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In 1996, McKay et al. (1996) [1] described several
features of the ALH84001 martian meteorite as bio-
genic: minerals and structure of the carbonate globules;
organic matter (PAHs) in the globules [2]; sub-micron
magnetite grains like those made by terrestrial bacteria
in the globules [3]; and sub-micron bacteria-shaped
objects in and on the globules. McKay et al. invoked
Occam’s razor in rejecting abiotic mechanisms for their
formation: “It is possible to propose any number of
inorganic models… but the models cannot be simple
equilibrium models and must include changing condi-
tions and kinetic effects. Whether such models are
more plausible than biogenic models is a matter of
judgement” [4]. Since these words were written, it has
become clear that ALH84001 did experience a com-
plex history of changing conditions and kinetic effects,
including several shock and aqueous alteration events
[5,6].

Here, I present a hypothesis for the abiotic & non-
Martian origins of the putative indicators of Martian
biology in ALH84001 [1], consistent with the geologic
history of the rock [5]. This hypothesis is mostly a con-
catenation of ideas proposed by others, including
Bradley et al. [7,8], Golden et al. [9,10], Zolotov and
Shock [11], Steele et al. [12], and Sears and Kral [13].

The Hypothesis. Carbonate globules in ALH84001
were deposited (on Mars) from liquid water, without
assistance of biota. The globules consisted entirely (or
nearly so) of carbonate minerals – the zones that are
now rich in magnetite were iron-rich carbonate. Later,
the globules were heated briefly in a shock event, hot
enough to decompose the most iron-rich carbonates to
magnetite (and other minerals) plus CO–CO2 gas.
Catalyzed by the newly formed submicron magnetite
grains, the gas reacted to form PAHs. During its expo-
sure to Earth’s environment (including humans), grain
surfaces in ALH84001 were modified in several ways
to produce objects and textures that could be inter-
preted as biogenic.

I. Deposition of Globules. The carbonate-rich
globules in ALH84001 were deposited on Mars [14]
from liquid water [5,15,16]: event Cδ [5]. The globules
were essentially as they are now, except that the mag-
netite-rich bands in the current globules were iron-rich
carbonate. The globules were zoned (as today) from
Ca-Fe-rich cores through rims of alternating Fe-rich
and Mg-rich material. Some magnetite might or might
not have been present in fluid inclusions [17,18]; sul-
fide minerals may have been present [1,14,19].

Carbonate globules like those in ALH84001 have
been produced in the laboratory under sterile condi-
tions [9]. Others comparable examples are known from
natural high-temperature [20] and low-temperature
environments [21,22], without obvious indications of
biological mediation. Like the carbonate globules in
ALH84001, these latter globules are composed of radi-
ating needle-shaped crystals and are chemically zoned:
Ca-Fe-rich cores through Mg-rich rims [vis. 1,14] with
reversals and oscillations. Similar carbonate globules
can be made under biologic control [23,24], but bio-
logic control is clearly not required.

II. Shock. After formation of the carbonate glob-
ules, ALH84001 experienced an impact shock event
(I3 of [5]), which disrupted and faulted the globules,
and subjected them to high temperatures [5]. During
this event, thermal decomposition of the iron-rich car-
bonate layers yielded the abundant sub-micron mag-
netites, which catalyzed production of PAH hydrocar-
bons from the shock vapors.

A. Magnetite Formation. Here, formation of the
submicron magnetites in the carbonate globules is as-
cribed to thermal decomposition of iron-rich carbonate
minerals, following [7,10,18]. Submicron magnetites
like those in the ALH84001 globules can form by
thermal decomposition of siderite [10]. Whisker-
shaped submicron magnetites (~7% of the total [3])
may require a high-temperature origin [7].

Thomas-Keprta et al. [3] hold it likely that ~27% of
the submicron magnetites are biogenic. This subset of
the magnetites in the carbonate globules are substan-
tially identical (in size, elongation, crystal shape,
chemical purity, and absence of structural defects) to
magnetites made by a group of bacteria [1,3]. Magnet-
ite grains with these characteristics are reported to form
by rapid thermal decomposition of siderite [10], and
each characteristic of the 27% is consistent with an
abiotic origin. Size. The 27% magnetites average ~30
nm long [3]. Here, the size of the magnetites can be
seen as chance effect of nucleation density and growth
rate, both high (see [10]). Elongation. The 27% mag-
netites average ~1.4 times as long as wide [3]. This
shape reflects the growth of magnetite crystals in an
anisotropic medium – among fine, elongate grains of
siderite. Crystal Shape. The 27% magnetites are elon-
gate on [111]. Each end is terminated by four {111}
octahedral faces; between the terminations are {110}
dodecahedral faces parallel to the elongation [3]. Mag-
netite grown in an anisotropic environment can be
elongate on [111] [7]. The {111} and {110} crystal
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faces are the most common (i.e., thermodynamically
favored) on magnetite [25], so their presence on the
ALH84001 magnetite crystals is hardly unusual.
Chemical Purity. Magnetite grains formed by thermal
decomposition of siderite will contain no trivalent or
tetravalent cations (e.g., Ti, Cr, Al) besides Fe3+ as
these cations do not enter siderite. The magnetite-rich
layers contain little Ca or Mn [3,6], and so will the
resultant magnetite. Mg in the original siderite would
enter other phases (e.g., MgO [6]). Structural Defects.
Defects in the magnetites (besides twins) would have
been annealed out during cooling after the heating
event that formed them.

B. PAH Formation. McKay et al. [1] suggested the
PAHs associated with the carbonate globules formed
by “…diagenesis of microorganisms….” However,
decarbonation of siderite is an ideal environment for
abiotic Fischer-Tropsch type reactions to form PAHs
[11,26], so long as molecular hydrogen is available.
Formation of magnetite from siderite releases CO and
CO2 gas, which can react with H2 at 300°C and below
to form PAHs [11]. These reactions are catalyzed by
magnetite [11,26], so decarbonation of siderite in-
volves the temperature, gases, and catalyst needed to
produce PAHs.

III. Earth Environment. ALH84001 resided in the
Antarctic for ~13,000 years [27] before being col-
lected. Thereafter, it has been curated at Johnson Space
Center, and subjected to various environments and
preparations prior to scientific investigations. During
this terrestrial history, features of its grain surfaces
have been modified in several ways to resemble micro-
biota (images in [1,28], Fig. 1).

Some reported bacteria-shaped objects (BSOs) are
likely Antarctic. Similar objects decorate surfaces in
Antarctic lunar meteorites [13] but are not present on
Apollo lunar samples (e.g., [29]). The origin of these
objects is not known [1,13].

Some reported BSOs may be terrestrial biota (live,
dead, or mineralized), as living organisms have been
found in the meteorite [12]. Some reported BSOs are
inorganic ridges and steps on mineral surfaces [8],
which may be ascribed to minor weathering [29].

Some reported BSOs are probably artifacts of sam-
ple preparation for scanning electron microscopy [8].
The significance of preparation artifacts is debated
[29], but preparation has enhanced the biogenic ap-
pearance of some features (Figure 1).

Conclusion. Available data are consistent with abi-
otic & non-Martian origins for the putative biogenic
features in ALH84001. The carbonate globules grew
on Mars from liquid water, without biotic assistance.
The PAHs and submicron magnetites formed on Mars
during a heating event. The bacteria-shaped objects

formed on Earth via several processes. This mundane
hypothesis is a testable alternative to the “life on Mars”
hypothesis [1].

Figure 1. ALH84001 grain surface, coated with Au/Pd [28].
SEM (SEI) image JSC s-9612609, ~1.2 µm across. Lumpy
texture at A is typical of overthick coating. Coated grain at B
surrounded by a zone of thinner coating, which was shad-
owed from the source of Au/Pd by the grain. Putative bio-
genic ‘worm’ C also surrounded by a shadow zone of thinner
coating. Depths of shadow zones are comparable to the ra-
dius of the ‘worm’, suggesting that it is mostly Au/Pd coat-
ing (vis. [8]).
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