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INTRODUCTION

February 15, 2013 was marked by an outstanding
event in the Cheliabinsk oblast: a fall of a meteorite
(at 09:22 local time). The meteorite has exploded
above the city of Chelyabinsk at a height of 19–24 km.
As follows from the observations, at an altitude of
97 km, this asteroidal body had a velocity of 19 km/s at
an entry angle of 18° relative to the Earth’s surface.
Given a spherical shape of the body and its density of
3.3 g/cm3, it should have a diameter of 19 m (Popova
et al., 2013). The disintegration of the body in the
atmosphere gave rise to numerous fragments, that fell
on the surface and ranged from a few hundred milli�
grams to, perhaps, a few tons (Badyukov and Dudorov,
2013). The mass of the largest of the so far found frag�
ments is 654 kg, and the total mass of the collected
material likely exceeds 1 ton. The meteorite was clas�
sified as LL5 ordinary chondrite (Nazarov et al., 2013;
Galimov et al., 2013), and its minerals exhibit typical
features of shock metamorphism: olivine shows pro�
nounced mosaicism, planar fracturing and planar

deformation features, and plagioclase became partly
optically isotropic, which corresponds to shock stage
S4 (Stöffler et al., 1991; Galimov et al., 2013). The
collected fragments of the Chelyabinsk meteorite
comprise two major varieties: light lithology, which
makes up approximately 2/3 of the total number of the
fragments, and dark ones. Intermediate varieties, con�
sisting of both blackened and light fragments, are rel�
atively rare. The meteorite is noted for containing two
types of impact melt, which occurs as thin black veins
in all lithologies and as thicker dikes cutting dark
lithologies (Galimov et al., 2013). Most of the frag�
ments are completely or partly surrounded by black
fusion crusts (Glazovskaya et al., 2014). In contrast to
impact melt, the melt of the crusts does not intrude
into the fragments, is dominated by glass, and shows
evidence of its interaction with the atmosphere, for
example, it contains magnetite. We do not discuss this
melt type below.

Descriptions of the meteorite (Galimov et al.,
2013; Popova et al., 2013) present only data needed to
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classify it in terms of shock stages, and hence, we
viewed the major task of our work as documenting in
detail the impact features of the Chelyabinsk meteor�
ite in order to (a) estimate the differences between the
shock metamorphism of the light and dark lithologies,
(b) elucidate the generation and crystallization history
of melt in the black veins and in impact melt dikes, and
(c) calculate the Hugoniot of the Chelyabinsk meteor�
ite and its shock and post�shock temperatures.

METHODS

Our work was conducted using the material of the
Chelyabinsk meteorite from the Meteorite Collection
of the Russian Academy of Sciences. This material was
present by polished thin sections of five samples of the
light lithology, four samples of the dark lithology, one
sample of an intermediate material, and impact melt.
The material (a few milligrams) to be analyzed for
oxygen isotopic composition was obtained from the
dark lithology and was either blackened rock or impact
melt containing no more than 20% clasts (according
to our visual estimates), and one of the samples was
impact melt containing 30–40% rock clasts.

The impact features were examined under an opti�
cal microscope, and the texture and modal composi�
tion of the black veins and impact melt dikes were
studied using a Zeiss ULTRA plus FESEM (Univer�
sity of Oulu, Finland) and Jeol JXM�6480 LV (Geo�
logical Faculty, Moscow State University, Russia)
scanning electron microscopes. The chemical compo�
sition of phases was analyzed on a JEOL JXA�8200
microprobe (University of Oulu, Finland) at an accel�
erating voltage of 15 kV and a beam current of 10 nA,
using a ZAF (Jeol) correction. Bulk compositions of
black veins and melt dikes were analyzed by a 20�μm�
diameter electron beam. The number of analytical
spots was varied from twelve to nine. Oxygen isotopic
composition was analyzed in 1�mg samples by laser
fluorination on a MAT�253 mass spectrometer at the
Far East Geological Institute, Far East Branch, Rus�
sian Academy of Sciences, in Vladivostok, Russia. The
δ17O and δ18O values were analyzed accurate to 0.04
and 0.08‰, respectively.

RESULTS

Meteorite Material Description

The Chelyabinsk meteorite has a texture typical of
ordinary chondrites of petrographic type 5. The
boundaries between its chondrules and matrix are
either diffuse or sharp. Clearly distinguishable chon�
drules compose roughly 15% of the material, as seen in
thin sections. Glass in both the chondrules and the
matrix material is recrystallized into anhedral plagio�
clase grains <50 μm across and subordinate amounts
of tiny olivine, pyroxene, and chromite grains. The
light lithology contains thin veins ranging from a
micrometer to 1–2 mm in thickness and consisting of

a fine�grained silicate matrix with scattered metal and
sulfide material and with poly� and monomineralic
clasts (see below). These veins occur as a network that
divides the groundmass into blocks of various size
(Fig. 1a). The dark lithology consists of impact melt
dikes up to a few centimeters thick set in blackened
chondritic material. These dikes of impact melt
cement rounded chondrite fragments (Fig. 1b). Some
meteorite fragments contain up to roughly 50 vol %
of this dike material. The blackened chondrite mate�
rial contains black veins similar to those in the light
lithology.

The dominant silicate minerals of the meteorite
(Galimov et al., 2013; Popova et al., 2013) are
(in decreasing order of their abundances) olivine (Fa28.6),
low�Ca pyroxene (Fs23.5Wo1.6; usually orthopyroxene
and occasionally clinopyroxene), plagioclase (Ab84),
and high�Ca pyroxene (Fs9.4Wo46.9). The minor and
accessory minerals are phosphates, chromite, ilmenite,
troilite with some Ni (0.15–0.30 wt %), and rare pent�
landite. The metal phase is kamacite (4.7–5.9 wt % Ni,
2.2–2.3 wt % Co), taenite (26.9–35.3 wt % Ni, 0.3–
1.2 wt % Co, 0.1–0.2 wt % Cu), and plessite.

Impact Features in Minerals

Randomly oriented fractures are seen in practically
all olivine grains larger than a few dozen micrometers
across. Planar fractures (sets of parallel plane fractures
of rational crystallographic orientation) are observed
mostly in grains 0.1 mm across and larger (Fig. 2a).
The planar fractures are mostly parallel to pinacoid or,
more rarely, to {110} or {111}. The planar deformation
features (PDF) look like parallel sets of optical discon�
tinuities of the crystal, are commonly 10–30 μm long,
are spaced a few micrometers apart (Fig. 2b), and are
predominantly parallel to {100} and {110}. Olivine
grains usually show mosaicism because of crystal dis�
integration into domains a few micrometers across,
which are separated by diffuse boundaries from one
another. They are not parallel to one another and run
at angles <2° (weak mosaicism) or up to 3°–5° (strong
mosaicism). Fragments of olivine grains in impact
melt dikes are recrystallized into aggregates of
micrometer�sized subgrains with sharp outlines,
which sometimes show a preferable crystallographic
orientation, likely inherited from the parental crystal
(Fig. 2c).

Plagioclase grains often have lowered birefrin�
gence. Its grains larger than 40–50 μm commonly
have one (or occasionally two) PDF arrays (Fig. 2d),
and their material near contacts with the black veins
and impact melt dikes sometimes contains diaplectic
glass (Figs. 2e, 2f). The pyroxenes sometimes display
planar fracturing, mosaicism, and occasionally also
shock�induced polysynthetic twins up to a few
micrometers thick, which makes them different from
thicker twins of clinobronzite. Troilite does not display
any unambiguous plastic deformation features. Its



PETROLOGY  Vol. 23  No. 2  2015

CHELYABINSK METEORITE: SHOCK METAMORPHISM 105

grains consist of polycrystalline aggregates of uncer�
tain genesis: they might have been produced by shock�
induced recrystallization or been of primary nature.

The features described above were found in all sam�
ples, but their levels of development differ. Samples
with the light lithology are subdivided into two groups.
One of these groups is characterized by strong mosa�
icism in olivine, intense development of PDF in it
(these features were detected in 50–70% of the
grains), and the occurrence of PDF in large (>40 μm)
plagioclase grains, which have lower birefringence and
are sometimes transformed into diaplectic glass (more
often near black veins). In the other group, olivine
usually displays weak mosaicism (although it is occa�
sionally strong), and PDF were found only in 10% of
the grains. Plagioclase in the second�group samples
shows either normal or slightly lower birefringence,
undulatory extinction, and generally no PDF.

All of our samples of the dark lithology of the mete�
orite contain impact melt dikes. The olivine exhibits
weak mosaicism (<10% of all grains have strong mosa�
icism) and very rare discernible PDF, the plagioclase
has lower birefringence, is sometimes transformed
into diaplectic glass, and some large grains contain
PDF. Practically all fractures in olivine and pyroxene
are filled with troilite and metal, with some of the frac�
tures being no thicker than 1 μm (Fig. 2g). In contrast
to the other minerals, the plagioclase contains no sul�
fide� and metal�filled fractures, likely because of its
behavior by a shock. Approximately 60% of the olivine
grains bear domains with sets of very thin (<1 μm)
plane�parallel sulfide bands 5 to 30 μm long (Fig. 2h),
which are interpreted as PDF relics. Because olivine
and pyroxene grains are impregnated with metal, the
thin sections cease to be transparent, and the meteor�
ite acquires a black color. A sample of an intermediate
variety contains areas that are not blackened in the
central portions of chondrite clasts, which are sur�
rounded with impact melt. Sulfide veins filling frac�
tures in minerals were also found in the light litholo�
gies, in a contact zone near the host meteorite with
impact melt veins, within no more than 0.15 mm from
them.

Impact Melt Black Veins and Dikes 
and Their Composition

Black veins were found in both the light and the
dark lithologies of the meteorite and are seen in thin
sections as a network, with some veins tapering and
disappearing. The veins consist of a microcrystalline
matrix with mono� and polymineralic clasts of the
meteorite groundmass. The zones of the veins near
their contact with the host meteorite material are
ubiquitously enriched in metal and troilite droplets
and form bands parallel to the walls of the veins. Sim�
ilar bands also occur in the inner parts of the veins and
envelop their areas rich in clasts (Fig. 3a). These con�
tact bands are sometimes separated from the host

0.4 cm

1 cm

(a)

(b)

Fig. 1. (a) Light lithology of the Chelyabinsk meteorite
with a highlighted network of black veins (one polarizer).
The thickness of the lines drawn on the micrograph is
greater than the real thicknesses of the veins. (b) Dark
lithology of the Chelyabinsk meteorite (one polarizer).
The groundmass of the blackened chondrite is cut by an
impact melt dike (indicated by arrows) hosting a chondrite
clast. The boundary between the dike and meteorite mate�
rial is highlighted with a white dashed line. The blackened
meteorite material hosts black veins. Pale patches in the
impact melt dike are pores.
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(a) 0.2 mm (b) 0.04 mm

(c) 0.1 mm (d) 0.04 mm

(e) 0.04 mm (f) 0.04 mm

(g) 0.1 mm
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(h) 0.04 mm

Fig. 2. Micrograph of impact features in the Chelyabinsk meteorite. (a) Planar fractures (three sets) in an olivine grain in the light
lithology of the meteorite (transmitted plane polarized light); (b) planar deformation features (PDF) in olivine from the light
lithology of the meteorite: three arrays of the features, oriented SW–NE, E–W, and SSW–NNE (transmitted plane polarized
light); (c) grain of recrystallized olivine of domain structure in an impact melt dike, dark lithology of the meteorite (transmitted
light, crossed polars); (d) planar deformation features in anhedral plagioclase grains (top center and bottom left), light lithology
of the meteorite (transmitted plane polarized light); (e, f) plagioclase diaplectic glass with olivine inclusions, light lithology of the
meteorite: (e) transmitted plane polarized light, (f) crossed polarizers; (g) BSE image of blackened chondrite material, olivine
(Ol) and pyroxene (Px) are cut by fractures filled with metal and troilite (white), whereas plagioclase (Pl) is not fractured; (h) relict
planar deformation features of N–S and NW–SE orientation filled with troilite in an olivine grain from the dark lithology of the
meteorite (transmitted plane polarized light).
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chondrite by zones of remelted meteorite material
with a minor content of sulfide inclusions (Fig. 3b);
these zones are no thicker than 30% of the vein thick�
nesses.

The matrix of black veins in the light lithology con�
sists of equant euhedral grains of pyroxene composi�
tion (<4 μm) set in a mesostasis of olivine and, some�
times, interstitial glass. The matrix also contains troi�
lite and metal droplets and inclusions. Phase relations
vary within a single vein from euhedral grains of a
phase with pyroxene composition (Fig. 3c) in an oliv�
ine mesostasis to olivine grains in a glassy mesostasis,
and the veins also contain regions dominated by crys�

tals of pyroxene composition and interstitial troilite.
Black veins in the groundmass of the dark lithology are
texturally and compositionally analogous to those in
the light lithology. Near impact melt dikes, black vein�
lets are zonal: the marginal portions of the veins consist
of aggregates of the phase of pyroxene composition set
in an olivine mesostasis (Fig. 3d), and their central parts
are made up of olivine dendrites and interstitial glass
(Fig. 3e), likely because of a change in the crystallization
regime. The newly formed phase of pyroxene composi�
tion has #mg ~ 80 (#mg = [Mgat/(Mgat + Feat) × 100])
and contains 0.4 and 2.5–4.5 wt % Na2O and Al2O3,
respectively; the olivine has #mg ~ 70 (Table 1). Note

100 μm(a)

Px
Pl Px

Pl

Ol

Me 80 μm(b)

5 μm(c) 5 μm(d)

20 μm(e)

Px

Px

Pl

Pl

Ol

10 μm(f)

Fig. 3. BSE images of black veins and impact melt dikes. (a) Black vein in the light lithology of the meteorite with bands enriched
in troilite (white specks in the vein) enveloping contact with the host chondrite and partly melted lithic clasts in the central part
of the vein; Ol—olivine, Px—low�Ca pyroxene, Pl—plagioclase, Me—metal; (b) melt zones in a black vein (indicated with
arrows) separating rich in troilite zones of the black vein and host chondrite material, dark lithology; (c) equant grains of a phase
of pyroxene composition (dark gray) in mesostasis of anhedral olivine grains (gray) with troilite inclusions (white), light lithology;
(d) contact zone of a black vein in the light lithology; the zone consists of a phase of pyroxene composition (dark gray equant
crystals) in a matrix of dendrite olivine (gray), dark lithology; (e) black vein, the white dashed line marks the contact with the host
chondrite; the contact zone consists of crystals of a phase of pyroxene composition set in a matrix of olivine dendrites; the central
part of the vein is made up of olivine dendrites with interstitial pyroxene and glass, dark lithology; (f) impact melt dikes in the dark
lithology consisting of euhedral olivine crystals in devitrified glass, hosts a resorbed clast (left) of olivine from the host meteorite.
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that these values should be regarded as approximate
because of the small sizes of the grains. Olivine in the
fragments contains 0.1–0.2 wt % CaO, in contrast to
the olivine of the host meteorite, whose CaO concen�
tration is below the detection limit; otherwise the
compositions of the olivine and pyroxene are identical
to those in the meteorite groundmass (Table 1).

The impact melt dikes consist of euhedral olivine
crystals 2–15 μm across in a fine�crystalline mesosta�
sis and contain metal–troilite droplets and mono� and
polymineralic fragments of the chondrite, which
sometimes show evidence of weak interaction with
impact melt (Fig. 3f). The #mg of the grain cores of
the newly formed olivine varies from 76 to 85. The
contacts of the dikes with the host meteorite consist
either of small olivine grains in a mesostasis or barred
aggregates of olivine dendrites, pyroxene, and glass.
Black veinlets approaching impact melt dikes do not
enter the latter but instead develop mouths, in which
their material acquires a texture resembling that of the
barred contact zones of the dikes. Dike metal–troilite
droplets are made up of rounded metal nuggets in
Ni�bearing (0.2–0.4 wt % Ni) troilite. The volumet�
ric proportion of metal to troilite (evaluated in
micrographs) in the droplets is 0.37, i.e., their recal�
culated mass ratio is 0.61, which corresponds to the
average ratio of LL chondrites and is very close to that
of the groundmass of the Chelyabinsk meteorite:
0.57 (Galimov et al., 2013). Regions of impact melt
larger than 1 cm across have porosity ~5 vol % and

pores ranging from a few dozen micrometers to a few
millimeters in diameter.

The whole�rock chemical composition of the
matrix of the black veins is richer in Al and poorer in
Ti and P than the whole�rock chondrite composition,
and the concentrations of other elements are roughly
equal in both (Fig. 4). The differences in the impact
melt dikes are more significant: the dikes are richer in
Si, Ti, Al, Ca, Na, and K and poorer in P, Ni, and S
(Fig. 4). Their depletion in Ni and S is explained by
the fact that when selecting loci to be analyzed, we
preferred sites devoid of metal–troilite droplets.

Oxygen Isotopic Composition

Data on the oxygen isotopic composition (Table 2)
of various types of material in the Chelyabinsk mete�
orite define a region in Fig. 5 that overlaps the lower
and upper portions of the fields of the oxygen isotopic
composition of equilibrated LL and L chondrites,
respectively. The arrangement of the data points in the
diagram likely does not show any correlation with the
type of the material: δ17O and δ18O of both light and
dark lithologies vary from 3.53 to 3.89‰ and from
4.40 and 5.05‰, respectively. The two possible rea�
sons for the scatter of the data points in the diagram
are (i) an unequilibrated distribution of the isotopes
over the volume of the meteorite and/or (ii) variable
proportions of phases in the samples, for example, oli�
vine and pyroxene, which are the dominant minerals
of the meteorite.

Table 1. Representative analyses (wt %) of phases of the Chelyabinsk meteorite: microprobe (columns 1–4) and EDS de�
tector (columns 5–7)

Oxide Ol1 Ol2 Ol3 Px4 Px5 Px6 Px7

SiO2 38.0 37.6 37.9 55.0 54.6 54.4 54.4

TiO2 b.d.l. b.d.l. b.d.l. 0.11 b.d.l. b.d.l. b.d.l.

Al2O3 b.d.l. b.d.l. 1.48 2.68 4.4 3.7 3.6

Cr2O3 b.d.l. 0.07 0.52 0.73 0.9 0.5 b.d.l.

FeO 26.0 26.0 26.3 10.19 11.9 11.6 13.0

MgO 36.0 35.5 33.4 29.4 25.3 26.7 26.6

MnO 0.49 0.40 0.66 0.10 b.d.l. 0.6 b.d.l.

CaO b.d.l. 0.18 0.76 1.59 0.3 2.1 2.0

Na2O b.d.l. b.d.l. b.d.l. 0.43 0.4 0.5 0.4

K2O b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Total 100.59 99.78 100.95 100.23

Fa 28.7 28.9 29.2

Fs 17.2 21 20 23

Wo 2.9 5 4 4

(1) Olivine in the groundmass of the meteorite; (2) olivine fragment in a black vein, light lithology; (3) newly formed olivine from a con�
tact zone of a black vein, dark lithology; (4) phase of pyroxene composition from a contact zone of a black vein, dark lithology; (5–7) phases
of pyroxene composition in black veins, light lithology. All Fe is given in the form of FeO, b.d.l. means concentrations below the detection
limits.
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DISCUSSION

Shock Pressure Evaluation

The impact features described above (such as
mosaicism, planar fracturing, and PDF in the olivine,
PDF in the plagioclase and its diaplectization in the
light and dark lithologies) correspond to shock stage
S4 (Stöffler et al., 1991), as was previously evaluated in
(Galimov et al., 2013; Popova et al., 2013). The sam�

ples of the light lithology comprise two groups, which
differ in the intensity of shock metamorphism from
each another. The first group is characterized by a
higher stage of shock metamorphism than the second
one. The stages of their shock metamorphism are esti�
mated as S4b and S4a (Schmitt and Stöffler, 1995) for
the first and second groups, respectively. According to
the results of experimental modeling of shock meta�
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Vein or dike/Chelyabinsk meteorite 

Fig. 4. Abundances of major elements in the black veins (diamonds) and impact melt dikes (circles) normalized to their whole�
rock concentrations in the Chelyabinsk meteorite (Galimov et al., 2013).

Table 2. Oxygen isotopic composition of a sample of the dark lithology of the Chelyabinsk meteorite

Sample Type of material δ17O (‰)1 δ18O (‰)1 Δ17O (‰)1

chel�1d Blackened chondrite 4.87 3.79 1.29

chel�2d Blackened chondrite 4.91 3.85 1.30

chel�3d Blackened chondrite 4.88 3.83 1.29

chel�4d Blackened chondrite 4.81 3.78 1.25

chel�8d Blackened chondrite 4.85 3.84 1.32

chel�12d Impact melt with blackened material2 4.85 3.81 1.29

chel�5m Impact melt3 4.63 3.64 1.23

chel�6m Impact melt3 4.90 3.8 1.25

chel�7m Impact melt3 4.70 3.76 1.32

chel�10m Impact melt3 4.84 3.82 1.30

chel�9m Impact melt3 4.93 3.84 1.28

chel�11m Impact melt3 4.84 3.75 1.23

(1) Δ17O (‰) = δ17O (‰) – 0.52 δ18O (‰); (2) approximately 30% not remelted material; (3) possibly contains (<20%) clasts of not
remelted chondrite material.
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morphism (Bauer, 1979; Ostertag, 1983; Schmitt,
2000), the first group of the samples exhibits shock
metamorphic features typical of shock loading in the
range of 25–30 GPa (strong mosaicism of olivine and
PDF in 50–70% of its grains, lower birefringence of
plagioclase and PDF in it, and plagioclase diaplectic
glass). The second group contains olivine that com�
monly displays merely weak mosaicism and occasion�
ally (only in 10% of its grains) PDF and plagioclase
that has normal or only occasionally lower birefrin�
gence and shows no PDF. This complex is typical of
rocks that suffered shock metamorphism at peak pres�
sures of 20–25 GPa.

The two possible reasons for the uneven distribu�
tion of shock metamorphic features in the Chelyab�
insk meteorite may be (i) rapid shock�wave decay
and/or (ii) a heterogeneous distribution of the peak
pressure over the parent body of the meteorite. Assum�
ing that the differences in the shock loading of various
meteorite samples is 10 GPa and the preatmospheric
size of the body was 19 m (Popova et al., 2013), we can
evaluate the pressure decay at roughly 1 GPa per
meter. This fairly rapid pressure decrease is atypical for
the central uplifts of terrestrial astroblemes and may be
explained by the small sizes of the collided bodies, for
which the pressure rapidly decreased in the radial
directions away from the collision points, and the
pressure release wave rapidly traveled from the rear or
side surfaces of the asteroids (Melosh, 1989). A heter�

ogeneous distribution of shock pressure could also
result from the refraction of segments of the shock
wave front at heterogeneities and their interference at,
for instance, oblique collision of these segments, with
a significant pressure increase in these regions
(Andreev et al., 2002).

In the dark lithologies of the meteorite, the intensi�
ties of impact features in olivine and plagioclase are
partly inconsistent. For example, the olivine shows
weak mosaicism typical of stage S4a, whereas plagio�
clase has lower refraction indexes and exhibits PDF,
and some of its grains are transformed into diaplectic
glass, as is typical of stage S4b. We believe that this
inconsistency is explained by annealing of olivine
defects and partial recovering of its structure, because
the dark lithologies of the meteorite were affected by a
higher temperature and for a longer time than the light
lithologies were (see below). It is also reasonable to
hypothesize that plagioclase is less susceptible to
annealing than olivine. In view of this, we think that
the dark lithologies and the first group of the light
lithologies suffered shock loading within the range of
25–30 GPa.

The light and dark lithologies of the Chelyabinsk
meteorite have average porosity of 6% (Kohout et al.,
2014). Shock pressures within the range of 20–30 GPa
are obviously higher than the Hugoniot elastic limits
of all minerals identified in the meteorite (all of these
values are lower than 15 GPa) and hence should have
resulted in closing the pores that existed before the
collision. Experiments on shock lithification of pow�
ders imitating ordinary chondrite (Bischoff and
Lange, 1984; Hörz et al., 2005; Hirata et al., 2008;
Badyukov et al., 2012) show that the porosity of the
experimental products obtained at pressures higher
than 20 GPa is 0–5%, depending on sample recover�
ing conditions. Because of this we believe that the pre�
shock porosity was eliminated in the course of com�
pression, and the now observable porosity of the mete�
orite was produced by the shock loading in relation to
the development of open fractures and to the porosity
of massive impact melt dikes.

Black Veins and Impact Melt Dikes

Veins, dikes, and isolated pockets of impact melt
are often found in ordinary chondrites showing evi�
dence of shock metamorphism of variable intensity,
but no lower than stage S3 (Stöffler et al., 1991). The
Chelyabinsk meteorite is cut by thin veins and thicker
dikes of impact melt, which were generated by local
mixing and melting of the material, as also follows
from similarities between their chemical composition
and the bulk composition of the meteorite (Fig. 4) and
from similarities in the oxygen isotopic compositions
(Fig. 5). The enrichment of impact melt in the dikes in
Al, Si, Ca, Na, and K may likely be explained by the
fact that plagioclase can be more easily melted than
other minerals and by the dissolution of plagioclase
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Fig. 5. Oxygen isotopic composition of the Chelyabinsk
meteorite. Triangles and circles are the oxygen isotopic
composition of the impact melt and host blackened mete�
orite material (our data); squares and diamonds are the
light and dark lithologies of the meteorite and impact melt,
respectively (Popova et al., 2013). Fields of the oxygen iso�
topic composition of L and LL chondrites are according to
(Clayton et al., 1991).
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fragments in the already�existing melt, which resulted
in the enrichment of the melt in these elements. The
veins and dikes could be generated only at high tem�
peratures within local zones and on planes, which
(temperatures) are unattainable by homogeneous
shock compression at the estimated pressures less of
30 GPa. Provisional estimates of these melting tem�
peratures yield values higher than 1400°С after pres�
sure release and 2200°С at the peak pressure. It is quite
possible that these temperatures were higher than the
liquidus temperatures, as follows from the occurrence
of an outer melting zone in some of the veins (Fig. 3b).
These zones could result from the in�situ melting of
the wall�rock material of the veins, with the over�
heated melt immediately upon its generation. Given
that the volume of this newly formed melt was 1/4 to
1/3 of the initial melt volume and using the heat
capacity and melting enthalpy values for chondrite
(1100 J/kg and 595 kJ/kg, respectively, see below), one
can readily calculate that the temperature of this initial
melt could be 130–180°С higher than the liquidus
temperature and reach 2330–2380°С, respectively, at
the peak loading.

Immediately after the formation, the liquid should
have started to crystallize because of the temperature
drop due to heat exchange between the melt and cold
walls of the fracture and, to a lesser degree, because of
the temperature decrease in the pressure release wave.
Crystallization could proceed both in the region of
elevated pressure and after pressure release, and this
should have predetermined the crystallization
sequence and mineralogy of the veins. For example, at
pressures of ~14 to 25 GPa, the first subliquidus phase
was majorite–garnet solid solution, which was fol�
lowed by the crystallization of β� or γ�olivine. Under
lower pressures, the first phases to crystallize should be
olivine and then pyroxene or garnet (Agee et al., 1995;
Presnall et al., 1998). The phase of pyroxene composi�
tion found in the thin veins and/or the contact zones
of thicker veins (Figs. 3c, 3d) could be majorite or its
annealing product. This is consistent with the equant
morphologies of the crystals, as is typical of the cubic
system, and by the fact that it was the first subliquidus
phase and contains Na and Al (Table 1), as is typical
for majorite that crystallized from melt in veins of L
chondrites of stage S6 (Xie et al., 2006). Hence, if this
phase is (or was) majorite, the vein melt of the Chely�
abinsk meteorite started to crystallize under a pressure
no lower than 15 GPa. The further pressure decrease
in the rarefaction wave modified the crystallization
sequence: olivine dendrites were the first subliquidus
phase in the more slowly cooling central parts of the
veins. The material composing the impact melt dikes
shows a normal crystallization sequence, which testi�
fies that the melt solidified under normal pressure.

In a general case, high temperatures sufficient to
melt chondritic material can be reached according to
the following three scenarios: (1) coexistence of min�
erals with principally different shock impedance,

(2) occurrence of zones filled with porous material or
the presence of open fractures, and (3) fragmentation
of the material in the shock wave and its internal slid�
ing, similar to adiabatic sliding bands in metal (Sharp
and DeCarli, 2006). In our opinion, the first scenario
could not be responsible for the origin of the veins and
dikes because their lengths are incomparable with the
sizes of the mineral grains, and the dominant minerals
of the chondrite (olivine and pyroxene) are roughly
equally compressible. The second scenario could take
place if the material had suffered earlier collision and
the resultant development of open fractures filled with
finely pulverized material. However, black veins are
widespread in ordinary chondrites, which implies that
their parent bodies should have undergone earlier col�
lisions of roughly equal intensity, which seems to be
hardly probable. The third scenario is the most univer�
sal, does not require any additional conditions, can be
reproduced in experiments, and makes it possible to
reach temperatures as high as thousands of degrees
(Grady et al., 1975; van der Bogert et al., 1998). The
longitudinal shift of blocks can be as large as a few
micrometers and even more, as seen in the thin sec�
tions with large olivine and metal grains. Judging by
the relations between the veins and dikes (the veins
develop wide mouths at contacts with dikes), they
were formed by a single event in a single episode or
within a brief period of time (Galimov et al., 2013).
The formation of local melt regions induced heating of
adjacent meteorite material and derivation of metal–
sulfide liquid from the latter. The blackening of the
meteorite material and, correspondingly, the origin of
the dark lithology was induced by filling open fractures
with this liquid. This same heating may also have
induced annealing such effects of shock metamor�
phism in olivine as mosaicism, and filling its PDF with
sulfide material. This likely explains the detected dis�
crepancies between the observed shock metamorphic
degrees in olivine and plagioclase.

EQUATION OF STATE 
FOR THE CHELYABINSK METEORITE 

AND SHOCK COMPRESSION TEMPERATURE

In order to characterize the compressibility of the
Chelyabinsk meteorite and evaluate the heating of the
meteorite as a result of the impact event, we made use
of its shock adiabat. Inasmuch as no such data are
available for LL chondrites, we have calculated the
synthetic Hugoniot. The calculations were conducted
under the assumptions that the material is not porous
and does not contain any minor phases, such as apatite
and chromite. Then the specific volume of a meteorite
Vm at a given pressure is defined as

Vm = VОlxОl + VРxxРx + VРlxРl + VТrxТr + VМexМe,

where VОl, VРx, VРl, VТr, and VМe are the calculated spe�
cific volumes of olivine, pyroxene, plagioclase, troilite
(pyrrhotite), and metal, respectively, under this pres�
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sure, and xОl, xРx, xРl, xТr, and xМe are the weight frac�
tions of these phases in the Chelyabinsk meteorite,
which were borrowed from (Galimov et al., 2013). In
our calculations, we have used the Hugoniots of
nickel�iron Fe90Ni10, pyrrhotite, olivine Fo92 (Ahrens
and Johnson, 1995a, 1995b), enstatite (Marsh, 1980),
and oligoclase (Ahrens et al., 1969). The calculated
initial density of the material was 3.469 t/m3, and the
measured density of the meteorite is 3.3 t/m3 (Popova
et al., 2013; Kohout et al., 2014), which is explained
by the extensive fracturing of the meteorite (generated
by an impact event) and the porosity of the melt.

Because of numerous phase transitions, the derived
adiabat has a complicated configuration, with several
kinks, in the diagram mass velocity u versus propaga�
tion speed of the shock wave D. Nevertheless the
Hugoniot in the u–D diagram shows five linear seg�
ments, which can be described by a linear equation of
the form D = C + Su. The values of the C and S coeffi�
cients for certain ranges of mass velocities are pre�
sented in Table 3. The table also reports an integral
(fit) Hugoniot in the form of a single line in the u–D
diagram for the whole range of mass velocities in ques�
tion. Figure 6 shows a Р–V diagram for the Hugoniot.
The Hugoniot is obviously applicable to all LL chon�
drites, because the scatter of their modal compositions
practically does not affect its configuration.

The shock and post�shock temperatures (TH and TR,
respectively) were evaluated according to the scheme
suggested in (Ahrens, 1993). To do this, we have suc�
cessively calculated the isentrope centered for the ini�
tial conditions (P = 0, T = 300 K), and then deter�
mined isentropic compression temperatures along it,
from which, in turn, the shock temperatures were then
derived. To carry out such calculations, one has to
know the heat capacity at a constant volume CV =
CP/(1 + αγT), where CP is the heat capacity under a
constant pressure, Т is the temperature in K, α is the
thermal expansion coefficient, and γ is the Gruneisen
coefficient, which is defined under standard condi�
tions as γ0 = αKSV0/CV = αKTV0/CP, where V0 is the ini�
tial specific volume, KS and KT are the isentropic and
isothermal bulk moduli, respectively. The CP values
were calculated for 1 kg of LL chondritic material,
using the assumed modal composition and the known
heat capacity values of forsterite, fayalite, enstatite,
anorthite, albite, iron, and troilite (Robie et al., 1979;
NIST�JANAF tables), as CP = a + bT + cT2 + dT–0.5 +
eT–2. The values of these coefficients are reported in
Table 3, which also presents the α and γ0 values calcu�
lated for the Chelyabinsk meteorite from the known CP

Table 3. Coefficients C and S for the Hugoniot of the Chelyabinsk meteorite in the form D = C + Su

Contents of phases (wt %) 
reduced to 100% C, km/s S Applicable to u (km/s) 

ranges
Specific volume and thermophysical 

parameters of the Chelyabinsk meteorite

Ol 61.3 6.34 –1.263 <0.295 V0, m3/kg 2.8824 × 10–4

Px 17.4 5.68 1.000 0.295–0.925 a 874.64

Pl 11.2 6.16 0.469 0.925–1.638 b 0.24720

Tr 6.6 4.66 1.381 1.638–2.407 c –2.1115 × 10–5

Me 3.4 6.35 0.682 2.407–3.062 d 823.54

5.12 1.061 3.062–3.705 e –19738

5.58 0.953 0–3.7 a 2.3 × 10–5

γ0 1.03

D and u are, respectively the travel velocity of the shock wave and the mass velocity and some parameters used in our calculations
(see text).
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Fig. 6. Synthetic Hugoniot for the Chelyabinsk meteorite.
The dashed line shows the generalized shock adiabat
(Hugoniot).
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and KS of the chondrite and α of its phases (Fei, 1995;
Yomogida and Matsui, 1983). In calculating the tem�
peratures, we utilized a generalized Hugoniot and
assumed that no phase transitions have occurred in the
shock wave, γ/V is constant (McQueen et al., 1967),
porosity is absent, and the CP values are constant at
temperatures above 1700 K. After this we introduced
corrections for troilite and metal melting starting at a
temperature of 1290 K (eutectic temperature) and
melting of the silicate constituent at temperatures of
1370–1880 K. In the latter instance, the fraction of the
derived liquid was evaluated by the METEOMOD
program package (Ariskin et al., 1997) at the assumed
melting enthalpy of 595 kJ/kg.

The results of our calculations (Fig. 7) show that
the equilibrium post�shock temperatures (i.e., those to
which the whole meteorite mass was heated) at 20–
25 GPa were 365 K on average, and the temperatures
at 25–30 GPa were 435 K, at the initial temperature of
300 K. Such temperatures should have affected first of
all the loss of the adsorbed gases. Fracturing and plas�
tic deformations, which developed under the effect of
the shock wave, and local melting should have also
been favorable for the loss of gases under this loading.
Indeed, chondrites of stages S3 and S4 show broad
ranges of concentrations of inert gases in them com�
pared to chondrites of stages S1 and S2 (Stöffler et al.,
1991). Shock pressures of about 95 GPa should have
induced troilite and metal melting. Starting at a pres�
sure of 100 GPa, the very first melt portions have been
generated in LL chondrites, and their material should
have been completely melted after the pressure was
released following the passage of a shock wave at
143 GPa and higher. With regard for the porosity, the
calculated TH and TR values seem to be unrealistically

high. For example, according to calculations and with
regard for 10% porosity, silicate fraction starts melting
at ~40 GPa and is completely melted at 65 GPa,
whereas experiments on shock loading of powdered
metal mixtures of enstatite and olivine with porosity of
25% have not revealed any discernible melting under
pressures as high as 40–60 GPa (Badyukov et al.,
2012). These discrepancies are likely explained by the
aforementioned simplifications assumed in the calcu�
lations.

It seems to be possible to use the dependence of the
amount of shock melt on pressure (Fig. 8) to evaluate
the shock loading that affected chondrites containing
shock melt, which was generated during post�shock
heating of the whole volume of meteorites, such as
GSS 020 (Brandstätter et al., 2001).

CONCLUSIONS

(1) According to levels of shock loading, the light
lithology samples of the Chelyabinsk meteorite can be
classified into two groups, which were affected by peak
shock pressures within the approximate ranges of 20–
25 and 25–30 GPa. The dark lithology samples of the
meteorite were affected by shock loading of 25–
30 GPa, but the subsequent annealing of the material
diminished the degree of mosaicism and modified
PDF in the olivine.

(2) The black veins and dikes of impact melt were
simultaneously or almost simultaneously generated as
a result of a single impact event. Similarities between
the chemical composition of the liquid and the whole�
rock composition of the host meteorite and the exact
identity of their oxygen isotopic compositions testify
that the liquid was derived from a homogenized local
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material. The mild enrichment of the liquid in Al, Ca,
and Na may be explained by the dissolution of feldspar
fragments captured by this liquid, whereas the reason
for its depletion in P is so far uncertain (Fig. 4). The
local melt pockets were generated by shattering the
meteorite mass in a shock wave, subsequent displace�
ment of the meteorite blocks relative to one another,
and friction melting of the material at block bound�
aries. The temperatures locally generated at block
boundaries are evaluated at 2200–2330°С. The melt
likely started to crystallize in the black veins in the rar�
efaction wave at a pressure of 15 GPa, during the rapid
pressure decrease and change in the crystallization
regime. The dike impact melt crystallized after passage
of the rarefaction wave. The heating of material
around the dikes induced mobilization of troilite–
metal liquid, which then filled open fractures and
induced blackening of the surrounded rock.

(3) The post�chock temperatures were calculated
based on the synthetic adiabat of an LL chondrite. The
calculated temperature values indicate that the light
lithology of the Chelyabinsk meteorite was insignifi�
cantly heated (for 65–135°C) relative to the initial
temperature under the effect of the shock event.
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