
EARLY OXIDATION OF PHOSPHORUS ASSOCIATED WITH SULFIDES IN CM CHONDRITES.  Julia
S. Goreva and Dante S. Lauretta; Lunar and Planetary Laboratory, The University of Arizona, 1415 N.6th Ave.
Tucson AZ 85705 jgoreva@lpl.arizona.edu

Introduction: Iron sulfides are found in almost all
types of meteorites and are useful as phases that
indicate the redox conditions in the solar nebula and
on the asteroid parent bodies. The most common
sulfides in chondrites are troilite (FeS), pyrrhotite (Fe
1-x S) and pentlandite (Fe,Ni)9S8.

Primary troilite is believed to have resulted from
sulfidation of metal (Fe-Ni) grains by H2S, S2, or
other S-bearing gas species, depending on the
environment. Pyrrhotite is produced under higher S
fugacities than troilite, and likely results from
brecciation and oxidation on the parent body [1].
Pentlandite is believed to form due to either aqueous
alteration on the chondritic parent bodies or during
primary sulfidization [2-3].

Much discussion has been devoted to
understanding the origin of P-rich phases in CM
chondrites. These phases may also be useful as
indicators of the degree of metamorphism [e.g. 4,5].
P-rich sulfides can be easily converted to phosphate-
troilite-pentlandite-chromite assemblages [5]. In
unmetamorphosed Murchison (CM) chondrite
ubiquitous P,Cr-rich sulfides are attributed to high-
temperature sufidization with a possible formula
(Fe,Ni)1-x(Cr)x(S, P)1-x [6]. In this work we present
results of detailed analyses of P-rich sulfides from the
Murchison (CM) chondrite.

Figure 1. X-ray EMP maps of a sulfide grain in
Murchison overlapped on BSE image. Fe –Cyan, S -
Yellow, Ni –Magenta. In this image Fe-sulfide
appears green and and Fe, Ni, S-phase appears red.

Results and Discusion:  Elemental X-ray maps of a
typical P-rich “sulfide” grain in Murchison are shown
in Figures 1 and 2.

Figure 2. Similar image of the same grain with P
–Cyan, S -Yellow, Ca –Magenta. In this image P-rich
field inside the sulfide grain appears green.

The sulfide grain in Fig. 2 has a P- and Ni-poor
Fe-sulfide rim and P-, Ni-rich interior. There is no
other apparent compositional zoning (correlation of
composition and a proximity to the grain boundary)
inside the grain.

We attempted to perform quantitative analyses of
P-rich sulfide interior of these grains. First analyses
did not produce satisfactory totals likely due to the
lack of homogeneity of the phase. Next, instead of
standardizing the detectors for analyses of sulfides
and metals only, we used natural sulfide and apatite
standards for quantitative analyses of Fe, Ni, Cr, Ca,
P (plus some other trace elements) together with a
direct measurement of O content. The results showed
a range of atomic Fe/Ni of around 1 (typical for
Murchison), but at every analyses spot some oxygen-
bearing phases in different amounts were detected.
Wt% composition of 10 analyses from the interior of
the P,S-rich grain are shown in Figure 3. It is evident
that the phase is not homogeneous with respect to Fe,
Ni and S content. However, there seems to be a
mixing line between almost pure Fe-Ni sulfide
(arbitrarily labeled with squares on the plot) and a
Fe,Ni, S-poor phase, possibly magnetite.

Figure 4 plots P concentrations as a function of Ca
content. It follows from this plot that 10 analyses
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sample at least 3 different phases – one with a very
low Ca content (same spots that are close to the Fe-
Ni-sulfide end of the mixing line on Fig. 3), and two
other, Ca, P-rich and Ca, P-poor, producing a mixing
line on Figure 4. The Ca, P- containing phase is
unlikely to be a Ca-phosphate-troilite mixtures since
data do not fall on the same mixing line with troilite.
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Figure 3. Plot of 10 analyses spots from the interior
of the grain. Axis are in  Wt.%
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Figure 4. Same analyses spots, P concentration vs.
Ca concentration. This plot indicates that except for
P-poor Sulfides, Ca,P-rich phase is present.

Previous comprehensive studies of CM sulfides
show certain compositional variations in Fe and Ni as
a function of aqueous alteration [7]. The least altered

CMs contain pyrrhotite with the least Ni, and the
most altered CMs contain the most Ni-rich pyrrhotite.
CM chondrites having intermediate levels of aqueous
alteration can contain Fe-Ni sulfides showing a
complete solid solution. Thus Zolensky and Le [7]
suggested that the majority of sulfides in CM
chondrites were modified during hydrous reaction.
Our results support Zolensky and Le results and
indicate that even at low degree of metamorphism
and aqueous alteration, not only modification of the
Ni/Fe ratio of sulfides occurs, but also a further
oxidation of P-rich sulfides and/or phosphides to fine
Ca-phosphates and oxides that are present within
sulfides in CM chondrites such as Murchison. These
results explain the presumed the apparent but
puzzling stability of sulfides of intermediate
compositions at low temperatures.
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