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Abstract

Water is an important volatile component in andesitic eruptions and deep-seated andesitic magma chambers. We report an
investigation of H2O speciation and diffusion by dehydrating haploandesitic melts containing 62.5 wt.% water at 743–873 K
and 100 MPa in cold-seal pressure vessels. FTIR microspectroscopy was utilized to measure species [molecular H2O (H2Om)
and hydroxyl group (OH)] and total H2O (H2Ot) concentration profiles on the quenched glasses from the dehydration exper-
iments. The equilibrium constant of the H2O speciation reaction H2Om þO� 2OH, K = (XOH)2/(X H2Om X O) where X means
mole fraction on a single oxygen basis, in this Fe-free andesite varies with temperature as ln K = 1.547–2453/T where T is in
K. Comparison with previous speciation data on rhyolitic and dacitic melts indicates that, for a given water concentration,
Fe-free andesitic melt contains more hydroxyl groups. Water diffusivity at the experimental conditions increases rapidly with
H2O concentration, contrary to previous H2O diffusion data in an andesitic melt at 1608–1848 K. The diffusion profiles are
consistent with the model that molecular H2O is the diffusion species. Based on the above speciation model, H2Om and H2Ot

diffusivity (in m2/s) in haploandesite at 743–873 K, 100 MPa, and H2Ot 6 2.5 wt.% can be formulated as
DH2Om ¼ exp �12:273� 13:905X � 18172� 73136X
T

� �
and " #

DH2Ot ¼ DH2Om 1þ 2X � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4X ðX � 1Þð1� 4=KÞ þ 1
p ;
where T is in K, X = C/18.015/[C/18.015 + (100 � C)/33.84] is mole fraction of H2Ot with C being H2Ot in wt.%, and K is the
equilibrium constant of H2O speciation reaction. By comparison with previous water diffusion studies, H2O diffusivity at
T < 873 K in calc-alkaline silicate melts is found to increase with degree of polymerization (andesite < dacite < rhyolite),
opposite to the trend at superliquidus temperatures.
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1. INTRODUCTION

Water diffusion in felsic melts has been extensively stud-
ied (e.g., Shaw, 1974; Delaney and Karsten, 1981; Zhang
et al., 1991a; Nowak and Behrens, 1997; Zhang and
Behrens, 2000; Liu et al., 2004a; Behrens et al., 2004,
2007; Okumura and Nakashima, 2004, 2006; Ni and Zhang,
2008; Ni et al., 2009; Behrens and Zhang, 2009; Wang et al.,
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2009) due to its importance in bubble growth and explosive
volcanism. Molecular H2O (H2Om), rather than hydroxyl
(OH), has been shown to be the dominating diffusion spe-
cies for water diffusion (Zhang et al., 1991a; Zhang and
Behrens, 2000) and the carrier of oxygen isotope diffusion
in hydrous melts (Zhang et al., 1991b; Behrens et al.,
2007). Diffusivities of H2Om and total H2O (H2Ot) have
been obtained for some melts as a function of temperature,
water concentration and pressure (Ni and Zhang, 2008; Ni
et al., 2009; Wang et al., 2009). These relations can be incor-
porated in modeling volcanic and magmatic processes. In
general, H2Ot diffusivity increases rapidly with increasing
temperature and increasing water concentration (more rap-
idly at lower temperatures), but decreases relatively slowly
with increasing pressure.

Studies on water diffusion in intermediate to mafic melts
are scarce. Zhang and Stolper (1991) reported the first
study in a basaltic melt at 1573–1773 K and 1 GPa, show-
ing that H2Ot diffusivity is proportional to water content.
Freda et al. (2003) investigated water diffusion in trachyte
at 1373–1673 K and 1 GPa, and demonstrated that H2Ot

diffusivity increases with water content. Behrens et al.
(2004) found very weak dependence of H2Ot diffusivity on
water content in andesite at 1608–1848 K and 0.5–
1.5 GPa. In treating the dehydration of basaltic and andes-
itic melts at 673–948 K and 0.1 MPa with in situ infrared
analysis, Okumura and Nakashima (2006) assumed that
H2Ot diffusivity is proportional to water concentration in
basalt but is independent of water concentration in
andesite.

The diffusive transport of water in andesitic melts is
essential for bubble growth, magma degassing, and mag-
ma/glass hydration during or after basaltic to andesitic
eruptions in which andesitic melt is present (Cervantes
and Wallace, 2003; Lewis-Kenedi et al., 2005). Further-
more, H2O diffusivity in andesite can be compared with that
in rhyolite and dacite to unravel the relationship between
diffusivity and melt composition or structure. In this study
we report an experimental investigation on water speciation
and diffusion in haploandesitic system at intermediate tem-
peratures (743–873 K). The results are discussed by com-
parison with water diffusivity in Fe-bearing andesite and
water diffusivity models in other silicate melts.

2. EXPERIMENTAL TECHNIQUES

2.1. Starting material

In this study, FTIR (Fourier Transform Infrared) mic-
rospectroscopy is applied to measure H2O speciation and
diffusion profiles because IR is the only method for species
concentration determination and is also one of the best
methods to measure H2O concentration profiles. The pres-
ence of iron in natural andesite is expected to cause at least
two major difficulties for infrared measurements: (a) peak
intensity and baseline change in IR spectrum (Liu et al.,
2004a; Ni et al., 2009) and (b) reduction of glass transpar-
ency. Haploandesite (Fe-free andesite) has been used as an
analog of andesitic composition in viscosity (Richet et al.,
1996; Liebske et al., 2003; Vetere et al., 2006) and melt
structure (Mysen, 1999) studies to avoid Fe-induced com-
plexities (such as redox alteration and crystallization). In
this study, Fe-free andesite was also chosen to represent
andesitic composition.

In preparing an Fe-free andesitic composition, Ca and
Mg are used to replace Fe2+ while keeping the same Ca/
Mg ratio, and Al is used to replace Fe3+. That is, in terms
of SiO2 content, a haploandesite is similar to andesite in
mole fraction but not in weight percentage. The synthesis
of hydrous haploandesitic glasses was part of the thesis work
of Liu (2003) and generally follows the procedures of Lie-
bske et al. (2003). Oxides and carbonates were fused at
1873 K for 4 h in a platinum crucible in a 0.1 MPa furnace
to obtain anhydrous glass. Hydrous glasses with 2 wt.% or
2.5 wt.% H2O (<4% relative heterogeneity as determined
by FTIR) were synthesized at 1523 K and 200–500 MPa in
an internally heated pressure vessel at University of Han-
nover, with no visible bubble or crystal in quenched prod-
ucts under optical microscope. The compositions of the
synthesized hydrous haploandesite glasses (HAD1 and
HAD2) are listed in Table 1 and are compared with other
haploandesites in literature. The analytical results of two dif-
ferent pieces of HAD1 and one piece of HAD2 are similar,
indicating compositional homogeneity of the prepared
glasses. The haploandesite used in this study is similar to
that reported in Richet et al. (1996), slightly more silicic than
that of Liebske et al. (2003) and Vetere et al. (2006), but less
silicic than that of Mandeville et al. (2002). Some may be
interested in the glass transition temperature for the compo-
sitions in Table 1. The glass transition temperature is a ki-
netic property depending on the cooling rate, similar to
homogeneous reaction kinetics (Dingwell and Webb, 1990;
Zhang, 1994). Assuming glass transition occurs at a viscosity
of 1012 Pa s for a cooling rate of 10–20 K/min (depending on
the specific glass transition temperature definition and mod-
el; Scherer, 1986; Zhang, 2008, p. 162–163), and using the
viscosity model of Vetere et al. (2006), the glass transition
temperature is �1015 K for anhydrous haploandesite,
�805 K for hydrous haploandesite with 2 wt.% H2O, and
�775 K for hydrous haploandesite with 2.5 wt.% H2O.
For the experiments reported below, the glass transition
temperatures are different because the cooling rates are dif-
ferent, which will be discussed further.

2.2. Dehydration experiments in cold-seal vessels

A preliminary dehydration experiment at 823 K in a
0.1 MPa horizontal tube furnace generated significant
vesiculation in the glass. As a result, dehydration experi-
ments were performed under pressure to avoid bubble for-
mation. Seven dehydration runs were carried out in a rapid-
quench TZM (Ti-Zr-Mo) cold-seal pressure vessel (CSV-M)
at the University of Michigan at 743–873 K and 100 MPa.
Two of these runs failed due to crystallization or sample
cracking, and hence are not reported. A piece of doubly
polished hydrous glass (�2 mm length in each dimension)
was attached to a steel filler rod using chromel wire. The fil-
ler rod was inserted into the cold bottom of the vertical ves-
sel, supported by an iron rod. The pressure vessel was then
sealed, purged and pressurized with purified Ar (99.995%



Table 1
Anhydrous composition and water content of haploandesitic glass in wt.%.

HAD1
(this study)

HAD2
(this study)

Richet et al.
(1996)

Mandeville et al.
(2002)

Liebske et al.
(2003)

Vetere et al.
(2006)

SiO2 62.20 ± 1.42 62.25 ± 0.33 62.40 65.29 58.69 59.19
TiO2 0.00 ± 0.10 0.00 ± 0.12 0.55 1.13 0.01 0.02
Al2O3 19.95 ± 0.80 20.26 ± 0.41 20.01 17.71 21.57 21.57
FeOT 0.02 ± 0.07 0.04 ± 0.15 0.03 0.00 0.02 0.06
MnO 0.01 ± 0.06 0.02 ± 0.07 0.02 0.00 0.02 0.06
MgO 2.25 ± 0.11 2.39 ± 0.06 3.22 3.12 5.38 5.50
CaO 9.85 ± 0.43 10.37 ± 0.20 9.08 7.96 9.49 9.49
Na2O 4.49 ± ± 0.21 4.12 ± 0.20 3.52 3.24 3.30 3.40
K2O 0.99 ± 0.07 0.96 ± 0.06 0.93 1.47 1.57 1.79
P2O5 0.02 ± 0.15 0.03 ± 0.06 0.12 0.00 0.00 0.00
Total 99.75 ± 1.20 100.44 ± 0.73 99.88 99.92 100.05 101.08

H2O (IR) 2.5 2.0

Major oxide concentrations of HAD1 (average and 2r errors based on 8 points including 3 points on the starting material and 5 points on a
run product) and HAD2 (average of 5 points on the starting material) were determined by a Cameca SX100 electron microprobe using a
scanning beam of 15 kV voltage and 4 nA current. Water content (C in wt.%) was measured by FTIR using the calibration of Vetere et al.
(2006). The anhydrous concentrations were calculated by Ci/(1 � C/100) with Ci being raw oxide contents. The compositions of various
haploandesites in literature are listed for comparison.
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purity). An external furnace was used to heat the top part
of the vessel. After thermal steady state was reached, the
sample assemblage (sample + steel rod + iron rod) was
lifted into the hot spot with an electromagnet. A sheathed
chromel–alumel thermocouple (at the same level as the
sample) was attached outside the vessel to monitor the tem-
perature. Sample temperature was evaluated using cali-
brated correlation between furnace temperature and
sample temperature (Liu et al., 2004a). Considering the
uncertainty associated with temperature calibration, tem-
perature fluctuation, and sample position, the overall 2r
uncertainty of temperature is no more than 10 K, the effect
of which on diffusivity uncertainty will be discussed later.
Pressure was manually controlled to be 100 ± 1 MPa in
most of the dwelling time. After an experimental duration
of 5–42 days, the electromagnet was turned off and the sam-
ple assemblage immediately dropped to the cold Ar atmo-
sphere and cooled down rapidly. The quench rate in this
pressure vessel was estimated to be 100–200 K/s (Liu
et al., 2004a).

In addition to the above experiments, the experimental
data from Liu (2003) are included. Those dehydration
experiments were carried out in a rapid-quench Ni-based al-
loy vessel at University of Hannover (CSV-H). A doubly
polished haploandesite glass, together with a dacite glass,
was contained in an open gold capsule and attached to a
Ni filler rod. The sample assemblage was inserted into the
horizontal autoclave that was then heated and pressurized
with purified Ar. Outside temperature was monitored by
a sheathed type-K thermocouple, and the uncertainty of
sample temperature is estimated to be �5 K. Runs were
ended by erecting the furnace to drop the sample to the cold
Ar atmosphere, accomplishing a cooling rate of �30 K/s
(Zhang et al., 2000). The results for dacitic glasses have
been reported in Liu et al. (2004a). However, these concen-
tration profiles only covered a limited range of H2Ot con-
centration (>1.5 wt% H2Ot). Hence, the three experiments
carried out in this vessel are only used to constrain water
speciation. In total, eight experiments are used to constrain
speciation and five experiments are used to understand
diffusion. The details of all experiments are summarized
in Table 2.

2.3. Profile analyses using FTIR

Water concentration in starting hydrous glasses was
measured in the N2-purged main chamber of PerkinElmer
Spectrum GX FTIR spectrometer at the University of
Michigan. The spectrometer comprises a NIR source, a
CaF2 beamsplitter, and a liquid-nitrogen cooled InSb detec-
tor. The starting glasses were analyzed by FTIR using an
aperture of 531 lm diameter at the sample, and 128 scans
were made for each analysis. A linear baseline was fit to
each of the 4520 cm�1 (for OH) and 5230 cm�1 (for
H2Om) bands of the infrared spectra. The species concen-
trations were calculated using the calibration of Vetere
et al. (2006): absorption coefficient being 1.04 L/mol/cm
for the 5200 cm�1 H2Om band, and 0.92 L/mol/cm for the
4500 cm�1 OH band. The summation of species concentra-
tions gives total H2O concentration, as reported in Table 1.
As pointed out by Vetere et al. (2006), the linear baselines
used here are expected to quantify total H2O concentration
more accurately than species concentrations, because these
baselines may introduce systematic error in peak heights.

Quenched glasses from dehydration experiments, with-
out any cracks, were polished to sections of �200 lm thick-
ness. The Autoimage infrared microscope system with an
MCT detector (cooled by liquid nitrogen) on the Perkin–El-
mer FTIR spectrometer was used to measure H2O diffusion
profiles on polished sections. A rectangular aperture of 10
by 200 lm was applied and a series of spectra were collected
along the central axis of a sample. The real spatial resolu-
tion (full width at half maximum, or FWHM) is about
15 lm as determined by Ni et al. (2009). The acquired infra-
red spectra were handled in the same way as for starting
materials.



Table 2
Experimental conditions of dehydration runs.

Run # T (K) P (MPa) t (s) Vessel K a

HAD2C3 873 ± 10 100 ± 1 470400 CSV-M 0.298 ± 0.012 70 ± 5
HAD2C4 823 ± 10 100 ± 1 709200 CSV-M 0.223 ± 0.005 75 ± 5
HAD1A1a 823 ± 10 100 ± 1 857400 CSV-M 0.239 ± 0.005
HAD2C1 773 ± 10 100 ± 1 1173600 CSV-M 0.204 ± 0.007 80 ± 5
HAD2C2 743 ± 10 100 ± 1 3598200 CSV-M 0.172 ± 0.004 85 ± 5

HAD2B1b 878 ± 5 103–34 103975 CSV-H 0.288 ± 0.007
HAD1A3b 834 ± 5 100 ± 2 689315 CSV-H 0.239 ± 0.008
HAD2B2b 780 ± 5 102 ± 1 1554510 CSV-H 0.209 ± 0.007

The errors of pressure reflect the amplitude of fluctuation. All the other errors are given at the 2r level.
a Run product shows partial crystallization.
b These runs are used only to constrain H2O speciation. Pressure dropped in HAD2B1, but H2O speciation is not expected to change

significantly over a small pressure range based on Hui et al. (2008).
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3. RESULTS AND DISCUSSION

The investigated temperature range is close to typical
glass transition temperature (Tg) at cooling rate of 10–
20 K/min. However, Tg is related to cooling rate or exper-
imental time scale. The Maxwell viscous relaxation time
g/G, where g is shear viscosity and G is shear modulus
(about 10 GPa, Dingwell and Webb, 1990), has been esti-
mated for the samples using g calculated from Vetere
et al. (2006). Such relaxation time is much shorter than
the duration of the experiments (5–42 days depending on
temperature) at the experimental temperature, at least for
the viscosity range where the viscosity calculation is not sig-
nificantly extrapolated from the model of Vetere et al.
(2006). Hence, during the diffusion experiment, the haplo-
andesite is largely in the relaxed though metastable melt
state. That is, our experiments investigate H2O diffusion
mostly in the melt state (not a glass). Because the time for
the hydrous species reaction to reach equilibrium is roughly
the same as that for viscous relaxation (Dingwell and
Webb, 1990; Zhang et al., 2003), the hydrous species reac-
tion reached equilibrium in the center of the dehydration
sample. During quench, the cooling rate is very high
(>30 K/s). Hence, there is not enough time for melt relaxa-
tion, and the hydrous haploandesite is in the glass state. That
is, species concentrations can be retained during quench.

Water concentration profiles were collected and re-
ported for five dehydration runs (Figs. 1 and 3), and the de-
tails of their experimental conditions are summarized in
Table 2. Since the center of the hydrous glasses still main-
tains their initial water concentration, dehydration can be
treated as a diffusion problem in a semi-infinite medium.
Two diffusion profiles can be measured, one from each of
the polished surfaces, from a single dehydration run, except
that one run (HAD1A1) shows partial crystallization on
one side of the sample. The two profiles from a single exper-
iment (as long as they are available) are always approxi-
mately identical.

3.1. H2O speciation in haploandesite

By design and as evidenced by the experimental diffusion
profiles (Figs. 1 and 3), H2Ot in the center parts of the dehy-
dration sections (large x in Figs. 1 and 3) is not affected by
dehydration. Hence the center parts can be used to investi-
gate the equilibrium of the species interconversion reaction:

H2Om þO� 2OH; ð1Þ

where O is an anhydrous oxygen. The equilibrium constant
for the above reaction is defined as:

K ¼ ðX OHÞ2

X mX O

ð2Þ

where XOH, Xm, and XO represent the mole fractions (as
approximation of activities) of OH, H2Om, and O on a sin-
gle oxygen basis, respectively (Stolper, 1982; Zhang, 1999).
For haploandesite, XOH and Xm can be calculated through
Xi = Ci/18.015/[Ci/18.015 + (100 � Ci)/33.84], where Ci is
the OH or H2Om concentration in wt.%, and 18.015 and
33.84 g/mol are the molar masses of H2O and anhydrous
haploandesite on a single oxygen basis. With known XOH

and Xm, XO can be found with the constraint Xm + XOH +
XO = 1. The experimental data on the equilibrium constant
K are shown in Table 2 and Fig. 2. As discussed earlier, the
hydrous species reaction attained equilibrium at the center
of the charge during the diffusion experiments, and the
equilibrium species concentrations were retained during ra-
pid quench (Withers et al., 1999). This conclusion is sup-
ported by the well-defined trend between K and
temperature (Fig. 2). After estimating the uncertainties of
both the equilibrium constant and temperature (assuming
their errors are uncorrelated), fitting the data using the
algorithm of York (1966) leads to the following expression:

ln K ¼ ð1:547� 0:270Þ � ð2453� 221Þ
T

; ð3Þ

where T is temperature in K. The enthalpy of speciation
reaction in haploandesite from the above equation is about
20 kJ/mol on a single oxygen basis. As illustrated in Fig. 2,
the equilibrium speciation in haploandesite is not much dif-
ferent from that in Fe-bearing andesite (Botcharnikov
et al., 2006). Furthermore, K increases from rhyolite
(Zhang et al., 1997) to dacite (Liu et al., 2004b) to andes-
ite/haploandesite. That is, there is a consistent and system-
atic trend for the variation of K with melt composition, or
with the degree of melt depolymerization. There is still



Fig. 1. Total H2O concentration (in both weight percentage and mole fraction on a single oxygen basis) profiles from four dehydration
experiments at 100 MPa (those from HAD2C3 are shown in Fig. 3). Two profiles (one from each side) are plotted in filled diamonds and open
circles, respectively, except for HAD1A1. Some data points at large x are not shown for clarity. Solid curves are fits of filled diamonds
assuming DH2Om ¼ D0 exp[(�13.905 + 73136/T)X], with D0 reported in Table 3.

Fig. 2. Equilibrium constant K of water speciation reaction
H2Om þO� 2OH in rhyolite (Zhang et al., 1997), dacite (Liu
et al., 2004b), andesite (Botcharnikov et al., 2006), and haploande-
site from this work (Eq. (3)). At given temperature and water
content, the amount of hydroxyl groups increases with the degree
of polymerization of melts.
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debate on the mechanism of H2O dissociation in alumino-
silicate (Stolper, 1982; Mysen and Virgo, 1986; Kohn
et al., 1992; Schmidt et al., 2001), but in hydrous calc-alka-
line melts, replacing silicon and alkalis with aluminum and
alkaline earth elements seem to destabilize H2O molecules
at T < 900 K.

3.2. Modeling dehydration profiles

The dehydration profiles shown in Fig. 1 are all long en-
ough that the convolution effect is not significant. H2O dif-
fusion profiles in haploandesitic melt at 743–873 K cannot
be fit by the error function (short-dashed curve in Fig. 3),
in contrast to H2O diffusion profiles at temperatures of
1608–1848 K and pressures of 0.5–1.5 GPa (Behrens
et al., 2004). Therefore, the assumption of constant diffusiv-
ity to model H2O dehydration data at 773–948 K (Okum-
ura and Nakashima, 2006) is incorrect. The dependence
of diffusivity on H2O concentration is consistent with all
available data for H2O diffusion in silicate melts at temper-
atures of 700–950 K (Zhang et al., 1991a; Liu et al., 2004a;
Ni and Zhang, 2008; Behrens and Zhang, 2009; Ni et al.,
2009; Wang et al., 2009). In fact, even the proportionality
relation (assuming diffusivity is proportional to H2Ot con-
centration) cannot fit the dehydration profile well (long
dash curve in Fig. 3). For rhyolite, H2O diffusivity is
roughly proportional to H2Ot at similar temperatures and
with H2Ot below 2 wt% (Zhang et al., 1991a; Zhang and
Behrens, 2000; Behrens and Zhang, 2009). For dacite, the



Fig. 3. Comparison of fitting quality using various models. Two
profiles (one from each side) of HAD2C3 are shown, but the curves
are only for filled diamonds. Constant diffusivity (error function
curve, short dash) or diffusivity proportional to H2O concentration
(long dashed curve) yields significant mismatch. Excellent fitting is
achieved by assuming DH2Om = D0 exp(70X) for this profile.

Fig. 4. (A) Parameter a in haploandesite (filled diamonds and the
solid line representing Eq. (5)) using the model DH2Om = D0 exp(aX)
is higher than that in rhyolite (Ni and Zhang, 2008), peralkaline
rhyolite (Wang et al., 2009), and dacite (Ni et al., 2009). (B)
Arrhenius plot of ln D0 in haploandesite using the model
DH2Om = D0 exp[(�13.905 + 73136/T)X]. The data of ln D0 are
also reported in Table 3, and the solid curve is plotted from Eq. (6).
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proportionality relation only holds when H2Ot is below 0.7
wt% (Liu et al., 2004a; Ni et al., 2009). Our data indicate
that the proportionality relation does not hold for haplo-
andesite when H2Ot is up to 2.0 wt%, similar to dacite
but different from rhyolite. Previous authors have shown
that such strong dependence of DH2Ot on H2Ot content
can be accounted for by (i) recognizing that H2Om is the dif-
fusing species, i.e., DOH << DH2Om (Zhang et al., 1991a) and
(ii) assuming that DH2Om depends exponentially on water
concentration (Zhang and Behrens, 2000; Liu et al.,
2004a; Ni and Zhang, 2008; Ni et al., 2009; Wang et al.,
2009). Below, we show that this treatment also successfully
accounts for our dehydration data.

In the context of this treatment, H2O diffusion in andes-
ite is described by:

@X
@t
¼ @

@x
D0eaX @X m

@x

� �
: ð4Þ

Here t is time; x is distance; D0eaX = DH2Om ; X is the mole
fraction of H2Ot on a single oxygen basis: X = C/18.015/
[C/18.015 + (100 � C)/33.84] where C is wt.% of H2Ot;
and Xm is the mole fraction of H2Om also on a single oxy-
gen basis.

Eq. (3) is combined with Eq. (4) to fit measured concen-
tration profiles to obtain the best-fit parameters D0 and a.
To be on the safe side, the run showing partial crystalliza-
tion (HAD1A1) is not used to constrain the parameter a.
Best-fit parameter a from the other four experiments in-
creases with decreasing temperature (Table 2), and a linear
regression (vs. 1/T) results in (Fig. 4A)

a ¼ �13:905þ 73136

T
; ð5Þ

where T is temperature in K. Compared to rhyolite, peral-
kaline rhyolite or dacite, parameter a in haploandesite is
larger at a given temperature, indicating DH2Om has a stron-
ger dependence on water concentration in haploandesite
than in the more silicic melts. To maintain consistency,
we applied Eq. (5) to refit all dehydration profiles and find
D0. The interface position Dx0 is also allowed to vary to ac-
count for imperfect handling of sample surfaces. The fitting
results are summarized in Table 3, and the calculated curves
match the measured profiles well (Figs. 1 and 3). Deter-
mined ln D0 vs. 1/T define a linear trend as shown in
Fig. 4B (York, 1966):

ln D0 ¼ �12:273� 18172

T
; ð6Þ

where D0 is in m2/s. Although the error on ln D0 from fit-
ting of each profile is small (Table 3), the overall 2r error
on predicting ln D by Eq. (6) is 0.17, much of which can
be attributed to the temperature uncertainty. For example,
a temperature uncertainty of 10 K would lead to an uncer-
tainty of 0.2 to 0.3 in ln D0 derived from Eq. (6).



Table 3
Fitting results of dehydration experiments using the model
DH2Om = D0exp[(�13.905 + 73136/T)X].

Run # T (K) H2Ot

(wt.%)
ln D0

(m2/s)
Dx0

(lm)
R2

HAD2C3.1 873 2.0 �33.00 ± 0.04 0.5 0.9991
HAD2C3.2 �33.15 ± 0.04 1.4 0.9993
HAD2C4.1 823 2.0 �34.25 ± 0.05 8.4 0.9988
HAD2C4.2 �34.51 ± 0.14 3.3 0.9946
HAD1A1 823 2.5 �34.35 ± 0.04 �2.6 0.9990
HAD2C1.1 773 2.0 �35.78 ± 0.12 �2.8 0.9955
HAD2C1.2 �35.79 ± 0.15 �3.9 0.9926
HAD2C2.1 743 2.0 �36.68 ± 0.10 �0.9 0.9951
HAD2C2.2 �36.72 ± 0.06 �1.5 0.9985

Dx0 is the adjustment of surface position. The errors are given at
the 2r level.

Fig. 5. The water concentration dependence of H2Ot diffusivity at
100 MPa in haploandesite. H2Ot diffusivity approximately
increases with H2Ot concentration proportionally up to
H2Ot < 0.7 wt.%, and then more strongly at H2Ot > 0.7 wt.%.
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Therefore, at 100 MPa and 743–873 K, H2Om diffusivity
at 62.5 wt.% water concentration can be expressed by

DH2Om ¼ exp �12:273� 13:905X � 18172� 73136X
T

� �
;

ð7Þ

where DH2Om is in m2/s. The activation energy for H2Om dif-
fusion is 151 kJ/mol at zero water content, decreasing to
123 kJ/mol at 2.5 wt.% H2Ot.

The more useful diffusivity in practical applications is
the total H2O diffusivity. By obeying Eq. (2) and by realiz-
ing that Xm + XOH/2 = X and Xm + XOH + XO = 1, Xm can
be found as a function of X for a given equilibrium constant
K (Zhang, 1999). The derivative dXm/dX can then be in-
ferred (Wang et al., 2009), and total water (H2Ot) diffusivity
can be calculated through (Wang et al., 2009; Ni et al.,
2009)

DH2Ot ¼ DH2Om

dX m

dX

¼ DH2Om 1þ 2X � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4X ðX � 1Þð1� 4=KÞ þ 1

p
" #

: ð8Þ

The activation energy for H2Ot diffusion decreases from
�132 kJ/mol at 0.1 wt.% H2Ot to �117 kJ/mol at 2.5
wt.% H2Ot. Fig. 5 plots H2Ot diffusivity vs. water concen-
tration at four different temperatures: H2Ot diffusivity in-
creases with water concentration proportionally at <0.7
wt.% H2Ot, and then exponentially at higher H2Ot.

Because the speciation model (Eq. (3)) was incorporated
to derive H2Om diffusivity, The expression for H2Om diffu-
sivity (Eq. (7)) is somewhat dependent on the expression of
K, which subsequently depends on the infrared calibration.
On the other hand, the expression for H2Ot diffusivity (Eq.
(8)) is constrained by the length of the profile and is roughly
independent of the expression of K (or IR calibration) as
long as internal consistency is maintained. That is, if K val-
ues are better constrained in the future due to improvement
of IR calibration and/or better experimental data on speci-
ation, DH2Ot should still be calculated from Eq. (8) using
DH2Ot from Eq. (7) and K from Eq. (3) unless a new evalu-
ation of the diffusion profiles using the new K is carried out
to provide a new expression for DH2Om .
3.3. Comparison with H2O diffusion in Fe-bearing andesite

Using dehydration method with in situ infrared analyses,
Okumura and Nakashima (2006) measured average H2Ot

diffusivity in Fe-bearing andesite at atmospheric pressure
and 773–948 K. Their mass-loss method cannot address
the concentration dependence of H2O diffusivity. In their
treatment, they simply assumed that H2Ot diffusivity is
independent of H2Ot content because experiments at much
higher temperatures (1523–1813 K) seem to indicate so
(Behrens et al., 2004). However, our results at temperatures
similar to those of Okumura and Nakashima (2006) show
that their assumption is incorrect. Accordingly, their re-
ported average diffusivity is converted to the diffusivity at
initial water content (0.7 wt.%) using the method described
in Ni and Zhang (2008), and then compared to our diffusiv-
ity model at intermediate temperatures (Fig. 6). The two
studies at 773–873 K are different by a factor of 1.2–2.5
in H2Ot diffusivity (or a difference of 0.2 to 0.9 in terms
of ln DH2Ot , or 0.08 to 0.4 in terms of log DH2Ot ), slightly lar-
ger than typical experimental error (typically 0.3 in
ln DH2Ot ). Two factors may contribute to the extra diffusiv-
ity differences. First, our diffusivity data are at 100 MPa,
and those of Okumura and Nakashima (2006) are at
0.1 MPa. Based on the pressure effect on H2O diffusion in
rhyolite and dacite (Ni and Zhang, 2008; Ni et al., 2009)
at similar temperatures and 0.7 wt% H2Ot, the pressure dif-
ference would cause an increase of ln D by about 0.25 from
100 to 0.1 MPa, which is in the right direction but not en-
ough. This still leaves a difference of <0.6 in terms of
ln DH2Ot . Second, there is a compositional difference be-
tween haploandesite of this study and andesite used by
Okumura and Nakashima (2006) with 62.5 wt% SiO2,
0.7% TiO2, 16.7% Al2O3, 5.6% FeO, 3.0% MgO, 6.5%
CaO, 3.2% Na2O and 1.7% K2O. Assuming inter-labora-
tory difference is negligible, the comparison indicates
that ln DH2Ot in Fe-bearing andesitic melt investigated by



Fig. 6. Comparison between H2O diffusivity at 0.7 wt.% H2Ot in
haploandesite (solid line) and in Fe-bearing andesite. Open circles
are data for H2Ot diffusivity at 0.7 wt.% H2Ot in Fe-bearing
andesite, derived from the Dout reported by Okumura and
Nakashima (2006) using the method of Ni and Zhang (2008).
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Okumura and Nakashima (2006) is greater than that in our
haploandesitic melt by <0.6, or DH2Ot in Fe-bearing andes-
ite is 1–1.9 times DH2Ot in our haploandesite. The greater
diffusivity in Fe-bearing andesite is probably due to the sig-
nificantly lower Al2O3 content in the Fe-bearing andesite.
Vetere et al. (2006) found the viscosity of haploandesite is
higher than that of a natural andesite by about one order
of magnitude, which is consistent with lower H2O diffusiv-
ity in haploandesite. Nonetheless, the difference in H2O dif-
fusivity between haploandesite and natural andesite is
significantly smaller than that in melt viscosity.

3.4. Comparison with H2O diffusion in other melts

General models of water diffusivity have been con-
structed for rhyolite, peralkaline rhyolite, and dacite (Ni
and Zhang, 2008; Wang et al., 2009; Ni et al., 2009). Beh-
rens et al. (2004) reported H2Ot diffusivity in Fe-bearing
andesite at 1608–1848 K and 0.5–1.5 GPa using diffusion-
couple technique. Freda et al. (2003) studied H2O diffusion
in trachyte at 1373–1673 K and 1 GPa. Fig. 7 illustrates the
compositional dependence of water diffusivity from 0.5 to 2
wt.% water content. The compositional variation of these
calc-alkaline and peralkaline melts is represented by one
parameter: the cation mole fraction of Si (Table 4) on anhy-
drous basis. Below 873 K, there is a positive correlation be-
tween H2O diffusivity and silica content or degree of melt
polymerization (andesite < dacite < rhyolite), and the diffu-
sivity in rhyolite is higher than that in haploandesite by
roughly two orders of magnitude, which has important
implications on geological processes involving water trans-
port in melts. For example, at 773 K and 1 wt.% H2O,
mean water diffusion distance in 1 day is 60 lm for rhyolite
but only 6 lm for andesite. At superliquidus temperatures,
an opposite trend is observed and diffusivity differences
among different compositions are smaller. For example,
at 1608 K, the diffusivity in andesite is higher than that in
rhyolite by only a factor of 5 (Behrens et al., 2004; Ni
and Zhang, 2008). (The diffusivity in basaltic melt seems
to be significantly higher as shown by the solid triangle in
Fig. 7A, but the point is off the trend defined by other
calc-alkaline melts.) The diffusivity crossover (i.e., opposite
trend at superliquidus temperatures compared to lower
temperatures) is related to the higher activation energy
for water diffusion in andesite than in rhyolite, which can
be explained by a lower ionic porosity in andesitic melt.
It has been demonstrated that reduced ionic porosity in-
creases the activation energy for oxygen diffusion in silicate
minerals (Fortier and Giletti, 1989). Compared to calc-
alkaline melts, H2O diffusivity in alkaline melts (trachyte
to peralkaline melts) follows the trend defined by calc-alka-
line melts at intermediate temperatures but is slightly larger
(the diffusivities are similar within a factor of two) at high
temperatures. Behrens and Zhang (2009) showed that
H2Ot diffusivity in peraluminous rhyolite is similar to that
in ‘‘normal” metaluminous rhyolite. Hence, the available
data indicate that H2Ot diffusivity in silicate melts is largely
determined by SiO2 content rather than alkalinity (whether
the melt is peralkaline, metaluminous, or peraluminous).

Based on this work (Eqs. (7) and (8)) and previous stud-
ies of Ni and Zhang (2008) and Ni et al. (2009), at 100 MPa
and 743–873 K, total H2O diffusivity in calc-alkaline andes-
itic, dacitic and rhyolitic melts at <2.5 wt.% H2Ot can be
modeled as

lnðDH2Ot=CÞ ¼ �3:4993� 18:862Si

� 37998� 630:17C � 37427Si
T

; ð9Þ

where DH2Ot is H2Ot diffusivity in m2/s, C is water content in
wt.%, Si is cation mole fraction of Si, and T is temperature
in K. This expression can reproduce ln DH2Ot at 0.1 to 2.5
wt% H2Ot and 743–873 K within 0.58. Interestingly, Eq.
(9) also works well for peralkaline rhyolite in this tempera-
ture range, even though previous work showed that H2O
diffusivity in peralkaline rhyolite is slightly higher than in
metaluminous rhyolite (Behrens and Zhang, 2009; Wang
et al., 2009).
3.5. H2Om diffusivity and viscosity

The Einstein (1905) equation is often used to relate dif-
fusivity (D) of a neutral species and viscosity (g):

D ¼ kT
gL
; ð10Þ

where k is the Boltzmann constant, T is temperature, and L

equals 6pr with r being the radius of the diffusing species.
The Eyring equation (Glasstone et al., 1941), which as-
sumes diffusion and viscous flow involve the same process,
has the same form as Eq. (10) except that L is the jumping
distance. If the Einstein or Eyring relation holds true, ln D

vs. ln g would define a straight line with a slope of �1.
However, it has been demonstrated that these relations
underestimate 18O or H2Om diffusivity in melts by many or-
ders of magnitude (Behrens et al., 2007; Ni and Zhang,
2008; Ni et al., 2009; Wang et al., 2009). Based on the vis-



Fig. 7. The dependence of H2Ot diffusivity on melt composition (cation mole fraction of Si) at H2Ot of (A) 0.5 wt.%; (B) 1 wt.%; (C) 1.5 wt.%;
and (C) 2 wt.%. H2Ot diffusivity in various melts is compared at 1608 K and 1 GPa (circles, but triangle for one datum in basalt), 873 K and
0.1 GPa (squares), and 743 K and 0.1 GPa (diamonds). Calc-alkaline melts are illustrated in solid symbols with lines to guide eyes, and
peralkaline melts are illustrated in open symbols and dash lines. H2O diffusivity at 743–873 K increases with degree of polymerization
(andesite < dacite < rhyolite), but this trend is reversed at 1608 K. H2O diffusivity in peralkaline melts (trachyte to peralkaline rhyolite)
follows the same trend as calc-alkaline melts at intermediate T but is slightly higher than that in calc-alkaline melts at high T. Data sources:
rhyolite (Ni and Zhang, 2008); dacite (Ni et al., 2009); andesite (Behrens et al., 2004; this study); basalt (Zhang and Stolper, 1991); peralkaline
rhyolite (Wang et al., 2009); trachyte (Freda et al., 2003).

Table 4
Composition of rhyolite, dacite, and haploandesite in wt.% for Eq.
(9).

Rhyolitea Daciteb Haploandesite

SiO2 76.05 66.60 62.25
TiO2 0.10 0.80 0.00
Al2O3 13.93 14.91 20.26
FeOT 0.75 4.87 0.04
MnO 0.04 0.05 0.02
MgO 0.12 2.22 2.39
CaO 0.87 4.92 10.37
Na2O 4.01 3.48 4.12
K2O 4.22 2.51 0.96
P2O5 0.07 0.00 0.03
Total 100.16 100.36 100.44

Sic 0.7072 0.6200 0.5654

a From Ni and Zhang (2008).
b From Ni et al. (2009).
c Cation mole fraction of Si.
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cosity model of Vetere et al. (2006) for hydrous andesite,
the Eyring or Einstein equation predicts diffusivities 5–8 or-
ders of magnitude lower than those determined from this
work. Therefore, water diffusion is not closely related to
viscous flow in silicate melts.

3.6. Applications

During magma upwelling in volcanic eruptions and in
volcanic domes, originally dissolved water in melt may be-
come saturated and water-vapor bubbles may form and
grow inside the melt. The growth rate of bubbles depends
on melt viscosity and water solubility and diffusivity
(Navon et al., 1998; Proussevitch and Sahagian, 1998; Liu
and Zhang, 2000; Lensky et al., 2004). Here we estimate
bubble growth rate in andesitic melt using the diffusivity
model from this study, water solubility model from Zhang
et al. (2007), and viscosity model of Vetere et al. (2006).
Because there is some compositional difference between
the haploandesite of this study and that of Vetere et al.
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(2006) (Table 1), we estimated the effect of the composi-
tional difference on the viscosity using the general viscosity
model of Hui and Zhang (2007). For the conditions dis-
cussed below, the viscosity difference due to the composi-
tional difference is less than one log unit. Because both
the temperature and pressure are relatively low for our
experimental data and hence for the following calculations,
the results below may be applied to bubble growth in a vol-
canic dome.

Fig. 8 shows the bubble growth curve at 873 K and
10 MPa in hydrous calc-alkaline melts with 2.5 wt.% H2O
as calculated from the code of Proussevitch and Sahagian
(1998) with slight modification by Liu and Zhang (2000).
The H2O diffusivity in andesite from this work is used
ignoring the small change in H2O diffusivity from 100 to
10 MPa. At 873 K and 2.5 wt% H2Ot, the viscosity of the
three melts only varies by a factor of 5 (Zhang et al.,
2003; Vetere et al., 2006; Whittington et al., 2009) but dif-
fusivity varies by a factor >20 (Ni and Zhang, 2008; Ni
et al., 2009; and this work). Because H2O diffusivity be-
comes smaller from rhyolite to dacite to andesite at the
modeling conditions, a bubble starting with a 10 lm radius
grows in 3600 s to 116 lm in rhyolite, to 53 lm in dacite,
but to only 21 lm in andesite.

Rim-connecting melt inclusions (reentrant inclusions) in
olivine (e.g., Cervantes and Wallace, 2003) can be poten-
tially used to estimate the ascent rate. The interplay be-
tween H2O and CO2 diffusion inside such inclusions and
volatile solubility was used to infer magma ascent rate for
rhyolitic melt before fragmentation (e.g., Liu et al., 2007).
Fig. 8. Growth of a bubble with initial radius of 10 lm at 873 K,
10 MPa, and 2.5 wt% initial H2Ot in three hydrous calc-alkaline
melts using the model of Proussevitch and Sahagian (1998) with
slight modification by Liu and Zhang (2000). The growth rate is
determined by both melt viscosity and H2O diffusivity. The bubble
grows faster in rhyolite than in dacite than in andesite, which is
caused by the difference in H2O diffusivity. Diffusivity source:
andesite (this work); dacite (Ni et al., 2009); rhyolite (Ni and
Zhang, 2008). Viscosity source: andesite (Vetere et al., 2006); dacite
(Whittington et al., 2009); rhyolite (Zhang et al., 2003). H2O
solubility is from Zhang et al. (2007).
With the knowledge of H2O diffusivity in andesitic melt
and using the solubility model of H2O and CO2 from Liu
et al. (2005) and Zhang et al. (2007), the ascent rate for
explosive basaltic eruptions (with andesitic matrix) may
be estimated when H2O profile in the inclusion is available.
Results can be compared with those from groundmass crys-
tallization (microlite texture and number density), bubble
number density distribution, amphibole breakdown, and
discharge rate (Rutherford, 2008).

Gas bubbles may also dissolve in water-undersaturated
magma (Landi et al., 2008). This hydration process is self-
accelerated since water diffusivity increases with H2O con-
centration in the melt. The interaction between previously
degassed andesitic melt and water bubbles can be numeri-
cally modeled using H2O diffusivity from this study.
4. CONCLUDING REMARKS

Water speciation and diffusion in an Fe-free andesite
were examined at 743–873 K and 100 MPa using the dehy-
dration method. Fe-free andesitic melts contains more hy-
droxyl groups than dacite or rhyolite at given temperature
and water content. H2O diffusion profiles indicate strong
dependence of H2Ot diffusivity on its concentration, in con-
trary to previous water diffusion data in andesite at much
higher temperatures. H2O diffusion at the experimental
conditions is dominated by molecular H2O, similar to water
diffusion in dacitic or rhyolitic melts. At <2.5 wt.% H2O,
water diffusivity increases from andesite to dacite to rhyo-
lite at 743–873 K but decreases at superliquidus
temperatures.
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