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Abstract

One of the major goals of cosmochemistry is to understand the origin of short-lived
radionuclides, as it is essential for constraining the time-scale and the genealogy of our solar system.
Among the short-lived radionuclides, what is of particular interest to this thesis is niobium-92 (**Nb).
The p-process ~“Nb decays to zirconium-92 (**Zr) by electron capture with a half-life of 37 million
years. The system is promising chronometer for dating early solar system events accompanied by
niobium and zirconium fractionation. Moreover, once the initial abundance of °’Nb and its
distribution in the early solar system are well established, it provides valuable constraints on the
origin of p-process nucleosynthesis.

In order to determine the initial abundance of **Nb from one meteorite, we need to calibrate the
Nb-Zr chronometer with an absolute precise U-Pb chronometer. Therefore, it is essential to establish
a meteorite to which high precision U-Pb chronometer can be applied and in which the initial
abundances of **Nb can be determined, the so called “Time anchor”. One meteorite must satisfy the
following conditions to tie Nb-Zr age to an absolute U-Pb chronology: (1) a precise U-Pb age can be
obtained; (2) an internal Nb-Zr isochron age can be obtained; (3) a cooling rate is rapid enough to
make the difference of closure temperature between the two chronometers insignificant; (4) the
meteorite has not been affected by secondary alternation or exotic components that disturb the ages.

First evidence for live **Nb with the initial **Nb/**Nb of (1.6 + 0.3) x 10~ was reported in
rutile in Toluca iron meteorite. Although subsequently proposed initial **Nb/**Nb vary between 10~
to 107, the current paradigm is that the initial *Nb/”’Nb at the solar system formation is (1.7 % 0.6)
x 107, obtained using Nb-Zr Time anchor NWA 4590 angrite (U—Pb age: 4557.93 + 0.36 Ma), and
also that **Nb was homogeneously distributed in the solar system. However, all of the samples
previously studied for internal Nb-Zr isochron dating are thought to have originated from the inner
solar system. Thus, it is still unclear whether **Nb was homogeneously distributed in the outer solar
system such as the accretion regions of carbonaceous chondrites.

Northwest Africa (NWA) 6704 is a recently found achondrite having unbrecciated and fresh
igneous texture. The pristine chondrite-like characteristics of this meteorite, coupled with its ancient
U-Pb age (4562.76 + 0.30 Ma), and its igneous texture different from any known achondrite make it
ideal for exploring whether it is the first “Time anchor from the outer solar system”.

The purpose of this study is to evaluate the initial abundance and distribution of *’Nb in the
early solar system, on the largest scale to date. To achieve this goal, the NWA 6704 ungrouped
primitive achondrite has been investigated. Developing NWA 6704 as the first Time anchor from the
outer solar system, and applying the Nb-Zr internal isochron approach, we could determine the initial

abundance of *’Nb in the outer solar system. This allowed us to evaluate the distribution of **Nb



between the inner and outer solar system, and to provide new constraints on the early solar system
chronology and on early solar system processes related to **Nb.

In Chapter 2, we developed a new method for combined Cr-Ti isotope analysis applicable to
various planetary materials. Both the utility and the validity of the method have been verified by its
application to compositionally varied terrestrial and meteorite samples, including terrestrial basalt
JB-1b, terrestrial peridotite JP-1, Allende carbonaceous chondrite, and Juvinas non-cumulate eucrite.
The developed method enables the combined isotope analyses of 3 ug of Cr and 1.5 pg of Ti,
highlighting its potential application to various types of planetary materials.

In Chapter 3, the new method developed in Chapter 2 was applied to NWA 6704, and the
origin of this meteorite was investigated in terms of the petrology, geochemistry and '*’Re-'*’Os and
O-Cr-Ti isotope systematics. On the basis of our results, we discussed the crystallization process of
NWA 6704, the nature and provenance of its parent body, and its potential utility as a “7Time anchor”.
Our results indicated that the parent asteroid of NWA 6704 underwent significant but instantaneous
melting followed by cooling at a high rate (1-10> “C/hour) in the initial stage but a significantly
lower rate (<10*~107* “C/hour at below ~1100 °C) in the later stage owing to blanketing effect of
impact ejecta piled up on the parent body. Furthermore, since the mineral assemblage includes
chromite grains with high Nb/Zr, and orthopyroxene and awaruite grains with low Nb/Zr, the
internal Nb-Zr isochron can be expected to be obtained. The O, Cr and Ti stable isotope
compositions indicated that the parent body of NWA 6704 sampled the same reservoirs to those of
carbonaceous chondrites and distinct from the reservoirs of all meteorites previously studied for
internal Nb-Zr isochron dating. Consequently, the results revealed that the NWA 6704 ungrouped
primitive achondrite is a viable, new “Time anchor from the outer solar system”.

In Chapter 4, the Nb-Zr internal isochron dating was applied to NWA 6704, and the initial
”’Nb abundance at the start of our solar system was determined. The results yielded an initial
“2Nb/”*Nb of (2.8 + 0.3) x 10~ at the time of NWA 6704 formation (4562.76 + 0.30 Ma), which
corresponds to an initial “*Nb/**Nb of (3.0 + 0.3) x 107 at the time of solar system formation. The
ratio is distinctly higher than the value in the inner solar system, which significantly affects the
interpretation of the Nb—Zr early solar system chronology. This value can serve as the reference
point for the Nb—Zr chronometry in the outer solar system. Using the obtained value, we further
investigated the nucleosynthetic origin of **Nb. The results suggested that the v-process in Type II
supernova (SNII) is the most probable origin for **Nb, and imply that nuclides synthesized in the last
SNII were preferentially implanted or preserved in the outer solar system rather than the inner solar

system.
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1. Introduction

Meteorites and their components are the most ancient objects that we can study in
terrestrial laboratories. Within the last decade, meteorite studies have greatly advanced
our understanding of the early solar system evolution. These include the chronological
constraints on the time period extending from the condensation of the oldest objects
calcium-alminum-rich inclusions (hereafter, CAI) at 4567.3 + 0.16 million years ago
(Ma) (Connelly et al., 2012) to the Moon forming event at ~4.47 billion years ago (e.g.,
Bottke et al., 2015); the decays of *°Al and *°Fe as the possible heat source responsible
for the early and extensive differentiation of planetesimals (e.g., Ghosh et al., 2006;
McCoy et al., 2006); and the presence of freshly synthesized short-lived nuclides as a
vestige from an evolved star (Goswami, 2004), which might have triggered the
formation of the solar system. These current understanding of our solar system
evolution is largely based on recent studies of various systematics of short-lived
radionuclides, which can provide high-resolution chronology of events and
astrophysical context of our solar system, and can be preserved in meteorites and their
components.

The major tasks for cosmochemists are to reconstruct the evolution of the solar
system by determining the (isotopic) compositions of materials through high-precision
analytical chemistry, and to understand the significance of the determined compositions
in terms of the interdisciplinary research with astrophysics, astronomy, etc.

The scope of this study is to evaluate the initial isotopic abundance of niobium-92



(**Nb) and its distribution in the early solar system through combined petrology,
geochemistry, stable-isotope chemistry, and the Nb-Zr isotopic analysis of a meteorite

and to understand its significance in terms of the evolution of our solar system.

1. 1. Short-lived radionuclides and the solar system evolution

Short-lived radionuclides are radioactive nuclides with half-lives (T;, ~ 0.1 to
100 Myr) significantly shorter than history of our solar system. Because of their short
half-lives, they were present in the early solar system, but they have decayed away.
Records of these now-extinct radionuclides are now preserved as excesses or deficits of
their daughter nuclides in meteorites, and their initial abundances can be determined
with high-precision via mass spectrometry. Their initial abundances at the time of solar
system formation are of great interest in the study of our solar system evolution,
because they provide (I) high-resolution chronometers for events in the early solar
system (see the following section 1.1.1); and (II) the valuable information on the

astrophysical setting of our solar system formation and evolution (see section 1.1.2).

1. 1. 1. Chronological aspect

Short-lived radionuclides provide high-resolution chronometers for events in the



early solar system, because the abundances of their daughter nuclides changed
drastically over short time intervals. In one decay system (P: parent nuclide — D:

daughter nuclide), the decay equation is written as follows (Carlson and Boyet, 2009):

(D / Dn)present = (D / Dn)initial + (P / Dn)initial x (1 - ei)LT) (1)

where subscript “n" refers a non-radiogenic stable isotope, subscripts “present” and
“Initial” refer at the present and the time of the system closure (at T), and A is the decay
constant for the parent nuclide.

Because the age T is much larger than the half-life of short-lived parent nuclide,
(P / Du)inisial % (1 — ¢ ") approaches to the value of (P / Dy)inisai, and equation (i) is

rewritten as follows;

(D / Dn)present = (D / Dn)initial + (P / Pn)initial X (Pn / Dn)present (11)

Hence, a regression line (so called isochron) on a plot of (D / Dy)present VS. (Pn / Di)present

gives a slope corresponding to (P / Pp)initial. Furthermore, (P / Pp)initiat can be related to

the ratio at the time of solar system formation (P / Py)o:

(P / Pn)initial = (P / Pn)O x ei}&At (111)

where At is the time interval between the system closure and solar system formation (At



=4567.3 Ma — T; Connelly et al., 2012)). This equation is rewritten as follows:

At= - (ln [(P / Pn)initial / (P / Pn)o] ) /A (lV)

It is obvious from this equation that the short-lived radionuclides alone can
provide only relative ages (At). Thus, for the application of the short-lived radionuclides
as absolute chronometers, it is necessary to link relative ages derived from short-lived
chronometers to the absolute timescale with a precise long-lived chronometer. In other
words, the ratio of the now-extinct short-lived radionuclides to its stable partner isotope
must be determined at some known ancient time while they were still alive. As a precise
long-lived chronometer, the uranium-lead (U-Pb) system is particularly useful because
it involves two radioactive decay chains, **U and **°U decay to “*°Pb and *’Pb at
different rates, respectively, and both of the decay constants were determined with high
precision (Jaffey et al., 1971; Mattinson et al., 2010). These two decay chains can be
combined and the absolute age of meteorite can be determined by the ratio of radiogenic
isotopes of *°°Pb and **’Pb without using U/Pb ratios. Therefore, it is essential to
establish a “Time anchor”, i.e., a meteorite in which the initial abundances of
short-lived radionuclides can be determined and to which the high precision U-Pb

chronometer can be applied.

To be the “Time anchor”, one meteorite must satisfy the following conditions (Fig.

1) (see McKeegan and Davis, 2003; Wadhwa et al., 2009; Davis and McKeegan, 2014):



(1) The U-Pb age can be obtained; (2) an (internal) isochron of the short-lived
radionuclide can be obtained; (3) a cooling rate is rapid enough so as to make the
difference of closure temperature between the two chronometers negligible; (4) the
meteorite has not been affected by secondary alternation or exotic components that
disturb the ages. Whether one meteorite satisfies all these conditions of (1)~(4) or not
has to be investigated by both high-precision isotopic dating and petrological studies

(cooling rate, mineral chemistry, texture etc.).

~ Old crystallization age

/

Not disturbed by
secondary alternation

High concentration of
daughter nuclides

o Time anchor
Parent/Daughter Variation

Rapid cooling

Fig. 1. The conditions needed for one meteorite to be used as a Time anchor.

As shown in the equation (iii), the application of the chronometer based on
short-lived radionuclide further requires that the initial abundance of parent isotope (P /
P,)o must be demonstrated to be uniform among the regions where the samples
originated from. Whether the short-lived isotopes were uniformly distributed in the

solar system or not has been a main topic of cosmochemistry (e.g., Srinivasan et al.,




1994; Tachibana and Huss, 2003; Larsen et al., 2011; Wasserburg et al., 2012). This can
be checked only by establishing multiple Time anchors that originated from different
regions of the solar system. A good example of most widely used Time anchor includes
a relatively small number of exceptionally old and unmetamorphosed igneous
meteorites, such as the angrite D’Orbigny (4563.37 + 0.25 Ma; Brennecka and Wadhwa,
2012), angrite NWA 2976 (4562.89 + 0.59 Ma; Bouvier et al., 2011a,b), and CAls from
well-preserved unequilibrated chondrites Efremovka and Allende (CV3; Amelin et al.,
2010; Connelly et al., 2012). Establishing a new Time anchor having a distinct origin
allows more rigorous evaluation of the spatial distribution of short-lived radionuclides
in our solar system.

With the recent improvements of precision and accuracy of isotopic
measurements using multicollector inductively coupled plasma mass spectrometry
(MC-ICPMS), and thermal ionization mass spectrometry (TIMS), we can now resolve
small stable-isotopic  heterogeneity. In particular, the recent findings of
mass-independent isotopic variations of nucleosynthetic origin among different solar
system reservoirs (e.g., O, Ti, Cr, Sr, Mo, Zr; Clayton et al., 1973; Trinquier et al.,
2009; Akram et al., 2013; Yokoyama et al., 2015; Yokoyama and Walker, 2016; Kruijer
et al., 2017) provide a means to trace the genetic relationships between the planetary
materials (e.g., Warren, 2011, see section 2.1.). Thus, the combined analyses of
short-lived isotope systems and stable isotopes, together with petrology, and
geochemistry, are indispensable for establishing Time anchors and, in turn, evaluating

the spatial distribution of short-lived radionuclides in the early solar system.



1. 1. 2. Nucleosynthetic aspect

The initial abundance and distribution of short-lived radionuclides, deduced from
the study of meteorites, provide important constraints on the astrophysical context of
our solar system formation. From theoretical point of view, a nucleosynthesis in nearby
dying star (supernova, asymptotic giant branch star, or Wolf-Rayet star; see e.g.,
Wasserburg et al.,, 2006; Huss et al., 2009; Ouellette et al., 2009; Dauphas and
Chaussidon, 2011) contributed to the primary source of most short-lived radionuclides.
Some of them may have been inherited from the background molecular cloud (e.g., *°Al,
%Cl; Young, 2014) or produced through irradiation by spallation-induced nuclear
reactions between high-energy cosmic rays (proton, a-particle, heavy nucleus) and
ambient gas/solid near the proto-Sun (e.g., '’Be; Gounelle et al., 2006). This also
applies to the abundances of stable or long-lived nuclides. The isotopic heterogeneities
between bulk meteorites are interpreted to result from the mechanical incomplete
mixing and/or local thermal processing of different presolar nucleosynthetic carrier
phases (e.g., Qin et al., 2011; Trinquier et al., 2009; Yokoyama et al., 2015). Yet, there
is no unified model for the interaction between nucleosynthetic source and the
molecular cloud from which the solar system formed.

In stars born with about 1~10 M _, nuclear burning processes do not typically

05
proceed, but the production of nuclei occurs actively during the final phases of the lives

of stars, namely a thermally pulsating asymptotic giant branch (AGB) phase (Lugaro et

al., 2018). However, the probability of an AGB star injecting dust in a given forming



protoplanetary system is very low (Ouellette et al., 2009). When the most of the original
stellar mass is lost, the core of the star is left as a white dwarf (WD). The lifetimes of
such stars are typically several tens of Myr to 1000 Myr (Lugaro et al., 2018).

On the other hand, more massive stars live shorter, from a few Myr to a few tens
of Myr (Lugaro et al., 2018); instead the temperature in the core increases further. These
massive stars end up their lives with the final core collapse explosion (CCSN explosion),
which are known as Type II supernovae (SNell). Binary interaction can also result in
nucleosynthesis, if the accretion of mass from a stellar companion brings about
thermonuclear explosions of a carbon-oxygen white dwarf, which is classified as Type
Ia supernovae (SNela; Pan et al., 2012). In these stars, a large variety of reactions
including C, Ne, and O burning, and nuclear statistical equilibrium (NSE) can occur,
and most intermediate to Fe-peak mass nuclei are produced.

The origin of heavy elements beyond Fe-peak is one of the main open questions in
science. The slow neutron-capture process of nucleosynthesis (s-process; Képpler et al.,
2011), occurring primarily in He and C burning in low-mass AGB or in the hydrostatic
burning massive-mass AGB stars, produces about half of the heavy element abundances
in the universe. The remaining requires a more violent process known as the rapid
neutron-capture process of nucleosynthesis (r-process; Arnould et al., 2007). The
r-process occurs in much higher neutron densities, and isotopes can rapidly capture
many neutrons before those neutrons f-decay into protons. Unlike the s-process, there is
little consensus on the astrophysical origin of the r-process, but SNell, neutron star

mergers, and neutron star/black hole mergers are currently being considered (e.g.,



Arnould et al. 2007; Thielemann et al. 2011; Papish et al. 2015; Liccardo et al. 2018). A
few tens of nuclei located on the proton-rich side of the valley of f-stability, the
so-called p-process nuclei cannot be produced by neutron captures, and typically one to
two orders of magnitude less than the s- and 7- process components in the same element.
The astrophysical origin of the p-process is also still uncertain: there are several models
(see section 4.4.2.) including photodisintegration reactions during explosive O/Ne shell
burning in SNela (y-process; Travaglio et al., 2014), and the a-rich freezeout (Meyer,
2003) or neutrino-induced reactions (so called v-process) in the core-collapse SNell
(Hayakawa et al., 2013). The p-process nuclides are, therefore, sensitive monitors for
the distribution of supernova material, and the initial abundances of them deduced from
meteorites (i.e., Time anchors), are expected to place constraints on the origin of

nucleosynthetic isotope variations in the early solar system.

1. 2. Niobium-92

Among the short-lived radionuclides, what is of particular interest to this study is
niobium-92 (**Nb). **Nb is a proton-rich radionuclide that cannot be synthesized by the
rapid(r) or slow(s) neutron captures unlike other majority of nuclei. Although several
models (Meyer 2003; Hayakawa et al. 2013; Travaglio et al., 2014) have been proposed
to account for the initial **Nb/**Nb in the early solar system, the exact nucleosynthetic

origin of **Nb remains unknown.



2Nb decays to zirconium-92 (**Zr) by electron capture with a half-life of 37
million years (My) (Holden, 1990). Both Nb and Zr are refractory (Lodders, 2003) and
strongly incompatible elements. The system is sensitive to silicate partial melting and
the metal-silicate separation (e.g., Tiepolo et al., 2001; Miinker et al., 2017), making the
Nb—Zr system to be a promising chronometer for addressing the early solar system
evolution. The initial abundance of now-extinct **Nb and its distribution at the start of
solar system are, therefore, required to be clearly determined through the meteoritic
analyses.

Evidence for the former presence of **Nb was first identified in a well-resolved
£”Zr = 8.8 + 1.7 excess in a Nb-rich rutile grain from the Toluca IAB iron meteorite
(Harper, 1996). Based on this excess, initial ("*Nb/**Nb)o = (1.6 + 0.3) x 10~ at the time
of solar system formation was inferred. Three following studies using MC-ICPMS
reported substantially higher initial ("*Nb/**Nb), ~ 10 (Miinker et al., 2000; Sanloup et
al., 2000; Yin et al., 2000). This value is almost two orders of magnitude higher than
that in Harper (1996), and limits the possible sites for p-process nucleosynthesis. In
contrast, a combined Zr isotopic and U-Pb age study of zircon grains from the Camel
Donga eucrite using LA-ICPMS indicated that the initial ("°Nb/*’Nb), was < 10" at the
time of solar system formation (Hirata, 2001). The situation was broken through by
Schénbachler et al. (2002), which reported the first internal **Nb-""Zr isochron study.
They applied the internal isochron dating to the Estacardo H6 chondrite and Vaca
Muerta mesosiderite, and inferred the initial (**Nb/”*Nb); ~ 10~°. Yin and Jacobsen

(2002) then suggested that Estacado and Vaca Muerta may have been suffered from

10



secondary events ~ 150 £ 20 Ma after the formation of solar system, and that the lower
initial ratio reported by Schonbachler et al. (2002) could be reconciled with the
previously reported higher value of ("*Nb/”*Nb)o ~ 10~ (Miinker et al., 2000; Sanloup et
al., 2000; Yin et al., 2000). As such, the initial abundance of 2Nb had been uncertain
and debated topic. The situation was broken through again by the work of lizuka et al.
(2016). While Schonbachler et al. (2002) used the samples with different origins and
their formation ages are uncertain, lizuka et al. (2016) used three unbrecciated
achondrites with known U-Pb absolute ages and with reasonably constrained thermal
history: the NWA 4590 angrite, Agoult eucrite, and Ibitira ungrouped achondrite. All
initial values of (*’Nb/”’Nb), estimated by applying the internal **Nb-"Zr isochron
approach to these meteorites were consistent with each other, and lizuka et al. (2016)
concluded that the **Nb was homogeneously distributed in their source regions of the
protoplanetary disk. Since Agoult and Ibitira were subjected to chemical equilibration
during secondary processes (Yamaguchi et al., 2009; lizuka et al., 2013, 2014, 2015),
only NWA 4590 satisfied all the conditions (1)~(4) to be used as a “Time anchor”
(Kuehner and Irving, 2007; Riches et al., 2012), so they concluded that NWA 4590
serves as the best estimate for the initial *Nb abundance at the time of solar system
formation. This yielded an initial (**Nb/**Nb)o = (1.7 £ 0.6) x 10>, which is consistent
with the value obtained for other meteorites including eucrites, ordinary chondrites, and
mesosiderites (Hirata, 2001; Schonbachler et al. 2002; lizuka et al. 2016). Therefore, to
determine the initial **Nb isotopic abundance and evaluate the homogeneity in the early

solar system, it is crucial to apply the internal isochron approach to meteorites that
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satisfy the conditions to be used as a Time anchor. Recently, Haba et al. (2017) obtained
a highly precise initial *Nb abundance of (**Nb/*’Nb), = (1.6 + 0.1) x 10~ using rutiles
and zircons separated from several mesosidsrites with a known absolute age. Although
this is not the internal isochron from a single meteorite, the result is also consistent with
the current canonical value of (**Nb/*’Nb), = (1.7 + 0.6) x 10°. Thus, the current
paradigm is that the initial **Nb abundance at the solar system formation was (1.7 + 0.6)
x 107 (Tizuka et al. 2016) obtained from the NWA 4590 angrite (4557.93 + 0.36 Ma;
Amelin et al., 2011a), and **Nb was homogeneously distributed in the solar system
(including eucrites, ordinary chondrites, and mesosiderites).

However, all of these previously studied meteorites (angrites, eucrites, ordinary
chondrites, and mesosiderites) are depleted in volatile elements relative to CI chondrites
and are thought to have originated from < ~5 astronomical units (AU) (Warren, 2011),
and so should provide field records only from the inner solar system. This means that
we still cannot achieve the evaluation of the initial abundance and distribution of **Nb
in the accretion region of carbonaceous chondrites (i.e., the outer solar system).
Therefore, a new Time anchor from the outer solar system is essential to evaluate the

distribution of the now-extinct **Nb in the wide regions of our solar system.
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1. 3. Composition of this thesis

The purpose of this study is to evaluate the initial abundance and distribution of
2Nb in the early solar system, on the largest scale to date. To achieve this purpose, a
recently found ungrouped primitive achondrite NWA 6704 has been investigated.
Developing NWA 6704 as the first “Time anchor” from the outer solar system, and
applying the Nb-Zr internal isochron approach to NWA 6704, we could determine the
initial abundance of **Nb in the outer solar system. This allowed us to evaluate the
distribution of **Nb between the inner and outer solar system, and to provide new
constraints on the early solar system chronology and on the astrophysical context of
early solar system processes related to **Nb.

This thesis is organized as follows. In Chapter 2, before getting down to the
analysis of NWA 6704, we developed a new method for combined Cr—Ti isotope
analysis applicable to various planetary materials. This chapter is modified from Hibiya
et al. (2019a) published in Geostandards and Geoanalytical Research. In Chapter 3, the
new method developed in Chapter 2 was applied to NWA 6704, and the origin of this
meteorite was investigated in terms of the petrology, geochemistry and '*’Re—'"*'Os and
O—Cr-Ti isotope systematics. On the basis of our results, we discussed the
crystallization process of NWA 6704, the nature and provenance of its parent body, and
its potential utility as a Time anchor. This chapter is modified mainly from Hibiya et al.
(2019a) that has been published in Geochimica Cosmochimica Acta. In Chapter 4, the

Nb—Zr dating of NWA 6704 was conducted and the initial *Nb abundance (**Nb/**Nb),
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at the start of our solar system was determined for evaluating the distribution of **Nb in
the early solar system. This chapter is under preparation for submission, and is not
published yet. Finally, we conclude the whole study with discussions about the
significance of this thesis and future works.

Northwest Africa (NWA) 6704 is an ungrouped achondrite found in Algeria in
2010, with a total known weight of 8.387 kg (Le Corre et al., 2014). NWA 6704 has
rounded shiny surfaces with one small patch of remnant black fusion crust (Fig. 2). Its
interior exhibits an igneous texture with no diagnostic shock deformation effects (Irving
et al., 2011). The degree of weathering is restricted to minor coatings of orange dust on
broken surfaces (Le Corre et al., 2014). The texture is composed of low-Ca pyroxene,
less abundant Ni-rich olivine, plagioclase, chromite, Ni-Fe-metal (awaruite), sulfides
(heazlewoodite and pentlandite) and merrillite (Irving et al., 2011; Le Corre et al., 2014).
Initial studies indicated that its bulk major element composition is nearly chondritic
(Fernandes et al., 2013). U-Pb dating for acid-washed pyroxene of NWA 6704 has
yielded 4562.76 + 0.30 Ma with a measured **U/* U ratio of 137.7784 + 0.0097
(Amelin et al., 2019). The pristine chondrite-like characteristics of NWA 6704, coupled
with its ancient crystallization age, and its igneous texture different from any known
achondrite make it ideal for exploring whether it is the first “7Time anchor from the outer

solar system”.
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Fig. 2. An image of the reassembled mass of NWA 6704 (courtesy of Greg Hupe).

The scale cube is 1 cm”.
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2. Development of new isotope analytical method

2. 1. Background

Planetary materials show variable Cr and Ti isotope compositions that do not
follow mass-dependent fractionation. For instance, meteorites formed during the first 10
Myrs of solar system history exhibit variations in >>Cr/**Cr (Lugmair and Shukolyukov
1998, Trinquier et al. 2008a) generated by the decay of the short-lived radionuclide
>Mn (half-life: 3.7 + 0.4 Ma; Honda and Imamura 1971). Thus, the >*Mn—>"Cr system
has been used widely for dating early solar system processes associated with Mn/Cr
fractionation. Furthermore, carbonaceous chondrites have excesses in both >*Cr and *°Ti
(i.e., neutron-rich isotopes) compared with Earth, ordinary and enstatite chondrites and
most achondrites (e.g., Shukolyukov and Lugmair 2006a, Trinquier et al. 2007, 2009,
Leya et al. 2008, Qin et al. 2010, Zhang et al. 2012, Burkhardt et al. 2017, Gerber et al.
2017). In recent years, Warren (2011) summarized the striking bimodality of planetary
materials on the £°Ti vs. £'Cr and A0 vs. £*Cr diagrams (Fig. 3a and b). Warren
(2011) speculated that the bimodality correspond to a division between materials that
originally accreted in the inner solar system (noncarbonaceous chondrites and
achondrites including ureilites at neutron-poor end) and materials that originally
accreted in the outer solar system (carbonaceous chondrites at neutron-rich end). The
striking isotope dichotomy in planetary materials indicates division of an isotopically

heterogeneous protoplanetary disk into a neutron-rich outer region, where carbonaceous

16



planetesimals accreted, and a neutron-poor inner region, where non-carbonaceous
planetesimals accreted. These isotope heterogeneities are interpreted to reflect spatially
and/or temporally uneven distributions of phases that preserve presolar nucleosynthetic
anomalies. Accordingly, >*Cr and *°Ti anomalies can be used both to trace meteorite
source regions and to investigate genetic relationships among planetary materials (e.g.
Warren 2011).

There is considerable debate, however, as to when and how such presolar phases
might have been brought into the protoplanetary disk. Basically, two models have been
proposed to explain the observed heterogeneous distributions of **Cr and *°Ti at the
planetary scale. One model is that extremely neutron-rich nano-phases produced in a
supernova were injected into the solar nebula at a large heliocentric distance (e.g., Leya
et al.,, 2009; Yamakawa et al, 2010; Sugiura et al., 2014). Step-wise acid dissolution
experiments have revealed the neutron-rich carrier and the opposite extreme carrier
phases (e.g., Rotaru et al., 1992; Podosek et al., 1997; Trinquier et al., 2007). The
former is soluble in relatively weak acid and the latter (refractory phases) more
acid-resistant. In addition, large positive **Cr anomalies up to +1500 %o were found in
the nm-size Cr-bearing presolar spinel in the Orgueil (CI) carbonaceous chondrite (Qin
et al., 2011). The other model is that the local thermal processing of molecular cloud
materials resulted in the preferential loss of the thermally unstable presolar silicates
(e.g., Trinquier et al., 2009; Yokoyama et al., 2015). Trinquier et al. (2009) identified
the linear correlation in a e(*°Ti/*'Ti)-e(**Ti/*'Ti) variation diagram. Considering that

**Tj and *°Ti have different nucleosynthetic origins, this correlation suggests that the
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proto-solar molecular cloud was initially well mixed, and further requires a subsequent
process causing isotopic variations at the planetary scale.

Combined analysis of Cr and Ti isotope data for planetary materials can provide
important clues regarding meteorite provenance and the origin of isotope
heterogeneities in the protoplanetary disk (e.g. Warren 2011, Trinquier et al. 2009).
Previously reported data for non-carbonaceous meteorites show positive correlation
between >*Cr/°>Cr and °Ti/*'Ti, whereas those for carbonaceous chondrites exhibit
weak negative correlation between the isotope ratios, implying that different
mechanisms produced the Cr and Ti isotope variations within the inner and outer disks.
Note, however, that almost all reported Cr-Ti isotope data have been obtained from
different fragments of single meteorites or meteorite groups. This becomes a serious
problem when interpreting data obtained from isotopically heterogeneous samples.
Indeed, internal Cr and/or Ti isotope variations have been found in some meteorite
groups, e.g., ureilites (e.g. Leya et al. 2008, Yamakawa et al. 2010, Larsen et al. 2011,
Jenniskens et al. 2012), CV chondrites (e.g. Qin et al. 2010, Schoenberg et al. 2016),
and CB chondrites (Yamashita et al. 2010, Van Kooten et al. 2016). Hence, combined
isotope measurements of Cr and Ti in single fractions of planetary materials are
indispensable for identifying the phases that contribute to these isotope anomalies and,
in turn, for understanding the evolution of the protoplanetary disk.

In this study, we developed the new sequential chemical separation procedure for
combined high-precision Cr and Ti isotope ratio measurements of planetary materials.

By applying the procedure to samples having various compositions ranging from
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basaltic to peridotitic, we evaluated its utility and versatility. Furthermore, we measured
the Cr and Ti isotope compositions of the separated samples using thermal ionization
mass spectrometry (TIMS) and multiple collector—inductively coupled plasma mass

spectrometry (MC-ICPMS), respectively.
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Fig. 3a. Stable isotopes £ Ti vs. **Cr in planetary materials. Data sources for £ *Cr:
Bogdanovski and Lugmair (2004), Yamashita et al. (2005), Shukolyukov and Lugmair
(2006a,b), Ueda et al. (2006), Trinquier et al. (2007, 2008), Yin et al. (2009), de Leuw
et al. (2010), Qin et al. (2010a,b), Shukolyukov et al. (2011); for £°Ti: Leya et al.
(2008) and Trinquier et al. (2009). The two ureilites that have been analyzed for both
&°Ti and £>*Cr are ALH 77257 and NWA 2376 (Leya et al., 2008; Ueda et al., 2006;
Yamakawa et al., 2010). The plotted CB point is the average of different CB

(Shukolyukov and Lugmair, 2006a).
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Fig. 3b. Stable isotopes A'’O vs. £*Cr in planetary materials. Data sources for £*Cr:
Bogdanovski and Lugmair (2004), Yamashita et al. (2005), Shukolyukov and Lugmair
(2006a,b), Ueda et al. (2006), Trinquier et al. (2007, 2008), Yin et al. (2009), de Leuw
et al. (2010), Qin et al. (2010a,b), Shukolyukov et al. (2011); for A'’O: Clayton and
Mayeda (1988, 1996), Clayton et al. (1976, 1991). The only three ureilites that have
been analyzed for both A0 and €*Cr are ALH 77257, MET 78008, and Y-791538
(Leya et al., 2008; Ueda et al., 2006; Yamakawa et al., 2010). The plotted CB point is

the average of different CB (Shukolyukov and Lugmair, 2006a).
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2. 2. Methods

2. 2. 1. Samples for Cr and Ti isotope analysis

We analyzed four terrestrial and meteorite samples of various compositions for Cr
and Ti isotopes (Table 1). The terrestrial samples were composed of well-characterized
standard rock powders of basalt JB-1b and peridotite JP-1, distributed by the Geological
Survey of Japan. The meteorite samples consisted of a reference powder of the
carbonaceous chondrite Allende from the Smithsonian Institution, and the basaltic
eucrite Juvinas. For the Juvinas specimen, piece of bulk sample was disaggregated in an
agate mortar. The disaggregated meteorite sample was washed in a distilled acetone
ultrasonic bath for about 10 minutes, and then heated on a hotplate and evaporated to
dryness. Multiple fractions of Juvinas (five fractions) as well as Allende (two fractions)
were analyzed to evaluate the external reproducibility of the entire technique, including
sample digestion, column chromatography, and isotope analysis. High-purity Cr from
Nilaco Corp. (Yamakawa et al. 2009) and NIST 3162a Ti standard solutions were used
as standards for Cr and Ti isotopic analyses, respectively. To ensure that application of
the chemical procedure did not induce any mass-independent fractionation, we also

analyzed the standards processed by the column chromatography.
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Table 1. Samples used in this study and their Cr and Ti concentrations.

Sample name used sample size (mg) Cr (ppm)* Ti (ppm)*
JB-1b (terrestrial basalt) 50 mg (25 mg x2) 439 7552

JP-1 (terrestrial peridotite) 45 mg (15 mg x3) 2807 36
Allende (carbonaceous chondrite) 5mg 3600 1500
Juvinas (non-cumulate eucrite) 10 mg 2330 3820
High purity Cr-standard Cr: 20 pg - -

NIST 3162a Ti-standard Ti: 20 pg - —

* Data of Cr and Ti concentrations are from Terashima et al. (1998) for JB-1b, Imai et al.
(1995) for JP-1, Jarosewich et al. (1987) for Allende, Morgan et al. (1978) for Juvinas.

2. 2. 2. Sample digestion

Approximately 10-50 mg of terrestrial rock and meteorite powders were weighed
into clean 3 ml Teflon™ vials. Subsequently, about 1.2 ml of concentrated HF and 0.9
ml of concentrated HNO; were added, and the vials were heated inside a Teflon®
capsule sealed in a Parr™ bomb at 190 °C for >65 hours. All acids used in this study are
ultrapure grade reagents from Kanto Chemical Co. Inc., Japan. Once digested, the
HF-HNO; mixtures were evaporated to dryness, followed by repeated evaporation with
0.6 ml of concentrated HNO; for conversion from insoluble fluorides to soluble
compounds. Finally, the sample was re-dissolved in ~2 ml of 6 mol I"' HCI heated on a
hotplate at 140 °C for 1 day. These procedures ensured complete digestion of all

meteorite and terrestrial samples, and no residues were recognizable in the vials.
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2. 2. 3. Chemical separation

For high-precision determination of Cr and Ti isotope compositions using TIMS
and MC-ICPMS, the chemical separation and purification of Cr and Ti from the
samples are required to avoid matrix effects and spectral interferences. Table 2
summarizes potential interferences in Cr and Ti isotope analyses. The most problematic
interferences arise from isobaric ions of Ti, V, and Fe on *°Cr and **Cr and of Ca, V,
and Cr on “°Ti, *®*Ti, and °Ti, respectively. Hence, the isobaric elements must be
separated efficiently by chemical separation. In addition, elements causing doubly
charged ion interferences must be reduced sufficiently. It should be noted that ion
signals of argides as well as chlorides can also interfere with Ti ion signals during
MC-ICPMS analysis; however, these signals can be separated utilizing a high mass

resolution mode.

The chemical separation procedure proposed in this study comprised three steps
(Table 3): (i) Fe removal using AG1-X8 anion exchange resin, (ii) Ti separation using
AG50W-X8 cation exchange resin, and (iii) Cr separation using AG50W-X8 cation
exchange resin. The digested sample aliquots of JB-1b and JP-1 were divided into two
or three fractions and individually processed for the column chromatography. This is
because chemical yields of the second and third steps were substantially lowered when
large amounts of rock samples (>30 mg) were introduced. In addition to the three steps,

a Ti purification step was performed on samples having high Cr/Ti (~3: e.g., periodite)
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and Ca/Ti (~100: e.g., CAls: calcium-aluminum-rich inclusions) ratios (Table 1).

Column 1

In the first step, Fe was separated from most elements including Cr and Ti using
anion exchange chromatography. One ml of Bio-Rad AG1-X8 resin (200-400 mesh)
was packed in a small-sized polypropylene column purchased from Muromachi
Chemical Inc., Japan (d = ~5.0 mm, h = 42 mm). The resin was washed by passing 3
mol 1! HNOs, H,0, and 6 mol 1! HCI. After conditioning the resin using 5 ml of 6 mol
1! HCI, samples dissolved in 1 ml of 6 mol I"' HCI were loaded onto the column.
Before loading, sample solutions were heated on a hotplate at 140 °C for 1 day to
ensure that Cr existed as a trivalent state. The fraction containing Cr and Ti, which
began to be eluted immediately, was collected by passing an additional 4 ml of 6 mol 1™

HCI.

Column 2

In the second step, Ti was separated from the Cr-fraction based on the procedure
described by Zhang et al. (2011). Eichrom pre-packed 2 ml cartridges containing
TODGA resin (200400 mesh) associated with the cartridge reservoirs (15 ml, d = ~10
mm, h = 25 mm) were used. First, the resin was washed by passing 12 mol 1"' HNOs
and 12 mol I"' HNOs + 1wt% H,0, and H,O. After conditioning the resin using 5 ml of
12 mol 1! HNO3, samples dissolved in 3 ml of 12 mol 1" HNO; were loaded onto the

column. Chromium, together with matrix elements such as Ca, was collected with the
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initial load and an additional 12 ml of 12 mol 1"' HNOs. Then, Ti was collected as an
orange-red Ti (H,05)x complex with 10 ml of 12 mol I"' HNOs + 1 wt% H,0,. For this
step, H,O, was mixed with HNOs 1 hour before the load. This was done because H,O,
dissociates into H,O and O, with time, whereas the addition of H,O, to 12 mol 1!
HNO; immediately before the loading can lower the recovery rate of Ti, likely because

of insufficient reaction between H,O, and HNO; (Yang et al. 2015).

Column 3

In the third step, Cr was purified from the matrix elements. Prior to the third step,
we controlled the temperature and acid concentration of the sample fractions recovered
from the second step such that the Cr(III) remained the dominant species in the acid.
This method is based on the equilibrium Cr speciation model described in (Larsen et al.
2016). After Ti separation, the Cr fraction in 12 mol I"' HNO; was evaporated slowly to
dryness on a hotplate at 100 °C, because Cr will be fully reduced to Cr(III) in >8 mol I"*
HNO; at <120 °C (Larsen et al. 2016). The dried Cr fraction was then dissolved in 0.5
ml of 4 mol "' HNO;, washed in an ultrasonic bath for about 5 minutes, and then heated
on a hotplate for more than 3 hours at 70 °C. Subsequently, the sample aliquots were
converted to a total volume of 2 ml of 1 mol I"' HNO; + 1 wt% H,O, solution by
dilution with H,O, followed by the addition of H,O, (60 uL). The addition of H,O,,
which acts as a reducing agent at low pH, effectively aids the formation of the Cr(III)
species. The formation of the trivalent Cr species was promoted further by the

4-day-storage at room temperature before column loading (Larsen et al. 2016).
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The third step column chemistry was modified from the procedure described by
(Yamakawa et al. 2009). One ml of Bio-Rad AG50W-X8 cation exchange resin
(200—400 mesh) was packed in the small-sized polypropylene column from Muromachi
Chemical Inc. (d = ~5.0 mm, h = 42 mm). First, the resin was washed by passing 6 mol
"' HC1, 1 mol I"' HF, and H,O. After conditioning the resin using 3 ml of 0.5 mol "'
HNO3, samples dissolved in ~2 ml of 1 mol "' HNO; + 1 wt% H,0, solution were
loaded onto the column. Then, matrix elements including V and the remaining Ti and
Fe were eluted in 0.7 mol 1! HNO:s, followed by elution of Al in 0.5 mol "' HF. Finally,

Cr was collected with 4 ml of 6 mol 1! HCL.

Additional Column

For samples having high Cr/Ti (e.g., peridotite) and/or Ca/Ti ratios (e.g., CAls),
an additional separation step for Ti purification is desirable. This step removes trace
amounts of Ca and Cr from the sample, based on the Ti purification procedure described
by (Zhang et al. 2011) and the W separation procedure described by (Breton and Quitté
2014). The AGI1-X8 anion exchange resin, packed in the small-sized polypropylene
column, was washed by passing 9 ml of 3 mol I"' HNOs, 3 ml of H,0, 5 ml of 0.4 mol
"' HCI1 + 1 mol I"' HF, 5 ml of concentrated 9 mol I"' HCI + 0.01 mol "' HF, and 9 ml
of H,0. After conditioning the resin using 5 ml of 4 mol I”' HF, samples dissolved in 2
ml of 4 mol I"' HF were loaded onto the column. Then, matrix elements including the

remaining Ca were eluted in 4 mol 1! HF, followed by elution of the remaining V in 0.4
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mol 1" HCI + 1 mol "' HF. Finally, the Ti was collected with 10 ml of 1 mol 1"' HCI +

2 wt% H,0,.
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Table 3.
Chromium-Titanium column chromatography

Step Volume (mL) Acid
Column 1 (ImL AG1-X8 anion resin 200-400 mesh d=~5.0 mm, h=42 mm)
Wash 8 3 molL™" HNO,
16 H,O
8 6 molL ' HC1
Precondition 5 6 molL ' HCI
Load 1 6 molL ' HCI
Elute Cr and Ti 4 6 molL™" HC1

Column 2 (2mL pre-packed TODGA resin 50-100 micron d=~10 mm, h=25 mm)

Wash 10 12 molL™' HNO;,
10 12 molL™ HNO;- 1wt % H,0,
H,O
Precondition 5 12 molL ' HNO,
Load 3 12 molL™ HNO,
Elute Cr 12 12 molL ™ HNO,
Elute Ti 10 12 molL"' HNO; - 1wt % H,0,

Column 3 (ImL AG50W-X8 cation resin 200-400 mesh d=~5.0 mm, h=42 mm)

Wash 16 6 molL ' HC1
8 1 molL "' HF
32 H,O
Precondition 3 0.5 molL™" HNO,
Load 2 1 molL™ HNO;- 1wt % H,0,
Elute Matrix 130 0.7 molL™" HNO,
Elute Al 6 0.5 molL™ HF
Elute Cr 4 6 molL™" HC1

Additional Column (I1mL AG1-X8 anion resin 200-400 mesh d=~5.0 mm, h=42 mm)

Wash 9 3 molL™"' HNO;,
3 H,O
9 0.4 molL "' HCI - 1 molL "' HF
9 9 molL ' HCI - 0.01 molL ' HF
9 H,O

Precondition 5 4 molL ' HF

Load 2 4 molL ' HF

Elute Matrix 10 4 molL ' HF

Elute V 12 0.4 molL "' HCI - 1 molL ' HF

Elute Ti 10 1 molL™" HCI - 2 wt % H,O,
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2. 2. 4. Mass Spectrometry

To obtain elution curves, chemical yields and blanks of the column
chromatography, elemental abundances in the loaded samples and elution fractions were
determined using a Thermo Fisher Scientific™ iCAP Q™ ICP-MS at the University of
Tokyo. The instrument was operated with kinetic energy discrimination (KED) mode,
using Ar as the sample gas with He as the collision gas. All sample and standard (SPEX
multi-element solution XSTC-622) solutions were diluted in 0.5 mol I"' HNO; with an
In-Bi internal standard mixture and introduced with a CETAC ASX-520 auto-sampler.

All Cr isotope compositions of the separated samples were measured using a
Thermo Fisher Scientific™ TRITON Plus™ TIMS at the National Museum of Nature
and Science, Japan following the method described in (Yamakawa et al. 2009).
Approximately 3 pg of Cr dissolved in 6 mol I"' HCI were loaded onto the prebaked W
filaments along with silica gel-boric acid—Al activator (Yamakawa et al. 2009). Each
sample was divided and loaded onto four filaments, thereby consuming ~12 pg of Cr in
total. The analyses were performed in static mode using six Faraday cups to monitor
0¢rt, VT, 2Cr, Cr', **Cr, and *°Fe’. These faraday cups were connected to 10" Q
amplifiers, which were rotated after each block measurement (25 cycles per block). The
gain calibration was performed at the beginning of each sample analysis. The baseline
measurements were performed every 6 blocks for 360 seconds with a pre-baseline wait
time of 60 seconds. The beam intensity for **Cr was set at 1 x 10"'° A. Each filament

analysis included 300 scans with an integration time of 8.4 seconds in each scan (12

30



blocks with each block consisting of 25 scans). In addition, **Ti/**Cr and **Ti/**Cr ratios
were measured for each filament using peak jumping mode to evaluate possible
interferences of “°Ti on *°Cr. Yet, no significant level of interferences of *°Ti and >’V
were found for all the separated samples and, therefore, no isobaric corrections on *°Cr
were undertaken. For the correction of **Fe interference, the literature **Fe/*’Fe value of
0.0637 was employed (Rosman and Taylor 1998). All sample analysis was bracketed by
analyses of an in-house high-purity Cr standard purchased from Nilaco Corp., Japan
(two filament loads before and after the sample). The instrumental mass fractionation
effect was corrected according to an exponential law by normalizing the measured
*%Cr/**Cr ratio to 0.051859 (Shields et al. 1966). The Cr isotope ratios of the samples
were expressed as the relative deviation from the high-purity Cr standard in parts per

10*:

£"Cr = 10* x {("Cr/°*Cr)sampie/ ("Ct/*Cr)standard — 1} )

All Ti isotope analyses of the samples were performed on a Thermo Fisher
Scientific™ Neptune Plus™ MC-ICPMS at the University of Tokyo. Diluted samples,
with the typical Ti concentration of ~300 ppb, were introduced into the mass
spectrometer via a CETAC Aridus-II™ desolvating nebulizer with a sample uptake rate
of ~100 pl min~' using Ar as the sweep gas with N, addition to the sample gas.
Measurements were conducted using a Jet sample cone and a skimmer H-cone with

high mass resolution (M/AM > 9000), which typically yielded a total Ti beam of 2-3 X
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107" A. Data were acquired in dynamic mode using Faraday cups connected to 10'" Q
amplifiers to monitor Hea®, oTit, YTt (axial), BT, PTi", and *°Ti" (line 1) and o757,
i, >'V*, and *Cr” (line 2). The integration times of 8.4 and 4.2 seconds were used
for lines 1 and 2, respectively. The cup positions were adjusted carefully to measure the
signals at the middle of the interference-free plateau for **Ca, *°Ti, and **Cr (Table 2). A
171" beam was monitored before each sample measurement because doubly charged
Zr ions can interfere with Ti isotopes (Table 2). No significant *'Zr"™ beam was
observed for any of the samples examined in this study. Each sample measurement
comprised 1 to 3 blocks with each block consisting of 40 cycles, consuming ~1.5 to 4.5
ng of Ti. All sample analysis was bracketed by analyses of the NIST-3162a standard
(two analyses before and after the sample analysis). The instrumental mass bias was
corrected relative to **Ti/*'Ti = 0.749766 (Leya et al. 2007) following the exponential
law. For the correction of isobaric interferences, the literature values for *°Ca/**Ca of
0.0019175, **Ca/**Ca of 0.089645,>°Cr/**Cr of 0.45732, and **V/’'V of 0.002506 were
employed (Rosman and Taylor 1998). Furthermore, the mass bias factors of Ca, Cr, and
V were assumed identical to that of Ti. The interference correction yielded accurate
results for Ca-, Cr-, and V-doped synthetic 300 ppb Ti standard solutions with ratios of
Ca/Ti of up to 30, Cr/Ti of up to 0.6, and V/Ti of up to 1 (Fig. 4). All Ti isotope ratios
of the samples, corrected for isobaric interferences and mass bias, were expressed as

relative deviations from the NIST-3162a standard in parts per 10*:

"Ti = {("Ti/* Ti)sample/("Ti/* T1)standara — 1} x 10* (vi)
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2. 3. Results and Discussion

2. 3. 1. Chemical yields and blanks

Elution curves of the major and trace elements were obtained for each separation
step using 25 mg of JB-1b (terrestrial basalt) (Fig. 5). Chemical yields were determined
also for JP-1, Allende, and Juvinas. In addition, a blank test was conducted for each

separation step.

Column 1

In column 1, Cr and Ti were eluted with most elements including Na, Al, V, Mg,
Ca, and Mn in the loading and an additional 4 ml of 6 mol I"' HCI (Fig. 5a), whereas Fe
was retained on the resin. The recovery rates for Cr and Ti were 96%—100% for all the
studied samples. The column step reduces the Fe/Ti and Fe/Cr ratios by >10°. Blank

amounts were 250 pg for Cr and <200 pg for Ti.

Column 2

In column 2, Cr was eluted with Ca, Fe, Ni, V, Mn, and Al in the initial loading
and an additional 12 ml of 12 mol 1I"' HNOj (Fig. 5b). Subsequently, Ti was eluted with
10 ml of 12 mol I"" HNO; + 1 wt% H,0,. The recovery rates for Cr and Ti were
95%—-100% for JB-1b, JP-1, and Juvinas. The V/Ti, Ca/T1, Cr/Ti, and Zr/Ti ratios in the

Ti fraction were <2 x 1072, <2 x 107>, <4 x 10™*, and <9 x 10> for the studied samples,
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except JP-1, and Allende, for which the Ca/Ti, and Cr/Ti ratios were as high as 2 x 1072
The relatively elevated Ca/Ti and Cr/Ti ratios in the Ti cuts of JP-1, and Allende inherit
from the original sample compositions. Blank measurements yielded values of 970 pg
Cr in the 12 mol I"' HNOj fraction and 170 pg Ti in the 12 mol I"' HNO; + 1wt% H,0,

fraction.

Column 3

In column 3, V and Na were removed immediately during the initial loading.
Subsequent elution with 0.7 mol 1I”! HNO; removed the Mg, Ni, Mn, and Ca from the
resin (Fig. 5¢). In addition, trace amounts of Cr were eluted during this step because of
the incomplete transformation of Cr into its trivalent form. However, the proportion of
eluted Cr in this step was no more than 4% with trace amounts of Cr remaining on the
column. Al was removed in the additional loading of 0.5 mol I"' HF. Finally, Cr was
collected in 4 ml of 6 mol 1! HCL. The Ti/Cr, V/Cr, and Fe/Cr ratios in the Cr fraction
were 0.6-1.9 x 107, 1.4-2.4 x 107 and 1.5-3.5 x 10, respectively. The recovery
rates of Cr were 97%—-100% for JB-1b, 91% for JP-1, and 83%—-100% for Juvinas.

Typical blank amounts of Cr were 1-2 ng.

These three chemical separation steps decreased the amounts of elements causing
problematic spectral interferences to be sufficiently low in the Cr and Ti cuts for all
studied samples. The residual Ti, V, and Fe in the Cr fraction induced interferences of

<0.01 ppm of *°V and <1 ppm of *°Ti on *°Cr/**Cr and typically on the order of 10 ppm
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of **Fe on >*Cr/°Cr during TIMS measurements, only the latter of which requires the
interference correction. On the other hand, the remaining Ca, V, and Cr in the Ti
fraction caused interferences of 0.3—14 ppm of *°Ca on **Ti/*'Ti, 1.6-75 ppm of **Ca on
®Ti/Ti, and 0.2-11 ppm of °V and 12-650 ppm of *°Cr on *°Ti/*’Ti during
MC-ICPMS measurements, which can be accurately corrected for by our analytical
protocol (Fig. 4). Total procedural blanks, including a Teflon” bomb digestion blank,

were typically 3—5 ng for Cr and 2-3 ng for Ti.

Additional Column

In the additional column, Na, Mg, Cr, Ca, Mn, Ni, and Al were removed
immediately in the initial loading and an additional 10 ml of 4 mol "' HF (Fig. 5d).
Subsequently, V was eluted with 12 ml of 0.4 mol I"' HCI + 1 mol I"' HF. The recovery
rates for Ti were >98% for all samples including JP-1, and Allende. The V/Ti, Ca/Ti,
and Cr/Ti ratios in the collected Ti fraction were <4 x 107>, <2 x 10™*, and <2 x 1074,
respectively. Blank measurements yielded ~200 pg Ti in the 1 mol I HCI + 2wt%

H,0, fraction.
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2. 3. 2. Isotope data

The results of the Cr isotope analysis are reported in Table 4 and illustrated in
Figure 6. The ratios obtained for the column-processed Cr standard and terrestrial
samples (JB-1b and JP-1) are all identical to those for the standard within analytical
uncertainty. The meteorite samples show variable values of £€”Cr and £*Cr. Two
fractions of Allende carbonaceous chondrite have identical Cr isotope compositions,
with slightly positive £Cr values of 0.03 + 0.07 and 0.09 + 0.06 and markedly elevated
£*Cr values of 0.76 + 0.07 and 0.81 + 0.09. The Juvinas analyses are characterized by
the highest £°Cr values among our samples and negative £>*Cr values. The £Cr and
£'Cr values of the five individual fractions of Juvinas overlap within analytical
uncertainty, with average values 0.82 £ 0.13 (2 S.D.) and —0.63 = 0.13 (2 S.D.),
respectively.

The results of the Ti isotope analysis are presented in Table 4 and illustrated in
Figure 7. All the Ti isotope ratios obtained for the chemically processed Ti standard
(NIST 3162a) and terrestrial samples (JB-1b and JP-1) are identical to those for the
bracketing standard within analytical uncertainty. For **Ti/*'Ti, all meteorite samples
display indistinguishable values from the standard, consistent with the results of
(Trinquier et al. 2009). In contrast, the meteorite samples show variable “*Ti and *°Ti
anomalies. The two fractions of Allende have identical Ti isotope ratios within
analytical uncertainty. The £ °Ti values of 3.50 + 0.22 and 3.33 + 0.23 and &*°Ti values

of 0.61 = 0.17 and 0.64 £+ 0.14 are the highest among the studied samples. The five
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fractions of Juvinas have negative £ °Ti and £*°Ti values with averages of —1.31 + 0.08

(2 S.D.) and —0.35 £ 0.10 (2 S.D.), respectively.
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2. 3. 3. Validation of the method

Our Cr and Ti isotope analyses of the chemically processed standards and
terrestrial standard rocks (JB-1b and JP-1) yielded Cr and Ti isotope ratios identical to
those for the bracketing standards (Figs. 6 and 7). The consistency verifies that the
application of the entire technique, including sample digestion, column chromatography
and isotope analyses, does not induce any mass-independent fractionation for Cr and Ti.
The meteorite samples studied here were analyzed previously for Cr and Ti isotope
compositions, individually. Our Cr and Ti isotope data for the Juvinas eucrite are in
good agreement with the previously reported results: €°Cr = 0.65 + 0.08 to 0.93 £ 0.10
and €*Cr = —0.71 £+ 0.12 to —0.55 + 0.19 (Trinquier et al. 2007, 2008a, Bonnand et al.
2016b); £*°Ti = —0.32 + 0.06 to —0.21 % 0.09, "*Ti = —0.04 + 0.13 to —0.02 + 0.05, and
£°Ti =—1.33+0.14 to —1.25 + 0.05 (Zhang et al. 2011, 2012). Similarly, the Cr and Ti
isotope ratios obtained from the Allende carbonaceous chondrite are within the ranges
of previously reported variable ratios that are indicative of isotope heterogeneity: &>Cr
=0.10 + 0.09 to 0.14 + 0.10 and £*Cr = 0.86 £ 0.09 to 1.04 £ 0.19 (Shukolyukov and
Lugmair 2006a, Trinquier et al. 2007, Qin et al. 2010, Bonnand et al. 2016b, Burkhardt
etal. 2017); €°Ti = 0.53 £ 0.28 t0 0.94 £ 0.11, £**Ti = —0.10 = 0.08 to 0.55 + 0.07, and
e°Ti = 3.27 + 0.16 to 5.01 + 0.29 (Trinquier et al. 2009, Zhang et al. 2011, 2012,
Burkhardt et al. 2017, Gerber et al. 2017) (Fig. 8).

Methods for individual separation of Cr and Ti were established in previous

studies (e.g., Schoenberg et al. 2008, Frei et al. 2009, Trinquier et al. 2009, Bonnand et
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al. 2011, Zhang et al. 2011, Reinhard et al. 2014, Schiller et al. 2014, Cole et al. 2016,
Gueguen et al. 2016). However, the simple combination of these procedures can result
in relatively low Cr yields (~70%), especially for samples having high Fe/Cr, Ti/Cr, and
V/Cr (Wang et al. 2016). Note also that the double-spike technique used in the previous
Cr isotopic studies (e.g., Schoenberg et al. 2008, Bonnand et al. 2016b) are not
favorable for the combined Cr and Ti isotope analyses of single digest because the
addition of the widely used *°Cr-enriched spike increases the level of isobaric
interference on “°Ti and, in turn, the uncertainty of measured £*°Ti. Recently, Larsen et
al. (2018) reported an ion-exchange chromatography for combined isotope analysis of
Mg and Ti, which is applicable to Cr isotope analysis as well. Yet, the sequential
chemical separation scheme developed here allows us to extract Cr and Ti with fewer
steps than in Larsen et al. (2018) and other previous studies (i.e., three steps for both Cr
and Ti elution compared with two to five steps for each individual element extraction;
e.g. Trinquier et al. 2008a, Wombacher et al. 2009, Yamakawa et al. 2009, Zhang et al.
2011, Schiller et al. 2014).

The present method enables the combined isotope analyses of 3 pg of Cr and 1.5
pg of Ti. These amounts correspond to single ~1 mm chondrules and ~2 mm CAls,
assuming typical Cr and Ti abundances (~2000 ppm Cr and ~1000 ppm Ti for
chondrules; Hezel et al. 2018 and ~200 ppm Cr and ~5400 ppm Ti for CAls; Trinquier
et al. 2009). Such combined analyses of the isotopes of primitive meteorite components
will facilitate understanding of the nature and evolution of the protoplanetary disk.

Furthermore, the application of our new method to various types of planetary materials
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could provide new constraints on their genetic relationship.
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Fig. 8. Plot of &°Ti versus £*Cr for JB-1b, JP-1, Allende (2 fractions), and Juvinas (5
fractions). Data sources for the shaded region of carbonaceous chondrite are as follow:
£'Cr, Yamashita et al. (2005), Shukolyukov and Lugmair (2006), Trinquier et al.
(2007), Yamakawa et al. (2009), Qin et al. (2010), Larsen et al. (2011), Petitat et al.
(2011), Sanborn et al. (2014), Gopel et al. (2015), Bonnand et al. (2016), Schoenberg et
al. (2016) and Van Kooten et al. (2016); €°Ti, Leya et al. (2008), Trinquier et al.
(2009), Qin et al. (2010), Jenniskens et al. (2012) and Zhang et al. (2012).
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2. 4. Conclusion

A sequential Cr and Ti separation procedure has been developed, which consists
of three steps: (i) Fe removal using AG1-X8 anion exchange resin, (ii) Ti separation
using TODGA resin, and (iii) Cr separation using AG50W-X8 cation exchange resin
(with one additional step of Ti purification using AG1-X8 anion exchange resin only for
samples having high Cr/Ti and Ca/Ti ratios). Both the utility and the validity of the
method have been verified by its application to compositionally varied terrestrial and
meteorite samples, including terrestrial basalt JB-1b, terrestrial peridotite JP-1, Allende
carbonaceous chondrite, and Juvinas non-cumulate eucrite. The achieved recovery rates
were typically 90%—100% with total blanks of 3—5 ng for Cr and 2-3 ng for Ti. The Cr
and Ti isotope compositions measured for the separated terrestrial samples were
identical to those of the standards within analytical uncertainty. By contrast, the £>*Cr
and £'°°°Tj values obtained for the meteorite samples were variable and they compared
well with previously published individual Cr and Ti isotope datasets. These results
demonstrate that the developed method enables combined high-precision Cr and Ti
isotope analyses of single digests of planetary materials, highlighting its potential
application to various samples ranging from basaltic and peridotitic rocks to single

components of primitive meteorites.
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3. Origin of NWA 6704

3. 1. Background

A fundamental and long-standing issue in planetary science is determining when,
where, and how asteroids formed and differentiated (e.g., Ringwood 1961; Anders and
Goles 1961; Mason 1967; Weiss and Elkins-Tanton, 2013; Day, 2015). Information
regarding this must come from meteorites that record the early histories of their
respective asteroidal parent bodies. Primitive achondrites are meteorites that have
near-chondritic bulk compositions, but exhibit igneous and/or metamorphic textures
(Prinz et al., 1980, 1983; Benedix et al., 1998; Weisberg et al., 2006; Rubin, 2007).
They include several meteorite groups such as acapulcoites, lodranites, and winonaites
(Weisberg et al., 2006; Greenwood et al., 2012). These meteorites record variable stages
in the transition from chondrites to differentiated achondrites, from high degrees of
metamorphism and anatexis of chondritic protoliths (acapulcoites and winonaites, e.g.,
Mittlefehldt et al., 1996; McCoy et al., 1996; Benedix et al., 1998; Floss et al., 2008), to
various degrees of partial melting and melt extraction (lodranites as well as ureilites and
brachinites, e.g., Goodrich, 1992; Mittlefehldt et al., 1996; Rubin, 2006; Warren et al.,
2006; Keil, 2014). Moreover, shared O isotopic compositions and other similarities
suggest that acapulcoites—lodranites and winonaites—[AB complex iron meteorites may
share common parent bodies, respectively (e.g., McCoy et al., 1993; Benedix et al.,

1998, 2005; Floss et al., 2008). Thus, primitive achondrites provide an important
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opportunity to bridge the gap between chondrites and differentiated achondrites, and to
decipher the thermal histories of (partially) undifferentiated planetesimals.

Recently, it has been found that several ungrouped achondrites, that are not
classified into any known meteorite groups, also have near-chondritic major element
compositions together with prominent igneous textures (e.g., Day et al., 2009, 2015;
Gardner-Vandy et al., 2012; Warren et al., 2013). Such ungrouped achondrites are of
importance for investigating the diversity of asteroids, and for refining our current
understanding of early solar system evolution gained from grouped achondrites. Studies
of ungrouped achondrites, however, are limited.

In this study, we conducted petrologic observations, geochemistry including
highly siderophile element (HSE: Re, Os, Ir, Ru, Pt, Pd) abundances, '*’'Re—"""Os
systematics, and O—Cr—Ti isotope systematics (Fig. 3) for NWA 6704. The results allow
us to constrain the crystallization process of this unique achondrite, the nature and
provenance of its parental body and by extension, the implication for the origin of
primitive achondrites. On the basis of the results and discussion, we lastly discuss

whether this meteorite can be used as “Time anchor”.
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3. 2. Methods

3. 2. 1. Petrology

We prepared nine polished thin sections from four fragments of NWA 6704 for
petrologic studies, (Table 5; TS-1 and -2 from fragment #1, TS-3—5 from fragment #2,
TS-6 and -8 from fragment #3, and TS-7 and -9 from fragment #4). Petrologic analyses
were carried out by means of optical and electron microscopies at the University of
Tokyo and National Institute of Polar Research, Japan. Optical microscopy was
performed using a Nikon ECLIPSE E600W polarizing optical microscope equipped with
Axiocam-MR camera and Axiovision 4 software. More detailed observation was
conducted using a JEOL JXA-7000F field emission-scanning electron microscope
equipped with an energy dispersive spectrometer (FE-SEM/EDS). Analytical conditions
were 15 kV accelerating voltage, 10 mm working distance, and 12 nA specimen current.
Major element compositions of minerals were determined using a JEOL JXA-8530L
electron probe micro analyzer (EPMA) with 15-25 kV accelerating voltages, 11 mm
working distance, and 12-20 nA specimen currents. Elemental maps were acquired for
the four thin sections (TS-6-9) using JEOL JXA-8900L EPMA with 15 kV accelerating
voltages and 80 nA specimen current. The entire thin sections of TS-6 and TS-7 were
mapped for characterization of their textural features and determination of modal
abundances. Crystallographic orientations in the two thin sections were further

investigated by FE-SEM combined with an electron back-scattering diffraction (EBSD)
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detector (JEOL JSM 7000F and 7100F FE-SEM/EBSD) with the HKL Channel-5 data
acquisition and processing software. The EBSD technique allows us to determine the
crystallographic orientations from Kikuchi patterns regardless of mineral phase contents
(Schwartz et al., 2009). The instruments were operated at an accelerating voltage of 15
kV, a working distance of 25 mm, and a beam current of 10 nA. Orientation maps were
created for orthopyroxene by scanning the sample (108-200 pum step), in which
orientations are coded according to Euler color. Pole figure diagrams for {100} of
orthopyroxene were obtained by processing the data. To characterize the spatial
distribution of minerals in NWA 6704, we performed micro X-ray computed
tomography (CT) using a ScanXmate-D180RSS270 at Tohoku University, Japan. A
sample chip of NWA 6704 (2.4 x 12.4 x 16.7 mm) was scanned using an X-Ray beam
at 130 kV and 120 pA, with isotropic voxels (3-D pixels) of 12.093 pm. X-rays were
filtered with 1 mm copper filter. We used the Amira 6.0 reconstruction software to

recreate 3D images from the obtained 600—1600 2D slice images.

3.2.2. Major and trace element geochemistry

For major element geochemistry, a ~4 g fragment of NWA 6704 (fragment #5)
was disaggregated using an agate mortar and pestle. Approximately 200 mg of the
sample powder was fused in a mixture of sample powder and Li,B4O; to form a glass

disk, on which the major element abundance determination was carried out using a
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ThermoARL Advant’XP+ sequential X-ray fluorescence (XRF) spectrometer at the
Washington State University (WSU) Geoanalytical Laboratory. Major elements were
normalized on a volatile-free basis with total Fe expressed as FeO.

For solution-based bulk and mineral chemistry measurement, two fusion-crust
free subsamples of NWA 6704 (fragment #3: 678 mg, fragment #6: 42.9 mg) were
powdered in an agate mortar and pestle. In addition to NWA 6704, an aliquot of NWA
6693 (39.5 mg) was also prepared for bulk chemistry measurement. Four powdered
whole rock fractions of NWA 6704 (50.2mg, 50.1mg, 51.6 mg aliquots of fragment
#3-a,b,c, and whole aliquot of fragment #6) and the NWA 6693 aliquot were digested
with a concentrated 3:1 HF—HNO; mixture in a Parr® digestion bomb at 190 °C for 96
hs. Besides, plagioclase and orthopyroxene mineral separates of NWA 6704 were
digested a concentrated 3:1 HF-HNO; mixture on a hot plate. Digestion was followed
by a treatment with alternating solution of 6 mol I"' HCI and concentrated HNOs for
conversion to a soluble form. Aliquots of fragment #3 were diluted by a factor of 500 in
0.5 mol 1I"! HNO; for trace elements using a Thermo Fisher Scientific™ iCAP Q™
ICP-MS at the University of Tokyo. Aliquots of NWA 6704-fragment #6 and mineral
separates and NWA 6693 were diluted in 2% HNOj for trace/minor and major elements
using a Thermo Fisher Scientific Element XR high-resolution inductively coupled
plasma mass spectrometer (ICP-MS) at the University of California at Davis. Sample
dilution factors were 4,500 and 95,000 for trace/minor and major elements, respectively.
Analyses were made in low-, medium-, or high-resolution, based on the resolution

conditions needed for a given element. The accuracy was evaluated by analyzing
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well-characterized terrestrial rock standards (BHVO-2 and JB-1b) and Murchison
meteorite dissolved in the same manner as NWA 6704. These results are reported in
Table 6 together with literature values (Jarosewich, 1971; Terashima et al., 1998;
Friedrich et al., 2002; Makishima et al., 2006; Jochum et al., 2015; Kon and Hirata,

2015).
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3. 2. 3. Highly siderophile element and Re—QOs isotope analysis

Four bulk fragments as well as a non-magnetic and magnetic separates were
analyzed for highly siderophile element abundances (Re, Os, Ir, Ru, Pt, Pd) and
87Re-"""0s isotope systematics. Approximately 70 mg of bulk fragments and a
non-magnetic (primarily silicate) fraction were crushed into fine powders using an agate
mortar and pestle. The magnetic fraction, containing mostly FeNi-rich metal, could not
be crushed, and was dissolved as whole grains. Samples were combined with ~5 mL of
a 2:1 mixture of distilled, concentrated HNO3 and HCI, and appropriate amounts of two
isotopic spikes, one enriched in 185Re and '°0s, the other enriched in 'Ir, “Ru, "*Pt,
and '"°Pd. Samples, spikes, and acids were sealed in 8 mL Pyrex™ Carius tubes (Shirey
and Walker, 1995) and heated at 260 °C for three days. After digestion, Os was
extracted from the acid by solvent extraction using CCls, and back extraction into
concentrated HBr (Cohen and Waters, 1996). The Os was then purified using a
microdistillation technique from a dichromate solution into concentrated HBr (Birck et
al., 1997). The remaining HSE (Re, Ir, Ru, Pt, and Pd) were separated and purified via
anion exchange chromatography using 10 mL Bio-Rad columns loaded with ~1 mL of
AG1-X8 anion exchange resin (Rehkédmper and Halliday, 1997).

Purified Os was analyzed by negative thermal ionization mass spectrometry
(N-TIMS) on either the University of Maryland (UMd) VG Sector 54 or Thermo-Fisher
Triton using Faraday cups. The Os solutions were dried onto Pt filaments and then a

Ba(OH), activator was added (Creaser et al., 1991). The other HSE were analyzed as
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solutions by multicollector-ICP-MS (MC-ICP-MS) on the Nu Plasma at University of
Maryland (UMd) using Faraday cups. The measurements of Ir, Ru, Pt, and Pd were
corrected for mass bias by interspersing standards with sample measurements. Tungsten
was added to Re fractions and mass bias corrections were made using '**W/'*'W =
1.0780 (Kleine et al., 2004).

Mean (N = 2) blanks were 1.3 + 1.3 pg for Re, 1.6 + 0.8 pg for Os, 0.7 = 0.4 pg
for Ir, 2.3 £ 0.3 pg for Ru, 4.3 + 4.0 pg for Pt, and 4.6 = 4.6 pg for Pd. The Os blank
correction was 1.4% for the silicate fraction, and less than 0.12% for all other fractions.
Blank corrections of Re, Pt, and Pd were 2.6%, 3.9%, and 1.5%, respectively, for the
silicate fraction. All other blank corrections, including Ir and Ru blank corrections for
the silicate fraction, were less than 0.1%. Uncertainties arising from blank corrections
are included in reported uncertainties. The total uncertainties for Ir, Ru, Pt, and Pd
concentrations of bulk and magnetic fractions are <1%. For the Re and Os
concentrations of bulk and magnetic fractions, uncertainties are less than 0.2% and
0.1%, respectively. The total uncertainties for HSE concentrations of silicate fractions

are all less than 5%.

3. 2. 4. Oxygen isotope analysis

A ~550 mg fragment of NWA 6704 was crushed in a silicon nitride mortar and

pestle, then sieved. The grain size of constituent minerals of NWA 6704 ranged up to
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centimeter length. To reduce the heterogeneity in the mineral proportion among the
analyzed sample aliquots, a mineral fraction of 73—120 pm in diameter was used for the
analyses. The fraction was washed in high purity water three times and dried at 80 °C
overnight. After drying, metal grains were magnetically removed from the fractions.
Since no weathered material was identified in the separated fraction under the
microscope, no further cleaning was performed.

The O isotope analyses were conducted on five separates using the fluorination
and gas purification methods modified after Sharp (1990) at the Institute for Planetary
Materials, Okayama University. Details of the method are described in Tanaka and
Nakamura (2013) and Pack et al. (2016). About 1-2 mg of sample was placed in a Ni
sample holder. To remove the absorbed moisture, the sample was baked at 170 °C for 6
hs in vacuo, then prefluorinated with BrFs for 1 h before analysis. The O, was extracted
from each sample using a CO; laser (PIN-10R, Onizca Glass, Japan) with BrFs as
oxidation agent. Extracted oxygen was then purified and trapped with 13 A molecular
sieve at liquid nitrogen temperature. Total procedural O, blanks for the laser
fluorination method were typically <20 ppm relative to the sample gas. Thus, no blank
correction was performed. The isotope ratios in the purified O, gases were determined
using a Thermo Finnigan MAT253 gas source mass spectrometer with the dual inlet
mode. Each sample measurement comprised 8 blocks of 11 cycles with a total
measurement time of ~90 minutes. The '*0/'°O and "0/'°O of the samples are
expressed as the common delta (8) notation relative to VSMOW as §'” " '*0 = 10° x [("/

or 18O/léo)wnple/ (7" 80/"%0)ysmow — 1] using a VSMOW-SLAP scale. The excess 'O
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values relative to terrestrial silicate fractionation line (TSFL) are defined as A'’O = 10’
x [In(8"70* x 107 + 1) — 0.527 x In(8'*0 x 107 + 1)], where §'’0* = §'’0 + 0.039
(Tanaka and Nakamura, 2013; Pack et al., 2016). Since most of the laboratories for O
isotope analysis do not calibrate the working gas by VSMOW-extracted oxygen, it is
widely assumed that the A'’O value of VSMOW is the same as that of the so-called
terrestrial fractionation, i.e. A0 = 0, (Tanaka and Nakamura, 2013). The 5'70* value
defined in this study corresponds to the 8'’O value so far published by other
laboratories unless otherwise mentioned. The precision and accuracy during the course
of this study were monitored by analyzing the San Carlos olivine (MSOL-1), which
yielded §'%0 = 5.246 + 0.033, 5'’0* = 2.762 + 0.018, and A'’O = 0.001 + 0.005 (N = 5,

2 SD).

3.2.5. Chromium and titanium isotope analysis

For combined Cr and Ti isotope analysis, the new method developed in Chapter 2
was applied to NWA 6704. Approximately 50 mg fragment of NWA 6704 was
disaggregated in an agate mortar. The disaggregated samples were washed in a distilled
acetone ultrasonic bath for about 10 minutes, and then heated on a hotplate and
evaporated to dryness. Sample was then digested following the method described in
Chapter 2.2.2. The digested sample aliquot of NWA 6704 was divided into two
fractions and individually processed for the column chromatography in Chapter 2.2.3.

Chemical yields were 96-100% for Column 1; 98-100% for Column 2; 88-91% for
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Column 3; and >98% for Additional Column.

The Cr and Ti isotope compositions of the separated sample were measured by
thermal ionization mass spectrometry a Thermo Fisher Scientific™ TRITON Plus™
TIMS, and a Thermo Fisher Scientific™ Neptune Plus™ MC-ICPMS, respectively.
Details of the method including sample digestion, chemical separation and purification
of Cr and Ti, and high-precision Cr and Ti isotope ratio measurements by MC-ICP-MS

and TIMS are described in Chapter 2.2.4.

3. 3. Results

3. 3. 1. Petrology

Northwest Africa 6704 is composed dominantly of large orthopyroxene grains,
with smaller grains of Ni-rich olivine, feldspars (plagioclase and K-feldspar), chromite,
NiFe-metal (awaruite), sulfides (heazlewoodite and pentlandite) and merrillite. The
modal abundances of minerals were obtained for two thin sections (TS-6 and TS-7)
from their phase maps obtained by X-ray intensity maps on the entire thin sections. The
results are summarized in Table 7. The micro-CT images of individual minerals and the
combined image of the major phases other than orthopyroxene are shown in Fig. 9a-e.
As olivine and chromite have similar X-ray absorption coefficients, these minerals are

shown together in Fig. 9b.
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Table 7: Modal mineralogy of NWA 6704 thin sections (in vol.%).

vol.% TS-6 TS-7
orthopyroxen 68.7 69.9
olivine 14.0 11.6
plagioclase 9.9 11.1
pigeonite 6.9 7.0
metal 0.34 0.27
spinel 0.16 0.14
phosphate 0.06 0.05
sulfide minor minor
Total 100.06 100.06

Orthopyroxene is identified by straight extinction under crossed nicols, EBSD
patterns, and low CaO content. The size of orthopyroxene is mostly greater than a few
mm and up to 1.7 cm in length. The grain size of orthopyroxene is highly variable on
various scales and orthopyroxene grain larger than 0.5 cm is called as megacryst in this
paper. Some of NWA 6704 fragments consist mostly of orthopyroxene megacrysts
(TS-2-5, 7 and 9, termed as “coarse lithology”: Fig. 9a-e, 10a-c), whereas other
fragments consist mostly of orthopyroxene with grain size 1 mm across on average and
minor megacrysts (TS-1, 6 and 8, termed as “fine lithology”: Fig. 10d-f).
Orthopyroxene megacrysts are either euhedral or subhedral. In the coarse lithology (Fig.
10a-c), the megacrysts are elongated parallel to the c-axes, and show a shape-preferred
orientation (Fig. 11). In many places, the orthopyroxene megacrysts are in direct contact

with each other without a clear interstitial part. Their boundaries are very irregular and
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indented on a grain-size scale, and thus the adjacent megacrysts are interlocked with
each other. Orthopyroxene megacrysts contain abundant euhedral olivine and anhedral
plagioclase, which tend to occur in the marginal zone of megacrysts. Some megacrysts
also enclose curvilinear trains of irregularly-shaped micro-bubbles (Fig. 12a and b) as
well as tiny oval-shaped inclusions of chromite (Fig. 12c¢). Raman spectroscopy
demonstrates that the clear to pinkish bubbles are now empty. Both sorts of included
objects are localized in the core and/or mantle of megacrysts, and in some places, are
aligned parallel along the earlier growth surface.

Minor amounts of pigeonite occur as a rim surrounding some orthopyroxene
megacrysts with thicknesses of up to a few hundred pm. The pigeonite and surrounded
orthopyroxene share the same c-axis orientation. Augite (Fs;7EnssWos9) occurs as
exsolution lamellae in pigeonite. The lamellae have thickness up to ~0.1 um with 1-2
um spacing.

Plagioclase occurs mostly in orthopyroxene megacrysts as “inclusions” apparently
isolated from each other in the coarse lithology, whereas it occurs along the grain
boundaries or interstices of orthopyroxene and olivine grains in the fine lithology.
Notably, plagioclase shares the same optical extinction positions over an area up to a
few cm scale in both the coarse and fine lithologies. The EBSD analyses also indicate
the identical lattice orientations of plagioclase over such area. Plagioclase often shows a
cuspate morphology with extremely low dihedral angles of <40° against contacting two
mafic crystals with distinct crystallographic orientations irrespective of their assemblage

(plagioclase-olivine-orthopyroxene, plagioclase-olivine-olivine, etc.). The dihedral
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angles are, however, greater than 60° on the scale of ~10 pum (Fig. 13—i). Some
plagioclase domains enclosed in orthopyroxene megacrysts show rectangular
morphology with both curvatures and straight interfaces with the host (Fig. 13—ii). Our
EBSD analysis showed that such facets are parallel to c-axis of the adjacent
orthopyroxene, and the shapes of plagioclase are consistent with [100], [010] and [001]
axes of the orthopyroxene (Fig. 13). Moreover, some plagioclase domains have thin
delicate maze-like morphology (Fig. 13-iii) extending into orthopyroxene megacrysts.
These observations indicate that the apparently isolated grains of plagioclase are
inter-connected with each other in three dimensions, which is recognizable in the
obtained micro-CT image (Fig. 9d). Some plagioclase grains contain tightly clustered
oval inclusions (Fig. 14), which tend to be aligned parallel to [100] axis of plagioclase,
indicating that these inclusions were trapped during the crystallization of plagioclase.
Twinning of plagioclase is vague and the wavy extinctions are not clearly observed.
This indicates that NWA 6704 is unshocked to very weakly shocked, corresponding to
shock stage S1 or S2 (Fritz et al., 2017).

Olivine occurs mostly as euhedral to subhedral grains with diameters from 50 pm
to 1.7 mm and they are intimately associated with anhedral plagioclase. It shows sharp
extinction under crossed-nicols, consistent with the low shock stage. Some olivine
grains contain melt inclusions that are filled with glass containing bubbles and euhedral
orthopyroxene skeletal crystals (Fig. 15a). In the coarse lithology, olivine is distributed
in the outer parts of orthopyroxene megacrysts, rarely occurring along megacryst

boundaries (Fig. 10c). In the fine lithology, the size of olivine is comparable to that of
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orthopyroxene, and the olivine is rather homogeneously distributed with clear avoidance
of core regions of orthopyroxene megacrysts (Fig. 10f). In both the coarse and fine
lithologies, olivine occasionally occurs as anhedral vermicular inclusions within
orthopyroxene megacrysts (Fig. 15b). These vermicular olivine inclusions occur only in
one place near the center of each orthopyroxene megacryst (e.g., red circles in Fig.
10a-e). The number of orthopyroxene megacrysts containing such vermicular olivine
inclusions tends to be smaller for the coarse lithology: The thin sections of the fine
lithology have more than five orthopyroxene megacrysts including vermicular olivine,
whereas the thin sections of the coarse lithology have only a few of them. The EBSD
analysis reveals that these inclusions have twisted crystallographic orientations.

Chromite is euhedral to subhedral and its size ranges from 30 to 300 pm in
diameter. It is mostly present in the marginal part of orthopyroxene megacrysts together
with plagioclase and olivine and it is absent in the core regions of orthopyroxene
megacrysts. In fine-grained areas of the fine lithology, it occurs along grain boundary of
olivine, mostly associated with plagioclase. Inclusions of chromite are also observed in
olivine. Some chromite grains contain sub-rounded melt inclusions.

Awaruite is rounded in morphology and has a size ranging from 20 um to 1 mm in
diameter. In the coarse lithology, larger grains (~1 mm) are present with plagioclase and
olivine in the margin of orthopyroxene megacrysts. Smaller grains (~20 pm) occur
mainly as ovals or spherules, scattering among the texture. Inclusions of awaruite are
observed in orthopyroxene, olivine, and plagioclase. Moreover, there are composite

inclusions of Ni-Fe-S minerals including awaruite and heazlewoodite with or without
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pentlandite (Fig. 15c). Some of the composite inclusions show rounded morphology,
but others show facetted outline against the host orthopyroxene (Fig. 15¢), which
indicates that it was a single crystalline phase when incorporated in the host. Some of
the larger awaruite grains are associated with orthopyroxene grains and the reaction
rims of Fe and Ni-rich olivine are observed along the grain boundaries with thickness of
5 um (Fig. 15d).

Merrillite has a rounded morphology and grain size ranging from 20 to 100 um in
diameter. It is associated with plagioclase or pigeonite, and sometimes occurs as oval
inclusions in plagioclase.

The representative EPMA data (in wt.%) for individual phases are summarized in
Table 8. The major element compositions of individual minerals are generally
homogeneous among thin sections. Orthopyroxene is mostly homogeneous with the
ferrosilite component (Fs = 100 x Fe/(Mgt+Fe+Ca)) ranging from 40 to 42, enstatite
component (En = 100 x Mg/(Mg+Fe+Ca)) from 55 to 57, and wollastonite component
(Wo = 100 x Ca/(Mg+Fe+Ca)) from 3 to 4. The average value of Fe/Mn is 1.4.
However, some orthopyroxene megacrysts have a chemically distinctive core
characterized by low Ca and high Mg contents. The EPMA line profile (Fig. 16)
illustrates that the core has relatively low Ca and Ti contents and high Mg# (the center:
Fs3sEngsWop3) with gradual increases of Ca, and Ti and decrease of Mg towards the
margin of Ca and Mg plateau (Ca = 0.02 mol%, Mg# = 60.5), which is rimmed by
orthopyroxene with the “normal” Mg# (the shaded area in Fig. 16b-d; Ca = 0.02—0.03

mol%, Mg# = 57-60). The orthopyroxene rim is further surrounded by pigeonite having
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many exsolution of clinopyroxene.

Olivine has a slightly heterogeneous chemical composition ranging from 50 to 53
in fayalite content (Fa = 100 x Fe/(Mg+Fe)) with Fe/Mn = 1.1-2.1 and the average NiO
= 0.9 wt.%. Vermicular olivine inclusions in the core regions of orthopyroxene
megacrysts are richer in Fe (Fasa_ss) than “normal” olivine (Table 8).

Chromite has a Cr/(Cr+Al) ~0.94 and a notably high ferric content of ~2.2 wt.%
of Fe,Os3. Sub-rounded glass inclusions in chromite are rich in Fe, Ti and Mg as
compared to glass inclusions in other phases (Table 8).

Ni-Fe metal is identified as awaruite with Ni contents ranging from 78 to 81 wt.%
(Table 8). In Ni-Fe composite inclusions in orthopyroxene, awaruite has a chemical
composition of FeyNizg, corresponding to relatively Ni-poor single awaruite grains,
whereas heazlewoodite and pentlandite have compositions of FesNissSs, and
FeyeNixaSas, respectively.

Plagioclase is extremely Na-rich and classified as albite. It has slight
heterogeneity with variation of albite content (Ab = 100 x Na/(Ca+Na+K)) from 91 to
93. It is also rich in orthoclase component (Or = 100 x K/(Ca+Na+K)) ranging from 4

to 6, while the anorthite content (An = 100 x Ca/(Ca+Na+K)) varies from 2 to 3.
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Fig. 9. 3D X-ray computed tomography (CT) images of (a) orthopyroxene, (b)
olivine-chromite, (c) Fe-Ni metal, (d) plagioclase and (e) minerals other than

orthopyroxene: olivine-chromite (green), metal (yellow), and plagioclase (pink).
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Fig. 10. Scanned images of “coarse-part” (TS-7) and “fine-part” (TS-6) are shown in the
left- and right-hand columns, respectively. (a,d) open-nicols, (b,e) crossed-nicols and
(c,f) chemical maps: orthopyroxene (blue), olivine (green), metal (red), and plagioclase
(white). Vermicular olivine inclusions in the core regions of orthopyroxene megacrysts

are highlighted by a red circle.
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Fig. 11. (a) Pole figure diagrams for orthopyroxene {100} in thin section TS7. The
maps were created with Euler color ascribed to orientations. (b) The inverse pole figure
map of the analyzed area. The color of each phase corresponds to the color in obtained
crystal orientation stereo nets. It shows that [001] of orthopyroxene grains correspond to

their maximum length axes.
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Fig. 12. Optical thin section images of curvilinear trains of micro-inclusions (< 2-30
um) enclosed in some orthopyroxene megacrysts: (a,b) open- and crossed nicol views of
rounded to irregularly-shaped clear to pinkish empty bubbles, and (¢) open-nicol view

of rectangular to oval brownish chromite inclusions.
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Fig. 13. Back-scattered electron image of thin section TS-7. The [100], [010] and [001]
axes of orthopyroxene are compared with the shape of plagioclase, indicating that the
shape of plagioclase is controlled by the facets of orthopyroxene megacrysts.
Plagioclase typically shows three types of morphology; (i) cuspate shape with extremely
low dihedral angles (0 < 6 < 40°%) on the scale greater than ~100 pm, and with much
greater than 60° on the scale smaller than ~20 pm, (ii) rectangular morphology with
both curvatures and straight interfaces with the host, and (iii) thin, delicate maze-like

morphology with or with out branches extending into orthopyroxene megacrysts.
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Fig. 14. Reflected-light, crossed-nicol view of oval inclusions in plagioclase of NWA
6704.
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Fig. 15. Backscattered electron images showing (a) a melt inclusion in olivine,
composed of skeletal orthopyroxene and glass with bubbles, (b) vermicular olivine
inclusions within the orthopyroxene, (c) Fe-Ni-S minerals of awaruite (FeyoNigg) +
heazlewoodite (Fe,NiseS42) + pentlandite (Fey7NizsSag) enclosed by orthopyroxene, and
(d) reaction rims of Fe, Ni-rich olivine along the grain boundary between large awaruite

and orthopyroxene.
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Fig. 16. A chemically zoned orthopyroxene megacryst: (a) Ca-mapping image and line
profiles (2 um step) of (b) Mg#, (c) Ca and (d) Ti. The shaded area (Ca = 0.02-0.03
mol%, Mg# = 57-60) shows the compositional range of “normal” Mg# orthopyroxene,
randomly selected pyroxene among the thin section (n = 20). The orthopyroxene is

further surrounded by pigeonite having exsolution lamellae of clinopyroxene.
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3. 3. 2. Geothermometry and geobarometry

The temperatures estimated by applying the two-pyroxene geothermometer of
Lindsley and Andersen (1983) to 18 pairs of orthopyroxene and augite inverted from
pigeonite range from 900 to 1200 °C, with an average of 1050 °C. Olivine-spinel Fe-Mg
exchange geothermometry of Fabriés et al. (1979) for neighboring spinel and olivine
yields temperatures ranging from 850 to 970 °C with an average of 900 °C. The cooling
rate of NWA 6704 can be constrained from the relationship between the calculated
temperature of the average olivine composition and chromite core (7%*) and sizes (f =
~35-260 um in diameter) of respective chromite grains by applying geospeedometry
established by Ozawa (1984). The T*— f diagram (Fig. 17) indicates a cooling rate of
10-10 °C/hr. Considering, however, that NWA 6704 is composed predominantly of
orthopyroxene in which Mg-Fe diffusion is slower than in olivine, the actual cooling
rate was slower than this estimate.

The coexistence of olivine, orthopyroxene, and spinel allows us to constrain the
oxygen fugacity (fO,) on the basis of the olivine-spinel oxygen geobarometry of
Ballhaus et al. (1991). Using the temperature estimated from the olivine-spinel Fe-Mg
exchange geothermometer for each chromite grain, the fO, is constrained to be 2.6 log
units below the fayalite-magnetite-quartz buffer (FMQ —2.6). The result is consistent
with the presence of Ni-rich metal (78—81 wt.% Ni) and ferric content in chromite (2.23

wt.% Fe,03).
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Fig. 17. Plot of estimated temperature (7'¢) vs. grain size (psp) for chromite grains of
NWA 6704. The T *C—(pSp relationship can be used to constrain the cooling rate based on
geospeedometry established by Ozawa (1984). The data for NWA 6704 chromite grains
are represented by red points. The 7', were estimated using the olivine-spinel Fe-Mg
exchange geothermometer of Fabriés et al. (1979) for each chromite grain with the

neighboring olivine.
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3. 3. 3. Major and trace elements

The measured whole rock and mineral compositions of NWA 6704 measured by
solution-based ICP-MS are summarized in Table 9. The bulk major element
compositions estimated using the modal mineral abundances obtained from the phase
maps (Table 7) and mineral chemical compositions (Table 8) are also listed in the table.
The XRF major element analysis of fragment #5 yielded substantially 6% lower SiO,
and 4% higher FeO contents than the estimates on fragment #4 using the modal mineral
abundance and mineral compositions, indicating chemical heterogeneity among the
fragments. The Si/Mg ratio in the both fragments is distinctly higher than that in CI
chondrites (Si/Mg ~1.9-2.2 x CI), whereas relative abundances of Na, Ni, Fe, Mn, K
and Ca to Mg are similar to or slightly lower than those in CI chondrites (~0.8—1.0 x CI).
In Fig. 18, the whole rock major and trace element abundances of NWA 6704,
normalized to CI chondrite abundances (Palme and O’Neill, 2014), are plotted against
the order of decreasing incompatibility to orthopyroxene (Kennedy et al., 1993; Bédard
et al., 2007; Laubier et al., 2014) (Fig. 18a) and the 50% condensation temperature for a
solar composition gas at 10™ bar (Tc, Lodders, 2003) (Fig. 18b). The plots show that,
relative to CI chondrite, NWA 6704 is depleted in elements having Tc of <900 K
irrespective of lithophile, siderophile, or chalcophile (Fig. 18b), whereas there is no
systematic change in the relative elemental abundances with the incompatibility (Fig.
18a). Among the two whole rock fractions analyzed for trace elements, fragment #3 has

markedly higher abundances of Sr and Ba than fragment #6. Considering that these
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elements are sensitive indicators of terrestrial weathering (Barrat et al., 2003), the data
suggest that fragment #3 is more affected by terrestrial weathering. Both of the two
fragments show moderate depletion in heavy REE abundances as compared to CI
chondrite (0.5 x CI) with only slightly light REE depleted to enriched patterns
([La/Yb]n = 0.63-2.1, [Eu/Eu*] = 0.84-1.09) (Fig. 19). The present data for NWA 6704
and NWA 6693 are generally consistent with those obtained for NWA 6693 by Warren
et al. (2013), except for Cr, some REE, Ni, V, and Co. The differences may be partly
due to the uneven distribution of minor phases such as Ni-Fe-metal, phosphate, and

chromite between samples.

78



($107) e 30 SWed WO SAN[eA D),

600 200 0 DAL ‘04
¥0°0 - 80°0 %M o
01 0S°0 00'1 %M O%eN
L1 LTT 9’1 %M oe)
9p°81 62781 0T°LT DAL O3
$T0 920 LT0 %M OUN
S9pT 8LvC ¥6°8C %M 09 [B10L,
70 ¥€0 00’1 %M 04D
v6'1 SL'T 81'C VAL 09V
90°0 L0°0 LO0 %M ‘OLL
75°0S 70°CS SL'SY %%1M ‘OIS
(€107) '[8 30 UdLIBAN VA WOLf pIjewinysd ejep PAX
£699 VMN $0L9 VAAN $0L9 VAAN

oouoosalon(y Ael-X £q 0,9 VAN Ul PSUTIWLIDND SOOUEPUNGE JUSWI[Q JOfBJA &g dqeL

79



800°0 2000 /81 3L
860°0 €L0°0 /3 ug
65S°€ YLE Y /3 ON
€LTO 8€°0 SSY0 9%0°0 LLTO 1ST°0 TTT0 YLTO 6570 /81 aN
06£°¢ T 18€C 0060 €0 996°C LIET LT 079'C /31 1z
66L°0 6L°0 $79°0 $9€°0 879°0 989°0 ¥29°0 YELO 00L°0 /30 A
6€1°9 8¢t S8I'1 6581 S9I'¥ 66°€1 9°C1 86’71 6€Y1 /3 IS
6750 S6°0 8970 LYS'€ ¥91°0 99€°0 87€°0 £6€°0 LLEO /31 QA
8T'81 96 ¥8'C ¥0'C 9¢'¢S 0921 8¢°€l 0r°€l (430 /81 e}
R34 L79 TS9¢ 9! %8S /30 e}
SLYL €09 T 8’1 0879 /80 A
¥'S9LI v181 9'$80C A 0°0061 /3 uN
69°CIY 00°1S¢€ T99% TlIce 89°€9¢ /3 1L
50Y 9y LS8'E 2aN3 118°¢C 99¢°¢ 95T°¢ /30 &N
810°0 ¥£€0°0 $T0°0 TIro 800°0 L2070 L1070 0v0°0 ST0°0 /31 °g
YLS'T SI'g L09°C €2€°0 60L'T 950°C €88°1 Y61°C 160'C /30 1
850 16°0 vel %o IN
9781 $8°0T LS0T €L°0 ¥$°0T %M o1
LEO 91°0 020 100 [ 40] %M e}
611 66°0 €1 0zl 601 DALY %)
060 L60 61°0 8L11 38°0 %5 v
18°L 8T11 L8T1 10 688 DALY SN
080 $9°0 70 '8 6L°0 VALY N
SW 8'6¢ Sw gzl SW 16°7¢ w9 Tg s 1706 3w 708 ssewt
£699 VAN HT-P0LOVAN duaxoikd asEoISeld OHPOLOVMN  OAB-CHHOLOVMN  O-EHHOLO VAN  Q-E4-P0LO VAN B-E4-H0L9 VAN odureg
a 9#H0L9 VMN 9#0L9 VMN

SINDI 9 £699 VAN PUE $0L9 VAN UI POUILLISIP SIOUBPUNQE JUSWI[S 3081} pue 10fe]n] 1q6 AI9EL

80



‘Jelreg XI[y-uedf Aq papiaoid ereq,
"(¥107) 830 dwed woy sanjea [,

¥10°0 $910°0 800°0 010°0 7100 910°0 S10°0 L10°0 L10°0 /3 n
81070 £610°0 9100 ¥20°0 110°0 820°0 920°0 620°0 62070 /30 UL
1+0°0 €100 €€0°0 950°0 10 €€0°0 €€0°0 1€0°0 ¥£0°0 /80 ad
100°0 0000 1000 100°0 /3 IL
¥91°0 81°0 865°0 /3 M
2100 6v10°0 €100 $00°0 110°0 L10°0 €100 L10°0 1200 /3 eL
$90°0 €L50°0 $S0°0 £90°0 €200 1L0°0 990°0 9L0°0 TL00 /30 JH
€100 611070 S10°0 £00°0 7100 010°0 60070 110°0 0100 /80 n
860°0 L160°0 101°0 ¥20°0 L8070 SLOO 690°0 6L0°0 9L0°0 /80 qx
S10°0 S10°0 $00°0 €100 1100 0100 2100 2100 /3 wy,
0600 6980°0 9L0°0 7€0°0 vL0°0 LLOO 1L0°0 €80°0 6L0°0 /31 g
7600 6620°0 $T0°0 ¥10°0 920°0 820°0 $T0°0 620°0 820°0 /30 OH
0S1°0 8€1°0 1o £80°0 611°0 8€1°0 921°0 871°0 0¥1°0 /30 La
120°0 1020°0 €100 S10°0 S10°0 120°0 6100 €200 1200 /80 qL
001°0 ¥660°0 150°0 101°0 $90°0 611°0 801°0 8210 o /3 PO
1€0°0 L920°0 110°0 SEP0 8100 ¥v0°0 1¥0°0 L¥0°0 S$0°0 /3 ng
€01°0 0880°0 6£0°0 611°0 $90°0 8T1°0 LIT'0 9€1°0 0€1°0 /30 wg
10€°0 0¥T0 £90°0 9¢t°0 ¥91°0 YIv°0 LLEO w0 1270 /30 PN
£90°0 8610°0 0100 160°0 7600 L80°0 080°0 £60°0 880°0 /80 1
6¥1°0 9¢£°0 L9070 899°0 1120 185°0 1€5°0 029°0 €650 /81 3D
1L1°0 0€1°0 810°0 SLTO 1L0°0 [4t40) €61°0 97T0 9120 /3 e
S9L’S K4S SLS'T L8TS YLt ¥99°S WS /30 eg
800°0 020°0 800°0 ¥10°0 €100 910°0 S10°0 /31 SO
Sw 8'6¢ Sw 67| Sw 67¢ w9 s 1706 sw 7°06 ssewt
£699 VMN “dI-H0LIVMN 2uaxoikd OSER0IBEL 9#-v0L9 VMN QAB-E#H0LIVMN O-¢#H0L9 VMN  A-€#10L9 VMN B-€#+0L9 VMN sjdureg
a 9#10L9 VMN 9#-v0L9 VMN

(ponuiuo)) qe d1qeL

81



10 ¢
(a)
1
O
—
°
o 01 g
E -
©
/2]
0.01 =B-fragment #3
=-fragment #6
Pb -a—data from J.B.
0.001 |||||||||||||||||||||||||||||||||||||||||||
| Incompatibility
by "W
o
L 3 Nb yp, Ni Fe S| Na.
L .é K
1 Sc w COJAQ.Cr . CuA’
L a ceSr
- REE Rb
O il .
9 G=®  sn
g. i Pb@®
‘g 0.01 Tle
[ Refractory corr’:/:i)igent Msggfnfly Highly volatile
0.001 S
| @ Lithophile e Siderophile ~a Chalcophile |
0.0001 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1900 1700 1500 1300 1100 900 700 500
Condensation temperature Tc (K)

Fig. 18. CI-normalized (Palme and O’Neill, 2014) major and trace element abundances
of NWA 6704. (a) The data for whole rock fragments #3 and #6 are plotted against the
order of decreasing incompatibility to orthopyroxene (Kennedy et al., 1993; Bédard et
al., 2007; Laubier et al., 2014). The whole rock data obtained by Jean-Alix Barrat (J.B.)
are also shown for comparison. (b) The averaged values of the data shown in (a) are

plotted against the 50% condensation temperature for a solar composition gas at 10™* bar
(Tc, Lodders, 2003).
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element abundances between NWA 6704 and various primitive achondrites (GRA
06128/9, Brachina and Zag from Day et al., 2012; Winona from Floss, 2008; ALH
81261 and MAC 88177 from Mittlefehldt et al., 1996; ALH 77257 from Spitz and
Boynton, 1991; NWA 6693 from Warren et al., 2013). NWA6704-J.B. represents the

data provided by Jean-Alix Barrat (J.B.). Also shown are rare earth element patterns of

plagioclase and pyroxene separates of NWA 6704.
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3. 3. 4. Highly siderophile elements and Re—Os isotopes

The HSE abundances and '*’"Re—"*"Os systematics for NWA 6704 are presented in
Table 10. Highly siderophile element abundances, normalized to CI chondrite
abundances (Orgueil; Horan et al., 2003) are shown in Fig. 20. The milligram-sized
bulk fragments have broadly chondritic HSE abundances, ranging from ~0.2 x to ~5 x
CI abundances of Ir. The metal fraction has much higher HSE abundances, with ~48 x
CI Ir. By contrast, the silicate fraction has much lower HSE abundances than bulk
fractions, with ~0.05 x CI Ir. The relative abundances of all fractions are only slightly
fractionated from CI chondrite relative abundances. CI-normalized Re/Ir, Os/Ir, Ru/Ir,
Pt/Ir, and Pd/Ir range from 0.7-1.7, 0.7-1.4, 0.8-1.7, 1.0-1.4, and 0.7-2.2, respectively.
To estimate NWA 6704 HSE abundances at the whole-rock scale, the HSE abundances
of the milligram-sized bulk fragments were averaged, weighted by mass (Fig. 20).
Although the HSE abundances of a calculated whole rock composition are similar to
bulk chondrites, on a finer scale there are HSE fractionations and large variations in the
absolute HSE abundances among milligram-sized bulk fragments.

The '""Re-'*’0Os systematics are shown in Fig. 21. The milligram-sized bulk
fragments have '*’Os/'®*Os ranging from 0.121 to 0.147, while those ratios in metal and
silicate fractions are within the range. The '*’Os/'®Os in the bulk and metal fractions
are correlated well with Re/Os but not with 1/0Os (Fig. 21a and b), indicating that the
regression line in Fig. 21a represents not a mixing line but an isochron. The isochron

regression using ISOPLOT (Ludwig, 2001) defines an age of 4576 + 250 Ma, indicating
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early Solar System closure of the isotope system. By contrast, the silicate fraction plots
below this isochron (Fig. 21a). The '"Re—'*’Os systematics of these samples can be
expressed in Aps units (where Aos is the deviation in parts per 10,000, from a primordial
4568 Ma reference isochron, using parameters from Becker et al. (2001) and Archer et
al. (2014) (Aos = 10* x ["¥0s/"** Ossampte — [0.09517 + 0.07908 x ""Re/*** Ossampie]]).-
The Aos of bulk samples and metal range from +0.8 to +6.8, whereas the silicate sample
has a Aos value of —24 = 10 (Table 10; Fig. 21c). The larger error bars for the silicate are

the result of low Re and Os abundances, and consequently, larger blank corrections.
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Fig. 20. Cl-normalized (Horan et al., 2003) highly siderophile element abundances of
NWA 6704 bulk fragments, metal, silicate, and calculated whole rock. Uncertainties are

smaller than symbols.
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Fig. 21. '""'Re—"*"0s systematics of NWA 6704 bulk, metal, and silicate fractions.
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using ISOPLOT (Ludwig, 2001) for NWA 6704 metal and bulk fractions. (b) Plot of
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4568 Ma reference isochron (Ao) plotted against '*’Re/'**Os.
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3. 3. 5. Oxygen—Cr-Ti isotopes

The results of O isotope analyses of NWA 6704 are summarized in Table 11,
together with those of a different fragment of NWA 6704 (Irving et al., 2011) and
paired NWA 6693 (Warren et al., 2013). The five fractions analyzed in this study
yielded slightly variable 5'*0 and '’O values but identical A'’O values within
analytical uncertainty. Moreover, the 8'°0 and 5'’O values are clearly distinct from the
previously reported values for NWA 6704 (Irving et al., 2011), while the A'’O values
are consistent with those of Irving et al. (2011). The variations in the 'O and §'’0
values can be attributed to the difference in mineral abundance among the analyzed
fractions. Our results yield an average A'’O value of —1.052 + 0.002 (1 SD), which is
similar to the A'’O value of —1.08 obtained from paired NWA 6693 (Warren et al.,
2013).

The Cr and Ti isotopes analyses of NWA 6704 are summarized in Table 12.
Consistent with previous studies (Sanborn et al. 2014), the NWA 6704 yielded
markedly positive values of £**Cr and £°Ti. The isotope compositions are within the
range of carbonaceous chondrites (Fig. 22), in striking contrast to those of other
primitive achondrites, such as acapulcoite and lordanite, which are similar to
non-carbonaceous meteorites (Larsen et al. 2011, Zhang et al. 2012, Gopel et al. 2015,
Goodrich et al. 2017). Figure 23 summarizes the £*°Ti and £*°Ti values of the individual
sample fractions analyzed in this study. The plot shows a linear correlation between the

two values with a regression line of €”°Ti = (4.94 + 0.63) x £'°Ti + (0.44 + 0.25), which

88



is similar to the one proposed by (Trinquier et al. 2009) (¢*°Ti = (5.48 + 0.27) x £*°Ti —

(0.04 = 0.20)).
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Fig. 22. Plot of €°Ti versus €*Cr for JB-1b, JP-1, Allende (2 fractions), NWA 6704,
and Juvinas (5 fractions). Data sources for the shaded region of carbonaceous chondrite
are as follow: &'Cr, Yamashita et al. (2005), Shukolyukov and Lugmair (2006),
Trinquier et al. (2007), Yamakawa et al. (2009), Qin et al. (2010), Larsen et al. (2011),
Petitat et al. (2011), Sanborn et al. (2014), Gopel et al. (2015), Bonnand et al. (2016),
Schoenberg et al. (2016) and Van Kooten et al. (2016); £°Ti, Leya et al. (2008),
Trinquier et al. (2009), Qin et al. (2010), Jenniskens et al. (2012) and Zhang et al.
(2012).
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Fig. 23. Plot of €°Ti versus £*°Ti for JB-1b, JP-1, Allende (2 fractions), NWA 6704,
and Juvinas (5 fractions), defining a regression line of €”°Ti = (4.94 + 0.63) x £*°Ti +
(0.44 £ 0.25).
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3. 4. Discussion

3. 4. 1. Crystallization process of NWA 6704

The overall texture of NWA 6704 is characterized by interlocking aggregate of
orthopyroxene megacrysts with finer euhedral-subhedral olivine and anhedral
plagioclase. The crystallographic consistency of the apparently isolated plagioclase
domains indicates that the apparent “inclusions” are inter-connected in three dimensions,
and thus orthopyroxene megacryst and plagioclase are interlocked. The dihedral angles
of plagioclase against contacting two mafic crystals are very low (0 < 40°), but the tips
of plagioclase are rounded on the scale of ~10 um (Fig. 13—1), implying that plagioclase
crystallized from melt filling interstices of mafic minerals and its morphology was
frozen at the stage approaching the textural equilibrium characterized by the median
angle populations of 100°-130° for granulite-grade rocks (Kretz, 1966; Vernon, 1968,
1970). In addition to these dihedral angle features, the coexistence of curvatures (or
cuspate) and straight interfaces (Fig. 13—ii) is consistent with the growth of
orthopyroxene narrowing melt filled spaces before the crystallization of plagioclase.
Further, such facets are parallel to the c-axis of orthopyroxene (Fig. 11), indicating that
the outline of plagioclase is controlled by the rational crystal facets of orthopyroxene
megacrysts. These observations strongly suggest that orthopyroxene megacrysts of
NWA 6704 originally had “hollow” structures, and that plagioclase filled the space of a

well-connected, complex network of pores in the megacrysts.
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Minor phases in NWA 6704 include pigeonite, chromite, metal, sulfides and
merrillite. Pigeonite occurs as rims on some orthopyroxene megacrysts, whereas the
other minor phases are intimately associated with olivine and plagioclase. These
observations indicate that the orthopyroxene started to crystallize in the melt before the
other phases. Moreover, the occurrence of chromite and awaruite as inclusions in
olivine indicates that they crystallized earlier than olivine. On the other hand, merrillite
occurs in the margin of olivine as well as orthopyroxene. Thus, the following
crystallization sequence is inferred: orthopyroxene (pigeonite) — awaruite, chromite —
olivine — merrillite — plagioclase. Besides, the compositional variations observed in
some orthopyroxene megacrysts containing Mg-rich cores (Fig. 16) indicate that the
mantle characterized by the Ca and Mg plateaus grew slightly before the crystallization
of “normal” orthopyroxene, which was followed by the overgrowth of pigeonite. The
chemically distinct core is considered to represent a relict grain from the precursor,
which must have existed before the crystallization of the megacryst. The gradual
compositional change is attributed to diffusion between the relict core and the host
magma before the major crystallization stage of orthopyroxene. The vermicular olivine
may also be inherited from the precursor, given that they always occur in cores of
orthopyroxene megacrysts and have distinct chemical and crystallographic features
from the normal olivine (Table 8).

Our EBSD mapping demonstrates that elongation of orthopyroxene megacrysts is
along c-axis (Fig. 11). Such extension of single crystals in preferred growth orientations

generally forms dendrites, a crystal having a branching structure with uniform lattice
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and optical properties throughout (Cody and Cody, 1995). Hence, the organized
subdivision into sub-parallel units of megacrysts suggests their crystallization by
dendritic growth and ripening, rather than by a complex combination of nucleation or
crystal aggregation (Welsch et al, 2012). Such dendritic structure of each
orthopyroxene megacryst is partly recognizable in the micro-CT images (Fig. 9a).
Branching, dendritic crystals generally form under extreme super-saturation
conditions (Lofgren, 1980; Vetere et al., 2015), suggesting that the initial cooling rate of
NWA 6704 was very rapid. Crystal morphology as a function of cooling rate was
investigated for various melts by dynamic crystallization experiments (e.g., Lofgren,
1980). The results for basaltic compositions showed that the typical crystal shape is
euhedral-equant and slightly skeletal or blocky at <2 “C/h, elongate and skeletal to even
more acicular at 2—10 °C/h, dendritic to spherulitic at >10°C/h, and a feathery texture as
observed in “spinifex-textured rock” (Fleet and MacRae, 1975) at >50 °C/h. Vetere et al.
(2015) confirmed that elongated dendrites can form even by heterogeneous
crystallization at cooling rates of 760 °C/h from the starting temperature of 1300 °C,
whereas crystallization is suddenly suppressed at >1800 °C/h from the same starting
temperature, leaving glassy products. These experiments were mostly on clinopyroxene,
olivine, and plagioclase, which could show morphological behaviors distinct from
orthopyroxene. Nevertheless, skeletal or dendritic orthopyroxene has been reported
from rapidly solidified terrestrial rocks, such as komatiite lavas (Arndt and Fleet 1979)
and orbicular diorite intrusions (Durant and Fowler, 2002), suggesting that

orthopyroxene dendrite could form essentially in the same manner as clinopyroxene.
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Thus, we infer that the initial cooling rate of NWA 6704 was most likely about 110
°C/h (dendrite formation conditions) and not higher than 10 °C/h (glass formation
conditions).

The grain sizes of the NWA 6704 orthopyroxenes (0.4—1.7 cm) are significantly
larger than dendritic crystals observed in eucrites or lunar and Martian basalts (um to
~mm; Barrat et al., 2003; Walton and Herd, 2007; Hewins and Zanda, 2012). Such
coarse dendritic crystals would be formed when very few nuclei exist in the superheated
parental melt at the onset of cooling, so as to suppress homogeneous nucleation (Walton
and Herd, 2007). Remarkably, a thin section of the fine lithology tends to contain more
orthopyroxene grains with Mg-rich cores and vermicular olivine inclusions that are
considered to be inherited components from the precursor (Figs. 15b and 16). The
relationship may reflect that these cores acted as nuclei for the dendritic growth of
orthopyroxene giving rise to megacryst formation when such nuclei are limited in
number.

In contrast to the initial very high cooling rate to produce the dendritic texture for
orthopyroxene, the olivine-spinel geospeedometry indicates a significantly slower
cooling rate of <10*~107? °C/h at 850-970 °C (Fig. 17). A similar cooling rate of 2.0 x
102 °C/h at a temperature interval between 1100 and 950 °C is estimated from the
thickness and wavelength of some augite exsolution lamellae that are similar to those
observed in the Zagami martian meteorite (Brearley, 1991; Takagi et al., 2014). These
results indicate that the cooling rate significantly decreased below a temperature of

~1100 °C during the cooling of NWA 6704.
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On the basis of the textural and mineral chemical data and the above
considerations, the following crystallization processes are inferred for NWA 6704: (1)
the parental magma was initially dominated by melt with a few grains of relict Mg-rich
orthopyroxene and vermicular olivine-bearing orthopyroxene, (2) orthopyroxene rapidly
crystallized under highly super-saturation conditions, mostly on the preexisting seeds,
which suppressed homogeneous nucleation and resulted in the formation of
orthopyroxene megacrysts with dendritic and branching morphology, (3) as the
temperature fell with decreasing cooling rate, the dendritic growth of orthopyroxene
ceased and thickening of the branches proceeded with crystallization of awaruite and
chromite followed by olivine and merrillite, narrowing the pore space between the
orthopyroxene branches, (4) plagioclase started crystallization with limited numbers of
nuclei when a interstitial residual melt was still well-connected, and eventually it
completely filled the pore space.

The initial state of the crystallization can be further explored from the diffusional
zoning developed around the relict Mg-rich core of orthopyroxene megacryst (Fig. 16).
The average Fe’'-Mg interdiffusion coefficient along the ¢ and b axis directions of
orthopyroxene at FMQ-buffered conditions can be expressed as a function of

temperature and composition (Ganguly and Tazzoli. 1994);

log D(Fe-Mg)., = —5.54+2.6 Xg.— 12530/T (vii)

where D is the diffusion coefficient in cm®/s, Xg. is the Fa component in orthopyroxene,
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and T is the temperature in K. Using a Xg. of 0.4 that is the value at the core of a
chemically zoned orthopyroxene megacryst, we derive a D value of about 10™'* at 1000
°C, and a value of about 10" at 1500 °C, although the validity of equation (vii) remains
controversial for temperatures outside the range of 500-800 °C. Given these D values
and the diffusion distance between the relict Mg-rich core and the margin of Mg plateau
(Mg# = 60.5) of about 10 cm in Fig. 16b, we estimate the time scale of superheating
and cooling to be on the order of <10 yrs at 1000 °C, and <~10* h (10" yr) at 1500 °C.
Such short time scale of melting is consistent with the presence of vermicular olivine
inclusions. Reaction experiments between natural olivine crystals (Fog;, Fosg, and Fos;)
and SiO,-rich melt at high temperatures (1100—1320 °C) showed that vermicular olivine
can form via its partial dissolution under the conditions where the olivine has an Fe
content higher than the equilibrium Fe content of olivine with the melt and when the
duration of heating is short (<10® h at >1300 °C) enough to dissolve the Fe-rich olivine
out (Tsuchiyama, 1986).

Most of the petrologic and mineral chemical features of NWA 6704 described
above are consistent with those reported for paired NWA 6693, such as the intact
igneous texture with the lack of shock metamorphic features, optical continuity of
plagioclase over large areas, micro-inclusion alignments in plagioclase, and Ni-rich
olivine, metal and sulfide compositions, even though an olivine-rich clast reported for
NWA 6693 (Warren et al., 2013) has not been found in NWA 6704. Nevertheless, the
inferred crystallization process is inconsistent with previously proposed cumulate origin

for NWA 6693/6926 by Warren et al. (2013), who interpreted that NWA 6693
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underwent an intense shock after its formation as a cumulate, causing selective melting
of plagioclase and infiltration of the melt to account for the optical continuity of
plagioclase. However, the dendtritic structure of orthopyroxene megacrysts and the
presence of glass- and skeletal orthopyroxene-bearing inclusions in olivine (Fig. 15a)
provide strong evidence for rapid cooling during crystallization of the mafic minerals.
In addition, as discussed below, the rapid initial crystallization rather than cumulate
origin can be more readily reconciled with the lack of chemical evidence for significant

magmatic fractionation.

3. 4. 2. Highly siderophile element systematics of NWA 6704

Although the ""Re~"*"Os system cannot be used for precise dating of NWA 6704
formation because of the limited variation in Re/Os, it is useful for placing constraints
on the occurrence and timing of secondary processes that may have affected the HSE in
NWA 6704 fractions. The "*'Re-'""Os systematics of NWA 6704 bulk and metal
fractions are generally consistent with system closure since formation, given that they
fall on or near a primordial isochron (Fig. 21a). The deviation of the silicate fraction
from a primordial isochron most likely indicates that a minor amount of Re has been
added (Fig. 21c). Prior studies have noted similar disturbances of the Re—Os systems in
some samples from Northwest Africa (Brandon et al.,, 2012). Despite the minor

disturbance, the HSE abundances of the silicate sample were not evidently affected by
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secondary processes by more than a few percent.

The relative and absolute HSE abundances of bulk fragments are broadly
chondritic, but variable among individual fragments. The variation in HSE abundances
indicates that HSE carriers are heterogeneously distributed on a milligram scale in
NWA 6704. The heterogeneity most likely reflects a nugget effect of HSE-rich carriers,
as argued by Warren et al. (2013) for paired NWA 6693. Further, some modest Re/Os
variations among different bulk fragments may be partly attributed to Re/Os
fractionation caused by changing redox states, as Re has the highest oxidation potential
among the HSEs. Indeed, the occurrence of Fe- and Ni-rich olivine grains observed
along the boundaries between large awaruite and orthopyroxene grains (Fig. 15d)
suggests olivine formation via oxidation reaction of awaruite consuming orthopyroxene
during cooling.

Warren et al. (2013) reported depletions in the abundances of S and chalcophile
elements relative to bulk CI chondrites in paired NWA 6693. In addition to being
siderophile, the HSE, and especially Pd, are also chalcophile. Sulfides in iron meteorites
can have Pd abundances that are ~10% of the Pd abundances of coexisting Fe, Ni-rich
metal (Carlson and Hauri, 2001). Therefore, sulfide loss may result in Pd depletions and
HSE fractionations if sulfides act as a major HSE carrier. However, bulk fragments of
NWA 6704 do not have Pd depletions. Therefore, despite the loss of S and chalcophile
elements (and possibly sulfide phases), Pd behaved coherently with the other HSE and
remained almost wholly retained in the metal. Evidently, under the formation conditions

of NWA 6704, Pd behavior was far more siderophile than chalcophile.
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Igneous processes should have equilibrated the HSE among metals and silicates.
However, the apparent NWA 6704 metal/silicate concentration ratio for Ir is ~960.
Although metal-silicate partition coefficients tend to decrease with increasing pressure
and temperature for at least some HSE (e.g., Mann et al., 2012), even under P-T
conditions appropriate for the terrestrial lower mantle, partition coefficients for Ir do not
decrease below ~10%. Thus, the HSE abundances of the measured NWA 6704 silicate
fraction either reflect disequilibrium or the presence of some small fraction of HSE- rich
metal or sulfide. Mixing calculations indicate that the presence of only 0.2% of the
measured metal in a virtually HSE-free silicate fraction can broadly account for the
HSE abundances in the silicate fraction. However, the relative HSE abundances of the
metal and silicate fraction are not identical (Fig. 20). Therefore, metal or sulfide present
in the silicate fraction must have relative HSE abundances that differ from the measured
metal fraction. This may reflect restricted addition of exogenous HSE-enriched,
possibly impactor materials during or subsequent to magmatic crystallization, as
observed for some basaltic achondrites (Riches et al., 2012). Note, however, that such
contamination should have trivial effect on the HSE systematics of bulk and metal
fractions because of their higher abundances. Indeed, their '*'Re—'*'Os systematics

define a primordial isochron rather than a mixing line (Fig. 21a and b).
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3. 4. 3. Constraints on parent body processes

Multiple processes, including core formation, silicate differentiation, and
degassing, can give rise to chemical variations among different parts of planetary bodies.
Immediately following core formation, the HSE concentrations of the silicate portions
of planetary bodies were most likely highly depleted and fractionated, relative to
chondrites (e.g., Capobianco et al., 1993) because the HSE have high (>10*-10° under
low pressure conditions) and variable metal-silicate partition coefficients (e.g., Kimura
et al., 1974; Newsom, 1990; O’Neill et al., 1995; Borisov and Palme, 1995; Fortenfant
et al., 2003). In addition, the HSE are typically fractionated during silicate
differentiation because of their diverse compatibilities in silicate systems (e.g., Barnes
and Naldrett, 1985; Walker et al., 1999; Puchtel et al., 2004, 2007; Day et al., 2010).
The absolute and relative HSE abundances of a calculated whole rock, which were
calculated from the four bulk fragments, are broadly chondritic (Fig. 20). Except for Pd,
the HSE abundances of the estimated whole rock composition are within 2¢ of
carbonaceous, ordinary, enstatite, and Rumuruti-like chondrites (Fig. 24a), and one of
the bulk fragments has HSE abundances that are within 26 of ordinary chondrites for all
HSE, including Pd. The HSE of NWA 6704 are also less fractionated than primitive
achondrites, including ureilites, brachinites, brachinite-like achondrites, and GRA
06129 (Fig. 24b). Further, Warren et al. (2013) reported that the relative and absolute
abundances of siderophile elements (including Co, Ni, Ir, Os, and Au) and non-volatile

lithophile elements of paired NWA 6693 are only minimally fractionated relative to
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bulk chondrites. The nearly chondritic absolute and relatively unfractionated HSE
abundances of NWA 6704 and NWA 6693 indicate that their precursor rocks most
likely had chondritic absolute and relative HSE abundances, and that they crystallized
from a melt that underwent only minor metal and sulfide fractionation. This, in turn,
suggests that a parent body had not segregated metal or sulfide on a global scale to form
a core by the time the samples formed.

The significance of the parent body differentiation can be further constrained from
other geochemical systematics of NWA 6704. Silicate differentiation processes
including crystal accumulation should cause significant fractionation between elements
having highly different compatibilities in silicate systems. The CI chondrite-normalized
REE pattern of NWA 6704 is compared with those of NWA 6693 and primitive
achondrites in Fig. 19. The absolute abundances of REE in NWA 6704 and NWA 6693
are slightly sub-chondritic (0.4—0.7 % CI), which led some to argue its cumulate origin
(Jambon et al., 2012; Warren et al., 2013). However, the only weakly fractionated REE
patterns of NWA 6704 and NWA 6693 (Fig. 19), together with the lack of systematic
depletion of highly incompatible lithophile and siderophile elements (Figs. 18b and 20),
require that neither the parental magma nor precursor underwent significant silicate
differentiation.

A plot of Fe/Mn ratio vs. Fe/Mg ratio (Fig. 25) can be used to evaluate chemical
fractionation during planetary processes, because (1) silicate differentiation 1is
accompanied by variation in Fe/Mg ratio with minor Fe/Mn fractionation, (2)

metal-silicate segregation causes correlated changes in Fe/Mn and Fe/Mg ratios, and (3)
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volatility-controlled differentiation can lead to more variation in Fe/Mn ratio than in
Fe/Mg ratio (Goodrich and Delaney, 2000). Like primitive achondrites, NWA 6704
yields a Mn/Mg ratio (~1.06 % CI) within the range of chondritic ratios. As compared to
primitive achondrites including lodranites and winonaites/IAB (~0.73 x CI and ~0.65 x
CI, respectively), NWA 6704 has Fe/Mn and Fe/Mg ratios (Fe/Mg ~1.18 x CI; Fe/Mn
~1.11 x CI) similar to those of carbonaceous chondrites, which is consistent with the
restricted silicate differentiation and metal-silicate segregation.

NWA 6704 is severely depleted in elements having Tc of <900 K, relative to the
reference CI chondrite (Fig. 18b). Such depletion is recognizable for NWA 6693, but
the degrees of the depletion are remarkably different between the two meteorites
especially for Rb, Pb, and Te (Table 9). Further, a whole rock sample of NWA 6693
used for Rb—Sr dating has a nearly chondritic Rb abundance of 3.2 pg/g, which is one
order of magnitude higher than that of NWA 6704 (Amelin et al., 2019). As a result of
the Rb abundance variation, mineral separates of NWA 6704 and NWA 6693 yielded
clearly distinct *'Rb/*°Sr and *’St/*°Sr ratios, but the Rb—Sr isotope data define a single
isochron with an age of 4.54 + 0.03 Ga, which is consistent with the Pb—Pb and AlI-Mg
ages (Amelin et al., 2019; Sanborn et al., 2019). This indicates that the observed Rb
variation was established at or around the time of crystallization, implying that the
depletion of the highly volatile element with variable degrees resulted from a
high-temperature magmatic event forming NWA 6704 and NWA 6693.

Limited chemical fractionation among elements with T¢ > 900 K indicates that

the effects of planetary differentiation processes must have been restricted for NWA
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6704 and NWA 6693 compared to primitive achondrites characterized by more
fractionated chemical compositions. The large-scale distributions of HSE-rich carriers
(primarily metal and sulfides) in NWA 6704 appear to have been largely unchanged
during melting and crystallization. Transport of these carriers must have therefore been
limited. Moreover, fractional melting in the precursor and crystal accumulation in the
parental magma should have been insignificant. One possibility for the restricted
differentiation despite melting and crystallization is that the NWA 6704 parent body
was too small for gravitational separation of metals, sulfides or silicate minerals from
melt. Alternatively, melting and crystallization may have happened on a timescale that
was too short to allow segregation of these phases. The latter is compatible with the
petrological observations suggesting instantaneous melting followed by rapid
crystallization. Plausibly, a chondrite-like precursor to NWA 6704 was rapidly heated
well above liquidus temperature such that the generated melt contained a limited
number of relics from the precursor and retained the primitive chemical features except
for the highly volatile elements with Tc of <900 K that were lost by degassing. This
rapid heating was immediately followed by rapid cooling, which resulted in the
formation of dendritic orthopyroxene megacrysts and prevented silicate differentiation
and metal/sulfide segregation. Such precipitous thermal phenomenon may be
implemented by an impact event, even though no unambiguous mineralogical evidence
for this proposal, such as the presence of high-pressure phases, is preserved in NWA

6704.
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Fig. 24. Cl-normalized (Horan et al., 2003) highly siderophile element (HSE)
abundances of NWA 6704 whole rock, compared with those of (a) chondrite groups and
(b) achondrites. HSE abundances in (a) are doubly normalized to CI chondrites (Horan
et al., 2003) and Ir. For comparison, doubly normalized average and 2c of ordinary,
carbonaceous, enstatite, and Rumuruti-like chondrites HSE abundances are also shown
in (a). The HSE abundances of NWA 6704 whole rock in (b) are normalized only to CI
chondrites (Horan et al., 2003). For comparison, CI-normalized HSE abundances of
various primitive achondrites are also shown in (b). The plots for ordinary,
carbonaceous, enstatite, and Rumuruti-like chondrites are based on the data reported by
Walker et al. (2002), Horan et al. (2003), Brandon et al. (2005), Fischer-Godde et al.
(2010) and Day et al. (2015). Data for GRA 06129 are from Day et al. (2009), Brachina
and Zag from Day et al. (2012), and ALHA 77257 from Rankenburg et al. (2008).

106



¢V chondritic Obrachinaites
150 oC Mn/Mg
B oC e
oC super chondritic Ovureilites
ELo EH Mn/Mg
CM mEwinonaites / IAB
c © oH silicate inclusions
= 100 | i.:°R | NWA 6704 H acapulcoites
o) B T NWA 6693
L. <9 lodranites
— !L Lunar basalts
L & FNWA 6704
O 50
= SNC HED *NWA 6693
ochondrites
0 1 1 1 1 1 1 1 1
0 0.5 1 1.5 2
molar Fe/Mg

Fig. 25. Plot of Fe/Mn vs. Fe/Mg, comparing NWA 6704 with chondrites, primitive
achondrites, HED/SNC, and lunar basalts (Goodrich and Delaney, 2000 and the
references listed there). The NWA 6704 data shown here were obtained with XRF.
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3. 4. 4. Constraints on the provenance of the parent body

The O isotope compositions of meteorites have long been used to investigate their
parent bodies, since different meteorite groups and, by extension, different planets have
distinct A'’O values, probably as a result of isotope-selective photo-dissociation of CO
in the early solar nebula (Clayton, 2002; Yurimoto and Kuramoto, 2004; Lyons and
Young, 2005). More recently, it has been shown that each meteorite group has
distinctive mass independent isotope variations of heavier elements such as Ti, Cr, and
Ni (Trinquier et al., 2007, 2009; Dauphas and Schauble, 2016, and references therein).
In particular, carbonaceous chondrites have substantially higher values of £*Cr and
£°Ti as compared to most differentiated meteorites and ordinary and enstatite
chondrites. The carbonaceous chondrite parent bodies (C-type asteroids) are considered
to have accreted in the outer solar system and then implanted into the main asteroid belt
(Walsh et al., 2011). Thus, the isotope data are interpreted to reflect distinct isotope
features between the inner and outer early solar nebula (Warren, 2011; Budde et al.,
2016; Van Kooten et al., 2016; Kruijer et al., 2017). This potentially offers a new means
of assessing the parent body provenance, even though the cause of the isotope variations
is a matter of on-going debate (e.g., Trinquier et al., 2009; Dauphas et al., 2010; Qin et
al., 2011). In Fig. 26, we compare the O—Cr—Ti isotope systematics of NWA 6704 and
other planetary materials. The comparison shows that NWA 6704 plots within the range
of carbonaceous chondrites. This correspondence suggests that its parent body sampled

the same reservoirs of O, Cr and Ti in the outer solar system as the carbonaceous
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chondrite parent bodies. If so, it is likely that the precursor of NWA 6704 was originally
hydrous, but water was lost during the magmatic event together with the highly volatile
elements such as Rb. The empty inclusions observed in the orthopyroxene megacrysts
(Fig. 12a,b) may represent a vestige of trapped fluid that was derived from the hydrous
precursor.

NWA 6704 shows further similarities to carbonaceous chondrites in fO, and
refractory major element abundances. The fO, of NWA 6704 (FMQ —2.6) estimated
from the olivine-spinel geobarometry is similar to those of CV chondrites and distinctly
higher than those of ordinary and enstatite chondrites (Righter and Neff, 2007),
suggesting its parent body accretion in a relatively oxidized environment. The Al/Mg
and Ca/Mg ratios in NWA 6704 (A/Mg ~1.27 x CI; Ca/Mg ~1.06 x CI) are within the
range of carbonaceous chondrite values (Al/Mg 0.98-1.37 x CI; Ca/Mg 0.97-1.38 x CI),
while those ratios are distinctly lower in non-carbonaceous chondrites (Al/Mg
0.84-0.93 x CI; Ca/Mg 0.75-0.94 x CI) that have lower abundances of refractory
Ca-Al-rich inclusions (CAls) in non-carbonaceous chondrites (e.g., Palme, 2000; Rubin,
2011) (Fig. 27).

On the other hand, NWA 6704 is clearly distinct from both carbonaceous and
non-carbonaceous chondrites in its high Si/Mg (~1.85 x CI; chondrites and primitive
achondrites 0.62—1.40 x CI). Such elevated Si/Mg ratio is observed also in NWA 6693
(Warren et al., 2013) and results in their higher modal ratios of low-Ca pyroxene to
olivine than those in carbonaceous chondrites. The high Si/Mg ratio in NWA 6704

cannot be attributed to igneous differentiation on its parent body, because the nearly
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chondritic HSE and only weakly fractionated REE patterns preclude significant
magmatic fractionation (previous section). Aqueous alteration processes are incapable
of fractionating Si from Mg without a remarkable change of Fe/Mg ratio (Tomeoka and
Buseck, 1985; McSween, 1987) that is not observed in NWA 6704. It is difficult to
account for the increased Si/Mg ratio by volatilization processes on the parent body,
given the rather chondritic Na/Mg and K/Mg ratios in NWA 6704 and NWA 6693 (Fig.
27) despite more volatile features of Na and K relative to Si. Instead, the Si enrichment
in NWA 6704 may result from cosmochemical fractionation in the solar nebula that is
thought to be responsible for Si/Mg variations among different chondrite groups
(Larimer, 1979).

It has long been known that carbonaceous and non-carbonaceous chondrites
define distinct trends in a Mg/Si vs. Al/Si diagram (Fig. 28) (Jagoutz et al., 1979;
Larimer, 1979; Alexander, 2005): there are little Mg/Si variations but significant Al/Si
variations for carbonaceous chondrites, whereas correlated variations between Mg/Si
and Al/Si ratios are observed for non-carbonaceous chondrites. On the basis of
predicted condensation sequence for the cooling solar nebula, the cosmochemical trend
for carbonaceous chondrites has been considered to reflect the addition of the earliest
condensates to the solar (CI) composition, whereas that for non-carbonaceous
chondrites has been explained by the removal of forsterite and earlier condensates
(Larimer, 1979). The nebular fractionation of forsterite is consistent with a more
recently recognized correlation between the Mg/Si ratios and Si isotopic compositions

of different meteorite groups (Fitoussi et al., 2009; Dauphas et al., 2015).
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If the significantly lower Mg/Si ratio in NWA 6704 (Mg/Si ~0.52 x CI) is due to
the nebular fractionation, then the NWA 6704 parent body likely formed in a region of
the protoplanetary disk where the forsterite component was significantly depleted as
compared to the accretion regions of any known chondrites. At the same time, the
remarkable deviation of NWA 6704 from the non-carbonaceous chondrite trend (Fig.
28) suggests that the most refractory component was relatively enriched in the region.
Given that CAls and refractory presolar materials exhibit high £*Cr and &°Ti values
(e.g., Choi et al., 1998; Trinquier et al., 2009; Qin et al., 2010; Koop et al., 2016), the
refractory component enrichment in NWA 6704 can account for its carbonaceous

chondrite-like Ti and Cr isotopic compositions despite of its non-chondritic Mg/Si ratio.
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Fig. 26. Comparisons of isotope compositions of NWA 6704 with planetary materials:
(a) €°Ti vs. A70; (b) €°Ti vs. £'Cr. Data sources are as follow: A'’O, Clayton et al.
(1991), Clayton and Mayeda (1996, 1999), Franchi et al. (1999), Newton et al. (2000),
Greenwood et al. (2004, 2005, 2010, 2012), Wiechert et al. (2001, 2004), Scott et al.
(2009), Schrader et al. (2011) and Harju et al. (2014); for £*°Ti, Trinquier et al. (2007,
2008, 2009), Leya et al. (2008), Qin et al. (2010 a,b) Yamakawa et al., (2010) and
Zhang et al. (2012); for €>*Cr, Yamashita et al. (2005), Shukolyukov and Lugmair,
(2006a,b), Trinquier et al. (2007), Shukolyukov et al. (2009, 2011), Qin et al. (2010 a,b),
Gopel and Birck, (2010), Yamakawa et al., (2010), Larsen et al. (2011), Petitat et al.
(2011), Qin et al. (2011), Sanborn et al. (2014), Bonnand et al. (2016), Gopel et al.
(2015), Sanborn et al. (2015), Schmitz et al. (2016) and Schoenberg et al. (2016).
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Fig. 27. Mg and Cl-normalized whole rock elemental abundances of NWA 6704 (XRF
data in Table 9), compared with those of Sun (Palme and Beer, 1993), various
chondrites (CI, CM, CO, CV, CR, CK, CH, LL, L, H, EH and EL from Wasson and
Kallemeyn, 1988; R from Schulze et al., 1994) and primitive achondrites (Acapulcoite
from Palme et al., 1981; Lodranite and Brachinite from Mittlefehldt et al., 1998;
Winonaite from Graham et al., 1977; Ureilite from Wiik, 1972; NWA 6693 from
Warren et al., 2013).
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3.4.5. Potential of NWA 6704 as a new “Time anchor”

Based on our petrological, geochemical, and isotope cosmochemical study of
NWA 6704, we finally discuss the potential utility of this meteorite as a new anchor to
map extinct radionuclide chronometers onto an absolute time scale (“Time anchor”; see
section 1.1.1.). As mentioned above, to be the Time anchor, one meteorite must satisfy
the following conditions to tie Nb—Zr age to an absolute U-Pb chronology (Fig. 1): (1)
The U-Pb age can be obtained (while the short-lived radionuclide was still alive); (2) an
(internal) isochron of the short-lived radionuclide can be obtained. In other words, the
chemical fractionation of a parent element from its radiogenic daughter element results
in a linear correlation of excesses of the daughter isotope with the relative abundance of
the parent isotope; (3) a cooling rate is rapid enough not to cause the age difference
exceeding the range of the error (isotopic closure is rapidly achieved). (4) sample is not
affected by secondary alternation or exotic components that disturbed the age.

Given the high-precise ancient U-Pb age (4562.76 £ 0.30 Ma) determined by
(Amelin et al., 2019) and the modal composition of mineral assemblage that makes
internal isochron dating with various extinct radionuclide chronometers applicable
(Table 13), NWA 6704 satisfies the condition of (1) and (2). The inferred rapid cooling
rate (> 10" ‘C/yr) during crystallization is rapid enough to cover the differences in
closure temperatures (up to several hundred degrees) of multiple chronometers within
thousands of years (~0.001 Ma). Considering that the current techniques can have

precisions of 0.1-1.0 Ma in isotope dating (e.g., Connelly et al., 2012; Amelin et al.,
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2019), the cooling rate of NWA 6704 does not affect the age interpretation. Our finding
of the relict grain such as vermicular olivine (Fig. 15b) and some Mg-rich cores in
orthopyroxene (Fig. 16) suggests the presence of exotic components within this
meteorite. However, such exotic grains are also observed in the quenched angrites
including D’Orbigny (Mikouchi et al., 2011), which is currently the most widely used
Time anchor (Glavin et al., 2004; Brennecka and Wadhwa 2012; Spivak-Birndorf et al.,
2009; Schiller et al., 2010a; Schiller et al., 2015). Compared with the sizes of
xenocrysts in D’Orbigny up to 3 mm (Mikouchi et al., 2011), the relict grains with sizes
less than 500 um observed in this study is negligible. Given these facts and the textures
indicative of limited weathering and a very low shock stage (S1-S2), NWA 6704 also
satisfies the condition of (3) and (4). Consequently, our study can reasonably suggest
that NWA 6704 ungrouped primitive achondrite is a viable, new Time anchor.
Importantly, as discussed in the previous section, the O, Cr and Ti stable isotope
comparison (Fig. 26) shows that the parent body of NWA 6704 sampled the same
reservoirs of O, Cr and Ti in the outer solar system as the carbonaceous chondrite parent
bodies. Those O, Cr and Ti isotope systematics indicate that the NWA 6704 parent body
was accreted in a different region from the parent body of angrite, which is now widely
used as Time anchor (e.g., D’Orbigny, &*Cr = —0.46 + 0.09, 2 SE; Yamashita et al.,
2015; &°Ti = —1.55 + 0.22, 2 SE; Trinquier et al., 2009). Further, the Cr and Ti isotope
systematics of all meteorites previously studied for determining the initial **Nb
abundance (angrites, eucrites, Ibitira ungrouped achondrite, ordinary chondrites, and

Vaca Muerta mesosiderites; Fig. 29) are plotted within the region of non-carbonaceous
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chondrites, suggesting that their parent bodies sampled the same reservoirs of O, Cr,
and Ti in the inner solar system (originated from < ~5 astronomical units (AU); Warren,
2011). This is consistent with the volatility-depleted nature of these meteorites, which
have been mentioned in section 1.2. Hence, newly establishing NWA 6704 as a Time
anchor and applying the internal Nb—Zr isochron approach to this meteorite would
allow us to evaluate spatial distribution of **Nb in the solar nebula, between the inner

and outer solar system.

Table 13: Summary of short-lived isotope chronometers applicable to NWA 6704.

Parent - Daughter Half-life Usable minerals
Al — *Mg 717 Kyr P1 - Olv, Px
“Fe — “Ni 2.6 Myr Chr — Metal
*Mn — *Cr 3.74 Myr Olv — Chr
"Hf — "W 8.9 Myr Px — metal
”Nb — *Zr 37 Myr Px — Chr

“Sm — '"¥Nd 68 Myr Chr, Px — Pl
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Fig. 29. Comparisons of Cr-Ti stable isotope compositions of NWA 6704 with all
samples previously studied using the internal Nb-Zr isochron approach: Data sources
are Yamashita et al. (2005), Trinquier et al. (2007, 2009), Larsen et al. (2011), Zhang et
al. (2012), and Sanborn et al. (2014).
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3. 5. Conclusion

The unique achondrite NWA 6704 consists of orthopyroxene megacrysts with
finer interstitial crystals of olivine, chromite, awaruite, sulfides, plagioclase and
merrillite. The petrology, morphology and mineral chemistry collectively indicate the
following crystallization sequence for NWA 6704: (1) melt-dominant state with a few
grains of relict Mg-rich orthopyroxene and vermicular olivine-bearing orthopyroxene,
(2) following rapid growth of orthopyroxene mostly on the pre-existing seeds under
high super-saturation conditions, which suppressed homogeneous nucleation and
resulted in the formation of orthopyroxene megacrysts (up to ~1.7 cm) with dendritic
and branching morphology, (3) as the temperature fell, dendritic growth of
orthopyroxene ceased and thickening of branches proceeded with crystallization of
awaruite and chromite followed by olivine and merrillite in the pore space between the
orthopyroxene branches, and (4) finally plagioclase crystallized with limited numbers of
nuclei and filled the well-connected pore space, resulting in the interlocking between
plagioclase and othropyroxene megacrysts. The diffusional zoning profile in a high
Mg# pyroxene core, together with the presence of vermicular olivine inclusions,
indicates that the initial melt-dominant state was instantaneous. The dendritic textures
of orthopyroxene also indicate its rapid crystallization under super-cooling (1-10
°C/hour) conditions. By contrast, the olivine—spinel geospeedometry records the notable
decrease in cooling rate at a later stage of crystallization (<10”~107 °C/hour at below

~1100 °C).
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The Re—Os isochron age of 4576 + 250 Ma, defined by the bulk and metal
fractions, suggests system closure since crystallization. The roughly chondritic HSE
abundances of the bulk fragments with only weakly fractionated HSE and REE patterns
require that the parental melt and precursor had undergone neither significant
segregation of metals, sulfides, nor silicate minerals. Furthermore, the variable degrees
of depletion in elements having Tc of <900 K relative to chondrites suggest
volatilization of the elements during the magmatism to form NWA 6704. The limited
chemical fractionations among moderately and highly refractory elements during the
igneous event can be attributed to the short-time scale of the melting of the precursor
and following crystallization. The precipitous thermal event might occur as a result of
an impact event, even though no diagnostic impact features are observed in the
mineralogy of NWA 6704. Such impact melting has been previously inferred for the
origin of acapulcoites, lodranites, and ureilites (Rubin, 2007; Warren and Rubin, 2010),
while others have proposed that the internal radioactive decay of *°Al was the heat
source for melting and metamorphism of these meteorites (e.g., McCoy et al., 1996;
Touboul et al., 2009; Keil and McCoy, in press). The consistent U-Pb (4562.76 +0.22
0.30 Ma: Amelin et al., in press), AI-Mg (4563.13 + 0.27 Ma, Sanborn et al., in press)
and Mn—Cr ages (4562.17 = 0.76 Ma, Sanborn et al., in press) of NWA 6704 indicate
that the parent body accreted within ~4 Ma after CAI formation. It is, therefore, most
likely that the parent body was internally heated by *°Al decay. However, heating solely
by the internal radioactive decay would not cause rapid melting well above liquidus

temperature as inferred for NWA 6704. We envision that an impact event on the
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radioactively heated, but not differentiated parent body induced a regional instantaneous
melting up to a super-liquidus temperature immediately followed by rapid cooling. As a
result, coarse orthopyroxene dendrites crystallized from the generated melt having a
chondritic composition on the surface. The decrease of cooling rate in the late stage of
the crystallization may reflect its burial under hot debris piled up within an ejecta
blanket. Assuming that the cooling proceeded essentially by thermal conduction with a
thermal diffusivity of 107 m*/second (Horai and Winkler, 1974), the burial depth is
estimated to be on the order of ~10” m.

The O, Cr and Ti isotope compositions of NWA 6704 are similar to those of
carbonaceous chondrites and distinct from those of non-carbonaceous chondrites.
Further similarities between NWA 6704 and carbonaceous chondrites are observed in
fO, and refractory major element abundances such as Ca/Mg and Al/Mg ratios.
However, NWA 6704 has a Mg/Si ratio significantly lower than observed in
carbonaceous chondrites and non-carbonaceous chondrite trend. These findings imply
that the NWA 6704 parent body formed under oxidized conditions in an outer region of
the solar system where nebular fractionation of forsterite and earlier condensates
proceeded efficiently, followed by implantation of a refractory component having
elevated £*Cr and £°°Ti values.

All results support this meteorite to be used as a viable, new “Time anchor”.
Further, the O, Cr and Ti stable isotope comparison shows that the parent body of NWA
6704 sampled the different reservoirs of O, Cr and Ti from those of all meteorites

previously studied for determining the initial *°Nb abundance (angrites, eucrites, Ibitira
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ungrouped achondrite, ordinary chondrites, and Vaca Muerta mesosiderites). Hence,
newly establishing NWA 6704 as a Time anchor and applying the internal Nb—Zr
isochron approach to this meteorite, we can further clarify the homogeneous distribution

of *’Nb in the solar nebula between the inner and outer solar system.
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4.”>Nb-"Zr chronology

4. 1. Background

2Nb decays to **Zr by electron capture with a half-life of 37 million years (My)
(Holden, 1990). Both Nb and Zr are refractory (Lodders, 2003) and strongly
incompatible elements. These elements can be fractionated from each other during the
silicate partial melting and crystallization as well as and the metal-silicate separation
(e.g., Tiepolo et al., 2001; Miinker et al., 2017), making the Nb-Zr system to be
promising chronometer for addressing the early solar system evolution. Figure. 30
shows a nuclear chart for isotopes having nuclear masses around **Nb (A = 92). As
shown in the figure, **Nb is shielded from £ decays from other nuclides due to the
presence of surrounding stable isobars (*’Mo and *’Zr). Thus, *’Nb is a rare
“p-process-only” nuclide, which cannot be synthesized by the rapid(r) or slow(s)
neutron captures, and can only be synthesized by direct nuclear reactions such as (y, n)
and (v, v'n) reactions on °Nb and (v., e ) reaction on **Zr. This makes **Nb to be a
promising monitor for constraining the origin of nucleosynthetic isotope variations in
the early solar system. In addition, the potential of **Nb as a nuclear cosmochronometer
has long been recognized (Minster and Allegre 1982; Wasserburg et al., 1996), once the
stellar origin of **Nb is well established. The initial abundance of now-extinct **Nb and
its distribution at the start of solar system are, therefore, required to be clearly

determined for both chronological and astrophysical points of view.
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The best way to determine the initial abundance of **Nb at the time of solar
system formation is to apply the internal mineral isochron approach to a fresh meteorite
in which the ancient high precision U-Pb absolute age is known, i.e., Time anchor. In
the Nb-Zr decay system, the decay equations of (i) ~ (iv) in section 1.1.1. are rewritten

as follows;

(Zr | *Z0)present = CZr 1 *°Z1)initiar + C*NDb / *°Zr)inigial x (1 —e ) @iy

where subscripts “present” and “initial” refer at the present and the time of the system
closure (at T), and A is the decay constant for the parent nuclide.

Because the age T is much larger than the half-life of short-lived parent nuclide
92Nb, (°*Nb / °Zt)imiga * (1 — e ) approaches to the value of (**Nb / *°Zr)iia, and

equation (i)’ is rewritten as follows;

(9221‘ / 9ozr)present = (92Nb / 90ZI.)initial + (92Nb / 93I\]‘b)initial X (93Nb / 9ozr)present (11),

Hence, an Nb-Zr internal isochron (Fig. 31) on a plot of (**Zr / 9OZr)presem vs. (>Nb /

90Zr)presem gives a slope corresponding to (**Nb / **Nb)iiga. Furthermore, (**Nb /

P Nb)initiat can be related to the ratio at the time of solar system formation (*°Nb / **Nb)o:

(92Nb / 93Nb)initial — (92Nb / 93Nb)0 x ef)nAt (111)9
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where At is the time interval between the system closure and solar system formation (At

=4567.3 Ma — T; Connelly et al., 2012). This equation is rewritten as follows:

At=—(In [*Nb /*Nb)initia / C*Nb / *Nb)o] ) / A (v’

High Nb/Zr
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Fig. 31. Schematic diagram of internal **Nb—"Zr mineral isochron. A plot of (**Zr /
27r) vs. (**Nb / *°Zr) gives a slope corresponding to (**Nb / **Nb), x ¢ ™', where (**Nb
/ P*Nb), is the Nb isotopic ratio at the time of solar system formation. Minerals with

high Nb/Zr include chromite, rutile, and troilite. Minerals with low Nb/Zr include

pyroxenes, and zircon.
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As described above, NWA 4590 angrite has been the only meteorite that satisfies the
conditions to be used as a Time anchor for the Nb-Zr system. The internal isochron
applied to this meteorite showed the slope of (1.4 £ 0.5) x 10 at the time of the system
closure, i.e., the U-Pb age of 4557.93 + 0.36 Ma (Amelin et al., 2011a). Using this
meteorite as Time anchor, the initial **Nb abundance at the solar system formation was
determined to be (*>Nb/”*Nb)y = (1.7 £ 0.6) x 10~ (lizuka et al. 2016). Further, all
initial values obtained after Schonbéchler et al. (2002) using the internal isochron
approach are consistent with each other. The concordance has been interpreted as
reflecting a homogeneous distribution of **Nb at the canonical value of (**Nb/**Nb), =
(1.7+0.6) x 10~ in the early solar system.

In this study, we determined the initial abundance of **Nb (**Nb/*’Nb) by
applying the internal isochron approach to the NWA 6704 primitive achondrite. As
concluded in the chapter 3, our petrological, geochemical, and isotope study of NWA
6704 suggested that this meteorite is a viable, new Time anchor. Furthermore, since the
parent body of NWA 6704 samples the same reservoirs of A'’0, **Cr, *°Ti, and **Sr as
the carbonaceous chondrite parent bodies (section 3.3.5 in this study, Amelin et al.,
2019), this meteorite allows us to obtain the information from the outer solar system.
Thus, NWA 6704 is of vital importance in that it enables us to take the first step in

evaluating the distribution of **Nb between the inner and outer solar system.
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4. 2. Methods

4. 2. 1. Sample digestion

We prepared mineral fractions and whole rock fractions from five fragments of
NWA 6704 (Table 14: two ~50 mg fractions of whole rock from fragment #6 that is the
same fragment as the #6 in the petrologic study in section 3.2.1, two 40-50 mg fractions
of orthopyroxene and two ~4 mg fractions of chromite from a new fragment #7, one
~30 mg fraction of orthopyroxene and one ~3 mg fraction of chromite from a new
fragment #8, one 50 mg fraction of orthopyroxene, two ~4 mg fractions of chromite,
and one ~165 mg fraction of metal from a new fragment #9, and one ~7 mg fraction of
chromite from a new fragment #10). All fragments (#7—#10: 2.4-12.3 g) except for #6
(already crushed into fine powders for solution-based bulk chemistry in petrologic
study) were crushed into medium-grain size using an agate mortar and pestle. All
non-magnetic mineral fractions were hand-picked under a stereoscopic microscope, and
the metal fraction was separated using a neodymium hand magnet from a disaggregated
specimens of NWA 6704.

All non-magnetic sample aliquots were digested with a mixture of ~1.2 mL of
concentrated HF and ~0.9 ml of concentrated HNOjs in a Parr® bomb at 190 °C for >65
hours. All acids used in this study are ultrapure grade reagents from Kanto Chemical
CO. Inc., Japan. Once digested, the HF-HNO; mixtures were evaporated to dryness.

The sample aliquots were then digested with ~0.9 ml of concentrated HNOs in a Parr®
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bomb at 160 °C for >12 hours, and again, were evaporated to dryness. This step was
repeated one more time. Finally, the samples were dissolved with 2 mL of 6 mol 1" HCI
in a Parr® bomb at 140 °C for 1 day. These procedures ensured complete digestion of
all minerals, and no residues were recognizable in the vials.

For the digestion of metal fraction, we modified the method of Cook et al. (2008).
Metal grains were digested in Teflon® vials by treatment with reverse aqua regia (2:1
concentrated HNOj to concentrated HCI) at 130 °C for 1 day, and then evaporated to
dryness. Then, the sample was treated with 6 mol I"' HC1 + 1 mol I"' HF at 140°C for 1
day and again evaporated to dryness. The sample was then treated with 0.5 mol 1”' HCl
+ 0.5 mol I"' HF at 130 °C for 1 day, evaporated to dryness. This step was repeated one
more time. Finally, the sample was re-dissolved in ~2 ml of 6 mol I"' HCI heated on a
hotplate at 140 °C for 1 day.

The digested solutions of Whole rock #6—1, Orthopyroxene #7—1 and #8, and
Chromite #7—-1,-2, and #8 were each split into two aliquots, 1.5% for Nb/Zr elemental
ratio measurements and the remaining for chemical separation of Zr. The other digested
solutions were each split into two aliquots, 10% for Nb/Zr elemental ratio

measurements and the remaining for chemical separation of Zr.
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4. 2. 2. Chemical separation

The purification of Zr was required to avoid matrix effects and isobaric
interferences of Mo (**Mo, **Mo, and **Mo), and Ru (*°Ru) during the measurements.
Table 15 summarizes potential interferences in Zr isotope analysis. It should also be
noted that major elements (Ca, Ti, Cr, Fe, and V) whose argides or dimers interfere with
Zr ion signals during MC-ICP-MS analysis. Hence, these elements must be efficiently
separated using column chromatography.

Our samples were processed through a two-step with additional one- or two- step
ion-exchange procedure modified from Miinker et al. (2001) and lizuka et al. (2016)
(Table 16). The two step ion-exchange procedure comprised (i) Fe removal using
AGI1-X8 anion exchange resin (200-400 mesh), and (ii) Zr separation using Ln-Spec
resin (100-150 pum). All acids used in the chemical separation are ultrapure grade

reagents from Kanto Chemical CO. Inc., Japan.

Column 1

In the first step, Fe was removed from most elements including Zr using anion
exchange chromatography. Two ml of Bio-Rad AG1-X8 resin (200400 mesh) was
packed in a medium-sized polypropylene column purchased from Muromachi Chemical
Inc., Japan (d = ~6.5 mm, h = 54 mm). The resin was washed by passing 2 mol I"' HF,
0.5 mol I"' HNO3, and 6 mol "' HCI. After conditioning the resin using 5 ml of 6 mol

"' HCI, samples dissolved in 2 ml of 6 mol 1"' HCI were loaded onto the column.
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Before loading, sample solutions were heated on a hotplate at 140 °C for 1 day. The
fraction containing Zr, which began to be eluted immediately, was collected by passing

an additional 4 ml of 6 mol 1"! HCL.

After Fe removal, the Zr fraction in ~6 ml of 6 mol 1" HCI was evaporated slowly
until the total volume became ~1 ml. Subsequently, the sample aliquots were converted
to a total volume of 3 ml of 2 mol 1™ HCI solution by dilution with H,O, and then
heated on a hotplate at 100 °C for 1 day. Before column loading, the sample was cooled

down at room temperature.

Column 2

In the second step, Zr was purified from the matrix elements. Eichrom Ln-spec
resin (100—150 um) was packed in a Savillex PFA microcolumn (d = ~2.4 mm, h = 20
cm). After conditioning the resin using 0.5 ml of 2 mol 1" HNO; + 1-1.1 wt%
H,0, solution, samples dissolved in ~3 ml of 2 mol 1" HCI solution were loaded onto
the column. Then, matrix elements including Ca, Ti, Cr, residual-Fe, V, Mo and Ru
were eluted in 30.5 ml of 2 mol "' HNO; + 1-1.1 wt% H,0, solution, followed by
elution of REE in 1 ml of 0.5 mol I HNOs;, 5 ml of 3 mol "' HCL, 5 ml of 6 mol 1"
HCI, 1 ml of 0.5 mol 1" HNO3, and 1-2 ml of 0.5 mol 1! HCI + 0.06 mol 1 HF. For
all steps using H,O,, H,O, was mixed with HNO; 1 hour before the loading. This is
because H,O, dissociates into H,O and O, with time, whereas the addition of H,O, to

12 mol "' HNO; immediately before the loading can cause insufficient reaction
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between H,O, and HNOs (Yang et al. 2015). Finally, Zr was collected with 16 ml of 0.5

mol "' HCI + 0.06 mol I ! HF.

Since remaining traces of Fe, Ti, Cr, Mo and/or Ru in the sample require
significant interference corrections on Zr isotope ratio measurements, some samples
were passed through additional column chemistry identical to the first Fe removal step
and the second Zr separation step, but using smaller resin volumes of ~0.5 ml and 1 ml,
respectively (Table 16). Each sample was monitored prior to analysis by MC-ICP-MS
for Zr concentrations and samples containing Fe, Cr, or Ti at a level of 10% of Zr
concentration were re-processed through the Fe and/or Zr separation step. After Zr
separation step, the Zr fraction in ~16 ml of 0.5 mol I"' HCl + 0.06 mol 1! HF was
evaporated slowly at about 150 °C until the solution formed ~10 pl-sized droplet at the
bottom of vial. The sample was not completely dried, because the solid-state Zr
fractions can be difficult to re-dissolve in dilute acid. This associates with the low
recovery yield of Zr during the whole chemical separation procedure. Thus, when
changing the sample acid solvent for the next additional separation step, we must take
care not to evaporate samples completely. After the droplet was formed, the conc. HCI
(ultrapure grade reagents from Kanto Chemical CO. Inc., Japan) was added
and evaporated slowly until the solution formed ~10 pl-sized droplet again at the
bottom of vial, and gradually change the solvent to only HCI. This step was repeated
again, and finally converted to a total volume of 0.2 ml of 6 mol I"' HCI solution by

dilution with H,O for the additional Fe separation step. If the samples were processed
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through only additional Zr separation step, the solution was converted to 0.2 ml of 2
mol "' HCI solution by dilution with H,O.

Prior to analysis using MC-ICP-MS, the organic matter was decomposed. After Zr
separation step, the Zr fraction in 0.5 mol ™' HCI + 0.06 mol 1" HF was evaporated at
about 150 °C for more than 7 hours to dryness. Then about 0.5 ml of concentrated HF,
HNO; and HCI1O4 in a volume ratio of 1 : 10 : 5 were added, and the mixtures were
heated on a hotplate to dryness. In this evaporation step, the temperature was increased
from 80 °C to 180 °C in 10-20 °C steps (about 40 minutes for each step). Then, the
sample was heated at 215 °C for more than 2 hours to evaporate HClIO4 completely.
Subsequently, about 0.5 ml of concentrated HF, concentrated HNO; and H;O in a
volume ratio of 1 : 10 : 5 were added, and heated on a hotplate at 130 °C for 1 night
then evaporated to dryness. In this evaporation step, the hotplate temperature was
increased from 80 °C to 130 °C in 10 °C steps (about 15 minutes for each step). Again,
caution was taken not to evaporate sample to completely dry, and the sample was
evaporated until the solution formed ~10 pl-sized droplet at the bottom of vial. After the
droplet was formed, the conc. HNO; was added and evaporated slowly until the solution
formed ~10 pl-sized droplet again at the bottom of vial, gradually decomposing
fluorides and changing the solvent to only HNO;. This step was repeated again, and
finally converted to a 0.5 mol I"' HNO; + trace HF solution containing ~10 ppb of Zr by
dilution with H,O. The sample was heated on a hotplate at 130 °C for 1 day, for the
analysis using MC-ICP-MS.

Total procedural blanks of the whole procedure were ~20—40 pg of Zr, or 800
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pg—1300 pg of Zr if a Parr” bomb was used, and is inconsequential considering the size

of the samples (> 100 ng for whole rock, metal and orthopyroxene).

1006510 N IDse 1P el 00651 Dge W1 Pl s1ge AOpslOe PdoslOge HDeslDye” s N[O
+U§Hm§ﬁwosgg +ON_§$H+O§ome +Usgomﬂozomow O et S Y +UN_Q§M+ON_omﬁ
091 gg +O919S0s - O g, +0919Ss,  +0919Ss;, 099Dy, 208V, +0912S;, - 092Dy,
A0 Vo (sepuio[y)
oIV, PV gy D4V, AD IV, AV ATV, ILAV,,  SOPIQIRD “OPIXQ ‘SIPISIY “rouwi(])
JLg ey 8D, 8Dy, LWL Lo Lo, BDg, By, .9S49S,, uol o1wojeA[0q
++HAHN2
50261 ++504s1 50
Mg Mg +Mog)
+BlLog
~FHosr uol pagieyo-A[qnoq
+34-cm
Wy +OWys +ONs
g6 A A A s uol pagreyd o[3uIg
96 vo6 76 16 06 SSBAl

sjuowaInseaws 9dojost 17 Ul S90UIDLIdIUI 9[qISSO]

B LA

135



Table 16:

Zirconium column chromatography

Step Volume (mL) Acid
Column 1 2mL AG1-X8 anion resin 200-400 mesh d=~6.5 mm, h=54 mm)
Wash 10 2 molL™' HF
10 0.5 molL ' HNO,
2 6 molL ' HCl
Precondition 5 6 molL.! HCI
Load 2 6 molL ™' HCl
Elute Zr 4 6 molL.! HCI

Column 2 (2.5mL Ln-Spec resin 100-150 micron d=~2.4 mm, h=20 cm)

Wash 6 2 molL™" HF

6 6 molL ™' HCl

3 3 molL™' HNO,
Precondition 0.5 2 molL ' HNO; - 1wt % H,0,
Load 3 2 molL ™" HCI

30.5 2 molL " HNO;- 1wt % H,0,

1 0.5 molL " HNO,

5 3 molL™" HCI

5 6 molL—-1 HC1

1 0.5 molL ' HNO,

2 0.5 molL™" HC1- 0.06molL™" HF

Elute Zr 16 0.5 molL ™' HCI- 0.06molL ' HF

Additional 1 (0.5mL AG50W-X8 cation resin 200-400 mesh d=~2 mm, h=30 mm)

Wash 1 2 molL ' HF

1 0.5 molL™' HNO,
1 6 molL™' HCI
5

Precondition 6 molL ' HCI
Load 0.2 6 molL™"' HC1
Elute Zr 1.5 6 molL "' HCl

Additional 2 (0.5mL Ln-Spec resin 100-150 micron d=~2 mm, h=30 mm)

Wash 1 2 molL™ HF
1 6 molL ™' HCI
0.5 3 molL™ HNO,
Precondition 0.5 2 molL™' HNO; - 1wt % H,0,
Load 0.2 2 molL™ HCl

6 2 molL™' HNO; - 1wt % H,0,
0.1 0.5 molL™' HNO,
0.5 3 molL ! HCI

1 6 molL ' HCI
0.1 0.5 molL™" HNO,
Elute Zr 4 0.5 molL"' HC1- 0.06molL "' HF
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4. 2. 3. Nb/Zr ratio measurement by solution-ICP-MS

The Nb/Zr ratios of the digested solutions of Whole rock #6—1, Orthopyroxene
#7—1 and #8, and Chromite #7—1,-2, and #8 were obtained using a Thermo Fisher
Scientific™ iCAP O™ ICP-MS interfaced to a Cetac Aridus II desolvating nebulizer at
the University of Tokyo without chemical separation. The samples were typically
measured with ~0.5 ppb of Zr concentration.

The Nb/Zr ratios of the other solutions were obtained using the Thermo Fisher
Scientific™ iCAP O™ ICP-MS with a spray chamber at the University of Tokyo
without chemical separation. The samples were typically measured with ~4—5 ppb of Zr
concentration. Repeated sample measurements yielded analytical uncertainties (2

standard deviation) of + 0.04—0.09 for **Nb/*°Zr (Table 17).

4. 2. 4. Zr isotope measurement by MC-ICP-MS

The Zr isotopic compositions were measured using a Thermo Fisher Scientific
Neptune Plus MC-ICP-MS interfaced to the Cetac Aridus II desolvating nebulizer at the
University of Tokyo. The measurements were conducted using a Jet sample cone and a
skimmer H-cone in the low-resolution mode, which resulted in a typical sensitivity for
Zr of 0.35-0.5 Veppb' (10'"' Q resistor). Data were acquired with static mode on

. : + 9l + 92 + 94y + .
Faraday cups to monitor species *°Zr", *'Zr", *Zr", **Zt", *Mo", **Zr" and *Ru” with
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integration time per cycle of 8.4 seconds. Each measurement comprised 60 cycles.
Instrumental mass fractionation was corrected relative to **Zr/”°Zr = 0.3381 (Minster
and Allégre, 1982), and the interferences of *>**Mo on ****Zr and **Mo and *°Ru on
%7r were corrected following the protocol of Schénbichler et al. (2004). The
interference correction yielded accurate results for Mo-, Fe-, Cr-, Ti- doped synthetic 10
ppb Zr standard solutions with ratios of Mo/Zr of up to 0.004 (Fig. 32), Fe/Zr of up to
0.8, Cr/Zr of up to 0.1, and Ti/Zr of up to 0.3. All Zr isotope ratios of samples are
expressed as the epsilon (g) notation relative deviation from the National Institute

Standards and Technology Standard Reference Material 3169 standard as follows;

g7y = 10% < [V P Z Z)sampre / 72 P Ze/ Z s 360 — 1] (vii)

We obtained the analytical uncertainties (2 standard deviation) of + 0.2-0.5 ¢ for €' Zr,

+0.2-0.4 € for £”°Zr, and £ 0.5-0.7 ¢ for £*°Zr with only 10 ng of Zr (Table 17).

4. 3. Results

As shown in the Fig. 33a-d, there is no correlation between measured Zr isotopes
and *Mo/*’Zr and *’Ru/*°Zr. These indicate that the Zr isotope excesses are not artifacts
of either °* **Mo interferences or *°Ru interference. Also, our ion-exchange procedure

ensures a good separation of Zr from the major spectral interferences. All of the sample
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solutions after purification had Mo/Zr, Ru/Zr, Fe/Zr, Cr/Zr, and Ti/Zr that are always
less than 0.002, 1.0 x 10™, 0.05, 0.01, and 0.01, respectively. The ratios are much
smaller than the accurate correction limits (e.g., Fig. 32).

All Zr isotopic data are presented together with the **Nb/*°Zr ratios in Table 17.
The €”'Zr and £”°Zr values of the whole rock and all mineral fractions of NWA 6704
overlap within analytical uncertainty, with average values of €' Zr = 0.01+ 0.19 (2 S.D.),
and £°Zr = 1.54 + 0.84 (2 S.D.), respectively. The Zr isotope data including four
orthopyroxene fractions and one metal fraction and the two whole rock data for NWA
6704 are all identical with the value obtained for a standard solution of NIST-SRM
3169 Zr within analytical uncertainty. In contrast, six chromite fractions with high
PNb/*°Zr yielded distinctly higher £”°Zr up to +1.52 + 0.40. Using the **Nb/*°Zr values
obtained for eleven mineral fractions (four orthopyroxene, one metal, six chromite) and
two whole rock fractions, the positive correlation line was obtained as shown in Fig.
34a. The y-intercept defines the value of —0.17 + 0.09, and the slope of the regression

line is (2.8 £0.3) x 10™°.
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Fig. 32. (a) €7Zr and (b) €°Zr values obtained after interference corrections for
Mo-doped synthetic Zr standard (10 ppb) solutions. The Mo/Zr ratios of our sample
solutions after purification were much smaller than the accurate correction limits. Error

bars represent 2 s.d. quoted in the Table 17.
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Fig. 33. (a) €' Zr vs. Mo/Zr ratios, (b) £°Zr vs. Mo/Zr ratios, (c) £ °Zr vs. Mo/Zr ratios,
and (c) €°Zr vs. Ru/Zr ratios obtained for whole rock fractions (green circles),
orthopyroxene fractions (red triangles), chromite fractions (yellow diamonds), and
metal fractions (blue square) are compared. There is no correlation observed between
measured Zr isotopes and *Mo/*Zr and *’Ru/*°Zr. These indicate that the Zr isotope
excesses are not artifacts of either °> Mo interferences or *°Ru interference. Error bars

represent 2 s.d. quoted in the Table 17.
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Fig. 34. (a) The **Zt/*°Zr ratio vs. *>Nb/*Zr ratio for whole rock and mineral fractions
of the NWA 6704 primitive achondrite, and (b) The comparison of the initial **Nb value
obtained in this study, **Nb/”*Nb = (3.0 £ 0.3) x 10>, with the value of **Nb/**Nb = (1.7
+ 0.6) x 107 in the inner solar system (lizuka et al., 2016), All **Zt/*°Zr ratios are
normalized to the reference value *°Zr/*°Zr = 0.333383 for the standard solutions
(Rehkdmper et al., 2001). The slopes and y-intercepts of the isochrons define the initial
’Nb/”’Nb and **Zr/*°Zr at the time of Nb—Zr closure.
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4. 4. Discussion

4. 4. 1. The initial abundance of *’Nb in the outer solar system

The correspondence of £°Zr between the whole rock and mineral fractions
ensures that all mineral fractions are co-genetic (i.e., not a foreign xenocryst inherited
from impactor materials). This is consistent with the results of petrologic interpretations
in Chapter 3. Like other stable isotopes stated in above (A'’O, €*Cr, and &°Ti),
planetary-scale distinctive mass independent isotope variations in carbonaceous
chondrites relative to other meteorites have also been observed in £”°Zr (Harper et al.,
1991; Schénbichler et al., 2003, 2004, 2005; Akram et al., 2013, 2015). The £’'Zr and
£”%Zr values of NWA 6704 (¢'Zr = 0.01 + 0.19; £°Zr = 1.54 + 0.84; Table 17) are
plotted within the range of carbonaceous chondrites (Akram et al., 2015). More
specifically, the €°Zr value of NWA 6704 overlaps with the range of £°Zr of
metal-rich CR/CB and CV, CM, CO chondrites, and distinctively higher than those of
CK and CI chondrites.

What the regression line of Fig. 34a means is a matter of critical importance in
this study. A recent *°Nb study of Group II CAI (Lai et al. 2017) found a weak
correlation between Nb/°Zr and °*Zr/°Zr. The slope of the regression line
corresponds to the value of **Nb/**Nb = (3.7 £ 0.6) x 107 at the time of solar system
formation. They interpreted the Nb—Zr data of CAI as as a mixing line, reflecting the

preserved local signature of “presolar p-process enriched dust”. This interpretation is
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based on a weak linear correlation observed between €”°Zr and 1/Zr (Lai et al. 2017).
On the other hand, our results show no linear trend between &”°Zr and 1/Zr (Fig. 35a),
demonstrating that the regression line (Fig. 34a) is not a mixing line. Fig. 35b compares
the Nb concentrations and *’Nb/*Zr variations in individual chromite grains from
fractions #6—10 obtained by LA-ICPMS. The figure shows that the Nb concentrations in
chromite grains systematically differ among the meteorite fractions, and the average
concentrations are positively correlated with the average *°Nb/*°Zr values. Moreover,
*Nb/*°Zr in these chromite grains covers the range of **Nb/*°Zr obtained from chromite
fractions for Nb-Zr isochron dating (Fig. 34a). These lines of evidence indicate that the
*Nb/*°Zr variations of chromite fractions in the regression line reflect the heterogeneity
in the Nb concentrations originally existed at the time of crystallization. Note also that
the spallation effect on **Zr is too small to generate significant variations in the
calculated slope, i.e., the initial **Nb/**Nb ratio (Leya et al., 2001). Consequently, we
conclude that the obtained trend (Fig. 34a) is an isochron rather than a mixing line, and
the observed **Zr excesses are due to the radioactive decay of “*Nb. Thus, the
y-intercept in Fig. 34b defines an initial £”°Zr of —0.17 + 0.09, and the slope of the
regression line defines an initial **Nb/”>Nb of (2.8 + 0.3) x 107 at the time of NWA
6704 formation. By combining this value with the U-Pb age of NWA 6704 (4562.76 +
0.30 Ma; Amelin et al., 2019), an initial **Nb/**Nb of (3.0 + 0.3) x 10~ at the time of
solar system formation can be derived (Fig. 34b).

Since all five stable isotopes of Zr (°™°"°*°*%Zr) show distinct contributions

from s- and r-process nuclides (e.g., Bisterzo et al. 2014), the nucleosynthetic
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contributions to the analysis of Zr isotopes should be considered here. Among the Zr
isotopes, °Zr (39.7%) and *°Zr (61.3%) have higher contributions from r-process
relative to the other Zr isotopes (QIZr: 28.8%: 7Zr: 31.8%:; *Zr: 16.7%; after Bisterzo et
al. 2014). Considering that the *°Zr/**Zr raios of whole rock and mineral fractions of
NWA 6704 vyielded positive anomalies (Table 17), the different degrees of
nucleosynthetic contributions to the Zr isotopes might affect the results of Nb-Zr
internal isochron dating. Here, we tentatively assume that all of the *°Zr positive
anomalies (Table 17) were solely caused by a nucleosynthetic shift in **Zr/*°Zr ratio that
is used for the mass bias correction (reference value = 0.3381; Minster and Allegre,
1982). In this case, all of the *°Zr positive anomalies in NWA 6704 can be explained by
a nucleosynthetic shift of **Zr/*°Zr to 0.338065. This shift lowers the resultant £°Zr by
—0.52 &. Note, however, that the changes of &”*Zr are identical among all the analyzed
fractions, and that the slope of isochron obtained in this study should not be altered (Fig.
34a). Moreover, the y-intercept of the isochron that defines the initial £”°Zr of —0.17 +
0.09 at the time of NWA 6704 formation is identical to the value of inner solar system
(Tlizuka et al. 2016) within analytical uncertainty. Furthermore, ’' Zr values obtained in
this study are also identical to those of the standard within analytical uncertainty. These
results indicate that the different degrees of nucleosynthetic contributions are significant
only for *°Zr in Zr isotopes and also that the initial abundance of **Nb as well as initial
271/°Zr obtained in this study is valid.

The obtained initial **Nb/*’Nb value of (3.0 + 0.3) x 10~ at the time of solar

system formation is distinctly higher than the initial value in the inner solar system of
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(1.7 £ 0.6) x 107 (Tlizuka et al. 2016) (Fig. 34b). The isotopic anomalies of A0, £*Cr,
& Ti (section 3.3.5.), e¥Sr (Amelin et al., 2019), and £°Zr in NWA 6704 suggest that
its parent body sampled the same reservoirs as the carbonaceous chondrite parent bodies.
Thus, the initial **Nb/*>Nb value of (3.0 + 0.3) x 10~ can be considered to record the
information of the outer solar system. This finding indicates that *’Nb was
heterogeneously distributed in the protoplanetary disk before the formation of NWA
6704 (4562.76 = 0.30 Ma; Amelin et al., 2019), and was relatively enriched in the outer
solar system. The difference between these two values of (1.7 £ 0.6) x 10~ and (3.0 +
0.3) x 10~ corresponds to the age shift of up to 30 Myr, which seriously affects the
interpretation of the Nb-Zr early solar system chronology. We therefore conclude that
the canonical initial *Nb/**Nb value of (1.7 + 0.6) x 10> should not be used for Nb-Zr
dating of materials originated from the outer solar system. Owing to the precisely
determined initial **Nb/”’Nb = (3.0 + 0.3) x 10~ (relative uncertainty: 10%) from this
study together with its rapid closure of isotopic systems indicated from the thermal
history (Chapter 3), NWA 6704 would serve as the most reliable Time anchor for the
Nb-Zr chronometry in the accretion region of carbonaceous chondrite parent bodies at
this time. Yet, it is obvious that the homogeneity of **Nb distribution within the outer

solar system needs to be further evaluated by establishing other reliable Time anchors.
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primitive achondrite. Error bars represent 2 s.d. quoted in the Table 17. (b) Nb
concentrations vs. *°Nb/*Zr ratios in respective chromite grains from fractions #6—10

obtained by LA-ICPMS.
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4. 4. 2. The nucleosynthetic origin of *>Nb

A few tens of nuclei located on the proton-rich side of the valley of S-stability, the
so-called “p-process nuclei” cannot be produced by neutron captures, and typically one
to two orders of magnitude less than the s- and 7- process isotopes of the same elements.
The p-process nuclides might be, therefore, sensitive monitors for the distribution of
supernova material, and the initial abundance of them deduced from meteorites (i.e.,
Time anchors), are expected to place constraints on the origin of nucleosynthetic isotope
variations in the early solar system. The origin of “p-process nuclei” has been studied
for more than 50 years since the pioneering works by Cameron (1957) and Burbidge et
al. (1957), and they suggested p-process nuclei were produced by a combination of
proton addition reaction (p, y) or photodisintegration reaction (y, n) occurring on
previously existing s- and »- process seed nuclei in a proton-rich environment. Since
then, several different types of processes and astrophysical sites have been proposed for
the origin of “p-nuclei”, including y-process, a-process, rp-process, vp-process, and
v-process.

The y-process was first suggested by Woosley and Howard (1978), which
comprises the combination of photodisintegration reactions, and (y, n), (y, p) or (y, a). It
occurs in the O-Ne-rich zone of core-collapse massive star during Type II supernova
(hereafter, SNII) as the possible mechanism for the origin of p-nuclei. It also has been
suggested that the Type la supernovae (hereafter, SNela) derived from the

thermonuclear explosion of a white dwarf above the Chandrasekhar limit was the
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possible site of the y-process (Travaglio et al., 2014).

The o-process, so-called o-rich freezeout, is the charged particle reactions
occurred during the freezeout of material from nuclear statistical equilibrium (NSE) at
high temperature and contains a large fraction of a-particles. When the material
expanded and cooled so rapidly that not all a-particles have time to reassemble, o-,
proton- neutron- captures and their reverse reactions can occur. The possible site for
a-process is in a SNII (Woosley and Howard, 1992; Hoffman et al., 1996; Meyer,
2003).

The rp-process is a sequential reaction of successive proton capture followed by
p" decay (Rauscher et al., 2013). It is expected to take place in X-ray bursts (Schatz et
al., 1998, Dauphas et al., 2003). During the process, the proton capture reaction rates are
orders of magnitude faster than the competing 5" decays.

The vp-process and v-process are the direct interactions of neutrino matter
occurring on the two different sites in SNell. The vp-process is the proton capture,
which occurs in the neutrino driven winds (matter outflows coming from near the
neutron star that are driven outwards by neutrino matter interaction) emitted by the
neutron star formed during SNII (Wanajo, 2006). This process takes place in the
innermost layers of SNII. The nuclei having equal neutron and proton numbers act as
seeds, and capture protons until the S -half-life of a nucleus is longer than the
expansion time of the winds. The v-process takes place in the outer layers of the star
that survives the SN explosion (Woosley et al. 1990; Heger et al. 2005; Byelikov et al.,

2007; Cheoun et al., 2012). As neutrinos pass through the star, neutrinos can interact via
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charged-current (CC; mediated by either the W' or the W~ boson) or neutral current
(NC; mediated by the charge zero Z, boson) interactions with the atomic nuclei in the
outer layers. Although various nuclides are synthesized by v-process, the produced
abundances are usually negligibly small compared to the production by other
nucleosynthetic processes (Hayakawa et al. 2013). Thus, it is expected that the
v-process is important only for rare isotopes such as "La, '*°Ta, *’Nb, and **Tc

(Woosley et al. 1990; Heger et al. 2005; Hayakawa et al. 2013; Hayakawa et al. 2018).

The obtained initial high abundance of **Nb provides clues on the origin of the
proton-rich “p-process” nucleosynthesis. Several processes have been proposed to
account for the current initial **Nb/*>Nb in the early solar system, that is, the initial
abundance of **Nb/”’Nb in the inner solar system. Among the p-process nucleosynthetic
models described above, the y-process, rp-process and vp-process in the CCSN
under-propduce the observed abundance of °’Nb, because it is shielded from a
contribution by proton-rich progenitors during freeze-out by the stable **Mo (Rauscher
et al., 2013). As a consequence, the possible candidates for the nucleosynthesis of **Nb
are the photodisintegration reactions (y-process) in SNIa (Travaglio et al., 2014), or the
neutrino-induced reactions (v-process) in core-collapse SNII (Hayakawa et al., 2013).
Recently, Lugaro et al. (2016) extended the study of Travaglio et al. (2014) to
investigate if the initial abundances of **Nb and radionuclide >>Mn can be accounted for
simultaneously by one process in SNIa. They compared the heoretically expected

“2Nb/”*Mo ratio of (1.72 +1.40/-0.06) x 10~ (i.e., >Nb/*Mo = 3.12 x 107) in the

151



interstellar medium (hereafter, ISM) at the time of the birth of the Sun (Travaglio et al.,
2014) with the initial solar system **Nb/**Mo ratio of (3.4 + 0.6) x 10~ (i.e., 2.8 x 10™)
obtained from studies of meteorites, and derived a maximum Tisolation (an isolation time:
the interval between the time when the material that ended up in the solar system was
isolated from the ISM and the time of the formation of the solar system) of 5.4 Myr.
Moreover, they calculated the abundance ratio of a short-lived radionuclide to a stable
isotope (Nragio/Nstable) in the material that built up the solar system just after the last
addition from a nucleosynthetic event using the equation as follows (Lugaro et al.

2016);

Nradio/N stable = K X pradio/ Pstable X o/T x {1 + eis/t / (1 - 676/1)} (Vlll)

where Pradio/Pstable 1S the production ratio (1.58 X 107 for ®Nb and 0.108 for 53Mn;
Travaglio et al. 2011, 2014) of each single SN event, t is the mean-life of the
radionuclide (50 Myr for **Nb and 5.3 Myr for >*Mn), T (they used ~9,200 My) is the
timescale of the evolution of the galaxy up to the formation of the Sun, and 6 (they used
~8 My) is the free parameter of recurrence time between the events. The number K is a
free parameter reflecting the effect of infall of low-metallicity gas, which was set to be
2 in the study. The obtained >*Mn/’Mn ratio of 2.41 x 10 results in a ratio of 5.82 x
107 after the isolation time of 5.4 Myr, which is one order of magnitude higher than the
carly solar system value (6.28 + 0.66) x 10° estimated from meteorite analysis

(Trinquier et al. 2008b). In order to reconcile this contradiction in the abundance of
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>*Mn in the early solar system as produced primarily by SNIa event, the isolation time
needs to be at least 15 Myr. Taking into account the uncertainty in the half-life of **Nb
did not solved the problem. Hence, Lugaro et al. (2016) concluded that the initial
abundances of *’Nb and *Mn cannot be consistently explained by a SNIa process
unless the initial abundance of **Nb/**Mo ratio in the early solar system was at least
50% lower than the current nominal value of **Nb/**Mo = (3.4 + 0.6) x 10”. Besides,
Sanborn et al. (2019) recently estimated the initial >>Mn abundance (**Mn/>’Mn), at the
time of solar system formation by applying the Mn-Cr internal isochron dating to NWA
6704. The result yielded an initial >*Mn/>>Mn ratio that is consistent with the canonical
value within uncertainties, indicating the homogeneous distribution of *Mn in the early
solar system. On the contrary, our study defines the initial **Nb/**Mo value of (6.3 +
0.6) x 10> using the obtained initial **Nb/”*Nb alue of (3.0 + 0.3) x 10~ and the solar
Mo/Nb of 3.27 (Lodders et al. 2009). The initial >Nb/**Mo value is distinctively higher
than the maximum value in ISM (*>Nb/”*Mo = 3.12 x 107) at the time of Sun’s birth
suggested in the SNIa model (Travaglio et al., 2014). Our results, therefore, can exclude
the possibility of SNIa as the nucleosynthetic site of **Nb, and require another
production site to be invoked for selectively producing **Nb.

At the moment, only the v-process in SNII (e.g., Hayakawa et al. 2013, 2018)
satisfies such a requirement of selective **Nb production (Fig. 30). Considering that
’Nb is a short-lived radionuclide, the time-scale from the last SNII explosion to the
formation of our solar system should not be so long. Consequently, our study hints at

the existence of SNII shortly before the formation of the solar system, and the SNII
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explosion as the nucleosynthetic origin of **Nb. Hayakawa et al. (2013) considered a
scenario in which the observed **Nb was produced by a single injection of material
from a nearby SNII into the precursor of solar system materials. Assuming that injected
materials are well mixed with pre-existing materials in the protosolar cloud, the initial

92Nb/”*Nb ratio will be;

[*>Nb/”NbJsse = £ % (**Nb)sx xe 2"/ {(**Nb)y + f x (°Nb)sx} (ix)

where ("*Nb)sy and (*Nb)sy are the abundances in the SN ejecta, (°Nb)y is the mass
fraction of **Nb in the collapsing cloud, and 7 is the mean-life of **Nb. The variables of
A and f are free parameters in the injection model that represent the isolation time (i.e.,
time interval between the production of the short-lived radionuclide and the solar
system formation) and the dilution factor (i.e., the fraction of material that mixes with
the protosolar cloud of 1 M), respectively. Hayakawa et al. (2013) calculated the initial
2Nb/”*Nb ratio taking the plausible values of A and f based on the evaluated values in
the previous studies (A ~ 10°~10° yr; Dauphas 2005 / f ~ 10*~10"; Takigawa et al.
2008), and they concluded that the initial **Nb/**Nb ratio of ~1.5 x 10~ in the inner
solar system can be reasonably explained with the value of A = 10° — 3 x 107 yr and /=
3 x 107. The results of this study revealed that the initial **Nb/*’Nb ratio should be
higher than ~1.5 x 10~ in the outer solar system, thereby requiring a shorter isolation

time or a higher dilution factor than previously thought.
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Fig. 36. The relation between dilution factor fvs. isolation time A. The pink area shows
the possible range of the initial ["*Nb/**Nb]ssr = (3.0 = 0.3) x 10~. The blue area shows
the possible range of the initial ["’Nb/”*Nb]ssr = (1.7 + 0.6) x 10~°. A required mass of
0.1 M is unrealistically large. Although the isolation timescale are difficult to constrain
precisely from **Nb because of its relatively long half-life, we can constrain from our
study the value of f'that shows the fraction of **Nb mixed with the protosolar cloud of 1
M, to be f=~6x10".

4. 5. Conclusion

The initial abundance of a now-extinct radionuclide niobium-92 (*’Nb) provides
valuable constraints on the timing of our solar system evolution, and on the origin of
p-process nucleosynthesis. Although recent studies have defined an initial **Nb/”*Nb

ratio of (1.7 + 0.6) x10™ at the time of the solar system formation, all samples have
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been limited to the materials originated from the inner solar system. In this study, we
have determined the initial abundance of **Nb in the outer solar system by applying the
internal isochron approach to the NWA 6704 primitive achondrite, which samples the
same isotopic reservoirs as the carbonaceous chondrite parent bodies. The results of Zr
isotope measurements demonstrate that the £”°Zr value of NWA 6704 (¢”°Zr = 1.54 +
0.84) overlaps with the range of carbonaceous chondrites, which is consistent with the
results of other stable isotope systematics in NWA 6704 (O, Cr, Ti, and Sr). The Nb-Zr
isotope systematics of NWA 6704 defined the initial **Nb/**Nb ratio of (2.8 + 0.3) x107
at the time of NWA 6704 formation (4562.76 + 0.30 Ma), which corresponds to an
initial **Nb/”Nb of (3.0 £ 0.3) x 107 at the time of solar system formation. The
obtained ratio is distinctly higher than the initial value in the inner solar system, which
significantly affects the interpretation of the Nb-Zr early solar system chronology. At
this time, the precise initial **Nb/”’Nb determined for NWA 6704 serves as the most
reliable reference point for the Nb-Zr chronometry in the accretion region of the
carbonaceous chondrite parent bodies. Using the newly obtained value, we further
investigated the nucleosynthetic origin of **Nb. The obtained **Nb/**Mo value of (6.3 +
0.6) x 107 is clearly higher than the maximum ISM suggested in the SNIa model,
which excluded the possibility of SNIa as the nucleosynthetic site of **Nb. The
v-process in SNII is the most probable origin for **Nb at the moment. If the initial **Nb
abundance obtained in this study is representative of that of the bulk solar system, the
time-scale from the last SNII explosion to the formation of our solar system and the

dilution factor were roughly estimated to be <100 My and ~ 6 x 107, respectively.
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Consequently, our results imply the existence of SNII within ~10° years before the
formation of the solar system and the enrichment of nuclides synthesized during the

SNII in the outer solar system relative to the inner solar system.
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5. Summary and future perspectives

In this thesis, we evaluated the initial abundance and distribution of **Nb in the
early solar system, on the largest scale in history. This was achieved by studying a
recently found achondrite NWA 6704. The results allowed us to evaluate the
distribution of **Nb between the inner and outer solar system, and to provide new
constraints on the early solar system chronology and on the astrophysical context of
early solar system processes related to “°Nb. The key findings of this thesis are

summarized as follows.

1. We developed a new method for combined Cr—Ti isotope analysis applicable to
various planetary materials. The developed method consists of three steps: (i) Fe
removal using AG1-X8 anion exchange resin, (ii) Ti separation using TODGA resin,
and (iii) Cr separation using AG50W-X8 cation exchange resin (with one additional
step of Ti purification using AG1-X8 anion exchange resin only for samples having
high Cr/Ti and Ca/Ti ratios). Both the utility and the validity of the new method
have been verified by its application to compositionally varied terrestrial and
meteorite samples, including terrestrial basalt JB-1b, terrestrial peridotite JP-1,
Allende carbonaceous chondrite, and Juvinas non-cumulate eucrite. The developed
method enables the combined isotope analyses of 3 pg of Cr and 1.5 pg of Ti,

highlighting its potential application to various types of planetary materials.
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2. The petrology, morphology and mineral chemistry collectively indicate the
following crystallization sequence for NWA 6704: (1) melt-dominant state with a
few grains of relict Mg-rich orthopyroxene and vermicular olivine-bearing
orthopyroxene, (2) following rapid growth of orthopyroxene mostly on the
pre-existing seeds under high super-saturation conditions, (3) as the temperature fell,
dendritic growth of orthopyroxene ceased and thickening of branches proceeded
with crystallization of awaruite and chromite followed by olivine and merrillite in
the pore space between the orthopyroxene branches, and (4) finally plagioclase
crystallized with limited numbers of nuclei and filled the well-connected pore space,

resulting in the interlocking between plagioclase and othropyroxene megacrysts.

3. The parent asteroid of NWA 6704 underwent significant but instantaneous melting
followed by cooling at a high rate (1-10* °C/hour) in the initial stage but a
significantly lower rate (<10*-107 °C/hour at below ~1100 °C) in the later stage.
The decrease of cooling rate in the late stage of the crystallization may reflect its

burial under hot debris piled up within an ejecta blanket.

4. The Re-Os isochron age of 4576 + 250 Ma, defined by the bulk and metal fractions,
suggests system closure since crystallization. The roughly chondritic HSE
abundances of the bulk fragments with only weakly fractionated HSE and REE
patterns require that the parental melt and precursor had undergone neither

significant segregation of metals, sulfides, nor silicate minerals. The limited
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chemical fractionations among moderately and highly refractory elements during the
igneous event can be attributed to the short timescale of the melting of the precursor

and following crystallization.

The O, Cr, Ti and Zr stable isotope data showed that the parent body of NWA 6704
sampled the same reservoirs to those of carbonaceous chondrites. The stable isotope
systematics strongly suggest that the NWA 6704 parent body was formed in the
outer solar system. Further similarities between NWA 6704 and carbonaceous
chondrites are observed in fO, and refractory major element abundances such as
Ca/Mg and Al/Mg ratios. However, NWA 6704 has a Mg/Si ratio significantly
lower than carbonaceous chondrites. These findings may imply that the NWA 6704
parent body formed under oxidized conditions in an outer region of the solar system
where nebular fractionation of forsterite and earlier condensates proceeded
efficiently, followed by implantation of a refractory component having elevated

4 .
&*Cr, £°Ti, and £”°Zr values.

The mineral assemblage of NWA 6704 enables various internal isochron dating. In
addition, the high cooling rate and its ancient crystallization age render this
meteorite the first reliable Time anchor from the outer solar system for short-lived

isotope chronometers such as Nb-Zr, Mn-Cr, and Hf-W chronometers.

The Nb—Zr internal isochron dating was applied to NWA 6704, and the initial
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“2Nb/”*Nb of (2.8 + 0.3) x 107 at the time of NWA 6704 formation (4562.76 + 0.30
Ma) was obtained, which corresponds to an initial **Nb/**Nb of (3.0 + 0.3) x 10~ at
the time of solar system formation. The ratio is distinctly higher than the value in
the inner solar system, which significantly affects the interpretation of the Nb-Zr

early solar system chronology.

8. The v-process in Type II supernova (SNII) is the most probable origin for **Nb at
the moment. Furthermore, the higher initial **Nb abundance obtained in this study
relative to the previous studies suggests that nuclides synthesized in SNII <10° years
before the solar system formation were enriched in the outer solar system than the

inner solar system.

Finally, several future perspectives and unsolved problems are listed below.

(1) The application of combined Cr-Ti isotope analysis to planetary materials
A new method for sequential Cr-Ti isotope analysis applicable to various
materials was developed. As discussed in Chapter 2, the present method enables the
combined isotope analyses of 3 pug of Cr and 1.5 pg of Ti. These amounts
correspond to single ~1 mm chondrules and ~2 mm CAls, assuming typical Cr and
Ti abundances. Further refinement of the method will enable us to apply our new
method to various micrometer-sized meteoritic components. Such combined Cr and

Ti isotope analyses of primitive meteorite components will facilitate understanding
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of the carrier of the isotopic anomalous observed among planetary materials, and of
the nature and evolution of the protoplanetary disk. Furthermore, the application of
our new method to various types of differentiated meteorites could provide new

constraints on their genetic relationship.

(2) On the origin of primitive achondrites

The lines of evidence in Chapter 3 indicated that the NWA 6704 primitive
achondrites formed by impact-induced instantaneous melting on an undifferenciated
asteroid at a few million years after CAI formation. Further investigations of other
ungrouped primitive achondrites for the petrology, geochemistry, and various
isotope systematics are important for understanding whether such process was
common in the early solar system or not. Moreover, we have argued the formation
of NWA 6704 in the outer solar system based on the O-Cr-Ti-Zr isotope
compositions plotted within the range of carbonaceous chondrites. However, the
distinct nucleosynthetic isotope anomalies could be attributed to the significant
addition of refractory components such as CAls to the materials in the inner solar
system. Indeed, our data indicate that NWA 6704 is clearly distinct from
carbonaceous chondrites and rather similar to non-carbonaceous chondrites in terms
of major element composition (e.g., Mg/Si and Al/Si). Thus, although we have
attributed the Si enrichment in NWA 6704 to the forsterite fractionation and the
following refractory component addition to NWA 6704 in the outer solar system,

further validations of the inference need to be performed in the future.
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(3) Relevance to other short-lived nuclides

Our finding of **Nb enrichment in the outer solar system requires that either the
isolation time is shorter or the dilution factor f is higher than previously thought.
However, such a high dilution factor would be hard to reconcile with the low initial
abundances of other short-lived radionuclides which are considered to have
originated from SNII (e.g., *°Al, '**Hf). Thus, although we have discussed the
consistency/inconsistency between the initial >>Mn and **Nb abundances in this
thesis, more comprehensive inspections on short-lived radionuclides are required in

the future.

(4) The formation mechanism of the isotopic dichotomy in the early solar system

Although it has been well established that carbonaceous and non-carbonaceous
meteorites have distinctive nucleosynthetic isotopic anomalies for various elements
including Cr and Ti, the mechanism of the isotopic dichotomy formation remains
poorly known. Basically, two models have been proposed to generate the isotopic
dichotomy at the planetary scale. One model is that extremely neutron-rich
nano-phases produced in a supernova were injected into the solar nebula at a large
heliocentric distance. The other model is that the local thermal processing of
molecular cloud materials resulted in the preferential loss of thermally unstable
presolar silicates. The results of this study indicate that carbonaceous meteorites are

enriched in **Nb relative to non-carbonaceous meteorites, suggesting that nuclides
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synthesized in the last SNII were preferentially sampled by the former. Furthermore,
it has recently been suggested that Group II CAls (amalgamation of many different
presolar phases) might have an initial **Nb abundance comparable to our estimate
for the outer solar system, whereas Group I CAls would have the inner solar system
initial abundance (Lai et al. 2017). The implication would be that nuclides from the
last SNII were preferentially implanted/preserved either in the region of or during
the Group II CAI formation rather than the Group I formation. It remains to be
evaluated whether such preferential contribution of the last SNII to the outer solar
system (the dilution factors =3 x 10> and 6 x 10~ for the inner and outer solar
system, respectively) can consistently account for the observed stable isotope
dichotomy. Future combination of high-precision dating and nucleosynthetic
isotopic study on single CAls would provide further constraints on the formation
mechanism of the isotopic dichotomy. Besides, the homogeneity of °*Nb
distribution within the early outer solar system needs to be explored by establishing

another Time anchor originated from the outer solar system.
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