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INTRODUCTION

Mesosiderites are stony�iron meteorites containing
commensurable amounts of silicates and FeNi metal.
The chemical composition and oxygen isotopic ratios
(Clayton and Mayeda, 1996) of their silicates corre�
spond to those of HED meteorites (howardite–
eucrite–diogenite). The metal phase of mesosiderites
is close in chemical composition to iron meteorites of
group IIIAB (Wasson et al., 1974). It is currently
thought that mesosiderites were formed on the differ�
entiated parent body during its catastrophic collision
with iron asteroids and the resultant mixing of silicate
rock fragments and molten metal (Wasson and Rubin,
1985).

The Budulan mesosiderite has a mass of close to
100 kg and was found in Buryatia, Russia, in 1962.
Kirova and D’yakonova (1966) published the first
descriptions of its mineralogy, petrography, and chem�
ical composition. Budulan is a highly metamorphosed
mesosiderite of group 3B and has a poikiloblastic tex�
ture (Floran, 1978). It was, however, later demon�
strated (Hewins, 1984) that the silicate component of
mesosiderites of group 3B provides textural evidence
of their crystallization from melt and that they should
be classed with group 4B. The mesosiderites of this

group have a poikilitic texture of their plagioclase
oikocrysts and pyroxene chadacrysts and are distin�
guished for elevated contents of orthopyroxene and
olivine compared to those in other mesosiderites.

The source of mesosiderites and other meteorites
of group HED is a relatively large differentiated body,
perhaps, the asteroid Vesta (see, for example, Gaffey,
1997), whose mantle may consist of olivine. It is thus
interesting to examine olivine fragments in the silicate
constituent of such meteorites.

Olivine is contained in mesosiderites in an amount
of close to 5 vol % (Delaney et al., 1980). The compo�
sition of the olivine is Fo55–93 at Fe/Mn = 40–55 at
(Goodrich and Delaney, 2000). The FeO/MnO ratio
of olivine in mesosiderites was determined (Delaney
et al., 1980) to decrease with increasing Mg# of the
mineral, which is possibly explained by partial Fe
reduction. The most magnesian olivine in mesosider�
ites occurs as inclusions of the composition Fo92–93
(Ntaflos et al., 1993; Boesenberg et al., 1997; Ter�
ribilini et al., 2000; Wasson and Rubin, 1985).

Although olivine inclusions in the Budulan mesos�
iderite were found and documented by Kirova and
D’yakonova (1966), several researchers (Floran, 1978;
Prinz et al., 1980a) later failed to identify olivine in
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this meteorite. Our preliminary studies (Lorenz et al.,
1999, 2000) confirmed that the Budulan mesosiderite
does contain olivine fragments. The olivine inclusions
turned out to show evidence of “dry” metasomatism,
a process that have never before been detected in any
mesosiderites. This paper presents our results obtained
by studying such inclusions. We also discuss the possi�
ble role of metasomatic processes in the history of the
parent body of mesosiderites.

MATERIALS AND METHODS

In order to study olivine inclusions in the Budulan
mesosiderite, we prepared 15 polished sections of
samples of this meteorite. Olivine inclusions were
identified only in three of these sections. In addition,
we examined selected fragments of large olivine inclu�
sions from the groundmass, which were obtained dur�
ing the laboratory processing of the meteorite material
and then used to prepare polished thin sections. The
thin sections were examined under an optical micro�
scope at the Vernadsky Institute and under an JSM
6400 scanning electron microscope at the Natural
History Museum in Vienna (NHMW). The chemical
composition of phases was analyzed on various micro�
probes: Camebax Microbeam (at the Vernadsky Insti�
tute), ARL�SEMQ (at NHMW), and Cameca SX�100
(at the Department of Lithospheric Studies of the
Vienna University). The Ni and Co concentrations of
the metallic phase in the meteorite were determined
by instrumental neutral activation analysis at the Ver�
nadsky Institute.

RESULTS

The Budulan meteorite is made up of polymictic
metabreccia consisting of fragments of pyroxene, pla�
gioclase, and pyroxene–plagioclase rocks with evenly
distributed FeNi metal segregations (~50 vol % of the
rock) in between (Fig. 1a). The silicates are not zonal
in both clasts of pyroxene–plagioclase rocks and
monomineralic fragments. The composition of the
pyroxene varies from En55Wo1–5 to En73Wo1–5 (Fe/Mn ≈
30) (Fig. 2a), and the plagioclase is An79–An96. The
metallic phase is kamacite (5.2 wt % Ni, Ni/Co ≈ 13)
with taenite inclusions (30⎯50 wt % Ni). The average
Ni concentration in the metal accounts for 8.55 wt %
(Ni/Co ≈ 18). Large metal segregations are connected
by a network of veinlets 10–50 μm thick, which con�
sist of kamacite, taenite, and schreibersite. The acces�
sory minerals are chromite, silica, merrilite, troilite,
ilmenite, rutile, Ca, Mg, Fe, and Mn phosphates, and
fayalite.

Olivine inclusions account for approximately
5 vol % of the meteorite, have sharp contacts with the
host rocks (without associated zoning), and can be
classified into high�Mg (Fo62) and low�Mg (Fo86)
groups (table).

The low�Mg inclusions are 0.5–5 mm across and
consist of olivine (Fo62, Fe/Mn ≈ 45) with occasional
inclusions of low�Ca pyroxene, troilite, and FeNi
metal (2.4 wt % Ni). The inclusions are cut across by
troilite (0.4–1.6 wt % Ni) veinlets and are variably
replaced by Fe3+ hydroxides, which were synthesized
in the course of oxidation on the Earth’s surface. Some
troilite veinlets intersect the boundaries of the inclu�
sions and continue in the host mesosiderite rock
(Fig. 1e). The Mg# of olivine around the veinlets
increases from Fo62.9 to Fo74.8 toward the planes of the
veinlets (Fig. 2b). The Fe/Mn ratio simultaneously

Average compositions (wt %) of olivine and pyroxene in olivine inclusions in the Budulan mesosiderite

Inclusion type/mineral Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Cr2O3 MnO FeO Total Fo En Wo Fe/Mn

Low�Mg olivine inclusion B1/98

Unaltered olivine n.d. 29.8 0.03 37.5 0.03 0.06 0.17 0.18 0.72 31.4 99.9 62.9 43

Strongly altered olivine n.d. 36.6 n.d. 39.4 0.06 0.02 0.08 0.08 0.76 22.0 99.0 74.8 28.5

Pyroxene replacing olivine n.d. 26.0 0.13 48.3 n.d. 0.10 0.08 0.16 0.82 23.3 99.8 66.5 0.18 28

High�Mg olivine inclusion B3/99

Unaltered olivine n.d. 46.9 n.d. 40.7 n.d. 0.03 n.d. 0.03 0.29 12.9 100.9 86.6 44.9

Orthopyroxene inclusion in 
olivine

0.08 29.6 1.36 53.8 n.d. 0.74 0.11 4.57 0.43 10.8 101.5 81.8 1.47 24.8

Orthopyroxene in chromite–
pyroxene symplectite

0.32 28.4 0.42 57.0 n.d. 0.79 0.47 0.73 n.d. 11.9 100.1 79.7 1.6

Clinopyroxene in chromite–
pyroxene symplectite

0.95 16.8 0.93 52.1 0.03 25.3 0.08 1.01 0.52 3.02 100.5 45.8 49.6 5.73

Strongly altered olivine n.d. 53.4 n.d. 42.9 n.d. n.d. n.d. n.d. 0.17 2.55 99.0 97.4 14.8

Pyroxene replacing olivine n.d. 35.6 0.16 55.1 n.d. 0.25 0.03 0.1 0.37 6.23 97.8 90.7 0.46 16.6

Note: n.d. means no detected.
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Fig. 1. Textures of the Budulan mesosiderite and secondary mineral aggregates in its low�Mg olivine inclusions.
(a) Texture of the Budulan mesosiderite: white—metal, gray—silicates; (b) poikiloblastic texture of the silicate constituent of the
mesosiderite: M—metal, Px—pyroxene, Pl—plagioclase; (c) low�Mg olivine inclusions in the Budulan mesosiderite. Arrows
point to fractures with darker zones of secondary alterations around them and fine�grained troilite�pyroxene aggregates replacing
olivine (Ol); (d) troilite veinlet (it is extensively replaced by Fe hydroxides) in a low�Mg olivine inclusion with zones of secondary
alterations, in which olivine is replaced by troilite and pyroxene aggregates: Tr—troilite, Ch—chromite; (e) veinlet cutting across
a contact of a low�Mg olivine inclusion and matrix pyroxene. The veinlet is filled with troilite, which is extensively replaced by
Fe hydroxides (Ox). The domain in which olivine is replaced by a troilite�pyroxene aggregate is truncated by matrix pyroxene;
(f) troilite and pyroxene aggregate at a boundary of a low�Mg olivine inclusion and the groundmass of the mesosiderite. All images
in Figs. 1⎯4 are micrographs taken under an optical microscope, except Figs. 1a, 1c, 1e, 3a, 4b, and 4c, which are BSE images.
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decreases from 45 to 30. Along these veinlets
(Figs. 1c–1e) and, occasionally, at contacts between
olivine inclusions and the host mesosiderite rock
(Fig. 1f), olivine may locally contain aggregates of
troilite and low�Ca En64–70.

The high�Mg inclusions are notably larger (1.5–
3 cm) and consist of subhedral olivine grains (Fo86,
Fe/Mn ≈ 46) 3–5 mm across. These inclusions occa�
sionally contain narrow (10–30 μm) and long (up to

5 mm) orthopyroxene lamellae (En85–89Wo1.0–2.5;
Fe/Mn ≈ 36) bearing fine�grained graphic inter�
growths (symplectites) of chromite and orthopyroxene
(Fig. 3a) with rare inclusions of troilite, plagioclase
(An99), orthopyroxene (En49.35Wo45.74), and FeNi metal
(1.1–3.3 wt % Ni). The olivine grains contain rela�
tively large (50–100 μm) single irregularly shaped
inclusions of troilite (Fig. 3b), metallic iron, Ca phos�
phate (merrilite), and chromite.
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Fig. 2. Olivine and pyroxene compositions in the Budulan mesosiderite.
(a) Olivine and pyroxene compositions (mol %): (1, 2) compositions of unaltered and reduced olivine in low�Mg inclusions; (3,
4) compositions of unaltered and reduced olivine in high�Mg inclusions; (b) olivine zoning in secondary alteration zones around
fractures in olivine inclusions. The left�hand part of the profile shows olivine near the fracture, and the right�hand part corre�
sponds to unaltered olivine. A—low�Mg olivine inclusions, B—high�Mg olivine inclusions; (c) Mg# and FeO/MnO (mol %)
ratios of olivine (the open and solid stars indicate unaltered olivine in low� and high�Mg olivine inclusions, respectively) and
meteorites of other groups (data from Planetary Materials, 1998): AKLOD—acapulcoites and lodranites; BRA—brachinites
(Mittlefehldt, 2003); HED—howardites, eucrites, and diogenites; IAB—silicate inclusions in IAB iron meteorites; MES—
mesosiderites; PAL—pallasites; URE—ureilites; WIN—winonaites (Prinz et al., 1980b).
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Fig. 3. Textures and mineral morphologies in high�Mg inclusions in the Budulan mesosiderite.
(a) Fine�grained symplectitic aggregate of chromite (pale gray) and orthopyroxene (dark gray) in high�Mg olivine; (b) troilite
inclusion in olivine; (c) olivine replacement by an aggregate of secondary minerals along thin veinlets around a broad fracture;
(d) olivine replacement by an aggregate of secondary troilite, pyroxene, and silica; (e) aggregate of metal and pyroxene in a por�
tion of a vein filled with FeNi metal; (f) development of metal�silicate and troilite�silicate aggregates along the same fracture.

Long (up to 200 μm) fractures along boundaries of
olivine in the high�Mg inclusions are filled with Fe
hydroxides (6.2 wt % NiO) with angular olivine frag�
ments and inclusions of chromite, anorthite (An99),
and merrilite and with relics of kamacite (5 wt % Ni,
Ni/Co = 5–15) and taenite (54 wt % Ni). In some

fractures, FeNi phosphate develops along contacts
between olivine and Fe hydroxides. The composition
of the phosphate is close to that of arupite (Ni,
Fe2+)3(PO4)2 ⋅ 8H2O. Larger fractures are accompanied
by arrays of thin subparallel fractures with veinlets of
troilite and metallic iron intensely replaced by Fe and
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Ni hydroxides. As in to low�Mg olivine inclusions, the
Mg# of olivine increases from Fo86 to Fo97 toward the
planes of fractures (table, Figs. 2b, 4b), and the Fe/Mn
ratio simultaneously decreases from 46 to 15. Veinlets
are locally accompanied by discontinuous rims of
fine�grained polymineralic aggregates of various types
(Figs. 3c, 4b). Their zones become continuous around
the thickest and longest fractures.

The most common aggregates are sulfide–pyrox�
ene–silica (type I), which consist of 1–5 μm grains of
Fe sulfides, pyroxene En90.7Wo0.4 (Fe/Mn ≈ 17)
(Fig. 1f) and silica (Fig. 3d). Silica grains are localized
in the interstices of pyroxene and sulfide grains and
never occur in immediate contact with nearby olivine.
The aggregates replace olivine within zones 100 μm
thick along fractures. The aggregates of type II, which
are spread much less widely, consist of sulfide, metal,
pyroxene, and silica and contain 5–15 vol % FeNi
metal. The aggregates of type III (metal–pyroxene–
silica) consist of 5� to 15�μm metal grains, pyroxene,
and silica and develop around single thin metal vein�
lets as rims 10–20 μm thick (Fig. 3e). Aggregates of
these types usually systematically alternate along a sin�
gle veinlet (Fig. 3f). The Ni concentrations in the
polymineralic aggregates of types I and II vary from
1.5 to 52.8 wt %, similar to the composition of sulfides
in veinlets cutting across the olivine. Ni�poor and Ni�
rich sulfides may locally coexist. The sulfides and
metal are ubiquitously replaced by Fe hydroxides with
2.5–8 wt % NiO and 0.5–12 wt % SiO2. The oxidized
veinlets rimmed by fine�grained aggregates often con�
tain grains of metal, sulfide, and, more rarely, silica
and chromite.

Olivine inclusions show traces of kink deforma�
tions of impact or tectonic genesis. Neither increase in
the Mg# of the olivine nor development of polyminer�
alic aggregates were detected near younger metal and
sulfide veinlets that cut across all of the aforemen�
tioned textural features and host olivine (Fig. 4c).

DISCUSSION

Sources of Magnesian Olivine

The Mg#, Fe/Mn ratio (30), and Cr2O3 and CaO
concentrations of orthopyroxene in the Budulan
mesosiderite are analogous to those of pyroxenes in
other mesosiderites (Mittlefehldt, 1979) and HED
meteorites (Ruzicka et al., 1997). The rocks compos�
ing the silicate constituent of this meteorite are likely
analogues of orthopyroxene cumulus eucrites
(Delaney, 1984; Mason, 1994).

The low�Mg olivine inclusions contain olivine Fo62
(Fe/Mn ≈ 45), whose composition corresponds to that
of olivine occasionally found in HED meteorites
(Fig. 2c). Olivine (Fo60) is the first liquidus phase to
crystallize from eucrite melts (Stolper, 1977), and
hence, it is reasonable to suggest that the possible
source of the low�Mg olivine could be the cumulus
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Fig. 4. Relations between secondary mineral aggregates of
various types in a high�Mg olivine inclusion in the Budu�
lan mesosiderite.
(a) Veinlet filled with metal intrudes a zone of troilite�sili�
cate aggregates and forms a metal�troilite�silicate aggre�
gate; (b) strongly altered domain in a high�Mg inclusion.
An aggregate of troilite and silicates (white) replaces oliv�
ine (gray). Thin veinlets are contoured by zones of elevated
Mg# (dark gray) that grade into a domain of unaltered oli�
vine (pale gray); (c) troilite veinlet cutting across alteration
zones (dark gray) in olivine (pale gray).
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rocks of eucrite magmas. The high�Mg olivine (Fo86),
which does not crystallize from eucrite melts, requires
another source. The Fe/Mn ratio of high�Mg inclu�
sions in Budulan are the same as in olivine in HED
meteorites and differs from olivine of primitive achon�
drites (lodranites, acapulcoites, winonaites, brachin�
ites, and ureilites) (Fig. 2c), a fact suggesting that this
olivine crystallized in the parent body of HED mete�
orites. However, even in diogenites, including olivine
diogenites, olivine inclusions are more ferrous (Fo69–
Fo79) (Hewins, 1981; Irving et al., 2005; Shearer et al.,
2007). The most magnesian olivine was found only in
the form of monomineralic fragments and in peridot�
ite fragments in howardites (Lorenz et al., 2001). The
composition of olivine of the high�Mg inclusions is
comparable only with that of recently found dunite
meteorites, which were genetically related to the par�
ent body of HED meteorites: QUE93148 (Fo85.5; Goo�
drich and Righter, 2000) and NWA 2968 (Fo92.5; Bunch
et al., 2006). The coarse�grained texture of the high�
Mg olivine inclusions provides evidence of a low cool�
ing rate and, hence, a significant depth at which the
rocks occurred that served as the source of the frag�
ments of high�Mg olivine. The pyroxene–chromite
symplectites found in these inclusions have a compo�
sition and texture analogous to those of symplectites
described in diogenites (Mittlefehldt, 2000; Irving
et al., 2003), fragments of ultrabasic rocks in Dhofar
018 howardite (Lorenz et al., 2001), olivine chondrite
QUE 93148 (Goodrich and Righter, 2000), and lunar
rocks (Bell et al., 1975; McCallum and Schwartz,
2001).

The results of computer simulations of the crystal�
lization of chondritic melts, to which the genesis of
HED meteorites can be related (Ruzicka et al., 1997;
Righter and Drake, 1997; Lorenz et al., 1998), indi�
cate that olivine of composition corresponding to that
of high�Mg inclusions in Budulan, other mesosider�
ites, and dunite meteorites of the HED group was
formed early in the crystallization process. Hence,
such inclusions could be fragments of rocks produced
by olivine sedimentation from chondritic melts. It is
thus reasonable to suggest that the high�Mg olivine
inclusions in Budulan can represent material from
deeper levels in the differentiated parent body of HED
meteorites (lower crust or upper mantle).

Genesis of Veinlets in the Olivine Inclusions

Veinlets accompanied by zoning likely resulted
from secondary alterations analogous to those induced
by hydrothermal–metasomatic processes. In essence,
the secondary alterations of olivine inclusions in the
Budulan meteorite were iron reduction under the
effect of anhydrous fluid. The anhydrous nature of the
fluid also follows from the absence of hydrous phases
in the secondary alteration zones. Although no alter�
ations of this type have never been detected in mesos�
iderites, they were documented in meteorites of some

other types. For example, in�situ olivine reduction
with the crystallization of metallic iron was docu�
mented in a number of EH3 chondrites (Matsunami
and El Goresy, 1992; Weisberg et al., 1994). Enstatite
chondrites show evidence of olivine sulfidization with
the origin of sulfide, pyroxene, and silica (Rubin,
1984). The elevated Mg# of olivine in lodranites
(primitive chondrites) along fractures could have
resulted from reactions with S�rich fluid (Papike et al.,
1995). In ureilites narrow zones of low�Fe olivine and
to lesser extent, pyroxene are observed at the contacts
with carbon�bearing matrix (Berhly et al., 1980). The
increase in the Mg# and the replacement of olivine by
a fine�grained aggregate of troilite and enstatite
around sulfide veinlets were detected in lunar regolith
67016 and were thought to be caused by an olivine
reaction with S�bearing vapor (Norman et al., 1991).
Traces of olivine (Fo56) replacement by a fine�grained
aggregate of troilite and enstatite (En65) in association
with sulfide veinlets were found in the Dar al Gani 779
howardite. In this situation, again, it was thought that
the secondary alterations resulted from a reaction of
olivine with S�bearing vapor of, perhaps, impact gen�
esis (Rosing and Haack, 2004). The texture and com�
position of this material are most closely analogous to
those of olivine inclusions in Budulan.

When iron is reduced in the fayalite component of
olivine [reaction (1)] and the resulted silica and for�
sterite recombine [reaction (2)], the olivine is replaced
by an aggregate of magnesian pyroxene and Silica

(1)

Mg2SiO4 + SiO2  Mg2Si2O6. (2)

The presence of silica in secondary aggregates
around grains of secondary enstatite and metal or sul�
fide in Budulan suggests that silica could be partly pre�
vented from participation in reaction (2).

The reduction of olivine under the effect of gaseous
S2 at very high sulfur/olivine ratios was experimentally
reproduced in (Kullerud and Yoder, 1963, 1964)

(3)

Reaction (3) was determined (Colson, 1992) to be
independent of pressure, and the shift of this equilib�
rium to the right should be controlled by a decrease in
the O2/S2 ratio. This condition is fulfilled if the fluid
has a very low initial O2/S2 ratio or if this ratio
decreases to a value sufficient for the reaction to pro�
ceed as the temperature (or pressure) decrease (Col�
son, 1992). As gas reactions controlling oxygen fugac�
ity, Colson (1992) suggested the reactions

2CO2  2CO + O2, (4)

CO  C + O. (5)

2 Fe Mg,( )2SiO4 2Fe 2O+

+ SiO2 Mg2SiO4,+

2 Fe Mg,( )2SiO4 S2 g( ) Mg2Si2O6+

+ 2FeS O2 gas( ).+
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He has demonstrated that sulfide and enstatite in oliv�
ine can be synthesized by reactions with a mixture of
CO, СО2, and S2 (with this mixture containing
approximately 0.6% S2) at temperatures of 800–
1200°С. Hence, the effect of an sulfur�bearing gas with
an oxygen fugacity controlled by the СО�СО2 buffer
can adequately account for the magnesian composi�
tion of the secondary associations of both the high�Mg
and the low�Mg olivine. However, an increase in the
Mg# of the olivine not coupled with the separation of
metallic iron in the olivine suggests that iron should
diffuse into fractures, in which it is mobilized and
redeposited in the form of metal, which cannot be
explained by Eq. (3). This reactions also fails to
explain the occurrence of metallic iron in the mineral
aggregates of types II and III.

As a mechanism responsible for the mobilization of
metal and sulfides on the Moon, Colson (1992) con�
sidered the synthesis of carbonyl compounds of met�
als, such as Fe(CO)5, Ni(CO)4, and Cr(CO)6, which are
stable within a broad temperature range and whose
decomposition results in the redeposition of metals

Fe + 5CO  Fe(CO)5, (6)

and the synthesis of carbonyl sulfide (COS)

CO + S = COS (7)

with this compounds subsequently reacting with metal
carbonyls

Fe(CO)5 + COS = FeS + 6CO. (8)

The set of reactions presented above is able to gen�
erally adequately reproduce the secondary mineral
associations in inclusions of the Budulan mesosider�
ite. The increase in the Mg# of olivine in the second�
ary alteration zones of the low�Mg inclusions (from
Fo65 to Fo78) is more intense than in the high�Mg inclu�
sions (from Fo86 to Fo93), and this allows us to correlate
the amount of reduced iron with the initial fayalite
mole fraction in the olivine. These observations indi�
cate that the deposition of metallic iron in the aggre�
gates of type I could brings about the aggregates of type
II (troilite, metal, pyroxene, and silica). Hence, the
aggregates of type I could be produced by reduction
under the effect of an S2�bearing gas, while the aggre�
gates of types II and III could be formed by the depo�
sition of the metal mobilized in the aggregates of
type I. Conceivably, the CO, CO2, and S2 proportions
in the fluid could vary. The small thicknesses of the
zones in which olivine is replaced by metal–pyrox�
ene–silica aggregates compared to the thicknesses of
zones with pyroxene–troilite–silica aggregates seems
to suggest a change in the diffusion rate, fluid mass, or
the action time of this fluid.

The enrichment of the metal and sulfides in Ni in
the secondary alteration zones suggest that Ni was
borrowed from an external source, because metal
reduced from the olivine should have been very poor in
Ni. It is reasonable to suggest that Ni was more mobile

in a carbonate form and could be extracted from the
metallic component of the meteorite. Metal veinlets
cutting the altered and unaltered olivine and not
accompanied by secondary alterations could be gener�
ated by the emplacement of impact melt, as was dem�
onstrated in experiments on the shock load of mesos�
iderites (Rowan and Mittlefehldt, 1994).

Sources of Fluid

Veinlets around which traces of metasomatism
were identified in the low�Mg olivine continue into
the host rock and, hence, should have resulted from
fluid percolation along fractures through the already�
formed breccia. This conclusion finds convincing sup�
porting arguments in the fact that traces of metaso�
matic alterations were detected in olivine inclusions of
various genesis that occur in association with one
another only in the breccia of Budulan. Thermal
metamorphism in the parent body of the Budulan
mesosiderite should have redistributed FeO and MgO
in the silicate and obliterate zoning in the altered oliv�
ine. Hence, the presence of this zoning suggests that
the secondary alterations took place either simulta�
neously with the thermal metamorphism, which could
induce and maintain fluid percolation, or after the ter�
mination of this process. Such gases as S2, CO, and
CO2 could be generated both by the impact evapora�
tion of the target material or projectile and by
endogenic processes in the interiors of the parent body.
Melosh (1990) has demonstrated that impact vapor
generated by an impact event partly moves toward the
target at a high speed and enters cracks and fractures in
the crater bottom. The source of vapor rich in sulfur
and carbon compounds could be a projectile of
cometary or CI composition. At the same time, the
impact event could facilitate the mobilization of vola�
tile components brought by earlier impact events or
initiate the migration of endogenic fluid.

S2 and CO are important components of terrestrial
volcanic gases (Greenland, 1984). CO and CO2 are the
predominant volcanic gases (Housley, 1978; Sato,
1979; Wilson and Head, 1979). A lunar volcanic gas
can additionally contain C–O–S compounds (Grove,
1981). An example of a planetary body with modern
sulfuric volcanic activity and S2 and SO2 emissions is
Io, a Jovian moon (Lopes et al., 2004; Jessup et al.,
2005; Geissler, 2005; Schaefer and Fegley, 2005). This
provides further arguments in support of the hypothe�
sis of the endogenic nature of the fluid that has modi�
fied olivine inclusions in the Budulan mesosiderite.

An intense S2 and CO flux could occur during the
accretion and differentiation of primitive chondrite
bodies and the origin of primitive achondrites. The
source of such gases could be organic matter and sul�
fides of chondritic or cometary provenance. Metaso�
matic processes of this type could redistribute Fe in the
interiors of the parent bodies and ensure the genera�
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tion of highly magnesian deep�sitting material rich in
pyroxene.

CONCLUSIONS

The Budulan mesosiderite contains two types of
olivine inclusions with different Mg# values. These
inclusions originated from different sources in the par�
ent body of HED meteorites.

The inclusions show traces of secondary alterations
that resulted from the action of anhydrous gaseous
fluid that moved along fractures and contained S2, CO,
and CO2. The metasomatic processes reduced and
removed iron in the form of its mobile carbonyl com�
pounds.

These metasomatic alterations took place most
probably after the origin of the breccia, under the
effect of fluid that could be of either endogenic or
supergenic genesis.

It may be hypothesized that such reducing metaso�
matic processes could serve as an efficient tool of the
fractionation of elements early in the process of differ�
entiation of chondritic bodies, during the separation
of sulfur and carbon�bearing compounds form the sil�
icate material.
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