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Introduction: The two upcoming robotic missions 

to Mars, Phoenix and MSL, will both have the capabil-
ity of measuring the carbon isotopic composition of 
CO2 in the martian atmosphere, as well as possible 
CO2 trapped in carbonate minerals in the Martian soil. 
Results from orbital and landed missions now clearly 
indicate that no large scale deposits of carbonate mate-
rials exist at the surface. However, some results from 
orbital remote sensing have been interpreted to indi-
cate that carbonate minerals are present as fine parti-
cles interspersed at low concentrations (~2%) in the 
martian dust [1].   

One likely mechanism for the production of these 
carbonates is during the freezing of transient water 
near the surface. Large deposits of near surface ice [2] 
and photographic evidence for flowing water on the 
surface [3] suggest that transient melting and refreez-
ing of H2O is an active process on Mars. Any exposure 
of these fluids to the CO2 rich atmosphere should al-
low the production of HCO3

- solutions.  
Carbonates are likely precipitates from these solu-

tions during freezing as extensive CO2 degassing, 
driven by the fluid’s decreasing volume, drives CO2 
out. This rapid CO2 degassing increases the pH of the 
solution and drives carbonate precipitation. 

It has been shown in previous studies that this 
rapid CO2 degassing also results in a kinetic isotopic 
fractionation where the CO2 gas has a much lighter 
isotopic composition causing a large isotope enrich-
ment of 13C in the precipitated carbonate [4]. This ki-
netic isotope enrichment may be very common in the 
current martian environment, and may be a very im-
portant factor in understanding the very high δ13C val-
ues of carbonates found in the martian meteorites [5-
7]. However, while previous studies have succeeded in 
generally quantifying the magnitude of this effect, de-
tailed studies of the consistency of this effect, and the 
freezing rates needed to produce it are needed to un-
derstand any carbon isotope analyses from carbonate 
minerals in the martian soil or dust.   

This study demonstrates an innovative new method 
for measuring the isotopic composition of gas evolved 
from the freezing of carbonate solutions in real time, 
which allows for a much clearer view of the chemical 
processes involved.  This method now sets the stage 
for detailed analysis of the chemical and isotopic 
mechanisms that produce cryogenic carbonates.   

Methods:  The method described here utilizes our 
new MAT 253 Isotope Ratio Mass Spectrometer in-
stalled at Johnson Space Center during the Fall of 
2006. By running this instrument in continuous flow 
mode, we sample the headspace gas above a freezing 
solution continuously until the solution has completely 
frozen and CO2 levels have dropped below our meas-
urement threshold (Fig. 1).   

Figure 1. A cartoon of the experimental setup with a cooled 
vial containing the solution on the left, the Gas Bench II in the 
middle and the MAT 253 IRMS on the right.  

A calcium bicarbonate solution was created by dis-
solving 1 mmol of CaCl2•2H2O and 2 mmol of Na-
HCO3 into 1 L of de-ionized water.  A gas mixture of 
0.3% CO2 and 99.7% He was bubbled through this 
solution for 2 hours to form a solution with pH 7.5.  

A 1.5 mL aliquot of this starting solution was in-
jected into a sealed vacutainer vial which had been 
flushed with He.  This vial was then placed into a slot 
in a stainless steel block that was cooled to -20°C.  The 
headspace above the solution in the vial was sampled 
continuously through a sampling needle inserted 
through the rubber stopper. The CO2, H2O and He 
mixture of gases from the headspace traveled through 
capillary lines into a Gas Bench II where they were 
separated through a GC column, and injected into the 
MAT 253 mass spectrometer. This continuously meas-
ured the carbon isotope ratio of the CO2 being evolved 
from the solution during the freezing event. In addi-
tion, measurements were also made of the δ13C of the 
dissolved inorganic carbon (DIC) prior to freezing.   

Results and Discussion:  The δ13C measurements 
of evolved CO2 are shown in Figure 2. The initial gas 
that is evolved from the solution (δ13C= -20.5‰) prior 
to freezing is fractionated from the DIC (δ13C=-8.4) 
according to the expected equilibrium relationship [8]. 
However, this changes rapidly and the evolved gas 
becomes increasingly more depleted in 13C. This is 
surprising because we would expect to see that the 
progressive removal of isotopically light CO2 gas from 
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the system causes an enrichment of 13C in the dis-
solved bicarbonate. This would in turn, result in an 
gradual increase in the δ13C of the degassed CO2 over 
time reflecting the increasing value of the source DIC. 
Rapidly formed solid carbonate carbonate typically 
shows very little isotope fractionation from DIC [9, 
10], and thus would not affect this process.   

Clearly, the δ13C values of the degassed CO2 are 
instead decreasing until the end of the experiment 
where they begin to rise somewhat (Fig. 2). Despite 
the increasing δ13C of DIC, the δ13C of the degassed 
CO2 continues to decrease because the kinetic frac-
tionation of carbon isotopes between DIC–CO2(g) is 
growing more rapidly [4]. When the δ13C of the de-
gassed CO2 finally levels off at -35‰, the kinetic frac-
tionation is at its largest. The magnitude of this kinetic 
fractionation effect has been quantified in previous 
studies to be as large as having a 1000*lnα= 31.2 [4].  
This means that the δ13C difference between DIC and 
gaseous CO2 is roughly 31‰. Our results agree with 
this previous study and suggest that this kinetic effect 
might be much larger since we expect that the DIC 
may have been enriched by as much as 10-20‰ based 
previous results. Detailed modeling of the carbon iso-
tope composition of the DIC will be developed in fu-
ture experiments.   

  Through real-time monitoring, the technique de-
scribed here provides a significant enhancement over 
previous analysis methods, which are performed after 
the experiment has finished. Analyses done after freez-
ing was complete in an identical experiment that was 
allowed to run without real-time monitoring yielded 
the δ13C of the bulk outgassed CO2 to be -25.8‰. This 
is about 9‰ greater than the most depleted gases ob-
served in the real-time monitoring indicating that much 
larger variations are present on shorter time scales and 
real-time monitoring is needed to record these hetero-
geneities. This technique should prove extremely use-
ful in determining the detailed isotopic fractionation 
effects and chemical processes that occur during cryo-
genic carbonate formation, and we also hope to apply 
these methods towards understanding cryogenic sul-
fate formation in the future.  
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Ice Forms 

Figure 2. Points on the graph are δ13C measurements of CO2 degassed during the course of a freezing experiment.  Ice was observed to form 
after ~600 s had elapsed in the experiment.   
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