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Introduction: Martian meteorite ALH84001 car-
bonates preserve large and variable microscale isotopic
compositions [3-5], which in some way reflect their
formation environment. These measurements show
large variations (>20%o) in the carbon and oxygen iso-
topic compositions of the carbonates on a 10 — 20 pm
scale that are correlated with chemical composition [3-
5]. However, the utilization of these data sets for in-
terpreting the formation conditions of the carbonates is
complex due to lack of suitable terrestrial analogs and
the difficulty of modeling under non-equilibrium con-
ditions. Thus, the mechanisms and processes are
largely unknown that create and preserve large micro-
scale isotopic variations in carbonate minerals.

Experimental tests of the possible environments
and mechanisms that lead to large microscale isotopic
variations can help address these concerns.

One possible mechanism for creating large carbon
isotopic variations in carbonates involves the freezing
of water. Carbonates precipitate during extensive CO,
degassing that occurs during the freezing process as
the fluid’s decreasing volume drives CO, out. This
rapid CO, degassing results in a kinetic isotopic frac-
tionation where the CO, gas has a much lighter iso-
topic composition causing an enrichment of *C in the
remaining dissolved bicarbonate [6].

This study seeks to determine the suitability of
cryogenically formed carbonates as analogs to
ALHS84001 carbonates. Specifically, our objective is
to determine how accurately models using equilibrium
fractionation factors approximate the isotopic compo-
sitions of cryogenically precipitated carbonates. This
includes determining the accuracy of applying equilib-
rium fractionation factors during a kinetic process, and
determining how isotopic variations in the fluid are
preserved in microscale variations in the precipitated
carbonates.

Methods: In order to control the experimental
variables, the solutions contained only calcium. This
simplifies the experiment and subsequent analysis of
the products. A calcium bicarbonate solution was cre-
ated by dissolving 4 mmols of CaCl,*2H,0 into 200
mL of triple distilled water. CO, gas was bubbled
through this solution for 30 minutes, then 9.3 mL of
IM NaHCOs; solution was added to form a solution
with pH 6.3. 100 mL of the prepared solution was
added to a 150 mL narrow Pyrex beaker and placed in
a freezer that maintained an approximate temperature

Figure 1: SEM backscatter electron image of a cryo-
genic carbonate globule. The globular shape and rim
morphology are very similar to ALH84001 carbonates.

of -40°C for 1 day. The precipitate was then isolated
from the thawed solution by centrifugigation, freeze
dried, and a small portion was mounted in epoxy.

The thick section was polished and imaged using
the JEOL JSM-IC 845 scanning electron microscope at
ASU. The remaining powder was analyzed using a
Siemens D5000 X-ray Diffractometer. Grains were
analyzed using the Cameca IMS 6f at Arizona State
University for their microscale carbon isotopic compo-
sitions. A 0.3 nA Cs' beam was focused to a spot size
of ~10 um diameter using critical illumination. Sec-
ondary ions were collected at —9 kV with typical count
rates on calcite of ~2.8*%10° cps for '*C. The average
instrumental mass fractionation (IMF) on the calcite
standard was —40.5%0 with a standard deviation of
1.8%o (1o, 8 analyses). Uncertainties were calculated
using a RMS method including individual analysis
precision and the standard deviation of repeated analy-
sis of the calcite standard.

Results: The freezing experiments formed car-
bonates with globular morphology (Fig. 1). This mor-
phology is very similar in size and shape to the car-
bonate globules from ALH84001 [7]. X-ray powder
diffraction on another fraction of the sample indicates
that calcite is the only mineral present.
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Two ion microprobe analyses were performed on a
single globule. The innermost central zone had a
8"Ceppp) of —31.9£2.4%0 while the analysis of the
outermost blocky zone revealed a 813C(pDB) of —
19.4+2.1%0 (Fig. 2).

Discussion: The results show that cryogenic car-
bonate formation can produce carbonate globules simi-
lar in size and shape to the ALH84001 globules with
significant microscale variations in 8"*C. The pattern
of enrichment in 3"°C from core to rim is similar to
that observed in ALH84001 carbonates but so far the
magnitude of the enrichment is smaller in the experi-
mental globules (~12%o) than the ALH84001 globules
(~20%o) [5].

Modeling the observed isotopic variation is rela-
tively straightforward. During the freezing of a bicar-
bonate solution CO, solubility is decreased due to the
removal of H,O as ice [8]. CO, leaves the solution
through the reaction:

(1) Ca*" +2HCO;” 2 CaCO; + CO, + H,0
Thus equal molar amounts of CO, gas and solid car-
bonate precipitate are created during this process. This
is confirmed by measured yields from experiments
performed by Clark and Lauriol [8], where molar
amounts of CO, and CaCQO;j are relatively equal during
the freezing of a bicarbonate solution.

The progressive removal of isotopically light CO,
gas from the system causes an enrichment of °C in the
dissolved bicarbonate. On the other hand calcite pre-
cipitation causes no significant change to the isotopic
composition of the dissolved bicarbonate because there
is very little carbon isotopic fractionation between the
two chemical species. The enrichment causedﬂ)b CO,
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Figure 2: SEM backscatter electron image a cryogenic
carbonate globule. Red ovals depict the location of
carbon isotope analysis spots.
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Figure 3: Modeled isotopic variation of dissolved bicar-
bonate during CO, degassing. The top curve is calcu-
lated using a kinetic fractionation factor [1], while the
bottom curve is calculated using an equilibrium frac-
tionation factor [2]

degassing can be modeled using a Rayleigh distillation
calculation, keeping in mind that roughly 50% of the
dissolved bicarbonate is lost as CO, gas and 50% is
lost as calcite (Fig 3). This shows that a kinetic frac-
tionation factor is more accurate in describing the iso-
topic compositions than an equilibrium fractionation
factor.

Conclusions: 1.) Carbonate globules of similar
size and shape to the ALH84001 carbonates can be
formed under cryogenic conditions in the lab. 2.) The
initial data presented here suggest that cryogenic car-
bonate formation can make and preserve micro scale
carbon isotopic variations, although not as large as are
observed in the ALH84001 carbonates. However,
additional data are needed to confirm these results. 3.)
Equilibrium relationships do not accurately describe
the current data, although additional experiments are
required to determine the effect of compositional
changes in the fluid and how they are reflected in the

precipitated carbonate.
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