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Preface

Among the various processes that have affected the evolution of solar system
materials, it has been widely recognized that water played a significant role by
modifying the primary chemical and mineralogical characteristics of pristine nebular
material In fact, most of primitive extraterrestrial material (e.g. chondrite and
interplanetary dust particles) exhibit many evidences of aqueous alteration with various
degrees. In particular, carbonaceous chondrites, which have been widely recognized as
the most primitive material with an elemental composition probably similar to solar
abundances, show abundant and strong evidences of aqueous alteration (e.g. McSween,
1979; Tomeoka and Buseck, 1985; Zolensky et al, 1993; Brearley, 2005). Even
thermally metamorphosed ordinary chondrites, which were extremely dry meteorites,
show evidence that they have been affected by water. In addition to direct observations
of meteorites, spectral analyses using astronomical telescopes also support the existence
of hydrous minerals on\various asteroids surfaces, which would be formed by aqueous
alteration (e.g., Vilas and Gaffey 1989; Vilas et al., 1993, 1994).

These observations show that aqueous alteration has been extremely common and
important process in the early solar systems. A detailed study of aqueous altered
textures (commonly which appear .in a micrometer scale) in carbonaceous chondrite
essentially give constraints on when, where and how aqueous alteration occurred,
thereby providing a clue to reveal the process of material evolution in the early solar
system. A number of previous workers (e.g., DuFresne and Anders, 1962; Kerridge et al,
1979; McSween., 1979; Tomeoka and Buseck, 1985, 1988; Metzler et al, 1992;
Brearley., 1993; Weisberg et al, 1993, 1995; Noguchi,, 1995; Browning et al., 1996;

Bischoff, 1998; Grossman et al,, 2000, 2002; Hanowski and Brearley, 2001; Jones and



Brearley, 2006; Chizmadia and Brearley, 2008; Maeda et al., 2009) discussed the
mechanism, condition and location of aqueous alteration in the primitive meteorites.
However, most of these studies focused on the unique chondrite, and seem to lack
systematic and thorough observations of a series of chondrites.

CM chondrites are the most abundant group of carbonaceous chondrite. They are
characterized by their constituent texture (chondrule, chondrule rim and matrix) having
been partially to completely réplaced by hydrous phyllosilicates. The degree of aqueous
alteration experienced by CM chondrites varies widely (McSween, 1979; Browning et
al, 1996). CM chondrites are, therefore, the best samples to reveal process of aqueous
alteration. In this paper, 1 will report and discuss aqueous alteration process from

extensive survey of many CM chondrites.



Part I
General petrological and mineralogical characteristics

in the seven CM carbonaceous chondrites



Chapter 1
Introduction

Where did the aqueous alteration occur?

In order to understand chemical and physical evolution ofthe early solar materials,
aqueous alteration is one of the most importqnt issues. A number of previous workers
(e.g., Tomeoka and Buseck, 1985; Metzler et al, 1992; Browning et al, 1996; Bischoff,
1998; Hanowski and Brearley, 2001; Jones and Brearley, 2006; Chizmadia and Brearley,
2008) discussed the mechanism, condition and location of aqueous alteration in the CM
chondrites. However, the entire picture of aqueous alteration in CM cilondrites is still
left unsettled because CM chondrites group shows wide mineralogical and petrological
variations including brecciation, terrestrial weathering, aqueous alteration so on. The
most significant issue of aqueous alteration in the CM chondrites is how to pick out
only the evidence of aqueous alteration from a complex texture. In fact, many previous
workers (e.g. McSween, 1979; Browning et al, 1996, Rubin et al., 2007) proposed that
various parameters for determining the degree ofaqueous alteration in CM chondrites.

In generally, meteorites have experienced aqueous alteration on different
conditions (e.g. temperature, pressure, oxidized condition, duration time). Also, it is
likely that the influences of aqueous alteration are different by the components and
textures of the meteorites. Thus, in this part (Part I), I investigated each component (€.g.
chondrule, chondrule rim and matrix) of CM chondrites in detail. Moreover, I estimated
how change was provided to original textures in the CM chondrites by aqueous
alteration.

In the early solar system, it is widely believed that many CM chondrites have



experienced extensive brecciation on their parent body (bodies). As a result of the
brecciation, CM chondrites commonly consist of various lithologies, which have
experienced different degrees of aqueous alteration on different places. Moreover,
primitive and significant textures (e.g. chondrul rims) may have been lost by
brecciation in the most CM chondrites. Nonetheless, many previous workers have not
paid attention to whether the sample has experienced brecciation or not. An
investigation of CM éhondrites without brecciation is the most useful to reveal process
ofaqueous alteration. Moreover, even if a CM chondrite has experienced the brecciation,
a careful distinction of the lithologies would make it possible to examine an evidence of
aqueous alteration in each lithology. In the present part, seven CM chondrites,
Murchison, Murray, Mighei, QUE97990, Y791198, Cold Bokkeveld and Nogoya have
been studied. Although the former three chondrites (Murchison, Murray and Mighei)
have obviously experienced brecciation, the three meteorites have been investigated in
order to counterpoint a brecciated texture. The latter two (Cold Bokkeveld and Nogoya)
chondrites also show apparent brecciation(s), but these contain relatively large regions
with single lithology. Through an extensive survey of above CM chondrites, I will
discuss a systematic e,ffect of aqueous alteration in CM chondrites.

If we elucidate the effect of aqueous alteration on mineralogical textures, a
following question will justly arise: where did the aqueous alteration occur? Generally,
extensive aqueous alteration on the parent bodies probably overwrote or erased the
earlier alteration history. Therefore, it is still controversial whether the aqueous
alteration occurred in the solar nebula (e.g., Metzler et al., 1992; Bischoff, 1998) or on
the meteorite parent bodies (e.g., Browning et al,, 1996; Chizmadia and Brearley, 2008).

To unravel the earliest alteration process, it is indispensable to investigate meteorites



that have experienced aqueous alteration as recognizably little as possible. The Yamato
791198 (Y791198) CM chondrite has been described by Metzler et al. (1992) as “a
primary accretionary rock, obviously unaltered by secondary parent body processes
such as aqueous alteration or brecciation.” Since then, Y791198 has been recognized as
the most primitive CM chondrite. Recently, however, Rubin et al. (2007) studied many
CM chondrites, including Y791198, and estimated that the degree of aqueous alteration
of a more recently described CM chondritt—Queen Alexandra Range 97990
(QUE97990) is lower than that of Y791198 based on Fe-Ni metal abundance.
Fortunately, QUE97990 has already been reported as non-brecciation CM chondrites
(e.g. Rubin et al,, 2008). If this is the case, there is a possibility that QUE97990 gives us

new insight into the early aqueous alteration process ofthe CM chondrites.

o

10



Chapter 2

2.1 Samples

Even if a chondrite shows no evidence of brecciation, it must be ultimately
inhomogeneous at least in micro-meter scale. It is, therefore, important to establish
criteria whether the observed region consist of single lithology or not. In the present
study, objects satisfying the following three criteria regard as a single lithology.

1. The value of [number of chondrules surrounded rims / number of total chondrules]
is more than 0.8.

2. The boundaries between chondrules and rims are clear.

3. Most of (> 90%) PCPs (described in detail in chapter 3.1.3) is more than 10 pm in
size.

In order to find the sample (or regions in that) having a single lithology according to
above requirements, seven CM chondrites (Murchison, Murray, Mighei QUE97990,
Yamato 791198, Cold Bokkeveld and Nogoya) were observed. The samples used for
this study are two polished thin sections of Murchison (Figs. 2-1a, b), a polished thin
section of Murray (Fig. 2-1c) and Mighei (Fig. 2-1d), a polished thin section of
QUE97990 (Fig. 2-1e) from NASA, two polished thin sections of Yamato 791198

(Fig.2-1f, g) from NIPR and Cold Bokkeveld (Figs. 2-1h, i), a polished thin section of

Nogoya (Fig. 2-1j).
2.2 METHODS

In this study, I studied the samples using a scanning electron microscope (SEM)
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equipped with an energy-dispersive X-ray spectrometer (EDS), an electron probe
microanalyzer (EPMA) equipped with wavelength-dispersive X-ray spectrometers
(WDS), transmission electron microscope (TEM) (JEOL JEM-2010) equipped with an
energy dispersive X-ray spectrometer (EDS) and synchrotron X-ray diffraction
(SR-XRD).
SEM-EDS and EPMA-WDS

The micro-textural observation and semi-quantitative chemi\cal analysis were
carried out using an SEM-EDS system (JEOL JSM-6480LVII). For most observations,
backscattered electron (BSE) imaging was mainly used. EDS chemical analyses were
obtained by a ZAF matrix correction routine at 15 KV and a beam current 0.6 nA. For
the quantitative analyses, EPMA-WDS system (JEOL JXA-8900) were performed at 15
KV and 12 nA in which data correction was made by the a Bence-Albee method.
Well-characterized natural and synthetic minerals were used as chemical standards as
follows: albite (Na), periclase (Mg), corundum (Al), quartz (Si), sanidine (K), fluorite
(Ca), rutile (Ti), hematite (Fe), eskohite (Cr), mangonosite (Mn), nickel oxide (NiO),
potassium titanium phosphate (P) and pyrite (S).
TEM

Micro-structural analyses and electron diffraction were undertaken using a
TEM-EDS system (JEOL JEM-2010 and Noran System SIX) equipped with a LAB6
cathode operating at 200 KV. TEM specimens were prepared from petrographic thin
sections by further polishing on both sides by Ar ion milling. TEM images were
collected by imaging plate (IP, Fuji FDL-UR-V).
SR-XRD

SR-XRD measurements were carried out on beamline BLI0XU at SPring-8 in

12



Hyogo, Japan. The incident X-ray beam was monochromatized to a wavelength of
0.4153 A and collimated to 20 pm in diameter; the diffracted beam was defected
using a ﬂat imaging plate (IP, Rigaku R-AXIS 1IV). The two-dimensional X-ray

diffraction patterns were converted to the conventional 2theta- intensity profiles.
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Figure 2-1. BSE image of a thin section of Murchison_1 (a) and _2 (b). Murchison shows complex texture which
coexist brecciated and unbrecciated regions with less than 100 in order. Most of the regions of Murchison has

experienced brecciation.
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Figure 2-1. BSE image of thin sections of Murray (c) and Mighei (d). Murray and Mighei show complex
texture that coexist brecciated and unbrecciated regions with less than 100 um in order. Most of the regions
in Murray and Mighei has experienced brecciation.




Figure 2-1 (¢) BSE image of a thin section of QUE97990. QUE97990 is an
unbrecciated CM chondrite.
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Figure 2-1. BSE image of the thin sections of Yamato 791198 1(f) and 2 (g). Yamato 791198 is an
unbrecciated CM chondrite.




Figure 2-1. BSE image of a thin sections of Cold Bokkevekd 1 (h) and _2 (i).
Cold Bokkeveld consists of brecciated and unbrecciated regions. The regions,
which are surrounded by white line, are non-brecciation regions. I studied only
the non-brecciation regions.
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Figure 2-1 (j) BSE image of a thin section of Nogoya. Nogoya consist of brecciated and unbrecciated
regions. The regions, which are surround by white line, are non brecciated regions.
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Chapter3
Results: General petrological  and mineralogical

characteristics in seven CM carbonaceous chondrites

3.1. General petrology

All studied meteorites consists of chondrules, chondrule rims, CAls (Ca-Alrich
inclusion), AOAs (amoeboid olivine aggregates), fine-grained aggregate (Note: this
term means the aggregate of fine-grained minerals with diameter in less than several um
irrespective of mineral species) and matrices (Figs. 3-1a-c). Total abundance of CAls,
AOAs and fine grained aggregate in all studied meteorites are less than 1 vol %. Cold
Bokkeveld and Nogoya mainly consist of two lithologies (host rock and large clasts)
(Figs. 3-2a-d). As shown in Table 1, modal abundance (vol %) of major components in
all studied meteorites appears to vary a great deal depending on degree of aqueous
alteration and extent of brecciation (e.g. chondrule = 4 to 25 vol %). Contents of
chondrules and rims in the host rocks of Cold Bokkeveld and Nogoya are smaller than
that of large clasts (Table 1). Moreover, most of (> 80 %) chondrules in the host rocks
of Cold Bokkeveld and Nogoya are not surrounded by fine-grained rims (Figs. 3-2a-d).
These results suggest that the host rock of Cold Bokkeveld and Nogoya have
experienced extensively brecciation. In order to investigate non-brecciated meteorites or
regions, I focusing on large clasts in Cold Bokkeveld and Nogoya rather than the host

rocks.

20



3.2 Chondrules

Chondrules in all studied meteorites mainly consist of phenocrysts of olivine and
enstatite, with minor amount of diopside, and mesostases. Most of chondrules (> 90 %)
in Murchison, Murray, Mighei, QUE97990 and Y791198 include opaque nodules
(Murchison, Murray, Mighei: 30—200 pum in diameter; QUE97990, Y791198: 10—150
pm in diameter) that consist of Fe-Ni metal (both kamacite and taenite) and troilite,
most of which have been partially replaced by tochilinite and cronstedtite (Figs. 3-3a-d).
About a half of chondrules in Cold Bokkéveld (16/34) and Nogoya (19/36) include
opaque nodules (10—100 um in diameter), most of (> 90 %) which have been
commonly replaced by tochilinite and cronstedtite (Figs. 3-3e-f). Chondrules in all
studied meteorites are sub-rounded or irregular shape with 100-900 pm in diameter
(Table 2). Average diameter of chondrules in Murray (322 um) and Mighei (308 pm)
are larger than that of the other studied meteorites (Murchison is 194 pm, QUE97990 is
205 pm, Y791198 is 193 pm, Cold Bokkeveld is 214 pm, Nogoya is 158 pm) (Table 2).
Figs. 3-4a-g shows distribution of diameter of chondrules in the studied meteorites.
About 50 % of chondrules in Murchison, QUE97990, Y791198 and Cold Bokkeveld
ranges in diameter from 100 to 200 pm (Figs. 3-4a-g).

I investigated phenocrysts in chondrules with a diameter of more than 100 pm
(Number of chondrules; Murchison = 36, Murray = 57, Mighei = 18, QUE97990 = 34,
Y791198 = 39, Cold Bokkeveld = 34, Nogoya = 36). The phenocrysts of olivine and
enstatite in Murchison, Mighei, Murray, QUE97990 and Y791198 show no evidence of
replacement by phyllosilicates (Figs. 3-5a-d). It has been reported that in many other

CM chondrites, the enstatite phenocrysts have been partially replaced by phyllosilicates
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(e.g., Hanowski and Brearley, 2001; Rubin et al,, 2007). Thus the observation suggests
that the degrees of aqueous alteration of these meteorites are relatively low in the CM
chondrite group. In contrast, the phenocrysts in Cold Bokkeveld (13/34) and Nogoya
(22/36) show evidence of altered by aqueous alteration (Figs. 3-6a, b). These results
show that a degree of aqueous alteration in Cold Bokkeveld and Nogoya is higher than
that of the other studied meteorites (Figs.3-6c¢, d). Moreover, pseudomorphs are found in
the chondrules in Cold Bokkeveld and Nogoya. In Cold Bokkeveld, most of (> 80 %)
pseudomorphs show round shape (Figs. 3-6a, b). The size and shape of the
pseudomorphs are similar to that of opaque nodules in the chondrules. Moreover, Fe-Ni
metal is rarely survived inside the pseudomorphs, while minor of pseudomorphs shows
a shape of short prism (Fig. 3-6b). These results suggest that round shaped
pseudomorphs were formed by altered opaque nodule. On the other hand,
pseudomorphs in Nogoya show shape of short prismatic (Figs. 3-6¢c, d). Moreover,
Ca-carbonate and Ca-sulfate as phenocrysts are found in the chondrules of Nogoya (Fig.

3-7b).

3.3 Chondrule mesostases

Chondrule mesostases have been largely altered to Mg-Fe serpentine (Figs. 3-8a,
b). Backscattered image of the mesostases in QUE97990, Y791198 and Cold Bokkeveld
show a significant contrast of two regions; an iron-rich region (FeO = about 15-25 wt%)
and an iron-poor region (FeO = about 25-35 wt%) (Figs. 3-9a-c). Fe-rich region and
Fe-poor region mainly consist of Mg-Fe serpentine. The boundary between Fe-rich and

Fe-poor regions is clearer than that of Y791198 and Cold Bokkeveld (Figs. 3-9a-c).
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These results imply that chemical compositions of the entire mesostases in QUE97990
are more heterogeneous than that of the other studied meteorites. Table 3 shows
chemical compositions of the mesostases. The contents of AbOj3 in the mesostases of
Murchison, Murray, Mighei, QUE97990 and Y791198 are more abundant than that of
Cold Bokkeveld and Nogoya. Figs. 3-10a-g show distribution of FeO contents in the
mesostases. The FeO contents of the mesostases in Murchison, Murray and QUE97990
are relatively heterogeneous, while those of Mighei, Y791198, Cold Bokkeveld and
Nogoya are relatively homogeneous in at least 10 pm scale.

The mesostases in QUE97990 shows unique texture which is not found in the
other studied meteorites. 14 (~ 41 %) of the 34 chondrule mesostases studied contain
dense arrays of parallel, thin lath-shaped crystallites (~ 1 pum in width) of diopside (Figs.

3-11a, b), which are primary quenched products formed during chondrule formation.

3.4 Chondrule margins

I found that the chondrules in all studied meteorites often show a depression
texture on their surfaces (Figs. 3-12, 13, 14, 15). I refer to these depressions as
embayments. Especially, embayments in QUE97990 show unique textures. 25 (~ 73 %)
of the 34 chondrules in QUE97990 studied show topographic depressions on their
surfaces (Figs. 3-13a-c and 3-14a-c). The size and shape of the embayments are
comparable to those of opaque nodules contained within the chondrules (see Figs. 3-13a
and 3-14a for example). The inside of the embayments commonly consists of one to all
of three materials: (1) Fe-Ni metal, (2) tochilinite-rich, and (3) cronstedtite-rich (Figs.

3-13b, ¢, 3-14b, ¢, and Table 4); the identification of materials (2) and (3) is based on
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their compositional similarities to tochilinite and cronstedtite, respectively (see Table 2
in Tomeoka and Buseck (1985)). The tochilinite-rich material is distinctly richer in Fe,
Niand S, and the cronstedtite-rich material is richer in Fe than the rims (Table 4); thus
these materials appear brighter than the rims in BSE images. In many embayments,
Fe-Ni metal commonly occurs at the bottom and the tochilinite-rich material and the
cronstedtite-rich material occur toward the outside, thus exhibiting a zonal texture (F igs.
3-13b, c). Figures 3-14b and 3-14c show that the cronstedtite-rich material occurs in not
only the inside but also the outside of an embayment.

In the other studied meteorites, most of (> 80 %) chondrules also show
embayments on their surfaces (Figs. 3-12a-f). However, Fe-Ni metal, tochilinite and
cronstedtite are rare, and the inside of the embayments is largely composed of the
Mg-Fe serpentine-rich material that is indistinguishable from the surrounding rims
(Table 4). These characteristics of embayments on their surfaces are different from that

in QUE97990.

3.5 Chondrule rims

3.5.1 Thickness and shape

In Murchison, Murray and Mighei, chondrule with fine-grained rims is rare. Only
relatively large chondrules in the three meteorites (> 200 pm in diameter) are
surrounded by fine-grained rims which are typically 40 to 120 pm in thickness (Figs.
3-16a-g), although the boundaries between the rims and matrices are unclear (Fig.
3-17a). These characteristics of the three meteorites suggest that they have experienced

extensive brecciations. In contrast, most of (> 90 %) chondrules in QUE97990,
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Y791198, Cold Bokkeveld and Nogoya are surrounded by-fine grained rims which are
typically 20 to 120 um in thickness (Figs. 3-17¢c, €). Moreover, most of boundaries
between the rims and matrices are clear. A part of the rims in Nogoya shows boundaries
between chondrules and the rims which are unclear (Figs. 3-18a, b). These results
suggest that these meteorites (including the clasts) are unbrecciated. Thickness of the
rims in QUE97990, Y791198, Cold Bokkeveld (large clasts) and Nogoya (large clasts)
increases with increasing diameter of the chondrules. The chondrules with 100 to 200 in
diameter are surrounded by the rims with about 20 pm in thickness, while the

chondrules with 200 to 300pum is surrounded by about 30 pm thick rims.

3.5.2 Major constituent mineral”

The rims in all studied meteorites mainly consist of Mg-Fe serpentine with minor
amount of Ca-carbonate, various anhydrous silicates and opaque minerals (Figs. 3-17b,
d, f). Minor amounts of tochilinite and fine grains (< 5 um in size) of olivine, enstatite,
diopside, Ca-carbonate, troilite, pentlandite, and Fe-Ni metal are found in the rims in
Murchison, Murray, Mighei, QUE97990 and Y791198 (Table 5, Table 6, Figs 3-17d, ).
Previous workers (e.g., Metzler et al., 1992; Hanowski and Brearley, 2001) reported that
Fe-Ni metal is rare in rims of CM chondrites because of its high susceptibly to aqueous
alteration. However, Fe-Ni metal is common in the rims of the above five meteorites
which suggests that degrees of aqueous alteration of Murchison, Murray, Mighei,
Y791198 and QUE97990 are relatively low in the CM group. Fig. 3-19 shows the
modal abundance of opaque minerals including Fe-Ni metal in the rims. The contents of
Fe-Ni metal in the rims in QUE97990 are more abundant than that of the other studied

meteorites. This result suggests that a degree of aqueous alteration in QUE97990 is
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lower than that of the other studied meteorites. The contents of Fe-sulfide in Cold
Bokkeveld and Nogoya are less abundant than that of the other studied meteorites. Inall
studied meteorites, tochilinite commonly occurs as PCPs (Poorly-characterized-phase)
which are intergrowth, on a submicron scale, of serpentine and tochilinite. PCPs are
typically less than 10 pm diameter.

Fig. 3-20 shows the abundance of anhydrous silicates minerals in the rims.
Previous workers (e.g, Hanowski and Brearley, 2001) reported that in anhydrous
silicates composing CM chondrite, enstatite is relatively susceptible to aqueous
alteration. The enstatite in the rims in Murray and QUE97990 are more abundant than
that of Murchison, Mighei, Y791198, Cold Bokkeveld and Nogoya. In Cold Bokkeveld
and Nogoya, moreover, Fe-Ni metal and anhydrous silicates are not found in the rims.
These results suggest that aqueous alteration increases as following order; Murray,
QUE97990 < Murchison, Mighei, Y791198 < Cold Bokkeveld, Nogoya. As shown in
table 5, the rims include minor minerals of various species (e.g magnetite, chromite,

barringerite). Table 7 shows chemical compositions of the minor minerals.

3.5.3 Chemical compositions

Table 8 shows chemical compositions of the rims. The contents of FeO and S in
Murchison, Murray, QUE97990 and Y791198 are more abundant than that of Cold
Bokkeveld and Nogoya. This result suggests that contents of Fe-sulfide in Cold

Bokkeveld and Nogoya are less abundant than that of the other studied meteorites.

3.6 Matrix
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3.6.1 Mineralogy

The matrices in the studied meteorites mainly consist of Mg-Fe serpentine and
PCPs, Ca-carbonate with minor amount of various anhydrous silicates and Fe-rich
minerals. Minor amounts of fine grains (< 5 um in size) of olivine, enstatite, diopside,
troilite, pentlandite, and Fe-Ni metal are found in the matrices of all studied meteorites
expect for Cold Bokkeveld and Nogoya (Table 5, Table 6, Figs. 3-21a-f). The existence
of Fe-Ni metal and enstatite, which are susceptible to aqueous alteration, suggests that
degrees of aqueous alteration of these meteorites are relatively low in the studied
meteorites (Figs. 3-22, 3-23). In contrast, Fe-Ni metal and anhydrous silicates are not
found in the rims in Cold Bokkeveld and Nogoya (Figs. 3-22, 3-23). This result shows
that degrees of aqueous alteration in Cold Bokkeveld and Nogoya are relatively high in
the studied meteorites.

In the all studied meteorites, PCPs commonly occurs in the matrices. PCPs in
Murchison, Murray and Mighei are typically less than 10 pm in diameter (Fig. 3-21b).
In contrast, PCPs in QUE97990, Y791198, Cold Bokkeveld and Nogoya are typically
20 to 150 pm in diameter (Figs 3-21d, f). These results suggest that Murchison, Murray
and Mighei have experienced extensively brecciation. Moreover, contents of the PCPs
in QUE97990, Y791198, Cold Bokkeveld and Nogoya are more abundant than that of
Murchison, Murray and Mighei (Figs. 3-21a, ¢, f). PCPs in QUE97990 and Y791198
show massive texture (Figs. 3-24a, b). On the other hand, PCPs in Cold Bokkeveld and
Nogoya show fibrous texture (Fig. 3-24c). Ca-carbonate (calcite) in QUE97990,
Y791198, Cold Bokkeveld and Nogoya) is surrounded by PCPs (Figs. 3-25a-c). As
shown in table 5, the rims include minor minerals of various species (e.g. magnetite,

chromite, barringerite). Table 7 shows chemical compositions of the minor minerals.
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3.6.2 Che mical compositions

Table 9 shows chemical compositions of the serpentine in the matrices of the
studied meteorites. The contents of FeO in Murchison, Murray, QUE97990 and
Y791198 are more abundant than that of Mighei, Cold Bokkeveld and Nogoya. This
result is consistent with that of the rims. Moreover, the chemical compositions of
serpentine in each studied meteorite are similar to that of the rims in each studied

meteorite.
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Figure 3-1 (a) BSE image of Murchison. Murchison mainly
consists of chondrules and matrix. (b) (c ) BSE images of

QUE97990 and Cold Bokkeveld. These meteorites mainly consist

of chondrules, chondrule rims and matrices.
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Figure 3-2 BSE images of Cold Bokkeveld (a, b) and Nogoya (c, d). Cold Bokkeveld and Nogoya consist of brecciated (a,
¢) regions and unbrecciated (b, d) regions.
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boxed areas in (a), (c) and (e), respectlvely These images show that opaque nodules in the chondrules in Murray (b),
QUE97990 (d) and Nogoya (f) have been partially replaced to cronstedtite and tochilinite.
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Figure 3-4 The graphs show diameter of chondrules in Murchison (a),
Murray (b) and Mighei (c).
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Figure 3-4. The graphs shows diameter of chondrules in QUE97990 (d),
Y 791198 (e), Cold Bokkeveld (f) and Nogoya (g).

33



; 2 24

Figure 3-5. BSE image of a chondrule in Murray (a) and Mighei (c). (b) (d) Image of boxed area in (a) and (c),
respectively. These images show phenocrysts not replacing to phyllosilicates.
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Figure 3-6. BSE image of altered phenocrysts and pseudomorphs in Cold Bokkeveld (a, b) and Nogoya (c, d). Most of

pseudomorph in Cold Bokkeveld shows round shape. On the other hand, most of pseudomorphs in Nogoya show shape of

short prismatic.
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Figure 3-7. (a) BSE image of a chondrule in Nogoya. (b) Image of boxed area in
(a), showing calcite and gypsum as phenocrysts in the chondrule.
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Figure 3-8. (a) BSE image of a chondrule in Murray. (b) Image of boxed area
in (a), showing the mesostasis that has been largely altered to Mg-Fe. The
mesostases in all studied meteorites have been largely altered to Mg-Fe
serpentine.

37



Fe-poor reigon

Di

Fe-rich regfgn

<

Fe-poor region -
N -

4

e PRUIEERION Fe-rich region

|

i

Figure 3-9. BSE images of the mesostases in QUE97990 (a), Y791198 (b) and Cold Bokkeveld (c).
These mesostases show a significant contrast of two regions; iron-rich regions (FeO = about 15-25
wt%) and iron-poor regions (FeO = about 25-35 wt%).
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Figure 3-10. These graphs show distribution of FeO contents of the mesostases in Murchison (a),
Murray (b) and Mighei (c). The analyses were performed by using defocused beam (~5 pm in
diameter).
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Figure 3-10. These graphs show distribution of FeO contents of the mesostases in QUE97990
(d), Y791198 (e), Cold Bokkeveld (f) and Nogoya (g). The analyses were performed by using

defocused beam (~5 pm in diameter).
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Figure 3-11. BSE images of the mesostases in QUE97990 (a)-and Y791198 (b). (a) The
mesostasis in QUE97990 shows quenched texture. The quenched texture in the mesostases does
not occur in the all studied meteorites including Y791198 that was reported as the lowest altered
CM chondrite by Metzler (1992).
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Figure 3-12 BSE images of chondrules in Murchison (a, b), Murray (c, d) and Cold Bokkeveld (e, f). (b) (d) (f) Images of
boxes area in (a), (c) and (e), respectively, showing embayments on chondrule surfaces. The embayments is largely
composed of the Mg-Fe serpentine-rich material that is indistinguishable from the surrounding rims. The characteristics in
the embayments are similar to that of all studied meteorites expect for QUE97990.




Matrix

Figure 3-13. (a) BSE image of a chondrule surrounded by a fine-
grained rim in QUE97990. (b) Image of the boxed area in (a),
showing embayments on chondrule surface. (c ) Illustration of (b)
showing three zones, (1) Fe-Ni metal, (2) tochilinite-rich (Tochi-
rich), (3) cronstedtite-rich (Cronst-rich), in the embayment.

43



:‘,ﬁ

pd@ »Chmgc!ru,'le“‘

¢ Matrix e

Rim

Chondrule

Figure 3-14. (2) BSE image of a chondrule surrounded by a fine-
grained rim in QUE97990. (b) Image of the boxed area in (a),
showing an embayment on chondrule surface. (¢ ) Illustration of
(b) showing the cronstedtite-rich (Cronst-rich) material not only
fills the embayment but also extend to the outside of the

embayments.
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Figure 3-15. (a) BSE image of a chondrule surrounded by
a fine-grained rim in Yamato 791198 _1. (b) Image of the
boxed area in (a), showing an embayment on the
chondrule surface. (¢ ) Illustration of (b) showing that the
embayment is filled with the material that is
distinguishable from the rim.
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Figure 3-16. The thickness of rims was measured as an average of measured
randomly selected 10 areas in a chondrule in Murchison (a), Murray (b) and

Mighei (c).
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Figure 3-17. BSE images of the chondrule rims in Murray (a, b), QUE97990 (c, d) and Cold Bokkeveld (e, f). ) (d) (D
Images of boxed areas in (a), (c) and (e), respectively. The boundary between in the rim and matrix in Murray is not
clear. On the other hand, those of QUE97990 and Cold Bokkeveld are clear. The rims in Murray and QUE97990 consist
of Mg-Fe serpentine, Fe-sulfide and anhydrous silicates. On the other hand, the rim in Cold Bokkeveld mainly consist of
Mg-Fe serpentine.




Figure 3-18. (a) BSE image of a chondrules. (b) Imaged of boxed area in (a),
showing a boundary between a chondrule and matrix. The boundary is not clear.
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Figure 3-19. This graph shows existence ratio of opaque minerals in the rims in
the studied meteorites. I analyzed randomly selected opaque mineral (more than
50 grains) in the rims.
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Figure 3-20. This graph shows existence ratio of anhydrous silicate minerals in
the rims in the studied CM chondrites. I analyzed randomly selected anhydrous

silicate mineral (more than 50 grains) in the rims.
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Figure 3-21 BSE images of matrices in Murchison (a, b), QUE97990 (c, d) and Cold Bokkeveld (e, f). (b) (d) (f) Images of
boxed areas in (a), (c) and (e), respectively. (b) The matrix in Murchison mainly consist of Mg-Fe serpentine and fine-grained
PCPs with minor amount of Fe-sulfide and anhydrous silicates. (d) The matrix in QUE mainly consist of Mg-Fe serpentine
and PCPs with minor amount of Fe-sulfide and anhydrous silicates. (f) The matrix in Murchison mainly consist of Mg-Fe

serpentine and PCPs with minor amount of Fe-sulfide.
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Figure 3-22. This graph shows existence ratio of anhydrous silicate minerals in
the matrices in the studied CM chondrites. | analyzed randomly selected
anhydrous silicate minerals (more than 50 grains) in the matrices.
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Figure 3-23. This graph shows existence ratio of opaque minerals in the matrices
in the studied CM chondrites. 1 analyzed randomly selected opaque minerals

(more than 50 grains) in the matrices.
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Figure 3-24. BSE images of PCPs in the matrices in QUE97990
(a), Y791198 (b) and Nogoya (c). PCPs in QUE 97990 and
Y791198 commonly show massive texture. On the other hand,
PCPs in Cold Bokkeveld show fibrous texture.
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Figure 3-25. BSE images of calcite surrounded by PCPs in the
matrices in QUE97990 (a), Cold Bokkeveld (b) and Nogoya (¢).
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Figure 3-25. These graphs show distribution of thickness of the rims /
diameter of the surrounded chondrules in QUE97990 (a), Y791198 (b),
Cold Bokkeveld (c) and Nogoyasgd).




Tablel Modal compositions of major components
Murchison Murray Mighei QUE97990 Yamato 791198 Cold Bokkeveld Nogoya
Host Host Host Host Host Host Clast  Host Clast
Chondrule 14 7 4 25 22 8 14 6 9
Chondrule rir 3 4 2 14 17 5 11 1 8
Matix 83 89 94 61 61 87 75 93 83
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Table 2 Diameter of chondrules

Murchison ~ Murray Mighei QUE97990 Yamato 791198 Cold Bokkeveld Nogoya
Range (um) 80-800 100-700  100-900 100-850 100-400 150-900 80-500
Average (um) 194 322 308 205 193 214 158
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Table3 EDS analyses of chondrule mesostases

Chondrule mesostases

Murchison Murray Mighei QUE97990 Yamato791198
Si0, (wt%) 22.60 (£2.32 ) 21.88 (+£4.00 ) 27.62 (x1.70 ) 20.88 (+ 3.52) 28.70 (258 )
TiO, 025 (£0.15 ) 0.18 (=0.16 ) 026. 0.11 ) 0.23 (= 0.58) 0.30 (+0.57 )
Al20, 511 (£2.63) 443 (=171 ) 5.18 (£2.10 ) 577 &+ 1.73) 558 (x1.16 )
Cr;0; 047 (038 ) 0.32 (024 ) 0.51 (028 ) 0.39 (= 0.43) 0.52 (£0.36 )
FeO 37.00 (+7.88 ) 4309 (£9.29 ) 2830 (=3.19 ) 3471 (= 6.16) 2126 (=3.30)
NiO 0.65 (x1.31) 041 (037 ) 042 (£0.26 ) 0.52 (= 0.48) 0.46 (£ 0.50 )
MnO 0.18 (=0.13 ) 023 (£0.17 ) 022 (+0.14 ) 026 (= 0.17) 0.23 (+0.15)
MgO 8.66 (£2.50 ) 8.15 (x4.62 ) 1731 (£3.06 ) 1124 (= 2.07) 20.78 (+2.87 )
CaO 1.27 (=120 ) 0.80 (£0.95 ) 043 (043 ) 1.4 (= 1.29) 0.69 (& 0.90 )
Na,O 037 (021 ) 029 (x0.21 ) 024 (£0.20 ) 034 (= 0.21) 0.19 (£0.13 )
S 0.51 (£0.66 ) 0.61 (£0.58 ) 0.64 (£0.36 ) 1.47 (= 0.58) 0.72 = 0.13 )
Total 76.43 80.45 80.74 76.75 79.00

chondrule mesostases
Cold Bokkeveld Nogoya

Si0, (wt%) 30.00 (= 3.66 ) 2434 (=1.25)
TiO, 0.17 (*0.11 ) 0.18 (=0.12 )
Al20; 3.26 (£2.19) 4.03 (029 )
Cr,0; 0.52 (£030) 040 (=023 )
FeO 20.82 (£7.60 ) 3219 (574 )
NiO 0.71 (046 ) 0.32 (£033)
MnO 0.23 (£0.14 ) 020 +0.14)
MgO 19.76 (+3.66 ) 12.24 (£2.07 )
Ca0 0.44 (£0.61 ) 0.48 (£ 1.01)
Na,O 022 (£0.14 ) 021 (£0.14 )
S 0.67 (0.14 ) 0.60 (+0.70 )
Total 76.52 74.72

The analyses were peformed by using a defocused beam (~5 pm in diameter).

Fe contents are calculated as FeO, but part pf Fe is probably contributed from Fe sulfide

*Standard deviation.
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Table 4 EDS analyses of materials in the chondrule embayment and rims

QUE97990 Y791198
Embayment Rim Embayment Rim

Tochilinite-rich  Cronstedtite-rich ~ Mg-Fe serpentine-rich  Mg-Fe serpentine-rich Mg-Fe serpentine-rich
analvsgs
Si0, (Wt%) 347 (= 099)* 203 (x 33 ) 243 (= 1.9 ) 268 = 12 ) 284 (= 12)
TiO, 0.14(x 005) 011 0.09) 011 (= 0.09) 02 & 0.10) 0.13& 0.10)
Al20; 055(x 0.14) 398(¢( 0.87) 287 (@ 048) 258 (= 0.61) 221 & 0.22)
Cr,05 178 (= 1.09) 0.61 (= 0.92) 044 =  0.17) 053 024) 048 (= 0.24)
FeO 461 (£ 29 ) 406 (= 114 ) 252 & 17) 290 (= 2.5 ) 2778 = 19 )
NiO 1.1 & 1.7 ) 209 1.62) 259  0.54) 220 (x 0.65) 246 (x 044)
MnO 1.IS(&* 033) 100 0.39) 018 (x 021) 0.86 (+ 0.13) 0.84 = 021)
MgO 383 (x 047) 891 (= 293) 144 (= 1.8 ) 144 = 16 ) 156 & 17 )
Ca0 073 0.17) 050 0.50) 1.03(x 0.28) 0.65(* 0.11) 031 (x 0.12)
Na,0 0.13( 007) 036 023) 0.16 (= 0.12) 021 0.10) 0.19( 0.12)
S 156 (= 1.1 ) 292( 148) 408 0.70) 349 (= 0.88) 353 0.73)
Total 84.6 81.4 75.4 80.9 81.9

The analyses were performed by using a defoucused beam (~5 um in diameter).
Fe contents are calculated as FeQ, but part pf Fe is probably contributed from Fe sulfide

*Standard deviation.
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Table 5 Existence ration of anhydrous silicate minerals in the rims and matrices

Murchison Murray Mighei QUE97990 Y791198 Cold Bokkeveld

Rim Matrix Mag-clast Rim Matrix Rim Matrix Rim Matrix Mag-calst Rim: Matrix Mag-clast
Olivine 37 25 15 34 27 33 38 51 36 0 54 43 37
Enstatite 11 35 25 21 22 11 22 26 22 0 5 8 7
Diopside 1 2 7 8 5 4 1 5 4 2 1 1 0
Spinel 0 0 0 0 3 1 0 0 1 0 0 1 0
Ferrosilite 0 1 - 0 0 0 0 0 0 0 0 0 0 0
Other 0 0 0 0 0 0 1 0 0 0 0 0 0
Total (Nmber) 49 63 47 63 57 49 62 82 63 2 60 53 44

The analyses were performed randomly selected opaque minerals (< 50 grains) in the rims in each meteorites.
Mag-clast = Magnetite-rich clast
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Table 6 Existence ration of opaque minerals in the rims and matrices

Murchison Murray Mighei
Rim Matrix Mag-clast Rim Matrix  Rim Matrix

Fe-metal 5 5 0 1 1 1 1
Troilite 13 18 2 16 10 18 13
Pentlandite 39 38 4 57 32 52 38
Fe-Ni-S-P 1 16 0 10 3 0 0
Magnetite 7 12 50 3 4 0 0
Fe-Ni-P 0 5 0 0 3 0 0
Chromite 0 0 0 1 0 0 0
Fe-Cr-S 0 1 0 0 0 0 0
Fe-Mn-Ni-S 0 0 0 0 0 0 0
Fe-Cr-S-O 1 0 0 0 0 0 0
Fe-Cr-Ni-P 0 0 0 0 0 0 0
Others 1 0 0 0 0 0 0
Total (Number) 67 95 56 88 53 71 52

QUE97990 Y791198 Cold Bokkeveld Nogoya

Rim Matrix Mag-clast Rims Matrix Rim Matix Mag-clast Rim __ Matrix

Fe-metal 12 16 1 5 2 0 1 1 0 0
Troilite 48 31 2 40 26 9 7 8 0 3
Pentlandite 47 21 5 66 37 44 30 11 46 53
Fe-Ni-S-P 0 0 0 3 8 8 13 0 0 0
Magnetite 0 0 29 0 0 0 9 102 0 0
Fe-Ni-P 1 1 0 1 0 3 7 0 0 0
Chromite 0 6 0 1 0 0 3 0 4 4
Fe-Cr-S 0 0 0 0 0 0 1 0 0 0
Fe-Mn-Ni-S 0 0 0 0 0 2 0 0 0 0
Fe-Cr-S-O 0 0 0 0 0 0 0 0 0 0
Fe-Cr-Ni-P 0 0 0 0 0 0 0 0 2 0
Others 0 0 0 0 0 0 0 1 0 0
Total Wumber) 108 75 37 116 73 66 71 123 52 60

The analyses were performed randomly selected opaque minerals (< 50 grains) in the rims in each meteorites.
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Table 7 EDS analyses of minor minerals in the rims and matrices

Rim
Fe-Ni-P-S ric materials Fe-Ni-P rich materials Fe-Mn-Ni-S rich materials
Si0, (wt%) 075 (= 0.65 )* 145 (= 095 )* 2.67 (= 198 )

TiO, 021 (= 0.12 ) 0.12 (= 0.17 ) -
Al,O, 023 & 0.15) 021 (= 0.04 ) 0.13 (= 0.11 )
MgO 045 (= 044 ) 091 (= 039 ) 1.86 = 1.25)
Ca0O 047 (= 0.68 ) 0.17 (= 0.11 ) 0.46 = 045 )
Na,O 0.89 (+ 0.68 ) 0.39 (= 0.01 ) 0.03 (= 0.04 )
Fe 2947 (= 145 ) 54.09 (= 9.19 ) 2124 (= 9.73 )
Ni 30.76 (= 3.03 ) 3042 (= 8.88 ) 1640 (= 3.52 )
Mn 0.20 0.12 ) - 9.16 (= 8.82 )
Cr 0.63 (x 0.81 ) 0.16 (= 0.07 ) 0.81 (= 021 )
P 625 (x 2.11 ) 19.70 (= 7.68 ) ---
S 2447 (= 3.05 ) 033 (= 024 ) 3359 (= 145)
Total 94.55 104.97 103.33
Rim
Fe-Cr-Ni-P rich materials
SiO, (wt%) 1.17
TiO, -~
Al O, 0.09
MgO 0.29
Ca0O 0.23
Na,O -
Fe 46.39
Ni 8.35
Mn -
Cr 21.04
P 17.42
S _—
Total 94,98
Matrix
Fe-Ni-P-S ric materials Fe-Ni-P rich materials Fe-Cr-S rich materials
Si0, (wt%) 075 (= 0.65 )* 1.45 (£ 095 ) 2.67 (= 198 )
TiO, 021 (= 0.12 ) 0.12 (= 0.17 ) ---
AL O; 023 (= 0.15 ) 021 (= 0.04 ) 0.13 (= 0.11)
MgO 045 (£ 044 ) 091 (= 039 ) 1.86 & 125 )
CaO 047 (= 0.68 ) 017 (= 0.11 ) 0.46 = 045 )
Na,O 0.89 (= 0.68 ) 039 (= 0.01 ) 0.03 (= 0.04 )
Fe 2947 (+ 145 ) 54.09 (= 9.19 ) 2124 (= 973 )
Ni 30.76 (+ 3.03 ) 3042 (= 8.88 ) 1640 (= 3.52 )
Mn 0.20 0.12 ) -— 9.16 = 882 )
Cr 0.63 (= 0.81 ) 0.16 (= 0.07 ) 0.81 = 021)
P 625 (£ 2.11 ) 19.70 (= 7.68 ) ---
S 2447 (= 3.05 ) 033 (= 024 ) 3359 (= 145 )
Total 94.55 104.97 103.33

" The analyses were peformed by using a defocused beam (~35 um in diameter).
Fe contents are calculated as FeO, but part pf Fe is probably contributed from Fe sulfide
The Fe-Cr-Ni-P rich material is only one grain.
*Standard deviation.
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Table 8 EDS analyses of chondrule rims
Chondrule rims
Murchison Murray Mighei QUE97990
SiO, Wi%) 2337 (= 1.70 )* 2426 (+ 262 ) 2401 (= 136 ) 2392 (= 2.55 )
TiO, 0.14 (£ 0.09 ) 0.13 (+ 0.08 ) 0.13 (= 0.09) 0.12 (= 0.06 )
A20; - 208 (= 039 ) 254 (= 0.50 ) 264 (£ 051) 275 (= 035 )
Cr,0, 039 @ 0.19 ) 043 (= 0.17 ) 053 (= 0.12) 046 (= 0.10 )
FeO 2472 (= 332) 2801 (= 611 ) 2068 (= 337 ) 2597 (£ 2.00 )
NiO 176 (= 041 ) 1.83 (= 0.46 ) 200 & 0.53) 233 (= 040 )
MnO 0.18 @& 0.15) 026 (£ 0.17 ) 023 (= 0.14) 020 (= 0.08 )
MgO 1377 (= 146 ) 1398 (+ 218 ) 13.84 (= 1.02 ) 1410 & 1.92 )
Ca0 . 0.69 (£ 029 ) 073 (= 050 ) 075 ( 031) 096 (= 028 )
Na,0 060 ( 0.19 ) 039 (= 023 ) 070 (= 021 ) 0.58 ( 0.14 )
S 264 (= 0.59 ) 273 (= 1.02) 270 (& 023 ) 3.48 (£ 0.74 )
Total 70.20 75.00 68.40 75.46
Chondrule rims
Yamato791198 Cold Bokkeveld Nogovya
SiO, (W1%). 27.00 (+ 1.05 ) 29.35 (= 2.00 ) 28.12 (= 147 )
TiO, 0.38 (= 0.18 ) 0.11 (& 0.07 ) 0.16 (= 0.06 )
AI20, 224 (= 025 ) 1.95 (= 020 ) 202 (= 0.18 )
Cr,05 031 (= 0.14 ) 0.54 (= 0.16 ) 0.57 (= 0.11 )
FeO 2733 (= 112 ) 2097 & 325 ) 1848 (+ 138 )
NiO 220 (= 023 ) 1.79 ( 031 ) 1.82 (= 030 )
MnO 032 (= 0.14 ) 020 (= 0.13 ) 0.16 (= 0.09 )
MgO - 1549 (= 0.87 ) 1805 (= 099 ) 1784 (= 147 )
Ca0 022 (= 0.13 ) 073 (= 037 ) 0.80 (= 0.53 )
Na,0 0.17 (= 0.05 ) 0.12 (= 0.09 ) 072 (= 0.11 )
S 464 (= 043 ) 141 (= 1.48 ) 223 (£ 041 )
Total 79.87 74.19 72.82

The analyses were peformed by using a defocused beam (~5 pum in diameter).
Fe contents are calculated as FeO, but part pf Fe is probably contributed from Fe sulfide
*Standard deviation.
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Table 9 EDS analyses of matrices
Matrix
Murchison Murray Mighei QUE97990
S0, (Wi%) 2376 (= 223 )* 2602 (= 226 ) 2415 (= 227 ) 2447 & 2.04)
TiO, 0.09 (= 0.08 ) 0.14 (= 0.11) 0.15 (= 023 ) 0.19 (= 0.17 )
AR0, 226 (= 048 ) 284 (= 057 ) 254 @& 069 ) 260 & 067 )
Cr,0, 034 (= 0.15) 038 (= 0.17 ) 042 (= 0.18 ) 045 (£ 020 )
FeO 26.56 (= 3.56 ) 2825 (= 444 ) 2094 (= 2.14 ) 25.86 (= 2.20 )
NiO 167 (= 046 ) 147 & 0.50 ) 1.60 (= 0.50 ) 230 (= 0.51 )
MnO 034 (= 030 ) 020 (£ 0.12) 0.18 (+ 0.12 ) 018 (+ 0.17 )
MgO 13.52 (& 2.15 ) 1445 = 2.19) 13.96 (= 1.69 ) 1394 = 1.79 )
Ca0 077 (= 044 ) 0.81 (+ 078 ) 0.52 (£ 062 ) 097 (= 093 )
N2,0 061 (= 0.16 ) 020 (= 0.11) 0.53 (+ 020 ) 0.57 (= 0.19 )
S 247 = 062 ) 234 (& 059 ) 235 (= 056 ) 369 = 071 )
Total 72.15 76.90 67.15 74.96
Matrix
Yamato791198 Cold Bokkeveld Nogoya
Si0, (wt%) 2754 = 1.13 ) 3182 (= 2.14 ) 3035 (= 1.76 )
TiO, 029 ( 022 ) 0.12 (= 0.11) 0.14 (= 0.11)
AR20, 215 (= 037 ) 1.85 (= 031 ) 205 (= 034 )
Cr,04 040 (+x 0.18 ) 0.50 (= 0.19 ) 032 (= 024 )
FeO 2668 (+ 192 ) 1893 (= 245 ) 2009 (= 254 )
NiO 2.16 0.48 179 (= 039 ) 169 (= 044 )
MnO 021 (= 0.15) 020 (= 0.16 ) 040 (£ 023 )
MgO 1534 & 081 ) 1889 (+ 1.84 ) 1835 (x 229 )
Ca0 028 (& 021) 069 (= 043 ) 021 (= 019 )
Na,0 020 (= 0.14 ) 0.14 (= 0.12) 072 (= 0.19 )
S 331 (= 055 ) 128 ( 042 ) 225 (£ 0.50 )
Total 78.25 78.81 76.31

The analyses were peformed by using a defocused beam (~5 pm in diameter).

Fe contents are calculated as FeO, but part pf Fe is probably contributed from Fe sulfide

*Standard deviation.
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Table 10 Modal compositions of major components in host meteorites and Magnetite-rich clasts

QUE9S7990 Murchison Cold Bokkeveld
host clast host clast host clast
Chondrule 25 17 13 10 14 0
Chondrule rim 14 0 4 0 16 0
Matrix 61 83 83 90 70 100
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Table 11 EDS analyses of phyllosilicates in host matrices and clast matirces

QUE97990 Cold Bokkeveld

matrices clasts matrices matrices clasts matrices
No. of 56 1 47 27
analvses
SiO, 2447 (= 2.04 ) 33.12 (= 0.53 ) 31.82 (= 2.14 ) 31.04 (= 2.68 )
TiO, 019 + 0.17 ) 0.07 (= 0.06 ) 012 (= 0.11 ) 0.09 (= 0.06 )
Al,O, 260 (+ 067 ) 337 (= 031 ) 1.85 (= 031 ) 204 = 021)
Cr203 045 (+ 020 ) 030 (= 0.15 ) 050 (+ 0.19 ) 038 (= 0.06 )
FeO 258 (+ 220 ) 1980 (= 0.74 ) 1893 (= 245 ) 1728 (= 2.50 )
NiO 230 051 ) 126 (= 032 ) 1.79 (= 039 ) 135 (= 020 )
MnO 018  0.17 ) 038 (= 0.07 ) 020 (= 0.16 ) 0.18 (= 0.06 )
MgO 1394 179 ) 21.59 (= 0.56 ) 18.89 (= 1.84 ) 17.81 (= 0.72 )
CaO 097 = 093 ) 045 (= 0.18 ) 069 (= 043 ) 038 (= 0.13 )
Na,O 057 + 0.19 ) 0.10 (= 0.14 ) 0.14 (+ 0.12 ) 0.14 (= 0.04 )
S 369 (= 071 ) 117 (= 0.06 ) 128 (= 042 ) 149 = 0.29 )
total 74.96 81.45 78.81 72.18

Murchison

matrices clasts matrices
No. of 40 13
analvses
SiO, 2376 (+ 223 ) 28.08 (= 191 )
TiO, 009 (= 0.08 ) 0.10 = 0.07 )
AlLO; 226 ( 048 ) 279 (= 0.28 )
Cr203 034 (+ 015 ) 037 (= 0.06 )
FeO 2656 (+ 3.56 ) 18.85 (= 4.01 )
NiO 1.67 = 046 ) 172 = 044 )
MnO 034 (= 030 ) 025 (= 0.06 )
MgO 1352 (= 215 ) 1728 (= 2.25)
CaO 077 ( 044 ) 1.04 (= 046 )
Na,O 061 (= 016 ) 060 = 0.17 )
S 247 + 062 ) 320 (= 1.14)
total 72.15 74.27

The analyses were peformed by using a defocused beam (~5 pm in diémeter).

Fe contents are calculated as FeO, but part pf Fe is probably contributed from Fe sulfide
*Standard deviation.
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Chapter 4

Discussion: Aqueous alteration process in the unbrecciated

meteorites or regions of four CM chondrites

QUE9;/990 and Yamato 791198 are composed of the single and unique lithology
through whole rocks. Cold Bokkeveld and Nogoya show brecciated textures, but they
include the large clast sufficient to examine their alteration history of the clast
(described in crhapter 2). Although the other studied meteorites also include the clasts,
these are too small to be studied. Based on these investigation, I particular paid attention

to QUE97990, Yamato 791198, and a part of Cold Bokkeveld and Nogoya.

4.1 Degrees of aqueous alteration

Based on the observation of the major components, the degree of alteration
increases as follows: QUE97990 < Y791198 < Cold Bokkeveld < Nogoya. In generally,
CM chondrites have experienced not only aqueous alteration, but also brecciation in
various degrees. The chondrites have complex petrologic textures produced by these
processes. As demonstrated in the present study, however, a careful distinction of
unbrecciated CM chondrites and a detailed observation of two or more major
components made possible to estimate a degree of aqueous alteration with higher

reliability than that of previous studies
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The mesostases in QUE97990 include quenched crystallites of diopside, but the
chondrule mesostases in the other meteorites studied include no such crystallites.
Quenched crystallites of diopside are commonly observed in chondrule mesostases in
anhydrous type 3 chondrites (e.g., Jones and Scott, 1989; Jones and Danielson, 1997),
but have not been reported fiom any CM chondrites. These results suggest that

QUE97990 is the lowest altered CM chondrites.

4.2 Petrological and mineralogical changes with advancing aqueous

alteration

4.2.1 Chondrules

Components of chondrules are replaced to phyllosilicates with increasing
alteration in the fllowing order; glassy material in mesostases, opaque minerals (Fe-Ni
metal and Fe-sulfide), enstatite, olivine. It is likely that first Fe and S components are
provided for the mesostases with alteration of opaque minerals. As ﬁ)llow“ing, Mg and
Si components would be provided for the mesostases with alteration of Mg-rich silicates.
However, FeO contents in the mesostases of high altered meteorites (e.g. Nogoya) are
more abundant than that of low altered meteorites (e.g. Y791198). This result suggests |
that Fe components were provided for the chondrules from outside (e.g. the rims) of"

chondrules.
4.2.2 Chondrule margins

The texture and mineralogy of the embayments on the chondrule surfaces suggest

that they were formed by replacing opaque nodules, which were located near the
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surfaces of their host chondrules, during aqueous alteration. The Fe-Ni metal at the
bottom of the embayments is probably an unaltered residue of opaque nodules, and the
‘tochilinite-rich and cronstedtite-rich materials are secondary products formed by
replacing Fe-Ni metal and/or troilite in opaque nodules (Figs. 3-13b, ¢, 3-14b, c). In
Y791198, Cold Bokkeveld and Nogoya, the inside of the embayments has probably
been more extensively altered than in QUE97990, and thus has been largely replaced by
the Mg-Fe serpentine-rich material (Figs. 3-12b, d, f and 3-15b). The texture of the
chondrule embayments and rims in the four meteorites suggests that the alteration
' reaction took place afier the chondrules acquired their own rims. The chondrule margins
have probaialy been involved in extensive dissolution, and transportation and deposition
of dissolved ions in the rims. These reaction and process most likely proceeded with the
presence of aqueous solutions. Thus, aqueous alteration in the four meteorites would

occur on their parent bodies.

4.2.3 Chondrule rims

Thickness of the rims / diameter of the chondrules increase with increasing
alteration (Fig. 3-25a-d). This result is apparently inconsistent with the result of similar
measurement by Metzler et al. (1992), in which they concluded that there are no relation
between thickness of rims and a degree of alteration. Metzler et al, (1992) may not
discriminate different lithologies in brecciated meteorites. Moreover, I found that with
increasing alteration, both abundance and diameter of chondrules decrease. These
results might show that a part of chondrules becomes chondrules rims as aqueous
alteration proceeds. This hypothesis is consistent with investigation of embayments that

suggest extensively interaction between chondrules and rims.
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The rims in QUE97990 and Y791198 commonly consist of mixture of Fe-Mg
serpentine, Fe-sulfide, olivine and enstatite. In contrast, those of Cold Bokkeveld and
Nogoya consist of almost Mg-Fe serpentine. Moreover, chemical compositions of the
rims become Fe-poorer with increasing alteration (Table 6). These results show that Fe

components migrate into outside rims (chondrule and /or matrix).

4.2.4 Matrix

PCPs in low altered meteorites (e.g. QUE97990) show massive texture, while
PCPs in high altered meteorites (e.g. Nogoya) show fibrous clustered texture. This
result suggests that texture of PCPs changes by increasing alteration. Chemical
compositions of the serpentine become Fe-poor with progression of aqueous alteration.

This result is same as that of the rims.
4.3 Where did the aqueous alteration occur?

The all observed meteorites show various evidence of aqueous alterati"on in their
constituent components. Nogoya shows the most extensive altered textures in whole
rocks, followed by that of Cold Bokkeveld, Y791198 and QUE97990. Even focusing on
any components (chondrules, chondrule rims, matrices), the same sequence is delivered,
suggesting that the components in each meteorite would have experienced aqueous
alteration with a same degree. In other words, aqueous alteration would have occurred
after the accretion of the components to same place on the parent body. This conclusion
is consistent with observation of embayment (above discussed in chapter 4.2.2). On the

other hand, chondrule rims and matrices become poor in FeO content with increasing
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alteration, while the mesostases become rich in FeO content with advancing alteration.
This reéult implies that Fe components in the rims and matrices migrated into
chondrules. These results suggest that the each component have experienced aqueous
alteration on same place and at same time. Thus, aqueous alteration would occur on

their parent body after accretion.
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Conclusion of Part I

Based on my research, degrees of aqueous alteration increase in the following
order; QUE97990, Yamato 791198, Cold Bokkeveld, Nogoya. Furthermore, interaction
among chondrules, chondrule rims and matrices occurred during aqueous alteration.
These results suggested that these components have experienced aqueous alteration on
same place and at same time. Thus, CM chondrites would have experienced aqueous
alteration on their parent body. Moreover, my research revealed that QUE97990 is the
lowest altered CM chondrites. This result suggests that the lowest altered meteorite in
the CM chondrites also have experienced extensively aqueous alteration on their parent

body.
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Part II
Magnetite-rich clasts in CM chondrites: Implications

for environments of aqueous alteration
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Chapter S

Introduction

How conditions did aqueous alteration occur in the CM chondrites?

In part II, let us focus on under what environments aqueous alteration occurred on
the parent body (or bodies) of the CM chondrites. Previous researchers (e.g. Brearley,
2005) revealed that alteration conditions (oxidized/reduced or temperature) strongly
correspond the chemical types of chondrites. Such conditions are mainly estimated by
species and abundance of secondary minerals by aqueous alteration. CM chondrites are
considered to have experienced aqueous alteration on reduced condition (e.g. Brearley,
2005) because the chondrites contain abundant tochilinite and Fe-sulfide as secondary
minerals, which assemblage are stable at the reduced condition. On the other hand, CI
chondrite is believed to have experienced aqueous alteration at oxidized condition
(Brearkey, 2005). The other hydrous carbonaceous chondrites (e.g. CO, CV, CR
chondrites) are also considered to have experienced aqueous alteration on oxide
conditions by their secondary minerals. Although many researchers have ‘t;een
concerned with the environment where and how aqueous alteration of chondritic
meteorites took place (e.g. McSween 1979; Tomeoka and Buseck, 1985; Rubin et al,
2008), a widely acceptable alteration scenario has not been established yet.

In the following chapters, I will show unique clasts in the three CM chondrites
(QUE97990, Murchison and Cold Bokkeveld) which would be important key how |

environment aqueous alteration occurred in the CM chondrites. Although the three CM
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chondrites show different mineralogy, these clasts have very similar characteristics.
Moreover, the clasts show many mineralogical similarities to CI chondrites. I believe
that the clasts give us new insight about condition during aqueous alteration in the CM

chondrites.
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Chapter 6

Results: Petrologic and mineralogical characteristics of

magnetite-rich clasts and host meteorites

Because a detailed description of host meteorites of Murchison, QUE97990 and
Cold Bokkeveld have already described (chapter 3), this chapter is focusing on the

mineralogical and petrological differences between host rock and guest rock (ie.

clasts).

6.1 QUE97990

6.1.1 Magnetite-rich clasts

In the matrix of QUE97990, one unique clast was found: The clast (0.21 mm?)
shows irregular shape (Fig. 6-1a). The clast includes chondrules (“clast chondrule®) and
matrix (“clast matrix™). Table 10 shows modal abundance of major components as
follows; chondrule is 17 vol%, matrix is 83 vol%. Chondrule rims are not found in the
clast. |

Clast chondrule

The chondrules mainly consist of phenocrysts of olivine and enstatite, with minor
amount of diopside, and mesostasis. Most of phenocrysts are forsterite, and have been

partly replaced by phyllosilicate (Fig. 6-2a). Such altered phenocrysts'do not occur in
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the host meteorite (described in chapter 3.4.2). Previous studies (e.g. Hanowski and
Brearley, 2001) reported that forsterite is less susceptible to aqueous alteration relative
to other silicates in the CM chondrites. Therefore, degree of aqueous alteration of the
clasts can be considered to be higher than that in host meteorite.
Clast matrix

The clast matrix mainly consists of Mg-Fe-Si-AlO rich materials, magnetite and
minor amounts of fine-grained (< 10 pum in size) troilite, pentlandite, Fe-Ni metal,
Ca-carbonate, diopside. Table 11 shows chemical compositions of Mg-Fe-Si-Al-O rich
materials. The summations of Mg-Fe-Si-Al-O rich materials commonly range between
75 and 85 by weight. The missing portions may be water. Moreover, Mg-Fe-Si-Al-O
rich materials show fibrous texture. Thus, I identified Mg-Fe-Al-O rich materials as
phyllosilicates. The opaque minerals mainly consist of magnetite (about 80 % in
abundance) (Fig. 6-4). Magnetite in the clast matrix appears as not only a granular
crystal with several pm in diameter, but also as framboidal polycrystalline assemblage
(Fig. 6-5a). Moreover, PCPs are completely absent in the clast matrix. Chemical
compositions of phyllosilicate in the clast matrix are similar to those of mixture of

serpentine and saponite (Fig. 6-6).
6.2 Murchison
6.2.1 Magnetite-rich clasts
In the matrix of Murchison, nine magnetite-rich clasts were found. Magnetite-rich

clasts show irregular shape with 0.02 to 1.00 mm in diameter (Fig. 6-1b). The clasts

consist of chondrules and matrix. Table 10 shows modal compositions of major
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components as follows; chondrules are 10 vol%, matrix is 90 vol%.
Clast chondrule

. Chondrules malinly consist of phenocrysts of olivine and enstatite, with minor
amount of diopside, and mesostases. Chondrules are not surrounded by fine-grained
rims. Phenocrysts of forsterite have been partly replaced by phyllosilicate (Fig. 6-2b).
Such altered phenocrysts are not found in the host meteorite. These results show that
degrees ofaqueous alteration in the clasts are higher than that in host meteorite.
Clast matrix

The clast matrix mainly consists of Mg-Fe-Si-Al-O rich materials and magnetite

with minor amounts of fine-grained (10 um in size) troilite, pentlandite, Ca-carbonate,
olivine, enstatite and diopside. The characteristics of Fe-Si-Al-O rich materials are
similar to that of clast matrix in QUE97990. Thus, I identified Fe-Si-AlO rich materials
as phyllosilicates. The anhydrous silicate minerals mainly consist of enstatite (> 50 %)
and olivine (> 30 %) (Fig. 6-3). The opaque minerals mainly consist of magnetite (>
80 %). Magnetite in the clast matrix develops not only granular euhedral shape, but also
framboidal polycrystalline (Fig. 6-5a). PCPs are completely absent in the clast matrix.
On the other hand, magnetite is rarely found (< 15 % of the opaque minerals in
abundance) in the host matrix (Fig. 6-4). These results show that major opaque minerals
are different between clast and host matrices. EDX analyses of phyllosilicate in the
clasts and host matrices also show a small, but clear difference (Table 11, Fig. 6-6).
Chemical compositions of phyllosilicate in the clast matrix are similar to mixing
serpentine and saponite. These various characteristics of the clasts are similarities to that

of QUE97990.
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6.3 Cold Bokkeveld

6.3.1 Magnetite-rich clasts

In the matrix of Cold Bokkeveld, six magnetite-rich clasts were found: The clasts
show irregular sﬁape with 0.02 to 1.00 mm in diameter (Fig. 6-1c). The clasts mainly
consist of matrix with minor amount of rhineral fragments (< 1% in abundance).
Chondrules rims are not found in the clasts.
Clast matrix

The clasts matrices mainly consist of Mg-Fe-Si-Al-O rich materials and
magnetite with minor amounts of fine-grained (< 5 pm in size) troilite, pentlandite,
Fe-Ni metal, Ca-carbonate, olivine and enstatite. The characteristics of Fe-Si-Al-O rich
materials are similar to that of clast matrix in QUE97990 and Murchison. Thus, I
identified Fe-Si-Al-O rich materials as phyllosilicates. The anhydrous silicates consist
of olivine (> 80 %) and enstatite (< 20 %) (Fig. 6-3). The opaque minerals mainly
consist of magnetite (> 80 %) (Fig. 6-4). Magnetite in the clast matrix develops not only
granular euhedral shape, but also framboidal polycrystalline (Fig. 6-5c). PCPs are
completely absent in the clast matrix. On the other hand, magnetite is rare in the host
.matrix (less than about 10 vol% of the opaque minerals in host matrix) (Fig. 6-4). These
results show that major opaque minerals are different between clast and host matrix.
EDX analyses of phyllosilicate in the clast matrix and host matrix also show a small,
but clear difference (Fig. 6-6, Table 11). Chemical compositions of phyllosilicate in
the clast matrix are similar to mixing serpentine and saponite (Fig. 6-7). Most of

characteristics in the clasts are similarities to that of QUE97990 and Cold Bokkeveld.
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6.4 TEM observation

In order to investigate difference between host and clast matrices with sub-micron
scale, QUE97990, Murchison and Cold Bokkeveld were observed by TEM.
Host matrices in QUE97990 and Murchison

Fig. 6-8 shows that the host matrix in QUE97990 mainly consists of amorphous
or nanocrystalline silicate materials and sulfide grains of various species are erﬁbedded
within the amorphous silicate material These characteristics of host matrix in
QUE97990 are similar to that of Y791198 that was described in detail by Chizmadia
and Brearley (2008). This result is also consistent with the SEM observation (described
in chapter 3.4) suggesting relatively low degree of aqueous alteration of QUE97990 in
the CM chondrites. On the other hand, crystalline serpentine commonly occurs in host
matrix of Murchison (Fig. 6-9-11). As shown in Fig. 6-9, the serpentine crystal shows
ribbon-like textures. Moreover, a part of the serpentine crystal show rounded shape (Fig.
6-10).
Clast matrix in Cold Bokkeveld

A magnetite-rich clast in Cold Bokkeveld mainly consists of relatively large
phyllosilicates (0.1 to 1 pum in width and from 1 to 3 pm in lengtﬁ) and magnetite with
minor amount of iron-sulfide grains. Fig. 6-12 shows a bright field image of framboidal
magpetite, in which the crystals are developed with a clear euhedral shape with several
hundred nm in diameter, and are arranged in disordered directions. Fig. 6-13 shows that
acicular fibrous clusters of coarse phyllosilicates in the clast matrix of Cold Bokkeveld.
Such clusters are commonly found in the CI chondrite (e.g. Tomeoka and Buseck, 1988),
while tubular assemblage of phyllosilicate is rather common in the CM chondrites.

High-resolution TEM image (Fig. 6-14) shows an intergrowth texture of serpentine and
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saponite in the clasts matrices. Serpentine and saponite show fibrous and plate-like

textures. The existence of saponite in the CM chondrites have not reported so far.
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Figure 6-1. BSE images of Magnetite-rich clasts in
QUE97990 (a), Murchison (b) and Cold Bokkeveld (c).
Magnetite commonly occurs in the clast matrices.

v
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Figure 6-2. BSE images of phenocrysts in the chondrules in the magnetite-rich
clasts in QUE97990 (a) and Murchison (b). The phenocrysts of olivine are partly
altered by phyllosilicate.
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Figure 6-3. Existence ratio of anhydrous silicate minerals in the magnetite-rich clasts and
host matrices. Only two grains of diopside as anhydrous silicates are found in the clast
matrix of QUE97990. QUE = QUE97990, Mur = Murchison, CB = Cold Bokkeveld,
Mag-c = Magnetite-rich clasts
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Figure 6-4. Existence ratio of opaque minerals in the clast matrices and host matrices.
Magnetite in clast matrices is more abundant than that in host matrices. On the other hand,
Fe-sulfide in host matrices is more abundant than that in clast matrices. QUE =
QUE97990, Mur = Murchison, CB = Cold Bokkeveld. Mag-c = Magnetite-rich clasts
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Figure 6-5. BSE image of the matrices in the clasts in
QUE97990 (a), Murchison(b) and Cold Bokkeveld (c). The
matrices in the clasts mainly consist of phyllosilicate and
magnetite. Magnetite commonly shows framboidal texture.
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Figure 6-6. Defocused-beam analyses of phyllosilicate-rich matrices in the clasts and
host matrices in QUE97990, Murchison and Cold Bokkeveld.
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Figure 6-8. TEM image shows that the host matrix in QUE97990 mainly
consist of amorphous materials and Fe-sulfide.

-

o

Figure 6-9. TEM image shows the host matrix in Murchison. Mg-Fe
serpentine, which shows ribbon-like texture, commonly occur in the host
matrix.
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Figure 6-10. TEM image show round shaped serpentine crystal in host matrix of
Murchison.

Figure 6-11. High resolution TEM image of boxed area in Fig. 6-10, showing Mg-
Fe serpentine crystal. The serpentine show 0.7 nm basal spacing.
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Figure 6-12. TEM image of framboidal magnetite in the clast of Cold Bokkeveld. The framboidal
magnetite are developed with a euhedral shape with several hundred nm in diameter and are
arranged in disordered directions.
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Figure 6-13. TEM image shows that clusters of coarse phyllosilicate in the clast matrix of
Cold Bokkeveld.
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Figure 6-14. High resolution TEM image of phyllosilicates in the clast of Cold Bokkeveld.
The phyllosilicates consist of serpentine andgs(?ponite.




Chapter 7

Discussion: How conditions did aqueous alteration occur in

the magnetite-rich clasts of three CM chondrites?

The thoroughgoing observations revealed that magnetite commonly occurs in the
clasts of QUE97990, Murchison and Cold Bokkeveld, while magnetite is almost absent
in their host meteorites. PCPs and Fe-sulfide, which are abundant in the host matrices,
are rarely found in the clast matrices. The phyllosilicates in the clast matrices of three
meteorites are mixture of serpentine and saponite. All clasts in the three meteorites have
the common characteristics. These results show that the all observed clasts irrespective
of the variation of host meteorites have experienced aqueous alteration on same
conditions.

In CI chondrites, magnetite is common and appears with not only a polyhedral
morphology, but also framboidal, plaquette, and platelet morphologies. TEM
observation directly shows the existence of saponite in the clast matrix. The assemblage
of serpentine and saponite commonly occur in CI chondrites. Moreover, the
phyllosilicates in the clasts show acicular fibrous clustered texture which do not occur
in host matrix. These results show that such characteristics of the clasts are similar to
that of CI chondrites rather than that of CM chondrites. Previous studies (e.g. Brearley
and Johns, 2005) reported that CI chondrites have experienced aqueous alteration in
oxidized conditions. Thus, magnetite-rich clasts also have experienced aqueous

alteration in oxidized condition, although alteration in host meteorites have occurred in
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reduced condition. These results suggest that CM parent body is extensively
heterogeneous conditions (e.g. reduction/oxidation states, temperatures, water/rock
ratios). Moreover, precursor materials of the components, which have experienced
aqueous alteration on different conditions, were mixed on the parent body by
brecciation. Moreover, I will point out the possibility that CM and CI chondrites have
single parent body. In general, it is thought that CM and CI chondrites have different
parent body. However, my study suggests possibility that differences of characteristics
of CM and CI chondrites can be explained by heterogeneoué on conditions and
brecciation on their parent body. This hypothesis gives us new insig,;ilt about parent

bodies of carbonaceous chondrites.
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Conclusion for part I

I discovered magnetite-rich clasts in the matrices of QUE97990, Murchison and
Cold Bokkeveld. Framboidal magnetite commonly occurs in the clasts. Chemical
compositions of the clast matrix are similar to mixing serpentine and saponite.
Moreover, saponite is found in the clast in Cold Bokkeveld by TEM observations. These
results show that characteristics of the clasts are similarities to CI chondrites rather than
CM chondrites. Moreover, oxidized conditions would partly exist on CM parent body.
Though, CM parent body are recognized as reduced condition during aqueous alteration,
my study give new insights about conditions on CM parent body during aqueous

alteration.
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