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Abstract

H2O diffusion in dacitic melt was investigated at 0.48–0.95 GPa and 786–893 K in a piston-cylinder apparatus. The diffu-
sion couple design was used, in which a nominally dry dacitic glass makes one half and is juxtaposed with a hydrous dacitic
glass containing up to �8 wt.% total water (H2Ot). H2O concentration profiles were measured on quenched glasses with infra-
red microspectroscopy. The H2O diffusivity in dacite increases rapidly with water content under experimental conditions, sim-
ilar to previous measurements at the same temperature but at pressure <0.15 GPa. However, compared with the low-pressure
data, H2O diffusion at high pressure is systematically slower. H2O diffusion profiles in dacite can be modeled by assuming
molecular H2O (H2Om) is the diffusing species. Total H2O diffusivity DH2Ot within 786–1798 K, 0–1 GPa, and 0–8 wt.%

H2Ot can be expressed as: DH2Ot ¼ 1þ 2X�1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4X ðX�1Þð1�4=KÞþ1
p

� �
exp �9:423� 62:38X � 19064�108882Xþ1476:7P

T

� �
;

where DH2Ot is in m2/s, T is temperature in K, P is pressure in GPa, K = exp(1.49 � 2634/T) is the equilibrium constant of
speciation reaction ðH2Om þO� 2OHÞ in the melt, X = C/18.015/[C/18.015 + (100 � C)/33.82], C is wt.% of H2Ot, and
18.015 and 33.82 g/mol correspond to the molar masses of H2O and anhydrous dacite on a single oxygen basis. Compared
to H2O diffusion in rhyolite, diffusivity in dacite is lower at intermediate temperatures but higher at superliquidus tempera-
tures. This general H2O diffusivity expression can be applied to a broad range of geological conditions, including both magma
chamber processes and volcanic eruption dynamics from conduit to the surface.
� 2009 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Water diffusion in natural silicate melts has been exten-
sively studied due to its importance in a variety of mag-
matic and volcanic processes (Zhang et al., 2007). For
example, through diffusive transport of water, bubbles in
magma can extract water from magma as nutrient for
growth (e.g., Proussevitch and Sahagian, 1998; Liu and
Zhang, 2000). Other relevant circumstances include magma
dehydration and fragmentation (e.g., Zhang, 1999; Martel
et al., 2000). Furthermore, water diffusion could also play
0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
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an important role in deep-seated magma reservoir pro-
cesses, such as the interaction between two melts or between
a fluid and a melt.

Reported water diffusivity data has covered diverse melt
compositions, including ‘‘normal” metaluminous rhyolite
(e.g., Shaw, 1974; Delaney and Karsten, 1981; Zhang
et al., 1991; Nowak and Behrens, 1997; Zhang and Behrens,
2000; Okumura and Nakashima, 2004; Behrens et al., 2007;
Ni and Zhang, 2008), peralkaline rhyolite (Behrens and
Zhang, 2009; Wang et al., 2009), dacite (Liu et al., 2004a;
Behrens et al., 2004; Okumura and Nakashima, 2006),
andesite (Behrens et al., 2004; Okumura and Nakashima,
2006; Ni et al., 2009), basalt (Zhang and Stolper, 1991;
Okumura and Nakashima, 2006), and trachyte (Freda
et al., 2003). These contributions have established that the
diffusivity of H2O depends on temperature, pressure, water
content, and chemical composition of the melt. However, a
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Table 1
Composition of starting dacitic glass (in wt.%) on anhydrous
basisa.

DRY-DC DC1.4 Dac4 Dac5 Dac8

SiO2 65.41 66.35 66.60 67.30 65.46
TiO2 0.87 0.63 0.80 0.76 0.63
Al2O3 15.73 16.58 14.91 15.23 16.05
FeOT 4.43 3.73 4.87 4.36 4.50
MnO 0.08 0.07 0.05 0.08 0.05
MgO 1.95 1.85 2.22 2.13 2.19
CaO 4.90 4.70 4.92 4.72 4.89
Na2O 4.00 4.05 3.48 3.57 3.84
K2O 2.51 2.72 2.51 2.44 2.55
Total 99.88 100.68 100.36 100.59 100.16

H2O (IR) 0.013 1.42 4.91 5.49 7.85

a A Cameca SX100 electron microprobe is used to make 5
analyses on each sample, with a scanning beam (5 lm by 5 lm) of
15 kV voltage and 4 nA current. Oxide contents are reported on
anhydrous basis: raw oxide contents divided by (1 � C/100) with C

being water content in wt.%. Water content was measured with
infrared spectrometry based on the calibration by Yamashita et al.
(1997) for DRY-DC and that by Ohlhorst et al. (2001) for the
hydrous glasses.
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general H2O diffusivity expression that is applicable to a
broad range of geological conditions is only available for
rhyolite (Ni and Zhang, 2008). For other melts, T- and P-
dependences of H2O diffusivity cannot be well constrained
because there are no data at high pressures and intermedi-
ate temperatures (773–973 K). The absence of a general
expression to predict H2O diffusivity in dacitic melt makes
it difficult to simulate the dynamics of volcanic eruptions.

Many arc volcanic eruptions have a dacitic bulk compo-
sition, such as the 1980 eruption of Mount St. Helens (Fruch-
ter et al., 1980) and the 1991 eruption of Mount Unzen (Chen
et al., 1993), although the composition of the residual melt is
more silicic. There are andesitic eruptions with dacitic liquid
composition as well, such as the 1968 eruption of Arenal Vol-
cano (Szramek et al., 2006). Several experimental studies
have been carried out on water diffusion in dacite. At high
pressures (0.5–1.5 GPa) and superliquidus high tempera-
tures (1458–1798 K), Behrens et al. (2004) measured H2O
diffusivity (up to 6 wt.% H2O) using a diffusion-couple tech-
nique. They showed that H2O diffusivity is roughly propor-
tional to water content, and pressure effect at such high
temperatures is small. Liu et al. (2004a) investigated the
dehydration rate of hydrous dacitic glass containing 0.7–
2.5 wt.% H2O at 824–911 K and 0.1–145 MPa. Water diffu-
sivity in dacite was found to increase with water content,
more rapidly than in rhyolite, and more rapidly than the pro-
portionality relation as H2Ot is greater than 1 wt% at such
temperatures. Under similar conditions (773–948 K and
room pressure), Okumura and Nakashima (2006) conducted
in situ measurements on the bulk water content of hydrous
dacitic glasses, and adopted a proportional correlation be-
tween diffusivity and water content (<1 wt.%).

Because previous experiments on H2O diffusion in dacit-
ic melts cover either intermediate temperature and low pres-
sure (773–948 K, 0.1–145 MPa), or high temperature and
high pressure (1458–1798 K, 0.5–1.5 GPa), the temperature
effect (or the pressure effect depending on which parameters
one is interested in) is not well established. Zhang et al.
(2007) ignored the pressure effect to combine the high and
low temperature data. Furthermore, the data at intermedi-
ate temperatures only cover low H2O concentration (up to
2.5 wt.%). In order to elucidate the pressure influence on
H2O diffusivity in dacite and to further constrain how
H2O diffusivity depends on a wide range of H2O content,
temperature, and pressure, we have performed diffusion-
couple experiments at 786–893 K and 0.48–0.95 GPa in a
piston-cylinder apparatus. The acquired diffusivity data in
this work and those from previous studies allow construc-
tion of a general expression of H2O diffusivity in dacitic
melt, which can be applied to most geological
circumstances.

2. EXPERIMENTAL AND ANALYTICAL

PROCEDURES

2.1. Starting material

The diffusion couple is composed of a nominally anhy-
drous and a hydrous dacitic glass. The anhydrous dacite
was produced by melting oxides and carbonates at
1873 K, and hydrous glasses were synthesized at 0.5 GPa
and 1523–1623 K for 1–2 days in an internally heated pres-
sure vessel at University of Hannover, Germany. The meth-
od of synthesis was described in detail in Ohlhorst et al.
(2001) and Behrens et al. (2004). No crystals or bubbles
were observed in all the run products. The nominally anhy-
drous glass contains 0.013 wt.% water (Table 1). Several
pieces of hydrous glasses were prepared with 1.4–7.9 wt.%
H2O based on FTIR analyses, and the relative variation
within each sample is less than 5%. All dacitic glasses were
analyzed with a Cameca SX100 electron microprobe at the
University of Michigan, and their anhydrous compositions
are reported in Table 1. The compositions are close to the
bulk rock products of the 1980 Mount St. Helens (Fruchter
et al., 1980), the 1991 Pinatubo (Bernard et al., 1991), and
the 1991 Unzen dacitic eruptions (Chen et al., 1993), and
are also similar to samples used in previous H2O diffusion
studies (Liu et al., 2004a; Behrens et al., 2004; Okumura
and Nakashima, 2006).

2.2. Diffusion runs

Diffusion runs were performed in a 0.500 end-loaded pis-
ton cylinder apparatus at the University of Michigan. Con-
sidering the positive correlation between water diffusivity
and water content, we always adopted a longer hydrous
glass cylinder (2.6–3.0 mm length) than the anhydrous
one (1.0–1.7 mm length) for the two halves of a diffusion
couple. The cylinder pair of �2.6 mm diameter was first
placed in a graphite capsule of 4.5 mm outer diameter, with
their polished surface in direct contact. The graphite cap-
sule was then enclosed in a gold tube of 5 mm outer diam-
eter and 0.2 mm wall thickness, which was welded on both
ends. To ensure that convection does not contribute to the
exchange of water, the capsule was always oriented to keep



Fig. 1. Sketches of sample assemblage and capsule for the 0.50 0 piston cylinder apparatus used in this study. The outside diameter of gold
capsule is 5 mm.
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the hydrous half on top when placed into a crushable MgO
rod. Outside the MgO rod was a graphite heater and then a
BaCO3 cell, together forming the entire sample assemblage
(Fig. 1).

The temperature during diffusion runs was measured by
a type D thermocouple (Re3W97–Re25W75), which was sep-
arated from the gold capsule by an MgO wafer of 0.5 mm
thickness. The calibrated temperature profile of the experi-
mental charge (Hui et al., 2008) indicates that a tempera-
ture-dependent correction should be made in order to find
the real temperature at the center of the charge (also the
center of the dacite samples). The temperature correction
is 13–20 K for the reported runs. After taking into account
uncertainties in thermocouple and sample position and
temperature fluctuation (typically within ±2 K), the overall
2r error in temperature is estimated of about 10 K.

Experiments were carried out at 0.5 and 1 GPa (nominal
pressure) with a ‘‘piston-out” procedure. Real pressure of
our piston cylinder is 5–6% lower than nominal pressure
Table 2
Experimental conditions.

Run # H2Ot (I)a(wt.%) Tb(K) Pc (GPa

Dac-DC05-12 0.01/7.9 893 ± 10 0.95 ± 0.
Dac-DC05-13 0.01/5.5 892 ± 10 0.95 ± 0.
Dac-DC05-14 0.01/7.9 840 ± 10 0.95 ± 0.
Dac-DC06-15 0.01/5.5 842 ± 10 0.95 ± 0.
Dac-DC06-17e,f 0.01/7.9 786 ± 10 0.95 ± 0.
Dac-DC06-19f 0.01/4.9 893 ± 10 0.48 ± 0.
Dac-DC06-21 0.01/1.4 842 ± 10 0.95 ± 0.
Dac-DC06-22 0.01/5.5 791 ± 10 0.95 ± 0.

a Initial water contents of the two halves measured by FTIR based on t
b Effective temperature after considering axial thermal gradient in pisto
c Effective pressure based on measured quartz-coesite transition agains
d End minimum and maximum water contents measured at the flat regio

by a factor of 1.144 to account for baseline change in IR spectra after ru
e Heating power was disconnected after a duration of �50 min and th
f Long dwelling time caused noticeable water loss in the hydrous half.
(Hui et al., 2008; Ni and Zhang, 2008), and pressure correc-
tion is made accordingly. Due to imperfect pressure calibra-
tion as well as gauge imprecision and pressure fluctuation,
the overall pressure uncertainty is approximately 50 MPa.
To extend the pressure coverage, an experiment was con-
ducted at 2 GPa and 873 K. However, the hydrous half
crystallized, consistent with previous observations that
increasing pressure increases the likelihood of crystalliza-
tion (Hui et al., 2008; Ni and Zhang, 2008; Wang et al.,
2009). Hence, no further experiments were conducted at
>1 GPa.

Diffusion runs were initiated either by programmed step-
wise heating (reaching target temperature in <30 s) or by
manual heating (reaching target T in a couple of minutes)
from the relaxation temperature of 373 K. The experimen-
tal duration spanned 0.5–136 h, depending on temperature
and maximum water content. Experiments were ended by
turning off the heating power, and the initial cooling rate
was roughly 80 K/s based on recorded thermal history.
) t (s) H2Ot (E)d (wt.%) Thickness (lm)

05 1825 0.01/7.7 264
05 54,000 0.01/5.3 203
05 10,800 0.01/7.7 215
05 144,000 0.01/5.7 191
05 175,780 0.01/6.7 205
05 185,400 0.01/4.0 206
05 489,600 0.01/1.4 173
05 252,000 0.02/5.8 157

he calibration of Yamashita et al. (1997) and Ohlhorst et al. (2001).
n-cylinder apparatus (13–20 K).

t the phase boundary determined by Bose and Ganguly (1995).
ns of each diffusion profile. Nominal H2O concentration is divided
n.

e capsule was reused.



Fig. 2. Experimental conditions of this work and previous studies
on H2O diffusion in dacite: Liu et al. (2004a), Behrens et al. (2004),
and Okumura and Nakashima (2006).
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Table 2 lists the details of experimental conditions. These
experiments occupy the T-P-H2O wt.% space not covered
by previous works on dacite (Liu et al., 2004a; Behrens
et al., 2004; Okumura and Nakashima, 2006), as displayed
in Fig. 2, and they are necessary for resolving the depen-
dence of H2O diffusivity on pressure and H2Ot, and hence
for a quantitative understanding of how H2O diffusivity de-
pends on various controlling factors.

2.3. FTIR analyses

Infrared analyses on doubly polished dacite glass wafers
were performed at the University of Michigan using a Per-
kin-Elmer Spectrum GX FTIR spectrometer. Before diffu-
sion experiments, bulk water contents in dacite wafers
(Table 1) were analyzed using the FTIR with a NIR source,
a CaF2 beamsplitter, and an InSb detector cooled by liquid
nitrogen. Infrared spectra were collected from 2000 to
9000 cm�1 wave numbers and 64–128 scans were accumu-
lated for each analysis. The 3550 cm�1 MIR absorption
band calibrated by Yamashita et al. (1997) was applied to
calculate the extremely low H2O concentration in the nom-
inally anhydrous dacite glass. For hydrous glasses, NIR
bands at 5200 cm-1 (signifying H2O molecules, or H2Om)
and 4500 cm�1 (signifying hydroxyl group, or OH) were
used to obtain the total water (H2Ot) content (H2Om + OH)
with the calibration by Ohlhorst et al. (2001). TT baselines
(TT stands for two-tangential or tangential-tangential,
Withers and Behrens, 1999) were used to determine absorp-
tion peak heights for all spectra. Typical tangential points
are located approximately at 4250 and 4650 cm�1 for the
4500 cm�1 OH band, and located at �4700 and
�5400 cm�1 for the 5200 cm�1 H2Om band. However, the
tangential point at �5400 cm�1 may not be well defined
in the presence of iron-related bands (Ohlhorst et al., 2001).

Each quenched capsule after a diffusion experimental
run was mounted into epoxy resin and polished to reveal
a central section of 160–260 lm thickness. No sign of crys-
tallization in glass was observed under optical microscope
for the reported runs. Typically one curved crack (roughly
perpendicular to the cylinder axis) was developed in the
glass, likely formed during the rapid quenching. As the
crack often lies outside the effective diffusion profile, it does
not cause much problem in diffusivity determinations.

The post-experimental diffusion profiles were analyzed
using the AutoImage microscope system (with an MCT
detector) on the Perkin-Elmer Spectrum GX FTIR spec-
trometer. The aperture was 10 lm wide and 200 lm long
on the focus plane of the microscope. However, the real
spatial resolution is larger than the aperture width. For
example, the measurement of a step concentration profile
yields a full width at half maximum (FWHM) of 30 lm
(Ni and Zhang, 2008) for the case of a 20-lm wide aperture.
The FWHM of 10-lm wide aperture is determined to be
�15 lm. Such spatial resolution is tolerable for most diffu-
sion profiles, which are more than 300 lm long. Measured
profiles change little upon further polishing. For two short
profiles (with profile length <240 lm), Dac-DC05-12 and
Dac-DC06-21, convolution effect may play a significant
role, which will be discussed later. The IR spectra along dif-
fusion profiles were collected and handled using a proce-
dure similar to that used for the IR analysis of the
starting materials.
3. RESULTS

Diffusion profiles have been successfully acquired for
eight experiments, whereas other runs failed due to power
breakage or crystallization or poor contact between the dif-
fusion halves. For experiment Dac-DC06-17, power was
shut down after a sudden temperature rise (�5 K) was no-
ticed (when the dwelling time is roughly 1 h), and the cap-
sule was taken out and reused for a second run. In
consideration of its long dwelling time, duration correction
due to extra cooling and heating is negligible. The detailed
experimental conditions are summarized in Table 2, and the
measured H2Ot concentration profiles are plotted with
curve fits in Fig. 3. The species concentrations (H2Om and
OH) are not used for modeling diffusivity because (a) they
are less accurate than H2Ot concentration (Ohlhorst et al.,
2001); and (b) they may not represent equilibrium specia-
tion at experimental conditions, especially at high H2Ot.

As observed by Liu et al. (2004a) and Behrens et al.
(2004), water content by NIR analysis often shows a



Fig. 3. H2Ot concentration profiles in the diffusion-couples, with some data points outside the illustrated distance range for clarity. x is
arbitrary distance but close to the original interface. Fitting curves are also shown for comparison based on the model of
DH2Om = D0exp[(�62.38 + 108882/T)X], with results reported as lnD0 in Table 5. Convolution effect is considered for the short profile of
Dac-DC05-12 and Dac-DC06-21. See text for details.
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Table 3
Ferrous iron quantification before (I) and after (E) heating and
pressurization at 0.95 GPaa.

Run # T (K) H2O
(wt.%)

Fe2+/Fetot (I) Fe2+/Fetot (E)

Dac-DC05-08 873 0.01 0.397 ± 0.017 0.453 ± 0.064
1.1 0.796 ± 0.021 0.812 ± 0.030

Dac-DC05-10 873 0.01 0.389 ± 0.014 0.432 ± 0.046
3.5 0.621 ± 0.018 0.649 ± 0.038

Dac-sp1 753 7.9 0.66 ± 0.03 0.70 ± 0.02

a The colorimetric method by Schuessler et al. (2008) was used
and analyses results are reported with 2r error.
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nominal increase of about 10–20% after diffusion runs. One
might expect this effect is related to the change in redox
state of iron ðFe2O3 þH2� 2FeOþH2OÞ in the presence
of the graphite capsule. However, Fe2+/Fetot analyses on
glasses before and after diffusion runs using a colorimetric
technique (Schuessler et al., 2008) show only minor increase
in ferrous iron (Table 3), which is equivalent to no more
than 0.03 wt% H2Ot increase. Furthermore, Behrens et al.
(2004) demonstrated that redox state of iron has little influ-
ence on H2O diffusion at high temperatures (>1573 K) even
in high-iron andesite (containing 7–8 wt.% FeOt). For our
experiments in dacite containing 4–5 wt% FeOt, we expect
that the influence of small change in Fe redox state is insig-
nificant. Therefore, elevated nominal H2O concentration is
an artifact, possibly caused by the effect on the band inten-
sity and baseline of IR spectra (Liu et al., 2004a; Fig. 4) due
to factors such as changing Fe2+ coordination or formation
of nanocrystals (Liebske et al., 2003). Accordingly, nominal
H2O concentrations in diffusion profiles determined by
NIR are divided by an averaged factor of 1.144 to be con-
sistent with initial H2O concentrations. This factor is also
applied to the profiles of Liu et al. (2004a) and Behrens
et al. (2004) in the presence of IR baseline change and nom-
inal H2O increase when their data are discussed below.

Experimental durations have been designed so that large
regions maintain initial water contents in both halves
(meaning that diffusion in infinite medium applies). How-
Fig. 4. NIR absorption bands of Dac8 (dash curve) become
stronger after diffusion run Dac-DC05-12 (solid curve), presumably
due to the change of Fe2+ coordination or even formation of
nanocrystals. The baseline also becomes steeper above 5400 cm�1.
ever, Dac-DC06-17 and Dac-DC06-19 show evident water
loss in the hydrous half, which causes extra uncertainty in
determining H2O diffusivity.

Water can also be lost from the cylindrical sides during
the high-temperature experiments. The size of the samples
is designed so that for a region near the centerline
(�800 lm diameter), water loss from the sides is negligible.
Fig. 5 shows two radial concentration distributions. There
is indeed water loss from the sides. Most of our samples
are similar to Dac-DC06-22 in Fig. 5 with a flat center re-
gion, except for Dac-DC06-17 and Dac-DC06-19. Because
the measured concentration profiles are along and near the
centerline where water loss from the sides can be ignored,
they can be treated as one-dimensional diffusion. The two
samples Dac-DC06-17 and Dac-DC06-19 that show water
loss from the centerline are more complicated. When the
data are modeled, results from these two samples are care-
fully checked for possible inconsistency with other experi-
ments. In the end, the results from these two experiments
are still roughly consistent with other experiments within
uncertainty.

4. DISCUSSION AND APPLICATION

4.1. Diffusion mechanism and modeling

Following previous workers (Zhang and Behrens, 2000;
Liu et al., 2004a; Ni and Zhang, 2008), H2O diffusion in sil-
icate melts is treated as follows:

@X
@t
¼ @

@x
DH2Om

@X m

@x

� �
: ð1Þ

Here X is the mole fraction of total dissolved H2O, and is
related to H2O percentage (C in wt.%) through X = C/
18.015/[C/18.015+(100 � C)/33.82], where 18.015 and
Fig. 5. Radial distribution of water content in the hydrous half of
two diffusion experiments (the center of each sample is defined as
zero distance). Water loss from the edge of sample is evident in
both cases. But in Dac-DC06-22, a plateau within �400 lm around
the centerline maintains the initial water content; whereas in Dac-
DC06-19, there is no plateau and even the center suffered from
water loss.
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33.82 g/mol are the molar masses of H2O and anhydrous
dacite on a single oxygen basis, respectively. Xm is the mole
fraction of H2Om, t is time, x is distance, and DH2Om is
H2Om diffusivity.

Despite the sluggishness of OH diffusion, the concentra-
tion of OH still varies with time in response to the change in
H2Om concentration through the reaction ðH2Omþ
O� 2OHÞ, in order to maintain equilibrium. The equilib-
rium constant K of this speciation reaction in dacite was re-
ported by Liu et al. (2004b) using two different IR baselines
(TT and GG). We choose the TT expression of K in this
work because (a) tangential baselines were adopted for
water concentration determination in this study; (b) K from
the TT method lies between that of rhyolite (Zhang et al.,
1997) and that of andesite (Botcharnikov et al., 2006; Ni
et al., 2009), which agrees with the observation that K de-
creases with silica content (Silver et al., 1990) and increases
with NBO/T (and decreasing content of alkali earth ele-
ments) (Behrens and Yamashita, 2008). Hence equilibrium
constant K in dacite is assumed to be dependent on temper-
ature as follows (Liu et al., 2004b):

ln K ¼ 1:49� 2634

T
; ð2Þ

where T is in K. The pressure dependence of water specia-
tion has been shown to be minimal from 0 to 1 GPa in rhy-
olitic melt (Hui et al., 2008). Furthermore, one should note
that the choice of the equation for water speciation affects
the derived molecular H2O diffusivity but has only negligi-
ble influence on the derived total H2O diffusivity, and the
latter is critical in calculating diffusion profiles.

H2Om diffusivity has been shown to increase rapidly
with water content in rhyolite and dacite, especially at
low temperatures such as 823 K (Zhang and Behrens,
2000; Liu et al., 2004a; Ni and Zhang, 2008), which led to
the exponential relationship:
Table 4
Best-fit a values using the model DH2Om = D0exp(aX) and ln K=
1.49 � 2634/T.

Run # T (K) P (GPa) a R2

Dac-DC05-12 �893 0.95 62 ± 5 0.9928
Dac-DC05-13 0.9976
Dac-DC05-14 �841 0.95 68 ± 5 0.9972
Dac-DC06-15 0.9978
Dac-DC06-17 �789 0.95 72 ± 5 0.9941
Dac-DC06-22 0.9965

Refit from Liu et al. (2004a)

DC2B5 �911 �0.11 52 ± 5 0.9983
DC53b2 0.9988
DC2B4 881 �0.11 66 ± 5 0.9973
DC1 0.9951
DC53b1 0.9979

Refit from Behrens et al. (2004)

DacDC6 1798 1.0 �8.6 ± 12.3 0.9909
DacDC3 1708 0.5 �0.4 ± 4.7 0.9954

0.2 ± 5.0 0.9961
DacDC2 1608 1.0 7.1 ± 10.0 0.9950
DacDC5 1508 1.0 10.9 ± 5.1 0.9966
DacDC7 1458 1.0 17.2 ± 6.0 0.9972
DH2Om ¼ D0 expðaX Þ; ð3Þ

where D0 and a are both constants at given T and P. Wat-
son (1991) and Behrens and Zhang (2001) have described
similar dependence on water content for diffusivity of neu-
tral particles such as CO2 molecules and Ar atoms in rhyo-
litic melts.

Eqs. (2) and (3) are used to numerically solve the gov-
erning equation of H2O diffusion (Eq. (1)) and model the
measured diffusion profiles. First we need to constrain
parameter a. In this work multiple experiments have been
carried out at the same T and P with samples containing
different H2O concentrations. If they can be fit well with
the same combination of D0 and a, that is a good indication
of model validity. This criterion has been successfully ap-
plied to the diffusion profiles at 0.95 GPa and three temper-
atures (Table 4), with the relative error of a estimated about
7% (e.g., 68 ± 5 at 841 K). Fitting results show that a in-
creases as temperature decreases, as also observed from
Fig. 6. Best-fit parameters using the model DH2Om = D0exp(aX).
(A) Parameter a from this work and from refits of data in Liu et al.
(2004a) and Behrens et al. (2004). (B) ln D0 (Table 5) at various T

and P assuming Eq. (4), indicating progressively negative pressure
effect towards low T. Also shown are calculated ln D0 at 0.1 GPa
(dash line) and 1 GPa (solid line) from Eq. (5).
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the dehydration profiles of Liu et al. (2004a) and for rhyo-
litic melt (Ni and Zhang, 2008). The diffusion profiles from
Behrens et al. (2004) were also refit to constrain parameter a

in high temperature range, with a program allowing multi-
variate (D0 and a) fitting and error analysis for a single pro-
file (Ni and Zhang, 2008). The dependence of H2Om

diffusivity on water content turns out to be much smaller
at high temperatures, and in some cases (above 1750 K)
even negative a values are found from fitting. Because these
temperatures are beyond typical magmatic temperatures
and the negative values of a are within uncertainty of zero,
we did not experimentally explore further the validity of the
negative a values. The results of best-fit parameter a are
summarized in Table 4 and are plotted in Fig. 6A, and they
roughly form a linear trend with 1000/T (with little pressure
dependence), which can be fit (York, 1966) as

a ¼ ð�62:380� 5:851Þ þ 108882� 6185

T
; ð4Þ

where T is in K. By assuming Eq. (4), all diffusion profiles
from Liu et al. (2004a), Behrens et al. (2004) and this work
are fit again to constrain parameter D0. Because the profiles
of Dac-DC05-12 and Dac-DC06-21 are rather short (240
and 130 lm, respectively), they may have been considerably
influenced by convolution effect (measured composition re-
flects the weighted average composition around the point of
Table 5
Fitting results of all H2O diffusion profiles in dacite assuming DH2Om = D

Run # T (K) P (GPa) H2Ot (w

Diffusion-couple

DacDC6 1798 1.0 2.7
DacDC3 1708 0.5 5.4

DacDC2 1608 1.0 2.6
DacDC5 1508 1.0 4.0
DacDC7 1458 1.0 4.1
Dac-DC05-12* 893 0.95 7.7
Dac-DC06-19 893 0.48 4.0
Dac-DC05-13 892 0.95 5.3
Dac-DC06-15 842 0.95 5.7
Dac-DC06-21* 842 0.95 1.4
Dac-DC05-14 840 0.95 7.7
Dac-DC06-22 791 0.95 5.8
Dac-DC06-17 786 0.95 6.7

Dehydration

DC53b2 911 0.097 0.8

DC2B5 910 0.133 2.6

DC53b1 881 0.095 0.8

DC1 881 0.096 1.5
DC2B4 881 0.143 2.5
DC2A3 834 0.100 2.4

DC53b3 824 0.0001 0.8

R2 is the multiple correlation coefficient of each concentration profile fit.
this work.
*Fit with convoluted theoretical profile (see text).
analysis, Ganguly et al., 1988). Therefore, a convoluted
profile is first computed by assuming that the spatial reso-
lution of IR measurement is roughly 15 lm, and then the
new profile is used for fitting to find D0.

The resulting D0 values are reported in Table 5 and plot-
ted in Fig. 6B. Furthermore, fitting curves have been com-
pared with measured profiles in Fig. 3, showing good
matches. Although a pressure effect cannot be easily re-
solved in the high temperature range, at lower T, D0 does
show a systematic decrease from <0.15 to �1 GPa. The
pressure dependence indicates a positive activation volume
for H2Om diffusion. The dependence of D0 on T and P can
be characterized as follows:

D0¼exp ð�9:423�0:351Þ�ð19064�303Þþð1476:7�218:5ÞP
T

� �
ð5Þ

where D0 is in m2/s, T is in K, and P is in GPa. This regres-
sion reproduces most experimental lnD0 values to within
0.4 (or a factor of 1.5 for D0). The calculated dependence
of ln D0 on temperature from Eq. (5) is illustrated at
0.1 GPa (dash line) and 1 GPa (solid line) in Fig. 6B. The
calculated activation energy Ea based on the above expres-
sion is 159 kJ/mol at zero pressure. The activation volume
DV� in dacitic melt is 12 ± 2 cm3/mol (the temperature
dependence of DV� cannot be resolved), whereas that for
0exp[(�62.38 + 108882/T)X].

t.%) ln D0 (m2/s) R2 Source

–20.63±0.12 0.9906 2
–21.16±0.08 0.9953 2
–21.40±0.09 0.9961 2
–22.10±0.10 0.9950 2
–23.00±0.08 0.9966 2
–23.34±0.08 0.9970 2
–31.96±0.04 0.9937 3
–31.42±0.08 0.9978 3
–32.21±0.10 0.9973 3
–34.08±0.09 0.9982 3
–34.01±0.14 0.9982 3
–33.96±0.25 0.9936 3
–35.56±0.21 0.9958 3
–36.00±0.20 0.9950 3

–30.43±0.06 0.9976 1
–30.29±0.05 0.9987 1
–30.44±0.06 0.9978 1
–30.31±0.07 0.9972 1
–31.24±0.05 0.9979 1
–31.11±0.07 0.9974 1
–31.09±0.08 0.9956 1
–30.96±0.06 0.9979 1
–32.46±0.06 0.9970 1
–32.47±0.08 0.9950 1
–32.59±0.03 0.9994 1
–32.58±0.08 0.9964 1

Source of data: [1], Liu et al. (2004a); [2], Behrens et al. (2004); [3],
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H2O diffusion in rhyolitic melt is about 25 cm3/mol at
330 K and about 10 cm3/mol at 1283 K. H2Om diffusivity
at a given T, P, and X can be calculated by combining
Eqs. (3)–(5):

DH2Om¼exp �9:423�62:38X�19064�108882Xþ1476:7P
T

� �
ð6Þ
4.2. DH2Ot
and T-P-X dependence

H2Ot diffusivity can be calculated from H2Om diffusivity
through

DH2Ot ¼ DH2Om

dX m

dX
; ð7Þ

Where DH2Om is from Eq. (6), and dXm/dX depends on equi-
librium constant of the speciation reaction (Eq. (2)) and
H2Ot mole fraction X, leading to (Wang et al., 2009):
Fig. 7. Calculated H2Ot diffusivity in dacite versus (A) temperature, (B) p
from Liu et al. (2004a) in crosses and Behrens et al. (2004) in pluses, which
for comparison. Note the different vertical scale in (D). The proportionali
to exponential dependence towards higher H2Ot.
DH2Ot ¼ DH2Om 1þ 2X � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4X ðX � 1Þð1� 4=KÞ þ 1

p
" #

: ð8Þ

The above expression to calculate DH2Ot reproduces all dif-
fusion data (Liu et al., 2004a; Behrens et al., 2004; and this
work) well and to almost the same precision as the diffusiv-
ity expressions of Liu et al. (2004a) and Behrens et al.
(2004) specific for limited T-P-H2Ot conditions. Hence,
the above expression supersedes the previous expressions
in Liu et al. (2004a), Behrens et al. (2004), and Zhang
et al. (2007). The total data set used for extracting the
H2Ot diffusivity expression in this study includes one exper-
iment at 0.1 MPa (824 K), six experiments at about 0.1 GPa
(834–911 K), two experiments at about 0.5 GPa (893–
1708 K), and 11 experiments at about 1.0 GPa (786–
1798 K). We recommend this new H2Ot diffusivity expres-
sion for conditions of 786–1798 K, 0.01–8.0 wt.% H2Ot,
0–1.0 GPa (including 0.1 MPa).

The correlation between DH2Ot and temperature, pres-
sure, and water content is illustrated in Fig. 7. DH2Ot in-
ressure, and (C and D) water content (Eq. (8)). Previous expressions
are valid only under limited P-T-H2Ot conditions, are also plotted

ty between diffusivity and water content at H2Ot < 0.7 wt.% transits



Fig. 8. Comparison of our new diffusivity expression with the
in situ study of Okumura and Nakashima (2006). Average
diffusion-out diffusivity is extracted from the data of Okumura
and Nakashima (2006) where the glass still retains 80 percent of its
initial water, and then converted to diffusivity at 1 wt.% H2O
concentration (see text for details).
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creases with temperature following an Arrhenius manner,
and the activation energy depends strongly on water con-
tent and weakly on pressure (Fig. 7A). For example, the
calculated Ea at 0.1 GPa decreases from 129 kJ/mol for
1 wt.% H2Ot to 72 kJ/mol for 5 wt.% H2Ot, whereas Ea at
1 wt.% increases by only 11 kJ/mol from 0.1 to 1 GPa.
The presence of water is expected to depolymerize the melt
structure and to increase the ionic porosity of the melt,
which would lower the energy barrier for H2O diffusion.
Pressure reduces diffusivity more noticeably at low temper-
atures, by a factor of �6 at 786–893 K over 1 GPa interval
(Fig. 7B). DH2Ot also strongly depends on H2O concentra-
tion, especially at low T where proportional correlation
can only hold at most to �0.7 wt.% (Fig. 7C and D). The
dependence of DH2Ot on H2Ot is strongly curved in a
logDH2Ot vs H2Ot plot (Fig. 7C) because at low H2Ot,
DH2Ot is roughly proportional to H2Ot (Fig. 7D) whereas
at high H2Ot, logDH2Ot is roughly linear to H2Ot.

Because H2O diffusion is faster than the diffusion of
most cations, bubbles are expected to grow more rapidly
than crystals. On the other hand, H2O diffusion is still
not efficient for water migration over a large distance.
For example, at 1273 K and 0.2 GPa, diffusion distance of
water after 100 years is only 1.3 m even at a high water con-
tent of 6 wt.%. Convection is much more efficient in long-
distance mass transfers and homogenization of magma
chambers.

Okumura and Nakashima (2006) reported average diffu-
sion-out H2O diffusivity in dacitic glass. Their diffusivity
from certain experiments (such as the runs at 665 and
675 �C) was probably underestimated due to the curvature
in absorbance versus t1/2 plots. For comparison, we extract
new diffusion-out diffusivity from their original data by
using only data with less than 20% dehydration, and then
find DH2Ot at 1 wt.% using the method described in Ni
and Zhang (2008). Fig. 8 compares their results with our
model and shows that there is general consistency (within
a factor of 1.8, slightly larger than experimental and model
uncertainty).
4.3. Comparison with H2O diffusion in rhyolite

The P-T-H2Ot dependences of H2O diffusivity in dacite
follow similar trends as those in rhyolite (Ni and Zhang,
2008), such as rapid increase with water concentration
and negative pressure effect. Compared to rhyolite, H2Ot

diffusivity in dacite increases with water content more
strongly at T < 1313 K but less strongly at T > 1313 K, as
shown in the plot of parameter a vs. temperature
(Fig. 9A). Furthermore, H2Ot diffusivity in dacite shows a
stronger dependence on temperature than in rhyolite. For
example, at 0.1 GPa and 1 wt.% H2Ot, the activation energy
for H2Ot diffusion in dacite is 129 kJ/mol, larger than that
in rhyolite (84 kJ/mol, Ni and Zhang, 2008). The difference
in Ea leads to a crossover of H2O diffusivity at �1253 K
(Fig. 9B) below which DH2Ot in dacite is smaller than in rhy-
olite. As pressure increases to 1.0 GPa, the crossover tem-
perature increases to �1323 K. Calculations show that
when water content is below 5 wt.%, H2Ot diffusion in da-
cite is always lower than that in rhyolite at <1173 K
(Fig. 9C) and faster than that in rhyolite at >1323 K. Dif-
fusivity in both melts becomes very similar at P5 wt.%
H2Ot, especially at 1.0 GPa (Fig. 9D). Pressure effect in rhy-
olite, about a factor of 10 per GPa at 800–900 K, is slightly
larger than that in dacite.

Whittington et al. (2009) recently proposed a viscosity
model for hydrous dacitic melts. By comparing with the vis-
cosity of hydrous rhyolitic melts (Zhang et al., 2003), they
found that at a given water content, the viscosity of hy-
drous dacite could become higher than that of hydrous rhy-
olite at T below �950 K. Between hydrous dacite and
hydrous rhyolite, the crossover temperature for melt viscos-
ity is somewhat lower than that for H2O diffusivity. None-
theless, the general observation suggests a negative
correlation between H2O diffusivity and melt viscosity,
which we further discuss below.

4.4. H2O diffusivity and melt viscosity

The Einstein or Eyring relation (Einstein, 1905; Glas-
stone et al., 1941) predicts inverse proportionality between
diffusivity (D) and viscosity (g):

D ¼ kT
gL

ð9Þ

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

is characteristic length (6pr for the Einstein relation and k
for the Eyring relation, with r being the radius of the diffus-
ing particle, and k being the jumping distance). The Ein-
stein relation is derived for diffusion of neutral particles
(such as noble gas molecules or H2O molecules), and the
Eyring relation is derived under the condition that viscous
relaxation and diffusion are controlled by the same mecha-
nism. The Einstein relation has been shown to be inapplica-
ble to diffusion of neutral molecules in rhyolitic melts (e.g.,
Ni and Zhang, 2008; Wang et al., 2009), and it does not



Fig. 9. Comparison of H2Ot diffusivities in dacite (this study) and rhyolite (Ni and Zhang, 2008). (A) Parameter a; (B) DH2Ot at 1 wt.% H2O;
(C) DH2Ot at 5 wt.% H2O; and (D) DH2Om at 7 wt.% H2O. Note the difference in vertical scale of each plot. Crossover temperature of diffusivity
in these two melts lies between 1173 and 1323 K at <5 wt.% H2Ot.
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apply to H2Om diffusion in dacitic melts either. The Einstein
relation has also been shown to be inapplicable to ionic dif-
fusion in silicate melts (e.g., Magaritz and Hofmann, 1978;
Chakraborty, 1995), but the derivation of the Einstein rela-
tion means that it is not intended for ionic diffusion because
attraction and repulsion forces between ions were not
considered.

The Eyring relation has been found to hold well for oxy-
gen and silicon self diffusion in anhydrous silicate melts
(e.g., Shimizu and Kushiro, 1984; Tinker and Lesher,
2001). However, it does not hold for oxygen diffusion in hy-
drous melt (Behrens et al., 2007), or H2O diffusion in rhyo-
lite (Ni and Zhang, 2008) even though the curve shape of
logDH2Ot vs H2Ot content resembles that of log g vs H2Ot

(Fig. 7C). Note that it is inappropriate anyway to use either
molecular H2O diffusivity or total H2O diffusivity to test the
Eyring relation because it is unlikely that diffusion of H2O
and viscous flow have the same mechanism. For example,
at 1000 K, H2Om diffusivity in dacite from this study
changes by less than a factor of 2 from 0.01 wt.% to
0.5 wt.% water content, and H2Ot diffusivity changes by al-
most two orders of magnitude, whereas the melt viscosity is
lowered by more than four orders of magnitude over the
same water content range based on Whittington et al.
(2009). Therefore, as in rhyolite, H2Om diffusivity in dacite
cannot be related to melt viscosity using the simple inverse
correlation. The violation of the Eyring relation is due to
the fact that viscosity is controlled by the diffusion of
framework elements (such as Si, Al, and structual oxygen),
not by other components (such as H2Om or the elements it
contains).

4.5. Application to bubble growth in dacitic melt

Explosive volcanic eruptions are associated with the
growth of H2O (with some CO2) bubbles inside melts under
water-oversaturated conditions. Bubble growth is con-
trolled by the slower of two dynamic-kinetic processes: vis-
cous flow and water diffusion (Navon et al., 1998; Lensky
et al., 2004). With established models of melt viscosity,
water diffusivity and water solubility, the rate of bubble
growth can be calculated (e.g., Proussevitch and Sahagian,



Fig. 10. Calculated bubble growth (initial bubble radius is 10 mm) in hydrous melts with 4 wt.% H2O at (A) 50 MPa; (B) 1 MPa; and (C and
D) 0.1 MPa using the model of Liu and Zhang (2000). H2O solubility is from Zhang et al. (2007). For dacite, viscosity is from Whittington
et al. (in press) and H2O diffusivity is from this study. For rhyolite, viscosity is from Zhang et al. (2003) and H2O diffusivity is from Ni and
Zhang (2008).
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1998) and compared with experimental observations (e.g.,
Liu and Zhang, 2000).

The new H2O diffusivity expression in this study can be
applied to simulate non-convective bubble growth in a melt
with dacitic composition, using the viscosity model of Whit-
tington et al. (2009) and the solubility model of Zhang et al.
(2007). The bubble growth model is from Proussevitch and
Sahagian (1998), as modified by Liu and Zhang (2000).
Simulation results for hydrous melts with 4 wt.% H2O are
illustrated in Fig. 10. At a confining pressure of 50 MPa
(in a volcanic conduit), H2O concentration is relatively high
in the melt shell surrounding the bubble, leading to low vis-
cosity and rapid viscous relaxation. Hence, H2O diffusion is
the rate-determining process, and the growth curve is
roughly parabolic. Bubble growth in dacite is faster at
1373 K but slower at 1073 K (Fig. 10A) than that in rhyo-
lite due to their H2O diffusivity crossover. At a lower con-
fining pressure of 1 MPa, a bubble grows more rapidly than
at 50 MPa (Fig. 10B), but the growth curve is still roughly
parabolic (although less well defined than that at 50 MPa).
At a confining pressure of 0.1 MPa (Fig. 10C and D), H2O
concentration in the melt adjacent to the bubble is very low,
leading to high viscosity. Furthermore, lower pressure
means the same amount of H2O in the bubble leads to
much more growth in bubble size, meaning more flow is
necessary. Hence, bubble growth is controlled by viscosity,
and the growth curve transits from parabolic to exponen-
tial. At these conditions bubble growth in dacite is faster
than in rhyolite because the viscosity of dacite is lower than
that of rhyolite by a factor of �5 (Zhang et al., 2003; Whit-
tington et al., 2009), although H2O diffusion in dacite is
slower. In a lava dome at 873 K and 0.1 MPa, the viscosity
of rhyolite and dacite is very close, therefore bubble growth
rate in rhyolite is faster again due to faster H2O diffusion in
rhyolite (Fig. 10D). Note that as a bubble grows even lar-
ger, diffusion gradually takes control of the growth until
bubbles reach their equilibrium size (Navon et al., 1998;
Lensky et al., 2004).

Bubble dissolution may be treated similarly. Degassed
magma may be hydrated again through interaction with
gas bubbles (Landi et al., 2008), which is essentially a bub-
ble dissolution problem. With the diffusivity expression
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from this study, the rate of melt hydration at various P-T-
H2O conditions can be evaluated. Because H2O diffusivity
strongly depends on water content, the hydration process
becomes progressively more efficient as the melt uptakes
more water.

5. CONCLUDING REMARKS

The experimental investigation on H2O diffusion in da-
cite at 786–893 K and 0.48–0.95 GPa confirm that H2O dif-
fusivity increases rapidly with water concentration (at least
up to 8 wt.% H2Ot) in this temperature range. Our new data
allow the examination of the strong Arrhenian temperature
dependence of H2O diffusivity at 1.0 GPa, as well as the
pressure dependence of H2O diffusivity at 800–900 K.
Increasing pressure moderately slows the rate of diffusive
transport of H2O. Combined with previous studies under
different T–P conditions, a general expression of H2O diffu-
sivity in dacitic melt is constructed. The new diffusivity
expression can be applied to a variety of geological circum-
stances: 773–1773 K, 0–1 GPa, and 0.01–8 wt.% water con-
tent. Compared to rhyolite, H2O diffusion in dacite shows a
stronger dependence on temperature and water concentra-
tion, resulting in slower diffusion in dacite at T < 1173 K
but more rapid diffusion at T > 1323 K than in rhyolite
when H2Ot <5 wt.%. This study provides important data
towards a universal H2O diffusivity expression in felsic to
basaltic calc-alkaline melts, and can be applied to both vol-
canic eruptions and deep-seated magmatic processes.
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