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Ubiquitous nucleosynthetic isotope anomalies relative to the terrestrial isotopic composition in Mo, Ru, 
and other elements are known from both bulk chondrites and differentiated meteorites, but Os isotope 
ratios reported from such meteorites have been found to be indistinguishable from the terrestrial value. 
The carriers of s- and r-process Os must thus have been homogeneously distributed in the solar nebula. 
As large Os isotope anomalies are known from acid leachates and residues of primitive chondrites, 
the constant relative proportions of presolar s- and r-process carriers in such chondrites must have 
been maintained during nebular processes. It has long been assumed that partial melting of primitive 
chondrites would homogenize the isotopic heterogeneity carried by presolar grains. Here, ureilites, 
carbon-rich ultramafic achondrites dominantly composed of olivine and low-Ca pyroxene, are shown to 
be the first differentiated bulk Solar System materials for which nucleosynthetic Os isotope anomalies 
have been identified. These anomalies consist of enrichment in s-process Os heterogeneously distributed 
in different ureilites. Given the observed homogeneity of Os isotopes in all types of primitive chondrites, 
this Os isotope variability among ureilites must have been caused by selective removal of s-process-poor 
Os host phases, probably metal, during rapid localized melting on the ureilite parent body. While Mo and 
Ru isotope anomalies for all meteorites measured so far exhibit s-process deficits relative to the Earth, the 
opposite holds for the Os isotope anomalies in ureilites reported here. This might indicate that the Earth 
preferentially accreted olivine-rich restites and inherited a s-process excess relative to smaller meteorite 
bodies, consistent with Earth’s high Mg/Si ratio and enrichment of s-process nuclides in Mo, Ru, and Nd 
isotopes. Our new Os isotope results imply that caution must be used when applying nucleosynthetic 
isotope anomalies as provenance indicators between different classes of meteorites.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Isotopic anomalies are defined as deviations from terrestrial 
or bulk solar isotopic abundances that have resulted from pro-
cesses other than radioactive decay or mass-dependent fraction-
ation. Presolar grains, widespread in unequilibrated chondrites, are 
enriched in material derived from distinct nucleosynthetic envi-
ronments (Zinner, 1998). Small but resolvable isotopic anomalies 
in bulk meteorites, often most prominent in primitive carbona-
ceous chondrites, are present for various elements including Ti, 
Cr, Ni, Zr, Mo, Ru, Ba, Nd, and Sm (e.g., Akram et al., 2015; 
Burkhardt et al., 2011, 2012; Carlson et al., 2007; Chen et al., 2010;
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Dauphas et al., 2002; Qin et al., 2010; Regelous et al., 2008;
Trinquier et al., 2009; Yin et al., 2002). Uniform isotopic compo-
sitions in bulk chondrites are reported for other elements, most 
prominently Os and Hf (Brandon et al., 2005; Sprung et al., 2010;
van Acken et al., 2011; Walker, 2012; Wittig et al., 2013; Yokoyama 
et al., 2007). The presence of isotope anomalies in bulk planetary 
materials, such as chondrites and achondrites, is explained by a va-
riety of mechanisms that resulted in isotope heterogeneity at the 
planetesimal scale. These include, for example, inheritance from a 
heterogeneous molecular cloud core, formation of localized hetero-
geneities due to differential physical sorting of dust grains (e.g., 
metals, silicates and sulfides), late supernova injection, or selec-
tive destruction of thermally labile presolar carrier phases in the 
nebula (e.g., Andreasen and Sharma, 2007; Burkhardt et al., 2011;
Carlson et al., 2007; Chen et al., 2010; Dauphas et al., 2002;
Qin et al., 2008; Trinquier et al., 2009). Alternatively, secondary 
processes, such as aqueous alteration have been suggested to selec-
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tively redistribute isotopically distinct components within a plan-
etesimal (Yokoyama et al., 2011).

Osmium is an important element in this discussion, as it is 
one of the most refractory metals. Chemical residues and leachates 
of various chondrites of low metamorphic grade show comple-
mentary Os isotope anomalies, attributed to the presence of vary-
ing proportions of presolar grains carrying s-, r-, and possibly 
p-process Os (Brandon et al., 2005; Reisberg et al., 2009; van 
Acken et al., 2011; Yokoyama et al., 2007, 2010, 2011). Analy-
ses of bulk chondrites using total digestion methods, thermally 
metamorphosed chondrites, and iron meteorites, however, have 
shown no evidence for resolvable Os isotopic heterogeneity within 
the current level of analytical resolution (Brandon et al., 2005;
van Acken et al., 2011; Walker, 2012; Wittig et al., 2013; Yokoyama 
et al., 2007, 2010, 2011). This indicates that, although carriers with 
distinct Os isotopic compositions were present in the protosolar 
nebula, their relative proportions were fixed in all primitive chon-
drites, consistent with a well-mixed solar nebula (Brandon et al., 
2005; Sprung et al., 2010; Yokoyama et al., 2007; Walker, 2012). 
Since low-grade metamorphism is sufficient to destroy presolar 
grains (Huss and Lewis, 1995), it has been assumed that partial 
melting should eliminate any small-scale Os isotope anomalies in 
the sources of differentiated bodies. The existing high-precision Os 
isotope data indicate that iron meteorites have the same Os iso-
topic composition as chondrites, consistent with homogenization 
of isotopically diverse components during melting and core forma-
tion (Walker, 2012; Wittig et al., 2013).

Ureilites are coarse-grained ultramafic achondrites, consisting 
primarily of olivine and pigeonite, with minor augite and orthopy-
roxene, abundant carbon (<7 wt%, graphite and diamond) and 
accessory metal and sulphides (e.g., Barrat et al., 2015; Goodrich 
et al., 2004; Warren et al., 2006). Ureilites are widely considered 
to represent mantle restites, formed after the extraction of silicate 
partial melts and S-rich metallic melts (e.g., Goodrich et al., 2004;
Warren and Kallemeyn, 1992). Highly siderophile elements con-
firm that metallic liquids were extracted from ureilites with most 
ureilite metal having enrichments in compatible siderophile ele-
ments (Goodrich et al., 2013; Horstmann et al., 2014; Rankenburg 
et al., 2008). The heavy Fe isotopic composition of ureilites com-
pared to chondrites corroborates an efficient segregation of S-rich 
metallic melts in the ureilite body, likely before the onset of sil-
icate melting, and is interpreted to represent the early stages of 
asteroidal core formation (Barrat et al., 2015). Despite evidence of 
an igneous origin, ureilites also appear to have preserved primor-
dial signatures in light stable isotopes. The ureilites do not follow 
a unique mass-dependent isotopic fractionation trend in oxygen 
isotope space (Clayton and Mayeda, 1996). Instead, ureilites trend 
along the carbonaceous chondrite anhydrous minerals (CCAM) line 
(Supplementary Fig. 1). Ureilites exhibit 33S isotope enrichment 
(Farquhar et al., 2000), and large differences in δ15N between 
diamond, graphite, and silicate phases (Rai et al., 2003a). These 
isotopic heterogeneities likely reflect primordial nebular hetero-
geneity of the accreting precursor materials and thus argue against 
magmatic equilibration of the ureilite parent body (UPB). Isotopic 
data for Cr, Ti, and Ni for ureilites (e.g., Regelous et al., 2008;
Trinquier et al., 2009) add to the enigma of ureilites, as the re-
ported ε50Ti, ε54Cr, and ε62Ni (with the ε-notation representing 
isotopic deviations from a reference value in parts per 10,000) 
show the lowest (negative) values of all meteorites, grouping far 
from the carbonaceous chondrites that are themselves separated 
by a wide margin from all other planetary materials (Warren, 
2011).

Following the earlier work of Rankenburg et al. (2007, 2008) on 
highly siderophile element abundances and 187Os/188Os isotope ra-
tios, we obtained the first high-precision Os isotope data for a suite 
of mostly monomict ureilites using negative thermal ionization 
mass spectrometry (N-TIMS). This is the first high-precision iso-
tope data obtained for ureilites for elements beyond the Fe-peak. 
Isotope dilution concentration data for highly siderophile elements 
(HSE: Ru, Pd, Re, Os, Ir, and Pt) are also reported on the same sam-
ples, to correct for radiogenic contributions from 187Re and 190Pt 
to 187Os and 186Os, respectively. Serendipitously, the high-precision 
Os isotope data revealed nucleosynthetic isotope anomalies. These 
data are used to place constraints on the genesis and early evo-
lution of UPB reservoirs. Studying the Os isotopic signatures of 
ureilites provides a way to test possible large-scale heterogene-
ity linked to the inhomogeneous distribution of presolar material 
in the nascent solar nebula, and to evaluate the effects of plane-
tary processes, such as partial melting, on the distribution of the 
carriers of nucleosynthetic isotope anomalies during planetary dif-
ferentiation.

2. Materials and methods

Twelve monomict ureilite breccia samples were obtained from 
the Smithsonian Institution’s National Museum of Natural His-
tory (Goalpara, Kenna), the NASA Meteorite Work Group (ALHA 
81101, EET 87517, GRA 95205, GRA 98032, META 78008), and the 
Japanese National Institute of Polar Research (A 881931, Y 790981, 
Y 791538, Y 981750, Y 981810). Libyan Desert find DaG 319, the 
only polymict ureilite studied in this work, was purchased from 
a commercial meteorite dealer. Prior to dissolution, all surfaces 
on all pieces of meteorites were polished using carborundum, af-
ter which the meteorites were manually ground with a ceramic 
alumina mortar and pestle. In the methodology applied, high-
precision determination of Os isotope ratios on unspiked digestions 
(Supplementary Table 1; Table 1) is combined with determination 
of elemental abundance ratios of Re, Os, Ir, Ru, Pt, and Pd, on small 
aliquots taken from the unspiked digestions to ensure the rep-
resentativeness of these ratios for each sample digestion. In this 
way, 186Os and 187Os contributions generated by the long-lived 
radioactive 187Re–187Os and 190Pt–186Os decay systems with half-
lives of 41.5 Ga and 488 Ga, respectively (Begemann et al., 2001;
Smoliar et al., 1996), can be taken into account. Elemental ratios 
of interest are also checked by comparison to previously published 
data on the same meteorites (Table 2 and Fig. 1; Rankenburg et 
al., 2007, 2008). In order to obtain the amount of Os required for 
the high-precision Os isotope ratio measurements (∼100 ng), each 
sample was digested in one to six carius tubes (CTs), depending 
on the Os concentration in the sample (ALHA 81101 and A 881931 
with <80 ppb Os were digested in 6 and 3 CTs, respectively). For 
the initial unspiked digestions, ∼0.5 g of sample powder was di-
gested in acid leached borosilicate glass CTs for 48 h at 230 ◦C 
with 3 ml conc. HCl and 6 ml conc. HNO3. After that, the tubes 
were frozen and opened, and 0.45 ml of the acid sample solu-
tion from one of the CTs representing a single sample digestion 
transferred into a quartz CT for precise determination of elemen-
tal abundances of the ureilites. After an aliquot of digested sample 
solution was transferred, the quartz CT was chilled and an appro-
priate amount of mixed 99Ru–110Pd–185Re–190Os–191Ir–198Pt spike 
(#000601) was added, followed by 1 ml of conc. HCl and 2 ml of 
conc. HNO3. Sample-spike equilibration was achieved in an oven at 
230 ◦C for 24 h after sealing of the CTs. Where samples were split 
across several CTs, the Pt/Os ratios obtained for one of these CTs 
were compared either to literature data (ALHA 81101) or duplicate 
analysis of the same sample powder (A 881931) and found indis-
tinguishable within uncertainty (Table 2). Regardless, 190Pt/188Os 
radiogenic corrections were found to be marginal compared to the 
observed nucleosynthetic effects (Table 1, Supplementary Table 1).

Unspiked aliquot Os from the batch of CTs containing a sin-
gle sample digestion was extracted using CCl4/HBr solvent ex-
traction (Cohen and Waters, 1996), subsequently purified using 
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Table 1
High-precision Os isotopic composition of ureilites, expressed in ε- and μ-units compared to average equilibrated ordinary chondrite values (Brandon et al., 2005). The 
complete data set detailing UMD Os standard values and equilibrated ordinary chondrite data used for normalization is given in Supplementary Table 1. μ186Osi are corrected 
to 4.562 Ga. The 2σ mean uncertainties on μ186Osi include propagation of the Pt/Os ratio uncertainties.

ε184Os 2σ mean μ186Os 2σ mean μ186Osi 2σ mean μ188Os 2σ mean μ190Os 2σ mean

ALHA 81101 15.0 6.2 319.9 10.6 336.0 12.5 60.4 3.6 34.1 2.2
Y 791538 17.5 3.6 138.9 6.9 165.2 8.6 36.9 2.5 14.5 1.4
A 881931 −5.7 6.5 76.6 11.4 107.7 13.0 16.4 4.0 6.8 2.4
DaG 319 12.1 8.8 62.8 14.3 79.6 16.2 19.3 4.7 6.7 3.1
EET 87517 1.6 8.0 17.8 12.5 38.0 14.3 9.6 4.3 1.1 2.5
Kenna 16.4 3.7 −23.9 7.5 7.5 9.0 8.3 2.9 −5.9 1.5
Y 981750 7.7 5.4 5.6 9.0 13.6 11.0 7.9 4.2 3.8 2.1
Y 981810 33.8 4.2 −69.9 6.8 −7.0 7.7 0.2 2.5 −7.7 1.6
META 78008 12.7 4.7 −54.7 8.0 10.3 8.9 8.8 2.9 −4.2 1.7
Y 790981 14.8 4.0 −21.9 6.6 −2.0 8.4 0.4 2.5 −8.0 1.5
GRA 95205 −6.4 6.1 −58.7 10.4 −2.2 11.5 8.2 3.5 1.9 2.1
Goalpara 24.1 6.1 −39.2 9.8 1.1 11.2 1.9 3.7 −4.2 2.1
GRA 98032 18.5 2.8 −37.3 5.0 −1.9 6.4 4.6 1.9 −8.2 1.1

Table 2
Highly siderophile element concentrations of ureilites analyzed for high-precision Os isotopes.

Mineral ass. Shock level Re 
(ppb)

Rec Os 
(ppb)

Ir 
(ppb)

Ru 
(ppb)

Pt 
(ppb)

Pd 
(ppb)

Re/Os Pt/Os 190Pt/188Os

ALHA 81101 ol-pig High/very high 1.9 2.4 43.5 32.7 49.7 73.9 51.5 0.043 1.70 0.001619
lit. 1.9 1.9 33.6 30.8 46.9 55.6 33.0 0.057 1.65 0.001576

Y 791538 ol-opx Medium 6.7 15.0 184 152 209 277 59.9 0.037 1.51 0.001437
A 881931 ol-pig 4.6 5.9 78.8 65.1 101 112 74.8 0.058 1.42 0.001354

dupl. 4.4 68.2 54.1 76.3 92.6 60.6 0.064 1.36 0.001293
DaG 319 polymict Low 10.4 22.9 283 208 313 477 92.0 0.037 1.69 0.001605

lit. 10.3 18.3 226 207 317 420 77.4 0.046 1.86 0.001770
lit. 10.8 19.1 234 226 342 434 96.8 0.046 1.85 0.001766

EET 87517 ol-opx Low 138 26.8 347 254 385 563 128 0.397 1.62 0.001546
lit. 18.4 24.9 322 291 446 587 128 0.057 1.82 0.001736

Kenna ol-pig Medium 31.2 40.9 497 394 498 703 67.3 0.063 1.41 0.001347
lit. 33.6 41.6 504 427 614 710 60.2 0.067 1.41 0.001342
lit. 31.8 39.7 476 434 594 739 − 0.067 1.55 0.001479

Y 981750 ol-minor px 35.2 26.6 331 354 463 613 154 0.106 1.85 0.001763
Y 981810 ol-minor px 56.1 84.9 1000 679 720 827 89.2 0.056 0.83 0.000788
META 78008 +aug Medium 51.0 77.3 904 470 710 712 101 0.056 0.79 0.000750

lit. 65.7 98.1 1071 751 1122 1040 118 0.061 0.97 0.000925
Y 790981 ol-pig 21.8 21.2 265 213 309 432 143 0.082 1.63 0.001551
GRA 95205 ol-pig Medium/high 62.0 57.7 670 419 492 633 60.0 0.093 0.95 0.000901

lit. 74.1 74.2 869 661 758 831 84.3 0.085 0.96 0.000911
lit. 58.0 68.4 791 588 590 654 77.5 0.073 0.83 0.000787

Goalpara ol-pig High 8.3 9.5 118 83.2 118 148 39.9 0.070 1.25 0.001189
lit. 8.8 8.7 109 88.9 126 157 41.1 0.081 1.44 0.001372
lit. 8.9 8.5 107 87.9 122 151 44.6 0.083 1.41 0.001344

GRA 98032 ol-pig High 23.3 24.3 293 227 291 393 45.9 0.080 1.34 0.001278
lit. 41.5 26.3 314 236 321 362 47.7 0.132 1.15 0.001098
lit. 29.3 25.7 308 230 325 380 47.8 0.095 1.23 0.001175
lit. 21.4 26.5 319 251 334 406 45.2 0.067 1.27 0.001212

CI chondrite lit. 37.2 449 424 631 864 563 0.083 1.92 0.001833

Rec, Re concentrations calculated from Os concentrations and Os isotope ratios (Table 1) assuming an age of 4562 Ma; dupl., duplicate acquired in a different session; lit., 
literature data from Rankenburg et al. (2008) for ureilites; CI chondrites, average Orgueil and Ivuna from Walker et al. (2002), Horan et al. (2003), and Fischer-Gödde et al.
(2010). Mineral ass., mineral assemblage; ol, olivine; pig, pigeonite; opx, orthopyroxene; +aug, augite-bearing. Prefixes of Antarctic samples: A, Asuka; ALH, Allan Hills; EET, 
Elephant Moraine; GRA, Graves Nunataks; MET, Meteorite Hills; Y, Yamato.
H2SO4/H2CrO4 microdistillation (Birck et al., 1997), and combined 
into a single fraction. For N-TIMS measurement, Os was loaded on 
Pt filaments (H. Cross Company™) in HBr and run in negative ion 
mode as OsO−

3 on a ThermoFisher Triton Plus at the University 
of Houston. Static high-precision measurements consisted of 420 
to 2100 cycles with 16 s of integration time and virtual amplifier 
rotation every 20 cycles. Isobaric interferences attributable to W-
or Pt-oxides were either not observed or were found to be negli-
gible (Brandon et al., 2005). Repeated measurements of ∼100 ng 
loads of the UMD Johnson Matthey Os standard were conducted 
to monitor reproducibility of isotope ratio measurements and cup 
drift (Supplementary Table 1). Over the course of the measure-
ment campaign (July 2013 to March 2014), this standard yielded 
184Os/188Os of 0.0013052 ± 53, 186Os/188Os of 0.1198458 ± 23, 
187Os/188Os of 0.1137841 ± 24, 189Os/188Os of 1.219673 ± 12, and 
190Os/188Os of 1.983788 ± 20 (2σ , n = 13) using 192Os/188Os =
3.083 as reference for fractionation correction with an exponen-
tial law (e.g., Brandon et al., 2005; van Acken et al., 2011). The 
uncertainty on the average initial 186Os/188Os ratio calculated for 
the ureilites showing no nucleosynthetic anomalies, 0.1198265 ± 8
as shown in Fig. 2, is determined by dividing the external pre-
cision of the isotopic analysis (±19 ppm) by the square root of 
the number of non-anomalous ureilites (8). Because 189Os and 
192Os contain the smallest contribution from the nucleosynthetic 
s-process (4.8% and 0.4%, respectively; Arlandini et al., 1999), nor-
malization to 192Os/189Os = 2.527686 is required to study nu-
cleosynthetic isotope variation. Using this normalization scheme, 
the standard yielded values for 184Os/189Os of 0.0010702 ± 46, 
186Os/188Os of 0.0982619 ± 37, 188Os/189Os of 0.819897 ± 11, and 
190Os/189Os of 1.626484 ± 26 (2σ ). Standards and samples were 
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Fig. 1. Highly siderophile element abundances in ureilites normalized to mean CI 
chondrites (Table 1) arranged according to 50% condensation temperature. Rhenium 
abundances are calculated from 187Os/188Os isotope ratios and measured Os abun-
dances to eliminate scatter introduced from increased Re mobility during terrestrial 
weathering (Rankenburg et al., 2007). Ureilites showing nucleosynthetic anomalies 
(a) are plotted separately from those showing none (b). HSE patterns for anoma-
lous ureilites are repeated in (b) in the form of grey (DaG 319, Y 791538, EET 
87517) and orange (ALHA 81101, A 881931) bands for visual comparison. Dashed 
lines represent literature data for the same ureilite (Rankenburg et al., 2008). (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 2. Pt–Os isotopic data for ureilites. Five ureilite samples (orange diamonds) 
plot above the chondritic reference uncertainty envelope, showing nucleosynthetic 
anomalies in 186Os dominating over the radiogenic contribution from 190Pt de-
cay (ureilite age of ∼4562 Ma based on 53Mn–53Cr and 26Al–26Mg; Goodrich et 
al., 2002; Kita et al., 2003). Eight other ureilite samples that show no nucleosyn-
thetic anomalies (blue circles) plot within a band defined by the ingrowth of radio-
genic 186Os in chondrites (Brandon et al., 2005), and share the Solar System initial 
186Os/188Os of 0.1198265 ± 8 and 0.1198269 ± 14, respectively. Note that the total 
radiogenic ingrowth of μ186Os in a chondritic system is ∼110 ppm, compared with 
the larger effects observed due to nucleosynthetic contributions. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

run on the Faraday cups at signal intensities of approximately 3 V 
on 192Os16O−

3 .
The spiked aliquots were processed using the same Os sepa-

ration and purification procedure as the unspiked sample aliquots. 
Osmium concentrations were determined using the electron multi-
plier of the ThermoFisher Triton Plus at the University of Houston 
collecting 150 cycles with 16 s integration time in static mode. 
After Os extraction, the aqua regia fraction containing all other 
HSEs was dried down, converted to chloride form by repeated re-
dissolution in 6 M HCl, and the HSEs were group-separated using 
the Eichrom™ AG50W-X8 100–200 mesh cation resin following the 
procedure of Puchtel and Humayun (2001, 2005). When required, 
the cation exchange HSE separation was repeated. The cuts con-
taining the HSEs were dried down and re-dissolved in dilute HNO3
and analyzed for HSE contents using a Thermo Electron Element 
2 at Florida State University. Total analytical blanks (N = 8) aver-
aged 12 ± 10 pg Ru, 21 ± 28 pg Pd, 1.1 ± 1.8 pg Re, 4.3 ± 5.8 pg
Os, 4.3 ± 4.3 pg Ir, and 25 ± 25 pg Pt (2σ ). Corrections to calcu-
lated concentrations from blank contributions were smaller than 
1% for Re, Ru, Ir, Os, and Pt. Corrections on Pd concentrations 
were smaller than 4%. Based on the internal precision of individual 
ID-ICP-MS runs for the determination of HSE concentrations, the 
uncertainties used in calculations were 2.8% for Re, 0.2% for Os, 2% 
for Ir and Ru, 1.8% for Pt, and 3% for Pd (2σ mean). These uncer-
tainties do not include systematic weighing errors associated with 
the aliquoting that increase the uncertainties on the abundances. 
In this way, the reported uncertainties reflect only the precision of 
element ratios.

3. Results

The high-precision Os isotope data obtained for 12 monomict 
ureilites and polymict DaG 319 are reported in Table 1 and Sup-
plementary Table 1. The highly siderophile element concentra-
tions, Re/Os, Pt/Os, and 190Pt/188Os, together with mineral assem-
blage, shock level, and Re abundances calculated from 187Os/188Os 
isotope ratios and measured Os abundances (Rankenburg et al., 
2007), are presented in Table 2. For some ureilites (e.g., A 881931, 
Y 981750, and Y 981810), these are the first available HSE abun-
dances. The HSE abundances obtained in this study are in reason-
able agreement with prior published data for the same samples 
(Rankenburg et al., 2007, 2008) as shown in Fig. 1. Patterns of HSE 
concentration normalized to CI chondrites (Walker et al., 2002;
Horan et al., 2003; Fischer-Gödde et al., 2010; Table 2) are rel-
atively flat, ranging from ∼0.1 times CI in ALHA 81101 to ∼2.2 
times CI in Y 981810 (Fig. 1), slightly lower than the ∼2.5 times 
CI reported for ALHA 78019 by Rankenburg et al. (2008). Cal-
culated Re abundances based on the measured Os isotope ratios 
and abundances follow the same unfractionated, flat pattern of 
the refractory HSE (Fig. 1). However, all characterized ureilites, 
with the exception of ALHA 81101 and A 881931, show consid-
erable depletion in Pd, a feature expected of restitic metal. The CI 
chondrite-normalized Pd/Os ratios of ureilites analyzed here (ex-
cluding ALHA 81101, A 881931, and sample duplicates) average 
0.21 ± 0.25 (2σ ), indistinguishable from the value of 0.19 ± 0.23
(2σ ) reported by Rankenburg et al. (2008), but distinct from ALHA 
81101 and A 881931 (Pd/Os)CI ranging between 0.71 and 0.95. The 
CI-normalized Pt/Os ratios for ureilites reported here average to 
0.70 ± 0.38 (2σ ), similar to the ratio of 0.74 ± 0.27 (2σ ) calcu-
lated by Rankenburg et al. (2008), and the (Pt/Os)CI ratios of 0.71 
to 0.88 measured for ALHA 81101 and A 881931.

The ureilite 187Os/188Os ratios determined in this work vary 
between 0.11663 and 0.12814 with a mean of 0.1256 ± 0.0060
(2σ ) (Supplementary Table 1), comparable to the range of 0.11739 
to 0.13018 and mean of 0.1259 ± 0.0046 (2σ ) measured by 
Rankenburg et al. (2007) and interpreted to reflect a deriva-
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Fig. 3. Normalized high-precision Os isotopic compositions for ureilites. Error bars 
represent the 2σ mean on the individual measurements including propagation of the 
Pt/Os uncertainties for μ186Osi (μ186Os corrected to initial at T = 4.562 Ga), grey 
shaded area represents 2σ on UMD Os standard measurements (Supplementary 
Table 1). Samples with resolved Os isotope anomalies are labeled using orange di-
amonds. Red line indicates expected nucleosynthetic anomalies in Os due to an 
s-process excess of 0.05% using s-process yields from Arlandini et al. (1999). (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

tion of ureilites from carbonaceous chondrite-like material. On 
a Re–Os isochron diagram (Supplementary Fig. 2), most data lie 
on a zero-age isochron indicating recent Re mobilization, with 
weathered samples showing the widest spread in 187Re/188Os 
(e.g., EET 87517 with minor to severe rustiness; Rankenburg et 
al., 2007). For 8 of the 13 ureilites analyzed, the 186Os/188Os 
ratio correlates well with Pt/Os ratios, plotting along the chon-
dritic reference line, while 5 ureilites plot above the chondritic 
reference line (Fig. 2). Using measured 190Pt/188Os ratios (Ta-
ble 2), the calculated initial 186Os/188Os ratios vary between 
0.1198255 ± 13 and 0.1198561 ± 14 (Supplementary Table 1) in-
cluding propagation of the Pt/Os ratio uncertainties, comparable to 
and significantly higher than a Solar System initial 186Os/188Os 
of 0.1198269 ± 14, determined using equilibrated H-type ordi-
nary chondrites (Brandon et al., 2005). As outlined above, the 
high-precision Os isotopic data are also normalized to 192Os/189Os, 
where both isotopes have only minor s-process contribution, to 
study nucleosynthetic isotope variation. To compare these data to 
earlier work, the μ notation is used for 186Os, 188Os, and 190Os, as 
ppm deviation from the average chondritic reference value, and ε
notation, as deviation in parts per 10,000 for 184Os (Table 1; Sup-
plementary Table 1).

4. Discussion

The isotope 186Os is s-process-dominated, with a 1.1% p-process 
contribution (Arlandini et al., 1999). The 187Os isotope is also 
an s-process-dominated isotope, but radiogenic decay from 187Re 
overwhelms any identifiable nucleosynthetic isotope anomalies. 
The high-precision Os isotopic compositions for 8 ureilites, nor-
malized to the r-process dominated 189Os/192Os ratio and average 
Solar System composition, fall within the ±2σ uncertainty enve-
lope of the terrestrial UMD standard determined by repeated anal-
ysis (external precision; Fig. 3). To obtain μ186Osi, the 186Os/189Os 
ratios are corrected to their initial values at 4.562 Ga using the 
determined Pt/Os ratios (Table 2) and normalized to the time-
equivalent ratios calculated for equilibrated H-type ordinary chon-
drites (Brandon et al., 2005). The preferred age of ∼4562 Ma is 
based on the 53Mn–53Cr and 26Al–26Mg isotope systematics of ure-
ilites (Goodrich et al., 2002; Kita et al., 2003). Five other ureilites 
(A 881931, ALHA 81101, DaG 319, EET 87517, and Y 791538) plot 
above this uncertainty envelope, most prominently for μ186Osi. 
These 5 divergent ureilites exhibit correlated isotope anomalies 
Fig. 4. μ190Os (a) and μ186Osi (b) versus μ188Os for bulk chondrite leachates (brown 
rectangles; Brandon et al., 2005; Reisberg et al., 2009; van Acken et al., 2011; 
Yokoyama et al., 2007, 2010), chondrite acid residues (green triangles; Yokoyama 
et al., 2007, 2010; 2011), and ureilites (orange diamonds and blue circles; this 
study). Terrestrial values are at zero. The ±2σ mean error bars on individual mea-
surements are shown (internal precision). Five ureilites (in orange) show resolved 
isotope anomalies in μ190Os, μ188Os and μ186Osi. A trend for secondary neutron 
capture effects due to galactic cosmic ray (GCR) irradiation on the Os isotopic com-
positions of IVB magmatic iron meteorites (Wittig et al., 2013), different from the 
observed slope for ureilites, is depicted by the dotted arrow in (a). The five isotopi-
cally anomalous ureilites plot along a mixing line between solar and s-process Os 
components from the “stellar model” of Arlandini et al. (1999). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

of up to μ188Os = 60 ± 4 ppm and μ190Os = 34 ± 2 ppm in 
ALHA 81101 (Fig. 4). Similarly, the nucleosynthetic anomalies in 
186Os dominate over the radiogenic contribution from 190Pt decay 
for these 5 ureilites (Fig. 2). Correcting for radiogenic ingrowth re-
sults in the largest observed anomaly of μ186Osi = 336 ± 13 ppm
in ALHA 81101, followed by μ186Osi = 165 ± 9 ppm in Y 791538, 
μ186Osi = 108 ± 13 ppm in A 881931, μ186Osi = 80 ± 16 ppm in 
DaG 319, and μ186Osi = 38 ± 14 ppm in EET 87517, all correlat-
ing with their corresponding μ188Os (Fig. 4b). The μ186Osi, μ188Os, 
and μ190Os measured for these 5 ureilites follow a mixing trend 
between average solar system Os (μOs = 0) and s-process Os 
(Arlandini et al., 1999; Fig. 4). As nearly 60% of all ureilites have 
cosmic-ray exposure ages less than 10 Ma (including ALHA 81101; 
Rai et al., 2003b) and an exposure age of 100 Ma is required for 
a shift of 0.2–1 epsilon units (Brandon et al., 2005), effects from 
cosmic-ray exposure are negligible. This is confirmed by the trend 
for secondary neutron-capture effects on Os from galactic cosmic 
ray (GCR) irradiation observed in iron meteorites (Walker, 2012;
Wittig et al., 2013), which has a distinct and steeper slope 
from that for ureilites and chondrite leachates and residues for 
μ188Os versus μ190Os (Fig. 4a). The Os isotope anomalies of ALHA 
81101 are roughly equal in magnitude but opposite in sign to 
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Fig. 5. (a) Plot of age-corrected μ186Osi versus inverse Os concentrations, showing admixtures of 10–90 vol% of ALHA 81101 to Goalpara and Y 981810 (dash-dotted lines). 
As evidenced by the Os isotope compositions of various ureilites with moderate s-process excesses (polymict DaG 319, and monomict EET 87517 and Y 791538), mixing is 
not restricted to two unique components. The Os isotopic compositions of these three ureilites require the existence of yet unsampled components (indicated by the dashed 
arrow) with higher Os content but Os isotopic signature similar to ALHA 81101 or even larger nucleosynthetic anomalies (i.e., μ186Osi > +1000) for Os concentrations 
comparable to ALHA 81101. Such ureilite compositions likely represent zones in the UPB where metallic melt extraction was highly efficient. (b) Plot of μ186Osi versus Ru/Os, 
indicating that anomalous ureilites have Ru/Os ratios similar to chondrites (grey band).
Allende and Ornans chondrite data from Brandon et al. (2005).
the s-process Os isotope deficits reported for unequilibrated bulk 
chondrites using aqua regia digestion, interpreted to result from 
the presence of an insoluble s-process carrier (e.g., Brandon et 
al., 2005; van Acken et al., 2011). Solely based on Os isotopes, 
s-process enrichment/depletion can currently not be distinguished 
from r-process depletion/enrichment. Theoretically, based on the 
s-process yields of Arlandini et al. (1999), the distinction between 
s- and r-process could be made based on the ε184Os data. How-
ever, the uncertainties associated with the 184Os isotope ratio 
measurements are too large to resolve between r- or s-process 
contributions (cf. discussion in Brandon et al., 2005; Supplemen-
tary Table 1). Hence, anomalously high μ186Osi will be described as 
s-process excesses, while s-process deficits reflect anomalously low 
μ186Osi, in accordance to previous work by Brandon et al. (2005), 
Reisberg et al. (2009), van Acken et al. (2011), and Yokoyama et al. 
(2007, 2010, 2011).

4.1. Osmium isotope anomaly carriers in the ureilite parent body

Osmium in chondrites may be hosted in Fe–Ni alloy, refractory 
metal nuggets, presolar SiC and graphite (e.g., Croat et al., 2005;
Fischer-Gödde et al., 2010; Walker et al., 2002), but other preso-
lar carriers are possible. As graphite is soluble in nitric acid and 
Os alloys are expected to dissolve in aqua regia, the likely carri-
ers of the observed anomaly would have been consumed in the 
acid digestions, unless carried by an acid-resistant phase, such 
as SiC. Thermal metamorphism has been documented to destroy 
presolar graphite and SiC in chondrites with petrologic grades of 
more than 3.6 (Huss and Lewis, 1995). However, SiC grains sur-
vive better in the cases where reducing conditions prevailed during 
metamorphism, as observed by their presence in EH chondrites 
with metamorphic grades of >5 (Huss and Lewis, 1995). Although 
presolar grains have not been searched for in ureilites, presolar 
carriers might originally have been present in the carbonaceous 
vein material in ureilites. During partial melting, this carbonaceous 
material began to react with silicates, raising the Fo content of 
the olivine rims and reducing Fe to metal (Singletary and Grove, 
2006). This reaction was quenched before completion as evidenced 
by the preservation of ferroan cores in olivines with residual inter-
stitial carbonaceous phases in ureilites (e.g., Singletary and Grove, 
2006). A plausible model for the precursors of ureilites would have 
a bulk solar Os isotopic composition, an s-process deficit in its 
metal, and a s-process excess in carbonaceous hosts of presolar 
origin. This model builds on the observation that the Os isotopic 
compositions of unequilibrated chondrites carrying presolar grains 
that have not been destroyed by thermal metamorphism, exhibit 
s-process deficits (Brandon et al., 2005; Reisberg et al., 2009;
van Acken et al., 2011; Yokoyama et al., 2007, 2010, 2011). During 
partial melting, the isotopically distinct Os hosts evidently failed 
to equilibrate so that preferential extraction of s-process Os de-
ficient metallic liquid created an enrichment in s-process Os in 
the residue. Thus, ureilites that have lost much of their Os during 
melt extraction exhibit large s-process excesses in their Os isotopes 
(Fig. 5).

4.2. Ureilite parent body reservoir mixing

Modeling in the Fe–S system by Rankenburg et al. (2008) in-
dicates that HSE ratios in bulk ureilites could derive from car-
bonaceous chondrite-like precursors via extraction of 0 to >80% of 
their initial metal contents, with S-contents of the extracted metal-
lic melts ranging from ∼15–30 wt% S. A positive shift in δ56Fe 
compared to chondrites observed for ureilites, most pronounced 
for A 881931 and an ureilitic trachyandesitic clast (ALM-A) of the 
Almahata Sitta fall (ALHA 81101 was not measured), is in line with 
an efficient segregation of S-rich metallic melts at temperatures 
close to the Fe–FeS eutectic, before the onset of silicate melting 
(<1100 ◦C; Barrat et al., 2015). Metallic liquid (Fe–FeS) segregation 
can take place rapidly (timescale of <1 yr) when the matrix is de-
forming (Rushmer et al., 2005), while leaving residual Fe–Ni metal 
(Yoshino et al., 2004).

In this scenario, the subchondritic HSE abundances determined 
in most ureilites can be explained by mixing of distinct reservoirs 
in the UPB that were characterized by the formation of either par-
tial or total metallic melts, depending on the local Fem/S ratio of 
the UPB zones. Ureilites characterized by superchondritic abun-
dances of Re, Os, Ir, Ru, and Pt, but subchondritic Pd, and chon-
dritic Os isotope compositions (e.g., Y 981810 and META 78008; 
Fig. 1b; Table 1; Supplementary Table 1), represent samples en-
riched in residual metal after extraction of a Fe–C–S metallic 
partial melt from carbonaceous chondrite-like precursor materials 
(Rankenburg et al., 2008; Hayden et al., 2011). The other ure-
ilite composition, best represented by ALHA 81101 (Fig. 1a; Ta-
ble 2), exhibits low HSE abundances in chondritic proportions, 
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but is enriched in s-process Os. These HSE-depleted ureilites with 
chondritic signatures (ALHA 81101 and A 881931) likely represent 
regions within the UPB, where metallic phases were completely 
molten and drained, while material with chondritic HSE abun-
dances might have been added subsequently.

Osmium isotopic anomalies correlate inversely with the Os con-
centrations in ureilites, which can be produced by mixing between 
different UPB reservoirs (Fig. 5a). This mixing model requires more 
than two unique components. For example, Goalpara has an Os 
concentration lower than that of three other ureilites that exhibit 
Os isotope anomalies, but displays a chondritic Os isotopic com-
position. Curiously, Goalpara forms a mixing line with ALH 81101 
that includes A 881931, both of the latter ureilites characterized 
by flat HSE patterns (Fig. 1a) and some of the largest anomalies re-
ported (Figs. 2, 3, 4; Table 1; Supplementary Table 1). A mixing line 
between ALH 81101 and the majority of high-Os content ureilites 
does not form a good fit with the three remaining anomalous ure-
ilites (Y 791538, DaG 319, and EET 87517), despite the observation 
that these share similar Pt/Os and Ru/Os ratios (Figs. 2 and 5b). In-
stead, mixing between the majority of ureilites analyzed here and 
an extrapolated component with higher Os concentrations or much 
larger isotopic anomaly in μOs than measured for ALHA 81101 is 
indicated by an arrow in Fig. 5a.

To estimate the possible timescales over which melt removal 
may have occurred, we estimated the Os diffusion length scale in 
metal or sulfide media. The diffusivity of Os has not been deter-
mined in metal, but can be assumed to be similar to that of Ir. 
At melt extraction temperatures in ureilites of ∼1150–1300 ◦C 
(Singletary and Grove, 2006), the diffusivity of Ir in Fe–Ni metal 
is ∼10−15 m2/s (Righter et al., 2005). The diffusive homogeniza-
tion time for a 100-μm metal grain is about 1 yr, and transport of 
Os across the hand specimen scale takes ∼1 Ma in solid metal. 
The diffusivity of Os in pyrrhotite at temperatures of ∼1300 ◦C 
is ∼10−12 m2/s (Brenan et al., 2000), which would decrease the 
diffusive equilibration timescales to ∼3 h for a 100-μm grain 
and about 1000 yrs for hand specimen scale. Given the pres-
ence of large residual metallic grains in ureilites (∼10–40 μm in 
width; Goodrich et al., 2013), a brief heating event during an im-
pact followed by burial (timescale ∼1 yr) would preserve Os iso-
topic heterogeneities more effectively than internal heating by 26Al 
(timescale ∼1–2 Ma) that should eliminate such anomalies. Alter-
natively, physical modeling by Goodrich et al. (2007) implies that 
shallow melting (<30 bars) in the ureilite parent body may have 
resulted in melt extraction on timescales shorter than a year. The 
experimental studies of Yokoyama et al. (2009) highlight the diffi-
culty of attaining Os isotopic equilibrium during melting, so that 
some form of disequilibrium melting is implied by the Os iso-
topic results in this study. Melt extraction in ureilites has been 
argued to be rapid and followed by intense disruption and brec-
ciation of the UPB while hot (Goodrich et al., 2004, 2013). As 
such, ureilites sample mixtures of these UPB reservoirs combined 
in variable proportions (Fig. 5). Concurrent contamination of the 
reassembling materials with chondritic material derived from (an) 
impactor(s) may represent an additional component in the gener-
ation of present-day ureilite bulk rock siderophile element char-
acteristics (Rankenburg et al., 2008; Fig. 5), although extracted 
metallic melts (e.g., Horstmann et al., 2014) might also be mixed 
back into ureilites with flat HSE patterns (Fig. 1).

4.3. Implications for other isotope systems

The rapid melting and mixing history of ureilites undoubt-
edly affected other presolar carriers, such as silicates and oxides, 
to differing extents resulting in hard to predict preservation of 
nucleosynthetic anomalies in other elements in ureilites that de-
pends on the degree of isotopic equilibration attained. As such, 
the Os isotopic heterogeneity demonstrated here implies that iso-
topic anomalies reported for other elements, interpreted to re-
flect nebular heterogeneities (e.g., Andreasen and Sharma, 2007;
Dauphas et al., 2002; Regelous et al., 2008; Trinquier et al., 2009), 
may partly or wholly result from parent body processing of car-
bonaceous chondritic precursors, a process that has not been con-
sidered before. Because ureilites are interpreted as restites (e.g., 
Goodrich et al., 2004; Singletary and Grove, 2006; Warren and 
Kallemeyn, 1992), the extracted metallic liquids and silicate liq-
uids may have given rise to iron meteorites and achondritic basalts 
that bear reciprocal Os (and Cr, Ti, or Ni) isotopic anomalies. In 
this case, the isotopic anomalies produced in planetary differen-
tiates do not reflect the isotopic composition of the bulk precur-
sor body. Some workers consider ureilite melts to be removed 
by intense CO streaming leading to explosive volcanism (Warren 
and Kallemeyn, 1992), unlikely to form metallic or basaltic mete-
orites. In this case, the s-process deficit material was likely dis-
persed widely in the early Solar System, possibly accreting to 
new parent bodies. It should be noted that Os isotope ratios in 
bulk iron meteorites (Walker, 2012; Wittig et al., 2013) do not 
show resolvable isotope anomalies, while Mo, Ru and Pd from the 
same irons contain s-process deficits (e.g., Burkhardt et al., 2011;
Chen et al., 2010; Mayer et al., 2015). The Mo and Ru isotopic 
compositions of ureilites are not known at present. However, the 
absence of a correlation between Mo and Os isotope anomalies 
for acid leachates and residues of the Murchison meteorite argues 
for a multitude of processes, including thermal nebular effects, 
and different presolar phases involved (e.g., Reisberg et al., 2009;
Burkhardt et al., 2012). Oxygen and Os isotopes both indicate that 
ureilites originated from carbonaceous chondrite-like precursors 
(Clayton and Mayeda, 1996; Rankenburg et al., 2007). Until the is-
sue of differential melting has been taken into account, endemic 
isotope anomalies in Ti, Cr and Ni cannot be used to refute ge-
netic links between ureilites and potential carbonaceous chondritic 
precursors (Warren, 2011).

4.4. Implications for the isotopic composition of the Earth

There are two sets of nucleosynthetic anomalies that constrain 
the formation of Earth, Moon, and Mars as well as the other 
terrestrial planets from chondritic or achondritic precursors. Iso-
tope anomalies in the elements of or adjacent to the Fe-peak 
(including Ti, Cr, and Ni) indicate that carbonaceous chondrites 
constituted a minor mass fraction of the inner planets, while E-
and O-chondrites are isotopically similar to these planets (e.g., 
Regelous et al., 2008; Trinquier et al., 2009; Warren, 2011). Based 
on Fe-peak anomalies, the Earth, Moon and Mars could be sourced 
from a variety of achondritic and chondritic planetesimals. This 
is not the case for isotope anomalies in elements beyond the 
Fe-peak, where all known chondritic and differentiated bodies ex-
hibit s-process deficits in Mo and Ru isotope anomalies relative 
to the Earth (e.g., Burkhardt et al., 2011; Chen et al., 2010). The 
fact that the Earth exhibits higher proportions of s-process nu-
clides than all analyzed chondritic and differentiated bodies in Mo 
(Burkhardt et al., 2011; Dauphas et al., 2002), Ru (Chen et al., 
2010), and Nd (Boyet and Carlson, 2005) isotopes requires that a 
major portion of the terrestrial mix of planetesimals marked by 
s-process excesses has not been sampled, yet. The ureilites are 
the first candidates for this missing component. The presence of 
s-process excesses in Os isotopic compositions for ureilites could 
indicate that the Earth preferentially accreted olivine-rich restites, 
consistent with its high Mg/Si non-chondritic composition (Caro 
and Bourdon, 2010). As aubrites, the achondritic counterparts to 
enstatite chondrites, do not show Os isotope anomalies (van Acken 
et al., 2011), continued efforts to characterize differentiated plane-
tary materials for a range of elements affected by nucleosynthetic 



S. Goderis et al. / Earth and Planetary Science Letters 431 (2015) 110–118 117
isotope effects may confirm if the circumstances leading to isotopi-
cally distinct planetary reservoirs were unique to the UPB.

5. Conclusions

In this study, we report the first s-process excesses in Os iso-
topes in bulk ureilites. In contrast to previously reported isotope 
anomalies in achondrites, the new results show a range of isotope 
anomalies among ureilites, from non-anomalous ureilites to vari-
able degrees of s-process isotope excess anti-correlated with Os 
abundances in 5 ureilites. These results stand in stark contrast to 
the isotopic homogeneity of Os among all bulk Solar System mate-
rials characterized to date, and to the isotopic variability recorded 
in siderophile Mo, Ru, Pd, and W for differentiated meteorites (e.g., 
Burkhardt et al., 2011; Chen et al., 2010; Dauphas et al., 2002;
Mayer et al., 2015; Qin et al., 2008). Further, in contrast to the 
aforementioned Mo, Ru and Pd isotope anomalies which all ex-
hibit s-process isotope deficits, ureilites exhibit the first s-process 
excesses (relative to terrestrial isotope abundances) in an element 
(Os) for which bulk chondrites exhibit no anomalies. Thus, it is 
clear that the reported Os anomalies were expressed by the plan-
etary differentiation of ureilites that resulted in losses of s-deficit 
Os in metallic liquids. This s-deficit material may have been lost 
from the ureilite parent body by explosive volcanism, and may 
have been accreted by other bodies in the early Solar System. The 
assumption that melting would homogenize any existing isotope 
anomalies had already been disproved for oxygen isotopes in prim-
itive achondrites (Clayton and Mayeda, 1996). Here, we extend that 
result to Os isotopes. To preserve these Os isotopic heterogeneities, 
rapid melting of ureilites is essential. The melting timescale of ure-
ilites has been constrained here to around a year or less, consistent 
with an impact heat source for ureilite melting, or with disequilib-
rium melting during explosive volcanism for ureilites.

As presolar phases release their nucleosynthetic components at 
variable rates during the melting of a meteorite parent body, there-
fore, the isotopic compositions for a range of elements (e.g., Ti, 
Cr, Ni, Mo, Ru, Os) might not be primary characteristics of pre-
cursor materials, limiting their use as provenance indicators. This 
is demonstrated compellingly here for ureilites, previously argued 
to derive from non-carbonaceous chondritic precursors based on 
Ti, Cr, and Ni isotopic compositions (Warren, 2011) despite oxy-
gen (Clayton and Mayeda, 1996) and osmium (Rankenburg et al., 
2007) isotope evidence for a carbonaceous chondritic parent. The 
presence of s-process excesses in Os isotopic compositions for ure-
ilites could also indicate that if the Earth preferentially accreted 
olivine-rich restites, then it could have inherited a s-process ex-
cess relative to smaller meteorite bodies, consistent with its high 
Mg/Si composition, and the fact that Earth exhibits an enrichment 
of s-process nuclides in Mo, Ru, and Nd isotopes. Further studies 
of heavy element isotope anomalies in ureilites are required to es-
tablish whether such isotope anomalies can be used as indicators 
of provenance or of process.
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