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Abstract

Angrites are basaltic achondrites that are depleted in volatile elements and enriched in refractory
elements. Most angrites show either quenched or slowly-cooled textures, with quenched angrites
having older crystallization ages compared with the slowly-cooled angrites. Quenched angrites often
contain Mg-rich olivine xenocrysts with homogeneous cores with variety of Fo#, Ca and Cr contents.
However, the origin of olivine xenocrysts is still unclear as well as the formation process of igneous
body of quenched angrites. In this study, | performed mineralogical and geochemical study of
guenched angrites in order to clarify the crystallization process and shock history of the angrite
parent body (APB).

Northwest Africa (NWA) 7203 is a quenched angrite, showing mineralogical features typically
not present in other quenched angrites. NWA 7203 exhibits textures whose grain size varies from
<10 um to ~3 mm, while other quenched angrites show only single textures. Mg-rich olivines
(~Foss) were found only in fine-grained lithologies. | propose that crystallization of NWA 7203
started in the fine-grained lithologies with Mg-rich olivine grains acting as seeds for crystallization.
Coarse-grained lithologies were subsequently formed under conditions of slower cooling.

Quenched angrites except a possible cumulate sample (NWA 8535) exhibit three kinds of
textures: dendritic, relatively coarse-grained, and anorthite spinifex. Dendritic samples are NWA
1296 and NWA 7203, and they contain dendrites consisting of olivine and anorthite. Relatively
coarse-grained samples are Sahara 99555, D’Orbigny and Asuka-881371. Anorthite spinifex samples
are NWA 1670, Lewis Cliff (LEW) 87051 and NWA 12774, and they contain extremely elongated
anorthites. These textural varieties are considered to be caused by the difference of cooling rates. |
estimated cooling rates from atomic diffusion recorded in olivine xenocryst (or early phenocryst)
with chemically homogeneous core. The cooling rates are estimated as >300 °C/hr for fine-grained

lithology of NWA 7203, 100 °C/hr for D’Orbigny, 50 °C/hr for Asuka-881371, 3 °C/hr for NWA



1670 and 3.5 °C/hr for NWA 12774, respectively, corresponding to textural varieties.

Bulk chemical compositions of quenched angrites show strong correlations for some elements as
pointed out by Mikouchi et al. (2004), and the trends can be explained by incorporation of variable
amounts of Mg-rich olivine xenocrysts into the common parent melt of quenched angrites. The
incorporated degrees of olivine xenocrysts are estimated as about 0 % for NWA 1296, Sahara 99555,
NWA 7203 and D’Orbigny (considered as ‘pristine angrite magma’), 20 % for Asuka-881371 and
NWA 1670, and 40 % for LEW 87051 and NWA 12774. REE patterns of quenched angrites also
support mixing of ‘pristine angrite magma’ and olivine xenocrysts.

Modal abundances of olivine xenocrysts are estimated 0% for Sahara 99555 and NWA 7203,
~0% for D’Orbigny, 14% for Asuka-881371, ~11% for NWA 1670 and 13% for NWA 12774. From
EPMA analyses, Fo# of the most Mg-rich olivine phenocrysts are Foes for NWA 1296, NWA 7203
and D’Orbigny, Foes for Sahara 99555, Fo7, for Asuka-881371, Fogo for LEW 87051, Fogs for NWA
12774, and Fogs for NWA 1670, respectively. From the bulk chemical compositions, modal
abundance of olivine xenocrysts and the most Mg-rich olivine phenocrysts of quenched angrites, |
conclude that olivine xenocrysts are dissolved into ‘pristine angrite magma’, which made the melt
composition more Mg-rich, but some of olivine xenocrysts remain unmelted.

To clarify the origin of olivine xenocrysts, | measured both oxygen isotopic ratios of olivine
xenocrysts and phenocrysts in NWA 12774. The oxygen isotopic ratios of olivine xenocrysts and
phenocrysts in NWA 12774 are identical to AFL, meaning that the olivine xenocrysts in NWA 12774
crystallized in APB, not in other asteroidal sources.

I suggest that quenched angrites came from a single igneous body where bulk chemical
compositions and cooling rates change depending on burial depth because textures, cooling rates and
bulk chemical compositions of quenched angrites are correlated with each other. | propose the

formation process of the igneous body of quenched angrites as follows. (a) The parent melt was



produced by the partial melting of the quenched angrite source mantle and trapped mantle olivine
grains as xenocrysts during its ascent. (b) The magma flow containing the Mg-rich olivine
xenocrysts was erupted onto the surface of APB. (c) Rapid cooling of the lava flow and sinking and
melting of the olivine xenocrysts started. (d) Subsequent lava flow came and overlay on NWA 7203
during crystallization. (e) Cooling rates were faster near the surface and slower at a lower part,
producing the angrite textural varieties.

The stratigraphy of the igneous body of quenched angrites suggested in this study is similar to
that of terrestrial komatiites. When | compared the uppermost layer of each igneous body (chilled
margins), QA1 and Al, the finest grain size in each igneous body and fastest cooling rates are similar.
The second shallowest layers, QA2 and A2, are similar in terms of the random mineral orientation
and cooling rates. The third shallowest layers, QA3 and A3, contain oriented minerals and show
similar cooling rates. On the other hand, mineral sizes of spinifex textures are different. The bottom
layers, QB and B, are peridotite with a cumulate texture. Although bulk chemical compositions,
mineral combinations and several characteristics are different between quenched angrites and
komatiites, textural variations, and cooling rates of quenched angrites are comparable to komatiites.

Geological settings of komatiites are considered as continuous eruption from fissure (Hill et al.,
1995). The formation process of quenched angrites might be similar to that of komatiites, and if so, a
similar eruption event might have occurred at the surface of APB. Taking NWA 7203 into
consideration, quenched angrites known until now might originate from an igneous body far from
the eruption site because of its textural difference produced by cooling rate change when a

subsequent lava flow overlay the earlier surface.
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1. Introduction
1.1. Evolutional history and differentiation of planetesimals in the early solar system

In the early solar system, condensation of gas and dust occurred in the protoplanetary disk. Small
particles grew through sticky collisions during the accretion process in the first few million years of
the solar system (e.g., Goldreich and Ward, 1973). When a body reaches a sufficient mass, it
attracted other bodies due to gravity, and grew into a planetesimal. It is thought that planetesimals
grew into protoplanets through repeated collisions. Petit and Morbidelli (2001) considered from
N-body integrations that due to gravitational perturbations from Jupiter and planetesimals, most of
the asteroids are ejected from the system in ~1 Myr, but a few asteroids survive, mostly in the region
2.8-3.3 AU, corresponding to the main asteroidal belt between the orbits of Mars and Jupiter.
Therefore, it is believed that planetesimals that have not been fully developed into planets are left in
the main belt, and the asteroids in the main belt retain information about the early solar system.

Planetesimal which had experienced igneous activity underwent core-mantle segregation and
subsequent crust formation. Kruijer et al. (2014) discussed that core formation occurred over an
interval of ~1 Myr considering from the 182Hf-182W chronometry for iron meteorites. The decay of
radioactive 2°Al is the main energy source promoting asteroidal melting and differentiation for
planetesimals in the early solar system (Larsen et al., 2016).

Crustal evolution of planetesimals is supported from Fe/Mg ratios of meteorites. Fe/Mg ratios for
meteorites including differentiated bodies range from less than 0.08 to greater than 25 (Nittler et al.
2004), where carbonaceous chondrites are 1.92 + 0.08 (Palme and Jones, 2003) and the solar
photosphere is 1.87 + 0.4 (Lodders, 2003). One of the reasons for these compositional scattering of
meteorites is considered to be caused by collisional erosion of differentiated crust (O’Neill and
Palme, 2008). This is supported by N-body simulations of terrestrial planet formation under the

Grand Tack model (Walsh et al., 2011) reported by Carter et al. (2015).



As above, although there are many aspects to consider formation history of planetesimals,
important processes in the protoplanet evolution of the early solar system are collisional evolution
and internal differentiation. Therefore, analyzing differentiated meteorites is the best tool in order to
understand these differentiation processes and shock history occurred on planetesimals in the early
solar system. In the next paragraph, | will briefly introduce differentiated meteorites known until

now.



1.2. Differentiated meteorites

Differentiated meteorites which retain information about crystallization process and shock
history in the early solar system are mostly derived from the main belt asteroids between the orbits
of Mars and Jupiter (e.g., Wetherill and Williams, 1979). Shock history is recorded as shock textures,
and crystallization process is recorded as igneous textures of the meteorites. Crystallization ages,
proportion of shocked samples and the estimated size of parent body of major achondrite groups
derived from crust or mantle of planetesimals, are summarized in Table 1. Mars and the Moon are
also included for comparison. Isotopic ages have a wide range because of difference of the timing of
crystallization, or shock metamorphic disturbance. Here | chose the oldest crystallization ages to
discuss the formation timing of differentiated crusts. Crystallization ages of angrites are older in
guenched angrites (~4564 Ma) relative to slowly-cooled angrites (~4558 Ma), and the oldest Pb-Pb
age was obtained from D’Orbigny (4564.64 + 0.27 Ma, Amelin, 2008a). Aubrite, ureilite and HED
meteorites often show shock metamorphic textures, and | chose crystallization ages of non shock
metamorphic meteorites of these groups although such samples are rare. The crystallization age of
aubrite is 4562.3 + 0.4 Ma for Shallowater (I-Xe age anchored by several meteorites, Gilmour et al.,
2009), which is the only aubrite without shock metamorphism. The crystallization age of ureilite is
4563 + 21 Ma for Meteorite Hills (MET) 78008 (Pb-Pb age, Torigoye-Kita et al., 1995). The Hf-W
ages of eucrite is 4563.8 + 3.8 Ma for Asuka-881388 zircon (considered to indicate the
crystallization age, Srinivasan et al., 2007). Samples from Mars and the Moon have wide ranges of
crystallization ages because of prolonged igneous activity. The oldest Martian curst is found in
Northwest Africa (NWA) 7034 Martian brecciated meteorite whose crystallization age is 4439 + 17
Ma (U-Pb age of zircon, Yin et al., 2014). The crystallization timing of lunar magma ocean (LMO) is
considered as 4417 £ 6 Ma from zircon in Apollo 17 clast-rich impact melt breccia 72215 (Nemchin

et al., 2009).
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Parent asteroids of angrite, aubrite, ureilite, and other differentiated meteorites are not well
identified, but there are several studies discussing the sizes of these parent bodies from various
approaches from information recorded in each meteorite group. Weiss et al. (2008) studied magnetic
properties of angrites from remanent magnetization, and they considered that the angrite parent body
(APB) was larger than 150 km in diameter if the remnant magnetization was achieved by the core
dynamo of APB (see below for detailed discussion). Wilson and Keil (1991) considered that the
aubrite parent body lost basaltic complements during explosive volcanic process. This is caused by
expansion of even very small amounts of volatiles present in a melt and considering from the
solubility of volatiles in basaltic melts, the aubrite parent body needs to be smaller than 200 km in
diameter. The size of ureilite parent body (UPB) is roughly estimated by Michel et al. (2015) that
reaccumulation of fragments took place after a collision with a smaller projectile in ~500 km body
whose internal structure is like ureilite by numerical simulation. Warren (2012) considered UPB
should have larger than 690 km in order to yield internal pressures prohibitive to smelting in even
the shallowest and most ferroan portion of its anatectic mantle.

Among major achondrites in Table 1, angrite shows the oldest crystallization age and they retain
information on the crust formation in the very early solar system. Most of the achondrites have a
large proportion of shock metamorphic samples. Angrite, on the other hand, is the only achondrite
group with a very small proportion of shock metamorphosed samples. This means that angrites
retain early crystallization history and crystallization ages without disturbance of shock
metamorphism. Its relatively small size of the parent body is another characteristic of planetesimals
in the early solar system. Thus, angrites can provide important clues in order to clarify crystallization
process and shock history of planetesimals in the very early solar system. In the next paragraph, |

will present the important mineralogical and geochemical characteristics of angrites.
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Table 1. Crystallization ages, proportion of shocked samples and the size of parent body of major achondrites.

Crystallization ages Proportion of shocked samples Size of parent body (diameter)
Angrite 4564.64 * 0.27 Ma? Small >140 km?d
Aubrite 4562.3 + 0.4 Ma® Large <200 kmP
Ureilite 4563 + 21 Ma¢ Large ~500, >690 km'J
HED 4563.8 + 3.8 Mad Large 525 Kmk
Mars 4439 + 17 Ma® Large 6779 Km'!
Moon 4417 * 6 Maf Large 3475 Kmm

a Amelin (2008); ® Gilmour et al. (2009); ¢ Torigoye-Kita et al. (1995); ¢ Srinivasan et al. (2007), ¢ Yin et al. (2014); fNemchin et al. (2009);
9\Weiss et al. (2008); "Wilson and Keil (1991); ' Michel et al. (2015); 1 Warren (2012); k Russell et al. (2012); '™ Seidelmann et al. (2007).

Proportion of shocked samples are judged from Meteoritical Bulletin Database.
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1.3. Angrites

Angrites are igneous rocks whose crystallization ages range from 3 to 10 million years (Ma) after
the formation of Calcium-Aluminum-rich Inclusions (CAIs) (e.g., Amelin, 2008a; Kleine et al.,
2012; Schiller et al., 2015). Angrites are basaltic achondrites, and they are depleted in volatile
elements (e.g., Na, K) and enriched in refractory elements (e.g., Ca, Al, Ti). The APB is considered
to be accreted in the inner solar system from isotope compositions (e.g., Warren, 2011).

Most angrites show either quenched (Fig. 1) or slowly-cooled (Fig. 2) textures. When taking
paired samples into consideration, twenty-one angrites are known considered from texture as of
December 2021 (Meteoritical Bulletin Database). Among them, the quenched angrites are
Asuka-881371 and its pair Asuka 12209, D'Orbigny, Lewis Cliff (LEW) 87051, NWA 1296, NWA
1670, NWA 7203, NWA 7812, NWA 12004, NWA 12320, NWA 12774, NWA 12879, NWA 12934,
NWA 13363 and Sahara 99555. Quenched angrites have older crystallization ages compared with the
slowly-cooled angrites. The Pb-Pb ages of quenched angrites are 4562.4 + 1.6 Ma for Asuka-881371,
4563.49 + 0.20 Ma for D'Orbigny, and 4564.86 + 0.38 Ma for Sahara 99555, respectively (Zartman
et al., 2006; Amelin, 2008b; Tissot and Dauphas, 2012) and those of slowly-cooled angrites are
4556.44 + 0.30 Ma for Angra dos Reis and 4558.55 + 0.15 Ma for LEW 86010, respectively (Amelin,
2008a; Tissot and Dauphas, 2012).

Quenched angrites usually show diabasic textures, and sometimes include dendritic intergrowths
consisting of olivine and anorthite. These quenched angrites often contain Mg-rich olivine
xenocrysts. On the other hand, slowly-cooled angrites show relatively granular textures. Due to the
slow cooling rate, Ca-rich olivine and Ca-poor olivine sometimes form exsolution lamellae (e.g.,
LEW 86010). Sanborn and Wadhwa (2021) consider from REE patterns of angrites that angrite has
two sources and parent melt of quenched angrites came from partial melting of one of the sources

and crystallized near surface of APB. On the other hand, parent melt of slowly-cooled angrites came
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from the same sources with quenched angrites’ or the other sources, and slowly-cooled angrites
crystallized in plutonic environment of APB (Fig. 3).

The size and the formation process of the APB are discussed in several previous studies. Core
formation of APB is studied by Weiss et al. (2008), that Angra dos Reis (slowly-cooled angrite),
D’Orbigny (quenched angrite) and Asuka-881371 (quenched angrite) whose ages are 4564-4558 Ma
record ~10 uT of magnetic fields by an early dynamo in a rapidly formed metallic core. According to
this result, Weiss et al. (2008) propose that APB was larger than 150 km in diameter. Busemann et al.
(2006) analyzed the isotopic compositions of noble gases captured in D’Orbigny and found that
(®*®*Ne/??Ne)y is 11.9 + 0.3, which is similar to the solar composition. Although it is not clear whether
the origin of noble gases is endogenic or exogenic to the APB, noble gases were trapped in the glass
of quenched magma. In order to retain a nebular atmosphere, they inferred the size of APB might
have been 100-200 km in diameter. On the other hand, Suzuki et al. (2014) estimated the upper limit
of the diameter of APB to be 1400 + 200 km by focusing on the spherical voids in D’Orbigny whose
shape depends on the gravity scale (which depends on the diameter of APB). Spherical shape of the
largest void enables to estimate the upper limit of the diameter of APB. Therefore, the current size
estimate of the APB is 100-1600 km in diameter.

The origin of angritic magma is considered from partial melting experiments of carbonaceous
chondrites such as CV and CM (e.g., Jurewicz et al., 1993; Mikouchi et al., 2008). Jurewicz et al.
(1993) found that partial melt compositions of CV (Allende) and CM (Murchison) chondrites are
similar to bulk composition of angrites when the melting was at high oxygen fugacity (fO2) (log fO.:
two log units below the iron-wistite buffer (IW+2)) while partial melt compositions are rather
similar to eucritic bulk compositions at low fO, (log fO,=IW-1). However, stable isotopic
compositions of carbonaceous chondrites and angrites (e.g., A’O, %*Cr, °°Ti) are different (e.g.,

Warren, 2011).
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After the core formation of APB, highly siderophile element (HSE) abundances of the mantle on
APB are chondritic-relative proportions, suggesting that materials with chondritic abundance of HSE
were accreted to APB (Riches et al., 2012). In addition, since N and H isotopic compositions of
angrite are CM-like, it is considered that influx of volatile-rich materials from the outer solar system
existed within the ~4 Myr after the formation of CAls (Deligny et al., 2021).

Angrites almost universally lack shock metamorphism (e.g., Keil, 2012), which makes quenched
angrites good time anchors (McKeegan and Davis, 2003; Brennecka and Wadhwa, 2012). Scott and
Bottke (2011) inferred that the original APB was at least 100 km in diameter and probably closer to
Vesta in size (Busemann et al., 2006; Weiss et al., 2008). However, the absence of shock
metamorphism in angrites led them to suggest that angrites are derived from asteroids that were
small, i.e., less than 10 km in diameter, and therefore survived the period of late heavy bombardment
(LHB) without significant impact disruption. They proposed that a major impact on the APB
occurred at ~4.5 Gyr ago, producing angritic asteroids.

However, there are two exceptional samples that show clear shock metamorphism, NWA 1670
and NWA 7203 quenched angrites. Mikouchi et al. (2003) found ~30 pm shock veins in NWA 1670.
Jambon et al. (2008) suggested that olivine xenocrysts are remnants of shock melting because most
olivine xenocrysts in NWA 1670 are fractured and show mosaicism while some are characterized by
faint undulatory extinction. Therefore, those olivine xenocrysts may also be evidence for shock
metamorphism. My preliminary report also revealed that the NWA 7203 quenched angrite showed
remarkable shock metamorphism (Hayashi et al., 2018). Thick shock veins exist in NWA 7203, and
some minerals show undulose extinction under polarizing microscope. The discovery of these two
shocked quenched angrite samples among the total of thirteen quenched angrites casts a doubt about
that the APB was broken into small asteroids during the timing of the LHB, as suggested by Scott

and Bottke (2011).
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Thus, quenched angrites are important samples in that they retain information about the early
solar system crystallization processes and shock history. However, there are still some unresolved
problems for angrites. First, quenched angrites often contain Mg-rich olivine xenocrysts, and their
origin is unclear (see 4.6.). Jambon et al. (2008) implied that olivine xenocrysts might be remnant of
mantle materials or crystallized from impact melts. Keil (2012) suggested a possibility that olivine
xenocrysts came from impactors because they show variable Mg contents. However, no consensus
has been reached.

Sanborn and Wadhwa (2021) recognized that quenched angrites crystallized near the surface, and
slowly-cooled angrites crystallized in plutonic environment. The burial depth of LEW 87051
guenched angrite is estimated ~ 2 m from the surface (Mikouchi et al., 1995), and thus quenched
textures are consistent with this shallow formation. However, the burial depth of LEW 86010
slowly-cooled angrite is estimated 68-75 m from the surface (McKay et al., 1998), which is too
shallow to call them “plutonic”. These burial depths are derived from the cooling rates of >1273
°Clyr for LEW 87051 and ~275 °C/yr for LEW 86010, respectively, estimated from atomic diffusion
profiles of olivine (LEW 87051: olivine xenocryst, LEW 86010: kirschsteinite lamellae). Amelin et
al. (2011) calculated the cooling rate of NWA 4590 slowly-cooled angrite from the differences of
isotopic age and closure temperature of pyroxene and silico-apatite, and they concluded as 540 + 290
°C/Ma. This cooling rate of NWA 4590 is much slower than that estimated from atomic diffusion
profiles. | consider this may be due to errors of age determination and uncertainty of closure
temperature. Also, the difference of temperature range between these two estimations (olivine atomic
diffusion method: >>1000 °C vs. closure temperature method: <1000 °C) further provides large gaps.
However, the important point here is that modeling the crystallization sequence of minerals will shed
light on the formation history of quenched angrites in spite of the large discrepancies of estimated

cooling rates.
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In order to better understand the crystallization process and shock history of the APB and
evolution of planetesimals in the early solar system, it is important to perform detailed mineralogy
and petrology of quenched angrites. Thus, in this thesis, I report on the petrology, mineralogy, and
oxygen isotope systematics of several quenched angrites and discuss crystallization process and
shock history on the APB. The study of the crystallization process and shock history of APB may
further clarify the evolutional history of planetesimals in the early solar system, and can assess the

reasonability of quenched angrites as a time anchor for cosmochronology.

17



Fig. 1. Optical photomicrograph of a quenched angrite (Asuka-881371). Open nicol.
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Slowly-cooled angrlte (LEW 86010)
b ,w‘n@ mr* TS Y

Fig. 2. Optical photomicrograph of a slowly-cooled angrite (LEW 86010). Open nicol.
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Quenched angrite
NWA 2999

SN

Slowly-cooled
angrite source

NWA 4590

Fig. 3. Schematic illustration of source and crystallization locations of quenched and slowly-cooled
angrites (after Sanborn and Wadhwa, 2021). Angrite has two sources and parent melt of quenched
angrites came from partial melting of one of the sources and crystallized near surface of APB.
Slowly-cooled angrites came from the same sources with quenched angrites’ or the other sources, and

slowly-cooled angrites crystallized in plutonic environment of APB.
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2. Samples and methods

2.1. Samples

I mainly studied thin sections of D’Orbigny, Asuka-881371, Sahara 99555, NWA 1670, NWA
7203 and NWA 12774. All of them are quenched angrites. | made thin sections for NWA 7203 and
NWA 12774 from their fragments that were purchased from meteorite dealers. The sample of NWA
7203 was provided from Dr. Martin Bizzarro at University of Copenhagen. The thin sections of
D’Orbigny, Sahara 99555 and NWA 1670 are from the meteorite collection at the University
Museum. The thin section of Asuka-881371 was loaned from National Institute of Polar Research,
Japan (NIPR). The modal abundances of quenched angrites shown in previous studies are compiled

in Table 2.

2.1.1. D’Orbigny

D’Orbigny was found in Argentina in 1979 and the total mass is 16.55 kg (Meteoritical Bulletin
Database). Detailed petrology and mineralogy are found in Mittlefehldt et al. (2002). The modal
composition of D’Orbigny is 39.4 anorthite, 27.7 Al-Ti-bearing diopside, 19.4 Mg-rich olivine, 11.9
Ca-Fe-rich olivine, 0.6 spinel, 0.5 troilite, and 0.5 calcium silico-phosphate (in vol.%) (Mikouchi
and McKay, 2001). This meteorite contains rounded voids (McCoy et al., 2003). Mg-rich olivine

xenocryst was also reported by Mikouchi and McKay (2001).

2.1.2. Asuka-881371
Asuka-881371 was collected in Antarctica in the 1988-1989 field season. The total mass is 11.3 ¢
(Meteoritical Bulletin Database). Yanai (1994) and Mikouchi et al. (1996) reported detailed

petrology and mineralogy. The modal composition of Asuka-881371 is 36 anorthite, 20
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Al-Ti-bearing diopside, 29 olivine, 15 Ca-Fe-rich olivine, and <1 spinel, ilmenite and apatite (in
vol.%) (Yanai, 1994). Abundant large Mg-rich olivine xenocryst grains occur in this meteorite

(Mikouchi et al., 1996).

2.1.3. Sahara 99555

Sahara 99555 was found in the Sahara in 1999 and the total mass is 2.71 kg (Meteoritical
Bulletin Database). Its detailed petrology and mineralogy are found in Mittlefehldt et al. (2002) and
Mikouchi et al. (2000a). The modal composition of Sahara 99555 is 37.1 anorthite, 31.6
hedenbergite, 15.5 olivine, 13.8 kirsteinite, 1.2 troilite, 0.7 titanomagnetite and traces of phosphate
and Fe-Ni metal (in vol.%) (Bischoff et al., 2000). This meteorite also contains voids as those in

D’Orbigny. Olivine xenocryst is not known in Sahara 99555.

2.1.4. NWA 1670

NWA 1670 was found in Northwest Africa in 2003 and the total mass is 29 g (Meteoritical
Bulletin Database). Jambon et al. (2008) reported its detailed petrology and mineralogy. The modal
composition of NWA 1670 is 45 olivine, 24 diopside, 23 anorthite, 7 kirsteinite and 1 others (in
vol.%) (Mikouchi et al., 2003). This meteorite contains abundant large Mg-rich olivine xenocrysts.
The size of Mg-rich olivine xenocryst is up to 5 mm, and the Mg# is 0.92 to 0.85 (Keil, 2012).
Mikouchi et al. (2003) reported Mg-rich olivine xenocrysts reaching Fogs. This meteorite shows

evidence of shock metamorphism (Mikouchi et al., 2003; Jambon et al., 2008).

2.1.5. NWA 7203
NWA 7203 was found in Morocco in 2011 and the total mass is 107 g (Meteoritical Bulletin

Database). Only preliminary mineralogical study was reported by Mikouchi and Bizzarro (2012),
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and thus this thesis reports the first detailed mineralogical study.

2.1.6. NWA 12774
NWA 12774 was found in Northwest Africa in 2019 and the total mass is 454 g (Meteoritical
Bulletin Database). Preliminary mineralogical study is found only in Irving et al. (2020), and thus its

detailed mineralogical study is first reported in this thesis.
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Table 2. Modal abundances (vol%) of quenched angrites shown in previous studied.

Fo Fa Kir Px An Troi Sp Ap

D’Orbigny ! 194 11.9 27.7 39.4 0.5 0.6 0.5
Asuka-881371 2 29 15 20 36 <1

Sahara 99555 * 155 13.8 31.6 37.1 1.2 0.7 Tr
NWA 1670 4 45 7 24 23 1

! Mikouchi and McKay (2001); ? Yanai (1994); 2 Bischoff et al. (2000); 4 Mikouchi et al. (2003)
Fo=forsterite, Fa=fayalite, Kir=kirschsteinite, Px=pyroxne, An=anorthite, Troi=troilite, Sp=spinel,

and Ap=silico-apatite.
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2.2. Analytical methods

2.2.1. Optical microscope

When | made thin sections of quenched angrites, | first used ISOMET (Low Speed Precision
Cutter, BUEHLER) in order to cut samples after they were embedded in New Petropoxy 154
(Maruto) resin. Because 0.15 mm thin diamond blade can be employed for ISOMET, it can minimize
the sample loss by cutting. Petropoxy was also used to paste the sliced samples to glass slides.
Aluminum oxide powder (#1000, #2000, #4000 and #6000) and diamond paste (1 pum) were
employed in order to polish the surface. Glass slide is in a rounded shape, and its diameter is 25 mm.

| first carefully observed thin sections by optical microscope under open nicol and crossed nicols.
Optical microscopy allows basic knowledge on major constituent mineral phases in thin sections and

also the information about grain sizes. The shock metamorphic textures were also observed.

2.2.2. SEM

Further detailed observation was carried out using Field emission gun scanning electron
microscope (FE-SEM). | used FE-SEM (JEOL JSM-7200F, Fig. 4) at Korea Polar Research Institute
(KOPRI) for SEM observation mainly using back scattered electron (BSE) images. Accelerating

voltage was 15 kV.
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Fig. 4. FE-SEM (JEOL JSM-7200F) @KOPRI
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2.2.3. EPMA

Mineral composition and elemental map were acquired using Electron Probe Micro Analyzer
(EPMA). | used three EPMA instruments: FE-EPMA (JEOL JXA-8530F) at Department of Earth
and Planetary Science, Graduate School of Science, The University of Tokyo and at KOPRI (Fig. 5)
and EPMA (JEOL JXA-8200) at NIPR (Fig. 6). Analytical conditions for FE-EPMA were 15 kV, 12
nA with a 1 um beam, and measurement time at the peaks and the background were 30 seconds and
15 seconds, respectively. In order to obtain accurate concentrations of minor elements in olivine, the
analysis was conducted at 25 kV, 20 nA with 1 um beam size, and measurement time at the peaks
and the backgrounds for Cr and Ca were 60 seconds and 30 seconds, respectively, and those for
other elements were 30 seconds and 15 seconds, respectively. Elemental map analysis was
conducted at 15 kV, 60 nA. I used wollastonite for Ca and Si, Al.Os for Al, TiO; for Ti, Fe,Os for Fe,
Mn olivine for Mn, MgO for Mg, albite for Na, adularia for K, Cr,O3 for Cr, and KTiO(POa) for P as
the standards. Quantitative analysis at 25 kV, 20 nA and 15 kV, 12 nA was calibrated by analyzing
these standards each time.

FE-EPMA grid analyses were performed for NWA 7203 and NWA 12774 in order to obtain the
bulk chemical compositions. Square areas were chosen, and quantitative analysis was done at even
intervals. Mean values of the grid analyses are interpreted to reflect the bulk composition of
measurement areas.

To obtain modal abundance, | processed the X-ray elemental maps using ImageJ software.
Pixel counting was automated by ImageJ. Threshold values were chosen to correspond to each

phase.
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Fig. 6. EPMA (JEOL JXA-8200) @NIPR
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2.2.4. Raman spectroscopy

| obtained Raman spectra of minerals and glasses using a micro Raman spectrometer consisting
of a 50 cm single polychromator (500is Imaging Spectrograph, Chromex) and a Si-based charge
coupled device camera (DU-401A-BR-DD) at Geochemical Research Center, Graduate School of
Science, the University of Tokyo and JASCO NRS-1000 Raman microscope at NIPR. The excitation
laser wavelength was 514.5 nm (500is Imaging Spectrograph) and 531.9 nm (JASCO NRS-1000),
respectively. The laser power was 5 mW for 500is Imaging Spectrograph and 25 mW for JASCO
NRS-1000. Wave number calibration was performed using naphthalene (513.6 cm, 763.5 cm™,
1021.3 cm, 1147.3 cm, 1382.3 cm?, 1464.3 cm?, 1576.3 cm™) for 500is Imaging Spectrograph

and silicon (520.5 cm?) for JASCO NRS-1000, respectively.

2.2.5. IRMS

Oxygen isotope ratios of NWA 12774 and NWA 7203 were measured using isotope ratio mass
spectrometry (IRMS, MAT 253 plus, Thermo Fisher Scientific, Fig. 7) at KOPRI. An overview of
the instrument is detailed in Kim et al. (2019). The instrument mainly consists of a reaction chamber,
a purification line, and an IRMS. Approximately 2 mg of sample is placed in the reaction chamber,
which is then filled with BrFs. Fluorination is assisted by irradiation with a 25 W CO; laser with a
wavelength of 10.6 um by gradually increasing the laser power. Isotopic ratio of purified oxygen
was measured using the IRMS. Each measurement consisted of 10 cycles with an integration time of
26 seconds. Data reproducibility was confirmed by measuring laboratory standard obsidians before

and after sample measurements.
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Fig. 7. IRMS (MAT 253 plus, Thermo Fisher Scientific) @ KOPRI
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2.2.6. Fe-XANES

In order to estimate iron valences (Fe?* and Fe3*) of pyroxenes in shock melted samples, |
employed Fe K edge X-ray Absorption Near Edge structure (XANES) at BL-4A, Photon Factory,
High Energy Accelerator Research Organization (KEK-PF) in Tsukuba city, Ibaraki prefecture (Fig.
8). Because the pre-edge peak position of Fe K-edge shifts to higher energy position with increasing
Fe3* ratio of the samples, this method allows micro area analysis when the X-ray beam was focused
using K-B mirror (beam size at the sample position is about 5 um) (e.g., Satake et al. 2014). Spectral
crystal used at BL-4A is Si (1 1 1), with d = 3.13551(A). 36000 pulse corresponds to 1°. The

absorption energy is shown as E = he

— ) 75~ [keV], where pulse number of inflection

in(sin-1
2d sin(sin (zd*Ei

36000

point is Pi. | estimated the ratio of Fe?* and Fe3* by calculating the area of both peaks by gaussian
fitting. | found the area-weighted average position of the centroid peak and estimated the ratio of
Fe?* and Fe®. | used kaersutite from Iki island, Nagasaki Prefecture (“iki”, contains 93% of Fe®")

and kaersutite from kaersut, Greenland (“kst”, contains 1% of Fe**) as standards.
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3. Results

3.1. Mineralogical and petrological description for each sample
Mineralogical and petrological studies for D’Orbigny, Asuka-881371, Sahara 99555 and NWA
1670 have been already published (e.g., Mittlefehldt et al., 2002; Mikouchi et al., 1996; Mikouchi et

al., 2000a; Jambon et al., 2008). Thus, | mainly describe results from NWA 7203 and NWA 12774.

3.1.1. D’Orbigny

D’Orbigny shows a relatively coarse-grained variolitic texture (Fig. 9). D’Orbigny contains
voids (Fig. 10) and also contains rare olivine xenocrysts. Fig. 11 shows one of the xenocrysts whose
chemical composition is Fogs (I define Fo# as mole percent of Mg/[Mg + Fe + Ca], Fa# as mole
percent of Fe/[Mg + Fe + Ca], and La# as mole percent of Ca/[Mg + Fe + Ca], respectively for
olivine). The Fogs olivine is considered to be a xenocryst because its Fo content is clearly out of
equilibrium with the bulk chemical composition of D’Orbigny (Mittlefehldt et al, 2002, see 3.3.).
These olivine xenocrysts are maximum 150 pm in size in the sample studied, and these are smaller
compared with those of other quenched angrites (Fig. 11). Mikouchi and McKay (2001) reported a
large olivine xenocryst in D’Orbigny reaching several millimeters, but such large olivine grains were
not found in my sample. D’Orbigny mainly consists of olivine, clinopyroxene and anorthite. Fig. 12
shows the Mg X-ray map of D’Orbigny. Warm color indicates high Mg content. In this figure,
Mg-rich grains shown in red color are olivine xenocrysts, while olivine phenocrysts are shown in
green color. Olivine phenocrysts have almost the same Fo# in the core. Clinopyroxenes are shown in
blue color, and anorthites are shown in dark color. There are two types of olivine phenocrysts, small
olivine phenocrysts and large olivine phenocrysts. Small olivine phenocrysts are around 100 pm, and

large olivine phenocrysts are from several hundreds pm to 1 mm. The size of anorthite shows the
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same tendency as olivine, and there are small anorthites and large anorthites. Small anorthites are
around 100 um, and large anorthites are from several hundred um to 1 mm. Small olivines and small
anorthites are co-existing as intergrowth. Clinopyroxenes are several hundreds pum in size.

| estimated cooling rates of D’Orbigny from atomic diffusion profiles recorded in olivine
xenocryst. Because it is obvious that the originally homogeneous olivine crystals (xenocrysts) were
interacted with the surrounding magma as the case for megacrystic olivine xenocrysts (e.g.,
Asuka-881371, see the following chapters), resulting in partial resorption and overgrowth of
iron-enriched rims. The compositional gradients at these rims were produced by atomic diffusion,
and thus these zoning profiles could be used to estimate cooling rates of xenocryst-bearing samples
assuming a reasonable condition. To do this, | obtained EPMA line profiles of olivine xenocrysts
(Fig. 13, red arrow part of Fig. 11). Line profiles of Fo, Fa and La contents are shown in Fig. 13. The
chemical compositions of olivine xenocrysts in D’Orbigny display Fo-rich homogeneous core and
clear overgrowth. The core part shows a flat compositional pattern and chemical composition
gradually changes Fe-rich towards the rim at the overgrowth area. Between core and overgrowth,
chemical composition suddenly changes, which marks the front where atomic diffusion reached.
Because diffusion coefficients of calcium and chromium in olivine are smaller than that of
magnesium and iron (e.g., Chakraborty, 2010), the compositional gradients are steeper at the La
profile, which further supports the idea that the compositional change was caused by atomic
diffusion. | choose the boundary of olivine xenocryst and overgrowth to estimate the cooling rates by
the La profile (red solid line shown in Fig. 13), because the La profile is considered to best retain an
original chemical compositional trend compared from other elements with larger diffusion
coefficients. | choose the other end of the area to estimate the cooling rates by the Fa profile, where
chemical composition is homogeneous (red dotted line shown in Fig. 13). | estimate the cooling rates

by calculating diffusion profiles from 1400 °C to 900 °C at logfO.=IW+2 (Jurewicz et al. 1993) at
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the enclosed area with red solid line (boundary of olivine xenocryst and overgrowth) and red dotted
line (homogeneous core of the olivine xenocryst) shown in Fig. 13. Mikouchi et al. (1994) conducted
crystallization experiments and found that bulk chemical compositions of quenched angrite (LEW
87051) magma melted completely at 1430 °C and it crystallized olivine at 1400 °C. Based on this
experimental works, | adopted a starting temperature of 1400 °C for calculation. 1 employed a
diffusion coefficient of Fe-Mg in olivine from Misener (1974) as this coefficient provided a good
match between the experimentally produced and the calculated profiles as demonstrated by
Miyamoto et al. (2002). Linear cooling is assumed in this calculation. The diffusion equation is

given as below.
aCc _d ( ac)
at  dx\ ox
where C, x and t are the Fa component, position, and time, respectively.

ac(o,t)
a

The boundary conditions are =0 and C(X,t) = Cs, where position X and Cs are at the

interface between olivine and the adjacent matrix and the concentration at the grain boundary with
matrix. Initial condition is € (x,0) = C;, where C, is an initial concentration profile. Accordingly, the
obtained cooling rate of D’Orbigny is 100 °C/hr (Fig. 14).

Cooling rates could be affected by cut angle of olivine crystals, and thus the best estimation for
cooling rates could be obtained by calculating cooling rates for several olivine xenocrysts and
choosing the fastest cooling rates (considered to be the olivine grain cut at the most vertical angle).
Thus, in the line profile of Fig. 13, | choose the right side (steeper profile compared from the left
side) to estimate the cooling rate. Note that cooling rates can be easily affected not only by cut angle,
but also starting temperature and diffusion coefficient, and thus the obtained cooling rate could
contain several tens % error. However, it is enough useful to make a relative comparison of cooling

rates of each sample and discuss their relative burial depths.
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Fig. 9. Open nicol (upper) and crossed nicols (lower) optical photomicrographs of D’Orbigny.
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Fig. 10. BSE image of D’Orbigny. Black area indicates the void of D’Orbigny., which is commonly

found in this meteorite.
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Fig. 11. BSE image of olivine xenocrysts (only relict cores of these grains) in D’Orbigny. This olivine
xenocryst exists in the red square of Fig. 12. Line profiles of the red arrow part are shown in Fig. 13.
The boundary between xenocrystic core and overgrowth corresponds to dark gray and gray areas of

the BSE image.
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D’Orbigny

Fig. 12. Mg X-ray map of D’Orbigny. Warm color indicates the high concentration of Mg. Mg-rich

olivine grains are found inside the red square. BSE image of these olivines is shown in Fig. 11.
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Fig. 13. Obtained EPMA line profiles of olivine xenocryst in D’Orbigny (red arrow part of Fig. 11).
Red solid line corresponds to the boundary of olivine xenocryst and overgrowth assumed from the La
profile. Red dotted line corresponds to the homogeneous core of olivine xenocryst assumed from the
Fa profile.
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Fig. 14. Estimation for cooling rate of D’Orbigny. Cooling rate is estimated at the enclosed area with
red solid line and red dotted line shown in Fig. 13. The best-fit cooling rate is 100 °C/hr. Cooling rates

of 10 °C/hr and 1000 °C/hr are also shown for comparison.
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3.1.2. Asuka-881371

Asuka-881371 exhibits a relatively coarse-grained texture compared to D’Orbigny (Fig. 15).
Olivine megacrysts are mostly 1 mm in size with round shape, but some reach 3-4 mm. They are
interpreted to be xenocrysts (e.g., Mikouchi et al. 1996). Fig. 16 is a closeup image of one of such
xenocrysts with a core chemical composition of Fogs. The Fosgg olivine is out of equilibrium with the
bulk chemical composition of Asuka-881371 (Yanai 1994, Mikouchi et al. 1996, Jambon et al, 2005,
see 3.3.) as similar to D’Orbigny. Major minerals of Asuka-881371 are olivine, clinopyroxene and
anorthite. Fig. 17 is a Mg X-ray map of Asuka-881371. Olivine xenocrysts are shown in orange to
pink color. They show large areas of homogeneous cores, but individual grains have different Mg-Fe
contents. Olivine phenocrysts are shown in green color in the Mg X-ray map. These olivine
phenocrysts contain relatively similar amounts of Mg in the cores, and they could be phenocrysts
considering the bulk chemical compositions (see 3.3.). Clinopyroxenes are shown in blue color, and
anorthites are shown in dark color, respectively. In the figure, olivine phenocrysts, clinopyroxene
and anorthite phenocrysts are several hundreds pm in size.

EPMA line profiles of Fo, Fa and La contents of olivine xenocryst are shown in Fig. 18 (red
arrow part of Fig. 16). As a similar manner to the D’Orbigny xenocrysts, I estimated the cooling
rates by calculating atomic diffusion profiles produced at the rim by interacting with the surrounding
melt (between red solid and dotted lines shown in Fig. 18). The obtained best fit cooling rate of

Asuka-881371 is 50 °C/hr (Fig. 19).
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Fig. 15. Open nicol (upper) and crossed nicols (lower) optical photomicrographs of Asuka-
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& Fo (phero)

Fig. 16. BSE image of olivine xenocryst in Asuka-881371. This olivine xenocryst is present in the red
square of Fig. 17. Line profiles of the red arrow part are shown in Fig. 18. The boundary between
xenocrystic core and overgrowth corresponds to dark gray and gray areas of BSE image.
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Asuka-881371

Fig. 17. Mg X-ray map of Asuka-881371. Warm color indicates the high concentration of Mg. BSE

image of olivine in red square is shown in Fig. 16.
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Fig. 18. Line profiles of olivine xenocryst in Asuka-881371 (red arrow part of Fig. 16). Red solid line
corresponds to the boundary of olivine xenocryst and overgrowth assumed from the La profile. Red

dotted line corresponds to the homogeneous core of olivine xenocryst assumed from the Fa profile.
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Fig. 19. Estimation for the cooling rate of Asuka-881371. Cooling rate is estimated at the enclosed
area with red solid line and red dotted line shown in Fig. 18. The best-fit cooling rate is 50 °C/hr.

Cooling rates of 5 °C/hr and 500 °C/hr are also shown for comparison.

47



3.1.3. Sahara 99555

Sahara 99555 shows a coarse-grained texture similar to those of D’Orbigny and Asuka-881371,
but it is slightly finer-grained (Fig. 20). Unlike D’Orbigny and Asuka-881371, Sahara 99555
contains dendrites consisting of olivine and anorthite. Olivine xenocrysts are not found in the thin
section studied. Sahara 99555 mainly consists of olivine, clinopyroxene and anorthite. Fig. 21 shows
a Mg X-ray map of Sahara 99555, showing the presence of olivine crystals. There are two types of
olivine grains: single crystal and constituent of dendrites. From the Mg X-ray map, the single crystal
olivine is more Mg-rich (~Foss, shown in orange color) compared with the dendritic olivine (~Foss,
shown in green color). These olivine compositions are in equilibrium with the bulk chemical
composition of Sahara 99555 (see 3.3.), and thus these olivines are phenocrysts. Single olivine
crystals sometimes show a hopper shape. Clinopyroxenes are shown in blue color, and anorthites are
shown in dark color. Anorthites are elongated in shape (1 mm in length and 100 um in width). They
occasionally grow from the wall of olivine single crystals as crystallization seeds. Anorthites in
dendrites are smaller, and they are around several hundreds pm in size. Olivine single crystals are
several hundreds pm, and sometimes reach 1 mm. Olivines consisting of dendrites are smaller, and

around 100 um in size. Clinopyroxenes are several hundreds pum in size.
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Fig. 20. Optical photomicrograph of Sahara 99555. Open nicol (upper) and crossed nicols (lower).
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Fig. 21. Mg X-ray map of Sahara 99555. Warm color indicates the high concentration of Mg. Hopper

shape olivine phenocrysts (shown in yellow to orange color) are obvious in this map.

50



3.1.4. NWA 1670

NWA 1670 contains ~5 mm olivine megacrysts (Fig. 22) and is characterized by an anorthite
spinifex texture as shown in Fig. 23. Anorthite exhibits an extremely elongated shape (some reach ~
1 mm in length and 10 pum in width), and they show parallel assembly. Olivine megacrysts (~5
mm)with Fog, compositions are clearly xenocryst as judged from the bulk chemical composition of
NWA 1670 (Jambon et al, 2008, see 3.3.) although its bulk composition is also more Mg-rich than
other samples (Fig. 24. Such Mg-rich olivine is common in NWA 1670 and is slightly more Mg-rich
than other samples described above. Fig. 25 shows a Mg X-ray map of NWA 1670. From the Mg
X-ray map, olivine xenocrysts are shown in yellow to pink color. They are rounded in shape. Olivine
phenocrysts are often overgrown on the wall of olivine xenocrysts as crystallization seeds, exhibiting
a tooth-shape. Some olivine phenocrysts are euhedral in shape. Olivine phenocrysts are also found
between the anorthite laths. This type of olivine phenocrysts is Fe- and Ca-rich. Clinopyroxenes are
mostly found between the anorthite laths. Sometimes large (~100 um) clinopyroxenes are found in
the groundmass.

I obtained EPMA line traverses of Fo, Fa and La contents of olivine xenocrysts as shown in Fig.
26 (red arrow part of Fig. 24) to estimate cooling rates of NWA 1670 as I did for D’Orbigny and
Asuka-881371. In this calculation | also assumed that the cooling was from 1400 °C to 900 °C
linearly at logfO,=IW+2 and the diffusive modification of the originally homogeneous composition
was applied to the enclosed area with red solid and dotted lines shown in Fig. 26. The obtained
cooling rate of NWA 1670 is 3 °C/hr (Fig. 27).

NWA 1670 has a clear shock texture as shock veins are found in this meteorite. These shock
veins are mostly around 50 um in width and they turned into glass (Fig. 28). In some parts, shock
vein cut original igneous textures (~100 pum displacement, Fig. 29). In addition, recrystallized

clinopyroxenes are sometimes found in shock veins. Fig. 30 shows the recrystallized clinopyroxene
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from one of glassy shock veins. They are several um in size. This pyroxene has a chemical
composition of diopside ~ kushiroite judged by the stoichiometry of pyroxene. XANES spectrum of

this recrystallized pyroxene is obtained, and the result is shown in 3.6.
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Fig. 22. Open nicol (upper) and crossed nicols (lower) optical photomicrographs of NWA 1670.
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Fig. 23. BSE image of the anorthite spinifex texture. Anorthite exhibits an extremely elongated

shape (some reach ~ 1 mm in length and 10 um in width), and they show parallel assembly.
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Fig. 24. Olivine xenocryst in NWA 1670. This olivine xenocryst exists in the red square of Fig. 25.

Line profiles of red arrow part are shown in Fig. 26. The area of line profile is chosen where cracks are
mostly absent. The boundary between xenocrystic core and overgrowth corresponds to dark gray and

gray areas of BSE image.
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Fig. 25. Mg X-ray map of NWA 1670. Warm color indicates the high concentration of Mg. BSE image

of olivine in red square is shown in Fig. 24.
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Fig. 26. Line profiles of olivine xenocryst in NWA 1670 (red arrow part of Fig. 24). Red solid line
corresponds to the boundary of olivine xenocryst and overgrowth assumed from the La profile. Red

dotted line corresponds to the homogeneous core of olivine xenocryst assumed from the Fa profile.
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Fig. 27. Estimation for cooling rate of NWA 1670. Cooling rate is estimated at the enclosed area with
red solid line and red dotted line shown in Fig. 26. The best-fit cooling rate is 3 °C/hr. Cooling rates of

0.3 °C/hr and 30 °C/hr are also shown for comparison.
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Fig. 28. BSE image of glassy shock melt veins in NWA 1670.
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Fig. 29. BSE image showing ~100 pum displacement of the original igneous texture in NWA 1670
presumably caused by shock. The upper fault ends at the part that hits another fault.
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Fig. 30. BSE image of recrystallized clinopyroxene from glassy shock vein.
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3.1.5. NWA 7203
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3.1.6. NWA 12774

NWA 12774 has a porphyritic texture with relatively large olivine and clinopyroxene phenocrysts
(~1 mm) set in the fine-grained ophitic groundmass (Fig. 52). NWA 12774 mainly consists of olivine,
clinopyroxene, anorthite and accessory phases such as Al-rich spinel, native iron and troilite.
Chemical compositions of the constituent minerals are listed in Table 6.

| performed 21 x 28 point grid analysis once for NWA 12774 with FE-EPMA to obtain its bulk
composition. The bulk composition of NWA 12774 is estimated to be SiO,= 40.1 wt.%, Al,O3= 12.8
wt.%, TiOp= 0.55 wt.%, FeO= 17.6 wt.%, MnO= 0.19 wt.%, MgO= 18.5 wt.%, CaO= 11.0 wt.%,
Cr203= 0.45 wt.%.

Olivine occurs as large phenocrysts (around 1 mm) or as micro-phenocrysts in the groundmass.
Large olivine phenocrysts are euhedral to subhedral and they show sharp extinction under optical
microscope. Some large olivine grains show several different extinction angles in part. As getting
closer to the boundary to the part with the different extinction angle, chemical composition changes
more Fe-rich. The core part of large olivine grains in the thin section is FogxFaglap ~ FossFasilas.
All large olivine phenocrysts show extensive chemical zoning. The edge composition of the large
olivine phenocryst is FosFasslay ~ Foi7FazsLag. Kirschsteinite is rare and chemical composition is
FosFasiLas,. Olivine micro-phenocrysts in the matrix are FospFassla; ~ FoisFagilas. Chemical
composition of olivine in NWA 12774 is shown in Fig. 53. Some large olivine grains (~3 mm) are
Mg-rich compared to other large olivine grains, and the most Mg-rich olivine grain is Fog, (Fig. 54).
These Mg-rich olivines are xenocrysts judged by the bulk chemical composition of NWA 12744
obtained from the EPMA grid analysis (see 3.3.). Fig. 55 shows a Mg X-ray map of NWA 12774,
From the Mg X-ray map, olivine xenocrysts are shown in orange ~ red color. | measured EPMA line
profiles of olivine xenocryst to estimate a cooling rate of this angrite (Fig. 56, red arrow part of Fig.

54). Line profiles of Fo, Fa and La contents are shown in Fig. 56. | estimate the cooling rates by
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calculating atomic diffusion profiles from 1400 °C to 900 °C linearly at logfO,=IW+2 at the enclosed
area with red solid and dotted lines shown in Fig. 56. The method to estimate the cooling rate is the
same manner to other xenocryst-bearing quenched angrites (3.1.1). The obtained cooling rate of
NWA 12774 is 3.5 °C/hr (Fig. 57). It is considered that 3.5 °C/hr cooling rate of NWA 12774 is not
essentially different from the 3 °C/hr cooling rate of NWA 1670 (Fig. 27) although the value can
slightly change because of the orientation of olivine.

Clinopyroxene is also present as euhedral large phenocrysts (~1 mm) or as micro-phenocrysts in
the matrix. Large clinopyroxene phenocrysts show both high-Al and low-Al parts in one grain,
characteristics of sector zoning. Large clinopyroxene contains high Ti (TiO; = 1-2 wt%) and is
remarkably enriched in Al (Al,03 = 10-12 wt%, 16-18 wt%), and their chemical composition of the
high-Al part is DipHds7KshssTpsEniz ~ DizsHdz7Kshss TpsEnge (Di=CaMgSi.Os, Hd=CaFeSi,Oes,
Ksh=CaAlAlSiOg, Tp=CaTiAl.0s, and En=MgSi»Os), and thus some parts of the clinopyroxene are
kushiroite (Fig. 58). Clinopyroxene micro-phenocrysts occurring in the matrix contain TiO; = 1-2
wt% and Al,O3 = 4-6 wt%.

Anorthites show lath textures, and their grain sizes are up to 1 mm in length and 10 pum in width.
Their chemical composition is almost pure anorthite (Ansggs). Spinel occurs associated with large
olivine grains. The size is up to 200 um, and their chemical composition is (Feo.49-0.56,
Mgo51-0.44) (Alo.g1-0.93, Cro.19-007)Oa. Spinel close to large olivine phenocrysts is more Fe-poor and
Cr-rich. There are also small ulvéspinel grains in the groundmass. The grain size of ulvdspinel is
around 10 pm. Native iron (up to 100 um) occurs in large olivine phenocrysts. Troilite occurs

between anorthite laths. The grain size is up to 100 um, but most grains are around 10 pum.
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Table 6. Chemical compositions of the constituent minerals in NWA 12774,

Ol (Xeno) Ol (Micro-pheno) Px (Large) An (Micro-pheno)

SiO; 41.58 30.76 41.31 43.99
Al203 0.04 0.26 17.83 34.89
TiO b.d. 0.09 151 0.19
FeO 7.35 60.40 8.46 1.83
MnO 0.09 0.78 0.12 0.05
MgO 51.06 4.39 7.76 0.27
CaO 0.23 1.78 22.15 19.91
Na20 b.d. 0.13 b.d. 0.04
K20 0.02 b.d. b.d. b.d.
Cr203 0.25 0.02 0.45 0.01
Total 100.62 98.61 99.59 101.19

b.d.: Below detection limit. Detection limits are about 100 ppm for each element.
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Fig. 52. Open nicol (upper) and Crossed nicols (lower) of optical photomicrograph of NWA 12774.
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Fig. 53. Chemical composition of olivine in NWA 12774,
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Fig. 54. Olivine xenocryst in NWA 12774. This olivine xenocryst exists in the red solid square of Fig.
55. Line profiles of red arrow part is shown in Fig. 56. The area of line profile is chosen where cracks
are mostly absent, and this is the only place without cracks in the studied slice. The boundary between

xenocrystic core and overgrowth corresponds to dark gray and gray areas of the BSE image.
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Fig. 55. Mg X-ray map of NWA 12774. Warm color indicates the high concentration of Mg. BSE
image of olivine in red solid square is shown in Fig. 54. Oxygen isotopic ratio of olivine xenocryst in
NWA 12774 was analyzed from the grain inside of red dotted squares (Table 8 and Fig. 68, see 3.5.).
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Fig. 56. Line profiles of olivine xenocryst in NWA 12774 (red arrow part of Fig. 54). Red solid line
corresponds to the boundary of olivine xenocryst and overgrowth assumed from the La profile. Red

dotted line corresponds to the homogeneous core of olivine xenocryst assumed from the Fa profile.
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Fig. 57. Estimation for cooling rate of NWA 12774. Cooling rate is estimated at the enclosed area
with red solid line and red dotted line shown in Fig. 56. The best-fit cooling rate is 3.5 °C/hr. Cooling
rates of 0.35 °C/hr and 35 °C/hr are also shown for comparison.
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Fig. 58. BSE image of a large clinopyroxene grain in NWA 12774. Chemical composition of

clinopyroxene is shown in the figure.
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3.2. Textures of quenched angrites

In the previous section (3.1.), | described igneous textures of quenched angrites. This study
reveals that the igneous textures of quenched angrites can be divided into three groups: dendritic,
relatively coarse-grained and anorthite spinifex (Fig. 59). NWA 7203 shows a dendritic texture in the
coarse-grained lithology. The fine-grained lithology of NWA 7203 contains elongated anorthites.
This is not similar to NWA 1670, NWA 12774 and LEW 87051 in terms of grain length and cooling
rates, but rather similar to the dendritic sample of NWA 1296 (detailed discussion is found in 4.2.).
Thus, the fine-grained lithology of NWA 7203 is essentially related to dendritic samples. NWA 7203
(coarse-grained lithology), Sahara 99555, D’Orbigny and Asuka-881371 show relatively
coarse-grained textures. NWA 7203 (coarse-grained lithology) and Sahara 99555 also contain
dendritic intergrowth, but the overall texture is more similar to a relatively coarse-grained texture
than a dendritic texture. Dendritic intergrowth found in NWA 7203 (coarse-grained lithology) and
Sahara 99555 might be caused by its characteristic bulk chemical compositions close to the
olivine-anorthite eutectic composition, or by relatively rapid cooling rates. NWA 1670 and NWA
12774 exhibit an anorthite spinifex texture. In all textures, olivine, pyroxene and anorthite are the
main constituent minerals. Here | add NWA 1296, LEW 87051 and NWA 8535 in Fig. 59. NWA
1296 shows a clear dendritic texture (Jambon et al., 2005) and LEW 87051 has an anorthite spinifex
texture (Mikouchi et al., 1996). NWA 8535 is the only dunite angrite known until now (Santos et al,
2016a), and this angrite may be a cumulate. In the quenched angrites, D’Orbigny, Asuka-881371,
NWA 1670, LEW 87051 and NWA 12774 contain Mg-rich olivine xenocrysts.

NWA 12774 is most similar to NWA 1670 and LEW 87051 in texture. However, the texture of
NWA 12774 is slightly different from NWA 1670. Olivine xenocrysts are abundant in NWA 1670
and display mosaicism or undulose extinction (Mikouchi et al., 2003). Spinel occurs only in olivine

xenocryst (Jambon et al., 2008), and pyroxene xenocrysts of NWA 1670 are rare and small (around
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100 pm) although they are Al-rich (Jambon et al., 2008). NWA 12774 is also slightly different from
LEW 87051. NWA 12774 pyroxenes contain 10-18 wt% of Al,Os, but LEW 87051 pyroxenes
contain only 4-6 wt% of Al,Os (McKay et al., 1990). Also, the grain size of groundmass minerals in
LEW 87051 is larger than those of NWA 12774. In addition, spinel in NWA 12774 is unusually large
compared to other quenched angrites except for NWA 8535 (Santos et al., 2016b). Thus, NWA
12774 is not paired with either NWA 1670 or LEW 87051, but they are closely related in

petrogenesis because all of them contain similar olivine xenocrysts.
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Fig. 59. BSE images of igneous textures of quenched angrites. The igneous textures of quenched
angrites can be divided into three groups: dendritic (NWA 1296 and NWA 7203), relatively
coarse-grained (Sahara 99555, D’Orbigny, and Asuka-881371) and anorthite spinifex (NWA 1670,
LEW 87051, and NWA 12774). The BSE image of NWA 1296 taken from Jambon et al. (2005).
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3.3. Bulk chemical compositions of quenched angrites

Bulk chemical compositions of several quenched angrites have been reported in previous studies
(e.g., Mittlefehldt et al., 2002; Mittlefehldt and Lindstrom, 1990). In addition, bulk chemical
compositions of NWA 7203 and NWA 12774 are obtained from EPMA grid analyses in this study

(see 3.1.5. and 3.1.6.). In Table 7, bulk chemical compositions of these quenched angrites are

summarized. From the distribution coefficient of K, = %%ﬁg = ~0.30 between melt and
olivine (Roeder and Emslie, 1970), | can estimate Fo# of olivine crystallizing from these angritic
melts, if 1 assume that these bulk compositions are equal to melt compositions of each quenched
angrite. The estimated Fo# of olivine crystallized from each angritic melt is Fos1 in NWA 1296, Fogs
in NWA 7203, Foe4 in Sahara 99555, Fog1 in D’Orbigny, Fozg in Asuka-881371, Fogs in LEW 87051,
Fosz2 in NWA 1670 and Fogs in NWA 12774, respectively.

However, Filiberto and Dasgupta (2011) considered that Kp = 0.35 = 0.01 is more appropriate
for Fe-rich Martian basalt. Angritic basalt is also Fe-rich, and when | employ Kp = 0.35, the
estimated Fo# of olivine crystallized from each angritic melt is Foss in NWA 1296, Foso in NWA
7203, Fos1 in Sahara 99555, Fos7 in D’Orbigny, Fozs in Asuka-881371, Fogs in LEW 87051, Fogo in
NWA 1670 and Fogs in NWA 12774, respectively.

Note that these values are approximation because Fo# of olivine crystallized from melt should be
strictly estimated from a real melt composition. Such a real melt composition is difficult to estimate
only from modal abundance of olivine xenocryst because it is difficult to distinguish olivine

xenocrysts and overgrowth. In addition, depending on literature distribution coefficient values used,

Fo# can include an error of about 10%.
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Table 7. Bulk chemical compositions of angrites (all in wt%).

SiO, TiO, Al>O3 Cr03 FeO MnO MgO Ca0 Total
NWA 1296 * 39 0.93 12.18 0.068 25.0 0.28 6.71 14.65 100

NWA 7203 (fine) 40.4 0.89 22.0 0.07 22.0 6.3 155 100.4

NWA 7203 (coarse) 40.6 0.7 14.7 0.08 21.9 7.7 14.6 100.6
Quenched Sahara 99555 2 38.6 0.91 125 0.046 23.1 0.26 7.04 151 97.72
angrites D'Orbigny 2 38.4 0.89 124 0.042 247 0.28 6.49 15.0 98.38
Asuka-881371 3 37.3 0.88 10.07 0.13 23.43 0.2 14.81 1251 100.77

LEW 87051 * 40.4 0.73 9.19 0.17 19.0 0.24 19.4 10.8 100.0
NWA 1670 ° 42.2 0.67 11.7 0.14 18.52 0.22 14.6 11.95 100.14

NWA 12774 40.1 0.55 12.8 0.45 17.6 0.19 18.5 11.0 101.1

ADoR # 43.7 2.05 9.35 0.21 9.4 0.1 10.8 22.9 98.7

Slowly-cooled LEW 86010 * 39.6 1.15 14.1 0.11 185 0.2 7.0 175 98.3
Angrites NWA 2999 © 334 0.42 4.71 31.2 0.24 19.0 7.37 96.34
NWA 4590 7 37.49 1.46 8.5 27.16 0.31 17.84 6.8 100.03

References: 1 Jambon et al. (2005), ICP-AES; 2 Mittlefehldt et al. (2002), EPMA and INAA; 3 Yanai (1994), EPMA,; * Mittlefehldt and Lindstrom (1990),
EPMA; ®Jambon et al. (2008), ICP-AES;  Gellissen et al. (2007), XRF and INAA; 7 Shirai et al. (2009), analysis of the fusion clast.
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3.4. Olivine compositions of quenched angrites

I performed quantitative measurement of minor elements in olivine for quenched angrites. The
analytical conditions were shown in 2.2.3. | found that olivines in quenched angrites exhibit
characteristic trends in minor element contents. | focus on Cr.Oz and CaO content on olivine
xenocrysts, because olivine xenocrysts have characteristic Cr,O3 and CaO contents and also because
diffusion coefficients of these elements are small and thus, they retain original information. Fig. 60
shows Fo# vs Cr,Os contents in olivines for each quenched sample. Olivine phenocrysts are
enclosed in light colors and olivine xenocrysts are enclosed in dense colors. Olivine xenocrysts are
found in NWA 12774, NWA 1670, Asuka-881371 and D’Orbigny as shown in the previous section.
NWA 7203 and Sahara 99555 do not contain olivine xenocrysts. In Fig. 60, it is obvious that olivine
phenocrysts (shown in light colors) are Cr-poor for each sample and olivine xenocrysts (shown in
dense colors) contain relatively higher Cr contents. In most cases, Cr contents of olivine xenocrysts
are higher compared to olivine phenocrysts. Olivine xenocrysts in Asuka-881371 (and maybe
D’Orbigny) show variety of Cr contents. On the other hand, olivine xenocrysts in NWA 12774 and
NWA 1670 show different trends. As Fo# of olivine xenocrysts increase, Cr contents also increase.
This trend might reflect the environment of crystallization of olivine xenocrysts.

Fig. 61 shows Fo# vs. CaO contents in olivines for each quenched sample. The phase equilibrium
relationships of Ca-Mg-Fe olivine (at 800~1000 °C) are reported by Davidson and Mukhopadhyay
(1984) and can be used to understand the olivine compositional variation of quenched angrites (Fig.
39). In Fig. 61, olivine compositional trends of NWA 1670 and NWA 12774 whose Fo contents are
below Fogs plot along the phase equilibrium relationships of Ca-Mg-Fe (Fig. 39). Olivine xenocrysts
in Asuka-881371 and D’Orbigny show variable of Ca contents, which are different from the phase
equilibrium relationships of Ca-Mg-Fe olivine. This trend is the same for Cr. On the other hand,

olivine xenocrysts in Asuka-881371 and D’Orbigny show relatively similar trends plotted for the
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equilibrium relationships of Ca-Mg-Fe olivine. The most Mg-rich (Fogs) olivine xenocryst in NWA
1670 has low Cr and Ca contents compared with other olivine xenocrysts in NWA 1670. The
chemical compositional trend of this olivine xenocryst might be similar to those of Asuka-881371
and D’Orbigny.

From Fig. 60, | can identify Fo# of the most Mg-rich olivine phenocryst in each quenched
angrite. NWA 7203 and Sahara 99555 do not contain olivine xenocrysts, and thus the most Mg-rich
olivine is the most Mg-rich olivine phenocryst. The most Mg-rich olivine phenocrysts are Fogs for
both NWA 7203 and Sahara 99555. Asuka-881371 and D’Orbigny contain Mg-rich olivine
xenocrysts, but the chemical compositions have a large gap between olivine xenocryst and
phenocryst. Thus, it is easy to distinguish olivine xenocryst and phenocryst. The most Mg-rich
olivine phenocrysts in D’Orbigny and Asuka-881371 are Foss and For,, respectively.

It is difficult to determine the most Mg-rich olivine phenocrysts in NWA 12774 and NWA 1670,
because olivine phenocryst is also Mg-rich and the chemical composition is similar to xenocryst. |
calculated the most Mg-rich olivine phenocryst in NWA 12774 as Fogs and that of NWA 1670 as
Fos, from the bulk chemical compositions with the distribution coefficient of Fe-Mg in olivine of
0.30 (Roeder and Emslie, 1970) or those in NWA 12774 as Fogs and in NWA 1670 as Fogo with the
distribution coefficient of 0.35 (Filiberto and Dasgupta, 2011) (see 3.3.). However, the bulk
compositions contain contributions of olivine xenocrysts. If | try to deduct the contribution of olivine
xenocryst, the theory will circulate. Thus, it is needed to estimate the Fo# of most Mg-rich olivine
phenocrysts of NWA 12774 and NWA 1670 from another way.

Fig. 62 shows the Cr,03 vs. CaO contents in olivines for four EPMA line profiles of olivines in
NWA 12774. The Cr203 content is high in the core and decreases towards the rim, but increases once
again at the overgrowth. This trend is similar to olivines in LEW 87051 (Mikouchi et al., 1996). Fig.

63 shows the Cr,03 vs. CaO contents and Fo# of the core for olivine grains in NWA 12774. Olivine
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can be divided in three types (&, ®), and ©), see Fig. 62) according to the Cr,O3 vs. CaO contents
in olivines. Olivines which show the © chemical compositions in Fig. 62 are their rim parts and
they also have Fe-rich (Fo=-70) compositions (Fig. 63). Thus, © is phenocryst. @ and show
different trends in the CaO-Cr,O3 compositional systematics (Fig. 62). @ is relatively rare and
is more common. Also, @ olivines show Mg-rich (Fo=-gs) composition while olivines show
Fo-70 ~ Fo-g4 (Fig. 63). In Fig. 62, all grains show two trends with both positive and negative slopes.
The core part is Ca-poor and gradually becomes Ca-rich as getting closer to the rim. All olivine
grains go to around CaO = 0.5 wt.% and Cr,0z = 0.17 wt.%, that may imply that the first
crystallization of olivine phenocryst overgrowth. In this case, is considered to be a phenocryst.
@ is Mg-rich (Fo=-gs) and has a different trend in the CaO-Cr,O3 compositional systematic from
®, suggesting that the crystallization environment of @ is different from that of ®. Thus, |
concluded @ as a xenocryst. This is also confirmed by Fo# vs Cr,O3 contents in olivines for NWA
12774 (Fig. 60). In conclusion, the most Mg-rich olivine phenocryst in NWA 12774 is Fogs. This
value is close to the most Mg-rich Fo# (Fogs or Foss) calculated from bulk chemical composition of
NWA 12774 (see 3.3.).

Olivine in NWA 1670 has similar trends to that in NWA 12774. Thus, | can infer its most
Mg-rich olivine phenocryst in a similar manner to NWA 12774. From Fo# vs Cr,03 contents in
olivines for NWA 1670 (Fig. 60), the most Mg-rich olivine phenocryst in NWA 1670 is around Fogs.
In the case of NWA 1670, Fe-rich (For7) olivine xenocryst exists (Fig. 64). EPMA line profiles of
this olivine xenocryst are shown in Fig. 65 (red arrow part of Fig. 64). Line profiles of Fo, Fa, La
and Cr,03 contents are shown in Fig. 65. Fe-rich olivine xenocryst in NWA 1670 has core and
overgrowth. The chemical composition of core part has a flat pattern and chemical composition
gradually changes Mg-rich towards the rim at the overgrowth area. Between the core and overgrowth,

chemical composition changes by atomic diffusion. The most Mg-rich olivine phenocryst is Fogs.
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This is corresponding to the most Mg-rich olivine phenocryst in NWA 1670. In conclusion, the most
Mg-rich olivine phenocryst in NWA 1670 is considered as Fogs. This value is close to the most

Mg-rich Fo# (Fos, or Fogo) calculated from bulk chemical composition of NWA 1670 (see 3.3.).

110



I NWA12774
0.6 I NWA1670
05 I Asuka
)
X . I NWA7203
> o
2 I sah
""; 0.3 |
D'O
ON
Y02
U ——
0.1
0
50.00 60.00 70.00 80.00 90.00 100.00

Fig. 60. Fo# vs. Cr,O3 content in olivines for each quenched angrites.
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Fig. 61. Fo# vs. CaO content in olivines for each quenched angrites. Shades are added for
Asuka-881371 and D’Orbigny in order to make it easier to find.
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Fig. 62. Cr,03 vs. CaO contents in olivines for four line profiles of olivines in NWA 12774 (upper

figure). The core compositions of olivines are Fog, for blue symbol, Fogo for red symbol, Fogs for green
symbol and Fos; for yellow symbol, respectively. The upper figure shows the raw data, and the lower
figure shows the simplified graph. Olivine can be divided in three types (®, ®), and ©) according to
the Cr,03 vs. CaO contents in olivines. All olivines go to around CaO = 0.5 wt.% and Cr,03; = 0.17

wt.%.
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Fig. 63. Cr203 vs. CaO contents and Fo# of the core for olivine grains in NWA 12774. Fo# is shown by

the symbol colors. Olivine grains in NWA 12774 show similar trends with four olivines in Fig. 62.

114



Fig. 64. BSE image of Fe-rich (Fo77) olivine xenocryst in NWA 1670. Line profiles of red arrow part is
shown in Fig. 65.
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Fig. 65. Line profiles of the Fo77 olivine xenocryst in NWA 1670 (red arrow part of Fig. 64). Red solid
line corresponds to the boundary of olivine xenocryst and overgrowth assumed from the La profile.
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3.5. Oxygen isotopic compositions
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3.6. Fe®* ratios of recrystallizing clinopyroxenes in NWA 7203 and NWA 1670

I measured Fe-XANES spectra of recrystallized clinopyroxenes in shock melt veins in NWA
7203 and NWA 1670 (see 3.1.4. and 3.1.5.). In Wilke et al. (2001), the relationship between the
energy centroid position (eV) and Fe®*ratio is discussed. | applied Fe?* for the tetrahedral site and
Fe* for the octahedral site, considering the pyroxene crystal structure. Fig. 69 and Fig. 70 show the
measurement area of recrystallized clinopyroxene in NWA 7203 (essenite ~ CaFe3*Fe3*SiOs) and
NWA 1670 (diopside ~ kushiroite). | also measured a XANES spectrum of clinopyroxene in the
coarse-grained lithology of NWA 7203 for comparison. Note that the XANES signal comes from
larger (~ around 30 pum) areas than the actual X-ray beam size (~ around 5 pum), and thus the data
contain not only clinopyroxene but also other surrounding minerals and glasses in shock melt veins
in some amounts. The obtained XANES spectra are shown in Fig. 71 (recrystallized pyroxene in
NWA 7203), Fig. 72 (recrystallized pyroxene in NWA 1670) and Fig. 73 (pyroxene phenocryst in
NWA 7203). Pre-edge areas are also shown in the figures. Purple gaussian corresponds to the
pre-edge of Fe?* and light blue gaussian corresponds to the pre-edge of Fe**. The area-weighted
average position of the centroid peak corresponds to the ratio of Fe?* and Fe®*, and the estimated
Fe®*ratios (Fe**/(Fe?*+Fe?")) for each sample using the parameter of Wilke et al. (2001) are shown in
Table 9. The Fe?®* ratio of recrystallized clinopyroxene in NWA 7203 is 13~16%, and this is the most
enriched in Fe%*. The Fe3* ratio of recrystallized clinopyroxene in NWA 1670 is 12~13%. These
values are clearly higher than that of normal clinopyroxene (7%), suggesting that certain amount of

Fe®* was incorporated to recrystallizing clinopyroxenes in shock melts.
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Table 9. The estimated Fe®* ratios for each sample using synchrotron Fe-XANES spectra.

Sample Fe3* ratio
NWA 7203_PX_1 13%
NWA 7203_PX_2 16%
NWA 7203_Large PX 7%
NWA 1670_PX_1 13%
NWA 1670_PX 2 12%
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Fig. 69. Measurement area of recrystallized clinopyroxene in NWA 7203 by synchrotron Fe-XANES.

The shock melt vein is shown in white dotted lines.
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Fig. 70. Measurement area of recrystallized clinopyroxene in NWA 1670 by synchrotron Fe-XANES.

The shock melt vein is shown in white dotted lines.
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Fig. 71. XANES spectrum of recrystallized pyroxene in NWA 7203 (NWA 7203_PX_1 in Fig. 69).
Pre-edge area is also shown. Purple gaussian corresponds to the pre-edge of Fe?* and light blue

gaussian corresponds to the pre-edge of Fe®*.
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Fig. 72. XANES spectrum of recrystallized pyroxene in NWA 1670 (NWA 1670_PX_1 in Fig. 70).
Pre-edge area is also shown. Purple gaussian corresponds to the pre-edge of Fe?* and light blue
gaussian corresponds to the pre-edge of Fe®*.
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Fig. 73. XANES spectrum of pyroxene phenocryst in NWA 7203. Pre-edge area is also shown. Purple
gaussian corresponds to the pre-edge of Fe?* and light blue gaussian corresponds to the pre-edge of

Fes3*,
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4, Discussion

4.1. Crystallization history of NWA 7203

(FEABHERST)
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4.2. Comparison between NWA 7203 and other quenched angrites
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4.3. Shock metamorphism of angrites
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4.4. Bulk chemical compositions of quenched angrites

Reported bulk chemical compositions of quenched angrites are summarized in Table 7 along
with NWA 7203 and NWA 12774 obtained in this study by EPMA grid analyses. Mikouchi et al.
(2004) discussed the bulk chemical compositions of quenched angrites. They discussed that two
elemental compositional systematics of bulk chemical compositions of quenched angrites show
correlations, that can be explained by incorporation of Mg-rich olivine xenocrysts (e.g., Fog, CaO =
0.40 wt.% and Cr203 = 0.45 wt.%). However, there are only a few quenched angrite samples known
at that time, and so the relationship between bulk chemical compositions and textures of quenched
angrites was unclear and not discussed. | plotted compositional systematics for each element of bulk
chemical compositions of angrites in Fig. 77 (CaO-MgO), Fig. 78 (CaO-Cr,03), Fig. 79 (CaO-TiOy)
and Fig. 80 (FeO-MgO). In Fig. 77 to Fig. 80, dendritic quenched angrites are shown in purple
symbols, coarse-grained samples are shown in light blue symbols and anorthite spinifex samples are
shown in green symbols, respectively. Slowly-cooled angrites (e.g., Angra dos Reis, LEW 86010)
are shown in red symbols for comparison. Bulk chemical compositional change of Sahara 99555 is
shown by a red arrow when olivine with the angritic xenocryst composition (Fogy, CaO = 0.40 wt.%
and Cr,03 = 0.45 wt.%, following Mikouchi et al., 2004) is added. All four elemental compositional
systematics show correlations. From these figures, Sahara 99555, D’Orbigny, NWA 1296 and NWA
7203 have similar bulk chemical compositions and might represent a ‘pristine angrite magma’ which
corresponds to the parent melt of quenched angrites. The absence or rarity of olivine xenocrysts in
these angrites supports this hypothesis. Thus, incorporation of olivine xenocrysts is considered as
minor for NWA 1296, Sahara 99555, NWA 7203 and D’Orbigny. In contrast, the proportion of
incorporated xenocryst in magma would be 20 % for Asuka-881371 and NWA 1670, and 40 % for
LEW 87051 and NWA 12774 when Fig. 77 ~Fig. 80 are collectively considered. However, the Cr

content of NWA 12774 is higher (Fig. 78). This is accommodated to the fact that NWA 12774
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contains Cr-rich clinopyroxenes (Table 6) and large Cr-rich spinel. Large Cr-rich spinel is known
only in NWA 12774 and NWA 8535 (Santos et al., 2016b) among quenched angrites. One of the
reasons that the bulk chemical composition of NWA 12774 is Cr-rich is incorporation of Cr-rich
olivine or spinel xenocrysts. Another explanation is that large Cr-rich spinel crystallized at the end of
the crystallization process. | consider that olivine xenocrysts sank towards the deeper place in a
common igneous body of quenched angrites (see 4.7). Such large Cr-rich spinel is found only in
NWA 8535 and NWA 12774 (and NWA 1670; smaller and Cr-poor, shown in Fig. 82), corresponding
deeper samples of the igneous body of quenched angrites (see 4.7). These Cr-rich spinel grains are
present associated with the olivine xenocrysts, supporting the late crystallization of large Cr-rich
spinel because Cr-rich spinel grows with olivines as crystallization seeds. Hercynitic spinel is
considered to crystallize as the second phase during olivine crystallization from the D’Orbigny bulk
chemical composition (the first phase is Mg-rich olivine phenocryst) (Mittlefehldt et al., 2002;
Longhi, 1999), and this is also consistent with late-stage crystallization of Cr-rich spinel in NWA
12774. Thus, | prefer the latter explanation for the reason of Cr-rich bulk chemical composition of
NWA 12774.

The Fe contents of quenched angrites do not show strong correlations with Mg and other
elements. This might be caused by the variation of Fo# of incorporated olivine Xxenocrysts.
Incorporation degree of olivine xenocrysts is compiled in Fig. 81. In Fig. 81, incorporation degree of
olivine xenocrysts is the lowest in dendritic samples and some of relatively coarse-grained samples
(D’Orbigny and Sahara 99555), intermediate in Asuka-881371 and the highest in anorthite spinifex
samples. This indicates that incorporation degree of olivine xenocrysts in quenched angrites and bulk
chemical compositions of quenched angrites are correlated.

Fig. 83 shows REE contents normalized to the abundance of CI chondrite for each quenched

angrite. REE patterns change when olivine xenocryst is added (containing small amount of REE,
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reported in Sanborn and Wadhwa, 2010) to Sahara 99555, which is considered to have “pristine
angrite magma” chemical composition of quenched angrites. The REE patterns of quenched angrites
thus show flat patterns. This means that REE patterns of quenched angrites do not show evidence for
fractional crystallization except for olivine, rather supporting simple mechanical mixing of ‘pristine
angrite magma’ and olivine xenocrysts. Olivine fractional crystallization does not change the flat
REE patterns, and this is also possible to have occurred in some quenched angrites.

HSE abundances and U isotope compositions of quenched angrites are obtained by Riches et al.
(2012) and Tissot et al. (2017). The HSE abundances and U isotope compositions of quenched
angrites might be also explained by simple mechanical mixing of ‘pristine angrite magma’ and
olivine xenocrysts, but it is difficult to conclude because the data in Riches et al. (2012) and Tissot et
al. (2017) do not contain sufficient sample numbers to discuss, and do not show a strong correlation.

“Pristine angrite magma” is considered to be produced by partial melting of quenched angrite
source. Jurewicz et al. (1993) showed that ~ 30% partial melting of CV or CM chondritic material at
around 1200 °C under an oxidizing condition (logfO,=I1W+2) will produce partial melts with very
similar composition of “pristine angrite magma” (Mikouchi et al., 2004). Thus, | consider that the
guenched angrite source might be a CV or CM chondrite like material in terms of major-minor

elemental compositions.
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Fig. 77. CaO-MgO systematics of bulk chemical compositions of angrites.
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Fig. 81. Incorporation degree of olivine xenocrysts for each quenched angrites. Incorporation degree
of olivine xenocrysts is the lowest in dendritic samples and some of relatively coarse-grained samples
(D’Orbigny and Sahara 99555), intermediate in Asuka-881371 and the highest in anorthite spinifex

samples. The BSE image of NWA 1296 taken from Jambon et al. (2005).
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Fig. 82. Spinels found in Cr X-ray map of NWA 1670 (upper figure) and Al X-ray map of NWA
1670 (lower figure). Spinels occur associated with large olivine xenocrysts (shown in Al X-ray map
of NWA 1670 as large dark area).
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4.5. Incorporation of olivine xenocrysts

In terms of bulk chemical compositions of quenched angrites, it seems that olivine xenocrysts
were incorporated into ’pristine angrite magma’ (see 4.4.). In order to understand the incorporated
process of olivine xenocrysts, firstly | estimated the modal abundances of olivine xenocrysts in
guenched angrites from X-ray elemental maps. Olivine xenocrysts are found in D’Orbigny,
Asuka-881371, NWA 1670 and NWA 12774 in the thin sections studied. Modal abundances of
olivine xenocrysts in D’Orbigny and Asuka-881371 are easy to obtain because the Fo# of olivine
phenocrysts and olivine xenocrysts can be clearly separated. Modal abundances of olivine
xenocrysts in NWA 12774 may contain some errors because Fo# of olivine phenocrysts (Fo<s.) and
olivine xenocrysts are (Fo=g4) close to each other, and thus ~Fogs olivines are difficult to distinguish.
Some olivine xenocrysts in NWA 1670 are more Fe-rich compared to the most Mg-rich olivine
phenocrysts, and thus it is difficult to distinguish olivine phenocrysts and olivine xenocrysts
perfectly from the X-ray map. Modal abundances of olivine xenocrysts are estimated as 0% for
Sahara 99555 and NWA 7203, ~0% for D’Orbigny, 14% for Asuka-881371, ~11% for NWA 1670
and 13% for NWA 12774. Modal abundances are 0% (no olivine xenocrysts; Jambon et al., 2005) for
NWA 1296 and 10% for LEW 87051 (Mikouchi et al., 1996) (Fig. 84).

The most Mg-rich olivine phenocrysts are Foes for Sahara 99555 and NWA 7203, Foes for
D’Orbigny, Fo7, for Asuka-881371, Fogs for NWA 12774 and Fogs for NWA 1670, respectively (see
3.1.1. ~ 3.1.6.). The most Mg-rich olivine phenocryst with Foe4 is reported for NWA 1296 (Jambon
et al., 2005) and Fogo for LEW 87051 (Mikouchi et al., 1996).

As | discussed above, | propose that olivine xenocrysts were incorporated into “pristine angrite
magma” from the view of variation of bulk chemical compositions. From modal abundances of
olivine xenocrysts and the most Mg-rich olivine phenocryst compositions, it can be concluded that

olivine xenocrysts are dissolved into ‘pristine angrite magma’, which made the melt composition
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more Mg-rich, but some of olivine xenocrysts remain unmelted. This model is consistent with the
fact that olivine xenocrysts are present as relict cores of large olivine grains. Olivine fractional
crystallization is considered to have occurred with overgrowth of olivine xenocrysts and sinking of

olivine xenocrysts.
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Fig. 84. Modal abundances of olivine xenocrysts and Fo# of most Mg-rich olivine phenocrysts for
each quenched angrite. Incorporation degrees of olivine xenocrysts for each quenched angrite are also
shown. The BSE image of NWA 1296 taken from Jambon et al. (2005).
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4.6. Origin of olivine xenocrysts

Olivine xenocrysts have variety of Fo#, Ca and Cr contents. It is difficult to crystallize these
olivine crystals in a single crystallization process. The origin of olivine xenocrysts has been
discussed by several earlier works, but no conclusion has been reached. There are three possibilities
of the origin of olivine xenocrysts: remnant of mantle materials (Jambon et al., 2008), crystallization
from impact melts (Jambon et al., 2008) and relict impactors (Keil, 2012). For the impact melt
hypothesis, Keil (2012) discussed that total impact melt rock is difficult to generate (Keil et al.,
1997), and thus it seems implausible. However, both remnant of mantle materials and relict
impactors hypotheses are not denied.

As shown above, oxygen isotopic ratios of olivine xenocrysts in NWA 12774 plot on the AFL
(see Fig. 68). This means that olivine xenocrysts in NWA 12774 crystallized in APB, not in other
source regions of the solar system. From this, mantle material of APB is the most plausible origin of
olivine xenocrysts.

If | consider the presence of mm-sized Mg-rich olivine grains with homogeneous cores in
achondrite meteorites, ureilite is known with such characteristics. Olivines in ureilite are
coarse-grained (~several mm), ranging in composition from Foz to Fogs, and olivine core
compositions within each ureilite are homogeneous (e.g., Mittlefehldt et al., 1998). In the ureilite
parent body (UPB), Mg# of mantle materials varies depending on burial depth (Goodrich et al.,
2004), and homogeneous coarse-grained olivines found in polymict ureilites are considered as
breccias of mantle materials. Such characteristics of ureilite olivine are similar to olivine xenocrysts
in quenched angrites. Olivine xenocrysts in quenched angrites are large crystals (~mm), have
homogeneous cores with variety of Fo# and Ca and Cr contents, which are most likely to come from
the different depth locations of the APB mantle. In this scenario, olivine in the mantle was trapped

by parental melt and then brought to near or on the surface of APB. This is consistent with the model
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proposed by Sanborn and Wadhwa (2021) that the parent melt of quenched angrites formed by
partial melting of their reservoir and crystallized in a near-surface environment. A schematic
illustration is shown in Fig. 85. The parent melt was produced by the partial melting of the quenched
angrite source at depth (see 4.4.). The parent melt rose from a quenched angrite source in mantle to
the surface during which olivine grains having various Fo# was trapped by the parent melt. Then, the
parent melt was erupted on the surface of the APB and quenched at the surface. Alternatively, if the
mantle of the APB has heterogeneous olivine chemical compositions, the mantle did not have to be

compositionally layered.
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Layered mantle
composed of olivine

of various Fo#

Fig. 85. Schematic illustration of partial melting of the quenched angrite source, olivine trapping by
the parent melt, and eruption process of quenched angrites.
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4.7. Stratigraphy of the igneous body of quenched angrites

As | estimated the cooing rates of quenched angrites in 3.1., at the conditions from 1400 °C to
900 °C linearly at logfO,=IW+2, cooling rates are estimated as >300 °C/hr for the fine-grained
lithology of NWA 7203, 100 °C/hr for D’Orbigny, 50 °C/hr for Asuka-881371, 3 °C/hr for NWA
1670 and 3.5 °C/hr for NWA 12774. | also estimated the cooling rate of LEW 87051 from the line
profile data reported in Mikouchi et al. (1996) in the same condition above and obtained 18 °C/hr
(Fig. 86). These cooling rates are compiled in Fig. 87. In Fig. 87, it is obvious that cooling rates are
faster in dendritic samples, middle in relatively coarse-grained samples and slower in anorthite
spinifex samples. This indicates that the texture of quenched angrites varies according to the burial
depth in the igneous body of quenched angrites.

I discussed textures, bulk chemical compositions and cooling rates of quenched angrites in the
previous sections (see 3.2. and 4.4.). | summarized textures, cooling rates, bulk chemical
compositions, modal abundances of olivine xenocryst and Fo# of the most Mg-rich olivine
phenocrysts in Fig. 87. Textures and bulk chemical compositions of quenched angrites have
correlations, and textures and cooling rates of quenched angrites are also correlated. Thus, it is
interpreted that cooling rates change depending on depth in a lava flow, indicating that quenched
angrites came from a single common igneous body where bulk chemical compositions and cooling
rates change depending on burial depth. Cooling rates are faster near the surface and slower at a
lower part, producing textural varieties. The bulk chemical compositions of the samples are pristine
(Mg-poor and true parent melt composition) near the surface and Mg-rich at a lower part due to
accumulation of the trapped mantle olivine xenocrysts by sinking in the igneous body. Both modal
abundance of olivine xenocryst and Fo# of the most Mg-rich olivine phenocrysts increase according
to the increment of incorporation degree of olivine xenocrysts, indicating that olivine xenocrysts are

dissolved into ‘pristine angrite magma’, which made the melt composition more Mg-rich, but some
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of olivine xenocrysts remain unmelted (see 4.5.). From these results, the possible stratigraphy of the
igneous body of quenched angrites is proposed as Fig. 88. In Fig. 88, quenched angrites can be
divided into four types based upon texture: dendritic, relatively coarse-grained, anorthite spinifex
and cumulate from the top to bottom of the igneous body. The burial depth of LEW 87051 is
estimated around 2 m from the surface from thermal conductivity and cooling rate (Mikouchi et al.,
1995). LEW 87051 shows an anorthite spinifex texture which exists near the bottom of the igneous
body of quenched angrites, and thus the layer thickness might be ~several meters. Each quenched
angrite has a single texture implying that the crystallization process of most quenched angrites was
controlled by a simple cooling event except NWA 7203 that exhibits two distinct textures
(fine-grained variolitic texture and coarse-grained dendritic texture) with a 1-2 mm transition zone,
suggesting that NWA 7203 records cooling rate variations of a single eruption cycle in which a lobe
of quenching basalt is overridden by a new breakout of lava from the main flow. The cooling rate of
NWA 8535 dunite angrite is not obtained, but it is suggested that NWA 8535 would be located near
the bottom of the lava because of its olivine-enriched characteristics. The stratigraphy of the igneous
body of quenched angrites shown in Fig. 88 is similar to that of komatiite formed in Archean age on
the surface of the earth. | will discuss the stratigraphic comparison between quenched angrites and
komatiites in 4.8. First, 1 will discuss the formation process of the igneous body of quenched
angrites.

As considered above, | propose the formation process of the igneous body of quenched angrites
as follows; (a) The parent melt was produced by the partial melting of the quenched angrite source
and rose to near the surface as trapping the mantle olivine at variable depths. (b) A lava flow with
trapped mantle olivine as Mg-rich olivine xenocrysts was erupted onto the surface of the APB. (c)
Rapid cooling of the lava flow and sinking and melting of olivine xenocrysts started. (d) Subsequent

lava flow came and overlay on NWA 7203 in the middle of the crystallization. (e) Cooling rates were
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faster near the surface and slower at a lower part, producing textural varieties. Cooling rate change
produced both fine-grained and coarse-grained areas of NWA 7203. A schematic illustration of the
formation process of the igneous body of quenched angrites is shown in Fig. 89.

This process is nearly identical to that of terrestrial komatiite, although olivine xenocrysts are not
present in komatiite except a rare case. | will further compare quenched angrites and komatiites in
terms of their igneous bodies in the next paragraph.

In order to evaluate the validity of this model, I checked whether olivine could sink to the bottom
of the igneous body before crystallization completed. The falling terminal velocity of olivine is

described as follows.

_ 2r2gAp
o

|4

where r = radius of olivine crystal, g = gravity of the APB, Ap = density difference between
olivine and the melt, and » = viscosity of the melt. The gravity of APB is described as g =
%’T - Gpr, where r = radius of APB and p = density of the APB, respectively. | assume that density
of the APB as 4000 kg/m?® (4 Vesta that has a metallic core, e.g., Zuber et al., 2011) and radius of
APB as 100 km (e.g., Weiss et al., 2008), and obtain the gravity of APB as ~ 0.11 m/s?. Density of
guenched angrites is estimated in the method of Lange (1994), and when the olivine density is
decided as 3500 kg/m?3, | can estimate the density difference between olivine and the melt.
Viscosity of the melt is estimated from Shaw et al. (1972). These parameters are compiled in Table
10. When | assume the time for olivine sinking as 100 hr, sinking distance is 20 ~ 60 cm (shown in
Table 10). These values are not enough for olivine sinking. The igneous body of quenched angrites
is assumed as eruption of lava flow in this model. It is considered that olivine sinking continued
during one cycle of eruption, thus 100 hr of sinking time could be short estimation. It is difficult to
determine the time scale of eruption, but if it is possible, the lower limit of the APB size can be

constrained because gravity is the function of the APB size.
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Table 10. Viscosity, density, olivine sinking velocity and olivine sinking distance (@100 hr) of quenched angrites.

NWA 1296 NWA 7203 Sahara 99555 D’Orbigny Asuka-881371 LEW 87051 NWA 1670 NWA 12774

Viscosity (Pa * S) 4.0 5.7 4.1 3.9 1.3 1.6 3.6 19
Density (g/cm?®) 3.3 3.3 3.3 3.3 3.4 3.2 3.2 3.2
Sinking velocity (10 m/s?) 2.5 2.6 2.9 2.6 6.7 9.8 5.2 9.5
Sinking distance (m) @100 hr 0.2 0.2 0.2 0.2 0.4 0.6 0.3 0.6
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Fig. 86. Estimation for cooling rate of LEW 87051. The best-fit cooling rate is 18 °C/hr. Cooling

rates of 1.8 °C/hr and 18 °C/hr are also shown for comparison.
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Fig. 87. Cooling rates of quenched angrites. Incorporation degree of olivine xenocrysts, modal
abundances of olivine xenocrysts, and Fo# of most Mg-rich olivine phenocrysts for each quenched
angrites are also shown. The BSE image of NWA 1296 taken from Jambon et al. (2005).
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body.
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Fig. 89. Schematic illustration for the formation process of the igneous body of quenched angrites. (2) The parent melt was produced by the partial melting of
the quenched angrite source. (b) A lava flow with Mg-rich olivine xenocrysts was erupted onto the surface of APB. (c) Rapid cooling of the lava flow and
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rates were faster near the surface and slower at a lower part, producing textural varieties. Cooling rate change produced both fine-grained and coarse-grained

areas of NWA 7203.
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4.8. Comparison between quenched angrites and komatiites

The stratigraphy of the igneous body of quenched angrites suggested in this study is similar to
that of terrestrial komatiites (Fig. 90, stratigraphy of komatiite after Pyke et al., 1973 is also shown).
Most komatiites formed in Archean age on the surface of the earth, where high temperature (around
1600 °C) komatiite magmas crystallized at rapid cooling rates (Arndt et al., 2008). Both quenched
angrites and komatiites are Mg-rich rocks. In terms of bulk chemical compositions, quenched angrite
is more Al-, Fe- and Ca-rich, and komatiite is more Mg-rich. Stratigraphy of the komatiite igneous
body is suggested by Pyke et al. (1973) (Fig. 90). Textures vary according to the burial depth,
classified into chilled flow top (“A1”), random spinifex (“A2”), plate spinifex (“A3”), foliated
skeletal olivines (“B1”) and cumulate olivine (“B2”). Stratigraphy of the igneous body of quenched
angrites could be similarly divided into four types by igneous textures, and | will accordingly call
them “QA1”, “QA2”, “QA3” and “QB” in the order from the top to bottom (Fig. 90).

The burial depth of LEW 87051 is estimated around 2 m (Mikouchi et al., 1995), and the layer
thickness of komatiites is around 4 m (Munro Township, Ontario, Pyke et al., 1973), and thus layer
thickness is generally similar. Layer thickness depends on the part of flow of komatiite. A thin
pounded flow is ~2-10 m, a thick pounded flow is ~10-100 m, and a dynamic pathway is ~ 50-500 m
(Arndt et al., 2008). The dynamic pathway is a rare part and extremely thick. The thick pounded
flow crystallizes pyroxenite at the B zone and finally crystallizes eutectic gabbroic melt. Quenched
angrites are most similar to a thin pounded flow in terms of its lithology. Quenched angrites often
contain Mg-rich olivine xenocrysts. Renner et al. (1994) considered that Mg-rich olivine grains in
Zimbabwe komatiites are xenocrysts, but olivine xenocrysts are not reported in other komatiites.

Cooling rates of komatiite are estimated by Faure et al. (2006) from experimental study (Fig. 91).
They found that thermal gradient is important in relatively slow cooling rates and neglisible in fast

cooling rates like upper parts of komatiite flows. They considered that the cooling rates of Al is
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>150 °C/hr, A2 is >10 °C/hr, and A3 is 2~5 °C/hr, respectively. These cooling rates are comparable to
those of quenched angrites.

In order to evaluate the validity to compare igneous bodies of quenched angrites and komatiites,
I checked their physical conditions. The important factors to determine the characteristics of lava
flow are chemical compositions, liquidus temperature, cooling rates and viscosity of the flow, and
the gravity of the planetary body.

The chemical compositions and cooling rates of lava flows will decide the crystallization of
mineral phases. Cooling rates of quenched angrites and komatiites are comparable as discussed
above. However, chemical compositions of lava flows are different. Bulk chemical composition of
guenched angrites is SiO; = ~40 wt%, Al,O3 = ~10 wt%, FeO = ~20 wt%, MgO = ~10 wt%, and
Ca0 = ~15 wt%. On the other hand, bulk chemical composition of komatiites is SiO, = 40~50 wt%
and MgO = 20~35 wt%, and Mg- and Si-rich compared from that of quenched angrites'. Such a bulk
chemical composition of komatiites crystallizes only olivine in a wide range of temperature (Arndt et
al., 2008). The bulk chemical composition of quenched angrites’ firstly crystallizes olivine, but it
will co-crystallize olivine and anorthite as crystallization proceeds. Thus, the same process of olivine
crystallization and sinking of olivine occurs in the high temperature phase of lava flows of quenched
angrite and komatiite, although the crystallized mineral phases are different in their low temperature
phases.

Both liquidus temperatures of quenched angrites and komatiites are high, but komatiites’ is
higher (~1600 °C, Arndt et al., 2008) compared to quenched angrites’ (~1400 °C, Mikouchi et al.,
1994). Under the temperature near liquidus, both quenched angrites and komatiites have viscosity of
several Pa - s (e.g., Williams et al., 2002). This similarity of viscosity between quenched angrites and
komatiites produce the similarity of physical conditions. However, the gravity of the parent body is

very different. The gravity of quenched angrites is estimated to be ~0.11 m/s? (see 4.7) and that of
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terrestrial komatiites is 9.8 m/s2. This difference could produce the eruption scale and olivine sinking.
In the next paragraph, | will compare the sample of quenched angrites and komatiites and discuss the

similarities and differences between quenched angrites and komatiites.
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4.8.1. Comparison between QA1 of quenched angrites and Al of komatiites

The QAL samples of quenched angrites are NWA 1296 and NWA 7203. The cooling rate of the
fine-grained lithology of NWA 7203 is estimated to be over 300 °C/hr, and it is considered to have
the fastest cooling rates. Grain sizes of QA1 samples are several to a few hundreds um for
fine-grained lithology of NWA 7203 and 10 um ~ for NWA 1296 (Jambon et al., 2005). Both QAL
samples show a dendritic texture consisting of olivine and anorthite intergrowth (Fig. 92). QAL
samples could be derived from the flow top of the igneous body of quenched angrites (Fig. 90).

Al of komatiite is at chilled margins of the uppermost part of the komatiite igneous body (Fig.
90). Al of komatiite shows the finest-grained texture among komatiites. The thickness of Al is
5~150 cm (average 15 cm) (Arndt et al. 2008). Al contains randomly oriented, elongate skeletal
olivines and a variable amount of polyhedral olivine phenocrysts, set in a very fine-grained or glassy
groundmass (Arndt et al. 2008). The cooling rate of Al is over 150 °C/hr as estimated from
crystallization experiment (Fig. 91, Faure et al., 2006).

When | compared QA1 of quenched angrites and Al of komatiite, the finest grain size in each
igneous body and very fast cooling rates are similar. In addition, both of them are considered to be
an upper chilled margin. On the other hand, the different point is mineral assemblage. QAL angrite
show a dendritic intergrowth of olivine and anorthite, and pyroxene fills the gap of dendrites. Al
komatiite contains fine-grained olivine phenocrysts. This difference might be due to their different
magma compositions. The bulk chemical compositions of QA1 of quenched angrites are more Ca-
and Fe-rich and Mg-poor compared from Al of komatiite. According to the phase equilibrium
relationship of the angrite petrogenesis suggested by Longhi (1999), parent magma of quenched
angrites first tends to crystallize olivine and anorthite, although the QA1 samples did not crystallize

under equilibrium condition.
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Fig. 92. Igneous textures of QAL quenched angrite (left, NWA 7203) and Al komatiite (right,
Murchison Domain, Lowrey et al., 2017). The optical photomicrograph of Al komatiite taken from
Lowrey et al. (2017).

172



4.8.2. Comparison between QA2 of quenched angrites and A2 of komatiites

The QA2 samples of quenched angrites are coarse-grained lithology of NWA 7203, Sahara
99555, D’Orbigny and Asuka-881371. The cooling rate of the D’Orbigny is estimated to be 100
°C/hr and that of Asuka-881371 is estimated to be 50 °C/hr. Grain sizes of QA2 samples are ~2 mm
for coarse-grained lithology of NWA 7203, ~1 mm for Sahara 99555, ~3 mm for D’Orbigny and ~1
mm for Asuka-881371. These QA2 quenched angrites show a relatively coarse-grained ophitic
texture. The observations suggest that QA2 samples are derived from the layer below the flow top
(Fig. 90).

A2 of komatiite is a random spinifex layer below the flow top (Fig. 90). A2 of komatiite contains
minerals with random orientation. Skeletal olivine grains become visible, and these grains are a few
mm long and about 0.5 mm thick (Arndt et al., 2008). Grain sizes are larger compared with Al of
komatiite. The matrix between olivine grains is composed of clinopyroxene, glass (always
devitrified and commonly altered to secondary hydrous phases) and minor oxides (Arndt et al. 2008).
The cooling rate of A2 is over 10 °C/hr from the crystallization experiment (Fig. 91, Faure et al.,
2006).

When | compare QA2 of quenched angrites and A2 of komatiite, the random mineral orientation
and cooling rates are similar (Fig. 93). On the other hand, mineral assemblage and mineral shapes
are different. Mineral shapes are elongated in A2 of komatiite and relatively thick in QA2 of

quenched angrites.
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Fig. 93. Igneous textures of QA2 quenched angrite (left, D’Orbigny) and A2 komatiite (right, Alexo,
Arndt et al., 2008). The optical photomicrograph of A2 komatiite taken from Arndt et al. (2008).
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4.8.3. Comparison between QA3 of quenched angrites and A3 of komatiites

The QA3 samples of quenched angrites are LEW 87051, NWA 1670 and NWA 12774. The
cooling rate of NWA 1670 is estimated to be 3 °C/hr and that of NWA 12774 is estimated to be 3.5
°C/hr. Grain sizes of QA3 anorthite are ~1 mm in length and ~10 um (NWA 1670 and NWA 12774)
or ~300 um (LEW 87051) in width. These QA3 quenched angrites show an anorthite spinifex
texture (Fig. 94). QA3 samples are possibly derived from a layer below the random spinifex layer
(Fig. 90).

A3 of komatiite is a plate spinifex layer below the random spinifex layer (Fig. 90). In parallel
with the increase in grain size, the orientation of the plate spinifex olivine changes from random to
roughly perpendicular to the flow top. Deeper in the flow, the olivine grains become progressively
larger and towards the base of some layers they form spectacular composite blades up to 1 m long
(Arndt et al., 2008). The cooling rate of A3 is 2~5°C/hr from crystallization experiments (Fig. 91,
Faure et al., 2006).

Plate spinifex texture of olivine or pyroxene megacryst tends to be oriented perpendicular to the
cooling front and crystallized at slow cooling of ultramafic magma in a thermal gradient (7-35
°C/cm) (Faure et al., 2006). This geometry arises because only vertically oriented crystals can grow
downward into nutrient-rich liquid (Fig. 95, Arndt et al., 2008; Faure et al., 2006). Crystallization of
such olivine megacryst is caused by unique property of komatiites of having such a very wide
temperature interval (up to 460 °C) between liquidus and solidus, for a large part of which olivine
(with minor chromite) is the only liquidus phase (Arndt et al., 2008). This potential is enhanced by
the highly low viscosity, which facilitates rapid settling of any suspended olivine crystals. This has
two effects: (1) it clears the melt in the upper part of the flow of nuclei, helping to delay
crystallization and promote supercooling; and (2) it forms a blanket of olivine cumulates on the floor

of the flow, which insulates the flowing lava from the cooler footwall rock (Arndt et al., 2008).
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When | compared QA3 of quenched angrites and A3 of komatiite, the oriented minerals and
cooling rates are similar (Fig. 94). On the other hand, mineral combinations and mineral sizes of
spinifex textures are different. The oriented mineral in QA3 quenched angrites is anorthite, and that
in A3 of komatiite is olivine. Anorthite spinifex in QA3 of quenched angrites is ~1 mm long and A3
of olivine spinifex in komatiite is ~1 m long. The biggest difference between angrite and komatiite is
the bulk composition. This difference causes the difference of crystallization phase and temperature
interval between liquidus and solidus. Vertically oriented olivine crystals grow exclusively in
komatiite because of its large temperature interval of the only olivine liquidus phase. Compared with
komatiite, the quenched angrite system does not crystallize only olivine liquidus phase over a wide
range of temperature, and temperature interval of liquidus and solidus is not as large as that of
komatiite. This might be a reason that anorthite spinifex in QA3 of quenched angrites cannot grow
greater than ~1 mm in length. Alternatively, there is a possibility that QA3 of quenched angrites
found until now is biased in sampling and just happened that these samples did not contain any large
crystals. QA3 of quenched angrites are 0.6 g for LEW 87051, 29 g for NWA 1670 and 454 g for
NWA 12774 (Meteoritical Bulletin), and large QA3 samples of quenched angrite have not been

found until now.
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Fig. 94. Igneous textures of QA3 quenched angrite (left, NWA 1670) and A3 komatiite (right,
Murchison Domain, Lowrey et al., 2017). The optical photomicrograph of A3 komatiite taken from
Lowrey et al. (2017).
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Fig. 95. Cartoon showing the various processes which have been postulated to operate during the
development of spinifex textures (after Faure et al., 2008).

178



4.8.4. Comparison between QB of quenched angrites and B (B1 and B2) of komatiites

NWA 8535 is distinctive from the other quenched angrites. NWA 8535 might be a cumulate
(Santos et al., 2016a), and this might correspond to QB samples of quenched angrites. NWA 8535
contains spinel between olivine grains which is ~several hundreds pm in size, and Cr# (Cr/Cr + Al)
of the spinel has a large range (Santos et al., 2016b). This characteristic of spinel is similar to that in
NWA 12774 (see 3.1.6.). In 4.4., | consider that these Cr-rich spinel crystallized at the end of the
crystallization process and sunk with olivine xenocrysts. This is consistent with the view that NWA
8535 is a cumulate. Thus, the QB quenched angrite NWA 8535 could be derived from the bottom of
the igneous body (Fig. 90).

B (B1 and B2) of komatiite is a cumulate layer below the A (A2 and A3) spinifex layers (Fig. 90).
The B1 layer is made up of elongate hopper olivine phenocrysts, typically 1-3 mm long (Arndt et al.,
2008). B1 layers in Archean komatiites are only 2-5 cm thick and they are absent from many layered
komatiite flows and appear restricted to those exhibiting the most pronounced differentiation into
spinifex and cumulate layers (Arndt et al., 2008). B2 layer is made up to weak to moderately foliated,
fine- to medium-grained, medium gray weathering peridotite (Pyke et al., 1973). In some flow units
a knobby weathering layer (B3) occurs within the lower part of the B zone (Pyke et al., 1973).

When | compared QB of quenched angrites and B of komatiite, both of them are peridotite with
cumulate textures. Although the cooling rate of QB is unclear, there is a possibility that NWA 8535
corresponds to the B cumulate zone of komatiite. | consider the existence of NWA 8535 strengthens
the hypothesis that quenched angrite experienced a crystallization process similar to komatiite.
Analyzing this angrite is necessary to conclude this hypothesis, which was not possible in this study

because the sample was not available.
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Fig. 96. Igneous textures of QB angrite (left, NWA 8535, Agee et al., 2015) and B komatiite (right,
Dundonald Township, Arndt et al., 2004). The BSE image of NWA 8535 and the optical
photomicrograph of B komatiite taken from Agee et al. (2015) and Arndt et al. (2004), respectively.
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4.9. Geological settings of komatiite and quenched angrites

As | discussed above, | found some stratigraphic similarities between quenched angrites and
komatiites for their igneous bodies (see 4.8.). This might indicate that the formation process of
quenched angrites is similar to that of komatiites, although the chemical compositions of the
magmas and presence of Mg-rich olivine xenocrysts are different. Hill et al. (1995) suggested the
geological settings of komatiites as continuous eruption from fissure (Fig. 97, after Hill et al., 1995).
Lava flow is continuous closer to the eruption site and episodic far from the eruption site. Sheet flow
is continuous near the eruption site representing the maximum effusion rates, and distal lava-plain
facies formed by episodic channel switching. The overall scale and relative proportions of sheet flow,
channelized flow and lava-plain facies strongly depend upon the volume and rate of eruption (Hill et
al., 1995). Schematic cross sections showing the lateral distribution of rock types of komatiites far
from the eruption site are shown in Fig. 98 (Hill et al., 1995).

At the surface of APB, a similar eruption event might have occurred. The NWA 7203 quenched
angrite contains a fine-grained dendritic area and a coarse-grained texture containing anorthites with
random orientations (Fig. 36), which was caused by cooling rate change during crystallization (see
4.1.). Taking NWA 7203 into consideration, quenched angrites known until now might originate
from an igneous body far from the eruption site. This is because textural difference of NWA 7203
could be produced by cooling rate change, and such cooling rate change occurs when a new breakout
of lava flow overlay the earlier surface in a single eruption cycle. This event often occurs far from

the eruption site.
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Fig. 97. Schematic illustration of geological settings of komatiites (continuous eruption from fissure)

after Hill et al. (1995). Lava flow is continuous closer to the eruption site and episodic far from the

eruption site.
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Fig. 98. Schematic cross sections showing the lateral distribution of rock type of komatiite far from the

eruption site (after Hill et al., 1995).
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4.10. Impacts and evolutional history of the APB

In the 1.3., | Introduced several studies estimating the size of APB. When combined the previous
studies, the current best size estimate of APB is 150-1600 km in diameter.

Bogard (1995) suggested the proportion of impacted or heated samples in meteorites increases
with the size of parent body. Scott and Bottke (2011) provided two reasons for this: (1) a small body
can lose materials more easily than a large body because of the small escape velocity, and (2) the
larger the size of a parent body, the more energy is needed to destroy the parent body (Asphaug
2009), and the probability of such a collision is lower. Thus, Scott and Bottke (2011) argued that the
angrite parent asteroids should have become small (less than 10 km in diameter) before the timing of
the LHB and escaped shock metamorphism during the LHB, in agreement with the observation that
the majority of angrites have no shock textures. They proposed that the original APB was large (at
least 100 km in diameter) and a major impact on it occurred ~4.5 Gyr ago, producing angritic
daughter asteroids (Fig. 99). They argued that breccia formation and shock occurred predominantly
after the destruction of their parent asteroids in family forming impacts, and thus most angrites lack
shock textures caused by the destruction.

However, twenty-one angrites are found to date and NWA 1670 and NWA 7203 show clear
evidence for shock metamorphism as | found in this study. Two out of twenty-one is a substantial
proportion, which implies that shock metamorphism was more important in angrite asteroids than
previously thought (Scott and Bottke, 2011). Some angrites might remain as one or more large
asteroid(s) (>10 km in diameter) during LHB (Fig. 99). 3800 = 440 Ma of Ar-Ar age of NWA
7203 suggested by Takenouchi et al. (2019) might correspond to the shock event during LHB.
Alternatively, there is a possibility that shocked angrites are indeed suffered from local shock
metamorphism.

Burbine et al. (2001) and Burbine et al. (2006) reported that the reflectance spectra of 289
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Nenetta (37.6 km in diameter: Masiero et al. 2012) and 3819 Robinson (10.3 km in diameter:
Masiero et al. 2012) showed relatively good agreement with that of D’Orbigny, suggesting that these
asteroids can be one of the angrite asteroids, in agreement with the hypothesis of large angrite

asteroids.
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Fig. 99. Schematic illustrations of impacts and evolutional history of the APB suggested by Scott
and Bottke (upper figure) and this study (lower figure). Scott and Bottke (2011) proposed that the
original APB was large (at least 100 km in diameter) and a major impact on it occurred ~4.5 Gyr ago,
producing angritic daughter asteroids. It is considered in this study that some angrites might remain

as one or more large asteroid(s) (>10 km in diameter) during LHB.
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4.11. Crystallization process and shock history of ancient igneous rocks in the solar system

Quenched angrites have older crystallization ages compared from other achondrite groups (see
1.2.). However, a new ungrouped achondrite, Erg Chech (EC) 002 was found in 2020 whose
crystallization age is slightly older than quenched angrites’ (Barrat et al., 2021). Although the small
number of such old achondrites found until now, | try to generalize the crystallization process and
shock history of ancient igneous rocks in the early solar system. If more humbers of old achondrites
are found in the future, crystallization process and shock history of ancient igneous rocks in the solar
system will become more apparent. Aubrites, ureilites and HEDs have old crystallization ages
comparable to that of angrite (see 1.2.). However, these achondrites show high proportion of
shocked samples, and thus it is not the best sample in order to consider the primary crystallization
process of planetesimals in the early solar system.

EC 002 is an andesitic achondrite whose 26Al-*Mg age is 4565.0 Ma (i.e., 2.255 + 0.013 Myr
after formation of CAls) (Barrat et al., 2021). Optical photomicrograph of EC 002 is shown in (Fig.
100). EC 002 contains angular to rounded orthopyroxene xenocrysts with chemically homogeneous
cores (Mikouchi and Zolensky, 2021). Cooling rates can be estimated from atomic diffusion profiles
recorded in clinopyroxene xenocrysts and reported as 1 °C/yr (from 1200 °C to 800 °C, Mikouchi
and Zolensky, 2021) or 5 °C/yr (from 1200 °C to 1000 °C, Barrat et al., 2021). Barrat et al (2021)
considered that remnants of primordial andesitic crust are rare in the meteorites although it is easy to
generate andesite melts by partial melting of ordinary H or LL chondrites (Fig. 101, after Lunning et
al., 2017). Such andesitic bodies are also rare today in the asteroid belt, suggesting that the earliest
differentiated planetesimals that populated the solar system, as well as most of their debris, were
certainly destroyed or subsequently accreted to the later growing rocky planets, making the
discovery of meteorites originating from primordial crusts an exceptional occurrence.

EC 002 has an old crystallization age, relatively fast cooling rate and large xenocrysts with
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chemically homogeneous cores, whose characteristics are similar to the cases of quenched angrites,
although bulk chemical compositions are quite different. | agree that there are few samples to
generalize the evolutional history of planetesimals in the early solar system, but it is possible that the
characteristics of fast cooling rates and existence of xenocrysts with homogeneous cores such as
guenched angrites and EC 002 might be common phenomena often seen in crusts of planetesimals in
the early solar system. In addition, planetesimals in the early solar system might often undergo the
evolutional process that they were either destroyed or incorporated into other bodies, as considered
in quenched angrites and EC 002.

The results of this study suggest that similar mineralogical and petrological approaches will be
possible to analyze slowly-cooled angrites, which will further allow to clarify the relationship
between these two angrite subgroups. The large difference of crystallization ages (~6 Ma) between
guenched and slowly-cooled angrites might be the key of evolutional history of APB, which suggests
long continuing igneous activity. Clarification of the petrogenetic and mineralogical relationship
between quenched and slowly-cooled angrites will then brighten the image of APB and

differentiated planetesimals in general in the early solar system.
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Fig. 100. Optical photomicrograph of a slice of EC 002. EC 002 contains angular to rounded
orthopyroxene xenocrysts with chemically homogeneous cores (Mikouchi and Zolensky, 2021).
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Fig. 101. Na,O+K>0 vs. SiO, content of bulk chemical compositions for EC 002, eucrites and
guenched angrites, and partial melt of carbonaceous chondrite (CC) and ordinary chondrite (OC)
(after Barrat et al., 2021; Lunning et al., 2017).
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5. Summary

1. NWA 7203 exhibits two distinct textures whose grain sizes vary from fine (~10 um) to coarse
grained (~3 mm) in contrast to other quenched angrites that show single textures. The cooling
rate of NWA 7203 is estimated to be >300 °C/hr in the fine-grained lithologies and on the order
of 1 or 10 °C/hr °C/hr in the coarse-grained lithologies. One of the possible scenarios to explain
the change of cooling rate from fast to slow, is that NWA 7203 records cooling variations of a
single eruption cycle in which a lobe of quenching basalt is overridden by a new breakout of
lava from the main flow.

2. Unlike most angrites, NWA 7203 shows clear evidence for shock metamorphism. Anorthite
close to shock veins becomes amorphous as indicated by broad Raman peaks, and in most parts,
anorthites are still crystalline. From this observation, | infer that the shock pressure of NWA
7203 was under 20 GPa in spite of the presence of clear shock textures. The finding of clear
shock metamorphism of NWA 7203 as well as NWA 1670 suggests that some angrites might
have remained as one or more large asteroids (> 10 km in diameter) during late heavy
bombardment.

3. Bulk chemical compositions of quenched angrites have clear correlations for certain major
elements (e.g., Mg, Fe, Ca, Al), and the trends can be explained by incorporation of Mg-rich
olivine xenocrysts. The amounts of incorporated olivine xenocrysts are estimated about 0 % for
NWA 1296, Sahara 99555, NWA 7203 and D’Orbigny (considered as ‘pristine angrite magma’),
20 % for Asuka-881371 and NWA 1670, and 40 % for LEW 87051 and NWA 12774.

4. Quenched angrites except NWA 8535 show three kinds of textures: dendritic, relatively
coarse-grained, and anorthite spinifex. NWA 8535 might be a cumulate. These textural varieties

are considered to be caused by the difference of cooling rates in a common igneous body,
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corresponding to the different burial depth of each sample.

Oxygen isotopic ratios of olivine xenocrysts in NWA 12774 are identical to AFL, indicating that
olivine xenocryst in NWA 12774 crystallized in APB, not in other asteroidal sources. Olivine
xenocrysts in quenched angrites show large crystals (~ mm), have homogeneous cores with
various Fo# and Ca and Cr contents, which are most likely to come from the APB mantle.

I propose that quenched angrites came from a single igneous body where bulk chemical
compositions and cooling rates change depending on burial depth. The scenario is as follows;
The parent melt was produced by partial melting of the quenched angrite source. Then, a lava
flow with Mg-rich olivine xenocrysts was erupted onto the surface of the APB. Rapid cooling of
the lava flow and sinking and melting of olivine xenocrysts started. Subsequent lava flow came
and overlay on NWA 7203 in the middle of the crystallization. Finally, crystallization completed
with faster cooling rates near the surface and slower cooling rates at a lower part.

Stratigraphy of the igneous body of quenched angrites suggested in this study is similar to that
of komatiites in textural varieties and cooling rates. Geological settings of komatiite are
considered as continuous eruption from fissure. Similar eruption event might have occurred at
the surface of the APB. Taking NWA 7203 into consideration, quenched angrites known until
now might originate from an igneous body far from the eruption site because its textural
difference could be produced by cooling rate change when subsequent lava flow overlay the
earlier surface, and such event often occurs far from the eruption site.

EC 002 is a new achondrite which is slightly older than quenched angrites. EC 002 shows a
relatively fast cooling rate and has pyroxene xenocrysts with homogeneous cores. The parent
body of EC 002 was certainly destroyed or subsequently accreted to the growing rocky planets.
The characteristic similarities of fast cooling rates and existence of xenocrysts with

homogeneous cores might be commonly seen in crusts of planetesimals in the early solar system,
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implying that differentiated planetesimals in the early solar system might often undergo the
evolutional process (destroyed or incorporated into other bodies) as found in quenched angrites

and EC 002.
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