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Introduction: The question of whether life developed 

on other planets has received intense discussion following 
the discovery of unusual carbonate globules in Martian me-
teorite ALH-84001 [1].  The globules are thought to reflect 
ancient biologic activity on Mars based on a variety of geo-
chemical, textural, and geochronological evidence.  Although 
each piece of evidence has been systematically scrutinized, 
its small size and lack of geologic context have to date pre-
cluded a definitive statement about whether the carbonates 
indeed owe their origin to the activity of nano-sized bacteria.  
Here, we present a terrestrial analog of inorganic origin for 
the features observed in ALH-84001.  We describe carbon-
ate-magnetite-sulfide assemblages in terrestrial igneous rocks 
that share the same distinct chemical and textural features 
attributed to biologic origins in the globules of ALH-84001.  
The terrestrial globules are non-biological products of the 
interaction of CO2-rich deuteric fluids with mafic phases that 
formed while the host igneous rock cooled to ambient tem-
perature.  In agreement with some previous studies [2], we 
find that the Martian meteorite apparently does not offer 
direct clues for ancient extra-terrestrial life.  Nonetheless, it 
does provide important insights into the planet and the proc-
esses that shaped its origin and evolution, including the vola-
tile composition of its interior, the nature of its magmatism, 
and the timing of meteorite bombardment. 

Carbonate Globules in ALH-84001; Evidence of 
Ancient Life on Mars? The suggestion that ALH-84001 
contains evidence of extra-terrestrial life is primarily based 
on the presence of carbonate globules with unusual charac-
teristics that bear resemblance to bacterially-derived products 
observed on Earth.  In the Martian meteorite, these globules 
are found as hemispheric-zoned globules (or rosettes) that 
clearly grew at subsolidus temperatures interstitial to the 
large orthopyroxene crystals.  They are associated with Fe- 
and Cr-rich oxides (which yield low totals in microprobe 
analyses), sulfide minerals, amorphous plagioclase, and sil-
ica-enriched �glass�.  The globules range in size from 1 to 
250 µm and show consistent zonation: Ca, Mn-rich cores 
surrounded by progressively more Mg-rich magnesio-
siderites and magnesites.  The outer Mg-rich carbonates are 
typically capped by an Fe-, S-rich rim composed of nano-
crystals of magnetite and pyrrhotite in a carbonate matrix.  
Their major element compositions indicate disequilibrium 
during growth.  Initial C and O stable isotopic studies sug-
gested formation at temperatures less than 80 °C [3].  The 
apparent low temperatures of formation for the Martian car-
bonates, coupled with chemical and textural similarities to 
terrestrial carbonates produced by bacterial action, were 
instrumental in formulating a biologic origin for these fea-

tures.  Carbonate, magnetite and pyrite are all known to be 
biogenic minerals, and their intimate association with the 
globules provide compelling evidence of a biologic origin. 

Subsequent Geochemical Studies of ALH-84001: 
Remanent magnetization studies [4], S isotopic studies [5], 
and additional isotopic studies of C and O stable isotopes [6] 
were consistent with a low-temperature origin of the glob-
ules.  Subsequent isotope studies showed a direct correlation 
between isotopic composition and bulk chemistry of the 
carbonates, which would result only if the major element and 
isotopic compositions were set at the time of their crystalliza-
tion [7-8].  These studies document oxygen isotopic trends 
that shift from Ca, Fe-rich cores with δ18O of around +5 � 
to Mg-rich rims with isotopic compositions greater than 21 
�.  These data were successfully modeled by both open and 
closed-system growth from CO2-rich vapors from tempera-
tures that were too high to accommodate biological activity.  
A high temperature origin by precipitation from hot vapors 
was also suggested for the magnetite �whiskers� associated 
with the globules[9]. 

The NEQ Lamprophyre Suite: The New Eng-
land�Quebec igneous provence, located in southern 
Quebec, Vermont, New Hampshire, and southern 
Maine, formed ~115 Ma and includes a volatile-rich, 
mafic alkaline end-member[10].  These rocks have 
been characterized in our laboratory over the last sev-
eral years[11].  We have performed extensive petro-
graphic, electron microprobe, volatile content, and 
stable isotope analyses of over 42 dikes sampled across 
the province.  We have categorized the lamprophyres 
into several different types based on the water and CO2 
contents of the samples.  These studies document a 
series of reactions that accompany the cooling of vola-
tile-rich alkaline igneous rocks.  Volatile-bearing 
magmas exsolve an H-, C-, and S-bearing fluid when 
they intrude at shallow depths in the crust.  This fluid 
will back-react with the previously crystallized mafic, 
phases as temperatures drop to conditions that favor 
the formation of H-, C-, and S-bearing solid phases.  
For example, CO2 will react with pyroxene to form 
carbonate and amorphous silica via the following reac-
tion: 

 
CO2

vapor + (Fe,Mg)SiO3
pyx = (Fe,Mg)CO3

carb + 
SiO2

sil 
 
The evidence for this reaction is abundant in the CO2-
rich NEQ lamprophyres, as highly altered pyroxenes  
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Fig. 1  BSE image of zoned carbonate globule from Lit-
tle Rattlesnake lamprophyre dike of NEQ alkaline province.  
Light layers are Mg, Fe-rich and dark layers are more Ca-
rich.  Note the outermost rim of the globule defined by the 
bright Fe-rich rim indicated by the arrow, showing similar 
zonation patterns to ALH-84001 globules. 

 
and olivines are commonly found in close association 
with amorphous SiO2-rich patches and mafic carbon-
ates. 
     Of particular interest are the lamprophyres of the 
high-CO2, low-water variety, in which Ca-bearing 
magnesites and siderites are abundant.  We focus here 
on the study of an exceptionally CO2-rich dike from the 
Little Rattlesnake locality of southern New Hampshire.  
Figure 1 shows a back-scattered electron (BSE) image 
of a carbonate globule from the terrestrial locality that 
shares many of the characteristics that were otherwise 
thought unique to the Martian meteorite: (1) the car-
bonate globule is of similar size and shape; (2) the car-
bonates in and around the globule share similar trends 
in major element composition (see Figure 2); (3) the 
carbonate globules are intimately associated with mag-
netites and sulfides; (4) the magnetites show oxidation 
coupled with Fe-addition (maghemitization); (5) the 
globules are in contact with amorphous alumino-
silicate; and (6) their host rocks contain both forseritic 
olivine and pure amorphous silica.  Furthermore, the 
carbon and oxygen isotopes of carbonate separates from the 
high-CO2 NEQ suite are similar to the spread in values ob-
served in the Martian globules; the δ13C values range from �
7 to �1�, and the δ18O values range from +5 to +19�.  This 
range is consistent with isotope fractionation between newly 
forming carbonate phases and a cooling CO2-rich vapor. 
     The notion that the Martian globules represent products 
of precipitation from CO2-rich fluids has been criticisized 
[12].  

 

Fig. 2: Major element composition of carbonates from 
Little Rattlesnake lamprophyre dike of NEQ alkaline prov-
ince.  Note the substantial Ca substitution along magnesite-
siderite join, which is not expected in carbonates that grew at 
equilibrium. 

 
The arguments were based on mass-balance considerations 
by comparing the amount of total silica with the amount of  
mafic carbonates present in the meteorite.  If the massive 
amount of orthopyroxene in the meteorite served as the 
source of Mg and Fe for the growing carbonates, one would 
expect roughly equal amounts of carbonate and silica in the 
globule-filled fractures (because the reaction of one mole of 
pyroxene will result in the precipitation of one mole of car-
bonate and one mole of silica).  However, we note that oli-
vine crystals are observed in ALH-84001, but only when 
completely enclosed in pyroxene (i.e., isolated from a cool-
ing vapor).  Because olivine is much more reactive than py-
roxene in the presence of vapor, olivine crystals will react 
first and form carbonates and pyroxene without the co-
precipitation of excess silica: 
 
CO2

va+(Fe,Mg)2SiO4
ol=(Fe,Mg)CO3

carb+(Fe,Mg)SiO3
py

x 
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