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Introduction:  Ureilites are carbon-rich ultramafic 
achondrites whose petrogenesis is poorly understood 
[1-3].  One major problem is the origin of their large 
FeO-variation (Fo ~74 to 95 among samples), which is 
correlated with variation in Δ17O (-2.5 to -0.2 with in-
creasing FeO).  The two main models to explain the 
FeO-variation are: 1) equilibrium smelting (reduction 
of FeO→Fe0 by C) on the ureilite parent body (UPB) 
[3-6]; 2) inheritance of a nebular redox trend [7,8].  A 
3rd possibility is inheritance of a nebular mixing trend. 

It seems axiomatic that the origin of Fe-metal in 
ureilites is related to the origin of the FeO-variation.  
All ureilites contain a few % metal [1,2,9,10]. CI-
normalized abundances of Os in metal range from ~2 
to 65 among samples [10]. Os abundance is correlated 
with degree of fractionation between highly and mod-
erately compatible elements (Pd/Os/CI as low as 0.07), 
but not with Fo [10].  Two processes [9-12] appear to 
be responsible for these patterns: 1) high degrees of 
extraction of S-rich metallic melt; 2) admixture of one 
or more siderophile element-bearing components.  In 
detail, however, the most fractionated patterns seem to 
require implausible starting materials and conditions of 
melt extraction [10], and no viable admixed component 
has been identified [10,12].  It is not clear how these 
problems relate to the FeO-variation.  A different view 
[13,14] is that the metal in ureilites is not indigenous 
and thus not relevant to the FeO-variation.  We present 
new data and modeling that address these problems. 
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Fig. 1.  Abundances of Ni, Co and Ga in olivine in 4 ureilites. 

Analytical Methods and Results:  Abundances of 
moderately siderophile elements Ni, Co and Ga in oli-
vine in 4 main group ureilites of Fo ~77-92 were ob-
tained by LA-ICP-MS at the University of Maryland 
(additional samples are being analyzed).  All 3 ele-

ments show significant negative correlations with Fo 
(Fig. 1), as reported by [14] for Ni and Co.  These 
trends suggest a redox relationship among ureilites. 
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Fig. 2. Variation on Urey-Craig diagram.  Light grey = pre-
sent ureilite bulk compositions (scatter off 1:1 line partly due 
to weathering).  Dark grey = ureilite precursors before silicate 
melt extraction (not accounting for possible core formation). 

Discussion: Ureilites have subchondritic total Fe, 
and a range of oxidized Fe (mainly FeO) contents simi-
lar to bulk LL-L-H-EH (Fig. 2). They show an ~1:1 
trend of oxidized Fe:total Fe, due to their low metal 
contents.  Silicate melt extraction probably increased 
their FeO contents slightly (Fig. 2). It is not known 
whether they experienced loss of metal that signifi-
cantly decreased their total Fe contents. Thus, the FeO-
Fe0 properties of ureilite precursors are not known.   

The smelting model typically assumes that ureilite 
precursor material was homogeneous, with FeO con-
tent at least as high as LL.  Smelting (reduction), plus 
loss of metal, then produced the current array (Fig. 2).  
The nebular redox model assumes that ureilite precur-
sor materials were heterogeneous, with an FeO-Fe0 

trend similar to that within some CC (redox), or among 
OC (redox plus metal/silicate fractionation).  Loss of 
metal then led to the current array.  Among OC, FeO is 
correlated with Δ17O.  Thus, the nebular redox model 
could explain the ureilite FeO-Δ17O correlation [7,8], 
whereas smelting has yet to produce a viable explana-
tion for it [15].  The third possibility (nebular mixing) 
is that ureilite precursors had FeO-Fe0 properties simi-
lar to present ureilite compositions (Fig. 2).  Such an 
array might have formed as mixes of metal-poor chon-
dritic components with various FeO, e.g., CAI, chon-
drules, and matrix in Allende or R chondrites (Fig. 2).  
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The properties of metal and siderophile elements in 
ureilites should help distinguish between these 3 mod-
els.  The observation that neither metal contents nor 
siderophile element abundances of ureilites are corre-
lated with Fo has been cited as an argument against 
smelting [9,16].  If ureilite precursor material was ho-
mogeneous, then progressive smelting would lead to 
increasing Fe0, correlated with Fo. Since ureilites show 
no significant variation in Fe0, various amounts must 
have been lost, in proportion to Fo.  Loss of increasing 
amounts of Fe0 should lead to decreasing Ni and Ir 
abundances [16]. Yet this correlation is not observed.   

However, this argument should apply equally to an 
inherited nebular redox trend [8]; e.g., if ureilite pre-
cursors had an FeO-Fe0 trend similar to that of LL-L-
H-EH (Fig. 2), they would have had the same proper-
ties as a homogeneous precursor after smelting: in-
creasing Fe0 with increasing Fo. The same argument 
then follows: ureilites should show a correlation of 
siderophile elements with Fo, but do not.  Thus, the 
metal and siderophile element properties of ureilites 
appear to rule out any redox model (not just smelting), 
and point toward nebular mixing.  This model (precur-
sors have a range of FeO, with very little metal) could 
explain the "near" chondritic siderophile element abun-
dances of bulk ureilites (cited [9] as evidence that 
ureilites never underwent significant loss of metal). But 
it would not be consistent with the highly fractionated 
siderophile element patterns of the metal, which require 
high degrees of Fe-S melt extraction and high initial 
metal contents [10].  Furthermore, such a model con-
tradicts the evidence from moderately siderophile ele-
ments in olivine for a redox relationship (Fig. 1).   

The contradiction is avoided if the metal in ureilites 
is non-indigenous (impact-injected). This view was 
advanced [13,14] based on evidence from Ni and Co 
that ureilite metal and coexisting olivine are not in 
equilibrium, and on Ni isotope data [17] suggesting 
that the metal and the silicates represent distinct nu-
cleosynthetic reservoirs. Another observation that sup-
ports this view is that valences of Cr in chromite-
bearing ureilites indicate formation at fO2>IW [18]. 
This implies that they did not have primary metal, yet 
they have metal now. 

On the other hand, [10] argued that even if ureilite 
olivine and metal are not in equilibrium (our new data 
support this), they may still be cogenetic; i.e., they may 
have originally been in equilibrium but siderophile 
elements in the metal were later altered by some proc-
ess (e.g., the mixing evidenced in the metal [10]). In 
addition, the observation that cohenite-bearing metallic 
spherules encased in silicates in ureilites have the same 
siderophile element signature as grain boundary metal 
in the same sample [10] suggests that the metal is in-

digenous. It is difficult to see how these spherules 
could have been introduced by impact.  Finally, the Ni 
isotope data [17] are currently sparse, and [19] noted 
that the most precisely-measured data pair shows no 
significant difference between bulk and silicate ε60Ni. 

Given the uncertainty as to whether the metal in 
ureilites is indigenous, we reexamine the argument that 
its properties are inconsistent with redox models.  Loss 
of metal from ureilites, as required in a redox model 
[16], was likely due to partial melting in the Fe-FeS 
system [9-12].  If ureilite precursor material had homo-
geneous FeO, Fe0 and FeS contents, after smelting it 
would be heterogeneous with increasing Fe0 and de-
creasing xFeS with increasing Fo.  If batch extraction of 
S-rich metallic melt then occurred in all materials at the 
same temperature (T), the result would be increasing 
amounts of residual metal, decreasing concentrations of 
highly compatible elements in the metal, and decreas-
ing degrees of fractionation between highly and mod-
erately compatible elements in the metal, with increas-
ing Fo (calculations following [10]). For melt extrac-
tion to leave all ureilites with ~ the same amount of 
metal, it must have occurred over a range of T (higher 
for higher Fo).  Higher T has the effect of increasing 
both siderophile concentrations and degree of frac-
tionation in the residual metal, thus mitigating any 
trends of siderophile element and/or metal abundance 
with Fo. In a nebular redox model, assuming heteroge-
neous precursors with OC-like FeO-Fe0 properties (Fig. 
2), xFeS would decrease with decreasing FeO (FeS is 
~constant) and increasing Fe0, leading to the same re-
sults as in smelting. Thus, if loss of metal was con-
trolled by partial melting, it is not clear that siderophile 
elements in residual metal should be correlated with 
Fo.  Furthermore, abundance of the admixed compo-
nent [10,12] is unlikely to be correlated with Fo.  

Summary: The metal and siderophile element 
properties of ureilites are not a definitive argument 
against redox models.  It is critical to determine 
whether the metal in ureilites is indigenous. 
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