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1 Introduction

1.1 What are meteorites?

Meteorites are fragments of extraterrestrial bodies that can provide unique insights into the
history and evolution of our solar system and our planet. Today, more than 31000 different
meteorites are known (GRADY and WRIGHT 2006). Many of these meteorites are considered to
represent fragments of bodies from the asteroid belt, a region in space between 2 and 4 AU
from the sun. Others are fragments of Mars (e.g. BOGARD and JOHNSON 1983) and the Moon

(e. g. WARREN et al. 1989).

Meteorites are grouped into primitive meteorite and differentiated meteorites. Primitive
meteorites are meteorites whose parent bodies have not experienced a planetary
differentiation process. Many primitive meteorites contain small silicate spherules, so called
chondrules, and are hence termed chondrites. Differentiated meteorites are meteorites that
represent products of igneous processes — fragments of metal cores, igneous residues,
cumulates or breccias of residues or cumulates. As primitive structures such as chondrules
are destroyed during this process, this group is termed achondrites. Primitive achondrites
have experienced high degrees of thermal metamorphism but only small degrees of igneous

differentiation.

1.2 Weathering and shock

Meteorites show different degrees of terrestrial weathering. The degree of weathering
depends on the climate of the locality and the terrestrial age. Several weathering scales are
used to classify meteorites. The NASA meteorite workgroup distinguishes 3 degrees of

weathering (A, B and C) for Antarctic meteorite finds (Table 1).

Table 1 Weathering scale applied by the NASA meteorite group for Antarctic meteorites. Table taken from NorToN (2002)

A Minor rustiness; rust haloes on metal particles and rust stains along fractures are minor

B Moderate rustiness; large rust haloes occur on metal particles and rust stains on internal
fractures are extensive

C Severe rustiness; metal particles have been mostly, if not totally, converted to rust and

specimen is stained by rust throughout




A more sophisticated weathering scale has been developed in WLOTzKA (1993) for ordinary
chondrites. Based on weathering effects observed in polished thin sections, 7 degrees of

weathering (W0 — W6) are distinguished (Table 2).

Table 2 Weathering scale developed in WLoTzkA (1993) for ordinary chondrites. Table taken from NorTon (2002)

WO No visible oxidation of metal or sulfide. A limonitic staining may already be noticeable in
transmitted light.

w1 Minor oxidation of metal and troilite; minor oxide veins

w2 Moderate oxidation of metal and troilite, about 20 — 60% being affected

w3 Heavy oxidation of metal and troilite, 60 — 95% being replaced

w4 Complete (>95%) oxidation of metal and troilite, but no alteration of silicates

w5 Beginning alteration of mafic minerals, mainly along cracks

W6 Massive replacement of silicates by clay minerals

Depending on their impact history, meteorites show different degrees of shock. A common
shock classification system is the Stoffler-Keil-Scott classification in STOFFLER et al. (1991) and
RuBIN and ScoTT (1997), based on the effects of shock in olivine, orthopyroxene and
plagioclase. The Stoffler-Keil-Scott shock classification distinguishes 6 progressive degrees

(S1 —S6) of shock (Table 3).

Table 3 Meteorite shock classification based on STOFFLER et al. (1991) and RusIN and ScoTT (1997). Table taken and
modified from NorTon (2002).

S1 Unshocked - olivine and plagioclase show sharp optical extinction; P <5 GPa

S2 Very weakly shocked - olivine and plagioclase show undulose extinction and common
irregular fractions; P 5 — 10 GPa

S3 Weakly shocked - Olivine shows planar fractures (shock lamellae). Feldspar does not show
planar fractures. Opaque melt veins and pockets of melted material appear; P 15 — 20 GPa

S4 Moderately shocked — olivine shows planar fractures and a weak mosaic pattern. Plagioclase
shows undulose extinction and planar fractures. Opaque melts and melt pocket become more
abundant; P 30 — 35 GPa

S5 Strongly shocked — olivine shows strong mosaic patterns. Plagioclase is completely
transformed into maskelynite glass. Opaque shock veins consist of crystalline silicate
material, troilite and metal; P 45 — 55 GPa

S6 Very strongly shocked — olivine and pyroxene show solid state recrystallization and melting
along crystal edges next to melt pockets. Some olivine changes to ringwoodite; P 75 —
90 GPa




1.3 Meteorite classification

1.3.1 Chondrites

Chondrites are aggregates of primitive components, such as chondrules, Ca-Al-rich inclusions
(CAls), amoeboid olivine aggregates (AOAs), FeNi-metal and fine grained matrix (WEISBERG et
al. 2006). It is assumed that these primitive components have formed by condensation and
evaporation processes in the protoplanetary disk (e.g. EBEL 2006, FEDKIN and GROSSMAN 2006)

and thus represent one of the most primitive materials known in our solar system.

Several groups of chondrites are distinguished based on their chemical composition,
oxidation state, isotopic composition and occurrence of primitive components (BREARLEY and
JONES 1998). The three largest groups of chondrites are enstatite chondrites (E) with 483
known specimen, ordinary chondrites (O) with over 32000 known specimen and
carbonaceous chondrites (C) with 1102 known specimen (GROSSMAN 2009). The enstatite
chondrite group is subdivided into a low-iron (EL) and high-iron (EH) group. The ordinary
chondrite group is subdivided into a group with high total iron (H), one with low total iron (L)
and one with low total iron as well as low metallic iron (LL). Carbonaceous chondrites are
subdivided into 8 groups of distinct compositional and isotopic composition: Cl, CM, CR, CV,
CO, CK, CB and CH (BReARLEY and JONES 1998, WEISBERG et al. 2006). The designating letter to
the group is determined by typical chondrite of that group (e.g. | for lvuna, M for Mighei, R
for Renazzo). Two smaller groups of chondrites are Rumuruti chondrites (R) with 102 known
specimen and the Kakangari chondrites grouplet (K) with 3 known specimen (GROSSMAN

2009).

Chondrites are assigned numbers (1-7) to reflect their petrographic type (Table 4). This
classification is based on the work of VAN ScHMus and Woob (1967). The types 1 and 2

represent aqueous alteration of the chondrite. The degree of alteration decreases with
increasing number. Type 3 chondrites are texturally primitive chondrites. Type 3.1 to 6

chondrites have experienced increasing degrees of thermal alteration.

10



Table 4 Criteria for the chondrity classification after petrographic type after VAN Scimus and Woob (1967). Table taken

from WEISBERG et al. (2006).
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The chondrite groups can be resolved by bulk lithophile element ratios, such as Al/Si, Mg/Si
and Ca/Si-ratios (BREARLEY and JONES 1998). E-chondrites give the lowest (Al, Mg, Ca)/Si-ratio,
while C-chondrites give the highest ratios. Ordinary chondrites are clustered in between. Fig.

1 shows the Ca/Si-ratios of different chondrite groups.
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Fig. 1 A histogram showing the bulk Ca/Si-ratio of different chondrites. E-chondrites giving Ca/Si-ratios of < 0.04, O-
chondrites giving Ca/Si-ratios of 0.045-0.054 and carbonaceous chondrites giving Ca/Si-ratios of > 0.055. Diagram taken
from NorTON (2002).

The chondrite groups can also be resolved by their bulk oxygen isotopic composition. Oxygen
possesses three stable isotopes: The most abundant is 10 (99.76 %), less abundant are 0
(0.04 %) and 20 (0.20 %) (LopDERs and FEGLEY 1998). 820 refers to the *0/*°0-ratio of a
sample relative to the 80/%%0-ratio of a standard material. A standard material commonly
used in geosciences is terrestrial ocean water, “standard mean ocean water” (SMOW). 50

is given as deviation from SMOW in %o. 8'70 is calculated in a similar way.

In mass dependent isotope fractionation processes, fractionation in 8'20 is approximately
twice as large as 870, due to the mass differences between *°0, 0 and *20. In a three-
isotope oxygen plot, '70 is plotted against 5'0. Samples that have formed by mass
dependent fractionation of a common reservoir will therefore plot on a line with a slope of
~0.5. All terrestrial samples plot on such a line in the three-isotope oxygen diagram. This line

is known as terrestrial fractionation line (TFL).
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Fig. 2 Three oxygen isotope plot of bulk chondrites. R-, L-, LL, and H-chondrites plot above the TFL. E-, CI-, CM- and CR-
chondrites plot on slope ~0.5-lines and CO- and CV-chondrites plot on the slope ~1 CCAM-line. Diagram taken and
modified from BREARLEY and JONES (1998).

In a three-isotope oxygen plot, most chondrite groups plot at a distinctive position (Fig. 2). R,
H, L and LL-chondrites form distinct clusters above the TFL. Enstatite chondrites and Cl-
carbonaceous chondrites plot on the TFL. CM-chondrites plot on lines with a slope of ~0.5
below the TFL, while CR-chondrites define a line with a slope of ~0.7. The lines defined by Cl-
, CM- and CR-chondrites are considered to be a result of isotope fractionation during
aqueous alteration on their parent bodies (BREARLEY and JONES 1998). Anhydrous minerals in
CO-, CV- and CK-chondrites plot along a line with a slope of ~1, below the TFL. This line is
called carbonaceous chondrite anhydrous mineral line (CCAM-line). This has been
interpreted as the result of a mixing process between **0-enriched solids and a nebular gas

component at the *°0-poor end of the line (BREARLEY and JONES 1998).

Carbonaceous chondrites (C) are characterized by lithophile element concentrations
(normalized to Mg and CI1) > CI1 (BREARLEY and JONES 1998) and oxygen isotopic

compositions that plot on or below the TFL (WEISBERG et al. 2006).

Cl-chondrites are, except for very volatile elements, a close match to the composition of the
solar photosphere (BREARLEY and JONES 1998). Cl-chondrites are therefore considered to

represent the average solar system composition and are thus used as reference material.
13



Nine Cl-chondrites are known (GRosSMAN 2009), each belonging to the petrographic type 1.
Cl1-chondrites do not contain chondrules or CAls. It is not clear whether they were
destroyed during aqueous alteration or were never present (BREARLEY and JONES 1998). CV-
chondrites are characterized by high abundance of large CAls and AOAs (WEISBERG et al.
2006). Of the 153 known CV-chondrites all are of type 3, except for Mundrabilla 012, which
is of type 2 (GROSSMAN 2009). CV-chondrites are subdivided into oxidized (CV,,) and reduced
(CV/eq) subgroups, based on their metal/magnetite ratios and Ni concentrations in sulfides
and metal (BREARLEY and JONES 1998, WEISBERG et al. 2006). CM-chondrites are the most
abundant group of C-chondrites with 360 known specimen (GRossMAN 2009). CM-chondrites
are of petrographic type 2, except for 24 meteorites, which are type 1 (GROSSMAN 2009). 176
CO-chondrites are known (GRossMAN 2009). The petrologic type ranges from 3.0 to 3.8
(GRossMAN 2009). CK-chondrites are of petrographic type 3 — 6 and represent the only group
of carbonaceous chondrites that experienced extensive (> type 4) thermal alteration. 182
CK-chondrites are known, of which 19 meteorites are of type 3 (GRosSMAN 2009). CK- and CV-
chondrites show similar mineralogical and chemical properties, such as oxygen isotopic
compositions (Fig. 2), which supports a close relationship between both groups (WEISBERG et
al. 2006). Unlike other carbonaceous chondrites, CK-chondrites do not plot on a line but
form a distinct cluster (Fig. 2) in the three isotope oxygen plot, as thermal alteration does
not influence the oxygen isotopic composition. The 118 CR-chondrites are of type 2, except
for 6 meteorites, which are unclassified or type 1. CR-chondrites are metal-rich, containing
~7 vol% metal (BREARLEY and JONES 1998). CH-chondrites are characterized by high FeNi-metal
abundances of ~20 vol% (WEISBERG et al. 2006). The 21 known specimen are of type 3
(GROSSMAN 2009). CB-chondrites contain the highest abundance of FeNi-metal in
carbonaceous chondrites with 60-80 vol% metal (WEISBERG et al. 2006). Based on the metal
abundance, CB-chondrites are divided into CB,- (metal ~60 vol%) and CByp-chondrites (metal
>70 vol%). Of 13 known CB-chondrites, 5 are CB,, 6 are CBy, and 2 are unclassified (GROSSMAN

2009).

Ordinary chondrites (O) are characterized by refractory lithophile element concentrations
(normalized to Mg and CI1) lower than CI1. Ordinary chondrites are of petrographic type 3 —
6. As thermal metamorphism does not influence the oxygen isotopic composition, the three
ordinary chondrite groups form distinct clusters above the TFL in the three isotope oxygen

diagram (Fig. 2). O-chondrites show different oxidation states which can be distinguished in
14



the Urey-Craig-diagram (Fig. 3). The Urey-Craig-diagram plots the molar (Fe-metal + FeS)/Si-

ratio against the molar FeO/Si-ratio (BREARLEY and JONES 1998).
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Fig. 3 A Urey-Craig diagram of bulk O-chondrites. H-, L and LL-chondrites can be distinguished. Meteorite data taken from
JAROSEWICH (1990).

Ordinary chondrites can also be distinguished by their total iron content and the amount of
fayalite in their olivine. H-chondrites contain 16-20 mole% fa and 15-19 wt% total Fe, L-
chondrites contain 21-25 mole% fa and 1-10 wt% total Fe, while LL-chondrites contain 26-32

molt% fa and 1-3 wt% total Fe (NoRrRTON 2002).

Enstatite chondrites (E) are characterized by enstatite being the primary mineral phase in
their chondrules (WEISBERG et al. 2006). They have formed under extremely reducing
conditions, probably in a region close to the sun, inside the mercury orbit (NorTON 2002). E-
chondrites contain a wide variety of unusual sulfide, metal and nitride phases, such as
oldhamite (CaS), niningerite [(Mg, Fe, Mn)S] or sinoite (Si,N,0) (WEISBERG et al. 2006). They
are subdivided into EL (low-iron) and EH (high-iron) chondrites. EL-chondrites contain

~25 wt% total iron with ~3.5 wt% sulfide, while EH-chondrites contain ~30 wt% total iron
with ~5 wt% sulfide (NORTON 2002). E-chondrites are of the petrographic type 3 -6
(GROsSMAN 2009).

Rumuruti-like chondrites (R) are meteorites that are similar to ordinary chondrites with

respect to their refractory lithophile elements. In the three isotope oxygen plot, they form a

15



well-defined cluster above the ordinary chondrites (Fig. 2)( BREARLEY and JONES 1998). In
contrast to ordinary chondrites, Rumuruti-like chondrites are very oxidized. FeNi-metal is
absent and their olivine is very FeO-rich (fas7.40). Most of the R-chondrites have been subject

to thermal metamorphism and are of petrographic type > 3.1 (WEISBERG et al. 2006).

1.3.2 Achondrites

Heating of a primitive asteroidal body, by decay of short lived isotopes such as 2°Al or ®Fe,
can lead to melting processes within the asteroid. Shortly after the beginning of melting
basaltic crust can be formed and, if the melting persists, FeNi-metal and sulfides can migrate
to form a metal core (McCoy et al. 2006). Meteorites that are derived from such a

differentiated parent body are called achondrites.

Lunar meteorites have been associated with the moon as their Fe/Mn-ratios, oxygen isotopic
composition and mineralogy are similar to lunar rock samples obtained from Apollo- and
Luna-missions (WEISBERG et al. 2006). Lunar meteorites span a wide range of rock types
including brecciated and unbrecciated mare basalts, highland regolith breccias, intermixed

mare/highland breccias and highland impact melt breccias (WEISBERG et al. 2006).

The SNC-meteorites (shergottites, nakhlites and chassignites) have been associated with
Mars. Their oxygen isotopic composition differs from those of other meteorites and they
plot on a similar line with a slope of ~0.52 above the TFL (CLAYTON and MAYEDA 1996). This
suggests a similar parent body for the SNC-meteorites (WEISBERG et al. 2006). Ages of SNC-
meteorites range from ~4.5 Ga to at least 330 Ma, suggesting a large parent body (McSWEEN
and TReIMAN 1998). The isotopic composition and abundance of Ar and other noble gases
trapped within impact-melted glass in the shergottites EETA79001 is similar to the martian
atmosphere as determined by the Viking Spacecraft (McSWEEN and TREIMAN 1998). SNC-
meteorites represent volcanic rocks (basaltic shergottites and nakhlites) and plutonic rocks

(Iherzolitic and olivine phyric shergottites, Chassigny, ALH84001) (WEISBERG et al. 2006).

The HED-clan consists of eucrites, howardites and diogenites. Eucrites and diogenites are
basalts and orthopyroxene cumulates, while howardites are polymict breccias of eucritic and
diogenitic composition (WEISBERG et al. 2006). Similar Fe/Mn-ratios in pyroxenes and oxygen
isotopic composition suggest a genetic connection between the HED-meteorites (WEISBERG et

al. 2006). The Vesta asteroid and eucrites show similar visible and infrared reflectance
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spectra, which led to the suggestion that Vesta is the HED parent body (MITTLEFEHLDT et al.

1998).

Angrites are extremely alkali depleted basalts. They consist of Ca-Al-Ti-rich pyroxenes, Ca-
rich olivine and anorthitic plagioclase (WEISBERG et al. 2006). It has been suggested, that

angrites formed from CAl-enriched melts (WEISBERG et al. 2006).

Aubrites represent highly reduced achondrites with a close relation to enstatite chondrites
and are also termed enstatite achondrites (NORTON 2002). They consist of ~75-90 vol% of
FeO-free enstatite and minor plagioclase, FeO-free diopside and forsterite. They are

considered to have formed by partial melting at high temperatures (WEISBERG et al. 2006).

Mesosiderites are breccias composed of equal portions of Fe-Ni-metal plus troilite and
silicate material. The FeNi-metal is found in fine grained matrix of millimeter to
submillimeter sized grains, intimately mixed with equally fine grained silicate grains. The
silicate material occurs as clasts of basalts, gabbros, and pyroxenites with minor dunite and

rare anorthosite (WEISBERG et al. 2006).

Pallasites are olivine-metal assemblages, with olivine representing 35 — 85 vol% of the
material (WEISBERG et al. 2006). Four different kinds of pallasites can be distinguished based
on differences in their silicate mineralogy and composition, their metal composition and
their oxygen isotopic composition. The four groups are the main group pallasites, the Eagle
Station grouplet, the pyroxene-pallasite grouplet and the Milton ungrouped pallasite. These
differences suggest that the pallasites do not stem from a single parent body. (WEISBERG et al.

2006)

Iron meteorites consists mostly of metallic iron with 5 - 20 wt% Ni, although individual
exceptions with up to 60 wt% Ni are known (MITTLEFEHLDT et al. 1998). Many iron meteorites
show a typical texture of intergrown high-Ni taenite and low-Ni kamacite lamellae when
etched. This texture is called Widmanstatten texture. A miscibility gap between high-Ni and
low-Ni phases below 800°C leads to the precipitation of low-Ni kamacite along the
octahedron planes of the host material during slow cooling (MITTLEFEHLDT et al. 1998). Iron
meteorites with a Widmanstatten texture are therefore termed octaedrites. Octaedrites are
distinguished into several subgroups based on the width of the kamacite lamellae. Iron

meteorites with Ni contents below 6 wt% Ni that consist almost entirely of kamacite show
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no Widmanstéatten textures and are called hexaedrites (MITTLEFEHLDT et al. 1998). Iron
meteorites that show no Widmanstatten texture and consist entirely of taenite are called

ataxites (NOrRTON 2002).

A classification that provides more genetic insights into the iron meteorites is based on their
trace element content of the metal phase. Ga, Ge and Ir are commonly used to classify iron
meteorites. Ga and Ge are the most volatile siderophile elements and, analogous to
chondrites, more volatile elements tend to be more strongly fractionated (MITTLEFEHLDT et al.
1998). Iridium is strongly fractionated between liquid metal and solid metal (MITTLEFEHLDT et
al. 1998). The trace elements are plotted on a logarithmic scale against the bulk Ni-
concentration in the iron meteorite. Early works distinguished four groups and termed them
| =1V in order of decreasing Ga and Ge content (MITTLEFEHLDT et al. 1998). When more
advanced techniques allowed higher resolution of trace element concentrations letters were
added to further subdivide the 4 original groups (NORTON 2002). Three groups (IAB, IIAB, IIIAB
and IlICD) have been recombined when transitional iron meteorites where found (NORTON

2002).
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Fig. 4 Plot of Iridium abundance against Nickel abundance in iron meteorites. Several groups can be distinguished.
Dagram taken from NorTON (2002).
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Today, 13 groups of iron meteorites are distinguished (MITTLEFEHLDT et al. 1998). On a plot of
Ir against Ni (Fig. 4), some groups (for example IIAB, IIC, IID) plot in steeply dipping fields of
similar shapes. This has been interpreted as the result of fractional crystallization from a
metallic melt and the meteorites of these groups are hence termed magmatic iron
meteorites (MITTLEFEHLDT et al. 1998). The IAB and llICD group plot in differently shaped
fields, which suggests a different origin and are hence called non-magmatic iron meteorites.
The formation of non-magmatic iron meteorites remains yet unclear (MITTLEFEHLDT et al.

1998).

1.3.3 Primitive Achondrites

Primitive achondrites are meteorites of approximately chondritic composition but with
igneous or metamorphic textures (MITTLEFEHLDT et al. 1998). Brachinites (primitive dunitic
wherlites), acapulcoites, lodranites, silicates from IAB and IlICD irons are considered to be
primitive achondrites (MITTLEFEHLDT et al. 1998). Ureilites are also considered to be primitive
achondrites (e. g. WEISBERG et al. 2006, MITTLEFEHLDT et al. 1998). Since ureilites are the

central meteorite group of this work, they will be reviewed in detail in the next chapter.
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2 The ureilite group

2.1 Introduction

Ureilites are well equilibrated carbon-rich ultramafic rocks. They represent the second most
abundant group of achondrites with 251 known specimens (GROSSMAN 2009). The first
ureilite fell in 1886 near Novo-Urei in Russia (NORTON 2002). Although clearly achondritic in
terms of their texture and mineralogy, ureilites show features of primitive meteorites, such
as high abundances of noble gases, high siderophile trace element abundances and CV- and

CM-chondrite-like bulk oxygen isotopic composition (MITTLEFEHLDT et al. 1998).

Ureilites are divided into two subgroups: monomict and polymict ureilites: Polymict ureilites
are complex breccias containing clasts of typical monomict ureilites (which are discussed
later in this chapter) and a variety of other components, including carbon, suessite, sulfides
and minor apatite (GoobRricH et al. 2004). Some of the lithic clasts in polymict ureilites
resemble material from a variety of other meteorites, such as enstatite chondrites, angrites,
aubrites and feldspathic melt rocks (MITTLEFEHLDT et al. 1998). The composition of olivine and
pyroxene in polymict ureilites is consistent with a derivation from monomict ureilites
(GooDRICH et al. 2004). Plagioclase is common in polymict ureilites, but very rare in monomict
ureilites (MITTLEFEHLDT et al. 1998). Twenty polymict ureilites are currently known (GROSSMAN

2009). Monomict ureilites will be reviewed in greater detail in the remainder of this chapter.
2.2 Mineralogy

2.2.1 Silicates

Ureilites typically consists of olivine and pyroxene and about 10 wt% of an interstitial
carbonaceous material referred to as vein material (MITTLEFEHLDT et al. 1998). Three types of
ureilites are distinguished as based on their mineralogy. In the majority of all ureilites

(~80 %), pigeonite (Wo-~7.13) is the sole pyroxene (MITTLEFEHLDT et al. 1998). Augite-bearing
ureilites are rare (~10 %) and contain augite in addition to orthopyroxene or pigeonite. The
third type of ureilites are olivine-orthopyroxene-ureilites and show orthopyroxene (Wog4.s.s5)

instead of or in addition to pigeonite.
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Modal pyroxene/(pyroxene+olivine) ratios range from 0 to ~0.9, averaging at ~0.3
(MITTLEFEHLDT et al. 1998). Typical ureilite textures show coarse grained, anhedral olivines
and pyroxenes that meet in triple junctions. Olivines may contain small, rounded inclusions

of pyroxenes (MITTLEFEHLDT et al. 1998).

A pronounced elongation in olivines and pyroxenes has been described in several ureilites,
such as Kenna, Novo-Urei, Dingo pup Donga, RC027 and Dyalpur (BERKLEY et al. 1976, BERKLEY
et al. 1980, GOODRICH et al. 1987b). Fabric analyses (BERKLEY et al. 1976, BERKLEY et al. 1980)
show that this elongation reflects a foliation of the {100} crystal face of the olivine and a
lineation defined by the crystallographic [001] axis of the olivine and pyroxene. Some
ureilites show a mosaicized texture and much smaller grain sizes, which has been

interpreted as a result of shock (MITTLEFEHLDT et al. 1998).

The olivine geochemistry is similar for all ureilites except for the amount of fayalite (fa),
which ranges from fa, (ALH84136) to fa,s (e.g. CMC04044, GROSSMAN 2009), with a maximum
in fa distribution at ~fa,o (MITTLEFEHLDT et al. 1998). Within each ureilite fa is constant in
olivine cores. Coexisting pyroxenes span a similar range with respect to FeO concentrations,
which indicates olivine/pyroxene equilibrium (MITTLEFEHLDT et al. 1998). Ureilite olivines are
characterized by high CaO (0.3 - 0.45 wt%) and Cr,03 (~0.56-0.85 wt%) concentrations

(MITTLEFEHLDT et al. 1998).

A characteristic feature of ureilite olivines and pyroxenes are reduction rims usually
associated with carbonaceous material (e.g. BERKLEY et al. 1976, BERKLEY et al. 1980, GOODRICH
et al. 1987b). These rims are almost FeO-free (fap-fa,) and riddled with tiny inclusions of low-
Ni metal. Most of these rims are narrow (10-100um), although some ureilites (ALH82130,
HaH126) show very large reduction rims with almost completely reduced olivine grains
(MITTLEFEHLDT et al. 1998). Reduction rims are smaller and less frequently found in pyroxene
grains. These reduced rims have been attributed to a solid state reaction, where the fayalite-
component of the olivine has reacted with intergranular carbon (Eq. 1) to form high mg#

residual olivine and Ni-poor metal (e.g. WASSON et al. 1976, SINGLETARY and GRoVE 2003).

FaeSi0, + 2C = 2Fe + 200 + 510, Eq.1
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2.2.2 Vein material

The vein material occurs along silicate grain boundaries but can also intrude the silicates
along cracks and cleavage planes (MITTLEFEHLDT et al. 1998). It contains carbon phases, FeNi-
metal and interstitial silicates. The carbon phases are mainly graphite, but other minerals
such as chaoite, pm-sized grains of lonsdaleite and diamond have also been identified in

several ureilites (VDovykIN 1972, VDOVYKIN 1975, BERKLEY et al. 1976, MARVIN and WoobD 1972).

Carbon concentrations in ureilites range from 0.2 wt% (e.g. Goalpara) to up to ~6 wt% (e.g.
North Haig) (GRADY et al. 1985, Wik 1972, JAROSEWICH 1990, McGALL and CLEVERLY 1968, TAKEDA
1987) with an average carbon content of ~3 wt%. The ureilite carbon content does not
correlate with fa. The graphite is usually fine grained, although large mm-sized euhedral
graphite crystals have also been found within several ureilites (BERKLEY and JONES 1982,

TREIMAN and BERKLEY 1994).

The origin of the carbon has been subject to discussion. WLoTzKA (1972) pointed out, that
ureilite olivines were not in equilibrium with carbon in the vein material, which led to the
assumption that carbon was introduced into the system by a “late event”. Subsequent work
on silicate reduction in the presence of carbon (e.g. BERKLEY and JONES 1982, WALKER and
GROVE 1993) has shown that the reduction (Eq. 1) is strongly pressure dependent, as large
volumes of CO-gas are formed. Reduction therefore may be stabilized by the depth in which
the ureilite material is positioned on the ureilite parent body. WAsSON et al. (1976), HIGUCHI
et al. (1976) and WILKENING and MARTI (1976) proposed a carbon-rich impactor to account for
the high noble gas and carbon concentrations in ureilites. The presence of large graphite
crystals in relatively unshocked ureilites would contradict the impact-hypothesis (BERKLEY and
JONES 1982, WACKER 1986). WEBER et al. (1976) pointed out that carbon in carbonaceous
chondrites occurs mostly in form of hydrocarbons. It would therefore be unlikely that large
amounts of noble gases, which are typical for ureilites, could be retained during
graphitization of the hydrocarbons. Instead, a model with graphite as nebular condensate
was invoked to account for carbon in ureilites (WEBER et al. 1976). A similar model had been
proposed by JANSSENS et al. (1987). Ral et al. (2003) argues, that if ureilite noble gases were
implanted into the carbon phases from a plasma, the (***Xe/*°Ar)-ratio is a function of the
temperature of the plasma. KALLEMEYN et al. (1996) argues that A*O (the deviation of '’0

from the TFL) of any meteorite is a function of nebular temperature and therefore of
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formation location. The lack of correlation of (132Xe/36Ar)o and AY0 in ureilites led Ral et al.
(2003) to suggest that carbon in ureilites is not related to ureilite silicates. A strong
argument for a primary origin of the carbon are cohenite-bearing metal-sulfide spherule
inclusions in ALHA77257, ALHA78262 and ALHA78019 described in GooDRICH and BERKLEY
(1986). These spherule inclusions were interpreted as droplets of a primary metal liquid that
has been entrapped during olivine crystallization (GoobricH and BERKLEY 1986). The presence
of cohenite within these droplets suggests that at least some of the carbon in ureilites is

primary in origin.

Published Ni-concentrations in vein metal range from <1 to ~9 wt%. Cobalt concentrations
range from 0.1 to 0.6 wt% and P abundances range from 0.1 to 0.4 wt%. Silicon ranges from
0 to ~4 wt% (BERKLEY et al. 1980, BERKLEY 1986). Several authors proposed that ureilite vein
metal represents residual metal formed by the removal of a S-rich melt (e.g. TAKEDA 1987,
JoNES and GoopricH 1989, HUMAYUN et al. 2005, WARREN et al. 2006, RANKENBURG et al. 2008).
However, as VAN ORMAN et al. (2009) pointed out, the removal of only S-rich melt is not a

perfect explanation of siderophile element abundances in ureilite vein metal.

Other minor phases that have been identified in the vein metal include schreibersite
(MITTLEFEHLDT et al. 1998), suessite (KEIL et al. 1982) and interstitial silicate. These interstitial
silicates are fine grained and common in ureilites. They usually consist of Low-Ca pyroxene
(Wo1.14) and augite (Wo036.43) (MITTLEFEHLDT et al. 1998). Interstitial silicates show much higher
mg# than the core of the main pyroxene grains and lower Mn/Mg, Cr/Mg, Na/Mg, Ti/Mg and
Al/Mg-ratios (GOODRICH et al. 1987a).

2.2.3 Spherule inclusions in olivine

Spherule inclusions have been reviewed in great detail in GOODRICH and BERKLEY (1986). They
have been found in ALHA78262, ALHA77257, ALHA82130, ALHA78019 and PCA82506.
Minerals found in spherule inclusions are cohenite, Fe-Ni-metal, sulfides and rare
phosphorus-bearing minerals (GoobRricH and BERKLEY 1986). GOODRICH and BERKLEY (1986)
report Ni concentrations of bulk spherule inclusions ranging from 2.7 wt% in ALH82130 (fas)
to 6.6 wt% in ALHA78262 (fa1), Co-concentrations range from 0.37 wt% in ALH82130 (fae) to
0.62 wt% in ALHA78262 (fa,1). Reported Ni concentrations in spherule Fe-Ni-metal range
from 5.8 wt% in ALH82130 (fae) to 12.2 wt% in ALHA78262 (fa1), while Co-concentrations in

Fe-Ni-metal range from 0.56 wt% in ALH82130 (fas) to 0.88 wt% in ALH82130 (fas). From the
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distribution of C and Ni, as well as the present mineral phases, GOODRICH and BERKLEY (1986)
concluded that spherule inclusions represent a Fe-Ni-S-C-liquid. The presence of cohenite
and sulfide within the same spherule indicates that the liquid has been entrapped prior to

the separation of an S-rich and a C-rich liquid melt.
2.3 Ureilite bulk rock chemistry

2.3.1 Lithophile elements
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Fig. 5: Cl1-normalized lithophile element concentrations of 27 bulk monomict ureilites. Bulk ureilite data from compiled

data in WARREN et al. (2006), Cl1-data taken from LoppEeRs and FeGLEY (1998). Sc, V, Mg, Cr and Mn are enriched while Al, K
and Na are slightly depleted. Ca and Zn occur in near-Cl1-chondritic concentrations.

Ureilites are enriched in Sc, V, Mg, Cr and Mn (~2 - CI1) relative to CI1 (Fig. 5). The lithophile
element Ca is usually present in near-chondritic abundances, depending on pyroxene
content and species. Very Ca-poor (0.09 - CI1 — Havero (Wik 1972, WANKE et al. 1972) and
very Ca-rich (3.7 - CI1 — LEW88774, WARREN et al. 2006) ureilites have also been reported. Zn
is present in nearly chondritic abundances. Elements that are typical constituents of feldspar
such as Al, Kand Na (and Sr, Rb) are slightly depleted in bulk ureilites, which has been
interpreted as loss of a basaltic component (MITTLEFEHLDT et al. 1998). Ureilite Ca/Al-ratios
are superchondritic, ranging from ~2 to 14 - CI1 (MITTLEFEHLDT et al. 1998). Bulk ureilites show
a negative FeO/MnO-correlation similar to olivine and pyroxene and Mn/Mg-ratios are

nearly constant at 0.61 = 0.07 - CI1 (MITTLEFEHLDT et al. 1998).
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2.3.2 Siderophile elements
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Fig. 6: Cl1-normalized bulk siderophile element concentrations of several monomict ureilites. Data taken from compiled
ureilite data in WARREN et al. (2006), Cl1-data taken from Loppers and FEGLEY (1998).

The refractory siderophile elements, Re, Os and Ir (and W, MITTLEFEHLDT et al. 1998) are
depleted ranging from ~0.1 to 1 - CI1. More volatile siderophile elements such as Ni, Au, Co,
Ga and Ge are more depleted than the refractory siderophile elements (e.g. MITTLEFEHLDT et
al. 1998, WARREN et al. 2006)with Ni ranging from 0.02 to 0.24 - CI1, Au ranging from

0.05 to 0.38 - Cl1, Co ranging from 0.05 to 0.44 - CI1 and Ga ranging from 0.11 to 0.55 - CI1.
Siderophile element concentrations (relative to Cl1) generally increase in the order: Ni < Au <
Co < Ga < Ge (MITTLEFEHLDT et al. 1998). No correlation between siderophile element

concentrations and olivine fa is observed (MITTLEFEHLDT et al. 1998).

2.3.3 Rare Earth Elements (REE)

In general, all ureilites are depleted in rare earth elements, relative to CI1. The first rare
earth element patterns that were determined showed a distinctive V-shape (Fig. 7), with a
severe middle-REE depletion (MITTLEFEHLDT et al. 1998). Eu values can be as low as

~0.006 - CI1 (Kenna - BoYnTON et al. 1976).
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Fig. 7: CI1 normalized Rare Earth Element composition of bulk ureilites. The ureilites show a typical V-shaped pattern and
subchondritic values. Data taken from BoynToN et al. (1976), WANKE et al. (1972) and GooDRicH et al. (1987b).

Ureilite REE-patterns published in EBIHARA et al. (1990) do not show V-shaped patterns but
are depleted in the LREE as well (Fig. 8). Still, their data show a distinctive depletion in Eu.
LREE-depleted and HREE-enriched patterns are typical for REE partitioning between melt and

olivine and pyroxene (KENNEDY et al. 1993).

In some ureilites, for example RC027 (GoobRicH et al. 1987b), one subsample shows a typical
V-shaped pattern, while another subsample shows a LREE-depleted pattern. In GOODRICH et
al. (1987b) and GooDRICH et al. (1991) an inhomogeneously distributed LREE-rich component
was proposed. The LREE-enriched component in ureilites can be removed by leaching with
mild acids (BoYNTON et al. 1976, GOoDRICH et al. 1991, GoobricH et al. 1995). U-Pb, Th-Pb and
Sm-Nd isotopic systematics in the Goalpara ureilite led TOrRIGOYE-KITA et al. (1995a) to the
conclusion that the LREE-rich component might have been introduced into the ureilites as
terrestrial contamination. GOoDRICH et al. (1995) suggested that the LREE-rich component

represents a metasomatic fluid.
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Fig. 8: CI1 normalized Rare Earth Element composition of bulk ureilites. The ureilites are severely depleted in the LREE
but show a distinctive depletion in Eu as well. Data taken from EBIHARA et al. (1990).

2.3.4 Noble gases

Ureilites contain noble gases in chondritic abundances. The relative abundance pattern of
noble gases is similar to a “strongly fractionated” or “planetary” type as it is in carbonaceous
chondrites (WEBER et al. 1971, WEBER et al. 1976, WILKENING and MARTI 1976, RaAl et al. 2003),
as opposed to the solar or cosmogenic type. Analysis of carbonaceous vein material showed
that noble gases are enriched at least 600-fold relative to the silicates of the same ureilite
(WEBER et al. 1971, WEBER et al. 1976). Graphite in the vein material is the principal gas
carrier, except for diamond-bearing ureilites, where the gas is hosted in the diamonds, while
the graphite is virtually gas-free (RAl et al. 2003). The majority of the Ne and He in bulk
ureilites is cosmogenic in origin and Ral et al. (2003) assume that the radiogenic contribution
is negligible. Ureilites show very low OAr/*®Ar-ratios which is consistent with an early K-

fractionation on the ureilite parent body (MITTLEFEHLDT et al. 1998).

2.3.5 Oxygen isotopes

Unlike any other achondrite, ureilites plot on a slope ~1-line in an oxygen three-isotope plot
(Fig. 9) at the CCAM-line, with 320 ranging from ~5 to ~9 and 8'’0 ranging from ~0 to 4
(CLayTON and MAYEDA 1988, CLAYTON and MAYEDA 1996, YAMAGUCHI et al. 2005). This variability
in oxygen isotopic composition led CLAYTON and MAYEDA (1988) to suggest that the ureilite
parent body could not have undergone extensive melting, homogenization and
differentiation. CLAYTON and MAYEDA (1988) further propose that ureilites must be products
of isotopically heterogeneous material. No discrete grouping is observed that would indicate
the presence of several parent bodies (CLAYTON and MAYEDA 1996). Different clasts from

polymict ureilites Nilpena, DaG319 and EET83309 span much of the range of isotopic
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compositions which suggests that they originated from a single heterogeneous parent body
(CLayToN and MAYEDA 1988, GUAN and LESHIN 2001, KiTa et al. 2004). In contrast, FRANCHI et al.
(1997) found 4 distinctive ureilite groups (A*’0 = -0.37 £ 0.055 (A), -0.63 + 0.031 (B), -
0.85+0.036 (C) and -0.99 £+ 0.030 (D)), containing 6 ureilites each. The groups C and D are
poorly resolved and may represent a single group. Due to similarities in ureilite composition
and textures, FRANCHI et al. (2001) interprets the groups as isolated regions within the ureilite

parent body.
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Fig. 9: Relationship between oxygen isotopic composition of bulk ureilites and oxygen isotopic composition of bulk CV-
and CM-chondrites. Data taken from CLAYTON and MAYEDA (1996). Unlike any other achondrite, ureilites plot on a line,
very similar to those defined by primitive CV- and CM-chondrites.

The line defined by ureilites in the three-isotope oxygen plot is very similar to the line
defined by CV, CO and CM-chondrites. CLAYTON and MAYEDA (1996) therefore suggest that the
ureilite parent body might have an origin similar to CV3- or CO3-chondrites, although the fit
is not perfect. Ureilites show a good negative correlation between A0 and mg# (CLAYTON
and MAYEDA (1988), CLAYTON and MAYEDA (1996), MITTLEFEHLDT et al. 1998). WALKER and GROVE
(1993) suggested that either both the variation in A0 and mgt are the result of a nebular

process, or the variation in AYO represents an isotopically stratified parent body.

2.3.6 Carbon isotopes
While CV3-chondrites represent a possible parent body material for ureilites with respect to
oxygen isotopes, this is not the case for carbon isotopes. Reported 8*>C values of ureilites

range from 1 to -12 (GRADY et al. 1985, GRADY and WRIGHT 2003, HUDON et al. 2004). The §"*C
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values of CO-, CV- and CK-chondrites range from -8 to -25 and 8"3C values of CI, CM and CR-
chondrites range from -5 to -12 (GRADY and WRIGHT 2003). Thus, Cl or CM-chondrites are
more suitable candidates for a ureilite parent body composition (RANKENBURG et al. 2007).
8'3C correlates with ureilite olivine fa (HupoN et al. 2004). HUDON et al. (2004) suggested that
this is a result of a change in e during reduction processes on the ureilite parent body

which shifted the residual carbon to heavier values.

2.3.7 Ureilite formation age and cosmic ray exposure age

TAKAHASHI and MASUDA (1990) performed Rb-Sr and Sm-Nd dating in the MET 78008 ureilite.
They found an internal Rb-Sr-isochrone at 4.01 + 0.06 Ga that they interpreted as a late
igneous event or shock metamorphism. The calculated formation age of the whole rock
based on Sm-Nd data is 4.5-4.6 Ga (TAKAHASHI and MAsUDA 1990). GOODRIcH et al. (1991) also
reported Sm-Nd and Rb-Sr isotopic data of seven different ureilites. META78008, ALH82130
and PCA82506 give Sm-Nd model ages of ~4.55 Ga (no error data given in GOODRICH et al.
1991), consistent with the data published in TakaHASHI and MAsUDA (1990). Model ages for
META78008, ALH82130 and PCA82506 from Rb-Sr data range from 4.92 Ga to 3.42 Ga.
GOODRICH et al. (1991) suggest the range in Rb-Sr data may be a result of terrestrial
contamination, as Rb-concentrations in ureilites are extremely low. Kenna, Novo Urei and
ALH77257 give a Sm-Nd model age of 3.74 £ 0.02 Ga. LEW85440 gives a model Sm-Nd age of
4.85 + 0.02 Ga (GOODRICH et al. 1991).

META78008, ALH82130 and PCA82506 were devoid of a LREE-component (GOODRICH et al.
1991). GoobricH et al. (1991) suggests that the LREE-rich component was a younger addition.
According to GOODRICH et al. (1991), the 3.74 Ga-isochrone dates an event that substantially

changed the chemical composition of the bulk meteorite.

Model ages obtained from U-Th-Pb isotopic systematics for Goalpara and META78008 in
TORIGOYE-KITA et al. (1995a) and TORIGOYE-KITA et al. (1995c) give ~4.55 Ga. The LREE-rich
component leached from Goalpara shows a terrestrial signature for Th/U and Sm/Nd ratios,
leading TORIGOYE-KITA et al. (1995a) to suggest that the LREE-rich component in ureilites
might be the result of terrestrial contamination. GOODRICH et al. (1995) argues that it is
unlikely that the samples have been contaminated by the same contaminant that time was

not sufficient to allow introduction and equilibration of a contaminant and that LREE-
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component free subsamples also plot on the 3.74 Ga-line. TORIGOYE-KITA et al. (1995b) replied
that all meteorites fell on soils of similar phanerozoic ages and similar Sm-Nd composition.
Rb-Sr systematics of ureilites appear to be dominated by terrestrial contamination and it is
doubtful that a completely LREE-component free subsample had been separated (TORIGOYE-

KiTa et al. 1995b).

Cosmic ray exposure ages have been published in Ral et al. (2003) and references therein.
The calculated cosmic ray exposure ages are based on the cosmogenic *He and *Ne
contents of bulk samples and have been calculated for 28 ureilites. The ages range from 0.1
Ma to 47 Ma. Nearly 60% of the calculated cosmic ray exposure ages are less than 10 Ma.

This indicates that the ureilites were not ejected by a single impact event (RAl et al. 2003).

2.3.8 The %0Fe-%°Ni short-lived isotope chronometer

Short-lived isotopes are isotopes with half lives that are so short (up to 10° years) that they
are extinct today (i.e., *ca, 2°al, °Be, Fe, >*Mn, 197pd, 182Hf, 2%, ***py, **°Sm MEYER and
ZINNER 2006). Their presence can still be detected by mass-independent excesses of their
daughter isotopes. Short lived isotopes can be produced either by stellar nucleosynthesis or
by energetic particle irradiation (TACHIBANA et al. 2006). ®Fe is a short lived isotope with a
half-life of ~1.49 Ma (TACHIBANA et al. 2006) that is exclusively produced by stellar
nucleosynthesis (MEYER and ZINNER 2006, BizzARRO et al. 2007b, TACHIBANA et al. 2006). The
former presence of ®Fe can be detected by its daughter isotope ®Ni. ®Ni is not only
produced by the decay of ®Fe, but also by other nucleosynthetic processes (e.g. s-processes
HEGER et al. 2000). The influence of ®Fe is therefore expressed as the deviation from the
terrestrial ®°Ni/*®Ni-ratio, normalized on the terrestrial ®*Ni/>®Ni-ratio or ®2Ni/>®Ni-ratio,
£®Ni*. Due to the higher abundance of °”Ni (as opposed to °'Ni), normalization on ®*Ni/>®Ni
can produce higher precision and accuracy. The possibility of nucleosynthetic anomalies in
®2Ni could, however, leads to biased results (BizzarRRO et al. 2007a). ®'Ni on the other hand is
considered to be free of nucleosynthetic anomalies, but is more sensitive to isobaric

interferences (problems arising in mass spectrometry from measuring ions and argides of

similar mass/charge-ratio) due to its lower abundance (BizzARRO et al. 2007a).
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60Ni/58Ni

5INi/8Ni

Fig. 10 lllustration of a three-isotope Ni-diagram. The terrestrial fractionation line has a slope of ~0.66. Excess in ONi is
the deviation from the terrestrial fractionation line.

Knowledge of the ®°Fe/*°Fe-ratio at a given time (e.g. Pb-Pb-ages) is necessary to obtain

60Fe—60Ni—system. Based on their work on Bishunpur and

chronological information from the
Krymbka troilite, TACHIBANA and Huss (2003) suggested an initial ®°Fe/*°Fe of (2.8 -4.5) - 10
assuming the chondrules formed 1-2 Ma after CAls. MosTEFAOUI et al. (2005) suggested an
initial of ®°Fe/*°Fe 0f 9.2 - 10”7 from studies of Semarkona troilite, while Goswawmi et al. (2007)
obtained an initial ®°Fe/*°Fe of (2.31 + 1.8) - 10°® from their studies of pyroxene-rich

chondrules of Semarkona.

Several sources have been proposed for ®Fe, including non-exploding Wolf-Rayet-stars,
supernovae and AGB-stars (MEYER and ZINNER 2006). The high initials are inconsistent with a
OFe production from a Wolf-Rayet-star (TACHIBANA et al. 2006, MEYER and ZINNER 2006). AGB-
stars have been considered to be an unlikely source due to the rarity of encounters of
molecular clouds and AGB-stars (TACHIBANA et al. 2006). Low-mass AGB-stars can be excluded
due to insufficient neutron density for ®°Fe production (MEeYer and ZINNER 2006). Model
calculations of Type Il supernovae explosions predict initial %OFe/**Fe-ratios of 3 - 107 to >10™
and can also account for other short-lived isotopes in the early solar system (TACHIBANA et al.

2006). Supernovae are therefore considered to have been a likely ®Fe-source (TACHIBANA et

al. 2006, MEYER and ZINNER 2006).

For ureilites published £®Ni* is inconclusive. SHUKOLYUKOV and LUGMAIR (1993) gave £Ni* of

0.0 £ 0.2 for bulk PCA82506. KiTA et al. (1998) conducted in-situ ion microprobe studies on
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MET78008. Their data did not show resolvable excesses in ®Ni (-1 + 16 ¢ for olivine
(*°Fe/®Ni = 3145), 9 + 22 ¢ for vein material (*°Fe/>®Ni = 100) and -43 + 49 ¢ for pyroxene
(*°Fe/>®Ni = 5063). From this data, KITA et al. (1998) concluded that ureilites might have
formed 4-9 Ma after CAls.

In BizzARRO et al. (2007b), a uniform deficit of -0.243 £ 0.02 € was reported for a number of
iron meteorites, main group pallasites and bulk ureilites (NWA2376, El Gouanem,
SAH98055). From the deficits of e’ Ni* in early accreted planetesimals, BizzARRO et al.
(2007b) concluded a late injection of ®Fe into the protoplanetary disc. A decoupling of 2°Al
and ®°Fe injection into the early solar system excludes AGB-stars and type Il supernova
explosions as ®°Fe source, as those would co-inject large amounts of 2°Al (BizzARRO et al.

2007b). Instead, an exploding Wolf-Rayet-star is suggested as ®Fe-source.

In contrast to the data presented in BizzARRO et al. (2007b), other authors (QuUITTE et al. 2006,
CHEN et al. 2007, Cook et al. 2008, DauPHAS and Cook 2008) have not found resolvable deficits

in iron meteorites.
2.4 Ureilite genesis

2.4.1 Parent body composition

Due to the high C-content of ureilites (~3 wt%), many authors proposed that the ureilite
parent body was of carbonaceous chondritic composition (e.g. WAssON et al. 1976, TAKEDA
1987). HiGucHI et al. 1976 proposed a CV3-chondritic parent body based similar depletion of
Bi, Tl, In and Cd relative to Rb. HiGucHI et al. (1976) also noted that the oxidation state of
ureilite olivine (fayz.50) is similar to the oxidation state expected from a fully equilibrated
CV3-chondrite. Similarities between ureilites and the oxygen isotopic composition of CV3-
and CO3-chondrites led CLAYTON and MAYEDA (1996) to suggest that the ureilite parent body
might have a similar origin. Studies of the carbon isotope-system published in GRADY et al.
(1985) revealed that carbon in CV3-chondrites is isotopically different from carbon in
ureilites. GRADY et al. (1985) suggested that ureilites may be linked to enstatite meteorites
and IAB-iron meteorites. Humayun et al. (2005) concluded that siderophile element
depletion patterns are consistent with ureilites being residues of a carbonaceous chondritic
parent body. Based on the oxygen isotope studies of CLAYTON and MAYEDA (1996), they

suggest a CV3-chondritic parent body. However, reported carbon concentrations of ~3 wt%
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in ureilites are not consistent with a CV3-chondritic parent body, which is relatively low in
carbon (~0.5 wt%, LODDERS and FEGLEY 1998), unless at least part of the carbon was injected
into the UPB via impact. At present, no known chondritic composition constitutes a perfect
match for the ureilite genesis. Despite the contradictions in carbon isotopic composition and
abundance, many authors prefer a CV- or CM-like composition (e.g. KITA et al. 2004,

GOODRICH et al. 2007).

2.4.2 Thermal history of ureilites

Impact heating has been proposed as heat source for ureilites (RusiN 1988, RuBIN 2006). In
contrast, KeIL et al. (1997) stated that impact heating cannot effectively raise the
temperature by more than a few degrees and that even multiple impacts are ineffective on
small asteroid. Furthermore only small amounts of melt can be generated by impact and
most of it would be ejected from the impact craters (KeIL et al. 1997). In SONETT et al. (1970)
electrical conduction heating by T Tauri solar winds from the pre-main-sequence sun has
been suggested as heat source. Another heat source is the decay of short-lived radioactive

isotopes, including 2°Al and ®°Fe (MosTEFAOUI et al. 2005, YOSHINO et al. 2003).

Calculations of px-px- and px-ol-equilibration temperatures (based on the thermometers
published in SAcK and GHIORSO 1994, LINDSLEY and ANDERSEN 1983 and SINGLETARY and GROVE
2003) gave values ranging from 1150 to 1300°C for 32 monomict ureilites (TAKEDA 1987,
SINHA et al. 1997, SINGLETARY and GROVE 2003) including ALH84136, LEW85440, EET87517,
GRA95205 and Kenna. Microtextural features in ureilite minerals, such as spinoidal
decomposition of augites and orthopyroxene lamellae in orthopyroxene in HH064 and
Janalash (WEBER et al. 2003) and intracrystalline Fe**-Mg partitioning of orthopyroxene in
Hughes 009 (GoobricH et al. 2001) indicate a phase of rapid cooling between 1200 °C and
650°C during which the characteristic reductions rims were established. This phase of rapid
cooling has been interpreted as the result of a single, major impact that might have caused
the catastrophic breakup of the ureilite parent body and introduced the shock features (e.g.
undulatory extinction and kink bands in silicates, “cloudy” pyroxene grains, diamonds and
mosaicized textures; MITTLEFEHLDT et al. 1998) into the ureilites. In contrast, WEBER et al.
(2003) and RuBIN (2006) suggest that shock features were introduced into the ureilites by an
earlier impact event. WEBER et al. (2003) also suggested that after a first excavation event

which started the phase of rapid cooling from 1200°C — 650°C, a second excavation event led
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to a even more rapid cooling, halting spinoidal decomposition and reduction at the silicate

rims.

SINGLETARY and GRoVE (2006) on the other hand proposed that the disruption of the ureilite
parent body might not be the result of an impact. In their model large volumes of CO gas are
produced from reduction and the subsequent build up of pressure leads to the disruption of

the parent body.

Cosmic ray exposure ages of ureilites of <47 Ma (Ral et al. 2003) in contrast to ureilite
formation ages of ~4.55 Ga (TORIGOYE-KITA et al. 1995a, TORIGOYE-KITA et al. 1995c) indicate
that the disrupted material reaccreted, either on the surface of the original asteroid or into a
secondary asteroidal body (GoobricH et al. 2004). The similarities in the thermal history of

the ureilites indicate that ureilites originated from the same parent body.

2.4.3 Igneous processes on the ureilite parent body

Assuming that the original ureilite material was of a chondritic composition of some kind,
the depletion in incompatible, lithophile elements, the absence of plagioclase and the
superchondritic Ca/Al-ratios indicate a high degree of igneous processing on the ureilite

parent body (GOODRICH 1992, MITTLEFEHLDT et al. 1998).

Because of the pronounced orientation of silicate grains within the ureilites and observed
depletions, early studies suggested that ureilites represent igneous cumulates (BERKLEY et al.
1980, GoobRicH et al. 1987a). The discovery of the heterogeneities in oxygen isotopes
indicated that isotopic equilibrium on the ureilite parent body had not been attained.
CLAYTON and MAYEDA (1988) therefore concluded that melting on a large scale on the ureilite
parent body was unlikely. The presence of noble gases in near-chondritic abundances also
argues against large scaled igneous processes (MITTLEFEHLDT et al. 1998). Another problem of
the cumulate model is that ureilites would represent only 10 to 30 wt% of the initial parent
body material. No meteorite that would represent the complementary material has been
described yet (RuBIiN 1988, ScoTT et al. 1993, MITTLEFEHLDT et al. 1998). Some authors
therefore concluded that ureilites represent the sole rock type of a major fraction of the
ureilite parent body (e.g. ScoTT et al. 1993). Because of these inconsistencies most recent
studies assume that ureilites formed as a type of mantle restite (e.g. WARREN and KALLEMEYN

1992, ScotT et al. 1993, WALKER and GRovVE 1993, KiTA et al. 2004).
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The depletion in lithophile elements has been interpreted as loss of a basaltic component
(WARREN and KALLEMEYN 1992, ScoTT et al. 1993), although no complementary basaltic rock
has yet been identified. While feldspathic clasts are commonly found in polymict ureilites,
they usually contain <3 vol% plagioclase (PRINZ et al. 1986, GOODRICH et al. 2004), which is not
sufficient to account for the missing basaltic component (MITTLEFEHLDT et al. 1998). It has
therefore been suggested that the majority of the basaltic component was lost. WiLsoN and
KEIL (1991) showed that small amounts of volatiles in melts close to the surface of a small
asteroidal body can lead to an explosive eruption that can accelerate melt droplets above
the escape velocity. Although this mechanism has been developed for the missing basaltic
component in aubrites, WARREN and KALLEMEYN (1992) and ScoTT et al. (1993) suggested a
similar process to be responsible for the missing basalt component in ureilites too. Another
mechanism that has been suggested is the stripping of the outer basaltic crust by impacts

(MITTLEFEHLDT et al. 1998).

Partial melt modeling, using the MAGPOX-software, has been conducted to link the ureilite
mineral assemblage to their presumed chondritic precursor materials in GOODRICH et al.
(2004) and GoODRICH et al. (2007). Their results suggest that ureilites are the result of a rapid
fractional melting process of a parent body of CV-like composition with superchondritic
Ca/Al-ratio. KiTA et al. (2004) conducted similar calculations with MELTS (GHIORSO and SAcCK
1995, Asimow and GHIORSO 1998) and suggest that ureilites are the product of a fractional
melting process of a CM- or Cl-like parent body. WARREN et al. (2006) performed calculations
to determine percolation velocities of basaltic melts within the asteroid. Their calculations
show that implausibly long time spans of several tens of Ma are necessary to remove the
basaltic melt as a series of fractional melt steps. WARREN et al. (2006) therefore proposed
that the basaltic melt was not removed until at least 20 % of the silicate component was

molten.

2.4.4 Reduction on the ureilite parent body

Most ureilites show a pronounced positive and linear correlation between Fe/X (where X can
be Mn, Cr, Ca, Al or Ti) and Fe/Mg in olivine cores (e.g. GOODRICH et al. 1987a). This has been
interpreted as a FeO-reduction trend (GOODRICH et al. 1987a). Several authors (e.g. BERKLEY
and JONES 1982, SINHA et al. 1997, SINGLETARY and GRoVE 2003) therefore suggested that the

heterogeneous FeO in ureilite olivine is a result of smelting (i.e. the reduction of fayalite in
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the presence of carbon). Following the suggestion in WARREN et al. (2006), this model will be

I”

referred to as “smelted-core model” in this work.

The smelting reaction is strongly pressure dependent and it has been suggested that
different olivine FeO concentrations might represent a layering with depth (WALKER and
GROVE 1993, SINHA et al. 1997, GooDRICH et al. 2007). In this scenario, deeper samples are
more ferroan and shallower samples are more magnesium-rich. From the necessary pressure
to stabilize the more ferroan ureilite assemblages (~fa,4), minimum parent body sizes can be
inferred (WALKER and GROVE 1993). The pressure at which ureilites formed has been
estimated to be between ~2 MPa for the more magnesian ureilites and ~10 MPa for the
most ferroan ureilites (WARREN and KALLEMEYN 1992, WALKER and GROVE 1993, MITTLEFEHLDT et
al. 1998). The minimum size of the ureilite parent body (UPB) inferred from these
calculations is ~100 km, although the real UPB might have been considerably larger (WALKER
and GROVE 1993, SINHA et al. 1997). The results in SINGLETARY and GROVE (2003) suggest that
depth and temperature are inversely related. They have found that pyroxene-pyroxene-
equilibration temperatures are positively correlated with mg# (SINGLETARY and GRoOVE 2003).
To explain this inverse relation, SINGLETARY and GROVE (2006) have developed a model of a
heterogeneous parent body that is composed of randomly mixed packages of isotopically
distinct material. Assuming that 26Al is the primary heat source of the parent body,
heterogeneously distributed CAl’s will cause a heterogeneous temperature distribution

(SINGLETARY and GROVE 2006).

The smelted-core model invokes several problems, which are reviewed in detail in WARREN
and HUBER (2006). For every gram of FeO in olivine, 0.39 grams of CO-gas would form. The
shift from 21 wt% FeO in more ferroan olivines to ~4 wt% in more magnesian olivines would
produce about 5.5 wt% of CO-gas. At 10 MPa pressure this would correspond to 88 vol% gas
vs. 12 vol% solid. At lower pressures the relative volume of gas is even higher (97 vol% at

P =2 MPa) (WARREN and HUBER 2006). GOODRICH et al. (2007), however, pointed out that the
objections in WARREN et al. (2006) do not consider the progress of gas production during the
smelting process. In their model, the onset of smelting results in a burst of gas production
and high gas/melt-ratios (~2.5), which declines to <0.05 after a few % of smelting/melting
(GoobRICH et al. 2007).
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Another problem of the smelted-core model is the missing correlation of carbon with olivine
FeO (WARREN and HUBER 2006). Assuming a more or less homogeneous starting material,
different degrees of smelting would consume different amounts of carbon. For every mol%
increase in olivine mg#, 0.1 wt% of carbon is consumed (Eqg. 1). As a result, olivine fa should
be correlated with carbon content. No evidence for this predicted anticorrelation is
observed in the data (WARREN and HUBER 2006). Similar to carbon, the smelting process
would also produce different amounts of Fe-metal. For every gram of FeO in olivine reduced,
0.78 g of Fe-metal is formed (WARREN and HUBER 2006). As result, mg# and metal content in
ureilites should show a positive correlation. Actual metal abundances appear to be

anticorrelated with mg# (WARREN and HUBER 2006).
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3 Goals of this study

The first goal is to shed light on the relation between ureilite silicates and vein metal.
Understanding the origin of the vein metal will enhance our understanding of ureilite genesis
and evolution. In this study, the elements Fe, Ni and Co are used to determine
thermodynamic equilibrium between ureilite olivine and vein metal and to characterize the
vein metal of different ureilite samples. Mass balance calculations are used to model the
composition of metal components of parent bodies of chondritic-starting compositions.
Batch melting and fractional melting models are applied to determine whether the vein

metal represents a residual metal, a melt fraction or something entirely different.

The second goal is to determine whether the *°Fe-*°

Ni short-lived isotope chronometer can
be applied to ureilites. Ni-isotopic studies of components with different Fe/Ni-ratios could
provide insights in the chronology of ®°Fe-addition in the early solar system as well as

relative dating of igneous events on the ureilite parent body.
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4 Thermodynamics

4.1 Theoretical background

In order to investigate if the vein metal is in equilibrium with the ureilite olivine,
equilibration temperatures have been calculated for every ureilite sample. The
thermodynamic calculations of metal-olivine equilibria are based on the exchange of Ni for

Fe and Co for Fe:
M1.510,+2Pa T Pe. 810, + 251 Eq. 2
Ca,8a, +2Fe: = Fe. 80, + 2Ca Eq.3

The reactions Eq. 2 and Eq. 3 are independent of oxygen fugacity. The oxygen fugacity
however does influence the amount of FeO in olivine. An increase in oxygen fugacity will
increase the amount of FeO in the olivine, thus decreasing the mole fraction of Fe in the
metal phase (SEIFERT et al. 1988). At equilibrium and 1 bar pressure, the Gibbs energies of

both reactions (Eq. 2, Eq. 3) is linked to the equilibrium constant K by Eq. 4.

0= AG, porry+ BT inK Eq.4
I

In Eq. 4, A&7 js the Gibbs energy [J], R is the gas constant (8.3144K.mol), T is the

temperature [K] and K is the equilibrium constant. The equilibrium constant K for the

reactions Eq. 2 and Eq. 3 is:

l Y Eq.5
=l - et
jg =t QEegmic, (ﬂ,'.:'r ].

'ﬂ‘ﬁf:z.r:o‘ oY

B
The variable %: refers to the activity of the component i in phase p. To relate the activities

B
to mole fractions of the metal oxides, the activity coefficient ¥: is introduced. The activity

coefficient describes the deviation from ideal behaviour of a component in a multi-

&
component system. A component showing ideal behaviour has an ¥: = 1. The activities in

Eqg. 5 can be expressed as:
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M can either be Co or Ni. For olivine, the mole fractions and activity coefficients were

Eq. 6

Eq.7

Eq. 8

Eq.9

squared because of mixing of cation species on two sites (SEIFERT et al. 1988). Replacing the

activities in Eq. 5 with the activity coefficients and mole fractions in Eq. 6 to Eq. 9 gives:
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The distribution coefficient Kp for Eg. 2 and Eq. 3 is defined as:
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In Eq. 10 the mole fractions can be replaced by K- mer (Eq. 11):
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Eq. 12 can be rearranged and equated with Eq. 4, which gives:
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Rearranging of Eq. 13 gives:
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Eq. 10

Eq. 11

Eq. 12

Eq. 13

Eq. 14

Eq. 14 can be used to calculate the distribution coefficient of a Ni, Co and Fe between metal

2
and olivine. The temperature T, the Gibbs energy of the exchange reaction, BGge1) and the

-4
activity coefficients ¥: of the involved phases must be known. Unfortunately, it is not

possible to rearrange Eq. 14 for T, as the involved activity coefficients and the Gibbs energy
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are functions of temperature. In order to establish the equilibration temperature,

g

InKE="% s calculated from the measured data. This mEE =™ s now compared to a

[eiEiat-i

modeled &5 at a given temperature. The equilibration temperature is the

temperature at which the modeled In KE-er equals the ImEE=™" calculated from the
measured data. In this work, the goal search-plug-in of Microsoft Office Excel 2007 was used

to vary the temperature until the equilibrium condition was met.

4.2 Gibbs free energy of reaction
The Gibbs free energy of reaction is defined as the difference of the Gibbs free energy of

formation of products and reactants (Eq. 15).
A6y, = 28464, + 840 m00, — 284G — Br6y, 510, Eq. 15
A6, = 284G, + A4 Ggepsio, — 20eGee — DBeGlo sig, Eq. 16

As the Gibbs free energy of formation of elements in their reference state is defined to be

zero, the equations simplify to:

d i - i — =X .
diy; = BylTe,mi0, — S0 CN 00, Eq. 17

AEE = AR Aol Eq. 1
g, = Bl g0, — S5Cec;no, a-18

Absolute values for the Gibbs free energies of formation can be found in the literature (e.g.
RoBIE and HEMINGWAY 1995). The Gibbs free energy of reaction and the Gibbs free energy of
formation is also often given in form of equations. These equations are based on regressions
of experimental data. In this study, we use the equations published in SEIFERT et al. (1988),

which are based on experiments published in O'NEeiLL (1987a) and O'NEILL (1987b). The form

Q
of the equation is given in Eg. 19 and the parameters are listed in (Table 5). Blger) s given
in J-mol™ at 1 bar pressure and as function of the temperature.
aGl ry= e+ i-T+c-TinT Eq. 19

AGY
Table 5 Parameters for the calculation of [PDI} from SEIFERT et al. (1988)

Parameter Eq. 2 (solid metal) Eg. 2 (liquid metal) Eq. 3 (solid metal) Eq. 3 (liquid metal)
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-86049 -69079 -111598 -79801
b 6.734 -53.444 246.885 102.183
c -5.047 1.616 -30.901 -13.544

4.3 Activity coefficients of Fe, Co and Ni in Fe-Co-Ni metal
The metal alloys considered in this work are usually Fe-Ni-Co-alloys with Xy; < 0.1 and
Xco < 0.005. The activity coefficients were thus determined particularly for these

compositions.

The activity coefficient of Fe in FeNi-metal is unity in solid and liquid binary alloys with

Xni< 0.2 (RAMMENSEE and FRASER 1981, TomiskA and NEcKeL 1985). RAMMENSEE and FRASER
(1981) and TomiskAa and NECKEL (1985) give yy; in binary FeNi-alloys <1. The effect of
temperature on yy; in solid binary FeNi-alloys is small. At Xy; = 0.1, yy; shifts from 0.671 at
1473 K to 0.659 at 1600 K. In this work, the activity coefficient of Ni in solid Fe-Ni alloys is
assumed to be 0.665 at all temperatures. In liquid alloys, the yy; was assumed to be 0.61 for

all calculations.

Fe activity coefficients in the Fe-Ni binary system Ni activity coefficients in the Fe-Ni binary system

0.9

® 1873K (Rammensea&Fraser, 1981) 0.6 4 O 1473 K (Rammensee & Fraser, 1981)
0 1600K (Tomiska&Neckel, 1985) ¥ 1600 K (Tomiska & Neckel, 1985)
w 1473K (Rammensee&Fraser, 1981) ® 1373 K (Rammensee & Fraser, 1981)
0.2 T T T T 0.5 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 11 Activity coefficients for Fe and Ni in Fe-Ni alloys as a function of X;.
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The activity coefficient of Co in FeNi-metal for X¢, < 0.01 is only little investigated. SEIFERT et
al. (1988) extrapolated data from FRASER and RAMMENSEE (1982) and TomiskA et al. (1979) and
suggested an increase of yc, with increasing Xy; (Xni < 0.4). In this study we use their method.
The activity coefficient of Co in the Co-Ni-system published by Tomiska et al. (1979) for solid
(1600 K) and liquid (1800 K) metal are extrapolated for X¢, = O (Fig. 12, left side). The form of

the equation is given in Eq. 20 and the corresponding parameters in Table 6.

}’Eg-'v'_l = '.Q‘XE.-: + -E'XE.—: + '-‘TXI'\.': +d Eq. 20

S
Table 6 Parameters for calculating ¥ & extrapolation of data from Tomiska et al. (1979)

Parameter yEo-Nt fsolid) yE1=8 Qiquid)

a 0.0744 0.0006
b -0.2202 0.1505
c 0.0044 -0.0083
d 0.9998 1.0001

Yco for Xy ~1 in the Co-Ni binary system is 0.858 at 1600 K (solid) and 0.842 for the liquid
alloy at 1800 K. For the Fe-Co system, RAMMENSEE and FRASER (1981) reported a yco (Xre ~1) of
1.15 for the solid alloy at 1473 K and 1.1 for the liquid alloy at 1873 K. FRASER and RAMMENSEE
(1982) have published activity coefficients for the Fe-Co-Ni system at a fixed Fe/Ni =9 and
varying Xco. We extrapolate these data to Xc, =0 (Fig. 12, right side). The regression is

calculated as polynomial of the fifth order (Eq. 21), with the parameters listed in Table 7.

}’CF:-I:D-E: = &XEI} + E]Xl_!.o + EXED + ':-"EXED + '?XCD + .f Fa. 21
Table 7 Parameters for the calculation of '1’5‘2- o= . Regression calculated from data from FRASER and RAMMENSEE
(1982)
Parameter phe=to=¥ Lo ltd) yoE=t-N Oiguid)

a -7.6325 -9.9828

b 23.437 30.603

Cc -27.589 -35.549

d 15.383 19.129

e 3.8209 -4.4059
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Fig. 12 (left) Activity coefficient of Co as a function of Xy;in Co-Ni alloys (TomiskA et al. 1979). Regression calculated as 3"
order polynomial to extrapolate yc, for Xc,=0. (right) Activity coefficient of Co as a function of X, in Fe-Co-Ni ternary
alloys with a fixed Fe/Ni-ratios of 9 FRAsEr and RAMMENSEE (1982). Regression was calculated as 5™ order polynomial to
extrapolate y¢, for Xc,>0.

Data from FRASER and RAMMENSEE (1982) give a yco = 1.22 for X, = 0 at Xy = 0.1 and 1473 K

(solid metal) and yco = 1.21 for Xco = 0 at Xy; = 0.1 and 1873 K (liquid metal). The data from

RAMMENSEE and FRASER (1981) give y¢, for Xco = 0 at Xy; = 1 and the data of Tomiska et al.

(1979) give yco for Xco = 0 at Xni = 0. From these 3 points of data, a Xyi-dependent y¢, is

calculated (Fig. 13). The regression is calculated as a quadratic equation (Eq. 22), with the

parameters listed in Table 8.

¥EsTO = alfy + bt €

Fg= =1

Table 8 Parameters for the calculation of ¥'e
=Co=X1 e
Parameter FEE E-:'HHJS TE: [h,:“iﬂ
-1.1196 -1.4591
0.828 1.2009
C 1.15 1.1

as a function of Xy;
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Fig. 13: y¢, as a function of Xy; for X¢, ~0 in ternary Fe-Co-Ni alloys for solid and liquid metal extrapolated from data in
TomiskA et al. (1979), FRASER and RAMMENSEE (1982) and RAMMENSEE and FRASER (1981).

4.4 Activity coefficients of Fe2Si04 in olivine

The thermodynamic equations and explanations given in this chapter have been taken from
WiLL (1998). The simplest physical model to describe enthalpic changes in a crystal resulting
from cation substitution is the nearest neighbour model. In a binary system (e.g. NaCl), three
types of nearest neighbour atoms exist: AA, BB, AB. The energy of these pairs is termed gan,
€gg and gxg and the number of pairsis %2 N - z, where N is the sum of A and B atoms and z is

the coordination number. The total enthalpy of a solid solution can be expressed as:
H'total = 1/2 Nz (X34 (A4 + X B (BB + X4 X\B (QQAE — (44 - (BB ) Eq. 23

Xa and X, are the mole fractions of component A and component B. The two terms

1/2NzX Aa(Aaa and L/2Nz X B (EF are enthalpies arising solely from the energetic
interactions of nearest neighbours in the pure mineral end-members. Their sum gives the
enthalpy of a pure mechanical mixture (H™"™). The term

1/2 Na X a4 XyB (2048 — (a4 — (LFF ] gives the energy necessary to form a chemically
homogeneous solid solution, the enthalpy of mixing (AH™). The term 248 — (.44 — (85
is commonly written as Ae and termed the characteristic potential. The enthalpy of mixing

can therefore be expressed as:
Koy = Win X2 X5 Eq. 24

The parameter Wygis the interaction parameter, which is commonly used to describe the

mixing behaviour of different components in solid solution. For thermodynamic calculations,
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interaction parameters are determined experimentally (Woob and KLeppA 1981, KAWASAKI and

MaTsul 1983, SEIFERT and O'NEILL 1987).

Site occupancy data for olivine suggest a weak affinity of Fe to the M1-position, which would

qrehie 2ok M%
result in small differences between the interaction parameters Weeita and Weeliz for the
two sites in olivine (HIRSCHMANN 1991). Sack and GHIORSO (1989), however, assume the effect

Aehd L o [_.L:Df-hri

to be negligible. In this work, it is assumed that Weehrs Feida . The equation for the

regular solution model (Eqg. 25) has been taken from WiLL (1998).

Jost _ j";-.‘s.',g (L = 0 elMg Eq. 25
O YEelinzts = T

The interaction parameter Weeyg of 6.28 £ 0.33 Kimol™ has been taken from Kawasaki and
MATsuI (1983)(Fig. 14). This interaction parameter has been determined for olivine and co-
existing garnet and orthopyroxene phases and may be subject to a larger uncertainty than
qguoted (SEIFERT et al. 1988). It is, however, consistent with calorimetric measurements
published in Woob and KLEPPA (1981). The interaction parameter has been determined from
experiments in the range of 900-1400°C (KAwAsAKkI and MATsul 1983). Calculations beyond

this temperature may be subject to greater uncertainties.

24
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Fig. 14 ¥Faf1, 20: a5 function of X:, at 100 °C intervals (900-1500°C). Calculations are based on the thermodynamic
model published in SEIFERT et al. (1988).
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4.5 Activity coefficients of Ni2SiO4 and C02Si04 in olivine

Several activity models for the activity of Ni,SiO4 and Co,SiO4 have been published (SEIFERT
and O'NEILL 1987, SEIFERT et al. 1988, HIRSCHMANN 1991). A simple model is the regular
solution model that has been used by SEIFeRT et al. (1988). The regular solution model

ignores the effects of the temperature dependent intracrystalline cation ordering. In the

. .. _ = ol
regular solution model, activity coefficients ¥ and ¥Ze are calculated as follows:

e Wit (X8, + XR) - Wie, (U XE) Fa- 26
Y&t = BT
et el 3wt Y - et el yed Eq. 27
Joyel = ¥ .‘E’gCD ("{.I‘?!g + X.'?‘r—_) I'1’.‘5'3.'.-1(-( E’;XEE_) q
Yee = BT

I

The interaction parameter JTace has been experimentally determined to be 1.37 £ 0.9

Kimol ™ (SEIFeRT and O'NeiLL 1987) while Wi¥axt is 0.35 + 0.9 Kimol ™. Both parameters have

been determined for the Mg-Ni- and the Mg-Co-System only. Due to the lack of data, it is

assumed that Wifir = Wk Both interaction parameters have been obtained from
experiments performed in the range of 927-1400°C. Within this temperature range, the
interaction parameters are, within experimental uncertainty apparently independent of
temperature. Extrapolation to higher temperatures will, however, introduce further

uncertainties (SEIFERT et al. 1988).

To account for non-ideal interactions between divalent cations and long range ordering of
cations between the M1 and M2 site, HIRSCHMANN (1991) introduced a more general
thermodynamic model for minor elements in olivine based on cation ordering and
symmetrical mixing enthalpies assuming AS™ = 0 and therefore AG™ = AH®. The activity
coefficients for Ni,SiO4 and Co,Si0,4 based on that model and published in HIRSCHMANN and
GHIORSO (1994) were taken and fitted into functions of temperature and Xz,. The fitted
activities (Eq. 28, Eq. 29) are shown in Fig. 15 and Fig. 16 along with the activity coefficients
calculated from the model of SEIFERT et al. (1988).

29316 + 5259114, )1 Eq.28
T

: z . -8
Iy = 002 — 00245, + QETAE,; + (253 + E%EA’;E)%-P[
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. 1y . =-170=11625X:.)1 Eq. 29
Iy = 0.16 - 004, + (0.04 + 11654 7)4E, N s )
18 — — —
- activity coefficient of Ni in olivine
ureilite
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900°C — thermodynamic model from Seifert&0'Neill (1987)
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Fig. 15 FMHU. 592 as function of X:, at 100 °C intervals (900-1500°C). Calculations are based on data published in
HIRsCHMANN and GHIORsO (1994) for 0.5 mol% of Ni,SiO, in otherwise pure (Mg, Fe),SiO, and the thermodynamic models

published in SEIFERT et al. (1988).

1.2

activity coefficient of Co in olivine
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Fig. 16 ffrj‘in_g_% as function of X, at 100 °C intervals (900-1500°C). Calculations are based on data published in
HIRsCHMANN and GHIORsO (1994) for 0.5 mol% of Co,SiO, in otherwise pure (Mg, Fe),SiO, and the thermodynamic models

published in SEIFerT et al. (1988).
The activity coefficients calculated from the thermodynamic model of SEIFERT et al. (1988) are
higher and less temperature dependent than those calculated by HIRSCHMANN and GHIORSO

(1994) for fa < 20, which is the typical composition of ureilite olivine.
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4.6 Comparison of the regular solution model with Hirschmann’s model
We calculated ]n"["ls'oi?{"f‘i.":, with M either being Ni or Co, for experimental compositions

published in SEIFERT et al. (1988) and compared them observed ImESET in those
experiments (Fig. 17, Fig. 18). The experiments were performed at different temperatures in
the range of 1260-1760°C and at different pressures (0.5 GPa and 3.5 GPa). To account for

pressure differences, pressure correction terms given in SEIFERT et al. (1988) have been

applied to the experimentally determined KGN,

L] —
oo .7

5.0 wa
_ ‘ $ ’ Qxo ;”jf
3 o KN
g $ 33 e
=] .f',
o -
8 45 L7

] A

= -
= o
£ -

4.0 e

P -
- ‘ O 0.5 GPa, solid metal (Seifert-model)
- @ 3.5 GFPa, liquid metal (Seifert-model)
- & 0.5 GPa, solid metal (Hirschmann-model)
a5 - - & 3.5 GPa, liquid metal (Hirschmann-model)
. T I I
3.5 4.0 45 5.0 5.5

In Kg et (measured)

el=tnat
Fig. 17 In Knﬂ'a-.‘nii) calculated with the regular solution model used by SEIFeRT et al. (1988) (circles) and the activity

o= met
model developed by HIRscHMANN (1991) (diamonds) against in Knﬂ'a-.‘nii) calculated from experimental data in SEIFERT
et al. (1988). Solid symbols represent experiments at 3.5 GPa and temperatures >1600°C and open symbols represent
experiments at 0.5 GPa and temperatures <1420°C.

The calculated MBS EET is higher than the experimentally determined in both models (Fig.

17). The I KEE T calculated from the thermodynamic data in HIRSCHMANN (1991)

generally show a lower offset of ~0.15 for experiments at 0.5 GPa and ~0.56 for experiments

" i
o K
o

at 3.5 GPa than the I BSEE5Ea calculated from the thermodynamic model in SEIFERT et al.
(1988) (offset of ~0.26 for experiments at 0.5 GPa and ~0.61 for experiments at 3.5 GPa,

respectively). The offset is the average difference between predicted and experimentally
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MEE
o [V

determined mESEE . The offset is smaller for experiments conducted at 0.5 GPa than for

those conducted at 3.5 GPa. Since the M FZFI %y calculated with the thermodynamic model
of HIRSCHMANN (1991) fits better with experimental data, it is chosen for the calculations in
this work. The calculations show substantial differences between experimental date and
predicted values. Some possible explanations have been discussed in SEIFERT et al. (1988).
The data which show the largest discrepancies are the experiments performed at 3.5 GPa. It
has been suggested that the assumptions applied when calculating the effect of pressure has
been too simple (SEIFERT et al. 1988). The calculations in this work are done for a low-
pressure environment. It might therefore be sufficient to assume a 2o error of £ 0.15 for the

= TRT

calculation of MESETFa
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Fig. 18 [fF e~ =) calculated with the regular solution model used by SEIFERT et al. (1988) (circles) and the activity

ol=met
model developed by HiIrRscHMANN (1991) (diamonds) against in Kﬂﬂ's- Ced calculated from experimental data in SEIFERT
et al. (1988). Filled symbols represent experiments at 3.5 GPa and temperatures >1600°C and open symbols represent
experiments at 0.5 GPa and temperatures <1420°C.

cl-med . . .
For the mES i< the comparison between experimentally determined and model values

turned out to be reverse (Fig. 18) to the data for ImEEE 5 . The difference is ~0.11 for

experiments at 3.5 GPa and ~0.23 at 0.5 GPa for calculations with the thermodynamic model
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in HIRSCHMANN (1991) and ~0.07 for experiments at 3.5 GPa and ~0.17 at 0.5 GPa for

calculations with the thermodynamic model in SEIFERT et al. (1988). For In HE.’}_:;”_‘-‘._FE, the

Seifert-model fits better with experimental data and is therefore chosen for calculations in

this work. A 2c error of + 0.15 is assumed.
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5 Mass balance calculations

5.1 Mass balance calculations of the UPB’s core
The goal of this calculation is to determine the composition of the UPB’s metallic core based
on a chondritic starting composition and the composition of the undepleted mantle (ureilite

+ basaltic component) of the UPB.

First, all chondritic element concentrations must be converted to masses by multiplication
with the UPB’s mass (Eg. 30). In this work, only SiO,, MgO, Al,O3, Na,0, Ca0, TiO,, Cr,0s,
MnO (lithophile elements) and Fe, Ni and Co are considered in the mass balance calculation.
For mass balance calculations the mass of the UPB is arbitrary as long as the same mass is

used for all calculations.

m UEg chonarite Eq. 30

clemens = Fzigmans "M EE‘%E
To calculate the composition of the UPB’s mantle, lithophile elements are considered to be

P! ¥EFE — pa anEle
. . R irhepkile T Rt ophile . .
incorporated into the mantle ( ) along with a fraction of FeO,

NiO and CoO. The masses of FeO, NiO and CoO can be calculated from their mass fraction

mentle
Hm c_:f:':‘f - Cpera:
(T 100 ) in the undepleted mantle and the masses of the lithophile elements:
N 3 ~ ~ X"'ﬁ‘fj"‘”f Eq. 31
mEgee = | 2 misgte, +muge e mig ) s
Feld
Rrmentte Eq. 32

MERDE — maRIe mandte TRREE e,
Mg = (Z'm tichephite T MEce™ +Moe™ )m
n o
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KE*.GGP.‘:'H Eq. 33
ey PHEMENE - ey BN E ey M LR e BTEMENE ], el
TECon = E-*” tichopkite T Threg T Mg i1-X25)

- cal

mantle mantie
P D -
. . . - el e .
To keep the equations simple, we define: [1 X5 r] , [1 AyE r) and
C x.‘l:._":Pﬂd".‘uf

(1 _Xf:'v‘pﬂd“'ﬂf]. Inserting Eq. 32 and Eqg. 33 into Eq. 31 gives:

e mantle {4+ 4B + AC + AEC) Eq. 34
WIS = gqplTRRRILE - - -
Cihephile T T35 _ BC — 48 - 24BC)

And:

rHER s mente mentls memtle Eq. 35
—— [’-*ﬂ Hhowaie T Mithoshie T Mg B+ MED _) q
M = (L-C5)
mITEE = B (nlqRe + mET 4 mPger) Eq. 36

To calculate the core composition, the masses of FeO, CoO and NiO in the mantle must be

subtracted from their respective chondritic masses and normalized.

MEEE,, = mUPE,, — mmantfe Eq. 37

As neither C nor S will be incorporated into the silicate phase in relevant amounts, both

elements have not been modeled along with Ni and Co, but added to the metal portion.

5.2 Model of the UPB core formation process
The goal of this calculation is to determine the concentrations of Fe, Ni and Co in melt and
residual when melting the metal component of the undifferentiated UPB during the core

formation process.

Two different types of metal melting are modeled in this work — batch melting and fractional
melting. In fractional melting, the liquid metal is removed as it forms. In batch melting, the
liguid metal stays in equilibrium with the solid metal until it is removed at a given degree of
melting. The calculation of both processes is essentially identical. The calculations are based

on a simple mass balance calculation (Eq. 38).
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sta L =iy e
FIEMMENE — TEFmens o % FlEMERE
ChaR™ FeKsona + :

= Gduia - Xuquta Eq. 38

W Feiid

C refers to the concentration of a given element in a respective component, while X refers to

the weight fraction of the respective component. Information on the elemental

concentrations of a respective element within each component is given by the distribution
D.‘.".rr:'ﬁt

solid

coefficient igumid | The distribution coefficient is defined as:

FlEmIERE Eq. 39
7y an e st
DFEMEnT g ~&0ie -
% C‘blb.‘.“!b.".‘n
. iguia

Calculations of the behavior of Ni and Co in sulfur-rich systems in this work are based on the
distribution coefficients published in CHABOT et al. (2003). Calculations on the behavior of Ni
and Co in carbon-rich systems are based on the distribution coefficients published in CHABOT
et al. (2006). From the data in both works regression curves were calculated (Fig. 19) to

obtain distribution coefficients, depending on the sulfur or the carbon content of the melt.

30 b
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Fig. 19 Distribution coefficients of Ni and Co between solid metal and liquid metal. Data taken from CHABOT et al. (2003)
and CHABOT et al. (2006). Red lines represent calculated regressions used in this work.

54



Regression curves have been calculated as cubic equations (Eqg. 40) with the parameters

given in Table 9.

DE.‘:‘-H’;;‘-.‘.‘:‘ =gy b by boer+d Eq. 40
d

X represents the concentration of either sulfur or carbon in liquid metal.

Ni Co
Table 9 Parameter for the calculation of D'F and D'F for different amounts of sulfur and carbon in liquid metal
Parameter pi oie i Ds®
T (sulfur) T (sulfur) T (carbon) T (carbon)

a 0.00825 0.01380 0 0.00009

b -0.02770 -0.04790 0.00443 -0.00260

c 0.03390 0.10910 -0.01830 0.02830

d 0.99830 0.89670 1.01590 0.89910

In a fractional metal melting process it is assumed that only two phases exist at any given

time — liquid melt and a solid residual (containing FeNi-metal, troilite and cohenite):
Keatta = 1= X:.*q-;:.: Eq.41

Eq. 38 can therefore be rearranged to allow the calculation of concentrations of Ni and Co in

solid residual (Eq. 42) and liquid metal (Eq. 43).

glement Eq. 42

Celement — CEFEH{ q

Wi i
" XHE‘L:.*E' + (1 —_Xs )
E&lr. FrEt G
i—

ElEmemnt Eq. 43

C’i—.‘i—mﬁ.‘.‘r —_ Cﬁ:.‘n: q

tequtd D_gm‘-:'r:.‘(-l - X“c‘;:fﬁ)-i-. Kriouia
: ; .

In this work, the melting of a sulfur- and carbon-bearing metal-rich component is modeled.
In fractional melting, any melt formed is immediately removed. The first melts that formin a
System (either Fe-S or Fe-C), form at the eutectic point and are hence termed eutectic melts.
The eutectic compositions for the Fe-S-System used in this work are 30.8 wt% S (Fig. 20,
RANKENBURG et al. (2008) and references therein) and 4.4 wt% C for the Fe-C-System (Fig. 21,

RAGHAVAN 1988).
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Fig. 21 Fe-rich side of the Fe-C phase diagram. Diagram taken and simplified from RAGHAVAN (1988).

First, sulfur-rich melt is formed (at ~990°C) and removed until sulfur is entirely removed
from the mantle, then carbon-rich melt is formed (at ~1150°C) and removed until either
carbon or iron are entirely removed from the mantle. Depending on the composition of the
system, the final product is either a carbon-rich residual or a carbon- and sulfur-free melt.
The distribution coefficients are constant during all stages of melting, as the carbon- and
sulfur-concentration in the melt remain constant until either C or S are removed entirely.
The calculations are done incrementally, with a stepwise (step size = 1 wt%) increasing Xiiquid-

Flaw

In fractional melting, CE555™" always refers to the concentration of the preceding

=417 gz &
fMEn

3 refers to the concentrations of the starting

TE

calculation step, while in batch melting, =&

composition.

The modeling of the batch melting process is more complicated. The calculations in this work
are based on the ternary diagram published in GoobRricH and BERKLEY (1986) after VOGEL and

Ritzau (1931) (Fig. 22). Until the temperature reaches ~1100°C, only S-rich melt is formed. At
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1100°C, S-rich melt and C-rich melt coexist. Therefore, Eq. 42 needs to be extended with an

additional term for the second melt (Eq. 44).

metal .
Ccmetal  — Chk Eq. 44

residaal = 3 ] 5 ]
Xo_rick tiguid , & C-rich liguid

E(S)g“‘*"‘-‘*' + D(C)%“m" + {1 = Ks—ricnitquia — Xo-rich tiquic)

Fe3C (6.67 %C)

975°C '988°C (36.5%S)

Fig. 22 Ternary diagram of the Fe-FeS-FeC-system taken from GoopRricH and BERkLEY (1986) after VogGEL and Ritzau (1931).

In contrast to fractional melting, the carbon- and sulfur-concentrations in the melt vary

metal
t-1

during the melting process, thus changing the distribution coefficients T and

D( C} E*' fial
|4

. The concentrations of sulfur and carbon in the liquids remain unchanged until

either sulfur or carbon is exhausted in the residual metal. At that point, the concentrations
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in the respective liquids depend on the total mass of carbon and sulfur as well as the weight

fractions of each liquid (Eq. 45).

Fulfur Ful fur Eq. 45
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prarien
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Although the diagram (Fig. 22) indicates minor changes, fixed values of 0.3 wt% carbon in
the S-rich melt and 1.0 wt% sulfur in the C-rich melt are assumed for modeling (Fig. 22). This
assumption has only little influence on the modeling results, but greatly simplifies the

calculation process.
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6 Sampling

Nine monomict ureilites with different fayalite (fa) contents are used in this work: ALH84136
(fas), EET87517 (fas.o), LEW85440 (fass), EET96331 (fa11s), ALHA77257 (fais), EET96042
(fa17.3), DaG340 (fais2), GRA95205 (fa199), and Kenna (fa,0.4). Approximately 1g of each
Antarctic ureilite was obtained from the NASA sample request program. 1g of Kenna and
DaG340 was provided by Dr. Jutta Zipfel (Forschungsinstitut und Naturkundemuseum

Senckenberg, Frankfurt).
The meteorites were chosen to cover a wide range of different fa-compositions.

6.1 Allan Hills 84136 (ALH84136)

Allan Hills 84136 was collected by the US Antarctic Search for Meteorite program (ANSMET)
in 1984 (GRosSMAN 2009). The weight of the meteorite was 83.5 g. ALH84136 is an augite-
bearing ureilite and moderately weathered (B) (GRossMAN 1994). ALH84136 is probably
paired with ALH82130 and ALH82106 (GoobRicH 1992, GROSSMAN 1994, MASON and MARTINEZ
1986).

The sample was described to contain anhedral to subhedral olivine and pyroxene grains,
approximately 0.6 — 2.4 mm in diameter (MaAsoN and MARTINEZ 1986). ALH84136 contains

about 10% vein material (MAsoN and MARTINEZ 1986).

Olivine composition ranges from fag to fas with an average of fas (MASON and MARTINEZ
1986). GOODRICH (1992) reports fa, s for paired ALH82106 and fas ; for paired ALH82139.
Reduction rims are extensive (> 100 um, SINHA et al. 1997). Although paired, reductions rims

are less extensive in ALH82130/106 (10 — 100 um, SINHA et al. 1997).

Pigeonite composition is Wo019.1, and Engs_gs (SINHA et al. 1997). Orthopyroxene is Wos_; and
Engs.gs (SINHA et al. 1997). Augite is W037.40 and Enss_sg in ALH82130 and Wo03.40 and Enss.s7 in
ALH81106 (SINHA et al. 1997). Pyroxene grains are clear and extremely fractured (MAsSON and

MARTINEZ 1986).
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GOODRICH and BERKLEY (1986) found eight spherule inclusions in ALH82130. The average
composition of the spherules is 89.7 wt% Fe, 2.7 wt% Ni, 0.44 wt% Co, 0.96 wt% Cr,
0.56 wt% Si and 5.2 wt% C.

The AY0 of bulk ALH84136 is -2.42 %o (CLAYTON and MAvYEDA 1988). Equilibration temperature

obtained from pyroxene-pyroxene-thermometer is 1215°C (SINHA et al. 1997).

6.2 Allan Hills 77257 (ALHA77257)

ALHA77257 (also called ALH77257 in older publications) was collected by a joint operation of
ANSMET and the Japanese National Institute of Polar Research (NIPR) in 1977 or 1978
(GROSSMAN 2009). The meteorite weighted 1995.7 g (GROSSMAN 1994). The meteorite shows
only minor weathering (Grade Ae) (GROSSMAN 1994) and low shock (RANKENBURG et al. 2008).
ALHA77257 consists of ¥80% olivine and ~15% pigeonite and orthopyroxene (MAsON 1981,

BERKLEY et al. 1980, RANKENBURG et al. 2008, TAKEDA 1987).

Olivine grains are anhedral to subhedral and up to 4 mm in diameter (MAsoN 1981). Their
composition is fag.3 with an average of fai3 and high CaO (0.32 - 0.34 wt%) and high Cr,03
(0.65 - 0.74 wt%) (MasoN 1981, BERKLEY et al. 1980, RANKENBURG et al. 2008, TAKEDA 1987,

GOODRICH et al. 1987b). Olivine grains show undulose extinction (MasoN 1981).

Pyroxene grains are anhedral to subhedral and up to 3 mm in diameter (MAson 1981).
Pigeonite contains 3.4 - 3.47 wt% CaO and 8.17 - 8.8 wt% FeO and orthopyroxene contains
2.14 wt% CaO and 7.75 wt% FeO (TAKEDA 1987, GOODRICH et al. 1987b, BERKLEY et al. 1980).
Orthopyroxene has only been reported by TAKEDA (1987). Pyroxene grains show coarse

polysynthetic twinning (MAsoN 1981).

GOODRICH and BERKLEY (1986) observed more than 50 spherule inclusions in ALHA77257. Their
composition ranges from 3.7 to 4.3 wt% Ni, 0.46 to 0.55 wt% Co, 0.1 to 0.16 wt% Cr, 0.03 to
0.06 wt% Si and 4.8 to 5.1 wt% C. Spherule inclusions from ALHA77257 represent more than

70 % of all spherule inclusions reported in GOODRICH and BERKLEY (1986).
The A'0 of bulk ALH77257 is -1.08 %o (CLayTON and MAvEDA 1988).

6.3 Dar al Gani 340 (DaG340)
DaG340 was found in Libya in 1994. The mass of the meteorite was 591 g (GROSSMAN 2009).

DaG340 shows complete oxidation of metal grains and troilite, with no alteration of silicates
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(weathering grade W4) and low shock (GRossMAN 1998). The meteorite is composed of ~79 %
olivine and ~19 % pigeonite (SINGLETARY and GRoVE 2003). The olivine-pyroxene-thermometer

gives an equilibration temperature of 1224°C (SINGLETARY and GROVE 2003).

Olivine composition is fa,03 with 0.4 wt% CaO and 0.81 Cr,053 (SINGLETARY and GRoVE 2003).
Mg x-ray mapping shows that 33.6% of total olivine is in reduced rims (SINGLETARY and GROVE

2003).
Pigeonite composition is Wog g with 11.0 wt% FeO (SINGLETARY and GRoOVE 2003).

6.4 Elephant Moraine 87517 (EET87517)

EET87517 has been collected in 1987 by ANSMET and weighted 273 g (GROSSMAN 2009). The
sample is severely weathered (Grade B/C) (GRossMAN 1994) and the shock-level is low
(RANKENBURG et al. 2008). The meteorite is composed of approximately equal amounts olivine
(~45%) and pigeonite (~55%) (MASON and SCORE 1988, SINGLETARY and GRoOVE 2003). The
olivine-pyroxene equilibration temperature of EET87517 is 1301°C (SINGLETARY and GROVE

2003).

Olivine grains are subhedral to anhedral with (0.3 to 1.8 mm in diameter) (MAsoON and SCORE
1988). Olivine composition is fa;.7.¢ with 0.35 CaO and 0.38 Cr,03 (SINGLETARY and GROVE 2003,
GROSSMAN 1994). No reduction rims have been found with Mg x-ray mapping (SINGLETARY and

GROVE 2003).

Pigeonite grains are subhedral to anhedral with (0.3 to 1.8 mm in diameter) (MAsSON and
Score 1988). Some grains show exsolution lamellae, which have been interpreted as augite
(MAsoN and Score 1988). Pigeonite composition is Wo4.7 and Fsg (GROSSMAN 1994, SINGLETARY

and GRrRove 2003).

6.5 Elephant Moraine 96042 (EET96042)
EET96042 has been collected in 1996 by ANSMET and weighted 249.8 g (GRosSMAN 2009).
The sample is moderately weathered (grade A/B) and shows a medium shock level

(GRossMAN 1998, RANKENBURG et al. 2008).

Olivine grains are up to 3 mm in size and show undulatory extinction (McCoy and McBRIDE
1998a). Olivine composition is faig (McCoy and McBRIDE 1998a, RANKENBURG et al. 2008).

Reduction rims with fay4 are present (McCoy and McBRIDE 1998a).
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6.6 Elephant Moraine 96331 (EET96331)

EET96331 has been collected in 1996 by ANSMET and weighted 121.9 g (GRosSMAN 2009).
The sample is moderately weathered (grade B) (McCoy and McBRIDE 1998b). EET96331
consists of olivine, augite and pigeonite with abundant triple junctions (GRosSMAN 1999). The
silicate grains show numerous signs of shock, such as undulatory extinction, polysynthetic

twinning and kink banding (McCoy and McBRIDE 1998b).

Olivine grains are up to 1 mm in diameter and consist of fai,.13 with reduced rims with of fa,

(McCoy and McBRIDE 1998b).
Pigeonite is Wo4 and Fsy; and augite is Wo,g, Fs7 (McCoy and McBRIDE 1998b).

6.7 Kenna

The Kenna ureilite was found near Kenna, New Mexico, USA in 1972 (BERKLEY et al. 1976).The
original meteorite weighted 10.9 Kg (BERKLEY et al. 1976). The level of weathering is B
(moderate) and the shock level is medium (GoobRricH 1992, MITTLEFEHLDT et al. 1998,
RANKENBURG et al. 2008). Modal analyses give 11% Matrix material, 68% olivine and 21%
pigeonite (BERKLEY et al. 1976). The equilibration temperature obtained from olivine-
pyroxene-liquid thermometer (SINGLETARY and GROVE 2003) is 1227°C. Co concentrations in
olivine and pyroxene grains range from 15-50 ppm and Ni concentrations range from 50-100

ppm (AsH et al. 2009).

Olivine grains are mostly anhedral and meet in triple junctions with size ranging from 0.2 — 2
mm and homogeneous composition with average fa,; (BERKLEY et al. 1976, BERKLEY et al.
1980, SINGLETARY and GRoOVE 2003, RANKENBURG et al. 2008). Olivines are rich in CaO (literature
data for average concentrations ranging from 0.31 to 0.42 wt%, BERKLEY et al. 1976, BERKLEY
et al. 1980, SINGLETARY and GRoVE 2003) and Cr,0s (literature data for average concentrations
ranging from 0.56 to 0.71 wt%, BERKLEY et al. 1976, BERKLEY et al. 1980, SINGLETARY and GROVE
2003). Ureilite olivine grains show thin reduction rims (BERKLEY et al. 1976). Modal
proportions obtained from Mg x-ray maps show that reduced rims account for 38 % of the
olivine (SINGLETARY and GRovE 2003). 13 of 100 analyzed olivine grains showed signs of shock

(undulatory extinction and kink bands) (BERKLEY et al. 1976).

Pigeonite grains are anhedral and homogeneously distributed within the Kenna ureilite

(BERKLEY et al. 1976). Their size ranges from 0.14 to 1.4 mm and reduction rims are absent
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(BERKLEY et al. 1976). Pigeonite composition is homogeneous ranging from En;3WogFs;7 to
En;,»2Wo1oFs19 (BERKLEY et al. 1976). Pigeonite grains show undulatory extinction and kink

bands (BERKLEY et al. 1976).

The carbonaceous matrix contains metal, troilite and carbon polymorphs. Carbon
polymorphs are graphite, diamond (1-3 um in diameter) and lonsdaleite (1-3 um in

diameter). Hydrocarbons are absent (BERKLEY et al. 1976).

Three different types of metal occurrence have been distinguished by BERKLEY et al. (1976):
Metal vein with a thickness of 6-20 um and 3.7 to up to 9 wt% Ni, irregular metal blebs
within olivine and pyroxene grains and very thin networks of veins associated with the

reduced rims. Metal in reduced rims contains <0.06 wt% Ni (BERKLEY et al. 1976).

The Kenna ureilite contains 2 wt% of carbon with a 8'*C of -2.8 %o (GRADY et al. 1985). REE in
Kenna show a V-shaped pattern in untreated samples and a LREE-depleted, HREE-enriched
pattern in leached samples (BoyNTON et al. 1976). The A*’O of bulk Kenna is -1.02 %o (CLAYTON

and MAYEDA 1988).

6.8 Graves Nunataks 95205 (GRA95205)

GRA95205 has been collected in 1995 by ANSMET and weighted 1460 g (GROSSMAN 2009).
The sample is moderately weathered (grade B) and highly shocked (GRossMAN 1998,
RANKENBURG et al. 2008). GRA95205 consists of 94 % olivine and 5 % pigeonite (SINGLETARY and
GROVE 2003). The olivine-pigeonite equilibration temperature is 1259°C (SINGLETARY and

GROVE 2003).

Olivine grains are anhedral to subhedral, mosaicized and up to 6 mm in diameter (McCoy
and McBRIDE 1998a). Their composition is faig 1 with 0.27 wt% CaO and 0.6 - 0.67 wt% Cr,03

(SINGLETARY and GRoOVE 2003, WARREN and HUBER 2006).

In contrast to olivine, pigeonite grains are not mosaicized but show polysynthetic twinning
(McCoy and MCcBRIDE 1998a). Reported compositions is Wo4 (McCoy and McBRIDE 1998a) -
Wo07.6 (SINGLETARY and GRoVE 2003) and Fsig (McCoy and McBRIDE 1998a).

6.9 Lewis Cliff 85440 (LEW85440)
LEW85440 is an augite-bearing ureilite and has been collected in 1985 by ANSMET and

weighted 43.8 g (GROSSMAN 2009). The sample is moderately weathered (grade B) and low
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shocked (GRossMAN 1994, RANKENBURG et al. 2008). LEW85440 contains olivine,
orthopyroxene and minor Augite (TAKEDA 1989). The olivine/orthopyroxene ratio is about

54/46 (TAKEDA 1989). SINHA et al. 1997 also report pigeonite compositions for LEW85440.

Olivine grains appear dusty due to the precipitation of fine metal particles (TAKEDA 1989).
Grain sizes are up to 1.5 mm in diameter (TAKEDA 1989). The composition of olivine is fas ;.15
with 0.32 - 0.33 wt% CaO and 0.5 wt% Cr,03 (TAKEDA 1989, SINHA et al. 1997, RANKENBURG et
al. 2008). Olivines show reduction rims of 10 — 50 um (SINHA et al. 1997).

Orthopyroxene grains are up to 1.65 mm in diameter and consist of Wo4.9:5, FS7.3.8 (TAKEDA
1989, SINHA et al. 1997). Augite composition is Woss 5 and Fsa9 (TAKEDA 1989). Pigeonite

Composition is Wog, Fsg ¢ (SINHA et al. 1997).

7 Sample preparation and analytical procedures

7.1 Sample preparation

About 0.7 g of each meteorite sample was gently crushed in an agate mortar and sieved to
obtain a fraction from 63 um to 200 um. The metal-grains were then separated with a strong
hand magnet. A non-magnetic, silicate-rich fraction and a highly magnetic, metal-rich
fraction of the sample material were obtained. From the silicate-rich fraction clear grains
were handpicked under a binocular microscope and used for LA-ICP-MS and Ni-Isotope
studies. The mineral grains for LA-ICP-MS analyzes and the obtained magnetic mineral
fractions were embedded in EpoFix resin. After 24 hours of hardening at room temperature,

the samples were ground and polished with a 3 um diamond polish.

7.2 Electron microprobe measurements
Measurements were performed with a JEOL JXA 8900 electron beam microprobe analyzer
(EPMA) operated at the Geowissenschaftliches Zentrum, University of Gottingen and at the

Institute of Mineralogy, University of Cologne.

7.2.1 Measurements at the Institute of mineralogy in Cologne

In silicates, Na,0, Cr,03, Al,O3, Ca0, TiO,, MgO, FeO, MnO, SiO, and TiO, were measured.

Counting times were 5 s on the peak and 2.5 s on the backgrounds for Na,0O, 20 s on the

peak and 10 s on the backgrounds for Cr,03, CaO and MnO and 10 s on the peak and 5 s on
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the backgrounds for Al,O3, TiO,, MgO, SiO, and FeO. Standards used were natural and
synthetic oxides and silicates. For all elements, the K,-line was used. Na,O, Al,03, MgO and
SiO, were analyzed with a TAP-crystal, Cr,03, MnO and FeO with a LIF-crystal, CaO with a PET
J-crystal and TiO, with a LIF H-crystal. To account for matrix effects the ZAF-correction was
applied. Measurements were performed at 20 nA beam current, 15 KeV acceleration voltage
and with a focused beam. Backscattered electron imaging was used to ensure that the

analyzed grains were free of cracks and inclusions.
In metals and sulfides, P, Si, Ni, Co, Fe, Cr, S and Mn were measured.

Counting times were 30 s on the peak and 15 s on the background for Si, 20 s on the peak
and 10 s on the background for Mn and Cr and 10 s on the peak and 5 s on the background
for P, Fe, S, Co and Ni. As standards we used 100 wt% Fe, 100 wt% Co, 100 wt% Ni and

100 wt% Si samples, apatite (8.0 wt% P), rhodonite (33.7 wt% Mn), chalcopyrite (34.9 wt% S)
and synthetic Cr,03 (68.4 wt% Cr). For all elements, the K,-line was used. Si was analyzed
with a TAP-crystal, Cr, Fe and Ni with a LIF-crystal, S and P with a PET J-crystal and Mn and Co
with a LIF H-crystal. Measurements were performed at 20 nA beam current, 15 KV
acceleration voltage and with a focused beam. Backscattered electron imaging was used to

ensure that the analyzed grains were free of cracks and inclusions.

7.2.2 Measurements at the University of Gottingen

In silicates, Na,0, Cr,03, Al,03, Ca0, TiO,, MgO, FeO, MnO, SiO, and TiO, were measured.

Counting times were 15 s on the peak and 5 s on the backgrounds for Na,O, CaO, Al,O3, TiO,,
MgO, SiO, and FeO and 30 s on the peak and 15 s on the background for Cr,03. Standards
used were olivine (Si, Mg), albite (Na), synthetic Ti, hematite (Fe), wollastonite (Ca),
synthetic Cr and Rhodonite (Mn). For all elements, the K,-line was used. To account for
matrix effects the Phi-Rho-Z-correction was applied. Measurements were performed at 15
nA beam current, 15 KV acceleration voltage and with a focused beam. Backscattered
electron imaging was used to ensure that the analyzed grains were free of cracks and

inclusions.

In metals and sulfides, P, Si, Ni, Co, Fe, Cr, S and Mn were measured.
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Counting times were 15 s on the peak and 5 s on the background for P, Si, Ni, Fe, Cr, S and
Mn and 30 s on the peak and 15 s on the background for Co. As standards we used 100 wt%
Fe, 100 wt% Co, 100 wt% Ni, 100 wt% Mn, 100 wt% Cr and 100 wt% Si samples, apatite

(8.0 wt% P), ZnS (32.9 wit% S). Measurements were performed at 20 nA beam current, 15 KV
acceleration voltage and with a focused beam. Backscattered electron imaging was used to

ensure that the analyzed grains were free of cracks and inclusions.

7.2.3 The Co-problem

The Co K,-line used for Co-measurements overlaps with the flank of the Fe Kg-line, which
results in a curvature of the underground below the Co-peak. The analytical software
interpolates between the left and the right underground intensities. As a result, lower count
rates and thus lower concentrations are detected for Co. To account for this overlap, an
additional factor is added in the analytical software. The usage of different factors at the two
microprobe analyzers caused different results in Co-measurements. In order to obtain the

correct Co-values, both sets of data had to be corrected.

Synthetic metal standards (0.272 wt% Co, 8.055 wt% Ni, 91.67 wt% Fe and 0.562 wt% Co,
15.023 wt% Ni, 84.415 wt% Fe, Prof. A. Pack, pers. comm.), show a systematic difference of
+0.193 wt% Co from the measurements (Fig. 23) performed in Cologne. The metal standards
have been provided by Prof. Dr. Andreas Pack. The samples have been produced from a
mixture of Fe-, Co- and Ni-metal powder, molten at 1600°C for 30 min. Their composition

has been determined with a CAMECA SX-100 at Henry Poincaré University, Nancy.

Some metal grains (22 metal grains from ALHA77257, EET87517, ALH84136, LEW85440,
EET96042 and GRA95205) have been measured both in Cologne and in Gottingen. Grains
measured in Cologne are ~0.103 wt% higher in Co than those measured in Gottingen (Fig.
24). Fe-metal standards (100 wt% Fe), measured in Gottingen, give an excess of 0.064 wt%
Co. As a result, the Co-data measured in Cologne have been corrected by subtracting 0.193

wt%, while Co-data measured in Gottingen have been corrected by subtracting 0.080 wt%.
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Fig. 23 Systematic difference of Co in metal standards measured with a JEOL 8900 in Cologne and a CAMECA SX-100 in
Nancy (Measurements in Nancy by Prof. A. Pack). Measured concentrations are ~0.193 wt% higher with JEOL 8900
(Cologne).
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Fig. 24 Systematic difference of Co in identical ureilite vein metal and metal inclusions (from ALHA77257, EET87517,
ALH84136, LEW85440, EET96042 and GRA95205), measured in Cologne and in Gottingen. Measured concentrations are
~0.103 wt% higher in Cologne than in Gottingen.
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7.3 Laser-ablation-ICP-MS measurements of silicates

The concentrations of the trace elements Co and Ni in olivine and pyroxene were obtained

J

using laser-ablation-ICP-MS. A 193 nm excimer-ArF-laserbeam with 2 ¢m= energy focused
onto the sample surface with 40 to 60 um in diameter at a repetition pulse rate of 10 Hz
(Compex110, Lambda Physik, Geolas Optical Bench, MikrolLas, Gottingen, Germany) was
used. During 140 s of ablation four elements were analyzed with a fast scanning quadrupole
ICPMS (Perkin ElImer DRC II, Sciex, Canada) at 20 ms dwell time for “*Ca (Ca was measured to
distinguish pyroxene from olivine grains), 50 ms dwell time for *’Fe (Fe was measured as
internal standard) and 200 ms dwell time for *°Co and ®°Ni. The sample material is

transported within an Ar-gas flow.

The absolute amounts of sample material in the gas flow vary, depending on the sample
material and the ablation process. Concentrations of elements can therefore only be
determined relatively to each other. Quantification is only possible if the concentration of at
least one element in the unknown sample is known. Here we use Fe obtained from EPMA-

analyses as an internal standardization element.

Each analyzed sample gives data sets consisting of 200 intensities with distinct time stamp
for each element. The laser was activated 30-40 seconds after the start of each
measurement to obtain the blank intensities. The mean blank intensities were subtracted

from each data point.
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Fig. 25 Example for raw intensity data of a typical LA-ICP-MS measurement. The laser was activated after ~40 seconds
and deactivated after ~135 seconds. Breaks in the line indicate 0 intensity (0 values can not be plotted on a logarithmic
scale). The example is an olivine of ALHA77257 (ol-14).

To account for varying amounts of sample material in the gas flow, every data point is
normalized by the intensity of >’Fe. Absolute concentrations can be calculated from

calibration with standard materials:
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( Yfe  Jonaora is termed sensitivity factor (SF). The sensitivity factor becomes more

reliable the more different standards are used for calibration.
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The calibration in this work (Table 10, Fig. 26 to Fig. 28) was done with the NBS 610 glass,
doped with ~450 ppm of each element and seven MPI-Ding glasses (AtHO, GOR128,
StHs6/80, T1, ML3B, GOR128 and KL2 in JocHUM et al. 2006).

Table 10 Sensitivity factors obtained for LA-ICP-MS measurements

Element  Sensitivity factor 25 error

BCa 0.059  +0.003
*Co 39.4 +1.1
ONi 7.74 +0.25

100
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a
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sensitivity factor: 0.059 + 0.003
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Fig. 26 Plot of A3C3/57Fe intensity ratio against Ca/Fe concentration ratio. The sensitivity factor was obtained from a
weighted average of seven MPI-Ding-glases (JocHum et al. 2006) and NBS610.
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Fig. 27 Plot of *Co/*’Fe intensity ratio against Co/Fe concentration ratio.The sensitivity factor was obtained from a
weighted average of seven MPI-Ding-glases (JocHum et al. 2006) and NBS610.
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Fig. 28 Plot of “Ni/*"Fe intensity ratio against Ni/Fe concentration ratio. The sensitivity factor was obtained from a
weighted average of seven MPI-Ding-glases (JocHum et al. 2006) and NBS610.

For each data point an absolute concentration was calculated with Eq. 47. The final
concentration of an element in a sample is the average concentration of data points in a
given range of data points. The range of data points is chosen manually for each sample (Fig.
29). In order to excluding spikes or shifts in intensities, a range is chosen that includes a

maximum number of data points of approximately equal concentrations (plateau).
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Fig. 29 Example of element concentrations in an olivine of ALHA77257 (ol-14). Raw intensities have been calculated into
concentrations (Eq. 48). Time spans with deactivated lasers have been excluded. Although Ca-concentrations show a
large scatter, the data is sufficient to distinguish olivine from pyroxene.

The error of the measurement was calculated as Gaussian error progression of Eq. 47:

o Eq. 49
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In Eqg. 49, e represents the respective errors.

Ureilite silicates often contain fine metal inclusions. In order to prevent measurements to be
compromised by these inclusions, only very clear grains were used for LA-ICP-MS. In some

grains, however, metal inclusions were ablated and measured. Depending on the size of the
inclusion, this may result in a spike of Ni- and Co-concentration or prevent the attaining of a

clear plateau altogether. Spikes and outliers were manually removed.
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Another problem arises from the relatively small grain sizes. In some cases, the silicate grains
were penetrated after only a few seconds of ablation, resulting in very short plateaus and

larger errors.

7.4 Ni-Isotope analyses
Sample dissolution, chemical Ni-separation and Ni isotope measurements were performed
by Dr. Ghylaine Quitté at the ENS Lyon with a high resolution multicollection inductively

coupled mass spectrometer (Nu1700 MC-ICP-MS, Nu Plasma Instruments).

The description of the sample dissolution and Ni-separation process has been taken from Dr.

G. Quitté, pers. comm. and QuITTE and OBERLI (2006).

The sample material is dissolved in 6N HCI, 27N HF and 16N HNOs, evaporated and taken up
in 6N HCI, evaporated again and then taken up in H,0, and HNOs. A 10% aliquot is now
taken away to determine Ni- and Fe-concentrations. The remaining 90% are taken up in 6M
HCI, dried and taken up in 1 ml of 0.5N HCI, 1 ml of citric acid and 0.4 ml of NH;OH. Now, 1
ml of 1% dimethylglycoxide (DMG) in ethanol is added to chelate Ni. To extract the Ni, the
sample is washed with 3 ml CHCI; to remove traces of Co and Cu. The Ni-chelate complex is
now back-extracted into 2 ml 2N HCI, and evaporated after adding one drop of HCIO, to
break the DMG-Ni-complex. The residue is taken up in 0.2 ml H,O and loaded onto a small-
sized cation exchange column with 50 pul of Bio-Rad AG 50W-X8 resin. Matrix elements are
eluted with 2.5 ml 0.2N HCI and the Ni-fraction is taken up in 0.5 ml of 3N HCI. After

evaporation, the Ni-fraction is taken up into 0.1N HCI for ICP-MS-Measurements.

A MC-ICP mass spectrometer uses an inductively coupled plasma torch to produce positively
charged ions from the sample material. lonization efficiency is usually very high (close to
100 %). The ionized sample material accelerated with an electrical field gradient and focused
into a narrow beam with several slits or electrostatically charged plates. The ion beam then
passes through an energy filter to produce ions with approximately identical energies, which
can then be separated in a magnetic field based on their mass to charge ratio. The ions can
then be simultaneously measured in a series of faraday cups, which convert particle impacts

to electrical current (VERVOORT and MUELLER 2008).

The Nu Plasma 1700 MC-ICPMS has a mass dispersion of 17% at zoom magnification 1 and is

equipped with 16 faraday cups that allow simultaneous measurement of all Ni isotopes (*®Ni,
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ONi, ®*Ni, ®*Ni and ®*Ni) (QuITTE and OBERLI 2006).
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8 Results

8.1 Data of individual ureilites
As the respective grains are randomly chosen for analysis (in case of LA-ICP-MS, the clearest
grains were preferred), the relative abundance of analyzed minerals does not reflect the

relative abundance of minerals in the ureilite.

8.1.1 ALH84136

Seven grains of olivine were analyzed in ALH84136 (Fig. 30) with EPMA. Olivine composition
of all samples is fag7.2.5. CaO ranges from 0.28 — 0.33, MnO ranges from 0.25 — 0.59 and
Cr,03 ranges from 0.12 — 0.56. As reduction is extensive in ALH84136, only olivine with

fa > 1.5 was used as average composition for calculations (Table 11). Three olivine grains
were analyzed with LA-ICP-MS. NiO-concentration range is 17.4 — 18.2 ug-g'1 and CoO-
concentration range is 5.7 — 6.6 ug-g "~ (Fig. 32).

Mn23i04
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Fig. 30 Ternary diagram of FezSi04-10'1, Ca,Si0, and Mn,SiO, in ALH84136 olivine. The green circle represents the
composition used in calculations.

Augite (6) and orthopyroxene grains (56) were analyzed in ALH84136 (Fig. 31) with EPMA.
Orthopyroxene is W01 36,9, FS1.458 and Enggg.9¢. CroO3-concentrations range from 0.17 —

0.90 wt% (mean 0.79 wt%). Al,03-concentrations range from 0.06 — 0.71 wt% (mean
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0.44 wt%). TiO,-concentrations range from 0.04 — 0.17 wt% (mean 0.11 wt%). Two grains of
orthopyroxene were analyzed with LA-ICP-MS. NiO-concentration range is 28.1 — 28.8 ug-g'1
and CoO-concentration range is 6.7 — 9.0 ug-g™* (Table 11, Fig. 32).

Augite is W0,6.3.38, FS1.0.3 and Ensg 3.71. CryO3-concentrations range from 0.72 — 0.86 wt% (mean
0.80 wt%). Al,0s-concentrations range from 0.62 — 0.85 wt% (mean 0.76 wt%). TiO,-

concentrations range from 0.18 — 0.26 wt% (mean 0.23 wt%).
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Fig. 31 Composition of pyroxenes in ALH84136. Circles represent the composition of orthopyroxenes, with the red circle
giving the average orthopyroxene composition. Diamonds give the composition of augite, with the blue diamond giving
the average augite composition.
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Fig. 32 NiO and CoO concentrations in olivine and pyroxene in ALH84136. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 11 Composition of olivine, orthopyroxene and augite in ALH84136. Data obtained with EMPA, except for NiO and
CoO, which was obtained with LA-ICP-MS. Number of grains included in average is given in parenthesis.

Olivine (3) Orthopyroxene (56) Augite (6)
wi% 20 wi% 20 wit% 2c

SiO, 41.99 0.21 57.82 0.17 55.48 0.25
TiO, 0.04 0.01 0.11 0.01 0.23 0.04
FeO 2.09 0.50 2.80 0.09 1.70 0.20
Al,O3 0.05 0.03 0.44 0.02 0.76 0.08
MgO 54.92 0.52 35.55 0.20 23.45 1.86
CaO 0.32 0.03 2.62 0.07 17.30 2.04
Cr,05 0.51 0.05 0.79 0.02 0.80 0.04
MnO 0.56 0.03 0.51 0.01 0.38 0.02

Olivine (3) Orthopyroxene (2)

ug-g™ 20 ug g™ 20

NiO 17.9 1.3 28.5 2.6
CoO 6.2 0.3 7.5 2.0
Number of
oxygen ions: 4 6 6
Si 0.993 1.970 1.969
Ti 0.000 0.003 0.006
Fe 0.051 0.080 0.050
Al 0.001 0.018 0.032
Mg 1.936 1.805 1.240
Ca 0.008 0.096 0.658
Cr 0.010 0.021 0.022
Mn 0.011 0.015 0.012
T 1.000 1.996 2.020
M 2.001 2.014 1.987
Total 3.001 4.010 4.007
Fa 2.1
En 90.2 62.0
Wo 4.8 32.9
Fs 4.0 2.5

The dominant metal phase in ALH84136 is FeNi vein metal. EPMA analyzes of 44 vein metal
grains (Table 12) give Ni-concentrations ranging from 3.2 to 4.5 wt% (mean 4.1 wt%), Co-
concentrations ranging from 0.20 to 0.33 wt% (mean 0.29 wt%), Cr-concentrations ranging
from 0.05 to 0.32 wt% (mean 0.13 wt%) and Si-concentrations ranging from 0.01 to

1.31 wt% (mean 1.1 wt%).

Two cohenite spherule inclusions (90.25 —91.82 wt% Fe, 1.96 - 1.99 wt% Ni, 0.22 — 0.25 wt%
Co, 0.15-0.33 wt% Cr and 0.02 — 0.04 wt% Si) were analyzed.

Silicate grains contain inclusions of Fe-metal (8 grains) of varying composition (1.01 —

8.52 wt% Ni, 0.08 — 0.45 wt% Co, 0.05 — 0.15 wt% Cr and 0.05 — 0.95 wt% Si), troilite (5

78



grains, Ni and Co <0.02 wt%, 4.38 - 7.13 wt% Cr, 0.07 - 1.13 wt% Si, 0.34-0.49 wt% Mn) and
daubreelithe (2 grains, Ni and Co <0.02 wt%, 33.2 - 33.5 wt% Cr, 2.0 — 2.3 wt% Mn).

Table 12 Composition of metal, sulfide phases and cohenite in ALH84136. Data obtained with EPMA. Values marked with
‘<’ are below detection limit.

Spherule inclusion Vein metal (44) Inclusions

Cohenite (2) Troilite (5)  Daubreelithe (2)

wit% 20 wit% 26 wit% 26 wt% 20
P 0.04 0.05 0.12 0.02 <0.02 <0.02
Si 0.03 0.02 111 0.06 0.38 0.40 0.18 0.21
Cr 0.24 0.18 0.13 0.02 541 092 3338 0.33
Fe 91.04 157 9427 0.29 54.05 1.32 1821 0.60
Co 0.23 0.03 0.29 0.01 <0.02 <0.02
S 0.04 0.01 <0.02 3791 056 43.66 1.00
Ni 1.98 0.03 4.15 0.06 <0.02 <0.02
Mn <0.02 <0.02 042 0.06 2.16 0.32
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8.1.2 ALHA77257

Olivine and orthopyroxenes were analyzed in ALHA77257 with EPMA. Olivine (24 grains
analyzed) is fas o.13.9 With an average of fa;3. CaO-concentrations are 0.29 — 0.35 wt% (mean
0.30 wt%), Cr,0s-concentrations are 0.63 — 0.81 wt% (mean 0.71 wt%), MnO-concentrations
are 0.39 — 0.52 wt% (mean 0.45 wt%). NiO and CoO concentrations have been determined
from 9 olivine grains with LA-ICP-MS (Fig. 35). NiO-concentrations range from

54.1to 66.5 pg-g "’ (mean 56.8 pug-g’) and CoO-concentrations range from 28.2 to 32.8 pg-g”
(mean 29.8 ug-g™).
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Fig. 33 Ternary diagram of FeZSi04-1O'1, Ca,Si0, and Mn,SiO, in ALHA77257 olivine. The green circle represents the
average composition. Grey circles are data taken from BERKLEY et al. (1980), TAKEDA (1987) and GooDRICH et al. (1987a).

Orthopyroxene (60 grains analyzed) is Wos 7.6.4 (mean Wogy), FS11.0.12.4 (Mmean Fs;;g) and
Envs.,.32.7 (mean Enggg) with 0.03 - 0.13 wt% TiO, (mean 0.08 wt%), 0.39 — 0.56 wt% MnO
(mean 0.47) and 1.00 — 1.26 wt% Cr,03 (mean 1.11 wt%). Five grains of orthopyroxene were
analyzed with LA-ICP-MS (Fig. 35), giving 14.5 — 18.2 ug-g”* NiO (mean 17.1 pg-g™) and 13.1 -
14.4 pg-g™ CoO (mean 14.0 pg-g™).
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Fig. 34 Composition of pyroxenes in ALHA77257. Circles represent the composition of orthopyroxenes (60 grains), with

the red circle giving the average composition. Grey circles represent data taken from BERKLEY et al. (1980) and TAKEDA
(1987).
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Fig. 35 NiO and CoO concentrations in olivine and pyroxene in ALHA77257. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 13 Composition of olivine and orthopyroxene in ALHA77257. Data obtained with EMPA, except for NiO and CoO,
which was obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis. Values marked with ‘<’ are below
detection limits.

olivine (24) orthopyroxene (60)
wt% 26 wi% 2c
SiO, 40.46 0.23 57.27 0.18
TiO, <0.02 0.08 0.01
FeO 12.96 0.15 8.20 0.06
AlL,O3 0.03 0.01 0.60 0.01
MgO 47.47 0.49 31.60 0.17
CaO 0.30 0.01 3.26 0.01
Cr,0; 0.71 0.02 111 0.02
MnO 0.45 0.01 0.47 0.01
olivine (9) orthopyroxene (5)
ug-g™ 20 ug g* 20
NiO 56.8 2.3 17.1 1.9
CoO 29.8 11 14.0 0.8
Number of
oxygen ions 4 6
Si 0.986 1.964
Na 0.001 0.003
K 0.000 0.000
Ti 0.000 0.002
Fe 0.264 0.235
Al 0.001 0.024
Mg 1.724 1.615
Ca 0.008 0.120
Cr 0.014 0.030
Mn 0.009 0.014
T 0.986 1.964
M 2.021 2.044
Total 3.007 4.008
fa 13.2
En 80.8
Wo 6.0
Fs 11.8

In ALHA77257 43 grains of vein metal were analyzed. Vein metal contains 3.31 - 4.29 wt% Ni
(mean 3.86 wt%), 0.22 - 0.37 wt% Co (mean 0.27 wt%), 0.20 - 0.37 wt% Cr (mean 0.30 wt%)
and <0.02 — 0.04 wt% Si (mean 0.03 Si).

As it has been reported in GoobRricH and BERKLEY (1986), ALHA77257 contains numerous
spherule inclusions. Most spherules analyzed (7) are sulfide + FeNi-metal, 1 spherule is
cohenite only. Cr-poor sulfide, with 0.76 — 2.52 wt% Cr, is more abundant (5 grains) than Cr-
rich sulfide, with >7.1 wt% Cr (2 grains). The metal in spherule inclusions can also be
distinguished into 2 types: A Ni-poor metal with 2.4 wt% Ni (2 grains) and a Ni-rich metal
with 4.97 — 5.97 wt% Ni (7 grains). Ni-poor metal is not associated with Cr-poor metal.
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Silicate grains in ALHA77257 also contain numerous metal inclusions of variable composition

(0.44 — 4.16 wt% Ni, <0.02 - 0.31 wt% Co, <0.02 — 0.25 wt% Si and 0.13 — 0.34 wt% Cr).

Table 14 Composition of vein metal and sulfide phases, metal and cohenite from spherule inclusions in ALHA77257. Data
obtained with EPMA. Values marked with ‘<’ are below detection limit.

Vein metal Spherule Inclusions
(43)
Cr-rich sulfide Sulfide (5) Ni-rich metal  Ni-poor metal  Cohenite (1)
(2) (7) (2)

wit% 206 wit% 2c wit% 2c wit% 2c wit% 2c wit% 2c
Si 0.03 0.01 0.16 0.12 0.13 0.07 <0.02 0.02 0.01 0.03 0.01
Cr 0.3 0.01 7.43 0.34 1.25 0.32 0.07 0.01 0.31 0 0.37 0.02
Fe 95.11 0.18 5241 052 6119 061 9437 039 96.12 1.77 91.18 0.27
Co 0.27 0.01 <0.02 <0.02 0.02 0.4 0.02 0.15 0.01 0.13 0.01
S <0.02 37.03 0.24 36.16 0.23 <0.02 <0.02 <0.02
Ni 3.86 0.04 0.22 0.13 0.08 0.01 5.44 0.11 2.43 0.01 1.34 0.02
Mn 0.01 0 1.1 0.01 0.09 0.04 0.01 0 0.01 0 0.03 0.01
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8.1.3 DaG340
In DaG340, 38 grains of olivine and 22 grains of orthopyroxene were analyzed with EPMA
and 5 grains of olivine and 2 grains of orthopyroxene were analyzed with LA-ICP-MS (Table

15).

Olivine composition is fa17.3.20.3 (Mean faig0) with 0.32 —0.42 wt% CaO (mean 0.37 wt%),
0.70 — 0.88 wt% Cr,03 (mean 0.78 wt%) and 0.37 — 0.50 wt% MnO (mean 0.43 wt%) (Fig. 36).
LA-ICP-MS measurements give 90.1 - 116.0 ug-g'1 (mean 105.0 ug-g'l) NiO and 42.1-57.4

ng-g™* CoO (mean 52.1 pg-g).

Mn23i04
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Fig. 36 Ternary diagram of FeZSi04-10'1, Ca,Si0, and Mn,SiO, in DaG340 olivine (38 grains). The green circle represents
the average composition. Grey circle is data taken from SINGLETARY and GRovE (2003).

Orthopyroxene composition is Wog,.10.3 (mean Wogs), FS15.5.21.3 (Mmean Fsige) and Enyg 1723
(mean Enyy3) with 0.02 — 0.15 wt% TiO;, (mean 0.14 wt%), 1.13 — 1.38 wt% Cr,03 (mean 1.26
wt%) and 0.39 — 0.50 wt% MnO (mean 0.44 wt%) (Fig. 37). LA-ICP-MS measurements give
28.0—29.5 pg-g”* (mean 28.8 pg-g*) NiO and 23.8 — 25.2 CoO (mean 24.5 ug-g).
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Fig. 37 Composition of pyroxene in DaG340. Circles represent the composition of orthopyroxenes (22 grains), with the

red circle giving the average composition. Literature data from SINGLETARY and GRoOVE (2003) is identical to the average
composition and therefore not visible.
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Fig. 38 NiO and CoO concentrations in olivine and pyroxene in DaG340. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 15 Composition of olivine and orthopyroxene in DaG340. Data obtained with EMPA, except for NiO and CoO, which
was obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis.

Olivine (38) Orthopyroxene (22)
wit% 2c wit% 2c
SiO, 39.58 0.08 55.50 0.29
TiO, 0.02 0.01 0.09 0.01
FeO 18.18 0.20 11.24 0.35
Al O3 0.04 0.01 0.82 0.02
MgO 42.68 0.19 27.05 0.15
CaO 0.37 0.01 5.03 0.05
Cr,04 0.78 0.02 1.26 0.03
MnO 0.43 0.01 0.43 0.01
Olivine (5) Orthopyroxene (2)
pHg-g™ 20 ngg” 20
NiO 105.0 17.0 28.8 2.0
CoO 52.1 6.7 24.5 2.0
Number of
oxygen ions 4 6
Si 0.991 1.963
Ti 0.000 0.002
Fe 0.381 0.332
Al 0.001 0.034
Mg 1.592 1.426
Ca 0.010 0.191
Cr 0.015 0.035
Mn 0.009 0.013
T 1.001 2.004
M 2.000 1.997
Total 3.001 4.001
fa 19.3
En 71.3
Wo 9.5
Fs 16.6

Due to the severe weathering of the sample, only 1 grain of vein metal was analyzed. It

contains 3.79 wt% Ni, 0.24 wt% Co, 0.17 wt% Cr and 2.06 wt% Si.

Silicate grains in DaG340 contain inclusions of sulfide (2 grains) and Fe-metal (6 grains). The
composition of troilite and metal is very variable in Ni- and Co-concentrations (troilite 0.09 —

1.04 wt% Ni, <0.02 wt% Co and Fe-metal 0.45 — 13.56 wt% Ni, 0.05 — 0.64 wt% Co).
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8.1.4 EET87517
In EET87517, 17 grains of olivine, 63 grains of orthopyroxene and 1 grain of plagioclase were
analyzed with EPMA. One grain of olivine and 4 grains of orthopyroxene were analyzed with

LA-ICP-MS (Table 16).

Olivine composition is fas.0.13.9 (Mmean fa;g) with 0.27 — 0.41 wt% CaO (mean 0.31 wt%), 0.33
—0.76 wt% Cr,03 (mean 0.37 wt%) and 0.36 — 0.40 wt% MnO (mean 0.47 wt%) (Fig. 39). LA-
ICP-MS measurements (Fig. 41) give 45.6 ug-g”* NiO and 22.6 pg-g™* CoO.
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Fig. 39 Ternary diagram of FeZSi04-10'1, Ca,Si0,4 and Mn,SiO, in EET87517 olivine (17 grains). The green circle represents
the average composition. Grey circle is data taken from SINGLETARY and GRoOVE (2003).

Orthopyroxene (63 grains analyzed) is Wo4.3.49 (mean Wogae), Fse.a-104 (Mmean Fs;4) and Engse.
g9.8 (mean Engyg) with 0.05 - 0.26 wt% TiO, (mean 0.14 wt%), 0.27 — 0.49 wt% MnO (mean
0.39) and 0.47 — 0.66 wt% Cr,03 (mean 0.58 wt%). Four grains of orthopyroxene (Fig. 41)
were analyzed with LA-ICP-MS, giving 13.8 — 43.1 ug-g™* NiO (mean 18.0 pg-g) and 10.1 —

12.6 ug-g* CoO (mean 11.6 pg-g™).

The plagioclase is Abss 3 and Angg 7 with 0.29 wt% FeO, 0.08 wt% TiO, and <0.02 wt% of MnO
and MgO.
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Fig. 40 Composition of pyroxene in EET87517. Circles represent the composition of orthopyroxenes (63 grains), with the
red circle giving the average composition. Literature data from SINGLETARY and GRoOVE (2003) is identical to the average
composition of orthopyroxene (red circle) and therefore not visible.
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Fig. 41 NiO and CoO concentrations in olivine and pyroxene in EET87517. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 16 Composition of olivine and orthopyroxene in EET87517. Data obtained with EMPA, except for NiO and CoO,
which was obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis. Values marked with ‘<’ are below
detection limit.

Olivine (17) Orthopyroxene | (63) Orthopyroxene Il (3)  Plagioclase (1)
wi% 26 wit% 26 wi% 2c wit% 2c
SiO, 41.17 0.14 57.97 0.21 56.71 0.88 56.84 0.16
Na,O <0.02 0.05 o0.01 0.05 0.02 6.70 0.50
TiO, <0.02 0.14 0.01 0.11 0.03 0.08 0.03
FeO 7.92 0.11 521 0.15 8.29 0.13 0.29 0.00
Al,O3 0.04 0.01 055 0.01 0.59 0.05 2755 1.01
MgO 51.52 0.24 3484 0.21 30.59 0.80 0.00 0.00
CaO 0.31 0.01 253 0.02 3.36 0.12 9.80 0.14
Cry,03 0.37 0.01 0.58 0.01 1.12 0.03 <0.02
MnO 0.40 0.01 0.39 0.01 0.45 0.03 <0.02
Olivine (1) Orthopyroxene (4)
g-g” 20 ng g™ 20
NiO 45.6 4.1 18.0 15.0
CoO 22.6 2.0 11.6 1.8
Number of
oxygen ions 4 6 6 8
Si 0.986 1.963 1.972 2.529
Na 0.000 0.003 0.004 0.578
Ti 0.000 0.004 0.003 0.003
Fe 0.159 0.148 0.241 0.011
Al 0.001 0.022 0.024 1.445
Mg 1.839 1.758 1.586 0.000
Ca 0.008 0.092 0.125 0.467
Cr 0.007 0.015 0.031 0.000
Mn 0.008 0.011 0.013 0.000
T 0.989 1.992 2.003 3.977
M 2.021 2.025 1.996 1.057
Total 3.010 4.017 4.000 5.034
fa 7.8
Wo 4.6 6.3
Fs 7.4 12.1
En 87.9 79.3
Ab 55.3
An 44.7

EET87517 contains two different types of vein metal. The first type (6 grains) is Si- and Ni-
poor (<0.02 wt% Si, 3.62 — 4.09 wt% Ni (mean 3,88 wt%)) but Cr-rich (0.21 — 0.27 wt% Cr
(mean 0.25 wt%)), the other (15 grains) is Si- and Ni- rich (1.14 — 4.74 wt% Si (mean 1.51),
4,93 —5.72 wt% Ni (mean 5.45)) and Cr-poor (<0.02 — 0.10 wt% Cr (mean 0.05 wt%).
EET87517 contains sulfide vein material (4 grains). The sulfide contains 0.05 — 0.14 wt% Ni
(mean 0.11), <0.02 wt% Co, 0.59 — 0.92 wt% Mn (mean 0.71 wt%) and 5.25 — 8.14 wt% Cr

(mean 6.40 wt%).

Eleven different spherule inclusions have been analyzed in EET87517. Spherule inclusions
are FeNi-metal + troilite (1), troilite + cohenite (2), FeNi-metal (4), troilite (2), cohenite (1) or

FeNi-metal + troilite + cohenite (1). Only the metal + troilite + cohenite spherule is
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associated with Ni-rich metal (8.18 wt% Ni, 0.58 wt% Co, 0.05 wt% Cr and <0.02 wt% Si),
while the metal in other spherules is similar to Ni-rich vein metal, but less abundant in Si
(5.32-6.18 wt% Ni (mean 5.73), 0.39 — 0.53 wt% Co (mean 0.45 wt%), <0.02 wt% Cr and
<0.02 - 1.24 wt% Si (mean 0.37 wt%)). Cohenite in spherule inclusions contains 1.66 — 1.78
wt% Ni (mean 1.71 wt%), 0.27 — 0.29 wt% Co (mean 0.28 wt%), 0.08 — 0.26 wt% Cr (mean
0.19) and <0.02 wt% Si.

Table 17 Composition of vein metal, vein troilite and sulfide phases, metal and cohenite from spherule inclusions in
EET87517. Data obtained with EPMA. Values marked with ‘<’ are below detection limit

Si-rich vein metal (15) Si-poor vein metal Il (6) Vein troilite (4)

wi% 2c wi% 26 wi% 2c
Si 151 0.46 0.04 0.02 0.09 0.05
Cr 0.05 0.01 0.25 0.02 6.40 1.30
Fe 92.48 0.53 94.69 1.13 53.58 2.45
Co 0.45 0.03 0.27 0.04 <0.02
S <0.02 <0.02 37.27 0.47
Ni 5.45 0.10 3.88 0.12 0.11 0.04
Mn <0.02 <0.02 0.71 0.15

Spherule inclusions

Cohenite (4) Ni-rich metal (1) Ni-poor metal (5) troilite (4)

wit% 26 wit% 26 wit% 26 wit% 26
Si 0.03 0.01 <0.02 0.37 0.44 0.04 0.02
Cr 0.19 0.09 0.05 0.02 0.04 0.02 3.13 1.84
Fe 90.10 0.32 90.91 1.64 93.38 1.16 58.45 2.50
Co 0.28 0.01 0.58 0.02 0.45 0.04 <0.02
S <0.02 <0.02 <0.02 36.89 0.55
Ni 1.71 0.05 8.19 0.14 573 0.27 0.12 0.02
Mn <0.02 <0.02 <0.02 0.38 0.25
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8.1.5 EET96042
In EET87517, 53 grains of olivine and 8 grains of orthopyroxene were analyzed with EPMA.

Five grain of olivine and 3 grains of orthopyroxene were analyzed with LA-ICP-MS (Table 18).

Olivine composition is fa14.9.180 (Mean fa;7,) with 0.28 — 0.56 wt% CaO (mean 0.34 wt%),
0.54 — 0.92 wt% Cr,03 (mean 0.80 wt%) and 0.38 — 0.54 wt% MnO (mean 0.45 wt%) (Fig. 42).
LA-ICP-MS (Fig. 44) measurements give 59.6 — 77.2 pg-g* NiO (mean 73.2 ug-g™) and 37.7 —
45.6 pg-g™* CoO (mean 41.7 pg-g™*). Only grains with FeO > 14 wt% have been included into
the calculation of mean values, as smaller FeO-concentrations probably represent reduced

grains (Fig. 42).
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Fig. 42 Ternary diagram of FeZSiO,,-lO'l, Ca,Si0, and Mn,SiO, in EET96042 olivine (53 grains). The green circle represents
the average composition.

Orthopyroxene composition is Wog 7.9, (mean Woy), Fs11.4.15.1 (Mmean Fsi39) and Enyy877.1
(mean Enysg) with 0.05 — 0.14 wt% TiO;, (mean 0.09 wt%), 1.30 — 1.40 wt% Cr,03 (mean 1.35
wt%) and 0.41 — 0.52 wt% MnO (mean 0.47 wt%) (Fig. 43). LA-ICP-MS measurements (Fig.
44) give 24.8 —34.2 ug-g™ (mean 28.0 pg-g™) NiO and 16.5 — 18.7 CoO (mean 17.4 pg-g™).
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Fig. 43 Composition of pyroxene in EET96042. Circles represent the composition of orthopyroxenes (8 grains), with the
red circle giving the average composition.
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Fig. 44 NiO and CoO concentrations in olivine and pyroxene in EET96042. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 18 Composition of olivine and orthopyroxene in EET96042. Data obtained with EMPA, except for NiO and CoO,
which were obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis.

Olivine (46) Orthopyroxene (8)
wt% 2c wt% 2c
SiO, 39.12 1.87 55.32 0.54
TiO, 0.02 0.04 0.09 0.02
FeO 16.29 0.91 9.35 0.55
AlLO3 0.03 0.05 0.78 0.10
MgO 43.72 1.57 27.86 0.52
CaO 0.34 0.08 470 0.10
Cr,05 0.80 0.13 135 0.03
MnO 045 0.07 0.47 0.03
Olivine (5) Orthopyroxene (3)
uggt 2o ugg* 20
NiO 73.2 7.3 28.2 4.3
CoO 41.7 5.1 17.4 25
Number of
oxygen ions 4 6
Si 0.985 1.969
Ti 0.000 0.002
Fe 0.343 0.278
Al 0.001 0.033
Mg 1.641 1.477
Ca 0.009 0.179
Cr 0.016 0.038
Mn 0.009 0.014
T 0.985 1.969
M 2.022 2.028
Total 3.007 3.997
fa 17.2
En 73.9
Wo 9.0
Fs 13.9

In EET96042, 14 grains of vein metal, 9 grains of vein troilite and 27 grains of metal and

troilite inclusion in silicate grains were analyzed (Table 19).

The vein metal contains 3.36 — 5.57 wt% Ni (mean 4.75 wt%), 0.13 wt% - 0.36 wt% Co (mean
0.29 wt%) and 0 — 0.16 wt% Cr (mean 0.07 wt%). Of 14 grains, 12 contain 4.71 — 5.35 wt% Si
(mean 4.88 wt%), while 2 grains contain <0.02 wt% Si. The vein troilite contains <0.02 - 0.27
wt% Ni, <0.02 Co, 0.05 — 0.45 wt% Mn (mean 0.24 wt%) and <0.02 — 0.30 wt% Si. Vein troilite
is very variable in Cr, with concentrations ranging from 0.41 to 8.93 wt%. Three of 9 grains

contain less than 1.4 wt% Cr, while the other grains contain >5.77 wt% Cr.

Sulfide inclusions in silicate grains (11 grains analyzed) are of similar composition as vein
troilite, showing the same variability in Cr-concentrations (0.57 — 9.14 wt%). Metal inclusion

in silicate grains (16 grains analyzed) contain 0.12 — 5.80 wt% Ni and <0.02 — 0.41 wt% Co.
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The Ni- and Co-poor metal probably represents metal produced from silicate reduction. In

contrast to vein metal, metal inclusions contain <0.02 — 1.18 wt% Si (mean 0.11 wt%).

Table 19 Composition of vein metal, vein troilite, metal and troilite inclusions in EET96042. Data obtained with EPMA.
Values marked with ‘<’ are below detection limit. Elements with high variability are given as ranges.

Vein metal (12) Vein troilite (11) Metal inclusions Troilite inclusions
(16) (11)
wit% 26 wit% 26 wit% 26 wit% 26

Si 488 0.18 0.1 0.04 0.11 0.2 0.1 0.04
Cr 0.08 0.03 0.41-8.93 0.14 0.04 0.57-9.14
Fe 90.8 0.72 58.82 3.72 97.55 1.77 58.82 3.72
Co 0.30 0.03 <0.02 <0.02-0.41 <0.02

S 0.01 0.01 35.79 1.27 <0.02 35.79 1.27
Ni 489 0.23 0.36 0.42 0.12-5.80 0.36 0.42
Mn 0 0.01 0.29 0.11 0.02 0.01 0.29 0.11
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8.1.6 EET96331
In EET96331, 27 grains of olivine, 32 grains of orthopyroxene and 3 grains of augite were
analyzed with EPMA. Five grain of olivine and 5 grains of orthopyroxene were analyzed with

LA-ICP-MS (Table 20).

Olivine composition is fag 1.12.6 (Mmean fai1g) with 0.23 —0.30 wt% CaO (mean 0.27 wt%), 0.43
—0.57 wt% Cr,03 (mean 0.48 wt%) and 0.47 — 0.66 wt% MnO (mean 0.55 wt%). LA-ICP-MS
measurements (Fig. 47) give 18.5 — 28.4 ug-g"* NiO (mean 20.1 ug-g*) and 6.7 - 8.1 pg-g™
CoO (mean 7.6 pg-g™). Only grains with FeO > 10 wt% have been included into the
calculation of mean values, as smaller FeO-concentrations probably represent reduced

grains (Fig. 45).
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Fig. 45 Ternary diagram of FeZSi04-1O'1, Ca,Si0, and Mn,SiO, in EET96331 olivine (27 grains). The green circle represents
the average composition.

Orthopyroxene composition is Wo4.3.46 (mean Woys), FSgo.11.7 (mean Fsip7) and Engy 1847
(mean Engs 3) with 0.06 — 0.21 wt% TiO;, (mean 0.12 wt%), 0.88 — 1.13 wt% Cr,03 (mean 1.00
wt%) and 0.45 — 0.62 wt% MnO (mean 0.53 wt%). Augite composition is W0346.35, (mean
Wo03s.0), FSe.2.6.4 (Mmean Fsg3) and Ens, 7545 (Mmean Engs3) with 0.20 — 0.30 wt% TiO, (mean

0.26 wt%), 1.13 — 1.31 wt% Cr,03 (mean 1.21 wt%) and 0.36 — 0.43 wt% MnO (mean 0.38
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Wt%) (Fig. 46). LA-ICP-MS measurements (Fig. 47) give 5.4 — 17.7 ug-g™ (mean 9.9 ug-g™) NiO
and 3.2 —4.2 CoO (mean 3.8 ug-g™).

CapSiz0g

Fig. 46 Composition of pyroxenes in EET96331. Circles represent the composition of orthopyroxenes (32), with the red
circle giving the average orthopyroxene composition. Diamonds give the composition of augite (3), with the blue
diamond giving the average augite composition.
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Fig. 47 NiO and CoO concentrations in olivine and pyroxene in EET96331. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 20 Composition of olivine and pyroxenes in EET96331. Data obtained with EMPA, except for NiO and CoO, which
was obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis. Values marked with ‘<’ are below
detection limit.

Olivine (25) Orthopyroxene (32) Augite (3)
wi% 2c wit% 26 wi% 2c
SiO, 40.58 0.12 56.41  0.16 53.71 0.91
Na,O <0.02 <0.02 0.24 0.08
TiO, 0.02 0.01 0.12 0.01 0.26 0.06
FeO 11.70 0.22 740 0.12 417 0.04
Al,O3 0.03 0.01 1.20 0.02 1.93 0.03
MgO 49.07 0.32 3241 0.18 19.89 0.80
CaO 0.27 0.01 243 0.02 18.02 0.18
Cry,03 0.48 0.01 1.00 0.02 123 011
MnO 0.55 0.02 0.53 0.02 0.38 0.05
Olivine (5) Orthopyroxene (5)
ug-g™ 20 ugg* 20
NiO 20.1 4.3 9.9 6.0
CoO 7.6 0.8 3.8 0.5
Number of
oxygen ions 4 6 6
Si 0.981 1.947 1.945
Na 0.000 0.003 0.017
Ti 0.000 0.003 0.007
Fe 0.236 0.213 0.126
Al 0.001 0.049 0.083
Mg 1.767 1.666 1.073
Ca 0.007 0.090 0.699
Cr 0.009 0.027 0.035
Mn 0.011 0.015 0.012
T 0.981 1.947 1.945
M 2.034 2.067 2.052
Total 3.014 4.014 3.997
fa 11.8
En 83.3 53.7
Wo 4.5 35.0
FS 10.7 6.3

In EET96331, 6 grains of vein metal, 7 grains of troilite inclusions and 2 grains of metal

inclusions were measured (Table 21).

The vein metal contains 4.78 — 5.11 wt% Ni (mean 4.91 wt%), 0.31 - 0.34 wt% Co (mean 0.32
wit%), 0.04 — 0.15 wt% Cr (mean 0.10 wt%) and 3.30 — 4.91 wt% Si (mean 4.20 wt%)

Metal inclusions in silicate grains contain 0.47 — 0.85 wt% Ni (mean 0.66 wt%), 0.04 wt% Co
and 0.11 - 0.13 wt% Cr (mean 0.10 wt%), 0.05 wt% Si and probably represent metal derived
from silicate reduction. Two types of troilite inclusions are present in EET96331, Cr-rich and
Cr-poor troilite. Cr-poor troilite (4 grains) contains 0.05 — 0.21 wt% Ni (mean 0.12 wt%),
<0.02 wt% Co, 0.08 — 0.16 wt% Mn (mean 0.14 wt%), 0.33 — 0.79 wt% Cr (mean 0.56 wt%)
and <0.02 — 0.39 wt% Si (mean 0.16 wt%). Cr-rich troilite (3 grains) contains 0.03 — 0.08 wt%

97



Ni (mean 0.05 wt%), <0.02 wt% Co, 0.41 — 0.80 wt% Mn (mean 0.66 wt%), 4.57 — 13.38 wt%
Cr and <0.02 — 0.49 wt% Si (mean 0.20 wt%).

Table 21 Composition of vein metal, metal and troilite inclusions in EET96331. Data obtained with EPMA. Values marked
with ‘<’ are below detection limit. Elements with high variability are given as ranges.

Vein metal (6) Metal inclusions (2) Cr-poor troilite Cr-rich troilite
wt% 2c wt% 2c wt% 2c wt% 2c
Si 4.20 0.58 0.05 0.01 0.16 0.16 <0.02 - 0.49
Cr 0.10 0.03 0.12 0.02 0.56 0.22 4.57 - 13.38
Fe 89.85 0.57 97.54 1.44 61.36 0.60 44,71 - 54.94
Co 0.32 0.01 0.04 0.00 <0.02 <0.02
S <0.02 0.09 0.15 36.09 1.03 38.27 1.42
Ni 4.91 0.14 0.66 0.38 0.12 0.08 0.05 0.03
Mn <0.02 <0.02 0.14 0.04 0.66 0.25
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8.1.7 GRA95205
In GRA95205, 70 grains of olivine, 4 grains of Ca-rich orthopyroxene and 7 grains of Ca-poor
orthopyroxene were analyzed with EPMA. Ten grains of olivine and 5 grains of

orthopyroxene were analyzed with LA-ICP-MS (Table 22).

Olivine composition is faig0-22.2 (mean fai97) with 0.17 — 0.50 wt% CaO (mean 0.28 wt%),
0.48 — 0.80 wt% Cr,03 (mean 0.64 wt%) and 0.33 — 0.56 wt% MnO (mean 0.42 wt%). LA-ICP-
MS measurements (Fig. 50) give 74.1 — 111.2 ug-g ™' NiO (mean 88.3 ug-g') and 44.6 — 51.9
ng-g ™t CoO (mean 48.9 pg-g?). Only grains with FeO > 16 wt% have been included into the
calculation of mean values, as smaller FeO-concentrations probably represent reduced

grains (Fig. 48).
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Fig. 48 Ternary diagram of FeZSi04-10'1, Ca,Si0, and Mn,Si0, in GRA95205 olivine (70 grains). The green circle represents
the average composition. The grey circle represents data from SINGLETARY and GRoOVE (2003).

The composition of Ca-rich orthopyroxene (4 grains) is Wog .9, (mean Wogg), FS14.1.14.8
(mean Fsi45) and Eny.9.765 (Mmean Enys¢) with 0.07 — 0.10 wt% TiO, (mean 0.09 wt%), 1.29 —
1.40 wt% Cr,03 (mean 1.39 wt%) and 0.43 — 0.48 wt% MnO (mean 0.45 wt%). The
composition of Ca-poor orthopyroxene (7 grains) is W03 4.3.9 (mean Wosg), Fs14.5.16.6 (Mmean
Fsis.6) and Ensss.g1.8 (mean Engg3) with 0.03 —0.10 wt% TiO, (mean 0.07 wt%), 1.03 — 1.22

wt% Cr,03 (mean 1.11 wt%) and 0.35 — 0.44 wt% MnO (mean 0.38 wt%) (Fig. 49). LA-ICP-MS
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measurements (Fig. 50) give 24.7 — 50.0 pg-g "' (mean 32.3 pg-g™’) NiO and 19.7 — 24.5 CoO
(mean 21.3 pg-g™).
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Fig. 49 Composition of pyroxenes in GRA95205. Circles represent the composition of Ca-rich orthopyroxenes (4 grains),
with the red circle giving the average composition. Squares give the composition Ca-poor orthopyroxene (7 grains), with
the yellow square giving the average composition. Grey circles represent data taken from SINGLETARY and GRoOVE (2003).
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Fig. 50 NiO and CoO concentrations in olivine and pyroxene in GRA95205. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 22 Composition of olivine and pyroxenes in GRA95205. Data obtained with EMPA, except for NiO and CoO, which
was obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis.

Olivine (62) Ca-rich orthopyroxene (4) Ca-poor orthopyroxene (7)
wit% 20 wt% 2c wit% 2c

SiO, 39.15 0.12 55.28 0.88 55.83 0.71
Na,O 0.03 0.01 0.13 0.06 0.08 0.05
TiO, 0.01 0.00 0.09 0.01 0.07 0.02
FeO 18.91 0.14 9.81 0.20 10.63 0.33
AlL,O3 0.04 0.01 0.69 0.04 0.74 0.22
MgO 43.39 0.20 28.75 0.38 30.95 0.40
CaO 0.28 0.01 4.66 0.16 1.74 0.23
Cr,05 0.64 0.01 1.35 0.05 111 0.04
MnO 0.42 0.01 0.45 0.02 0.38 0.02

Olivine (10) Orthopyroxene (5)

png-g™ 20 ngg” 20

NiO 88.3 8.5 27.0 6.0
CoO 48.9 1.8 21.3 2.4
Number of
oxygen ions 4 6
Si 0.977 1.950 1.951
Na 0.001 0.009 0.005
Ti 0.000 0.002 0.002
Fe 0.395 0.289 0.311
Al 0.001 0.029 0.030
Mg 1.613 1512 1.612
Ca 0.007 0.176 0.065
Cr 0.013 0.038 0.031
Mn 0.009 0.013 0.011
T 0.977 1.950 1.951
M 2.040 2.068 2.068
Total 3.017 4.019 4.019
fa 19.7
En 75.6 80.3
Wo 8.8 3.6
Fs 14.5 15.6

In GRA95205, 44 grains of vein metal and 20 grains of metal inclusions in silicate grains have

been analyzed (Table 23).

The vein metal contains 2.56 — 4.64 wt% Ni (mean 3.63 wt%), 0.15 - 0.34 wt% Co (mean 0.26
wt%) and 0.03 — 0.41 wt% Cr (mean 0.20 wt%). Vein metal in GRA95205 is variable in Si-

concentration, ranging from <0.02 to 1.55 wt% (mean 0.58 wt%).

Metal inclusions in silicate grains are similar to vein metal, except for a wider spread in Co
and Ni concentrations (0.69 — 4.05 wt% Ni, 0.03 — 0.35 wt% Co). Ni- and Co-poor inclusions

probably represent metal formed by silicate reduction.
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Table 23 Composition of vein metal and metal inclusions in GRA95205. Data obtained with EPMA. Values marked with ‘<’
are below detection limit. Elements with high variability are given as ranges.

vein metal (44) metal inclusions (20)
wt% 20 wt% 2c
P 0.22 0.03 0.15 0.04
Si <0.02 - 1.55 <0.02 - 1.65
Cr 0.20 0.03 0.16 0.05
Fe 96.10 0.46 97.32 0.71
Co 0.26 0.01 0.16 0.04
S <0.02 <0.02
Ni 3.63 0.17 0.69 - 4.05
Mn <0.02 <0.02
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8.1.8 Kenna
In Kenna, 18 grains of olivine and 9 grains of orthopyroxene were analyzed with EPMA.
Twelve grains of olivine and 3 grains of orthopyroxene were analyzed with LA-ICP-MS (Table

24).

Olivine composition is faig4.21.0 (Mean fazg o) with 0.36 — 0.44 wt% CaO (mean 0.41 wt%),
0.58 —0.76 wt% Cr,03 (mean 0.72 wt%) and 0.37 — 0.49 wt% MnO (mean 0.43 wt%). LA-ICP-
MS measurements (Fig. 53) give 83.2 — 113.9 pg-g™* NiO (mean 91.6 pg-g') and 52.3 - 62.0
ng-g ™t CoO (mean 54.2 pg-g™?). Only grains with FeO > 16 wt% (11 of 18), have been included
into the calculation of mean values, as smaller FeO-concentrations probably represent

reduced grains (Fig. 51).
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Fig. 51 Ternary diagram of FeZSi04-1O'1, Ca,Si0, and Mn,Si0, in Kenna olivine (18 grains). The green circle represents the
average composition. Grey circles represent data from BerkLEY et al. (1980) and SINGLETARY and GROVE (2003).

The composition of orthopyroxene (9 grains) is Wog0.9.5 (mean Wog 1), Fs16.4.17.5 (mean Fs;7)
and Enyg.1.73.2 (mean Enyq3) with 0.04 — 0.12 wt% TiO, (mean 0.08 wt%), 1.10 — 1.22 wt%
Cr,03 (mean 1.14 wt%) and 0.36 — 0.45 wt% MnO (mean 0.41 wt%) (Fig. 52). LA-ICP-MS
measurements (Fig. 53) give 23.8 —29.9 pg-g* (mean 27.3 pg-g™*) NiO and 23.3 — 24.4 CoO
(mean 24.0 ug-g™).
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Fig. 52 Composition of pyroxenes in Kenna. Circles represent the composition of orthopyroxenes (9 grains), with the red
circle giving the average composition. Grey circles represent data taken from BerkLEY et al. (1980) and SINGLETARY and

GROVE (2003).
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Fig. 53 NiO and CoO concentrations in olivine and pyroxene

in Kenna. Diamonds give the concentrations of CoO and

Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 24 Composition of olivine and pyroxenes in Kenna. Data obtained with EMPA, except for NiO and CoO, which was
obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis. Values marked with ‘<’ are below detection
limit.

Olivine (11) Orthopyroxene (9)
wi% 2c wi% 2c
SiO, 38.90 0.22 55,51 0.24
Na,O <0.02 0.06 0.01
TiO, <0.02 0.08 0.01
FeO 18.73 0.42 11.43 0.06
Al,O3 0.04 0.01 0.66 0.01
MgO 41.19 0.54 26.97 0.18
CaO 0.41 0.02 485 0.03
Cr,03 0.72 0.03 1.14 0.01
MnO 0.43 0.02 041 0.01
Olivine (12) Orthopyroxene (3)
ug-g™ 20 ngg* 20
NiO 91.6 5.6 27.3 7.8
CoO 54.2 1.4 24.0 0.9
number of
oxygen ions 4 6
Si 0.994 1.970
Na 0.000 0.004
Ti 0.000 0.002
Fe 0.400 0.339
Al 0.001 0.028
Mg 1.568 1.427
Ca 0.011 0.185
Cr 0.015 0.032
Mn 0.009 0.012
T 0.994 1.970
M 2.005 2.029
Total 2.999 4.000
fa 20.0
En 71.3
Wo 9.2
Fs 17.0

Due to severe weathering of the sample, only 1 grain of vein metal and 4 grains of metal

inclusions in silicate grains could be measured in Kenna.

The vein metal grain contains 4.75 wt% Ni, 0.38 wt% Co, 0.50 wt% Cr and 0.95 wt% Si. The
composition of metal inclusions is variable. Ranging from Ni-poor metal from reduction with
0.68 wt% Ni, 0.10 wt% Co and 0.08 wt% Si to Ni-rich metal similar to vein metal with 4.42
wt% Ni, 0.38 wt% Co and 0.752 wt% Si.
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8.1.9 LEW85440
In LEW85440, 27 grains of olivine, 40 grains of orthopyroxene and 1 grain of augite were
analyzed with EPMA. Seven grains of olivine and 4 grains of orthopyroxene were analyzed

with LA-ICP-MS (Table 25).

Olivine composition is fagg.90 (Mmean fage) with 0.27 — 0.33 wt% CaO (mean 0.30 wt%), 0.39 —
0.58 wt% Cr,03 (mean 0.49 wt%) and 0.40 — 0.55 wt% MnO (mean 0.46 wt%). LA-ICP-MS
measurements (Fig. 56) give 28.1 — 50.6 pg-g* NiO (mean 36.1 pg-g*) and 12.2 - 17.3 pg-g*
CoO (mean 15.2 pg-g™). Only grains with FeO > 6 wt% (19 of 27), have been included into the
calculation of mean values, as smaller FeO-concentrations probably represent reduced

grains (Fig. 54)
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Fig. 54 Ternary diagram of Fe,Si0,-10", Ca,Si0, and Mn,SiO, in LEW85440 olivine (27 grains). The green circle represents
the average composition. The grey circle represents data from TAkepa (1989).

Orthopyroxene composition is Wo4.6.57 (mean Wogas), Fsee.7.8 (mean Fs;3) and Enggg.gs.2
(mean Engy¢) with 0.09 — 0.21 wt% TiO;, (mean 0.13 wt%), 0.72 — 1.00 wt% Cr,03 (mean 0.81
wt%) and 0.33 — 0.51 wt% MnO (mean 0.44 wt%). Augite composition is W033 4, FS4.9 and
Engg s with 0.28 wt% TiO,, 0.87 wt% Cr,03 and 0.36 wt% MnO. LA-ICP-MS measurements
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(Fig. 56) in orthopyroxene give 9.5 —12.1 pg-g™* (mean 10.6 pg-g ") NiO and 6.8 — 7.0 CoO
(mean 6.9 pg-g™).
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Fig. 55 Composition of pyroxenes in LEW85440. Circles represent the composition of orthopyroxenes (40), with the red
circle giving the average orthopyroxene composition. The blue diamond gives the composition of augite. Grey circles
represent orthopyroxene and augite data from TAKeDA (1989).
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Fig. 56 NiO and CoO concentrations in olivine and pyroxene in LEW85440. Diamonds give the concentrations of CoO and
Circles give the concentration of NiO. Shaded areas give the weighted average of the measurements.
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Table 25 Composition of olivine and pyroxenes in LEW85440. Data obtained with EMPA, except for NiO and CoO, which
was obtained with LA-ICP-MS. Number of grains analyzed is given in parenthesis. Values marked with ‘<’ are below
detection limit.

Olivine (19) Orthopyroxene (40) Augite (1)
wi% 26 wi% 2c wi% 26
SiO, 40.60 0.24 57.06 0.21 54.62 0.20
Na,O <0.02 0.04 0.01 0.18 0.05
TiO, 0.03 0.01 0.13 0.01 0.28 0.02
FeO 8.40 0.13 5.05 0.06 3.28 0.04
Al,O3 0.05 0.01 0.78 0.03 1.23 0.05
MgO 50.02 0.38 33.38 0.16 22.00 0.11
CaO 0.30 0.01 260 0.03 1742 0.21
Cry,03 0.49 0.02 0.81 0.02 0.87 0.02
MnO 0.46  0.02 044 0.01 0.36 0.01
Olivine (7) Orthopyroxene (4)
uggt 2o ug g™ 20
NiO 36.1 7 10.6 1.6
CoO 15.2 1.3 6.9 0.24
Number of
oxygen ions 4 6 6
Si 0.989 1.970 1.956
Na 0.000 0.003 0.012
Ti 0.001 0.003 0.007
Fe 0.171 0.146 0.098
Al 0.001 0.032 0.052
Mg 1.816 1.717 1.174
Ca 0.008 0.096 0.669
Cr 0.009 0.022 0.024
Mn 0.009 0.013 0.011
T 0.989 1.970 1.956
M 2.016 2.032 2.048
Total 3.005 4.001 4.004
fa 8.6
En 87.6 60.5
Wo 4.8 33.4
Fs 7.3 4.9

In LEW85440, 19 grains of vein metal, 2 grains of Cr-rich troilite vein and 2 grains of Cr-poor
troilite vein were measured. Additionally 1 metal + troilite spherule inclusion and 23 metal

and troilite inclusions in silicate grains were analyzed ().

The vein metal contains 3.35 — 4.94 wt% Ni (mean 3.98 wt%), 0.24 - 0.37 wt% Co (mean 0.29
wt%) and 0.05 — 0.41 wt% Cr (mean 0.22 wt%). Off 19 vein metal grains, 15 contain <0.1 wt%
Si, 3 grains contain 0.84 — 1.11 wt% Si and 1 grains contains 4.97 wt% Si. Cr-rich troilite vein
material contains <0.02 wt% Ni, <0.02 wt% Co, 5.41 wt% Cr and 0.24 wt% Mn. Cr-poor

troilite vein contains 0.05 wt% Ni, <0.02 wt% Co, 1.52 wt% Cr and 0.05 wt% Mn.
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The metal in the metal + troilite spherule inclusion contains 8.41 wt% Ni, 0.41 wt% Co, 0.07
wit% Cr and 0.03 wt% Si, while the troilite contains <0.02 Ni, <0.02 Co, 0.34 wt% Cr and 0.04
wt% Mn.

Metal inclusions in silicate grains are similar to vein metal, except for a wider spread in Co
and Ni concentrations (0.65 — 4.25 wt% Ni, <0.02 — 0.28 wt% Co). Ni- and Co-poor inclusions
probably represent metal formed by silicate reduction. Troilite inclusions in silicate grains
contain <0.02 — 0.15 wt% Ni (mean 0.05), <0.02 wt% Co, 1.53 — 2.89 wt% Cr (mean 2.35) and
0.03 —0.36 wt% Mn (mean 0.13).

Table 26 Composition of vein metal, vein troilite and metal inclusions in LEW85440. Data obtained with EPMA. Values
marked with ‘<’ are below detection limit. For Si in vein metal, 1 measurement with >4 wt% Si was excluded. Elements
with high variability are given as range

Vein metal (19)  Cr-rich vein troilite Cr-poor vein

(2) troilite(2)

wt% 20 wt% 26 wit% 260
P 0.14 0.03 <0.02 <0.02
Si 0.19 0.16 0.02 0.01 0.24 041
Cr 0.22 0.05 5.41 0.50 152 0.88
Fe 9452 0.73 55.56 0.02 59.82 2.70
Co 0.29 0.02 <0.02 <0.02
S 0.01 0.00 3719 0.51 36.36 0.33
Ni 3.98 0.19 <0.02 0.05 0.05
Mn <0.02 0.24 0.09 0.05 0.05

Spherule inclusion Inclusion in silicate grains

metal (1) troilite (1) troilite (7) metal (16)

wt% 2c wt% 2c wit% 2c wt% 2c
P 0.14 0.03 <0.02 <0.02 0.12 0.03
Si 0.03 0.03 0.05 0.02 0.25 0.17 0.19 0.13
Cr 0.07 0.02 0.34 0.03 235 0.37 0.12 0.03
Fe 90.05 0.69 63.54 0.02 58.91 0.72 96.75 0.82
Co 0.41 0.02 <0.02 0.02 <0.02 0.11 0.04
S 0.03 0.02 36.60 0.50 36.57 0.25 <0.02
Ni 8.41 0.40 <0.02 0.05 0.04 0.65-4.25
Mn <0.02 0.04 0.01 0.13 0.08 0.03 0.01
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8.2 Niand Co in ureilite silicates
Ni- and Co- concentrations in olivine are positively correlated with molar Fe/(Fe+Mg) (Fig.
57). Ni concentrations range from 15.2 pg-g " in ALH84136 to 82.5 pg-g* in DaG340 (Table

27). EET96331 olivine contains less Ni and Co than the trend would suggest.
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Fig. 57 Ni- and Co-concentrations in ureilite olivine cores. Ni and Co concentrations are positively correlated with molar
Fe/(Fe+Mg). EET96331 gives lower values than the trend would suggest, while EET87517 appears to be slightly enriched.

EET87517 is slightly enriched in Ni and Co. As only 1 olivine grain of EET87517 was analyzed
for Ni and Co, the enrichment might not be genuine, however, the orthopyroxene data

shows a similar enrichment.

Ni- and Co-concentrations in orthopyroxenes give a similar positive correlation with molar
Fe/(Fe+Mg) as in olivine (Fig. 58). Like in olivine, EET96331 gives lower Ni- and Co-
concentrations than the trend would suggest, while EET87517 is slightly enriched. Ni-
concentrations in ALH84136 are much higher than the trend defined by Ni-concentrations of

orthopyroxenes of the other ureilites would suggest.
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Fig. 58 Ni- and Co-concentrations in ureilite orthopyroxene cores. Ni and Co concentrations are positively correlated with
molar Fe/(Fe+Mg). EET96331 gives lower values than the trend would suggest, while EET87517 appears to be slightly
enriched and ALH84136 shows high Ni-concentrations.

The plot of molar Co/Fe in olivine vs. molar Co/Fe in orthopyroxene shows a very good linear
correlation (Fig. 59). The data of ALH84136 do not lie on the trend, which might indicate a
bias in Ni-measurements in orthopyroxene. EET96331 gives slightly lower ratios than other
ureilites. The plot of molar Ni/Fe in olivine vs. molar Ni/Fe in orthopyroxene (Fig. 60) gives a
result similar to Co. Most ureilites plot on a single regression line, with ALH84136 being off

the trend and EET96331 showing lower ratios than the other ureilites.
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Fig. 59 Molar ratios of Co/Fe in olivine and pyroxenes. Most ureilites define a clear trend with a slope of ~0.78. EET96331
shows significantly lower ratios.
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Fig. 60 Molar ratios of Ni/Fe in olivine and pyroxenes. EET96331 gives significantly lower values in Ni than the other
ureilites and ALH84136 gives much higher ratios and is off the general trend.
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Table 27: Ni and Co in olivine and orthopyroxene cores obtained with LA-ICP-MS. Number of analyses shown in
parenthesis. Errors are given as 2o standard deviations.

Olivine
ALH84136 (3) ALHA77257 (9) DaG340(5)  EET87517 (1)
pgg® 26 pgg' 26 pggt 26 pggt 26

Ni 179 13 44.6 1.8 825 134 359 3.2
Co 6.2 0.3 23.4 0.9 410 53 17.7 1.6

EET96042 (5) EET96331(5) GRA95205(10) Kenna(12)  LEWS85440 (7)
pgg® 26 pgg' 26 pgg' 26 pggt 26 pggt 26

Ni 575 5.7 158 34 69.4 6.7 720 44 28.4 55
Co 328 4.0 6.0 0.6 385 1.4 426 1.1 120 1.0
Orthopyroxene

ALH84136 (2) ALHA77257 (5) DaG340(2)  EET87517 (4)
gg® 26 pgg' 26 pgg' 26 pggt 26

Ni 255 2.6 134 15 226 1.6 141 11.8
Co 75 20 110 06 193 1.6 91 14
EET96042 (3) EET96331(5) GRA95205 (5) Kenna (3) LEW85440 (4)
ugg® 26 pggt 20 pggt 26 pgg' 26 pgg' 2
Ni 220 86 78 47 254 7.5 215 6.1 83 13
Co 137 20 30 04 168 1.9 189 0.7 54 0.2
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8.3 Niand Co in vein metal

With respect to Ni- and Co-concentrations, ureilite vein metal is very homogeneous, except
for EET87517 (Table 28). Ni concentrations range from 3.63 wt% in GRA95205 to 4.89 wt% in
EET96042 and Co ranges from 0.24 wt% in DaG340 to 0.38 wt% in Kenna (Fig. 61). In
EET87517, two types a vein metal are distinguished, a Si-rich vein metal with ~5.45 wt% Ni
and 0.45 wt% Co and a Si-poor vein metal with 3.88 wt% Ni and 0.27 wt% Co.

Ni- and Co-concentrations in ureilite vein metal show no correlation with olivine fa of their

respective ureilite (Fig. 67, Fig. 68, Fig. 69).

Table 28 Ni and Co in ureilite vein metal. Data obtained by EPMA. Errors are given as 26 of SD. Number of analyzes is
given in parenthesis. For EET87517 2 types of vein metal are distinguished. EET87517 Il represents the high-Si vein metal
and EET87517 | represents the low-Si vein metal.

Ureilite Ni Co Ni/Co
wt%e] 26 [wt%] 20 -ratio 2o

ALH84136 (44) 415 0.06 0.29 0.01 1431 0.54
ALHAT77257 (43) 3.86 0.04 027 0.01 1430 0.55
DaG340 (1) 3.79 019 024 0.01 15.79 1.03
EET87517 Il (15) 545 010 045 0.03 1211 0.84
EET87517 1 (6) 3.88 0.12 0.27 0.04 1437 217
EET96042 (12) 489 023 030 0.03 16.30 1.80

EET96331 (7) 478 029 030 005 1593 2.83
GRA95205 (44)  3.63 0.17 026 0.01 13.96 0.85
Kenna (1) 475 0.24 038 0.02 1250 0.91

LEW85440 (19) 398 0.19 0.29 0.02 13.72 1.15
weighted average 4.10 0.50 0.28 0.03 14.00 0.80
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8.4 Ni-isotope data

Ni-isotopes were measured in ALHA77257, Kenna, EET87517 and EET96042 by Dr. Ghylaine
Quitté with MC-ICP-MS. From each ureilite, a silicate-rich- (handpicked clear silicate grains),
a metal-rich- (separated via strong hand magnet) and a bulk fraction were analyzed (Table
29, Fig. 62). Fe and Ni-concentrations in each fraction have been determined by Dr. Ghylaine

Quitté.

Table 29 Fe, Ni, Fe/Ni and £*Ni* measured in Kenna, EET87517, ALHA77257 and EET96042

Ureilite fraction Fe [wt%)] Ni [wt9%] Fe/Ni-ratio 26 £ONi* 26
Kenna bulk 11.17 0.0193 86.4 1.8 0.08 0.12
Kenna silicate-rich 12.90 0.2045 668 276 -0.77 031
Kenna metal-rich 9.74 0.1293 47.6 3.0 0.11 0.16
EET87517 bulk 6.99 0.0758 45.6 0.7 -0.05 0.12
EET87517 silicate-rich 5.17 0.2702 68.2 1.9 -0.12 0.21
EET87517 metal-rich 8.38 0.1533 31.0 1.2 0.05 0.10
ALHA77257  bulk 10.99 0.0112 105.4 5.0 0.00 0.10
ALHA77257  silicate-rich 9.27 0.2172 827 139 -0.39 0.23
ALHA77257  metal-rich 12.87 0.1043 59.2 3.0 0.00 0.10
EET96042 bulk 11.62 0.0299 68.2 5.9 0.00 0.15
EET96042 silicate-rich 11.07 0.3216 370 106 -0.54 0.18
EET96042 metal-rich 12.82 0.1705 39.9 2.3 -0.05 0.13

For all four ureilites, ®°Ni* of the bulk- and metal-rich component is 0 within analytical

uncertainty.

In Kenna, the bulk fraction gives a Fe/Ni-ratio of 86.4 + 1.8 and £®°Ni* of 0.08 + 0.12 g-units,
the metal-rich fraction gives a Fe/Ni-ratio of 47.6 + 3.0 and e®Ni* of 0.11 + 0.16 &-units and
the silicate-rich fraction gives a Fe/Ni-ratio of 668 + 276 and g®°Ni* of -0.77 + 0.31 g-units. In
EET87517, the bulk fraction gives a Fe/Ni-ratio of 45.6 £ 0.7 and £®°Ni* of -0.05 + 0.12 ¢-
units, the metal-rich fraction gives a Fe/Ni-ratio of 31.0+ 1.2 and £°Ni* of 0.05 + 0.10 &-
units and the silicate-rich fraction gives a Fe/Ni-ratio of 68.2 + 1.9 and ¢ Ni* of -0.12 + 0.21
g-units. In ALHA77257, the bulk fraction gives a Fe/Ni-ratio of 105.4 + 5.0 and e%Ni* of

0.00 £ 0.10 g-units, the metal-rich fraction gives a Fe/Ni-ratio of 59.2 + 3.0 and g%Ni* of
0.00 £ 0.10 &-units and the silicate-rich fraction gives a Fe/Ni-ratio of 827 + 139 and £®°Ni* of

-0.39 + 0.23 ¢-units. In EET96042, the bulk fraction gives a Fe/Ni-ratio of 68.2 £ 5.9 and
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¢®°Ni* of 0.00 + 0.15 &-units, the metal-rich fraction gives a Fe/Ni-ratio of 39.9 + 2.3 and
¢®Ni* of -0.05 + 0.13 g-units and the silicate-rich fraction gives a Fe/Ni-ratio of 370 + 106

and £®Ni* of -0.05 + 0.13 g-units.
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Fig. 62 e®Ni* in silicate-rich, metal-rich and bulk fraction of EET96042, ALHA77257, EET87517 and Kenna. Metal-rich and
bulk fraction are 0 within analytical uncertainty. Silicate-rich fraction is < 0, except for EET87517.
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9 Discussion

9.1 Thermodynamic equilibrium between vein metal and ureilite olivine

9.1.1 Calculation of Fe-Ni and Fe-Co-exchange equilibrium temperatures

To better understand the relation between vein metal and ureilite olivine, we first want to
test the hypothesis that they are in thermodynamic equilibrium. If olivine and vein metal are
in thermodynamic equilibrium, similar equilibration temperatures for Fe-Ni exchange and
Fe-Co-exchange between solid metal and olivine would be expected. Equilibrium exchange
temperatures for both Fe-Ni and Fe-Co exchange were calculated for solid metal/olivine-

equilibration.

We used average vein metal compositions and average olivine core compositions for
equilibrium calculations. The chemical composition of the vein metal with respect to Co and
Ni is homogeneous within each ureilite (Fig. 61), except for EET87516 with 2 distinct vein
metal types. The concentrations of Ni and Co in olivine cores are within analytical

uncertainty homogeneous for each ureilite.

Q
‘E‘Ettn- ™) (see chapter 4.2) and activity models for Fe,SiO,4

The Gibbs free energy of reaction
(see chapter 4.4) and Co,Si04 (see chapter 4.5) have been taken from SEIFERT et al. (1988).
The activity model for Ni,SiO,4 (see chapter 4.5) has been taken from HIRSCHMANN (2000). The
activities of metallic Fe, Ni and Co have been taken from Tomiska et al. (1979), RAMMENSEE

and FRASER (1981) and FRASER and RAMMENSEE (1982) (see chapter 4.3).

The calculated equilibrium temperatures for the Fe-Ni-exchange reaction between olivine
and solid metal range from 886 + 66°C in EET96331 to 3013 + 606°C in ALH84136 (Table 30,
Fig. 63). The calculated equilibration temperatures for the Fe-Co-exchange reaction range

from 753 = 38°Cin EET87517 to 1867 = 430°C in DaG360.

N el S = ]
B d

Unfortunately, the used model does not permit calculation of £, nd

Kp oOm=eeld 4 3 better precision than = 0.15 resulting in large errors (38-606°C) for the

calculated equilibration temperatures.
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Table 30 Calculated equilibration temperatures for Fe-Ni and Fe-Co exchange between ureilite olivine and vein metal.
Errors are given as 2c. EET87517 (1) is the low-Si vein metal, EET87517 (l1) the high-Si vein metal.

Ureilite Fe-Ni-exchange Fe-Co-exchange
Tequilibration [OC] 20 Tequilibration [OC] 2c

ALH84136 3013 606 1720 321
ALHA77257 1706 182 1391 151
DaG340 2121 260 1867 430
EET87517 (I) 2018 256 1578 227
EET87517 (lI) 1563 161 1134 91
EET96042 1516 143 1418 159
EET96331 886 66 753 38
GRA95205 1908 214 1619 239

Kenna 1841 198 1507 188
LEW85440 1605 168 1157 95

o 3000

e

2

= 2500-

v

o

<

& 2000- DaG340
=) GRAGS205 ALH84136
2 ~ e b |

EET96042

@ 1500

™

o EET87517 (I) — \EETBTE.WI
: e 0
e 10004 \ Kenna

@ !

‘; 3 ALHATT25T

& LEW85440

‘@‘ 5004

= EET96331

o

q’ U I Li Li I 1

0 500 1000 1500 2000 2500 3000

equilibration temperatures [°C] Fe-Ni-exchange

Fig. 63 Calculated equilibration temperatures for the exchange of Fe-Ni and Fe-Co between ureilite vein metal and
ureilite olivine for several ureilites. The equilibration temperature of ALH84136 is 3289°C and off the chart. EET87517 (l)
represents low-Si vein metal whereas EET87517 (l1) represents high-Si vein metal.

For the Ni-Fe-exchange, calculated equilibration temperatures of most ureilites are between
1500 and 2100°C. The Co-Fe-exchange equilibration temperatures of most ureilites are

between 1100 and 1800°C. Two exceptions are ALH84136 and EET96331.
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9.1.2 Equilibration temperatures for ALH84136

ALH84136 gives higher equilibration temperatures of 3013 + 606 °C. The high equilibration
temperatures in ALH84136 are a result of a high Ni/Fe-ratio (Ni/Fe = 8.3, other ureilites Ni/Fe
4.2 —5.6) in olivine (Fig. 60). In contrast to other ureilites, in ALH84136 the FeO-
concentrations in measured olivine cores did not form a cluster (Fig. 30). The plot of molar
Fe/(Fe+Mg) in olivine against molar Fe/(Fe+Mg) in orthopyroxene shows that most ureilites
on a line with a slope of ~1 line (Fig. 64). ALH84136 is off the trend, which might indicate
that the measured olivines had no unreduced cores. FeO concentrations published in MASON
and MARTINEZ (1986), give ranges of fag to fas. Olivine with fas plots exactly on the slope ~1
line, which indicates that the fa of the unreduced olivine core is 5 rather than 2.1 (see
chapter 8.1.1). We therefore conclude that ALH84136 is almost completely reduced and not
suited for the calculation of equilibrium temperatures based on the Ni-Fe- or Co-Fe-
exchange between olivine and metal.

EETET517 EET96331 EETI6042 GRAS5205

ALHB4136 \LEWEEddD\ﬂLHﬂT?EE?&aGEdD ’ Kenna
0.25 ¢ < £ =

(I
A
O
020
@ L
o
S
g e °
8 0151
S
S
3
% 010
-
T [ ]
5 fagy f
a
€ 0054 21 7%
E.GD ] T T T
0.00 0.05 0.10 015 0.20 0.25

molar Fe/(Fe+Mg) (oliving)

Fig. 64 Molar Fe/(Fe+Mg) of olivine against molar Fe/(Fe+Mg) of orthopyroxene in ureilites. Most ureilites plot on a slope
~1 line. ALH8416 olivine with fa, , plots off the trend, while olivine with fas (as reported in MAsoN and MARTINEz (1986),
would plot on the trend.
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9.1.3 Equilibration temperatures for EET96331

EET96331 gives low equilibrium temperatures of 886 + 66 °C for Ni-Fe-exchange and

753 £ 38 °C for Co-Fe-exchange. This is a result of low Ni/Fe- and Co/Fe-ratios in EET96331
olivine (Ni/Fe = 1.66, other ureilites 4.2 — 5.6 and Co/Fe = 0.63, other ureilites 1.7 —2.9).
Olivine fa in EET96331 forms a cluster around fa; g (see chapter 8.1.6), which is consistent
with data published in McCoy and McBRIDE (1998b) of fai,.13. Molar Ni/Fe- and Co/Fe-ratios
are similar in olivine and orthopyroxene (Fig. 59, Fig. 60). Six grains of vein metal have been
analyzed in EET96331. The grains are very homogeneous in composition (4.8 — 5.1 wt% Ni,
0.31-0.34 wt% Co, 3.3 — 4.9 wt% Si). EET96331 olivine also has a low Ca/Mn-ratio of 0.61
(other ureilites ranging from 0.71 to 1.20), which also indicates lower temperatures. There is
no indication that olivine or vein metal of EET96331 is not suited for equilibrium

temperature calculations.

9.1.4 Is ureilite olivine and vein metal in equilibrium?

Calculations with MELTS (GHIORsO and SAck 1995, Asimow and GHIORSO 1998) suggest that the

solidus phase in a Cl1-chondritic parent body is olivine. Olivine crystallization starts between

1690°C and 1630°C depending on olivine fa. As the temperatures calculated for Fe-Ni and Fe-
Co exchange in most ureilites (except for EET87517, EET96042 and EET96331) are above or

close to the solidus temperature, they cannot represent actual equilibration temperatures.

For each ureilite sample the calculated equilibrium temperatures of Fe-Ni and Fe-Co
exchange differ by 100°C (EET96042) to 448°C (LEW85440). In EET96042 and DaG340,
equilibration temperatures overlap within uncertainties. If equilibrium had been attained,

similar temperatures for both exchange reactions would be expected.

The calculated equilibration temperatures span a range of several hundred °C. While it is
possible that each ureilite equilibrated at a different temperature, this is contradicted by px-
px- and px-ol-thermometry, which yield similar temperatures of 1200-1300°C (TAKEDA 1987,

SINHA et al. 1997, SINGLETARY and GROVE 2003) for each ureilite.

The calculated equilibration temperatures are too high, they are different for the Fe-Ni- and
Fe-Co-exchange reaction and they are contradicted by px-px- and px-ol-thermometry data
(TAKEDA 1987, SINHA et al. 1997, SINGLETARY and GROVE 2003). From that we conclude that vein

metal is not in thermodynamic equilibrium with ureilite olivine.
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Ureilites contain well equilibrated silicates (e.g. GoobricH 1992), which equilibrated at 1200 —
1300°C. The question arises why no equilibrium was established between ureilite vein metal
and olivine. One possibility is that the ureilite vein material was not present when the
silicates equilibrated. The vein material could have intruded the silicate assemblage as melt
from another part of the UPB or been injected from the impactor that disrupted the UPB.
The other possibility is that the vein metal was present and equilibrium was established, but
the composition of the vein metal changed at a later stage without reequilibration with the

ureilite silicate.

In order to establish whether the vein material represents an altered primary metal

component of the UPB or a material injected into the UPB, we modeled the composition of
the primary metal component of an ureilite parent body of chondritic composition. In terms
of asteroidal differentiation this metal component would correspond to the metal core of a

parent body.
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9.2 Relation between primary metal component of the ureilite parent body

and the ureilite vein metal

9.2.1 Initial bulk composition of the ureilite parent body

Several starting compositions for the UPB are taken into consideration. GOODRICH et al.
(2007) and KiTA et al. (2004) prefer a Cl1- or CM-chondritic precursor material due to the
high amounts of C in ureilites. CLAYTON and MAYEDA (1996) suggested a more CV3-like parent
body composition due to similarities in the oxygen isotopic composition of both meteorite
groups. In this work, we use Cl1-, CV3-, H-, L- and LL-chondritic starting compositions for our

calculations.

In order to model the composition of the metal in each UPB, we assume that the ureilites
represent restitic rocks that have lost a basaltic and a metal component. In terms of

planetary differentiation, we consider ureilites to be depleted mantle rocks.

Another important simplification for our model is that we separately calculate the metal
composition for each ureilite. The ureilites show a large variability of olivine FeO (e.g.
MITTLEFEHLDT et al. 1998) and oxygen isotopic composition (e.g. CLAYTON and MAYEDA 1996),
which normally suggests multiple parent bodies. A similar temperature history (e.g. TAKEDA
1987, SINHA et al. 1997) and the presence of clasts of multiple monomict ureilites in polymict
ureilites (e.g. GOODRICH et al. 2004) suggest a single parent body. It has therefore been
suggested that ureilites represent remnants of a single heterogeneous parent body (e.g.
GOODRICH (1992), MITTLEFEHLDT et al. 1998). For our modeling, we assume that the ureilite
parent body consists of domains of homogeneous compositions and our ureilite samples
originate from different domains. These domains can either form layers, similar to an onion
shell (e.g. WALKER and GROVE 1993) or are randomly mixed as proposed in SINGLETARY and

GROVE (2006).

9.2.2 Calculation of the composition of the undepleted mantle

To calculate the composition of the primary metal component, the amounts of FeO, NiO and
CoO in the undepleted mantle (depleted mantle + basalt) must be determined. In this work,
the estimate of FeO in the undepleted mantle is based on the FeO abundance in olivine of

the depleted mantle, the ureilite.
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Starting from chondritic compositions (CI1, CV3, H, L, LL), 6 sets of data were each created by
removing 40 wt%, 50 wt%, 60 wt%, 70 wt%, 80 wt% and 95 wt% Fe to account for different
degrees of Fe-removal during core formation. The crystallization of these compositions with
different Fe was modeled with the software MELTS (GHIORSO and Sack 1995, Asimow and
GHIORSO 1998). Following the suggestions in KITA et al. (2004) and GooDRIcH et al. (2007), a
degree of partial melting of 25% was assumed for the basaltic component. The composition
and abundance of olivine and pyroxene at 25% melting was determined for every set of data

(an example for Cl1 is given in Fig. 65).

With this data, the amount of FeO in the undepleted mantle can be determined indirectly

from the FeO of ureilite olivine.
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Fig. 65 Amount of FeO in the undepleted mantle against FeO in olivine at different degrees of partial melting. Modeling
was done with MELTS starting from a Cl1-chondritic composition with different amounts of FeO removed into a core.

The estimate of the amounts of NiO and CoO in the undepleted mantle is based on the
measurements of NiO and CoO in ureilite silicates. Relative abundances of orthopyroxene
and olivine taken from the MELTS calculations give the abundances of NiO and CoO in the
depleted mantle. The distribution coefficients between terrestrial depleted mantle (SALTERS

and STRACKE 2004) and terrestrial middle ocean ridge basalt (MORB, KELEMEN et al. 2004) are
Vs LS
Dgfmse = 00r gng Z577 = 02Y  NjO and CoO in the basaltic component are calculated
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from the distribution coefficients, NiO and CoO in ureilite silicates and assuming 25% of

partial melting (an example for CI1 is given in Table 31).

Table 31 Feo, NiO and CoO in the undepleted mantle based on a Cl1-chondritic starting composition. Estimates of FeO
are based on MELTS-calculations and olivine FeO in ureilites. Estimated of NiO and CoO are based on relative
orthopyroxene and olivine abundances as calculated with MELTS and LA-ICP-MS-measurements in ureilite silicates.

Ureilite FeO [wt%] NiO [wt%] CoO [wt%]
ALH84136 1.26 0.0017 0.0006
ALHA77257 10.02 0.0038 0.0023
DaG340 14.86 0.0077 0.0043
EET87517 5.93 0.0029 0.0016
EET96042 13.06 0.0052 0.0033
EET96331 8.99 0.0014 0.0006
GRA95205 15.61 0.0065 0.0040
Kenna 15.68 0.0068 0.0045
LEW85440 6.32 0.0022 0.0011

9.2.3 Calculation of the composition of the primary metal component in the
ureilite parent body

With the composition of the undepleted mantle, the composition of the primary metal

complementary to the respective ureilite can be established by mass balance calculation

(see chapter 5.1). The calculations were done for each chondritic starting composition and

each ureilite (an example for CI1 is given in Table 32).

Table 32 Fe, Ni and Co of model metal in a UPB of Cl1-chondritic starting composition and the percentage of model metal
in each ureilite parent body.

Ureilite Ni (core) Co (core) Fe (core) percentage of
metal in bulk UPB
[wt%o] [wt%)] [wt%] [wt%]
ALH84136 5.8 0.27 93.9 445
ALHA77257 7.0 0.32 92.6 36.7
DaG340 8.1 0.36 91.5 31.7
EET87517 6.4 0.29 93.3 40.6
EET96042 7.7 0.34 92.0 33.7
EET96331 6.9 0.31 92.8 37.7
GRA95205 8.3 0.37 91.3 30.9
Kenna 8.4 0.37 91.3 30.8
LEW85440 6.4 0.29 93.3 40.2
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The higher the extent of oxidation, the more FeO is incorporated into the UPB’s mantle.
Ureilites like Kenna, GRA95205 and DaG340 with fa~,9 are typical examples for an oxidized
parent body, whereas ureilites like ALH84136 and EET87517 show lower fayalite contents
(down to fa, wt% in ALH84136), representing more reduced parent bodies. The more FeO is
incorporated into the mantle, the less Fe is left for the primary metal. As a result, the
concentrations of Ni and Co in the metal component increase with the degree of oxidization,

while the relative amount of metal decreases (Fig. 66).

crust

mantle

core

oxidized parent body reduced parent body

Fig. 66 lllustration of differentiation in an oxidized parent body (left side) and a reduced parent body (right side). The
blue layer represents the basaltic component (which is lost for the ureilite parent body), the green layer represents the
depleted mantle (the ureilites) and the red layer represents the metal core. The different shades of green illustrate the
fact that the fayalite-content of the olivine in an oxidized parent body is greater than in a reduced parent body. Note that
the amount of metal in the reduced parent body (right side) is larger than in the oxidized parent body.
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9.2.4 Comparison of vein metal and the modeled primary metal component
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Fig. 67 Plot of calculated Ni-concentrations in the primary metal component of a parent body of different chondritic
starting compositions and different amounts of FeO in the parent body’s mantle. The blue symbols are measured
concentrations of Ni in the vein metal of the respective Ureilites. The Ni concentrations in vein metal are lower than the
calculated concentrations for the metal portion of a chondritic parent body composition. The increase in Ni with
increasing FeO in olivine is not observed in vein metal.

The modeled Ni-concentrations of the metal range from 5.3 wt% in a highly reduced parent
body to up to 11.2 wt% in an oxidized parent body with low bulk FeO (e.g. LL-chondrites). All
Ni-concentrations calculated for the primary metal component are higher (between ~1 wt%
for reduced parent bodies to ~8 wt% in more oxidized parent bodies) than those observed in
the vein metal. The concentrations of Ni in the model core increase with increasing degree
of oxidation (represented by an increasing FeO in olivine), while concentrations of Ni in the

vein metal show no such correlation (Fig. 67).
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Fig. 68 plot of calculated Co-concentrations in the primary metal component of a parent body of different chondritic
starting compositions and different amounts of FeO in the parent body’s mantle. The blue symbols are measured
concentrations of Co in the vein metal of the respective Ureilites. The Co concentrations in vein metal are lower than the
calculated concentrations for olivine FeO > 13 wt%. The increase in Co with increasing FeO in olivine is not observed in
vein metal.

The calculated concentrations of Co in the modeled metal core are similar to Co
concentrations observed in ureilite vein metal for ureilites with low fa (fa<13). The calculated
concentrations for high fa (fa-13) ureilites are larger than the observed concentrations in vein
metal. Similar to Ni, Co concentration in the modeled primary metal component increase
with increasing degree of oxidization, while Co concentrations in the vein metal show no

such correlation (Fig. 68).
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Fig. 69 Plot of the calculated Ni/Co-ration in the metal core of a parent body of different chondritic starting compositions
and different amounts of FeO in the parent body’s mantle. The blue symbols are measured ratios of Ni/Co in the vein
metal of the respective Ureilites. The Ni/Co ratios in vein metal are lower than the calculated concentrations.

The Ni/Co-ratio in all calculated primary metal compositions is > 20. Over the whole range of
olivine FeO-compositions, the Ni/Co ratio increases only by ~1. The observed Ni/Co ratio of
the vein metal ranges from 12.72 (Kenna) to 16.51 (EET96042) with an average of 14.4 (Fig.

69) and is lower than in the modeled metal by at least 4.

The Ni/Co-ratios of the calculated metals are similar to the Ni/Co-ratios of the bulk
chondritic compositions. All known chondrite groups show a Ni/Co-ratio of >20 (LobDERS and
FEGLEY 1998). We therefore assume that all chondritic parent body composition produce a
metal core with a Ni/Co-ratio of ~20 or higher and none would produce a metal with a

Ni/Co-ratio similar to that measured in ureilite vein metal.

9.2.5 Equilibration between the primary metal component and ureilite olivine

In order to establish if ureilite olivine was in equilibrium with the primary metal component
of the UPB, equilibration temperatures for Fe-Ni and Fe-Co-exchange were calculated similar
to the calculations in chapter 9.1. An example for equilibrium between ureilite olivine and

the primary metal component of a Cl1-chondritic parent body is given in Table 33 (Fig. 70).
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Table 33 Calculated equilibration temperatures for Fe-Ni and Fe-Co exchange between ureilite olivine and the primary
metal component of a Cl1-chondritic parent body. Errors are given as 2c..

Ureilite Fe-Ni-exchange Fe-Co-exchange
Tequilibration [°C] 20 Tequiibration [°C] 2c

ALH84136 2087 284 1732 331
ALHA77257 1157 95 1201 104
DaG340 1270 105 1271 117
EET87517 1389 133 1425 165
EET96042 1141 91 1226 107
EET96331 741 53 731 36
GRA95205 1124 87 1182 98
Kenna 1149 89 1253 113
LEW85440 1176 102 1103 85

Except for EET96331, ALHA84136 and EET87517, all ureilites show similar equilibration
temperatures between 1100°C and 1300°C for both exchange reactions. EET96331 gives very
low equilibration temperatures of ~740 £ 50°C due to the lower Ni- and Co-concentrations in
the olivine (Fig. 57). ALH84136 gives very high and inconsistent equilibration temperatures
(2087 £ 284°C for Fe-Ni and 1732 + 331°C for Fe-Co-exchange) due to its unusually low FeO
in the olivine. EET87517 gives slightly higher equilibration temperatures (1389 + 133°C for
Fe-Ni and 1425 + 165°C for Fe-Co-exchange) due to the slight enrichment of Ni and Co in
EET87517 silicates (Fig. 57).

Calculations were also performed for the other chondritic compositions (i.e. H-, L-, LL- and
CV3-chondritic). The calculated temperatures are similar to those calculated for the Cl1-
composition and only differ up to 75°C from CI1 depending on the chondritic composition

used, except for the anomalous ALH84136 which gives much larger differences of ~200°C.
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Fig. 70 Calculated equilibration temperatures for the exchange of Fe-Ni and Fe-Co between olivine and modeled metal of
a Cl1-chondritic parent body. The range of published pyroxene-pyroxene equilibration temperatures (TAKEDA 1987, SINHA
et al. 1997, SINGLETARY and GRoVE 2003) has been plotted for comparison. Calculations were performed for all nine ureilite
samples.

The good agreement between inferred temperatures of both exchange reactions indicates
that Ni and Co in olivine have been attained from a component with a Ni/Co-ratio similar to

the primary chondritic metal component.

The metal/olivine equilibration temperatures agree well with the temperature range
calculated by the px-px- and px-ol-thermometer of 1170-1300°C (TAKEDA 1987, SINHA et al.
1997, SINGLETARY and GRoVE 2003). This indicates that equilibrium between the component of
chondritic Ni/Co-ratio and ureilite olivine had been established shortly before the disruption
of the ureilite parent body. The metal component with chondritic Ni/Co is no longer present

in the ureilite. It was either altered or removed, most likely shortly before the impact.

9.2.6 Metal depletion in ureilites

The calculated percentage of metal in the ureilite parent body range from 45 wt% for a very
reduced parent body (like for ALH84136) and a relatively iron rich starting composition (e.g.
Cl1 carbonaceous chondrite) to 16 wt% for an oxidized parent body (like for GRA95205) and

a relatively iron poor starting composition (e.g. LL-ordinary chondrites), (Fig. 71).
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The amounts of metal in published ureilite data are generally lower than 2 wt% (JAROSEWICH
1990, TAKEDA 1987,Wiik 1972). An exception is Haverd, containing 3.5 wt% Fe (Wiik 1972).
Since it is assumed that the composition of the UPB was of approximately chondritic, at least

95 wt% of the metal was removed.
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Fig. 71 Percentage of metal in parent body (Fe, Ni and Co only), calculated for different chondritic parent body
compositions and different ureilites. The amount of metal decreases with increasing degree of oxidization and
decreasing amount of FeO in the starting composition.
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9.2.7 Scenarios for vein metal generation

Mass balance calculations show that the Ni and Co concentrations and the Ni/Co-ratio of
ureilite vein metal is different from that of metal formed from a chondritic starting
composition. As at least 95% of the original metal content of the ureilite parent body has
been removed, such a difference is to be expected. Any process that removes most of the
metal will significantly change the composition of the residual metal with respect to Ni and

Co. For the source of the vein metal, we propose three principal scenarios:

1. Ureilite vein metal is a primary component. The vein metal represents a residual
metal or a melt fraction of the primary chondritic metal budget of the ureilite parent
body. This can either happen by fractional or by batch melting of the original metal
component.

2. Ureilite vein metal is a secondary component. The primary metal component was
completely lost, either by batch melting or fractional melting. The vein metal
represents metal from an external source (e.g. metal-rich impactor) or metal from
reduction of silicates.

3. Ureilite vein metal represents a mixture of primary and secondary components. The
primary metal was not completely lost and either a residue or a partial melt mixed

with metal from an external source or metal from silicate reduction.

In order to clarify which of the three scenarios might be responsible for the formation of the
vein metal, batch melting and fractional melting of the primary metal component was
modeled. The Ni and Co concentrations of the resulting residues and melts were compared

to the measured composition of the ureilite vein metal.
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9.3 Ureilite vein metal as a primary component
9.3.1 Constraints for metal fractionation processes on the ureilite parent body

Fractionation mechanisms - batch and fractional melting

If ureilite vein metal constitutes a primary component, it represents either a residue or a
partial melt from the primary chondritic metal component. The responsible melting
mechanism can either be fractional melting, where the melt is gradually removed as it forms,
or batch melting, where the whole melt stays in equilibrium with the solid residuum and is

removed entirely at a certain stage of the melting process.

The removal of a liquid metal fraction needs a pathway, as well as a driving force. The
migration of the melt is triggered, when the porosity of the mantle reaches a certain
threshold (WARREN et al. 2006). The first melts will be formed at the Fe-FeS eutectic point at
~950°C (RAGHAVAN 1988). In order to allow the migration of melt within solid silicate material,

an interconnected network must be formed.

LEBEDEV et al. (1999) concluded that 5-10% melting of silicate phases would be necessary for
a sulfide melt to be removed effectively. HERPFER and LARIMER (1993) reported experimental
results implying 1-2 vol% to be sufficient, while experiments in YOSHINO et al. (2004) suggest
that the percolation threshold of Fe-S melts is ~13 + 2 vol.% and that small amounts of
silicate melt could actually inhibit segregation. WALKER and AGEE (1988) conducted melting
experiments with Allende (CV). According to their observations, S-rich melt is very reluctant
to form interconnected networks. Instead, the S-rich melt bonded well to graphite. Several
other studies observed a similar reluctance of S-rich melt to form interconnected networks
(McCory et al. (2006) and references therein). It is suggested that for the formation of such a
network, a dihedral angel ® of <60° is necessary. If ® is >60° isolated melt pockets are
formed. According to McCoy et al. (2006) only anion-dominated melts exhibit ® < 60°, thus

an FeS-eutectic melt (Anion/Cation ~0.8), would not migrate under static conditions.

The calculations of KeiL and WiLsoN (1993) show that small amounts of volatiles (possibly CO-
gas derived from a smelting process as discussed in BERKLEY and JONES (1982), SINHA et al.

(1997) or SINGLETARY and GROVE (2003)) can cause the negatively buoyant FeNi-S-melts to be
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driven to the surface. Similar to the model proposed in WiLsoN and KeiL (1991), these melts

could be lost by explosive volcanism.

Our thermodynamic calculations showed that ureilite olivine is not in equilibrium with
ureilite vein metal but with the primary metal component of the UPB. This primary
component is no longer present. The question arises which melting mechanism could have

removed the primary metal component without reequilibration with the ureilite olivine.

In a fractional melting process, the composition of the residual metal component is
continuously changed. Even if equilibrium had been attained prior to the onset of melting,
new equilibria should be established during the fractionation process, unless the

fractionation process was very rapid.

In a batch melting process, neither the Ni/Co-ratio nor the Ni and Co-concentrations of the
bulk system change during the melting process. When the whole metal component was
molten, it could have been rapidly removed. The impact and the subsequent disruption of

the ureilite parent body could have prevented re-equilibration with the vein metal.

Neither batch melting nor fractional melting can be ruled out as suitable fractionation

process although the missing silicate/metal reequilibration appears to favor batch melting.

Temperature considerations

All proposed scenarios for the formation of the vein metal start with a chondritic parent
body (Fig. 72). The degree of partial melting on the ureilite parent body is still subject to
discussion, however most authors assume a degree of partial melting of 20 to up to 30%

(e.g. KiTa et al. 2004, WARREN and HUBER 2006 , GOODRICH et al. 2007).

Calculations performed with the MELTS for Cl1-, CV3-, H-, L- and LL-chondritic compositions
indicate that a partial melting of ~30% requires temperatures of ~1300°C, which would give
an upper temperature limit of the ureilite parent body. However, even if ¥30 wt% of basaltic
melt have been removed from the undepleted mantle, the degree of melting might have
been higher. According to our modeling with MELTS (GHIORsO and SAck 1995, Asimow and
GHIORSO 1998), at ~1500°C, which is the liquidus temperature of pure FeNi-metal (RAGHAVAN
1988), more than 70% of most parent body compositions would be molten. Heterogeneities

in oxygen isotopes (CLAYTON and MAYEDA 1996) suggest that igneous processing did not occur
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on large scale on the ureilite parent body. Carbon phases in ureilite vein material contain
unfractionated noble gases. If the vein material constitutes a primary component, their

presence also argues against such extensive melting processes on the UPB. We therefore

assume that the peak temperature of the UPB was ~1300°C.

Fig. 72 Schematic picture of a chondrite. Chondrules (light grey) within matrix material (dark grey) with finely dispersed
and compact metal phases.

Several authors have published px-px- and px-ol-equilibration temperatures for a number of
ureilites (i.e. TAKEDA 1987, SINHA et al. 1997, SINGLETARY and GRoVE 2003). These temperatures
range from 1170 to ~1300°C. After the ureilite parent body disrupted, as indicated by its
temperature history (see chapter 2.4.2), silicate equilibration stopped. The equilibration
temperatures therefore record the temperatures at the impact event and provide a lower

limit to the temperatures in the ureilite parent body.

Both, the upper temperature limit given by the degree of partial melting and the lower

temperature limit given by the silicate equilibration temperature give a similar temperature

of ~1300 °C. This indicates that the UPB was at its peak temperature when it was disrupted,
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which means that the heating process was either still active or had barely stopped, at the

time of impact.

The solidus temperature of a pure Fe-Ni-metal is ~1500°C (RAGHAVAN 1988). Assuming a
maximum temperature of ~1300 °C in the UPB, the metal could not have been removed
without the presence of other components that lower the metal’s solidus temperature.

Suitable components that are present in ureilites are sulfur and carbon.

Sulfur in the ureilite parent body

Bulk FeS concentrations in ureilites range from 0.01 to 1.95 wt% with an average of 0.68 wt%
(n=10) (McGALL and CLEVERLY 1968, Wik 1972, TAKEDA 1987, JAROSEWICH 1990). Assuming that
FeS is the major sulfide component within the ureilite, this corresponds to a bulk S content
of 0.25 wt%. CV-, H-, L-, and LL-chondrites contain ~2 wt% sulfur while the CI1 group
contains ~5 wt% of sulfur (LobDERS and FEGLEY 1998). This means that the ureilites have also

lost between 85 and 95 wt% of their initial sulfur content.

The solidus temperature of an S-rich melt in a pure Fe-S-System is about 988°C (RAGHAVAN

1988) but the Ni-content might lower it by ~40°C (RANKENBURG et al. 2008). Considering the
loss of most sulfur from the initial chondritic system, metal removal in form of a S-rich melt
appears to be a viable explanation as has been proposed by many authors (e.g. GOODRICH et

al. 1987a, WARREN et al. 2006, RANKENBURG et al. 2008).

The maximum amounts of S in the initial chondritic metal portion have been calculated from
mass balance calculations similar to the calculation of Ni- and Co-concentrations (Fig. 73).
The calculated S-contents range from 7 wt% in a reduced H-chondritic parent body to up to
29 wt% in an oxidized parent body with Cl1-chondritic composition. For any combination of
degree of oxidization and chondritic parent body composition, the S-concentrations in the

metal are on the iron-rich side of the Fe-S eutectic point at ~31 wt% S (RAGHAVAN 1988).
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Fig. 73 Theoretical maximum amount of S in the metal component of a given parent body with chondritic composition
and for different amounts of FeO in the corresponding ureilite olivine. Calculations have been done for the Fe-Ni-Co-S-
System.

As sulfur belongs to the more volatile elements (WARREN et al. 2006), part of it might have

been lost prior to the accretion of the ureilite parent body.

Carbon in the ureilite parent body

Carbon concentrations in ureilites range from 0.2 to 5.9 wt% with an average of 2.9 (n=20)
(McGALL and CLEVERLY 1968, Wik 1972, GRADY et al. 1985, TAKEDA 1987). While early models
for ureilite petrogenesis assumed that carbon was injected into the parent body (e.g.
WassoN et al. 1976, HicucH! et al. 1976), more recent studies assume carbon represents a
primary component (GOODRICH and BERKLEY 1986). Carbon concentrations of the chondritic
compositions are 3.45 wt% C in a Cl1 chondrite, 0.53 wt% C in a CV3 chondrite and ~0.2 wt%
CinH, Land LL-chondrites (LoDDERS and FEGLEY 1998).

Mass balance calculations show that the maximum portion of metal that could have been
removed from bulk ureilites into a core is <45 wt% (Fig. 71). The amount of basaltic
component lost from the undepleted mantle is estimated to be 20-30 wt% (e.g. KITA et al.

2004, GoobRIcH et al. 2007). As a result, the maximum factor by which carbon can be
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enriched within bulk ureilites is ~3. If carbon was a primary component in ureilites, only Cl1

contains sufficient carbon, to produce an ureilite with ~3 wt% carbon.

The maximum amounts of carbon in the ureilite metal can be calculated by mass balance
calculation (Fig. 74). As, it is possible that at least some of the carbon had been injected into
the UPB by an impactor as proposed by WASsoN et al. (1976), we also include CV3-, H-, L- and
LL-chondritic compositions into mass balance calculations. The eutectic point of the Fe-C-

System is at 4.5 wt% C and at a temperature of ~1150°C (RAGHAVAN 1988).
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Fig. 74 Maximum amount of C in the metal component of a given parent body with chondritic composition and for
different amounts of FeO in the corresponding ureilite olivine. Calculations have been done for the Fe-Ni-Co-S-C-System.

For the ‘low-C’ chondritic compositions (CV3, H, L, LL) the amounts of C in the metal phase
range from 1 - 3 wt%. All of those compositions plot on the iron-rich side of the eutectic
point. The metal generated from the ‘C-rich’ Cl1 chondritic composition contains 12 to

16 wt% C and plots on the carbon-rich side of the eutectic point.

Mass balance calculation only gives a maximum amount of C for the ureilite metal
component. WARREN and HUBER (2006) argue that considerable amounts of carbon could

already be lost during early heating and accretion processes. But high bulk carbon
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concentrations (McGALL and CLEVERLY 1968, Wik 1972, GRADY et al. 1985, TAKEDA 1987) in
ureilites suggest that even if some amount of carbon depletion occurred, most of the carbon

was retained in the ureilite parent body.

Starting compositions

Depending on the type of chondritic parent body, different starting compositions can be
considered. H-chondrites generally have the lowest carbon- and sulfur-contents, while Cl1-
chondrites have the highest carbon- and sulfur-contents. The CV3-chondrite was chosen to
represent an intermediate starting composition with respect to carbon and sulfur

concentration.

The starting composition also depends on the degree of oxidation on the UPB. The majority
of known ureilites contain olivines with fa,;g (MITTLEFEHLDT et al. 1998). Our ureilite samples
cover a wide range of oxidation states with fa ranging from fa, to fa,o. It is also possible that
the vein metal represents a metal from a very reduced domain of the UPB. For our model of
metal differentiation during core formation, we therefore consider oxidized parent bodies
similar to the UPB of GRA9505 (fa~,0) and very reduced parent bodies similar to the UPB of
ALH84136 (fa-s).

As a result, 6 different starting compositions with differerent degrees of oxidation and
different carbon and sulfur concentrations were used to model metal fractionation

processes on the UPB (Table 34).

Table 34 Starting compositions of core metal for fractionation calculations. Metal compositions are given for a very
reduced UPB (fa-3) and a oxidized UPB (fa-,) of H-, CV3-, or Cl1-chondritic composition.

Composition Reduced UPB (ALH84136) Oxidized UPB (GRA95205)

[wi%o] H CV3 Ci1 H CV3 Ci1
Ni 5.65 4.94 3.96 8.31 7.66 4.99
Co 0.27 0.24 0.18 0.39 0.36 0.22
Fe 86.77 84.61 63.97 80.53 76.09 54,51
S 6.61 8.23 19.47 9.74 12.81 24.59
C 0.69 1.98 12.42 1.02 3.09 15.68
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9.3.2 Modeling of fractional melting on the ureilite parent body

Starting compositions rich in carbon and sulfur

When the ureilite parent body is heated up, the first metal melts will form at the Fe-FeS
eutectic point at ¥950°C (RAGHAVAN 1988, RANKENBURG et al. 2008). We assume that the
eutectic melt in the Fe-S-C-System is similar to the eutectic melt in the Fe-S-System as the
solubility of carbon in sulfide melts is very limited (RAGHAVAN 1988). As proposed in
RANKENBURG et al. (2008), it is assumed that the presence of carbon does not lead to major

changes of the solid metal/liquid metal distribution coefficients.

The composition of the modeled core metal is on the iron rich side of the Fe-FeS eutectic
point, thus eutectic melts are removed until S is depleted in the system. The solid

metal/liquid metal distribution coefficients of Ni and Co for the eutectic composition are

o

Di=2 and Pea=14 (CHaBOT et al. 2003), thus Ni and Co are enriched in the residual metal

&
)

.
N

while melting progresses. The first melt shows low Ni- and Co-concentrations and becomes
gradually enriched in Ni and Co as melting progresses. When sulfur is exhausted, melting
stops until temperature rises to the Fe-C eutectic point at ~1153°C, and the system can then

be treated as a pure Fe-C (+Ni)-system.

In a carbon-rich system (Cl1-chondritic starting composition) the sulfur-depleted metal
residue is on the carbon-rich side of the eutectic point in the Fe-C-system. Eutectic metal
melt formed is in equilibrium with graphite. The melting process continues until Fe is
exhausted in the system. Similar to the Fe-S-system, the residual metal and the liquid metal
become progressively enriched in Ni and Co (CHABOT et al. 2006), leaving residual carbon (Fig.

75, Fig. 76). The solid metal/liquid metal distribution coefficients of Ni and Co for the

o =

eutectic composition are Dy =18 3nd Pz, =14  The distribution coefficient of Ni
remains similar to the Fe-S-System, while the distribution coefficient for Co is lowered by

2.6. As a result, the Ni/Co-ratio in the C-rich liquid much lower than in the S-rich liquid.

In the case of a more oxidized parent body (Fig. 76), Fe is almost completely depleted by the
removal of S-rich melts alone. The amount of C-rich melt that can be removed before Fe is
completely depleted in the system is very small (~2 wt%).
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Unlike the vein metal, the modeled metal residue and the liquid metal fraction contain
considerable amounts of sulfur and carbon. To directly compare vein metal with modeled
residual metals and metal liquids, Ni and Co were also plotted as carbon- and sulfur-free

metal (dotted lines).
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Starting compositions with moderate sulfur- and carbon-contents
In a system with moderate carbon and sulfur-concentrations (e.g. CV3 chondritic parent
body composition), the result of the modeling depends on the amount of Fe in the primary

metal component.

In a reduced parent body (Fig. 77) with high amounts of Fe (~85 wt%) in the primary metal
component, S is exhausted after ~¥30 % of melting. After S is depleted, the solidus
temperature increases until carbon-rich melt begins to form at ~1150°C. The removal of the
C-rich melt leads to a depletion of C at ~70 % of melting, leaving a Ni- and Co-rich FeNi-metal
residuum. During both stages, Ni and Co are enriched in the residual metal. A further melting
of the FeNi-residuum requires temperatures of ~1500°C, which is higher than the estimated
UPB’s peak temperature. If the estimate of UPB’s peak temperature is wrong and the UPB
was hot enough to permit the melting of pure FeNi-metal, the concentrations of Ni and Co

decrease in the residual metal as melting progresses.

Fractional melting of an oxidized parent body (~75 wt% Fe) will result in a different scenario.
Sulfur is exhausted after ~40% of the primary metal component is molten. The subsequent
formation and removal of a carbon rich liquid leads to a depletion of Fe at close to ~98 % of
melting and the formation of a carbon residual. Ni and Co are enriched in the residual and

the liquids during both stages.
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Fig. 78 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during fractional melting of the metal fraction
(Fe-Ni-S-C-Co) of an oxidized parent body (e.g. GRA95205) with intermediate carbon- and sulfur-concentrations (CV3
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Starting compositions with low sulfur- and carbon-contents

In a carbon-poor system, with an H-, L- or LL-chondritic composition, the composition of the
primary metal component is on the Fe-rich side of the Fe-C eutectic point and the Fe-S
eutectic point. This is true for a reduced as well as an oxidized parent body composition (Fig.

79, Fig. 80).

The first melts formed are S-rich eutectic melts in equilibrium with FeNi-metal, which are
removed until S is depleted in the system. The solidus temperature increses until eutectic C-
rich melts start to form at 1150 °C. Removing these eutectic melts reduces the amount of
carbon in the system until carbon is exhausted. Similar to the other model’s calculations, the
distribution coefficient of Co will be reduced to 1.4 in the C-rich melt, which results in an

inversion of the Ni/Co-ratios.

Melting will then cease as the solidus temperature increases to ~1500°C. During both stages

of melting, Ni and Co are enriched in the residual metal and in the liquid metal melt.
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Fig. 79 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during fractional melting of the metal fraction
(Fe-Ni-S-C-Co) of a reduced parent body (e.g. ALH84136) with a carbon- and sulfur-poor H chondritic composition.
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Fig. 80 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during fractional melting of the metal fraction
(Fe-Ni-S-C-Co) of an oxidized parent body (e.g. GRA95205) with a carbon- and sulfur-poor H-chondritic composition.

Is the vein metal the result of a fractional melting process on the UPB?

Depending on the starting composition, the models of the fractional melting process
produce different types of residues and melts. Scenarios with high amounts of sulfur
(>20°wt%) and carbon (>10 wt%) in the primary metal component produce a carbon-rich
residuum, while Fe-metal is entirely removed. Scenarios with intermediate sulfur and carbon
concentrations (>10 wt% S and ~3 wt% C) produce either a carbon rich residuum or a FeNi-
metal residuum. Scenarios with low amounts of sulfur and carbon (<10 wt% S and ~2 wt% C)

produce a FeNi-metal residuum.

Residual metal: The scenarios that produced a residual FeNi-metal did produce large

quantities of it (between 30 and 70% of the initial metal portion). This is inconsistent with a
> 95 wt% metal removal observed in ureilites. The metal residues are richer in Ni (factor 2 -
3) and Co (factor 1 — 2) than the ureilite vein metal. The Ni/Co-ratio of the metal residues is

a factor ~2 higher than in the vein metal.

If we assume that the maximum temperatures on the UPB were higher than 1300°C, a pure
FeNi-metal residue can be removed. A reduced, carbon- and sulfur-poor starting

composition could then produce a metal residuum that closely resembles the vein metal
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(Fig. 79) when ~95% of the initial metal are removed. But, as neither the required low
amounts of carbon nor the high temperature are consistent with observations in ureilites,
this scenario is not very plausible. In addition, the majority of ureilites does not appear to be

highly reduced (MITTLEFEHLDT et al. 1998).

Residual Carbon: Residual carbon is produced from fractional melting of a Cl1-chondritic
parent body and (in very low quantities) from fractional melting of an oxidized CV3-
chondritic parent body. The primary metal component comprises between ~30 and 54 wt%
of the original parent body. Carbon concentrations in ureilites are ~3 wt% with peak carbon
concentrations of ~6 wt% (e.g. GRADY et al. 1985). An carbon residuum that represents 18
wt% of the original metal component, like it has been calculated for a Cl1-chondritic starting
composition in an oxidized parent, would correspond to 7.7 wt% carbon in the bulk ureilite.
While this is not a perfect match, it demonstrates that minor variations of the initial model
carbon concentrations (which were estimated maximum concentrations), could account for
the carbon concentrations in bulk ureilites. If, for example, the initial carbon-concentration
was lowered to 9 wt% (from 16 wt%), the residual carbon content of bulk GRA95205 would

be 3.8 wt%.

= ]

g $
Metal melts. Due to the difference of Pi and DE.:», the Ni/Co-ratio in S-rich melts is always
>30, effectively ruling out those melts as a source of the vein metal. Moreover, eutectic

melts contain ~31 wt% of S, which is not observed in actual ureilite vein metal either.

=

3
The Ni/Co-ratio observed in C-rich melts is generally lower due to the shift in Dty from 4 to
1.4. As a result, at least some quantities of partial C-melt produced by reduced parent bodies
(regardless of the chondritic starting composition) show similarities to ureilite vein metal

with respect to Ni- and Co-concentrations as well as Ni/Co-ratio (Fig. 75, Fig. 77, Fig. 79).

Eutectic, carbon-rich melts contain ~4.5 wt% of carbon. If such a melt crystallizes slowly,
carbon crystallizes as graphite in equilibrium with FeNi-metal (HORSTMANN 2004). Graphite
and FeNi-metal are commonly observed in ureilite vein material. The disequilibrium between
vein metal and olivine suggests that the vein metal was emplaced shortly before the impact
or when the UPB had already cooled, thus preventing equilibration. If the vein metal would

represent a melt fraction, it should have been quenched by the impact, which would result
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in the crystallization of cohenite instead of graphite (HORSTMANN 2004). While cohenite has

been observed in spherule inclusions, it has not been found in ureilite vein metal.

Only a fraction of the modeled C-rich liquid is similar to the vein metal and the
complementary C-rich melts have also not been found in the ureilite. Carbon-rich melts
resembling vein metal have only been modeled for very reduced parent body compositions.
It is imaginable that oxidized ureilite assemblages have been swept clean of their own initial
metal portion and then injected with such a carbon-rich melt from a more reduced
assemblage. But it appears unlikely that such a process would produce ureilites with similar

metal content and composition.

Fractional melting alone does therefore not provide a suitable explanation for the origin of
the ureilite vein metal. Fractional melting does, however, represent a way to completely
remove the primary metal component of the ureilite parent body using a combination of S-

rich and C-rich melts and leaving a carbon residue behind.

149



9.3.3 Modeling of batch melting on the ureilite parent body

Description of the batch melting process

In contrast to fractional melting, batch melting requires simultaneous monitoring of sulfur
and carbon in the system. Unfortunately, little information is available on the behavior of
carbon and sulfur-rich systems at temperatures below 1100°C (RAGHAVAN 1988, WANG et al.
1991, OHTANI and NisHIZAWA 1987). The available data agree on the presence of a carbon-rich
and a sulfur-rich immiscible liquid at temperatures above ~1100°C. GOODRICH and BERKLEY
(1986) have adapted a ternary Fe-FeS-FesC-diagram from VOGEL and RiTzAU (1931) that is also

used in this study.

It is assumed that melting commences near the eutectic temperature of the Fe-S-System at
about ~950°C (GoobRrIcH and BERKLEY 1986, RANKENBURG et al. 2008, VAN ORMAN et al. 2009).
The first melt formed is a eutectic sulfur-rich melt with ~31 wt% S. Melt generation
continues until sulfur is exhausted in the residual metal. At that point, the solidus

temperature of the system increases, as the amount of S in the melt decreases.

At ~1100°C, the formation of a C-rich melt starts. The composition of the C- and the S-rich
melt has been taken directly from the ternary Fe-FeS-Fe;C-diagram in GOODRICH and BERKLEY
(1986). The S-rich melt contains ~28 wt% S and ~0.3 wt% C, while the C-rich melt contains
~1 wt% S and ~4 wt% C. As most of the S of the system is contained in the S-rich melt, the C-
rich melt is formed partly at the expense of the Sr-rich melt. The formation of the C-rich

eutectic melt will continue until Cis depleted in the residual metal.

At that point, the solidus temperature increases again, while S- and C-concentrations in the
respective liquids decrease. The solidus temperature will increase until the whole system is
molten, or the estimated peak temperature of ~1300°C for the ureilite parent body is
reached. As ureilites have lost >95 wt% of their initial metal component, it is assumed that

the melt is removed when 95% of the primary metal component is molten.
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Starting compositions rich in carbon and sulfur

In a C- and S-rich parent body (Fig. 81, Fig. 82), similar to a Cl1-chondrite, partitioning
behavior is dominated by S as has been proposed by a number of authors (e.g. WARREN et al.
2006, RANKENBURG et al. 2008). In case of a reduced parent body (Fig. 81), only small amounts
of C-rich melts are formed (~15 wt%) until Fe is exhausted, leaving a carbon residue. An
oxidized parent body (Fig. 82) might not produce a C-rich melt at all, as the system contains

sufficient S to completely melt all of the metal at temperatures lower than 1100°C.

In both modeled systems the inferred Ni and Co concentrations of the residual metal are far
greater than those observed in our ureilite vein metal. The calculated Ni/Co-ratios argue
against S-rich melt as origin for the vein metal. The C-rich liquid is, although not a perfect fit,

similar to the vein metal with respect to Ni- and Co-concentrations as well as Ni/Co-ratio.
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Fig. 81 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during batch melting of the metal fraction (Fe-
Ni-S-C-Co) of a reduced parent body (e.g. ALH84136) with a carbon- and sulfur-rich CI1 chondritic composition. The
concentrations of Ni and Co have been normalized to pure Fe-Ni-Co-metal.
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Fig. 82 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during batch melting of the metal fraction (Fe-
Ni-S-C-Co) of an oxidized parent body (e.g. GRA95205) with a carbon- and sulfur-rich CI1 chondritic composition. The
concentrations of Ni and Co have been normalized to pure Fe-Ni-Co-metal.

Starting compositions with moderate sulfur- and carbon-contents

Models based on a CV3-chondritic parent body with intermediate sulfur and carbon-
concentrations produce different results based on the degree of oxidation assumed. On a
reduced parent body (Fig. 83), a Fe-S eutectic melt is formed until S is exhausted in the
residual metal at ~¥25% melting. The solidus temperature of the system increases, while S
becomes depleted in the melt, until it reaches ~1100°C. At this temperature the eutectic C-
rich melt is formed. Formation of the Fe-C-eutectic melt persists until C is depleted in the
residue at ~“88% melting. At that point, the solidus temperature of the system increases

again, until the whole system is molten at ~1270°C.

In contrast, a more oxidized parent body contains higher relative amounts C and S in the
metal portion. After the formation of the Fe-S-eutectic melt, Fe-C eutectic melt is generated

and Fe is exhausted at ~99% of melting, generating a carbon rich residue.

This starting composition does not produce a metal residue or a metal liquid that constitutes

a suitable candidate for the ureilite vein metal.
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Ni-S-C-Co) of a reduced parent body (e.g. ALH84136) with intermediate carbon- and sulfur-concentrations similar to a
CV3-chondritic composition. The concentrations of Ni and Co have been normalized to pure Fe-Ni-Co-metal.
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Fig. 84 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during batch melting of the metal fraction (Fe-
Ni-S-C-Co) of an oxidized parent body (e.g. GRA95205) with intermediate carbon- and sulfur-concentrations similar to a
CV3-chondritic composition. The concentrations of Ni and Co have been normalized to a pure Fe-Ni-Co-metal.



Starting compositions with low sulfur- and carbon-contents

Batch melting on a parent body of H-chondritic composition will produce similar results,
regardless of the degree of oxidation (Fig. 85, Fig. 86). At ~980°C, the Fe-S-eutectic melt
forms, followed by the Fe-C-eutectic melt at ~1100°C. Both liquids will become progressively
depleted in carbon and sulfur as the solidus temperature rises, until the whole metal is
molten. The calculated solidus temperatures of the more reduced system are slightly above
the estimated maximum temperature of the ureilite parent body. Neither the melts nor the

metal residues resemble the ureilite vein metal.
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Fig. 85 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during batch melting of the metal fraction (Fe-
Ni-S-C-Co) of a reduced parent body (e.g. ALH84136) with low carbon- and sulfur-concentrations similar to a H-chondritic
composition. The concentrations of Ni and Co have been normalized to pure Fe-Ni-Co-metal.
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Fig. 86 Concentrations of Ni and Co, solidus temperatures and Ni/Co-ratio during batch melting of the metal fraction (Fe-
Ni-S-C-Co) of an oxidized parent body (e.g. GRA95205) with low carbon- and sulfur-concentrations similar to a H-
chondritic composition. The concentrations of Ni and Co have been normalized to pure Fe-Ni-Co-metal.

Is the vein metal the result of a batch melting process on the UPB?

Residual metal: Similar to fractional melting, batch melting will not produce residual metal
that resembles the ureilite vein metal. In all calculated scenarios, Ni concentrations of
residual metal were higher (factor ~1.5-3+) than observed in ureilite vein metal. Similarly,
Co-concentrations are too high for most scenarios, except scenarios with low to moderate
sulfur- and carbon-concentrations and a reduced parent body (Fig. 83, Fig. 85). Ni/Co ratios
of the residual metal are generally higher than observed ratios, except for very carbon- and
sulfur-rich parent body compositions (Fig. 81, Fig. 82). In order to represent a suitable model
for the origin of ureilite vein metal, all three conditions (Ni and Co-concentrations and Ni/Co-

ratio) must be met.

Residual carbon: Both oxidized and reduced parent bodies produce large carbon residues of

10-20 wt% of the initial model core metal, for sulfur- and carbon-rich starting compositions.

An oxidized parent body with moderate concentrations of carbon and sulfur would produce
a small carbon residue of 1-3 wt%, which is consistent with carbon concentrations observed

in bulk ureilites.
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Sulfur-rich metal melt: Generated sulfur-rich melts are generally too high in Niand too low in
Co to be suitable candidates for ureilite vein metal. The calculated Ni/Co-ratio is generally a

factor of 2 — 4 higher than in vein metal.

Carbon-rich metal melt: Calculated carbon-rich melts are generally too high in Ni as well as
Co and Ni/Co-ratio. An exception is a reduced parent body with high sulfur- and carbon-
concentrations. The composition of calculated carbon-rich melts in such a UPB are close to
the composition of vein metal (Fig. 81). Although not a perfect fit, fine tuning of sulfur and
carbon-concentrations in the starting composition can produce a carbon-rich melt that fits
the ureilite vein metal. Decreasing the assumed sulfur-concentrations by ~4 wt% would, for
example, result in a perfect fit for the Ni- and Co-concentrations and Ni/Co-ratios. Such a

melt contains ~4 wt% of carbon which is consistent with ureilite vein metal.

Again, carbon-rich melts that resemble ureilite vein metal are only produced on reduced
parent bodies. They therefore do not represent an explanation for the origin of vein metal in

the majority of ureilites with fa.1s.

156



9.4 Ureilite vein metal as a secondary component

9.4.1 The complete removal of the initial chondritic metal portion
If the vein metal represents a secondary component in the UPB, the original metal from the

chondritic parent body has been removed, possibly into a metal core.

The initial metal component can be completely molten either by batch melting or by
fractional melting. For a fractional melting process, this would require a parent body with at
least moderate sulfur- and carbon-concentrations (~3 wt% carbon, 8-13 wt% sulfur). In
scenarios modeled for these starting compositions all metal is removed leaving behind only

residual carbon.

In batch melting the metal component of sulfur- and carbon-poor starting compositions are
completely molten at the assumed ureilite peak temperatures of ~1300°C. In case of carbon-

and sulfur-rich starting compositions a carbon residual is left behind.

The original metal component represents 30 - 55 wt%, and thus 15 - 30 vol% of the parent
body, providing pathways for segregation. A complete loss of the metal component either by

fractional or by batch melting therefore is a possible scenario.

9.4.2 Secondary addition of metal from silicate reduction

If the ureilite parent body had been swept clean of its initial metal component, a possible
source of metal in the ureilite is the reduction of silicates in the presence of carbon (i.e.
“smelting”). It has been proposed that smelting is responsible for the different fa of ureilite

olivine (e.g. BERKLEY and JONES 1982) and the source of vein metal (GooDRICH et al. 2004).

Trace element studies of ureilite silicates (this work, AsH et al. 2009) show that Ni and Co
concentrations in ureilite silicates are <150 pg-g™. A Fe-rich metal produced from reduction
contains only ~0.04 wt% of Ni and ~0.02 wt% of Co. The amount of metal produced depends
on the degree of reduction in the ureilite. The reduction of an iron-rich olivine with ~20 wt%
of FeO (similar to olivine in GRA95205 or Kenna) to an iron-poor olivine with ~2 wt% of FeO
(similar to olivine in ALH84136) produces ~11 wt% of Fe-rich metal (WARREN et al. 2006). As a

result, metal concentrations in ureilites would be negatively correlated with olivine FeO,
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which is not observed. It can therefore be concluded that the ureilite vein metal could not

have been produced from reduction of silicate material.

9.4.3 Secondary addition of metal from an metal-rich impactor

Several authors have proposed the presence of two components: One that is refractory poor
and associated with the vein material and one that is refractory-rich (BoYynTON et al. 1976,
HiGucHI et al. 1976, JANSSENS et al. 1987). Shock features, thermal history and the reduced
rims suggest that the ureilite parent body was catastrophically disrupted by impact of
another asteroid (e.g. GOODRICH et al. 2004). It was therefore suggested that the ureilite
carbon and part of the siderophile elements had been injected through an impactor into the
ureilite parent body (e.g. WASSON et al. 1976, RANKENBURG et al. 2008). The presence of
carbon rich spherule inclusions, on the other hand, indicates that at least a part of the

carbon was a primary component (GOODRICH and BERKLEY 1986).

Assuming that the ureilite parent body material had been swept clean of its initial metal
portion, it is possible that the vein metal represents metal introduced into the system by the
impactor. Such a metal rich impactor could have been similar to one of the known iron
meteorites. Fig. 87 therefore shows Ni/Co-ratio and Ni concentrations in iron meteorites and

ureilite vein metal.
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Fig. 87 Ni concentrations in several iron meteorites and ureilite vein metal plotted against bulk Ni/Co-ratios. Iron
meteorite data from KRACHER et al. (1980), MALVIN et al. (1984b), MALVIN et al. (1984a), WAssoN et al. (1989), WAssoN et al.
(1998) and RusskELL et al. (2004). Iron meteorites show a linear trend, pointing towards the origin. Except for the Si-rich
vein metal in EET87517, ureilites are clearly off the trend.

According to published iron meteorite data (KRACHER et al. 1980, MALVIN et al. 1984b, MALVIN
et al. 1984a, WAssON et al. 1989, WASSON et al. 1998, RussELL et al. 2004), most iron
meteorites show higher Ni-concentrations than ureilite vein metal. The iron meteorites of
the Bellsbank-group resemble the ureilite vein metal most closely with respect to Ni
concentrations. However, the Bellsbank-group meteorites exhibit high P-concentrations of
~2 wt% (MALVIN et al. 1984a), while P is <0.25 wt% in ureilite vein metal. It has been
suggested that the Bellsbank-group iron meteorites formed from an immiscible P-rich liquid

on the IIAB-parent body (MALVIN et al. 1984b).

Iron meteorites show a positive correlation of Ni/Co-ratio and Ni concentrations. Although
this correlation becomes less pronounced at higher Ni-concentrations, ureilites clearly define
a singular group outside the trend of the iron meteorites (Fig. 87). IIAB-Irons, which show
similar Ni/Co-ratios to ureilites, exhibit ~2 wt% higher Ni-concentrations. One exception is
the Si-rich vein metal portion of the EET87517 ureilite, which shows a Ni/Co-ratio and Ni-

concentrations very similar to lIAB-irons. This might indicate a connection between IIAB
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irons and ureilites. However, only one of nine examined ureilites shows a Il1AB-like metal

component.

Although no group of iron meteorites can be clearly linked to ureilite vein metal, it is
possible that such an iron-rich meteorite exists and has not been sampled yet. In CHABOT
(2004), mass balance calculations have been performed in order to infer the initial sulfur-
content in the IIAB metallic melt. According to these calculations the lIAB-iron meteorites
might have formed by fractional crystallization from a parental core composition with

~17 wt% S.

In a similar way, we modeled fractional crystallization of an extremely reduced (all Fe in
metal) and Ni-poor parent body (Fig. 88). The chosen starting composition was the Ni-poor
LL-chondrite Manych (JAROSEWICH 1990). The metal core of an extremely reduced Manych-
like composed parent body contains 4.54 wt% Ni and 0.28 wt% Co. Other LL-chondritic
compositions such as Greenwell Springs, Cherokee Springs and Karatu give similar low-Ni
and low-Co starting compositions.

a
™

. and Pi» were taken from CHABOT et al.
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The sulfur-dependent distribution coefficients D
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Fig. 88 Ni concentrations and Ni/Co-ratio in modeled metal produced from fractional crystallization of a Ni- and Fe-poor
LL-chondritic starting composition. Calculations were performed for different sulfur-concentrations in the initial metal
portion.

The calculations were performed for 5 %, 10 %, 15 %, 20 % and 25% of S in the starting
composition. Crystallization persists until sulfur in the residual melt approaches the eutectic

composition at 31 wt% S.
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A fractional crystallization of a Ni-poor metal core with 5-10 wt% S can produce metal similar
to ureilite vein metal. With respect to Ni- and Co-concentrations as well as Ni/Co-ratios,

ureilite vein metal could represent metal from such a metal-rich impactor.

Such a metal-rich impactor would explain, why the ureilite siderophile elements show no
correlation with olivine fa of each ureilite. It would also explain why the ureilite vein metal is

not in equilibrium with adjacent olivine grains.
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9.5 Ureilite vein metal as mixture of primary and secondary components

9.5.1 Batch and fractional melting and addition of Ni-poor metal from silicate
reduction

Most calculated scenarios produced melts and metal residues that were higher in Ni and Co

than ureilite vein metal. The addition of Ni- and Co-poor metal from reduction might

represent a mechanism to explain low Ni- and Co-concentrations in the vein metal. The

metal produced from smelting is added either during the fractionation process or to the

respective FeNi-metal or carbon residue at the end of the fractionation process.

The addition of Ni- and Co-poor metal from reduction to a carbon residue is no explanation
for the formation of ureilite vein metal as the composition of the added metal does not

change during this process.

The addition of metal from smelting during a batch melting process before the metal liquid is
removed is already accounted for through the starting compositions of the batch melting
models. If, for example, a FeO-rich, oxidized parent body (e.g. GRA95205) was almost
completely reduced, the resulting composition would be identical to that assumed for a FeO-
poor reduced parent body (e.g. ALH84136). As batch melting is considered to be a
continuous process where equilibrium between liquid metal and solid metal is maintained,
the addition of Ni-poor Fe from reduction would produce result similar to the model

calculations for a reduced parent body.

The addition of metal from smelting during a fractional melting process is hampered by
temperature. The estimated temperatures, at which smelting starts, are ~1040°C at low
pressures of ~¥3 MPa in the shallowest regions of the UPB and up to 1280°C at ~12.6 MPa at
greater depth (SINGLETARY and GRoVE 2006, GOODRICH et al. 2007). It has been suggested (e.g.
SINGLETARY and GRoVE 2003) that ‘normal’ ureilites with fa~,o represent assemblages from
greater depth in the UPB, while reduced ureilites with fa.,o represent assemblages from a

more shallow position in the UPB.

In a fractional melting process of reduced starting composition, smelting starts at

temperatures of ~1040°C. Sulfur would already be completely exhausted in such a system
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and the metal from smelting is added to the carbon-rich liquid. The composition of the
carbon-rich-liquid would, depending on the amount of added Ni-poor metal, resemble the
composition of ureilite vein metal. Such a vein-metal like C-rich liquid is only produced from
reduced starting compositions and does therefore not represent a viable source of ureilite

vein metal for the majority of ureilites.

The majority of ureilites show fa~,o (MITTLEFEHLDT et al. 1998). For those ureilites, smelting is
not assumed to start at temperatures lower than 1200°C (GoobRIcH et al. 2007). At that
temperature, in the fractional melting model, S-rich and C-rich melts have already been

removed, leaving either a FeNi-metal residue or a carbon residue.

The addition of a Ni- and Co-poor metal to a Ni- and Co-rich FeNi-metal residue produced
either from batch or from fractional melting lowers the concentrations of Ni and Co, while
leaving the Ni/Co-ratio of the metal unchanged. The Ni/Co-ratio of the residual metal in all
modeled scenarios is ~20 and higher than the observed Ni/Co-ratio in ureilite vein metal of
~14. A further differentiation of the residual metal can lower the Ni/Co-ratio, but would

require temperatures higher than the estimated peak temperature of ~1300°C.

Smelting would also result in a pronounced correlation of the vein metal composition with
olivine fa which is not observed in our data. It can therefore be concluded that there is no

evidence for the addition of metal from reduction to the vein metal.

Ni-poor metal could have been added through the secondary reduction process that
produced the reduced rims in olivine and pyroxene grains. However, small Ni-poor metal
speckles are abundant within the reduced rims and it appears not likely that the Ni-poor

metal has left the silicate grains in large quantities.

9.5.2 Batch and fractional melting and addition of metal from an impactor

The px-px- or ol-px-equilibration temperatures calculated for several ureilites (SINHA et al.
1997, SINGLETARY and GROVE 2003) record the temperatures at the impact at 1300°C. At this
temperature, the fractionation processes of most fractional and batch melting models are
finished. The metal from the impactor would be injected into a FeNi-residue, a carbon

residue or into a melt fraction that has migrated into a silicate assemblage.
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The FeNi-metal residues calculated in the models are higher in Ni and Co than the vein
metal. If the vein metal represents a mixture of a FeNi-metal residue and a metal-rich
impactor, that impactor must have been even poorer in Ni than previously calculated for
extremely Ni-poor starting compositions. This is also the case when such a metal-rich
impactor is injected into a melt fraction. The necessary almost Ni- and Co-free impactor

cannot have formed from a chondritic starting composition by fractional crystallization.

If, however, an impactor of approximately vein metal-like composition would be injected
into a carbon-residue, the result would be very similar to the ureilite vein material. This

scenario presents the most viable explanation for the formation of the ureilite vein metal.
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9.6 Ni-Isotope systematics

The Fe/Ni-ratios measured in the silicate fractions of Kenna (Fe/Ni = 668), EET87517 (Fe/Ni =
68.2), ALHA77257 (Fe/Ni = 827) and EET96042 (Fe/Ni = 370) are much lower than the Fe/Ni-
ratios of pure olivine and orthopyroxene. Fe/Ni-ratios range from ~1718 (EET87517) to
~2023 (Kenna) in olivine and from ~2864 (EET87517) to ~4741 (ALHA77257) in
orthopyroxene. Depending on the respective olivine/pyroxene ratio, the Fe/Ni-ratio of a
pure silicate fraction is in between the Fe/Ni-ratio of olivine and the Fe/Ni-ratio of

orthopyroxene.

The low Fe/Ni-ratios of the silicate-rich fraction indicate that traces of vein metal and metal
inclusions have been included in the measurements. In order to calculate the respective

amounts of the three components, a set of equations was used (Eq. 50 - Eq. 52).

Ciampte = Aot "€ + Xopx = Coga + Xmer = Chie Eq. 50
Crampie = Har "ol + Hopx = Cdn + Amer = e Eq. 51
XE‘:+XP;J\.¥+X.'.";E:'=1 Eq. 52

X represents the weight fraction, while c represents the concentration of the respective
elements in different components. The Fe-concentrations in silicates and vein metal as well
as Ni in vein metal has been determined with EPMA. Ni concentrations in silicates have been

determined with LA-ICP-MS. In this work, the Excel solver-function was used to determine
Xol, Xopx @and Xmet, based on Eq. 50 - Eq. 52. The weight fraction of Ni from vein metal (X':;E:n)
in the silicate-rich sample can be calculated (Eq. 53).

X.‘.":H‘ . g:'-"::“ Eq. 53

Ir:"i;r.‘.‘."; HE

X‘.".'-_.'l“ L

VE

The €%~ of the pure silicate portion is calculated as mass balance from K (Eg. 54,Eq. 55).
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The corrected e®Ni* values range from -1.19 £ 0.31 to -9.19 + 5.36 €u (Table 35). The 2c-
errors were calculated assuming an error of 10% for the solver-model. The very low e®Ni* of
EET87517 is a result of the very low Fe/Ni-ratio (Fe/Ni = 68.2) of the silicate sample. This
indicates a high degree of vein metal contamination. The extrapolation of data to pure

silicate material is therefore significantly less reliable for this sample.

ureilite Ni-contribution Fe/Ni-ratio £ONi* 2c
from vein metal [wt%] (pure silicate) (corrected values)

Kenna 72.4 3173 -3.08 0.54
EET87517 98.2 3858 -9.19 5.36
ALHA77257 67.3 3342 -1.19 0.31
EET96042 85.3 3241 -3.41 0.80
Weighted average -/- 3404 -2.24 0.89

Table 35 vein metal-contamination, calculated Fe/Ni-ratios of pure silicate and corrected e®Ni*-values.
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Fig. 89 Weight fraction of vein metal in the ureilite samples. Silicate-rich fractions contain 67.3 — 98.2 wt% of vein metal
Ni. Extrapolation to pure silicate gives -1.19 g-units for ALHA77257, -3.08 ¢-units for Kenna, -3.41 g-units for EET96042
and -9.19 g-units for EET96042. The weighted average of all four samples gives -2.24 £ 0.89 -units.

Ni-concentrations in ureilite metal and silicates suggest considerable fractionation. If both

components are co-genetic, this fractionation might have led to variations in ®*Ni that can be

used to obtain relative age information for the formation and the evolution of the ureilite

parent body. However, as the isochron-diagram (Fig. 90) indicates, the ureilite data do not

represent an isochron.
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Fig. 90 Isochron diagram showing ureilite bulk, metal and silicate components.

Ni concentrations in vein metal and silicates indicate that vein metal is the principal Ni-
carrier within the ureilite. Metal component and bulk ureilite have to yield similar values.
Both components display, within uncertainty, e°Ni* of O relative to terrestrial standards,
while the silicate-rich fraction has an e®Ni* of -1.19 + 0.35 to -9.19 + 5.36. These data do not
confirm the data in Bizzarro et al. (2007b), where deficits in € °Ni* of ~0.25 € were reported
for bulk ureilites. Assuming that earth acquired *°Fe, e*Ni* of 0 indicates the presence of
Fe on the ureilite parent body. During metal/silicate fractionation, most Ni is removed
along with Fe into the core, leaving only small amounts (<150) ppm behind in the silicate
mantle. If ®°Fe was present on the ureilite parent body, this would result in large positive

excesses in °Ni (Fig. 91).
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Fig. 91 Model calculations for metal/silicate fractionation at different time steps (1 Ma — 4 Ma), based on a Cl1-chondritic
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fractionation model assumes 20 wt% FeO and 0.01 wt% Ni in the silicate mantle. For the silicate fraction, large positive
excesses in *’Ni are modeled, while the metal fraction plots lower than the bulk composition.

The Ni-isotope data therefore indicate that ureilite vein metal and ureilite silicates are not
cogenetic and formed from two isotopically distinct reservoirs. Ureilite silicate and vein
metal might have formed on two distinct parent bodies. It is possible that the ureilite parent
body accreted prior to the injection of ®Fe into the early solar system, while the source of
the vein metal accreted after this event. Another explanation is that both parent bodies

formed at similar times in different regions and that ®*°Fe was heterogeneously distributed

within the early solar system.
Deficits in ®Ni relative to terrestrial standards are consistent with an ureilite parent body
formation prior to the injection of Fe into the solar system. Several authors have proposed
different initial ®°Fe/>°Fe-ratios for the early solar system (e.g. MosTEFAOUI et al. 2005,
TACHIBANA et al. 2006, GoswAmi et al. 2007). Among the highest suggested initial ®Fe/*°Fe-
ratios is 2.31 + 1.8 - 10°® from Goswami et al. (2007), which is, within uncertainty, consistent
with average negative e°Ni* of -2.24 + 0.89 ¢ in ureilite silicates. Type Il supernovae could

produce even higher initial ®°Fe/>®Fe-ratios up to >1 - 10™ (TACHIBANA et al. (2006) and

references therein).
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Negative excesses in ®Ni can also be caused by nucleosynthetic anomalies in Ni-isotopes. If
Ni-isotopes were heterogeneously distributed in the early solar system, excesses or deficits
in ®Ni would not provide significant information. Anomalies in Ni, ®Ni and ®*Ni have been
reported for troilite from iron meteorites (QUITTE et al. 2006, Cook et al. 2008). Cook et al.
(2008) suggested that these anomalous Ni-isotopic compositions are a result of mixing of
two different stellar sources. CHEN et al. (2008) were unable to confirm the anomalies

reported in QUITTE et al. (2006), Cook et al. (2008) and BizzARrO et al. (2007b).

Correlated anomalies in ®*Ni and ®’Ni have been reported in CAls by QUITTE et al. (2007).
BizzARRO et al. (2007a) suggested that the anomalies in Ni in CAls could stem from the
incorporation of presolar ®Ni*. Heterogeneities in the early solar system are also known for
other elements, including chromium (e.g. ROTARU et al. 1992), barium, samarium or

neodymium (ANDREASEN and SHARMA 2007).
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10 Conclusions

1.

3.

Ureilite vein metal is not co-genetic with ureilite silicates. Ni isotope studies suggest
that ureilite vein metal and thus bulk ureilites show no excesses or deficits in ®Ni,
while ureilite silicate shows deficits in ®°Ni. This difference cannot be the result of a
differentiation process from a single isotopic reservoir. This conclusion is further
backed up by the thermodynamic disequilibrium between vein metal and silicates
with respect to the exchange of Fe and Ni that is suggested by different equilibration
temperatures.

Ureilite vein metal is not a residual metal from metal/silicate fractionation on the
ureilite parent body. In contrast to the conclusions of other authors (WARREN et al.
2006, RANKENBURG et al. 2008), low concentrations of Ni and Co in the vein metal
strongly argue against vein metal representing a metal residue of a parent body with
initially chondritic composition. Mass balance calculations show that the primary
metal component of a chondritic parent body is richer in Ni and Co than the vein
metal. Temperatures within the ureilite parent body were likely not high enough to
permit melting of pure FeNi-metal, which is indicated by missing equilibration of
oxygen isotopes as well as high abundances of noble gases (provided that carbon is a
primary component). Fractionation of >95 wt% of the initial metal component was
therefore only possible as S-rich or C-rich liquid. Distribution coefficients for Ni and
Co (CHABOT et al. 2003, CHABOT et al. 2006) indicate that, if S or C are present, Ni and
Co become enriched in the residual metal during solid metal/liquid metal
fractionation. In contrast, ureilite vein metal is depleted in Ni and Co relative to the
primary metal component.

A complete clean sweep of metal on the ureilite parent body is possible. The
presence of sufficient amounts of sulfur and carbon permits the complete melting of
the initial metal portion of the ureilite parent body at ~1300°C. The required amounts
depend on the mode of melting. Fractional melting requires relatively high amounts
of sulfur and carbon (>3 wt% C and >12 wt% S), while batch melting requires less
carbon and sulfur (~1 wt% and ~7 wt% S). Depending on the composition of the

parent body, the metal fraction constitutes 18 — 30 vol% of the parent body. The
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metal melt could have been removed either by a batch melting process under static
conditions (HERPFER and LARIMER 1993, YOSHINO et al. 2004) or by a buoyancy driven
explosive volcanism (KEiL and WiLsoN 1993). Due to the missing re-equilibration
between initial metal component and silicate, which would be expected during a
fractional melting process, batch melting appears to be the most likely mode of
melting.

Ureilite vein metal could represent a partial or batch melt from metal/silicate
fractionation. Ignoring the problems arising from the Ni-isotopic data, carbon-rich
melts produced in either a fractional melting or a batch melting process on a reduced
parent body resemble ureilite vein metal with respect to Ni and Co concentrations as
well as Ni/Co-ratio. Most ureilites (> 70%, MITTLEFEHLDT et al. 1998), however, do not
stem from a reduced parent body.

A scenario that circumvents that problem is one where the more oxidized ureilite
assemblages were swept clean of their initial metal portion and then injected with a
carbon-rich melt from a reduced ureilite assemblage. It appears, however, unlikely
that such a process would lead to similar amounts of metal in all ureilites. Another
possible problem arising from that scenario is that complementary melts which are
Ni-richer than vein metal, for example the sulfur-rich melt from a batch melting
process or the succeeding carbon rich melts, are not observed in our ureilite samples.
Ureilite vein metal could represent metal from an iron-rich impactor. Metal
crystallizing from a reduced, Ni-poor LL-chondritic parent body shows Ni- and Co-
concentrations and Ni/Co-ratios similar to ureilite vein metal. Such an impactor
would explain the discrepancies between vein metal and ureilite silicate Ni-isotopes.
Either the metal-rich impactor formed after the injection of ®Fe in the early solar
system, or ®°Fe was heterogeneously distributed in the early solar system and the
ureilite parent body and the impactor’s parent body formed in different regions. If
the ureilite vein metal was formed by such an impactor it would also explain the
missing metal/olivine equilibration and the similarities in ureilite vein metal
composition in each ureilite.

Based on the other conclusions, it is proposed that ureilites formed as restites on a
parent body of initially chondritic composition. The primary metal component

established equilitbrium with ureilite olivine at ~1300°C and was then removed by a
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batch melting process. The primary metal component segregated into a metal core
and left a carbon rich residue behind. The vein metal was injected into the parent

body by the impact of a metal-rich asteroid which was poor in Ni and Co.
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12 Appendix

12.1 Ureilite data

12.1.1ALHA84136

Silicates (EPMA)
Mineral SiO, TiO, FeO ALO; MgO CaO Cr,0; MnO wttotal EPMA?
[Wi%]  [Wi%] [wt%] [wi%] [wi%] [wi%] [wi%] [wit%]

Olivine 4235 0.05 0.70 0.03 56.17 0.24 0.32 0.37 100.30 Go
Olivine 4223 0.00 0.75 0.05 56.16 0.30 0.24 0.40 100.14 Go
Olivine 4250 0.01 0.76 0.03 56.87 0.33 0.12 0.27 10091 Go
Olivine 42.44 0.00 1.16 0.03 56.80 0.28 0.20 0.25 101.23 Go
Olivine 42.16 0.03 1.73 0.02 55.40 0.29 0.47 0.59 100.72 Go6
Olivine 41.79 0.08 1.96 0.07 54.86 0.34 0.50 0.54 100.15 Go
Olivine 42.01 0.02 2.57 0.05 54.50 0.31 0.56 0.55 100.57 Go6
Opx 57.85 0.19 1.35 0.32 35.85 3.79 0.84 0.43 100.71 Co
Opx 59.13 0.14 1.01 0.42 36.60 2.91 0.72 0.53 10154 Co
Opx 57.90 0.05 3.09 0.06 37.93 0.72 0.17 0.43 10050 Go6
Opx 58.72 0.13 2.49 0.48 35.19 2.67 0.69 0.45 100.91 Go6
Opx 58.45 0.11 2.68 0.53 35.45 2.65 0.77 0.54 101.21 Go
Opx 58.30 0.13 3.47 0.47 34.66 2.62 0.84 052 101.01 Go
Opx 5756 0.09 2.88 0.42 35.61 2.44 0.86 0.55 100.39 Co
Opx 57.22 0.07 2.85 0.46 35.38 2.46 0.73 0.52 99.77 Co
Opx 5758 0.15 2.86 0.44 35.80 2.49 0.75 054 100.66 Co
Opx 57.34 0.09 282 0.43 35.85 2.50 0.76 0.48 100.32 Co
Opx 57.22 0.10 2.71 0.48 34.73 2.50 0.90 0.48 99.13 Co
Opx 58.67 0.15 2.82 0.44 35.37 2.50 0.84 0.47 101.32 Co
Opx 57.92 0.08 2.87 0.50 36.27 2.51 0.85 0.47 10147 Co
Opx 57.99 0.14 2.71 0.43 36.31 2.52 0.81 0.48 10146 Co
Opx 57.88 0.08 2.78 0.42 35.25 2.52 0.80 0.59 100.33 Co
Opx 57.32 0.07 2.69 0.44 35.60 2.52 0.73 0.42 99.80 Co
Opx 57.31 012 2.93 0.45 35.92 2.54 0.76 052 100.55 Co
Opx 5761 0.05 2.88 0.41 3551 2.54 0.78 0.54 100.36 Co
Opx 5789 011 2.96 0.43 35.76 2.54 0.81 0.48 101.08 Co
Opx 5754 0.16 3.02 0.42 35.85 2.55 0.74 053 100.90 Co
Opx 5740 0.10 2.80 0.44 35.85 2.55 0.79 0.46 100.45 Co
Opx 5758 0.12 2.82 0.50 35.60 2.55 0.77 0.49 100.42 Co
Opx 57.46 0.12 2.92 0.44 35.71 2.56 0.72 0.49 10054 Co
Opx 58.14 0.09 2.45 0.46 36.33 2.56 0.80 0.48 101.40 Co
Opx 57.74 0.11 2.87 0.40 36.08 2.56 0.80 0.57 101.18 Co
Opx 58.77 0.15 2.55 0.44 35.18 2.56 0.77 0.48 100.95 Co
Opx 57.08 0.09 2.77 0.44 35.34 2.57 0.73 0.57 99.66 Co
Opx 58.39 0.09 2381 0.43 35.65 2.57 0.75 0,51 101.24 Co
Opx 5788 0.15 2.78 0.49 35.86 2.58 0.65 0.51 100.92 Co
Opx 5780 012 251 0.46 35.84 2.59 0.73 0.53 100.68 Co
Opx 58.14 0.13 2.45 0.46 36.00 2.59 0.75 0.48 101.10 Co
Opx 57.98 0.17 2.77 0.43 35.99 2.59 0.79 0.44 101.30 Co
Opx 58.60 0.08 2.98 0.42 35.80 2.60 0.77 053 101.83 Co
Opx 58.88 0.10 2.71 0.43 34.61 2.61 0.84 0.52 100.83 Co
Opx 58.52 0.08 2.55 0.42 35.53 2.62 0.84 0.49 101.04 Co
Opx 57.42 0.10 2.62 0.45 35.70 2.62 0.82 0.55 100.39 Co
Opx 58.16 0.09 2.54 0.41 36.12 2.62 0.79 0.48 101.29 Co
Opx 57.47 0.11 2.76 0.42 35.49 2.63 0.79 0.53 100.26 Co
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Opx 58.71 011 2.86 0.45 34.56 2.64 0.85 0.49 100.66 Co
Opx 5756 0.16 2.70 041 3580 265 085 047 100.64 Co
Opx 58.28 0.06 2.93 049 3581 265 084 0.62 101.67 Co
Mineral SiO, TiO, FeO ALO; MgO CaO Cr,0; MnO wttotal EPMA?®
[Wi%] [wi%] [wi%] [wi%] [wi%] [wi%] [wi%] [wi%]
Opx 5785 0.14 2.10 0.44 3628 265 0.70 055 100.85 Co
Opx 57.35 0.12 213 0.44 36.12 2.67 0.79 0,51 100.18 Co
Opx 56.95 0.13 342 0.31 3519 273 0.78 053 100.22 Co
Opx 56.43 0.15 3.81 0.71 3255 345 0.83 0.55 98.75 Co
Opx 57.13 012 3.12 0.30 35.01 3.62 0.87 0.48 100.76 Co
CPx 5499 0.26 1.76 0.82 21.63 19.30 0.84 0.40 100.31 Go
CPx 5545 0.23 1.78 0.80 21.51 19.01 0.83 0.38 100.28 Go
CPx 55651 0.20 1.67 0.85 21.72 19.01 0.86 0.40 100.49 Go
CPx 55.34 023 1.75 0.62 26.65 13.75 0.72 0.36 99.66 Co
CPx 5580 0.18 1.98 0.66 25.80 14.50 0.78 0.41 100.32 Co
CPx 55,80 0.31 1.24 0.82 2337 1821 077 0.36 101.19 Co
? place of measurements: Co = Cologne, Gé = Géttingen
Silicates (LA-ICP-MS)
Mineral NiO CoO
Mool 26  [uggl 26
Olivine 17.8 4.0 5.7 0.6
Olivine 18.2 1.6 6.3 0.4
Olivine 17.4 2.6 6.6 0.7
Opx 28.1 3.8 9.0 0.9
Opx 28.8 3.5 6.7 0.6
Vein material and inclusions (EPMA)
phase® loc® P Si Cr Fe Co S Ni Mn  wt-total EPMA°
[Wi%] [wi%] [wi%] [wi%] [wi%] [wi%] [wi%] [wi%]
Coh Sph 0.06 <0.02 0.15 90.25 0.22 0.03 199 <0.02 92.72 Co
Coh Sph <0.02 0.04 033 91.82 025 0.04 196 <0.02 94.46 Co
Met Inc 0.09 0.15 0.11 95.16 0.08 <0.02 2.88 0.07 98.62 GO
Met Inc 0.07 1.47 0.14 92.78 0.32 <0.02 421 <0.02 98.99 Co
Met Inc 024 0.13 0.05 98.26 0.08 <0.02 1.01 0.04 99.77 Co
Met Inc 0.08 0.13 0.10 90.10 0.26 <0.02 8.52 0.03 99.21 Co
Met Inc 0.07 0.05 0.12 9257 0.38 <0.02 5.99 <0.02 99.18 Co
Met Inc 0.17 0.95 0.10 93.62 0.28 0.05 4.12 0.03 99.28 Co
Met Inc 0.13 1.30 0.13 94.11 0.31 <0.02 4.27 <0.02 100.26 Co
Met Inc 0.08 0.05 0.14 92.33 0.45 <0.02 6.85 0.03 99.89 Co
Met Vein 0.22 1.04 0.13 93.35 0.28 <0.02 415 <0.02 99.28 GO
Met Vein 024 1.06 0.15 92.63 0.28 <0.02 4.22 <0.02 98.67 GO
Met Vein  0.23 1.03 032 9438 031 0.04 415 0.06 100.59 Go
Met Vein 0.21 1.04 0.16 94.75 0.30 <0.02 434 <0.02 10091 Go
Met Vein 0.23 1.10 0.17 94.03 0.30 <0.02 429 <0.02 100.23 GoO
Met Vein 0.21 1.03 0.12 93.22 0.31 <0.02 4.08 0.04 99.08 GO
Met Vein 0.23 1.0 0.08 93.20 030 <0.02 3.96 <0.02 98.94 GO
Met Vein 0.10 1.18 0.12 93.46 0.25 <0.02 430 <0.02 99.41 Co
Met Vein 0.08 1.25 0.05 93.70 0.29 <0.02 413 <0.02 9951 Co
Met Vein 0.12 1.07 0.05 95.02 0.24 <0.02 423 <0.02 100.75 Co
Met Vein 0.09 1.03 0.07 95.81 0.27 <0.02 420 <0.02 101.49 Co
Met Vein 0.09 1.31 0.14 93.38 0.28 <0.02 447 <0.02 99.67 Co
Met Vein 0.11 1.07 0.16 94.65 0.37 <0.02 4.08 <0.02 100.44 Co
Met Vein  0.09 1.26 0.10 93.19 0.27 <0.02 3.96 <0.02 98.87 Co
Met Vein 010 1.12 0.15 93.77 0.26 <0.02 4.22 <0.02 99.62 Co
Met Vein  0.09 1.20 0.15 9529 0.26 <0.02 439 0.03 101.38 Co
Met Vein 0.11 1.13 0.11 93.78 0.31 <0.02 421 <0.02 99.64 Co
Met Vein 0.05 1.10 0.11 94.05 0.27 <0.02 3.91 <0.02 99.49 Co
Met Vein 0.10 1.14 0.19 94.89 0.18 0.03 417 <0.02 100.70 Co
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Met Vein 0.11 1.06 0.12 94.20 0.31 <0.02 4.07 <0.02 99.87 Co
Met Vein 0.12 098 0.12 9406 0.33 <0.02 4.13 0.03 99.75 Co
Met Vein 0.07 1.02 0.12 94.18 0.30 <0.02 432 <0.02 100.02 Co
phase® loc® P Si Cr Fe Co S Ni Mn  wt-total EPMA°
[Wtos] [Wi%] [Wto%] [wto] [wi%] [wi%] [wto%] [wi%]
Met Vein 0.09 1.21 0.13 9480 0.37 <0.02 399 <0.02 100.58 Co
Met Vein 0.11 1.10 0.20 94.48 0.29 <0.02 421 <0.02 100.38 Co
Met Vein 0.09 1.08 0.07 93.07 031 <0.02 430 <0.02 98.91 Co
Met Vein 0.08 1.02 0.14 93.10 0.24 <0.02 4.13 0.03 98.72 Co
Met Vein 0.11 1.23 0.15 93.55 0.22 <0.02 4,06 <0.02 99.33 Co
Met Vein 0.13 1.00 0.06 93.39 0.28 <0.02 413 <0.02 98.99 Co
Met Vein 0.11 1.19 0.09 94.79 0.29 <0.02 4.34 0.04 100.82 Co
Met Vein 0.11 1.14 024 94.84 0.30 <0.02 4.26 <0.02 100.88 Co
Met Vein 0.12 1.35 0.03 93.65 0.32 <0.02 3.81 <0.02 99.28 Co
Met Vein 0.08 1.09 0.14 94.74 0.31 <0.02 3.96 0.03 100.32 Co
Met Vein 0.13 1.27 021 9362 0.27 <0.02 4.05 <0.02 99.54 Co
Met Vein 0.11 1.16 0.19 95.61 0.30 <0.02 430 <0.02 101.67 Co
Met Vein 0.07 1.32 0.08 9247 0.29 <0.02 390 <0.02 98.12 Co
Met Vein 0.14 1.19 0.13 93.93 0.31 <0.02 414 <0.02 99.83 Co
Met Vein 0.14 1.32 0.11 95.31 0.30 <0.02 400 <0.02 101.17 Co
Met Vein 0.13 1.13 0.14 94.66 0.25 <0.02 4.20 0.04 100.51 Co
Met Vein 0.08 1.13 0.15 95.23 0.30 0.03 428 <0.02 101.19 Co
Met Vein 0.13 1.19 0.14 95.36 0.33 <0.02 440 <0.02 10155 Co
Met Vein 0.12 1.31 0.16 94.63 0.31 <0.02 4.32 0.03 100.84 Co
Met Vein 0.19 0.08 0.12 97.33 0.20 0.03 3.18 <0.02 101.12 Co
Met Vein 0.13 1.05 0.15 95.04 0.31 <0.02 439 <0.02 101.10 Co
Met Vein 0.16 1.00 0.15 9547 031 <0.02 426 0.04 101.34 Co
Dau Inc <0.02 0.07 33.21 18,51 <0.02 43.16 0.06 2.32 97.36 GO
Dau Inc <0.02 0.29 3354 1791 <0.02 44.16 <0.02 2.00 97.93 GO
Troi Inc <0.02 0.13 537 54.35 <0.02 38.58 <0.02 0.34 98.81 GO
Troi Inc <0.02 0.07 7.13 52.06 <0.02 38.48 0.03 0.43 98.24 GO
Troi Inc <0.02 1.13 5.02 53.05 <0.02 37.32 <0.02 0.49 97.09 GO
Troi Inc <0.02 0.45 4.38 55.29 <0.02 37.90 <0.02 0.46 98.54 GO
Troi Inc <0.02 0.12 5.13 5551 <0.02 37.26 <0.02 0.36 97.96 Co

? phases: Met = metal, Coh = cohenite, Dau = daubreelithe, Troi = troilite
® locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate

“ place of measurements: Co = Cologne, G6 = Géttingen
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12.1.2ALHA77257

Silicates (EPMA)
Mineral  SiO, TiO, FeO AL O; MgO CaO Cry0s MnO wt-total EPMA?
[Wi%]  [Wit%] [wi%] [wi%] [wi%] [wi%)] [wi%]  [wi%]

Olivine 4155 <0.02 502 0.05 52.04 0.35 0.71 0.52 100.3 Go
Olivine 40.62 <0.02 9.28 0.04 4941 0.32 0.63 0.46 100.8 Go
Olivine 40.23 0.03 9.68 0.07 48.63 0.33 0.74 0.52 100.3 Go
Olivine 4096 <0.02 11.26 0.01 50.13 0.29 0.74 0.44 103.9 Co
Olivine 41.16 <0.02 1188 0.03 4950 0.30 0.73 0.45 104.0 Co
Olivine 40.15 0.04 12.29 <0.02 48.08 0.30 0.78 0.44 102.1 Co
Olivine 4121 0.02 1234 0.03 47.69 0.29 0.64 0.44 102.7 Co
Olivine 40.15 <0.02 1237 0.03 46,51 0.32 0.69 0.47 100.6 GO
Olivine 4142 0.02 1242 0.02 4751 0.30 0.67 0.43 102.8 Co
Olivine 40.04 0.05 1259 0.04 4839 0.29 0.69 0.45 102.6 Co
Olivine 4095 <0.02 1270 0.01 47.70 0.26 0.81 0.47 102.9 Co
Olivine 39.74 <0.02 1276 0.04 46.44 0.34 0.70 0.43 100.5 Go
Olivine 40.75 <0.02 12.78 0.04 4881 0.30 0.66 0.48 103.8 Co
Olivine 40.08 0.03 12.79 0.03 4566 0.34 0.76 0.45 100.2 Go
Olivine 39.72 <0.02 1281 0.05 46.06 0.33 0.72 0.47 100.2 Go
Olivine 39.86 <0.02 1294 0.04 4588 0.31 0.72 0.46 100.2 Go
Olivine 40.00 0.07 1295 0.02 4533 0.35 0.69 0.41 99.9 Go
Olivine 40.97 <0.02 13.04 <0.02 49.04 0.28 0.73 0.49 104.6 Co
Olivine 39.67 0.03 1311 0.05 4569 0.30 0.68 0.46 100.0 GO
Olivine 41.17 <0.02 13.11 0.07 48.85 0.29 0.75 0.42 104.7 Co
Olivine 39.94 <0.02 13.18 0.03 4783 0.29 0.66 0.42 102.4 Co
Olivine 41.05 <0.02 13.23 0.01 4856 0.30 0.72 0.42 104.3 Co
Olivine 39.73 <0.02 13.26 0.08 4597 0.35 0.72 0.43 100.6 Go
Olivine 40.22 <0.02 13.29 0.02 4782 0.29 0.77 0.47 102.9 Co
Olivine 4097 <0.02 13.32 0.01 4891 0.30 0.73 0.50 104.7 Co
Olivine 41.15 <0.02 1340 0.04 48.61 0.30 0.63 0.39 104.5 Co
Olivine 40.86 <0.02 13.43 0.03 4842 0.29 0.71 0.43 104.2 Co
Olivine 40.54 <0.02 1348 0.03 4812 0.29 0.67 0.49 103.6 Co
Olivine 40.74 0.03 1352 0.04 4744 0.28 0.73 0.47 103.2 Co
Opx 56.40 0.07 801 0.60 30.07r 3.38 1.09 0.41 100.1 Go
Opx 55.99 0.07 794 060 29.60 3.36 112 0.42 99.2 GO
Opx 56.27 0.12 8.13 057 30.11 3.36 1.10 0.42 100.1 Go
Opx 56.34 0.12 8.26 0.62 30.08 331 1.13 0.48 100.4 GO
Opx 55.62 0.09 8.16 059 30.10 3.23 1.08 0.50 99.5 Go
Opx 56.53 0.07 793 059 3114 317 0.93 0.47 100.8 Co
Opx 57.54 0.08 8.12 058 31.63 3.17 1.13 0.48 102.7 Co
Opx 57.96 0.08 8.15 0.63 32.13 3.18 1.08 0.50 103.7 Co
Opx 56.36 0.06 8.09 057 3131 3.18 1.11 0.46 101.1 Co
Opx 57.96 0.10 829 063 3295 3.18 1.03 0.42 104.6 Co
Opx 5755 0.08 839 058 3238 319 1.12 0.50 103.8 Co
Opx 56.23 0.10 851 057 3150 3.20 1.10 0.49 101.7 Co
Opx 57.60 0.09 835 062 3191 320 1.01 0.45 103.2 Co
Opx 57.08 0.02 820 0.66 31.67 3.21 1.17 0.42 102.4 Co
Opx 57.81 0.15 769 062 3172 321 1.05 0.42 102.7 Co
Opx 57.31 0.07 845 0.61 3189 3.21 1.10 0.47 103.1 Co
Opx 56.75 0.06 8.12 056 3143 3.22 1.15 0.53 101.8 Co
Opx 56.93 0.06 791 058 3156 3.22 1.13 0.47 101.9 Co
Opx 57.24 0.08 790 0.65 3190 3.22 1.22 0.43 102.6 Co
Opx 57.65 0.09 8.04 0.61 3153 3.22 1.12 0.41 102.7 Co
Opx 57.61 0.10 8.28 0.61 3231 3.23 1.14 0.50 103.8 Co
Opx 57.13 0.09 872 062 3212 3.23 1.17 0.45 103.5 Co
Opx 57.73 0.06 793 057 31.05 3.23 1.17 0.47 102.2 Co
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Opx 57.68 0.10 8.19 0.57 31.78 3.24 1.05 0.41 103.0 Co
Opx 57.71 0.04 8.30 0.62 3168 3.24 1.18 0.50 103.3 Co
Mineral SiO, TiO, FeO AlLO; MgO CaO Cr,0; MnO wt-total EPMA?®
Wi%]  [Wi%] [wtos]  [wi%] [wt%] [wio%] [wi%]  [wt%s)]
Opx 57.70 0.09 8.14 0.57 3247 3.24 1.07 0.55 103.8 Co
Opx 57.49 0.10 8.29 0.58 3183 3.24 1.07 0.43 103.0 Co
Opx 57.39 0.11 8.34 0.58 31.59 3.24 1.13 0.47 102.8 Co
Opx 57.56 0.06 8.09 0.61 31.79 3.24 1.00 0.52 102.9 Co
Opx 57.41 0.05 8.43 0.58 3190 3.24 1.06 0.48 103.1 Co
Opx 57.42 0.10 7.94 0.54 3151 3.25 1.05 0.54 102.3 Co
Opx 57.40 0.07 8.61 0.66 32.16 3.25 1.18 0.45 103.8 Co
Opx 57.01 0.03 8.36 0.64 31.94 3.25 1.12 0.50 102.8 Co
Opx 57.40 0.09 8.33 0.63 31.19 3.26 1.05 0.54 102.5 Co
Opx 57.75 0.07 8.43 0.61 32.19 3.26 1.03 0.41 103.7 Co
Opx 57.83 0.06 8.19 0.58 31.31 3.26 1.15 0.48 102.9 Co
Opx 57.94 0.05 8.34 0.58 32.37 3.26 1.06 0.45 104.1 Co
Opx 58.16 0.12 8.30 0.65 32.19 3.26 1.17 0.49 104.3 Co
Opx 56.85 0.10 8.24 0.63 3154 3.26 1.09 0.39 102.1 Co
Opx 57.64 0.10 8.52 0.63 32.24 3.27 1.08 0.54 104.0 Co
Opx 55.79 0.06 8.03 0.59 31.08 3.27 1.16 0.55 100.5 Co
Opx 55.48 0.05 7.78 0.65 31.71 3.27 1.18 0.53 100.7 Co
Opx 57.66 0.11 7.94 0.54 32.22 3.28 1.26 0.49 103.5 Co
Opx 57.85 0.05 8.05 0.63 31.92 3.28 1.01 0.45 103.2 Co
Opx 57.42 0.11 8.11 0.63 31.63 3.28 1.04 0.46 102.7 Co
Opx 56.96 0.06 8.21 0.60 32.36 3.28 1.16 0.51 103.1 Co
Opx 57.45 0.07 8.47 0.57 31.40 3.28 1.03 0.42 102.7 Co
Opx 57.73 0.09 7.92 0.58 32.43 3.28 1.12 0.45 103.6 Co
Opx 58.01 0.02 8.08 0.57 32.13 3.28 1.25 0.46 103.8 Co
Opx 57.16 0.07 8.14 0.64 3157 3.28 1.10 0.39 102.3 Co
Opx 57.76 0.10 8.24 0.66 31.83 3.29 1.12 0.44 103.4 Co
Opx 57.61 0.09 8.50 0.58 31.86 3.29 1.08 0.43 103.4 Co
Opx 58.27 0.07 7.79 0.59 30.66 3.29 1.17 0.45 102.3 Co
Opx 58.27 0.13 8.19 0.52 31.01 3.30 1.07 0.43 102.9 Co
Opx 57.14 0.09 7.96 0.56 31.22 3.30 1.12 0.51 101.9 Co
Opx 55.51 0.11 8.43 0.68 31.71 3.30 1.17 0.48 101.4 Co
Opx 57.58 0.12 8.25 0.59 31.82 3.30 1.16 0.47 103.3 Co
Opx 57.79 0.10 8.60 0.63 31.80 3.30 1.03 0.48 103.7 Co
Opx 57.60 0.09 8.36 0.56 31.00 3.32 1.12 0.43 102.5 Co
Opx 57.04 0.04 8.16 0.60 30.88 3.34 1.20 0.56 101.8 Co

? place of measurements: Co = Cologne, Gé = Géttingen
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Silicates (LA-ICP-MS)

Mineral NiO CoO

[Hg-g”] 26 [Hg-g”] 26
Olivine 541 4.9 28.2 2.5
Olivine 58.5 4.8 30.2 2.5
Olivine 58.8 2.7 30.4 1.1
Olivine 54.0 1.8 29.3 0.7
Olivine 59.9 2.7 27.7 1.1
Olivine 57.6 2.7 29.2 1.1
Olivine 60.1 2.8 32.1 1.2
Olivine 54.3 2.7 29.8 1.0
Olivine 66.5 3.2 32.8 15
Opx 17.0 1.7 14.4 1.3
Opx 17.5 1.6 13.1 1.1
Opx 14.6 1.5 13.3 1.1
Opx 18.2 1.9 13.8 1.3
Opx 18.1 1.1 14.4 0.6
Vein material and inclusions (EPMA)
Phase® Loc® P Si Cr Fe Co S Ni Mn  wt-total EPMA®

[Wit%]  [Wi%]  [wi%] [wi%] [wi%]  [wi%] [wi%] [wi%]

Met Inc 0.03 0.07 0.13 9940 <0.02 <0.02 0.44 <0.02 100.07 Co
Met Inc 0.07 0.17 0.28 97.40 0.07 <0.02 0.59 0.04 98.57 Co
Met Inc 0.04 0.25 0.21 96.57 <0.02 0.04 0.78 <0.02 97.87 Co
Met Inc 0.04 0.23 0.22 96.94 <0.02 <0.02 0.96 0.03 98.42 Co
Met Inc 0.13 <0.02 0.28 97.19 0.08 <0.02 1.64 <0.02 99.34 Co
Met Inc 0.12 0.04 0.19 96.66 0.07 <0.02 1.75 0.04 98.84 Co
Met Inc 0.15 <0.02 0.17 94.84 0.25 <0.02 3.35 <0.02 98.78 Co
Met Inc 0.13 <0.02 0.33 94.78 0.28 <0.02 3.76 <0.02 99.30 Co
Met Inc 0.14 0.03 0.34 96.02 0.31 <0.02 3.97 <0.02 100.81 Co
Met Inc 0.09 0.04 0.29 95.00 0.28 <0.02 416 <0.02 99.85 Co
Met Vein 0.09 <0.02 0.28 96.04 0.22 <0.02 3.31 <0.02 99.96 Co
Met Vein 0.23 <0.02 0.30 93.04 0.25 <0.02 3.34 <0.02 97.29 GO
Met Vein 0.08 <0.02 0.30 95.95 0.24 0.04 3.50 <0.02 100.12 Co
Met Vein 0.14 0.03 0.28 96.27 0.21 <0.02 3.50 <0.02 100.42 Co
Met Vein 0.23 <0.02 0.35 94.20 0.27 <0.02 3.50 0.03 98.57 Co
Met Vein 0.13 0.04 0.27 96.26 0.27 <0.02 3.53 <0.02 100.53 Co
Met Vein 0.28 0.03 0.27 93.55 0.28 <0.02 3.62 <0.02 98.11 Go
Met Vein 0.15 0.03 0.32 95.84 0.24 <0.02 3.62 <0.02 100.20 Co
Met Vein 0.05 0.03 0.36 95.58 0.28 <0.02 3.63 <0.02 99.94 Co
Met Vein 0.18 <0.02 0.21 93.85 0.20 <0.02 3.67 <0.02 98.13 Co
Met Vein 0.12 <0.02 0.20 96.29 0.27 <0.02 3.75 <0.02 100.67 Co
Met Vein 0.40 0.03 0.30 93.82 0.26 <0.02 3.79 0.03 98.72 GO
Met Vein 0.38 0.05 0.28 92.83 0.28 <0.02 3.79 <0.02 97.73 GO
Met Vein 0.14 0.03 0.32 96.31 0.25 <0.02 3.81 0.03 100.86 Co
Met Vein 0.09 <0.02 0.32 96.52 0.28 <0.02 3.81 <0.02 101.03 Co
Met Vein 0.14 <0.02 0.31 96.42 0.28 <0.02 3.82 <0.02 100.98 Co
Met Vein 0.13 0.05 0.32 94.07 0.25 <0.02 3.85 <0.02 98.66 Co
Met Vein 0.16 0.03 0.29 95.11 0.25 <0.02 3.86 <0.02 99.70 Co
Met Vein 0.10 0.21 0.28 94.93 0.27 <0.02 3.88 <0.02 99.67 Co
Met Vein 0.32 0.04 0.32 92.93 0.29 <0.02 3.90 0.04 97.93 GO
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Phase® Loc” P Si Cr Fe Co S Ni Mn  wt-total EPMA®
Wi%]  [wit%]  [wi%] [wi%] [wi%] [wi%] [wi%] [wit%]
Met Vein 0.12 <0.02 0.28 95.84 0.25 <0.02 3.90 <0.02 100.41 Co
Met Vein 0.13 <0.02 0.26 95.68 0.30 <0.02 3.91 <0.02 100.30 Co
Met Vein 0.12 <0.02 0.34 94.92 0.21 <0.02 3.91 <0.02 99.53 Co
Met Vein 0.30 0.03 0.35 93.70 0.30 <0.02 3.92 0.03 98.73 GO
Met Vein 0.07 <0.02 0.31 95.19 0.28 <0.02 3.92 <0.02 99.78 Co
Met Vein 0.10 0.05 0.31 94.56 0.21 <0.02 3.92 <0.02 99.14 Co
Met Vein 0.13 <0.02 0.37 96.04 0.32 <0.02 3.94 <0.02 100.83 Co
Met Vein 0.13 <0.02 0.29 96.42 0.28 <0.02 3.95 <0.02 101.10 Co
Met Vein 0.08 <0.02 0.29 94.35 0.31 <0.02 3.96 <0.02 99.00 Co
Met Vein 0.11 <0.02 0.29 95.59 0.36 <0.02 3.96 <0.02 100.34 Co
Met Vein 0.15 <0.02 0.24 96.42 0.34 <0.02 400 <0.02 101.17 Co
Met Vein 0.13 0.04 0.25 95.24 0.28 <0.02 401 <0.02 99.96 Co
Met Vein 0.14 0.03 0.32 95.91 0.30 <0.02 4,02 <0.02 100.72 Co
Met Vein 0.10 0.03 0.32 94.42 0.24 <0.02 4.02 <0.02 99.14 Co
Met Vein 0.11 <0.02 0.30 95.21 0.27 <0.02 4.04 <0.02 99.95 Co
Met Vein 0.15 <0.02 0.35 95.35 0.28 <0.02 405 <0.02 100.18 Co
Met Vein 0.12 0.17 0.29 94.64 0.27 <0.02 4.09 <0.02 99.58 Co
Met Vein 0.08 0.03 0.36 95.75 0.32 <0.02 4.09 <0.02 100.63 Co
Met Vein 0.07 0.04 0.27 96.57 0.29 <0.02 4.13 0.05 101.37 Co
Met Vein 0.13 0.03 0.33 96.70 0.28 <0.02 4,13 <0.02 101.61 Co
Met Vein 0.11 0.04 0.24 92.87 0.32 <0.02 4.15 <0.02 97.74 Co
Met Vein 0.12 0.04 0.32 95.59 0.28 <0.02 428 <0.02 100.63 Co
Met Vein 0.11 0.03 0.30 93.00 0.32 <0.02 429 <0.02 98.06 Co
troi Sph 0.00 0.28 7.09 51.89 <0.02 37.27 0.09 1.10 97.77 GO
troi Sph 0.04 0.04 7.76 5292 <0.02 36.79 0.35 1.09 97.83 Co
troi Sph 0.02 <0.02 1.08 61.45 <0.02 36.96 0.06 0.06 99.71 GO
troi Sph 0.01 0.41 0.76 5992 <0.02 36.22 0.06 0.07 97.47 GO
troi Sph 0.00 0.05 0.82 6248 <0.02 35.70 0.13 0.05 99.08 Co
troi Sph 0.00 0.03 1.07 62.46 <0.02 36.21 0.10 0.03 99.78 Co
troi Sph 0.00 0.16 252 59.62 <0.02 35.72 0.05 0.26 97.96 Co
Met Sph 0.24 0.03 0.11 92.91 0.35 <0.02 5.17 <0.02 98.93 GO
Met Sph 0.11 <0.02 0.10 94.87 0.33 <0.02 5,79 <0.02 101.23 Co
Met Sph 0.35 <0.02 <0.02 95.60 0.43 <0.02 536 <0.02 101.85 GO
Met Sph 0.29 <0.02 0.08 93.10 0.42 <0.02 5.48 <0.02 99.48 GO
Met Sph 0.12 <0.02 0.08 95.22 0.41 <0.02 561 <0.02 101.47 Co
Met Sph 0.08 <0.02 0.08 94.16 0.38 <0.02 497 <0.02 99.70 Co
Met Sph 0.35 <0.02 0.31 94.35 0.17 <0.02 2.42 <0.02 97.71 GO
Met Sph 0.17 0.03 0.32 97.89 0.14 <0.02 2.44 <0.02 100.98 Co
Coh Sph 0.07 0.03 0.37 91.18 0.13 <0.02 1.34 0.03 93.13 Co

? phases: Met = metal, Coh = cohenite, Troi = troilite
® locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate

“ place of measurements: Co = Cologne, G6 = Géttingen
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12.1.3DaG340

Silicates (EPMA)
Mineral SiO, TiO, FeO Al,O3 MgO CaO Cr,0; MNnO wt-total EPMA?
[Wi%]  [wi%]  [wi%]  [wt%e]  [wi%]  [wi%]  [wi%]  [wt%)]

Olivine 39.61 0.04 16.69 <0.02 44.49 0.33 0.82 0.44 102.45 Co
Olivine 39.07 0.04 17.30 0.06 4191 0.37 0.74 0.46 100.03 Co
Olivine 39.62 0.03 1741 0.05 43.07 0.40 0.70 0.40 101.67 Co
Olivine 39.67 <0.02 1745 0.04 43.49 0.39 0.80 0.48 102.34 Co
Olivine 39.89 <0.02 17.49 0.05 43.07 0.39 0.76 046 102.21 Co
Olivine 40.18 <0.02 17.65 0.03 42.96 0.38 0.75 0.40 102.40 Co
Olivine 39.81 0.07 17.82 0.03 4243 0.42 0.73 0.48 101.80 Co
Olivine 39.80 <0.02 17.90 0.05 42.38 0.34 0.78 041 101.72 Co
Olivine 39.32 <0.02 1798 <0.02 43.03 0.36 0.80 0.42 10193 Co
Olivine 39.67 0.03 17.99 <0.02 42.39 0.35 0.78 0.40 101.63 Co
Olivine 39.80 <0.02 18.17 0.03 42.49 0.36 0.76 0.50 102.11 Co
Olivine 39.81 <0.02 18.27 0.08 4242 0.37 0.80 0.44 102.26 Co
Olivine 39.88 <0.02 18.39 0.03 42.48 0.39 0.82 0.40 102.46 Co
Olivine 3955 <0.02 18.39 0.03 42.86 0.41 0.78 0.43 102.48 Co
Olivine 39.68 0.03 18.47 0.04 4215 0.37 0.80 042 102.01 Co
Olivine 39.65 0.03 18.61 <0.02 42.85 0.36 0.71 0.46 102.68 Co
Olivine 39.79 <0.02 18.67 0.08 42.62 0.42 0.80 0.45 102.83 Co
Olivine 3945 <0.02 18.84 0.07 4181 0.39 0.75 0.47 101.86 Co
Olivine 39.57 <0.02 1890 <0.02 41.88 0.39 0.74 042 102.01 Co
Olivine 3952 <0.02 1891 <0.02 4261 0.34 0.70 0.44 10258 Co
Olivine 40.10 0.03 18.98 0.03 4213 0.36 0.73 0.43 10291 Co
Olivine 39.02 <0.02 19.22 0.05 4159 0.41 0.85 0.40 10154 Co
Olivine 3950 <0.02 1854 0.03 42.70 0.32 0.84 0.44 10242 Co
Olivine 39.92 <002 1768 <0.02 43.06 0.34 0.84 0.38 102.25 Co
Olivine 3940 <0.02 1781 <0.02 4290 0.35 0.78 0.42 101.67 Co
Olivine 39.60 <0.02 1810 <0.02 4279 0.35 0.80 0.49 102.17 Co
Olivine 39.65 0.03 1851 <0.02 42.64 0.36 0.83 0.42 102.50 Co
Olivine 39.49 <0.02 1851 0.05 4215 0.37 0.78 0.41 101.75 Co
Olivine 3898 <0.02 1834 <0.02 4254 0.37 0.77 0.47 10149 Co
Olivine 39.25 <0.02 19.28 0.04 4258 0.37 0.70 0.40 102.68 Co
Olivine 39.53 0.03 17.17 0.04 43.56 0.38 0.73 0.41 101.84 Co
Olivine 39.61 <0.02 1885 <0.02 42.05 0.38 0.76 0.37 102.07 Co
Olivine 39.42 <0.02 19.09 0.08 42.83 0.38 0.88 0.40 103.18 Co
Olivine 39.41 0.04 18.05 0.03 4213 0.38 0.84 0.40 101.29 Co
Olivine 3941 <0.02 17.16 0.05 44.08 0.39 0.78 0.39 102.28 Co
Olivine 39.50 0.03 18.20 0.05 42.62 0.39 0.76 0.39 10193 Co
Olivine 39.39 <0.02 17.98 0.04 43.19 0.39 0.88 041 102.32 Co
Olivine 39.73 <0.02 1807 <0.02 4273 0.40 0.74 0.44 102.15 Co
Opx 55.89 0.08 10.70 0.87 27.23 5.02 1.32 0.50 101.65 Co
Opx 55.65 0.08 10.76 079 27.42 5.07 131 0.44 10155 Co
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Opx 55.79 0.12 10.84 0.86 27.15 5.10 1.25 0.39 10149 Co
Mineral SiO, TiO, FeO Al,O3 MgO CaO Cr,0; MnO wt-total EPMA?
[wit%%6] [wt%] [wit%] [wit%6] [wt%] [wit%] [wt%] [wit%]
Opx 55.85 0.13 10.88 0.86 26.72 5.06 1.20 0.44 101.14 Co
Opx 55.88 0.10 10.95 0.80 26.97 5.02 1.23 0.48 101.54 Co
Opx 54.80 0.11  10.97 0.81 26.96 4.78 1.16 0.39 99.98 Co
Opx 55.72 0.09 11.12 0.78 26.78 5.11 1.25 0.40 101.30 Co
Opx 56.19 0.15 11.19 0.86 27.62 5.07 1.32 0.44 102.88 Co
Opx 55.23 0.13 11.23 0.82 26.73 5.00 1.31 0.42 100.95 Co
Opx 55.39 <0.02 11.38 0.86 26.74 5.22 1.32 0.41 101.37 Co
Opx 55.54 0.10 11.53 0.85 27.35 5.09 1.24 0.48 102.26 Co
Opx 55.14 0.10 11.76 0.85 27.21 5.03 1.13 0.43 101.65 Co
Opx 54.71 0.08 12.89 0.79 26.83 4,93 1.26 0.47 102.12 Co
Opx 55.44 0.10 10.97 0.73 27.24 4.90 1.34 0.43 101.17 Co
Opx 55.89 0.07 10.66 0.82 27.19 4,93 1.20 0.49 101.25 Co
Opx 55.97 0.08 11.18 0.74 27.10 4.96 1.24 0.39 101.70 Co
Opx 55.68 0.12 10.99 0.89 26.53 4,99 1.38 0.42 101.08 Co
Opx 55.57 0.04 11.02 0.74 27.50 5.00 1.22 0.45 10161 Co
Opx 55.63 0.03 10.66 0.75 27.10 5.01 1.29 0.42 100.88 Co
Opx 56.29 0.07 10.55 0.86 27.16 5.01 1.36 0.47 101.78 Co
Opx 55.83 0.07 10.84 0.82 27.42 5.09 1.21 0.40 101.73 Co
Opx 52.99 0.11 14.13 0.95 26.19 5.34 1.31 0.42 10158 Co

? place of measurements: Co = Cologne, G = Géttingen

Silicates (LA-ICP-MS)

Mineral NiO CoO
gg’l 26 [wggl 2

Olivine 98.6 8.5 51.3 4.1
Olivine 90.1 10.7 54.4 5.4
Olivine 126.9 14.5 46.8 6.4
Olivine 116.0 11.6 57.4 4.2
Olivine 111.2 14.0 42.1 7.1
Opx 29.5 1.8 23.8 1.4
Opx 28.0 1.9 25.2 15
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Vein material and inclusions

Phase® Loc” P Si Cr Fe Co S Ni Mn  wttotal EPMA°
[Wi%] [wi%] [wi%] [wt%] [wi%] [wt%] [wt%] [wit%)]
Metal Inc 032 0.88 019 8433 049 172 941 005 97.34 Co
Metal Inc  <0.02 038 015 9846 0.06 0.03 045 003 9953 Co
Metal Inc 003 043 009 9781 005 0.04 057 004 99.01 Co
Metal Inc 009 005 0.16 9843 014 <0.02 1.68 <0.02 100.55 Co
Metal Inc 009 0.03 012 9261 031 0.05 7.53 <0.02 100.74 Co
Metal Inc 004 0.06 019 8409 064 053 1356 0.04 99.11 Co
Metal  Vein 008 206 0.17 9410 024 <0.02 3.79 <0.02 100.43 Co
Troi Inc <002 0.05 046 6226 <002 36.09 0.09 0.08 9895 Co
Troi Inc  <0.02 008 036 648 <0.02 3228 1.04 003 9862 Co

a phases: Coh = cohenite, Troi = troilite
b locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate
¢ place of measurements: Co = Cologne, G6 = Gottingen
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12.1.4EET87517

Silicates (EPMA)
Mineral SiO, TiO, FeO Al,O; MgO CaO Cr,0; MnO wt-total EPMA?
[Wi%]  [Wi%] [wi%]  [wi%] [wi%]  [wi%] [wi%]  [wi%]

Olivine 41.70 <0.02 3.97 0.06 52.92 0.41 0.38 0.46 100.0 Go
Olivine 41.30 0.04 5.85 0.07 52.07 0.35 0.69 0.51 100.9 Go
Olivine 41.14 <0.02 6.19 0.08 51.76 0.33 0.39 0.44 100.4 Go
Olivine 41.23 0.03 6.63 0.08 51.61 0.31 0.68 0.54 101.1 Go
Olivine 40.89 <0.02 6.64 0.07 50.98 0.38 0.36 0.39 99.8 GO
Olivine 41.20 0.03 6.86 0.13 51.69 0.31 0.37 0.41 101.0 Co
Olivine 41.00 <0.02 7.31 0.08 52.12 0.28 0.37 0.40 101.6 Co
Olivine 40.74 0.06 7.33 0.03 52.08 0.33 0.38 0.39 101.3 Co
Olivine 41.72 <0.02 748 <0.02 50.38 0.31 0.33 0.46 100.8 Co
Olivine 41.27 0.04 7.58 0.05 51.52 0.30 0.36 0.40 1015 Co
Olivine 41.63 <0.02 7.62 <0.02 50.65 0.32 0.36 0.41 101.0 Co
Olivine 40.95 <0.02 7.71 0.05 50.70 0.30 0.34 0.42 1005 Go
Olivine 4091 <0.02 7.72 0.04 52.10 0.31 0.34 0.44 101.9 Co
Olivine 41.89 <0.02 7.80 <0.02 52.98 0.31 0.35 0.38 103.7 Co
Olivine 39.64 <0.02 7.83 <0.02 52.10 0.32 0.33 0.42 100.6 Co
Olivine 41.88 <0.02 7.85 0.04 53.11 0.27 0.45 0.41 104.0 Co
Olivine 40.89 0.04 7.91 0.06 49.98 0.29 0.37 0.37 100.0 Go
Olivine 41.78 <0.02 7.93 <0.02 52.22 0.28 0.39 0.39 103.0 Co
Olivine 40.96 0.04 7.99 <0.02 51.83 0.31 0.43 0.36 101.9 Co
Olivine 41.26 <0.02 8.13 0.04 51.82 0.31 0.46 0.39 102.4 Co
Olivine 41.57 <0.02 8.17 0.04 51.80 0.31 0.34 0.40 102.6 Co
Olivine 40.88 <0.02 8.17 0.05 50.14 0.32 0.38 0.40 100.4 Go
Olivine 40.86 0.05 8.20 0.06 50.30 0.36 0.40 0.40 100.7 GO
Olivine 38.16 0.03 10.47 0.12 48.74 0.41 0.39 0.40 98.8 Co
Olivine 40.22 <0.02 12.02 0.17 46.52 0.36 0.70 0.48 100.5 Go
Olivine 39.83 0.03 13.22 0.05 45.07 0.35 0.72 0.42 99.7 GO
Olivine 40.01 <0.02 13.38 <0.02 48.19 0.30 0.76 0.47 103.1 Co
Opx 58.47 0.16 491 0.57 34.90 2.55 0.47 0.41 1025 Co
Opx 58.20 0.19 4.92 0.62 35.50 2.57 0.50 0.31 102.8 Co
Opx 56.48 0.18 7.30 0.54 34.53 2.46 0.51 0.38 102.4 Co
Opx 58.17 0.16 5.11 0.56 35.40 2.54 0.52 0.40 1029 Co
Opx 57.92 0.12 4.96 0.49 35.17 2.54 0.52 0.45 102.2 Co
Opx 58.40 0.18 4.97 0.57 35.71 2.51 0.52 0.42 103.3 Co
Opx 58.46 0.18 4.83 0.50 33.69 2.58 0.52 0.44 101.2 Co
Opx 56.11 0.09 4.45 0.55 33.58 2.38 0.53 0.34 98.0 Co
Opx 57.64 0.11 5.10 0.47 35.58 2.50 0.53 0.40 102.3 Co
Opx 57.83 0.09 4.95 0.57 35.03 2.52 0.53 0.40 101.9 Co
Opx 57.45 0.14 6.71 0.51 34.61 2.36 0.53 0.35 102.7 Co
Opx 58.84 0.15 5.04 0.52 35.21 2.58 0.54 0.42 103.4 Co
Opx 56.85 0.16 5.54 0.59 33.33 2.62 0.54 0.36 100.1 Go
Opx 58.41 0.14 4.99 0.54 35.48 2.43 0.54 0.45 103.0 Co
Opx 55.94 0.13 5.14 0.52 33.11 2.39 0.54 0.36 98.2 Co
Opx 58.70 0.13 4.81 0.51 33.93 2.62 0.54 0.39 101.7 Co
Opx 58.51 0.09 4.80 0.56 34.86 2.50 0.55 0.36 102.2 Co
Opx 56.54 0.13 6.06 0.60 33.50 251 0.55 0.42 1005 Go
Opx 58.29 0.21 4.62 0.51 35.20 2.49 0.55 0.41 102.4 Co
Opx 58.88 0.05 4,99 0.51 35.67 2.59 0.55 0.36 103.7 Co
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Opx 57.70 0.16 499 053 3555 254 055 041 1024 Co
Opx 57.48 019 517 058 3370 260 055 044 1008 Go
Mineral  SiO,  Ti0, FeO  ALO; MgO CaO Cr,0; MnO  wttotal EPMA®
[Wi%6]  [wi%] [wi%]  [wi%] [wi%]  [wi%] [wi%]  [wi%]
Opx 58.75 0.07 522 057 3532 254 055 035 1035 Co
Opx 5701 0.16 528 055 3336 261 056 037 1000 G6
Opx 58.15 0.09 492 053 3518 250 056 040 1023 Co
Opx 57.41 019 516 054 3359 258 056 043 1006 G6
Opx 5825 0.13 507 054 3536 257 056 033 1028 Co
Opx 5579 0.15 677 055 3293 258 056 035 998 G6
Opx 58.10 0.12 562 051 3509 252 057 043 1030 Co
Opx 5731 011 486 053 3504 254 057 027 1012 Co
Opx 56.63 0.10 7.04 051 3454 257 058 035 1024 Co
Opx 58.88 0.14 493 052 3538 261 058 042 1035 Co
Opx 57.48 0.14 500 052 3355 257 058 036 1003 G6
Opx 56.28 0.12 561 055 3298 253 058 045 993 GO
Opx 5867 0.10 458 056 3503 249 058 041 1025 Co
Opx 5829 0.17 481 055 3498 255 058 036 1023 Co
Opx 5864 011 473 053 3562 259 059 038 1033 Co
Opx 5863 0.13 469 054 3598 259 059 032 1035 Co
Opx 58.75 0.16 486 056 3509 253 059 045 1030 Co
Opx 5850 0.09 534 054 3519 243 059 043 1031 Co
Opx 5758 015 517 057 33.87 262 059 042 1010 Gb
Opx 5753 0.14 493 058 3449 250 059 043 1013 Co
Opx 58.12 0.17 518 058 3540 255 059 035 1030 Co
Opx 5827 0.14 490 052 3569 249 060 039 1031 Co
Opx 5832 0.12 504 054 3529 249 060 038 102.8 Co
Opx 57.42 0.16 6.00 063 3448 261 060 038 1023 Co
Opx 5836 0.16 530 049 3600 254 061 031 1038 Co
Opx 5867 021 505 058 3562 256 061 040 1039 Co
Opx 56.24 0.12 635 050 3362 238 061 038 1002 Co
Opx 5853 0.14 588 058 3468 250 061 043 1034 Co
Opx 59.19 0.15 497 054 3555 259 063 040 1041 Co
Opx 58.40 0.26 493 053 3541 245 063 049 1032 Co
Opx 5757 0.6 511 059 3487 247 063 038 1018 Co
Opx 5856 0.14 539 060 3536 245 063 033 1036 Co
Opx 59.03 0.09 529 054 3560 247 064 042 1041 Co
Opx 57.76 0.11 489 053 3406 260 064 039 1010 Co
Opx 58.06 0.11 480 056 3552 254 064 040 102.6 Co
Opx 58.44 016 504 050 3482 256 0.64 041 1026 Co
Opx 58.19 0.12 529 055 3554 247 064 042 1033 Co
Opx 59.04 0.18 534 057 3539 251 065 040 1041 Co
Opx 5894 0.7 502 055 3579 258 065 035 1041 Co
Opx 58.86 0.15 464 053 3542 257 066 039 1033 Co
Opx 58.04 0.15 503 066 3504 264 066 044 102.8 Co
Opx 56.41 012 817 060 3000 325 109 047 1002 G6
Opx 56.14 007 831 062 3042 338 111 042 1006 Gb
Opx 5758 0.12 840 053 31.35 345 115 047 1031 Co

? place of measurements: Co = Cologne, Gé = Géttingen
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Silicates (LA-ICP-MS)

Mineral NiO CoO

[Hg-g”] 26 [Hg-g”] 26
Olivine 45.6 4.1 22.6 2.0
Opx 29.5 3.3 11.3 1.1
Opx 13.8 1.6 10.1 1.0
Opx 23.6 54 12.2 0.9
Opx 43.1 6.6 12.6 1.0
Vein material and inclusions (EPMA)
Phase® Loc’ P Si Cr Fe Co S Ni Mn  wt-total EPMAS

[Wi%] [wi%] [wi%] [wi%] [wi%] [wi%] [wi%] [wit%]

Coh Sph <0.02 <0.02 0.26 89.63 0.29 <0.02 1.78 0.03 92.1 GoO
Coh Sph  <0.02 <0.02 0.17 90.23 0.29 <0.02 1.71 <0.02 925 Co
Coh Sph <0.02 0.04 0.26 90.35 0.28 <0.02 1.69 <0.02 92.7 GO
Coh Sph <0.02 0.03 0.08 90.20 0.27 <0.02 1.66 0.03 92.3 Co
Coh Sph 0.24 <0.02 0.08 89.60 0.36 0.27 2.00 <0.02 926 Co
Coh Sph 0.19 0.06 0.06 86.84 0.48 0.24 5.80 <0.02 93.8 GO
Metal Sph 0.16 0.03 0.06 91.73 0.58 <0.02 8.12 <0.02 100.7 Co
Metal Sph 0.29 <0.02 0.04 90.09 0.59 <0.02 8.26 <0.02 99.4 GO
Metal Sph 0.28 1.20 0.08 91.59 0.47 <0.02 5.45 <0.02 99.2 GoO
Metal Sph 0.11 1.24 0.07 91.80 0.45 <0.02 5.49 <0.02 99.2 Co
Metal Sph 0.40 0.04 <0.02 9261 0.41 <0.02 532 <0.02 98.9 GO
Metal Sph 0.22 <0.02 <0.02 95.90 0.43 <0.02 556 <0.02 102.1 Co
Metal Sph 0.11 0.03 0.04 94.30 0.48 <0.02 6.18 <0.02 101.1 Co
Metal Sph 0.16 <0.02 <0.02 94.19 0.39 <0.02 6.04 <0.02 100.8 Co
Metal Sph 0.11 0.08 0.04 93.25 0.53 0.06 6.08 0.03 100.1 Co
Metal Vein 0.11 0.03 0.27 95.53 0.19 <0.02 3.62 <0.02 99.7 Co
Metal Vein 0.10 0.03 0.25 93.98 0.34 <0.02 383 <0.02 98.5 Co
Metal Vein 0.09 0.04 0.21 96.08 0.23 <0.02 3.89 <0.02 100.5 Co
Metal Vein 0.21 0.07 0.26 93.34 0.29 <0.02 391 <0.02 98.2 GO
Metal Vein 0.20 0.06 0.25 93.07 0.29 <0.02 391 0.03 979 GO
Metal Vein 0.09 <0.02 0.25 96.12 0.31 <0.02 4.09 <0.02 100.9 Co
Metal Vein 0.12 4.74 0.05 91.11 0.30 <0.02 493 <0.02 101.2 Co
Metal Vein 0.12 1.36 0.10 92.57 0.41 <0.02 5.26 <0.02 99.8 Co
Metal Vein 0.26 1.25 0.07 90.93 0.46 <0.02 5.32 0.03 98.4 GO
Metal Vein 0.09 1.19 0.03 93.16 0.43 <0.02 5.36 <0.02 100.3 Co
Metal Vein 0.12 1.29 0.03 93.71 0.51 <0.02 5.37 0.05 101.0 Co
Metal Vein 0.07 1.32 0.06 91.99 0.47 <0.02 543 <0.02 99.3 Co
Metal Vein 0.32 1.36 0.06 92.11 050 <0.02 543 <0.02 99.8 Co
Metal Vein 0.21 1.24 0.05 90.69 0.46 <0.02 546 <0.02 98.2 GO
Metal Vein 0.08 1.26 0.06 94.12 0.46 <0.02 546 <0.02 1015 Co
Metal Vein 0.11 1.33 0.04 92.81 0.43 <0.02 5.48 <0.02 100.2 Co
Metal Vein 0.08 1.30 <0.02 91.91 041 <0.02 5,56 <0.02 99.3 Co
Metal Vein 0.10 1.25 0.04 92.53 0.51 0.04 563 <0.02 100.1 Co
Metal Vein 0.07 1.27 <0.02 93.07 0.46 <0.02 5.64 <0.02 100.6 Co
Metal Vein 0.09 1.34 0.07 93.14 0.44 <0.02 569 <0.02 100.8 Co
Metal Vein 0.09 1.14 0.06 93.39 0.44 <0.02 572 <0.02 100.9 Co
Metal Sph 0.12 <0.02 0.24 97.12 0.25 <0.02 2.66 0.04 100.4 Co
Metal Inc 0.07 0.04 0.07 94.16 0.41 <0.02 5.28 0.05 100.0 Co
Metal Inc 0.11 0.04 0.24 95.08 0.27 <0.02 3.71 <0.02 99.4 Co
Metal Inc 0.17 1.14 0.08 93.08 0.43 <0.02 5.67 <0.02 100.6 Co
Metal Inc 0.08 1.25 0.03 92.24 0.41 <0.02 6.24 <0.02 100.2 Co
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Phase® Loc® P Si Cr Fe Co S Ni Mn  wt-total
[Wo%6]  [Wi%] [wi%] [Wwi%] [wio6] [wi%] [wto%] [wt%]

EPMA°®

Metal Inc 0.09 1.26 0.06 90.94 0.51 0.04 573 <0.02 98.6
Metal Inc 0.14 1.29 0.08 91.85 043 <0.02 547 <0.02 99.3
Metal Inc 0.09 1.30 0.09 93.83 0.48 <0.02 5.36 0.03 101.2
Metal Inc 0.08 1.32 0.09 9252 042 <0.02 553 <0.02 100.0
Metal Inc 0.08 148 <0.02 92.62 0.38 <0.02 5.69 0.03 100.3
Troi Sph <0.02 <0.02 212 5955 <0.02 37.32 0.10 0.49 99.6

Troi Sph <0.02 0.05 201 6093 <0.02 36.15 0.14 0.49 99.1
Troi Sph <0.02 0.03 159 5945 <0.02 37.14 0.16 0.07 98.5
Troi Sph <0.02 0.03 161 60.60 <0.02 36.50 0.08 0.03 98.8
Troi Sph <0.02 0.03 6.68 5297 <0.02 38.19 0.13 0.79 98.8
Troi Sph <0.02 0.04 6.66 5452 <0.02 36.75 0.10 0.75 98.0
Troi Sph <0.02 0.08 124 61.10 <0.02 36.21 0.13 0.05 98.7

Troi Vein <0.02 0.15 8.14 50.16 <0.02 3790 0.14 0.92 97.5
Troi Vein <0.02 0.08 525 5545 <0.02 36.79 0.12 0.66 97.6
Troi Vein <0.02 0.10 6.64 5347 <0.02 3711 0.11 0.66 97.3
Troi Vein <0.02 0.03 557 5524 <0.02 37.27 0.05 0.59 98.1

Co
Co
Co
Co
Co
GO
Co
GO
Co
Go
Co
Co
GO
Co
Co
Co

? phases: Coh = cohenite, Troi = troilite
® locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate
“ place of measurements: Co = Cologne, Gé = Géttingen
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12.1.5EET96042

Silicates (EPMA)
Mineral Sio, TiO, FeO Al,O4 MgO CaO Cr,0; MnO wt-total EPMA?
[Wi%]  [Wi%] [wi%] [wi%] [wit%] [wi%] [wi%] [wi%]

Olivine 4164 <0.02 1.77 0.37 55.56 0.32 0.79 0.55 101.0 Go
Olivine 40.21 0.03 6.93 0.10 50.37 0.35 0.71 0.57 99.3 Go
Olivine 38.62 <0.02 1245 <0.02 47.84 0.30 0.66 0.48 100.4 Co
Olivine 40.11 <0.02 12.63 0.05 46.11 0.41 0.83 0.51 100.7 Go
Olivine 40.37 <0.02 1440 <0.02 45.25 0.35 0.68 0.44 101.6 Co
Olivine 39.40 <0.02 14.83 <0.02 43.11 0.37 0.78 0.38 98.9 Co
Olivine 38.09 <0.02 14.98 0.04 45.38 0.27 0.60 0.54 99.9 Co
Olivine 39.48 <0.02 15.11 0.12 44.49 0.56 0.54 0.43 100.8 GO
Olivine 39.52 0.04 15.38 <0.02 44.09 0.34 0.82 0.40 100.7 Co
Olivine 37.83 <0.02 1546 <0.02 45.03 0.31 0.73 0.47 99.9 Co
Olivine 39.57 <0.02 15.70 0.05 43.63 0.41 0.89 0.49 100.8 Go
Olivine 38.69 <0.02 15.71 0.04 4214 0.38 0.82 0.47 98.2 Co
Olivine 40.10 <0.02 15.74 0.03 43.58 0.36 0.79 0.45 101.0 Co
Olivine 38.78 0.03 15.75 0.03 4157 0.33 0.80 0.42 97.7 Co
Olivine 39.97 <0.02 15.79 0.05 43.89 0.33 0.88 0.45 101.4 Co
Olivine 39.85 <0.02 15.85 0.03 44.06 0.31 0.77 0.50 101.4 Co
Olivine 40.01 <0.02 15.85 <0.02 44.52 0.35 0.86 0.40 102.0 Co
Olivine 39.79 <0.02 1591 <0.02 43.20 0.36 0.84 0.44 100.6 Co
Olivine 39.45 <0.02 15.92 0.05 43.03 0.33 0.80 0.39 100.0 Co
Olivine 40.33 <0.02 16.03 0.04 44.18 0.35 0.92 0.48 102.4 Co
Olivine 39.30 0.03 16.05 0.04 43.45 0.33 0.88 0.40 100.5 Co
Olivine 39.78 0.04 16.07 0.03 43.10 0.32 0.81 0.47 100.6 Co
Olivine 39.27 <0.02 16.14 <0.02 44.08 0.31 0.82 0.45 101.1 Co
Olivine 39.28 <0.02 16.16 <0.02 42.52 0.33 0.79 0.43 99.6 Co
Olivine 39.96 0.07 16.19 0.03 43.82 0.34 0.81 0.41 101.7 Co
Olivine 38.05 <0.02 16.21 <0.02 44.92 0.31 0.90 0.39 100.9 Co
Olivine 37.87 <0.02 16.24 0.07 44.31 0.31 0.87 0.46 100.1 Co
Olivine 39.97 <0.02 16.26 0.04 43.33 0.34 0.79 0.43 101.2 Co
Olivine 3781 <0.02 16.26 0.03 44.10 0.32 0.75 0.44 99.8 Co
Olivine 37.37 <0.02 16.29 <0.02 44.85 0.30 0.71 0.46 100.1 Co
Olivine 38.99 <0.02 16.38 0.09 42.90 0.34 0.75 0.45 99.9 GO
Olivine 40.02 <0.02 16.40 0.04 43.27 0.33 0.81 0.45 101.3 Co
Olivine 39.73 0.04 16.45 0.04 43.23 0.37 0.79 0.51 101.2 Co
Olivine 38.04 0.04 16.45 0.04 44.47 0.28 0.77 0.44 100.5 Co
Olivine 38.00 <0.02 16.47 <0.02 43.92 0.31 0.81 0.42 99.9 Co
Olivine 40.07 0.04 1650 <0.02 44.38 0.33 0.86 0.47 102.7 Co
Olivine 38.24 <0.02 16.51 0.03 44.77 0.33 0.76 0.38 101.1 Co
Olivine 39.75 <0.02 16.56 0.04 43.02 0.32 0.82 0.47 101.0 Co
Olivine 39.85 0.05 16.57 0.06 43.60 0.35 0.82 0.51 101.8 Co
Olivine 39.39 <0.02 16.63 0.03 42.68 0.33 0.78 0.46 100.3 Co
Olivine 39.19 <0.02 16.66 0.05 42.56 0.36 0.79 0.44 100.1 Go
Olivine 39.46 0.06 16.70 0.07 43.26 0.37 0.81 0.47 101.2 Go
Olivine 37.15 <0.02 16.70 <0.02 44.40 0.32 0.80 0.41 99.8 Co
Olivine 39.60 <0.02 16.72 0.05 44.43 0.28 0.86 0.47 1025 Co
Olivine 37.87 <0.02 16.73 <0.02 4454 0.31 0.73 0.41 100.6 Co
Olivine 39.77 <0.02 16.75 0.05 43.82 0.37 0.79 0.45 102.0 Co
Olivine 37.65 <0.02 16.77 <0.02 44.41 0.32 0.65 0.54 100.3 Co
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Olivine 40.17 <0.02 16.80 0.04 4341 0.33 0.78 0.44 102.0 Co
Olivine 3991 <0.02 16.84 0.03 43.73 0.34 0.83 0.41 102.1 Co
Mineral SiO, TiO, FeO Al,O3 MgO CaO Cr,0O; MnO wt-total EPMA?
[Wi%]  [Wi%]  [wi%] [wi%] [wi%] [wi%] [wi%] [wi%]
Olivine 40.27 <0.02 16.90 0.04 43.42 0.35 0.80 0.47 102.3 Co
Olivine 37.37 <0.02 16.92 0.04 44.32 0.31 0.83 0.42 100.3 Co
Olivine 39.11 0.04 16.94 0.06 42.38 0.37 0.80 0.41 100.2 Go
Olivine 37.82 0.06 16.99 <0.02 44.23 0.34 0.74 0.45 100.7 Co
Opx 55.87 0.11 7.74 0.86 29.19 4.86 1.35 0.52 100.6 Go
Opx 55.41 0.11 8.81 1.09 27.98 481 1.40 0.47 100.2 Go
Opx 55.42 0.05 10.03 0.79 27.25 4.83 1.31 0.44 100.2 Go
Opx 55.56 0.08 10.12 0.76  27.08 4.75 1.33 0.47 100.2 Go6
Opx 53.51 0.06 9.85 0.59 28.60 4.48 1.30 0.48 98.9 Co
Opx 55.40 0.07 9.34 0.73 27.48 4.64 1.39 0.41 99.6 Co
Opx 55.56 0.09 9.50 0.76  27.93 4.66 1.40 0.44 100.4 Co
Opx 55.86 0.14 9.44 0.67 27.34 4.57 1.30 0.51 999 Co
? place of measurements: Co = Cologne, Gé = Géttingen
Silicates (LA-ICP-MS)
Mineral NiO CoO
Mool 26 [ugg]l 26

Olivine 73.6 5.9 40.0 33
Olivine 74.6 6.2 37.7 3.1
Olivine 69.7 5.7 37.8 3.1
Olivine 59.6 7.6 38.0 3.6
Olivine 77.2 3.7 45.6 1.7
Opx 34.2 3.6 18.7 1.8
Opx 24.8 3.0 16.5 1.3
Opx 27.5 3.0 17.7 1.4
Vein material and inclusions (EPMA)
Phase Loc” P Si Cr Fe Co S Ni Mn wit- EPMA

2 [Wi%]  [wit%]  [wt%]  [wit%]  [wt%]  [wt%]  [wt%] [wt%] total ¢
Metal Inc 0.11 0.03 0.15 99.64 0.05 <0.02 0.12 <0.02 100.1 Co
Metal Inc 0.09 0.03 0.10 100.97 <0.02 <0.02 0.15 <0.02 1014 Co
Metal Inc <0.02 0.03 0.17 100.89 0.04 0.03 0.22 <0.02 1014 Co
Metal Inc 0.11 0.04 0.12 99.62 0.05 0.03 0.75 <0.02 100.7 Co
Metal Inc 0.13 0.05 0.15 99.11 <0.02 0.03 0.97 0.04 1004 Co
Metal Inc 0.04 0.11 0.14 96.52 0.04 <0.02 1.14 0.04 98.0 Co
Metal Inc 0.13 <0.02 0.26 99.09 0.07 <0.02 1.38 0.04 101.0 Co
Metal Inc 0.11 0.04 0.15 97.80 0.12 <0.02 1.74 <0.02 100.0 Co
Metal Inc 0.03 0.06 0.14 97.23 0.07 <0.02 248 <0.02 100.0 Co
Metal Inc 0.12 0.03 0.05 98.22 0.15 <0.02 260 <0.02 101.2 Co
Metal Inc 0.07 0.03 0.13 98.28 0.11 0.03 3.11 <0.02 1018 Co
Metal Inc 0.05 0.03 0.13 95.43 0.14 <0.02 3.69 0.04 99.5 Co
Metal Inc 0.06 1.18 0.22 93.38 0.28 <0.02 3.93 0.03 99.1 Co
Metal Inc 0.13 0.03 0.14 95.66 0.28 <0.02 425 <0.02 1005 Co
Metal Inc 0.22 0.03 0.06 92.11 0.41 0.03 5.80 0.03 98.7 Co
Troi Inc <0.02 0.25 0.57 63.83 <0.02 33.48 0.22 0.11 98.3 Co
Troi Inc <0.02 0.04 0.83 67.05 <0.02 31.16 0.07 0.16 99.1 Co
Troi Inc <0.02 0.06 1.23 60.85 <0.02 36.81 0.08 0.18 99.0 Co
Troi Inc <0.02 0.05 1.63 61.74 <0.02 36.18 0.14 0.25 99.7 Co
Troi Inc <0.02 0.04 2.15 61.21 <0.02 36.53 0.12 0.23 99.9 Co
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Troi Inc <002 019 371 5755 <0.02 3591 004 062 973 Co
Troi Inc <002 007 386 5800 <0.02 3652 010 044 985 Co
Phase Loc” P Si Cr Fe Co S Ni Mn wit- EPMA
2 [Wtoe]  [wit%]  [wi%]  [wit%]  [wt%] [wit%] [wt%] [wt%] total ¢
Troi Inc <002 009 6.76 5232 <0.02 3687 150 046 975 Co
Troi Inc <0.02 007 828 5169 007 3727 149 025 989 Co
Troi Inc <0.02 <0.02 914 5100 <002 3731 022 032 976 Co
Metal  Sph 0.06 0.04 0.13 96.81 0.10 <0.02 3.66 0.04 100.8 Co
Troi Sph <0.02 0.18 1.35 61.73 <0.02 35.62 <0.02 0.16 98.8 Co
Metal  Vein 0.18 <0.02 0.08 97.07 0.13 <0.02 3.36 <0.02 100.8 Co
Metal Vein 0.13 <002 0.04 9765 035 0.03 446 <0.02 1027 Co
Metal Vein 010 535 0.09 9047 029 <0.02 434 <0.02 1006 Co
Metal Vein 009 481 004 8868 023 0.03 450 <002 984 Co
Metal Vein 012 471 005 9188 035 <0.02 464 <002 1018 Co
Metal Vein 010 486 010 91.76 028 <0.02 472 <0.02 1018 Co
Metal Vein 020 441 016 91.75 036 <0.02 481 <0.02 101.7 Co
Metal  Vein 0.09 5.02 0.08 89.80 0.27 <0.02 4.89 0.03 100.2 Co
Metal  Vein 0.17 4.99 0.10 90.66 0.31 <0.02 496 <0.02 101.2 Co
Metal Vein 007 497 <0.02 9105 0.27 <0.02 501 <0.02 1014 Co
Metal Vein 011 525 015 9166 026 <0.02 502 <0.02 1025 Co
Metal Vein 013 472 0.04 8956 031 <0.02 507 <002 998 Co
Metal Vein 016 482 <0.02 91.09 033 0.03 518 <0.02 1016 Co
Metal Vein 014 465 010 9126 030 0.04 557 <0.02 1021 Co
Troi Vein <0.02 <0.02 0.41 63.03 <0.02 36.00 0.13 0.05 995 Co
Troi Vein <0.02 <0.02 1.27 6191 <0.02 36.97 0.05 0.09 100.2 Co
Troi Vein <0.02 <0.02 1.34 61.97 <0.02 36.70 <0.02 0.23 100.0 Co
Troi Vein <0.02 <0.02 577 5592 <002 3594 010 0.14 97.7 Co
Troi Vein <002 030 578 5535 <0.02 3605 027 037 977 Co
Troi Vein <0.02 <0.02 582 5683 <0.02 3733 0.04 0.09 1000 Co
Troi Vein <0.02 <0.02 7.03 5506 <0.02 3675 013 028 989 Co
Troi Vein <0.02 0.04 800 5254 <0.02 3722 011 043 97.8 Co
Troi Vein <0.02 <0.02 8.93 5153 <0.02 37.79 0.06 0.45 98.3 Co

® phases: Troi = troilite

® locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate

“ place of measurements: Co = Cologne, G = Gottingen
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12.1.6 EET96331

Silicates (EPMA)
Mineral SiO, TiO, FeO Al,O3 MgO CaO Cr,0; MnO wt-total EPMA?
[Wi%]  [wi%] [wi%] [wi%] [wit%]  [wi%] [wi%]  [wi%]

Olivine 41.06 <0.02 9.85 0.04 51.27 0.25 0.47 0.59 103.6 Co
Olivine 41.30 <0.02 9.11 0.05 50.58 0.28 0.52 0.61 1025 Co
Olivine 40.36 <0.02 1156 <0.02 48.11 0.25 0.45 0.53 101.3 Co
Olivine 40.32 0.03 12.29 0.05 48.37 0.27 0.50 0.55 102.4 Co
Olivine 40.15 0.03 11.24 <0.02 48.70 0.27 0.50 0.53 101.4 Co
Olivine 40.19 <0.02 11.59 0.04 48.09 0.28 0.46 0.66 101.3 Co
Olivine 39.91 0.04 11.33 0.03 47.67 0.28 0.45 0.51 100.2 Co
Olivine 40.42 <0.02 11.99 0.06 48.11 0.26 0.45 0.55 101.8 Co
Olivine 40.36 0.09 12.18 0.04 48.19 0.25 0.47 0.52 102.1 Co
Olivine 40.96 0.06 10.99 0.03 48.71 0.26 0.45 0.55 102.0 Co
Olivine 40.84 <0.02 10.77 0.04 49.13 0.28 0.47 0.54 102.1 Co
Olivine 40.44 <0.02 11.70 0.04 48.12 0.27 0.50 0.47 101.6 Co
Olivine 40,92 <0.02 12.68 0.03 49.66 0.28 0.50 0.57 104.7 Co
Olivine 40.73 0.04 11.42 0.05 50.09 0.28 0.45 0.61 103.8 Co
Olivine 40.71 <0.02 11.43 0.05 49.88 0.28 0.48 0.54 103.4 Co
Olivine 40.90 0.03 11.94 0.04 49.95 0.28 0.43 0.58 104.1 Co
Olivine 40.86 <0.02 10.71 <0.02 50.97 0.26 0.50 0.63 104.0 Co
Olivine 40.30 <0.02 11.59 0.03 49.05 0.28 0.57 0.57 102.4 Co
Olivine 41.05 <0.02 11.21 <0.02 49.61 0.23 0.50 0.60 103.2 Co
Olivine 40.50 0.04 11.97 0.06 49.74 0.27 0.52 0.56 103.7 Co
Olivine 40.62 0.05 12.01 0.06 48.91 0.30 0.56 0.54 103.1 Co
Olivine 41.02 <0.02 12.40 0.04 49.67 0.26 0.52 0.49 1045 Co
Olivine 4046 <0.02 10.88 <0.02 49.14 0.27 0.49 0.52 101.8 Co
Olivine 40.76 0.03 12.37 0.03 48.87 0.27 0.46 0.60 103.5 Co
Olivine 40.24 <0.02 12.05 <0.02 49.33 0.29 0.51 0.53 103.0 Co
Olivine 4049 <0.02 11.84 0.04 49.09 0.26 0.50 0.58 102.9 Co
Olivine 40.92 <0.02 12.24 0.05 49.50 0.24 0.44 0.53 103.9 Co
Opx 55.17 0.09 7.31 1.25 32.25 2.33 0.91 0.50 99.8 Co
Opx 56.57 0.10 8.17 1.23 32.87 2.35 0.95 0.53 102.8 Co
Opx 55.56 0.21 6.98 1.22 32.05 2.36 1.03 0.46 99.9 Co
Opx 56.81 0.10 7.88 1.19 32.43 2.37 0.96 0.50 102.3 Co
Opx 55.98 0.11 7.53 1.33 32.12 2.38 0.90 0.45 100.8 Co
Opx 56.41 0.11 7.35 1.15 32.25 2.38 0.93 0.53 101.1 Co
Opx 56.64 0.14 7.24 1.21 31.92 2.39 0.97 0.56 101.1 Co
Opx 56.23 0.09 7.38 1.15 31.33 2.40 1.09 0.46 100.1 Co
Opx 56.05 0.15 7.29 1.20 32.58 2.40 0.88 0.55 101.1 Co
Opx 56.22 0.07 7.50 1.12 32.07 2.41 1.05 0.51 101.0 Co
Opx 56.90 0.13 7.76 1.22 32.86 2.42 0.97 0.56 102.8 Co
Opx 56.21 0.12 8.16 1.23 32.95 2.42 0.93 0.45 1025 Co
Opx 57.03 0.09 6.88 1.09 32.02 2.42 0.91 0.53 101.1 Co
Opx 55.50 0.13 7.17 1.25 32.29 2.42 1.06 0.53 100.4 Co
Opx 55.98 0.16 6.94 1.11 31.59 2.42 0.97 0.57 99.8 Co
Opx 56.44 0.14 7.72 1.31 32.64 2.43 0.99 0.50 102.2 Co
Opx 56.36 0.11 7.15 1.15 32.04 2.44 1.08 0.45 100.8 Co
Opx 56.62 0.18 7.12 1.21 31.81 2.44 1.06 0.60 101.1 Co
Opx 56.72 0.07 7.68 1.18 33.24 2.45 0.97 0.53 1029 Co
Opx 56.27 0.11 6.86 1.21 32.18 2.45 1.04 0.45 100.7 Co
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Opx 57.26 0.18 7.38 1.15 32.84 2.46 1.00 0.62 1029 Co
Opx 56.25 0.13 7.31 1.08 31.95 2.47 0.98 0.60 100.8 Co
Mineral SiO, TiO, FeO Al,O;  MgO CaO Cr,0; MnO wt-total EPMA?
[wt%o] [wt%]  [wi%]  [wit%]  [wi%] [Wi%]  [wi%]  [wt%]
Opx 56.61 0.10 7.21 1.22 32.61 2.47 1.07 0.61 1019 Co
Opx 56.66 0.09 7.66 1.25 33.31 2.47 1.01 0.55 103.0 Co
Opx 56.67 0.11 7.15 1.22 31.31 2.48 1.04 0.55 100.6 Co
Opx 56.65 0.15 7.48 1.18 32.54 2.48 1.10 0.51 102.2 Co
Opx 56.58 0.09 7.48 1.22 32.74 2.48 0.97 0.50 102.2 Co
Opx 56.42 0.13 7.48 1.20 32.45 2.49 1.01 0.57 101.8 Co
Opx 56.03 0.06 7.71 1.29 33.02 2.49 0.96 0.54 102.1 Co
Opx 56.98 0.06 7.22 1.28 32.94 2.50 1.01 0.53 102.5 Co
Opx 56.85 0.11 7.08 1.20 33.08 2.51 1.13 0.49 102.5 Co
Opx 56.60 0.12 7.53 1.22 32.75 2.52 1.03 0.57 102.4 Co
Cpx 52.96 0.27 414 1.95 19.20 17.85 1.13 0.43 98.1 Co
Cpx 53.65 0.20 4.19 1.91 19.88 18.07 131 0.36 99.8 Co
Cpx 54.53 0.30 4.19 1.94 20.58 18.14 1.26 0.36 1016 Co

? place of measurements: Co = Cologne, Go = Géttingen

Silicates (LA-ICP-MS)

Mineral NiO CoO
[Hg-g™"] 26 [Hg-g™"] 26

Olivine 17.8 1.7 7.6 0.7
Olivine 18.5 2.1 7.9 0.8
Olivine 28.4 3.6 8.0 0.7
Olivine 18.9 1.7 6.7 0.4
Olivine 24.2 2.1 8.1 0.6
Opx 13.5 1.7 4.2 0.4
Opx 135 15 4.0 0.4
Opx 5.4 12 3.2 0.4
Opx 7.0 18 3.6 0.4
Opx 17.7 2.7 4.1 0.5
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Vein material and inclusions (EPMA)

Phase® Loc” P Si Cr Fe Co S Ni Mn  wt-total EPMA°®
[Wt%]  [wit%] [wt%] [wt%] [wit%] [wit%] [wt%] [wt%]
Metal  Inc 008 005 013 9826 004 016 047 0.03 99.3 Go§
Metal  Inc 014 005 011 96.82 0.04 <0.02 085 0.03 98.1 Go6
Metal  Inc 009 005 014 9523 016 <0.02 398 0.04 99.8 Go§
Metal  Vein 026 330 0.12 9051 034 <0.02 497 0.04 99.6 Go
Metal  Vein 021 331 015 9046 031 <0.02 511 <0.02 99.7 G9§
Metal  Vein 019 491 0.08 89.09 031 0.03 467 <0.02 99.4 G9§
Metal  Vein 030 4.43 012 9042 031 <0.02 485 <002 1005 Gob
Metal  Vein 034 465 0.06 8950 0.34 <0.02 478 <0.02 99.8 Go
Metal  Vein 022 459 0.04 89.09 034 <0.02 509 <0.02 99.5 Go
Troi Inc <0.02 016 0.33 60.96 <0.02 36.07 0.21 0.16 97.9 Go6
Troi Inc <0.02 <0.02 042 6122 <002 3740 0.16 0.08 99.3 G
Troi Inc <0.02 039 068 61.03 <0.02 3600 0.05 0.16 98.4 GO
Troi Inc <0.02 010 0.79 6224 <0.02 3487 0.05 0.15 98.2 Go§
Troi Inc <0.02 049 457 5494 <0.02 3686 0.03 0.78 97.7 Go6
Troi Inc <002 0.10 9.75 47.85 <0.02 3887 008 0.80 975 Go
Troi Inc <0.02 <0.02 13.38 44.71 <0.02 39.08 0.04 0.41 97.7 Go§

? phases: Troi = troilite

® locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate
¢ place of measurements: Co = Cologne, G = Gottingen
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12.1.7 GRA95205

Silicates (EPMA)
Mineral SiO, TiO; FeO ALO;  MgO CaO Cr,0; MnO wt-total EPMA?
[Wt9%] [Wi%]  [wt%] [wi%] [wi%] [wit%] [wi%]  [wi%)]

Olivine 40.97 <0.02 4.82 0.05 52.38 0.20 0.56 0.47 99.5 GO
Olivine 40.98 <0.02 8.11 0.06 49.75 0.27 0.64 0.41 100.3 Go6
Olivine 40.55 <0.02 9.38 0.07 48.90 0.29 0.64 0.50 1004 Go6
Olivine 40.20 <0.02 10.81 0.10 47.83 0.23 0.63 0.46 1004 Go6
Olivine 39.61 <0.02 15.09 0.05 44.19 0.28 0.76 0.52 100.6 Go
Olivine 40.12 <0.02 15.20 0.06 43.74 0.29 0.68 0.48 100.6 Go
Olivine 39.32 0.03 15.28 0.03 43.42 0.24 0.60 0.42 99.4 GO
Olivine 39.72 <0.02 15.85 0.05 43.76 0.28 0.58 0.48 100.7 Go
Olivine 39.60 <0.02 1751 <0.02 45.06 0.25 0.61 0.44 1035 Co
Olivine 38.85 <0.02 17.70 0.05 42.25 0.27 0.60 0.45 100.2 Go
Olivine 3893 <0.02 17.73 0.04 44.70 0.27 0.70 040 102.8 Co
Olivine 38.75 <0.02 17.81 0.04 4245 0.27 0.64 0.50 1005 Gb6
Olivine 39.34 0.03 17.96 0.03 43.23 0.23 0.68 0.39 1019 Co
Olivine 39.10 <0.02 18.11 0.03 42.98 0.28 0.64 0.42 1016 Co
Olivine 39.04 <0.02 1831 0.04 4285 0.25 0.52 0.40 1014 Co
Olivine 38.60 <0.02 18.34 0.04 43.24 0.29 0.62 0.46 1016 Co
Olivine 39.87 0.04 18.42 0.03 43.39 0.34 0.63 045 1032 Co
Olivine 38.66 <0.02 18.46 0.06 43.22 0.27 0.68 0.40 1018 Co
Olivine 39.63 <0.02 1849 <0.02 44.93 0.22 0.58 039 1042 Co
Olivine 3856 <0.02 1851 0.07 41.34 0.30 0.64 0.45 99.9 G6
Olivine 38.75 <0.02 1854 0.05 43.72 0.26 0.73 0.43 102.6 Co
Olivine 39.75 0.03 18.55 0.06 44.52 0.35 0.65 0.45 104.4 Co
Olivine 38.98 <0.02 18.62 0.03 43.82 0.26 0.65 0.42 102.8 Co
Olivine 39.24 0.05 1864 <0.02 4342 0.24 0.61 0.56 102.7 Co
Olivine 39.21 0.04 1865 <0.02 43.07 0.27 0.67 0.41 102.4 Co
Olivine 39.16 <0.02 18.69 0.04 43.78 0.26 0.68 045 1031 Co
Olivine 38.93 0.04 18.71 0.05 4281 0.27 0.62 041 1019 Co
Olivine 39.28 <0.02 18.72 0.04 43.35 0.27 0.68 043 102.8 Co
Olivine 39.46 <0.02 18.73 <0.02 4292 0.28 0.60 0.41 102.4 Co
Olivine 39.20 <0.02 18.75 <0.02 43.36 0.24 0.61 0.38 102.6 Co
Olivine 39.31 <0.02 18.79 0.08 43.09 0.40 0.73 0.46 1029 Co
Olivine 39.62 0.04 18.79 0.10 43.28 0.37 0.65 0.46 103.3 Co
Olivine 39.62 <0.02 18.80 0.03 43.61 0.24 0.64 0.44 1035 Co
Olivine 40.21 <0.02 18.82 0.05 42.69 0.50 0.70 043 1034 Co
Olivine 39.67 <0.02 18.84 0.09 43.00 0.36 0.72 0.42 103.3 Co
Olivine 3949 <0.02 18.86 0.05 44.06 0.33 0.56 0.53 1039 Co
Olivine 39.43 <0.02 18.89 0.05 43.15 0.17 0.54 0.41 102.6 Co
Olivine 38.81 <0.02 18.89 0.05 43.08 0.29 0.54 0.43 102.1 Co
Olivine 3849 <0.02 1890 <0.02 43.65 0.26 0.48 0.43 102.3 Co
Olivine 39.35 <0.02 1895 <0.02 43.38 0.26 0.63 0.43 103.1 Co
Olivine 39.21 <0.02 18.96 0.05 44.05 0.33 0.66 041 103.7 Co
Olivine 39.57 <0.02 18.97 0.04 43.64 0.25 0.68 0.50 103.8 Co
Olivine 38.16 <0.02 18.97 0.06 43.00 0.29 0.71 040 1016 Co
Olivine 39.26 0.04 19.01 0.03 44.26 0.26 0.66 0.37 104.0 Co
Olivine 39.13 <0.02 19.01 0.03 43.56 0.29 0.72 0.37 103.2 Co
Olivine 39.08 <0.02 19.06 0.03 43.32 0.30 0.72 0.39 1029 Co
Olivine 39.42 0.05 19.06 0.04 44.36 0.25 0.68 0.45 104.3 Co
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Olivine 4020 003 19.07 006 4374 031 080 046 1047 Co
Olivine 3879 <0.02 19.09 <002 4395 027 063 041 1032 Co
Mineral SiO, TiO, FeO ALO; MgO CaO CrO; MnO  wttotal EPMA?
[Wi%] Wi%] [Wi%] [wi%] [wi%] [wit%] [wi%]  [wt%]
Olivine 30.36 <0.02 1913 <002 4329 019 057 040 1030 Co
Olivine 3808 004 1913 003 4415 026 062 038 102.7 Co
Olivine 3881 <002 1914 007 4046 032 063 041 999 Gb
Olivine 3039 003 1919 <002 4312 026 068 037 1031 Co
Olivine 390.95 <002 1920 <0.02 4397 029 062 036 1044 Co
Olivine 39.90 005 1920 005 4398 028 073 043 1046 Co
Olivine 30.02 <002 1923 003 4342 024 063 044 1031 Co
Olivine 3856 003 1925 005 428 035 066 038 1021 Co
Olivine 39.87 <002 1927 003 4435 020 061 045 1048 Co
Olivine 3943 <0.02 1928 003 4452 027 059 033 1045 Co
Olivine 3951 <002 1929 004 4382 026 061 041 1040 Co
Olivine 3944 <002 1933 005 4360 027 061 042 1037 Co
Olivine 3873 006 19.34 009 4221 028 075 038 1019 Co
Olivine 38.80 <002 19.42 <002 4339 024 064 038 1029 Co
Olivine 3865 <0.02 1946 007 4306 025 071 046 1027 Co
Olivine 3849 <002 1953 003 4318 024 064 037 1025 Co
Olivine 3834 <002 1966 004 42,77 025 066 046 1022 Co
Olivine 3911 <0.02 19.66 007 4343 030 053 041 1035 Co
Olivine 3914 <0.02 1971 <002 4383 029 066 039 1041 Co
Olivine 3847 003 2020 004 4372 025 062 042 1038 Co
Olivine 3857 <002 2098 <002 4181 022 060 037 1026 Co
Opx | 5758 005 633 036 30.80 434 110 055 1012 G6
Opx | 55.82 0.07 965 066 2854 457 129 043 1011 Co
Opx | 5590 0.10 10.06 0.67 2872 459 136 044 1019 Co
Opx | 5401 008 9.86 071 2844 459 140 048  99.8 Co
Opx | 55.39 0.09 9.65 074 2929 490 136 045 1020 Co
opx Il 5731 010 1072 039 3209 120 110 037 1033 Co
opx Il 56.19 0.05 1058 043 30.90 139 110 040 101.0 Co
opx Il 5591 003 10.77 0.89 3048 183 115 036 1015 Co
opx Il 56.20 009 11.12 110 3051 184 122 040 1026 Co
opx Il 5422 008 11.16 090 3055 191 106 036 1004 Co
opx Il 5489 010 991 105 3106 192 108 035 1005 Co
opx I 56.07 0.09 1018 040 3105 211 103 044 1014 Co

? place of measurements: Co = Cologne, Go = Géttingen
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Silicates (LA-ICP-MS)

Mineral NiO CoO

[Hg-g”] 26 [Hg-g”] 26
Olivine 76.2 8.5 45.8 3.9
Olivine 104.7 8.9 51.9 4.5
Olivine 91.1 7.1 49.6 4.0
Olivine 82.1 6.3 49.1 3.9
Olivine 95.3 11.6 495 4.6
Olivine 88.1 6.8 51.2 4.3
Olivine 87.2 7.9 50.6 4.5
Olivine 106.5 11.1 48.2 4.0
Olivine 74.1 6.3 44.6 3.7
Olivine 111.2 9.7 50.7 4.3
Opx 50.0 8.9 24.5 2.3
Opx 25.8 1.8 19.7 0.9
Opx 34,5 3.7 24.4 1.7
Opx 24.7 3.5 22.2 1.7
Opx 26.6 2.7 21.1 1.0
Vein material and inclusions (EPMA)
Phase® Loc” P Si Cr Fe Co S Ni Mn  wt-total EPMA®

[Wi%] [wi%] [wi%] [wi%] [wi%]  [wi%] [wi%] [wi%]

Metal Inc 0.26 0.13 0.09 95.43 0.12 <0.02 1.51 0.03 97.7 GO
Metal Inc 0.25 0.04 0.08 95.47 0.13 <0.02 1.52 0.03 97.6 GO
Metal Inc 0.14 0.96 0.30 94.74 0.35 <0.02 405 <0.02 100.5 Co
Metal Inc 0.19 <0.02 0.10 97.64 0.30 <0.02 4.03 <0.02 102.3 Co
Metal Inc 0.08 <0.02 0.03 98.30 0.05 <0.02 103 <0.02 995 Co
Metal Inc 0.11 1.20 0.41 95.13 0.24 <0.02 268 <0.02 99.8 Co
Metal Inc 0.18 0.03 0.11 98.51 0.19 <0.02 2.26 0.03 101.3 Co
Metal Inc 0.04 0.04 0.16 98.43 0.03 <0.02 0.69 0.05 99.4 Co
Metal Inc 0.21 0.03 0.05 98.33 0.21 <0.02 2.37 <0.02 101.2 Co
Metal Inc 0.11 0.05 0.14 98.75 0.13 0.03 1.45 0.04 100.7 Co
Metal Inc 0.46 0.04 0.06 97.60 0.16 <0.02 2.50 0.04 100.8 Co
Metal Inc 0.11 <0.02 0.08 99.09 0.14 <0.02 1.91 0.04 101.4 Co
Metal Inc 0.13 0.35 0.10 98.91 0.10 <0.02 128 <0.02 1009 Co
Metal Inc 0.04 0.84 0.18 95.00 0.20 <0.02 275 <0.02 99.0 Co
Metal Inc 0.07 0.03 0.10 97.59 0.04 <0.02 0.96 <0.02 98.8 Co
Metal Inc 0.10 1.19 0.38 96.36 0.21 0.03 3.09 0.03 101.4 Co
Metal Inc 0.12 1.65 0.40 96.88 0.23 <0.02 2.83 <0.02 102.1 Co
Metal Inc 0.16 0.94 0.16 95.62 0.21 <0.02 299 <0.02 100.1 Co
Metal Inc 0.14 0.04 0.08 99.16 0.09 <002 115 <0.02 100.7 Co
Metal Inc 0.08 0.05 0.10 99.38 0.12 <0.02 1.09 <0.02 100.8 Co
Metal Vein 0.19 <0.02 0.03 97.13 0.20 <0.02 3.15 <0.02 100.7 Co
Metal Vein 0.22 <0.02 0.05 96.94 0.26 <0.02 364 <0.02 101.1 Co
Metal Vein 0.19 <0.02 0.16 98.30 0.28 <0.02 3.57 0.03 1025 Co
Metal Vein 0.16 <0.02 0.03 98.47 0.30 <0.02 3.20 <0.02 102.2 Co
Metal Vein 0.16 <0.02 0.08 95.69 0.33 <0.02 400 <0.02 100.3 Co
Metal Vein 0.17 <0.02 0.03 98.58 0.26 <0.02 3.05 <0.02 102.1 Co
Metal Vein 0.27 <0.02 0.05 98.48 0.18 <0.02 2.66 <0.02 101.6 Co
Metal Vein 0.23 <0.02 0.05 98.24 0.30 <0.02 3.08 <0.02 1019 Co
Metal Vein 0.25 0.03 0.08 95.68 0.25 <0.02 365 <0.02 999 Co
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Phase® Loc” P Si Cr Fe Co S Ni Mn  wttotal EPMAS
[Wi%6] [wit%] [wit%] [wios] [wi%]  [wi%] [wt%] [wt%]
Metal Vein 0.23 0.06 0.06 96.35 0.27 <0.02 382 <0.02 100.8 Co
Metal Vein 0.25 0.06 0.06 97.84 0.22 <0.02 3.31 <0.02 101.7 Co
Metal Vein 0.24 0.09 0.21 97.73 0.32 <0.02 464 <0.02 103.2 Co
Metal Vein 0.24 0.09 0.12 96.17 0.28 <0.02 3.94 <0.02 100.9 Co
Metal Vein 0.51 0.09 0.17 95.00 0.33 <0.02 445 <0.02 100.6 Go
Metal Vein 0.15 0.18 0.12 97.45 0.18 <0.02 3.18 <0.02 101.3 Co
Metal Vein 0.40 0.19 0.20 93.18 0.29 <0.02 382 <0.02 98.2 Go
Metal Vein 0.16 0.23 0.13 97.14 0.21 <0.02 3.08 <0.02 101.0 Co
Metal Vein 0.21 0.26 0.18 95.65 0.32 <0.02 437 <0.02 101.0 Co
Metal Vein 0.43 0.29 0.21 94.48 0.29 <0.02 3.98 <0.02 99.8 GO
Metal Vein 0.13 0.33 0.21 94.58 0.27 <0.02 391 <0.02 99.4 Co
Metal Vein 0.20 0.47 0.17 97.58 0.27 <0.02 3.38 <0.02 102.1 Co
Metal Vein 0.15 0.47 0.17 95.64 0.19 <0.02 2.80 <0.02 99.4 Co
Metal Vein 0.17 0.50 0.13 96.09 0.23 <0.02 344 <0.02 100.6 Co
Metal Vein 0.17 0.61 0.18 95.25 0.25 <0.02 362 <0.02 100.1 Co
Metal Vein 0.25 0.65 0.27 93.80 0.31 <0.02 462 <0.02 999 Co
Metal Vein 0.44 0.69 0.26 94.39 0.33 <0.02 439 <0.02 100.6 GO
Metal Vein 0.19 0.70 0.26 96.44 0.30 <0.02 4.09 <0.02 102.0 Co
Metal Vein 0.19 0.72 0.23 94.52 0.25 <0.02 355 <0.02 99.5 Co
Metal Vein 0.19 0.86 0.22 95.98 0.27 <0.02 4.02 <0.02 1015 Co
Metal Vein 0.17 0.90 0.28 96.78 0.21 <0.02 356 <0.02 101.9 Co
Metal Vein 0.18 0.99 0.28 94.71 0.28 <0.02 411 <0.02 100.6 Co
Metal Vein 0.16 1.00 0.28 95.17 0.34 <0.02 450 <0.02 1015 Co
Metal Vein 0.16 1.03 0.31 97.94 0.22 <0.02 325 <0.02 1029 Co
Metal Vein 0.19 1.07 0.33 96.17 0.26 <0.02 452 <0.02 1025 Co
Metal Vein 0.38 1.12 0.26 92.91 0.31 <0.02 4.09 <0.02 99.2 GO
Metal Vein 0.14 1.13 0.27 96.18 0.20 <0.02 3.01 <0.02 100.9 Co
Metal Vein 0.26 1.14 0.31 95.45 0.22 <0.02 299 <0.02 100.5 Go
Metal Vein 0.41 1.15 0.27 93.93 0.28 <0.02 411 <0.02 100.3 Go
Metal Vein 0.13 1.22 0.26 96.62 0.23 0.03 3.14 <0.02 101.6 Co
Metal Vein 0.12 1.35 0.28 93.57 0.20 <0.02 319 <0.02 98.7 Co
Metal Vein 0.10 1.36 0.41 97.72 0.15 <0.02 256 <0.02 102.3 Co
Metal Vein 0.14 1.36 0.32 96.62 0.19 <0.02 3.27 <0.02 101.9 Co
Metal Vein 0.11 1.52 0.32 95.45 0.19 <0.02 3.09 <0.02 100.7 Co
Metal Vein 0.12 1.55 0.32 96.48 0.29 <0.02 3.88 <0.02 102.6 Co

? phases: Coh = cohenite, Troi = troilite
® locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate
“ place of measurements: Co = Cologne, Gé = Géttingen
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12.1.8 Kenna

Silicates (EPMA)
Mineral SiO, TiO; FeO ALO;  MgO CaO Cr,0; MnO wt-total EPMA®
[Wt%] [wi%] [wi%] [wi%)] [wit%] [wi%] [wi%] [wt%]

Olivine 40.04 <0.02 10.80 0.04 47.30 0.44 0.83 0.60 100.1 GO
Olivine 39.51 <0.02 13.96 0.05 45.68 0.41 0.73 0.49 100.9 GO
Olivine 39.84 0.04 14.39 0.04 4441 0.45 0.88 0.52 100.6 GO
Olivine 38.83 <0.02 14.62 0.08 43.83 0.44 0.73 0.49 99.0 Gb6
Olivine 38.36 <0.02 1521 0.02 43.26 0.42 0.76 0.58 98.6 GO
Olivine 38.83 0.05 17.30 0.02 4254 0.38 0.75 0.38 100.3 GO
Olivine 39.23 <0.02 17.44 0.04 42.10 0.42 0.75 0.46 100.5 GO
Olivine 38.88 0.03 18.37 0.06 40.60 0.44 0.76 0.42 99.6 GO
Olivine 39.11 <0.02 18.44 0.03 41.26 0.39 0.72 0.49 100.5 GO
Olivine 39.28 <0.02 18.46 0.04 40.76 0.44 0.70 0.44 100.1 GO
Olivine 38.92 0.03 18.50 0.07 41.03 0.40 0.75 0.44 100.2 GO
Olivine 38.64 <0.02 18.74 0.06 40.35 0.43 0.71 0.46 995 G6
Olivine 38.62 0.04 19.21 0.03 3957 0.42 0.72 0.43 99.1 G6
Olivine 38.66 <0.02 19.35 0.05 39.94 0.43 0.73 0.37 99.6 GO
Olivine 38.49 <0.02 19.48 0.08 40.78 0.44 0.76 0.38 100.4 GO
Olivine 39.50 <0.02 19.18 0.02 42.14 0.36 0.70 0.44 102.3 Co
Olivine 39.44 <0.02 19.28 0.00 4217 0.37 0.58 0.47 102.3 Co
Olivine 38.16 <0.02 19.80 0.05 4225 0.37 0.75 0.38 101.8 Co
Opx 54.95 0.04 11.28 0.67 26.31 4.89 1.15 0.39 99.8 GO
Opx 55.16 0.08 11.47 0.69 26.31 4.97 1.12 0.42 100.3 GO
Opx 55.07 0.10 11.66 0.69 26.51 4.90 1.18 0.41 100.6 GO
Opx 54.48 0.12 11.67 0.68 26.86 4.94 1.16 0.45 100.4 GO
Opx 55.44 0.08 11.36 0.62 27.80 4.75 1.17 0.36 101.6 Co
Opx 56.17 0.10 11.60 0.65 27.10 4.76 111 0.41 102.0 Co
Opx 56.11 0.10 11.25 0.65 27.64 4.78 1.22 0.45 102.3 Co
Opx 55.44 0.04 1143 0.59 27.38 4.81 1.10 0.44 101.3 Co
Opx 56.80 0.07 11.16 0.67 26.84 4.89 1.10 0.38 102.0 Co

? place of measurements: Co = Cologne, G6é = Géttingen
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Silicates (LA-ICP-MS)

Mineral NiO CoO
[ug-g™] 26 [ug-g™] 26
Olivine 88.8 8.4 53.6 4.6
Olivine 88.2 7.8 529 4.6
Olivine 101.0 9.4 55.2 5.0
Olivine 103.8 18.7 62.0 5.6
Olivine 113.9 10.3 58.5 5.1
Olivine 84.2 8.8 53.0 4.6
Olivine 98.4 12.6 51.8 5.1
Olivine 103.9 9.9 49.3 4.3
Olivine 88.0 7.4 54.9 4.6
Olivine 83.2 7.8 52.3 4.6
Olivine 109.3 10.6 56.6 5.6
Olivine 87.8 3.6 55.1 1.7
Opx 23.8 2.8 23.3 2.2
Opx 25.8 2.4 23.5 2.1
Opx 29.9 1.9 24.4 1.1
Vein material and inclusions
Phase Loc” P Si Cr Fe Co S Ni Mn  wt-total EPMA®
[Wi%] [wt%] [wi%] [wit%] [wi%] [wi%] [wi%] [wi%)]
Metal Inc 0.26 0.08 0.12 95.72 0.21 <0.02 294 <0.02 99.4 GO
Metal Inc 0.08 0.07 0.12 97.55 0.25 <0.02 294 <0.02 101.0 Co
Metal Inc 0.07 0.08 0.07 99.57 0.10 <0.02 0.676 <0.02 100.6 Co
Metal Inc 0.13 0.75 0.35 92.69 0.32 <0.02 442 <0.02 98.7 Co
Metal Vein 0.16 0.95 0.50 94.08 0.38 0.03 4.75 <0.02 100.8 Co

® |ocations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate
“ place of measurements: Co = Cologne, G6 = Gottingen
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12.1.9LEW85440

Silicates (EPMA)
Mineral SiO, TiO; FeO Al,O3 MgO CaO Cr,0; MnO wt-total EPMA?
[Wi%]  [wi%]  [wi%]  [wi%]  [wi%]  [wi%]  [wi%]  [wi%)]

Olivine 42,22 <0.02 0.74 0.11 56.64 0.31 0.21 0.40 100.6 Go
Olivine 41.76 <0.02 1.14 0.09 56.16 0.23 0.17 0.22 99.8 GO
Olivine 41.26 <0.02 1.58 0.11  55.48 0.25 0.38 0.43 99.5 GO
Olivine 41.22 <0.02 3.96 0.07  53.77 0.35 0.50 0.47 1004 Go
Olivine 41.29 <0.02 4.56 0.06 53.46 0.27 0.45 0.44 100.6 GO
Olivine 41.27 <0.02 481 0.06 52.71 0.31 0.52 045 100.2 Go6
Olivine 40.95 <0.02 5.27 0.07 52.42 0.32 0.48 0.48 100.0 Go
Olivine 41.26 <0.02 5.83 0.10 51.98 0.31 0.55 0.49 100.6 Go
Olivine 39.82 <0.02 7.78 0.06  50.28 0.32 0.50 0.50 99.3 GO
Olivine 40.68 <0.02 8.23 0.08 4951 0.29 0.53 0.50 99.9 GO
Olivine 39.50 <0.02 8.47 0.10 49.38 0.33 0.50 0.48 98.8 GO
Olivine 40.97 0.04 8.58 0.09 4959 0.32 0.50 0.46 100.6 Go
Olivine 40.33 <0.02 8.68 0.06 49.67 0.31 0.53 0.43 100.0 Go
Olivine 40.71 <0.02 8.68 0.09 49.49 0.30 0.46 055 100.3 Gb6
Olivine 40.69 0.03 8.69 0.08 49.97 0.32 0.46 0.47 100.7 Go
Olivine 40.71 0.03 8.79 0.04 49.43 0.29 0.54 0.46 100.3 Go6
Olivine 40.45 <0.02 8.52 <0.02 5135 0.29 0.47 0.49 1016 Co
Olivine 40.91 0.04 8.25 0.05 5111 0.28 0.46 0.40 1015 Co
Olivine 40.40 0.06 8.47 0.04 51.17 0.29 0.54 0.47 1015 Co
Olivine 40.40 0.05 8.79 <0.02 5140 0.31 0.58 0.41 101.9 Co
Olivine 40.49 0.04 829 <0.02 50.80 0.33 0.39 0.44 100.8 Co
Olivine 40.29 <0.02 8.17 0.06 4891 0.27 0.46 0.43 98.6 Co
Olivine 41.76 0.08 8.32 <0.02 50.25 0.30 0.42 0.40 1015 Co
Olivine 41.28 0.06 8.18 0.03 50.22 0.28 0.46 0.46 101.0 Co
Olivine 41.34 0.03 8.70 <0.02 49.98 0.31 0.51 0.53 1014 Co
Olivine 40.34 0.05 8.03 0.05 49.37 0.31 0.52 0.43 99.1 Co
Olivine 4042 <0.02 8.06 0.05 4852 0.31 0.46 0.40 98.3 Co
Opx 57.26 0.11 5.44 0.86  33.02 2.67 0.83 0.45 100.7 Go
Opx 56.37 0.17 5.10 0.77 33.76 2.52 0.83 045 100.0 Co
Opx 57.11 0.15 511 0.75 33.78 2.56 0.88 0.43 100.8 Co
Opx 56.61 0.10 4.92 0.71  33.87 2.58 1.00 0.41 100.3 Co
Opx 55.52 0.14 4.78 0.70 33.71 2.52 0.92 0.39 98.7 Co
Opx 56.41 0.13 5.24 0.69 33.75 2.55 0.82 0.47 100.1 Co
Opx 56.65 0.14 5.13 0.75  33.82 2.60 0.89 0.48 100.5 Co
Opx 56.45 0.12 4.85 0.74 33,57 2.51 0.85 0.40 99.5 Co
Opx 56.19 0.14 5.02 0.72 33.72 2.55 0.74 0.44 99.5 Co
Opx 56.09 0.11 5.24 0.73 33.72 251 0.73 0.42 99.6 Co
Opx 56.94 0.14 4.84 0.74 33.73 2.55 0.81 0.48 100.3 Co
Opx 57.37 0.15 5.15 1.24 33.26 2.82 0.76 0.48 101.3 Co
Opx 56.81 0.12 4.98 0.76  34.18 2.55 0.78 0.39 100.6 Co
Opx 56.80 0.14 5.24 0.71  33.88 2.58 0.74 0.44 100.6 Co
Opx 56.84 0.09 5.14 0.75 33.31 2.52 0.79 0.43 99.9 Co
Opx 56.20 0.15 5.15 0.70  33.49 2.56 0.89 0.47 99.6 Co
Opx 57.41 0.15 5.01 0.71  33.96 2.60 0.76 0.48 101.1 Co
Opx 57.27 0.21 5.20 0.72 33.74 2.58 0.80 0.38 100.9 Co
Opx 56.74 0.13 4.82 0.74 33.56 2.65 0.76 0.51 99.9 Co
Opx 57.45 0.14 4.86 0.81 33.30 2.62 0.76 0.47 100.4 Co

209



Opx 57.87 0.09 4.86 0.80 33.49 2.61 0.72 0.44 100.9 Co
Opx 57.46 0.11 5.07 0.73 32.83 2.64 0.80 0.44 100.1 Co
Mineral SiO, TiO, FeO Al,O3 MgO CaO Cr,0; MnO wt-total EPMA?
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
Opx 57.12 0.10 5.02 0.83 32.86 2.57 0.79 0.36 99.7 Co
Opx 55.88 0.19 4.84 0.76 32.49 2.56 0.73 0.42 979 Co
Opx 58.23 0.11 5.29 0.83 33.88 2.58 0.84 0.43 102.2 Co
Opx 58.03 0.18 5.15 0.80 33.63 2.64 0.82 0.47 101.7 Co
Opx 56.43 0.16 5.40 0.71 33.83 2.66 0.75 0.43 100.4 Co
Opx 57.69 0.13 5.18 0.77 33.39 2.63 0.89 0.48 101.2 Co
Opx 57.27 0.15 4.88 0.77 33.47 2.66 0.79 0.40 100.5 Co
Opx 57.64 0.21 5.03 0.79 33.24 2.66 0.83 0.46 100.9 Co
Opx 57.69 0.09 5.21 0.78 33.41 2.53 0.86 0.49 101.1 Co
Opx 56.71 0.11 5.25 0.76 31.77 251 0.75 0.46 98.4 Co
Opx 57.46 0.10 5.06 0.82 32.78 2.60 0.88 0.41 100.1 Co
Opx 57.79 0.12 472 0.77 33.17 2.62 0.85 0.51 100.5 Co
Opx 57.59 0.11 4.81 0.80 32.74 2.62 0.81 0.40 999 Co
Opx 57.35 0.12 4,92 0.83 32.89 2.58 0.86 0.36 100.0 Co
Opx 58.03 0.12 5.07 0.78 33.35 2.62 0.80 0.33 101.2 Co
Opx 56.57 0.10 5.24 0.78 32.26 2.52 0.76 0.46 98.8 Co
Opx 58.11 0.11 5.13 0.81 33.76 2.57 0.84 0.45 1019 Co
Opx 56.86 0.14 4.57 0.97 32.80 3.08 0.76 0.40 99.7 Co
Aug 54.62 0.28 3.28 1.23 22.00 17.42 0.87 0.36 100.2 Co
? place of measurements: Co = Cologne, Gé = Géttingen
Silicates (LA-ICP-MS)
Mineral NiO CoO
[hg-g7] 26 [ugg’] 26
Olivine 50.6 5.7 16.3 15
Olivine 42.0 4.3 17.3 1.8
Olivine 38.2 3.1 16.1 1.2
Olivine 50.6 6.2 16.5 1.0
Olivine 28.1 2.4 12.2 1.4
Olivine 429 3.9 15.3 1.4
Olivine 334 2.5 14.5 0.7
Opx 12.1 1.7 6.9 0.7
Opx 9.5 1.1 6.8 0.7
Opx 11.0 1.0 6.9 0.4
Opx 10.1 15 7.0 0.5
Vein material and inclusions
Phase Loc P Si Cr Fe Co S Ni Mn wt-  EPMA°
@ [wt%]  [wt%]  [wt%]  [wit%]  [wt%]  [wt%]  [wit%] [wt%]  total
Metal  Vein 0.13 <0.02 0.08 95.6 0.31 <0.02 3.65 <0.02 99.8 Co
Metal  Vein 0.11 <0.02 0.22 94.5 0.30 <0.02 3.83 <0.02 99.0 Co
Metal  Vein 0.11 <0.02 0.39 96.3 0.27 <0.02 3.82 <0.02 1009 Co
Metal Vein 0.10 <0.02 0.30 95.2 0.29 <0.02 437 <0.02 100.3 Co
Metal Vein 0.28 <0.02 0.25 94.1 0.31 <0.02 391 <0.02 99.0 GO
Metal Vein 0.08 <0.02 0.41 95.7 0.24 <0.02 3.83 <0.02 100.3 Co
Metal Vein 0.10 <0.02 0.37 95.4 0.37 <0.02 471 <0.02 100.9 Co
Metal Vein 0.10 <0.02 0.06 96.0 0.26 <0.02 358 <0.02 100.0 Co
Metal  Vein 0.14 0.03 0.19 95.9 0.26 <0.02 357 <0.02 100.1 Co
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Metal  Vein 0.25 0.03 0.34 93.3 0.28 <0.02 4.04 <0.02 98.3 GO
Metal  Vein 0.14 0.03 0.27 945 0.27 <0.02 4.03 <0.02 99.2 Co
Phase loc® P Si Cr Fe Co S Ni Mn wit- EPMA®
@ [wt%] [wt%] [wt%] [wt%] [wit%] [wit%]  [wt%]  [wi%] total
Metal  Vein 0.14 0.03 0.15 945 0.36 <0.02 4.07 <0.02 99.3 Co
Metal  Vein 0.15 0.04 0.32 95.6 0.35 <0.02 462 <0.02 101.0 Co
Metal Vein 0.12 0.04 0.25 95.8 0.27 <0.02 3.35 <0.02 99.8 Co
Metal Vein 0.28 0.13 0.25 92.6 0.26 <0.02 3.82 0.03 975 GO
Metal  Vein 0.22 0.84 0.05 93.7 0.26 <0.02 3.74 <0.02 98.9 GO
Metal  Vein 0.10 0.92 0.09 94.2 0.26 <0.02 4.08 <0.02 99.6 Co
Metal  Vein 0.07 1.11 0.07 93.8 0.26 <0.02 3.73 0.03 99.1 Co
Metal  Vein 0.13 4.97 0.17 89.5 0.31 <0.02 494 <0.02 100.1 Co
Troi Vein <0.02 0.04 1.08 61.2 <0.02 36.52 0.03 <0.02 98.7 Co
Troi Vein <0.02 0.44 1.96 585 <0.02 36.19 0.08 0.08 97.1 Co
Troi Vein <0.02 0.03 5.16 55,6 <0.02 37.44 <0.02 0.20 98.1 Co
Troi Vein <0.02 <0.02 5.66 55,6 <0.02 36.93 <0.02 0.29 98.1 Co
Metal  Sph 0.14 0.03 0.07 90.1 0.41 0.03 8.41 <0.02 99.1 Co
Troi Sph <0.02 0.05 0.34 63.5 <0.02 36.60 <0.02 0.04 1004 Co
Troi Inc <0.02 0.76 2.89 57.7 <0.02 36.47 0.09 0.16 98.1 GO
Troi Inc <0.02 0.26 2.12 58.7 <0.02 36.66 0.15 0.05 97.8 Co
Troi Inc <0.02 0.14 2.00 60.4 <0.02 36.87 0.04 0.14 99.4 Co
Troi Inc <0.02 0.12 1.53 60.0 <0.02 36.35 <0.02 0.03 979 Co
Troi Inc <0.02 0.18 2.69 585 <0.02 36.19 0.04 0.10 975 Co
Troi Inc <0.02 0.09 2.72 58.7 <0.02 37.11 <0.02 0.05 985 Co
Troi Inc <0.02 0.21 2.47 584 <0.02 36.37 <0.02 0.36 97.4 Co
Metal Inc 0.11 <0.02 0.29 97.2 <0.02 <0.02 0.65 0.05 98.4 GO
Metal Inc 0.07 0.06 0.08 99.3 0.04 <0.02 0.80 0.04 100.3 Co
Metal Inc 0.05 <0.02 0.28 100.3 <0.02 <0.02 0.80 <0.02 1015 Co
Metal Inc 0.11 0.12 0.11 97.1 0.09 <0.02 1.28 <0.02 98.8 Co
Metal Inc 0.07 0.03 0.14 97.7 0.09 0.03 1.33 <0.02 99.4 Co
Metal Inc 0.20 0.04 0.11 97.0 0.05 <0.02 1.33 <0.02 98.7 Co
Metal Inc 0.20 0.80 0.12 94.7 0.09 <0.02 1.55 0.04 97.6 GO
Metal Inc 0.09 0.06 0.08 96.4 0.14 <0.02 1.60 <0.02 98.3 Co
Metal Inc 0.08 0.38 0.08 97.8 0.12 0.03 1.60 <0.02 100.1 Co
Metal Inc 0.22 0.29 0.13 96.0 0.12 <0.02 1.61 0.06 98.5 GO
Metal Inc 0.20 0.14 0.15 96.5 0.09 <0.02 1.69 0.03 98.9 GO
Metal Inc 0.08 0.03 0.06 97.3 0.11 <0.02 246 <0.02 100.1 Co
Metal Inc 0.13 0.09 0.08 96.8 0.19 <0.02 3.23 <0.02 100.5 Co
Metal Inc 0.09 0.84 0.06 94.8 0.28 <0.02 3.60 <0.02 99.7 Co
Metal Inc 0.10 0.07 0.09 95.8 0.20 <0.02 3.68 0.04 99.9 Co
Metal Inc 0.05 0.04 0.09 93.7 0.15 0.06 4.25 0.04 98.4 Co

? phases: Troi = troilite

® locations: Sph = spherule inclusion, Vein = vein material, Inc = inclusion in silicate

“ place of measurements: Co = Cologne, G6 = Géttingen
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12.2 Bulk chondrite compositions

Table 36 Chondritic bulk compositions used in this work. Data taken from LobbeRrs and FEGLEY (1998).
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