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Abstract
We use confocal Raman imaging spectroscopy and transmission electron microscopy to study the
martian meteorite Allan Hills (ALH) 84001, reported to contain mineral assemblages within carbonate
globules (carbonate + magnetite), interpreted as potential relict signatures of ancient martian biota.
Models for an abiologic origin for these assemblages required the presence of graphite, and this study
is the first report of graphite within ALH 84001. The graphite occurs as hollow spheres (nano-onions),
filaments, and highly crystalline particles in intimate association with magnetite in the carbonate
globules. In addition to supporting an abiologic origin for the carbonate globule assemblages in ALH
84001, this work proves that there is an inventory of reduced-carbon phases on Mars that has not yet
been thoroughly investigated.
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Introduction
Studies of the martian meteorite Allan Hills (ALH) 84001
have hinted at the presence of reduced-carbon phases (Jull et al.
1998; McKay et al. 1996; Steele et al. 2007). Jull et al. (1998)
have shown that a high-temperature, possibly crystalline, carbon
phase containing no terrestrial 14C is present in ALH 84001. The
nature and provenance of this high-temperature carbon phase
has not previously been unambiguously identified. However,
Steele et al. (2007) has postulated that the likeliest candidate is
a reduced-macromolecular-carbon (MMC) phase that is associated with magnetite in ALH 84001. Furthermore, experimental
and theoretical work on the thermal decomposition of siderite
(French 1971; French and Rosenberg 1965) has previously been
used to postulate a non-biological explanation for the polycyclicaromatic hydrocarbons and magnetite in this meteorite (McCollom 2003; Steele et al. 2007; Treiman 2003). However, due to
the contamination of ALH 84001 by terrestrial organic material,
no definitive proof of this process has previously been reported
(Brearley 2003; McKay et al. 1996; Steele et al. 2007, 2000;
Treiman 2003). In this study we report the unambiguous detection of a range of graphitic carbon morphologies in ALH 84001
both by transmission electron microscopy (TEM) of extracted
residue and by in situ mapping of carbonates by confocal Raman
imaging spectroscopy (CRIS).

Analytical methods
We collected Raman spectra and images using a Witec α-SNOM, customized
to incorporate confocal Raman spectroscopic imaging. The excitation source is a
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frequency-doubled solid-state YAG laser (532 nm) operating between 0.3 and 1
mW output power (dependent on objective). Objective lenses used included a ×100
LWD and a 20 LWD with a 50 µm optical fiber acting as the confocal pinhole.
For the collection of multispectral images, Raman spectra were collected (0–3600
cm–1 using the 600 lines mm−1 grating) at each pixel using an integration time of
between 1 and 6 s per pixel. The effects of interfering peaks were removed by
phase masking routines based on multiple single-peak fits that were compared to
standardized mineral spectra. Spectral peak identification and methods used in the
present study were the same as outlined in Steele et al. (2007). Graphite standards
were commercially obtained.
Acid-insoluble graphitic carbon and magnetite particles from harvested chips
of the ALH 84001 carbonate globules, which included rim and inner zones, were
extracted using 20% (vol/vol) acetic acid at 65–72 °C by a two-step extraction process. The acid extract containing the magnetite and carbon particles was washed 4
times using excess water and micro-centrifugation at 13 900 g for 5 min. Any floating
particles on the supernatant were transferred using a Pt loop to the C-substrate of a
Cu-grid (Ladd Research Industries). The residue was dispersed in 0.5 mL of water
by sonication and deposited on grids. High-resolution imaging was done using a
JEOL 2000FX TEM operated at 200 kV, 10 nA beam current (from a LaB6 filament)
in the bright-field mode. Randomly distributed nanometer scale domains caused a
continuous ring pattern rather than discrete spots. Elemental composition from EDS
analyses and lattice spacings from electron diffraction were used to characterize
graphite and magnetite. Graphite spacings are indicated in the text and for magnetite
the following spacings were used (0.297, 0.253, 0.209, and 0.148 nm).

Results
Figure 1 (spectra i–iv) shows four Raman spectra of MMC/
graphitic carbon within carbonate globules of ALH 84001 compared to natural (v) and single-crystal graphite (vi). All these
spectra show the characteristic disordered (D) and ordered (G)
(labeled in Fig. 1, spectrum i) Raman peaks of MMC/graphitic
carbon and, in the case of Figure 1, spectra ii–vi, the characteristic
second-order bands (2D) of graphitic carbon. As the grain size of
graphitic carbon decreases, crystalline disorder increases, caus-
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