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Introduction:  CM carbonaceous chondrites dis-

play a wide range of aqueous alteration products that 
occurred by low temperature water-rock reactions on 
their parent bodies [1,2].  Previous modeling studies 
have verified that these reactions occurred at low 
temperatures (0-50oC), for they reproduced many of 
the observed mineral assemblages [3].  The dominant 
phases are tochilinite and Mg-Fe phyllosilicates, spe-
cifically chrysotile, greenalite, and cronstedtite [4].  
Petrographic and TEM studies on CM matrix have 
suggested that tochilinite and cronstedtite as ubiqui-
tous phases, as well as possible indicators of the de-
gree of alteration [5].  The stability field of tochilinite 
indicates a low f(O2), low f(S2) environment [6], but 
conditions of cronstedtite formation have not previ-
ously been investigated.  In this study, we explored 
the implications of cronstedtite as the dominant Fe-
phyllosilicate in many CM meteorites, composing up 
to 58% of the matrix phases along with tochilinite 
[7]. 

Conceptual Model:  Previous modeling [3,8] has 
explored the effects of CO2 content of the fluid and 
initial anhydrous assemblage on the observed altera-
tion products.  This approach will be extended, inves-
tigating how the CO2 composition of the initial fluid 
impacts the stability of cronstedtite.  Three simple, 
instructive initial assemblages are considered: pure 
olivine (50% Fo, 50% Fa); an enstatite-olivine as-
semblage (40% Fa, 30% Fo, 30% En); and an assem-
blage containing native iron metal (30% Fa, 10% iron 
metal, 30% Fo, 30% En). Initial anhydrous assem-
blages have been estimated for CM chondrites using 
mass balance [9]; however, here the goal is to under-
stand the first-order effects of fluid composition and 
initial assemblage on the stability of cronstedtite. 

1000 cm3 of rock were reacted with 1 kg of H2O, 
with starting compositions of pure water, 0.01m 
HCO3

-, and 0.1m HCO3
-.  Both the composition of 

the reacted fluid and the progressive changes in min-
eralogy were investigated.  

We also considered the effect of a briny solution 
on the mineral assemblages and the stability of 
cronstedtite in particular.  Oxygen isotope data, as 
well as aforementioned modeling studies [8,10], al-
low for the possibility that water flowed from the 
warmer interior of the parent body out to the surface.  
If this occurred, the water reacting with the CM an-
hydrous precursor would not be a pure water-CO2 

fluid; rather, it would also contain mobile elements 
leached from the previous water-rock reactions.  As a 
first approximation for modeling reactions with 
brine-like fluid, seawater was reacted with the three 
initial assemblages.  Seawater has an HCO3

- concen-
tration of 0.002m, much of which complexes with 
cations.  While not a likely composition for meteor-
itic fluids (seawater contains abundant dissolved O2 
and SO4

--, for example), the results offer insight into 
other factors affecting cronstedtite stability. 

Computational Methods:  These calculations 
were performed with REACT numerical code [11] 
using the LLNL thermodynamic database.  In all cal-
culations, chrysotile was the Mg-serpentine allowed 
to form, kinetically inhibited phases (i.e., quartz) 
were suppressed, and the phase FeO(c) was omitted 
due to its absence in the meteorite record.  Solid solu-
tions were not considered in these calculations.  Sea-
water data was also taken from [11].  All calculations 
were performed at 25oC. 

Results:  The pure olivine (O), olivine-enstatite 
(OE), and olivine-enstatite-iron metal (OEI) assem-
blages were all reacted with the various initial fluids.  
In the case of pure water, none of the initial assem-
blages yielded cronstedtite in any substantial amount 
unless water-rock ratios were exceedingly high 
(>1000) (mass basis).  Increasing HCO3

- in the fluid, 
however, produces cronstedtite at progressively 
lower water-rock ratios in all starting mineral assem-
blages. The OE assemblage (most oxidized) altered 
to cronstedtite (~20-40%) over a range of moderate  
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Figure 1:  Minerals produced during the reaction of 1000 
cm3 of rock (30% Fo, 30% En, 40% Fa) with 1 kg water. 
Log(moles) are plotted against reaction progress.  The ini-
tial fluid contains 0.1m HCO3

-. 
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water-rock ratios of ~1-4.  By contrast, OEI (most 
reduced assemblage) produced significant cronsted-
tite (~50%), but at a narrow range of higher water-
rock ratios (~12).   

Figure 1 displays the variation in mineral par-
agenesis with reaction progress for OE reacted with a 
0.1m HCO3

- fluid.  The production of cronstedtite 
due to alteration of oxidized Fe-assemblages has 
been described previously [8]; the increased produc-
tion of cronstedtite with increased CO2 content in the 
fluid has not been discussed. 

Figure 2 depicts the evolution of f(O2) and 
SiO2(aq) in all 3 fluids through the course of their re-
action with OE.  The plot shows the stability fields of 
iron-bearing phases.  Evolution along a two-phase 
boundary results in the simultaneous production of 
both phases.  Water-rock ratios are different for each 
data set on the diagram, with the more CO2-rich flu-
ids corresponding to lower water rock ratios (larger 
amounts of reacting olivine and enstatite relative to 
fluid).   

Figure 2 reveals that the addition of rock to the 
system causes the fluid to rapidly become reducing.  
As the system decreases its f(O2), or as the water-
rock ratio decreases, it impinges on the stability field 
of cronstedtite.  The addition of CO2 to the fluid re-
sults in an increased activity of SiO2(aq). This higher 
aqueous silica content allowed by the CO2 fluids re-
sult in lower water-rock ratios necessary for the pre-
cipitation of cronstedtite.  It is interesting to note that 
the dominant aqueous species in the initially CO2-
bearing fluids at the time of cronstedtite precipitation 
is CH4(aq).   

Figure 2 also provides an explanation for the ob-
servation that more oxidized initial assemblages re-
sult in lower water-rock ratios required for the pro-
duction of cronstedtite.  The reaction of OEI with the 
fluid decreases the silica activity more rapidly than 
OE due to the presence of iron metal.  Furthermore, 
more reduced assemblages accelerate the decrease in 
f(O2), causing the system to evolve beyond the stabil-
ity field of cronstedtite quite quickly at low water-
rock ratios.  Thus, the water-rock ratios leading to 
cronstedtite formation are much higher with a large 
iron metal component.  Similarly, this diagram can be 
used to explore how forsterite/(forsterite+enstatite)  
has an effect on Fe-bearing phases produced. 

An important omission from this study is the Fe-
bearing phase tochilinite.  Due to lack of thermody-
namic data, it has not been included here; only 
Fe(OH)2 is included.  Future work will attempt to 
draw upon previous studies [5] and explore the effect 
its formation has on the system. 

Reacting seawater with these three initial assem-
blages also provided insight into the factors influenc- 
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Figure 2:  Logarithmic plot showing the fluid’s com-
position as it reacts with the rock.  All fluids progres-
sively become more reducing with decreased water-
rock ratios. Water-rock ratios shown on the plot are 
as follows:  >50,000 for pure H2O; 5-27 for 0.01m 
HCO3

-; and 1-3 for 0.1m HCO3
-. 

 
ing cronstedtite stability.  Its HCO3

- coontent of 
0.002m is less than that of the 0.01m HCO3

- fluid 
investigated above, yet cronstedtite is stabilized at 
comparable water-rock ratios (W/R=13-50 for sea-
water, 5-30 for 0.01m HCO3

-).  This implies that 
other aspects of the chemistry, perhaps sulfur-bearing 
species or complexation with Ca++,  play a role in 
stabilizing cronstedtite at lower water-rock ratios.  
Thus, more complex intial assemblages and open-
system fluid behavior may further stabilize cronsted-
tite at a wider range of conditions. 

Conclusions:  The low-temperature aqueous al-
teration of CM carbonaceous chondrites results in 
ubiquitous cronstedtite.  This study suggests that 
cronstedtite is stabilized by the effects of appreciable 
oxidized carbon in the reacting fluid.  Furthermore, 
chemically evolved fluids from prior water-rock re-
actions may also serve to stabilize cronstedtite.  
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