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Introduction:  The Martian meteorite ALH84001 

has been a subject of debate over years since the pos-
sibility of existence of ancient Martian life was re-
ported in McKay et al. [1]. Another striking feature of 
this Martian meteorite is the metastable chemical com-
positions and large isotopic variations within carbonate 
globules. Not only do the carbonates preserve chemi-
cal compositions that are outside of the carbonate sta-
bility field at any temperature [2], they also have 
chemical zoning on a micron scale with Ca-rich cores 
and Mg-rich rims. Carbon and oxygen isotope analysis 
results showed that the carbonate globules are isotopi-
cally zoned on a microscale with cores having δ13C 
(PDB) of ~30‰ [3] and δ18O (SMOW) of ~5‰ [4-6] 
and rims having δ13C of 45‰ [3] and δ18O of 25‰ [4-
6]. The metastable chemical compositions and large 
isotopic variations observed in carbonates may reflect 
the lack of prolonged aqueous activity and limited wa-
ter-rock interaction on ancient Mars, which was con-
sistent with previous geochemical and minerlogical 
evidence [7-9].  

There are many hypotheses regarding the forma-
tion conditions of carbonates in ALH84001 [3, 6, 10, 
11-14]. One popular idea is that the large oxygen iso-
topic variation can be explained by a rapid cooling 
environment [11-13]. Previous experimental studies 
have shown that carbonates with similar chemical zon-
ing to ALH84001 carbonates can be formed by kinetic 
chemical processes [15, 16]. However, carbon and 
oxygen isotope studies of carbonates formed using 
similar experimental design show isotope variation 
with reverse trends to the ALH84001 carbonates [17]. 
This is because carbonates were formed in these ex-
periments with an increasing temperature environment 
– opposite to what had been proposed for ALH84001 
carbonates [4, 12]. Here, we perform new experiments 
that seek to test the rapid cooling or polythermal hy-
pothesis by forming carbonates in a cooling environ-
ment and analyzing C and O isotopic compositions. 

Experiments:  The batch experiments were per-
formed using a micro bench top reactor to simulate 
carbonate formation processes in ALH84001. The 
starting solutions were prepared by dissolving 
Mg(OH)2 and CaCl2 with different Mg/Ca mole ratios 
(> 1) in deionized water. Two sets of experiments were 
conducted. The difference between them are reaction 
temperature and CO2 partial pressure. In the first set, 
experiments were performed at 150 °C and 50 psi 
PCO2. In the second, experiments were at 50 °C, 105 

psi PCO2. In each experiment, 15 ml starting solution 
was loaded in a 25 ml reactor. N2 gas was passed 
through the reactor to eliminate air before temperature 
increase. CO2 gas was then introduced into the reactor 
after the reaction temperature was reached. After 24 
hrs of reaction, CO2 gas was released from the reactor 
at 50 °C. For the experiments at 150 °C, the system 
was quenched to 50 °C in ~1 hr before CO2 release. At 
the end of each experiment, the solution in reactor was 
filtered and the solid was retrieved. The mineralogical 
and chemical properties of solid products were charac-
terized by XRD, SEM and EDS. C and O isotope 
analysis of solids were performed using selective acid 
extraction method described in Al-Aasm et al. [18].  

Results and Discussion:  Ca-rich and Mg-rich car-
bonates were identified in all of experiments by XRD. 
Chemically zoned carbonates consisting of Ca-rich 
core and Mg-rich rim were observed (Fig. 1), and con-
formed by semi-quantitative chemical analysis of EDS. 
The diameter of those carbonates is in the range of 2 – 
10 µm. Most chemically zoned carbonates show well 
cystalized edges, while small amount of them are in 
sphereical shape. Chemically zoned carbonates are 
much less abundant in experiments performed at 50 °C 
than what is present at 150 °C.  

Carbon and oxygen isotopes.  The carbon and oxy-
gen isotope compositions of CO2 source are -11.45‰ 
(PDB) and 6.26‰ (SMOW), respectively. In experi-
ments conducted at 150 °C, the δ13C values of Ca-rich 
cabonates are in the range of -12.39 to -12.25‰, while 
the δ18O values are 13.42 to 15.04‰. For Mg-rich car-
bonates, only one data point is available: δ13C of -
8.54‰ and δ18O of 9.45‰ (Fig. 2). In experiments at 
50 °C, however, results showed large variations in 
both δ13C and δ18O values of Ca- and Mg-rich carbon-
ates. The δ13C value of Ca-rich carbonates ranges from 
-8.91 to -7.16‰ and δ18O from 19.33 to 23.88‰. The 
δ13C and δ18O values of Mg-rich carbonates are -9.47 
to -8.17‰ and 10.50 to 17.62‰, respectively (Fig. 2). 

Based on the equilibrium fractionation factors [19-
21], CO2 and carbonates, carbonates and H2O are not 
in carbon and oxygen isotope equilibrium, respec-
tively, at both 150 and 50 °C. For example, at 150 °C, 
the δ13C value of Ca-rich carbonate is approximately 
1.9‰ less than the corresponding equilibrium value, 
whereas the Mg-rich carbonate is 0.9‰ higher than 
equilibrium. At 50°C, the difference between meas-
ured and predicted δ13C values becomes larger, and all 
measured values of both Ca- and Mg-rich carbonates 
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Fig 1. Backscattered electron image of solids in the experiment per-
formed at 150oC, 50psi PCO2 with Mg/Ca mole ratio of 2:1. White 
cores are Ca-rich carbonates, whereas darker rims are Mg-rich. 
 

are less than predicted (Fig. 2). The deviation of δ13C 
values of carbonates from theoretical equilibrium frac-
tionation values might be attributed to the kinetic iso-
tope effect during aqueous CO2 hydroxylation (CO2 + 
OH- → HCO3

-) [22]. This can create large depletions 
in both the carbon and oxygen isotopic compositions 
of carbonates formed during rapid influx of CO2 into 
solution. This mechanism has been previously sug-
gested to explain the formation of the ALH84001 car-
bonates by Niles et al. [3].  

For oxygen isotopes, in addition to the kinetic iso-
tope effect associated with CO2 hydroxylation, the 
mixed O source (CO2 and H2O) might account for the 
difference between measured δ18O values and theoreti-
cal equilibrium fractionation prediction. H2O with 0‰ 
of δ18O was used in theoretical calculation. If carbon-
ate formation occurs rapidly enough, it may precede 
equilibration between CO2 and H2O. Thus, oxygen 
isotope variation can be recorded in the solid carbonate 
as a result of equilibration between CO2 gas and water 
in an environment where a high pH solution is rapidly 
introduced to CO2 gas [3]. 

These two processes acting together may provide a 
plausible scenario for creating the large isotopic varia-
tions observed in ALH84001 carbonates similar to the 
high pH scenario described by Niles et al. [3]. In par-
ticular, mixing between H2O and a CO2 source with 
very different δ18O values could create a very large O 
isotopic variation in the precipitated carbonates.  

Conclusions:  In experiments intended to simulate 
cooling (150 to 25 °C) and CO2 degassing processes, 
Ca- and Mg-rich carbonates with chemical zoning 
similar to carbonates observed in ALH84001 were 
formed. Kinetic isotope effects were observed in the 
solid carbonates associated with rapid CO2 hydroxyla-
tion. In addition, oxygen isotopic variation was created 
through rapid carbonate formation during CO2 – H2O 

equilibration. Both of these processes provide a 
mechanism for creating large isotopic variations in 
precipitated carbonates and may provide important 
insight into the formation environment of the 
ALH84001 carbonates.  
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Fig 2. C and O isotopic compositions of Ca- and Mg-rich car-

bonates formed in experiments. Data on the solid line are theoretical 
values of Ca-rich carbonate at different temperatures assuming C 
isotope equilibrium of CO2-carbonate [19, 21] and O equilibrium of 
carbonate-H2O [20]. The dotted line is for Mg-rich carbonate. The 
theoretical data are reported in relative to CO2 with δ13C of -11.45‰ 
(the value of CO2 source) and H2O with δ18O of 0‰.   
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