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Ocob6EeHHOCTM MUHEPAALHOTO
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C. B. bep3uH, 1O. B. EpoxuH, K. C. MiBaHOB, B. B. Xuarep

dparMeHTLI METEOPUTA COCTOSIT Ha 25-35 % M3 XOHAP, Ha 65-75 % 13 MaTpuLbl U coaepykat He Boree 34 %
JKEAE30-HMKEAEBDLIX METAAAOB U CYAL(PUAOB. IMETEOPUT SIBASIETCSI KAMEHHBIM XOHAPUTOM M OTHOCUTCS K Tie-
TpoAoruyeckomy tury LL5. Bo pparmeHrax mereoputa otmedeHbl NosbilieHHble coaepykanust Na, U, Ag u
noHwyKeHHble coaepykanust Cr, Mn, Ni, Zn, Cs Mo cpaBHEHMIO CO CPEAHMMYM COAEPIKAHMSIMU B OOLIKHOBEH-
HBIX XOHAPUTax. MeTeopUT CAO’KEH OAMBUHOM, OPTOMMPOKCEHOM, KAMHOMMPOKCEHOM, MAArMIOKAA30M, XPO-
MUTOM, METAAAAMM XKEAE3A U HUKEAS], CYAb(PMAAMM, XAOPATATUTOM U CTEKAOM MOAEBOLINATOBOrO coctaBa. B
XOA€ BbICOKOTEMIEPATYPHOM MEPEKPUCTANMMBALINMN MATPULILI METEOPUTA MPOU3OLLIAA CErperaumsi CyAbhMAOB
Y UIHTEPMETAAAMAOB B AMHEWHDIE 30HbI, MEepPeMeKaloIMecs C y4acTKamMu, CAOXKEHHLIMU UCKAIOYUTEALHO CU-
AVIKaTaMu. B 4epHbIX (oparMeHTax MeTeopmTa HABAIOAQIOTCST YAAPHLIE MPOXKMAKM M BETBSILUMECS] CYALCPUAHBIE
MUKPOMPOXKMAKM, OOPA3OBABILMECS B PE3YALTATE TPEX STANOB MMIMAKTHOTO BO3AEVCTBMUSI, KOTOPLIE COMPOBO-
SKAQAUCD MOAHBIM MAM YaCTUYHLIM MAABAEHVMEM METEOPUTHOIO BellecTBa. Bo hparmeHTtax ceporo xoHapuTa
(PVIKCMPYETCsl OAMH 3Tar YAAPHOTO BO3AEMCTBUSI, KOTOPLIA MPUBEA K (DPOPMUPOBAHMIO YEPHBIX MPOXKMAKOB.
3epHa TPOMAMTA B CEPOM XOHAPUTE C MOBEPXHOCTU OKMCAEHDI, YTO, MO BCEV BUAMMOCTU, MPOU3OLWAO MpPU
B3aVMIMOAEVCTBMM C BOAOVM BO BHE3EMHLIX YCAOBMSIX. B uepHOM xoHApuTte okoro 2-3 % obnLema cAararot
nopbl, 06PAa30BABLIMECS PV aKKPELIMM TBEPALIX (DparMeHTOB MeTeopuTa. Haxoasimecst cBO6OAHO B Mopax
MOAHOCTDIO OFPAHEHHDIE KPUCTAAADBI TAATMOKAA3a, KAMHOMMPOKCEHA M OAMBMHA ObIAM 3aXBaY€HbI B MOPLI MPY
MX (POPMMUPOBAHMM M CBUAETEALCTBYIOT OO OAHOBPEMEHHOM HAXOXKAEHWUM B CpeAe (POPMUPOBAHMSI XOH-
ApPUTa Kak HEAM(PEPEHLIMPOBAHHLIX OOPA30BaHM, CTABLIMX BMOCAEACTBMM XOHAPAMM, TaK M OTAEALHBIX
MVHEPAAOB, SIBASIIOLIMXCS1 MPOAYKTaMu AMdpchepeHUmMaLmm CUAUKATHOTO BELIECTBA.

KaroueBbie croBa: Ypaa; Meteoput «HeAasiOMHCK»; XOHAPUT; MUHEPAAOTMsl; F€OXMMMST; YAAPHDLIE MPOXKMAKM;
CYAL(OVIAHBIE MUKPOMPOXXUAKM; MOPOBOE MPOCTPAHCTBO.

A meteorite is a chondrite and belongs to petrolog-
ical type LL5. Meteorite fragments have higher con-
tents of Na, U, Ag and lower contents of Cr, Mn, Ni,
Zn, and Cs compared with an average of ordinary
chondrites. The meteorite is composed of olivine,
orthopyroxene, clinopyroxene, plagioclase, chro-
mite, metals of iron and nickel, sulfides, Cl-apatite
and glass, which has feldspar composition. During
high-temperature recrystallization of the meteorite
matrix, sulfide and Fe, Ni-metals are segregated
in linear zones, interleaved with silicate areas. In
black meteorite fragments, shock veins and sulfide
micro-branching veins, formed by the effects of
three stages of impact, accompanied by full or par-
tial melting of meteoritic material, are observed. In
fragments of gray chondrite, one stage of impact is
observed giving rise to the formation of black veins.
Pores are formed by accretion of solid fragments of
the meteorite account for 2-3% of chondrites. Pla-
gioclase, clinopyroxene and olivine, located freely
in the pores, have complete crystalline facets. They
were captured in the pores during their forma-
tion and indicate that undifferentiated formations,
which later became the chondrules, and minerals
that are the products of the differentiation of sili-
cate substances, were in the parental environment
of chondrites.

Keywords: Ural; Chelyabinsk meteorite; chondrite;
mineralogy; geochemistry; shock veins; sulfide micro
veins; porous space.

ntroduction
The Chelyabinsk meteorite, which is one of the
biggest ([Russia..., 2013] gives estimates: diam-
eter about 17-20 m, weight about 1000 tons), and the
most famous in the Urals, entered Earth's atmosphere on
February 15,2013 at about 9:20 a.m. (GMT +5).

It exploded in the atmosphere at a height of 50
km [Chelyabinsk..., 2013] and the fragments fell
over a wide area of the Chelyabinsk region. The ex-
plosion of the extraterrestrial was seen by tens of
thousands of people in the Middle Urals and North
Kazakhstan and it was recorded by car video camer-
as and substantially represented on the Internet. Ma-
jor fragments of the meteorite fell near Chebarkul
Lake (they broke particularly thick ice (about 1 m)
and created a hole about 6 m in diameter) close to
the city of Chebarkul, situated 78 km to the west of
the city of Chelyabinsk. Many observers were in-
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jured by window glass debris when the blast wave
hit their homes.

Meteorite fragment detection

All fragments of the Chelyabinsk meteorite
studied by the authors were found seven days after
the event, within an area 2-3 km south of the Dep-
utatskoe settlement (Yetkulskiy area of Chelyabinsk
region). The productivity of discovery of Chely-
abinsk meteorite fragments (having sizes from 0.5 to
3.5 cm) was about six to eight pieces per hour per
person. The density of the discoveries was about one
fragment per 80-600 m* The fragments had not
reached the soil stratum; they were extracted from
the 60-70-cm-thick snow, at depths of 20-50 cm.
The inlet holes were vertical or slightly slanted (with
vertical deviation up to 20°) and sometimes twisted.
The lower parts of the inlets were filled with granular
ice while the fragments themselves were surrounded
with a 2-5-mm layer of ice. Obviously, this is a con-
sequence of their high temperature as they entered
the snow. Thus, the fragments under investigation
did not undergo impact action, did not contact with
chemical compounds in the soil and did not under-
go weathering in terrestrial conditions. It should be
noted that (predictably) none of the Chelyabinsk
meteorite fragments have radioactivity beyond
background values.

Roundish fragments, entirely enclosed by a
0.5-mm-thick black glassy hardened zone, dominate
the fi dings. However, several fragments had addi-
tional thin hardened zones on one or several sides.
These zones represent separate drops of black glass
on the gray background of the fracture. Further-
more, fragments that were found were bounded by
a roundish surface with a black hardened zone, as
well as by an uneven gray surface of the fresh frac-
ture formed by the destruction in atmosphere prior
to entering the snow.

Texture and classification of the fragments

The majority of the meteorite fragments is light
gray chondrite. About 20% of the fragments no big-
ger than 1 cm are of black color because their matrix
is threaded with a dense net of fi e sulfide veinlets,
which is no more than 2-3 microns thick. Many
fragments of gray chondrite are intersected by black
linear veinlets, 0.3-1 mm in size, forming breccia
(Fig. 1a). Plagioclase fills the interstices between the
olivine grains in the gray chondrite, whereas only
melted feldspar glass fills the interstices in the black
chondrites. The absence of zonality of the olivine
and orthopyroxene grains enables the gray chon-
drite to be classifi d as equilibrium low temperature
chondrites (type III), according to [Zinoveva, 2001,
Zinoveva et al., 2010], and the black chondrite as
intermediate medium temperature chondrites (type
IT). All of the fragments may be classifi d as LL type
[Weisberg et al., 2006] because they contain no more
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than 2-3 % iron-nickel intermetallides with an in-
creased content of iron in silicates. All the fragments
are of petrological type 5, because they consist of
25-35 % chondrules and 65-75 % matrix having
high-temperature transformation traces.

Chemical and microelement composition of
meteorite fragments

Two samples of chondrite were used to deter-
mine the contents of the main petrogenic elements
by X-ray fluorescent analysis (device XRF-1800, an-
alysts were Gorbunova, N. P, Tatarinova, L. A. and
Petrischeva, V. G.).

The first sample of gray chondrite shows con-
tents (wt. %): SiO, 36.06, TiO, 0.13, ALO, 2.94,
Cr203 0.54, FeO 33.33, MnO 0.33, MgO 19.13, CaO
2.09,Na 0 1.78, K,0 0.12, PO, 0.31, Ni 0.21, S 2.85,
and the sum is 99.84.

The second sample of black chondrite shows
contents (wt. %): §iO, 32.80, TiO, 0.13, AIZO3 2.75,
Cr203 0.50, FeO 36.04, MnO 0.32, MgO 17.97, CaO
2.05,Na 0 1.59, K,0 0.12, P,O, 0.32, Ni 0.42, S 4.09,
and the sum is 99.10.

Thus, in the black chondrite sample there is an
increased content of Ni, S and Fe in comparisons
with the sample of light gray chondrite. Consider-
ing that the main difference between the light gray
and black chondrites is the presence of thin sulfide
veinlets, it is possible to suppose that the process of
their formation was not an isochemical one, but was
related to sulfide migration from outside. In should
be noted that in both samples there is an increased
content of Na in comparison with the composition
of chondrites typical of the LL type.

Three other samples were used to determine the
microelement contents. In relation to the microele-
ments (Table 1), the meteorite samples are similar to
ordinary chondrites of types L and LL, the average
composition of which is given by [Wasson et al,
1988]. To a very small degree, the samples demon-
strate an increased amount of U and Ag, as well as
decreased amounts of Cr, Mn, Ni, Zn, and Cs. Rare
earth element content is shown on spider-diagrams
normalized by CI-chondrite (Fig. 2). All three sam-

ples demonstrate gently sloping trends with negligible
enrichment in the area of light lanthanides, and con-
tain cumulatively more rare earth elements than do
average chondrites of such type.

Meteorite mineral composition

The mineral composition of the meteorite pres-
ents: olivine, orthopyroxene, clinopyroxene, pla-
gioclase, chromite, iron and nickel metals, sulfides,
chlorapatite, and glass of feldspar composition. The
most signifi ant part of the meteorite is composed
of silicate matrix with high-temperature recrystalli-
zation traces. Olivine and pyroxene grains the form
of granoblastic poikiloblastic structures similar to
structures of terrestrial metamorphic rocks. In the
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Figure 1 | Structure of the gray chondrite from Chelyabinsk meteorite. Hereinafter: Ap - apatite, Crsp - chrome
spinel; Fe-Ni - metals of iron and nickel, Ol - olivine, Opx - orthopyroxene, PI - plagioclase, Tro - troilite, vein-
let* — a black veinlet intersecting the gray chondrite. a — a fragment of the gray chondrite intersected by black impact
veinlets, photo by Pavel V. Shalaev; b — structure of the gray chondrite: round chondrules surrounded by uneven granu-
lar matrix with traces of high-temperature recrystallization (light coming though, crossed nicols); ¢ — grate chondrule,
backscattered electron imagine, The Zavaritsky Institute of Geology and Geochemistry of the Ural Branch of the
Rus-sian Academy of Sciences, Cameca SX 100 (hereinafter the analyst is V. V. Khiller); d - apatite in chondrule

matrix, backscattered electron imagine, Cameca SX 100.

interstices between these minerals, there is pla-
gioclase, melted glass and apatite grains (Fig. 1d).
Chondrules of different texture (grate, radiant, por-
phyritic) comprise about 25-30% rock volume (Fig.
1b, c) with sizes of up to 1.5-2 mm. Chondrules con-
sist mainly of olivine and orthopyroxene grains sub-
merged into the basis of plagioclase or glass, which
are difficult to distinguish from each other (Fig. 1c).

Olivine in the meteorite matrix is the main rock
constituent mineral (Fig. 1d) with grains of 0.03—-
0.5 mm in diameter. As a whole, olivine has light-
gray color, apparently because of the small grain
size and microfracturing. It occurs in the meteorite
matrix as well as in the chondrules. It is character-
ized by stable chemical composition (Table 2, test
1-4) and it belongs to forsterite with 30% fayalitic
minal. In addition, it contains unremarkable man-
ganese, nickel and chromium impurities. Orthopy-
roxene is more xenomorphic with respect to olivine
grains, but is also a rock constituent mineral of the

meteorite. It presents in the chondrules as well as in
the rock matrix. As with olivine, it has stable chem-
ical composition (Table 2, test 5-8) and belongs
to enstatite with 25% ferrosilit minal. The mineral
consistently contains calcium impurity (CaO up to
1 wt. %).

Clinopyroxene is xenomorphic with respect to
olivine and enstatite grains, and occurs frequently in
the matrix as single grains among the orthopyrox-
ene aggregate. It is characterized by variable compo-
sition (Table 2, test 9-11), but all tests fall in the fi 1d
of augite (En43-45Wo041-45Fs10-16). The mineral
consistently contains aluminum, chromium, titani-
um, and sodium impurities.

The interstices between the grains of the
above-mentioned minerals are filled with plagioclase
and melted glass. Plagioclase belongs to albite-oli-
goclase and contains potassium and iron impurities
(Table 2, test 12-14). By composition, the melted
glass is similar to plagioclase (Table 3), but differs
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Table 1. Rare element composition (ppm) of Chelyabinsk meteorite

Elements 1 2 3 Elements 1 2 3
Li 1,65 1,67 1,72 La 0,76 0,45 0,47
Be 0,03 0,01 0,03 Ce 1,99 1,23 1,31
Sc 7,41 7,80 7,67 Pr 0,25 0,15 0,18
Ti 586,06 539,00 542,27 Nd 1,25 0,76 0,85
\% 69,78 61,53 61,01 Sm 0,47 0,20 0,33
Cr 2083,3 1683,2 1736,0 Eu 0,09 0,09 0,11
Mn 1160,3 12445 1188,0 Gd 0,37 0,23 0,30
Co 450,19 473,51 361,85 Tb 0,07 0,06 0,07
Ni 5601,5 7309,4 6901,0 Dy 0,54 0,39 0,43
Cu 73,82 55,49 57,84 Ho 0,12 0,08 0,11
Zn 8,08 4,66 4,89 Er 0,35 0,25 0,28
Ga 4,65 4,89 4,53 ™™ 0,05 0,03 0,04
Ge 10,03 7,56 6,68 Yb 0,34 0,28 0,26
Rb 3,24 3,31 3,62 Lu 0,06 0,04 0,05
Sr 12,01 12,48 13,08 Hf 0,20 0,16 0,23
Y 2,68 1,96 2,23 Ta 21,66 0,02 18,18
Zr 5,37 6,24 6,30 w 0,66 0,13 0,39
Nb 29,44 0,44 29,28 Tl 0,03 0,002 0,01
Mo 1,08 0,79 0,89 Pb 0,26 0,14 0,20
Ag 2,57 0,79 2,33 Bi 0,005 n.d. n.d.
Cd 0,01 0,002 0,002 Th 0,22 0,11 0,08
Sn 0,71 0,26 0,36 U 0,14 0,04 0,13
Cs 0,09 0,02 0,03 Sb 0,08 0,05 0,07
Ba 9,92 6,81 11,01 Te 0,46 0,38 0,33

Note: tests made by ICP-MS method on mass-spectrometer ELAN 9000 in IGG UB RAS, analyst N. N. Adamovich. Tests:

1-2 — gray chondrite, 3 — black chondrite.

from plagioclase in respect of decreased sodium and
increased potassium contents. The glass was not reg-
istered by optic methods, especially in particularly
thin intergrowth with the matrix minerals, but was
remarkably different from the plagioclase of stable
non-stoichiometrical chemical elements relations.
Inside the interstices between the chondrules,
xenomorphic apatite grains up to 0.8 mm are found.
According to microprobe analysis, phosphate is related
to chlorine-apatite with chlorine (3.04-4.07 wt. %) and
fluoride (0.24-0.72 wt. %). In addition, the indicated
variation of halogen content is met within the limits
of one apatite grain. The apatite under consideration
contains noticeably less Cl and F, and according-
ly more (OH)-group calculated stoichiometrically
in comparison with the apatite from LL chondrites
[Lewis et al., 2013, Dreeland et al, 2011]. It is estab-
lished that iron (FeO up to 0.5 wt. %) is the only sub-
stantial impurity that is quite typical for chondrite

apatites [Dreeland et al., 2011].

Chrome spinel xenomorphic grains up to 0.2
mm in size presented in the matrix are frequently
associated with Fe, Ni-metals and troilite clusters. In
addition, the chrome spinel is observed as small in-
clusions (up to 50 microns) in the olivine or pyrox-
ene grains. According to microprobe analysis, chro-
moshpinelide (Table 4) belongs to chromite with in-
signifi ant content of hercynite (up to 13%), ulvospi-
nel (up to 10%), and magnesiochromite (up to 17%).

In the associations with metal and sulfid, the
chromite is more ferriferous (Table 4, test 4-5), but
in the olivine and orthopyroxene inclusions, the
chromite is a more magnesian one (Table 4, test 6-
7). The presence of the significant titan impurity
(or ulvospinel minal) in chromite tells us that the
mineral might have a partly reverse structure.

The Fe, Ni-metals form roundish and interstice
grains of up to 0.3 mm in size. Usually, they form
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Figure 2 | Spider-diagram of rare earths content in the fragments of Chelyabinsk meteorite. The contents were
normalized to CI-chondrite according to [Sun et al., 1989]. Un-filled squares (sample 3) and unfilled triangles (sample

10) are the gray chondrite; filled squares (sample 7) are the black chondrite; gray line is mean contents of rare earths in
LL-chondrites by [Wasson et al., 1988]. Sample numbers correspond to numbers in Table 1.

grains in association with troilite, which, as a lat-
er mineral, grows around them. The Fe, Ni-metal
grains exhibit zonal structure: the kamacite aggre-
gate is developed in the central part of the grain (Ta-
ble 5, test 1-5), and the taenite aggregate is devel-
oped in marginal zones (Table 5, test 6-10). It is in-
teresting that the nickel content varies signifi antly

in the grain matrix, but it reaches maximal value (Ni
up to 48%; Table 5, test 9-10) only in the periph-
ery. Therefore, we were unable to find Fe, Ni-met-
als with nickel predomination with respect to iron
(awaruite and others). The troilite makes separate
grains of up to 0.3 mm, built of polygonal-granular
aggregate, and forms fringes of accretion around

Table 2. Silicate chemical compound (wt. %) from Chelyabinsk meteorite

Ne SiO, TiO,  AlLOs;  Cr03 NiO FeO MnO MgO CaO Na©O K20 Total (FeF+e|\//|g)
1 37,35 nd. nd. 011 0,11 26,66 046 34,77 0,03 nd. n.d. 99,49 0,30
2 3719 001 nd. 003 004 2635 044 3506 0,02 0,01 nd. 99,16 0,30
3 3721 nd. 001 003 006 266 049 3497 0,01 nd. n.d. 99,38 0,30
4 3761 003 002 019 0,03 26,07 059 3468 002 0,01 nd. 99,24 0,30
5 5516 0,2 0,11 0,15 nd. 16,12 044 2684 069 0,04 0,01 99,76 0,25
6 5468 024 011 0,13 0,03 1572 045 26,88 0,87 nd. n.d. 99,12 0,25
7 5489 0,2 0,13 0,12 nd. 1587 056 2698 088 0,02 0,01 99,66 0,25
8 5521 015 0,13 0,24 0,02 16,02 0,37 2694 083 0,01 n.d. 99,83 0,25
9 5132 04 0,42 0,6 0,32 10,37 0,24 1564 2093 044 nd. 100,69 0,27
10 51,76 0,35 0,49 0,7 0,08 852 0,21 1563 2148 054 nd. 99,76 0,23
11 53,67 0,36 0,46 0,8 0,05 6,14 0,16 1589 2188 0,58 0,01 99,99 0,18
12 6457 0,03 2034 009 023 127 nd. 002 226 9,77 0,68 99,26

13 65,86 0,02 2094 0,03 0,06 0,62 n.d. nd. 199 1044 0,58 100,54

14 6548 004 2088 002 003 066 nd. 001 223 984 082 100,01

Note: hereinafter tests made on microanalyser Cameca SX 100 at IGG UB RAS, analyst V.V. Khiler; test 1-4 — olivine, test 5-8
— orthopyroxene, test 9-11 — clinopyroxene, test 12-14 — plagioclase.
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Figure 3 | Impact veinlets in the fragments of Chelyabinsk meteorite. a, ¢ - sulfide microveinlets. Gl - melted feld-
spar glass, «veinlets 1» — branching sulfide microveinlets, «veinlets 2» - linear or branching veinlets made from glass
with olivine microinsets and drop-like metal-sulfide isolations. Picture was made by refl cted electrons. Device JSM-
6390LV at “Geoanalitik” Analytical Centre of the Ural Branch of Russian Academy of Sciences (hereinafter the analyst

is S. P. Glavatskikh).

the Fe, Ni-metals, and participates in the structure
of the veinlets of any type. According to microprobe
analysis, as this takes place, the troilite (Table 5, test
11-14), independent of an association, features stable
chemical composition. Among the impurities, only
nickel is noted (not more than 1 wt. %). In the big-
gest troilite grains, one can find small, 20-25 microns,
roundish inclusions of other sulfides. On evidence de-
rived from microprobe analysis (Table 5, test 15-17),

they are ferriferous pentlandite. In addition, the min-
eral contains copper (up to 1 wt. %) and cobalt (up to
0.6 wt. %) impurities.

Impact veinlets

As mentioned above, the gray and black chon-
drites demonstrate some distinctions. In the gray
chondrite, the interstices between the olivine grains
are filled with plagioclase, whereas in the black chon-
drites, they are filled with melted glass. The color of the
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Table 3. Composition of melted glass (wt. %) in Chelyabinsk meteorite

Ne SiO; TiO, Al,Os Cr,03 FeO MnO MgO CaO Na,O K20 NiO Total
Black chondrite
1 68,44 0,02 2249 0,10 1,34 001 026 010 295 154 0,03 97,29
2 6791 0,03 2231 0,13 1,18 0,00 0,31 0,14 2,92 1,37 0,05 96,35
3 67,64 0,05 22,27 0,09 1,10 0,02 0,22 0,08 3,02 1,85 0,02 96,36
4 66,85 0,06 2220 0,06 066 000 010 212 546 108 0,03 98,61
Black veinlet in gray chondrite
5 67,77 0,01 21,75 0,04 089 006 017 154 402 188 0,02 98,17

black chondrites is caused by the net of branching out
sulfide microveinlets pierced through them and made
from troilite («veinlets 1» in Fig. 3a-c). Their thick-
ness varies from 0.1 to 2-3 microns. Such veinlets
intersect olivine, pyroxene and chrome spinel grains,
but never intersect the melted glass (Fig. 3a, ¢). Addi-

tionally, sulfide veinlets do not intersect iron-nickel
metal grains and are in continuous intergrowth with
big troilite grains. Maximal density and thickness of
sulfide veinlets is observed along lengthy cracks ce-
mented together by troilite with drop-shaped taenite
inclusions.

Table 4. Chemical composition of chromite (wt. %) from Chelyabinsk meteorite

56

Ne 1 2 3 4 5 6 7
TiO, 2,25 2,45 2,16 2,18 3,63 3,63 3,65
Al,O3 6,08 6,05 6,07 5,83 5,15 5,09 4,97
Cr,03 56,55 56,61 56,41 57,06 55,65 56,09 56,47
Fe,03 0,31 0,64 0,72 0,26 0,11 0,27 0,12

NiO 0,02 0,08 0,03 0,05 0,03 0,04 0,07

FeO 31,85 31,77 31,34 31,55 33,05 30,63 30,91

MnO 0,44 0,57 0,71 0,55 0,55 0,47 0,41

MgO 1,63 1,59 1,64 1,63 1,59 3,15 3,03

Cao n.d. n.d. 0,09 0,04 0,03 n.d. 0,02

Total 99,13 99,75 99,17 99,16 99,78 99,37 99,65
Crystal chemical recalculation (on 3 cations)

Ti 0,06 0,07 0,06 0,06 0,1 0,1 0,1

Al 0,26 0,26 0,26 0,24 0,22 0,21 0,21

Cr 1,61 1,59 1,61 1,63 1,58 1,58 1,6
Fe** 0,01 0,02 0,02 0,01 n.d. 0,01 n.d.
Fe®* 0,96 0,96 0,93 0,95 0,99 0,92 0,92

Mn 0,01 0,02 0,02 0,02 0,02 0,01 0,01

Mg 0,09 0,08 0,09 0,09 0,09 0,17 0,16

Cr/(Cr+Al+Fe®) 0,83 0,82 0,83 0,84 0,83 0,83 0,84
Fe?*I(Fe®*+Mg) 0,91 0,92 0,91 0,91 0,91 0,83 0,84

Note: test 1-5 — big grains in meteorite matrix, test 6-7 — small inclusions in olivine an orthopyroxene; Fe,O3; — calculated

stoichiometrically.
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Table 5. Chemical compound of Fe, Ni-metals and sulfides (wt. %)

Ne Mineral Fe Ni Co Cu S P As Cymma
1 Kamasite 94,85 4,92 2,03 n.d. 0,01 0,04 0,04 101,89
2 93,69 5,85 2,19 0,08 n.d. n.d. n.d. 101,82
3 87,23 11,46 1,69 n.d. n.d. 0,03 n.d. 100,42
4 84,81 14,61 0,95 n.d. 0,01 0,11 n.d. 100,48
5 82,60 17,07 0,96 0,10 n.d. 0,09 0,02 100,85
6  Taenite 73,67 24,90 1,00 0,03 0,01 0,13 0,01 99,75
7 63,94 34,71 0,92 0,08 0,02 n.d. n.d. 99,68
8 55,72 43,32 0,33 0,16 n.d. 0,04 0,04 99,59
9 51,54 47,94 0,22 0,19 0,04 n.d. n.d. 99,92
10 50,73 48,08 0,25 0,21 0,01 n.d. 0,01 99,29
11 Troilite 63,85 0,37 0,02 n.d. 35,60 n.d. 0,01 99,85
12 64,07 0,65 0,07 0,02 35,45 n.d. n.d. 100,26
13 63,92 0,60 0,04 0,07 35,70 n.d. n.d. 100,34
14 63,25 1,07 0,06 0,04 35,23 n.d. 0,03 99,68
15  Pentlandite 46 08 20,79 0,51 0,66 33,15 n.d. 0,02 101,21
16 46,10 20,06 0,51 0,81 32,19 n.d. n.d. 99,68
17 4509 20,95 0,54 0,97 32,48 n.d. 0,02 100,04

Veinlets from 10 microns to 3 mm pass though
fragments of the black chondrite. The veinlets are
filled by glass with drop-shaped isolations of troilite
and Fe, Ni-metals («veinlets 2» on Fig. 3). The thin
(up to 150 microns) and the thick (2-3 mm) vein-
lets vary in structure. The thin veinlets have a linear,
as well as a branched form arising from “fl wover” of
fragmental grains of the chondrite matrix (Fig. 3a, c).
They consist of glass, thin (up to 0.5 microns) oliv-
ine grains and drop-shaped troilite isolations with
inclusions of iron-nickel metals. At the edges of such
veinlets, one can observe distinct hardened zones,
which express a decrease in the size of the olivine
grains and drop-shaped troilite isolations. It was not
possible to measure the glass compound by micro-
probe, in order to determine the presence of olivine
microcrystals in the veinlets. However, from back-
scattered electron images, it appears lighter than
glass from the interstices of the chondrite matrix.
Th s distinction indicates that they have a different
chemical composition. The thick veinlets, in con-
trast to the thin ones, are made of angular olivine
and orthopyroxene, 5 to 50-200 microns grains,
cemented by melted glass with drop-shaped troilite
isolations (Fig. 3e, f). Boundaries of such veinlets are
smooth and accompanied by a thin hardened zone,
which expresses a decrease of the size of the silicate
grains and drop-shaped troilite isolations (Fig. 3e).
Iron-nickel drop-shaped Fe, Ni-metals inclusions
are found in troilite (Fig. 3f). The olivine and pyrox-
ene grains from a veinlet have zonal structure that is
shown clearly in Fig. 3e. For this reason, rock formed
with veinlets can be classifi d as a high-temperature
non-equilibrium chondrite [Zinoveva et al., 2010].

Thick veinlets are not intersected with sulfide
microveinlets, but some sulfide microveinlets do
take intersecting positions with respect to the thin
veinlets, which can be seen clearly from Fig. 3a.
However, there are few such microveinlets; most
parts of the sulfide microveinlets are cut off and ta-
pered near the thin veinlets.

The structure of the veinlets is in many ways
similar to that of impact dykes described for ordi-
nary chondrites by [Hutson et al., 2013], and ob-
tained by experiment in ordinary [Horz et al., 2005]
and in carbonaceous chondrites [Tomeoka et al.,
1999]. On the sulfide grain contacts of the thin vein-
lets, one can see hardened sulfide-s licate emulsions,
similar to those described in [Tomkins et al., 2013].

The structure of the black veinlets intersecting
the gray chondrites is similar to the structure of the
black chondrites. Most thin black veinlets are linear
zones with branching sulfide veinlets (Fig. 2d). With
greater thickness, their structure demonstrates glass
zones with olivine microcrystals and drop-shaped
troilite isolations (Fig. 3d), and instead of plagioclase
in the chondrite matrix near the black veinlets, one
can observe glass, which differs from plagioclase by
composition.

All of this allows us to draw an analogy between
the black veinlets of the gray chondrite and frag-
ments of the black chondrite; however, obviously,
an external impact is the cause of the formation of
the black veinlets in the gray chondrite. Troilite and
Fe, Ni-metals grains in the gray chondrite are dis-
tributed unevenly. In Fig. 4a, one can see that they
are concentrated in linear intersecting clusters, and
encircling chondrite parts consisting exclusively of

MAPT 2016 | BbINYCK1(41) 57



EARTH SCIENCES

Figure 4 | Linear clusters of troilite and iron-nickel metals (white) in the gray chondrite of Chelyabinsk meteorite
(a) and structure of linear cluster (b). The black veinlets take a secondary position with respect to such

clusters. Backscattered electron imagine. Cameca SX 100.

silicates. Sulfide and Fe, Ni-metals grains in linear
clusters having complicated shapes are situated at
the border of the olivine and pyroxene grains. The
small grains make inclusions in these minerals (Fig.
4b). Because the olivine and orthopyroxene have
complicated borders and penetrate each other as
inclusions, it may be inferred that troilite and Fe,
Ni-metals segregation occurred at the same time as
the high-temperature chondrite matrix recrystalli-
zation. Formed under the influence of a later impact,
the black veinlets intersecting the gray chondrite
took a secondary position with respect to the troilite
and metal clusters.

Pores in meteorite

In fragments of the Chelyabinsk meteorite one can
see pores up to 0.5 mm in size. The pores are mostly
within fragments of the black chondrite and the poros-
ity does not exceed 1-3% of the total volume.

The protrusion of matrix individuals from the
pore walls caused uneven curved pore forms with
concave surfaces (Fig. 5a, ¢). Mineral protrusions
are usually uneven or roundish. On some roundish
surfaces of the protruding minerals, one can ob-
serve striations caused by oscillatory combinations
(Fig. 5c). Apparently, the pores were formed in a
process of accretion as free space between stuck
chondrules and mineral individuals of the matrix.
The group of scientists studying the pore geometry
in ordinary stone chondrites by synchrotron X-ray
microtomography, arrived at the same conclusion
on the nature of the pores [Sasso et al., 2009]. From
their data, porosity caused by incomplete compac-
tion at metamorphosis is widely presented in all
types of usual ordinary chondrites, and is the fea-
ture of the asteroid belt.

The clinopyroxene (Fig. 5¢) crystals, plagioclase
crystals and roundish olivine individuals (Fig. 5b)

are observed in pores. The crystals are freely situated
near the veinlet walls or they are adhered to them.

The minerals were examined by the energy-dis-
persion attachment INCA Energy 450 X-Max 80 of
the scanning electronic microscope JSM-6390LV at
the Analytical Centre “Geoanalyst” of the Institute
of Geology and Geochemistry of the Ural Branch
of the Russian Academy of Sciences by analyst S.P.
Glavatskikh. The plagioclase and pyroxene crystals
have typical facings and slightly rounded edges.
By scrutinizing a round olivine isolation (Fig. 5b),
small facets can be found, and on the round surface
between the facets, striations caused by oscillatory
combinations are noticeable.

At the intersections pores and thin sulfide vein-
lets one can see sinter troilite buildups situated gen-
erally along the walls of the cavity. Rarely, sinter
buildups of complicated form are met in the center
of the pore space (Fig. 5¢). The surface of such build-
ups is a stairstep one. The steps form round outlines
in agreement with the buildups. At high magnifi a-
tion, the steps exhibit an angular shape and they are
built by combinations of parallel crystal facets or fi -
er striations because of oscillatory combinations on
the square of the sinter buildups (Fig. 5f). Thus, such
steps are themselves striations due to oscillatory
combinations, which provides evidence of the slow
crystallization of the sulfide melt, because many of
the sinter buildups are crystalline individuals.

Sulfide oxidation

Micropores with small crystal plates of ferrum
hydroxides are observed around some troilite grains
in the gray chondrite (Fig. 6). Gross observed that
they look like “rusty” halos around sulfide grains.
The crystals are no greater than 2 micrometers (Fig.
6b). The hydroxides are formed on troilite grains as
well as on the nearby pore walls. The surface of the
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Figure 5 | Pore structure in the black chondrite of Chelyabinsk meteorite. a — pores with protruding minerals
of chondrite matrix, b — pores with fully facetted silicate crystals situated along pore walls, ¢ — crystals and globular
individuals of minerals in pores, d-e - sinter aggregate of troilite in pore space, f — steps of grow on surface troilite sinter
aggregates. a-e — pictures in back scattering electrons, f — image made in secondary electron mode. Device JSM-6390LV.

troilite grains exposed in the pores is partly covered type LL5. Their formation was accompanied by thermal
with the fi est film of ferric oxides, detected by the metamorphism recrystallization resulting in the for-
EDX-attachment of the electron microscope. mation, inside the chondrite matrix, of a granoblastic
Conclusion and discussion of the results poikiloblastic structure similar to the structure of ter-
The black and the gray fragments of the Chely- restrial metamorphic rocks. Thermal metamorphism
abinsk meteorite are classified as ordinary chondrites of ~ recrystallization was accompanied by sulfide and metal
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Figure 6 | A grain of troilite surrounded with microcavities with plate-like crystals of ferrum hydroxides from the
gray chondrite of Chelyabinsk meteorite. a — picture in back scattering electrons, b — picture of plate-like crystals in

back scattering electrons. Device JSM-6390LV.

segregation forming linear clusters around silicate
spots. A common blastic structure of the chondrite
interstices position of apatite and plagioclase grains
is kept.

In the black chondrite, one can identify three
impact phases accompanying brittle deformation
following crack cementation by melt: thin veinlets
formation, branching sulfide microveinlets forma-
tion, and thick impact veinlets formation. At the
fi st phase, complete melting occurred along sep-
arate cracks following cementation with silicate
and sulfide-metallic emulsion. The latter frizzed
in a form of separate drops in a silicate glass of
thin veinlets. In the second phase, brittle olivine,
orthopyroxene and chromite cracking occurred
followed by a fill with sulfide fusion originating
due to partial melting. It is the partial melting that
distinguishes the second phase of impact from the
first. In the second phase, thin veinlets that arose
earlier cracked to a significantly lesser degree than
the matrix silicates and the melted plagioclase glass
was not exposed to brittle deformation. In the
third phase, the thick impact veinlets (first
millimeters) composed of high-temperature non-
equilibrium chondrites appeared.

In the gray chondrite, only one phase of impact
is registered, leading to black veinlet formation,
in which the black veinlets in some areas intersect
themselves and create a breccia texture.

By composition, the black veinlets are similar to
the black fragments of the meteorite.

The fragments of the Chelyabinsk meteorite
were discovered in snow cover several days after the
event, were not in contact with the soil and did not
undergo weathering in terrestrial conditions.

Therefore, sulfide oxidation with the formation
of cavities filled by ferrum hydroxides most probably
happened under extraterrestrial conditions.

The structure of the pore space deserves a men-
tion. The fact that mineral individuals in the pores
mainly have full faceting and only join the wall
of the interstices from one side tell us that their
origin and growth took place in space free from
gas and liquid. Theoretically, it could take place in
the pore space provided that there is an absence of
gravity capable of drawing crystals to one of the
walls of the cavity. However, this hypothesis con-
tradicts the absence of crystals growing from the
walls of the cavities that might be natural, consid-
ering that a cavity surface is more preferable than
a volume of gas or liquid for nucleation [Krasnova
et al.,, 1997]. Probably, the crystals grew in a gas
environment before the formation of the meteorite
body and then became located in cavities between
segregated meteorite fragments.

The difference in composition of the crystals
and chondrules participating in the formation of
the meteorite indicates the polymictic nature of
the samples under study. The meteorite formed in
an environment that included round chondrules
constituted from undifferentiated silicate melt,
as well as separate silicate crystals, which might
be the products of the differentiation of a silicate
substance.
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