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INTRODUCTION

The Kaidun meteorite contains extremely diverse
types of extraterrestrial material, including the products
of processes that took place during the early preaccre-
tionary evolution of the material (nebular condensation,
gas metasomatism, agglomeration, and nebular melt-
ing), occurred in the parent body of the meteorite
(impact melting, aqueous alterations, and material
transfer), and were related to the magmatic differentia-
tion of the material, as is typical of large enough plane-
tary bodies [1–3].

This paper presents the results obtained by studying
unusual clast #d6A, which was found in a polished thin
section #d6 of a sample extremely rich in diverse inclu-
sions.

METHODS

The material of the clast was examined by conven-
tional techniques of optical microscopy and by scan-
ning electron microscopy on CamScan. The composi-
tion of mineral phases was analyzed on a Camebax-
microbeam microprobe. Most of the analyses were con-
ducted at a current of 30 nA and an accelerating voltage
of 15 kV. Mineral phases whose material evaporates

when analyzed in standard mode were analyzed by ras-
tering over areas 2 

 

×

 

 2 

 

µ

 

m. The standards were natural
minerals and synthetic compounds from the collection
of standard housed at the Vernadsky Institute and bor-
rowed from the Smithsonian Institution in Washington
D.C., United States. ZAF corrections were applied to
the results.

All phases present in the samples were identified
based on their chemical analyses.

GENERAL CHARACTERIZATION
OF CLAST #d6A

The morphology of clast #d6A (Fig. 1) can roughly
be represented by a triangle with rounded corners and
the largest dimension of 4 mm. A conspicuous feature
of this clast is its extremely high content of foreign
inclusions that are very diverse in composition and tex-
ture and range from 2 mm to a few dozen micrometers
and less. In fact, it is quite difficult to find areas devoid
of inclusions in this heterogeneous breccia.

The principal minerals of the clast are phyllosili-
cates, but it also contains widespread carbonates and
sulfides and subordinate amounts of Fe oxides. No
anhydrous silicates were detected in this clast.
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—The paper reports the results of the textural and mineralogical studying of clast Kaidun #d6A. The
principal minerals of the clast are phyllosilicates, carbonates, and sulfides, but the clast contains no anhydrous
silicates. The clast is characterized by extremely high concentration of inclusions, which broadly vary in size,
composition, and texture, from completely remelted to practically unchanged when brought to the parent body.
The latter group includes two inclusions having a concentrically zonal texture, which have never before been
found in meteorites. One of the inclusions consists of serpentine replaced by talc in the margins. The inclusion
was formed in relation to silification under the effect of silicon-bearing aqueous fluid at a temperature of more
than 300

 

°

 

C. The other inclusion consists of alternating Ca carbonate and phyllosilicate zones. The texture and
composition of the inclusion suggest that its genesis was related to the metasomatic alteration of carbonates
under the effect of silicon- and alumina-bearing aqueous fluids at temperatures of about 400–500

 

°

 

C. These pro-
cesses are typical of large differentiated planets, and there are no reasons to expect them in the parent bodies of
carbonaceous chondrites, such as Kaidun. Our results obtained on clast #d6A are in good agreement with the
hypothesis that the parent body of the Kaidun meteorite was Phobos [1]. Correspondingly, inclusions #d6Aa
and #d6Ab likely originated from Mars, as previously examined alkali-rich clasts did. The clast described in
this publication seems to originate from the surface regolith of Phobos, which was compacted in the process of
the aqueous alteration of the material and subsequently buried at a greater depth.
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CLAST MATRIX

The major minerals of the matrix of the clast are
phyllosilicates, sulfides are contained in lower concen-
trations, and Fe oxides are present in subordinate
amounts.

The matrix phyllosilicates of the clast are, judging
from the chemical composition (Table 1, analysis 1),
dominated by magnesian serpentine. The high Al

 

2

 

O

 

3

 

 con-
centrations (~6 wt %) suggest that the serpentine is lizard-
ite, which is characterized by the highest Al

 

2

 

O

 

3

 

 concentra-
tions (up to 7 wt % and more) among the terrestrial poly-
types of serpentine, whereas chrysotile and antigorite
commonly contain no more than 1 wt % Al

 

2

 

O

 

3

 

 [4].

The matrix sulfides are presented mainly bound as
abundant elongated crystals, up to 30 

 

µ

 

m long and up
to 8–10 

 

µ

 

m thick. These crystals are ubiquitously
present in the matrix and form rims around all inclu-
sions contained in the clast (Fig. 2). The matrix also
contains equant sulfide grains. Sulfides of both mor-
phological types are usually strongly corroded and have
uneven, strongly corroded surfaces. The Ni concentra-

tions in the sulfides are 6–12 wt %, and their analytical
totals are usually lower than 100%.

Elongate pyrrhotite crystals of morphology similar
to that of sulfide crystals in our sample are quite typical
of the Kaidun meteorite and were thoroughly examined
in sample #01.3.18 [5]. The crystals in this sample are
much larger than in sample #d6A but also compose
rims around inclusions. It should be mentioned that
pyrrhotite crystals of this habit in sample #01.3.18 are
in fact polycrystalline aggregates with individuals
<1 

 

µ

 

m in size [5].
Many elongated sulfide crystals in our sample are

covered, along their long axes, by phyllosilicate rims
3

 

−

 

5 

 

µ

 

m thick (Fig. 2). The morphology of the rims is
analogous to that of pyrrhotite in sample #01.3.18,
although the rims in the latter are much thicker, up to
20 

 

µ

 

m. The chemical composition of the rims is gener-
ally similar in both samples, but those in our sample
contain less Fe and alkalis (table, analysis 2).

The similarities in the morphologies of sulfide crys-
tals in sample #d6A and pyrrhotite crystals in sample
#01.3.18, their similar concentrating around inclusions,
and the occurrence of phyllosilicate rims in all of them
suggest that they were produced by analogous (if not
identical) processes. The high Ni concentrations in
elongated sulfide crystals in sample #d6A can be
accounted for by the oxidation of sulfides during aque-
ous alterations after their crystallization. Oxidation and
passage into a dissolved state preferably affected Fe,
whereas Ni, which is less prone to oxidation, should
have enriched the remaining sulfide phase. The cor-
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Fig. 1.

 

 BSE image of clast #d6A that is rich in inclusions.
Letters 

 

a

 

, 

 

b

 

, and 

 

c

 

 mark the largest inclusions of the clast:
#d6Aa, #d6Ab, and #d6Ac, respectively, 

 

R

 

 marks a sul-
fide

 

−

 

enstatite aggregate #d6R. Arrows point to the bound-
aries of clast #d6A.

 

30 

 

µ

 

m

 

Fig. 2.

 

 BSE image of sulfide rim around inclusion #d6Aa.
Elongated sulfide crystals are surrounded by thin phyllosil-
icate rims. Pale irregularly shaped blebs in the right-hand
part of the image are ferrous serpentine in the talc zone of
inclusion #d6Aa.
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roded surface of sulfide crystals in the sample is consis-
tent with this explanation.

The practically ubiquitous presence of sulfide–phyl-
losilicate rims around foreign inclusions in the matrix
definitely indicates that the matrix was the source of
components for the rims and that the parameters of the
aqueous fluid changed at the matrix–inclusion interface
as a result of fluid interaction with the inclusions.

Iron oxides are presented by framboidal magnetite
and irregularly shaped grains.

The matrix of clast #d6A shows similarities with the
characteristics of carbonaceous chondrites of low pet-
rological types.

Below we present characteristics of some inclusions
in clast #d6A.

INCLUSION #D6Aa

 

Texture and Composition of the Inclusion 

 

The inclusion has an irregular, almost equant shape
(Fig. 3a) and sizes of 

 

0.8 

 

× 

 

0.6

 

 mm. The inclusion con-
sists mostly of two phyllosilicates: serpentine and talc.
The rare opaque minerals are sulfides. No carbonates
were found in the inclusion.

Inclusion #d6Aa is zonal: its core is made up of ser-
pentine with clearly pronounced crystal morphology
(Fig. 3b). The next zone consists of talc. Near the
boundary with serpentine, the material of this zone
shows no features of crystallinity in SEM images.
However, at some distance from this boundary, talc dis-
plays a typical felty morphology (Fig. 3c). The sharp
sinuous boundary between the serpentine core and the
talc zone is accentuated by a thin (3–6 

 

µ

 

m) band of Fe-
enriched serpentine, with the innermost part of this
band being richer in Fe. Both of the zones are charac-
terized by broadly varying apparent thicknesses. Both
of them contain domains whose texture and composi-
tion corresponding to the other zone, which definitely
reflects the complicated configuration of the boundary
between the zones in the inclusion volume. The talc
zone contains ferrous serpentine grains of irregular,
amoeba-shaped morphology, which reach 80 

 

µ

 

m
(Fig. 2). In contrast to other mineral zones, the margin
of the inclusion is characterized by a relatively constant
thickness of 30–50 

 

µ

 

m.
The inclusion is everywhere surrounded by a fine-

grained sulfide–phyllosilicate rim 80–200 

 

µ

 

m in appar-
ent thickness (Fig. 2). The characteristics of the rim and
its components were described above.

The compositions of phyllosilicates in inclusion
#d6Aa are listed in the table (analyses 3–7). Note that
the composition of the serpentine systematically varies
from zone to zone of the inclusion: the FeO and Al

 

2

 

O

 

3

 

concentrations increase and the MgO and SiO

 

2

 

 concen-
trations decrease in the serpentine from the core (anal-
ysis 3) to the boundary between the core and interme-

 

(c) 10 

 

µ

 

m

(b)

(‡)

30 

 

µ

 

m

100 

 

µ

 

m

 

Fig. 3.

 

 BSE image of inclusion #d6Aa. (a) General view of
the inclusion. The Mg-serpentine core is separated from the
talc zone by a thin rim of Fe-enriched serpentine. (b) Mor-
phology of serpentine in the core of the inclusion. (c) Mor-
phology of talc in the inclusion. Pale patches are Fe-rich
serpentine.
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diate zone (analysis 4) and further to serpentine in the
talc zone (analysis 6). The composition of talc in the
inclusion (analysis 5) is analogous to that in terrestrial
magnesian talc. The marginal zone of the inclusion
consists of phyllosilicates of the serpentine series (anal-
ysis 7), whose composition differs from that of serpen-
tine in other zones of the inclusion in having greater
variations in the concentrations of most components.

 

Processes of the Inclusion Formation

 

Talc is a relatively rare mineral in meteorites. In
some of them, its occurrence can be identified by TEM
[5, 6]. The presence of sodic talc was documented in
some metamorphosed carbonaceous chondrites, for
example, Yamato-82162 [7] and Belgica-7904 [8].
However, the composition of sodic talc
NaMg

 

6

 

(

 

Si

 

7

 

Al

 

)

 

O

 

20

 

(

 

OH

 

)

 

4

 

 [7] is principally different from
the composition of usual magnesian talc
Mg

 

3

 

Si

 

4

 

O

 

10

 

(

 

OH

 

)

 

2

 

. We failed to find any published analyses
of meteoritic talc of usual composition. The talc found in
the sample is obviously the first talc of terrestrial type ever
found in meteorites. The textures of serpentine replace-
ment by talc analogous to those in our samples have never
been documented before in meteorites.

Objects texturally close to inclusion #d6Aa were
described in crystalline schists from California [9].
These are nodules ranging from 10 cm to >1 m in size
that have spherical or ellipsoidal shapes. The cores of
the nodules consist of serpentine and are surrounded by
zonal rims, whose inner (closest to serpentine) zones
are consists mainly of felty talc aggregates.

Talc can be formed in terrestrial rocks within broad
temperature and pressure ranges: from conditions at the
Earth’s surface to 10 kbar and 

 

900°ë

 

 [4, 10]. Talc is
often produced by contact metasomatism of ultrabasic
rocks. In this processes, minerals are often replaced by
talc after serpentinization, mostly under low metamor-
phic parameters (greenschist facies: 

 

300–500°ë,
3

 

−

 

8

 

 kbar) [4, 11]. Talc can formed in insignificant
amounts during the metamorphism of silicified dolo-
mites. Talc was also found in hydrothermal veins with
ore mineralization, in evaporites, and carbonate sedi-
ments.

The composition of talc produced under various
conditions notably varies [11]. This mineral crystalliz-
ing in ultrabasic rocks contains FeO as the only admix-
ture to the magnesian end member, normally in
amounts of 1–4 mol % and never more than 13 mol %.
The FeO concentration in talc formed in silicified dolo-
mites does not exceed 5 mol %. Talc from hydrothermal
and other low-temperature mineral assemblages is
characterized by higher FeO concentrations.

The average FeO concentration in talc in inclusion
#d6Aa is 5 mol % (table) and lies within the range of
FeO concentrations typical of metamorphosed ultraba-
sic rocks.

Some textural features of the inclusion testify that
its talc replaced serpentine. This follows from FeO and
Al

 

2

 

O

 

3

 

 enrichment in the thin serpentine band at the
boundary between the serpentine core and talc zone of
the inclusion, particularly in the part of this zone closest
to the serpentine core. The FeO and Al

 

2

 

O

 

3

 

 concentra-
tions in the serpentine are notably higher than in usual
magnesian talc. Serpentine replacement by talc results
in the enrichment of the residual serpentine in these
components at the boundary between the zones.

The replacement of serpentine by talc can proceed
according to a number of schemes.

First, serpentine can be dehydrated and form forster-
ite [12, 13] by the scheme

 

(1)

 

However, the absence of any anhydrous silicates in
the inclusion rules out this mechanism of talc forma-
tion.

Then talc can be formed by the carbonatization or
silification according to one of the following principal
schemes [14, 15]:

 

(2)

(3)

 

Neither breunnerite nor any other carbonates were
detected in inclusion #d6Aa. Ca carbonates were found
in some inclusions in clast #d6A, which are dominated
by serpentine and contain no talc. These facts suggest
that serpentine replacement by talc in inclusion #d6Aa
is not related to in

 

 

 

situ carbonatization according to
reaction (2). However, this process cannot be ruled out
for the previous parent body, before the inclusion
occurred in its present setting.

Talc formation according to reaction (3) requires
that silica was added to the system. We failed to identify
any possible silica source either in inclusion #d6Aa
itself or in the surrounding matrix. This means that the
process of inclusion silification could not take place in
situ (as also the carbonatization process could not).
However, silification could occur in the previous parent
body, before the inclusion was brought to its modern
setting.

Hence, serpentine replacement by talc as a conse-
quence of silification or carbonatization processes
should have taken place in the previous parent body,
before the inclusion appeared or was emplaced in its
modern setting. The above comparison of the talc com-
positions in inclusion #d6Aa and in metamorphosed

5 Mg Fe,( )6 Si4O10[ ] OH( )8 2 Mg Fe,( )3

× Si4O10[ ] OH( )2 12Mg2SiO4 18H2O.+ +

Mg Fe,( )6 Si4O10[ ] OH( )8 3CO3+

Mg Fe,( )3 Si4O10[ ] OH( )2 3 Mg Fe,( )CO3+

+ 3H2O,

Mg Fe,( )6 Si4O10[ ] OH( )8 4SiO2+

2 Mg Fe,( )3 Si4O10[ ] OH( )2 2H2O.+
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terrestrial ultrabasic rocks (which were formed at silifi-
cation) and silicified dolomites (produced by carbonati-
zation) indicates that the silification process is more
preferable.

The process of serpentine silification with the for-
mation of talc is widespread in terrestrial rocks, when
large masses of ultrabasic rocks are affected by contact
metamorphism. Serpentine replacement by talc
requires temperatures higher than 300°C [12], which is
notably higher than the usual temperatures of aqueous
alterations in CI (~85°C), CM (105–125°C), and CR
(150°C) carbonaceous chondrites [16, 17].

The effect of high temperatures of about 500–700°C
was identified in some thermally metamorphosed car-
bonaceous chondrites [18], including Yamato-82162
and Belgica-7904. At these high temperatures, serpen-
tine is replaced by the association of talc + forsterite
[19, 12]. Indeed, metamorphosed chondrites contain
talc with forsterite. As was mentioned above, this talc is
enriched in Na and Al and notably differs from magne-
sian talc widespread in terrestrial rocks and found in
inclusion #d6Aa. Available data suggest that talc was
formed in thermally metamorphosed carbonaceous
chondrites according to scheme (1), i.e., via serpentine
dehydration.

Serpentine replacement by talc in meteorites can
also take place during the aqueous alterations of small
volumes of ultrabasic material, for example, large oliv-
ine–pyroxene chondrules. Small talc amounts were
found by TEM in chondrules of Allende [6]. However,
the scale of this process should obviously have been
very small, and the composition of the talc produced
thereby was not reported.

Our data allowed us to propose a scenario for the
genesis of inclusion #d6Aa. The alterations examined
in this inclusion were related to the action of silica-
bearing aqueous fluid. When talc replaced serpentine in
the central zone, the excess FeO and Al2O3 enriched the
serpentine at the alteration front of the boundary of the
zones. The same process was likely responsible for the
origin of ferrous serpentine in the talc zone, which can
be regarded as a result of the final alteration stage of
serpentine domains isolated in this zone during the
alterations.

Serpentine silification is quite widespread in terres-
trial rocks. At the same time, as was mentioned above,
no traces of this process have ever been identified in
meteorites. It is reasonable to believe that inclusion
#d6Aa was formed at a fairly large planetary body that
underwent deep differentiation of its material. This idea
is in good agreement with the fact that the talc of the
inclusion has a composition similar to that of terrestrial
talc but notably different from the composition of talc
in known meteorite samples.

The marginal zone of the inclusion notably differs
from its inner zones, first of all, in having an unvarying

thickness and inner texture and in showing no alter-
ations typical of the inner parts of the inclusion. The
serpentine composition in this zone differs from the
composition of serpentine in both the core of the inclu-
sion and the phyllosilicate matrix. Some characteristics
of the marginal zone are similar to those of the so-called
fine-grained rims or dust rims that surround many
objects in carbonaceous chondrites. There are two
groups of hypotheses proposed to explain the genesis of
these rims. One of them explains the development of
the rim in response to accretion processes prior to the
emplacement of the object into chondrite [see, for
example, 20]. According to the other group of hypoth-
eses, the rim was produced by in situ aqueous alter-
ations [see, for example, 21]. Available data did not
allow us to choose between these hypotheses. However,
in any event, the marginal zone of inclusion #d6Aa
developed after the inner zones of the inclusion.

INCLUSION #D6Ab

Texture and Composition of the Inclusion 

The inclusion has a roughly oval shape and sizes of
2.0 × 1.4 mm (Fig. 4a). The inclusion consists of Ca
carbonate and phyllosilicates: serpentine and chlorite.
The opaque minerals are rare magnetite grains. Anhy-
drous silicates are absent.

The texture of the inclusion is concentrically zonal,
but its zones have no sharp boundaries and are distin-
guished by the predominance of certain minerals. The
core of the inclusion is dominated by Ca carbonate. The
following zone is made up of Ca carbonate and phyllo-
silicates, with the predominance of the latter. The third
zone is dominated by Ca carbonate. The fourth, mar-
ginal zone is again dominated by phyllosilicates, and
Ca carbonate is contained in subordinate amounts. The
core of the inclusion contains serpentine and chlorite in
commensurable amounts, whereas the fourth, marginal
zone contains obviously more chlorite (Fig. 4b).

Inclusion #d6Ab, like that described above, is every-
where surrounded by a fine-grained sulfide–phyllosili-
cate rim, whose apparent thickness is approximately
60–80 µm.

The Ca carbonate grains vary in shape and size and
are sometimes larger than 150 µm. Large grains display
typical cleavage. Serpentine aggregates fill the intersti-
tial space between Ca carbonate grains. The boundary
between Ca carbonate and serpentine in the core of the
inclusion often has a “crystallographic” configuration
(Fig. 4c). Relatively small rounded grains of Ca carbon-
ate in contact with serpentine are sometimes sur-
rounded by thin (no thicker that 5 µm) serpentine rims,
which is distinguishable by textural, but compositional,
features. Chlorite is present only in serpentine aggre-
gates, in which it forms relatively small (no more than
15 µm) grains of irregular, often amoeba-shaped, habit.
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The compositions of serpentine and chlorite from
inclusion #d6Ab are listed in the table (analyses 8 and
9). Various zones of the inclusion bear phyllosilicates
of generally similar composition. Notable composi-
tional variations of the phyllosilicates can be at least
partly related to the mutual mixing of minerals in vari-
ous proportions on a submicrometer scale. It is worth
mentioning the systematic variations in the chemistry
of the chlorite: chlorite in contact with serpentine is
notably enriched in FeO compared to the central part,
as is clearly pronounced in BSE images as pale rims in
chlorite margins.

Ca carbonate in the inclusion contains very low Fe
and Mg concentrations, which are pervasively accom-
panied by Si. The average concentrations (wt %) are
0.26 for Si, 0.44 for Fe, and 0.16 for Mg. There are
good reasons to believe that the admixtures of these ele-
ments in the Ca carbonate are largely caused by the
contamination with surrounding phyllosilicates.

Processes of the Inclusion Formation

Objects with textures and compositions analogous
to those of inclusion #6dAb have never before been
detected in meteorites. However, analogous rhythmi-
cally banded textures, including their concentrically
zonal varieties, are quite usual in some terrestrial meta-
somatic rocks. They develop at contacts of carbonatite
magmas with acid rocks [22] and are particularly char-
acteristic of magnesian and calc skarns of the prograde
stage of metamorphism (inset in Fig. 4) [23, 24].

The metasomatic alterations of carbonate rocks take
place under the effect of magmatic fluids, which intro-
duce Si, Al, and Fe. The mineralogy of the newly
formed aggregates is controlled by several factors and
largely depends on the temperature and pressure.
According to the experimental data [25], obtained by
modeling dolomite–granodiorite contact at a fluid pres-
sure of 1 kbar and temperatures of 500–700°C, the
inner-contact part includes the following zones: forster-
ite–forsterite + magnetite–forsterite + calcite. The

(c)

(b)

(‡) 300 µm

30 µm

30 µm

Fig. 4. BSE image of inclusion #d6Ab. (a) General view of
the inclusion. Concentrically zonal texture of the inclusion
is defined by the predominance of Ca carbonate (pale) and
phyllosilicates (dark). The inset shows a concentrically
zonal aggregate of alternating pyroxene and calcite bands.
Specimen is from the collection of S.M. Aleksandrov,
Tin Creek magnesian-skarn deposit, Lost River, Alaska.
Scale bar is equal to 1 cm. (b) Marginal zone of the inclu-
sion. Near the contact with the matrix (lower part of the
image), the only phyllosilicate is chlorite, with serpentine
appearing closer to the central part (dark patches in the
upper part of the image). (c) Central zone of the inclusion.
Some large Ca carbonate grains (pale) show rectilinear
“crystallographic” boundaries with surrounding serpentine
(dark gray). Smaller Ca carbonate grains have rounded mor-
phologies and are surrounded by thin serpentine rims. Small
amoeba-shaped grains are surrounded by pale rims of chlorite.
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inner-contact part includes the following zones: cli-
nopyroxene—clinopyroxene + plagioclase. As the tem-
perature of the experiments was decreased to 550°C, the
clinopyroxene concentration in the inner-contact zone
decreased due to the development of amphibole, and
the magnetite zone disappeared from the outer-contact
part but an antigorite zone appeared in it. At a tempera-
ture of 400°C, the outer-contact part contains tremolite
in association with antigorite in place of forsterite.

During the retrograde stage of metamorphism at the
low-temperature alterations of skarns under the effect
of aqueous solutions, the earlier silicates are replaced
by serpentine and chlorite [24].

The development of mineral rhythms reflects an
unequilibrated character of the process and occurs if the
crystallization rates of the minerals are higher than the
rate of solution supply. The minerals composing the
rhythms show unchanging compositions. If thermody-
namic equilibrium is reached, the rhythms are disor-
dered up to complete disappearance [24].

The characteristics of rhythmically banded terres-
trial metasomatic rocks and inclusion #d6Ab in the
Kaidun meteorite led us to hypothesize that the genesis
of the latter was related to the metasomatic alterations
of carbonates. This follows, first of all, from the obvi-
ous textural similarities between inclusion #d6Ab and
analogous aggregates in terrestrial metasomatic rocks,
as well as the mineralogy of the rhythms, and the con-
stancy of mineral compositions in them. The “diffuse”
character of the rhythms likely suggests that the min-
eral system of the inclusion approached thermody-
namic equilibrium.

The data presented above on the inner structure and
composition of inclusion #d6Ab in comparison with
experimental data [25] and the results of petrological
studies [23] allowed us to draw some provisional con-
clusions concerning the genesis of the inclusion. The
absence of the magnetite zone from the inclusion likely
suggests that the temperature of the metasomatic alter-
ation was no higher than 550°C. At this temperature,
both pyroxene (diopside) and amphibole can crystal-
lize. The further low-temperature aqueous alterations
resulted in the replacement of the newly formed sili-
cates by serpentine and chlorite.

The predominant restriction of chlorite to the mar-
ginal zone of inclusion #d6Ab and the morphology of
the chlorite aggregates replacing serpentine quite defi-
nitely indicate that chlorite, or its precursor, was
formed during the final evolutionary stage of the inclu-
sion in the presence of water. The comparison of the
compositions of the serpentine and chlorite (table, anal-
yses 8, 9) indicates that a noteworthy characteristic of
the fluid was its elevated concentrations of Al2O3,
Cr2O3, and TiO2. This association is mobile in acidic
aqueous fluid at pH < 5 (under standard conditions)
[26], i.e., occurred during the acidic stage of the aque-

ous phase of alterations at temperatures of 200–400°C
[22].

The character of the matrix of clast #d6A and its
mineralogical and chemical composition rule out the
possibility of in situ formation of inclusion #d6Ab. This
inclusion, like inclusion #6dAa described above, was
produced outside clast #d6A and was emplaced into it
during its later evolutionary history.

INCLUSION #D6Ac

Texture and Composition of the Inclusion 

The inclusion (Fig. 5) has a round morphology and
is approximately 0.5 mm across. It is dominated by
hydrated silicates of various composition. The opaque
minerals are Fe sulfides. Similarly to all other inclu-
sions in this clast, this inclusion is surrounded by a fine-
grained sulfide–phyllosilicate rim.

The inclusion is zonal, as can be clearly seen in the
BSE image (Fig. 5). Its core approximately 0.3 mm
across has a porphyritic texture and consists of equant
crystals up to 50 µm across submerged in a massive vit-
reous mesostasis. The rim is made up of elongated skel-
etal crystals up to 120 µm in a porous mesostasis.

The compositions of the components of inclusion
#6dAc are listed in the table (analyses 10–13). The
lower analytical totals of the rim of the inclusion com-
pared with the totals for the core can likely be explained
by the porous texture of the rim.

The composition of crystals in the core is practically
unvarying, and skeletal crystals in the rims show nota-
ble compositional variations, perhaps, mostly because
of their morphology. At the same time, the average
compositions of crystals in both structural settings are
closely similar, and their concentrations of major ele-
ments are identical, which follows from the constancy
of their ratios: the SiO2/FeO ratio in crystals from the
core and rims is equal to 4.0 and 4.1, respectively, and
the SiO2/MgO ratio is equal to 1.3 for both of them. The
composition of crystals in both zones corresponds to
serpentine, but their morphologies are atypical of this
mineral. These crystals obviously resulted from the
aqueous alteration of earlier silicates. Skeletal olivine
crystals are very typical of rapidly cooling meteorite
chondrules. Conceivably, olivine was a primary min-
eral in the inclusion.

Compared with the corresponding mesostasis, the
crystals of the inclusion in various settings are enriched
in SiO2, MnO, and MgO but depleted in Al2O3, FeO,
CaO, and Na2O, and the differences between the com-
positions of the components of the core are more signif-
icant that those of the components of the rim.
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Processes of the Inclusion Formation

The porphyritic texture of inclusion #d6Ac, which is
defined by crystals in a vitreous mesostasis, obviously
indicates that the inclusion was produced by the crys-
tallization of melt, and the rounded morphology of the
inclusion indicates that the melt solidified in free space.
The zonal texture of the inclusion suggests that its core
and rim crystallized with notably different rates: the
rim with skeletal crystals crystallized when the melt
rapidly cooled, whereas the core of the inclusion crys-
tallized at slower cooling.

Available data led us to propose the following sce-
nario for the genesis of inclusion #d6Ac. The melt pro-
duced by a high-velocity impact was ejected in the form
of a droplet. The in-flight cooling of the melt via irradi-
ation resulted in the cooling of the droplet at the sur-
face, its further crystallization in the form of a rim with
skeletal crystals. Upon the fall of the partly solid parti-
cle onto the surface of the parent body of the meteorite,
the particle was overlain by crater ejecta, which were
most probably produced by the same impact event that
formed the melt particle itself. Its further crystallization
proceeded in the regolith, when the droplet cooled more
slowly. The material was then affected by aqueous alter-
ations in the parent body of the meteorite.

SMALL INCLUSIONS

As was mentioned above, clast #d6A is extremely
rich in inclusions of broadly variable size. This section
presents a brief characterization of some small inclu-
sions in this clast that differ in composition and texture.

Inclusion #d6Ah (Fig. 6a) shows a clearly pro-
nounced crystalline habit and has sizes of 140 × 60 µm.
The “crystal” contains an oval inclusion 30 × 25 µm.
Both components consist of phyllosilicates. The “crys-
tal” itself can evidently be regarded as a pseudomorph
of phyllosilicates after a crystal of some Fe–Mg sili-
cate.

Judging from the morphology of the pseudomorph,
the precursor crystal could be either olivine or pyrox-
ene. The pseudomorph is relatively rich in Cr2O3 (up to
0.66 wt %) which is atypical of terrestrial olivine. How-
ever, these concentrations are quite common in meteor-
itic olivine, including this mineral in the Kaidun mete-
orite [27]. Other chemical elements of the pseudo-
morph were relatively mobile during the aqueous
alterations of the silicates. Hence, available data are
insufficient for determining the mineral type of the
original crystal.

As can be seen in the BSE images and follows from
chemical analyses, the oval inclusion in the crystal
(Fig. 6a) was polymineralic and contained, along with
a silicate phase (or phases), also Fe, Ni-sulfide. The sil-
icate component of the oval inclusion is enriched in
some minor elements (Al2O3, CaO, Na2O, and K2O)
compared to the material of the crystal.

Inclusion #d6Ak (Fig. 6b) 100 µm across has a
roughly equant shape and a zonal inner texture. Both of
its zones are composed of hydrated silicates and con-
tain grains of Fe hydroxides and Fe, Ni-sulfides. The
rim of the inclusion contains relatively rare and large
(usually >2 µm) grains of opaque minerals, while the
core contains two groups of grains: along with rela-
tively large rare grains similar to those in the rim, it
contains abundant submicrometer-sized grains of Fe
oxides.

Olivine and pyroxene containing submicrometer-
sized grains of metallic Fe (so-called “dusty grains”)
are quite common in the chondrules of ordinary chon-
drites and were also detected in carbonaceous CM and
CV chondrites [28, 29]. Their genesis is thought to have
been related to the reduction of Fe-rich silicate grains at
changes in the redox conditions. The situation in the
inclusion is similar to that in “dusty grains”, although
the opaque phase in it is Fe oxides. It is reasonable to
think that the mechanism that produced the submi-
crometer-sized opaque phase in the inclusion was anal-
ogous to the mechanism responsible for the origin of
“dusty grains”, but the metal of the submicrometer-
sized phase was then oxidized during the aqueous alter-
ation of the material.

The compositions of the silicate component in the
core and rim of the inclusion are notably different. The
core is rich in FeO (18 wt %), NiO (2.5 wt %), and
S (1.8 wt %). For at least the latter two components, this
can be caused by the incorporation of tiny sulfide
grains. Moreover, the core of the inclusion is notably

100 µm

Fig. 5. BSE image of inclusion #d6Ac with a zonal texture.
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enriched in minor elements (up to 5 wt % Al2O3, up to
2.5 wt % CaO, and up to 0.4 wt % Na2O) compared to
the rim (no more than 2.5 wt % Al2O3, no more than
0.2 wt % CaO, and no more than 0.15 wt % Na2O).

The genesis of inclusion #d6Ak was likely related to
the melting of multiphase material without homogeni-
zation of the resultant melt and with the subsequent
aqueous alteration of the material.

Inclusion #d6Ad (Fig. 6c) has a maximum size of
260 µm and is characterized by an irregular shape. It
consists of magnesian serpentine and Ca carbonate and
contains subordinate amounts of pyrrhotite, which can
be hosted in both serpentine and Ca carbonate. The ser-
pentine is loose in the core of the inclusion and massive
in its margins. The Ca carbonate of this inclusion is
characterized, like this mineral in inclusion #d6Ab, by
low concentrations of minor elements. It is worth men-
tioning that clast #d6A contains a few inclusions of this
type.

The texture of the inclusion indicates that it was not
melted when brought to the parent body but underwent
aqueous alterations, which resulted in the compaction
of the serpentine texture in the marginal zone of this
inclusion.

GENESIS OF CLAST #D6A
AND ITS INCLUSIONS

The absence of anhydrous silicates from all compo-
nents of clast #d6A testifies that the material of this
clast underwent quite extensive aqueous alterations.
The texture of the clast, for example, the occurrence of
sulfide rims around practically all inclusions in this
clast and the development of outer rims around some of
the inclusions (#d6Aa and #d6Ad), suggests that the
inclusions were affected by aqueous alterations already
in the clast. This does not mean that these alterations
were the only ones in the evolutionary history of the
clast. Moreover, it shows undeniable evidence of the
earlier aqueous alterations of at least some of its com-
ponents. This is, for example, inclusion #d6Aa, which
was produced under the effect of silica-rich aqueous
fluid, a process that could not take place in the carbon-
aceous chondritic parent body of the meteorite.

It is important to note that the aqueous alteration of
clast #d6A and its components took place before the
clast was emplaced in its modern setting. This defi-
nitely follows from the occurrence of sulfide–enstatite
aggregate #d6R at immediate contact with clast #d6A
(Fig. 1). Aggregates of this type were also found in
other thin sections of the Kaidun meteorite [30]. They
consist of pure enstatite with inclusions of rare sulfides:
niningerite and heideite. These minerals, first of all, sul-
fide, should have been inevitably affected by significant
alterations if the extensive aqueous transformations of
clast #d6A occurred in situ.

(c)

(b)

(‡) 30 µm

30 µm

30 µm

Fig. 6. BSE image of small inclusions in clast #d6A.
(a) Inclusion #d6Ah. Pseudomorph of phyllosilicates after a
crystal of a Fe–Mg silicate. (b) Phyllosilicate inclusion with
core #d6Ak enriched in opaque minerals. (c) Phyllosilicate
inclusion with calcite and sulfide #d6Ad. Arrows point to
the boundaries of the inclusion.
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Similarly to the Kaidun meteorite as a whole, the
clast contains inclusions that arrived at the parent body
with significantly different velocities. For example,
along with inclusions showing traces of melting (for
example, #d6Ac and #d6Ak), which collided with the
parent body having velocities of a few kilometers per
second [31], the clast also contains inclusions that dis-
play practically no traces of impact metamorphism (for
example, #d6Aa and #d6Ab), which arrived at the par-
ent body having practically zero velocities.

A noteworthy feature is the much more magnesian
composition of phyllosilicates in clast #d6A compared
to phyllosilicates in CI, CM, and CR chondrites and the
matrix of clast Kaidun #01.3.18 [5] (Fig. 7). The unusu-
ally high Mg concentration in the carbonaceous com-
ponents of the Kaidun meteorite compared to all other
carbonaceous chondrites was emphasized in [32].

The genesis of individual components of clast #d6A
should be considered with regard for available data on
this meteorite as a whole. As is demonstrated by the
results of its numerous studies [1–3], the Kaidun mete-
orite is characterized by the extraordinary diversity of
its components. The bulk of the meteorite is made up of
the material of carbonaceous chondrite of the second
petrological type and contains numerous objects pro-
duced early in the evolution of the solar system: the
condensation products of the nebula and the products of
nebular gas metasomatism, some of which have never
before been found in meteorites. At the same time, the

meteorite contains clasts of alkaline and subalkaline
composition, which were brought to the parent body of
the meteorite during two events at different times [33].
Alkali-rich clasts are very rare in meteorites, and the
occurrence of two distinct clasts of this type in the sin-
gle Kaidun meteorite is hard to explain by a simple
coincidence. It is more reasonable to think that the
source of the alkali-rich rocks, the deep differentiation
products of material in the interiors of a large planetary
body, was somewhere near the parental body of Kai-
dun. All of these compositional features of the meteor-
ite led us to believe that the parent body of the meteorite
was a satellite of a large differentiated planet. The only
possible bodies of this type in the solar system are Dei-
mos and Phobos, satellites of Mars, of which the latter
being more preferable with regard for dynamic consid-
erations [1].

The texture and composition of inclusion #d6Aa
indicate that its final evolutionary stage was marked by
extensive silification of serpentine under the effect of a
silicon-bearing aqueous fluid at a temperature higher
than 300°C. The texture and composition of inclusion
#d6Ab provide good reasons to believe that the inclu-
sion was formed in relation to the metasomatic alter-
ation of carbonates under the effect of Si- and Al-bear-
ing fluids at a temperature of about 400–500°C. There
are no reasons to expect that such processes, which are
typical of large differentiated planets, can occur in the
parent bodies of carbonaceous chondrites, such as the
Kaidun meteorite. It should also be noted that the clast
described in this paper contains two inclusions whose
genesis was definitely related to processes in a large
differentiated planet.

The characteristics of inclusions #d6Aa and #d6Ab
presented above are consistent with the hypothesis that
the parental body of the Kaidun meteorite was Phobos
[1]. Correspondingly, inclusions #d6Aa and #d6Ab,
like the alkaline clasts studied earlier, likely originated
from Mars.

Inclusion #d6Ad has a mineralogy and the chemical
composition of its calcite analogous to those of inclu-
sion #d6Ab and can be of analogous genesis.

The provenance of inclusion #d6Ah, which has a
crystalline habit and contains an oval polymineralic
inclusion, is uncertain. On the one hand, such crystals
are quite common in magmatic rocks, and, correspond-
ingly, the precursor crystal could be borrowed from a
differentiated magmatic (Martian) rock. On the other
hand, analogous crystals with inclusions were also
found in meteorites, including Kaidun [27].

The textures and compositions of remelted inclu-
sions #d6Ac and #d6Ak do not provide any clues to
their genesis. They could equally probably originate
from small meteoritic bodies and fragments of Martian
rocks ejected from the planet with high velocities at
meteorite impacts.

Si + Al Mg

Fe

50

KAIDUN #01.3.18

matrix and

CM serpentine

EET 87770
phyllosilicates
RENAZZO

IVUNA

ORGUEILKAIDUN #d6Aa
KAIDUN #d6Ab

KAIDUN #d6A

inclusions

phyllosilicates

phyllosilicates

phyllosilicates

50

Fig. 7. Average composition of phyllosilicates in inclusions
#d6Aa and #d6Ab and the compositional field of the matrix
and small inclusions of clast #d6A plotted in a Fe–Mg–(Si +
Al), at %, diagram. The diagram also shows the field of ser-
pentine in CM chondrites and the compositions of phyllo-
silicates in CI1 (Ivina and Orgueil) and CR2 (EET 87770
and Renazzo) chondrites and the compositional field of
phyllosilicates in sample Kaidun #01.3.18. The diagram is
modified after [5].
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CONCLUSIONS

The above discussion of the possible origin of inclu-
sions in clast #d6A shows that some of them could be
of Martian provenance. In this context, it is pertinent to
mention that, according to calculations in [34], the con-
centration of Martian material in the uppermost regolith
at Deimos, the second of Mars’s satellites, can be as
high as 10%. However, Phobos is much closer than
Deimos to Mars, and the concentration of Martian
material in the Phobos regolith should be much higher.
Conceivably, the clast described in this publication
originated from the uppermost regolith layer of Phobos
that was compacted in the course of aqueous alterations
of the material and later buried in a deeper layer with a
lower concentration of Martian material.
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