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Abstract

A compendium of diffusion measurements and their Arrhenius equations for water, carbon dioxide, sulfur, flu-
orine, and chlorine in silicate melts similar in composition to natural igneous rocks is presented. Water diffusion
in silicic melts is well studied and understood, however little data exists for melts of intermediate to basic com-
positions. The data demonstrate that both the water concentration and the anhydrous melt composition affect the
diffusion coefficient of water. Carbon dioxide diffusion appears only weakly dependent, at most, on the volatile-
free melt composition and no effect of carbon dioxide concentration has been observed, although few experi-
ments have been performed. Based upon one study, the addition of water to rhyolitic melts increases carbon
dioxide diffusion by orders of magnitude to values similar to that of 6 wt% water. Sulfur diffusion in intermedi-
ate to silicic melts depends upon the anhydrous melt composition and the water concentration. In water-bearing
silicic melts sulfur diffuses 2 to 3 orders of magnitude slower than water. Chlorine diffusion is affected by both
water concentration and anhydrous melt composition; its values are typically between those of water and sulfur.
Information on fluorine diffusion is rare, but the volatile-free melt composition exerts a strong control on its dif-
fusion. At the present time the diffusion of water, carbon dioxide, sulfur and chlorine can be estimated in silicic
melts at magmatic temperatures. The diffusion of water and carbon dioxide in basic to intermediate melts is on-
ly known at a limited set of temperatures and compositions. The diffusion data for rhyolitic melts at 800°C to-
gether with a standard model for the enrichment of incompatible elements in front of growing crystals demon-
strate that rapid crystal growth, greater than 107" ms™, can significantly increase the volatile concentrations at
the crystal-melt interface and that any of that melt trapped by the formation of melt inclusions may not be rep-
resentative of the bulk melt. However, basaltic melt inclusions trapped at 1300°C are more likely to contain bulk
melt concentrations of water and carbon dioxide.

Key words diffusion — silicate melts — volatiles — sible for dramatic volcanic eruptions, but also af-
water — carbon dioxide — sulfur — fluorine — chlorine — fect the transport (e.g., diffusion and viscosity)
melt inclusion — igneous processes and equilibrium (e.g., phase equilibria) proper-

ties of magmas. Understanding the diffusion of
volatiles in silicate magmas provides the frame-

1. Introduction work necessary for the understanding of process-
es such as bubble formation and growth that can

Volatiles play an enormously important role ultimately lead to violent volcanic eruptions.
in igneous processes. They are not only respon- The volatiles commonly found at the highest

concentrations in magmatic systems are H,O,
CO,, S-species, F, and Cl. The dominant volatile
in magmas is H>O; evidence of its abundance is
Mailing address: Dr. Don R. Baker, Earth and Planetary manifested in measured volcanic emissions

Sciences, McGill University, 3450 Rue University, Montreal, (Symonds et al., 1994) and 'the presence of hy-
QC H3A 2A7 Quebec, Canada; e-mail: donb@eps.mcgill.ca drous minerals (e.g., amphibole, biotite, mus-
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covite, apatite) in many igneous rocks. The sec-
ond most abundant volatile in magmas is CO»,
whose presence can be found in volcanic gases
(Symonds et al., 1994) and as fluid inclusions in
minerals (Roedder, 1965, 1979). The existence
of rare carbonate magmas also testifies to the
importance of carbon in igneous petrogenesis,
but these unique magmas are not discussed fur-
ther in this review. The presence of S in mag-
matic gases is often obvious; quantitative meas-
urements demonstrate that volcanoes can vent
thousands of tonnes of S per day (Symonds et
al., 1994; Wallace, 2001). Additional evidence
of sulfur’s role in magmatic processes is the
presence of common magmatic sulfides and rare
magmatic sulfates (Luhr ef al., 1984). The halo-
gens, F and Cl, have been measured in volcanic
gases and plumes (Symonds et al., 1994), and
they are important constituents of hydrous min-
erals and occasionally are found as halogen
minerals in igneous rocks.

We begin with a selected review of diffu-
sion measurements of H,O, CO,, S, F, and Cl
that we believe are most germane to the study
of volatile transport in magmatic silicate melts.
We then apply simple models to explore the ef-
fects of volatile diffusion on the compositions
of melt inclusions trapped in minerals.

2. Volatile diffusion measurements

The first study of volatile diffusion in mag-
matic melts of which we are aware is Shaw’s
(1974) measurements of water diffusion in a
rhyolitic melt. Since that time more studies of
water, carbon dioxide, sulfur and halogens have
been completed; for an excellent summary of
experimental techniques and results obtained
before the mid-1990’s the interested reader is
referred to the review by Watson (1994).

All studies to date demonstrate Arrhenian
behaviour of volatile diffusivity; thus the result-
ing diffusion coefficients can be succinctly ex-
pressed by equations of the general form

D=D, eXp( ;é“ )

where D is the diffusion coefficient, in m?s™,
D, is the pre-exponential factor, also in m’s™,

700

E, is the activation energy, in Jmol™, R is the
gas constant, 8.3143 JK'mol™, and T is the
temperature, in K.

Broadly speaking, volatile diffusion is
measured in two diffusive regimes, which are
distinguished by the absence or presence of a
chemical potential gradient. The first regime is
that of tracer diffusion where the volatile of in-
terest is only present in trace amounts and its
movement through the melt can be modelled as
arandom walk in the absence of a chemical po-
tential gradient. Experiments that study tracer
diffusion typically utilize radioactive isotopes
of the element of interest applied as a thin lay-
er to one end of the sample and then allowed to
diffuse through a vanishingly small chemical
potential gradient. The second regime is that of
chemical diffusion, which occurs in the pres-
ence of a significant chemical potential gradi-
ent. One experiment of this type is the diffusion
couple where a cylinder of glass with weight
percent abundances of a selected element or el-
ements is juxtaposed against a glass cylinder
with low concentrations of the selected element
or elements, and the elements diffuse from the
high to the low concentration melts during the
experiment. Another experimental technique
for chemical diffusion allows a mineral with the
element of interest to partially dissolve into the
melt releasing the element and creating a diffu-
sion profile away from the mineral; however,
this technique often results in multicomponent
diffusion, making data analysis difficult.

A third technique is to expose samples to a
fluid phase with a low concentration of the
volatile of interest resulting in devolatilization, or
exposing the sample to a fluid phase with a high
concentration of the volatile resulting in diffusion
of the volatile into the sample. Researchers agree
that tracer diffusion is a highly improbably
process in magmatic systems, whereas chemical
diffusion occurs whenever two melts, or a melt
and a crystal, with differing chemical potentials
of a chemical component come into contact.

2.1. Water diffusion

Water is present in silicate melts in both the
molecular form and as hydroxyl (e.g., Stolper,
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1982). Understanding this speciation is impor-
tant for thermodynamic modelling and for the
microscopic modelling of diffusion in the melt.
However, for the purposes of this work we are
interested in only the bulk water diffusion coef-
ficients and refer the interested reader to the re-
view by McMillan (1994) of water speciation in
silicate melts.

For all of the volatiles considered in this re-
view the diffusion data is provided for the
transport of the bulk volatile, not for a particu-
lar species. A comparison of the water diffusion
measurements discussed below are summarized
in fig. 1.

Shaw (1974) found that water diffusion in a
rhyolitic melt is a function of water concentra-
tion at 750 to 850°C and 200 MPa. Using a
technique based upon weighing glass cylinders
before and after hydration, and after subse-
quent dehydration, he determined the water dif-
fusion coefficient. Shaw found that the diffu-
sion coefficient for water was a function of the
water concentration and estimated the activa-
tion energy for water diffusion at weight per-
cent concentrations to be approximately 67000
Jmol™'. Watson (1994) used Shaw’s data to es-
timate an Arrhenius equation water diffusion at

concentrations near 6 wt%

_ - — 65000
D,er = 1.8 X 10 8exp(iRT )
Watson (1994) also extracted an Arrhenius
equation from Shaw (1974) for water diffusion
at low, nominally anhydrous, concentrations

Dy = 1.6 X 10""exp(%)

Shaw’s (1974) diffusion measurements at 10 to
200 MPa, 850°C, demonstrated no measurable
pressure effect on water diffusion.

Karsten et al. (1982) and Lapham et al.
(1984) applied ion microprobe techniques to
the study of water diffusion in rhyolitic melts
and found similar values and clearly demon-
strated the dependence of water diffusion upon
its concentration. Karsten et al. (1982) meas-
ured water diffusion at 70 MPa and 650 to
950°C in rhyolitic melts. They found that the
Arrhenius equations describing water diffusion
changed with water content; for rhyolitic melts
with 1, 2, and 3 wt% water the activation ener-
gies were 82000, 80000, and 78000 Jmol ™', re-
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Fig. 1. Diffusion of water in magmatic silicate melts. Unless otherwise noted the measurements are made in
melts of either rhyolitic or haplogranitic composition. Where calculations are pressure dependent a pressure of

200 MPa has been used.
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spectively, and the pre-exponential factors were
144x107%,2.65x107®, and 4.78x107® m?s™’, re-
spectively. Although these results are slightly
different from those of Shaw (1974) they are
still consistent with his experimental measure-
ments. Lapham et al. (1984) extended the work
of Karsten et al. (1982) by investigating the ef-
fect of water concentration, from 0.42 to 3.48
wt%, and pressure, from 70 to 500 MPa, on the
diffusion of water in rhyolite at 850°C. Lapham
et al. (1984) further documented the effects of
water concentration on water diffusion in rhy-
olitic melts and demonstrated that increasing
the pressure from 70 to 500 MPa had no meas-
urable effect on water diffusion at 850°C.

Zhang et al. (1991) utilized infra-red spec-
troscopy to characterize the diffusion of OH™ and
H,0 species in rhyolitic melts and glasses. These
measurements demonstrate that water diffuses
predominantly as molecular HO and that the
change from a rhyolitic glass to a melt had no ef-
fect on water diffusion. Combining their results
with the previous measurements discussed
above, Zhang et al. (1991) were able to construct
a general Arrhenius equation for the diffusion of
molecular, not bulk, water in rhyolitic glasses and
melts from approximately 400 to 950°C and wa-
ter concentrations between 1 and 3 wt%

Nowak and Behrens (1997) investigated water
diffusion in a haplogranitic melt at tempera-
tures between 800 and 1200°C, pressures of 50
to 500 MPa, and water concentrations between
0 and 9 wt%. They found that the activation en-
ergy for water diffusion drops from 64000
Jmol™ for 0.5 wt% water to 46000 Jmol™ for
melts with 4 wt% water and remained at the lat-
ter value for high water concentrations. They
observed a small effect of pressure on water
diffusion and constructed a general equation for
the diffusion of water, where H>O is in weight
percent and P is the pressure in MPa

—103000 £ 5000
RT

Do = 4678 X 10*7exp<

logD.,,, = (=881 =0.045H.0 +0.027(H.0)) +

— (3378 —483H,0 +46.9 (H,0)* + 0.475P)
T .
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The most general expression for water diffusion
in rhyolitic melts is that of Zhang and Behrens
(2000) who present an equation for the diffu-
sion of water at concentrations from O to 7.7
wt%, temperatures from 400 to 1200°C, and
pressures from 0.1 to 810 MPa

Dyuer = 1072Xe" (1 + exp[(56 + m + Xa +
—VXb)))
where X is the mole fraction of total water in

the melt based upon a one-oxygen mole
(Stolper, 1982), and

_ 5030 14P
m=-—20.79 = T T
_ 44620 , 57.3P
a=—34.1+ T + T
and
477 % 10°
b=0.091+ e

For water contents between 0 and 2 wt% (inclu-
sive) Zhang and Behrens (2000) provide a sim-
pler equation

D = 10"2(HZO)exp(10.49 -

B 1.772P>
T

10 661
T J’_

where in this case water is measured in weight
percent. Although these expressions are only
based upon the results of Zhang et al. (1991)
and Zhang and Behrens (2000), they accurately
describe the results of Karsten ez al. (1982) and
Nowak and Behrens (1997).

Only one study on the diffusion of water in
basaltic melts has been published. Zhang and
Stolper (1991) measured water diffusion in a
basaltic melt at 1.0 GPa, 1300 to 1500°C, and
found that for 0.2 wt% H>O

Freda et al. (2003) studied water diffusion in a

—126 000 + 32000

Dw ater — RT

384X 10 “exp(
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potassium-rich, trachytic melt at 1.0 Gpa, 1100
to 1400°C. They measured water diffusion at
concentrations between 0.25 and 2 wt% H»O;
their results are described by

D,er = exp(— 11924 — 1.003In(H,0)) -
(—exp(11.836 —-0.139 ln(HZO)))
exp .

RT

During their study of water solubility and D/H
fractionation between fluid and a basaltic an-
desite melt, Pineau et al. (1998) incidentally
found an apparent diffusion coefficient for a
few weight percent water at 1250°C: 5.1x107®
m’s™". This value is 2 orders of magnitude high-
er than all other measurements of water diffu-
sion at similar temperatures and indicates the
need for more experiments designed to accu-
rately measure water diffusion in basic melts.

The best constrained data for water diffu-
sion in melts with 1 to 3 wt% H,O at tempera-
tures between approximately 1000 and 1300°C
spans only about 1/2 an order of magnitude
(fig. 1). At higher water concentrations and at

magmatic temperatures significantly below
1000°C important differences in water diffu-
sion coefficients are observed. On the other
hand, the effect of pressure on water diffusion
is a second order effect and can often be neg-
lected, but clearly needs more investigation.

2.2. Carbon dioxide diffusion

Carbon is found as both carbonate groups
and molecular COs in silicate melts and glasses
(see review by Blank and Brooker, 1994), al-
though a variety of different carbonate types may
exist (Brooker et al., 2001). In the same way as
we treated water above we will only consider the
bulk diffusion of carbon dioxide, which is the
most important measurement for our applica-
tions. Figure 2 presents a summary of the diffu-
sion results available for carbon dioxide.

The first experiments on carbon dioxide dif-
fusion were tracer diffusion studies by Watson
et al. (1982) on a sodium alumino-silicate melt
with 60 wt% Si0O; and a haplobasaltic melt with
53 wt% Si0O,. Watson et al. (1982) found car-
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Fig. 2. Diffusion of carbon dioxide in magmatic silicate melts. Note that the variation of measurements in the
work of Sierralta er al. (2002) is due to the variety of compositions used in their experiments, see text for fur-

ther discussion.
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bon dioxide diffusion in both melts to be simi-
lar and defined the Arrhenius relation for car-
bon dioxide diffusion in the sodium alumino-
silicate melt between 800 and 1500°C at 500
MPa to be

Watson et al. (1982) demonstrated that at 1200°C
the effect of increasing pressure by 2.5 GPa di-
minished the diffusion coefficient by approxi-
mately an order of magnitude. Carbon dioxide
diffusion in the haplobasaltic melt at 1.5 GPa pro-
duced an activation energy 249000 Jmol™" and a
pre-exponential factor of 2.12x 10~ m*s™". Fogel
and Rutherford’s (1990) study of carbon dioxide
solubility in a rhyolitic melt produced chemical
diffusion measurements at 1050°C and pressures
between 100 and 295 MPa.

The pressure effect on diffusion at these
conditions was not measurable and at this tem-
perature the diffusion coefficient of CO, in rhy-
olite was 2.4x10™"* m*s™, approximately a fac-
tor of two less than that found by Watson et al.
(1982) in compositionally different melts. Wat-
son (1991) investigated the effect of 8 wt% wa-
ter on the tracer diffusion of carbon dioxide in
rhyolitic melt at 1 GPa and found that carbon
dioxide diffusion was significantly higher and
the activation energy lower than in dry rhyolitic
melts

Furthermore, Watson (1991) measured similar
diffusion coefficients for carbon dioxide in a
dacitic melt and estimated that addition of 5
wt% water to a dry rhyolitic melt would result
in a 10-fold increase in CO; diffusion.

Watson (1994) reports the results of CO, dif-
fusion experiments in rhyolitic melts by Blank
et al. (1991) and Blank (1993). These measure-
ments were an extension of earlier infra-red in-
vestigations by E. Stolper’s group at CalTech,
who demonstrated the presence of both molecu-
lar CO; and carbonate groups in silicate glasses.
These chemical diffusion experiments were per-
formed at pressures from 50 to 105 MPa and

—195000

Dcarbon dioxide — 35X 1074exp< RT

—75000 £21000
RT

Dcarbon dioxide — 65 >< 1 O_ 8 eXp(
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temperatures of 450 to 1050°C. Fourier-Trans-
form Infrared (FTIR) measurements demonstrat-
ed that the only species present in the quenched
glasses was CO; and that the measured diffusion
coefficients can be described by

Deavon gioxicee = 6.2732 X 1077~
—114 600 i4100>

RT

Sierralta et al. (2002) investigated carbon diox-
ide diffusion at 500 MPa and 1250°C in hy-
drous albite and albitic melts modified through
variation of the Na/Al ratio. These authors doc-
umented the presence of both molecular CO,
and carbonate in their glasses and determined
that both diffused at similar rates. Additionally,
they determined that the effect of added alkalies
and water on carbon dioxide diffusion were
equivalent when expressed as the ratio of non-
bridging oxygens to tetrahedral cations. These
authors suggested that the small compositional
effect on CO, diffusion was proportional to
changes in the ratio of non-bridging oxygens to
tetrahedral cations, NBO/T, as the alkalies were
added to an albitic melt. However, new data by
Nowak et al. (2004) failed to identify any com-
positional effect for a wide range of NBO/T in
analogues of natural melts. One other explana-
tion for the effect observed by Sierralta et al.
(2002) is peralkalinity, as their diffusion coeffi-
cients also increase as a function of this param-
eter and extrapolate to agree with the highly
peralkaline Na-aluminosilicate data of Watson
et al. (1982). In contrast, the lack of an NBO/T
effect observed by Nowak et al. (2004) is for
non-peralkaline compositions. Brooker et al.
(2001) have suggested that a very isolated car-
bonate group exists in peralkaline melts, and
we suggest it is this complex that is diffusing at
a high rate. Such effects are only likely to be
important in rare, highly peralkaline magmas.

Zhang and Stolper’s (1991) study of water
diffusion in basalt at 1.0 GPa also produced a
single measurement of carbon dioxide chemi-
cal diffusion in dry basaltic melt at 1300°C of
1.3x10" m*s™".

We performed reconnaissance experiments at
1.0 GPa in which calcite partially dissolved into

-exp(
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the same potassium-rich, trachyte melts we used
in our study of water diffusion (Freda et al.,
2003). The melts were either anhydrous or con-
tained 5 wt% H,O and experiments were per-
formed at 1.0 GPa, 1200 and 1100°C. We deter-
mined carbon dioxide concentrations in the melt
using the electron microprobe and the «differ-
ence from 100%» technique. Because of the low
quality of this analytical technique these meas-
urements must be considered only as estimates
of carbon dioxide diffusion. At 1200°C the diffu-
sion of carbon dioxide in dry and hydrous melts
appears similar within experimental uncertainty
and equaled 2x107"* m*s™"; at 1100°C the diffu-
sion profile in the anhydrous melt was too short
to measure, but the hydrous melt produced a
diffusion coefficient of 7x10™" m’s™. Interest-
ingly, these experiments plot along an exten-
sion of an Arrhenius relationship defined by
combining the data of Watson et al. (1982) and
Zhang and Stolper (1991) as shown in fig. 2. As
there is a large increase in the Ca content of the
melt (and therefore in NBO/T) near the inter-
face of the dissolving calcite, but the CO, pro-
file is consistent with a single diffusion value,
our data appear to confirm the conclusions of
Nowak and Screen (2003): there is little melt
compositional effect on bulk CO, diffusion.
Initially surprised by these results we per-
formed diffusion couple experiments for CO, at
1.2 GPa in the same trachytic melt using the dif-
fusion couple technique and analyzing the
quenched glass using FTIR spectroscopy. Car-
bon dioxide-bearing trachytic glass was pre-
pared by creating a mixture of oxides and car-
bonates equivalent in composition to the tra-
chyte. A portion of this mixture was de-
volatilized and melted at 1400°C, 1 atm and then
mixed with a small fraction of the oxide+ +car-
bonate mix; this mix was melted at 0.9 GPa,
1350 °C for 2 h in a piston-cylinder apparatus to
produce a carbon-bearing trachyitic glass for
use in the diffusion couple experiments. During
this synthesis a small amount of water, approxi-
mately 1 wt%, was absorbed by the melt. This
carbon-bearing glass was powdered and juxta-
posed against a glass cylinder of the same natu-
ral trachyte composition. We performed experi-
ments at 1.2 GPa in a piston-cylinder for 720 s
at 1200°C and for 600 s at 1300°C; after each
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experiment the diffusion couple was ground and
polished to approximately 50 um thickness for
analysis by FTIR spectroscopy. The extinction
coefficients necessary to quantify the FTIR spec-
tra were determined using trachyte glasses syn-
thesized at high pressure with differing amounts
of dissolved carbon dioxide. These glasses were
prepared by mixing different ratios of the tra-
chytic oxide+ carbonate mix and the glass made
from this mix followed by melting at 0.9 GPa,
1350°C; the bulk CO, concentration in aliquots
of these glasses was determined with a LECO
carbon analyzer (Brooker et al., 1999), and the
absorption spectra of polished samples was
measured. Based upon this calibration, the ex-
tinction coefficient for the molecular CO, band
at 2348 cm™ is 975 L mol'cm™, and for the
carbonate bands at 1550 and 1412 cm™ are
191+4 L mol'cm™ and 193+6 L mol™'cm™, re-
spectively.

The diffusion of bulk carbon dioxide in tra-
chytic melt at 1.2 GPa is 2.5x10™"” m’s™" at
1200°C and 4.2x 107" m*s™ at 1300°C. Over
the range of concentrations along the diffusion
profiles a small variation in Dco, was observed,
but it is less than a factor of 2 and probably due
to the small amounts of water present in the car-
bon-bearing trachytic glass that diffused togeth-
er with the carbon into the volatile-free melt
during the experiment (fig. 3). Although the da-
ta are limited in temperature, they define an E,
of 100000 Jmol™ and a D, of 8.8x10™ m*s™.
Remarkably, the CO, diffusion coefficients ex-
tracted from the calcite dissolution experiments
are consistent with the diffusion couple results
and support the former’s validity.

With the exception of Watson’s measure-
ments of carbon dioxide diffusion in wet rhyo-
lite, all CO; diffusion measurements in natural
melt compositions are similar at magmatic tem-
peratures. These results demonstrate the very
small dependence of carbon dioxide diffusion
upon melt composition. At magmatic tempera-
tures the carbon dioxide diffusion measure-
ments in all the dry melts can be combined to
yield a single Arrhenius relation. However, wa-
ter has a significant effect on carbon dioxide
diffusion in rhyolite melts. Watson’s results in-
dicate the ability of 8 wt% water addition to in-
crease carbon dioxide diffusion in rhyolitic
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Fig. 3. Carbon dioxide diffusion in trachyte melt from a diffusion couple experiment at 1.2 GPa, 1200°C, and
720 s. Diffusion profiles are displayed for total water, molecular CO,, carbonate, and total CO,, calculated as
the sum of molecular CO, and carbonate. Concentrations of all species were determined by FTIR as discussed
in the text. Also plotted is the theoretical diffusion profile for a diffusion coefficient of 2.5x 107> m®s™". Further

details of this experiment can be found in the text.

melt by 2 orders of magnitude. On the other
hand, our preliminary results demonstrate no
significant effects of water on carbon dioxide
diffusion in a trachytic melt.

2.3. Sulfur diffusion

We know less about sulfur behaviour in sil-
icate melts than water and carbon dioxide.

Many studies have found that sulfur is pres-
ent in silicate melts as either SO~ or S*~ species
(see review by Carroll and Webster, 1994). But,
Winther et al. (1998) demonstrate that this spe-
ciation picture is clouded by the presence of Sy
and S3 radicals detected in quenched albite
glasses. All agree that sulfur solubility and the
relative abundances of the dissolved species are
a function of oxygen fugacity and melt compo-
sition, but the exact relationships remain to be
discovered. Research on sulfur diffusion is only
beginning, however there is sufficient experi-
mental data for petrologic investigations (fig. 4).

Watson (1994) discusses Watson et al.’s
(1993) study of sulfur diffusion in dacite and
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andesite at 1 GPa and 1300 to 1500°C. These
experiments were performed under reducing
conditions, near the iron-wustite buffer, where
S* is expected to be the dominant sulfur species
in the melt. Diffusion in the dacite melt is de-
scribed by

Dy = 14X 1074exp<w>
and in the andesite melt by
Doy = 10X 1ofsexp<%).

Addition of 5.5 wt% water to the andesite melt
resulted in almost halving the activation energy
Dupe = 32 % 10’8exp<w>

Baker and Rutherford (1996) investigated the
diffusion of sulfur in a rhyolitic melt at 1 atm to
200 MPa and 800 to 1100°C. They found that S
diffusion in dry rhyolite is described by
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—221000 + 80000
RT

D = 5.0% 10-6eXp(

)

and that addition of 7 wt% water increased sul-
fur diffusion by 1.5 to 2 orders of magnitude.
Unfortunately, the hydrous experiments cov-
ered too small a temperature range to define an
Arrhenius relationship, but the sulfur diffusion
data of Baker and Rutherford (1996) in hydrous
rhyolite all plot close to the low temperature ex-
trapolation of Watson et al.’s (1993) Arrhenius
line for sulfur diffusion in a hydrous andesite
(fig. 4).

Baker and Rutherford performed experi-
ments at geological oxygen fugacities ranging
from the fayalite-quartz-magnetite buffer (~1
order of magnitude below the nickel-nickel ox-
ide buffer) to the MnO-Mn3;0,4 buffer (~2 or-
ders of magnitude above the nickel-nickel ox-
ide buffer) and found no oxygen fugacity ef-
fects on S diffusion. Baker and Rutherford ar-
gued that this insensitivity to oxygen fugacity
reflected the presence of a single diffusing S
species, which they identified as S*". Their ar-
gument rests upon a comparison of their results
to other diffusion experiments, theoretical cal-
culations of how the size of the diffusing

species affects the diffusion coefficient, and
their experiments in air, where virtually no S*
should be dissolved in the melt, which demon-
strated significantly lower diffusion coeffi-
cients than the other experiments at lower oxy-
gen fugacities.

Winther et al.’s (1998) measurements of S
diffusion in dry albitic melt at 1.0 GPa, 1300 to
1500°C, yielded

This activation energy is surprisingly large
when compared to those for sulfur diffusion in
other anhydrous melts. Using a variety of spec-
troscopic methods Winther et al. (1998) found
that sulfur is present in the quenched glasses as
SO, SOz and SO5. They provided evidence
that at least some of the species previously
thought to be S*°, based upon the sulfur peak lo-
cation during electron microprobe analysis,
were instead a combination of the radicals Sy
and S3. These authors found that the reduced
species Sy~ and S3™ diffuse more rapidly than
SO4, consistent with the findings of Baker and
Rutherford (1996).
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Fig. 4. Diffusion of sulfur in magmatic silicate melts.
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Measurements of sulfur diffusion in silicate
melts of geological interest are rare and much
more work is needed. However, most of the re-
sults to date are consistent and suggest that
within the range of anhydrous andesite to rhyo-
lite there is little effect of melt composition on
sulfur diffusion. The effect of water is signifi-
cant, increasing S diffusion by up to 2 orders of
magnitude in rhyolitic melts, but Arrhenius re-
lations for most hydrous melts remain to be ac-
curately determined.

2.4. Fluorine and Chlorine

Fluorine and chlorine are not uncommon
magmatic components (Carroll and Webster,
1994). Both elements are found at concentra-
tions of 1000’s of ppm and in some granitic
rocks F can reach weight percent concentra-
tions. Studies of the diffusion of these volatiles
in magmatic melts are quite rare, but still suffi-
cient to provide an idea of the diffusion coeffi-
cients of these elements (fig. 5).

Dingwell and Scarfe (1984, 1985) were the
first to measure fluorine diffusion in a geologi-
cally relevant melt composition. They measured
F and oxygen interdiffusion in anhydrous jadeite

melt at high pressure using a diffusion couple in
which one half of the couple was composed of
jadeite melt and the other half was composed of
a jadeite melt in which some of the oxygen was
replaced by fluorine. Over the temperature range
of 1200 to 1400°C and pressure range of 1.0 to
1.5 GPa, Dingwell and Scarfe found that F diffu-
sion in jadeite melt is pressure insensitive and
follows the Arrhenius equation:

These authors also measured fluorine-oxygen
diffusion in albite at 1 atm at the same tempera-
tures (Dingwell and Scarfe, 1985) by exposing a
fluoridated albitic melt to air at high tempera-
ture, which resulted in the diffusion of fluorine
out of and oxygen in to the sample. Interesting-
ly, this study produced a lower activation energy

)

Chlorine tracer diffusion in a geological melt
was first measured by Watson and Bender (1980)
in a simple Na-Ca-Al-Si-O melt with 56 wt% sil-
ica at temperatures from 1100 to 1300°C, and
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Fig. 6. Comparison of volatile diffusion in hydrous silicic (almost exclusively rhyolitic) melts. Water diffusion,
for 2 and 6 wt% total, is calculated from Zhang and Behrens (2000). CO, diffusion is calculated from Watson
(1991) in a melt with 8 wt% dissolved water. S diffusion is a combination of the high-temperature results of Wat-
son et al. (1993), see also Watson (1994), and the low-temperature results of Baker and Rutherford (1996). Cl
diffusion is a combination of the high temperature results of Watson (1991) and the low temperature results of
Bai and Koster van Groos (1994). Note that the apparent activation energies for S and Cl diffusion may be an
artifact of combining data from two different studies. Lines for Si-Al interdiffusion in silicic melts containing
either 3 or 6 wt% H»O are extrapolated using the Arrhenius relationships determined by Baker (1991).

pressures from 0.6 to 1.8 GPa. At 0.6 GPa they
found

Comparison of diffusion coefficients measured
at different pressures indicated no pressure de-
pendence of Cl diffusion.

Watson (1991) investigated Cl tracer diffu-
sion in a rhyolitic and a dacitic melt with 8 wt%
water at 1.0 GPa. The temperature of these ex-
periments spanned 850 to 1100°C, which was
not sufficient to define an Arrhenius relation, but
the diffusion coefficients ranged from 3x107" to
4x10™" m’s™'.

Bai and Koster van Groos (1994) measured
chlorine chemical diffusion in a haplogranitic
melt with 75 wt% SiO; and a natural obsidian
melt with 78 wt% SiO, at pressures from 1 atm
to 460 MPa. Their anhydrous experiments at
low pressure produced an Arrhenius relation of

—207000
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for temperatures between 850 and 1400°C.
Chemical diffusion of chlorine in a hydrous,
granitic melt saturated with a NaCl brine at 200
MPa, 650 to 900°C is described by

These authors demonstrate that over the pressure
range of 200 to 460 MPa the Cl diffusion coeffi-
cient decreases by approximately a factor of 2.
The results for chlorine diffusion are excit-
ing in that the few data available from different
labs using differing techniques on rhyolitic
compositions are very consistent, with the inter-
esting exception of the pressure dependence for
Cl diffusion. Regrettably there are not sufficient
data to better evaluate fluorine diffusion. Clear-
ly, more research in this area is urgently needed.
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2.5. Comparison of the different volatiles

Figure 6 presents a comparison of the meas-
ured diffusion coefficients of water, carbon diox-
ide, sulfur and chlorine in a hydrous rhyolitic
melt. At this time there are insufficient data to
depict the diffusion of fluorine. The lines shown
for sulfur and for chlorine are constructed by
combining the high-temperature results of one
study with the low-temperature results of anoth-
er; thus, they only represent the diffusion of
these volatiles in a general way. Nevertheless,
the data demonstrate that over a broad range of
magmatic temperatures, from ~1200 to 600°C ,
the diffusion coefficients of water, carbon diox-
ide, and chlorine are expected to be within an or-
der of magnitude of each other. Sulfur, diffuses
much more slowly, and its diffusion coefficient
is approximately 2, or more at lower tempera-
tures, orders of magnitude less than those of the
other dominant magmatic volatiles. As we shall
see this difference in diffusion coefficients can
result in some interesting effects.

3. Effects of crystal growth rate and
diffusion on the composition of melt
inclusions

It is well known that the dynamics of bub-
ble growth controls the physics of volcanic
eruptions (cf., Sparks ez al., 1994). In turn, bub-
ble growth is mainly controlled by two process-
es: diffusion of volatiles from the melt into the
bubbles and the expansion of the bubbles due to
decompression (Sparks et al., 1994). Since the
formulation of Scriven’s (1959) growth law for
bubbles in a superheated one-phase system

R=2BVDt

where R is the radius of the bubble, ¢ the time,
D the diffusion coefficient and 8 is a growth
rate constant, many researchers created more
complex models taking into account additional
parameters such as advection, viscosity, pres-
sure and variable volatile concentration (e.g.,
Proussevitch et al., 1993; Proussevitch and Sa-
hagian, 1998; Blower et al., 2001). It is appar-
ent that knowledge of volatile diffusion coeffi-
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cients in silicate melts is a fundamental neces-
sity for the modelling of magma vesiculation.
It is probably less well known that knowl-
edge of volatile diffusivity aids the interpreta-
tion of data obtained studying melt inclusions in
crystals. Melt inclusions are small (tens of mi-
crons) samples of melt trapped by magmatic
crystals during their growth and are considered
witnesses of petrologic processes, thus they are
used as petrogenetic indicators (cf., Hauri et al.,
2002). Because some melt inclusions are
trapped at relatively high pressure, they are a
useful tool to estimate volatile contents in mag-
mas (e.g., Roedder, 1979; Hauri, 2002). Impor-
tantly, melt inclusions might form at different
stages of crystal growth and they record only the
composition of the melt at the crystal-melt inter-
face. If the diffusion coefficient in the melt of an
incompatible element in the crystal is slow com-
pared to the crystal growth rate, the melt-crystal
interface will become enriched in the incompat-
ible element (e.g., Smith et al., 1955; Watson et
al., 1982; Harrison and Watson, 1984); this phe-
nomenon is often referred to as pile-up or the
snowplow effect. Because of the common use of
melt inclusions as volatile records (e.g., Mas-
sare et al., 2002), we performed calculations to
estimate the volatile (H,O, CO,, Cl, and S) con-
centration curve in front of a growing crystal.
Our conceptual model is that of a crystal whose
growth rate suddenly increases for a short dura-
tion and then decreases, trapping melt at the
crystal-melt interface forming melt inclusions.
We modelled the pile-up of volatiles at the
crystal-melt interface for both rhyolitic and
basaltic melts. All volatiles are incompatible el-
ements with a crystal-liquid partition coefficient
of 0.001. Decreasing this partition coefficient
by one order of magnitude insignificantly af-
fects the results. Two crystal growth rates were
used in the calculations, 10™® and 107" ms™.
These values are based upon the results of
Swanson (1977) who investigated plagioclase,
alkali feldspar and quartz growth in a granitic
melt containing 3.5 wt% H,O at temperatures
between 690 and 810°C and measured maxi-
mum growth rates of 10, 10, and 107"° ms™,
respectively. At temperatures between 600 and
1000°C, plagioclase growth rates varied from
107 to 10™® ms™, alkali feldspar growth rates
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were from 107" to 10° m s™, and quartz growth
rates spanned 107" to 10 ms™ (Swanson
1977). We previously studied crystal growth in
the system orthoclase-quartz-H,O and meas-
ured similar growth rates, between 1x10™'° and
5%10”° ms™ (Baker and Freda, 2001). Growth
rates of ferromagnesian minerals in composi-
tionally simple, basic melts range from 1x10™
to 1x10° ms™ (see summary in Lasaga, 1998).
Recently, Simakin et al. (2003) have measured
clinopyroxene and olivine growth rates near
1100°C in a hawaiite melt at undercoolings of
25 and 45°C, respectively, and found them to be
both approximately 1x10™® ms™. The high
growth rate used in our modelling, 10® ms™,
appears to be close to the maximum expected
growth rate in magmatic systems, whereas the
low growth rate used in the models, 10™°ms™,
is probably more common in nature, but still
potentially rapid compared to normal growth
rates in igneous systems (cf., Lu et al., 1995).

We modelled linear crystal growth of 10, 50
and 100 um and calculated the volatile profile in
the melt following eq. 26 of Smith ez al. (1955).
The diffusion coefficients for volatiles in
granitic melts were extracted from fig. 5 for cal-
culations at 800°C (Ds=2.5x107", Dawmo=
=2.6x10""7, Da=6.6x10"2, Dco,=2.0x107",
Dewiar0=2.0x10™" m*s™). Crystal growth rates
are affected by diffusion of their components in
the melt, in this case primarily silicon and alu-
minum (Lasaga, 1998); at these conditions the
chemical interdiffusion of Si and Al in silicic
melts (fig. 6) is approximately 1x10™* m*s™ at
2 wt% H,0 in the melt, and 1 x 107" m?s™ at 6
wt% H,0 (Baker, 1991). The diffusion coeffi-
cients of water and CO, measured by Zhang
and Stolper (1991) in a basaltic melt were used
in modelling the effects of crystal growth at
1300°C (Dm0=2.5%x10"" and Dco.=1.3x 107"
m’s™). Although no measurements of Si and Al
diffusion in hydrous basaltic melts are avail-
able, water is unlikely to significantly affect
diffusion in this composition and we expect that
Si-Al interdiffusion in hydrous basaltic melts is
probably at most an order of magnitude above
that measured in dry melts at 1300°C, ~1x 107"
m’s™' (Watson, 1982).

We do not consider changes in the volatile
diffusion coefficients due to changing water
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concentrations because once melts attain ap-
proximately 3 to 4 wt% water the diffusion co-
efficients of all elements are relatively insensi-
tive to the exact water concentration (Watson,
1994). The only diffusion profile this simplifi-
cation might significantly affect is that of 2
wt% H»>O. However, because of the effect of
water concentration on water diffusion, our re-
sults at 2 and 6 wt% H»O bracket the possible
enrichment profiles for water concentrations in
this range, and probably at water concentrations
up to 8 wt%. In all cases we ignore the possibil-
ity of reaching fluid saturation and subsequent
vesiculation. In order to compare calculations
for different volatiles, we plot the results of the
calculations as the enrichment factor of the melt
near the crystal-melt interface relative to the
bulk concentration of the volatile in the melt
(figs. 7a-d and 8).

The volatile enrichment in front of a crystal
growing from a hydrous rhyolitic melt at 800°C
is displayed in fig. 7a-d. If 10 um of crystal
grow at 10® ms™ (fig. 7a) the maximum
volatile enrichment factor is 6x; this is the en-
richment factor for sulfur and is due to its low
diffusion coefficient. However, only 10 um
away from the crystalmelt interface the S reach-
es the bulk concentration in the melt. The max-
imum enrichment of the other volatiles is 1.25x.
In contrast to sulfur, these volatiles only reach
the bulk melt concentrations at 100 to 275 um
from the crystal-melt interface. At 800°C the
diffusion coefficients of 6 wt% H>O and CO,
are the same, which results in overlapping en-
richment profiles in fig. 7a-d. If the crystal
grew 50 um (fig. 7b), the S enrichment reaches
22x in this case, and for a bulk melt with 2 wt%
water the concentration at the interface is en-
riched 1.6x (3.2 wt% H,0O). Chlorine is en-
riched by 1.35x and both CO, and water for a
melt with a bulk water concentration of 6 wt%
are enriched 1.2x. The region of enriched melt
extends to 20 um in front of the crystalmelt in-
terface for sulfur and 300 to 600 um away for
the other volatiles. Allowing the crystal to grow
100 um (fig. 7¢) results in a sulfur enrichment
of 42x, but the 20 um-wide enriched region in
front of the crystal is approximately the same
length as in the case of 50 um of growth. The
enrichment factor for a melt with a bulk compo-
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Fig. 7ab. Volatile concentration enrichment profiles in front of a crystal growing in a rhyolitic melt at 800°C. The
diffusion coefticients for volatiles are from fig. 5 and the sources of the crystal growth rates are discussed in the text.
Note that composition enrichment profiles for 6 wt% H,O and CO, plot on top of one another because their diffu-
sion coefficients are identical at the conditions studied (see fig. 5). The effects of crystal growth on volatile concen-
tration enrichment profiles relative to the concentration at infinite distance near the crystal-melt interface are mod-
elled at a growth rate of 10~ ms™ for a total growth of 10 um (a), 50 um (b). Further discussion is found in the text.

sition of 2 wt% water is 1.9x at the interface; for
chlorine the enrichment is 1.55x and for 6 wt%
water and CO; is 1.28x. The profiles for the 2
and 6 wt% H>O, CI and CO, extend from ap-
proximately 400 to 1100 um into the melt.
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If the growth rate is decreased two orders of
magnitude to 107" ms™, the volatile enrichment
at the crystal-melt interface is significantly less
(fig. 7d). For 50 um of growth the enrichment
of sulfur is only a factor of 1.6x (compared to
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22x at a growth rate of 10® ms™) and all of the
other volatiles are enriched by less than a factor
of 1.06x, which is below analytical uncertainty
in many cases.

These calculations for crystal growth from a
rhyolitic melt at 800°C demonstrate that at high
growth rates any melts trapped from the crystal-
melt interface into melt inclusions may not con-
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tain volatile concentrations representative of
the bulk melt. In fact, our one-dimensional
model provides a conservative estimate of en-
richment that would occur during growth and
entrapment of a spherical melt inclusion. A
more positive way of considering the results of
these calculations is that concentrations of H,O,
CO; and Cl measured in melt inclusions are un-
likely to be more than twice the bulk melt con-
centration of these volatiles. The existing data
on crystal growth in silicic melts (discussed
above) indicate that quartz is the slowest grow-
ing silicate crystal, with a maximum of approx-
imately 107" ms™', and should contain melt in-
clusions representative of the bulk melt. Our
study reinforces the conclusions of Lu et al.
(1995) who through their study of melt inclu-
sions in crystals from the Bishop Tuff, Califor-
nia, found that melt inclusions larger than 50
um in diameter should be compositionally
equivalent to the bulk melt. If melt inclusions
can be trapped near 800°C at what appear to be
crystal growth rates below 10" ms™ (¢f., Lu
et al., 1995) their volatile concentrations of

H,0, CO; and C1 almost certainly will be repre-
sentative of the bulk melt, but the minimum
growth rate necessary for a crystal-melt inter-
face to become unstable and potentially lead to
the entrapment of melt inclusions remains un-
known. For example, our experiments on crys-
tal growth in the orthoclase-quartz-water sys-
tem (Baker and Freda, 2001) did not trap melt
inclusions even at a growth rate 5x 10~ ms™'.

Modelling the effects of a 10 ms™ growth
rate on H,O and CO; concentration profiles in
a basaltic melt at 1300°C (fig. 8) demonstrates
that the maximum enrichment, in this case for
COa,, is only a factor of 1.35x for 100 um of
growth. The water concentration is insignifi-
cantly enriched by a factor of less than 1.08 for
the conditions investigated. Despite the small
volatile enrichment factors at the crystal-melt
interface the concentration profiles do not
reach the bulk melt composition until at least
300 um away from the crystal. This modelling
suggests that melt basaltic inclusions trapped
at 1300°C contain concentrations of CO, and
H,O similar to those of the bulk melt.

Volatile Pile Up due to 10, 50, or 100 um of crystal growth
1300°C, 108 m s-' growth rate
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fusion coefficients of H>O and CO; are from Zhang and Stolper (1991) and crystal growth rates are based on da-
ta in Lasaga (1998) and Simakin er al. (2003). For further discussion please see the text.
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The calculations highlight the need to know
both the diffusion coefficients for volatiles (and
other elements for that matter) and crystal growth
rates in order to assess whether or not melt inclu-
sions are representative of the bulk melt. Differ-
ences of approximately 4 orders of magnitude
between diffusion coefficients and crystal growth
rates are sufficient to enrich the crystal-melt in-
terface significantly, greater than 10 relative per-
cent, above the bulk melt. The conclusion that
melt inclusions formed in basaltic systems trap
samples that may be compositionally representa-
tive is based only upon calculations for water and
carbon dioxide at an unrealistically high temper-
ature of crystallization.

Although the calculations above purposely
ignore the possibility of volatile saturation and
exsolution due to rapid crystal growth, it is
worthwhile to qualitatively consider this possibil-
ity. Even though the bulk melt may not be volatile
saturated, rapid crystal growth could cause the
concentration of a volatile at the crystal-melt in-
terface to reach saturation and exsolve a fluid
phase. The concentration necessary to reach satu-
ration in magma chambers at a few kilometres
depth varies from the weight percent level for
H>O to only hundreds to thousands of ppm for
CO», S, and CI (Carroll and Holloway, 1994).
Thermodynamics demands that once one
volatile reaches saturation and exsolves the oth-
er components in the system must partition be-
tween the melt and the fluid phase in order to
reach, or attempt to reach, equilibrium. Obvi-
ously this process affects volatile concentra-
tions in the melt at the crystal-melt interface
and causes them to deviate from those in the
bulk melt. If these bubbles were able to sepa-
rate from the interface before the melt was
trapped, there might be no record of exsolution
(presuming these bubbles ascend into the bulk,
fluid undersaturated, melt they would be re-
sorbed). Only recently are we beginning to
measure the equilibrium partitioning of volatile
components, primarily H,O and CO, (e.g.,
Tamic et al., 2001), between silicate melts and
fluids, so that we are at the beginning stage of
quantitatively modelling this process.

Anomalous volatile enrichment of melt inclu-
sions might be detected by measuring volatile
concentrations in contemporaneous melt inclu-
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sions of differing sizes. Modelling suggests that
slowly diffusing sulfur is only enriched within
approximately 20 um of the crystal-melt inter-
face in rhyolitic melts at 800°C (fig. 6), which is
consistent with the results of Lu er al. (1995);
thus if anomalous enrichment due to pile-up dur-
ing crystal growth occurred, smaller inclusions
are expected to be significantly enriched in sulfur
compared to larger ones. Once the size of the
melt inclusion significantly exceeds the enriched
region at the crystal-melt interface, the sulfur
concentration should reach a constant, bulk, val-
ue. However, our models demonstrate that even
when sulfur reaches the bulk melt concentration
in large melt inclusions, the concentrations of
other volatiles in the inclusion may still be signif-
icantly higher than the bulk melt concentrations.
The measurement of volatile diffusion in sil-
icate melts has advanced significantly since
Shaw published his work in 1974. Our knowl-
edge of water diffusion in silicic melts is partic-
ularly extensive. However, we still need addi-
tional measurements of CO,, S, F and Cl in sili-
cic melts and of the diffusion of all volatiles in
intermediate and basic compositions. Addition-
ally, we need to know how water concentration
and pressure affect diffusion of other volatiles in
all magmatic silicate melts. Our simple models
indicate that under conditions of rapid crystal
growth diffusion pile-up can occur at crystal-
melt interfaces and the melts trapped as melt in-
clusions may not contain volatile concentrations
representative of the bulk melt; this problem ap-
pears particularly severe for rhyolitic systems at
high crystal growth rates and probably minor for
high-temperature basaltic systems.
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