vs. straight-line fits). constants we obtainedccuratelypredictsT,., However, be

A straight-line fit to the baseline (as used by Nowak and cause the values of molar absorptivities may continue to im-
Behrens, 1995; the fit by Shen and Keppler, 1995, is not prove in the future, it may be more useful to relate directly the
specified), results in a greater temperature dependence of thentensities of the 5230 and 4520 crbands and the experi
molar absorptivities than when the baseline is fit by a flexi- mental temperature:

curve.
The temperature dependence of molar absorptivities is sup- isz _ 1000
ported also by recent results of Grzechnik and McMillan (1998) In Ay 0 g (Bo ¥ Dz + DA, (8)

who investigate the temperature dependence of the absorption

at 3680 cn* in SiO, glass. There are changes in band ehar WhereAs,;andA,s, are the absorbances (peak heights) for the
acteristics: a 12% decrease in band width, a 4% decrease in5230 and 4520 cm' bands per mm sample thickness. The
peak height, and a 36% decrease in the integrated absorbancé@bove formula is obtained by analogy to the regular solution
was observed for in situ spectra of samples with 1200 ppm model (Eqn. 7). The best-fit parameters (with dncertainties)
H.,O, on heating from room temperature to the glass transition are:ao = 2.48+ 0.13,b, = —2.66+ 0.09,b, = —0.09+
temperature at 1300 K. We conclude that although in situ 0.15,b, = —1.08 = 0.30. Eqn. 8 is independent of any
techniques hold much promise for future speciation studies in knowledge of the molar absorptivities and the actugDfjand
hydrous silicate melt, the effects of temperature on the molar OH concentrations, and it can reproduce experimental temper-
absorptivities at 5230 and 4520 cihwill need to be quantified ~ ature with a 2 uncertainty of 13C (similar to the reproduc-
before accurate concentrations of,®{, and OH and their  ibility of Eqn. 7 shown in Fig. 3) directly from measured
temperature dependence can be determined with these techabsorbances; i.e., future improvements in molar absorptivities

niques and compared with confidence to our results. will only change parameters in Eqn. 7, not in Eqn. 8.
3.4. Prediction of Species Concentrations and Apparent 3.5. Conditions Involving Species Reequilibration on
Equilibrium Temperature Quench: Inaccessible Regions of Temperature and

H,0, in Preserving Equilibrium Speciation

Our results provide a direct determination of®j, and OH
concentrations as functions of temperature an®Hn rhy- Our results confirm the predictions of Dingwell and Webb
olitic melts and glasses at low temperatures an®H and (1990) and the results of Zhang et al. (1995, 1997b) that for a
these measurements can be extrapolated to higher temperaturegiven H,O, and cooling rate, there is a temperature above
and H,0, using the regular solution formulation. The ability to  which samples cannot be quenched without the speciation
model species concentrations in this way is essential to a changing on cooling. Likewise, for a given temperature, there
quantitative understanding of the effect of dissolvegDHon is a water content above which speciation cannot be preserved
the thermodynamic properties of silicate melts (Ghiorso and for any realistic cooling rates. Thus, for a given cooling rate,
Sack, 1995), on crystal-liquid phase equilibria (Kushiro, 1975; there will be a curve of negative slope on a@nhvs. H,O,
Stolper, 1982b), on the viscosity of silicate melts (Shaw, 1972; diagram defining the limiting conditions for preserving specia-
Stolper, 1982a), on the diffusion of water in silicate glasses and tion on quench; i.e., high-temperature speciation can only be
melts (Zhang and Stolper, 1991; Zhang et al., 1991), and on the preserved for temperatures and water contents below this curve.
nucleation and crystal growth rates in silicate melts (Davis et The limiting curve will depend on cooling rate, moving up on
al., 1997; Davis and lhinger, 1997). As discussed above, mea-the In Q vs. H,O, diagram for faster quenching rates. This is
surement and prediction of J@,, and OH concentrations to illustrated in Figure 5, in which the species concentrations of
higher water contents and in situ at higher temperatures will glasses quenched from 850C in rapid-quench cold-seal appa-
require improvements in determinations of molar absorptivities ratus (200C/s; Silver et al., 1990) and data from this study on
for H,O,,, and OH. Although such improvements will no doubt samples with>2.5% H,O, quenched at similar cooling rates
result in changes in the values Af B, C, andD in Eqgn. 7, from 600C define such a curve and are compared with the
sufficient data have accumulated independently from several isotherms from this study. Glasses quenched at this rate from
labs that we can state with confidence that the overall trends in conditions (i.e., temperatures and water contents) above the
species concentrations with total water content and temperaturelimiting curve will change speciation on quenching (OH will
shown here are robust and will not be affected by such changes.convert to HO,, and anhydrous oxygen ions; i.eQ will

One application of our results is to predict the “apparent” decrease), and the final speciation will lie on the curve; glasses
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