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Introduction  Magnetite (Fe3O4) in martian mete-
orite ALH84001 has been described as fine-grained,
generally < 200 nm in size, and is located primarily in
the rims that surround the carbonate globules [1,2].
We have suggested that a population of the magnetites
may have been produced by low temperature, biogenic
processes [2]. Fine-grained magnetites can be formed
by inorganic (high and low temperature) or biogenic
processes.  We review those processes below and show
that there are at least two populations of magnetite in
ALH84001, produced at low temperatures, based on
compositions, morphology, and size range.
Inorganic, high temperature Naturally occurring
magnetite is found in a wide variety of metamorphic
and igneous rock types and commonly contains trace
elements, particularly Ti, exhibits isometric crystal
habits [e.g., 3-4], and ranges in size from ~2 nm (in
volcanic glasses [e.g., 5-6]) to millimeters (carbona-
tites[7]). Nonequilibrum forms of magnetite, including
elongated- and platelet-shaped, have also been de-
scribed and range from ~200 nm to tens of microme-
ters in size and commonly contain Ti, Al, or V [e.g.,
8,9]. In general, most magnetite in metamorphic and
igneous rocks is not pure magnetite and typically
contains other minor or trace elements [e.g., 3-4].
Fine-grain, single domain (SD) magnetite is found
embedded in volcanic glasses and certain anorthsitic-
rich rocks [5,9].  Most SD magnetites from these re-
gions contain some Ti. The only literature examples of
chemically pure magnetite include nanometer-sized
(<20 nm) magnetite in glass [10] and multidomain
(50-1200 µm) magnetite in archean gneiss [11].
Inorganic, low temperature Magnetite in soils may
have formed by a variety of processes (e.g., detrital,
authigenic).  Equant SD magnetite crystals <10-100
nm commonly contain minor or trace Co, Ni, Zn, Cu,
Mn, Si, Ca and Cr in widely varying amounts [12].
Magnetite has also been widely reported from carbon-
ate rocks and sediments.  Alteration of preexisting
minerals (e.g. pyrite) result in botryoidal, spherical
framboidal, and irregular magnetite [e.g., 13, 14].
The interaction of oxidized iron minerals with hydro-
carbons may produce magnetite with spherical or ir-
regular shapes ranging in size from ~20 nm to several
hundred micrometers [e.g., 15]. Fine-grained, SD

magnetite, superparamagnetic and multidomain mag-
netite are often found in carbonates. Some of the SD
magnetite contains trace amounts of Mn or Ti with
irregular morphologies and is believed to be formed by
nonbiologic processes. We note that there are ~140
occurrences of carbonates with embedded inorganic
and biogenic magnetite described in the literature
[e.g., 16-18].
Biogenic, low temperature It is not generally appre-
ciated in the planetary science community that bio-
genic magnetite can be identified by the unusual, and
in some cases, unique morphology, size range and
composition of the magnetite crystals.  Magnetite par-
ticles produced intracellularly by a variety of magne-
totactic bacteria have diagnostic  pure compositions
(Fig.1), restricted size ranges (~20-150 nm in size),
and distinctive morphologies.  These criteria have
been used extensively in the literature to characterize
biogenic magnetite in terrestrial carbonates [e.g., 19-
20]. Distinctive morphologies include those called
parallelepipeds (hexagonal shape when viewed down
[111] and rectangular shape when viewed along
[111]) [e.g., 21]. Additionally, certain bacteria pro-
duce magnetite extracellularly and these crystals are
morphologically identical to some inorganically pro-
duced magnetite [22].  Based on the criteria described
above and the extensive literature on the characteris-
tics of inorganic magnetite [3-11], we characterize
ALH84001 magnetite into several subpopulations.
Martian magnetite  Previous work (procedures and
results completely described in [2]) shows that mag-
netite range in size from ~10-200 nm; one grain was
~500 nm in length.  Cuboidal and irregular-shaped
particles were most common; particles with parallele-
piped-like morphology comprised ~ 25% of the parti-
cles. Whisker/platelet-shaped grains which comprise
~6% of the total, are also present in the carbonates
[2]. For the first time, we have analyzed particles of
different morphologies using energy dispersive spec-
trometry (EDS) for extended times (~2000-12,000
seconds) in order to detect trace elements. As a con-
trol, Ti, Mn, Fe, Co were readily detected at ~400-500
ppm in microtome thin sections ~100 nm thick of a
glass standard using EDS.  Parallelepiped-type mag-
netite do not appear to contain any transition elements
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such as Ti, Cr, Mn, and Ni and are chemically pure at
levels > few hundred PPM (Fig.1).  Non-
parallelepiped grains have variable compositions and
commonly contain trace Al and/or Cr (Fig.1). The
difference in the chemical composition of these two
groups of magnetite indicates a distinct genesis for
each group.
Martian magnetite formed by two different, low
temperature processes We suggest that the
ALH84001 magnetite formed by two different, low
temperature mechanisms.  First, extensive literature
containing descriptions of SD, chemically pure, par-
allelepiped-type magnetites invariably attribute this
magnetite to a low temperature, biologic origin.  On
the basis of this literature, as well as the lack of simi-
lar magnetite in nonbiologic settings in other exten-
sive literature, we interpret the SD, parallelepiped-
type, ALH84001 magnetite to biogenic processes.
Second, inorganic magnetites with euhedral/ subhe-
dral/ irregular, and elongated shapes contain trace
elements such as Cr and Al and can be formed at low
temperatures.  Euhedral Al-substituted magnetites up
to 60 nm in size have been formed at ambient tem-
perature [23]. Slightly substituted Cr-magnetites also
form at low temperatures [24].  Unique elongated
forms of magnetite (e.g., rods) have been reported
from lab experiments at T< 150 °C [25]. The forma-
tion of low temperature terrestrial secondary (authi-
genic) magnetite requires a fluid that dissolves a pre-
cursor phase and crystallizes magnetite [14]. Given
their small size, only extremely small quantities of
fluid are necessary at any given time; the same fluids
being utilized for dissolution, diffusion of components
within a closed system, and crystallization of magnet-
ite [14]. Iron used in the formation of authigenic
magnetite may have come from any Fe-bearing miner-
als.  In ALH84001, this Fe may have originated from
pyrite.  Most, if not all, pyrite surfaces in ALH84001
appear to be weathered or etched (Fig. 2) and exhibits
compositional changes from a pure FeS2 to one con-
taining significantly more Fe and O.  Chrominum and
Al may come from minor weathering of chromite.
Further support for the formation of martian minerals
(e.g., carbonate globules) at low temperatures is found
in work by Zhang et al [26].
Conclusion We suggest that the ALH84001 meteorite
contains evidence of inorganic, low temperature,
aqueous processes and biogenic activity based on the
morphology and chemistry of the magnetite, the asso-
ciation with carbonate which most likely also formed
at low temperature [e.g., 26, 27], and the weathered
appearance of other minerals [28] probably due to low
temperature dissolution processes.  The origins of

magnetite may be identified by examination of their
morphology, chemical composition, and their rela-
tionship with other minerals [18].
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Elements Si,P,S,Cl
K, Ca are from residual
cellular material.  In all 
three spectra, Cu is
from the TEM grids.

Note lack of transition
elements. Si and Mg are
likely precipitates from
acetic acid dissolved 
carbonates and slightly
dissolved pyroxene. Al<100 
PPM.

Note Cr peak (Cr~400 PPM).
Si and P likely deposits from
acetic acid used to dissolve
carbonates.  Pyroxene and 
phosphorus-rich minerals
would be partly to completely
dissolved in acetic acid.
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