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Introduction: The R chondrites are unusual in 

having the highest Δ17O values of all meteorites, and 
are distinct from other non-carbonaceous chondrites in 
containing magnetite rather than Fe-Ni metal, i.e., in 
being oxidized [e.g.,1]. This oxidation state is corrobo-
rated by the unique R chondrite LAP 04840 [2]; its 
high oxidation state is clear in the presence of biotite 
and amphibole that are rich in both OH and Fe3+.  

However, two recent Antarctic R chondrites, LAP 
02238 and LAP 03645, present a redox riddle: both are 
reported to contain graphite. These meteorites are typi-
cal of R chondrites in having high Δ17O, and have typi-
cal petrographic and mineralogic characteristics: chon-
drules and chondrule fragments in a fine-grained ma-
trix, a low chondrule/matrix ratio, common fayalitic 
olivine, and opaques dominated by magnetite, pyr-
rhotite, and pentlandite. However, the preliminary de-
scriptions of these meteorites cited the presence graph-
ite [3-4]. This material is easily recognized in thin sec-
tion as platy black (opaque) material, generally associ-
ated with sulfides (Fig. 1). 

 
The presence of graphite in an equilibrated chon-

dritic (ultramafic) mineral assemblage restricts oxygen 
fugacity to rather low values [5]. Under igneous condi-
tions (1400°C), the presence of graphite suggests oxy-
gen fugacities of lower than ~2 log units above the 
Iron-Wüstite buffer. Therefore, the presence of graph-
ite in highly oxidized R chondrites seems paradoxical, 
and worthy of investigation. 

Methods: We studied thin sections LAP 02238,10 
and LAP 03645,11. Regions for study were identified 
using optical microscopy and then subject to probe, 
SEM, or Raman analysis to determine their chemical 
composition and distribution. Element maps were ob-
tained at Johnson Space Center with their Cameca SX-
100 electron probe. Energy-dispersive X-ray spectra 

(EDS) were taken with the Tufts JEOL 6300 SEM. 
Spot Raman spectra were collected at Johnson Space 
Center with a Horiba HR-LabRam using 732 nm He-
Ne laser light. 

 

 
Results: Both thin sections contain platy opaque 

material, which we take to be the substance identified 
as graphite (Fig. 1) [3,4]. The platy material is associ-
ated with magnetite, pentlandite, and pyrrhotite (a 
common assemblage in R chondrites), and appears to 
be intergrown with or replacing the pyrrhotite (Figs. 
2,3). Element maps and EDS spectra of the platy mate-
rial (Figs. 2,3,4) show that it contains abundant Fe, S, 
and O (C peaks are due to the thin section C coat). 
Raman spectra of the platy material also did not show 
the peak at ~ 1600 cm-1 that is characteristic of graph-
ite and polymerized carbons (Fig. 5). Most of the Ra-
man spectra are dominated by fluorescences, and thus 
uninformative. However, several are like that of Fig. 5, 
and are consistent with hematite. None of the spectra 
showed scattering characteristic of either sulfates or 
carbonates (at ~1020 and ~1100 cm-1), although strong 
fluorescences may have masked these peaks. 

EDS analysis (Fig. 4) and Raman spectra (Fig. 5) 
together, suggest that the platy material is a mixture of 
hematite and Fe-bearing sulfate(s); it is not graphite. 
This mineral assemblage has not been reported previ-
ously in R chondrites. The identity of the minerals 
containing S & O is not yet clear – they are not re-
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solved in BSE imagery. Some regions contain detect-
able Si and Al (Fig. 4), but this could merely be from 
beam overlap with nearby silicate mineral grains. It is 
possible that additional Raman study (perhaps with 
other light wavelengths or different samples) will be 
more definitive. The material’s platiness (Fig. 1) could 
be pseudomorphic after a preferred direction in the 
original pyrrhotite, or could be the tabular nature 
common in specular hematite. 

 
Implications: The absence of graphite and pres-

ence of hematite in LAP 02238/03645 are consistent 
with a high oxidation state like those in other R chon-
drites. Thus recognition of a mixture of hematite and 
sulfate resolves the redox paradox implicit in the origi-
nal meteorite descriptions. 

 
Figure 5. Raman spectrum of a spot in platy material (LAP 03645), 
A1a2, compared to spectra of hematite and graphite [6]. 

Mineral assemblages like this, e.g., hematite + 
jarosite, are common aqueous, acid-sulfate alterations 
of sulfide minerals, both in direct contact with the sul-
fides (as in LAP 02238/03645, Figs. 1-3) or at some 
distance as at Meridiani Planum, Mars [7]. Pyrrhotite 
and pentlandite have different alteration rates [8], so it 
is reasonable that some pentlandite might persist 
through this alteration. 

If indeed the hematite and Fe sulfate(s) in LAP 
02238/03645 are aqueous alteration products, the cru-
cial question is whether they formed on Earth or on the 
parent R-chondrite asteroid. No other Antarctic R 
chondrites are reported to contain ‘graphite’ or to be 
weathered, but surely there are some weathering ef-
fects, which are now essentially unknown. The Fe-
sulfate jarosite is a widespread, but rare, product of 
weathering in other Antarctic meteorites [9]. Hematite, 
however, forms rarely (if ever) in Antarctic weather-
ing; goethite is the dominant Fe oxide (hydroxide) 
[10,11]. Therefore, the presence of hematite in LAP 
02238/03645 could suggest that they were al-
tered/weathered in a setting outside of Antarctica, 
which could thus be on their parent asteroid. This in-
ference, which is generally consistent with the pres-
ence of hydrous phases in the LAP 04840 meteorite, is 
far from certain. Additional studies are in progress. 
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