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Abstract-Water diffusion experiments were carried out by dehydrating rhyolitic obsidian from Valles 
CaIdera (New Mexico, USA) at 5 lo-980°C. The starting glass wafers contained -0.114 wt% total water, 
lower than any glasses previously investigated for water diffusion. Weight loss due to dehydration was 
measured as a hmction of experiment duration, which permits determination of mean bulk water dilfusivity, - 
0,. These ditfusivities are in the range of 2.6 to 18 X lo-l4 m2/s and can be fit with the following 
Arrhenius equation: 

In z(m*/s) = -(25.10 + 1.29) - (46,480 f 11,400) (J/mol)/RT, 

except for two replicate runs at 5 1O“C which give 0, values much lower than that defined by the above 
equation. When interpreted according to a model of water speciation in which molecular Hz0 is the 
diffusing species with concentration-independent ditisivity while OH units do not contribute to the 
transport but react to provide H20, the data (except for the 5 10°C data) are in agreement with extrapolation 
from previous results and hence extend the previous data base and provide a test of the applicability of 
the model to very low water contents. Mean bulk water diffusivities are about two orders of magnitude 
less than molecular Hz0 diffisivities because the fraction of molecular Hz0 out of total water is very 
small at 0.114 wt% total water and less. The 510°C experimental results can be interpreted as due to 
slow kinetics of OH to Hz0 interconversion at low temperature. 

INTRODUCTION 

GEOLOGISTS HAVE LONG BEEN interested in understanding 
how igneous processes are influenced by the presence or ab- 
sence of water because of the importance of water as a volatile 
constituent of magmas and the observation that even small 
amounts of water can significantly influence their physical 
and chemical properties ( SHAW, 1963; WATSON, 198 1) . The 
diffusivity of water in silicate melts has been of particular 
interest because it plays an important role in the rates at 
which magmas can hydrate or dehydrate (e.g., by bubble 
growth) and because, until recently, the cause of a strong 
dependence of the bulk water diffusivity on water content 
has been poorly understood. 

SHAW (1914) was the first to show that the diffusivity of 
water in molten rhyolite depends on its concentration. This 
was confirmed by the preliminary results of JAMBON ( 1979) 
and several more fully documented analyses of total water 
concentration profiles (DELANEY and KARSTEN, 198 1; KAR- 
STEN et al., 1982; JAMBON, 1983; LAPHAM et al., 1984). 
However, the cause of this was not well understood even 
though speculations were abundant. 

STOLPER ( 1982a) demonstrated by infrared spectroscopic 
analysis that water dissolves in rhyolitic glasses in two distinct 
species ( Hz0 molecules and OH groups). The spatial reso- 
lution of the infrared technique is sufficient to allow direct 
measurement of diffusive concentration profiles of both spe- 
cies generated during both hydration (STANTON et al., 1985) 
and dehydration experiments ( ZHANG et al,, 199 1). These 
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concentration profiles provide a quantitative basis for eval- 
uating the diffisivities of the individual species and identifying 
the dominant diffusing species. Using this approach, ZHANG 
et al. ( 199 1) showed that both HZ0 and OH concentration 
profiles developed during dehydration of obsidian glasses with 
0.2 to 1.7 wt% initial total water are best described by a model 
in which molecular Hz0 is the diffusing species with a con- 
centration-independent diffusivity. According to this model, 
first developed by DOREMUS ( 1969) for silica glass at low 
water contents, OH groups do not diffuse significantly but 
react to provide the diffusing Hz0 species (see also ERNS- 
BERGER, 1980; CHEHKMIR et al., 1988; WASSERBURG, 1988). 

We report here weight loss data from obsidian dehydration 
experiments performed years ago ( JAMBON, 1979) but never 
published in detail. Although concentration profiles were not 
determined, the starting glasses contained lower water content 
(0.114 wt% ) than any yet reported in diffusion studies in the 
literature. Thus, these data are important in providing mean 
bulk water diffusivities during dehydration (note that mean 
bulk water diffusivity during dehydration is different from 
that during hydration, ZHANG et al., 199 1) at very low water 
content (regardless of the mechanism of diffusion), although 
direct determination of individual species of water ( Hz0 and 
OH) by infrared spectroscopy (FTIR) is not possible at this 
very low water content. These weight loss data can be eval- 
uated using the model of ZHANG et al. ( 199 1) and allow an 
extension of this model to lower water contents and higher 
temperatures. Moreover, comparison between the results 
of this study and that of ZHANG et al. ( 199 1) allows us to 
assess the accuracy of the diffusion coefficients obtained in 
two studies employing similar experimental but different 
analytical procedures. 
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EXPERIMENTAL AND ANALYTICAL PROCEDURES 

Obsidian glass wafers from a hand specimen from Valles Caldera 
(New Mexico, USA; see MAGARITZ and HOFMANN, 1978, for major 
oxide analysis) were used as starting materials. Glasses from the same 
location have been used for several other diffusion experiments in- 
cluding diffusion of cations ( MAGARITZ and HOFMANN, 1978; JAM- 
BON, 1982), helium (JAMBON and SHELBY, 1980), and water (SHAW, 
1974; DELANEY and KARSTEN, 1981; JAMBON, 1979, 1983). SHAW 
( 1974) reported the water content in a specimen from the same lo- 
cation to be 0.38 wt% (% means wt% hereafter unless otherwise spec- 
ified). DELANEY and KARSTEN ( 198 1) reported 0.2%. NEWMAN et 
al. ( 1986) reported 0.275% and 0.121% for two piecesofglasses( DC- 
I and DC-2) from this location. FTIR analysis (following the pro- 
cedure of NEWMAN et al., 1986) for one piece of the sample used in 
this study gives 0.114 f 0.003% water (4 analyses, error is at 220 
level hereafter) with -0.003% molecular HzO. This low value has 
been confirmed by a mass spectrometric analysis performed on an 
aliquot of the same piece of glass (0.09 f 0.03%; J. L. Zimmermann, 
pers. commun.) following the procedures of ZIMMERMANN et al. 
( 1988). The range of reported analyses likely reflects heterogeneity 
of this obsidian. Note that the FTIR analyses ofwater concentrations 
in ZHANG et al. ( 199 1) are directly comparable with the present data. 
As all the wafers used in this study were from a single hand specimen, 
we assumed that all the wafers initially contained the same amount 
of water. None of the samples studied contained bubbles before the 
experiments. 

Experiments were conducted by JAMBON ( 1979) at the Department 
of Terrestrial Magnetism of the Carnegie Institution of Washington. 
Glass wafers weighing 0.4 to 0.8 g with 0.5-3 mm thickness and 2 10 
mm in other dimensions were polished on all faces (surface areas are 
listed in Table 1). Dimensions were determined using a microcaliper. 
Weights calculated from the dimensions are consistent with measured 
weights within 0.5% relative, assuming a constant density of 2.35 g/ 
cm3 ( SHAW, 1974; STOLPER, 1982a). The samples were annealed in 
an electronically controlled Pt wound muffle furnace at 5 lo-980°C 
in air. 

Each sample was annealed in twelve to sixteen successive periods, 
with each period ranging from 15 min to several weeks. The duration 
of each annealing period was such that the transient time required 
for reaching thermal equilibrium was negligible. The integrated du- 
rations of the experiments on each wafer were from three weeks to 
three months. The sample was removed from the furnace after each 
annealing period and weighed with a microbalance. Precision in 

sample weight determination is 20-50 rg, depending on the wafer 
weight, which corresponds to a precision of 3.5-10 rg/cm2 in weight 
loss per unit area (see Fig. I ) 

RESULTS 

Experimental charges were examined visually and with an 

optical microscope with a resolution of 2 pm. For the 1020°C 
experiment, - 1 mm size bubbles developed and the glass 
wafer deformed into irregular shape. Hence, this experiment 
was not considered in extracting diffusion coefficients because 
the dehydration could not be treated as simple diffusion. 
Bubbles smaller than the detection limit does not significantly 
affect our interpretation of the data because diffusion lengths 
(roughly estimated from \lDwftotal) for experiments with T 
> 6 10°C are >250 pm, much greater than the bubble size. 

The results of eight kinetic runs are reported in Table 1. 
The weight loss of the samples is assumed to result from 
water loss alone. Possible contribution due to CO2 loss is 
negligible because COZ concentration is below 10 ppm ac- 
cording to our FlIR analyses. Figure 1 shows a representative 
plot of cumulative weight losses per unit area (M,) vs. square 
root of total experimental duration (t”‘). The data are well 
fit by a straight line. The slope from a linear regression of 
the data gives the best-fit M,/t”* (mass loss per unit area 
per square root of run duration) for the whole experiment. 
Uncertainty (2~) on the slope of weight loss Mt vs t “* plots 
is less than 9%, except for the two runs at 5 10°C where un- 
certainties are up to 35% due to the very limited water loss 
during any reasonable duration of the experiments. 

It is significant that the vertical intercept is not zero, but 
is always in the range of 4 to 43 pg/cm* (Table 1). We in- 
terpret the non-zero intercept to correspond to a rapid weight 
loss in the first 15 minutes of the first annealing step. It is 
probably due to either adsorption of water as shown to occur 
on basaltic glasses (DES MARAIS and MOORE, 1984; JAMBON 
and ZIMMERMANN, 1987) or to rapid transport pathways 

Table 1. Experimental conditions and results 

RUtl# T 
CL ‘C 

hotnl Slope helcept K @Ml 
h ng/cm~-,*n P&cm2 lo-‘4 m*/s lo-l2 m2/s 

060279 5.37 980 

190379 3.37 910 

081178 7.10 850 

090179 4.07 800 

100179 3.44 700 

070279 4.73 610 

080279 5.74 510 (1) 

090279 3.30 510 (2) 

2360 126k7 

420 96k5 

1350 93f6 

475 7OLk5 

625 58f5 

665 49+3 

740 5.6f1.4 

625 14*4 

43f8 17.6f2.2 13.6f1.8 

2Ok2 10.2fl.l 6.9k0.8 

31M 9.6k1.3 5.8fo.8 

31f4 5.4f0.8 2.9f0.5 

18f4 3.7kO.7 1.54zkO.3 

4f2 2.6f0.3 0.81f0.12 

- 0.034f0.017 - 

16f5 0.2ofo.11 - 

Note: A=total surface area; rw=total experimental duration; slope and intercept are from best fits 
of M, vs @ plots shown in Fig. 1. Uncertainties for slopes and intercepts are formal fitting 
errors given at 20 level. Those for ir;; include fitting errors and error in initial water analysis. 
ThOSe for D&o values ako include 5% (20) relative error in K at low water content. Not 
included are uncertainties in temperature, those due to possible roles of oxidation of Fe0 to 
Fefi by 9 in air, etc. &fi values for 51o’C experiments cannot be obtained at 51o’C due to 
local non-equilibrium. 
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FIG. 1. Weight loss per unit area (M,) as a function of square root 
of total anneal duration (t ‘I*). The intercepts and slopes of the fits 
(solid lines) are given in Table 1. The intercepts are different from 
zero (see text). The slopes permit calculation of x when initial 
water concentration is accurately known. There are some extra points 
for 980 and 850°C experiments which are outside the range shown 
in this figure. The intercept for experiment 5 10°C ( 1) is not known 
due to experimental problems. 

resulting from a network of microcracks produced upon pol- 
ishing as suggested by JAMBON ( 1982). We ignored this initial 
excess from the overall weight loss in calculating the dilfusivity 
(i.e., we ignored the first few points and did not force the 
intercept to be zero in the linear regression). Note that in 
many cases this excess is almost independent of the run tem- 
perature and amounts to 30 +- 10 pg/cm*, significantly more 
than adsorption release for Hz0 and CO2 ( -2 and - 1 pg/ 

cm*, respectively) on basaltic glass between 120 and 500°C 
( JAMBON and ZIMMERMANN, 1987). The higher amount of 
surface volatile could be due to water introduced by polishing 
or due to the higher capacity for adsorption on alkali-rich 
rhyolitic glasses. - 

Mean bulk water diffusivity for dehydration ( D, ; ZHANG 
et al., 199 1) is obtained according to the weight loss equation 
for a semi-infinite medium (CRANK, 1975, Eqn. 3-15, p. 32 ), 
which is valid for slabs of finite thickness at sufficiently small 
fractions of water loss: 

0, = 0.257F[(M~/t”2)/(Ci - Co)]‘, (1) 

where M,/ t’l’ is the slope in Mt vs. t ‘I2 plots (such as that 
shown in Fig. 1)) Ci is the initial total water concentration 
(in g/cm’), and Co is the concentration at the surface of the 
sample and is assumed to be zero. Equation 1 is a good ap- 
proximation for loss of up to 40% when the diffusivity is 
constant. It is valid for even larger fractional loss when dif- 
fusivity increases with depth (see CRANK, 1975 ) . For longer 
runs, the weight loss curves level off but the initial slope can 
still be used provided that data points permit an accurate 
determination. Note that the calculation of z values using 
Eqn. ( 1) requires accurate knowledge of initial water content, 
in contrast to cases in which diffusivities are obtained from 
measured concentration profiles (e.g., ZHANG et al., 199 1). 
In the latter case, the calculated bulk diffusivity is not affected 
if the measured concentrations are inaccurate by a constant 
value or a constant factor. However, if the initial water content 
were in error by some factor, the 0, values calculated using 
Eqn. ( 1) would be in error by the square of that factor. This 
suggests caution in using Eqn. ( 1) or other techniques based 
on total flux to obtain diffisivities (e.g., x values in JAMBON, 
1979 are too low by a factor of - 11 due to a high Cr). 

The mean bulk water diffusivities 0, derived in this way 
are listed in Table 1 and follow an Arrhenius equation: 

In 0, (m2/s) = -(25.10 + 1.29) 

- (46,480 f 11,400)/M-, (2) 

where the activation energy is in J/mol, except for two 5 10°C 
experiments, which give 0, values much lower than extrap- 
olated from Eqn. (2) and will be discussed later. (Two ex- 
periments were run at 5 10°C to confirm that the discrepancy 
was not due to experimental problems.) These 0, values are 
lower than 0, values extrapolated from previous results at 
similar temperatures but higher water contents (DELANEY 

and KARSTEN, 1981; KARSTEN et al., 1982; ZHANG et al., 
199 1 ), in agreement with previous results indicating that 
bulk water diffusivities decrease with decreasing total water 
contents. 

DISCUSSION 

In order to compare quantitatively with previous experi- 
mental data and to test previous water diffusion models, we 
have calculated the diffusivity of molecular Hz0 ( DHzO) from 
z values obtained in this study according to the following 
procedure. Following ZHANG et al. ( 199 1)) 

D,IDH,o = *[W/(ci - CO)]~, (3) 
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where M: is calculated from a model concentration profile 
based on 

M: = s 0 
m (C- Ci)d(X/2-. (4) 

The integral in Eqn. 4 is evaluated by taking C as a function 
of xl ( DHzOf) ‘I2 given by a numerical solution of the water 
diffusion equation in ZHANG et al. ( 199 1, their Eqn. 3, with 
DOH neglected) given an initial water content of 0.114 wt%, 
a zero boundary concentration, and using a water speciation 
equilibrium constant K ( = [OH]‘/ { [ Hz01 [ 0] } at equilib- 
rium) extrapolated from ZHANG et al. ( 199 1). Note that the 
functional form of C vs. x/(D~,ot)“~ in Eqn. (4) is inde- 
pendent of the D,, value, and hence the integral in Eqn. 
(4) is also independent of the DHIO value. 

The assumption of local equilibrium between H20 and 
OH greatly simplifies the treatment and is reasonable for ex- 
periments at r6 10°C due to the relatively high temperatures 
and long durations of the experiments even though the water 
content is low ( ZHANG et al., 1990). However, at 5 10°C and 
this water content, it is expected that local equilibrium be- 
tween Hz0 and OH would not be reached (ZHANG et al., 
1990, 199 1) and that the local Hz0 concentration would fall 
below the equilibrium concentration. Such a lower than ex- 
pected Hz0 concentration would give a lower than expected 
z value: This could explain why the 0, values for the two 
5 10°C experiments fall below the Arrhenius line. 

We can estimate qualitatively the role of reaction kinetics 
for the 5 10°C experiments in the following way. The exper- - 
imental D, value at this temperature is -8 X lo-l6 m2/s 
with a factor of 2.4 uncertainty (this large uncertainty is due 
to large errors in weight loss determination, as can be seen 
from Fig. 1). In one extreme, if local equilibrium were - 
reached, the expected D, value would be - 1 .O X lO-‘4 
m2/s based on Eqn. (2). In the other extreme, if there were 
no interconversion between H20 and OH at all, only Hz0 
would diffuse out and the OH concentration would remain - 
constant throughout. The expected D, value would be -4.3 
X lo-” m2/s in this case using DHzO from ZHANG et al., 
( 199 I) and using an initial total water of 0.114 wt% and an - 
initial Hz0 of 0.003% (in this case, D, = (0.003/ 
0.114)2Dn,o). Therefore, the observed z value at 51O“C is 
lower than that of local equilibrium by a factor of - 13 and 
greater than that of no reaction at all by a factor of - 19, 
indicating that interconversion is still important. To treat the 
5 10°C data in full, we would have to consider both diffusion 
and reaction kinetics but the latter is complicated ( ZHANG et 
al., 1990) and beyond the scope of this paper. 

D Hz0 values calculated from the experimental data at 
261O’C are listed in Table 1 and are -77 (at 980°C) to 
-31 (at 610°C) times greater than 0, values. The large - 
difference between mean bulk water diffusivity ( D, ) and 
molecular Hz0 difhtsivity (DH*o) is because molecular HzO, 
which is taken in this treatment to be the diffusing species 
for bulk water diffusion, is a minor fraction of the total water 
at a total water content I 0.114% (50.02 at 980°C to 10.05 
at 6 1O’C). z values from this study and DHIO values cal- 
culated from this analysis are compared in Fig. 2 with those 
extrapolated from the results of ZHANG et al. ( 199 1) at lower 

q 
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FIG. 2. Arrhenius plot of bulk water diffusivity (z) and molecular 
Hz0 diffusivity (DH20). Points are the actual data (error is smaller 
than the size of the points). Lines are fits to all the data (DHJo, full 
line) or present data (z, dashed line) for the temperature range 
980-610°C; squares: this work; em*y circle: LAPHAM et al. ( 1984); 
full circles: ZHANG et al. ( 199 1) . 0, values are about two orders of 
magnitude lower than OHIO values because at 0. I 14 wt% water (and 
lower) the fraction of molecular water is only a small fraction of the 
total water. The difference in activation energy (slope) of x and 
DHs is expected due to the temperature dependence of speciation 
(ZHANG et al., 1991). 

temperatures and higher initial water contents. The dithtsivity 
values presented here agree with those Of ZHANG et al. ( 199 1) 
to within a factor of 2 (which we consider to be very good) 
but the slopes (i.e., the activation energies) are somewhat 
different. The activation energy for molecular Hz0 diffusion 
is 69 f 11 k.J/mol in this study, compared to 103 + 5 kJ/ 
mol from ZHANG et al. ( 199 1). The agreement between the 
different data sets is better than indicated by the different 
activation energies. In fact, one single Arrhenius line (Fig. 
2) describe the data of LAPHAM et al. ( 1984), ZHANG et al. 
( 199 1 ), and our data very well: 

In DHIO (m’/s) = -( 16.0 + 1.02) 

- (92.5 + 7.2) (kJ/mol)/RT. 

Note that the results of ZHANG et al. ( 199 1) were based on 
analysis of concentration profiles of both Hz0 and OH, which, 
as noted above, is relatively insensitive to the accuracy of the 
water contents, while our data were obtained from weight 
loss measurements and are sensitive to the accuracy of the 
determination of the initial total water content. The overall 
good agreement between this data set and the data Of ZHANG 
et al. ( 199 1) thus suggests that ( 1) initial water concentration 
determination in this study is reasonably accurate and (2) 
the model of ZHANG et al. ( 199 1) is applicable to water dif- 
fusion at lower water contents and higher temperatures. 

It has been shown that contributions of OH and Hz0 to 
water transport are similar when [water] = Don / 8 DH~o. 
At 900°C with the assumption that OH and nonbridging 
oxygen display similar mobilities, one obtains that the con- 
tribution of OH species is similar to that of Hz0 for water 
concentration of less than 1.5 10m5, a value much smaller 
than that of the present sample, in agreement with the above 
interpretation. 
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We conclude that even though the dehydration experi- 
ments reported in JAMBON ( 1979) based on weight loss mea- 
surements do not in themselves provide a means to infer the 
diffusing species, they provide important data on mean bulk 
water diffisivity during dehydration at low water content 
and can be used to test water diffusion models as long as the 
initial water content has been accurately determined. We alsO 

conclude that the data are consistent with the dehydration 
data of ZHANG et al. ( 199 1) and their water diffusion model, 
and hence extend their data and the applicability of their 

model to lower water contents and higher temperatures. 
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