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Abstract: We have performed X-ray diffraction measurements and electron-mi
croprobe analyses of PCP particles in the Murchison CM carbonaceous chondrite and
determined the relative abundances of minerals in PCP. Type-I PCP, which is rich in
Fe and S and occurs as rounded, massive forms, shows high abundance of tochilinite
and variable amounts of cronstedtite and magnetite. Tochilinite shows very strong 002
reflection at 5.4 A and very weak 001 reflection at 10.8 A , indicating a higher Fe con
tent in octahedral sites. Comparison of the observed X-ray diffraction pattern of type
I PCP with the calculated X-ray patterns of tochilinite in various compositions shows
that Fe occupies more than 90% of the octahedral sites in tochilinite in PCP, which is
quite different from terrestrial tochilinite. Type-II PCP, which occurs mainly in the
matrix as fibrous needle clusters, is composed mainly of cronstedtite with a disordered
stacking sequence along the c-axis. The other major component of type-II PCP differs
between non-elastic and elastic portions. In the former, it is tochilinite, whereas in the
latter, it is a mixed-layer mineral made of cronstedtite and tochilinite layers . Relative
abundances of minerals in type-II PCP indicate that the proportion of the mixed-layer
mineral increases with a decrease of tochilinite; thus the mixed-layer mineral is pre
sumed to be a secondary alteration product of tochilinite. Therefore, the enrichment
of the mixed-layer mineral in type-II PCP in elastic portion suggests that aqueous
alteration in the elastic portion has advanced relative to that in the non-elastic portion
and that dynamic processes such as mixing and fragmentation of the rocks might have
assisted to activate the aqueous alteration reactions. Our experiments reveal that
Murchison is a mixture of multiple lithic phases that have experienced different de
grees of aqueous alteration and the alteration might have been enhanced by cataclastic
effects probably induced by impacts on the meteorite parent body.

1.

Introduction

Poorly-characterized phase (PCP; defined by FucHs et al., 1973) is a major con
stituent of CM carbonaceous chondrites. It comprises up to 30 vol% of the matrix (BUNCH
and CHANG, 1980) and typically ranges in size from 20 to 200 µm. It occurs mainly in
the matrix and, in lesser amounts, in chondrules. It can be divided into two types: rounded
to subrounded, massive inclusions (type I) and fibrous needle clusters (type II) (BUNCH
and CHANG, 1980; BARBER, 1985). It is rich in Fe and O and contains variable amounts of
Al, Ni, Si, Mg, Cr, and P (TOMEOKA et al., 1989). Despite the original definition, some
characteristics of PCP are revealed by transmission electron microscope (TEM) studies
(e.g., BARBER 1981; TOMEOKA and BUSECK, 1983, 1985; BARBER et al., 1983; MACKINNON
and ZoLENSKY, 1984). BARBER (1981) was the first to report that amongst the PCP there
was an unknown layer phase with a layer spacing of approximately 10.8 and 5.4 A, rich
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in Fe, Ni, S and thought to contain oxygen. MACKINNON and ZoLENSKY (1984) designated
the unknown layer phase to be tochilinite based on X-ray diffraction data. ToMEOKA and
BusECK (1985) studied PCP by TEM and found that it is a complex intergrowth of 1) an
Fe-Ni-S-0 layered mineral (tochilinite), 2) cronstedtite, 3) minor amounts of submicron
grains of magnetite, chromite, and a mineral containing Fe, Ni, Cr, and P. They rede
fined the acronym PCP as "Partly Characterized P hases". We use this definition for the
rest of the paper.
In contrast with mineralogical and structural identification, the origin and alteration
process of PCP still remain unknown. In this study, we performed X-ray experiments on
various forms and compositions of PCP in the Murchison CM chondrite by using a
Gandolfi X-ray camera which enables us to obtain bulk X-ray diffraction data from a
single PCP particle. Our goal is to estimate relative abundances of phases comprising
PCP and to see how the abundances change in the course of aqueous alteration reactions.

2.

Material and Experimental Methods

P olished thin slices with thickness of -100 µm were prepared from two meteorite
chips of Murchison. PCP particles in these polished slices have been studied using a
reflected-light optical microscope and an electron-microprobe analyzer (JEOL 733
Superprobe) equipped with wave-length-dispersive X-ray spectrometers (WDS). WDS
analyses were obtained at 15 kV accelerating voltage and 10 nA beam current with a
focused beam -3 µm in diameter. A defocused beam 50 µm in diameter was also used to
determine bulk composition of individual PCP particles. The correction for quantitative
chemical analysis was made by the ZAF method.
After petrographic characterization, portions of PCP approximately 50x50x50 µm
in size were extracted from the thin slices under a binoscope using an edg�d tool. The
extracted PCP were mounted on a thin glass fiber with 10 µm in diameter and exposed to
Cr Ka X-ray in a Gandolfi camera. The X-ray generator was operated at 35 kV and 20
mA. It usually took 36-72 hours to obtain a X-ray powder diffraction photograph of
PCP. The X-ray photograph was scanned by a micro-densitometer and transfered to a
computer in order to read precise peak positions and to calculate integrated intensities.
The Gandolfi method (GANDOLFI, 1967) appears to be the most appropriate method
for characterization of phases and determination of the relative abundances of these phases
in PCP. This method can obtain a precise X-ray powder photograph from a small par
ticle of 50-100 µm in diameter. Most of PCP particles range in diameter 50-100 µm,
thus bulk mineralogical information of individual PCP particles is available by this
method. Similar information about PCP can also be estimated from the bulk chemical"
composition of PCP by separating the bulk composition into several mineral composi
tions (e.g., McSwEEN, 1987). This method is useful to estimate the approximate mineral
abundances in PCP, but is not valid if minerals in the PCP have heterogeneous composi
tions or if a mixed-layer mineral is present. The X-ray experiments of this study reveal
that a mixed-layer mineral is one of the major components of PCP.
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3. Results
3.1.

Lithology of Murchison
Murchison is a regolith breccia, as demonstrated by the fact that it shows brecciated
texture and contains solar-implanted noble gases (BLACK, 1972). It consists of mainly
two lithologies: non-elastic and elastic portions. In the non-elastic portion (Fig. l a),
many chondrules show circular shape and have fine-grained rim material. PCP particles
are the dominant component in the matrix. They occur as a well-recognized spheroidal
shape in back-scattered electron images, indicative of large compositional difference
mainly in Fe, between PCP (Fe rich) and the matrix (Fe poor) . The non-elastic portion
does not seem to be affected by post-accretionary cataclastic effects and corresponds to
"primary accretionary rock" in the CM chondrites, as described by METZLER et al. (1992).
In the elastic portion (Fig. l b), chondrules are principally absent and mineral frag
ments, mainly forsterite, are dispersed. The elastic portion appears to have experienced
(a)

(b)

Fig. 1. Back-scattered-electron
(BSE) images of the Murchison CM
chondrite. (a) Non-elastic portion
consisting of chondrules ( dark
rounded objects), .fine-grained rims
around chondrules, and matrix rich
in PCP particles (bright objects).
Width of the image is 3 mm. (b)
Clastic portion at the same scale as
(a). Many mineral fragments (dark)
and PCP (bright) are dispersed. A
rounded large type-I PCP particle
is present in the upper central area
of the image and a bright halo
spreads from the PCP.
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Chemical composition (wt%)
6.14
Si0 2
n.d.
Ti0 2
Al203
1.27
61.68
FeO
MnO
0.15
MgO
4.75
0.62
CaO
0.27
Na 20
n.d.
K20
S
14.76
Cr 203
0.43
7.30
NiO
97.37
total

X-ray powder pattern
T(5.36A)
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Fig. 2a.

A BSE image of type-I PCP and its chemical composition and X-ray
powder pattern. Width of the image is 300 µm. The circle in the BSE
image is an approximate portion where X-ray diffraction is measured.
The chemical composition is obtained by defocused beam analysis. The
BSE image shows typical texture of type-I PCP particle: it is massive,
subrounded and has a fine-grained rim. The X-ray pattern shows that
tochilinite (T) is dominant mineral in type-I PCP. The other abundant
phases are cronstedtite (C) and magnetite (Mg). Enstatite (En) is also
contained in type-I PCP, but it is rarely observed.

mixing and fragmentation induced by dynamic processes such as impacts. The abun
dance of anhydrous minerals in this portion is apparently lower than that in the non
elastic portion. PCP particles occur in the matrix, but are less abundant than in the non
elastic portion. The compositional difference between the PCP and material around the
PCP is not distinct, unlike the PCP in the non-elastic portion. In the three thin slices
used in this study, two are dominated by the elastic lithology and one by the non-elastic
lithology.
3.2.

Type-I PCP
Type-I PCP particles (Fig. 2a) occur both in non-elastic and elastic portions and
contain large amounts of Fe (-70 wt% in FeO) and S (- 15 wt% in S), and small but
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Type-I I PCP in non-elastic portion

Chemical composition (wt%)
Si02
15.40
n.d.
Ti0 2
Al203
2.06
46.60
FeO
0.14
MnO
MgO
5.27
0.21
CaO
Na 20
0.96
K20
n.d.
S
5.96
Cr203
0.83
2.27
NiO
79.69
total

X-ray powder pattern
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Fig. 2b.

A BSE image of type-II PCP particles (indicated by large arrows)
in the non-elastic portion. Also shown are chemical composition
and X-ray powder pattern of the PCP indicated by a circle. Width
of the image is 300 µm. The BSE image shows that type-II PCP
particles occur outside the chondrule rim (Ch rim) and coexist with
mineral fragments of mainly olivine (indicated by small arrows).
Chemical composition shows that, compared with type-I PCP, Si and
Mg are more abundant and Fe, S, and Ni are less abundant. The X
ray pattern shows that the most dominant mineral is cronstedtite
(C) and next are tochilinite (T) and calcite (Cl ). Magnetite (Mg)
and a mixed-layer mineral are also identified.

variable amounts of Ni, Si, Mg, Al, and Ca (Fig. 2a). Type-I PCP in the elastic portion
(Fig. l b) sometimes shows a bright halo around the PCP in back-scattered electron im
ages. This halo spreads over the elastic matrix material and is richer in Fe and S relative
to the portions outside the halo. This appears to suggest that the halo has been generated
by leaching of Fe and S from the PCP due to aqueous alteration after the elastic matrix
material was produced.
Relatively large particles of type-I PCP (>70 µm in diameter) were taken from
both non-elastic and elastic portions and their X-ray diffraction patterns were recorded.
A representative X-ray pattern of type-I PCP is shown in Fig. 2a. This shows a very
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Type-I I PCP in elastic portion

X-ray powder pattern

\

Chemical composition (wt%)
20.69
Si02
Ti02
0.05
Al203
1.99
41.01
FeO
MnO
0.26
MgO 11.87
cao
0.11
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S
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Cr 203
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1.79
NiO
total
84.45
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A BSE image of elastic portion where type-II PCP are dispersed. Width of the
image is 2 mm. The BSE image shows that type-II PCP particles in the elastic
portion have a variable appearance; some are well recognized particles (indicated
by a large arrow), whereas most are formless and grade into the matrix (indicated
by small arrows). Chemical composition and X-ray powder pattern are obtained
from the circled portion of PCP. The composition is basically similar to that of
type-II PCP in the non-elastic portion. In contrast, the X-ray pattern is quite dif
ferent. The mixed-layer mineral (M) is much more abundant in type-II PCP in the
elastic portion. Basal reflections of mixed-layer mineral appear at 18. 1 A, 6. 03 A,
4. 48 A in this X-ray pattern. Prism reflection of cronstedtite is clearly observed at
around 28-3 0 degrees. Minor amounts of forsterite (Fa) is also observed and it
may be fine-grained mineral fragments which are dispersed throughout the elastic
portion.

strong 5.4 A, strong 7. 2 A, 3.6 A and 2.5 A, and many smaller reflections, indicating that
the most abundant mineral is tochilinite and the other major minerals are cronstedtite
and magnetite. The 5.4 A reflection is assigned to the 00 2 reflection of tochilinite, since
tochilinite has 10.8 A basal spacing (ORGANOVA et al., 1973). But, in the X-ray pattern,
the 001 reflection from the 10.8 A basal spacing is very weak (Fig. 2a). This might be
explained by the fact that the mackinawite and brucite (or amakinite) layers of tochilinite
(Fig. 3) are predominantly occupied by Fe in their cation sites, weakening the 001 re-
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flection due to 5-A periodicity of Fe-rich layers in the structure.
X-ray intensity calculations using a structure model of tochilinite (ORGANOVA et al. ,
1973) were conducted to estimate Fe2+ occupancy in the octahedral sites of the tochilinite
in PCP. Figure 4 shows that the calculated intensity of the 001 reflection of tochilinite
decreases with an increase of Fe 2+ in the octahedral sites. The intensity of the 001 reflec
tion in the observed X-ray pattern (Fig. 4) is calculated to be -1% relative to that of the
002 reflection, suggesting that Fe 2+ occupies more than 90% of octahedral sites in PCP
tochilinite. Such high Fe2+ occupancy has never been reported from terrestrial tochilinite

Fig. 3. Structure of tochilinite from MACKINNON and
ZoLENSKY ( 1984). Tochilinite consists of a stack of al
ternating brucite and mackinawite layers with 5. 4x2 A
interlayer spacings along c-axis.
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Observed and calculated X-ray patterns of tochilinite in the range of 1131 degrees (CrKa). The observed X-ray pattern is taken from type-I PCP
and shows very weak intensity of 001 reflection relative to 002 reflection.
The calculated X-ray patterns are from two end-members of tochilinite ;
Mg=100% and Fe=100% in the octahedral sites. The X-ray pattern of Fe
= 100% is almost identical to that of type-I PCP.
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Tochilinite

X

type I

e

type II in non-elastic portions

O type II in elastic portions

0

0
0
Cronstedtite

1

Mixed-layer mineral
(Ratio of X-ray Intensities)

Fig. 5. A ternary diagram showing relative abundance of tochilinite, cronstedtite, and the
mixed-layer mineral in PCP in Murchison. The relative abundance is expressed as
ratios of X-ray intensities of the three minerals and the following reflections are
used for the calculation of intensity ratios : 002 reflection of tochilinite, 001 of
cronstedtite, and 003 of mixed-layer meneral. The diagram indicates that type-I
PCP are rich in tochilinite and type-II PCP are rich in cronstedtite. A mong type-II
PCP, the mixed-layer mineral is significantly more abundant in PCP in the elastic
portion.

Fig. 6. A BSE image showing
fine texture of type-II PCP
particles that are composed
of intimate intergrowth of
fibrous minerals. Bright
fibers are probably rich in
tochilinite and dark.fibers are
cronstedtite. This fibrous
PCP is commonly observed
in non-elastic portions, but
scarcely observed in elastic
portions.

(cf., 0RGANOVA et al. , 1973 ; ZoLENSKY and MACKINNON, 1986) and indicates that the
physico-chemical conditions of formation of PCP tochilinite may be di fferent from those
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of terrestrial tochilinite (ZOLENSKY et al., 1989). Relative abundances of minerals in
type-I PCP estimated from X-ray intensities are summarized in Fig. 5 .
3.3.

Type -II PCP in non-el astic portion
Type-II PCP particles constitute most of the matrix in the non-elastic portion of the
Murchison meteorite (Figs. 1 a, 2b and 6). They have high Fe ( -55 wt% in FeO), me
dium Si (- 15 wt% in Si0 2 ) and S (- 10 wt% in S ), and low Mg, Ca, Al, and Ni contents
(Fig. 2b). The compositions are somewhat variable among type-II PCP and basically
show a negative correlation of Si and Mg against Fe, S, and Ni contents.
X-ray powder patterns of type-II PCP in the non-elastic portion commonly show a
very strong 7. 1-7.2 A, strong 3.6 A, variable 6.0 A, 5 .4 A, and 3.0 A, and many other
small refractions (Fig. 2b ). In contrast to type-I PCP, the major mineral is cronstedtite
and next is tochilinite. Magnetite and calcite are commonly detected . The 02/prism
reflection appears at around 4.5 A, suggesting that cronstedtite may have a disordered
stacking sequence or cylindrical morphology (DEVOUARD and BARONNET, 1995). The mean
basal spacing, d (00 1 ), of cronstedtite in type-II PCP is 7. 14 ± 0.03 A. It is known that
the basal spacing decreases from 7 .3 A for pure serpentine, in which all tetrahedral sites
are occupied by Si 4+ , due to an increase of Fe 3+ in tetrahedral sites. The 7 . 14 ± 0.03 A
basal spacing approximately corresponds to Si4+ : Fe 3+ =3 : I in the tetrahedral sites,
analogous to AP + substitution in tetrahedral sites (SHIROZU, 195 8).
The 5 .4 A reflection of tochilinite shows peak broadening which could be due to the
low crystallinity of tochilinite in type-II PCP (Fig. 2b). The 6.0 A reflection may be 003
basal reflection of a tochilinite-cronstedtite mixed-layer mineral, and its intensity is con
sistently low in type-II PCP in the non-elastic portion. The identification of a mixed
layer mineral in the X-ray powder pattern is explained in detail in the fo llowing section.
Relative abundances of the minerals in type-II PCP in non-elastic portion are summa
rized in Fig. 5 .
3. 4.

Type -II PCP in elastic portion
Type-II PCP particles in the elastic portion (Fig. 2c) have high Fe (-50 wt% in FeO)
and Si (-20 wt% in Si02 ) , medium S (- 10 wt% in S) and Mg (- 12wt% in MgO) con
tents, and variable but small amounts of Ni, Al,and Ca. The difference in composition
between type-II PCP in the elastic portion and that in the non-elastic portion is not dis
tinct, but the former tends to have higher Si and Mg contents.
X-ray diffraction patterns of type-II PCP in the elastic portion are quite different
from those in the non-elastic portion (Fig. 2c); the 7. 1-7.2 A peak is very strong, the 6.0
A peak is strong, and the 5 .4 A peak is very weak. The most major mineral is disordered
cronstedtite, similar to the type-II PCP in the non-elastic portion . However, the next
major mineral is a mixed-layer mineral of cronstedtite and tochilinite whose main re
flection is observed at 6.0 A (Fig. 2c). P resence of magnetite and calcite is often recog
nized. Relative abundances of these minerals are shown in Fig. 5 .
A mixed-layer mineral has been found in Murchison as an unknown layered min
eral having serpentine-type (S) and brucite-type (B) structual repeats, "SBB-type", by
TEM studies (MACKINNON and BusEcK, 1 979; AKAi, 1980; MACKINNON, 1 982) and previ-
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5Fe

0.943

50H

0.780

--------------------

0.703
0.626

--------····-----·--

Table 1.

tochilinite
6FeS·S Fe(OH) 2

3S

0.462

50H

0.403

5Fe

0 . 345

-·---·----·-- ---·--·-- ..-

50H

0.1 88

- - - - - - - - - - - ------

50

0. 1 55

----------------------------- 2.48Si +
0.85Fe

0.059

-·-·-------------

cronstedtite

1 .67•Fea(Si 1.sFeo.s}Os( OH )s

50
5Fe

-- -- -- - - ·-· - ------

Fig. 7.

3S
6Fe

0

0
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50H

One dimensional structure model of the mixed-layer mineral of
tochilinite and cronstedtite. In this model, all cation sites of
tochilinite are assumed to be occupied by Fe2+ and 25% of tet
rahedral sites in cronstedtite are occupied by Fe3+ .

Integrated intensities of basal reflections from the mixed-layer mineral.

Observed*
Calculated#

00 1

002

003

004

005

006

007

008

7
7

n .o.
3

1 00
1 00

19
31

6

n.o.
3

n.o.
3

n.o.
0

8

* Type-II PCP in the elastic portion .
1 : 1 regular interstratification of tochilinite and cronstedtite (structure model in
Fig. 7 ) .

#

ous stud ies reve al th at it h as - 1 8 A inter layer sp ac ing. MACKINNON and ZoLENSKY ( 1 984)
proposed th at it m ay be a regu lar ly interstr at ified m iner al of cronstedt ite and toch ilin ite .
However, s ince then, no work h as been m ade to confirm the ident ific at ion of th is m ixed 
layer m iner al. This is p art ly bec ause o f the d ifficu lty in obt ain ing prec ise d iffraction
d at a by T EM-S AED method (e.g. , MACKINNON, 19 82). In th is study us ing the Gando lfi
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method, the basal reflections of the mixed-layer mineral can be observed at 18.0 A, 6.0
A, 4.5 A (Fig. 2c) and 3.6 A and integrated intensities of each reflection are determined
(Table 1) by means of profile-fitting technique using a spilit-type pseudo-Voigt function
(YouNG and WILES, 1982). We also calculated the intensities of the basal reflections, 10oz ,
using a one-dimensional structural model of the mixed-layer mineral (Fig. 7). The f ol
lowing equations are used for calculation:
1001

= Lp IFooP,
N

Fool = l: fnexp (21ti •l Zn),
n= l

where Lp is the Lorlentz polarization factor, F001 is a structural factor, N is the number of
atoms in a unit cell, fn is an atomic scattering factor, and Zn is an atomic parameter. Table
1 shows the results of the calculations. It shows a good agreement between the observed
intensity distribution and the calculated one, demonstrating that the mixed-layer mineral
in PCP is a 1: 1 regular interstratification of cronstedtite and tochilinite.
4. Discussion
Our X-ray experiments reveal that PCP in the Murchison CM chondrite are mainly
composed of five minerals; cronstedtite, tochilinite, the mixed-layer mineral, magnetite,
and calcite. This identification generally confirms the TEM results of previous works
(BARBER 198 1; TOMEOKA and B USECK, 1983, 1 985 ; BARBER et al., 198 3; MACKINNON and
ZoLENSKY, 1984 ; ZoLENSKY et al., 1993). Our experiments, however, show that the rela
tive abundances of minerals are considerably different among the PCP. Figure 5 shows
the relative abundances of cronstedtite, tochilinite, and the mixed-layer mineral in all
PCP analyzed in this study. A clearer distinction is observed in the abundance of
cronstedtite between type-I and -II PCP, being much more abundant in type-II PCP. If
type-I and -II PCP particles have a common precursor and type-II PCP particles are an
alteration product of type-I PCP, PCP particles that have an intermediate abundance of
cronstedtite between type-I and -II PCP are expected to occur, but such a PCP particle
has not been found among the PCP studied so far (Fig. 5). This implies a difference in
origin between type-I and -II PCP. In this regard, it has been reported that different
precursor minerals have altered to different types of PCP, kamacite to type-I PCP (Fuctts
et al., 1973 ; ToMEOKA and BusECK, 1985) and melilite and troilite to type-II PCP (LEE
and GREENWOOD, 1994; DEGAWA et al., 1995). These precursor materials may remain
unaltered and coexist with PCP in some occasions, although our X-ray results show that
most of the PCP particles are dominated by hydrous minerals and do not contain the
precursor minerals suggested by the above authors, indicating that the precursors of
PCP must have been completely replaced in Murchison, which is known to be one of the
moderately altered CM chondrites (e.g. , McSwEEN, 1987).
Our study reveals that the mixed-layer mineral, which is a regular intergrowth of
tochilinite and cronstedtite, constitutes a variable fraction of type-II PCP. It is clearly
observed that the amount of the mixed-layer mineral in type-II PCP is closely related to
the lithology where the PCP particles are located (Fig. 5); type-II PCP in the elastic

48

T.

NA KAMURA

and Y.

N A KAMUTA

portio n are usua l ly e nriched in the mixed-layered minera l, while type-II PCP i n the no n
e lastic portion consta nt ly show a low abundance of the mixed-layer minera l. Thus, it
ca n be deduced that co nditions o f a queous a lteratio n might have bee n di ffere nt betwee n
the e lastic and no n-e lastic portio ns. Under the former conditio n, the mixed-layer min 
eral seems to be stab le, whereas under the latter conditio n, separate phases o f tochilinite
and cronstedtite see m to be stab le. In Murchison, e lastic and non-e lastic portions are
intimate ly mixed even i n a thin s lice o f approximate ly 1 cm 2 • We ca n not see a good
reaso n why the a lteratio n condition di ffers withi n such a sma ll area. Thus, it must be
conc luded that Murchison might not have su ffered from a queous a lteration i n the prese nt
structura l form, and wou ld rather be a mixi ng product o f mu ltip le lithic phases with
di fferent a lteratio n histories . This co nc lusion is consiste nt with the mode l proposed by
METZLER et al . ( 1992) that CM cho ndrites are main ly composed o f two di ffere nt litho lo 
gies, primary accretio nary rocks and e lastic matrix ; these two lithologies probab ly cor 
respo nd to the no n-e lastic a nd e lastic portio ns described in this study.
T EM obser vatio ns by T oMEOKA a nd B us EcK ( 1985) and ZoLENSKY et al . (1993)
showed that mi nerals in type -II PCP were a ltered and replaced by new ly formed miner 
a ls in the course o f a queous a lteratio n; the mixed-layer mi nera l appears at the expe nse
o f tochi linite in the a ltered type-II PCP. This reaction is a lso obser ved i n our X-ray
experime nts . The abundance o f the mixed-layer minera l increases with a decrease o f
tochilinite, whi le cro nstedtite shows a re lative ly constant abu nda nce (Fig. 5). This X
ray resu lt i ndicates that the mixed-layer minera l is main ly produced by rep lacing
tochi li nite, assumi ng that the wide range o f var iatio ns i n minera l abundances in type-II
PCP are a ll ascribed to the degree of a lteratio n. All the previous obser vatio ns and our
resu lts suggest that ad va nced a queous a lteration o f type-II PCP produces the mixed 
layer mi nera l at the expe nse o f tochi linite, and the abu ndance o f the mixed-layer minera l
cou ld be a i ndicator o f the degree o f aqueous a lteration. There fore, e nrichme nt o f the
mixed-layered minera l in the PCP in the elastic portio n indicates that aqueous a lteration
might ha ve progressed further in the e lastic portion.
Electron-microscope obser vations show that the e lastic portio n appears to have suf
fered from mecha nica l reworking, i. e. , mixing and fragmentation probab ly due to im 
pacts o n the meteorite parent body. The mixed-layer minera l can not be produced o nly
by these mechanica l e ffects. The acti vity o f an a queous so lution which contains vario us
mo lecu les and io ns is necessary to promote the reaction from the mono-layer tochi li nite
to the mixed-layer minera l. Post-shock residual heati ng might ha ve enhanced the acti v 
ity o f an a queous so lution. Thus, high abundance o f the mixed-layer mi nera l in the
e lastic portion wou ld be e vidence demonstrating that impact-induced cataelastic effects
ha ve assisted to ad vance a queous a lteratio n i n the pare nt body. The rece nt study o f
B REARLEY ( 1995) a lso shows that the fragmentation a nd mixi ng o f a nhydrous minera ls
and subse que nt a queous a lteration ca n cause unusua l mi neralogy to deve lop, in this case
the enrichment o f sapo nite in the Be lls CM chondrite.

5.

Conclusion

X-ray exami natio n o f PCP partic les in the Murchison CM carbonaceous chondrite
usi ng a Gando lfi camera revea ls that tochi linite, cro nstedtite, a mixed-layer minera l of
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tochilinite and cronstedtite, magnetite, and calcite are main constituent minerals of PCP
and their relative abundances vary between type-I and -II PCP and among type-II PCP.
The enrichment of the mixed-layer mineral in type-II PCP in the elastic portion of the
meteorite indicates that the elastic portion has experienced more advanced aqueous al
teration relative to the non-elastic portion. This may be evidence that cataelastic effects,
like mixing and fragmentation, have promoted aqueous alteration in the meteorite parent
body.
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