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Abstract 

Both high sulfur contents of the martian regolith and lack of detection of extensive carbonate 
deposits suggest that the latest geological events that shaped the landscapes of Mars were 
dominated by acidic waters possibly related to appreciable SO2 concentrations in the 
atmosphere. On the basis of fundamental thermochemical principles, we model here the likely 
sulfur contents of (1) the martian and terrestrial mantles and (2) the volcanic gases delivered 
by the corresponding basaltic magmas. We find that the martian mantle contains at least 3–4 
times as much sulfur as its terrestrial counterpart, yielding basaltic melts richer in sulfur than 
those on Earth. Such an S-enrichment is explained by contrasted redox conditions prevailing 
during magma ocean equilibration, which lead to distinct iron contents of the martian and 
terrestrial mantles and of their basaltic derivatives. Calculated volcanic gas compositions in 
equilibrium with a magma ocean sustaining a denser atmosphere are shown to be dominated 
by CO ± CO2 and H2 ± H2O species, depending on fO2, sulfur species amounting to only 
~ 1%. In contrast, volcanic gases supplied at later stages of Mars evolution, such as during the 
building of the Tharsis province, are shown to be significantly richer in sulfur, with S contents 
on average 10–100 times that of gases emitted by magmas on Earth. If degassing during such 
a period occurred in a tenuous atmosphere (1 bar or less), volcanic gases were dominated by 
SO2 rather than by H2S, which should have favored the acidification of any persistent water 
layer. The calculated amounts of S emitted by the Tharsis volcanic region turn out to be 
equivalent to a 20–60 m thick layer of sulfate minerals if uniformly covering the martian 
surface, in qualitative agreement with remote sensing of the martian regolith. 

Keywords: Mars; sulfur; basalt; volcanic degassing; redox; mantle; atmosphere 

1. Introduction 

Both landed experiments and remote sensing instruments on spacecrafts sent to Mars have 
shown the martian regolith to be uniformly rich in sulfur, in the sulfate form ([Yen, 2005] and 
[Gendrin et al., 2005]), with abundances typically exceeding 2 orders of magnitude those of 
common sedimentary or igneous rocks on Earth ([Yen, 2005] and [Clark and Baird, 1979]). 
High sulfate contents can dramatically lower the pH of surface waters suppressing carbonate 
saturation in favor of sulfate minerals ([Fairen et al., 2004] and [Halevy et al., 2007]). 
Thorough chemical modeling of the low temperature mineral deposits due to leaching of 
surface waters suggests water-poor and SO4

2− rich solutions on Mars (King et al., 2004). This 
requires an oxidizing martian atmosphere (King et al., 2004) or that gaseous sulfur dioxide 
was conveyed directly to the atmosphere (Halevy et al., 2007). Although widely recognized, 
the abundance of sulfur on the martian surface remains hitherto poorly explained. Various 
hypotheses have been put forward to explain such an S-enrichment. For instance, sulfur-rich 
solutions could have derived from the weathering of S-bearing minerals, such as sulfides 
present in mafic–ultramafic rocks (King and McSween, 2005), and subsequently oxidized to 



sulfates. Such a process would require the presence of sulfur-rich volcanic rocks on the 
martian surface and a relatively oxidizing atmosphere (King et al., 2004). Clark and Baird 
(1979) indeed suggested that the remnants of primitive chondritic material during late 
accretion could have enriched the martian surface in sulfur. However, volcanic degassing is 
the most frequent hypothesis advocated to explain the S-enrichment of the martian regolith 
([Bullock and Moore, 2007], [Halevy et al., 2007] and [Johnson et al., 2008]). Recent studies 
have examined the atmospheric impact of magmatic emissions on Mars using various 
thermodynamic approaches and assumptions ([Elkins-Tanton, 2008], [Hirschmann and 
Withers, 2008] and [Johnson et al., 2008]). Elkins-Tanton (2008) calculated the amounts of 
H2O and CO2 outgassed during the martian magma ocean stage, based on available solubility 
models for these components, and concluded that the atmospheric pressure during this epoch 
could have exceeded 100 bars, although such predictions do not take into account the very 
reducing conditions (i.e. low oxygen fugacity), which prevailed at this stage. Hirschmann and 
Withers (2008) calculated the CO2 vented by the post 4.5 Ga volcanic activity of Mars. Based 
on the CO2 content of basalts saturated in graphite under the likely low oxygen fugacity 
conditions of the martian mantle, Hirschmann and Withers (2008) concluded that volcanic 
CO2 emissions were probably not high enough to account for greenhouse conditions required 
to support liquid surface waters, and suggested on this basis an evaluation of the extent and 
role of sulfur degassing. Wänke and Dreibus (1994), and more recently Halevy et al. (2007) 
and Johnson et al. (2008), have also proposed that volcanic sulfur could have played an 
important greenhouse role on early Mars. The model of Johnson et al. (2008), elaborated for 
the Tharsis province, indicates that a greenhouse warming of 25 °C could be expected from 
the degassing of volcanic S-species (considered to be a mixture of H2S and SO2 in equal 
concentrations), thereby showing that, on Mars at least, sulfur is a viable alternative to CO2 
for a sustained greenhouse effect. Such a model, however, does not consider some of the 
martian basalt characteristics, such as their high iron content and relatively reduced redox 
state, and ignores the role of other gas species (i.e. H2O, H2, CO2, CO, S2), all parameters that 
can affect the sulfur yield of volcanic gases, as we show below. 

Our work builds upon those previous efforts and examines in greater details the conditions 
that could have promoted high fluxes of volcanic sulfur into the martian atmosphere. Volcanic 
gases are emitted by magmas resulting from mantle melting. Therefore, our modeling requires 
first an estimation of the sulfur content in the mantle of Mars allowing the S-content in 
martian basalts to be evaluated. Then, based on multi-component gas-melt equilibria under 
redox, temperature, and pressure conditions relevant to Mars, we calculate the volcanic gas 
compositions that were vented through the different epochs of this planet and conclude that 
the delivery of volcanic gases with high SO2 content into the Martian atmosphere essentially 
occurred during the late volcanic events only (Tharsis). 

2. Foreword on sulfur abundance in terrestrial materials and its 
thermochemistry 

2.1. Abundance 

Sulfur, the 10th most abundant element in the solar system ([Hilgren et al., 2000] and [Palme 
and Jones, 2003]), is probably the most complex heterovalent element. Its oxidation state in 
terrestrial materials ranges from − II to + VI, with many intermediate redox states ([Carroll 
and Webster, 1994] and [Behrens and Gaillard, 2006]). Sulfur content in chondrites is in the 
range 2 to 10 wt.%, essentially as FeS (Table 1). Volatilization due to high temperature 
reached during early planetary accretion is thought to have decreased the amount of sulfur 



available in planetary bodies (Table 1; Dreibus and Palme, 1996). The earliest estimations of 
sulfur abundance on bulk Earth yielded values exceeding 5 wt.% (see review by Hilgren et al., 
2000; see also Chabot, 2004). Recent geochemical constraints on Zn abundance on Earth, an 
element with a volatility similar to that of S, suggest that the bulk S content of Earth is 
0.56 wt.% at best (Dreibus and Palme, 1996). A slightly lower content (~ 0.46 wt.%) has been 
more recently proposed (Allègre et al., 2001), also based on volatility trends. 

The sulfur content of the silicate portion of terrestrial planets is relatively better constrained. 
The Earth mantle has been estimated to have 250 ppm S by McDonough and Sun (1995). This 
value represents the best average of various mantle lithologies such as the source region of 
MORBs and outcropping massif peridotites. For Mars, inferences have been drawn from the 
study of meteorites such as Shergottites, which are considered to derive from the martian 
magmatism (McSween, 1994). Shergottites have a high FeO content (18 wt.%), which 
indicates that they derived from a planetary body that accreted under relatively oxidized 
conditions. They have relatively high sulfur contents, from 2000 to 3000 ppm ([Gibson et al., 
1985] and [Zipfel et al., 2000]), yet isotopic constraints reveal that most of the sulfur analyzed 
in these meteorites probably derived from atmospheric processes (Farquhar et al., 2000). The 
existence of planetary bodies with elevated S contents is indicated by Aubrite meteorites. 
Their very low FeO content indicates that they were extracted from an extremely reduced 
chondritic material sharing many features with enstatite chondrites. Aubrites contain the 
highest sulfur content of all achondrites ([Gibson et al., 1985] and [Fogel, 2005]) with bulk 
contents up to 10,000 ppm, some glass inclusions reaching up to 2.5 wt.% dissolved S (Fogel, 
2005). This brief overview shows that the sulfur content of the mantle of terrestrial bodies 
may thus vary significantly. In this work we show that such a variation does not necessarily 
require important changes in the bulk S content of those planets, but rather reflects differences 
in redox conditions prevailing during core formation that in turn significantly affected the 
abundance of sulfur of their mantle. 

2.2. Thermochemistry 

Sulfur is generally found in molten basalt in the S2− form at redox conditions (i.e. oxygen 
fugacity: fO2) more reducing than one log unit above the QFM2 buffer (i.e. QFM + 1) (e.g. 
[Carroll and Webster, 1994], [O'Neill and Mavrogenes, 2002], [Scaillet et al., 2003], [Moretti 
and Ottonello, 2004] and [Behrens and Gaillard, 2006]), which corresponds to the conditions 
we are interested in for this paper. Under more oxidized conditions, sulfur is essentially in the 
S6+ form ([Carroll and Webster, 1994] and [Behrens and Gaillard, 2006]). The sulfur content 
of Earth basalts usually ranges from several hundreds to a few thousands ppm depending on 
the degree of fractionation of the magma ([Mathez, 1979], [Wallace and Carmichael, 1992] 
and [Saal et al., 2002]). Its partitioning between silicate melts and other S-bearing phases 
essentially depends on temperature, pressure and oxygen fugacity ([Holzheid and Grove, 
2002], [O'Neill and Mavrogenes, 2002], [Scaillet et al., 2003], [Moretti and Ottonello, 2004], 
[Behrens and Gaillard, 2006] and [Scaillet and McDonald, 2006]). In this paper, we calculate 
the partitioning of sulfur between silicate melt and (1) metal iron, (2) molten sulfide, and (3) 
gas. Each partitioning relationships is supposed to mirror (1) magma ocean/metal iron 
equilibration, (2) mantle melting from a sulfide-saturated source, and (3) volcanic degassing. 
Our calculations provide thermodynamic constraints specific to the partitioning of sulfur 
between the core and mantle of both Mars and Earth, and illustrate how differences in the 
sulfur contents of these reservoirs may have affected the amount of sulfur delivered by 
volcanic degassing to the atmosphere of terrestrial planets. 



(1) Metal iron is uncommon in present-day basalts of any differentiated planets. However, it 
is thought to have been present in abundance before and during planetary differentiation, most 
likely in the molten form ([O'Neill, 1991] and [Li and Agee, 1996]). Sulfur is highly soluble 
in molten iron in the oxidation state 0 in the S-poor region of the Fe–S binary. There is a 
continuous miscibility between S-free molten iron and molten FeS (Kress, 1997) that is 
however characterized by important deviations from ideal behavior (Wang et al., 1991, see 
Supplementary materials, SM in the Appendix). Sulfur partitioning between Fe-metal 
(oxidation state 0) and silicate melt (oxidation state −II) is later in this paper shown to be 
predominantly controlled by fO2. At present, it is difficult to evaluate the effect of pressure 
and temperature, owing to a lack of experimental data. 

(2) Sulfides (FeS), either solid or liquid, are common phases found in terrestrial basalts 
([Mathez, 1979], [Wallace and Carmichael, 1992] and [Kress, 1997]). The sulfur content in 
basalts saturated in sulfide has been extensively studied: it is influenced by temperature, 
pressure, sulfur fugacity, and nominally independent on oxygen fugacity (Mavrogenes and 
O'Neill, 1999). However, it is strongly controlled by chemical parameters, which are strongly 
fO2 dependent ([O'Neill and Mavrogenes, 2002] and [Holzheid and Grove, 2002]). In 
particular, the ferrous iron content in basalts (FeO) strongly depends on oxygen fugacity 
(Kress and Carmichael, 1991) and plays a critical role on the sulfur content in basalts 
saturated in sulfide ([Mathez, 1979] and [O'Neill and Mavrogenes, 2002]) as will be 
illustrated later. 

(3) Sulfur in high temperature volcanic gases is mostly in the form H2S, S2, and SO2 (e.g. 
Symonds et al., 1994). Temperature, pressure and fO2 control the relative abundance of these 
species in the gas (Symonds et al., 1994). Here we model the partitioning of sulfur between 
basaltic melt (oxidation state − II, a higher oxidation state would not be relevant for martian 
basalts given their fO2 range; Behrens and Gaillard, 2006) and gas (oxidation state − II, 0, 
+ IV) and we show that the pressure of volcanic gas delivery, the redox conditions, and the 
bulk water content, are the chief parameters controlling the amount and speciation of sulf ur 
outgassed. 

3. Sulfur content in the mantle of Mars and Earth 

It is being increasingly appreciated that, in response to repeated collisional events, the build 
up of terrestrial planets was accompanied by several large scale melting events leading to the 
so-called magma ocean ([Righter and Drake, 1996] and [Righter et al., 2007]), during which 
physical segregation of iron core and silicate material was, if not triggered, at least facilitated 
([Li and Agee, 1996], [Rubie et al., 2004] and [Wood et al., 2006]). In such a scenario, the 
sulfur partitioning between molten metal and silicate can be written as: 

Smetal+O2− silicate S2− silicate+½O2 
 

in which oxygen anions in the silicate melt, O2−, are substituted by sulfur anions, S2−, 
depending on the prevailing oxygen fugacity (fO2), which is defined by the equilibrium: 

 

 



Femetal+½O2 FeOliq 

The law mass action of Eq. (1) can be formulated as follows (see supplementary materials in 
the Appendix): 

 

 
 
where KSM− 3 is the thermodynamic constant of the reaction of gaseous sulfur solubilization in 
the metal (see Wang et al., 1991 and Supporting Material, SM in the Appendix), γS

metal the 
activity coefficient of sulfur in the molten Fe–S system (Wang et al., 1991), and CS

silicate the 
sulfur capacity defined as (e.g., O'Neill and Mavrogenes, 2002): 
 

 
 
where Ssilicate is the sulfur content in the silicate melt (ppm weight) and fS2 the sulfur fugacity. 
Under the low fO2 conditions relevant to early planetary processes, CS

silicate essentially 
depends on the FeO content of the molten silicate (O'Neill and Mavrogenes, 2002). 
Equilibrium (2) states that fO2 is fixed by the FeO content of the molten silicate. In this work 
we use the following relationships (see Gaillard et al., 2003 F. Gaillard, M. Pichavant and B. 
Scaillet, Experimental determination of activities of FeO and Fe2O3 components in hydrous 
silicic melts under oxidizing conditions, Geochimica et Cosmochimica Acta 67 (2003), pp. 
4389–4409.  
 

 
 

Combining the above equilibria and mass balance constraints, we have calculated the 
partitioning of sulfur between molten silicate and metal at 1600 °C and 1 atm, for a bulk 
composition matching volatile (C, H) free CI-chondrites ([McDonough and Sun, 1995] and 
[Palme and Jones, 2003]), and for iron redox states ranging from all Fe to virtually all FeO, 
depending on fO2. 

Bulk sulfur content is adjusted in order to match the inferred sulfur content of the Earth 
mantle (ca. 250 ppm) but additional calculations performed with higher bulk S contents are 
shown in the supplementary data in the Appendix. We performed all calculations at 1 
atmosphere pressure since the data needed to compute S partitioning between metal and 
silicate melts at elevated pressures are scarce, yet those available suggest that increasing 
pressure should amplify the trends shown below ([Li and Agee, 1996], [Kilburn and Wood, 
1997], [Mavrogenes and O'Neill, 1999] and [Holzheid and Grove, 2002]; see below and 
supplementary materials in the Appendix). It must be stressed that, apart from the Kilburn and 
Wood (1997) study, all the above mentioned papers deal with the effect of pressure on sulfur 



content at FeS saturation (i.e. a system very rich in sulfur), which almost certainly differs 
from the metal Fe-silicate partitioning addressed here. The composition of the molten metal 
phase was simplified to 80 wt.% Fe plus 20 wt.% of additional elements (Ni, Co, light 
elements; [Righter and Drake, 1996] and [Righter et al., 2007]). Any changes in fO2 should 
change the Ni and Co content, but we consider that these mix ideally with Fe (implying that 
their content in Fe-metal does not have any effect on the S content). We assume that fO2 is 
imposed by the FeO content of the mantle, which for Earth and Mars is inferred to be 8 and 
18 wt.%, respectively ([Rubie et al., 2004], [Righter and Drake, 1996] and [Righter et al., 
2007]). Whether such a bulk redox state is an early (i.e. acquired early during accretion before 
Solar nebula dissipation), or/and a relatively late characteristic (such as due to temperature 
control on oxygen solubility in molten iron which depends on planet size, Rubie et al. (2004)), 
is still debated (Wood et al., 2006). 

We consider the case of a bulk sulfur content of 0.35 wt.%, similar to the range of values 
suggested for Earth on the basis of volatility trends during accretion ([Dreibus and Palme, 
1996] and [Allègre et al., 2001]). This yields a sulfur abundance of the Earth mantle (Ssilicate) 
of 250 ppm, as inferred from geochemical arguments ([McDonough and Sun, 1995] and Saal 
et al., 2002 A.E. Saal, E.H. Hauri, C.H. Langmuir and M.R. Perfit, Vapour undersaturation in 
primitive mid-ocean-ridge basalt and the volatile content of Earth's upper mantle, Nature 419 
(2002), pp. 451–455.. For such a bulk sulfur content, 1.2 wt.% of S is dissolved in the metal 
(Fig. 1) (i.e. the core), in agreement with high pressure experiments (Kilburn and Wood, 
1997), and density calculations based on equation of state of compounds in the Fe–FeS 
system at high pressure (Sherman, 1997), which both suggest that the sulfur content of Earth's 
core is unlikely to be higher than 2 wt.%. Such an agreement would suggest that the S content 
of Earth mantle preserves the equilibrium value expected from a widescale magma ocean 
stage (note that increasing the temperature would slightly decrease Sbulk: at 1750 °C, for an 
Earth mantle also set at 250 ppm S, the core would contain 0.75 wt.% S and the bulk 
terrestrial S content would be slightly less than 0.3 wt.%). 

Using the same bulk sulfur content for Mars yields Ssilicate = 900 ppm (Fig. 1). Unfortunately, 
this estimate can hardly be compared with Shergotty meteorites because their actual S-
contents partly reflect atmospheric exposure and related surficial processes (Farquhar et al., 
2000). The equilibrium S content in the metal is 1.5 wt.% (Fig. 1), which is significantly 
lower than the generally quoted value of 10–12 wt.% ([McSween, 1994] and [Stewart et al., 
2007]). Calculations (Fig. S.M.4) show that 10 wt.% sulfur in the Mars's core requires 
Sbulk = 3 wt.%, corresponding to Ssilicate = 8600 ppm (for Earth such an Sbulk would imply that 
Smetal = 9 wt.% and Ssilicate = 2800 ppm, which are well above geochemically derived values). 
Therefore, for most of the calculations shown after (Sections 2.2 and 3), we considered a 
martian mantle containing 600–900 ppm S but additional S-richer cases are shown in the 
Supplentary materials in the Appendix in keeping with the above statements. 

As noticed previously, higher pressure of metal-magma ocean equilibration on Earth than on 
Mars could modify the above figures of sulfur content. Our model is not calibrated against 
high pressure data, but it reproduces well the data of Kilburn and Wood (1997) that were 
obtained at ~ 1–2 GPa, thus suggesting a small pressure effect. However, high pressure 
experiments on the S content of silicate melts saturated in FeS indicate that sulfur becomes 
more “siderophile” as pressure increases (Li and Agee, 1996). This pressure effect could also 
persist for equilibration between silicate melt and S-poor molten Fe metal but experimental 
constraints are currently lacking and the strong deviation from ideality in the Fe–FeS system 
(Wang et al., 1991) seriously hinders the direct extrapolation of the effect of pressure on 



molten silicate in equilibrium with FeS to the effect of pressure on molten silicate in 
equilibrium with S-poor molten iron. Nevertheless, considering such a hypothetical pressure 
effect would reinforce our conclusion in that higher pressures of metal-silicate equilibration 
on Earth would make sulfur more siderophile and would therefore support that the Earth 
mantle would be less S-rich than its martian counterpart. 

4. Sulfur content of martian basalts 

Our calculations therefore point toward sulfur contents of Earth and Mars mantles of 250 and 
600–900 ppm, respectively, if the bulk sulfur content during the magma ocean stage was 
about 0.35 wt.%. In this scenario, assuming 10% partial melting of the Earth mantle (e.g., 
Niu, 1997) and sulfur behaving incompatibly would yield basalt melts with ca 2500 ppm. 
This amount largely exceeds the average S-content of undegassed MORBs, which is around 
800 ppm (Saal et al., 2002). However, asides from FeO content and temperature, the sulfur 
content of a basalt saturated in FeS is also controlled by pressure, such that the sulfur content 
of a basalt melt at sulfide saturation decreases with increasing pressure (Fig. 2, [Mavrogenes 
and O'Neill, 1999] and [Holzheid and Grove, 2002]). Thus, owing to this pressure 
dependency, an upper likely limit of the sulfur content of basalts is given by the conditions 
under which sulfide (FeS) saturation is reached in the source prior to extraction. For Earth this 
would result in a melt sulfur content before extraction of 800 ppm (Fig. 2), in agreement with 
undegassed MORBs (Saal et al., 2002). Considering now the case of Mars, 10% of mantle 
melting would yield basaltic liquids with ca 6000–9000 ppm dissolved sulfur. Experimental 
work indicates that strongly depleted martian basalts were last equilibrated at around 1.2 GPa, 
1540 °C (Musselwhite et al., 2006), which are conditions allowing the basalt melt saturated in 
sulfide to dissolve more than 1 wt.% sulfur (Fig. 2). This would imply a near complete 
extraction of sulfur during melting of the martian mantle. More recent work suggests, 
however, a lower temperature (1320 °C) for less depleted martian basalts but a similar 
pressure of last equilibration (Monders et al., 2007), which would imply an S content in the 
basalt melt slightly higher than 4000 ppm. In addition to the role of pressure, Fig. 2 illustrates 
the critical effect of iron content of the basalt on its dissolved sulfur content when sulfide 
saturated. Because martian basalts contain twice as much FeO as those on Earth, they can 
dissolve up to 3 to 4 times more sulfur under similar conditions of pressure and temperature. 
A martian basalt with slightly less than 4000 ppm S, as calculated above, would be saturated 
in molten sulfide at P ~ 2 GPa for temperature of 1300 °C. For comparison, as shown before, 
Earth basalts can dissolve no more than 800 ppm sulfur under such P–T conditions (Fig. 2). 
Whatever the initial sulfur content, the negative pressure dependence of basalts with respect 
to sulfide saturation ([Mavrogenes and O'Neill, 1999] and [Holzheid and Grove, 2002]) 
precludes sulfide fractionation during magma ascent. Therefore, most of the sulfur dissolved 
in the magma at the source is very likely conveyed to the surface and possibly released into 
the atmosphere during the eruption as will be shown below. 

The initial sulfur content of martian basalts is thus shown here to be at least of 4000 ppm S, 
which is significantly higher than the 1400–1700 ppm S of Johnson et al. (2008). The reason 
is that Johnson et al. (2008) used the Holzheid and Grove (2002) empirical formulation, 
which is calibrated on FeO-poor compositions (relative to Mars), whereas we used here the 
complete sulfur capacity model of O'Neill and Mavrogenes (2002) in order to account for the 
effect of elevated FeO content in martian basalts on the sulfur content at FeS saturation. We 
note that the extremely high temperature retrieved by Musselwhite et al. (2006) imposes very 
high sulfur contents in the basalt (> 1 wt.%, Fig. 2). According to Hirschmann and Withers 
(2008), such a high temperature is difficult to reconcile with the thermal evolution of the 



martian lithosphere, and comes from the fact that the Shergottite Y980459 used by 
Musselwhite et al. (2006) might not be representative of martian basalts. We therefore 
conclude that the S content of martian basalt is more likely in the range 4000–7000 ppm, 
which would correspond to equilibration temperatures with an FeS saturated mantle at 1 GPa 
and at 1300–1400 °C. 

5. Degassing of sulfur 

5.1. Modeling magmatic degassing of COHS species from a basalt 

Using the above results, the sulfur contents of volcanic gases in equilibrium with martian 
basalts can be calculated using thermodynamic (Holloway, 1987) and mass balance 
constraints ([Scaillet and Pichavant, 2004] and [Burgisser and Scaillet, 2007], see 
Supplementary materials in the Appendix), assuming that the gas phase can be described in 
the COHS system, as for terrestrial magmas (Symonds et al., 1994) and using the model of 
Kress and Carmichael (1991) to relate fO2 to the Fe3+–Fe2+ ratio of the melt. In our analysis, 
we incorporate potential changes in fO2 that have been shown to affect rhyolitic magma 
(Burgisser and Scaillet, 2007) and basalts (Mathez, 1984) during degassing. Calculations are 
performed over a temperature range 1300–1600 °C, which encompasses emission 
temperatures of most martian basalts ([Monders et al., 2007], [Musselwhite et al., 2006], 
[Hirschmann and Withers, 2008] and [Johnson et al., 2008]) and of the martian magma ocean 
stage (Elkins-Tanton, 2008). Pressure was varied between 1000 and 10− 2 bar, simulating 
degassing from a dense atmosphere down to the present-day atmospheric pressure on Mars. 

Two sets of simulations are shown below. The first set (Section 5.2) shows the degassing 
within a dense atmosphere, and under reduced conditions, of a melt composition akin to that 
of a magma ocean, including its C–O–H volatile content ([Elkins-Tanton, 2008] and 
[Hirschmann and Withers, 2008]), and with a sulfur content based on the above estimate for 
the martian mantle (900 ppm, Fig. 1). The second set of simulations (Section 5.3) addresses 
the degassing of basalts resulting from the post 4.5 Ga activity of Mars. Such basalts were 
possibly more oxidized and most likely degassed into an atmosphere having a low density, 
perhaps comparable to the present-day martian atmosphere. 

5.2. Magmatic degassing of COHS species from the martian magma ocean 

Elkins-Tanton (2008) has shown that magma ocean degassing might have injected enormous 
amounts of H2O and CO2 into the early atmosphere resulting in atmospheric 
pressures > 100 bars with important implications for the early greenhouse warming on Mars. 
We compute here in addition to H2O and CO2 the potential degassing of sulfur species. 
Furthermore, because our analysis considers redox equilibria, we calculate the relative 
abundances of reduced species such as H2 and CO in the gas phase. The fO2 range over which 
calculations were performed rests on the following evidence. Firstly, Eq. (5), together with the 
FeO content of the martian mantle, indicate that core formation from the martian magma 
ocean took place at ~ IW− 1.5. Once segregation of the Fe-metal occurred, the fO2 could have 
changed due to crystallization and degassing of the magma ocean. Secondly, the post 4.5 Ga 
oxidation state of the martian mantle might have been at the low end of the oxygen fugacity 
recorded by the SNC meteorites, a possibility which lead Hirschmann and Withers (2008) to 
define an early martian mantle oxygen fugacity between IW and IW+ 1. The degassing paths 
shown in Fig. 3 are therefore calculated in the fO2 range IW− 1.5/IW+ 1. The martian mantle 
sulfur content is taken at 900 ppm (see part 3). We use an initial melt water content at 



0.1 wt.% (Elkins-Tanton, 2008) and CO2 in the range 10–700 ppm depending on fO2 
(Hirschmann and Withers, 2008). The temperature is fixed at 1600 °C but changes of 
+/− 100 °C do not significantly affect the results. The results of such calculations illustrate the 
critical importance of fO2. In the most reduced case, i.e. at Fe metal saturation, the gas is 
dominated by CO and H2, with H2O becoming significant (at the level of 10%) at pressures 
< 10 bars only. In the most oxidized case (IW+ 1), CO and CO2 dominate the gas in equal 
proportions and, as under reduced conditions, water reaches significant concentrations only at 
low pressures. In all cases, the degassing of sulfur species remains very small because at 
fO2 < IW+ 1, sulfur is much more stable in the melt than in the gas (O'Neill and Mavrogenes, 
2002). In the most favorable case (i.e. IW+ 1), it is only for pressures lower than 10 bars that 
the concentration of sulfur species in the gas exceeds 1%. Therefore, assuming that degassing 
during magma ocean stage produced high atmospheric pressures (> ~ 100 bars of gas, Elkins-
Tanton, 2008), then it follows that volcanic gases would have been almost S-free and 
dominated by CO, H2 and to a lesser extent, water. As frequently pointed out, in the low 
gravity setting of Mars, most H2 would be rapidly dissipated in space, thereby oxidizing the 
atmosphere and driving it toward CO2-rich conditions (King et al., 2004 P.L. King, D.T. 
Lescinsky and H.W. Nesbitt, The composition and evolution of primordial solutions on Mars, 
with application to other planetary bodies, Geochimica et Cosmochimica Acta 68 (2004), pp. 
4993–5008. [King et al., 2004] and [Halevy et al., 2007]). In Fig. 4 in Supplementary 
materials in the Appendix, we also show the degassing path for a magma richer in volatiles 
than above, in an effort to explore the degassing of the very last portion of liquid 
accompanying the solidification of the magma ocean. It turns out that the above scenario 
remains unchanged: both CO and H2 dominate, water and CO2 remain at low concentration 
levels, and sulfur species reach the 1% level at best. 

5.3. Post 4.5 Ga magmatic degassing of COHS species 

It is probable that the martian crust was formed during the early pre-4.5 Ga by processes 
following the magma ocean solidification (Elkins-Tanton et al., 2005). The magmatic 
production associated to this event remains, however, uncertain with respect to either style 
vigor, or composition ([Elkins-Tanton et al., 2005] and [Hirschmann and Withers, 2008]), 
which prevents from a quantitative assessment of the volcanic sulfur yield during that period. 

In contrast, the conditions of the post 4.5 Ga magmatism that formed the Tharsis province can 
be better constrained, in particular in light of the experimental work performed by Monders et 
al. (2007) ([Hirschmann and Withers, 2008] and [Johnson et al., 2008]) and of the chemical 
analyzes of Shergottites ([Herd et al., 2002], [Herd, 2003], [Righter et al., 2007] and 
[Wadhwa, 2001]). These constraints indicate T ~ 1300 °C and fO2 in the range QFM-3 to 
QFM-1, (i.e. ~ IW+ 0.5 to IW+ 3). Although most results exposed here simulate the degassing 
of basalts with 0.2 wt.% water, we explored a range of water contents from 0.05 up to 
0.8 wt.% H2O, since there is currently no consensus as to either the water-poor or water-rich 
character of martian basalts ([McSween et al., 2001], [Herd et al., 2005] and [Elkins-Tanton, 
2008]). In the Supplementary materials in the Appendix file, we show the effect of 
temperature together with changes in fO2 and water content (Figs. 4–6 in Supplementary 
materials in the Appendix). According to the fO2 dependence model of Hirschmann and 
Withers, 2008 M.M. Hirschmann and A.C. Withers, Ventilation of CO2 from a reduced 
mantle and consequences for the early martian greenhouse, Earth and Planetary Science 
Letters 270 (2008), pp. 147–155, the CO2 content of such basalts lies in the range 80–
900 ppm, which is similar to that inferred for terrestrial basalts ([Saal et al., 2002], [Cartigny 
et al., 2008] and [Gaillard et al., 2008]). In keeping with the estimates above, we mainly used 



an initial melt sulfur content of 4000 ppm, though a few additional calculations for an S 
content of 7000 ppm were performed. 

In the following description, we first focus on the extent of sulfur degassing out of the melt 
and then describe its abundance and speciation in the gas. In all cases the master variables 
appear to be the pressure of degassing, the pre-eruptive fO2 and the initial melt water content. 
Fig. 4a shows the sulfur content in the melt during degassing upon decompression over a 
pressure range 1000 to 0.01 bar. The overall decrease in S content in the melt as pressure 
decreases obviously reflects the fact that sulfur is partitioned toward the gas phase; however, 
extensive sulfur degassing only initiates at pressures < 50 bars. In general, the more oxidized 
and/or the more water-rich, the more sulfur is extracted from the melt. For 0.2 wt.% water, at 
QFM-3.5 (i.e., IW+ 0.5 the most reducing magmatic fO2 so far recognized on Mars), the S 
content in the basalt decreases from 4000 to 2500 ppm at 0.01 bar, whereas at QFM-1 (the 
most oxidizing conditions recognized for martian basalts), the S content in the melt decreases 
to less than 1500 ppm at 0.01 bar. In the case of a dry reduced basalt (0.05 wt.% water), sulfur 
does almost not exsolve and the basalt melt still contains 3500 ppm S at 0.01 bar. For the 
same reduced basalt but containing 0.8 wt.% water, the S content in the melt at 0.01 bar 
would be less than 800 ppm. For the same water content and the same pressure but 
considering the oxidized end-member (QFM-1), the S content in the melt at 0.01 bar is even 
lower, falling below 500 ppm. In summary, an oxidized and water-rich martian basalt could 
have delivered up to 3500 ppm S into the atmosphere (and more if more hydrous than 
0.8 wt.%). Conversely, a reduced and water-poor martian basalt would degas less than 
500 ppm, the bulk of the sulfur remaining dissolved in the basalt, probably ending up as 
sulfides during crystallisation. 

The evolution of the composition of the gas phase during decompression requires a thorough 
description because of its complex multi-component nature. A typical degassing path of a 
martian basalt is shown in Fig. 5 (1300 °C, QFM-2, 0.2 wt.% water, 700 ppm CO2, 4000–
7000 ppm S). The changes in relative abundances of gas species primarily reflect their 
contrasted solubilities in the silicate melt (Behrens and Gaillard, 2006) and the interplay with 
homogeneous equilibria in the gas phase in response to pressure changes ([Holloway, 1987] 
and [Symonds et al., 1994]). The gas venting at pressures > 20 bars is dominated by CO2 and 
CO. At lower pressures, water is the most abundant gas component. Sulfur species reach the 
1% level at pressures lower than a few tens of bars. Interestingly, the S-species stable in the 
range a few tens of bars to a few bars is H2S. At lower pressures, S2 and SO2 become 
dominant. At a pressure of 0.1 bar, the SO2 concentration is the highest and reaches 
~ 10 mol% of the gas. In addition, at such a pressure and for basalts initially having 4000 ppm 
S, S2 constitutes up to 20 mol% of the gas, which brings the total fraction of sulfur bearing 
species to 30 mol%. For the S-rich case (7000 ppm), at 0.1 bar, the total fraction of S-species 
is ~ 40 mol%. Such a high sulfur fraction in the gas is due to the enhanced extraction of sulfur 
from the melt at low pressure and to the high sulfur content in the basalt (note however that at 
0.01 bar for such a water content and fO2, the basalt has still 2000–3500 ppm dissolved sulfur 
for initial S-contents of 4000–7000 ppm, respectively). The increasing fractions of SO2 and S2 
over H2S as pressure decreases are due to the well known pressure effect on the redox 
reactions governing the abundances of those two species: 

2 H2S S2+2 H2 
 



2 H2O+H2S SO2+3 H2 
 

Both reactions (6) and (7) are driven rightward as pressure decreases due to the imbalance in 
the total number of moles involved on both sides of the equilibria (Symonds et al., 1994). For 
all degassing calculations we have performed, at pressures lower than a few bars, and in the 
fO2 range of martian basalts (down to IW), SO2 dominates over H2S (see Fig. 5 and Figs. 5–7 
in Supplementary materials in the Appendix). 

The total sulfur content of the gas and its speciation not only depend on pressure but they also 
vary with the bulk volatile contents and the redox conditions (Fig. 4b and c). For a given 
water content, the sulfur content in the gas increases with increasing fO2, which is a direct 
consequence of the fO2 effect on the amount of sulfur degassed as shown in Fig. 4a. At 
0.01 bar, for the most oxidized conditions (QFM-1), the total sulfur content in the gas reaches 
35 mol%, against 25% at IW. High water content has a dramatic effect on the gas sulfur 
content essentially because of dilution effects. Indeed, a basalt initially containing 0.8 wt.% 
dissolved water would end up having a gas phase dominated by water and, whatever the 
initial fO2, the bulk S content of the gas phase remains below 20 mol% (which would still 
correspond to sulfur-rich volcanic gases on Earth). At first sight, this appears conflicting with 
Fig. 4 which clearly shows that the extraction of sulfur from the melt is favored by the 
presence of water, but the diluting effect of H2O due to high bulk water content dominates 
here. In contrast, dry basalts, such as shown in Fig. 4, retain their sulfur in the melt but yield 
the sulfur richest gas. Indeed, the calculation at QFM-1 (oxidized) shows that the dry basalt 
has a gas phase with up to 50 mol% of S-species (Fig. 4b). This is a consequence of the very 
low water content in the system, which implies a low water content in the gas. 

The fraction of sulfur in the SO2 form is > 40% for the most oxidizing conditions whatever 
the water content is (Fig. 4c). In contrast, for the lowermost fO2 conditions explored, the SO2 
fraction is relatively small and remains below 20%. However, in the case of water-rich and 
reduced conditions, the SO2 fraction strongly increases with decreasing pressure owing to 
reaction (7). At a degassing pressure of 0.1 bar, the SO2 fraction of such a reduced and 
hydrous basalt is 40 mol%. In all cases (regardless of water content and fO2), for pressures 
lower than a few bars, the fraction of sulfur in the H2S form becomes negligible and SO2 or S2 
dominate the gas (see Figs. 5–6 in Supplementary materials in the Appendix). The relative 
abundance of SO2 and S2 is then essentially controlled by fO2 and water content, which both 
favor SO2. 

5.4. Conditions of volcanic gas delivery on Mars 

We have shown that the nature of the volcanic gases and their sulfur content heavily depend 
on the pressure of emissions, which can be approximated by the atmospheric pressure. 
Nowadays, the atmospheric pressure is very low, around 0.007 bar, but such a condition 
probably did not prevail during all the geological history of Mars. Several works have shown 
that the martian atmospheric pressure may have been much higher in the past, depending in 
part on the extent of volcanic degassing. For example, Elkins-Tanton (2008) showed that the 
early Mars could have had an atmospheric pressure on the order of 100 bars due to degassing 
accompanying the magma ocean cooling at around 4.5 Ga. This however heavily depends on 
assumptions of the initial volatile inventory of early Mars on which there is no clear 
consensus ([Pepin, 2006] and [Ikoma and Genda, 2006]). How, as well as when, the martian 



atmosphere shifted from its putative early dense status toward its present-day teneous 
character remains difficult to constrain. It is possible that most of the early atmosphere was 
lost when the dynamo (active core), which was shielding the planet from solar sputtering 
losses, switched off (Pepin, 2006 and references therein). In addition, our calculations show 
that an important part of volatile species released by magmas would be composed of H2 (in 
addition to CO), which would probably not remain in the atmosphere but would be rather lost 
in space. A continuous volcanic input would counteract gravitational escape and any sort of 
atmospheric erosion processes ([Pepin, 2006] and [Barabash et al., 2007]) that would tend to 
dissipate the atmosphere. It remains, however, that both factors (end of dynamo and 
gravitational loss) make estimations of the pressure of the earliest martian atmosphere still 
largely conjectural. For the post 4.5 Ga period, however, Hirschmann and Withers (2008) 
concluded that the CO2 delivered into the martian atmosphere was probably low (maximum of 
1.4 bar). Thus, apart from the very early stages, it seems that the pressure of delivery of 
volcanic gases on Mars was possibly low in comparison to that on Earth, inasmuch the high 
altitude of martian volcanic vents is considered (Mt. Olympus culminates at 27 km, therefore 
a large volume of magma was emitted at altitudes > 10 km). Even if degassing were to occur 
beneath a substantial ocean layer as proposed for Mars (Knoll and Grotzinger, 2006), pressure 
would not exceed a few bars (i.e. 2 bars for a 50 m thick ocean). In summary, the early 
martian atmosphere could have been high (few bars to tens of bars) whereas it seems likely 
that the post 4.5 Ga of martian history was dominated by low atmospheric pressure 
conditions. 

5.5. Magmatic degassing on Mars versus Earth 

The low atmospheric pressure reigning during magmatic degassing on Mars after the 4.5 Ga 
period and the high S content in the magma both imply a high S content in the gas phase. Fig. 
4 and Fig. 5 (see also Figs. 4–6 in Supplementary materials in the Appendix) indeed show that 
up to 50 mol% of the post 4.5 Ga martian volcanic gases could have been composed of S-
species, with SO2 being the most abundant species for many investigated conditions (Fig. 4, 
Figs. 5–6 in Supplementary materials in the Appendix). Such a high S-content strongly 
contrasts with volcanic gases on Earth (either MORBs degassing below the oceans or during 
early magmatic degassing in a denser atmosphere). Our calculations show that the S contents 
of volcanic exhalations from magmatism at mid ocean ridges, i.e. at a few hundreds bars, 
should be typically 0.1–1% (Figs. 4–6 in Supplementary materials in the Appendix). MORBs 
constituting 75% of present-day extrusive magmatism (e.g. Scaillet et al., 2003), they can be 
considered as representative of the global Earth degassing. Arc volcanism is dominated by 
andesites that are essentially venting water with low sulfur content (< 1%) (Symonds et al., 
1994). A few subaerial volcanoes (Mt. Etna, Kilauea) produce sulfur-rich gases, with S 
content up to 10–20 mol% SO2 (Symonds et al., 1994) but they represent a small fraction of 
the global volcanism on Earth (~ 10% of extrusive rocks on Earth, e.g. Scaillet et al., 2003). 
We thus conclude that volcanic gases emitted during the post 4.5 Ga period on Mars were on 
average 10–100 times richer in S than the average volcanic gases released on Earth. 

6. Surface waters and atmosphere on ancient Mars 

The late Noachian period, which followed the chaotic early Mars ([Hirschmann and Withers, 
2008] and [Elkins-Tanton, 2008]), and during which the voluminous Tharsis province was 
active (Phillips et al., 2001), was possibly a period of high sulfur volcanic emissions into the 
tenuous martian atmosphere. The amount of basalts emitted from these volcanic centers has 
been estimated at 3× 108 km3 (Phillips et al., 2001). Our calculations show however that S-



rich gases can be prevented if Tharsis basalts were dry (0.05 wt.% H2O) and reduced (~ IW). 
If such magmas, whose redox condition and H2O content are within the range expected for 
Mars basalts ([Herd et al., 2002], [Herd, 2003], [Righter et al., 2007] and [Wadhwa, 2001]), 
constituted the dominant part of the Tharsis province, then we do not expect any exceptionally 
high sulfur delivery into the atmosphere. In such a case, sulfur would remain in the basalt 
during eruption, either as sulfides if cooling was slow enough following lava extrusion or 
dissolved in the matrix glass. In such a scenario, the particularly S-rich character of the 
martian regolith could have thus come from the weathering of either sulfides or volcanic glass 
present in exposed mafic-ultramafic rocks (King and McSween, 2005). Since the sulfur 
content of martian basalts is in the range 4000–7000 ppm, exceeding by a factor of 4 to 7 the 
one of basalts on Earth, the observed S-enrichment on the martian regolith could thus be due 
to the basaltic component being itself richer in S than Earth basalts. The details of the 
mechanism(s) through which sulfur was leached from the basalt and concentrated in the 
regolith as sulfate minerals remain, however, to be elucidated. 

In contrast, if the redox state of magmas emitted during the build up of the Tharsis province 
lied at the upper end of the redox range recorded by Shergottites and/or if those magmas were 
hydrous, then most of the dissolved sulfur prior to eruption was degassed. Our calculations 
show that if such magmas were oxidized and dry (0.05 wt.% H2O), they degassed ~ 2000–
3000 ppm S and such volcanic gases were dominated by sulfur species (~ 50 mol%). Half of 
the sulfur species injected into the martian atmosphere was SO2, the rest was S2. If such 
oxidized basalts were in addition hydrous, then nearly all of their sulfur was degassed (4000–
7000 ppm) but the S-content in such gases was ~ 20 mol%. The dominant sulfur species in the 
gas would be SO2. 

Assuming that the Tharsis volcanic province produced 3 × 108 km3 of basalts (Phillips et al., 
2001), we estimate that in the most favorable case (hydrous and oxidized basalts containing 
7000 ppm S), about 5.4 × 1021 gr of sulfur was degassed in the atmosphere, with ~ 60% as 
SO2. Considering that nearly all atmospheric sulfur would ultimately fall back on the ground, 
this would yield a 60 m thick layer of sulfates if uniformly distributed over Mars surface (for 
simplicity, we considered here only anhydrite but clearly other sulfate phases would be 
present; King et al., 2004). Such large quantities of sulfates in the martian regolith are in line 
with the suggestion that some deposits that are on the order of a few hundred meters thick 
with up to 20 to 30% sulfates (Johnson et al., 2008). If only 2500 ppm S were degassed by the 
3.108 km3 of basalts, an equivalent layer of 25 m of sulfates covering the martian surface 
could be formed. 

Degassing of volcanic sulfur therefore provides an explanation to the high content of this 
element in the martian regolith. Furthermore, since volcanic SO2 is readily scrubbed out from 
volcanic gases by aquifers (Symonds et al., 2001), this, along with high bulk S contents of the 
gas phase, may have lead to extensive acidification of any persistent layer of water on Mars 
(Halevy et al., 2007). An important consequence of such a scenario would be the inhibition of 
carbonate precipitation and/or the dissolution of pre-existing surface carbonates in seawater 
([Fairen et al., 2004] and [Halevy et al., 2007]), which in turn would have favored the 
preservation of high CO2 content in the atmosphere (Halevy et al., 2007). 

7. Perspectives 

On a larger scale, our modeling has also implications for the understanding of sulfur 
systematics in the Solar system. For instance, as stressed above, Aubrites rank among the 



most reduced achondrites (Righter et al., 2007), and have very high sulfur contents in their 
mesostase (Fogel, 2005), both features being in qualitative agreement with our model 
predictions (Fig. 1). Such an intimate relationships between accretion fO2 and S also holds 
true for Vesta, whose FeO and S ([Righter et al., 2007] and [Gibson et al., 1985]) contents fall 
close to our calculated curve (Fig. 1). That the S and FeO contents of Aubrites, Earth, Mars 
and Vesta can be reproduced by one single model is circumstantial evidence for the strong, 
yet highly non linear, interrelationships existing between S and fO2 in the Solar system (Fig. 
1). It indicates that, asides from bulk sulfur, fO2 variations among planets or planetesimals, 
either during accretion or at later stages (Rubie et al., 2004), will largely control the amount of 
S outgassed, whenever magmatism takes place. Any planetary body having a bulk redox state 
(Fe/FeO ratio) different from either Earth or Mars will have a different style of sulfur 
degassing. Jupiter's satellite Io, the most volcanically active planetary body of the solar 
system, is frequently emitting large quantities of sulfur as SO2 ± S2 (Zolotov and Fegley, 
1999) which possibly mirror one of the extreme cases simulated in the previous sections. On 
the other side, Mercury's mantle, whose FeO content is estimated to be in the range 0–3 wt.% 
(Righter et al., 2007), should have a higher mantle S content than Earth (for a similar bulk S 
content), similar to that of Aubrite meteorites (Fig. 1). The degassing systematic of magmas 
produced from such an S-rich mantle would perhaps mimic the one we exemplify here for 
Mars given the tenuous atmosphere that was likely prevailing on early Mercury. 
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Figures 
 

 
 
Fig. 1. Evolution of the sulfur content of the coexisting silicate and metal melts with the FeO 
content of the silicate melt, calculated for a bulk chondritic composition having a bulk sulfur 
content of 0.35 wt.%. Corresponding values of oxygen fugacity relative to the iron–wustite 
buffer are given on top of the diagram. Points refer to measured/estimated FeO–S content in 
the silicate portion (mantle) of several planetary bodies. A refers to Aubrite meteorites, E to 
Earth, and V to Vesta. The inferred sulfur contents of Earth is taken from McDonough and 
Sun (1995), those of aubrite meteorites are from Fogel (2005) and Vesta asteroid from Gibson 
et al. (1985). The FeO contents of the silicate part of planetary and asteroidal bodies are taken 
from Righter et al. (2007). We estimate the S-content of the martian mantle at 600–900 ppm 
(red bar, M). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
 
 
 
 
 
 
 
 
 



 
 
Fig. 2. Pressure effect on the sulfur content of sulfide-saturated basalt melts, for iron-rich 
(FeO = 18 wt.%, Mars) and iron-poor (FeO = 8 wt.%, Earth) compositions. Calculations were 
performed combining data of Mavrogenes and O'Neill (1999) and O'Neill and Mavrogenes 
(2002), following Holzheid and Grove (2002). Calculations are shown for 1300 °C, 1400 °C, 
and 1500 °C. Also shown is the range of sulfur contents of martian basalts inferred from this 
study and the one of Earth basalts (MORBs). The arrow at 1.2 GPa indicates the pressure of 
magma extraction on Mars, as inferred from experimental petrology ([Musselwhite et al., 
2006] and [Monders et al., 2007]). 
 



 
 
Fig. 3. Composition (mole fractions calculated in the system COHS + FeOx) of gases emitted 
by a hypothetical martian magma ocean as a function of pressure. The gas is in equilibrium 
with a basalt containing 900 ppm S, 0.1 wt.% H2O, 10–700 ppm CO2 (see Hirschmann and 
Withers, 2008) at various fO2 (IW− 1.5, IW, IW+ 1). The horizontal grey bar defines the 
possible range of atmospheric pressures on early Mars after Elkins-Tanton, 2008 L.T. Elkins-
Tanton, Linked magma ocean solidification and atmospheric growth for Earth and Mars, 
Earth and Planetary Science Letters 271 (1–4) (2008), pp. 181–191  
 



 
 
Fig. 4. Calculated degassing paths for martian basalts as a function of pressure, for different 
redox conditions and water contents. In all cases, basalts contain 4000 ppm S. Full lines show 
the degassing of basalts with 0.2 wt.% dissolved water, at different fO2 (black: reduced, 
green: intermediate, red: oxidized). Dashed lines show dry (0.05 wt.% water, small dashes) 
and wet (0.8 wt.% water, large dashes) basalts for reduced and oxidized conditions (same 
color codes as above). (a) Sulfur content in the basalt during degassing. (b) Total sulfur 
content in the gas expressed in mol% (Stot = H2S + S2 + SO2). (c) Fraction of sulfur in the SO2 
form: SO2/(Stot). 
 



 
 
Fig. 5. Composition of the volcanic gas phase as a function pressure for typical martian 
basalts. Both panels show calculations for basalts containing 0.2 wt.% water, and 500–
600 ppm CO2 at fO2 of QFM-2. The top panel shows a basalt with 7000 ppm S and the 
bottom one shows a basalt with 4000 ppm S (see Fig. 2 for justification of S contents). 



 
Table 1. : Compilation of sulfur abundance in chondrites and planetary bodies (see text for 
references) 
Sample Origin FeO 

wt.% 
S-bearing phase S wt.% 

Chondrites, non differentiated bodies 

Enstatite chondrite  0.1–1 FeS, (Mg–Mn–FeS), 
(CaS) 

5–10 

Ordinary chondrite  6–15 FeS 2–3 

Carbonaceous I 
chondrite 

 23 FeS 5–6 

 

A-Chondrites, differentiated bodies 

Iron meteorites Core of asteroidal 
bodies 

0 Fe-metal 1–14 

Aubrites Enstatite Ch. 0.1–1 FeS 0.2–0.8 

   Glass 2.5 

MORB Earth 8 Basalt 0.08 

Shergottites Mars 17–20 Basalt 0.4–0.7 

 

Planetary material, mantle and core 

Earth mantle Earth magma ocean 8 FeS 0.025 

Martian mantle Mars magma ocean 19–20 FeS 0.06–
0.09 

Earth core  0–10 Fe-metal 2–8 

Martian core  0 Fe-metal 3–18 

 


