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We used thermochemical equilibrium calculations in the O-S-
Na-K-CI-H system to model the speciation of volcanic gases emit-
ted from high-temperature (1000-2000 K) silicate magmas on lo.
The effects of temperature, pressure, and bulk composition of the
gases are explored. The bulk compositions are based on atomic
ratios observed in l0’s plasma torus and extended atmosphere, and
from chondritic abundances. The results show that chlorides of Na
and K are the major Cl gases, NaCl, Na, and (NacCl), are the ma-
jor Na gases, and KCI, (KCl),, and K are the major K gases for
systems with (Na+ K)/Cl > 1. The abundances of Na, K, and CI
gases change dramatically at (Na + K)/Cl =1. As the (Na+ K)/CI
ratio decreases below unity, which is possible for lower tempera-
ture volcanic vents, the major Cl gases change to Cl,, Cl, S,Cl, and
SClI,. The results show that abundances of H-bearing gases are in-
significant for plausible hydrogen abundances in lo. Higher temper-
atures and lower pressures increase the abundances of monatomic
Na and K. Sodium, K, and CI compounds condense as Na,S (at
higher temperatures and lower O/S ratios), Na,SO4 (at lower tem-
peratures and higher O/S ratios), and NaCl and KCI. Under some
conditions, Na,SO,4 and Na,S condense simultaneously. These con-
densates can form coatings on silicate ash particles in the vicinity
of volcanic vents. Condensation temperatures decrease as pressure
decreases, and condensation is not favored by low-pressure volcanic
vents. Silicate magmas, especially alkaline ultrabasic magmas may
be important sources of S, alkalis, and Cl on lo. Our predictions
agree with spectral absorption features indicating that sodium sul-
fate and/or sodium sulfide may be present in red deposits on lo’s
surface. The two major sources of Na, K, and ClI in the plasma
torus are sputtering from solid Na,S/Na,SO,/chloride surface con-
densates and ionization of alkali chloride and monatomic alkali
gases that could be present in volcanic plumes and lo’s volcanic
atmosphere.  © 2000 Academic Press

Key Words: lo; volcanic gases; volcanic condensates; volca-
nism; alkalis; sodium; potassium; chlorine; sulfur; hydrogen;
sodium sulfide; sodium sulfate; sodium chloride; potassium
chloride.

INTRODUCTION

Intense volcanic activity on Jupiter's Moon lo supplies sulful
and oxygen, which are the two most abundant elements in t
volcanic plumes, atmosphere, and plasma torus (Spencer ¢
Schneider 1996). In addition, a significant part of lo’s surfac
is covered by S- and O-bearing species: solid, Sissibly
other sulfur oxides, and allotropes of elemental sulfur. Sodiul
and potassium, although less abundant than sulfur and oxyg
are also present in lo’s extended atmosphere and plasma to
(Spencer and Schneider 1996). Recently, chlorine has been
tected in the torus (Mppers and Schneider 2000).

Two major sources of S, O, Na, K, and ClI in the plasm:
torus have been suggested: the sputtering of materials on |
surface, and gaseous molecules from volcanic plumes and |
atmosphere. Sputtering of elements from surface materials
responsible for alkali atmospheres on the Moon and Mercul
(Huntenet al. 1988, Killen and Ip 1999) and is probably an im-
portant process on lo as well (Chriselyal. 1988, Wienset al.
1997). On the other hand, powerful volcanic plumes up to se'
eral hundreds of kilometers high almost continuously suppl
material to 10’s volcanic atmosphere and (following ionizatior
and escape of gases) to the plasma torus as well. Both of the
sources supply mostly volcanic material originating from gase
emitted from magma, and from solid condensates, pyroclas
deposits, and solidified lava flows. It follows that the composi
tion of lo’s atmosphere and the torus can be used for the fir
order evaluation of the bulk composition of volcanic product
(see Zolotov and Fegley 1998a,b, 1999).

Although alkalis and halogens have not been detected in vc
canic plumes, in the atmosphere, or on lo’s surface, a volcar
origin of these elements is likely. Hapke (1979) first discusse
evaporation of Na from magmas to explain the occurrence
sodium in the torus. The extremely low amount of Siin the toru
(Naet al. 1998) probably excludes any solid silicate source ©
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alkalis and CI. In terrestrial volcanic gases, alkalis and chlorimanic gases are in chemical equilibrium until being quenche
are less abundant than sulfur and oxygen. However, their catithe volcanic vent. Furthermore, a large body of data shov
centrations are not negligible (Bartels 1972, Creatial. 1987, that terrestrial volcanic gases erupted at temperata@€9 K
Pennisiet al. 1988, Symondet al. 1992, 1994). Chlorine (in typically attain chemical equilibrium (Symondsal. 1994).
the form of HCI) is the most abundant halogen emitted from Calculations were done over the same temperature (100
terrestrial volcanoes, while sodium and potassium are the ma600 K) and pressure (18-1¢? bar) ranges as in our prior
abundant metals in degassing products of common silicate magk. The temperature range spans the observed temperatu
mas (Symondst al. 1994). These data are consistent with thef hot spots on lo and the suggested temperature of the mag!
high volatility of Na and K observed in laboratory studies ofe.g., McEweret al. 1998). The pressures of lo’s volcanic vents
silicate melts (e.g., Corrigan and Gibb 1979, Rammensee ard unknown with the exception of Pele. We used observations
Fraser 1982, Markovet al. 1987) and heated meteorite sampleS, S, SO, and S@at Pele ( McGratltet al. 2000, Spencest al.
(Tsuchiyamaet al. 1981, Yakovlewet al. 1984). In addition to 2000) to calculate pressures of 3 to 10-5>4 bar in the vicinity
S- and O-bearing compounds, alkalis and chlorine are often af-Pele’s volcanic vent (Zolotov and Fegley 2000b). This is a
served in condensates from volcanic and fumarolic gases. Alkidle low end of the range we consider here, but different type
chlorides (NaCl, KCI) are generally the most abundant condewi-volcanic vents could have pressures within the range chose
sates of the alkali elements (e.g., Tkacheskal. 1999). It is The pressures in the erupted volcanic plumes are much low:
thus possible that on lo intensive volcanic degassing of Na, Byt we are modeling chemistry inside the volcanic conduit, nc
and CI (along with S and O) results in condensation of alkati the erupted plume after expansion, cooling, and quenching
chlorides and other compounds such as sodium sulfidgSNahigh-temperature chemistry have taken place. We use a nor
and sodium sulfate (N&Qy) that are considered as plausiblanal temperature of 1500 K and a nominal pressure of 1 bar |
coloring agents on lo’s surface (e.g., Nash 1993). calculations that explore the effects of variable elemental ratic
The purpose of this work is to evaluate quantitatively the spen volcanic gas chemistry. This was done because the elemer
ciation of Na-, K-, and Cl-bearing gases and condensed phas®ios derived from observations of the lo torus may not nec
emitted from high-temperature volcanic gases on lo. The effeetssarily be identical to the elemental ratios in ionian volcani
of temperature, pressure and bulk composition, including the giases. We also explore the effects of variable temperature a
fects of hydrogen, are considered. The calculations are a natymassure on the chemistry of volcanic gases with fixed elemen
extension of our prior work on the chemistry and oxidation statdundances.
of volcanic gases on lo (Zolotov and Fegley 1998a,b, 1999). Pre-Our previous work considered volcanic gas chemistry of sul
liminary results are described by Fegley and Zolotov (1999) afut and oxygen gases and exploredSatomic ratios ranging
Zolotov and Fegley (2000a). The results are discussed in term&rom about 107 (i.e., essentially pure sulfur vapor) to 3 (i.e.,
types of volcanic plumes, mineralogical composition and colessentially pure S§)with a nominal Q'S ratio of unity (Zolotov
of volcanic condensates, juvenile versus recycled sources ofatd Fegley 1998a,b, 1999). As discussed in detail in our pri
ements in host magmas, and volcanic contributions to the copapers, all the available data on the composition of lo0’s surfac

position of lo’s atmosphere and torus. extended atmosphere and plasma torus, and for the Loki plur
(Pearlet al. 1979) indicate that volcanic gases on lo probably
COMPUTATIONAL METHODS vary in composition from essentially pure sulfur vapor to almos

pure SQ. Volcanic gases with higher (3 ratios, which can be
We used ideal gas thermochemical equilibrium calculatiotisought of as S&-O, mixtures or as S@-SO; mixtures, appear
to model chemistry of the alkalis and chlorine in volcanic gas@®splausible but cannot be definitively ruled out. Here we con
on lo. This is the same approach as used in our prior modelisiger 'S ratios ranging from 0.01 to 2.0 and following our prior
of volcanic gas chemistry on lo (Zolotov and Fegley 1998a,bjork adopt a nominal @5 atomic ratio of unity, which roughly
1999). The basic assumption, which is illustrated in Fig. 1 @fatches the composition of the plasma torus (Metad. 1991).
Zolotov and Fegley (1999), is that volcanic gases on lo reachAlthough several sulfur-bearing molecules have been defin
chemical equilibrium inside the volcanic conduit where the higfively observed in volcanic plumes on lo (Peatl al. 1979,
temperatures and pressures lead to characteristic chemical rééarathet al. 2000, Spenceet al. 2000), the elemental abun-
tion times (them) that are less than the characteristic coolindances of alkali and halogen elements in volcanic gases on
time during eruption g.p). However, in the erupted volcanicare still unknown. Sodium, potassium, sulfur, and oxygen ar
plume, the low temperatures and pressures lead to the oppesent in neutral clouds and in the lo plasma torus, and chl
site situation (i.e. chem > terupy @nd chemical equilibrium is no rine was recently detected in the torus (Spencer and Schn
longer attained. In between these two regions, in the vicinitder 1996, Kippers and Schneider 2000). We used compos
of the volcanic vent,chem and trupt become equal and quench+4ional data for lo’s extended atmosphere (including the neutr;
ing of the high-temperature chemical equilibria occurs duringouds) and plasma torus in combination with the chondriti
the supersonic eruptions. Zolotov and Fegley (1998a) presendddindances of S, Na, K, and Cl to constrain plausible values f
thermochemical kinetic calculations showing that ionian vothe bulk sodium, potassium, and chlorine elemental abundanc
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TABLE I dritic ratio, which is also the solar ratio, is 0.0117 (Lodders an
Elemental Abundances Used in the Calculations Fegley 1998). The 50% condensation temperature for chlorir
(at 10 bar total pressure) in the solar nebula is 863 K (Lodder

Nominal Adopted ClI chondritic . .

Atomic ratio value range valde and Fegley 1998), so Cl is shghtl_y more refractory than sulf_Lu
The jovian subnebula model of Prinn and Fegley (1981) predic

0o/S 1.00 0.01-2.00 17.2 that lo should have accreted with the solay €£tatio. Both ClI
Na/S 0.05 10°-0.20 0.13 and S are incompatible volatile elements in silicate magmas
cl/s 0.04 0.01-0.20 0.01 " they could be present in volcanic gases at about the bylg Cl
K/Sb 0.005 Varies with Na 0.00834 tio in lo. The d . t chlori d lfur-b . latile:
H/s 10-20 10-20_10-1 11.9 ratio in lo. The dominant chlorine and sulfur-bearing volatile:

in volcanic gases on Earth are HCl and,.SThe HC|/SO, mo-
2 Lodders and Fegley (1998). lar ratio is about 0.01 in volcanic gases at Kilauea, which is

bThe K abundance is calculated from the adoptedNmtio and the N&K  basaltic hot spot volcano (Symond’sal_ 1994), and would be

ratio of 10 from Brown (1998). a first-order proxy for ionian volcanoes. As discussed later, tt

¢ An arbitrarily low nominal value is adopted for the/8 ratio. - . . . .
y P rthe/Biratio predicted chlorine chemistry of ionian volcanic gases depen

on whether or not the (N& K) /Cl ratio is less than, equal to,

in volcanic gases on lo. The nominal elemental abundanag@sgreater than unity. We take a nominal/Slratio of 0.04
and range of values used in our calculations are expressednagur calculations and also explore the effects oftatios
atomic ratios relative to sulfur and are listed in Table I. Ouanging from 0.01 to 0.20 on the chemistry of ionian volcani
choices for the nominal elemental abundances are descrilgades.
below. Potassium is also observed in the lo plasma torus and neut

The N&S ratio in the plasma torus is in the range of 0.01elouds but is less abundant than sodium (Spencer and Schnei
0.10 (e.g., Voget al. 1979, Bagenal and Sullivan 1981, Spencek996). Potassium and Na have about the same volatility in the <
and Schneider 1996). Chondritic K&atomic ratios range from lar nebula and have 50% condensation temperatures (Aba®
0.13 in CI chondrites, which is also the solar abundance rattotal pressure) of 1000 and 970 K, respectively (Lodders ar
to 0.72 in the sulfur-poor CH chondrites. The meanSlaatios Fegley 1998). The mean/Ma atomic ratios in carbonaceous
in carbonaceous (Cl, CM, CO3, CV3), ordinary (H, L, LL),(CI, CM, CO3, CV3), ordinary (H, L, LL), and enstatite (EH,
and enstatite (EH, EL) chondrites fall in between these two ekt) chondrites are 0.058, 0.076, and 0.072, respectively. Brov
tremes and are 0.20, 0.44, and 0.22, respectively (Lodders §h898) has observed K and Na in lo's extended atmosphere a
Fegley 1998). The temperatures for 50% condensation of Kgports an average i ratio of 10+ 3. We did two sets of cal-
and S in the solar nebula (at 1Obar total pressure) are 970culations using either his ratio or the Cl chondritic/Maatomic
and 674 K, respectively (Lodders and Fegley 1998). Sodiumratio of 15.5. There is no significant difference between the tw
more refractory than sulfur, which is depleted relative to its ssets of computations; here we report the results obtained usi
lar abundance in most chondrites. The lowey Slaatios in CI  a Na/K ratio of 10.
and CM chondrites are probably more appropriate for lo’s orig- Hydrogen (and water) are very depleted on lo. There are |
inal bulk composition which is predicted to have been similar @efinitive detections of any H-bearing species on lo althoug
that of water-bearing carbonaceous chondrites (Prinn and Feglpgctral features possibly due to water ice an® kte have
1981). However, the N&s ratio in lo’s lithosphere could now bebeen reported (Spencer and Schneider 1996). It is unclear h
higher because Na and S have probably partitioned to differentich (or little) hydrogen lo contains. The Cl and CM chon
extents between lo’s silicates and its Fe—FeS core. We adopdéites contain 1-2% by mass hydrogen, predominantly as wat
0.05 as the nominal N& atomic ratio in our calculations on thein hydrous minerals (Lodders and Fegley 1998). Earth has
basis of NdS ratios for the lo torus. We also used M$aratios least 0.028% by mass water (due to its hydrosphere) and m
ranging from 10° to 0.20 in the computations, which spans thbave a few times more than this if significant amounts of wate
ClI chondritic N&S ratio. reside in hydrous minerals in the terrestrial mantle. Ordinar

The CIF abundance in the plasma torus i£2.5% relative chondrites contain about 10—100 parts per million by mass h
to all ions (Kuippers and Schneider 2000), giving g €lratio drogen in hydrous minerals and organic matter. On Venus, tl
of about 0.04 for an B ratio of unity in the torus. The to- mean sub-cloud water abundance of 30 parts per million by vc
tal chlorine density in the torus is between 1.5 and 5.5% of aime corresponds to a bulk water abundance of about one p
ions (Klippers and Schneider 2000) and corresponds t& Clper billion by mass (Lodders and Fegley 1998).
ratios ranging from 0.03 to 0.11. These/Slratios are several Even though lo is depleted in hydrogen (and water), we ir
times higher than chondritic €6 atomic ratios, which range cluded hydrogen in some of our computations because it has i
from a low of 0.0063 in H chondrites to a high of 0.0144 in CMportant effects on the chemistry of volcanic gases (e.g., see
chondrites. The mean €3 ratios in carbonaceous (Cl, CM,volcanic gas analyses tabulated by Symoeidal. (1994)). On
CO3, CV3), ordinary (H, L, LL), and enstatite (EH, EL) chonEarth, steam is generally the dominant volatile in volcanic gase
drites are 0.0120, 0.0087, and 0.0080, respectively. The Cl chéuthermore, HS is an important sulfur gas in some volcanoes
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TABLE I Temperature Dependent Gas Phase Chemistry
Compounds Included in the Computations and the

Thermodynamic Data Sources Used? Sulfur. Figure laillustrates the chemical equilibrium abun-

dances of sulfur-bearing gases at 1 bar total pressure as a funct
Cl, Clp, ClIO, Ch0, 0,3, 03, S, S, S5, S4. S5, S, 57, S, e (s, lig), ScI,  of temperature from 1000 to 2000 K. In general, the results i
SCh, $Cl, $Clz, SO, SG, SG;, S0, SOCh, SO:Cl, Na, Na (s, lig), Fig. 1a are very similar to our prior results for volcanic gas cherr
HB%NSC('SN’\?C('DS”'\ZQ)’S(NEJ‘I(?& (Eaf'k'lNQSQk';@SK%‘ (i' gq)kc’\‘)z"" istry in the S—O system (Zolotov and Fegley 1998a,b, 1999
K; }‘(23@(51‘ “qe)‘y kel (QKCSSZ’, Ifé’l o ”éi’ K'Z)SO}ZZ K28a64 (o iy, ey, Sulfur dioxide €65 vol9%) and $ (~30 vol%) are the first and
H20, OH, H;S, HS second most abundant sulfur gases over the entire temperat
range considered and either SO (at highgior S0 (at lower
@ Thermodynamic data are taken from the NIST-JANAF Tables (ChaseT ) is the third most abundant gas. Other sulfur vapor allotrope
igggﬁfgfﬁi f}g:\ltzf(‘;ﬂ':/‘i’g;? ;FngosL;hiﬁsﬁﬁr?dogsk'(gi E'rit(:ta;:” notably S and S, become increasingly important with decreas:
1987). The data forlelz'and SOG are'tabulated to 1500 K and have been Tgo(t)e';nperature’ but they are less abundant thb & T >
extrapolated to 2000 K in our calculations. :
Because Na and K are less abundant than sulfur, their chel
istry does not significantly alter that of sulfur. The two major
Finally, HCl and HF are the dominant halogen species in terregffects are that at high temperatures the four gases KS0ia
trial volcanic gases. We used an arbitrarily lowSatomic ratio K2SOs, and KeS collectively consume about 0.1% of the total
of 102 for our nominal hydrogen abundance in most calculgulfur abundance, and second that condensation of liqui& Na
tions. The possible effects of hydrogen on ionian volcanic gagd liquid NaSO, removes about the same amount of sulful
chemistry were studied in a set of computations using variaffém the gas. As we will show below, the effect of Na chemistry
H/S atomic ratios ranging up to 0.1, which is certainly muchn that of sulfur becomes important only at a/Satomic ratio
higher than the bulk IS ratio on lo. As discussed later, thes@f 0.20, which is the upper end of our assumed range giSNa
computations show that hydrogen only affects ionian volcanigtios. However, this value is greater than the largegSNalue
gas chemistry at these higly8 ratios. of ~0.09 observed in the lo torus and is also greater than tf
About 70 solid, liquid, and gaseous compounds were includ&d chondritic Ng'S atomic ratio of 0.13. Thus, sulfur chemistry
in our calculations. These compounds and the thermodynarificolcanic gases on lo is essentially the same as chemistry
data sources used are given in Table II. The thermochemitz¢ S—O system and the conclusions reached by us in our pr
equilibrium calculations were done using our existing computgapers remain unchanged.
codes, which operate using a mass balance, mass action algo-
rithm (Fegley and Lodders 1994) and a Gibbs free energy min-Sodium. Figure 1b presents the equilibrium abundances ¢
imization algorithm (Van Zeggeren and Storey 1970). The rgodium gases as a function of temperature. To the best of ¢
sults from the two codes agree very well. In this paper we modglowledge, these are the first quantitative computations th
the condensation chemistry of pure compounds and neglect #§dict the abundances of Na species in volcanic gases on
mutual solubility between alkalis (e.g., KCI solubility in NaCl).although prior authors have speculated on the possible pre
This was done because studies of condensates from terresgi@e and form of Na in ionian volcanic gases. Sodium chic
volcanic and fumarolic gases show separate crystals of halige (NaCl) is the dominant sodium gas over all temperature
(NaCl) and sylvite (KCI), instead of a solid solution of the twgsonsidered. The second most abundant sodium-bearing ga:
minerals (Bernard and Le Guern 1986). However, terrestrial riither monatomic NaT( > 1600 K) or (NaCl} (T < 1600 K).
trocarbonatite magmas are typically solutions of several saild1e third most abundant gas switches from (NaGa} higher
so it is possible that multicomponent liquids will condense otg¢mperatures) to Na, and then to (NaGijith decreasing tem-
of ionian volcanic gases instead of pure liquids. Mutual liquigérature.
solubility would widen the range of temperatures and pressurescondensation of liquid N& occurs at~1780 K. Liquid

over which condensates are stable relative to the stability fieR{gSCOs forms instead of NgS at temperatures below1650 K.
of the pure phases. Sodium sulfate remains stable down to at least 1000 K. Conde

sation of liquid NaCl occurs at 1363 K and removes most of a
sodium from the gas. The condensed liquids probably cool ar
DISCUSSION OF THE COMPUTATIONAL RESULTS solidify rapidly in the vicinity of volcanic vents, but the presence
of some gaseous NaCl, p&0,, and KCI in plumes and local
We first discuss the effects of temperature and pressure ontbé&anic atmospheres is not excluded. The correlation of visib
chemistry of volcanic gases with the nominal elemental abuwavelength emissions due to neutral atomic Na with volcani
dances given in Table I. Then we consider separately the effeglgmes and volcanic centers on lo (Geisgerl. 1999a) sug-
of variable elemental abundances on the gas phase chemigfegts that gaseous Na species are present in plumes and/or I
Finally, we discuss the condensation chemistry of the volcaniolcanic atmospheres. However, the partitioning of Na (and K
gases. between gas and condensates is not known at present.
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FIG. 1. Chemical equilibrium abundances of (a) sulfur, (b) sodium, (c) potassium, and (d) chlorine gases as a function of temperature at 1 bar total
and for the nominal elemental abundances given in Table I. In this and subsequent figures, the mole Xpofiamés is defined as the partial pressure of the ga
divided by the total pressure (i.eX; = P, /Py for gasi). The vertical dotted lines show the condensation temperatures of liquiel (1880 K), liquid NaSOy
(1650 K), liquid NaCl (1363 K), and liquid KCI (1173 K). The arrow labelec,Sashows the range of temperatures where liquigS\a stable; it is replaced by
liquid NaxSO4 at 1650 K, which remains stable to lower temperatures.

Potassium. Figure 1cdisplays potassium equilibrium chemK have similar chemistry and chlorides are the major gases f
istry, which is similar to that of sodium. If thermodynamic datéhe two elements over the 1000—-2000 K range.
were available, we might find that (K@ltontains about the  Chlorine. Figure 1d shows the equilibrium abundances o
same fraction of total gaseous potassium as (Naloigs of total chlorine compounds. The two most abundant chlorine gases
gaseous sodium at lower temperatures. One difference betwgenerally NaCl and KCI, with the former being more abun
sodium and potassium chemistry is that K is more volatile thalant above~1225 K. The dimeric species (Nagl{KCl),, and
Na and all of it remains in the gas until liquid KCI condenses @NaCl); are the next most abundant chlorine gases. Monaton
1173 K. Another difference is that KS is the third most abunda@l, S,Cl, and SCI are minor species under these cond
potassium gas at high temperatures. However, in general, Na &iads. Molecular chlorine, other sulfur chlorides, and sulful
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oxychlorides are of negligible importance. Because of the imensidered. The abundances of S and SO increase and the at
portance of the alkali chlorides, chlorine chemistry is affectethnce of S0 decreases with decreasing pressure. The abu
indirectly by the condensation chemistry of the alkali elementdances of alkali-bearing sulfur gases never exceed 0.1% of t
. total sulfur abundance.
Pressure Effects on the Gas Phase Chemistry An interesting feature is the effect of total pressure on th
Sulfur. Figure 2a shows equilibrium abundances of sulfuwondensation chemistry of the alkalis. With increasing pressur
gases as a function of variable total pressure at 1500 K. In géime first condensate formed is liquid & which appears at
eral, the chemistry in this figure is the same as that for the S-0®6 bar and is stable up te0.15 bar where liquid Nz5O,
system and shown in Fig. 2 of Zolotov and Fegley (1998bfprms instead. Sodium sulfate remains stable up to the highe
Sulfur dioxide and gare the first and second most abundamiressure considered, 100 bar. Liquid NaCl condenses at 3.9 |
sulfur gases, respectively, over almost the entire pressure raagd liquid KCI forms at 40 bar.
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FIG.2. Chemical equilibrium abundances of (a) sulfur, (b) sodium, (c) potassium, and (d) chlorine gases as a function of total pressure at 1500 K and
elemental abundances. The vertical dotted lines in this figure show the condensation pressures fori(dMNa&?2 bar), liquid NaSQ (10983 bar), liquid
NaCl (189 bar), and liquid KCI (180 bar). Liquid NaS is stable from 10122 to 10-°83 bar, at which point liquid NgSO4 condenses.
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Sodium. Figure 2b shows the sodium gas chemistry as aFigure 3a shows that sulfur chemistry is essentially unaltere
function of total pressure. Monatomic Na is the dominant gaslay the presence of sodium for K& ratios at and below the ob-
pressures less than10* bar and NaCl is the major gas at higheserved values in the lo torus. However, the abundances gf S
pressures. Sodium chemistry is fairly simple at low pressures)d $ converge as the N& ratio continues to increase beyond
with NaCl and Na comprising essentially 100% of all gas pha€e09 and they become almost equal ay/8Sla 0.20. There are
sodium. The next most abundant gas, NaO, makes up less tabo slight increases in the abundances of other sulfur vapor
one part per million of total sodium. However, with increasintptropes (3—S) and slight decreases in the abundances of oth
pressure several molecular species become increasingly immodidized sulfur gases (SO, gJdn this compositional range. This
tant, with the three most abundant gases (after Na and NaiSljjue to condensation of liquid B8O, (at Na/S~ 0.037). Lig-
being (NaCl}, N&SQO,, and (NaCl}. The relative importance uid K,SO, does not condense until higher Naratios beyond
of these three species is a sensitive function of the total presstine, range of this figure.
and (NaCl) and (NaCl} are the second and third most abun- Sodium chemistry is shown in Fig. 3b. Sodium chloride i
dant Na gases at the highest pressures shown. The condens#tiermajor Na gas at all N& ratios considered. The second
chemistry of sodium was described above in the discussionmbst abundant gas is (Nagljollowed by either (NaCBhor Na.
Fig. 2a. All gas abundances remain approximately constant once ligu

Potassium. Figure 2c displays potassium chemistry as ¥2SO: condenses. _ , o
function of total pressure. This is qualitatively similar to sodium F19uré 3¢ shows potassium chemistry, which is similar t
chemistry in that KCl and monatomic K are the two majorgase%‘?d'um chemlst'ry. The NK ratio is f|xeql at a value of 10 n
At pressures greater than 0.06 bar, K rapidly drops in abunda/iigSe computations, so the total potassium abundance varie
until (KCI), becomes more abundant at about 0.48 bar total pr&ncertwith the sodium abundance. Potassium chloride rema
sure. Potassium chemistry, like sodium chemistry, is fairly siffl€ dominant gas over the compositional range considered, &
ple at low pressures and more complex at higher pressures wh&!)z2 iS always the second most abundant potassium gas. T
(KCl)2, K, and KS are either the second or third most abundafindensation of liquid SQ; occurs at a higher N ratio than
gases. Presumably if thermodynamic data were available, f8Se shown.. o o
would find that (KCI) is comparable in importance to (Nag) Chlorine chemistry is displayed in Fig. 3d and is fairly com-

at higher pressures. Finally, condensation of liquid KCI occuPi€X because the chemistry of chlorine is closely coupled to th
of sulfur, sodium, and potassium. The noming/€tatio in our

at about 40 bar and depletes all K gases at higher pressures: X X ! b
) ) _ computations is 0.04, and the nominal Maratio is 10, so a

Chlorlne: The pressure effects on chlorine chemistry aRa-+ K)/S ratio of 0.04 gives equal abundances ofNig and
shown in Figure 2d. At low pressures of 1o 10 bar, mon- chorine. For simplicity we will refer to the (Na K) /S ratio as
atomic Cl is comparable in abundance to KCl and NaCGhe aikalj's ratio because the abundances of the other (as
However, these two species are the dominant chlorine gases Wdetected) alkali metals (Li, Rb, and Cs) on lo are probab
virtually the entire pressure range considered. With increasipg,ch less than the Na and K abundances. If the actual 2okl
pressure the Cl gas abundance decreases sharply and the ayiicys ratios in ionian volcanic gases are different than ot
dances of the dimeric species (NaGihd (KClp and of (NaCly  ominal values, an alkalCl ratio of unity will occur at differ-
increase dramatically. In general, abundances of the sulfur chigg: values of the alkalB and CJS ratios. However, our results
rides (except SCI) and oxychlorides also increase with incretf;:m;l‘,]-OW that an alkafiCl ratio of unity is a boundary between one
ing pressure but are commonly lower than those of the alkgligion at lower alkaliCl ratios where elemental chlorine gases
chloride gases. Finally molecular chlorine and CIO are negligiyjfur chiorides, and oxychlorides are important species and
ble at all pressures considered. second region at higher alka@l ratios where alkali chlorides
are important species. Figure 3d shows that as the{ K/ Cl
ratio decreases below unity £Lbecomes the major gas, and
SCh, S;ClI, Cl, and SOC] also become important gases. How-

The calculations discussed above were done using the nomier, NaCl is the major chlorine gas for the range of Sleatios
nal elemental abundances from Table |. However, because thebich are observed in the lo torus. As the/ratio increases,
abundances are uncertain, we also explored the effects of #i€l, (NaCl), and (KCl» become increasingly important, and
ferent Na, O, Cl, and H abundances on the resulting gas phas#ur chlorides, oxychlorides, and elemental Cl gases are
chemistry. negligible importance.

The N&S ratio. Figures 3a—3d show the influence of the The Q'S ratio. Figures 4a—4d illustrate the effect of/©
Na/S atomic ratio on chemistry of sulfur, sodium, potassiunatomic ratios ranging from 0.01 to 2.0 on the chemistry of sul
and chlorine gases, respectively, at 1500 K and 1 bar total pr&s; sodium, potassium, and chlorine compounds at 1500 K at
sure. The O-S—CI-H elemental ratios are held constant at theibar total pressure. The sulfur chemistry shown in Fig. 4
nominal values from Table | and the Naratio is held constant is similar to that displayed in Fig. 1 of Zolotov and Fegley
at the nominal value of 10 in these computations. (1998a,b) which are for 1400 K and10or 10 bar, respectively.

Effects of Variable Elemental Abundances
on the Gas Phase Chemistry
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FIG. 3. Chemical equilibrium abundances of (a) sulfur, (b) sodium, (c) potassium, and (d) chlorine gases as a function /8 titemi& ratio at 1500 K
and 1 bar total pressure. The corresponding@®atomic ratio is also shown. The K ratio = 10 and nominal values from Table | are used for the O, Cl, and +
abundances. The vertical dotted line shows where liquigBa becomes stable (N& = 0.0366). Sodium sulfide does not form and liquigSQO, forms only at
higher N&S ratios beyond the range of the graph. The arrow labeled “torus” shows the ranggSofdtias observed in the lo torus.

The major features of sulfur chemistry in ionian volcanic gasddaS or liquid NaSO, coexists with the gas. The abundances o
which we have described previously, are essentially unalteraésulfur vapor allotropes (&), KS, and KS are insensitive
by the presence of Na, Cl, and K. to O/S ratios less tharn-0.4, where liquid NaS is present, but
Sulfur dioxide remains the major sulfur gas atSratios the abundances of N8O, and K;SO, vary steeplyinthisregion.
greater than~0.7 and $ is the major sulfur gas at lower/S However, the alkali sulfate gases have constant abundances
ratios. The O abundance is relatively insensitive to th¢SD O/S ratios greater thar0.4, where NaSQ, forms and remains
ratio over almostthe entire range considered unt®® 2, when stable at higher ¢5 ratios. Figure 4a stops a/6=2.0 (i.e.,
it drops sharply. At this temperature and pressure, either liquigure” SG;), but sulfur chemistry at higher 3 ratios is shown
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FIG. 4. Chemical equilibrium abundances of (a) sulfur, (b) sodium, (c) potassium, and (d) chlorine gases as a functiory 8fatwen@ ratio at 1500 K

and 1 bar total pressure. The nominal values from Table | are used for the Na, Cl, K, and H abundances. The vertical dotted line on this figure shbws

(O/s = 0.42+ 0.02) where liquid NaS, which is stable at lower (3 ratios, is replaced by liquid N804, which remains stable to higher/O ratios.

in Fig. 1 of Zolotov and Fegley (1998a,b). Volcanic gases withbundances of Na, Naand NaO drop sharply while the abun-
O/S ratios in this range are $80, mixtures with several hun- dances of the three Na chlorides and, 8@, remain relatively
dred parts per million by volume (ppmv) $Cseveral tens of constant.

parts per million by volume monatomic O, and.0 ppmv SO.

Potassium chemistry is shown in Fig. 4c. Again, this is simila

Figure 4b displays sodium chemistry as a function of tH& O to sodium chemistry in that KClis the dominant gas and (KiSI)

ratio. Sodium chloride is the major gas over the entire rangecond in abundance. Potassium monosulfide and monatomi
considered. The next most abundant gases are (Na@d) Na. are the third and fourth most abundant gases, respectively. T
Depending on the {5 ratio, either (NaCh or NaSO;, is the O/S ratio has relatively little effect on potassium gases unt
fourth most abundant gas. The abundances of most sodivatues close to 2 are approached where almost all species d

gases are relatively insensitive to theratio over most of sharply, except KCI, (KC}, and K;SOq, which remain almost
the range shown. As (3 ratios close to 2 are approached, theonstant.
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Figure 4d shows chlorine chemistry. This is dominated by thsailfur, sodium, potassium, and chlorine compounds at 1500
alkali chlorides, which are the five most abundant Cl-bearirand 1 bar total pressure.
gases. Chlorine chemistry is not affected by variations in theFigure 5a shows that the five most abundant sulfur gases (S
O/S ratio, except close to S@toichiometry where monatomic S, S0, SO, and § at this temperature and pressure are un
Cland C}, begin to increase sharply and@ and SCI decrease affected as the ¢5 ratio increases from 0.01 to 0.20. The les¢
sharply. The abundances of the alkali chlorides decrease sliglabundant sulfur-bearing gases are also virtually unaffected e
as JS=2is approached. cept for sodium and potassium species. Liquid8{3, is stable
at Cl/S ratios less than and equal to 0.055. The abundances
The CJS ratio. Figures 5a—5d illustrate the effect of &8 NaSQ,, K2SOy, KS, and kS change sharply at £3=0.055
atomic ratios ranging from 0.01 to 0.20 on the chemistry @nd, except for N8O, which remains constant, increase as
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FIG.5. Chemical equilibrium abundances of (a) sulfur, (b) sodium, (c) potassium, and (d) chlorine gases as a functiory 8fatentit ratio at 1500 K and
1 bar total pressure. The nominal values from Table | are used for the O, Na, K, and H abundances. The vertical dotted line on this figure showS@here
which is stable at @IS ratios of 0.055 and below, forms. The arrow labeled “torus” in this figure shows the rangesaiatibs (0.029-0.106) for the lo torus from
Kuppers and Schneider (2000).
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the CI/S ratio decreases below this value. As seen in this and 0 . . . . . , . .
subsequent figures, the /& ratio of 0.055 is a critical point
where dramatic shifts occur in the gas phase chemistry of Na,
K, and ClI. This CJS ratio is almost, but not exactly, equal to a
Cl/Naratio of one. However, as discussed earlier for Fig. 3d, the
alkali/Cl ratio is the critical parameter for chemistry of Na, K,
and ClI. Thus, a @IS ratio of 0.055 corresponds to g/Qlla+ K)

ratio of unity. If the NgK ratio were different than 10, the crit-
ical Cl/S ratio would have a different value corresponding to
Cl/(Na+K) =1.

Sodium chemistry is shown in Fig. 5b. The Cl abundance
does not affect the two major Na-bearing gases over a wide
range of C}S ratios. At very low values (Z5~ 0.012) below
the range of CIS ratios appropriate for the lo torus, Na becomes
the second most abundant sodium gas. The third most abundar
gas shifts from Na to (NaG)as the CJS ratio increases; this
change occurs within the range of/Slratios compatible with 12 , . ,
the observations of Clin the torus. The abundances of several -10 -8 6 -4 2
gases (Na, Ng&50Oy, NaO, Na, and NaO) decrease sharply as 1094 H/S Atomic Ratio
the Cl/Sratio increasesto 0.055, and only Na has a mole fraction _ o _ _
greatr than 15 al IS o realer e 0055 i o e e e e e e

F_Igure S¢C ShOW§ analogous behavior for potassium. The t\alltg)minal values from Table | are used for the O, S, Na, Cl, and Igabundances
major gases remain KCl and (K@I)The abundances of most of
the other potassium species show sharp changega&).055.

Monatomic K and KS remain the third and fourth most abundalair to sodium chemistry, although KOH becomes the third mo:
K-bearing gases at higher & ratios, but their abundances ar@bundant potassium gas at$iratios above-0.003.

markedly decreased from those af €lratios equal to and less  The major change to chlorine chemistry is that HCl become
than 0.055. more important as the hydrogen abundance increases. Hydrot

Chlorine chemistry is displayed in Fig. 5d. At /& ratios chloride is the major chlorine gas emitted from terrestrial vol
less than 0.055, chlorine chemistry is dominated by Na anddénoes. However, lo is probably much drier than Earth, so H(¢
chlorides and all other Cl-bearing gases are trace speciesshduld be much less important for volcanic gas chemistry ther
dramatic shift occurs at a €3 ratio of 0.055 where G| Cl, and The three most abundant chlorine gases at A8 katios consid-
several sulfur chlorides become much more abundant. Howewsed are NaCl, KCI, and (NaGlin this order. The KCI dimer is
NaCl remains the major chlorine gas up to @&tatio of 0.20. the fourth most abundant Cl-bearing gas @SHatios less than
6r0.01, but the HCl abundance exceeds the (K@hundance at
digher H'S ratios.

-6

log4o Mole Fraction

-8

-10

The H/S ratio. Figure 6 summarizes how the presence
hydrogen alters the chemistry of ionian volcanic gases at 150 ! ‘ ) )
Figure 6 illustrates that very high 4% ratios are needed

and 1 bar total pressure. The Siratio was varied over a wide ,
range to show trends in the abundances of H-bearing compouR&re the predicted #0, H,S, and HCl abundances exceec

and for comparison with the upper limits fop8, H,S, and HCI  the Voyager upper limits on these species. Howeover, even
determined for the Loki plume by the Voyager 1 IRIS experimefit/ S~ 0.1, the largest ratio considered, less than 1% of all su
(Pearlet al. 1979). In terms of mole fractions, the averagefl'l IS Presentas ¥8. Atthis H/S ratio S is only as important

upper limits are 0.023, 0.35, and 0.010 foi®} H,S, and HCI, &S SO and remains less abundant than, 8 and SO. Itis
respectively. implausible that ionian volcanic gases hay&Hatios~0.1 and

At H/S ratios less than-10-%5, the major hydrogen gasesthe Voyager upper limits are thus not very good constraints c

in order of decreasing importance are HS, HCI, NaOH, arige amount of hydrogen that may be outgassed from lo today
KOH. As the herogen abund_a.nce continues to mprea@@, HCondensation Chemistry

becomes more important until it becomes the major hydrogen

bearing gas at an } ratio of~10-°. The abundances of43 Figure 7 shows how the condensation chemistry of sodium ai
and H increase more sharply than do the abundances of Hf&tassium compounds varies with total pressure for the non
HCI, NaOH, and KOH and the former two gases become timal elemental abundances listed in Table I. Perhaps the m
second and third most abundant hydrogen specieg@trétios important effect is that increasing pressure leads to conden:
above~0.003. The abundances of NaOH and NaH, which istéon at higher temperatures. Sodium sulfide is always the hig
trace species, increase with the hydrogen abundance. Sodtamperature condensate at this bulk composition. Sodium sulfi
chemistry is unaffected otherwise. Potassium chemistry is simielts at 1445 10 K (Chase 1998), so liquid N& condenses at



204 FEGLEY AND ZOLOTOV

2000 T T T T 2000 ., T — T
Nothing condenses
1800 Nothing condenses _ 1800 |
g 1600 2 1600 |
o o
3 =3
& g8
2 g
5 1400 § 1400
= -
1200 1200 E
KCI
Nazs i
NazSO4 Torus
1000 1000 . . — . e ——
-5 -4 -3 -2 0.01 0.1 1 2
log,, Total Pressure (bar) 0O/S Atomic Ratio

FIG. 7. Condensation temperatures of#8a NgSQy, NaCl, and KCl as FIG.8. Condensation temperatures of#%a N&SQy, NaCl, and KCl as
a function of the total pressure for the nominal elemental abundances giverifiinction of the @S atomic ratio at 1 bar total pressure. The nominal value:

Table 1. No condensates are stable at high temperatures and low pressuresfi{@sp Table | are used for the S, Na, K, and Cl elemental abundances. The arr
left region of the graph). labeled “torus” shows the range of/© atomic ratios in the lo torus.

higher pressures. Depending on the total pressur NMatable

for tens of degrees to afew hundred degrees higherthg®®a a 10— 17—
Sodium sulfate melts at 1157 K and condenses as a liquid ov¢ = 8o |- N
almost the entire pressure range shown. Sodium chloride cor 8 g
denses several hundred degrees beloy8®aand coexists with g g0 Na,SO, g
it. The lowest temperature condensate in this temperature rang % 40 g 4
is KCI. Sodium chloride melts at 1074 Kand KClmeltsat1044K 3 ., £ ]
so these two compounds condense as solid halite and sylvite, r z
spectively, over part of the pressure range shown. b 08 — : : : : : :
The condensation sequence is somewhat altered at differe L —
O/S ratios and this is illustrated in Fig. 8. Sodium sulfide re- € 80 1
mains t.he high-temperature conder_wsate over a wu:je range 5 go NagSO4 Nag$ % N
O/S ratios, but the N&8O, condensation temperature increases % 2 A
steeply as @S increases and it becomes the highest-temperatu § 40 S, ]
condensate at 5 ratios near 1.5. At {5 ratios less tha0.15, S 20 £ -
a new field appears where paand NaSO, coexist for a range 0 ' . . . ' ‘z T
of temperatures. This field increases in size as both ffi@r@io . 100 S —
and temperature decrease. In contrast to the complex behavi - .
exhibited by sodium sulfide and sulfate, the NaCl and KCI con- 1%: 80 2 i
densation temperatures are insensitive to th® @tio and only 5 60 Nays .
decrease slightly as the/S ratio increases. 2 4o i g ]
The composition of the predicted volcanic condensates i: 3 2 -
shown in Fig. 9 as a function of temperature at 1 bar total pres = 20 3 7
sure. Three different b ratios of 1.5, 1.0, and 0.1 are shown. o LKCI, P T TR SR
At O/S=1.5, Na@SO, condenses and no Naforms, while in 1000 1200 1400 1600 1800 2000
the latter two cases N8 is the only condensate forming at high Temperature (K)

temperatures, with sodium sulfate, NaCl, and KCI coexisting at o )

lower temperatures. Sodium sulfide also coexists with sodi FIG.9. Composition in volume percent ofvolcanlc_ condensgtes as a func
o . l‘“% of temperature at 1 bar total pressure and three differggtr@tios of 0.1,

sulfate for a limited temperature range in the case of the morg, and 1.5. The ratios, relative to sulfur, of other elements are the same as

reducing gas. This is also evident from Fig. 8. the nominal model listed in Table I.
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APPLICATIONS TO 10 ity of Na compared to K increases, as magma becomes mc
reduced (Yakovlev and Kosolapov 1980). Finally, as discusse
Volcanic Degassing of Alkalis and Chlorine on lo later, magmatic interactions with volatile-rich deposits forme

%qlcanically or by other processes, may also be a source of :

Several different factors influence the volcanic degassing 0f . ) : '
é<_al|s, chlorine, and sulfur in volcanic gases.

alkalis and chlorine on lo: the predominance of sulfur in ma
matic gases, the anhydrous character of the magmas, the unusiikalis.  Our results show that NaCl, Na, and (NaCére
ally high_ temperatures of at least some volcanic_ vents, and g major sodium species expected in volcanic gases on lo. T
!ow ambleqt pressure atlo’s surface. The pr_edommar_nce ofsulwé/s and QS ratios are of secondary importance for determin
in magmatic gases on lo favors the formation of sodium sulfqygg the major sodium gas. Diatomic sodium vapor, sodium oxid
and sulfide and condensation of these phases. The anhydrou§g§é5 and N&O, gas are less abundant than either Na or NaC
ture of the magmas can enhance the amount of Clin the gas phagére are no thermodynamic data for sodium sulfide gases (e
because the Cl concentration in terrestrial magmatic gases is@@- Na analogs to KS and,B) and these two gases were no
ticorrelated with the amount of Water_in 'Fhe magmas (Webstgl-|uded in our computations. However, by analogy with potas
etal. 1999)_. The low water content qf ionian magmas probably,m chemistry we do not expect either NaS opSl#o be the
does not directly affect the degassing of alkalis (€.9., Sandgfsminant sodium species in ionian volcanic gases, although th
et al. 1981) because in silicate melts alkalis are associated qu;pdy be present at minor or trace levels.
oxygen and also with chlorine in alkaline magmas. However, pjthough sodium sulfate and/or sodium sulfide are not majc
the dryness of magma source regions probably increases fignstityents of the volcanic gases, these two compounds are
uidus temperatures. In tumn, the higher liquidus temperatuigg,st abundant high-temperature condensates. They can form
increase the amount of degassed volatiles because vapor pigtrier or separately depending on temperature, oxidation stz
sures increase exponentially with increasing temperature. a4 pressure of the volcanic gas (Figs. 7-9). The calculated s
Both the high temperatures of ionian magmas and their adigiy of condensed NgB at low Q'S ratios is consistent with the
batic decompression at I0's low-pressure near-surface envirggymation of alkali sulfides in experimental modeling of sulfur-
ment (Kieffer 1982) should favor extraction of vplatlles INtGnagma interactions on lo done by Johnson and Burnett (1991
the gas phase. Laboratory measurements of sodium and pofggs formation of NaSO, at more oxidizing conditions is in
sium concentrations in basaltic melts that have been heated{gteement with experimental data for interaction of Na-silicate
different periods of time (Corrigan and Glbb.1979, Donaldsqnith S0,—0, gas mixtures (Johnson and Burnett 1993). The st:
1979) and laboratory meagurements of §od|um and potaSS|Hmy fields for condensed N&O, and Na$S are also consistent
vapor pressures above mafic and ultrabasic melts (Yakev®#yv yith results obtained by Burnett (1995) in his independent thet
1984, Markoveet al. 1987), alkali feldspar melts (Rammensegetica) study of the interaction of silicate magmas with S-bearin
and Fraser 1982), and heated chondritic meteorites (Tsuchwa@g@osits in the crust of lo. In addition, oxygen fugacity value
etal.1981, Ruzickatal.1998) show that these two elements arg; tne sodium sulfate—sulfide buffer (DBO; = NapS+ 20,)
volatile and easily lost to the vapor at high temperatures. Thegsincide with the redox conditions for relatively reduced (i.e.
retical calculations of the sodium and potassium vapor pressy(r-rich O/S~0.01 to 0.1) ionian volcanic gas (see Fig. 5
above chondritic silicate melts (Fegley and Cameron 1987) alg07o|otov and Fegley 1999). All these investigations indicate

show the high volatility of Naand K. . competition of sodium sulfate and sulfide in igneous process
Generally speaking, the bulk composition of volcanic gasgg, |q.

can vary with temperature, pressure, and composition of ioniantpe major potassium gases emitted from ionian volcano
magmas._Highertemperature and/or lower pressure increasef)fpe KCI, (KCI), and monatomic K. Potassium chloride va-
vaporization of S, Na, K, and CI from magmas. However, the, is the dominant potassium gas over the 10000—2000 K ter
effects are different for each element. For example, the M&srature range (see Fig. 1c). This conclusion holds over tl
imum amount of some more volatile but less abundant elgyge of total pressures and elemental abundances explore
ments such as Cl that can be degassed may be limited by thgjf caiculations. To summarize, most of the gaseous sodium &
relatively low concentrations in the magma. Although terrestriglyiassium volcanically outgassed on lo are in NaCl, Na, (NaCl)

volcanic gases and experimental data indicate similar volatigr) (KCI),, and K and the two most abundant high-temperatur
ties of Na and K from silicate melts (e.g., Croweal. 1987, 5ndensates are BBO, and NaS.

Markovaet al. 1987), some experimental data demonstrate that

K becomes more volatile than Na at very higtfP000K)temper- ~ Chlorine. Sodium and potassium chlorides are the mo:s
atures (Walter and Giutronich 1967). Degassing is also affectaioundant chlorine gases in our calculations under virtually &
by the oxidation state of magma, as we discussed for sulfurtemperatures and pressures for the nominal elemental abi
Zolotov and Fegley (1999). The volatility of Na and K increasegances in Table I. The (NaK) /Clratio (i.e., the alkaliCl ratio)

as the oxidation state of the magma decreases (Tsuchigeaha is the most important factor that determines the nature of oL
1981, Symondet al. 1992) and as the amount of sulfur in thegassed chlorine compounds. As shownin Fig. 3d, chlorine chel
magma increases (Sandetsal. 1981). In addition, the volatil- istry begins to change when the alkali ratio becomes unity.
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Atomic and molecular chlorine and several sulfur Ch|0|’id®|2+/C|Jr ratio, but we are unaware of any constraints on Cl an
(notably SCland SC}) become important Cl gases atalkéll  C|~ in the torus.
ratios less than unity. The measurements of Na, K, and Cl in therinally, observations of terrestrial volcanic gases and subl
lo torus give an alkafiCl ratio of about unity, but at present it ismates and thermodynamic modeling of terrestrial (e.g., Symon
unclear if this ratio is actually-1 or is 1 or<1. et al. 1992, 1994) and lunar (Fegley 1991, Fegley and Swind|
Cosmochemical arguments discussed earlier suggest that1the3) volcanic gases show that chlorine is responsible for d
bulk alkali/Cl ratio on lo is greater than one. Furthermore, igassing and transport of many metallic elements (e.g., Fe, C
common silicate magmas, sodium (with abundances of 0.Zn) as chloride gases such as FgCluCl, ZnCh. These studies
6 wt%) is usually several times more abundant than chloriagso show that the abundance of metal chloride gases increa
(with abundances of 0.1-0.3 wt%) (Naumetal. 1996). Nev- as the hydrogen (i.e., the water) abundance drops. Thus,
ertheless, chorine has a much higher volatility and predominatggssing and fractionation of metals as chloride gases may be
over sodium in terrestrial volcanic gases (Croeteal. 1987, important process on lo.
Symondset al. 1992, 1994). This raises two important ques-
tions: What are the likely alkalClI ratios in volcanic vents on . o ) )
lo? Does sodium dominate over chlorine in 10's torus? We sug®urces of Alkalis and Chlorine in lonian Volcanic Gases
gest several answers to these questions. Analogies with terrestrial petrology suggest that alkalis an
Chlorine and its compounds are more volatile but less aburhlorine should be presentin silicate magmas on lo, and extren
dant than sodium and its compounds. As the magma temperatyriigh temperatures (like those inferred for several volcani
increases, the degassing of chlorine is ultimately limited by it®nts on lo) would favor vaporization of alkalis and CI from
abundance in the magma, eventually leading to an increase inttese melts. However, it is also possible that Na, K, and Cl al
alkali/Cl ratio in the outgassed volatiles. We thus expect thregnitted from melts that are enriched in these elements. On Ear
qualitatively different types of volcanic vents having differenthe most abundant magmas enriched in alkalis and chlorine &
alkali/Cl ratios on lo. also silica-rich (e.g., granitic and rhyolitic magmas). Keszthely
High-temperature vents, such as those inferred from Galiland McEwen (1997) proposed such magmas in their comput
spacecraft observations to have maximum temperatures upriodeling of igneous differentiation on lo. However, the temper
2000 K (e.g., McEweret al. 1998) could have alkalCl ratios atures of silicic magmas, which are usua#y300 K, are not
greater than unity. The reduced character and high sulfur caonsistent with the highest observed temperatures for hot spe
tent in those magmas should also favor degassing of sodiomlo. In addition, Galileo Solid State Imaging (SSI) data for darl
and potassium. The alkali chlorides may be the major chloringaterial on lo’s surface display a shallow spectral absorptio
gases, while sodium and potassium may be in part in atonfiégature at 0.9vm that is consistent with basic or ultrabasic (i.e.,
form. Degassing from high-temperature magmas could be thiica-depleted) rather than silica-rich magmas (Geissiel.
major source of volatiles on lo and would be consistent with tord999b). This interpretation agrees with the high magma tempe
alkali/Cl ratios greater than unity. Conversely low-temperatuiagures (up to 2000 K) of at least several volcanic hot spots (e.
vents and fumaroles could have alk@ll ratios less than unity, McEwenet al. 1998). Degassing from ultrabasic alkaline mag:
as we see in terrestrial volcanic gases. However, in contrasintas, which was proposed by Zolotov and Fegley (1999), woul
Earth, where HCI is the major Cl-gas, molecular chlorine argrovide a reasonable explanation for both the high-temperatu
sulfur chlorides (8Cl, SCh) can be important chlorine gaseshot spots and the presence of alkalis and chlorine in the tort
from low-temperature vents on lo because it is so dry. Finallfhe solubility of chlorine in magmas increases with the abun
volcanic vents with intermediate temperatures can be trandances of Na and K (e.g., Carroll and Webster 1994, Webst
tional in nature with alkajiCl ratios~1 and may emit a complex 1997, Kravchulet al. 1998), and it follows that alkaline magmas
mixture of alkali chlorides, sulfur chlorides, sulfur oxychlorideswould be an important source of chlorine on lo.
and atomic and molecular chlorine. Zolotov and Fegley (1999) also argued that alkaline ultrabe
Regardless of the temperature of the magma, glkaliatios sic magmas would be effective carriers of sulfur on lo. Volcani
~1would be observed if NaCl- and KCI-rich deposits (that couldltrabasic alkaline rocks (e.g., meimechites) and related plt
be evaporitic, hydrothermal, or volcanic in origin as discussednic rocks are not abundant on Earth and have ages less tt
below) are contaminated by upwelling magmas. The latter ca&& x 10° years. It has been argued that these rocks formed on
(i.e., alkalyCl ~1 in outgassed volatiles) has broad importanaghen the terrestrial upper mantle became oxidized significant
for the chemistry and photochemistry of l0’s atmosphere amehd contaminated by subducted material enriched in alkalis al
surface. In this regard we note that although the torus &l&ali other incompatible elements (Kogarko 1997). It is possible th:
ratio is apparently greater than unity, the amount of Cl in thie oxidizing nature of lo’s mantle (Zolotov and Fegley 1999
torus could be underestimated because only i€lobserved. 2000b) and/or remelting of ancient volcanic products submerge
Additional chlorine may be present as other species (e.g., neuinab the base of lo’s lithosphere by intense volcanic resurfacin
Cl, CI=, CI?>*, etc.) and Ct may represent only a fraction ofwould provide conditions favorable for generation of melts rict
the total Cl abundance in the torus. This point is also made byalkalis. The ultrabasic Mg-rich character of magmas coul
Kuppers and Schneider (2000), who discuss constraints on ltleecaused by a high degree of melting of mantle peridotite
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which can be depleted rocks such as harzburgites (Kogarko &whneider 1996, Spenatral.1997), sodium sulfate and sodium
Ryabchikov 2000), followed by mixing of these Mg-rich meltand potassium sulfides have been proposed by Faatadd
with alkali-rich lithospheric magmas. In addition, igneous of1979), Nash and Nelson (1979), and Nash (1988, 1993) to ¢
sedimentary rocks enriched in alkalis may be assimilated papunt for the spectral reflectance of lo in the 0.2- to pr@-
tially by upwelling high-temperature ultrabasic melts througtregion and the color of the red deposits. Howdllal. (1989)
out the lithosphere and recycled in subsequent eruptions. Theported spectroscopic upper limits of 25% for,8@y on lo’s
model for the formation of ultrabasic alkaline magmas is momaurface. Although Ospingt al.(1992) have reported a tentative
consistent with the tremendous igneous activity of lo than théentification of NaSO, on the surface, their data have not beel
model of a low-degree melting of undepleted mantle, whiatonfirmed by independent observations. Speete. (1997)
does not involve lithospheric material. Note that these two alencluded that we still have no spectral evidence for sodiun
ternative sources of ultrabasic alkaline magmas, the basebefring compounds on the surface. The Galileo SSl data do
the lithosphere or the underlying mantle, have also been difrange this conclusion; they neither support nor rule out tt
cussed by Arndet al. (1995) to explain the origin of terrestrial presence of sodium sulfides and sulfates (Geigslak 1999b).
meimechites. However, meimechites havgNi4& ratios higher If the Na/S ratio in volcanic gases does not exceed 10%, ¢
than unity and they cannot be direct analogs to ionian ultrabasieasured in the torus, Ba0O, and NaS could probably not be
alkaline magmas. distinguished with currently available spectral data. Howeve
Compounds of sulfur, sodium, potassium, and chlorine maygh-spatial-resolution Galileo NIMS data from the lo close fly-
be enriched at and near lo’s surface as a result of lo’s extdays in 1999 and 2000 could be used to search for and identi
sive volcanic activity. If so, then interactions of new magmada,SO, and NaS. Halite (NaCl) and sylvite (KCI) are also pre-
with these deposits (e.g., in magma chambers and/or channdls)ed volcanic condensates. However, the percentages of Ne
could lead to recycling of these elements. In addition, this rand KCl in condensates are limited by the low abundances of
cycling could involve nonvolcanic deposits possibly formed and K, which are a few percent or less of the sulfur abundanc
a result of ancient aqueous processes. If lo were accreted frohus it may be difficult to detect condensed alkali chloride
hydrous minerals formed in the jovian subnebula (Prinn arspectroscopically.
Fegley 1981), the uppermost parts of lo could have been enAlkali chlorides and sodium sulfate/sulfide can form coating
riched in alkalis and chlorine during hydrothermal alteratioron silicate ash particles in the vicinity of volcanic vents. Outsid
One possibility is that water (fluid or gas)—rock interaction folthe vents (in plumes or on the surface), various sulfur-bearir
lowed by hydrogen escape and oxidation of lo's mantle amdndensates can form (e.g., 58,0, S, allotropes). These S-
crust (cf. Zolotov and Fegley 1999) and tidally driven magmatizearing condensates condense at lower temperatures than
activity led to formation of oxidized and anhydrous layers erctan mask the Na-, K-, and Cl-bearing condensates. Therefore
riched in alkalis, sulfur, and chlorine. This suggestion is consibearing condensates are probably primarily responsible for t
tent with an earlier model of possible hydrothermal deposits thadlor of lo’s surface.
has been proposed to explain the color of l0’'s surface (FanaléVhite condensates are attributed to,3©st and yellowto red
et al. 1974, 1977). Furthermore, Nash and Fanale (1977) adeposits are probably due to various sulfur allotropes such as
Kargel (1993) have also discussed an agueous origin of suléurd §, which can form by UV photolysis of Ssapor (Spencer
and alkali deposits on lo. The recent discovery of chlorine in tle¢ al. 1997, 2000, Mosest al.2000). In addition, color variations
torus by Kippers and Schneider (2000) is interesting becausesulfur deposits may be caused by trace element and/or sodil
sulfur, sodium and chlorine are the major solutes in Earth’s ocesuilfide impurities (Kargeét al. 1999).
and are the major constituents of terrestrial evaporites. AlthoughCompositional differentiation of particles and/or gases in vol
evaporite deposits formed during an early stage of lo’s geologianic plumes can lead to the observed concentric zoning arou
evolution would have been heavily reprocessed (Kaegell. some volcanoes (Lopes-Gautiial.2000). Kargekt al.(1999)
1999) in igneous processes, crustal rocks could be enrichegbainted out that terrestrial volcanic vents commonly exhibi
typical evaporite elements: Na, K, Cl, and S. Such an enrichened sublimates. It is possible that some concentric zon
ment is an intriguing possibility that might give insights for th@round lo’s volcanoes are enriched in the condensates we prec
composition of an ocean inside Europa. to be stable.

Observational Constraints on the Compaosition Chemistry of Volcanic Plumes and Local Volcanic Atmosphere

of Volcanic Condensates As discussed earlier in this paper, the supersonic adiabatic ¢

A significant part of lo’s surface is covered by volcanic pyropansion of gases inionian volcanic plumes (Kieffer 1982) shou
clastic material or volcanic condensates (Spencer and Schneigsult in immediate quenching of high-temperature chemistry
1996, Spenceet al. 1997, Geissleet al. 1999b). About one- the vicinity of the volcanic vents. Thus, although we are nc
third of the surface is covered by red material, which is espexplicitly modeling chemistry in volcanic plumes, our calcu-
cially prominent around the Pele volcano (Geisstaal.1999b). lations of volcanic gas equilibria at high temperatures provid
In addition to elemental sulfur and sulfur oxides (Spencer adguide to the compositions of the plumes and the short-live
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volcanic atmospheres around them. Differences in the tempeiides condense at lower temperatures. All of these condensa
ture, pressure, and bulk compositions of volcanic gases shomldy form coatings on silicate ash particles. The predicted vo
be reflected in the compositions of volcanic plumes and the loanic condensates agree with prior experimental, observation
cal volcanic atmospheres. For example, high-temperature, highd theoretical work proposing that sodium sulfide, sulfate, ar
pressure, and sulfur-rich volcanoes can producg-Sgplumes  alkali chlorides are present on Io’s surface. Some of these co
and local atmospheres that contain significant amounts of atordensates have been suggested to form the red deposits seen o
Na and a moderate amount of gaseous alkali chlorides. Low-Our results predict two sources of alkalis and Cl in the plasm
temperature, low-pressure, and more oxidized volcanoes cotddus: sputtering from solid N&, Na&SOy, NaCl, and KCl sur-
generate S@dominated atmospheres containing smalldace condensates and ionization of alkali chloride gases al
amounts of Na, K, and CI mostly in the form of gaseous alkainonatomic alkali gases that could be presentin volcanic plumi
chlorides. Ifabundances of S, O, Na, K, and Cl species in plumeasd l0’s volcanic atmosphere.
and/or the local volcanic atmospheres can be determined instruFinally, several different types of observations are needed
mentally (e.g., by infrared or mass spectroscopy), it should beprove our knowledge of Io’s geochemistry, the compositiot
possible to constrain the temperature, pressure, and bulk carfivolcanic gases, and the sources of elements observed in
positions for different volcanic vents on lo (Zolotov and Fegleiorus. Gases in volcanic plumes can be analyzed spectrosct
2000a, b). In this regard, we note that a number of species ically as done by Voyager (Peat al. 1979) and for volcanic
cluding SQ, OCS, CO, CQ, HCI, and CuCl have been detectedjases on Earth (Murata 1960, Mori and Notsu 1997). Volcani
and that temperatures have been estimated in terrestrial volcaritry probes equipped with temperature and pressure sens
gases using spectroscopic methods (e.g., Murata 1960, Mori andl miniature mass spectrometers can measure the tempe
Notsu 1997). ture, pressure, and chemical composition of gases emitted frc
different volcanic vents. Geochemical analyses of volcanic col
densates and lava flows can be made using a combination
SUMMARY AND FUTURE WORK spectroscopic methods (e.g., for icy condensates)rasitl el-
emental analyses (e.g., for halides, oxides, silicates, elemen
Thermochemical equilibrium calculations were used to mod&liifur, sulfides, and sulfates). A number of miniaturized instru
the speciation of S, O, Na, K, Cl, and H in volcanic gases qfients such as X-ray fluorescence (XRF), alpha-particle, ar
lo and how this varies with temperature, pressure, and bulk gkmma-ray spectrometers have been developed for such ar
emental composition. The results show that Na and K chloridgses of rocky material. Less advanced versions of several
are the major Cl-bearing gases, that monatomic NaCl, Na, af@se instruments have been used successfully on the surfa
(NaCl), are the major Na-bearing gases, and that KCI, (KCl)of the Moon, Mars, and Venus (740 K, 96 bar). In the latter cas
and monatomic K are the major K-bearing gases. Hydrogeslemental analyses have been done-60 min in a hostile en-
bearing gases are not expected and only become importanfiginment, suggesting that similar performance can be obtain
implausibly large HS ratios (i.e., hydrogen elemental abungn |0’s surface.
dances). These results are valid over a wide range of tempera-
tures, pressures, and bulk compositions.
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