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Introduction: There is still no consensus about the 
conditions under which the CMs were altered, alt-
hough at least two models have been proposed [1, 2]. 
Outstanding issues that remain unresolved include: the 
temperatures of alteration, water/rock ratios, the causes 
of variable degrees of alteration, water isotopic com-
positions, and closed vs. open system behavior. Here, 
we explore two simple alteration models to try to quan-
titatively explain CM bulk, magnetite and carbonate O 
isotopic compositions. 

Assumptions common to all models: The CM 
chondrites accreted as homogeneous mixtures of anhy-
drous rock and ice. The bulk compositions of the an-
hydrous, (Mg2FeSi2O(7-x)C0.5H0.35, where x is the frac-
tion of Fe in metal) and altered 
(Mg2FeSi2O(9+y/2)H4C0.5H0.35, where y is the fraction of 
Fe as Fe3+) rocks were chosen to crudely approximate 
those of the CMs, including IOM-like material, as well 
as anhydrous/hydrous serpentines. For simplicity, here 
x and y are set to zero. This means that the minimum 
atomic ratio of O in water/anhydrous rock, W/RO, 
needed to achieve complete alteration is 0.286. The H 
in the IOM was assumed to have a δD=3500‰ and the 
water a δD=-450‰ [3]. With these compositions, both 
models are able to reproduce the range of bulk CM dD 
values [3], and there  no need to invoke a heterogene-
ous admixture of D-rich interstellar water as suggested 
by [4]. The initial O isotopic composition of the anhy-
drous rock is assumed to be that of the Murchison an-
hydrous minerals [1]. The equilibrium O and H frac-
tionation factors for water-serpentine [5], water-calcite 
[6] and water-magnetite [7] were used. The carbonates 
and magnetite are assumed to be trace components, 
and their isotopic compositions reflect equilibrium 
with the fluid compositions from which they formed 
(i.e., they do not continue equilibrating after for-
mation). 

Constraints: Successful models must reproduce 
the bulk O [1] and H [3] isotopic compositions, and 
bulk H contents [3]. They should also be able to repro-
duce the range of carbonate and magnetite O isotopic 
compositions [4, 8-13]. The ranges of carbonate com-
positions are quite similar, irrespective of the degree of 
alteration (e.g., Paris vs. ALH 83100 ) but they are not 
always identical even amongst CM1s [12]. Finally, the 
W/RO should not exceed the solar ratio. Estimates of 
the solar W/RO depend on how much C is apportioned 
to refractory organics, CO, CO2 and CH4. Using the 
solar composition of [14] and assuming ~10% of solar 
C in IOM and the rest in CH4 gives the maximum wa-
ter abundance with W/RO≈3.2. However, CH4 for-
mation is kinetically inhibited and a more likely upper 

limit is to assume all volatile C is in CO, in which case 
W/RO≈1.1. 

Model 1: Upon melting of the ice, differential 
compaction resulted in local variations in W/RO. Alter-
ation of the CMs then proceeded as closed systems, 
consuming all the available water. The initial O isotop-
ic composition of the water was found by fitting to the 
bulk CM compositions. During alteration, it is assumed 
that the water and phyllosilicates remain in equilibri-
um, and that conditions are isothermal. 

To reproduce the bulk O isotopic compositions of 
the most altered CMs (i.e., just enough water to fully 
alter them) the water must have an isotopic composi-
tion of δ17O≈40‰, δ18O≈61‰, Δ17O≈8‰. The model 
is able to roughly reproduce the range of calcite com-
positions and magnetite compositions in ALH 83100 
after ~20% alteration (Fig. 1). This seems reasonable 
given that some alteration is necessary to release Ca. 
The results are insensitive to W/RO. Nor are they very 
sensitive to temperature. Fig. 1 was calculated at 40°C, 
but temperatures as high as ~100°C can still reproduce 
the range of mineral compositions, consistent with 
estimates of the range of CM carbonate formation 
temperatures [15, 16]. 

 
Fig. 1. Comparison of Model 1 results (red+blue lines) 
with a compilation of literature in situ calcite data, 
and magnetite data for ALH 83100 (orange fill) and 
ALH 84034 (yellow fill) [12]. The ticks are for 0-100% 
alteration in 10% increments. 

 
An attractive aspect of Model 1 is its relative insen-

sitivity to the assumed temperature and W/RO. Howev-
er, it cannot explain the magnetite and calcite composi-
tions with low Δ17O, such as those in ALH 84034 and 
MET 01070 ) [12]. Also, the water O isotopic compo-
sition is mass fractionated well to the right of the Y+R 
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[2] and CCAM [1] lines. If nebular water formed close 
to either of these lines, it is not clear how such a frac-
tionated composition could have been produced. This 
is because to fractionate it requires exchange with an-
other major O reservoir, i.e., CO/CO2 or silicates. High 
temperature exchange with silicates would produce 
little mass fractionation and there is little evidence for 
low temperature exchange with silicates in the nebula. 
At equilibrium, water is always isotopically lighter 
than CO and CO2, which is opposite to what is re-
quired. Finally, there is not direct evidence for water 
with such a composition in any chondrites. 

 
Fig. 2. Comparison of Model 2 in situ calcite and 
magnetite. Symbols are as in Fig. 1. The assume condi-
tions were: T=20°C, W/RO=0.8, water δ17O=7.5‰, 
δ18O=10.7‰, Δ17O=1.9‰. 

 
Model 2: The CMs acted as closed systems upon 

melting of the ice and during alteration. Their bulk 
compositions were determined by the extent of altera-
tion and the subsequent loss of all the unreacted water. 
The water and altered rock are assumed to remain in 
isotopic equilibrium during alteration. The water was 
assumed to lie on the same slope 1 line as the anhy-
drous rock. 

There are a range of W/RO, temperatures and water 
isotopic compositions that can reproduce the range of 
bulk CM compositions. However, assuming W/RO≤1.1 
the water must have a composition δ17O>5‰, 
δ18O>8‰, Δ17O>0.7‰. For a water composition 
δ17O>10‰, δ18O>13‰, Δ17O>3‰, alteration tempera-
tures must be below 0°C, which is inconsistent with 
estimates of carbonate formation temperatures [16]. 
Within this narrow range of water compositions, some 
fraction of the carbonate and magnetite compositions 
can be reproduced over a range of temperatures at dif-
ferent stages in the alteration. However, to reproduce 

the full range of compositions at a single temperature 
requires that T≤30°C (Fig. 2). 

As with Model 1, Model 2 can broadly reproduce 
the range of calcite and magnetite compositions, but 
not the full range. Model 2 is also more sensitive to 
assumed conditions than Model 1, particularly temper-
ature that influences both the bulk and cal-
cite/magnetite compositions. Given the high water 
contents of the starting material, it is surprising that 
there would not have been settling of the anhydrous 
rock as soon as the ice melted, which would have re-
duced the effective W/RO that the rock saw. Finally, it 
is unclear why there would have been a range of de-
grees of alteration, or how the unreacted water was lost 
without also losing salts dissolved in it. 

Discussion: While the models can to first order ex-
plain the range of calcite and magnetite compositions, 
as already discussed, both have shortcomings and are 
still very simplistic. For instance, at the relatively low 
alteration temperatures experienced by the CMs it is 
not clear that the water and all altered material would 
have maintained equilibrium during alteration. Thus, it 
will be necessary to explore fractional alteration mod-
els. Also, it is assumed that the anhydrous rock had a 
uniform O isotopic composition. However, the Mur-
chison anhydrous minerals composition must be domi-
nated by chondrule and refractory inclusion material, 
as the matrix is entirely altered in this meteorite. It is 
possible that the anhydrous matrix had a different O 
isotopic composition to the anhydrous minerals sepa-
rate. Indeed, a best fit to the CM fall bulk O isotope 
data suggests that the bulk anhydrous material had 
slightly higher Δ17O, implying that the matrix had an 
even higher Δ17O. If the first material to alter was ma-
trix with slightly higher Δ17O, and after a certain 
amount of alteration then chondrules with lower Δ17O 
became involved, this might explain the rapid decrease 
in Δ17O in the highest δ18O calcites [4, 11]. 
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