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Introduction:  Mercury's surface can broadly be 

divided into two main units [1]: 1) the northern smooth 
plains (NSP), which cover the northern polar region 
and from their morphology appear to be flood volcan-
ics and 2) the inter-crater plains and highly cratered 
terrain (IcP-HCT), which cover most of the rest of the 
planet.  The greater amount of cratering in the IcP-
HCT indicate it is older (4.0-4.2 Ga) than the NSP 
(3.7-3.8 Ga), and also somewhat obscures the nature of 
the IcP-HCT, though much of it appears to be volcanic 
[2].   

The compositions of these units has been con-
strained by x-ray fluorescence (XRS) on board the 
MESSENGER mission (Figure 1; [3,4]).  While there 
is much overlap between the two terrains, in general, 
the NSP is has lower MgO and CaO, and higher SiO2 
and Al2O3.  

We have performed high P and T experiments on 
an average NSP composition to determine the effect of 
low oxygen fugacities (log fO2 ~ IW-3) on the phase 
equilbria of mafic melts, at sulfide saturated condi-
tions.  These results are compared to previous Mercury 
phase equilbria experiments [5-8]. 

Methods: The composition used is an average 
NSP composition (gray star in Figures 1 and 2, [4]). A 
synthetic version of it was made by mixing reagent 
grade oxides.  Based on previous experiments, silicon 
was added as 95% SiO2 and 5% Si metal, by weight, to 
produce a log fO2 around IW-3 [8,9].  S was added as 
elemental S (1.2 wt%).  The experiments were all run 
in an internally-heated gas pressure device at Brown 
University.  Pressures were 186±14 bar and tempera-
tures ranged from 1400-1225oC.  Starting powders 
were contained in a graphite capsule, which was placed 
inside a Pt capsule and welded shut.  Run durations 
were typically 24 to 48 hrs.  At the end of the experi-
ment, the charge was drop quenched.  The sample was 
sectioned and polished using mineral spirits to avoid 
MgCa sulfide dissolution.  All phases were analyzed 
using the Cameca SX100 microprobe at Brown Uni-
versity. 

Experimental Results: The melt compositions 
are shown in Figure 1  (gray diamonds) and compared 
to previous mantle melting phase boundaries for terres-
trial conditions (QFM, no S: gray dashed lines, [7]) 
and Mercury-like conditions (IW-3, sulfide saturated, 
black lines, [8]).  The melt compositions define the 
olivine-protoenstatite (ol-prEn) boundary, which is 
shifted to higher quartz and anorthite compositions 
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Figure 1: Olivine-clinopyroxene-plagioclase-quartz 
ternary phase diagrams for melt compositions (gray 
diamonds) in crystallization experiments on an NSP 
composition (gray star) at 186 bar pressures, low fO2 
(IW-3) and sulfide saturated conditions.  All of the 
melts are saturated with olivine, protoenstatite (black 
square) and a sulfide melt. This boundary is shifted to 
higher quartz and plagioclase contents relative to the 
ol-prEn boundary at higher oxygen fugacities (IW+2) 
and sulfide absent conditions (gray dashed line, 1 bar 
pressure, [7]).  The ol-prEn phase boundaries for 
mantle melt experiments at 1 GPa (solid black lines) 
are also shifted to high qtz and plag compositions at 
oxygen fugacities above IW-5, but shift to lower val-
ues at fO2 below that [8].  This corresponds to a shift 
in the composition of the sulfide melt from FeCr-rich 
to MgCa-rich (Figure 2). Compositions are shown in 
oxygen units. Composition of NSP and IcP-HCT from 
XRS [4] are shown as fields. 
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relative to terrestrial data [7].  This is consistent with 
the results of Mercury mantle melting experiments at 
IW-3 to IW-4 [8].   

Why the ol-prEn boundary shifts to higher SiO2 
and Al2O3 contents at fO2 higher than IW-5 is not clear 
at this point.  At lower fO2 (below IW-5), the shift to 
lower SiO2 can be understood as S bonding with Mg in 
the melt via the reaction: 

 
Mg2SiO4+S = MgSiO3+MgS+0.5O2 
 
This corresponds well with a shift in the composi-

tion of the equilibrium sulfide melt to higher Mg and 
Ca compositions (Figure 2). 

The destabilization of anorthite could be due to Ca 
bonding with Ca via the reaction: 

 
2CaAl2Si2O8+2S+NaO0.5= 
          NaAlSi3O8+2CaS+SiO2+3AlO1.5+O2 
 
This might also explain the shift of the ol-prEn 

boundary to higher SiO2 contents relative to the IW+2 
boundary.  This would suggest that even below IW-5, 
S is complexed with Ca in the melt.  Interestingly, the 
1 GPa phase ol-prEn boundary is shifted to even higher 
SiO2 than the low pressure boundary, indicating ex-
pansion of the ol field at higher pressure, the reverse of 
what occurs at more terrestrial-like conditions [7]. 

Implications for melting/crystallization condi-
tions: The high SiO2 end of the NSP compositional 
spectrum is consistent with melting of a sulfide-
saturated, enstatite-chondrite based Mercury mantle at 
oxygen fugacities 2 to 3 log units below IW and pres-
sures of 1 GPa.  The higher Mg end of the NSP com-
positional spectra are consistent with melting past the 
prEn-out boundary, leaving a dunite residue.  At low 
pressure, NSP melts will crystallize olivine and prEn.  
These should be the dominant phenocryst phases in 
NSP lavas.  None of the NSP compositions are feld-
spar saturated at low pressure (at IW-3 and sulfide 
saturated conditions).  IcP-HCT compositions also 
show a wide range.  At the high SiO2 end, they are 
similar to NSP and could be explained by mantle melt-
ing of similar sources.  However, the low SiO2 end of 
the IcP-HCT compositional spectrum has higher CaO 
contents than the NSP melts and cannot be related by 
melting of the same source or by low pressure crystal-
lization. 

Implications for magma ocean crystallization: 
Crystallization of a Mercury magma ocean would ini-
tially be dominated by low-Ca pyroxene and to a lesser 
extent olivine.  These will be essentially Fe-free and 
will have similar densities [10].  The complexing of S 
with Ca suppresses both plagioclase and clinopyroxene 
crystallization, which will allow the magma ocean to 
reach high Ca and Al compositions.  This late stage 

magma ocean may be a good candidate to form the 
high Ca  source required for the IcP-HCT lavas.  

Sulfide compositions and heat producing ele-
ments: Above log fO2 of ~IW-5, sulfides will be FeCr-
rich if these elements are present.  However, such sul-
fides are very dense and should readily sink out of a 
crystallizing magma ocean, leaving it essentially Fe 
and Cr-free, forcing subsequent sulfides to be MgCa-
rich.  CaS has high partition coefficients for heat pro-
ducing elements U, Th and K [11,12].  Thus the desta-
bilization of Ca-bearing silicates should result in heat-
producing elements being concentrated in Ca-sulfides 
in the latest crystallization products of the magma 
ocean.  These should reside near the top of the mantle.  
Because the silicates are Fe-free, no density inversion 
or mantle overturn is expected, in contrast to the crys-
tallization of the lunar magma ocean.  Heat production 
from this shallow mantle layer could be an important 
cause of subsequent mantle melting. 
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Figure 2. Mg and Ca cation wt% in sulfide melts as a 
function of oxygen fugacity in 1 GPa mantle melting 
experiments [8].  The sulfides shift from FeCr rich to 
MgCa rich as fO2 decreases below IW-5. 
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