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Abstract

Siderophile element concentrations were measured by LA-ICP-MS in metals and sulfides from five aubrite meteorites. Sid-
erophile element patterns in aubrites are either similar to those in metal from enstatite chondrites, or can be derived by crys-
tallization from metallic liquids derived by partial melting of E chondrites. Some metal grains in Mt. Egerton, Cumberland
Falls, and Aubres show moderate to severe depletion in compatible highly siderophile elements (Re, Os, Ir, Ru) which are
consistent with solid metal/liquid metal differentiation of enstatite chondrite-like metal. Metals from chondrite inclusions
in Cumberland Falls show more extremely fractionated patterns than those from the aubritic matrix, potentially hinting at
fractionation and partial melting processes affecting not only the aubrite parent body, but the chondrite body from which
the inclusions were derived as well. Models using experimental partition coefficients show that aubrite metal chemically cor-
responds to solid metal segregated during differentiation of primary metallic liquids of EH/EL composition that contained
both substantial S- and C-contents. This result is consistent with a genetic link between enstatite chondrites and aubrites,
but as to whether aubrites were derived from the same body(ies) as enstatite chondrites, or have their origin in multiple,
and potentially separated bodies, cannot be answered unequivocally with chemical or isotopic data alone.
© 2011 Elsevier Ltd. All rights reserved.

1. INTRODUCTION components (e.g. Lonsdale, 1947; Watters and Prinz,

1979). Their formation under very reducing conditions,

Aubrites, or enstatite achondrites, are differentiated
reduced meteorites, most of them fragmental or regolith
breccias. They consist mainly of Fe-free orthopyroxene
(on average 90%, e.g. Reid and Cohen, 1967; Watters and
Prinz, 1979; Keil, 2010), with plagioclase, diopside, forste-
ritic olivine, Fe-Ni metal, and sulfides as minor modal
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similar to those experienced by enstatite chondrites, is
reflected by incorporation into sulfide of nominally litho-
phile elements (Cr, Ti, Mn, Mg, Ca) as trace elements
(e.g. Watters and Prinz, 1979) or as major elements with
the formation of minerals such as oldhamite (CaS), alaban-
dite (MnS), and daubreelite (FeCr,S;), among others.
Based on igneous textures present in many fragments,
aubrites are widely assumed to have experienced magmatic
processing in one or more parent body(ies) subsequent to
core formation (e.g. Graham et al., 1977; Okada et al.,
1988; Keil, 1989; Wheelock et al., 1994). A common origin
with enstatite chondrites is further supported by identical
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oxygen isotope composition of both groups (Clayton et al.,
1984; Clayton and Mayeda, 1996). However, an origin of
aubrites from the same parent body as either high-Fe
(EH) or low-Fe (EL) enstatite chondrites is disputed, based
on aubrite metal/sulfide ratios, Ti concentrations in sulfide,
and temperature calculations (Keil, 1969, 1989; Brett and
Keil, 1986; Fogel et al., 1988). The Mt. Egerton and Shallo-
water meteorites are anomalous compared to the other aub-
rites, in that they are more metal-rich and not brecciated
(e.g. Keil, 2010). The anomalous enstatite achondrite
Shallowater has been assigned to a different parent body
than that (or those) of the aubrites, based on its higher con-
tents of troilite (FeS) and Fe metal, the presence of plagio-
clase, and the absence of diopside (Keil, 1989, 2010; Keil
et al., 1989).A close genetic relation to aubrites, and possi-
bly a part of the differentiation sequence of the aubrite par-
ent body, is suggested for the anomalous enstatite meteorite
Mt. Egerton based on mineral chemistry and oxygen isoto-
pic composition (Watters and Prinz, 1980; Casanova et al.,
1993; Keil, 2010).

Because of their affinity for metal (and, for some ele-
ments, sulfide), siderophile elements may reveal a comple-
mentary perspective to constrain the accretionary and
early differentiation history of the aubrite parent body
(APB) than that obtained by lithophile elements.
Siderophile elements partition into the metal over
coexisting silicate, and thus get enriched in planetary cores.
Experimentally determined partition coeflicients
pretalfsilieate £41 giderophile elements range from ~10 up
to >10'®, and are dependent on temperature, pressure, oxy-
gen fugacity, and both silicate and metal composition
(Borisov et al., 1994; Li and Agee, 1996, 2001; Borisov
and Palme, 1997; Jana and Walker, 1997a.b,c; Capobianco
et al., 1999; Holzheid et al., 2000; Righter and Drake, 2000;
Righter, 2003; Righter et al., 2008, 2010; Mann et al., 2009;
Brenan and McDonough, 2009). A subset of these elements
with the highest D™e@/silicate (=109 are termed the highly
siderophile elements (HSE: Ru, Rh, Pd, Re, Os, Ir, Pt,
Au). Furthermore, siderophile elements exhibit a wide
range of compatibility during partial melting and can be
used to study melting and differentiation processes in parent
bodies. Also, the large range of condensation temperatures
of siderophile elements (e.g. W, Re, Os: ~1800K,
Sn ~ 700 K, Lodders, 2003) allows study of the accretion
conditions and comparison between undifferentiated mate-
rials such as enstatite chondrites and their possible differen-
tiates such as aubrites.

Studies of metal composition in a number of stony mete-
orites have revealed complex histories and heterogeneous
formation conditions (e.g. Wasson and Wai, 1970; Casa-
nova et al., 1993; Kong et al., 1997; Campbell et al.,
2001, 2002; Campbell and Humayun, 2003). Earlier work
on aubrites provided basic characterization of the metal
and sulfide phases for both major and trace elements (Keil
and Fredriksson, 1963; Wasson and Wai, 1970; Watters
and Prinz, 1979; Wolf et al., 1983; Easton, 1986; Casanova
et al., 1993). A number of studies focused on rare earth ele-
ment (REE) concentrations in oldhamite, which is a major
host for REE under reducing conditions (Floss et al., 1990;
Floss and Crozaz, 1993; Wheelock et al., 1994; Crozaz and

Lundberg, 1995; Lodders, 1996; Dickinson and McCoy,
1997; Hsu and Crozaz, 1998). Oldhamites have REE signa-
tures consistent with partial melting and melt extraction in
the APB as well as undifferentiated signatures interpreted as
remnants from nebular condensation (Floss et al., 1990;
Floss and Crozaz, 1993; Lodders et al., 1993; Wheelock
et al., 1994; Hsu and Crozaz, 1998). An igneous origin is
further supported by Eu anomalies in plagioclase and ‘mag-
netic’ mineral fractions (Graham and Henderson, 1985;
Floss and Crozaz, 1993; Dickinson and McCoy, 1997).

Heterogeneities in aubrite metals were interpreted as
representing multiple compositional populations of metal
(Graham, 1978; Wolf et al., 1983; Easton, 1986; Ntaflos
et al., 1988). Similarities between anomalous iron meteor-
ites and the metal fraction of some aubrites have been pre-
viously noted (Wasson, 1990). Graham (1978) and Easton
(1986) considered it unlikely that aubrite metal can be de-
rived from enstatite chondrite parentage by igneous pro-
cessing on the parent body. In contrast, a link between
aubrites and enstatite chondrites on the basis of aubrite me-
tal trace element composition was inferred by Casanova
et al. (1993), who proposed that aubrites could represent
partial melts from enstatite chondrite parentage.

To potentially reconcile the conflicting aspects of metal
and sulfide formation in aubrites and further resolve the
complex history of the APB, a siderophile element study
of metals and sulfides in 10 samples was performed in this
study. This includes electron microprobe analysis for the
major elements in aubrite sulfides and metals coupled with
LA-ICP-MS analyses for siderophile trace elements.

2. SAMPLES AND ANALYTICAL METHODS

As of November 2011, the Meteoritical Society listed the
total number of known aubrites as 67 (http://www.Ipi.us-
ra.edu/meteor/), but a significant number of the Antarctic
aubrites are either considered paired with Allan Hills
84007 or are too small in sample size to be available for
analysis via LA-ICP-MS. Further, only a subset of avail-
able sections from representative aubrites contained metal
suitable for analysis, limiting our sample selection and re-
ported data to the samples described below. Thin sections
of aubrites were obtained from the Smithsonian Institution
— Khor Temiki USNM 1551-2, Aubres USNM 7047-1,
Mayo Belwa USNM 5873-4, Cumberland Falls USNM
477-1, Norton County USNM 1712-2, and Bishopville
USNM 222-1. Thin sections for the anomalous enstatite
meteorites Mt. Egerton (USNM 3272-1) and Shallowater
(USNM 1206-2) were also obtained from the Smithsonian
Institution. Two 150 um thick sections were prepared by
the Meteorite Working Group at NASA-Lyndon B. John-
son Space Center (JSC) from samples Allan Hills
84007,116 and LaPaz Icefield 03719,22.

Electron Microprobe analyses were conducted at
NASA-JSC in Houston, on a Cameca SX100 electron
microprobe. The acceleration voltage used was 15 kV, the
probe current 20 nA, and the beam size 1 um. Several spots
were analyzed per grain to verify grain homogeneity. X-ray
wavelength dispersive crystals used were PET for Ca, P, K,
S, and Ti; LIF for Fe, Mn, and Cr; LLIF for Ni, Co, and
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Cu; and TAP for Mg, Na, and Si. Calibration standards
were diopside (Ca, Mg, Si), apatite (P), orthoclase (K),
chromite (Cr), rhodonite or tephroite (Mn), troilite (Fe,
S), rutile (Ti), pentlandite (Ni), cuprite (Cu), cobaltite
(Co), and oligoclase (Na). For some metal runs, Ni and
Fe were calibrated against Ni and Fe metals, respectively.
Peak counting times were set to 20 s, background counting
times were 10s. In situ LA-ICP-MS analyses were con-
ducted at the National High Magnetic Field Laboratory
at Florida State University using a New Wave UP193FX
excimer laser ablation system (193 nm) attached to a Ther-
mo Element XR™ ICP-MS using procedures similar to
those described previously (Humayun et al., 2007, 2010).
Depending on grain size, samples were either analyzed with
a 50 um line scan at 10 pm/s scan speed, or as single spots
with the beam diameter (depending on grain size) of 50—
100 pum with 2's dwell time (the duration of laser firing).
Small grains in Mayo Belwa, Aubres, Bishopville, Khor
Temiki, and Norton County were analyzed by spot analy-
sis, while larger metal or sulfide grains in Mt. Egerton,
Shallowater, and Cumberland Falls permitted line scans.
Both modes of measurement were conducted with 20 Hz
repetition rate at 100% power output (2.4 GW/cm?, 11J/
cmz). The peaks 23Na, 25Mg, Z7Al, s, 3p, s, K,
#ca, e, “ITi, 'V, Cr, SMn, YFe, ¥Co, *Ni, ©*Cu,
667n, “Ga, Ge, "SAs, 7'Se, ¥Sr, ¥Y, °Zr, *Nb, *"Mo,
102Ry, 103Rp, 106pg, 120, 121G, 125T¢ 184y, 185Re.
192Os, 193¢, 195p¢, and "7Au were acquired in low resolu-
tion by peak jumping. The correction for NiAr" on '“>Ru
was <5% based on analysis of Ni foil. For some analyses
of metals, a reduced number of elements were used, exclud-
ing the lithophile trace elements. For standardization the
relative sensitivity factors (RSFs) were determined on
North Chile (Filomena) IIAB and Hoba IVB iron meteor-
ites, NIST SRM 1263a steel (Campbell et al., 2002), MPI-
DING basaltic glasses (Jochum et al., 2006; Humayun

mte4® mte3 mte? mte6

et al., 2007; Gaboardi and Humayun, 2009), and pyrite sin-
gle crystals. The determination of the relative sensitivity
factor for S revealed that cleaved pyrite surfaces had under-
gone substantial oxidation and provided too low a value of
the S/Fe ratio, but a freshly polished surface provided a
consistent sulfur RSF, which yielded stoichiometric S con-
tents for troilites.

All standards were run at the beginning of each day for
laser ablation ICP-MS measurements. Prior to sample mea-
surements after sample changes, a set of three gas blanks
was run. Gas blanks were insignificant for most minor
and trace elements, with the exception of Ti, As, Ga, Ru,
and Sn in samples low in these elements. Standard and sam-
ple count rates were corrected to the corresponding set of
blanks run immediately before. Sample concentrations were
calculated with relative sensitivity factors normalized to Fe
concentration. Detection limits were established as 3 stan-
dard deviations for all blanks run on a particular day. Ele-
ment concentrations below detection limit are reported as a
maximal value corresponding to the detection limit.

3. RESULTS
3.1. Electron microprobe

Both metal and sulfide grains appear homogeneous in
BSE images (Fig 1), without visual evidence for exsolution
of different phases or formation as different populations.
While metal grains occur isolated, all species of sulfide are
found in clusters, intergrown with metal and each other.
Major element composition of sulfides and metals analyzed
by electron microprobe are listed in Table 1. Metal compo-
sitions are homogeneous within one section, with a few
notable exceptions. While metal in Mt. Egerton, LAP
03719 and Khor Temiki is homogeneous, a clear bimodal
distribution between Fe metal with about 5% Ni and

Fig. 1. Backscatter electron maps of thin sections (a) Mt. Egerton USNM 3272-1; (b) Cumberland Falls USNM 477-1; and (c) Shallowater
USNM 1206-2. Sample locations for LA-ICP-MS analyses are indicated by solid circles. Dashed circle in (b): chondritic inclusion in

Cumberland Falls 477-1 (Neal and Lipschutz, 1981).



Table 1

Electron microprobe analyses of enstatite achondrite metals and sulfides.

Meteorite Section # Phase # Analyses Si P S Fe Co Ni Na Mg K Ca Ti Cr Mn Cu Total
Mt. Egerton USNM 3272-1 Fe metal 234 1.85 <0.05 <0.04 90.7 0.18 5.25 98.06
sd 0.31 3.7 0.07 3.29
Bishopville USNM 222-1  Troilite 130 0.03 37.1 582  <0.09 <0.09 <0.04* <0.03 <0.03 <0.03 2.81 0.27° <0.08 <0.11 98.78
sd 0.05 0.9 2.6 1.23 0.22
Shallowater USNM 1206-2 Troilite 39 0.01 372 573 <0.09 0.18 <0.04 0.07 <0.03 <0.03 0.66 3.65 0.38 0.15  99.60
sd 0.01 0.8 0.8 0.13 0.36 0.04 0.15 0.11 0.09
Khor Temiki USNM 1551-2 Fe metal 6 0.46 <0.04 98.5 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 <0.05 <0.06 <0.08 <0.11 99.07
sd 0.08 1.4
Troilite 17 0.02 369 57.6  <0.09 <0.09 <0.04 <0.03 <0.03 <0.03* 045 0299 <0.08* <0.11  98.52
sd 0.03 24 7.5 0.06 0.15
Alabandite 10 0.04 36.9 15.3 <0.09 <0.09 0.06 1.21 <0.03 021 <0.05 0.16 45.7 <0.11 99.63
sd 0.14 0.7 1.9 0.01 0.43 0.07 0.07 3.2
Oldhamite 5 0.02 41.8 0.16 <0.09 <0.09 <0.04 0.27 <0.03 50.8 <0.05 <0.06 1.30 <0.11  94.34
sd 0.05 1.5 0.09 0.12 1.5 0.56
Daubreelite 1 0.03 42.0 18.0  <0.09 <0.09 0.05 <0.03 <0.03 <0.03 <0.05 35.83 1.29 <0.11 97.29
sd
Aubres USNM 7047-1 Fe metal 4 0.56° <0.04 94.76° <0.09 291° <0.04 <0.03 <0.03 <0.03 <0.05 <0.06 <0.08 <0.11 98.93
sd 0.33 0.6 0.56
Troilite 48 0.02 36.7 60.1 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 1.80 045 <0.08 <0.11 99.24
sd 0.01 0.6 1.1 1.02 0.18
Alabandite 13 0.01 38.4 12.6  <0.09 <0.09 0.08 495 <0.03 0.14 <0.05 0.17 429 <0.11 99.23
sd 0.01 1.2 2.6 0.05 0.79 0.05 0.37 1.7
Daubreelite 9 0.02 43.1 17.3 <0.09 <0.09 <0.04* <0.03* <0.03 <0.03* 0.13 358 1.28 0217 98.33
sd 0.02 2.7 1.1 0.09 24 0.35 0.10
Mayo Belwa USNM 5873-4 Fe metal 8 0.88 <0.04* 90.8 0.15 527 <0.04 0.61 <0.03 <0.03 <0.05 <0.06" <0.08 <0.11 97.93
sd 3.19 6.8 0.16 3.04 3.44
Troilite 14 0.11 36.6 58.8 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 2.18 0.30 0.23% <0.11 98.36
sd 0.67 1.4 2.0 2.13 0.26 0.47
Alabandite 20 0.03 37.7 223 <0.09 <0.09 0.22 338 <0.03 0.46 0.13 0.56 33.8 <0.11 98.69
sd 0.06 1.0 4.0 0.08 1.38 0.11 0.11 0.32 43
Oldhamite 7 0.00 41.7 0.17 <0.09 <0.09 0.05 0.34 <0.03 51.6 <0.05 <0.06 0.82 <0.11 94.68
sd 0.01 0.7 0.18 0.03 0.15 0.8 0.33
Norton County USNM 1712-2 FeNi metal 5 0.18" <0.04* 91.6" 0.168  6.49" <0.04 <0.03 <0.03 <0.03 <0.05 <0.06 <0.08 <0.11 98.66
sd 0.11 2.0 0.15 1.85
Troilite 31 0.02 36.6 59.8 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 1.83 0.28" <0.08 <0.11 98.93
sd 0.07 0.6 32 1.38 0.12
Daubreelite 4 0.01 43.1 174 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 0.26% 35.5 1.29 0.39%  98.00
sd 0.04 24 0.7 0.29 2.0 0.57 045

(continued on next page)
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Table 1 (continued)

Meteorite Section # Phase # Analyses Si P S Fe Co Ni Na Mg K Ca Ti Cr Mn Cu Total
Cumberland Falls USNM 477-1  Fe metal 33 <0.02% <0.04 91.52  0.24 5.87 <0.04 0.07 <0.03 <0.03 <0.05 <0.06 <0.08 <0.11 97.74
sd 252 0.14 0.87 0.05
FeNi metal 3 <0.02 <0.04* 619 <0.09 36.8 <0.04 <0.03 <0.03 <0.03 <0.05 <0.06 <0.08 <0.11 98.92
sd 13.1 11.3
Troilite 23 0.06 359 615 <0.09 <0.09 <0.04 <0.03* <0.03 <0.03 <0.05 0.19° <0.08 <0.11 97.84
sd 0.31 2.1 2.7 0.10
Daubreelite 1 0.02 436 182 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 <0.05 354 0.47 0.67  98.36
sd
ALH 84007 ,116 FeNi metal 2 <0.02 <0.05 0.12 503 <0.09 46.00 <0.04 <0.03 <0.03 <0.03 <0.05 0.29 <0.08 <0.11 96.76
sd
Fe metal 3 <0.02 <0.05 <0.04 953 0.42 577 <0.04 <0.03 <0.03 <0.03 <0.05 <0.06 <0.08 <0.11 101.64
sd
Troilite 35 <0.02 <0.05 36.1 628 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 <0.05 0.42° <0.08" <0.11  99.66
sd 2.6 2.4 0.16
Daubreelite 8 <0.02 <0.05 439 19.0 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03 <0.05 364 0.86 <0.11 100.12
sd 0.8 22 1.8 0.35
LAP 03719 22 Fe metal 12 031 <0.05 <0.04 98.6  <0.09 2,12 <0.04 <0.03 <0.03 <0.03 <0.05 <0.06" <0.08 <0.11 101.23
sd 0.13 3.2 2.63
Schreibersite 4 0.04 13.6 <0.04 71.7 0.11 134 <0.04 <0.03 <0.03 <0.03 <0.05 <0.06 <0.08 <0.11  98.92
sd 0.04 0.4 1.3 0.03 0.4
Troilite 34 <0.02* <0.05 359 599 <0.09 <0.09 <0.04 <0.03 <0.03 <0.03* 2.29 0.35 <0.08" <0.11 98.79
sd 3.7 3.5 1.07 0.25
Alabandite 4 <0.02 <0.05 38.0 131 <0.09 <0.09 0.05 3.80 <0.03 0.15 <0.05 0.11 441 <0.11  99.29
sd 0.3 2.4 0.02 0.19 0.02 0.05 1.9
Daubreelite 13 0.09% <0.05 422 174 <0.09 <0.09 <0.04* 0.08%8 <0.03 <0.03 0.14  35.6 1.40 030  97.32
sd 0.07 2.7 0.8 0.15 0.07 1.9 0.24 0.17

All abundances in wt.%.
sd: 2 standard deviations.

# Single grains above detection limit, see Supplemental Table 1.

® Three anomalous Cr-rich grains excluded.

¢ Anomalous Ti-rich and Ti-poor samples excluded.

4 Two anomalous Cr-rich grains excluded.
¢ One anomalous Ni-Si-rich metal grain excluded.
' Two anomalous Cu-rich grains excluded.

€ Mn in troilite in Mayo Belwa, Ti and Cu in daubreelite in Norton County, and Mg in daubreelite in LAP 03719 show extreme heterogeneity above detection limit.

% Two anomalous Ni-rich grains excluded.
! Four anomalous Cr-rich grains excluded.
3 One anomalous Cr-rich grain excluded.
X One anomalous Si-rich grain excluded.
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Fe—Ni metal with about 45% Ni can be seen in ALH 84007.
Metal in Aubres, Norton County, Cumberland Falls, and
Mayo Belwa is homogeneous within one sample section,
with single (1-3) analyses per section, see Supplemental
Table 1 grains showing more Ni- and Si-rich compositions
compared to the predominant metal. No metal was ob-
served in the Shallowater section (USNM 1206-2), in con-
trast to past studies, which reported up to 10% of modal
metal content from other sections and pieces of Shallowater
(Foshag, 1940; Wasson and Wai, 1970; Keil et al., 1989).
Aubres contains one grain with 13% Ni intergrown with
Fe metal with 3% Ni Norton County contains two Ni-rich
grains, one with 21% Ni (taenite), the other with 46% Ni
(tetrataenite), compared to 5-8% Ni in the other grains.
The vast majority (33 out of 36) of Cumberland Falls metal
grains have around 5-6% Ni, but three grains are inter-
grown with grains containing around 35% Ni. Schreibersite
(FesP) was only detected in LAP 03719, however, LA-ICP-
MS analyses showed the presence of P-rich regions in large
metal grains in Mt. Egerton (see below). Graham (1978) de-
scribed very heterogeneous metal and schreibersite in Mayo
Belwa, reporting Fe metal with Ni concentrations between
0.75% and 23.5% and several schreibersite grains with Ni
between 8.12% and 14.37% and P concentrations between
15.2 and 15.8%. Easton (1986) reported Ni contents of
2.3-7.0% in metal from aubrites, along with up to 0.85%
of Si. Silicon concentrations in aubrite metal for Norton
County previously reported (Wasson and Wai, 1970; Wat-
ters and Prinz, 1979; Easton, 1986) are higher than those
determined in our study (0.58-0.91% vs. 0.18 £+ 11%). Casa-
nova et al. (1993) have reported large variations in Si and
Ni content in kamacite from ALHA 78113, Bishopville,
Mayo Belwa, and Norton County, between below detection
limit and 1.37 wt.% for Si, and 0.53 and 11.09 wt.% for Ni.
Metal with Ni concentrations as high as 50% (tetrataenite
exsolution), as seen in single Norton County and ALH
84007 grains, has previously been described for Khor Tem-
iki (Hey and Easton, 1967).

As with metals, sulfides of a given compositional type
are homogeneous throughout one section for most of their
minor elements. By far the most abundant sulfide is troilite.
The largest variation of minor elements in troilite, both
within one section and compared to other samples, is dis-
played by Cr and Ti. Titanium concentration in troilite var-
ies strongly both between sections and within one section,
with Khor Temiki troilite containing as much 8.5% Ti,
compared to 0.6% in Shallowater troilite and 3% in Bishop-
ville and LAP 03719 troilite. Norton County troilite ranges
from 0.75% to 3.4% Ti, in accordance with the reported val-
ues of 0.4-4.1%, with a mean of 1.7% (Keil and Fredriks-
son, 1963). Troilite in ALH 84007 is essentially Ti-free
(0.05%). Chromium contents of troilite are around 0.1-
1.0% in ALH 84007, LAP 03719, Cumberland Falls, Mayo
Belwa, and Aubres. Some grains in Khor Temiki, Bishop-
ville, and Norton County have as much as 2.8% Cr, while
Shallowater troilite contains 3.6% Cr. Other than minor
Cu and Ni content in Shallowater troilite, other minor ele-
ments in troilite were below detection limit of the electron
microprobe. Single spots from Khor Temiki, Mayo Belwa
and LAP 03719 show increased Mn of up to 1.1%. All other

minor elements are below 0.2%. Keil et al. (1989) reported
troilite analyses from Shallowater with 0.64% Ti and 3.35%
Cr, in excellent agreement with our data.

Oldhamite has been described in a number of enstatite
achondrites, but only a few grains were found during this
study, intergrown with other sulfides and metal in Khor
Temiki and Mayo Belwa. Other than minor amounts of
Mg (0.2-0.3%) and Mn (0.8-1.3%), all other minor ele-
ments determined by microprobe are below 0.2% in oldha-
mites. All oldhamite analyses yield low totals between 92
and 96 wt.%, suggesting either the presence of a minor ele-
ment unaccounted for or the presence of small amounts of
CO, or H,O from terrestrial alteration.

Alabandite is an abundant phase in Khor Temiki, Au-
bres, Mayo Belwa and LAP 03719. Minor element concen-
trations are comparable throughout these four sections,
with only 3-5% Mg present and all other elements below
0.5%. In Mayo Belwa, alabandite is significantly more Fe-
rich than in the other samples, with a concentration of
22% Fe. Daubreelite is present in Khor Temiki, Aubres,
Norton County, Cumberland Falls, ALH 84007, and
LAP 03719, occurring intergrown with troilite, alabandite,
and metal. Other than Mn, which has a concentration of
~1.3% in daubreelite, no minor elements were detected.

A variety of other exotic sulfides such as niningerite
(Mg, Fe, Mn)S and caswellsilverite (NaCrS,) have been de-
scribed in aubrites (e.g. Okada and Keil, 1982; Keil et al.,
1989), none of which were found in this study. A number
(3%) of microprobe analyses yielded low totals of less than
95%, suggesting the presence of H,O or CO, in the ana-
lyzed grains, as described for terrestrial weathering prod-
ucts like schoellhornite (Nag3(H,0)[CrS,]) in Norton
County (Okada et al., 1985). We acknowledge the likely
presence of a minor amount of these phases in the aubrite
sections studied, but will leave them out of the discussion,
as they represent terrestrial alteration and weathering prod-
ucts and do not contribute to our understanding of the for-
mation and differentiation of metal and sulfides on the
APB.

3.2. LA-ICP-MS results for minerals

Results from in situ measurements of Fe—Ni metals and
troilite by LA-ICP-MS are listed in Table 2. Samples from
Mt. Egerton, Shallowater and Cumberland Falls represent
analyses of large metal or troilite grains taken by line scans,
while analyses from Aubres and Mayo Belwa are spot anal-
yses. Backscattered electron image maps with the sample
locations within the respective sections for Mt. Egerton,
Cumberland Falls, and Shallowater are shown in Fig 1.
Analyses from metal and sulfide in Bishopville, Norton
County, and Khor Temiki did not yield siderophile element
concentrations above background level, mostly due to the
small grain sizes of less than 30 um for metals and low sid-
erophile element concentrations in larger sulfide grains, and
are excluded from the discussion.

Based on the siderophile element characteristics, the pre-
sentation of LA-ICP-MS results are subdivided into (a) Mt.
Egerton, (b) aubrites sensu stricto, including Cumberland
Falls, Aubres, and Mayo Belwa, and (c) Shallowater. The



Table 2

Elemental abundances bu LA-ICP-MS (ppm, except where noted).

Shallowater Mt. Egerton Cumberland Falls Aubres Mayo Belwa

USNM 1206-2 USNM 3272-1 USNM 477-1 USNM 7047-1 ~ USNM 5873-4

sha3 sha4 sha6 shal0 mtel mte2 mte3 mte3 mte4  mte5 mte6 mte6  mte7 mte7 mte§  cuf3 cuf4 cuf4 cuf5 cuf5 cuf6 cuf8 aub? aub? may2  CI normalizing values

P-rich P-rich A&G H F-G Average
1989 2003 2010

Troilite Troilite Troilite Troilite Metal Metal Metal Metal Metal Metal Metal Metal Metal Metal Metal Metal Metal Metal Troilite Troilite Metal Metal Metal Metal Metal
Na <928 <687 <842 <448 <1755 2656 5000 5000
Mg 3901 1122 1052 969 <12 539 989000 989000
Al 59 134 287 410 <85 225 8680 8680
Si 0.5 0.3 0.4 0.6 33 2.6 4.8 11.4 2.9 2.9 23 1.3 33 16.3 4.6 5.1 4.8 4.6 7.1 6.0 37 16.9 1.5 2.0 23 10.64 10.64
(Wt.%)
P <44 246 <40 419 1228.8 554 1156 138628 282 961 670 530 1300 68602 298 684 955 962 <124 <522 1391 572 673 967 2737 1220 1220
S 34.8 32.7 353 32.6 <0.5 <04 <01 03 <0.1 <0.1 <0.04 <19 <0.1 13 52 <09 <09 <09 352 38.8 <0.5 <09 <0.3 <0.4 <04 625 6.25
(Wt.%)
K <143 <106 <130 <90 <271 10463 558 558
Ca <2356 <1745 <2138 1760 <4457 <1501 9280 9280
Sc 1.6 1.8 1.5 2.1 <1.6 118 5.82 5.82
Ti 5268 5272 5139 4976 <15 893 436 436
v 771 781 765 746 <24 <7.1 49 11 <11 <0.3 <0.2 <0.6 4.0 0.9 226 <41 <39 <36 198 30 2.8 67 <12 <1.6 <19 565 56.5
Cr 28500 27900 28400 31300  24.5 25 29 285 38 4.9 13 <853 20 137 72200 <25 70 <22 17700 10700 129 3161 31 13 <11 2660 2660
Mn 3655 3498 3656 3568 <72 17918 1990 1990
Fe 59.9 62.4 60.2 61.3 90.8 920 90.0 634 919 916 922 91.9 90.7 65.8 78.8 929 936 942 558 574 89.7 71.9 94.1 93.7 934 19.0 19.0
(Wt.%)
Co 285 512 132 602 3322.1 3223 3478 1392 2954 3540 3377 3549 3536 2016 435 2708 4250 4059 4.3 <53 3895 4132 2063 2114 3019 502 502
Ni 0.4 0.6 0.2 0.9 4.8 4.9 73 10.8 5.0 5.0 5.6 52 35 6.5 0.7 5.6 54 5.1 0.03 0.03 5.7 4.1 4.7 4.6 5.7 1.10 1.10
(wt.%)
Cu 990 984 990 1046 131.3 984 1149 97.1 66 94 1044 122 1146 83.0 672 28 48 25 145 156 28 23 42 43 22 126 126
Zn 249 176 119 153 <4.7 22 5.1 107.4 1.6 0.97 0.66 <2.6 1.9 2.7 10 453 1055 <40 99 10.1 3.1 9.3 24 <1.8 <20 312 312
Ga 0.3 0.23 0.4 0.10 30.7 38.5 304 63 31 32 34.1 37 34.7 152 11 187 205 16.1 0.45 <1.8 16.2 13 25 26 26 10.0 10.0
Ge 1.8 4.4 1.2 6.2 88.4 1283  93.1 8.5 92 94 94.5 102 98.7 456 30 115 110 105 1.3 1.6 106 80 85 92 42 32.7 32.7
As 0.09 0.24 <0.1 0.8 12.8 10.5 11.3 34 10.4 12.3 6.0 15 11.3 6.3 42 13.5 11.3 9.8 11.8 7.2 16.4 16 44 7.5 5.6 1.86 1.86
Se 200 194 196 309 <1.8 653 18.6 18.6
Sr <0.8 0.9 3 0.5 <15 6.4 7.80 7.8
Y 0.01 0.09 0.05 0.10 <0.02 1.3 1.56 1.56
Zr 72 7.6 6.9 6.7 <0.01 21 3.94 3.94
Nb 7.5 7.5 7.5 72 <0.03 0.1 0.01 0.32 <0.16 <0.004 <0.003 <0.02 <0.02 <0.004 0.2 <0.06 <0.06 <0.05 0.77 0.75 0.04 02 <0.02  <0.02 <0.03 0.246 0.246
Mo 23 25 23 23 3.6 35 39 325 238 4.0 4.5 39 4.0 20.7 2.0 3.1 3.6 4.1 1.4 1.4 4.7 4.0 1.9 L5 38 0.928 0.928
Ru <0.1 0.09 <0.1 0.10 3.0 22 34 2.8 39 35 4.0 3.6 3.6 29 1.0 1.8 5.5 53 <0.11 <0.5 1.1 0.4 0.6 0.4 32 0.712 0.636  0.627 0.658
Rh 0.04 0.05 0.04 0.06 0.51 0.4 0.64 025 0.7 0.6 0.7 0.8 0.68  0.39 0.3 <05 0.8 0.9 <0.15  <0.6 <03 <05 <0.15 <021 09 0.134 0.128  0.130 0.131
Pd <0.2 <0.1 <0.2 <0.1 2.3 22 2.5 1.9 2.3 24 2.7 2.9 2.6 2.0 1.1 2.4 2.7 23 <0.12 <05 2.6 22 2.0 1.9 2.7 0.560 0.554  0.567 0.560
Sn 0.16 0.19 0.16 0.7 0.68 1.5 0.6 1.5 0.6 0.67 0.79 0.3 0.7 0.33 0.17 10.5 9.5 8.8 0.5 <I.1 8.6 59 14.5 5.8 34 1.72 1.72
Sb 0.01 0.02 0.03 0.04 0.5 0.6 0.4 0.3 0.4 0.4 0.2 0.4 0.4 0.19 0.13 0.6 0.5 0.5 0.4 0.4 0.7 0.52 0.15 0.4 0.21 0.142 0.142
Te 7.9 7.7 7.7 9.9 0.17 1.1 2.32 2.32
w 0.005 0.03 0.04 0.04 0.54 042 057 049 0.60  0.57 0.60 0.6 0.55 048 0.2 0.6 0.7 0.7 0.02 0.21 0.7 0.65 0.7 0.7 0.5 0.093 0.093
Re 0.02 0.11 0.005 0.15 0.20 0.10 021 0.04 0.23 0.20 0.22 0.24 020  0.09 0.01 0.11 0.3 0.3 <0.003  <0.013 0.01 <0.004 0.02 0.02 0.20  0.037 0.036  0.037 0.037
Os 0.003 0.05 0.01 0.05 2.0 070 24 0.23 29 2.1 23 22 22 1.08 0.8 0.9 33 33 <0.002  <0.01 0.04  0.06 <0.002 <0.003 1.8 0.486 0.448  0.450 0.461
Ir 0.0004  0.02 0.001 0.02 1.9 076 23 0.18 2.7 2.0 2.0 22 2.1 1.00 0.7 0.8 3.1 3.0 <0.001  0.03 0.04  0.05 0.003  0.003 1.0 0.481 0.430  0.418 0.443
Pt 0.02 0.11 0.01 0.13 38 2.3 4.6 0.33 52 4.1 35 4.3 4.6 2.12 1.1 1.9 6.7 6.4 <0.006 <0.02 0.3 0.12 0.01 <0.008 3.6 0.990 0.855  0.871 0.905
Au 0.03 0.09 0.08 0.07 13 1.4 1.11 0.10 1.17 1.2 0.77 1.2 1.20 055 0.21 1.1 1.1 0.92 <0.04  <0.17 1.0 0.84 0.64 1.0 1.0 0.140 0.149 0.145

CI normalizing values after Anders and Grevesse (1989), Horan et al. (2003), and Fischer-Godde et al. (2010).
Three letter + number designations refer to meteorite name and location, see Fig. 1

. sha: Shallowater; mte: Mt. Egerton, cuf: Cumberland Falls; aub: Aubres, may: Mayo Belwa.
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siderophile element patterns are normalized to Ni-content
and CI chondrite abundances. Abundances of siderophile
elements in CI chondrites from Anders and Grevesse
(1989) were supplemented with new highly siderophile ele-
ment (HSE) data from Horan et al. (2003) and Fischer-
Godde et al. (2010), and the resulting new CI normalization
values are given in Table 2.

3.2.1. Mt. Egerton

Results from measurements of Mt. Egerton metals are
displayed as CI-, Ni- normalized patterns in Fig 2a). Mt.
Egerton patterns are mostly flat in terms of refractory sid-
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Fig. 2. CI-, Ni-normalized siderophile elements patterns for metal
in the anomalous enstatite achondrite Mt. Egerton: (a) Mt. Egerton
metal, dashed purple lines: P-rich regions within Mt. Egerton metal
grains mte3 and mte7; (b) and (c): CI-, Ni-normalized siderophile
elements patterns of Mt. Egerton metal compared to patterns from
enstatite chondrite bulk metal from Kong et al. (1997). (a) EL
chondrites; (b) EH chondrites, shaded area in both figures: Mt.
Egerton metal analyses from this study. Concentrations for CI
chondrite taken from Anders and Grevesse (1989), Horan et al.
(2003), and Fischer-Godde et al. (2010), see Table 2. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

erophile elements (W, Re, Os, Ir, Pt, Ru), with one excep-
tion (mte2) showing slight depletions in the elements most
compatible in solid metal over liquid metal (Re, Os, Ir,
and Ru) down to values as low as 0.3 times CI. Normalized
patterns from metal in Mt. Egerton are similar to normal-
ized patterns from metal in enstatite chondrites (Kong
et al., 1997, Fig. 2b and c), with a closer similarity to EL
metal than EH metal. They show little fractionation for
the more refractory elements combined with an overall
depletion for volatile elements from Au through Sn, with
a marked negative Cu spike. In addition to metal, the host
phases of Cu include troilite and schreibersite that display
prominent Cu enrichments, making Cu abundances less
useful in understanding processes affecting metals. Some
LA-ICP-MS measurements in mte3 and mte7 revealed
irregularly distributed P-rich regions, which were not
encountered during electron microprobe analysis. The over-
all abundance patterns of these P-rich regions are similar to
their metal hosts, yet they show enrichment of Ni and Mo
by up to 25% for Ni and 500-800% for Mo (P-rich portion
of mte3 and mte7, Table 2), confirming previously reported
affinity of these elements with phosphides (Corrigan et al.,
2009).

As one metal grain (mte7) in our Mt. Egerton section oc-
curs in association with rounded sulfide grains (Fig. 3),
measurements of siderophile elements in such equilibrium
assemblages may hold clues about partitioning behavior be-
tween metal and sulfide during cooling under extremely

sulfide

Fig. 3. (a) Backscatter electron image of Mt. Egerton grain mte7.
(b) magnified area of coexisting metal, phosphide (purple) and
sulfide (yellow). Black solid line: track of the laser ablation path
across metal, phosphide, and sulfide. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)
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reducing conditions. Fig 3 shows a large metal grain with
sulfide nodules at its margin. A Si-rich schreibersiterim ar-
mors the Mn-Mg-rich sulfide nodule, likely Mg-rich
alabandite, from the metal. One laser traverse across the
metal-phosphide-sulfide boundary was performed as
marked in Fig 3. Compositions of the three phases are pre-
sented in Table 3, and the abundances of P and S are shown
as a function of distance in Fig 4. While the boundaries be-
tween the metal and phosphide appear to be sharp, the
boundary between phosphide and sulfide appears more
gradual due to wash-out of the P signal (Fig. 4a). The
underlying geometry of the grain boundaries is not evident
from Fig 4, and phosphide underlying sulfide may also con-
tribute to the gradual decline of the P signal. Segments
where the analysis signals from different phases potentially

Table 3

overlap because of washout effects or grain geometry were
excluded. The three resulting siderophile element patterns
(metal, phosphide, and sulfide) are presented in Fig 4b.
The metal, which comprises the largest part of this grain
cluster (Fig. 4a), has abundance patterns similar to other
metal grains in Mt. Egerton (Fig. 2a). The phosphide and
sulfide patterns show several noticeable differences com-
pared to metal patterns (Fig. 4b). Both phosphide and sul-
fide are depleted in almost all siderophile elements to a
comparable degree of about one order of magnitude, with
the exception of Mo, Fe, Cu, and Sn. For the refractory ele-
ments both phosphide and sulfide show very similar pat-
terns. Concerning the more volatile elements, sulfide has
higher Fe, Sb, Cu, Ge, and Sn contents than phosphide
does. Both patterns somewhat mirror the overall depletion

Trace element concentration in metal, P-rich metal, and sulfide, and apparent partition coefficients.

Mt. Egerton Apparent partition coefficients D*®

mte7 mte7 mte7

metal Phosphide Sulfide

Fe metal Schreibersite Mg-rich Alabandite Metal/phosphide Phosphide/sulfide Metal/sulfide
Na <2099 1044 1427 n.d. 0.73
Mg (wt.%) 0.05 0.21 0.83 0.24 0.25 0.06
Al <102 <50 <24 n.d. n.d.
Si <4200 <13000 <4000 n.d. n.d.
P (wt.%) 0.06 5.91 0.08 0.01 72.7 0.78
S (wt.%) bdl 11.4 38.7 n.d. 0.30
K <324 <160 <75 n.d. n.d.
Ca <5330 <2300 2834 n.d. n.d.
Sc <2 36.8 127 n.d. 0.29
Ti <18 15.8 18.1 n.d. 0.87
\Y <0.7 2.71 13.3 n.d. 0.20
Cr <1020 945 3287 n.d. 0.29
Mn (wt.%) 0.11 6.8 28.9 0.02 0.24 0.004
Fe (wt.%) 90.6 60.4 23.0 1.50 2.62 3.93
Co 3537 1380 24.2 2.56 57.1 146
Ni (wt.%) 5.12 13.5 1.43 0.38 9.49 3.59
Cu 106 147 130 0.72 1.14 0.82
Zn <3.1 <1.5 1.57 n.d. n.d.
Ga 34.9 7.4 0.16 4.71 453 213
Ge 98 20.6 1.71 4.78 12.0 57.4
As 16.7 5.5 0.15 3.01 37.3 112
Se <29 453 204 n.d. 0.22
Sr <1.8 <0.9 <0.4 n.d. n.d.
Y <0.02 0.03 0.16 n.d. 0.15
Zr <0.01 0.04 0.25 n.d. 0.15
Nb <0.02 <0.02 0.02 n.d. n.d.
Mo 3.65 25.0 0.47 0.15 53.5 7.82
Ru 3.35 2.92 0.05 1.15 59.3 67.9
Rh 0.77 0.29 0.02 2.63 16.9 44.6
Pd 2.85 241 <0.26 1.18 n.d.
Sn 0.39 0.12 0.13 3.29 0.91 3.00
Sb 0.40 0.09 0.01 433 7.00 30.3
Te <0.08 0.83 0.21 n.d. 4.05
w 0.51 0.38 0.01 1.35 35.8 438.2
Re 0.20 0.06 0.00 3.69 154 56.7
Os 1.98 0.47 0.01 4.23 473 200
Ir 1.99 0.42 0.01 4.72 54.0 254
Pt 4.19 0.90 0.02 4.68 50.4 236
Au 1.15 0.25 0.01 4.58 45.7 209

All concentrations in ppm, except where indicated.
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Fig. 4. (a) Concentration (wt.%) versus distance (um) for analysis
of Mt. Egerton grain mte7 for P (solid line, content multiplied by 5
for scaling purposes) and S (dashed line) b) CI-, Ni-normalized
siderophile element patterns for metal (solid line), phosphide
(dotted) and Mg-rich alabandite (dashed) in anomalous enstatite
achondrite Mt. EgertonConcentrations for CI chondrite taken
from Anders and Grevesse (1989), Horan et al. (2003), and Fischer-
Godde et al. (2010), see Table 2.

trend towards volatile elements seen in the patterns in Mt.
Egerton.

3.2.2. Aubrites sensu stricto

Measurements in the aubrites Aubres, Bishopville, Cum-
berland Falls, Khor Temiki, Mayo Belwa, and Norton
County were conducted on metals and several sulfides (troi-
lite, daubreelite, alabandite, oldhamite). Analysis of metal
was restricted by the grain size of metal phases encountered
in the sections available, and no results could be obtained
for metals in Bishopville, Khor Temiki, and Norton
County. With the exception of one troilite grain in Cumber-
land Falls (cuf5, Table 2), sulfides of any kind did not yield
siderophile trace element concentrations above their detec-
tion limits. A single metal grain from Mayo Belwa and two
metal grains from Aubres were analyzed (Table 2). Five me-
tal grains, and the one troilite were analyzed from the sec-
tion of Cumberland Falls (Table 2).

Cumberland Falls section USNM 477-1 stands out, be-
cause it contains both brecciated aubrite matrix and a chon-
dritic inclusion (Neal and Lipschutz, 1981). Metals from
both within the chondritic inclusion (cuf6, cuf8) and from
the aubritic matrix (cuf3, cuf4) were analyzed (Fig. 1b).
Two different grains were analyzed from the area labeled
cuf4 (Fig 1b). All patterns are homogeneous in terms of
the more volatile siderophile elements (Pd through Sn),
with a marked depletion in Cu, similar to Mt. Egerton
(Figs. 2a and 5a). Of note, patterns from the aubrite matrix
differ greatly from patterns from within the inclusion. Com-
patible HSE are enriched up to two times CI in cuf4,
whereas cuf3 shows a moderate depletion to 0.3-0.5 CI

Table 4
Dsohd metal/liquid metal values used for modeling.

S-rich C-rich

Chabot et al., 2003, 2009 Chabot et al., 2006, 2008

Starting composition Parameters 4% C 2% C

D, B D D
W 0.67 1.2 3.6 0.24 0.7
Re 0.27 2 5 1.6 1.7
Os 2.88 2 5.1 7 2.5
Ir 2.69 1.5 4.9 14 2.5
Pt 7.20 0.81 44 9 1.7
Ru 3.40 2.6 34 2.4 1.5
Mo 4.10 0.9 1.1 0.3 0.25
Ni 7.52 wt.% 0.86 0.6 1.42 1.03
Co 0.37 wt.% 1.2 1.1 1.19 1.03
Pd 4.10 0.43 1.1 2.1 0.8
Fe 88.0 wt.% @ @ @ @
Au 1.31 0.27 2.1 1.7 0.56
As 12.6 0.25 1.9 0.4 0.31
Sb 0.59 0.05 1.5 0.55 0.28
Cu 201.0 a 4 1.57 0.92
Ga 60.3 0.78 2.6 3 1.1
Ge 128.0 0.66 3 1.6 0.8
Sn 2.96 0.1 1.1 0.55 0.28

Parameters from Chabot and Jones (2003), Chabot et al. (2003, 2009).

Starting composition: EL chondrite from Kong et al. (1997), values in ppm unless noted otherwise.
Sn concentration for starting material calculated from bulk meteorite concentrations (Wasson and Kallemeyn, 1988).
% Cu concentration for S-rich composition scales linearly with S content (Chabot et al., 2009); Fe concentration calculated as 100% minus

Ni, Co, and minor element (S or C) for each model composition.
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for Re, Ir, Os, Pt, and Ru. The two patterns from within the
chondritic inclusion however, have strong depletions of up
to two orders of magnitude in compatible HSE such as Re,
Os, and Ir (Fig. 5a). The single grain analyzed in Mayo Bel-
wa has a similar abundance pattern to the cuf4 grains, al-
beit with slightly more depletion in compatible HSE Os,
Ir, Pt, and Ru. The two Aubres grains show depletion of
compatible HSE even more pronounced than the metal in
Cumberland chondritic inclusions (cuf6 and cuf8; Fig. Sb).

3.2.3. Shallowater
In contrast to previous observations in other sections
(Keil et al., 1989), Shallowater section USNM 1206-2 does

10

5 Cumberland Falls a

.§

<

]

e 1

Q

o

o

[0}

N

©

E 01

o

g

z ‘\(‘*/ o )

o - / metal outside inclusion

o \-/cuf6 . metal inside inclusion
o ——

W ReOs Ir Pt RuMo Ni Co Pd Fe Au As Sb CuGa Ge Sn

10

S b

5

g 1 -

o -

c

Q

o

el

8 o1t

©

£

2

£ 001

ZI_ ——  Aubres metal

O - = = - Mayo Belwa metal
ool ——tH—————+—+—+——+——t—t——t—tt

W ReOs Ir Pt RuMo Ni Co Pd Fe Au As Sb CuGa Ge Sn

100

5 Shallowater C

g 1

c

[0}

o

=

8 1

el

Q

N

® 01

E

o

T

= 001

L—'; —— Shallowater troilite
0.001

W ReOs Ir Pt RuMo Ni Co Pd Fe Au As Sb CuGa Ge Sn
Fig. 5. CI-, Ni-normalized siderophile elements patterns for metals
and sulfides in enstatite achondrites: (a) Cumberland Falls metal,
black solid lines: samples outside chondritic inclusion; dashed blue
lines: samples from within the chondritic inclusion; (b) solid red
lines: Aubres metal, dashed green line: Mayo Belwa metal; (c)
Shallowater troilite. Concentrations for CI chondrite taken from
Anders and Grevesse (1989), Horan et al. (2003), and Fischer-
Godde et al. (2010), see Table 2. (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)

not contain metal, but instead has abundant troilite (Ta-
ble 1). Observed patterns in four large troilite grains are
fairly homogeneous, with some minor exceptions
(Fig. 5c). The Shallowater troilite has around 0.2—
0.9 wt.% of Ni, compared to 4.5-10.8 wt.% in metal in
Mt. Egerton, Cumberland Falls, Aubres, and Mayo Belwa,
so that on the Ni-normalized abundance plot, Fe is strongly
enriched by roughly an order of magnitude compared to
Ni. Enrichment in Cu by a factor of 10 can be attributed
to its chalcophile character, while enrichments in Mo by a
similar factor are not expected from its partitioning behav-
ior in experimental solid metal-liquid metal partitioning
where Mo exhibits an increasingly compatible character
with increasing sulfur content of the liquid (Chabot et al.,
2006). Interestingly, Mo depletion in separated bulk metal
from EH and EL chondrites is also apparent in the data
of Kong et al. (1997), indicating that this is a ubiquitous ef-
fect in metal from Enstatite meteorites. Further, Mo defi-
ciencies in metal and accompanying enrichments in
troilite were also found in an in situ study of EH chondrites
(Cook et al., 2004), which indicate that extremely reducing
conditions (or a higher sulfur fugacity) is an influential fac-
tor on Mo distribution in enstatite meteorites. All grains
show depletion in Re, Os, Ir, and Ga between one and three
orders of magnitude, and, to a minor extent in Pt, Ru, Pd,
Au, and As, by less than one order of magnitude. One grain
(sha6) has high W/Re, and shows even slight enrichment of
Pd and Au. Most striking are the high Re/Os ratios which
may be relevant to obtaining internal Re-Os isochrons
based on troilite (Re ~ 0.02-0.15 ppm; Os ~ 0.003—
0.05 ppm) and metal (Re ~ 0.2 ppm; Os ~ 2 ppm), as previ-
ously observed for troilite-metal partitioning in IAB iron
meteorites (Shen et al., 1996).

4. DISCUSSION

Metal phases of Mt Egerton and aubrites broadly have
two types of siderophile elements patterns. One resembles
that of chondrites (Mt. Egerton), especially enstatite EL
chondrites (Kong et al., 1997), with little fractionation of
the refractory elements (W to Ni, Figs. 2 and 5). The second
type (including Mayo Belwa, etc.), characterized by Os, Ir
and Pt depletions, testifies to post accretion phenomena
such as melting and fractional crystallization (e.g. van Nie-
kerk et al., 2009). Differences in volatile elements such as
Ga, Ge, and Sn are difficult to reconcile with planetary dif-
ferentiation processes. The siderophile element patterns of
the sulfides and phosphides are useful to decipher metal/
sulfide partitioning during metal solidification and plane-
tary differentiation. Detailed interpretations for each mete-
orite as well as their siderophile element modeling are
presented next.

4.1. Mt. Egerton

Most of the Mt. Egerton siderophile element patterns of
metals are close to bulk metal in both EL and EH chon-
drites (Kong et al., 1997), with little fractionation (Fig. 2b
and c). Several common features of the patterns shed light
on the formation history of Mt. Egerton metal: the notable
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negative anomalies in Cu and Sn, the broadly chondritic
concentrations for refractory elements W — Ni and the
slight depletion towards more volatile elements of As to
Sn. The Mt. Egerton metals have siderophile element pat-
terns resembling those of EL metal more closely than those
of EH metal for the most volatile elements where this dis-
tinction becomes possible.

The results presented here confirm earlier findings, espe-
cially the mostly unfractionated siderophile element abun-
dances in Mt. Egerton metal for the subset of elements
analyzed by Casanova et al. (1993; Ir, Au, Ga, W, As,
Re). Nickel contents in Mt. Egerton samples between 4.8
and 10.8 wt.% in this study are lower on average than those
measured by Casanova et al. (1993), which have values of
9.7-9.9 wt.%. Casanova et al. (1993) ascribed these high
concentrations to contamination by taenite or schreibersite,
which preferentially incorporate Ni. In this study, neither
taenite nor schreibersite could be detected by electron
microprobe, yet variation of P content in metal of up to
13% along laser ablation tracks indicate the presence of
P-rich exsolution lamellae within Mt. Egerton metal grains.
This may affect the concentration of elements that preferen-
tially partition into P-rich phases, like Ni and Mo. To
investigate this possibility, we analyzed P-rich regions in
two Mt. Egerton metal grains (Fig. 2) and a detailed discus-
sion of metal-phosphide—sulfide partitioning can be found
below in Section 4.1.2. Casanova et al. (1993) described sid-
erophile element abundances of Mr. Egerton metal that are
approximately chondritic for a subset of siderophile ele-
ments (Ni, Co, Cr, Ir, Au, Ga, W, As, Re), which is con-
firmed in this study. From their observations, they
concluded that Mt. Egerton metal did not undergo frac-
tional crystallization in a solidifying planetary core. In con-
trast to their observations, some Mt. Egerton patterns in
this study (mte2) show a moderate degree of depletion in
compatible HSE of 0.3-0.5 times CI (Os, Ir, Re; Fig. 2a).
This is consistent with fractionation during solid metal/li-
quid metal equilibrium and removal of around 10% of a so-
lid phase.

4.1.1. Comparison to the anomalous enstatite meteorite
Northwest Africa 2526

Patterns in Mt. Egerton look broadly similar to HSE
patterns from the anomalous enstatite meteorite NWA
2526 (Humayun et al, 2009), with some exceptions
(Fig. 6). The reason for the Mo discrepancy may lie in
the presence and irregular distribution of P-rich domains
which show preferred accommodation of Mo into these do-
mains. The pattern in Mt. Egerton metal does not share the
same level of enrichment in Re-Os—Ir with NWA 2526, and
also has a super-chondritic W/Re ratio, while the NWA
2526 metal has a sub-chondritic W/Re ratio (Fig. 6). These
differences can be accommodated by having Mt. Egerton
metal crystallize from a liquid that left NWA 2526 as a res-
idue. This is supported by the different amounts of deple-
tion in compatible HSE in different metal grains from Mt.
Egerton (Fig. 6), which could be interpreted as progressive
differentiation during crystallization. NWA 2526 was de-
scribed as a coarse-grained enstatite meteorite with ~85%
enstatite and 10-15% of kamacite and weathering products
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Fig. 6. CI-, Ni-normalized siderophile element patterns for metal
from anomalous enstatite meteorite NWA 2526 (Humayun et al.,
2009). Solid green lines: Mt. Egerton metal; dashed green lines: P-
rich Mt. Egerton metal samples from this study (see Fig. 2a).
Concentrations for CI chondrite taken from Anders and Grevesse
(1989), Horan et al. (2003), and Fischer-Godde et al. (2010), see
Table 2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

(Keil and Bischoff, 2008). Based on petrography, it was
interpreted as a partial melt residue after ~20% melt extrac-
tion from an enstatite chondrite-like parent lithology (Keil
and Bischoff, 2008), followed by slow subsolidus cooling.
Siderophile element signatures of NWA 2526 have been
interpreted to result from removal of up to 40-60% of both
S- and C-bearing metallic liquids (Humayun et al., 2009).

The complementary HSE patterns in metal from these
two anomalous metal-rich enstatite meteorites could sug-
gest a common origin. Keil and Bischoff (2008) placed
NWA 2526 on an enstatite chondrite-like planetary body
distinct from the EL, EH, aubrite and Shallowater bodies
based on high metal content, low abundance of troilite, ab-
sence of plagioclase and recrystallized texture of the mete-
orite. Thus, the anomalous enstatite meteorites Mt.
Egerton and NWA 2526 as well as Itqiy (Keil and Bischoff,
2008) may originate from the same planetary body.

4.1.2. Partitioning between P-poor metal, phosphide and
sulfide

The sulfide grains, separated from metal by a P-rich me-
tal rim, may have formed in equilibrium with metal, poten-
tially as high temperature segregates, based on their
rounded grain boundaries towards metal/phosphide and
sharp contact with surrounding silicate (Fig. 3). From the
concentrations of siderophile elements in metal, P-rich me-
tal and Mn-Fe sulfide, rough estimates of partition coeffi-
cients between these phases stable under reducing
conditions can be obtained. Apparent partition coeflicients
Dmelal/P-rich metal and DP-rich metal/sulfide are listed in Table 3.
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Siderophile elements (Co, Ga, Ge, As, Ru, Rh, Pd, W,
Re, Os, Ir, Pt, Au) have apparent partition coefficients be-
tween 1.0 and 2.9 between metal and phosphide, and be-
tween 9.2 and 25.0 between phosphide and sulfide
(Table 3). Calculated Dperaljsuinge coefficients for these
range from ~10 to ~70 (Table 3). Based on the paucity
of experimental partitioning studies in P-bearing metal sys-
tems which are generally limited to a temperature range
above the solidus, it is difficult to validate these apparent
partition coefficients against experimentally determined val-
ues. The majority of previous studies report data only for a
limited number of elements, mostly Au, Ga, Ge, and Ir
(Willis and Goldstein, 1982; Malvin et al., 1986; Jones
and Malvin, 1990), whereas a fuller set of partition coeffi-
cients was determined by Corrigan et al. (2009). Addition-
ally, these studies focussed on liquid metal/solid metal
partitioning in P-bearing metal-alloy systems. Given the
similar depletion in Os, Ir, Co, Pd, As, Sb, and Sn of the
Si-rich phosphide and Mn-Fe sulfide patterns in Mt. Eger-
ton (Fig. 4b), the phosphide is interpreted to have formed
under the strong influence from the sulfide, not from the
metal. However, the strong affinities of Ni, Mo, and, to a
minor extent, Ru for the P-rich phase are consistent with
previous findings (Campbell et al., 2003; Corrigan et al.,
2009), as are the weak tendencies of phosphide avoidance
for Ga, Ge, Ir, and Au (Corrigan et al., 2009). Interestingly,
both As and Sb are members of Group V of the periodic
table, which includes P, but are depleted relative to P par-
titioning between phosphide and metal.

4.2. Aubrites

Siderophile element patterns in metal from aubrites sen-
su stricto (Cumberland Falls, Aubres, Mayo Belwa) share
some of the characteristics with patterns in Mt. Egerton
(Figs. 2a and 5a and b). All aubrite patterns have a similar
negative Cu anomaly, like Mt. Egerton metals, indicative of
removal of Cu by a sulfide phase and consistent with deri-
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Fig. 7. CI-, Ni-normalized siderophile element patterns of metals
in Cumberland Falls (black solid lines), Aubres (red dotted lines)
and Mayo Belwa (green dashed line) compared to patterns from
metal in EL3 chondrite PCA 91020 (gray shaded area, van Niekerk
et al., 2009). Concentrations for CI chondrite taken from Anders
and Grevesse (1989), Horan et al. (2003), and Fischer-Godde et al.
(2010), see Table 2. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. CI-, Ni-normalized siderophile element patterns for model
patterns of liquid metal/solid metal differentiation. Batch partial
melting of an enstatite chondrite metal (Kong et al., 1997) was
modeled with experimentally determined partition coefficients for
S- and C-rich melts. (a) S-rich melt composition, partition
parameters Dy and f from Chabot and Jones (2003) and Chabot
et al. (2003, 2009; see Table 4 for details) with 5% increments in the
degree of melting beginning at the Fe—FeS eutectic; (b) C-rich melt
composition, partition coefficients D from Chabot et al. (2006,
experiments C16 and C6; 2008, experiments A174 and A421, see
Table 4 for details) black 2% C, red 4% C, solid lines 10% partial
melt, dashed lines 20% partial melt; (c) graphite-saturated Fe-S
melts, temperature range from 1025 to 1350 °C, 10% partial melt;
partition coefficients from Hayden et al. (2011) and Chabot et al.
(Ga, Sb, Sn, 2003; 2009). Red lines: Fe-S melts in a C-saturated
system, 1025-1125 C, black lines, S-rich metallic liquids in
equilibrium with C-rich metallic liquids, 1150-1350 C. For the
partition coefficients used, see Table 3 in Hayden et al. (2011). Gray
shaded field in (a)—(c): fractionated patterns from Cumberland
Falls. Concentrations for CI chondrite taken from Table 2. (For
interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

vation from either EL or EH metal as parental material
(Fig. 2b and c). The other, more volatile siderophile ele-
ments (Ga, Ge, and Sn), show distinct differences in their
normalized patterns between Mt. Egerton and aubrites
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sensu stricto. In contrast to Mt. Egerton, Sn, the most vol-
atile siderophile element analyzed in this study, is enriched
compared to less volatile elements such as Ge and Ga
(Fig. 5a). Tin is also more incompatible than Ga and Ge
(Fig. 8). This enrichment in Sn is common to metal in three
different aubrite samples. Aubrites thus seem to have
quenched metallic liquid with high Sn contents, whereas
Mt. Egerton may contain solid metal depleted in Sn relative
to Ga and Ge.

Cumberland Falls section USNM 477-1 has previously
been studied in detail by Neal and Lipschutz (1981), who
described a large part of this section as a chondritic inclu-
sion (Fig 1b). Interestingly, the two most compatible
HSE-depleted grains cuf6 and cuf8, as well as the sulfide
cuf5 (highly siderophile elements below the detection limit),
are from within this chondritic inclusion, whereas the non-
or moderately depleted grains cuf3 and cuf4 were sampled
outside of the inclusion (Fig 1b). The depleted metal grains
in Aubres are not associated with chondritic inclusions. The
volatile part of the siderophile element pattern is virtually
identical between metal from the aubrite breccias and that
from the chondritic inclusions. The depletion of compatible
HSE Re, Os, Ir, Ru, and Pt in metals within the chondritic
inclusion in Cumberland Falls to values of 0.02-0.03 times
CI is similar, albeit more pronounced, to the depletion of
0.15-0.5 times CI noted in kamacite from the EL3 chon-
drite Pecora Escarpment 91020 by van Niekerk et al.
(2009) (Fig 7). Removal of S- and C- rich liquid metal upon
crystallization of metallic liquid could produce the observed
depletions, because the compatible HSE Os, Re, Ir, and Pt
all partition into solid metal over liquid metal (Jones and
Drake, 1983; Chabot and Drake, 2000; Chabot et al.,
2003, 2006, 2008; Corrigan et al., 2009). The formation of
such melt from enstatite chondrite metal was attributed to
impact melting and injection of liquid metal into the mete-
orite protolith, potentially after fractional crystallization
during migration, based on the absence of complementary,
enriched siderophile element patterns (van Niekerk et al.,
2009).

4.2.1. Modeling the siderophile element variation in aubrites

van Niekerk et al. (2009) showed that addition of partial
melts containing both C-rich and S-rich metallic liquids de-
rived from impact melting of E chondrites could explain the
siderophile element patterns observed in EL3 PCA 91020
metal. While impact melting or short, non-equilibrium
melting has been suggested for the origin of Mayo Belwa,
Pena Blanca Spring and inclusions in Cumberland Falls
based on petrography and REE signatures of oldhamite
(Lodders et al., 1993; Rubin, 2010), it has not been identi-
fied in the majority of aubrites. The basic chemical differen-
tiation observed in fractionated, strongly non-chondritic
siderophile element patterns is similar between low grade
enstatite chondrites and achondrites (Fig. 7). Melting of
enstatite chondrite metal and subsequent isolation from
the solid phase was modeled using the equations derived
by Shaw (1970) for both fractional and batch melting with
EH and EL type bulk metal (Kong et al., 1997) as the start-
ing material. Because model results from EH and EL metal,
as well as batch and fractional melting models have only

minor differences that do not affect the conclusions drawn,
the discussion is limited to batch melting of EL type metal.

Results of the modeling are shown as CI-Ni normalized
patterns in Fig 8. The average siderophile element compo-
sition of EL metal from Kong et al. (1997) was used as
the starting material. Partition coefficients used for the
modeling of S-rich metals were calculated with the param-
eterization model developed by Chabot and Jones (2003),
and with parameters from Chabot et al. (2003, 2009). Par-
tition coefficients for modeling of C-rich melts were taken
from Chabot et al. (2006; experiments C12 and CI16;
2008, experiments A174 and A421). Copper was parameter-
ized linearly with S content (Chabot et al., 2009). Starting
material composition for Sn was estimated using the ensta-
tite chondrite average from Wasson and Kallemeyn (1988).

Pressure is difficult to constrain for aubrites, due to the
unknown size of the parent body and the exotic mineral
composition, rendering common geobarometers unusable.
Assuming a parent body with internal pressures less than
5 GPa (Zellner et al., 1977), the pressure effect on sidero-
phile partitioning is small (Chabot et al., 2008, 2011), and
is not considered for the model. Similarly, the effect of Si
content in metal is not taken into account here because of
the low Si concentrations present in aubrite metal (Table 1),
and the fact that Si fractionation effects are small compared
to those caused by C and S (Chabot et al., 2010).

Batch melting of both S-rich and C-rich parent material
can each reproduce a subset of the observed features of sid-
erophile element patterns in enstatite achondrite metals
(Fig. 8). However, both models have significant differences
from the patterns observed in the metal of the Cumberland
Falls chondrite inclusion. Patterns of the melts obtained by
modeling at small degrees of melting near the eutectic of S-
rich metal reproduce some of the observed patterns in aub-
rite metal, notably the depletion in compatible HSE of one
to three orders of magnitude and the comparatively flat pat-
tern for moderately volatile elements of Mo to Au. With
increasing degrees of melting, the patterns flatten out to ap-
proach the starting material chondrite composition
(Fig. 8a).

Carbon-rich melts show higher W/Re ratios than S-rich
melts, and better reproduce the observed fractionation of
Ru from Pt and Ir, the mild enrichment of As over Au and
upward trending patterns for the most volatile elements of
Cu to Ge. However, C-rich metallic liquids produce stronger
Re/Os fractionation compared to S-rich metallic liquids, and
compared to the aubrite HSE patterns (Figs. 5, 7and 8). Even
the most extreme depletion of compatible HSE in models
with small degrees of C-rich composition is 0.5-1 orders of
magnitude less than that observed in Cumberland Falls me-
tal, and about two orders of magnitude less than that ob-
served in Aubres metal. For C-rich compositions, there is
little difference in elements from Mo through Sn for models
with either 2% or 4% C content and 10% or 20% degree of
partial melting. There is substantial difference in the compat-
ible HSE, which are depleted by about half an order of mag-
nitude more for the 4% C composition, but not significantly
affected by degree of melting (Fig. 8b).

A recent study by Hayden et al. (2011) studied sidero-
phile element partitioning in a C-saturated Fe-S system.
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Under pressures less than ~5-6 GPa, immiscible liquid al-
loys coexist in the Fe—C-S system above ~1150 °C (Ragh-
avan, 1988; Corgne et al., 2008; Dasgupta et al., 2009).
These results on liquid metal immiscibility could be applica-
ble to the history of aubrites as tested below.

Differences between partitioning in the solid metal/li-
quid S-rich metal (at lower temperature up to ~1150 °C)
and liquid C-rich metal/liquid S-rich metal (at higher tem-
perature above 1150 °C) are minor (Hayden et al., 2011),
with the exception of refractory elements W through Mo.
The experimentally determined partition coefficients show
scatter, coupled with significant uncertainties especially to-
wards the lower end of the studied temperature range (Hay-
den et al., 2011). A significant influence of C on trace
element partitioning was found when compared to the pure
Fe-S system (Hayden et al., 2011), notably in W, the com-
patible HSE, Mo, As, and Au, all of which partition more
strongly into the C-rich liquid compared to C-free Fe—S sys-
tems (Chabot et al., 2009; Hayden et al., 2011). Results of
modeling of both high and low temperature partitioning
in the Fe-C-S system analogous to the Fe-C system are
shown in Fig. 8c. These model results using the parameters
of Hayden et al. (2011) do not present a good fit to the pat-
terns observed in Cumberland Falls and Aubres metal.
Resulting melt patterns show depletion by up to 3 orders
of magnitude in refractory elements (W, Re, Os, Ir, Pt,
Ru, Mo) as well as in Ga and Ge, while recording depletion
of up to 50% in other siderophile elements (Fig. 8c), as well
as slight enrichments in Pd and Cu.

As with modeling in the Fe-S system, depletions in com-
patible HSE are more pronounced in the model calculation
than observed in aubrites. The high W/Re, positive anom-
alies in Co, and negative anomalies in Cu seen in patterns
from Cumberland Falls and Aubres cannot be reproduced.

To reduce the discrepancies between models and obser-
vation, the minor element compositions of the parental
metallic liquids may need to be adjusted, and intermediate
compositions containing both substantial amounts of S
and C may be required to produce observed aubrite metal
compositions by partial melting of enstatite chondrite me-
tal. It is difficult to estimate the relative proportions of S-
rich and C-rich metal in the original parental metal. More-
over, the effects of metal compositions on siderophile trace
element solid metal/liquid metal behavior are likely differ-
ent for each element, and potentially interdependent (Jana
and Walker, 1997a,b; Chabot et al., 2006, 2008, 2010; Hay-
den et al., 2011). Depletion in compatible HSE of one to
three orders of magnitude (Figs. 2, 5 and 7) requires a sub-
stantial S content above 5%, but lower than the 25-29 wt.%
used in the most S-rich experiments of Chabot et al. (2003)
and Hayden et al. (2011). The same applies to the C con-
tents, which need to be moderately high (>2%) but lower
than the 3.6% used by Chabot et al. (2006).

In summary, melting models in the Fe-S and Fe-C sys-
tem suggest that the metal compositions of the aubrites
Cumberland Falls and Aubres can potentially be derived
from partial melting of either EL or EH chondrite metal
and subsequent isolation of the solid portion, assuming that
the liquid metal phase contains both S and C. In contrast,
modeling using the results of melting experiments in a

C-saturated Fe-S system with immiscible Fe-S and Fe-C
melts does not reproduce the observed siderophile element
patterns of aubrites. Immiscibility of S-rich and C-rich
metallic liquids thus does not appear to play a major role
in the formation history of aubrites.

4.2.2. A common origin for enstatite chondrites and
achondrites?

A genetic relationship between enstatite chondrites and
enstatite achondrites (including aubrites) is consistent with
their identical oxygen isotope compositions, supporting
derivation from a similar nebular reservoir (Clayton
et al., 1984; Clayton and Mayeda, 1996). Some previous
petrological and geochemical studies have also concluded
that aubrites were derived by igneous processes from ensta-
tite chondrite parental material (Watters and Prinz, 1979;
Wolf et al., 1983). Siderophile element systematics in metals
in aubrites and anomalous enstatite meteorites provide sev-
eral indications for a shared origin with enstatite chon-
drites. Four out of five metal grains in Mt. Egerton and
one in Mayo Belwa have nearly unfractionated siderophile
element patterns that are very similar to EL or EH bulk me-
tal patterns (Kong et al., 1997) (Figs. 2 and 5b). This is con-
sistent with a genetic link to EL and EH chondrites with
little or no solid metal/liquid metal differentiation in the
fractions measured in these meteorites. Trace element mod-
eling of the new siderophile element data for enstatite
achondrites shows that fractionated siderophile element
patterns in Mt. Egerton, Aubres or Cumberland Falls can
be generated from liquid metal/solid metal differentiation
from enstatite chondrite metal (Figs. 5 and 8). Further-
more, fractionated siderophile element patterns in aubrite
metals bear similarity to patterns in metal from EL3 chon-
drite PCA 91020 (van Niekerk et al., 2009; Fig. 7). Sidero-
phile element patterns in aubrites are thus consistent with a
derivation of aubrites from enstatite chondrites by plane-
tary differentiation processes, possibly on a different, but
compositionally similar body.

A common origin of aubrites and E chondrites is in con-
trast to some past studies which concluded that aubrites
could not have been generated from either EL or EH chon-
drites (Richter et al., 1979; Easton, 1986; Brett and Keil,
1986; Keil, 1989). It should be noted that some of the ori-
ginal arguments against an igneous origin of aubrites (Rich-
ter et al, 1979) have been overturned by subsequent
expanded studies by the same group (Wolf et al., 1983).
Among the issues with a formation of aubrites from ensta-
tite chondritic material is the high Ti concentration in troi-
lite in aubrites (Keil, 1989), although several samples from
this study show troilite Ti concentrations of <1%, closer to
enstatite chondrites (Table 1; Shallowater, ALH 84007,
Cumberland Falls). Alternatively, Ti concentration in troi-
lite can be increased by loss of S to basaltic liquid (Fogel,
1997), or increased Ti partitioning into troilite during melt-
ing of EL lithologies, as suggested for a clast from EL6
Hyvittis, which contains troilite with 2.5 wt.% Ti (Rubin,
1983).

The presence of up to 8% of diopside in aubrites (Lons-
dale, 1947; Hey and Easton, 1967; Watters and Prinz, 1979;
Okada et al., 1988), compared to minor occurrence in only
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a few enstatite chondrites (Keil, 1989), and the required size
of the parent body to generate pressure high enough to
crystallize forsterite (Fogel et al., 1988; Keil, 1989) are
inconsistent with an origin of aubrites by differentiation
of known enstatite chondrites (see Mittlefehldt et al.,
1998, for the opposite point of view). Thus, while sidero-
phile element and oxygen isotope data are consistent with
a common origin, petrological considerations as well as
geochemical data from sulfides and silicates imply other-
wise. A new physical model of differentiated asteroids with
chondritic crusts (Elkins-Tanton et al., 2011) re-opens the
issue of whether aubrites or differentiated enstatite achon-
drites may also originate on the same parent body. Thus,
siderophile element and oxygen isotope data may be better
interpreted as evidence of formation of enstatite achon-
drites by melting of material derived from the same reser-
voir from which enstatite chondrites formed, they do not
yet provide definitive evidence for formation on the same
parent body. Combined with additional studies on the sili-
cate and sulfide components of known aubrites, such evi-
dence may ultimately be obtained from finding new
meteorites (primitive enstatite meteorites transitional be-
tween chondrites and achondrites, e.g. Queen Alexandra
Range 94204; Izawa et al., 2011) or from future sample
recovery from E asteroids.

4.2.3. Origin of Cumberland Falls inclusions

Prior to the advent of the present day meteorite nomen-
clature, the Cumberland Falls chondritic inclusions have
been described as ‘forsterite chondrites’ (Graham et al.,
1977). Based on uniform Mg/Si ratios of 0.95, similar min-
eralogy (low-Fa olivine, high-Cr troilite, and low-Ca pyrox-
ene) and oxidation state similar to ordinary chondrites,
Cumberland Falls inclusions were initially suggested to be
related by crystal/liquid fractionation to the meteorites
Kakangari, Winona, Mount Morris (Wisconsin) and Pon-
tlyfni (Graham et al., 1977). Upon revision, these meteor-
ites were reclassified either as K chondrites (for
Kakangari) or Winonaites (e.g. Weisberg et al., 1996; Bene-
dix et al., 1998). A recent study interprets the inclusions as
fragments of an LL ordinary chondrite impactor based on
textural analysis (Rubin, 2010), with some inclusions repre-
senting impact melt breccias. Highly siderophile element
patterns in metal within the inclusion (cuf6, cuf8) are com-
patible HSE depleted (Fig. 5a), and are broadly similar to
patterns from PCA 91020 (Fig. 7). However, they are differ-
ent from patterns seen in LL4 Soko-Banja (Campbell and
Humayun, 2003), which show no pronounced depletion in
the siderophile elements considered (Mo, Ru, Pd, W, Re,
Os, Ir, Pt, Au), and HSE concentrations of which are about
an order of magnitude greater than those in Cumberland
Falls. The absence of complementary, compatible HSE-en-
riched patterns in both Cumberland Falls inclusions and
EL3 chondrite PCA 91020 suggests injection of the metallic
liquid into the protolith rock on their respective parent
bodies, in accordance with models suggested by Rubin
(2010). In order to determine the origin of these chondritic
inclusions in more detail, additional siderophile element
analyses of ordinary chondrites, K chondrites, and winona-
ites are required.

4.3. Shallowater

Shallowater section USNM 1206-2 is different from all
other sections examined in the course of this study, as it
contains no metal, in contrast to the majority of studied
specimens and sections from Shallowater with up to 10%
of metal (Foshag, 1940; Wasson and Wai, 1970; Watters
and Prinz, 1979; Keil et al., 1989). If metal/sulfide equilib-
rium occurred, the troilites studied in USNM 1206-2 should
yield similar siderophile element concentrations to sulfides
from other aubrites (e.g. cuf5). This is indeed the case for
most elements, with the exception of Cu, Zn, V, and Nb,
which are considerably more enriched in Shallowater troi-
lite compared to sulfides in other aubrites studied (Table 2,
Fig 5c, Supplemental Table 2). Comparison of HSE con-
centrations in sulfides between Shallowater and other aub-
rites is rendered more difficult by concentrations of HSE in
sulfides from aubrites other than Shallowater being below
the detection limit (Supplemental Table 2).

As in Cumberland Falls and Aubres metal, Os in Shallo-
water troilite is depleted compared to Re by over an order
of magnitude (Fig. 5). This depletion is far greater than that
predicted by models of crystallization of metal from Fe-S
or Fe-C liquids (Fig. 8), and opposite to observations from
bulk rock measurements, which have Re/Os values of ~0.5
chondritic (van Acken et al., 2011). While for Shallowater,
this unexpected fractionation could be explained by a miss-
ing Os-Ir-Pt-rich metal phase, there is no satisfactory
explanation for the divergence between model and observa-
tion for Cumberland Falls or Aubres metal. Alternatively,
studies of IAB irons Canyon Diablo and Odessa showed
elevated Re/Os in troilite over metal, which was attributed
to recent open system behavior (Shen et al., 1996). Because
of the differences in Re and Os concentration between coex-
isting sulfides and metals in these samples of about three or-
ders of magnitude, no effect on the Re-Os signatures in
metal is expected despite the fractionated signatures in troi-
lite (Shen et al., 1996).

Modeling the history of Shallowater and comparison to
the aubrites and Mt. Egerton is thus difficult. Metal seems
to have played an important part in the formation history
of the Shallowater parent body, potentially even by forma-
tion and differentiation of a small core (Keil et al., 1989).
Based on the cooling history derived from enstatite and
kamacite petrography and geochemistry, Keil et al. (1989)
suggested a complex multistage history for Shallowater
with destruction of a differentiated parental body by impact
followed by gravitational reassembly. The high Ni contents
in troilite found by Keil et al. (1989) are mostly confirmed
(0.18% vs. 0.25%), potentially reducing the annealing and
equilibration temperature suggested by Keil et al. (1989)
from 700 to 650 °C. High Ti, Mn, and Cr contents (Keil
et al., 1989; Table 1) are also confirmed.

5. CONCLUSIONS

Enstatite achondrite sulfides and metals record a com-
plex history of planetary differentiation events. Their sider-
ophile element signatures are consistent with multiple
parent bodies, and are best explained by variable degrees
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of melt extraction and differentiation, asteroid break-up
and re-accretion, with some aubrites probably recording
infiltration by impact melts. Siderophile element signatures
from Mt. Egerton metals are consistent with crystallization
from metallic liquids complementary to another anomalous
enstatite achondrite, NWA 2526 (Humayun et al., 2009).
This complementarity between the metal composition of
NWA 2526 and that of Mt. Egerton potentially constrain
a common origin of these two meteorites on an E-chon-
drite-like parent body (Keil and Bischoff, 2008).

Metals and sulfides from Cumberland Falls, Aubres,
and Shallowater show various degrees of depletion in com-
patible siderophile elements, consistent with S- and C-rich
liquid metal at low to moderate degrees of partial melting
during planetary differentiation of enstatite chondrite-like
parent bodies. Both S- and C-rich metal liquids can par-
tially reproduce the siderophile element patterns observed
in Cumberland Falls and Aubres, while removal of a hybrid
S-C-containing metallic liquid might reproduce their fea-
tures more closely. In order to produce the observed sider-
ophile element patterns in metals after removal of >10% of
metallic liquid, required light element contents are esti-
mated at >5% S and >2% C. However, models using parti-
tion coefficients obtained for a graphite saturated Fe-S
system taking liquid immiscibility in the Fe-S-C system
into account fail to replicate the patterns observed in aub-
rite metals. Impact melting, as suggested previously for
both EL chondrites (van Niekerk et al., 2009) and aubrites
(Rubin, 2010), followed by infiltration of the impact-gener-
ated melts into the precursor rock of the respective meteor-
ite on the parent body, may be a viable process to generate
the observed signatures.

Associations of metal, phosphide, and Mg-rich alaban-
dite in Mt. Egerton allow estimates for siderophile element
partitioning between these phases under the reduced condi-
tions during enstatite meteorite formation. The HSE and a
number of other elements (Ga, Ge, As, Sb) show preference
for metal and phosphide, while Ni and Mo are strongly
concentrated in the phosphide. Nominally lithophile ele-
ments (e.g. V, Mn, Sr, Y, Zr, Nb) were not detected in
the metal, but show some affinity for both phosphide and
sulfide.

The findings from this study are consistent with a genetic
link between enstatite chondrites and aubrites, as sidero-
phile element patterns in aubrite metals are either similar
to those found in enstatite chondrites (Kong et al., 1997,
Fig. 2), or can be generated by partial melting of enstatite
chondrite metal. This conclusion assumes moderate con-
tents of S and C in the parental metal (Fig. 8). However,
siderophile element patterns in aubrite metals also under-
score the heterogeneity present within the aubrite meteor-
ites. While an origin of aubrites on multiple differentiated
planetary bodies, including those previously labeled as
APB and the parent body of Shallowater (Keil et al.,
1989) cannot be ruled out, a potential origin of some aub-
rites and enstatite chondrites on a single parent body must
be considered in view of recent models for formation of car-
bonaceous chondrites proposed by Elkins-Tanton et al.
(2011). Models of parent body breakup and reassembly
(Keil, 1989) or extensive impact melting (Rubin, 2010)

can be neither contradicted nor confirmed, although the
heterogeneity in different parts from the polymict aubrite
breccias Cumberland Falls (Figs. 1 and 5a) and the similar-
ity to impact melts in EL3 PCA 91020 (van Niekerk et al.,
2009; Fig. 7) support these notions.
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