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Graphite in the martian meteorite Allan Hills 84001
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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 '*C 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 associ-
ated 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 polycyclic-
aromatic hydrocarbons and magnetite in this meteorite (McCol-
lom 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 detec-
tion 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 o-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 x100
LWD and a 20 LWD with a 50 um optical fiber acting as the confocal pinhole.
For the collection of multispectral images, Raman spectra were collected (0-3600
cm™! using the 600 lines mm™' 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 pro-
cess. The acid extract containing the magnetite and carbon particles was washed 4
times using excess water and micro-centrifugation at 13900 g for S 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
JEOL2000FX 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 com-
pared 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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ing the D band to increase in intensity, both the G and D band
peak widths to expand, and the 2D bands to decrease in intensity
(Fries and Steele 2008; Steele et al. 2007, 2010). Spectrum i in
Figure 1 is characteristic of a poorly ordered polycrystalline
graphite or completely amorphous carbon, and for convenience
has been called macromolecular carbon (MMC) in previous
studies (Steele et al. 2007). In Figure 1, spectra ii—v show the
spectra from ALH84001 as a function of apparent stacking order;
spectrum vi (Fig. 1) is from a single-crystal graphite standard
that contains no D band (Ferrari and Robertson 2000; Pimenta et
al. 2007). To summarize, Raman data reveal that there is a range
of graphite/MMC types in ALH 84001 (Steele et al. 2007). Fig-
ures 2a—2e shows a light microscopy image (Fig. 2a) and CRIS
maps of carbonate, magnetite, graphite, as well as a combined
magnetite-graphite map. Graphite (Figs. 2d and 2e) is associated
with magnetite (Figs. 2¢ and 2e) in the rim and the carbonates.
Figure 3 shows the presence of clusters of single-domain mag-
netite crystals (white arrows in Figs. 3a—3b). Blooms of graphitic
carbon can be seen bound to these magnetite crystal clusters,
with morphologies varying from amorphous to highly crystal-
line particles (red arrows in Figs. 3a—3b). Higher magnification
TEM imaging of the graphitic carbon reveals complete grains,
as well as ribbons and hollow spheres formed by graphite layers
(Fig. 4). The graphitic structures were verified by selected-area
electron diffraction (Fig. 4b) and d-spacing measurements of
3.4 A, as illustrated by the white arrows in Figure 4e (Daniels et
al. 2007). Figure 4d shows that the hollow sphere morphology
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FIGURE 1. Raman spectra of MMC (i) and graphite from ALH
84001 (ii—iv) as well as natural graphite from Sri Lanka (v) and a single
graphite crystal (vi) showing characteristic D and G peaks, as well as
the second-order bands of crystalline graphite.
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of some of the graphite is reminiscent of mesoporous graphite
micro-textures (Kruk et al. 2007; Yang et al. 2004). These spheres
appear to consist of polyaromatic platelets surrounding more
ordered graphite layers (red and black arrows, respectively, in
Fig. 4d) (Yang et al. 2004).

DISCUSSION

The different morphologies of graphite shown by TEM are
consistent with the range of D and G peak parameters seen in
the Raman spectroscopy data (i.e., Shi et al. 2010; Fig. 1 this
study). The appearance/morphology of graphite in ALH 84001
is unusual although similar morphologies have been described in
terrestrial systems, meteorites and impact studies (Kovalevski et
al. 2001; Buseck et al. 1997; Smith and Buseck 1981; Tan et al.
2010). Such structures have been given a variety of names includ-
ing: mesoporous graphite, nano-graphite, nano-onions, carbon
nanorings, and fulleroids (Kovalevski et al. 2001; Buseck et al.
1997; Smith and Buseck 1981; Tan et al. 2010). Experimentally
produced graphite hollow spheres, capsules, and solid graphite
particles below 200 nm in diameter have Raman spectra similar
to those in Figure 1, spectra i—iv, and in previous studies of ALH
84001 (Ferrari and Robertson 2000; Pimenta et al. 2007; Shi et
al. 2010; Steele et al. 2007). Similar mesoporous or fulleroid
graphite structures containing large polyaromatic-hydrocarbon
“platelet” morphologies have been described as forming from
a mixture of organic materials, porous silica, and iron oxide
particles (Kruk et al. 2007). Shi et al. (2010) have described
a system where a similar combination of graphite morpholo-
gies was synthesized from an organic precursor reduced in the
presence of Mg. Interestingly, as the temperature of formation
decreased from 600 to 400 °C, the morphology of the graphite
shifted from solid graphite particles to hollow capsules to hol-
low spheres (Shi et al. 2010; Talyzin et al. 2009). None of these
experimental, meteoritic or terrestrial systems appears specifi-
cally applicable to the conditions experienced by ALH 84001.
However, the underlying trend of each of these instances is that
in all cases high temperatures are required in their formation (Tan
et al. 2010; Shi et al. 2010; Kovalevski et al. 2001; Buseck et
al. 1997; Smith and Buseck 1981). Figure 4d (red arrow) shows
the presence of similar “platelets” of graphene sheets as those
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FIGURE 2. (a) Light microscopy image of two carbonate globules from the interior of ALH 84001. (b—d) CRIS maps of carbonate (1083 cm™),
magnetite (660 cm™), and graphite G band (1570 cm™), where a lighter color indicates a more intense signal; (e) CRIS Red Green Blue combined
maps (from b—d)—red: graphite, blue: magnetite, green: carbonate—showing spatial relationships in rim of the carbonate globule framed in a

(scale bars in b—e: 7 um).
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described by Yang et al. (2004). These platelets are essentially
polycyclic-aromatic hydrocarbons (PAHs) of varying sizes, and
the presence of this class of organic molecule in ALH84001 may
also be accounted for by changing conditions during graphite
formation (Steele et al. 2007; Yang et al. 2004). The domain size
of the platelet shown by the red arrow in Figure 4d is in the size
range of that known for coronene (~11.4 A; Cho et al. 1998), a
PAH detected by McKay et al. (1996) in this meteorite.

After the claims of possible relict signatures of martian biota
in the carbonate globule assemblages in ALH 84001 (McKay et
al. 1996), many looked for an abiotic explanation for the develop-
ment of the carbonate assemblages. This approach required an
understanding of the phase relationships of iron oxides, graphite
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FIGURE 3. (a-b) TEM
images of single-domain
magnetite crystals (white
arrows) attached to a cloud of
graphite spheres and filaments
(examples highlighted by red
arrows). Scale bars: 20 nm.

FIGURE 4. High-magnification
TEM images of graphite morphologies
associated with magnetite seen in Figure
3. (a) A hollow graphite capsule showing
layering of graphite sheets with inset
(b), the characteristic SAED pattern of
graphite with corresponding d-spacings
of 3.35 A (002), 2.05 A (101), and 1.70
A (004); (¢) larger, more ordered graphite
particle (red arrow); (d) graphite shell
resembling nano-rings/onions, with 9—15
ordered hexagonal layers (black arrow)
transforming into disordered poly-
aromatic platelets at upper edge (red
arrow); (e) typical graphite d-spacing
of 3.35 A (between white arrows); red
arrow indicates split graphite sheets to
further accommodate graphene layers
at fork. Scale bars: in a, 20 nm; in ¢, 6
nm; in d, 5 nm.

(which had not been identified), and CO, over arange of P, T, and
fo, (Brearley 2003; French 1971; French and Rosenberg 1965;
Koziol 2004; McCollom 2003; Steele et al. 2007; Treiman et al.
2002; Treiman and Essene 2011). Within these relationships there
are two competing abiotic hypotheses to explain the carbonate
assemblages, both of which require the presence of graphite:
(1) graphite formation during primary growth of the carbonate
globules and (2) impact formation from thermal decomposition
of'the siderite-rich carbonate in already formed globules. In the
former hypothesis, as CO,-containing aqueous fluids cooled out
of equilibrium, /o, fluctuated to a large extent at the nanoscale
within the growing carbonates. Under these conditions, graphite
deposition with magnetite would be possible during the bulk
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deposition of carbonate (Brearley 2003; French 1971; French
and Rosenberg 1965; Koziol 2004; McCollom 2003; Steele et
al. 2007; Treiman et al. 2002; Treiman and Essene 2011). In the
latter, the same phase relationships are applicable, but siderite in
already formed globules decomposes to graphite and magnetite
during a transient heating event possibly linked to impact derived
ejection from the martian surface (Brearley 2003; French 1971;
French and Rosenberg 1965; Koziol 2004; McCollom 2003;
Steele et al. 2007; Treiman et al. 2002; Treiman and Essene 2011).
In terrestrial systems, fluid-deposited graphite has been reported
as low as 350 °C, coexistent with carbonate at temperatures of
500-600 °C (Luque et al. 1998, 2009; van Zuilen et al. 2003).
Similar graphite morphologies have been reported from Shungite
rocks formed at over 500 °C (Kovalevski et al. 2001; Buseck
et al. 1997; Goodarzi and Murchison 1973). McCollom (2003)
synthesized a range of PAHs from the thermal decomposition
of siderite and postulated that this mechanism would limit the
formation of PAHs in ALH 84001 to between 400 and 600 °C
in a post-deposition impact event. If similar temperature condi-
tions as these occurred during the formation of graphite in ALH
84001, then this is in conflict with recent studies showing a
low formation temperature (~18 °C) for the carbonate globules
that host the graphite (i.e., Halevy et al. 2011). The presence of
graphite morphologies that form at higher temperatures indicate
that ALH 84001 carbonate globules underwent a transient heat-
ing possibly >350 °C, either during formation or due to impact.
Importantly, the presence of graphite associated with magnetite
in the carbonate assemblages in ALH 84001 lends credence to
either of the proposed models for an abiologic origin for those
assemblages. Furthermore, this graphite is the first unambiguous
account of a reduced-carbon phase indigenous to Mars.
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