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Introduction:  The Mars meteorite ALH84001 is a 
sample of the ancient Martian surface with a crystal-
lization age of 4.5 Ga. Internal cracks and fissures 
within this meteorite preserve evidence of early 
Martian hydrothermal activity in the form of car-
bonate disks which are dated at 3.9 Ga. The mecha-
nism(s) through which these disks formed has been 
a subject of considerable debate ever since the sug-
gestion that biological processes could, in part, be 
responsible [1]. Subsequently a number of alterna-
tive purely inorganic, although not mutually exclu-
sive, mechanisms have been advocated. It has be-
come clear that a prerequisite to critically evaluating 
these hypotheses is that a far more detailed charac-
terization of the physical and chemical properties of 
these disks and their associated mineral phases must 
first be established. We present here the most de-
tailed and comprehensive TEM analyses of the 
ALH84001 carbonate disks yet obtained. The re-
sults indicate that the disks show a subtle complex-
ity that is incompatible with current “simple purely 
inorganic processes.” 
Approach: The critical difference between the 
purely inorganic mechanisms proposed for 
ALH84001 carbonate and that involving a biologi-
cal component is the origin of some of the minor 
mineral phases that are associated with the carbon-
ates, and in particular single domain magnetites. In 
the purely inorganic scenarios these magnetites 
formed through secondary thermal alteration, via 
decarboxylation, of preexisting carbonate, either as 
a consequence of slow geothermal or fast im-
pact/ejection  heating [e.g., 2-4]. The viability of 
this supposition can be evaluated by comparing the 
detailed spatial and chemical characterization of 
ALH84001 carbonates with experimentally heated 
natural terrestrial carbonates that are composition-
ally similar.  
Methods ALH84001 Carbonate Assemblages: 
Multiple electron transparent large-area radial sec-
tions of individual carbonates were extracted in situ 
from fresh fracture surface of ALH84001, split 386 
(Figure 1) using focused ion beam (FIB) techniques. 
After optical mapping of the surface the sample was 
attached to a scanning electron microscope (SEM) 
pin mount with C adhesive tape and coated with 

~40 nm of Pt.  Regions of interest identified through 
correlation of optical and SEM imaging and ex-
tracted using a FEI dual beam Strata 237 Ga+ FIB. 
Since there is little or no structural flexing of the 
section during FIB extraction, the physical size of 
the section is not constrained by the same factors as 
those for ultramicrotomy. Consequently, large-area 
slices of electron transparent carbonate with a 
length-to-thickness ratios > 300 can be obtained 
(typical section dimensions ~ 20×7×0.01 μm; Figure 
2). This allows the spatial location and orientation 
of the sample relative to both the carbonate and the 
underlying orthopyroxene (Opx) host matrix to be 
preserved. Sections were then analyzed by TEM 
(JEOL 2000 FX & JEOL 2500SE) in conjunction 
with energy dispersive x-ray spectroscopy (Noran 
System 6 light element (Z>5) Si-drift spectrometer). 
Methods Roxbury Siderite: Using a similar ap-
proach we analyzed TEM thin sections produced by 
ultramicrotomy of unheated, equilibrium heated, 
and non-equilibrium heated natural siderite from 
Roxbury Iron Mine, Connecticut. Roxbury siderite1 
which is compositionally similar to ALH84001 car-
bonate in that it is composed predominantly of Fe-
rich carbonate with minor substitution of iron (Fe2+) 
by divalent cations of magnesium (Mg2+) and man-
ganese (Mn2+).  

Equilibrium heating: Approximately one gram 
of crushed Roxbury siderite was heated using the 
large sealed quartz tube (LSQT) method which 
simulates a closed reaction, equilibrium system  
(Lauer, Pers. Comm.). Samples are placed in small, 
open quartz crucibles that are stacked within an 
evacuated large quartz tube.  Oxygen fugacity is 
maintained at a steady-state by the presence of lime 
(CaO), added to one of the crucibles, which acts as a 
sink for CO2 liberated by carbonate decomposition. 
A J-type thermocouple is attached to the LSQT and 
both are suspended in the hot zone of a vertical tube 
furnace.  The furnace temperature was increased, at 
1 °C/min., from ambient to 575°C at then held at 
this temperature for 24 hours, before being cooled 
slowly to ambient (~10-2 °C/sec).   

                                                                 
1Bulk composition (Fe0.84Mg0.10Mn0.04Ca0.02)CO3; 
Lane & Christensen (1997) JGR 102, 25581. 
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Non-equilibrium heating: Two rhombohedral 
chips of unheated Roxbury siderite, each approxi-
mately 1 centimeter in length, were secured to a 
stainless steel sample stub with double sided carbon 
tape and placed inside a high vacuum chamber. 
Each sample was irradiated with multiple pulses 
from 10.6 μm CO2 laser (PRF-150 Laser Science, 
Inc.) that were focused down to a ~40 μm ∅ spot by 
a Cassegrainian microscope objective. Each CO2 
laser pulse consists of an 300 ns initial spike ac-
counting for ~30% of the total pulse energy fol-
lowed by a slow oscillatory decay extending for 1-2 
μs. Experiments using a thin-film Pt thermocouple 
suggest that the heating rates on the irradiated sam-
ple surface approach ~108-109 °C/sec and can 
reached temperatures of ~300-400 °C at the point of 
laser impact.  
Results and Discussion:  

ALH84001 carbonate-magnetite assemblages: 
Chemical zonation of the disk-like carbonates oc-
curs only along two axes and is invariant on the 
third, that is zoning propagates radially outward 
from the carbonate center but is constant through 
the thickness of the carbonate at a given radius.  

The inner and outer magnetite bands are com-
posed of an approximately 50:50 mixture, by vol-
ume, of fine grained carbonate and single crystal 
magnetites. Iron sulfides are also present in the in-
ner and outer rims in as a minor phase. The carbon-
ate has a cation ratio of approximately Mg40:Fe60 
with minor and trace amounts of Mn and Ca respec-
tively and is intimately mixed with a minor amor-
phous silica phase(s).  While there is ubiquitous 
amorphous silica present at minor to trace levels 
that pervades the entire carbonate it is enriched 3 
fold within these rims and, so in some cases, consti-
tutes a major phase.  The magnetites are predomi-
nately stoichometrically pure Fe3O4 (Figure 3), al-
though some do contain Cr and Mn.  Sandwiched 
between the inner and outer magnetite bands is an 
almost pure magnesite rich band with minor Ca and 
Si and sporadic magnetite crystals.  

Morphologically the inner rim, outer core, and 
magnesite band are cross-cut by numerous open 
fractures and veins (Figure 2) which must have 
formed after initial carbonate deposition. In the case 
of the magnesite rich rim band most fractures appear 
open and are orientated along grain boundaries, al-
though a small percentage are partially filled with 
an amorphous Fe phase(s) that we have not yet been 
unable to characterize. In the case of the outer core 
carbonate, there is extensive penetration by veins 
radiating inward toward the inner core, either hori-
zontally from the inner magnetite rim, or vertically 

from the upper carbonate surface (Figure 2). These 
veins are completely filled with a fine grained car-
bonate compositionally similar to the carbonate into 
with it intrudes. However, unlike the surrounding 
carbonate, the vein filling is intimately mixed with 
one or more amorphous silica phases and contains 
embedded stoichometrically pure single crystal 
magnetites ranging in size from ~10 to 150 nm. 
Similar to that observed in the inner and outer mag-
netite rims, the amorphous silica phase is enriched 
by a factor of ~3 within the veins. 

The carbonate cores are predominantly com-
posed of blocky interlocking, irregularly shaped 
carbonate crystals ranging up to ~5 μm in size. Only 
a small amount of pore space observed (< 10% by 
surface area) is invariably associated with grain 
boundaries along which are also located single, 
magnetite crystals which are stoichiometrically pure 
Fe3O4.  Few Fe-sulfides are embedded in core car-
bonate.  In a small number of cases distinctive po-
lygonal shaped voids are interpreted as negative 
crystals. Cutting through the carbonate are numer-
ous branching veins (~200 nm to several μm in 
length) which have fine grained porous texture. In 
contrast to the veins observed in the outer carbonate 
core which contain embedded magnetite these veins 
are devoid of magnetite and are primarily composed 
of fine grained carbonates intermixed with minor S 
in which no crystalline sulfides or sulfates were ob-
served.  

Single crystal magnetite exist throughout the 
carbonate assemblages from core to rim but have the 
highest concentration in the optically dark outer 
rims and branched veins which penetrate into the 
carbonate cores. The presence of these veins, some 
extending from the magnetite-rich rims penetrating 
into the carbonate cores (Figure 2), and others be-
ginning from and extending into the cores, are com-
posed of a fine-grain carbonate matrix with compo-
sitions identical to that of the core carbonate in 
which the veins formed.  We suggest the presence 
of a carbonate matrix, chemically pure Fe3O4, and 
enhancement of Si compared to the surrounding 
core carbonate indicates the rims and veins formed 
after formation of the disk-like carbonate, by disso-
lution of the original carbonate followed by precipi-
tation of magnetite nanocrystals in Si-rich fluid. 

All magnetites characterized in the FIB sections 
were chemically pure, even when embedded within 
a carbonate matrix both Mg- and Mn-rich (Figure 
3).  Both of these elements are capable of forming 
solid solutions of Mg- and Mn-ferrite, in particular 
incorporation of small amounts of Mn into magnet-
ite may be thermodynamically favored due to the 
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resulting lowering of the Curie temperature ([5]; see 
Implications).  

Roxbury Siderite: HRSTEM characterization of 
Roxbury siderite at the sub-micron scale indicates 
significant deviations in Fe:Mg ratio from the bulk 
composition, correlating with grain size. The fine 
grain (< 100 nm) component is Mg-poor (Fe:Mg > 
20:1) while, by comparison,  the coarse grained 
component is Mg-rich (Fe:Mg < 8:1) (Figure 4).  In 
both cases Mn and Ca appeared relatively uniform 
in comparison. 

Carbonate decomposition under both equilib-
rium and disequilibrium heating resulted in the for-
mation of impure Fe-oxides or ferrites (Figures 5 & 
6). The only significant difference between the sam-
ples was the degree to which the carbonate had un-
dergone decomposition. In the equilibrium heated 
sample no residual carbonate remained (Figure 5). 
In the disequilibrium sample only the very upper 
surface of the siderite exposed to laser heating un-
derwent complete decomposition, while the under-
lying carbonate phase, although heavily vesiculated, 
contained no ferrites. This observation is in sharp 
contrast to the magnetite rich rims and veins of 
ALH84001 disk-like carbonates that are character-
ized by an intimate mixture of magnetites embedded 
in a host carbonate matrix. The absence of any co-
mixed carbonate / ferrite zone in our experiments is 
consistent with the proposed decomposition mecha-
nism of siderite involving the endothermic forma-
tion of a ‘FeO’-wüsite intermediate that is rapidly 
oxidized in an exothermic reaction to produce the 
Fe3O4 product. 

In both equilibrium and disequilibrium products 
the Mg content of the mixed ferrite varied from one 
crystal to another (Figures 5 & 6). However, since 
this variation appeared to mirror that of the un-
heated carbonate we believe this is simply a reflec-
tion of the initial Mg content of the carbonate (Fig-
ure 4). Significantly in neither the equilibrium or 
disequilibrium products did we find any evidence 
for discrete MgO or CaO. These results are entirely 
consistent with the extensive literature [e.g., 5-9] 
relating to the thermochemistry of the Fe, Mg and 
Ca ternary carbonates. 
Implications: In ALH84001 disk-like carbonates 
we have observed the following features that are 
consistent with formation by intermittent exposure 
to fluids with variable compositions:  (1) the pres-
ence of rims and veins composed of chemically pure 
magnetite nanocrystals embedded in a fine-grained, 
mixed cation, carbonate matrix enriched in Si; (2) 
blocky carbonate crystals (recrystallized?) rimmed 
by magnetite and nanometer-size pores; (3) S-rich 

veins composed of fine-grain carbonate without 
magnetite; and, (4) equant, regularly shaped voids 
indistinguishable from those formed by relic fluid 
inclusions in terrestrial samples [10-12].  

Equilibrium and non-equilibrium thermal de-
composition of Roxbury siderite results in the for-
mation of iron oxides with diffraction patterns con-
sistent with magnetite, magnesioferrite, and manga-
nese ferrite. In contrast to the chemically pure 
ALH84001 magnetite, EDX analyses of these iron 
oxides show they are chemically impure and contain 
both Mg and Mn.  Hence, thermal decomposition of 
Roxbury siderite results in the formation of mixed 
cation Mg-Mn ferrite(s), not chemically pure mag-
netite.  Results of the Roxbury siderite heating stud-
ies indicate that thermal decomposition is not a vi-
able mechanism to explain the presence of the 
ALH84001 Martian magnetite.  We propose that a 
fraction of the Martian magnetites were deposited 
by allochthonous mechanisms which do not exclude 
a biogenic component.  
Search for Magnetotactic-like Bacteria − Poten-
tial Sites on Mars:  The strategy for selecting sites 
on Mars for future astrobiological studies and sam-
ple return should consider regions analogous to 
those that support magnetotactic bacteria, a cosmo-
politan group of aquatic prokaryotes inhabiting 
freshwater and marine environments ranging from 
aerobic to anoxic [e.g., 13].  Rationale would in-
clude regions which display both significant rem-
nant crustal magnetism and evidence of past and/or 
recent aqueous activity (e.g., phyllosilicates, sul-
fates, and near-surface water). For example the fol-
lowing regions are consistent with these require-
ments: (1) 3°E, 3°N (N. Meridiani Planum); (2) 
12°E, 7°N; and, (3) 338°E, 24°N (west of  Marwth 
Vallis).  Furthermore, these regions appear to be 
accessible, even considering current mission limita-
tions. 
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