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Abstract. Explosive eruptions involve mainly silicic magmas in which sulfur solubility and
diffusivity are low. This inhibits sulfur exsolution during magma uprise as compared to more
mafic magmas such as basalts. Silicic magmas can nevertheless liberate large quantities of sulfur as
shown by the monitoring of SO, in recent explosive silicic eruptions in arc settings, which
invariably have displayed an excess of sulfur relative to that calculated from melt degassing. If this
excess sulfur is stored in a fluid phase, it implies a strong preference of sulfur for the fluid over the
melt under oxidized conditions, with fluid/melt partition coefficients varying between 50 and
2612, depending on melt composition. Experimentally determined sulfur partition coefficients for a
dacite bulk composition confirm this trend and show that in volcanic eruptions displaying excess
gaseous sulfur, the magmas were probably fluid-saturated at depth. The experiments show that in

more reduced silicic magmas, those coexisting only with pyrrhotite, the partition coefficient
decreases dramatically to values around 1, because pyrrhotite locks up nearly all the sulfur of the
magma. Reevaluation of the sulfur yields of some major historical eruptions in the light of these
results shows that for oxidized magmas, the presence of 1-5 wt % fluid may indeed account for the
differences observed between the petrologic estimate of the sulfur yield and that constrained from
ice core data. Explosive eruptions of very large magnitude but involving reduced and cool silicic
magmas, such as the Toba or the Bishop events, release only minor amounts of sulfur and could
have consequently negligible long-term (years to centuries) atmospherical effects. This redox
control on sulfur release diminishes as the melt composition becomes less silicic and as
temperature increases, because both factors favor more efficient melt sulfur degassing owing to the
increased diffusivity of sulfur in silicate melts under such conditions.

1. Introduction

Eruptions involving silicic arc magmas have potentially
major climatic consequences because they are able to inject
sulfur well into the stratosphere [e.g., Bluth et al, 1993], as
illustrated by the recent eruptions of El Chichén and
Pinatubo, whose atmospheric sulfur contributions could be
accurately characterized through remote-sensing methods such
as the Total Ozone Mapping Spectrometer (TOMS) on board
the NASA Nimbus 7 satellite [Krueger et al., 1995]. The sulfur
released by volcanic activity, either as SO, or H,S, is soon
converted into sulphate aerosols, mainly H,SO,, through
photochemical reactions with water vapor. This results in an
increase in the thickness of the stratospheric layer of aerosol,
which is thought to enhance the cooling of the underlying
troposphere by backscattering of solar radiation. Subsequent
fatlout of these sulfuric acid droplets produces acid spikes in
ice core records, which have proved to be a major assist in
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establishing correlations between global climate changes and
past major volcanic events [Hammer et al., 1980, Legrand and
Delmas, 1987; Zielinski et al., 1994]. Such a record also
provides a quantitative estimate of the amounts of volcanic
aerosol loaded into the stratosphere by important volcanic
eruptions. Volcanic sulfur yields have also been estimated by
comparing the sulfur content of degassed (matrix glass) and
undegassed (glass inclusions) quenched melts, scaled by the
mass of erupted magma [Devine ef al., 1984; Palais and
Sigurdsson, 1989]. The latter method is the only one available
for directly quantifying the sulfur yield of volcanic eruptions
having occurred before remote-sensing techniques became
operative.

Although the sulfur yields based on ice core methods were
in some cases found to disagree with those obtained from the
petrological approach [e.g., Palais and Sigurdsson, 1989], the
rather large error associated to the former method prevented
from concluding about the origin of this disagreement. In
contrast, the much more precise sulfur yields obtained from
remote-sensing methods leave no doubt about the existence of
such a difference, TOMS-based estimates of sulfur yields
typically exceeding petrologic ones by 1-2 orders of
magnitude [e.g., Westrich and Gerlach, 1992]. The source of
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this excess sulfur in silicic magmas has been a matter of debate
[Westrich and Gerlach, 1992; Rutherford and Devine, 1996].
Several possibilities have been considered, including sulfur
degassed from non erupted magma, sulfur released from the
breakdown of sulfur-bearing phases [Devine et al., 1984] such
as anhydrite and pyrrhotite, sulfur released on mixing between
reduced and oxidized magmas [Matthews et al., 1992; Kress,
1997], and the presence of a sulfur-bearing fluid phase
coexisting at depth with the magma prior to eruption [Luhr et
al., 1984; Williams et al., 1990; Andres et al., 1991; Gerlach
and McGee, 1994; Gerlach et al., 1994, 1996; Wallace and
Gerlach, 1994]. A growing body of evidence for fluid-
saturated magmas in arc settings [Sisson and Grove, 1993;
Wallace et al., 1995] lends support to the latter hypothesis.
However, although the general behavior of sulfur in magmas is
well understood [Carroll and Rutherford, 1987, 1988; Luhr,
1990], our knowledge about the partitioning of sulfur between
silicate melts and fluids, and thus the evaluation of the
potential role of this mechanism in volcanic eruptions, remains
very poor. This in turn seriously complicates any attempts to
draw connections between volcanic activity and global
climate perturbations.

In this report we evaluate sulfur partitioning in several
recent volcanic eruptions that have had their sulfur yields
monitored by remote-sensing methods. The results are
compared to experimentally determined sulfur partition
coefficients, obtained from phase equilibrium experiments
carried out on the dacite erupted on June 15, 1991, at Mount
Pinatubo, Philippines. We then evaluate the potential role of
the fluid phase for sulfur release during some important past
volcanic eruptions. We conclude that major volcanic
explosions involving fluid-bearing but relatively reduced
silicic magmas, such as the Bishop tuff or the Toba event, will
have negligible to moderate climatic impacts.

2. Sulfur Partitioning in Present-Day
Volcanic Eruptions

Assuming that the excess sulfur was stored in a coexisting
fluid phase, Gerlach et al. [1996] have calculated a fluid/melt
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sulfur partitioning ratio for the Pinatubo dacite erupted on
June 15, 1991, of about 720 (Table 1). We have performed
similar calculations for other volcanic eruptions for which
remote-sensing sulfur estimates as well as constraints on pre
eruption conditions are available. Such combined types of data
are scarce, however, being available only for Mount St. Helens
(1980), Redoubt (1989-1990), El Chichén (1982), and Nevado
del Ruiz (1985) eruptions, in addition to Pinatubo (Table 1).
All the magmas have andesitic to dacitic bulk compositions
and are erupted in zones of tectonic convergence. To calculate
the sulfur partitioning, we assume that the fluid phase consists
predominantly of H,O, CO,, and H,S gas species, which are by
far the three dominant species of magmatic fluids [Symmonds et
al., 1994]. Thus we have the following relation:

XH,0+XCO,+XH,S =1 (1)

where X is the mole fraction of the species / in the fluid phase.
Provided that the mole fraction of H,O in the fluid phase is
known (i.e., from experimental phase equilibria) and that
constraints on the C/S ratio are available (i.e., from remote-
sensing measurements that gives CO,/SO;) equation (1) can be
solved for XH,S, and the concentration of sulfur in the fluid
phase can be calculated. The ratio between S in melt, as
estimated from glass inclusion analyses, and S in fluid, in turn,
gives the partition coefficient of sulfur between the melt and
the fluid at pre eruption conditions. The amount of fluid
coexisting with the magma at depth can then be calculated
using the restored fluid composition and scaling with the
amount of emitted sulfur detected by remote-sensing tools.
Finally, the ratio mass of fluid/(mass of erupted magma) gives
the wt % fluid coexisting at depth in the magma chamber. Since
the TOMS-based estimates of sulfur may not record the sulfate
adsorbed on ashes directly carried down to the ground
following eruption, as shown by Varekamp et al. [1984] for
the El Chichén eruption and as suggested for most other
eruptions (J. Luhr, personal communication, 1998), the fluid wt
% listed in Table 1 are probaly minimum values (see also
Krueger et al. [1995] for TOMS limitations in volcanic SO,
retrievals).

Table 1. Sulfur Fluid/Melt Partition Coefficients From Recent Volcanic Eruptions

Volcano P2 T} ANNO® XH,0, XSO,  Flud, SiO,¢ BulkS? SMelt® Anh,f  Pof  Sp,4/Spq
MPa °C bars  (in Fluid) (in Fluid) wt% wt % wt % ppm  wt% wt %

Pinatubo 220 760 1.7 0.80 0.04 3.6 77.8 030 75 03 - 720

St. Helens 220 920 1.0 0.67 0.04 14 735 0.04 68 ? <01 650

El Chichon 200 800 12 0.95 0.01 26.3 69.0 1.00 200 10 <0.1 50
Redoubt 200  >850 20 0.60 0.13 1.0 77.0 060 60 ? - 2612
Redoubt 200  >900 2.0 0.60 013 1.0 69.0 0.60 870 ? - 180
Nevado del Ruiz <200  >900 1.5 050 025 3.0 76.0 0.94 90  <0.1 <0.1 2452
Nevado del Ruiz <200  >900 1.5 0.50 0.25 3.0 64.0 0.94 700 <0.1 <01 315

ap and T correspond to the pre-eruption pressures and temperatures, respectively.
bANNO = log fO; magma - 108/0; NNO calculated at the precruption P and T.

CSilica content (anhydrous basis) of the residual melt.

dwhole rock sulfur content: sulfur stored in the melt, crystal, and fluid phases.

€Sulfur content of undegassed melt obtained from glass inclusion analyses.

fModal amounts of anhydrite (Anh) and pyrrhotite (Po) observed in the eruption products (Pinatubo from [Bernard et al. 1991]; El Chichén
from [Luhr et al. 1984], Nevado del Ruiz from [Fournelle 1990]).
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For Mount St. Helens, experimental evidence [Rutherford
and Devine, 1988] shows that prior to May 18, 1980 eruption
the mole fraction of H,O in the fluid phase was 0.67, assuming
that the magma was volatile-saturated. Ground-based
measurements of volcanic gas emissions with a correlation
spectrometer (COSPEC) showed an average ratio of CO,/SO,
(in this work all CO,/SO, ratios are reported on a molar basis)
of 8 [Gerlach and McGee, 1994]. For the 1990-1991 Redoubt
eruptions we use a CO,/SO, ratio of 2, as constrained by
COSPEC data [Casadevall et al., 1994] and an XH,0 = 0.6,
the minimum required for amphibole stability in shallow level
andesitic to dacitic magma chambers [e.g., Rutherford and
Devine, 1988]. COSPEC measurements on Nevado del Ruiz
yielded a CO,/SO, ratio of 1 [Williams et al., 1992]. For El
Chichén, the CO,/SO;, ratio is not known. However, measured
molar CO,/80, ratios of volcanic emissions in convergent
tectonic settings fall in the range 2-15 [Williams et al., 1992],
and so for El Chichon we assume a CO,/SO, ratio of 7.
Additional constraints were XH,0 = 0.95 for El Chichén, as
phase equilibria suggest [Luhr, 1990], and XH,0=0.5 for
Nevado del Ruiz because of the observed scarcity of amphibole
in the eruptive products [Sigurdsson et al., 1990], which
suggests pre eruption conditions on the verge of the stability
field of amphibole. In both the Nevado del Ruiz and Redoubt
eruptions there is petrologic evidence for magma mixing before
eruption [Sigurdsson et al., 1990; Gourgaud and Thouret,
1990; Swanson et al., 1994], and glass sulfur contents are
highly variable with the lowest sulfur contents in the most
silicic glasses [Sigurdsson et al., 1990; Gerlach et al., 1994].
In these two cases we give sulfur partition coefficients for both
the maximum and minimum melt sulfur contents reported.

Table 1 shows that the restored amount of fluid phase ranges
between 1 and 4 wt % of the erupted mass of magma, except for
El Chichon whose exceptionally high sulfur yield as compared
to the relatively small mass of erupted magma translates into a
very large amount of fluid, in excess of 20 wt % (but see
below). These estimates are comparable to those calculated for
some silicic magmas [Wallace et al., 1995]. The mole fraction of
H,S ranges up to 0.25, which highlights the fact that eruptions
with large sulfur yields do not imply excessively high sulfur
contents in the fluid [Gerlach et al., 1996]. Similarly, restored
whole rock S contents hardly exceed 1 wt %. Calculated
fluid/melt sulfur partition coefficients range from 50 up to 2612
(Table 1), magmas with low-silica residual melts (< 70 wt %
Si0,) having the lowest partition coefficients, around 100, and
those with highly silicic melts having partition coefficients
higher than 600 (Table 1). This is a direct reflection of the
higher sulfur solubilities of the less fractionated liquids (Table
1). Admittedly, either when XH,O is not known (Redoubt) or
when the CO,/SO; ratio has not been measured (El Chichén),
the results obtained from such calculations are subject to rather
large uncertainties. For instance, taking an XH,O of 0.95 for
the Redoubt magma (instead of 0.6), decreases the S partition
coefficients down to 35 and 460 for the low and high melt
sulfur contents, respectively (Table 1). Similarly, taking
CO0,/8S0; =1 for El Chichén, instead of 7, decreases the fluid
amount to 8.5 wt % and raises the S partition coefficient to
200. This shows nevertheless that our procedure gives the
correct order of magnitude of S partition coefficients and that
variations within reasonable ranges of the input parameters
affect by a factor of 6, at best, the calculated values. All these
erupted magmas have a redox state that ranges from moderately
to strongly oxidized, that is, from 1 to 2 log units above the
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Ni-NiO solid buffer (NNO+1 to NNO+2). Three of them have
anhydrite phenocrysts (Pinatubo [Bernard et al., 1991], El
Chichén [Luhr et al., 1984], and Nevado del Ruiz [Fournelle,
1990]), a mineral diagnostic of both oxidizing and sulfur-rich
conditions [Carroll and Rutherford, 1987, Luhr, 1990]. In
contrast, this phase is lacking from St. Helens and Redoubt
eruptions despite similar bulk rock compositions and redox
state, and only pyrrhotite has been reported. Although within
this redox range no systematic relationship between fO, and
sulfur partition coefficients emerges, these data clearly suggest
that, under oxidizing conditions (fO; > NNO+1), sulfur in
silicic to intermediate arc magmas is strongly partitioned into
the fluid phase relative to the melt. However, no eruption of
silicic magma with fO, < NNO+1 has been monitored for its
sulfur yield. Consequently, it remains to be determined
whether the elevated partition coefficients observed under
oxidized conditions equally apply under more reduced redox
states.

3. Experimental Constraints Sulfur

Partitioning

on

3.1. Experimental and Analytical Techniques

The experimental and analytical techniques are as by
Scaillet and Evans [1998] and only the salient features will be
recalled here. We have performed phase equilibrium
experiments on a natural sample of the white dacitic pumice
ejected during the June 15, 1991, eruption of Mount Pinatubo
[Bernard et al., 1991; Pallister et al., 1992, 1996]. This dacite
has been used in various experimental programs designed
primarily at fixing constraints on preeruption conditions of
this major volcanic event of this century [Rutherford and
Devine, 1996; Evans and Scaillet, 1997; Scaillet and Evans,
1998]. In the present study, oxygen fugacity (fO,;) was chosen
as a master variable because it exerts a major control on the
sulfur behaviour in silicate melts [Carroll and Rutherford,
1987, 1988; Luhr, 1990]. The experiments were performed
either in internally heated or in cold seal pressure vessels
equiped with Hp membranes for fHy control [Scaillet et al.,
1992; Schmidt et al., 1995]. Pressures and temperatures are
known to within £ 2 MPa and * 5°C, respectively. Run
durations varied between 191 and 502 hours, depending on
temperature. Starting materials were dry glasses obtained by
fusing twice at 1 bar (in air at 1400°C) a white pumice from
Mount Pinatubo; the only exception, run 75, was done with a
gel of rhyolitic composition. Au capsules were used with
distilled and demineralized water, and elemental sulfur was
added using a high-precision balance (+0.001 mg). All runs
contained an H-S-O fluid phase but run 53 that also contained
CO; added as silver oxalate with an initial H,O molar fraction
of 0.9 (H,O/(H,0+CO,)). The oxygen fugacity is calculated
knowing fHp from the membrane and assuming XH70=1 and is
tabulated relative to the NNO buffer (ANNO = log fO,
experiment - 10€ fO3 Nno) taken at the experimental pressure and
temperature. Maximum uncertainty in fO, is * 0.2 unit log.

Run products were characterized by electron microprobe,
SEM, and Xray diffraction techniques. Phase proportions were
obtained from a constrained least squares mass balance
procedure that propagates analytical errors [A/baréde, 1995].
The calculations use the concentrations in SiO;, Al,Os,
FeOtot, MgO, Ca0, Na,0, K,0, and TiO,, as obtained from
microprobe analyses and includes all condensed phases (melt +
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crystals). The pyrrhotite (FeS) and anhydrite (CaSO4) weight
proportions derived in this way depend on the determination
of FeO and CaO content and are known to *+ 15%. The accuracy
of this method was tested by performing an experiment on a
rhyolitic composition at 930°C, 220 MPa, with no fluid phase
(i.e., with less water than that needed for saturation) which
crystallized only pyrrhotite [Clemente et al., 1997]. Knowing
the phase proportions (determined by mass balance) and the
sulfur content of all sulfur-bearing phases (S content of glass
measured by electron microprobe, a stoechiometric S content
for both pyrrhotite and anhydrite), the bulk S content of the
charge was calculated and found to agree to within + 5 wt % of
the amount of sulfur added to the charge. For anhydrite-bearing
charges listed in Table 2, the abundance of the fluid phase
(fluid) and its equilibrium composition (in particular its sulfur
content, Sg,;iq) are calculated from the phase abundances and
the melt water contents (determined using the by-difference
method [Devine et al., 1995]), and knowing the masses of
water, glass powder, and sulfur added to the charge. For
pyrrhotite-bearing charges, such a procedure yielded sulfur
contents in the fluid phase close to zero. For these charges, the
sulfur content of the fluid was also calculated from the
thermodynamic modeling of the fluid phase speciation
knowing both fH, and fS,. The sulfur fugacity (/S;) is
calculated from the pyrrhotite composition [Toulmin and
Barton, 1964] as obtained from Xray diffraction of pyrrhotite
bearing-run products, except in charges 42b and 75, where
pyrrhotite modal abundance is too low for the use of Xray
diffraction. Melt sulfur contents (Sy) were obtained from
electron microprobe analyses with the following analytical
conditions: accelerating voltage of 15 kV, sample current of 50
nA, counting time of 180 s and focused beam, which ensure an
S detection limit of 40 ppm. In all mass balance calculations,
the dominant sulfur-bearing species in the fluid phase is taken
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as H,S for fO, lower than NNO+2, and as SO, for higher fO,.
The fluid /melt sulfur partitioning (Squg /Sper) IS calculated
with Sp,;q obtained from mass balance calculations in
anhydrite-bearing  charges and Sg,4q obtained from
thermodynamic modeling in pyrrhotite-bearing charges.
Uncertainties in phase proportions translate into 10%
uncertainty for the partition coefficients for anhydrite-bearing
charges. For pyrrhotite-bearing ones, uncertainty due to
experimental error in both fHy and fS; is less than 5%.
Repeated checks for the presence of sulfur in the capsule walls
proved always negative (at a detection level of 70 ppm).

3.2. Results

The results and the experimental conditions explored are
listed in Table 2. All charges contained either pyrrhotite, at
SO, fiom NNO to NNO+1, or anhydrite for fO, higher than
NNO+2, or both phases at intermediate fO,, in agreement with
previous experimental studies [Carroll and Rutherford, 1987,
1988; Luhr, 1990]. The dependence of the sulfur partitioning
relative to the fO, is shown on Figure 1 for all conditions of P,
T, and fluid phase compositions (with CO,-bearing and CO,-
free) investigated. Clearly, sulfur partitioning depends
strongly on redox conditions. At 780°C, it is close to 1 for fO,
below NNO+1 and around 103 at higher fO,. In contrast with
sulfur speciation, however, where the relative proportions of
reduced and oxidized species in both the fluid and melt phases
change continuously with changing fO, (Figures 1b-1c), the
sulfur partition coefficient displays an abrupt increase as fO,
increases, with no clear intermediate steps between the reduced
and oxidized domains (Figure la) and remains flat in both
domains on either side of a boundary separating anhydrite-free
(i.e., only pyrrhotite is present) from anhydrite-bearing liquids.
This behavior suggests that the change in the sulfur partition
coefficient is not solely due to a shift from a soluble species of

Table 2. Experimental Fluid/Melt Partition Coefficients for Sulfur

P, T, ANNO,* logfS, XH;0,° Flid,® 810,¢ BulkS,® SMelt,” Anh, P08 Spuid/Smen
MPa °C bars bars  (inFluid) wt% wt % wt % ppm wt % wt %

17h 224 776 -0.01 306 1.0 9.2 759 120 65(41) - 33 1
1oh 224 776 1.04 -L17 10 79 762 110 44 (18) - 3.4 6
21 225 776 17 - 099 9.8 77.1 .04 111(12) 07 - 689
20 225 899 1.20 - 0.99 65 688 100 594(24) 06 20 72
52 224 781 227 - 0.95 93 75.4 095 14135 09 . 691
53 224 781 2.27 - 0.81 11.9 776 102 83(10) 12 - 921
58 224 781 2.27 - 092 1.9 76.6 032 95(19) 0.4 - 1564
69 398 780 263 - 0.93 83 74.6 135 176 (13) 24 - 729
78 217 778 1.40 - 0.99 6.3 792 112 100(15) 02 07 1310

2ANNO = 10g fO; experiment - 10g./02 NNO

Mole fraction of H,O in the fluid at the experimental P and 7, calculated from mass balance.

SWeight percent of fluid in the charge at the experimental P and T.

Silica content of the experimental residual glasses reported on an anhydrous basis.

“Bulk S content added to the charge.

fSuifur dissolved in melt. Numbers in parentheses correspond to one standard deviation of 10-15 analyses.

£Modal amounts of anhydrite (Anh) and pyrrhotite (Po) calculated from mass balance.

hThe sulfur partition coefficient reported 1s that obtained using the fluid phase composition calculated from thermodynamic modeling,
!Run done with a starting fluid phase having a mole fraction of H,0/(H,0+CO,) = 0.9.

JRun done with a synthetic glass of thyolitic composition.
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Figure 1. Effect of fO, on (a) the fluid/melt partition coefficient of sulfur, (b) the sulfur speciation in silicate
glasses, and (c) fluid speciation in the H-O-S system. Uncertainty of the partition coefficients is equivalent to,
or smaller than, the symbol sizes. In Figure 1a, the vertical dashed line separates the field of pyrrhotite-bearing
liquids (solid symbol) from that of anhydrite-bearing liquids (open symbols). The melt sulfur speciation is for
available natural or experimental basaltic to dacitic glass compositions [Carroll and Rutherford, 1988;
Nilsson and Peach, 1993; Wallace and Carmichael, 1994; Metrich and Clochiatti, 1996] because the very
low amounts of sulfur dissolved in most of our experimental melts do not allow estimates of their
sulphate/sulphide ratio by the peakshift method [Carroll and Rutherford, 1988]. The fluid phase speciation,
reported here in terms of the log of the mole fraction of each species (log X;), has been calculated in the system
H-O-S using a modified Redlich-Kwong equation of state [Holloway, 1977] at a total pressure of 220 MPa, a
temperature of 780°C and for aH,0O = 0.9, which are conditions similar to those of most of the experiments
listed in Table 2.
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sulfur to a less soluble one arising from an increase of fO, but
is also related to a discontinuous reaction such as a mineral
crystallization. Indeed, the critical factor is the presence of
anhydrite, which crystallized in all charges above NNO+1.
Pyrrhotite-bearing magmas coexisting with anhydrite have
similar partition coefficients to those crystallizing only
anhydrite. A pressure increase of nearly 200 MPa has no
detectable effect on the sulfur partitioning when anhydrite is
present. In the same way, the presence of CO, in the fluid phase
does not affect the partitioning, at least in the low-pressure
range investigated (Table 2). In contrast, the experiment
performed at 900°C has a partition coefficient that is 10 times
lower than those obtained at around 780°C. This goes along
with a melt composition significantly poorer in SiO, (68.8 wt
%) relative to those obtained at 780°C (75-79 wt %) and a
higher sulfur solubility in the melt. The sulfur partition
coefficients derived from the study of volcanic eruptions and
those obtained from the experiments done at fO, higher than
NNO+1 compare well to each other (Figure 2). This strongly
suggests that the erupted magmas were fluid-saturated at depth
and that equilibrium in sulfur partitioning between melt and
fluid was achieved before eruption. At fO, = NNO+I1, the
sulfur partitioning in intermediate to silicic magmas is also
dependent on melt composition, expressed for convenience in
Figure 2 as the melt SiO, content. Both natural and
experimental data indicate that melts with a silica content
higher than 70 wt % display a nearly tenfold increase in sulfur
partitioning relative to those with SiO; <70 wt %. Partition
coefficients obtained for all anhydrite-bearing charges with
melt silica contents in the range 74-79 wt % average 984,
while that for a melt SiO; of 69 wt % is 72.

In contrast, charges held at an fO, below NNO+1
crystallized only pyrrhotite and yielded extremely low
partition coefficients (Table 2) with pyrrhotite proportions
nearly balancing the amount of added sulfur (note that this
confirms that sulfur loss toward the capsule walls, if any, was
minor). Thermodynamic calculations of the fluid phase indicate
that the fluid phase is nearly pure water in anhydrite-free
charges, in agreement with the mass balance constraints (Table
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2). For example, the calculated fluid phase speciation in charge
17 is XH0=0.99322 , XH,=0.00125, and XH,S5=0.00553,
which corresponds to an S content of the fluid of 86 ppm and
thus a partition coefficient of 1.3. For the charge 19, the
calculated partition coefficient is 6, the fluid having only 245
ppm of sulfur. These facts indicate that nearly all the sulfur is
locked into pyrrhotite with correspondingly low amounts of
sulfur partitioned into the melt and fluid phases. Thus, at bulk
sulfur gcontents of 1 wt %, almost no sulfur is present in the
fluid phase under reduced conditions, even for magmas having
silica-rich and iron-poor residual melts (Table 2).

Such a contrasted behavior may appear in contradiction
with the enhanced sulfur solubility in hydrous silicate melt
under oxidizing condition [Carroll and Rutherford, 1987,
1988; Luhr, 1990]. On the basis of the melt-solubility trend,
one could predict a coexisting fluid phase poorer in sulfur
under oxidizing conditions than under reduced ones. Our
results demonstrate the opposite trend, however. This stems
from the facts that (1) anhydrite contains less sulfur (24 wt %)
than pyrrhotite (37 wt %) and (2), at comparable levels of bulk
sulfur contents, it crystallizes in lower abundances than does
pyrrhotite, typically in weight proportions 3 to 10 times lower
(Table 2). Both factors act in concert so there is much more
sulfur left over for the fluid phase under oxidizing than under
reducing conditions, especially at low temperatures where
sulfur solubilities of silicate melts are low. For example, the
total sulfur content of the fluid phase in charge 21 (NNO+1.71)
is 7.65 wt % whereas it is only 0.0245 wt % in charge 19
(NNO+1.04). The difference is of more than 2 orders of
magnitude despite the fact that these two charges differ only by
~ 0.7 log units in fO,. Anhydrite crystallizes in lower
abundances than pyrrhotite because it competes for Ca with
other calcic phases, among which plagioclase and hornblende
are the most importani. Consequently, crystallization of
abundant anhydrite (i.e., > 3 wt %, Table 2) is not expected in
melts saturated in plagioclase and/or hornblende, a very
common phase assemblage in intermediate to silicic arc magmas
at rest in upper crustal levels [e.g., Bernard et al, 1991,
Sisson and Grove, 1993]. On the other hand, the strong
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Figure 2. Natural and experimental sulfur partition coefficients plotted against the residual melt silica content
(anhydrous basis). The two values of partition coefficients for the Redoubt and Nevado del Ruiz eruptions
correspond to the lowest and highest sulfur contents analyzed in melt inclusions [Gerlach et al., 1994,

Sigurdsson et al., 1990].
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siderophile character of sulfur under low fO, is well known
[Haughton et al., 1974]. Pyrrhotite (or an immiscible sulfide
liquid) will also compete with ferromagnesian phases such as
hornblende, but these would readjust their compositions by
becoming increasingly Mg-rich [Tracy and Robinson, 1988,
Scaillet and Evans, 1998]. In fact, at low fO,, as long as there
is enough iron in the melt, increasing the amount of sulfur in
the system will chiefly produce more pyrrhotite and any
coexisting fluid phase will contain only trivial amounts of
sulfur. Thus the modal amount of pyrrhotite of reduced silicic
magmas probably faithfully reflects the total amount of sulfur
present in the system. Such behavior can be probably extended
to more mafic compositions since it has been shown that an
increase in iron content increases sulfur solubility at low fO,
(<NNO) [Haughton et al., 1974]. These results also show that
the reduction of an oxidized and volatile-bearing sulfur-rich
silicic magma will not increase the sulfur content of the
volatile phase, such as proposed for the Pinatubo eruption by
Kress [1997]. Instead, the decrease in melt sulfur solubility
that accompanies the decrease in fO, will only lead to
pyrrhotite crystallization, as anhydrite breakdown will do.
Therefore, unless the bulk sulfur content largely exceeds the
buffering capacity of the melt (i.e,, its iron budget), it appears
that the escape of a fluid phase coexisting with a reduced
sulfur-bearing silicic melt will not release significant amounts
of sulfur to the atmosphere. If sulfur outgassing is to take place,
it can only be due either to pyrrhotite breakdown, in a way
similar to that proposed for anhydrite [Devine et al., 1984;
Rutherford and Devine, 1996], or to the exsolution of sulfur
dissolved in the melt. The extent to which both processes can
supply sulfur to the gas phase is controlled by their kinetics.
However, as for anhydrite, pyrrhotite breakdown is unlikely to
operate on the timescale typical of Plinian eruptions [Westrich
and Gerlach, 1992], in keeping with the lack of clear textural
evidence for such a mechanism. In this respect, the good
agreement observed between our experimentally derived S
partition coefficients and those obtained by studying volcanic
clouds associated to the eruption of anhydrite-bearing magmas
(Pinatubo, El Chichén) suggests that anhydrite breakdown
contributes little to the sulfur budget emitted to the
atmosphere during explosive eruptions of acid magmas. The
rate of sulfur exsolution (in this work the term exsolution refers
to the volatile degassing that occurs during the eruptive
event) depends on the sulfur diffusivity in the melt, which has
been shown to be exceedingly low in hydrous rhyolitic melts
[Baker and Rutherford, 1996]. The latter is testified to by the
fact that matrix glasses of silicic magmas are often weakly
degassed with respect to sulfur [Devine et al., 1984] even in
slowly cooled, dome forming, silicic systems such as the Inyo
Domes [Westrich et al., 1988]. Given that the bulk sulfur
contents used in this study are likely to represent maximum
values, we thus conclude that in silicic magmas or in largely
crystallized mafic magmas involved in explosive eruptions,
extensive sulfur output is not anticipated under reduced
conditions (i.e., for fO, at or below NNO+1) even if they
coexist with a fluid phase. Such a mechanism of sulfur release is
probably efficient only in anhydrite-bearing, fluid-saturated
magmas. By implication, this shows that sulfur-rich volcanic
clouds associated with silicic volcanism do not result from the
enhanced sulfur solubility of silicate melts under oxidizing
conditions but to the coexistence of a fluid phase at depth. It
should not be concluded, however, that only anhydrite-
bearing magmas are prone to extensive sulfur degassing. It is
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well known that reduced magmas can release large quantities of
sulfur to the atmosphere [e.g., Moore and Fabi, 1971; Gerlach,
1986; Métrich et al., 1991]. This demonstrates that sulfur
outgassing in magmas is not uniquely controlled by their
redox state. However reduced magmas having the potential to
release large quantities of sulfur are mostly basaltic in
composition and it has been shown that as the melt
composition becomes more mafic, the disagreement between the
petrological and remote-sensing estimates diminishes [Self
and King, 1996]. In mafic melts, melt viscosity and sulfur
diffusity are clearly low enough to allow sulfur loss via
exsolution from the melt phase before it quenches to glass.

4, Sulfur Yield in Past Volcanic Eruptions

Our experimental results allow us to reassess the sulfur
output associated with past silicic explosive eruptions for
which the redox state, melt sulfur content, and mass of erupted
magma are known. The major unknown still outstanding is the
possibility that the magma was fluid-saturated before eruption.
Although the amount of free volatiles under preeruption
conditions can be estimated [Wallace et al, 1995], the
necessary data for such calculations are not yet available for
most volcanic eruptions. Therefore, in the following, most
calculations were done assuming that the magma coexisted at
depth with 1 wt % of fluid phase, which is at the low end of the
range inferred for volcanic eruptions [Wallace et al., 1995].
Only major and petrologically well-characterized eruptive
events were taken into account: the Taupo, Tambora, Krakatau,
Katmai, and Santa Maria eruptions with ejected dense rock
equivalent (DRE) volumes of magma ranging between 30 and
8.5 km® (Table 3), and the Toba event, the major Quaternary
volcanic eruption, which produced more than 2800 km? DRE
of magma [Chesner et al., 1991]. For some of these eruptions,
there have been suggestions as to the possible existence of a
separate fluid phase in the magma chamber before eruption (e.g.,
Katmai [Westrich et al., 1991], Krakatau [Mandeville et al.,
1996), Toba [Beddoe-Stephens et al., 1983]), which stresses
the need for an evaluation of the role of this fluid phase in the
sulfur output due to volcanic activity. In addition, two more
ancient, but petrologically well known, eruptions were also
considered: The Bishop (0.74 Ma) and Fish Canyon (27.8 Ma)
tuffs in the western United States with estimated erupted
volumes of magma of 600 and 3000 km? (DRE), respectively .
The latter eruptive event is one of the largest ignimbrite
deposit so far recognized.

The Santa Maria, Toba, Tambora, Katmai, Taupo, and Bishop
eruptions all display a redox state at or below NNO+1 (Table 3
and see below). Therefore the fluid/melt partition coefficient of
sulfur (D) is taken to be 1. For the Krakatau, D=72, because
preeruption conditions (temperature, fO,, and liquid
composition [see Mandeville et al, 1996]) are close to
experimental conditions of the run 42b, listed in Table 2. For
the Fish Canyon tuff, we took D=720, because preeruption
conditions are similar to those of the 1991 Pinatubo eruption.
As stated above, the sulfur yield of the fluid phase is calculated
assuming 1 wt % fluid phase in the magma chamber, including
for zoned magma chambers (Katmai and Krakatau), except for
the Bishop tuff, where it is taken as 5.7 wt % [Wallace et al.,
1995]. Sulfur released from melt degassing repnrted in Table 3
correspond to published petrologic estimates for the Santa
Maria, Krakatau, Katmai, Taupo, and Tambora events [Devine et
al., 1984; Palais and Sigurdsson, 1989; Westrich et al.,
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Table 3. Sulfur Yields for Major Volcanic Eruptions of Silicic to Intermediate Magmas

Volume of T, SO, Sio, S S Yield S Yield S Yield
Erupted Magma Melt, Melt, Fluid, Fluid, Melt, IC/OD, 2
DRE, km3 °C (ANNO) wt % ppm ppm g g g
Santa Maria® 8.5 833  NNO-0.5 74 198 198 4.0x1010 1.8x1012 0.65-1.1x1013
1902
Krakatau® 125 885  NNO+1.3 7 200 14400  4.2x1012 2.8x1012 0.98-1.8x1013
1883
Katmai © 15 800 <NNO+1 78 65 65 3.3x1010 9.8x101! 0.65-1x10!3
1912
Taupo ¢ >35 800-850  NNO 76 44 44 3.5x1010 1.0x1011 6.5x1012
177 AD.
Tambora 50 >900  <NNO(?) 59 381 381 5.0x10!! 9.8x10!13 2.8-6.5x1013
1815
Toba 2800 <800  <NNO+1 77 80 5.4x1012 3.0x1013 0.7-1.4x10!5
74,000
Bishop 600 720780  <NNO+1 77 100 100 8.2x1012 4.3x10% -
600,000
Fish Canyon 3000 760 NNO+2 77 57600  4.0x10!3 7.2x1013 .
21.8 Ma
Pinatubo 5 750-780 NNO+1.7 77 54000  1.0x10!3 0 1.0x1013
1991

agulfur yields from ice cores record (IC, Hammer et al. [1980]; Legrand and Delmas [1987], and Zielinski {1995, 1996a]) or from
optical depth measurement (OD, Rampino et al. [1988]), except for the Pinatubo eruption whose sulfur yield comes from TOMS data [Bluth
et al., 1994]. For the Bishop, and Fish Canyon eruptions, IC data are not available.

b'I'emperature and fO, were obtained from Fe-Ti oxide compositions (W. Rose, personal communication, 1997) and the Ghiorso and

Sack [1991] solution model.

CPrecruption temperatures and concentrations of sulfur in the fluid phase are those corresponding to the rhyodacitic (Krakatau) and
rhyolitic (Katmai) terms of the erupted sequence. The sulfur contributions from more mafic terms are also included in the sulfur yield of the

fluid phase.

A maximum sulfur yield of the fluid phase has been calculated using the total amount of erupted magma (35 km?).

1991; Mandeville et al, 1996]. For Tambora it has been
corrected by taking into account the revised volume of erupted
magma [Self et al, 1984]. For the Bishop Tuff, the sulfur yield
arising from melt degassing has been calculated using an
average crystallinity of 15% [Hildreth, 1979], a preeruptive
melt sulfur content of 100 ppm [Anderson et al., 1989] and a
sulfur loss upon eruption of 20 ppm. Also given in Table 3 are
the ranges of sulfur yields obtained from the study of several
Greenland or Antarctic ice cores [Hammer et al., 1980;
Legrand and Delmas, 1987, Zielinski, 1995] or from optical-
depth measurements [Rampino et al., 1988].

4.1, Santa Marfa, 1902

The 1902 Santa Maria eruption ejected mostly dacite magma
[Rose, 1987] nearly identical in bulk composition to that of
the Pinatubo event. In contrast to Pinatubo, however, sulfur
degassing from the melt was efficient during the eruption, 50%
of sulfur dissolved in the melt being lost [Palais and
Sigurdsson, 1989]. This may be explained by the higher
preeruption temperature and lower silica melt content relative
to Pinatubo (Table 3), both factors decreasing the melt
viscosity and thus increasing sulfur diffusivity [Watson,
1994]. An additional difference is that the Santa Maria dacite
had a preeruption fO, more than 2 log units below that of
Pinatubo (Table 3). According to our data this severely limits
the sulfur content in the fluid phase (Table 3). This is in

agreement with the relatively low sulfur yield of this eruptive
event as recorded by polar ice cores, when compared to the
Pinatubo eruption. Relative to other eruptions examined
below, the petrologic estimate of the Santa Maria event is of the
same order of magnitude as ice-core-based measurements (Table
3). This interpretation, though, is complicated by the fact that
the acid signal in the ice core may be the integrated record of
Santa Maria and several other eruptions (Mount Pelée and
Soufriére) which occurred in close succession in 1902
[Rampino and Self, 1984; Zielinski, 1995). In addition, a
sulfur contribution from basaltic magmas cannot be excluded,
since injection of basalt is thought to have triggered the Santa
Maria eruption [Rose, 1987].

4.2. Krakatau, 1883

For the Krakatau eruption, the sulfur stored in the fluid
phase and released during the eruption, added to that released
by melt degassing [Mandeville et al., 1996], gives a total
sulfur yield close to that obtained through ice core data or from
optical depth measurements [Hammer et al., 1980; Legrand
and Delmas, 1987; Zielinski, 1995; Rampino and Self, 1984].
The small difference between the two estimates can be
explained if the fluid phase mass is increased by a factor of 3,
well within the range of current determinations [Wallace et al.,
1995] (Table 1). Thus at Krakatau, the presence of a separate
fluid phase appears to account for the sulfur-excess problem.
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4.3. Katmai, 1912

For the Katmai event, mineral equilibria indicate a redox
state below NNO+1 for the volumetrically dominant rhyolitic
part of the erupted sequence [Hildreth, 1983], which again
suggests fairly low amounts of sulfur potentially stored in the
fluid, especially considering the low sulfur content of the melt
(Table 3). This in turn makes it difficult to balance the sulfur
deficit observed between the petrologic [Westrich et al , 1991]
and ice core [Legrand and Delmas, 1987; Zielinski, 1995]
methods by scaling up the fluid mass as for the Krakatau
eruption, because the calculated mass of fluid would be
unrealistically large. Several explanations can be put forward
to account for this discrepancy. One is that the high latitude of
this volcanic event artificially increased its acid signal in the
Greenland ice core, relative to low-latitude eruptions of
comparable explosivity, which leads to an overestimate of the
aerosol loading associated to this eruption [e.g., Schnetzler et
al., 1997]. In addition, this event has not been identified in
Antarctic ice cores, which hampers a correct evaluation of the
global stratospheric aerosol loading [Legrand and Delmas,
1987]. An other potential source of error is that our calculation
assumes a constant sulfur partition coefficient for the entire
erupted sequence. However, Hildreth [1983] has shown that
the T-fO, trend displayed by the ejecta is oblique relative to
the NNO buffer with late, hotter, and more mafic magmas
(mainly dacitic) being more oxidized than the early and colder
rhyolitic ones. In particular, the dacitic magma fO, straddle the
critical redox threshold found in this study to be at around
NNO+1. This opens the possibility for having a higher
partition coefficient, and thus a higher sulfur yield, for magmas
from the deepest portion of the subvolcanic system.
Considering our experimental results and the preeruption
conditions recorded by the dacite, the sulfur partition
coefficient for the dacite may have been similar to that of
Krakatau. Using D=72 and assuming that 3.6 km> DRE of
dacite were ejected during Plinian phases II and III [Fierstein
and Hildreth, 1992], the total sulfur yield (melt +fluid)
increases to 1.7x10!2 g (3.3x10'2 g with the petrologic
estimate of Palais and Sigurdsson [1989], owing to the higher
sulfur content of their glass inclusions relative to those
analyzed byWestrich et al. [1991]), which is within a factor of
4 of that obtained from ice cores (Table 3). Considering the
large errors associated with ice core estimates (Table 3), we
conclude that at Katmai the presence of a fluid phase can
probably explain the sulfur deficit previously noted [Palais
and Sigurdsson, 1989]. This example illustrates the fact that
the behavior of sulfur in a single volcanic event is not
necessarily unique. In particular, a correct estimate of the sulfur
yield associated with compositionally zoned eruptions
necessitates a detailed petrologic understanding of the ejecta.

4.4. Taupo, 177 A.D.

The Taupo volcanic area in New Zealand has been one of the
most active zones of silicic volcanism in the past 50,000 years
[Wilson et al, 1995]. The most recent event, dated at around
1819%17 years, was characterized by extremely powerful
explosions (ultra-Plinian [Walker, 1980]) that exclusively
ejected high-silica rhyolites. Detailed petrographic analyses of
the Taupo volcanics show these to be fairly reduced magmas,
with preeruption fO, at or below NNO [Dunbar et al., 1989;
Blake et al , 1992; Evans and Ghiorso, 1995]. The sulfur yield
associated with this eruption, either from melt degassing
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[Palais and Sigurdsson, 1989] or from fluid release, can be
calculated to be low (Table 3). The SO42' record of the
Greenland Ice Sheet Project 2 (GIPS2) ice core shows a high
SO42' residual dated at 181 A.D., tentatively correlated to the
Taupo event [Zielinski et al., 1994]. On this basis and taking
into account the southern hemisphere location of the volcano,
Zielinski [1995] calculated that the Taupo eruption could
have loaded a minimum of 6.5x10'2 g of sulfur into the
stratosphere (Table 3). This estimate is more than an order of
magnitude higher than the petrologic one [Palais and
Sigurdsson, 1989], hinting at a possible role of a fluid phase
(Table 3). However, Antarctic ice cores, which are closer to the
eruption site than the GIPS2, have not yet revealed any clear
acid signal that could be attributed to the Taupo event [see
Palais and Sigurdsson, 1989]. This suggests that the acid
signal dated at 181 A.D. in the GIPS2 is not related to the
Taupo eruption. Consequently, we concur with the conclusion
of Palais and Sigurdsson [1989] that the Taupo event, despite
its magnitude, was a sulfur-poor volcanic event.

4.5. Bishop Tuff

The Bishop wff is an example of highly silicic magma for
which, in contrast to all previous examples, constraints on the
amount of fluid phase can be placed [Wallace et al., 1995]. As
for the Taupo case, its preeruption redox state (below NNO+1
[Hildreth, 1979]) and low melt sulfur contents [Anderson et
al., 1989] preclude strong partitioning of sulfur into the fluid
phase, which in turn limits extensive sulfur output. Indeed, the
calculated sulfur yield of this large ignimbrite-dominated
deposit is lower by more than a factor of 2 relative to that of the
Pinatubo eruption, yet the erupted mass is about 120 times
bigger (Table 3). Note that assuming a complete sulfur loss on
eruption increases by a factor of 5 the sulfur yield, which will
not significantly increase any climatic effect related to this
geological event.

4.6. Tambora, 1815

The strongly silica-undersaturated nature of the Tambora
magma as well as its poorly constrained redox state
complicates the calculation for sulfur partitioning.
Nevertheless this eruption is one of the first for which a clear
effect on regional to global climate systems could be
established [Stothers, 1984; Harington, 1992], and we have
applied our results to this event in order to see if extrapolation
of the results obtained on silicic magmas to more mafic ones is
warranted. We have chosen a redox state below NNO+1 and
thus a sulfur partition coefficient of 1. Because of its rather high
melt sulphur contents and the low assumed fO,, the sulfur
yield associated with a fluid release is more than 2 orders of
magnitude lower than that from melt degassing (Table 3) and
thus contributes little to the SO, stratospheric loading.
However, in contrast with the more silicic eruptions
considered above, the petrologic estimate of the Tambora
eruption [Devine ef al., 1984] is slighty higher than that
obtained by ice core records [Hammer et al., 1980; Legrand
and Delmas, 1987]. That more mafic compositions degas their
sulfur more efficiently through exsolution from the melt has
been already noted by previous workers [Devine et al., 1984;
Self and King, 1996]. Our calculations suggest that strongly
alkaline mafic magmas, such as the Tambora trachyandesite,
follow the same pattern. The fact that there is no need to call
upon a separate volatile phase points to a less important role
for the fluid in mafic than in silicic magmas. This could be due
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to a lower amount of fluid in mafic magmas as compared to that
of more silicic ones, to a lower sulfur content of the fluid, as our
experimental results suggest, or to both possibilities.

5. Toba and Fish Canyon Eruptions

Compared to the previously discussed volcanic events, the
Toba and Fish Canyon eruptions were of very large magnitude
and are more likely to have induced protracted worldwide
climate changes. For instance, the stratospheric aerosol
loading associated with the Toba event has been recently
proposed to have greatly accelerated a shift to glacial
conditions [Rampino and Self, 1992]. However, the sulfur
released by the Toba eruption has been estimated only by
scaling up sulfur yields associated with small to moderate
historical eruptive events [Rampino et al., 1985] or by using
ice core data (Table 3, [Zielinski et al, 1996a]). This major
volcanic event currently lacks a petrologic estimate of sulfur
yield. The same remark applies to the Fish Canyon tuff.
Nevertheless, in both cases, comparison of petrological
characteristics of the ejecta against experimental data, as well
as mineralogical equilibria, imply preeruption temperatures
lower than than 800°C, around 750-760°C for the Fish Canyon
tuff [Johnson and Rutherford, 1989] and 700-780°C for the
Toba magma [Beddoe-Stephens et al., 1983; Chesner, 1998].
Both are characterized by highly fractionated residual melts
with SiO, contents of 77 wt %. Experimental data on sulfur
solubility in silicate melts constrain preeruption melt sulfur
contents to be lower than 100 ppm, probably between 80 and
60 ppm, similar to that displayed by the Pinatubo dacite
[Westrich and Gerlach, 1992]. Thus both magmas display
similar preeruption conditions except for their redox states. The
preeruption redox state of the Toba magma has been recently
evaluated to be close to NNO through FeTi oxides equilibria
[Chesner, 1998]. Such a relatively reduced redox state is also
corroborated by the occurrence of fayalite and pyrrhotite and
by the high Fe/Mg ratios of the residual melt and coexisting
hornblende and biotite [Beddoe-Stephens et al., 1983; Rose
and Chesner, 1987; Chesner, 1998], similar to those of
(reduced) rhyolitic ash flow tuffs in the western United States
(i.e., Bandelier tuffs [Warshaw and Smith, 1990]). In contrast,
the Fish Canyon tuff displays a redox state similar to that of the
Pinatubo dacite, between NNO+1 and NNO+2 [Johnson and
Rutherford, 1989; Evans and Scaillet, 1997], lying within the
stability field of anhydrite, though the latter mineral has not
been identified, perhaps because of post-eruptive dissolution
by meteoric water [e.g., Luhr, 1991]. Given the high silica
contents of the Toba and Fish Canyon residual melts, sulfur
exsolution from the melt during eruption must have been
minimal, as illustrated by the Pinatubo case [Westrich and
Gerlach, 1992] and eruptions of other high-silica magmas
[Devine et al., 1984; Westrich et al., 1988]. Assuming that in
both cases 25% of the sulfur dissolved in the melt was able to
exsolve, which is probably a maximum given the low rates of
sulfur diffusion in rhyolitic melts [Baker and Rutherford,
1996], the enormous mass of ejecta (assuming for both a
crystallinity of 40%, [Beddoe-Stephens et al., 1983; Chesner,
1998; Johnson and Rutherford, 1989]) makes this source of
sulfur considerable, between 3 and 7x101° g (Table 3), yet it is
of the same order of magnitude as the sulfur yield associated
with the much smaller Pinatubo eruption [Bluth et al., 1994]
(Table 3). Dramatic differences in sulfur yields arise, however,
when considering the possibility of a coexisting fluid phase.
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For the Toba eruption, the amount of sulfur stored in the fluid
phase is one order of magnitude lower than that arising from
exsolution and thus can be neglected in the sulfur budget
associated with that eruption. The low sulfur content of any
coexisting fluid phase in the Toba magma is also indicated by
the fow /S, retrieved from the pyrrhotite compositions (log /S,
=-2.740.2, Chesner , [1998]), very close to that obtained in
our experiment at NNO (charge 17, Table 2). In addition, the
detailed petrological study carried out by Chesner [1998]
yielded a gas-saturation pressure (150-200 MPa, obtained from
glass inclusion analyses) lower than total pressure (300 MPa,
obtained from the hornblende geobarometer) which suggests
that the magma was not volatile-saturated. Overall, the
stratospheric aerosol loading associated with the Toba
eruption is one order of magnitude lower than that associated
with the Tambora event, despite the fact that the latter ejected
only 50 km?® of magma (DRE). In contrast, the Fish Canyon
magma could have released 6x10'5 g of sulfur if it coexisted
with 1 wt % fluid, a sulfur amount 2 orders of magnitude higher
than the contribution arising from sulfur exsolution from the
melt (Table 3). The latter sulfur yield figure is comparable to
previous estimates for the Toba event ,which have fallen in the
range 10'5-10'6 g [Rampino et al., 1985, Zielinski et al,
1996a], and for which catastrophic climatic effects have been
predicted, such as ocean surface cooling of 2-6°C lasting for
several years [see Rampino et al., 1988].

Our estimate of the sulfur yield associated with the Toba
eruption is 2 to 3 orders of magnitude lower than previous
ones [Rampino et al., 1985; Zielinski et al., 1996a]. This
illustrates the hazards in scaling up sulfur yields obtained for
small eruptions of magmas having redox states different from
those involved in large-magnitude events. The climatic effect
arising from this revised sulfuric acid aerosol loading should
have been comparable to that produced by the Pinatubo
eruption [Hansen et al., 1996], which resulted in a global
cooling of 0.3°C. Although the huge mass of fine dust injected
into the strastosphere by the Toba event certainly strongly
affected the climate, the residence time of volcanic ash in the
stratosphere does not likely exceed weeks or months, although
detailed modeling of ash residence times in the stratosphere for
eruptions of magnitude comparable to that of Toba has not been
done. An additional limitation on the potential stratospheric
loading associated with this volcanic event is the possible
lack of a sustained and large Plinian column during the
eruption, most of the ash deposit being of co-ignimbrite rather
than of Plinian fall origin [Rose and Chesner, 1987]. Thus the
long-term (i.e., years to centuries) climatic impact of this huge
eruption may have been negligible. If our estimate is correct,
then it implies that the link previously proposed between the
Toba eruption and the acceleration of ice growth and falling
sea level [Rampino and Self, 1992] needs revision. These
considerations, however, do not negate the possibility that the
climate forcing agent for the acceleration of glacial conditions
was of volcanic origin. For instance, Zielinski et al. [1996a,b]
have identified a major acid signal in the GIPS2 ice core at
around 71000 years. This SO42" signal is more than 4 times
higher than the one associated with the 1815 Tambora
eruption (466 and 94 ppb, respectively), and on this basis, the
corresponding climatic effects can be suspected to have been
severe. Given the rather poor temporal resolution for dating
acid signals of this age ( £ 5000 in the range 40,000-100,000),
this large signal may also correspond to the cumulated effects
of several volcanic eruptions of magnitude similar to the
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Krakatau or Pinatubo eruptions [sec Zielinski et al. 1996b].
For instance, 10 eruptions of the size of Krakatau (SO4% of 46
ppb in GISP2) occurring during a millennium, that is one
every century, would have left an acid signal similar in
magnitude to that identified by Zielinski et al. [1996] at
71,000 years. Clearly, the geologic imprints of such events
would have less chance of being preserved compared with the
huge caldera and deposits formed during the Toba eruption.
Nevertheless, we stress that the potential atmospheric loading
of the latter volcanic "super event” needs to be specifically
addressed. In particular, a correct petrologic estimate of its
sulfur yield conditions have to be performed. In a more general
way, our results demonstrate that, before establishing potential
connections between volcanic eruptions and climate changes,
careful petrologic understanding of the ejecta is needed. As
stressed 30 years ago by Carmichael [1967], a first-order
inference about the redox state of silicic arc magmas can be
obtained from the study of their mineralogy: reduced magmas
lack, on average, amphibole and biotite, whereas oxidized ones
crystallize them. Exceptions to this rule do occur, however, as
illustrated by the Fish Canyon and Toba magmas: both have
biotite and amphibole yet they differ in their respective fO, by
~1.5 log unit (compare also Pinatubo and Santa Maria

magmas).

6. Conclusions

The present work supports the proposal of Gerlach and
coworkers that the preeruption magmas at many arc volcanoes
coexist with a fluid phase at depth, and that much of the sulfur
released during the eruption was stored within the fluid. We
have shown, however, that this is true only for a specific range
of redox conditions. Thus our work provides confirmation that
the condition of fluid saturation is not exceptional in arc
settings. The different cases studied above suggest that the
amount of fluid phase needed to balance the sulfur deficit
generally does not exceed 5 wt %, which fits well with the
estimates obtained from both the study of currently active
volcanoes (Table 1) and theoretical calculations based on trace
elements behavior [Wallace et al., 1995]. The experimental data
presented here also help to explain the observed poor
correlation between the erupted mass of magma and the sulfur
output [Bluth et al., 1993]. From the standpoint of the SO,
contribution to the atmosphere by volcanoes, two broad
categories of silicic magmas may be distinguished on the basis
of their redox state, those below NNO+1 and those above this
redox threshold. The former will have sulfur yields that should
correlate well with erupted masses, irrespective of the presence
of a fluid phase, and should be calculable using the petrologic
method. The second type of magma will have sulfur yiclds that
will depend of the amount of fluid phase present in addition to
the erupted mass of magma, all other factors being equal
(temperature, melt composition). Although such oxidized
magmas are mostly found in arc environments, the Santa Maria
eruption illustrates the fact that not all arc volcanoes follow
such a trend. Similarly, the comparison of the sulfur yields for
Mount St. Helens and El Chichén shows that such a
correlation may be difficult to establish in arc magmas. Indeed,
although both erupted magmas had similar oxidation states,
coexisted with a fluid phase, and both events were of the same
magnitude in terms of explosivity, the sulfur output of the El
Chichon eruption was an order of magnitude higher than that
of St. Helens, although the latter had a sulfur partition
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coefficient 10 times higher than El Chichén (Table 1). This
paradoxical result suggests that the dacite erupted at Mount St.
Helens was intrinsically poor in sulfur, with a sulfur content
lower than that needed for anhydrite saturation. Clearly, the
bulk sulfur content of the magma at preeruption conditions,
which is either a source-specific or a late acquired feature (i.e.,
through anhydrite contamination or from underlying
degassing mafic magmas) will be also critical in determining
the amount of sulfur loaded into the atmosphere. Finally,
recognition that the sulfur release of silicic to intermediate
magmas is strongly f0O, dependent has implications for the
understanding of how Earth's atmosphere is affected by
volcanic activity. This issue, however, can be addressed only
with improvement in our understanding on how the redox
states of the different envelopes that constitute the Earth have
changed through geological times.
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