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Introduction: Ordinary chondrites derive from at 

least three distinct parent bodies (H, L, LL), which 
have undergone thermal metamorphism, most likely 
through internal heating by 26Al decay. As a result, 
ordinary chondrites exhibit a range of metamorphic 
conditions (petrologic types 3-6), where higher petro-
logic types are thought to reflect deeper burial inside 
the parent body. There is general consensus that as a 
result of internal heating, the parent bodies developed 
‘onion-shell’ structures, where more strongly metamor-
phosed samples located at greater depth. However, 
considerable uncertainty exist regarding the extent to 
which this internal structure was disrupted by later im-
pacts, during which material from different depth and 
distinct cooling histories might have been mixed into  
‘rubble pile’ structures.  [e.g., 1-6].   

Addressing these issues requires information on the 
cooling rates and cooling ages for a large number of 
samples derived from different depth within  a given 
parent body. Until now, such constrains are usually 
obtained by dating a given chondrite using different 
chronometers that are characterized by distinct closure 
temperatures [e.g., 3]. However, such combined data 
exist only for handful of samples.  

We present a new method for simultaneously de-
termining high-temperature cooling rates and cooling 
ages for individual ordinary chondrites, using the 182Hf-
182W systematics of metal and silicates separates from 
type 4-6 chondrites. We show that this new method 
provides tight constraints on the cooling history of in-
dividual chondrites, which combined allows constrain-
ing the internal structure and impact histories of ordi-
nary chondrite parent bodies. 

Methods:  Fifteen ordinary chondrites were inves-
tigated, including four H, six L, and five LL chondrites 
of petrologic types 4 to 5. Each sample was subdivided 
into metal separates (M) and several silicate-dominated 
fractions ranging from weakly magnetic (WM) to non-
magnetic (NM). The methods for sample digestion and 
measurements of Hf and W concentrations, and W iso-
tope compositions followed our established procedures 
[e.g., 7] using the Neptune Plus MC-ICPMS at Mün-
ster. Results are reported in ε182W as the parts-per-104 
deviation from the 182W/184W of bracketing terrestrial 
standards.  

Results: For all samples the silicate-dominated 
fractions define precise Hf-W isochrons (two examples 
see Fig. 1), which correspond to Hf-W closure ages of 

~4 and ~13 Ma after formation of Ca-Al-rich inclu-
sions. In general, the Hf-W ages become younger with 
increasing petrologic type. For most samples, coarse-
grained metal plots below the isochron defined by the 
silicate-dominated fractions but for some type 5 and 
type 6 chondrites coarse-grained metals and silicates 
define single isochrons (Fig. 1). 

 

 
Fig. 1. Internal 182Hf-182W isochrons of Estacado (H6) and 
Kunashak (L6). m = initial 182Hf/180Hf. i = initial ε182W. 

Discussion: The silicate-dominated fractions con-
tain various amounts of fine-grained metal, as is evi-
dent from their variable W contents, which for all sam-
ples correlate with the magnetic susceptibility of the 
fractions. The ε182W of these metals, as given by the 
initial ε182W of the isochron defined by the silicate-
dominated fractions, is more radiogenic than the ε182W 
of the coarse-grained metals, which plot below the 
isochron (Fig. 1). Thus, W isotopic exchange between 
coarse-grained metals and surrounding silicates 
stopped before the Hf-W system closed in the silicate-
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dominated fractions, implying a higher effective clo-
sure temperature (TC) for the latter.  

A key parameter determining TC for a given sample 
is its metal fraction, because when the metal-to-silicate 
ratio becomes very small, then even a tiny amount of 
182W diffusing out of the silicates is sufficient to 
change the ε182W of the silicate-dominated fraction. If 
instead the metal fraction is large, then it takes a much 
larger flux of radiogenic 182W to change the isotopic 
composition of the metal. We have modeled how TC 
changes as a function of metal fraction, using the same 
numerical simulation of W diffusion between silicates 
and metal as in [6]. Our results reveal that TC is ~10–
20°C higher in the bulk silicate-dominated fractions 
compared to the coarse-grained metals.  

The difference in TC, combined with the ε182W dif-
ference between coarse-grained metals and the initial 
ε182W of the isochron, and the bulk Hf/W ratio of the 
silicate-dominated fractions can be used to calculate 
cooling rates for each sample. Using this new ap-
proach, the cooling rates for the ordinary chondrites of 
this study vary from ~2 to ~30 °C/Ma (Fig. 2). Im-
portantly, for almost all samples these cooling rates are 
inversely correlated with the Hf-W ages, indicating that 
younger samples cooled at a lower rate. Such a correla-
tion is expected for an onion shell but not for a rubble 
pile structure of ordinary chondrite parent bodies. 

The inverse correlation of cooling rate with cooling 
age can be used to determine the burial depth, at least 
in a relative sense, of the samples. Early closure and 
associated rapid cooling indicate a shallower depth, 
whereas late closure and slow cooling is characteristic 
of deep burial. Of note, the type 5 chondrites analyzed 
include both slowly and rapidly cooled samples; fur-
ther, one type 5 sample cooled slower and has a young-
er Hf-W age than some of the type 6 chondrites. Col-
lectively, these observations demonstrate that the pure-
ly petrographic distinction between ‘type 5’ and ‘type 
6’ covers a broad range of thermal histories, and by 
itself is insufficient to constrain the thermal evolution 
and burial depth of a given sample. By contrast, using 
Hf-W isotopic data, and the method for calculating 
cooling rates described here, allows tight constraints to 
be placed on the cooling history and burial depth of 
individual samples. 

For some samples, metal and silicates plot on single 
isochrons, indicating that cooling was too rapid to re-
sult in a resolvable ε182W offset for the coarse-grained 
metals. For these samples only minimum cooling rates 
can be determined (Fig. 2). This is the case for some 
type 5 samples, which, as noted above, were buried at 
shallower depth, where cooling is faster. These samples 
also fit the overall correlation of Hf-W ages with cool-
ing rates. However, one L6 chondrite does not fit this 

correlation; this sample likely cooled at >50°C/Ma 
through Hf-W closure, much faster than expected for 
type 6 samples buried deep inside the parent body. 
Thus, this type 6 sample was likely excavated to near 
surface areas prior to Hf-W closure and, therefore, 
during the high-temperature metamorphism. 

 
Fig. 2. Cooling rate versus Hf-W closure age for type 5 and 6 
chondrites. Solid symbols represent samples where metal 
plots on isochron defined by silicate-dominated fractions, so 
that only minimum cooling rates can be determined. Open 
symbols represent samples for which metal plots below the 
isochron. 

Conclusions:  The Hf-W isotope systematics of or-
dinary chondrites make it possible to simultaneously 
determine cooling rates and ages for individual sam-
ples. For most ordinary chondrites, cooling rates and 
ages are inversely correlated. This correlation allows 
determining the relative burial depth of samples and 
shows that type 5 and 6 chondrites sample a wide and 
partially overlapping range of burial depths. The corre-
lation also provides strong evidence that the onion shell 
structure of ordinary chondrite parent bodies was large-
ly retained during the high-temperature metamorphism. 
The rapid cooling inferred for one type 6 sample, how-
ever, indicates early impact excavation of deeply bur-
ied material. Either this sample derives from a distinct 
parent body, or the impact disruption left large parts of 
the bodies undisturbed.  
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