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INTRODUCTION

The CM carbonaceous chondrites are among the most primi-
tive materials from the solar system, providing insights into its
physical and chemical evolution. Aqueous alteration profoundly
affected these meteorites early in their history (Zolensky and
McSween 1988), and considerable effort has been devoted to
deciphering its complex mineralogic signatures. The products
of this alteration are ubiquitous in the matrices and fine-grained
rims (FGRs) of CM chondrites (Barber 1981; Brearley 1995;
Buseck and Hua 1993; Lauretta et al. 2000; McSween 1979;
Zega and Buseck 2003; Zolensky et al. 1993). However, infor-
mation on alteration conditions is sparse, and the environments
in which it occurred remain a topic of controversy. For example,
petrologic studies provide evidence for parent-body alteration
at low temperatures (Bunch and Chang 1980; Hanowski and
Brearley 2001; Hua et al. 2002; Zolensky et al. 1993) that O-
isotope measurements suggest are <25 ∞C (Clayton and Mayeda
1999). In contrast, alteration prior to parent-body formation
also has been proposed, e.g., on precursor planetesimals or in a
high density nebular gas (Bischoff 1998; Metzler et al. 1992),
and in icy regions of the solar nebula by shock-induced hydra-
tion of anhydrous minerals (Ciesla et al. 2003).

The matrix and FGR components of CM chondrites con-
tain fine-grained, intimately mixed phases at the nanometer
scale (Brearley 1995; Lauretta et al. 2000; Tomeoka and Buseck
1985; Zega and Buseck 2003). Inferring the conditions of al-
teration by thermodynamic calculations is challenging because
data for many of the phases are unknown, although computer
simulations, which assume thermodynamic equilibrium, sug-
gest that aqueous alteration occurred at low redox potentials
(Zolensky et al. 1989). Determining the redox state through
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ABSTRACT

We report the first nanometer-scale measurements of the iron (III) to total iron (Fe3+/SFe) ratios
from primitive meteorites. These ratios from the matrices and fine-grained rims (FGRs) of the
Murchison, Murray, and Cold Bokkeveld CM chondrites fall within a tight range, from 0.45 to 0.54
(±0.02). The measurements were made using electron energy-loss spectroscopy (EELS) on
cronstedtite, which is a product of aqueous alteration early in the history of the solar system. The
results indicate that the alteration of these meteorites, which display a broad range of alteration
intensity, occurred under similar redox conditions and, further, that alteration likely occurred in situ
on asteroidal bodies rather than in the solar nebula.

direct measurements would improve our understanding of al-
teration conditions in the early solar system, but the problem is
difficult because of the small grain sizes of the minerals.

Conventional analytical methods such as electron micro-
probe, X-ray diffraction, and infrared and Mössbauer spec-
troscopies preclude in situ analysis of individual nanometer-
sized grains because they average the signals from various
mineral phases and therefore risk homogenizing important spa-
tial information. These problems can be overcome using elec-
tron energy-loss spectroscopy (EELS) combined with a
transmission electron microscope (TEM).

Minerals that contain elements with mixed oxidation states
can provide information on the redox conditions under which
they formed or were last equilibrated. Thus, Ti3+ to Ti4+ ratios
were used to determine the oxygen fugacity (fO2) recorded by
Ca- and Al-rich inclusions (CAIs) in the Murchison CM chon-
drite (Beckett et al. 1988), and the fO2

 of the Martian mantle
was determined from Fe2+ and Fe3+ ratios in Martian meteor-
ites (Herd et al. 2001).

Cronstedtite is a trioctahedral 1:1 phyllosilicate with ideal-
ized formula (Fe3’

2+
–x Fex

3+)[Si2–xFex
3+O5](OH)4, where 0 < x < 1

(Hybler et al. 2000). Terrestrial cronstedtite occurs in banded
iron-formations and in veins that also contain low-temperature
hydrothermal sulfides (Frondel 1962; Gole 1982), and exhib-
its Fe3+/SFe ratios from 0.15 to 0.57 (Burns and Fisher 1991;
Gole 1982; Hybler et al. 2002; Mackenzie and Berezowski
1981). In meteorites, cronstedtite occurs in the matrices and
FGRs of CM chondrites and is a product of aqueous alteration
(Browning et al. 1996; Lauretta et al. 2000; Müller et al. 1979;
Tomeoka and Buseck 1985; Zega and Buseck 2003; Zolensky
and McSween 1988). Here we report the first nanometer-scale
measurements of the oxidation state of cronstedtite from the
matrices and FGRs of CM chondrites through in situ analyses
of Fe3+/SFe ratios using EELS with a TEM.


