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We used thermochemical equilibrium calculations to constrain
the oxygen fugacity ( fO2

) of volcanic gases on Io. Three types of
calculations were done: (1) Upper limits for fO2

from Voyager IRIS
upper limits for the SO3/SO2 ratio and the O3 abundance in the
Loki volcanic plume; (2) lower limits for fO2

from the observed
SO/SO2 ratio in Io’s atmosphere; (3) oxygen fugacities as a function
of temperature, total pressure, and O/S ratio for volcanic gases.
We find that hot SO2 (e.g., Loki volcanic gases) has oxygen fugaci-
ties between the Ni–NiO and hematite–magnetite oxygen fugacity
buffers. Pele-type volcanic gases (i.e., SO2–S2 mixtures) have fO2

values ranging from Ni–NiO to a few log fO2
units lower. These fO2

values are similar to those for most terrestrial volcanic gases and
magmas. This coincidence indirectly indicates the predominantly
silicate character of volcanism on Io. The oxidized nature of vol-
canic gases and their probable source magmas indicates that Io is
differentiated and that metallic iron and free carbon are not present
(or at least not abundant) in bulk silicate Io. This deduction agrees
with the earlier inference from Galileo data of an iron core in Io.
The inferred oxidation state of bulk silicate Io is plausibly due to
loss of most of its initial water inventory via hydrogen escape and
consequent oxidation of Fe and Fe2+-bearing minerals to magnetite
and other Fe3+-bearing phases. Geochemical analyses of Io’s sur-
face and volcanic plumes, while difficult, are possible and can test
our predictions. c© 1999 Academic Press

Key Words: Io; volcanic gases; volcanism; oxidation state; oxygen
fugacity; sulfur; lithosphere; mantle.
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The oxidation state and composition of outgassed vola
on Earth is primarily governed by the iron oxidation state
the coexisting magmas (Gerlach 1993, Symondset al. 1994).
On Earth, the oxygen fugacity (fO2) of both acidic (i.e., SiO2-
rich) and basic (i.e., SiO2-poor) magmas reflects the oxidati
state of their respective source regions in the lithosphere
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which is the most volcanically active body of the Solar Syste
Io’s volcanism is caused by tidal heating (Pealeet al.1979), and
silicate magmas with temperatures of 1500–2000 K are obse
(e.g., Blaneyet al. 1995, Spenceret al. 1997b, McEwenet al.
1998). The composition of the magmas is presently unkn
because Io’s surface is generally covered by the S-bearing p
ucts of volcanic activity driven by SO2 and sulfur gases (se
Spencer and Schneider (1996) for a review). The intensive
canic outgassing is ultimately responsible for the composi
of Io’s low-pressure patchy atmosphere and plasma torus (
Lellouch 1996, Spencer and Schneider 1996). Here we use a
able data on the composition of a volcanic plume, the at
sphere, torus and surface, as well as observed temperatu
hot spots, to infer the oxygen fugacity of volcanic gases. Th
fO2 values reflect the oxidation state of ionian magmas and
interior. We compare our calculations of Io’s redox state w
fO2 values for terrestrial volcanic gases, and terrestrial and
nar igneous rocks. Finally, we discuss the oxidation state of
interior in terms of its composition and evolution.

COMPOSITION OF OUTGASSED VOLATILES ON IO

Sulfur dioxide is the only species definitively observed in v
canic gases on Io (Pearlet al.1979). Spectroscopic upper limi
for other gases, including sulfur vapor, are listed
Table I and indicate the predominance of SO2 in the Loki plume.
However, this one observation of the Loki plume is probably
representative of Io’s volcanic gas chemistry. The variation
color and albedo features on Io’s surface, the range of hot
temperatures, and duration of eruptions indicate the exist
of various types of volcanoes.Galileo observations in the vis
ible range (Beltonet al. 1996) show a “red” emission in th



S

-r

s
e
s

a

n

a
9

m
9
S

O

s
vola-

from
ulfur
ic ra-
sky
or
-

tiles.
de-

cted

ic
rious
ncer
o be

i-
aces

n of
r to
os
be

h-
s is
es ap-

on
pres-

in the
e

OXIDATION

TABLE I
The Composition of the Loki Volcanic Plume

and Io’s Atmosphere

Gas Pressure (bars) Mole fraction

Loki plumea

SO2 ∼10−7 ∼1
SO3 <2× 10−11 <2× 10−4

CO2 <5× 10−11 <5× 10−4

H2O <3× 10−9 <3× 10−2

N2O <2× 10−9 <2× 10−2

O3 <5× 10−10 <5× 10−3

COS <1× 10−10 <1× 10−3

CS2 <2× 10−11 <2× 10−4

Sn ∼1× 10−9 ∼1× 10−2

H2S <2× 10−8 <0.2
CH4 <3× 10−9 <3× 10−2

NH3 <4× 10−10 <4× 10−3

Io’s atmosphereb

SO2 ∼10−9 0.9–0.97
SO 3–10× 10−11 0.03–0.1
CO <3× 10−9 —
H2S <10−10 —

a Calculated from Pearlet al. (1979) using SO2=
0.2 cm amagat and using averages of the upper limits
they tabulate, except for S2 from Pearl (1985).

b Lellouchet al. (1992) and Lellouch (1996).

eruptive plume of Ra Patera which might be caused by S
condensates or pyroclastics. This corresponds to possible
fur lava flows suggested for this volcano (Pieriet al. 1984).
McEwen and Soderblom (1983) suggested two major type
volcanic plumes on Io: Prometheus-type plumes with relativ
low temperatures that are driven by SO2, and Pele-type plume
characterized by high temperatures and short explosions
are driven by sulfur. Intermediate types of volcanoes prob
exist also. In particular, observations of SO2 around the Pele
volcano (Sartorettiet al. 1994) indicate that it could be drive
by a S2–SO2 mixture.

Io’s low-pressure (∼10−9 bars) patchy atmosphere is at le
partially due to ongoing volcanic degassing (Lellouch 19
Spencer and Schneider 1996). Sulfur dioxide and SO are
two gases detected definitively in the atmosphere (Lellouchet al.
1992, 1996; Ballesteret al. 1994; Traftonet al. 1996). Atmo-
spheric SO has an abundance of 3–10 vol.% (Lellouchet al.
1996) and could be produced photochemically (e.g., Ku
1982, Summers and Strobel 1996, Wong and Johnson 1
and volcanically (Zolotov and Fegley 1998a). If atmospheric
is predominantly photochemical, volcanic gases might be m
SO2 rich than the atmosphere with an O/S atomic ratio∼2. Con-
versely, if atmospheric SO is predominantly volcanic, the
ratio in volcanic gases could be 1.90–1.97 (i.e., SO2+ 3− 10%
SO).

The composition of Io’s extended atmosphere and pla
torus also provides data on the composition of outgassed

tiles. The species in the torus are supplied from eruption of v
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canic plumes, escape of atmospheric gases, and sputtering
the surface (Spencer and Schneider 1996). Oxygen and s
are the most abundant elements in the torus. The O/S atom
tio in the torus generally varies from 0.6 to 1.3 (e.g., Sheman
1987, Mooset al.1991). The maximum observed O/S ratio f
the torus is∼2 (Hall et al.1994). The variations in torus com
position obtained by various instruments since theVoyagerera
could plausibly reflect temporal changes of outgassed vola

Io’s surface consists of volcanic condensates, pyroclastic
posits, and lava flows. Only sulfur dioxide frost has been dete
definitively on the surface (e.g., Smytheet al.1979, Fanaleet al.
1979). The SO2 frost was formed by condensation of volcan
gases. Other possible constituents of Io’s surface include va
types of elemental sulfur, sulfur oxides, and sulfates (Spe
and Schneider 1996). Some of these compounds could als
volcanic condensates. The surface O/S ratio varies from∼2,
which corresponds to pure SO2 frost covering 30–60% of the
surface (McEwenet al.1988, Sartorettiet al.1996), to<∼0.5,
which corresponds to the solid S2O and sulfur deposits plaus
bly present around the Pele volcano and in some other pl
(Spenceret al.1997a).

In general, all available data indicate that the compositio
volcanic gases on Io probably varies from pure sulfur vapo
almost pure SO2 (O/S of 0–2). Volcanic gases with O/S rati
>2 (i.e., SO2–O2 mixtures) appear implausible, but cannot
definitively ruled out.

THERMOCHEMICAL EQUILIBRIUM CALCULATIONS

We assume thermochemical equilibrium in the hig
temperature volcanic gas in a volcanic conduit (Fig. 1). Thi
a reasonable assumption, because terrestrial volcanic gas
proach closely a state of chemical equilibrium (Symondset al.

FIG. 1. A cartoon illustrating the model for volcanic gas chemistry
Io. Volcanic gases reach chemical equilibrium at higher temperatures and
sures where the characteristic chemical reaction time (tchem) is less than the
characteristic cooling time during the volcanic eruption (terupt). Volcanic gases
do not reach chemical equilibrium at lower temperatures and pressures
plume wheretchem> terupt. In between these two regions, in the vicinity of th
ol-
vent,tchem= teruptand quenching of the high-temperature equilibria occurs. See
Zolotov and Fegley (1998a) for details.
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1994). However, the supersonic volcanic gas eruptions o
quench the gas chemistry in the vent vicinity. This is discus
by Zolotov and Fegley (1998a), who present thermochem
kinetic calculations, showing that Ionian volcanic gases ar
equilibrium until quenched at the vent.

Thermochemical equilibrium calculations were done fr
1000–2000 K, which covers the maximum observed temp
tures of hot spots (∼2000 K) and suggested temperature of
magma (e.g., McEwenet al.1998). The pressure of Io’s volcan
vents is unknown, and following our prior work (Zolotov an
Fegley 1998a,b), we consider a wide range (10−8–100 bars).
Different types of volcanic vents could have pressures in
range. Interactions of subsurface volatiles with silicate mag
could lead to low-pressure gas emanations, but only relati
high gas pressures would provide the observed explosive a
ity. Vent pressures of∼1–100 bars seem to be more likely o
Io. The pressures in erupted plumes are much lower. Howe
we are modeling gas chemistry in the volcanic conduit, no
the erupted plume after cooling, expansion, and quenching
occurred. All thermodynamic data used in the calculations
taken from Gurvichet al. (1989–1994).

Three sets of calculations were done. In the first and sec
sets, we used measured abundances and upper limits fo
Loki plume and Io’s atmosphere to calculatefO2 from the net
thermochemical reactions

2 SO3 = 2 SO2+O2 (1)

SO2 = 0.5 S2+O2 (2)

2 SO2 = 2 SO+O2 (3)

2 O3 = 3 O2. (4)

The equilibrium oxygen fugacities for reactions (1) to (4) a
given by

fO2 = K1

(
XSO3

XSO2

)2

(5)(
XSO2 P1/2

T

)

fO2 = K2

X1/2
S2

(6) logically useful constraints. The spectroscopic upper limit for O3

from Pearlet al. (1979) is probably orders of magnitude higher
TABLE II
Mineral Buffers of Oxygen Fugacitya

log10 fO2 = A− B/T

Buffer Equation A B T range (K)

MH Magnetite–hematite 6 Fe2O3 = 4 Fe3O4 +O2 13.810 25,290 1000–1800
NNO Nickel metal–nickel oxide 2 NiO= 2 Ni+O2 8.716 24,300 1000–1728
QFM Quartz-fayalite–magnetite 2 Fe3O4 + 3 SiO2 = 3 Fe2SiO4 +O2 8.912 25,160 1000–1490
NNS Sodium sulfate–sodium sulfide 0.5 Na2SO4 = 0.5 Na2S+O2 8.404 26,183 1000–1155
WM Wüstite–magnetite 2.4036 Fe3O4 = 7.6142 Fe0.947O+O2 12.080 32,040 1000–1652
IW Iron metal–wüstite 2 Fe0.947O= 1.894 Fe+O2 6.840 27,670 1000–1652
a The fO2data are calculated from thermodynamic data from Chase (199
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fO2 = K3

(
XSO2

XSO

)2

(7)

fO2 =
(

K4X2
O3

P2
T

)1/3
, (8)

whereK1–K4 are the equilibrium constants for reactions (1)–(
Xi is the mixing ratio of gasi (from Table I), andPT is the to-
tal pressure. The gases behave ideally at the temperature
pressures considered. ThefO2 is independent of total pressu
for reactions (1) and (3), but dependent on total pressure fo
actions (2) and (4). In principle, the upper limits for other ga
in the Loki plume (see Table I) could also be used to calcu
limits on fO2. However, these calculations require knowled
of one or more (unknown) gas abundances (e.g., H2,H2O,CO).
Thus, we did not consider other reactions in this set of calc
tions.

In the third set of calculations, we used the free energy m
imization method (Van Zeggeren and Storey 1970) to calcu
the fO2 for the S–O system as a function of elemental b
composition, temperature, and total pressure. We varied the
atomic ratio from 10−7 to 3. This range covers the bulk comp
sition of Io’s atmosphere, torus, and surface.

We compare the calculated oxygen fugacity from these t
sets of calculations with thefO2 values for several importan
mineral oxygen buffers of petrologic interest. Table II lists th
buffers along with the temperature-dependentfO2 values. We
also considered the sodium sulfide–sodium sulfate (NNS) bu
proposed for Io by Burnett (1995).

RESULTS

Upper Limits on fO2 from Loki Plume Observations

Reactions (1), (2), and (4) were used for these calculati
The thermal decomposition of ozone (reaction 4) gives la
upper limits for thefO2 of the Loki plume (fO2À 1 bar) for all
temperatures (1000–2000 K) and pressures (10−4 to 100 bars)
considered. These upper limits onfO2 are too high to give petro
8) for Na2S, and Robie and Hemingway (1995) for other substances.
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than the actual O3 abundance in the plume. For all practic
purposes, the Loki plume does not contain any ozone.

Reaction (1), the thermal decomposition of SO3, gives more
reasonable upper limits for thefO2 of Loki volcanic gases
These are plotted in Fig. 2a, and range from<10−5 (1340 K)
to <10−7.5 bars (1000 K). ThesefO2 values are less oxidizin
than the MH buffer at temperatures above 1340 K. However
upper limit on fO2 from reaction (1) is still several orders o
magnitude more oxidizing than the Ni–NiO (NNO) and QF
buffers.

We also evaluatedfO2 for the Loki gases based on the S2/SO2

ratio of∼0.01 reported by Pearl (1985) for that plume. The
calculations were made using Eq. (6) at total pressures ran
from 10−4 to 100 bars. Higher total pressure leads to hig
oxygen fugacities. The results in Fig. 2a show that the calcul
fO2 values are roughly around the NNO, QFM, and WM oxyg
buffers depending on the assumed total pressure and tempe
in the vent. At pressures of 1–100 bars and temperatures b
1400 K, the calculatedfO2 values lie between the MH and NN
buffers. At temperatures above 1400 K and similar pressures
redox conditions are around the NNO buffer. These calculat
show that thefO2 in Loki volcanic gases and parental magm
could be slightly more oxidized than NNO and probably n
more reduced than QFM. These conditions are definitely m
oxidized than the IW buffer (i.e., Fe metal is unstable), a
also indicate that sodium sulfates are more stable than so
sulfides in the Loki source region.

Upper Limits on fO2 from the Atmospheric SO
andSO2 Abundances

The oxygen fugacity calculated from the atmospheric SO
SO2 abundances by Eq. (7) is shown in Fig. 2b. If the SO/S2

ratio in the atmosphere is simply that of a quenched volca
gas, the calculatedfO2 values match those in the volcanic ga
However, if part of the atmospheric SO is produced photoch
ically, the calculatedfO2 values are only lower limits, as show
in the graph. A SO/SO2 ratio of 3% givesfO2 values about one
order of magnitude more oxidized than a SO/SO2 ratio of 10%.
Both these lower limits forfO2 lie above the IW buffer and abou
2–4 log units below the NNO buffer. Even if all atmospheric S
is of volcanic origin, the redox conditions of volcanic gases
more oxidized than the IW buffer.

Oxygen Fugacity in the O–S System

SO2 thermal dissociation. Sulfur dioxide decomposes pre
dominantly to SO, SO3, and O2 depending on the temperatu
(Fig. 3a) and total pressure. Figure 3b shows that the calcu
fO2 is generally between the MH and NNO buffers at temp
atures of 1100–1600 K and pressures of 10−4 to 100 bar. Oxy-
gen fugacity decreases with decreasing total pressure and
decreasing temperature. However, thefO2 for SO2 dissociation
decreases less steeply with decreasing temperatures than tf
O2

for mineral buffers. Thus, low temperatures provide more o
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FIG. 2. Calculated oxygen fugacities (fO2) of volcanic gases are compar
to the oxygen fugacities of important mineral buffers. The mineral buffers plo
in these and subsequent graphs are explained in Table II. (a) ThefO2 values
(upper limits) calculated from reaction (1) (SO3, dotted line) and reaction (2
(S2, solid lines) are compared to the mineral bufferfO2 curves. ThefO2 for
reaction (2) is pressure dependent; values for 100, 1, 0.01, and 10−4 bars pressure
are shown. (b) ThefO2 values (lower limits) calculated from reaction (3) a
atmospheric SO/SO2 ratios of 3% and 10% (Lellouchet al.1996) are compare
to the mineral bufferfO2 curves.

idizing conditions relative to the oxygen buffers. The therm
dissociation of pure SO2 generates oxidizing conditions, but t
x-
O2

(>1150 K) gases.
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FIG. 3. (a) Chemical equilibrium abundances in pure SO2 volcanic gas as
a function of temperature (1000–2000 K) at one bar total pressure. (b) ThfO2

in pure SO2 volcanic gas at four different total pressures is compared to min
buffer fO2 curves.

Influence of bulk composition, temperature, and press
We calculatedfO2 for O/S ratios ranging from∼0 to 3. The end-
members correspond to sulfur vapor (O/S= 0) and SO3 (O/S=
3). Intermediate ratios can be thought of as mixtures of
fur vapor and SO2 (O/S from 0–2) and of SO2 and O2 (O/S of
2–3). We model various volcanic gas compositions in this ra
which might be emitted by the different types of Ionian v

canoes. Figure 4 shows the calculatedfO2 values as a function
D FEGLEY
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of bulk composition and total pressure at typical temperatu
for basaltic magma (1400 K) and ultramafic (e.g., komatii
magma (1800 K). In Fig. 4a, the oxygen fugacity increases w
increasing O/S ratio at constant total pressure, and changes
ually at O/S ratios of∼0.2–1.8. Sharp changes offO2 are ob-
served near O/S∼2 (i.e., SO2-rich compositions). Small de
viations from SO2 stoichiometry lead to large changes offO2,

FIG. 4. The oxygen fugacity in ionian volcanic gases as a function of b
composition (O/S ratio) at different total pressures at 1400 K (a) and 180

(b), typical temperatures for basaltic and ultramafic magmas, respectively. The
dashed horizontal lines show the mineralfO2 buffers.
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but fO2 again changes gradually at O/S ratios of∼2.1–3.0. At
1400 K, vent pressures of 1–100 bars, and O/S∼ 0.3–1.7, the cal-
culated oxygen fugacities correspond tofO2 = 10−9(±1), which is
in the range of the NNO and QFM buffers. An O/S ratio of 0.
0.5 appropriate for solid S2O and pyroclastic deposits aroun
Pele (Spenceret al.1997a, Zolotov and Fegley 1998b) provid
an fO2 value about one log unit lower than the QFM buffer
∼1 bar.

The fO2 curves are smoother at higher temperatures and lo
pressures (Fig. 4b). The higher temperature volcanic gase
also more reducing than those at lower temperatures. For e
ple, Fig. 4b illustrates thatfO2 values are around the WM buffe
for volcanic gases with O/S ratios of about 0.3 to 1.7 at v
pressures of 1–100 bars. Nevertheless, thesefO2 values are still
more oxidizing than the IW buffer.

Figures 4a and 4b show that volcanic gases on Io become
reducing if they are erupted at very low pressures. For exam
volcanic gases erupted at 1800 K may be as reducing as, or
more reducing than, the IW buffer if volcanic vent pressures
only 10−4 to 10−8 bars. The role of any such high-temperatu
and low-pressure vents on Io is unclear, but such low-press
are unable to produce the observed explosive eruptions. T
our calculations show that two classes of volcanoes may
tentially exist: more oxidized, higher pressure vents and m
reduced, lower pressure vents. However, both basaltic and u
mafic volcanic gases are predicted to be fairly oxidized if t
are erupted at pressures of about 10−2 bars and greater.

Figure 5 shows the calculated oxygen fugacity as a func
of temperature and bulk composition at a total pressure of 1
The oxygen fugacity increases with increasing temperature

FIG. 5. The oxygen fugacity in ionian volcanic gases as a function

temperature and bulk composition (O/S ratio) at a total pressure of one bar.
dashed lines show the mineral bufferfO2 curves.
TATE OF IO 45
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O/S ratio. The compositions enriched in SO2 (O/S from 1.9 to 2)
have an oxidation state around the NNO and MH buffers. Su
enriched compositions (O/S< 0.01–10−4) give conditions more
reducing than the WM and IW buffers, depending on temp
ture. The fO2 values for S–O gases change more gradually w
increasing temperature thanfO2 values for the oxygen buffers
This is the same behavior discussed above for pure SO2. For ex-
ample, at O/S= 1, the fO2 values are more oxidized than NN
below 1120 K, lie between NNO and QFM at 1120–1240 K,
become more reduced than QFM at higher temperatures.
compositions of O/S∼ 1–1.9 and hot-spot temperatures (bel
1500 K) match thefO2 values for the NNO and QFM buffers.

Oxygen Fugacity in Fumarolic Gases

Volcanic gases that are emitted without eruption of magma
called fumarolic gases. Terrestrial data indicate that homo
eous gas phase reactions are important during cooling o
marolic gases from∼1070 to 870 K (e.g., Taranet al. 1995).
Some of these reactions continue to temperatures as lo
∼600 K before quenching (Giggenbach 1987, Taran 1992
other words, the chemical evolution of fumarole gases ca
modeled by ignoring chemical interaction of the gas with
surrounding rocks. Here we apply this model to calculate e
librium fO2 for cooling ionian fumarole gases before their rele
onto the surface (where gas chemistry definitely quenches
in previous calculations,fO2 is calculated for thermochemic
gaseous equilibrium in the S–O system. Figure 6 qualitati
demonstrates thatfO2 decreases with decreasing tempera
and pressure of the gas. However, the evolution offO2 during
cooling of fumarolic gases is not necessarily parallel to thefO2

lines for the mineral buffers. Therefore, we should expect s
redox reactions in fumarolic gases on Io as observed fo
marolic gases on Earth (Giggenbach 1987, Taranet al.1995).

We used an adiabatic model for cooling of the gas after e
sion from a magma chamber. No heat exchange with the
roundings occurs during adiabatic cooling, so this model is
evant to hot, productive fumaroles. We calculated adiabatic
expansion using Eq. (26a) from Kieffer (1982) withγ of 1.29.
The gas has initial temperatures of 1400 or 2000 K at an in
pressure of 100 bars. We calculatedfO2 for the cooling gas an
our results are shown in Figs. 6 and 7. The arrows in these fig
show the direction of gas cooling and expansion. Compar
of these evolutionary lines with the positions of oxygen buff
indicates the potential for gas oxidation during the expans
For example, thefO2 evolution line for O/S= 1 intersects the
NNO buffer at∼1280 K and∼13 bars and provides more ox
dizing conditions than NNO at lower temperatures. These re
show that internal oxidation of fumarolic gas might be partia
responsible for the oxidation of Io’s crust.

The Influence of Oxygen Fugacity on Abundances
of Sulfur Gases

The mass fraction of volatiles in terrestrial silicate magm
The
typically do not exceed a few mass percent (Johnsonet al.1994)
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FIG. 6. Oxygen fugacity for a volcanic gas with O/S= 1 as a function of
temperature and total pressure. The arrows show the adiabatic cooling pa
volcanic gases initially at 1400 or 2000 K and 100 bars and are described
text.

and magma/gas mass ratios are generally high (>9) in the vent
before the eruption (Wilsonet al. 1987). Thus, thefO2 of the
volcanic gas bubbles in the magma is controlled by the re
state of the surrounding magma (Gerlach 1993, Symondset al.
1994, Taranet al.1995). The oxidation state of the host mag
is an important factor in controlling the abundances of specie
the volcanic gas. Conversely, thefO2 and speciation of the vo
canic gas reflects the redox state and mineralogy of the ma
source region. Figure 8 shows the equilibrium abundance
volcanic gases in the S–O system as a function of oxygen
gacity at 1400 K and 1 bar total pressure. Sulfur-dioxide-
gases are produced under conditions more oxidizing than
QFM and NNO buffers. The amount of SO3 increases and th
amount of SO decreases as the gas becomes more oxid
The sulfur gases (Sn) are unimportant constituents of volcan
gases more oxidized than NNO. The reduced conditions ar
the IW and WM buffers yield gases which are enriched in2,
S3, and S2O. The SO2–S2 mixtures of intermediate compositio
which plausibly represent an average volcanic gas on Io, c
be formed only in a narrowf interval. At 1 bar and 1400 K
O2

SO2–S2 gases are generated from QFM to anfO2 about 1.5 log
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units lower than QFM. (Essentially pure SO2 with trace S2 or
pure S2 with trace SO2 are generated at higher or lowerfO2

values, respectively.) It is interesting that this narrowfO2 range
also provides the maximum abundances for S2O and SO, which
are expected constituents of volcanic gases on Io (Spenceret al.
1997a, Zolotov and Fegley 1998a,b). In general, Fig. 8 dem
strates that changes in the SO2/S2 (or O/S) ratios in volcanic
gases on Io could be due to variations of the redox states of
parental magmas. At 1400 K, a typical temperature of bas
magma, plausible variations in gas chemistry could arise f
fO2 values ranging from NNO to about 2.5 log units lower.

The effect of temperature on abundances of gases at thefO2 of
the QFM buffer is displayed in Fig. 9. Sulfur dioxide is the mo
abundant gas at the temperature of basaltic magma (∼1400 K)
and at higher temperatures. The abundance of SO2 decreases
gradually as temperature decreases. Sulfur vapor (S–S8) be-
comes more abundant with decreasing temperature. The2O
abundance is relatively independent of the temperature, w
SO formation is favored by high temperature, as we have
cussed previously (Zolotov and Fegley 1998a,b).

DISCUSSION

Oxygen fugacity values inferred for ionian volcanic gas
generally match the values for terrestrial volcanic gases, w

FIG. 7. The evolution of fO2 in ionian fumarolic gases during adiabat
cooling from 2000 K and 100 bars. Results are shown for O/S ratios ran
from 0.01 (i.e., S2-rich gas) to 1.99 (i.e., SO2-rich gas). ThefO2 of the cooling
fumarolic gas decreases less steeply with decreasing temperature than tfO2
of the mineral buffer curves. Hence during cooling, the gases become more
oxidized relative to a mineral buffer such as QFM.
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FIG. 8. Chemical equilibrium abundances in ionian volcanic gas as a f
tion of oxygen fugacity at 1400 K and one bar total pressure. The O3 mixing ratio
is <10−10 and is not shown. The gas has a variable bulk O/S ratio that va
from∼2 to∼0 as the oxygen fugacity decreases. The labeled arrows sho
fO2 values of different mineral buffers at this temperature.

FIG. 9. Chemical equilibrium abundances in ionian volcanic gas as a f
tion of temperature at one bar total pressure and thefO2 of the QFM buffer. The

gas has a variable bulk O/S ratio that is controlled by the temperature-depen
fO2 of the buffer. Species with mixing ratios<10−10 are not shown.
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tend to lie within two log units above the NNO buffer and o
log unit below the QFM buffer (see Fig. 10). The calcula
fO2 of the outgassed volatiles and implied oxidation state of
host magmas indicate that iron metal and elemental carbo
absent from the magma source regions on Io. The results cl
show that magmas and their volatiles did not originate from
core–mantle boundary of the satellite. Evidently, at the pre
time, Fe metal and FeS on Io are predominantly concentrat
the large core discovered by Galileo (Andersonet al.1996). The
lack or deficiency of C-bearing species in volcanic gases
Table I) indirectly indicates the depletion of Io’s current man
in elemental carbon, which could have been completely depl
by past outgassing of CH4, CO, and CO2 (Consolmagno 1981)

Highly oxidized gases: Loki- and Prometheus-type volcan
Our calculations show that SO2-rich volcanic gases have re
dox conditions between the NNO and MH buffers. Figures
and 11 show that these conditions overlap those for terres
igneous rocks (e.g., Carmichael 1991, Ballhaus 1993, Kas
et al.1993) and volcanic gases (e.g., Symondset al.1994), but
are more oxidizing than typical oxygen fugacities of lunar ro
(Satoet al.1973, Papikeet al.1991).

The highly oxidizing conditions at which hematite is stab
occur only for the thermal dissociation of pure SO2 below 1100–
1200 K (Fig. 3b). These SO2-rich, low-temperature condition
were suggested for Prometheus-type plumes by McEwen
Soderblom (1983). Therefore, hematite could be stable in
and pyroclastics from these volcanoes. In addition, Fe3+-bearing

FIG. 10. The oxygen fugacities of terrestrial volcanic gases are plo
as a function of vent temperature. Mineral bufferfO2 curves are shown fo

dentcomparison. The calculatedfO2 values and vent temperatures for the volcanic
gases are from Symondset al. (1994).
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FIG. 11. Typical oxygen fugacity ranges for terrestrial (Carmichael 19
Ballhaus 1993) and lunar igneous rocks (Papikeet al.1991).

compounds such as hematite and ferric sulfate might be par
responsible for the observed color of Io’s surface (Nash
Fanale 1977). On the other hand, the Fe/Na ratio in the pla
torus is<0.04 (Naet al. 1998), which could indicate that F
compounds are not major constituents of Io’s surface. Alte
tively, the low Fe/Na ratio in the torus could simply reflect t
higher volatility and lower ionization potential of Na.

The relatively highfO2 is plausibly due to alkali-rich magma
because these magmas are generally enriched in Fe3+ and sulfate
sulfur (e.g., Carmichael and Ghiorso 1986, Arculus and De
1987). Some Na-K-rich igneous rocks (granites, syenites,
olites, trachytes) contain hematite (Deeret al.1963), while be-
ing depleted overall in Fe. Alkali melts might be responsi
for the sulfur supply to the crust due to the high solubility
this element, mostly in the sulfate form (Nagasima and Kat
1973, Papadopoulus 1973, Metrich and Clocchiatti 1996).
Earth, El Chichon lavas with anhydrite (CaSO4) phenocrysts
have fO2 values 1.5–3.5 log units above NNO (Carmichael
Ghiorso 1986). In contrast with lunar magmas (Satoet al.1973),
a high fO2 in ionian magmas should support sodium volatili
tion. High alkalinity for at least some of Io’s magmas is indirec
supported by the presence of Na and K in Io’s extended t
(Spencer and Schneider 1996). Keszthelyi and McEwen (1
suggested the presence of alkaline rocks on Io as a result of
magmatic differentiation. To conclude, we suggest that the
dized SO2-rich plumes are related to alkaline magmas and m
be responsible for the supply of volatile alkali elements to

surface, atmosphere, and plasma torus. Some of these mag
D FEGLEY
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could be ultramafic mantle melts, in agreement with the h
temperatures inferred for a number of hot spots.

Oxidizing conditions around the MH buffer are not repor
for terrestrial volcanic gases (Symondset al.1994) and are rarel
observed in terrestrial mantle magmas (Carmichael 1991).
natural occurrence of titanium in hematite (i.e., Fe2O3−FeTiO3

solid solutions) lowers thefO2 for that buffer in comparison with
pure hematite (e.g., Rumble 1976, Zolotov 1994). We sugges
MH buffer as an upper limit for the redox state of ionian volca
gases and their respective magmas. Indeed, the (low) uppe
for SO3 in the Loki plume (Pearlet al.1979, Table I) and a tiny
amount of SO3 frost tentatively identified on the surface (Khan
et al.1995) do not indicate conditions more oxidizing than th
calculated for dominantly SO2 gases. In addition, there is n
reasonable buffer assemblage in silicate magmas which pro
more oxidizing conditions than the MH buffer. The MH buff
leads to a predicted upper limit for the SO3 mole fraction in
ionian volcanic gases of 3×10−6 to 5×10−4 at 1–100 bars an
1000–1400 K. This is consistent with theVoyagerupper limit
for the SO3 mole fraction. The assumed total pressure does
significantly affect the predicted SO3 content. A titanohematite
magnetite buffer would give lower SO3 abundances.

Pele-type plumes.These plumes are probably S-enriched
comparison with Prometheus-type plumes (McEwen
Soderblom 1983). At the same temperature and pressure
more S-rich plumes correspond to more reduced gases and
mas. The proposed high temperature of Pele-type g
(McEwen and Soderblom 1983) also leads to more reduced
ditions in comparison with mineral oxygen buffers. ThefO2 val-
ues calculated for volcanic gases with intermediate O/S ra
of ∼0.3–1.7 match thefO2 for terrestrial hot spot basalts (e.g
Kilauea, 0.5–1.5 logfO2 units below NNO) and mid-ocean ridg
basalts (1–4 logfO2 units below NNO) (Christieet al. 1986,
Woodet al.1990, Carmichael 1991). By analogy with the Ea
(Carmichael 1991), magmas of Pele-type volcanoes coul
produced by the partial melting of peridotites in Io’s man
Pele-type explosions are correlated with topographic highs
might be caused by the magma upwelling from a hot asth
sphere, which support the highlands (McEwen 1995).

Oxygen fugacity, sulfur solubility, andSO2–magma interac
tion. The sulfur solubility in silicate magmas is dependent
oxygen fugacity. Figure 12 (modified from Kress 1997) sho
that at the temperatures of mafic and intermediate magmas
fur has minimum solubility at about the NNO buffer (Katsu
and Nagasima 1974, Lewis 1982, Carroll and Webster 19
Under more oxidizing conditions than NNO, sulfur dissolv
in sulfate form; it stays in sulfide form at more reduced c
ditions. An excess of sulfur under reduced conditions lead
iron sulfide formation. Under oxidizing conditions, sulfate s
fur in the magmas is mostly associated with Ca and Na (Ca
and Webster 1994), and sometimes anhydrite (CaSO4) forms.
Noseane (NaAl O SO ) and hauyne ((Ca,Na) Al Si ·

mas

8 6 24 4 4–8 6 6

O24(S,SO4)1–2) form in alkali-rich rocks, rather than sodium
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FIG. 12. Sulfur solubility as a function of oxygen fugacity in mafic magmas. ThefO2 is plotted as the difference (in log units) relative to the NNO buf

Sulfur has minimum solubility around the NNO oxygen fugacity buffer. The arrows show changes in the magma redox state as a result of SO2 or sulfur vapor
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degassing. Modified from Kress (1997).

sulfate (Deeret al.1963, Carmichael and Ghiorso 1986). Alk
line magmas typically have high S6+/S2− ratios (e.g., Metrich
and Clocchiatti 1996).

Sulfur degassing and volcanic eruption may be cause
changes in the oxygen fugacity of magma in the magmatic ch
ber. For instance, the addition of reduced magma to a ma
chamber with oxidized magma leads to decreased sulfur
ubility, outgassing of sulfur gases, and volcanic eruption
Fig. 12). The mixing of reduced and oxidized magmas m
have caused the Pinatubo explosion in the Philippines, w
erupted a large amount of SO2 (Kress 1997). Magma mixin
might also be a driving force for some of the SO2-rich eruptions
on Io.

How does SO2 degassing influence the oxidation state of
magma? According to terrestrial experience (Carmichael 19
SO2 degassing extracts oxygen from ferric iron in the basa
magma, and the degassed magma becomes more reduc
cause the FeO/Fe2O3 ratio increases:

FeS(melt)+ 3 Fe2O3(melt)⇒ SO2(gas)+ 7 FeO(melt). (9)

Degassing of S2, which is sometimes the second most abund
species in ionian volcanic gases (see Fig. 8) may also lea
consumption of ferric iron in the melt:

2 FeS(melt)+ 2 Fe2O3(melt)⇒ S2(gas)+ 6 FeO(melt). (10)

Therefore,fO2 could decrease along with magma degassing f
a magma chamber (see the lower left arrow in Fig. 12).
oxidized magmas, degassing of SO2 and sulfur vapor could lea
to magma oxidation via the net reactions:

CaSO4(melt)+ 2 FeO(melt)
⇒ SO2(gas)+ Fe2O3(melt)+ CaO(melt) (11)
-

by
m-
ma

sol-
ee
ht
ich

e
1),
tic
d be-

nt
d to

m
or

2 CaSO4(melt)+ 12 FeO(melt)

⇒ S2(gas)+ 6 Fe2O3(melt)+ 2 CaO(melt). (12)

Reactions (11) and (12) also lead to increased sulfur solub
(lower right arrow in Fig. 12), and to less outgassing of su
compounds. The magma oxidation state and the speciatio
sulfur in volcanic gases may vary during an eruption becaus
reactions (9)–(12).

fO2 and Io’s differentiation. Galileo’s discovery of a large
iron-bearing core on Io (Andersonet al. 1996, Kivelsonet al.
1996, Khuranaet al.1997) indicates a reduced bulk compositi
and a differentiated interior. This raises the question of w
the outgassed volatiles, magma, and their source region
apparently so oxidized.

By analogy with the Earth (e.g., Arculus and Delano 19
Kastinget al. 1993), Venus (Lewis and Prinn 1984), and Ma
(Dreibus and W¨anke 1989), the silicate part of Io could ha
been oxidized by water, which is the most probable oxidiz
agent for Io’s mantle and lithosphere. Prinn and Fegley (19
inferred that Io was formed in a region of the jovian subn
ula where hydrous silicates condensed. During accretion
subsequent heating, the water released from hydrous sili
was consumed by reaction with carbon and iron to form2,
CO, CH4, and FeO (e.g., Consolmagno 1981). The redu
gases (mainly H2) were eventually lost from Io. The oxyge
released from water oxidized Fe to FeO (in silicates and m
netite), FeO-bearing silicates and magnetite to hematite,
FeS to sulfate. Over time, Io thus lost essentially all of
initial inventory of hydrogen. Any water in excess over c
bon and Fe metal was plausibly lost by volcanic outgass
and photolysis (e.g., Lewis 1982, Lewis and Prinn 1984).
a result, the water originally accreted by Io was lost by
drogen escape (H,CH ) and oxidation of metal and sulfide
2 4

In contrast with the Earth, where the oxidation of the mantle
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could have proceeded gradually due to subduction of hydr
oceanic crust followed by release of reduced volcanic g
(e.g., Arculus and Delano 1987, Kastinget al. 1993), oxida-
tion of the silicate part of Io probably occurred during the ea
stages of Io’s evolution. Io’s low gravity should have led
easier H2 escape resulting in earlier oxidation of Io’s inter
(relative to Earth). The presence of hydrous silicates in
matter forming Io is probably an important reason for the
ference in oxidation state between the Moon and lu
sized Io.

After most (or all) of Io’s initial water inventory was con
sumed, we could also expect continued oxidation of Io’s lit
sphere by volcanic gases (e.g., CO, SO). Finally, the prop
deep magmatic differentiation of Io’s lithosphere (Keszthe
and McEwen 1997) leads to Na, K-rich, Fe-depleted mag
with high oxidation states. Alkaline magmas might be respo
ble for the continuing supply of oxidized sulfur to the lithosph
and surface.

CONCLUDING REMARKS

Volcanic gas chemistry on Io is probably every bit as rich
varied as volcanic gas chemistry on Earth. At the high temp
tures (up to 2000 K) inferred for volcanic hot spots on Io, th
mal dissociation of SO2 will be significant, especially at lowe
pressures, and a number of S–O gases should be emitted i
canic plumes. On Earth, volcanic gases erupted at tempera
≥900 K are typically in thermochemical equilibrium (Symon
et al. 1994). Laboratory studies summarized by Gurvichet al.
(1989–1994) show that SO2–S2 and SO2–O2 gas mixtures equi
librate rapidly at 1000 K and above. Kinetic calculations sh
that chemical reaction times are less than suggested eru
times for volcanic vents on Io (Zolotov and Fegley 1998a). T
it appears inescapable that volcanic gases on Io reach che
equilibrium before eruption onto its surface. Their molecu
composition and oxygen fugacity reflect the redox state of so
regions in Io’s interior.

Sulfur-dioxide-rich volcanic gases (e.g., in the Loki plum
and Prometheus-type plumes) have oxygen fugacities bet
the Ni–NiO and hematite–magnetite buffers. These redox co
tions overlap those for terrestrial alkali basalts and converg
plate volcanoes, but are much more oxidized thanfO2 values
for lunar rocks, which are around (and below) the IW buf
The SO2-rich gases on Io may be produced by oxidized
kali magmas, which could also emit the Na and K obser
in the plasma torus. Some of these magmas could be ultram
high-temperature (>1400 K) melts. In addition, SO2-rich gases
may also be produced by evolved silica-rich, low-tempera
magmas having dacitic and/or rhyolitic compositions. React
between the magmas and SO2 could contribute to the high ox
dation state of these gases.

Thermal dissociation of pure SO2 gives a relatively high oxy

gen fugacity, which is inside the hematite stability field belo
about 1150 K. This leads us to expect that hematite and/or
D FEGLEY

ted
ses

ly
o
r
he
if-
r-

o-
sed
yi
as
si-
re

d
ra-
r-

vol-
ures
s

w
tion
us
ical

ar
rce

e
een
di-
nt-

r.
l-
ed
afic

re
ns

tanohematite is present in lava and pyroclastics associated
relatively low-temperature SO2-rich plumes. However, it ap
pears unreasonable to expect volcanic gases that are much
oxidized than the hematite–magnetite buffer. In any case, t
gases would be highly reactive and SO3-rich.

Outgassed volatiles with a bulk O/S ratio of unity (i.e., a 1
S2–SO2 mixture) will have fO2 values ranging from NNO to
three log units lower. This is about the same range asfO2 val-
ues for terrestrial basaltic magmas and their associated vol
gases. This coincidence is more evidence supporting of sil
volcanism on Io.

In general, our results show that volcanic gases on Io are f
oxidized. This implies that the magma source regions are
nificantly more oxidized than the IW buffer, which plausib
prevails at Io’s core–mantle boundary. However, we also
that volcanic gases erupted at high temperature (e.g., 180
and very low pressures (10−4 bars and below) are as reduci
as or more reducing than the IW buffer, but basaltic and u
mafic volcanic gases erupting at pressures>10−2 bars, which
are probably needed to drive explosive eruptions, are fairly
idized.

Several observations, which can improve our knowledg
Io’s volcanic gas chemistry and its redox state are:

1. Detection of gases other than SO2 in volcanic plumes. Ou
results in this paper and our prior work predict that S2–S6,SO,
and S2O are reasonably abundant (>100 ppmv) in volcanic gase
on Io. The gases in volcanic plumes can be analyzed usin
spectroscopy as done byVoyager(Pearlet al. 1979) and for
terrestrial volcanic gases on Earth (Mori and Notsu 1997).

2. Measurements of the temperature, pressure, chemical
position, and oxygen fugacity for different types of volca
vents on Io. This could be done using volcanic entry pro
equipped with miniature mass spectrometers, and T, P sen
The oxygen fugacity of volcanic gases can be calculated f
ratios such as SO/SO2,S2/SO2,SO2/SO3 as shown in the text
as well as from the CO/CO2 and H2/H2O ratios.

3. Geochemical analyses of lava flows and volcanic con
sates on Io’s surface. A combination of IR spectroscopy
relatively volatile condensates) andin situ elemental analyse
(for more refractory rocky material) can be used to do this.
emental analyses and photometry on Venus’s surface (74
96 bars) have been done in∼60 min and similar, if not better
performance should be possible on Io’s surface with curre
available technology.
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