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Abstract Diffusion rates for sulfur in rhyolite melt have .
been measured at temperatures of 800—10)0vater Introduction
contents of 0—7.3 wt%, and oxygen fugacities from the
quartz-fayalite-magnetite buffer to air. Experimentgnderstanding the behavior of magmatic volatiles is in-
involved dissolution of anhydrite or pyrrhotite intocreasingly important in the study of volcanic systems. In
rhyolite melt over time scales of hours to days. Electrquarticular, familiarity with the diffusion behavior of
microprobe analysis was used to measure sulfur comlatile species is essential for studies of volatile trans-
centration profiles in the quenched glasses. Regremrtin magmatic systems, and in estimation of the nature
sion of the diffusion data in dry rhyolite melt givesand extent of eruptive degassing. While recent studies
_ ] —221+80 C have greatly increased our knowledge of diffusion rates
Dsuirur=0.05-exp RT » Whichis one to two or- in magma for species such as® OH, CO, and Ct
ders of magnitude slower than diffusion of other comWatson 1982, 1991; Zhang et al. 1991), there are few
mon magmatic volatiles such ag®l, CO, and Ct. Diffu- data on sulfur diffusion rates, despite the fact that sulfur
sion of sulfur in melt with 7 wt% dissolved water is 1.5 tas an important volatile component of both mafic and
2 orders of magnitude faster than diffusion in the anhgilicic magmatic systems. The aim of this study was to
drous melt, depending on temperature. Sulfur is knovdetermine the diffusion rate of sulfur in rhyolite melt,
to dissolve in silicate melts as at least two different spand to examine how this affects degassing of sulfur rela-
cies, $~ and S$*, the proportions of which vary with tive to other volatiles such as water and carbon dioxide.
oxygen fugacity; despite this, oxygen fugacity does n¥¥e chose experimental conditions which would make the
appear to affect sulfur diffusivity except under extremeaesults of the study applicable to shallow-crustal silicic
ly oxidizing conditions. This result suggests that diffumagma systems.
sion of sulfur is controlled by one species over a large The valence state of sulfur depends strongly on the
range in oxygen fugacity. The most likely candidate fantrinsic oxidation state of its environment. Previous
the diffusing species is the sulfide iorf, SRe-equilibra- studies (Nagashima and Katsura 1973; Katsura and Na-
tion between 5 and $* in oxidized melts must general-gashima 1974; Carroll and Rutherford 1985, 1987, 1988)
ly be slow compared to?S diffusion in order to explain have determined how sulfur dissolves and speciates in
the observed results. In a silicic melt undergoing demagmas of differing oxygen fugacity and compaosition;
gassing, sulfur will tend to be fractionated from othefig. 1 shows results from these studies, as well as more
volatile species which diffuse more rapidly. This is correcent data sets on natural back-arc basalt glasses
sistent with analyses of tephra from the 1991 eruption @flilsson and Peach 1993) and mid-ocean ridge basalts
Mount Pinatubo, Philippines, and from other high-silic@Vallace and Carmichael 1991).
volcanic eruptions. In reduced magmas, defined here as those with oxy-
gen fugacities below those defined by the Ni-NiO (NNO)
buffer, sulfur dissolves primarily as sulfide ions*($.
The correlation between sulfur solubility and melt Fe
content at reducing conditions suggests that sulfide asso-
ciates preferentially with iron in the melt (Haughton et
L.L. Baker (]) - M.J. Rutherford al. 1974; Mathez 1976). In magmas with oxidation states
Department of Gelogical Sciences, Brown University, two or more log units above NNO, sulfur occurs domi-
Providence, R1 02912, USA nantly in the redox state®S, and dissolves in the melt as
Editorial responsibility: T.L. Grove sulfate ions, S@ (Katsura and Nagashima 1974; Car-
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melts, and it is likely that they are not representative of
diffusive transport of sulfur, but rather of convection.

X The difference in dissolved sulfur species with vary-
ing oxygen fugacity suggests the possibility of a corre-
sponding difference in diffusion rate. Under reducing
conditions, diffusion of sulfur and oxygen may be broad-
ly similar, because © and $~ have the same charge
and are of comparable size: 1.26 and 1.70&Sspectively
(Shannon 1976). In oxidized melts, sulfur might diffuse

100

% sulfate sulfur
8

0 either as the SP complex or as &'; the large size of the
former and the high charge of the latter would tend to
-6 -4 2 NNO  +2 +4 +6  jnhibit diffusive motion. In melts which contained a mix-
relative log f(O,) ture of sulfur species, the faster-diffusing species (prob-

ably &) would likely dominate transport.
Fig. 1 Sulfur speciation in silicate melts vs log oxygen fugacity We have conducted experiments to measure the diffu-
relative to the nickel-nickel oxide (NNO) buffeHeavy curveis  sion of sulfur at conditions typical of shallow (1-10 km),
from experimental data of Carroll and Rutherford (1988) on andgyidized magmatic systems. Under these conditions

site and dacite meltd.ight curveis from experimental data of . - S
Nagashima and Katsura (1973) on9a3Si0, melts; the relative- MOSt or all of the sulfur dissolved in the melt is in the

ly high sulfate contents of these melts are probably due to thé@xidized form (S@~; Carroll and Rutherford 1988). We
high alkali contentsCrosseshow data from Katsura and Nagashihave also conducted a few experiments at similar temper-
ma (1974) on tholeiite basalt meBtlppIed fieldshows location of atures and pressures but more reducing conditions, and
natural back-arc basalt glasses (Nilsson and Peach 1993) and mugd- : P ' .
ocean ridge basalt glasses (Wallace and Carmichael 1991) r'g veral eXpe”memS under eXtremely oxidizing Cond'.
tions, to determine the effect of changing oxygen fugaci-

ty on the rate of sulfur diffusion.

roll and Rutherford 1988). In magmas of intermediate

oxygen fugacity (NNO to NNG+ 2), sulfur is thought to Experimental and analytical methods
exist in the melt as a mixture of these two species. In
alkali-rich magmas, however, sulfate is stabilized to lovi-he experiments in this study were performed using a natural

it i i i taluminous rhyolite (Table 1). Samples of this rhyolite glass
er oxygen fugacities, as shown in Fig. 1 (Nagashima aﬁ)dere ground under ethanol in an agate mortar and pre-equilibrated

Katsura 1,973)' Itis po§S|bIe to det_ermlne the Spec'at'ﬁlﬁthe experimental pressure, temperature and oxygen fugacity
of sulfur in a glass either by using the electron miwith water slightly in excess of that required to saturate the melt at
croprobe to measure the wavelength shift of sulfur Xhe experimental pressure. The resulting water-saturated glasses

rays which occurs with the change in speciation (Carrdlpre reground to a powder under ethanol in an agate mortar. Natu-
al crystalline anhydrite was used as a source of sulfur in oxidized

and Rutherford 1988), or by V_Vet chemical analysis (N xperiments; hand-picking ensured that only clear, euhedral
gashima and Katsura 1973; Katsura and .Nagashl ins were used for this purpose. Natural pyrrhotite was used as
1974). Recent analyses of naturally occurring glass&sulfur source in reduced experiments in which anhydrite was not

(Wallace and Carmichael 1992; Nilsson and Peach 19935)b|e; pyrrhotite grains were hand-picked to avoid contamination
ngYy accessory phases. The pyrrhotite and anhydrite compositions

Co_r(ljflrm the gl‘adltJ)aI Sh'g[ I.n sEematlon_ with Clhangl Ig/ere verified by energy dispersive spectrometry (EDS): the
oxidation state observed In the experimental sampl&g notite contained only Fe and S, and the anhydrite contained
(Fig. 1). only Ca, S and O, to the 0.1% certainty level.

Previous and ongoing studies (Watson et al. 1993; Figure 2a shows the configuration of a typical oxidized experi-
Watson 1994) have examined the diffusion of sulfupent. A single grain of anhydrite was placed between layers of the
(present as &) in melts at reducing conditions and
10 kbar pressure. The results of this earlier work shope 1 starting composition,

that diffusion of sulfur in reduced melts is slower by os Possos obsidian xide Wt%
several orders of magnitude than diffusion of other _
volatile species such as,8 and CQ. The results also 2:06 Zg'g
show that increasing melt water content may increase FeOr 1.05
diffusivity of sulfur by several orders of magnitude, as it MgO 0.04
does the diffusion rate of many other melt species. TiO, 0.08
A few data for the rate of sulfur transport in SiO ’(\‘:228 ‘(‘)-‘;17
Ca0-NgO melts equilibrated under air were given by K,O 4.64
Brickner (1961, 1962). The diffusivities calculated by MnO 0.05
Bruickner are very high, on the order of T0to 10 © at Total 99.56
1300 C. These experiments have clearly been affected E;%a . 8-;2
A )

by convection, and Briickner (1962) admitted that they
are at best an upper limit. These transport rates are far 3 FeO measured by titration
faster than those given by Watson (1994) for anhydrous b Fe,0,=1.1113 (FeO*-FeO)
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a. Oxidized experiment b. Reduced experiment and were run in sealed tubes surrounded by the oxygen buffer
Welded Au tube assemblage, presumably preventing significant change in the in-
g?:ﬂ;?h’ick\ trinsic oxygen fugacity of the sample.

A few experiments ¢ 108, 111 and 113) were performed at
Rhyolite melt 1 atm (0.101 MPa) and 1000-1100 in air, in order to examine
sulfur diffusion under anhydrous and very oxidizing conditions.
Anhydrite The starting glass powders for these experiments were first fused
crystal in air at 1000—-1100C for several days; a few microscopic crystals
(~1 mm) of hematite occurred in these glasses, indicating that it achieved a
gvni'g‘egé\“ tube very high oxidation state, but the glass FeO content as measured by
0.1 mm thick electron microprobe was not measurably lower than those in the
Pyrrhotite starting material (Table 1). From this glass starting material,
crystal charges were prepared as described above, suspended in a furnace
~1x2mm for several days and then drop-quenched in water. Experiments at
MNO QFM temperatures below 105C were run in Au tubes, while those at
buffer buffer higher temperatures were run in Pt tubes. At temperatures of

1000 C and above, anhydrite is unstable in air; it was therefore

Fig. 2a Configuration of anhydrite dissolution experiment. Exnecessary that the crystal be completely surrounded with melt
periments were run horizontally in cold-seal vessels, except @4ring the entire duration of the experiment to protect it from
1000 C where they were run vertically in TZM vessels. MNOPreakdown. _ _

buffer = MnO + Mn,O, + H,O. b Configuration of pyrrhotite Polished thin sections of the resulting glasses were prepared
dissolution experiment. Experiments were run vertically as showknder ethanol when necessary, to avoid conversion of anhydrite to

in TZM vessels. QFM buffer= quartz+ fayalite + magnetitex gypsum) and analyzed on a Cameca Camebax electron mi-
H,O croprobe. Each sample was analyzed twice: once for sulfur con-

tent, and once for major element composition and estimation of
volatiles by difference (Devine et al. 1995). Sulfur analyses were
obtained along transects perpendicular to the anhydrite or
powdered, water-saturated glass inside a gold tube which was tlpgmrhotite crystal edge, beginning at 10-pt from the crystal
sealed. No additional water was added to this tube. The viscosgiyrface. This helped to ensure that the first analysis was of sulfur-
of the rhyolite melt was high enough to prevent the anhydrite crysaturated glass but was not contaminated by secondary X-ray fluo-
tal from sinking through the melt beneath it. For runs bufferetescence from the crystal itself. Secondary X-ray contamination
with the solid assemblage MnO-M@, (MNO), the small, sealed was occasionally a problem, and abnormally high estimates of S
charge was placed inside a larger, sealed gold tube which c@ontent were removed from the dataset before the data were re-
tained water and the solid buffer materials. One experim#8&) gressed. In anhydrite-bearing charges, the crystal was sometimes
was run at the intrinsic oxygen fugacity of the Rene metal pressuemoved from the thin section by a combination of picking and
vessel and its nickel filler rod, which is approximately one log unitltrasonic cleaning, in order to obtain good analyses of the glass S
above the nickel-nickel oxide (NNO) buffer (Rutherford and Hilcontent very near the crystal-glass contact. For S analyses, we used
1993); in this case the small, sealed tube was placed directly iol-5um beam, an accelerating voltage of 15 kV and a beam
the pressure vessel. Oxidized experimentz800 C were run in current of 30 nA. Standard ZAF corrections were applied. In oxi-
horizontal furnaces in Rene metal cold-seal vessels pressurizized experiments, sulfur was analyzed at the sulfate peak posi-
with water; those at 100QC were run vertically in TZM vessels tion, whereas in reduced experiments, it was analyzed at the sul-
pressurized with argon. Reduced experiments (Fig. 2b) wefide peak position. For major element analyses, we used an accel-
buffered with the assemblage quartz-fayalite-magnetite (QFMjrating voltage of 15 kV, a beam current of 10 nA, and 540
All reduced experiments were run vertically in TZM vessels undéream. Sodium loss from the glass was corrected for in major ele-
argon pressure. Experimental configurations were otherwise ragnt analyses using the method of Nielsen and Sigurdsson (1981).
described above, except that the pyrrhotite grain was placed in Beme experimental glasses contained bubbles from slight oversat-
bottom end of the small gold tube to prevent it from sinkingiration with H,O; these bubbles were easily avoided, and S analy-
through the melt. ses were conducted far away from them in order to ensure that the
Experimental conditions are summarized in Table 2; they ranpebbles did not affect the measured diffusion profiles.
from 800 to 1100C, from 1 atm (0.101 MPa) to 2 kbar, and from  The low solubility of sulfur in the melt was the cause of most
moderately reducing conditions (QFM buffer) to very oxidizeaf the analytical difficulties in this study. At lower temperatures
(runin air). Experiments in Rene bombs were quenched in a jet @00 C), sulfur solubility in silicic melts is on the order of 80 ppm
high-pressure air. Experiments in TZM were quenched by plun{Earroll and Rutherford 1987). As the microprobe detection limit
ing the pressure vessel and sheath into cold water. for sulfur is roughly 30 ppm, this leaves a very small window for
Several experiments#{ 97, 101, 125) were run under anhy-detection of sulfur. We compensated for this by using a high beam
drous conditions. The small sample tubes in these experimeantsrent (30 nA) and long counting times (100 s). At higher temper-
were left unsealed and were placed in large tubes containing anhyures, the sulfur solubility rises quickly and detection limits be-
drous buffer materials. This allowed direct exchange of vapor beeme less of a problem. In long experiments at higher tempera-
tween the buffer materials and the sample. Thus these sample®s and oxidizing conditions, the anhydrite crystal began to
were not oxygen buffered as effectively as the hydrous expedecrepitate around the edges; this complicated the geometry of the
ments. Because the experimental starting glass had been pre-egxgperiment because the crystal-melt boundary was no longer
librated at the experimental oxygen fugacity, the dry buffer wdsxed. This problem was eliminated by limiting the duration of
needed only to prevent changes in the pre-set oxygen fugacityhyfdrous high-temperature experiments. Runs of several hours in
the experimental sample. The speciation of sulfur in the glasdesgth produced reasonable diffusion profiles (Fig. 3) but left the
from these experiments indicated that they did not undergo largeystals intact and their edges sharp, and ensured that the crystal-
changes in oxygen fugacity. melt interface was stationary for the duration of the experiment.
Two experiments with water contents of 2—3 wt#%92 and Experiments showing significant decrepitation of the anhydrite
100) were not HO saturated at run pressures, which means theind movement of the crystal-melt boundary have not been included
oxygen fugacities were not buffered because buffering requiresthis study. Decrepitation of pyrrhotite was not observed in ex-
the presence of a hydrogen—bearing fluid when used in seaf@efiments carried out under reducing conditions.
tubes. As with the anhydrous experiments described above, theseThe use of a high beam current and long count times to com-
samples were pre-annealed at the experimental oxygen fugaggnsate for low sulfur solubility limited the number of data points
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Table 2 Summary of run information, water contents and diffusivity data

Expt Buffer? TP H,O P Duration log D: avg log D: transect R
(°C) (Wt%) (bars) (s) (crys) (cnt/s)
93 MNO 800 5.6 2000 70200 —10.09 —10.09 0.87
82 MNO 850 3.2 125 10800 -10.22 -10.38 1.00
—10.06 0.95
74 MNO 850 6.7 2000 17100 - 9.28 - 8.91 0.86
- 941 0.94
— 9.53 0.90
85 MNO 900 2.8 125 75600 -10.93 -10.93 0.76
79 MNO 900 4.7 800 14700 - 9.70 -10.14 0.98
— 9.48 0.93
— 9.48 0.91
95 MNO 900 6.1 2000 21600 —10.05 -10.24 0.98
- 9.84 0.90
—10.08 0.95
91 MNO 900 6.2 2000 9000 - 9.55 - 9.61 0.88
- 9.52 0.93
- 9.52 0.85
75 MNO 900 7.1 2000 16200 - 8.94 — 8.96 0.95
- 8.91 0.97
97 MNO 1000 0.0 2000 263400 —10.51 -10.52 0.71
-10.43 0.87
—10.58 0.82
92 MNO 1000 2.6 800 18000 - 9.67 - 9.50 0.78
- 9.60 0.79
- 9.90 0.66
84 MNO 1000 7.2 2000 18000 - 9.04 — 8.60 0.91
- 9.16 0.96
- 9.35 0.94
125 MNO 1100 0.0 1000 68400 -10.78 - 9.95 0.93
-11.61 0.80
87 NNO+1 900 7.3 2000 14400 — 9.58 — 9.48 0.96
- 9.55 0.96
- 9.69 0.90
101 QFM 1000 0.0 1000 80100 - 9.75 — 9.54 0.79
- 9.97 1.00
100 QFM 1000 2.3 2000 21600 - 9.04 - 9.15 0.78
- 9.29 0.98
— 8.68 0.97
108 AIR 1015 0.0 1 167400 —11.43 —-11.91 0.89
-10.92 0.54
-10.92 0.96
—-11.92 0.97
-11.34 0.88
—11.60 0.80
111 AIR 1050 0.0 1 154800 -12.04 -11.74 0.83
-12.33 0.89
113 AIR 1100 0.0 1 180000 —11.44 —-11.37 0.97
-11.52 0.99

2 Experiments at QFM used pyrrhotite as sulfur source; all other experiments used anhydrite

P Experiments at=1000C were run vertically in TZM vessels using argon as pressure medium. All other experiments were run
horizontally in cold-seal vessels using water as pressure medium

¢ R from error function fits of individual profiles

9 Denotes water-undersaturated experiments

which could be collected along each profile. Even at lower currenpsiate for our experimental setup over the relatively short time
than 30 nA, an electron beam will rapidly damage the surface obaales used in this study. The solution we used is:
hydrous rhyolite glass, causing loss of volatile components such as
sodium and sulfur. At each analysis point in the water-saturaté‘d—CcLerf X
glasses in this study, the focused beam produced damage spotg,efc, zm
5-10um across. Avoiding previously damaged glass when con- '
ducting the analyses resulted in the points being 5whOapart. where G is the (constant) sulfur concentration at the interfage, C
Thus, taking steps to lower the counting error in sulfur-poor glass-the initial sulfur content of the melt, and, & the concentration
es caused an unavoidable increase in the uncertainty of the proétedistance x from the interface (Crank 1975). Iteratively solving
shapes. for the inverse error function of the concentration ratio, and re-
To calculate diffusion rates, we used the solution to Fick'gressing it against the distance x from the interface, allowed us to
second law for a semi-infinite source, which we conclude is approalculate the diffusion rate from this expression.

(€]
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0.2 F 4 by one-half to one order of magnitude.
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_ _ e _ o _ Diffusion control of experimental kinetics
Fig. 3a A typical diffusion profile from anhydrite dissolution ex-

periment ¢ 75, profile 1) at 90€C, 2 kbar, MnO-MRO,, buffer. . . .
Error bars show one standard deviati&@olid curv&shov(;s profile Several observations suggest that diffusion of sulfur,

calculated from error function fit to data. Point at L distance rath_er than Cr_YStal‘SurfaC_e processes, was the rate-con-
may have been affected somewhat by secondary X-ray fluordselling factor in our experiments. We conducted pairs of
cence; however, removing it from dataset has virtually no effect @xperiments at identical temperatures and water contents
error function fit, so it has been retaindaInverse error function . P . . .
of concentration ratio for data in Fig. 38olid line shows error but different run times, and in some cases using dlffergnt
function fit to data sulfur sources. Were surface processes a rate-controlling
factor, experiments with run times that differed by more
than a factor of two would yield different apparent diffu-
To use this solution to the diffusion equation, it is necessar%}on rateg. Flg.ure 4 ShOWS Several S,UCh experiment pairs,
that G, the sulfur concentration at the interface, be equal to tidl of which yield estimated diffusion rates that agree
sulfur solubility limit at the experimental conditions. Preliminarywithin experimental error. Furthermore, if surface pro-
experiments determined that the sulfur solubility limits in the rhycesses were controlling diffusion kinetics, then experi-

olite glass range linearly from 250 ppm at 8@ to 700 ppm at : : :
1000 C. Analyses of dissolved S concentrations at the glass-cr ent pairs run atidentical temperature and water content

tal contact in charges where the anhydrite crystal had been RUt with different sulfur sources (anhydrite vs.
moved (to prevent secondary X-ray contamination from the anhpyrrhotite) should yield significantly different estimates
drite crystal, as described above) showed that the melts achievegfSdiffusion rate. Figure 4 shows that the estimates of
saturation at the interface during the experiments. sj/iff“SiO” rate from such experiment pairs (at 9@) 7.2

Figure 3a shows a typical profile from an experiment (LP 7
run at 900 C and 2 kbar: Fig. 3b shows the error function fit to thaVt% H,O, and 1000C, anhydrous) agree well.

same profile. The high S content of the point atuif distance in Diffusion of sulfur within the source crystal should
this profile may be due to secondary X-ray fluorescence from thikewise not be affecting the measurements made in this
anhydrite crystal. Nonetheless, regressions of the data with agwdy_ The total amount of sulfur which must be extract-

without this point are virtually identical; the calculated curve .
shown includes this data point. Because diffusion in our expeﬁ-d from the crystal to produce profiles such as those

ments was taking place away from the anhydrite crystal on &oserved in this study is very small, because the profiles

sides, we analyzed along transects away from every face of f)enerated in the experiments were very short, and be-

anhydrite crystal which had a good crystal-glass interface. V%use sulfur saturation levels were a few hundred ppm at
u

used these multiple analyses to calculate error bars for the res s . . L i}
Agreement among different transects in the same experiment st. This indicates that sulfur diffusion within the an

good. Transects away from different crystal faces in the same Vlwdrite CrYSta| was not a rate-controlling process during
periment showed no systematic differences. Table 2 lists individu#le experiments.
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Sulfur saturation was achieved at the anhydrite-melipiston cylinder apparatus at 10 kbar, 1100—-23D&nd
boundary in all experiments, although sulfur saturatidi+8.5 wt% water (Fig. 6). While these experiments were
levels were slightly different from those found in othenot oxygen buffered, the use of Mo capsules and graphite
studies (Carroll and Rutherford 1988; Luhr 1990). Thieirnaces ensured that they ran at very reduced condi-
experiments in this study indicated sulfur saturation letions. Figure 6 shows that the sulfur diffusion rates mea-
els which increased linearly from approximatelgured inrhyolitesintheir experiments are consistent with
250 ppm at 800C to approximately 700 ppm at 100Q. those reported in this study, despite the differences in
These sulfur contents are lower at high temperatures thatygen fugacity, temperature, pressure and experimental
those found by Carroll and Rutherford (1988) and Luhmethod between the two investigations.

(1990); this may be due to the higher Fe contents of the Although the results will be subject to large uncer-

magmas used in those studies. tainties, it is possible to estimate from our results the
activation energy for sulfur diffusion in a dry melt. Re-
gressing the three data points at zero water content in

Diffusion rates and activation energies Fig. 5 gives:

Results from all our experiments except those run in ait=0.05- exp{ 2)

show that there is no change in the rate of sulfur diffusion

between oxidized and reduced melts (Fig. 5). As dis- - o
cussed above, the primary dissolved sulfur Specﬁ\@ereDlsm cm/sec and Qis inkdnol. Ifthe data used

changes from 3 in the reduced melt to SP in the I the regression also include the single point at zero

oxidized melt. If these were also the diffusing speciegl,ater given by Watson (1994), the expression becomes:

then the diffusion rate of sulfur might be expected to —205+24
change with oxygen fugacity because of the differencefts=0-01 eXp{T}
size between these two ions. The observation that it does
not change suggests that one species controls sulfur dif-The error in this expression is significantly smaller
fusion over the range of conditions studied in the expefecause the Watson datum was measured at a much
ments. This result is better illustrated in Fig. 4, whereigher temperature than those in this study, but the value
diffusion rates are plotted for pairs of experiments run &ir the activation energy is not significantly changed,
the same temperature and water content but differgiving additional confidence to the grouping of the two
oxygen fugacities. These diffusion data agree extremelgitasets.
well despite the large difference in oxygen fugacity be- Alsoin Fig. 6, the results of our experiments run in air
tween the members of each pair. As a result, we beliease compared with summarized data from less oxidizing
the data in Fig. 5 to represent the diffusion of a singleonditions. There is approximately an order of magni-
species. tude difference in the diffusion rates between experi-
The range of experiment®-T conditions over which ments in air and those buffered at MNO or lower oxygen
we examine sulfur diffusion may be extended by includugacities. One possible explanation for this slowdown in
ing the data of Watson (1994) from experiments done sulfur transport is that® is no longer abundant enough
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Fig. 5 Arrhenius diagram showing diffusivity of sulfur. Dis- Fig. 6 Data from this study compared with data from Watson
solved water contents are indicated by #meall numberqiext to (1994), for sulfur diffusion measured in rhyolites. Nominal water
the data points. The line markelly is a best-fit line to the three contents for experiments by Watson (1994) are indicated by the
data points with 0 wt% water. The line mark&dvt% wateris a numbers next to the data points. Best-fit lines from Fig. 5 are
best-fit line to the four points with & 0.3 wt% water. Error bars shown extrapolated to 1500. The three points at very low diffu-

as in Fig. 4 sivity are from experiments which were run in air
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in the melt to control sulfur diffusion, so a different (angbrimary diffusing sulfur species is the sulfide ion. The
slower-diffusing) species has taken over control of difffundamentals of ionic diffusion suggest that sulfide
sion in these extremely oxidized melts. should diffuse much faster than eithérSwhich is high-

ly charged, or S&, which is a large ionic complex.
Moreover, the fact that sulfur diffusion is slowest in the

Discussion most oxidized dry melts (Fig. 6) suggests that a more
reduced species (i.e.?9S is controlling diffusion
Diffusing species whenever it is present in the melt.

The activation energy for sulfur diffusion is somewhat

It seems likely that, over almost all the conditions exanhigher than those of other volatile species (Table 3). For
ined both in this study and others (Watson et al. 19989mparison, Table 3 shows activation energies fér,0
Watson 1994), a single species is dominating the difffi€asured in andesite (Wendlandt 1991), and a median
sion of sulfur. This is analogous to diffusion of watefctivation energy for & from measurements on a vari-
(Zhang et al. 1991), which dissolves into melts as a migly of high-silica synthetic (non-géogic) melts

ture of hydroxyl ion (OH) and molecular HO in varying (Schreiber et al. 1986 and references therein). Because
amounts depending on pressure and temperature. Evenand G~ have similar size and identical charge, their
when the dominant dissolved chemical species is hydrd@&tivation energies for diffusion in the melt should be
yl ion, diffusion is in almost all cases controlled bys.lmllar. The fact that the values for the two in dry, silica-
molecular water rather than by hydroxyl ion. This occurdch melts are comparable suggests tifatis the diffus-
because R, is much larger than B, so that transport ing sulfur species. o _ .

of molecular water far outpaces that of hydroxyl. The Jambon (1982) showed that it is possible to estimate
primary difference between water and sulfur is that wibe activation energy for diffusion of cations based upon
ter speciation is dependent on total water content (StolgB@ir charge and size, using an elastic model for diffusion
1982), whereas sulfur speciation appears to be indepgpfpugh_snlcate melts. The model predicts that activation
dent of total melt sulfur content at otherwise constafinergy is described by the equation:

conditions (Carroll and Rutherford 1988; Nilsson an
Peach 1993).

_The sulfur species which are most likely to contrgyhere Q is activation energy, and r and Z are the radius
diffusive transportin the meltar¢Sand S* (or SG;7).  and charge, respectively, of the diffusing species. This
Either or both of these species have been detectedpigdel worked well for a number of cations whose diffu-
silicate melts over a wide range in composition and ox¥jyities in rhyolite were measured by Jambon (1982). In
gen fugamty, as discussed in the mtrpductlon. While it jsqdition, Carroll (1991) and Zhang et al. (1991) obtained
possible that some other sulfur species such,a8 $**  gq0d results from applying elastic diffusion models to
IS COI’]'[I’O”Ing diffusion behaVIOI’, We COn.SIder this to bgﬁfUS'On of noble gases andze, respec“vely We have
unlikely, because no spectroscopic evidence has bggad the model of Jambon (1982) to predict activation
reported which suggests that such dissolved species exisérgies for several possible sulfur species. Table 4
in measurable quantity in the melt. We suggest that tBRows the results of these calculations, which assume

octahedral coordination for all ions (though the calcula-

tion is not strongly sensitive to assumed coordination in
Table 3 Measured activation energies for sulfur and oxygen, corthis case). The calculated activation energy fér %
pared with CQ and HO within the fairly large error of our measured value. In
contrast, the activation energies for the highly-charged

8=128 (r—1.34F+33 Z2/(r+1.34)+8 kcal/mol 4)

Species Melt composition Q (kdhol)  Source
S Rhyolite, dry 221+ 80 Data from this

study only Table 4 Activation energies for different sulfur species and for
S Rhyolite, dry 205+ 24  Data from this 9 P

oxygen, calculated by the method of Jambon (1982). Measured

\s,\t/l;?goﬁn(dlggll) values from Table 3 for comparison
- .
O Andesite, dry 251 (I/g%g(;llandt lon . ¢ (ionicy 3 (calo) o (meas)
o> High-silica melts, dry 224+ 40  Schreiber et al. A kJ/mol kJ/mol
Eé?ssgzeargidn: s -2 1.70 285 221+ 80
average and §4+ 2 1.0;1 . 8%
range for high- N + 0.5 59
. silica melts 26027 J_rg g.gg %%%5
H,O Rhyolite, dry 103+ 5 (Zth%nl% et al. o2 -5 156 o 2245 40
! + . .
€0 Riyolite, dry 1rit 74 ggtlgui',?b?,gtggr 2From Shannon (1976), except where noted, for ions in octahedral
(1991) coordination

b Estimated from radii of component ions
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sulfur cations are extremely high, implying that thesleut this possibility seems unlikely because of the very
species are essentially immobile in the melt. While Jarhigh charge of this cation. Another possible explanation
bon (1982) only tested this model on cations, the theoréd-that, under such oxidizing conditions, the rate of con-
ical basis of the model does not a priori exclude its apphiersion of $~ to SG;~ in the melt is greater than the rate
cability to anion diffusion. The similarity of the calcu-of diffusional transport. In this case, Eq. 5 would be-
lated and measured values suggests that the elastic madehe appropriate and the diffusion rate measured would
is a good predictor of diffusivity of sulfur anions. Inonly be an apparent one. The one to two orders of magni-
addition, the elastic model predicts the activation energiyde of difference between [y, in air and O, at
for oxygen anions fairly well. lower oxygen fugacity suggests that R is on the order of
The suggestion that sulfur transport in oxidized melt to 100, or conversely that the sulfide content is be-
is controlled by $ has implications for the kinetics oftween 1 and 10 percent of the total sulfur content of the
the reaction betweerrSand SG . The diffusion of = melt in the samples equilibrated in air.
through an oxidized melt will result in a transient state in
which melt along the diffusion profile will have a higher i . )
than equilibrium ratio of & to SG . If this ratio were to Degassing and fractionation
re-equilibrate locally more quickly than diffusion takes . . } ,
place, then diffusion of sulfur would apparently be slowRiffusion data for several common volatile species are
er under oxidizing conditions than under reducing condftmmarized in Fig. 7. While the diffusion rates of com-
tions. Because sulfur which converted to sulfate woul@on magmatic volatiles tend to be broadly similar, sulfur
be effectively immobilized in the melt, this is analogoug©€s not follow this pattern, diffusing much more slowly
to the problem described by Crank (1975) of adsorptidfan other gases such as® CG, and Cl. Sulfur is sim-
of a diffusing species. Because the sulfide to sulfate ratlg' to the other important volatiles, however, in that its
appears to be constant in a melt at given conditions (i@ffusion rate depends strongly on melt water content.
not related to total sulfur concentration), we may use tHde dependence of diffusivity, as well as activation ener-
simple solution for the case where the concentration 8Y. 0N melt water content may be due to the drop in melt
diffusing substance is proportional to the concentratiofScosity with increasing water content (Baker 1991). It
of immobilized substance. If re-equilibration is effeclS pPossible that the effect of water on the rate and activa-
tively instantaneous with respect to diffusion, then tHéon energy of sulfur diffusion is due to some interaction
effective diffusion rate measured is linearly related to tfetween dissolved S and.@. But because water’s effect

true diffusion rate: on sulfur diffusivity is similar to its effect on the diffu-
sivity of other volatiles such as COWatson 1991,

3C D &°C 1994), the data do not require such an interaction to ex-

3t R+1ox2 (5) plain why sulfur transport occurs more rapidly in hy-
drous melts.

where R is the ratio of immobilized substance to diffus- The data in Fig. 7 have important implications for
ing substance, C is concentration of the diffusing suiolatile degassing from high-silica magmas. The differ-
stance, t is time and x is distance from the interfa@ce in transport rate between sulfur and other volatiles
(Crank 1975). This is the usual form of equation for difwill affect the rate at which a volatile-bearing melt
fusion in a semi-infinite medium, but with the diffusion’@aches equilibrium with its surroundings. In a magma

. _ D . i which contains a vapor phase, the gas bubbles will tend
coefficient given byFm. In this case our experiments on

reduced and oxidized melts would give different results, 1500 1300 1100 1000 900 800 °C
yielding diffusion rates which were proportional to the 5 L L 1 L L I
equilibrium ratio of sulfide to sulfate in the melt. Figures 6 b
4 and 5 demonstrate that this is not the case. Our resulfs : o, (dy)
7
8

T T T T T T T T T

CO, (B W% H,0) ]

[ X:]
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therefore suggest that the ratio of S0 SG~ mustre- 3
equilibrate at a much slower rate than that at which sulfe
diffuses through the melt. S
In the highly oxidized experiments run in air, the apo 3
parent diffusion rate of sulfur drops by one to two orderg 10 F
of magnitude (Fig. 6). Because of these extremely slow 11 E
diffusion rates, it is difficult to extract much reliable ., s ¢
guantitative information from the experiments. There are 3 (dry, in ai) *
two possible explanations for the apparent drop in sulfur 13 =————-to————tomaatan ——
diffusion rate in these experiments. One is that in a melt 5 6 7 8 o 10
equilibrated in air, there may be virtually no sulfur dis- 10000/T
solved as sulfide. In this case, some slower-diffusi 7 Summary of diffusivities of common volatile species in

species would take over control of diffusive transporgayolite melt, after Watson (1991), and summarized data from
The diffusing species under these conditions may%e SFig. 6

o o =
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to reach their equilibrium D and CQ contents long thought, unless degassing takes place over a much longer
before they achieve their equilibrium sulfur contents. Itime scale than that of the eruption itself. These results
a rapidly erupting and degassing rhyolite magma, thesiggest that the “excess” sulfur source must be one
difference will tend to fractionate sulfur from other exwhich is not subject to the kinetic control of sulfur diffu-
solving volatiles. Species such ag®and CQ will tend sion through the melt.

to escape from the magma at fairly similar rates and,

according to available data, will partition strongly inta
the vapor phase. While available data on sulfur solubiliggpnelusions
suggest that sulfur will also tend to partition into the

vapor phase as pressure drops (Carroll and Rutherffd have determined diffusion rates for sulfur in rhyolitic
1985; Luhr 1990), the slow rate of sulfur diffusion willje|t over a range of oxygen fugacity, temperature and
place a practical limit on how much can be transported{gster content. These data suggest that changing oxygen
the growing vapor bubbles in an erupting magma.  fygacity does not in most cases affect the rate of sulfur
This is illustrated by the 1991 eruption products dfiffusion, despite evidence that it strongly affects sulfur
Mt. Pinatubo, Philippines. Analyses of melt inclusiongpeciation. This suggests that a single sulfur species is
of the pre-eruptive Pinatubo dacite (Rutherford and Dgpntrolling the diffusion of sulfur over most of the range
vine 1995) showed that melt inclusions trapped in plaf conditions studied.
gioclase phenocrysts contained an average of 6.5 Wt%geveral lines of evidence suggest that the diffusing
H,O, 55+ 23 ppm S, and Ctbelow detection (50 ppm). species over a wide range of melt oxidation states is sul-
The matrix glass of the erupted dacite contains 0.4 Wiffge jon ($), even where this is not the dominant sulfur
H,O and 36+ 28 ppm S; CQ contents in the matrix gpecies dissolved in the melt. A corollary of this hypoth-
glass have not been determined but are probably smgdls s that local oxidation-reduction reactions between
(Rutherford and Devine 1995). Thus, virtually all thez- ang SG@ occur slowly relative to 3 diffusion in
H,O escaped during the eruption, but only a small fragpth wet and dry melts. At the very high oxidation states
tion of the dissolved S diffused rapidly enough to reaglached by experiments in air, the rate of sulfur diffusion
and exsolve into vapor bubbles before the pumice Wagops by one to two orders of magnitude relative to less
quenched. , ~_oxidized experiments. It is possible that these extremely
The same pattern appears in analyses of high-siliggidized melts no longer contain significartSand that
magmas from Toba, EI Chichon, Mount St. Helens, thgyifyr diffusion in them is controlled by some other spe-
Roseau Tuff, Hekla and Krakatau (Devine et al. 1984ies. Alternatively, it may be that the rate of conversion
Devine, personal communication 1995): while nearly af}om - to SG~ has increased in these melts to the
the water dissolved at depth was lost from each melt UPBBint where it outpaces diffusive transport & Scaus-
eruption, only a small fraction of the dissolved sulfufng an apparent slowdown in sulfur diffusion.
escaped the melt before the pumices quenched. In addiThese very slow diffusion rates will tend to result in
tion, Devine et al. (1984) found that the total amount @factionation of sulfur from other magmatic volatiles
sulfur lost upon eruption decreases with silica conterfyring eruption and degassing of high-silica melts. Dur-
despite the fact that the total volatile loss during eruptiQAg rapid degassing such as takes place in explosive erup-
increases with melt silica content. Even accounting fgbns, most of the sulfur dissolved in a melt will be unable
the higher overall sulfur content of melts with lower totad, escape from the glass before quenching. This is in

silica content, this still implies that the rate of diffusivgontrast to other volatiles such as®and CQ, which
loss of sulfur from the melt drops with increasing silicare degassed much more efficiently.

content. This is consistent with the data of Watson
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