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Introduction: CM chondrites exhibit a wide range 

in degrees of aqueous alteration, providing the tools to 
constrain the role of fluids in the formation and the 
early evolution of planetesimals. Here, we present the 
results of in situ C and O isotope analyses of calcite 
and dolomite, and O isotope analyses of magnetite 
from three highly altered CM1 chondrites. These 
chondrites may have formed in the interior, hotter, 
regions of the CM chondrite parent body [1].  

Samples: We have analyzed calcite, dolomite and/or 
magnetite in the CM1 chondrites, ALH 84034, ALH 
83100, and MET 01070. The ALH samples may be 
paired. All three have been analyzed for bulk D/H and 
bulk carbonate C and O isotope compositions [2, 3]. 
For ALH 84034, we analyzed 9 calcite, 10 dolomite, 
and 5 magnetite grains. We analyzed 12 calcite, 11 
dolomite and 5 magnetite grains from ALH 83100 and 
for MET 01070, we analyzed 40 calcite grains and 4 
dolomite grains, but no magnetite grains. All three 
samples are breccias. Large (>10 µm) dolomite grains 
are abundant in the ALH samples, but rare in MET 
01070. Magnetite is rare in all three samples and dis-
persed sporadically in the matrix. The samples were 
characterized before and after isotope analyses using 
Carnegie’s JEOL 6500 FE SEM and/or the JEOL 
8530F electron microprobe. 

Isotope analyses: In situ C and O isotope analyses 
were carried out using Carnegie’s NanoSIMS 50L with 
a Cs+ primary beam of ~70-100 pA [4]. Real-time im-
ages were checked before and after each analysis to 
ensure that cracks or multiple phases were not included 
in the analyzed areas. Analyses of areas with cracks, 
etc., were discarded. Sample-standard bracketing with 
terrestrial carbonate and magnetite standards was used 
to correct for drift in the EMs and instrumental mass 
fractionation (IMF). The uncertainties in the isotope 
ratios include errors from the IMF corrections and 
counting statistics.  

Results: The C and O isotope data for all the anal-
yses are shown in Figure 1, and the Δ17O values are 
shown in Figure 2. All the reported uncertainties are 
1σ. The data for δ13C vs. δ18O fall into two arrays, one 
consisting of only calcite with relatively low δ13C and 
high δ18O values, and the other consisting of dolomite 
and calcite with relatively high δ13C and low δ18O val-
ues (Fig. 1, right).  

Dolomites from all three chondrites have similar 
δ13C and δ18O compositions. For the ALH samples, the 
dolomite is systematically enriched in 13C relative to 
calcite. The δ13C compositions of calcite and dolomite 

in ALH 84034 have relatively homogeneous values of 
~27‰ and ~53‰, respectively, but a range in δ18O. 
Dolomites in ALH 83100 are homogeneous in δ13C 
and δ18O, while the calcite shows a spread in δ13C and 
δ18O values. For MET 01070, the calcite compositions 
are bimodal: both populations are enriched in the 
heavy O isotopes relative to dolomite, but one popula-
tion has δ13C (50-80‰) that is higher than those for 
dolomite; while the other has δ13C slightly lower than 
dolomite (30-50‰). 

For ALH 84034, the Δ17O values for calcite, dolo-
mite, and magnetite span a wide range. The calcite 
composition ranges from -9‰ to +5‰, dolomite spans 
from -6‰ to +7‰, and that for magnetite ranges from 
-9‰ to -2‰. The Δ17O values for calcite, dolomite and 
magnetite from ALH 83100 have a more limited range 
between -3‰ and +4‰. The Δ17O values of calcite 
from MET 01070 are mostly below zero. The dolomite 
analyses were few, but span a very wide range.  

Discussion: These chondrites exhibit large varia-
tions in their carbonate and magnetite O-isotope com-
positions on small spatial scales, suggesting that local 
conditions in the parent body controlled the extent of 
aqueous alteration. The measured dolomite-calcite O-
isotope fractionation is much larger than what is ex-
pected for equilibrium fractionation [5]. It is clear from 
the petrology that dolomite formed after calcite in all 
of these chondrites. Dolomite is systematically en-
riched in 16O compared to calcite, supporting progres-
sive alteration in a localized closed system [e.g., 1].  

Homogeneous Δ17O values for secondary minerals in 
ALH 83100 indicate little change in the fluid composi-
tion with progressive alteration possibly due to large 
water-to-rock ratios for this sample.  

Secondary minerals in ALH 84034 exhibit a wide 
range in Δ17O values, including the most positive val-
ues among the three chondrites analyzed here. The 
positive Δ17O values are significant because primordial 
water had positive Δ17O [e.g., 6], suggesting that the 
fluid that interacted with ALH 84034 may have been 
isotopically more pristine compared to the others. In-
terestingly, dolomite, which formed after calcite, has 
some of the most positive Δ17O values, inconsistent 
with progressive alteration in closed system. The posi-
tive Δ17O values may support the fluid flow model 
proposed by [7], but on a much smaller scale. 

Calcite and magnetite formation in carbonaceous 
chondrites may have occurred in equilibrium [8]. The 
measured fractionation between calcite and magnetite 
in ALH 84034 and ALH 83100 is ~25‰ and 33‰,  
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Figure 1. δ17O vs. δ18O (left) and δ13C vs. δ18O (right) of calcite (squares), dolomite (triangles) and magnetite (cross-
es) for CM1 chondrites ALH 84034 (blue), ALH 83100 (red) MET 01070 (green). Errors are 1σ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Δ17O values with 1σ uncertainties. There are 
large variations between the three chondrites. 
 
respectively, corresponding to precipitation at 80 °C 
and 30 °C, respectively [9]. This range in temperature 
is consistent with estimates from clumped isotope 
thermometry [10]. 

The dolomite-calcite δ13C fractionation is much 
larger than what is expected for equilibrium fractiona-
tion. Calcite in MET 01070 falls into two isotopic 
groups, one group has δ13C values similar to dolomite. 
Cathodoluminescence petrography shows that this 
group of calcite grains formed later as it occurs pre-
dominately on the periphery of the 13C-depleted calcite 
grains. Thus, progressive alteration results in second-
ary minerals becoming enriched in 13C. This ~30‰ 
shift in δ13C may relate to a drastic change in the con-
centration of CO2 in equilibrium with the fluid [3]. If 
so, the model from [3] indicates that the concentration 

of CO2 suddenly became depleted in 13C prior to do-
lomite formation or precipitation of 13C-enriched cal-
cite in MET 01070. This dramatic shift in δ13C may be 
an isotopic signature of venting due to pressure build-
up on the parent body [11]. The 53Mn-53Cr ages for 
dolomite in CM1s [e.g., 12] may be recording this 
venting event. 

Conclusions: We analyzed C and O in situ for car-
bonates and/or magnetite in CM1 chondrites to piece 
together the details regarding aqueous alteration of the 
CM chondrite parent body. Our data support both lo-
cally closed- and open-system aqueous alteration and 
provides isotopic evidence for secondary mineral pre-
cipitation during venting, or the release of water vapor 
pressure build-up on the parent body. 
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