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Abstract

Fine-grained, angular black clasts with longest dimensions up to 800 um were found, dispersed in a brecciated
region in the Tsukuba meteorite. The clasts, much darker than the dark portions of the light-dark structure in the
Tsukuba host, are characterized by the presence of plaquette, spherulitic, and framboidal magnetites and pseudo-
hexagonal pyrrhotite. Synchrotron radiation X-ray diffraction analyses showed that the major silicate phases in the
clasts are saponite and serpentine. Transmission electron microscopy (TEM) revealed that the phyllosilicates have
compositions quite similar to those in the Orgueil CI carbonaceous chondrite. Therefore, mineralogically and
chemically, the clasts resemble CI chondrites and are quite different from the host H5-6 chondrite Tsukuba. The clasts
serve as an indicator of temperatures during regolith lithification of the Tsukuba parent body, because their
mineralogy and noble gas compositions are subject to change during weak heating. The 001 basal spacing of saponite
in the clast is 13.2 A, which indicates that saponite retains interlayer water molecules. This observation and the
presence of serpentine suggest that the clasts, as a whole, have never been heated above 500°C. Noble gas analyses
showed that the clasts contain large amounts of solar and primordial noble gases. The results of stepwise heating
analyses indicate that no apparent thermal loss of noble gases from the clasts occurred, consistent with the
mineralogical evidence. TEM observation revealed that the periphery of a clast was transformed into amorphous
phases, indicating that only the periphery was heated to 700°C. Based on the results of our analyses, the formation
history of the clasts can be evaluated as follows. Constituents of the clasts had been exposed to solar wind on the
surface of the Cl-chondrite-like parent body and formed the clasts. After ejection from the Cl-like parent body, the
ClI-like meteoroid accreted to the Tsukuba parent body after early thermal metamorphism that reached 700-1000°C.
The clasts must have been located in the regolith, because they were found among the light-dark structure in the
meteorite and contain abundant solar noble gases. Impacts into the regolith have crushed the clasts into smaller pieces
and probably induced lithification of the regolith material. During lithification, the peripheries of the clasts were
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heated briefly to 700°C, but the temperature of the interior of the clasts has never exceeded 500°C. This is the first
evidence constraining temperature during lithification of the ordinary-chondrite parent-body regolith. Finally, the
Tsukuba meteoroid, including the CI-like clasts, was ejected from the Tsukuba parent body and fell onto the Earth

after a transit time of 8.1 Ma.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Xenoliths are foreign clasts that occur in vari-
ous classes of meteorites and their presence indi-
cates that different types of asteroidal material
were mixed in the early solar system. Lipschutz
et al. [1] noted that the most common xenoliths
in meteorites are CM-carbonaceous-chondrite-like
materials. On the other hand, Cl-chondrite-like
xenoliths, which also contain hydrous silicates,
occur in several meteorite types, such as Bholghati
howardite [2], Kaidun CR2 chondrite [3], Kapoe-
ta howardite [4], Nilpena ureilite [5], Krymka
LL3.1 chondrite [6], CB chondrites Queen Alex-
andra Range 94411, Hammadah al Hamra 237,
CH chondrites Patuxent Range 91546, and Allan
Hills 85085 [7]. Thus, ClI-like xenoliths are not so
rare. However, there appears to be limited evi-
dence for the presence of Cl-like xenoliths in or-
dinary chondrites, although ordinary chondrites
are the most common meteorites.

We found some fine-grained black clasts (Fig.
la) in a region with light-dark structure in the
Tsukuba meteorite, which is classified as H5-6
[8,9]. We found, through mineralogical and chem-
ical analyses, that these clasts are Cl-like xeno-
liths. In this paper, we focus on the following
three questions: Are there any differences between
the clasts and CI chondrites? When did the clasts
accrete to the Tsukuba parent body — before early
thermal metamorphism or after? How intense
were impacts and subsequent heating which re-
sulted in the lithification of the surface regolith
material of the Tsukuba parent body? Answers
to these questions can give additional insights
into the nature of accretionary and lithification
processes in asteroid regoliths.

2. Analytical procedures

We found three black clasts within a fragment of
the Tsukuba meteorite (Fig. 1a). These clasts were
named TCI1, TC2, and TC3. TC1 and TC3 were
crushed into smaller pieces. Some large pieces were
named TCI1A, TCIB, and TC3A. Remnants of
crushed smaller pieces were gathered and named
TCmix. Analytical methods are summarized as fol-
lows. (1) Scanning electron microscopy (SEM):
TCI1A and TC2 were embedded in ethylene glycol,
polished with microdiamond paste, and observed
by scanning electron microscopes (SEM: JEOL
JSM-5800LV and Shimadzu SS-550). Backscat-
tered electron (BSE) imaging was used for SEM
studies. (2) Electron microprobe analysis: the
chemical compositions of TCIA and TC2 were
measured with an electron probe microanalyzer
(EPMA: JEOL JXA-733 superprobe) equipped
with a wavelength-dispersive X-ray spectrometer
(WDS). WDS quantitative chemical analyses of
TCI1A and TC2 were performed at a 15 kV accel-
erating voltage and 10 nA beam current with a
defocused beam 10 um in diameter. Analyses of
the periphery of TC2 were performed using a 10
nA beam current with a focused beam 2 pm in
diameter. (3) Synchrotron radiation X-ray diffrac-
tion analysis: TC1B and TC3A were mounted on a
thin glass fiber, 5 um in diameter, and exposed to
monochromatic X-rays (A=2.1611 +0.0005 A) at
the Institute of Material Structure Science, High
Energy Accelerator Organization (Tsukuba, Ja-
pan). A clear X-ray powder photograph of a clast
can be taken by using a Gandolfi camera with an
exposure to synchrotron X-rays of less than 30
min [10]. (4) Transmission electron microscopy
(TEM): After X-ray diffraction analysis, TC3A
was embedded in epoxy resin and microtomed
by a Leitz-Reichert Super Nova ultramicrotome
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Fig. 1. (a) A stereomicroscope image of the largest clast TCl
(800 um in diameter) and a small clast (marked by an arrow)
in the light-dark structure in the Tsukuba meteorite. (b) A
BSE image of TCI1A, showing that magnetite framboids and
pyrrhotite plates are dispersed in fine-grained materials. (c) A
BSE image of TC2 with the host (marked by arrows). (d) A
BSE image of the Tsukuba host, showing coarse-grained ol-
ivine, pyroxene, and other minerals.

for transmission electron microscopy (JEOL
JEM-2000FX II). Quantitative elemental analyses
were performed using a Philips DX4 energy-dis-
persive spectrometer (EDS) system, mounted on
the TEM. Detailed TEM procedures are given in
[11]. Ultramicrotomy and TEM observation were
performed at the Center for Instrumental Analy-
sis, Ibaraki University. For the qualitative analy-
sis of light elements, especially F, we used a JEM-
2010F TEM equipped with a JEOL JED-2300T
EDS ultrathin window detector. The light-element
qualitative analysis was performed at JEOL Ltd.,
Tokyo, Japan. (5) Noble gas analysis: TCmix (0.7
mg) was heated at 600, 1000, 1200, and 1700°C to
extract noble gases. The concentrations and iso-
topic ratios of He, Ne, Ar, Kr, and Xe were mea-
sured with a noble gas mass spectrometer at
Kyushu University [12]. In addition, noble gases
in Orgueil (14.6 mg), and both a light portion
(40.6 mg) and a dark portion (67.7 mg) of Tsu-
kuba were measured for comparison. The light
and dark portions were located near TCI1. The
noble gas components were separated on the basis
of isotopic ratios. The following indices are used
to denote the noble gas components: P (primor-
dial), C (cosmogenic), S (solar), SEP (solar ener-
getic particles), and SW (solar wind). Solar noble
gases consist of SW and SEP. For the isotopic
ratios of Ne-SEP, -SW, -A, Xe-Q, -HL, -S, -Air,
-SEP, and -SW, we used values from selected
references:  (*?Ne/??Ne, 2'Ne/2Ne)sgp =(11.2,
0.0295), (*°Ne/**Ne, 2'Ne/**Ne)sw = (13.8, 0.0328)
from [13]; (**Ne/**Ne, 2'Ne/**Ne)a = (8.2, 0.025)
from [14]; (P°Xe/¥?Xe=0.1629 and '3°Xe/
132Xe= 0.3188)q from [15]; (}¥*Xe/!¥2Xe=0.1542
and 3¢Xe/'3?Xe=0.6991) from [16]; (*°Xe/
132Xe =0.53 and 13°Xe/!'¥?Xe=0)s from [17]; and
(P0Xe/132Xe=0.1514 and °Xe/'2Xe =0.3294) ai;
from [18]; ('Xe/3?Xe=0.1513 and '3°Xe/
132Xe = 0.3172)sgp from [13]; and (3°Xe/'3?Xe=
0.1656 and '36Xe/!3?Xe =0.2970)sw from [13].

3. Mineralogy and chemistry
3.1. General features

TCI1A is composed of coarse-grained magnetite
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(1-5 um in diameter) and some sulfides (5-30 um
in diameter) set in a groundmass of fine-grained
mineral phases (Fig. 1b). X-ray diffraction analy-
ses (Fig. 2a) and TEM observation showed that
the fine-grained phases consist mainly of saponite
(typically 10-30 nm in width), serpentine (typi-
cally 10-30 nm in width), magnetite (<100 nm
in diameter), and sulfides (typically 200 nm in
diameter), with minor amounts of ferrihydrite,
chromite, fluorapatite, fluorite, olivine, and low-
Ca pyroxene. The grain sizes of minor phases in
the clasts are less than 1 um. TC2 is similar to
TCI1A (Fig. 1c). The texture of TC1A and TC2 is
quite similar to that of Orgueil [19] and is quite
different from that of the Tsukuba host (Fig. 1d).

Defocused-beam electron microprobe analyses
of the fine-grained mineral phases in TCIA and
TC2 show low totals (average 81.9+1.6 wt%),
indicating the presence of hydrous minerals. Ma-
jor element compositions of the mineral phases in
TCIA and TC2 show a large variation in Fe/
(Si+Al) ratios but a small variation in Mg/
(Si+Al) ratios (Fig. 3a). Such compositional var-
iation is similar to that observed in Orgueil [19].
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Fig. 2. Synchrotron radiation X-ray diffraction patterns of
TCI1B (a) and Orgueil (b) in a range of diffraction angles
(26) from 5 to 60°.

(a) Electron microprobe analyses of fine- (b) AEM analyses of phyllosilicates in
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Fig. 3. (a) Electron microprobe analyses of fine-grained min-
eral phases of TCIA and TC2 in terms of atomic ratios of
(Si+Al), Fe, and Mg. The compositional field of matrix in
Orgueil [19] is shown for comparison. (b) AEM micro-
analyses (atom%) of phyllosilicates. Also shown are the ideal
Mg-Fe solid solution lines of serpentine ((Mg,Fe)s(Si,Al)y
019(OH)g) and saponite ((Mg,Fe);(Si,Al);010(OH),;). Analy-
ses of phyllosilicates lie near the broken line defined by Fe/
(MgtFe)=15 atom%. The compositional field of coarse
phyllosilicates in Orgueil [19] is shown for comparison.
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3.2. Opaque minerals

Fig. 4a shows that there are plaquette, spheru-
litic, and framboidal magnetites in TClA. The
spherulitic magnetite, which is the largest magne-
tite in Fig. 4a, shows a euhedral, octahedral mor-
phology. Framboidal magnetite morphologies oc-
cur in CI, CM, CR, and CV chondrites [20-23].
Plaquettes occur in CI and CR chondrites and the
Tagish Lake CI2 chondrite [20,22,24].

A pyrrhotite in TCl1A exhibits the euhedral,
hexagonal morphology (Fig. 4b). Fig. 4c shows
a pyrrhotite plate from TClA. Pyrrhotites are
the most common sulfides in CI chondrites [25].
Electron microprobe analyses show that most of
the pyrrhotites contain around 0.6-0.9 atom% Ni,
but in some cases they contain rather high con-
centrations of Ni up to 9 atom%. Such Ni-bearing
pyrrhotites also occur in Cl-like clasts in Bholgha-
ti [2], those in Nilpena (up to 7 atom% Ni; [5]),
and CM chondrites [24]. Pentlandite with Ni con-
tent of 24.3 atom% occurs in TC1A. Pentlandite
is rare in CI chondrites and has been found only
in Revelstoke [26] and Alais [25]. Sulfides in
TCIA and TC3A show similar compositions
(Fig. 5). The clasts contain pure pyrrhotites, Ni-
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Fig. 4. (a) An enlarged BSE image of plaquette, spherulitic,
and framboidal magnetites in TC1A. A plaquette magnetite
is on the lower right. A framboidal magnetite is in the cen-
ter. Four spherulitic magnetites surround the framboidal
magnetite. (b) An enlarged BSE image of hexagonal pyrrho-
tite in TC1A. (c¢) An enlarged BSE image of a pyrrhotite
plate in TCIA.

bearing pyrrhotites, and pure pentlandites (Fig.
5). The mineralogy of the sulfides is similar to
that observed in Tagish Lake [24].

The amount of ferrihydrite appears to be small
in the clasts, because ferrihydrite cannot be iden-
tified in an X-ray diffraction pattern of TCIB
(Fig. 2a), and also it is rarely found in TC3A by
TEM observation.

We found some accessory phases: chromite
(Mg, Fe)Cr,04), fluorapatite (Cas(PO4);F)
(Fig. 6a), and fluorite (CaF;) (Fig. 6b) in TC3A.
There are no previous descriptions of fluorapatite
and fluorite in other chondrites. The Mg/(Mg+Fe)
ratio of the chromite in TC3A is 0.86. The chro-
mite is close to magnesiochromite (Mg,Cr,Oy4)
that was found in Orgueil [27]. The Mg/
(Mg+Fe) ratios of chromites in ordinary chon-
drites are about 0.1 [28]; thus it is likely that
the chromite in TC3A is indigenous to the clasts
and not to the host H chondrite.

3.3. Silicate minerals

The X-ray diffraction pattern of TC1B shows
that major silicates are saponite and serpentine
(Fig. 2a), which are common in CI chondrites
[19,29]. The diffraction patterns of TCIB (Fig.
2a) and TC3A are quite similar to that of Orgueil
(Fig. 2b). The relative abundance in TC1B (sap/
(saptser)=0.8) is comparable with that of Or-
gueil (0.7). The relative abundance of saponite
and serpentine is defined here as the ratio of the
integrated intensity, which is the background-sub-
tracted intensity, of the saponite 001 reflection to
that of the serpentine 001 reflection in an X-ray
diffraction pattern.

We observed the phyllosilicates in TC3A with
TEM. Fig. 7a shows a cluster of phyllosilicates.
The phyllosilicate cluster shown in Fig. 7a is quite
similar to the coarse phyllosilicates observed in
Orgueil [19]. Most saponite and serpentine occur
as separate crystals, and their typical size is 10-30
nm thick normal to their 001 planes and less than
200 nm long (Fig. 7b—d). Some of them occur as
intergrowths — intimately mixed crystals (Fig. 7c).
The characteristic of phyllosilicates in the clasts is
that most of the saponite and serpentine occur as
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Fig. 5. Compositions of sulfides in TCIA and those in TC3A
displayed in a Fe-Ni-S atom% ternary diagram. Sulfides in
TCI1A were measured with EPMA, and those in TC3A were
measured with AEM. Compositional fields of stoichiometric
pentlandite and pyrrhotite are shown for comparison.

discrete, separate crystals. Very fine-grained phyl-
losilicate less than 2-3 nm thick is rare in TC3A.

Compositions of saponite and serpentine could
not be determined by analytical electron micro-
scope (AEM) analysis, because individual phyllo-
silicate grains are much smaller than the diameter
of the electron beam (300 nm). Thus, composi-
tions were obtained as averages of the saponite
and serpentine crystals under the beam (Fig.
3b). The compositional field of the phyllosilicates
in a (Si+Al)-Fe-Mg (atom%) ternary diagram is
quite similar to that of the coarse phyllosilicates
in Orgueil [19]. Phyllosilicates in TC3A lie on or
close to a line with a constant Fe/(Mg+Fe) ratio
(=0.15), which suggests that the phyllosilicates
are consistently Mg-rich.

The Mg/(Mg+Fe) ratios of olivine (0.815) and
low-Ca pyroxene (0.825) found in TC3A by TEM
observation are close to those of olivine (0.827)
and low-Ca pyroxene (0.843) in the Tsukuba host,
respectively the olivine grain exhibited screw dis-
locations parallel to the c-axis, which suggests
shock deformation [30]. Therefore, olivine and
low-Ca pyroxene seem to be indigenous to the
host and injected into the clasts.

3.4. Noble gases

Results of noble gas analyses of TCmix, Or-
gueil, a light portion of Tsukuba (hereafter
Light), and a dark portion of Tsukuba (hereafter
Dark) are shown in Tables 1-42. Ne isotopic ra-
tios in TCmix, Light, and Dark are distributed in
a triangular area defined by Ne-SW, -SEP, and -
cosmogenic components (Fig. 8), showing that Ne
in TCmix, Light, and Dark are mixtures of solar
Ne and cosmogenic Ne. This is consistent with
previous results [9,31]. Ne isotopic ratios in Or-
gueil are distributed in a triangular area defined
by Ne-SEP, -A, and -cosmogenic components, ex-
cept for Ne released at 1200°C that is plotted
below Ne-A (Fig. 8a). The low 2*Ne/*’Ne ratio
indicates a contribution from Ne-E (*°Ne/*’Ne,
2INe/*?Ne =0, 0) [32]. This is consistent with the
results given in [33]. In TCmix, the primordial
components (Ne-A and -E) cannot be identified,
because these components are masked by a large
amount of solar Ne. The presence of solar gases
in TCmix suggests that the clasts were exposed to
SW on the surface of a parental object, because
the penetration depth of SW particles is only sev-
eral hundred A [34]. The details of SW exposure
to the clasts are discussed in Section 4.

Ne was separated into solar, cosmogenic, and
primordial components on the basis of Ne iso-
topic ratios, the '3?Xe concentration, and the pri-
mordial 2°Ne/'3?Xe ratio, as shown in the Appen-
dix. The concentrations of solar 2°Ne (**Neg),
cosmogenic ’Ne (**Nec), and primordial **Ne
(**Nep) in TCmix, Orgueil, Light, and Dark are
shown in Fig. 9a. This figure shows that Ne in
TCmix is dominated by solar gases.

The 3?Xe concentration in TCmix is compara-
ble with that in Orgueil, whereas those in Light
and Dark are one order of magnitude smaller
than that in TCmix (Fig. 9b). Fig. 10 shows a
Xe three-isotope diagram. Xe isotopic ratios re-
leased from TCmix at 1000 and 1200°C are dis-
tributed on a Q-HL line. In Orgueil, the isotopic
ratio of Xe released at 1000°C is also distributed
on the Q-HL line, whereas Xe isotopic ratios re-

2 See the online version of this article.
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keV

Fig. 6. (a) A TEM micrograph of fluorapatite (Cas(PO4);F). Insets are a selected-area electron diffraction (SAED) pattern and a
TEM-EDS spectrum. The TEM-EDS spectrum shows strong Ca and P lines and a weak F line. (b) A TEM micrograph of fluo-
rite (CaF;). Insets are a SAED pattern and a TEM-EDS spectrum. The TEM-EDS spectrum shows strong Ca and F lines as
well as weak Si and Mg lines from the surrounding phyllosilicates. TEM-EDS spectra in panels a and b show strong CKo and
OKo lines, because fluorapatite and fluorite are embedded in epoxy resin, mounted on plastic film, and deposited by carbon va-

por. Cu lines are from Cu grids.

leased at 600, 1200, and 1700°C are distributed
around Q. Therefore, Xe in both TCmix and Or-
gueil consists predominantly of Xe-Q with a mi-
nor amount of Xe-HL. The '3?Xe-HL contributes
approximately 2% and 1% to the total '3?Xe in
TCmix and Orgueil, respectively. The 3?Xe-HL
contribution in TCmix and Orgueil is comparable
with that in the Yamato-791198 CM chondrite
(2% [35]) and that in Tagish Lake (2%; [10]).
Thus, the Xe-HL/Xe-Q ratio in the clasts is sim-
ilar to that in hydrous carbonaceous chondrites.
This may imply that Xe-HL/Xe-Q ratios in dust
in the regions where hydrous carbonaceous chon-
drites formed were roughly constant. In summary,
the clasts are quite similar to Orgueil with respect
to their heavy noble gas signatures.

4. Discussion

4.1. Differences between the clasts and the
Tsukuba host

We summarize here the main differences be-
tween the clasts and the Tsukuba host: (1) only
the former contains hydrous silicates, (2) only the
latter contains chondrules, and (3) the former
contains magnetite, but the latter contains Fe-
Ni metal. Therefore, mineralogically and petro-
logically the clasts differ significantly from the
Tsukuba host.
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Fig. 7. (a) A TEM photomicrograph showing an area composed of phyllosilicates. (b) A high-resolution TEM image showing a
phyllosilicate cluster. (c) An enlarged image of the bottom in panel b showing saponite crystals and interstratified saponite and
serpentine crystals. (d) An enlarged image of the top in panel b showing crystals of saponite and serpentine.

4.2. Similarities and differences between the clasts
and CI chondrites

In this subsection, similarities and differences
between the clasts and the CI chondrites Orgueil
and Ivuna are summarized. The reason why Or-

gueil and Ivuna are used for comparison is that
they have been widely and intensively studied.
Similarities between the clasts and these meteor-
ites are summarized as follows. (1) Framboidal
and plaquette magnetites are present. (2) Major
silicate minerals are saponite and serpentine.
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Fig. 8. Ne three-isotope-diagrams showing the results of step-
wise heating analyses of (a) TCmix and Orgueil and (b)
Light and Dark. The numerals near the data points refer to
the temperature in °C. Abbreviation in panel b: Cos, cosmo-
genic.

The relative abundance of saponite and serpentine
in TCIB (sap/(sap+ser) =0.8) is comparable with
that in Orgueil (0.7). (3) Phyllosilicates are richer
in Mg than Fe; the Fe/(Fe+Mg) ratio of phyllo-
silicates in TC3A is close to those in Orgueil
(0.15; [19]) and Ivuna (~0.20; [36]). (4) Heavy
noble gases are dominated by a primordial com-
ponent. The Xe-HL/Xe-Q ratio in TCmix is com-
parable with that in Orgueil. (5) The clasts and CI
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Fig. 9. (a) The *Nes, **Nec, and *Nep concentrations of
TCmix, Orgueil, Light, and Dark. (b) The '*?Xe concentra-
tions in TCmix, Orgueil, Light, and Dark.

chondrites lack chondrules, and anhydrous sili-
cate minerals are extremely rare in both of them.

On the other hand, differences between the
clasts and CI chondrites Orgueil and Ivuna are
summarized as follows. (1) The amount of ferri-
hydrite appears to be small in the clasts. Instead
of ferrihydrite, many fine-grained magnetite and
sulfides were found in the clasts by TEM obser-
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Fig. 10. A Xe three-isotope diagram showing the results of
stepwise heating analyses of TCmix and Orgueil. The numer-
als near the data points refer to the temperature in °C. In
TCmix, the isotopic ratios of Xe in 600 and 1700°C fractions
are distributed on the Q-Air line, because of the large atmo-
spheric Xe contribution. Xe data of Light and Dark are not
plotted, because the errors of Xe isotopic ratios from these
samples are too large.

vation. There are large variations in Fe contents
in the fine-grained mineral phases in TC1A and
TC2 (Fig. 3a). Tomeoka and Buseck [19] noted
that the Fe variations in Orgueil are attributed to
the presence of ferrihydrite. In the case of the
clasts, however, the variations are attributable to
the abundances of fine-grained magnetite and sul-
fides. In this respect, the clasts are different from
Orgueil. The clasts are similar to Ivuna in that the
amount of ferrihydrite appears to be small. How-
ever, Fe variations are not observed in Ivuna [36].
(2) Most of the saponite and serpentine occur as
discrete, separate crystals. On the other hand,
most of the saponite and serpentine in Orgueil
and Ivuna occur as intergrown crystals [19,36].
These data indicate that the clasts are quite sim-
ilar to CI chondrites Orgueil and Ivuna in many
important respects, but they differ from CI chon-
drites in some minor respects. Therefore, in the
following discussion, we refer to the clasts as
‘Cl-like clasts’.

4.3. Imprints of heating found in the Cl-like clasts

The CI-like clasts were found among the light—
dark structure in the Tsukuba meteorite. The
light-dark structure was formed by impact pro-
cesses into the surface regolith of the meteorite
parent body [37-44]. Hence, the clasts must have
been located in the regolith and affected by im-
pacts and subsequent heating that resulted in lith-
ification of the regolith. In this subsection, we
discuss the degrees of shock and heating experi-
enced by the clasts.

First, we show three lines of evidence that con-
strain the temperature of heating. (1) The survival
of serpentine in the clasts: Fig. 1la compares
X-ray diffraction data for the 001 reflection of
serpentine in TCI1B with similar data for an
unheated Orgueil sample and Orgueil samples
heated to 200-800°C [45]. When Orgueil was
heated to 600°C, the 001 reflection of serpentine
disappeared. In TCIB, the 001 reflection of ser-
pentine is clearly observed. This shows that the
clasts have never experienced heating to 600°C.
(2) The preservation of interlayer water molecules
in saponite: Fig. 11b shows the 001 basal spacing
of saponite from the same series of samples as in
Fig. 11a [45]. The 001 basal spacing of saponite in
Orgueil samples is almost constant for samples
heated to 500°C. Shrinkage of the 001 spacing
occurs in Orgueil heated to 600°C due to the
loss of interlayer water molecules. The 001 basal
spacing of saponite in TCIB is similar to that in
unheated or weakly heated Orgueil (up to 500°C).
This result suggests that the clasts have never ex-
perienced heating above 500°C. (3) No apparent
thermal loss of solar noble gases: Fig. 12 shows
the concentrations and isotopic ratios of He and
Ne released from TCmix during stepwise heating
analyses. In the 600°C fraction, large amounts of
solar He and Ne were released. This indicates that
the clasts have never experienced heating above
600°C. From the evidence in (1)-(3), we con-
cluded that the clasts have never experienced heat-
ing above 500°C.

Next, we discuss the imprint of heating at the
peripheries of the clasts. To identify the presence
of structural water in phyllosilicates at the periph-
ery, the major element concentrations of phyllo-
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Fig. 11. (a) Synchrotron radiation X-ray diffraction patterns
of TCI1B, unheated Orgueil sample, and Orgueil samples
heated to 200-800°C in vacuum, in a range of diffraction an-
gles from 6 to 18° (700 and 800°C: 6-40°). The heating du-
ration of Orgueil is approximately 1 min. (b) The 001 basal
spacing of saponite from the same series of Orgueil as in
panel a. The broken line represents the 001 basal spacing of
saponite in TCI1B.

silicates, which are located near the boundary be-
tween the clast TC2 and the host, were measured
with a 2 um-focused beam of an electron micro-
probe (Fig. 1c). Totals of major element concen-
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Fig. 12. (a) The “He concentrations and *He/*He ratios re-
leased from TCmix during stepwise heating analyses. (b) The
20Ne concentrations and 2°Ne/”Ne ratios released from
TCmix during stepwise heating analyses. The broken lines in
panels a and b represent isotopic ratios of SW and SEP [13].

trations of dehydrated phyllosilicates in the Ya-
mato-86789 CM chondrite are close to 100 wt%
[46]. Therefore, if the phyllosilicates at the periph-
eries of the clasts are dehydrated, the totals must
be close to 100 wt%. However, the analytical total
of material at the periphery of TC2 is 84.5%3.3
wt% on average. The average total of material in
the interior of TC1A and TC2 is 81.9£ 1.6 wt%
(see Section 3). There is no difference within lc
variations between the total for the periphery of
TC2 and that for the interior of TCIA and TC2.
Therefore, it seems that the peripheries of the
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clasts are not dehydrated. To inspect the micro-
texture of the periphery, we observed a clast with
TEM. At the periphery, minerals from the clast
and the host are intimately mixed (Fig. 13a), ex-
hibiting a zigzag contact. The layer structures of
phyllosilicates, as observed in the central parts of
the clasts (Fig. 7), almost disappeared (Fig. 13b),
indicating that the phyllosilicates have been trans-
formed into amorphous substance. This amor-
phous substance is typical of material formed dur-
ing thermal transformation from phyllosilicates
into anhydrous silicates. As shown in Fig. 1la,
the 001 reflections of both saponite and serpentine
cannot be identified in Orgueil heated to 700 and
800°C, and reflections of olivine are absent at
700°C, but appear at 800°C. This indicates that
phyllosilicates in Orgueil heated to 700°C were
transformed into an amorphous substance, and
the amorphous substance recrystallized into oliv-
ine at 800°C. Therefore, the amorphous state of
phyllosilicates at the peripheries of the clasts in-
dicates that these were heated to 700°C. In sum-
mary, although the interior of the clasts has never
experienced heating above 500°C, the peripheries
of the clasts were heated to 700°C. Such hetero-
geneous temperature distributions can be achieved
by brief heating induced by impacts. When an
impact occurred on the meteorite parent body, it
must have compressed the regolith. Mineral par-
ticles in the regolith crushed each other, and fric-
tion occurred along boundaries between the par-
ticles. Similar frictional heating must have
occurred between the clasts and the host minerals
in the same manner observed in a chondrite rego-
lith breccia [47]. Finally, the regolith was lithified.

The shock intensity experienced by the clasts
can be estimated. As mentioned above, the pe-
ripheries of the clasts are not dehydrated. There-
fore, the clasts, as a whole, were not dehydrated.
It is reported that impact-induced dehydration of
phyllosilicates in the Murchison CM chondrite
begins at a shock pressure of about 10 GPa [48].
Therefore, the upper limit of shock pressure expe-
rienced by the clasts is 10 GPa.

Finally, we infer the timing of incorporation of
the clasts into the Tsukuba parent body. The Tsu-
kuba meteorite is classified as H5-6 [8,9]. The tem-
perature of early thermal metamorphism occur-

Fig. 13. (a) A low-magnification TEM photomicrograph of
the periphery between a clast and the host. There are some
sinuous veins made of small clasts. These veins were prob-
ably injected during lithification. (b) An enlarged image of
panel a, boxed area, showing phyllosilicates whose layer
structures have almost disappeared. Abbreviations: host
plag, plagioclase from the host; i.v., injected vein of the CI-
like clast material; chr, chromite; phy, phyllosilicate.

ring in the HS5-6 chondrite parent body is
supposed to be 700-1000°C [49]. On the other
hand, our results showed that the clasts have
never experienced heating at a temperature higher
than 500°C. Therefore, it can be concluded that
the clasts accreted after the peak of thermal meta-
morphism.

4.4. Where did the clasts acquire solar noble gases?

In this subsection, we discuss where the clasts
acquired solar noble gases. First, four lines of
evidence necessary for the discussion are shown.
(A) When the shock-induced lithification occurred
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in the regolith on the Tsukuba parent body, the
peripheries of the clasts were heated to 700°C and
probably lost the solar gases. (B) The results of
stepwise heating analyses showed that the clasts
released large amounts of solar gases at 600°C.
(C) The penetration depth of SW is only several
hundred A [34]. (D) The size of the clasts is sev-
eral hundred um. The evidence from (A) and (B)
indicates that the interior of the clasts retained
large amounts of solar gases. The evidence of
(C) and (D) indicates that SW cannot reach the
interior of the clasts after the clasts were consoli-
dated. These two facts, therefore, suggest that the
clasts were formed by consolidation of the mate-
rials already enriched in solar gases. Where, then,
did the solar-gas-rich materials acquire solar
gases? Our results showed that the mineralogy
of the clasts is identical to that of CI chondrites.
Therefore, the constituents of the clasts must have
been exposed to SW and acquired solar gases on
the surface of the Cl-like parent body.

4.5. Formation history of Cl-like clasts

Based on the results of a series of analyses, we
have evaluated the formation history of the CI-
like clasts in the Tsukuba meteorite. Constituents
of the clasts had been exposed to SW on the sur-
face of the Cl-like parent body and formed the
clasts. The exposure must have occurred after
aqueous alteration, because the low-energy SW
component, which was lost from mineral surfaces
during the aqueous alteration [50], is still retained
in the interior of the clasts. After ejection from
the Cl-like parent body, the CI-like meteoroid
accreted to the Tsukuba parent body after the
peak of thermal metamorphism. The clasts were
located in the regolith and may have been ex-
posed to SW, because they were found in the
light-dark structure of the Tsukuba meteorite.
Impacts into the regolith with shock pressures
less than 10 GPa have crushed the clasts into
smaller pieces and induced lithification of regolith
material. During lithification, the peripheries of
the clasts were heated briefly to 700°C. Finally,
the Tsukuba meteoroid, including the clasts, was
ejected from the Tsukuba parent body and fell
onto the Earth after a transit time of 8.1 Ma [9].

5. Conclusions

(1) Mineralogically and compositionally, the
fine-grained black clasts in the Tsukuba HS5-6
chondrite resemble CI chondrites. The clasts,
however, differ from Orgueil and Ivuna in minor
respects such as the texture of saponite and ser-
pentine.

(2) The interior of the clasts has never been
heated to a temperature higher than 500°C. This
suggests that the Cl-like meteoroid accreted to the
Tsukuba parent body after the peak of thermal
metamorphism.

(3) Only the peripheries of the clasts were
heated to 700°C. This indicates that a short peri-
od of heating, induced by impacts, resulted in the
lithification of the regolith material of the Tsuku-
ba parent body.
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Appendix

The calculation sequences, in order to obtain
the 2'Neg, 2'Nec, and 2Nep concentrations of
TCmix, Orgueil, Light, and Dark, respectively,
are shown below.

TCmix: Before the calculation, the following
assumptions were made: (a) the 2’Nep concentra-
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tion is proportional to that of 13?Xe with the ratio
of (®*Ne/'¥Xe)p=19.4, given by [50]; (b) Xe in
TCmix is completely primordial noble gas; and
(c) the isotopic ratio of Ne-cosmogenic (*°Ne/
2Ne, *'Ne/*Ne)c is (0.8, 0.9) from average
shielding for chondrites (e.g. [51]). There are two
reasons for this assumption (c). The first reason is
that the Ne data of TCmix are plotted near Ne-
SW and -SEP rather than Ne-cosmogenic (Fig.
8a). The second reason is that the 2'Ne/??Ne ratio
is a function of the meteorite size and shielding
depth. We do not know these parameters, because
the Tsukuba meteorite fell as a meteorite shower
[52]. Therefore, we cannot calculate the isotopic
ratio of Ne-cosmogenic in TCmix.

Using the above assumptions, we calculated the
20Ne concentration of each component in the fol-
lowing sequence. (1) The *°Nep concentration was
obtained using the '*?Xe concentration and the
(*Ne/'¥Xe)p ratio (19.4). (2) The primordial
Ne, having Ne-A isotopic ratio and concentration
determined in step (1), was subtracted from the
measured Ne isotopic ratio (point M, in Fig. 14)
and concentration; then we have Ne (point N; in
Fig. 14) consisting of solar and cosmogenic Ne
(Fig. 14). (3) (**Ne/*Ne, *'Ne/**Ne)s (point S;
in Fig. 14) was determined by taking the intersec-
tion of the SW—SEP line and an extension line of
Cos. (Ne-cosmogenic) (Fig. 14). We used the fol-
lowing equations to obtain the *’Nes and 2’Nec
concentrations:

(*'Ne/?*Ne)n—(*'Ne/?*Ne)c
(3'Ne/?2Ne)s—(2'Ne/?2Ne)c

X (**Ne/*Ne)s (1)

20 Ne 22NeN

(ZINe/zzNe)S_ (ZINe/ZZNe)N
(>"Ne/2Ne)s— (2'Ne/2Ne)c
X (**Ne/?*Ne)c (2)

20 Nec = 22NGN

where 2Ney is the 2Ne concentration obtained
by correction for 2?Nep from the ?Ne concentra-
tion, and (*°Ne/*’Ne, >'Ne/**Ne)y is the isotopic
ratio at point N; in Fig. 14.

Orgueil: Before the calculation, we made as-
sumption (c), which was used above. The Ne iso-
topic ratio of Orgueil (point M, in Fig. 14) is
plotted in the triangular area of SEP, A, and
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Fig. 14. A Ne three-isotope diagram used for the calculation
of Ne concentrations of components solar Ne, cosmogenic
Ne, and primordial Ne. Dotted lines connect the solar sys-
tem reservoirs and Ne-cosmogenic (Cos.), respectively.

Cos (Fig. 8a). (1) The *Nep concentration was
obtained by using the following equation:
(*'Ne/??Ne)—(*'Ne/?*Ne)n
(2"Ne/2Ne)a—(*'Ne/2Ne)n

X (**Ne/**Ne)a (3)

2OI\ICP = 22Ne

where (>!Ne/??Ne)y is the x-coordinate of point
N, in Fig. 14 determined by taking the intersec-
tion of the SEP—cosmogenic line and an extension
line of A, and (*!'Ne/*Ne), is the (*'Ne/*’Ne)
ratio of Ne-A. (2) The ?*Neg and **Nec concen-
trations were obtained using Eqs. 1 and 2, respec-
tively. In Egs. 1 and 2, the isotopic ratio of SEP is
adopted for (*?Ne/?*Ne, 2! Ne/*’Ne)s.

Light and Dark: Ne in Light and Dark was a
mixture of solar and cosmogenic components
(Fig. 8b). To obtain the 2°Nes and **Nec concen-
trations, we used the two Egs. 1 and 2. However,
(*'Ne/?*Ne)y is the x-coordinate of the measured
point (M3 in Fig. 14) and the >*Ney concentration
corresponds to the measured >Ne concentration,
because Ne in Light and Dark does not contain a
primordial component. (>'Ne/??Ne)c is regarded
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as the x-coordinate of the data point of Ne re-
leased at 1700°C from Light. (>'Ne/?*Ne)s is the
x-coordinate of point S; in Fig. 14.
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