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Abstract

CM chondrites (CMs) are the most abundant grougadfonaceous chondrites. CMs
experienced varying degrees of secondary aquetaratadn and heating that modified or
destroyed their primitive features. We have studiede chondrites, Asuka (A) 12085, A 12169,
and A 12236. Their modal compositions, chondrute siistributions, and bulk composition
indicate that they are CMs. However, the commomuence of melilite in CAls and glass in
chondrules, abundant Fe-Ni metal, the absencebilitmite-cronstedtite intergrowths, and almost
no phyllosilicates, all suggest that these choesdyiéspecially A 12169, experienced only minimal
aqueous alteration. The textures and compositibngetal and sulfides, the lack of ferroan rims
on AOA olivines, the compositional distributionfefroan olivine, and the Raman spectra of their

matrices, indicate that these chondrites experaeneéher significant heating nor dehydration.
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These chondrites, especially A 12169, are the prasiitive CMs so far reported. The degree of
the alteration increases from A 12169, through 2382 to A 12085. We propose the criteria for
subtypes of 3.0-2.8 for CMs. A 12169, A 12236, ant085 are classified as subtype 3.0, 2.9,
and 2.8, respectively. The oxygen isotopic compmsibf the Asuka CMs is consistent with these
samples having experienced only a limited degresagous alteration. The CM and CO groups
are probably not derived from a single heterogesgauent body. These chondrites are also of
particular significance in view of the imminentugt of sample material from the asteroids Ryugu

and Bennu.

Keywords: Meteorites, Carbonaceous chondrite, @leaton, Oxygen isotopes, CM2 CO3

precursors

1. Introduction

Carbonaceous (C) chondrites are some of the miositipe materials in the solar system, and
are classified into eight major chemical groups,@\, CO, CV, CR, CH, CB, and CK (e.g.,
Weisberg et al., 2006). The CMs are the most alntrgtaup of C chondrites (after Krot et al.,
2014) and appear to be widely distributed withi@ itmer solar system, occurring as brecciated
fragments and clasts in a wide range of meteogyted (e.g., Zolensky et al., 1996).

All known CMs have lost their primitive featureschese of aqueous alteration and/or
secondary heating (e.g., Rubin et al., 2007; Nakan#005), with the notable exception of the
CMs that are the focus of this work, based on tkeéminary results of Kimura et al. (2019). Some

weakly altered CM and related chondrites have Ibeegntly reported, such as Paris (Hewins et al.,
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2014), EET 96029 (Lee et al., 2016), NWA 5958 (Jatet al., 2016), LEW 85311 (Lee et al.,
2019), and NWA 11024 (Ebert et al., 2019). Howetlezir primitive features before alteration are
not completely preserved in them. Recently, Yamhgetal. (2016) reported the recovery of
three CMs, Asuka (A) 12085, A 12169, and A 1223érdHve report the petrography, mineralogy,
bulk chemistry and oxygen isotope composition esthchondrites, to explore their characteristic
features, classifications, and precursor materials.

We will conclude that these three Asuka chondaresCMs and that they are amongst the
most primitive members of this group so far repabrfEhese chondrites provide important
information about the primitive features of CMsdrefthe secondary processes in their parent

body. We propose subtypes 3.0-2.8 for CMs, modifieth Rubin (2015).

2. Samples and experimental methods

The joint expedition party between Japan and BeigWARE-54 and BELARE 2012-2013)
collected 420 meteorites from the Nansen Ice Fitdarctica (Imae et al., 2015). A 12085, A
12169, and A 12236 are included in this collecaod were recovered in a 7km x 2km area of the
area B (Imae et al., 2015). The original (recovereeights of A 12085, A 12169, and A 12236
were 9.114, 2.264, 93.65 g, respectively. Forghisly, we have examined the polished thin
sections, A 12085,41-1, A 12169,31-1, and A 122B4,5The area of theses sections are 151.9,
42.0 and 98.1 mMmrespectively.

In order to compare these chondrites with the othehondrites, we also analyzed A 12248
(CM2.0), Murchison (CM2.5), ALH-77307 (CO3.03), aWieB1020 (CO3.05).

Back-scattered electron (BSE) images were obtaised) the JEOL JSM-7100F field

emission scanning electron microscope (FESEM)eaiN@#tional Institute of Polar Research
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(NIPR). We conducted mineral analyses using theLJlEOA8200 electron-probe microanalyzer
at NIPR, with a focused beam, and 10-30 nA beaments for silicate phases and 30 nA beam
current for opaque minerals. All these analyticatimods have been previously described by
Yamaguchi et al. (2011). The matrix was measuregalsinyg a defocused beam (5 pm in diameter)
for ~100-200 randomly selected points that avortEtse-grained silicate and opaque minerals to
calculate an average bulk matrix composition. Tleeental X-ray maps of the whole thin
sections were obtained using the FESEM. We obtdimediodal compositions of the sections
from the elemental maps, using ImageJ software.

We identified some phases using a laser micro Rapactrometer (JASCO NRS-1000)
using 532-nm excitation at the NIPR, after the radtbf Kimura et al. (2017). Raman spectra for
D- and G-bands were also collected on randomlyetesdematrix areas on the sections after the
method of Komatsu et al. (2018). Imae et al. (2018)e recently applied an X-ray diffraction
(XRD) method to characterize minerals in metedhie sections by using SmartLab, RIGAKU at
the NIPR. We used the same method for the sampldgd here, although the silicon 100 index
wafer with the opening 8 mm in diameter and the 1@bthickness was used in this study, to
reduce the diffraction from epoxy resin surroundimg sample. The accuracy of the diffraction
angle is within 0.02°. Isolated peaks for a phaseewsed, which do not overlap with the other
phases. We use only intense peaks for phase idatibh, and they are normally 1000-10000
counts much higher than the background level. Vlendi use the other lower peaks because of
the ambiguous identification of peaks.

Trace elements for A 12236, the largest among sesmgtudied here, were determined by
ICP-SFMS and ICP-AES using the same procedure asatB# al. (2012) and Kimura et al.

(2014).
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The bulk oxygen isotope compositions of A 12083,2469 and A 12236 were determined
by infrared laser-assisted fluorination at the Opeiversity (Miller et al., 1999; Greenwood et al.,
2017). Whole-rock powders of the three CMs werepared by crushing and homogenizing
approximately 100 mg fresh interior chips for eatkthe samples.

Due to their relatively high phyllosilicate contentCM chondrites can be challenging
samples to analyse by laser fluorination. Thissseatially because the normal blank reduction
procedure, which involves flushing the chamber aliuots of Bris, may lead to the preferential
reduction of the hydrated silicate fraction prioanalysis. To minimise this problem, A 12085, A
12169 and A 12236 were all run in “single shot” rmpdith only one standard and one 2 mg
sample aliquot loaded in the sample chamber atna.tFurther details of the “single shot”
procedure are given in Lee et al. (2019).

Analytical precision (2) for the Open University system, based on re@ieaialyses of an
internal obsidian standard, is +0.053%. §3fO; +0.095%. for§'%0; +0.018%. forA*’O (2o)
(Starkey et al., 2016). Oxygen isotopic analysistfe three CMs are reported in standard
notation, where5'®0 has been calculated @&°0 = [(**0 /°O)sampd(*®0 °O)ret-1] x 1000 (%)
and similarly ford'’O using the'’O /°0 ratio, the reference being VSMOW: Vienna Standard
Mean Ocean Water. For the purposes of comparistimntiae results of Clayton and Mayeda (1999)
A0, which represents the deviation from the teri@dractionation line, has been calculated as:

AY0 =80 - 0.52 xs*0.

3. Results
3.1 Petrography

3.1.1 Overall features and modal compositions
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A 12085, A 12169, and A 12236 show typical C chdiwiextures, mainly consisting of
chondrules, refractory inclusions, isolated siksaind opaque minerals, and matrix (Fig. 1). None
of these chondrites show brecciated textures,dmesclasts are encountered in A 12085 and
12169. Figure 1c shows that Ca-Al-rich inclusio@#s) are common in A 12169.

Table 1 compares the modal abundances of the Adhukadrites with weakly altered CMs
whose detailed modal data are known. The most anirmbmponent is the matrix, followed by
chondrules in the Asuka chondrites (Table 1). Tloelahabundances of chondrules with isolated
silicate minerals are 29 - 39 vol. % and those afrives are 53 - 65 %. They are within the ranges
for CMs (Weisberg et al., 2006). The abundancesfedctory inclusions are 3.8 - 4.3 vol.%. One
of the distinct features of these chondrites isaixendant occurrence of Fe-Ni metal, 1.2 - 2.3
vol.% (Table 1). The abundances of metal are mugthein than those (<1.2 vol.%) in CM2.7-2.0
(Rubin et al., 2007; Rubin, 2015). Sulfide mineiais also abundant, 0.9-1.4 vol.%, in these
chondrites.

These chondrites have experienced only very loel$eaf shock metamorphism (shock stage
1) or terrestrial weathering (A) (Yamaguchi et 2016). A 12169 section has fusion crusts (below

~1.5 mm in width).

3.1.2 Refractory inclusions

Refractory inclusions are easily recognizable asthchondrites. The sizes of the refractory
inclusions are smaller than ~300 um. Many CAlssarmeounded by rims, consisting mainly of
high-Ca pyroxene (Fig. 2a). The CAls commonly csisf spinel, melilite, and high-Ca pyroxene,
with a minor amount of perovskite and grossite.iMelis abundant in the CAls. Melilite-bearing

CAls are 70, 60, and 20% of all CAls in A 1216912236, and A 12085, respectively, although
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spinel-pyroxene CAls are predominant in A 1208dBeary alteration minerals, such as
phyllosilicate, nepheline, sodalite, and hedenlergire not encountered in these CAls.
Amoeboid olivine aggregates (AOASs) are also comimahese chondrites. The AOAs
mostly consist of forsteritic olivine, with minomeunts of spinel, anorthite and high-Ca pyroxene
intergrown with olivine grains (Fig. 2b). The AOAines do not have visible FeO-rich rims.
AOAs in these meteorites do not contain any seaymuaerals, as was also the case for the

CAls.

3.1.3 Chondrules and isolated silicate minerals

Sharply delineated chondrules are an abundant coemp@ these chondrites (Fig. 2c). Table
2 summarizes the characteristic features of thedatubes. Their apparent average diameter, ~0.3
mm, is typical of CMs (Weisberg et al., 2006).

Porphyritic chondrules are the most common typ#) wifew barred chondrules also present
(Table 2). The abundances of radial and cryptoahys¢ chondrules are below 3%. Type |
chondrules, ~90 % of all chondrules, are much nabrendant than type 1. The relatively high
abundance of type I, compared to type Il chondrusea characteristic feature of CM chondrites.
Most porphyritic chondrules, especially type Isnsigt of olivine and low-Ca pyroxene, with
minor amounts of high-Ca pyroxene, feldspar, asdiael group mineral. Olivine, low-Ca
pyroxene, and often high-Ca pyroxene are phenophestes in chondrules (Fig. 2d). Low-Ca
pyroxene is identified as clinoenstatite, base@atical microscopic observations. Feldspar is an
abundant mesostasis phase (Fig. 2c) and doeswegsathow a devitrified texture when
intergrown with high-Ca pyroxene. Porphyritic chamds also contain a glassy mesostasis,

especially in some of the chondrules of A 12169.(Ed). Feldspar and glass are the primary
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mesostasis phases, like those in type 3 chondfitesssecondary anhydrous phases, such as
nepheline and hedenbergite, found in the otherdddtites (e.g., Kimura and Ikeda, 1995), are
not encountered. Type Il chondrules contain abunigaroan olivine, often with forsteritic olivine
relicts (Fig. 2e). Chondrules, especially in A 12@#d A 12236, are commonly surrounded by
fine-grained rims (Fig. 2e).

Olivine and pyroxene grains in chondrules do nspldly secondary diffusional zoning nor
the phyllosilicate veinlets that are common inthere altered CMs (Lee and Lindgren, 2016).
Clinoenstatite grains do not show alteration fesgwlong their twin boundaries.
Tochilinite-cronstedetite intergrowths (TCI) do rmoesent in the chondrules of these meteorites, in
clear contrast to most other CMs.

Phyllosilicates are sometimes encountered withénoilter margins of some A 12169
chondrules, whereas they commonly occur througtimichondrules in A 12085 (Fig. 2f). A
12236 shows features that are intermediate betwekt169 and A 12085. On the other hand,
primary mesostasis, unaltered feldspar and glasanmonly present in A 12169 chondrules.
These phases are also present in some chondroieAfl 2236, but are uncommon in A 12085.
We examined 50 chondrules selected from each cliepdnd divided them into chondrules with
completely altered (no primary mesostasis), paitgred, and unaltered mesostasis (only primary
mesostasis). The abundances of unaltered meselséasiag chondrules decreases from A 12169,
through A 12236, to A 12085 (Table 2).

Chondrules commonly contain Fe-Ni metal spheruleghvare usually kamacite as
mentioned later. They occur within and at the ouatargins of chondrules. These metals are
mostly homogeneous in texture (Fig. 2g). Plessitiergrowth, noticed in Semarkona (LL3.01)

(Kimura et al., 2008), is not present.



185 In addition to chondrules, isolated silicate gralass than several tens microns in size, are
186  abundantly encountered in the matrices. They atlynfvagmental in shape and are

187  predominantly olivine and low-Ca pyroxene. Theyas® unaltered. Their mineralogy,

188  composition and fragmental morphology indicates thast of these grains were derived by

189  disaggregation and disruption of chondrules.

190

191 3.1.4 Matrix

192 Figure 2h shows a matrix area of A 12169. The matidstly consists of fine-grained silicate
193  phases of submicron size. Fe-Ni metal and Fe-gdfitbss than 150 um in size, occur as isolated
194  grains in the matrix. The Fe-sulfides are mosthylite. Rare pentlandite is always present in
195 association with isolated pyrrhotite grains (Fig. i addition to these larger-sized opaque

196  minerals, fine-grained opaque minerals, submicnosize, are abundantly mixed with silicate
197  phases in the matrix (Fig. 2h).

198 No TCI was observed in the matrices of these chtesdiHowever, aggregates of

199  Fe-sulfide(s) mixed with silicate phases of subpnicsize (Fig. 2j) are present, especially in A
200 12085. They are not common in A 12169.

201

202 3.2 Mineralogy

203 3.2.1 Olivine

204 Table 3 shows selected analyses of silicate armdegtiases. Olivine is common in

205 chondrules, in matrix as isolated grains, and imPA&0livine in type | and Il chondrules is

206 Fogo-100and F@p.gg respectively, although some type Il chondrulest@ion relict forsterite grains

207  (Focgg). Olivines in chondrules contain <0.69 wt.%@4, <0.68 wt.% MnO, and <0.70 wt.% CaO.
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Olivines in AOAs are F&.100 Chemical zoning has not been observed in thes&sADhe
olivines in AOAs contain <0.46 wt.% &3, <0.61 wt.% MnO, and <0.35 wt.% CaO.

Figure 3a shows the distribution of Fe and Mn iminés in chondrules, isolated grains, and
AOAs, including those in Murchison (CM2.5). All the chondrites show similar distributions.
This Fe-Mn distribution trend is consistent witle$k of ferroan olivines in CM and CO chondrites
(Schrader and Davidson, 2017). Olivines in some A@Ad isolated minerals show a high Mn/Fe
distribution trend. Such a trend is commonly obedrin AOAs (e.g., Komatsu et al., 2015).

The average GD; content and standard deviation for cores of fer@aine grains (>2 wt.%
FeO) are 0.34 wt.% and 0.08, 0.35 wt.% and 0.08,0aB2 wt.% and 0.08 for A 12085, A 12169,
and A 12236, respectively. These data plot withenrange of those in primitive COs and some

CMs (Grossman and Brearley, 2005; Schrader anddBami 2017) (Fig. 3b).

3.2.2 Pyroxene

Pyroxene is the second most abundant mineral setbleondrites. It is divided into low-Ca
(<0.15 atomic Ca/(Ca+Mg+Fe) ratio) and high-Ca pgrees. Low-Ca pyroxenes are abundant in
type | chondrules and are magnesianséb#rS .4-0 V0o 3-13.9. On the other hand, low-Ca
pyroxenes are minor in type Il chondrules and arean (Eggs-71F$2-6\W00.1-10.). IN some
chondrules, Al-rich low-Ca pyroxene occurs (<1418avAl,O3). Such pyroxene compaositions
have been reported from some other chondrites, asi&emarkona (LL) (Rubin, 2004) and
Y-82094 (ungrouped C chondrite) (Kimura et al., 201

High-Ca pyroxenes are present in chondrules assastesis phase and also as phenocrysts in
both chondrules and refractory inclusions. In chrales$, the high-Ca pyroxene compositional

range is Efs gsF% 5.9 W016.46iN type Is and En.s4S11-s8V019-50 1N type lIs. High-Ca pyroxenes

10
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in refractory inclusions contain 0.8-38 wt.%®@§, and <5.1 wt.%Ti@(Table 3). A pyroxene that

is highly enriched in AlO3, 38 wt.%, in a CAl is kushiroite (Kimura et alQ@).

3.2.3 Feldspar and glass

Chondrules contain abundant feldspar or glassaim thesostasis. Feldspars are anorthositic
(Angg.109 in type | chondrules, whereas type Il chondrealastain albitic feldspar (Afa.77). Cation
total of anorthitic feldspar ranges from 4.93-5.6dggesting that some feldspar contain excess
silica component, which is reported from primit@echondrites (e.g., Tenner et al., 2018).
Feldspars in refractory inclusions are always ygauke anorthosite (AB-109.

Chondrule glasses are enriched in feldspathic coemis (Fig. 4) and contain 10-33 wt.%
Al,0O3, 1.9-31 wt.% CaO, and 0.2-7.2 wt.%J0a The compositions resemble those of CO
chondrules. The total weight percent ranges frorh 88101.7, suggesting that they are not
phyllosilicate. The occurrence of glass has beparted only in some CMs (e.g., Ikeda, 1983;

Hewins et al., 2014).

3.2.4 Phyllosilicates in chondrules

Mesostasis in chondrules also contains phyllogéicand their abundance depends on the
chondrite as mentioned before. The average analytital of phyllosilicate-dominated areas is
85.5 wt.%, which is much lower than that of maascmentioned later. Such total weight percent
supports that they are phyllosilicates. Their cosijpans suggest that they are mixtures of
serpentine and saponite (Fig. 4), and similar és¢hin other CMs, such as Murchison, and COs

(this work; Ikeda, 1983).
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3.2.5 Other minor minerals

Melilite in refractory inclusions is enriched inetigehlenite component (Gglyg. Spinel in
inclusions is nearly pure MgiD,, containing only small amounts of FeO (<0.4 wt&n)l CpO3
(<0.7 wt.%). Type | chondrules occasionally contdigrAl spinel (50-71 wt.% AIO; and 0.4-5%
FeO wt.%), and type Il chondrules contain chror(@@55 wt.% CO3; and 18-28 wt.% FeO).
Type Il chondrules contain rare phosphates, mogthi¢h are no more than a few microns in
diameter. One of these was identified as merriitiien the composition (Table 3). Ca-carbonate is
observed in a few chondrules of A 12085. Small @doanate grains were also observed in a clast

in A 12169. Framboidal magnetite occurs in a diagt 12085.

3.2.6 Fe-Ni metal and sulfides

Table 4 gives representative compositions of Feiblial and sulfides. Fe-Ni metal is divided
into kamacite (<7.5 wt.% Ni) and Ni-rich metal (Kuma et al., 2008). Kamacite and Ni-rich metal
contain <0.6 wt.% and 0.2-2.5 wt.% Co, and 0.3wt.406 and 7.5-46.5 wt.% Ni, respectively.
Ni-depleted metal (0.3 wt.% Ni) was found withinstigolivines in a chondrule in A 12085. From
the occurrence and composition, this metal seerhe treduction product (Leroux et al., 2003).
Fe-Ni metal contains <1.0 wt.% Si, <2.6 wt.% P, &t wt.% Cr, which is consistent with other
CMs that have experienced low degrees of heatingka et al., 2011). A few grains are rich in P
(1.9-2.6 wt.%), but phosphides do not appear tprbsent. A positive correlation exists between
Ni and Co abundances measured in metal grainsmireshin the matrices of these meteorites
(Fig. 5). Such a trend was also found in other atg®e CMs and the ungrouped chondrite Acfer

094 (Kimura et al., 2008).

12
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Troilite, pyrrhotite, and pentlandite were obseruethese three chondrites. Pyrrhotite and
pentlandite contain 0.2-2.9 wt.% Ni and <0.3 wt.% @nd 16-34 wt.% and 0.3-1.4 wt.%,

respectively.

3.3 Matrix

Table 3 and Fig. 6 show the average compositiomsatfices in the three chondrites. These
compositions overlap with those in CMs, COs, anteA094. They plot along the serpentine line,
which might indicate that serpentine is the mammponent of the matrices. However, the
average totals of the matrices by EPMA are 90-98owT hese totals are higher than those of
phyllosilicates. Such high totals have previoustet reported in the CM NWA 11024 that
experienced secondary heating (Ebert et al., 20d@pntrast to NWA 11024 there is little
evidence for heating of the three Asuka samples.aMerage apparent S weight percent in the
matrices of the Asuka samples is 4-5 wt.%. Such Bigontents are consistent with abundant

sulfide grains of submicron size in the matrices.

3.4 X-ray diffraction

We measured the XRD patterns for the three AsukacBGdhdrites. No phyllosilicates or
tochilinite were detected in A 12169 and A 1223i§(Fa), in spite of the fact that rare or minor
phyllosilicates are present within their chondrulésly A 12085 contains a small amount of
cronstedtite (2=12.3°) and tochilinite (B=16.4°). From the high modal abundance of the matrix,
we suggest that phyllosilicate and tochilinite muanly present in the matrix of A 12085, although
phyllosilicate does also occur in the chondrules d2085. These relationships suggest that the

degree of alteration of A 12085 is somewhat highan that of the other two chondrites. No

13
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detection of phyllosilicate in A 12169 and A 12236the XRD indicates that their matrices are
mainly comprised of anhydrous minerals or amorphghases. Since typical TCI is not observed
in A 12085, the occurrence of tochilinite is not ggident. We need to undertake a further TEM
study to clarify this.

Olivine and clinoenstatite were identified by th&RD patterns (Figs. 7a and 7b). Figure 7b
shows that fayalitic olivine is encountered onhAIL2169. The peak position, 31.9°, indicates
~Fa olivine after the method by Imae and Nakamuta 80A small amount of orthoenstatite is
also seen in these chondrites. Kamacite, taemitktrailite were commonly identified in the three
chondrites (Fig. 7c). Pyrrhotite was not detectgdhe XRD, although minor pyrrhotite is
identified by EPMA analysis. The major sulfide iiese chondrites is troilite. Howard et al. (2009)
identified magnetite in CMs by the XRD techniquewéver, this phase was not identified in

these three chondrites, although rare magnetiteolvsesrved by FESEM as mentioned above.

3.5 Raman spectroscopy

The degree of heating experienced by the meteardssevaluated using Raman
spectroscopy of matrix grains. For unequilibratedirty chondrites (UOC), the full-width at
half-maximum (FWHM) of the D-band decreases wittr@asing heating temperature, and the
intensity ratio p/lg increases (Quirico et al. 2003). This constraa® heen successfully applied to
type 2 and type 3 carbonaceous chondrites (Boradl 2006; Bonal et al., 2007; Quirico et al.
2014).

The matrix Raman spectra from the three chondnt#ss study exhibit first-order carbon D-
and G-bands at ~1350 &mand ~1600 cih, respectively. Averagells ratios are 0.836, 0.848,

0.841, and 0.931, and FWHM-D are 351.6, 355.8,848d 269.1 cih for A 12085, A 12169, A
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12236, and Murchison, respectively. These datplateed in Fig. 8. All of the Asuka samples
show broad FWHM-D and lowlls, and plot within the area of primitive CR chondsit
(Komatsu et al., 2018). The matrix Raman charagtiesi of these three samples are distinguished
from other CMs, including Murchison (subtype 2/@ated CMs, and COs and CVs of higher
petrologic types, indicating that they experiencery little heating.

We also measured some additional phases in theseliites. Some mesostasis phases are
plagioclase with distinct peaks at 505trand 487 cil, and glass with a broad peak at ~500'cm

We also identified calcite with a distinct peakl@89 cn'.

3.6 Bulk compositions
Table 5 shows the bulk chemical composition of 23& Figure 9a shows Al/Mn versus

(Zn/Mn)x100 ratios of the samples. A 12236 plotthwm the area of CMs. Figure 9b shows the
Cl-normalized bulk composition of A 12236, compavégth those of Paris (CM2.7), Murchison
(CM2.5), Nogoya (CM2.2), NWA 11024 (dehydrated Cliidd CM-mean. A 12236 has a quite
similar composition to those of other CMs, fronraetory to volatile elements, except for a small
depletion of Na and Pb. NWA 11024 experienced fgant terrestrial weathering and is enriched
in some elements, such as Li, K, and Pb. This ema&nt is not apparent in A 12236 and other

CMs. Itis clear that A 12236 has bulk chemical position typical of CMs.

3.7 Oxygen isotopes
The three Asuka CMs analyzed in this study havédl@ving oxygen isotope compositions:
A 12169:5'70 -4.07 %06'%0 1.32 %0,A'"0 -4.75 %o; A 120855"'0 -4.83 %0;6'%0 -0.31 %0,A O

-4.67 %o; A 12236570 -4.33 %0;5 %0 0.80 %0;A*'O -4.75 %.. These analyses are shown in Fig.
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10 in relation to analyses of CM2, CO3 and anonsfdR chondrites taken from the literature
(full references to data sources are given in #pgion to Fig. 10). The three Auska CMs plot away
from the field of “normal” CM2 chondrites (Clayt@md Mayeda, 1999; Haack et al., 2012;
Hewins et al., 2014) and close to the field of G&@I& (Alexander et al., 2018). The gap between
the COs and CMs, where the Asuka CMs plot, is declpy a range of C2 and anomalous CM
chondrites (Greenwood et al., 2019; Lee et al.9208 number of these isotopically anomalous
CM-like meteorites, such as LEW 85311 (Lee et2419) and NWA 5958 show many
mineralogical and petrological features typicaCafls, but like the Asuka CMs described here,
have experienced only limited degrees of aquedasasibn. It therefore seems likely that the CM
group extends from almost pristine examples thatgbse to the CO3 field in Fig. 10, to highly
aqueous altered examples that have isotopicallyyheaygen isotope compositions (top right
corner of Fig. 10). EET 96029 (Lee et al., 201@wvptes additional evidence in support of this
relationship, containing areas which are both maliynaltered (EET 96029 AK) and other areas
which are heavily altered (EET 96029 OU). A lineagression line through the anomalous C2
samples in Fig. 10 (y = -4.17 + 0.67% R0.95) passes through the “normal” CM2 field. 3de
relationships are consistent with the CM parentytdwa/ing experienced highly variable levels of
aqueous alteration. In addition, the fact that ipildtered samples, such as the Asuka CMs and
NWA 5958, plot close to the CO3 field, and in tlese of LEW 85311 actually plots within it,
supports the original suggestion of Clayton and &kay(1999) that the anhydrous CM precursor

material was CO-like, at least in terms of its oatygsotope composition.

4. Discussion

4.1 Classification of chemical group
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At first, we discuss the chemical group classifamabf these Asuka chondrites in comparison
with the other C chondrites. They have characierisatures as follows; 1) The modal
abundances of chondrule and matrix (Table 1) andagito those in CMs (Weisberg et al., 2006).
The especially high abundance of matrix charaaer@M chondrites. 2) Chondrule size
distribution (Table 2) resembles that of CMs (Weispet al., 2006). 3) Refractory inclusions are
commonly encountered, and their abundances arenvita range of CMs (Table 1). 4) Fe-Ni
metal is present, although it is more abundant tigical CMs (Table 1). 5) The Fe-Mn
distribution in olivines in the Asuka samples isaatonsistent with that of “normal” CMs (Fig. 3a),
although COs have a similar trend (Schrader andd3awm, 2017). 6) Porphyritic and type |
chondrules are highly abundant (Table 2), whichisse the case for CMs (Jones, 2012). 7) The
bulk composition of A 12236 is close to those dfestCMs (Fig. 9a and 9b).

These features distinguish these three chondribes those of other major C chondrite
groups such as COs and CVs, and ungrouped C chesduch as Acfer 094 (Newton et al.,
1995) and Y-82094 (Kimura et al., 2014). A 1208512169, and A 12236 are, therefore,
classified as belonging to the CM group. This d¢fasgion is further supported by the abundances

and isotopic compositions of H, C, and N in A 1223&\ittler et al. (2020).

4.2 Primitive natures and secondary processes
4.2.1 Aqueous alteration

Rubin et al. (2007) and Rubin (2015) suggestedGiMg are classified into subtypes 2.7-2.0,
based on many petrologic criteria that reflectatieration degree. Here we discuss the alteration

degree of the Asuka CMs studied here on the basiesubtype criteria.
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Chondrule mesostasis: The mesostases in chonarfidebtype 2.7-2.0 are replaced by
phyllosilicates (Rubin, 2007). The chondrules i@ A&suka CMs also contain phyllosilicates, with
the abundances increasing from A 12169 through 28620 A 12085. In most chondrules of A
12169, phyllosilicate, if it present, replaces pienary mesostasis only in the peripheries. On the
other hand, primary mesostasis phases (feldspaglass)) are abundant, not only in A 12169, but
also in A 12236 and A 12085. All these results ssgj¢pw degrees of alteration, lower than in
subtype 2.7.

Matrix phyllosilicates: CMs of subtypes 2.7-2.0 tain abundant phyllosilicates in their
matrices. Phyllosilicates were identified onlyletmatrix of A 12085 by XRD. In A 12169 and A
12236, phyllosilicate were not detected in the rnasrby XRD. Noguchi et al. (2020) observed no
phyllosilicates in the matrix of A 12169 in TEM dagations. These results indicate a lower
degree of alteration for A 12169 and A 12236 thathbse of subtypes 2.7-2.0.

Matrix compositions: The matrix compositions, Mg&d-and S/Si@weight ratios, can be
used to classify the subtypes and increase aneaszmwith decreasing subtypes, respectively
(Rubin et al., 2007). The MgO/FeO and S/gi@tios are 0.59 and 0.14, 0.51 and 0.12, and 0.56
and 0.16,in A 12169, A 12236, and A 12085, respelgt These values overlap with or are higher
than those in subtypes 2.7-2.0 (0.35-0.7 for MgO/Bed 0.05-0.18 for S/S{p

Abundance of metal: The metal abundances in CMgedse with decreasing subtype. The
modal abundances of Fe-Ni metal in the Asuka CMsl&2-2.3 vol.%, which are similar to or
higher than those in even subtype 2.7 (<2 vol.#opdrticular, metal (2.3 vol.%) is much more
abundant in A 12169 than any known CM.

Phenocrysts in chondrules: Alteration featureshiercryst are common in subtypes 2.3-2.0.

On the other hand, all chondrules in the Asuka @& no any altered phenocrysts.
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TCI: The abundance and occurrence of TCI and sposition are also criteria for the
classification into subtypes. However, the AsukasaM not contain typical TCI. Tsuchiyama et
al. (2020) reported possible precursors of TClriEle-hydrous silicate objects, in the matrix of A
12169 by TEM observation. Although fine-grained regmtes of sulfide and anhydrous silicates
are observed, especially in A 12085, they are @it T

Sulfide: Pyrrhotite and pentlandite in CMs and @Rsproposed to be primary sulfide phases
that originated under high-temperature conditi@®@ch(ader et al., 2016; Singerling and Brearley,
2018). A 12169 contains such an assemblage (Bigar&il they may represent high-temperature
products. On the other hand, the abundances ofapelite and pyrrhotite are also the criteria for
the subtypes, and pentlandite increases with dgiagaubtype (Rubin et al., 2007). The major
sulfide is troilite in the Asuka CMs. On the otliand, troilite hardly remains in the other CMs,
except in heated CMs (Nakamura, 2005).

Carbonate: Carbonate and its composition charaeténe alteration degree. Ca-carbonate is
encountered in subtypes 2.7-2.0. However, it islyancountered in these chondrites. Chondrules
in A 12085 do contain some Ca-carbonate, wheréay grain of Ca-carbonate occurs only in a
clastin A 12169.

Thus, most of these criteria for subtypes 2.7-2mnhot be applied to the classification of A
12085, A 12169, and A 12236. Instead, many chanatitefeatures of these chondrites indicate
lower degrees of aqueous alteration for these dfitesdsuggesting higher subtypes than 2.7. We
will discuss the subtypes for the Asuka CMs intarlaection. The common occurrence of
unaltered melilite, especially in A 12169, provigeklitional support for these chondrites having
experienced very limited degrees of aqueous alberabecause melilite is easily altered by

secondary processes (Greenwood et al., 1994; Ressel, 1998; Rubin, 1998). The degree of
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alteration increases from A 12169, through A 1228@& 12085. From the occurrence of
phyllosilicate and carbonate, the degree of aquattesation is higher for A 12085 than A 12236
and lower than for a CM2.7 such as Paris and othikich abundantly contains phyllosilicate and

TCI (Hewins et al., 2014; Rubin 2007).

4.2.2 Secondary heating

Many CM or CM-related chondrites experienced heggtdehydration) after the aqueous
alteration. Nakamura (2005) and Kimura et al. (3Qdrbposed the classification criteria for the
degree of heating, such as decomposition of phifiates and sulfide texture. A wide variety of
silicate compositions indicate that these chonsldlied not experience significant prolonged
heating. From mineralogy, A 12085, A 12169, and?236 belong to stage | of Nakamura (2005),
suggesting that they did not experience heatingdrithan 250 °C. This is supported by the
occurrence of glass and clinoenstatite in chondralied the lack of ferroan rims on AOA olivines.
Feldspar does not show devitrification texture vhitljh-Ca pyroxene. Such an occurrence
supports that proposition that little or no heatiogk place.

Rare plessitic features, a positive correlatiomvieen Ni and Co, and the compositional
distribution of Si, P, and Cr in Fe-Ni metal ardyoobserved in very primitive chondrites, such as
Acfer 094 that did not experience secondary hedtingura et al., 2008 and 2011). The Asuka
CMs have all these features in their Fe-Ni metal.

In heated CMs, pyrrhotite commonly has pentlandliéds or lamella. On the other hand, such
blebs and lamella in pyrrhotite are rare in uhhd&®is (Category A after Kimura et al., 2011).
The Asuka CMs show similar features to unheated (Maura et al., 2011). Therefore, the

Asuka CMs are classified as Category A.
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The Raman spectral features of the matrices atiiodte low degrees of heating. The Asuka
CMs plot within the range of unheated CR chondi(kesmatsu et al., 2018), and are distinct from
those of heated CMs, and metamorphosed CO, C\hatdary chondrites (Fig. 8). The matrices
of the Asuka CMs contain abundant S due to thegpisof submicron sulfide grains. Abundant
and finely disseminated S in matrix is a featuretbier primitive (almost unheated) chondrites
(e.g., Grossman and Brearley, 2005).

We conclude that the Asuka CMs did not experierargdheating. Therefore, we suggest that
the absence or rare occurrence of phyllosilicatelsTaCls in the Asuka CMs are not the result of
thermal decomposition, but rather reflect the \emyted aqueous alteration that these chondrites

have experienced.

4.2.3 Pristine CMs

Recently some CM or CM-related chondrites have Ibeparted to have mineralogies
consistent with having experienced relatively losgkes of aqueous alteration, as mentioned
before. However, Paris, EET 96029, and LEW 853gIlctassified as CM2.7, and still contain
abundant phyllosilicates (Hewins et al., 2014, &eal., 2016; Lee et al., 2019). CM-related NWA
5958 contains phyllosilicate and TCI. NWA 11024lsssified as type 3, but it experienced
secondary dehydration after weak aqueous alteradibthese chondrites seem to show higher
degrees of alteration than A 12169 and others.éfbe, these Asuka chondrites studied here,
especially A 12169, are the most primitive CM soréported.

Noguchi et al. (2020) found predominant amorphoasenmls with enstatite whisker and no
phyllosilicate in the matrix of A 12169 in a TEMusglly. They suggested that the alteration degree

of A 12169 is lower than Paris. Nittler et al. (B)8uggested that A 12236 is the most pristine CM
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from the isotopic compositions and abundance d@Hnd N, and abundant presolar grains. All

these results are consistent with our conclusions.

4.3 Classification of petrologic type

All CM chondrites were originally classified as p@bgic type 2 (Van Schmus and Wood,
1967). Later many different criteria were proposedlassify varying degrees of alteration that
were experienced by the CMs, such as the matriwries (McSween, 1979), mineralogical index
(Browning et al., 1996), petrological features (Ruét al., 2007), the analysis of H, C, and N
(Alexander et al., 2013), and phyllosilicate fraot{Howard et al., 2015). Among them, the
scheme of Rubin et al. (2007) is widely used asatides a relatively straightforward means of
classifying the CMs and accordingly we use it Herassign the Asuka CMs to their appropriate
subtypes.

Rubin et al. (2007) and Rubin (2015) proposed sqdsyfor CMs that were not heated. Since
the Asuka CMs studied here are not only unheatgidalbo unbrecciated, they are suitable
samples for the application of the Rubin et al0@0and Rubin (2015) schemes. The Asuka CMs
should be assigned subtypes that are higher tifams2discussed above. Rubin et al. (2007)
hypothesized that CM3.0 samples would have sontiecliseatures that would help to identify
them, such as the occurrence of chondrule glassnamal phyllosilicate. Based on the results of
our study of the Asuka CMs, we have modified thHeegee of Rubin et al. (2007) and propose the
following criteria for CM3.0 to 2.8 (Table 6).

CM3.0: The most distinguishing feature of this spletis the abundant primary glass and
feldspar in chondrule mesostasis. Phenocrystsandrules do not show any alteration features.

Phyllosilicates are rarely encountered in chondrufesmall amount of phyllosilicate is also
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observed in other primitive chondrites, such as AM#307 (C0O3.03). However, no chondrules
with completely altered mesostasis were observikd.ratrix has no phyllosilicate, and the
compositions, MgO/FeO and S/Sifatios are >0.5 and >0.1, respectively. TC| anbb@aate are
absent in them. Although the A 12169 section cortiay Ca-carbonate, it is only in a clast. Fe-Ni
metal is abundant, >2 vol.%, in chondrules and imafihe major sulfide is troilite, although
minor pyrrhotite-pentlandite is present. Harjule{2014) proposed the criteria for hypothetical
“CR3”, such as abundant glass in chondrules, nagirgst alteration, and no phyllosilicate in the
matrix. These criteria are nearly the same as tftwseM3.0 presented here.

CM2.9: The primary mesostasis abundantly survimeshondrules. However, about half of
the chondrules have partly to completely alteredantasis. Phyllosilicates are not detected by the
XRD because of their minor abundance. No occurrehd€| and carbonate, and the abundance
of troilite is nearly the same as subtype 3.0,calth the metal abundance is 1-2 vol. %.

CM 2.8: In chondrules, phyllosilicate is more abanidthan primary mesostasis, although
phenocrysts are not yet altered. Only a minor arhotiphyllosilicate is present, mainly in the
matrix. Tochilinite is also detected by the XRDthalugh typical TCI is not observed. The metal
abundance is nearly the same as CM2.9. Troiliséilighe major sulfide mineral. Carbonate may
be present.

From these criteria, A 12169, A 12236, and A 128&5classified as subtype 3.0, 2.9, and 2.8,
respectively. Although the three Asuka CMs havalaimfeatures such as petrography and oxygen
isotopic compositions, the alteration degrees (gds) are evidently different and they were
recovered from the wide area, as mentioned abdwerefore, it is an open question as whether
these samples are paired and we cannot totally@ée¢he possibility that they represent different

lithologies from the same breccia.
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4.4 Primitive features of CM chondrites

Most CMs so far described experienced some combimaf aqueous alteration, heating, and
brecciation, and have lost many of their primatdiees. On the other hand, the Asuka CMs, in
particular A 12169 CM3.0, hardly experienced theseondary processes. The terrestrial
weathering degrees also low. Therefore, these ctieagbrovide a unique opportunity to explore
the primary features of CM chondrites, as well aptial genetic relationships amongst the
CM-CO clan chondrites.

From the characteristic features of the Asuka CMsinfer that unmodified chondrules and
refractory inclusions in CMs have many features #na common to all C chondrite groups, such
as abundant porphyritic chondrules with unalteteeihcrysts that are predominantly type I, pure
forsteritic olivine in AOAs, melilite-bearing CAlsnd the occurrence of Fe-Ni metal and troilite.
Primary matrix materials consisted of anhydrousearats or amorphous phases. Amorphous
materials have also been reported in the matritesroe primitive CMs and COs (e.g., Brearley,
1993; Leroux et al. 2015; Davidson et al. 2019ydftic olivine (~Fa&g) was only detected in A
12169 by XRD, although Noguchi et al. (2020) alsparted similar olivine from the matrix of A
12169 in TEM study. Such ferroan olivine was alszavered in the matrices of other primitive C
chondrites (e.g., Brearley, 1993cott and Krot, 2006). All these primary featuresavpartly to
completely lost from most CMs during aqueous aliena

The CMs, including the Asuka CMs, have lower abuneéa of refractory inclusions and
opague minerals but higher abundances of matribowbenpared to all other types of C
chondrites. These features should be unique ofifgatures of CMs from the stage of precursor

materials. A 12236 (CM2.9), Paris (CM2.7), Murcmg@.5), and Nogoya (2.2) have quite similar
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bulk compositions to each other, in spite of thdewariation in degree of aqueous alteration. This
suggests that the bulk chemistry was not changedglaqueous alteration, as suggested by Rubin
et al. (2007).

Kallemeyn and Wasson (1982) proposed that the GMCAD chondrites shared the same
parent body and constituted a CM-CO clan. Howesiace CMs were aqueously altered unlike
the COs, it has been difficult to compare the premumaterials to both groups. However, we can
suggest that the primary materials of the CMs a@d @ere different from one another, especially
chondrule size, the abundances of matrix, inclissiand opaque minerals, and bulk compositions,
as also suggested by Schrader and Davidson (2adAlaaumard et al. (2018). Although the
CMs and COs had anhydrous minerals with similagexyisotopic compositions (Kallemeyn and
Wasson, 1982), COs contained the smaller chondamédower abundances of the matrix and
refractory inclusions than primitive CMs. Therefonee suggest that CMs and COs were derived
from different parent bodies. Later, COs experienggry mild aqueous alteration and varying
degrees of thermal metamorphism (e.g., Sears, €i981). On the other hand, most CMs were
weakly to heavily subjected to aqueous alteratiaer some CMs experienced varying degrees
of heating in their parent body. The results olgdihere indicate that the CM parent body
experienced very variable degrees of aqueous tdtera

While the CO and CM chondrites appear to show cal@aeralogical and petrological
differences, from an oxygen isotope perspectivey gooups exhibit clear affinities (Fig. 10). The
precursor material to the CMs, appears to have ise¢opically nearly identical to that of the CO
falls. It appears likely that both groups origirtafeom a similar mix of primary components, with
the likely distinction that CMs contained a highentent of volatile constituents (water ice?). This

suggests that the parent bodies to both groupshaay accreted in a similar region of the nebula.
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It has been suggested by Chaumard et al. (2018gtlbadrules in COs and CMs may have
formed in the same disk location, but that the @@pt body accreted before that of the CM. They
suggested that between these two accretion eventnow line may have moved inwards, such
that the CO parent body formed without a signiftoaater ice fraction, whereas the CM parent
body did. Our study of the Asuka CMs, particuldaHgir oxygen isotope compositions, further
highlights the strong relationship between CMs @b, while also indicating that they are

probably not both derived from a single heterogesqmarent body.

5. Conclusions

We studied three Asuka carbonaceous chondrites. dfeeCMs, based on their modal
compositions, chondrule size distributions, andk lmaimpositions. They experienced minimal to
weak secondary processes such as aqueous alteratidreating. The degree of alteration
increases from A 12169, through A 12236, to A 12@8f& we propose that they are classified as
subtypes 3.0 to 2.8, respectively.

We suggest that these chondrites, especially AQ.24r@ the most primitive CMs so far
described. These new CMs provide a unique oppayttminvestigate the primary features of
CMs, as well as the genetic relationships of CM-«&h chondrites. While showing strong
affinities in terms of their oxygen isotope compiosis, CMs and COs were probably derived
from different parent bodies.

The CMs experienced complicated parent body presestowever, the classification
scheme proposed here is useful, not only for dlaaibn purposes, but the exploration of the

precursor materials and the history and evoluticthe® CM parent body.
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596 The asteroids Ryugu and Bennu are related to hgdictondrites, especially CMs (e.g.,
597  Hamilton et al., 2019; Morota et al., 2020), althbiRyugu may have experienced heating by the
598  Sun. On the other hand, the Asuka CMs studied linmdly experienced hydration and heating.
599  However, as breccias are common in CM chondritestZMr et al., 1992) and the surface

600 materials of the Ryugu and Bennu are highly vaeiale expect that returned samples may
601  contain some of the least altered materials, coamparto the Asuka CMs. Therefore, these

602 chondrites are also of particular significanceigwof the imminent return of sample material
603 from the asteroids Ryugu and Bennu.
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Figure captions

Fig. 1.

Fig. 2.

Backscattered electron (BSE) images of 4885, 41-1 (width of sample 12.8 mm),
showing chondrules among matrix), b) A 12169, 36-I mm), containing fusion crusts in
both sides of the section (gray areas), and ¢) cwdlelemental (Mg-Ca-Al) map of A
12169 showing CAls, and d) BSE image of A 122361512.6 mm).

BSE images of constituent components. ajelilite (Mel) -rich CAI with spinel (Sp) and
high-Ca pyroxene (Hpx) in A 12169. The width is 2. b) An AOA, consisting of
forsteritic olivine (Ol) with interstitial anortretand high-Ca pyroxene (An+Hpx) and
kamacite (Kam) in A 12236. The width is 280 umAc)ype | chondrule in A 12169,
mainly consisting of phenocrysts of olivine and {&a pyroxene (Lpx), among feldspathic
mesostasis (light gray). The width is 0.76 mm. d)ype | chondrule in A 12169
consisting of olivine, low- and high-Ca pyroxenedalassy mesostasis (Gla). The width
is 240 um. e) A type Il chondrule in A 12085, catisig of ferroan olivine with abundant
relict forsteritic olivine (dark), surrounded byé-grained rim. The width is 0.65 mm. f) A
peripheral part of type | chondrule in A 12085. Mstssis is replaced by phyllosilicate
(Phy). The width is 170 um. g) Homogeneous kamagterules in a type | chondrule of
A 12236. The width is 210 um. h) A matrix area o1 A169, consisting of very
fine-grained silicate phases with abundant suléitisubmicron in size (bright). The width
is 20 um. i) A sulfide grain in A 12169, consistioigpyrrhotite (Po) with small amounts of
pentlandite (Pn). The width is 190 um. j) A typehbndrule and matrix area of A 12085,
including fine-grained aggregates of Fe-sulfidehvgilicate phases (Sul+Sil). The width is

210 pm.
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Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.

Olivine compositions. a) Fe vs. Mn plotatiine from the Asuka chondrites, in
comparison with that of Murchison (CM2.5). b) M&anO; vs. 0-Cr,O3 plot in ferroan
olivine for Asuka chondrites. The diagram and Cé&ntr are after Grossman and Brearley
(2005) and Schrader and Davidson (2017). A dotitetecshows the area of CO3.0 and
CM chondrites.

The mesostasis composition on (Si+Al)-Mgeisgram (atomic ratio) for the Asuka
chondrites and other CM and CO chondrites.

Ni vs. Co (wt.%) plot of Fe-Ni metal graimsthe Asuka chondrites. The dotted line shows
the CI chondritic Co/Ni ratio after Anders and Geese (1989).

Matrix compositions of the Asuka chondriteatomic (Si+Al)-Mg-Fe plot, compared with
other CMs, COs, and Acfer 094 (this work; Metzleale, 1992; Zolensky et al., 1993;
Marrocchi et al., 2014; Wasson and Rubin, 2010).

a) X-ray diffraction of 2 theta, 0-30° fine Asuka chondrites, in comparison with A 12248
(CM2.0). b) Diffraction of 2 theta, 29-33.5°. c)fDaction of 2 theta, 42.8-45.2°.
Ant=antigolite, Cro=cronstedtite, Cen=clinoenstgtfka=fayalitic olivine, Kam=kamacite,
Oen=orthoenstatite, Tae=taenite, Toc=tochilinite] &r=troilite.

Spectral parameters of Raman bands of nadsmus matter from the matrix of the Asuka
chondrites and Murchison. Dotted areas summarizefdam the other chondrites. CRs,
COs, CVs, and UOCs are after Komatsu et al. (20280s-B is after Buseman et al.
(2007), and CRs&CMs-Q is after Quirico et al. (2p14

a) Al/Mn versus (Zn/Mn)x100 atomic ratidstioe Asuka chondrites. Dotted areas for
chondrites are after Krot et al. (2014). b) ThenGimalized bulk composition of A 12236

(CM2.9), compared with those of Paris (CM2.7), Muson (CM2.5), Nogoya (CM2.2),
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NWA 11024 (dehydrated CM), and CM-mean. The datasfs and Nogoya are after
Hewins et al. (2014), Murchison after Wolf and Pal(@001) and Hewins et al. (2014),
NWA 11024 after Ebert et al. (2019), and CM-medardfodders and Fegley (1998). In
NWA 11024, the data of Sr, Ba, and U, are not ptbtiecause of terrestrial weathering
effect (Stelzner et al., 1999). The condensatiorperatures for elements are after Lodders

and Fegley (1998).

Fig. 10. Oxygen three isotope diagram showing ¢éfetionship between the Asuka CMs,

anomalous C2 chondrites, “normal” CM2 chondrited @D3 chondrites. The regression
line shown was calculated using only the analy$@esmomalous C2 samples. TFL =
Terrestrial Fractionation Line. CCAM = CarbonaceQimndrite Anhydrous Mineral line
(Clayton and Mayeda, 1999). Data sources — “nor@#8f2s: Clayton and Mayeda, 1999);
Haack et al., 2012; Hewins et al., 2014, CO3 chitmékills: Alexander et al. (2018);
Anomalous C2 chondrites Clayton and Mayeda, 199 thhe exception of: EET 85311
“OU” and EET 85311 “AK” (Lee et al., 2016); LEW 8538 “Lee” (Lee et al., 2019); NWA

5958 (Jacquet et al., 2016).
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Table 1. Modal abundance (vol. %) of components k2085, A 12169, and A 12236, compared with otbkls.

Sample Subtype Chondrule Refractory inclusion Matrix Metal Sulfide References
A 12085 2.8 36.0 4.2 57.7 1.2 0.9 Thiswork
A 12169 3.0 38.6 4.3 53.4 2.3 1.4 Thiswork
A 12236 2.9 28.9 3.8 64.8 15 11 Thiswork
Paris 2.7 <45 <1 55 1.2 0.7 Hewins et al. (2014); Rubin (2015)
EET 96029 2.7 17 1.8 78 0.3 1.2 Leeet al. (2016)
NWA 11024 "3.0" 32 1.2 64 2.4 0.5 Ebert et al. (2019)

CcM 20 5 70 0.1 Weisberg et al. (2016)




Table 2. Characteristic features of chondrules #2885, A 12169, and A 12236, compared with otHdsC

Sample Average diameter  Porphyritic chondrul@gpe | chondrul® Atleration (%}’ References
(mm) (%) (%) completely partially unaltered
A 12085 0.31 97.5 90.3 22 56 22 Thiswork
A 12169 0.26 95.2 92.2 0 36 64 Thiswork
A 12236 0.29 97.9 91.8 2 50 48 Thiswork
Paris 0.25 Hewins et al. (2014); Rubin (2015)
EET 96029 0.4 Leeet al. (2016)
NWA 11024 0.15-0.3 Ebert et al. (2019)
CM 0.3 95 90-90 Weisberg et al. (2006); Jones (2012)

b Percentage of Type |
in all chondrules.

% See alteration degree in the text.



Table 3. Representative compositions of silicatt@iide phases and the average matrix composition.

Phase Sample Occurrence Type SIiOTiO, AlO; CrOs; V03 FeO NiO MnO MgO CaO ZnO Na@ KO PBOs SO Total Wo En Fs An Ab Or
Feldspar A 12169 Chondrule | 46.44 bd. 3353 b.d.bd. 0.30 b.d. 010 0.77 1961 b.d. 0.05 b.d. b.dbd. 100.81 994 04 0.2
Feldspar A 12236 Chondrule Il 64.02 0.05 23.08 b.d.b.d. 1.02 bd. bd. 0.13 445 bd. 8.66 0.30 b.db.d. 10171 217 766 17
Feldspar A 12236 AOA 4294 0.17 36.14 bd. b.d. 0.37 b.d. bd. 0.72 &0.bd. bd. bd. bd. b.d. 100.51 99.8 0.2 0.0

Glass A 12169 Chondrule | 51.60 0.06 24.40 024 . bd125 bd. bd. 8.42 13.75 b.d. 155 0.10 b.d. . b.dl01.36 825 169 0.7
Melilite A 12085 CAl 2238 0.15 3555 bud. b.d. 0.11 b.d. bd. 054 ¥0.9d. bd. bd bd. b.d. 99.63
Olivine A 12085 Chondrule | 4251 0.09 0.16 0.18 d.b. 0.11 bd. bd. 5678 042 bd. bd. bd. bd. d. b. 100.24
Olivine A 12085 Chondrule Il 37.05 b.d. b.d. 030 .db 3190 bd. 026 3085 032 bd bd bd  bdbd  100.67
Olivine A 12085 AOA 42.87 0.09 b.d. 0.29 b.d. 0.26 b.d. 036 5648 0.@6d. b.d. bd. bd. b.d. 100.40

Phyllosilicate A 12085 Chondrule | 39.55 0.05 192035 bd. 2092 026 065 1485 160 b.d. 0.34 0.1Bd. 1.07 8172
Phyllosilicate A 12236 Chondrule | 31.15 bd. 12.68b.d. bd. 3188 bd. 014 836 0.16 bd. 0.29 0.2p.17 036 8545
Merrilite A 12085 Chondrule Il 0.62 0.08 0.47 b.d. b.d. 221 bd. 010 297 4505 b.d. 2.67 b.d. 44.3D.46 98.94
High-Ca pyroxene A 12085 Chondrule | 5245 051 84.2 1.01 b.d. 222 bd. 036 2501 13.02 b.d. bd. d b. bd. b.d. 98.85 263 702 35
High-Ca pyroxene A 12236 Chondrule Il 51.03 0.16 620. 103 bd. 1714 bd. 036 11.01 16.89 b.d. 048d. b.d. b.d. 98.66 37.1 336 294
Kushiroite A 12169 CAl 31.30 0.13 37.95 b.d. b.d. 230 bd. bd. 3.34 26dd. bd. bd. bd b.d. 101.33
Low-Ca pyroxene A 12169 Chondrule | 58.80 0.28 0.990.40 b.d. 052 bd. 008 3753 054 bd. bd  b.dbd. b.d. 99.13 10 982 08
Low-Ca pyroxene A 12169 Chondrule Il 4992 bd. 301 043 bd. 3478 bd. 028 1248 040 bd. bd.d. b.bd. b.d. 98.41 0.9 387 605
Chromite A 12085 Chondrule Il 0.25 0.96 9.24 54560.64 2696 bd. 038 638 0.02 011 bd. bd. bdb.d. 99.49

Spinel A 12169 AOA bd. 019 7213 bd. 018 025 bd. bd. 2754 020d. bd. bd. bd b.d. 100.50
Matrix A 12085 Matrix 29.04 0.06 2.65 037 bd. 2846 180 0.23 1590 8 0.B.d. 0.23 0.11 0.12 1144 9110
Matrix A 12169 Matrix 31.29 0.07 2.60 0.38 bd. 2963 174 024 17.48 10.».d. 049 0.15 0.22 1071 95.80
Matrix A 12236 Matrix 29.35 0.07 2.57 035 bd. 3003 176 0.24 1543 90.b.d. 021 012 019 9.06 89.97

b.d.: below detection limits (3 sigma), 0.03 fo©giAl,03, MgO, CaO, and S£0.04 for TiQ, V.03, N&O, K;0, and ROs, 0.08 for NiO and MnO, and 0.10 for g and ZnO.

* Matrix data was averaged composition.



Table 4. Representative compositions of opaque raise

Phase Sample Occurrence Si P S Cr Fe Co Ni Cu Total
Kamacite A 12085 Isolated b.d. 0.18 b.d. b.d. 93.25 0.29 5.42 0.07 99.21
Kamacite A 12085 Chondrule 0.58 0.39 b.d. 0.99 92.81 0.28 4.88 b.d. 99.92
Kamacite A 12236 Chondrule b.d. 0.33 b.d. 0.33 92.33 0.33 5.50 0.08 98.89
Kamacite A 12236 Chondrule b.d. 0.35 b.d. 0.20 93.31 0.33 5.60 0.00 99.79

Ni-rich metal A 12085 Chondrule b.d. b.d. b.d. b.d. 67.26 2.14 29.83 b.d. 99.23
Ni-rich metal A 12169 Isolated b.d. b.d. b.d. b.d. 55.76 2.02 40.27 0.06 98.11
Ni-rich metal A 12236 Isolated b.d. b.d. b.d. 0.06 66.09 2.11 30.86 b.d. 99.12
Pentlandite A 12169 Isolated b.d. b.d. 32.77 b.d. 34.41 0.93 30.62 0.20 98.93
Pentlandite A 12236 Chondrule b.d. b.d. 32.73 b.d. 38.63 0.89 25.78 0.07 98.10
Pyrrhotite A 12169 Isolated b.d. b.d. 36.87 b.d. 60.53 0.14 0.68 b.d. 98.21
Pyrrhotite A 12236 Isolated b.d. b.d. 36.95 b.d. 58.76 0.33 2.28 b.d. 98.32
Troilite A 12169 Isolated b.d. b.d. 35.69 b.d. 61.68 0.07 0.40 b.d. 97.84
Troilite A 12236 Isolated b.d. b.d. 36.32 b.d. 62.10 0.08 0.24 b.d. 98.74

b.d.: below detection limits (3 sigma), 0.03 fora®id P, and 0.05 for S, Co, Ni, Cr, Fe, and Cu.



Table 5. Major and trace element abundances fa2284.

ICP-AES

TiO, wit% 0.11

Al,O3 wit% 2.17

FeO wit% 30.25
MnO wit% 0.23

MgO wit% 19.95
CaO wt% 1.77
NaO wit% 0.37

K20 wit% 0.04
P,Os wit% 0.23

Ni wt% 1.36

Cr na/g 3177

ICP-MS

Li na/g 1.72

Be ng/g 0.0286
CaO wt% 1.75
P,Os wit% 0.24

K ua/g 383

Sc ng/g 8.88
TiO; wit% 0.0987

\% ua/g 66.78

Mn Ha/g 1597
Co ng/g 558
Cu Mna/g 111
Zn Mno/g 162
Ga nag/g 7.46
Rb na/g 1.90
Sr na/g 9.89
Y ng/g 2.27

Zr ua/g 5.15
Nb Hna/g 0.381
Cs nog/g 0.103
Ba na/g 3.22

ICP-MS

La nalg 0.325
Ce ug/g 0.830
Pr na/g 0.126
Nd na/g 0.636
Sm Hna/g 0.208
Eu ung/g 0.0785
Gd ua/g 0.286
Tb una/g 0.0537
Dy Hng/g 0.364
Ho ng/g 0.0809
Er na/g 0.238
Tm na/g 0.0358
Yb pa/g 0.227
Lu na/g 0.0352
Hf Mna/g 0.153
Ta ung/g 0.0187
W na/g 0.14
Pb ua/g 1.26
Th ug/g 0.0398
U na/g 0.00957




Table 6. Petrologic subtypes of CM chondrites, riediafter Rubin (2015).

Petrologic subtype

Chondrule mesostases

Matrix phyllosilicates

Matrix composition:
MgO/“feo”
Matrix composition:
SISIG

Metallic Fe-Ni (vol%)

Phenocrysts in
chondrules

Large TCI clumps
(vol%)
TCI composition:
“FeQ"/SiO;
TCI composition:
S/SIQ

Sulfide

Carbonate

3.0

Primary meso

Rare Phyllo

Rare or no

>0.5

>0.1

>2

Unaltered

No TCI

Tro > po + pn

No or rare
carbonate

2.9

Primary mesol

Phyllo

Rare

>0.5

>0.1

1-2

Unaltered

No TCI

Tro > po + pn

No or rare
carbonate

2.8

Phyllo>Primary

meso

Minor

>0.5

>0.1

1-2

Unaltered

Minor

Tro > po + pn

Minor

2.7

Phyllosilicate

Abuntla

0.35-0.43

0.10-0.18

1-2

Unaltered

5-20

4.0-7.0

0.40-0.60

0 ppn

Ca carbonate

2.6

Phyllosilicate

Abundant

0.35-0.43

0.10-0.18

~1

Unaltered

15-40

2.0-3.3

0.18-0.35

Mainly Po + pn

Ca carbonate

25

Phyllosilicate

Abundant

0.35-0.43

0.10-0.16

0.03-0.30

naltered

15-40

2.0-3.3

0.18-0.35

Mainly Po + pn

Ca carbonate

24

Phylticate

Abundant

0.330

0.16-0

.08-0.30

Unaltered

15-40

1.5-2.0

0.14-0.20

po + pn +int

Banzae

Primary meso: primary feldspar and glass, troliteppo: pyrrhotite, pn: pentlandite, int: sulfideains with “intermediate” Ni/(Fe + Ni) ratios
Subtypes 2.7-2.0 are after Rubin (2015).

2.3

Phyllosilicate

Abundant

0.50-0.70

0.07-0.08

0.03-0.30

2-15% altered

15-40

1.5-2.0

0.14-0.20

po + pn +int

Ca carbonate

2.2

Phyllosilicate

Abundant

0.50-0.70

0.07-0.08

0.03-0.30

15-85% altered

-46

1.0-1.7

.05-0.09

Mainly pn + int

Ca carbonate

21

Phyllosiltea

ridant

0.50-0.70

0.05-0.07

<0.02

9B%H-altered

2-5

-0

0.05-0.09

Mainly pn + int

Ca carbonate +

2.0

Phyllosilicate

Abundant

0.50-0.70

0.05-0.07

<0.02

Completely altered

2-5

1.0-1.7

0.05-0.09

Mainpn + int

Ca carbonate +

complex carbonate complex carbonate
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