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Introduction. Aqueous alteration has been recognized as an important secondary process 
in the evolution of some carbonaceous chondrites [I-31. Water may have been present in 
pre-existing hydrous phases [I] or as condensed ice [4], and may have been released through 
heating (due to radioactive decay, early solar superluminosity, or electrical induction) or by impact 
shock. Stable isotope studies [5] suggest that aqueous alteration occured at low temperature and 
may have involved a high fluid:rock ratio. We are developing thermal models for the CM parent 
object to estimate bounds on the size, composition, and heat source consistent with known 
constraints on the aqueous alteration process. 

Constraints. There are three principal temperature constraints that any thermal model for 
CM chondrites must satisfy. First, liquid water must be released, so the temperature must exceed - 0°C (we assume that water was originally in the form of ice; if trapped in silicates, dehydration 
temperatures would be much higher). Second, because of the strong oxygen isotope fractionation 
between calcite and matrix phases in Murchison, the maximum temperature during alteration must 
not exceed 25°C [5]. Although the total water volume fraction was determined to be > 44% by 
this method, this result is sensitive to many assumptions, so we treat the amount of water as a free 
parameter. Third, if water is later expelled, the temperature may increase, but is restricted by 
inference from petrologic type. We consider 450°C to be an upper limit, based on studies of 
anhydrous CO chondrites [6]. 

Application of these temperature constraints depends on whether the object consists largely of 
CM-like material, or whether CM meteorites are derived from an outer layer, so that higher 
temperatures are possible at greater depth. We consider only the former model here, and assume 
that samples are equally likely to be obtained from any depth in the parent object. In this case, 
these constraints are applicable to the mean temperature of all aqueously altered rocks. 

Approach. At present we model the CM parent body as a simple mixture of ice and 
anhydrous silicates heated by decay of 2 6 ~ 1  [7,8]. Liquid water is released at a specified depth 
only when the latent heat of fusion there is uniformly absorbed [9]. The principal parameters are 
object diameter, initial 2 6 ~ 1 / 2 7 ~ 1 ,  and volume fraction of ice. There are several implicit 
assumptions in this model. The parent object must accrete rapidly and without significant heating, 
and must not be catastrophically disrupted by impact on the relevant thermal time scale, although 
the latter process may have been important in the evolution of ordinary chondrite parent bodies 
[10,11]. Assuming that the pore volume is saturated with H20, that there is no degassing, and 
that the aqueous alteration temperature for CM chondrites is below the boiling point, no vapor 
phases are included. Sublimation loss of H20 from the surface [I] may be effectively inhibited by 
the presence of a thin regolith or lag deposit [12]. 

If the silicates are still unconsolidated and susceptible to compaction, water may be expelled 
upward. An upper limit to the water-silicate separation rate (applicable if the silicates are 
completely deformable so that the pressures in solid and fluid are the same) is given by the Darcy 
velocity [13]. The minimum time scale for this process is - 1 m.y. The thermal time scale must 
be significantly longer than this value so that water may be expelled before freezing. These 
considerations suggest that partial H20  expulsion is not likely in small objects, but is possible for 
D > 100 km. Therefore, two end-member models are possible. In the first, water is retained 
within the rock skeleton, but may circulate, Such circulation may occur by natural convection, 
which can be evaluated by simple parameterizations [14], modified for an internally heated porous 
medium, In the second model, water is rapidly squeezed from the silicates and forms an 
overlying mantle (which may be stripped off later). This model is not as plausible as the first, but 
is examined because higher temperatures are allowed if water is expelled (discussed above), and 
so the range of allowable parameters will be most conservative. 

Results. Figure 1 summarizes the results of thermal calculations as a function of parent 
body size, initial radionuclide concentration, H20 proportion, and character of water movement. 
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For a fixed size and composition, the lower curve gives the minimum initial 2 6 ~ 1  required to 
release liquid water. The middle curve gives the maximum initial 2 6 ~ 1  so that the mean peak 
temperature is 25°C. The upper curve gives the maximum initial 2 6 ~ 1  where water is expelled 
from the silicates immediately upon melting of ice. Most acceptable models have initial 2 6 ~ 1 / 2 7 ~ 1  
ratios of a few ppm. This concentration is comparable to that inferred from thermal modelling of 
ordinary chondrite parent bodies, 5 ~ 1 0 - ~  [ l  11, although both results are significantly smaller than 
the level reported for Allende, 6x10-~ [lo]. The difference in metamorphic history between 
ordinary chondrites and carbonaceous chondrites, given comparable size and radionuclide 
abundance, may simply be due to the presence of significant amounts of water in parent bodies of 
the latter type. The latent heat of fusion and large heat capacity of water buffer radiogenic heating, 
and low-temperature aqueous alteration occurs instead of thermal recrystallization. 

In these models, melting of ice does not extend closer to 10 km from the surface in a 100 km 
diameter body, or 1 km in a 10 km object. Since this is much deeper than the expected thickness 
of regolith [IS], liquid water cannot be supplied there by an internal heating model. If aqueous 
alteration occurred in a regolith, internal heating models would be rejected in favor of external 
heating [16,17] or shock release of water [18]. 

Conclusion. Thermal models for anhydrous ordinary chondrite parent bodies have 
provided a geological context for understanding the influence of size and heat source on the 
thermal metamorphism of asteroids. Our preliminary models for the CM parent object demon- 
strate the importance of water as another component controlling thermal and petrologic evolution. 
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Fig. 1. Range of acceptable 
combinations of size, initial 
2 6 ~ 1  concentration, and H20 
volume fraction (stippled 
region) for CM parent body, 
assuming temperature during 
aqueous alteration does not 
exceed 25OC. The range of 
acceptable models may be 
extended to the upper curve if 
water is expelled by com- 
paction following alteration. 
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