
C

I

M
f

R
a

b

a

A
R
R
2
A

K
O
A
L
C
E
S
M

h
0

ARTICLE IN PRESSG Model
HEMER-25404; No. of Pages 43

Chemie der Erde xxx (2016) xxx–xxx

Contents lists available at ScienceDirect

Chemie  der  Erde

journa l homepage: www.e lsev ier .de /chemer

nvited  Review

elting  and  differentiation  of  early-formed  asteroids:  The  perspective
rom  high  precision  oxygen  isotope  studies

ichard  C.  Greenwood a,∗,  Thomas  H.  Burbine b,  Martin  F.  Miller a,  Ian.  A.  Franchi a

Planetary and Space Sciences, School of Physical Sciences, The Open University, Walton Hall, Milton Keynes MK7 6AA, United Kingdom
Astronomy Department, Mount Holyoke College, South Hadley, MA  01075, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 25 January 2016
eceived in revised form
2 September 2016
ccepted 22 September 2016

eywords:
xygen isotopes
chondrites
aser fluorination
hondrites
arly Solar System processes
olar nebula
ass independent variation

a  b  s  t  r  a  c  t

A  number  of  distinct  methodologies  are  available  for determining  the  oxygen  isotope  composition  of
minerals  and  rocks,  these  include  laser-assisted  fluorination,  secondary  ion  mass  spectrometry  (SIMS)
and UV  laser  ablation.  In this  review  we focus  on  laser-assisted  fluorination,  which  currently  achieves  the
highest  levels  of precision  available  for oxygen  isotope  analysis.  In  particular,  we examine  how  results
using  this  method  have  furthered  our  understanding  of  early-formed  differentiated  meteorites.  Due  to
its rapid  reaction  times  and  low  blank  levels,  laser-assisted  fluorination  has  now  largely  superseded  the
conventional  externally-heated  Ni  “bomb”  technique  for bulk  analysis.  Unlike  UV  laser  ablation  and  SIMS
analysis,  laser-assisted  fluorination  is not  capable  of focused  spot  analysis.  While  laser  fluorination  is now
a mature  technology,  further  analytical  improvements  are  possible  via refinements  to  the  construction
of  sample  chambers,  clean-up  lines  and the use  of ultra-high  resolution  mass  spectrometers.

High-precision  oxygen  isotope  analysis  has  proved  to be a particularly  powerful  technique  for  inves-
tigating  the  formation  and  evolution  of early-formed  differentiated  asteroids  and  has  provided  unique
insights  into  the interrelationships  between  various  groups  of  achondrites.  A clear  example  of  this  is  seen
in  samples  that lie  close  to  the  terrestrial  fractionation  line  (TFL).  Based  on  the  data  from  conventional
oxygen  isotope  analysis,  it was  suggested  that the  main-group  pallasites,  the howardite  eucrite  diogen-
ite  suite  (HEDs)  and  mesosiderites  could  all be  derived  from  a single  common  parent  body.  However,
high  precision  analysis  demonstrates  that main-group  pallasites  have  a �17O  composition  that  is fully
resolvable  from  that  of the  HEDs  and  mesosiderites,  indicating  the involvement  of  at  least  two  parent
bodies.  The  range  of �17O values  exhibited  by  an  achondrite  group  provides  a  useful  means  of  assessing
the  extent  to  which  their  parent  body  underwent  melting  and  isotopic  homogenization.  Oxygen  isotope
analysis  can  also  highlight  relationships  between  ungrouped  achondrites  and the  more  well-populated
groups.  A  clear  example  of this  is  the proposed  link  between  the  evolved  GRA 06128/9  meteorites  and
the  brachinites.

The evidence  from  oxygen  isotopes,  in  conjunction  with  that  from  other  techniques,  indicates  that  we
have  samples  from  approximately  110 asteroidal  parent  bodies  (∼60 irons,  ∼35  achondrites  and  stony-
iron,  and  ∼15  chondrites)  in our global  meteorite  collection.  However,  compared  to the  likely size  of
the  original  protoplanetary  asteroid  population,  this  is  an extremely  low  value.  In  addition,  almost  all of
the differentiated  samples  (achondrites,  stony-iron  and  irons)  are  derived  from  parent  bodies  that  were
highly disrupted  early  in  their  evolution.

High-precision  oxygen  isotope  analysis  of achondrites  provides  some  important  insights  into  the ori-
gin  of  mass-independent  variation  in  the  early  Solar  System.  In particular,  the  evidence  from  various
primitive  achondrite  groups  indicates  that both  the  slope  1  (Y&R)  and CCAM  lines  are  of primordial  sig-

nificance.  �17O  differences  between  water  ice and  silicate-rich  solids  were  probably  the  initial  source
of  the  slope  1 anomaly.  These  phases  most  likely  acquired  their  isotopic  composition  as  a  result  of  UV
photo-dissociation  of CO  that  took  place  either  in  the  early  solar  nebula  or  precursor  giant  molecular

cloud.  Such  small-scale  isotopic  heterogeneities  were  propagated  into  larger-sized  bodies,  such  as  aster-
Please cite this article in press as: Greenwood, R.C., et al., Melting and differentiation of early-formed asteroids: The perspective from
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

oids and  planets,  as a result  of early  Solar  System  processes,  including  dehydration,  aqueous  alteration,
melting  and collisional  interactions.
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There  is increasing  evidence  that  chondritic  parent  bodies  accreted  relatively  late  compared  to achondritic
asteroids.  This  may  account  for the  fact that  apart  from  a few  notable  exceptions’  such  as  the aubrite-
enstatite  chondrite  association,  known  chondrite  groups  could  not  have  been  the parents  to  the main
achondrite  groups.
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. Introduction

Solar System formation began when a dense molecular cloud
nderwent gravitational collapse to produce an active protostar
mbedded in an extended disc of gas and dust (Adams, 2010;
oss et al., 2010). Such protoplanetary nebulae evolve rapidly
nd relatively large planetesimals, with diameters on the order
f ∼100 km,  would have formed on timescales of 103–104 years
Weidenschilling and Cuzzi, 2006; Weidenschilling, 2011). Dating

liest dated Solar System solids (Kruijer et al., 2014). As a result of
heating, principally due to the decay of short-lived radionuclides,
such as 26Al (t½ = 0.73 Myr), these early-formed planetesimals
melted and underwent differentiation, producing layered bodies
comprising a metallic core, a thick olivine-dominated mantle and a
relatively thin “basaltic” crust (Righter and Drake, 1997; Hevey and
Sanders, 2006; Sahijpal et al., 2007; Mandler and Elkins-Tanton,
2013). But these first generation differentiated bodies would not
have remained intact for long; asteroid 4 Vesta being a notable
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

tudies based on the decay of extinct 182Hf (t½ = 8.9 Myr) to 182W
upport such rapid accretion rates and indicate that the parent bod-
es of the magmatic iron meteorites formed as little as 100,000 years
fter calcium aluminium-rich inclusions (CAIs), which are the ear-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

exception (McSween et al., 2011, 2013; Russell et al., 2012). As
a consequence of collisional reprocessing, the vast majority were
rapidly disrupted and underwent fragmentation, with the debris
being swept up by larger-sized protoplanets (Asphaug et al., 2006).
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ith the dispersion of nebular gas and/or migration of the outer gas
iant planets, the collisional environment became even more ener-
etic and resulted in an era of giant impacts; the end stage being the
ormation of the present-day terrestrial planets (Chambers, 2004;

alsh et al., 2011; O’Brien et al., 2014).
Achondrites, meteorites that have experienced variable degrees

f melting, are predominantly derived from the very earliest gen-
ration of differentiated asteroids and so provide a unique insight
nto the initial stages of terrestrial planet formation. However, the
ragmentary character of this record makes it difficult to interpret.
n particular, potential genetic relationships between the diverse
roups of achondritic meteorites are often difficult to decipher due
o the obscuring effects of later events, including parent body meta-

orphism, impact processes and terrestrial weathering. Oxygen
sotope analysis is one technique that has proved to be particularly
mportant in understanding such links (e.g. Clayton and Mayeda,
996; Greenwood et al., 2005, 2006; Franchi, 2008). Here we focus
n the results from recent high-precision oxygen isotope studies
f achondrites using the laser fluorination technique and exam-

ne their implications for our understanding of early Solar System
rocesses. However, the results from a single technique cannot
e viewed in isolation and so in discussing these recent findings
e attempt to integrate the information they provide into a wider

eochemical context.
Mainly as a result of the pioneering studies of Robert Clayton

nd co-workers at the University of Chicago, oxygen isotope anal-
sis now plays a central role in almost all areas of cosmochemical
esearch. Before looking in detail at achondrites, we first examine
he reasons why oxygen isotope analysis has proved to be such
n important tool in the study of meteorites and discuss various
spects of the laser fluorination technique, which currently pro-
ides the highest levels of precision available for sample analysis.

. Oxygen isotope analysis

.1. Oxygen – the magic element!

It will come as little surprise to learn that oxygen is a uniquely
mportant element. After all, life as we know it, including scientific
esearch, would be impossible without oxygen! It is perhaps less
bvious why oxygen should arguably have become the single most
owerful tool available to the cosmochemist studying the origin
nd evolution of the early Solar System.

Oxygen is a highly reactive non-metal that readily forms com-
ounds with other elements. It is the first element in group 16 of the
eriodic table, has an electronic configuration of 1s2, 2s2, 2p4 and so
eadily forms a double covalent bond with another oxygen atom,
ith pure oxygen being a colourless, odourless gas with the for-
ula O2. Credit for the discovery of oxygen is controversial, being

plit three ways between the Swedish apothecary Carl Scheele, the
nglish chemist Joseph Priestley and the French chemist Antoine
avoisier; the latter generally considered to be the founder of mod-
rn chemistry (Lane, 2002). Scheele appears to have been the first
o have made the discovery in 1773, or sometime before. How-
ver, Priestly published his results first, in 1774 and so is generally
iven priority. Oxygen was named by Lavoisier, who  demonstrated
hat it was the reactive constituent of air and the element respon-
ible for both combustion and respiration. In fact, Lavoisier was
ctively undertaking experiments on air when he was dragged off
o a tribunal by a revolutionary mob  and subsequently beheaded in

ay  1794 on an obscure charge relating to soldier’s tobacco! (Lane,
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

002).
Oxygen is the third most abundant element in the Solar Sys-

em after hydrogen and helium, as determined by spectroscopic
easurements of the Solar Photosphere (Fig. 1) (Lodders, 2003).
Fig. 1. Elemental Solar System abundances up to z = 50 illustrating that oxygen is
the  third most abundant element after hydrogen and helium (Data: Lodders, 2003).

However, more important than its high relative abundance is the
fact that oxygen is a major mineral-forming element. Comprising
close to 46 wt.% of the Bulk Silicate Earth (Javoy et al., 2010), oxy-
gen is the most abundant element in the Earth’s crust and mantle
(Allègre et al., 1995). Even when the core is included to derive a
total Bulk Earth composition, oxygen at 32.4 wt.% remains the most
abundant element, just ahead of iron at 28.2 wt.% (Allègre et al.,
1995). In the case of Venus and Mars, oxygen is also roughly in equal
abundance to iron (both ∼30 wt.%), whereas Mercury is anoma-
lously iron-rich (Elser et al., 2012). But while its Solar System and
Bulk Earth abundances may  be important, perhaps the most critical
feature of oxygen is the fact that it readily combines with hydrogen
to form water. Water is the essential compound for life, is ubiqui-
tous throughout the Solar System and undoubtedly played a major
role in its early evolution. A significant proportion of the water in
the solar nebula was inherited from the parent molecular cloud
(Cleeves et al., 2014).

2.2. Oxygen isotopes – notation and mass fractionation

Unlike the other important light elements, nitrogen and car-
bon, which have only two  stable isotopes, oxygen has three: 16O
(99.757 atom.%), 17O (0.038 atom.%), 18O (0.205 atom.%) (Rosman
and Taylor, 1998). This is helpful because it means that two sets
of isotope ratios (17O/16O and 18O/16O) can be measured and then
plotted on what is generally referred to as an oxygen three-isotope
diagram (Fig. 2). The oxygen isotope composition of a sample is
measured with reference to the international reference standard
VSMOW (Vienna Standard Mean Ocean Water) provided by the
International Atomic Energy Agency (IAEA) in Vienna as a replace-
ment for the earlier standard SMOW (Craig, 1961). In fact, SMOW
never physically existed, but was  an average of values for a number
of ocean water samples that was then tied to the distilled water
sample NBS-1, which was  actually available for measurement. In
reality, isotopic measurements of samples are made with reference
to a working laboratory gas that has been nominally calibrated rela-
tive to VSMOW. In fact, direct calibration on the VSMOW scale is an
analytically difficult procedure and the subject of current debate.
The issues involved are beyond the scope of this review, the reader
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

is referred to the paper by Pack and Herwartz (2014) and the sub-
sequent comment by Miller et al. (2015) for further details on this
topic.

dx.doi.org/10.1016/j.chemer.2016.09.005
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ig. 2. Oxygen three-isotope diagram for 47 terrestrial whole-rock and mineral
eparates (Miller et al., 1999).

Oxygen isotope ratios are conventionally expressed using the
elta notation first formally defined by McKinney et al. (1950) and
ecently revised by the Commission on Isotopic Abundance and
tomic Weights (CIAAW) (Brand, 2011):

18O = (18Rsample − 18RVSMOW)/18RVSMOWwhereR = 18O/16O

and

17O = (17Rsample − 17RVSMOW)/17RVSMOWwhereR = 17O/16O

Because delta values are very small and dimensionless, it is usual
o express them as parts per thousand (‘per mil’). Thus, a delta value
f 0.01 would generally be written as 10 per mil  (or 10‰).

In a similar manner to other light elements, oxygen is readily
ractionated by a variety of chemical and physical processes. The

agnitude of this variation is a function of the masses of the iso-
opes and is therefore referred to as mass-dependent fractionation.
hus, for a particular process the 18O/16O ratio will vary approxi-
ately twice as much as the 17O/16O ratio.

When oxygen isotope analyses of terrestrial silicate rocks and
inerals are plotted on a three-isotope diagram, with �18O plotted

s the abscissa (Fig. 2), the resultant line of slope ∼0.52 (Matsuhisa
t al., 1978) is commonly referred to as the terrestrial fractionation
ine (TFL) (e.g. Rumble et al., 2007). Deviations from this refer-
nce line are conventionally expressed as: �17O = �17O – 0.52 �18O
e.g. Clayton and Mayeda, 1988). As noted by Clayton and Mayeda
1996), the linear relationship between �17O and �18O is actually
n approximation, derived from:

17Rsample
17RVSMOW

)
=

(
18Rsample

18RVSMOW

)�

ith the exponent � varying between ∼0.5 and 0.5305 depend-
ng on the nature of the samples under investigation and whether

 kinetic or equilibrium mass fractionation process is involved
Miller, 2002; Young et al., 2002; Pack and Herwartz, 2014). In delta
otation, the equation becomes:

 + ı17O = (1 + ı18O)�

This provides the basis of a more accurate and robust formula-
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

ion of �17O, as proposed by Miller (2002):

n(1 + �17O) = ln(1 + ı17O)–�ln(1 + ı18O)
 PRESS
r Erde xxx (2016) xxx–xxx

where � corresponds to the slope of a reference fractionation line.
For �17O values of less than 3‰, which includes the vast majority
of the samples considered in this review, �17O can be defined as:

�17O = ln(1 + ı17O) − �ln(1 + ı18O)

without loss of accuracy. With regard to an appropriate value
of �: some authors have selected a value based on the actual
fractionation line given by a collection of terrestrial samples (e.g.
Miller, 2002; Spicuzza et al., 2007; Pack et al., 2013); others have
assigned it as the high temperature equilibrium limit value of
0.5305 (Wiechert et al., 2004; Pack and Herwartz, 2014). There
is, as yet, no consensus on which reference line should be cho-
sen for defining �17O. This can lead to misleading comparisons,
if care is not taken to ensure that all �17O values are defined con-
sistently. An additional complication is that it has recently been
shown (Tanaka and Nakamura, 2013; Miller et al., 2015) that terres-
trial rocks and minerals form fractionation arrays which are slightly
offset (by ∼30–70 ppm) from the VSMOW reference material.

For much of the past decade or so, �17O measurements made
at the Open University laboratory have been reported in the for-
mat  proposed by Miller (2002) and with reference to a line of slope
0.5247 passing through VSMOW. This format and slope are gener-
ally used throughout this review unless otherwise stated. However,
as a result of the extensive studies undertaken by the Chicago group,
a large database of analyses in the literature, collected using the
nickle “bomb” technique (Section 2.3), are quoted using the con-
ventional version of �17O i.e. �17O = �17O – 0.52 �18O. It would be
misleading to recalculate these analyses using the format of Miller
(2002), therefore in some instances �17O values for laser fluorina-
tion data have been calculated using a slope factor of 0.52 to aid
comparison with this earlier dataset.

2.3. Oxygen isotope analysis of meteorites – a brief historical
perspective

Quantitatively liberating oxygen from silicate and oxide miner-
als is no easy task in view of the strength of the Si–O bond. The
early development of oxygen isotope cosmochemistry essentially
involved the quest for the most appropriate (and safe) reagents
and the optimal analytical conditions required to release oxygen
and then measure its isotopic composition. All successful method-
ologies involved the use of either halogens, or halogen-bearing
compounds, to displace oxygen from the silicate/oxide structure.
However, the highly reactive character of these compounds brings
with it significant health and safety issues. One of the first attempts
to analyze oxygen from meteorites was undertaken by Manian
et al. (1934) using a resistance wound electric furnace heated to
1000 ◦C. The meteorite samples were mixed with graphite, and car-
bon tetrachloride was used as the chlorinating agent. The attempt
was unsuccessful due to yield problems, the presence of interfering
compounds and the poor resolving power of the mass spectrom-
eters available at that time. The problem of inconsistent and poor
yields was improved with the development of externally heated,
sealable, nickel reaction tubes (Baertschi and Silverman, 1951),
which are sometimes affectionately referred to as “bombs”. In the
study of Baertschi and Silverman (1951) rock samples, includ-
ing a eucrite, were treated using mixtures of chlorine trifluoride
and hydrogen fluoride at 430 ◦C, or fluorine and hydrogen fluo-
ride at 420 ◦C, for periods ranging from 6 to 20 hours. Apart from
the obvious problem of having to deal with extremely dangerous
compounds, the “bomb” technique suffers from the fact that the
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

maximum reaction temperatures attainable are comparatively low
and so reaction times must be long. This results in high system
blank levels and even with the long reaction times involved, com-
plete fluorination is rarely achieved, resulting in variable yields

dx.doi.org/10.1016/j.chemer.2016.09.005
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nd mass fractionation of the liberated gas. Significant analytical
nd safety improvements were obtained using the reagent bromine
entafluoride (BrF5) (Clayton and Mayeda, 1963). A colourless liq-
id at room temperature (M.P. −61.3 ◦C, B.P. 40.5 ◦C) and hence

nherently easier to handle in the laboratory than fluorine gas, BrF5
ould be heated in nickel bombs to temperatures as high as 700 ◦C,
hus ensuring more consistent yields (Clayton and Mayeda, 1963).

Until the early 1970s oxygen isotope analysis of extraterrestrial
aterials was little different to its terrestrial counterpart. While

 significant amount of work was undertaken on lunar rocks fol-
owing the Apollo landings (e.g. Clayton et al., 1971, 1972) and
n the application of oxygen isotopes to geothermometry (Onuma
t al., 1972), there were few major surprises. This all changed in
973, the year oxygen isotope cosmochemistry was kick started
y the discovery of mass-independent variation in carbonaceous
hondrites (Clayton et al., 1973). This work was  undertaken fol-
owing the recognition that calcium, aluminium-rich inclusions
CAIs) in carbonaceous chondrites had a mineralogy similar to the
redicted early condensates from a cooling gas of solar compo-
ition (Grossman, 1972). What Clayton and his co-workers found
hen they analyzed these CAIs was that their �18O and �17O ratios,

ather than defining a slope ∼0.5, plotted along a line of slope
lose to 1. As this variation is not due to mass dependency it has
ome to be known as mass-independent fractionation. At the time
f their discovery Clayton et al. (1973) suggested that this varia-
ion was due to the injection of a component of almost pure 16O
arly in Solar System history. An alternative mechanism was  sub-
equently suggested by Thiemens and Heidenreich (1983), who
howed experimentally that ozone formation was  associated with

 slope 1 oxygen isotope anomaly. More recently, the slope 1 vari-
tion first identified by Clayton et al. (1973) has been explained
n terms of a self-shielding mechanism associated with photo-
issociation of CO, either in the early solar nebula (Clayton, 2002;
yons and Young, 2005), or earlier still in the molecular cloud from
hich the Solar System formed (Yurimoto and Kuramoto, 2004). In

he years since the pioneering study of Clayton et al. (1973), detailed
nalysis of different meteorite groups and their components has
emonstrated that they show significant, systematic variations
ith respect to �18O and �17O (Clayton, 2003, 2006; Franchi, 2008).

he interpretation of such variation for differentiated meteorites is
he subject of the latter part of this review.

The availability of affordable and reliable laser systems in
he 1980s led to the development of a wide range of micro-
nalytical techniques for both bulk compositional and isotopic
tudies. Although there had been earlier published descriptions of
aser techniques with the potential to undertake oxygen isotope
nalysis (Franchi et al., 1986), the first working laser fluorina-
ion system was developed by Sharp (1990). Compared to early

ethodologies, laser fluorination has the considerable advantage
f operating at high temperatures (>1200 ◦C), thus ensuring more
onsistent yields and due to the more rapid rate of reaction (gener-
lly just a few minutes) has much lower system blanks. As a result
f these advantages, laser fluorination consistently achieves higher

evels of precision than were obtainable using the nickel “bomb”
echnique and it is now routinely used in a large number of sta-
le isotope laboratories worldwide (Sharp, 1990; Elsenheimer and
alley, 1992; Mattey and Macpherson, 1993; Rumble and Hoering,
994; Miller et al., 1999; Macaulay et al., 2000; Kusakabe et al.,
004; Pack et al., 2007). A description of a typical laser fluorination
ystem is given in the next section.

.4. Analytical procedures and instrumentation
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

.4.1. Laser fluorination and related techniques: overview
Laser fluorination currently provides the highest levels of preci-

ion available for oxygen isotope analysis of both terrestrial and
 PRESS
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extraterrestrial materials. It is routinely possible to analyze 0.5
to 2 mg  mineral and whole-rock samples with a precision of at
least ±0.08‰ for �17O, ±0.16‰ for �18O, and ±0.05‰ for �17O
(2�) (Miller et al., 1999; Valley and Kita, 2005; Greenwood et al.,
2014; Starkey et al., 2016). A notable success of the technique has
been the measurement of mass fractionation lines (average �17O
values) for the Earth, Mars, Vesta and various achondrite parent
bodies to a precision of better than ±0.03‰ (2�) (Franchi et al.,
1999; Wiechert et al., 2004; Greenwood et al., 2005, 2006). Under
favourable conditions, the levels of precision obtained by secondary
ion mass spectrometry (SIMS) techniques can be close to those
achieved by laser fluorination (Kita et al., 2009a). However, due
to the lower amounts of material being analyzed and the influence
of various instrumental and matrix effects, SIMS oxygen isotope
analyses are normally of significantly lower precision than can be
routinely achieved by laser fluorination.

While the process of reacting samples and then cleaning-up
the released oxygen gas is an essential part of all laser fluori-
nation systems, the analytical protocols and apparatus that have
been developed are generally quite diverse (Rumble et al., 2007).
It is certainly the case that no two  laser fluorination lines are
the same. While the description given here is based primarily on
the Open University system (Miller et al., 1999), we also draw on
information available in published descriptions from other labo-
ratories. In this section we also look briefly at UV laser ablation
systems.

2.4.2. General system configurations
Most laser fluorination systems consist of four principal com-

ponents (Fig. 3a and b): (1) an infrared, or near-infrared, laser and
beam delivery system, (2) a sample chamber, (3) a sample gas clean-
up line, and (4) an isotope-ratio mass spectrometer.

2.4.3. Laser systems and sample chamber configurations
CO2 lasers are used in most laser fluorination systems (10.6 �m,

12–50 W max. power output) (Miller et al., 1999; Kusakabe et al.,
2004). Near infrared Nd:YAG lasers (1.064 �m,  60 W max. power
output) have also been employed (Mattey and MacPherson, 1993).
The laser is sometimes fixed, with the static laser beam deliv-
ered to the sample chamber via an optic system of half-silvered
mirrors and prisms. In this configuration the sample chamber
is mounted on a motorized X-Y-Z stage. However, it is now
more normal to use commercially available X-Y-Z gantry mounted
lasers (e.g. esi MIR  10 system, or Teledyne Photon Machines
Fusion CO2 system) in association with a fixed sample chamber.
In either configuration the sample is viewed by video camera
through a BaF2 window (for CO2 lasers) in the top of the cham-
ber.

Sample chamber configurations vary enormously from sys-
tem to system. The arrangement described by Miller et al. (1999)
consists of a two-part chamber, made vacuum tight using a com-
pression seal with a copper gasket and quick-release KFX clamp.
In terms of maintaining a high vacuum, and hence low blank lev-
els, the sample chamber is a particularly problematic component in
any laser fluorination system. This results from the fact that, during
sample loading, this portion of the line needs to be opened to the
atmosphere. To facilitate this, either a gasket system, or fluoroe-
lastomer O-rings, or both, are employed (e.g. Sharp, 1990; Miller
et al., 1999; Kusakabe et al., 2004). Such seals invariably have non-
trivial leak rates and the fluoroelastomer O-rings inevitably outgas
hydrocarbons. In addition, exposure of the sample chamber sur-
faces to the atmosphere means that they become coated in a layer
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

of moisture, which further increases the blank once BrF5 is intro-
duced into the chamber. As a consequence of these problems, the
sample chamber undoubtedly makes the largest contribution to the
overall system blank.

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 3. Laser fluorination line at the Open University. (a) Photo showing the main
component sections of the line (see text for further details). (b) The sample chamber
and infrared laser are housed within the laser safety box. Inset: Two-part chamber
with the upper half incorporating a BaF2 window for simultaneous viewing and
laser-heating of samples. The two halves of the chamber (lower half not visible) are
kept vacuum tight by a compression seal involving an internal copper gasket and
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xternal quick-release KFX clamp. Samples are loaded in a removable Ni block with
rilled wells (14 are present in the example shown in Fig. 3b).

.4.4. Sample gas clean-up line
Following reaction with excess BrF5 (F2 gas is used as the fluori-

ating agent in some systems), the product gases are expanded into
 cleanup-line, which generally consists of at least two liquid nitro-
en “U” tube traps, separated by a bed of heated KBr. The first liquid
itrogen trap removes the majority of condensable gases. The bed
f heated KBr serves to remove any F2 gas by reaction to form KF,
ith the displaced Br2 removed in the second liquid nitrogen trap.

ollowing these clean-up procedures, the purified O2 gas is trapped
own on 13X molecular sieve pellets cooled to liquid nitrogen tem-
eratures. The molecular sieve is then isolated from the clean-up

ine and heated up, with the released O2 gas expanded into the
nlet system of the mass spectrometer. In some systems additional
lean-up steps are employed based on gas chromatography tech-
ology, with the aim of eliminating any potential residual traces of
F3 (Pack and Herwartz, 2014).
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

.4.5. Isotope-ratio mass spectrometer
In most systems, the mass spectrometer used is either a Thermo-

isher MAT  253 (or the earlier 251 and 252 models), or a Micromass
 PRESS
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Prism III. Both of these instruments have relatively high mass
resolution (m/�m = ∼250). However, lower resolution mass spec-
trometers, such as the Finnigan-MAT Deltaplus (m/�m = ∼95) are
sometimes used.

2.4.6. How laser fluorination differs from UV laser ablation
It is a common misconception that laser fluorination is capa-

ble of undertaking in situ spot analysis. While infrared lasers can
be focused to a limited extent, significantly better spatial resolu-
tion is achieved by shorter wavelength lasers and hence ultraviolet
(UV) laser ablation was developed as a technique to undertake
spot analysis (Wiechert and Hoefs, 1995; Rumble et al., 1997;
Farquhar and Rumble, 1998; Young et al., 1998; Wiechert et al.,
2002). In terms of the nature of their interaction with the anal-
ysis substrate, UV and infrared lasers operate in fundamentally
different ways (Farquhar and Rumble, 1998; Young et al., 1998).
Infrared lasers essentially act as a narrow diameter heat source,
allowing the fluorinating agent to react rapidly with the hot min-
eral surface. In contrast, UV lasers produce a superheated plume
of material from a well-constrained spot, with minimal heating of
the surrounding material. Thus, in the case of the infrared laser,
the fluorination reactions take place on the mineral surface itself,
whereas for the UV laser, these reactions take place within the
superheated plume. These differences mean that infrared laser flu-
orination is essentially a bulk analysis technique with relatively
poor spatial resolution, whereas UV laser ablation is capable of
spot analysis. F2 gas is normally used as the fluorinating agent
in UV laser ablation as BrF5 gives less precise results (Rumble
et al., 1997). Both laser fluorination and UV laser ablation are
capable of achieving comparable levels of accuracy and preci-
sion (Farquhar and Rumble, 1998). However, the relatively small
amounts of material reacted during spot analysis by UV laser abla-
tion results in lower levels of precision than are routinely achieved
by laser fluorination (Young et al., 1998; Wiechert et al., 2002).
The UV laser ablation technique has been applied successfully in
a wide range of extraterrestrial analysis studies (e.g. Young and
Russell, 1998; Wang et al., 2004; McCoy et al., 2011; Dyl et al.,
2012).

2.4.7. Future developments
Due to the high levels of precision that can be routinely achieved,

at the time of writing, laser fluorination is the technique of choice
to undertake bulk oxygen isotope analysis of extraterrestrial mate-
rials. Where materials are limited by mass, or spatially resolved
analysis of individual phases is required, SIMS techniques are now
generally employed (Kita et al., 2009a). Refinement and innova-
tion in a number of areas of laser fluorination technology would
significantly help to improve overall levels of precision. As dis-
cussed above, the sample chamber is the component that most
influences the overall system precision. Airlock shuttle systems
have been developed, but are not yet in routine use (e.g. Spicuzza
et al., 1998). The capability of changing samples without bringing
the chamber up to air would be a major improvement. The sys-
tem clean-up line certainly also causes fractionation during gas
handling. Reducing the overall size of the components involved in
the clean-up procedure should also result in improved precision.
Finally, the fluorinating reagent itself, BrF5, probably traps down a
fraction of oxygen when it is frozen onto the first liquid nitrogen
trap. Controlling the freeze-down process in terms of temperature
and duration may  help to reduce this potential source of frac-
tionation. The use of mass spectrometers with very high resolving
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

power is a further development that, in conjunction with refined
clean-up procedures (e.g. Pack and Herwartz, 2014; Young et al.,
2016a), is likely to result in improved system precision (Young et al.,
2016b).

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 4. Oxygen isotopic composition of untreated acapulcoite and lodranite finds
compared to falls and EATG-treated residues. Tie lines link untreated samples with
their respective EATG residues. Antarctic finds are systematically displaced to lower
�18O values compared to their EATG residues and non-Antarctic finds are shifted to
higher �18O values. The diagram also shows that untreated samples are generally
displaced to less negative �17O values than falls or EATG residues, consistent with
the source of the contamination being terrestrial in origin. The light grey shaded box
shows the 2� variation on the mean �18O and �17O values for the EATG residues and
fall  samples. As it is based on samples that have had terrestrial weathering effects at
least partially removed, the grey box provides an indication of the primary oxygen
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. Oxygen isotope analysis of achondritic meteorites

.1. Introduction

In this section we look in detail at what information high pre-
ision oxygen isotope studies can provide concerning the origin
f achondritic meteorites. As we are primarily interested in early
olar System processes, we specifically excluded groups that have

 planetary origin, such as martian or lunar meteorites. Achon-
rites experienced variable degrees of melting and mobilization in
n asteroidal setting, such that primary, “chondritic” components
chondrules, CAIs, amoeboid olivine aggregates (AOAs), matrix) are
o longer present (Krot et al., 2014; Scott et al., 2015). Achondrites
re generally divided into two broad classes: (i) primitive achon-
rites, and (ii) differentiated achondrites (Weisberg et al., 2006;
rot et al., 2014; Scott et al., 2015). Primitive achondrites are those

hat exhibit near-chondritic bulk compositions and non-chondritic
extures and as a consequence are considered to be the prod-
cts of relatively low degrees of partial melting and mobilization
Weisberg et al., 2006; Krot et al., 2014). In contrast, differenti-
ted achondrites have more evolved compositions and generally
isplay well-developed igneous textures (Mittlefehldt et al., 1998;
rot et al., 2014). Differentiated achondrites are considered to be
erived from sources that experienced moderate to high degrees of
artial melting, resulting in large-scale differentiation (Krot et al.,
014; Scott et al., 2015). Along with the differentiated achondrites
e also examine the origin of the stony-iron meteorites and pro-

ide a brief summary of what has been learnt from oxygen isotope
tudies concerning the formation of iron meteorites.

There is complete gradation in degrees of melting and mobiliza-
ion between primitive and differentiated achondrites, such that
here is some disagreement as to which category certain meteorite
roups should be assigned (Krot et al., 2014; Scott et al., 2015).
eisberg et al. (2006) consider the primitive achondrite “classic

ore groups” to be the acapulcoites, lodranites, winonaites and
ilicate-bearing IAB and IIICD irons. These authors also include the
rachinites and ureilites as primitive achondrites, but point out that
here is continuing uncertainty about whether these groups are
esidues or cumulates. In contrast, Hutchison (2004) suggests that
he high-degree of crystal-liquid fractionation indicated by ureilite

ineralogy does not support their designation as primitive achon-
rites. A cumulate origin for the ureilites, as well as the brachinites,

s also proposed by Mittlefehldt (2005a, 2008). In this paper, in
ddition to the “classic core groups” of Weisberg et al. (2006), we
ave included both ureilites and brachinites amongst the primi-
ive achondrites. There are a number of reasons for considering
he brachinites to be bone fide primitive achondrites; these include
he near-chondritic, lithophile element abundances displayed by
rachina (Weisberg et al., 2006) and the oxygen isotope hetero-
eneity of the group as a whole (Section 3.2.2) (Greenwood et al.,
012). Despite the uncertainty concerning the origin of ureilites
e include them with the primitive achondrites in this review on

ccount of their extreme oxygen isotope heterogeneity (Table 1,
ig. 25), which indicates that their parent body did not experience
elting on a scale similar to the HEDs (Section 3.2.3).

.2. Primitive achondrites

.2.1. Acapulcoite-lodranite clan
Acapulcoites are relatively fine-grained (150–230 �m),  with

n equigranular texture and an essentially chondritic mineralogy,
onsisting of olivine (Fa4-13) (all mineral compositions in mol%),
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

ow-Ca pyroxene (Fs1-9), Ca-rich pyroxene (Fs46-50, Wo43-46), pla-
ioclase (An12-31), metal and troilite (McCoy et al., 1996, 1997a;
ittlefehldt 2005a, 2008; Weisberg et al., 2006). Relict chondrules

ave been reported in a number of acapulcoites (Schultz et al.,
isotope variation in the acapulcoite-lodranite clan. All data from Greenwood et al.
(2012).

1982; McCoy et al., 1996; Rubin, 2007). In comparison, lodranites
are coarser-grained (540–700 �m),  but similarly have equigran-
ular textures and nearly identical mineral compositions to the
acapulcoites (McCoy et al., 1997a,b). However, in contrast to the
acapulcoites, they are depleted in troilite and plagioclase (McCoy
et al., 1997a,b; Mittlefehldt, 2005a, 2008; Weisberg et al., 2006). In
terms of their grain-size and mineralogy, a number of meteorites
are transitional between the acapulcoites and lodranites (i.e., EET
84302, GRA 95209, FRO 93001). In view of their similar mineralogy,
geochemistry and isotopic composition, there is a general consen-
sus that the acapulcoites and lodranites are derived from a single
parent body (McCoy et al., 1997a; Mittlefehldt, 2008). In recogni-
tion of their common characteristics, acapulcoites and lodranites
have been given “clan” status (Weisberg et al., 1995, 2006).

Acapulcoites and lodranites, being relatively metal and sul-
phide rich, are particularly susceptible to the effects of terrestrial
weathering, which can significantly disturb their oxygen isotope
compositions (Clayton and Mayeda, 1996; Greenwood et al., 2012).
In order to define primary levels of oxygen isotope heterogeneity in
these lithologies it is generally necessary to leach meteorite finds
to remove weathering products. When this is done some samples
show shifts of nearly 3‰ with respect to �18O between leached
and unleached pairs (Greenwood et al., 2012) (Fig. 4). At the Open
University samples are leached using a solution of ethanolamine
thioglycollate (EATG) (Greenwood et al., 2014). Washing in HCl
of various strengths is also commonly undertaken in other labo-
ratories as a means of removing terrestrial weathering products
(Clayton and Mayeda, 1996; Rumble et al., 2008).

In contrast to �18O, variation in �17O is only slightly decreased
in the EATG residues compared to untreated finds, varying from
about −0.8 to −1.5‰ (Fig. 4). The average �17O value of the EATG-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

treated acapulcoites and lodranites is −1.12 ± 0.36‰ (2�)  (Table 1).
This level of heterogeneity is greater than that found in any of
the ordinary chondrite groups (Clayton et al., 1991) (Table 1) and

dx.doi.org/10.1016/j.chemer.2016.09.005
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Table  1
Oxygen isotope variation in chondrites and achondrites. See Table S1 for references and additional data.

ı17O‰ 2� ı18O‰ 2� �17O‰ 2�

Differentiated Achondrites
Angrites 2.04 0.18 4.02 0.33 −0.07 0.01
Aubrites 2.84 0.17 5.40 0.34 0.01 0.01
Eucrites and diogenites 1.65 0.32 3.60 0.60 −0.24 0.02
Main-group pallasites 1.36 0.13 2.96 0.24 −0.19 0.02
Mesosiderites 1.77 0.36 3.84 0.70 −0.25 0.02

Planets
Lunar  rocks 2.94 0.13 5.64 0.24 −0.01 0.02
Martian meteorites 2.75 0.35 4.68 0.67 0.32 0.03
Terrestrial − high He olivines 2.60 0.27 4.98 0.52 −0.01 0.01

Primitive Achondrites
Acapulcoite-lodranite clan
EATG residue and falls 0.66 0.72 3.41 1.02 −1.12 0.36
Untreated samples 0.63 1.58 3.22 2.68 −1.06 0.38

Brachinites
EATG  residue (inc. Brachina) 2.01 0.70 4.30 1.10 −0.25 0.18
EATG  residue (ex. Brachina) 2.14 0.32 4.48 0.54 −0.23 0.14
Untreated samples 2.12 0.64 4.48 1.02 −0.22 0.16

Winonaites
EATG  residues and fall 2.01 1.36 4.81 2.56 −0.51 0.08
Untreated samples 1.43 2.16 3.54 4.14 −0.42 0.16

Ureilites 2.45 1.85 6.54 2.10 −0.96 1.00

Ordinary Chondrites
H equilibrated 2.85 0.30 4.08 0.44 0.73 0.18
L  equilibrated 3.52 0.28 4.70 0.48 1.07 0.18
LL  equillibrated 3.88 0.32 5.04 0.48 1.26 0.24
LL3  unequilibrated 4.01 0.34 5.60 0.66 1.10 0.20

Enstatite Chondrites
EH chondrites 2.76 0.83 5.31 1.25 0.00 0.35
EL  chondrites 2.87 0.42 5.48 0.79 0.02 0.13

Carbonaceous Chondrites
CK3-6 chondrites −4.25 1.86 −0.28 2.11 −4.10 0.95
CM1-2 chondrites 0.24 2.42 5.65 3.52 −2.70 1.03

−4.02 3.05 −4.80 0.35
1.81 5.33 −1.94 0.99
0.67 3.44 −3.91 1.27
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Fig. 5. Oxygen isotopic composition of acapulcoite and lodranite EATG residues
plotted in terms of their group designations. It is clear from the plot that there is no
systematic difference between the acapulcoites and lodranites and as a consequence
both groups are probably derived from a single asteroidal source. All data from
Greenwood et al. (2012).
CO3  chondrites −6.89 1.67 

CR2  chondrites −1.00 3.66 

CV3  chondrites (Ox. & Red.) −3.56 3.01 

as most likely inherited from their precursor materials, which
ere presumably chondritic in composition. Rubin (2007) suggests

hat the precursor to the acapulcoite-lodranite clan was  similar in
omposition to the CR chondrites, but more enriched in metal and
ulphide. When oxygen isotope compositions are plotted accord-
ng to their respective groups there is almost complete overlap
etween the acapulcoites and lodranites, consistent with their
erivation from a single source (Fig. 5). The cosmic ray exposure
ges of the acapulcoites and lodranites show a tight cluster, evi-
ence which is also consistent with a unique asteroidal source for
hese meteorites (Krot et al., 2014).

.2.2. Brachinites
Brachinites are a diverse group of equigranular, olivine-rich

chondrites, which can have variable grain-sizes, ranging from
00 to 2700 �m (Mittlefehldt et al., 1998; Weisberg et al., 2006;
eil, 2014). Olivine (Fa28-37), generally homogeneous in individual
eteorites, is present in amounts between 80 and 95 vol.%. Ca-rich

yroxene (Fs9-16, En38-49, Wo38-48) is present in variable amounts
3–15 vol.%) in almost all brachinites. Ca-poor pyroxene (Fs25–31) is
ither present at very low abundance levels, or absent. A notable
xception is NWA  595, which contains 10–15 vol.% modal Ca-poor
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

yroxene. With the exception of Brachina (see below), plagioclase
An15-41) is either present in only small amounts, or absent. Bra-
hinites also typically contain trace to minor amounts of sulphide,
etal, chromite and Ca-phosphate.
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 6. Oxygen isotopic composition of brachinites. Light grey shaded box shows the
2� variation on the mean �18O and �17O values for EATG residues of 18 brachinites,
including Brachina. Darker grey box is for the same group of EATG residues excluding
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rachina. Data: Rumble et al. (2008); Day et al. (2012a); Greenwood et al. (2012) and
et  Bull Database (NWA 6152, NWA  6474, NWA  7388, NWA  7605, NWA  7904, RaS

09).

There are currently 40 officially classified brachinite speci-
ens listed on the Meteoritical Bulletin Database. All of these are

nds and it is clear from the descriptions given that many are
ignificantly weathered. However, brachinites contain only trace
mounts of metal and sulphide (the most easily oxidized phases)
nd as a consequence the shifts in oxygen isotope composition
etween untreated and EATG residues are much less than seen

n the acapulcoites, lodranites or winonaites (Greenwood et al.,
012). Oxygen isotope analyses for 18 EATG-treated brachinites
re plotted in Fig. 6 in relation to the fields defined by Greenwood
t al. (2012) (see figure caption for further details). The majority
f brachinite analyses plot within the inner box in Fig. 6, with a
ew scattering outside the outer box. Brachina plots away from the
nner core brachinite group in Fig. 6. Brachina is known to show
ome compositional differences when compared to the other bra-
hinites, in particular having a relatively high plagioclase content
∼10%) (Nehru et al., 1983, 1992). However, in terms of its major
nd trace elements, Brachina is close to being chondritic in compo-
ition, with other brachinites being more fractionated (Mittlefehldt
t al., 2003; Goodrich et al., 2010; Shearer et al., 2010; Day et al.,
012a). Thus, Brachina is probably the most primitive brachinite
ample available. There seems no real justification for excluding
rachina, or any of the other samples that scatter at the edge of
he outer box in Fig. 6, from the brachinite group. The outer box in
ig. 6 therefore provides an indication of the oxygen isotopic het-
rogeneity of the group as a whole. The EATG treated brachinites
including Brachina) have an average �17O value of −0.25 ± 0.18‰
2�) (Table 1), which is twice the level of �17O variation displayed
y the winonaites and equivalent to that found in the H and L group
rdinary chondrites (Clayton et al., 1991; Greenwood et al., 2012).
espite the lack of features such as relict chondrules, the �17O
ariation displayed by the brachinites supports their designation
s primitive achondrites.

.2.3. Ureilites
Ureilites are ultramafic achondrites predominantly composed
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

f olivine and pyroxene, and characteristically contain a significant
mount of elemental carbon (up to 5.5 wt.%) (Mittlefehldt et al.,
998; Downes et al., 2008; Barrat et al., 2016a). With 431 specimens
urrently listed on the Meteoritical Bulletin database, ureilites are
 PRESS
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the second largest achondrite group after the HEDs. Ureilites are
now generally considered to be mantle-derived samples from a sin-
gle disrupted parent body (Mittlefehldt et al., 1998; Downes et al.,
2008; Bischoff et al., 2014; Barrat et al., 2016a).

As a result of the pioneering studies of Clayton and Mayeda
(1988, 1996), oxygen isotope evidence has played a critical role
in deciphering the origin and early evolution of this enigmatic
group (Clayton, 2003; Franchi, 2008). Clayton and Mayeda (1988)
showed that ureilites display a much greater level of oxygen iso-
tope variation than any other group of achondrites (Fig. 7). They also
demonstrated that ureilites do not fall on a mass-dependent frac-
tionation line, as is the case for most other achondrite groups, but
instead define a trend similar to Allende CAIs (Figs. 7 and 8). In addi-
tion, they showed that there is a clear correlation between ureilite
�17O whole-rock values and olivine and pyroxene iron contents
(Fig. 9). On the basis of this evidence, Clayton and Mayeda (1988)
suggested that the oxygen isotope heterogeneity displayed by the
ureilites was inherited from the group’s nebular precursor materi-
als and that this variation was  not significantly modified by later
parent body processes. The implication of this observation is that
the ureilite parent asteroid did not experience a large-scale melting
event similar to that proposed for the HEDs (Section 3.3.3).

Detailed studies of polymict ureilites, both by SIMS (Kita et al.,
2004; Downes et al., 2008) and laser fluorination (Bischoff et al.,
2010, 2014; Rumble et al., 2010; Horstmann et al., 2012) have pro-
vided additional insights into the evolution of the ureilite parent
body (UPB), and in general have added further support to the origi-
nal findings of Clayton and Mayeda (1988, 1996). Polymict ureilites
are regolith breccias from the near-surface layers of ureilitic aster-
oids (Downes et al., 2008) and have the advantage over monomict
ureilites of containing a range of clast types and hence may  be
more representative of the UPB as a whole. Both the studies of Kita
et al. (2004) and Downes et al. (2008) found that the oxygen iso-
tope compositions of polymict ureilite clasts are identical to those
of monomict types and define a relatively tight trend close to the
CCAM line. The results from a number of laser fluorination studies
of the spectacular Almahata Sitta polymict fall (Jenniskens et al.,
2009; Bischoff et al., 2010, 2014; Rumble et al., 2010; Horstmann
et al., 2012) are plotted in Figs. 7 and 8. While the oxygen isotope
results from Almahata Sitta are very similar to those obtained by
SIMS techniques, these laser fluorination analyses define a trend
that is offset to the left of the CCAM line, although the slope of both
is identical (Fig. 8). It is conceivable that this slight offset from the
CCAM line is genuine, alternatively it may  reflect a slight analyti-
cal difference between laser fluorination and conventional oxygen
isotope techniques; the position of the CCAM line being originally
defined using the latter methodology (Clayton et al., 1977; Clayton
and Mayeda, 1999).

It was suggested by Franchi et al. (1998, 2001), on the basis of
laser fluorination analyses of a comprehensive suite of samples
(Table S2), that ureilites might be subdivided into four discrete
subgroups, each characterized by having a relatively shallow slope
on an oxygen three-isotope diagram. Although some subsequent
studies (Rumble et al., 2010) have found evidence for clumping
of oxygen isotope compositions in ureilites, the discrete series
defined by Franchi et al. (1998, 2001) appear to have been replaced
by a continuum as more high precision data have been acquired
(Figs. 7 and 8) (Downes et al., 2008; Bischoff et al., 2010; Rumble
et al., 2010; Horstmann et al., 2012). This evidence suggests that
ureilites were originally derived from a single heterogeneous aster-
oid (Downes et al., 2008).

Due to their lack of plagioclase, superchondritic Ca/Al ratios and
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

depletion in incompatible lithophile elements, ureilites are gen-
erally considered to have lost a basaltic component (Mittlefehldt
et al., 1998; Kita et al., 2004; Goodrich et al., 2007; Downes et al.,
2008). Basaltic material from the UPB may  have been lost to space

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 7. Oxygen isotopic composition of ureilites shown in relation to other major achondrite groups. Conventional oxygen isotope data from Clayton and Mayeda (1996).
Laser  fluorination data collected at the Open University are given in Table S2. Laser fluorination data for Almahatta Sitta from Bischoff et al., 2010, 2014; Rumble et al.,
2010;  Horstmann et al., 2012. Fields for primitive and differentiated achondrites from Greenwood et al. (2012).Abbreviations: MGP: main-group pallasites, HEDs: howardite-
eucrite-diogenite suite, TFL: terrestrial fractionation line, CCAM: carbonaceous chondrite anhydrous minerals line (Clayton et al., 1977; Clayton and Mayeda, 1999).
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ig. 8. Oxygen isotopic composition of ureilites. Conventional oxygen isotope data 

itta  laser fluorination data: see caption to Fig. 7. Best fit line through Almahata Sitta
FL:  terrestrial fractionation line, CCAM: carbonaceous chondrite anhydrous miner

uring explosive volcanism triggered by low pressure reduction
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

f FeO leading to the formation of CO and CO2 from graphite
ntrained in the melt (Wilson et al., 2008). Traces of this missing
asaltic component are present in polymict ureilites in the form
f plagioclase-bearing clasts (Kita et al., 2004). A unique trachyan-
layton and Mayeda (1996). Laser fluorination data this study (Table S2). Almahata
nly. Data for ALM-A trachyandesitic clast from Bischoff et al. (2014). Abbreviations:

e (Clayton et al., 1977; Clayton and Mayeda, 1999).

desitic clast in the Almahata Sitta ureilite, ALM-A, has a ureilitic
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

oxygen isotope composition (Fig. 8) and appears to show that
the UPB was capable of producing highly evolved lavas (Bischoff
et al., 2014). REE abundance data for ureilites suggests that at least
two distinct magma  types were produced during melting of the

dx.doi.org/10.1016/j.chemer.2016.09.005
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ig. 9. Plot showing the relationship between olivine and whole-rock oxygen isoto
Table  S2). Olivine compositions from Mittlefehldt et al. (1998).

PB, one aluminous and the other Al and alkali-poor (Barrat et al.,
016a).

Despite the oxygen isotope evidence that appears to link
reilites to carbonaceous chondrites, 54Cr isotope systematics
eemingly exclude any direct genetic relationship between the two
Fig. 10) (Warren, 2011a,b). If correct, this poses something of a
onundrum for the interpretation of primary oxygen isotope vari-
tion in the solar nebula. Young and Russell (1998) have proposed
hat a line of exactly slope 1 defines the primordial variation and
hat this was modified by later parent body processes to form the
CAM line. However, if carbonaceous chondrites and ureilites are
nrelated, the fact that both plot along the CCAM line might sug-
est that this line is more than just a secondary artifact (see Section
.2 for further discussion).

.2.4. Winonaites and IAB-IIICD irons
Winonaites are a relatively small group of primitive achondrites

hich, in terms of their textures and mineralogy, show some sim-
larities to the acapulcoites and lodranites. Benedix et al. (1998)
roposed three classification criteria for the group: (1) a highly
educed mineralogy (i.e., olivine typically Fa1-10), (2) an oxygen
sotopic composition within the range �17O = −0.40 to −0.73‰
Clayton and Mayeda, 1996), and (3) a relatively high content of

etal and troilite. Metal contents in the winonaite fall Pontlyfini
nd the relatively unweathered winonaite Yamato 74025 range
rom 1.5 to 12.3 vol.%, while troilite contents range from 9.1 to
9.9 vol.% (Benedix et al., 1998).

Winonaites display variable average grain-sizes, generally in the
ange 75–230 �m,  but millimeter-sized grains can also be present
Hutchison, 2004). They display equigranular textures, with grain
oundaries that meet at 120◦ triple junctions and have broadly
hondritic mineral abundances (Benedix et al., 1998; Floss et al.,
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

008). Mineral compositions are: olivine (Fa1-10), low-Ca pyroxene
Fs1-9), Ca-rich pyroxene (Fs2-4, Wo44-45) and plagioclase (An11-22)
Mittlefehldt, 2005a, 2008; Weisberg et al., 2006). Relict chondrules
ave been recognized in a number of winonaites, including NWA
positions. Oxygen isotope data: Calyton and Mayeda (1996) and Open University

725, NWA  1052, NWA  1463, Pontlyfni, Dhofar 1222, Mount Morris
(Wisconsin) (Benedix et al., 1998, 2003; Rubin, 2007). Dhofar 1222,
NWA 725 and NWA  1052 are currently classified as acapulcoites
(Meteoritical Bulletin Database, 2016), but their oxygen isotope
compositions indicate that they are winonaites (Greenwood et al.,
2012).

As a result of their high metal and sulphide content, untreated
winonaite finds display significantly greater levels of oxygen iso-
tope variation than their EATG residues (Greenwood et al., 2012)
(Fig. 11). In a similar manner to the acapulcoites and lodranites,
untreated Antarctic winonaites are shifted to lower �18O values
and slightly displaced to less negative �17O values compared to
their EATG residues (Fig. 11). Y-791058 is the most extreme case,
with the untreated sample being nearly 7‰ lighter with respect to
�18O than the EATG residue (Fig. 11). Unlike the acapulcoites and
lodranites, non-Antarctic winonaite finds do not show a consis-
tent shift to higher �18O values compared with their EATG residues
(Fig. 11). However, this may reflect the relatively limited number
of samples involved, and in particular the behaviour of the two
extremely weathered North American finds, Winona and Tierra
Blanca (Fig. 11). The apparently anomalous behaviour of these two
samples may  reflect past weathering in a colder climate, or more
speculatively in the case of Winona, transport by Native Americans
from more northerly latitudes (Greenwood et al., 2012).

On an oxygen three-isotope diagram, EATG-treated winonaite
samples show much less scatter than the acapulcoite-lodranite
clan, with an average �17O of −0.51 ± 0.08‰ (2�)  (Table 1)
and essentially define a mass fractionation line with a slope of
0.53 ± 0.01 and a y-axis intercept of −0.53 ± 0.04 (R2 = 1) (Fig. 12)
(Greenwood et al., 2012). This evidence suggests that the winonaite
parent body experienced a greater level of isotopic homogenization
than that of the acapulcoites and lodranites. Based on their similar
petrographies (Benedix et al., 2000) and oxygen isotope composi-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

tions (Clayton and Mayeda, 1996), the winonaites have been linked
to silicate inclusions in the well-populated IAB-complex iron group
(currently showing 289 individual Meteoritical Bulletin Database

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 10. �54Cr vs �17O diagram for a range of planetary materials. Eagle Station pallasites plot within the carbonaceous chondrite grouping, whereas main-group pallasites
(MGPs) plot in the same field as the ordinary and enstatite chondrites and the majority of achondrite groups. Data from Clayton et al. (1991); Clayton and Mayeda (1999);
Newton et al. (2000); Trinquier et al. (2007); Shukolyukov and Lugmair, (2006); Ueda et al. (2006); Qin et al. (2010a,b); Yamakawa et al. (2010); Greenwood et al. (2012)
Diagram modified after Warren (2011a).

Fig. 11. Oxygen isotopic composition of winonaites. Antarctic finds are displaced to lower �18O values and less negative �17O values than their EATG residues. Non-Antarctic
fi 4) wi
d  �17O
G

e
t
p
e
i

nds show less distinct trends than seen in the acapulcoites and lodranites (Fig. 

iscussion). The light grey shaded box shows the 2� variation on the mean �18O and
reenwood et al. (2012).

ntries). In particular, the winonaites appear to be closely related
o the abundant angular silicate inclusions in IAB irons, and a single
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

arent body source for both groups has been proposed (Benedix
t al., 2000). Oxygen isotope analyses for IAB and IIICD silicate
nclusions are also plotted in Fig. 12 (Clayton and Mayeda, 1996).
th Winona and Tierra Blanca showing anomalous behaviour (see text for further
 values for the EATG residues and Pontlyfni, the only fall in the group. All data from

While the IAB and IIICD data show slightly greater scatter than the
winonaite analyses, the two datasets display considerable overlap,
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

consistent with a single source for both (Bild, 1977; Clayton and
Mayeda, 1996; Benedix et al., 1998; Greenwood et al., 2012).

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 12. Oxygen isotopic composition of winonaites, acapulcoite-lodranite clan, IAB, IIICD silicate inclusions and CR chondrites. Named winonaite samples are those which
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ontain relict chondrules. Winonaite and acapulcoite-lodranite data (Greenwood e
ayeda,  1999; Schrader et al., 2011). TFL: Terrestrial Fractionaton Line; Y&R: slope 

Clayton et al., 1977; Clayton and Mayeda, 1999).

Both the IAB silicate inclusions and winonaites display evi-
ence of heterogeneous heating to at least the Fe,Ni-FeS cotectic
∼950 ◦C), and possibly to as high as ∼1450 ◦C (Benedix et al.,
005). An interesting feature of the winonaite oxygen isotope data

s the fact that chondrule-bearing samples plot at lower �18O val-
es than other members of the group. The sole exception to this

s the winonaite fall Pontlyfni (�18O = 6.18‰). However, the chon-
rule structures in Pontlyfni appear to be less well-developed than

n the other chondrule-bearing winonaites and there also seems
ome doubt about their interpretation. If the chondrule-bearing
inonaites that plot at low �18O values (Fig. 12) are indicative of

he oxygen isotope composition of the precursor material then this
uggests that the bulk of the winonaites, IAB and IIICD samples
hat plot at higher �18O values are either depleted in a mafic com-
onent (low �18O), or conversely enriched in feldspathic material
high �18O). This evidence is consistent with the suggestion that,
rior to catastrophic disruption, the original winonaite-IAB-IIICD
arent body underwent early-stage differentiation (Benedix et al.,
998).

.3. Differentiated achondrites, stony-iron and iron meteorites

.3.1. Angrites
Angrites are a relatively small group of ancient, essentially

nshocked meteorites with a broadly basaltic composition, and are
haracterized by extreme levels of alkali depletion and refractory
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

lement enrichments, in particular Ca and Ti (Keil, 2012). Despite
he small number of specimens (28 currently listed on the Mete-
ritical Bulletin Database), angrites show considerable textural and
ineralogical diversity and are subdivided into volcanic and plu-
012), IAB, IIICD data (Clayton and Mayeda, 1996), CR chondrite data (Clayton and
(Young and Russell, 1998); CCAM: carbonaceous chondrite anhydrous mineral line

tonic sub-types (Keil, 2012) (Table 2). Within the volcanic sub-type,
some samples show evidence for rapid crystallization and so are
generally referred to as “quenched” angrites. Due to their old ages
and the fact that they are relatively unbrecciated and unshocked,
angrites have proved to be key samples in early Solar System
dating studies (Keil, 2012). Volcanic and plutonic angrites give
well-resolved mean ages of 4562.1 ± 0.4 Myr  and 4557.7 ± 0.7 Myr
respectively (Keil, 2012).

Clayton and Mayeda (1996) were the first to determine the
oxygen isotope composition of the angrites, using a conventional
analysis technique. At the time of their study only four angrite sam-
ples had been identified: Angra dos Reis, Asuka 881371, LEW 86010
and LEW 87051. They obtained a mean �17O value for the group of
−0.15 ± 0.12‰ (2�),  which showed considerable overlap with their
HED value of −0.25 ± 0.16‰ (2�).  Greenwood et al. (2005) under-
took a laser fluorination study of five angrites (Angra dos Reis, LEW
86010, D’Orbigny, NWA  1296 and NWA  1670) and obtained a group
mean �17O value of −0.072 ± 0.014‰ (2�)  (Table 2), which was
fully resolved from their mean HED �17O value of −0.239 ± 0.014‰
(2�). This provided confirmation that both groups were derived
from separate parent bodies; a result in keeping with their dis-
tinct compositions and mineralogies (Mittlefehldt et al., 1998;
Keil, 2012). Laser fluorination analysis of main-group pallasites
(Greenwood et al., 2006, 2014) demonstrates that this group is also
fully resolved from the angrites (Fig. 13).

Laser fluorination analyses of five additional angrites are avail-
able in various abstracts and in the Meteoritical Bulletin Database:
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

NWA  2999, NWA  4590 (Irving et al., 2006), NWA  4801, NWA  7812,
NWA 8535 (Agee et al., 2015). The mean �17O value of these five
analyses is −0.076 ± 0.028‰ (2�)  (Fig. 13) (Table 2), with the lower

dx.doi.org/10.1016/j.chemer.2016.09.005
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Table  2
Oxygen isotopic composition of angrites.

Sample Lithology Data source N ı17O 1� ı18O 1� �17O* 1�

Open University angrite analyses
NWA  1296 Volcanic − Quenched Greenwood et al. (2005) 2 2.086 0.048 4.126 0.097 −0.077 0.003
NWA  1670 Volcanic − Quenched Greenwood et al. (2005) 2 1.966 0.116 3.884 0.142 −0.070 0.042
Angra dos Reis Plutonic Greenwood et al. (2005) 4 1.945 0.053 3.864 0.087 −0.080 0.009
LEW  86010 Plutonic Greenwood et al. (2005) 2 2.016 0.109 3.980 0.190 −0.070 0.009
D’Orbigny Volcanic − Quenched Greenwood et al. (2005) 2 2.167 0.031 4.253 0.052 −0.062 0.003

AVERAGE 2.036 0.091 4.021 0.166 −0.072 0.007
Other angrite laser fluorination analysesa

NWA  2999 Plutonic Met. Bull Database 3 2.041 0.062 4.029 0.167 −0.071 0.028
NWA  4590 Plutonic Irving et al. (2006) 2 1.947 0.028 3.863 0.025 −0.078 0.015
NWA  4801 Plutonic Met. Bull Database 2 1.816 0.010 3.570 0.036 −0.055 0.029
NWA  7812 Volcanic − Quenched Met. Bull Database 3 2.003 0.047 3.978 0.104 −0.083 0.015
NWA  8535 Dunite Met. Bull Database 3 1.703 0.352 3.425 0.729 −0.093 0.031

AVERAGE 1.902 0.140 3.773 0.264 −0.076 0.014

a �17O‰ values have been recalculated using a slope value of 0.5247 (see Miller, 2002 for details).

F luding
m  al. (20
l cussio

p
a
H
b
p
t

t
e
o
e
i
a
“
t
i
c
i
s
G
t
�

ig. 13. Oxygen isotopic composition of angrites shown in relation to the HEDs (exc
ain-group pallasite data: Greenwood et al. (2015a); angrite data (1): Greenwood et

ine.  All �17O values calculated relative to a slope of 0.5247. See text for further dis

recision of this data, compared to that of Greenwood et al. (2005),
t least in part reflecting inter-laboratory calibration differences.
owever, as can be seen from Fig. 13, the mean �17O values of
oth sets of data are within error of each other, supporting the
roposition that angrites are relatively homogeneous with respect
o �17O.

It was suggested by Greenwood et al. (2005) that the oxygen iso-
ope homogeneity of angrites points to an early, large-scale melting
vent on their parent body, possibly leading to the development
f a magma  ocean. The suggestion that magma  oceans may  have
xisted on asteroids in the early Solar System has been criticized
n general terms by Wasson (2013a), and in the specific case of the
ngrite parent body by Keil (2012). There is no doubt that the term
magma ocean” is probably a poor one when applied to asteroids
hat may  not have been any larger than about 500 km diameter,
.e., Vesta-sized. However, this term is really just shorthand for the
oncept that early-formed asteroids experienced large-scale melt-
ng events, probably driven be decay of short-lived radionuclides,

26
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

uch as Al (i.e., Hevey and Sanders, 2006). The evidence cited by
reenwood et al. (2005) in favour of early, large-scale melting on

he angrite parent body comes from the extremely uniform mean
17O value of −0.072 ± 0.014‰ (2�)  (Table 2; Fig. 13).
 howardites and polymict eucrites) and main-group pallasites. HED  data: Table S4;
05); angrite data (2) from Meteoritical Bulletin Database. AFL: angrite fractionation
n.

The homogeneous �17O composition displayed by angrites
has to be set against the significantly more heterogeneous values
measured in achondrite groups that appear to have experienced
relatively low degrees of partial melting, the ureilites show the
highest levels of oxygen isotope heterogeneity of any achon-
drite group, with a mean �17O value of −0.96 ± 1.00‰ (2�)
(Table 1). Ureilites are commonly considered to represent partial
melt residues that must have experienced at least 15% melting to
eliminate plagioclase, and as much as 30% to satisfy REE and Eu con-
straints (Mittlefehldt et al., 1998; Wilson et al., 2008; Barrat et al.,
2016b). The acapulcoite-lodranite clan is also extremely heteroge-
neous with respect to �17O, with a mean value of −1.12 ± 36‰ (2�)
(Table 1) (Greenwood et al., 2012), and are estimated to have expe-
rienced extremely variable levels of whole-rock partial melting of
<1 vol.% to probably >20 vol.% (McCoy et al., 1997a) (Table S1). This
evidence suggests that to attain oxygen isotopic equilibration, an
asteroidal body must have undergone at least 40% partial melting
and probably in excess of 50% (Greenwood et al., 2005, 2014).
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

As pointed out by Keil (2012), an underlying assumption of this
model is that the angrite precursor material was heterogeneous
with respect to oxygen isotopes, an assumption which he suggests
is unsubstantiated. This is certainly true. As a result of the exten-

dx.doi.org/10.1016/j.chemer.2016.09.005
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that Cumberland Falls has a relatively heavy �17O composition and
plots away from the other aubrites in Fig. 14. The aubrite data of
Newton et al. (2000) shows more scatter than the recent analyses
of Barrat et al. (2016b), which probably reflects both improvements
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ive thermal processing experienced on the angrite parent body
ll evidence concerning the heterogeneity of the starting material
as been completely obliterated. However, in view of the high lev-
ls of oxygen isotope heterogeneity present in all chondrite groups
e.g. Clayton et al., 1991; Clayton and Mayeda, 1999; Franchi, 2008)
Table 1), this assumption would seem to be reasonable.

Independent of the oxygen isotope evidence, siderophile
lement depletions (Righter, 2008; Shirai et al., 2009) and pale-
magnetic analysis (Weiss et al., 2008) are consistent with the
ormation of a small core on the angrite parent body. Both the high
evel of oxygen isotope homogeneity displayed by the angrites and
vidence for core formation on their parent body would seem to be
onsistent with an early phase of large-scale melting. Based on Hf-

 data, Kleine et al. (2012) also invoke early, large-scale melting of
he angrite parent body driven by decay of live 26Al. However, they
lso suggest that the data indicates that core formation was not

 single event and may  have been disrupted by multiple impacts
hich constantly removed insulating crust and hence caused rapid

ooling of the magma  ocean. The suggestion by Kleine et al. (2012)
hat the angrite mantle was not sufficiently well-mixed to account
or the observed oxygen isotope homogenization, is not supported
y Baghdadi et al. (2015). Instead these latter authors suggest that
he mantle heterogeneity discussed by Kleine et al. (2012) is a sec-
ndary feature that postdates core-mantle separation and reflects
he incorporation of various amounts of exogenous iron impactor

aterial.
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ig. 14. Whole-rock oxygen isotope analyses of aubrites and enstatite chondrites. Data fr
ean  �18O and �17O values for the EH, EL and aubrite groups. All �17O values are lineari
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3.3.2. Aubrites
Aubrites are highly reduced achondritic meteorites, pre-

dominantly composed of Mg-rich enstatite, with minor albitic
plagioclase, Mg-rich diopside, olivine, metal, sulphide and a variety
of rare accessory minerals (Keil, 2010). In terms of their compo-
sitional variation, mineralogy and oxidation state, aubrites show
a close affinity to the EH and EL chondrites and as a result it is
generally accepted that they formed from enstatite chondrite-like
parent materials (Keil, 1989, 2010; Barrat et al., 2016b). Enstatite
chondrites and aubrites also have closely similar oxygen isotope
compositions and plot on, or close to, the terrestrial fractionation
line (Clayton et al., 1984; Clayton and Mayeda, 1996; Newton et al.,
2000; Miura et al., 2007; Barrat et al., 2016b) (Fig. 14). The EH chon-
drites show a larger compositional range than the EL chondrites
with respect to both �18O and �17O (Fig. 14) (Table 3, Table S3).
With the exception of Cumberland Falls, the aubrites define a rel-
atively restricted field in Fig. 14, which is more-or-less central to
both the EH and EL fields. Cumberland Falls is a polymict breccia
that consists of chondritic fragments in an enstatite-rich cataclas-
tic matrix (Keil, 2010). These chondritic fragments are LL ordinary
chondrite-like (Keil, 2010) and their presence is the likely reason
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

om Newton et al. (2000) and Barrat et al. (2016b). Elipses show the 2� variation of
zed using a slope value of 0.5247 (Miller, 2002). Full data given in Table S3.

dx.doi.org/10.1016/j.chemer.2016.09.005
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Table  3
Summary of aubrite and enstatite chondrite oxygen isotope analyses.

SAMPLE N ı17O‰ 1� ı18O‰ 1� �17O‰ 1�

EH chondrites* 18 2.760 0.417 5.309 0.626 −0.022 0.172
EL  chondrites* 21 2.871 0.211 5.485 0.395 −0.003 0.064
Aubrites with C. Falls* 14 2.720 0.257 5.177 0.315 0.007 0.153
Aubrites without C. Falls* 13 2.671 0.187 5.157 0.318 −0.031 0.055
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 full listing of aubrite and enstatite chondrite data is given in Table S3. *Newton et

in analytical precision and a slightly higher number of weath-
red finds in the earlier study (Table 3, Table S3). Barrat et al.
2016b) conclude that the samples they analyzed were derived
rom two parent bodies, one for the “regular” main-group aubrites
nd a second for the anomalous samples Mount Egerton and Larned.

As a result of their overlapping oxygen isotope compositions,
here has been general agreement that the enstatite chondrites
nd aubrites are in some way genetically related (e.g., Rubin, 1983;
layton and Mayeda, 1996; Keil, 1989, 2010; Keil et al., 1989),
lthough there is discussion about the exact nature of this relation-
hip. Rubin (1983) suggested that the aubrites represented melted
L chondrite material, but from a distinct asteroid to that of the
L chondrites. Keil et al. (1989) proposed that, although related to
he enstatite chondrites, the aubrites come from two parent bodies,
ne represented by Shallowater, with the remaining aubrites from

 second body. Shallowater appears to have experienced a unique
hree-stage cooling history, which may  have been the result of a
ollision between two enstatite-rich bodies, one molten and one
olid (Keil et al., 1989). Barrat et al. (2016b) suggest that Mount
gerton and Larned may  be derived from the same parent body
s Shallowater. The derivation of aubrites and enstatite chondrites
rom the same nebular reservoir is supported by their similar iso-
opic variation for a range of elements, including Ca (Dauphas et al.,
014), Ti (Zhang et al., 2012) and Cr (Warren, 2011a).

As pointed out by Clayton and Mayeda (1996), one of the intrigu-
ng features of the aubrites and enstatite chondrites is their close
imilarity in oxygen isotope composition to that of the Earth and
oon. Based on the analysis of 76 peridotite xenoliths, Mattey et al.

1994) calculated a �18O value for the Earth’s mantle of 5.5‰.  This
s clearly very close to the �18O composition of the EH, EL and
ubrites, which have values of 5.309 ± 1.253 (2�),  5.485 ± 0.789
2�) and 5.404 ± 0.334 (2�)  respectively (Table 3). Based on this
vidence and overlapping isotopic variation for a range of other
lements, enstatite chondrites have been proposed as suitable pre-
ursor materials for the Earth (Javoy, 1995; Javoy et al., 2010).
owever, based on Si isotope differences between the silicate Earth
nd enstatite meteorites, Savage and Moynier (2012) exclude the
ossibility of a direct genetic relationship between the two.
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

.3.3. Howardite-Eucrite-Diogenite suite (HEDs)
The Howardite, Eucrite, Diogenite suite (HEDs) is the most abun-

ant group of differentiated meteorites arriving on Earth today,
omprising roughly 6% of all witnessed falls (statistics from Mete-

able 4
ummary of HED oxygen isotope data.

Lithology 

Eucrite, falls and finds (inc. Stannern trend and cumulate eucrites) A 

Diogenites, falls and finds B 

Eucrites and diogenites, falls only 

Eucrites and diogenites, falls and finds 

Howardites and polymict eucrites C 

TOTAL (A + B + C

17O‰ linearized using a slope of 0.5247 (see Section 2.2 for further details). All analyse
 full listing of Open University HED data is given in Table S4.
5.404 0.167 0.012 0.007

000); **Barrat et al. (2016b). C. Falls = Cumberland Falls.

oritical Bulletin Database; see also Burbine et al., 2002a). Eucrites
are basaltic rocks that formed either as lava flows or intrusions,
diogenites are orthopyroxene-rich, coarser-grained igneous cumu-
lates, and howardites are complex impact breccias containing
both diogenitic and eucritic fragments (Mittlefehldt et al., 1998;
Mittlefehldt, 2015; Barrat et al., 2008, 2010; Yamaguchi et al., 2009;
McSween et al., 2011). A range of evidence, including spectral data,
orbital dynamics and recent remote sensing observations by the
NASA Dawn spacecraft indicates that the HEDs originate from the
asteroid 4 Vesta, the second largest body in the main belt (McCord
et al., 1970; Binzel and Xu, 1993; De Sanctis et al., 2012; McSween
et al., 2011, 2013; Mittlefehldt, 2015; McCoy et al., 2015).

Despite showing significant mineralogical and geochemical
diversity (Mittlefehldt et al., 1998; McSween et al., 2011, 2013),
the majority of diogenites and monomict eucrites display relatively
restricted variation with respect to �17O (Wiechert et al., 2004;
Greenwood et al., 2005, 2014). A compilation of 144 published and
unpublished HED analyses performed at the Open University is
given in Table S4 and a summary of this data in Table 4. Diogenite
and eucrite falls (n = 26) display a high level of isotopic homogene-
ity with respect to �17O, with a mean value of −0.240 ± 0.014‰
(2�)  (Table 4, Table S4). A much larger dataset of eucrite and
cumulate eucrite falls and finds (n = 61) has the same mean �17O
value, but with a slightly lower precision i.e. −0.240 ± 0.018‰ (2�)
(Table 4, Table S4). Likewise, analyses of diogenite falls and finds
(n = 44) have a mean �17O value that is only slightly more neg-
ative than that of the falls only data, i.e., −0.243 ± 0.016‰ (2�)
(Table 4, Table S4). The diogenite data in Table S4 includes the anal-
yses of Greenwood et al. (2014) (n = 22), which were all leached in
EATG. The slightly more negative mean �17O value obtained in that
study, i.e., −0.246 ± 0.014‰ (2�),  compared to the larger diogenite
dataset given in Table S4 is presumably due to the effects of terres-
trial weathering in the latter. It is clear from these results that the
diogenites and eucrites have virtually identical compositions with
respect to their mean �17O values, and this evidence is consistent
with their derivation from a single isotopically homogeneous par-
ent body. This is further illustrated by the fact that the precision
of the combined diogenite and eucrite (n = 105) mean �17O value
of −0.241 ± 0.018‰ (2�)  is almost identical to that of the eucrites
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

alone (Table 4, Table S4).
Compared to the diogenites and monomict eucrites, the

howardites and polymict eucrites (n = 39) are significantly more
heterogeneous with respect to �17O, as reflected by the much

N ı17O‰ 1� ı18O‰ 1� �17O‰ 1�

61 1.732 0.132 3.761 0.250 −0.240 0.009
44 1.527 0.106 3.377 0.201 −0.243 0.008
26 1.642 0.112 3.591 0.219 −0.240 0.007
105 1.646 0.158 3.600 0.299 −0.241 0.009
39 1.715 0.147 3.744 0.279 −0.247 0.025

) 144

s undertaken at the Open University.

dx.doi.org/10.1016/j.chemer.2016.09.005
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ig. 15. Oxygen isotopic composition of HEDs (n = 144). Central zone (labelled “1”)
2”):  ±2� precision for eucrite, cumulate eucrite and diogenite falls and finds (n = 10
FL  = Eucrite Fractionation Line: average �17O value for 26 eucrite and diogenite fa

reater 2� variation of their mean value: −0.247 ± 0.050‰ (2�)
Table 4, Table S4) (Fig. 15). Howardites and polymict eucrites are
eterogeneous breccias which, in addition to indigenous clast and
atrix material, often contain a significant non-HED component

Mittlefehldt et al., 1998). In particular, a number of howardites
ontain a significant fraction of carbonaceous chondrite-related
aterial. In the case of Jodzie and Bholghati this can be up to 5 vol.%

Fig. 15) (Zolensky et al., 1996). The coarse howardite breccia SCO
6040 contains abundant CM2-related clasts (Herrin et al., 2011)
nd this is reflected in its �17O composition, which plots close
o that of Jodzie and Bholghati in Fig. 15. Much higher concen-
rations of CM2-like material (∼40–50% in places) are present in
he howardite PRA 04401 (Herrin et al., 2011; Greenwood et al.,
015b). Carbonaceous chondrite material in howardites is gener-
lly believed to result from impact mixing in a regolith environment
nd is probably related to the dark material located by the Dawn
pacecraft on Vesta’s surface (McCord et al., 2012; Reddy et al.,
012; Turrini et al., 2014).

The presence of carbonaceous chondrite material in howardites
nd polymict eucrites will have the effect of displacing their �17O
ompositions to more negative values compared to the mean value
or diogenites and monomict eucrites (Fig. 15). On the other hand,
mpactor material with �17O values more positive than the HED

ean value, such as ordinary chondrite-related compositions, will
ove the �17O value in the opposite sense. This is one possibility to

xplain the compositions of howardite NWA  2738 or the polymict
ucrite Dho 1480 (Fig. 15). However, terrestrial weathering will also
esult in shifts in �17O values towards the TFL. Possible scenarios
or the formation of HED-like compositions that plot outside the
ormal HED �17O range defined in Fig. 15 are discussed further in
ection 3.4.2.

As is clear from Fig. 15 and Tables 4 and S4, all of the main HED
ithologies, with the exception of howardites and polymict eucrites,
ave virtually identical �17O compositions and display a high level
f isotopic homogeneity. In fact, the level of �17O homogeneity
hown by diogenites and monomict eucrites (n = 105) (±0.018‰
2�)) (Table 4) is comparable to that of other bodies that have
xperienced high levels of melting i.e., the angrites (±0.014‰ (2�))
Greenwood et al., 2005), lunar rocks (±0.021‰ (2�))  (Hallis et al.,
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

010) and SNCs (±0.026‰ (2�)) (Franchi et al., 1999) (Table 1).
n contrast, primitive achondrite groups, which experienced lower
egrees of melting, have more heterogeneous �17O values e.g.,
 precision for eucrite and diogenite falls only (n = 26). Intermediate zone (labelled
ter zone (labelled “3”): ±2� precision for howardites and polymict eucrites (n = 39).
0.240 ± 0.014 (2�)  (All data: Table S4).

±1.00‰ (2�)  in the case of the ureilites, and ±0.36‰ (2�)  in
the case of the acapulcoites and lodranites (Greenwood et al.,
2012) (Table 1). This evidence suggests that both the diogenites
and monomict eucrites are derived from a single source that was
extremely homogeneous with respect to �17O. Such high levels
of oxygen isotope homogeneity suggest that the HED parent body
underwent a phase of large-scale melting (Greenwood et al., 2005,
2014).

Based on moderately siderophile element abundances (Ni, Co,
Mo,  W and P), it has been suggested that the HED parent body expe-
rienced an early global-scale melting event (Righter and Drake,
1997). The extremely low abundances of highly siderophile ele-
ments (HSE) (Os, Ir, Ru, Pt, Pd, Re) in HEDs are also consistent with
early large-scale melting, resulting in rapid core formation (Dale
et al., 2012; Day et al., 2012b). Using a range of possible chondritic
source compositions, Righter and Drake (1996, 1997) calculated a
percentage core mass for the HED parent body of between 5 and
25%. Modelling by Toplis et al. (2013) derived values of between 10
and 30%. The preferred HED precursor composition of Toplis et al.
(2013) (75% H chondrite: 25% CM chondrite mix) gives a calculated
core radius of 114.2 km,  which is a close match to that derived from
Dawn observations (110 ± 3 km)  (Russell et al., 2012). Based on the
results of laboratory studies, Ashcroft and Wood (2015) also con-
clude that the eucrites and diogenites can be derived by partial
melting of a chondritic body with a core size of between 15 and
20% the mass of Vesta.

While moderately and highly siderophile element abundance
data indicate that the HED parent body underwent core formation,
this evidence alone does not unambiguously demonstrate that a
phase of global melting was  involved. Taylor (1992) concluded that
high degrees of partial melting (∼50%) were required for metal
“to drain away and form a core”. While partial melting exceed-
ing 50% has been generally accepted by most recent modelling
studies (Hevey and Sanders, 2006; Moskovitz and Gaidos, 2011),
core formation at lower degrees of melting may  also be possible
(Neumann et al., 2012). The magma  ocean model developed by
Righter and Drake (1997) indicates that the HED mantle may have
been between 65%–77% molten (1500–1530 ◦C) and would have
undergone turbulent convection during its initial stages. Under
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

such conditions, global-scale homogenization of oxygen isotopes
would have been an efficient and rapid process (Greenwood et al.,
2005, 2014). However, while magma  ocean models have had some

dx.doi.org/10.1016/j.chemer.2016.09.005
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uccess in explaining the larger-scale features of Vesta’s differenti-
tion (Righter and Drake, 1997; Mandler and Elkins-Tanton, 2013),
here remain significant problems with our understanding of many
spects of HED magmatic evolution, in particular, the relationship
etween diogenites and eucrites (Barrat et al., 2008, 2010; Barrat
nd Yamaguchi, 2014).

.3.4. Mesosiderites
Mesosiderites are breccias consisting of silicate-rich material

nclosed in Fe,Ni metal (plus troilite), with both fractions being
resent in roughly equal proportions (Weisberg et al., 2006). As a
onsequence, like the pallasites, mesosiderites are generally clas-
ified as stony-irons (Krot et al., 2014). In the mesosiderites the
ilicate fraction is predominantly composed of basaltic, gabbroic
nd orthopyroxene-rich clasts. In contrast to pallasites, olivine-
ich material is rare in the mesosiderites (Mittlefehldt et al., 1998;
cott et al., 2001; Greenwood et al., 2015a). So while pallasites
ppear to represent a mix  of core and mantle-derived materials, the
esosiderites appear to represent a core-crust mix. Mixing materi-

ls derived from an asteroidal core with those from the outer layers
f a differentiated body, without also sampling significant amounts
f olivine-rich mantle material, necessarily implies complex forma-
ion conditions (Mittlefehldt et al., 1998). A further complicating
actor is the two-stage thermal history of the mesosiderites, which
ooled extremely rapidly at high temperatures (0.1–100 ◦C per year
t 850–1150 ◦C) and much more slowly at lower temperatures
0.2–0.5 ◦C/Myr at ∼500 ◦C) (Delaney et al., 1981; Ruzicka et al.,
994; Hopfe and Goldstein, 2001).

Although a wide range of models have been put forward to
xplain the origin of the mesosiderites (Hewins, 1983), it is now
enerally agreed that their metal fraction must have been largely
olten at the time of its emplacement (Wasson and Rubin, 1985;
assanzadeh et al., 1990; Rubin and Mittlefehldt, 1993; Scott
t al., 2001). The main evidence in favour of emplacement of
olten metal comes from the fact that the mesosiderite metal

raction is so homogeneous in composition and that it is dif-
cult to solidify an asteroidal core without causing significant
lemental variation (Wasson and Rubin, 1985; Hassanzadeh et al.,
990). Emplacement of molten metal is also consistent with the
xtensive metamorphism and partial melting experienced by the
esosiderite silicate fraction. Recent discussions concerning the

ormation of the mesosiderites have focused on whether the metal
nd silicate-rich fractions were derived from the same, or two dis-
inct asteroids, as well as the extent of parent body disruption i.e.,
otal or local. Thus, Hassanzadeh et al. (1990) put forward a model
nvolving the impact of a denuded molten core into the surface lay-
rs of a second differentiated asteroid, whereas Scott et al. (2001)
onsider that only a single disrupted asteroid is required to explain
he formation of the mesosiderites.

Conventional oxygen isotope analysis (i.e., using the externally-
eated “bomb” technique) indicated that the average �17O value
f the mesosiderites was indistinguishable within error from that
f the HEDs and so consistent with a single source for both groups
Clayton and Mayeda, 1996). However, conventional analysis also
uggested that the HEDs and main-group pallasites had indis-
inguishable isotopic compositions (Clayton and Mayeda, 1996).
eriving the HEDs, mesosiderites and main-group pallasites from

he same parent body is problematic in view of the evidence
hat both the HEDs and mesosiderites lack a significant mantle
omponent, whereas the main-group pallasites are essentially a
ore-mantle mix  (Section 3.3.5.1).

The higher precision provided by laser-assisted fluorination,
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

hen compared to the conventional technique (Section 2.3), has
iven an important new perspective on the relationship between
he two major stony-iron groups. In a study of 12 main-group palla-
ites and 17 mesosiderites, Greenwood et al. (2006) found that they
 PRESS
r Erde xxx (2016) xxx–xxx

had fully distinguishable average �17O values of −0.183 ± 0.018
(2�)  and −0.245 ± 0.020 (2�)  respectively. The average �17O
value for the main-group pallasites changed only slightly to
−0.187 ± 0.016 (2�)  in a more recent study, with an increased suite
of 24 individual samples (103 replicates) (Greenwood et al., 2015a)
(Fig. 16) (Table 1). Laser fluorination data for the main-group pal-
lasites and mesosiderites show no overlap with respect to �17O
and indicate that both groups form distinct populations derived
from separate parent bodies. In contrast, laser-fluorination data for
mesosiderites and HEDs show complete overlap with respect to
�17O (Greenwood et al., 2015a) and therefore confirm the find-
ings of earlier studies (Clayton and Mayeda, 1996; Clayton, 2006)
(Fig. 16).

Although more abundant than in the HEDs, olivine-rich mate-
rials are still rare in mesosiderites, making up between 0 and
6 vol.% of total silicates (Ruzicka et al., 1994; Kong et al., 2008).
However, as pointed out by Mittlefehldt (1980), there are compo-
sitional and textural similarities between olivine in pallasites and
mesosiderites. This raises the possibility that such materials may  be
co-genetic with the proposed metal-rich impactor, rather than the
crustal units from which the bulk of the silicate fragments were
derived. However, recent analysis of olivine-rich materials from
the Vaca Muerta, Mount Padbury and Lamont mesosiderites and
from the mesosiderite-related dunites NWA  2968 and NWA  3329
shows that these samples have �17O values identical within error
to the average mesosiderite �17O value (Greenwood et al., 2006,
2015a) (Fig. 16). The most likely explanation for these data is that
the olivine-rich material in mesosiderites was  not derived from the
metal-rich impactor, but instead originates from the same source
as the other silicate clasts. However, this interpretation is depen-
dent on the proposed impactor and target having distinct oxygen
isotope compositions that are detectable at the levels of precision
available using the laser fluorination technique.

3.3.5. Pallasites
Pallasites are stony-iron meteorites that consist of coarse-

grained silicates, predominantly olivine, enclosed in Fe,Ni metal,
with the silicates and metal being present in roughly equal pro-
portions (Mittlefehldt, 2008; Krot et al., 2014). Pallasites are
sub-divided into three main types on the basis of their mineralogy
and oxygen isotope composition: (i) main-group, (ii) Eagle Station
group and (iii) the pyroxene pallasites (Krot et al., 2014).

3.3.5.1. Main-group pallasites. Olivine in main-group pallasites is
generally very coarse-grained, displaying both rounded and angu-
lar morphologies (Scott, 1977a). In most samples it has a very
uniform composition (Fo88±1), although a few examples contain
more Fe-rich olivines, which may  be as low as Fo82 (Mittlefehldt,
2008; Krot et al., 2014). In addition to olivine, main-group pallasites
contain minor amounts of calcium pyroxene, chromite, various
phosphates, troilite and schreibersite (Buseck, 1977a,b; Krot et al.,
2014).

Until recently, there was general agreement that main-group
pallasites were derived from the core-mantle interface of a single,
differentiated asteroid (Scott and Taylor, 1990; Ulff-Møller et al.,
1998; Wasson and Choi, 2003). To explain the angular morphol-
ogy of many pallasitic olivines (Scott, 1977a), an impact event
was generally invoked involving crushing of mantle olivine into an
underlying molten core (Scott and Taylor, 1990; Ulff-Møller et al.,
1998; Wasson and Choi, 2003). However, based on Ni profiles across
taenite lamellae, Yang et al. (2010) showed that main-group pal-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

lasites display evidence for variable cooling rates; a feature that
is inconsistent with a core-mantle boundary origin. Instead, Yang
et al. (2010) suggested that main-group pallasites originated in
an asteroid that had experienced disruption in a hit-and-run style

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 16. Oxygen isotopic composition of olivine-rich clasts in mesosiderites compared to main-group pallasites, HEDs (Greenwood et al., 2015a; Table S4) and data for other
m ean value is represented by the narrower zone (diagonal-rule ornament), which is fully
e s line represents the mesosiderite fractionation line. The dashed line represents the HED
f estrial fractionation line.
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Fig. 17. Oxygen isotopic composition of 24 main-group pallasites (Greenwood et al.,
2015a) compared to the diogenite data of Greenwood et al. (2014). Shaded zones
represent the ±2� variation on the group mean �17O values. Error bars shown for
individual pallasite samples represent the ±2� variation of the analyzed replicates
for that sample. Vertical dashed lines represent the mean �17O values for the main-
esosiderite samples (Greenwood et al., 2006). ±2� variation on the HED group m
nclosed by the slightly wider ±2� zone for the mesosiderites. The thick continuou
ractionation line. Lam = Lamont, VM = Vaca Muerta, Pad = Mount Padbury. TFL = terr

ollision. Based on paleomagnetic measurements, Tarduno et al.
2012) suggested that main-group pallasites formed at depths as
hallow as 10 km,  when liquid metal from the core of an impactor
as injected into the shallow mantle of an ∼200 km radius body.

hey also proposed that this body retained a partially liquid core
or tens of millions of years after the impact event. In contrast to
n impact origin, Boesenberg et al. (2012) suggest that the main-
roup pallasites may  have formed on a single parent body by
ractional-melting of a chondritic precursor, followed by fractional
rystallization of residual metal and silicate liquids.

The silicate fraction of main-group pallasites is generally con-
idered to be derived from a single parent body (Wasson and
hoi, 2003). However, a number of recent oxygen isotope stud-

es of olivine from main-group pallasites have reported evidence
or a bimodal �17O distribution, suggesting that these silicates

ight be derived from multiple parent bodies (Ziegler and Young,
007, 2011; Ali et al., 2013, 2014). These finding are in contrast to
hose of Greenwood et al. (2006, 2015a) who found no evidence
or bimodality in olivines from a suite of 24 main-group palla-
ites, which instead display a high level of isotopic homogeneity,
ith a mean �17O value of −0.187 ± 0.016‰ (2�)  (Figs. 16 and 17)

Table 1). The level of �17O homogeneity in the main-group pal-
asites reported by Greenwood et al. (2006, 2015a) is comparable
o that of other bodies that have experienced high levels of melt-
ng, including the HEDs (±0.014‰ (2�)) (Greenwood et al., 2014),
ngrites (±0.014‰ (2�))  (Greenwood et al., 2005), lunar rocks
±0.021‰ (2�))  (Hallis et al., 2010) and SNCs (±0.026‰ (2�))
Franchi et al., 1999) (Table 1). In contrast, primitive achondrite
roups, which experienced much lower degrees of partial melting,
ave much more heterogeneous �17O values i.e. ±0.36‰ (2�)  in
he case of the acapulcoites and lodranites (Greenwood et al., 2012).
his evidence suggests that main-group pallasites are derived from

 single source that was extremely homogeneous with respect to
17O.

17
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

In terms of their � O values, as determined by laser flu-
rination analysis (Greenwood et al., 2006, 2015a), main-group
allasites show no overlap with the HEDs (Figs. 13 and 17), indicat-

ng that they represent distinct populations and were derived from
group pallasites (Greenwood et al., 2015a) and diogenites (Greenwood et al., 2014).

distinct parent bodies. The proposal by Wasson (2013b) that main-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

group pallasites, IIIAB irons and HEDs all originate from a single
parent body is incompatible with this oxygen isotope evidence.

dx.doi.org/10.1016/j.chemer.2016.09.005


 ING Model
C

2 mie de

g
c
c
3
�
2
c
r
p
t
d
v

3
o
s
(
E
h
r
h
2
2
a
p
S
t
d
E
b
H
a
E
c
2
f
t
C
t
e
c
c

3
N
f
m
g
m
8
t
e
p
�
g
o
b
t
o
c
t

3
t
p

ARTICLEHEMER-25404; No. of Pages 43

0 R.C. Greenwood et al. / Che

With respect to their possible precursor materials, main-
roup pallasites have distinct �54Cr, �50Ti and �62Ni compositions
ompared to carbonaceous chondrites and distinct �54Cr values
ompared to the Eagle Station pallasites (Warren, 2011a) (Section
.3.5.2) (Fig. 10). The main-group pallasites also show deficits in
26Mg*  compared to both chondrites and the Earth (Larsen et al.,
016). This evidence is interpreted by Larsen et al. (2016) as indi-
ating that the main-group formed as olivine-rich, partial melt
esidues, within a planetesimal that accreted in the inner hot proto-
lanetary disc while 26Al was “live”. From their data they calculate
hat the main-group precursor material had a reduced initial abun-
ance (26Al/27Al)0 of ∼1–2 × 10−5, compared to the CAI determined
alue of ∼5.3 × 10−5 (Section 4.4).

.3.5.2. Eagle station pallasites. With the identification in 2014
f a fifth member, Oued Bourdim 001, the Eagle Station palla-
ites passed the threshold required to be recognized as a group
Weisberg et al., 2006); the four other members being: Cold Bay,
agle Station, Karavannoe and Itzawisis. Eagle Station pallasites
ave a similar mineralogy to the main-group, but contain more Fe-
ich olivine (Fo80 compared to Fo88) and additionally their metal
as a higher Ni and Ir content (Scott, 1977a; Wasson and Choi,
003; Korochantsev et al., 2013; Humayun et al., 2014; Krot et al.,
014). In terms of their oxygen isotope compositions, main-group
nd Eagle Station pallasites are also quite distinct. The main-group
lot close to the terrestrial fractionation line, whereas the Eagle
tation group are significantly more 16O-rich and plot close to
he CCAM line, in the region where the CO3 and CK-CV chon-
rite fields overlap (Fig. 18). A possible genetic link between the
agle Station group and CV chondrites has been postulated on the
asis siderophile element patterns (Humayun and Weiss, 2011;
umayun et al., 2014). Main-group and Eagle Station pallasites
re also distinct with respect to their �54Cr compositions, with the
agle Station group plotting close to the CO3, CV3, CK carbona-
eous chondrites on a �17O vs. �54Cr diagram (Fig. 10) (Warren,
011a). This evidence suggests that the Eagle Station pallasites are
rom a distinct source to the main-group and that prior to differen-
iation their parent body had a close compositional affinity to the
O3, CV3, CK chondrites (Figs. 10 and 18). Larsen et al. (2016) come
o similar conclusions, suggesting, on the basis of variable �26Mg*
xcesses, that the Eagle Station pallasites formed from a melted
arbonaceous chondrite precursor that was undergoing fractional
rystallization during the period when 26Al was “live”.

.3.5.3. Pyroxene pallasites and Milton. The pyroxene pallasites
WA 1911, Vermillion, Yamato 8451 and Zinder are distinguished

rom the main-group and Eagle Station pallasites by the presence of
illimeter-sized pyroxenes (Krot et al., 2014). In terms of their oxy-

en isotope compositions NWA  1911 and Zinder plot close to the
ain-group (Bunch et al., 2005), whereas Vermillion and Yamato

451 are more 16O-rich (Clayton and Mayeda, 1996) (Fig. 18). Mil-
on is a unique pallasite (Jones et al., 2003) that plots at the 16O-poor
nd of the CV-CK array in Fig. 18. Like the main-group, the pyroxene
allasites Yamato 8451, Vermillion and Zinder all show deficits in
26Mg*, whereas Milton does not and has a value similar to some
rains from Eagle Station (Larsen et al., 2016). In keeping with their
xygen isotope compositions, these relationships suggest affinities
etween the main-group and pyroxene pallasites and between Mil-
on and the Eagle Station group (Fig. 18). In particular, based on its
xygen isotope composition Milton seems to have formed from a
arbonaceous chondrite-like precursor, but on a distinct asteroid
o that of the Eagle Station group.
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

.3.5.4. How many pallasite parent bodies?. Scott (2007) estimated
hat pallasites could be derived from as many as seven separate
arent bodies (four for the pyroxene pallasites, plus one each for
 PRESS
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Milton, the main-group and Eagle-station group). However, Ver-
million and Yamato 8451 have almost identical oxygen isotope
compositions (Clayton and Mayeda, 1996) and may be samples
from the same parent body. Thus, the presently identified pallasites
would appear to be samples from six distinct parent bodies.

3.3.6. Iron meteorites
Oxygen isotope analysis of iron meteorites is limited to those

specimens that contain silicate inclusions, or other oxygen-bearing
phases, such as chromite and phosphate. While generally present
in only minor proportions, such inclusions or phases are found in
samples from almost half the iron meteorite groups (Franchi, 2008).
Here we present a brief overview of oxygen isotope studies of iron
meteorites (see also Clayton and Mayeda, 1996; Franchi, 2008).
General reviews of iron meteorite geochemistry and genesis are
provided by Goldstein et al. (2009) and Benedix et al. (2014b). A
detailed review of silicate-bearing irons is given by Ruzicka (2014).
Table 5 provides a summary of the results of oxygen isotope analysis
of the various iron meteorite groups.

The IIIAB magmatic irons are the most abundant iron group,
although only a relatively limited number are known to contain
oxygen-bearing phases. Based on similarities in their metal com-
positions, a genetic link with the main-group pallasites has been
proposed (Scott, 1977b; Wasson and Choi, 2003). However, Yang
et al. (2010) argue, on the basis of cooling rate evidence, that both
groups sample separate parent bodies. Clayton and Mayeda (1996)
suggested that the oxygen isotope composition of the IIIABs was
consistent with a genetic relationship with the main-group palla-
sites. Analysis of chromites from four IIIAB specimens by Franchi
et al. (2013) yielded an average �17O value of −0.18 ± 0.02‰
(2�), which is within error of the main-group pallasite average of
−0.187 ± 0.016‰ (2�)  obtained by Greenwood et al. (2015a). In
contrast, chromite from the Cape York iron analyzed by Franchi
et al. (2013) gave a �17O value of −0.27‰,  raising the possibility
that chromites in IIIAB irons may  have multiple sources.

Silicates, primarily tridymite and orthopyroxene, are abundant
in a number of IVA magmatic irons and have an oxygen isotope
composition that overlaps the range measured in L and LL chon-
drites (Clayton and Mayeda, 1996; Wang et al., 2004). On  the basis
of this evidence it has been suggested that the IVAs may be derived
from the same parent body as either the L or LL chondrites (Clayton
and Mayeda, 1996). Wang et al. (2004) undertook a high precision
in situ laser fluorination study of silicates in four IVA specimens
and found evidence of isotopic heterogeneity between samples.
They concluded that this reflected precursor material heterogene-
ity rather than evidence that the IVAs were derived from multiple
parent bodies. Cooling rate estimates for the IVAs (Wang et al.,
2004) are consistent with breakup and reassembly models for the
IVA parent body (Scott et al., 1994; Haack et al., 1996). In agree-
ment with earlier studies, McCoy et al. (2011) concluded that the
IVAs originated within an ∼150 km radius molten metal body that
was separated from a larger body during a catastrophic collision.

The non-magmatic IAB and IIICD irons were classified by Choi
et al. (1995) as a single group, later termed the “IAB complex” by
Wasson and Kallemeyn (2002). The IABs and associated meteorites
represent the largest group of non-magmatic irons and character-
istically contain chondritic silicate inclusions. Silicate inclusions
in IABs show significant textural and mineralogical similarities to
the winonaites and have overlapping oxygen isotope compositions
(Section 3.2.4) (Clayton and Mayeda, 1996). It is generally accepted
that both the winonaites and IABs sample a single parent body,
which according to the model of Benedix et al. (1998, 2000, 2005),
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

experienced early catastrophic disruption while undergoing partial
melting and differentiation.

The IIE irons are also classified as a non-magmatic group, with
silicate inclusions identified in about half of all the known speci-

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 18. Oxygen isotopic composition of pallasites and various ungrouped irons. Data sources: main-group pallasites: Greenwood et al. (2015a); Eagle Station pallasite group:
Clayton and Mayeda (1996), Korochantsev et al. (2013); pyroxene pallasites: Clayton and Mayeda (1996), Bunch et al. (2005); Milton: Jones et al. (2003); CO3 chondrites:
Greenwood and Franchi (2004); CV3 and CK chondrites: Greenwood et al. (2010); Ungrouped irons: Clayton and Mayeda (1996) and Meteoritical Bulletin Database. Key:
TFL:  Terrestrial Fractionation Line; Y&R: slope 1 line (Young and Russell, 1998); CCAM: Carbonaceous Chondrite Anhydrous Mineral line (Clayton et al., 1977; Clayton and
Mayeda, 1999). Ungrouped irons: Mb-si: Mbosi silicates; Mb-ch: Mbosi chromite; Tu: Tucson; DS: Deep Springs; Bo: Bocaiuva; So: Sombrerete.

Table 5
Iron meteorites.

Group Classification mean �17O Possible affinities reference

IAB-IIICD non-magmatic −0.48 ± 0.20‰ (2�)  (1) Winonaites 1
IIE  non-magmatic 0.69 ± 0.20‰ (2�)  (5) H/HH chondrites 1, 3, 4, 5
IIIAB  magmatic −0.18 ± 0.02‰ (2�)  (2) Main-group pallasites 1,2
IVA  magmatic 1.16 ± 0.18‰ (2�) (6) L or LL chondrites 1, 6
Guin  Ungrouped 1.13 L or LL (IVA-related) 1
EET  83230 Ungrouped 1.134 ± 0.034‰ (2�)  (8) L or LL (IVA-related) 8
Kendall County Ungrouped −0.3 IAB-related 1
NWA  6583 Ungrouped −0.44 IAB-related 7
ALH  77255 Ungrouped −0.48 IAB-related 1
LEW  86211 Ungrouped −0.59 unknown 1
Sombrerete Ungrouped −1.39 unknown 1
NWA  468 Ungrouped −1.39 unknown Met  Bull
Tucson Ungrouped −2.51 CV/CK/Milton pallasite 1
Mbosi Ungrouped −3.07; −2.84 CV/CK/Milton pallasite 1
Deep  Springs Ungrouped −3.1 CV/CK/Milton pallasite 1
Bocaiuva Ungrouped −4.39 CV/CK/CO/Eagle Station Pall. 1
NWA  176 Ungrouped −5.2 CV/CK/CO/Eagle Station Pall. Met  Bull
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otes: (1) Clayton and Mayeda (1996); (2) Franchi et al. (2013); (3) Franchi (2008);
azio et al. (2013); (8) McCoy et al. (2011).

ens. In contrast to those in the IAB complex, silicate inclusions
n IIEs are compositionally and texturally diverse, ranging from
rimitive chondritic to highly differentiated, although individual

IE meteorites characteristically contain only a single inclusion
ype (Van Roosbroek et al., 2015; McDermott et al., 2016). Sili-
ate inclusions within individual IIE meteorites show only limited

17O variability, whereas a relatively wide range of values is seen
n the IIE suite as a whole, with a mean value of 0.69 ± 0.20‰
2�) (McDermott et al., 2016). A genetic link between the IIEs
nd H chondrites was supported by Clayton and Mayeda (1996)
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

n basis of overlapping oxygen isotope variation, although this
as later questioned by Franchi (2008), due to an offset between

ewer high-precision H chondrite data and the earlier IIE analyses.
 detailed study of the chondrule-bearing Mont Dieu IIE iron by
n Roosbroek et al. (2015); (5) McDermott et al. (2016); (6) Wang et al. (2004); (7)

Van Roosbroek et al. (2015) yielded a �17O value for its inclusions
of 0.71 ± 0.02‰ (2�),  which falls within the H chondrite range of
Clayton et al. (1991). Recent high precision oxygen isotope data for
both the IIEs and H chondrites shows complete overlap and thus
provides additional evidence for a genetic link between the two
groups (McDermott et al., 2016). Both Van Roosbroek et al. (2015)
and McDermott et al. (2016) favour an origin for the IIEs involving
impact deformation of an H chondrite-related parent body.

As pointed out by Clayton and Mayeda (1996), ungrouped irons
show a more extreme range in �17O than the regular iron groups
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

(IAB-complex, IIE, IIIAB, IVA), with values that extend to −5.2‰
(NWA 176) (Table 5) (Fig. 18). A potential genetic link between the
C3 chondrites and the ungrouped irons with significantly negative
�17O values, such as Tucson, Mbosi, Deep Springs, Bocaiuva, and

dx.doi.org/10.1016/j.chemer.2016.09.005
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WA  176 was originally suggested by Clayton and Mayeda, 1996
Fig. 18). The ungrouped irons NWA  176 and Bocaiuva also plot
lose to the Eagle Station group in Fig. 18, however, the evidence
inking them to a single parent body is equivocal (Mittlefehldt
t al., 1998; Franchi, 2008). Likewise, despite similar oxygen isotope
ompositions (Fig. 18), the ungrouped irons Deep Springs, Mbosi
nd Tucson do not appear to be related to the ungrouped palla-
ite Milton (Mittlefehldt et al., 1998; Franchi, 2008). NWA  468 and
ombrerete (Fig. 18) also appear to be unrelated to any other major
roup of meteorites. A number of the ungrouped irons have oxygen
sotope compositions that overlap members of other iron groups,
uch as Kendal County, NWA  6583 and ALH 77244 with the IABs,
uin and EET 83230 with the IVAs. However, in most cases metal
ompositions and textures appear to exclude any direct relation-
hips (Franchi, 2008). EET 83230 is an interesting example (McCoy
t al., 2011). It has an oxygen isotope composition compatible with
he IVAs, but has a higher Ni content and cooled faster. McCoy et al.
2011) conclude that EET 83230 may  represent material that was
jected as a separate mass during the impact event that created the
VA parent body.

.4. Ungrouped and anomalous achondrites

Ungrouped achondrites are of particular interest because they
ay  be derived from unique parent bodies that would otherwise

e unrepresented in the meteorite record. In a similar way  to
ngrouped irons, they have the potential to significantly expand
he range of early Solar System bodies available for scientific inves-
igation. Oxygen isotope analysis is an important technique in
stablishing possible links between such meteorites and the more
ell-defined groups for which we have larger sample suites.

.4.1. Ungrouped primitive achondrites
An increasing number of ungrouped olivine-rich achondrites are

eing identified which show mineralogical, textural and oxygen
sotopic affinities to the brachinites (Day et al., 2012a; Greenwood
t al., 2012; Krot et al., 2014). These include: Al Huwaysah 010,
ivnoe, NWA  1500, NWA  4042, NWA  4518, NWA  5400 (and pairs),
ag (b) (Table S5; Fig. 19). The nature of the relationship between
he brachinites and these ungrouped olivine-rich achondrites is
ot always clear cut. In part this reflects the somewhat poorly
efined characteristics of the brachinite group itself (Section 3.2.2).

 few examples serve to illustrate the problems involved in decid-
ng whether these meteorites are actually brachinites, or whether
hey are compositionally similar, but otherwise unrelated samples.

Divnoe is an ungrouped olivine-rich primitive achondrite, with
n oxygen isotope composition that plots within the brachinite field
Fig. 19). The composition of olivine in Divnoe (Fa20-28) just overlaps
he brachinite range (Fa27-36) (Petaev et al., 1994; Goodrich et al.,
010). It has been suggested by Delaney et al. (2000) that Divnoe
ay  be related to the brachinites by a process involving reduction

f iron-rich olivine of the type:

e2SiO4 + CO → FeSiO3 + Fe + CO2

However, Divnoe plots off the redox trend defined by other bra-
hinites (Goodrich et al., 2010) and consequently, despite showing
ineralogical similarities to the brachinites, is probably derived

rom a distinct parent body. NWA  1500 was originally classified
s a basaltic ureilite (Bartoschewitz et al., 2003), but has an oxy-
en isotope composition that plots in the main brachinite field
Fig. 19). More recent studies of the mineralogy and geochemistry
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

f NWA  1500 have concluded that it should be reclassified as a bra-
hinite (Kita et al., 2009b; Goodrich et al., 2010). In keeping with
his suggestion, NWA  1500 was included within the brachinites
iscussed in Section 3.2.2. The olivine-rich achondrite NWA  4042
 PRESS
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shows textural similarities to the brachinites and has an oxygen
isotope composition that plots towards the edge of the brachinite
field (Fig. 19). However, like Divnoe, the composition of olivine
in NWA  4042 (Fa20.3) (Meteoritical Bulletin Database) is less Fe-
rich than that of the brachinites. Further work is required before
NWA 4042 can be reclassified as a brachinite (Rumble et al., 2008).
Zag (b) (currently classified as a winonaite) has an oxygen isotope
composition indistinguishable from the brachinites (Delaney et al.,
2000; Day et al., 2012a) (Fig. 19). It contains relatively magnesian
olivines (Fa22) compared to normal brachinites, but may be linked
to the latter group via a similar redox process to that outlined for
Divnoe (Delaney et al., 2000). Further evidence that such redox
reactions may  be an important factor in the genesis of olivine-
rich achondrites is given by the olivine-rich ultramafic breccia
NWA  4518 (Lorenz et al., 2007, 2011). The oxygen isotope com-
position of this meteorite plots on the edge of the brachinite field
(Fig. 19). It contains two generations of olivine: the equigranular
groundmass has a composition of Fa32, whereas olivine inclu-
sions in pyroxene megacrysts have a more Mg-rich composition of
Fa19.4 (Lorenz et al., 2007). NWA  5400 (and paired samples) (Table
S5) is a coarse-grained, olivine-rich (∼Fa30) (79 vol.%) rock, which
has a brachinite-like mineralogy, but an oxygen isotope compo-
sition which plots essentially on the terrestrial fractionation line
(Fig. 19) (Irving et al., 2009; Day et al., 2012a, Meteoritical Bulletin
Database). Thus, including NWA  5400 within the brachinites would
further extend the group’s oxygen isotope field (Fig. 19).

A number of meteorites which plot close to the brachinite
field in Fig. 19, based on their mineralogy, are unrelated samples.
NWA  8777 consists predominantly of orthopyroxene (88.6 vol.%),
with subordinate olivine (9.0 vol.%) (∼Fa31) and minor calcic
feldspar. The low olivine content and calcic plagioclase composi-
tion suggest that NWA  8777 is an ungrouped achondrite (Irving
et al., 2015). NWA  2993 is a coarse-grained, metal-rich achon-
drite which has a reduced mineralogy that resembles that of the
acapulcoite/lodranites and winonaites, but has an oxygen isotope
composition that plots well away from either group and would
appear to represent a unique sample (Bunch et al., 2007) (Fig. 19).
Dho 1441 plots on the edge of the brachinite field in Fig. 19, but
based on its Meteoritical Bulletin description appears to be an
impact melt breccia containing a variety of clast types.

The unique, paired, sodic plagioclase-rich achondrites GRA
06128 and GRA 06129 (=GRA 06128/9) plot in the brachinite field
in Fig. 19 (Day et al., 2009, 2011, 2012a; Shearer et al., 2010).
Experimental and petrological studies indicate that melts with a
composition similar to GRA 06128/9 are produced at tempera-
tures between Fe,Ni sulphide melting (950–980◦ C) and the onset
of basaltic melting (>1050◦ C) (Shearer et al., 2010). In this temper-
ature interval, partial melting of between 13 and 30% of an oxidized
chondritic source, followed by inefficient removal of the felsic melt,
will leave a residue with a brachinite composition (Shearer et al.,
2010; Day et al., 2011; Gardner-Vandy et al., 2013). On  the basis of
this evidence it has been suggested that GRA 06128/9 may repre-
sent evolved felsic crustal material from the brachinite parent body
(Day et al., 2009, 2011).

LEW 88763 is still currently classified as a brachinite, how-
ever, a variety of evidence, including its oxygen and noble gas
isotopic compositions, suggests that it is not a member of this
group (Clayton and Mayeda, 1996; Swindle et al., 1998). LEW
88763 plots at the edge of the acapulcoite-lodranite field (Fig. 19),
but has a mineralogy and geochemistry indicating that it is a
unique, ungrouped achondrite (Swindle et al., 1998). LEW 88763
may  be related to the metal-rich achondrite Tafassasset (Fig. 19)
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

(Nehru et al., 2003, 2010; Gardner-Vandy et al., 2012). Two  other
brachinite-like, ungrouped achondrites NWA  6962 and NWA  7680
plot close to each other in Fig. 19 and are both composed predomi-

dx.doi.org/10.1016/j.chemer.2016.09.005
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ig. 19. The oxygen isotopic composition of anomalous and ungrouped primitive a

antly of relatively Fe-rich olivine i.e., ∼Fa47 and Fa45 respectively,
uggesting that they may  be related or paired (Hyde et al., 2013).

Dho 732 and NWA  1058 plot in the winonaite field in Fig. 19,
hile Dho 500 lies along the extension of the winonaite trend at

igher �18O values. All three meteorites show mineralogical simi-
arities to the winonaites, but further work is required to validate
his classification (Lorenz et al., 2003; Greenwood et al., 2012).

Ungrouped achondrites with affinities to the acalpulcoite-
odranite clan appear to be rare. While the orthopyroxene-rich,
ighly oxidized achondrite NWA  6693, and related samples NWA
704 and NWA  10132, plot in the acapulcoite-lodranite field in
ig. 19 mineralogical evidence suggests that they are not related
o the latter group (Warren et al., 2013; Irving et al., 2015). The

eteoritical Bulletin entry for NWA  5517 suggests some affinities
ith the acapulcoites and lodranites on the basis of its similar oxy-

en isotope composition. However, NWA  5517 plots away from the
capulcoite-lodranite field in Fig. 19. The entry for NWA  5517 also
oints to its lack of orthopyroxene and paucity of metal as reasons

or excluding a direct link with the acapulcoites and lodranites.
WA  7325, which plots relatively close to NWA  5517 in Fig. 19 is
n unrelated sample based on its mineralogy; consisting of 56 vol.%
alcic plagioclase (An88.1-89.2), 27% diopside and 16% olivine (Fa3)
Irving et al., 2013). It has been suggested that NWA  7325 is a pos-
ible candidate for being a meteorite from Mercury (Irving et al.,
013), and while this is unlikely (Barrat et al., 2015; Weber et al.,
016), there is evidence to suggest that it may  represent a sample
f one of the earliest asteroidal crusts so far studied (Barrat et al.,
015).

A number of samples which span the chondrite-achondrite tran-
ition (petrologic type 6 and above), and which sometimes contain
elict chondrules, have been described as “metachondrites” and
inked to the CR parent body (Bunch et al., 2008; Sanborn et al.,
014). In addition to NWA  6693, NWA  6704 and Taffassasset, this
roup also includes the primitive achondrites NWA  3100, NWA
250, NWA  6901 and the ungrouped chondrite NWA  2994 (Sanborn
t al., 2014). On the basis of its 54Cr composition, the coarse-grained
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

chondrite NWA  8054, which plots close to NWA  3100 in Fig. 19,
ppears to be an unrelated sample (Sanborn et al., 2014). However,
n the case of NWA  6901 and the paired samples NWA  2994 and
rites shown in relation to the main primitive achondrite groups (data: Table S5).

NWA  3250, Zipfel (2014) argues against a close affinity with the CR
parent body on the basis of major element variation.

A number of ungrouped and primitive achondrites have very
negative �17O values and appear to be related to various carbona-
ceous chondrite groups (Fig. 20). While both of the ungrouped
achondrites NWA  7822 and NWA  8186 are composed predomi-
nantly of olivine, and plot close to each other near the CCAM line in
Fig. 20, they appear to be unrelated samples. NWA  8186 contains
magnetite and no metal or troilite; this along with the presence of
Cl-rich apatite and high Ni contents in olivine suggests an affinity
with the CK chondrites (Agee et al., 2014; Srinivasan et al., 2015). In
comparison, NWA  7822 contains accessory taenite and magnetite
and shows affinities to the CV chondrites (Kuehner et al., 2013). The
primitive achondrite NWA  3133 does not contain chondrules, has
a recrystallized metamorphic texture with 120◦ triple grain junc-
tions and may  be related to the CV chondrite group (Irving et al.,
2004; Schoenbeck et al., 2006).

Some ungrouped achondrites have oxygen isotope composi-
tions that plot above the terrestrial fractionation line and show
affinities with the ordinary chondrites (Fig. 21). NWA  2353, NWA
2635 and NWA  7835 show mineralogical affinities with the H chon-
drites according to their respective Meteoritical Bulletin entries.
However, two of these samples, NWA  2353 and NWA  7835, plot
somewhat away from the H chondrite field in Fig. 21. In the case of
NWA  2353 this could reflect the influence of terrestrial weathering.
NWA  7835 is a complex breccia and it is suggested that this may
explain its very variable oxygen isotope results. Ungrouped and
primitive achondrites showing affinities with the L (NWA 4284) and
LL chondrites (NWA 5297, NWA  6698) are also recognized (Fig. 21).

3.4.2. Ungrouped and anomalous basaltic achondrites
As discussed in Section 3.3.3, the fact that the vast majority

of diogenite, eucrite and cumulate eucrite samples have virtually
identical �17O values lends support to the view that all of the major
HED lithologies are derived from a single parent asteroid (McSween
et al., 2013). However, a relatively small group of basaltic achon-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

drites have �17O that lie at least 3� outside the mean value defined
by the HED falls, i.e., −0.240 ± 0.021‰ (3�) (Fig. 22) (Scott et al.,
2009). A list of currently identified anomalous basaltic achondrites
is given in Table 6.

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 20. Oxygen isotopic composition of ungrouped and primitive achondrites with carbonaceous chondrite affinities (data: Table S5).
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Fig. 21. Oxygen isotopic composition of ungrouped and primi

With the exception of NWA  1240 and NWA  011 (and pairs e.g.
WA  2400 Fig. 19) all the known anomalous basaltic achondrites
lot between the eucrite fractionation line (EFL) and the angrite
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

ractionation line (AFL). NWA  011, despite its basaltic mineralogy
Yamaguchi et al., 2002), has a �17O composition far removed
rom the other basaltic achondrites, i.e., −1.604‰ for the paired
chondrites with ordinary chondrite affinities (data: Table S5).

sample NWA  2400 (Table 6) and plots close to the acapulcoite-
lodranite field in Fig. 19. The �54Cr composition of NWA  011 places
it in the same group as the carbonaceous chondrites (Fig. 10)
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

(Warren, 2011a). As is clear from Fig. 15, the howardites Bhol-
ghatti, SCO 06040 and Jodzie also have anomalously bulk oxygen
isotope composition when compared to other HEDs. However, this

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 22. Oxygen isotopic composition of anomalous basaltic achondrites shown in relation to the HED analyses plotted in Fig. 15 (Table S4). Central shaded zone: ±2� precision
for  eucrite and diogenite falls only (n = 26). Outer shaded zone: ±3� precision for eucrite and diogenite falls only (n = 26). References and data for the anomalous basaltic
achondrites given in Table 6. Data for angrites from Greenwood et al. (2005) (Table 2). Abbreviations, EFL: eucrite fractionation line, AFL: angrite fractionation line, TFL:
terrestrial fractionation line, BR-F: Bunburra Rockhole fine-grained lithology, BR-M: Bunburra Rockhole medium-grained lithology, BR-C Bunburra Rockhole coarse-grained
lithology (BR analyses from Bland et al., 2009a,b).

Table 6
Oxygen isotopic composition of anomalous basaltic achondrites.

Sample Name Classification FALL? N References ı17O‰ 1� ı18O‰ 1� �17O‰ 1�

A-881394 Cumulate eucrite N 6 1 1.912 0.036 3.882 0.084 −0.122 0.015
Bunburra Rockhole Eucrite Y 9 2 1.945 0.049 3.925 0.073 −0.112 0.021
Dhofar 007 − Lithology A Cumulate eucrite N 2 This study 2.102 0.035 4.229 0.062 −0.115 0.002
Dhofar 007 − Lithology B Cumulate eucrite N 9 This study 1.772 0.130 3.711 0.248 −0.173 0.005
Dhofar 778 Diogenite N 4 This study 2.024 0.019 4.167 0.068 −0.160 0.027
EET  92023 Unbrecciated eucrite N 4 This study 1.881 0.044 3.821 0.097 −0.122 0.018
Emmaville Monomict eucrite Y 5 This study 1.993 0.036 4.069 0.093 −0.139 0.016
Ibitira Monomict eucrite Y 6 3 1.960 0.021 3.878 0.045 −0.073 0.015
NWA  2400 (pair of NWA  011) ungrouped basaltic achondrite N 1 This study −0.060 2.947 −1.604
Pasamonte Polymict eucrite Y 23 1,2, 4 1.778 0.052 3.785 0.098 −0.205 0.011
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otes: 1: Scott et al. (2009); 2: Bland et al. (2009a,b); 3: Wiechert et al. (2004); 4; G

eflects their relatively high content of impact-derived carbona-
eous chondrite-related material (Section 3.3.3) and so the origin of
hese howardites will not be discussed further here. The howardite
WA 2738 and the polymict eucrite Dho 1480 also plot outside the
� envelope in Fig. 22. This might reflect the influence of terres-
rial contamination, but based on their Meteoritical Bulletin entries
oth samples show only minimal weathering effects. Both sam-
les require further detailed study, but one possible explanation

or their anomalous isotopic compositions is that they may  contain
n impact-derived component in which the impactor had a �17O
alue that was more positive than isotopically normal HEDs (see
vidence from JaH 556 discussed below).

As pointed out by McSween et al. (2013) and Mittlefehldt
2015), the various explanations advanced to explain the origin of
nomalous basaltic achondrites have significant consequences for
he interpretation of HED oxygen isotope data as a whole. Thus,

iechert et al. (2004) proposed that both normal and anomalous
amples come from a single heterogeneous HED parent body. In
ontrast, Scott et al. (2009) suggested that the isotopically anoma-
ous samples may  have come from distinct asteroidal sources. This
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

atter explanation implies that the HED parent body itself had a very
omogeneous �17O composition, consistent with magma  ocean
odels (Greenwood et al., 2005). As an explanation for the ori-

in of at least some anomalous basaltic achondrites, Greenwood
1 1.738 0.062 3.701 0.116 −0.202 0.011

ood et al. (2005).

et al. (2005) and Janots et al. (2012) highlighted the possible role
of impact processes as a mechanism for producing isotopic hetero-
geneity.

In the case of a few anomalous basaltic achondrites, such as NWA
011 (Yamaguchi et al., 2002), Ibitira (Mittlefehldt, 2005b), and A-
881394 (Nyquist et al., 2003), a range of evidence would seem to
indicate that they are not from the same parent body as the major-
ity of HED samples (Scott et al., 2009). However, the situation is
less clear cut for the others, with at least some showing significant
degrees of brecciation, e.g., Pasamonte (Metzler et al., 1995) and
Dhofar 007 (Yamaguchi et al., 2006). In addition, extremely ele-
vated siderophile element contents are observed in a number of
anomalous basaltic achondrites, such as EET 92023 (Mittlefehldt
and Lindstrom, 1996; Kaneda and Warren, 1998) and Dhofar 007
(Yamaguchi et al., 2006) and to a lesser extent, but still significantly
higher than normal eucritic levels, in others, such as Pasamonte
(Dale et al., 2012; Day et al., 2012b). While it is likely that some
anomalous eucrites are derived from distinct parent bodies, a num-
ber may  be the products of impact mixing on the surface of the HED
parent body.
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

The highly shocked diogenite Dho 778 (shock stage S4) has an
anomalous oxygen isotope composition (Fig. 22). Very little work
has so far been undertaken on Dho 778, but as the only known
anomalous diogenite this sample clearly merits further detailed

dx.doi.org/10.1016/j.chemer.2016.09.005
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xamination. Its anomalous composition may  be due to contam-
nation with impactor-derived material, or alternatively reflects a
igh degree of terrestrial weathering. This latter possibility seems
nlikely in view of its relatively low weathering grade (W1) (Mete-
ritical Bulletin Database). Dhofar 007 was studied in detail by
amaguchi et al. (2006) and it was concluded that it showed some
ffinities to the mesosiderites. Two separate fractions of this mete-
rite (Dho 007A and B, Fig. 22, Table 6) analyzed at the Open
niversity have distinct �17O compositions. Likewise, Bunburra
ockhole is composed of brecciated material of varying grain-sizes,
hich display significant levels of heterogeneity with respect to
17O (Bland et al., 2009a; Benedix et al., 2014a).

The relatively constrained distribution of anomalous basaltic
eteorites (with the notable exception of NWA  011), lying between

he EFL and AFL (Figs. 22 and 23) could be interpreted as reflect-
ng impact mixing between isotopically normal HED lithologies
nd material that has a heavier �17O composition. An example of
here this has actually taken place is provided by the anomalous

owardite JaH 556 (Janots et al., 2012). This specimen is a weath-
red impact melt breccia, comprising highly shocked clasts set in a
nely recrystallized, vesicular matrix. Its bulk oxygen isotope com-
osition is anomalous, with a �17O value of −0.11‰ (Fig. 23). In
ontrast, EATG-washed clasts in JaH 556 have normal HED �17O
alues (Fig. 23). JaH 556 has a highly enriched siderophile element
ontent and contains clasts that appear to be relict chondrules,
ith olivine compositions consistent with an H chondrite precur-

or. Both the siderophile element content of JaH 556 and its bulk
xygen isotope composition point to it containing a 10–15% H chon-
rite component. An impact origin for an anomalous HED could
e overlooked when a lower percentage of impactor material is
resent, or was non-chondritic (i.e., low siderophile element con-
ent), such as would be the case if the impactor was  an angrite,
ubrite, or an ordinary chondrite-related achondrite.

It is clear from the preceding discussion that considerable
ncertainty still exists concerning the origin of anomalous basaltic
chondrites. The tightly constrained distribution of the bulk of
hese meteorites, lying between the EFL and AFL (Figs. 22 and 23),
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

ould be interpreted as supporting an impact origin. On the other
and, the relatively low siderophile element contents of some
nomalous basaltic achondrites argues against impact-mixing as

ig. 23. Oxygen isotopic composition of clasts, matrix and bulk for the howardite JaH 5
errestrial weathering (JaH 556 data: Janots et al., 2012). Abbreviations as Fig. 22.
 PRESS
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a general process in the formation of these meteorites (Scott et al.,
2009). The possibility that they are simply samples of a hetero-
geneous HED parent body is not supported by their one-sided
distribution in oxygen isotope space (Figs. 22 and 23). Clearly, fur-
ther work is required to understand the origin of these anomalous
meteorites.

4. Discussion

4.1. Understanding the meteorite record: an oxygen
isotope/remote sensing perspective

Meteorites provide us with a great diversity of extraterrestrial
materials that are capable of yielding fundamental insights into
early Solar System evolution. However, in order to interpret the
meteorite record effectively we need to evaluate its relationship,
both to the contemporary asteroid population and also to how
that population has evolved with time. This involves addressing
a number of key issues. Firstly, it is important to evaluate how
many asteroids/parent bodies are represented in the worldwide
meteorite collection (e.g. Burbine et al., 2002a; Hutchison, 2004).
Secondly, we need to assess how representative the meteorite
record is both of the NEO and main belt populations (Burbine et al.,
2002a; Vernazza et al., 2008; Thomas and Binxel, 2010). Finally,
we need to address the question of just how useful contemporary
meteorites and asteroids are as indicators of the composition and
structure of the first generation planetesimals that populated the
Solar System prior to the accretion of the terrestrial planets? Rel-
evant to this final question are the proposals that: (i) migration of
the giant planets played a critical role in controlling the present
structure of the asteroid belt (Walsh et al., 2011); (ii) that exist-
ing differentiated asteroids, such as 4 Vesta, are secondary bodies
(Consolmagno et al., 2015), and (iii) that early fragmentation of
planetesimals resulted in differential loss of mantle materials (Bell
et al., 1989; Burbine et al., 1996; Jacobson et al., 2016).

In this section, we look first at the evidence provided by oxygen
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

isotopes concerning the likely number of differentiated parent bod-
ies represented within the meteorite record. We then use remote
sensing observations to assess how samples that arrive on Earth
are related to the asteroids present in both the NEO and main belt

56. All of the JaH 556 fractions were treated using EATG to mitigate the effects of

dx.doi.org/10.1016/j.chemer.2016.09.005
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opulations. Finally, we  evaluate the likely relevance of our exist-
ng samples to the population of planetesimals formed in the first
ew million years of Solar System history.

.1.1. How many differentiated parent bodies are present in our
eteorite collections?

It was estimated by Burbine et al. (2002a) that our meteorite col-
ections could represent as few as ∼100 asteroids (∼27 chondritic,
2 primitive achondritic, ∼6 differentiated achondritic, ∼4 stony-

rons, ∼10 iron groups, ∼50 ungrouped irons). They suggested that
his number could increase to ∼150 depending on the interre-
ationships between ungrouped irons (117 ungrouped irons are
urrently listed on the Meteoritical Bulletin database). In line with
hese estimates, Hutchison (2004) suggested that meteorites are
ourced from approximately 120 asteroids, with about 80 of these
odies being represented by ungrouped irons. However, Wasson
2013b) is more conservative and suggests that only 17 asteroids
re sampled by the ungrouped irons, making a total of 26 asteroids
epresented by irons as a whole. As pointed out by Burbine et al.
2002a), estimates of how many distinct parent bodies are repre-
ented in our meteorite collections are evolving rapidly due to new
nds, principally from Antarctica and the Sahara. As a consequence
f their relatively high commercial value, achondrites are particu-

arly sought after and so there is currently a high recovery rate of
nique and unusual specimens from the Sahara. Here, we use the
xygen isotope evidence reviewed earlier (Sections 3.2, 3.3, 3.4) to
ssess the number of distinct parent bodies that were the source of
he achondrites (Table 7).

In the case of the main primitive achondrite groups (acapulcoite-
odranite clan, brachinites, ureilites and winonaites) a minimum of

 parent bodies is required. As discussed in Section 3.4.1, there is
onsiderable uncertainty about which samples should be included
n the brachinite group. We  have essentially separated the bra-
hinites and brachinite-like achondrites into two  groups on the
asis of olivine composition. One group we designate as “bra-
hinites and brachinite-related samples” and a second group we
ave termed “Mg-rich, brachinite-like”. This second group com-
rises samples such as Divnoe, which contain olivines with a
elatively magnesian composition. Apart from the pallasites, which
ppear to be derived from six distinct parent bodies (Section 3.3.5.4)
nd the aubrites which are probably samples from two  (see Section
.3.2), all of the other main differentiated and stony-iron groups
ppear to be samples from just a single parent body. Greenwood
t al. (2015a) have reviewed the evidence in favour of a single
arent body for the mesosiderites and HEDs. However, here we
ave adopted the more conventional approach and assigned each
o a distinct source asteroid. Based on the analysis presented in
ection 3.4.1 ungrouped primitive achondrites and related sam-
les would appear to be derived from about 16 parent bodies.
here is considerable uncertainty associated with this figure, as
he interrelationships between the various samples are, in many
ases, speculative and require further detailed study to be fully
valuated. Finally, the ungrouped and anomalous basaltic achon-
rites could be derived from as few as 4 parent bodies (Section
.4.2). The relationship between these samples is poorly under-
tood and the subject of active research. An extreme position would
e that each anomalous basaltic achondrite sample is derived from

 distinct source, in which case about 10 different parent bodies
re required. Alternatively, by solely invoking impact-related pro-
esses, or a highly heterogeneous composition for Vesta, only two
arent bodies would be needed, one for NWA  011 and another (4
esta) for the remaining samples.
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

In summary, it would seem that silicate-rich achondrites
Table 7) are samples from approximately 35 parent bodies. This
stimate lies within the range of 26 to 60 parent bodies thought to
e represented by the iron meteorites (Scott, 1972; Burbine et al.,
 PRESS
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1996; Mittlefehldt et al., 1998; Haack and McCoy, 2005; Chabot and
Haack, 2006; Wasson, 2013b; Benedix et al., 2014b). Assuming that
irons are derived from a higher number of parent bodies than the
achondrites, this may  simply be a reflection of the greater space
survivability of irons and stony-irons compared to stones (Burbine
et al., 2002a).

An important question that now arises is whether irons and
silicate-rich meteorites are derived from the same, or distinct aster-
oid populations. A range of evidence indicates that the parent
bodies of the irons accreted over a very brief time interval and then
heated up and differentiated rapidly (see Section 4.4). Contrary to
the suggestion that such asteroids may  have been surrounded by
a chondritic shell (Elkins-Tanton et al., 2011; Weiss and Elkins-
Tanton, 2013), it would seem that heating may  have been too
intense to have preserved anything other than a thin vestigial chon-
dritic surface layer (Hevey and Sanders, 2006). Cooling rate studies
of iron meteorites indicate that such early-formed bodies were the
subject of rapid fragmentation, with the irons essentially losing
most, if not all, of their silicate mantles and crust (Goldstein et al.,
2009, 2014; The survivability of this silicate material is discussed
further in Section (4.1.3.2).

Oxygen isotope studies provide some evidence to link silicate
and iron meteorite groups, the most notable examples being the
winonaites with the IAB-IIICD irons, IVA irons with L or LL group
chondrites, IIE irons with H group chondrites, and possibly also
main-group pallasites with the IIIAB irons (Section 3.3.6). However,
apart from the disputed relationship between main-group palla-
sites and IIIABs, the other iron groups are in association with more
primitive silicate material than would be produced by a fully dif-
ferentiated asteroid. Without additional evidence to link them, it
seems likely that the majority of irons are derived from separate
parent bodies to the chondritic and achondritic meteorites. On this
basis we  can update the parent body inventory of Burbine et al.
(2002a) as consisting of ∼110 asteroids (∼60 irons, ∼35 achon-
drites, ∼15 chondrites). In the main belt the number of asteroids
with diameters >1, 50 and 100 km is 1.36 × 106, 680 and 220 respec-
tively (Bottke et al., 2005). Provided meteorites are just sampling
the larger bodies (e.g. diameters >100 km), then the figure of 110
asteroids might suggest that we have a representative sampling
of the asteroid belt. However, the mechanisms involved in mete-
orite delivery from the main belt are complex and it is extremely
unlikely that we have material from just the larger asteroids in our
collections (Burbine et al., 2002a).

4.1.2. Asteroid – meteorite links: remote sensing observations
In the previous section we used the oxygen isotope evidence

presented earlier in this review as a means of assessing how many
distinct parent bodies we have samples of in our meteorite col-
lections. Remote sensing observations provide an independent
means of examining how representative the meteorite record is
of the overall Solar System distribution of differentiated asteroids
(Burbine, 2014, 2016a). Are we just sampling material from a few
relatively recently-formed asteroid families, or do we have samples
from a wider range of sources? V–type asteroids provide an inter-
esting case study. The bulk of HEDs (V–types) appear to come from
Vesta. However, oxygen isotope evidence suggests that a small sub-
group have anomalous compositions (Section 3.4.2). Are these also
from Vesta and hence is Vesta more heterogeneous than previously
suggested by magma  ocean models (Greenwood et al., 2005, 2006),
or are there other sources of V types in the main belt?

Remote sensing observations of asteroids have identified possi-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

ble meteorite parent bodies for all differentiated achondrites. The
reflectance of powdered meteorite samples in the visible and near-
infrared can easily be measured in the laboratory and compared
to the reflectance spectra of asteroids measured at a telescope.

dx.doi.org/10.1016/j.chemer.2016.09.005
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Table  7
Estimate of the number of parent bodies sampled by primitive and differentiated achondrites.

Meteorite groups Related samples and pairs Comments Parent bodies (N)

Primitive achondrites
Accapulcoite-Lodranite clan 1
Winonaites (plus IAB, IIICD irons) Dho 500, Dho 732, Dho 1441, NWA  1058 1
Brachinites and brachinite-related samples Al Huwaysah 010, GRA 06128/9, Mil  090206 (and pairs),

NWA  4518, NWA  5400 (and pairs: 5363,
5548,6077,6172,6292,6424,6572)

1

Ureilites 1

Differentiated achon. and stony irons
Pallasites
Main-Group 1
Eagle-Station Group 1
Pyrox. pall. I Vermillion, Y-8451 1
Pyrox. pall. II NWA  1911 1
Pyrox. pall. III Zinder 1
Milton 1
Mesosiderites 1
HEDs  Dho 778, Dho 1480, JaH 556, NWA  1240, NWA  2738 1
Angrites 1
Aubrites 2

Ungrouped primitive achondrites
Mg-rich, brachinite-like Divnoe, NWA  4042, NWA  4518, RBT 04255, RBT 04239,

Zag(b),
1

NWA  8777 1
NWA  2993 1
LEW  88763 Brachinite-like mineralogy 1
Tafassasset chondrule-bearing/primitve achondrite 1
NWA  6693 NWA  6704, NWA10132 1
NWA  5517 1
NWA  7325 NWA  8014, 8268, 8486 olivine gabbro 1
NWA  6962 NWA 7680 Brachinite-like mineralogy 1
NWA  3100 NWA  2994, NWA  3250, NWA  6901, NWA  8548 CR Chondrite-related 1
NWA  8054 1
NWA  3133 NWA  7822 CV Chondrite-related 1
NWA  8186 CK Chondrite-related 1
NWA  5297 NWA  6698 LL Chondrite-related 1
NWA  4284 L Chondrite-related 1
NWA  2353 NWA 2635, NWA  3145, NWA  7835 H Chondrite-related 1

Anomalous basaltic achondrites
NWA  011 (and pairs) NWA  2400, 2976, 4587, 4901, 5644, 7129, 8545 1
Ibitira 1
A-881394 Bunburra Rockhole, Emmaville, Dho 007, EET 92023 1
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any minerals (e.g., olivine, pyroxene) have distinctive absorption
eatures in this wavelength region (e.g., Burns, 1993).

Ureilites were traditionally linked with S-complex asteroids
Gaffey et al., 1993). However, this interpretation changed when
ear-Earth asteroid 2008 TC3 collided with the Earth’s atmosphere

n October of 2008 and had fragments raining down over the Sudan
Jenniskens et al., 2009, 2010). These recovered meteorites (called
lmahata Sitta) were primarily polymict ureilites (Zolensky et al.,
010; Bischoff et al., 2010). A visible reflectance spectrum of 2008
C3 was obtained (Jenniskens et al., 2009) before impact and was
ound to be a C-complex body. The asteroid was  classified as an
-type, which is a class defined in the Tholen (1984) taxonomic
ystem, due to its relatively flat reflectance spectrum. In hindsight,
his should not have come as a surprise, since ureilites had been
oted to be spectrally similar to C-complex asteroids due to their
eak absorption features resulting from their high carbon contents

Cloutis and Hudon, 2004; Cloutis et al., 2010). However, some ure-
lites have stronger absorption bands (Cloutis et al., 2010) and their
arent bodies could potentially be classified as K-types (Burbine,
016b), or S-complex bodies.
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

Angrite spectra have been found (Burbine et al., 2006) to have a
ery broad 1 �m feature, but a weak to absent 2 �m band, con-
istent with a mineralogy of diopside-hedenbergite and olivine.
1

TOTAL 35

S-complex Mars Trojan (5261) Eureka was identified by Rivkin et al.
(2007) as having spectral properties similar to angrites. Cloutis et al.
(2006) interpreted the reflectance spectrum out to ∼1.65 �m of
O-type (3628) Božněmcová to be consistent with an angrite-like
mineralogy, but near-infrared spectra out to 2.5 �m of Božněmcová
(DeMeo et al., 2009; Burbine et al., 2011) show a 2 �m band that is
not consistent with an angrite mineralogy.

Aubrites have been traditionally linked to E-type asteroids (e.g.,
Zellner, 1975; Zellner et al., 1977), since both types of objects
have high visual albedos and flat reflectance spectra. Aubrites are
enstatite-rich, a white, virtually FeO-free, mineral. E-types are com-
monly found in the Hungaria region (Clark et al., 2004; Ćuk et al.,
2014) of the inner asteroid belt. Bus and Binzel (2002a,b) identified
a feature shortwards of 0.5 �m in a number of X-types (flat visible
reflectance spectra) that has been attributed to oldhamite (Burbine
et al., 2002b), a mineral commonly found in aubrites (Watters and
Prinz, 1979; Mittlefehldt et al., 1998).

Due to spectral similarities in the visible (McCord et al., 1970)
and near-infrared (Larson and Fink, 1975) HEDs have been linked
to asteroid 4 Vesta. This compositional similarity was  confirmed by
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

the Dawn mission, which also found that Vesta’s surface had ele-
mental ratios from gamma  ray analyses that are consistent with
HEDs (Prettyman et al., 2012). Binzel and Xu (1993) had previ-

dx.doi.org/10.1016/j.chemer.2016.09.005


 ING Model
C

mie de

o
H
3
o
a
i
m
H
3
3
o
d
I
s
b
e
V
a
b

f
C
a
l
e
c
s
S
w
t

w
s
h
i
m
i
e
s
e
M
b

a
H
w
n
f
s
a
d
p
m

4
4
t
t
o
b
t
b
m
r
t
i

ARTICLEHEMER-25404; No. of Pages 43

R.C. Greenwood et al. / Che

usly identified a number of small objects (called Vestoids) with
ED-like spectra in the Vesta family and between Vesta and the
:1 and �6 meteorite-supplying resonances. However, a number
f Vestoids have been identified past the 3:1 resonance (e.g., Roig
nd Gil-Hutton, 2006; Roig et al., 2008) and it is unclear whether it
s dynamically possible to derive all these bodies from Vesta. The

ost notable of these bodies is (1459) Magnya (Lazzaro et al., 2000;
ardersen et al., 2004), which is located at a semi-major axis of
.14 AU, far from Vesta’s location (2.36 AU). As discussed in Section
.4.2, oxygen isotope evidence demonstrates that a small group
f basaltic achondrites have anomalous compositions and may  be
erived from at least three parent bodies in addition to 4 Vesta.

s it possible that (1459) Magnya may  be the source for at least
ome of these anomalous basaltic achondrites? Analysis of the fire-
all associated with the fall of the Bunburra Rockhole anomalous
ucrite indicated that it originated in the inner main belt, far from
esta (Bland et al., 2009a). This again suggests that we  have basaltic
chondrites within our collections derived from multiple parent
odies.

Mesosiderites and pallasites have suppressed silicate absorption
eatures due to the presence of metallic iron (Burbine et al., 2007;
loutis et al., 2015). Traditionally the parent bodies to these groups
re thought to be found among the pyroxene-rich (mesosiderite-
ike) and olivine-rich (pallasite-like) S-complex asteroids (Gaffey
t al., 1993). Fieber-Beyer et al. (2011) identified a number of S-
omplex Maria family members as having interpreted mineralogies
imilar to mesosiderites. Cloutis et al. (2015) identified a number of
-complex bodies as having spectral properties similar to pallasites,
hich would have weak olivine bands and red spectral slopes due

o the presence of metallic iron.
Acapulcoites/lodranites and winonaites are typically linked

ith S-complex bodies (Gaffey et al., 1993; Burbine et al., 2001)
ince they have olivine-pyroxene mineralogies and most S-types
ave absorption features due to olivine and pyroxene. However, it

s unclear how abundant these primitive achondrites are among
ain-belt bodies, since most observed S-complex asteroid have

nterpreted mineralogies similar to ordinary chondrites (Vernazza
t al., 2014). Olivine-rich brachinites are commonly linked to
ome members of the A-type class (Sunshine et al., 2007; Sanchez
t al., 2014), which have spectral properties dominated by olivine.
othé-Diniz and Carvano (2005) noted the spectral similarity

etween Divnoe and the K-type asteroid (221) Eos.
Based on the above analysis it is clear that differentiated

chondrites are derived from a wide range of asteroidal sources.
owever, most of the work so far undertaken is based on
ell-characterized meteorite groups. The recovery of increasing

umbers of ungrouped and anomalous achondrites, principally
rom North Africa, represents a new challenge for remote sensing
tudies. Most of these samples have yet to be classified spectrally
nd their relationship to existing groups is largely unknown. The
iverse olivine-rich brachinite and brachinite-like samples are of
articular interest as it is unclear how many parent bodies these
eteorites represent (Section 3.4.1).

.1.3. Linking meteorites to early-formed planetesimals

.1.3.1. Asteroid belt evolution. Dynamic models of early Solar Sys-
em evolution indicate that, compared to the terrestrial planets,
he gas giants formed rapidly and underwent an inward-then-
utward migration (Walsh et al., 2011; O’Brien et al., 2014). It has
een suggested that such a scenario can explain the present struc-
ure of the asteroid belt, so that migration initially cleans out the
elt region but then repopulates its inner regions with planetesi-
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

als that accreted in the inner Solar System (1–3 AU) and its outer
egions with bodies that formed between and beyond the orbits of
he giant planets (Walsh et al., 2011; O’Brien et al., 2014). Even if the
nfluence of the gas giants is neglected, modelling studies indicate
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that the planetesimals from which the iron meteorites were derived
most likely accreted in the terrestrial planet region and, follow-
ing intense collisional evolution, their remnants were subsequently
scattered into the main belt (Bottke et al., 2006). Of course the bulk
of this initial planetesimal population would have been consumed
to form the terrestrial planets, including Earth (Chambers, 2004;
Izidoro et al., 2014). A clear implication of these models is that the
asteroid belt will contain material that accreted at widely vary-
ing heliocentric distances; an outcome that is compatible with the
bimodality observed in a number of stable isotope systems (Section
4.4) (Warren, 2011a,b). In addition, the remnants of the planetes-
imals that are scattered into the main belt are likely to be highly
deformed by virtue of multiple impact encounters (Asphaug et al.,
2006). Even apparently intact asteroids such as 4 Vesta may  be main
belt interlopers (Bottke et al., 2006).

4.1.3.2. Do we have any samples from pristine planetesimals?. As
is clear from the preceding section, samples of early-formed dif-
ferentiated planetesimals, delivered to Earth as irons stony-irons
and achondrites, are likely to have had complex deformation and
impact histories. Collisional reprocessing is likely to have taken
place both before and after emplacement into the main belt. While
the evidence presented in this review clearly shows that we  do have
samples from the very earliest stages of planet building this record
needs to be carefully evaluated. As an example of this, 4 Vesta, the
archetypal intact protoplanet (Russell et al., 2012), may  provide
some valuable insights.

Prior to the Dawn mission, Hubble telescope and ground-based
observation had suggested that some regions of Vesta may  con-
tain a substantial olivine component (Binzel et al., 1997; Gaffey,
1997). Such observations were in keeping with the protoplanetary
paradigm, which hypothesized that Vesta was a left-over differenti-
ated protoplanet (Russell et al., 2012). The basis of this model being
that, given a “chondritic” bulk composition, and as a result of early
heating by 26Al, Vesta should have differentiated into a layered
body comprising a metallic core, a thick olivine-dominated man-
tle and a relatively thin, predominantly basaltic crust (Righter and
Drake, 1997; Ruzicka et al., 1997; Mandler and Elkins-Tanton, 2013;
Toplis et al., 2013). In fact, the Dawn mission failed to detect any
endogenous olivine on Vesta (Nathues et al., 2015). Olivine appears
to be absent even in the deep southern crater where olivine-rich
material should have been exposed if Vesta accreted from broadly
chondritic precursor materials (Chenet et al., 2014). The HEDs also
display extreme levels of alkali depletion, with values that are much
lower than predicted on the basis of a chondritic precursor (Righter
and Drake, 1997). Such non-chondritic characteristics have led to
the suggestion that far from being a pristine protoplanet, Vesta is in
fact a secondary body that experienced extreme post-formational
collisional reprocessing (Consolmagno et al., 2015). Collisional pro-
cesses have also been invoked to explain the formation of the
main-group pallasites (Section 3.3.5.1), which show variable cool-
ing rates and hence could not simply represent samples from the
core-mantle boundary of their parent asteroid (Yang et al., 2010).
Recent proposals involve formation in a hit-and-run style collision
(Yang et al., 2010), or impact of a denuded asteroidal core into the
mantle of a second differentiated body (Tarduno et al., 2012). Given
that pallasites sensu lato appear to be derived from six distinct par-
ent bodies (Section 3.3.5.4) such collisional processes were clearly
commonplace in the early Solar System. A denuded and molten
asteroidal core appears to be required to explain the genesis of the
mesosiderites (Section 3.3.4). However, in contrast to the main-
group pallasites, the mesosiderite silicate-rich fraction was  derived
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

from the regolith of the impacted body, rather than its mantle.
Cooling rate evidence from magmatic iron meteorites suggests

that they formed as cores to differentiated asteroids that were then
denuded of their silicate mantle and crust shortly after formation

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 24. Oxygen isotopic composition of acaplucoites, lodranites, winonaites and
CR  chondrites in relation to the Y&R, CCAM and PCM lines. Acapulcoite-lodranite
and winonaite data: Greenwood et al., 2012; CR chondrite data: Schrader et al.,
2011. (Key: TFL: Terrestrial Fractionation Line; Y&R: slope 1 line (Young and Russell,
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Goldstein et al., 2009). This raises the question of what happened
o this silicate material?

In contrast to the irons that may  be derived from the cores of
60 parent bodies (4.4.1), olivine-rich mantle materials appear to
e significantly underrepresented in both the meteorite and aster-
id records (Chapman, 1986; Bell et al., 1989; Burbine et al., 1996;
ittlefehldt et al., 1998; Scott et al., 2010). Referred to by Bell et al.

1989) as the “Great Dunite Shortage”, the basis of this problem
s that complete melting of a chondritic asteroid should produce

 layered body comprising a metallic core, a thick olivine-rich
antle and a relatively thin, predominantly basaltic crust (Righter

nd Drake, 1997; Ruzicka et al., 1997; Mandler and Elkins-Tanton.,
013; Toplis et al., 2013).

A range of processes have been proposed to explain this appar-
nt paucity of olivine–rich materials: (i) olivine-rich asteroids are
disguised” by space weathering (Burbine et al., 1996; Hiroi and
asaki, 2012), (ii) the meteoritic record provides a poor indica-
ion of the material present in the asteroid belt (Burbine et al.,
002a), (iii) olivine-rich samples may  be preferentially destroyed
y terrestrial weathering processes (Scott, 1977b), (iv) high viscos-

ty and rapid heat loss in small planetesimals inhibits the formation
f significant volumes of olivine cumulates (Elkins-Tanton et al.,
014), and (v) differentiated asteroids accreted in the terrestrial
lanet-forming region and were disrupted early in Solar System
istory, with the mechanically weaker olivine-rich material being
ffectively destroyed by continuous pulverization, the so called
battered-to-bits scenario (Burbine et al., 1996; Bottke et al., 2006;
cott et al., 2010; Greenwood et al., 2015a,b).

The abundance of olivine in the mantle of a differentiated
steroid would have been dependent on its bulk composition.
nly planetesimals with carbonaceous chondrite bulk compo-

itions would have developed true dunitic mantles with >90%
livine (Toplis et al., 2013), whereas bodies derived from ordinary
hondrite precursors would have had harzburgitic mantles, with
etween about 55% to 80% olivine (Toplis et al., 2013; Mandler
nd Elkins-Tanton, 2013). In the case of enstatite chondrite bulk
ompositions, olivine would have been subordinate to pyroxene
Toplis et al., 2013). So an additional explanation for the great
unite shortage is compositional. If the precursor materials were
redominantly enstatite chondrite-like, then olivine-rich mantle
aterials might be less abundant than suggested by models invok-

ng melting of ordinary or carbonaceous chondrites. A recent survey
uggests that A-type (olivine-rich) asteroids may  be more common
n the main belt than previously thought (DeMeo et al., 2014) and
t has been suggested that there is in fact too much mantle material
n the asteroid belt (Jacobson et al., 2016).

.1.3.3. How representative is the achondrite record?. It is clear from
he previous section that the achondritic samples in our meteorite
ollections are derived from parent bodies that were extensively
odified by collisional processing in the early Solar System. In

ection 4.1.1 we saw that meteorites derived from differentiated
steroids (irons, stony-irons and achondrites) can plausibly be
ourced from approximately 95 parent bodies. However, this has
o be set against the enormous number of differentiated bodies
hat must have contributed to the formation of the terrestrial plan-
ts. The combined mass of the inner planets is approximately
.2 × 1025 kg. The mass of asteroid 4 Vesta is 2.6 × 1020 kg. This

mplies that at a minnimum at least 46,000 Vesta-sized asteroids
re required to form the terrestrial planets. If the parent bodies that
ontributed differentiated material to our collections were Vesta-
ized, these figures suggest that, at best, we have samples from
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

bout 0.2% of the protoplanetary population. In fact, as the par-
nt bodies to the achondrites, stony-irons and irons-were generally
uch smaller than Vesta, this figure is a significant overestimate.

n summary, the samples we have in our collections are highly
1998); CCAM: Carbonaceous Chondrite Anhydrous Mineral line (Clayton et al., 1977;
Clayton and Mayeda, 1999) PCM: Primitive Chondrule Minerals line (Ushikubo et al.,
2012; Tenner et al., 2015).

unrepresentative, highly deformed remnants of the original pro-
toplanetary population. With these caveats in mind we now look
at what these samples can tell us concerning early Solar System
processes.

4.2. The slope 1 oxygen isotope anomaly: an achondrite
perspective

The origin of the mass-independent oxygen isotope variation
displayed by Solar System materials remains controversial. While
self-shielding of CO, either in the early solar nebula (Clayton, 2002;
Lyons and Young, 2005), or precursor molecular cloud (Yurimoto
and Kuramoto, 2004), appears to be a viable mechanism, alternative
models have also been proposed (Dominguez, 2010). The oxygen
isotope composition of achondrites provides additional constraints
on the nature of the process involved, in particular, whether a single
slope 1 line can be used to define the primordial oxygen isotope
variation in the early solar nebula.

An important aspect of this problem relates to the interpreta-
tion of various reference lines on oxygen three-isotope diagrams
(Fig. 24). The Carbonaceous Chondrite Anhydrous Mineral (CCAM)
line, derived from analyses of Allende (CV3) refractory inclusions,
is the most widely used reference and has a slope of 0.94 (Clayton
et al., 1977; Clayton and Mayeda, 1999). However, the fundamental
significance of the CCAM line has been questioned by Young and
Russell (1998). Based on the results of a UV laser ablation study
of an Allende CAI, these authors suggested that a line of exactly
slope 1 was of more fundamental significance. They pointed out
that almost all Solar System materials (with the exception of the R
chondrites) plot either on or to the right of the slope 1 line. They
went on to suggest that this variation could be explained if the
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

primitive oxygen isotope composition of the Solar System was rep-
resented by the slope 1 line, with subsequent mass fractionation
or isotopic exchange shifting compositions away from this line to
the right. The fact that a highly 17,18O-enriched phase (�18O and

dx.doi.org/10.1016/j.chemer.2016.09.005
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17O = ∼ + 180‰)  within the matrix of the primitive chondrite Acfer
94 (Sakamoto et al., 2007), as well as various IDPs (Starkey et al.,
014), plot closer to the extension of the slope 1 line than that of the
CAM line potentially lends additional support to the primordial
ignificance of the former compared to the latter.

The slope 1 (Y&R line) and CCAM lines are shown in Fig. 24 along
ith oxygen isotope analyses for the winonaites, acapulcoites and

odranites, and CR chondrites (Clayton and Mayeda, 1999; Schrader
t al., 2011; Greenwood et al., 2012). It is important to note that the
&R and CCAM lines converge at a value of approximately �18O and
17O = −50‰,  a point that is more or less coincident with that of the
ost 16O-rich phases analyzed in pristine CAIs (Krot et al., 2010).

t has been suggested that the 16O-rich composition measured in
uch CAIs may  be close to that of the primordial Solar System
Clayton, 2002). This proposal is broadly consistent with measure-

ents of captured solar wind from Genesis concentrator samples,
hich indicate that the Sun has a composition of �18O = −58.5‰

nd �17O = −59.1‰ (McKeegan et al., 2011).
Both the acapulcoite-lodranite clan and the winonaites form dis-

inct arrays that plot between the slope 1 and CCAM lines in Fig. 24.
s noted in Section 3.2.4. (Fig. 12), chondrule-bearing winonaites,
hich may  have a composition similar to that of the group’s precur-

or material, plot closer to the slope 1 line than other more evolved
inonaite samples. The CR chondrites display a similar relation-

hip, with the least aqueously altered samples plotting close to
he slope 1 line and progressively more altered ones further away
Schrader et al., 2011). In particular, the Antarctic CR chondrite QUE
9177, which contains abundant amorphous material and appears
o have suffered relatively low levels of asteroidal aqueous alter-
tion (Abreu and Brearley, 2006), plots immediately to the right of
he slope 1 line in Fig. 24.

It was suggested by Greenwood et al. (2012) that the acapul-
oites and lodranites may  have experienced an early phase of
queous alteration. On this basis it is possible that the precursor
aterial to the acapulcoite-lodranite clan may  originally have had

 composition closer to the slope 1 line and this was subsequently
hifted to the right during the aqueous alteration and later dehy-
ration (Greenwood et al., 2012). Alternatively, the present bulk
omposition of the acapulcoite-lodranite clan, which lies between
he slope 1 and CCAM lines, suggests that primordial oxygen iso-
ope variation may  have fluctuated somewhat between the two
eference lines. However, the fact that the precursor material to
he winonaites and CR chondrites appears to lie close to the slope

 (Y&R) line provides strong evidence in favour of its underlying
ignificance with respect to early Solar System oxygen isotope vari-
tion.

There is growing evidence that chondrules from relatively pris-
ine carbonaceous chondrites (Acfer 094, MET 00426 and QUE
9177) define a distinct trend with a slope close to 1, termed the
rimitive Chondrule Minerals (PCM) line, that lies between the
CAM and Y&R lines (Fig. 24) (Ushikubo et al., 2012; Tenner et al.,
015). As can be seen from Fig. 24, this line transects the acapul-
oites and lodranites, winonaites and the bulk of primitive CRs.
he relationship between the Y&R, PCM and CCAM lines remains
nclear and is an area of active research.

CO photo-dissociation experiments (Chakraborty et al., 2008)
nd modelling studies (Lyons, 2011, 2014) yield slope values that
iverge significantly from 1. Chakraborty et al. (2008) reported
lope values that ranged from ∼0.6 to 1.8, depending on the wave-
ength of radiation used. An alternative model to CO self-shielding
roposed by Dominguez (2010) is that the 17,18O-enrichment
ook place by low temperature heterogeneous chemical processes,
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

hich form water ice around grains in the parent molecular cloud.
ominguez (2010) discounts the importance of CO self-shielding,
ut instead invokes a process analogous to the slope 1 ozone
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formation experiments of Thiemens and Heidenreich (1983). The
mechanism proposed by Dominguez (2010) has yet to be experi-
mentally verified.

Chromium isotope studies of both chondrites and achondrites
provide a new and potentially important insight concerning the ori-
gin of the slope 1 anomaly. As noted in Section 3.2.3 ureilites plot
on, or just to the left of, the CCAM line (Figs. 7 and 8). In view of the
fact that the CCAM line was defined using analyses of materials from
the CV chondrites (Clayton et al., 1977; Clayton and Mayeda, 1999),
this relationship could be taken as evidence that the ureilites were
derived from a CV3 precursor. Clayton and Mayeda (1996) were
not in favour of such a direct link, merely noting that the ureilite
precursor may  have been C3 or CR-like. In fact, based on the rela-
tionships displayed on an �54C vs. �17O plot (Fig. 10), it is clear that
the ureilites are unrelated to any group of carbonaceous chondrite
(Warren, 2011b). This raises the question as to why, if they are unre-
lated, should both display oxygen isotope variation defined by the
CCAM line? One explanation for this apparent co-variation is that
it reflects the operation of secondary processes on both sets of par-
ent bodies. As pointed out by Young and Russell (1998), secondary
processes will always act to shift primary variation to the right on
a three-isotope diagram. Alternatively, this coincidence indicates
that the CCAM line is of more fundamental significance than indi-
cated by the model of Young and Russell (1998). It is also possible
that there is no single primordial line, but rather conditions fluc-
tuated between two  end-members defined by the CCAM and slope
1 Y&R line. The PCM line may  therefore represent an intermediate
stage between these end-members that was  established while the
bulk of chondrule formation was  taking place. Such fluctuating con-
ditions are broadly in keeping with the results of the experimental
and modelling studies discussed above (Chakraborty et al., 2008;
Lyons, 2011, 2014).

4.3. �17O variation in solar system materials

4.3.1. Formation and preservation of primordial oxygen isotope
anomalies

Solid particles collected from the Jupiter family comet 81P/Wild
2 by the NASA Stardust mission included chondrules and refractory
inclusions that were most likely formed close to the early Sun and
then subsequently transported to the cold outer regions of the Solar
System (Brownlee, 2014). This suggests that there was relatively
widespread mixing of materials within the early solar nebula (Boss,
2012). And yet, as is clear from the earlier sections of this review,
oxygen isotope compositions were not homogenized by such mix-
ing processes; a feature which allows oxygen to be such an effective
tracer of early Solar System processes. So why did oxygen largely
escape this early phase of mixing and homogenization?

As discussed in Section 2.1, part of the answer to this question
relates to the fact that oxygen is an abundant element in Solar Sys-
tem materials and, depending on the physical conditions, would
have been present simultaneously in various states i.e., within
solids (silicates, ices), liquids (water) and vapor. Models of oxy-
gen isotope fractionation in the early solar nebula suggest that the
oxygen present in each of these different states would have had
distinct isotopic compositions (Krot et al., 2010). According to the
CO self-shielding hypothesis, UV photo-dissociation of CO would
favour isotopologues containing heavy oxygen compared to those
with the more abundant 16O isotope (Clayton, 2002; Yurimoto and
Kuramoto, 2004; Lyons and Young, 2005). The heavy oxygen atoms
liberated by this process would have reacted with hydrogen to pro-
duce water that as a result would have been relatively enriched in
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

17O and 18O. In the scenario proposed by Yurimoto and Kuramoto
(2004), self-shielding took place within the giant molecular cloud
that was  the precursor to the solar nebula. Yurimoto et al. (2007)
suggest that self-shielding of CO, leading to heavy isotope enrich-

dx.doi.org/10.1016/j.chemer.2016.09.005
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ents of water ice, is probably a common process in such diffuse,
ark, giant molecular clouds and, if correct, this implies that the
ass-independent variation in oxygen seen in meteorites is essen-

ially a presolar process.
The model of Yurimoto and Kuramoto (2004) envisages the Solar

ystem essentially forming from a three component mixture of
6O-rich silicate grains coated by 16O-poor water ice, surrounded
y 16O-rich nebular gas (Yurimoto et al., 2007). A fundamental
uestion that arises from this model concerns the nature of the
echanism by which the oxygen isotope heterogeneities present in

ubmicron grains came to be translated into the isotopic differences
bserved in asteroids and planets. This problem remains pertinent
ven if self-shielding took place within the solar nebula (Clayton,
002; Lyons and Young, 2005), or if alternative mechanisms are

nvoked to explain the origin of oxygen isotope mass-independent
ractionation (Thiemens and Heidenreich, 1983; Dominguez, 2010;
ittler and Gaidos, 2012).

The preservation and propagation of mass-independent oxy-
en isotope variation within Solar System materials is inextricably
inked to thermal processing of gas and dust in the early nebula
Krot et al., 2010). Initial refractory solids (CAIs and AOIs) formed
n the nebula 4567–4568 Myr  ago (Amelin et al., 2002; Krot et al.,
009) and were most likely produced by multiple transient heat-

ng events, with high ambient temperatures and in fairly localized
egions close to the Proto-Sun. At this early stage, 16O-rich nebu-
ar gas would still have been present, swamping any contribution
rom vapourized 16O-poor ices and ensuring that pristine CAIs
emained close to the bulk Solar System composition (Clayton,
002; McKeegan et al., 2011). As nebular gas dispersed, the influ-
nce of 16O-poor ices would have increased, as seen in the transition
rom reduced Type-I (MgO and 16O-rich) to oxidized type-II (FeO-
ich and 16O-poor) chondrules (e.g. Tenner et al., 2015). Accretion
f planetesimals is now known to have occurred extremely early

n Solar System history, possibly as little as 0.1–0.3 Myr  after CAI
ormation (Kruijer et al., 2014) and may  have preceded chondrule
ormation (Kleine et al., 2009). In fact, a number of studies have pro-
osed that chondrule formation may  have taken place as a result
f impacts between such early-formed bodies (Sanders and Scott,
012; Johnson et al., 2015).

At the accretion stage, planetesimals that formed beyond the
now line would have incorporated a significant fraction of 16O-
oor ice. This may  subsequently have been lost from the body as it
nderwent heating due to the decay of short-lived radionuclides,
rincipally 26Al (Fu and Elkins-Tanton, 2014). However, prior to
ehydration, heated fluids would almost certainly have interacted
ith the solid material through which they flowed. The exact nature

f the processes involved in the hydrothermal alteration of chon-
ritic parent bodies, and in particular whether this took place in
n open or closed system environment, remain matters of ongo-
ng debate (Young et al., 1999, 2003; Bland et al., 2009b; Fu et al.,
015, 2016). However, comparison between the oxygen isotope
omposition of chondrite groups that have experienced significant
evels of aqueous alteration (e.g. CRs and CMs) and those which
ave not (e.g. COs) (Section 4.3.2, Fig. 25) demonstrates the efficacy
f hydrothermal alteration in modifying the �17O composition of
eteorite parent bodies (Clayton and Mayeda, 1999; Young et al.,

999, 2003).

.3.2. �17O as an index of asteroidal differentiation
As discussed in various earlier sections of this review, there

ppears to be a general relationship between the level of �17O
omogeneity shown by individual meteorite groups and the degree
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

f melting that they experienced (Table 1, Table S1) (Fig. 25). Not
nsurprisingly, the carbonaceous chondrites (CV, CR, CM and CK)
isplay the largest ranges in �17O values of any of the major
hondrite or achondrite groups (with the notable exception of the
 PRESS
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ureilites). In contrast, the COs display less �17O variation, which
is probably a reflection of a number of factors, including their
lower levels of secondary alteration and more restricted lithologi-
cal diversity compared to the other carbonaceous chondrite groups
(Weisberg et al., 2006; Krot et al., 2014). The two enstatite chondrite
groups (EH, EL) show somewhat differing levels of �17O hetero-
geneity, whereas the ordinary chondrite groups (H, L, LL) show
similar levels. An important implication of the �17O variation dis-
played by all chondrite groups (Table 1, Table S1) (Fig. 25) is that
achondritic asteroids would initially have been heterogeneous with
respect to �17O.

Following accretion, the primitive achondrites appear to have
experienced variable, but generally low, degrees of partial melting,
from a few degrees at best in the case of the acapulcoites (McCoy
et al., 1997a), to a maximum of about 30% for the ureilites (Goodrich
et al., 2007; Wilson et al., 2008). The particularly high levels of �17O
heterogeneity displayed by the ureilites, which is comparable to
that seen in the CV chondrites, along with their distribution along
the CCAM line (Figs. 7 and 8), might be taken as evidence that the
two groups are genetically related. However, as discussed in Section
3.2.3, 54Cr systematics appear to rule this out (Fig. 10). Despite this
evidence, the level of �17O heterogeneity seen in the ureilites sug-
gests that their precursor materials displayed much higher levels
of oxygen isotope heterogeneity than that of the other primitive
achondrites (Clayton and Mayeda, 1996). This may indicate that
some form of hydrothermal alteration took place on the ureilite
parent body prior the onset of melting. During progressive radio-
genic heating volatiles would have been efficiently removed from
the body, leaving it essentially dry and creating a network of frac-
tures that may  have been used by later silicate melts (Wilson et al.,
2008; Fu and Elkins-Tanton, 2014).

In comparison to the primitive achondrites, the differentiated
achondrites (HEDs, main-group pallasites, mesosiderites, angrites
and aubrites) are essentially homogeneous with respect to �17O,
a characteristic they share with larger bodies such as the Earth,
Moon and Mars (Fig. 25). Estimates of the amount of melting of
chondritic precursor materials involved in the formation of dif-
ferentiated achondrites vary significantly. Based on the results of
experimental studies it has been suggested that both HEDs and
angrites could be formed by between approximately 15 to 30%
melting of chondritic precursor materials (Stolper 1977; Jones,
1984; Jurewicz et al., 1993; Mikouchi et al., 2008). In contrast to
these relatively low levels of melting, much higher values have been
proposed based on evidence for efficient core formation on minor
bodies (e.g. Righter and Drake, 1996). Thus, as discussed in Section
3.3.3, a range of evidence, including moderately (Ni, Co, Mo,  W and
P) and highly (Os, Ir, Ru, Pt, Pd, Re) siderophile element abundances
in HED lithologies point to rapid, efficient, low-pressure core for-
mation on Vesta in response to global-scale melting (Righter and
Drake, 1996, 1997; Dale et al., 2012; Day et al., 2012b).

The magma  ocean model for Vesta, developed by Righter
and Drake (1997) invokes between 65% and 77% melting
(1500–1530 ◦C), with turbulent convection during its initial stages.
At such elevated temperatures, high degrees of partial melting and
turbulent mixing, global-scale homogenization of oxygen isotopes
would have taken place rapidly (Greenwood et al., 2005, 2014).
The development of magma  oceans has been proposed for other
differentiated achondritic asteroids, including that of the angrites,
aubrites and main-group pallasites (Taylor et al., 1993). Magma
oceans are also implicated in the origin of the mesosiderites, based
on the proposition that their silicate fraction was derived from the
HED parent body (Scott et al., 2014; Greenwood et al., 2015a).
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

The fact that differentiated asteroids show levels of oxygen iso-
tope homogenization comparable to that of larger bodies, such
as the Moon, Mars and Earth, all of which had protracted high-
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Fig. 25. �17O variation in Solar System materials expressed in terms of the difference between the highest and lowest values for each major meteorite group (range).
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emperature evolutions (e.g. Warren, 1985; Tonks and Melosh,
993; Rubie et al., 2004; Wood et al., 2006; Halliday and Wood,
010; Elkins-Tanton, 2012) demonstrates that isotopic homoge-
ization was extremely efficient on these much smaller bodies. In
eeping with the predictions of theoretical models of asteroidal
eating through decay of short-lived radionuclides, such as 26Al and
0Fe (Hevey and Sanders, 2006; Sahijpal et al., 2007; Moskovitz and
aidos, 2011), the most likely setting in which this equilibration

ook place was as a consequence of global-scale melting leading to
he formation of magma  oceans (Greenwood et al., 2005, 2014).

There is a clear hiatus in the �17O range seen on Fig. 26, which
ay  reflect a transition from bodies with low levels of melting, to

hose that experienced higher levels and were as a result isotopi-
ally well-mixed. However, within the group of bodies that display
imited �17O variation there are significant differences in the lev-
ls of alkali depletion, which may  point to a diversity of origins.
he angrites and HEDs show levels of alkali depletion similar to
hose displayed by lunar rocks. It has been suggested that such
lkali depletion may  have been caused by a process of volatile loss
hrough evaporation into space from an essentially molten planet,
r planetesimal (Ikeda and Takeda, 1985). Such a process is clearly
ot supported by the relatively high alkali content of the aubrites
Fig. 26). In addition, experimental studies indicate that had volatile
oss taken place simply by evaporation into space, i.e. by Rayleigh
istillation, significant mass fractionation of K isotopes should have
ccurred, with �41K values of up to 90‰ under certain conditions
Yu et al., 2003). However, K isotope studies have failed to detect
he presence of such large anomalies, either in the HEDs, or lunar
ocks (Humayun and Clayton, 1995; Wang and Jacobsen, 2016). The
ecent detection of a 0.4-0.6‰ �41K enrichment in lunar compared
o terrestrial rocks, has been explained in terms of the formation
f the Moon by partial condensation from the vapour disc pro-
uced by a giant impact event (Wang and Jacobsen, 2016). In the
ase of lunar rocks, volatile depletion appears to have been directly
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

nherited from the Earth-orbiting disc formed following the giant
mpact, rather than as a consequence of subsequent processes in
he lunar magma  ocean (Canup et al., 2015; Lock et al., 2016). The
arent bodies of the differentiated achondrites had complex for-
inary chondrites; Prim achon: primitive achondrites (Ur: ureilites, A-L: acapulcoite-
orites, T: terrestrial high He-olivines); Diff achon: differentiated achondrites (ED:

aubrites). Full data and references: Table S1.

mational histories, as is clear from the recent detailed studies of
Vesta by the Dawn mission (Russell et al., 2012; McSween et al.,
2013). The fact that alkalis and oxygen isotopes appear to be decou-
pled is a reflection of this complex formational history. Thus, while
oxygen isotopic homogeneity probably results from early global-
scale melting, alkali depletion may  have been caused by a variety of
mechanisms including: (i) ‘hot’ nebular processes prior to accretion
(Wasson and Chou, 1974; Cassen, 1996; Bland and Ciesla, 2010), (ii)
parent body hydrothermal processes (Delaney, 2009; Young et al.,
2003; Fu and Elkins-Tanton, 2014, 2016), or (iii) by impact-related
processes (Asphaug et al., 2006, 2011; Canup et al., 2015; Lock et al.,
2016).

The angrites are even more alkali depleted than the HEDs
(Fig. 26), perhaps indicating that their parent body experienced
a similarly complex evolution to Vesta. A speculative possibility
is that both Vesta and the angrite parent body are derived from
asteroids that accreted from the debris produced during relatively
high-energy collisional events that took place in the terrestrial
planet region and were then ejected into the asteroid belt. Alkali
depletion in these bodies may  have taken place by a mechanism
similar to that proposed for the Moon (Canup et al., 2015).

4.4. The relationship between chondrites and achondrites

As noted by Weisberg et al. (2006): “the chondrites are among
the most primitive Solar System materials available for labora-
tory study” and their components (CAIs, AOAs, chondrules, matrix)
“are ground truth for astrophysical models of nebular evolution”.
The “primitive” nature of chondrites in general and carbonaceous
chondrites in particular, is supported by a large body of evidence.
This includes the fact that they are the host to CAIs, the oldest
dated Solar System solids, (MacPherson, 2014), contain presolar
grains (Zinner, 2014), display a wide range of isotopic anoma-
lies (Meyer and Zinner, 2006; MacPherson and Boss, 2011) and
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

include an organic component that probably originated in the
interstellar medium (Alexander et al., 2007, 2010). In contrast,
achondrites are thermally processed materials that experienced
variable degrees of melting in an asteroidal environment (Weisberg

dx.doi.org/10.1016/j.chemer.2016.09.005
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Fig. 26. �17O vs. total alkalis for selected chond

t al., 2006). The primitiveness of chondrites in comparison to the
hermally processed character of achondrites is suggestive of a
arent-daughter relationship between these two  major meteorite
ubdivisions. However, while such a relationship may  be accurate
n the macro scale i.e. chondrite-like materials were the precursors
o the achondrite parent bodies, in detail the picture is extremely
omplex.

Aubrites are the group of achondrites which show the clear-
st link with a chondritic precursor and it is almost certain that
hey represent the differentiation products of enstatite chondrite-
elated materials (Barrat et al., 2016b). Both aubrites and enstatite
hondrites have closely similar mineral and average bulk oxygen
sotope compositions (Section 3.3.2). A close relationship between
he aubrites and enstatite chondrites is also supported by the sim-
lar isotopic variation they display for a range of other elements,
ncluding Ca, Ti and Cr (Dauphas et al., 2014).

CR chondrite-like precursors have been proposed in the case of
he acapulcoite-lodranite clan (Rubin, 2007) and for members of the
inonaite-IAB-IIICD suite (Rubin et al., 2002). However, while the

xygen isotope composition of both of these primitive achondrite
roups, like that of the primitive CRs (e.g. QUE 99177) (Fig. 24) lies
ell to the left of the CCAM line, they are isotopically distinct. This

uggests that, although the precursor materials to the winonaites
nd acapulcoite-lodranites probably resembled CRs, both miner-
logically and isotopically, they were not an exact match.

Ureilites show a somewhat ambiguous relationship with car-
onaceous chondrites. While oxygen isotope evidence suggests
hat the two groups may  be genetically linked (Figs. 7 and 8), a close
elationship between them appears to be excluded on the basis of
4Cr isotope systematics (Fig. 10) (Warren, 2011b) (Section 3.2.3).
n contrast, both oxygen isotope (Fig. 18) and 54Cr data (Fig. 10)
ndicate that the Eagle Station pallasite group formed from a car-
onaceous chondrite-like precursor. However, in the case of many
chondrite groups, including the angrites, HEDs, main-group palla-
ites, mesosiderites, brachinites and also the majority of ungrouped
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

chondrites, there appear to be no known chondrites with similar
xygen isotope compositions. This general lack of a close match
etween chondrite and achondrite groups may  be a reflection of
nd achondrite groups. Abbreviations as Fig. 25.

the fact that the known chondrite groups formed late (Kleine et al.,
2009) and so are less representative of “primitive” Solar System
solids than was once thought.

Dating studies using the extinct 182Hf-182W chronometer
(t½ = 8.9 Myr) have shown that the parent bodies of the magmatic
iron meteorites accreted less than 1 Myr, and possibly as little as
100,000 years, after CAIs (Kleine et al., 2009; Kruijer et al., 2014).
Such rapid timescales are broadly consistent with the predictions
of dynamical models for planetesimal growth in the early solar
nebula (Weidenschilling and Cuzzi, 2006). In contrast to the early
accretion of magmatic irons, a number of dating studies indicate
that the main phase of chondrule formation took place approxi-
mately 2 Myr  after CAI formation (Amelin et al., 2002; Kleine et al.,
2009; Budde et al., 2016). However, the existence of a distinct time
gap between the CAI and chondrule forming events is disputed
by Connelly et al. (2012). Based on U-corrected Pb–Pb data they
suggest that CAIs formed in a brief time interval with an age of
4567 ± 0.16 Myr, whereas chondrule formation took place over a
more protracted interval of ∼3 Myr, but commenced at the same
time as CAIs. Despite these differences in interpretation, it seems
likely that the main phase of chondrule formation took place after
the onset of planetesimal accretion. Thus, since chondrules are a
major constituent of chondritic meteorites, it follows that these
meteorites cannot be direct samples of the material from which
these early planetesimals accreted.

Relatively late accretion of chondritic parent bodies is also sup-
ported by thermal evolution modelling of the H chondrite parent
body, which indicates that it formed rapidly, 2 Myr  after CAIs and so
immediately after the main phase of ordinary chondrite chondrule
formation (Henke et al., 2013). Carbonaceous chondrite parent bod-
ies probably accreted even later. Schrader et al. (2016) estimate
that the CR parent body accreted >4 Myr  after CAIs. Late accre-
tion of chondrites is further supported by palaeomagnetic evidence
from Allende (CV3), which indicates that it was  magnetized over
several million years within the outer layers of a partially differ-
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

entiated asteroid with a convecting metallic core (Carporzen et al.,
2011). Based on this evidence, it has been proposed that at least
some of the carbonaceous chondrites present in our meteorite col-

dx.doi.org/10.1016/j.chemer.2016.09.005
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ections are essentially late accreting materials that formed the
uter layers to internally differentiated, early-formed planetesi-
als (Elkins-Tanton et al., 2011; Weiss and Elkins-Tanton, 2013).

A potential difficulty for models invoking rapid, early accretion
f achondritic parent bodies is that at “canonical” values of 26Al

26Al/27Al0 = 5.3 × 10−5) (MacPherson et al., 1995; Jacobsen et al.,
008), heating would have been too efficient and not have resulted

n the formation of partial melt residues, as represented by the
rimitive achondrites (Larsen et al., 2016). Early, rapid planetesimal
ccretion may  also be a problem for models invoking differenti-
ted bodies with thick outer chondritic crusts (Elkins-Tanton et al.,
011; Weiss and Elkins-Tanton, 2013). The problem is essentially
hat early-formed, fast accreting bodies would have been too hot to
ermit the preservation of anything other than extremely tenuous
hondritic crusts (Hevey and Sanders, 2006). However, accretion
imescales were probably not constant throughout the protoplane-
ary disc and may  have been more protracted at greater heliocentric
istances (Bottke et al., 2006).

The accretion time of a planetesimal relative to CAI formation is
 critical parameter for models invoking heating by decay of short-
ived radionuclides, such as 26Al and 60Fe (Ghosh and McSween,
998; Hevey and Sanders, 2006; Sahijpal et al., 2007). In the model
f Ghosh and McSween (1998), a post CAI accretion age of 2.8 Myr
or Vesta was assumed, as this was required in order to incorporate
he requisite amount of 26Al to furnish the heat needed to cause 25%

elting; a value that was derived from the HED model of Stolper
1977). As pointed out by Ghosh and McSween (1998), accretion
arlier than 2.8 Myr  would have resulted in whole-mantle melt-
ng below a depth of 30 km.  In the model of Hevey and Sanders
2006), a planetesimal accreting at 0.75 Myr  after CAI formation
ould have been 50% molten 0.75 Myr  later and after a further 0.5
yr  (2 Myr  after CAIs) would have resembled “a globe of molten,

onvecting slurry inside a thin residual crust.” Similar conclusions
oncerning the importance of accretion time on the extent of melt-
ng in early-formed planetesimals were reached by Sahijpal et al.
2007) and they suggest that such modelling studies are consistent
ith accretion of chondritic parent bodies more than 2–3 Myr  after

AIs, i.e. significantly later than the accretion ages of the iron mete-
rite parent bodies derived from Hf-W dating studies (Kleine et al.,
009; Kruijer et al., 2014).

It was pointed out by Warren (2011a,b), based on data from ear-
ier studies (e.g. Shukolyukov and Lugmair, 2006; Trinquier et al.,
007, 2009; Qin et al., 2010a,b), that Solar System materials display

 bimodal distribution with respect to a range of stable nuclides,
ncluding 54Cr, 50Ti and 62Ni. These two groupings consist of one
hat is enriched in such nuclides and comprises the carbonaceous
hondrites plus related achondrites (NWA 011, Eagle Station pall-
sites) and a second cluster essentially made up of all other types
f chondrites and achondrites that are relatively depleted in such
uclides (Fig. 10). Warren (2011a,b) speculated that this bimodality
ight represent an extreme reflection of heterogeneous accretion
ithin the protoplanetary disc, with the carbonaceous group orig-

nating in the outer Solar System and the non-carbonaceous group
n the inner Solar System. Such bimodal distributions have also
een observed for 48Ca (Dauphas et al., 2014), 84Sr (Moynier et al.,
012; Paton et al., 2013), 97Mo  (Dauphas et al., 2002) and �26Mg*

26Mg  resulting from in situ decay of 26Al) (Larsen et al., 2011, 2016).
here appears to be a general consensus that this bimodal distri-
ution reflects preferential thermal processing of dust within the
ot inner regions of the protoplanetary disc (Trinquier et al., 2009;
aton et al., 2013; Schiller et al., 2015a; Larsen et al., 2016). One pos-
ible consequence of this process is that dust within the hot inner
Please cite this article in press as: Greenwood, R.C., et al., Melting and
high precision oxygen isotope studies. Chemie Erde - Geochemistry (2

egion may  have had a lower initial abundance of 26Al due to prefer-
ntial sublimation of its carrier phase (Schiller et al., 2015b; Larsen
t al., 2016). A study of three angrites by Schiller et al. (2015b)
ndicates that they accreted from precursor material with an initial
 PRESS
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(26Al/27Al)0 ratio of 1.33 × 10−5, a value that is significantly lower
than the CAI-derived canonical value of 5.3 × 10−5. If decay of 26Al
was the chief heat source driving differentiation of the angrite par-
ent body then such low initial levels indicate that accretion took
place within 250,000 years of CAI formation and so was essentially
contemporaneous with formation of the magmatic iron meteorites
(Kleine et al., 2005, 2009; Kruijer et al., 2014).

In summary, with the possible exception of the aubrite/enstatite
chondrite and Eagle Station pallasite/carbonaceous chondrite asso-
ciations, oxygen isotope studies provide little evidence to support
a parent/daughter relationship between the major groups of chon-
drites and achondrites. This is unsurprising if the majority of
achondritic parent bodies essentially accreted early, within the
more thermally processed inner regions of the protoplanetary disc,
whereas chondrites are samples derived from later-formed aster-
oids, or are the late accreted rinds to differentiated bodies. Thus,
rather than being the poor relation to chondrites, achondrites fur-
nish essential information about the processes that took place
during the very earliest stages of Solar System evolution.

5. Summary and conclusions

Oxygen isotope analysis of extraterrestrial materials has played,
and continues to play, a major role in improving our under-
standing of early Solar System processes. Conventional techniques,
employing externally heated Ni “bombs”, have now been super-
seded by laser-assisted fluorination, which currently achieves the
highest level of precision available for oxygen isotope analysis.
Laser-assisted fluorination is at a mature stage in its development,
but further analytical improvements are potentially available via
refinements to the construction of sample chambers, cleanup lines
and the use of ultra-high resolution mass spectrometers.

High-precision oxygen isotope analysis has been an extremely
effective and powerful technique in furthering our understanding
of early Solar System processes. In particular, it has provided unique
insights into the interrelationships between various groups of both
primitive and differentiated achondrites. Oxygen isotope analysis
has shown that main-group pallasites, angrites and HEDs all orig-
inate from distinct asteroids, whereas mesosiderites may be from
the same body as the HEDs. Oxygen isotope analysis provides an
important means of assessing the extent to which the parent bod-
ies to the achondrites underwent melting and subsequent isotopic
homogenization. Oxygen isotope analysis is also important in deci-
phering possible relationships between the ungrouped achondrites
and the more well-populated groups; a good example being the
suggested link between the evolved GRA 06128/9 meteorites and
the brachinites.

The evidence from oxygen isotopes, in conjunction with that
from other techniques, indicates that we have samples of approx-
imately 110 asteroidal parent bodies (∼60 irons, ∼35 achondrites
and stony irons, and ∼15 chondrites). However, compared to the
likely size of the original protoplanetary asteroid population this
value is extremely low and in addition, the samples we have in our
collections appear to be almost exclusively derived from exten-
sively deformed bodies. High-precision laser fluorination analysis
of achondrites provides additional constraints on the origin of the
mass-independent oxygen isotope variation in Solar System mate-
rials and suggests that both the slope 1 (Y&R) and CCAM lines
may  be of primordial significance. �17O differences between water
ice and silicates may originally have arisen either in the giant
molecular cloud that was  the precursor to the solar nebula, or
alternately within the early nebula itself. The small-scale isotopic
 differentiation of early-formed asteroids: The perspective from
016), http://dx.doi.org/10.1016/j.chemer.2016.09.005

heterogeneities produced by this process were propagated into
larger-sized bodies, such as asteroids and planets, as a result of early
Solar System processes, including dehydration, aqueous alteration,
melting and collisional interactions.

dx.doi.org/10.1016/j.chemer.2016.09.005
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There is increasing evidence that the chondritic parent bod-
es accreted relatively late compared to the achondritic asteroids.
his may  account for the fact that with a few notable exceptions,
uch as the aubrite-enstatite chondrite association, known chon-
rite groups could not have been the direct parents to the main
chondrite groups.
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