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An ancient Martian hydrosphere consisting of an
alkali-rich ocean would likely produce solid carbonate
minerals through the processes of evaporation and/or
freezing.  We postulate that both (or either) of these
kinetically-driven processes would produce carbonate
minerals whose stable isotopic compositions are
highly fractionated (enriched) with respect to the
source carbon. Various scenarios have been proposed
for carbonate formation on Mars, including high
temperature formation, hydrothermal alteration,
precipitation from evaporating brines, and cryogenic
formation.  13C and 18O -fractionated carbonates have
previously been shown to form kinetically under some
of these conditions, ie.: 1) alteration by hydrothermal
processes, 2) low  temperature precipitation (sedi-
mentary) from evaporating bicarbonate (brine)
solutions, and 3) precipitation during the process of
cryogenic freezing of bicarbonate-rich fluids.

An important feature of carbonate min-
eral behavior in sediments and during diagenesis
is the result of their unique kinetics of dissolution
and precipitation. The degree of disequilibrium is
one of the primary factors controlling the rate of
reaction of carbonate minerals in aqueous solu-
tions and, in general, the rate of reaction tends to
increase with increasing disequilibrium.  Addi-
tionally, different chemical and physical proc-
esses are typically involved in given chemical
reactions.  For a given set of conditions any one
of these processes could be slower than all the
others, thus this process is the rate controlling
(kinetic) step [1].

If indeed a Martian hydrologic cycle in-
cluded the presence of alkali-rich oceans, which
were subject to either evaporation or freezing (both
kinetically-controlled processes), the result would
undoubtedly be an increase in salinity and alkalinity
of those oceans.  Under these conditions an enrich-
ment in the carbon isotope composition of the
dissolved inorganic carbon (DIC) in the brine would
be expected. Subsequent carbonates precipitating
from that brine would also be isotopically enriched.
This process could explain the formation of 18O- and
13C-enriched carbonates similar those found in
ALH84001 [2]. Here we examine several terrestrial
field settings within the context of kinetically-
controlled carbonate precipitation where stable
isotope enrichments have been observed.

Low temperature carbonate precipitation
from evaporating brines- Wide variations in O
and C isotopes have been shown within the
weathering products (caliche) on < 1 Ma basalts
in three volcanic fields in Arizona [3]. In all
cases, the most 18O and 13C enriched samples
were of calcite developed on pinnacles, knobs,
and flow lobes that protruded above tephra, rub-
ble, and soil. Here calcite had δ18O values of
+19‰ to +23‰.  The pedogenic set of samples,
which had been in contact with soil, had lower
δ13C, similar to values produced by soil gas CO2.
Calcites with heavier 18O and 13C values showed
the effects of being formed from 18O-rich evapo-
concentrated meteoric waters that dried out on
surfaces after local rains, suggesting 13C enrich-
ment was due either to removal of 12C by photo-
synthesizers in the evaporating drops, or to kinetic
isotope effects associated with evaporation.

Extreme 13C enrichments were documented
in abiotic conditions associated with evaporating
brines of the Dead Sea [4].  Enrichments of up to
16.5‰ were measured in situ from evaporating pools
here.  Also, experiments were conducted to control
and extend the evaporation effects on these brines
and showed carbon isotope enrichments of as much
as 34.9‰ over the starting DIC composition.  [4]
concluded that these enrichments are likely the result
of non-equilibrium (kinetic) effects associated with
the removal of CO2 during the evaporation process.
Furthermore, they suggest that any carbonates
formed in association with evaporating brines would
also record an enriched δ13C composition, like those
found in aragonite deposits of Lake Lisan, the
Pleistocene precursor of the Dead Sea [5].

In another terrestrial setting [6] a thin, nearly
impermeable calcium carbonate layer (caliche)
confines much of the 250 km northern coastal part of
the Yucatan aquifer of Mexico.  Here calcium
bicarbonate-rich groundwater discharges into a
coastal saline zone, locally known as tsekel.
Groundwater mixes in the saline zone here and is
subjected to intense evaporation. CO2 is in turn
removed from the system, the pH increases, and the
result is active precipitation of a dense calcite layer
that essentially cements older surficial limestone.
This terrestrial setting fits well within the context of
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an evaporating brine model, with carbonate precipi-
tation clearly controlled by kinetic processes.

Carbonates precipitated cryogenically-
Cryogenic calcite forms kinetically as a result of
CO2 degassing quickly during freezing of calcium
bicarbonate-rich fluids (brines). Formation of
cryogenic calcite is typically accompanied by
non-equilibrium reaction kinetics, which tend to
enrich the carbon isotope composition of the
product (calcite(s)) compared to the starting mate-
rial  (bicarbonate(aq)).  The process of cryogenic
calcite formation has been observed in the fol-
lowing terrestrial environments: 1) Arctic perma-
frost cave deposits [7]; 2) aufeis (icings) formed
in Arctic perennial springs and rivers [8], [9]; and
3) in lake beds of the Dry Valleys of Antarctica
[10]. Environments where another cryogenically-
precipitated carbonate mineral (ikaite) forms in-
clude: 1) saline springs in the Canadian high Arc-
tic [11], 2) in marine sediments of the Antarctic
Shelf [12], and 3) in Pleistocene lakes of Califor-
nia and Nevada [13], [14].

Arctic Caves- An example of non-
equilibrium reaction kinetics involving the freezing
of bicarbonate ground waters that form 18O and 13C
enriched calcite is given by [7].  These cryogenic
calcites form naturally in Arctic caves where bicar-
bonate ground waters discharge into sub-freezing
openings.  While freezing, CO2 exsolves and calcite
precipitates as cryptocrystalline powder within the
ice, later released through sublimation or melting.
Enrichments in 13C of up to 26‰ over equilibrium
values have been observed.  An example is the
Grande Caverne Glac'ee, a karst cave within the
continuous permafrost zone of northern Yukon,
Canada.  Here, δ13C(DIC) of local bicarbonate waters
are typical for karst regions (~-9 to -8‰).  However,
corresponding calcite produced from freezing these
bicarbonate waters are severely fractionated.  One
sample of cryogenic calcite from this cave had a δ13C
value of +17‰.

Calcite precipitation in aufeis fields- Aufeis
(river icings) typically forms in terrestrial environ-
ments from spring-fed rivers and streams during
freezing. As the stream freezes, ice tends to form
dams between the water source and the air.  Hydrau-
lic pressure builds under the ice dam and the water
eventually bursts through the blockage, redirecting
the stream along a new path.  Subsequently, the
water freezes upon contact with the cold air.  The
process repeats itself and as a result downstream
flow is arrested and a broad ice sheet spreads across
the valley.  Powdered calcium carbonate patches

averaging ~4 cm thick have been reported by [8]
occurring in aufeis fields in the Canning and Shavio-
vik Rivers, northeastern Alaska.

  Ikaite Growth- In some cold terrestrial
environments, calcium carbonate occurs as a rare
metastable hydrated carbonate mineral: ikaite
(CaCO3

.6H2O). It has been well established that when
warmed to temperatures above 5°C natural ikaite will
disintegrate within minutes or hours to a slush of
water and calcite and/or vaterite. Stabilization of the
mineral has been shown to occur by inhibiting the
growth of anhydrous CaCO3, typically with the
introduction of Mg+2 and PO4

-3 to the system. Given
the presence of an ancient alkali-rich Martian ocean,
with magnesium and/or phosphate ions present, ikaite
formation could be expected at temperatures <3°C.

We have examined several terrestrial envi-
ronments known to produce carbonate minerals under
kinetically controlled processes.  We examine these as
analogs within the context of an ancient alkali-rich
Martian ocean.  In some cases, processes in these
terrestrial environments have been shown to produce
18O- and 13C-enriched carbonates, like those found in
ALH84001. Having a thorough understanding of the
effects of kinetically-controlled carbonate mineral
precipitation on the isotopic composition of carbon-
ates associated with these terrestrial analogs will
allow us to better decipher those data collected from
Martian carbonates. This in turn can reveal which
processes contributed to the precipitation of those
minerals on the Martian planetary surface. Studies are
currently underway to study kinetically-controlled
carbonate mineral precipitation by examining terres-
trial analogs and by conducting laboratory experi-
ments.
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