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The chemical and isotopic pattern of the zoned carbonate globules in the ALH 84001 meteorite reveals a
unique aqueous environment on early Mars. If the evolution of the fluid composition was dictated primarily
by carbonate precipitation, the zoning pattern of the carbonates can constrain the fluid to have had an Mg/Ca
mole ratioN~5.3 and a Fe/Ca mole ratioN~1 prior to the formation of the carbonates. Chemical equilibrium
modeling of water–rock interactions indicates that low temperatures and low pH favor the formation of an
aqueous solution with elevated Mg and Fe concentrations. The modeling shows that a sufficiently Fe- and
Mg-rich fluid could have formed through low-temperature (b100 °C) subsurface aqueous alteration of an
ALH 84001-type rock at pH 5–7. This range of pH corresponds to an elevated CO2 fugacity (~0.1–1 bar).
Formation of ALH 84001 carbonates could have been driven by degassing of CO2 and corresponding pH
increase in near-surface environments during an upwelling of subsurface CO2-rich solutions. This scenario is
consistent with the unaltered nature of the ALH 84001 rock and with chemical and isotopic composition of
its carbonates.

© 2009 Published by Elsevier B.V.
1. Introduction

The detailed chemical and geological characteristics of aqueous
systems on Mars have long been sought after for information
regarding the history of water. While recent orbital and landed
missions toMars have significantly advanced our understanding of the
history and abundance of water, this has just exposed many new
questions about how water has interacted with the planet. Results
from the Mars Exploration Rovers (MER) reveal sediments left behind
by aqueous systems dominated by acidic sulfate-rich solutions
(Squyres et al., 2004; Squyres and Knoll, 2005; Ming et al., 2006).
Widespread detection of sulfates on the surface of Mars by the Mars
Express orbiter has prompted some to suggest that they represent a
whole epoch where aqueous systems were dominated by sulfur-rich
acidic solutions and that clay minerals detected in older terrain on
Mars represent an earlier epoch of more alkaline aqueous environ-
ments (Bibring et al., 2006).

Martian meteorites have provided a perspective of aqueous
systems (Bridges et al., 2001) that has been different from the view
provided by orbital photography and spectroscopy, as well as data
from landers (e.g. McSween et al., 1999; Bandfield et al., 2000;
+1 281 483 1573.
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Craddock and Howard, 2002; Clark et al., 2005). One of the key
reasons for these discrepancies is that many of the Martianmeteorites
aremuch younger than the aqueous events observed, and thus may be
not representative of the appropriate ages or locations on Mars to
provide information regarding its aqueous history. This is not true of
ALH 84001 whose ancient crystallization age indicates that it has
experienced almost all of Mars' history. In addition, the 3.9 Ga age of
the carbonates (Borg et al., 1999) in this specimen places their
formation at the time of late heavy bombardment that could have
caused impact-generated fluvial activity (Segura et al., 2002) and
intense erosion by surface fluids (Craddock and Howard, 2002). The
ancient age of the ALH 84001 meteorite may indicate that it came
from the heavily cratered highlands, which preserve valley networks
that have been hypothesized to have formed around the same time as
the ALH 84001 carbonates (Carr and Clow, 1981; Pieri, 1976).

1.1. ALH 84001 carbonates

The carbonates in the ALH 84001 meteorite provide an opportu-
nity to understand the details of an ancient aqueous system on Mars.
Their unique chemical, isotopic, andmineralogical compositions point
toward the prospect of making conclusive statements about the
geological conditions inwhich they formed including the composition
of the fluids, temperature, and association with the atmosphere, and
possible influence of life.
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The chemical composition of the ALH 84001 carbonates has been
characterized using a great variety of analytical techniques including
electronmicroscopy (Mittlefehldt,1994;McSween,1996; Gilmour et al.,
1997; Harvey and Corrigan and Harvey, 2004), time of flight secondary
ion mass spectrometry (ToF-SIMS) (Holland et al., 2000), X-ray
fluorescence microprobe (Flynn et al., 1997), and Raman spectroscopy
(Cooney et al., 1999; Steele et al., 2007). The major element composi-
tions are entirely constrained in a single field on the Ca, Mg, and Fe
ternary diagram (Fig. 1). This field ranges from pure calcium carbonate
to almost pure magnesium carbonate (Ca5Mg95Fe0) (Harvey and
McSween, 1996; Eiler et al., 2002; Corrigan and Harvey, 2004).

The carbonates appear as zoned globules or fragments thereof that
consistently grade from more Ca-rich compositions on the interior to
more Mg-rich compositions on their exterior (Fig. 1) (Harvey and
McSween, 1996). It is very uncommon for a single globule to possess
the entire range of compositions, and they frequently only sample the
more Mg-rich sequence. However the entire range of chemical
compositions in a single globule has been observed in rare instances
(Corrigan and Harvey, 2004). In other rare instances the sequence
seems to repeat itself with a zoned fragment of Mg-rich carbonate
enclosed by more Ca-rich compositions (Ca76Mg12Fe05Mn06) that
grade into more intermediate compositions (Ca15Mg51Fe32Mn02)
(Holland et al., 2005).

Anders (1996) suggested that the chemical variations observed in
the ALH 84001 carbonates are caused by differences in the solubility
products of the different carbonate minerals. This notion is consistent
with laboratory experiments of Golden et al. (2001, 2000). Building
upon the previous studies mentioned above, this work seeks to use
the unusual zoning and Mg-rich chemical compositions of the
predominant ALH 84001 carbonate globules as a constraint for the
chemical composition of their original fluid. These constraints can
then be used to understand formation and evolution of these fluids
through interactions with rocks and an early Martian atmosphere.

2. Methods

The nature of ALH 84001 as a meteorite precludes any knowledge
of the geologic environment in which it existed when the carbonates
were deposited. For the purposes of this study, we assume that ALH
84001 was a typical rock in that geologic environment and that the
chemical composition of dissolved species in the water, from which
the carbonates formed, was primarily influenced by interaction with
rocks of a similar composition to ALH 84001.
Fig. 1. The ternary diagram showing the molar composition of ALH 84001 carbonates
indicated by the gray field (Corrigan and Harvey, 2004; Harvey and McSween, 1996).
Arrows indicate the proposed evolution of carbonate composition with precipitation. In
general, the earliest forming carbonates are the most Ca-rich, while the later forming
carbonates are the most Mg-rich.
This interaction can be understood using calculations of chemical
equilibria inwater–rock systems. The thermodynamic modeling is not
used here to address the carbonate precipitation event; it is instead
aimed at better understanding the fluid–rock interaction that
occurred prior to the precipitation of the carbonates. Thermodynamic
modeling of fluid–rock interaction has been applied successfully using
this technique in many studies starting with pioneering works of
Helgeson [e.g. 1979].

A series of equilibrium fluid and secondary mineral compositions
were calculated at various water/rock (W/R) ratios, CO2 fugacities
(fCO2), and temperatures at total pressure of 5 bar. Varying the total
pressure did not affect the results in any significant way, and having a
higher pressure allowed for modeling aqueous systems at tempera-
tures greater than 100 °C. CO2 fugacity was held at a fixed value, so the
system was held open to CO2 but remained closed to everything else.
The major elements in the bulk composition of ALH 84001 meteorite
(Lodders,1998) were included in our system (H–O–C–Fe–Mg–Ca–Na–
Al–Si) and the ALH 84001 bulk composition was normalized to
exclude theminor elements. The simplified composition of ALH 84001
type rock was as follows (inwt.%): SiO2: 53.58, Na2O: 0.14, Al2O3: 1.31,
FeO: 17.76, CaO: 1.85, andMgO: 25.37.We used the GEOCHEQ program
(Mironenko et al., 2008) to calculate chemical equilibria using the free
energy minimization method. The minerals, gases and aqueous
species included in the geochemical modeling are shown in Table 1.
The redox potential of the system was obtained through equilibrium
calculations.

Kinetic factors can play a significant role in inhibiting mineral
dissolution and precipitation at the low temperatures (25 °C) used in
this study(Burns, 1993; Pfeifer, 1977; Brantley et al., 2003). We can
account for some of these effects by suppressing certain minerals in our
calculations which prevents them from forming. However, the calcula-
tions do assume stoichiometric dissolution of the primary mineral
phases and this is can be complicated by kinetic factors (Burns,1993). In
this case, ALH 84001 ismade up almost entirely of orthopyroxenewhich
shows stoichiometric dissolution over longer timescales under moder-
ately acidic conditions (Burns, 1993; Brantley and Chen, 1995).

At temperatures 50 °C and below, we excluded formation of
antigorite, talc, tremolite, Mg anthophyllite, magnesite, huntite,
dolomite, siderite, and graphite. These exclusions were based on the
composition of solutions associated with ultramafic rocks on Earth
(Bruni et al., 2002; Pfeifer, 1977). Most of these fluids show strong
supersaturation for the above minerals below ~50 °C. For example,
dolomite andmagnesite are supersaturated in thesewaters as they are
kinetically inhibited from precipitating at lower temperatures
(Lippmann, 1973). Hydromagnesite and calcite/aragonite do not
show these supersaturations and are also frequently observed in
low-temperature alteration assemblages (e.g. O'Neil and Barnes,
1971). Pfeifer (1977) indicated that sepiolite was among this set of
minerals that did not precipitate at low temperatures, however,
sepiolite is found in low-temperature alteration assemblages of
ultramafic rocks (Holland, 1978; Bruni et al., 2002). Therefore,
sepiolite was included in our low-temperature calculations. At
temperatures below 100 °C antigorite, talc, graphite, and methane
are excluded from the calculations. Methane was excluded because of
its very slow abiotic formation at low temperatures (McCollom and
Seewald, 2007).

The water/rock mass ratios used vary from 1 to 104. The very high
W/R ratios are useful for approximating the scenario where the water
has reacted with a small amount of rock, for example, at the beginning
of alteration. In this way, decreasing W/R ratio can be used as a proxy
for rock alteration progress (Helgeson, 1979).

3. Results

We calculated equilibrium compositions in water–rock system at a
variety of water/rock ratios, temperatures, and fCO2 to evaluate the



Fig. 2. The calculated concentrations of aqueous species versus W/R ratio at 25 °C and
an fCO2 of 0.1 bar. At the highest W/R ratios, the concentration of aqueous species
resembles the concentration of the host rock as secondary phases do not form. As
water/rock ratios decrease below 100, there is very little effect on the relative
proportions of Mg2+, Fe2+, and Ca2+.

Table 1
Minerals used in equilibrium thermodynamic modeling. Thermodynamic data from
Shock et al. (1989), Shock et al. (1997), and Helgeson et al. (1978).

Mineral
Akermanite Sepiolite
Amorphous Silica Siderite
Andradite Talc
Anorthite Tremolite
Anthophyllite Wairakite
Antigorite Wollastonite
Aragonite Zoisite
Artinite Aqueous Species
Boehmite Al3+

Brucite AlO+

Ca–Al–Pyroxene AlO2−

Calcite AlOH2+

Chalcedony Ca2+

Chrysotile CaCO3,aq
Clinochlore CaHCO3

+

Clinozoisite CaHSiO3
+

Goethite CaOH+

Cordierite, hydrous CO,aq
Daphnite,14A CO2,aq
Diaspore CO3

2−

Diopside Fe2+

Dolomite Fe3+

Enstatite FeO,aq
Epidote FeO+

Fayalite FeO2−

Ferrosilite FeOH+

Ferrotremolite FeOH2+

Forsterite H+

Gibbsite H2,aq
Graphite HAlO2,aq
Greenalite HCO3

−

Grossular HFeO2
−

Hedenbergite HFeO2,aq
Hematite HSiO3

−

Huntite Mg2+

Hydromagnesite MgCl+

Kaolinite MgCO3,aq
Laumontite MgHCO3+

Lawsonite MgHSiO3+

Magnesite MgOH+

Magnetite O2,aq
Margarite OH−

Monticellite Gases
Nesquehonite CO
Portlandite CO2

Prehnite H2

Pyrophyllite H2O
Quartz O2

124 P.B. Niles et al. / Earth and Planetary Science Letters 286 (2009) 122–130
effect of each variable on solution composition and secondary
mineralogy. The calculations show that the solution composition
does not vary significantly at W/R between 1 and 100 (Fig. 2). At W/
Rb1000, solution composition reflects precipitation of mineral
phases. Calculated solutions are very dilute at the highest W/R ratios
(N103), precipitated minerals were not abundant, and did not
significantly affect solution composition. At these high W/R ratios,
the solution composition is similar to the overall bulk composition of
the rock.

Over all of the considered W/R ratios, temperatures below ~100 °C
tend to yield solutions with higher Mg/Ca and Fe/Ca ratios while
higher temperatures yielded solutions withmuch lower ratios (Fig. 3).
The concentrations of Fe2+ and Mg2+ are strongly affected by
temperature which acts to decrease the solubilities of their parent
minerals (Fig. 4). The concentration of Ca2+ is not strongly affected by
increasing temperatures and thus Mg/Ca and Fe/Ca ratios decrease
steadily with increasing temperature. The concentration of Fe2+ is
depressed by the formation of Fe-rich serpentine (greenalite) at
temperatures N100 °C. Likewise, Mg2+ concentrations decrease with
the precipitation of Mg-rich serpentine at higher temperatures. The
concentration of Ca2+ is not affected as it precipitates out only in Ca-
bearing carbonate which does not increase significantly at higher
temperatures (Fig. 5). Under most conditions used in this study, Ca-
bearing minerals were not stable at higher temperatures while Mg
and Fe bearing minerals were dominant. At temperatures 50–100 °C,
secondary mineralogy is typically dominated by carbonate minerals
such as siderite, magnesite, and dolomite. Under the conditions of
lower temperatures (b50 °C) and higher fCO2, pH decreases (Fig. 6)
and secondary minerals include silica, calcite, hydromagnesite, Fe-,
Mg-rich chlorite, Fe-, Mg-rich serpentine minerals, and kaolinite.

Fugacity of CO2 also strongly influences the concentrations of Mg2+

and Fe2+ in solution (Fig. 6). Increasing fCO2 results in a decrease in pH,
allowing for increased solubility of Mg- and Fe-rich minerals (Fig. 6). This
causesMg/Ca and Fe/Ca ratios to increasewith increasing fCO2 since Ca2+

remains less affected. The fugacityof CO2 is theprimarydriverof pH in this
system (Fig. 6), with higher fCO2 resulting in lower pHwhich ranges from
4.7 to 9.9 throughout the range of conditions considered. At any
temperature, fluids in equilibrium with fCO2 below 0.1 bar are depleted
in Fe2+ and Mg2+ relative to Ca2+ (Fig. 8).

4. Discussion

4.1. Constraints on original fluid composition

Strong constraints can be placed on the chemical composition of
the fluid that formed the ALH 84001 carbonates if a few assumptions
are made. The first assumption is that the Ca-rich carbonates
precipitated first followed by the Mg-rich carbonates. This is strongly
supported by the petrographic relationships documented in a number
of studies (Harvey and McSween, 1996) where Ca-rich phases are
located on the interior of the carbonate globules and Mg-rich
compositions are located on the outer edges.

The second assumption is that the ALH 84001 carbonate globules
formed from a single fluid. This is supported by the following: (1) the
chemical composition of the globules varies smoothly and evenly from
core to rim according to differences in solubilities of each carbonate
composition (Anders, 1996); (2) the oxygen isotope composition of
the carbonates varies smoothly with Mg-content (Leshin et al., 1998)
implying the evolution of a single system rather than fluid mixing;
(3) laboratory experiments using a single fluid can successfully
recreate the Mg-rich rims observed on the ALH 84001 carbonates
(Golden et al., 2000); and (4) the petrographic occurrence of globules
as single continuous entities that suggest formation in a single event
(Treiman, 1995).



Fig. 3. The calculated Mg/Ca and Fe/Ca mole ratios in aqueous solution for different W/R ratios and temperatures. Colors indicate either Mg/Ca ratio or Fe/Ca ratio. In each case,
warmer colors represent solution compositions that are consistent with the constraints provided by the ALH 84001 carbonates while dark purple indicates solution compositions
incompatible with our constraints. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The third assumption is that the chemical composition of the fluid
evolved solely due to the precipitation of carbonates that were more
Ca-rich than an original bulk composition of aqueous solution. The
minimum initial Mg/Ca ratio of the formation fluid is dictated by the
bulk chemical composition of the carbonates and the Mg-rich nature
of the final phases. If the composition of the fluid changed through the
precipitation of the carbonates, a significant portion of the Ca2+ in the
fluid must have been consumed by carbonate precipitation in order to
significantly change the Mg/Ca ratio in the fluid. It follows that if the
initial Mg/Ca ratio of the fluid was less than the average Mg/Ca ratio
of the carbonate globules, then the solution would have a lower Mg/
Ca ratio after precipitating the carbonate. This is inconsistent with the
chemical composition of the carbonates, which show an ever-
increasing Mg/Ca ratio as precipitation proceeded. Thus, the Mg/Ca
ratio of the fluid must have remained greater than the Mg/Ca ratio of
the carbonate throughout the precipitation of the globules. Thus, the
initial fluid must have had an Mg/Ca ratio that was greater than the
Mg/Ca ratio of the bulk carbonates, which is ~5.3 (Mittlefehldt, 1994).
Likewise, the high Fe content of the carbonates indicates high iron
content in the original solution.

The initial Mg/Ca ratio of the solution is an important factor
affecting the chemical composition of the precipitated carbonates. If
the initial Mg/Ca ratio was too high, the fluid would have been
incapable of precipitating Ca carbonate during the initial stages of the
reaction. The precipitation of Ca carbonates has been observed in
laboratory experiments with Mg/Ca ratios as high as 30 at 20 °C
(Pokrovsky, 1996). The preference for Ca carbonates over Mg
carbonates even at high Mg/Ca ratios is due to kinetic effects
inhibiting Mg-rich carbonate formation associated with the behavior
of the Mg2+ ion (Lippmann, 1973). As the initial fluid temperature



Fig. 4. The concentrations of aqueous species versus temperature at W/R ratio of 100
and an fCO2 of 0.5 bar. Above 100 °C Fe/Ca ratios plunge well below 0.1, an order of
magnitude lower than the constraint poised by the ALH 84001 carbonates.
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increases, the maximum Mg/Ca ratio that still allows Ca carbonate
precipitation decreases (Pokrovsky, 1996).

The Fe/Ca ratio of the solution was also elevated because the ALH
84001 carbonates incorporate significant amounts of iron. The high
average Fe/Ca ratio in the carbonates (~1) dictates that the Fe2+

concentration of the solution needed to be comparable to the Ca2+

concentration. The last carbonates to precipitate are Mg-rich and are,
Fig. 5. Calculated molar amounts of cations incorporated into secondary minerals at
different temperatures for 10 g rock,W/R=100 and fCO2 of 0.5 bar. The y-axis indicates
the number of moles of either Ca, Mg or Fe depending on the mineral.

Fig. 6. Top plot shows concentrations of aqueous solutes versus fCO2 atW/R=102 and a
temperature of 25 °C in a water–rock system where rock is presented by ALH 84001-
type composition. Bottom plot shows the pH of aqueous solution versus fCO2 at
temperature of 25 °C, reacted with an ALH 84001-type rock at different W/R ratios.
therefore, depleted of both Fe and Ca. This suggests that both Fe and Ca
became significantly depleted through the initial precipitation of the
carbonates. While it is possible that there was much more Fe2+ in the
solution initially and that it was lowered through the precipitation of
minerals, it is very unlikely that the initial Fe2+ concentration was
significantly lower than the Ca2+ concentration because of the Fe-rich
nature of the carbonate globules. Thus, an initial solution with a Fe/Ca
ratio that was less than ~1 by an order of magnitude or more would
not be capable of precipitating the ALH 84001 carbonates.

4.2. Insights from modeling results

The results from the thermodynamicmodeling show that solutions
with high concentrations of Mg2+ and Fe2+ could form through an
interaction with the ALH 84001 type rocks at lower temperatures and
higher fCO2. Despite the Mg-, and Fe-rich nature of the rock, suitable
solutions for Mg/Ca and Fe/Ca ratios are only produced at low
temperatures (b100 °C) and high fCO2 (partial pressuresN0.1 bar), or
W/RN104 (Figs. 3 and 8). Outside of these limits, Fe/Ca ratios become
lower than the constraint of ~1 by more than an order of magnitude
(Fig. 4). These limits are dictated by the secondary minerals formed
under those conditions. At temperatures N100 °C, Fe2+ and Mg2+

precipitate into serpentine minerals and iron oxides while Ca2+

remains in the solution (Figs. 4 and 5). The partial pressure of CO2

strongly affects the pH of the solution and higher pH enhances the
stability of serpentine minerals (Fig. 7). Water/rock ratios above ~104

were not considered because they would not produce solutions
saturated with respect to carbonates.



Fig. 7. Moles of cations incorporated into secondary minerals versus fCO2 at 25 °C and
with 10 g of rock and W/R=100. Both Fe- and Mg-rich silicates have greater solubility
with increasing fCO2 (and corresponding decreasing pH), while Ca-bearing carbonates
are not strongly affected in the pH ranges modeled. The y-axis indicates the number of
moles of either Fe, Ca, or Mg depending on the mineral. Goethite is present at all CO2

fugacities but only in very small amounts that are not visible on the graph.
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While we rule out very dilute solutions formed from water/rock
ratios greater than ~104; solutions formed with low W/R (b~102) are
also unlikely. Equilibrium compositions calculated at low water/rock
ratios may represent extensive aqueous alteration of the host rock.
Such an alteration is inconsistent with the oxygen isotope composi-
tion of the ALH 84001 carbonates that indicate that they are not in
equilibrium with the host rock (Farquhar et al., 1998; Treiman and
Romanek, 1998) and that significant water–rock interaction did not
happen. Thus, a low temperature alteration (at 100bW/Rb10000) of
a rock similar to ALH 84001 by solutions with moderate pH (possibly
caused by elevated CO2) is consistent with these isotopic data. This is
also consistent with the composition of spring waters produced from
ultramafic rocks (Barnes and O'Neil, 1969; Pfeifer, 1977; Barnes et al.,
1982; Bruni et al., 2002). Studies of the evolution and development of
waters reacting with ultramafic rocks have shown that the inter-
mediate pH (6–9) magnesium bicarbonate rich waters are the result
of limited interaction with the ultramafic rocks, while fluids with
pHN~10 are the product of extensive interactions (Bruni et al., 2002).

The presence of Fe-rich carbonate in ALH 84001 without Fe-rich
clayminerals similar to “iddingsite” found in othermartianmeteorites
(Bridges et al., 2001) is inconsistent with strongly alkaline pH andmay
imply CO2-rich (fCO2N0.1 bar) environment of carbonate deposition.
The siderite-Fe2+-phyllosilicates transition at fCO2=0.1 and 25 °C
(Catling, 1999) is similar to the 0.1 bar threshold observed in this
study. A CO2-rich solution is also consistent with theMg-rich nature of
the ALH 84001 carbonates, since Mg-rich carbonates are favored in
systems with elevated CO2 concentrations (Pokrovsky, 1996).

Other species such as sulfur oxides, HCl, and oxidizing sulfides
have been proposed to be responsible for very acidic (pHb3) solutions
on Mars (Banin et al., 1997; Zolotov and Shock, 2005). This is probably
not the case for the solution that formed the ALH 84001 carbonates.
The presence of carbonates suggests that the solutionwas atmost only
mildly acidic, and the lack of sulfates and chlorides in ALH 84001
suggests that S and Cl were not dominant species in the solutionwhen
the carbonates precipitated. Therefore we favor CO2 to be the cause of
the mildly acidic conditions (pH=5–7). Degassing of CO2 could also
be responsible for the carbonate deposition, as discussed below.

4.2.1. Deposition conditions of ALH 84001 carbonates
Two dominant views have emerged regarding the formation

environment of the ALH 84001 carbonates. One hypothesis contends
that the ALH 84001 carbonates have a number of characteristics that
indicate their low temperature (b~100 °C) deposition in a dynamic
environment (Valley et al., 1997; Warren, 1998; McSween and Harvey,
1998; Niles et al., 2005). While the other hypothesis suggests that the
carbonates formed in a rapidly cooling environment which is initially
higher temperature (N150 °C) and cools to ~30 °C (Romanek et al.,
1994; Eiler et al., 2002; Steele et al., 2007). Both of these views attempt
to tie together the wide variety of data collected from this meteorite
and synthesize it into a reasonable scenario.

The results of this study suggest that the ALH 84001 carbonates
formed from an Mg-, Fe-rich fluid whose temperature did not exceed
~100 °C (Fig. 3) and was initially moderately acidic (pH=5–7). Our
work demonstrates that acidic pH could be due to elevated fCO2. This
seems to support the low temperature hypothesis because at higher
temperatures Fe2+ would be precipitated. However, as total pressure
increases above 500 bars higher Fe2+ concentrations can be obtained
in the fluid at higher temperatures (Koziol, 2004). This could allow
higher temperature fluids (N100 °C) to be capable of precipitating the
ALH 84001 globules, but much higher total pressures than those used
in this study (5 bars) must be present to retain enough Fe2+ in the
solution.

The results of this study further constrain the conditions of a low
temperature formation environment to have a relatively low pH (5–7).
Thus higher pH fluids like those proposed in Niles et al. (2005)would
not be sufficiently Mg- or Fe-rich in order to precipitate carbonates
like the globules in ALH 84001. However, the results of the current
study provide a different pathway for reconciling the chemical,
isotopic, andmineralogic compositions of the ALH 84001 carbonates.
Carbon dioxide rich fluids, similar to those modeled in this study, can
create large carbon isotope enrichments in carbonates through rapid
CO2 degassing caused by freezing, evaporation, and/or boiling, which
can be caused by depressurization of fluids at near-surface conditions
(Michaelis et al., 1985; Zheng, 1990; Clark and Lauriol, 1992; Mickler
et al., 2006).

We propose that the ALH 84001 carbonates could have formed
during a subsurface fluid mobilization event where CO2-rich fluids
were exposed to a low-pressure environment similar to the atmo-
sphere of Mars today. Carbon dioxide rich subsurface solutions would
undergo rapid depressurization upon reaching the surface causing
CO2 degassing through bubbling and evaporation, and carbonate
precipitation, which can be represented by the well-known reaction:

2HCO
−
3 þ Ca

2þ→CaCO3 þ H2O þ CO2:

Previously, McSween and Harvey (1998) and Warren (1998) had
proposed that evaporation could be a mechanism for creating the
carbonates. This is inconsistent with the δ18O compositions of the
carbonates if we consider the retrograde behavior of δ18O enrichment in
evaporitic environments on Earth (Sofer and Gat, 1975). However, if the
climate of early Mars was similar to the extremely dry current
conditions, too little water vapor would be present in the atmosphere
to cause retrograde δ18O enrichments (Lloyd, 1966; Stiller et al., 1985;
Yadav, 1997). Therefore, we might expect that rapid H2O evaporation
(including boilingwell below100 °C) into dry low-pressure atmosphere
coupledwith abundant CO2 degassing to be capable of creating δ18O and
δ13C rich solutions.



Fig. 8. The Mg/Ca and Fe/Ca mole ratios as functions of the W/R ratio and fCO2. Colors indicate either Mg/Ca ratio or Fe/Ca ratio. In each case, warmer colors represent solution
compositions that are consistent with the constraints provided by the ALH 84001 carbonates while dark purple indicates solution compositions incompatible with our constraints.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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This hypothesis requires three important elements: 1) Themartian
atmosphere was low-pressure and dry 3.9 Ga ago, 2) CO2-rich waters
were formed in the subsurface in spite of the sparse atmosphere, and
3) these fluids moved upward and approached near-surface perme-
able materials, and could have released upon the surface in a spring-
type environment.

Current climatic models indicate that ancient Mars may have had a
low CO2-pressure atmosphere similar to today's (Haberle, 1998). In
addition, the mass independent fractionation of oxygen isotopes
observed in ALH 84001 carbonates is inconsistent with a dense
atmosphere and active hydrosphere at that time (Farquhar et al.,
1998). Subsurface CO2-rich waters could have formed through degas-
sing of magma chambers, which also favored local warming of ice-
bearing rocks and development of circulation of crustal fluids. Another
source of CO2 would be high-temperature decomposition of earlier-
formed crustal carbonates caused by magmatic or impact events (Carr,
1989). In addition, a mixture of water–ice and CO2-clathrates (Dobro-
volskis and Ingersoll, 1975; Longhi, 2006) in the ancient subsurface of
Mars could form CO2-rich waters in the absence of a CO2-rich
atmosphere. The surface manifestation of fluid upwelling might look
very similar to the valley networks, many of which are located on the
ancient terrain of the southern highlands (Pieri, 1976).

5. Conclusions

Given three simple assumptions that the Ca-rich carbonates in ALH
84001 formed first followed by the Mg-rich carbonates, that the
carbonate rosettes formed from a single fluid, and that their chemical
variation was driven by carbonate precipitation; the chemical
composition of the carbonates dictates that their initial formation
fluid must have had anMg/Ca ratio greater than ~5.3 and a Fe/Ca ratio
greater than ~1.

Equilibrium thermodynamic calculations shows that Fe- and Mg-rich
solutions can be produced onMars through low-temperature (b~100 °C)
aqueous alteration of ALH 84001 like ultramafic rocks at fCO2N0.1 bar.
This suggests that CO2-rich solutions may play an important role in
forming Fe- and Mg-rich carbonates on Mars. These solutions also have
chemical compositions which are consistent with the formation of the
ALH 84001 carbonates.

Equilibrium thermodynamic modeling indicates that fluids in
equilibrium with ALH 84001 type rocks at temperatures greater than
100 °C would not be capable of precipitating the ALH 84001 carbonates
due to the formation of abundant iron oxides and serpentine minerals.
The modeling also indicates that fluids in equilibrium with ALH 84001
type rocks at neutral to alkaline pH would not be able to maintain high
enough Mg/Ca and Fe/Ca ratios in the solution. Thus, some means for
maintaining a lower pH (b~7) (possibly high due to elevated fCO2) is
necessary to prevent loss of Mg2+ and Fe2+ from the solution through
precipitation of serpentine and iron oxides.

Exposure of CO2-rich subsurface fluids to a low pressure early
martian near-surface could create an environment that is consistent
with the formation of the chemical, isotopic and mineralogic
characteristics of the ALH 84001 carbonates through the evaporation
of water from the solution and CO2 degassing.
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