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Introduction: The surface of Mercury reveals 

signs of ancient volcanism including effusive and ex-
plosive pyroclastic activity [e.g. 1-3]. Volcanic fea-
tures demonstrate mostly effusive eruptions without 
formation of stratovolcanoes or large sheet structures 
[2]. Spectral signs of Mg-rich silicates [4] and the 
presence of Mg in the exosphere [5] also imply mafic 
and ultramafic magmatism. A low FeO content in sur-
face silicates [e.g. 4, 6, 7] also suggests a FeO-poor 
mantle [6] that would produce hot melts. The FeO-
poor rocks may indicate water scarcity and imply re-
duced conditions in parent magmas (< ~3 log fO2 units 
below the iron-wüstite buffer (IW) [8]). 

Several features at the Caloris impact basin indi-
cate pyroclastic deposits [2, 3]. Formation of a large 
pyroclastic deposit may require 0.55-1.3 wt% of mag-
matic gases (depending on molecular mass) [3]. This 
work further discusses chemistry of magmatic vola-
tiles, degassing pathways, and volcanic gas speciation 
at appropriate temperatures (T), pressures (P) and re-
dox conditions. 

Sulfur: Experiments performed at 3 to 7 log fO2 
units below IW (IW-3 – IW-7) reveal S solubility of 
~2–8 wt% which is over an order of magnitude higher 
than at oxidizing conditions [9-11]. The presence of 
0.8–2.5 wt% S in basaltic glasses in aubrites (enstatite 
achondrites) [12] also indicates the high S solubility 
accounted for by formation of metal (Mg, Ca, Mn etc.) 
sulfide melt complexes [9, 10]. 

At IW-3 to IW-7, S solubility does not change 
much with P [11] and decompression during magma 
ascent should not cause major degassing. A major S 
degassing has not been reported from enstatite chon-
drite and synthetic silicate melts at 1 bar [9, 10]. De-
compression of reduced magma should not produce 
~1.3 wt% S in gas phase needed to form a large pyro-
clastic deposit at Caloris [3]. 

If occurred, oxidation of magma and decomposi-
tion of sulfide melt complexes could be a powerful 
degassing mechanism, as exemplified by net reaction 

MgS(in melt) + 0.5O2 → MgO(in melt) + 0.5S2. 
Oxidation from IW-6 to IW-2 lessens S solubility from 
~3–8 wt% to <0.3 wt% and could lead to a few wt% of 
S2 gas at low-P conditions. Calculations of sulfide-
oxide equilibria show that stability of sulfides declines 
as follows Ca>Mn>Mg>Ti. In a case of oxidation, 
decomposition of Ti and Mg sulfide melt complexes 
could be a major reason for sulfur degassing. 

Putative oxidation of magma could have been 
driven by assimilation of oxides from crustal rocks. 

Although oxidation through melting of FeO-bearing 
silicates is limited by their scarcity, assimilation of 
ilmenite-rich crustal materials [13] would oxidize 
magma by ilmenite’s Fe(II) and Ti(IV),  

MgS + FeTiO3 = MgO + TiO2 + Feo + 0.5S2; 

1.5MgS + FeTiO3 = 0.5Ti2O3 + 1.5MgO + Feo + 0.75S2. 

If oxidation is driven by ilmenite’s Fe(II) and Ti(IV), 
magma could be oxidized beyond ~IW-3. Assimilation 
of only Ti(IV) phases (e.g., rutile) could cause oxida-
tion of very reduced magmas only toward IW-4(±1). 
Therefore, oxidation of magmas and sulfide complexes 
by ilmenite’s Fe(II) is more efficient than reactions 
involving Ti(IV) reduction to Ti(III). A potential for 
oxidation by assimilation of SiO2-rich (e.g. intermedi-
ate [4]) rocks is limited because of only a minor in-
crease in SiO2 activity (a). Note that the oxidation sce-
nario for degassing is hypothetical because crustal 
rocks may have never been oxidized. 

Carbon: Although reducing conditions imply sta-
ble existence of native C species in Mercury’s mag-
mas, formation of C-bearing gases (e.g. CO, CS2, CO2) 
requires oxidation. Formation of CO through graphite 
oxidation by melt’s FeO has been suggested to explain 
pyroclastic eruptions on the Moon [14-16] and was 
mentioned with respect to Mercury [3]. At elevated 
aFeO, graphite oxidation is favorable at lower P and 
can occur during magma ascent and in magma cham-
bers. However, at IW < -3 the equilibrium fCO does 
not exceed ~102 bar at T < 1800 K. This implies a pos-
sibility for CO formation and degassing only near the 
Mercury’s surface (< ~900 m). An involvement of FeO 
from ilmenite in graphite oxidation would cause CO 
degassing at greater depths. At fO2 controlled by the 
ilmenite-rutile-iron buffer at 1700 K (IW-1.2), fCO in 
C-bearing magma could be ~400 bar, implying CO 
degassing <~4 km below the surface. 

Oxidation of graphite by Ti(IV) (TiO2) [cf. 15] is 
less efficient. Nevertheless, high-T conditions favor 
oxidation by Ti(IV) and a major assimilation of TiO2 
could lead to fCO up to 25–70 bar at 1700–1800 K that 
implies CO degassing from the depth of <230–650 m. 
Oxidation of graphite by assimilated SiO2 may also 
contribute to CO production at high-T and low-P con-
ditions. However, this reaction would be driven by 
lowering aSi through melt oxidation by Fe(II) and/or 
Ti(IV) rather than by a mind increase in aSiO2. Over-
all, CO formation could be limited by low aFeO and 
aTiO2 that further decrease along with oxidation. 

Chlorine: Although behavior of Cl in reduced an-
hydrous magmas is not well known [17, 18], Cl could 
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be associated with alkali, alkali earth elements and Fe 
in corresponding melt complexes (NaCl, KCl, CaCl2, 
FeCl2 etc. [17]). These associations imply an elevated 
Cl solubility in reduced Mercury’s magmas and lim-
ited degassing [cf. 16]. Even at relatively oxidizing 
conditions, Cl is a minor component of volcanic gases 
on Earth and Io [18, 19]. A low Cl content in Earth’s 
magmas [18] does not imply its major contribution into 
explosive activity. Degassing of Cl seems not to be 
favored by low P [18]. Water deficiency should also 
limit Cl partitioning into HCl gas. However, Na and K 
are more abundant than Cl and alkali halides could be 
among high-T volcanic gases, as observed and mod-
eled on Io [19]. If occurred, oxidation of magma 
would have favored Cl degassing through decomposi-
tion of Cl melt complexes. However, if Mercury’s 
magma contained as much Cl as enstatite meteorites, 
this amount is not sufficient to explain pyroclastic 
eruptions at Caloris. 

Nitrogen: Although Mercury’s mantle may have 
contained as much N as enstatite chondrites, partial 
melting in mantle source regions may led to N-
enriched melts owing to enhanced solubility below 
IW-1 [20].  Fogel [21] reported up to 0.5 wt% N solu-
bility in synthetic enstatite chondrite melts at IW-10. 
This solubility is ~5 orders of magnitude higher com-
pared to that at fO2 > IW-1. The high solubility is ac-
counted for by formation of nitride complexes (Si3N4 
in hydrogen-free melts [22]). Experiments performed 
at IW > 0 reveal 0.7–1.6 wt% N solubility at 20–30 
kbar [23, 24]. Although the effect of P on N solubility 
at IW < -1 has not been explored experimentally, the 
solubility is suggested to increase with P [20]. 

A strong decrease in N solubility with decreasing P 
[23, 24] and increasing fO2 from IW-8 to IW-1 [20] 
implies that N degassing could be driven by decom-
pression and/or oxidation of magma. This process can 
be expressed by reaction [22] 

Si3N4(melt) + 3O2 → 3SiO2(melt) + 2N2(g). 
At IW, up to 1.6 wt% N2 can degas through magma 
ascent from 25 kbar (~230 km below Mercury’s sur-
face) [24]. About 0.7 wt% N could be degassed if re-
duced melts (IW < -2) have the same high-P (10-20 
kbar) solubility as oxidized magmas. It is unclear if 
~0.55 wt% gas with molecular mass of 28 (CO or N2) 
needed to explain pyroclastic eruptions [3] could be 
obtained without invoking oxidation by assimilated 
oxides. Nevertheless, N2 could be a major gas even if 
magma oxidation has not occurred. 

Speciation Modeling: Thermochemical equilib-
rium calculations in the S-C-O-Cl ideal gas system 
have been performed at 1000-2000 K, 10-3-102 bars 
and IW < 3. Nominal runs were performed at the C/S 
mole ratio of 0.1 that is slightly less than correspond-

ing ratio in enstatite chondrites. The chosen Cl/S ratio 
of 0.01 corresponds to that ratio in enstatite and CI 
chondrites. The calculations reveal the predominance 
of S2, CS2 and CO. Minor gases are Cl, S3, S2Cl, COS, 
Cl2, SCl2 and S. Typical Earth’s volcanic gases (H2O, 
CO2, SO2, H2S, H2 and HCl) are not abundant. 

Summary: Mercury’s magmas could be rich in S, 
C, N and Cl because of high solubilities of those ele-
ments under extremely reduced conditions. The high 
solubilities limit degassing, and magma oxidation in 
magma chambers could be required to account for py-
roclastic activity. One possible exception is decom-
pression of N-saturated magma leading to N2 de-
gassing. Although oxidation of magma would have 
caused degassing of S, C, Cl and N, the potential for 
oxidation was limited, unless assimilation of crustal 
rocks rich in FeO, TiO2 and SiO2. However, crustal 
rocks may have never been oxidized and significant 
fractions of Fe and Ti could be in sulfides, as in ensta-
tite meteorites. Without oxidation in magma chambers, 
N2 could be a major volcanic gas. Even with some 
oxidation, significant amounts of sulfides (FeS, MgS, 
CaS, MnS etc.), graphite, chlorides and nitrides could 
have remained in crystallized lavas and pyroclastics.  
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