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Introduction: The early solar system experienced a 

wide range of oxygen fugacity (fO2) conditions. Ensta-
tite chondrites and aubrites represent the most reduced 
meteorites, with fO2 between IW-3 to IW-8 based on Si 
in kamacite [1-3] or Cr speciation in olivine [4]. Mer-
cury [5], and perhaps the Earth [6], also formed at such 
low fO2. Experiments have shown that volatile solubili-
ty and speciation in silicate melts change dramatically 
at very reduced conditions [7,8]. However, few meas-
urements have been made on the volatile solubility in 
silicate minerals at low fO2. Such measurements allow 
estimates of the fO2 during formation, as well as the 
volatile content of melts in equilibrium with silicates. 
Here, we measure volatile (S, C, H, F, and Cl) contents 
of enstatite in reduced meteorites, and compare them to 
experimental enstatite produced at reduced conditions. 
To our knowledge, these are the first measurements of 
volatiles in orthopyroxene in reduced meteorites.  

Samples: We studied six reduced meteorites in-
cluding Hvittis (EL6), Indarch (EH4), Sahara 97096 
(EH3), Northwest Africa (NWA) 4301 (anomalous E), 
Mount Egerton (anomalous aubrite), and Norton Coun-
ty (aubrite). Based upon published estimates, EH 
chondrites (IW-7 to IW-8) are more reduced than EL 
chondrites (IW-3 to IW-6), while aubrites have an in-
termediate fO2 (IW-5 to IW-7) [1-4]. Samples were 
mounted in indium (except Hvittis was a thin section) 
and polished using ethanol down to 1.0 μm Al2O3 grit.  

Experiments: The starting composition was an es-
timated Mercurian mantle composition based on re-
duced and metal-rich CH chondrite Allan Hills 85085 
[9]. Experiments were run in a piston cylinder at 1 GPa 
with fO2 between IW-3.4 and IW-7.5. These experi-
ments are sulfide and graphite saturated without Fe-Ni-
Si metal. Thus, the fO2 of the experiments was calcu-
lated using S content at saturation in silicate melt as an 
oxybarometer experimentally calibrated using Femetal-
FeOsilicate melt and Simetal-SiO2 silicate melt equilibria [10]. 

Analyses: Volatile elements (S, C, H, F, Cl) were 
analyzed using the IMS 1280 SIMS instrument at 
Woods Hole Oceanographic Institute. A 30 μm2 raster 
and 400 μm field aperture was used, designed to allow 
transmission of ions from only the innermost 5 μm di-
ameter. Enstatite compositions were measured using 
the SX100 electron microprobe at Brown. 

Results: Hvittis: Hvittis is an EL6 brecciated chon-
drite that contains 30-200 μm diameter enstatite (0.80-
0.90 wt.% CaO and 0.19-0.25 wt.% Al2O3) with 0.45 
±0.04 ppm S (uncertainties of all SIMS measurements 

given as 2SD), 1.59 ±0.20 ppm C, and 66.48 ±0.74 
ppm F. Kamacite has 1.2 ±0.17 wt.% Si and 6.0 ± 0.3 
wt.% Ni [11]. 

Indarch: Indarch is a well-studied EH4 chondrite 
with 30-200 μm diameter enstatite crystals, but has 
abundant sulfide microinclusions that resulted in only 
one pristine analysis. Indarch contains enstatite (0.14-
0.20 wt.% CaO and 0.21-0.28 wt.% Al2O3) with 10.21 
ppm S, 0.38 ppm C, 19.27 ppm H2O, and 55.91 ppm F. 
Kamacite has 3.5 wt.% Si and 7.1 wt.% Ni [12].  

Sahara 97096: Sahara 97096 is an EH3 chondrite 
with 30-100 μm diameter enstatite, but has abundant 
sulfide microinclusions that resulted in only one pris-
tine analysis. Sahara 97096 contains enstatite (0.14-
0.41 wt.% CaO and 0.19-0.50 wt.% Al2O3) with 23.63 

Figure 1. S, C, H2O, and F vs. kamacite Si content [3,11-15] 
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ppm S and 4.34 ppm F. Kamacite has 2.5 ±0.4 wt.% Si 
and 4 ±1.4 wt.% Ni [13]. 

NWA 4301: NWA 4301 is an anomalous enstatite 
achondrite that has 100-400 μm diameter enstatite, but 
is  moderately terrestrially weathered and has some 
sulfide microinclusions. NWA 4301 contains enstatite 
(0.25-0.40 wt.% CaO and 0.05-0.20 wt.% Al2O3) with 
0.14 ±0.12 ppm S, 0.20 ±0.05 ppm C, 25.69 ±0.001 
ppm H2O, and 183.55 ±17.72 ppm F. NWA 4301 also 
contains tridymite with 1.88 ±0.06 ppm S, 0.20 ±0.06 
ppm C, 10.13 ±0.01 ppm H2O, and 6.31 ±0.08 ppm F. 
Kamacite has 1.4-1.6 wt% Si and 5.4-6.1 wt% Ni [14]. 

Mount Egerton: Mount Egerton is an anomalous 
aubrite that contains mm-sized enstatite (0.37-0.55 
wt.% CaO and 0.04-0.08 wt.% Al2O3) with 0.05 ±0.01 
ppm S, 0.22 ±0.04 ppm C, 7.86 ±0.01 ppm H2O, and 
1.11 ±0.04 ppm F. Kamacite has 2.03 wt.% Si and 6.25 
wt.% Ni [15]. 

Norton County: Norton County is  a well-studied 
aubrite breccia that contains 50 μm-2 mm diameter 
enstatite (0.30-0.60 wt.% CaO and 0.01-0.05 wt.% 
Al2O3) with 0.08 ±0.004 ppm S, 1.43 ±0.18 ppm C, 
19.68 ±0.001 ppm H2O, and 4.06 ±0.12 ppm F. Kama-
cite has 1.31 wt.% Si and 3.08-7.66 wt.% Ni [3]. 

Volatile trends: It appears that more reduced mete-
orites (EH) have enstatite that is C-poor and S-rich 
compared to less reduced meteorites (EL and aubrite) 
(Fig. 1). H2O content is scattered likely due to terrestri-
al contamination in an uncontrolled humid environ-
ment, but are not inconsistently high compared to our 
experiments. Unexpectedly, F is very abundant with 
concentrations up to ~180 ppm. The high scatter of F 

content suggests F was undersaturated. However, bulk 
measurements of EL (180 ppm F) and EH (238 ppm F) 
chondrites [16] require a separate F-bearing phase or 
perhaps at grain boundaries. Cl was below the 0.001 
ppm SIMS detection limit for all meteorites implying 
low Cl fugacities during formation. 

S and C oxybarometer: S and C concentrations in 
meteoritic enstatite are consistent with relative fO2 
based on kamacite (Fig. 1) and with our experimental 
measurements (Fig. 2; [17]). Because both the meteor-
ites and experiments were sulfide saturated, the S in the 
enstatite can be directly compared and used to estimate 
fO2. These range from IW-2 to IW-7, slightly lower 
than previous estimates of IW-3 to IW-8 [1-4]. This 
could be due to kamacite recording fO2 at a different 
time than the enstatite. Although meteorites contain 
graphite, C could have reached saturation after silicate 
crystallization from metal exsolution during lower 
temperature metamorphism [20]. 

Volatile content of equilibrium silicate melts: 
Experimental mineral-melt partitioning (D) values are 
4.3x10-4 to 4.4x10-4 for S and 7.6x10-3 to 3.5x10-2 for C 
for IW-3.4 and IW-7.5 respectively. This implies S and 
C will be enriched in coexisting silicate melt (Tab. 1). 
These results also have implications for the volatile 
budget and rheology of Mercury’s interior, which is as 
reduced (IW-3 to IW-7) [5] and yet surprisingly vola-
tile-rich [21]. F may change its mantle rheology by an 
order of magnitude like H2O in Earth’s mantle [22]. 
Table 1. Silicate melt S (wt.%) and C (ppm) concentration in 
equilibrium with meteoritic enstatite. These were calculated 
using our S oxybarometer and experimental D values 
 Hvittis Indarch Sahara 

97096 
NWA 
4301 

Mount 
Egerton 

Norton 
County 

S 0.92 2.96 5.95 0.58 0.58 0.58 
C 79.87 561.40 1809 36.61 36.61 36.61 
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Figure 2. S and C vs. log fO2 relative to IW. Experiments 
where the fO2 conditions are known define the black dashed 
curves for volatile saturation in orthopyroxene [17]. Meteor-
itic S agrees with estimated fO2 conditions from kamacite, 
although aubrites appear to be more oxidized at IW-2. As-
suming fO2 is given by S in enstatite, C agrees with the ex-
perimental trends (*Indarch is C-undersaturated at its fO2). 
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