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1. Introduction

ABSTRACT

Coupled '870s/'880s compositions and highly-siderophile-element (HSE: Os, Ir, Ru, Pt, Pd, and Re)
abundance data are reported for eight angrite achondrite meteorites that include quenched- and
slowly-cooled textural types. These data are combined with new major- and trace-element concentra-
tions determined for bulk-rock powder fractions and constituent mineral phases, to assess angrite
petrogenesis. Angrite meteorites span a wide-range of HSE abundances from < 0.005 ppb Os (e.g.,
Northwest Africa [NWA] 1296; Angra dos Reis) to > 100 ppb Os (NWA 4931). Chondritic to supra-
chondritic '870s/'®0s (0.1201-0.2127) measured for Angra dos Reis and quenched-angrites corre-
spond to inter- and intra-sample heterogeneities in Re/Os and HSE abundances. Quenched-angrites
have chondritic-relative rare-earth-element (REE) abundances at 10-15 x Cl-chondrite, and their Os-
isotope and HSE abundance variations represent mixtures of pristine uncontaminated crustal materials
that experienced addition ( < 0.8%) of exogenous chondritic materials during or after crystallization.
Slowly-cooled angrites (NWA 4590 and NWA 4801) have fractionated REE-patterns, chondritic to sub-
chondritic '870s/'80s (0.1056-0.1195), as well as low-Re/Os (0.03-0.13), Pd/Os (0.071-0.946), and
relatively low-Pt/Os (0.792-2.640). Sub-chondritic '870s/'®0s compositions in NWA 4590 and NWA
4801 are unusual amongst planetary basalts, and their HSE and REE characteristics may be linked to
melting of mantle sources that witnessed prior basaltic melt depletion. Angrite HSE-Yb systematics
suggest that the HSE behaved moderately-incompatibly during angrite magma crystallization, implying
the presence of metal in the crystallizing assemblage.

The new HSE abundance and '870s/'®80s compositions indicate that the silicate mantle of the
angrite parent body(ies) (APB) had HSE abundances in chondritic-relative proportions but at variable
abundances at the time of angrite crystallization. The HSE systematics of angrites are consistent with
protracted post-core formation accretion of materials with chondritic-relative abundances of HSE to the
APB, and these accreted materials were rapidly, yet inefficiently, mixed into angrite magma source
regions early in Solar System history.

© 2012 Elsevier B.V. All rights reserved.

53Mn->3Cr, 2°Al-2°Mg and '82Hf-'82W systematics, show that
angrites are some of the most ancient differentiated Solar System

Angrites are broadly basaltic achondrite meteorites that crys-
tallized from magmas generated within an early-formed differ-
entiated parent body(ies), within ~2-10 Myrs of the formation of
calcium aluminum-rich inclusions (CAls; e.g., Kleine et al., 2009;
Markowski et al., 2007; Quitté et al, 2010). Absolute U-Pb
chronology, coupled with relative-age chronometry from
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materials, with ages of 4564-4568 Ma (e.g., Amelin, 2008, Amelin
et al., 2009; Baker et al., 2005; Connelly et al., 2008; Kleine et al.,
2012; Lugmair and Galer, 1992; Nyquist et al., 2009). The
relatively homogeneous A!’0O compositions (A'70=—0.072 +
0.007%, (1¢); A0 defined in the supplementary materials) that
differ from terrestrial (A”0=0%.), lunar (0%,), martian (~ +0.3%o),
and howardite—eucrite-diogenite (HED; A'’O= ~ —0.23%,) compo-
sitions, indicate that angrites were derived from one or more distinct
angrite parent bodies (APB), which experienced large-scale melting,
differentiation, and O-isotopic homogenization (Clayton, 2003;
Franchi, 2008; Greenwood et al., 2005; Mittlefehldt et al., 2008).
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Table 1

Highly-siderophile-element abundances (ppb) and osmium isotope data for angrite meteorites.

Sample Group Mass (g) Os BIK (%) Ir BIk (%) Ru BIKk (%) Pt BIk (%) Pd BIk (%) Re BIK (%) Re* +26  '87Re/'®%0s +20 '®7Re*/'%%0s
Angra Dos Reis Slowly-cooled R? 0.191 0.0045 443 0.027 9 0.008 46 0.173 23 0.022 79 0.0014 99 0.0014 0.0007 1.49 1.08 1.475
M 0.239 0.096 4.6 0.053 18 0.267 7 0.537 2 0.041 38 0.0148° 95 0.0088 0.0005 0.74 0.95 0.440
D’Orbigny Quenched R 0.286 2.481 0.10 6.036 0.1 6.411 0.1 5.251 0.6 3.729 2 0.588 0.8 0.1558 0.0006 1.14 0.01 0.302
M?*  0.525 0.077 2.7 0.055 29 0.164 6 0.265 2 0.607 5 0.015 10 0.0168 0.0005 0.93 0.10 1.052
Sahara 99555 Quenched R 0.265 0.240 1.06 0.249 2 0.547 1 0.937 4 0.420 4 0.050° 10 0.0385 0.0006 1.01 0.10 0.776
M?  0.896 0.121 1.02 0.137 21 0.203 3 0.458 0.6 0.504 3 0.025° 4 0.0290 0.0003 1.01 0.04 1.164
A881371, 55 Quenched M 0.194 0307 0.37 0.288 2 0.315 12 0.801 4.4 0.239 46 0.039 10 0.0315 0.0003 0.61 0.10 0.496
NWA 1296 Quenched M 0.304 0.0056 6.49 0.0088 13 0.0247 36 0.0110 67 0.0039 71 0.0008 64 0.0008 0.0001 0.66 0.64 0.718
NWA 4590 Slowly-cooled R? 0.297 2.66 0.09 4.44 0.1 7.32 0.06 5.90 0.6 1.52 4 0.152 3 0.1577 0.0006 0.28 0.03 0.286
M?*  0.503 1.89 0.12 3.25 1 4.94 0.2 4.99 0.1 1.79 2 0.238° 04 0.1157 0.0005 0.61 0.01 0.295
NWA 4801 Slowly-cooled R? 0314 14.16  0.005 15.0 0.03 284 0.01 124 03 1.68 3 0.379 0.5 0.349 0.002 0.128 0.007 0.119
M?  0.448 1047 0.024 10.07 0.4 9.20 0.1 8.28 0.1 0.74 5 0.279 0.4 0.297 0.004 0.128 0.006 0.136
NWA 4931 Anomalous R 0.313 135 0.002 - - - - - - - - - - 1143 0.02 - - 0.409
M 0.310 1149 0.003 133.36 0.03 216.04 0.01 243.55 0.004 17340 0.03 9.08 0.02 9.99 0.02 0.381 0.005 0.419
M 0.353 97.22  0.080 107.07 0.02 178.14 0.04 207.07 0.02 146.41 0.01 8.78 0.03 8.23 0.09 0.435 0.005 0.408
Sample 1870518805 +20 18705/188Qs; +26 y0s; + 206 Re/Os Re*/0s Pt/Os Os/Ir (Pt/Pd)y (Pd/Os)n
Angra Dos Reis R* 0.2127 0.0062 0.095 0.121 —-1.1 2.7 0.31 0.31 38.56 0.168 5.096 4.001
M 0.13094 0.00035 0.072 0.106 —24.8 13 0.15 0.09 5.583 1.819 8.621 0.342
D’Orbigny R 0.12007 0.00007 0.030 0.002 —-68.9 2.0 0.24 0.06 2117 0.411 0.924 1.212
M* 0.17927 0.00022 0.106 0.012 9.8 1.7 0.19 0.22 3.429 1.398 0.287 6.315
Sahara 99555 R 0.15745 0.00020 0.077 0.012 —-19.5 1.8 0.21 0.16 3.906 0.962 1.464 1411
M* 0.18813 0.00013 0.109 0.005 13.0 1.8 0.21 0.24 3.792 0.882 0.596 3.363
A881371. 55 M 0.13538 0.00019 0.087 0.011 -9.7 1.1 0.13 0.10 2.614 1.064 2.197 0.629
NWA 1296 M 0.15287 0.00050 0.101 0.072 45 1.2 0.14 0.14 1.967 0.638 1.865 0.558
NWA 4590 R* 0.11876 0.00006 0.097 0.003 0.8 0.5 0.06 0.06 2.222 0.598 2.553 0.460
M* 0.11947 0.00007 0.072 0.001 —-25.6 1.1 0.13 0.06 2.640 0.582 1.830 0.763
NWA 4801 R* 0.10556 0.00006 0.095 0.001 -0.8 0.2 0.03 0.02 0.873 0.945 4.825 0.096
M* 0.10696 0.00015 0.097 0.001 0.7 0.2 0.03 0.03 0.792 1.040 7.306 0.057
NWA 4931 R 0.12852 0.00005 - - - - - 0.08 - - - -
M 0.12927 0.00006 0.099 0.001 3.1 0.7 0.08 0.09 2.119 0.862 0.921 1.216
M 0.12839 0.00030 0.094 0.001 -23 0.8 0.09 0.08 2.130 0.908 0.928 1.214

The uncertainty (%) associated with each abundance measurement reflects the propagated blank correction (Blk) derived from the measured blank of the corresponding analytical cohort. Uncertainties are highly variable and
reflect the blank/sample ratio across the wide-range of observed HSE concentrations. The error associated with the reported '®’Re/'®80s corresponds to the propagated uncertainty of the Re and Os abundances. Re* is the
concentration of Re calculated using the measured '870s/'®80s isotope composition and the Os abundance of the sample, assuming a chondritic '870s/'880s at the time of sample formation (using Pb-Pb age data, supplementary
materials), and '87Re*/'880s is calculated using this value. The uncertainty (2¢) on the Re* value represents the propagated uncertainties on the Os abundance and measured '870s/'®80s. The Os-isotope composition of the
sample at the time of formation is given by '870s/'880s; (assuming the Pb-Pb ages shown in Table B15, supplementary materials). yOs; describes the difference between the '870s/'880s composition of the sample and the
chondritic value at the time of formation, and is given by yOs; =100 x [(*®70s/®80sampie(t)/ 8”05/ #80Schondrite(r)) — 1]. R=reconnaissance measurement; M=main optimally spiked measurement. Sample aliquants in which ~20
to 50%, and > 60%, of the total measured Re may represent recent additions of Re with radiogenic '8’Re/!®30s compositions are denoted by (®) and (), respectively. Aliquants considered to be least-contaminated by exogeneous
chondritic materials are denoted by (?). Highly-siderophile-element ratios normalized to the composition of Orgueil (after Horan et al., 2003) are denoted by (N), and the chondritic '870s/'®80s composition follows Walker et al.

(2002).
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Given their early crystallization ages and O-isotopic homo-
genization, angrites might record information about silicate-
metal equilibration during planetary differentiation on small
early-formed planetesimals. A key suite of elements for examin-
ing planetary differentiation processes is the highly-siderophile-
elements (HSE; including Os, Ir, Ru, Rh, Pt, Pd, Re, and Au). Under
low-pressure conditions applicable to small planets and asteroids,
HSE have highly variable metal-silicate partition coefficients that
are in excess of 10* (e.g., Borisov and Palme, 1997; Jones and
Drake, 1986; Kimura et al., 1974; Mann et al., 2012; O'Neill et al,,
1995). Consequently, the HSE might be expected to exhibit inter-
element fractionation and occur at extremely low abundances in
planetary mantles and their derivative rocks, such as angrites.
Recent studies have shown that HSE occur in broadly chondritic-
relative proportions in some angrites (Dale et al., 2012; Riches
et al., 2010), and some authors argue that the APB contains HSE
abundances broadly similar to those of Earth (Dale et al., 2012).
The silicate mantles of the Earth, Moon, Mars, and the parent
bodies of diogenites contain HSE in approximately chondritic-
relative proportions and at higher abundances than predicted by
low-pressure core formation; this has been interpreted as evi-
dence supporting the addition of broadly chondritic materials
during late accretion after the major-phases of core formation
(e.g., Bottke et al., 2010; Brandon et al., 2000; 2012; Chou, 1978;
Day et al., 2007; 2012a; Mitchell and Keays, 1981; Morgan and
Lovering, 1967; Morgan et al., 1981; Ringwood, 1966; Walker
et al., 2004). The comprehensive HSE abundance and Os-isotope
study of angrites reported here provides complementary and new
information to constrain the nature of post-core formation accre-
tion to planetesimals in the early Solar System.

We analyzed eight texturally diverse angrite meteorites (Angra
dos Reis; D’Orbigny; Asuka 881371; Sahara 99555; Northwest Africa
[NWA] 1296; NWA 4801; NWA 4590; NWA 4931) to provide
coupled HSE-abundances and '®’Re-'870s systematics. We combine
these data with new whole-rock trace-element abundances, as well
as petrography and major-, trace- and HSE abundance data for
minerals in the meteorites. Our objectives are to assess current
petrogenetic models for angrites, and to evaluate conditions of
metal-silicate equilibration and post-core formation accretion to
the APB. These results provide new insight into the influence of
oxygen fugacity and FeNi metal crystallization on HSE fractionation
during angrite magma genesis, and this has important consequences
for HSE abundances inferred for angrite magma source regions.

2. Sample preparation and analytical methods

All of the studied angrites are finds, except for Angra dos Reis,
which was collected from the water of the Bay of Angra dos Reis
(Brazil) 1 day after its observed fall. The angrite meteorite
portions investigated here were obtained from several sources
(supplementary materials). To avoid alteration or contamination
from saw-blades, and/or other curatorial implements, we
requested rock fractions from the interior portions of meteorites
with minimal amounts of fusion crust and/or exterior surface
material. Samples were examined using a binocular microscope to
ensure against visible contamination or exterior adhering surface
material, and surfaces were rinsed with ultra-pure water and
dried prior to processing. Sample powders were prepared in a
dust-free environment using an alumina mortar and pestle
dedicated to processing angrites.

Osmium-isotope and HSE abundance data were obtained at
the University of Maryland, using an analytical approach similar
to a previous study of lunar crustal rocks (Day et al., 2010a). Initial
reconnaissance (R) using approximately 0.19-0.31 g of powder
was conducted on the first set of prepared powder fractions for

Angra dos Reis, D’'Orbigny, Sahara 99555, NWA 4801, NWA 4590,
and NWA 4931. Subsequently, 0.24-0.90 g sample splits of these
meteorites were crushed and optimally spiked with guidance
from the small-aliquant analyses. These analyses are referred to
as main fractions, or ‘M, for the remainder of this paper. For two
of the samples (Asuka 881371 and NWA 1296), the limited
available sample mass precluded multiple Os-isotope and HSE
abundance determinations, and for this reason, guidance for
optimal spiking was obtained from compositional similarities
with D’Orbigny and Sahara 99555 (e.g., Floss et al., 2003;
Jambon et al., 2005). Although we expected the HSE abundances
of angrites to be broadly similar to, or lower than, those of lunar
mare basalts ( < 0.001-0.038 ppb Os; Day et al., 2007) because of
their derivation from a highly-differentiated parent body(ies)
(e.g., Greenwood et al., 2005), our initial investigation showed
that HSE concentrations of angrites range from ~0.005 ppb up to
135 ppb Os (Table 1). For this reason, the reconnaissance analysis
of one sample (NWA 4931) was under-spiked, and only Os
abundance and '870s/!880s data are presented for this aliquant.
For completeness, the data for the remainder of the samples, for
both reconnaissance and replicate aliquants, are reported in
Table 1, allowing estimation of the degree of local HSE hetero-
geneity within samples. However, it should be noted that, in some
cases, uncertainties of HSE concentrations for small aliquants
(190-240 mg) approach 100%.

Osmium-isotope compositions were determined in negative-
ion mode using a ThermoFisher Triton thermal ionization mass-
spectrometer at the University of Maryland. External precision of
18705/1880s during the analytical campaign was better than
+0.2% ('870s/1880s=0.11380 £ 20, n=13; 20dqev), and was
determined on 3.5-35 pg loads of the UMCP Johnson-Matthey
standard reference solution. Iridium, Pt, Pd, Ru, and Re abun-
dances were measured using a Cetac Aridus desolvating nebulizer
coupled to a ThermoFisher Element 2 inductively coupled plasma
mass-spectrometer (ICP-MS) operated in low-resolution mode.
External reproducibility (20) on > 10 standard analyses for each
analytical session was better than 0.2% for 0.01-1 ppb solutions of
Re and Pt, and better than 0.4% for Ir, Ru, and Pd. External
reproducibility of measurements was also monitored by regular
analysis of reference materials (GP13 peridotite standard), yield-
ing reproducibilities of 4.3-16% for HSE abundances and 0.6% for
18705/1880s (20, n=9; Day et al., 2012a).

Total procedural blanks (TPB; n=5) had '870s/'80s averaging
0.162 + 0.041, and quantities (in picograms) of 0.4 +0.4 [Os],
1.8+ 1.7 [Ir], 50 +2.5 [Ru], 6.7+2.7 [Pt], 16.2+14.8 [Pd], and
0.8+ 0.4 [Re]. All concentrations and isotopic compositions were
corrected for the blank obtained for the corresponding sample
cohort. The relative uncertainty associated with blank contributions
of Re is large, and for this reason, Re* values are also reported in
Table 1. This value is the concentration of Re calculated by
assuming chondritic 870s/'880s at the estimated time of sample
crystallization using the measured Os concentrations, and mea-
sured 870s/'880s compositions, to calculate Re*/Os.

Whole-rock trace-element abundance analyses were per-
formed at the University of Maryland using methods outlined in
Day et al. (2012b), with external reproducibility and accuracy for
all measured trace-element abundances (except HSE) being better
than +5% (20; supplementary materials). Whole-rock major-
element analyses were performed at the University of Tennessee,
using methods outlined in Riches et al. (2011). Mineral major-
element analyses were performed at the University of Tennessee
using a Cameca SX-100 electron microprobe, and in situ laser-
ablation ICP-MS analysis of silicates and metals were performed
at the University of Notre Dame and the University of Maryland,
respectively, using New Wave 213 nm laser-ablation systems
coupled to Element 2 ICP-MS instruments. Further details of
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Table 2
Angrite bulk-rock trace-element abundance data reported in ppm.
AdoR S 99555 D’Orbigny D’Orbigny A 881371 NWA 1296 NWA4590 NWA4801 NWA4801 NWA4931
Mass (mg) 50.5 46.1 50.5 65.8 50.3 63.3 50.3 50.1 50.8 50.8
Li 1.84(3) 6.17(3) 5.8(1) 6.36 6.15(3) 6.87 11.2(3) 4.66(2) 4.07(4) 3.1(1)
Sc 48.8(3) 46.9(2) 42.4(6) 47.3 35.6(4) 49.9 41.4(4) 48(1) 42(2) 17.0(4)
\Y 182.3(8) 132(2) 122(3) 130.2 103(1) 137.0 101.1(2) 139(4) 122(7) 67(2)
Cr 1519(5) 291(9) 273(8) 282 928(1) 488 364(5) 1470(48) 1361(87) 1885(66)
Co 17.17(6) 32.9(7) 31.5(9) 33.8 47.7(4) 294 24.93(6) 20.0(4) 17.4(8) 240(5)
Ni 129(8) 86(1) 73.9(1) 66.6 103(3) 57.3 91(2) 98(1) 86(2) 2618 + 107
Cu 26.67(2) 12.7(5) 12.2(3) 11.26 4.2(2) 9.44 11.1(1) 15.7(6) 13.9(9) 7.73(7)
Rb 0.02(2) 0.85(5) 0.41(3) 0.434 0.110(7) 0.107 0.315(7) 0.07(2) 0.04(1) 0.048(3)
Sr 123(4) 93.91(6) 96(1) 110.0 79.54(5) 101.0 133(1) 108.6(6) 100(3) 63.9(1)
Y 54.6(6) 19.6(3) 19.8(2) 20.40 14.6(3) 21.59 30.9(2) 31.6(4) 27(1) 7.04(5)
Zr 150.8(5) 57.3(2) 57.7(6) 59.2 45(2) 58.8 81.4(2) 104(1) 91(4) 21.47(8)
Nb 7.3(9) 3.64(4) 3.74(5) 3.7 2.6(1) 3.8 1.471(3) 3.11(5) 2.7(1) 0.21(1)
Mo 0.0905(8) 0.209(4) 0.18(1) 0.261 0.270(9) 0.382 0.14(2) 0.074(5) 0.050(4) 0.612(4)
Cs 0.0003(2) 0.161(2) 0.0214(4) 0.0231 0.0040(2) 0.0023 0.01972(1) 0.003(2) 0.0024(2) 0.00273(4)
Ba 20.9(3) 37.27(3) 50.01(2) 49.35 23(1) 40.78 81(2) 40.5(6) 36.2(8) 72.5(2)
La 6.2(2) 3.536(5) 3.753(2) 3.425 2.50(6) 3.333 3.19(4) 3.43(1) 2.96(7) 0.522(3)
Ce 18.5(3) 9.01(2) 9.22(4) 8.943 6.3(1) 9.097 8.8(1) 10.68(6) 9.3(1) 1.72(1)
Pr 3.09(4) 1.285(4) 1.331(9) 1.301 0.99(3) 1.295 1.35(1) 1.75(1) 1.52(3) 0.299(6)
Nd 17.2(3) 6.70(5) 6.92(1) 6.953 4.9(1) 7.079 7.42(9) 10.0(1) 8.6(2) 1.89(1)
Sm 5.9(1) 2.127(4) 2.15(2) 2.169 1.58(6) 2222 2.61(5) 3.46(3) 3.02(8) 0.69(1)
Eu 1.81(7) 0.821(8) 0.840(7) 0.858 0.63(2) 0.845 1.06(3) 1.152(8) 1.03(1) 0.39(1)
Gd 7.3(2) 2.70(5) 2.718(4) 2.756 2.09(4) 2.880 3.51(7) 4.43(4) 3.85(5) 0.93(2)
Tb 1.39(5) 0.505(6) 0.508(2) 0.499 0.38(1) 0.527 0.70(2) 0.844(5) 0.733(9) 0.183(4)
Dy 9.2(3) 3.40(3) 3.384(9) 3.479 2.60(8) 3.685 4.9(1) 5.60(5) 4.90(5) 1.26(3)
Ho 2.03(8) 0.76(1) 0.760(4) 0.752 0.57(2) 0.801 1.14(2) 1.22(1) 1.08(1) 0.284(7)
Er 5.6(2) 2.16(2) 2.15(1) 2.178 1.66(6) 2317 3.32(7) 3.388(7) 2.95(1) 0.82(2)
Tm 0.83(3) 0.332(2) 0.3328(3) 0.321 0.243(9) 0.344 0.52(1) 0.507(1) 0.4422(4) 0.132(2)
Yb 5.0(1) 2.11(1) 2.09(2) 2.120 1.60(6) 2.230 3.31(7) 3.106(1) 2.72(7) 0.88(3)
Lu 0.72(1) 0.322(2) 0.31560(1) 0.307 0.24(1) 0.325 0.50(1) 0.460(2) 0.404(6) 0.141(3)
Hf 2.70(7) 1.63(2) 1.58(2) 1.552 1.24(9) 1.593 2.20(5) 2.564(8) 2.24(3) 0.72(2)
Ta 0.470(9) 0.206(4) 0.206(3) 0.190 0.148(9) 0.194 0.128(3) 0.235(4) 0.203(8) 0.027(3)
w 0.19(7) 0.35(5) 0.27(4) 0.216 0.23(3) 0.263 0.31(4) 0.97(7) 0.82(3) 0.13(3)
Pb 3.1(2) 0.45(3) 1.37(2) 1.352 0.16(1) 0.294 0.38(3) 0.30(1) 0.258(4) 0.2(2)
Th 0.74(5) 0.50(2) 0.454(9) 0.451 0.33(2) 0.451 0.325(9) 0.283(4) 0.242(2) 0.028(2)
U 0.20(1) 0.106(3) 0.082(1) 0.077 0.082(5) 0.067 0.096(4) 0.094(1) 0.081(1) 0.032(2)

AdoR=Angra dos Reis, S 99555 = Sahara 99555, and A 881371=Asuka 881371. Uncertainties (20swev) associated with measured trace-element concentrations are

reported in parentheses and correspond to the least decimal or significant figure cited.

methods used to prepare samples and obtain bulk-rock Re-Os
isotope and HSE abundance data, major- and trace-element
concentrations, and in situ mineral-chemical data are reported
in the supplementary materials.

3. Results
3.1. Petrographic and mineralogical characteristics

Angrites are texturally diverse achondritic meteorites
(Table 1), with variable grain sizes that are typically 0.2-3 mm
in maximum dimension, corresponding to older quenched-, and
younger slowly-cooled angrites, respectively. Phase assemblages
and mineral compositional ranges reported in this study are
broadly consistent with previous observations (e.g., Floss et al.,
2003; Jambon et al., 2005, 2008; Keil, in press; Mittlefehldt and
Lindstrom, 1990; Mittlefehldt et al., 2002; supplementary mate-
rials). Notably, some angrites contain FeNi metal grains account-
ing for as much as 6 modal % (kamacite+ tetrataenite in NWA
4801, and kamacite in NWA 4931).

Major- and trace-element abundances determined for consti-
tuent minerals of angrites are reported in the supplementary
materials. Abundances of the HSE were measured in mineral
grains from NWA 4931 (supplementary materials), and co-
existing silicate phases contain no detectable HSE concentrations.
Hercynitic spinel is associated with appreciable quantities of Pt
(0.89 ppm) and Pd (2.22 ppm). Metals in NWA 4931 contain total

HSE abundances exceeding 50 ppm, which are in broadly
chondritic-relative proportions (supplementary materials), and
the HSE in these kamacite grains account for the majority of the
bulk-rock HSE budget of this meteorite. A reconstructed bulk-rock
HSE composition, calculated by combining modal abundances
(supplementary materials) and representative mineral HSE abun-
dances, has broadly chondritic-relative abundances of the HSE,
but at lower concentrations than measured in bulk-rock fractions.
These differences probably reflect variations in the modal propor-
tions of metal determined during petrographic study versus those
of sample powders.

3.2. Whole-rock trace-element abundances of angrites

New bulk-rock trace-element abundance data are reported in
Table 2 and plotted in Fig. 1. The relative and absolute abundances
of whole-rock rare-earth-elements (REE) in the studied angrites
define three different relative abundance patterns: (1) Angra dos
Reis, NWA 4801, and NWA 4590 have elevated middle-REE (MREE)
relative to light-REE (LREE); ([La/Sm]y=0.61-0.77), and heavy-REE
(HREE) are low to moderately elevated relative to MREE ([Sm/
Yb]n=1.23-1.29 in Angra dos Reis and NWA 4801, and [Sm/
Yb]n=0.87 in NWA 4590). Angra dos Reis and NWA 4801 have
negative Eu-anomalies ([Eu/Eu*]=0.84 and 0.89-0.91, respectively),
and NWA 4590 is characterized by a slight positive Eu-anomaly
(1.06); (2) the quenched-angrite group (NWA 1296, Sahara 99555,
D’Orbigny, Asuka 881371) define broadly flat chondrite relative
REE-patterns ([La/Yb]y=1.08-1.24) at 10-15 x Cl-chondrite; and
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Fig. 1. Whole-rock REE concentrations of angrite bulk powder fractions normal-
ized to the Cl-chondrite estimate of Anders and Grevesse (1989).

(3) NWA 4931 has the lowest absolute abundances of REE, with the
lowest (La/Yb)y (0.41), and a positive Eu-anomaly ([Eu/Eu*|y=
1.46). A striking aspect of the new trace-element abundance data
is the generally lower trace-element concentrations in NWA 4931
compared with other angrites (e.g., REE concentrations < 10 x CI-
chondrite in NWA 4931). The major exceptions are high Ba
(72.5 ppm), Co, and Ni contents (240 and 2620 ppm, respectively)
in NWA 4931; Ni and Co concentrations in this meteorite are an
order of magnitude higher than in other angrites.

3.3. Highly-siderophile-element abundances and osmium-isotope
compositions of angrites

Angrite meteorites span a considerable range of HSE abun-
dances from samples with low-HSE contents (< 0.005 ppb Os;
NWA 1296; Angra dos Reis) to samples that have HSE concentra-
tions ~0.3 x Cl-chondrite (97.2-135 ppb Os; NWA 4931; Fig. 2).
The '870s/880s of the studied angrites range from 0.1056 to 0.213,
with measured 87Re/'80s ranging from 0.128 to 1.49 (Table 1),
and this range of Re-Os isotope compositions extends beyond
external analytical precision (section 2). Comparison of individual
aliquants shows that intra-sample HSE abundances and
18705/1880s vary beyond analytical uncertainties in some angrites.
For this reason, where replicate measurements of individual
angrites were possible we illustrate the percentage of intra-
sample HSE abundance and Os-isotope variation by calculating
the relative standard deviation [RSD] for two to three aliquants.
The coarse-grained, slowly-cooled angrites have more reproducible
HSE abundances and '870s/!8%0s (generally 12-55% and 0.42-
0.93% relative standard deviation [RSD] for HSE abundances and
Os-isotope compositions in NWA 4590 and NWA 4801, respec-
tively) than quenched-angrites. Ruthenium abundances in NWA
4801 show the greatest degree of variation (72% [RSD]). In contrast,
quenched-angrites (D’Orbigny and Sahara 99555), and Angra dos
Reis show significant variations in HSE abundances and
18705/1880s between powders prepared from different portions of
these meteorites (13-139% [RSD] and 13-34% [RSD] for HSE
abundances and '870s/'880s, respectively). Quenched-angrites,
NWA 1296, and a portion of Angra dos Reis have the lowest total
HSE abundances (ZHSE=0.24-0.5 ppb), and NWA 4931 has the
highest total HSE concentrations (XHSE=890 ppb) and an HSE
abundance pattern with chondritic-relative abundances (Fig. 2).
The most reproducible HSE abundances and Os-isotope composi-
tions were obtained from NWA 4931 (2-16% and 0.37% [RSD],
respectively).
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Fig. 2. Highly-siderophile-element (HSE) abundances of bulk-rock fractions of (a)
quenched-angrites, and (b) slowly-cooled angrites and texturally anomalous NWA
4931 normalized to the composition of Orgueil (Horan et al., 2003). Elements are
plotted in order of increasing volatility under reducing conditions from left to
right.

The Re-Os isotope compositions of four angrite powder ali-
quants, including portions of D’Orbigny, Sahara 99555, and NWA
4590, do not plot within analytical uncertainties of the 4.563 Ga
reference line (Fig. 3(a)). However, propagated uncertainties
(including external precisions and blank contributions) are
strongly dependent on Re abundances and ®7Re/'®80s, and the
uncertainties associated with these measurements. Ten other
angrite aliquants coincide with, or fall close to, a 4.563 Ga
reference line (Fig. 3(a) and (b)), which represents single-stage
evolution of variably fractionated materials from a uniform
chondritic reservoir at a time broadly coincident with angrite
crystallization.

4. Discussion
4.1. Alteration and post-crystallization Re-Os isotope disturbance

Although some angrite portions yield Re-Os isotope composi-
tions that coincide with the 4.563 Ga reference line (Fig. 3), there
is dispersion of individual angrite samples about this line. The
majority of angrites have measured Re concentrations that differ,
beyond analytical uncertainties, from calculated Re* abundances
(Table 1). These characteristics are consistent with varying
amounts of disturbance of Re and/or Os, long after initial angrite
magma crystallization. Previous studies of chondritic materials,
achondritic meteorites. and returned (Apollo) lunar samples
have reported similar Re-Os disturbance attributed to either: (1)
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low-temperature alteration in terrestrial environments that
potentially adds or removes Re and/or Os (e.g., Brandon et al.,
2012; Day et al., 2012b; Horan et al., 2009); (2) surface exposure
and neutron capture by W leading to neutron-fluence effects on
Re (c.f, Day et al., 2010a; Herr et al., 1971; Michel et al., 1972); or
(3) contamination by terrestrial materials during sample prepara-
tion (Day et al., 2010a).

With the exception of the observed fall of Angra dos Reis, all
other studied angrites are finds, and were subjected to varying
degrees of low-temperature alteration in terrestrial environments
(deserts) for significant periods of time. For these reasons, the
most probable origins of Re-Os isotope disturbance in angrite
meteorites are from relatively recent ( <1 Ma) low-temperature
alteration on Earth.

The precise nature of low-temperature alteration experienced
by angrites is not known in detail, but analogies can be drawn
from comparable petrographic, chemical, and isotopic alteration
signatures reported for other achondrites. NWA 4931 contains
altered metals broadly comparable to altered metals and sulfides
reported in a recent investigation of brachinites (Day et al.,
2012b). The oxidative low-temperature alteration of brachinite
metals and sulfides has been linked to mobilization of Re within
these meteorites, with other HSE showing only limited evidence
of disturbance. Mobilization of Re will generate dispersion on a
187Re/1880s-1870s/1880s plot, with removal of Re leading to lower
Re/Os than predicted from the time-integrated in-growth of 1870s
(plot to the left of the 4.563 Ga reference line), and addition of Re
leading to higher Re/Os (plot to the right of the 4.563 Ga reference
line). It is also possible that Re-Os disturbance occurred through
physical exchange with terrestrial materials (e.g., during exposure
to near-surface fluids). Rhenium is sensitive to terrestrial desert
alteration, as relatively high-abundances of Re are commonly
present in continental environments (e.g., estimates for upper
continental crust are ~0.2ppb Re with '87Re/'880s=34.5;
Peucker-Ehrenbrink and Jahn, 2001). This contrasts with Os that
generally occurs in much lower concentrations in continental
environments (estimates for average upper continental crust are
< 0.05 ppb Os; Peucker-Ehrenbrink and Jahn, 2001).

Some of the Re-Os isotopic deviations observed in angrites
preclude use of the Re-Os isotope system for a precise age
determination. However, the degree of open-system behavior
appears to be minor to negligible for the other HSE (Os, Ir, Ru,
Pt, Pd). This is indicated by the limited variations in the inter-
element ratios of these other HSE (supplementary materials).
Thus, whereas angrite Re abundances and 8’Re/'®80s composi-
tions are highly sensitive to terrestrial alteration in meteorites,
we argue that the relative and absolute abundances of the other
HSE and the measured '870s/'®80s in angrites remain high-
fidelity recorders of processes acting on the APB.

4.2. Impactor contamination and involvement of felsic crust in
NWA 4931

During residence at or close to the APB surface, and through
impact-ejection, angrites may have been subject to HSE-rich
impactor contamination that post-dated magmatic crystalliza-
tion. Such contamination is a localized near-surface modification
process, and differs from late accretion following core formation,
which requires addition of HSE to magma source regions prior to
the extraction and crystallization of angrite parental melts.
Impact contamination processes on the APB are analogous to
those common among lunar rocks, where some crustal rocks
(formerly treated as “pristine” samples) show evidence for HSE
enrichment, tending toward chondritic-relative abundances of
the HSE (e.g., Day et al., 2010a).
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Fig. 3. Rhenium—Os isotope compositions of angrites determined by isotope
dilution showing the main optimally spiked aliquant (M) and reconnaissance (R)
aliquant of each studied sample. Uncertainties (2¢) are less than symbol size
unless shown otherwise. Two fractions of Angra dos Reis and an aliquant of NWA
1296 (b) with low-HSE abundances are omitted from (a) as the uncertainties on
the measured values extend beyond the figure area. The 4.563 Ga reference line
represents single-stage Re-Os isotope evolution from a chondritic '870s/'880s
reservoir and is calculated assuming a Solar System initial of !870s/'880s
=0.9524 +0.0011 and a '®7Re-decay constant of 1.666 x 10~ '! (Smoliar et al.,
1996). The range of Re-Os isotope compositions determined for chondritic
meteorites (after Fischer-Godde et al., 2010; Horan et al., 2003; van Acken et al.,
2011; Walker et al., 2002) are shown as a solid gray box in (a). Deviations of
measured Re-Os isotope compositions from the 4.563 Ga reference line that result
from recent Re disturbance are illustrated by black arrows. Data points labelled
D12 correspond to those reported by Dale et al. (2012).

The most likely contender for an angritic impact-melt rock is
NWA 4931. This meteorite has a poikilitic texture (supplementary
materials), the highest bulk-rock HSE content of any studied
angrite, chondritic-relative abundances of the HSE, and chondritic
18705/1880s. Furthermore, NWA 4931 is paired with NWA 2999,
and in situ LA-ICP-MS studies of this meteorite have indicated the
presence of chondritic metals that may be of impact origin
(Humayun et al., 2007; supplementary materials). Bulk-mixing
models suggest that the HSE-abundances and Os-isotope compo-
sition of NWA 4931 may be accounted for by the presence of
~30 wt.% of chondritic materials (Fig. 4; supplementary materi-
als), but addition of chondritic metals alone (through impact-
driven accretion and vaporization) requires substantially less
mass to account for the observed HSE characteristics.

In addition to elevated HSE abundances, NWA 4931 is character-
ized by a positive Eu-anomaly and lower absolute REE abundances
than other angrites. These characteristics differ considerably from the
two other identified REE-groups and suggest an origin for NWA 4931
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Fig. 4. Osmium-isotope compositions and Os abundances normalized to the
composition of Orgueil (Horan et al, 2003) of angrites. Measured angrite
compositions are compared to models of simple mixing between chondritic
materials and (1) the reconnaissance aliquant (R) of Angra dos Reis (Model 1),
(2) the main optimally-spiked aliquant (M) of D’Orbigny (Model 2), and (3) the
M-aliquant of Sahara 99555 (Model 3). The range of '870s/!8%0s isotope composi-
tions determined for chondritic meteorites (after Fischer-Godde et al., 2010;
Horan et al., 2003; van Acken et al., 2011; Walker et al., 2002) is shown as a gray
bar. Data points labelled D12 correspond to those reported by Dale et al. (2012).

from a plagioclase-rich protolith. Mass-balance calculations, to
remove ~30% chondritic impactor in order to estimate initial
protolith composition ([REE]y=2.8; [Eu]y=4.5), suggest that the
impacted lithology does not match the extremely low-REE abun-
dances and the large-positive Eu-anomalies of pristine lunar anortho-
sites (e.g., Wakita and Schmitt, 1970), or the more LREE-enriched
character of felsic asteroidal crust (e.g., GRA 06128/9 meteorites; Day
et al, 2009). Instead, the composition of NWA 4931 more closely
matches a plagioclase-rich ‘basaltic’ composition, and hints at the
possibility that the APB may have an early-formed heterogeneous
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crust composed of both broadly basaltic and more felsic lithologies
(Fig. 5). Because the HSE contents of NWA 4931 are dominated by
impact additions in near-surface environments, this sample is
excluded from subsequent discussion sections exploring the parent
body processing and internal APB HSE characteristics.

4.3. Addition of exogenous chondritic material to quenched-angrites

With the exception of NWA 4931, the studied angrites exhibit
chondrite-normalized HSE-patterns that range from relatively flat
(e.g., Asuka 881371; Sahara 99555) to moderately fractionated
(e.g., NWA 4801), with Os abundances ranging between 0.0045
and 14.2 ppb. Intra-sample variations in HSE abundances and Os-
isotope compositions have been reported for terrestrial samples,
and these differences are often attributed to modal variations in
small sample fractions. However, this hypothesis does not provide
a unique explanation for the angrite HSE characteristics. The most
straight-forward explanation for the variations in absolute HSE
abundances between different aliquants of D’Orbigny, Sahara
99555, Asuka 881371, NWA 1296, and Angra dos Reis are from
minor additions of exogenous chondritic materials during or
subsequent to magmatic crystallization. In this model, ‘pristine’
angrite-magmas contain low HSE abundances (XHSE <0.24-
2.44 ppb), which are highly sensitive to contamination by exo-
genous chondritic materials. Thus, HSE abundance variations in
quenched-angrites may reflect small amounts of assimilation of
regolith containing chondritic materials rich in HSE; these assimi-
lated materials were incompletely homogenized by rapidly cooled
angrite lavas or shallow-level intrusive bodies. Alternatively,
exogenous chondritic HSE may have been added to quenched-
angrites as minor impact additions in near-surface environments.
The first of these scenarios is preferred as there is little petro-
graphic evidence for impact disturbance in quenched-angrites. To
quantitatively evaluate potential exogenous HSE additions to
angrites, mixing curves were calculated between a chondritic
impactor and three possible protoliths, represented by the
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Fig. 5. Schematic illustration of early core formation, generation of angrite magmas, and addition of impact material on the angrite parent body(ies) (APB) shown here as a
single planetary pre-cursor. The decay of short-lived radionuclides such as AlI*®+ energy imparted during collisions supplies heat capable of generating a magma ocean,
and heterogeneous (silicate) source regions may have formed during magma ocean crystallization (after Greenwood et al., 2005). Impact contributions may have involved
bodies of broadly chondritic compositions with widely varying sizes, and inefficient mixing of these materials in early-formed bodies cautions against assumptions of
homogenous HSE abundances at all parent body scales. 'Rivkin et al., 2007; 2Trilling et al., 2007; >Scott and Bottke, 2011; “Mittlefehldt and Lindstrom, 1990; °Floss et al.,

2003; Markowski et al., 2007; “Weiss et al. (2008).
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reconnaissance (R) aliquant of Angra dos Reis and the main (M)
aliquant of Sahara 99555 and D’Orbigny. With this calculation
between <0.01 and 0.8% exogenous chondritic material is
required to explain the HSE abundance and Os-isotope composi-
tions of the M-aliquant of Angra dos Reis, and the R-aliquant of
D’Orbigny and Sahara 99555 (Fig. 4; supplementary materials). If
it is assumed that the R-aliquant of Angra dos Reis is similar to a
pristine pre-curser of NWA 1296, then less than 0.01% exogenous
chondritic addition would be required to explain the HSE abun-
dances in NWA 1296. Similarly, Asuka 881371 may result from
the addition of < 0.1% chondritic material to a ‘pristine’ magmatic
protolith similar to the M-aliquant of D’Orbigny. Samples that do
not conform to impactor contamination include NWA 4801 and
NWA 4590, both of which have sub-chondritic '870s/'%80s and
fractionated REE-patterns.

4.4. Igneous processes on the angrite parent body

Several petrogenetic models have been proposed to explain
the formation of angrites. Kurat et al. (2004) and Varela et al.
(2003, 2005) provided detailed mineralogical observations and
major- and trace-element compositions of the D’Orbigny meteor-
ite and its constituent glasses. These authors argued that D’Or-
bigny was generated through multi-stage ‘non-igneous’ nebular
processes, broadly analogous to those that may have generated
CAls. Some angrites contain HSE that are fractionated with
respect to chondrites, and the relative abundances of HSE are
not consistent with volatility controlled processes alone, as would
be indicated by depletions or enrichments in the more volatile
HSE Pd (or Au). Thus, the absolute and relative abundances of the
HSE in D’Orbigny are not compatible with a direct nebular origin
for angrites.

As discussed above (Section 4.3), several aliquants of the
quenched-angrites, and slowly-cooled Angra dos Reis show sig-
nificant intra-sample variations in HSE abundances and
18705/1880s compositions, consistent with the addition of exo-
genous chondritc material imparted in near-surface environ-
ments (Fig. 4). For these reasons, the HSE compositions of these
angrites do not solely reflect the HSE characteristics of magma
source regions in the APB interior. The following discussion of
igneous processes is focused on the HSE characteristics of the
least-contaminated angrite aliquants (Table 1).

The HSE are particularly valuable tracers for understanding the
origin of angrites, because early-formed and undifferentiated
materials (e.g., chondrites, CAls) are characterized by elevated
abundances of these elements (e.g., Anders and Grevesse, 1989;
Crocket et al., 1967; Horan et al., 2003; Kallemeyn and Wasson,
1981; van Acken et al., 2011). During magmatic differentiation of
a broadly chondritic pre-cursor, HSE are depleted in silicate
reservoirs by: (1) silicate-metal equilibration, whereby the resul-
tant silicate mantle would be effectively stripped of the HSE (e.g.,
Borisov and Palme, 1997; Jones and Drake, 1986; Kimura et al.,
1974; O'Neill et al., 1995); and/or (2) Fe-Ni-sulfide and silicate-
melt extraction (e.g., Day et al, 2012b; Jones et al., 2003;
Rehkdmper et al., 1999). Therefore, the observations that some
angrites are depleted in the HSE by as much as a factor of one
hundred relative to CI-chondrite, and that some angrites also have
fractionated relative-abundances of HSE strongly implies that
angrites have witnessed partial to extensive metal-silicate equi-
libration associated with core formation on the APB, and are
products of magmatic differentiation.

A striking aspect of the new HSE abundance data for angrites is
the fractionated chondrite-normalized HSE-patterns for NWA
4801, and to a lesser extent NWA 4590 (Fig. 2). These angrites
are characterized by more reproducible, yet distinct, and more
fractionated HSE-patterns compared to other angrites. Further,

the R- and M-aliquants of both samples yield 870s/'880s that are
considerably lower than are typical of bulk chondrites (Fischer-
Godde et al., 2010; Horan et al., 2003; Walker et al., 2002), and
these values are among the lowest Os-isotope ratios measured in
bulk planetary materials, with only some non-metallic compo-
nents of ordinary chondrites characterized by such low
18705/1880s (Horan et al., 2009). The sub-chondritic '870s/!880s
of both of these meteorites requires time-integrated low-Re/Os,
which cannot be accounted for by impactor additions. NWA 4801
and NWA 4590 are coarse-grained (crystal sizes are generally
1-2 mm) crystalline samples that are probable cumulates and
thermally annealed rocks, respectively; these meteorites contain
olivines with Mg# < 60 (where Mg#=100 Mg/[Mg+ Fe*°®!]; sup-
plementary materials), and they are not residual mantle materi-
als. The relatively high total HSE abundances and low 870s/!880s
of NWA 4590 and NWA 4801, therefore, are features incorporated
prior to or during crystallization of their parental magmas on
the APB.

NWA 4801 and NWA 4590 are also characterized by low-Pd,
relative to other HSE (e.g., [Pd/Os]n=0.06 to 0.75, where N denotes
normalization to Orgueil values reported by Horan et al., 2003). It
is unlikely that low-Pd/Os in these meteorites result from solid-
metal liquid-metal partitioning, as proposed for partially differ-
entiated achondrites (e.g., brachinites and ureilites; Day et al.,
2012b; Rankenburg et al., 2008). In contrast to NWA 4801,
ureilites and brachinites show no evidence for enhanced Re/Os
fractionations of the magnitude required to explain the sub-
chondritic '870s/'880s of NWA 4801. In addition, no iron meteor-
ites exist with such low long-term Re/Os (e.g., Horan et al., 1992;
Smoliar et al., 1996).

We examine three possible scenarios that may generate low-
Re/Os signatures in NWA 4801 and NWA 4590. The first scenario
is that oxygen fugacity played a major role in Re/Os fractionation
within planetary basalts. Birck and Allegre (1994) first explored
this hypothesis on planetary basalts using measured Os abun-
dances, '870s/1880s isotope compositions, and inferred Re abun-
dances (e.g., Re*) for a number of achondrites and lunar rocks.
Experimental studies of HSE partitioning indicate that magmas
produced under relatively oxidizing conditions (cf., angrites and
terrestrial basalts) will have elevated Re®*/Re** (e.g., Brenan,
2008; Ertel et al., 2001) compared with magmas produced under
relatively reducing conditions (cf., lunar and eucrite magmas).
These valence-state variations lead to higher Re/Os at a given Os
abundance in oxidized magmas. This model predicts that angrites
will crystallize with elevated Re/Os with respect to chondrites,
producing supra-chondritic Os-isotope compositions over
extended time periods. However, low time-integrated Re/Os for
NWA 4801 and NWA 4590 cannot be explained by high-fO,, and
other angrites do not conform to this model.

Secondly, it is possible that the relatively high-fO, conditions
inferred for quenched-angrite-magma genesis could have led to
loss of Re through magmatic degassing as oxidized or halogenated
complexes (cf., Crowe et al., 1987; Day et al., 2010b; Hinkley et al.,
1999; Sun et al., 2003 and references therein). However, angrites
define broad positive correlations between (Os, Ir, Ru, Pt, Pd, Re)/
Yb, compared with Re abundances (supplementary materials).
These characteristics contrast with (Os, Ir, Ru, Pt, Pd, Re)/Yb
systematics reported for sub-aerially erupted alkali lavas from
the Canary Islands (Day et al., 2010b), suggesting that magmatic
degassing of Re was an unlikely process on the APB.

A third model involves multiple melt-depletion events in
the APB. In this context, low-Re/Os in these angrites may be
inherited from a magmatic source region that experienced prior-
melt removal (cf, Schaefer et al., 2002 for a terrestrial analog).
This model involves selective depletion of the HSE that are
generally considered to behave incompatibly in sulfide-bearing
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silicate-melt systems (e.g., Re, Pt, and Pd) versus HSE abundances
that are considered to behave more compatibly (Os, Ir, and
Ru; e.g., Barnes et al., 1985). Prior depletion of angrite magma
reservoirs is broadly supported by the generation of younger
quenched-angrites with high-Re/Os and chondritic-relative REE.
Although the analogy to models of multiple melt generation
events on Earth may account for the low-Re/Os in younger
slowly-cooled angrites with fractionated REE, it does not account
for the presence of kamacite + tetrataenite in NWA 4801, or the
moderate degrees of HSE fractionation compared to magmatic
products of the Earth, Moon, and Mars (supplementary materials).
Furthermore, there is no obvious correlation between angrite HSE
abundances and indices of melt-depletion (e.g., Mg/Fe; supple-
mentary materials).

A positive slope between Re abundances and ratios of Os and Ir
to Re and Yb suggests that Os and Ir behave moderately-
incompatibly during angrite-magma genesis (supplementary
materials). Furthermore, the presence of metal in the crystallizing
assemblage of some angrites exerted a major influence on angrite
HSE abundances and magmatic HSE fractionation on the APB.
Kleine et al. (2012) recently suggested that W behaves compatibly
with respect to Hf, and FeNi metals identified in this study may
account for this Hf-W behavior during angrite-magma genesis.
The presence of kamacite and tetrataenite as late-crystallizing
phases in NWA 4801 is contradictory to the relatively high-fO,
conditions thought to account for the silicate assemblage of
quenched-angrites (logfO,=IW+1 to +2; e.g., Jurewicz et al,
1993; McKay et al., 1994; Longhi, 1999). The dynamics of melt
generation and magma processing that control HSE behavior
during the genesis of some angrite-magmas probably differ from
the sulfide-dominated systems of the Moon, Mars, and Earth (+/
— Os-Ir alloys inferred for some high-degree, S-under-saturated
terrestrial melts and residues; e.g., Luguet et al., 2007; Puchtel
et al., 2004; supplementary materials). However, the low mea-
sured Re/Os in NWA 4801 and NWA 4590 are best explained by
multiple melt- or sulfide-removal episodes within the APB prior
to the crystallization of these magma products.

4.5. Metal-silicate differentiation in, and late accretion to,
the angrite parent body

Angrite portions least affected by the addition of exogenous
chondritic materials (Table 1) contain HSE abundances substan-
tially in excess of those predicted for magmas generated from a
mantle stripped of its HSE by low-pressure metal-silicate differ-
entiation, where D™mewl/silicate y3lyes are on the order of >10*
(e.g., Borisov and Palme, 1997). Two scenarios of angrite origin
can explain the range of HSE abundances and Os-isotope compo-
sitions. The first model involves the addition of HSE to the APB
mantle following core formation, but before complete solidifica-
tion. The second model entails incomplete core formation and
retention of some metal in the silicate portion of the APB.

Two important pieces of evidence suggest that the APB
differentiated and developed a metallic core ~2 Ma after the
formation of some of the earliest CAls: 1) angrites were derived
from source regions with supra-chondritic Hf/W (Kleine et al.,
2012; Markowski et al., 2007); and 2) paleomagnetic constraints
suggest the presence of an early-formed core dynamo (Weiss
et al., 2008). Mineralogical studies (refer to section 3.1 and
supplementary materials) show that early crystallizing phases
in angrite magmas are relatively Mg-rich. This behavior is similar
to that reported in silicate systems of the Earth, Moon, and Mars
for which broad MgO-HSE fraction trends have been reported
(e.g., Brandon et al., 2012; Day et al., 2007; Warren et al., 1989,
1999). To estimate angrite mantle HSE characteristics we

compared angrite MgO (not shown), MgO+FeO* (where all Fe is
assumed to occur as Fe?*), HSE abundances, and Pt/Os values to
those determined for other planetary magma products (cf.,
supplementary materials). The presence of FeNi metal in NWA
4801 leads to a preferred model of angrite mantle HSE abundance
estimates based on comparisons with MgO+FeO* The least
contaminated quenched-angrites and NWA 4590 overlap data
fields of lunar, martian, and terrestrial basalts. However, NWA
4801 contains elevated HSE concentrations relative to terrestrial
and martian magma products with similar MgO-+FeO*. These
MgO+FeO* to HSE abundance variations, combined with
initial 1870s/'880s within the chondritic range (Table 1), suggest
that the silicate mantle of the APB contained chondritic propor-
tions of HSE with variable absolute abundances. The source
region(s) of younger quenched-angrites contained the lowest
HSE abundances of <0.0002 x Cl-chondrite, analogous to, or
lower than, lunar mantle HSE concentrations (Day et al., 2007).
In contrast, the source region(s) of older slowly-cooled NWA 4801
and NWA 4590 contained HSE concentrations > 0.008 x Cl-chon-
drite, which may be in excess of estimates for terrestrial and
martian systems (e.g., Becker et al., 2006; Brandon et al., 2012;
Warren et al, 1999). Widely varying abundance estimates
of HSE in the APB magma source regions are consistent with
predictions derived from comparison of HSE abundances with
MgO contents (not shown) and Pt/Os ratios (supplementary
materials). These observations strongly support silicate-metal
equilibration, followed by variable amounts of late accretion
additions to the APB.

4.6. Protracted accretion and core—-mantle—crust differentiation in
the early Solar System

Current compositional and chronological data for angrites,
combined with existing spectral analogs (cf, Scott and Bottke,
2011; supplementary materials), lead to a preferred model in
which the APB is viewed as a small differentiated body (Fig. 5)
that may represent a planetary pre-cursor, and our results are
discussed in this context.

Studies of terrestrial, lunar, and martian samples have shown
that variable proportions of HSE were added to the mantles of
these planetary bodies (approximately 0.02% of the lunar and 0.4%
of the terrestrial and martian mantle masses; Brandon et al., 2000,
2012; Chou, 1978; Day et al., 2007; Walker, 2009). The mass
proportions of impact contributions to the Earth, Moon, and Mars,
and the relative proportions of impact-flux between the Earth and
Moon cannot be accounted for by gravitational attraction forces
alone (e.g., Day et al., 2007; Morgan et al., 2001). Recent models of
stochastic accretion involving large impacts (Bottke et al., 2010)
may explain the relative proportions of impact additions indi-
cated by lunar, terrestrial, and martian mantle HSE abundance
estimates. In this context, angrites provide evidence of significant
additions of chondritic HSE to mantles of planetary pre-cursors in
the early Solar System (prior to 4.53 Ga; Dale et al., 2012),
showing that post-core formation accretion is a protracted pro-
cess that likely began early in Solar System history (cf,, Day et al.,
2012a). Variable quantities of HSE in chondritic proportions in
angrite magma source regions also imply inefficient mixing of
accreted materials at the APB scale. The variable absolute HSE
abundances of angrites do not support the single estimate of HSE
abundances in the APB mantle inferred from a smaller dataset for
angrites (cf. Dale et al., 2012). Angrites, instead provide further
evidence for wide-spread late accretion to bodies ranging from
asteroids to planets, but also indicate that late accretion additions
likely do not scale in a simplistic manner to the size or oxidation
state of the parent body.
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Supplementary Material

Al. Extended methods

Polished sections of angrites and small-chips mounted in 1-inch epoxy mounts were used
for petrographic investigations and in situ studies of mineral compositions. Interior portions of
meteorites were disaggregated and ground to fine powders with limited force, and major- and
trace-element abundances were measured on the first set of powder fractions prepared. Prior to
disaggregation of samples, the alumina mortar and pestle was thoroughly cleaned and leached
using dilute HCI, abraded with pure quartz powder, thoroughly rinsed with ultra-pure water, and

dried between uses.

Al.l Major- and trace-element compositions of minerals

The major-element compositions of minerals of five angrites were determined using a
Cameca SX-100 electron microprobe (EMP) at the University of Tennessee. Pyroxene, olivine,
and oxide phases were measured using a beam size of <5 um, a 20nA beam current, and an
accelerating potential of 15Kv. Feldspar, phosphate, and sulfide were analyzed with a beam size
of <5 um, a 10nA beam current, and an accelerating potential of 15Kv. Counting times were 20
to 30 seconds for all elements, and standard PAP corrections were applied to all analyses.
Precision and accuracy were monitored with natural and synthetic standards at intervals during
each analytical session, and drift was within counting error. Detection limits (30 above
background) are typically <0.03 wt. % for SiO,, TiO,, Al,03, MgO, CaO, and <0.04-0.15 wt. %

for FeO, MnO, Cry03, NiO, Na,O, K50, SO, P,0s, Y503, V203, F, and ClI.

Trace-element abundances of pyroxene, feldspar, and phosphate were measured using a

New Wave Research UP213 (213 nm) Nd:YAG laser-ablation system, coupled to a
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ThermoFinnigan Element 2 ICP-MS, at the University of Notre Dame and at the University of
Maryland. In addition, these instruments were used at the University of Maryland to determine

the highly-siderophile-element abundances of constituent minerals of NWA 4931.

During trace-element analyses a laser repetition rate of 5 to 7 Hz and energy densities of
1.8 to 2.5 J/cm? were employed, and each grain was analyzed with spot sizes ranging from 15 to
80 um. Data were acquired across a mass range of *°Sc to *®U, and samples were ablated in a
pure He atmosphere then mixed with argon before entering the plasma (c.f., Ginther and
Heinrich, 1999). Th/ThO production was ~0.07 % for all analytical sessions. Backgrounds on
the ICP-MS sample gas were collected for ~20 s followed by ~40 s of laser ablation of the
sample. Washout time between analyses was >2 min. Trace-element data were collected in
time-resolved mode so that effects of inclusions, mineral zoning and laser beam penetration
could be evaluated. LA-ICP-MS data were processed using the Glitter and LAM-TRACE
software at the University of Notre Dame and Maryland, respectively. Detection limits across
the *Sc to “®U mass-range were generally within the 10-100 ppb range and represent the

standard deviations (3o level) calculated based on the average background ion signals measured.

The NIST 610 and 612 glass standards were used for external calibration purposes
during LA-ICP-MS trace-element analyses, and two MIP-DING standards, kl2-g and mi3b-g,
and the Durango apatite were analyzed as unknowns to assess accuracy and reproducibility at the
University of Notre Dame (Supplementary Table S1). Minor- and trace-element reproducibility
of the standard was generally better than 5 % (RSD), Elemental abundances of kl2-g and miI3b-g
were generally within error (1oggev) OF the preferred values, and reproducibility was generally
better than 5 % (RSD). At the University of Maryland, replicate LA-ICP-MS analyses of the

BIR-1g glass standard run at intervals during analytical sessions yielded an external precision of
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better than 3 % (lo relative standard deviation) for all measured element compositions of

silicates and phosphates.

Replicate LA-ICP-MS analyses of the University of Toronto JB Sulfide standard and the
in-house Filomena iron meteorite standard run at intervals during analysis of highly-siderophile-
element abundances yielded an external precision of better than 1 % (1o relative standard
deviation) for highly-siderophile-element abundances. Calcium oxide wt. % values determined
by EMP analysis were employed as the internal standard for LA-ICP-MS analyses, whereas
measurements of highly-siderophile-element abundances were normalized to the Fe-content

determined by EMP analysis.

Al.2 Major- and trace-element compositions of bulk-rocks

Approximately 10 mg of powder was fused using a Mo-strip heater in an N, atmosphere
to form a glass-bead on which major-element abundances were determined by electron
microprobe (EMP). Multiple analytical points (generally n >25) were measured using a 10 um

beam size, 10 nA beam current, and an accelerating voltage of 15 kV (c.f., Riches et al. 2011).

For trace-element analysis ~50 mg of powder was digested with a 4:1 solution of HF-
HNO3 in Paar bombs that were heated in an oven for ~48 hours at 180°C. Following digestion,
samples were evaporated to dryness before equilibrating with 6N HCI. HCI solutions were dried
down and the residue was then redissolved in 2 % HNOj. Trace-element abundances were
measured by ICP-MS using a ThermoFinnigan Element 2 at the University of Maryland.
Analyses were standardized against three reference materials (BIR-1, BHVO-1, and BCR-2) that
were measured at the beginning and the end of each analytical run. In addition, three reference

materials were analyzed as “unknowns” every 6-10 samples (BIR-1, BHVO-1, and BCR-2) in
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order to monitor instrumental drift and to assess the external reproducibility and accuracy
(Supplementary Table S2). Reproducibility of the reference materials was generally better that 3
% (RSD), and element abundances were generally within error (1osge,) Of the recommended
values. During solution analyses, detection limits (36 above background) were typically <1ppb

for all elements.

Al1.3 Further details pertaining to Re-Os and HSE analyses

With the exception of analytical grade CCly, all reagents used in sample digestion and
element pre-concentration procedures were multiply Teflon-distilled. Samples were sealed in 12
mL borosilicate Carius tubes, with isotopically enriched multi-element spikes (*°Ru, *°Pd, **°Re,
190s, 1%, and **Pt) and ~6.5 to 9 mL of acid mixture (5 parts 12 M HCI and 8 parts purged
16M HNO3). Samples were digested at a maximum temperature of 270°C over a minimum
heating period of 72 hrs. Osmium was triply extracted from the acid-solution in CCl, (Cohen
and Waters, 1996), and back-extracted from the solvent in concentrated HBr, followed by
microdistillation purification (Birck et al., 1997). The remaining HSE were recovered from
residual acid solutions using an anion exchange separation technique modified from Becker et al.
(2006). After evaporating to incipient dryness, sample solutions were equilibrated in ~6 mL of
1M HCI, and residual solids were separated by centrifugation. The supernatant liquid was
loaded onto ~1.6 mL of pre-cleaned AG 1-X8 (100-200#) anion exchange resin. The matrix was
eluted using 1M HCI, 1IN HF-HCI and 0.8N HNOs prior to collection of Ir, Pt, Ru and Re in

concentrated HNO3 and collection of Pd in warm concentrated HCI.

During measurement of osmium isotope compositions with the ThermoFisher Triton at
the University of Maryland, possible contributions from Re were monitored at masses 233

(***Re0y), 249 (**Re0y), and 251 (**’ReO,). Signal at mass 233 was always found to be
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negligible (<5 cps), so Os isotope ratios were not corrected for Re interference. Raw data was
processed offline to account for oxygen speciation (using *0/**0 and *'0/*°0 values of Nier,
1950), an iterative fractionation correction using a **?0s/*®0s ratio of 3.08271 (Shirey and
Walker, 1998), a 1*°0s spike subtraction, and blank contribution corrections. External precision
of ¥70s/**®0s during the analytical campaign was determined by individual measurements of 3.5
to 35 pg of the UMCP Johnson and Mattey Os-standard, and was better than + 0.2 %

(**"0s/**®0s = 0.11380 = 20, n = 13; 204dev).

Abundances of the HSE determined by ICP-MS employed an offline fractionation
correction using the deviation from the mean value of standards measured on the day of analysis,
relative to the natural isotopic ratio for the element. During analyses, instrumental drift, and

oxide (UO™/U = 0.05 %) and element interferences were negligible.

A2.  Supplementary results
A2.1 Extended petrography and mineralogy

All of the studied angrites contain variable proportions of; early-crystallized anorthite; zoned
pyroxenes that display increasing Al and Ti and decreasing Mg/(Mg+Fe) from core to rim; zoned
olivine/kirschsteinite that co-crystallized with pyroxene; minor late-stage magnetite or
ulvéspinel; sulfide (typically troilite); and silico-phosphates. Some samples also contain
merrillite, kamacite (NWA 4801 and NWA 4931), tetrataenite (NWA 4801), rhoénite (NWA
4590), and baddelyite (e.g., Angra dos Reis). Goethite and celsian, potentially resulting from
terrestrial alteration, occur in some of the angrites (e.g., Angra dos Reis; NWA 4801; NWA

4931).
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Textural characteristics of quenched-angrites (D’Orbigny and Sahara 99555) indicate that
anorthite crystallized early and was followed by zoned pyroxene, which displays decreasing Mg#
(Where Mg# = 100Mg/(Mg+Fe™@, and increasing Ti- and Al-content from core to rim. Zoned
olivines appear broadly coincident with zoned pyroxenes, and show pronounced core-to-rim
compositional variation of increasing Fe- and Ca-content toward olivine rims. Late-stage phases
include kirschsteinite, ulvospinel, troilite and silico-phosphate. Angrites with ages that are
resolvably younger than quenched-angrites (Appendix B) are generally coarser-grained (up to
3mm), and individual samples generally contain phase assemblages similar to that of quenched-
angrites. However, constituent minerals of slowly-cooled angrites cover a more restricted range

of major-element compositions than quenched-angrites (Figs. A2 to A4).

NWA 4931 is paired with NWA 2999 and is texturally anomalous; NWA 4931 is dominated
by poikilitic Ca-bearing olivine enclosing lesser amounts of anhedral anorthite, fassaitic
pyroxene, and hercynitic spinel. In addition, NWA 4931 contains variable proportions of altered
metal grains (now present as goethite and magnetite up to 400 um at the maximum dimension).
Altered metals also infill narrow veinlets (<30 pm wide) throughout the sample. Kamacite (<30

um in diameter) is rare and occurs in the interior portions of altered grains.

Core-to-rim traverses of pyroxenes generally reveal increasing Fe-contents, decreasing Sc-
abundances, increasing La-concentrations (not shown), and increasing chondrite-normalized
La/Yb values toward the rim. In detail, abundances of Ti and Zr determined by laser ablation are
generally below 15000 and 200 ppm, respectively, and this result differs from that reported for
ion-probe measurements of trace-element abundances in pyroxene rims of quenched angrites.
The reasons for these differences remain unclear, and may potentially reflect differences in; 1)
the volume of sample analyzed in these two in situ studies, or 2) instrument specific calibration

procedures.
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Angrite olivines cover a range of Fe- and Mn-contents that define a fractionation line
with a slope broadly similar to that reported for terrestrial samples (Fig. A4). However, Fe- and
Mn-contents of fassaitic angrite pyroxenes delineate a fractionation line with a shallower slope
than reported for Earth. Angrite spinels, ranging from Mg-Al spinel to Glvdspinel compositions,
have relatively low V- and Cr-contents (generally <0.2 wt. % V,03, and <3 wt. % Cr,0s.
Appendix B) compared to chromites of Graves Nunatak (GRA) 06128/9 (~2.2 to 2.7 wt. %
V03, and up to 38.4 wt. % Cr,03 ; Day et al., 2009; Shearer et al., 2010), and spinel-group
minerals of martian basalts (e.g., up to 1.14 V,03, and up to ~57 wt. % Cr,Os3; e.g., Goodrich et

al., 2003; Herd, 2006).

Constituent minerals of angrites display a number of common trace-element
characteristics (Fig. A5); 1) early-formed anorthites are characterized by large positive Eu-
anomalies ([Eu/Eu*]n = 88.4 to 137; where [Eu* = (Sm+Gd)/2] and N denotes normalization to
Cl-chondrite values of Anders and Grevesse, 1989); 2) pyroxenes are light-rare-earth-element
(LREE)-depleted ([La/Yb]n = 0.27 to 0.95), with minor negative Eu-anomalies ([Eu/Eu*]y =
0.39 to 0.97); 3) olivine grains are LREE-depleted ([La/Yb]y = 0.03 to 0.11), and the absolute
abundance of REE increases with increasing Ca-content; and 4) phosphates have negative Eu-
anomalies ([Eu/Eu*]y = 0.59 to 0.66) and are LREE-enriched ([La/Yb]y = 14.1 to 18.0).
Abundances of Ti, Zr, Y, and Sc, and [La/Yb]n values determined for pyroxenes by laser
ablation (LA-) ICP-MS analyses cover a range broadly analogous to that reported from an ion-

probe study of quenched-angrites (Floss et al., 2003; Fig. A6).

A2.2 Reconstructed bulk-rock trace-element compositions

Reconstructed bulk-rock compositions of Angra dos Reis and NWA 4801 are reported in

the appendix B along with the calculation methodology. With the exception of Cr, La, Zr, and
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Hf, trace-element abundances of the reconstructed Angra dos Reis bulk-rock are generally within
3 to 16 % of the measured bulk-powder fraction. In addition, the shape of the chondrite-
normalized reconstructed bulk-rock trace-element pattern is similar to that of the measured bulk-
rock powder. In contrast, reconstructed trace-element abundances of NWA 4801 are consistently
elevated (20 to 60 % for Cr, Sm, Eu, Gd, HREE, Zr, Hf, and U; 121 to 310 % for LREE, Nd, and
Th) when compared to the two measured bulk-rock powder fractions. Differences between
reconstructed and measured bulk-rock trace-element compositions for relatively coarse-grained
Angra dos Reis and NWA 4801 can be attributed to moderate differences in the modal
proportions studied in polished sections compared to bulk-rock portions crushed for wet-

chemical analyses, most especially pyroxene and incompatible-element-rich phosphates.
A3.  Extended literature review

Angrites are silica under-saturated, have supra-chondritic Ca/Al (e.g., Mittlefehldt and
Lindstrom, 1990), and are characterized by ¢*°Ti distinct from those of lunar and terrestrial
materials (Zhang et al., 2012). Coexisting Al-Ti-rich pyroxenes, Ca-rich olivines, anorthite and
other mineralogical characteristics of angrites may indicate their genesis under relatively
oxidizing conditions (logfO, IW+2; e.g., Mittlefehldt et al., 2002; Floss et al., 2003; Jambon et
al., 2005, 2008), and angrite 5°°Fe compositions which overlap with the terrestrial range may
provide evidence to support the relatively oxidized nature of these meteorites (after Wang et al.,
2012). Angrites are also characterized by: 1) low Rb/Sr; and 2) bulk-rock and internal isochrons
that define low initial ®’Sr/®®Sr (SBABI; the basaltic achondrite best initial). Combined, these
results suggest that the APB may have experienced volatile-element depletion early in its history

(Lugmair and Galer, 1992; Wasserburg et al., 1977).

The identity of the APB is unknown, but it is likely a body similar in size to, or smaller

than, Vesta (Scott and Bottke, 2011). Spectral reflectance data suggest that the km-sized Mars
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Trojan asteroid, Eureka, provides a close spectral match to angrites (Rivkin et al., 2007; Trilling
et al.,, 2007). Some authors have suggested that angrites may even be derived from Mercury’s
earliest crust (e.g., Irving et al., 2005, 2006; Kuehner et al., 2006), but this hypothesis remains
contentious (cf., Scott and Bottke, 2011 and references therein). In addition, the mineralogical
assemblage of angrites contrasts to preliminary results from MESSENGER (MErcury Surface,
Space ENvironment, GEochemistry and Ranging), which suggest that the Mercurian crust is S-
rich, has low Fe- and Ti-abundances, and is derived from a relatively reduced mantle that may

have high C-content (e.g., McCubbin et al., 2012; Weider et al., 2011; Zolotov et al., 2011).
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Table Al: Trace-element composition of geochemical reference materials measured by LA-ICP-MS during this study.

klz-g mi3b-g Durango apatite

average RSD (%) Preferred AS-R(%) average RSD (%) Preferred AS-R(%) average RSD (%) LA-ICP!
Sc (ppm) 29.0(4) 1.44 31.8(9) 8.78 28.2(3) 0.96 32(2) 10.8 0.6(1) 20.9
Ti 15087(145) 0.96 15347(540)  1.70 13940(390) 2.79  12769(540) 9.17 460(24) 5.28
Cr 254(9) 3.62 294(27) 135 195(5) 2.68 177(23) 104 - -
Mn 917(216) 26.9 1278(70) 28.3 1480(21) 141 1316(70) 124 101(4) 4.33 84(4)
Co 35(2) 6.09 41(2) 155 51.2(5) 0.93 41(4) 24.3 12(2) 17.8
Ni 134(4) 2.70 112(5) 19.6 176(6) 3.38 107(9) 64.8 - - 3.2(4)
Ga 35(2) 4.38 20(1) 76.3 32.9(8) 2.33 19(2) 67.6 2.19(6) 2.72 -
Rb 7.6(8) 10.8 8.7(4) 12.2 6.8(4) 6.10 5.8(2) 17.2 - - 0.13(2)
Sr 343(13) 3.79 356(8) 3.67 320(15) 4.79 312(4) 2.52 727(40) 5.57 475(12)
Y 22.4(2) 1.07 25(1) 12 16.8(7) 4.36 23.9(7) 29.7 972(69) 7.13 1232(42)
zr 132(3) 2.60 152(5) 131 89(4) 431 122(3) 26.9 1.0(3) 24.2 1.4(2)
Nb 15.1(1) 0.69 15.0(5) 0.96 9.1(4) 427 8.6(2) 5.54 0.03(1) 22.9 -
Ba 113(2) 0.89 123(5) 8.20 87(2) 1.89 80(2) 8.82 17.6(8) 4.27 19.4(9)
La 12.7(2) 1.82 13.1(2) 3.38 8.1(2) 2.88 8.9(1) 9.42 - - 4140(144)
Ce 30.5(9) 3.13 32.4(7) 5.79 27(1) 4.63 23.1(3) 15.3 4464(185)
Pr 4.5(3) 5.43 4.6(1) 1.59 3.24(7) 2.19 3.43(6) 5.44 - - 455(18)
Nd 20.5(4) 1.93 21.6(4) 5.00 14.8(2) 1.06 16(2) 116 1342(46) 3.43 1538(64)
Sm 5.4(1) 2.06 5.54(9) 1.74 4.0(2) 3.95 4.75(7) 154 205(7) 3.41 229(14)
Eu 2.3(3) 14.0 1.92(4) 20.0 1.54(2) 114 1.67(2) 7.58 14.6(7) 4.61 16.3(6)
Gd 5.5(3) 4.97 5.9(2) 6.42 3.7(2) 5.74 5.3(2) 30.4 297(16) 5.42 247(13)
Tb 1.1(2) 129 0.89(3) 20.9 0.65(1) 2.02 0.80(2) 18.6 31(2) 5.23 31(2)
Dy 5.0(2) 3.16 5.2(1) 4.79 3.56(6) 1.69 4.84(7) 26.4 157(10) 6.21 189(10)
Ho 1.2(2) 15.7 0.96(2) 21.9 0.62(1) 1.69 0.91(2) 32.0 31(2) 6.06 39(2)
Er 2.6(2) 6.20 2.54(7) 2.62 1.78(2) 0.93 2.44(5) 27.0 88(7) 8.23 108(5)
Tm 0.5(2) 36.7 0.331(9) 62.4 0.22(2) 8.07 0.324(7) 32.6 10.6(8) 7.28 13.5(6)
Yb 2.3(2) 8.54 2.10(5) 7.94 1.6(1) 6.30 2.06(4) 245 57(4) 7.00 71(3)
Lu 0.4(2) 23.8 0.285(9) 50.8 0.21(3) 149 0.286(6) 27.9 6.2(4) 6.16 8.3(3)
Hf 3.6(1) 3.49 3.9(2) 8.91 2.2(2) 9.28 3.22(8) 317 - - -
Ta 1.4(4) 27.7 0.96(2) 41.2 0.50(4) 7.95 0.56(1) 10.2 0.03(1) 418 -
Pb 2.2(4) 19.6 2.1(2) 7.12 1.50(7) 4.70 1.38(7) 8.45 1.03(6) 5.42 0.78(7)
Th 1.3(3) 22.4 1.02(3) 29.0 0.46(1) 2.60 0.55(1) 16.3 294(12) 4.07 387(9)
U 1.1(6) 49.6 0.55(2) 102 0.52(4) 7.60 0.44(2) 16.9 14.6(5) 3.52 11(1)

Values in brackets are the standard deviation corresponding to the least figure/decimal cited, and are calculated from four measurements of the
geochemical reference material, the associated relative standard deviation (RSD) is shown and recommended abundance values for the reference
materials are listed for comparison. Deviation from the preferred value (¥) is given by AS-R = 100*(sample/reference — 1). Preferred values of KL2-g

and ml3b-g were reported by Jochum et al., 2006. The measured values of the Durango apatite are compared to the average and 16qe, Values reported

for LA-ICP-MS analyses of Durango apatite standards reported by (1) Simonetti et al., 2008.
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Table A2: Trace-element abundances of geochemical reference materials measured in solution by ICP-MS during the analytical period of this study.

BIR-1 BHVO-1 BCR-2
average RSD (%) Preferred AS-R(%) average RSD (%) Preferred AS-R(%) average RSD (%) Preferred  AS-R(%)

Li (ppm) 3.1(2) 3.7 3.2(2) 2.03 4.67(1) 0.13 4.6(2) 1.58 9.6(1) 1.49 9(2) 6.15
Sc 42.98(1) 0.01 43(2) 0.04 31.5(8) 2.56 31(2) 0.36 34.8(9) 255 33(2) 5.37
\% 325(2) 0.67 319(18) 1.97 318(2) 0.56 318(15) 0.42 438(10) 2.32 416(14) 5.40
Cr 423(4) 0.90 391(15) 8.18 289(2) 0.63 287(15) 0.04 16.9(4) 2.58 18(2) 6.11
Co 53.6(6) 0.62 52(3) 3.16 44.95(5) 0.12 45(3) 0.12 38.8(1) 331 37(3) 4.93
Ni 172(3) 1.93 166(7) 3.45 119.4(6) 0.49 118(6) 0.94 18(1) 6.57 18(1) 3.89
Cu 117.2(9) 0.75 119(8) 1.50 149(1) 0.82 137(9) 0.59 21(2) 9.35 21(1) 3.81
Rb 0.221(2) 0.80 0.2(1) 104 9.21(3) 0.36 9.2(2) 0.09 53.6(1) 0.24 46.9(1) 14.2
Sr 98.8(3) 0.25 109(2) 9.32 388.5(5) 0.13 396(1) 0.39 344(3) 0.77 340(3) 1.13
Y 15.70(1) 0.68 15.6(9) 0.89 26.95(3) 0.12 26(2) 0.18 38.6(2) 0.56 37(2) 4.34
Zr 13.85(4) 0.28 14.0(1) 1.06 176.100(4) 0.00 174(9) 0.09 199.7(3) 0.16 184(1) 8.52
Nb 0.555(2) 0.34 0.55(5) 0.84 19.60(4) 0.23 19(2) 0.33 13.1(2)\ 1.71 12.6(4) 3.81
Mo 0.037(1) 3.7 0.07 47.3 1.02(3) 3.37 1.0(2) 0.46 274(3) 1.01 250(20) 9.81
Cs 0.0054(") 2.01 0.007(3) 22.6 0.0956(1) 0.13 0.101(8) 0.39 1.19(1) 0.75 1.1(1) 8.42
Ba 7.01(5) 0.73 7.14 1.78 129.8(7) 0.54 133(1) 0.16 699(2) 0.28 677(2) 3.26
La 0.630(5) 0.73 0.62(2) 241 15.5(1) 0.63 15.5(1) 0.62 26.2(1) 0.40 24.9(2) 5.41
Ce 1.97(2) 0.99 1.92(8) 2.47 38.17(7) 0.18 38.1(2) 0.73 55.4(4) 0.66 52.9(2) 4.66
Pr 0.370(5) 1.24 0.37(2) 0.02 5.18(4) 0.72 5.4(2) 0.51 6.92(2) 0.15 6.7(1) 231
Nd 2.47(3) 1.01 2.38(1) 3.93 24.9(1) 0.42 24.7(1) 1.00 30.2(2) 0.50 28.7(1) 5.38
Sm 1.15(2) 1.89 1.12(2) 251 6.163(2) 0.04 6.12(3) 0.37 6.92(2) 0.25 6.58(2) 5.23
Eu 0.53(1) 1.32 0.53 0.80 2.06(2) 0.79 2.09(2) 0.10 2.09(4) 1.78 1.96(1) 6.65
Gd 1.75(3) 171 1.87(4) 6.37 6.30(2) 0.39 6.33(6) 0.27 7.20(09) 1.25 6.75(3) 6.74
Th 0.37(1) 2.0 0.36(3) 161 0.95(1) 0.71 0.96(6) 0.38 1.12(1) 0.77 1.07(3) 4.87
Dy 2.63(5) 1.89 2.51 4.63 5.26(2) 0.30 5.31(3) 0.24 6.62(8) 1.24 6.41(5) 3.22
Ho 0.61(1) 141 0.56(5) 8.64 1.01(2) 0.57 0.98(5) 0.04 1.39(1) 0.45 1.28(3) 8.69
Er 1.75(3) 1.78 1.66 5.21 2.56(1) 0.52 2.55(2) 0.16 3.83(5) 1.26 3.66(1) 4.59
™™ 0.27(1) 2.06 0.25(3) 8.60 0.347(1) 0.35 0.33(3) 0.34 0.570(3) 0.52 0.54(4) 5.63
Yb 1.71(4) 211 1.65 351 2.03(1) 0.37 2.00(3) 0.44 3.54(6) 1.69 3.38(2) 4.70
Lu 0.26(1) 2.06 0.25(2) 5.13 0.2858(4) 0.14 0.270(5) 0.65 0.535(4) 0.69 0.503(9) 6.38
Hf 0.61(1) 2.36 0.582(4) 5.01 4.36(3) 0.59 4.5(2) 0.30 5.1(1) 2.16 4.9(1) 3.63
Ta 0.0450(3) 0.75 0.0357(4) 25.9 1.205(1) 0.10 1.2(2) 0.38 0.84(2) 1.89 0.74(2) 13.7
w 0.019(9) 46.9 0.07 3.64 0.216(4) 1.78 0.21(2) 7.09 0.50(2) 3.14 - -

Pb 3.0(2) 3.18 3.1(3) 2.71 2.08(2) 112 2.4(9) 0.19 11.4(4) 3.16 11(1) 3.17
Th 0.032(1) 2.62 0.032(4) 1.49 1.244(2) 0.16 1.23(7) 0.67 6.0(2) 3.52 5.7(5) 5.37
U 0.0093(3) 2.92 0.010(1) 7.17 0.421(3) 0.75 0.409(2) 0.31 1.77(6) 3.37 1.7(2) 4.84

Values in brackets are the standard deviation corresponding to the least figure/decimal cited, and are calculated from four measurements of the
geochemical reference material for data obtained in this study. The associated relative standard deviation (RSD) is shown, and deviation from the
preferred value is given by AS-R = 100*(sample/reference — 1). Preferred values of BIR-1, BHVO-1, and BHVO-2 were taken from those compiled on
the GEOREM database.



Riches et al., EPSL, 2012 Angrite Appendix A 12

0-40 I 1 1 1 I 1
0.30FMartian Fractionation Line __;__o _______________ 7
| D'Orbigny -
O Sahara 99555 A\ NWA 4931
0.20 © Angra dos Reis © NWA 1296 |
@ NWA 1670
B Ye NWA4590 = evyaano| T
0 0.10k ¢ NWA 4801 -
M~ o —
~
<] 0.00 [ rgsial Fractionation Line ~
e b A— B _® ]
-0.10 - Angrite Fractionation Line O damn X % ]
-0.20 | .
-Eucrite Fractionation Line 7
-0.30 1 1 1 1 1 1

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
5"°0
Figure Al: Oxygen isotope composition of angrites after Greenwood et al. (2005), with values for Sahara 99555, NWA 4801, NWA 4590,

and NWA 4931 reported by Bischoff et al. (2000), and available in the meteoritical bulletins 90 and 92, assuming that NWA 4931 has an

oxygen isotope composition identical to its pair, NWA 2999.
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Figure A2: Back-scattered electron images of portions of the studied polished sections
illustrating textural diversity within the angrite suite. Sahara 99555 (a) and D’Orbigny (c) show
hypidiomorphic and subophitic textures, respectively, and contain zoned olivines and fassaite. In
contrast, Angra dos Reis (b) has a relatively equilibrated texture with poikilitic fassaites in the
right of the image enclosing troilite and whitlockite, and some 120° pyroxene triple junctions
evident in this section. NWA 4801 (d) lacks exsolution textures analogous to those preserved in
NWA 4590 (f). NWA 4931 (e) is composed of course-grained poikilitic olivine and fassaite with
symplectic features adjacent to anorthites in the bottom of this view. An = anorthite. Fst =
fassaite. Gt = goethite. Hc = hercynite. Mag = magnetite. Kir = Kkirschsteinite. Ol = olivine.

Tr =troilite. Usp = ulvospinel. Wh = whitlockite.
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Figure A2: Major-element compositions of olivines. Olivines of NWA 1296 and NWA 1670

were reported by (1) Jambon et al. (2005), and (2) Jambon et al. (2008).
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Figure A3: Major-element compositions of pyroxenes. Pyroxene compositions of NWA 1296

and NWA 1670 were determined by (1) Jambon et al. (2005), and (2) Jambon et al. (2008).
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Figure A4: Iron and Mn abundances of olivines and pyroxenes. Olivine and pyroxene
compositions of NWA 1296 and NWA 1670 were reported by (1) Jambon et al. (2005), and (2)
Jambon et al. (2008). Fractionation trends for terrestrial, lunar, martian, howardite-eucrite-
diogenite (HED) materials represent best-fit regressions after Fuhrman and Papike (1981),
Karner et al. (2003, 2006), Mittlefehldt (1994), and Sack et al. (1991). Data for minerals of
Graves Nunataks (GRA) 06128/9 were reported by Day et al. (2009) and Shearer et al. (2010).
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Grevesse(1989). The gray fields delineate the range of mineral trace-element compositions determined in this study
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Figure A6: Trace- and minor-element abundnaces (ppm) and Fe# of angrite clinopyroxenes

(Where Fe# = Fe/[Mg+Fe™@]). ‘lon-probe data (determined using a 5 to 25 um beam diameter)

reported by Floss et al.,

2003 are shown for comparison, and an arrow marks where laser-

ablation values (generally determined with a 40-80 um beam) cover a more restricted range of

trace-element abundances than ion-probe data. Arrows delineate core to rim variations of trace-

element abundances and Fe#.
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Figure A7: Highly-siderophile-element abundances of constituent minerals of NWA 4931 compared to measured and reconstructed bulk-rock
compositions. The grey field marks the range of HSE concentrations measured in variably altered metal grains. All values are normalized to the
HSE concentrations reported for Orgueil by Horan et al. (2003). The reconstructed bulk-rock composition is calculated from modal abundances
(Table 1), and representative HSE concentrations determined by LA-ICP-MS. The difference between the reconstructed and measured bulk-rock
HSE abundances reflects the heterogeneous distribution of HSE-carrier phases between the studied polished section and the bulk-rock powder
fraction. Abundances of HSE in NWA 4931 occur in broadly chondritic proportions and are dominated by the HSE in metals thought to be of

impact origin (Humayun et al., 2007).
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Figure A9: Abundances of Os, Ir, and Pd in portions of angrites, Graves Nunatak (GRA) 06128/9, brachina,

and terrestrial, martian, and lunar samples. A broad 1:1 trend between Os and Ir reflects the similar
compatibility of these two elements during partial melting and is supported by partial melting models (c.f.,
Rehkamper et al., 1999 and references therein). In addition, Pd and Ir abundances of quenched angrites
coincide with the field of lunar, terrestrial, and martian compositions. The curve that deviates from the broad
1:1 trend shown in (b) corresponds to Pd-Ir fractionation reported for terrestrial magmas thought to be
generated at high-degrees of melting (10-15 %, assuming the melting model of Rehkdmper et al., 1999). Data
were sourced from Bézos et al. (2005), Brandon et al. (2000, 2012), Crocket (2000), Day et al. (2007, 2009,
2010a,b; 2012), Ireland et al. (2009), Luguet et al. (2007), Puchtel and Humayun (2000, 2005), Puchtel et al.
(2004, 2005, 2008), Rehkamper et al. (1999), Riches et al. (2011)Walker et al. (2004), and Woodland et al.
(2002). Data points labelled D12 correspond to those reported by Dale et al., 2012.
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Figure A10: Highly-siderophile-element abundances and inter-element ratios normalised to the
composition of Orgueil (Horan et al., 2003). Lunar, terrestrial, martian, and ureilite data sources
include Bézos et al. (2005), Birck and Allegre (1994), Brandon et al. (2000, 2012), Crocket (2000), Day
et al. (2007, 2009, 2010a,b), Ireland et al. (2009), Luguet et al. (2007), Puchtel and Humayun (2000,
2005), Puchtel et al. (2004, 2005, 2008), Rankenburg et al. (2007, 2008), Rehkamper et al. (1999),
Riches et al. (2011), Walker et al. (2004), and Woodland et al. (2002). Brachina-group data
corresponds to brachina, GRA 06128 and 06129, and a selection of other brachinites and brachinite-like
achondrites studied by Day et al., 2012. Details of the mixing calculation are given in the main text.
Data points labelled D12 correspond to those reported by Dale et al., 2012.



Riches et al., EPSL, 2012 Angrite Appendix A 24

10 T T T T T 100 T T T T T
a —@— DOrbigny  —O— NWA 1296 b
10 [|~O— Sahara 99555 —gg— NWA 4590 A i
& —O— Angra dos Reis —¢— NWA 4801
—©— Asuka 881371 —A— NWA 4931
1k
[ JoYe) )
o © 2 [ )
O @]
% 1 ot % o1 ® ‘?f’
- A o o
0.01 o°
o]
0.001 F
L 7o)
0.1 . . : : . 0.0001 : : : : :
0.0001 0001 001 0.1 1 10 100 0.0001 0.001  0.01 0.1 1 10 100
Re (ppb) Re (ppb)
1 T T 1000 T T T T T
(C) 100 £ ﬁ(d)
(o]
10 ;
80 O L 77
L 2 k [ ] 4
Qs © ® * A % 1 o
5 0.
o ﬁ' QO 01 80 (@] E
0.01 1
vt ©
0.001 | o ]
0.01 : : : : : 0.0001 : . . . :
0.0001 0.001  0.01 0.1 1 10 100 0.0001 0.001  0.01 0.1 1 10 100
Re (ppb) Re (ppb)
1000 . . . . . 1000 : . - ; .
2 (f)
100 ﬁ(e) 100 } f ]
10 o * 3
E E ®
o
o] ﬁf. t 1k fr??
> 1t e i 3 N o)
= & X o1} e° 1
0.1 O ]
o 0.01 } © y
®
0.01 | ©© e} 1 0.001 | o]
0.001 . . . . . 0.0001 . . . . .
0.0001 0001 001 0.1 1 10 100 0.0001 0.001  0.01 0.1 1 10 100
Re (ppb) Re (ppb)
1000 ; . . . . 1000 . . . . .
2(9) (h),
100 £ g 1 100 | A h ]
10F 3 10
o ﬁf [ ] =
; 10 S % 1l ®
o o o % %
01k ] 3 0.1k
o]
0.01 1 0.01}
0 Q ©
0.001 : : : : : 0.001 L : : : :
0.0001 0.001  0.01 0.1 1 10 100 0.0001 0.001  0.01 0.1 1 10 100
Re (ppb) Re (ppb)

31

32  Figure Al1l: Rhenium abundances compared to La- and HSE-values normalised to Yb-concentrations of the

33  studied angrites.
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Figure A12: Osmium abundances and MgO+FeO* contents (where all Fe is assumed to occur as Fe®") of planetary differentiation products.
Data for terrestrial and planetary materials were sourced from Anand et al. (2006), Birck and Allegre (1994), Boynton et al. (1976), Brandon et
al. (2000, 2012), Chen et al. (1991), Day et al. (2006, 2007, 2009, 2010a,b; 2012), Garcia et al. (1995), Gurriet (1988), Ireland et al. (2009),
Johnson et al. (1977), Joy et al. (2006), Mittlefehldt et al. (2003), Norman and Garcia (1999), Puchtel and Humayun (2000, 2005), Puchtel et al.
(2004, 2005), Rankenburg et al. (2007, 2008), Rehkadmper et al. (1999), Rhodes (1996), Rhodes and Vollinger (2004), Riches et al. (2011),
Tanaka et al. (2002), West et al. (1992), Woodland et al. (2002), the lunar sample compendium, and the mars meteorite compendium. Earth’s
primitive upper mantle (PUM) composition corresponds to estimates reported by Becker et al. (2006) and McDonough and Sun (1995). The
abundance of Os in the lunar mantle was estimated by Day et al., 2007. Data points labelled D12 correspond to those reported by Dale et al.,
2012.
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Figure Al13: Melts in equilibrium with pyroxene core compositions (Appendix B) normalized to the Cl-chondrite value of Anders and
Grevesse (1989). Melt compositions were calculated from average values of core compositions using the partition coefficients determined by
McKay et al., (1994). In general, abundances of Al,O3 in pyroxene cores > 7 wt. % (a 550 um crystal of D’Orbigny with a core Al,O3
concentration of 4.64 wt. % is an exception, but the average Al,O3 of core compositions for this sample is 6.26 wt. %. The ‘lower’

representative clinopyroxene trace-element concentrations determined by 1 (where this symbol refers to the ion-probe study of Floss et al.,
2003) were used to calculate equilibrium melt compositions, and are delineated by dashed-lines.
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