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Chelyabinsk ~54°49'N, 61°07'E Russian Federation
Fell: February 15, 2013, 3:22 am (UT)
Classification: Ordinary chondrite (LL5)

HiStOI'y: At 9:22 a.m. (local time) on February 15, 2013 a bright fireball was seen by numerous observers in parts of Kurgan,
Tyumen, Ekaterinburg and Chelyabinsk districts. Images of the fireball were captured by many video cameras especially in
Chelyabinsk. Residents of the Chelyabinsk district heard the sound of a large explosion. The impact wave destroyed many window
glasses in Chelyabinsk and surrounding cities. A lot of people were wounded by glass fragments. A part of the roof and a wall of
the Zn-plant and a stadium in Chelyabinsk were damaged also. Numerous (thousands) stones fell as a shower around
Pervomaiskoe, Deputatsky and Yemanzhelinka villages ~40 km S of Chelyabinsk. The meteorite pieces were recovered and
collected out of snow by local people immediately after the explosion. The snow cover was about 0.7 m in thick. The falling stones
formed holes surrounded by firn snow. Largest stones reached a frozen soil. It is suggested that a stone broke the ice of the
Chebarkul Lake located 70 km W of Chelyabinsk. Small meteorite fragments were found around * ° "
did not find any stones on the bottom of the lake.

PhYSiCﬂ' characteristics: The meteorite stones and fragments are from 1 g to 1.8
to 10 cm (mainly 3-6 cm) in size. The total mass collected by local people is certainly > 100 kg ai
crusted stones are mostly common. The fusion crust is black or brown and fresh. Brocken fragm
stones is fresh but in some pieces there is evidence for weak oxidation of metal grains.

Petrog raphy: (D.D.Badyukov and M.A.Nazarov, Vernad). The majority (2/3) of the stone
lithology with a typical chondritic texture. Chondrules (~63%) are readily delineated and set withig
chondrule diameter is 0.93 mm. The chondrule glass is devitrified. The main phases are olivine and orthopyroxene. Olivine has
mosaicism and planar fractures. Rare grains of augite and clinobronzite are present. Small and rare feldspar grains show
undulutory extinction, planar deformation features, and are partly isotropic. Troilite (4 vol.%) and FeNi metal (1.3 vol.%) occur as
irregularly shaped grains. Accessories are chromite, ilmenite, and Cl-apatite. A significant portion (1/3) of the stones consists of a
dark fine-grained impact melt containing mineral and chondrule fragments. Feldspar of the lithology is well developed and
practically isotropic. No high-pressure phases were found in the impact melt. There are black colored thin shock veins in both light
and dark lithologies.

Geochemistry: (M.A.Nazarov, N.N.Kononkova, and I.V.Kubrakova, Vernad). Mineral chemistry: Olivine Fa 27.9+0.35,
N=22; ortopyroxene Fs 22.8+0.79, Wo 1.30+0.26, N=17; feldspar Ab 86; chromite Fe/Fe+Mg=0.90, Cr/Cr+Al=0.85 (at.). Major
element composition of the light lithology (XRF, ICP-AS, wt%): Si=18.3, Ti=0.053, Al=1.12, Cr=0.40, Fe=19.8, Mn=0.26, Ca=1.43,
Na=0.74, K=0.11, P=0.10, Ni=1.06, C0=0.046, S=1.7. Atomic ratios of Zn/Mnx100=1.3, Al/Mn=8.8. The impact melt lithology has
almost the same composition but it is distinctly higher in Ni, Zn, Cu, Mo, Cd, W, Re, Pb, Bi (ICP-MS).

Classification: Ordinary chondrite (LLS), shock stage S4, weathering WO.
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DepepansHoe rocyAapcTaeHHoe BloaxeTHoe
yypexneHve Hayku
WHCTUTYT AuHamukn reachep
PoccuiicKoi akanemMnn Hayk

AUWHAMWYECKMUE
NMPOLIECChbI
B FEOC®DEPAX

C6opHuk HayuHsix Tpyaos MAT PAH
Beinyck 5

lFeodHanueckue atperTol
nageHus YenabuHckoro MeTeopuTa
10
METEOPHT YE/ISBHHCK — % &
r'o/{ HA 3EMJIE
AcTpoHOMHS, pU3MKa, TEOXHUMHS,
MHHepanorus, netporpadus
CBOPHHK CTATEH
&

21-22 nioHs 2013 "AcTeponibl U KOMETbI. UensbuHckoe coobiTue 1 N3yYeHne nageHusa MeTeoputa B
o03epo Yebapkynb" r. Yebapkynb

14-15 cpeBpang 2014 "Meteoput YensabuHck - rog Ha 3emne" 1. YensbuHck

23-24 maa 2014 “ll MeTteopuThbl, acTepouabl, KOMETbI. [MageHna Ha 3emnio, nccnegoBaHus m
aKkonornyeckue nocnegctana” r. Yebapkysib

21-23 masa 2015 “lll MeTeopuTbl, actepongbl, KomeTbl" . Mnacc

26-28 mas 2016 “IV MeTteopuTthl, acteponabl, KOMeTbI" I. EkaTepnHbypr
2-4 pepans 2017 “V MeTteopuTbl, actepouabl, KOMeTbl" . EkaTepuHbypr
5-8 dpespansa 2018 MuHepansbl + VI MAK 1. EkaTepuHbypr

23-27 nionsa 2018 81 cbesn MeteopuTtHoro obuiectsa r. Mockea

27-31 masa 2019 MwuHepans! + VII MAK r. EkatepuHOypr

25-28 masa 2020 MwuHepansbl + VIII MAK r. EkatepuHbypr

26-28 aBrycta 2021 MuHepans! + IX MAK r. EkatepuHbypr

15 peBpanga 2023 Hay4dHble yTeHnsa «Meteoput YensbuHck. 10 net Ha 3emne»

29 mas-1 ntonsa 2023 MuHepanbl + X MAK 1. EkatepuHbypr



N3meHeHne npeacrtaBneHmnm o peanbHoctn AKO

YenabuHcKoe cobbiTne noaTBepAnio peanbHOCTb Npobaemol AKO M M3MeHWI0 Noaxoa, co

CTOPOHbI pyKOBOAALLMX OpraHoB Poccuu.

» @epepanbHbliii 3akoH oT 13 uiona 2015 r. N 215-®3 "O locyaapcTBEHHOM KOpnopauun no
KocMu4yeckomn aeatenbHoctn "Pockocmoc"” B Yactu n.14 ctatbn 7 «[oaHomo4una n GyHKLUUU
Kopnopauun B obnact ynpaBneHMAa KOCMUYECKOM OeATEe/IbHOCTbIO», B COOTBETCTBUM C
KOTOpOM [ockopnopauuna«Pockocmoc» “obecnevyusaem coemMecmHo c
30UHMepecoBaHHbIMU  pedepanbHbIMU  Op2aHAMU  UCMOAHUMenbHoU  enacmu,
Pocculickoli akademuell HAYK U UHbIMU OpP2aHU3AUUAMU u3y4yeHue, npo2Ho3upoesaHue u
onpedesneHue acmepoudHO-KOMEeMHOU onacHocmu, a makxce paspabomky memooos u
cpedcme ee NapuposaHuUs ¢ y4emom Mexc0yHapooOHO20 xapakmepa npobsemol”.

» B 2022 r. ytBeprkaeHa «KoHuenuma co3gaHua cuctembl UHPOPMALMOHHO-aHAIUTUYECKOTO
obecneyeHna 6e30MNaCHOCTM KOCMUYECKOMN OeATENIbHOCTU B OKOJIO3EMHOM KOCMUYECKOM
npocTpaHcTBe ~ MneyHbin NyTh' Ha nepuop 2022--2025 ropoB u Ha nepcnektTusy Ao 2035
roga».

Tena, npuxoaALme ¢ AHeBHOro Heba, HEBO3MOXXHO CBOEBPEMEHHO 0OHAPYXNUTb C MOMOLLBIO

Ha3eMHbIX cpeacTB. Heobxoanmbl KOCMUYECKME MHCTPYMEHTOB.

NpeanoxeHne MHACAH Cuctema ObHapyxeHusa [IHeBHbIX AcTepougoB (COLA)

b.M. LLlycmos, 2023



YenabuHcKk: Actepona — 6onna - meteoput

Pasmepbl meTeopounaa 19m, 13000 T

Opbuta Apollo

MNonet 6bonnaa V ~19km/c 254 Km

q) pa I'N\e HTa LIIVIFI Table 1 | Energy estimates for the Chelyabinsk airburst

B3pbIB S T
Infrasound (mean period) 600 350-990

TemHas TpaeKkTopus Video.derived lightourve 2270 R0

MeToAabl NOUCKa BellecTBa
Cbop BellecTBa

CTpoeHue, CBOUCTBA
MoaenupoBaHue
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Derek W.G. Sears (2016)




CTpYKTYypa «CHEXXHbIX MOPKOBOKY

D=2-3cm

15 cm

1 — kKaHan B cHery

2 — TOHKMEe CTEeHKM KaHana
CNOXEHHble
KPYMHOKPUCTaNIM4eCKnm
PbIXJ1bIM CHEFOM

3-4 — MmopkoBKa, 3 —
KpYMHOKpUCTaNIM4eCcKum
MIOTHbIW CHer; 4-
MIOTHbIN
MEJIKOKpUCTannyecKkmm
cHer

5 — obonoyYyka nNnoTHOro
TOHKOKpUCTanNIn4eckoro

10-15cm

CHera BOKpYyr meteopuTta
6 - 06NOMOYHbBIN ®omoepagbus u 3apucosku Kupunna JlopeHuya

9K3EeMMMAp MeTeopuTa 10



«CHeXHble MOPKOBKW», MoAennpoBaHue

The
Meteoritical Meteoritics & Planetary Science 52, Nr 5, 979-999 (2017)
Society doi: 10.1111/maps. 12831

Snow carrots after the Chelyabinsk event and model implications for highly porous
solar system objects

Robert LUTHER'", Natalia ARTEMIEVA'>?, Marina IVANOVA®, Cyril LORENZ*, and
Kai WUNNEMANN'

Cold Air | — | *Bpemsa nageHusa doparmeHTOB

3HaA4YUTENbHO Aonblle, YeM BpeMS
OCTbIBaHUS;

*CkopocTb npu nageHnn B cHer 30-90 m/c;
[1pn nageHun B NywmcTbin cHer -20 °C ;
*HarpeB ot TpeHusa B cHery meHee 0,5 rp ;
*TemnepartypHbIW rpagueHT;

*YKpYyMHEHME U NageHNe CHEXNHOK;

MetEbriic «XonoAgHoe ynnoTHeHne

*MexaHn3m NPOHNKHOBEHME — CHEXHbIN
Nayr: METEOPUT YNIOTHAET CHer nepen
cobon, NNOTHLIN CHEer «obTekaeT»
MeTeopuT
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MarHmtHaAa cbemka B OKPECTHOCTAX NMNOJIbIHbW HA

o3epe YebapKynb
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» A.B. OsuyapeHko, LWanos B.A. (UT'® YpO PAH):

B pe3yribTate KOMIMMEKCHbIX reonsnyecknx CbEMOK obHapyXeHoO OCHOBHOE
Teno meteoputa «HenabuHck» Ha rmybuHe 6-10 m.

» HWJ1 ksanToBOM MmarHutometpun O®TU: Hagexabl mano

» H.O. Myp3aunH (AneyT): Hann4ne KpynHom Maccbl KpauHe COMHUTESBHO.



YenabuHcknimm 6onuna oTanyaeT cneayiollee:

BnepBble B 0603pnuMoe UCTOpPUYECKOE BpeMs yaapHasi BorHa OT TOPMOXEHUS
KOCMUWYECKOro Tena B atMocdepe npuLlnach Ha rycToHacerneHHy MEeCTHOCTb U
Bbl3Basia OLWYTUMblE pa3pyLUEHUs

CONDITIONS OF FAILURE OF OVERPRESSURE-SENSITIVE ELEMENTS
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Icarus
Available online 5 January 2019

MouwHocTb B3pbiBa (TyHrycka)

Tunguska eyewitness accounts, injuries, and f-\_\ :

casualties

b X 100 km
XY —

airburst model (12 Mt, 2000 kg/m , 25°
entry angle, 27 km/s entry speed).
Contours correspond to (from dark to light):
1500, 1000, 700 and 500 Pa




[MJ1FOM — HOBOEe c/noBO?

. Detached
R 4+ Shock

Cometa
Debris i

(il Temperature (K)

[ |
575 1150 1725 2300

-1000 -500 0

Crawford et al., 1994, 1995

[TonbiTKa BOCNpPOn3BeCTu
9dopeKTbI NpPU CTOSNTIKHOBEHUN
komeThl LLJT 9 ¢ KOnutepom
(1994)

Cnepg B atmocdepe

— [opa4un n nnaBy4mn

— Cwmecb yaoapHuKa 1 Bo3gyxa
[1rom

— PaHHAg cTagus: oBuKeHue
BOOJb Cliea BBEPX

— [losgHasa ctagus: Konnanc,
BO3MYLLEHNA B aTMOCcdepe,
pacrnpocTpaHeHue obraka Ha
Me30CdEPHbIX BbICOTaX
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NN Meteor plume optical depth {log)
1 -4

£ 555857 56556453525,

Gorkavyi et al. 2013, GRL 40, 4728-4733

The Ozone Mapping
Profiler Suite (OMPS) Limb
Profiler (LP) on the
NASA/NOAA NPP/

Suomi satellite.

Sensitivity 3:10°° 1/km

BbicoTa: 30-40 kM
Pa3mep yactuu ot 0.5 to
0.02 MKM

CKOpOCTb ocefaHus:
90M/AeHb



Kpuctannbl yrnepoaa n CUANKATHbIE HUTU B
METEOPUTHOMN MNbINWN.

Pele’s hairs and exotic multiply twinned
graphite closed-shell microcrystals in meteoritic
dust of Chelyabinsk superbolide

7P

i@ nanomaterials (!
& ey

Sergey Taskaev®>", Konstantin Skokov®, Vladimir Khovaylo/®?, Wolfgang Donner, Tom Article
Faske, Alexander Dudorov®, Nick Gorkavyi®”, Galina Savosteenko!®, Alexander Dyakonov'®, Structure and Raman Spectra Of Exotic Carbon MiCI’OCl'ystals
from Meteoritic Dust of Chelyabinsk Superbolide

Woohyeon Baek@, Artem Kuklin®, Pavel Avramov® and Oliver Gutfleisch®

b

Galina Savosteenko !, Sergey Taskaev 1? and Pavel Avramov >*

Eur. Phys. J. Plus (2022) 137:562 tps://doi.org/10.1140/epjp/s13360-022-02768-7

Exotic carbon microcrystals in meteoritic dust of the
Chelyabinsk superbolide: experimental investigations and
theoretical scenarios of their formation

Sergey Taskaev'->>¢, Konstantin Skokov*, Vladimir
Khovaylo?b Woligang Donnerd Tom Faske?, Alexander Dudorov!',
Nick Gorkavyi’, Dmitry S. Muratov>%, Galina Savosteenko',
Alexander Dyakonov’, Woohyeon Baek8, Artem Kuklin®,
Pavel Avramov®, Oliver Gutfleisch*




No. 4]

OKcurnapookemabl Fe: CTonKHoBeHUe C
aapom KomeTtbl 930 MANH neT.

Proc. Jpn. Acad., Ser. B 95 (2019)

Hypervelocity collision and water-rock interaction in space preserved

in the Chelyabinsk ordinary chondrite

By Eizo NAKAMURA,*"" Tak KUNIHIRO,*! Tsutomu OTA,*! Chie SAKAGUCHL*! Ryoji TANAKA,*!
Hiroshi KITAGAWA,*! Katsura KOBAYASHIL* Masahiro YAMANAKA,*! Yuri SHIMAKI,*!
Gray E. BEBOUT,**? Hitoshi MIURA,* Tetsuo YAMAMOTO,* Vladimir MALKOVETS,*!

Victor GROKHOVSKY,* Olga KOROLEVA*®*7 and Konstantin LITASOV*®

Pressure (GPa)

102

10"

10°

165

I
i
1 I
| |
-y i | Supercritical liquid
=4 1 L |
I = H . ! M
. ' Liquid Y : E
X | Ih 1 g
I : (| g
L 1 1 /' 3
1 //
1 ’
1 y
| Y L Vapor 4
1 4
1 A
1 /
3 : //' = Infiltration of water into cracks |1
c '&/ === Adiabatic expansion
1 | L 1
0 200 400 600 800

Temperature (K)

1000



Tanbl U ABNeHunsA
npu Bxoae MeTeopom,u,a B aTmocdepy

&
[y
\{y{f . \\ 3
f}o \Q/@ . "S]. s
’770\%, Meteoroid s~
YK = Interplanetary dust (IDP)
Detectability \\ H\“ (n erp anehary us )
Telescopes, radar Luminous flight starts \\ RoAnetean pachOmeEnn
IR+Vis Meteoroid or Ablation starts \\
small asteroid ~
~ ~
Telescopes, radar Prahaating™ . e e - 80-90km
IR+Vis+UV gl B W SR \
---------- Meteor
FB cameras, radar Fireball / meteor stage ; s
IR+Vis+UV4LRF i ne g Fragmentation Meteoritic dust
- light emission event flash / (in suspension)
- mass loss
- deceleration .
Sonic booms - fusion crust formation ~7oo- 77w Luminous flight ends
(audible below 50 km) I . T ... /L%
__________________ Ablation ceases
EB cameras. audio 4~ Dark flight starts
radar ' * | gy > \_ﬁk\_ ________ 2o
IR+Vis+UV+RF s s e o R S SRR ; ~
Meteoriticdust " Winds  Small fragment from e )
Weather radar orlDP .7 ———— Y149 e Y Meteorites_./_
b e B |
Micrometeorite Strewn field |

MNRAS, Volume 503, Issue 3, May 2021, Pages 3337-3350,
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- AHanu3 6onngos B atmocdepe 3emnu C
NMOMOLLLbIO Anarpamm a-3

- 1
» BAOAAMCTMYECKMM KODADPULIMEHT o = >

»[lapameTp yHoOCa macchl B = (1 — )

rae Mgy, Vo— MACCQA 1 CKOPOCTb TEAQ B MOMEHT BXOAQ B ATMOCTDEPY, S —
M3HAYOAbHQOSA MAOLLLAAb MOMNEPEYHOTO CEYEHMS TEAQ, €4 — KODTDDULMEHT
COMPOTUBAEHMS, €}, - KOOIDMUMEHT TENAOOOMEHA, H*- DHTAABMMSA
cybAammaumm, hy — BBICOTA OAHOPOAHOM ATMOCCDEPSDI, ¥ — MECTHbIM YTOA
TPAEKTOPUM C TOPU3ZOHTOM, M - MARAMETP U3IMEHEHMA DOPMbI, pg — MAOTHOCTb

ATMOCOEPBI HO YPOBHE MOPS.

Sansom E. K. et al. (2019)



Fireballs satistying criteria:
V,<10 kms and H,< 35 km
® DFN
MORP
@ | (Hawday etal. 1996)
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(McCrosky et al.. 1979)
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Busyanusauyua Konbckoro 6onnaa, 19.04.2014

Syttymispiste
/82 km korkeudessa
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14 km korkeudessa
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[llustration by Mikko Suominen / “Tahdet ja Avaruus




21.06.2018 O3epku (Ozerki)

1015 kg
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Om cobbimusi do pecucmpauuu memeopuma O3epKu

TadeHue Mmemeopuma 21.06.2018 04:47
Pacyém mpaekmopuu nadeHusi 21-24.06.2018
Haxodka nepeozo ¢ppacmeHma 24.06.2018
JlabopamopHbie uccriedosaHus 28.06-05.07.2018

Peaucmpauuss memeopuma O3épku 20.07.2018



MaKpo-TeKkcTypa meteoputa YenabmHCK




LLS, S4-S6/7, W0

UcxoaHbin
XOHAPUT
(cBeTnas

NINTOsIorns)

dopmupoBaHue
POAMTEIBCKOIO TeJa

Axpenus

osmmeuH (Mg, Fe),Si0,,
opronupokced (Mg,Fe),Si,Oq,
Cr-muoncun CaMgSi,0Oy),
niaaruokiaas (Na,Ca)Al,Si,Og,
kamacut o-(Fe,Ni),

THHT Y-(Fe,Ni),

TeTpaTI3HUT FeNi,

Tpouaut FeS,

neHTaanauT (Fe,Ni)ySq,
xpomur (Fe,Mg)Cr,0O,,
uibMeHHT FeTiO;,
meppuiat CagNaMg(PO,),,
xsiopanatut Cas(PO,);Cl,
camopoaHasi meab Cu,
xakcoHuT (Fe,Ni),;C,,
rpa¢ur C.

XoHApbI

MwuHepanbHble accoumaumnu B
meTeopute YenabuHck

UmnaktHble TemHas nutonoruss Kopa onnaBneHus

NPOXUIIKK

CTO0JIKHOBEHHE C
APYTHUMH
KOCMHYECKUMH
00beKTaMH

JlokanbHOE
IJIaBJIEHUE

HCXOIHOI'O XOHAPHUTA

osmBuH (Mg, Fe),Si0,,
NHPOKCEHBI,

kamacut o-(Fe,Ni),
TIHHT Y-(Fe,Ni),
TpousnT FeS,

anp0uT NaAlSi;Og,
xagumnat KAI1Si,Og,
skagent NaAlSi, O,
MOJIEBOIINATOBOE CTEKJIO.
Mertani-cyabpuanbie
rJ100yJamn

XOHIPBI OTCYTCTBYIOT

(<MMNaKTHBLIN pacnnas»)

CTOJIKHOBEHHE C 0YE€HD

KPYNHBIM KOCMUY€eCKUM
00beKTOM WJIH MPOXOK-
nenune Boau3u CorHIA

YacTruuHOo€E WM HOJTHOE
IJIaBJICHHE UCXOAHOTO
XOHAPUTA U UMIIAKTHBIX
MIPOXKUIIKOB

osmBuH (Mg, Fe),Si0,,
NHPOKCEHBI,

mapTteHcut o’-(Fe,Ni),
T3HUT y-(Fe,Ni),

Tpouaut FeS,

neHTiaananT (Fe,Ni),S,
xpomurt FeCr,0O,,
meppuiat CagNaMg(PO,),,
capkoncua Fe?"5(PO,),,
rpa¢ronut Fe?'5(PO,),,
rajuiaeuut Na,Fe?'Fe?" | (PO,),,
kcenopuut NaFe? (PO,),,
JZKOHCOMepPBHJLIIEHT
Na,CaFe,,(PO,),,

xyaagauuT Na,CaMg,,(PO,),,
Cr-marnerur Fe(Fe,Cr),0,,
M0JIeBOLINATOBOE CTEKJIO.
Metasi-cyJabpuaHbie
rJ100yJIu

®ochaTHble 17100y/14
XOHIPBI OTCYTCTBYIOT

Bxoxaenne B atmochepy
3emuin

[TonHoe mnaBIeHue
HCXO/THOTO XOHJIpUTa U
JIPYTHUX paHHUX acCcollha-
LIMH, a0JIsIIUs BEIECTBA C
MMOBEPXHOCTHU

osmBuH (Mg, Fe),Si0,,
NHPOKCEHBI,
CaMOpOIHbI HHUKeJb Ni,
Tponaut FeS,
neHTaaH Mt (Fe,Ni)ySq,
roIeBCKHT NiySq,
xu3seByauT NizS,
XH3J1eByauT Ni,S;,
apapyut Ni,Fe-Ni,Fe,
Ni-Os-Ir-Pt-cniias,
marderut FeFe,O,,
Cr-Ni-marnerur (Fe,Ni)(Fe,Cr),0,,
marnesnogeppur MgFe,O,,
marremut Fe, .-Fe,O,,
BocTuT FeO,

oynzenut NiO,
0JIMBHH-TIMPOKCEHOBOE
CTEKJIO,

MOJICBOIINIATOBOE CTEKJIO.
Mertani-cyabpuanbie
rJ00y.1u

XOHAPBI OTCYTCTBYIOT

'MnepreHHble
accoumauum

Bropuunbie
npeoodpa3oBaHusi Ha
3emuie

[IpeobpazoBanue da3
BCEX MPEABITYIINX
accolmanui, B
MEPBYIO Ouepeb
MeTallia ¥ CylIb(uI0B

ruapokcuabl Fe

rétutr FeO(OH),
xu66unrut Fe? ,(OH),Cl,
remartur Fe,0;,

cuneput FeCO;,
kanapuuT CaCoO;,
cyabdartsl



MwuHepanorma nycroT

b

View field: 160 ym WD: 14.27 mm View field: 44.2 pm WD: 15.00 mm
SEM MAG: 6.83 kx Det: BSE, SE SEM MAG: 24.7 kx Det: BSE, SE

SEM MAG: 6.83 kx Date(m/dly): 06/04/13 SEM MAG: 24.7 kx Date(m/d/y): 06/04/13




Cxema dopMMnpPoBaHMA BpeKkunn B yaapHOM KpaTepe

1lapodsr cmenox
Hpamepa

Tpewju voBamee nopods:
ocHobaHuR

7~
S
y

7~ H.J. Melosh (1989)

(after [6])

Sample with dyke: the crack filled
with impact melt

Collapse of secondary plum and deposition of material




JlnuTonornn meteopuTa
YenAabuHck oo n nocne
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Pa3sHble nntonornn meteoputa YenabuHck LLS

JlnTonornm TpebytoT pasnnyHbIX yCnoBumn dopmMmpoBaHus

McxonoHoe BellecTBoO, cBeTnas

nuTonorus <400 6°C/MnH.net
Kannu metanna u
YnapHble (COBUroBbIE) XUIMKN TpounuTa 800-1200
Pacnnas, cepas 30Ha TeMHOM
nuTonormm MonHbIn nepennas >1600 10
KoHaeHcnpoBaHHbIe
MUKpPOKpUCTansbl HeHaputbl MeTanna >1200 8
UepHas 30Ha, TeMHas
nuTtonorus [MnaBsneHue Tponnura 800
HOenopuTol
Kopa nnaenexnus MarHesnodeppuTa o 2000 108
CwmellaHHas nuTonorus [MoTemMHeHne maTtpuubl >1200

Bce 971 30HbI Bbinu MOJTyHeHbl B 3KCNepnMeHTe Mo Harpy>xeHuto

chepunyeckn-cxogamMmMmncs yaapHbiMyM BoNMHaMM BELLLECTBA MCXOLHOM
CBETION NUTONIOrnMn

32
V. |. Grokhovsky et al., 2020, Planetary and Space Science, Vol 192, #105050



CTpyKTypa 6pekunn YenabumuHck LLS
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v ' . - View field: 789 pm Det: BSE
Mag: 171x 751.9 pm | 601.5 pm HV: 15 kV [ 200) ) —] Mag: 170x 752.5 pm | 602.0 pm HV: 15 kv =200 ym — SEMMAG: 450 x  Date{midy); 0611114 Performance in nancspace




FRACTURE STRUCTURE OF CHELYABINSK METEORITE BODY
WITH DIFFERENT LITHOLIGY

Crack
analysis at
the surface
of the slice
of
Chelyabinsk

350 _ : . meteorite
Chelyabinsk meteorite Surface areas (S) fragment.

fragments mass (m) distributi .
o istribution for 316 grains
d'Str'?Ut'on fotr 1923 ‘ _ limited by cracks at the slice
ragments z 301 of Chelyabinsk meteorite

fragment

N Im?(g ( m

Mass distribution of Chelyabinsk fragments Badyukov et al. (2014) and
distribution of surface areas of the grains limited by cracks at the slice modeling
one fragment fracture.




XPOHONOrMA UMNAKTHbIX COObITUM

Impact Age Distribution

Chelyabinsk (LLS)

100 __
T=~27 Ma n=22 ages
(Ar-Ar; L=He}

" T=~4538 Ma
80 [ / (Po-Pb) N\

60
40 T=-312 Ma T=-4452 Ma
(Ar-Ar; Sm-Nd) T=-852 Ma (U-Pb)
(Ar-Ar, K-Ar, Rb-Sr) T=-2809 Ma
20 T=~1464 Ma (Ar-Ar, Sm-Nd)
JaanRo-s) )/ T=~3733 Ma
0 _

Relative probability( in arbitrary units)

o0 1000 2000 3000 4000

Time before Present (Ma)

Righter, K., Abell, ., Agresti, D., Berger, EL., Burton, A5, Delaney, |.S., Fries, M.D.,
Gibson, EXK., Haba, MK, Harrington, R, et al, 2015. Mineralogy, petrology,

chronology, and exposure history of the Chelyabinsk meteorite and parent body.
Metennt Planet Se 50 1790-1219




XPOHONOrMA UMNAKTHbIX COObITUM

\\\ // Meteoritics & Planetary Science 57, Nr 12, 2276-2288 (2022) ReVi Sed i m paCt age d iStri bUtion
Ly e suggested by this work:
Report * Formation age ~4560 Ma (Re-Os, Rb-
Ar-Ar and U-Pb ages of Chelyabinsk and a re-evaluation of its impact chronology Sr)’
Sky P. BEARD (9'2>** Timothy D. SWINDLE>3, Thomas J. LAPENS, and David A. KRING?® ° an ea rly energ etiC |mp aCt ~4450 Ma
(Pb-Pb, U-Pb),

Chelyabinsk Impact Age Distribution L :
* an energetic impact not seen in other

LL chondrites at ~ 2500-2800 Ma

£ an (Sm-Nd, U-Pb, Ar-Ar),
§ e « followed by the most recent impact
S —ArA event ~30 Ma (Rb-Sr, U-He, U-Pb,
o Re-0s Sm-Nd, and Ar-Ar).
% Based on quality and context of data,
& /\ there is also possible evidence of an
HJ_, | AN D\:\ impact at ~3700 Ma (Sm-Nd) and at
0 1000 2000 3000 4000 ~1000 Ma (AI’-AI’, Rb-Sr)

Impact Age (Ma)

FO. KocmuupbiH (TEOXU): Sm-Nd u Rb-Sr usomornHeie cucmembi 8 obpa3uyax ¢
HeCKOSIbKUMU /1UMOosio2usiMu nosTHOCMbHO HapyWweHbl U OUEHKU 8peMeHU uMnakma
He coaniacyromcsi Mex oy cobod.

Umo mbi 3Haem 06 ucmopuu? - cbopmMupo8arsicsi paHo, HO XU3Hb bbiria msixkenas.



Kocmunyeckoe BbiBeTpuBaHue (Space weathering)
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Kputnyeckmne paktopbl Npu UHTEPNPETAL UM

CNEeKTpOoB OTPpa*XeHna actepomnaos
2) Pa3Hbin pasmep ‘-IaCTI/ILl,

1) Pa3|-|b|e ¢dazoBble yrnbi
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Refectance

YenabuHck LLS, pasnnyHblie

JINTOJ10ITNI

Kohout T. (2014)
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3aknyeHue

UensabuHckoe cobbitne 15.02.2013 roga — Hanbonee sipkoe 1 MOLLIHOE
coObITME Ha HalleM BeKY C NnageHnem HebornbLLIoro HebecHoro Tena Ha
3eMrio.

Boratbin Hay4HbI MaTepuan No3Bonum NO-HOBOMY B3IMMAHYTL Ha:

v NnpeacTaBneHns 0 acCTeEPOUAHO-KOMETHOM ONAaCHOCTH;

v bparmeHTaumnio meteoponga B atTmocepe;

v/ NageHne B CHer, 00pa3oBaHME «CHEXHbIX MOPKOBOKY;

v/ NageHne OCHOBHOW MaccChl B 03epO0;

v’ oueHka TyHrycckoro siBneHus;

v’ obpasoBaHne MMUHepanoB B KOCMOCE U Ha 3eMre;

v pac4yeT TpaeKkTopun 60nNnaos.;

v’ OLIEHKa BEPOSATHOCTU NaeHUs METEOPUTOB;

v bOpMMPOBaAHME TEMHOMN NUTONOINN B METEOPUTAX;

v NPUYKUHbI pa3pyLLeHnNd 1 KaTacTpodmnyeckon doparMmeHTaumm;

v XPOHOMOIM0 UMNAKTHBIX COObITUN;

v NPUYMHBI «TOTEMHEHUSI» acTepPOUJOB.



3HY-2023, CHexuHck, 29.05.2023
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