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Decreasing CO, partial pressure triggered Mg-Fe—Ca
carbonate formation in ancient Martian crust preserved in
the ALH84001 Meteorite
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IDepartment of Geology and Paleontology, Clausthal University of Technology, Clausthal-Zellerfeld, Germany; 2Department of
Water Resources Management, Rhenish-Westfalian Institute for Water, Miilbeim an der Rubr, Germany

ABSTRACT

We retrace hydrogeochemical processes leading to the formation of Mg-Fe-Ca carbonate concretions (first
distinct carbonate population, FDCP) in Martian meteorite ALH84001 by generic hydrogeochemical equilibrium
and mass transfer modeling. Our simple conceptual models assume isochemical equilibration of orthopyroxenite
minerals with pure water at varying water-to-rock ratios, temperatures and CO, partial pressures. Modeled sce-
narios include CO, partial pressures ranging from 10.1325 to 0.0001 MPa at water-to-rock ratios between 4380
and 43.8 mol mol™" and different temperatures (278, 303 and 348 K) and enable the precipitation of Mg-Fe-Ca
solid solution carbonate. Modeled range and trend of carbonate compositional variation from magnesio-siderite
(core) to magnesite (rim), and the precipitation of amorphous SiO, and magnetite coupled to magnesite-rich car-
bonate are similar to measured compositional variation. The results of this study suggest that the early Martian
subsurface had been exposed to a dynamic gas pressure regime with decreasing CO, partial pressure at low
temperatures (approximately 1.0133 to 0.0001 MPa at 278 K or 6 to 0.0001 MPa at 303 K). Moderate water-
to-rock ratios of ca. 438 mol mol™" and isochemical weathering of orthopyroxenite are additional key prerequi-
sites for the formation of secondary phase assemblages similar to ALH84001's ‘FDCP'. Outbursts of water and
CO, g from confined ground water in fractured orthopyroxenite rocks below an unstable CO, hydrate-containing
cryosphere provide adequate environments on the early Martian surface.
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INTRODUCTION AND AIM

Martian meteorite ALH84001 is the only sample of
ancient Martian crust available for scientific analyses.
Altered orthopyroxenite displays clear evidence for intense
water-rock—-CO, interactions resulting in the formation of
secondary carbonates. These Mg—Fe—Ca carbonates (thin
section 311; ALH84001.119) are present at approximately
1 vol% exhibiting four textural types, including concretions
displaying a distinct and widely ranging compositional zon-
ing with magnetite and pyrite inclusions (specified as “first
distinct carbonate population’, FDCP; Eiler er al. 2002).
FDCP approximately  0.2-0.5 vol%  of
ALHS84001 and is concentrated on the surfaces of fractures
found throughout a heavily shocked orthopyroxenite (Eiler

constitutes
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et al. 2002) consisting of orthopyroxene, olivine, maskely-
nite, chromite, pyrite and apatite (Harvey & McSween
1994; Mittlefehldt 1994; McKay et al. 1996; Table 1).
Crystallization age of orthopyroxenite in ALH84001 is
estimated to be 4.5 Gyr (Nyquist et /. 2001) and FDCP
formation 0.5-0.6 Gyr later (Corrigan & Harvey 2004).
The first ALH84001 shock event is speculated to be
4.0 Gyr in age (Ash et al. 1996), and is argued to have
caused a fracture surface in the orthopyroxenite (McKay
et al. 1996). Major clement analyses of FDCP (Fig. 1)
indicate the distinct range and compositional zoning trend
of FDCP. Magnesio-siderite cores of FDCP concretions,
approximately 20-200 pm in diameter, are surrounded by
a black band which is 5-10 pm thick and rich in magnetite
inclusions. This black band is surrounded by a white band,
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Table 1 Modeling reactor's mineral phase assemblage.

Composition

(mol) (mol%)
MgSiO3 Enstatite 0.0927*
FeSiOs Ferrosilite 0.0271
CaSiOs Wollastonite 0.0037*
ENo.75FS0.22W00.03 0.1235 97.0
Mg,SiO, Forsterite 0.0006
Fe,Si0, Fayalite 0.0002
Foo.75Fa0.25 0.0008 0.6
NaAlSisOg Albite 0.0002
CaAl;Si,Og Anorthite 0.0001
Maskelynite 0.0003 0.2
FeS, Pyrite 0.0006 0.5
Cas(PO,4)30OH Hydroxyapatite 0.0015 1.2°
(Fe, Mg)Cr,O4 chromite 0.0006 0.5%

0.1273 100.0

*Including enstatite and wollastonite components in lesser quantities
of Augite (EnssWo43; Meyer 2003).

tAssumed preferential dissolution of apatite. Measured apatite con-
tent is approximately 0.2 wt% (Meyer 2003).

iChromite is assumed to be nonreactive under modeling conditions
and is excluded from equilibrium calculations. A total of 0.1267 mol
in modeling reactor's mineral phase assemblage leads to a water-to-
rock ratio of 438 mol mol™".
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Fig. 1. Major element composition of ALH84001 carbonates ('first distinct
carbonate population’). Data (Eiler et al. 2002) are rearranged; MnCO3
component (0.2-8.0 mol%) is omitted and ternary composition is normal-
ized to 100 mol%. Compositional range displaying magnetite inclusions is
marked.

10-15 pm thick and composed of Mg-rich carbonate.
Finally, a second black, inclusion-rich band typically forms
the concretion rims (Eiler ez al. 2002). Amorphous silica is
homogeneously distributed throughout the ALHS84001
carbonate (Westall ez al. 1998; Greenwood & McSween
2001; Bernas er al. 2005). ‘Smectite-type clay’ is detectable
(Thomas-Keprta et al.
1997), and secondary pyrite is associated with secondary
carbonate (Greenwood et al. 2000).

near some carbonate globules

The conditions under which the carbonate’s observed
compositional zoning formed are still debated. Numerous
formation hypotheses for the origin of carbonate in
ALHS84001 have been proposed including: (i) high-tem-
perature processes such as shock melting of pre-existing
carbonates (Scott et al. 1998; Scott 1999), (ii) metamor-
phic conversion of mafic silicates at temperatures >923 K
(Harvey & McSween 1996), (iii) biogenic origin at low
temperatures (McKay et al. 1996), (iv) precipitation from
aqueous fluids at low temperatures (273-573 K; Mit-
tlefehldt 1994; Romanek et al. 1994; Treiman 1995; Val-
ley et al. 1997; Treiman & Romanck 1998), and (v)
precipitation near 273 K due to evaporation (McSween &
Harvey 1998; Warren 1998).

Experimental work has shown that chemically zoned car-
bonate globules and iron sulfides are produced at 423 K
from multiple fluxes of aqueous Ca-Mg-Fe-CO,-S solu-
tions displaying different compositions (Golden et al.
2001). Magnetite crystals were formed by subsequent
decomposition of previously precipitated Fe-rich carbonates
by brief heating to 743 K (Golden ¢t al. 2001). Experi-
ments at 298 K produced poorly crystalline Fe carbonates
and globules of Mg calcite during 24 or 96 h of reaction
time in response to varying starting compositions of CO,-
saturated aqueous solutions containing Mg®*, Fe** and
Ca**ions (Golden ez al. 1999). These experimental results
indicate that CO,-saturated aqueous solutions containing
varying concentrations Mg?*, Fe** and Ca?*might provide
hydrogeochemical conditions enabling the precipitation of
chemically zoned Mg-Fe—Ca carbonate from aqueous
solutions.

Molar ratios of Mg to Ca and Fe to Ca in aqueous solu-
tions interacting with a rock with similar composition to
the ALH84001 meteorite have been modeled (Niles et al.
20006). Modeling results indicate that Fe-, Mg-rich aque-
ous solutions interacting with ultramafic rock at high car-
bon dioxide partial pressures (pCO,) must have a lower
pH (<7) and a low temperature (<373 K) to eventually
precipitate Mg-Fe—Ca carbonate similar to ALH84001’s
FDCP carbonates. Niles ez al. (2006) proposed an upwell-
ing of subsurface CO,-rich solutions which could have
induced subsurface aqueous alteration of ALH8400-type
rock.

The aim of this work was to identify hydrogeochemical
processes enabling activities of dissolved species,q) to
achieve ion activity products greater than Mg-Fe-Ca car-
bonate’s solubility products. Modeled composition of
phase assemblages (including solid solution carbonate)
results from modeled activities of dissolved species(,q). We
will identify prerequisites for the formation and preserva-
tion of phase assemblages similar to ALH84001’s second-
ary minerals in a water—orthopyroxenite system which is
exposed to varying pCO,, water-to-rock ratios and temper-
atures. Our modeling aims not to retrace the exact mecha-

© 2010 Blackwell Publishing Ltd



nisms of Mg—Fe—Ca carbonate formation (i.e. equilibrium
versus nonequilibrium). Rather, by comparing modeled
composition of phase assemblages — resulting from mod-
eled activities of dissolved species(yq) — with FDCP’s phase
assemblage, possible conditions of FDCP’s formation in
ancient Martian crust are identified. FDCP’s distinct com-
positional zoning trend and coexisting secondary phase
assemblage, including magnetite and amorphous silica, are
the key signals to be retraced by hydrogeochemical reac-
tion path modeling based on chemical thermodynamics.

Simple isochemical initial conditions are prerequisites for
our modeling. Our generic modeling scenarios do not
focus on a set of predefined physical and chemical condi-
tions (e.g. temperature and pCO,) proposed by previous
formation hypotheses. We intend instead to identify and
quantify pCO,, temperature and water-to-rock ratios lead-
ing to the formation of ternary solid solution carbonate
and an associated secondary phase assemblage similar to
ALHS84001’s FDCP.

MODELING CONCEPT AND APPROACH

Our modeling concept includes an open batch reactor
which is filled by a phase assemblage of primary mineral
phases (total amount of 0.1267 mol excluding chromite
content; according to the orthopyroxenite composition
and its porosity; Table 1) and 1.0 kg of pure water
(55.51 mol H,O; pH 7.0) leading to a water-to-rock ratio
of 438 mol mol™. Rock alteration is limited to the fringes
of ALH84001’s fissures where minor amounts of rock
forming minerals are exposed to the aqueous solution fill-
ing the cracks. Therefore, we consider high conceptual
water-to-rock ratios.

Hydroxyapatite is relatively enriched in the phase assem-
blage of the reactor as it is a sensitive phase for dissolution
in comparison with olivine and pyroxene (Hurowitz &
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McLennan 2007) and maskelynite or plagioclase (Dreibus
et al. 1996). Leaching experiments (at 293 and 394 K; pH
7 under Ny and pH 4 under COy(,) atmospheres) indi-
cated that phosphorus is highly extractable from original
meteorite material unaffected by previous aqueous leaching
(Mautner & Sinaj 2002). The reactor’s coexisting primary
mineral phase assemblage and pure water are exposed to
CO, partial pressures which are decreasing from 10.1325
to 0.0001 MPa, increasing from 0.0001 to 10.1325 MPa,
or constant at 0.1013 MPa. Isothermal conditions (278,
303 and 348 K) or decreasing temperature (348 to 278 K;
coupled to constant or decreasing pCO,; Table 2) charac-
terize the temperature regime. Complete and suppressed
re-equilibration between the aqueous solution and mineral
phases is considered in different scenarios.

In summary, modeling constraints reflect an isochemical
and low-temperature water—rock interaction in a dynamic
CO, pressure regime. The modeling approach assumes ‘local
thermodynamic equilibrium’ of the primary mineral phase
assemblage with secondary minerals (complete re-equilibra-
tion), CO5(s) and the evolving composition of the aqueous
solution. Conceptually, the equilibration and coupled mass
transfer are driven by the reaction with (and system’s loss or
gain of) CO, ) in response to a stepwise decrease or increase
in pCO,. Secondary mineral phases can precipitate from the
aqueous solution at saturation. Ternary solid solution car-
bonate (components: calcite, magnesite and siderite), amor-
phous silica (SiO5(,)), magnetite and Ca montmorillonite
(a ‘smectite-type clay’) are chosen as potential secondary
mineral phases. Rhodochrosite is not considered as a compo-
nent of solid solution carbonate, as no Mn>*-bearing pri-
mary mineral phase has been quantified in ALH84001
meteorite. Pyrophyllite, talc, vivianite, kaolinite, diaspore,
leonhardite, sepiolite and other SiO, phases, which have not
been identified in ALH84001 meteorite, are excluded from
calculation of equilibrium species distribution and mass

Table 2 Modeling scenarios.

Water-to-rock

PWoE* pCO, (MPa log pCO,) ratio (mol mol™")
Scenario CRE"  SRE*  Decrease Increase 4380 438 438 t(K)
r-d-438-303 X 1.0 to -4.0 X 303
r-d-4380-303 X 1.0 to -4.0 X 303
r-d-43.8-303 X 1.0 to -4.0 X 303
r-d-438-278 X 1.0 to -4.0 X 278
r-d-438-348 X 1.0 to -4.0 X 348
r-i-438-303 X -4.0to 1.0 X 303
s-d-438-303 X 1.0 to -4.0 X 303
r-d-438-348/278  x 1.0 to -4.0 X 348 to 278
r-c-438-348/278  x Constant at —1 X 348 to 278

Scenario names indicate: (i) re-equilibration or suppressed re-equilibration (‘r-" or ‘s-'), (ii) decreasing,
increasing or constant CO, partial pressure (‘d-" or ‘i-' or ‘c-'), (iii) water-to-rock ratio ('4380-', '438-'
or '43.8-") and (iv) temperature or temperature range (‘303', '278', ‘348’ or '348-278').

*Pathway of equilibration with mineral phases.

ftComplete re-equilibration.

iSuppressed re-equilibration.

© 2010 Blackwell Publishing Ltd
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transfer. Although dolomite, aragonite, calcite, magnesite
and siderite are lacking as secondary mineral phases in our
model, the hydrogeochemical modeling considers these
pure mineral phases. Calculated saturation indices
(SI= log(IAP(Kg)fl); see Tables S1-§9; modeling input
files) clearly indicate that dolomite, aragonite, calcite, mag-
nesite and siderite never achieve saturation as pure phases at
modeled conditions (SI < 0). Thus, integration of these car-
bonate phases into the model’s list of secondary mineral
phases would not effect modeled equilibrium species distri-
bution and mass transfer.

We have modeled several different scenarios for various
temperatures, pCO,, and water-to-rock ratios (Table 2).
The control of the aqueous solution composition and
resulting composition of the mineral phase assemblage are
based solely on chemical thermodynamics. Although we
investigated several models (not discussed in this paper)
with different compositions of the starting solution, we
found that the effects of solution composition on the pre-
cipitated type and amount of secondary minerals were neg-
ligible. Therefore, we use pure water in each scenario.

Under a dynamic pCO, regime, two different equilibria
with mineral phases can be modeled. One assumes re-equili-
bration of secondary and remaining primary mineral phases
in response to changing pCO, and corresponding aqueous
composition. For example, a precipitated solid solution car-
bonate phase, with its distinct composition, can be com-
pletely dissolved when pCO, and the aqueous composition
have changed. In parallel, a new equilibrium solid solution
carbonate phase with a modified composition is formed.
Therefore, complete re-equilibration with compositional
zoning of solid solution carbonate phases is prevented as
long as phase dissolution and growth are not kinetically con-
trolled (see discussion in Corrigan & Harvey 2004). Kinetic
aspects are excluded from our modeling approach, and some
implications of this exclusion are discussed below. The sec-
ond pathway of equilibration with mineral phases excludes
re-equilibration of precipitated solid solution carbonate.
Thereby, newly formed solid solution carbonate phase com-
positions remain in dis-equilibrium with the altered compo-
sition of the aqueous solution and the pCO, conditions.
Changing hydrogeochemical conditions thus causes compo-
sitional zoning of modeled solid solution carbonate phases.
The two modeling scenarios emphasize how different reac-
tion pathways control the compositional variation of carbon-
ate concretions.

The PHREEQC computer code (Parkhurst & Appelo
1999) is applied to calculate equilibrium species distribu-
tion among aqueous solutions, solids and gas phases based
on chemical thermodynamics for aqueous solutions. Equi-
librium species distribution and coupled mass transfer to
achieve equilibrium, as a function of specified reversible
and irreversible geochemical reactions, are calculated by

applying homogenous and heterogencous mass-action

equations, and related temperature-dependent equilibrium
constants. Equilibrium constants are derived from basic
thermodynamic data. The program uses a modified New-
ton—Raphson method to solve the nonlinear equation sys-
tem including mass-action equations, mol-balance
equations and charge balances. Calculated mass transfer
and resulting equilibrium species distribution are achieved
if: (i) the activities of all species(,q) involved fulfill mass-
action equations according to their equilibrium constants,
(i) the molalities of all species(,q) and phases fulfill mol- or
mass-balances for all elements involved, and (iii) the molal-
ities of all ionic specics(t‘i1 )_ fulfill charge-balance equation.
Equilibrium species distribution is characterized in terms
of molalities and activities of aqueous species, pH, pe, ion
activity products and the type and amount of solid and
gasecous phases dissolved or precipitated. The code sup-
ports activity coefficients calculated according to an
extended form of the Debye-Hiickel equation that is reli-
able for aqueous solutions with an ionic strength less than
0.7 mol kgw™!. Temperature effects on equilibrium con-
stants are calculated using PHREEQC’s option ‘analytical
expressions’ (for details, see Parkhurst & Appelo 1999).
Control of total pressure (not pCO,) over solubility
equilibria of solid phases and on equilibria of aqueous
species distribution is not considered by PHREEQC
(Protal = 0.1013 MPa); possible effects resulting from this
simplification are discussed in the following text.

Equilibrium reactions and corresponding equilibrium
constants, along with their temperature dependences for all
aqueous species, solids and gas phases are listed in the ther-
modynamic database ‘wateq4f.dat’ (Parkhurst & Appelo
1999). Equilibrium constants for enstatite, forsterite and
fayalite, which are not included in the ‘wateq4f.dat’ data-
base, are recalculated considering published data (for details,
see Supplementary Table S1). Data for wollastonite are
taken from the database ‘minteq.dat’ (Parkhurst & Appelo
1999).

Calculations of composition and mass transfer of solid
solution carbonate at equilibrium assume ideal behavior of
all components (or end-members: calcite, magnesite and
siderite). The activity of each end-member solid is equal to
its mole fraction, and miscibility gaps are not considered.
The composition of solid solution carbonate results from
calculated equilibrium species distribution. As noted above,
two different pathways of equilibration with mineral phases
are considered. The first assumes complete re-equilibration
among solids, pCO,, and altered aqueous solutions. In the
second, (newly) precipitated solid solution carbonate phase
is excluded from the altered aqueous solution and pCO,.
Therefore, re-equilibration is prevented when calculating a
new equilibrium species distribution driven by a decreased
pCO,. The pathway of equilibration with mineral phases,
pCO,, water-to-rock ratio, and temperature are variables in
the modeling scenarios (Table 2). These scenarios and

© 2010 Blackwell Publishing Ltd
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Table 3 Excerpt from PHREEQC input file Table S1 for modeling scenario r-d-438-303 including detailed explanatory notes (bold).

TITLE r-d-438-303
PHASES
# Equilibrium constants for enstatite, forsterite, and fayalite, which are not included in the ‘wateq4f.dat’ database; recalculated considering published data.
Data for wollastonite are taken from the database ‘minteq.dat’ (Parkhurst & Appelo 1999).
Enstatite
# G°f = —1459.0 kJ mol™
# data from http://www.osti.gov/energycitations/product.biblio.jsp?osti_id=5274849

MgSiO3 + 2H* + H,O = Mg*? + H,SiO,

log_k 13.19
Fayalite
# G°f = =1379.4 kJ mol™
# data from Stumm, W. & Morgan, J. J. Aquatic Chemistry, John Wiley, New York, 2nd edn., 1981.

Fe,SiO, + 4H™ = 2Fe™ + H,SiO,

log_k 16.647
Ferrosilite
# G°f = —1117.82 kJ mol ™’
# data from Boyd T. D. & Scott S. D. Microbial and hydrothermal aspects of ferric oxyhydroxides # and ferrosic hydroxides: the example of Franklin # Se-
amount, Western Woodlark Basin, Papua New
# Guinea. Geochem. Trans. 7 (2001). DOI: 10.1039/bm.

FeSiO5 + 2H* + H,O = Fe*? + H,SiO4

log k 7.11
Wollastonite
# log_k = 12.996
# from Minteq.dat
# Parkhurst, D. L. & Appelo, C. A. J. User's guide to PHREEQC (Version 2) — A computer program
# for speciation, batch reaction, one-dimensional transport, and inverse geochemical
# calculations. U.S. Geological Survey Water-Resources Investigations Report 99-4259 (1999).

CaSiO; + 2H* + H,0 = Ca*? + H,Si0,

log_k 12.996

delta_h —19.498 kcal
SELECTED_OUTPUT
-file r-d-438-303.XLS
-equilibrium_phases Enstatite Ferrosilite Wollastonite Forsterite Fayalite Albite

Anorthite Pyrite Hydroxyapatite CO ) Magnetite SiOy,)
Montmorillonite-Ca

-saturation_indices Dolomite
-solid_solutions calcite magnesite siderite
# first modeling step (pCO, = 100 atm)
SOLUTION 1
# Starting solution; pure water
-pH 7.0
-density 1.000
-temp 30.0
-units mmol kgw™
EQUILIBRIUM_PHASES 1
# Primary phases(s; g) involved in equilibrium calculation at starting conditions

1

Enstatite 0.0 0.0927
Ferrosilite 0.0 0.0271
Wollastonite 0.0 0.0037
Forsterite 0.0 0.0006
Fayalite 0.0 0.0002
Albite 0.0 0.0002
Anorthite 0.0 0.0001
Pyrite 0.0 0.0006
Hydroxyapatite 0.0 0.0015

# log pCO, (equivalent to 100 atm)

COag) 2.00

# Secondary phases(s) involved in equilibrium calculation at starting conditions
# Phase assemblage is free of secondary phases at starting conditions

© 2010 Blackwell Publishing Ltd
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Table 3 (Continued).

# Amount in phase

# Saturation Index # assemblage [mol]
Magnetite 0.0 0.0
SiOxm 0.0 0.0
Montmorillonite-Ca 0.0 0.0

SOLID_SOLUTIONS 1

# Secondary phase involved in equilibrium calculation at starting conditions

# Phase assemblage is free of TernarySolidSolution carbonate at starting conditions

TernarySolidSolution
-comp Calcite
-comp Magnesite
-comp Siderite

0.0
0.0
0.0

SAVE solution 2
SAVE solid_solutions 2
END

#.

#

first modeling step (pCO, = 100 atm)

USE solution 2
USE SOLID_SOLUTIONS 2
#changed composition of orthopyroxenite

second modeling step (pCO, = 80 atm)

# Primary phases(s; g) involved in equilibrium calculation after the first modeling step

# Composition of altered orthopyroxenite
EQUILIBRIUM_PHASES 2

Amount in phase

# Saturation Index assemblage [mol]
Enstatite 0.0 0.0
Ferrosilite 0.0 0.0
Wollastonite 0.0 0.0
Forsterite 0.0 0.0
Fayalite 0.0 0.0
Anorthite 0.0 0.0
Hydroxyapatite 0.0 0.0

Pyrite 0.0 5.999E-04
Magnetite 0.0 0.0

SiOaa 0.0 1.226E-01
Montmorillonite-Ca 0.0 1.714E-04

# log pCO, (equivalent to 80 atm)
COyg 1.90

# Unchanged temperature
REACTION_TEMPERATURE

30

SAVE solution 3

SAVE SOLID_SOLUTIONS 3

END

#

second modeling step (pCO, = 80 atm)

hydrogeochemical models are presented in PHREEQC
input files attached (Tables S1-S9) which present a com-
plete and detailed description and documentation of
PHREEQC calculations. Utilizing PHREEQC’s key words
‘SAVE solution’, ‘SAVE solid solution’, ‘USE solution’
and ‘USE solid solution’ enable the user to model re-
equilibration of the solid solution carbonate and coexisting

aqueous solution along decreasing pCO, (for details, see
Tables 3 and S1). Modeling of suppressed re-equilibration
with secondary carbonate is achieved using PHREEQC’s
key words ‘SAVE solution’ and ‘USE solution’ (for details,
see Table §7). Table 3 presents a short excerpt from the
PHREEQC input file in Table S1 and includes detailed
explanatory notes.

© 2010 Blackwell Publishing Ltd



Due to insufficient modeling capabilities our calculations
ignore the effect of total pressure (differing from
0.1013 MPa) on equilibrium constants. The eftect of vary-
ing total pressure on equilibrium constants can be assessed
by differences regarding the solubility of calcite. Renard
et al. (2005) calculated that the equilibrium constant of
calcite increases by a factor of 1.26 for an increase in sys-
tem total pressure from 0.1013 to 10.1325 MPa in pure
water at 298 K. Owen & Brinkley (1941) included the
partial molar volumes of dissolved species (Ca&) and
CO%@q)) in their calculation of calcite solubility at high
pressures. The resulting equilibrium constant of calcite
increases by a factor of 2.8 for an increase in system pres-
sure from 0.1013 to ~50 MPa in an aqueous NaCl solu-
tion at 298 K. Thus, the effects of total pressure on
equilibration can be neglected.

The assumption of thermodynamic equilibrium and
ideal behavior of components in solid solution carbonate
is also questionable. Moreover, heterogeneous solid solu-
tions can persist in metastable equilibrium with the aque-
ous solution. No kinetic aspects are considered in our
modeling. Reaction time is a key factor which controls
the precipitation of FDCP concretions in the ALH84001
meteorite. FDCP’s compositional zoning might reflect
dynamic and short-term processes of precipitation, disso-
lution or complete and incomplete re-equilibration.
(298 K) produced
poorly crystalline Fe carbonates and globules of Mg cal-

Experiments at room temperature
cite during 24 or 96 h of reaction time in response to
varying starting compositions of CO,-saturated aqueous
solutions containing Mg?*, Fe** and Ca?*ions (Golden
et al. 1999). Romanek ez al. (2009) synthesized carbon-
ates of mixed cation content (Fe, Ca and Mg) from an
aqueous solution at 298 and 343 K within less than
7 months. Low-temperature (<373 K) regimes in different
geological environments provide feasible boundary condi-
tions for the formation of ‘natural magnesite-siderite solid
solutions’ displaying ‘a significant incorporation of CaCO3
(up to 20 mol%) in their structures’ (Romanek ez al.
2009). Although our approach is not adequate to retrace
the dynamic processes of solid solution carbonate forma-
tion, it enables us to identify possible hydrogeochemical
prerequisites  for Mg—Fe—Ca carbonate formation and
preservation in aqueous solutions. Such hydrogeochemical
processes should trigger activities of dissolved species,q)
in aqueous solutions sufficient to achieve ion activity
products greater than Mg-Fe-Ca carbonate solubility
products.

MODELING RESULTS

Several modeling scenarios with various preassigned mod-
cling conditions are considered. We varied: (i) the path-
way of equilibration with mineral phases (re-equilibration;

© 2010 Blackwell Publishing Ltd
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suppression of re-equilibration), (ii) CO, partial pressure
(de-and increasing), (iii) water-to-rock ratios and (iv)
temperature. The parameter values tested in the different
scenarios are listed in Table 2. The results of nine differ-
ent scenarios will be discussed. The scenario names (e.g.
r-d-438-303) indicate: (i) re-equilibration or suppressed
re-equilibration (‘r-‘or ‘s-¢), (ii) decreasing, increasing or
constant CO, partial pressure (‘d-’, “i-> or ‘c-’), (iii)
water-to-rock ratio (‘4380-’, ‘438-> or ‘43.8-’) and (iv)
temperature or temperature range (‘303’, ‘278, ‘348’ or
€348/278’).
plete re-equilibration and decreasing CO, partial pressure
at different temperatures (303, 278 or 348 K) and vary-
ing water-to-rock ratio (438, 4380 or 43.8). Scenario
r-i-438-303 considers increasing CO, partial pressure and

Five scenarios named r-d-... consider com-

complete re-equilibration at 303 K and a water-to-rock
ratio of 438. Scenario s-d-438-303 considers suppressed
re-equilibration (303 K; water-to-rock ratio 438) while
pCO, is decreasing. Scenario r-d-438-348/278 considers
decreasing temperature (348 to 278 K) and complete
re-equilibration while pCO, is decreasing (water-to-rock
ratio 438). The last scenario r-c-438-348/278 considers a
constant pCO, (0.1013 MPa) coupled
temperature (348 to 278 K; complete re-equilibration;

to decreasing

water-to-rock ratio 438).

Effect of water-to-rock ratios on equilibrium species
distribution

Scenarios r-d-4380-303, r-d-438-303 and r-d-43.8-303
We calculated the equilibrium species distribution in the
modeling reactors for varying water-to-rock ratios (4380,
438 and 43.8 mol mol™'), decreasing pCO, (from
10.1325 to 0.0001 MPa) and complete re-equilibration at
303 K. The equilibration leads to: (i) complete dissolu-
tion of all primary silicate phases, (ii) negligible dissolu-
tion and precipitation of pyrite, (iii) dissolution and
precipitation of hydroxyapatite, (iv) massive precipitation
of ternary solid solution carbonate and SiO5(, coupled to
minor precipitation of Ca montmorillonite and (v) precip-
itation of magnetite coupled to precipitation of Mg-rich
carbonate (for details, see Table S10; scenario r-d-438-
303). The equilibrium conditions of the aqueous solution
display free proton and corresponding electron activities
ranging between pH 4.8 and pe -0.9 (pCO, 10.1325
MPa) to pH 8.1 and pe =5.3 (pCO, 0.0001 MPa). For a
water-to-rock ratio of 438 mol mol™ and pCO, decreas-
ing from approximately 6 to 0.0001 MPa, the modeled
compositional variation resembles the measured major ele-
ment composition of FDCP in ALH84001 (for the com-
positional
Fig. 2).
A similar compositional variation occurs for simulations

zoning trend of secondary carbonate, see

considering a lower water-to-rock ratio of 43.8 mol mol™*
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Calcite

O Measured
O r-d-438-303
==Magnetite precipitation
= r-d-43.8-303
o r-d-4380-303

/ Decreasing pCO,
o

Magnesite Siderite
Rim Core
<—— — — Magnetite inclusions observed

Fig. 2. Modeled compositional variation of solid solution carbonate. Model-
ing scenarios 1d-438-30, 1d-43.8-30, and 1d-4380-30 (1d: complete re-
equilibration and decreasing pCO,; 438 or 43.8 or 4 380: water-to-rock
ratio; 30: 30°C/303K). Range of modeled compositional variation leading
to magnetite precipitation is presented separately for scenario 1d-438-30.
Measured major element composition of ALH84001 carbonates (see Fig. 1
for comparison).

(scenario r-d-43.8-303). However, this resulting composi-
tional variation is limited to Mg-rich and Fe-poor carbon-
ate. The depressed compositional variation is achieved by a
larger ‘CO, buffer capacity’ which is provided by the rela-
tively larger quantity of primary silicate minerals at a low-
ered water-to-rock ratio of 43.8 mol mol™. Increasing the
level of pCO, to approximately 101 MPa
10.1325 MPa at a water-to-rock ratio of 43.8 mol mol™
is still insufficient to match observations (result not pre-
sented in Fig. 2 and Table 2).

The modeled compositional zoning expands over the

from

measured range to a nearly pure siderite at a higher water-
to-rock ratio of 4 380 mol mol™ and elevated levels of
pCO, (Fig. 2; scenario r-d-4380-303), due to a lower
‘CO, buffer capacity’. Moreover, the modeled composi-
tional variation at a water-to-rock ratio of 4380 mol mol™*
deviates from the trend of measured composition of FDCP
in ALH84001 (Fig. 2).

Effect of increasing pCO, on equilibrium species
distribution

Scenario r-i-438-303

Although the results from modeling scenario r-i-438-303
are not presented in detail here, we note that magnesite-
rich carbonate is precipitated first (at low levels of increas-
ing pCO,) followed by the precipitation of magnesio-side-
ritic carbonate (at elevated levels of pCO,). The resulting
inverse compositional zoning trend reflects an inverse
development of pCO,.

Effect of increasing temperature on equilibrium species
distribution

Scenarios r-d-438-278, r-d-438-303 and r-d-438-348

We also evaluated the effect of different temperatures
(278, 303 and 348 K) on species distribution at equilib-
rium. At a water-to-rock ratio of 438 mol mol™!, with
pCO, decreasing from 10.1325 to 0.0001 Mpa, complete
re-equilibration is achieved (Fig. 3: modeling scenarios,
r-d-438-278, r-d-438-303 and r-d-438-348). In contrast
to results at high equilibrium temperatures, modeled com-
positional variations at lower temperatures and decreasing
pCO, (approximately 1 to 0.0001 Mpa at 278 K; approxi-
mately 6 to 0.0001 Mpa at 303 K) reflect the trend of
measured major element composition of FDCP and the
observed precipitation of magnetite coupled to precipita-
tion of Mg-rich carbonate in ALH84001. Equilibration at
278 K (scenario r-d-438-278) results in higher siderite
contents at pCO, higher than approximately 1 MPa. The
sideritic component is limited at high temperatures
(348 K), even at the highest pCO, (10 MPa).

Effect of decreasing temperature (decreasing or constant
pCO,) on equilibrium species distribution

Scenarios r-d-438-348/278 and r-c-438-348/278

Scenarios r-d-438-348/278 and r-c-438-348/278 were cal-
culated to evaluate the effect of decreasing temperature
(348 to 278 K) on species distribution at equilibrium. At a

water-to-rock ratio of 438 mol mol™!, pCO, decreasing
from 10.1325 to 0.0001 MPa (scenario r-d-438-348/278)

Calcite

O Measured

O r-d-438-303
==Magnetite precipitation
o r-d-438-278
= r-d-438-348

Decreasing pCO,

Magnesite Siderite
Rim <—————— Core
<—— — — Magnetite inclusions observed

Fig. 3. Modeled compositional variation of solid solution carbonate. Model-
ing scenarios 1d-438-30, 1d-438-5, and 1d-438-75 (1d: complete re-equili-
bration and decreasing pCO,; 438: water-to-rock ratio; 30 or 5 or 75:
30°C/ 303K or 5°C / 278K or 75°C / 348K). Range of modeled composi-
tional variation leading to magnetite precipitation is presented separately
for scenario 1d-438-30. Measured major element composition of
ALH84001 carbonates (see Fig.1 for comparison).
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or constant at 0.1 MPa (scenario r-c-438-348/278), entire
re-equilibration is achieved while temperature is decreasing.
Modeling results (Fig. 4: scenarios r-c-438-348/278 and
r-d-438-348/278) indicate that decreasing temperature at
constant pCO, leads to compositional variation of solid
solution carbonate from magnesite (core; formed at
348 K) to magnesio-siderite (rim; formed at 278 K). By
contrast, FDCP in ALH84001 displays the reverse trend of
compositional variation [from magnesio-siderite (core) to
magnesite (rim)]. Moreover, FDCP’s observed broad range
of compositional variation is not retraced, and the modeled
compositional variation is limited to medium and low con-
tents of sideritic component (Fig. 4). The combination of
decreasing pCO, and decreasing temperature (scenario
r-d-438-348/278; Fig. 4) yields FDCP’s overall trend of
compositional variation from magnesio-siderite (core) to
magnesite (rim). By contrast, FDCP’s observed broad
range of compositional variation is not retraced, and mod-
eled compositional variation is limited to medium and low
contents of sideritic component (Fig. 4). Both scenarios
(r-c-438-348/278; r-d-438-348/278) show less congruence
with measured data than scenario r-d-438-303 (Fig. 2).

Effect of suppressed re-equilibration with secondary
carbonate

Scenario s-d-438-303

An alternative scenario considers suppression of re-equili-
bration with secondary carbonate. The controlling pCO, is
decreased from 10.1325 to 0.0001 MPa at 303 K (water-
to-rock ratio 438 mol mol™!). The generated secondary car-
bonate lacks the observed compositional variation of FDCP
in ALH84001 (results not presented in detail). Moreover,

Calcite

OMeasured
Wr-c-438-348/278
@r-d-438-348/278

Core Rim

348 K——= 278K

yA o

(Constant pCO,)

Magnesitel Siderite
278 K 348 K
Rim Core

Fig. 4. Modeled compositional variation of solid solution carbonate. Model-
ing scenarios 3d-438-75/5 and 3c-438-75/5 (3d: decreasing pCO,; 438:
water-to-rock ratio; 75/5: decreasing temperature 75°C [348K] to 5°C
[278K]; 3c: constant pCO,; 438: water-to-rock ratio; 75/5: decreasing
temperature 75°C [348K] to 5°C [278K]). Measured major element compo-
sition of ALH84001 carbonates (see Fig. 1 for comparison).
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negative saturation indices prohibit precipitation of magne-
tite even when magnesite-rich carbonates are formed.

DISCUSSION OF RESULTS AND
IMPLICATIONS

Our thermodynamically based modeling results give quanti-
tative support to the qualitative findings that Fe- and Mg-
rich aqueous solutions interacting with ultramafic rock at
high pCO, must have a lower pH (<7) and a low tempera-
ture (<373 K) to eventually precipitate Mg—Fe—Ca carbon-
ate similar to FDCP in a short period of time (hours or days)
from a dynamic aqueous system (Niles 2005; Niles ez al.
2006, 2009). Moreover, our modeling results indicate that:
(i) the release of Mg?*, Fe?*and Ca®* by dissolution of orth-
opyroxenite in acidified water, (ii) precipitation of SiOs(ym),
(iii) precipitation of Mg-Fe—Ca solid solution carbonate
with a distinct range and compositional zoning trend, and
(iv) precipitation of magnetite coupled to Mg-rich carbonate
can be driven by a high and decreasing carbon dioxide partial
pressure. At temperatures between 348 and 278 K, FDCP’s
overall compositional variation trend from magnesio-siderite
(core) to magnesite (rim) is retraced by modeling scenarios
which consider an isothermal temperature regime (278 or
303 K). Decreasing temperature (348 to 278 K) at constant
pCO, results in the formation of solid solution carbonates
which display a reverse compositional variation trend from
magnesite (core) to magnesio-siderite (rim). This impact of
decreasing temperature on the compositional variation trend
is overcompensated by the effect of decreasing pCO,
(10.1325 to 0.0001 MPa).

The compositional zoning trend of modeled solid solu-
tion carbonate is characterized by the formation of magne-
sio-siderite (core) at high levels of pCO, and to the
formation of magnesite (rim) at low levels of pCO,. Relative
iron depletion and enrichment of magnesium related to a
decrease in pCO; results from thermodynamic constraints.
Thermodynamic solubility constants of solid solution car-
bonate end-members — siderite, magnesite and calcite — dif-
fer by more than two orders of magnitude. Siderite is
characterized by a considerably lower solubility than magne-
site and calcite (FeCOj = Fe?* + CO?; log_k=-10.89;
MgCO; = Mg®* + CO3™; log k = -8.029. CaCOj;=
Ca®* + CO%7; log_k = —8.48; 278 K). An assumed aqueous
solution at 278 K that is characterized (for the sake of sim-
plicity) by an activity of free Fc(z,;l) ions (ﬂFc(zatl)) that equals
the activity of free Mg%;;) ions at a given activity of free
CO%(aq) ions (nCOg(_aq)) assists in explaining why higher
pCO, favors Fe-rich solid solution carbonates while lower
pCO, favors Mg-rich carbonates. Assumed activity of
CO%({KD is too low to achieve positive saturation indices
(Sliderice and  Syagnesice) At given activities  of Fefafl)
(=pLMg(2;1)) due to low pH at starting conditions. A stepwise
increase in ﬂCO%@q) due to increasing pH of the aqueous
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solution would first lead to siderite saturation. Siderite
would precipitate while magnesite’s SI is still negative if only
the pure end-members are considered. Therefore, siderite is
characterized by a greater ‘pH stability’ (stable at lower pH)
compared with magnesite. Higher pCO, leads to lower pH,
and thus to the precipitation of siderite. Thermodynamic
equilibrium constants of the pure end-members — siderite
and magnesite (and calcite) — govern the composition and
mass transfer of ternary solid solution carbonate. As ideal
behavior of all components is assumed and activity coeffi-
cients for components of solid solution carbonate phases
and miscibility gaps are not considered, decreasing pCO,
will lead to the precipitation of Fe-rich carbonates first at
high pCO, (approximately 10 MPa) and low pH if solid
solution carbonate is considered. Model systems exposed to
a high initial pCO, are characterized by the lowest pH (pH
4.8; Table S10). Ongoing precipitation of Fe-rich carbon-
ates would drive the activity ratio nFc(Z;l)/ ﬂMg(ZaE) towards
more Mg-rich conditions in the aqueous solution. More-
over, lower pCO, (higher pH) would favor the precipitation
of Mg-rich carbonates. FDCP’s compositional variation
varies from magnesio-siderite (Fe-rich core) to magnesite
(Mg-rich rim) and is retraced by modeling scenarios which
consider decreasing pCO,. In scenarios which consider
decreasing temperature, FDCP’s observed that the range of
compositional variation is not retraced, and modeled com-
positional variation is limited to medium and low contents
of sideritic component. Increasing temperature (278-
348 K) produces the same overall effect on the composi-
tional variation of solid solution carbonate (decreasing the
sideritic component) as decreasing pCO,.

CONCLUSIONS

At the water-to-rock ratios, pCO, and temperatures consid-
ered, interactions of primary silicate phases with the aqueous
solution are unlikely to reach solubility equilibrium. These
interactions are predominantly irreversible. The primary sili-
cate phases of the phase assemblage in the reactor (Table 1)
can be completely dissolved in 1.0 | of the aqueous solution.
The resulting negative saturation indices indicate that the
applied equilibrium constants are not key factors controlling
the modeled interactions of primary silicate phases with the
aqueous solution. By contrast, the type and amount of pri-
mary silicate phases are key factors. Within our preferred sce-
narios of complete re-equilibration at 303 or 278 K,
decreasing pCO, from approximately 1 to 0.0001 MPa at
278 K or from approximately 6 to 0.0001 MPa at 303 K,
and a water-to-rock ratio of 438, equilibration leads to: (i)
complete dissolution of all primary silicate phases, (ii) negli-
gible dissolution and precipitation of pyrite, (iii) dissolution
and precipitation of hydroxyapatite, (iv) massive precipita-
tion of ternary solid solution carbonate and SiO,(,, coupled
to minor precipitation of Ca montmorillonite and (v) pre-

cipitation of magnetite coupled to precipitation of Mg-rich
carbonate. The modeled compositional variation of the solid
solution carbonate resembles the measured major element
composition of FDCP in ALH84001 and its compositional
zoning trend.

A high and decreasing carbon dioxide partial pressure
can trigger hydrogeochemical conditions enabling the for-
mation of a secondary mineral phase assemblage with dis-
tinct composition (including Mg-Fe—-Ca carbonate with a
distinct trend of compositional zoning, SiOj,m), magne-
tite). Formation of a secondary phase assemblage similar to
FDCP in the ALH84001 meteorite can be enabled by
low-temperature and isochemical weathering reactions of
orthopyroxenite in water. A key factor is a dynamic gas
pressure regime with decreasing pCO, (approximately
1 to 0.0001 MPa at 278 K or approximately 6 to
0.0001 MPa at 303 K) during subsurface weathering.

PROBABLE SETTING ON EARLY MARTIAN
SURFACE

Although our hydrogeochemical models are of a generic
nature, we propose a geological setting for FDCP forma-
tion in ancient Martian crust. Environments capable of
FDCP formation (i) orthopyroxenite-bearing
rocks less than approximately 500 m below the Martian

require:

surface, (ii) adequate surface temperatures and thermal
gradients, (iii) groundwater infiltration into fractures of
the host rock, (iv) accumulation of CO, in a sealed aqui-
fer, (v) an anoxic atmosphere with pCO, in the range of
0.01 to 0.0001 MPa, and (vi) cap rock disintegration to
enable degassing of CO,(,) towards atmospheric pCO,
conditions.

The crystallization age of orthopyroxenite in ALH84001
is estimated to be 4.5 Gyr (Nyquist et 2l 2001) and
FDCP formation 0.5-0.6 Gyr later (Corrigan & Harvey
2004). The first ALH84001 shock event is speculated to
be 4.0 Gyr in age (Ash er al. 1996), and is argued to have
fractured the orthopyroxenite (McKay et al. 1996). Weak
greenhouse models suggest that Martian surface tempera-
tures may have remained below freezing throughout heavy
bombardment in the Late Noachian (approximately 4.0 to
3.8 Gyr). At the end of heavy bombardment, temperatures
may have remained close to freezing even with strong
greenhouse situations characterized by a thick H,O-CO,
atmosphere with elevated levels of pCO, (0.05-0.1 MPa;
Carr 1999). The existence of groundwater reservoirs (Trei-
man 2008) locally sealed by an impermeable cryospheric
layer is one consequence of the climatic conditions at the
end of heavy bombardment. CO, hydrate would accumu-
late above CO,-charged groundwater, with thickening
cryosphere extending downwards into the stability field
of CO, hydrate. The low thermal conductivities of
gas hydrate may permit existence of liquid water in

© 2010 Blackwell Publishing Ltd



near-surface groundwater reservoirs (Kargel ez al. 2007).
Resulting pCO, may reach elevated levels of 1-6.1 MPa in
groundwater beneath a gas hydrate stability zone. Solubil-
ity of CO; in liquid and pure water inside the stability field
of, and in equilibrium with, CO, hydrate at 278 K and
3 Mpa is in the range of 0.02 mol mol™ (equivalent to
approximately 1.1 mol kgw™'; Zatsepina & Buffett 2001).
Our modeling results (scenario r-d-438-278 indicate that
siderite-rich carbonate with FDCP’s core composition is
precipitated at 278 K when decreasing pCO, achieves
approximately 1 MPa. Coexisting aqueous solutions (sce-
nario r-d-438-278) are characterized by high carbon diox-
ide concentrations in the range of 1.4 to 0.7 mol kgw™
(pCO5: 2 to 1 MPa) and enable coexistence of CO,
hydrate at 278 K (pCO,: 2 MPa). These high pCO, and
aqueous carbon dioxide concentrations could drive precipi-
tation of magnesio-siderite cores and amorphous SiO; cou-
pled to intense dissolution of orthopyroxenite in a sealed
groundwater reservoir.

Pulses of high heat flow due to increased volcanic
activity or effects induced by the thermally insulating lay-
ers of CO, hydrate (Kargel ez al. 2007) could have trig-
gered the dissociation of CO, hydrate, fracturing of
sealing cryosphere and outbursts of liquid water and
COyg/aq) from the aquifer. ‘Local CO,-driven water
fountains’ (Bargery et al. 2008) may lead to a rapid
decrease in pCO, towards atmospheric conditions and
induce the precipitation of magnesite-rich rims with
magnetite inclusions. Our modeling results (scenario r-d-
438-278) indicate that magnesite-rich  carbonate
(>70 mol% MgCOg3; including magnetite) with FDCP’s
rim composition is precipitated at 278 K when decreas-
ing pCO, achieves approximately 0.001 MPa. Coexisting
aqueous solutions are characterized by low carbon diox-
ide concentrations in the range of 0.007 to
0.006 mol kgw™ (pCO,: 0.001 to 0.0005 MPa) which
prevent formation of stable CO, hydrate and may lead
to further dissociation and destabilization of sealing CO,
hydrate. Our proposed scenario ends with subsequent
shock events, which (partly) thermally decompose Fe-
bearing carbonate and promote additional magnetite for-
mation (Brearley 1998).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Tables S1-S9 are provided to run PHREEQC modeling
with original input files and input files modified by readers.
Fig. S1 is provided as an Excel file to encourage plotting
of modeled results from selected output files. The link to
US Geological Survey’s PHREEQC Welcome Page is given
to enable a free download of PHREEQCWin.

Table S1. Phreeqc input file for scenario r-d-438-303.

Table S2. Phreeqc input file for scenario r-d-4380-303.

Table S3. Phreeqc input file for scenario r-d-43.8-303.

Table S4. Phreeqc input file for scenario r-d-438-278.

Table S5. Phreeqc input file for scenario r-d-438-348.

Table S6. Phreeqc input file for scenario r-i-438-303.

Table S7. Phreeqc input file for scenario s-d-438-303.

Table S8. Phreeqc input file for scenario r-d-438-
348/278.

Table S§9. Phreeqc input file for scenario r-c-438-
348/278.

Table S10. Seclected output file (in parts) for scenario
r-d-438-303.

Figure S1. Excel file to encourage plotting of modeled
results from selected output files.
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