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Abstract: The paper reviews goals and objectives, stages and the content of seismotectonic studies conducted in
Eastern Siberia. Such studies are based on a comprehensive analysis of geological and geophysical data and provide
for establishing whether the local earthquakes are of tectonic origin and revealing their relationships with recent ge-
odynamic processes in the area under study. Seismic hazard assessment and evaluation of tectonic processes are the two
major, closely interrelated aspects of seismotectonic studies. The latter are generally conducted in combination with
seismic studies prior to the stage of detailed seismic zonation (DSZ) which is followed by seismic micro-zonation
(SMZ). In three stages of seismotectonic studies, we analyse specific geological structures, reveal the regional dyna-
mics of seismotectonic processes, clarify details of potential seismic hazard locations and identify sites of the potential
instantaneous deformation of the crust which may take place due to active faulting. Based on results of the long-term
studies conducted by the authors, a seismotectonic map of Eastern Siberia is compiled. The paper briefly reviews the
methods of mapping and refers to data on active faults and neotectonic structures revealed in the area under study,
which are closely related to regional earthquake sources.
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AHHOTaI.lPlﬂ: B craTtbe paccMaTpUBAKOTCA 3a4a4H, CTa,ELPlﬁHOCTb npoBeieHUd U coAeprKaHue CeMCMOTEKTOHHUYECKUX
I/ICCJ'IE,ELOBaHI/lﬁ KaK OTA€eJIbHOI'oO BH/Jjd aHa/IM3a KOMIIJIEKCHBIX I‘EOJ'IOI‘O-I‘EO(I)I/IBI/I‘{GCKI/IX MaTepHaJioB, UCII0JIb3yeMbIX
AJ1d YCTAaHOBJIEHUA TEeKTOHUYECKOH nprupoabl HpOﬂBJ’IeHI/II‘/’I MEeCTHBIX BEMJleTpHCGHI/IfI H UX CBA3HU C COBpEMEHHbIMU
reojuHaMHU4€CKMMU NpoLeccaMu, NpOTEeKaAUUMU Ha HCC}IeAyeMOﬁ TEPPUTOPHUH. B 3a/la4u CeCMOTEKTOHUYECKHX
I/ICCJ'IeAOBaHI/II‘/’I BXOJAT Ba Te€CHO B3AaMMOCBA3aHHbIX HAlIPABJIEHUA: OLl€HKA OIIaCHOCTU CeCMUYECKHUX SIBJIEHUH U OLI€EHKa
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TEKTOHUYECKUX MpoLeccoB. CeiCMOTEKTOHUYECKHE HUCCIe[0BaHMUsl, COBMECTHO C CEHCMOJIOTMYECKUMH, BCerja mnpej-
BapsIIOT CTAJUI0 JeTaJIbHOTO celcMUYecKoro padoHupoBaHus ([CP) v B nocienyolieM - ceiCMUYECKOTO MHKPO-
paiionupoBaHus (CMP). CaMu celiCMOTEKTOHHYECKHE UCCIEJOBAaHUS NPOBOASTCSA B TPU 3Tana U MO3BOJIAIOT Ha pe-
IrMOHAJbHOM YPOBHE U3y4eHHUs] KOHKPETHBIX I€0JIOTHYeCKUX CTPYKTYP ONpee/UTh re0JUHAMUKY CEHCMOTEKTOHH-
YeCKHUX MPOLECCOB, IPOBECTH JETAJbHYIO JIOKAJM3ALHMI0 CEHCMUYECKOH OMACHOCTH U BbISIBUTb MECTa BO3MOXKHOTO
HpPOsIBJIEHUs] MTHOBEHHBIX ZlepopManuii 3eMHON NOBEPXHOCTH, CBSI3aHHBIX C aKTUBHBIMU Pa3JioMaMH. Pe3ysbTaThl
MHOT'0JIETHUX aBTOPCKUX UCCJeJOBaHUN 060611eHbl B KapTe cecMOTEKTOHUKU BocTouHoi CUOUDH, AJ1s1 KOTOPOH
JlaeTCsl KpaTKOe ONMCAaHKe MPUHIUIIOB U METO/I0B €€ MOCTPOEHHUSs], TPUBOASITCS HarJsiAHble IPUMEPHI BbI/IeI€HHBIX
aKTHBHBIX PAa3/IOMOB U HEOTEKTOHUYECKHX CTPYKTYP, TECHO CBSI3aHHBIX C pErMOHAJbHBIMU 3MUILEHTPAMU 3€MJIETPSI-

CEeHMH.

KiloueBble €/10Ba: celiCMOTEKTOHUYECKHE ucciegoBaHud, celicMUYecKasi ONaCHOCTb, aKTUBHbIE pa3/sIoMBbI, reoJsioro-
FeOMOp(l)OJ'IOFI/I‘IECKI/Ie MeTOoAbl, TDEHYHUHT, 30HbI BO3, ceficMuueckue nosica U UX CErMeHThl,

KapTa CeCMOTeKTOHHUKHU BocTouHo# CGHpH.

1. BBEJEHUE

[Ipy mnpoBejleHUH MHOTOJIETHUX paboT Mo yc-
TAHOBJIEHUIO BEPOSITHBIX CBSI3eM Pa3HOBO3PACTHBIX U
Pa3HOOG6pPa3HbIX MO CBOEH MO3UIMH U CTPYKTYPHOMY
CTWJIIO 3JIEMEHTOB Te0JIOTUYECKHUX M TEKTOHUYECKUX
CTPYKTYp TOPHO-CKJIAJYaThIX 006J1aCTeN TeppUTOPHUU
BocTtouHo# CHOGHUPH ¢ CEICMHUYECKOH OITaCHOCTBIO y/1a-
JIOCh YCTAaHOBUTb HEKOTOPble 3aKOHOMEPHOCTH B MPO-
SIBJIEHUM PA3BUTHUS PaA3PbIBHBIX CTPYKTYpP M CeMc-
MUYHOCTH Tepputopuu. HccienoBaHusi HOA0GHOTO
po/ia U3BECTHBI B POCCUHCKON U aHTJIOSA3bIYHON Hayd-
HOW JIUTepaType KaK CaMOCTOSTeJIbHble CeHcMo-
TEKTOHUYECKHUE UCC/Ie[JOBAHUS, TJIAaBHOM 1[e/IbI0 KOTO-
PBIX SIBJISIETCS «..yCTaHOBJIEHHE WJIU U3yYeHHe CBSI3U
NpOSIBJIEHUA CEUCMHUYHOCTH U TEKTOHUKH pPEervo-
HOB...» [Geological Dictionary, 1973].

Jpyroe, 60Jiee pa3BepHYTOE, ONpese/ieHre CercMo-
TEKTOHUKH HPUBOAUTCS aMEePUKAHCKUMH yYEHBbIMH,
KOTOpbIE YTBEPKAAIOT, YTO CEUCMOTEKTOHUKA «SIBJIS-
eTcs Hay4YHOW JUCHUMIIMHOM, u3ydaroliedl B3auMo-
CBSI3b MEXAY 3eMJIeTPSICEHUSIMH, aKTUBHOM TEKTOHHU-
KOW U OTZeJIbHBIMH pa3jioMaMHu pervoHa. CTpeMuTcs
MOHSATh, KaKue JaHHble HECYT OTBETCTBEHHOCTh 3a
CECMHUYECKYI0 aKTHBHOCTb B KOHKPETHOM panoHe
MyTeM aHa/IM3a PerMOHaJbHON TEeKTOHUKH, OCTAeJHUX
WHCTPYMEHTAJbHO 3aMUCAaHHBIX CEMCMUYECKUX COObI-
THUH, UCCJIeIOBAHUS UCTOPUYECKUX U TMaJe03eMJIeTps-
CEeHHH, a TaKKe HEOTEKTOHUYECKUX U reoMopdoJIoTH-
YeCKHUX JaHHbIX. JTa HHPopManus B JaJlbHEHIIEM MO-
YKeT ObITh UCIHOJIb30BaHA JJI KOJIUYECTBEHHOU OIeH-
KU CeCMUYECKOU ONMAaCHOCTH TOT'0 WJIM UHOTO peruo-
Ha. [Ipy npoBeZieHUHU CEUCMOTEKTOHUYECKOTO aHa/IM3a
TEPPUTOPHUHU TPebyeTcss HHTerpauus 60JbILIOTO KOJIU-
YecTBa Pa3HOPOJHBIX Te0JIOTO-Te0OPU3UYECKUX JaH-
HbIX...» (mo [Allen, 1975; Wallace, 1977; Yeats et al,
1997; McCalpin, 2009]).
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CorylacHO mNpakKTHUKe NpOBeJEeHUsl HCCAeS0BaHUN
noJo06HOro poja, ceicMUYecKUe MoKasaTeJsd UCIOJib-
3YIOTCA AJI1 XapaKTEPUCTUKU CTeNleHU YCTOMYUBOCTU
re0OTeKTOHUYECKOTO PeXHMa, ONpefie/IeHUsl 30H KOH-
TPAaCTHbIX TEKTOHUYECKUX [JIBUXKEHUH, BbIABJIEHUS
JIOMUHUPYIOLUX HalpaBJeHUN nojasmxkek. [lo rayou-
He pacloJIOKeHHUsl 04aroB 3eMJIeTPSICEHUH, IPYINU-
pyIOIIMXCA B JIMHUM OIpeJieJIeHHOI0 IPOCTUpPaHMuH,
CyZAT O TIJybGuHe 3a/i0’KeHUsi paspbiBOB. JuHaMu-
YyeCcKHMe MapaMeTpbl 04YaroB JalOT CBeJEHHUSA O Be-
JINYMHEe Y HallpaBJIEHUU CUJ, KOTOpbIe eOpMUPYIOT
Y pa3pylialT TOpHble MopoAbl. Pe3ysbTaThl celcMo-
TEKTOHUYECKUX HCCJIeJOBAaHUN BbIPAXKAIOTCS OOBIYHO
B BHJE CEHCMOTEKTOHHYECKHX KapT, Ha KOTOpble
HAHOCATCA AaHHble 0 popMax pa3sBUTHUS HEOTEKTOHU-
YeCKHUX CTPYKTYP U 3NULEeHTPabHble 30HbI 3eMJIeTPS-
CEHUH, YTO NO3BOJISIET YCTAHOBUTDb CBAA3b 3TUX 3eMJle-
TPACEHUH C O0COOEHHOCTSAMM TEKTOHUYeCcKOoro (Heo-
TEKTOHUYECKOT0) CTPOEHUs] MeCTHOCTH U HCIOJIb30-
BaTb 3Ty CBAA3b [/ IPOrHO3a MECTA, CUJIbl U 4acCTOThI
3eMJIETPSICEHUH, a TaKkKe [IJI1 COCTaBJeHUs KapT Ceu-
CMUYECKOT0 palioHupoBaHus [Gorshkov, 1984, Nikolaev
et al, 1982; Imaev et al, 1990, 2000; Rogozhin, Platono-
va, 2002; Rogozhin, 2012].

OTcyTcTBHe eAMHOr0 TNOAXOJA U 4YeTKOW perJa-
MeHTHUpYyollel 6a3bl HCIO0JIb3yeMbIX Ie0JIoro-reopu-
3MYeCKHX XapaKTEepPUCTUK Ccpelibl YACTO He M03BOJISET
yCIELIHO NPOBECTH TaKHe CelCMOTeKTOHUYECKUEe UC-
Cle[lOBaHMA U CTaBUT II0J, COMHEHHe pe3yJ/bTaTbl
OLIEHKHA YPOBHS CeMCMHYECKOW ONACHOCTH, MOJIyYeH-
Hble TOJIbKO METOJIOM UHCTPyMeHTaJbHbIX HabJitoje-
HUM M He MNOJKpelJeHHble ONpeJe/leHHbIMU 06s3a-
TeJbHBIMHA B HAcTosllee BpeMs CeHCMOTEKTOHHYe-
CKMMH HCCIe[JOBaHUAMU. B HacTodmeld craTbe CyM-
MUpPYyeTCsl MHOCOJIETHUM OMNBIT NMPOBELEHUS CEUCMO-
TEKTOHUYECKUX MCCJAeJOBaHUW B pasHOOOpasHBIX
CerMeHTax CeMCMOAKTHUBHBIX CTPYKTYp TeppUTOPHUH



Axytuu, Anrtas, CasaH, TyBbel u o6sacTu baliKaibcKoH
pudTOBOM 30HBI, NMPUBOAATCA MeTOJAUYECKHE yKasa-
HUSA U1 0OGOCHOBAHMUSA 11€J1eCO0OPA3HOCTU HCNOJIb30Ba-
HUSI BBIOPAHHBIX Te0JIOro-reoPpu3nyecKrx IMoKasare-
Jedl AJd uesield co3[aHUs KapThl CeHCMOTEKTOHUKU
BoctouHo#i Cubupu. Kak u BO Bcex OCTaJIbHBIX HCCIIE-
JIOBAHUSX MOA0OHOTO poja, 3GPEeKTUBHOCTDb U JI0CTO-
BEPHOCTh Pe3yJIbTAaTOB CEMCMOTEKTOHUYECKUX HCCIe-
JOBaHUHA BO MHOIOM 06eCIedyHBaloTCs COOII0AEeHHEM
CTaJUMHOCTH HaAOJIJEeHUH, KOTOpble MPOBOJATCSI B
TPH 3Tamna.

2. CTAZMMNHOCTD UCCJIELOBAHUI

Ha nepBoM 3Tamne npoBoguUTCa c60p UCXOAHOTO Ma-
Tepuasa. CoOGCTBEHHO MCCJIe/JOBAaHUS BKJIOYAIOT B Ce-
651 COBMECTHBIH aHa/IU3 BCEX HMEIOIUXCS MaTepHUasoB
[0 TeO0JIOTUYECKOMY CTPOEHHI0, CEHCMHUYECKOMYy pe-
’KMMY, HEOTEKTOHHMKe, WCTOPUU pa3BUTHUA pesbeda,
IJIlyOMHHOMY CTPOEHMIO, HANPS>KEHHOMY COCTOSIHUIO U
COBpPEMEHHbBIM JIBMXKEHUAM 3eMHOU Kopbl. Takxe mpo-
BOJUTCH JelinppUpoBaHUe MaTepHUasoB JUCTAHIU-
oHHOTO 30HAWpoBaHua 3emuu ([I33). UHbIMU cyioBa-
MH, CO3JaeTC U aHaJIM3UpyeTCs MaTepual, ABJSAIO-
HIMICA perdoHajJibHOM CeHCMOTEKTOHUYeCKON 6a30i
JIaHHBIX.

BTopo#i aTan Bk/0YaeT 6oJiee KOHKpETHble HCCIle-
JI0BaHHUsl IPUMEHHUTENIbHO K NIPOEKTUPYeMbIM HapOJHO-
X035IACTBEHHBIM 00'b€KTaM U CBSI3aH C HENOCPE/ICTBEH-
HBIM I0JIEBbIM U3y4YeHHeM aKTUBHBIX pa3/ioMoB. MeTo-
JIMKa YCTAaHOBJIEHUS Y U3Y4YeHUs aKTUBHBIX Pa3JOMOB
OCHOBaHa Ha KOMILJIEKCE AUCTAHLMOHHBIX U IMOJIEBBIX
METO/IOB, MO3BOJISIOIIUX 110 pesibedy U COCTaBy MOJIO-
JIbIX OTJIO)KEHWH BBISIBUTb aKTHUBHbIE Pa3JIOMBbI, 3aKap-
TUPOBAaTb 30Hbl CBA3aHHBIX C HUMHU JedopMaluil U
ONpeJieJIUTh THUIl, aMIUIUTYy U CPEeJHIOI CKOpPOCTb
cMeleHuit. CienyeT 0co60 MOAYEPKHYTH, YTO 6e3 pe-
aJIbHBIX CTPYKTYPHO-T€0JIOrMYeCKUX U reoMopQoJIoru-
YeCcKHX HaOJ/II0IeHU HeNoCpeACTBEHHO B IOJIEBBIX
YCJIOBUSIX BCe JalbHEeNIIe 060061eHUsI U TTOCTPOEeHUSs
OyAyT HEMOJHOLEHHbIMU U HEeJJOCTOBEPHBIMHU.

Tpetuit sTan (KamepaJibHbIM) MOJpa3yMeBaeT 06-
Iyl0 06pabOTKy pe3yJbTaTOB KaK IO0JIEBBIX, TaK U
$OH/OBBIX U IUTEPATYPHBIX MaTepHaIoB. Pe3ybTaThl
06513aTe/IbHOTO TPEHYMHIa MCNOJIb3YITCA NPU 3TOM
He TOJIbKO /IJIs1 YCTAaHOBJIEHUS] MeCT NlepecevyeHus Mpo-
€eKTHPYEMBIX 06'bEKTOB C aKTUBHBIMHU Pa3JiOMaMH, HO
Y JIJIsl IOCTPOEHUSI CEHCMOTEKTOHUYECKON MOJIeJIH.

3.3AIAYM U METOJAUMKA CEICMOTEKTOHUYECKUX
HUCCJIEJOBAHUM

OCHOBHBIMH 3JIEMEHTAMH CEeMCMOTEKTOHHYECKOH
Mo/Jiesin (KapThl 30H BO3MOXKHBIX 04aroB 3eMJieTpsice-
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Hui (BO3)) aBASAIOTCA UCTOYHHUKU CEUCMUYECKUX BO3-
JleCTBUM — IJIoLa/iHble (JOMEeHbl), XapaKTepHu3ylo-
muye paccesiHHy (PpOHOBYK) CeNCMUYHOCTb, U JIM-
HeliHble, OTpakalolljhe COCPeJOTOYEHHYI CcelcMUy-
HOCTb, T.e. NOTeHIHaJbHble O4Yaru CUJIbHBIX 3eMJe-
TpsiceHuH (cericMosinHeaMeHThI 1o [Ulomov, Shumilina,
1999]). CorsnacHO CJIOKMBIIENCS CeNCMOJIOrHYEeCKOM
IpaKTHKe, B KadyecTBe JIMHEHHbIX HCTOYHHUKOB pac-
CMaTpUBAIOTCA aKTHUBHBIE pa3/oMbl. /|11 06bsCHEHUS
JIOMEHHOW CEeUCMHUYHOCTU NpeJJIoKeH HOBBIA KpHUTe-
puUi - reoiIMHAMUY€ECKH aKTUBHbIE HEOTEKTOHUYECKUE
3oHbl (I'AH3) [Gusev, Imaeva, 2014].

['AH3, ¢ mo3uMuMM CUCTEMHOIO aHaJU3a, paccMa-
TPUBAeTCd KaK IPOCTPaHCTBEHHO-J0KaJM30BaHHbIN
I[eJIOCTHBIA 00'bEKT C MHOTOQaKTOPHbIM B3auMO/leii-
CTBUEM €r0 OCHOBHBbIX KOMIIOHEHTOB B pa3pes3e 3eM-
HOM KOpBbI U BepxHer MaHTUM (J1uToCchepe) — KOPOBO-
MaHTHUUWHBINA BapuaHT; B paspe3e JUTOCheEPbl U HUXK-
Hell MaHTUU - cyneprJyiobasbHbIM BapuaHT. Knaccu-
¢ukanusa 'AH3 npejcraBiasieT co60i CUCTEMY, COCTO-
SAILYI0 U3 JleCATH KaaccoB. Kaxbll U3 HUX XapaKTepH-
3yeTcl HAabOpOM MPU3HAKOB: TeoJUHAMU4YeCKOW 006-
CTAHOBKOM GOPMHPOBAHUS Te0JIOTUYECKUX CTPYKTYP,
CKOpPOCTSIMU TOPHU30HTaJbHOro (mo JaHHbIM GPS
U TreoJIOTM4ecKHM U reoMopdoJsioruueckMM JaHHbIM)
U BEPTUKAJbHOTO [IBIDKEHHUSI TeEO0JIOTUYECKUX Tell
(MM/ron), pasaMepaMy HUX IJIaCTUYECKUX (MJIUKATUB-
HbIX) M pa3pbIBHBIX JAedopMaluii, HanpaBJeHUSAMHU
CUJIOBBIX TEKTOHHWYECKUX TNOoJield, MOPPOCTPYKTYPHBI-
MU THUIIAaMHU 3HJOTEHHOTro pesibeda CylIHM U MOpel, Ux
BbBICOTAMU M 3HAaY€HUSMHU KOHTPACTHOCTH, reopusu-
YeCKUMH JaHHbIMU (BeJIMYMHBI TEIJIOBOTO NOTOKA U
NoJisi CUJbl TSOXKECTH), CeCMUYecKoW Tomorpaduy,
IJIyOUHHOTO CTPOEHHUs (MOLHOCTH 3€MHOU KOPBI, TJIy-
OUHBI 3aj1eTaHusl TOBEPXHOCTH MOXOpOBUYMYA U acTe-
HOC)EepHOro CJI0s, MOLIHOCTH BepxHeHd U HIKHeH
MaHTHUH) [Gusev, Imaeva, 2014].

[Ipumepom noctpoenus kaptoel 'AH3 TeppuTopuu
BoctouHoii Cubupu fABasfeTcA puUc. 1, HA KOTOPOM
II0Ka3aHO pacnpefie/ieHde 30H C OTZAeJbHOW HHTEH-
CUBHOCTBIO Ha HUcCCAeAyeMol TeppUTopUU. [I0CKOJIbKY
IIOCTPOEHUE TeosIoro-reopru3nyecKux KpUTEPUEB Ceu-
CMUYHOCTHU NMPOU3BOAUJIOCH NIPU NMOMOLIU reorHPOp-
MalMOHHBIX TEXHOJIOTHM, CTaBLIMX [JOCTYNHBIMU
cpaBHuTeNbHO HeaaBHO ([HMC-nporpammbl ArcView,
ArcInfo), nsob6parkeHue OTAEJbHOr0 HHGOPMALMOHHO-
ro cJ0s He MNpejCcTaBjseT OO0JIbLION NpPO6JeMBI, HO
II03BOJISIET JIy4yllle MOHATh PacIpoOCTPaHEHUE OTJeJb-
HBIX YaCTeH c/105 B IPOCTPAHCTBE.

Heob6xoayuMocTh aHa/M3a HOBeHIIeH IO3HeKau-
HO30MCKOU (o3 gHENMINOIIEHOBOW-Y€TBEPTUYHOM )
CTPYKTYpbl H3y4yaeMOW TEPPUTOPUH ONpesessuach
TeM, UTO HOBeHIllasi TEKTOHUKA NMPeJCTaBIAsSET COOOM
TOT CTPYKTYPHBIM KapKac, B KOTOPbIA BIMCbIBAIOTCS
aKTHBHble pa3JIOMbl M Jpyrve NpPOSIBJIEHUS COB-
PEMEHHOU TEKTOHUYECKOU aKTUBHOCTH, HANPAMYIO
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I Puc. 1. PacnpeesnieHue reoJuHaMUYECKU aKTUBHBIX HeoTeKTOHNYecKuX 30H ('AH3) B npenenax BocrouHoit Cubupu. UH-

TEHCHBHOCTb OKPACKU COOTBETCTBYET KJIACCY CTPYKTYP.

I Fig. 1. Geodynamically active neotectonic zones (GANZ) in Eastern Siberia. The colour intensity range correlates with clas-

ses of structures.

CBfI3aHHble C pPErvoHaJbHOW CceWcMUYHOCThIO. [lna-
HOBOe pacnpejesnenue aneMeHTOB ['"AH3 B mpepesax
BoctouHo#i Cu6upU NoKa3bIBAaeT, YTO HauboJiee BbI-
COKMe NOKa3aTeJd aKTUBHOCTHU XapaKTEepPHBI A/ K-
HOM rpaHunbl CHOUPCKOU IIaTPOpMBbI U ee CeBepo-
BOCTOYHOro o6pamJiienuss (BepxosHo-KosbimMckast
CKJIafiuaTas 06J1acTh), XOTS JIMHEMHOCTh TPOCTUPAHUS
CTPYKTYp Ha BOCTOKe OT IJIaT$OpPMbI BhIpa)KeHa He
TaK YeTKO, KaK BJI0JIb I0’)KHOU rpaHuIibl. BMecTe ¢ TeMm,
JUIS BCE TEPPUTOPUM K BOCTOKY OT p. JleHBI xapak-
TepHBI TaKXKe BeCcbMa BbICOKMe 3HaueHUus ["AH3, Brpo-
yeM HEKOTOpas JHUHEWHOCTb MpOCJeXUBAeTCsd U Ha
0-Be CaxasuH. /lns neHTpanbHbIX ob6Jiacteit Cubup-
CKOM MIaTPOPMbl XapaKTepPHbI HEBBICOKHE, HO B TO K€
BpeMs U He HyJieBble 3HAa4eHUs aKTUBHOCTU. Pasyme-
eTCsl, BCe 3TO CBAA3AHO C pa3HbIMU pPeXXHMaMHU HeOTeK-
TOHUYECKOM XXU3HU CTPYKTYP.

CnenyeT OTMeTUTb, YTO BIIepBble UHTErpaJIbHbIE
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OLIEHKH Te0JMHAaMU4YeCKOW aKTUBHOCTH Te€X WUJIM UHBIX
palioHOB A3uM GbLIM NpeJJIoKeHbl B paboTax cUOHUp-
CKUX MCC/efijoBaTesiel, yclellHO OObeJVWHUBLIMX HX
B Teo/JMHaMHYeCcKyl aKTHBHOCTb JHUTOCPepbl A3UU
(TAJTA) [Logatchev et al, 1987, 1991]. Takoi ke WH-
TerpajbHbli TMOKa3aTesb (BHeperdoHa/lbHbINA) HC-
noJsib3oBaJsics .M. PelicHepoM c KoJijieraMu B paboTax
II0 YCTAaHOBJIEHUIO CEICMHUYECKON ONACHOCTH pasjiny-
HbIX palioHOB EBpasuu [Reisner et al, 1993].
BaxkHelmielr cocTaBAdWILENd ceHdCMOTEKTOHHYe-
CKOM MOJeNu ABJAKTCA INPOTHO3Hble MarHUTY[bI
3emsieTpsaceHUd. OLleHKa MaKCHMaJbHO BO3MOKHBIX
MarHuTyJ, OXKW/1aeMbIX 3eMJIeTPsICEHUI TPOU3BOJUTCA
[0 KOMILJIEKCY I'e0JIoro-reopusnyecKux, celCMoJIOTU-
YeCKUX M CeUCMOTEKTOHMWYEeCKUX JAaHHbIX. OLeHKa
MarHuTyZbl 10 KOMILJIEKCY CeHCMOTEKTOHHYEeCKHUX
JlaHHBIX OCHOBBIBAeTCH Ha IJIOOAJbHBIX CTATUCTHYe-
CKUX COOTHOLIEHMUSIX MEXAY MarHuTyAod 3eMJeTps-



CeHUd, NPOTAKEHHOCTbIO pa3pblBa U BeJUYUHOW MO-
JIBWKKHM 110 HeMy [Strom, 1993; McCalpin, 2011].

KoHeuHbIM HUTOrOM CEWCMOTEKTOHUYECKUX HCCJIe-
JIOBAaHUM {BJIIeTCA CO3/laHUE CEHCMOTEKTOHUYECKOMN
MOJleJId peruoHa M NOoCTpoeHHe KapThl 30H BO3 B
KpynHbIX MacmrTadbax - 1:1000000, 1:500000 wu
1:200000, yTo nmo3BoJsisieT nepeiTu K kaptam [JICP u B
pe3yJibTaTe PelluTb NpobJieMy oNpejiesieHUs] YPOBHS
CelCMHUYEeCKOU OMacCHOCTH KOHKPETHBIX HapOJHOXO-
3MCTBEHHBIX O0OBEKTOB. B psijie ciayyaeB Takue Hc-
cJleIoBaHUsl MPHUBOJAT K CYLeCTBEHHOMY COKpalie-
HUIO YYaCTKOB C BbICOKOH (8-9 6a/10B) ceficMuueckoi
ONACHOCTBIO MO CPAaBHEHUIO C KapTaMH OOILIero ceu-
cMmudeckoro pavoHupoBaHus (OCP), 4To cooTBeTCT-
BEHHO y/elleBJsieT Oyayllee CTPOUTENLCTBO. B Apy-
TUX CJy4Yasix MOTYT ObIThb HalileHbl HOBbIE, paHee He-
W3BEeCTHble UCTOYHUKH CEHCMUYECKHX BO3JEWCTBUM.
Torpaa ypoBeHb celicMU4YeCKOM ONTACHOCTH MOXKET ObITh
MOBBILIEH Ha JIOKAJbHBIX y4aCTKaxX MO CPaBHEHUIO C
JAanHbiMu OCP.

[Ipu mpoBefeHUN UCCIEeLOBAaHUN OYeHb BaKHO CO-
O6soieHUe cTafuiHocTU. HapyleHue cTafuiHOCTU
WHOT/Ia MOXEeT C03/]laTh BUAUMOCTb COKpallleHUsI Cpo-
KOB, HO BCerjla OTpULATeJbHO CKa3blBaeTCsd Ha pe-
3ynpTtaTe. C y4eTOM HECTaHAAPTHOrO XapakKTepa HC-
cJleIOBaHUM, a TakKe 0COOGeHHOCTeN UX BBIMOJIHEHUS,
paboThl 0 CEICMOTEKTOHUKE 11€71€CO00Pa3HBI TOJILKO
MpU HENOCPEACTBEHHOM y4aCTHUU CHelualu3UupOoBaH-
HbIX HAayYHBIX OpraHU3alui, UMEIOLUX OMNbIT B U3y4Ye-
HUHW aKTHBHBIX Pa3JIOMOB U BbICOKYI KBaJIUPHUKAIHIO
HCIOJTHUTEEeMN.

CelicMOTEKTOHUYECKOE palOHUPOBaHUE MpeycMa-
TpPUBAET pasjieJieHHe TEPPUTOPUM Ha 006JacTH, rie
0XKHJlaeMble MeCTHble 3eMJIeTpsceHus OyayT Ha-
CTOJIBKO €J1abbl, YTO He OKAXKYT BO3/I€MCTBUS Ha Ha-
ceJIeHHE U CUCTEMY ero XM3HeoOecnedeHus1, BKIYas
WH)XeHepHbIe coopykeHus. Takue 06/1aCTH CYUTAITCS
HECNOCOOHBIMU T'€HEPHUPOBATh 3EMJIETPSICEHUS U MO-
TYT WCOBITBIBAThb JHMIIb CEMCMUYECKHE BO3JEWCTBUA
OT yZaJIeHHbIX CUJIbHBIX 3eMJieTpsiceHul. [pyrue 06-
JIACTU CMOCOOHBI TEHEPHUPOBATH KOPOBbIE 3€MJIETPS-
CeHUs Y MOTOMY Ha3bIBAKTCSl 30HAMU BO3HUKHOBEHUS
o4aroB 3emJjeTpsiceHUHA. OHU MOApPa3AeaAnTCA N0 UX
MaKCHUMaJIbHO BO3MOX>KHOW MarHuTyjie U 4acTOTe BO3-
HUKHOBeHHUS. BbljesieHMe U mapameTpusalusi, T.e.
OlleHKa CelCMUYecKoro noTreHiuassa 3o0H BO3 npous-
BOAATCA IyTeM KOMIUIEKCHOTO TPUMEHEHUs [BYX
PaBHO3HAYHBIX IPYNI KPUTEPUEB: CEUCMOJIOTUYECKOHN
Y reoJioro-reopusnyecKom.

CeficMoJiordyecKasl rpymnmna BKJIYaeT B cebs KaTa-
JIOTU TPOMU3OUIEINX 3eMJETPSCEHUN: HHCTPYMEH-
TaJIbHbIX, UICTOPUYECKHUX U TOJIOLEHOBBIX MaJIe0COObI-
THU, BBISIBJSIEMBIX 10 TE0JIOTUYECKUM U TreoapxeoJio-
TAYEeCKUM JaHHbIM, a TaKXe WHCTPYMEHTaJlbHble U
MaKpocelCMUYeCcKHe NT0Ka3aTesau pacnpejiesleHUust UH-
TEHCUBHOCTHU COTPSICEHMU OT OILYTHUMBIX CeHcMHuye-
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CKHUX COOBITHH, KOTOPBIE U CJYKaT OCHOBOH BCEX JlaJlb-
HeHIUX KapTorpadudyecKrx mocTpoeHruu. Kpome toro,
HcC/e/IOBaHUSL IJIAHOBOTO pacnpefiejieHUs1 3MUIeH-
TPOB 3eMJIETPSICEHUH, IOMUMO OLIEHKH CaMHUX CEUCMU-
YeCKHUX BO3/,eMCTBUMU, MO3BOJISIOT OYEPTUTb O4YaroBble
06J1aCTH CHUJIbHBIX 3€MJIETPSICEHUH U TEM CaMbIM yTOY-
HUTb reoMeTpuI0 30H BO3.

[IpuBe/ileHHass KapTa IJIAaHOBOrO paclpeiesieHus
3MUIEHTPOB 3eMJieTpsiceHuil BocTtoyHoi CUGUPHU GbI-
Jla IOCTPO€eHa NPU KOMIUWIALMY AAHHBIX, TOJYy4YeHHBIX
peruoHa/IbHbIMU OT/AEJeHUSIMU reoPprU3NIECKON CIYK-
o6l PAH u CO PAH, a Take ¢ UcnioJib30BaHUEM KaTa-
JIOTOB MECTHBIX 3eMJIETPSACEHUM, KOTOpble NOCTYIHBI
M0 JIMTEPATypPHbIM UCTOYHUKAM U Ha UHTEPHET-peCyp-
cax [Mackey et al, 2010; Ulomov, 2015].

AHany3 MNJaHOBOTrO pacnpefiesieHrus SMUIEeHTPOB
3eMJIETPACEHUH Ha TEPPUTOPUM HCCJIe[JOBAaHUM MOKa-
3bIBaeT NMpuypouyeHHOCTh H0xkHo-Cubupckoro ceiicMu-
YeCKOro Mnosica K KHOW rpaHuiie CUO6UPCKOUM MaT-
¢dopMbI B 06J1aCTH Pa3BUTHSI TOPHO-CKIAZAYATHIX OpO-
reHHbIX CTPYKTyp Antad, CasaH, Tyswl. [Jlanee, mpo-
CTPaHCTBEHHO TAroTes K obJsiacTu balikanbckoit pud-
TOBOU 30HBbI, MPOSBJIEHUS CEHCMUYHOCTU OOpPa3yoT
anuneHTpaabHble noJs 01ekMo-CTaHOBOW 06J1aCTH U
COEeIMHSIIOTCS C CECMUYHOCTBIO To6epexkbs OXOTCKO-
ro mops. Jlpyroi, ApKTUKO-A3HUaTCKUH, CEiCMUYECKUM
N0sIC MPOCJIEXXKUBAETCA OT NMobepexbst Mopsi JlanTeBbIX
yepe3 CUCTeMy CTPYKTyp BepxosnHo-KosbiMcko#t rop-
HO-CKJIa1YaTOM 06J1aCTH Ha I0TO-BOCTOK, COEAUHSISICH C
CEMCMHUYHOCTBIO MoGepekbss OXOTCKOro MOpPsI M M-Ba
KamuaTka (puc. 2).

JpyruM HeMasoBaKHbIM (aKTOPOM MPOSIBJEHHUS
CUJIbHBIX 3eMJIETPSICEHUM oOlpeJieJieHHbIX pPaliOHOB
CJY>KaT MeXaHU3Mbl 04aroB CHUJIbHBIX 3eMJIETPSICEHUH,
CBOJHBIA aHa/JW3 KOTOpbIX MO03BOJIIET YCTAaHOBUTh
HanpsiHKeHHO-ZeOpPMUPOBAaHHOE COCTOSIHUE CpeJibl B
TeX WM UHBIX 3JIeMEeHTaX re0JIOTHYecKON U HEOTEKTO-
HUYEeCKOU CTpPyKTyp. PokasbHble MeXaHM3Mbl 04YaroB
3eMJIeTPSICEHUH, NMPOU30LIEAIINX Ha TeppuTopuu Bo-
ctoyHoU CuOHpH, MPUBOAATCA Ha puUC. 3. PaKThl NpHU-
BOJIUMBIX pellleHUH MeXaHU3MOB 04aroB 3eMJieTpsice-
HUN ObLIM CKOMIWJMPOBAHbl U3 MHOTOYHUCJIEHHBIX
paboT pasHbIX aBTOPOB M HHTEPHET-PeCcypcoB, Ha-
XOJSAIMNXCA B CBOGOJHOM JOCTYIle Ha COOTBETCTBYIO-
IMIUX CalTax aMepPUKAHCKOM TeoJIOTUYeCKON CJIyKObI
[Mel'nikova, 2008; Radziminovich et al, 2012; Starovoit
et al, 2003; Emanov et al,, 2012; Koz'min, 1984; Imaeva
et al, 2011, 2015; USGS Earthquake Hazards Program,
2015].

OfHUM U3 TIJIaBHBIX BBIBOJIOB, CJAEAYIOUIMX U3 IJa-
HOBOTO pacnpefie/ieHUs 3MULEHTPOB 3eMJIeTpsCeHU!
U penieHUN poKaJbHbIX MEXaHM3MOB UX 0Yaros, sABJIs-
eTcsl TO, YTO BCS HabJI0JlaeMasi COBpPeMeHHas cel-
CMUYHOCTb U [peBHUE TMajle03eMJIETPSICEeHUS Tpyn-
NHUPYIOTCI B MNPOTS>KEHHble CeWCMUYecKHe TM04Cca,
NPOCTPAHCTBEHHO TATOTEWIMe K I0KHOW U BOCTOY-
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Fig. 2. Earthquake epicentres in Eastern Siberia. The map is based on data consolidated by RAS Geophysical Survey and Si-
berian Branch of RAS, published records and data available in the internet resources [Mackey et al., 2010; Ulomov, 2015].

HOM rpaHulle EBpasuiickoi JuToCcPepHON IIUTHL A
THUIl HampsKeHHO-/epOPMUPOBAHHOTO  COCTOSIHUSA
3eMHOM KOpbl yKasblBaeT Ha MpeBaJUpOBaHUE MPO-
1[eCCOB FOPU30HTAJBHOTO CXKaTHUS BJI0JIb BCell KOHTH-
HEHTaJIbHOW YaCTH 3TOU IpaHUIbl (32 UCKJIIOYEHHUEM
Balikasnbckol pudTOBOM 06/1acTH) U GparMeHTHPOBa-
HUe I0 reoJUHAMHUYeCKOMY MPUHLUIY Ha OTAeJbHbIE
cermeHTHI H02kHO-CHUOUPCKOTO U APKTUKO-A3UATCKOTO
celCMHUYEeCKUX MOSICOB.

[IpyuMeHeHHe Treo0Jioro-reopU3nYecKord  TpyIIibl
kputepueB 30H BO3 B HacTosiliee BpeMsi COCTOUT B
BbIJleJIEHUW WM NapaMeTpU3allid aKTUBHBIX T'e0JIOTH-
YeCKHUX CTPYKTYP, B KOTOPBIX 3eMJIETPSCEHHUS ONpefe-
JIEHHOW MarHuTy/bl U 4aCTOTbl BO3HUKA/IHd B HeJlaB-
HEM NpPOIIJIOM U MOTYT OXHUJaThC B OJIU3KOM OyAy-
meM, K KOTOPOMY OTHOCATCA OLIEHKM CEeMCMHYEeCKOHN
ONacHOCTU. MaTepuasbl [AeTaJbHOrO HU3y4YeHU: aK-
THUBHbBIX Pa3JiIOMOB U BTOPUYHLIX 3)PEKTOB JpPEBHUX

3eMJIeTPSICEHUH, HapAAy C JPYTMMH CeHCMOTeKTOHUYe-
CKMMHU U CeHCMOJIOTUYECKUMH JJAHHBIMY, JIOKATCS B OC-
HOBY KapThl 30H BO3MOXKHbIX 04YaroB 3eMJIETPSICEHHUH,
YTO MpeJCTaB/seTCs e/Ba JM He [JIaBHOW Liesblo
CEMCMOTEKTOHNYECKUX uccaefoBanuu [Trifonov et al,
1993, 1997; Rogozhin, 2012; Imaev et al,, 2000; Yeats et
al, 1997]. Ilocko/ibKy aKTHBHbIE Pa3J/IOMbl, KaK MpPaBU-
JIO, COOTBETCTBYIOT I'JIaBHbIM 30HaM BO3 peruoHa, aa-
’Ke KauyeCTBEHHbI aHa/Iu3 pHUCYHKAa U NapaMeTpoB
pa3/IoMOB MO3BOJIIET OKOHTYPUTb TaKHe 30HbI U BbI-
NOJIHUTb UX NpeJBapUTe/ibHOe paHXupoBaHUe. Yuc-
JIeHHble XapaKTepUCTUKU 30H BO3, cpeau KOTOpBIX
ONpesle/IAI0UIMMHU ABJIAITCA MaKCHMaJsbHas OXujae-
Masi MarHuTya 3eMaeTpsAcCeHUN (Mmax) U MEepUOJ, 1O-
BTOPSIEMOCTH TaKUX 3eMJIETPSICEHUH, B OCHOBHOM
ONMPAIOTCS HA CEMCMOJIOTUYECKHE JaHHBIE.
JleTaibHOe H3yyeHHe aKTUBHBIX Pa3/OMOB JaeT
BO3MOXXHOCTb COCTaBUTb NPeJCTaBJIeHUE O CTPYKTYype
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I Puc. 3. Kapta ¢pokaibHbIX MEXaHU3MOB 04aroB 3eMJieTpsiceHu BocTounoii Cubupu [Centroid Moment Tensor Catalog, 2015].

I Fig. 3. Earthquake focal mechanisms map of Eastern Siberia [Centroid Moment Tensor Catalog, 2015].

oyara U IpeBHUX, JOUCTOPUYECKHUX, CECMUYECKUX CO-
ObITUAX, IPOU30LIEAIINX B 3TUX K€ 0YAaroBbIX 30HAX.
Oyary CUJbHBIX M CUJIbHEHNIINX 3eMJIeTPsSICEHUH IpeJ-
CTaBJISIIOT COG0M YCTOWYMBBIE CTPYKTYpPbl B re0JIOrU-
4yecKod cpesie (aKTUBHbIE Pa3/iOMbl), MOJIOXKEHUE KO-
TOpBIX OIpeJieJIeHO OCOObIM CO4YeTaHHWEM TIeoJIoro-
reopusnvYecKUx yCJOBHUHM, NpUYeM KHHEMaTHKa Io-
JIBIDKKHU OT pasa K pa3y MOKeT U3MEeHSAThCS.

B 6o/1bLIMHCTBE C/ly4aeB BbIXO/bl 04aroB CHUJIbHBIX
COBpPEMEHHBIX 3eMJIeTPSICEHUH Ha MOBEPXHOCTb 06pa-
3YI0T HEKYI0 06J1acThb — 30HY ceicMopa3pbIBOB. Llnpu-
Ha ee MOXeT J0CTUraTh HECKOJIbKUX COTEH METPOB U
JlaXke TepBBIX KUJIOMETPOB, B 3aBUCHMOCTH OT KOH-
KPEeTHBbIX Te0JI0r0-reoMopdoJIOTUYECKUX YCJIOBUH U
cuJbl 3eMieTpsiceHus. [Ipy 3TOM pa3pbIBbl MOTYT I10-
SIBJIITbCSl HA MOBEPXHOCTH HA Pa3HbIX yYacTKaX 30HbI
pa3/ioMa, T.e. MEHATH CBOE M0JIOKEHHE OT OJJHOTO 3eM-
JleTpsiceHUd K Apyromy. CyMMapHoe cMellleHHe B o4a-
re B INPUIIOBEPXHOCTHBIX YCJOBUSIX MOXET pacceu-
BaTbCA B BU/le MHOXXeCTBAa pa3pblBOB U CBA3HBIX Jie-

dopmanuii, olHAaKO BCe OHU 00Pa3ylOT XapaKTepHble
CTPYKTYpHBIE DPHUCYHKH, CBOWCTBEHHble TeKTOHHYe-
CKHUM JedopManusaM B 1jejoM. O6bIYHO OHU NPUypoYe-
Hbl K OIpeJieJIeHHbIM Te0JIOTMYeCKUM CTPYKTypaM U
dopmam pesbeda, cGoOpMUPOBAHHBIM NPEABLIAYIIUMU
CeMCMUYEeCKUMH MOABWKKAMHU. ITU J[peBHUE COOBITHUSA
HaxoAAT OTpa)KeHHe He TOJbKO B CMELleHHUAX MOJIO-
JbIX OTJIOXKeHUUW u popM pesbeda, HO U B Pa3BUTUU
JIPeBHUX BTOPHUYHBIX HapylleHWH (maseocedcMoAauc-
JIOKAI[HH).

[lanieoceiicMo/iorHUYecKre HCCIeJ0BaHUS pellaloT
JlBe OCHOBHbIe 33Jlaul, UMellde BaXKHOe NpaKTHhye-
CKOoe M TeopeTHYecKoe 3HayeHHe. OfiHA U3 HHUX, Ha-
IpaBJ/ieHHasl Ha yCTAaHOBJIEHWE BeJIMYMHBI CaMHUX Ia-
JIeOCOOBITUH, KacaeTcsl BblAeJeHUs] OJHOAKTHBIX U
NpUO6JIU3UTENBHO OJHOBO3PACTHBIX NajseoceicMoauc-
gokarui (I1C/]). Bropass cBsizaHa C ompejesieHHEM
MOppOKHHEMAaTHYEeCKUX THUIOB aKTHUBHBIX Pa3JIOMOB,
10 KOTOPbIM NPOUCXOJUJIU 3THU pa3pblBOOOpasyoLye
nasneosemjetpsicenusi [Arzhannikov, 2000; Solonenko,



V.S. Imaev et al.: A seismotectonic map of Eastern Siberia

KAPTA CENCMONIMHEAMEHTOB BOCTOYHOW CUBUPU

Pepaxtopsi: I.C. Myces', .. Konoqeaumos

Koabmuk’, A.B. UnnuayGos’

EBPA3BUMNCKASA TNTOCOPEPHAA

§

CUBUPCKAA KOPOBAA

WPCKOE
Wo-cHE
socTO

morE

E”BEPOAMEPM\K'S\CKAFI

—

MJ'II/ITOCGJE /H\AFIHI'IJ'II/IT\A

I Puc. 4. Kapra ceficMosinHeaMeHTOB BocTouHol CHOHPHU € mpejnoJiaraeMod MarHUTYA0N BO3MOXKHBIX 3eMJIETPSCEHUN U

YCTaHOBHeHHOﬁ KUHEMaTHUKOU CMeIlleHHA IO HUM.

I Fig. 4. Seismic lineaments map of Eastern Siberia. It shows potential earthquake magnitudes and the kinematics of shearing.

1977; Smekalin et al, 2011; Strom, Nikonov, 1997;
Rogozhin, Platonova, 2002]. B pe3yabTaTe mpoBeeH-
HbIX MHOTOJIETHUX MUCCIeJ0BAHUN BCE YCTAHOBJIEHHbIE
aKTHUBHbIE Pa3JIOMbl ObLJIM BbIHECEHBI HAMHU Ha COOT-
BETCTBYIONIYI0 TONOTPadUYECKYI) OCHOBY TEpPPUTO-
puu BocTouHoi CUOHPU C YCTAaHOBJEHHOW MarHUTy-
JIOM TeHepUPYyeMbIX UMU 3eMJIETPsICEHUH (pHC. 4).
O6pamaeTr Ha cebs BHUMaHUEe PaCHpOCTpPaHEHUE
aKTUBHBIX Pa3JiOMOB BJi0Jib HKHOHW rpaHuibl EBpa-
3UMCKOHN JIUTOCHEPHOU IJIUTHI, B 06JIaCTU B3aUMO/Ie k-
cTtBUsA ee ¢ AMypckod (KuTtalickoit) manTou, u popmu-
pOBaHHe MM0sICa AKTUBHBIX PAa3JIOMOB B/I0JIb BOCTOYHOM
rpaHuIlbl EBpa3uiicKol MJIKTHI, B Ipejiesiax BepxosHo-
Ko/bIMCKOM CKJIa4aTON CUCTEMBI, KOTOpass GOpMHU-
pyeT 3anajiHyto rpaHuiy CeBepoaMepUKaHCKOH JIUTO-
chepHOU muKTHL. [y MJIaHOBOTO pacnpejesieHUs pas-
JIOMOB XapaKTepHO Ha/IM4ue KPYIMHbIX CEHCMOJIMHEea-
MEHTOB, CHOCOOHBIX T'€HEPUPOBAThb CaMbleé CUJIbHbIE
3eMJIeTPsICEHUs C MarHUTy oM M=7.5-8.0, pa3BUTHIX B

OCEBBIX YaCTAX BbIJEJIEHHBIX CceICMHYECKUX MOSICOB U
TATOTEIIHNX K CAMBbIM aKTHUBHBIM 4aCTAM reoJuHaMHU-
YE€CKH daKTHUBHbBIX HEOTEKTOHHUYE€CKHNX 30H.

4. KAPTA CEACMOTEKTOHUKH U JUHAMHKA
®OPMHPOBAHHSA CEFICMOTEHEPHPYIOIIINX
CTPYKTYP BOCTOYHO¥ CUBUPH

KoMIuieKCcHBIM aHa/li3 TeoJsoro-reopusnyecKusx,
reoMop¢doJIOTUYECKUX U HEOTEKTOHHUYECKUX JAaHHBIX,
CUCTEM TMO03/JHEKAHO30MCKUX aKTUBHBIX Pa3JIOMOB,
CEMCMHUYHOCTH, Pe3yJbTAaTOB TEKTOHODU3NYECKUX HUC-
CJelOBaHWU TMO3BOJIUJ BBIABUTH Ha ore BocTo4yHoM
Cubupu NpOTSKEHHBIH celcMUYecKUud mosic — K)KHo-
CUOUpPCKHUM, COCTOSUIUN U3 HECKOJIbKUX KPYMHBIX OT-
JleJIbHbIX cerMeHTOB: AnTai-CasgHo-TyBuHckoro, baii-
KaJbCKOH pudToBor obsactu U OsiekMo-CTaHOBOM
30HbI, COEJUHSIOUIUX COO0N MNpOSIBJIEHUS CEWCMUU-
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Puc. 5. Kapra celicMoTekTOHMKM BocTouHOM CM6HPU C HAHECEHHBIMHU Ha Hee U30JMHUSAMU 06a/IbHOCTH BO3MOXKHBIX MH-
TEHCUBHOCTEN CEUCMUYECKUX COTpsiceHUH (o mkase MSK-64), coorBeTcTByloux kapte OCP-2014-B (c noBTOpsSieMOCTbIO

1000 sieT), c ;06aBJIEHUSIMH U UCIIPABJAEHUSIMHU.

Fig. 5. Seismotectonic map of Eastern Siberia. Isolines show potential intensity of seismic events (MSK-64 scale), which cor-
respond to OSR-2014-V Map (repeatability period of 1000 years) with additions and amendments.

HOCTHU CABUIOBBIX CTPYKTyp AnaTas, CassHckoul u Ty-
BUHCKOW TOPHO-CKJIQJYAThIX 06J1acTed, pacTSKeHUS
Balikanbckoil pudTOBON 30HBI, TPAHCIPECCHOHHBIE
CABUTOBO-HaJBUTOBble mepeMenjenuss Osaekmo-Cra-
HOBOM 30HBbI U celicMUYHOCTb OxoTckoro mopsd. Jpy-
rol KpymHbIA ceicMUYeCcKUU mosic - ApKTHUKO-A3uaT-
CKUHA - TPOCJAEXHUBAETCHI BJIOJb TPAHUIBI MEXIy
EBpasuiickoli u CeBepoaMepUKAHCKOH JINTOCPEPHHI-
MU IJIUTAMU U COEJIMHSET CEMCMUYHOCTb TO6Gepexbs
ApKTHYeCKOro OKeaHa, CBSI3aHHYK C pacTsSKeHHEM
3eMHOH KOpBI, Jajiee 4yepe3 CJBUTOBO-HA/[BUTOBbIE
CTPYKTYPBI, pa3BUTble HA KOHTUHEHTAJIbHOM OTPE3Ke
rPaHUIbl  IUIUT, COEJUHAETC C CeHCMOTeHHBbIMU
CTpyKTypaMu mnobGepexxbss OXOTCKOro MOpsi U T-0Ba
KamuaTka.

060611eHHbIe MaTepUasibl 10 CEHCMOTEKTOHUKE U
HOBeillllell reoJUHAMUKe CEMCMHUYECKHUX IOSICOB Ha

CEeBepO-BOCTOKe A3WMU [JAal0T BO3MOXKHOCTh BeCbMa
YCIENTHO BECTH MPOTHO3 ClleHapUeB MOBeJeHUsT CeH-
CMHUY€eCKOH aKTHUBHOCTU TEPPUTOPHUH, C ONpejie/IeHU-
eM MeCTa U NpefieJibHOW BeJMYWHbl BO3MOXKHOU ceil-
cMHUYecKor KaTacTpodbl. OnpejesieHHe CTPYKTYPHOU
NO3UIMHU TI03BOJIAET MNpejIoJaratb HauboJiee omac-
Hble HampaBJIEHUS1 BblJleJIEHUsS CEHCMUYECKOU 3Hep-
TUU Y CHIKATh CTeNeHb PUCKA PaCIOJI0KeHHs MTOTEH-
I[UAJIbHBIX HapOJHOXO03IMCTBEHHBIX 00'beKTOB. [lo-
CTpOEHHAas KapTa CeWCMOTEeKTOHUKU BocTouHol Cu-
OUpH TNpeACTaBJASAET COO0H KOMIJIEKCHYIO MHOIO-
CJIOWHYK MOJeJib Pa3BUTHA CEWCMOTEKTOHUYECKHX
IpOIeCCOB, MPOTEKAWIUX HA UCCIElyeMOH TEPPUTO-
pun. Kapra ass 3TO# TeppuUTOpHUM BIEpBble COCTAB-
JIeHa C HMCIO0JIb30BaHHEM TeOMHQPOPMALMOHHBIX TeX-
HoJloruH. [I[piMeHeHre HOBBIX TEXHOJIOTUM MO3BOJIK-
JIO IpY MTOCTPOEHUHU ONePUPOBATh I€JIOCTHOU KapTOH,
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KaK COBOKYIHOCTBIO HECKOJbKMX MHQPOPMalMOHHbIX
CJI0€B, COJiep)KallluX OINpeJesIeHHYI 33JaHHYI0 HH-
dbopManyoo, XapaKTepU3yWLIyl0 CeHCMOTEeKTOHUYe-
CKue T1poleccbl TeppuTopuu BocTtounoit Cubupu
(puc. 5).

JIOTIOJIHUTEIbBHO Ha KapTy Oblja BbIHECEHA UHTEH-
CUBHOCTb BO3MOXHbBIX CEMCMUYECKUX COTPSICEHUH B
6a/ax (mo mkase MSK-64), cornacHo HOBOUM KapTe
O6mero celicMuyeckoro panoHupoBanus PP (OCP-
2014-B), cooTBeTCTBYyIOIAst PACYeTHBIM COOBITUSAM C
nepuoguyHocTbio 1 B 1000 sieT. UMeHHO Tako# Auana-
30H OyAyuUux TOJYKOB COOTBETCTBYeT HHTepecaM
HapO/HOX031ICTBEHHOI'0 OCBOEHUS TeppUTOpHUH. Bme-
CTe C TeM cJie[lyeT y4ecTb, YTO paccMaTpuBaeMas Tep-
putopusi (ocobeHHO TeppuUTOopHUs fKyTHUH) Bce elle
npe/cTaBJsieT cO60M BecbMa CJI0KHBIM U MaJIOOCBOEH-
HbIM (HeJOoCTaTOYHO M3y4eHHbIN) pervoH Poccuy, rae
NPOUCXOAAT aKTHUBHble JedopMalUU MeXAY HeCKOJb-
KUMHU TEKTOHWYECKUMHU IJIMTaMH{, 4YTO, KOHEYHO, Tpe-
OyeT Aa/bHeHLIero AeTajJbHOr0 U3y4eHHUs OT/e/IbHbIX
4yacTel 3TUX CeMCMUYEeCKUX N0sICOB. DTO, IPeK/ie BCEro,
OTHOCHUTCS K NMPUOPEXKHO-11eNbPOBBIM 06JIaCTAM apK-
TU4Yeckux Mopeill BocTouHod CubHpH, C aKTUBHBIM
OCBOEHHMEM KOTOPBIX CBs3aHa OJiKaillasg CTpaTerus
pasButusa PO U, B KOHEUHOM UTOTe, IKOHOMHYECKAA U
couua/ibHas 6e30MacHOCTb Halllel CTPaHbI.

5. 3AKJIIOYEHUE

[logBoass UTOr CEeHCMOTEKTOHUYECKUM HCCeno-
BaHHUSM, MOXKHO KOHCTaTHPOBATb:

1. Kapra ceiicmoTekToHUKH BocTouHod Cubupu
SIBJISIETCS MePBbIM HATJISJHBIM PUMEPOM MOCTPOEHUS
KapTbl HOBOTO MOKOJIEHHUs (3JIeKTpPOHHAs 06a3a JJaHHbBIX
CeMCMOTEKTOHUYECKUX IapaMeTpoB), KoTopas 00b-
eIUHSAET 3JIeMeHThl TeoJoro-reopu3nyecKux mapa-
METPOB U CEUCMUYHOCTH U OOBSICHSET OCOOGEHHOCTU
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TECTONIC POSITION OF MINGLING DYKES IN ACCRETION-COLLISION
SYSTEM OF EARLY CALEDONIDES OF WEST SANGILEN
(SOUTH-EAST TUVA, RUSSIA)
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Abstract: Dykes composed of basic rocks and granite are formed due to interactions between melts in a wide range of
conditions, from contrasting compositions and fluid saturation rates to various tectonic settings and processes at dif-
ferent depths. Textures and petrochemical characteristics of the dykes are thus widely variable. This paper is focused
on composite dykes observed in the West Sangilen region in South-East Tuva, Russia.

The Sangilen wedge is a fragment of the Early Caledonian orogenic structure of the Tuva-Mongolia Massif which
evolved in a succession of geodynamic settings, from collision (transpression, 570-480 Ma) to transform faulting
(transtension, 480-430 Ma). Intensive tectonic deformation facilitated massive basic-rock and granite magmatism at
various layers of the crust and associated heating and metamorphism of the rocks (510-460 Ma). Basic-rock-granite
composite dykes were formed in the above-mentioned period in various tectonic settings that controlled conditions of
dyke intrusions and their compositions.

We distinguish two groups of composite dykes observed on two sites, in the area between the Erzin and Naryn
rivers and on the right bank of the Erzin river (Strelka and Erzin Sites, respectively) (Fig. 1). The dykes in both groups
originated from one and the same basic-rock melt source. However, mingling of the contrasting melts was carried out
by different mechanisms as suggested by the proposed intrusion models.

In the area between the Erzin and Naryn rivers (Strelka Site), the host rock of the composite dykes is granite of the
Nizhneerzin massif. The mingling dykes are composed of amphibole gabbro and monzogabbro, granosyenite and two-
feldspar granite. Contacts between basic and felsic rocks vary from smooth contrasting to complex ‘lacerated’ flame-
shaped, and gradual transition zones are present (Fig. 6).

The dykes were formed at mesoabyssal or abyssal depths, and the subliquidus heat regime was thus maintained
for a long time, and even the smallest portions of the basic-rock melt were consolidated through quite a long period of
time. As a consequence, indicators of deformation are lacking in the composite dykes, while transition zones and hy-
bridization are present.

On the right bank of the Erzin river (Ersin Site), the dykes cut through migmatite-granite of the Erzin formation in
the same-name tectonic zone. Contacts with host rocks are transverse. Melanocratic rocks are represented by small-
grained diorite and quartz diorite, and the felsic composite dykes are composed of medium- and small-grained two-
feldspar granite and leukogranite. Transition zones, hornfelsing and contact alterations are absent at contacts of all
the types (Fig. 8).

The composite dykes of this type intruded and emplaced when the shear zone was subject to extension and frag-
mentation, which predetermined active intrusion of basic and, possibly, felsic melts through conjugated faults. Crys-
tallization of the melts was rapid, and their potential heat impact on the adjoining rocks was thus excluded, as evi-
denced by the presence of oxygonal chips of igneous and host metamorphic rocks, vein pegmatoid intrusions, and
composite dykes of the reticulate-cuspate texture with the dominant basic-rock component.

The mingling dykes classified in the first group intruded when the Erzin and Kokmolgarga shear zones were
formed at the early stage of the tectonic-magmatic evolution of the Sangilen orogen (510-490 Ma). Intrusions of the
basic-rock melts were accompanied by the formation of relatively large massifs of the basic composition, i.e. the Erzin
and Bayankol gabbro-monzodiorite massifs, as well as by the occurrence of composite dykes that are abundant in the
area between the Erzin and Naryn rivers. In the second stage (460-430 Ma), the composite dykes occurred when the
orogen was subject to extension along the system of tectonic zones, the Bashkymugur gabbro-monzodiorite massif
was emplaced, and fracture-vein structures, including the dykes, were formed.

Key words: mingling, composite dykes, net-veined complexes, shear zone, tectonic and magmatic evolution, Sangilen,
South-East Tuva.

ISSN 2078-502X

)
o
€
®
c
>

©
o
)
o
o
o
®

o




.V. Karmysheva et al.: Tectonic position of mingling dykes in accretion-collision system...

Recommended by E.V. Sklyarov

[ - -
For citation: Karmysheva LV., Vladimirov V.G., Vladimirov A.G., Shelepaev R.A., Yakovlev V.A., Vasyukova E.A.
2015. Tectonic position of mingling dykes in accretion-collision system of early Caledonides of West
Sangilen (South-East Tuva, Russia). Geodynamics & Tectonophysics 6 (3), 289-310. doi:10.5800/GT-2015-
6-3-0183.

TEKTOHWYECKASA NMO3UIUA MUHTJIMHT-JAEK B AKKPEIJUOHHO-
KOJIJIN3UOHHOM CUCTEME PAHHUX KAJIEAOHUJ 3ANIA/IHOTO
CAHTUJIEHA (FOro-BoCcT0O4YHAA TYBA)

HU. B. KapmbimeBal 2, B.T. Bnagumuposl .2, A.T. Bragumupon! 2 3,
P. A. lllennenaeB! 2, B. A. IkoBJjieB?, E. A. BaciokoBal: 2

L Hucmumym 2eos02uu u munepasozuu um. B.C. Co6oaesa CO PAH, Hogocubupck, Poccus
2 Hosocubupckuil 2cocydapcmeeHHblll yHusepcumem, Hogocubupck, Poccus
3 Tomckull 2ocydapcmeerHblll yHusepcumem, Tomck, Poccus

AnHoTtanus: PopMupoBaHue 6a3UT-TPAHUTHBIX KOMOMHHUPOBAHHBIX JjJaeK MPOUCXOAUT B IIHPOKOM CIIEKTpe yCJIOo-
BUI U 06CTAaHOBOK B3aUMO/IeCTBUS KOHTPACTHBIX [10 COCTaBY PaclJaBOB, HAUMHas OT ceyuUKHU cocTaBa U GJItou-
JIOHACBILIEHHOCTH PaclaBOB U 3aKaHYMBasi TEKTOHUYECKUMHU 06CTaHOBKAMU U TJIyOUHHOCTBIO IpoleccoB. Bce aTu
bakTophl OTpaKalOTCA Ha CTPYKTYPHO-TEKCTYPHBIX U eTPOreOXMMHUYECKUX XapaKTepUCTHKax Jaek. B HacTosme
paboTe AaHHBbIEe BONPOChl pacCCMOTPeHbI Ha NpHMepe KOMOGMHHUPOBAHHBIX (MUHIJIMHT) Aaek 3anagHoro CaHruieHa
(FOro-BocrouHas Tyga).

CaHTrUJIEHCKUHM BBICTYIl NpejcTaBjsieT co60i ¢parMeHT paHHeKasleJOHCKONH OporeHHoOM cTpyKTypel TyBHHO-
MOHI0/IbCKOTO MacCHBa, TEKTOHUYECKAasi 3BOJIIOI[MsI KOTOPOH OTpaXkaeT CMeHy reoJMHaMH4YeCKUX 06CTaHOBOK — OT
KOJIJIN3MOHHOM (pexxuM oxatus, 570-480 muH sieT) fo caBurosoi (pexum pactsikeHust, 480-430 muH Jiet). UHTEH-
CUBHBIe TEKTOHHYECKHe JepopMaluy Croco6CTBOBAIH MTPOSIBJIEHUI0O MAcIITaGHOTO 6a3UTOBOr0 U IPAaHUTOULHOTO
MarMaTH3Ma Ha pa3/IMYHbIX YPOBHAX 3€MHOH KOPBI M CBSI3aHHOTO C HUM TEIJIOBOTO Iporpesa U MeTaMmopdusma rno-
pox B nepuoy 510-460 muH seT. C 3TUM Ke IePUOJOM CBSI3aHO MPOsIBJIeHNEe 6a3UT-IPAaHUTHBIX KOMGHHUPOBAHHBIX
JlaeK, popMHUpOBaHHE KOTOPBIX IPOUCXOAUIIO B PA3IMUHBIX TEKTOHUYECKHUX 0OCTAaHOBKAX, KOHTPOJIMPYIOLINX YCJI0-
BUsI UX BHEZPEHUS U CTAaHOBJIEHUS.

B craTbe paccMaTpuBaeTcs JiBe I'DYNIbl MHUHIJIMHT-JJaeK, U3yYeHHBIX B MeX/Jypeuybe Jp3vHa U HapeiHa ¥ Ha
npaBobepexbe p. Ip3uH (puc. 1). B o6oux ciydasx UX NPOUCXOXK/JEHNE CBS3aHO C OJHUM UCTOYHHKOM 6a3UTOBOTO
pacmiiaBa. OHaKO, MeXaHHU3MbI CMellleHHUs] KOHTPACTHBIX PaclJIaBOB OTBEYAIOT PAa3/INYHbIM MO/Ie/IsIM BHEIpEHUS.

B Mexaypeube Jp3uHa M HapbiHa BMelaloUMMU NOpOJaMy KOMOGHHUPOBAHHBIX JaeK SBJSIOTCSA IPAaHUTOU/IbI
HumxHesp3uHCKOro MaccuBa. MUHTJIMHT-AAWKHU CI10>KeHbI aMPUGOJIOBBIMU rab6opo U MOHI[OTAab6pOo, TPAaHOCHEHUTAMH
Y ZIBYTIOJIEBOIUNATOBBIMU IpaHUTaMU. KOHTAKThI MeX/y OCHOBHBIMU U KHCJIBIMU NOPOJAMHU PA3JUYHBI U U3MEHS-
I0TCA OT POBHBIX U KOHTPACTHBIX /0 MJAMEHEeBU/JHBIX U MUKpPOQPECTOHYATBIX C 06pa30BaHUEM 30H NOCTENEHHbIX
nepexozioB (puc. 6).

dopmMupoBaHHe AaeK 3TOTrO THUIIA TPOUCXOUJI0 HA Me30abHCCaIbHbIX JIM60 abUCCalbHBIX YPOBHSAX IJIyOUHHOCTH,
YTO 06€Cneyn/Io NPU UX CTAHOBJIEHUH COXPAHHOCTD JIJIMTEJBHOr0 CYGIMKBU/YCHOIO TEIJIOBOIO PeKMMa U OTHOCH-
TeJIbHO NPOJ0JDKUTENbHBIA EPUOJ, KOHCONMJALMH Jake MeJIKUX TOpLUK 6a3uToBOro pacisiasa. Kak ciescTsue, B
KOMOMHHMPOBAHHBIX JJalKaX OTCYTCTBYIOT NIPU3HAKU JlebopMalui, HO HAaGJII0JAI0TCS epexo/iHble 30Hbl U THOPUAHU-
3aLus.

Jaliku Ha npaBoGepexxbe p. JP3UH NPOPBIBAIT MUTMATUT-TPAHUTBI 3P3UMHCKOr0 KOMILJIEKCa B OLHOMMEHHOU
TeKTOHUYeCKOW 30He. KOHTaKThI ¢ BMelaIMMH NMOPOJAMH ceKyliue. MeslaHOKpaTOBble MOPOJbI MPeACTaBJIeHbI
MEJIKO3ePHUCTBIMUA JUOPUTAMU W KBapLEBbIMH AHOPUTAMH, KHCJAA 4YacTb KOMOGHMHHUPOBAHHBIX JaeK CJI0XKeHa
cpe/iHe-, MeJIKO3epPHUCTBIMU [BYTNOJIEBOMINATOBBIMU IPAaHUTAMU U JIeWKOTpaHUTaMHU. [l BceX TUNOB KOHTaKTOB
XapaKTepHO OTCYTCTBHE 30H I1epexo/ja, OPOrOBUKOBAHUSA U KOHTAKTOBBLIX U3MeHeHHH (puc. 8).

BHespeHue U cTaHOBJIeHHe KOMOMHUPOBAHHBIX JlaeK JaHHOI0 THUIA IPOUCXOJHUJIO B YCJIOBUAX 06CTaHOBOK pac-
TSXKeHUs W GparMeHTalH CBUTOBOM 30HBI, YTO 06YCJI0BUJIO KaK aKTHBHOE BHeJipeHHe 6a3UTOBBIX U, BO3MOXHO,
KHCJIBIX PACIlJIaBOB IO CONPSKEHHBIM TPeLIMHAM, TaK M UX GbICTPYI0 KpUCTa/uIM3anuio. Haiuyme ocTpoyrosbHbIX
06JIOMKOB MarMaTH4eCcKHMX M BMelAIoLIMX MeTaMOpOUUYECKHUX NMOpPOJ, CyLleCTBOBAHME >KUJbHBIX NerMaTOUAHbIX
06pa3oBaHUH, ceT4aTO-PECTOHYATHIN XapaKTep MUHIJIMHT-Ja€eK C npeobJalaHieM 6Ga3UTOBOU COCTaBJSIOLIEN NPs-
MO YKa3blBalOT Ha GbICTPYIO KPUCTA/IM3allMi0 6a3UTOBBLIX pacilJlaBOB 6e3 BO3MOXKHOCTH UX MOCJIeJYOLero TemJo-
BOI'0 BO3/leMICTBUS HA OKpYy»KaloLijye Mopo/bl.

BHespeHue nepBo# rpynnbl MUHIJIMHT-[aeK CBA3bIBAETCS C 3aj10XKeHHeM Jp3UHCKON U KokMoJIrapruHckoi Tek-
TOHUYECKUX 30H U OTBeYaeT paHHeMy 3Tally TeKTOHOMarMaTHieckoi sBosronuu CaHIUJIEHCKOrO oporeHa Ha pyoe-
ke 510-490 MuH JieT. /laHHBIM 3Tan CONMPOBOXK/AAJCS KaK BHeJpeHUEeM 6GasUTOBbIX paclaBoOB ¢ GopMUPOBAHUEM
OTHOCHUTEJIbHO KPYNHBIX MacCUBOB OCHOBHOTO cOCTaBa (JDP3MHCKUN U BasHKOJbCKUN rab6po-MOHLOAMOPUTOBBIE
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MAacCHUBBI), TaK U N0sIBJIEHMEM KOMOWHUPOBAHHBIX JJaeK, pacipoCTPaHEHHBIX B MexAypeube Jp3uHa U HapreiHa. Bro-
po¥i atan GOpMHUPOBAHUSI MUHIJIMHT-AAEK CBSA3bIBAETCSl C TEKTOHOMArMaTUYeCKOM aKTUBHOCTBIO B PETHOHE Ha py-
6exe 460-430 MJIH JIeT, KOr/la IPOUCXOAUI0 aKTUBHOE PACTSHKEHHE OPOTEHHOH CTPYKTYPbI 110 CUCTEME TEKTOHHUYE-
CKHX 30H, BHEJ[pEHHE U CTAaHOBJIEHHE BalIKbIMyrypcKoro MaccuBa rab6po-MOHIL0JMOPHUTOB M Pa3BUTHE TPELIMHHO-

KUJIbHBIX 06pa3OBaHHﬁ, B TOM 4HCJie KOM6I/IHI/Ip0BaHHbIX JAaeK.

KiroueBble c/10Ba: MUHIJIMHT, KOMOUHUPOBAaHHbIE JAHKH, CeTYaThble MHTPY3UH, TEKTOHUYECKas 30Ha, TEKTOHO-
MarmaTtudeckad 3Bostonud, Canruien, l0ro-Bocroynasa Tysa.

1. INTRODUCTION

In case of interaction between basic-rock magma
and granitoid magma, chemical and mechanical pro-
cesses, i.e. mixing and mingling, take place simulta-
neously. Resultant structures are called composite /
mingling dykes and net-veined complexes.

The problem of mingling has been discussed in
many publications, including [Wiebe, 1973; Gambler,
1979; Marshall, Sparks, 1984; Furman, Spera, 1985;
Frost, Mahood, 1987; Cook, 1988; Huppert, Sparks, 1988;
Didier, Barbarin, 1991; Litvinovsky et al,, 1995; Nardi, de
Lima, 2000; Fedorovsky et al., 2003; Perugini, Poli, 2005;
Dokukina, Vladimirov, 2005; Sklyarov, Fedorovskii,
2006], and numerous models have been proposed to
describe and clarify the textures and structures of
composite dykes.

Dykes can occur in a wide range of conditions pre-
determining interactions between melts of contrasting
compositions. Such conditions include - but not limited
to — tectonic processes, crustal depths and structures,
duration of melt consolidation, composition and fluid
saturation of interacting melts. Mingling dykes of vari-
ous patterns and textures may be observed in one and
the same region due to the presence of shear faults that
differ in age and origin and control movements of
basic-rock and granitoid melts. In our study, we review
composite dykes located in West Sangilen, analyse
petrogeochemical compositions at micro- and macro-
scopic levels and attempt at establishing relationships
between the compositions and regional tectonic and
magmatic events.

2. GEOLOGICAL SETTING

West Sangilen, a part of the Sangilen upland, is lo-
cated at the border of Tuva, Mongolia and Buryatia in
the Tuva-Mongolia Massif (hereafter TMM) in the Cen-
tral Asian folded belt that is traditionally viewed as a
collage of island arcs, continental blocks and oceanic
crust fragments attached to the Siberian craton during
the Neoproterozoic and Paleozoic [Kovalenko et al,

2004, Kuzmichev et al, 2001]. TMM is bordered by deep
faults, and its structure differs from that of the neigh-
bouring blocks. In its current coordinates, the Sangilen
wedge is located in the north-western TMM (Fig. 1). It
is bordered from the north-west by the Agardag ofiolite
zone that is also viewed as the TMM boundary
[Kuzmichev, 2004].

The Sangilen wedge is a fragment of the Early Cale-
donian orogenic structure of TMM which evolved in a
succession of geodynamic settings, from collision
(transpression, 570-480 Ma) to transform faulting
(transtension, 480-430 Ma) [Vladimirov et al, 2005].
Intensive shearing facilitated massive basic-rock and
granitoid magmatism at various layers of the crust
and associated heating and metamorphism of the
rocks (510-460 Ma) [Vladimirov et al,, 2005; Egorova et
al, 2006; Karmysheva, 2012].

The current West Sangilen structure includes
the Muguro-Chinchilig and Erzin-Naryn metamorphic
blocks separated by the Erzin shear zone (Fig. 1). The
Muguro-Chinchilig block is mainly composed of a
Moren metamorphic complex (medium temperature
and high pressure). The Erzin-Naryn block's texture is
inhomogeneous as it is composed of a variety of rocks
from epidote-amphibolite to granulite facies of meta-
morphism, such as garnet-biotite, cordierite and spinel-
cordierite schists and gneisses. Amphibolite and granu-
lite are related to the Erzin metamorphic complex at
the boundaries of the blocks which follow the tectonic
boundaries, i.e. the Erzin and Kokmolgarga shear zones
(Fig. 1).

The time periods when magmatism occurred in the
Muguro-Chinchilig and Erzin-Naryn blocks are dif-
ferent. The Erzin-Naryn block includes the Bayankol
gabbro-monzodiorite-granodiorite-granite, Nizhneer-
zin gabbro-monzodiorite-granosyenite-granite, Tesk-
hem granosyenite-granite, and Ukhadag granosyenite-
granite massifs (490+10 Ma). The Erzin shear zone in-
cludes the Nizhneulor granite massif (475+5 Ma) and
the Matut gneiss-granite massif (510-490 Ma, accor-
ding to the geological data). Mingling dykes composed
of basic rocks and granite (i.e. the subject of our study)
are observed in migmatite-granite of the Erzin complex
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Fig. 1. The structural-tectonic scheme of West Sangilen (South-East Tuva, Russia). The inset shows the West Sangilen posi-
tion at the southern margin of the Siberian craton (according to [Kuzmichev, 2004]).

1 - Erzin and Kokmolgarga shear zones (€1-2); 2 - Agardag ophiolitic belt (V-€1); 3 - Moren metamorphic complex (Rs); 4 - Nizhneerzin
metamorphic complex (R3); 5 - Tannuola island arc (V-€1); 6 - carbonate-terrigenous cover of the Tuva-Mongolia microcontinent (V1); 7 -
Erzin granulitic migmatite-granite complex (€3-01); 8 - Aktovrak dunite-harzburgite complex (V); 9 - Pravotarlashkin anortosite-gabbro-
norite complex (€1); 10 - Matut gneiss-granite massif (O1); 11 - Bayankol gabbro-monzodiorite-granosyenite (granodiorite)-granite-leu-
kogranite series (01); 12 - Nizhneulor granite massif (01); 13 - Bashkymugur gabbro-monzodiorite-granite-leukogranite series (01-2); 14
- gabbroids of the Kokmolgarga massif; 15 - nappe boundaries; 16 - faults; 17 - intrusive massifs: 1 - Bayankol gabbro-monzodiorite-
granodiorite-granite, 2 - Nizhneerzin gabbro-monzodiorite-granosyenite-granite, 3 - Teskhem granosyenite-granite, 4 - Ukhadag grano-
syenite-granite, 5 - Nizhneulor granite, 6 - Matut gneiss-granite, 7 - Bashkymugur gabbro-monzodiorite, 8 - Baidag granite-leukogranite;
18 (1 and II) - Strelka and Erzin Sites, respectively, where mingling dykes were studied in detail.

Puc. 1. CTpyKkTypHO-BelllecTBeHHas1 cxeMa 3anajgHoro Cadruiena (lOro-Bocrounas Tysa). Ha Bpeske — moJiockeHue 3amnaj-
Horo CaHTHJIeHa B CTPYKTYpaX K0KHOT0 o6pamieHust CHOUpCcKoi miaTdopmbl o [Kuzmichev, 2004].

1 - dp3uHckasa U KokMosirapruHckasl TeKTOHUYecKre 30HbI (€1-2); 2 — Arapgarckuit opuosantoBelit nosic (V-€1); 3 - MopeHckUil MeTa-
Mopdudeckud komiiekc (R3); 4 - HIKHe3p3UHCKUM MeTamMopurdeckuit kommekc (Rs); 5 - TanHyosbckas ocrpoBHas gyra (V-€1); 6 -
KapOOHaTHO-TeppUTreHHbIH 4exos TyBHHO-MOHI0/IbCKOTO MUKPOKOHTHHeHTa (V1); 7 — 3p3MHCKUM rPaHy/JIUTOBbIA MHUTMaTHUT-IPaHUT-
HbIHA KoMIIeKc (€3-01); 8 - aKTOBpaKCKUH JYHUT-rapLO0ypruToBbii koMiiekc (V); 9 - mpaBoTap/aliKUHCKUH aHOPTO3UT-rab6poHOpHU-
TOBBIM KoMILIekc (€1); 10 - MaryTckuil rHeficorpaHuTHBIN MaccuB (01); 11 - 6agHKOJIbCKAst rab6p0-MOHI[OAUOPUT-TPAHOCHEHHUT (Tpa-
HOJMOPUT)-rpaHuT-JedKorpaHuTHas cepus (01); 12 - HuwxHeyiopckuit rpaHuTHBIN MaccuB (01); 13 - 6alIKbIMyTypcKasi rab6po-MOHI[0-
JUOPUT-TPaHUT-IelikorpaHuTHas cepus (01-2); 14 - ra66pouasl KokMoIrapruHCKoro MaccuBa; 15 —-rpaHUIbl TOKPOBOB; 16 — pa3ioMbl;
17 - uHTpPY3UBHbIEe MaccUBBL: 1 - BasiHKOIbCKMH rab6po-MOHLOAUOPUT-TPAHOAUOPUT-IPAaHUTHBIN, 2 — HIDKHeap3WHCKUH rab6po-MoH-
LIO/IUOPUT-TPAHOCHEHUT-TPAaHUTHBIH, 3 - TecxeMCKUH IPaHOCUEHUT-TPAHUTHBIN, 4 — YXafarcKuil rpaHOCUEHUT-TPAaHUTHBIH, 5 - Huxk-
HeyJIOPCKUH IpaHUTHBIH, 6 - MaTyTCKUH rHeHCOTpaHUTHBIH, 7 — BalIKbIMyTypcKuil rab6po-MOHIIOANOPUTOBBIH, 8 — Balizarckuil - rpa-
HUT-JIEUKOTPAaHUTHBIN; 18 — yYaCTKH [IeTaJIbHOTO UCC/IeJ0BaHUS MUHIVIMHT-AaekK: | - yyacTok «Ctpesikay; Il - yyacTok «Dp3nHCKHI».



and granosyenite-granite of the Nizhneerzin massif.
Results of the isotope geochoronology suggest that the
dykes are not younger than 462.5 Ma as shown by the
following data: 471.2+1.9 Ma - Ar/Ar, amphibole from
basic rocks; 462.5+1.0 Ma - Ar/Ar, biotite from basic
rocks [Vladimirov et al,, 2005], and 467+21 Ma - Rb/Sr,
rocks in gross [Petrova, 2001].

The Muguro-Chingilig metamorphic block contains
younger igneous rocks (460+£10 Ma). The Bashkymugur
gabbro-monzodiorite and Baidag granite-leukogranite
(alaskaite) massifs are of the same age.

In our study, we focus on mingling dykes composed
of basic rocks and granite which are observed on Strel-
ka and Erzin Sites, i.e. in the area between the Erzin
and Naryn rivers and on the right bank of the Erzin ri-
ver, respectively (Fig. 1).

3. COMPOSITE DYKE STRUCTURE AND TEXTURE

In the area between the Erzin and Naryn rivers, the
host rock of the composite dykes is granite of the Nizh-
neerzin massif. Visible segments of the dykes are trace-
able for several tens to hundreds meters, and their
depth varies from 0.15 to 3.5 m (Fig. 2 and 3). It is not
always possible to clearly define the positions of the
endo- and exocontact zones, and the contacts with the
host rocks are not clarified. Separate nodules of basic
rocks penetrating into the host matrix can be observed
in the marginal exocontact zones of the composite
dykes (Fig 2, II). Typically, a large basic-rock body is
either surrounded by a leucocratic rim or cut by a sys-
tem of granite veins (Fig. 2, IIl and 3, IV). It is note-
worthy that contacts of the granite veins are almost
always flame-shaped and never linear (Fig. 2, III and
3,1V).

Basic-rock bodies of patchy shapes with flame-
shaped contacts are cut by veins of large-grained gra-
nites (Fig. 3, II). In some cases, basic rocks in the gra-
nitoid matrix compose tree-shaped elongated bodies
with elements of viscous boudinage and separate nod-
ules (Fig. 3, I). However, such cases are not numerous,
and composite dykes containing irregularly distributed
fragments of basic rocks are dominating (Fig. 3, Il and
3, 110).

On Strelka Site, two generations of composite dykes
are distinguished: (1) early sub-horizontal dykes com-
posed by basic rocks, strongly boudinaged and cut by
granite, and (2) later subvertical dykes composed by
basic rocks, which cut the dykes of the first generation,
have chill zones and are cut by aplite that cuts both the
dykes and the host granite [Izokh et al, 2004; Vasyu-
kova et al, 2008].

On Erzin Site, the dykes cut through migmatite-
granite of the Erzin formation in the same-name shear
zone. Clusters of composite dykes form linear zones
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which strike is similar to that of the Erzin shear zone.
Depth of some dykes vary from 0.5 to 2.5 m. Contacts
with host rocks are transverse (Fig. 4 and 5). In the leu-
cogranitic component of the mingling dykes, oxygonal
xenoliths of the host rocks (which maintain their origi-
nal structure) are combined with separate angulated
inclusions of diorite (Fig. 4, I). A contact acid rim is
lacking around the dykes. Pegmatoid inclusions are
common at the boundary between granites and host
rocks and inside conjugated fractures (Fig. 4, II). The
texture of such dykes is complex, reticulate-cuspate or
patchy (see Fig. 5, I-III). Transition zones, hornfelsing
and contact alterations are absent at contacts of all the

types.

4. COMPOSITION OF BASIC ROCKS AND GRANITES
OF MINGLING DYKES

In the area between the Erzin and Naryn rivers
(Strelka Site), the basic-rock component of the com-
posite dykes is variable in composition from amphibole
gabbro to monzogabbro and amphibole monzogabbro
with gabbro and porphiric-like structures: Hbl
(45-60 %), Kfs (20-35 %), P1 (10-15 %), Bt (5 %), and
Qtz (>5 %). Accessory minerals are fine-grained sphene
and apatite. Coarse-grained amphibole rims and pla-
gioclase are absent in the contact zones.

The felsic dykes are composed of coarse-grained
granosyenite: Kfs (40-65 %), Qtz (20-25 %), P1 (10-
15 %), and Bt+Hbl (3-5 %), and two-feldspar granite:
Kfs (35-40 %), Qtz (25-35 %), Pl (15-20 %), and
Bt+Hbl (up to 3 %). Accessory minerals are sphene and
ortite. Rocks vary from evenly grained to glomero-
porphyric. Porphyric inclusions contain large aggre-
gates of K-Na feldspar and, rarely, quartz. Small veins
and fractures in the basic rocks are filled with the most
coarsely grained rocks.

Contacts of basic and acid rocks are variable in
shapes, from smooth to contrasting (Fig. 6, I), flame-
shaped to micro-cuspate, with zones of transition from
granites to basic rocks (Fig. 6, [I-V). In microsections,
changes in the composition and grain size of the rocks
are clearly evidenced by 'bay-shaped' contours. The
inner structure is changed near the contact from the
side of basic rocks due to the occurrence of poikilitic
grains of quartz with inclusions of idiomorphic small
crystals of biotite and amphibole. Patchy aggregates
with flame-shaped contacts, which are quite common,
may be cut by acidic veins.

In the contact zone, basic rocks vary from gabbrodi-
otite to amphibole monzogabbro. Transitions from one
rock to another are abrupt and clearly detected at the
meso- and micro-levels. In several microsections and
rock slices, amphibole gabbro and monzogabbro are
rimmed by coarse-grained amphibole (see Fig. 6, III).
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Fig. 2. Contacts between mingling dykes and host granite of the Nizhneerzin massif in the area between the Erzin and Naryn
rivers (Strelka Site).

I - linear composite dyke composed of basic rocks and leucogranites in host parautochthonous granite; II - flame-shaped contact between
basic rocks and host mega-porphyric granosyenite and basic-rock nodules in granite; III - cuspate sinuous contacts of the granite vein that
cuts basic rocks in the interior zone of the mingling dyke.

Puc. 2. KOHTaKTbl MUHIJIMHT-J@aeK C BMelalUMU I'PaHUTOMaMU H>KHesp3UHCKOro MaccuBa B Mexaypedbe Jp3UHA U
HapsiHa (yuacTok «CTpesika»).

[ - nuHelHas KOM6I/IHI/IpOBaHHaH aaﬁ}(a. C/0KeHHast 6a3UTaMu U HeﬁKOFpaHPITaMH, B [1IapaaBTOXTOHHBIX 'PAHUTAX; M- l'[J'IaMeHeBHﬂHbeI
KOHTaKT 6a3UTOB C BMellalnIUMHA prl’[HOl’lOpCl)PIpOBbIMI/I TPaHOCUEHUTAMHU C Cl)OpMPIpOBaHPIeM B r'PaHHUTOUAAX HOL[yJIeﬁ OCHOBHOTO CO-
craBa; Il - (l)eCTOH‘laTble, HU3BUJINCTbIe KOHTAKThI FpaHHTHOﬁ KUJIBI, nepeceKa}oLueﬁ 6331/[Tbl, BO BHyTpeHHeﬁ 30He MPIHF]IPIHF-AaﬁKH.
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Fig. 3. The interior structure of mingling dykes in the area between Erzin and Naryn rivers (Strelka Site).

I - tree-shaped, reticulate-cuspate and nodule structure of basic rocks in the felsic matrix; II - patchy basic-rock bodies with flame-shaped
contacts and thin leukogranite veins in the porphyric granosyenite matrix; III - reticulate-nodule texture of the composite dyke; IV -
reticulate-cuspate inner texture of the composite dyke with the dominant basic-rock component.

Puc. 3. BHyTpeHHss1 CTPYKTypa MUHIJIMHT-JaeK B Mex/aypeube Ip3uHa U HapriHa (yuyacTok «CTpesikay).

[ - neHpgpouaHas, ceTyaTo-pecToHYaTasA ¥ HOAY/IbHAsA CTPYKTypa 060co6eHHi 6a3UTOB, 3aK/II0YEHHBIX B MATPUKC KHUCJIOr0 COCTABa;
II - KJIIKCOO6pa3Hble TeJsa 6a3UTOB C IaMeHeBUAHBIMHU KOHTAaKTaMH U MaJIOMOILIHBIMH >KUJIaMH JIEHKOI'PAaHUTOB B MaTPHUKCe nopdupo-
BU/IHBIX I'PaHOCHEeHUTOB; Il - ceTyaToO-HOAY/IbHAS CTPYKTYypa KOMGUHUPOBAHHOH Jalky; IV - ceTyaTo-decToHYaTas BHYyTPEHHSS CTPYK-
Typa KOMOUHHUPOBAHHOMU JAalKU C JOMUHUPOBAHUEM 6A3UTOBOM COCTABJSIOLEH.

Contact zones may differ in width, and their patterns
may be complex. The contact zones contain small no-
dules of basic rocks, fine-grained transitional rocks with
evenly scattered melanocratic minerals and porphyric
inclusions of K-Na feldspar, medium-grained transitional
rocks with unevenly scattered melanocratic and leuco-
cratic minerals, and sporadic coarse-grained aggregates
of biotite and hornblende in granosyenite.

The transitional zones are composed of amphibole
(10-60 %), biotite (10 %), K-Na feldspar (15-40 %),
plagioclase (5-10 %) and quartz (>5 %) (Fig. 7). K-Na
feldspar can form poikilite structures containing inclu-
sions of fine-grained prismatic crystals of amphibole
and biotite. Recrystallization of individual grains of
quartz and plagioclase is typical of the marginal parts.
Besides, a high content of sphene is noted in the transi-

tion zones, and sphene grains (up to 1 mm) are larger
than those in monzogabbro and granosyenite.

Composite dykes on the right bank of the Erzin river
(Erzin Site). Melanocratic rocks are represented by
fine-grained diorite and quartz diorite: Amf (45-50 %),
P1 (40-45 %), Qtz (10-15 %), and Bt (5 %). The rock
texture is gabbro-ophite and porphyric. Porphyric in-
clusions are agglomerates of amphibole with a cribrose
texture.

Felsic dykes are composed of medium- and fine-
grained two-feldspar granite and leucogranite: Kfs
(25-30 %), Pl (20-40 %), Otz (25-40 %), and Bt
(1-3 %). The granite and porphyric textures are evenly
grained. Porphyric inclusions are composed of K-Na
feldspar. Deformation twins are observed in plagio-
clase grains.
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Fig. 4. The morphology of mingling dykes in migmatite of the Erzin metamorphic complex on the right bank of Erzin river
(Erzin Site).

I - combination of oxygonal xenolithes of host rocks and angular diorite inclusions in leukogranite of mingling dykes; II - migmatite of the
Erzin complex which is cut by leukogranite of composite dykes with pegmatoid inclusion in the contact zone of extension; III - transverse
‘cold’ contacts between granite in mingling dykes and host garnet-biotite-cordierite schist.

Puc. 4. Mopdosiorust MUHIVIMHT-laeK B MUTMATHUTaX 3P3UHCKOI0 MeTaMopdHUUeCKOTro KOMIIJIeKca Ha NpaBobepexxbe p. Ip-
3UH («JP3UHCKUN» YYACTOK).

[ - coueTanue OCTPOYTOJIbHBIX KCEHOJIMTOB BMEILIAIOIIUX MTOPOA M YIJIOBATbIX 0060C06/IeHUI AUOPHUTOB B J'IeﬁKOFpaHHTOBOﬁ COCTaBJIAIO-
H.leI‘/‘I MUWHTJIMHT-A€EK; I - MUrmMaTUThHI 3P3UHCKOTr0 KOMIIJIEKCA, MIPOPBAaHHbIE HeﬁKOFpaHHTaMH KOM6I/IHI/Ip0BaHHbIX JlaeK C merMaTouna-
HBIM 060C06JIEHHEM B HpHKOHTaKTOBOﬁ 30HE€ pAaCTAXEeHUH, I - CeKylue «XoJI0OAHbIe» KOHTAKTbI TPAHUTOUA0B MUHIJIMHI-AA€eK C BMe-
a0 MHA FpaHaT-6I/IOTI/IT-K0pL[I/IepI/ITOBbIMI/I CJIaHIIaMH.
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Fig. 5. The inner textute of mingling dykes on the right bank of the Erzin river (Erzin Site).

[-II - reticulate-cuspate contacts between granite and diorite in composite dykes with dominatant basic-rock component; III - complex

patchy morphology of the mingling dyke.

Puc. 5. BHyTpeHHss CTPYKTYpa MUHIJIMHT-/1aeK Ha IpaBoGepexbe p. Ip3UH («IP3UHCKUN» YIACTOK).

[-II - ceTyaTO-$ecTOHYATEIH KOHTAKT I'PAaHUTOB U JHOPUTOB B KOMOMHMPOBAHHBIX JalKaX ¢ pe3KUM Ipeob6JajjaHieM 6a3UTOBOMH CO-
crapssitonted; I - cnoxHONMATHHCTAasA MOPHOIOTUS MUHTJIMHT-JalKH.

The diorite-granite contact is marked by smooth
contours without any transitional zone as clearly evi-
denced by grain sizes and compositions of the rocks in
the microsections and rock slices (Fig. 8). In the endo-
contact of diorites, observed are glomero-clusters of
leust-biotite and a poikilite structure composed by
quartz aggregates with inclusions of fine-grained
idiomorphic crystals of biotite and amphibole (Fig. 8,
II). In the contact zone, granites are characterized
by porphyric inclusions of quartz and xenomorphic
'blurred’ fine-grained aggregates of quartz, plagioclase
and K-Na feldspar. Boundaries between the minerals
are indistinct and patchy. Round-shaped porphyric
grains of quartz are attenuated by cloud in crossed po-
lars of a microscope.

The smooth contrasting contacts without any indi-
cators of shifting of the original composition give evi-
dence of the rapid crystallization of the basic-rock and
granite melts, and the 'gradual’ transition zones ob-

served at the macro- and micro-levels may suggest that
the lowest-melt-point minerals of granite and diorite
were subject to recrystallization, or elements (K, Na,
Ca, and Ti) were exchanged by diffusion between the
rocks of contrasting compositions, or the rocks have
not consolidated yet.

5. PETRO- AND GEOCHEMICAL CHARACTERISTICS OF
COMPOSITE DYKES

In the area between the Erzin and Naryn rivers
(Strelka Site), granites are represented by midalkaline
peraluminous (A/CNK=0.94-1.14) granosyenites and
two-feldspar granites (Fig. 9). Average contents of
petrogenic elements are given in Table 1. Rare-earth-
element (REE) scatter diagrams and spider diagrams
show that granite and granosyenite are characterised
by negative slopes of the spectrum and high contents

297
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Fig. 6. Microtextures of contacts between basic
rocks and granite in composite dykes in the
area between the Erzin and Naryn rivers
(Strelka Site). Left - rock slice texture; right -
fragment in the corresponding transparent mi-
crosection (translucent light).

I - smooth contrasting contact between basic rocks
and granite in the rock plate; in the microsection, it
is sinuous; II - smooth flame-shaped contact be-
tween basic rocks and granite in the rock slice; a
small transition zone is noted in the microsection;
III - complex ‘lacerated’ flame-shaped contact bet-
ween basic rocks and granite; it is clearly visible in
both the rock slice and the microsection that the
basic rocks become more melanocratic towards the
contact; IV - gradual assimilation of the gabbro vein
in granite; granosyenite and rocks in the transition
zone are clearly distinguished in the microsection; V
- complex contact between basic rocks and granite;
the transition zone is composed of coarse- to fine-
grained rocks with small nodules of basic rocks and
contains; fractures are filled with rocks of the tran-
sitional composition and granite.

Puc. 6. MUKpPOCTPYKTypHasd XapaKTepUCTUKA
KOHTAaKTOB U B3aUMOOTHOUIEHUN 0a3UTOB U
rPAaHUTOUOB B KOMOWHHUPOBAaHHBIX Jaiikax
Mexzaypeubss IJp3uHa W HapbiHa (ydyacTok
«Ctpenka»). Pap cneBa - CTPYKTYpHO-TEKC-
TypHasi XapaKTepUCTHUKA B ILJIACTUHKE, DPsJ
cIpaBa — COOTBETCTBYIOUIUM pparMeHT CTPYK-
TYpbl B IP0O3payHOM NeTporpadpuvecKoM -
de (mpoxoasuini CBET).

[ - KOHTpaCTHBIN POBHBINA KOHTAKT 6a3UTOB U r'pa-
HUTOU/IOB B IJIACTUHKE HA MUKPOYPOBHE 06pasyeT
«3aJIMBO06Pa3HbId» KOHTYD; Il - miaMeHeBUHBIN
KOHTaKT 6a3UTOB C IPAaHUTOMAAMM B IJIACTUHKE
XapaKTepu3yeTcsl pPOBHOM IpaHULlEd MexJy 6a3u-
TaMU U FPAHUTOUJAMHU C Y3KOUM NepexX0JHOU 30HOH;
III - cnoXHBIM «pBaHbIN», MJaMeHEBUJHbIH KOH-
TaKT 6a3sWUTOB M TPAaHUTOUAOB. B mnde u mia-
CTUHKE OTYETJMBO BHUAHO YBeJWYEHHE MeJIaHO-
KpPaTOBOCTH 6Ga3UTOB B NPUGIMKEHUU K KOHTAKTY;
IV - mocreneHHast acCUMUJISALNSA rabOpPOULHON KHU-
JIbl B IpaHUTOMJaX. Ha MHKpOypoBHe OTYeT/IMBO
pa3/IMYyalTCa IPAaHOCHEHUTHI U MOPOJbl MEPexo-
HOH 30HBI; V - CJI0XKHBIH KOHTAKT 6a3uTOB M Ipa-
HUTOU/IOB C 06pa30BaHUEM IlepeXx0JHOH 30HBI, CJI0-
’KEHHOM NMOpPOAaMH pa3HOM 3epHUCTOCTH, MEJKUMHU
HOJZlyJIbHBIMHM arperaTaMu 0asWTOB U TPeLIMHAMHY,
3al0JIHEHHBIMHM MOPOJOH NepexoJHOro COCTaBa U
rPaHUTOUAMH.
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hornblende a
gabbro

Fig. 7. Petrography of rocks in the zone of transition from basic rocks to granites in mingling dikes in the area between Erzin

and Naryn rivers (Strelka Site).

[ - transition zone at the contact between granosyenite and hornblende gabbro (translucent-light photos); II - poikilitic texture of potas-

sium feldspar in the transition zone (crossed-nicols photos).

Puc. 7. lletporpadpuyeckuil cocTaB MOPOJ MEPEXOJHOM 30HbI MeX/Jy 6a3UTaMM U T'PAaHUTOUAAMHU B KOMOGUHHPOBAHHBIX
JlaliKax Mexzaypedbs pek Ip3uH u HapbiH (yyacTok «CTpeskar).

[ - cTpoeHue nepexoJHOM 30HbI B KOHTAKTe 'PAaHOCHEHUTOB U POrOBOOGMAaHKOBBIX rab6po (CHUMKH cies1aHbl B poxoAsieM ceete); 11 -
NOMKUJIMTOBAs CTPYKTYpPa KaJIMEBOTO [10JIEBOTO LINATa B IOPO/1aX NePEX0JHOH 30Hbl (CHUMKH CJieJIaHbl B CKPEIeHHbIX HUKOJISX).

of REE. Light REE dominate over heavy REE:
(La/Yb)n=8.37-16.04. A negative Eu anomaly is poorly
expressed (Eu/Eu*=0.56-0.64). Multi-element spectra
show negative slopes, large-ion lithophile elements
(LILE) enrichment, and sharp minimums of Nb, Ti and
Sr, as well as maximums of Zr and Hf (Table 2, and
Fig. 10).

The REE scatter in gabbroids composing the
mingling dykes on Strelka Site (see Table 1) is charac-
terized by a sloping negative spectrum with a weak

positive Eu anomaly (Eu/Eu*=1.15). The content of
REE is high, and light REE dominate over heavy REE:
(La/Yb)n=5.87-6.77. Multi-element spectra show LILE
enrichment, sharp minimums of Nb and Sr, and insig-
nificant values of Ti (Table 2, and Fig. 10).

On the right bank of the Erzin river (Erzin Site), the
salic mingling dykes are composed of normal- and
medium-alcaline, high- and medium-potassium, peralu-
minous (A/CNK=0.97-1.20) granite and leucogranite
(see Table 1 and Fig. 9). According to the REE
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Fig. 8. Typical contacts and relations between basic rocks and granite in mingling dykes on the right bank of the Erzin river
(Erzin Site).

I - smooth contact between basic rocks and granite; a poikilitic structure is observed in diorite (translucent-light and crossed-nicols pho-
tos); II - biotite glomero-clusters; a poikilitic structure and porphyric-quarts inclusions at the contact between diorite and leukogranite.
Puc. 8. XapakTepHble KOHTAKThl U B3aUMOOTHOLIEHUsI 6Aa3UTOB U FPAHUTOUJOB B MUHIJIMHI-JaliKaX Ha MpaBobepexbe
p. Ip3uH («IP3UHCKUI» YIaCTOK).

I - pOBHbBIM KOHTAKT 6a3UTOB U FPAHUTOUOB; B LJIU(E CO CTOPOHBI AUOPUTOB HABJIIOAAETCS NOMKUIUTOBAs CTpyKTypa (doTorpadpuu
1M OB cAe/IaHbl B IPOXOASILIEM CBETE U CKpelLeHHbIX HUKOJIsX); I - riioMepockonsieHust 6UoTUTA. [IOHKUIMTOBAsK CTPYKTypa U MOp-
$UpOoBUIHBIE BKPAIJIEHHUKH KBaplia B KOHTAKTe JUOPUTOB U JIEHKOTPAHUTOB.
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Fig. 9. Petrochemical diagrams. Comparison of
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compositions of the original basic rocks and host granite of the Nizhneerzin

massif, and parautochtonous granite of the Erzin migmatite-granite complex and rocks in composite dykes.

Fig. 9a and b - classification boundaries according to [Petrographic Code.., 2009] and [Le Maitre et al., 1989], respectively. Fig. 9c -
Harker’s diagram SiO2-TiOz. Fig. 9d - Shand’s diagram [Maniar, Piccoli, 1989]. Fig. 9e and f - binary diagrams Mg0O-Ca0 u Mg0-Al;03, re-

spectively.

Puc. 9. [leTpoxuMuyeckue rpapuky CpaBHEHHUsI COCTaBa MCXOJHOr0 6a3UTOBOrO pacijiaBa U BMeIAIOLIUX [PAaHUTOU/IOB
Hr>kHeap3WHCKOro MaccuBa U NAapaaBTOXTOHHBIX TPAHUTOB 3P3WHCKOTO MUIMATUT-IPAaHUTHOTO KOMILJIEKCa C COCTaBaMHU

KOMOWHUPOBAHHBIX JlaeK.

Puc. 9a - kiaccupukaoHHble rpaHulbl [Petrographic Code.., 2009]; puc. 9b - kinaccudukanoHHble rpaHulpl [Le Maitre et al.,, 1989];
puc. 9c - fuarpamMma Xapkepa SiO2-TiOz; puc. 9d - guarpamma lllenga [Maniar, Piccoli, 1989]; puc. 9e-f - 6uHapHble fuarpaMmmbl MgO-

Ca0 1 Mg0-Al20s.
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Table 1.Content of petrogenic oxides (wt %) in mingling dykes of West Sangilen

Ta6auma 1.CoaepkaHHe NETPOTreHHbIX OKCUAOB (Mac. %) B MUHIVIMHT-JaiKax 3anmagHoro CaHrujaieHa

Component  Rocks of mingling dykes on Strelka Site Rocks of mingling dykes on Erzin Site Source
Mafic dykes Salic dykes Mafic dykes Salic dykes melt
(n=27) (n=8) (n=21) (n=12)
SiO2 47.45-52.9 62.76 - 74.52 45.48 -57.76 66.31-76.01 47.84
49.22 71.56 53.57 73.13
TiO2 0.79 - 1.89 0.12-0.93 0.88-1.93 0.13-0.78 0.75
1.4 0.38 1.30 0.28
Al203 14.86-17.09 13.21-14.43 15.40-17.61 13.19 - 15.86 13.42
16.24 13.37 16.57 14.10
Fe;03* 7.69-12.79 1.27-7.35 8.07-12.38 1.36 -4.34 11.52*
10.96 2.96 9.80 2.50
MnO 0.11-0.18 <0.01-0.09 0.12-0.23 <0.01-0.12 -
0.17 0.03 0.17 0.05
MgO 5.09-9.40 0.14-2.26 3.84-7.66 0.19-1.00 11.62
7.73 0.64 492 0.50
CaO 7.59 -10.29 1.13-3.24 5.61-10.00 1.21-2.63 10.16
9.22 1.61 7.46 1.74
Naz0 1.41-3.75 2.23-3.64 2.28-3.73 2.89 - 4.64 2.51
2.52 3.14 291 3.50
K20 0.41 -2.66 3.40 - 6.65 0.88 - 2.46 1.59 - 4.65 0.41
1.15 4.92 1.80 3.71
P20s 0.16 - 0.66 <0.01-0.32 0.27 -0.58 0.04 - 0.25 -
0.32 08.11 0.39 0.10
Alum slate 0.94-1.14 0.97 -1.20
index 1.03 1.09

N o t e. Above the line - variations of contents of petrogenic components; under the line - average content; n - number of samples; Fe203* -
total content of Fe in Fe203; the Fe content in the source melt is given in FeO; the alum slate index is Al203/(Ca0+K20+Naz0) (mol. %)
[Maniar, Piccoli, 1989]. Contents of petrogenic elements were analysed by the 'wet' chemical method (Assayer N.N. Ukhova, IEC SB RAS, Ir-
kutsk) and the X-ray fluorescence analysis method using SRM-25 installation (Assayer A.D. Kireev, V.S. Sobolev IGM SB RAS, Novosibirsk).

I[IpuMevyaHu e Haj yepToil - Bapualuu cofiep>XaHUH NMETPOreHHbIX KOMIIOHEHTOB, 110/, YePTOH - CpeJiHee COZlepXKaHUe; N — YUCJI0
npo6; Fe203* - cymmapHoe xesie30 B popMe Fe203, /151 HCXOJHOTO pacillaBa cojiepaHue KeJsle3a yka3aHo B popme FeO; uHAekc rivHo3e-
mucrtocTH - Al203/(Ca0+K20+Naz0) (Mos1. %) [Maniar, Piccoli, 1989]. AHanu3 cofep>kaHUs IeTPOreHHbIX 3J1eMEHTOB BbINOJHEH METOA0M
«MOKpoi» xumMuu (aHanutuk - H.H. YxoBa, U3K CO PAH, r. UpkyTck) u MmeTogoM PDPA Ha ycraHoBKe CPM-25 (ananutuk - A.Jl. Kupees,

UT'M um. B.C. Co6os1eBa CO PAH, r. HoBocu6upck).

scatter diagrams, granite is characterized by a sharp
domination of light REE over heavy REE: (La/Yb)n=
=7.42-13.10. A Eu anomaly is absent (Eu/Eu*=0.96-
1.06). Multi-element spectra show negative slopes,
LILE enrichment, and low contents of HFSE. Sharp
minimums are noted for Ti and Nb (Table 2, and
Fig. 10).

The melanocratic composite dykes located on Erzin
Site are composed of diorite and quartz diorite (see
Table 1, and Fig. 9). The REE scatter shows a sloping
negative spectrum and a high content of REE (381 g/t),
and a Eu anomaly is absent (Eu/Eu*=0.94-1.17). There
is an insignificant domination of light REE over heavy

REE: (La/Yb)n=4.62-7.99. In spider diagrams, mini-
mums are noted for Ti and Nb (Table 2, and Fig. 10).

6. CORRELATION BETWEEN COMPOSITIONS OF COMPOSITE
DYKES AND IGNEOUS COMPLEXES OF WEST SANGILEN

In West Sangilen, the largest basic-rock massifs are
Bashkymugur, Erzin and Bayankol (490-460 Ma) that
are composed of gabbro-monzodiorite originating from
source magmas of similar compositions, as suggested
by results of mineralogical, petrographical and petro-
chemical studies of the basic rocks [Shelepaev, 2006].
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T able 2.Contents of petrogenic elements (wt %), rare and rare-earth elements (g/t) in representative samples of
basic rocks and granite from mingling dykes of West Sangilen

Ta6numna 2. Cosep:kaHHs NIeTPOTreHHBIX 3/IEMEHTOB (Mac. %), peAKHUX U peJKo3eMeJbHbIX 3JIEMEHTOB (r/T)
B NIpe/ CTaBUTEbHBIX MP06ax 6a3MTOB M TPAaHUTOB M3 MUHIJIMHT-AaeK 3anajHoro CaHTrujieHa

Component Rocks of mingling dykes on Strelka Site Rocks of mingling dykes on Erzin Site

Mafic dykes Salic dykes Mafic dykes Salic dykes

7-158-2  7-192-3 7-159  7-160 7-163-2 7-149-3  7-153-1 7-153-2 BC-402  7-149 7-150
Si02 52.24 51.25 7324 6276 72.30 5711 45.48 46.05 48.45 7335 66.31
TiOz 0.79 1.23 0.20 0.93 0.22 1.12 1.64 1.93 1.83 0.18 0.78
Al203 15.91 16.36 14.01 1443 1321 16.00 15.40 15.68 16.69 14.01 15.86
Fe203* 7.69 9.82 1.54 7.37 1.77 8.07 12.17 12.38 11.41 2.05 4.34
MnO 0.11 0.18 0.01 0.06 0.01 0.12 0.15 0.16 0.17 0.03 0.11
MgO 6.24 5.66 0.22 2.26 0.55 3.84 7.66 7.05 6.05 0.38 1.00
Cao 9.44 7.59 1.35 3.24 1.19 5.61 9.36 10.00 8.41 1.71 2.63
Naz0 3.37 3.69 3.64 3.55 2.23 3.17 2.87 3.06 3.73 3.75 4.64
K20 1.53 1.75 4.96 3.40 6.65 2.27 1.05 0.88 1.39 4.08 3.63
P20s 0.17 0.32 0.05 0.32 0.05 0.33 0.27 0.27 0.42 0.07 0.25
Loss on ignition 2.12 2.09 0.38 1.47 0.66 2.22 1.81 1.84 1.67 0.22 0.71
(Lon
Total 100.24 99.63 99.83 99.96 98.96 99.57 99.58 99.87 99.80 99.98 100.20
Rb 47 50 117 111 145 61 19.1 11.6 28 70 77
Sr 657 497 179 263 506 525 439 459 619 308 438
Y 18.5 27 32 51 131 30 24 25 31 10 44
Ir 72 130 115 331 76 170 133 142 137 161 432
Nb 4.5 7.1 8.2 7.9 8.0 9.9 13.3 12.8 6.5 49 17.0
Cs 0.29 0.79 1.87 1.36 1.10 0.32 1.11 0.54 0.25 1.44 1.54
Ba 156 369 901 1029 1141 601 173 181 505 1077 1262
La 15.9 19.2 35 46 27 31 13.3 13.8 26 24 43
Ce 35 43 67 93 45 63 29 31 57 41 91
Pr 4.9 6.2 7.8 13.8 4.9 8.6 43 45 85 5.0 12.8
Nd 19.8 25 27 55 16.1 32 17.9 19.5 34 16.2 48
Sm 4.0 4.9 4.7 11.5 2.5 5.9 4.2 45 6.6 2.4 9.6
Eu 1.46 1.90 0.84 2.3 0.50 1.85 1.59 1.67 2.6 0.71 3.2
Gd 3.6 5.1 43 11.1 2.3 5.9 45 49 6.9 1.99 8.5
Tb 0.53 0.75 0.73 1.61 0.35 0.86 0.67 0.73 0.92 0.30 0.86
Dy 2.8 4.3 4.2 8.4 2.0 4.6 3.9 4.1 5.2 1.38 6.6
Ho 0.54 0.83 0.89 1.61 0.40 091 0.78 0.81 0.97 0.28 1.34
Er 1.59 2.3 2.8 4.5 1.15 2.6 2.1 2.2 2.8 0.92 3.9
Tm 0.24 0.35 0.46 0.62 0.18 0.40 0.30 0.32 0.41 0.18 0.62
Yb 1.59 2.2 2.8 3.6 1.15 2.6 1.94 1.99 2.5 1.21 3.9
Lu 0.24 0.35 0.42 0.51 0.18 0.40 0.28 0.30 0.37 0.19 0.59
Hf 2.2 3.2 3.9 8.4 2.5 4.5 33 3.5 3.2 4.2 9.5
Ta 0.38 0.43 0.92 0.38 0.80 0.73 0.78 0.78 0.32 0.43 1.10
Th 2.8 3.0 19.5 3.0 16.4 7.9 1.08 1.17 1.17 7.6 9.0
U 1.37 1.32 2.7 0.78 0.83 3.4 0.36 0.33 0.63 0.99 3.6

N o t e. Fe203* - total Fe in Fe203. Contents of petrogenic elements (wt %) were analysed by the 'wet' chemical method (Assayer N.N. Ukho-
va, IEC SB RAS, Irkutsk). Contents of rare elements (g/t) were analysed by the ICP-MS method (Assayer L.V. Nikolaeva, V.S. Sobolev IGM SB

RAS, Novosibirsk).

[Ipumeuanue. Fez03* - cymmapHoe eJsie30 B dopMe Fe203. AHanu3 cofiepkaHUs] MeTPOreHHbIX 3/IEMEHTOB BbINOJHEH METOJ0M
«MOKpoi» xuMuM (aHanuTuK — H.H. YxoBa, U3K CO PAH, r. UpkyTck), cofep:kaHHue KOMIIOHEHTOB NPUBeJieHO B Mac. %. AHa/IM3bl PeAKUX
3JIeMEHTOB BbINOHEHbl MeToJoM ICP-MS (aHanutuk W.B. HukosaeBa, UM um. B.C. Co6osieBa CO PAH, r. HoBocubupck), comepaHue

KOMIIOHEHTOB IIpUBE1€HO B I‘/T.

It is assumed that the source magma corresponds by its
composition to olivine basalt or olivine gabbronorite
[Egorova, 2005] (see Table 1 and Fig. 9).

The mingling dykes located on Erzin and Strelka
Sites have similar compositions of the basic rocks
which differ from the source magma composition by

contents of TiO2 and MgO. An insignificant difference is
noted between contents of alkalies in the source melt
and in the basic rocks from the dykes. The REE scatter
diagrams and the spider diagrams (see Fig. 10) show
similar spectra and similar absolute values. Minimums
are noted for Nb, Th, Hf, and Ti.
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Fig. 10. REE scatter diagrams and spider diagrams for basic rocks and granite from mingling dykes and magmatic comp-
lexes of West Sangilen.

Basic rocks: 7-158-2, 7-192-3 - Strelka Site; 7-149-3, 7-153-1, 7-153-2, and BC-402 - Erzin Site; area in grey - olivine gabbronorite of the
Bashkymugur massif [Egorova, 2005]. Granite: 7-189-1 - host granite on Strelka Site; 7-159, 7-160, and 7-163-2 - Strelka Site; 7-149, and
7-150 - Erzin Site; area in orange - host parautochtonous granite on Erzin Site [Karmysheva, 2012]. The REE contents are normalized to CI
contents in chondrite [Boynton, 1983]. In the spider diagrams, normalization is done to CI contents in the primitive mantle [Taylor,
McLennan, 1985].

Puc. 10. CriekTpsl pacupezesnenuss P33 u crnaitaep-guarpaMmsl s 6a3UTOB U IPAaHUTOB MHUHIJIMHT-JaeK U MarMaTuye-
CKUX KOMILIEKCOB 3anazHoro CaHru/aeHa.

BasuTtsl: 7-158-2, 7-192-3 - yyactok «CTpesika»; 7-149-3, 7-153-1, 7-153-2, BC-402 - y4acTOK «IP3UHCKUN»; cepoe MoJie — OJIMBUHOBBIHI
ra66poHoput BamkeiMyrypckoro maccuBa [Egorova, 2005]. I'panutbl: 7-189-1 - BMemjaromue rpaHUTOHbl Ha y4acTke «CTpesika;
7-159, 7-160, 7-163-2 - yuactok «Ctpesnka»; 7-149, 7-150 - y4acTok «Ip3UHCKUK»; OpaHKeBOe I0Jie — NapaaBTOXTOHHbIE BMeIlalolre
IrpaHUTHl Ha y4yacTkKe «Ip3uHCcKui» [Karmysheva, 2012]. Conepxanuss P33 HopMupoOBaHBI 110 cofepxaHuto B xoHapute Cl [Boynton,

Considering the similarity of the petrochemical
composition of the basic rocks from the mingling dykes
and the composition of the source basic rocks, it can be
suggested that the mafic dykes originated from the
same upper mantle or intruded from the same magma
chamber as the large gabbro-monzodiorite massifs of
West Sangilen. Figure 9 shows an insignificant differ-
ence between compositions of the basic rocks of the
mingling dykes located on the different sites. The com-

1983]. Ha ciaiizep-auarpaMMax coZiepkKaHusi HOpMUPOBAHBI K TAKOBBIM B TPUMUTHUBHOUN MaHTuH [Taylor, McLennan, 1985].

position of the basic rocks from the dykes on Strelka
Site are closer to the composition of the source basic-
rock melt, while the basic rocks from the dykes on Er-
zin Site are more felsic, which may suggest hybridiza-
tion with either host rocks or granite of the dykes
proper.

In samples from the different sites, compositions of
granite from the mingling dykes are practically similar,
with insignificantly different contents of potassium.



The Nizhneerzin massif (486+10 Ma - Rb-Sr) [Pe-
trova, 2001]; 491.6+9.5 Ma - U-Pb [Kozakov et al,
1999]) is composed of porphyric granosyenite (see
Fig. 9). Lines in the REE scatter diagrams and the multi-
element spectra of granite from the mingling dykes on
Strelka Site and the host porphyric granite from the
Nizhneerzin massif are practically coincident. Mini-
mums are noted for Nb, Sr, and Ti. A noticeable differ-
ence is the lacking Eu minimum in granite from the
Nizhneerzin massif, while the Eu minimum is ex-
pressed in granite of the composite dykes, and the Zr
maximum is evident in the host rocks (see Fig. 10).

On Erzin Site, parautochthonous granite of the Erzin
complex (which is the host rock for the composite
dykes) is represented by peraluminous, medium-fine-
grained, poorly foliated, garnet-containing biotite gran-
ite [Karmysheva, 2012]. In the REE scatter diagrams
and the spider diagrams, the spectra of the host granite
and granite from the mingling dykes are coincident,
and typical minimums for Nb and Ti and maximums for
K and Zr are noted (see Fig. 10).

7. DISCUSSION OF RESULTS

Based on the available geological data, the compo-
site/mingling dykes of West Sangilen are classified into
two types. Their textures are studied at the macro- and
micro-levels, and the petrochemical characteristics are
subject to comparative analyses. Results of our studies
give grounds to conclude that specific features of the
mingling dykes are predetermined by geological set-
tings of their formation, depths and duration of tecton-
ic and magmatic processes.

Composite dykes in the area between the Erzin and
Naryn (Strelka Site). By its texture, granite from the
mingling dykes located on Strelka Site does not differ
much from the host porphyric granite from the Nizh-
neerzin massif containing the rocks that are either not
deformed or show rare traces of flow in the fine-
grained rock samples. In felsic composite dykes, traces
of deformation are absent, while indicators of recrys-
tallization of K-Na feldspar, plagioclase, quartz and bio-
tite are present.

The model proposed in [Huppert, Sparks, 1988] can
provide an explanation of the similarity between the
petrochemical compositions of granite from the Nizh-
neerzin massif and granite from the mingling dykes
[Vasyukova et al, 2008]. According to the above-
mentioned model, the host granite is partially melted
due to the intrusion of the basic rocks which leads to
mechanical mixing of the melts contrasting in compo-
sition and rheologial properties. Consequently, the
chemical composition is inherited, and specific ming-
ling textures and structures, such as reticulate-cuspate
structures and round-shaped basic-rock bodies cut by
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thin veins of granite, are formed. Using the model, it is
possible to explain specific petrogeochemical proper-
ties of the composite dykes and the local reomorphism
of granite in the Nizhneerzin massif, which took place
when the basic rocks intruded into granite. However,
the model fails to explain the tectonic position of the
composite dykes on Strelka Site.

The intrusion of granite of the Nizhneerzin massif
took place at the post-collisional stage of the orogen's
evolution in conditions when the compression regime
was replaced by the extension regime (480-490 Ma)
[Vladimirov et al, 2005]. As of the time of the Nizhne-
erzin massif emplacement, the crust was locally
disturbed and thinned due to developing extension of
the Erzin metamorphic block along the Erzin and Kok-
molgarga shear faults, and the basic-rock melts were
uplifted and intruded into the extension zones.

As of the time of the basic-rock intrusions, granite of
the Nizhneerzin massif was only partially consolidated,
as evidenced by structures and textures of the compo-
site dykes, such as non-linear 'patchy’ outlets of the
mingling dykes in the massif's body, their vague con-
tacts with the host granite, lacking indicators of defor-
mation, the presence of zones with mixed basic rocks
and granite, and diffusional smoothing of the composi-
tions in high-temperature conditions.

The absence of active penetrating tectonic defor-
mation is also evidenced by the similar petrochemical
compositions and similar scatter of LILE and HFSE in
the host granite and granite of the mingling dykes, i.e.
melting and recrystallization of the source granite took
place practically in a closed system.

It is most likely that the dykes were formed at
mesoabyssal or abyssal depths, and the subliquidus
heat regime was thus maintained for a long time, and
even the smallest portions of the basic-rock melt were
consolidated through quite a long period of time. Indi-
cators of deformation are thus absent in the composite
dykes, and transition zones and hybridization are ob-
served.

The composite dykes on the right bank of the Erzin
river (Erzin Site) were formed in the period of active
extension of the Sangilen fragment of the orogen which
took place along the systems of shear zones (460-430
Ma) [Vladimirov et al, 2005] and was accompanied by
the intrusion of the Bashkymugur gabbro-monzodio-
rite massif (464.6+£5.7 Ma - U-Pb [Kozakov et al, 1999],
465+1.2 Ma - Ar-Ar [Izokh et al, 2001], 464+5 Ma - Rb-
Sr [Petrova, 2001]). In the same period, the Erzin shear
zone was active; later on, its integrity was disturbed by
fractures, faults and veins, and it was fragmented [Via-
dimirov et al, 2005]. The occurrence of conjugated fault
systems facilitated the formation of local extension
zones, provided favourable conditions for intrusions of
felsic melts and basic-rock melts and predetermined
positions of the composite dykes.



.V. Karmysheva et al.: Tectonic position of mingling dykes in accretion-collision system...

Our assumption that the dykes intruded and em-
placed in conditions of the tectonically active zone is
supported by many indicators, including positions of
the composite dykes in the Erzin shear zone, abrupt
transversal contacts with the host rocks, pegmatoids
in the decompression zones, the presence of oxygon
xenoliths in the composite dykes etc. Besides, due to
low temperatures, the main melts were efficiently
chilled and consolidated, as evidenced by textures of
the mingling dykes which show contrasting contacts
with both the host rocks and between the basic rocks
and granite, lacking zones of hybridization, the pre-
sence of chill zones and indicators of recrystallization
of the minerals.

The observed difference between the basic rocks in
the first group of mingling dykes from the source com-
position of the basic rocks in West Sangilen may sug-
gest potential contamination and/or differentiation of
the mafic melt during its assent to the upper crustal
layers.

Our model showing the intrusion of the melts of
contrasting compositions on Erzin Site in the same-
name shear zone takes into account the structural and
textural characteristics of the rocks, positions of fine-
grained granites (mainly in the marginal parts of the
mingling dykes), melting of granites (evidenced by the
thin rock samples), and petrochemical compositions of
the rock samples.

The composite dykes of this type intruded and
emplaced when the shear zone was subject to exten-
sion and fragmentation, which predetermined active
intrusion of basic and, possibly, felsic melts through
conjugated faults and rapid crystallization of the melts.
Crystallization of the melts was rapid, and their poten-
tial heat impact on the adjoining rocks was thus ex-
cluded, as evidenced by the presence of oxygonal chips
of igneous and host metamorphic rocks, vein pegma-
toid intrusions, and composite dykes of the reticulate-
cuspate texture with the dominating basic rock com-
ponent.

8. MAIN CONCLUSIONS

Two groups of mingling dykes are distinguished in
the Sangilen upland. The dykes in both groups origi-
nated from one and the same basic melt source. How-
ever, mingling of the contrasting melts was carried out
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METASOMATIC AND MAGMATIC PROCESSES IN THE MANTLE LITHOSPHERE
OF THE BIREKTE TERRAIN OF THE SIBERIAN CRATON AND THEIR EFFECT
ON THE LITHOSPHERE EVOLUTION

L. V. Solov’eval, T. V. Kalashnikova?, S.I. Kostrovitsky?,
A.V.Ivanov?, S. S. Matsuk3, L. F. Suvorova?2

1 [nstitute of the Earth’s Crust, Siberian Branch of RAS, Irkutsk, Russia

Z A.P. Vinogradov Institute of Geochemistry, Siberian Branch of RAS, Irkutsk, Russia

3 M.P. Semenenko Institute of Geochemistry, Mineralogy and Ore Formation,
National Academy of Sciences of Ukraine, Kiev, Ukraine

Abstract: The area of studies covers the north-eastern part of the Siberian craton (the Birekte terrain), Russia. The
influence of metasomatic and magmatic processes on the mantle lithosphere is studied based on results of analyses of
phlogopite- and phlogopite-amphibole-containing deep-seated xenoliths from kimberlites of the Kuoika field. In the
kimberlitic pipes, deep-seated xenoliths with mantle phlogopite- and phlogopite-amphibole mineralization are deve-
loped in two genetically different rock series: magnesian (Mg) pyroxenite-peridotite series (with magnesian composi-
tion of rocks and minerals) and phlogopite-ilmenite (Phl-Ilm) hyperbasite series (with ferrous types of rocks and
minerals). This paper is focused on issues of petrography and mineralogy of the xenoliths and describes the evidence
of metasomatic / magmatic genesis of phlogopite and amphibole. We report here the first data set of 40Ar/3%Ar age
determinations for phlogopite from the rocks of the magnesian pyroxenite-peridotite series and the ferrous Phl-Ilm
hyperbasite series.

The Mg series is represented by a continuous transition of rocks from Sp, Sp-Grt, Grt clinopyroxenite and ortopy-
roxenite to websterite and lherzolite. Many researchers consider it as a layered intrusion in the mantle [Ukhanov et al.,
1988; Solov’eva et al, 1994]. The mantle metasomatic phlogopite and amphibole are revealed in all petrographic types
of the rocks in this series and compose transverse veins and irregular patchs at grain boundaries of primary minerals.
At contacts of xenolith and its host kimberlite, grains of phlogopite and amphibole are often cut off, which gives an
evidence of the development of metasomatic phlogopite-amphibole mineralization in the rocks before its’ entraiment
into the kimberlite. In the xenoliths with exsolution pyroxene megacrystalls, comprising parallel plates of clino- and
orthopyroxene * garnet * spinel (former high-temperature pigeonite [Solov’eva et al., 1994]), the metasomatic phlo-
gopite-amphibole aggregate mainly replace laminar intergrowths of one of pyroxenes and garnet and also develops in
the re-crystallized fine-grained rock matrix. This suggests a considerable period of time between the crystallization of
rocks of the pyroxenite-peridotite series and the development of phlogopite-amphibole metasomatism.

The Phl-Ilm hyperbasites comprise a complex association of parageneses represented by garnet- and garnetless
pyroxenites, websterites, olivine websterites, orthopyroxenites, lherzolites and olivinites. A specific feature of this
series is high contents of K, Ti and Fe in the rocks and minerals. The content of phlogopite is widely variable, from a
few percent to 40-80 %. The content of ilmenite ranges from a few percent to 15 %, rarely to 30-40 %. Mica and il-
menite contents sharply decrease in garnetized xenolithes, where these two minerals, as soon as olivine and pyro-
xenes are replaced by garnet.

Euhedral, subhedral, sideronitic and porphyraceous structures in garnetless xenoliths suggest the primary mag-
matic genesis of the rocks. In the series of Phl-Ilm hyperbasites, a special type of parageneses is represented by
strongly deformed phlogopite-amphibole rocks with newly-formed chromite and relict resorbed ilmenite and clino-
pyroxene. Phl-Ilm rock series is also characterized by a variety of autometasomatic and metasomatic reaction struc-
tures. Garnet and phlogopite develop nearly simultaneously at the sub-solidus stage: garnet develops due to cooling of
the primary magmatic rocks, and phlogopite develops under the influence of residual rich in potassium and volatiles
fluids - melts. Phlogopite in the rocks of the Phl-Ilm series form porphyraceous plates, late intergranular xenomorphic
grains, porphyroblasts of the solidus stage and strongly deformed irregular plates in the phlogopite-amphibole rocks.
Amphibole occurs in garnetless parageneses and deformed phlogopite-amphibole rocks in amounts of a few percent
and up to 40-50%, respectively. Petrographically, the differentiated series of phlogopite-ilmenite hyperbasites be-
longs to mantle magmatites, except for younger deformed phlogopite-amphibole rocks from zones of deep faults.
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Unlike corresponding minerals in the Mg pyroxenite-peridotite series, minerals from the Phl-Ilm hyperbasites are
characterized by lower magnesium index (Mg#), considerably higher contents of TiO: and FeO, and lower contents of
Cr20s3 (Table). In diagrams Mg# - TiO2 and Mg# - Cr203, metasomatic phlogopite points from Mg series rocks are
significantly distant from points of mica from the phlogopite-ilmenite parageneses (Fig. 24). In the parageneses of the
Mg pyroxenite-peridotite series, phlogopite plates have homogenous compositions in contrast to zonal phlogopite in
the Phl-Ilm hyperbasites. In Phl-Amph metasomatites of the Mg series, amphibole is represented by typical pargasite,
and its chemical composition is sharply different from that of K-richterite from the deformed phlogopite-amphibole
rocks of the series of the Phl-Ilm hyperbasites (Table).

The 40Ar/3%Ar age in the range from 1640 to 1800 Ma (Fig. 25) is determined for phlogopite from the metasomatic
phlogopite-amphibole veinlets and intergranular reaction patches in the garnet olivine websterite of the Mg series.
For mica from the garnetless Phl-Ilm websterites, ages are 869 and 851 Ma (Fig. 25). Mica from the garnet-containing
Phl-Ilm lherzolites is much younger (608 and 495 Ma). The age of mica from the deformed phlogopite-amphibole rock
is 167 Ma, which is close to the age of kimberlites of the Kuoika field.

Metasomatic phlogopite (1640-1800 Ma) originated somewhat later than the Birekte terrain accretion to the Si-
berian craton (1.8-1.9 Ga) [Rosen, 2003], and its age determination may be explained by a partial loss of 40Ar in the
analysed medium. This age is also close to the late episode when the crust was formed in the Birekte block 1.8-2.1 Ga
ago [Nasdala et al., 2014], and corresponds to the time when radiogenic osmium was supplied into the mantle litho-
sphere from the subduction zone (1.7-2.2 Ga, according to [Pernet et al., 2015]). In analyses of minerals in the pyroxe-
nite-peridotite series from the Obnazhennaya pipe, data on the oxygen isotope geochemistry give evidence of an an-
cient subduction component (Fig. 26). It can be thus assumed that in the mantle lithosphere of the Birekte terrain,
phlogopite-amphibole metasomatism took place due to fluids-melts ascending from the subduction zone about 1.8 Ga
ago and correlates to the accretion of this block to the Siberian craton. The complex magmatic series of Phl-Ilm rocks
formed later than the Mg pyroxenite-peridotite series. The more ancient ages of phlogopite (869-851 Ma) from Phl-
IIm hyperbasites are somewhat higher than the most ancient dating of alkaline ultrabasic-carbonatite Tomtor massif
(800 Ga, according to [Entin et al., 1990]) and the time when the breakup of Rodinia began (825 Ga, according to [Li et
al,, 2008]). The difference may be explained by an advance occurrence of high-potassium, titanian, ferrous magmatites
in the mantle lithosphere of the Birekte block as compared to their appearance on the surface. Phlogopite from xeno-
liths with subsolidus garnetization is significantly younger in age (500-600 Ma), may be, due to a loss of radiogenic
argon caused by mica replacement. H20, K, Ba, F and Cl were abundantly released during the replacement and sup-
plied into the upper layers of the crust and mantle. The mantle high-potassium and high titanian Phl-Ilm series seems
comagmatic with the surficial potassium ultramafites and mafites of the Siberian Platform and associated with the
earlier episode of the Rodinia breakup.

Key words: Siberian craton, Birekte terrain, lithosphere mantle, mantle xenolith, magmatism, mantle metasomatism,
magnesian pyroxenite-peridotite series, ferrous Phl-Ilm hyperbasite series.
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METACOMATHUYECKUE H MATMATHYECKHUE MMPOIIECCHI B MAHTUHAHOM
JIATOC®EPE BUPEKTUHCKOI'O TEPPEMHA CUBUPCKOI'O KPATOHA U
HX BJIMAHUE HA 3BOJIIOLIHIO IMTOCPEPDI

JI. B. ConoBbeBal, T.B. Kanamnukosa?, C. U. KoctpoBunkmiiz,
A. B. UBanoBl, C. C. Mamok3, JI. ®. CyBopoBa2

1 Uhcmumym 3emHoli kopwul CO PAH, Hpkymck, Poccus

2 HHcmumym z2eoxumuu um. A.Il. Bunozpadosa CO PAH, Hpkymck, Poccus

3 HHcmumym 2eoxumuu, MuHepaaoz2uu u pydoobpasoearus um. M.I1. CemeHeHKko
HAH Ykpaunwl, Kues, YkpauHa

AHHoTanusa: BBejgeHue. BiMsHUe MpoLeccoB MaHTUHHOrO MeTacoMaTH3Ma M MarMaTH3Ma Ha 3BOJIIOLUIO JIMTO-
cpepHOIl MaHTUM B CEBEPO-BOCTOYHOM BUpeKTHHCKOM TeppelHe CUGHPCKOro KpaToHA PacCMOTPEHO HA IIpUMepe
dusioronut- u psioronuT-aMmPub0ICOEPKALIUX ITTYOUHHBIX KCEHOJIUTOB U3 KUMGepuToB Kyolikckoro noJs (puc. 1).
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['1y6GHUHHBIE KCEHOJUTBI C MAHTUUHOH GJ1oronuToBod U ¢ioronut-aMmPpru6010BOH MUHepaIM3aLueld B KUMOEPJIUTO-
BbIX TPYOKax I0JIs1 pa3BUTHI B BYX F€HETUYECKH PA3HbIX CEPUSIX [TOPOJ: MarHe3uanbHOH (Mg) NUPOKCEHUT-NEepH-
JOTUTOBOM (C MarHesuaJibHbIM COCTAaBOM MOPOJ U MUHEPAJIOB) U B cepuu GpJIOronuT- uibMeHUTOBbIX (Phl-1lm) ru-
nep6a3uToB (C KeJe3UCThIM THUIIOM N10POJ, U MUHEpaJIOB). B HacTosLiell paGoTe yzaesnsieTcs 60Jblioe BHUMAaHKe NET-
porpaduu U MUHEpPaJIOTrUi KCEHOJUTOB C MAaHTUHHOU ¢J10ronuToBOM U duioronut-aMm¢epr6010BOM MUHEPATIU3ALUEH,
Y IPUBOJSITCS HOBBIE AaHHbIe N0 40Ar/39Ar Bo3pacTy ¢Jioronura.

MeToap!l ucciaegoBanuil. dioronut- u ¢pyoronut-amPpudoaICOAepKaLle MapareHe3nucbl KCEHOJUTOB ObLIH Jie-
TaJIbHO U3y4YeHbl B 00pa3lax U mindax. 3epHa MUHEPaIoB ObLIM POAHATU3UPOBAHbI HA COJlePXKaHHUsl IJIaBHBIX OK-
CH/I0B HAa PEHTTeHOBCKOM 3JIEKTPOHHO-30HJ0BOM MUKpoaHanu3saTtope JXA-8200 B UHcTuTyTe reoxumuu um. A.Il. Bu-
HorpagzoBa CO PAH (r. UpkyTck). AHa/IM3 U30TOMHOTO COCTaBa KUCJ0PO/JA B rpaHaTe BBINOJHEH B aHAJIUTUYECKOM
uentpe IBI'U IBO PAH (r. BraguBocTok) Ha Macc-ciekTpoMeTpe Finnigan MAT 252, [Ignatiev, Velivetskaya, 2004].
OnpegeneHde Bo3pacTta ¢uoronurta 49Ar/39Ar MeTozoM npousBeseHo B UHcTUuTyTe 3eMHoM kopbl CO PAH (r. Up-
KYTCK) C UCI0JIb30BaHUEM MYJIbTUKOJIJIEKTOPHOTr0 Macc-crekTpomeTpa Argus VI

Ierporpadus u MuHepasiorusa. MarHe3suanbHas (Mg) cepusi npeJCTaBjeHa HENPEPLIBHBIM NEPEX00M IIOPOJ
ot Sp, Sp-Grt, Grt KJIMHONMUPOKCEHUTOB, OPTONHMPOKCEHUTOB K BeGCTepHUTAM, OJIMBUHOBLIM BeGCTEPUTAM U JIePLOJIU-
TaM U paccMaTpUBaeTCs PsLOM HCCaeLoBaTesell KaK pacciaoeHHas WHTPYy3us B MaHTUU [Ukhanov et al, 1988;
Solov’eva et al, 1994]. ManTHtHas MeTacoMaTHdeckast GpJoronuT-aMmPpu600Basi MUHepaIU3allusa NPOsiBJIeHa BO BCeX
netporpaduyeckux TUIax MOPoJ CEPUU U Pa3BUTa B BUJEe CEKYILUX NPOXKU/IKOB U HelPaBUJIbHBIX Y4aCTKOB IO rpa-
HHLAM 3epeH NMepBUYHBIX MUHepaJoB (puc. 4, 5). B KceHomMTax ¢ MerakpucTa/uIaMH MUPOKCEHOB, COCTOSIIINX U3
napaJiie/IbHbIX IJIACTUHOK KJIMHO- U OPTONMPOKCEHA * rpaHaTa + MNUHeJ U (CTPYKTYpPhI pacnaja BbICOKOTeMIIepa-
TypHOTO MKOHUTA [Solov’eva et al, 1994]), MeTacomaTuiecku ¢uoronuT-aMPuO0JOBLINA arperaT pa3BUBaeTCs
NPENMYILIeCTBEHHO MO MJACTUHYATBIM BPOCTKAM OJHOTO M3 MHPOKCEHOB W IpaHaTa U B NePEKPUCTA/IN30BAaHHOM
MeJIKO3epHHUCTON MaTpHLe MopoJ. ITO YKa3bIBaeT HAa 3HAYUTEIbHBIA HHTEPBAJ BpeMeH! MeX/Ay KpHCTalIn3anyen
NOPOJ, MHPOKCEHUT-NEPUOTUTOBOM CeprH U pa3BUTHeEM dioronut-aMm$pr600BOro MeTacoMaTH3Ma.

Phl-Ilm runep6asuTe! Takke 06pa3yoT CJIOXKHYIO acCOLMALMIO TapareHe3ucoB, npejcraBaeHHbix Phl-Ilm rpana-
TOBBIMU M 0€3rpaHATOBBIMH NHPOKCEHUTAMH, BeOCTEPUTAMH, OJIMBUHOBBIMU BeOCTEPUTAMH, OPTOIUPOKCEHUTAMH,
JIEPIOJIUTAMU U OJIUBHUHUTAMH. XapaKTepPHOW 0COGEHHOCThIO CEPUU SBJSAIOTCSA BbicOKUe cofiepkanus K, Ti, Fe B mo-
poJaax u MuHepaJsax. ComepkaHue GJIOronUTa B MOPOAaX LIMPOKO BapbUPYETCs — OT NEPBBIX NMPoLeHTOB A0 40-80 %,
WJIbMEHUTA — OT NepBbIX A0 15 %, pexxe 1o 30-40 %. KosimyecTBO C/I10/ibI M MJIbMEHUTA PE3KO YMEHbIIAeTCs B Ipa-
HaTHU3UPOBAaHHBIX KCEHOJIUTAX, B KOTOPBIX 'PaHAT MHTEHCHBHO 3aMelaeT 3TH MUHepaJIbl, a TAKXe NIepBUYHBIE CH-
nvKaThl. [laHHgMOMOpPPHO3EpHHUCTEIE, TUITUAHOMOPPHO3EPHUCTDIE, CUAEPOHUTOBBIE U TOPPUPOBUHBIE CTPYKTYPhI
B HErpaHAaTU3MPOBAHHBIX KCEHOJIMTAX YKA3bIBAIOT HAa NMEePBUYHBIA MarMaTU4YecKuil reHe3uc nopoj. [us nopon ce-
pHUU XapaKTePHO TaKXXe Pa3HO0Opa3ue aBTOMETaCOMAaTUYECKUX U MeTAaCOMAaTHYECKUX CTPYKTYp. ['paHat u ¢Jioronut
pa3BUBAIOTCS HAa CyOCOJIM/YCHOM 3Tarne 6JIM3K0 0OJHOBPEMEHHO: NTePBbIH 3a CYET OXJIAXKAEHUs [IePBUYHBIX MarMaTH-
yeckux nopoj (puc. 11, 12, 14), a BTOpoii npu Bo3JeHCTBUM Ha HUX OCTATOYHBIX QJIIOMA0B-PACIIABOB, 06OralleH-
HBIX KasineM U JieTyduMH (puc. 8). Oco6biil Tun napareHe3suncoB B cepurt Phl-Ilm runep6a3uToB npesCcTaBasiioT CUIIb-
HO AedpopMHUpOBaHHbIe GJIOronuT-aM¢pU60/I0BbIE TOPOJEl C HOBOOGPA30BAHHBIM XPOMHUTOM U C PEJIMKTOBBIMU pe-
30p6UPOBAHHBIMU WJIBMEHUTOM M KJIHMHONUpOKceHOM (puc. 21-23). lubdepeHurpoBaHHas cepust GpJOTONUT-UIb-
MEHHUTOBBIX IMIep6a3UTOB M0 NeTporpadpuyecKuM NprU3HAKaM OTHOCUTCA K MAHTHHHBIM MarMaTHTaM, 3a UCKJII0Ye-
HUeM GoJiee MO3AHUX JeOPMUPOBAHHLIX GpJIOronUT-aMPpr60I0BBIX HOPOJ U3 30H IVTyGUHHBIX PAa3JIOMOB.

B oT/in4YMe OT COOTBETCTBYIOIIUX MUHEPaIOB Mg NUPOKCEHUT-TNIePUJOTUTOBON cepuu, MUHepasbl U3 Phl-Ilm ru-
nep6asuTOB UMEIOT 3HAYUTEbHO MEHBIIYI0 MarHe3uanbHOCTh (Mg#) U cofepkaT cyuecTBeHHO 6osblie TiOz, FeO u
MeHb1e Crz03 (Tabsanna). Touku MeTacoMaTH4eCKUX GJIOronuTOB U3 Mopos Mg cepuu Ha fuarpammax Mg# - TiO2 u
Mg# - Cr203 cyliecTBEeHHO OT/eJIEHbI OT MOJIA TOYEK CJII0J U3 GJIOrONUT-UIbMEHUTOBBIX NapareHe3ucoB (puc. 24).
Amoubos, npeacrasaeHHbii B Phl-Amph MeTacomatuTax Mg cepyy TUIMYHBIM NAPracUTOM 10 XUMUYECKOMY COCTa-
By pe3ko oTsinyaetcs oT K-puxrepura u3 psedopMupoBaHHBIX ¢uioronut-aMm$prb6osoBeix nopos cepuu Phl-Ilm ru-
nep6a3uToB (TabsuIa).

40Ar/39Ar gaTMpoBaHUe CAWABL 40Ar/39Ar Bo3pacT ¢Jioronuta U3 MeTacOMaTHYECKUX QJIOTOMUT-aMpu60JI0-
BbIX NPOXKUJIKOB M MeX3epPHOBBIX PeaKLHOHHbIX 060c06/IeHUH B IPAaHATOBOM OJIMBUHOBOM BebGcTepute Mg cepuu
BapbupyeTcs B npezesnax 1640-1800 muH Jet (puc. 25). Citogbl u3 HerpaHaTu3upoBaHHbIX Phl-Ilm Be6GcTepuToB
nokasaJsid Bo3pacT 869 u 851 muH JieT (puc. 25). B rpaHaTusupoBaHsbix Phl-Ilm seprjosmrax Bo3pacT ciroj, 3HaYU-
TeJibHO MeHble (608 u 495 muH JieT). Citoa U3 AebopMHUpOBaHHOU (uioronuT-aMPH60JI0BON MOPOAbI MOKa3aaa
BO3pacT 167 MJIH JieT, 6JIU3KHUH Bo3pacTy KUM6epiuToB Kyoiikckoro moJis.

Jluckyccusi U pe3ysbTaThl. Bo3pact MeTacomaTudeckoro ¢soronura (1640-1800 MJIH JIeT) HECKOJIBKO HIKe
BO3pacTa npucoejuHeHus1 bupektuHckoro TeppeiiHa k Cubupckomy kpatony (1.8-1.9 mutH et [Rosen, 2003]), 4To,
BO3MO’KHO, 06'bsSICHSIETCS YaCTUYHOH noTepei 40Ar B aHa/iM3upyeMoi catoze. C Apyroi CTOPOHBL, 3TO 3HaYeHUE GIU3-
KO UHTepBaJy Mo3JHero snusofa ¢popMupoBaHus Kopbl B bupektuHckoM 6Jioke 1.8-2.1 muppg et [Nasdala et al,
2014] v COOTBETCTBYET BpPEMEHH NPUBHOCA PAZMOTEHHOI0 OCMHS B MAaHTHUHHYIO JIUTOCHEPY W3 30HBI CYyOAYKLUU
(1.7-2.2 net [Pernet-Fisher et al, 2015]). 'eoxuMusi U30TONOB KUCJIOPOJA B MOPOJAAX NEPUJOTUT-TUPOKCEHUTOBOMN
cepuu u3 Tpy6ku OGHaXKEHHAs TAKXKE CBU/IETE/IBCTBYET O IPUCYTCTBUHU B HUX JIpeBHEN Cy6yKIIMOHHOW KOMIIOHEH-
Thl (pUc. 26). ITO NO3BOJISIET NPEANOJIOXKUTb, YTO MAHTUHHBIA dJioronuT-aMpu60J10BbI METACOMATU3M B JIUTO-
chepHOl MaHTHUM BUPEKTHHCKOro TeppeiiHa oCylecTBIsICS QJIIOUAAMH — PaclylaBaMH, MOCTYNaBIIMMH U3 30HBI
Cy6yKIMM TpUMepHO 1.8 MJIpA JeT Ha3a/, U COOTBETCTBYET 3MHU30/ly NPUCOEJUHEHUS 3TOro 610Ka K CUGHPCKOMY
KpaToHy.

CnoxxHast MarmMatuueckas cepus Phl-Ilm nopopg siBnsieTcst 60s1ee nos3HeH o cpaBHEHUIO ¢ Mg MMPOKCEHUT-TIEPH-
ZOoTUTOBOMU cepuel. [lpeBHUI Bo3pacT ¢uioronuta (869-851 muH Jiet) u3 Phl-Ilm runep6asuToB HECKOJIBKO NpPEBBI-
maetT HauboJsiee JpeBHHE AATHUPOBKH IEJOYHOrO YJbTPAOCHOBHOrO - Kap6oHaTHUTOBOro TOMTOPCKOro MaccuBa
(800 muiH neT [Entin et al, 1990]) u BpeMs Havyaja pacnaja cynepkoHTHHeHTa Poguuus (825 muH Jset [Li et al,
2008]). 3Ta pa3HULA MOXKET 6bITh 06'bSICHEHA ONEPEXKAIOIUM NPOsIBJIEHHEM BbICOKOKAIMEBBIX, TATAHUCTHIX, XKeJle-
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3UCTbIX MarMaTUTOB B MaHTUHHOM JiuTocdepe BupeKkTHHCKOro 6J10Ka 10 CPAaBHEHUIO C UX POsIBJIeHHEM Ha NTOBepX-
HOCTU. PJIOronuT U3 KCEHOJUTOB C Cy6CONHUAYCHON rpaHaTU3aLMell OKa3bIBaeT CyleCTBEHHO MeHblINe 3HaYeHHUs
Bo3pacTa (500-600 MJH J1eT), BepOsAITHO, U3-3a IOTEPH PaAUOreHHOT0 aproHa Mpy 3aMellleHUH CJ0/bl. DTOT IpoLecc
BBICBO6OX a1 6osblioe KoandecTBO H20, K, Ba, F u Cl, noctynaBimux B BepxHUe FOPU30HTHI KOPbl U MaHTUU. MaH-
TUIHasl BbICOKOKa/ueBas U BblcokoTUTaHUcTas Phl-Ilm cepus, no-BuanMoMy, KoMarMaTu4Ha MOBEPXHOCTHBIM Ka-
JIieBBIM yabTpaMaduTaM U MapuTaM Ha CubUpCcKoi naaTdopMe U CBsI3aHA C PAHHUM 3MIU30/0M PacKoJa CynepKoH-
TUHeHTa Poaunus.

I'maBHBIe BBIBOABL. 1. PaccMoTpeHHble ¢ioronuTcofepaliie cepud KCEHOJMTOB U3 KUMOGEpJUTOBBIX TPYOOK
Kyolikckoro noJsis nprHajiexaT K pa3HbIM FreHeTUYeCKUM 06pa30BaHUSAM U K pa3HbIM 3TanaM 3BOJIIOLUU JUTOChep-
HOW MaHTHUU BupekTuHckoro TeppeitHa. 2. Phl-Amph MeTacomaTusM pa3BuBaeTcsl 0 OPOJAAM CJ0KHOM MarHesu-
aJIbHOM MUPOKCEHUT-NEPUAOTUTOBOM CepUM KCEHOJUTOB, UMeeT reOXMMUYEeCKHe YepThl 30Hbl CYOAYKIMHU U Map-
KUpYyeT 3Tal, CBA3aHHBIM C NpucoefrMHeHWeM BUPEKTMHCKOro KOHTMHEHTaIbHOro 6j0ka kK CH6UPCKOMY KpaTOHY
~1.8-1.9 mapp sieT. 3. CinoxkHast xese3uctas cepus Phl-Ilm runep6asuToB OTHOCUTCS K TUIUYHBIM MaHTUUHBIM Ka-
JINEeBBIM YJIbTPAOCHOBHBIM — OCHOBHBIM MarmaTuTaM. Hayaso ¢popmupoBaHus mMarmatudeckoit cepuu Phl-Ilm ru-
nep6a3suToOB B MaHTUHHOM snTocdepe BrupekTuHckoro TepperHa (~869-851 MJIH JieT), BO3MOXHO, COOTBETCTBYET

caMOMy paHHeMy 3Tally pacnajia CynepKkoHTHHeHTa PoguHus.

KioueBble cinoBa: CubUpckuil KpaToH, BUpeKTHHCKNH TeppelH, muTocdepHas MaHTHs, MAHTHHHbBIE KCEHOJIUTBI,
MarmMaTusM, MaHTUHHbBIA MeTacoMaTH3M, MarHe3uasbHast TMPOKCEHUT-NIEPUA0TUTOBAs Cepus,
cepusi )KeJIe3UCTbIX GJIOrONUT-UIbMEHUTOBBIX THIIEPOA3ZUTOB.

1. INTRODUCTION

The Birekte terrain is located in the north-eastern
part of the Siberian craton. The geotectonic regional
partition suggest that it was formed not later than 2.4
Ga ago (Fig. 1) [Rosen, 2003]. The composition and
structure of the mantle lithosphere of this block were
mainly discovered by studies of deep-seated xenoliths
from the Upper Jurassic-Lower Cretaceous Kuoika
kimberlite field [Ukhanov et al., 1988; Solov’eva et al,
1994; Howarth et al,, 2014]. It has been noted in many
publications that the mantle lithosphere in the north-
eastern part of the Siberian craton is significantly dif-
ferent from that of its central part in terms of both
thickness and composition [Pokhilenko et al., 1999].

Our study is focused on deep-seated xenoliths with
mantle phlogopite- and phlogopite-amphibole minera-
lization which are found in kimberlite pipes of the
Kuoika field (Obnazhennaya, Slyudyanka, Pyatnitsa
pipes). The occurrence of primary phlogopite and am-
phibole in deep-seated xenoliths is generally viewed as
a result of different-aged processes of mantle metaso-
matism [Menzies, Hawkesworth, 1987]. It is remarkable
that primary phlogopite in deep-seated xenoliths may
be of magmatic genesis [Solovieva et al., 1997].

According to [Garanin et al, 1985; Ukhanov et al,
1988], phlogopite- and phlogopite-amphibole minerali-
zation was discovered in two series of deep-seated
xenoliths from the Obnazhennaya pipe (Kuoika field),
specifically the Mg pyroxenite-peridotite series and the
series of Phl-Ilm hyperbasites with a higher Fe content.
Nevertheless, phlogopite- and phlogopite-amphibole
mantle parageneses remain poorly studied in terms of
both composition and time of their occurrence in the

mantle lithosphere in the north-eastern block of the
Siberian craton. This paper is focused on issues of pe-
trography and mineralogy of the xenoliths and the evi-
dences of metasomatic/magmatic genesis of mantle
phlogopite and amphibole. We report here the first da-
ta of 40Ar/39Ar age determinations for phlogopite from
the rocks of the magnesian pyroxenite-peridotite series
and the ferrous Phl-Ilm hyperbasite series. Results of
our studies reveal the genesis of phlogopite- and
phlogopite-amphibole mantle mineralization and its
relationships with evolution stages of the mantle litho-
sphere in the north-eastern block of the Siberian cra-
ton.

2. RESEARCH METHODS

Detailed studies of phlogopite and phlogopite- am-
phibole xenoliths are conducted using rock samples
and thin sections. The mantle genesis of mica and am-
phibole is determined by a number of signs, such as the
development of these minerals in a xenolith regardless
of a distance to kimberlite, cut-off of phlogopite plates
and amphibole grains by the xenolith contact, the com-
position of phlogopite etc. The fine-grained mica filling
the cracks coming from the kimberlite into the xenolith
is not considered as pre-kimberlite/mantle one. Grains
of minerals are analysed for the main oxides. The ana-
lyses were taken using Electron Probe Microanalyzer
JXA-8200 at the Vinogradov Institute of Geochemistry,
Irkutsk. The isotopes of oxigen were analysed for gar-
net. We use results of analyses conducted at the Analy-
tical Centre of the Far East Geological Institute, Far East
Branch of RAS, using the fluorination BrFs method
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Fig. 1. Schematic map of ancient terrains and kimberlitic fields in the Siberian craton with the authors’ modification.

The legend is given in the figure. The craton and the kimberlitic fields are contoured according to [Khar'kiv et al., 1998], terrains of the
Siberian craton according to [Rosen, 2003], and the Anabar crystalline shield according to [Parfenov, Kuzmin, 2001].

Puc. 1. CxeMa pacnoJioxeHHUs IPeBHUX TePPeHOB U KUMGEPJHUTOBBIX noJied Ha CUOUPCKOM KpaTOHe C HEKOTOPBIMU M3-

MEHEHHWAMH aBTOPOB CTATbH.

YcoBHBIE 0603HAYEHHUsI TPUBE/IEHbl HAa pUcyHKe. KOHTYphI KpaToHa M KUMOepJIUTOBEBIe 10Jis1 HaHeceHkbI 1o [Khar'kiv et al.,, 1998]; Tep-
pelinbl CUOGHUPCKOro KpaToHa - 1o [Rosen, 2003]; AHabapcKkuil KpUCTa/UTMYeCKUH WUT - 1o [Parfenov, Kuzmin, 2001].

[Ignatiev, Velivetskaya, 2004]. The weight of mineral
fractions for analysis ranges from 1 to 2 mg, precision
of the method (106) amounts to 0.1 %o (n=5). Measure-
ments (6180) were conducted with a Finnigan MAT 252
isotope mass spectrometer (IRMS). The repeatability of
measurements 6180 for samples amounts to 0.1 %so.
Dating of phlogopites by %0Ar/3°Ar method was per-
formed at the Institute of the Earth's Crust, SB RAS;
an Argus VI multi-collector mass spectrometer and
a high-vacuum oven (dual vacuum, heating above
1700 °C) were used. Mica samples (15-30 mg) were
wrapped in an aluminium foil and put into a glass
ampoule together with BERN4M standards (assumed

age of 18.885+0.097 Ma). The glass ampoule was irra-
diated in a VVR-K nuclear reactor in Tomsk. Radiation

parameters were similar to those reported in [Travin et
al., 2009].

3. PETROGRAPHY AND MINERALOGY

3.1. PHLOGOPITE-AMPHIBOLE PARAGENESES IN THE MAGNESIAN
PYROXENITE-PERIDOTITE SERIES OF THE XENOLITHS

The Mg pyroxenite-peridotite series of the xenoliths is
represented by a continuous transition of rocks from



L.V. Solov’eva et al.: Metasomatic and magmatic processes in the mantle lithosphere...

Sp, Sp-Grt, Grt clinopyroxenites and ortopyroxenites to
Sp, Sp-Grt, Grt websterites, olivine websterites and
lherzolites [Ukhanov et al., 1988; Solov’eva et al., 1994].
The mantle metasomatic phlogopite and amphibole are
revealed in all the petrographic types of the rocks in
nearly every twentieth xenoliths and typically are
composed of transverse veins and veinlet aggregates at
grain boundaries of primary minerals. In metasomatic
area amphibole predominates. At contacts of xenolith
and host kimberlite, grains of phlogopite and amphi-
bole are often cut off, which gives an evidence of the
development of metasomatic phlogopite-amphibole
mineralization before xenolith entrainment by the kim-
berlite. In the exsolution pyroxene megacrystalls (for-
mer high-temperature pigeonite [Soloveva et al,
1994]), comprising parallel plates of clino- and ortho-
pyroxene * garnet * spinel, the metasomatic phlogo-
pite-amphibole aggregate mainly replace laminar in-
tergrowths of one of pyroxenes and garnet (Fig. 2). The
abundant development of metasomatic amphibole is
observed from the contact with cutting phlogopite-
amphibole veinlets (Fig. 3-5). Grains of olivine, garnet
and clinopyroxene are intensively resorbed at the
boundaries with the veinlets. Small amphibole grains
are developed from the veinlet into the grains of clino-
pyroxene (Fig. 3, B). In veinlet selvages, clinopyroxene
remains as small irregular relics (Fig. 3, C). Garnet is
replaced by phlogopite at the contact with the phlogo-
pite infill of the veinlets (Fig. 4, 4, B). In the phlogopite-
amphibole parts of the veinlets, the texture is close to
magmatic euhedral one (Fig. 4, C). The grains of pyro-
xene are filled by small crystals of metasomatic amphi-
bole (Fig. 5, A-D) which commonly have one or two
crystallographic direction.

The undoubted metasomatic character of the phlo-
gopite-amphibole mineralization in the xenoliths of the
magnesian pyroxenite-peridotite series and its deve-
lopment before xenoliths entrainment into the kimber-
lite melt suggest that this process is related to intensive
metasomatism of the mantle lithosphere in the north-
eastern part of the Siberian craton.

3.2. PHLOGOPITE AND PHLOGOPITE-AMPHIBOLE PARAGENESES
IN XENOLITHS OF THE FERROUS PHL-ILM SERIES OF
HYPERBASITES

The Phl-Ilm hyperbasites comprise a complex asso-
ciation of parageneses represented by garnet- and
garnetless pyroxenites, websterites, olivine webste-
rites, orthopyroxenites, lherzolites and olivinites. High
contents of K, Ti and Fe in the rocks and minerals are
typical of this series [Garanin et al, 1985; Ukhanov et
al, 1988]. The content of phlogopite is widely variable,
from a few percent to 40-80 %. The content of ilmenite
ranges from a few percent to 15 %, rarely to 30-40 %.
Mica and ilmenite contents sharply decrease in garne-

tized xenolithes, where these two minerals, as soon as
olivine and pyroxenes are replaced by garnet. Euhe-
dral, subhedral, sideronitic and porphyraceous tex-
tures in garnetless xenoliths are suggested the primary
magmatic genesis of the rocks. In the series of Phl-Ilm
hyperbasites, a special type of parageneses is repre-
sented by strongly deformed phlogopite-amphibole
rocks with newly-formed chromite and relict resorbed
ilmenite and clinopyroxene. The rocks of this series are
also characterized by numerous autometasomatic and
metasomatic reaction textures and wide ranges of
modal mineral compositions: 0-80 % Grt, 1-40 % IIm,
5-80 % Phl, 0-30 % Cpx, 10-70 % Opx, 0-40 % Ol, and
0.5-2.0 % Sulph. Amphibole occurs in garnetless para-
geneses and deformed phlogopite-amphibole rocks
(with the newly formed chromite) in amounts of a few
percent and up to 40-50 %, respectively.

The euhedral texture is essentially preserved in or-
thopyroxenites and partially websterites (Fig. 6, A).
These rocks are composed of regular prismatic crystals
of orthopyroxene which often have directive orienta-
tions. In olivine-containing xenoliths, large elongated
crystals of olivine also formed partly idiomorphic crys-
tals. Oval and round-shaped grains of olivine are often
included into the grains of orthopyroxene less than into
clinopyroxene without any traces of resorption (Fig. 6,
B). The exsolution lamellae of clinopyroxene are com-
monly found in orthopyroxene from 10 to 15 % (Fig. 6,
B). Besides, orthopyroxene contains numerous brow-
nish micro-inclusions (5-20 pum) of ilmenite (<1 %)
which are regularly oriented and translucent (Fig. 6, C,
D). Clinopyroxene- and ilmenite exsolution plates oc-
cupy central parts of orthopyroxene grains (almost 34
of the area) and are absent in the marginal zones. The
presence of the exsolution textures indicate an early
high-temperature stage in the evolution of the rocks.
[Imenite and phlogopite form xenomorphic grains be-
tween earlier silicates without any evident reaction
interrelations (Fig. 7, 4, B) and belong to the late stage
of magmatic crystallization. Inclusions of ilmenite in
phlogopite occur as thin cleavage-oriented plates (<1-5
um) in the central parts of the grains or as oval-shaped
blebs in the marginal parts (Fig. 7, 4, B). Rare regular
phlogopite flakes in orthopyroxene (Fig. 7, C, D) sug-
gest that small amounts of mica were crystallized in
some portions of the melt at the early magmatic stage.

In addition to evidence of typical magmatic genesis,
phlogopite shows metasomatic relationships with pri-
mary silicates. In both the garnet-containing and gar-
netless parageneses, phlogopite forms 'windows' with
abundant inclusions of small round-shaped grains of
ilmenite and pyroxenes being relics of substitution
(Fig. 8, A). Orthopyroxene crystals are grown through
small irregular phlogopite flakes of the common optical
orientation (Fig. 8, B, €). As shown in Fig. 9, 4, B,
orphopyroxene and clinopyroxene are intensively
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Fig. 2. The photomicrographs of thin section. Development of metasomatic Phl-Amph mineralization on orthopyroxene
exsolution plates inside the clinopyroxene megacrystal in megacrystalline garnet websterite.

A - garnet and orphopyroxene exsolution plates inside the clinopyroxene megacrystal. Garnet is also developed in the form of isometric
grains; B, C - fine-grained aggregate of Amph with rare plates of Phl, replacing mainly orphopyroxene exsolution plates. Images in crossed
nicols.

Puc. 2. Pa3BuTtue Metacomatuyeckod Phl-Amph MuHepannsanuu no mjiacTUHKaM paciajia OpTONHUPOKCeHa BHYTPH Mera-
KpHCTaJLJIa KJIMHOMUPOKCEHA B METAKPUCTAJIMYECKOM TPAaHATOBOM BeGCTEPHUTE.

A - JIAaCTUHKM pacnajia rpaHaTa U OPTONHUPOKCEHA B MeraKpUcTasle KIMHONUPOKCEHa, FPaHaT Pa3BUT TaKXkKe B BHUJe U30METPUYHBIX
3epeH; B, C - MesIKO3epHUCTBIN arperaT Amph ¢ peakuMu niactuHkaMy Phl, pasBuBarouuiics nperMyiiecTBeHHO MO IJIACTHHKAM pac-
najZia opTonupokceHa. PoTo UL B X HUKOJIAX.
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Fig. 3. The photomicrographs of thin section. Amphibole veinlets with rare phlogopite plates in Grt olivine websterite (sam-
ple 74-817).

A - resorption of the olivine grain at the contact with the amphibole veinlet; B - oriented elongated crystals of amphibole developing in
the clinopyroxene grain from the boundary of the amphibole veinlet; C - relics of the clinopyroxene grain in selvage of the amphibole
veinlet. Images in crossed nicols.

Puc. 3. AM$u60/10Bble TPOXKUJIKH C peAIKUMU IJIacTUHKaMHU dJioronuTa B Grt oJ1lMBUHOBOM BebcTepuTe (06p. 74-817).

A - pe30op61usi 3epHa OJIMBUHA HAa KOHTAKTe C aM$HG0J0BbIM IPOXKHUIKOM; B — OpUEeHTUPOBaHHbIE YAJUHEHHbIE KPUCTaLIbI aMbu6013a,
pa3BUBaIOLIMECS B 3epHE KJIMHOMUPOKCEHA OT rPaHHUIbl aMbUO0J0BOTO MPOXKUIIKA; C — PEJIMKThI 3ePEH KIMHOMUPOKCEHA B 30/1b6aHAAX
aM$r600BOT0 NPOXKUIKA. POTO LLI. B X HUKOJISIX.
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Fig. 4. A, B - the photomicrographs of thin section. Resorption of the garnet grain by phlogopite at the boundary with the
phlogopite-amphibole veinlet; C - the area of the phlogopite-amphibole veinlet with dominating phlogopite.

Cross-sections of regular amphibole crystals are visible. Sample 74-817. Images: 4, C - without an analyzer; B - in crossed nicols.

Puc. 4. A, B - pe3op61yd 3epHa rpaHaTta ¢pJIOrONMTOM Ha IpaHule ¢ GJOTONUT-aMPUBOTOBBIM MPOXKHUIKOM; C — yIaCTOK
¢dutoronuT-aMm¢pub60JI0BOTO MPOXKHUIIKA C TpeobIaZaHreM GpIoronuTa.

BuiHBI ceyeHHUst NPaBUIbHBIX KPUCTANLIOB aMmpubosta. 06p. 74-817. Poto uut.: 4, € - 6e3 aHaIM3aTOPa; B - B X HUKOJISX.
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Fig. 5. The photomicrographs of thin section. The abundant development of metasomatic amphibole in clinopyroxene
grains.

A - small elongated crystals of amphibole in the clinopyroxene grain (Cpx - cross-section with transversal cleavage and yellow interfe-
rence colour); B - drop-like grains of amphibole (white interference colour) which have single crystallographic orientation in the clinopy-
roxene grain (blue interference colour). C - elongated crystals of amphibole with similar spatial and crystallographic orientation in differ-
ent grains of clinopyroxene. D - small grains of amphibole crossing different grains of clinopyroxene in two mutually perpendicular direc-
tions. Sample 74-817. Images in crossed nicols.

Puc. 5. MaccoBoe pa3BUTHE METACOMATHUYIECKOI'0 aM(l)I/I6OJ'Ia B 3€pHax KJIMHOIMMUPOKCEHaA.

A - MesKue yJJIMHEHHble KpUCTa/lJIbl aMpu6oJa B 3epHe KJIMHONUpPOKceHa (Cpx - paspes c nepeceKawolleldcss CHAHHOCTBIO U C XKeJTOH
HHTepdEepeHLIHOHHOM OKpacKoii); B - KalieBUHbIe 3epHa aMmbuboia (6esiast HHTepPepeHMOHHAsI OKpacKa), UMelIIe eAUHYI0 ONTHYe-
CKYI0 OPUEHTHPOBKY B 3epHe KJIMHOMHMPOKCEHA — CUHSs UHTepdepeHIIMOHHAs OKpacKa; C — yAJMHEHHbIe KpUCTa/Ibl aMbuboia ¢ OAHHA-
KOBOM ITPOCTPAHCTBEHHOM U ONTHYECKON OPHEHTHPOBKOW B Pa3HbIX 3€pHaX KJIMHOMUPOKCeHa. D — MeJikue 3epHa aM¢u60.1a, Nepecekaro-

replaced by phlogopite, and clinopyroxene is reaction-
nary developing at the earlier grain of orphopyroxene.
In many cases, reaction phlogopite develops in the
form of palmate porphyroblasts with inclusion of py-
roxene and olivine relics (Fig. 9, C, D). Small zonal
plates occuring in fractures of the rocks in the paragen-
esis with carbonate belong to the later stage and are
associated with the influence of the kimberlitic melt on
the xenolith (Fig. 10, 4, B).

1K€ pasHble 3epHa KJMHONHUPOKCEHA M0 IBYM B3aMMHO NePIeHAUKYJ/IsIPHBIM Hanpas/ieHussM. 06p. 74-817. ®oTo 11 B X HUKOJISX.

The most complex relationships are revealed
between phlogopite and garnet. The development of
garnet at the subsolidus stage is evidenced by the fact
that garnet inventively replaced minerals of the prima-
ry paragenesis, including phlogopite. In some xenoliths,
garnet is dominant, and its content may exceed 80 %.
Garnet grains are filled by relics of substituted minerals
of the earlier paragenesis, such as O], Opx, Cpx, [Im
and Phl (Fig. 11, A4, B), and have a typical sieve-like
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A, C, D - without an analyzer; B - in crossed nicols.

fabric in the crossed nicols (Fig. 11, B). In the rocks,
garnet forms gatherings of round-shaped grains with
partial faceting, which are mainly associated with clus-
ters of phlogopite grains. Phlogopite relics are con-
tained in the garnet grains as irregular-shaped or
ribbon-shaped inclusions connected with the phlogo-
pite rim at the margins of the garnet grains (Fig. 12, 4,
B). Figure 13 shows the replacement of the orphopy-
roxene grain by the phlogopite plate; the orphopyro-
xene grain is surrounded by garnet that is reactionary
replacing orphopyroxene. Amounts of ilmenite and

Fig. 6. The photomicrographs of thin section. Relationships between minerals in Phl-Ilm hyperbasites.

A - euhedral texture formed by prismatic crystals of orthopyroxene which are separated by irregular-shaped oval grains of ilmenite; B -
roundish olivine inclusions in the orthopyroxene grain (homoaxial pseudomorphs). Clinopyroxene exsolution textures are visible in or-
thopyroxene (parallel light-coloured strips); C, D - submicroscopic structures of ilmenite exsolution textures in orthopyroxene. Images:

Puc. 6. BzauMmooTHomeHust MuHepaJoB B Phl-Ilm runep6asuTrax.

A - nanuguoMopdHO3epHUCTASA CTPYKTYPa, 06pa30BaHHAA NPU3MATHYECKUMHU KPUCTA/JIAMU OPTONMPOKCEHA, MeXAY KOTOPBIMHU pacIo-
JIO}KEHBI HellpaBUJIbHbIE OBaJIbHbIE 3epHA WIbMEHUTA; B — OKpyTJible BK/IIOYEHHUS OJIMBUHA B 3epHE OPTOIIMPOKCeHA (roMooceBble TICeB-
JoMopdo3bl). B opronupokceHe BUAHBI CTPYKTYPBI pacnaja KJIMHONHMPOKCeHa (mapasjiesibHble CBeTJible NMos0CcKu); G D — cy6MHUKpO-
CKONUYEeCKHE CTPYKTYPbI pacnaja UibMeHHUTa B opTonupokceHe. PoTo uu1.: 4, G, D - 6e3 aHannusaTopa; B — B x HUKOJ/AX.

phlogopite are significantly decreased in the garnetiza-
tion areas, to suggest the preferred development of
garnet on these minerals. Numerous small-sized roun-
dish and semi-faceted hexagonal crystals of pyroxenes,
ilmenite and rare phlogopite (Fig. 14, 4, B, C) fill the
central parts of garnet grains, while the rim of the
grains remains free of inclusions. Relict grains of clino-
pyroxene and orthopyroxene in garnet are often cha-
racterized by single extinction to evidence their prima-
ry belonging to the same grain. The pseudo-hexagonal
faceting of the inclusions is due to the effect of garnet
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Fig. 7. The photomicrographs of thin section. Relationships between minerals in Phl-Ilm hyperbasites.

A, B - irregular palmate plates of phlogopite and smaller irregular grains of ilmenite between grains of idiomorphic orthopyroxene. Thin
(=5 um) elongated ilmenite lamellae are present in the phlogopite plates. Larger oval ilmenite grains are associated with margins of the
plates; C, D - small regular Phl platelets in the orthopyroxene grain. Images: 4, C - without analyzer; B, D - in crossed nicols.

Puc. 7. BzaumooTHomeHus: MuHepasioB B Phl-Ilm runep6asuTax.

A, B - HemnpaBW/IbHbIE JIaMyaThle IJIACTUHKYU ¢JioronuTa U 6ojiee MeJKHMe HelpaBU/IbHble 3epHA WIbBMEHHUTA MeXAy 3epHaMu HUJUO-
MOpQHOro OpTONUpPOKCceHa. B miacTuHKkax ¢JioronuTa oTMevyalTcs TOHKHe (S5 MKM) JUIMHHBIE IUIACTUHKY WibMeHHUTAa. K Kpasm mia-
CTHHOK NpUypoYeHbl 60siee KpYNHble OBaJbHbIe 3epHA WiIbMeHNTA; C, D - npaBu/ibHble MeJikue macTuHku Phl B 3epre Opx. ®oTo nur.:

A, C - 6e3 aHanu3artopa; B, D - B x HUKOJISAX.

crystallographic structure.

It should be noted also that evidences of the de-
velopment of phogopite on garnet are revealed in the
garnetized rocks. The boundary between large irregu-
lar mica plates and garnet grains has often resorption
character (Fig. 15, 4, B). The two minerals often form
mutual gulf-shaped boundaries. Roundish inclusions of
ilmenite and silicates are visible in garnet. In the centre
of the mica flakes there are thin ilmenite platelets, in
the margins the ilmenite form roundish inclusions (Fig.
15, B). Resorbed garnet relics, that may have been sep-
arated from a larger grain, occur in phlogopite (Fig. 16,

A, B). Inclusions of garnet grains in the phlogopite plate
(Fig. 16, C, D) can also be explained by replacing of
garnet by phlogopite, though such a conclusion is am-
biguous. As evidenced by the above-described obser-
vations, relationships between phlogopitization and
garnetization are complicated. Obviously, both pro-
cesses took place at the late stage of rock crystalliza-
tion and, most probably, at the subsolidus stage when
the major part of the minerals was crystallized. The
leading role of temperature drop in the development of
phlogopite and garnet is suggested by relatively weak
signs of deformation, such as insignificantly bending of
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Fig. 8. The photomicrographs of thin section. The character of the metasomatic phlogopite development.

A - metasomatic phlogopite forms 'windows' in the rocks. The large mica plate contains abundant relics of olivine and pyroxenes and re-
sorbed grains of ilmenite (black); B, C - intensive phlogopitization of orthopyroxene grains: phlogopite develops in the form of irregular
plates with the single crystallographic orientation. Images: A - without an analyzer; B, C - in crossed nicols.

Puc. 8. XapakTep pa3BUTHUS METACOMATHUYECKOTO GJIOTOIHUTA.

A - 3amoJiHeHUe MeTacoMaTUYeCKUM (QJIOTOMUTOM Y4aCTKOB, CBOEOOPAa3HbIX «OKOH» B Mopoje. KpylHas mjiacTUHKA CAIAbl COAEPXKUT
0OUJIbHBIE PEJIUKThI OJIMBUHA, IUPOKCEHOB U Pe30pOUPOBAHHBIX 3epeH WiIbMeHUTa (YepHoe); B, C - UHTeHCUBHAs GJIOrONUTHU3aLUS 3€-
peH OpTONHUpOKCceHa: GpJIOTONUT Pa3BUBAETCS B BUJEe HENMPABUJbHBIX IJIACTUHOK C €JUHOM ONTHUYECKOH OpUEHTUPOBKOH. POTO 1LI.:
A - 6e3 aHanu3aTopa; B, C - B x HUKOJISIX.
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Fig. 9. The photomicrographs of thin section. Reaction development of phlogopite on primary minerals.

A, B - the irregular plate of phlogopite, corroding the grains of orthopyroxene and clinopyroxene; B - clinopyroxene develops on orthopy-
roxene and is replaced by Phl; C, D - unregular porphyroblastic plate of phlogopite contains relics of replaced grains of orthopyroxene and

olivine. Images: 4, B, D - in crossed nicols; C - without an analyzer.

Puc. 9. PeakiuoHHOe pa3BUTHE (JIOTOMUTA 110 TEPBUYHBIM MUHEPAIAM.

A, B - HenpaBUJIbHAA IJIACTHMHKA QJIOTONNTA, pa3bearolias 3epHa OPTONHMPOKCEHA U KIMHONMUPOKCEHa; B — KIMHONUPOKCeH, pa3BUBalo-
IMHACA 10 OPTONHUPOKCEHY U 3aMelnaroiuics Phl. B sepHe Cpx u B niactuHke Phl coxpanuince 0JHHAKOBO racHyllHe PeJIUKThI 3epeH
Opx; C, D - HenpaBuibHas nopdupobiacTuyecKas IacTHHKa GJIOrONNTA, CoAepKaLlas PeJIMKThI 3aMellleHHbIX 3€PEH OPTONHUPOKCEHA U
0JIMBUHA, /1B PAa3006IEHHBIX PEJUKTA KOTOPOTO UMEIOT OAUHAKOBYIO ONTUYECKY0 OpUEHTUPOBKY. PoTo ut.: 4, B, D - B x HUKOAX; C -

6e3 dHaJIM3aTopa.

phlogopite plates and slightly undulate extinction of
olivine. Phlogopite seems to be formed in the latest
magmatic stage from rich in potassium and volatiles
residual melts, and later from fluids during autometa-
somatism. Relationships between garnet and phlogo-
pite are complicated as phlogopitization and garnetiza-
tion developed almost simultaneously with some ad-
vance occurrences of one process in local areas. Resi-
dual melt-fluids rich in potassium and volatile com-
ponents are evidenced by the Phl-Ilm garnetless para-
geneses with high contents of phlogopite and ilmenite

(30-80 % and 15-40 %, respectively). Phlogopite oc-
curs in large porphyraceous plates and fine platelets of
the second generation in the fine-grained matrix (Fig.
17, 18). Sometimes ilmenite grains have ideal facets and
belong to the matrix paragenesis (Fig. 18, A). The spe-
cific features of porphyraceous phlogopite I are ilme-
nite thin regularly-oriented lamellae in the centre and
larger roundish ilmenite grains in the marginal zones
(Fig. 19, A, B). The outside rims of phlogopite I and the
platelets in the matrix are more intensely brown-co-
loured (Fig. 20, A-E). In rare cases, garnet occurs in the
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nets might have formed at the late stages of crystalliza-
tion of the melt portions located in the zone of garnet
facies. This can be suggested from rare xenoliths of

Fig. 10. The photomicrographs of thin section. Late para-
genesis of phlogopite with carbonate, which develops
along the fractures in the rock.

Regular phlogopite platelets grow on the fracture wall. Phlogo-
pite is almost colourless in narrow rims of the plates. Images:
A - without an analyzer; B - in crossed nicols.

Fig. 11. The photomicrographs of thin section. The abun-
Puc. 10. [lo3gHuil mapareHe3uc ¢Joronura ¢ Kap6oHa- dant development of garnet in the xenolith of the Phl-Ilm
TOM, pa3BUBAIOLIUICA IO TPEUIMHKAM B IIOPO/IE. garnetized lherzolite.

[IpaBu/IbHBIE TJACTUHKK (JIOrONMTA HApPACTalT HA CTEHKY
TPELVHKHU. B y3KuX Kpasfx naacTUHOK QJIOTONUT No4TH GeclBe-
TeH. PoTo m.: A - 6e3 aHanu3aTOPa; B — B X HUKOJIAX.

form of accessory strongly resorbed grains. The garnet
grain is filled in with abundant inclusions of roundish
ilmenite grains that are relics of substitution (Fig. 20).
The garnet grain seem to be trapped by the melts from
the earlier crystallized intrusive phase. The sieve-like
structure of the garnet grains with abundant pseudo-
hexagonal and isometric relics of pyroxenes, ilmenite
and, in some cases, phlogopite suggests that garnet de-
veloped mainly in the solid rock after crystallization of
all the magmatic minerals. Quite possibly, a part of gar-

Numerous relics of minerals of the early paragenesis, such as oli-
vine, pyroxenes, ilmenite and phlogopite, are present inside the
garnet grains. Images: A - without analyzer; B - in crossed nicols.
The separate grains of garnet (black) with thin light-coloured
margins are visible. Irregular silicates relics are coloured in dif-
ferent interference colours and included in garnet or located at
the boundaries of the garnet grains.

Puc. 11. MaccoBoe pasBuTHe rpaHaTa B KceHosiuTe Phl-
[Im rpaHaTU3UPOBAHHOTO JIEPLOJIUTA.

BHyTpM 3epeH rpaHaTa COXpPaHHUJIMCh MHOTOYHUCJIEHHbIE PeJIUK-
Thl MHHEpaJIOB paHHero napareHesuca — OJIMBHHA, TUPOKCEHOB,
nibMeHUTa U ¢soronurta. Porto uut: A - 6e3 aHanusaropa; B -
B X HHUKOJAX. BUAHBI OTAe/bHble 3epHa rpaHaTa (4epHoe),
OKalMJIeHHble TOHKHMH CBeTJIbLIMH KalMaMu. HempaBuJbHble
PEJIMKTBl CUJIMKATOB OKpalleHbl B pa3Hble HHTepdepeHIHOH-
Hble [[BeTa U BKJIIOYEHBI B TPaHAT UJIM PACloJIOXKeHbl Ha 'PaHHU-
I1aX ero 3epeH.
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Fig. 12. The photomicrographs of thin section. Polycrystal-
line aggregate composed of garnet regular grains in the
Phl-Ilm garnetized lherzolite (4, B).

Garnet mainly developed on phlogopite which ribbon-shaped rel-
ics are connected with the external rim. Phlogopite in garnet and
the rim have single crystallographic orientations. Besides phlog-
opite, roundish relics of ilmenite (black) and silicates are visible
in the garnet grains. Image (A4) shows larger elongated ilmenite
grains which were 'forced out' to the margins of the garnet
grains. Images without an analyzer.

Puc. 12. [ToMKpUCTAIMYECKUN arperaT U3 NpaBUJIbHBIX
3epeH rpaHata B Phl-Ilm rpaHaTusupoBaHHOM JIEPIOIUTE
(4, B).

['paHaT pa3BUT NPEUMYLIECTBEHHO N0 GJIOTOMUTY, OT KOTOPOTO
OCTaJIMCh JIEHTOBU/IHbIE PEJIUKTHI, COEJUHSIOLINECS C BHEIIHEH
kaliMoll. PyioronuT B rpaHaTe U KaiiMa UMeIOT OJJMHAKOBYIO OII-
TUYECKYI0 OPUEHTUPOBKY U 10 'PaHaTU3aLMK COCTABJISJIN €/jU-
Hoe 3epHO. KpoMe ¢sioronuTa B 3epHax rpaHaTa BUJHbI OKpYT-
Jible PEJIMKThI WIbMeHUTA (YepHoe) U cuIuKaToB. Ha (A) BUAHBI
GoJiee KpyNHble YAJUHEHHblE 3€pHA WJIbMEHHTA, «BbITECHEH-
Hble» Ha Kpas 3epeH rpaHarta. ®oTo 1. 6e3 aHau3aTopa.

orthopyroxenites with very insignificant quantities of
phlogopite, wherein garnet forms small regular-shaped
grains between the grains of orthopyroxene and does
not contain any substitution relics of other minerals.

The deformed phlogopite-amphibole rocks contain
regular-shaped microcrystals (5-50 pm) of titanian
chromite and resorbed relict grains of ilmenite (3-7 %)
and clinopyroxene (<5 %) (Fig. 21, 4, B). Particular tex-
ture features evidence that the rocks were formed un-
der conditions of strong deformation. Elongated pris-
matic amphibole crystals form narrow rosettes inter-
grown with strongly deformed irregular-shaped plates
of phlogopite (Fig. 22, A-E). The amphibole crystals are
often bended. Inside the phlogopite grains, they look
like torn-off relics. Cross-sections of phlogopite re-
semble a torchs or a quadrangular stars with sharp
torn-off edges (Fig. 22, C, D; Fig. 23, A). The phlogopite
plates are strongly deformed and dissected into blocks
of various orientations that are healed by a fine-grai-
ned aggregate of more intensively coloured mica (Fig.
23, A-D). The ilmenite inclusions are lacking in the
phlogopite. In the rocks, ilmenite occurs as elongated
irregular-shaped grains with serrated edges indicating
its dissolution (Fig. 21, A, B). Aggregates of prismatic
amphibole are associated with micrograins of titanian
chromite. Specific textures and mineral compositions
of the deformed phlogopite-amphibole rocks suggest

Fig. 13. The photomicrographs of thin section. The irregu-
lar Phl plate developing on the Opx grain that is surroun-
ded by growing garnet grain.

Central parts of the Grt grain contain relics of ilmenite (black
points). At the right of the image, a gulf-like extension of the gar-
net cuts the large grain of ilmenite. Image without an analyzer.

Puc. 13. HenpaBusibHas miaactuHka Phl, pasBuBarmascsa
no 3epHy Opx, OKpy>keHHOMY 3epHaMHM pa3pacTarolierocs
rpaHaTa.

LleHTpasbHBle YacTH 3epeH Grt UcnempeHbl YePHBIMU TOYKaMHU
(pesnukTel Ilm). B mpaBoii yacTu ¢oTO BUJHO, KaK 3aIMBO0Gpa3s-
HOe NpOJOJDKeHHe 3epHa I'paHaTa pacuyeHseT KPYIMHOoe 3epHO
uibMeHuTa. PoTo 11, Ge3 aHasM3aTopa.
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Fig. 14. The photomicrographs of thin section. The garnet porphyroblast has regular crystallographic facets and develops
on the orthopyroxene grain in the Phl-Ilm garnetized websterite.

A, B - inside garnet, visible are numerous semi-faceted pyroxene grains, small roundish grains of ilmenite and a hexagonal platelets of
phlogopite. In external zone of the garnet porphyroblast, inclusions of relics of other minerals are lacking. In the rock large grains of ilme-
nite are irregularly shaped. B - small regular platelets of phlogopite in the garnet porphyroblast. Images (B) and (C) show zoomed-up are-
as given in image (A). Images without an analyzer.

Puc. 14. llopoupo6aacT rpaHaTa, UME LMK NPaBUIbHYI0 KPUCTAIOrPadHUUeCcKyI0 OrpaHKy U pa3BUBAKOLIMICA M0 3€pHY
opTonupokceHa B Phl-Ilm rpaHaTu3upoBaHHOM BeGCTEPUTE.

A, B - BHyTpH rpaHaTa BU/JHbl MHOTOYHCJIEHHBIE T10JIyOrPAaHEHHbIE 3epHA NUPOKCEHOB, OKPYTJIble MeJIKHE 3epHA UJIbMEHUTA U reKcaro-
HaJIbHasl IIaCTHHKaA ¢Jioronura. Bo BHelHel 30He nopoupobiacTa rpaHaTa BKJAOYEHHUS PEJUKTOB APYTUX MUHEPAJIOB OTCYTCTBYIOT.
KpynHble 3epHa UJIbMEHUTA B IOPOJiEe UMEIOT OOBIYHO HENMPABU/IbHYO GOpMy U pa3Mepbl. C — MeJIKHe NPaBU/bHbIE IJIACTUHKHU GJI0T0-
nuTa B nopdupobsacte rpaHaTta. B u C - yBesimueHHble yyacTku (4). PoTo 1. 6e3 aHaM3aTopa.
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tized lherzolite.

3aTopa.

their formation under conditions of intensive stress,
possibly, in the root parts of deep faults.

The described petrographic features of the ilmenite-
phlogopite parageneses in the deep-seated xenoliths
from the kimberlites of the Kuoika field are the basis
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Fig. 15. The photomicrographs of thin section. Reaction boundaries between garnet and phlogopite in the Phl-Ilm garne-

Grains of both minerals are irregularly shaped and have gulf-like mutual boundaries. Relics of ilmenite and silicates are visible in garnet in
images (A) and (B). In central parts of the phlogopite plate, long thin ilmenite lamellae are oriented along cleavage; at the boundary of the
plate, they change to larger oval grains (B). Images without an analyzer.

Puc. 15. PeakiHOHHBIE IPaHHULbI MEXAY IPAHATOM U IJIACTUHKAMU ¢uioronrTta B Phl-Ilm rpaHaTH3upoBaHHOM JIEPLOJIUTE.

(DOpMLI 3€peH TOro U Apyroro MUHepaJsa HelnpaBUJIbHbIE, C 3aJ'II/IB006pa3HLIMI/I B3aWMMHBIMH BXOXAEHUAMMU. B rpaHaTe BUAHBI OKpYyTJible
PEJIMKTbI UWJIbMEHUTA U CUJIUKATOB [A, B) B LHEeHTPaJIbHbIX YaCTAX IIJIACTUHOK Cl)J'IOI‘Ol'II/ITa M0 CAaHOCTH OpUEHTUPOBaHbl TOHKHE AJINH-
Hbl€ IIJIACTUHKU UJIBMEHHWUTA, KOTOPble CMEHAKTCA Ha rpaHUlie 3epHa Gosiee KPYIIHBIMH OBaJIbHbBIMU 3€pHAMH (B) doTo 11 6€3 aHaIH-

for the following conclusions:

1. The xenoliths of the Phl- Ilm hyperbasites are
pieces of the complex mantle magmatic complex cha-
racterised by ubiquitous subsolidus metasomatic pro-
cesses. The primary magmatic origin of the series is
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Fig. 16. The photomicrographs of thin section. Reaction relationships between garnet and phlogopite in the Phl-Ilm garne-
tized clinopyroxenite.

Images (A4) and (B) show that the resorbed part of the clinopyroxene crystal and small grains of garnet (possibly, separated from a larger
grain) are present in the phlogopite plate. Boundaries between mica and clinopyroxene and garnet have reaction character. Images (C)
and (D) show isometric grains of garnet in phlogopite plate. In this case, it is impossible to unambiguously determine either phlogopite
developed later than garnet or vice versa. Images: 4, C - without an analyzer; B, D - in crossed nicols.

Puc. 16. PeakniioHHble B3aUMOOTHOUIEHUS MeXAy rpaHaToM U ¢uoronutoM B Phl-Ilm rpaHaTH3npoBaHHOM KJHHOIU-
POKCEHHUTE.

(A, B) B nacTuHKe ¢JioronuTa HaXxoAATCA pe30pOUpOBaHHAsA YacTb KPUCTa/JIa KJIMHOIMPOKCEHA M MeJIKHe 3epHa PaHaTa, BO3MOXHO,
OTZleJIeHHbIEe OT 60Jiee KPYyMHOro 3epHa. ['paHuUIIbl C/T10b] C K/IMHONMPOKCEHOM M FPaHAaTOM MMEIOT PeaKLMOHHbIN XapakTep. (C, D) uso-
MeTpHYHbIE 3epHA I'PaHaTa B IVIACTUHKaX ¢JioronuTta. Pa3obiieHHble MJIACTUHKY $JIOrONUTA NPUHAJJIEXKAT eJUHOMY 3epHY, O 4YeM CBH-
JleTeJIbCTBYeT UX OJJMHAKOBOE NoracaHue. B 1aHHOM ci1y4yae Heslb3s OHO3HAYHO CYAUTH 0 60Jiee MO3JHEM Pa3BUTHUH GJIOrONUTA MO OT-
HOILIEHUIO K IPaHaTy WM Hao6opoT. PoTto uur.: 4, € - 6e3 aHanusaTopa; B, D - B x HUKOJISAX.

confirmed by the magmatic sequence of crystallization
of the minerals (olivine - orthopyroxene - clinopyro-
xene with late phlogopite and ilmenite) and the pre-
sence of typical magmatic (euhedral, subhedral, sidero-
nitic and porphyraceous) structures.

2. The intensive substitution of the minerals by
phlogopite took place, most probably, at the subsolidus
stage during the process of autometasomatism when

the early intrusive phases were affected by late melts
rich in potassium and volatiles. The complex morpho-
logical relationships between phlogopite and garnet
developing at the given stage suggest their simulta-
neous occurrence with the advance development of
either phlogopitization or garnetization in the local
areas of the rocks.

3. The next evolution stage of the Phl-Ilm series
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Fig. 17. The photomicrographs of thin section. Porphyrous phlogopite plates in the garnetless Phl-Ilm websterite.

A - the matrix contains small prismatic grains of pyroxenes (mainly orthopyroxene) and oval grains of ilmenite. B and C -regular plates of
phlogopite. Thin transparent lamellae of ilmenite are located along cleavage in mice (B). Larger elongated and isometric grains of ilmenite
with oval-shaped boundaries tend to be located at the marginal zones of the mica plates (4, B). Images without an analyzer.

Puc. 17. llopdupoBuHas cTpykTypa B 6e3rpaHaToBomM Phl-Ilm Be6cTepuTe.

A - B Opo/ie IPUCYTCTBYIOT MeJIKHE NPU3MaTHYECKUe 3epHAa NUPOKCEHOB (IPEUMYILECTBEHHO OPTONMPOKCEH) U OBaJIbHbIE, H30MET-
pUYHBIE 3epHa WiIbMeHUTA. B U C - npaBU/bHble BKpAlJIEHHUKH dJioronuTa. [1o cnaifHOCTH B C/110/ie PacHoJIaraloTcsi TOHKHE NPOCBeYH-
BawoLIMe MJIACTUHKU UibMeHUTa (B). Bosiee KpynHble yIMHEHHbIE U H30METPUYHbIE 3ePHA UJIBMEHUTA C OBaJIbHBIMU OIPaHUYEHUSMU
TATOTEIOT K KPaeBbIM 30HaM IJIACTUHOK CJ0Abl (4, B). ®oTo 1. 6€3 aHau3aropa.
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Fig. 18. The photomicrographs of thin section. Porphyrous texture in the Phl-Ilm olivine websterite.

A - regularly-faceted plates of Phl |, flakes of Phl II and an ideally faceted grain of ilmenite are visible. Late serpentine and carbonate are
developed in the rock matrix. (B) The grain of strongly resorbed garnet that is surrounded by the Phl Il reaction rim. In garnet numerous
roundish grains of ilmenite are relics of replacing during garnetization. Garnet possibly was caught of the residual high-potassium melt
from the earlier intrusive phase. In the rock matrix, irregular grains of ilmenite are resorbed with later processes, including serpentization
and carbonitization. Images without an analyzer.

Puc. 18. llopdupoBuHas crpykrypa B Phl-Ilm onrBuHOBOM BeGcTepuTe.

A - BUAHBI NpPaBUJbHO OorpaHeHHble BKpamsieHHUKHU Phl [, miactuuku ¢uoronuta Il (Phl 1) u ujeanbHo orpaHeHHbIM BKpaIJeHHUK
WJIbMEHHUTA. B MaTpulie nopoabl pa3BUTHI MO3/JHUE CEPIIEHTHH U KapOoHAT. B - «BKpalJIeHHUK» CUJIbHO Pe30pOUPOBAHHOrO I'paHara,
OKPY’KEHHOTO peaklMOHHOH KaiMoii us Phl II. B rpaHaTe BUAHBI MHOI'OYHUCJIEHHbIE OKPYTJIble 3€pPHA UJIbMEHUTA, SBJSIOILHUECS PETUK-
TaMM 3aMeLleHUs Py rpaHaTU3anui. [1o-BUAMMOMY, rpaHaT MoNasl B OCTATOYHbIA BICOKO-Ka/IMeBbIH pacnJiaB U3 6oJiee paHHEH HHTPY-
3UBHOM ¢a3bl. HempaBubHbIE 3epHa UJIBMEHUTA B MaTpHIle pe30p6HpoBaHbl Gosiee NO3AHUMHU NpoLeccaMu (cepreHTUHU3aLus, Kap6o-
HaTuszanus). PoTo 11 6e3 aHaaIU3aTOpPA.
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Fig. 19. The photomicrographs of thin section. Oriented thin lamllae of ilmenite in porphyrous phlogopite.

Larger oval-shaped ilmenite grains tend to be located at the margins of the phlogopite plates. Images: A - without an analyzer; B - in
crossed nicols.

Puc. 19. OpueHTUPOBAaHHOE MOJIO)KEHHE TOHKUX IJIACTUHOK UJIbMEHUTA B NOPPUPOBUHBIX BKpAIlJIeHHUKaX GJIOrONUTA.

K KpasM BKpPaIllJIEeHHUKOB TATOTEIOT 6oJsiee KpyIHbI€ OBaJIbHbI€ 3€pHA UWJIbMEHHTA. doTo m1.: A - 6€3 dHaJ/JIn3aTopa, B - B x HUKOJISIX.

corresponds to the development of the deformation It is most probable than these rocks developed on the
zones which led to the formation of specific deformed  rocks of the Phl-Ilm series in the root parts of the deep
phlogopite-amphibole parageneses with titanian chro-  fault zones.

mite and resorbed relics of clinopyroxene and ilmenite. Representative compositions of minerals from two
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Fig. 20. The photomicrographs of thin section. Zonal por-
phyrous plates of phlogopite (Phl I).

In images (A4) and (C) the marginal zones are more intensely red
and differs by a change in the interference colour (B, D, E). In
image (E), it is clearly visible that porphyrous phlogopite plate
was deformed after crystallization of the rocks. Image: 4, C -
without an analyzer; B, D, E - in crossed nicols.

Puc. 20. 3oHasbHble BKpanieHHUKU ¢ioronuta (PhlI).

Ha cuumkax (4) u (C), cienaHHbIX 6e3 aHAJIM3aToOpa, BUAHA 60-
Jlee UHTEHCHBHO-PbKas OKPACKa BHEIIHUX 30H. BHelIHAA Kai-
Ma OT/IMYAETCsl U 0 U3MEHEHUIO HHTePEPEHIIMOHHOM OKPACKU
(B, D, E). Ha doTo (E) yeTko BUJHA AedopMaL sl BKpallJIeHHUKA,
NPOUCXOAUBIIAsS YKe OC/Ie KpUcTanusanuu nopoy. ®oto mun.:
A, C - 6e3 a"anuzaropa; B, D, E - B x HUKOJISIX.

Geodynamics & Tectonophysics 2015 Volume 6 Issue 3 Pages 311-344
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Fig. 21. The photomicrographs of thin section. General texture of the deformed phlogopite-amphibole rocks.

The ragged edges of the phlogopite plates and ilmenite grains are visible. The rocks also contain elongated partially bended crystals of
monoclinal amphibole. Images: A without an analyzer; B - in crossed nicols.

Puc. 21. O61uiil BUA CTPYKTYPHI B lebOpMUPOBAHHBIX GJIOrONUT-aMPpUO0I0BBIX TOPOJAX.

BI/I,ELHbI COBEpLIEeHHO HellpaBUJIbHbIE, C «O60pBaHHbIMI/l» KpadgMH NJIaCTUHKH (bHOFOHI/ITa " 3epHa WJIbMEHUTa C U3'beJ€eHHbIMH, 333y6-
PE€HHbBIMU KOHTYpaMH. OcTanbHOE BbINOJHEHUE nopoabl COCTOUT M3 YAJIMHEHHbIX YaCTUYHO U3O0THYTbhIX KPUCTAJ/IJIOB MOHOKJIMHHOI'O

amdu6osaa. PoTo un1.: A - 6e3 aHaIU3aTOPa; B - B X HUKOJISX.

xenoliths of the Mg series with metasomatic phlogopite
and amphibole and five xenoliths of the Phl-Ilm series
of hyperbasites are given in Table. The main rock-
forming minerals in the metasomatically altered xeno-

liths of the Mg series are not significantly different
from the corresponding minerals from xenoliths that
do not contain any metasomatic minerals [Solov’eva et
al., 1994]. This observation may indirectly suggest that



amphibole rosettes in intergrowths with irregular-shaped
grains of phlogopite (A-E).

Images (C) and (D) show a typical torch-like form of phlogopite,
bended cleavage of mica and elongated crystals of amphibole. (E)
The initially single phlogopite plate was granulated into several
small platelets. Images: 4, C, E - without an analyzer; B, D - in
crossed nicols.

Puc. 22. Po3eTKH MOHOKJMHHOTO aM$H60J1a B CPOCTKAX C
HenpaBUJIbHBIMU 3epHaMu ¢Jioronura (A-E).

Ha cuumkax (C) u (D) BujHa xapakTepHas ¢akesnoobpasHas
¢dopma ¢sroronuTa, a TakKe U3rud CMANHOCTH CIIOABI U yAIU-
HEHHBIX KPUCTa/JI0B aMdubosa. E - U3HAYaJbHO eJiMHas IJa-
CTUHKA (JIOronuTa rpaHyJIMPOBaHA HAa HECKOJIbKO OoJjiee MeJl-
kux. orto un.: 4, €, E - 6e3 aHanusatopa; B, D - B x HUKOJISIX.
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Fig. 23. The photomicrographs of thin section. Deformation of phlogopite plates.

A - general view of the plates in the rock. Images (B, C, D) show that the phlogopite plates were granulated into blocks of various orienta-
tions, which are separated by the fine-grained mica aggregate. The latter contains a few larger regular-shaped recrystallized platelets.

Images in crossed nicols.

Puc. 23. XapakTep gedopManyu miacTUHOK GJIOrONUTA.

A - 06U BUA IJIACTUHOK B nopoge. [Ipu 6osiee cuibHOM yBesnndeHUH BUAHO (B, C, D), KaK IVIaCTUHKH CJIIOJbI TPaHYJIUPYIOTCS Ha
pa3HOOpPHEHTHUPOBAHHbIE BJIOKH, pa3/Je/ieHHble MeJKOYeLlyHYaThIM CJAI0SHBIM arperaToM. B nocieHeM nosiBasitoTcs 60siee KpynHble
NpaBUJIbHbIE IEPEKPUCTANIIN30BaHHbIE JIACTUHKU POTO 1L B X HUKOJISX.

the entire magnesian pyroxenite-peridotite series was
subject to metasomatic modification, and the process
took place with chemical reequilibration of primary
and newly-formed minerals. This assumption is sup-
ported by the lack of zonation in the crystals of phlo-
gopite and amphibole. Unlike the corresponding mi-
nerals in the Phl-Ilm series of hyperbasites, the main
minerals in the Mg series are characterized by the
higher magnesium index (Mg#), considerably lower
contents of TiO2, FeO and higher contents of Cr;03
(Table).

In diagrams Mg# - TiO, and Mg# - Cr;03, meta-
somatic phlogopite points from rocks of the Mg series

are significantly distant from the field of points of mica
from the phlogopite-ilmenite parageneses (Fig. 24, 4,
B). The metasomatic phlogopite from rocks of the Mg
series contains more chrome oxide, less titanium oxide
and have significantly higher contents of magnesium.
Within the parageneses of the Phl-Ilm series, the lowest
magnesium contents and the highest titanium contents
are typical of mica from the deformed phlogopite-
amphibole rocks. The phlogopite flakes from these
rocks have either high or low contents of chrome. In
the more intensively coloured marginal rims of the
phlogopite plates, especially in the large porphyrious
ones, the Mg content is lower, while the content of
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Chemical compositions of minerals in deep-seated xenoliths with phlogopite and phlogopite-amphibole
mineralization in the Obnazhennaya kimberlitic pipe

XUMHMYECKHIl COCTAaB MHHEPAJIOB B IVIyGMHHBIX KCEHOJIUTAX C (JIOTONUTOBOI U ¢JIOronuT-aMm¢Ppu6010B0ii
MHUHepa/u3anueil B KUMGepPJIUTOBOM TPy6Ke OGHaXKeHHas

Sample 74-817 74-296a 7-365

Mineral (0)1 Opx Cpx Grt Phl Amph Opx Phl Amph (0]} Opx Cpx
SiO2 40.39 57.06 54.16 41.97 39.31 47.28 57.24 39.06 46.97 39.83 56.02 54.72
TiO2 0.04 0.19 0.08 0.46 0.59 0.04 0.50 0.42 0.19 0.35
Al203 0.93 3.57 22.72 14.89 9.79 1.34 15.05 10.83 0.04 1.24 2.67
Cr203 0.14 0.89 1.21 0.69 0.59 0.34 0.90 1.81 0.02 0.22 0.78
FeO 7.38 4.54 2.71 8.23 3.14 3.32 5.25 3.00 3.56 14.58 8.88 5.16
MnO 0.06 0.05 0.08 0.31 0.04 0.04 0.11 0.02 0.08 0.14 0.14 0.12
MgO 5132 36.75 15.41 21.59 25.31 20.44 36.08 25.20 20.23 45.90 32.32 16.22
Ca0 0.22 19.97 4.21 8.91 8.71 0.04 0.82 18.32
Naz0 0.05 3.06 0.02 1.09 5.34 2.00 5.10 0.227 2.42
K20 9.52 1.21 6.63 0.37 0.020 0.01
NiO 0.45 0.14 0.12 0.05 0.02 0.18 0.08 0.26

Sro 0.16

BaO 0.06 0.76 0.04 2.78

F 0.11 0.05 0.10 0.06 0.07

Cl 0.03 0.03

Total 99.73 100.02 100.07 100.47 95.38 97.65 100.42 92.70 98.16 100.80 100.08 100.78
Mg# 92.52 93.50 91.02 82.37 93.48 91.65 92.4 93.7 91.0 84.9 86.6 84.9
Sample 7-365 0-42-87 0-22-87

Mineral Grt Phl1 Phl Il IIm I IIm II Cpx Phl IIm Opx Cpx Phl IIm
SiO2 41.57 39.93 39.70 0.00 0.04 54.26 40.94 0.03 55.602 54.60 42.06 0.00
TiO2 0.64 1.88 2.82 51.06 42.16 0.16 0.90 50.48 0.05 0.31 1.24 50.09
Al203 20.79 12.83 12.77 0.88 0.66 0.96 11.53 0.08 0.095 0.94 11.29 0.11
Cr203 1.35 0.47 0.51 2.30 2.06 0.67 0.09 0.87 0.063 0.56 0.13 0.83
FeO 12.12 6.14 6.29 33.37 44.15 5.32 6.07 38.20 9.671 5.45 6.04 39.02
MnO 0.41 0.03 0.02 0.18 0.65 0.11 0.02 0.35 0.237 0.13 0.01 0.35
MgO 17.88 22.53 21.34 11.80 5.96 15.82 24.96 10.05 34.053 16.11 24.83 9.74
Ca0 5.03 0.04 0.25 20.10 0.01 0.36 20.15 0.02
Naz0 0.09 0.21 0.31 2.496 0.23 0.105 2.17 0.27

K20 0.01 10.47 10.46 0.01 10.58 10.55

NiO

Sro 0.032 0.002

BaO 0.352 0.131 0.134

F 0.162 0.268 0.332 0.418

Cl 0.048 0.011

Total 99.89 94.68 94.86 99.58 95.93 99.90 95.78 100.08 100.24 100.40 96.98 100.16
Mg# 72.4 86.7 85.8 38.6 19.4 84.1 88.0 31.9 86.2 84.1 88.0 30.8
Sample 7-371

Mineral (0] Phlc Phir Phir1 IIm Amph

SiO2 38.37 39.99 39.46 38.79 0.07 55.93

TiO2 0.00 1.01 3.02 4.02 52.77 0.16

Al203 0.00 13.07 13.17 13.26 0.68 1.06

Crz203 0.00 0.49 1.12 0.58 1.83 0.37

FeO 20.42 5.86 6.04 5.91 32.24 2.41

MnO 0.18 0.01 0.02 0.04 0.25 0.05

MgO 41.78 22.67 22.05 21.46 11.97 22.60

Ca0 0.05 0.03 6.73

Naz0 0.80 0.37 0.32 5.56

K20 9.65 9.40 10.47 3.14

NiO 0.072

Sro 0.015 0.023 0.03

BaO 0.129 0.064 0.065 0.05
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End of Table

OKoOH4YaHUEe TabJuIbl

Sample 7-371

Mineral (0)1 Phlc Phlr Phir1 IIm Amph
F 0.321 0.173 0.236 0.33
Cl 0.015 0.013 0.016

Total 100.87 94.02 94.93 95.14 99.84 98.41
Mg# 78.5 87.3 86.7 86.6 39.8 94.3

N o t e. Mg series: sample 74-817 - Grt olivine websterite with Phl-Amph metasomatic veinlets; sample 74-296a - megacrystalline Grt
orthopyroxenite with metasomatic Phl-Amph mineralization. Series of Phl-Ilm hyperbasites: sample 7-365 - Phl-Ilm garnetized lherzolite;
sample 0-42 /87 - porphirous Phl-Ilm websterite; sample 0-22/87 - porphirous Phl-Ilm olivine websterite; sample 7-371 - deformed Phl-

Amph rocks with accessory Ti-chromite and relict [lm.

[Ipu™edaHu e Mgcepus: o6p. 74-817 - Grt 0JIMBUHOBBIN Be6CTEPUT C METACOMAaTUYECKUMHU NpoxkuakaMu Phl u Amph; o6p. 74-296a
- Merakpucrayinyeckuit Grt opTonupoKkceHUT ¢ MeTacoMaTudeckoil Phl - Amph muHepanusanueit. Cepus Phl-Ilm runep6asurtos: o6p. 7-
365 - Phl-Ilm rpaHaTH3upoBaHHBIN JIepL0AUT; 06p. 0-42/87 - nopdupoBuaHblit Phl-1lm Be6cTepuT; 06p. 0-22/87 - nopdupoBuHbiil Phl-
IIm oiMBHUHOBBIN Be6CTEPUT; 06p. 7-371 - nedopmupoBanHas Phl-Amph nopoga c akueccopabiM Ti-XpoMUTOM U C peIUKTOBBIM [lm.

titanium is higher as compared to those in the central
parts (Fig. 24). A possible cause might be that exsolu-
tion textures of ilmenite precipitated in the centre of
phlogopite grains, and this process was accompanied
by depletion by titanium oxide and ferrum oxide. At the
margins of the large phlogopite plates, ilmenite exso-

> > HeO
AW N =

TiO,, wt.%

in the matrix (solid symbols).

pui.

lution lamellae are lacking and changed by larger iso-
metric grains. This suggests that the main portion of
ilmenite precipitated from the melt at the latest stages
of crystallization simultaneously with the growth of the
late rims on phlogopite and of small mica flakes of the
second generation.
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Fig. 24. Mg# vs. TiO, and Mg# vs. Cr203 in phlogopites from rocks of the Mg pyroxenite-peridotite and Phl-Ilm series.

1 - metasomatic phlogopite from the rocks of the Mg series; 2 - phlogopite from garnetless and garnetized Phl-Ilm hyperbasites;
3 - phlogopite from porphyrous garnetless Phl-Ilm hyperbasites; 4 - phlogopite from deformed phlogopite-amphibole rocks with newly-
formed chromite. Arrow tips refer to compositions of phlogopite from the marginal zones of porphyrous plates or from smaller platelets

Puc. 24. CootHouienue Mg# - TiO, u Mg# - Cr,03 Bo ¢Jioronute us noposa Mg nupokceHUT-nepuaoTuToBoM U Phl-Ilm ce-

1 - MeTacoMaTu4ecKkuit ¢pyioronuT u3 nopoj Mg cepuy; 2 — G1oronuT M3 6e3rpaHaTOBbIX U rpaHaToBbIX Phl-Ilm runep6asuTos; 3 - ¢uio-
ronut u3 nopoupoBUHbIX 6e3rpaHaToBbiX Phl-Ilm runep6asutos; 4 - ¢yoronut us AedopMUpPOBaHHBIX GJIOrONUT-aMPUO0I0BBIX MO-
po/Ji ¢ HOBOOGPA30BaHHBIM XPOMUTOM W PEJMKTOBBIMU UJIBMEHHUTOM, KJIMHONMUPOKCEHOM. OKOHYaHHE CTPEJIOK 03HAYaeT cocTaB $Jioro-
[MTa U3 KpaeBbIX 30H MOPHUPOBUAHBIX BblJieJIeHUH (JIOrONUTA UK U3 MEJIKUX IJIACTUHOK B MaTpHIe (3a/1UThle 3HAYKH).



By its chemical composition, amphibole represented
by typical pargasite in the Phl-Amph metasomatites of
the Mg series (Table) [Ukhanov et al., 1988]) is obvious-
ly different from K-richterite from the deformed phlo-
gopite-amphibole rocks. The latter has significantly
larger contents of SiO; and K0 and several-fold lower
contents of Cr203 and Al;0s.

[Imenites from the Phl-Ilm parageneses of all the
three groups have high contents of Mg0O (9.7-12 %),
except the late micrograin in the cavern in the garnet
grain (6 %). All the ilmenites listed in Table 1 differ
from ilmenites of the ultrabasic diamond paragenesis
with the lower content of TiO; [Patrin et al., 2004]. The
micrograin from the cavern in the garnet grain contains
more MnO and less TiO» as compared to other analysed
ilmenites. Considering the content of the main oxides,
the relict resorbed ilmenite from the deformed phlogo-
pite-amphibole rocks (7-371) is similar to IIm I from
the garnetized Phl-Ilm lherzolite (7-365). [lmenite from
garnetless Phl-Ilm websterites (0-42/87 and 0-22/87)
contains significantly less Cr.03 and more FeO as com-
pared to ilmenite from the garnetized Phl-Ilm lherzolite
(7-365). Due to high contents of phlogopite and ilme-
nite and higher contents of Fe in silicates, the Phl-Ilm
hyperbasites from the pipes of the Kuoika field belong
to high-potassium, titanian and ferrous basites-ultra-
basites.

4, 40AR/39AR DATING OF MICA

Results of 40Ar/39Ar dating for mica from the phlog-
opite-containing xenoliths of the Mg pyroxenite-pe-
ridotite and Phl-Ilm series are given in Fig. 25. Ac-
cording to the 4°Ar/3%Ar method, ages of phlogopites
from the metasomatic inclusions and veins in the
garnet olivine websterite (74-817) range from ~1640
to 1800 Ma. Mica from the garnetless Phl-Ilm parage-
neses (0-22/87 and 0-42/87) has similar ages for
high-temperature stages (~869 and 851 Ma, respec-
tively) (Fig. 25). Phlogopite from the garnetized Phl-Ilm
lherzolites (12/7 and 7-365) has significantly younger
ages, ~608 and 495 Ma, respectively. Mica from the
deformed phlogopite-amphibole rocks SI-3 has an ap-
proximate age of 167 Ma, which is close to the age of
kimberlites of the Kuoika field [Howarth et al., 2014].

5. DISCUSSION AND RESULTS

The age determinations for mica confirm the con-
clusion based on the data on petrography, mineralogy
and chemistry of the minerals: the phlogopite and
phlogopite-amphibole parageneses of the Mg pyroxe-
nite-peridotite and the Phl-Ilm basite-ultrabasite series
are represented by two discrete mantle rock associa-
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tions in the mantle lithosphere of the Birekte terrain.
Xenoliths with the combined presence of minerals of
both series are lacking.

The specific features, such as the cumulative type
of banding, high temperatures (1250-1500 °C) of the
start of crystallization of exsolution megacrystals of
pyroxenes, the presence of deformed globules of sul-
phides and others, give grounds to consider the Mg py-
roxenite-peridotite series as the layered intrusion in
the mantle [Ukhanov et al, 1988; Solov’eva et al, 1994].
The average chemical composition of the rocks in this
series is close to that of the Al-undepleted komatiites
[Solov’eva et al, 1994]. For four crystals of zircon from
kimberlites of the Rubin pipe (Kuoika filed), ages de-
termined by the SHRIMP method fall into two groups,
1.8-2.1 (~1.95 Ga in average) and 2.3-2.6 Ga (~2.4 Ga
in average) [Nasdala et al., 2014]. In the opinion of the
authors, the above-mentioned ranges reflect the main
evolution stages of the crust in the Birekte block. The
average most ancient age (~2.4 Ga) is actually similar
to the formation time of the Birekte terrain (~2.4 Ga),
according to [Rosen, 2003]. In the first approximation,
this age can be viewed as the formation time of the lay-
ered magmatic Mg series in the mantle. The average
age of 1.9 Ga corresponds, according to [Rosen, 2003],
to the accretion time of the Birekte terrain to the Sibe-
rian craton (~1.8-1.9 Ga). The estimated 4°Ar/39Ar age
of metasomatic phlogopite from the xenolith in the
Mg series (~1.64-1.8 Ga) is close to the latest event.
The lower age of mica may be due to a partial loss of
40Ar. The rocks of the Mg series from the Obnazhenna-
ya pipe have another particular feature: values of §180
in garnets and clinopyroxenes from peridotites, web-
sterites and garnet clinopyroxenites have a considera-
ble admixture of subduction oxygen (Fig. 26 [Taylor et
al., 2003, 2005]). It can thus be assumed that at some
stage, the mantle lithosphere substance under the Bi-
rekte block was subject to fluid-melt metasomatism in
the subduction zone. According to [Pernet-Fisher et al.,
2015], radiogenic osmium was supplied into the mantle
lithosphere of the Birekte block by sulphur-rich fluids
from the subduction zone between 1.7 and 2.2 Ga, and
this period correlates with the age of phlogopite from
the phlogopite-amphibole metasomatites (1.64-1.8
Ga). As noted in the petrographic description, the
phlogopite-amphibole veinlets have a typical magmatic
euhedral texture, i.e. they might have crystallised from
the melts. Based on the reviewed data, it can be sug-
gested that in the mantle lithosphere of the Birekte ter-
rain, phlogopite-amphibole metasomatism of the rocks
of the magnesian pyroxenite-peridotite series was re-
sulted by fluids-melts ascending from the subduction
zone.

This assumption does not contradict to the data on
the mantle pyroxenites containing graphite and the
lower-crust metabasite granulites from the kimberlitic
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Fig. 25. Ages of phlogopite (according to the 4°Ar/3°Ar method) in xenoliths of the Mg pyroxenite-peridotite series (sample
74-817) and the Phl- Ilm series (sample 0-22/87 and 0-42/87 - garnetless Phl-Ilm hyperbasites; 12-7 and 7-365 - intensive
garnetized Phl-Ilm lherzolites; sample SI-3 - deformed Phl-Amph rock). Mineral compositions of samples 74-817, 0-22/87,

0-42/87 and 7-365 are given in Table.

Puc. 25. Bo3pact ¢sioronuTos, nosydeHHbIH MeTonoM 40Ar/39Ar naTUpoBaHUs B KCEHOJMTaX Mg MUPOKCEHUT-TIePUA0-
TUTOBOU cepuu (06p. 74-817) u Phl- Ilm cepuu (06p. 0-22/87, 0-42/87 - 6e3rpanaroBble Phl-Ilm runep6asutsr; 12-7 u
7-365 - UHTEHCUBHO I'paHaTu3supoBaHHble Phl-Ilm nepronuTsr; 06p. Cia-3 - sedopmuposanHas Phl-Amph nopoga). Coctas
MUHepaJsoB U3 ob6pa3uos 74-817, 0-22/87, 0-42 /87, 7-365 npuBejieH B Tab/Iu1e.

pipes of the Kuoika field. In the deep-seated xenoliths
from the Obnazhennaya and Slyudyanka kimberlitic
pipes, graphite-bearing orthopyroxenites and webste-
rites are found, which are viewed as crystal cumulative
rocks in boninite dykes with the biogenic matter added
under island-arc conditions, as suggested by studies of
oxygen and sulphur isotopes and bulk rock geochemis-
try [Solov’eva et al., 2010]. By their geochemical charac-
teristics, the xenoliths of basite granulites from the
pipes of the Kuoika field (which are representing the
lower crust in the Birekte terrain) are determined as

result of fractional crystallization of the island-arc
low-potassium tholeiites [Solov’eva et al., 2004]. There-
fore, it can be assumed that the accretion of the Birekte
microcontinent/terrain to the Siberian craton, being a
larger continental block, took place about 1.8 Ga ago
in the subduction zone.

The Phl-Ilm parageneses of the xenoliths represent
the differentiated magmatic series with ubiquitous
processes of subsolidus garnetization and autometa-
somatic phlogopitization. According to results of the
whole-rock chemical analyses, the rocks of this series
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‘ Fig. 26. Cr203 vs. 180 and Al,;03 vs. 180 in garnet from peridotites and pyroxenites of the Mg series, from Phl-Ilm lherzolite

values for garnet is shown by the blue strip.
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‘ Puc. 26. CootHourenue Cr,03 - 180 u Al;03 - 180 B rpaHaTe U3 NepUJOTUTOB U NUPOKCEHUTOB Mg cepuy, u3 Phl-Ilm nepijo-

1oJioca — xana3oH MaHTUMHBIX 3Ha4eHUH /1 FpaHaTa.

can be classified as high-potassium basites and ultra-
basites. The most ancient ages of phlogopites in this
series (869 and 851 Ma) belong to the Upper Protero-
zoic and are close to the early age of the alkali-
ultrabasic carbonatite Tomtor pluton-volcano (800 Ma,
[Entin et al., 1990]). The younger ages of phlogopite in
the garnetized parageneses (608 and 495 Ma, samples
12-7 and 7/365) may be related to the loss of radiogen-
ic 0Ar due to its substitution by garnet. During this
process, H20, K, Ba, F and Cl were supplied into the up-
per layers of the crust and mantle. The age of phlogo-
pite in xenolith SI-307 (167 Ma), which is close to the
age of the kimberlites of the Kuoika field, may reflect
the influence of the kimberlitic melt.

In this context, the entire complex series of the Phl-
[Im parageneses from the xenoliths in kimberlites of
the Kuoika field can be considered as the high-potas-
sium mantle rocks being deep sources of high-potas-
sium magmatites on the surface. The latter may include
the complex long-term alkali ultrabasic-carbonatite
Tomtor pluton-volcano as well as the series of dykes
and sub-effusive K-basites and lamproites [Shpunt,
Shamshina, 1989; Kiselev et al., 2012]. Besides, it is not
improbable that the intensively deformed phlogopite-

amphibole rocks, that mark the deep weakened zones
in the mantle lithosphere, guided the alkali potassium
magma to the surface. According to [Li et al., 2008],
the formation of Rodinia to its maximum size took
place between 1000 and 900 Ma, and the first major
episode of its breakup due to the plume impact oc-
curred 825 Ma ago. Although the ages of phlogopite
from the Phl-Ilm websterites (869 and 851 Ma) are by
45, 25 Ma larger than the initial stage of Rodinia
breakup according to [Li et al, 2008], it can be assumed
that the formation of the high-potassium, titanian and
ferrous magmatites in the mantle took place in advance
of their occurrence on the surface. In the Siberian cra-
ton, the Rodinia breakup was accompanied by magma-
tism due to the impact of the Upper Proterozoic plume
[Lietal, 2008].

Thus, the Phl-Amph metasomatites developed in the
mantle lithosphere of the Birekte block on the rocks of
the early magmatic Mg pyroxenite-peridotite series are
markers of the stage related to the accretion of this
block to the Siberian craton (~1.8-1.9 Ga). In the man-
tle lithosphere of the Birekte terrain, the magmatic se-
ries of the Phl-Ilm hyperbasites occurred much later
(~869-851 Ma) corresponding to the start of Rodinia



L.V. Solov’eva et al.: Metasomatic and magmatic processes in the mantle lithosphere...

breakup [Li et al, 2008]. The deformed phlogopite-
amphibole rocks were formed as metasomatites of the
deep fault zones drained the upper mantle.

6. MAIN CONCLUSIONS

1. The petrographic, chemical and geochemical
features of discussed phlogopite and phlogopite-am-
phibole xenoliths from the kimberlitic pipes of the
Kuoika field (i.e. the north-eastern part of the Siberian
craton) are evidence of different stages in the evolution
of the mantle lithosphere of the Birekte terrain.

2. The Phl-Amph metasomatites develop on the
rocks of the complex Mg pyroxenite-peridotite series of
the xenoliths, belonging to the ancient layered mantle
intrusion. In the rocks of this series, the Phl-Amph
metasomatism gave geochemical features of the sub-
duction zone and marked the stage related to the accre-
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GEODYNAMICS AS WAVE DYNAMICS OF THE MEDIUM COMPOSED
OF ROTATING BLOCKS

A. V. Vikulin

Institute of Volcanology and Seismology, Far East Branch of RAS, Petropavlovsk-Kamchatsky, Russia

Abstract: The geomedium block concept envisages that stresses in the medium composed of rotating blocks have
torque and thus predetermine the medium's energy capacity (in terms of [Ponomarev, 2008]). The present paper de-
scribes the wave nature of the global geodynamic process taking place in the medium characterized by the existence
of slow and fast rotation strain waves that are classified as a new type of waves. Movements may also occur as rheid,
superplastic and/or superfluid motions and facilitate the formation of vortex geological structures in the geomedium.

Our analysis of data on almost 800 strong volcanic eruptions shows that the magma chamber’s thickness is gene-
rally small, about 0.5 km, and this value is constant, independent of the volcanic process and predetermined by pro-
perties of the crust. A new magma chamber model is based on the idea of 'thermal explosion’/‘self-acceleration' mani-
fested by intensive plastic movements along boundaries between the blocks in conditions of the low thermal conduc-
tivity of the geomedium. It is shown that if the solid rock in the magma chamber is overheated above its melting point,
high stresses may occur in the surrounding area, and their elastic energy may amount to 1015 joules per 1 km3 of the
overheated solid rock. In view of such stresses, it is possible to consider the interaction between volcano’s magma
chambers as the migration of volcanic activity along the volcanic arc and provide an explanation of the interaction
between volcanic activity and seismicity within the adjacent parallel arcs.

The thin overheated interlayer/magma chamber concept may be valid for the entire Earth's crust. In our hypothe-
sis, properties of the Moho are determined by the phase transition from the block structure of the crust to the non-
block structure of the upper mantle.

Key words: geodynamics, force moment, rotational waves, rheid flow, gravitational waves.
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TEOJAMHAMMKA KAK BOJIHOBAS JUHAMHUKA BJIOKOBO#M
BPAILIAIOLIENCA CPEJDI

A. B. Buky/simH
Hucmumym sysakaHosnozuu u ceticmonozuu [JBO PAH, [lemponasaosck-Kamuamckutl, Poccus

AnHoTanus: B pa6oTe pa3BuBaeTcs KOHIENIUsA 6JIOKOBOU reoCpe/ibl IPUMEHUTENbHO K reoJMuHaMU4YecKoMy (ceit-
CMHUYECKOMY U ByJIKAHU4YeCcKOMY) mpoueccy. PaboTy, B LieJI0M, MOXXHO NPeACTaBUTh B BU/le YeThIpeX YyacTel: ggede-
HUsl, wecmu pasde08, KPaTKO OMUCHIBAOLIMUX pa3paboTaHHY0 paHee aBTOPOM POTALMOHHYI0 MOJiesib CEHCMOTEKTO-
HUYECKOTro Mpoliecca, mpex pa3des08, NOCBSILEHHbIX Pa3BUTHUIO 6J10KOBON KOHUENLUU IPUMEHUTENbHO K BYJIKAHU-
YeCKOMY MPOLEeCCy, U 06CyHc0eHUs pe3y1bmamos.

Bo s8edeHuu Ha nmpuMepe aHaJM3a UCCJIeL0BaHUH, IPOBOJAUMBIX B TeYeHUE NOCAEJHUX AeCATUIETUH COTPYLHU-
kamu UHCcTHTYTa 3eMHOM Kopbl CO PAH, nokaseiBaeTcs, YTO KOHLeNIUs TeKTOHOU3WYECKOTo nporiecca balikaib-
CKOHM pudTOBOH 30HEI, pa3pabaThiBaeMasi B paMKax Pa3/JIOMHON TEKTOHUKH HAa PETMOHA/JIbHOM YPOBHE, HE T03BOJISIET
BU/IETD BCI0 KaPTHHY B IeJI0M. PernoHasbHble KOHIENIINY CYI[eCTBEHHBIM 06pa30M ONMPAIOTCS Ha MpeJCTaBIeHUs
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0 pasJyioMax, pe/iCTaBJIeHUsI 0 6JIOKOBOM Cpejie UCMOJIb3YIOTCA YUCTO GopMasibHO. Y, HecMOTps Ha GoJiblIMe YCIeXH
[Sherman, 2014], y»xe Ha nepBbIX 3TanaxX NOCTPOEHUSI PETMOHATBLHON MO/IEJIH yUeHble BbIHYK/€Hbl BBOJUTh B3aUMO-
CBSI3M MEX/y ee MapaMeTpaMH, TEM CaMbIM PE3KO OTPaHUYMUBAsT BO3MOXHOCTH UHTepPIpeTalii MOJEIH Ha 3aKJII0-
YUTEeJIbHBIX 3TaNax ucciesoBaHust. OTMedaeTcs, YTo npuHUun CeH-BeHaHa B MIpUMeHEHUH K 33/lauaM CEHCMOJIOTUH
Y re0JUHAMUKU He MOXKET PACCMaTPUBAThCA KaK GpyHaMeHTalbHbIH.

B paszene «HanpsiyceHuss ¢ MOMEHMOM CUJ/Ibl» IPOBOAUTCS NMOCTPOEHHE MeXaHUYeCKH OUYEeBUAHOM MOJIe/U JABU-
JKeHUs GJI0Ka, SIBJISIIOLIErocsl YacThlo Bpallalolleiics cpefbl — reocpesbl. [lokaseiBaeTcs (puc. 1), 4To B 6J0KOBOH
Bpallaloleiics U nepeJBUraoleics BJj0JIb TOBEPXHOCTH 3eMJIU reocpefie reHepUupyeTcs yIPyroe mnoJie ¢ MOMeHTOM
CHUJIBI, KOTOpPOE JIeHCTBYET Ha OGJIOKHU Yepe3 UX NOBEepPXHOCTU. Takue CBOWCTBA YIPYTroro MoJis SIBJSAITCS CJe/[CTBUEM
3aKOHa COXpPaHEHHs MOMEHTA KOJIMYeCcTBa JIBIKeHUs. [[BloKeHHe 6JI0Ka BO Bpallalolleiics cucTeMe KOOpPAUHAT Me-
XaHUYEeCKHU SKBUBAJIEHTHO JBIKEHHIO GJI0Ka B HeBpaujawolulelics (MHepLHUaJbHONM) cUCTeMe KOOPAWHAT HOJ JAei-
CTBHEM COGCTBEHHOTO MOMEHTA CUJIbI (CIIMHA), KOTOPBIN B OKPYKaKLeM 6JIOK IPOCTPAHCTBE CO3JaeT YIPYroe noje
C MOMEHTOM cuJibl. Takue HamnpsiKeHUs1 B Teocpesie HAKaIJIMBAIOTCS, UTO U MOXKeT OO'bSICHUTb ee U3BECTHOe CBOU-
CTBO — 9HEpProHacChIleHHOCTb [Ponomarev, 2008].

B pazgene «bauskodelicmeue u dasavHodelicmeue pomayuoHHO20 ynpy2020 NO/si» TIOKA3bIBAETCs, YTO IMOJIe YIIpy-
IUX HAaPSKEHUH C MOMEHTOM B reocpe/ie OMMMChIBAETCA CHMMETPUYHBIM TEH30POM HanpspkeHUH. OHO XapaKTepu3y-
eTcst 6JIM3K0JIeCTBUEM — K MOMEHTHBIM» B3aUMO/IEICTBHEM PsIZIOM PACIOJI0XKEHHBIX 6JI0KOB, U JaJlbHOAEHCTBUEM —
«3HepreTUYeCKUM» B3auUMoJeHcTBHEM BceX 6JIOKOB CelCMUYeCKOro Iosca, MPOTATUBAIOILErocs Ha AeCITKU ThICIY
KHUJIOMETPOB, YTO MOXET SIBJSATBCSA OTpakeHHeM 061ero ¢pusanyecKoro NpUHLHMNA — KOPIYCKYJIsIPHO-BOJHOBOTO
JAyanusMa. B poTanoHHON KOHIENIMU He TpebGyeTcs NpUBIeKaTb MoJesb Koccepa, kKoTopas siBasieTcsl MaTeMaTH-
YeCcKoU, He PU3UIECKOM.

B pasgenax «0 pomayuoHHbIX 801HAX 8 6/10K08bIX 8paujarowuxcs 2eocpedax» v «Hoewlll mun 2eoduHamuyeckux Ko-
/1e6aHuli» ONMHChIBAeTCs pa3paboTaHHAasi paHee aBTOPOM B paMKax 6JIOKOBOM KOHIENIIMU reocpefibl Mojiesib poTa-
LMOHHOTO celicMoTeKTOHNYecKoro npouecca [Vikulin, 2011]. XapakTepHbIMH CKOPOCTSIMH BOJIHOBOM MO/IeJU SIBJISIIOT-
csico=y+VrVs, cp=1—10 cm/c (8) u (9) u Vs=1-10 xkM/c (10). 3HaueHUE NEPBOH ¢y — «COJUTOHHOU» NpefebHON
CKOPOCTH — OTIpe/ieJISIeTCsl TOJIbKO YTJI0BON CKOPOCThIO BpallleHUs1 3eMJIM BOKPYT CBOEH OCH, OTKY/la U Ha3BaHUe MO-
JleJid — poTaluoHHas. Bropas V,, — «3KCUTOHHAasI» Mpe/ieJibHasi CKOPOCTh — SIBJISIETCS CKOPOCThIO YIPYTHUX celicMuye-
CKUX BOJIH. OTMeuaeTcs, YTO TaKue XKe, 10 CyTH, AedopMaliuoHHble BoJiHbl [Khachai 0.A., Khachai 0.Yu, 2012; Khachai
et al, 2013] ©UHCTpYMeHTAJIbHO 3apPerUCTPUPOBAHBI B IIaxTax. [[pOBOAUTCS COMOCTaBJIeHUE TEOPETUUECKUX MO/IEJb-
HBIX pelleHHH C JJaHHBIMU O CKOPOCTSIX MUTPALMH 04aroB 3eMsieTpsiceHUH. OTMedaeTcss U KaueCTBEHHOe U KOJInye-
CTBEHHOE COBIIaZieHHe C TAKUMH K€ U PellleHUsIMU U 3Ha4eHUSIMU XapaKTePHbBIX CKOPOCTeH, cCooTBeTCTBeHHO. Popmy-
JINPYeTCsI BBIBOJ, O TOM, UYTO POTALOHHbIE BOJIHBI — 3TO HOBBIW THII BOJIH, SIBJISTIOLUINXCS JJ151 6JI0KOBBIX BPAIIAIOLIUXCS
CpeJi TAKVMH >Ke XapaKTepPHBIMH, KaK U TPOJIOJIbHBIE U NTOIlepeYHble ceiCMUYeCKre BOJIHBI.

B paszene «Peudnble ceolicmea 2eocpedbl» OTMEYEHO, YTO Me/lJIeHHble POTAlMOHHbIE BOJHOBBIE JIBIDKEHHS MO-
I'yT 6bITb OTBETCTBEHHBIMHU 33 CBEDPXIJIACTHYHBbIEe TedeHUs [Leonov, 2008] reocpennl - ee peupnHsie [Carey, 1954]
cBouictBa [Vikulin, Ivanchin, 2013a]. OTMe4aeTcs, 4TO PU3UIECKUM aHAJOTOM TAKOTO JIBUXKEHUS MOXKET SABJATHCS
CBEPXTEKYYeCTb.

B pasgesnie «PomayuoHHble u MAsAMHUKOBbIE 80/IHLI» TTOKA3bIBAETCS, YTO OMKCAHKE BOJHOBOIO re0IMHAMHUYeCKO-
ro mporecca B paMKaxX pOTallMOHHON MoOJiesiu 6JIM3KO TaKOMY e, 110 CyTH, 6JIOKOBOMY ONMCAHUIO C NMO3UIUU KOH-
IENIUHU «KOMIO3WLMH U JAEeKOMIIO3UIIMKU BellecTBa 3eMmun» [Oparin et al, 2010]. 9To M03BOJIsIeT POTALMOHHbIE U
MasTHUKOBBIE, a TakkKe U JepopmanuonHsble [Khachai 0O.A.,, Khachai 0.Yu., 2012; Khachai et al., 2013] BOJTHbI OTHECTH
K OIHOMY KJIAcCy SIBJIEHHH — B3aMMOJEHUCTBHIO GJIOKOB reocpeibl MeX/Ay C060i MoCpeACTBOM YIPYToro ImoJist ¢ Mo-
MEHTOM CHUJIBL.

B pasgene «ba0kosas zeocpeda u 8y/1KAHU3M» OTMeUYaeTCs], YTO OTPAXKeHUEM BJIOKOBOTO CTPOEHUS CPeJibl MOXKET
SIBJISIThCSI MarMaTH4eCKUH o4ar, MUTAOLUMH U3BEPXKEeHU 1eCTBYIOLIEro ByJIKaHa.

B pasgene «0 napamempax mMazmamu4eckux 04az08» C UCI0JIb30BaHUEM G0JIbIIOTO 06'beMa JJAHHBIX 06 U3BEpIKe-
HUSX BYJIKAHOB IJIAHETHI MOKA3bIBAETCsl, YTO TOJILIMHA MAarMaTU4YeCKOT0 o4ara siBJisieTCsl HHBapHaHTOM HaubGoJiee
0o0LIMX CTAaTUCTUYECKUX paclpejieJIeHUH, XapaKTepU3yIlUX ByJKaHUYeCcKUi npouecc (puc. 3 u 4), U, Kak cien-
CTBHE, MaJIo U3MeHsollelcs BennynHol A4h=0.5+0.1 kM (19). 3To No3BOJIAET TOJIHUHY MarMaTHYeCKOT0 ovyara pac-
CMaTpHUBaTh KaK MOCTOSIHHYIO BEJIUUKUHY, HE 3aBUCSLIYI0 OT BYJIKAHUYECKOTO MPOLecca, KOTopasi ONpe/esisieTcs reo-
JMHAaMHYeCKUMU [TapaMeTpaMH 3eMHOU KOpBI, ee 6JI0KOBLIM cTpoeHHeM. [Ipu pasMmepax Kanbzep fo D=10-15 kM u
6oJiee popMa oyara 6s1M3Ka 6JIMHO06pa3Hoi: D>>Ah.

B paszene «Mazmamuueckuli o4az kak cocmosiHue 3eMHOU Kopul» i1 6JIOKOBOH reocpefibl, BLOJb IPaHUL, KOTO-
pO¥ BO3MOXHBI MHTEHCHUBHbBIE IJIaCTHYecKHe AebopMauuu [Magnitskii et al, 1998; Turcotte, Schubert, 1985], ¢ uc-
M0JIb30BaHHEM DPa3paboOTaHHOHW B MaTepHUaOoBeJleHUH KOHLEMNLUU «TelJIOBOr0 caMoyckopeHusi» [Ivanchin, 1982]
MPOBOJIUTCS MOCTPOEHHE MOJEN «TOHKOro» (6JIMHOO6pa3HOro) MarMaTUYeCcKoro odara. B nmpeziesax 3eMHOU KOpPBI
B pe3yJibTaTe MaJo{ TENJIONPOBOAHOCTHU FOPHBIX IOPOJ U MHTEHCUBHOH IJIacTHYecKkol fedopmanvu BAOJIb IpaHU-
bl 3aJleraHus KpUcTa/uiMdeckoro ¢yHAaMeHTa Ha riy6uHe 6 kM (KamMuaTka) MoXeT peasn3oBaTbCs COCTOSIHUE
MeperpeToro Bbillle TOYKH IMJIaBJEHHUs BELIECTBA, HaXOsANErocsi B TBepaoi ¢a3se. [Ipu JIOKaJbHBIX MJIABJEHUSAX B
oyare ¥ yBeJIMYEHUH ero 06beMa B OKPY»KaIlolllel ovar 3eMHOUM KOpe CO3/Jal0TCsl yIpyrue HamnpspKeHUs, BeJIMYUHA
KOTOpbIX MOXKeT AocTuraTb 1015 Ik Ha 1 kM3 neperpeToii mopozsl. Takyve HanpsKEHUS CONOCTABUMBI C HANPSXKeHH-
MU B Oo4yarax CHUJIbHEHIINX TEKTOHHYECKUX 3eMJIeTPSICEHUH C MarHUTYJaMU OKoJio 8 u 6osiee. «JHEpreTUIecKasi»
6JIM30CTh MarMaTU4YeCKUX U CEHCMHYECKHX PAZO0M PACIO0XKeHHBIX 09aroB B paMKax Mo/JieJid 6JIOKOBOH recopejbl
M03BOJIAET O6'bSICHUTD U B3aUMOJeHCTBHE BYJIKAHOB MeX/y CO60H (MUIpanyio ByJIKaHNYecKol akTuBHOCTH [Vikulin
etal, 2010, 2012, 2013]), v B3auMoOJeHCTBYE ByJIKaHU3Ma, CEHCMUYHOCTH U TeKTOHUKH [Vikulin, 2011; Vikulin et al,
2013]. Pa3BuTble NpeACTaBJEHHs PACIPOCTPAHAIOTCA Ha rpaHuny Moxo. @opMyaupyeTcs rumnoTesa, COrJacHO Ko-
TOpPOH MoAOIIBA 3eMHOH KOPbI MOXET NPeACTaABJIATh c060H $a30Byr0 MOBEPXHOCTh, HMKEe KOTOPOH reocpejia He
SIBJISIETCS] 6JIOKOBOM, CIIOCOOHOMN K C/IBUTOBOMY Te€YEHHIO.
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B paspzesnie «06cyscdeHue pe3y16mamog» paccMaTPUBAETCS PsiJi BO3MOXHOCTEH poTallMOHHON MoJeu. [Ipo6iema
B3aMMOCBSI31 3HEPrOHACHILIEHHOCTH, PEUTHOCTH U CIOCOGHOCTH JABUTAThCsl BUXPEBBIM CIOCOG0OM, C OJJHOW CTOPOHBI,
Y CUJIbHOW HEJIMHEWHOCTH reocpejibl — C pyroi, chopMmyinpoBaHa Kak GpyHJaMeHTalbHas 33iauya reo0UHAMUKHU U
TeKTOHO(U3UKHU. CBOHCTBO 3HEPrOHACHIIIEHHOCTHU Fe0CPe/Ibl, €€ HAX0XK/JeHHe B HAMIPSXKEHHOM coCTosiHuU [Rykunov
et al, 1979], cnoco6HOM ee pa3pywuTb [Bogdanovich, 1909; Ponomarev, 2008], N10Ka3bIBalOT, YTO 3eMJIETPSICEHUE,
CKOpee BCero, MPOMUCXOAUT He B COOTBeTCTBUM C Teopued . Pelijja, T.e. He B pe3yJibTaTe CO3JaHUS JIOKAJbHbBIX
HamnpsDKeHWH B o4yare OYAyIIero 3eMJeTPsICEHUs] U MPeo/j0JIeHHs Mpejiesia IPOYHOCTU TOPHBIX MOPOJ. 3eMyeTpsice-
HUe B paMKax pa3BHBaeMOU aBTOPOM POTAIMOHHOM KOHIIENIINH SIBJSIETCS Pe3yJIbTaTOM JIaIbHOIeCTBYIOLIEro B3a-
HMOJIEHCTBHUS BCeX 6JI0KOB 3eMHOW KOPBI U CO3/jaHHUsl B 06J1aCTH o4yara 6y IyLiero 3eMJeTPsICEHUsI U IPUJIETAOIUX K
Hell 6JIOKOB YCJIOBUH JJIs1 UX 6JIU3KO/eCTBYIOLIEr0 B3aUMO/IeCTBUS, KOTOPOE MOKET CONPOBOXK/AAThCsl 06pa3oBa-
HUeM CBOGOJHOHM MOBEPXHOCTH pa3phbiBa M U3Jy4YeHHEM CeMCMHUYECKUX BOJIH. B paMKaxX poTalMOHHOW KOHLEeNIUH
MeXaHU3M «3alleNJeHH sI» 6JIOKOB U IJIUT APYT 3a Apyra U «BbIJeJeHHUsI» TellIa 3a CYET TPEHUS UX IPaHUIL| CTAHOBHUT-

CA MaJIOBEPOATHDBIM.

KioueBble ci0Ba: reogMHaMHUKa, MOMEHT CUJIbl, DPOTAllUOHHbIE BOJIHbI, peHIHOE T€Y€HHE, TPABUTALlUOHHbIE

BOJIHBI.

1. INTRODUCTION

The Baikal region and its neighbouring territories
are the best studied among many areas subject to tradi-
tional geodynamic studies, including comprehensive
geological and geophysical observations with regards
to tectonophysical concepts. The research team under
the leadership by Prof. S.I. Sherman from the Institute
of the Earth's Crust, SB RAS has conducted detailed
studies in this region for several decades. They have
proposed and developed a tectonophysical model of
the deep structure of faults in Central Asia [Sherman et
al, 1992, 1994]. Results of their pioneering studies in-
clude the following:

- Large faults in lithosphere extension zones are
physically modelled, and quantitative parameters of

There is no “relativity of rotation.” A rotating system
is not an inertial frame, and the laws of physics
are different.

R. Feynman [Feynman et al, 1964]

OTHOCUTENILHOCTH BpallleHUs He CyL|eCTBYeT.
BpauatesnbHas cucTeMa — He UHepyuUa/1bHasl CACTEMa,
Y 3aKOHbI PU3UKU B Hell ipyTHe.

P. @etinmaH [Feynman et al, 1964]

Geological time scale is close to the scale of the Universe.
Geologists own chronicle, which recorded the events
of history of the Earth, as well as the Universe.

D.V. Nalivkin [Nalivkin, 1969]

MacmTab reosioruieckoro BpeMeHu 6JIM30K K MacuItady
BcesienHoit. ['eosioru BiaieloT JIETONUCHIO, B KOTOPOH
3anucaHbl COOBITHS UCTOPHUH 3eMJIH, a TAKXKe U BcesieHHO.

/I.B. HanusekuH [Nalivkin, 1969]

deformation in zones of large faults are established
[Sherman et al., 2001];

- An original geodynamic model is developed to
show how rift basins in Pribaikalie and Transbaikalie
develop in space and time [Lunina et al., 2009];

- A seismic zone is modelled in terms of tectonophy-
sics [Sherman, 2009]; the model shows that sources of
rare strong earthquakes are clustered in linear or arc-
shaped systems [Sherman, 2013] and migration veloci-
ties of earthquakes K212 (M=4-5) range from 1 to 100
km per year [Sherman, 2013; Sherman, Gorbunova,
2008]; according to [Vikulin et al., 2012a, 2012b], these
values do not contradict with the relevant global data;

- According to above-mentioned model, faults are
activated by slow strain waves of excitation which are
generated by interplate and interblock movements of

347
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the lithosphere [Sherman, Gorbunova, 2008] and can
also occur in zones wherein seismicity is slowly migra-
ting [Sherman, 2009, 2013; Sherman et al, 2011]; a ge-
neral assumption is that LI, wherein L is strain wave
length and [ is length of a fault activated by strain
waves [Sherman et al., 2008];

- It is revealed that two major fault zones in the
Baikal rift zone and the Amur River region are related;
active faults are identified in both regions; it is estab-
lished that the fault activation is manifested by seismi-
city and caused by trigger mechanisms with the leading
role of slow strain waves [Sherman, 2013; Sherman et
al, 2011].

The above-mentioned tectonophysical model of the
wide geodynamic zone, including Central Asia and the
Amur River region, is based on the concept of the fault-
block geomedium and the assumption that faults are
activated in real time by slow strain waves, and the
fault activation is accompanied by seismic events that
sequentially take place along the faults. It is believed
that developing the tectonophysical model of the seis-
mic process can “give an insight to regularities of
earthquake location in space and time and facilitate
seismic forecasting” [Sherman, 2009]. The current
model is based on commonly accepted geological, geo-
physical and tectonophysical concepts of the geody-
namic process. In general, it seems promising and
compliant with the major concepts that are interna-
tionally accepted in modern geoscience. Undoubtedly,
this model is an important contribution to the Earth
sciences.

The above-mentioned research results are consoli-
dated in [Sherman, 2014]. S.I. Sherman and his col-
leagues have proposed and develop the tectonophysi-
cal concept of the Baikal rift zone development. In his
book, S.I. Sherman states that their concept does not
depend on physical concepts of seismicity (p. 6) and is
thus universally applicable.

However, a review of the tectonophysical model of
Central Asia with respect to the planetary scale [Vikulin
et al., 2012b] reveals a seemingly insignificant incon-
sistency and raises a number of important questions.

As mentioned above, the model estimates of veloci-
ties of earthquake sources migration along the faults
are generally consistent with the global data. Nonethe-
less, the detailed analysis of migration velocities in ge-
odynamic settings of all active zones of the Earth
[Vikulin et al, 2012a] shows that this is not exactly the
case. The model estimates of velocities of earthquake
sources migration along the faults in Central Asia do
not contradict with similar plots constructed for the
Pacific margin and the Alpine-Hymalayan belt (i.e.
compression zones), but are in conflict with the plots
constructed for the Middle Atlantic ridge (i.e. extension
zone). Thus, the earthquake migration estimates for
Central Asia at the regional level are contradicting with

the estimates at the planetary level. Otherwise, it has to
be accepted that the studied region of Central Asia is
not a rift, or it should be clarified that the earthquake
migration estimates for the Baikal region refer to one
of its flanges rather than to the entire rift zone. This
poses the questions: — Which flange in particular? -
What is the difference between the flanges? The re-
gional model fails to provide answers to these ques-
tions.

In the regional tectonophysical models, including
the model of Central Asia, the concept envisaging the
block structure of the geomedium is applied formally
or 'rhetorically’ - such models are typically constructed
with reference to boundaries between the blocks and
block length values rather than blocks themselves and
their volumes, and the models thus consider waves
propagating along the boundaries between the blocks
(i.e. along the faults), but not the waves propagating
inside the block medium. This terminological ‘swap-
ping’ - ‘speaking about blocks, while thinking about
faults’- is not just a habitual use of ‘fault’ as a common-
ly accepted term with a ‘standard’ reference to the
local stress accumulation mechanism (according to
H. Rheid) and its modifications. In the regional tectonic
models, the accumulated energy is not released - it is
redistributed in the form of slow strain waves, while in
seismic models, the energy is released by slow strain
waves. The notions are substituted ‘automatically’ or
‘by analogy’ as a result of ignoring the major conse-
quence of the geomedium block concept which states
that stresses are redistributed in the geomedium's vol-
ume (p. 193-197, 332-334 in [Sadovsky, 2004]). The
idea of stress redistribution is supported by detailed
seismic monitoring data obtained recently in mining
projects in Russia [Mulev et al.,, 2013]: “While a com-
bined machine is moving inside the mine, the seismic
energy release plot is changing; once the machine is
stopped, the corresponding isolines in the plot are im-
mediately ‘frozen’ in real time”. In other words, even
when an insignificant rock volume is ‘extracted’ from
the massif, stresses are significantly redistributed?!. The
'volume' mechanism of stress redistribution in the ge-
omedium is in conflict with the tectonophysical (actual-
ly, 'fault-based') interpretation of the data obtained for
Central Asia. In fact, an obscure issue is how a non-
radiating fault, being only activated [Sherman, Gor-

! It follows from the instrumental seismological data published in
[Mulev et al, 2013] that the Saint-Venant's principle (being local,
according to [Sedov, 1973], p. 364-365) is not applicable to solving
the geophysical problems. Seismologists and geophysicists consider
the Saint-Venant's principle as fundamental (page 11 in [Rizni-
chenko, 1985], though a sufficient justification of this approach is
lacking. This problem is discussed in detail in [Vikulin, 2014a]. Be-
low in the present paper, a geodynamic justification of the Saint-
Venant's principle is provided under the rotation concept, and it is
suggested that long-range interaction takes place between the
geomedium blocks.



bunova, 2008], can 'be aware' of the length of the wave
passing through this fault.

The geomedium block structure is a challenging
subject for both the Earth sciences and practical appli-
cations, and the key problem is to specify what part of
the geomedium should be regarded as a block and what
part is a boundary of this block. At the conference held
in Irkutsk in August 2014, the report on this problem
[Tveritinova, Vikulin, 2014] sparked off a dispute that
was lively, although not completed by any specific con-
clusion, and the participants agreed that the definitions
need to be sorted out.

The seismic and geodynamic setting of the entire
Baikal-Amur River zone as a global interplate boundary
[Sherman et al, 2011] has not been fully clarified
yet, and the knowledge is mainly based on the regional
and hypothetical conclusions that are 'cross-linked'
only with regard to some separate ideas. With account
of the current uncertainties, ‘paving a pathway to
regional earthquake forecasting’ [Sherman, 2009,
2014; Sherman, Gorbunova, 2008; Sherman et al, 1992,
1994, 2001, 2011] may appear not that straight for-
ward.

The 'regional’ approach fails to provide a compre-
hensive view, and relationships between model param-
eters have to be introduced to design a model, which
means setting up strong limitations on potential inter-
pretations of consequences following the model at the
final stage of modelling which is most important for
geodynamics. A more general approach can facilitate
finding original pathways to reviewing and solving ge-
odynamic problems in the Earth sciences [Vikulin et al,
2012a, 2012b].

2. STRESSES WITH FORCE MOMENTUM IN THE GEOMEDIUM
COMPOSED OF BLOCKS

An important scientific achievement of the past de-
cades is the justification of the hypothesis of the block
structure of the geological medium [Peive, 1961] / geo-
medium (p. 5-20 in [Nikolaev, 1987]) / geophysical
medium (p. 332-334 in [Sadovsky, 2004]).

The Earth crust is subject to motions and changes as
the crustal blocks and plates migrate on the Earth sur-
face (Fig. 1). Properties of the crust are predetermined
by the Earth rotation and its structure composed of the
blocks that are subject to translational motions at the
Earth surface [Vikulin, 2010, 2011; Vikulin, Ivanchin,
2013a].

The coordinate system, that is fixed for the body (i.e.
the Earth), rotates with angular velocity Q that does
not depend on the coordinate system as it is - in the
given moment of time, all systems of the kind are ro-
tating around axes (that are parallel to each other) with
absolute velocity Q [Landau, Lifshitz, 1973]. Thus, re-
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gardless of its size, any block/plate is characterized
by impulse momentum M that is independent of the
block/plate size and origin and directed parallel to the
body's (i.e. Earth's) rotation axis: M = 1Q, where I is
inertia momentum of the block/plate. As shown in
Fig. 1, a, crustal movements from position M1 to po-
sition M2 lead to changes in the direction of momen-
tum, M1—M: because of the rigid relationship between
the block and the Earth that rotates with angular
velocity Q. Under the impulse momentum preservation
law, when the direction and, consequently, value
of M is changed, the block is subject to force momen-
tum K.

The value and direction of force momentum K can
be estimated theoretically as follows. It is assumed that
the block is a uniform ball-shaped body that is stopped
in position M2 and subject to elastic stresses with force
momentum P (see Fig. 1, b). Then elastic stresses with
force momentum P, are applied to rotate the block to
its initial state with momentum M. With the assump-
tion that kinetic energy of the block's rotation is con-
verted to elastic stresses and vice versa without any
loss of energy (|P1| = |P2| = |P|), the cosine law is ap-
plied to force momentum K:

|K| = 2|P|sinf/2. (1)

It should be noted that elastic stresses with force
momentum K are applied to the block across its surface
from the side of its surrounding crust and lithosphere
[Vikulin, Ivanchin, 2013a].

Therefore, in the rotation model [Vikulin, 2009,
2010, 2011; Vikulin, Ivanchin, 2013a; Vikulin et al.,, 2010,
2013], the block's movement with angular velocity Q is
mechanically equivalent to its movement in the non-
rotating/inert system of coordinates under the impact
of its own force momentum K that generates an elastic
field with force momentum (equation 1) in the medium
surrounding the block (as a consequence of the im-
pulse momentum conservation law).

The 'internal' and/or own [Peive, 1961] momentum
M, that is actually a macrospin (p. 146-148 in [Sedov,
1973]), has a specific feature — under the impulse mo-
mentum conservation law, the geomedium cannot be
'deprived’ of it by any means, including plastic defor-
mation. Thus, as a result of the translational motion of
the block along the Earth surface (due to increasing
block rotation angle § and constancy of the angle «,
Fig. 1), rotation stresses with force momentum (equa-
tion 1) occur in the crust. The accumulation of such
stresses provides an explanation [Vikulin, Ivanchin,
2013a] of such a property of the crust as energy capaci-
ty (in terms of [Ponomarev, 2008]). In fact, a similar
conclusion was drawn by geologists at the end of the
19th century and in the early 20th century on the basis
of observations of auto-destruction of rock samples
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Fig. 1. While the crustal block moves from position M; to position M (i.e. rotates by angle f8) (a), stresses with force mo-
mentum K are 'generated’ in the crust and the lithosphere, force momentum K is applied to the block from its surrounding
medium (b). & - the angle between the momentum M and the vertical to the Earth surface, which remains constant during

the block movement. See explanations in the text.

Puc. 1. /IBmkeHue 6JI0Ka 3eMHOM KOPBI U3 MOJIOXKEHHUSI C MOMEHTOM uUMIyJibca M1 B nojioxkeHue My (oBopoT 6Ji0Ka Ha
yroJ ) (a), conpoBoxAaroleecs «reHepaleii» B 3eMHOU Kope U JinTochepe HaNpsKEeHUH ¢ MoMeHTOM cuJibl K, npukina-
JbIBaeMbIM K GJIOKY CO CTOPOHBI OKpYy»Katolieii ero cpeasl (b). [lossicHeHUs B TEKCTE.

extracted to the ground surface [Bogdanovich, 1909].
Besides, the fact that the Earth's crust is permanently
subject to stresses is confirmed by the available geo-
physical data obtained by instrumental measurements
[Rykunov et al, 1979; Nikolaev, 2003; Chebotareva,
2011; Khachai O.A., Khachai 0.Yu., 2012].

3. SHORT- AND LONG-RANGE IMPACTS OF THE
ROTATIONAL ELASTIC FIELD

The rotation concept (p. 124-136 in [Vikulin, 2011])
is applied to solve the following two-point boundary-
value problem: a ball-shaped block has radius Ry; its
own momentum is given by equation 1 for the inert
non-rotating spherical system of coordinates (r, ¢, 6)
with the starting point (r=0) in the block's centre; angle
@ is calculated in the plane located perpendicular to the
block's rotation axis (6=m/2); displacements at the in-
finite are zero; the non-zero-value force momentum
does not depend on the block's size. According to theo-
retical estimations for the geomedium surrounding
the block (i.e. r > Ro) [Vikulin, 2010], the stress field
is estimated as follows:

Orp = Opr = 4QR§7‘_3\/§ sin@sinf/2 (2)

(values of other components are zero). The stress field
. : : 16 .

is symmetrical2. Its energy is W, = EanzRgsmzﬁ/Z,
and the force momentum/ seismic momentum is

K, = —8n3/’QR} %sinﬁ/Z, where p=3 g/cm3 and

G=101! n/m2 are density and shear modulus of the
crust, respectively, 0=7.3-105 rad/sec is angular ve-
locity of the Earth rotation around its axis, Ry is
typical size of the block/earthquake source with
M = 8, and suffix number (0) refers to the block's 'own'
energy and torque.

In [Vikulin, 2010, 2011], the model is applied to stu-
dy the interaction between any two blocks with sizes
Ro: and Ry, which are located at distance I from each
other. The interaction energy and force momentum are

? A fundamental role of ‘stress tensor symmetry’ for mechanics of
continua, including the geomedium, is discussed in [Vikulin,
Ivanchin, 2013a]. They also draw attention to the fact that the non-
physical character of the model proposed by Cosserat E. and F.
[Cosserat E. et F., 1909] was noted immediately after its publication
(p. 26 in [Hirth, Lothe, 1968]).



. 3 _
estimated as follows: W, = EanZRglezl 3cos¢, and
3 . .
Kipe = —anQzRglezl‘351n¢, respectively. In case of
equal-size blocks (Ro:=Ry2), interaction energy Wi, and
force momentum K, become similar to their own en-
ergy Wy and own force momentum Ko (Wine=Wp, and

Kine=Ko [Vikulin, 2010]) at distances Iow and lox esti-
mated in [Vikulin, Ivanchin, 2013a] as follows:

Ing102R0, (3)
IOKzRo. (4)

Equation (3) shows that the interaction between the
blocks, which controls their energy exchange, is mani-
fested across large distances exceeding the block sizes
and can be thus termed the long-range3 interaction. In
seismology, such interaction is well-known and evi-
denced by the migration of earthquake sources along
seismic belts for long distances amounting to dozens of
thousand kilometres [Vikulin et al, 2012a, 2012b], as
well as by remote fore- and aftershocks [Prozorov,
1978] and coupled earthquakes (p. 119-123 in [Vikulin,
2011]).

The instantaneous interaction between the blocks
controls their momentum exchange and, according to
equation (4), propagates to small distances not excee-
ding the block sizes. It can thus be called the short-range
interaction. Such interaction is also well-known and ev-
idenced by strong earthquakes, including coupled and
multiple earthquakes with long-length sources (1000
km and more). Their sub-sources (with lengths ranging
from 100 to 300 km) are involved in the instantaneous
interaction and generate intensive own oscillations of
the planet (p. 244-258 in [Vikulin, 2011]).

The above-mentioned theoretical solutions obtained
for stress field o, elastic energies Wy and W, and mo-
mentums Ky and Ki,; are applicable to any block and
any couple of the geomedium blocks. The summary of
the stress fields may show the planet’s elastic field that
is ‘self-congruent’ and predetermines a rotation com-
ponent in motions of each geomedium block. The stress
fields may vary by scale and have variable complex
shapes in various geodynamic polygons due to the ir-
regular structure of the geomedium and different mo-
des of the geomedium block motions. In view of the
above, the block rotation pattern in Central Asia is cha-
otic and multi-directional (Fig. 2). In other regions
studied in other scales with insignificant local incon-
sistencies, stress field patterns may seem regular and
manifested in geophysical fields by vortex, ring-shaped

3 As noted above, with account of the long-range interaction be-
tween the geomedium blocks, the local Saint-Venant principle be-
comes inapplicable to solving the problems of geodynamics. Flexur-
al-torsional strain problems cannot be solved on the basis of this
principle either (p. 33 in [Bezukhov, 1953]).
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and other non-linear geological structures (see Figures
1, 2, 7 and 8 in [Vikulin, 2010]).

In physics, short- and long-range actions are often
related to corpuscular and wave interactions taking
place across boundaries of particles and across the me-
dium wherein the particles are located, respectively.
Under the geomedium block concept, the blocks can be
viewed as 'elementary’ particles. Therefore, in terms of
physics, the geodynamics of block interactions in the
rotation model can be viewed as a manifestation of the
general physical principle of corpuscular-wave dua-
lism envisaging that movements of geophysical blocks,
tectonic plates and geological structures have both
corpuscular and wave features, as discussed below.

4. ROTATION WAVES IN THE GEOMEDIUM COMPOSED
OF ROTATING BLOCKS

For the block that generates an elastic field with
force momentum (1) and interacts with elastic fields
generated by other blocks of similar sizes in a mass
chain, the movement law is established as the sine-
Gordon equation (p. 85-95 in [Vikulin, 2011]). In this
case, a seismic belt is modelled by a unidimentional
chain of the crustal blocks/earthquake sources inter-
acting with each other. Each block is characterized by
inertia momentum I and volume V = 4/3(mR}).

The block motion can be given by the following

. a? .
equation: I—f = Ky + K;, where K is force momentum
at

corresponding to the elastic stress field generated by
an individual block; K; is force momentum controlling
the interaction of the block with other blocks included
in the chain. It is generally assumed that X, is propor-
tional to both the elastic energy accumulated due to
2
motions of the corresponding block (V 375, where z is
distance along the chain of mass/blocks) and the elas-
tic energy of other blocks included in the mechanical
chain. The block motion can be thus given by the fol-

lowing dimensionless equation:

%0  9%0 .
Z af sing, (5)

where 8 = /2, &£ = kyz and 1 = vyk,yt are dimension-
less coordinates, and t is time. Taking into account that
the wave length is close to the block size (A=Ro), and
wave number is k, = 2n/R,, the following equation is
obtained for process development velocity v, typical of
the motion (equation 5):

15 G ’x/ﬁ >
m QRO\/; =~ WVRVS = 0.2 VRV ) [6)

Vg =
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Fig. 2. GPS data obtained at 323 observation points in Central Asian polygon in the period from 1995 to 2005 [Kuzikov,
Mukhamediev, 2010].

Dots show the observation points. a - displacement vectors of the entire polygon; b - differentiated rotation of blocks (viewed as rigid

bodies), according to data from clusters of observation points characterised by zero horizontal displacements against each other.

Puc. 2. [lanubie 323 nyHkToB GPS-HabmoaeHuil Ha LeHTpasibHO-A3uaTCcKoM nosuroHe B 1995-2005 rr., 0603HaYeHHBIX
ToukaMHu [Kuzikov, Mukhamediev, 2010].

a — BEKTOopa CMe].LleHI/Iﬁ BCero MnoJIMroHa, B 1ieJioM; b - ,ELI/I(l)(bepeHLLl/lpoBaHHble BpallleHUud 6JIOKOB KaK »KeCTKHUX OﬁpaBOBaHHﬁ, B KaXXJ0OM
6JI0Ke BbISIBJIEHHbIE 110 TAKUM COBOKYIIHOCTAM Ha6J]lO,£LaTeJ'II:HbIX MMYHKTOB, UMEIOIHX HYyJIeBble TOPU30HTAJIbHbIE IepeMellleHud Apyr

OTHOCUTEJIbHO Apyra.

where Vp = QRjy, and Vs = 4 km/sec is velocity of a
transversal seismic wave.

The form of equation (5) is predetermined by
equation (1) used to estimate the force momentum of
the elastic field generated by an individual block. It is
thus assumed that sine-Gordon equation (5) and its
right part (sin6) can be viewed, in terms of mathema-
tics, as the law of impulse momentum preservation in
wave processes. This is a principal assumption - when
applied to the rotation problem of interrelated blocks
arranged in a chain, it allows us not to consider any in-
teraction between blocks due to friction along their
boundaries, while the interaction needs to be consi-
dered in the elasticity theory (as shown, for example, in
[Nikolaevsky, 1996]). Logically, this approach facilitates a
physically 'transparent’ interpretation of the typical
velocity (equation 6) of the geophysical process de-
scribed by sine-Gordon equation (5), if the rotation
problem of stress fields around the block, that is rotating
due to its own momentum, is solved under the classical
theory of elasticity [Landau, Lifshitz, 2003] with a
symmetric stress tensor (equation 2).

Equation (6) shows that if physical parameters G, p
and Ry are fixed, velocity v, depends only on angular
velocity Q (via inertia momentum / and volume V of the

block). This means that the actual cause of such strain
is Earth rotation (p. 237-243 in [Vikulin, 2011]). This is
why the model introduced in [Vikulin, 2011] is called
“rotation model”. Given the above-mentioned parame-
ters of the crust, the typical velocity is vy = 10 — 10°
m/sec.

In this case, we analyse a chain of irregularly rotating
blocks characterised by deviations of force momentums
that diverge from those in equilibrium positions (). In
general, such a chain corresponds to the seismic process
in nature. Friction ¢ along the block boundaries is
taken into account, though it is viewed not as a mecha-
nism of interaction between the blocks due to their
'hitch-up' to each other (as envisaged in the elasticity

theory), but as a dissipative factor that hinders the ro-
tation interaction between the blocks. Based on the
above, the law of block motions in the chain can be thus
shown by a modified sine-Gordon equation (p. 237-
243 in [Vikulin, 2011]):

00 _ 90 _ ind + ap 22 + us(€)sind 7)

&  af fog T H :

A numerical solution of equation (7) is found by the
McLaughlin-Scott method. In this case, §(§) is the Dirac



function. In the model, initial conditions are given with
regard to an average strain velocity in seismically active
regions, and coefficients of friction a; and inhomogenei-
ty u correspond to those of real faults. If blocks/earth-
quake sources are interacting mainly due to creeping
(i.e. in case of the slowly developing seismic process),
an asymptotic value of rotation strain transfer velocity is
cp = 1—10cm/sec (p.237-243 in [Vikulin, 2011]).
Under the model envisaging that the non-linear geo-
medium is composed of blocks, it is acceptable that
velocity {vy, ¢y}, that is typical of the transfer of soli-
tonic rotation strain (i.e. stress with torque), can be
estimated as follows [Vikulin, Ivanchin, 2013a]:

co =¥~/ VrVs, co =1 —10cm/sec, (8)

where y = k™I = 10™* is non-linear parameter cha-
racterising a chain of blocks/cluster of earthquake
sources that make up a seismic belt; the block/cluster
is variable in size; its rotation is irregular due to
friction; k = 104(103 - 105) is geomedium non-linea-
rity coefficient that is equal to the ratio between elastic
constants of the third order and elastic constants of the
second order, i.e. linear moduli of elasticity [Nikolaev,
1987].

It is noteworthy that instrumental records in mines
have also revealed 'slow' and 'fast’ strain waves [Kha-
chai et al, 2013] and oscillation waves (u-waves)
[Oparin et al., 2010].

5. A NEW TYPE OF GEODYNAMIC OSCILLATIONS

In our study, we compare experimental data on the
migration of earthquake sources [Vikulin et al.,, 2012aq,
2012b] and theoretical solutions of the sine-Gordon
equation (p. 124-136 in [Vikulin, 2011]) [Davydov,
1982] and find two solutions that correspond to limi-
ting energies [Vikulin, 2010], i.e. slow solitons (sol) and
fast exitons (ex) (in terms of [Davydov, 1982])* The
slow solitons control the global migration of earth-
quake sources within an entire seismic belt (i.e. ‘long-
range action of energy’) with the following limiting ve-
locity:

Vsr <co=1-10 cm/sec. (9)

The fast exitons control the local migration of fore-
and aftershocks in sources of strong earthquakes (i.e.
‘instantaneous’ short-range interaction) with a limiting
seismic (s) velocity as follows:

co<Ve<Vs=1-10km/sec. (10)

4 Definitions of exitons differ in the literature [Davydov, 1976; Zim-
an, 1974, and others]. In this paper, solitons and exitons are viewed
as excitations according to [Davydov, 1982].
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The slow solitons (9) and fast exitons (10), as a re-
flection of the general physical principle of wave-
particle duality, are, in fact, a new type of geodynamic
fluctuations. They are characteristic of the block ro-
tating medium /geomedium in the same way as longi-
tudinal and transverse seismic waves for a ‘normal’
body.

Based on plate dimensions and movement velocities
of plate boundaries, two relationships are established
between plate boundary length L and its movement
velocity V, L12(V) (p- 313-316 and 317-322 in [Vikulin,
2011]). Relationship LgL; = (0.7 + 0.3)LgV; is close to
LgL = LgV that characterizes spreading and subduc-
tion [Zharkov, 1983; New Global Tectonics, 1974] and
actually corresponds to the ‘long-range’ soliton action
(9). The second relationship LgL, = (0.4 + 0.2)LgV, is
close to LgL = 0.3LgV that determines fault activation
in Central Asia [Sherman, Gorbunova, 2008]. In our
opinion [Vikulin, 2010], it corresponds to ‘instantane-
ous action’ (10). Tectonic solitons and exitons, as exci-
tations corresponding to relationships L;(V), control
changes of the tectonic activity at the Earth surface,
while seismic disturbances (9) and (10) predetermine
the seismic activity migration along the belts.

The conclusion about the existence of “a new type of
solitary waves” with “limiting velocity values” is also
stated for non-local elastic solids [Pamyatnykh, Ursulov,
2012]. The idea of a ‘slow’ mode “propagating with a
velocity that is much lower than the velocity of sound
in liquids, solid granules and gas” is theoretically and
experimentally supported by results of theoretical and
experimental studies [Rudenko et al,, 2012]. “The slow
dynamics” and its impact on “the elastic properties of
materials” are specified in [Korobov et al., 2013]. The
idea of the new type of rotation waves [Vikulin, 2010,
2011], as the consequence of the concept envisaging
that the geomedium is composed of rotating blocks, is
consistent with results of theoretical and instrumental
acoustic studies of ‘normal’ solids [Korobov et al,, 2013;
Pamyatnykh, Ursulov, 2012; Rudenko et al, 2012].

6. RHEID PROPERTIES OF THE GEOMEDIUM

There is much evidence of movements at the Earth's
surface from earthquake focal areas which are mani-
festted by ‘humps’ and often accompanied by rotation
[Vikulin, 2008]. Such a case is described in [lonina, Ku-
beev, 2013] - during the catastrophic earthquake in
China on 16 December 1920, “a missionary had to put
his legs wide apart like a drinker trying to remain
steady on his feet as he experienced strong rotational
movements underneath” (p. 124). In 1930s, geophysi-
cal and geological data on ‘slow’ movements of the
geomedium (typically lasting for 10-1013 sec) were
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consolidated, and terms of ‘rheid deformation’ [Geolog-
ical Dictionary, 1978; Carey, 1953] and ‘superplastic
deformation’ of the Earth were introduced to denote “a
flow of the material in the solid state” [Leonov, 2008]. It
is shown below that the above-described state of the
geomedium is a direct consequence of its motions due
to rotation.

A review of definitions of the rheological properties
of the Earth [Vikulin, 2009] shows that the Debye tem-

perature @, of the geomedium can be given as follows
[Zharkov, 1983]:

6q = 10V (H)[p(H), (11
where V is average velocity of excitations in the geome-
dium, cm/sec; p is density of the geomedium, g/cm3; H
is depth, km. If an average velocity (determined by lon-
gitudinal and transverse seismic velocities) for the li-
thosphere and upper mantle ranges from 1 to 10
km/sec, the Debye temperature is high enough. If
H=100 km, 6; = 660 °C = 1000 °K, and these values
correlate well with the common model of the Earth
physics [Zharkov, 1983].

The situation radically changes in case of transition
to rotation mode co (equation 8) that is determined by
motions of the geomedium blocks, tectonic plates and
geological structures in the aggregates. According to
equation 8, limiting velocity value co is at least five or-
ders lower than the longitudinal and transverse seis-
mic velocities, and the Debye temperature (equation
11) is thus very low:

6, ~ 107%K.

This provides for potential quantum, frictionless
superfluid motions of the geomedium [Vikulin, 2013],
i.e. its rheidity [Vikulin, Ivanchin, 2013a] and/or super-
plastic flow in the solid state [Leonov, 2008; Carey,
1953].

The Debye temperature is proportional to the max-
imum possible frequency of oscillations of the complete
set of particles composing the medium [Ziman, 1974]
or a set of mesovolumes of a solid body or all the geo-
medium blocks, tectonic plates and other geological
structures of the Earth. According to [Vikulin, 2011]
(p- 244-258), in case of the Earth, the frequency is
given by Chandler frequency typical of the aggregate

5 The Earth crust is a solid body. Therefore, applying the Debye
theory to geodynamic problems is reasonable in terms of physics,
to prove a possibility of transition under the Debye theory to rota-
tion mode cy, a transition from elastic phonons to tectonic solitons
(equation 9). An elastic phonon is a quantum of the interaction be-
tween ‘point-size’ atoms (i.e. atoms of zero size, without elastic own
momentum) in the crystal lattice. A tectonic soliton is a carrier of
the geodynamic interaction between (rotating) blocks of the geo-
medium. It has a considerable size and, respectively, its own torque.

oscillation of all the blocks in the seismotectonic belt.
Actually, the oscillation of the entire belt is determined
by the energy of 'zero' oscillations, i.e. energy E, (see.
Fig. 6 in [Vikulin, 2010]).

7. ROTATION WAVES AND OSCILLATION (1) WAVES

Under the geomedium block approach, considering
fracturing and “composition and decomposition of the
Earth material” as the major processes [Oparin, Vost-
rikov, 2010], oscillation (1) waves in the geomedium are
viewed as waves that predetermine geodynamic pro-
cesses [Oparin et al., 2010]. Velocities of both oscillation
(1) and rotation waves are lower than velocities of lon-
gitudinal waves. To experimentally substantiate the
existence of u-waves, oscillation is analysed in chains of
rigid massive blocks that are analogous to the chain of
blocks in the rotation model. Two types of waves are
revealed in both the rotation model and the chains
[Oparin et al, 2007]. According to estimations based on
laboratory experiments [Oparin, Vostrikov, 2010], velo-
cities of oscillation (1) waves amount to 102-103 m/sec
and are close to seismic wave velocities. Oscillation (u)
wave velocities measured on site range from 1 to 10
cm/sec [Oparin, Vostrikov, 2010] and are close to the
typical rotation wave velocity, ¢y (equation 8).

As shown above, in the framework of the wave
geodynamics, both the approach based on the rotation
concept [Vikulin, 2009, 2010, 2011; Vikulin, Ivanchin,
2013a] and the approach considering “composition
and decomposition of the Earth material” [Oparin,
Vostrikov, 2010; Oparin et al., 2007, 2010] yield similar
results, while being developed independently of each
other. Therefore, the rotation and oscillation (u)
waves can be considered as a phenomenon of one and
the same class - interaction between the geome-
dium/rotating medium blocks in the field of elastic
stresses with a force momentum. The methods used to
study the oscillation (1) waves [Oparin et al., 2007]
and strain waves [Khachai et al., 2013] may prove use-
ful for developing a technology to ensure proper re-
cording of the rotation waves, which are currently de-
tected (similar to tectonic waves [Bykov, 2005]) by
indirect methods, and instrumental methods for this
purpose are still lacking.

8. THE BLOCK GEOMEDIUM AND VOLCANISM

The above concepts of waves that occur during the
seismotectonic process in the block geomedium seem
to be applicable to volcanic processes. In fact, volcanic
belts of the Earth, as well as seismically active zones
are the largest linear structures of the planet. They oc-
curred in the Early Cretaceous and developed in quite a



synchronous pattern (p. 460 in [Krasny, 2004]). In stud-
ies of the three most active volcanic belts of the Earth -
Pacific, Alpine-Himalayan and Mid-Atlantic belts, it is
revealed that the volcanic activity migration, as well as
the migration of seismic/tectonic activity, is a manifes-
tation of the wave geodynamic process [Vikulin et al.,
2010, 2012].

A reflection of the ‘block character’ of the volcanic
process and a ‘quantum’ characteristic of a single vol-
canic eruption is a magma chamber feeding the volca-
nic eruption which is an analogue of an earthquake in
the seismic process. Several definitions of a magma
chamber /reservoir/ are given in [Vlodavets, 1984]. Ac-
cording to the most general definition that is not con-
tradicting with the others, a magma chamber is an iso-
lated volume feeding the volcano [Geological Diction-
ary, 1978]. Processes taking place in the magma cham-
ber have not been fully clarified yet [Vlodavets, 1984;
Luchitsky, 1971; Macdonald, 1975]. Nevertheless, in ca-
se of a sufficiently intense volcanic eruption when a
large volume of volcanic material is conveyed to the
ground surface, the size of a magma chamber can be
estimated from the size of a caldera, i.e. a large circular-
shaped area (with a diameter of 10 to 15 km and more)
of the volcanic depression with sloping walls (that can
be several hundred metres high) which formed due to
eruption (p. 123 in [Vlodavets, 1984]).

Many notions in volcanology have not been clearly
defined yet, and a precise definition of ‘caldera’ is also
lacking (p. 123-129 in [Viodavets, 1984]). The available
data on calderas are reviewed in many publications,
including [Luchitsky, 1971; McDonald, 1975; Leonov,
Grib, 2004; Laverov, 2005; Vikulin, Akmanova, 2014;
Vikulin, Ivanchin, 2015]. In our study, without going in-
to detail, we refer to the above-mentioned general def-
inition of ‘caldera’.

Our attempt to ‘incorporate’ the volcanic process in
the geomedium block concept under the rotational ap-
proach is described below.

9. THE PARAMETERS OF MAGMA CHAMBERS

Plotting the numbers and sizes of volcanic eruptions
of the recent Kuril-Kamchatka volcanoes. In the region
under study, the most complete and regionally con-
sistent database, including numbers of recent (past 200
thousand years) eruptions and sizes of volcanic forms,
is available for the Kuril-Kamchatka arc [Vikulin, Ak-
manova, 2014]. Based on the data on 70 volcanoes that
erupted 676 times (N) in the past 9.5 thousand years,
the eruption repeatability is given in the range of vol-
canic explosivity indices 2<W<7 [Siebert et al., 2010] as
follows [Vikulin et al., 2012a, 2012b]:

LgN=3.60-(0.48+0.06)W. (12)
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With account of the relationship between the ‘ener-
gy’ characteristics of eruption and the volume of erupt-
ed material (W and V, respectively): W=LgV+5, [V]=km3
[Siebert et al., 2010], the eruption repeatability (equa-
tion 12) can be given in terms of ‘volume”:

LgN=1.15-(0.48+0.06)LgV, [V]=km3. (13)

By applying the mid-square method to analyse the
data from [Laverov, 2005] on recent volcanic forms,
including calderas and large craters on cones and flat
tops of underwater volcanoes (N=287), the following
distribution of volcanic form numbers N by square are-
as Sisyielded:

LgN=(2.32%0.16)-(0.47+0.14)LgS, [S]=km?2. (14)

The above equations show that the ‘inclination
angle’ of the ‘energy’ and/or ‘volume’ distribution (W
and V in equations 12 and 13, respectively) amounts to
0.48+0.06, which is practically coincident with the ‘in-
clination angle’ of the distribution of the volcanic form
numbers by their square areas S (equation 14):
0.47+0.14. It should be noted that the volcanic erup-
tions number (N=676) and the volcanic forms number
(N=278) are statistically significant. The energy range
and the sizes of calderas in equations (12), (13) and
(14) cover the whole spectrum of volcanic eruptions,
including those with maximum values, Wpnau=7,
Vmaxx100 km3, and Smax=20x25 km?2,

Essentially, equations (12), (13) and (14) show fair-
ly general statistical distributions that are typical of the
volcanic process taking place in a wide region within a
large time period. The similar inclination angles of the
energy (12) and/or volume (13) and square area (14)
distributions suggest the following hypothesis: the ra-
tio of erupted material volume V to area S of the result-
ant volcanic form (that is large enough) is constant:

V/S=Ah=const. (15)

Being actually an invariant of more general statisti-
cal distributions, hypothetical equation (15) has a fun-
damental importance for volcanology [Vikulin,
Akmanova, 2014].

Eruptions of volcanoes of the planet. The inclination
angle of the volcanic eruption recurrence plot [Vikulin
etal, 2012a] is given as follows:

LgN=~-(0.52+0.05)W. (16)

It is equal to the inclination angle of a similar plot
constructed for the Kuril-Kamchatka volcanoes (equa-
tion 12). With reference to the data on volcanoes of the
planet [Vikulin, Ivanchin, 2015], the volcanic eruption
numbers are plotted against the areas of resultant cal-
deras and volumes of erupted material.
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Fig. 3. Numbers of calderas (points) (N=373) and large
craters on cones (triangles) (N=175) versus areas S (km?).

Puc. 3. Pacnpegenenue uncen N=373 kanabaep (TOYKH) U
KPYMHBIX BOPpOHOK N=175 Ha KoHycax (TpeyroJibHUKH) 10
BeJIMYMHAM UX Iowajieit S (kM%), o06pa3oBaHHBIX HA BYJI-
KaHaX IIJIAHETBHI.

Figure 3 shows a plot of numbers of calderas versus
their areas: LgN=f{LgS), N=373. In Figure 4, numbers of
eruptions are shown versus erupted volumes:
LgN=f(LgV), N=125. The mid-square method is applied
to analyse relationships shown in Figures 3 and 4 and
given by equations (17) and (18), respectively (see be-
low); correlation coefficients are 0.9 and 0.7, respec-
tively. Intervals for averaging the initial values of S and
IV are increased with increasing values of S and V in or-
der to provide a sufficiently uniform spacing of ave-
raged values in the logarithmic scale.

LgN=(1.86%0.11)-(0.49£0.05)LgS, [S]=km?,  (17)

LgN
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Fig. 4. Numbers of eruptions versus material volumes V
(km3) erupted by volcanoes of the planet (N=125).

00beMOB BbIGpOIIEHHOT0 MaTepHasa V (km3), N=125, nmpu

Puc. 4. PacripesiesieHre YKces U3BePKEHUN KaK QYHKIUSA
W3BepKeHUSX BYJIKAHOB IJIaHETHI.

LgN=(1.41£0.19)-(0.42+0.09)LgV, [V]=km3.  (18)

Parameters of calderas - diameter D, area S, and
erupted material volume V - are variable in wide rang-
es: D=2+150 km, $=2+4.648 km?, ’=0.3+3000 kms.
Nonetheless, it is established that the inclination angles
of the plots showing the distribution of areas S (equa-
tion 17) and erupted material volumes V (equation 18)
are similar, and the statistically significant reliability
is high, minimum 0.7. This finding is actually similar
to the conclusion that the ratio is constant in a wide
range of scales of I and S.

Thus, the available data on the volcanic eruptions
in the past 33 Ma support the hypothesis that Ah=const
(equation 15), i.e. does not depend on parameters of
the volcanic process.

Thickness of a magma chamber. Based on the above,
it is possible to estimate a magma chamber thickness
from parameters of a volcanic eruption. For this pur-
pose, equation (15) is used with data on volcanic erup-
tions with known values of S and V (N=125). The vol-
umes of volcanic eruptions of the planet are recalculat-
ed by the method proposed by LV. Melekestsev,
taking into account the fact that densities of magma at
different focal depths and densities of eruption pro-
ducts on the ground surface are different [Laverov,
2005]. It is shown that equation (15) is valid [Vikulin,
Akmanova, 2014]:

Ah=0.5%£0.1 km. (19)

Minimum and maximum values of magma chamber
thickness estimated from data on 125 volcanic erup-
tions (each with known caldera area S and erupted ma-
terial volume V) range from a few meters to a few kil-
ometres. These values do not contradict with thick-
nesses of molten granitoid layers formed while the
rocks were irreversibly deformed during folding of the
crust in the Pamirs [Magnitskii et al., 1998].

For a caldera with an average diameter D ranging
from 10 to 15 km, a magma chamber which thickness is
estimated from (19) is represented by a thin ‘pancake-
shaped’ layer: D>>4h.

Noteworthy are the following 'coinciding’ features.
Firstly, thicknesses of magma chamber 4h are close to
heights of caldera sides h, and the minimum and maxi-
mum thickness values are generally close (4hxh),
which gives grounds to consider this fact in support of
the hypothesis of a thin magmatic chamber with a
permanent thickness. Secondly, as shown in Fig. 3, ana-
lytical equation (17) cannot be significantly changed
by data on large craters on cinder cones (marked
by triangles) (N=175, i.e. almost a half of the number
of calderas, N=373). As such, distinctions between
large craters on cinder cones and calderas are eli-
minated under the thin magma chamber concept, as



shown in equations (15) to (19). In other words,
the very concept of a caldera-generating eruption
viewed as a 'specific’ class of eruptions becomes mea-
ningless.

Equation (19) is based on analyses of different data
sets including (1) data on the entire planet and indi-
vidual regions, specifically the Kuril-Kamchatka arc,
Kamchatka, Kuril Islands and individual volcanoes
located in the Kuril Islands and Kamchatka; (2) data
covering different time periods, specifically data on
volcanic eruptions of the Earth during the period of
33 Ma, and recent volcanic eruptions in the Kuril-
Kamchatka region; (3) data from regions with different
geotectonic settings; and (4) data on different types of
volcanoes and different eruptions. Thus, there are
grounds to consider that the small thickness of the
magma pocket in equation (19) is a constant that does
not depend on the volcanic process [Vikulin, Akmanova,
2014].

10. A MAGMATIC CHAMBER AS THE STATE OF THE CRUST

The model of a ‘pancake-shaped’ thin magma cham-
ber in the crust. Recent instrumental geophysical stud-
ies conducted at volcanoes in the Kuril-Kamchatka re-
gion show that their magma chambers are generally
located at depths from 5 to 30 km [Anosov et al,, 1990;
Balesta, 1981; Fedotov, 1984; Ermakov, Shteinberyg,
1999; Fedotov, Masurenkov, 1991], i.e. within the crust
composed of blocks. Therefore, the magma chamber
thickness, which is independent of the volcanic pro-
cess, may depend only on geodynamic movements of
the blocks.

The following data can provide prerequisites for a
statement of the problem. Heat generation in the crust
due to mechanical movements of the crustal blocks was
described in general terms by P.N. Kropotkin [1948].
Potential melting of the material in fault zones due to
dissipative heating during shifting of the crustal blocks
was noted in many publications on geodynamic model-
ling (for instance, p. 308-310 in [Turcotte, Schubert,
1985]). The first quantitative model of granitoid mel-
ting in the crust as a result of its intensive deformation
during folding (a case of the Pamirs) was proposed in
[Magnitskii et al., 1998]. It should be emphasized that
under this approach it is not required to refer to the
fluid concept in discussion of melting. The potential
existence of polingenic magma chambers in the crust
was substantiated in [Ermakov, 1977] and confirmed
by results of instrumental geophysical observations
[Balesta, 1981].

The thin ‘pancake-shaped’ magma chamber model
is based on principles established in the material sci-
ence of solids with intensive plastic deformation;
in case of low heat transfer, the plastic deformation

Geodynamics & Tectonophysics 2015 Volume 6 Issue 3 Pages 345-364

zone can become considerably heated under the impact
of such deformations and even destroyed [Ivanchin,
1982].

The main provisions of the model [Vikulin, Ivanchin,
2015] are as follows. Local plastic deformation ¢
may be high (ex1) in sliding bands and low outside
the bands (ex0). As the strain rate is exponentially
dependent on stress and temperature, the temperature
in the area subject to plastic deformation may increase
due to heat emission. In case of a small thermal con-
ductivity factor, when heating is not compensated,
the temperature in the zone of intensive plastic de-
formation may continuously grow until transition
to the thermal self-acceleration mode, which typically
results in partial destruction of the deforming body,
and in many cases such destruction results from
melting.

A heated band may form under the following physi-
cally transparent conditions: on the one hand, deforma-
tion should be fast enough not to give time for the ge-
nerated heat to be removed by thermal conductivity;
on the other hand, it should be slow enough to provide
a sufficient time for the plastic deformation rate and
the specific heat capacity to decrease due to stress
relaxation.

With account of the low thermal conductivity of the
crust, thermodynamic calculations are obtained for the
following conditions: a magma chamber is a solid that
is heated to the temperature above its melting point; it
is located at the depth of the crystalline basement
boundary, H=5-6 km (Kamchatka) and composed of
aluminium which thermal properties are similar to
those of magma. (All the thermodynamic parameters of
aluminium and their dependence on temperature and
pressure are known). Based on the thermodynamic
calculations, it is shown that when local melting takes
place and the magma chamber's volume is increasing,
an additional pressure is generated around the magma
chamber and the field of elastic stresses occurs; its en-
ergy is about 1015 joules per 1 km3 of the overheated
rock. Considering the elastic energy accumulated
around magma pockets, overheated magma chambers
of relatively strong (W>4; V>0.1 km3) eruptions appear
to be similar to sources of the strongest earthquakes
(M=8 and above) which lengths range from 100 to
200 km and above. In the block geomedium model, the
similarity of the neighbouring magma chambers and
seismic sources in terms of energy can be viewed as an
explanation of both the interaction between volcanoes
(i.e. migration of volcanic activity according to [Vikulin
etal, 2010,2012a,2012b]) and the interaction between
volcanism, seismicity and tectonics [Vikulin, 2011;
Vikulin et al., 2013].

The above general conclusion is supported by data
on the three adjacent large cones of the northern erup-
tion of the Tolbachik volcano in Kamchatka, which

357
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formed one after another during the eruption in 1975
and 'migrated’ along the entire Tolbachik zone of cin-
der cones [Fedotov, 1984]. It is also supported by data
on calderas (D=10 km and above) that migrated along
the 500-km long Snake River valley in the USA; the cal-
deras were formed during eight strongest eruptions
(W=6-7; V=210-100 km3) in the past 16 Ma [Koro-
novsky, 2012], data on volcanoes that migrated along
the central Pacific Ocean for distances from 800 to
1000 km and formed the chain of Hawaii Islands
[Mcdonald, 1985], and data on volcanic activity migra-
tion at the Earth surface [Luchitsky, 1971].

The Mohorovicic discontinuity (Moho). It is stated in
[Peive, 1961] that the “most important conclusion of
modern tectonics, which forces us to review our con-
cepts, is that the crust ... is partitioned into blocks not
only by a system of steeply dipping and vertical tecto-
nic surfaces but also by gently dipping and horizontal
surfaces. ... Deep tangential tectonic zones located in
areas of high pressures and temperatures are zones
with ‘plastic flow’ ... and primary magma chambers. ...
Mechanical movements of the crustal material are the
main source of this energy”. According to [Peive, 1961;
Magnitskii et al., 1998], mechanisms of plastic flow in
thin layers along surfaces of the blocks are quite real
and can be applied to other tectonic boundaries in the
crust.

Among all the layers within the upper mantle, only
the Moho is quite reliably established in all the regions
of the Earth. Therefore, the concept of an overheated
transition layer, which depth is constant, sounds rea-
sonable with reference to the Moho, in the first in-
stance.

It is not known whether the upper mantle located
below the base of the crust is composed of blocks. We
can only be certain that the crust has the block struc-
ture. Under the p-T conditions at the Moho, it can be
expected that the geomedium below the crust may not
be composed of blocks. In this case, another reason
against the block structure is the assumption that a
volume flow [Leonov, 2008] is more typical of the sub-
stance below the Moho than a shear flow. Under the
concepts of the rotational mechanics of the block ge-
omedium [Vikulin, 2011; Vikulin et al, 2013] and the
model of 'thermal explosion' and 'thermal self-acce-
leration' [Ivanchin, 1982; Vikulin, Akmanova, 2014;
Vikulin, Ivanchin, 2015], it can be assumed that the base
of the Earth's crust is represented by a phase surface,
below which the geomedium (including the lithosphere
and upper mantle) is not composed of blocks, and
the shear flow cannot occur in it or may occur but to a
lower extent than in the crust [Vikulin, Ivanchin,
2013b]. Our approach described above is close to the
Moho model described in [Pavienkova, 2013].

Thus, the conclusion, which is fundamental for both
volcanology and geodynamics, is that a magma pocket

is a thin layer, and its thickness depends on properties
of the crust. Our conclusion makes it possible within
the framework of the rotation model [Vikulin, 2011;
Vikulin, Ivanchin, 2013b; Vikulin et al., 2013] to consist-
ently ‘mate’ the views on the volcanic process [Vikulin,
Akmanova, 2014; Vikulin, Ivanchin, 2015], the block ge-
omedium concept and the idea of the wave geodynamic
process.

11. DISCUSSION OF RESULTS

Our review shows that the regional tectonophysical
studies of the Baikal fault zone [Sherman, 2014] have
some major shortcomings. In the reviewed regional
studies and analyses, the fault structure of the geome-
dium was mainly referred to, while the block geomedi-
um concept was not actually applied. The migration of
earthquake sources was taken into account in the
tectonophysical modelling of the regional processes,
and an important conclusion was stated: “Deforma-
tion/strain waves should be introduced in the scope of
the geophysical medium concept and viewed as its
dynamic parameter” (p. 283 in [Sherman, 2014]).
However, in the cited publication, the strain wave pro-
cess was considered mainly on the basis of the fault
tectonics concept without any reference to the me-
chanism of stress redistribution in the geomedium's
volume.

The present paper describes the rotation concept
that can be useful for eliminating the difficulties associ-
ated with the need to take into account both the block
structure of the geomedium and the wave process
taking place in the geomedium. It is shown that the
geomedium is a body composed of rotating blocks, and
stresses with torque are generated in the geomedium.
As a consequence of the momentum conservation law,
such stresses predetermine the energy capacity (in
terms of [Ponomarev, 2008]) of the geomedium. In our
study, the new type of rotation waves is reviewed, and
it is shown that slow and fast strain waves (and/or tec-
tonic waves [Bykov, 2005] and/or oscillation () waves
[Oparin, Vostrikov, 2010] and/or strain waves [Khachai
et al, 2013]) can occur in the geomedium composed
of rotating blocks as a consequence of the wave-
particle duality. The fast and slow strain waves are as
typical for the geomedium composed of rotating blocks
as longitudinal and transverse seismic waves for the
‘normal’ solid.

In the geomedium, movements can also take place
as rheid and/or super-fluid flow [Vikulin, 2013] and/or
super-plastic flow [Leonov, 2008; Carey, 1954] which
is most probably associated with the energy capacity
of the geomedium and its ability to generate vortex,
ring-shaped and other non-linear geological structures
[Vikulin, 2014b]. In terms of physics (p. 5-20 in



[Nikolaev, 1987], this state of the geomedium corre-
sponds to its geometric rotational-structural nonli-
nearity.

In geodynamics and tectonophysics, a fundamental
challenge and experiment crucis, i.e. crucial/critical ex-
periment [Vikulin, 2013, 2014a, 2014b], is to reveal the
relationship between the geomedium's energy capaci-
ty, rheidity and vortex motion ability, on the one hand,
and it’s clear nonlinearity [Nikolaev, 1987], on the other
hand.

Considering the geomedium's energy capacity
[Ponomarev, 2008] and its state of stresses [Nikolaev,
2003; Rykunov et al.,, 1979], which can destroy the ge-
omedium [Bogdanovich, 1909; Ponomarev, 2008], it can
be suggested that an earthquake is most likely to occur
out of compliance with the Raid theory, i.e. not as a
result of local stresses in the future earthquake
source in excess of the tensile strength of rocks. Under
the rotation concept proposed by the author, an earth-
quake in the energy-saturated medium (ready for
destruction) can result from the long-range interaction
between all blocks of the crust through a long/geo-
logical time span. Besides, it can occur as a conse-
quence of specific conditions in the future earthquake
source and its adjacent blocks which provide for the
short-range interaction between the blocks and may be
accompanied by the formation of a free surface of a
fault and emission of seismic waves.

Magma chambers feeding volcanic eruptions are a
reflection of the ‘block character’ of the volcanic pro-
cess. Our analysis of the data on almost 800 strong
volcanic eruptions, that were followed by the for-
mation of calderas and the transition of large volumes
of volcanic material to the ground surface, shows that
the magma chamber's thickness is generally small,
about 0.5 km, and this value is constant, independent of
the volcanic process and predetermined by properties
of the crust.

We propose the new magmatic chamber model
based on the ideas of ‘thermal explosion’ and ‘thermal
self-acceleration’. It can supplement and develop the
well-known concepts of potential heat generation in
the crust [Kropotkin, 1948; Ermakov, 1977; Turcotte,
Schubert, 1985; Magnitskii et al., 1998]. The model en-
visages intensive plastic movements along the bounda-
ries of the blocks in conditions of the low thermal con-
ductivity of the geomedium. If the solid material in the
magma chamber is heated to the temperature above
the melting point, elastic stresses with energy up to
1015 joules per 1 km3 of the overheated rock can be
accumulated in the area around the magma chamber.
Such stresses are comparable to stresses in the sources
of the strongest earthquakes. This can provide an ex-
planation of the interaction between volcanoes (mani-
fested by the migration of volcanic activity along the
volcanic arc) and the interaction between the volcanic
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and seismic processes taking place in the adjacent and
parallel belts.

Under the above concepts, the magma chambers are
viewed as ‘normal’ blocks of the crust which have the
same rotational properties as the blocks/earthquake
sources.

This idea of thin overheated interlayers/volcanic
chambers is valid for the entire crust of the Earth. In
our hypothesis, it is stated that properties of the Moho
are determined by the phase transition from the block
structure of the crust to the non-block structure of the
upper mantle.

12. CONCLUSIONS

Our conclusions [Vikulin et al, 2012b], that are
based on the physical and mathematical models deve-
loped by the author and his colleagues, are of funda-
mental importance for geodynamics. A brief review of
the conclusions is given below.

1. In geodynamics, a currently popular idea envisa-
ges the mechanism of 'hitching' of blocks and plates
with each other and heat 'emission’ due to friction at
their boundaries. However, it becomes 'useless' under
the rotation concept - this mechanism is unlikely to
occur. It is suggested by models of ‘thermal explo-
sion’/‘self-acceleration’ and intensive deformation due
to geological processes [Magnitskii et al, 1998] that
overheated areas may occur in the crust, and phase
transitions (from solids to liquids with free gas separa-
tion) may take place in such areas.

2. The concept of the geomedium composed of rota-
ting blocks can facilitate solving the problems of geo-
dynamics without any need to employ the currently
popular models of magma ascent from the mantle
(possibly, core) depths.

3. The problem of the Earth thermals and ‘hot spots’
can be considered from other positions. Within such
zones, the kinetic energy generated by the rotation of
the geomedium blocks and plates is partially converted
into elastic stresses with torque (equation 1). It can be
released not only by earthquakes, volcanic eruptions
and tectonic plate movements, but also by the genera-
tion of heat that is redistributed inside the Earth and
brought to the ground surface by various mechanism,
including rotation waves with specific wave velocity ¢y
(equation 8).
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Abstract: For purposes of seismicity microzonation of the Ulan-Ude city territory, engineering geophysical studies are
conducted to reveal which types of rocks and soils are dominant in the study area and to classify them by site-specific
velocities of P- and S-waves and amplitude-frequency characteristics. The article describes a technique for establi-
shing the baseline seismic signal corresponding to parameters of relatively strong earthquakes in potential earth-
quake foci (PEF) zones. It is shown that the established baseline signal is applicable. Presented are results of theoreti-
cal calculations based on seismicity-soil models providing reference parameters of bedrock, medium and water-
saturated soils (soil categories 1, 2 and 3, respectively).

Seismic impacts are assessed for the zone with the baseline seismic intensity of 8 points, as per MSK-64 seismic in-
tensity scale. The reference model is used to identify zones with seismic intensity from 7 to 9 points in the city territo-
ry, and it is established that such zones differ in thickness of water-saturated and non-water-saturated soil layers.
As a result, a schematic map showing the main parameters of seismic impacts is constructed in the first approxima-
tion. The obtained data are useful for the development of recommendations concerning further engineering seismo-
logical studies and activities for the appropriate revision and upgrading of the seismic microzonation technique in
order to complete seismic microzonation of the Ulan-Ude city territory.
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K TEXHOJIOTHHM IOCTPOEHHUA KAPTBI CEMCMHUYECKOTO
MUKPOPAMOHUPOBAHUA TEPPUTOPUM I. YJIAH-Y 19

B. . Jxypuk!, L. A. Ty6anos?, C.Il. CepeGpeHHUKOB?,
A. ®. ipennosl, E. B. Bperxak!, A. 10. Eckun!

1 UHcmumym 3emHoll kopbt CO PAH, Hpkymck, Poccust
2 ['eosnozuveckuti uncmumym CO PAH, YaaH-Y0d3, Poccus

AnHoTanusa: 'opog YnaH-Ya3 pacnosiokeH B CeiCMUYECKH aKTHUBHOM paillOHe U XapaKTepu3yeTcs CelcMUYecKou
MHTEHCUBHOCTBIO 8, 8 1 9 6aIOB J/Is1 CpeJHUX TPYHTOBBIX yciaoBul [The Map..., 1999] u Tpex ypoBHel celicMuye-
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ckoit onacHocTH - 10 % (A), 5 % (B) u 1 % (C). Ilo pe3y/ibTaTaM aHa/IM3a MaKpOCEHCMUYECKUX JJAHHBIX OTMEYaeTcs,
YTO MaKCUMaJIbHbIH ceACMUYeCKUN 3O EKT OT CU/IbHBIX 3eMJIETPSICEHUIN 3a UCTOPUYECKUU Nepuo/, A T. YaaH-Y 3
He npeBbimaeT 7 6aysioB. OH BbI3BaH ABYMs COGBITUAMHY, MpousolieAminMy B 0xHoM u LeHTpanbHoM Balikasne:
[aranckum (12.01.1862 r; M=7.5) u CpegHe6arikaabckuM (29.08.1959 r; M=6.8) 3eMJ1eTpsSICEHUSIMU.

Jlng yTOYHeHUs UCXOJHOW CEHCMHUYHOCTH TEPPUTOPHUMU TI. YJaH-Y[3 3a cyeT IPYHTOBBIX YCJOBUH NPOBeJEHbI
HHXeHepHOo-reopusnveckre paboTel, HEO6GXOAUMBIE /I XapaKTEPUCTUKH NPeo6IafaolUX TUIIOB IPYHTOB O CKO-
POCTSAIM PacnpoCTpaHeHUs B HUX NPOJOJBHBIX U MONEPEeYHbIX BOJH U [0 aMIJINTYJHO-4aCTOTHbIM XapaKTepUCTHU-
kaMm. [Ipu pacdeTrax 3a 3Ta/J0OH BBIOpPAH CKaJbHBIN IPyHT ¢ Vp=2200 m/c, Vs=1200 m/c u p=2.5 r/cM3 (cpeHue 3HaYe-
HUSA cKopocTel B 10-MeTpPOBOM CJ10e Ha y4acTKax BbIX0/la KOPEHHBIX MOPOJ Ha MOBepPXHOCTh). CelicMUYecKas omac-
HOCTb Y49aCcTKOB C TAKMMHU 3HAUYEeHUSIMU CKOPOCTEH OLleHMBaeTCs Ha OAWH 6aJly1 MeHbllle HCXOJHOH. B aToM ciydae
CpesHHE TPYHTHI (HEBOJOHACKIIEHHAS TOJIIA TecYaHbIX U IPaBUHHO-TaJIeYHBIX IPYHTOB) OYAYT MMeTh 3HAUYEeHUS
Vp=600 m/c, Vs=300 mM/c u p=1.8 r/cm3. CelicMu4ecKas OMacCHOCTb YYaCTKOB C TAKUMH 3HAYEHUSMHU COOTBETCTBYET
HCXOJHOM CEMCMUYHOCTH.

TakyuM o6pa3oM, NpoBeJleHHble U3MEPEHHUsI CKOPOCTeH celcCMUYeCKUX BOJIH Ha TEPPUTOPHUM ropoja U pacdyeT
npupalieHui 6aJJbHOCTH (TabJs. 2) MOKa3bIBAIOT, YTO OTHOCHUTEJBHO BbIGPAHHOIO 3TajJoHa (CKa/JIbHBIA TPYHT -
7 6aJIJI0B) TPYHTHI, C/Iy>Kallllie OCHOBAaHUSIMU COOPYKeHUH ropoja YaaH-Y 13, 6yAyT UMeThb NpUpalleHue 6a/JIbHOCTH
ot +0.17 o +2.3 6aja, a X celicMU4YecKasi OlacHOCTb U3MeHUTcd oT 7.17 mo 9.3 6aJsia.

[IpenctaByieHa MeToAuKa GOPMUPOBAHHUS UCXOAHOTO CEICMUYECKOI0 CUTHAJIA, OTBEYAIOLIero napaMeTpam OTHO-
CUTEJIbHO CUJIbHBIX 3eMJIeTpsiceHUH U3 30H BO3 (BeposAATHBIX 04aroB 3eMJieTpsiceHU). OTMeuyaeTcsl, YTO BbIGpaHHbIE
aKceJieporpaMMbl OTHOCUJIMCh K 3eMJIETPSICEHUSIM C Pa3/IMYHbIMU MarHUTYJaMH, I03TOMY Obljla MUCIOJb30BaHa 3a-
BUCUMOCTb fu(f). OHa noKa3bIBaeT U3MEHEHUs YPOBHS CIIEKTPa YCKOPEHUS C U3MEeHEeHUEeM MarHUTY/Ibl U 3aBUCUT OT
YacTOTHI.

Wcnoap3yst 3Ty 3aBUCUMOCTb, Mbl IPUBOJWJIU aMIIUTYAHbIE CIEKTPbl K MarHUTYyJe pacCMaTpuUBaeMoOd 30HBI
BO3. 3aBepuarouiuM maroM cTajao MoJydYeHHUe 3aluceld akcejieporpaMM 3eMJeTPsICEHUN U3 KOHKpeTHbIX 30H BO3
3aJlaHHbIX MarHUTY/, SIBJSIOLUXCS XapaKTePHbIMU AJIs1 KaXJ,0l KOHKpPETHOU 30HbI (puc. 5). 9TO peasn30BaHO My-
TeM 06paTHOro npeo6pa3oBanus Pypbe cpelHETO CIEKTPA YCKOPEHUS JAHHOU 30HbI U $a30BOro ClieKTpa HauboJjiee
CUJIbHOTO 3eMJIETPSICEHUS], 3apEeTrUCTPUPOBAHHOTI0 U3 JaHHOH 30HbI BO3.

B pesysibTaTe nokasaHa BO3MOXXHOCTb HCIOJIb30BaHHUsl NOJIy4EHHOI'O CUTHaJa U NpPOBeJleHbl TeopeTH4yecKue
pacyeThl AJ1s1 CECMOIPYHTOBBIX MOJesel, XapaKTepU3YOLUX BepOSITHOCTHbIE [TapaMeTphbl 3TaJ0OHA AJs1 KOPEHHbIX
nopoz (rpyHTOB 1-i KaTeropuu), cpeHUX TPYHTOB (2-i KaTeropyuu) U BOJOHAChILIEHHbIX IPYHTOB (3-U KaTeropuu).

[lo pe3ysbTaTaM TeOpeTHYECKHUX pacueToB (paszes 2), JaHHBIM 3KCIepUMeEHTAJNbHBIX U3MepeHul (pasgen 1),
MMEILIMMCS HHXXEHEPHO-T€0JIOTMYECKUM U FUAPOre0J0rHuecKUM CBeJIeHUSM COCTaBJIeHa B IEPBOM HMPUOGJIMKEHUH
cxeMaTHhueckast kapTa (puc. 10) oCHOBHBIX HapaMeTpPOB CeMCMUYECKUX Bo3JelcTBUU. Ha TeppuTopun ropoja Bbije-
JIeHbl 7-9-6a/UIbHble YYaCTKH, XapaKTepU3yIolyecs pa3JMIYHON 0 MOLHOCTH IPYHTOBOH TOJIIIEH BOJOHACKIIEH-
HBIX Y1 HEBOJIOHACHILIEHHBIX OTJIOKEeHUH. B KaXkoil U3 30H no ceificMuyeckod onacHoctH (puc. 10) mpu CMP moryTt
OBITh BblJleJIEHbl YYaCTKH OT 7 10 9 6a//10B. B 3TOM citydae oHU GyLyT OTBeYaTb TOW WJIM MHOM IPYHTOBOU MoJesn
(Ta6.1. 5) 1 TpeOyIOT AasbHENIIero YTOUHEHUSI B COOTBETCTBUH ¢ Macurtabom CMP Tepputopuu roposa nytem feta-
JIN3alMY pacyeTHbIX MoJeJiell 10 Npe/ilaraeMoil HaMU MeTOJIUKe.

Pe3ysibTaThl HCCIeL0BaHUH NpeJIoIaraeTcsl UCI0/Ib30BaTh AJIs1 pa3paboTKHU peKOMeHZAMK 110 HallPaBJIEHHUIO,
BHU/IaM U 0YepeSHOCTH NTPOBeJieHUs JaJbHEHIINX HHXKEeHEePHO-CeHCMOIOTMYeCKUX UCCIeJ0BaHUHN H JIJIsT 0OHOBJIEHUS
TEXHOJIOTUHU IIOCTPOEHUsl KapThl CECMUYECKOTO MUKPOPAallOHUPOBAaHUSA TEPPUTOPHUHU T. YIaH-Y A3.

TakuM o6pa3oM, MOKa3aHo, YTO /AJsI KOHEYHOro BapHaHTa KapTbl CMP ciiefiyeT BBISIBUTH U OXapaKTepHU30BaTh Ha
HOBOM BEPOSITHOCTHOM ypPOBHE NMOTeHLHa/TIbHble CeiCMUYeCKHe UCTOYHUKHU (JIoOKaau3anuo AedpopManuil U aKTUB-
HBIX Pa3/IOMOB, IEPHO/ TOBTOPSIEMOCTH 3eMJIETPSICEHUH, YPOBEHb CEHCMUYHOCTH, A TaKXKe BepOSITHOCTb BOSHUKHO-
BEHUs 3eMJIETPSICEHUH), KOTOpble CBS3aHbl C MPOTHO3UPOBAHUEM CUJIBHBIX CEHCMUYECKUX BO3JAEHUCTBUUA AJIS T.
YnaH-Y3. Heo6xoquMo onpefie/IuTh MapaMeTphbl PAaCIpOCTPaHEHHUsI CEMCMUYECKUX BOJIH U UX 3QEKThI, 06yCI0B-
JIeHHble MPOsIBJIeHHEeM CEHCMUYHOCTH, HA KOHKPETHBIX CTPOUTEJIbHBIX IUIOLIaAKax ropoja. 3aTeM He0O6X0AUM pac-
YeT CIIEKTPOB PeaKLMU U CBSI3aHHOU C HUMH BEPOSITHOCTU BOSHUKHOBEHUS CUJIbHBIX 3eMJIETPSICEHUH J1J1s1 COCTaBJle-
HUS KapThl CECMUYECKOr0 pUCKA C YKa3aHUEM MapaMeTpPOB, KOTOPblE MOTYT OKAa3aThbCSl MOJIE3HBIMU B CTPOUTEb-
HOU NOJIMTHKE peruoHa.

KiioueBble ci0Ba: YiaH-Y 13, CECHCMUYHOCTb, KapTa CEHCMUYECKOT0 MUKPOPAaHOHHUPOBAHH S, UHXKEHEPHO-
celicMOJIOTHYECKHe UCCJIeJOBAHUS, CKOPOCTH CEHCMUYECKHUX BOJIH, aKCeJIepOTPaMMBI,
CIEeKTPBI, YaCTOTHBIE XapaKTEPUCTUKH, MAKCUMaJIbHbIE YCKOPEHUSI.

1. INTRODUCTION (as per MSK-64 seismic intensity scale) and three levels
of seismic hazard with 10 % (A), 5 % (B), and 1 % (C)

The city of Ulan-Ude is located in the seismically ac-  probabilities of exceedance in 50 years. Analyses of
tive region of Russia. According to [The Map..., 1999], historical macroseismic data [Solonenko, Treskov, 1960]
the city's territory with medium soil conditions is cha-  show that the maximum seismic impact of the stron-
racterized by seismic intensity of 8, 8 and 9 points  gest earthquakes in Ulan-Ude did not exceed 7 points
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even with account of two major events which took
place in the Southern and Central Baikal regions - the
Tsagan (12 January 1862; M=7.5) and Middle Baikal
earthquakes (29 August 1959; M=6.8).

Under the code of practice in the construction in-
dustry in the Russian Federation, the baseline seismic
intensity was assessed according to the RF construc-
tion standards and rules specified in SNiP II-A.12-69*
dated 01 July 1970, and for the Ulan-Ude territory with
medium geological conditions, it was estimated at 7
points. Later on, SNiP II-A.12-69* was replaced by SNiP
[1-7-81 (in force since 01 January 1982), and the base-
line seismic intensity for Ulan-Ude is now estimated at
8 points [The USSR Seismic Zonation Map, 1984] which
assumes the recurrence of a major seismic event every
1000 years, according to Map (B) under SNiP II-7-81*
(updated revision) [SNiP..., 2011].

It is envisaged by the current construction regula-
tions and standards that optimal locations must be se-
lected for construction projects with account of seismic
resistance calculations, which necessitates quantifica-
tion of the main parameters of seismic impacts that
may be imposed to foundations of building and facili-
ties. In this regard, a seismicity microzonation (SMZ)
map needs to be constructed for the Ulan-Ude city ter-
ritory in scales 1:25000 and 1:5000 with account of
new assumptions. The required mapping should be
preceded by stages when a general seismic zonation
map and a detailed seismic zonation map of the territo-
ry are constructed in larger scales.

Therefore, to achieve the objective of seismic micro-
zonation mapping of the Ulan-Ude city, it is required to
update the general seismicity zonation data and assess
levels of seismic hazard for new construction project
areas in the city. These tasks can be fulfilled by combi-
ning geotechnical, instrumentation and computational
methods. For the purpose of seismicity microzonation,
seismic intensity is estimated in points as per SNIP
[1-7-81* or determined as seismic loads shown by es-
timated or real accelerograms, i.e. curves showing how
vibrations of soil layers are accelerated during strong
earthquakes. To assess potential seismic hazard, it is
needed to take into account the intensity and other pa-
rameters of elastic vibrations under the base structures
of buildings and facilities and consider the manifesta-
tions of inelastic strain and residual deformation of soil
layers. Ranges of elastic vibrations of the soil layers are
recordable by direct instrumental observations con-
ducted in the study area.

Comprehensive studies can provide source data for
dividing the study area into zones which seismic inten-
sity may differ by +1-2 points, and forecasts for each
zone can be adjusted with regard to site-specific tec-
tonic, geological and geomorphological conditions. Cal-
culations of incremental points against the baseline
seismic intensity are significantly influenced by data on
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groundwater levels and lithological compositions of
rocks and soils. Such calculations are also impacted by
significant variations in the intensity of the seismic
field due to heterogeneities in the bedrock to a depth
comparable to the wavelength (up to 1 km). Should any
sudden change take place in geological conditions
while new construction activities are performed, the
relevant seismic microzonation data should be revised
and updated accordingly.

In this article, we present results of the initial stage
of engineering seismological studies in the Ulan-Ude
city territory and consider possibilities of zonation by
the main parameters of seismic impacts of potential
strong earthquakes in order to identify potential seis-
mic hazard areas in compliance with the current regu-
latory requirements concerning urban construction. A
technique for construction of a new seismicity micro-
zonation map of the Ulan-Ude city territory is justified.

2. RESULTS OF ENGINEERING SEISMOLOGICAL STUDIES WITH
APPLICATION OF INDIRECT SEISMICITY MICROZONATION
METHODS

Generally, seismic hazard assessment is based on
results of the acoustic (seismic) impedance method,
data from catalogues of recorded earthquakes and mi-
croseisms, and data obtained by computational me-
thods. Herein we briefly describe our technique of
measurements, present estimations of seismic parame-
ters and describe the rocks and soils that dominate in
the study area.

The seismic impedance method |[Guidelines...,
1985, 1986, Medvedev, 1962; RSN 60-86, 1986; Paviov,
1984]. Incremental points are calculated from the equa-
tion published in [Medvedev, 1962]:

Al=1.67Lg(p,V,/piVi)+Re-0.04h*h, (1)

where Al is estimated value of incremental points; p,V,
and p;V; is seismic impedance of the reference soil and
the studied soil for P-/S-waves, Vp/Vs; h is groundwa-
ter level; coefficient R=1 is accepted for areas with
dominant sandy and clayey soils, and R=0.5 for areas
with dominant gravel-pebble and coarsely clastic rocks.
If the groundwater level is at a depth below 10m from
the ground surface, the correction coefficient is close to
Zero.

In order to calculate the seismic hazard in points
and then to estimate it in terms of maximum accelera-
tion, the following data are needed: rock and soil com-
position, velocity of seismic wave propagation in rocks
and soils, thickness and composition of unconsolidated
soil layers, and bulk weight of the reference rocks and
soils and the studied rocks and soils [Guidelines..., 2004;
Pavlov..,, 1988].
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Fig. 1. The schematic map showing areas covered by seismic sounding studies in the Ulan-Ude city territory. 1-37 - loca-
tions where observations are conducted for seismic hazard assessment (UoM - point); 38-60 - locations where seismic
wave velocities are measured for construction of seismicity-soil models.

Puc. 1. Cxema ceiicMopa3Be/JOUHBIX 30HJUPOBAHUN HA TEPPUTOPUHU T. YnaH-Y 3. 1-37 - MyHKTBI HAGIIOeHUH [1/15 OL[eHKU
CelCMUYECKOW omacHOCTH B Gastax; 38-60 - IyHKThI U3MepeHHs CKOPOCTed CeMCMHYeCKHX BOJIH JJI1 MOCTPOEHHUs

CEeNCMO-TPYHTOBBIX MO/ eJIEM.

Therefore, the top section of the profile of rocks and
soils to the bedrock needs to be characterised to cor-
rectly select locations of measurements and then to
properly analyse the measurement results. A general
description of the top section is presented herein at a
level sufficient to support the first stage of our studies
aimed at seismic microzonation mapping of the Ulan-
Ude city territory.

In the regional Quaternary deposits, facies are di-
verse, and compositions of rocks and soils are variable.
On the left-bank floodplain terrace of the Selenga River
(Fig. 1), powdery fine-grained alluvial sands are alter-
nating with small lenses of sandy loam and clay. The
sand beds are 1.0 to 5.0 m thick and underlain by gra-
vel. Groundwater occurs at depths ranging from 1 to
3 m. The left bank of the Uda River is composed of eoli-
an fine-grained sand, and the sand beds vary in thick-
ness from 10 to 15 m along the river and 50 to 80 m
closer to the slope. Groundwater occurs at depths of
5-10 m and 50-60 m. Bedrocks are represented by
the Jurassic-Cretaceous sandstone, argillite and granitic
rocks.

The right bank of the Selenga River comprises a
thick bed of conglomerates with sandstone interlayers
that are overlain by either gravelly soil or fine-grained
sands (1.5-3.0 m and 10-15 m thick beds, respecti-
vely). The groundwater table is deep-seated.

In terms of geomorphology, the terrain of the Ulan-
Ude area is significantly rough. In the north, spurs of
the Ulan Burgasy ridge are low, and hills are cut by ra-
vines and gullies and located almost perpendicular to
the valleys of the Uda and Selenga Rivers. In the south,
spurs of the Tsagan-Daban ridge come to the Uda River
valley.

Several terraces are recognized in the valleys of the
Uda and Selenga Rivers: Terrace 1 is 2 to 4 m high
(Ulan-Ude downtown), Terrace 2 is 10 to 20 m high
(the Soviet and Oktyabrsky districts of the city), and
Terrace 3 is 40 to 50 m high (the Zheleznodorozhny
district and a part of the Oktyabrsky district).

Therefore, seismic sounding locations (Fig. 1) were
selected with regard to data on the geological structure
of the territory, composition of the unconsolidated
Quaternary sediments, physical properties of rocks and
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I Fig. 2. An example of the direct (a) and impact (b) seismograms for rocky (1), medium (2) and water-saturated (3) soils, ac-

cording to records in observation scheme YY.

I Puc. 2. [Ipumep npsamoi (a) u BctpeuHoi (b) ceficmorpaMm aJis ckaJbHBIX (1), cpeaHux (2) ¥ BOJOHACKIIEHHBIX (3) IPyH-

TOB, 3aPETUCTPUPOBAHHBIX 10 CHCTEMeE Hab/I0AeHuH YY.

soils and dominating types of rocks and soils that are
present on new construction sites. The GPS survey data
were used to snap the locations to the grid.

Seismic wave velocities were measured by a
LAKKOLIT digital 24-channel engineering seismic sta-
tion made in Russia. The refraction method was ap-
plied as described in [Seismic Surveying, 1981]. Meas-
urements were carried out in separate sounding ses-
sions, and reverse and catch-up time-distance plots
(46, 92 and 150 m) were provided. Geophones were
spaced by 2, 4 and 6 m (in the downtown, the distance
was 12 m). Seismic waves were generated by shocks.
Recording was done under observation schemes ZZ
and YY corresponding to vertically oriented geophones
and horizontal shocks perpendicular to the profile,
with receivers oriented in the same direction. The se-
lected measurement technique made it possible to ob-
tain average values of seismic wave velocities for the
top zone of the profile to depths from 10 to 30 m. It
should be noted that the detection of 'useful' waves

was challenging due to considerable background noise,
and notwithstanding the accumulation of shocks, the
detection of transverse waves was supported by data
on surface waves.

In the city territory, velocities of P- and S-waves
were measured at 37 locations assumed to cover all of
the areas distinguished by the available geotechnical
data. In the 'reference' bedrocks, Vp and Vs were
measured in the city territory and in the vicinity of the
city (measurements were taken in quarries and on sites
where the bedrocks occur at shallow depths). At 23
locations (Nos. 38 to 60), special measurements were
taken in order to design seismicity-soil models corre-
sponding to zones in the city which may be subject to
the highest and lowest seismic hazard. Such models
also provided information complementing to the mea-
surement statistics. Reflection seismic data processing
was performed by the RadExPro software.

Examples of the recorded seismograms are given
in Fig. 2. Time-distance plots of P- and S-waves and
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Fig. 3. Examples of travel-distance plots of P- and S-waves, and velocity profiles.

4-5 - unconsolidated none-water-saturated soil; 20-21 - water-saturated gravel-pebble sediments; 8-9 - strongly and weakly fractured
rocky soils; 24-25 - unconsolidated, broken rocks and relatively intact bedrocks. Top and bottom numbers show velocities of P- and

S-waves, respectively.

Puc. 3. [IpumMeps! rogorpadoB NpoJ0ibHbBIX U [TONEPEYHBIX BOJH U CKOPOCTHBIE pa3pesbl.

4-5 - pbIx/Ible HEBOJOHACKILIeHHbIe I'PYHTHI; 20-21 - BOAOHACHIIIEHHbIE IPABUIHO-Ta/IeyHble OT/I0KEHUS; 8-9 — CUJIbHO- U cl1aboTpe-
IMHOBATbIE CKaJbHblEe TPYHTBI; 24-25 - pbIXJIble, pa3pylLleHHble CKaJbHble U OTHOCUTEIbHO COXPAaHHble KOpPeHHble Nopo/sl. L{ndper

CBEPXY — CKOPOCTH P-BOJIH, CHU3Y — CKOPOCTH S-BOJIH.

seismic wave velocity profiles for sites that meet the
specified seismicity-soil conditions are given in Fig. 3.
The seismograms, plots and profiles give evidence that
it is challenging to select 'useful' waves when seismic
measurements are taken in urban areas, even if special
attention is given to registration timelines, the amount
of accumulated excitations and their intensity. Data
from all the seismic measurement locations (see Fig. 1)
were consolidated, and histograms were constructed to
show the distribution of wave velocities and reveal
most probable values (Fig. 4). However, the available
histograms are limited in number, and additional mea-
surements are required for each type of soil.

In general, it is evidenced by the seismic velocities
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recorded in the top zone of the profile near the city of
Ulan-Ude that the seismic velocity values differ drama-
tically in ground conditions of three types - rocky, wa-
ter-saturated soil and unconsolidated non-water-satu-
rated soil.

The bedrocks are represented mainly by conglom-
erate, sandstone, argillite and granitic rocks. Velocities
of P- and S-waves in these rocks are low in the top zone
of the profile (to depth from 3 to 5m). In the uppermost
zone, the P-wave velocity range from 1400 to 2000
m/sec. In less fractured rocks, Vp values range from
1500 to 3500 m/sec (Fig. 4, a) and Vs values range
from 1000 to 2100 m/sec with increasing depth (Table
1). According to measurement in 50 bedrock samples



12

10

0 1000 2000 3000 4000 5000

Vp (m/sec)

{%OO 1600 1700 1800 1900 2000 2100 2200

Vp (m/sec)

Geodynamics & Tectonophysics 2015 Volume 6 Issue 3 Pages 365-386

0 1000 5000

2000

Vp (m/sec)

3000 4000 6000

20

400

500 600

Vp (m/sec)

700

Fig. 4. Histograms of the distribution of P-wave velocities in the rocks and soils typical of the Ulan-Ude city territory: a -
rocky soil; b —in the rock samples; ¢ - flooded soil; d - air-dry soil.

Puc. 4. T'uctorpaMmsl pacnpejiesieHdsl CKOpOCTeH NMPOAOJIbHBIX BOJIH B IPYHTaX paloHa r. YJaaH-Y3: a - /sl CKaJIbHBIX
IPYHTOB; b —B 06pa3uax CKaJbHbIX IOPOJ; € — 1/ 06BOJHEHHBIX TPYHTOB; d — [/151 BO3/JyLLIHO-CyXUX [PYHTOB.

taken from the outcrops, the range of ultrasound velo-
cities shows an increase towards higher values of Vp
(Fig. 4, b). The most probable P-wave velocities amount
to almost 3000 m/sec, and the maximum velocity ex-
ceeds 4000 m/sec.

For water-saturated gravel-pebble and sandy soils,
the typical velocities of P-waves range from 1650 to
2000 m/sec (Fig. 4, c), and the P/S-wave velocity ratio
varies from 3.0 to 4.5 (Table 1). Measurements in soils
of the same type but not water-saturated show
P-wave velocities from 400-500 to 800 m/sec and
S-wave velocities from 180 to 420 m/sec (note: the
layer of seasonal freezing was excluded from the calcu-
lations) (Fig. 4, d). The available data on physical pro-

Table 1.Physical properties of rocks and soils

Ta6nanuna 1. PU3NYECKUe CBOMCTBA TPYHTOB

perties of soils which are required for further calcula-
tions are summarized in Table 1.

Data on soil composition, velocities of seismic wave
propagation in soils of the specified types, thickness of
unconsolidated sediments in the upper segment of the
profile, and bulk weight of the reference and studied
soils were collected as required for seismic hazard as-
sessment, construction of the set of seismic models and
application of the selected computational methods (see
Section 2). Equation (1) was used to estimate values of
incremental seismic intensity for each observation lo-
cation. The average velocity value estimated for the top
10-meter thick zone was taken into account. Calcula-
tion results are given in Table 2.

Rocks and soils

Specific gravity, g/cm3

Bulk weight, g/cm3 Porosity, %  Water absorption, %

Granitic rock 2.73-2.86
Medium- and coarse-grained sandstone 2.62-2.81
Argillite 2.64
Conglomerate 2.71
Gravel 2.70-2.79
Sand 2.63-2.77

2.53-2.57 2.1-3.3 0.10-0.79
2.15-2.74 2.8-9.1 0.09-7.30
2.21 19.5 2.8

2.40 12.0 0.6-3.4
1.60-1.90 38-40 -
1.68-1.90 38-40 -
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T able 2.Seismic properties of rocks and soils in the Ulan-Ude city territory

Ta6uauima 2. Pe3yJibTaThl HCC/IEA0BAHUSA CECMUYECKHUX CBOICTB IPYHTOB Ha TEPPUTOPHUH T. YJIaH-Y A

Item# Rock and soil conditions h, Vp, Vs, P, Vp/Vs Average Average Alp, Als,
m m/sec m/sec g/cms3 Vp,m/sec Vs,m/sec point point
1 Powdery fine-grained sand 6 400 210 1.8 1.9 480 262 +1.34 +1.37
690 420 1.8 1.65
2 Powdery fine-grained sand 20 440 230 1.8 1.9 440 230 +1.40 +1.44
Sandstone 2900 - 2.6 -
3 Powdery fine-grained sand 6 450 210 1.8 2.15 685 326 +0.93 +1.1
Granitic rock 3000 1800 2.6 1.67
4 Powdery fine-grained sand 11 480 250 1.8 1.93 480 250 +1.40 +1.39
Fine-grained sand 670 400 1.9 1.67
5 Powdery fine-grained sand 5 480 240 1.8 2.0 530 290 +1.29 +1.30
Fine-grained sand 580 340 1.9 1.7
6 Fine-grained sand 10 350 180 1.9 1.94 350 180 +1.50 +1.59
Water-saturated sand 1650 400 2.0 4.2
7 Sand, gravel 11 510 210 1.9 2.4 510 510 +1.26 +1.45
Water-saturated sand 1890 520 2.0 3.6
8 Coarse-grained rocks 2 620 240 2.0 2.5 1350 670 +0.36 +0.46
Conglomerate 1900 1200 2.6 1.58
9 Coarse-grained rocks 2.5 480 200 2.0 2.4 1200 550 +0.39 +0.42
Conglomerate 2400 1300 2.6 1.84
10 Coarse-grained rocks 2.5 380 160 2.0 2.4 1030 480 +0.46 +0.69
Conglomerate 2400 1400 2.6 1.7
11 Sand, gravel 3 350 170 1.8 2.1 350 170 +1.64 +1.83
Water-saturated gravel 1900 420 2.0 4.5
12 Sand, gravel 6 430 140 2.0 3.0 430 140 +1.74 +2.14
Water-saturated gravel 1880 430 2.0 4.4
13 Gruss, debris, sand 6 520 280 2.0 1.85 765 413 +0.86 +0.88
Conglomerate 2400 1400 2.6 1.7
14 Debris, sand 2 440 - 2.0 - 1345 - +0.36 -
Conglomerate 2800 1680 2.6 1.68
15 Coarse-grained rocks 2 600 320 2.0 1.88 1590 900 +0.23 +0.23
Conglomerate 2700 1650 2.6 1.64
16 Sand, gravel 2 330 160 2.0 2.05 330 160 +1.62 +1.65
Water-saturated gravel 1800 500 2.6 3.6
17 Sand, gravel 2,5 450 180 2.0 2.6 450 180 +1.52 +1.67
Water-saturated gravel 1960 480 2.0 4.1
18 Sand, gravel 6 390 180 2.0 2.2 390 180 +1.81 +1.95
Water-saturated gravel 1840 460 2.0 4.0
19 Sand, gravel 5 340 150 2.0 2.26 480 220 +1.60 +1.79
Water-saturated gravel 2000 400 2.0 5.0
20 Sand, gravel 5 480 220 2.0 2.18 480 220 +1.60 +1.79
Water-saturated gravel 1980 470 2.0 4.2
21 Sand, gravel 5 300 140 2.0 2.1 1125 270 +0.65 +1.28
Conglomerate 1950 400 2.0 4.9
22 Sand, coarse detrital rocks 4 550 230 2.0 2.4 1000 455 +0.60 +0.76
Conglomerate 2250 1300 2.6 1.74
23 Debris, sand 6 500 220 2.6 2.25 725 330 +0.79 +0.94
Conglomerate 2200 1300 2.6 1.68
24 Sand 5 500 300 2.0 1.67
Coarse-grained rocks 12 1450 760 2.0 1.90 975 580 +0.75 +0.78
Conglomerate 3350 1840 2.6 1.83
25 Sand 12 500 280 2.0 1.80
Fractured rocks 15 1550 680 2.6 2.30 500 280 +1.26 +1.23
Conglomerate 3200 - 2.0 -
26 Coarse-grained rocks 6 400 180 2.0 2.2 590 270 +1.06 +1.27
Conglomerate 2050 1100 2.6 1.85
27 Sand, gravel 2 400 - 2.0 - 400 - +1.7 1.8
Water-saturated gravel 1670 - 2.0 -
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Item# Rock and soil conditions h, Vp, Vs, P, Vp/Vs Average Average Alp, Als,
m m/sec m/sec g/cm3 Vp,m/sec Vs,m/sec point point

28 Sand, gravel 13 500 260 2.0 1.94 500 260 +1.26 +1.37
Conglomerate 2400 1650 2.6 1.45

29 Coarse-grained rocks 2 520 280 1.8 1.85
Fractured rocks 14 1450 800 2.0 1.82 1070 574 +0.72 +0.74
Conglomerate - 3000 1600 2.6 1.88

30 Fractured rocks 8 1560 920 2.2 1.70 1720 1000 +0.24 +0.24
Conglomerate 2800 1500 2.6 1.87

31 Sand, gravel 5 500 220 1.8 2.28 500 220 +1.79 +1.86
Water-saturated gravel 1760 470 2.0 3.70

32 Sand, gravel 7 310 180 1.8 1.74 310 180 +2.30 +2.34
Water-saturated gravel 1700 550 2.0 3.10

33 Fine-grained sand 25 420 200 2.0 2.10 420 200 +1.48 +1.47
Granitic rock 3600 2100 2.6 1.70

34 Fine-grained sand 17 510 220 1.8 2.30 510 220 +1.26 +1.45
Water-saturated gravel 40 1900 480 2.0 3.90
Conglomerate 3400 - 2.6 -

35 Fractured rocks 5 570 300 1.8 2.6 1975 1090 +0.17 +0.19
Conglomerate 3380 1880 2.6 1.8

36 Fine-grained sand 11 460 220 1.8 2.10 460 220 +1.40 +1.45
Conglomerate 3200 1900 2.6 1.68

37 Fractured rocks 3.0 480 - 1.8 -
Conglomerate 3050 - 2.6 - 1800 - +0.2 -

In our calculations, the reference is the rocky soil
with Vp=2200 m/sec, Vs=1200 m/sec and p=2.5 g/cm3
(average velocities in the 10-metre thick layer on sites
with bedrock outcrops). For sites with the above-
mentioned values, the seismic hazard is assumed one
point lower than the baseline level. In this case, the
average soil type (i.e. non-water-saturated sand and
gravel-pebble) is characterised by Vp=600 m/sec,
Vs=300 m/sec and p=1.8 g/cm3. In zones with the
above-described soil, the seismic hazard corresponds
to the baseline seismic intensity.

Our measurements of seismic wave velocities in the
city of Ulan-Ude and calculations of incremental seis-
mic intensity (Table 2) show that relative to the select-
ed reference soil (rocky soil - 7 points), the rocky/soil
foundations of buildings and facilities may be subject to
an incremental seismic impact (+0.17 to +2.3 points),
and the seismic hazard for the rocks and soils ranges
from 7.17 to 9.3 points.

3. RESULTS OF THE INITIAL STUDY STAGE TO FORECAST HOW
STRONG EARTHQUAKES MAY IMPACT THE ROCKY/SOIL
FOUNDATIONS IN THE ULAN-UDE CITY TERRITORY

To solve the problem related to seismicity microzo-
nation mapping in compliance with the current regula-
tions concerning urban construction, the seismic ha-

zard of rocky/soil foundations should be mapped with
account of the maximum seismic wave acceleration,
dominant periods of strong earthquakes, resonance
frequencies of unconsolidated beds and other charac-
teristics of the seismic impacts.

To provide a basis for seismicity microzonation map-
ping of the Ulan-Ude city territory, quantitative data
on soil movements of ground are needed. In the cur-
rent stage of our studies, we analyze dynamic characte-
ristics of perceptible earthquakes that occurred in the
study region, establish seismic signals corresponding
to the baseline seismic intensity, develop the seismi-
city-soil models, try to forecast seismic impacts with re-
gard to different construction conditions and classify
zones in the Ulan-Ude city territory by the seismic
impact parameters. To achieve the objectives, modeling
and computer simulation methods are applied.

The priority task is to establish the baseline seismic
signal for the Ulan-Ude city territory [Dzhurik, 2014].
Determining a ‘baseline’ seismic impact is challenging
as a reference accelerogram cannot be unambiguously
selected. The unambiguity is due to the fact that an
earthquake can be manifested in different ways in par-
ticular local zones, depending on characteristics of the
earthquake source, seismic signal propagation track,
structures and compositions of rocky/soil foundations
of buildings and facilities. Besides, it is needed to take
into account a number of complicating factors, such as
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Fig. 5. Earthquake foci zones (Nos. 1 to 9, see Table 3) of potential danger for the Ulan-Ude city territory. Circles show
earthquake epicentres selected for establishing the reference signals; triangles show locations of permanent seismic sta-

tions.

Puc. 5. 3oHbI oyaroB 3emseTpsceHu (1-9, cM. TabJ1. 3), NOTEHUATBHO ONACHbIE JJ1s1 TEPPUTOPUH TI. Y1aH-Y 3. KpyxxkkamMu
0603HaY€eHbl 3MUIEHTPbI 3eMJIETPSICEHUH, OTOOpaHHbIe JJIs 3a/laHUSI UCXOAHbIX CUTHAJIOB; TPEYTrOJbHUKAMU — NOCTOSIH-

Hble ceiCMUYeCcKHe CTaHLUH.

several potential earthquake foci zones (Fig. 5), physi-
cal and mechanical properties of rocks and soils, and
types of displacement/movement in earthquake foci
areas. Such factors predetermine whether an impulse-
type seismic event may occur or an earthquake with a
relatively slow increase and decrease of seismic inten-
sity on the surface may take place.

Methods for selecting the baseline accelerograms
are mainly oriented at the acquisition or calculation of
peak accelerations and scaling [Paviov, 1988] in ac-
cordance with relevant seismic scales [Nazarov, She-
balin, 1975]. Due to the fact that registered strong
seismic events are not numerous in potential earth-
quake foci zones (and also in the vast regions under
review), it becomes necessary to refer to data from ca-
talogues of strong earthquakes registered by the global
seismic network or use data on small earthquakes and
establish phase characteristics [RB-006-98, 1998].

In this study, we use only the earthquakes records
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by the regional network of seismic stations [Drennov et
al.,, 2011]. Since the medium is considered as a form-
generating factor of a focal pulse, the phase spectrum
of local earthquakes, one way or another, takes into
account the earthquake excitation and scattering pro-
perties of the inhomogeneous medium.

In engineering surveys for construction purposes,
the earthquake resistance of buildings and facilities is
typically calculated from accelerograms [Ratnikova,
1984]. It is advisable to obtain accelerograms for each
PEF zone that can be described by sets of average
seismic characteristics.

In view of the above, our study has two main objec-
tives: (1) Obtain potential earthquake accelerograms
for each PEF zone with the reference to the available
accelerograms of earthquakes that actually took place
in the studied zones (for three components, NS, EW and
Z); (2) Using the properly grounded models showing
seismicity of the ‘reference’ rocks, correlate the ob-



tained maximum acceleration rates with the seismic
hazard scale specified in points.

In our study, to justify the seismic hazard of the
Ulan-Ude city territory, we analyze accelerograms of
actual earthquakes (M from 3.0 to 6.3) recorded by
the Ulan-Ude seismic station. For each PEF zone, an
average spectrum is calculated and taken as a charac-
teristic of the entire zone. In total, the processed data-
base includes records of 55 earthquakes from 2001 to
2011. Data on components NS, EW, and Z are processed
separately. Some of the recorded accelerograms are
rejected due to various reasons, such as an insignificant
signal/noise ratio. For each earthquake, amplitude and
phase spectra are calculated.

It should be noted that we select accelerograms of
earthquakes differing in magnitudes and thus refer to
relation fu(f) showing how the acceleration spectrum
changes with magnitude variations and depends on
frequency. In our study, we use the equation for the
Baikal rift zone which was published in [Drennov et al.,
2013]:

Bulf) = -0.31log(§)+0.93 (0.78-20 Hz);
Bulf) = 0.96 (<0.78 Hz) R2=0.98,

where Su(f)=lgAS/AM. 1t determines a spectrum loga-
rithm incremental value at the i-th frequency with an
earthquake magnitude increase by AM.

Based on the above relationship, the amplitude
spectra are scaled to magnitudes of the PEF zones. Fi-
nally, earthquake accelerograms are obtained for the
PEF zones characterized by their specific magnitudes
(Fig. 5). This objective is met by using the inverse Fou-
rier transform of the average acceleration spectrum for
a specified PEF zone and the phase spectrum of the
strongest earthquake recorded in the given PEF zone.

Based on the phase spectra of accelerations from
various earthquakes, it is possible to obtain accelero-
grams of different durations, from accelerograms of the
impulse type (when the released energy is concentra-
ted in a small time window) to accelerograms of large
time spans. In our study, phase spectra of accelero-
grams of the medium time span are mainly used.

The accelerograms and their spectra for all the stu-
died PEF zones are shown in Fig. 6 and 7, and the cor-
responding spectral parameters are given in (Table 3).

According to Table 3, maximum and minimum ac-
celeration rates for the rocks and soils under the Ulan-
Ude seismic station can amount to 166 cm/sec? and
1.7 cm/sec?, respectively (the three components are
taken into account). The maximum acceleration rates
are associated with frequencies from 1.2 to 8.3 Hz, the
widths of the acceleration spectra for all the PEF zones
range from 0.6 to 14.4 Hz at the level of 0.7Sy. Typical-
ly, for the PEF zones located closer and having larger
potential magnitudes, the acceleration spectra are

Geodynamics & Tectonophysics 2015 Volume 6 Issue 3 Pages 365-386

somewhat wider than those of the more remote PEF
zone, and this expansion is due to higher frequencies.
Besides, the maximum values of the spectra are widely
variable (from 0.2 to 46 cm/sec) and correlate with the
frequency range from 1 to 12.3 Hz.

It is revealed that ranges of maximum values of the
studied parameters are widely variable for each com-
ponent. Therefore, it is needed to conduct additional
studies to eliminate the uncertainties. This problem
can be solved by long-term recording of earthquakes
on various sites in the city which have contrasting soil
conditions, such as water-saturated or air-dry soils of
specific compositions. In view of the above, at the cur-
rent stage of our studies, we refer to relatively reliable
analyses of seismic impacts by the frequency of their
occurrence. Considering amplitudes, it is needed to
scale the established baseline signals with regard to
forecasted seismic impacts. Such objectives comply
with requirement of the current construction regula-
tions. However, a probability of establishing the maxi-
mum amplitudes can be properly justified by conduc-
ting the required comprehensive studies and consoli-
dating the modeling and experimental data.

At the Ulan-Ude seismic station, geophones are lo-
cated on soils of category 1. Such conditions may prove
sufficient for seismological reconstructions; however,
in order to solve problems of engineering seismology,
we need quantitative data, including, in the first place,
determinations of frequency response which (as a
transfer function) are required to justify the baseline
signals of the ‘reference’ rocks/medium soils repre-
sented in the seismicity-soil models. This objective can
be achieved, as noted above, by direct and computa-
tional methods of seismicity microzonation [Dzhurik et
al, 2012].

Thus, for further use of the accelerograms (see Fig. 6
and 7), they are assigned to the soils of category 1. For
the Ulan-Ude city territory, a single baseline signal
needs to be established. A mandatory condition is that
it should take into account specific features of the spec-
tral compositions of vibrations for each selected PEF
zone (see Fig. 5). The vibration spectra are normalized
and then averaged. A phase response of one of the
earthquakes recorded is estimated, and normalized
accelerograms are calculated by the inverse Fourier
transform for the three components (Fig. 8, a). In its
turn (Fig. 8, b), the amplitude spectrum of this signal
reflects all the specific frequency characteristics of
the accelerograms predicted for the PEF zones of the
highest hazard (Nos. 3, 4 and 5). Its level exceeding 0.7
Smax is in the frequency range from 1.2 to 5.0 Hz. The
main peaks of the spectra occur at frequencies from 1.6
to 2.2 Hz (Table 4).

For further theoretical calculations considering dif-
ferent soil conditions presented by the seismic models,
it is required to correlate the background seismic
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Fig. 6. Accelerograms (A) and their amplitude spectra (B) of components NS, EW and Z for potential earthquake foci zones
(Nos. 1to 4) (M=7.5, A=230 km; M=7, A=130 km; M=7.5, A=90 km; M=7.5, A=100 km).

Puc. 6. AkcesneporpaMmsl (A) 1 UX aMIIMTYHble cneKTphl (B) aasa Tpex komnoHeHT (NS, EW, Z) ais 301 BO3 1-4 (M=7.5,
A=230 km; M=7, A=130 km; M=7.5, A=90 km; M=7.5, A=100 km).

signal with a reference soil/half-space, from which we
can estimate changes in the signal by near-surface
inhomogeneities. In further estimations, it is also rea-
sonable to consider inhomogeneities located at depth.
To develop models that can characterize subsurface
inhomogeneities, we use data on seismic wave veloci-
ties that are generalized with regard to soil composi-
tions and conditions (see Table 2; Fig. 3 and 4) and also
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refer to the available file materials. Parameters of seis-
micity-soil reference models Nos. 1 and 2 (Table 5) are
based on the above-mentioned data and correlated
with predicted seismic impacts.

A set of the well-known methods and software
packages [Ratnikova, 1984; RB-006-98, 1998] is used to
carry out theoretical calculations.

Reference model No. 1 (see Fig. 9, a-e, and Table 5)
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Fig. 7. Accelerograms (4) and their amplitude spectra (B) of components NS, EW, Z for potential earthquake foci zones (Nos.

170 km).

150 km; M=7, A=170 km; M=7, A=120 km; M=6.5, A=

=7.5, A=

5to 8) (M

=7.5,

Puc. 7. AkceneporpamMmmsl (A) v UX aMILIUTyAHbIe clieKTphl (B) s Tpex komnoHeHT (NS, EW, Z) a5 30n BO3 5-8 (M

170 km).

)A=

=6.5

7,A=120 xm; M

170 km; M=

A=

=7,

M

150 xM;

A=

and 1.17 to 2.34 Hz for the horizontal and vertical

components, respectively.

represents the bedrock in the 8-points zone. Calculated

Models Nos. 3 to 7 characterize dominating seismic

risk areas of the city (see Fig. 1

acceleration rates correspond to the seismic hazard by
one point lower than that for the medium soil. The

and Tables 5 and 6).

)

conditions and reference bedrock depths from 10 to

They are also applicable to areas with different soil
80m. It should be noted that our models are substan-

maximum acceleration rates amount to 98 cm/sec? and
53 cm/sec? for the horizontal and vertical components,
respectively. The acceleration spectrum has the maxi-

mum of 0.7 in the frequency range from 1.12 to 4.93 Hz
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T able 3.Main parameters of estimated spectra for potential earthquake foci (REF) zones

Ta6uauima 3. 0OCHOBHbIE MapaMeTpPhbl paCYETHBIX CIIEKTPOB AJIsI 3eMJIETPsACEHM#i pa3HbIX 30H BO3

PEF Component am, fam, Sm, fsm, (fi-f2)o.7sm Of 0.75m (fi-f2)o.ssm Of 0.55m
M cm/sec? Hz cm/sec Hz

A

1 NS 11 3.6 4.2 1.5 1.3-19 0.6 1.2-2.0 0.8
M=7.5 EW 12.2 2 3.7 1.4 0.8-3.4 2.6 0.7-4.9 4.2
230 km Z 11.1 2.2 2.5 1.8 1.3-6.9 5.6 1.2-7.1 5.9
2 NS 62.4 5.3 5.4 1.2 1-3.7 2.7 0.9-9.7 8.8
M=7 EW 41 5.6 5.4 2.6 1.6-4 2.4 1.5-8.6 7.1
130 km Z 38 1.2 8.2 1.3 1-3.1 2.1 0.9-5.2 4.3
3 NS 102 3.1 26 1.7 1-2.7 1.7 0.7-7.7 7
M=7.5 EW 160 2.8 46 1.3 0.6-13 12.4 0.7-12.7 12
90 km Z 138 2 53 1.7 1.5-2.4 0.9 1-7.9 6,9
4 NS 99 2.6 23 2 1.4-4.9 3.5 1.1-6.8 5.7
M=7.5 EW 102 3.2 26 4.5 1.8-4.8 3 1.2-6.9 5.7
100 km Z 86.2 1.7 17.8 3.1 1-4.7 3.7 0.7-5.1 4.4
5 NS 69.5 4 8.2 1.5 1.3-12 10.7 0.9-14.6 13.7
M=7.5 EW 68.8 3.8 10.4 6.1 1.3-6.4 5.1 1.1-12.8 11.7
150 km Z 55.5 4.2 10 1.5 1.3-1.8 0.5 1.1-6.2 5.1
6 NS 53.7 4 11.3 2.5 1.6-2.7 1.1 1.1-3 1.9
M=7 EW 29.4 8.3 6 1.4 1.2-3.6 1.4 0.9-8 7.1
170 km Z 33.6 2.9 8.4 1.5 1.7-3.6 1.9 1.3-3.7 2.4
7 NS 166 3.1 23 1.3 0.8-6.4 5.6 0.7-12.7 12
M=7 EW 40 4.2 4.6 3.1 1.3-10.3 9 1-14.7 13.7
120 km Z 102 2.8 26.5 1.1 0.9-2 1.1 0.8-3.3 2.5
8 NS 20 3.7 3.4 2.7 1.6-7.7 6.1 1-8.7 7.7
M=6.5 EW 166 3.4 2.9 2.0 1.8-8.0 6.2 1.7-11.3 9.6
170 km Z 133 6.7 2.3 1.9 0.9-7.4 6.5 0.9-8.1 7.2
9 NS 1.2 6.2 0.2 12.8 7.9-14.1 6.2 5-14.8 9.8
M=5.5 EW 2.7 4.2 0.4 12.3 6.4-14.4 8 4-15.9 11.9
90 km Z 1.7 5.6 0.2 10.2 1.0-20 19 1.5-20 18.5
9 NS 4.8 3.3 0.6 1 1.2-4 2.8 0.6-4 3.4
M=6.5 EW 6.5 2.9 0.7 3.3 2.3-4.3 2 0.9-4.8 3.9
130 km Z 4 2.4 0.8 1.9 1.1-2.2 1.1 0.8-3.1 2.3

N o t e. M is magnitude; A is distance to epicentre; am is maximum amplitude of calculated acceleration; fam is frequency corresponding to
am; Sm is maximum amplitude level of the spectrum; fsm is spectrum peak frequency; f1 and f2 are frequencies that limit acceleration spectra

atlevels 0.7 and 0.5 Sm; 6fo.7sm and &fossm are spectrum widths.

[IpumMedanue M-MarHutysa; A - anuieHTpalbHOE PACCTOSHUE; Am — MAKCUMaJIbHAsA aMIIMTY/Ja PACY€THOTO YCKOPEHUS; fam — 4a-
CTOTa, COOTBETCTBYIOILAA dm; Sm — MAaKCHMaJIbHBIM aMIIMTY/AHBIHA YPOBEHb CMEKTPa; fsm — 4AaCTOTAa MAaKCUMyMa CIEeKTpa; fi, f2 — 4aCTOTBI,
OrpaHHYHMBaIOLIMe CIEKTPb! ycKkopeHUs Ha YPoBHAX 0.7 U 0.5 Sm; 8f0.7sm, 8fo.ssm — LIMPHUHA ClIeKTpa.

tiated also by other geotechnical and geophysical data
providing for the zonation of the study area in the first
approximation.

At the current stage of studies, for reference model
No. 2 (see Table 5, Fig. 9) representing the 10-metre
thick water-saturated soil of the medium composition,
the acceleration rates are scaled with regard to the ac-
celeration rates to 397 cm/sec? and 173 cm/sec? for
the maximum and vertical components, respectively.
This corresponds to the seismic hazard of 9 points, i.e.
one point higher than the reference level for the non-
water-saturated soil. The resonant frequency amounts
to 12.79 Hz; the main peak of the spectrum is at the
frequency of 1.56 and 1.51 Hz; the maximum spectral
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density amounts to 85.3 and 51.9 cm/sec for compo-
nents EW and Z, respectively (Table 6).

It is noteworthy that in further studies, special at-
tention should be paid to the justification of the poten-
tial seismic hazard of water-saturated soils [Dzhurik et
al, 2011] based on records of the behaviour of such
soils during earthquakes. As noted earlier, frequency
characteristics need to be determined for the water-
saturated soil layers varying in thickness, and such da-
ta can facilitate achieving more reliable results by the
calculation methods.

In general, models Nos. 3, 4 and 6 represent the
unconsolidated non-water-saturated soils varying in
thickness. According to estimations by the seismic
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Table 4.Mainparameters of normalized estimated spectra for earthquakes with M=7.5, A=90 km
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Fig. 8. Reference normalized accelerograms (a) and their
amplitude spectra (b) (M=7.5, 90 km).

Puc. 8. VicxoHble HOpMHUPOBaHHbIe aKceJeporpaMmel (a)
Y UX aMIUTUTyAHbIE crieKTpsl (b) (M=7.5, 90 km).

Tab6nuna 4. OcHOBHble MapaMeTPbl HOPMHUPOBAHHBIX pPaCcYeTHBIX CIEKTPOB AJ1d 3eMJleTpsAceHus M=7.5, A=90 km

Component fam, Hz Sm, cm/sec fsm, Hz (fi—f2)o.7sm Sfo0.75m (fi-f2)o.ssm Ofo.55m
NS 3.3 1 2.2 1.5-2.6 1.1 1.1-6.8 5.7
EW 2.3 1 1.6 1.2-5.0 3.8 1.0-8.0 7.0
z 2.3 1 1.6 1.2-2.4 1.2 1.0-2.7 1.7
T able 5.Parameters of standard seismicity-soil models
Tao6auia 5. IlapaMmeTpbl TUIOBBIX CEMICMOTPYHTOBBIX MO/ eJiei

Model No., h, m Vp, Vs, o, Average Average AI(Vp)  Auax, cm/sec?
standard profile m/sec m/sec t/m3 Vp, m/sec Vs, m/sec (point)
Reference model No. 1 10 2200 1240 2.5 2200 1240 0 98

12 2600 1700 2.6 7

o 3500 1900 2.7
Reference model No. 2 10 1600 480 1.9 600 300 2 396
(water-saturated soil) 10 2200 1240 2.5 9
h=10m 12 2600 1700 2.6

1) 3500 1900 2.7
Model No. 3 2 500 290 1.6 820 441 0.76 171
Unconsolidated and degraded, 2 700 380 1.9 (7.76)
strongly fractured conglomerate 4 1000 510 2.0

9 1500 750 2.2

6 2000 990 2.4

10 2200 1240 2.5

12 2600 1700 2.6

o0 3500 1900 2.7
Model No. 4 4 400 230 1.6 570 316 1.16 186
Gravel, sand (none-water- 2 600 330 1.8 (8.16)
saturated), h=36m 12 900 490 2.0

12 1500 750 2.2

6 2000 990 2.4

14 2200 1240 2.5

16 2600 1700 2.6

o) 3500 1900 2.7
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End of Table 5

OKoHYaHHMe TabJAHUIB 5

Model No., h, m Vp, Vs, P, Average Average AI(Vp)  Auax, cm/sec?
standard profile m/sec m/sec t/m3 Vp, m/sec Vs, m/sec (point)
Model No. 5 10 1500 420 1.9 600 247 2.1 410
Loam, sandy loam, sand 12 2000 560 2.4 (9.1)
(water-saturated), 12 2200 1240 2.5
h=22m 16 2600 1700 2.6

e 3500 1900 2.7
Model No. 6 8 600 340 1.8 583 332 1.02 154
Medium-type soil, sand, gravel 16 800 440 1.9 (8.02)
(none-water-saturated), 24 1000 510 2.1
h=80m 20 1500 750 2.2

12 2000 990 2.3

12 2200 1240 2.5

16 2600 1700 2.6

S 3500 1900 2.7
Model No. 7 8 1500 430 1.9 600 300 2.1 398
Sand, gravel (water-saturated), 16 1600 550 2.0 9.1)
h=80m 24 1800 600 2.1

32 2000 700 2.2

12 2200 1240 2.5

16 2600 1700 2.6

o 3500 1900 2.7

N o t e. The seismic impedance method is applied to calculate seismic hazard levels (UoM - point) with respect to the bedrocks (baseline
seismicity of 7 points). Average seismic wave velocities are estimated for the 10-metre thick layer. The watercut correction is +1 point.

[IpuMedyaHu e Pacuer celicMHyecKol OMacHOCTH B 6ajllax NPOBeZieH 110 METOAY CeHCMHYeCKUX KEeCTKOCTEH OTHOCUTEJNbHO KOPEeH-
HBIX NOPOJ, (UCXOAHAsA CeiCMUYHOCTD 7 6aJlJIOB); CpelHHE CKOPOCTH paccuuTaHbl i1 10-MeTpoBOTO €J105; HONMpaBKa 32 06BOJHEHHOCTD

+1 6aJs.

impedance method, the seismic hazard of the sites with
such soils ranges from 7.76 to 8.16 points. For the
specified soil conditions (see Table 6; Fig. 9), the peak
acceleration rates range from 154 to 186 cm/sec? (Fig.
9, a, b) and from 64 to 86 cm/sec? (Fig. 9, ¢, d) for com-
ponents EW and Z, respectively.

Models No. 5 and No. 7 represent water-saturated
soil layers (22 and 80 m thick). The peak acceleration
rates range from 397 to 410 cm/sec? and 199 to 223
cm/sec? for components EW and Z, respectively (see
Tables 5 and 6, and Fig. 9). The calculated acceleration
rates correspond to the seismic hazard of 9 points, i.e.
one point higher than the baseline for the medium non-
water-saturated soil. For model No. 5 and 7, the reso-
nant frequency amounts to 6.75 and 2.2 Hz, respective-
ly. The calculated spectral density reaches its maximum
in the frequency range from 1.51 to 4.74 Hz and varies
from 99 to 130 cm/sec and 53.8 to 84.6 cm/sec for
components EW and Z, respectively. With increasing
thickness of the water-saturated layer from 22 to 80 m,
its resonant frequency decreases from 6.79 Hz to
2.2 Hz (see Fig. 9, d).

Based on the theoretical calculation results (see Sec-
tion 2), experimental measurements (see Section 1)
and the available geotechnical and hydrogeological da-
ta, a schematic map is compiled in the first approxima-

tion (Fig. 10) to show zones differing in the basic seis-
mic impact parameters.

The zone with the potential maximum seismic ha-
zard of 9 points includes floodplain areas and the first
above-floodplain terrace composed by alluvium (sand,
clay soil and gravel) where groundwater occurs at
shallow depths, less than 5m. It is possible that the
weakened near-fault northern site will be also inclu-
ded. This zone can be represented by seismicity-soil
models No. 2 and No. 7 (see Fig. 9 and Table 6). In this
zone, the maximum acceleration rates are 410 cm/sec?
and 223 cm/sec? for components NS and Z, respective-
ly.

The zone with the relatively high seismic hazard (8
and 9 points, a transition zone) includes the left-bank
terrace of the Uda River which is composed of silty
fine-grained sand (models No. 4 and No. 5). In this
zone, the maximum acceleration rates range from 154
to 410 cm/sec? and 64 to 223 cm/sec? for components
NS and Z, respectively.

The seismic hazard of 8 points (models No. 3 and
No. 4) may be expected at slightly sloped terraces of
the Uda and Selenga Rivers where groundwater occurs
at depths from 8 to 20 m. In this zone, the maximum
acceleration rates are 186 cm/sec? and 86 cm/sec? for
components NS and Z, respectively.
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Fig. 9. Accelerograms (a) and their amplitude spectra (b) for the horizontal component; accelerograms (c) and their ampli-

tude spectra (d) for the vertical component; frequency characteristics of unconsolidated soil layers (e).
Puc. 9. AkcesieporpaMmel (a) ¥ UX aMIUIUTYAHbIE CIIEKTPHI (b) A1 FOPU30HTATBHON KOMIIOHEHTHI

W KOMIIOHEHTBbI

UX aMIUIMTYAHbIE CIEeKTPHI (d) /15 BEpTUKAJIbHO

crozonation method, it is possible to reveal sites with
the seismic hazard from 7 to 9 points in each of the

The zone with the seismic hazard of 7 points in-

cludes sites composed of rocky and semi

)

rocky soils

specified zones (Fig. 10). Such sites can be correlated

except areas of tectonic fracturing (model no. 1). In this

with relevant soil models (see Table 5), and their loca-

zone, the maximum acceleration rates are 98 cm/sec?
and 53 cm/sec? for components NS and Z, respectively.

tions can be further clarified and determined more
precisely with regard to the scale of seismic microzona-

It should be noted that by applying the seismic mi-
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T able 6.Main parameters of estimated accelerograms and corresponding spectra for models Nos. 1 to 7

Ta6uau o a 6. OcHOBHBIE nmapamMmeTpbl paCY€THBIX dKCeJIEPpOrpaMM U COOTBETCTBYHIIIUX UM CIIEKTPOB AJIA
moaeneun 1-7

Model No., Maximum Peak spectrum Frequency of main  Frequency range Resonance frequency of
standard profile acceleration value Smax, cm/sec spectrum peak, Hz  for 0.7-Swax (f), Hz unconsolidated layers, Hz
Awax, cm/sec?

Horizontal component EW

1 98 28.6 1.56 1.12-4.93 -

2 397 85.3 1.56 1.12-12.65 12.79
3 171 34.6 12.16 1.42-12.65 11.28
4 186 47.6 4.74 4.44-6.98 5.86
5 410 99 4.74 1.27-9.62 6.79
6 154 48.3 1.56 1.37-4.83 2.29
7 398 130 1.56 1.27-4.88 2.2
Vertical component Z

1 53 17.4 1.51 1.17-2.34 -

2 173 519 1.51 1.22-2.34 12.79
3 64 17.9 1.51 1.22-7.67 11.28
4 81 19.4 2.15 1.27-7.86 5.86
5 199 53.8 1.51 1.22-7.62 6.79
6 86 34.4 2.15 1.42-2.39 2.29
7 223 84.6 2.15 1.32-2.34 2.2

Fig. 10. The schematic map showing potential seismic hazard zones in the Ulan-Ude city territory. The map takes into ac-
count the soil and hydrogeological conditions of construction (reference seismic intensity - 8 points).

Numbers in boxes: top - maximum acceleration (cm/sec?) for the horizontal component (NS); middle - maximum acceleration (cm/sec?)
for the vertical component (Z); bottom - resonant frequency (Hz) of the unconsolidated soil layer. 7-9 - potential maximum seismic
intensity (UoM - point).

Puc. 10. CxemaTuyeckaa KapTa CeiCMHUYeCKON ONaCHOCTU TEPPUTOPHUH T. YJIaH-Y /3 C y4eTOM IPYHTOBBIX U TUJPOTe0JI0TH-
YeCKHUX YCI0BUH CTPOUTENBCTBA (MCXOAHAS CEHCMUYHOCTD — 8 6aJ/10B).

B kBajjpaTax: BepxHee 3HaYeHHe - MaKCUMaJIbHble YCKOpeHUs (cM/cZ) Ajs ropu3oHTabHON KoMnoHeHTH (NS), cpefiHee 3HayeHUe -
MaKCHMaJsbHble yCKopeHUs (cM/c2) A/ BepTHKaJIbHOM KOMIIOHEHTBI (Z), HI)KHee 3HaueHHe — pe3oHaHCHbIe YacToThl (I'1]) peixsoro
cJ101. 7-9 - BeposiTHasi MaKCUMaJibHasi MHTEHCUBHOCTb B 6aJljiax.




tion of the Ulan-Ude city territory by developing more
detailed models with the application of the proposed
technique.

4. CONCLUSION

The seismic hazard zonation of the Ulan-Ude city
territory is a complex problem including studies by the
seismic, seismotectonic, geotechnical and seismological
methods. Each of the methods solves specific research
problems, and their combination provides data for
achieving the major objective to construct a seismic
microzonation map of the territory.

At the current stage of studies, the indirect instru-
mental methods of seismic microzonation are used, and
the types of rocks and soils prevailing in the studied
territory are determined and classified by the propaga-
tion patterns of P- and S-waves. Using the acoustic im-
pedance method, we estimate the incremental seismic
intensity values for water-saturated and non-water-
saturated sandy gravel-pebble sediments. The calcula-
tions are performed against parameters of the selected
reference soil, i.e. the rocky soil with average seismic
wave velocities in the upper 10-metre thick layer.

At the initial stage of forecasting how strong earth-
quakes can impact the rocks and soils under buildings
and facilities in the Ulan-Ude city territory, we refer to
the main parameters of significant ground movements
that occurred in the Baikal rift zone in the past ten
years. The established baseline seismic signal takes in-
to account, in the first approximation, the main para-
meters of the potential earthquake occurrence zones
and the previously established empirical relationships
showing how the main dynamic characteristics of soil
acceleration can vary depending on seismic event mag-
nitudes and distances from earthquake foci. Based on
such data, accelerograms can be forecasted for diffe-
rent epicentral distances and magnitudes and used for
more reliable determinations of baseline seismic sig-
nals for the Ulan-Ude city territory with reference to
the frequency characteristics.

It is shown that the established baseline signal is
applicable, and the theoretical calculations are con-
ducted on the basis of the seismicity-soil models char-
acterizing bedrocks, medium soils and water-saturated
soils (soil categories 1, 2 and 3, respectively). Based on
the calculation results and the available geotechnical
and hydrogeological data, and taking into account the
soil and hydrogeological conditions for construction

5. REFERENCES

Geodynamics & Tectonophysics 2015 Volume 6 Issue 3 Pages 365-386

(the baseline seismic intensity of 8 points), a schematic
map of seismic hazard is constructed for the Ulan-Ude
territory in the scale sufficient for construction pur-
poses. It shows that the seismic hazard is variable from
7 to 9 points through the studied territory. The map in
the current format was used when we developed a de-
tailed programme of studies aimed at seismic microzo-
nation.

Obviously, the mapped data will be revised and up-
dated in a more detail. Anyway, the obtained results
can be useful today for planning possible construction
sites in the Ulan-Ude city territory.

The technique of seismic microzonation mapping
should be based on detailed measurements, and pa-
rameters for mapping the impact of seismic events
should be determined at the precision level no less
than that specified in requirements to engineering and
design of earthquake-resistant buildings and facilities.
It is recommended to apply GIS technologies and con-
duct more detailed engineering and seismic measure-
ments in order to consolidate a database for construc-
tion of more detailed maps and schemes of the studied
territory in smaller scales. In order to construct a digi-
tal map of seismic microzonation, the source materials
should include topographical and special geotechnical
and hydrogeological maps and schemes showing thick-
ness of unconsolidated sediments, as well as various
reference materials and data from other sources.

To complete seismic microzonation mapping, it is
required to identify the potential seismic sources and
characterize them at the new probabilistic level. It is
thus needed to determine locations subject to defor-
mation and active faulting, estimate the periods of
earthquake recurrence, determine seismic intensity
levels, and reveal probabilities of potential earthquake
occurrence. Information on the potential seismic
sources can facilitate forecasting of strong events for
the Ulan-Ude city territory. Seismic wave propagation
parameters and potential seismic impacts should be
estimated for specific construction sites located in the
city, and such estimations should be followed by calcu-
lations of response spectra and associated probabilities
of the occurrence of strong earthquakes. Once the
above-mentioned detailed data are consolidated, it will
become possible to construct a map of seismic risks
that can serve as a useful source of information for
streamlining the regional construction policy.
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GENETIC SOURCES AND TECTONOPHYSICAL REGULARITIES OF
DIVISIBILITY OF THE LITHOSPHERE INTO BLOCKS OF VARIOUS RANKS AT
DIFFERENT STAGES OF ITS FORMATION: TECTONOPHYSICAL ANALYSIS

S.I. Sherman

Institute of the Earth’s Crust, Siberian Branch of RAS, Irkutsk, Russia

Abstract: The paper presents the first tectonophysical reconstruction of initial divisibility of the protolithosphere as a
result of convection in the cooling primitive mantle. Initial division of the protolithosphere into separate masses, i.e.
prototypes of the blocks, and their size are predetermined by the emerging Rayleigh-Benard convection cells. In stu-
dies of geology and geodynamics, the Rayleigh-Benard convection cells were first referred to as a factor to explain the
formation of initial continental cores. Considering the Rayleigh-Benard cells and their structural relics can help clarify
initial divisibility of the protolithosphere and the origin of the major lithospheric plates, i.e. prototypes of continents.
In our opinion, the initial mega-scale block structure of the protolithosphere and the emerging lithosphere were pre-
determined by the Rayleigh-Benard cells as they were preserved in the emerging lithosphere and their lower bounda-
ries corresponded to the core-mantle boundary, i.e. one of the major discontinuities of the planet. Our theoretical es-
timations are in good agreement with the number and sizes of the Earth's theorized first supercontinents, Vaalbara
and Ur.

In our tectonophysical discussion of the formation of the lithospheric block structure, we analyze in detail the map
of modern lithospheric plates [Bird, 2003] in combination with the materials from [Sherman et al, 2000]. In the hie-
rarchy of the blocks comprising the contemporary lithosphere, which sizes are widely variable, two groups of blocks
are clearly distinguished. The first group includes megablocks with the average geometric size above 6500 km. Their
formation is related to convection in the Earth mantle at the present stage of the geodynamic evolution of the Earth,
as well as at all the previous stages, including the earliest one, when the protolithosphere emerged. The second group
includes medium-sized blocks with the average geometric size of less than 4500 km and those with minimum sizes,
such as rock lumps. They reflect primarily the degradation of megablocks as a result of their destruction due to high
stresses in excess of the tensile strength of the medium. This group may also include blocks which formation is related
to convection in the upper mantle layer, asthenosphere. There are grounds to assume that through the vast interme-
diate interval of geologic time, including supercycles of Kenorlend, Rodin, and and partically Pangea, the formation of
the large lithospheric blocks was controlled by convection, and later on, they were 'fragmented' under the physical
laws of destruction of solid bodies. However, it is difficult to clearly distinguish between the processes that predeter-
mine the hierarchy of formation of the block structures of various origins - sizes of ancient lithospheric blocks cannot
be estimated unambiguously.

Thus, mantle convection is a genetic endogenous source of initial divisibility of the cooling upper cover of the
Earth and megablock divisibility of the lithosphere in the subsequent and recent geodynamic development stages. At
the present stage, regular patterns of the lithospheric block divisibility of various scales are observed at all the hie-
rarchic levels. The areas of the lithospheric megaplates result from regular changes of convective processes in the
mantle, which influenced the formation of plates and plate kinematics. Fragmentation of the megaplates into smaller
ones is a result of destruction of the solid lithosphere under the physical laws of destruction of solid bodies under the
impact of high stresses.

Key words: lithosphere, tectonic plates, blocks, convection, destruction, tectonophysics, divisibility of the lithosphere,
Rayleigh-Benard cells, continents
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TEHETUYECKUE UCTOYHUKHU U TEKTOHOPU3UYECKHUE
3AKOHOMEPHOCTHU PA3BHOPAHT'OBOM BJIOKOBOH JEJIMMOCTH
JIUTOCHEPHI HA PA3/IMYHBIX 3TAIIAX EE @ OPMUPOBAHUA:
TEKTOHO®U3UYECKUIN AHAIU3

C. . lllepman
HHcmumym 3emHotl kopwt CO PAH, Hpkymck, Poccust

AHHOTanusa: BriepBble NPOBOJUTCS TEKTOHOQU3NYECKAsK PEKOHCTPYKLHUA GOPMUPOBAHUS TMEPBUYHON JI€JMMOCTH
NPOTONUTOCPEPHI B pe3yJIbTaTe KOHBEKLMH OCThIBAOIEH TPUMUTUBHON MaHTHH. PopMupyloumecs B Hell KOHBeK-
THUBHBIe siuer Pases-BeHapa npefonpesiesnsioT pa3Mepsbl IEPBUYHOrO pa3/ie/leHUs MPOTOUTOCHEDPDbI Ha OT/e/IbHbIE
Maccel - Npoo6pasbl 6;10k0B. fluen Pasies-beHapa He BriepBble UCNOJ/BL3YIOTCA B Fe0JIOTHHU U reoguHaMuKe. [lepBoHa-
YaJbHO Ha HUX CCBUIAJINCD AJ1s 00'bCHeHUA GOpPMHpPOBaHUSA NMEPBUYHBIX KOHTHUHEHTaNbHBIX sffAep. OOpalieHue K
A4esAM Pased-BeHapa M UX CTPYKTYPHBIM PeJIMKTaM CIOCOOCTBYET MOHMMAHHMIO TOTO, KaK 3apOX/AaeTcs NepBUYHas
JleJIMMOCTB IPOTOUTOCPEPDI, KOTOpast TPaHCHOPMUPYETCA B KpyNHble JUTOCEpHbIe MJIUTHI — IPO06Pa3bl KOHTH-
HeHTOB. UMeHHO KoHcepBUpyoKecsa B dopMupyoleics sutocdepe suen Pases-benapa, HUKHAA rpaHULA KOTO-
PBIX KOPPECIOHJUPOBasa C OJHUM U3 IVIaBHBIX Pa3/iesIoB IJIaHEeThl — rpaHuliel A4pa, — npefonpese/nu IepBoHa-
YaslbHY0 MeraMaciuTaGHy o 6JI0KOBYI0 CTPYKTYpy npoToanuTocdepsl U opMupytoeics sutocdepsl. [IpoBejeHHbIE
TeopeTHYeCKHe OLleHKHU COMOCTaBJIEHbl M XOPOILIO COTJIACYIOTCS C KOJIMYECTBOM M pa3MepaMu IJIolajfeld MepBbIX
TUIOTETUYECKUX KOHTUHEHTA/IbHBIX CTPYKTYP — CYIepKOHTUHEHTOB Baasnb6apa u Ypa.

[IpomokeHe TEKTOHOPU3UUIECKOTO pa3bopa GopMUpOBaHUs 6JOKOBOM CTPYKTYPhI JUTOCOEPHI peaTM30BaHO Ha
JleTaJIbHOM aHaJIh3e KapThbl COBPEeMeHHBIX JIUTOCOEePHBIX MIUT [Bird, 2003] ¢ nprBieyeHreM GaKTUYECKHUX MaTepHa-
J10B [Sherman et al, 2000]. B mupoko# 1o pa3Mepam ILIoLiaiedl vepapxuy 6J10KOB B COBpeMeHHOM JinTocdepe 3eMIu
OTYETJIMBO BBIJEJNAIOTCA ABe Ipymnibl [lepBas - Mera6yoky, cpefiHETeOMETPHUYECKHH pa3Mep KOTOPBIX MpeBbIIIAET
6500 kM. UXx popMHUpOBaHHE HA COBPEMEHHOM 3Talle Te0JMHAMUYECKOr0 Pa3BUTHSA 3eMJIH, A TAKXKE HAa BCEX Npejle-
CTBYIOIMX, B TOM YHCJIE U HA CAMOM PaHHEM, IPH 3aPOXKIEHUH POTONUTOCHEPHI CBA3AHO C KOHBEKIMOHHBIMU NPO-
[jeccaMM B MaHTUM 3eMid. Bropast rpynmna - 6J10K4 €O Cpe/jHEreoMeTpU4eCKUM pazMmepoM MeHee 4500 KM, BIJIOTb [0
MUHHUMaJIbHOTO, COOTBETCTBYIOIIEr0 KyCKOBATOCTHU IOPHBIX [IOPO/], OTPAXKAIOT, IPEX/Ie BCETO, AECTPYKIUI0 MerabJio-
KOB B pe3y/bTaTe UX paspyLIeHUs MOJ JeHCTBHEM BBICOKMX BHYTPEHHMX HAIPSPKEHUH, MPEBBILIAIOIINUX HpeJe
NPOYHOCTH CpeAbl. B 3Toil e rpynne MoryT ObITb 06JI0KH, GOPMHPOBAHHE KOTOPBIX TAKXKE CBS3aHO C KOHBEKLMEH,
OXBaTbIBaKOLIeH BEPXHUH MaHTUHHBIN YpOBeHb — acTeHocdepy. MoXKHO npejrosaraTb, YTO B FPOMaHOM NPOMEXY-
TOYHOM HHTEpBaJle Te0JIOTHYECKOTO BPEMEHH, OXBAThIBAIOIIEM CynepuMK/bl KeHopseHa, PoauHHIO W, 4acTHYHO,
[Tanreto, popMHUpoOBaHMe KPYNHBIX JUTOCHEPHBIX 6JIOKOB KOHTPOJHPOBAJIOCh KOHBEKIIMEH, a UX Aa/bHellIee «Apo6-
JIeHUEe» PeryJupoBanoch GU3NYeCKUMHU 3aKOHAMHU pa3pylIeHUst TBepAbIX Tesl. OJ[HAKO YeTKYI0 IpaHUlly MexAy Npo-
1jeccaMy, onpeJe/siolMI Hepapxrio GOpMHUPOBaHHUSA OGJOKOBBIX CTPYKTYpP pPa3HOro reHe3uca B IIpOLIe/IINe BpeMe-
Ha, IPOBECTH TPYAHO M3-3a HEONPEe/IeJIEeHHOCTH pa3MepoB JIUTOCePHBIX 6JI0KOB a/IeKOro POLJIOro.

TakuM 06pa3oM, KOHBEKIUS B MaHTHU SIBJISIETCS TeHETUYECKUM 3H/IOTeHHBIM HCTOYHHUKOM TIepBUYHON Jle/TMMO-
CTH OCThIBaIOILEel BepxHeH 060/104KH 3eMJIH, a TaKXKe MerabJ0KOBOH /1eJIMMOCTH COGCTBEHHO JIMTOChEPHI B TOC/Ie-
JlyIolllHe 3Tallbl ee reoJUHAaMHU4eCKOro pa3BuTHsA. Ha coBpeMeHHOM 3Tane 3aKOHOMEPHOCTH pa3HOMacCLITaGHOH 6.10-
KOBOH J1eJIMMOCTH JIUTOCepbI MPOCTIEKUBAIOTCA Ha BCeX MepPapXUiyeCcKUX YPOBH:AX. [l1omaau MeraniuT Jutocdepsl
- pe3yJbTaT 3aKOHOMEePHBIX U3MeHEeHHH KOHBEKTHBHBIX IPOLIECCOB B MAHTHHU U UX BO3/leHCcTBUA Ha GOPMUPOBaHHE
Y KMHEMATHKY IUIMT; AeCTPYKIUA MeraliiT Ha MeHbIIHe 110 IJIOLAaAHU 6JI0KH — pe3yJIbTaT 3aKOHOMepPHOro JpobJie-
HUSA TBEPJBIX TeJ JUTOCPEPDI IPH BBICOKUX HANPSKEHHUAX.

KimodeBble cioBa: inTochepa, TeKTOHUYECKHUE IIJIUTHI, 6JI0KH, KOHBEKIUS, ]eCTPYKIUs, TEKTOHODHU3HUKa,
JleJIMMOCTb iuTocdepnl, syeu Peses-benapa, KOHTHUHEHTHI

It is now evident that without understanding the Earth's evolution since the earliest stages

when the covers of our planet and its continental crust were formed, it is difficult to determine

locations where the major natural resources are accumulated and to reveal how various

structural elements and a wide variety of igneous rocks were generated and continue their development.

Academician M.I. Kuz'min [2014, p. 626]

1. INTRODUCTION not been properly studied yet in terms of the geody-
namics of faulting, and tectonic regularities in divisibi-

Initial divisibility of the Earth protolithosphere, i.e.  lity of the lithospheric blocks of various ranks still need
the cooling outer hard cover of the planet, and its to be clarified. In the outer cover of the Earth, initial
transformation with time into lithospheric blocks have  divisibility of the protolithosphere was due to cooling
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of the primitive mantle as a result of heat-gravitational
convection manifested by Rayleigh-Bénard cells. In this
study, we assess tectonophysical conditions for the
generation of such cells and estimate potential sizes of
the cells and amounts of primary proto-lithospheric
cooling masses as prototypes of the blocks. Our estima-
tions are consistent with the reconstructed first super-
continental cycles of the geodynamic evolution of the
Earth. The block divisibility of the recent continental
lithosphere is analysed in detail with reference to the
map of present tectonic plates and blocks of the litho-
sphere and the cumulative plate count according to
[Bird, 2003]. In addition to the data from [Bird, 2003]
which mainly cover megaplates and blocks of medium
sizes, we analyse the parameters specified in [Sherman
et al, 2000] for medium- and small-size blocks resul-
ting from destruction of megaplates and blocks of the
continental lithosphere. We propose regression equa-
tions describing divisibility of the continental litho-
sphere into blocks in a wide scale range, from medium-
to small-sized blocks and rock fragments in outcrops.
Such fragments result from destruction of medium-
and small-sized blocks of the 'solid' lithosphere which
takes place when internal stresses exceed the rock
breakdown point, as described by exponential func-
tions.

The occurrence of megablocks is related to mantle
convection at the early stage of the evolution of the
protolithosphere and subsequent stages of its trans-
formation into the lithosphere through the global su-
per-cycles of the geodynamic evolution of the Earth.
The scale and organization of mantle convection are
factors that predetermine divisibility of the lithosphere
into megablocks through all the recent stages of its de-
velopment, including the present stage.

2. THE PRIMARY HOT COVER OF THE EARTH,
ITS COMPOSITION AND THICKNESS

One of the most recent theoretical reviews of the
early stages in the evolution of the Solar System and
the geological history of the Earth was published by
M.I. Kuz'min [2014] who rightly notes that the global
academic geological community is challenged to estima-
te the time when the first continental crust was formed
on the Earth. He develops the concepts co-authored
with V.V. Yarmolyuk [Yarmolyuk, Kuz'min, 2012] on the
formation of the outer and deep covers of the Earth,
mantle processes and their impacts on the occurrence
of surface structures, igneous rocks and ores.

The review [Kuz’'min, 2014] is based on the latest da-
ta on the origin of the Solar System and formation of
the first continental rocks on the Earth, which contain
zircon, the oldest mineral so far dated on the Earth. It is
assumed that the Solar System formed from a gas-and-
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dust nebula 4.568 Ga ago. The continental crust was
gradually growing from its recorded peak size (4.25
Ga) till 4.1 Ga, i.e. completion of the first eon in Earth's
history, the Hadean. It seems to be a critical milestone
in the early geological history of the Earth, followed by
the Archaen history [Kuz'min, 2014] - intensive cooling
of the outer cover of the Earth commenced in this peri-
od. The heat flow was supported by the inner supply of
heat generated due to gravitational compression of the
planet while its solid body was formed [Schubert et al,
2001].

The estimated average temperatures of the mantle
range from 1250-1350 °C to 1400 °C, and a roughly
estimated temperature of the cooling Earth is 0 °C. In
the present stage, the maximum temperature of the as-
thenosphere top is about 1350-1400 °C, and this tem-
perature level is supported by various endogenous
heat sources of the Earth and compensates heat losses
caused by cooling. At the early stage of the Earth evolu-
tion, temperatures range from 0°C (or slightly above
0°C) at the Earth's surface to ~1350-1400 °C at the
depth levels whereat temperature changes in the peri-
od of cooling are less significant due to heat influx. Un-
der this assumption, the cover can be viewed as a
gradually cooling low-viscous fluid body comprising
the lower and upper layers which temperatures are
significantly different. At the first stage when the outer
cover of the Earth was formed, convection was the ma-
jor mechanism of heat energy dissipation. It can be as-
sumed that convection commenced in the pre-Kat-
archean eon and is underway until now, while the
volumes and forms of convective flows have signifi-
cantly changed with time. This time period agrees with
the maximum age of about 4.1 Ga determined in
[Kuz’'min, 2014] for the start of the development of the
protolithosphere that converted with time into the
lithosphere which development is continued.

By its initial composition, the cooling upper cover
of the Earth corresponds to the so-called primitive
mantle, as evidenced by the composition of chondrites,
i.e. stony (non-metallic) meteorites. The bulk composi-
tion of the primitive mantle is similar to the silicate
cover of the Earth which was formed of the protoplanet
material after the core had separated [Hofmann, 1997].
It is noteworthy that variaitons in the composition of
the primitive mantle do not influence estimations of
temperatures at the lower boundaries of the primary
mantle masses at the cooling surface of the Earth.

Physical parameters and the composition of the
primitive mantle changed in the post-Archean period
[Vrevsky et al, 2010] including several large cycles of
the geodynamic development of the Earth, which were
also related to mantle convection. By the Archean pe-
riod, the Earth's crust was completely formed, and the
upper boundary of the mantle convection processes
went down into the Earth interior by dozens of kilome-
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tres [Artemieva, 2011]. Responses of the upper solid
part of the lithosphere as a rheological body to external
impacts, especially external loading at different veloci-
ties, became different. In the former convective medi-
um, convection in the cooling upper layer of the quasi-
fluid was replaced by heat conduction/diffusion in the
solid body. Studies of destruction of solid bodies and
rank-variable fracturing and faulting are reported in
many papers, including [Peive, 1990; Sherman et al,
1991, 1992, 1994; Seminsky, 2003; Sherman, 2002, 2012,
2014a, 2014b; and others], and it is established that
physical laws of deformation and destruction of solid
bodies are applicable.

A major challenge is to analyse, in a retrospective,
the origin and initial formation of structures in the
cooling protolithosphere which physical properties are
assumed similar to those of the cooling low-viscous
quasi-liquid mass. In such a medium, the maximum dis-
sipation of energy was ensured by convection of va-
rious types, from structurally organized (Rayleigh-
Bénard cells) to chaotic. This long-term process in the
upper cover of the Earth had its regular features due to
convective flows of the mega mass that was cooling it.
The total thickness of the cooling mass of the primitive
mantle can be assumed at 2900 km as the outer core
boundary is located at this depth. Below we review hy-
drodynamic regularities in convection of cooling low-
viscous materials and relic structures which are im-
portant for reconstructing the paleogeodynamic set-
tings of the distant past and estimating probable di-
mensions of the primary blocks.

3. KEY REGULARITIES IN THE FORMATION OF CONVECTIVE
CELLS IN COOLING LOW-VISCOUS MATERIALS AND RELIC
STRUCTURES

It is most reasonable to believe that energy in the
cooling low-viscous medium is dissipated by mantle
convection that is most common manifested by Ray-
leigh-Bénard cells. The cooling surface of the Earth is
assumed to behave as the cooling low-viscous medium
much time before the Katarchean. Convection is gene-
rally reviewed below as a prerequisite for an assess-
ment of conditions for initial divisibility of the outer
cover of the protolithosphere.

General convection equation. The onset of convection
occurs when the Rayleigh number reaches some criti-
cal value. The Rayleigh number, Ra is a dimensionless
number predetermining the behaviour of gas, fluid or
mass of a very low viscosity at a specified temperature
gradient. When the Rayleigh number exceeds its criti-
cal value, the equilibrium of the cooling fluid is dis-
turbed, which leads to the occurrence of convection
flows and bifurcation. The bifurcation point is the criti-
cal value of the Rayleigh number:

ATL3
Ra = gﬁT, ¢y

where g is the gravity acceleration; L is the size of the
fluid area; AT is the difference of temperatures at the
surface and the lower layer of the fluid; v is the kine-
matic viscosity of the fluid; y is the heat conductivity of
the fluid; B is the coefficient of thermal expansion of
the fluid.

If the Ra value is small, convection does not start. If
values of Ra are average, conditions are favourable for
heat convection. Chaos occurs at high values of Ra. Va-
lues of Ra depend on combinations of all other parame-
ters in equation 1. However, considering cooling of the
primitive mantle in the model discussed here, the dif-
ference of temperatures and thickness of the cooling
layer are the main parameters. It should be noted that
patterns of convective cells are significantly dependent
on dimensions of the cooling area. In such cases, an ad-
ditional parameter needs to be introduced - aspect ra-
tio, G [Getling, 1998]:

G=L/h, (2)

where L is horizontal size of an area (for a circular sec-
tion, it corresponds to a radius); h is vertical size of the
area.

The Grashof (Gr) and Prandtl (Pr) numbers are also
widely used in studies of Rayleigh-Bénard cells, but not
in this review.

In the below discussion of the natural conditions, we
refer to cases with large values of G. Horizontal projec-
tions of cells are called planforms. The planforms may
significantly vary depending on parameters of the me-
dium. Planforms of the cells which are typical observed
in the experimental and natural settings are reviewed
below.

Planforms of convective cells, and physical conditions
for their formation and stability. Three types of cell
planforms are typically observed in the experiments
[Getling, 1998]: two-dimensional bars, hexagonal cells
and square/rectangular cells (Fig. 1).

As shown in Fig. 1a, 2D bars are oriented along axis
X and parallel to axis Y (x-bars) or vice versa, and a cell
is formed by a pair of neighbouring bars that occupy
the entire spatial interval. In the bars, fluid circulates in
vertical plane X, Z as well as in the opposite directions.

Hexagonal cells (Fig. 1, b) are composed by the su-
perposition of three systems of bars which are located
at angles 2m/3 to each other. Such cells are characte-
rised by periodicity in directions of axes X and Y and
invariant in case of rotation by an angle of 60°. A he-
xagonal cell is classified in I-type in liquid convection
cases (Fig. 1, b-I) or g-type in gas convection cases (Fig.
1, b—-g) with regard to a velocity vector, i.e. depending
on whether the liquid is ascending in the central part of
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I Fig. 1. Schematics of convective cells: a - 2D bars; b - hexagonal cells of I- and g-types (according to [Getling, 1998]).

I Puc. 1. CxemaTuyeckoe I/I3o6pa>Ke1-me KOHBEKTHBHbLIX A4Y€eK: d — ABYMEpPHbI€ BaJlbl; b - HIeCTUuyroJibHble g4erku 1- u

g-tuna (no [Getling, 1998]).

the cell or gas is descending, which, in its turn, is rela-
ted to the temperature dependence from the viscosity
of the medium. As known, with higher temperatures,
viscosity of fluids decreases, while viscosity of gases
increases. A velocity vector depends on a sign of deri-
vative dy/dT which is negative for liquids and positive
for gases. In the ascending convective flow, the materi-
al is always warmer than in the descending flow. Re-
spectively, the liquid viscosity in the central parts of
l-cells is lower, while the gas viscosity in the central
parts of g-cells is higher. Circulation tends to follow the
direction where the viscosity is lower in the centre of
the cell. The stability of circulation trends, as well as
the unchangeability of stationary flows of bars in rela-
tion to variations of defining parameters are estimated
in a wide range of Rayleigh and Prandtl numbers, ta-
king into account k=2m/}, i.e. the number of waves of
length A per 2 radians, or the number of spatial inter-
vals of waves per on 27 radians.

Square cells form systems which directions are ro-
tated by a t/4 angle with respect to the coordinate sys-
tem (X, Y).

Cell planforms are significantly influenced by even
minor changes in the physical conditions of the medi-
um and variations of its parameters included in the
general equation of convection (see Equation 1). Two-
dimensional bars are the main form of stationary con-
vective structures produced by thermal-gravitational
or thermocapillary convection mechanisms. In case of

thermal-gravitational convection, the scale of flow can
increase depending on AT and G (see Equations 1 and
2).

For the geological interpretation of the significance
of cellular structures developing in cooling masses of
the primitive mantle material, two facts are of im-
portance: (1) relic structures, such as boundaries of
cellular structures in the cooling protolithosphere, and
subsequently, in the upper part of the lithosphere, and
(2) relic masses of the deep mantle material, which
were delivered into the Earth's upper horizons and
cooled in zones of inter-cell boundaries, i.e. relic struc-
tures at the boundaries of the primary cellular for-
mations. Specialists in the laws of Rayleigh-Bénard
convection believe that two groups of boundaries in
the Earth's upper horizons are of importance: bounda-
ries between convective cells and border lines between
orderly fragment-textures with different orientations
of the bars, which comprise a more complex pattern
(Fig. 2).

The most significant structural boundaries are lines
bordering fragments-textures with different orienta-
tions of the bars [Getling, 1998]. The duration of their
existence predetermines the stability of stationary
convection flows and the geological significance of con-
vection. According to [Clever, Busse, 1996], the hexago-
nal cells can be stable at Pr=1.2 and Ra=3000. If Pr<10,
the stability area of the hexagon cells looks like a band
stretching from smaller to larger Ra values. If the
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Fig. 2. Defects of bar structures (lines show boundaries of bars): a - dislocation; b - disclination (singularities of the focus
type are below); c¢ - structural boundary (according to [Getling, 1998]).

Puc. 2. JledpekTbl BaJIMKOBBIX CTPYKTYp (JIMHUH COOTBETCTBYIOT I'paHHIIAM BaJIOB): @ — AMCJOKAUHUS; b — JUCKIMHAIUH
(BHU3Y CHHTYJISIPHOCTH THMNA POKyca); ¢ - CTPYKTypHas rpanuia (no [Getling, 1998]).

Prandtl numbers are larger than 10, the area of stable
hexagon cells is disturbed. In the experiments with Ra
<3000, no stable hexagons are recorded.

The area of stable square cells is wider and covers
the range of Ra from 4000 to 50000 with Pr varying
from 2.5 to 16. When approaching the specified mini-
mum value, the stability area narrows and becomes
undetectable when Pr=2.5 [Busse, Clever, 1998].

The material conveyed by the convective flows is
hardening in places where the flows begin to move
downward due to lower temperatures. Solidification
takes place at the walls of thermal convection cells.
Thus, when the vertical walls of the cells (i.e. surfaces
of basalt prisms) are solidified, thermal convection
continues inside the prisms until complete solidifica-
tion of all the lava components. A photo in Fig. 3 shows
the tops of basalt pillars with sagging centres of the
columns which were the last to cool and solidify.

Based on the brief review of convective planforms
and conditions of their formation, it is possible to re-
veal a common pattern of convection processes taking
place during cooling of the homogeneous medium. In
space and time, convection is manifested by a highly
ordered flow of cooling quasi-liquid masses. The stabi-
lity area is wide. As the area occupied by the flow is
narrowing, stability is reduced as the characteristic
scale of inhomogeneity of the structure is reducing
[Getling, 1998].

In standard experimental conditions, Rayleigh-
Bénard convection cells occupy the entire thickness of
the cooling layer, and their typical horizontal size is

comparable to the vertical size or slightly exceeds it. In
the majority of problems solved by geodynamics, it is
assumed that convection cells occupy the entire mantle
or partially occupy the layer or occur between the layers
[Kirdyashkin, Dobretsov, 1991; Dobretsov et al., 2001;
Trubitsyn V.P., Trubitsyn A.P., 2014]. In such conditions,
the main factor predetermining convection is viscosity
of the medium, which is included in equations of interre-
lated Rayleigh, Grashof and Prandtl numbers. It can sig-
nificantly increase or decrease their values and change
the stability of convection accordingly. When viscosity
varies by two or three orders (which may take place
in the cooling upper part of the protolithosphere), the
main viscosity gradient is in the topmost layer, wherein
viscosity is increasing relatively faster than in the lower
layers, and a hard cover is thus formed. Convection goes
downward. Moreover, in the discussed cases of ascen-
ding convection, the cooling masses drift towards bor-
ders of the cells and subside due to gravity, which leads
to simultaneous thickening of the emerging vertical bor-
der zone (i.e. a plane), which substance is more viscous.
As the process develops further, such planes create fa-
vourable conditions for initial faulting of the lithosphere,
and the lithospheric plates and large blocks are thus
bordered by faults that are stable in time.

As a result of gradual cooling, a protective cap is
formed over the cooling mass. As the process develops,
the solid cap becomes thicker. The merger of the two
descending cooling flows leads to further thickening of
the emerging cap, and the partition between emerging
blocks of the lithosphere is thus fixed.



Fig. 3. Solidified convection flows of basalt lava with 'sag-
ging' surfaces in the centres of cells [Shumilov, 2009].

Puc. 3. 3acThIBIIME KOHBEKIMOHHbIE NMOTOKUA 6a3ajbTo-
BOHM JIaBbl C «IpOCeJaHHEM» IMOBEPXHOCTEN B LeHTpax
syeit [Shumilov, 2009].

Over time, the cap thickens and evolves into the
brittle part of the lithosphere, while convection flows
continue to function in the mantle and gradually drift
to the lower hypsometric levels. The above-mentioned
processes take place as the equilibrium of the convec-
tion system under the cap is disturbed due to changes
of temperature and viscosity gradients. Conditions that
are favourable for convection are now found at larger
depths, and heat energy dissipation is facilitated. In this
time period, the dominating convection occupying the
entire mantle may be either replaced by convection in
two layers or occur in a more complicated pattern.

Regardless of their planforms, the Rayleigh-Bénard
cells give evidence that convection non-equilibrium can
be a source of order. In comparison with the homoge-
neous hot mass, convective cells (regardless of their
forms) can be regarded as highly organized structures
facilitating the dissipation of energy and the formation
of other, more stable forms in the cooling mantle. In
this regard, the system remains open and continues to
give the entropy.

Based on the above, cooling of the pre-Katarchean
Earth's surface can be analysed with an assumption
that the energy of the hot low-viscous body dissipated
by thermal-gravitational convection. In this case, the
Rayleigh-Bénard cells can be viewed as initial struc-
tures in the cooling mantle of the Earth, and bounda-
ries between the cells were the first to get solidified
and thus predetermined the contours of the future
huge masses/blocks of the protolithosphere, which
were the basis of Vaalbara and, may be, other theorized
first supercontinents of the Earth.
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4. THE ORIGIN OF THE FIRST LARGEST LOCAL STRUCTURES
IN THE PROTOLITHOSPHERE AS VIEWED UNDER THE
CONCEPT OF CONVECTION IN THE COOLING PRIMITIVE
MANTLE: A TECTONOPHYSICAL APPROACH TO
PALEOGEODYNAMIC RECONSTRUCTIONS

In this study, a tectonophysical approach is pro-
posed to analyse initial divisibility of the protolitho-
sphere. The origin of the primary local structures /
blocks is related to cooling of the Earth's surface layer
composed by hot low-viscous masses of the primitive
mantle. In such a medium, a relatively efficient way of
heat dissipation is convection that is structurally ar-
ranged in Rayleigh-Bénard cells. Their relics, i.e. proto-
continents, can be regarded as residual structures
giving evidence of intitial atectonic divisibility of the
protolithosphere. In this assumption, laws of their for-
mation are determined by the laws of convection.

The cooling upper layer covered the entire primary
surface of our planet. Its thickness was limited by the
outer boundary of the almost completely formed core
which was located at a depth of about 2900 km. It is
known that the evolution of convection and its patterns
are significantly influenced by dimensions (diameter
and depth) of the area involved in convection (see
Equation 2). For circular cross-sections in the experi-
ments, the horizontal size of convection cells corre-
sponds to the depth of the layer wherein convection
takes place. Original convection experiments are de-
scribed in the book by N.L. Dobretsov et al. [2001] who
estimated the minimum horizontal size of convection
cells in the lower mantle: “As follows from results of
the experiments and the classical laws of convection, a
cell can be stable if its transverse size is only by a factor
of 1.8 times (or less) larger than its thickness” (p. 161).

Therefore, when convection takes place in a rather
thick layer, a pattern of convection cells is compatible
with the thickness of the layer. In our study of the
mega-scale case, the horizontal size of the layer subject
to convection is much larger than its vertical size, and
the layer can thus be considered as a cooling flat body.
The radius of the first round-shaped convective cells
can amount to 2900-3000 km, and the distance be-
tween the emerging cooling boundaries of areas with
descending masses (i.e. cell diameter) can be about
6000 km. In this case, the cell diameter can be numeri-
cally similar to the radius of the cooling Earth, and the
cell area can be determined as the area of a spherical
segment (Ss=2mRh, where R is the Earth radius, and h is
the thickness of the cooling layer, i.e. R/2). It amounts
to mR? or about 3 steradians!. The total area of the
Earth surface is 4wR? (or 4m ). Under ideal conditions,

! Steradian, st () a solid angle at the centre of a sphere subtending
a section on the surface equal in area to the square of the radius of
the sphere.
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Fig. 4. Principal scheme of Rayleigh-Benard cells on the
spherical surface.

Puc. 4. [lpyHyunuanbHas cxeMa KOHBEKTUBHBIX fg4el Pa-
nesi-BeHapa Ha cdepe.

as a maximum, four mega-large convective cells with
an average area of about three steradians can form in
the cooling upper cover of the Earth. It should be noted
that the boundary of the bottom surfaces of the cells is
the outer core of the Earth, which square area is four
times smaller than that of the Earth surface. As the area
of the bottom surfaces of the cells is restricted, the cells
cannot achieve their potential maximum area on the
surface. If a minimum surface area of a cell is one
steradian, 12 cells as a maximum can form at the Earth
surface. Therefore, the total number of the primary
cells predetermining the initial divisibility of the emer-
ging protolithosphere can range between 3-4 (mini-
mum) to 12 (maximum) (Fig. 4).

Paleogeodynamic reconstructions shows that the
first supercontinent Vaalbara (2.8-3.6 Ga) consisted of
two major structures, i.e. protocontinents/cratons
Kaapval and Pilbara [Hazen, 2012], which reflect the
divisibility of the already solid protolithosphere and,
may be, the divisibility of the emerging lithosphere.
The concept that convection took place in the primitive
mantle at the very early stages of the protolithosphere
is not denied, although not widely discussed in the
press [Nebel et al., 2014]. An acceptable argument is
proposed by I Artemieva and B. Mooney [2001] who
consider the 'thermal’ age of the Archean formations of
the Earth.

There are grounds to state that convective proces-
ses in the Earth's mantle played the major role and
were the basic criterion for the formation of the first
largest block structures of the protolithosphere and
also for subsequent transformations of such blocks into
the lithospheric structures. According to the recon-
structions, after Vaalbara supercontinent reconstruct-
ted Ura (about 3 Ga) and younger Kenorland (2100-
2700 Ma), Columbia (1500-1800 Ma), Rodinia (750-
1050 Ma) and Pangea (200-300 Ma) supercontinents
[Li et al., 2008; Lubnina, 2011; Hazen, 2012]. About 200
mln years ago, Pangea broke apart to form Laurasia
and Gondwana, i.e. groups of the southern and north-
ern continents, respectively. The lithospheric mega-
blocks have not been completely formed and destruct-
ed yet, and these processes are still ongoing at the pre-
sent stage that is transitional to the formation of a new
supercontinent. In the long-term geological history of
the Earth, the number and dimensions of the litho-
spheric plates, which were actively involved in super
cycles, were variable, but the blocks and plates per se
have never disappeared completely (!). Since the Ar-
chean, these integral large bodies have been subject to
many geodynamic catastrophes and reconstructions [Li
et al, 2008], and their initial masses were partially
'lost’ in some of the geodynamic cycles, regained in the
others, converted into the six major lithospheric plates
and survived! Strongly metamorphosed rocks of the
Archaean age are observed in huge areas of the six con-
tinental lithospheric plates (Africa, Antarctica, North
America, Eurasia, Australia and South America).

It is challenging to conduct a proper mathematical
analysis of changes in the number of the lithospheric
plates and their areas from one super cycle to another.
The major cycles in the geodynamic evolution of the
Earth and corresponding lithospheric plates of dif-
ferent shapes and kinematics are revealed by paleo-
geodynamic reconstructions. The lithospheric plates
can provide for stable mantle convection at Ra<10¢, but
it becomes unsteady at Ra2107 [Getling, 1998]. In re-
sponse to changes in the convection pattern, the sys-
tem of interacting lithospheric plates has to readjust
itself. Numerical solutions of equations of energy, mass
and momentum transfer suggest that mantle convec-
tion takes place while a set of plates is self-generated.
According to [Trubitsyn V.P, Trubitsyn A.P, 2014],
“the set of plates is inevitably generated, without
requiring any additional boundary and initial condi-
tions” (p. 146). The foregoing explains why the Earth
has been subject to numerous transformations, inclu-
ding the catastrophic ones, in the natural course of its
geodynamic evolution. Is this not a proof of the law of
self-organized criticality which is discussed in [Bak,
1996]?

Obviously, mantle convection has been the major
long-term genetic source providing for the cyclic geo-



dynamic development of the entire lithosphere and its
mega-block pattern.

In this regard, results of studies by P. Bird and co-
authors [Bird, 1988, 1998, 2003; Bird, Rosenstock, 1984;
Bird et al, 2002] are noteworthy - the hierarchy of the
lithospheric plates and blocks is mathematically ana-
lyzed and the cumulative-number/area distribution is
established. In our study, their results are comple-
mented by experimental data published in [Sherman et
al, 2000] (Table) and compared with other quantified
information on the formation of plates and the fault-
block structure of the lithosphere which vary in ranks
at the present stage of development. We apply tectono-
physical methods to analyse the hierarchy of the litho-
spheric plates and blocks with regard to their square
areas at the present stage of the geodynamic evolution
of the lithosphere. The analysis is aimed at identifica-
tion of genetic sources and patterns of the lithosphere
block divisibility at various hierarchical levels in diffe-
rent stages of the lithosphere evolution.

5. RECENT HIERARCHIC DIVISIBILITY OF THE FAULT-BLOCK
STRUCTURE OF THE LITHOSPHERE: TECTONOPHYSICAL
ANALYSIS

The subject of our analysis and the basis of further
reconstructions is the map of lithospheric blocks of the
Earth which is published in [Bird, 2003] (Fig. 5). Its
main original features are (1) the pattern of the plates
on the present surface of the Earth, and (2) calculations
of plate areas in steradians (Table). To analyse ratios
between areas and boundaries of the lithospheric
plates, P. Bird showed them on the map close to each
other in an arbitrary reconstruction (no more! - S. Sh.)
of the 'intact' surface of the Earth. His map shows 52
plates of various ranks, including ‘Manus microplate’
which area is the smallest (0.0002 sr, see Table). An-
other specific feature of the map is the use of steradian,
a dimensionless unit to estimate areas of plates and
blocks, thus avoiding some skewing in quantitative
comparisons of plates and blocks located at different
latitudes of the sphere. Using this method, P. Bird pre-
sented in digital form a global set of boundaries of the
present lithospheric plates and blocks of various sizes
and ranks and estimated plate sizes. He established a
mathematical regularity in the abrupt, non-uniform
decrease of plate areas on the present Earth's sphere
(columns 2 and 3 in Table). In Figure 6, the cumulative
plate count as a function of plate areas in steradians is
shown in the bilogarithmetic scale.

Based on Table (Nos. 1-52, column 3) supplemented
by data from [Bird, 1988, 1998, 2003, Bird, Rosenstock,
1984; Bird et al, 2002], regression equations show that
areas of the plates and blocks are decreasing with in-
creasing numbers in the hierarchy, i.e. with transition
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from mega structures to regional and local ones (Fig.
6). The detailed interpretation of the plot is given in
[Bird, 2003], and a brief is given in the figure caption
(Fig. 6). The main regression line based on the data
from Table has two bends.

According to P. Bird [2003], when plotted with loga-
rithmic scales, the plates of areas between 0.002 and 1
steradian (from the relatively small Jian Fernandes
plate, JZ to the large South America plate, SA) occur in
numbers that roughly obey a power law:

(cumulative count) N~7 (steradians)-1/3
or Nx7Q-1/3, 3)

This equation clearly reflects the scale relationship
between the increase in the number of plates and a
proportional reduction in their areas. This is character-
istic of plates which areas are smaller than one steradi-
an, i.e. plates with an average lateral size of about 4000
km (see Table).

For a more detailed tectonophysical analysis of the
relationships between sizes of the lithospheric plates
and blocks, the data published by P. Bird are supple-
mented by results of similar studies focused on intra-
continental areas [Sherman et al, 2000]. The consoli-
dated database provides for analyses of tectonophysi-
cal regularities in the block divisibility of the present
'solid' lithosphere. For now, seven major lithospheric
plates (Nos. 1 to 7 in Table) are outside the scope of
analysis and considered below in the closing state-
ments. These major plates are viewed as original indi-
cators of the initial and subsequent stages of litho-
sphere divisibility, and it seems more reasonable to
consider them after reviewing and 'excluding' quantita-
tive data on plates dominating in number in other hie-
rarchic levels.

Table consolidates three data sets - [Bird, 2003]
(Nos. 1 to 52, columns 1, 2 and 3), [Cheremnykh, 1998]
and [Sherman et al, 2000] (Nos. 53 to 225) and thus
provides for a more detailed consideration of the ratios
of areas of medium- and small-sized lithospheric plates
from [Bird, 2003] and the ratios of areas of continental
lithospheric blocks from other publications. For an ade-
quate comparison of plate areas in different hierar-
chical levels, the areas calculated in steradians are con-
verted to measurement system SI and given in square
kilometres and corresponding characteristic linear di-
mensions (columns 4 and 5, Table). In the recalcula-
tions, it is assumed that the Earth's radius is R=6371
km, and the equation from [Sadovsky et al., 1987;
Sadovsky, Pisarenko, 1991] is used to calculate linear
dimensions L and plate/block areas, Sp:

Ly = /Sp. (4)

Regression equations are calculated for comparative
analyses of the three above-mentioned data sets:
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Fig. 5. Lithospheric plates mapped by P. Bird [Bird, 2003].
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The 52 plates of his model PB2002 are shown with contrasting colours. Two-letter plate identifiers are explained in Table. The 13 cross-
hatched areas are ‘orogens’ in which an Eulerian plate model is not expected to be accurate. Labels of small plates and orogens are offset

(with leader lines) for clarity. Mercator projection.

Puc. 5. Kapta nmutocdepHbix maut no II. Bépay [Bird, 2003].

[IBeToM BbiZesieHbl 52 miuThl o Moaeau PB2002. HaumeHoBaHUe

IJIUT JAHO JBOMHBIMU GYKBaMU B COOTBETCTBHUU C Tabyaulel. 3a-

IITPUXOBaHHbIE KBaZIPaTHOM ceTKOH miowaau 13 paliloHOB COOTBETCTBYIOT «OpPOT€HAM», JIsI KOTOPBIX MO/ieJIb BpallleHHs BOKpYT JiJie-
POBBIX IOJIIOCOB He COBCEM TO4YHA. /IByXOYKBEHHOEe HaUMEHOBAaHHe MEJIKMX IVIUT BbIHECEHO 3a UX rpaHHubl. KapTa faHa B MpoeKuuu

MepkaTtopa.

(1) Regression by P. Bird, in its middle part showing
areas from Jian Fernandes plate (JZ) to South America
plate (SA), i.e. from mega- to medium-sized plates and
blocks (Nos. 8 to 52, Table; equation 3 (in sr), and
N=2259.3L-067 (5) (symbol 1 in Fig. 7);

(2) Regression for the additional data on medium-
and small-sized blocks (Nos. 53 to 225, Table;
N=7049.1L-%91 (6) (symbol 2 in Fig. 7). An important
indicator is an inclination angle of the regression curve.
Equation 6 differs from Equation 5 by an increase of
the inclination angle. Taking into account that Equation
6 is based on numerous data from geological and struc-
tural maps of continents in various scales, it can be
noted that 'small-sized' blocks are more numerous that
'large’ ones. This is a logical consequence following the
ratio of data obtained by direct field observations that
always record more small blocks on sites than large
ones. The same is valid for even rock outcrops and evi-
denced by the plot from [Bird, 2003] (see Fig. 6) at the
second bend of the regression line;

(3) Regression for the consolidated data on plates
and blocks of different characteristic sizes (No. 8 to
225, Table; N.=3080.8L-%72 (7) (symbol 3 in Fig. 7). Re-
gression (7) shows a significantly smoothed transition
from small-sized lithospheric blocks to intra-continen-
tal blocks divisibility.

In general, equations 3, 5, 6 and 7 are similar, which
suggests that the fragmentation of 'solid' rocks follows
a physically uniform pattern, and, in more general
terms, there is a tectonophysical law of the fault-block
divisibility of the lithosphere which is valid for litho-
spheric blocks of a wide range of areas, from blocks
which size is compatible with North and South America
continents, i.e. nearly as big as lithospheric plates, to
lump of rocks observed on small outcropped sites.

With account of our detailed studies of fault-block
continental lithosphere structures of different ranks
and in view of the identity of the physics of the process
and the similarity of mathematical equations 5, 6 and 7,
we construct a continuation of the regression curve



Geodynamics & Tectonophysics 2015 Volume 6 Issue 3 Pages 387—408

Areas and dimensions of lithospheric plates and blocks

IlapaMeTphl IUIOLAAElH U pa3MepOB JIMTOCPEPHBIX IJIUT U 6JIOKOB JTUTOCPEPhI

# Names of plates and blocks Identifiers Area, steradian Area, km? Average geometric
size, km
1 Pacific PA 2.57685 104593416 10227.09
2 Africa AF 1.44065 58475466 7646.925
3 Antarctica AN 1.43268 58151967 7625.744
4 North America NA 1.36559 55428808 7445.053
5 Eurasia EU 1.1963 48557388 6968.313
6 Australia AU 1.13294 45985628 6781.27
7 South America SA 1.03045 41825596 6467.271
8 Somalia SO 0.47192 19155063 4376.65
9 Nazca NC 0.39669 16101505 4012.668
10 India IN 0.30637 12435448 3526.393
11 Sunda SU 0.21967 8916326 2986.022
12 Philippine Sea PS 0.13409 5442665 2332.952
13 Amur AM 0.13066 5303442 2302.92
14 Arabia AR 0.12082 4904040 2214.507
15 Okhotsk OK 0.07482 3036917 1742.675
16 Caribbean CA 0.07304 2964667 1721.821
17 Cocos co 0.07223 2931790 1712.247
18 Yangtze YA 0.05425 2201988 1483.91
19 Scotia SC 0.0419 1700706 1304.111
20 Caroline CL 0.03765 1528200 1236.204
21 North Andes ND 0.02394 971716 985.7566
22 Altiplano AP 0.0205 832087.6 912.1884
23 Banda Sea BS 0.01715 696112.3 834.3335
24 New Hebrides NH 0.01585 643345.8 802.0884
25 Anatolia AT 0.01418 575561.1 758.6574
26 Birds Head BH 0.01295 525635.9 725.0075
27 Burma BU 0.0127 515488.4 717.9752
28 Kermadec KE 0.01245 505341 710.8734
29 Woodlark WL 0.01116 452980.4 673.0382
30 Mariana MA 0.01037 420914.6 648.7793
31 Molucca Sea MS 0.0103 418073.3 646.5859
32 North Bismarck NB 0.00956 388037 622.9261
33 Timor TI 0.0087 353129.9 594.2473
34 Okinawa ON 0.00802 3255289 570.5514
35 Aegean Sea AS 0.00793 321875.9 567.341
36 South Bismarck SB 0.00762 309293.1 556.1412
37 Panama PM 0.00674 273574.2 523.0432
38 Juan de Fuca JF 0.00632 256526.5 506.4845
39 Tonga TO 0.00625 253685.3 503.6718
40 Balmoral Reef BR 0.00481 195236.2 441.8554
41 Sandwich SW 0.00454 184277 429.2749
42 Easter EA 0.00411 166823.4 408.4402
43 Conway Reef CR 0.00356 144499.1 380.1304
44 Solomon Sea SS 0.00317 128669.2 358.7048
45 Niuafo’ou NI 0.00306 124204.3 352.4263
46 Maoke MO 0.00284 115274.6 339.5211
47 Rivera RI 0.00249 101068.2 317.9123
48 Juan Fernandez ]Z 0.00241 97821.03 312.7635
49 Shetland SL 0.00178 72249.56 268.7928
50 Futuna FT 0.00079 32065.82 179.0693
51 Galapagos GP 0.00036 14612.27 120.8812
52 Manus MN 0.0002 8117.928 90.09955
53 Angara-Ilim-9 Ay 47520 218
54 Angara-Ilim-13 [A13 34120 185
55 Angara-Ilim-3 A3 33620 183
56 Angara-Ilim-12 [A12 31430 177
57 Prisayan-Enisei-2 IPE: 28100 168
58 Baikal-Patom-3 I1IBP3 27450 166
59 Angara-Ilim A7 27380 165
60 Mirny IM1 25113 158
61 Stanovoy V1 24000 155

397
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Continuation of Table

[IpogosnXeHUe TabJHI B

# Names of plates and blocks Identifiers Area, steradian Area, km? Average geometric
size, km

62 Angara-Ilim [A11 23790 154
63 Angara-Ilim [As 21770 148
64 Prisayan-Enisei IPE1 20700 144
65 Aldan Il 20680 144
66 Angara-Ilim IA10 18940 138
67 Selenga-Yablonovy [1ISYa1s 17730 133
68 Mirny IM21 17480 132
69 Mirny IM2s 17300 131
70 Barguzin I1IB3 17060 131
71 Selenga-Yablonovy I1ISYa1s 16780 129
72 Angara-Ilim [A1s 16380 128
73 Aldan II2 16370 128
74 Baikal-Patom [11BP1 15700 125
75 Mirny IM11 15340 124
76 East Sayan IIIES2 15500 124
77 Selenga-Yablonovy IIISYas 15200 123
78 Mirny IM7 14820 122
79 Selenga-Yablonovy [IISyaz1 14810 122
80 Stanovoy IV2 14580 121
81 Aldan Ile 14360 119
82 Tunguska IT1 13900 118
83 Barguzin (II1B2) I11B2 13875 118
84 Mirny IMs 13800 117
85 Mirny IM23 13460 116
86 Aldan IIs 13400 116
87 Selenga-Yablonovy [ISYa1y 13470 116
88 Angara-Ilim A1 13280 115
89 Aldan Il16 13150 115
90 Baikal-Patom [1IBPs 13320 115
91 Selenga-Yablonovy 1ISYai3 13200 115
92 Khentei-Dauria VKhD2 13260 115
93 Mirny IM2 13053 114
94 Barguzin 1IB13 12700 113
95 Angara-Ilim 1A4 12470 112
96 East Sayan [IIES10 12400 111
97 East Transbaikalie VET3 12100 110
98 Barguzin I11Bs 11700 108
99 Selenga-Yablonovy 1ISYas 11600 108
100  Stanovoy V1o 11450 107
101  Mirny IMo 11170 106
102  Selenga-Yablonovy [IISYazo 11220 106
103  Angara-Ilim [A16 11020 105
104  Angara-Ilim [As 10570 103
105  Sayan-Altai I11SA3 10320 101
106  Selenga-Yablonovy 1ISYaie 10260 101
107  Stanovoy vy 10300 101
108  Mirny IMs 9800 99
109  Mirny IM14 9730 99
110  Baikal-Patom [1IBP4 9800 99
111  Selenga-Yablonovy [1ISYaz3 9420 97
112  East Sayan IIIESo 9190 96
113  Selenga-Yablonovy [1ISYai4 9200 96
114  Baikal-Patom [IBP11 8900 94
115  Sayan-Altai [1ISA2 8530 92
116  Barguzin I11B1 8490 92
117  Barguzin IB11 8550 92
118  Baikal-Patom IIIBP12 8500 92
119  Stanovoy Vs 8530 92
120  East Transbaikalie VET:1 8600 92
121  Mirny IMe 8250 91
122  Barguzin [IIB19 8100 90
123  Baikal-Patom [11BP: 8100 90

398
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Continuation of Table

[IpogosnXeHUe TabJHI B

# Names of plates and blocks Identifiers Area, steradian Area, km? Average geometric
size, km
124  Selenga-Yablonovy [1ISYaz4 8080 90
125  Selenga-Yablonovy 1ISYay 8000 89
126  Barguzin I11B7 7700 88
127  Baikal-Patom [1IBPs 7600 87
128  Aldan Ilo 7315 86
129  Aldan Il1s 7400 86
130  Angara-Ilim [A14 7180 85
131  Barguzin [11B21 7200 85
132 Baikal-Patom I1IBP1s 7200 85
133  Selenga-Yablonovy [1ISYas 7300 85
134  Barguzin [11B23 6850 83
135  East Sayan IIES12 6750 82
136  Barguzin [IIB1s 6750 82
137  Baikal-Patom I11BP7 6700 82
138  East Transbaikalie VET20 6800 82
139  Dzhida (I1ID1) 6600 81
140  Khentei-Dauria (VKhD1) 6500 81
141  East Transbaikalie (VET16) 6500 81
142  East Transbaikalie (VET17) 6500 81
143  Angara-Ilim (1A2) 6400 80
144  Mirny (IM24) 6400 80
145  Aldan (II3) 6075 78
146  Barguzin (I11B10) 6000 77
147  Mirny (IMa) 5800 76
148  Barguzin (I11B14) 5800 76
149  Baikal-Patom (IIIBPs) 5850 76
150 Selenga-Yablonovy (ITISYa11) 5800 76
151  Selenga-Yablonovy (IISYa12) 5800 76
152  Baikal-Patom (IIIBP9) 5625 75
153  Dzhida (I1ID2) 5600 75
154  Mirny (IM22) 5300 73
155  Stanovoy (IV13) 5380 73
156  Stanovoy (IV14) 5140 72
157  Barguzin (I11B12) 5100 71
158  Barguzin (I1IB22) 5000 71
159  Stanovoy (Ivs) 5000 71
160  Angara-Ilim (IA18) 4900 70
161 Aldan (1ls) 4855 69
162  Aldan (IT7) 4700 69
163  Stanovoy (IVe) 4700 69
164  Mirny (IM16) 4490 67
165  Pribaikalsky fault zone 4500 67
166  Stanovoy 4500 67
167  East Transbaikalie VETs 4500 67
168  Angara-Ilim A6 4350 66
169  East Sayan I11ESs 4400 66
170  Baikal-Patom I1IBP13 4275 65
171  Mirny IM13 4040 64
172 Aldan Il12 4050 64
173  Barguzin [1IB20 4150 64
174  Mirny IMz6 4040 63
175  Baikal-Patom IIBP1o 4000 63
176  Selenga-Yablonovy [1ISYas 4000 63
177  East Transbaikalie VET12 4000 63
178  East Transbaikalie VET1s 4000 63
179  Barguzin I11Bs 3800 62
180  Stanovoy V4 3800 62
181  East Transbaikalie VET13 3800 62
182  Aldan IT10 3740 61
183  Barguzin 11B24 3600 60
184  Stanovoy V12 3590 60
185  East Transbaikalie VET7 3590 60
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End of Table

OKoOHYaHHUEe TabJuIbl

# Names of plates and blocks Identifiers Area, steradian Area, km? Average geometric
size, km
186  Aldan (II11) 11 3350 58
187  Baikal-Patom [TIBP14 3350 58
188  Aldan Il1s 3200 57
189  East Transbaikalie VET4 3300 57
190 East Transbaikalie VET21 3230 57
191 Aldan 14 3100 56
192  East Sayan IIES11 3000 55
193  East Sayan I1IESe 2900 54
194  Barguzin 1IB16 2900 54
195  Stanovoy V11 2900 54
196  Angara-Ilim [A17 2680 52
197  Mirny IM1o 2690 52
198  Mirny IM1s 2690 52
199  East Sayan HIES7 2700 52
200 EastSayan [IIES13 2700 52
201  Barguzin [1IB4 2700 52
202  Selenga-Yablonovy 1ISYai7 2700 52
203  Khentei-Dauria VKhD4 2690 52
204  East Transbaikalie VET9 2690 52
205  Mirny IM17 2470 50
206  East Sayan IIIES3 2475 50
207  Selenga-Yablonovy ISYa1 2400 49
208  Khentei-Dauria VKhDs3 2400 49
209  East Sayan IIIES4 2250 47
210  Selenga-Yablonovy [1ISYaz2 2240 47
211  Selenga-Yablonovy 1ISYas 2100 46
212 Mirny IM1s 2000 45
213  Barguzin I11B9g 1800 42
214  East Sayan IIESs 1700 41
215  Barguzin IB17 1600 40
216  Mirny IM27 1570 39
217  Selenga-Yablonovy IISYa1o 1500 39
218  Mirny IMs 1390 37
219  Barguzin I1IBs 1300 36
220  Barguzin I11B1s 1200 35
221  East Transbaikalie VETs 1100 33
222 East Transbaikalie VET11 1100 33
223 Mirny IM19 898 30
224  Mirny IM12 540 23
225  East Transbaikalie VET10 494 22

N o t e s. The table consolidates the following data: Nos. 1 to 52 - from [Bird, 2003] with recalculation for area and linear sizes; Nos. 53 to
225 - according to [Cheremnykh, 1998; Sherman et al, 2000]. Names of the largest plates are bold printed; the general laws of destruction of
solid bodies do not apply to such plates. Names and two-letter identifiers of megablocks correspond to [Bird, 2003]. Names of regional

blocks are from the catalogue by A.V. Cheremnykh.

IpumeyaHwue [auaele ¢ N 1 no 52 - no [Bird, 2003] c nepecyeToM Ha ILIOLAAHbIE U JMHeHHble Mepbl; ¢ N2 53-225 - mo
[Cheremnykh, 1998; Sherman et al, 2000]. ’KupHbIM WIpHQTOM BblJeJIeHbI CaMble KPyINHble JUTOCepHbIe IIUTHI, HE BIHUCHIBAIOIHECS B
o611Me 3aKOHOMEPHOCTH JIeCTPYKLMH TBepAoro Tesa. Ha3BaHMs Mera6/iI0KOB COOTBETCTBYIOT KapTe [Bird, 2003], Ha3BaHUs perHOHaJbHbBIX

6JIOKOB ZlaHbI [10 aBTOPCKOMY KaTajory A.B. YepeMHBIX.

derived from equation 3 (Fig. 7) in the direction that
has been substantiated by P. Bird (see Fig. 6). The two
regression lines based on equations 3 and 7 have the
same physical meaning in bilogarithmical scales, and
their middle parts are identical in Figure 6 and general-
ly similar in Figure 7. The regression lines and the
equations reflect destruction patterns of the 'solid’
lithosphere in a wide variety of scales.

The area estimations obtained by different methods
provide for well-reasoned general conclusions concer-
ning regular patterns of the block destruction of the
Earth's lithosphere at specified hierarchical levels. The
reviewed results complement each other and extend our
knowledge of destruction of the lithosphere as the solid
cover of the Earth. It is now reasonable to briefly review
the known laws of destruction of solid bodies, i.e. rocks.
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Fig. 6. Number of plates plotted as a function of area [Bird, 2003, fig. 19].

Curve PB2002 (green) refers to the model in Fig. 7. A relatively steady slope of the curve for plate areas between 0.002 and 1 steradian
suggests a power law relationship between the number of plates and their minimum size. Flattening in the left segment of the curve is due
to the model incompleteness, i.e. there are many plates of smaller sizes which are not included in model PB2002. An abrupt variation of
the slope in the right segment of the curve suggests that very large plates are limited in their area because of the finite area of the Earth,
and perhaps also by mantle convection tractions.

Puc. 6. 'paduk B3aMOCBSI3U KOJIMYECTBA IJIUT Kak GpyHKIMU UX miowaay (mo [Bird, 2003, fig. 19]).

KpuBass PB2002 (3es1eHbIi 1IBET) OTpakaeT CUTYALUIO 110 JaHHBIM PUCYHKA 7. OTHOCHUTEILHO MOCTOSIHHBIA HAKJIOH KPUBOU MeX/y rpa-
Hunamu miaomazei 0.002 u 1.000 cTrepavaH oTpaxkaeT B3aUMOOTHOILEHUSI MEXAY YUCIOM IJIUT U UX MUHUMMaJIbHbIM pa3MepoM. M3me-
HeHUe yIJla HaKJIOHA B JIEBOH 4acTH rpaduKa OoTpakaeT HeJOCTAaTOYHOE YHUC/I0 HAabJ/II0JeHUH, TO eCTb UMEIOTCA ellle 6oJiee MeJIKHe, He
yYTeHHbIE B aBTOPCKOM MoJesnn 6/10ku. Pe3koe U3MeHeHHUe yr/a HaKJOHA B IPaBOX 4acTH rpaduKa MOKa3bIBAET, YTO KPYIHbIE IJIUTHI

6. GENETIC SOURCES OF THE LITHOSPHERE
DIVISIBILITY OF VARIOUS RANKS

It can be stated that Equation 7 and its specific vari-
ants (see Fig. 7) are sufficient to fully describe relative-
ly small lithospheric plates and intraplate blocks of the
'solid" lithosphere up to rock lumps. The experimental
methods have yielded similar equations that mathe-
matically reflect the physics of destruction of solid bo-
dies in a wide range of scales (from a medium-size
block which size amounts to a few thousand kilome-
tres, to a rock fragment which diameter is a dozen cen-
timetres), and there are ground to state that the block
divisibility of the lithosphere follows laws of self-simi-
larity. In the physics of destruction of solid and viscoe-
lastic bodies, self-similarity patterns have been noted
long ago at different scale levels. However, self-simila-

OrpaHUY€HbI B CBOMX pa3dMepax KOHEYHOH Ijomaabro 3eMJ1H, a TaKkKe, BO3MOXKHO, KOHBEKIJUOHHbBIMH MaHTHUUHBIMU MOTOKAMHU.

rity in a very wide spectrum of hierarchical levels, from
centimetres to mega sizes, has not been considered yet,
and this paper is the first attempt in this respect.

Based on results of independent studies, A.N. Kol-
mogorov [1941] and A.F. Filippov [1962] established
that rocks are subject to fragmentation according to the
law of destruction of solid bodies, and the following
exponential expression is linear in coordinates IgN and
IgL:

IgN=f(lgL), (8),

where L is the sample's arbitrary size, and N is the
number of samples.

This conclusion includes the above-described em-
pirical relationships that refer to large-size objects,
such as lithosphere blocks of various ranks and, partly,
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faults in the upper brittle layer of the lithosphere,
which cross each other to form the corresponding hier-
archic group of the fault-block structures of the solid
cover of the Earth [Sherman, 1977; Sherman et al., 2000,
2004; Seminsky, 2001, 2003; and many others]. Obvi-
ously, this property mitigates issues related to 'buck-
ling' of the regression lines at the boundaries of Juan
Fernandez (JZ) and Shetland (SL) plates (0.00241 and
0.00178 sr, respectively). Buckling occurs due to the
lack of quantitative data. In our study, this issue is
completely eliminated after the additional data are
supplemented (Table).

It can thus be stated that deformation and destruc-
tion of the Earth's solid cover under the influence of
external loads take place according to a regular pat-
tern. From certain hierarchical levels, residual destruc-
tion (in the form of blocks varying in ranks) is distri-
buted in accordance with the characteristic sizes of the
blocks and their number, as described by Equation 7.

Fig. 7. Curves of relationships between medium lateral dimensions of lithospheric plates and blocks: 1 - according to [Bird,
2003]; 2 - according to [Cheremnykh, 1998; Sherman et al, 2000]; 3 -
4 - extrapolated regression line according to equation 1; 5 - extrapolated regression line according to equation 3. 3. N. -
row of lithospheric plates and blocks by average characteristic sizes L, km (analogues to reconstructions by P. Bird in stera-

integrated regression line based on data (1) and (2);

Puc. 7. I'paduku B3aMMOCBS3U CpeJHUX MOMEPEYHBbIX Pa3MepoB IUIUT U GJIOKOB jiuTOChephl mo: 1 - mo gaHHBIM [Bird,
2003]; 2 - no maHHbIM [Cheremnykh, 1998; Sherman et al, 2000]; 3 — coBMellleHHasl INHUS PErpeccuy 1o AaHHbIM [1 u 2];
4 - s3KCTpanmoJiAalnus JUHUM perpeccuy 1o JAaHHbIM ypaBHeHMA (1); 5 - sKcTpamosfuus JUHUM perpeccuy Mo JaHHbIM
ypaBHeHus (3). Nc - mocies0BaTeNbHOCTb JIUTOCHEPHBIX IJIUT U 6JIOKOB B MOPsiJIKE YBEJUYEHHs YyCpeJHEHHbIX XapaKTep-
HbIX pa3MepoB L, kM (1o aHasoruu ¢ nocrpoenusmu Il. Bépaa B ctepasnaHax).

The regression is buckling at the transition from medi-
um-sized plates to large ones (see Fig. 6 and 7) due to
other reasons.

In terms of physics, buckling of the regression line
showing the hierarchy of plate sizes versus plate areas
(see Fig. 6 and 7) is related to sources of rank-variable
destruction of the lithosphere as a solid body. The
buckle occurs abruptly at the transition from a few
very large lithospheric plates to medium-sized plates
and small blocks that are statistically abundant. The
regression curve is buckled from a very steep angle to a
more gentle one at the boundary between South Ame-
rica (area of 1.03 sr) and Somali plates (area of 0.47 sr).
A jump occurs when the square area is doubled. For six
large plates (Africa, Antarctica, North America, Eurasia,
Australia and South America; data on Pacific plate are
not taken into account), the regression curve is a steep,
almost vertical line. Their areas are nearly similar and
almost unchangeable. Naturally, they are governed by



another law of formation of solid lithospheric masses,
which is not consistent with the laws of destruction of
solid bodies. In this respect, P. Bird [2003] also notes
that the fact that large plates are clearly established is
indicative of a very weak dependence of plate areas
from any quantitative parameters, except for the Earth
radius. When the Earth radius is used as a natural in-
dependent unit to measure solid angles in steradians, it
is clearly revealed that very large areas of the above-
mentioned six plates (Pacific plate is an exception) are
almost similar. According to P. Bird [2003], typical
areas of the large lithospheric plates correlate with
mantle convection: “...this characteristic size seems
more consistent with whole mantle convection than
with layered convection”. Indeed, the formation of the
largest blocks (i.e. primary lithospheric plates originat-
ing at the stage when the protolithosphere was formed
and later periods) is more in line with mantle convec-
tion than destruction of the solid body. The author fully
shares these assumptions by P. Bird as they are sup-
ported by all the above discussed data, arguments and
tectonophysical calculations.

As shown by the analysis of areas of the rank-
variable present lithospheric plates (see Table), the
total area of the seven largest plates (less than 14 % of
the total number of plates) is about 10.15 steradians,
and they occupy almost 81 % of the entire surface of
the Earth. The area of the six continental plates (Africa,
Antarctica, North America, Eurasia, Australia and South
America) is more than 60 % of the planet's surface
area. They are well traced in the history of Pangea and
less evidently in the more distant past. Through the
history of the Earth, these huge integral bodies were
subject to numerous geodynamic catastrophes and
transformations. Some of them lost much of the initial
mass, others completely 'disappeared' in the mantle,
while some of the plates have grown in size. Therefore,
from one super-continental cycle to another, the litho-
spheric blocks differ in number and kinematics. Based
on the available data, it is impossible to state for sure
which of them were formed before the Archaean and
are still in place, and which of them were more or less
transformed. It is challenging to restore the genesis of
structural relics in the cooling medium of the proto-
lithosphere and those in the lithosphere medium with
reference to the very distant past. It is an inverse prob-
lem with unambiguous solutions. As a definite and in-
disputable conclusion cannot be drawn, one can only
assume that convection is the most probable and better
argumented physical process that took place when
the low-viscous medium of the protolithosphere was
cooling down to form large masses in the first hypo-
thetical (?) supercycles of Vaalbara and Ur, and, finally,
convection can be viewed as a mechanism predeter-
mining the present shape of the Earth's continents. It is
most probable that the megablocks were fragmented
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in the similar pattern in Kenorlend and later super-
cycles. However, based on the available materials, it is
possible only to justify the block structure of the pre-
sent stage.

It is reasonable here to quote the book by N.L. Dob-
retsov et al. [2001]: “In the history of the Earth, convec-
tion in two layers was replaced by convection in the en-
tire mantle and vice versa, and this might have taken
place several times... Therefore, it is most likely that in
the Earth's history, convection in the entire mantle was
replaced by two-layer convection. Another possible
scenario is more complicated: about 2.5 Ga ago, two-
layer convection was replaced by convection in the en-
tire mantle [Maruyama, 1994]; after a period of one bil-
lion years, two-layer convection occurred again [Honda,
1995], and, finally, a transition back to convection in the
entire mantle took place in the past 150-100 Ma [Tru-
bitsyn, Rykov, 2000]” (p. 111). Convection predeter-
mines the major cycles in the geodynamics of the Earth
and fragmentation of the lithosphere into megablocks.
The latter are destructed under the physical laws of
destruction of solid rocks. Currently, destruction of the
lithosphere is actively continued in seismic zones of the
continental lithosphere and zones of subduction and
spreading at the margins of the lithospheric blocks.

7. DISCUSSION

Publications on convection in the Earth's mantle and
its role in global geodynamic processes are quite nu-
merous. In the majority of papers, recent geodynamic
processes are considered with an assumption that the
evolution of convection in the mantle and astheno-
sphere took place in two- or three-layer or more com-
plicated patterns [Lobkovsky, 1988; Lobkovsky, Kotelkin,
2000; Lobkovsky et al, 2004; Rykov, Trubitsyn, 1994a,
1994b; Trompert, Hansen, 1988; Trubitsyn, Rykov, 2002;
Trubitsyn V.P, Trubitsyn A.P,, 2014]. Mantle convection
was discussed in a number of publications many years
ago, the most famous of which are [Pekeris, 1935;
Molnar et al., 1979].

According to [Molnar et al., 1979], large sizes of con-
tinental plates are related to convection in the entire
mantle, and horizontal dimensions of the plate depend
on the depth of the convective process. Their analysis is
based on the proportional change in the length of the
subduction zone on the surface and the velocity of its
sinking which depends on heat assimilation in the ab-
sence of a barrier at the border with the lower mantle.

The two-layer convection in the Earth mantle is de-
scribed by L.P. Zonenshain and M.I. Kuz’min [1993] and
reconstructed in a world-known scheme by S. Maruya-
ma [1994].

To sum up this very brief information on the two-
layer models of convection in the Earth mantle, it is
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worthy to refer again to the book by N.L. Dobretsov et
al. [2001] who give much attention to convection as an
important component of geodynamic processes. In
their book, prior to the geodynamic analysis of pro-
cesses in the mantle, asthenosphere and lithosphere,
they provide a comprehensive description of the two
main models of thermal-gravitational convection which
provide the basis for a variety of geodynamic recon-
structions. In the first model, convection take place in
the entire mantle, from boundaries of the lithosphere
base (30 to 100km) to the upper limit of the core
(about 2900 km). The second model shows convection
in the upper and lower mantle without any significant
mass transfer between the two layers. In [Dobretsov et
al., 2001], the authors focus on the complexity of geo-
dynamic processes in the mantle and discuss their evo-
lution up to the present stage of the Earth develop-
ment. The concept of two-layer mantle convection is
convincingly proved by results of many original expe-
riments conducted by the authors with the use of spe-
cially designed installations [Kirdyashkin, Dobretsov,
1991; Dobretsov, Kirdyashkin, 1993]. Besides, they es-
timated parameters of convection. Specifically, based
on the video records, they revealed flow lines in the
two-layer fluid convection system and estimated hori-
zontal and vertical velocities of the flows. Their very
important observation is that convection flows above
and below the interface go in different directions, and
this is an evidence that vector directions of horizontal
convection flows in the layers located one upon ano-
ther are not interrelated. According to [Dobretsov et al.,
2001], vectors of the vertical flows are similar, and this
fact emphasises the major role of convection in the
mantle which provides for dissipation of heat energy.
Important are the digital parameters and vectors of
flow velocities and cell sizes. In the bottom layer
(which is thicker), cell sizes are proportional to the lay-
er's thickness, and flow velocities are lower. In [Do-
bretsov et al., 2001], the concept of the two-layer con-
vection in the Earth's mantle is well established by the
experimental and actual observation data. Nonetheless,
the authors note: “In the majority of cases, the geo-
chemical data support the two-layer convection model,
while much geophysical data may be interpreted in fa-
vour of convection in the entire mantle” (p. 108).

In [Trubitsyn V.P., Trubitsyn A.P., 2014], a digital
model is described in detail to show that the present
set of the lithospheric plates is a result of the evolution
of convection. It provides an insight into the possible
mode of flows in the entire mantle, movements of the
masses between the upper and lower mantle, as well as
between the central and lateral limits of the convection
cells. Using equations, V.P. Trubitsyn and A.P. Trubitsyn
calculated temperature, viscosity and velocity of
mantle convection flows generated by effective diffu-
sion-dislocation creeping in the absence of pseudo-

plastic deformation and in case of the very hard litho-
sphere. In particular, their temperature distribution
pattern shows that small cold descending flows, i.e.
small-scale convection, occur under the lithosphere.
The estimated scheme of convection in the entire
mantle in [Trubitsyn V.P, Trubitsyn A.P., 2014] is con-
sistent with our ideas of the primary genetically emer-
ging block divisibility of the protolithosphere. In the
initial state, the protolithosphere remains uniform at
the surface, has a roughly constant thickness and in-
creased quasi-strength at the primary inter-cell boun-
daries whereat the viscosity of the medium is increa-
sing due to cooling of the protolithosphere.

Regretfully, initial divisibility of the emerging upper
solid cover of the Earth is taken into account by few
researchers in their estimations, while such divisibility
is one of the most likely results of convection in the
cooling protolithosphere. This is obviously due to the
absence of direct geological materials and the lack of
appropriate paleo-reconstruction methods that can
integrate geological, geophysical and geochemical da-
tabases. As shown by our study, computational me-
thods are helpful, to a certain extent, in solving ill-con-
ditioned inverse problems to reconstruct processes
and structures of the distant past.

The concept of the single-layer convection, assu-
ming that convection took place through the %-radius
depth at the initial stage when the Earth lithosphere
was formed, is acceptable and seems quite realistic,
even though the literature is still insufficient on this
subject. This justifies the author's efforts to clarify the
origin of divisibility of the primary non-solid, almost
continuous cover of the Earth which evolution history
includes periods of the Phanerozoic and contemporary
faulting in the lithosphere and its fragmentation under
the laws of destruction of solid bodies. It can be noted
in general that the upper cover of the Earth is subject
to destruction in a regular pattern, from larger to
smaller masses.

8. CONCLUSION

This study is pioneering in tectonophysical recon-
struction of initial divisibility of the protolithosphere as
a result of convection in the cooling primitive mantle.
Initial division of the protolithosphere into separate
masses, i.e. prototypes of the blocks, and their size was
predetermined by the emerging Rayleigh-Bénard con-
vection cells. In studies of geology and geodynamics,
the Rayleigh-Bénard convection cells were first re-
ferred to as a factor to explain the formation of initial
continental cores. Considering the Rayleigh-Bénard
cells and their structural relics can help clarify initial
divisibility of the protolithosphere and the origin of the
major lithospheric plates, i.e. prototypes of continents.



In our opinion, the initial mega-scale block structure of
the protolithosphere and the emerging lithosphere
were predetermined by the Rayleigh-Bénard cells as
they were preserved in the emerging lithosphere and
their lower boundaries corresponded to the core-
mantle boundary, i.e. one of the major discontinuities
of the planet. Our theoretical estimations are in good
agreement with the number and sizes of the Earth's
theorized first supercontinents, Vaalbara and Ur.

In our tectonophysical discussion of the formation
of the lithospheric block structure, we analyse in detail
the map of modern lithospheric plates [Bird, 2003] in
combination with the materials from [Sherman et al,
2000]. In the hierarchy of the blocks comprising the
present lithosphere, which sizes are widely variable,
two groups of blocks are clearly distinguished. The first
group includes megablocks with the average geometric
size above 6500 km. Their formation is related to con-
vection in the Earth mantle at the present stage of the
geodynamic evolution of the Earth, as well as at all the
previous stages, including the earliest one, when the
protolithosphere emerged. The second group includes
medium-sized blocks with the average geometric size
of less than 4500 km and those with minimum sizes,
such as rock lumps. They reflect primarily the degrada-
tion of the megablocks as a result of their destruction
due to high internal stresses in excess of the tensile
strength of the medium. This group may also include
blocks which formation is related to convection in the
upper mantle layer, asthenosphere. There are grounds
to assume that through the vast intermediate interval
of geologic time, including supercycles of Kenorlend,
Rodin, and Pangea, the formation of the large litho-
spheric blocks was controlled by convection, and later
on, they were ‘fragmented’ under the physical laws of
destruction of solid bodies. However, it is difficult to
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clearly distinguish between the processes that prede-
termine the hierarchy of formation of the block struc-
tures of various origins - sizes of ancient lithospheric
blocks cannot be estimated unambiguously.

Thus, mantle convection is a genetic endogenous
source of initial divisibility of the cooling upper cover
of the Earth and megablock divisibility of the litho-
sphere in the subsequent and recent geodynamic de-
velopment stages. In the present stage, regular patterns
of the lithospheric block divisibility of various scales
are observed at all the hierarchic levels. The areas of
the lithospheric megaplates result from regular chan-
ges of convection processes in the mantle, which influ-
enced the formation of plates and plate kinematics.
Fragmentation of the megaplates into smaller ones is
primarily a result of destruction of the solid lithosphere
under the physical laws of destruction of solid bodies
under the impact of high stresses.
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