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Abstract

Four phyllosilicate-rich micrometeorites (MMs) were investigated by a synchrotron radiation X-ray diffraction
technique and transmission electron microscopy. Three are saponite-rich MMs and one is a serpentine-rich one. In the
saponite-rich MMs, we could not find serpentine, and vice versa in the serpentine-rich MM. In the saponite-rich
MMs, major constituent minerals are saponite, Fe- and Ni-bearing sulfides, and magnetite. Two saponite-rich MMs
contain fine-grained magnesiowu«stite-rich aggregates. The aggregates consist of 6 50 nm polygonal magnesiowu«stite
coexisting with minor Fe sulfide grains. Their texture, chemical composition, and the result of heating experiments on
matrix fragments of the Tagish Lake carbonaceous chondrite strongly suggest that these aggregates were formed by
the breakdown of Mg- and Fe-rich carbonate grains when the MMs entered the Earth’s atmosphere. The estimated
major mineral assemblage of the saponite-rich MMs before entering the Earth’s atmosphere is very similar to that of
the Tagish Lake carbonate-rich lithology, and we suggest that the MMs and the meteorite were derived from similar
asteroids. The major mineral assemblage and texture of the matrix of serpentine-rich MM are similar to the matrix of
the Sayama CM2 chondrite that experienced heavy aqueous alteration. Chemical compositions of serpentine in the
MM suggest that the degree of aqueous alteration of the MM is weaker than that of Sayama. In the MM, cronstedtite
does not coexist with tochilinite, which is different from CM2 chondrites that experienced weak to moderate aqueous
alteration. However, the possibility that the serpentine-rich MM was derived from the CM chondrite asteroid cannot
be ruled out, because tochilinite can be preferentially decomposed during atmospheric entry heating due to its lower
decomposition temperature than that of cronstedtite. 8 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Micrometeorites (MMs) are small extraterres-
trial material (6 1 mm in diameter) and occupy

most of the mass accreting to the Earth. The
MMs have similarities in chemistry and mineral-
ogy to the CI, CM and CR chondrites (e.g. [1]),
indicating that they are very primitive materials in
the Solar System. But most MMs inevitably expe-
rienced atmospheric entry heating that changed
primary mineralogy. Synchrotron radiation X-
ray di¡raction (SR-XRD) of individual MMs
showed that most of them are composed of anhy-
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drous minerals [2]. But their mineral assemblages
and microstructures strongly suggest that the ma-
jority of MMs had contained phyllosilicates be-
fore entering the Earth [2]. Because the hydrous
particulate is found to be a major component
among dust particles that traverse the interplan-
etary space, mineralogical study of aqueously al-
tered MMs is important to characterize the dust
in this Solar System.

Transmission electron microscopy (TEM) stud-
ies of phyllosilicate-rich MMs revealed that they
are mineralogically di¡erent from any known me-
teorite [3^5], except for one MM including both
saponite and serpentine [6] like CI and CR chon-
drites [7,8]. Except for this MM, all the other
MMs contain saponite as the only phyllosilicate
[3^5]. The absence of serpentine in the saponite-
rich MMs is di¡erent from the case of CI chon-
drites in which serpentine coexists with saponite.
Matrices of hydrated CV3 chondrites Kaba and
Mokoia and those of some LL3 chondrites Se-
markona and Krymka contain only saponite as
phyllosilicate [9^11]. However, the chemical com-
positions of saponite and coexisting minerals are
di¡erent from those in the MMs [3^5]. Therefore,
any meteoritic counterparts for the saponite-rich
MMs have not been found among known mete-
orites.

In this study, we found that the carbonaceous
chondrite Tagish Lake, which fell in January 18,
2000 [12], could be a source of the saponite-rich
MMs. Also we found similarities in mineralogy
between a serpentine-rich MM and matrix of
heavily altered CM chondrite, Sayama [13,14].
Based on the mineralogical data of MMs and
comparison with meteorites, we will discuss the
origin of the phyllosilicate-rich MMs.

2. Samples and experimental procedures

More than 1000 MM candidates were hand-
picked under a binocular microscope from ¢ne-
grained materials in the size range 40^100 Wm.
Identi¢cation of MMs was made by scanning elec-
tron microscope (JEOL JSM-5600 SEM) observa-
tion and qualitative analysis by energy dispersive
spectrometer (EDS; Oxford ISIS 310 EDS). Par-

ticles having dominant Mg, Si and Fe KK lines
were considered as MMs. Particles containing
considerable amounts of Al, Ca, K and Na as
well as these elements were regarded as volcanic
particles. MMs having matrices with low analyt-
ical totals and phyllosilicate-like chemical compo-
sitions as determined by electron microprobe
analysis (EMPA) were investigated by SR-XRD
analysis using a Gandol¢ camera at the Institute
of Materials Structure Science, High Energy Ac-
celerator Research Organization. Experimental
conditions for the XRD analysis were described
elsewhere [2].

To consider the origin of the phyllosilicate-rich
MMs, we also investigated ¢ne-grained fragments
of matrices of two carbonaceous chondrites, Tag-
ish Lake and Sayama, by the same methods ap-
plied for MMs. Because the e¡ect of heating dur-
ing atmospheric entry is important for the MMs,
even those containing abundant saponite, we per-
formed heating experiments of ¢ne-grained frag-
ments of Tagish Lake matrix to compare bulk
mineralogy and microstructure of the run prod-
ucts with those of the saponite-rich MMs. Details
of the experimental procedures and results will be
described separately [15].

Each MM, each fragment of the two carbona-
ceous chondrites and a run product of the heating
experiment were embedded in epoxy resin EMbed-
812, and 60^100 nm sections were microtomed by
Leitz-Reichert Super Nova ultramicrotome for
TEM observation. Microstructure, mineralogy
and chemical compositions of minerals of the
samples were obtained by JEOL JEM-2000FX II
equipped with Philips DX4 EDS. A 100 nm beam
was used for the analysis of Fe oxides. The beam
diameter was changed from 300 to 500 nm for
phyllosilicates to minimize compositional change
due to heating during analysis and contamination
from the surrounding phases. Semiquantitative
analysis was based on the Cli¡^Lorimer thin
¢lm approximation. Experimental k-factors were
obtained from many mineral standards. The
k-factors were determined as functions of the
thickness of the samples, thereby empirically in-
cluding the absorption correction. The polished
remainders of each embedded MM were observed
by scanning electron microscopy (SEM).
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Fig. 1. SR-XRD data of saponite-rich MMs, (a) F96CI024, (b) Y98M03IB015 and (c) M0240U066; and Tagish Lake carbona-
ceous chondrite, (d) matrix of Tagish Lake carbonate lithology, (e) matrix of a clast. Abbreviations: S: saponite; M: magnetite;
Py: pyrrhotite; MW: magnesiowu«stite; S: prism: prism re£ection of saponite; MF: Mg- and Fe-rich carbonate; Pe: pentlandite.
In the X-ray chart of (b), (001) re£ection from saponite was shielded by the stopper of the direct X-ray beam. Numerals after S
are the interlayer spacing of the (001) plane of saponite (unit: AR ).
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3. Results

We found four MMs containing abundant
phyllosilicates among more than 1000 MMs
through the analyses by SEM, EMPA and SR-
XRD. Three saponite-rich MMs are: F96CI024,
recovered at the Dome Fuji Station, Queen Maud
Land in 1996, and Y98M03IB015 and M0240-
U066, recovered from bare ice ¢elds, near the
Yamato Mountains in 1999 by the 36th and
39th JARE teams, respectively. A serpentine-rich
MM is EURO 020, recovered at a bare ice ¢eld,
near Cap Prudhomme in 1991 by a EUROMET
team.

3.1. Bulk mineralogy and texture of the
saponite-rich MMs

Fig. 1 shows powder X-ray di¡raction patterns
of saponite-rich MMs. These charts indicate that
serpentine and other hydrous phases except for
saponite were not identi¢ed. Major minerals in
F96CI024 are saponite, pyrrhotite, magnetite
and magnesiowu«stite ((Mg,Fe)O) (Fig. 1a). TEM
observation of the MM revealed that it includes a
minor amount of pentlandite. Major minerals in
Y98M03015 and M0240U066 are saponite and
magnetite (Fig. 1b,c). TEM observation of these
MMs revealed that Y98M03015 contains minor
amounts of pyrrhotite, pentlandite and magne-

siowu«stite, while M0240U066 contains a trace
amount of pyrrhotite and minor poorly crystalline
Fe-rich material. Magnesiowu«stite was not found
in the latter even by using TEM. Anhydrous sili-
cates such as olivine and pyroxene were not found
in the three MMs (Fig. 1a^c). Table 1 is a list of
constituent minerals of phyllosilicate-rich MMs.

In the cross section of F96CI024, there are
some coarse (5^10 Wm in diameter) pyrrhotite
and pentlandite grains embedded in a compact
matrix, although the pentlandite is a minor min-
eral based on the SR-XRD data (Figs. 1a and 2a).
There is also a coarse (15U20 Wm) aggregate of
magnetite plaquette. Coarse Fe sul¢des and mag-
netite were not found in the cross section of
Y98M03IB015 (Fig. 2b) although a coarse mag-
netite grain was observed on the grain’s outer sur-
face. Only small amounts of ¢ne-grained (6 1 Wm
across) magnetite and sul¢de were observed with-
in the particle. M0240U066 contains abundant
aggregates of magnetite framboids with diameters
6 10 Wm in a compact matrix (Fig. 2c). Sharp
di¡raction peaks of magnetite in Fig. 1c corre-
spond to their coarse-grain sizes. No coarse Fe
sul¢des except for minor small (6 1 Wm across)
pyrrhotite were found. Therefore, major minerals
of the saponite-rich MMs are saponite, Fe oxides
and Fe^Ni sul¢des, although the relative abun-
dance of each mineral is variable. These bulk min-
eralogical and textural data show that saponite-

Table 1
Consistuent minerals of phyllosilicate-rich MMs and the matrices of Tagish Lake and Sayama

Major minerals Minor minerals

Saperonite-rich MMs
F96CI024 saponite, pyrrhotite, magnetite, magnesiowu«stite pentlandite
Y98M03IB015 saponite, magnetite pentlandite, magnesiowu«stite,

pyrrhotite
M0240U066 saponite, magnetite pyrrhotite, poorly

crystalline fe-rich material
Tagish Lake
Matrix (carbonate-rich lithology) saponite, pyrrhotite, magnesian siderite,

pentlandite, magnetite
serpentinea

Matrix (carbonite-poor lithology) saponite, magnetite, pyrrhotite, magnesian
siderite, pentlandite, calcite

serpentinea

Serpentine-rich MM
EURO 020 cronstedtite, Fe-rich serpentine, magnetite pyrrhotite
Sayama matrix
Matrix serpentine, pentlandite, magnetite pyrrhotite, chromite
a A minor amount of thin (6 10 nm) serpentine layers coexists coherently with saponite.
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rich MMs, in which magnetite framboids and pla-
quettes are not abundant, contain magnesiowu«s-
tite.

The (001) spacing of saponite in F96CI024 de-
termined by SR-XRD is 0.97 nm. This value in-
dicates that the basal spacing of saponite in the
MM shrank due to dehydration of interlayer H2O
molecules. The shrinkage probably occurred by
atmospheric entry heating because it has already
been observed by SR-XRD, which was performed
before TEM observation. In the SR-XRD chart
of Y98M03IB015, the (001) peak of saponite is
not recorded because this MM was measured by
a camera incapable of recording peaks from crys-
tal planes with spacing of about 1 nm or larger.
But it shows a prism re£ection (02l), characteristic
of phyllosilicates. In the case of M0240U066, sap-
onite (001) spacing is 1.34 nm. This means that
interlayer H2O molecules in saponite in this MM
were not severely lost.

3.2. Bulk mineralogy of matrix of Tagish Lake

Fine-grained (about 100 Wm across) fragments
of the Tagish Lake carbonaceous chondrite were
used for comparison with the saponite-rich MMs.
This meteorite contains carbonate-rich and car-
bonate-poor lithologies [16]. We investigated this
meteorite and found that the matrix with carbon-
ate (magnesian siderite)-rich lithology contains
abundant saponite and is very poor in serpentine
[17]. An SR-XRD chart of the matrix indicates
that the major minerals are saponite, pyrrhotite,
magnesian siderite and pentlandite (Fig. 1d and
Table 1). There is another type of ¢ne-grained
matrix material that occurs as clasts (6 10^
400 Wm across). It often contains framboidal
aggregates of magnetite as in the case of the car-
bonate-poor lithology of the meteorite [16]. Major
minerals of the clasts are saponite, magnetite,
pyrrhotite, magnesian siderite and pentlandite

Fig. 2. Backscattered electron images (BEIs) of cross sections of phyllosilicate-rich MMs investigated in this study. (a) F96CI024,
(b) Y98M03IB015, (c) M0240U066 and (d) EURO 020. Abbreviations: mt=magnetite; po=pyrrhotite; pent =pentlandite.
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Fig. 3. Low-magni¢cation bright ¢eld TEM images of three saponite-rich MMs: (a) F96CI024, (c) Y98M03IB015 and (e)
M240U066). (g) Matrix in Tagish Lake carbonate-rich lithology. (b, d, f, h) High-resolution TEM images of phyllosilicates in
them, respectively. Arrows in (a) and (c) indicate magnesiowu«stite-bearing aggregates. Honeycomb networks in Figs. 3, 7 and 9
are holey plastic ¢lms that support ultrathin sections of the samples. Abbreviation: mt=magnetite.
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(Fig. 1e). Magnesian siderite is poorer and mag-
netite is richer in the clasts than the matrix of the
carbonate-rich lithology. Serpentine was not found
by the SR-XRD technique, although only a small
amount of serpentine that is intercalated within
saponite was found by TEM observation [17].

3.3. Microstructure of the matrices of the
saponite-rich MMs and Tagish Lake

Fig. 3a is a bright ¢eld image of the matrix of
F96CI024. There are abundant ¢ne-grained
(6 200 nm across) Fe sul¢des and magnetite

Fig. 3 (Continued).
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grains embedded in the coarse-grained phyllosili-
cate-dominated matrix. The amounts of ¢ne-
grained Fe sul¢des and magnetite vary consider-
ably among the three MMs. The amounts in
Y98M03IB015 are much lower than those in
F96CI024 although the texture of the phyllosili-
cate-rich matrix in Y98M03IB015 is similar to
that of F96CI024 (Fig. 3c). Fine-grained Fe sul-
¢des and magnetite were rarely observed in the
matrix of M0240U066 (Fig. 3e).

High-resolution TEM images of saponite in
these three MMs show that saponite crystallites
have 10^50 nm width perpendicular to their basal

planes (about 20 nm is most abundant) (Fig.
3b,d,f). The spacings of basal lattice fringes of
the phyllosilicates are 0.93^0.96 nm in F96CI024
and Y98M03IB015, and 1.27^1.29 nm in
M0240U066 (Fig. 3b,d,f). The basal spacing ob-
tained by TEM is very consistent with the results
obtained by SR-XRD. Basal spacings of 0.7 nm
were not observed in these MMs. Therefore, the
majority of phyllosilicates in these MMs were sap-
onite (i.e. essentially no serpentine). In F96CI024
and Y98M03IB015, there are also very ¢ne-
grained Fe oxide and Fe sul¢de grains. They are
typically 6 100 nm in diameter. Magnesiowu«stite

Fig. 4. Chemical compositions of phyllosilicate and Fe oxides in the saponite-rich MMs and those of phyllosilicates and magne-
sian siderite in the matrix of Tagish Lake carbonate-rich lithology. Due to the small grain sizes, chemical compositions of the Fe
oxides are a¡ected by the surrounding minerals, especially phyllosilicates. Chemical compositions of saponite in the MM 91/3-108
are quoted from [11].
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Fig. 5. TEM images of magnesiowu«stite-bearing aggregates in (a) F96CI024 and (b) Y98M03IB015, and (c) magnetite-bearing ag-
gregates in F96CI024.
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occurs as such ¢ne grains, as will be discussed in
Section 3.4.

TEM observation of the Tagish Lake matrix
from the carbonate-rich lithology reveals that it
has a texture similar to that of the magnesio-
wu«stite-bearing saponite-rich MMs, especially
F96CI024. TEM imaging of the Tagish Lake ma-
trix shows that it contains abundant ¢ne-grained
(6 300 nm across) pyrrhotite, pentlandite and
magnetite embedded in a coarse phyllosilicate ma-
trix (Fig. 3g). The majority of the smallest grains
are pyrrhotite, which is consistent with the SR-
XRD result. Magnesian siderite occurs as grains
of several hundred nm to several Wm across.
High-resolution TEM imaging shows that the
coarse phyllosilicate in the matrix measures 10^
20 nm in width normal to their (001) planes and
that the vast majority of the phyllosilicate has
1.2^1.3 nm lattice fringes (Fig. 3h). Therefore,
saponite is the major phyllosilicate. As shown
above, the constituent minerals of the magnesio-
wu«stite-bearing saponite-rich MMs and those of
the Tagish Lake matrix from the carbonate-rich
lithology are very similar to each other except for

magnesiowu«stite in the MMs and magnesian sid-
erite in the Tagish Lake matrix.

Analytical electron microscopy (AEM) of the
phyllosilicates in the magnesiowu«stite-bearing
MMs and those of the Tagish Lake matrix shows
that the phyllosilicates have similar compositions
(Fig. 4). An [Si+Al]^Mg^Fe atomic ratio diagram
shows that saponite in the MMs and Tagish Lake
overlap one another, although saponite in the
MMs shows a wider range of compositions and
higher (Si+Al)/(Si+Al+Mg+Fe) ratio than those
in the matrix of Tagish Lake. These composition-
al data also indicate that the phyllosilicates are
composed predominantly of saponite.

3.4. Magnesiowu«stite aggregates in the
saponite-rich MMs

We have already reported that magnesiowu«stite
is a relatively common mineral among MMs
which experienced moderate heating during atmo-
spheric entry [2]. We found magnesiowu«stite-bear-
ing aggregates in Y96CI024 and Y98M03IB015,
although these MMs experienced weak heating. In

Fig. 6. TEM images of experimentally heated matrix of Tagish Lake carbonate-rich lithology. (a) Magnesian siderite in the ma-
trix is decomposed into aggregates of magnesiowu«stite. (b) On the other hand, saponite maintained its layer structure.

EPSL 6306 29-8-02

T. Noguchi et al. / Earth and Planetary Science Letters 202 (2002) 229^246238



F96CI024, the aggregates are more abundant than
those in Y98M03IB015. In both MMs, the aggre-
gates have similar size, shape and occurrences.
The aggregates range 200^700 Wm across and
are composed of ¢ne-grained (6 100 nm in diam-
eter), polygonal magnesiowu«stite and sometimes
contain minor Fe sul¢de grains (Fig. 5). Some
aggregates show de¢nite hexagonal outlines
(Fig. 5a), which indicates that the aggregates are
pseudomorphs of minerals with hexagonal prism
shape. Selected area electron di¡raction (SAED)
patterns obtained from such aggregates demon-
strate that they consist of randomly oriented mag-
nesiowu«stite grains (Fig. 5 and Table 2).

Based on AEM data, the Mg/(Mg+Fe) atomic
ratios of magnesiowu«stite in F96CI024 and
Y98M03IB015 are 0.50^0.73 and 0.31^0.66, re-
spectively. Compositional zoning of Mg, Fe, Mn
and Ca was not observed in the aggregates. EDS
spectra clearly show that magnesiowu«stite grains
in F96CI024 and Y98M03IB015 contain MnO
because surrounding phyllosilicates do not con-
tain detectable amounts of Mn. MnO contents
in all the phyllosilicate analyses in F96CI024
are below the detection limit. Most of the anal-

yses in Y98M03IB015 are also below detection, al-
though a small amount of MnO up to 0.4 wt%
was detected in rare cases. On the other hand,
the magnesiowu«stite grains in F96CI024 and
Y98M03IB015 contain up to 1.5 and 3 wt%
MnO, respectively. The precursor minerals of
the aggregates must contain a small amount of
Mn as well as abundant Mg and Fe. The most
plausible precursor mineral of the aggregate is
Mg- and Fe-rich carbonate. As described in
Section 3.3, the Tagish Lake matrix contains mag-
nesian siderite, which often includes a small
amount of Mn as well as minor Ca. If the sap-
onite-rich MMs contained Mg- and Fe-rich car-
bonate before entering the Earth’s atmosphere,
their major mineral assemblage was similar to
that of the Tagish Lake matrix investigated in
our study. The estimated mineral assemblage of
precursor minerals of the MMs is saponite, Fe^Ni
sul¢des, magnetite, and Mg- and Fe-rich carbon-
ate.

Magnesiowu«stite-bearing saponite-rich MMs
also contain another kind of ¢ne-grained Fe oxide
aggregates. The size of the aggregates (6 100 nm
across) overlaps with that of the magnesiowu«stite-

Table 2
Di¡raction from magnesiowu«stite (MW)-bearing aggregates and that from magnetite-bearing ones, and comparison with MW
and magnetite data from JCPDF

F96CI024 Y98M03IB015 Di¡raction data from JCPDF

MW MW wustite periclase
(nm) (nm) (nm) (nm)

0.244 0.242 111 0.247 0.24347
0.213 0.208 200 0.214 0.21085
0.149 0.147 220 0.1514 0.14909
n.d. n.d. 311 0.1293 0.12715a

0.122 0.120 222 0.12375 0.12173

magnetite magnetite magnetite
(nm) (nm) (nm)

0.492 n.d. 111 0.4852a

0.300 0.299 220 0.2967
0.255 0.254 311 0.2532
0.210 0.210 400 0.20993
0.176 0.176 422 0.17146
0.163 0.162 333, 511 0.16158
0.149 0.148 440 0.14845

n.d.: not detected.
a These peaks were not recorded in SAED patterns because of their weak intensity.
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bearing aggregates and also the aggregates often
have pseudomorphs of their precursor mineral,
probably Fe-rich carbonate (Fig. 5c). These two
types of aggregates coexist separately. SAED pat-
terns obtained from these aggregates show they
consist of magnetite (Fig. 5c and Table 2). EDS
spectra of the aggregates sometimes display small
peaks of Mg, Mn, and rarely Ca together with
Si from the surrounding phyllosilicates. Mg/
(Mg+Fe) atomic ratios of such magnetite inclu-
sions in F96CI024 and Y98M03IB015 are 0.19^
0.24 and 0.06^0.11, respectively. Contaminant
phases including these minor elements could not
be found in the aggregates probably due to very
¢ne-grained sizes of the contaminants. Magnetite
aggregates in irregular shape did not contain these
elements.

3.5. Heating experiment of the matrix of Tagish
Lake

We conducted heating experiments with the
Tagish Lake matrix to assess the possibility that
heating can transform this material into the

magnesiowu«stite-bearing saponite-rich MMs [25].
When the samples were heated in a vacuum fur-
nace at 600‡C for 120 s (duration around 600‡C is
about 40 s) under 2.0 Pa, SAED patterns of the
run products show that magnesian siderite was
decarbonated into aggregates of magnesiowu«stite
(Fig. 6a). On the other hand, XRD [15] and TEM
data revealed that saponite keeps its basic struc-
ture and chemical composition (Fig. 6b), although
the (001) basal spacing of the saponite shrunk to
0.95^1.1 nm due to loss of interlayer H2O mole-
cules. The heating experiment clearly shows that
Mg- and Fe-rich carbonate can be decomposed
into oxide aggregates at temperatures where sap-
onite is not signi¢cantly decomposed.

3.6. Bulk mineralogy and texture of a
serpentine-rich MM and Sayama

We could ¢nd only one MM that bears abun-
dant serpentine (Figs. 2d and 7a), EURO 020.
XRD re£ections of serpentine in this MM are
sharp, indicative of well crystallized material.
The serpentine has an average basal spacing

Fig. 7. SR-XRD data of a serpentine-rich MM and Sayama CM chondrite. (a) EURO 020 MM, (b) matrix of Sayama. Abbrevi-
ations: C: cronstedtite; S: serpentine. Numerals after C or S mean the spacing (unit: AR ) of (001) planes of cronstedtite and ser-
pentine, respectively.
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(0.715 nm) shorter than that of normal serpentine
(0.73 nm), probably due to exchange of some Si4þ

by Fe3þ in the tetrahedral layers. A di¡use (02l)
prism di¡raction due to disordered stacking was

also found. This MM is composed mainly of ser-
pentine. Di¡raction peaks due to tochilinite were
not observed. Relict anhydrous silicates were not
found in this MM. Rare magnetite and pyrrhotite

Fig. 8. TEM images of a serpentine-rich MM, EURO 020 and the matrix of Sayama. (a, c) Low-magni¢cation bright ¢eld im-
ages of EURO 020 and Sayama, respectively. (b, d) High-resolution TEM images of phyllosilicates in them.
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were identi¢ed by TEM. Constituent minerals in
this MM are displayed in Table 1.

TEM observation of EURO 020 shows that it is
composed of coarse-grained (0.1^1 Wm across)
serpentine crystals that were embedded in very
¢ne-grained serpentine predominant material
(Fig. 8a). Magnetite and Fe sul¢de grains were
rarely encountered during detailed TEM observa-
tion of this MM. Fig. 8b displays a typical high-
resolution TEM image of the coarse-grained ser-
pentine. EDS analysis of the serpentine indicates
that it is cronstedtite. The Mg/(Mg+Fe) atomic
ratio of the cronstedtite ranges from 0.08 to 0.18
(Fig. 9). Although its composition is very similar
to that in CM chondrites, tochilinite does not
coexist with cronstedtite. On the other hand,
high-resolution TEM imaging, SAED and EDS
analysis show that the very ¢ne-grained serpentine
has low crystallinity, is much more heterogeneous
in Mg/(Mg+Fe) ratios (0.10^0.39) and contains
more Si+Al than the coarse cronstedtite (Fig. 9).

Anhydrous silicates such as olivine were not ob-
served by TEM.

We compared the bulk mineralogy of the ser-
pentine-rich MM with that of the matrix in a
heavily altered CM chondrite, Sayama [13]. An
SR-XRD spectrum of the matrix shows that it
contains abundant serpentine and no detectable
saponite. Sharp di¡raction peaks of serpentine
are found as in the serpentine-rich MM. The ser-
pentine in the matrix of Sayama has an average
basal spacing (0.722 nm) as large as that of nor-
mal serpentine, indicative of more magnesian
composition than serpentine in the MM (Fig. 7b).
A (02l) prism di¡raction was also observed. Ma-
jor minerals identi¢ed by SR-XRD are serpentine,
pentlandite and magnetite. Di¡raction peaks due
to tochilinite were not observed. Relict anhydrous
silicates were not identi¢ed by SR-XRD. Fe sul-
¢de was found only by TEM. The mineralogy of
the Sayama matrix is shown in Table 1.

TEM imaging shows that the matrix of Sayama

Fig. 9. Chemical compositions of phyllosilicate in the serpentine-rich MM and the matrix of Sayama.
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also consists of coarse-grained (0.3^4 Wm across)
serpentine and ¢ne-grained serpentine that ¢lls the
interstices with the coarse serpentine (Fig. 8c,d).
Fine-grained (6 200 nm across) pentlandite, mag-
netite, pyrrhotite and chromite were also ob-
served. EDS data of the coarse serpentine in Saya-
ma show that it is Fe-rich (Fig. 9) ; the Mg/
(Mg+Fe) atomic ratio varies from 0.20 to 0.58.
Fine serpentine has low crystallinity and is more
magnesian within a Mg/(Mg+Fe) ratio varying
from 0.55 to 0.72 (Fig. 9). Tochilinite was not
found in the matrix. Constituent minerals and tex-
ture are very similar between the serpentine-rich
MM and the matrix of Sayama although the
chemical composition of serpentine is di¡erent.

4. Discussion

4.1. Population of phyllosilicate-rich MMs after
atmospheric entry

The population of phyllosilicate-rich MMs is
about 0.4% in our study. Even if we missed
some phyllosilicate-rich MMs during hand pick-
ing, the population of such MMs could not
greatly exceed 1%. Calculations of the peak tem-
perature during atmospheric entry have been per-
formed before (e.g. [18^20]). Even particles as
small as 50 Wm (density of 2.0 g/cm3) entering
the Earth’s atmosphere at 10 km/s and at a 45‡
entry angle will be heated to 900‡C for a few
seconds [19]. Based on our and previous heating
experiments [21], it is likely that peak tempera-
tures experienced by the magnesiowu«stite-bearing
saponite-rich MMs were around 700‡C for £ush
heating. The peak temperature decreases only if
such small particles enter at shallower angles
[18,22]. Because such particles are thought to be
a minority among particles entering the Earth’s
atmosphere from any direction, the scarcity of
phyllosilicate-rich MMs in our study is consistent
with these calculations.

4.2. Mineralogy of saponite-rich MMs and
comparison to the matrix of Tagish Lake

Our heating experiments strongly suggest that

before Earth entry the magnesiowu«stite-bearing
saponite-rich MMs were composed of saponite,
magnetite, magnesite, siderite and pyrrhotite.
The estimated mineral assemblage and micro-
structure of matrices are very similar to that of
the matrix of the Tagish Lake carbonate-rich li-
thology. On the other hand, M240U066 does not
contain ¢ne-grained aggregates composed of de-
carbonation products of Mg- and Fe-carbonate.
Rather it contains abundant aggregates of magne-
tite framboids (Fig. 2c), as in the case of the sap-
onite-rich MM 91/3-103 [3]. The Fe-rich clasts in
Tagish Lake investigated in this study also con-
tain abundant magnetite framboids. The clasts are
probably fragments of Tagish Lake carbonate-
poor lithology based on their mineralogies [16].
The mineralogy of the framboidal magnetite-bear-
ing saponite-rich MMs resembles that in the Tag-
ish Lake carbonate-poor lithology except for
magnesian siderite (or its thermally altered equiv-
alent) that often ¢lls the cracks and veins. The
MM is more similar to that of the Fe-rich clasts
than that of the Semarkona LL3.0 matrix, which
does not contain framboidal and plaquette mag-
netite [3]. These data suggest that both types of
saponite-rich MMs were derived from parent
bodies that have very similar mineralogy to that
of Tagish Lake carbonaceous chondrite.

The re£ectance spectra of bulk Tagish Lake are
very similar to those of some D-type asteroids
[23]. Because D-type asteroids are situated pre-
dominantly in the outer asteroid belt, it is reason-
able that large fragments of D-type asteroids will
rarely fall to the Earth, but that some of the dust
derived from D-type asteroids may reach the
Earth as ¢ne-grained material by Poynting^Rob-
ertson drag instead. The idea that the saponite-
rich MMs are ¢ne-grained debris of D-type aster-
oids must be evaluated by measuring the re£ec-
tance spectra of the saponite-rich MMs.

4.3. Decarbonation of Mg- and Fe-carbonates in
the saponite-rich MMs, and comparison with
IDPs

Some IDPs (both anhydrous and hydrous) also
contain siderite and magnesite as in the two sap-
onite-rich MMs in this study. Among them,
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L2005 Q6 and Calrissian are saponite-rich IDPs
[24,25]. Major minerals in L2005 Q6 are saponite,
pyrrhotite, magnetite, magnesite and siderite. The
mineral assemblage of this IDP is very similar to
the estimated mineral assemblage of the MMs be-
fore atmospheric entry (see Section 3.4). However,
morphologies of magnesite and siderite in this
IDP are anhedral [24], di¡erent from those in
the MMs. On the other hand, breunnerite crystals
in Calrissian IDP are similar in size and morphol-
ogy to pseudomorphic magnesiowu«stite and mag-
netite aggregates (Fig. 5), although this IDP con-
tains rare olivine and pyroxene as well as the
minerals found in the MMs and the IDP L2005
Q6 [25]. These data indicate that there are plane-
tary materials including very similar major miner-
als. However, these planetary materials were
probably derived from plural asteroids because
there are also di¡erences in relative abundances
and textures of major minerals and in accessory
minerals.

Transformation to periclase (magnesiowu«stite)
or to magnetite from Mg- and Fe-carbonate de-
pends on peak temperature, duration of heating,
fO2 (e¡ective fO2 changes as the speed of the MM
changes) and chemical composition of carbonate.
The decomposition temperature of the carbonate
depends on its chemical composition (about
475‡C for siderite and s 600‡C for magnesite
[26]). The experimental data indicate that siderite
and magnesite were separately decomposed into
magnetite and magnesiowu«stite during atmo-
spheric entry heating. This idea is supported by
the fact that the SAED patterns show that the
major mineral in the pseudomorphic aggregates
changes from magnesiowu«stite to magnetite at
around 0.2 Mg/(Mg+Fe) ratio (Fig. 4).

4.4. Comparison between a serpentine-rich MM
and Sayama and the origin of serpentine-rich
MMs

The serpentine-rich MM EURO 020 and the
matrix of Sayama CM2 chondrite that experi-
enced heavy aqueous alteration have very similar
microstructures and major mineral combinations
(Figs. 7^9). These similarities support the view
that the serpentine-rich MM has an a⁄nity with

CM chondrites. Both coarse- and ¢ne-grained ser-
pentines in the MM are more ferroan than those
in the matrix of Sayama (Fig. 9). Because carbo-
naceous chondrites that experienced severer aque-
ous alteration contain less ferroan phyllosilicates
than those that experienced weaker aqueous alter-
ation [27], the degree of aqueous alteration of the
MM is weaker than that of Sayama.

Among IDPs, a serpentine-bearing IDP RB12-
A44 has a direct link to CM chondrites because
it contains tochilinite [28]. Although tochilinite
does not coexist with cronstedtite in the MM,
the absence may have resulted from heating in
the atmosphere. Because tochilinite decomposes
at slightly lower temperatures (about 450‡C)
than cronstedtite by heating [29,30], it cannot be
ruled out that tochilinite was preferentially de-
composed to Fe sul¢de during heating upon at-
mospheric entry.

Although we discovered three saponite-rich
MMs, we found only one serpentine-rich MM.
Because the decomposition temperature of serpen-
tine is lower than that of saponite [31], it is plau-
sible that more saponite-rich MMs can survive
atmospheric entry heating compared with serpen-
tine-rich MMs if there is no mineralogical bias
among these phyllosilicate-rich MMs before en-
tering the Earth.

4.5. MMs as extraterrestrial materials
complementary to meteorites

Texture and mineralogy of MMs that preserve
pristine mineralogy are basically similar to those
of IDPs [2]. This study also supports that MMs
have more features in common with IDPs than
with meteorites except for a few rare ones. Be-
cause MMs as well as IDPs are more unbiased
samples of asteroids, abundant cosmic dust comes
from asteroids having mineralogy similar to that
of saponite-rich MMs (D-type?) and serpentine-
rich ones (probably C-type). One the other hand,
meteorites come from the asteroids by the Kirk-
wood gaps, where these types of asteroids are
minor. Therefore, MMs as well as IDPs are
extraterrestrial materials bringing their unique
information on the formation and evolution of
their parent asteroids, and are complementary to
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meteorites. The variation on mineralogy of MMs
and IDPs suggests the diversity of their sources in
the recent 106 yr (lifetime of typical cosmic dust
[32]) in the Solar System.

5. Conclusions

We sought phyllosilicate-rich MMs among
more than 1000 unmelted MMs, 40^100 Wm in
size, collected in Antarctica. Only four MMs
were found that contained abundant phyllosili-
cates. The other MMs contain little or no phyllo-
silicates. The abundance of phyllosilicate-rich
MMs in the total MMs investigated must not ex-
ceed 1%. The phyllosilicate-rich MMs are three
saponite-rich MMs and a serpentine-rich one.
Two saponite-rich MMs among the three contain
magnesiowu«stite-bearing aggregates. Their miner-
alogy, texture and chemical composition as well
as the results of heating experiments on the ma-
trix of the carbonate-rich lithology of Tagish
Lake suggest that their precursor mineral is Mg-
and Fe-rich carbonate. The mineral assemblage
and texture of the matrices of serpentine-rich
MM and the Sayama CM chondrite that experi-
enced heavy aqueous alteration are also very sim-
ilar to each other, although the chemical compo-
sition of serpentine in the MM suggests that the
degree of aqueous alteration of the MM is lower
than that of the Sayama CM chondrite.
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