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Introduction: CI carbonaceous chondrites are 

unique rocks with solar composition (except C, N, O, 
and H) that were aqueously altered within several Ma 
after formation of the solar system. The alteration oc-
curred in parent asteroid(s) below ~150 oC [1] and led 
to the formation of serpentine, saponite, magnetite, 
pyrrhotite, pentlandite, carbonates, phosphates, and 
sulfates [2-4], and caused alteration of organic com-
pounds. Hydration and oxidation were the major alte-
ration processes. Throughout alteration of primary CI 
materials implies equilibration between secondary 
minerals and aqueous solution. Despite several efforts 
to quantify alteration in carbonaceous chondrites with 
chemical equilibrium models [e.g., 5-9] composition of 
fluids remains to be assessed. Here we evaluate effects 
of initial fluid composition, water/rock (W/R) mass 
ratio, temperature (T), pressure (P), and H2 fugacity (f) 
on the composition, speciation, and pH of aqueous 
solutions formed through alteration of primordial CI-
type solids. These models could constrain fluid chemi-
stry in parent bodies of CI and other carbonaceous 
chondrites (CM, CR, and CV), large aqueously altered 
asteroids (Ceres), and icy moons that may harbor sub-
surface oceans. 

Table 1. Concentrations (mole/kg H2O) of ma-
jor solutes in equilibrium with CI-type mate-
rials at W/R=1 and P of water saturation. 
Species 25 oC, 0.032 bar 150 oC,  4.8 bar 

A B A B 
Na+ 5.1E-2 7.4E-2 6.0E-2 8.3E-2 
Cl- 4.7E-2 7.5E-2 5.1E-2 8.2E-2 
K+ 1.4E-3 2.0E-3 6.8E-3 9.2E-3 
CO3

2- 2.1E-3 4.0E-4 8.4E-4 3.8E-4 
NaCl 2.7E-4 5.9E-4 1.1E-3 2.2E-3 
OH- 3.5E-4 1.5E-4 1.7E-3 1.1E-3 
HCO3

- 8.7E-4 2.0E-3 1.0E-2 6.7E-3 
HCOO- 8.0E-6 3.4E-6 1.2E-3 7.8E-4 
pH 10.5 10.1 8.7 8.5 
A, CI-type rock interacts with water; B, CI-type 
rock without Cl reacts with HCl solution.

Approach: Solution chemistry was evaluated with 
thermochemical equilibrium calculations in water-
rock-gas systems. The rock was represented by either 
H2O free or H2O-Cl free CI compositions [10]. The 
latter rock was used to explore interaction with Cl-
bearing fluids (melted ices) [11]. Initial fluids were 
represented by pure water; 0.044 molal HCl solution 
(the value corresponds to HCl/H2=10-6.4 [10] and 
H2O/H2=10-3.3 ratios in a low-T solar nebula); and 
melted “cometary” ice (CO/H2O = 0.1, CO2/H2O = 
0.05, CH3OH/H2O = 0.02, H2S/H2O = 0.01 [12]) with 
0.044 mole HCl per kg of H2O. Equilibria were calcu-
lated for T = 0–300 oC and P < 100 bar in the system 
O-H-Mg-Fe-Ca-Si-Al-C-P-S-Cr-Na-K-Cl-Mn-Co-Ni 
with the GEOCHEQ code and database [13]. The da-
tabase includes properties of 123 one-component sol-
ids, 21 non-ideal and ideal solid solutions, and non-
ideal gas (H2O, H2, CO2, CO, H2S, SO2) and aqueous 
solutions (98 species). Soluble organic species were 
represented by one-C species that may equilibrate at 
low T: formate, methanol, and formaldehyde [14]. 
Formation of CH4 was suppressed because of low rates 
of corresponding reactions at chosen T and P. Con-
densed organic species were represented by pyrene 
(C16H10). To model oxidized conditions (low fH2) and 
H2 removal the system was open with respect to H2. 
Calculations details can also be seen in [8]. 

Results and discussion:  In the majority of closed 
system models (without H2 removal) alkaline solution 
chemistry is dominated by Na and Cl solutes with less-
er amounts of K and C-bearing species (bicarbonate 
and carbonate ions, formate) (Table 1, Fig. 1). Chlo-
rine accumulates in solution and concentrations of 
cations are controlled by solubility of secondary min-
erals. Sodium and K are mainly controlled by saponite. 
Low solubilities of serpentine, Fe and Ni sulfides, 
magnetite, chromite, phosphates, and carbonates in 
alkaline fluids account for low concentrations of Mg, 
Fe, Ca, Ni, Cr, S, and P in solution. 

One notable exception includes a high-W/R case 
when initial solution contains HCl (Fig. 1b). Chlorine 
is more abundant than Na and a low-pH solution is 
rich in Mg and Fe. This solution coexists with Fe-rich 
serpentine and Mg-rich saponite which become unsta-
ble at W/R > ~250 and pH < ~7. This model may illu-
strate early stages of alteration at low pH and is consis-
tent with observations in CM chondrites [15]. Altera-
tion progress (lowering W/R in Fig. 1b) leads to alka-
line NaCl-rich fluids. 

Elevated temperature corresponds to higher con-
centrations of K+, HS-, H2S, SiO2, NaCl, NaOH, H2, 
and C species formed through oxidation of condensed 
organic compounds. However, the NaCl-rich nature of 
fluids does not change with T.  

High pressure corresponds to elevated fH2 in 
closed systems. Increase in P leads to higher contents 
of dissolved H2 and organic solutes (formate could be 
more abundant than HCO3

- and CO3
2-). High P (fH2) 

and low T stabilize Fe-serpentine, and favor higher 
serpentine/saponite ratio, lower Na content in saponite, 
and higher Na concentration in solution. A low Na 
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Fig. 1a.  CI + water;  25 oC,  0.032 bar
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Fig 1b.  CI without Cl + HCl solution; 25 oC, 0.032 bar
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content in saponite (or lack of saponite) may lead to 
NaOH dominated (Na > Cl) fluids. 

Interaction with melted “cometary” ices also leads 
to NaCl-rich fluids at W/R < ~10. Alteration occurs at 
lower pH than in pure water cases. Low pH does not 
favor formation of serpentine, and low-T fluids are 
rich in Mg solutes (Mg2+, MgCl+). However, Mg-Ca-
Fe-Mn carbonates are abundant and coexist with sapo-
nite. 

Oxidized fluids: Both elevated T and low fH2 (e.g., 
through escape of H2) favor formation of sulfate-
bearing fluids, which are rich in Mg, Na, K, and Cl 
(Fig. 2). The results imply the formation of SO4

2- 
through oxidation of sulfides and corresponding in-
crease in solubility of serpentine and saponite that 
supply cations (Mg, Na, and K). Formation of sulfate 
increases salinity and ionic strength of solutions. References: [1] Clayton R. N. and Mayeda T. K. 
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Postberg F. et al. (2009) Nature 459, 1098-1101. 

The transition between NaCl-dominated and Mg- 
Na-SO4-Cl fluids occurs at fH2 ~10-8, ~10-4, and ~10-2 
at 25 oC, 150 oC, and 300 oC, respectively. However, 
low-T oxidation of sulfide S is kinetically inhibited. 
The presence of sulfate phases in CI chondrites is con-
sistent with the elevated alteration temperature [1] and 
high porosity of the rocks, which could have favored 
H2 escape. 

Conclusions: Fluid chemistry is mainly affected by 
solubility of secondary minerals, concentration and 
speciation of Cl in initial water(ice)-rock mixture, and 
degree of sulfide to sulfate conversion in oxidized 
conditions. If sulfates do not form, solutions are 
represented by NaCl-rich compositions with lesser 
amounts of HCO3

-, CO3
-, K+ and organic solutes. Our 

models are consistent with the detection of NaCl-
NaHCO3/Na2CO3 K-bearing grains emitted from Ence-
ladus [16]. These salts indicate low-T aqueous altera-
tion in history of the moon. 
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