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Introduction: The H-chondrites are thought to 

have originated from a single, internally heated parent 
body (PB) that experienced various levels of metamor-
phism, denoted by types 3 through 6 (least to most 
metamorphosed). These petrologic types have the po-
tential to reveal conditions in the PB, since an inter-
nally heated sphere should, on cooling, produce an 
“onion shell” arrangement of successively less meta-
morphosed layers as one moves outward from the cen-
ter of the body. Conversely, cooling rates should in-
crease as one moves from center to surface. An inverse 
correlation between petrologic type and cooling rate 
would therefore confirm the conventional onion shell 
model. If no such correlation existed [1, 2, 3], the PB 
would likely have experienced an early catastrophic 
disruption event, followed by reassembly. The mixing 
of hot and cold fragments during reassembly would 
have destroyed any correlation between cooling rate 
and petrologic type.  Here we report on a broad survey 
of both cooling rate and age data which, together with 
updated peak temperature data and our own thermal 
models, can be used to constrain early PB thermal his-
tory. 

Peak temperatures: The ideas outlined above rest 
on the assumption that petrologic type, which is de-
termined by chondrite texture and mineralogy [4], is a 
good proxy for peak temperature [5, 6]. While recent 
work confirms this assumption [7, 8], it suggests that 
peak temperatures vary considerably within type 3 
meteorites. It is therefore tempting to designate sub-
types within this group as separate layers in the onion 
shell thermal model. However, such an exercise is only 
useful if a reasonably detailed set of type 3 ages and 
cooling rates is available for comparison. Unfortu-
nately, the unequilibrated nature of type 3s make de-
termination of these quantities difficult, and the dataset 
is too small to compare against multiple type 3 sub-
types. Another conclusion of [7, 8] is that peak tem-
peratures for types 4 and 5 are very similar. This 
makes the usual distinction between these two types in 
the onion shell model less useful, and we combine 
them into a single layer for thermal modeling pur-
poses. 

Data compilation: We compiled two datasets. The 
first contains times (relative to the formation of cal-
cium-aluminum-rich inclusions) at which a particular 
meteorite sample is estimated to have cooled through 
the closure temperature of the thermochronometer 
being used.  The second dataset contains cooling rates 

estimated for the time of closure. In both datasets, we 
used data from non-brecciated samples only (see be-
low). We included the following data: 

Closure times: 1) Ar-Ar closure times for 260-300 
C [9], 2) Pb-Pb closure times for both 430-530 C 
and 680-880 C [10, 11], 3) Hf-W closure times for 
750-900 C [12].  

Cooling rates: 1) Metallographic cooling rates at 
500 C [2], 2) cooling rates from 244Pu cooling inter-
vals over a temperature range centered at 197 C [9], 
3) an olivine-spinel cooling rate over 700-850 C [8], 
2) Hf-W cooling rates at 300, 450, and 700 C [12]. 

Thermal model: In order to determine the com-
patibility of the above data with an onion shell model, 
we ran (using the finite-element multi-physics code 
COMSOL) a thermal model of an internally heated 85 
km radius PB (initial 26Al/27Al ratio = 510-6 [13], spe-
cific heat = 625 J/kg/K, thermal conductivity = 0.5 
W/m/K, density = 3200 kg/m3). We delineated our  
results by petrologic type using 675 C and 865 C  as 
the peak temperatures separating types 3 and 4, and 
types 5 and 6, respectively [7, 8, 14]. We then com-
pared model temperature histories and cooling rates 
with the age and cooling rate datasets described above 
(Fig. 1). 

Discussion:  Age and cooling rate data are consis-
tent with an onion shell evolution of the H-chondrite 
PB, assuming that brecciated samples can be omitted 
from the analysis. Only one data point lies outside the 
region predicted for its type in the temperature history 
plot (circled in Fig. 1A). Incongruously, this point lies 
at an earlier time than a measurement obtained at a 
higher closure temperature (in the same meteorite, Ste 
Marguerite, [11]). This point may therefore be consid-
erably more uncertain than its error bars suggest. Two 
type 4 points lie outside their predicted cooling rate 
region (Fig. 1B): error bars are not available for the 
these points (also from Ste Marguerite), so their outly-
ing positions may not be significant. Finally, a single 
type 6 measurement lies just outside its predicted re-
gion (Fig. 1C), and prompted [8] to suggest a fragmen-
tation/reassembly event. However, given that the error 
bars place the point close to the predicted region, 
which might itself be shifted by a reasonable change in 
thermal model parameters, we feel that the case for 
fragmentation/reassembly remains weak. Part of our 
ongoing work is to determine thermal model properties 
that would provide an optimal fit to the data. 
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Breccias: The high cooling rate data most fre-
quently cited in support of fragmentation/reassembly 
of the PB are restricted to brecciated meteorites [2]. 
Despite some concern regarding the screening of 
shocked samples in these data [9], the overall results 
appear to be robust: cooling rates in the matrices of 
regolith breccias vary from a few to 1000s of C/Ma. 
About 14% of H-chondrite meteorites are regolith 
breccias [14]. They sample all petrologic types, and 
have similar durations of exposure to the solar wind.   

Possible early PB  histories: We offer two possible 
scenarios to explain the combination of onion shell 
thermal history (Fig. 1) and high breccia cooling rates: 

1. Regolith model: A PB insulated by a young, thin 
regolith developed a set of shallow “onion shells” [14, 
15]. While these layers were forming, occasional large 
impacts were able to excavate them without disrupting 
the PB entirely and without completely obliterating the 
incipient onion shell structure. Such impacts would 
produce high cooling rates by bringing hot and cool 
materials into contact. 

2. Disruption model: A large impact caused sig-
nificant disruption of a cooling PB, but left 
at least one large fragment intact. The lo-
cation of this fragment within the original 
PB was such that a range of temperatures 
were exposed at its surface [2]. Exposure 
caused rapid cooling, leading to a surface 
veneer of high cooling rates and multiple 
petrologic types that was subsequently 
mixed by regolith processes. This model is 
distinguished from catastrophic fragmenta-
tion (in which no single large fragment 
survives). The latter is unlikely to have 
occurred during cooling, since it would not 
preserve an onion shell structure.  

Discriminating between hypotheses: 
To discriminate between the above scenar-
ios, we need to determine the feasibility of 
preserving a large intact fragment from a 
PB impact, and having all petrologic types 
exposed on its surface. We are currently 
applying a unique combination of software 
tools to address this question. First in the 
sequence is a thermal model of the initial 
spherical PB, run to the time at which a 
disruptive impact is desired. An SPH code 
[16] then models the impact according to a 
small set of input parameters (impactor 
size, velocity, etc.). Once the SPH code 
has determined the trajectory of the PB 
fragments, an n-body code [17] takes over, 
determining the final size and configura-

tion of the (possibly reassembled) fragments remaining 
after the impact. Assuming that little thermal evolution 
has occurred since the impact, the temperature distri-
bution of the largest PB fragment is a spatial rear-
rangement of pre-impact temperatures. Subsequent 
thermal evolution in the largest fragment can thus be 
modeled until cooling is complete.  
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Figure 1. A) Modeled “onion shell” thermal history of the H-chondrite PB 
yields regions (shaded) predicted to be occupied by each petrologic type. Data 
from our survey (numbers denote petrologic type) are seen to correspond well 
with their predicted type. The circled datum (type 3 region) is the only excep-
tion (see text). Cooling rates for (B) types 4 and 5 and (C) type 6 are predicted 
by our model to fall within the shaded regions in these panels. With a few
exceptions (circled data, see text), the data fall within their predicted regions.
Only one cooling rate datum was available for type 3, and it falls within its 
predicted region (not shown).
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