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Diffusion of water in rhyolitic glasses 

~1~7037/9~/$3.~ + ‘00 

YOUXUE ZHANG, E. M. STOLPER, and G. J. WA~~~ERBURG 

Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA 9 1125, USA 

(Received March 19, 1990; accepted in revisedform November 5, 1990) 

Abstract-Water dehydration experiments on rhyolitic glasses have been carried out at 400-550°C under 
a N2 atmosphere. Concentration profiles of both Hz0 molecules and OH groups were measured by 
Fourier transform infrared spectroscopy. As found in previous studies ofwater diffusion in rhyolitic melts, 
the measured total water concentration profiles do not match expectations based on a single constant 
diffusion coefficient for total water. 

The diffusion of total water is described by considering the diffusion of both Hz0 molecules and OH 
groups and the reaction between them. The concentration relationship between the two species has been 
obtained from direct infrared measurement on quenched experimental charges. The quench is inferred 
to be rapid enough to preserve concentrations of both species at experimental temperature based on 
experimental results designed to examine reaction kinetics. The measured species concentrations along 
diffusion profiles show that local equilibrium between Hz0 and OH is approximately reached at high 
temperatures and high water contents. However, at lower water content or lower temperature, local 
equiiibrium is not reached. In treating the diffusion problem, this disequilibrium effect is partially com- 
pensated by using empirical relationships between Hz0 and OH ~ncent~tions based on me~u~men~, 
instead of using an equilibrium relationship. It is thus possible to obtain diffusion coefficients for both 
species from their concentration profiles. The diffusion coefficient of OH is found to be negligible compared 
to that of Hz0 at 403-530°C (DoH < 0.020 ~~0 and could be much smaller); i.e., Hz0 is the dominant 
diffusing species even at total water concentration as low as 0.2 wt%. The variation of OH concentration 
along the diffusion profile is inferred to be due to the local interconversion between OH groups and Hz0 
molecules; the reaction also provides the diffusing Hz0 species. D ~~0 values are found to vary by less 
than a factor of 2 over a total water concentration range of 0.2 to 1.7 wt%. This simple model, coupled 
with the assumption of local equilibrium between Hz0 and OH, yields a very good fit to the data from 
di~usion-couple experiments of LAPHAM et al. ( 1984) at 850°C. When our data are combined with 
&,o obtained from that fit, &,o (in m2f s) is given by 

In DHzo = (-14.59 rt 1.59) - (103000 k 5000)/RT 

673 K s TI 1123 K 

where T is temperature in K and R is the gas constant in J K-’ mol-’ . This equation also approximates 
well DH20 values calculated from previous measurements of concentration-dependent bulk water diffusion 
coefficients of KARSTEN et al. ( 1982). The diffusion of Hz0 is also compared to the diffusion of the noble 
gas elements. The activation energy for diffusion in rhyolitic glasses is well correlated with neutral species 
radii of He, Ne, HzO, and Ar. This supports the contention that the diving species for “water” is 
neutral molecular H20. The role of speciation may also be important in understanding the difision of 
many other multi-species components, and the effect can be treated in a similar fashion as that during 
water diffusion. 

INTRODUCTION 

L%FuSIVE TRANSPORT OF WATER in silicate liquids and 
glasses plays an impo~nt role in a number of phenomena 
of interest in the geological and materials sciences. For ex- 
ample, the rate of water diffusion in silicate liquids is a critical 
factor in the growth of bubbles in ascending magmas, and 
thus may influence the degree to which magmas can dehy- 
drate on ascent and the availability of compressed vapor in 
bubbles to power explosive volcanic eruptions. Hydration 
and dehydration of silicate glasses in geological and man- 
made environments are also limited by water diffusion, and 
relate to several important issues including the chemical sta- 
bility of glasses, the mechanical strength of glass fibers, water- 
rock reaction, and to applications such as obsidian hydration 
dating. 

It has been known for several decades that the chemical 
diffusion coefficient of “water” in silica glass and other com- 
positionally simple silicate glasses increases strongly with the 
water content of the glass (e.g., DRURY and ROBERTS, 1963; 

COCKRAM et al., 1969; BURN and ROBERTS, 1970; LANFORD 
et al., 1979; HOUSER et al., 1980, TSONG et al., 1980; NOGAMI 
and TOMOZAWA, 1984). More recently, similar behavior has 
been documented for rhyolitic liquids with water contents 
up to 6 wt% (SHAW, 1974; JAMBON, 1979, 1983; DELANEY 
and KARSTEN, 1981; LAPHAM et al., 1984; STANTON et al., 
1985 ) . There has been much speculation on the cause of this 
strong concen~ation dependence of water diffusion in amor- 
phous silicates. Some authors have suggested that it is related 
to the interdiffusion of cations and water molecules or hy- 
dronium ions (COCKRAM et al., 1969; DOREMUS, 1975; 
LANFORD et al., 1979; HOUSER et al., 1980; TSONG et al., 
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1980); others have interpreted it as being due to the depo- 
lymerization of the silicate network upon dissolution of water 
as hydroxyl groups ( HALLER, 1963; ROBERTS and ROBERTS, 
1966; DELANEY and KARSTEN, 198 1); still others have spec- 
ulated that it is reIated to the fact that water dissolves in 
glasses and melts as two major species, Hz0 molecules (here- 
after HZ0 refers to H20 molecules; the word “water” is used 
to refer to total water) and hydroxyl groups (hereafter referred 
as OH) with different diffusion coefficients. Several authors 
have suggested that, although there are two hydrous species, 
only Hz0 molecules are mobile in the melt or glass while 
OH and Hz0 contents are related by interconve~ions between 
OH and Hz0 (DOREMUS, 1969, 1973; ERNSBERGER, 1980: 
SMEYS and LOMMEN, 1983; NOGAMI and TOMOZAWA, 1984; 
WASSERBURG, 1988; WAKABAYASHI and TOMOZAWA, 
I989 ) OLBERT and DOREMUS ( 1983 ) suggested that during 
dehydration the diffusing species is molecular HZ0 but that 
during hydration the diffusion is via alkali-hydronium inter- 
diffusion. STANTON et al. ( 1985) ruled out the possibility of 
Hz or H+ being the diffusing species based on similarities in 
diffusion coefficients when hydration experiments by normal 
water and by deuterated water are compared. TOMOZAWA 

( 1985 ) proposed that at low temperature OH is the diffusing 
species and at high temperature HZ0 is the diffusing species. 
CHEKHMIR et al, ( 1988) assumed that OH is the dominant 
diffusing species below 0.4 wt% water (hereafter, % refers to 
weight percent unless otherwise specified) and that diffusion 
of I-I20 becomes more important with increasing water con- 
tent. We note that, althou~ most of the recent treatments 
focus on the importance to diffusion of the presence of both 
OH and Hz0 in the glasses or melts, few of them ( SCHOLZE 

et al., 1975; OLBERT and DOREMUS, 1983; STANTON et al., 
1985 ) actually determined contents of both species and only 
STANTON et al. ( 1985) determined species concentration 

profrIes in hydrous silicate glasses. 
In this paper, we present new data on the diffusion of water 

in natural rhyolitic glasses in order to understand the specia- 
tion and transport problem. Our data differ from most pre- 
vious studies in that we have determined the concentrations 
of both H20 molecules and OH groups along the experi- 
mental diffusion profiles by infrared spectroscopic measure- 
ment of samples quenched to room temperature. Such data 
are basic for evaluating the importance of the presence of 
different H-bearing species to water diffusion. We also present 

a general theoretical treatment of the problem of the diffusion 
and local equilibrium of Hz0 molecules and OH groups 
(similar to those of WASSERBURG, 1988, and CHEKHMIR et 
al., 1988) and show how data on concentration gradients in 
these species can be used to extract quantitative constraints 
on their diffusion coefficients. The role of speciation in dif- 
fusion is interesting not only because of its importance in 
understanding water transport but also because other com- 
ponents may be present in silicate glasses and melts in several 
different forms. Thus, insights obtained from working on the 
water diffusion problem may provide a basis for understand- 
ing the diffusion of other components in amo~hous and 
crystalline silicates and for relating them to their structures 
and properties ( ZHANG et al., 1990b). 

EXPERIMENTAL AND ANALYTICAL METHODS 

Dehydration Experiments 

The basic approach used in this work was to study the diffusive 
transport of water from an initially uniform, approximately semi- 
infinite source with a boundary condition of zero concentration at 
its planar interface. Experiments were conducted by holding polished 
wafers of natural rhyolitic glass {with a variety of initial water con- 
centrations and speciation) in a N2 gas stream at I atm total pressure 
at temperatures of 403-5SO’C for periods of IO-50 days. After 
quenching, the samples were sectioned perpendicular to the polished 
face. and infrared spectroscopy was used to measure the concentra- 
tions of hydrous species in the glass as a function of distance from 
the interface through which water diffused out of the sample over 
the course of the experiment. 

The samples of gtass used as starting materials came from the 
Mono Craters in central California and had initial water contents 
between 0.2 and 1.7% (see Table I and NEWMAN et al., 1986,1988). 
Natural glasses were used because large synthetic glass chips with 
uniform and high water concentrations were not readily available. 
Fragments of these natural glasses were cut into chips and then ground 
and polished on parallel surfaces to a typical final thickness of I to 
4 mm prior to the experiment (Table I ). The width and length of 
these polished wafers were usually greater than 10 mm, so they can 
be treated as infinite in these dimensions. Based on infrared analyses, 
the starting materials were homogeneous to within 5% of the total 
water present. The speciation of water (i.e., the concentrations of 
H20 and OH) in these starting glass chips differed in some cases 
among chips with the same water concentration. We attribute this 
to difference in thermal history. These differences in initial speciation 
had little effect on experimental results because a quasi-equilibrium 
speciation was reached in a relatively short time during experiments. 
Most starting glasses contained bands of microphenocrysts (~20 pm), 
tentatively identified by optical microscopy as plagioclase, biotite, 
and magnetite, but MC3b glasses were almost free of micropheno- 
trysts. Starting glasses usually contained bubbles, with the number 

Table 1. Experimentat runs for water diffusion 
__.- __.--_ 

DWIUOII ln1ual cont. (Wls,) Thickness Fmal cont. a, center (wts) 
ass # T’C davs Hz0 OH Total’ imm) HZ0 OH To&xl Commcols’** 

3bD5dif 550 13.8 0.067 0.43 0.50 (7) 1.12 0.078 0.37 0.45 (2) KS-kg** 540 0.21 0.20 11 0.23 0.60 0.83 (4) : 
KS-D2 530 Il.4 0.24 

;:z ;:;; ii; 
2.97 0 24 0.60 0.84 (3) 

PD.D5 530 11.4 0.01 0.19 0.20 (1) 3.24 0.012 0.17 
PD.D2 490 11.0 0.01 0.18 0.18(3) I .76 0.037 0.21 

a;; I;; 
a,d,h,sr 

KS-D3 490 18.6 0.21 0.59 0.80 (3) 3.90 0.25 0.57 0.82 (I) 
PD.D4 490 18.6 0.01 0.19 0.20 (I) 3.16 0.013 0.18 0.19(Z) 
KS-DSA 450 51.7 0.21 0.58 7:: i:; 4.30 0.29 0.53 
MC3b-WN 403 39.9 0.70 0.99 2.67 0.96 O.&l 

0.w;; 
rt, 

MC3b-D4 403 39.9 0.46 0.84 1.29 (2) 2.50 0.67 0.71 1.38 (2) 
KS-WA 403 39.9 0.19 0.58 0.77 (3) 4.28 0.26 0.56 0.82 (2) 

<Number m parentheses indica(es the number of analyses. 
-~ _ ..____.-._ 

~ 
** For Ihe big chip KS-b@, same small pieces from corners of lhe big chip were measured before Ihe experimCW one wafer 
was cut and 4 points measured afler Ihe expemnen~ Consequenlly the witial and the final mea.wemenls were made on pieces 
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of vesicles per volume increasing with water concentration: PD glass 
samples (0.2% water) were free of bubbles; MC3b-DSdif and KS 
samples contained few bubbles; other MC3b samples (> 1.2% water) 
contained up to -0.4 ~01%. The presence of a small quantity of 
small bubbles and microphenocrysts had no major effect on exper- 
imental results, as evidenced by similar diffusion coefficients obtamed 
for samples with different percentages of bubbles and micropheno- 
trysts. 

Experiments were conducted in two horizontal furnaces equipped 
with automatic temperature controllers, Each furnace was lined with 
a silica glass tube through which dry Nz gas flowed from a tank during 
the experiment, both to inhibit oxidation of the sample by the at- 
mosphere and to ensure that, if surface equilibrium between the sam- 
ple and the Nz atmosphere was achieved, the concentration of water 
at the glass surface would be essentially zero. Two or more glass 
wafers were placed together in the “hot spot” adjacent to a Type K 
thermocouple; the control thermocouple for each furnace was outside 
of the silica tube near the furnace windings. Temperature gradients 
within the silica tube were cO.iYJ/mm in the vicinity of the hot 
spot at -500°C. When samples were placed in the hot spot, the 
reading on the thermocouple in the hot spot inside the silica tube 
initially decreased by up to 50°C, but a steady temperature was 
reached in less than 5 min, after wbicb time the difference in reading 
between the thermocouple at the hot spot inside the glass tube and 
the thermocouple outside the glass tube was typically less than 2°C. 
Temperature fluctuations over tbe course of the experiment were 
within +S”C at 500°C. All the thermocouples used were calibrated 
agamst a tbermoeoupte that had been calibrated againa the melting 
point of gold, The durations of the experiments were chosen to be 
long enough to produce a profile that could be conveniently measured 
by infrared spectroscopy (on the order of 500 to 1000 Hm), but short 
enough so that diffusion can be approximated as having occurred 
within a semi-infinite medium, as roughly estimated from previous 
measurements of the bulk diffusion coefficient of water (&tARSTEN 
et al., 1982). The glass wafers were quenched in ice + water. 

Hydration Experiment 

We also carried out an experiment in which rhyohtic glass was 
hydrated by exposing it to water vapor at etevated pressure and tem- 
perature, A doubly polished giass wafer with 0.2% initial water was 
placed with doubly distilled water in an annealed platinum capsule, 
which was then welded shut. The welded capsule was placed in a 
rapid-quench cold-seal pressure vessel and brought to 490°C and 250 
bars. Excess water was present in the capsule throughout the exper- 
iment. Although the amount of water present as vapor in the capsule 
changed with time, Fnlo inside the capsule is assumed to have been 
constant and the same as the pressure in the pressurizing medium 
(distilled water). After quenching, H&I and OH concentrations were 
measured along the diffusion profile in the wafer, allowmg us to de- 
termine water speciation. Although it was our intention to compare 
diffusion during hydration to that during dehydration, the initially 
doubly polished flat glass wafer deformed into a curved wafer with 
rough and white-powdered surfaces, so a good diffusion profile could 
not be obtained. 

Experiments to Examine Water Remtion Kinetics 

To determine the effect of quenching upon speciation, experiments 
were also conducted to examine the reaction kinetics of the inter- 
conversion of Hz0 and OH in rhyolitic glasses. We used a range of 
natural glass wafers with different total water concentrations and 
wafers with similar total water concentration but different initial Hz0 
and OH cancentrations. The wafers were held at elevated temperatures 
(400~6OVC) for different times and then quenched and measured 
for I-K20 and OH concentrations. We put fewer and smaller wafers 
in the furnaces in this set of experiments so that the temperature 
drop when they were put into the furnaces was small f < iO°C) and 
a steady temperature was reached within I min or less than rh of run 
duration, whichever is shorter. Some results are presented here to 
examine whether species concentrations at experimental temperatures 
can be preserved after quench. The details of the experiments will 
be published elsewhere. 

Infrared Analysis 

After quenching, the wafer was sectioned perpendicular to its pol- 
ished surface near its center (Fig. 1). This provided a glass slice with 
a complete diffusion profile. The slice was then polished on both 
sides and analyzed by infrared spectroscopy, in general following the 
procedures of NEWMAN et aL ( 1986 f . In the center of each slice (i.e., 
in a region of the sample least ai&cted by water loss through the 
surf=), a round aperture f 600 pm in diameter ) was used to delimit 
the infrared beam. However, over the region where diffusion was 
significant, a slit 10 pm wide and 2 mm long (Advanced Laser Sys- 
tems, Inc., Waltbam, Massachusetts, USA) was used. The slit was 
fixed to a translatton stage and then a sample slice was mounted onto 
the stage. The stage was designed such that the slice could be rotated 
so that its rim was parallel to the slit, as well as moved in both vertical 
and horizontal directions by micrometer drives. The rim position of 
the wafer was determined by seeing it move into the slit with an 
optical microscope_ Once the rim position was determined, the dis- 
tance away from the rim was determined from the diierence between 
the micrometer reading at the rim and the reading at the positian 
measured; positions measured in this way are reproducible to better 
than 20 grn in a 1000 grn distance (the positions were independently 
confirmed by photographs taken after the measurements in a few 
cases; see Fig. 3). Note that although the slit width is only about 10 
pm, the infrared beam diverges inside the sample and the effective 
width of the sample that is exposed to the beam may be considerably 
larger than 10 grn, depending on the sample wafer thickness. The 
convolution may affect the measured diffusion profiles ~GANGULY 
et al., 1989). This effect on ~on~nt~tion profiles was examined by 
analyzing the same sample f PD-M ) thinned to different thicknesses 
(-600 vs. - 150 pm). No significant differences in the concentration 
profiles were found, but the data from the thinner wafers were much 
less precise due to smaller total absorbances and to interference fringes. 
Therefore, for most samples a thickness of 600 pm or greater was 
used to analyze the concentration profiles. 

Water concentrations were determined from the infrared spectra 
obtained with a Nicolet 6OSX FTIR. Ha0 and OH concentrations 
were determined from the peak height of the absorption bands at 
523.0 and 45 1.5 mm-’ using the molar absorptivmes of NEWMAN 
et al. ( 1986), (Ail reported band positions vary by up to 1.0 mm-’ 
from sample to sample or from one point to another in the same 
sample.) Baselines were fit by smooth curves drawn with a french 
curve. Local glass densities were calculated iteratively considering 
the effect of water concentrations (SILVER et al., 1990). OH concen- 
trations are reported as weight percent of Ha0 that is present as OH. 
Total water contents were obtained by summation ofthe concentra- 
tions of these two species 

When total water con~n~tion is low or the wafer is thin (for 
wafer thickness zz I50 pm): the absorption bands at 523.0 and 45 1.5 
mm-’ may be too weak for their intensities to be determined precisely, 
in such cases, the peak height of the band at 357.0 mm-‘, which 
includes contributions from both Hz0 and OH, was used to determine 

i 
I’ 

a+----- 

0’ 
0 

FIG. 1. Sketch of experimental charge (thickness between front 
and back surfaces is l-4 mm; other dimensions are > 10 mm, except 
for MC3bDSdif which is about 6 mm in width and length). 
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total water concentration. We tried to avoid determining water con- 
centrations using this band when the total water content is high (i.e., 
when both Hz0 and OH contribute significantly to total water con- 
tents) because its molar absorptivity depends on both Hz0 and OH 
contents (NEWMAN et al.. 1986 f . However, at low water concentra- 
tions ( sO.Z%), total water concentration is assumed to be proportional 
to the peak height at 357.0 mm-’ with a molar absorptivity of 88 L/ 
moi-cm ( D~BSON et al., 1989) because Hz0 concentration can be 
ignored (for the purpose of determining absorptivity) compared to 
that of OH at these low water levels. In a few cases a correction was 
applied for the growth in the detector of an ice band (325.0 mm-‘) 
in the course of the measurements. 

Based on both the quality of the spectra and the reproducibility 
of an internal standard (sample POB 1) that was analyzed many times 
along with the diffusion profiles, the relative precision of the analyses 
for total water and for OH is about 2-3% when a slit is used and 
about 1% when the 600 pm circular aperture is used. The relative 
precision for molecular Hz0 depends on total water concentration 
because the fraction of water dissolved as Hz0 depends strongly on 
total water concentration (while OH is usually the major species for 
the total water concentration range we have studied). The relative 
precision is about 3% at 1.5% water, 5% at 0.8% water, and 50% or 
worse at 0.3% water when the slit is used. When the 600 @rn round 
aperture is used, the relative precision in molecular Hz0 content is 
better than 2% at 0.8% water or more and about 20% at 0.2% water. 
Consequently, H20 is difficult to measure near the sample edge 
(within -60 pm) due to low water concentration and because the 
precision cannot be improved by using a larger aperture. Another 
difficulty in measuring Hz0 and OH concentrations near edges is 
that the edges of the polished slices are never perfectly flat due to 
chipping during cutting and polishing and/or due to surficiai cracks 
(likely developed upon quenching and worsened during polishing). 
Therefore, Hz0 and OH concentrations could usually only be mea- 
sured at more than -30 pm away from the edge. the exact distance 
depending on the particular glass wafer. 

Since water concentrations at the slice edge could not be directly 
measured due to these limitations, we confirmed that the water con- 
centration at the edge for two charges (KS-D2 and KS-D3, both with 
initial -0.8% water) is essentially zero by the following method. The 
glass wafers were cut parallel to the face ofthe original polished wafer 
surfaces through which diffusion occurred and that slice was polished 
down to about 20 pm thick, where one side was the original exterior 
sample face. Average total water concentration in both slices was 
measured to be -0.1% based on the 357.0 mm-’ peak. (A number 
of points in KS-D3 were analyzed this way at different wafer thickness 
and results are shown as dotted squares in Fig. 3d.) Given that water 
concentration at 30 pm away from the edge is -0.3%, this value of 
-0.1% is consistent with an approximate surface water concentration 
of 0%. We therefore conclude that the water concentration at the 
edge is close to zero, approaching equilibrium with the dry Nz ambient 
atmosphere. 

Water concentration measured at the sample center after the ex- 
periment usually showed a slight (~5%) apparent increase. which 
we tentatively attribute to a small dependence of the molar absorp- 
tivities of H,O and OH bands on thermai history. These small changes 
in molar a~~tiviti~ do not affect our inte~retations of the diffusion 
profiles since these are based nearly entirely on relative concentrations. 
and small changes in speciation do not affect our results significantly. 
However, until these effects of thermal history are better understood, 
caution should be exercised in interpreting small variations (a few 
percent relative) of species concentrations in rhyoiitic glass samples. 

EXPERIMENTAL RESULTS 

Water Congelation Profiles 

A total of nine successfU1 diffusive dehydration experiments 
were conducted at temperatures between 403 and 550°C on 
glasses with initial water contents between 0.2 and 1.7%. Ex- 
perimental conditions are listed in Table 1. A series of rep- 
resentative spectra covering the concentration profile gen- 
erated in sample KS-D3 measured with a 10 ym slit is shown 

in Fig. 2. Profiles in the concentrations of HZ0 molecules, 
OH groups, and total water for all of the experiments are 
shown in Fig. 3. In all profiles, concentrations of both HZ0 
molecules and OH groups decrease towards the rim of the 
sample, but H*O/OH ratios decreased with decreasing total 
water contents. 

The smoothness of the profiles shown in Fig. 3 illustrates 
the precision of both the position and concentration mea- 
surements. Another test of the quality of our data is based 
on the fact that each slice prepared from experimental glass 
wafers has two edges through which water diffused during 
the experiment, and the diffusion profiles inward from both 
edges should be symmetric. Profiles inward from both edges 
were analyzed in two experimental charges (KS-D3 and PD- 
D5) and the data are superimposed in Fig. 3. In both cases, 
concentration profiles measured away from both edges are 
identical within a few percent, again illustrating the precision 
and internal consistency of both our concentration and po- 
sition measurements. 

We also measured major oxide ~ncen~ations across the 
water diffusion profile in KS-D2 (53O”C, 1 I .4 d) using an 
electron microprobe. The concentrations of NazO and K20 
are plotted in Fig. 4 and show no systematic variations across 
the profile. 

Potential Complications 

Visible changes, including bubble formation and growth, 
deformation, and di~oloration, occurred for samples with 
high initial water concentration over the course of some ex- 
periments. Data obtained on these samples were not used in 
our efforts to quantify water diffusion. New bubbles formed 
and/or old bubbles grew for samples with initial water con- 
centrations > 0.7% at 55O”C, > 1.0% at 53O”C, > 1.2% at 
490°C, and >2% at 403°C. These wafers also deformed to 
irregular shapes. Discoloration (possibly due to oxidation of 
ferrous iron to ferric iron by dissolved water) occurred for 
samples with initial water concentrations > 1.2% at 45O”C, 
> I .5% at 403°C. If these effects proceeded too far, the ex- 
periments would LX dificult to interpret, so we limit further 

0.39 1.8 
Wavelength (pm) 

2.0 2.2 
OH 

2.4 2.6 

0.31 

g x 0.27 
b 
2 023 

0.19 

011 
600 575 550 525 500 475 450 425 400 375 

Wovenumberfmm? 

FIG. 2. A series of spectra from edge to center for KS-D3 ( 490°C, 
18.6 d). H20 and OH bands are at 523.0 and 45 1.5 mm-‘, respec- 
tively. Distances from the edge are 40, 120, 200, 530 pm. Hz0 and 
OH concentrations (wt%) are given below the bands. 
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FIG. 3. Concentration profiles of H20, OH, and total water (Hz0 + OH) for ail experiments with best-fit curves 
based on our water diffusion model (D oH = 0; see later discussion). Nicks on some of these curves (and in other 
diagrams) are due to the computer plotting program. For KS-D3 and PD-D5, profiles inward from both edges were 
measured and shown with filled symbols for concentrations measured from one edge and open symbols from the other 
edge. The curve fits for both KS-D3 and PD-D5 were for data represented by filled symbols only. For KS-D3, a number 
of points were also measured by polishing parallel to the diffusing surface, and those points were shown as dotted 
squares (near edge). For PD-D5, five points (shown as dotted squares) were measured for which the distances away 
from the edge were determined from photos taken after the measurement and an additional profile (shown as crosses) 
was measured on a wafer thinned to 140 pm. The vertical line in Fig. (g) (3b-D4N) marks the approximate transition 
between nearly colorless (near edge) and brown color (interior). For some samples there are measured points beyond 
the 800 Frn limit used in this diagram which are not shown. 

discussion of our experiments to the water concentration 
ranges reported in Table 1. For all samples reported in this 
paper, bubble sizes did not increase noticeably, and only one 
sample (3b-D4N, 1.7% initial water, 403’C) was slightly dis- 
colored after the experiment. 

Our best data were obtained on the KS samples, which 
have initial water concentrations high enough (-0.8%) for 
us to measure both Hz0 and OH precisely but low enough 
so that there are few bubbles before or after the experiments. 
Moreover, neither did these glasses deform nor were they 

6 

3 
0 200 400 600 800 

K WN 

FIG. 4. Electron microprobe analyses of Na*O and KzO across the 
water diffusion profile for KS-D2 with 2 nA beam and 60 s counting 
time ( la = 2% relative). Best-fit lines show that the slope is indis- 
tinguishable from zero. 

discolored over the course of the experiments. For the PD 
samples, although they are clear, free of bubbles, and unco- 
lored after the experiments, their Hz0 concentrations could 
not be precisely determined before or after the experiments. 
Hence, data from them did not play a decisive role in the 
development of our water diffusion model. 

The Effects of Quenching 

Water speciation may be altered during quench of the ex- 
periments ( STOLPER, 1989; SILVER and STOLPER, 1989; SIL- 
VER et al., 1990, WNGWELL and WEBB, 1989, 199 1). Since 
both Hz0 and OH con~ntmtions are used in our modelling, 
knowledge of the extent of quench effects is essential for this 
study. It would be desirable to measure diffusion profiles at 
the experimental temperatures, but this is not routinely pos- 
sible at present. Several experiments were run to study the 
kinetics of reactions by which OH groups are converted to 
Hz0 molecules and vice versa. In one experiment, an i 1 
X 12 X 18 mm polished glass parallelepiped (compared to 
the 1 to 4 mm thick wafers for the diffusion expe~ments) 
with 0.8% total water concentration (KS-big in Table 1) was 
held at 540*C for 5 h and quenched in ice + water. The 
diffusion distance of water at 54O’C in 5 h can be estimated 
to be - 50 pm based on our diffusion data. Based on thermal 
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conduction considerations (assuming a thermal diffusivity 
of 10e6 m’/s), the center of the parallelepiped cools down 
to 300°C in -30 s, while a point 300 Km away from the 

edge cools down to the same temperature in -0.1 s. We 
measured a 4-point profile from the center to about 300 Km 
away from the edge and found no difference in speciation, 

demonstrating that for 0.8% water and 540°C the results are 
independent of average quenching rate between 10 and 
2OOO”C/s. We assume the same result holds for samples with 
lower water contents and quenched from lower temperatures. 

In other experiments designed to address this question, 
glass wafers with 0.5 to 2.6% dissolved water and with known 
initial species concentrations were held for various durations 

at elevated temperatures (400-600°C) and were then mea- 
sured for Hz0 and OH content after quenching. Figure 5 
shows the variation of the parameter Q vs. time, where Q is 

defined as 

[OHI* 
Q = [H20][0] ’ 

and 0 is anhydrous oxygens. Brackets in Eqn. ( 1) indicate 
mole fractions of OH and H20 species expressed on a single 

oxygen basis and [0] + [OH] + [ Hz01 = 1 (for calculation 
see STOLPER, 1989). At equilibrium, Q is equal to the equi- 
librium constant, K, for the following reaction: 

Hz0 + 0 M 20H. (2) 

When possible, samples with initially different Q were 
chosen for this study so that equilibrium was approached 
from both directions (i.e., from below K and above K). At 
5OO”C, parameter Q changed toward K by - 10% in 1 min 
for the two samples with 1 .O ? 0.1% water shown in Fig. 5a. 
At -4OO”C, the only temperature at which we have samples 
with more than -0.85% water, Q changed toward K by 
-25% in 1 min for a sample with 2.6% water (Fig. 5b) and 
changed less than 2% in 5 min for a sample with 1 .O% water. 
The highest initial water content for which we report diffusion 
experimental results is 1.7% at 403°C. Based on our kinetic 
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F1~.5.Q(-[OH]~/{[H,O][O]))vs.timeat(a)500”Cand(b) 
400°C. Horizontal lines represent equilibrium K calculated from the 
equation given in caption of Fig. 6. Note that equilibrium is closely 
approached in about 1 h for the two samples at 500°C. 
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FIG. 6. In K ( = [OH] 2/ { [ H20] [ 0] } at equilibrium) vs. water 
concentration at the centers of experimental glass charges that are 
believed to have reached equilibrium at 550, 530, 490, and 450°C. 
Some equilibrium data based on reaction kinetics experiments at 
600, 550, and 500°C are also shown. Relative errors on measured K 
are -2% at > 1% water and -4% at 0.5% water. Calculated isotherms 
based on regular solution model fit of all equilibrium data are also 
shown. The equation for regular solution model (SILVER and STOL- 
PER, 1989) based on our data set is given by 

lnK=A+(Bt C[H20]+D[OH])/T 

whereTisinKandA=1.409+0.166(2uerror);B=-2816+118; 
C = -4448 + 2748; and D = -2721 + 3190. AH: = -BR = 23.4 
k 1.0 kJ/mol where R is the gas constant. 

data, we can infer that the change of Q toward K in 1 min 

at 403°C and 1.7% water would be less than 10%. At lower 
water contents the time to reach equilibrium is much longer 
( ZHANG et al., 1990a). Since the quench time scale is only 

several seconds based on thermal conduction considerations, 
we feel that the effect of quenching on the speciation in all 
our diffusion experiments can be at most a few percent and 
can be safely ignored. 

Temperature Dependence of Equilibrium Speciation 

The center of most samples was sufficiently far from the 
edges that it was unaffected by diffusion over the course of 
the experiment, but the speciation at the center was affected 
by reaction (2). All speciation data that are believed to have 
reached equilibrium based on a variety of criteria are pre- 
sented in Fig. 6. The details of these equilibrium speciation 
data will be presented elsewhere. We note here that the spe- 
ciation depends on temperature and that there is a slight 
dependence on total water concentration. Based on our stud- 
ies of quenching effects (ZHANG et al., 1990a), we disagree 
with the assumption of DINCWELL and WEBB ( 1989, 199 1) 
that all deviations from simple ideal behavior (i.e., from hor- 
izontal isotherms in Fig. 6) are due to speciation changes on 
quenching, which are enhanced at higher water contents. Our 
data are in general comparable to those of STOLPER ( 1989) 
at similar temperature and water content. These and other 
equilibrium data on reaction (2) have been fitted to a regular 
solution model (STOLPER, 1989; SILVER et al., 1990) with 
resulting parameters (see caption of Fig. 6) different from 
those of STOLPER ( 1989) and SILVER et al. ( 1990). Several 
calculated isotherms are shown in Fig. 6 and are used below 
to evaluate departures from local equilibrium along diffusion 
profiles. 
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Speciatian along Diffusion Profiles and the 
Approach to Local Equilibrium 

To examine whether local equilibrium is reached at each 
point along diffusion profiles (and at the centers of samples 
of low initiaf water concentration), we have compared the 
speciation along di&ksion profiles and as calculated from the 
regular solution model rn~n~on~ in the preceding paragraph, 
In Fig. 7, we illustrate e at the centers of experimental charges 
and along diffusion profiles at various temperatures and 
compare them with calculated equilibrium isotherm K (the 
expression for calculating these isotherms is given in the cap- 
tion of Fig. 6). Note that Fig. 7b compares e determined 
along diffusion profiles generated by both hydration and de- 
hydration. fig. 7 demonstrates clear& that at high water con- 
centration and high temperature, e in both hydration and 
dehydration experiments agrees with the equilibrium iso- 
therms within error. However, at low water contents, Q is 
lower than K during hydration and higher than K during 
dehydration. Temperature is also an important factor in de 
termining whether equilibrium is reached or not; i.e., for a 
given run duration, local equilibrium is only reached above 
a particular water concentration for a given temperature. 
Specifically, during dehydration, iocal ~u~lib~urn is ap- 
proximately reached at water concentration 2 0.4% at 530°C 
(run duration 11.4 d), rOS% at 490°C (18.6 d), 20.7% at 
45O’C (51.7 d), and ~1.2% at 403°C (39.9 d). During hy- 
dration, local equilibrium is approximately reached at & I.370 
water at 490°C ( 11 .O d). 

In this section we discuss thecalculation ofdiffusion coef- 
ficients ( DHzO and DoH) from the experimental data. We treat 
the diffusion of hydroxyl groups phenomenologically and are 

Total water (wt%) 

not concerned with how charges are balanced in the silicate 
structure. Given that OH groups and Hz0 molecules may 
diffuse through a glass at different rates, characterized by DOH 
and DHZof respectively, it is possible to treat the water dif- 
fusion process by the following general equation (CHEKHMIR 

et al., 1888; WASSERBURG, 1988): 

where [water], [ H*O], and [OH] are the mole fractions of 
total water, H&I and OH, which, when calculated on a single 
oxygen basis, are approximately proportional to number 
densities (number of species per unit volume) ofthese species. 
The factor 2 in the above equation accounts for the fact that 
2 moks of OH are equivalent to i mole of Hz0 in terms of 
hydrogen; i.e., [water] = [HZ01 4 [OH]/2. Given initial 
and boundary conditions, there are two methods to obtain 
the diffusion coefficients DOH and L&O from measured dif- 
fusion profiles and the above equation. The first is to solve 
Eqn. (3) numerically in a forward manner for [water], 
[ H20], [OH] profiles as a function of x/(D~,~z)“* given 
the ratio DOB /&,o. The solution can then be compared 
with measured con~ntration profiles to obtain DHG from 
which L)ow can then be calculated. (If Eqn. 3 could be solved 
analyticaily, this method would be equivalent to fitting mea- 
sured diffusion profiles by an analytical solution, such as an 
error function.) The second method is to use measured dif- 
fusion profiles to invert an integrated form of Eqn. (3) to 
obtain both Wo, and D,, (the Boltzmann-Matano analysis), 
We use both approaches and we first discuss the forward 
solution method. 

There are two ~nde~ndent unknowns in Eqn. f 3 ) , f H&I ] 
and [OH ] (the third concentration variable, {water], is re- 

lated to [H&I] and [OH] by mass balance ), which are to be 
solved as a function of x and t in a forward solution. Hence, 
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FIG. 7. Speck&n (which may or may not be equilibrium speck&n) at the centers and along the diffusion protiles 
for aff samples at 530,490 ~~~j~~ag the hydration sample), 450, and 403’C, with reference lines from the regokr 
sob&ion model. Afso shown are additionstl speciation data from samples in which new bubbles formed and/or ofd 
bubbies grew. Error bars represent calculated errors based on errors on H&I and OH concentrations discussed in the 
text. Local equilibrium is reached at water concentration greater than 0.4% at S3O”C for 11.4 d, 0.5% at 490°C for 
18.6 d, 0.7% at 450°C for 51.7 d, and 1.2% at 403*C for 39.9 d. 
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one additional equation is necessary in order to solve for the 
concentration profiles given DOH and DHIO. If there exists a 
relationship between [OH] and [ H20], it can be combined 

with Eqn. (3) to solve the diffusion equation. The simplest 
calculation that we used was to use a constant Q obtained 
from the observed [OH] and [ H20] in the interior of the 

sample (this is equivalent to assuming ideal solution and 
local equilibrium at all positions along the diffusion profile). 
The calculated curves were found to match the data quite 
well for initial water concentrations of more than -0.8% at 
DOH/ DHsO = 0 (see footnote “d” of Table 3). This fit is 
much improved over what would be obtained by assuming 
a constant diffusion coefficient for total water. However, for 

samples with lower initial water concentrations (e.g., PD 
samples with 0.2%) there are small but substantial deviations. 
A modified model using K from a regular solution model 
that is weakly concentration dependent only improves the 
fit slightly. From Fig. 7 it can be clearly seen that at low total 
water content (i.e., near the edges of all samples and across 
the entire profile for samples with low initial water) the hy- 

drous species are not in local equilibrium. Therefore, although 
these simple treatments are definitely in the right direction, 

they are not adequate at low water contents and temperatures. 
To account for departures from local equilibrium along 

diffusion profiles, a general approach would combine Eqn. 

(3) with a knowledge of the temperature and concentration 
dependence of the kinetics of reaction (2), i.e., with a general 
equation for, e.g., a[H,O]/&, containing a diffusive flux term 
due to the local Hz0 gradient and a reaction term due to 
local interconversion of OH and H20. Lacking a sufficiently 
detailed description of these kinetics, and noting that to a 
good first approximation all analyses of all dehydration sam- 
ples at a given temperature fall on a single curve on Fig. 7. 
we have adopted an empirical description of the [OH] and 
[ H20] relationship, formulated as Q (defined in Eqn. 1) as 
a function of [water] at a given temperature. The empirical 
expressions for Q are obtained from polynomial fits of the 
speciation data presented in Fig. 7 and are given in Table 2. 
As can be seen from Fig. 7, the empirical functions adopted 

are strong functions of water concentration at low water con- 
tents and approach the equilibrium distribution of species at 

water contents of 0.4 to 1.2%, depending on temperature 
(and run duration). We emphasize the limitations of the 
empirical functions we have adopted; for example, they are 
clearly not appropriate to the results of hydration experiments 
(Fig. 7b). Moreover, the speciation cannot in detail be a 
function of water content only but should also reflect initial 
speciation, the duration of the experiment, and the position 
in the diffusion profile. Nevertheless, as illustrated below, 
this approximation yields very good fits to our diffusion pro- 

Table 2. Empirical expressions for Q al various temperatures 

n’c) 0~1 00 0, 

550 O.COOl58 0.1056 0.3710 
530 O.cw287 0.1022 -0.5066 
490 0.000489 0.0463 0.8012 
450 0.001351 -0.0800 4.0264 
403 0.001891 -0.0648 IX264 

In this expression for Q. Q is infinity at [water]=0 which does not produce 
difficulty in our calculation because [H&II and [OHI are both zero 

files and simple trends among the diffusion coefficients so 
determined. 

Diffusion Eqn. (3) and the empirical speciation relation- 
ships obtained above with a boundary condition of zero water 
concentration were solved numerically by making DHzot a 
new variable (r ) and given an assumed value of DOH/DHzO 

( DH20 and DoH were both assumed to be constant over the 
entire diffusion profile). We used an explicit forward finite- 
difference method (CRANK, 1975; PRESS et al., 1986) to solve 
Eqn. (3) with the associated expressions given in Table 2 to 
relate [ H20] and [OH]. (Although implicit methods, such 
as the Crank-Nicholson method, are more stable and more 
accurate, they were not used because of the complex rela- 

tionship between [water], [ H20], and [OH] in Eqn. 3.) Using 
a time interval AT we calculated the profile at total diffusion 
time jA7 where j is an integer. At each new time step j + 1, 

[water] as a function of x was calculated from [ H20] and 
[OH] profiles at time step j using a finite difference form of 
Eqn. ( 3). Then [ H20] and [OH] at time j + 1 were calculated 
using [water] at time j + 1 and the empirical speciation re- 
lationship. At each calculation a value of j and 2 j were fixed 
for a given AT. If there was a significant difference between 
the graph of [water] vs. .#)/2\lja7 and [water] vs. 
x( 2J)/ 2 d2ja7, the calculation was repeated with jnew -+ 2 jold 
until the results converged for total times jA7 and 2 jar. To 
insure stability, ( Ax)~/AT was chosen between 0.25 and 0.4 
in the calculations. The numerical solutions were the same 
when different (Ax)*/A7 (0.25 to 0.4) were used and the 
solutions are smooth. The calculated diffusion profiles were 

then fitted to the actual diffusion profiles to obtain DHIO using 
a nonlinear minimization routine to minimize the following 
expression (i.e., to fit all three measured profiles by one single 

parameter DHsO) : 

[water], - [water], 2 

‘I,,@, 

where 0, is error in [j], and quantities with - represent the 
values interpolated (using a second order polynomial) from 
diffusion profile tables from the forward calculation. DOH is 
then calculated using the DOH/DH20 ratio assumed in the 
forward calculation and DHzO obtained from the fit. In the 
fit, calculated concentrations far away from the edge are 
forced to be identical to the average of the measured con- 
centrations near centers. 

Best-fit Diffusion Coefficients 

Figures 8a and b compare fits to the experimental diffusion 
profiles in sample KS-D3 (0.8% initial water, 490°C) for 
DoH/DH20 = 1 and DOH/DH20 = 0. Figure 8a (DOH/DHIo 

= 1) corresponds to the case of simple total water diffusion 

so the calculated total water concentration vs. distance profile 
is proportional to a complementary error function. It is ev- 
ident that the fit is a poor one in this case. Figure 8b shows 
that at DOH/ DH,o = 0 and constant DH20, the fit to the data 
is excellent. To illustrate the dependence of the difference 
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which upon integration from no to co becomes 
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FIG. 8. Comparison of fits to water diffusion profiles of KS-D3 
(49O”C, 18.6 d) by the two species model for two extreme cases; @ 
(=Dou/&o) = 1 and B = 0. Hz0 + OH means total water. Q as 
a function of [water ] is from Table 2. (a) DO& DHlo = 1, which is 
equivalent to a concentration-independent bulk water diffusion coef- 
ficient; (b) Do&D H* = 0, for which molecular Hz0 is the only 
diffusing hydrous species. 

between the model calculated profiles and the observed pro- 
files on the D&DHzO ratio, we show fits for a range of 
DOH / Dwzo in Fig. 9a-c. Clearly the fit improves as the ratio 
decreases based on the figures. Figure 9d shows 1 - r2 (where 
r is the correlation coefficient; and 1 - r2 is proportional to 
S in Eqn. 4) of the fits for different values of DOHjDHzOt 
which further illustrates the dependence of the quality of the 
fit on the D~~~D~~ ratio for small D~~~D~=~ ratios. The 
minimum of the residuals lies near DOH/DHlo = 0 
( DOH / DHzO -c 0.02 ) . The same procedure has been followed 
for PD-DS (0.2% initial water, 53O’C) and 3b-D4 ( 1.3% ini- 
tial water, 403”(Z), and the minima of S of both were also 
found to he near DoH / DH20 = 0. The results for PD-D5 sug- 
gest that OH is not the dominant &&sing species even for 
samples in which OH is ove~heimin~y the dominant 
clerical species. (If OH is both the dominant species and 
dominant diffusing species, the water profile should be pro- 
portional to a complementary error function if DOH is con- 
stant, which is clearly not the case for our low water samples,) 
This result is contrary to the assumption of CHEKHMIR et al. 
( 1988) that OH is the dominant diffusing species below 0.4% 
water content. For samples at lower temperature, the profiles 
themselves also clearly show that the OH diffusion coefficient 
is much smaller than that of Hz0 (just judging from the 
length scale of the OH and of the Hz0 profiles in Fig. 3). 

We also employed a second, more direct approach to de- 
termining DOH and DHsO from the measured Hz0 and OH 
profiles in which we inverted Eqn. (3) using a Boltzmann 
transformation by replacing both x and t with a single pa- 
rameter n (=x/2vt; CRANK, 1975). With this transformation 
we obtain from Eqn. (3) the following: 

_2rt 4waterl 
dll 

d 
=- 

4 
DH o 4HzOl 

’ da 
+ DOH d[OH1/2 

do 
, (5) 

s [waterI, 
= 2 nd[water]. (6) 

twater170 

The integral on the right-hand side and the derivatives on 
the left-hand side can be evaluated numerically from the 
measured concentration profiles, although large errors may 
be associated with the numerical derivatives. Were it not for 
these large errors, Eqn. (6) could be used to solve for both 
D,, and DoH from two nearby points where the composition 
of the sample is essentially constant, and hence both diffusion 
coefficients can be regarded as constant. Notice that in order 
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FIG. 9. Water diffusion profiles of KS-D3 fitted by the two species 
model for a range of 0 (= DdDHfi). Hz0 f OH means total water. 
Q as a function of [ water] is from Table 2. (a) DOH/DHfl = 0.5; (b) 
Dc,&Dnp = 0.3; (c) DoH/DH~~ = 0.1; (d) I - r2 vs. DoH/DHa. 
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to solve for both D,, and Do,, in this way, we would need 
large variations in the two derivatives that are not propor- 
tional. (Note that, from this argument, it is impossible to 
obtain diffusion coefficients of different species if their con- 
centrations were proportional to each other, as they would 
be, for example, in CO&earing glasses in which both COZ 
molecules and CO:- are potential contributors to bulk carbon 
diffusion, but present in roughly constant proportions ac- 
cording to FINE and STOLPER ( 1985). The bulk diffusion 
coefficient for CO* in this case would be independent of the 
total CO* concentration, consistent with the results of WAT- 
SON et al. ( 1982). It is precisely the complicated nonlinear 
relationship between [ HzO] and [OH] that allows us to de- 
termine -r>,,, and DoH.) Iiowever, the two derivatives are 
always correlated (though not propo~ionai) because of the 
local near equilibrium between H20 and OH. In order to 
minimize the influence of these errors, we determined values 
of the two diffusion coefficients (assumed to be constant) to 

fit the entire profile using a simple linear least-squares pro- 
cedure. D,-&DH~o thus determined is very small (e.g., -0.05 
t 0.10 for KS-D3 ) . This calculation confirms the conclusion 
presented above from fitting measured profiles with profiles 
calculated from Eqn. (3) using a forward difherence method. 
However, the errors for both DHzo and DoH are large with 
the direct approach compared to the ht of measured profiles 
to calculated profiles. 

We conclude from the above analysis that our data are 
best explained by DOH/ DH+J ~5 0. It follows that the transport 
of water in rhyolitic glasses in the temperature and water 
concentration range we have studied is governed by the dif- 
fusion of Hz0 molecules. The OH ~on~ntration profile is 
not due to the diffusion of OH groups, but due to the local 
interconversion between OH groups and Hz0 molecules by 
reaction (2). The interconversion plays a critical role in sup- 
porting the local concentration of diffusing HZ0 molecules. 
This result is consistent with the models of DOREMUS ( 1969). 
ERNSBERCER ( 1980), SMETS and LOMMEN ( 1983). NOGAMI 
and TOMOZAWA (1984), WASSERBURG ( 1988), and WAKA- 
BAYASH~ and TOMOZAWA ( 1989). The result from analyzing 
diffusion profiles that Don < DH,o is supported by comparing 
speciation during hydration and dehydration (Fig. 7b). Dur- 
ing dehydration at low total water concentration the observed 
Hz0 concentration at any point along a diffusion profile is 
lower than the equilibrium Hz0 concentration, whereas dur- 
ing hydration it is higher. This suggests that during dehydra- 
tion, HZ0 is lost from a site (whereas during hydration it is 
added) and the conversion of OH to Hz0 (or HZ0 to OH 
during hydmtion) is necessary to bring the Hz0 con~ntration 
to the equilibrium value. When the conversion is not rapid 
enough at low water concentrations, the Hz0 concentration 
would be expected to be lower during dehydration and higher 
during hydration than the equilibrium value, as is observed. 

Since DoH/DHzo cannot be distinguished from zero, we 
adopt the approximation that DoH / Dtc,o = 0 to treat all our 
data to obtain D,, values. Table 3 lists the best-fit values 
for DHzo and the goodness of the fit for all our water diffusion 
experiments assuming DoH = 0. The fits are compared with 
the measured profiles in Fig. 3. For the PD samples, only 
total water can be measured accurately from 357.0 mm-’ 

Table 3. Diffusion coefficients of molecular H# 
___..--- 
Glass# T lrlltial waler DH>O = DH~U ran& 1-G 

(‘0 W%l (IO I2 mVs) (IO-l2 m*/s) 
__._. ~~~ ___- 

3b-D5C 550 0.50 0.121 (0.005) 0.100-O. 126 0.0022 
KS-D2 530 0.83 0.115 (0.009) 0 113.0.117 0.0023 
I’D-DS 530 0.20 0.074 (O.M)B) .- 0.0060 
KS-D3d 490 0.80 lx?40 10.001~ 0.036-0.044 0.0012 
PD.W 4%) 0.20 0.045 ~o.cux, 0.0018 
KS-DSA 450 0.78 0.015 I (O.txa?) 0.0149-~.OlSZ 0.0024 
3b-D4N 403 1.68 a.0077 (O.ooo5) 0.~72-~.~77 0.0100 
3b-D4 403 1.29 0.0073 (O.txw?.) O.L?068-0.0075 0.0011 
KS-DQA 403 0.77 a~-o.c064 o.c@L.._ 

All calculations assumed Dow0 and used stwciation &en bv fits to 0 .&en in Table 2. r is -.. 
the correlation coefficient of the tit. 

r . -- 
a 20 errors for Dwzo arc m parenthe% These do not include ennrs asscaated with the 111 w 
Q (given in Table 21 and associated with the assumption that Do&. 
b This column gives tke range of 0”~ obtained by fiuing single concenmnon profiles: [waterI 
VI. x. [Hz01 vs. 1. or [OH] vs. +. 
‘ Water concentration at the center of this wafer was affected by diffusion and L&O IS 
calculated based on fit to a fonvard simulation of diffusion inpnite space, UJ accent for the 
effect. Since the ininal center water concentration r&&e to tk tinal concentration is noi 
known precisely (recall apparent water concentration ar rke center changes siigkdy during 
experiments due to dependence of ~b~tivities on rkerm~I history, see text), there is an 
add&ma! error associated with tkls tit which was no r&en into account. 
$ D~~~=C.O36~.002 If const;inr Q=O.O95 IS used (I-ri10.0032); 5~j,=tl.037M.002 rf 

regular so.Olutmn K LS assumed (1-rz=0.(K)2S) 

band; hence, only the [water] profile was fitted. For samples 
for which both Hz0 and OH concentrations were measured, 
we obtain Dwlo by fitting all three profiles (Eqn. 4), and we 
also report in Table 3 the range of f)Hzo values obtained by 
fitting [water] vs. X, or f Hz01 vs. s, or [OH] vs. s individ- 
ually. These ranges are usually within 10% of D,, values 
obtained by fitting all three profiles. Errors on the best-fit 
&o values reported in Table 3 consider only misfit of the 
data and were obtained as described in CLIFFORD ( 1973; pp. 
78-80) where the distance measurements are assumed to be 
error free. Real errors must be greater than those reported in 
Table 3 because there are other sources of experimental errors 
in determining DHzo that are difficult to evaluate quantita- 
tively. For example, for some glasses with initial wateigreater 
than 0.85%, the presence of bubbles may affect the diffusion. 
At the other extreme, for glasses with initial water contents 
of 0.2% (PD-D4, PD-DS ) and for all measurements near 
sample edges, the molecular Hz0 concentration cannot be 
measured accurately and the empirical relationship between 
Q and [water] (Table 2) from which [ Hz01 is calculated is 
poorly constrained. More problematic is the fact that local 
equilib~um between OH and HZ0 is not maintained along 
diffusion profiles for samples with low initial water concen- 
trations and near sample edges. Although our empirical Q 
vs. [water] relationship corrects for this to some extent, it 
cannot do so entirely. We cannot evaluate the effects of these 
sources of errors on our fits, but the excellent fits of the profiles 
suggest that they are not major. 

We infer that the dependence of DFtzo on total water con- 
centration is small because ( I ) the fits based on the assump 
tion of constant DHzO account for whole profiles very well, 
and (2) best-fit DHso values are similar for samples with dif- 
ferent initial water contents. The total variation of Dn20 is 
within -40% at each temperature in aur experimental con- 
centration range. DHzO may be slightly higher for samples 
with higher initial water concentrations. 

The dependence of D,, on temperature is shown in Fig. 
IO. The activation energy for the diffusion of molecular Hz0 
is 109 +- 10 kJ/mol ( 20 errors hereafter) based on a fit of all 
KS samples (-0.8% initial water) and is 92 + 10 kJ/mol 
based on a fit of all our data to an Arrhenius relationship. 
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FIG. 10. Logarithm of the diffusion coefficient (m’/s) of molecular 
HZ0 vs. loOa/~(K). Uncertainties on hZo of this study based on 
the fits (see Table 3) are smaller than the size of the points. Afso 
plotted are previous data (small open circles for KARSTEN et ai., 
1982, and crosses for LAPHAM et al., 1984) where L&, values were 
calculated from Eqn. (8) using K from caption of Fig. 6. The line is 
a best-fit drawn through all our data and a data point obtained by 
fitting the data of LAPHAM et al. ( 1984) using our model, shown as 
a large open circle. Activation energy for this line is 103 z!z 5 (20 
error) kJ/mol. 

Comparison to Previous Studies and Treatment 
of Previous Data 

Most previous studies of water diffusion in rhyolites have 
been at higher temperatures than our experiments (i.e., on 
melts rather than glasses) and used hydration ( SHAW, 1974; 
FRIEDMAN and LONG, 1976; ARZI, 1978; DELANEY and 
KARSTEN, 1981; KARSTEN et al., 1982; JAMBON, 1983; 
MICHEL~ et al., 1983; WHITE, 1983) or diffusion-couple (LA- 
PHAM et al., 1984) experiments instead of dehydration ex- 
periments. Another difference with previous experiments is 
that previous authors determined either total water concen- 
tration profiles (DELANEY and KARSTEN, 198 1; KARSTEN et 
al., 1982; JAMBON, 1983; LAPHAM et al., 1984) or total water 
losses during dehydration or gains during hydration ( SHAW, 
1974; JAMBON, 1979). When total water concentration pro- 
files are determined, an apparent diffusion coefficient for total 
water (L)$ater) can be obtained from the folfowing diffusion 
equation: 

dlwater] d D* alwater] 

at =ax ( 
water 

1 ax . (7) 

This approach is equivalent to treating the diffusion of both 
species, Hz0 and OH, with a single diffusion coefficient of 
D$& (which has to be a strong function of total water con- 
centration to account for experimental data), and is clearly 
an ove~implification. When total water losses or gains are 
determined, a water diffusion coefficient that characterizes 
the mean transport rate over a range of water concentrations 
can be obtained. This diffusion coefficient is called D$&, 
hereafter. z ’ 1s not directly comparable to D&,, . We now 
discuss how to treat other published data in the context 
of our two species diffusion model. We first compare our 
results with previous Dcater data, and then treat previous 
Ok,,, data. 

~~~~~ris~n with previous DE,, data 

In the context of our model (i.e., DO” = 0), D$&, and 
DHzO are related by ( CHEKHMIR et al., 1988) 

d[HzOl 
Dfer = Dn20 - 

d[water] ’ 
(8) 

D L,r at various water concentrations from diffusion profiles 
have been calculated in hydration ( KARSTEN et al., 1982; 
JAMBON, 1983) or diffusion-couple (LAPHAM et al., 1984) 
experiments. Using Eqn. (8) we can calculate DHzo from the 
published values of D$&,, given knowledge of the relation- 
ship between [ HZ01 and [water]. Assuming local equilibrium 
at the high temperatures of these experiments, the species 
relationship was extrapolated from our equilibrium data at 
low temperatures and our estimate of the standard-state en- 
thalpy change of reaction (2) (formula in caption of Fig. 6). 
From the DL, values of KARSTEN et al. ( 1982) and of LA- 
PHAM et al. ( 1984), we have calculated D,, at 650 to 950°C 
at water concentrations of 1 to 3%. These values of DHzo are 

shown in Fig. 10 and compared with our results obtained at 
lower temperatures. It can be seen that they are in reasonably 
good agreement. We have also calculated DHs from Dkt,, 
values of JAMBON ( 1983) at water contents of 1 to 6% after 
a hydration experiment at 75O’C and 200 MPa water pres- 
sure. These DLser values are greater than those of KARSTEN 
et al. ( 1982, hydration at 70 MPa water pressure) at similar 
water contents, and the corresponding DH* values (not 
shown) depend strongly on water content and are higher than 
the DH~O values shown in Fig. 10. 

In addition, we have calculated a fit to the water concen- 
tration profile in the diffusion-couple experiments of LAPHAM 
et al. ( 1984) using our model of Hz0 diffusion. We again 
assumed local equilibrium between Hz0 and OH to relate 
the concentrations of the two species. The fit to the profile 
is shown in Fig. 11 and can be seen to be very good. (The 
interface in the fit is the Matano interface, instead of the 
actual interlace. The Matano interface is the interface at which 
mass loss from one side equals the mass gain of the other 
side. The difference between the positions of the actual in- 
terface and the Matano interface is due to the Kirkendall 
effect; see SHEWMON, 1963.) The value of DH,o (9 X 10ei2 
m*/s) at 850°C so determined lies almost exactly on the 
extension of our diffusion data (Fig. IO). If we combine this 
data point with all of our data, an activation energy of 103 

-4 -3 -2 -1 0 1 2 3 4 
x12dt (pmlds) 

FIG. 1 I. Fit of the data of LAPHAM et al. ( 1984) at T = 850°C 
and P = 700 kbars (various durations) with our diffusion mode1 
assuming local equilibrium among species. The data were read from 
a smoothed curve from Fig. 2 of LAPHAM et al. ( 1984). XI is extrap 
olated from Fig. 6. The interface in the fit is the Matano interface 
which is differ&t from the actual intetface (vertical dashed line) by 
0.15 pm/Vs in x/2\lt. The difference is due to the Kirkendall effect. 
D,, obtained from this fit is shown as large open circle in Fig. 10. 
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k 5 k.J/mol is obtained. The expression of DHIO at 400 to 
850°C is 

In DHzO = -( 14.59 + 1.59) - (103000 c 5000)/RT (9) 

where l&o is in m2/s, T is temperature in K, R is the gas 
constant in J K-’ mol-’ , and errors are 20 errors. As LAPHAM 
et al. ( 1984) carried out their experiments on hydrous silicate 
melts while ours were done on g/asses, we take the excellent 
agreement to indicate that there are no detectable disconti- 
nuities or nonlinear changes in the In DHzO vs. 1 / T plot due 
to a glass-melt transition. This is consistent with the obser- 
vations of JAMBON and SEMET (1978) that glass-melt tran- 
sitions in silicate systems are difficult to detect in Arrhenius 
plots of diffusion data. 

Based on our treatment, we can successfully reproduce the 
water diffusion profiles of LAPHAM et al. ( 1984) and can 
estimate the apparent total water diffusion coefficients 
D&,,, of KARSTEN et al. (1982) and LAPHAM et al. ( 1984). 
However, our model cannot reproduce the details of the water 
diffusion profiles from the hydration experiments of KARSTEN 
et al. (1982) and JAMBON (1983); neither can our model 
estimate IX& values of JAMBON ( 1983), which disagree with 
the results of KARSTEN et al. ( 1982). The profiles in both 
KARSTEN et al. ( 1982) and JAMBON ( 1983) deviate from an 
error function more than our model predicts, especially near 
the hydration surface. The failure of our model to predict 
the details of these water profiles cannot be totally due to the 
fact that these experiments were run at higher temperature 
in rhyolitic melts or due to errors in the local equilibrium 
assumption (which should be very good at these high tem- 
peratures anyway), given that we can reproduce well the water 
profiles produced in the diffusion-couple experiments of LA- 

PHAM et al. ( 1984), which were conducted at similarly high 
temperatures, Neither can the failure be due to a contribution 
of OH to the diffusion of water in their experiments because 
this would make the total water diffusion profiles deviate less 
from an error function. 

The discrepancy is possibly due to the very nature of hy- 
dration experiments, which differ somewhat from dehydra- 
tion and diffusion-couple experiments. In dehydmtion and 
diffusion-couple experiments, the only major concentration 
gradients are in the H-bearing species. The gradients for other 
components are primarily due to dilution or enhancement 
by the addition or loss of water species. However, during 
“hydration,” especially when the fluid phase is dense (at high 
pressures or in liquid water), both hydration (water dissolves 
and diffuses into silicate melt/glass) and leaching (silicates 
dissolve and diffuse out of the silicate into the fluid) occur 
due to partitioning of components between the two phases. 
Therefore, during hydration, both water and silicate com- 
ponents such as alkalies are mobile. Even though care was 
taken to minimize the dissolution and the leaching of the 
melt by placing rhyolite powders adjacent to the sample 
( KARSTEN et al., 1982), the effect might still be significant. 
Because the silicate components actively take part in the pro- 
cess, there may also be coupling between the difhrsive com- 
ponents, in the form of interdiffusion ( LANFORD et al., 1979) 
or multicomponent diffusion (which may show up as uphill 
diffusion, as observed by KARSTEN, 1982). Additionally, at 
low temperatures ( < lOO”C), a gel-like reaction layer may 

form near the water-glass interface during hydration (DO- 
REMUS, 1975). As we noted in the experimental section, in 
experiments in which we hydrated rhyolitic glasses at 490°C 
and 250 bars, we observed vapor-glass reaction at the interface 
(possibly due to dissolution and reprecipitation ) and defor- 
mation of the interface. All these observations suggest that 
hydration experiments are more complicated and perhaps 
more difficult to interpret than dehydration or diffusion cou- 
ple experiments. The above discussions are supported by the 
observations that no alkali concentration gradients were ob- 
served during dehydration (this study, Fig. 4) or during dif- 
fusion-couple experiments ( LAPHAM et al., 1984), but that 
such gradients are generated during hydration experiments 
(WHITE, 1983; KARSTEN, 1982; and numerous studies on 
the hydration ofcommercial glasses; e.g., TSONG et al., 1980). 
We tentatively suggest that, because of diverse complex pro- 
cesses, the hydration results should not be directly compared 
to diffusion in dehydration or diffusion couple experiments, 
especially near the vapor-melt or liquid-glass interface. The 
effects of these complex processes may be more severe under 
higher water pressures, which may be the reason for the dis- 
agreement between the results of KARSTEN et al. ( 1982) and 
of JAMBON ( 1983 ). Nevertheless, from the agreement of the 
D,, values calculated from KARSTEN et al. ( 1982; see Fig. 
lo), we conclude that the dominant diffusing water species 
during hydration of rhyolitic melt at high temperatures is 
probably the same as that during dehydration and diffusion- 
couple experiments (i.e., molecular HzO). 

Treatment qfzr values (mean water transport rate) 

Many previous authors have studied total water loss during 
dehydration or gain during hydration and characterized their 
dam in terms of a constant diffusion coefficient for total water, 
D&,,, (e.g., MOULSON and ROBERTS, 1961; SHAW, 1974; 
JAMBON, 1979). Such treatments are complicated by the fact 
that LX& is in fact not constant along a diffusion profile. In 
fact, for cases in which D* varies with concentration, different 
values of L)* could result depending on which of several 
techniques are used to extract Tdi; from total mass gain or 
loss data (although each is valid for the case in which II* is 
constant along the diffusion profile). These complications 
may be part ofthe explanation ofwhy Ok,,, during hydration 
of silica glasses is higher than that during dehydration under 
similar conditions ( MOULSON and ROBERTS, 196 1) . We now 
show that such a discrepancy is to be expected from our 
treatment of water diffusion even for constant Du,o and K. 

To obtain ct* from mass gain or Loss data, the fo~lo~ng 
equation, which applies to diffusion in a ~mi-infinite medium 
(CRANK, 197.5, Eqn. 3.15, p. 32), is o&en used (e.g., JAMBON, 

1979; MOULSON and ROBERTS, 196 1) : 

D*=’ M 

( 1 

2 

4t co - c, ? 

where co and cj are the surface and initial concentrations of 
the component, I is the duration of the expe~ment, and M 
is total mass loss or gain per unit area directly measured. M 
can also be calculated as follows given a concentration profile: 

h4= 
s 
u’i (c - c,)u!x. (11) 
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Assuming DH20 is constant and defining [ 3 x/2%, we 
can combine Eqns. ( 10) and ( 11) to give the following 
expression: 

DLe,/DH,~ = ?r{M*l([waterlo - [waterlA12, (12) 

where M* is calculated from the [water] profile from an 
integration similar to M in Eqn. ( 11) except that the inte- 
gration is with respect to .& Using Eqn. ( 12)) it is possible to 
relate D&,,e, and DHzO during both hydration and dehydra- 
tion. 

We have calculated model water diffusion profiles for both 
hydration and dehydration assuming DoH = 0 and constant 
K and DHzO. K was arbitrarily taken as 0.1. In order to be 
comparable to MOULSON and ROBERTS ( 196 1) experiments, 
[water lo was taken to be 0.00 1 and [ water]i to be 0 in the 
hydration calculation and vice versa in the dehydration cal- 
culation. Given K, [water lo, and [water Ii, [water] as a func- 
tion oft can be calculated and M* can be found. We then 
find by applying Eqn. ( 12) to these two model profiles that 
D&,,,/DHzO for hydration is a factor of 1.73 times that for 
dehydration. This is similar to the factor of 2.5 in the values 

of Df,, for hydration and dehydration reported by MOUL- 
SON and ROBERTS ( 196 1). We note that this factor does not 
depend on D,,, although it does depend on K, [waterlo, 
and [waterli. The small difference between the model and 
measured factor could be due to our assumption that K is 
constant and the assumed value of K, local disequilibrium 
during hydration and dehydration (see Fig. 7b and our earlier 
discussions on disequilibrium), or experimental errors. That 
D&, is greater during hydration than during dehydration 
at the same D,, and K can be explained as follows. The 
interface water concentration and hence D& near the in- 
terface are high during hydration and low during dehydration, 
and the interface diffusive flux (which is proportional to 

D L,, at the interface) controls the water mass gain or loss. 
Diffusion in the interior also plays a role, of course, and tends, 
following this line of reasoning, to lessen the difference in 
D$, during hydration and dehydration. 

Temperature dependence of D,, D$,,, and D*w,,,, 

The temperature dependence (i.e., the activation energy) 
of DHtO will be approximated well by that of D$,, deter- 
mined at a fixed water content and by that of D&, deter- 
mined under fixed surface and initial water contents even 
under circumstances in which the speciation of water is not 
well known. At low water concentrations, both Df,,, and 

D L:,f, are inversely proportional to K, and Df,,, can be ex- 
pressed as follows assuming constant K based on Eqn. (8) 
(see DOREMUS, 1969; WASSERBURG, 1988): 

Dd,, = 8 [water] D&K 

= 8[water](Do,H20/Ko)e-(E-@)/RT (13) 

where E is the activation energy of DHIO and AH: is the 
standard state enthalpy change of reaction (2). Hence the 
“activation energy” of DC,, at low water content is lower 
than that of DHzO by AH:, which is -23 kJ/mol (see caption 
of Fig. 6). The same applies for D&,, at low water content. 

At higher water content, the activation energies of DC,,, and 

D&, are even more similar to that of DHfl. For example, 
at equilibrium, based on our regular solution model (Fig. 6)) 
the effect of temperature-dependent K contributes to a spu- 
rious “activation energy” of D&, of only - 12 kJ/mol and 

of DL,, of only - 13 kI/mol at 1% total water and about 
-5 kJ/mol at 4% total water. Therefore, the activation ener- 
gies of D$,=, and Df,, will typically be 5 to 23 kJ/mol 
lower than that of DHzO, depending on water concentration. 

When the activation energy of D$,, is determined under 
a fixed PH20 (e.g., MOULSON and ROBERTS, 196 1) , it differs 
from that of DHIO not only by the temperature dependence 
in K, but also by the temperature dependence of water sol- 
ubilities. Since K increases with temperature (Fig. 6) and 
total water solubilities at a fixed PHlo decrease with temper- 
ature (with AH&,,,, of - 12 kJ /mol in silica glasses at PHzO 
- 0.09 MPa, MOULSON and ROBERTS, 1961; and - 5 kJ/ 
mol in rhyolitic melts at PH10 - 70 MPa, KARSTEN et al., 
1982; where AH& is the standard state enthalpy change 
for total water dissolution into a silicate), both effects reduce 
the fraction of Hz0 with increasing temperature and hence 
reduce the “activation energy” of D&,,,. Depending on the 
value of AH&,,, for total water solubilities, the activation 
energy for of,,,, determined at constant PH10 could thus be 
significantly lower than that of DHP. However, due to a low 
AHkter for total water solubilities in rhyolitic melts, the ac- 
tivation energy of D&,,=, should also be only slightly lower 
than that of DHlO. 

It is thus not surprising that the activation energies for 
water diffusion in rhyolitic glasses and melts determined from 
studies of the temperature dependence of D&_, and Df,,, 
are generally similar to but usually lower than our value of 
103 + 5 W/m01 (2~ errors); e.g., 54 + 13 kJ/mol (SEIAW, 
1974), -13OkJ/mol(A~~1,1978), -46kJ/mOl(JAMBON, 
1979), and 80 ? 4 kJ/mol (KARSTEN et al., 1982) (these 
errors from previous authors are probably la errors). If an 
adjustment of - 10 kJ/mol is added to the result of KAR~TEN 
et al. ( 1982) to account for the difference between D$,,, and 
DHzO, it would bring their activation energy to -90 kJ/mol, 
in better agreement with our result. In any case, the difference 
between our value and that of KARSTEN et al. ( 1982) is not 
much outside the experimental errors, giving an activation 
energy for molecular Hz0 diffusion at 80 to 110 kJ/mol in 
the temperature range 400 to 950°C. 

Diffusion of Hydroxyl 

Our diffusion data and our analysis thereof strongly suggest 
that hydroxyl groups are essentially immobile compared to 
Hz0 molecules under the conditions of our experiments (i.e., 
DoH/DH~~ < 1). Although other workers have reached dif- 
ferent conclusions ( TOMOZAWA, 1985; CHEKHMIR et al., 
1988) and there may indeed be conditions under which OH 
diffusion makes an important contribution to water diffusion, 
a small diffusion coefficient for OH groups is, a priori, a rea- 
sonable result because OH groups are charged and may be 
strongly bound to silicate tetrahedra. If OH groups are bonded 
to Si or Al ( WASSERBURG, 1957), the diffusive behavior of 
the oxygen in the SiOH or AlOH unit and hence of OH 
(assuming OH diffuses as a whole unit) may be most similar 
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to the self-diffusion of other non-bridging oxygens (however, 
see KOHN et al., 1989, for an alternative view of the local 
hydroxyl environments in albitic glasses). The self-diffusion 
coefficient of oxygen determined by ‘*O and I60 exchange 
experiments in dry diopside melt (in which non-bridging ox- 
ygenisdominant)is6 X lo-” m’/sat 1650”Cand 15 kbars 
( SHIMIZU and KUSHIRO, 1984). We can estimate the diffusion 
coefficient of non-bridging oxygens at 500°C in silicate glass 
to be on the order of 1 Oe2” m2/s by a gross extrapolation 
using this result and an activation energy of 250 kJ / mol (the 
activation energy of oxygen diffusion in jadeite melt; SHIMIZU 
and KUSHIRO, 1984). Given that our value for the diffusion 
coefficient of molecular Hz0 or total water is on the order 
lo-l4 m2/s at 5OO”C, this would give DOH/DHzO - 10e6; it 

may thus not be surprising that the diffusion coefficient of 
OH is many orders of magnitude smaller than that of H20 
in rhyolitic glass at this temperature. 

The relative contribution of Hz0 and OH diffusion to ap- 
parent total water “diffusion” is not only related to the dif- 
fusion coefficients of Hz0 and OH, but also to the relative 
proportions of Hz0 and OH. Since the fraction of Hz0 de- 
creases rapidly with decreasing total water content, it can be 
seen from Eqn. (3) that the contribution of H20 to total 
water “dilhtsion” becomes smaller when water concentration 
is lower. At some very low water concentration, it may be 
necessary to consider the contribution due to diffusion of 
OH even under the conditions of our experiments. In order 
to evaluate the relative contributions of H20 and OH diffusion 
to total water “diffusion,” we have derived the following by 
modifying Eqn. ( 13) to include DOH (again assuming equi- 
librium and constant K and low water concentrations) : 

EL,, = DOH + 8DH20[water]/K. (14) 

Hence, the contribution to Dzat,,,, (i.e., the flux of total water) 
due to OH diffusion would be the same as that due to HZ0 
diffusion if [water] = KDoH/( SD,,,). Assuming K = 0. I 

(at -500°C) and DOH/DHzO - 10e6, then the contribution 
of OH and Hz0 diffusion would be identical at [water] 
- lo-*. These arguments are in accord with our conclusion 
that even at total water concentration as low as 0.2%, or 
[water] - 0.0036 (where H20 is minute compared to OH ), 
the contribution of OH diffusion to total water “diffusion” 
is still negligible. 

CHEKHMIR et al. ( 1988) assumed that at total water con- 
centration lower than 0.4%, OH is the only diffusing species 
and obtained DOH by equating it to DC,,,, at these low water 
concentrations. They then calculated DHIO from DL,, at 
higher water contents by subtracting the contribution from 
OH diffusion. Their calculations based on this assumption 
would indicate that DOH r DHzO at T 2 600°C or at a viscosity 
2 10 lo poise (Fig. 3 in their paper), which is clearly incon- 
sistent with our experimental results. 

Comparison of Hz0 Diffusion with Diffusion 
of Other Neutral Species 

The diffusion coefficient of molecular H20 can be com- 
pared to that of other neutral species, especially the noble 
gases. Noble gas diffusion coefficients in rhyolitic glasses have 
been determined previously for He at 192-267°C ( JAMBON 

and SHELBY, 1980), Ne at IOO-400°C in tektites ( REYNOLDS, 
1960), Ne at 200-700°C (MATSUDA et al., 1989), and Ar 
at 500-900°C (CARROLL and STOLPER, pers. comm.; MAT- 
SUDA et al., 1989). The activation energies for the diffusion 
of He (35 f 7 kJ/mol), Ne (-59 kJ/mol based on REYN- 
OLDS, 1960; 74 f 9 kJ/mol based on regression of the data 
of MATSUDA et al., 1989, excepting two points that lie outside 
the trend), H20 ( 103 + 5 kJ/mol, based on this work and 
one data point from LAPHAM et al., 1984), and Ar ( 152 + 10 
kJ / mol, CARROLL and_ STOLPER, pens. comm.) are shown in 
Fig. 12 against their molecular radii. The activation energy 
E (kJ/mol) can be expressed as a function of the radii (r in 
A) of these neutral molecular species: 

E = 94(r - 0.31)2, (15) 

in agreement with the elastic theory of diffusion (see JAMBON, 
1982, for a review), although the parameters (94 kJ mol-’ 
Am2 and 0.3 1 A) are not the same as those OfJAMBON ( 1982). 
The fact that DHzO follows the same relationship in an E vs. 

r plot as the noble gas elements suggests that molecular H20 
diffuses in a manner similar to the noble gases, which are 
generally thought to be relatively unbound species that reside 
in holes in the glass structure ( SHACKELFORD and MASARYK, 
1978; SHACKELFORD and BROWN, 198 1). 

CONCLUSIONS 

Water dehydration experiments on rhyolitic glasses have 
been carried out under a N2 atmosphere and various tem- 
peratures. Concentration profiles of both H20 molecules and 
OH groups were measured by Fourier transform infrared 
spectroscopy. As found in previous studies, the measured 
water concentration profiles do not match expectations based 
on a single constant diffusion coefficient for total water. We 
have modelled the diffusion of water by the diffusion of two 

He 
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FIG. 12. Activation energies for the diffusion of molecular species 
He, Ne, H20, and Ar. Error bars represent 20 errors. Data for He 
are from JAMBON and SHELBY ( 1980): for Ne are from REYNOLDS 
(1960) and MATSUDA et al. ( 1989); for Hz0 are from this paper; 
and for Ar are from CARROLL and STOLPER (pers. comm.). The 
radius of Hz0 molecules is estimated from distance of oxygen atoms 
in hexagonal ice structure to be 1.38A (p. 465 in PAULING, 1960) 
which is not much different from the ionic radius of 02- (1.40A). 
The radii of the noble gases used (0.93 for He, I. 12 for Ne, and 1.54 
for Ar) are the neutral atom radii (p. 643 in FORSYTHE, 1954). (If 
other sets of radii for noble gas atoms were used, a simple relationship 
between the activation energy of diffusion and the radii for Hz0 and 
noble gas elements is not apparent.) The curve is a fit of the data to 
Eqn.(9)inIAMBON(1982)andisgivenbyE=94(r-0.31)*. 
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species: Hz0 molecules and OH groups. It is assumed that 
the local abundance of these species is controlled by an in- 
terconversion by the reaction H20 f 0 w 20H, and an 
empirical relationship between speciation and total water 
concentration along the diffusion profiIes was obtained from 
infrared measurements. The diffusion coefficients for both 
species were then calculated from the con~ntratio~ pro&s. 
Our results indicate that the diffusion coefficient of OH is 
negligible compared to that of Hz0 at 4OO-530°C (&H 
< 0.02&o and could be much smaller), and OH does not 
contribute significantly to the diffusion of total water even 
at water concentrations as low as 0.2%, where the concen- 
tration of F&O is minute compared to that of OH. The vari- 
ation of OH concentration along the diffusion profile is in- 
ferred to be due to the IocaI inter~nvers~on between OH 
groups and Hz0 molecules. The reaction atso provides the 
diffusing Hz0 species. The conclusion that Hz0 molecules 
are the predominant diffusing species at very low to high 
water concentrations confirms the results of several previous 
studies. L&o values vary by less than a factor of two over 
the total water concentration range of 0.2 to 1.7%. The ac- 
tivation energy for diffusion of molecular Hz0 is - t03 kJf 
mol, and DSB fin m’/sf is given by 

In D&* = -(14.59 4: 1.59) - (IO3000 t x@O)/RT 

400°C S T S 850°C 

where R is in J K-’ mol-’ , When compared with diffusion 
of noble gases, the diffusion coefficient of Hz0 follows the 
same trend in an activation energy vs. radius plot. This sup- 
ports the contention that what we cat1 mokcutar Hz0 behaves 
during diffusion as a ~~~~~ mukutar species. 
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