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INTRODUCTION

The formation mechanism(s) for carbonates, magnetite, and
sulfides in Martian meteorite ALH84001 remains a topic of
great interest since McKay et al. (1996) reported that this
orthopyroxenite meteorite might exhibit signatures for relict
Martian life. Suggested formation temperatures for the chemi-
cally zoned Fe-Mg-Ca carbonate globules range from near 25
°C, which are favorable to life, to temperatures over 650 °C,
which are not favorable (e.g.. McKay et al. 1996; Romanek et
al. 1994; Harvey and McSween 1996; Treiman 1995; Valley et
al. 1997; Scott et al. 1998; Kirschvink et al. 1997; Gleason et
al. 1997; McSween and Harvey 1998; Warren 1998; Leshin et
al. 1998; Golden et al. 2000). The presence of single-domain,
chemically pure, parallelepiped-type magnetite crystals and Fe
sulfides in the rims of the globules is central to the argument
for relict life (McKay et al. 1996; Thomas-Keprta et al. 2000a),
but others argue that these magnetite crystals and Fe sulfides
are not unique markers for life, but are produced by inorganic
processes (e.g., Bradley et al. 1996). We have previously shown
experimental evidence that the zoned carbonate globules in
ALH84001 can form inorganically by precipitation under mild
hydrothermal conditions (150 °C) from Ca-Mg-Fe-CO2-H2O
systems (Golden et al. 2000). Brearley (1998) suggested that
the single-domain magnetite in ALH84001 formed by the ther-
mal decomposition of siderite or Fe-rich carbonate in associa-
tion with shock heating and formation of maskelynite, which
is found in association with the carbonate. By combining pre-
cipitation and heating steps, we have found that simple inor-
ganic processes can explain the carbonate/magnetite/Fe-sulfide
assemblage in ALH84001.
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ABSTRACT

We show experimental evidence that the zoned Mg-Fe-Ca carbonates, magnetite, and Fe sulfides
in Martian meteorite ALH84001 may have formed by simple, inorganic processes. Chemically zoned
carbonate globules and Fe sulfides were rapidly precipitated under low-temperature (150 °C), hy-
drothermal, and non-equilibrium conditions from multiple fluxes of Ca-Mg-Fe-CO2-S-H2O solu-
tions that have different compositions. Chemically pure, single-domain, defect-free magnetite crystals
were formed by subsequent decomposition of previously precipitated Fe-rich carbonates by brief
heating to 470 °C. The sequence of hydrothermal precipitation of carbonates from flowing CO2-rich
waters followed by a transient thermal event provides an inorganic explanation for the formation of
the carbonate globules, magnetite, and Fe sulfides in ALH84001. In separate experiments, kineti-
cally controlled 13C enrichment was observed in synthetic carbonates that is similar in magnitude to
the 13C enrichment in ALH84001 carbonates.

METHODS

A multiple step precipitation process was used to produce
chemically and mineralogically zoned synthetic carbonate glob-
ules, i.e., the one-step procedure of Golden et al. (2000) was
replaced by a four-step procedure. In each step (Table 1), ap-
propriate cations (Ca, Fe, and Mg) in the form of chloride salts
were dissolved in deoxygenated CO2-saturated water. Next,
NaHCO3 was added as a pH buffer while CO2 was passed con-
tinuously through the solution (Table 1). A 15 mL aliquot of
the solution was transferred into a 20 mL Teflon-lined hydro-
thermal pressure vessel. Hydrothermal vessels were closed in
a CO2-atmosphere and transferred into an oven at 150 °C. Af-
ter a predetermined time (Table 1), hydrothermal vessels were
removed from the oven and quenched in a freezer. Supernatant
solutions were decanted and carbonate precipitates were washed
free of soluble salts by repeated decantations with deionized
water. The same procedure was used for each subsequent step,
except that the solution was added to the washed carbonate
precipitate from the previous step in the hydrothermal vessels
(see Table 1 for the mineralogy of precipitates after each step).
Sulfur was included in the second and fourth steps to form Fe
sulfides (i.e., pyrite) in addition to siderite (see Table 1). Thus,
the chemically zoned globules consisted of an ankeritic core
(step 1) followed by concentric zones of siderite + pyrite (step
2), magnesite (step 3), and siderite + pyrite (step 4).

To simulate a transient thermal event in the meteorite, the
synthetic globules were heated to and cooled from 470 °C in a
differential scanning calorimeter (DSC) at the rate of 20 °C/
min (i.e., a rapid, controlled-heating event) in a stream of CO2

at 13.3 kPa (step 5). Heating converted the siderite + pyrite to
magnetite + pyrrhotite and left the ankerite and magnesite vir-
tually unaffected. The final, heated products (after step 5) were
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