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Introduction: Equilibrium smelting models for ureilite 
petrogenesis [1-6] assume that presssure/depth-
dependent carbon redox reactions led to various 
degrees of smelting (FeO + C → Fe0 + CO/CO2) in the 
ureilite parent body (UPB), and are responsible for the 
large range of core olivine compositions (Fo ~75−95) 
among ureilites.  Smelting offers an obvious 
explanation for the observed Fe/Mn-Fe/Mg redox trend 
of ureilites [2,5,7-9], given their high abundance of 
carbon and the evidence that it is primary [10].  
Nevertheless, equilibrium smelting is difficult to 
reconcile with two important sets of constraints – the 
oyxgen isotope [11] and metal/siderophile element 
[12,13] characteristics of ureilites.  These difficulties 
may only pertain to versions of the model in which 
ureilite precursor material is assumed to be chemically 
homogeneous [14].  Warren [15,16] has raised two 
other arguments against equilibrium smelting models 
for ureilites.  We examine those arguments, and find 
that neither is valid. 
Argument 1:  The first argument of [15,16] addresses 
specifically the version of the equilibrium smelting 
model developed in [5,6,9], asking whether the 
"combinations  of  temperature  T,  pressure  P  and 
composition  X  invoked/implied  (by  the  models  of 
[5,6,9]) for the pressure‐buffered smelting scenario 
make  sense  in  relation  to  a  correlation  between 
equilibration temperature TE and olivine‐core XMg‐Ol 
[Fo] among real ureilites?"  The crux of this argument 
is that in the equilibrium ("pressure-buffered") 
smelting model, specifying any two of Fo, TE and PE 
amounts to specifying the third.  Warren [15] states 
that [5,6,9]  "have  proposed  some  specific 
combinations  of  PE  and  XMg‐Ol,  without  noting  the 
implied  temperature."  He then demonstrates that 
those implied temperatures are not consistent with 
"actual" ureilite equilibration temperatures and 
concludes that pressure-buffered smelting models show 
poor agreement with "real" ureilites. 
 This argument is flawed.  First, it implies that 
[5,6,9] began by specifying pressures of equilibration 
for the range of ureilite Fo values.  This is incorrect.  
As stated in [5], on which [6] is based, the work began 
by specifying temperatures of equilibration for the 
range of ureilite Fo values.  Temperatures can be 
obtained from a variety of mineral thermometers, based 
on observed compositions of minerals in the 

meteorites.  The temperatures used in [5] were 
published estimates from two-pyroxene thermometry 
[17-19].  Using these temperatures and corresponding 
Fo values, we then calculated pressures of equilibration  
using a rigorous thermodynamic treatment [5].  In [9], 
we merely reviewed previous estimates of smelting 
equilibration pressures from various authors, and chose 
representative values for illustration.  In this case, 
some internal inconsistencies might be expected.  
 Furthermore, the argument of [15] is misleading in 
that the temperatures it refers to as "actual" ureilite 
equilibration temperatures are derived from a specific 
mineral thermometer, the pigeonite thermometer [4].  
Mineral thermometers are model-dependent.  The 
choice of the pigeonite thermometer as opposed to the 
two-pyroxene thermometer for ureilites is arguable, 
and there is no basis for assuming that one yields 
"actual" temperatures any more than the other.  The 
exercise in [15] is an interesting test of the sensitivity 
of smelting models to uncertainty in equilibration 
temperatures, but it is not a test of the model itself.  
 To make the results of [5,6] strictly comparable to 
those of [15,16], we have recalculated equilibration 
pressures and the size of the UPB based on the 
pigeonite thermometer.  From the formulation of this 
thermometer and data in [4], we obtain T(°C) = 932.7 
+ 3.76*Fo, which closely matches Fig. 3 of [15].  
Using this relationship, we obtain the (Fo, TE) pairs 
(75, 1214°C) and (95, 1289°C) for the ureilite 
endmembers.  We then follow the approach in [5] – 
i.e., simultaneous solution of olivine-silica-iron [20,21] 
and C-CO-CO2 [22] equilibria – and obtain the new 
pressure range of 87 bars (Fo 75) to 34 bars (Fo 95).  
This range does not differ grossly from our previous 
estimate of 100 bars to 30 bars (with stated ±10 bar 
uncertainty), and makes no significant difference to our 
thermal and physical modelling [6].  Since 87 bars is 
the central presssure for a body of ~76 km radius 
(ρ=3300 SI), and it seems unlikely that we have 
sampled the absolute center, we conclude that the ~100 
km radius estimate of [6] is still reasonable for the size 
of the UPB in the equilibrium smelting model.  Thus, 
we find that the choice of mineral thermometer for 
obtaining ureilite equilibration temperatures makes no 
significant difference to the implications of equilibrium 
smelting for ureilites. 
Argument 2: The second argument invoked by [15,16] 
against the equilibrium smelting model is based on the 
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observed distribution of ureilite Fo values, which has a 
strong peak near the low-Fo end of the range (Fig. 1).  
In the equilibrium smelting model, a distribution in Fo 
implies a distribution in depth of derivation.  Fig. 1 
shows this distribution, calculated for the pressures 
derived above.  As discussed in [9], the implication is 
that the majority of ureilites are derived from "deeper" 
source regions.  In fact, ~78% of ureilites would be 
derived from ~30-35 km depth.  Warren [16] argues 
that "no straightforward model" would imply such 
selective sampling of a small volume of the parent 
body, particularly a deep volume, "in an impact-driven 
sampling process."  In contrast, we argue that such 
selective sampling is very likely. 
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Fig. 1.  Depth of derivation of main group ureilites in the 
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 If individual ureilites represented materials that 
were chipped off their parent body in a series of sub-
catastrophic impacts and delivered directly to Earth-
crossing orbits, then the argument that ureilites should 
be dominantly derived from shallow depths would 
have merit.  However, there is evidence in ureilites 
themselves that this was not the case.  All ureilites 
show mineralogical/petrological evidence of extremely 
rapid cooling (10-20°C/hr ), accompanied by a drop in 
pressure, through the range ~1100-600°C [10].  This is 
interpreted to result from catastrophic disruption of the 
UPB while it was still hot [9,16,17,23-25].  An age 
date of ~5 Ma after CAI may record this event [26].  
The 0.05-32 Ma exposure ages of ureilites [27] 
emphasize that it is not this event that is responsible for 
delivery of ureilites to Earth.  Thus, after breakup of 
the UPB, the ureilitic materials we receive today must 
have been stored somewhere. The existence of 
polymict ureilites and observation that they show the 
same distribution of ureilite types as our meteorite 
collection on the whole [9,28], suggest that they were 
stored in a single, reasonably-large daughter body that 

formed in the aftermath of the catastrophic disruption 
[9]. 
 Catastrophic disruptions involve shattering, 
fragmentation and dispersal, followed by gravitational 
reaccumulation of some of the fragments to form a 
family of offspring [29-31].  The reaccumulation is not 
a random mixing process [30].  Rather, each of the 
reaccumulated (offspring) bodies becomes dominated 
by materials derived from a well-defined, restricted 
region within the original body.  In particular, the few 
largest fragments are dominated by materials derived 
from deep regions, such as the core or the mid-mantle 
[30]. Furthermore, a family of collisional fragments 
formed so early in Solar System history is likely to be 
scattered over time by collisional and dynamical 
effects [33,34].  These stochastic selection effects 
mean that only a few of the fragments may end up near 
a resonance where they can efficiently deliver 
meteorites to Earth during the present geological 
epoch, so it is plausible for our current source of 
ureilites to be dominated by a highly selective, ~30-35 
km deep sample of the original parent body.  There is 
no reason to expect our collection of meteorites to be a 
statistically representative sample of the UPB.   
Conclusion:  Equilibrium smelting remains a viable 
model for ureilite petrogenesis [14].   
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