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BBenenue

AKTYyaJbHOCTb McCJIeI0BaHUI. PEKOHCTPYKIIHS TEKTOHUYECKUX MPOLIECCOB, MPOTEKABIIMX Ha
3emMJie B pa3jUyHbIE T'€OJIOTUYECKUE TMEPUOJIbI, SIBJISIETCS BaXXHOM 3aJadyeil COBPEMEHHOU T'€OJIOTHH.
OpHUM U3 KITIOYEBBIX TIEPUOJIOB SIBIISIETCS MAICOTPOTEPO30ii, K Hadady KOTOPOTo, 10 MHEHHIO MHOTHX
UCCIIeIOBATENICH, 3aBEpIIMIICS MEPexXo]l OT Ccrenu(uuecKod TeoAMHAMHUKH apxess K TEKTOHUKE
IUTOCEpPHBIX IJIUT B COBPEMEHHOM BHIE, a OTPaXCHHUEM TIeOJMHAMHUKU apxesl SBISETCS TakK
Ha3bIBaeMas "'TEKTOHMKA 3aKphIToil kKpbimku'" (Bédard, 2018; Cawood et al., 2018; Nebel et al., 2018;
Stern et al., 2018). DT0i1 e KOHIETIIHA COOTBETCTBYIOT PEACTABICHHUS O TOM, YTO LUK BUiibcOHa Kak
TJIABHBIN 3JIEMEHT TEKTOHUKH JINTOC(EPHBIX TUIUT Haual JeHCTBOBATh HE paHee HEONpoTepo3os (Stern,
2005, 2018). IIpu 5TOM B MOCACIHUE TOBI MOSBUIIACH UICS O TOM, YTO HA MPOTSKEHUU IOYTH BCETO
apxesi JIEHCTBOBAJI AKKPEHMOHHBIH LUK TEKTOHUKHU IUIUT, CMEHHUBIIUICS IJTUTHOTEKTOHHYECKUM
IIUKJIOM BHIIbCOHA HE B MalcompoTepo30e, a B caMoM KoHIle apxes — 2.7-2.5 mupa jet Hazax (Windley
et al., 2021). Takum 0Opa3oM, HOBBIEC JJAHHBIC T10 TEKTOHUKE MAICONIPOTEPO30sI BAXKHBI IJIs1 TOHUMaHHUS
HBOJIOIIMY TEKTOHHYECKUX MPOIEcCOB B 1esioM. Cpeau TakuX JaHHBIX HEMAaJOBAKHYIO POJIb UTPAOT
KMHEMaTUYEeCKHE PEKOHCTPYKIMH NaJICONPOTEPO30MCKUX OPOTEHHBIX MPOILECCOB M KOJIMUYECTBEHHBIE
orpezieNieHus: BETUUUHBI JehopMaliuy IOpO/I.

TexToHMUYECKHE ABMKCHUS, IPOUCXOISIINE B PA3IUIHBIX TEKTOHUYECKUX 00CTaHOBKAX, BCET/Ia
COTIPSIKEHBI C TEMHU WU MHBIMU JeopMalusiMu TOpHBIX Topoj. OcoOeHHO sipko 3Tu aedopmanmu
NpOSIBIIEHBl B KOJUIM3MOHHBIX OOCTaHOBKaxX M SBJISIOTCA O00S3aTeNbHONM HX XapaKTEPUCTHKOM.
JedopmupoBaHHble TOPOIBI SIBISIFOTCS HEOOXOAMMBIM HCTOUYHHKOM JaHHBIX O KHHEMaTHKe
TEKTOHMYECKHX IBUKEHHUU. [IpU MOCTPOCHMH KOHKPETHBIX TEKTOHMYECKUX MOJENeW STH JaHHBIE
MO3BOJIAIOT OLIEHWUTh HANpPAaBIIEHUS TEKTOHMYECKOTO TPAHCIIOPTA, BapHAIlMM ITHX HANpPaBICHUN B
3eMHOH KOpe, OXBauyeHHOW OpOreHe30M, M BKJAJ TOPU3OHTAIBHBIX U BEPTUKAJIbHBIX JBUKCHHUHI B
dbopMupoBaHUE TEKTOHUYECKUX CTPYKTYp. B cOBpeMeHHBIX OporeHax MCTOYHMKOM OCHOBHOTO 00beMa
uH(pOpMaIIH, TTO3BOJISIONIEH YCTaHOBUTh KUHEMATUKY Ha CTaIUSAX CYOAYKIIMH U OCOOEHHO KOJUIH3UH,
SIBJISTFOTCSI CKJIAT9aTO-HAIBUTOBBIE CTPYKTYPBI B BEpXHEU Kope. DTa ke nH(HOpMaIUs TAaKKe TTO3BOJISET
HAMETUTh KHHEMATHUKY JBM)KCHUI U B METaMOP(PHUUECKOM SApe OporeHa Ha ypOBHE CpeHEH U HUKHEH
Kopbl. [Ipn 3TOM KHHEMaTHYECKHHl IjaH B METaMOp(HUECKOM spe CYLIECTBEHHO YTOYHSIETCS U
NETAM3UPYEeTCS HAa OCHOBE W3YYCHHS KHHEMAaTHYECKHMX WHAMKATOPOB, pa3Mepbl KOTOPHIX HE

MMPCBLINIAOT MICPBBIX MCTPOB U OOBIYHO COCTABJIAIOT HECKOILKO CAaHTUMCTPOB U JAKC MUJUIMMCTPOB

! Stagnant lid tectonics — TekToHnueckas MoeNb paHHe BOTIONIN 3eMIIH, COTTIACHO KOTOPOHA B rajiee
u apxee jutochepa OblIa HECHMOCOOHON K 3HAYUTENBHBIM TOPHU3OHTAIBHBIM IEPEMEIIECHUSIM H
JUTATENIbHOW TITyOMHHOM CyOIyKIIMM U pacnojaraiach HaJl MaHTUEH Ha MaHep HETOABMKHON KPBIIIKH,
MPENSITCTBYIONICH aKTUBHOM MMOTEPE MAaHTUEHN TEILIa.
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(Pompirun, 2006; Kupmacos, 2011; Ramsay, Huber, 1987; Hanmer, Passchier, 1991; Fossen, 2010). Dtu
KAHEMaTHYCCKUE WHIAMKATOPBI SBJSIFOTCS MPEIMETOM H3ydeHHss Mukporekronuku (Passchier,
Trouw, 2005), 1 B rmy00KO 3pOIUPOBAHHBIX PAHHEIOKEMOPUHCKIX OpOreHaX KMHEMATHYECKUM TIIaH
JBUKEHUM HEPEJIKO YCTAaHABIMBAETCS HA OCHOBE M3YUYEHHUS MMEHHO 3THX MHUKPOCTPYKTYp. MupoBas
IUTEepaTypa U300MIyeT TEKTOHUYECKUMHU PEKOHCTPYKIMSAMH, B KOTOPBIX MUKPOCTPYKTYPBI HTPAIOT
3HAUYUTEIBHYIO posib. OnpeeneHHbI BKIIAl BHECIH TaKK€ U OTEYECTBEHHBIE MCCIEN0BATENN, KaK B
WCITOJIH30BaHUM MeTO/10B MUKpOTeKTOHUKH (Kucmuupia, 2001; Komoasxusrii, 2006, 2007; MenbHUKOB,
2011; Abunnaea, 2019; Anekcees, 2022; Kymnapésa, 2022), Tak 1 B pacyeTax BeJIMYHHBI 1eQOopMaIin
(Boiitenko, Xymounei, 2008; Boiirenko u ap., 2016; Khudoley, 1993).

KiroueBoii maneomnpoTepo30iCKoil TEKTOHUUECKOU CTPYKTypoit B KombckoM pernone (ceBepo-
BOCTOK (DEHHOCKAHIWHABCKOTO MIUTA) SBJSETCS TIyOOKO 3poaupoBaHHbIN Jlammanacko-Kombckuit
kosm3noHHbIN oporeH (JIKO) (banaranckuii u np., 1998, 2006; Myapyk u np., 2013; Daly et al., 2001,
2006), Bnepsbie BeiAeneHHbIH Jl. Bpumkyorepom Ha ocHOBE 00001IeHNsT HAKOTUIEHHBIX K Havairy 90-x
rofoB mpouutoro Beka maHHbiXx (Bridgwater et al., 1992). OaHoii U3 €ro TEKTOHHYECKUX €IUHHII
sBisieTcst KeMBCKkMiA TeppeitH, KOTOPBIN BXOJHT B COCTaB ceBepo-BocTouHOTro dopinanaa JIKO. B cBoro
ouepelb, perepHbIM 00BEKTOM ISl H3yUeHUS KOJUTM3HOHHBIX JeOopMaIiuii, OXBATUBIIINX KaK CPEIHIOIO
kopy KeiiBckoro TeppeiiHa, Tak U Bech ceBepo-BocTouHbll ¢opnana JIKO, smusercs KeiBckumii
napaciaHneBelii  mosic. K HacTosmeMy BpeMEHHM KHMHEMAaTHYECKHME JIaHHbIC, IOJyYEHHbIE
COBPEMEHHBIMU METOJIaMHM Kak Jisi Bcex coctaBHbIX yacTed JIKO B menom, tak u mna KelBckoro
TeppeiiHa B YaCTHOCTH, SIBJISIIOTCS IAJIEKO HETOMHBIMU. Bce 3T0 u onpenensieT akTyallbHOCTh U3yUeHUs
KMHEMATUKU TMaJeoNpPOTEPO30MCKUX OPOTEHHBIX MPOILIECCOB, OTPaKEHHbIX B mopojax KelBckoro
napacjaaHIeBOro Mosica U COCTABISAIONINX CYTh HACTOSIIEH paboTHI.

O0bexkTamMu Hcce0BaHusA ObUIH Je(OpMAIIMOHHbBIE CTPYKTYPBI, TIO3BOJISIONINE YCTAHOBUTD
KMHEMATUYECKUH IIJIaH TEKTOHUYECKUX JBW)KCHHUM B MAJICONPOTEPO3OUCKUX MOPOAAX MECLIOBON CEpUU
U TMOACTUIAIOUIMX MX KEHBCKMX IapaciiaHiax Ha ydacTke CepnoBHIHBIM, a TakKe B KEMBCKHUX
napacnaniax ygactkoB llyypypra—Arensypra u Mantok B KeiiBckoMm mapaciiaHieBoM MosiCe.

I'maBHass meJb  MCCIEIOBAHUS  3aKIOYalach B~ PEKOHCTPYKIMM  KUHEMAaTHUKHU
MajgeonpoTEPO3OUCKUX TEKTOHUYECKUX JBIMKEHHM B KeWBCKOM MapaciaHIEBOM IOSCE B CEBEPO-
BoctrouHoM ¢oprnanne JIKO ¢ ucnonb30BaHHEM METOJOB MHUKPOTCKTOHHKH WM KOPPEISIIHS STUX
JBUKCHHUH ¢ 00IIel KWHEMATHKOM JIaTIaH ICKO-KOJIhCKOW KOJUTM3MOHHON OPOTCHHH.

OcHOBHBIE 32124H HCCJIE0BAHUS BKIIFOYAIIN:

(1) xonmuMYecTBEHHYIO OIIEHKY BEIWYHMHBI JAepopmanuu B MOpoAax sApa TUTAHTCKOM
CeprioBUIHON KOTYaHOBUIHOM CKJIQJKU B 3anagHoN yacTu KelBCKOro rnapaciaHiieBoro nosica;

(2) ycraHOBNICHHE KUHEMATHKU TAJICOMPOTEPO30OHCKUX TEKTOHUYCCKUX JBMIKECHHI Ha OCHOBE

MUKPOCTPYKTYPHBIX KHHEMATUYECKUX UHIUKATOPOB:
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— B pu(TOTeHHBIX TOPOIaX MEHTPAITbHOM YacTi CeproBUIHON KOTYaHOBUIHON CKIIAJIKH,

— B TUIIMYHBIX MMOPOAAX CEBEPO-3alaIHOM, IEHTPAIbLHON U IOr0-BOCTOYHOM yacTax KelBckoro
[1apacIaHIeBOro MosICa;

(3) ycraHoBieHHEe MeXaHWU3Ma OOpa30BaHUs BIIEPBHIC BBISBICHHBIX CIUPAIBHBIX CTPYKTYD
MaTpHKca CHrapooOpazHoil MopQosioruu (CIUPATBHBIX IOJOB), MPEACTABISIONIAX COOOW HOBBIE
CTPYKTYpbI BpalleHUs] B MeTaMOp(UUECKUX Mopojax, 1 000CHOBAaHUE MX HCIOJIb30BaHUS B KaueCTBE
KMHEMATUYECKUX UHIUKATOPOB;

(4) xoppensauus KMHEMATUKH IMAaleONpOTEPO3OMCKUX TEKTOHMYECKHUX JBHXeHUI B KelBckoM
[apaciiaHIeBOM T0sice ¢ OOUIMM KMHEMaTHYECKUM ILJIAHOM JIAIUIAHACKO-KOJIBCKOW KOJTM3HOHHON
OpOT€HUH.

3amuniaeMable M0JI0KEeHHUS.

1. B simpe nexxadeii ruranTckoit CepnoBHIHOM KOTYaHOBHIHOM CHH(OPMEI B CEBEPO-BOCTOYHOM
¢doprnange naneonporeposoiickoro Jlammanacko-Konbckoro KONIM3HOHHOTO OpOreHa YCTaHOBJICHA U
KOJIMYECTBEHHO OIpe/elieHa pe3Kas acUMMETpHUsl paclpeaeieHus BelnuuuHbl nedopmanuu Rxz
OTHOCHUTEIIHO €€ 0ceBOM moBepxHOCTH (Rxz = 25 B HIKHEM Kpblie U ~1 B BepxHeM). DTO jaenaer eé
CXOXEH C HBIPSAIOIMMUA ACUMMETPUYHBIMU AHTUKJIMHAIAMHU ['€IbBETCKMX MOKPOBOB B CEBEPHOM
¢dopranae AJNBIMUHCKOrO OPOreHa M CBUACTENBCTBYET O €€ pa3MElIEHHH B TOJIOIIBE TEKTOHUYECKOTO
nokposa (Balagansky et al., 2012; Myapyk u ap., 2013; Mudruk et al., 2022).

2. YCTaHOBJIEH HOBBIM THN KHHEMAaTHMYECKHUX HHIUKATOPOB (MUKPOCTPYKTYp BpalICHHs) B
MeTaMOpPPUIECKUX MOPOJaX — CIIUPANIbHBIE TIOJIbI, B KOTOPBIC 3aKPYUEHBI MUKPOCIOWKHA B CTAaBPOJIUT-
KHaHHUT-MYCKOBHUT-KBapLEBbIX Mapaciannax KeliBckoro napacnannesoro nosca (I'opoyHos u ap., 2016;
Gorbunov, Balagansky, 2022).

3. Kunemarnueckue wuHmukaTopbl B mopoaax KeiBckoro mapacianieBoro mosica (C-S-
CTPYKTYpBI, CIIUPATbHbIE MOJbl U CKJIAJKU C KPUBOJMHEHMHBIMU IIAPHUPAMH) BMECTE C TMTaHTCKOM
CepnoBUIHON KOJYaHOBUJHOW CKJIAJKOM YKa3blBalOT HAa HAJBUIAHME ATOrO IOsica HAa apXenckue
NeOSHKMHCKUE METaBYJKAHUTBI K CEBEPY U CEBEpO-BOCTOKY BO BpeMs Mal€ONpPOTEPO30HCKOI
JIaIIaHICKO-KOIbCKON Ko/utn3noHHON oporenun (Balagansky et al., 2012; Myapyk u ap., 2013;
Banarauckwuii u ap., 2016; Gorbunov, Balagansky, 2022; Mudruk et al., 2022).

Hayuynasi HOBU3HA.

(1) BrepBble naHa KOJMYECTBEHHAs OLIEHKA jaedopMaiy MopoJ Ha KPBUIbSX TMTAaHTCKOM
CeprnoBUIHON KOJYAHOBHIHOM CKIIAJKH.

(2) BriepBble Ui 3amaaHOM, EHTPaIbHON W BOCTOYHOM yactedl KeWBCKOro mapaciaaHIieBoro
nosica N0 KMHEMAaTUYECKUM HHJMKATOpPaM YCTAHOBJIEHO CEBEPO-BOCTOYHOE B IIEJIOM HallpaBJICHHE

TJIABHBIX HAJBUTOBBIX JBUKCHHUI BO BpeMsl pErHOHAITBHOTO MeTaMophu3Ma U aeopmarium.



(3) BnepBble MO MHKpPOCTPYKTypaMm, SIBISIOLIUMHUCS KHHEMAaTHUECKUMH WHAMKATOpPaMH,
YCTAHOBJICHBI J[Ba JTala pPa3HOHANPABJICHHBIX JBMXKEHUW B sApe TUraHTckoil CeprnoBHUIHOU
KOJTYAaHOBHUHON CKJIAJIKH, KOPPEIUPYEMBIX C TJIaBHBIMH U OOpaTHBIMU HAaJBUTaMH JaIlJIaHICKO-
KOJIbCKOU KOJIJIU3UMU.

(4) YcraHoBiEH HOBBIM KMHEMAaTUYECKUI MHAMKATOP 3HAKa JBUKEHHUM IPU MPOCTOM CIBUTE —
CIIUPABHBIN MO, — U pa3paboTaH MEXaHU3M €ro 00pa30BaHMUs.

TeopeTnyeckasi M NpakTUYeCcKasi 3HAYUMOCTH PadoThl. BeieneHne npuHIKUIHAIBLHO HOBOTO
KMHEMaTU4YeCKOT0 MHANKATOPA — CIIUPAJILHOTO 11012 — SABJIIETCS BKJIAIOM B KOHILIETILIHIO TNIACTUYECKOTO
TEUCHHSI B METAMOPPUYECKUX TIOPOJAX, HCHBITHIBAIOMINX 3HAYMTEIHHYI) HEKOAKCHAIbHYIO
nedopmaruio (1eopMalnnio MpocToro CABUTa B INIACTHYHOU cpefie). B pesynbTaTe Takoi nedopmanuu
HE TOJIbKO 00pa3yloTCs CKJIaJKH C UCKPHUBJIEHHBIMU IIapHUPAMU U CHUHXPOHHO BpAIIarOTCs KECTKHE
nop¢pupoOIacThl, YTO OBUIO TaBHO M3BECTHO U MOJIPOOHO OMHMCAHO B JMUTEPATYpe, HO M MPOUCXOAUT
3aKpy4MBaHUE OYEHb TOHKOCIOMCTOTO MAaTpUKCa B MEJKHE cnupainu. /[aHHble IO KMHEMaTHYECKUM
MHAMKATOpaM HaIlpaBJIeHUs TEKTOHUYECKUX JIBHKeHUI B KeliBckoM mapaciaHIIeBOM MOsICe BaXKHBI IS
TEKTOHMYECKHX PEKOHCTPYKIIUIA BO BCeM ceBepo-BocTOoUHOM ¢oprane JIKO u B KOHEYHOM UTOTE IS
o0mieli KMHEMaTHYeCKOM KapTHUHBI JAIUIaHACKO-KOJIBCKOW OporeHuu. JleTanmpHas KapTa ydacTka
CepnoBHUIHBIM, COCTaBIEHHAs C YYaCTHEM aBTOPA, MOKET UCIOJIb30BAThCA JUISl PA3JIMUHBIX LENEH Kak
MIPOU3BOJICTBEHHBIMHU, TaK M HAYYHBIMU OPTaHU3ALHUSIMH.

dakTHYeCKUIl MaTepuaJsl, MeTOAbl MCCJIeI0BAaHUS M JHUYHBbIA BKJAA aBTopa. B ocHOBe
paboThI IEKUT aBTOPCKUN MaTepuan, coOOpaHHBIN BO BpeMs mosieBbix pador 2009, 2011 u 2015 rr. B
KeiiBckom TeppeliHe B paMKax HCCIEIOBaHMI, OCYLIECTBIIIEMBIX COTPYAHHMKaMH ['eojormyeckoro
nHctutyta Kombckoro nHayunoro tmeHtpa PAH. OOpasmsl st TpeXMEpHOW PEKOHCTPYKITUS
MOP(QOJIOTHH CIHPATBLHBIX TOAO0B mpenoctaBieHbl B.B. bamaranckum. Yacth OpHUEHTHPOBaHHBIX
00pa3IoB Ui ONpeneieHUs] KUHEMAaTUKH, a TaKKe 4acTh JAHHBIX 10 OPUEHTHUPOBKE JTHHEWHBIX W
IUIOCKOCTHBIX 3JIEMEHTOB CTPOEHMS TOPHBIX IOPOJ IO BCEM YYacTKaM SBJISIOTCS MaTepualaMu
B.B. banaranckoro u C.B. Myapyka. Ilpu ydactum aBTOpa 4YacTh TUraHtckod CeprnoBUIHON
KOJYAHOBHIHON CKJIAIKH TUIOMIABI0 OKOJIO 2.5 KM ObLIa MOKPbITa MArHUTHON ChEMKOM IO CEeTH 25 X
5 M. ABTOpOM mpoaHanu3upoBaHo nopsaka 200 3aMepoB CTPYKTYpPHBIX 3JIEMEHTOB; U3y4yeHo Oonee 40
OpPUEHTHPOBAaHHBIX 00pa31oB u nopsaka 100 mummdos. {1 pemeHus moCTaBICHHBIX 33a4 aBTOPOM
ObUI BBIMTOJTHEH KUHEMATUYECKHM, CTPYKTYPHBIA 1 T€OMETPHUUECKUH aHaANN3, U ObLT IPOU3BEICH pacueT
BEITMYUHBI JeopMaIiu 1Mo 00beKTaM ¢ U3BeCTHOM mepBuuHON Mopdomoruei (Ramsay, Huber, 1983,
1987, Hanmer, Passchier, 1991; Passchier, Trouw, 2005; Fossen, 2010); Takxe TpUMEHSIICS
nerporpapudeckuii  meron. [l mocTpoeHus crepeorpaduyecKux IuarpaMM  HCIIOJIb30BaIach

KommbioTepHas nporpammMa "Openstereo 0.1.2 devel" (Grohmann, Campanha, 2010). Iloctpoenue
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OJIOK-AMarpaMM il BU3yalu3alud MOPQOJIOTHU CIUPAIBHBIX IMOJOB BBIMONHSIOCH C IOMOIIBIO
nporpammel Corel Designer.

Anpodauusi padoTbl M NyOJaMKanUU. Pe3ynbTaThl UCCIEAOBAHUM OTPAXEHBI B 5 CTAThAX B
KypHanax u3 nepeunss BAK, Bkmrowas 2 cratbu B BEAYLIEM MEXAYHAapOAHOM CTPYKTYPHO-
reosiorudeckom xypraie "Journal of Structural Geology". Taxxe umeercst 2 myOIUKaUU B IPOYUX
KypHasax ¥ 9 myOnukanuii B MaTepuayiiax KoH(epeHmwil. ABTOpOM OBUIM JUYHO TPEIACTaBICHBI
MaTepuaibl Ha CTYyICHYECKUX HAyYHO-TEXHUYECKUX KOH(pepeHUusx MypMaHCKOTo rocy1apcTBEHHOTO
TexHnueckoro yHuBepcutera (Amarutei, 2010, 2011, 2012), xoH(pEpeHIIMH MOJOIBIX YYCHBIX,
nocBsmeHHbix namiatu K.O. Kpatna (Amartutsr, 2011), Xl ®depcmaHoBCckOl HaydyHOW ceccuu
(AnatuTtsr, 2016), Hayunoit koHepeHIuu "['eouHaMuKa paHHETO TOKEMOPHS: CXOJICTBA U PA3JINUUS C
danepozoem" (IlerpozaBomck, 2017). Kpome »sToro, mauccepranT OBLI COaBTOPOM JIOKJIAJIOB,
BKIIIOUABIINX PE3YyJIbTaThl €T0 MCCICAOBAHUN U MPEACTABICHHBIX Ha POCCUUCKUX U MEXIYHAPOIHBIX
koHpepenmmax: (1) Bcepoccuiickas kxondepenuus, nocpsmeHHas 150-neturo akagemuka @.1O.
Jlesuncona-Jleccuara u 100-metuto mpodeccopa I'.M. Capanunnoit "CoBpeMeHHbBIE TPOOIEMBI
MarmatusmMa u wmetamopdusma", C.-IlerepOypr, 2012; (2) 34-1 ceccuss MexayHapOIHOTO
reoJIoTu4ecKoro KoHrpecca, bpucoen, Actpamusi, 2012; "Craton Formation and Destruction with
special emphasis on BRICS cratons", MHoxammec6ypr, FOAP, 2012. HekoTopsle MaTepuasl,
MPEJICTaBICHHbIE B TUCCEPTALUU, OOCYKIAINCh B paMKaX KPaTKOCPOUYHOTO 00pa30BaTelbHOrO Kypca
"Microtectonics Masterclass", Maiiu, I'epmanwst, 2019, B KOTOPOM y4acTBOBaAJ aBTOP; BEAYIIHI Kypca
—npod. K. [Tamse (Cees Passchier).

BbaarogapHocTu. ABTOp TIIyOOKO TpHU3HATEICH CBOEMY HAayyHOMY PYKOBOJIUTEIIO
B.B. banaranckoMy 3a OrpoMHYI0 MOMOILb U MOAJEPKKY, a TaKKe MPEIOCTaBICHHBIE MaTepHabl.
Astop Omnaromapern C.B. Myapyky 3a mpeaocTaBlIeHHbIE MaTepuajibl M IMOCTOSHHOE COJICUCTBHE B
pabote. ABTop Takxke UCKpeHHe npusHareneH A.b. Paesckomy, B.B. Bopucosoii, H.E. Ko3znosoii, B.1.
[Noxxunenko u JI.B. ’)KupoBy 3a LieHHBIE COBETHI, IOMOIIb U KOHCYJIbTAallMU. BOJBIIYI0O MOMOIIbL B
noJyieBbIx pabotax B KeiiBckoM Teppeitae okazana T.A. MeickoBa. Oco0yto 61arogapHOCTh 3a TOMOIITh
U TIONJEPKKY BO BCE BpeMs BBINOJIHEHHUs ATOW paboThl aBTOp BhIpaxkaer T.B. ['opOyHOBOIA.
UccnenoBanus nonyyanu ¢puHancoByto nojaep:xxky POOU (rpantsr Ne 09-05-00160-a u 14-05-31137-
MoJj-a) u nporpammbl OH3-6, n Obutn 3aBepuiensl B pamkax TeMbl HUP 'eonormueckoro nHCTUTYyTA

KHII PAH (Ne AAAA-A19-119100290148-4).
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I'naBa 1. ®ennockananHaBckuil (banTuiickui) IMT: KPAaTKas reoJ0rnuecKas

XapaKTepUCTHKA

@OeHHOCKAHIMHABCKUN IIUT SBISETCS KPYMHBIM BBICTYIOM JOKEeMOPHUICKOTO (QyHIaMeHTa
Boctouno-EBponeiickoii matdopmsl U pacmonaraercss B e€ ceBepo-3amagHoi yactu. Vctopus ero
U3YYCHHSI OXBATBhIBACT OOJBIIOE KOJUYECTBO HCCIICIOBAHHM, BKIIOYas MOJMyYEeHHE MATEPUAJIOB O
reousuKe, TEOXPOHOIOTHH, METPOJIOTUHN U JIp. HakomineHne 3TUX JaHHBIX MPHUBENIO K MOMBITKAM HUX
0000mMTh U CHOPMYITUPOBATH KOHIICTIIIMIO KaK OOINEH HSBOJIOIMHU IMHUTA, TaK M €r0 ABOJIOIUU B
OTJICTIbHBIE TEOJIOTUUECKHE TIEPHOIbI (Hampumep, 3emMHas kopa ..., 1978; Munn u np., 1996, 20100,
20108; banaranckwuii, 2002; Panuuii nokemOpwuii. .., 2005; Cnabynos u ap., 20066; Koznos u ap., 2006;
Gaal, Gorbatschev, 1987; Lahtinen et al., 2005, 2008; Holtt4 et al. 2008, Lahtinen, 2012).

HpeBHeiimas, siaepHas 4acTh IIUTa CIO0KEHA ME30- M HEOoapXeMcKuMu mnopoaamu. PasHbie
MCCJIEIOBATEIN MTO-Pa3HOMY MPOBOAT PAHOHHPOBAHUE apXEHCKUX 00pa30BaHUM IIUTa, TEM HE MEHEE,
YBEPEHHO MOKHO BBIJCIUTH CJIEAYIOIINE MPOBUHIIMM, CIIOKEHHBIE B 3HAYUTEIBLHON Mepe apXencKou
3eMHON Kopoil: Kapensckyto, benomopckyro, Konbckytro m MypmaHCKyr0, a Takke MNPOBHHIIMIO
Hopp06oTTeH ¢ HEOKOHYATENBHO YCTAaHOBJIEHHOW rpaHuiieii ¢ Kapenbckoit mpoBunumen (puc. 1.1).
[Toponpl, cnararomue 3T MPOBHHILIMHU, MPEACTaBICHbI TJIABHBIM 00pa3oM TOHAIUT-TPOHIbEMUT-
rpaHoguoputoBeiMu  (TTI) rHelicaMu M B MEHbIIEH CTENEHM NOPOAAMHU 3€JICHOKAMEHHBIX H
HaparHeliCoBbIX MOSICOB M ITPaHyIUTOBBIX KomIutekcoB (CiiabyHoB u ap., 20060; HOltté et al., 2008).

ObpazoBanue mopoa Ha DEeHHOCKAHAMHABCKOM IIUTE B IMaJeOlpPOTEPO30€ CBA3AHO C
IPOSIBICHUEM JBYX THIIOB TEKTOHHYECKUX MPOILECCOB: PUPTOrEHHBIX U OporeHHbx (PanHwMii
nokeMOpuid. .., 2005; Lahtinen et al., 2005; Lahtinen, 2012), npuuem B MOCIEAHNUE TObI pa3BUBAIaCh
uzesi 0 CyIIeCTBEHHON POJIH B MOPOA00OpA30BaHUN MAHTHWHBIX TUTFOMOB (MuHI 1 1p., 20106, 2010B).
Heonnokparapie snu3onsl pudTuHra B niepuoa 2.5-2.0 mupa neT Hazaj NPUBEIH K BHEAPECHUIO
XapaKTepHBIX HMHTPY3UBHBIX TOPOJ, BYJIKaHH3MY, a Tak)K€ HAKOIJICHHIO PU(TOTEHHBIX OCAJKOB,
KOTOpbIe ObuTH Mo3aHee MeTamopduzoBansl (Laajoki, 2005). Hanbonee sipkoii CTpYKTYpoii 3TOT0 3Tana
apnsieTcs naneopudt Ileuenra-Mmannpa-Bapsyra (3aroponusiii u ap., 1982; Panuuii noxkemOpwuii...,
2005; Melezhik, 2013; Melezhik, Hanski, 2013b). Cpean oporeHHBIX MaaeonpoTepO30HCKUX MPOIIECCOB
BBIJICIISICTCS JIBA SMM30/4: JIAIUTaHICKO-KOJIbCKas KoJmu3noHHas (~2.0—-1.9 mipa siet) u cBekopeHHCKas
akkperronHas (~1.9-1.8 mupx net) oporenuu (cM. kpatkuit 0030p B pabote (banaranckuii u ap., 2011,
2016)). Kopoobpa3oBaHre BO BpeMs JIAILIaHACKO-KOJIbCKOM OpOTeHHH OBLIO JIOKATBHBIM U BBIPA3HIIOCH
B mosiBJieHnn Jlaruranackoro u Y MOMHCKOTO TPaHyJMTOBBIX TEPPEHHOB, a Takke Tepckoro TeppeiiHa
(bamaranckwuii, 2002; Daly et al., 2006). B stux Teppetinax GopMHUPOBAINCH OCTPOBOLYKHBIE TIOPOJIBI,

npeoOpa3oBaHHbIE BO BpeMsl KOJUIM3WH B OCHOBHBIE W KuCible TpaHynuTel u TTD rHe#col ¢
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Puc. 1.1. Cxema TEKTOHMYECKOTO pailoHnpoBaHus DEHHOCKaHAMHABCKOTO MKTA (C YIPOIICHUSIMHU
no (Koistinen et al., 2001) u ¢ u3menenusimu u pononueHussMu 1o (Ciadynos, 2008; Daly et al.,
2006; Lahtinen, 2012)).

MO TYMHEHHBIMU CyNpaKkpyCTaTbHBIMHU 00pa3oOBaHUSIMHU. HawnGonpmmii xKe o0beM
MajJeonpoOTEPO30OUCKON  HOBOOOpAa30BaHHOW  (FOBEHWJIbHOW)  KOHTMHEHTAJIBHOM  KOpPHI  Ha
(DEeHHOCKaHIMHABCKOM IIUTE OBbUT C(HOPMHPOBAH BO BpEMsI HECKOJIBKUX ATANoOB CBEKO(GEHHCKON
OpOTeHMHU, KOTOpas MpHBeJia K 00pa3oBaHUI0 OJHOMMEHHON CBeKO()EHHCKOW COCTABHOM MPOBUHINH, B
HACTOSIIEE BpeMsl 3aHUMaroIeit 00bInyo YacTh mta (puc. 1.1). Bo Bpemst cBekoeHHCKO# OporeHnn
00pa30BHIBAIUCH TJIABHBIM 00Pa30M OCTPOBOIYXKHBIE ITOPOJIBI, TIOCIECIOBATEIBHO MTPHWICHSBIIHECS K

Kapenbckoii nposunimu (Korja et al., 2006). BaxxHbIM OCTOPOT€HHBIM COOBITHEM SIBIISIETCS] BHEPEHHE
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IPAaHUTOB panakuBu B OKHOW yactu CBexodeHHCKoM mnpoBuHimu 1.64-1.47 mipa ner Hazan
(banreibaes, 2013 u cChUIKH TaMm).

B mMe30- u HeompoTeposzoe Mpoucxoawinn oOpa3oBaHHEe HOBOW KOPbI B CBEKOHOPBEKCKOM
NPOBUHIIMU U MOCIeayoIas e€ nepepaboTka B X0/Ie HECKOJIbKUX OPOreHHBIX 31u3070B (Bingen et al.
2008). CeexoHopsexckas oporenus (1.14—0.97 mupna jer), Kak ogHa U3 HauOOJIEe IPKO MPOSBICHHBIX
OpOTeHUH, TTPUBEJIa K aKKPEIMU U TTOCTKOJUTM3HOHHOMY MarMatu3my (Lahtinen, 2012). B ceBepHoii u
100kHOM 4acTsax Koibckoro mosyocTpoBa OTMEYAlOTCS ME30MpPOTEPO30MCKUE OCal0uHbIe MOPOJIbI,
MaKCHMaJbHBIA BO3PACT KOTOPBIX, OMPEICIICHHBIA IO JETPUTOBBIM ITUPKOHAM, COCTaBISET IS
ceBepHoil wactu 1.03 mapna ner (Muxainenko u np., 2016), mis roxHoi yactu — 1.13 mupa ner
(Kysueros u ap., 2020).

danepo3oiickue 00pa3oBaHUs IIUTA CBA3aHBI TJIaBHBIM 00pa30M ¢ pacKphITHEM OKeaHa SAmneTyc
okono 600 MIIH JIeT Ha3aja, KOTOPOe 3aKOHUYMJIOCH KOJUIM3WEH Ha (PHMHATBHOW CTaJuU KaJIeJOHCKOTO
oporenesa 430-390 muH JeT U puBeNo K GOPMUPOBAHUIO KAJIEAOHU] (CKJIaA4aTO-HaABUTOBOTO MOsIca
Ha 3amagHoii okpamHe Hopserum) (Lahtinen, 2012). IlpumedaTenbHBl 53MH30ABI JIEBOHCKOTO
Marmatus3Ma, KOTOpble MPHUBEIM K 00pa3oBaHUIO LIEIOYHBIX MOPOJ XuOHHCKOro, JIoBo3epckoro u
KoBnopckoro MaccuBoB, M3BECTHBIX CBOEH YHUKaIbHOM MuHepanorued (Munepanorus..., 1978;
Ap3amaciieB u qp., 1998; Mantok u ap., 2002; basuosa, 2004; Poauonos u ap., 2018), a Taxxke
obpazoBanuio KOHTO3epCKO#l ByJKaHOreHHO-0camo4yHoi cTpykTyphl (Kyxapenko u ap, 1971;
[TerpoBckwmii, 2016; Arzamastsev, Petrovsky, 2012). ITocaenuum 3nu3010M GOPMHPOBAHUS KOPHI Ha
TeppuTopruu DEeHHOCKAHAMHABCKOTO MIUTA SBJISETCS MarMatu3M pudta Ocio B KapOOHOBO-TIEPMCKOE
Bpems ot 300 1o 260 mutH stet Hazan (Corfu, Larsen, 2020).

Apxei. HaubGonee napeBHMMH apXeWCKuMu oOpa3oBaHusIMH DEHHOCKAHIMHABCKOTO IIUTA
ABIISAIOTCA TOpoJbl Kapenbckoil NMpOBUHIMH, BO3PACT KOTOPHIX B €€ pa3HbIX YACTAX COCTaBISET
rJaBHBIM 00pasom 3.2-2.7 mupx jet (Panuuii nokemOpwii..., 2005; CnadbyHoB u ap., 20060; HoOltta et
al., 2008). Tak>ke u3BecTHa ele 0oJiee APEBHSIS U NIOKA €AUHCTBEHHAS HAXO0/IKa TPAHUTOUI0B BO3PACTOM
3.5 mapn et (Mutanen, Huhma, 2003). Haunbonee oOmenpuHATEIM MOKHO CUHUTATh MOJpa3/IeiICHIE
ATOM MPOBUHIMHU Ha TpU TeppeiHa: 3anagHo-Kapenbckuid, LlenTpansno-Kapenbckuii 1 Boanozepckuii
(Holtta et al., 2008). Kapenbckas MpOBHHIIMS CJIOKEHA TJIABHBIM 00pa3oM I'paHUTOHIaMH, BO3pacT U
COCTaB KOTOPBIX PA3JIMYCH B KAXKOM U3 TEPPEHHOB. B MOgUMHEHHOM KOJIMYECTBE TAKKE MPUCYTCTBYIOT
3elIeHOKaMEHHbBIC U TTaparaeiicoBbie KoMIieKcsl (CnadbyHoB u 1ip., 20060).

B Hacrosiiiee Bpemst Bbiensercss mpoBuHUus HoppOoTTeH, KoTopas paHee cUUTallach 4acThIO
Kapensckoii nposunnuu (Gorbatschev, Bogdanova, 1993; HOIltta et al., 2008). Bbosbmias wacth
apXehCKUX TMOpoid, KOTOphIe B IEJIOM aHAIOTHMYHBI oOpa3zoBaHusM KapenbCkoil MpoBUHIMH

(TpaHUTOUBI, 3€TICHOKAMEHHBIE KOMITJICKCHI), CKPBITA IOJ] YE€XJIOM IMaJICONPOTEPO30MCKIX MOPO/I.
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Kombckast mpoBHHIIUS CIIOKEHA TTOPOIaMH, 9yTh 00Jiee MOJIOJIBIMH TI0 CPABHEHHUIO C TAKOBBIMH
Kapenbsckoii mpoBHHIMK, U UX BO3pacT coctaBiser 2.9-2.7 mapx et (Pannuit mokemOpwii..., 2005;
KoznoB u np., 2006; CnaGyHoB u ap., 20060). B coctaBe mpoBUHIMM BBIACISICTCS TPU TeppeiiHa —
Konscko-Hopexckuii, Ketickuit u CocHoBckuit (banaranckuii u np., 1998). Koascro-Hopeedcckuti
meppetin CIOXeH riaBHbIM oOpa3om rpanutonaamu (TTI rueiicamu u sHACPOUTAMH), TUOPUTAMH, A&
Tak)Ke BBICOKOTJIMHO3EMHMCTHIMUA MeTaocaaouyHbiMu mopogamu (Paguenko u mp., 1994; Holtta et al.,
2008). B OneHeropckoM 3eJIEHOKAMEHHOM II0SICE ATOTO TeppeiiHa MPHUCYTCTBYIOT >KEJIE3UCTHIE
KBapUMTHI. Ketigckuii meppetit, SBISIOMNNACS TI1aBHBIM 0OBEKTOM U3YUEHUS B IaHHOU paboTe, CUIBHO
otinyaercs kak oT Kombcko-HopBexxckoro teppeitHa, Tak U OT BCEX APYTUX apXEHCKUX TeppeiiHOB
®denHoCKaHIUHABCKOTO muTa. OH  CIOXKEH TIJIaBHBIM  00pa3oM  apXEMCKUMH  KHCIIBIMHU
METaByJKaHUTaMH, OOBEM KOTOPBHIX 3HAUUTENEH, apXEUCKUMH IIEJOYHBIMU TPAHUTAMHU, OJHAKO
HauOosee MpPUMEYaTENbHBIM SBISIETCS TMOSIC  BBICOKOTJIMHO3EMHCTBIX METAO0CaIKOB HESICHOTO
(HeoapXxeMCKOro MM MaIeONnPOTEPO30HCKOT0) Bo3pacTa (MmoapoOHast TeoJIorndecKasi XapaKTepruCTHKa
KeiiBckoro Teppeiina npusenena B riase 2). Cocrogckuli meppetin W3y4eH cl1abo U COCTOWT TJIaBHBIM
00pa3oM U3 TPaHUTOHUIOB.

benomopckass mpoBUHIMS, KaKk U Jpyrue Onoku (DEeHHOCKAHIWHABCKOTO IIHTA, CIOXKEHA
pa3IMYHBIMU TPAHUTOHMJAMH, BO3pacT KOTOPBIX Bapbupyer ot 2.9 mo 2.7 mupn ner (Paxuwmii
nokeMOpwuii..., 2005; Cnabynos u np., 2006a, 6). Ona pacnonaraercsa mexay Kapenbckoit u Konbckoi
npoBUHUUAMU. EE€ TIaBHBIM OTIIMYMEM OT JPYTHX apXeHCKUX MPOBUHIUHN SBISETCS SIPKO BBHIPAKEHHOE
MOJUIIUKINYECKOE pa3BUTHE, BBIPA3UBINEECS B HEOMHOKPATHBIX JMH30JaxXx nedopManuu U
MetaMmop(pu3Ma Kak B apxee, TaKk M B Hajeonporepo3oe (3emHas kopa..., 1978; Bomonnues, 1990).
benoMmopckass MpOBHHIMS MHTEPHPETUPYETCA KaK HEOAPXCHCKUN TMOJABUKHBIA TMOSIC, WCIBITABIINN
nepepaboTKy BO BpeMs MaICOMPOTEPO30MCKON JarIaHaCKO-KoabCKoi oporennn (Slabunov et al.,
2017). IlomMuMO TpaHUTOHMIOB, B OSTOW NPOBHHIMH pa3BUTHl apXeHCKHE 3EJCHOCIAHIECBBIC |
naparHeiicoBbie KOMIUIEKCHI. [IpuMedaTenbHbIMU SBISIOTCS HAXOAKU apXeHCKUX O(PUOTUTONOT00HBIX
nopoja (CrmabynoB u ap., 2019; Shchipansky et al., 2004). /Ipyrue Baxkueiimue ais bermomopckoit
OPOBUHLMU TOPOABI — JTO PAHHEIOKEMOpPUHCKHE SKIOTUTHI, BO3pPAcT KOTOPHIX pa3HBIMU
UCCJIEIOBATENSIMU PACCMATPUBACTCS MO-pazHoMy. CyIlIeCTBYIOT TOYKHM 3PEHHS B TOJIb3Y TOJBKO
apxeiickoro (Bomonuues u ap., 2004; Munn u ap., 2010a; [unanckuii, Cnadynos, 2015) wuin TOIbEKO
najxeonpoTepo3oiickoro Bospacta (Cky6mioB u ap., 2012, 2016; Yu et al., 2019a, 2019b), Takxke ectb
YTBEPKACHUSI O MPOSBICHUH OHKJIOTUTOBOrO Meramopdu3mMa M B apxee, U B NaJlCONPOTEPO30€
(Balagansky et al., 2015; CnabynoB u ap., 2021, u cCBIIKH Tam).

MypMaHCKasi POBUHITUSL BKJIIOYAET TJIaBHBIM 00pa3oM HeoapXeHCKHue rpaHUTOUIBl BO3pacTa
2.8-2.7 miupa nert, cpeau KOTOPBIX MPeodIagaroT TOHAIUTHI, TUIATHOTPAHUTE U MUTMATUTHI (BeTpuH,

1984; Koznos u ap., 2006). Cuuraercs, 4o 00pa3oBaHUE MTOPOJ] ITOM MPOBUHIIUK MMPOUCXOIUIIO B IBA
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srana (Munn u ap. 20106). [TepBblit 3Tan cBA3aH ¢ YaCTHYHBIM IIABICHUEM B YCIOBUSIX TPAHYJIUTOBOM
dauu u 06pazoBaHUEM TPOHIBEMHUTOBBIX PACIUIABOB C MOCIEAYIOUIMM MarMaTUYeCKUM 3aMellleHneM
BMEIIAIOMIMUX MOpoJ. BTopoil sTam cBf3aH ¢ YaCTHYHBIM IUIABJIEHHWEM IOPOJ MEPBOM CTaluu U
BBITIJIABJICHUEM KaJUEBbIX TPAHUTOB.

CornacHo COBpEMEHHBIM MPEJICTABICHUAM, apXxeiickas uctopusi GeHHOCKaHIUHABCKOTO IIUTA
COTIOCTaBMMa C TMPOXOXKJIECHUEM CYINEePKOHTUHEHTaIbHOTO mukia Buibcona (CmaGynor, 2008). B
KauecTBe HauOoyiee paHHUX COOBITUH MOXKHO paccMaTpuBaTh pacmaa  TajeoapXercKoin
KOHTMHEHTAJIbHOW KOpbI Bo3pacTta 3.5-3.2 milpA JIeT, KOTOpBIA MPpOU30IIEN NpuMepHO 3.1 Mipna jer
Ha3aJd W  CONpoBOXAaics (OpMHUPOBAaHMEM OKeaHMdeckoil kopbel. Ilocienmyrommuii  poct
KOHTHHEHTAJIbHOU KOPHI CBA3aH C MpoIllecCcaMu CYOAYKIIMU M aKKPELUU BOKPYT COXPAHUBILIUXCS sIEp
KOHTUHEHTAJILHON KOPBI, U 3TH MPOIIECCH IEHCTBOBAIA MPUMEPHO 110 pyOeka 2.7 MiIpa JieT. 3a 3TUM
ATAloOM TIOCJIEIOBAJIO 3aKPbITUE OKEAaHOB M KOJUIM3USL OTACNIbHBIX MHUKPOKOHTHHEHTOB. Ilocie
(dopMHpOBaHUs apXEHCKUX OPOr€HOB MOCIeI0Ball UX Koutanc. HaunHas ¢ maneonporepo3osi, TO eCTh
2.5 mupp JieT Ha3all, Havajcsl HOBBIM ITUKIT ABOJIIOIUH JTUTOChephl DEHHOCKAHINHABCKOTO IIIUTA, TAKKE
COTIOCTaBUMBIN C CyNePKOHTUHEHTAIbHBIM LIMKJIOM BuibcoHa. AnbTepHaTHBHAS MOJIENb, U3JI0KEHHAs
B pabore (Muuu u ap., 20100), sBiusercs KOMOMHAIMEW NBYX T€OTEKTOHHYECKUX KOHIICTIIUU —
TEKTOHUKHU JIUTOCHEPHBIX TUTUT U MAHTUIHBIX ILTIOMOB.

Ianeonpomepo3ou. OOpa3oBaHWE  CaMBIX  paHHUX  MAJICONPOTEPO3OHMCKUX  MOPOJ

DEeHHOCKAHIMHABCKOIO IIMTa CBS3aHO C PUPTHUHIOM OJHOTO JIMOO HECKOJbKHX apXercKux
MUKpOKOHTHHEHTOB (PanuHuii moxkemOpwuii..., 2005; Munn u ap., 20108; Lahtinen, 2012). Pudtunr
IPOMCXOIWII B YCJOBUSAX MPABOCTOPOHHEH TPAHCTEHCHH (KOCOro pacTsikeHus; bamaranckuii m np.,
1998) u nmpuBen k 00pa30BaHUI0 MHTPY3UBHBIX PACCIOCHHBIX KOMIUIEKCOB M POEB JacK 0a3WTOB BO
mHorux obOmactsx muta (Iljina, Hanski, 2005). C 3TumM 3TanmoM pacTsHKCHHS apXeHCcKon
KOHTHHEHTAJIHLHON KOpBI CBSI3aHO 00pa30BaHUE KPYMHOM TEKTOHHYECKOH CTPYKTYphl — Haneopudrta
[MacBuk-ITonmak-ITeuenra-Umannpa-Bap3yra (3aropoansiii u ap., 1982; Panuuii nokemOpuii..., 2005;
Melezhik, Sturt, 1994; Mitrofanov et al., 1995; Melezhik, 2013; Melezhik, Hanski, 2013a). CambiMu
KPYNHBIMU CTPYKTypamu »Toro mnaineopudra smistorcss Ileuenrckas u Mwmannppa-Bapsyrckas
(3aroponubiit u ap., 1964, 1982; Pannuii moxemoOpwii..., 2005; Melezhik, 2013; Melezhik, Hanski,
20130), cnokeHHbIE B OCHOBHOM MeTaMOp(hH30BaHHBIMHU AMaba3aMH, 0a3albTOBBIMH HMOPPHUPUTAMH,
Tydamu, TyPoOpeKIHsIMH, CIIaHIIAMU, KOHTJIOMEpaTaMy U MeCYaHUKaMu (B TOM YHCIIe, KBAPIIUTAMU).
CunTaerca, 4TO OH 3apojuiica 2.5 MIpA JIET HazaJ M HBOJIONMOHUPOBAN B y3Kkui Jlammanacko-
Kosbcknii OkeaH KpaCHOMOPCKOTO THIIA, a €r0 Pa3BUTHE 3aKOHYUIIOCH OKOJO 1.7 Mipa JeT Hazaj
(banaranckwuii u ap., 2006; Musi u ap., 20108; Melezhik, Sturt, 1994; Bridgwater et al., 1992; Daly et
al., 2006; Melezhik et al., 2013a). Cornacuo (Panuuii nokemOpwii ..., 2005), B pa3Butuu naineopudra

[Teuenra-Mmanapa-Bap3syra Beigensercss 4 craaum: mepBblid pudToBblid dTanm (2.5-2.3 mupa naer),



15

BTOpoi pudTOBBI dTanm (2.3-2.2 mipa Jner), no3xHepudToBbi sTan (2.2-1.9 mupa ner) u
KOJUTH3WOHHBIH 3Tarn (1.9-1.7 mupp ner).

BaxxupiMu maneonpoTepo3oNCKUMU KoMmIulekcaMu DEeHHOCKAHIMHABCKOIO IIWTA SIBISIFOTCS
oduonutsl Oytokymmy 1 Mopmya (Kontinen, 1987; Vuollo, Piirainen, 1989) ¢ Bo3pactom MarMaTusma
1.95 mupa net (Peltonen, 2005), o3HamMeHOBaBIIME HAYaIO CHpEAMHTa U pacKpbiTHe CBEKOPEHHCKOTO
okeaHa. PexxuM pacTsykeHUs KOpbl, TOCIOACTBOBABIIMI B Haudaje MaJeONpOTEpO30€, CMEHHIICS
PEXKHMOM CXKaTHs, YTO MPHUBEJIO K Pa3BUTHIO ABYX OTHAEJICHHBIX APYr OT Apyra Mo BpeMEHU U
MIPOCTPAHCTBE OPOTCHOB — Ha ceBepo-BocToke Jlammanacko-Konbckoro kommm3noHaoro (~2.0-1.9 mupa
7eT) u Ha 1oro-3amnaje CBekoeHHCKOro akkpemnoHHOTo (~1.9-1.8 mapn net) (banaranckuii u ap., 2016
u cceutkH Tam; Daly et al., 2006; Korja et al., 2006; Lahtinen et al., 2008; Lahtinen, Huhma. 2019). JIKO
BO3HUK Ha cTaauu 3akpbITvs Jlammanncko-Konbckoro okeaHa KpacHOMOPCKOTO THIA, B KOTOPBIH
sBosrorioHupoBan  naneopudrt IlacBuk-Ilonmak-Ileuenra-Mmanapa-Bapsyra. C  mposiBneHneM
OPOTeHMM CBSI3aH TPaHYJUTOBBIM  MeTaMOp(u3M  OCTPOBOIYKHBIX mopon Jlamianackoro
TPaHYJIUTOBOTO Tosica (TeppeitHa) U Y MOMHCKOTO TpaHyJIMTOBOTO TEppeliHa, a Takke aM(puOOTUTOBBIN
meramopdusm Tepckoro teppeitra. Konmenmus JIKO kak ambNMMHOTHUITHOTO KOJUITM3MOHHOTO TOsCA,
KOTOPBI MpOCiexuBaeTcss uepe3 ATiaHTHueckuil okean B ['pennmannuio u Kanamy, Oblna BriepBble
chopmysupoBana B padbore (Bridgwater et. al., 1992) u 3arem pa3BuTa B MOCISAYIOMIUX UCCIIETOBAHMSIIX
(Daly et al., 2006; Tuisku et al., 2012; Lahtinen, Huhma, 2019).

3eMHas Kopa, OXBay€HHas JAIUIaHJICKO-KOJBCKOW OpPOT€HUEH, paCIOoXKeHa MEKIY
Kapenbckoit 1 Mypmanckoii nposuniusmu (banaranckuit u ap., 2006; Daly et al., 2006). B ctpykType
riry0oxo spoaupoBanHoro JIKO Beiensercss oporeHHoe sapo (IKBUBAIEHT METaMOP(PHUUECKOTO Apa B
COBPEMEHHBIX KOJIJTM3MOHHBIX OPOTE€HAX) ¥ CEBEPO-BOCTOUYHBIN U 10T0-3ana bl popnanas! (Komsckas
u bernomopckas IpoBUHIIMU COOTBETCTBEHHO). B oporeHHoe sipo BKIIIOYAIOTCS TaKUe TEPPEHHBI, KakK
Jlanmanackuit, YMmounckuii, Maapu, Tepckuit 1 CTpenbHHHCKUH, a TaKKe KOJUTM3HMOHHBIC MENaHXH
KonBuukwuii u Tanasns (puc. 1.2). TeppeliHbl OpOT€HHOTO SIpa CIOKEHBI JINO0 MeTaMOpP(PU30BAaHHBIMU
MOpPOJIaMH, MPOTOJIUTHl KOTOPBIX CXOXKH C MOPOJAAMU OCTPOBOAYXHBIX OOCTAHOBOK M HMEIOT
najeonpoTepo3oiickuii  Bo3pact (Jlammanackuii, YmOunckuéi wu Tepckuit TeppeiHsl), JHO0
IPEICTABISIIOT CO0O0M KOJUTaX apXeHCKUX M MaleoNpPOTEPO30MCKUX TEKTOHUYECKUX TUIACTHH, TPUYEM
NOCJIETHUE CI0KEHBI OCTPOBOAYKHBIMU NTopoamu (Teppeiiabl CtpenbHuHCKU 1 MHapn).

KonnusuonHsle COOBITUS MPOMCXOMIN, HaYMHAA ¢ pyOexa 1.94 mupa jer, mpu 3TOM MUK
coObITHit B Konmbckom peruone 611 qocturayt 1.92 mipa et (Daly et al., 2006). ITopossl, ciararoriue
Jlanmanackuit 1 YMOUHCKUN TEpPpEeWHBI, UCTIBITAIA MeTaMophu3M TpaHyIuTOBOW daruu. ['naBHBIC
TEKTOHMYECKHE JBW)KECHMS, CBA3aHHbIE C HaJBUraHueMm mopoxa Jlammanackoro teppeliHa Ha
benomopckyro NpoBUHIMIO, IPOUCXOINUIIN C CEBEPA U CEBEP-CEBEPO-BOCTOKA HA FOT U FOT-IOr0-3amaf.

I[Ipu »Ttom B mosice Ileuenra-Mmangpa-Bap3yra, KeiliBckom u CTpeabHUHCKOM TepperHax
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Puc. 1.2 Cxema  TEKTOHMYECKOTO  pallOHHUPOBAHMS  CEBEPO-BOCTOYHOM  YacTH
dennockanauHaBckoro muta (bagaranckuii u ap., 2016).
3a()MKCHPOBAHBI HA/IBUTOBBIC TBUKEHHUS, TIPOMCXOIUBIIKE B IIETIOM C FOTa U FOT-IOT0-3arajia K ceBepy,
CEeBEp-CeBEPO-BOCTOKY U CEBEPO-BOCTOKY. B pesynbrare JIKO umeer crpykrypy nansmsl (banaranckuii
u 1p., 2016), koTopas mogodHa CTpyKTypam (panepo3zoiickux oporeHos (van der Pluijm, Marshak, 2004).
CBexko(eHHCKasi aKKpeLMOHHAsi OpPOreHMsI Havajach B pe3yJibTaTe CyOqyKIIMU OKEaHWYEeCKOM
Kopbl CBeKO(PEHHCKOro OKeaHa K ceBepo-BOCTOKY moJ Kapenbckyio mpoBUHIMIO (00pa3oBaHUE TOH
KOPBI 3a(UKCHPOBAHO OJIarofaps BBIIEYMOMAHYTBHIM HaxoakaM oduomutoB Mopmya u OyTokymmy)
(Korja et al., 2006; Lahtinen et al., 2008: Lahtinen, 2012), npu4yeM oHa Hayalach OJHOBPEMEHHO C
OKOHYAHHUEM JIAIIaHICKO-KOJIbCKoW oporeHnu (bamaranckuit u ap., 2011, 2016). B xoxe cyoaykiuu
(GbOpMUPOBATUCH OCTPOBHBIC yTH, KOTOpPHIE 3aTe€M IOCJIEIOBATEILHO OBUTH TPUCOCAUHEHBI K
Kapenbckoil mpoBUHIMH. AKKPEUHs] COMPOBOXKIATACH BBICOKOTPAUEHTHBIM METaMOp(OU3MOM OT
TPaHyJIUTOBOM 10 HHU3KOTeMIepaTypHOW amM(puOOIUTOBON Qaluu, NpOsSBICHHEM CKIAA4aTOCTH M
o0pa3oBaHMEM pa3jiOMOB, a TaKKe TIpPAaHUTOUJHBIM MarMaTu3MoM. AKKPEUHOHHBIE COOBITHS
IPOMCXOIWIIM B TPU 3Tama: caBo-laruiaHackas oporenus, (1.92—-1.89 mupn ner), pennniickas (1.87-
1.84 mapn mer) u ceekobanrtuiickas (1.83—1.80 mupx ner) (Lahtinen et al., 2008)2. B pesymbrate
CBEKO(EHHCKON OpOreHnr 00beM MopoJ, ciararomux OeHHOCKaHANHABCKUM IIUT, ObLI CYIIECTBEHHO

yBEJIHMYEH.

2 B pa6ote (Lahtinen et al., 2008) Taxxe BbIenseTcs Hopanueckas oporernus (1.81-1.77 mapy ner). B
JTAHHOU paboTe 3Ta OPOTreHHs] HE YIOMHHAETCS, TaK Kak e MPOSBJIEHHE CBA3AHO HE C aKKperuen
OCTPOBHBIX JIyT K KOHTHHEHTY, & CO CTOJIKHOBEHHEM KOHTHHEHTOB DEHHOCKAHINN U AMa30HHH.
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I'masa 2. I'eostoruveckoe crpoenue KeilBckoro reppeiina

OOBeKTHl UCCNENOBaHMUS JaHHOH paboTHl pacmoiokeHbl B mpenenax KeiBckoro Teppeiina
Konsckoit npoBuHLmu (puc. 1.2). B cnenyromux pasaenax npeacTaBjieHa UCTOPUS €r0 U3YUEHUs M JaHa

reoJIoru4ecKasi XapakTepruCTUKa STOU CTPYKTYPBI.

2.1. UcTopus reo1orn4ecKoro M3y4eHus

[lepBbie pu3nko-reorpaduyeckue U reoIoTnYecKkue CBeIeHus 0 Bo3BhIIeHHOCTH KeiiBr (nanee
B TekcTe nmpocto KeiiBbl), pacnonoxeHHO! B ceBepHOU yacTh KeiBckoro Teppeiina, ObLIH MOJTyueHBI B
1928 r. reorpaduueckum otpsimom Kombekoit skcnenuimu AH CCCP mox pykoBoactBom A. A.
['puropseBa (3T U MOCICAYIOIINE HUCTOPHUCCKUE CBEIEHUS mpuBeacHBI B padorax (bembkos, 1963;
PemmzoBa u mp., 2007)). OO6paboTka 3THX AAHHBIX COTPYJAHHKOM T'€OJIOTHYECKOTO OTpsia STOH
skcneaunmu b.M. Kymierckum mno3Bosmna cienars BbIBOA O HIMPOKOM PaclHpOCTPAaHEHWH Ha 3TOU
BO3BBIILIEHHOCTH KPUCTAJIUIMYECKUX CIAHIEB C KUAHUTOM, MYCKOBHTOM, IPaHaTOM M CTaBPOJIUTOM.
Kpome Toro, b.M. Kymerckuii coBmectHo ¢ O.A. BopoObeBOit BBISIBUIN OOJIBIIION MACCHB IIETOYHBIX
TPaHUTOB, OKAaUMJITAIONIUX 3aMmaJaHyro yacTh Kens.

HanbHeiimee n3ydenue KeiiB Bkowano paOoThl Kak HAy4YHOM, Tak U IMPOU3BOACTBEHHOMN
HanpaBieHHOCTH. COCTABISUIHCH T€0JIOTMYECKHE KapThl, OBLTH OTKPBITHI MECTOPOXKIACHHSI MyCKOBUTA,
rpaHaTa v KHaHUTa, MOJy4YeHbl U 0000IIEHBI HOBbIE CBEACHHMSI O T€0JIOrHUecKoM cTpoeHnu KeilB u nansbl
nepBble MpPEJCTaBICHUs] 00 HMCTOPHUM MX TeO0JOrHYecKoro pa3Butua. HeoOxoaumo BBIIENUTH
CIIeIYIOIINX HCCIeoBaTenei paiiona (B mepuox ¢ 1928 r. mo 1960 r.): O.A. BopoObsera, H.H. I'yTkoBa,
B.U. Bnonaseu, T.JI. Hukonbsckas, M.J[. Baramosa, B.C. Cmupnos, I1.B. Cokomnos, JI.A. Kocoii,
C.H. Hemuos, ILK. I'puropses, JI.A. Xaputonos, B.B. Hocukos, K.O. Kparu, A.B. IlepeBo3unkos,
A.A. YymakoB, A.M. HsanoB, A.B.T'amaxoB, N.B. bemskoB, A.M. Mopozos, WN.B. I'muz0ypr,
N.J. batuesa, JI./{. Mupckas, b.A. IOqun u np. O6o01eHrnemM Bcex pe3ynabTaToB, BBHITTOJIHCHHBIX B
BBIILICYKA3aHHbII MEpUOJl UCCIENOBAHNUN, cTajia BelymieHHas B 1963 r. usmarensctBom AH CCCP
monorpadus N.B. benpkoBa "KuaHuToBbIie clIaHIBI CBUTHI KEUB'', B KOTOPOW OBLTH 000O0IICHBI TaHHBIC
IIPEAIIECTBEHHUKOB [0 OCHOBHBIM BoIlpocam reosnoruu KeiB, a Takke [naHa JeTanbHas
neTporpaduyeckas 1 MUHEpAJIOTMUeCcKasl XapaKTepUCTHKA KEHBCKHUX CIIaHIIEB.

Crnenyroutuit nepuoa uccnenoBanuii (1960—1980 rr.), B X0€ KOTOPHIX H3ydanach HE TOIHKO
BO3BBIIICHHOCTh KeiiBbl, HO 1 Bech KelBckuil TeppeiiH, 3HAYUTENBHO YBETHYMI 00bEM MMEIOIIUXCS
CBeJICHWN. bbuIM cOCTaBieHBI JIMCTHI TOCYNApCTBEHHOW Teosnormyeckon kapTel Q-37-1 m Q-37-11
macmTaba 1: 200 000. IIpoBogmnuch KOMILIEKCHBIE TE€O(PU3MUECKHE M TCOXHMUYECKHE, a TaKKe

MHUHEpAJIOTUYECKUE HCCICOBAHUSA. bBOJBIIYI0 BaXXHOCTh MOJYYWIM PAaOOTHI MPOM3BOJICTBEHHBIX
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reosioroB o I'IT1-200, Bo3riasnsiemsiM JILA. 'ackens0epr, a Takxke paboThl rpynmbl coTpyaHuKoB ['1
KHIL PAH (torma 'l Konbckoro ¢unmuana AH CCCP) nmox pykooactBom A.Il. bemomumerkoro.
Pesynbrarel 3THX wuccnenoBaHuid ObLIM  omyOnmkoBaHsl B MoHorpaduu A.Il. bemonunerkoro,
B.I'. 'ackennOepra, JI.A. I'ackensOepr u ap. "['eonorust 1 reoXumusi MeTaMop(pUIECKIX KOMILJICKCOB
pannero pokemOpus Konbckoro momyocrposa” (bemonunenxuit u ap., 1980). B atoit Mmonorpadun
MPEACTaBICHO ToApoOHOe ommcaHue reosornn KelBckoro TeppeiHa W JaHO JACTabHOE
neTporpaduyeckoe onucaHue keBckux nopo. Hambomnee 3naunMplii BKJIaJ BO BpeMs 3TOr0 Iepuoia
uccie0BaHui caenanu cnenyomue uccienosarenu: JI.LU. Usanosa, E.I'. Mununa, H.A. OcTpoBckas,
M.A. CotauxoBa, B.I'. Tackennbepr, JI.A. T'ackenbbepr, A.B. Cumopenko, A.T.Pamguenko, B.IL
IletpoB u np.

Baxnyto posib B uzyuenun KelBCKoOro teppeitHa Chlrpajii UCCIEI0BAHUS TPYIITBI MOCKOBCKUX
reoJIoroB, MpPUYEM KakK W3 MPOU3BOJICTBEHHBIX, TaK M HAYYHBIX OpraHU3aluii, BO3IJIABIISIEMOU
M.B. Musnnewm. [Ipu 3ToM MHOTHE HUCClIeI0BAaHMS POBOAMIIUCH B TECHON KOOIIEpALUH C reousnkamu
I'M KHI[ PAH, pykoBomumbiMu B.H. I'maszHeBsiM. Pe3ynbTarTbl 3THUX MYyJIbTHAMCIUILIMHAPHBIX
WCCJICIOBaHUN ObUTM OOOOIIEHBI C TIO3WIHMKA KOHIEMIIMA TEKTOHUKH JUTOCHEPHBIX IUIUT B
KOJUIEKTUBHON MoHorpaduu M.B. Munna u ero xomner (Munm u ap., 1996). [loznuee onu Obutn
CYUIECTBEHHO TNepepaboTaHbl M JOMOJIHEHBI MPEJCTABICHUSAMU O BaKHOW POJIM B TEKTOHUYECKOM
passutun KeliBckoro teppeitna MaHTHHHBIX 11roMOB (MunIt u ap., 20106, 20108).

[To wanmumatuBe akamemuka D.II. MwutpodanoBa B 2006 T. Tpymnma COTPYIHHKOB
I'eonornueckoro uncruryra KHI[ PAH non nayunemm pykoBoactBoMm B.B. banaranckoro nauana
IPOBOJIUTH KOMIUIEKCHBIE CTPYKTYPHO-TEKTOHHUYECKHE M TeO()M3UYECKHE HCCIICIOBAaHUS CEBEpHOU
gactu KeiiBckoro teppeitHa. B pamkax konmenmuu JIKO, comocraBumoro c¢ ¢aHepo30MCKUMHU
KOJUIM3UOHHBIMU OPOT€HAMHM M HHTEPIPETUPYEMOTO C MO3UIUN KOHUENIUH JUTOCHEPHBIX IUIUT,
KeliBckuii TeppeiiH sBisieTcs ceBepO-BOCTOUHBIM (hopiaaH oM 3Toro oporeHa (bamaranckuii u ap., 2006;
Daly et al., 2006). Marepuanbl, coaepkKaniye B TOM YHUCIE JaHHbIE 10 KMHEMaTHYECKOMY IUIaHY
nedopmaruii, CoOpaHHBIC ITOM TPYIITON UCCIIeN0BaTeNeH, BKIIIOUas aBTOpa HACTOAIIEH pabOThI, TAaKKe
npeacTaBicHbl B psjge nyonwkanuii ([CopOynos, bamaranckuii, 2010; bamaranckmii u mgp., 2011;
Balagansky et al., 2012; Mynapyk u np., 2013; Mynpyk, 2014; Balagansky et al., 2021; Mudruk et al.,
2022; Gorbunov, Balagansky, 2022).

2.2. O0mme cBeleHHUs 0 Te0JI0rMYeCKOM CTPOEHUH

KeliBckuil TeppeiiH, reoornyeckas Kapra KOTOpOro NpuBeAeHa Ha puc. 2.1, pe3ko oTiInvaeTcs
oT apyrux 6;10koB Konbckoro pernona riaaBHbIM 00pa3oM 3a CYET Pa3BUTHSI B HEM MTOPOJ, KOTOpPbIE HE

BCTPEYAlOTCSA B Apyrux paiionax dennockanauaaBckoro mura (Mitrofanov et al., 1995). B kauecte
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Puc. 2.1. (A) ['maBHBIC TEKTOHMYECKHUE €TUHUIIBI CEBEPHOM YacTH DEHHOCKAHINHABCKOTO IHTA (TI0
pabote (banaranckuii u ap., 1998; Mynpyxk u ap., 2013; Lahtinen, Huhma, 2019; ¢ ynpomenusimm)).
(b) Cxemaruueckas reonoruueckas kapra KeiiBckoro teppeiina (mo pabote (I'eonormueckas
Kapra..., 1996; ¢ ynpouieHusmn)).
TeppeiiHa OH OBLI BBIJCICH Ha CXEME TEKTOHMYECKOro paioHupoBaHus KoIbCKOrO permona,
paspabareiBaemoii B.B. Bamaranckum (bamaranckuii u ap., 1998, 2011; Daly et al., 2006). Cpeaun
YHUKaJIbHBIX KEHBCKHUX MOPOJ MPEkKIEC BCETO CIEIyeT Ha3BaTh BHICOKOTIIMHO3EMHUCTHIC KHAHUTOBEIE,
TPaHATOBBIC U CTABPOJIUTOBBIC MmapaciaHiel (benbkos, 1963), 3a KOTOPBIMU B INTEPATyPE 3aKPETTUIIOCH
Ha3BaHWE "KEWBCKME TMapaciaipl'. OTH  mapaciaHipl  OONBIIMHCTBOM  HCCIEIOBaTeCH
UHTEPHPETHPYIOTCSA KaK MeTaMOp(HU30BaHHBIE IEPEOTIIOKEHHBIE KOPHI BoiBeTpuBaHus (benpkos, 1963;
[IpenoBckuii, 1980; 3aropoansiii, Pamuenko, 1983), koTOopble UCHBITAIM HHTEHCUBHYIO
MeracomaTudeckyto mepepadotrky (bymmua u ap., 2011). Bo3pact HCXOAHBIX JUIsi HUX OCAJKOB

M3HAYaJIbHO OIICHUBAJICS Kak apxeiickuii (benbkos, 1963; [Ipenorckuii, 1980; 3aropoausiii, Paguenko,
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1983), ognako Gonee mo3aHUE PabOTHI MO3BOJIAIOT CUUTATh, YTO OCAJKOHAKOIJICHHE MPOMCXOIUIIO B
najeonpoteposzoe (Muni u ap., 20108; Melezhik, Hanski, 2013a), 1 3Ta Touka 3peHUs TPUHUMACTCS
aBTopoM (Gorbunov, Balagansky, 2022). KeliBckue mapaciaHIibl HCTIBITATH METaMOP(HU3M B YCITOBHUIX
cpeaneit kopbl ipu T = 500-650 C u P = 4.0-6.5 k6ap (I'masynxkos, Ilerpos, 1990). Ha keiiBckux
napacliaHIlax 3aJieraeT OCTaHel] MAJeONPOTEPO30MCKUX CYMpPaKPYCTAIbHBIX PU(PTOTEHHBIX MOPOJ,
KOTOPBI OOHa)KaeTCs B 3aMaJIHOM YaCTH CJIOKEHHOT'O STUMH TapaciiaHIlaMH Tosca, B pailoHe XxpeOTa
Cepnosuansiii (Puc. 2.15) (benonunenxuit u ap., 1980; 3aropoansrii, Paguenko, 1988).

B KeliBckoM TeppeliHe HIIMPOKO pPa3BUTHI wieno4Hble rpaHutTel (batueBa, 1976), xoropsie
3aHuUMaroT 24% teppuropun KeilBckoro teppeiiHa 1 SBISAI0TCS YHUKAIbHBIM IPUMEPOM HEOAPXEUCKOTO
IIEJIOYHOTO MarMaTu3Ma, MPOSIBUBIIETOCS B CIIOKOWHON TEKTOHMYECKOW 00CTaHOBKe 2.67 mupj JieT
naszaa (Murpodanos u jap., 2000; bastosa, 2004; Betpun, Poxunonos, 2009; Zozulya et al., 2005). bostee
Toro, Tonpko B KelBCckoM TeppeiiHe pa3BUTHI HeoapXeHCKue TabOpOaHOPTO3UTHI, MPAKTUYECKH
OJTHOBO3pACTHBIE IIEJIOYHBIM TrpaHuTam (2.6-2.7 mapn net; basnoa, 2004); Bo Bcex Ipyrux
cTpykTypax deHHOCKaHAMHABCKOTO 1IUTa rab0pOoaHOPTO3UTHI UMEIOT MAIeONpPOTEPO3ONCKUN BO3pACT.
Hakonen, B KeiiBckom TeppeiiHe Benuka 10l KUCIBIX MeTaByJlKaHUTOB (40% ot Bcell miomaau
TeppeiiHa), Bo3pacT KOTOpbIX cocraisier 2.68 mupxa ner (Balagansky et al., 2021); mo nemaBHero
BpPEMEHH 32 UX BO3PACT MPUHUMAJICS BO3PACT KUCIBIX MeTaTy(oB paitona Manbix Kelis, paBHblit 2.87
wipn set (bensies u ap., 2001).

Hccnenoanusa aBTopa mpoBOAMIIMCH Ha Tpex ydacTkax: CepnioBuansiid, [Ilyypypra—SArenpypra
1 MaHIOK, KOTOpbI€ HaXOIATCsI COOTBETCTBEHHO B 3araHol (paiioH xp. CeprnoBUAHbBIN), IIEHTPATbHON
(paiton rtop Illyypypra—Srenpypra) u BocTouHOM (paifoH T. Maniok) uacTsax KeiiBckoro

napacJianieBoro mnosica (puc. 2.1).

2.3. Crparurpadus

3a BCro UCTOpHIO HccienoBanus KelBckoro Teppeiina Op110 pa3padoTaHo OOJIBIITOE KOJTUIECTBO
CXE€M, ONUCHIBAIOIINX €ro cTpaturpaduueckuii paspe3. PazHpie aBTOpHI O-Pa3HOMY BBIIENSAIOT T€ WIN
UHBIE CTpaTUrpauyeckue €AWHUIBI, JAI0T Pa3UYHble HA3BaHUS MOJPA3JCICHUSIM, COCTOSIIUM M3
OMHUX M TeX JK€ TPyNNI TOpOA, BCIEACTBUE YEro KOPPENALHUs pa3pe30B YacTo SBISETCS
3aTpyAHUTENbHOW. Jlanmee, B 3TOM moppasfiene A KpaTkoro M OOOOIIEHHOrO0 ONHUCAHUSA
cTpaTurpaduyecKoil Mocieq0BaTeIbHOCTH HCIIONIb3yeTCs OOBSICHUTENbHAS 3aliCKa K Me0JI0rnYecKon
kapre Konbckoro peruona (Pamguenko u ap., 1994). Taxoke ucronbs3yrores JanHbIe U3 paboTsl (Myapyk,
2022), B KOTOpOWl MpOBEAECHO 00O0OIIEHNEe | CONOCTAaBJICHUE HauOoee pacHpOCTPaHEHHBIX

crpaturpaduyeckux cxem (puc. 2.2).
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Puc. 2.2. Koppemsiuus crparurpapuueckux cxeM KeWBCKOro teppeiiHa, SBISIOLNIMXCS CaMbIMHU
pacrnpocTpaHEéHHBIME (3aUMCTBOBaHO U3 paboTel (Myapyk, 2022)).

KeliBckue cynpakpycTajJbHble KOMIUIEKCHI 3aJ€Tal0T Ha apXeHCKHUX MOpoJax KoMHuieKcd

OCHOB8aHUs, KOTOPBIA BKIIIOYAET B ce0sl pa3NUYHbIe I'PAaHUTOUIBI U IOPOJBI KOIbCKOU cepuu. B HIxKHEN

yacTH paspe3a JTHX CYNpakpyCTalbHBIX TIOPOJ BBIACNISIOTCS (CHU3Y BBEpPX) Konosatickas W

Kunemypckas ceumbsl, CIOXCHHBIC aM(l)I/I6OJ'I'6I/IOTI/ITOBBIMI/I, OUOTHTOBBIMH U ABYCIIIOAHBIMU

rHelcaMH ¢ JIMH3aMU KOHIJIOMEepaToB, KUCIBIMU BylikaHuTamu. B pabore (benonunenkuii u np., 1980)
3T CBUTHI BBIJIEISIFOTCS B paHIe€ TOJIL] M pacCMaTpUBalOTCs KaK aHaJIOTU APYT ApyTa.

Brime mo Ppaspe3y BBIACIIAIOTCA IOPOIAblI Ceunmbsvl namueped, CIOKCHHBIC METaBYJIKaHUTaAMH

OCHOBHOTO, PEXE CpEIHEr0 M KHUCIOr0 COCTaBa, a TakKe TEPPUTeHHBIMH 00pa30BaHUIMH,
MPEJICTABICHHBIMU aM(PUOOIUTaAMH, METAKOMATHUTAMH, CJIAHIIAMU U THEHCAMU Pa3InMYHOTO COCTaBa,
MeTarpaBeuTaMd,  METaKOHTJIOMEpaTaMH W METaKOHTJIOMEPATOOPEKYMSIMH,  KEJIE3UCThIMU
KBapmuTaMu M KapOOHAaTHBIMU OTIOXeHHsAMU. B paborte (bemomumenkuit m np., 1980) sra cButa
o003HaueHa KaK namuep8omyHOpOSCcKas, N 311eCh Ke BBIICISACTCS aHAIOTHYHAS €U YCMbIOZOHLKCKAS
moawa, KoTopas, Kak npemmnosiaraercs a padore (Mynapyk, 2022), B cxeme (Paguenko u ap., 1994)
BKITIOUEHA B BBIIIEIICKAIIYIO JEOSHKUHCKYIO TOJIIILY.

Jlebsocunckas mojauwia BKIOYacT B ce0s TJIaBHBIM 06p330M KHCJIBIE MCTaBYJIKAHUTHI,

METacOMaTHYEeCKU TepepaboTaHHbIE pPa3HOCTH KOTOPBIX IIPEACTABJICHBl TAaCTHHTCUTOBBIMHU U
MUKPOKJIHMHCOAEPKAMMMU THelcamu. Tomia BeiensieTcs B panre cBUTH B pabote (benonunenkuit u
ap., 1980); moMUMO yCTBIOTOHBKCKOW TOJIIIH, aBTOPBI TAK)KE HE BKJIFOYAIOT B HEE FaCTUHTCUTOBBIC U

MUKPOKIMHCOAEPKAIIMMHU THEHCHI, OTHOCA MX K HMHTPY3MBHOMY KOMIUIEKCY IIETOYHBIX I'DAHUTOB.
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Baxxno ormetuts, 4to, cornacHo (bemonmumenxuit u ap., 1980), BkItoueHHBIE B COCTaB JICOSIKIMHCKOM
CBUTHI TOHKO3EPHHUCTHIE TEMHO-CEpble OMOTUT-KBAPII-TIOJIEBOLINATOBbIE MOPO/bI, KIaCCUPUIIUPYIOTCS
BCEMHU HCCIIEJOBATEISIMU KaK THEMCHl (JIEOSDKMHCKHE THEMChl) M MO COCTaBy OTBEYAIOT KUCIBIMU
METaByJKaHUTaM. TeKCTypa WX HEPEeOKO THEHCOBUIHAS W OOYCIIOBICHA IITPUXOJMH30BHUIHBIMU
napauIeTbHBIMA CKOTUICHUSIMUA OMOTHTA, a TIpu 00Jiee paBHOMEPHOM paCHpeleleHHH MOCIEIHET0 —
MacCHBHAsI C XOPOILIO COXPAaHUBIIUMUCS UAUOMOP(GHBIMU MOPPUPOBBIMU BKPAIJICHHUKAMHU KaJIHEBOTO
nmata W IJIarMoKiIasa, a TakKe BKPAIUICHHUKAMM KBaplia, YTO YKa3blBAET HAa NEPBUYHYIO
BYJIKAHHYECKYIO TIPUPOTY ITHX MOPoJ. Kucibie MeTaByIKaHUTBI C TAKOW HEXapaKTEPHOU NIl OOBIYHBIX
THEHCOB MaCCUBHOU CTPYKTYPOH HOCST Ha3BAHUE JICIITUTOB.

BrlmmenepednciieHHbIE  CYNpPaKkpyCTalbHbIE  KOMIUIEKCBI ~ BCEMHM  HCCIEAOBATEISIMHU
paccMaTpuBaIOTCS Kak apXeWCKUe, 4YTO TNOATBEPKAACTCS HW3OTONHBIMU JTaTHUPOBKAMM KHCIIBIX
METaBYJIKAHUTOB JIeOsHKMHCKOM Tosmu 2.87 mipy siet cornacHo (basHoa, 2004; bensieB u ap., 2011) u
2.68 mupn net cornacho (Balagansky et al., 2021).

Belmie mopos 1e0s>KUHCKOM TOJIIM BBIIEISIIOTCS (CHU3Y BBEPX) Yep8YPMCKAs, 8bIXUYPMCKAS U

necuoeomvm)poecmﬂ ceumovl. ITH CBUTHI CIIOKCHBI KHaHUTOBBIMH, CTaBpPOJINT-KUaAHUTOBBIMH,

CWJUTUMAHUTOBBIMU C TPaHATOM W YTJICPOJAMCTHIMH CIAHIIAMH, METalleCYaHMKAaMHU M KBapIIUTAMH.
[TecrioBotyHapoBckas cuta B pabore (bemonumnenkwii u ap., 1980) BeimensieTcss B paHre cepuu, u
nojpaszzensercs Ha (CHU3Y BBEPX) MANOKeUSCKyro u 3010mopedenckyro. 1lopoasl uepBYpTCKOIA,
BBIXUYPTCKOM M MECIIOBOTYHJIPOBCKON CBUT B OOJBIIMHCTBE CTpAaTUTPadUUYECKUX CXEM OTHECEHBI K
apxero, 0JTHaKO, KaK OTMEYAIOCh BHIIIE, aBTOP JIAHHOW pabOThl OTHOCUT UX K MaJICONPOTEPO30NCKUM
00pa3oBaHUSIM.

B camoii BepxHel 4HacTu pa3pe3a KEWBCKHX CYNPAKPYCTaIbHBIX KOMIUIEKCOB BBIACISIOTCS
MOPOJIbI, KOTOPBIE BCTPEUAIOTCS TOJBKO B paiione xp. CepnoBuaHbiii. OHH O0BEAUHSIOTCS B NECUOBVIO
cepuro. Tloponel 3TOr0 KOMILIeKca — nuaba3oBble U 0a3albTOBBIE METANOPPUPHUTHI, MeTaanadas3bl,
KBapIUTHI, ABYCIIOJSHBIC CIIAHIIBI CO CTABPOJIUTOM U TPAaHATOM, META0CAJIKH, KapOOHATHBIC TTOPOJIBI.
B. I'. u JI. A. T'ackenbOepru (bemonmunenkuii u ap., 1980) Ha OCHOBaHWM KOPPEIATHBHBIX AAHHBIX
BBIICTISIIOTCS. TIOPOJBI TECLIOBOMl Cepuu B KayecTBE YMOUHCKOU C6umvl Bap3yTCKOW cepuu
naneornporepo3oiickoro pudra Mmanapa-Bapsyra. Ognako no muenuto B. I'. 3aropoxnoro u A. T.
Paguenxo (1988), aTu ocamouHO-BYIIKaHOTEHHBIE TTOPOIBI MOYKHO COMTOCTABIISATE C YMOMHCKUM YPOBHEM
Bap3yIr'CKOW CEpUH TOJILKO 110 BPEMEHH UX HAKOILJICHUS, TIPSMO e OTHOCHUTB 3TOT pa3pe3 K yMOMHCKON
CBUTE Helb34. [[1st mopon nectioBoii cepuu (Ui yMOUHCKON CBUTHI) 0 YCTAHOBJICHUS! OKOHYATEIHHOTO
paHra cjaraeMoro UMM ctpaTurpadudeckoro moApasieieHus NpeioKeHo HelTpanbHOe Ha3BaHUE —

cepnosudnwiii _komniexkc (Mudruk et al.,, 2022). Ilopoasl CEpHOBHIHOTO KOMIUIEKCA HMEIOT

NaJICONPOTEPO30MCKUN BO3PACT, O UeM CBHUACTEIbCTBYIOT SM-Nd u3oronnbsie nanubie (MbICKOBa U

ap., 2014); Ha cTapsix cTpaTurpapUUECKUX CXeMax 3TH MOPO/Ibl OTHOCHJIMCH K PAHHEMY IIPOTEPO30I0.
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B HeckonbKux paboTax MOKa3aHo, YTO HA YPOBHE OTJICNIBHBIX, €CIIM HE BCEX CYIPAKPYyCTaIbHbIX
TONI] apxes W mnaineonporepo3oss KelBckoro TteppeiiHa peyb MOXKET HIATH TOJBKO O
tekronoctparurpaduu (Herpyua, Herpyna, 2007; banaranckwuii u ap., 2011; Myuapyk u ap., 2013).

Keiieckuit napacnanueswtit_noac. Ocodyio poiab B crpoeHun Ke#Bckoro teppeiiHa urpaet

KeiiBckuit  mapacnanueBbiii  mosic.  OH  TpefacTaBisieT  cOO0OW  HEMPEpBIBHYIO  IMOJIOCY
BBICOKOTJIMHO3EMUCTHIX TapaciaHIleB 3alaj—CeBepo-3alagHoro MPOCTHPAHUS B CEBEPO-BOCTOYHOM
KpaeBoi yacTu KelBckoro teppeitHa, KOTOpbIE 3aJeraloT Ha KUCIbIX METaBYJKAHUTAaX JICOSKUHCKON
tonmu. [IpoTskeHHOCTh mosica coctaBiigeT 0koio 200 KM, IMPHUHA BapbUPYET OT HECKOIBKUX COTEH
MeTpoB 10 14 kM. ['eorpadudecku mosic COOTBETCTBYET BO3BHIIICHHOCTH KeWBBI.

Crparurpadudeckas cxema, pazpadorannas W.B. bempkoBbim (1963) mns mopon KeitBckoro
MapacJIaHIeBOTO M0sca, OOBEANHIET BCE ITH MOPOABI (KpoMe Tell am(puOOIUTOB, OTHECEHHBIX UM K
WHTPY3UBHBIM OOpa30BaHMIM) B CBUTY KEB. DTa cBHTA ObLIa pas/ieieHa Ha 7 madek (CHHU3Y BBEPX):
nayka A — CTaBpOJIUT U FPaHATCOJAEPKAILME CIAHIbI; Mauka b — CyIlIeCTBEHHO KMAHUTOBBIE CIIAHIIbL;
nauka B — MycCKoOBUTOBBIE KBapLUMTHI; Madyka [” — CyIIeCTBEHHO CTaBPOJMTOBBIE CIAHIbI; mayka JI —
KBaplEBO-CIIIO/ITHBIE CJIaHLIbl; Mayka E — kapOoHaTHbIE TOPOIbl; U MTauka JK — INTOIOTHYEeCKH MecTphie
MOpPOJBI BEpXHEH 4YacTH CBUTHI KEHB (COOTBETCTBHE Mauek, omucaHHbiXx W.B. BenbkoBbM, u
MoJIpa3ielieHruit IPYTuX cTpaTurpaguaeckux cxem cM. Ha puc. 2.2). CornacHo B3risiaam M.B. benbkoBa
(1963) u muorux apyrux ucciemosarencii (I'eomorust CCCP, 1958; Benomunenkuit u ap., 1980;
3aropoanbiii, Pamuenko, 1983), keWBckMe mapaciaHIbl ClaraloT SACpHYI0 dacTb KeHWBCckoro
CUHKJIMHOPHS B LIETIOM C MPOCTHIM, KaK CUUTAIOCH TOT/a, cCTpoeHreM. Heo0XoaumMo oTMETUTh, YTO K
KEHBCKMM TapaciaHiaMm (MJId MpocTo "KEWBCKUM ClaHIaM") HCCIIEAOBATEIH OTHOCST MOPOMBI, Kak
MUHUMYM, YEPBYPTCKOM U BBIXUYPTCKON CBUT, OJTHAKO HEKOTOPHIEC U3 HUX JOMOJHUTEIHHO BKIIOYAIOT
B KEHBCKHE TapaciiaHIlbl OPOIbI MECIIOBOTYHAPOBCKOW CBUTHI U Jaxe mecioBoi cepun (Myapyk,
2022). B panHoii paboTe MmO KEHBCKMMHU MapaciiaHIlaMM TOHUMAIOTCS IOPOJAbI YEePBYPTCKOMH,
BBIXUYPTCKOM CBUT U IIECLIOBOTYHIPOBCKOM CBHT.

Oco0eHHOCThIO KEMBCKMX IMapacilaHIEeB SBJSETCS Hajluuhe B HUX OOJBIIOrO KOJIWYECTBa
YTJIEPOAUCTOTO BEIIECTBA, KOTOPOE B BUJIE MHUKPOBKIIIOUEHUN OOHApyKHBaeTcs B KBaplie, KHAaHUTE
CTaBpOJIUTE M JPYrux MuHepanax. biaromaps yriepoaucToMy BELIECTBY, UIOJbYAThId KHUAHWT,
CJIararolIMil HEKOTOpPbIE Pa3HOBUIHOCTH IApaciIaHIEB, YaCTO UMEET YEPHYIO OKPACKY. YTJIEpOIUCTOE
BEIL[ECTBO TOBOPUT B TOJb3y TOTO, YTO MapaciaHlbl JOHKHBI UMETh OCAJ0YHOE IMPOUCXOKICHUE
(Menexuk u ap., 1988). O6 3ToM TrOBOPAT ¥ JaHHBIC [0 W30TOIMHOMY COCTaBy yriiepoja B KEHBCKHX
mapacjaHiiax ¢ yrJepoAaucThiM  BemiecTBOM. KeilBckue mapacimaHIbl UYepBYPTCKOM  CBUTHI
xapakTepusyiorcs BemuunHoit 8°C (otHomenue otHomenus 2C/%C B ocagouHoi OpoOE K TAKOBOMY
B cranmapre PBD wunmu VPBD, ymuoxennomy Ha 1000 (Miller, Wheeler, 2012)), xotopas, 3a

HECKOJIbKUMH UCKIIOYEHUSIMH, JISKUT B MHTEepBaie oT —42 10 —48%o (bymmMun u ap., 2011; Fomina et
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al., 2019). Ot koHIa »0apXes ¥ IO HACTOSAIIEro BpeMeHH BenuunHa 8°C B 0CaI0YHBIX TOPOAX,
COJZIepXKaIIMX YIJIEpO OPraHOT€HHON MpUpOsl, u3MeHsack oT —10 1o —40%o npu cpeHEM 3HAaYEHUU
okosio —25%o (Schidlowski, 1987). I1pu 3ToM ObUTH BBISBICHBI ABe aHOManuu: ~2.7 u 2.1 Miapa Jer
Hasan Beaumuuna 8°C cocrapisiza —52 u —47%o cooTBeTcTBeHHO. Heapnue nccie0BaHus YTOUHHIH
aHoMasbHble BenuuHbl §13C: 2.76-2.72 MApa eT Ha3aj oHu JocTuramy — 61%o, a 2.1 Mapa et Hazaz
— 55%o (Flannery et al., 2016). To ects Bemmunnsl 8°C ot —42 10 —48%o0, yCTaHOBJIEHHBIE B KEHBCKUX
napacijiaHIjax ¢ yrJIepOAMCThIM BEUIECTBOM, YKa3bIBAIOT HA OCAJOYHOE MPOUCXOKACHUE ITUX MOPOJ,

KOTOpO€ ObUIO TIOATBEPIKICHO HaXOAKaMH B HUX PETUKTOB HaHOOakTepuil (AcradbeBa, banaranckuii,

2018).

2.4. MarmMarusm

MarmaTtudeckre nopojasl 3aHUMArOT He MeHee 85% oT Bcell muomanu KelBckoro teppeiiHa.
CaMbIMH  pacCIIpOCTPAaHEHHBIMHU  SIBISIIOTCA  MeTamMop(u3oBaHHbIE Kuciable 3¢Gdy3uBsl  A-THNa
7e0sKMHCKOM ToJIu Bo3pacToM 2.68 mupn et (banaranckwuii, 202 1; Balagansky et al., 2021), kotopsie
3anuMatoT 40% Bceit miomanu KeiiBckoro Teppeiina. Cpenu mIyTOHHYECKUX 00pa3oBaHuil Hanbomee
IIMPOKO Pa3BUTHI aHOPOTEHHBIE MIeIouHbIe rpaHuThl (baTuesa, 1976) nHeoapxetickoro Bo3pacta (2.66—
2.67 mupp net (bassroBa, 2004; Betpun u np., 2007; Berpun, Poguonos, 2009)). Oxu Takxke SBISIOTCS
A-rpanutamu (Zozulya et al., 2005; Balagansky et al., 2021) u ciararoT mecth MacCUBOB: 3amaHO-
Keitckuit, benbix Tynap, JlaBpentoeBckuii, [lonotickuit, [launnckuii, Huxne-IlTonoiickuii. [1o nanusim
N.J1. batuesoit (1976), MacCUBBI MIEIOYHBIX TPAHUTOB B OOJIBIIMHCTBE CBOEM IMPEICTABISIOT COOOM
MI0JIOTO 3aJIETA0IMe HHTPY3UBHBIE Tea, IPUYPOUYEHHBIE K TPaHUIIAM PAa3IMYHBIX TOJI] U Pa3IMYHbIM
TEKTOHMYECKHM HApYIICHUSM, a TaKKe CEKYIIUe MaiKOBBbIE OO KOJBIIEBBIC Tela IOIBOJISIINX
kaHajmoB. KOHTakThl TONI IIETOYHBIX TPAHUTOB C OKPYXKAIOUIMMH TOPOJAMH, KaKyIIHecs
KOH(OPMHBIMH, 9acTO TEKTOHH3WPOBaHBI (HeomyoOsukoBaHHbIe AaHHbIe B.B. Bamaranckoro u C.B.
Mynapyka). Heobxoaumo oTMeTHTh, 4TO, coriacHo I'comormueckoii kapre Kombckoro permona
(Ceonoruyeckast kapra..., 1996), menouHble rpaHUTHl HE MMEIOT NMPSIMBIX KOHTAaKTOB C KEHBCKUMH
napacjaaHIlaMH.

Crenyromas BakHas TpyIa mopoja — 3To rab0poaHOPTO3UTHI ¢ BO3pAacTOM 2.6—2.7 MIp[ JIeT
(bastoBa, 2004), pacrosoXXeHHbIE B 3aIaJHON M FOro-3amaaHoi yactsx KelBckoro teppeiina U BJIOJIb
CeBepHOU rpaHuilsl ¢ Mypmanckoit mposunnueii. B padore (Balagansky et al., 2021) mokazano, 4ro Bce
TPH BBIMIENIEPEUUCIICHHBIE TPYIIIHI TOPOJI (JIEOSKUHCKHUE KUCITBIE METaBYJIKAHUTHI, IIEJI0YHBIC TPAHUTHI
U Ta00pOaHOPTO3UTHI) BHEIPWINCH B TedeHWe He Oonee 20 MIIH JeT, JOJKHBI UMETh OOIIHiA
MarMaTU4ecKuil UCTOYHHUK U SIBJSIOTCS IMPUMEPOM HEO0apXEeHCKOro MOCTOPOreHHOro OMMOAAIbHOIO

MarmMaTtrusma.
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B KeiiBckoM TeppeiiHe omnucaHbl HEOOJBIIME MACCHBBI T'PAHOAMOPUTOB, TOHAIUTOB,
IUTArMOMHUKPOKIMHOBBIX TPAHUTOB U CYOIETOYHBIX I'PAaHUTOB; BO3PACT MOCIEAHUX paBeH 2.67 mipn
netr (Berpun u np., 2007; Berpun, Poauonos, 2009). Takxke ciemyeT OTMETUTh HE(ETHHOBBIC U
1IEJIOYHBIE CUEHUTHI, cllararomue Mmaccusbl Caxapiiok u Kynbiiok, Bo3pacT KOTopsle cocTaBisieT 2.61 u
2.68 mupn ner coorBercTBeHHO (basHoBa, 2004). OTaenbHO ciedyeT YNOMSHYTb CEpPbl€ THEHCBHI
apxelckoro (yHJIaMeHTa, KOTOPbIE Pa3BUThl B OCHOBHOM B IIpeJieslaX TEKTOHHYECKOr0 OKHAa B FOTO-
3anmagHoM yactu KeWBCkoOro TeppeiiHa, a Takke B KpaWHEll ceBepo-BOCTOYHOM yacTtu KeWBckoro

TeppeiiHa (puc. 2.1).

2.5. TeKTOHHKA

B pamMkax reocMHKIMHaJIBbHON KOHIENUMH B KeHBCKOM TeppeiiHe BBIAEISAIOTCS CIENYIOLINE
tekToHnueckue enuHuubl: [lonoiickuii BeicTym, CeBepo-KeliBckast 30Ha pa3noMoB, Y cTh-KonMakckuii
ook, Edbumosepckuit 6moxk, Ilopocosepckuii 60k, KeiiBckas 30Ha, BynuspBunckuii 610k, [loHow-
[Mypuauckas mog3zoHa, CeBepHasi Mo 30Ha, 3amaHas moa30Ha, bonbiiekeBekas CTpyKTypa (BKIIOYAET
3amanueie, LlenTpansubie u Bocrounsie KeliBbl) 1 ManokeiiBckast ctpykrypa (benonunenkuit u ap.,
1980). I'panunsr KeliBckoro teppeiiHa ¢ OKpPYKArOIIUMH €r0 CTPYKTypaMU OOBIYHO MapKHUPYIOTCS
paznomamu. Bposb ceBEpHOUl TpaHUIIBI 3TOTO TEppeiiHAa OTMEYAETCS HAJBUTAHWE HA HEr0 MOpOJ
Mypmanckoit npoBuHuuMy (Munn u ap., 20100) Bmosib cucTeMbl pa3iioOMOB, MAJalOIUX K CEBEpPO-
BOCTOKY o1 yriiamu 60—70° (benonunenkuii u mp., 1980).

Cunranocs, uro KeliBckuii TeppeilH npezacTaBisier coboil cpequHHbIN MaccuB (3aropoHbIH,
Panuenko, 1983; Ioxunenko u ap., 2002). CpearHHBIM MAacCHBOM €ro TaKKe paccMaTpHUBAIOT
H.E. Koznos ¢ xomteramu (Kozlov et al., 2018). JIpyrue rccieaoBareid OMUCHIBAIOT 3TOT TEPPEIH €
MO3UIIMM  TEKTOHWUKH JjuTochepHpix 1uT. Tak, M.B.Mwmanm wu ero komiern (1996)
npouHTeprnpeTupoBain KeiBCckuii TeppeiiH Kak akTHBHYIO TEKTOHHYECKYIO OKpauHy. B Gosee mo3aueit
pabore (Munn u ap., 20100) sta rpynma uccienoBaTeNeil onpeaenuia 3ToT TeppeiiH kak KeilBckyro
BYJIKAHO-TEKTOHMYECKYIO0 MaJICOCTIPECCHIO, C(HOPMHUPOBABUIYIOCS BO BHYTPUKOHTHHEHTAIHHOU
o6cranoBke. COrTacHO MIIMTHOTEKTOHUYECKON Mojienu naneornpoteposorickoro JIKO (bamaranckuii u
ap., 2006; Daly et al., 2006), nabmomaemoe ceromnsi cTpoeHue KeWBCKOro TeppeiiHa SBISETCS
Pe3yIbTaTOM MPOSIBICHNS TEKTOHUKU COPBAaHHOW BepXHeEl U cpeaHelt kopsl (bamaranckuii u np., 2011)
WIA TPOCTO copBaHHO#M cpenneii kopsl (Balagansky et al., 2012). Haubomee BBIpa3suTeInHO
KOJUTM3UOHHBIE JedopManuu MposBWiInNch B KeHBCKOM mapaciaHIeBOM IMosice. OTH MOPOJBI
WHTEHCHUBHO pAaCCIaHIIOBaHbl, B HUX XOPOILIO MPOSIBICHA MOJIOTasl JIMHEMHOCTb, MOTPYXKAIOWIAsica K

CeBEpPY M CEBEPO-BOCTOK M YaCTO MapKupyemas urojbuaThiM kuaHutoMm (bembkoB, 1963), kotopas B
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IIEJIOM PACHOJIOKEHA TEPIEHINKYIIIPHO MApPHUPaM IIUPOKO PA3BUTHIX CKJIAJOK CABUIOBOTO TEUECHUS
ceBepHoii Bepreutaoctr (Myapyk u ap., 2013; Balagansky et al., 2012).

Kak yxe oTrmedasioch BblllIe, B 3aMaJHON YacTH IMOJOCHI Pa3BUTHUS KEHWBCKHX IapaciaHIICB
COXpaHMWJICS OCTaHEI MaJeoNpPOTEPO3OHCKUX OPO pa3MepoM IMPUMEPHO 8 X 2 KM, CIAraroumx spo
kpynHoii CeprnoBuAHON CHH(OPMHOW CKJIaIKU. DTH TOPOJAbI OTHOCSATCS K YMOMHCKOM CBHUTE TIO
crparurpadpuueckoir cxeme B.I'. m JLLA. TackenpbeproB (cMm. pazmen 2.3) U COOTBETCTBEHHO
WHTEpHpEeTHpPYIOTCS Kak pudToreHHsie. Kpbutbst CepnoBUAHOW CHH(POPMBI CIIOKEHBI KEHBCKUMHU
BBICOKOTJIMHO3EMHCTHIMU TapaciiaHlaMM, KOTOpble B cTparturpaduueckom paspese KeliBckoro
TeppeiiHa NoJACTUIa0T pudToreHHsIe mopoabl. Takum ob6pa3zom, B ctpoeHur CeprnoBUIHON CUH(OPMBI
Y4acTBYIOT JIBE€ TPYIIIBI OPOJ MPUHLHUIIUATBHO PA3HOTO MPOUCXOKICHUs. PaHee cunTanoch, 4To 3TN
IBE TpPYNIbl ClaraloT eAUHBIA  cTpaturpauueckuil  paspe3, HO pas3felieHbl KPYIHbIM
ctparurpadpuueckum HecornmacueM (benomunenkuit u ap., 1980; 3aroponusiii, Pamuenko, 1983;
Paguenko u ap., 1994; puc. 2.3). DToli TOUKE 3pEHUS B IMOCIEAHUE TOABI MPOTHBOMOCTABISAIOTCS
IPEJICTABICHUS] O TOM, YTO TpaHMIIA MEXAYy KEHBCKMMHM IapacilaHIaMu Ha Kpbuibix CeprnoBHUIHOM
cuHGOpMbl U PUPTOTEHHBIMU TMOPOJAMH B €€ sApe SBISETCS TEKTOHUYECKOW. Snpo cuHopmbI
IpeCTaBisieT COO0H, KaK yKe OTMEUallOCh BBIIIE, OCTAHEll TEKTOHMYECKOT0 MOKPOBA, BBIABUHYTOTO U3
naneopudTa Mmanapa-Bapsyra u Hagsunytoro Ha KeiiBckuii teppeiitn (Herpymna, Herpyma, 2007;
banaranckwii u nip., 2011; Mynpyk u ap., 2013; Mudruk et al., 2022).

CepnioBunHas cuHdopma, corstacHo padote (benpkos, 1963), npencraBiser cobol MPOCTYIO
CUHKJIMHAJIBHYIO CKJIaAKy B sijepHoil yactu KeiiBckoro cunkiauHopus. [IpencraBinenus o mpocTtore
CeprioBuiHOM CHH(OPMBI MOANEPKUBAINCH MOJABIAIONUM OOJBIIHHCTBOM HCCIEI0BATENEH, XOTS
HEKOTOphIE U3 HUX U 00palliaiy BHUMaHUE Ha OIpe/IeTIEHHbIE YCIOKHEHHUS], CBA3bIBAEMbBIE C PAa3IOMaMHU
(puc. 2.3). B wactHoctu, B.I'. u JI.A. I'ackens6epru (benonmunenkuii u ap., 1980) nmpunum x BeIBOMY,
YTO 10’KHOE Kpbl1o CeproBUIHON CUH(OPMBI cpe3aeTcs pa3IoMoM HaaBurosoro tuma (puc. 2.3A, b).
[Ipennonoxenue o cpe3aHuy I0KHOTO Kpbljla pa3IoMoM Mo3aHee Obl1o noaepxkano B.B. banaranckum
n ero koyuieramu (bamaranckwmit m np., 2011). B apyroii pabore (MwunaHoBckuii, 1984) Obuio
IpenoyiokeHo, uTo CeprnoBUAHAs CTPYKTYpa MOKET IMPEACTaBIATh cOOOM YellyiluaTo-HaJBUTOBYIO
mMoHokmHanb (puc. 2.3E). OBan, KOTOpBI Ha 3PO3MOHHOM Cpe3e O0pa3yloT MOPOJbI CHH(OPMBL,
OOBSICHAETCS TEM, YTO OHa SBISETCS (parMEeHTOM KallbJepOono00HON BYJIKaHOTEKTOHHUYECKON
cTpykTypsl (MunanoBckuid, 1984).

B pesynbpraTe AeTanpHBIX reojoro-reo@u3nveckux padoT, B KOTOPBIX y4acTBOBAlI U aBTOP
nanHont pa6otel (I'opOynoB, bamaranckwmii, 2010; T'opbynos, 2012; bamaranckwmit u gp., 2011;
Balagansky et al., 2012, Mynpyxk u ap., 2013; Mynpyk, 2014; Raevsky et al., 2019; Mudruk et al., 2022)
ObUIM YCTaHOBJIEHBI IPHUHLIUIUAIBEHO HOBBIE YEPTHI CTPOCHUS CIOKEHHOTO pU(TOTEHHBIMHU MOPOAAMU

snpa CeprioBuHONH CUH(OPMBI. BbUTH TIOJy4YeHBI JTaHHBIE O TOM, YTO TMOPOJBI ATOW CHH(MOPMBI U
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Puc. 2.3. T'eosnormyeckne KapThl Maneonporepo3oiickoro pudroreHHoro suapa CeproBUAHOM
CTPYKTYpHI, 3aMMCTBOBaHHBIC U3 paboThl (Mynpyk, 2014). (A) benonunenxuit u ap., 1980 (pazpe3
no [NackenvOepr u ap., 1978). (b) Cunopenko u ap., 1972. (B) benwkos, 1963. (I') 3aropoaHsrii,
Pamuenko, 1983. (/1) byasko u ap., 1972. (E) Munanosckuii, 1984.
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oOpamysioliue ee KeMBCKHE ClaHLbl OBLIM IOABEP)KEHbl WHTEHCUBHBIM JedopmanusMm. bwuio
YCTaHOBJICHO, YTO IOkKHOE Kpbulo sapa CeprnoBUIHOW CHHQOPMBI SBISIETCS HE CpE3aHHBIM (Kak
CUMTAJIOCh paHee M ToKazaHo B padorax (Cumopenko u np., 1972; bemomunenxwuii u mp., 1980;
Banaranckuii u 1p., 2011)), a cuiibHO mepexaTbIM. DTOT BBIBOJ ObUI Ce/IaH Ha OCHOBE COCTABJICHHOM
JIeTaJbHOM KapThl MArHUTHBIX aHoManuil (puc. 2.4). bnaronaps sTol KapTe CUIBHOMArHUTHYIO TOJIIILY
0a3aNbTOBBIX METaNnoOp(PUPUTOB yAAJOCh HEMPEPHIBHO MPOCIEAUTH BAOJb IOXKHOW TpaHUIbI Sapa
CepnoBuiHO#i cuH(OPMBI U 3aBepUTh HAOIIOACHHUSMH B PEIKMX OOHAKEHUSX M KOJUTIOBHAJIbHBIX
riei0ax. [lpu 3TOM BHIMMast MOIHOCTB ATOM TOMIIHM cOKpaTuiack ¢ ~600 M B ceBepHOM Kpblie 10 ~15
M B 10xkHOM (moutu B 40 pa3) (puc. 2.5). Buaummas MomHOCTh KapOOHATHO-CIIAHIIEBOM TOIIIIH
COKpaTuiach ¢ ~1 KM B ceBepHOM Kphuie 10 ~20 M B 105)kHOM (rpumepHo B 50 pa3). Takoe usmeHneHue
MOIITHOCTH CBSI3aHO C Pa3INYHOM CcTereHbpio nedopmaruu Ha Kpbutbsax ([Copoynos, 2012; Mynpyk u ap.,
2013; cm. pazgen 3.2). Camo e CII0KeHHOE pUPTOreHHBIMH TOpo1amMH siipo CeprioBUIHOM CHH(OPMEI
UHTEPIPETHPYETCS KAaK HBIPSIOIIAs aHTHUKJIMHAIBHAS CKJIaJKa KOTYaHOBUIHOW MOP(OJIOTHH C JUTMHON
"komyaHa" TPHOJIU3UTENILHO 5 KM M €ro MOrpyXeHHeM Ha TIyOwHy a0 2 KM. BwIBom o TOM, 4TO
cuH(GOPMHOE SAPO SABJISIETCS HBIPSIONIEH aHTUKIIMHAIBIO, OCHOBAH Ha JaHHBIX O BepXe-HU3e pa3pesa B
cllararommx ero pudToreHHbIx nopoaax (Mynpyk u ap., 2013; Balagansky et al., 2012). Paccuuranubie
i sapa CepnoBuIHOW CHH(OPMBI Te€OMETPUYECKHE IapamMeTpbl TOBOPSAT O TOM, 4YTO 3TO
KOJTYaHOBHIHAS CKJIaJIKa MPUHAIICKHUT TUITY "Komauuid riaz" m oOpa3oBajach B YCIOBHAX JIHOO
npocrtoro casura (simple shear), mu6o o6riero casura (general shear) (Myapyk u ap., 2013; Myapyk,
2014, Mudruk et al., 2022).

Ha ocHoBanuum cpaBHEHUs sAapa 3TOM KOJYAHOBUAHOW CKIIAJKH CO CKJIAIKOH CXOIHOM
MOpQOJIOTHH B ME3030MCKUX HAJABUTOBBIX TutacTiHax Omana (Searle, Alsop, 2007) 6p110 moaAepKaHO
npeanonoxenne B.3. Herpyust (Herpyua, Herpyma, 2007) o Tom, uto simpo CeprnoBHAHON CTPYKTYPhI
SBIISICTCSI OCTAHIIOM TEKTOHWYECKOHN IJIaCTUHBI, BBIIBUHYTOM U3 maneopudra Mmannpa-Bapsyra k
ceBepy (puc. 2.6). CpaBHEHHUE Ie0IOTHYECKOTo pa3pesa uepe3 KeiBbl, BKII04as BCe MOIy4eHHbIE HOBBIE
nanHbie 1o CepnoBUIHON CTPYKTYpE, C pa3pe3amu depe3 [ enbBeTCKre MOKPOBHI (puc. 2.7) MO3BOJIUIIO
C/IeNIaTh BBIBOJ O MPOSIBJICHUU B (opiaHe majeonporepo3oickoro JIKO aarbnmuHOTUITHON TEKTOHUKH

(Myapyxk u np., 2013; Mynpyk, 2014; Mudruk et al., 2022).
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Puc. 2.4. (A) Kapta MarHuTHBIX aHOMaJIH, cocTaBiaeHHas s sapa CeprioBuaHoi cuapopmsbl 1 (B)
3aMKHYTBIC KOHTYPbI CYIPAKPYCTAJIBHBIX CJIOCB IIOPOA pa3H0171 CTCIICHU MArduTHOCTU U
XapakTepHbIC IS pa3pe30B B IUIOCKOCTH XY KOJNYaHOBHIHBIX CKIAAOK (MO pabore
(Mudruk et al., 2022)).

Puc. 2.5. I'eonornueckas kapra CeprioBunHoii cundopmsl (o padoram (bemonunueuxuit u ap.,
1980; Myapyk u ap., 2013; Mudruk et al., 2022)), ¢ ynpomenusimu). HasBanus crpaturpapuaeckux
nojpasienieHuit nansl mo padore (Mudruk et al., 2022).
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Puc. 2.6. (A-b) [locnenoBarenbHOCTh 00pa3oBaHusl TUTAaHTCKOW CepIIOBUIHON KOJYaHOBUIHOM
CKJIQJIKH BO BpPEeMsI MAJICOTIPOTEPO30MCKOM JTAMIaHICKO-KOJIbCKON oporennu 1.9 mupn net Ha3azg B
Konbckoii mpoBuHIMK ceBepo-BocTouHOro (hopnanaa Jlammanacko-Koibckoro KOIM3MOHHOTO
oporena u (I') cxemaTnueckuii paspe3 dyepes sapo ckianku. (A) ['maBHbele cTpaturpaduyeckue u
TEKTOHHUYECKHE €AMHMUIIbI, CYIIeCTBOBaBIINE 10 Havyana oporeHuu. (b) [lepsas ctaaus komnmuzuu:
TJIaBHOE C)KaTWe IO JIMHUU [Or0-3amajl-CeBEPO-BOCTOK B  PE3YNbTaTe KOJUIM3HH MEKIY
JPEBHEUITUMHU OCTPOBHBIMH JAyT'aMU UM MEKIY HUMU U KOHTHHEHTOM (CTaJ1H JaHbl 10 paboTaM
(banaranckuii, 2002; Daly et al., 2006)). (B) Ilepexom oT mepBoii KO BTOPOi CTaauH,
MIPOUCXOUBIIHNA MPEUMYIIIECTBEHHO B YCIOBHSX TPAHCIPECCUU U TIPETIOIOKUTEIBHO CBI3aHHBIH
¢ kommusuer koHTuHEHTOB. (I') I['maBHas ¢aza oOpazoBanms ruranTckod CeproBUAHON
KOJTYaHOBUHOM CKIIQAKH Toclie HaaBuranus CeproBUIHOTO MTOKPOBA K CEBEP-CEBEPO-BOCTOKY Ha
MOPO/Ibl KEMBCKOW CEpUM U HAJABUTaHUsI MypMaHCKOM MTPOBUHIIUY K IOr-toro-3amnaay Ha KelBckui
teppeiin. (ITo padote (Mudruk et al., 2022)).



31

Puc. 2.7. (A) Ilpennonaraemslii cxeMaTudeckuil pazpes uepe3 KeliBckuil TeppeliH U npuseraronme
TEKTOHMYECKHE CTPYKTYPHI, Ha Bpe3Ke — 000OIIEHHBIN CTPYKTYPHBIN pa3pe3 uepe3 pudToreHHoe
aapo CeprioBunHoii cun@opmbl. Paspessr yepes ['enpBerckue mokpossl: (b) Ramsay, 1981 u (B)
Pfiffner, 2005 (pucynku 3auMcTBOBaHbI U3 paboTel (Mympyk, 2014)).
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I'maBa 3. Kunemaruka IBHKeHHH M KOJIHMYECTBEHHAS OLEHKA

nedopmanuu B nopogax CepnoBuaHOi CHHPOPMBI

VYyactok CepnoBUIHBIN, B TMpeAeiiax KOTOPOTO OOHAaKAIOTCS TOPOJABI SApa W KPHUIbEB
onHouMeHHOM CepnoBUIHON cHH(GOPMBI, ObUT TTIaBHBIM 00BeKTOM MpoBoAUMBIX ¢ 2006 mo 2015 rox
uccienoBanuil rpynmnsl corpyaHukos 'l KHII PAH, Bosrnasnsiemoii B.B. banaranckum. B pamxax
JAHHBIX MCCIIEOBAHUN aBTOPOM OBUTM IMPOBEACHbI KUHEMAaTHYECKHE PEKOHCTPYKIIMM Ha OCHOBE
U3YYECHUs] MHAMKATOPOB 3HAKa JIBMKEHHUI W ClIeJaHbl OMpPENeleHUs] BEIUUMHBI JedopMaluu Mopos.
N3yuanuce pudTOreHHbIE CyNpaKkpyCcTaIbHbIE MOPObI TeciioBoit cepuu (Pamuenko u ap., 1994) unu
ymOuHCcKoi cBuThl (benomunenkuit u ap., 1980), kortopble ciaratoT sApo ruranTckoi CeprnoBuaHON
KOJYaHOBHUIHOW CKJIAJIKU U UCTIBITANIN T€TEPOTCHHYIO 1e(OPMAIIHIO: F0)KHOE KPBUIO (HMKHEE B pazpese)
CHITBHO Pa3/IaBJIeHO, TOT/Ia KaK CeBEPHOE (BEpXHEE) OCTAIOCh MOYTH HeaehopmupoBanubiM (Mudruk et
al., 2022). HeobxoaumMo HallOMHUTh, YTO 3TH TOPOABI OOBEAWHSIOTCS aBTOPOM C KOJUIETaMU B
CEpPIOBUIHBIA KOMIUIEKC HEOINpelelieHHOro crpaturpaduueckoro panra (Mudruk et al., 2022) u
MMEHHO 3TO Ha3BaHHE MCIIONB3YeTCs Jajiee B TEKCTEe. ABTOp C KOJJIETaMH MOpPa3IeisieT MOPOIbI
CEpIOBHIHOTO KOMILIEKca Ha TpH Toimmu (puc. 2.4; Myapyk 2014; Mudruk et al. 2022); mogo0HbIM
00pa3oM 3TH OPOIBI pa3ecHbI Ha TpU MOACBUTHI B pabote (benonumnerkuii u ap., 1980). BuyTtpentss
amgubonumocnanyesas (W THecocnanueBas mo pabore (Myapyk, 2014)) rtomma cioxeHa
YepeayIoIUMUC KBapLUUTaMH, KBapLHUTOTHEHCaMU, pPa3HOOOpPa3HBIMU CIIOJUCTHIMHM CIAHLAMH H
ampubonutamu. IIpoMexxyTouHas ToOJIIA IEJIMKOM CIIOXKEHA 0a3aJbTOBBIMH MeTarnoppupuTaMu
(memabazanbmamu). BHewHsist kapbonamnocianyesas TONIIA BKIOYACT METAIO0JIOMHUTHI (4acTo €O
CTPOMATOJIUTOBBIMU OCTPOMKAMH), METAIIECYAHUKH, CITIOUCTHIE CIaHLbI U aM(PHOOTUTHI.

[ToMrMO TIOpPOJT CEPIOBUIHOIO KOMILJIEKCA, M3y4auCh M KEWBCKHME MapaciaHIlbl, KOTOpbIE
cinaratoT KpbUibs CeprnoBHAHON KONYAHOBHUIHOM CKIIAJKH, paccilaHIOBaHbl W JIMHEATU3UPOBAHBI, U
OTHOCSTCS K BBIXUYPTCKOW M MECIOBOTYHAPOBCKOI CBUTaM coriacHo pabore (Pamguenko u ap., 1994),
WM KEHBCKOM (BBIXUYPTCKasi CBUTA) U MECIIOBOTYHAPOBCKOMN cepusiM coriiacHo padore (benonumnenkuit

u 1ip., 1980) (puc. 2.5).

3.1. KpaTkas nerporpaguyeckasi XapaKTepUuCTUKa MOPOJI

CepnoBUIHBII KOMILIEKC

AMdbubonurociaHnesas Toama

I'pynna 1. Buomum-amgubonosvie cranyvr ¢ xaopumom u macwemumom (puc. 3.1, A-b).

Tekctypa — crnaHieBarasi, CTpyKTypa - JIemHI0HeMaTorpaHoOiacToBasi. MUHEpalbHbIM COCTaB: KBapIl



33

Puc. 3.1. Mukpodotorpaduu naneonporepo3oickux nopox CepnoBuaHoit crpykrypsl (A-/1, K-
3 — 0e3 ananu3aropa, E — ¢ ananuzaropom). (A) buorut-ampuO0OI0BBIE CIIAHIBI C XJIOPUTOM U
marHetutoM. (b) ®opwmbl passutus am¢pubona. (B) Ilopdupobmacter 6uotuta. (I)) Dopmsr
pa3BuTHA rpaHaTa, oOpa3yromiero BkiarodeHue B ouorure. ([-E) Amdubonuter. (K) Paznuunsie
re’epanuu xjaopura. (3) XJopuT, pa3BUBLIMICS IO OUOTHTY.



34

(60-65%), ampudoa (10-15%), ouotutr (8—10%), xmoput (3—5%), maraetut (3—5%). AKIECCOPHBIit
MUHEpPAJ — aaThT.

I'pynna 2. Buomum-macnemumosvie CIaHYbl C INUOOMOM U Myckogumom. Tekctypa —
CJIaHIIeBATasl; OTMEYACTCS MUKPOCIONCTAs TEKCTypa, BOZMOXKHO, SBJISIONIASICS PETUKTOM TMEPBUYHON
0caZioyHol TeKcTypbl. CTpyKTypa — jenuaorpaHodnactoBasi. MuHepaiabHbIH cocTaB: KBapIl (45-50%),
maraetut (20-25%), 6uotut (20-25%), myckoBut (3-5%), snunot (3-5%), xinHonousut (2-3%).
AKIIECCOpHBIE: TpaHaT, ajlJIaHuUT.

I'pynna 3. Buomum-macnemum-mycxkosumossvie ereticol ¢ epanamom (puc. 3.1, B-I'). Texctypa
— JIMH30BHHO-TIOJIOCYATAs, CTPYKTypa — lenuponopduporpaHodnacroBas. MuHepalbHBI COCTaB:
kBap (35-40%), myckoBut (35-40%), marmerut (10-15%), Omorut (8-10%), rpanar (3-5%),
KIMHOLOU3HUT (2-3%). AKLIECCOPHBIN MUHEpaIT — SMUJOT.

I'pynna 4. buomumosvie cneuicoi. Texctypa —  cnanueBatas. CTpykTypa —
HeMaTorpanobiacToBas. MuHepanbHbIN cocTaB: kBapil (65-70%), 6uotut (20-25%), nnaruokinas (10-
15%). AknieccopHble: MUKPOKIIMH, SHI0T, aJUIaHUT, TPaHaT.

I'pynna 5. Amguborumer (puc. 3.1, J[-E). Tekcrypa — cnanneBaras. CTpykTypa -—
nenuporpaHodiacroBas. MuHepanbHbIi cocta: ampubdon (65-70%), kBapi (15-20%), uraruoxas (5-

10%), xnopurt (0-5%). AKIleCCOpHBIE: THTAHUT, OUOTHT.

Touma 6a3aIETOBEIX MeTAIOPOUPUTOB (MeTada3aJIbTOB)

I'pynna 6. Snuoom-amgpubonosvie cranyvl. TeKCTypa — CllaHIeBaTasi, TMH30BUIHO-TI0JI0CYATAS,
CTpyKTypa — HemaronopdupobnacroBas. Coctoar u3z ampubona (35-40%), smupora (25-30%),
iarnokiasa (20-25%), pyanoro munepana (3-5 %). s mopoa xapakTepHbl KPYIHbIE 000CO0ICHHUS
JMH30BUAHOTO O0JIMKA, BBIMOJIHEHHBIE SMTUJOTOM U TUIarHOKIIa30M, a TaKXkKe MJIarnoKIa30BbIe MOJIOCKH,
KOTOpbIE UHTEPIPETUPYETCs KakK Ae(OpMUPOBAHHBIE M PACTAHYThIC NEPBUYHbIC MUHAAIUHBL. B psie
ClTy4aeB 3T 000COOJICHHSI MOTYT SIBJISATHCS PE3yJIbTaTOM MeTtacomaro3a (MeickoBa u jp., 2014).

I'pynna 7. Paccranyosanuvie amghudbonrumet. TekcTypa — TMH30BHIHO-TI0JIOCYATAs, CTPYKTYypa —
HematonopdupodnacroBasd. Cocrosat uz ampudona (40-45%), mnarunoxnasza (20-25%), snunota (10-
15%), xaneiuta (10-15%), pynasiii Munepat (3-5 %). OTu mopoisl pacciaHIIOBaHbI U 1e()OPMUPOBAHBI

CUJIbHEE, YEM IOPOJIbI IIPEIbIAYIIEN TPYIIIIbI.

KapOonarHocnaHieBas TOJIIa

I'pynna 8. Buomum-amgubon-macnemum-xiopumoswvie cianyvl ¢ myckosumom. (puc. 3.1, 2K=3).
TekcTypa — cnaHieBaras, CTpyKTypa — JIeMUA0HEMaTOrpaHo0IacToBass. MUHEpaIbHBINA COCTaB: KBapII
(55-60%), xsoput (15-20%), maruetut (5-10%), ampuodon (5-10%), 6uorut (5%), myckoBuT (3-5%).

AKHCCCOpHHMI/I MHHCpAJIaMU SABJIAIOTCA allaTUT, aJJIAHUT.
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I'pynna 9. Jlgycnroosanvie cranyvl co cmagpoaumom. TeKCTypa — claHIeBartas, JMH30BUIHO-
noJjiocuaTasi, CTpykTypa — jJenuaonopduporpanobnactonas. Munepanbhblii coctaB: 6uotut (30-35%),
kBapl (30-35%), myckoBuT (25-30%), craBpoaut (3-5%). AkieccopHbie: TpaHaT, pyIHbII MUHEpaJL.

I'pynna 10. buomumosvle keapyumocheticol ¢ xaopumom. Tekcrypa — THeWCOBHIHas,
HAOMIOAIOTCS ~ TPU3HAKH ~ MEPBUYHO-OCATOYHOM  cloWcToil  TekcTypel.  CTpykTypa  —
aenuporpaHobnacroBas. Cocrosar u3 kBapua (75-80%), Owortmra (15-20%), xmopurta (3-5%).
AKIIECCOpHBIE: AMUAOT, KIMHOLIOM3UT, MYCKOBHUT, PyIHBbIH MuHepan. HecMoTps Ha oTcyTCTBHE
IUTATMOKIIa3a, B HA3BaHWH TMOPOJBI MPUCYTCTBYET 00OO3HAUEHUE «THEWC», TaK KaK B JUTEpaType IO
KeiiBam a11st onucaHus JaHHBIX TIOPO/I, IO CTPYKTYPHO-TEKCTYPHBIM OCOOCHHOCTSIM MTOXO0KUM Ha THEHC,
HCITOJIB3YETCSl UMEHHO TEPMHUH KBapIUTOTHEHC, a He kKBapuuT (bemomunernkwuii u mp., 1980).

I'pynna 11. Buomumogvie cianyvl ¢ MycKOBUMoOM. DTH TIOPOJIbI SBISIFOTCS Ae(OPMUPOBAHHBIMU
aHAJIOTaMU TPEIBIAYIUX Topoa (OMOTUTOBBIX KBApUUTOTHEHCOB C xyopuToMm). Tekctypa -—
CJIaHIIeBaTasl, HESIBHO BBIpaKEHHAs TOHKOMoJocyaras. CTpykrypa — nenuaorpasodnacroBas. CocTost
IpeuMyIIecTBeHHO U3 kBapua (80-85%), B OJUMHEHHOM KOJIM4eCTBE MPUCYTCTBYIOT OnoTut (10-15%)

U MyCKOBHUT (3-5%). AKuieccopHble MUHEPAIIbI: KIMHOLIOU3UT U PYIHBIM MUHEpAI.

Keiteckue napacaanuywi

IlecliOBOTYHIPOBCKASA CBUTA

I'pynna 12. Myckosumosvie «keéapyumsi. Texctypa — cnanneBaras. CrpykTypa —
aenuaorpaHodnactoBast. [IpakTuuecku MOHOMHHEpalbHas MOpOJA, COCTOAIIas M3 KBapua, B
NOJYMHEHHOM KOJMYECTBE NMPUCYTCTBYET MYCKOBUT (5—10%), onpeaemsromuii C1aHIeBaTyIO0 TEKCTYp
KBapLUTOB. B HEKOTOPBIX Pa3HOCTAX COAEpKaHHE MyCKOBUTa mobimaercs 10 15-20%, u moponbl
MPEJICTaBIISIIOT COO0M MyCKOBUT-KBApLIEBbIE CIIAHIIBI.

BrIxuypTckasg cBUTa

I'pynna 13. Myckosum-kuanumogwvie napacranyvt (puc. 3.2). Texctypa — ciaHieBaTas.
Crpykrypa — nenuaonemaronopduporpanodnacrobas. CocTosT r1aBHBIM 00pa3oM u3 kuanuta (30—
40%), xBapua (25-30%) u myckoButa (20-25%). B moauMHEHHOM KOJMYECTBE MPHUCYTCTBYIOT
CTaBpOJIUT U KOPAUEPUT, COJAEPKAHHE KOTOPbIX MOXkeT gocturath 10%. AxiieccopHble MUHEpabl

Ipe/CTaBICHb OMOTUTOM M PYTHBIM MHHEPAJIOM.

Hocneoosamenvrnocms memamopPhuuecko2o0 MUHEPAI000pPA306AHUA

JInst TopoJ; CeproBHIHOTO KOMILIEKCa Oblla yCTAHOBJIEHA CJIEAYIOIIasi MOCIEI0BATEILHOCTD
MeTtamop¢uieckoro MuHepaigooOpasoBanusi: (1) poroBas obmanka (camast paHHsas), (2) rpanat (?),
(3) menko-, cpexHedenryiuatblii ¥ MOpGUPOOIACTUISCKUI OMOTHT B acCOLMUAIUU C MYCKOBHTOM H

MarHeTUTOM, (4) XJIOPUT B aCCOITUAIINN C TPEMOJIUTOM-aKTUHOIUTOM, (5) caMblil TO3JHUHN XJIOPHT.
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(A) (B)

Puc. 3.2. Mukpodotorpadun KpHCTAJIOB KHAaHWUTAa B KEWBCKUX TmapaciaHmax (A — 0e3
aHanuzaropa; b — ¢ ananuzaropom).

PoroBast oOMaHKa MHTEPIIPETUPYETCS KaK CaMblii paHHHUI MUHEpal, TaK Kak OHa HaOIr01aeTcs

B BUJIC PEIMKTOBBIX 36PEH U CPE3acTCs OCTAIbHBIMUA MUHEPAJIaMH, B YaCTHOCTH, OnoTHTOM (puc. 3.3).
buotut n MyckoBHT, CKOpee BCero, 00pazoBajiuCh

OTHOBPEMEHHO, TAaK KaK HE BBISBICHO IIPU3HAKOB

Pa3BUTHsI OJHOTO MMHEpaJIa 110 APYyromMy. OTH JiBa

MHHepalla 00pa3yloT eOUHBIH  CTPYKTYpHBIH

napareHe3uc, O KOTOpoM OyJeT CKa3aHO B

cienyrouieM paszene. HeoOxogumo OTMETHUTH

5 MM IPUCYTCTBUE  MAarHeTuTa, LENOYKH  3EpeH
KOTOpPOTO,  4YacTO  yAJMHEHHBIE, O0Opa3yloT

Puc. 3.3. Cpe3aHue peIUMKTOBOTO 3€pHAa  IUIOCKOCTHYH) TEKCTYpy. OTa TEKCTYpy MOXKHO
am@ubona GMOTUTOM B OHMOTHT-aMPHOOTIOBOM

UHTEPIPETUPOBATH KaK CIIOUCTOCT,
CJIaHLIE C XJIOPUTOM U MarHeTUTOM.

IrPaJlallMOHHBIE W PUTMUYHBIE THUIIBI KOTOPO,
OnpeaACIsICMBbIC ACMMMCTPUYHBIM PACHPCACICHUCM 3C€pCH MArU€TuTta B IMPCACIaX OJHOI'0 pUTMa
(comepkaHMe MarHeTHTa IIJJaBHO YBEJIMYMBAETCS OT KpPOBJIM K TIOJOLIBE pPUTMA), OIMUCAHBI B
MarHeTUTOBBIX KBapiuTorueiicax (Hukurun, 2011; Myapyk u ap., 2013).

TouyHoe mecTo rpaHaTta B ATOW IOCIIEOBATEILHOCTH OCTA€TCS HESICHBIM, HO OH, BEPOATHO,
oOpa3oBajics 10 OMOTHUTA. DTO MPEANOIOKEHHE OCHOBAHO Ha Clenyrommx HabmonaeHusx. B 3épHax
rpaHara IPUCYTCTBYIOT MEJKHE BKJIIOYEHUs KBaplla M MarHeTUTa, OPUEHTUPOBKA KOTOPBIX HAET
pPEIUKTOBYIO (710 00pa3oBaHMs TpaHaTa) TNIOCKOCTHYIO TEKCTYPY (MPEATONOKHUTEIBHO CIOUCTOCTH).
OpHeHTHPOBKA 3TOM CIOMCTOCTH HE3aKOHOMEpPHA M HE COBMAJAeT C HaNpaBJICHUEM CIIaHIIEBATOCTH,
00pa3oBaHHOM OMOTHTOM C aCCOIHMAIIMK C MyCKOBUTOM. BeposiTHee Bcero, rpaHaT Mpu KPUCTAJUTH3AIUH
COXpaHUJ B CGGG 9Ty CJIOUCTOCTb, YTO HCPCAKO OTMCYACTCA B MeTaMOp(bI/I3OBaHHBIX 0CadO0YHBIX

nopoaax (Passchier, Trouw, 2005). 3arem mpu aedopMaIiusix, COMPOBOKIABIINXCS KPUCTALTH3AIMEH
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OMOTHTA, TpaHaT MCIBITHIBAJI BPAIICHUE U, KaK KECTKUNA M YCTOWYMBBIA MUHEpAJ, B IIEIOM COXpPaHHII
CBOIO TIEPBOHAYAILHOE BHYTPEHHEE CTPOCHHME, 4YEeM U OOBACHSIETCA pa3Has OpHEHTHUPOBKA
COXPAHMBILEHCA B HEM CIOMCTOCTH. B nuTepaType HIMPOKO H3BECTHBI IPUMEPBI ONPEICICHUS
KMHEMATHUKH T0 BpallaBIIMMcs nopdupobiactaM rpaHara, 0JHaKO B HAlleM CIy4ae HMCIOJIb30BaHUE
noppupoOIacCTOB IrpaHaTa C PEIUKTaMH B HUX CIOMCTOCTH KaK KHHEMAaTUYECKUX WHIUKATOPOB
0Ka3aJI0Ch HEBO3MOKHBIM.

XJOpHT SIBJISETCA CaMBbIM IIO3[IHUM, TaK KaK OH CPE3aeT BCE OCTaJIbHbIC MUHEPAJIbHBIC 3€PHA.
Kpome Toro, oH siBIsieTcss MUHEpaIoM, OOBIYHO 0Opa3yroIUMCs Ha MO3AHUX CTAJAUAX PErpecCUBHOM
BETBH MeTaMop(u3Ma. Y CTAHOBJIEHO HE MEHee Tpex ero reHepanuii. OqHa U3 3THX TeHepaluii, ckopee
BCEro, o0pa3zoBajlach BMeCTe ¢ aM(pPuOOIOM TPEMOIUT-aKTHHOJIUTOBOIO PsiJia, TAK KaK HE BBIABICHO
KaKMX-TM00 TPU3HAKOB pa3BUTHUSA OJHOINO MHMHepaia mo-apyromy. Kpome Toro, oba muHepana
00pa3yIoT eMHbIE OPUEHTUPOBKH CIIAHIEBATOCTH. [lpyras renepauus spiseTcs HanboJsee Mo3JHe, Tak
KaK cedyeT BCE BBIIICYNOMSIHYTble MUHepaibHble (opMbl. Bpems oOpa3oBaHHs TpeThel reHepanuu
TOYHO HE YCTAHOBJIEHO, OJHAKO OYEBHJHO, YTO OHAa 00pa3zoBajlaCh Ha TeX e IMO3JHMX JTarax
MeTaMmop(pu3Ma, YTO U JBE Apyrue reHepauuu. Mop¢osorus 3epeH XJIOpUTa ITUX TpeX IeHepauui
cienyromias: 1) MenKodenryH4aTelii XJIOPHUT, OOpa3yloIIMi €IUHBIA CTPYKTYpHBIA MapareHe3uc ¢
amM(puO0JIOM TPEMOJIUT-AKTHHOJIIUTOBOTO PAa; 2) MEIKOYeUIyH4aThlidi XJIOPUT, CEKyIIUi Bce Oonee

paHHUE MUHEpAbI; 3) XJIOPUT, NAIOLIUI B LIEIOM U30METPUUHbIEe 3EpHA HEMPAaBUIBLHOU (HOPMBI.

3.2. KosmmuecTBeHHas oneHKa aeopmanun
3.2.1. Ilpunyunet oyenku eenudunvl deghopmayuu

Jleopmanusi rOpHBIX TOPOJT ONUCHIBACT XapaKTep U3MEHEHHUS MECTOIOJIOKEHHUS MaTepHAaTbHBIX
YacTUI], KOTOpBIC CJAraloT TO WIA WHOE TEOJOTMYECKOEe TeNlO0, M BKIOYACT TPH KOMIIOHEHTHI -
nepeMeleHne, Bpanienue 1 u3menenue Gopmsl (crpeitn®) (Hanmer, Passchier, 1991; van der Pluijm,
Marshak, 2004). KoMIIOHEHTBI epeMeIIeHNsI 1 BPAIICHHs OMUCHIBAIOT U3MEHEHHE MECTOOI0KEHHS
MaTepHalIbHBIX YaCTUI] OTHOCHTEIIFHO IPYTHX 00BEKTOB BO BHEIIHEH crcTeMe KoopauHat. CTpeiiH xe
OIMCHIBACT U3MCHCHUE MECTOIIOJIOKCHUSI MaTepPHAIbHBIX YaCTUI] BHYTPU T'€OJOTHYECKOrO Teja Io

OTHONICHUIO JIPYT K JAPYTY BO BHYTPEHHEH crcTeMe KOOpIMHAT.

3 Tepmun "cTpeifH", NIPUMEHAEMBIl B COBPEMEHHOH CTPYKTYPHOH TI'€ONIOTHH JHTEpaType Ui Gonee
CTPOTOTrO OINHCAaHUS W3MEHEHUN TepBOHAYAIBHOW (OPMBI TEOIOTUYECKOTO OOBEKTa, KOTOpBIC
IPOUCXOAAT TMpH JAedopMaluyd TOPOJbI, HCHONB3YeTCs TJaBHBIM OOpa3oM B JaHHOM pasjede,
MOCBALICHHOM KOJMYECTBEHHOW olieHKe nedopmanuu. B npyrux pasgenax oObIMHO ymoTpeOisiercs
Oosee oOmuii TepmuH "nedopmanus’.
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JIns onncaHusg U3MEHEHHM, MMPOU3OLIEAINX C MOPOAON B PE3YIbTATE CTPENHA, MPUMEHSETCS
KOHIICTIIIHS AJUTHIICOU/Ia KOHEYHOU aedopmManmu (cTpeiH-smiunconna) (Boitrenko, Xymomnei, 2008;
Ramsay, Huber, 1983; van der Pluijm, Marshak, 2004). TlpumeHeHne maHHOW KOHICIIIMN
MOJIPa3yMeBacT, YTO MPU PACCMOTPEHUH HEKOTOPOTro 00beMa HCXOIHOH HeeOpMUPOBAHHOM MTOPOIBI
B HEro HEOOXOJMMO BHHcaTh BooOpaxaemyio chepy. [locime Toro, kak paccMaTpuBaeMblii 00beM
MOPOJIBI MCIIBITAN CTpeiH, cdepa mpeobOpasyercs B ammurcous. B oObeme moponabl Bcerma OyayT
HaXOAUTHCS TPU MaTepHalIbHbIE JIMHUU, YTOJI MEXIY KOTOPBIMU Kak J10, TaK M MOCIEe HAJIO0XKEHHOIO
cTpelina cocrapisieT 90 TpagycoB. DTU TpU B3aUMOIICPICHAUKYISPHBIE JIMHUA COOTBETCTBYIOT TPEM
OCSIM TTOJIYYHBILIETOCS B Pe3yJIbTaTe CTPEWHA DIIIUIICOMIA, & CaM AJUTUTICOU]] HA3bIBACTCS DILTUTICOUIOM
KOHEUHOH nedopmaruu uiau crpedH-auuncouaoM (puc. 3.4). OTHOCHUTENbHBIE W3MEHEHUS JJIUH
MaTepuaIbHbIX JUHUI BJI0JTb
COOTBETCTBYIOLIUX OCEN BJUTUIICOMIAa KOHEUHOU
nedopmauu Ha3BIBAIOTCS MIPOJIOTBHOM
nedopmarueit (oHa 0003HaYACTCS KaK BETUIHHA
e), ¥ OIpeeIeHHe 3TUX U3MEHEHU M03BOJISIeT

BBIPA3UTh KOJIMYECTBEHHYIO OLIEHKY

nepopmaruu  (puc. 3.4). Ocu smnuncouga

| KOHEYHOH nedopmaru 0003HAYar0TCs
“‘\| nagexkcaMu X, Y U Z. Ock X SBISETCS OCBIO

MAaKCUMAJIIbHOTO YIJIMHCHUS HOPOJbI BO BpEMS

Puc. 3.4. Dmncousn KOHEYHOU AedopMaliiy; € — nedopmanuy, och Z OTBEYAeT HANPABICHHIO

npojosbHas Aepopmarus, paBHast OTHOWCHHUIO (I'  MakcuManbHOrO yKOpoUeHHs: OPOIB, a 0ch Y
—1)/1, rne | — puua muHMK 10 Kedopmanuu, a l' —

ocie I[e(bOpMaHI/II/I (Ramsay, Huber, 1983) ABJICTCA HNPOMEXKYTOUHOHU, BAOJIb KOTOPOU

MOKCT NPOUCXOAUTH KaK YIJIUMHCHUC, TaK U
ykopoueHue. [IpuMeHeHHe  KOHIENUIMH JJUTUICOMAa  AedopManuu  MOApa3yMeBaeT, UTo
paccMaTtpuBaeMasi TTOpoJia MCIBITalda TOMOTEHHBIH cTpeitn®. Ha mpakTuke, ofHAaKo, B GONBIIMHCTBE
CIy4aeB TOpOJia HMCIBITHIBACT T€TEPOTCHHBIM CTpeiiH. B Takom ciydae, paccmaTpuBaeMblii 00beM
NOpPOJBl MOXHO pa30MTh Ha 00JacTH, KOTOpBIE B MEPBOM NPUOIMKEHHH HCIBITATA TOMOTEHHBIN
CTpeiiH, U TOorja JJs XapaKTepUCTUKH JAedopMaliy 3TUX 00JacTeil MOKHO MPUMEHUTH KOHIICTIIIUIO

anunconsa nedopmanuu.

* T'oMoTeHHBIH cTpeifH XapakTepusyercs TpeMs ycrnoBuam: (1) W3HAYATBHO MpAMBIE MaTepUAbHbIE
JUHUHM OCTAMCh NPSAMBIMHU; (2) HW3HAYANBHO TNapajuielbHbIe MaTepUaabHbIC JIMHUUA OCTAJHChH
napauieIbHbIMH;  (3)  OKPYXXHOCTH  TpaHCHOpMHUpOBAIMCH B dumHncel (Wi  chepbl
TpaHC(HOPMHUPOBAIHCH B DIUIUIICOU/IBL, €CITH PeUb UIET 0 TpEXMepHOM mpocTpancTie) (van der Pluijm,
Marshak, 2004).
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W3mepuTh yIIMHEHME WM YKOPOUEHME MAaTE€pUAIbHBIX JIMHUI B pe3yibTaTe CTpEelHa B
pealbHBIX TEOJOTMYECKUX OOBEKTaxX SBISIETCS TPYIHOBBIIOIHMMOM 3ajgadedl. Bo-mepBbix, B
neopMUPOBAHHOM TOPOJE HEOOXOIUMO OOHAPYKUBATh MApKEPBI — OOBEKTHI, MPHUOIUZUTEIbHAS
¢dopma KOTOpHIX OblIa M3BeCTHA A0 nedopmanuu. TakuMu MapképaMu MOTYT ObITh OKaMEHEJIOCTH,
MUHJAJINHBI, OOJIMTOBBIE KOHKpELUUU U Jp. Bo-BTOpBIX, Aake NMpU HaIMUuM MapKEPOB, B KaKIOM
KOHKPETHOM CJlydae KpailHe CJIO’KHO y3HaTh TOYHbIE pa3Mepbl 00bekTa 10 fepopmanuu. [lostomy s
KOJINYECTBEHHOMN OLIEHKHU JiepopMaliui 0ObIYHO CPAaBHUBAIOTCS HE JUIMHBI JIMHUI 10 U 1OCIIE CTpeiiHa,
a BEJIMYMHBI OTHOLIEHUI MEX Y KaK101 apoi U3 TpEX B3aUMONEPIIEHIUKYIISPHBIX JIMHUHN (3TH JTUHUU
COOTBETCTBYIOT OCSAM 3JUIMIICOUA AedopMaluu B 1eOopMHUPOBaHHON nopoje). To ecTb, B HCXOTHON
Heze(hOpMUPOBAHHOHN NOpOE JI0ObIe B3aMMONEPIEHIUKYIIAPHbBIE JIMHUM, POXOSIINE Yepe3 LEHTP
UCXOJHOI0 1Iapa, paBHBI JPYr Jpyry, W OTHOLIEHHsS MEXIy HHUMHU OyayT paBHbl enuHuIie. B
neOpMUPOBAHHON K€ MOpPOAE MPHU YBEIWYCHHH CTeneHW aedopmammu JyimHAa ocu X Bce Oolee
NpPEBbIIACT JIUHY OCH Z, U OTHOIICHHWE 3TUX Oceil, o0o3Hauaemoe Kak Rxz, Bo3pacraer. Takum
obpazoM, uyeM Oosbllie BennMuMHA Rxz, TeM 3Ha4yMTelbHEE AePOPMHUpPOBAHA MOPOJA. AHAIOTHYHBIM

00pa3oM MOXXHO U3MEPUTH OTHOIIEHUS MEXKIY IPYTUMH OCSIMHU, TO ecTh Rxy 1 Ryz.

3.2.2. Oyenka senuuunst depopmanyuu ¢ aope Cepnosuonoii cungopmol

Kax 6b110 yKa3aHo B pasjelne 2.5, MOIHOCTh BEpXHEro (CeBEepHOro) Kphlaa®

B SIIp€ TUTAHTCKOM
CepnoBUIHON KOJYaHOBHIHOW CKJIAJIKH MPUOIM3UTENHHO B 40 pa3 MpeBHIIaeT MOIIHOCTh HIKHETO
(roxxHOro) Kphuta. IloseBbie HAOMIOACHHS TOKA3bIBAIOT, YTO MOPOJbI BEPXHErO KpbUIa OCTAIUCH
MPaKTUYEeCKH HeAe(OPMUPOBAHHBIMH, B TO BpeMsl KakK MOPOAbI HI)KHETO HCIBITATN 3HAYUTEIbHBIC
nedopmaruu. OTH aedOopMaIlUU CBS3BIBAIOTCS C TEM, YTO HHUXKHEE KPBUIO SIBIISETCS TOJOIIBOM
CeprioBuiHOTO TeKTOHMYeCKOro mokpoBa (Mudruk et al., 2022). Jlist ucciieoBaHUS BETHMYUHBI
nedopManuu Ha Pa3HBIX KpbUIbsX snapa CeprnoBUIHONW KOJYaHOBUAHOW CKJIAJAKU ObUIM BBHIOpAHBI
0a3anbTOBBIC METANOPPUPHUTHI (Iangee MeTanophUpHUThl;, AehOPMHUPOBAHHBIE PA3HOBHIHOCTH 3THUX
MOPOJT COOTBETCTBYIOT rpynmaM nopoa 6 u 7 B pazzaene 3.1). brnaronaps aetaibHOMy MarHUTHOMY
KapTUPOBAHUIO, TONIA METanop(GUPUTOB HEMPEPBIBHO MPOCISKHUBACTCS OT BEPXHEro KpbUla K

HIDKHEMY M 00pa3yeT OBaJl Ha 3pO3HOHHOM cpese (puc. 2.3 u 2.4). Jlaxxe B 0OHa)KeHUSAX OBLIO BHIIHO,

YTO B MeTanop@upuTax BEpPXHEr0 Kpbljia XOPOIIO COXPAHWINCh SHUAOT-KaIbIIUTOBBIE HU

® Boiie 65110 ykazano, uto Cepropunas cuahpopMa yCIoBHO HoApaseseTcs Ha Sapo (pudToreHHble
TIOPO/IbI) M KPBUIbS (BBICOKOTJIMHO3EMHCTBIE META0CAIKH, T.€. KeWBCKUE mapaciannbl). OQHako camo
PO COCTOMT W3 HECKOJBKUX TONII, KAKAYI0 M3 KOTOPBIX, B 3aBUCHUMOCTH OT €& IOJOKCHHS
OTHOCHUTEIBHO OCEBOM MOBEPXHOCTH, MOXHO paccMaTpUBaTh KakK pas3Hble KpbUibs CeprnoBuaHON
CHH(OPMBI BHYTPH 3TOT0 sAapa. Vicxoas u3 3Toro, fanee B TEKCTE sl OIIMCAHUS MOJT0KEHHS TOMI Sapa
OyIIyT UCIIOJIb30BAThCS CJIOBOCOYETAHUS "KPBLIO sijipa, "'ceBepHOE KPBUIO sapa’ U T.1I.
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IUTarMOKJIa30Bble  000COOJNIEHUsT W30METpUYHOW 700 ONM3KOM K  M30MEeTpHuHOW  (hOpMBI,
WHTEPIPETHpYyEMbIe KaKk MUHAAIUHBI (puc. 3.5, A). Ot 000cobieHrs U ObUTM TPHUHATHI 32 MapKep
nedopmanuu. Ha HIbkHEM Kpblie MeTanopUpHUTh CUIIBHO PacCIaHIIOBaHbl M KMEIOT TOHKO3EPHUCTYIO
CTPYKTYpYy, 000COOJICHUsI K€ PaCIUTIONIEHBl W TPeoOpa3oBaHbl B CHJIBHO YIUIOIICHHBIE TOJIOCKH,
AMH309KH M oBaibl (puc. 3.5, b-B). boumm oToOpanbsl mATH 00pasnoB AehopMHUPOBAHHBIX
MeTanopGUpPUTOB, KOJIUYECTBO Ae(POPMHUPOBAHHBIX MHUHJAIUH B KOTOPBIX OBLIO JIOCTATOYHO IS
OTIpeIeJICHUSI CTATUCTUYECKH 3HAYMMBIX BelTnuuH Rxz, Ryz u Rxy. Takke Obu10 B3siTO 1Ba 0Opasmua s
MPOBEJICHUS CTATUCTHUYECKU 3HAYUMBIX PACYeTOB MAaKCHUMANBHBIX (Rmax), TPOMEKYTOUHBIX (Rmean) U
MUHUMAaJIbHBIX (Rmin) OTHOIIEHUH Oceil HeaeOopMUPOBAHHBIX MUHIAINH. OrpaHUnYeHHOE KOJIMYECTBO
00pasIoB CBsA3aHO C OYCHb IUIOXOM OOHAKEHHOCTHIO MeTa0a3aJbTOBOW TOJIIM W HEOOJIBITUMHU
pa3Mepamu MoIaBJISIONIEro OOJBIINHCTBA KOJUTIOBHAIBHBIX 1610 METanopGUPUTOB, B KOTOPHIX MOXKHO

OBLIO CACIaTh CTATUCTUYCCKU 3HAUYUMBIC U3MCPCHUSA MUHAAJINH.

Puc. 3.5. bazansToBbie MeTanmophuputhl CeprnoBUAHON CTPYKTYpPHI: (A) HemehopMupoBaHHOE
BepxHee Kpbuio; (b-B) nedhopmupoBannoe HuxHee Kpbuto, 0opasisl B3aThl B100 M (b) u 5 M (B) ot
TPaHULIBI.

Jlnist  w3MepeHus oced  yumuIicouga  o0pasibl  1eOpPMUPOBAHHBIX — METarnophUpPUTOB
PaCIUIIMBAIINCH MAPAUICTBLHO TUIOCKOCTAM XZ U YZ »iiricouzia KOHEYHOU nedopmalriuu, KOTOphIe
oIpeessuTuCh coritacHo pabore (Hanmer, Passchier, 1991) no opueHTHpPOBKE THHEHHOCTH PACTSIKEHHUS
(3aMeTHO yJUIMHEHHBIE MHMHJAIWHBI) M CJIAHIEBATOCTH (IUIOCKOCTH YIUIOIIEHHOCTH MUWHIAIHMH)
(puc. 3.5; Ilpunoxenne). OOpasupl HeneGOPMUPOBAHHBIX METAMOPGUPUTOB  PACTUIMBAIUCH
napajuleIbHO ABYM CIy4allHBIM B3aUMOMNEPIIEHIUKYISIPHBIM TIOCKOCTSIM, MApKUPOBaHHBIM Kak AB u
BC; o6pasiel nepopMupoBaHHBIX METAOpGUPUTOB PACTIMIIMBAINCH MAPAIEIBHO TUIOCKOCTIM XZ U
YZ snnuniconna nedopmaruu (puc. 3.5; [punoxenne). Kaxnas miaockocts hoTorpadupoBanacek st
nanpHermmx uccnenoBanuii. [lo gororpadusm B rpaduueckom penakrope CorelDraw u3aMepsiuch
JUTMHBI OCe¥ MUHAAJIMH B COOTBETCTBYIOIIUX MJIOCKOCTSX AJITUIICOU 1A KOHEUHOH TehopMaliiu, U 3aTeM
PacCYUTHIBAIMCH OTHOILIEHUS MEXy HUMHU. [10 COBOKYITHOCTH OTHOIIEHUH OCeit MUHIAIMH B ITpeeiax

06pa3ua ONpCaAC/IAINCE UX CPCAHNUC 3HAYCHUA. B HUCCICAOBAHUH HUCIIOJb30BAJIMCh TOJIBKO MHUHAAJIMHBI
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MaKCHUMAaJIbHO YIUIOIEHHON MOP(OIOTHH (BBITIHYTHIE B TOJIOCKH), BBIITOJHEHHbIE TIATHOKIIA30M, JINOO
MyCTOTHI. DMUIOT-KAIBIIUTOBBIE 000COOJICHUSI HE U3MEPSUTUCH, TaK KaK WX 00pa3oBaHWE MOTJIO OBITh
CBSI3aHO ¢ MeTacoMaTo3oM (MpickoBa u ap., 2014), 1 B TaKOM CiTy4dae HESICHO BPEeMsI POSIBIICHUS 3TOTO
COOBITHS 110 OTHOIICHUIO K AeopMariusim.

O6pa3bl HeaeopMUpOBAaHHBIX METAaOPPUPUTOB 1 U 2 OBLIN B3ATHI U3 BEPXHETO KpbLIa sapa
CeprnioBuniHo#t cuHdopmel (puc. 3.6). st HUX U3MEPSIIUCH ITMHBI B3aUMOIIEPIIEHIUKYIISIPHBIX OCEH
MUH/JIaJIMH B HaIllpaBJIeHUsX, 0003HaueHHBIX Kak A, B u C (cM. [Ipunoxenne). [Ipu pacuere oTHOIEHUH
MEXy HUMH, B K&KON TUIOCKOCTH UCIIOIb30BAINUCH TAaKOBBIE O0Jiee AITMHHON OCH K 60J1ee KOPOTKOM.
CoOTBETCTBEHHO, Ul KaXA0i mapsl oceld ObUIO pacCUMTaHO TpPU 3HAYCHHUS OTHOILICHUIH,
WHTEPIPETHPYEMBIX KaK MakCUMalbHbIE (Rmax), MpomMexxyTouHble (Rmean) W MuHMMabHBIC (Rmin)
(Tabm. 1). OTH OTHOIICHHUS XapaKTEPUIYIOT MEPBUUHYIO MOP(OJIOTHIO MUHIAIHH.

O6pa3usl gepopMupoBaHHBIX MeTanoppupuToB 3, 4, 5, 6 ObuUIM B3STHI M3 HIDKHETO KpbLIa
CepnoBunnoii cuadopmbl pumepHo B 100 M K ceBepy OT TEKTOHHYECKOW TPaHUIIBI C KEHBCKUMHU
napacjaHiaMu (To ecTh OT moAomBbl CeprnoBUIHOIO TEKTOHUYECKOTO MOKPOBA), a 00pasel] 7 — B MITH
MeTpax OT TPaHHIlbI, TO €CTh MOYTH Ha caMoil rpanwuile (puc 3.6). s oOpas3noB ObBLIM pacCUUTaHbBI
OTHOWIEHHs oceil smmncouna nepopmanuu Rxz, Ryz u Rxy, mpu stom s obpasna 7 okazaioch
BO3MO>KHBIM U3MEPEHHE TOJILKO BeTMYUHBI Rxz (Tabm. 1).

Benuunnbl Rimax, Rmean ¥ Rmin 17151 06pa31ioB HeeopMUpOBaHHBIX MTOPOJ BEPXHETO KpbLIa, Kak
Y O’KHJIaJIOCh, PaBHBI MpUMEPHO eauHuIle (Tadma. 1, o6p. 1 u 2). B nedopMupoBaHHBIX Pa3HOBUIHOCTSIX
BennunHa Rxz m3amensiercs ot 9 B 100 MeTpax oT rpaHMLbl U 10 25 TOYTH HA caMoii rpanuie (puc. 3.5,
tabn. 1 o6p. 3-7). Buano, uyto mo mepe NpUOIMKEHUS K TEKTOHHMUECKOW TpaHHIE BEIUYMHA
nedopManuu 3HAYUTEIBHO Bo3pacTaeT. HecMOTps Ha OrpaHHYeHHOE YMCIO H3YYEHHBIX 00pas3IoB
MeTanopGUpPUTOB, STOT BHIBOJ YBEPEHHO PaCHpOCTpaHSETCs Ha Bce HMKHee Kpbuio CeprnoBHUIHOMN
KOJIYAaHOBUIHOM cuH(popMbl  Onaromapst OONBLIIOMY KOJHYECTBY HAOMIOACHUH HWHTEHCHBHO
pacciaHIOBaHHBIX METanop(UpPUTOB B KOJUIIOBHUHU, PACIIONIOKEHHOM B Tpeaenax MeTada3aabTOBOM
TOJILIIY B HUKHEM KpPbUIE COTJIACHO JaHHBIM MarHUTHOM ChEMKHU. YUUThIBas HabmoaeHue GparMeHTOB
PACIUTIOIIEHHBIX MHUHIAIWH B KOJUTIOBUAIBHBIX OOJIOMKAaxX, MOXHO TOBOPUTH, 4YTO BEIMYMHA
neopmanuu Rxz npesbimaet 25. [Ipu 3ToM B BepxXHEeM Kpbliie HAOIIOIAIHUCH TOJIBKO KOJUTIOBUAIBHBIE
IJIBIOBI M OOJIOMKH MPAaKTUYECKH Helne(hOPMUPOBAHHBIX METAIOPPHUPUTOB, & B 000UX 3aMKax — MOYTH
Hete(hOpMUPOBAHHBIX WK cl1a00 1e(OPMUPOBAHHBIX METAIOP(HUPUTOB.

3Has 3HAYCHHS] OTHOIIICHUM OCel 3JIunocuaa KoHeuHou negopmanun Rxz u Ryz, 1 ucnonb3ys
muarpammy @MHHA, KOTOpas HarJIAgHO WJUTIOCTPUPYET THUM DIUIMIICOMAA JedopMalnu, MOKHO
onpenenuth xapakrep aedopmaruu: (1) nBymepHas aedopmariysi, Koria B OJHOM W3 HalpaBICHUU
nedopmanus orcyrerByert (plane strain, X >Y = 1 > Z); (2) yyinHeHHE BIOIb OCH X MPH YKOPOUCHHU

B HalPaBJICHUSX, MEPIECHINKYIAPHBIX ymrnHeHuio (constriction, X >Y > Z); (3) yruioieHue, To €cTh
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Puc. 3.6. Mecta orbGopa 00pa3ioB MeTanmopPUPHUTOB [JIsi KOJIHMYECTBEHHOTO OIPEICICHHS
BEJIMYMHBI Jedopmanuu B siape CeprnoBUIHON KOTYaHOBUIHON CUH(OPMBI U pa3pese 1Mo JTUHUU A-
B (C usmenenusMu u ymporienusm 1o pabore (Mudruk et al., 2022)). Touku ot6opa 06pa3ioB He
JIeKAaT B TUIOCKOCTH pa3pes3a U SIBISIFOTCS MPOCSKIIUSIMHU Ha 3Ty IIOCKOCTb.

COMOCTaBUMOE IO BEJIMYMHAM YJIMHCHHE B JBYX B3aUMOIICPIICHAMKYIPSHBIX HAMpaBJICHUSIX
(flattening, X >Y > Z) (Ramsay, Huber, 1983). CiieayeT HamOMHHUTB, YTO IUIOCKOCTh, B KOTOPOH JICKAT
ocu X U Z (IIOCKOCTh XZ DIITUIICOMAA KOHEYHOW JedopMariii), COOTBETCTBYET IUIOCKOCTH,
napauIebHOW JIMHEWHOCTH U MepIeHIUKYIsIpHO# cnanneBaroctr (Hanmer, Passchier, 1991).

Jlns ompeneneHus THUMA SJUTMNCOMAA JedopManuu ObUT HMCIOJIB30BaH JIOrapu(GMUICCKUN
BapuaHT guarpamMmsl @auHaa — auarpamma Pamsu (van der Pluijm, Marshak, 2004; Rey, 2016). dus
yeThipex 00pasnoB (Ne 3—6, cM. Tabm. 1), B3aThIX U3 HIKHETO Kpblia B 100 MeTpax OT TEKTOHHYECKOU
rpaHuibl, ObuM BbruucieHsl mapameTpsl IN(Rxz) u IN(Rvz), a takxke mapamerp K mo popmyne K =
In(Rxz) / In(Ryz). Pe3ynbTars mokaszansl Ha puc. 3.7. Touku 00pa3ioB 3 u 6 momnaiu B M0JIE BUIAMOTO

ymomienus (apparent flattening field), a Touku 06pasos 4 u 5 momnaau B MoJie YAJTHHCHHS 33 CUET
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Ta6a. 1. OTHOWEHNS TpeX B3aWMHO MEPIEHAUKYISAPHBIX ocell HenehopMHUpOBaHHBIX (00p. 1-2) u
nedhopMupoBaHHBIX (00p. 3—-7) MuHIanuH B 0a3aibTOBBIX MeTanophuputax CeproBHIHOTO
KOMIUIEKCa; OCH JAe(QOpPMUPOBAHHBIX MUHAAIWH W3MEPSUIUCh B TUIOCKOCTSIX, BBIMMJICHHBIX
napajuieabHo TIockocTsM XY u XZ smmmnconsia AedopMaIyu, ¥ MPUHUMAIOTCS 32 OCH JITUTICONIA

nedopMaruu.

Yuciio
oﬁpNaiua H3MepPeHHbIX Mecto oT6opa Rmax | Rmean Rmin
MHUHAAJIUH

1 58 Bepxuee kpbuio 1,14 1,08 1,06
2 91 Bepxnee kpbuio 1,09 1,08 1,01
Rxz Rxy Ryz
3 783 Huxnee kpbuto, 100 m ot rpanuus™ | 11,01 | 2,81 3,92
4 345 Hmxkuee kpbino, 100 M oT rpanuisl | 857 | 326 2,63
5 233 Hmxuee kpbuto, 100 M ot rpanuust | 10,35 | 3,43 3,02
6 112 Hmxaee kpoto, 100 M 0T rpanuust | 1215 2,7 4,49
7 50 HwxHee kpbu10, 5 M OT TpaHHUIIBI 254 — —

* I'panuiia — momoniBa CeprnoBUIHOTO TEKTOHUYECKOTO TTOKPOBA.

(A) (B)

Puc. 3.7. Touku o006pa3ioB 0a3adbTOBBIX MeTanopGupuToB Ha guarpamme Pamsu

(van der Pluijm, Marshak, 2004) (A) u Ha auarpamme kiaaccudukanuu TekToHuToB (Rey, 2016)
PaBHOMEPHOTO MEpeXrMa CO BCEX CTOPOH MU JinHeapu3auuu (apparent constriction field). ITpu stom
BCC YETHIPE TOYKH pACIOJIAraloTcs B TMojie L=S-TeKTOHUTOB, KOTOPOE OTBEYACT IMEPEXOay OT

VIUIOIICHHUS K MO0 yIJTMHEHUS], pa3/IeJICHHbIX IPSIMOI JTMHHIEH, 00pa30BaHHBIX TOYKAMU CO 3HaYCHHEM
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K = 1. D10 nuHUS OTBeyaeT pa3HOW BEIMYMHE JABYMEpHOW aedopmanuu, Korja B OJHOM U3
Hanpasienuil aedopmaimst oTrcyTcTByer (plane strain). [ns L=S-TeKTOHHTOB XapaKTepHa MPUMEPHO
OJIMHAKOBAs CTEIEHb PAa3BUTHS KaK CIIAHIICBATOCTH, Tak U juHeitHocTH (Rey, 2016).

YcTaHOBIEHHAs M KOJMYECTBEHHAs] OICHCHHAss aCUMMETpHUs B nedopManuu KPbUIBEB siapa
CepnoBUIHON KOJTYaHOBHIHOW CHH(OPMBI, KOTOpasi HHTEPIIPETHPYETCS KaK HBIPSIOIIAs aHTUKINHAID
(Mynpyk u ap., 2013; Mynapyk, 2014; Raevsky et al., 2019), mo3BosisseT TOBOPUTH O €€ IPUHIHUITHATHEHOM
CXOJICTBE B JIAaHHOM OTHOLIEHWUW C HBIPSIONMMU AHTUKIMHAISAMU B ['€IBBETCKMX MOKpOBAaX B
Anbnuiickom oporeHHoM mnosice (puc. 2.5b; Ramsay, 1981). Bennunna Rxz kak nokazarenb BETUYUHBI
negopMaluy Ha BEpXHEM KpbUIe KPYITHOU HBIPAIONIEH aHTHKJIMHAIIN B IOKpOBE MoOpKIie cocTaBiser 4,
Torna Kak 3HadeHue Ryz Ha HmxHeM kpbuie paBHO 100. [TogoOHast pasHuIa BEeTUYUHBI AeopMariuu
COOTBETCTBEHHO HAOJIIO/IaeTCsl HA BEPXHEM U HUKHEM KpPbUIbSX sifpa CeprnoBUAHON KOIYaHOBUIHOM
CKJIQJIKH.

W3noxkeHHBI MaTepuall, TOCBSIIEHHBI KOJUYECTBEHHOH OlleHKe nedopMaIiuu, MO3BOJSET

chOopMyITHpPOBAThH MEPBOE 3aLIUIIAEMOE TOJT0KEHHE.

B aope nesxcauen cucanmckou Cepnosuonoil KoauaHoBUOHOU CUHBOpmbl 6 cesepo-
6ocmounom (opnande naneonpomeposoiickozo Jlannandocko-Konvckozo Konnu3zuonnozo opozena
YCMAaHO6NEeHa U KOAUYECHBEHHO OnpedeneHa pe3Kas ACUMMEMmPUA PACHPEeOeeHUA 6eNUUUHb]
oehopmayuu Rxz omnocumenvhno ee ocegoit nosepxnocmu (Rxz = 25 ¢ nuscrnem xpotie u ~I 6
eéepxnuem). Imo Oenaem eé cxoxcell ¢ HLIPAIOWUMU ACUMMEMPUYHBIMU AHMUKTUHATAMU
TI'enveemckux nokpoeoe 6 ceeepnom ¢hopranoe Anvnuiickozo opozeHa u céudemenbCmeyem o eé
pasmeuieHuu 6 nOOOUI6e MEKMOHUYECKO20 NOKPOEa.

JlanHbie M0 BenuvrHE neopMaliiu Ha pa3HbIX KpbUTbIX sipa CeprioBHUIHON KOJYaHOBUTHOM
CKJIaJIKH, TIOJy4YeHHBbIe aBTOpOM, TpuBeeHbl B (Balagansky et al., 2012; Myapyk u ap., 2013; Mudruk
etal., 2022).

3.3. O0mue cBeieHNs] 0 KHHEMATHYECKUX HHAUKATOPAX B 30HAX CIBUTOBOI0 TeYeHMsI

CaBuroBble 30HBI B TOPHBIX MOpoJax (shear zomes B aHTIJIOSN3BIYHOW JHUTEpaType) — 3TO
JUHEWHBIE Ha 5PO3MOHHOM cpe3e (IIPU COOTHOILEHUH MX JUIMHBI K mupuHe 6onee, yem 5:1) (Ramsay,
Huber, 1987) nau tabnutuatsie B 00beme (Fossen, 2010) 30HBI, B KOTOPHIX BeIHYHHA AehOopMarinu
BbIIe, yeM B Ooprax Takux 30H. X. Doccen (Fossen, 2010) oTrmewaeT, 4TO MpH PacCMOTPEHUHU
CABUTOBBIX 30H OOBIYHO MPUHUMAETCS, YTO UX 00Pa30BaHKUE MPOUCXOAMUIIO MPU HATUYUNA KOMIIOHEHTA
MPOCTOTO CcABUTA (HEKOAKCUAThHOU AeopMallim), OHAKO B OOIIEM CMBICIIEC CABUTOBOM 30HON MOXHO
CUMTATh TAKOBYIO M MPHU HAIUYUU TOJILKO YHUCTOTO CABHra (KoakcuaiabHOU nedopmanun). CiBUTroBbIE

30HBI 00pa3yIOT €IMHBIN PsA CTPYKTYPHBIX (POpPM € pa3ioMaMu, U UMEHHO JedopMaiius IpOCTOro
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CBHUTA B CIIBUTOBBIX 30HAaX 00YCIABIMBAET ATO POACTBO, TAK KAaK B ATOM Cllydae 00pTa CABUTOBBIX 30H,
KaKk 1 OOpTa WM KPBUIbS Pa3IOMOB, CMEMIAIOTCS OTHOCHUTENBHO Ipyr apyra. HeoO6xommmo ocobo
MOJYEPKHYTh, UTO TEPMHUH "CIBUTOBAsi 30HA" HE OTHOCUTCS K 30HAM, CBA3aHHBIM C pa3jiOMaMH THIA
CABHTA, U JUIs M30EKaHUS MMyTAaHUIIBI B TUTEPAType TaKKe UCIOIb3YeTCsl TEPMUH "30HA CIIBUTOBOTO
teuenus" (CnaOyHoB u 1p., 2021). B Bepxneit kope (1o riayoun 10-12 kM (Rudnick, Fountain, 1995))
OOBIYHBIC PA3JIOMBI, B KOTOPBIX PE3KO MPE00IIaatoT XpynKue AeGpopMaIinii, MOKHO KITacCH(PHUITUPOBATh
Kak Xpynkue caBurosbie 30HbI (Ramsay, Huber, 1987). B cpeaneit u HIKHEW KOpe CABUTOBBIC 30HBI
SIBJITFOTCSI €CTECTBEHHBIM TPOJIODKEHUEM XPYMKUX Pa3lIOMOB BEPXHEH KOPBI, U OHH SBISIFOTCS
pe3yIbTaTOM IIACTHYECKUX AeopManuii TuO0 UX KOMOMHALUHU C XPYNKUMH JeopMalusiMi, YeM
CIIBUTOBBIC 30HBI MPUHIIMIHAIBHO OTIUYAOTCs OT paziomoB (Ramsay, Huber, 1987; Fossen, 2010). B
0030pe casuroBsix 30H (Fossen, Cavalcante, 2017) otmewaercs, uTo ux Oojee olIiee pa3aeieHrue Ha
XpyIKHE W TUTACTUYECKUE CIEeNyeT AellaTh He Ha OCHOBE XPYINKOTO WIH TUIACTUYECKOTO0 MeXaHWU3Ma
nedopMaIuu MOpoJIbl, @ HA OCHOBE TOTO, IPUCYTCTBYET JIM TUTABHBINA TPAJMECHT YBEIWYCHHS CTEIICHU
nedopmaruu oT OOPTOB K IIEHTPY CABUTOBOM 30HBI (JJIS TIJIACTUYCCKUX CIIBUTOBOM 30HBI), HJIM CTETICHB
nedhopmaluy yBEIMIUBACTCS CKAYKO0Opa3HO (ISl XPYTKUX CABUTOBBIX 30H).

Komnonent aedopmaruy mpocToro casura, 0ObIYHO MPUCYTCTBYIOIIUHM MpH 00pa3oBaHUU U
Pa3BUTHU CIBHTOBBIX 30H, MPUBOAUT K (POPMHUPOBAHUIO BUIMMBIX Ha IUIOCKOCTU CHEIH(PHUSCKUX

CTPYKTYp C MOHOKIIMHHOH CHMMETpHei®

. XapakTepHas TEOMETpHS TaKHX CTPYKTYp MO3BOJISIET
UCTIOJIF30BaTh MX B KAUeCTBE KMHEMATHYECKMX WHAWKATOPOB 3HAKA OTHOCHUTEIBHBIX TEepeMENICHUN
OJIOKOB TOPHBIX TOpOJ (shear sense unu sense of shear B aHTIOA3BIYHOM nurepatype) (Hanmer,
Passchier, 1991; Passchier, Trouw, 2005). IIpu onucaHuu 3HaKa IBUKCHUU HCIOJIB3YIOTCA TE KE
XapaKTEPUCTHKH, YTO ¥ TIPU ONPEACIICHUH THIIA Pa3JIOMOB. B ciryuae cmeteHust 00pTOB CABUTOBBIX 30H
M0 TPOCTUPAHUIO IUIOCKOCTH CABUTA (Shear plane B aHTJIOA3BIYHOW JUTEPATYypE), TOBOPAT O
MIPABOCTOPOHHUX WJIU JIEBOCTOPOHHUX CIBUTOBBIX 30HaX. [Ipu cMmelieHnn BepxHero 60pTa CIBUTOBOM
30HBI OTHOCUTEIHHO HIYKHETO BBEPX I10 €€ MaJCHUI0 (HaIBUT WU B30POC) BBIACISIOT CABUTOBEIC 30HbI
HAJBUTOBOTO (B30pOCOBOTO) THIIA, a WX OOpa30BaHUE CBA3BIBACTCS CO CXKAaTHUEM JAaHHOTO y4YacTKa
3eMHOU KOpbl. COOTBETCTBEHHO, IpH cOpoce BepxHero OopTa TOBOPSAT O COPOCOBOM XapakTepe
JBUKCHHUH B YCIIOBUSX PACTSKCHHSI.

Takum oOpa3oMm, W XpymNKWE, W IJIACTHUYECKUE CABUTOBBIC 30HBI SBJISIFOTCS WHAUKATOPAMH
XapakTepa W HANpaBICHHUsS TEKTOHWYECKUX JBUKCHHH BO BCEM pa3pe3e 3€MHOUM KOpHI, a TaKkKe €€

CKaTUd WIM PacTSDKEHHA. OJTO OOCTOSTENBCTBO IO3BOJSET PEKOHCTPYUPOBATh HAlpaBieHHE

TCKTOHHYCCKUX I[BI/I}KGHI/Iﬁ KaK B OpOrc¢Hax BCCX THUIIOB, HpI/I‘IéM BO BCE€X UX COCTAaBHBIX YACTAIAX, TaK U B

® [Tox MOHOKIMHHO¥ CHMMETpHEl o[pa3yMeBaeTCs HaTHdHe Y HaOM0AaeMbIX CTPYKTYP KaK MUHHEMYM
OCH CUMMETPUHU BTOPOTO MOPS/IKA, EPIEHAUKYISIPHON MITIOCKOCTH HAOI0ACHUS, a TIPU ONPEAeTICHHbBIX
JOMYIIEHUSX TAK)Ke IIJIOCKOCTH CUMMETPHUH U LIEHTPA HHBEPCHUH.
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CTPYKTypax pacTsikeHHs. B KOHEUHOM cu€Te, CIBUTOBBIE 30HBI CIIYKAaT UCTOYHUKOM UH(POpPMAIUU O
XapakTepe W HamnpaBiICHUM TEKTOHMYECKHX JBIKEHUN U pexuMa CXKaTHs WM PACcTSDKEHUS BO BCEX
TEKTOHMYECKHX CTPYKTypax 3eMJd U BO BpeMs JII00Oro nepuoja TEKTOHMYECKOW aKTUBHOCTH Ha
IPOTSKEHUU BCEH €€ Ie0IOrHYeCKON UCTOPHUU.

Pa3mepbl KHHEMATHYECKUX HHIUKATOPOB B TUIACTUYECKUX CABUTOBBIX 30HaX, KOTOPBIE OOBIUHBI
B MeTaMOppHUUECKUX Mopojiax Bcex Qamuii Meramopdusma, BapbUPYIOT OT MEPBBIX MUJUIUMETPOB 0
MEPBBIX CAHTUMETPOB, HO TAK)KE BCTPEYAIOTCS KHHEMAaTUYECKUE WHIMKATOPBI pa3MEPOM MEPBbIE METPHI
u paxe neciatku merpoB (Ramsay, Huber, 1987; Passchier et al., 1990; Hanmer, Passchier, 1991;
Passchier, Trouw, 2005; Fossen, 2010). Ha puc. 3.8 npuBe[cHbI HECKOJIBKO THIIOB KHHEMATUYCCKHX
MHAMKATOPOB, HanboJiee 4acTO BCTPEUAIOUIMXCA B IUIACTUYECKUX CIBUTOBBIX 30HaX. OmnpeneneHue
3HaKa JBWKEHHI MOXXHO JieJaTh TOJIbKO B TUIOCKOCTH XZ 3JuIMIIcOMAa KOHe4uHoH nedopmanuu. Ha
MPAKTUKE ITO TIOCKOCTh, KOTOPAst pacroiaraeTcs MepreHaNKYISIPHO CIAHIIEBATOCTH B CIIBUTOBOM 30HE
U mapaienbHo JmHeHHocTH (puc. 3.9). OObIUHO ISl TaKuWX IIeNiel OTOMpaloTCsS OPUEHTHUPOBAHHBIC

06p33].[I)I, B KOTOPBIX 3aTC€M BBIIIWJIIMBACTCA HYXXHasA JJIA Ha6JIIO,I[eHPII>'I IIJIOCKOCTB.
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MeduaxHas nuHus MeduaHuas nunHus

Puc. 3.8. ['nmaBHBIe THUMBI KUHEMAaTHYECKUX WHAWKATOPOB B METaMOP(PHUYECKUX IMOPOJaX,
UCTBITABIIUX Ne(POPMALUIO MPOCTOTO CIBUTA (HEKOAKCHANIb-HYIO Je(OopMaIiio; JIEBOCTOPOHHUN
3HaK CIBHra BO Bcex ciydasnx) (Ramsay, Huber, 1987).

BaxapIMH KHHEMATHYECKUMH WHIUKATOPAMU SBJISIOTCS KOJTYaHOBUIAHBIC CKIIAIKHU (sheath folds
B aHIJIOSI3BIYHOM JIUTEPATYpE), IPH YCIOBUH, YTO U3BECTHA UX 00BEMHAsE MOpdoorus. Pazmepsr Takux
CKJIaJIOK MOTYT JIOCTUTATh JCCATKOB KHJIOMETPOB. KOJTYaHOBUIHBIMU HA3bIBAIOT CKJIAJIKU C MIAPHUPAMHU
KpUBOJHHEHHON (popmbl 1 BenmunHe n3ruda mapuupa 6oaee 90° (Cobbold, Quinquis, 1980; Ramsay,
Huber, 1987; Alsop, Holdsworth, 2004b). [lo BHemHemMy BHay Takue CKJIAIKH MOXO0XXH HA HOXKHBI,

KOJIYaH WJIM CIUTIOUIEHHBIA KOHYC C OKpPYIVIOM BEpIIMHOW. B ceueHHsix, KOTOpbIE pacrooKeHbI
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Puc. 3.9. Pacnionoxxenue miockoctu XZ amnuncousia aeGopmManuu OTHOCUTENBHO JTMHEHHOCTH U

crnanneBaroctu (o padore (Hanmer, Passchier, 1991)).
NEPIEeHIUKYISIPHO JUIMHHOM OCH KOJYaHa WM CIUIIOIIEHHOTO KOHYCa, CIIOM, CMSThIE B CKIAIKY,
00pa3yloT 3JUIMIICH], KOTOPbIE B JIMTEPAType YacTO HA3bIBAIOT OYKOBBIMH CTpPYKTypamu. OCHOBHBIE
F€OMETPUUYECKHE JIEMEHThI KOJTYaHOBUIHBIX CKIIAJO0K mpuBeaeHbl Ha pucyHke 3.10. KomuanoBuaHbie
CKJIa/IK, HaOJII0JaeMble B 30HAX CABUTOBOTO TEUEHUS B METaMOP()HUUECKUX TIOPOJIaX, pACCMATPUBAIOT
KaK WHIUKATOPBI IPOTPECCUBHOM (HapacTaroliel, HaKaruIMBaIOMIEHCs1) M 3HAYUTENbHOU Iedopmaruu
(Alsop, Holdsworth, 2004a, 2004b). IToapoOHbIii 0030p KOTYAaHOBHUIHBIX CKIIAJAO0K B OTECYECTBECHHOM
nautepatype naéres B pabore (Myapyk, 2014).

KomyaHoBUAHBIC CKIIAKH YaCTO TeHETHUCCKH CBs3aHbI ¢ HagBuramu (Lacassin, Mattauer, 1985;
Grujic, 2006). T'mranTckMe KOTYAHOBHJHBIC CTPYKTYpPHl (WX pa3Mepbl COCTaBISIOT JECATKH
KUJIOMETPOB) CBUAETEILCTBYIOT O CYIIECTBEHHBIX TOPU3OHTAIBHBIX EPEMEIICHUSIX B KOJUTU3MOHHBIX
oporenax (Vollmer, 1988; Searle, Alsop, 2007). KomuaHOBHIHBIE CKIIATIKU TAKKE MOTYT ObITH CBSI3aHBI
C TIPOSIBJICHUEM TEKTOHHMKH KaHaabHOTO TeueHus (Channel flow), u B Takux citydasx OHM TaKKe MOTYT
UMETh pa3Mephl JecATKOB KuioMmeTpoB (Bonamici et al., 2011). K TakuM TMraHTCKMM CKJIagKam
OPUHAUISKUT W maneonporepo3oiickas CeproBuaHas KOJIYAHOBHJHAS CKIIAAKa, MPEICTaBIISIONIAs
€000 M30KIMHATBHYIO CHH(DOPMY C TIEpeKATHIM SAPOM U KPUBOJTHMHEHHBIM IMIAPHUPOM C alTUKATBHBIM

yriom okosio 50° (Myapyk u zp., 2013; Mudruk et al., 2022).
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Puc. 3.10. DieMeHTHI KOJYAaHOBUAHON CKaanku; ¢ uaMeHeHusMu 1o (Alsop, Holdsworth, 2012;
Reber et al., 2012; Cornish and Searle, 2017).

3.4. JlepopmanuoHHbIe CTPYKTYPbI M HX KHHEMATHYECKAasi HHTepIpeTanus
3.4.1. Xapakmepucmuka oopa3zyoe

Jji KuHEeMaTHYeCKUX UCCIIeI0BaHUM ObLITN B3SThl 00PA3Ilbl U3 LIEHTPAILHOM YaCcTH CII0KEHHOTO
pudToreHHsiMH TopofamMu  sapa CeprnoBHIHONW KOMYaHOBUAHOM CHH(GOPMBI  (CEPIOBUIHOTO
Komruiekca). Takke OBLTM B3SATHI 00pas3ibl KEHBCKUX MapaciaHIEB MECIIOBOTYHIPOBCKOM CBUTHI
(3aropoausiii, Paguenko, 1988; Paguerko u p., 1994) wnu cepun (benonunenxwuii u mp., 1980), a Takxke
KEWBCKHMX TapacllaHIIeB YePBYPTCKON U BHIXUypTCKOM cBUT (bemomunenkuit u ap., 1980; Paguenko u
ap., 1994) cnaratommx Kpbuibs 3T0i cunpopmbl. Touku or6opa 00pa31oB nokas3aHnsl Ha puc. 3.11.

ITopoast B 1meHTpanbHOM uacTu CepHnoBUAHON KOTYAHOBUIHONW CHH(OPMBI MaAaOT
MPEUMYIIECTBEHHO K CEBEpY M CEBEP-CEBEPO-BOCTOKY IO KPYTHIMH U CpeIHUMH yriamu (puc. 2.4;
OPHCHTHPOBKH CTPYKTYPHBIX DJIEMCHTOB IMpPHBEACHBI HA pHC. 5 B padore (Mudruk et al., 2022)).
JIuHeHOCTh B Ipenenax ydyacTKa IOIpYy’KaeTcsi K CEBEPY U CEBEP-CEBEPO-BOCTOKY MOJ KPYThIMU
cpeaHuMu yriaamu. CUUTaeTCs, 4TO 3Ta IMHEHHOCTh 00pa30Baiach BO BpeMs HaJBUTaHUS pU(TOTEHHBIX
nopoa saapa CeprnoBUAHON KOMTYAHOBHAHOM CHUH(OPMBI K CEBEpy; C ATUM HAJIBUTAaHUEM CBSI3aHO U
dbopmupoBaHHEe KOTYaHOBHIHOW MOpdosoruu 31oit cundopmel (Myapyk u ap., 2013; Mudruk et al.,

2022). BeposiTHO, TOBEPXHOCTh HaJBUTa ObliIa KPUBOJIMHEHHOM, M OHA Majana Kak K ceBepy, Tak U K
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Puc. 3.11. Kunematnka TeKTOHWYECKHX JBMKEHUH B CeproBUAHONW KOITYaHOBHJIHOW CHHGOpPME,
PEKOHCTPYUpPOBaHHAS 110 UHIUKATOPaM 3HAKa MPOCTOTO cABUTA. TOYKM HAONIOACHUA KHHEMATUKU
HE JIeKAT B INTOCKOCTH Pa3pe3a U SBIISIOTCS YCIOBHBIMU ITPOCKITUSIMHU HA ATy IIOCKOCTb.
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I0Ty; Ha HCCJIEIOBAaHHOW TEPPUTOPUU COXPAHWIOCH IMaJE€HUE HaJBUIa K CEBEPY M CEBEP-CEBEPO-
BOCTOKY. Pudrorennsie moposs! sapa CeprnoBUIHON KOTYAaHOBUIHOW CHH(POPMBI, PaCIIONIOKEHHBIE B
INPUIIOAOUIBEHHOW YacTH HAJABUIA, MOTJIM HWCHBITBIBATH XapakTepHble [UIsi HAOMI0OAaeMbIX B
COBPEMEHHBIX oporeHax aedopmaruu npocroro casura (Ramsay et al., 1983). CnenoBarenbHo, B
nopogax Bcel CepnoBHIHON KOJYAHOBUAHOW CHH(POPMBI MHKpOMAcHITa0HbIE KHHEMAaTHYECKHE
WHAUKATOPBl JOJKHBI YKa3blBaThb Ha OTHOCHTENIbHBIE CMEIICHHSI K CEBEpYy M CEBEP-CEBEPO-BOCTOKY
BBIILIEJIEKALINX CJI0E€B OTHOCUTEIBHO HUKENeXKalluX BO BpeMs 3Tux Aeopmaruii. lanee B Tekcre 310
CMEILIEHNE BBILIENEKAIINX CIIOEB B CEBEPHOM HaIIpaBJIEHNUH, TO €CTh B HAIIPAaBJICHUY 1aJICHUS HAJIBUTA,
MHTEPIIPETUPYETCS KaK TEKTOHMYECKHUE JIBMJKEHHUS C IOora Ha CEBEp, a CMEIICHUE B HalpaBiICHUH,
00paTHOM UX MaJICHUI0, UHTEPIPETUPYETCs Kak 0OpaTHbIE TEKTOHUYECKUE IBUKEHUS C CEBepa Ha IoT.

Bce opuenTtupoBaHHble HUTUGBI UIsI KMHEMAaTUYECKUX HCCIIEIOBAHUM OBLIM BBIUJICHBI B
wiockoctd XZ smmrconsa nedopmannu (TO €CTh MapajuiedbHO JMHEHHOCTH U NEepHeHIUKYIISIPHO
cianieBaroctu). B OonpmmHcTBe NTHGOB HAOMIONATUCH CTPYKTYPhl C MOHOKJIIMHHONW CHUMMETpHUEH,
UCIOJIb3YEMBIX B MHKPOTEKTOHHKE MJIs ONpeAeNieHHs 3HaKa IMPOCTOr0 CIABUTA, KOTOPBIM, B CBOIO
ouepeslb, yKa3blBaeT Ha KMHEMAaTHKy TEKTOHHMYeCKHMX aBrkeHuii (Ramsay, Huber, 1987; Passchier,
Trouw, 2005; Fossen, 2010). [Ipu 5TOM B HEKOTOPBIX MOPOJAAX T€OMETPHS CTPYKTYp HE IO3BOJISET
O/IHO3HAYHO HMHTEPNPETUPOBATh MX KAK KUHEMATUYECKHE WHJUKATOPbI, TaK KaK X MOHOKJIMHHAas
CUMMETpHUs BbIpakeHa cinabo wuiaum HesBHO. KpoMe TOoro, B HEKOTOpPHIX HUIH(AX CTPYKTYphl C
MOHOKJIMHHOW CUMMETpHUEH OTCYTCTBOBaJIM. TakuM 0Opa3oM, MOPOAbI, Clararolye Kak sapo, Tak U
KpbUTbst CeprnoBUIHON KOTYaHOBHJIHOW CHH(OPMBI MU COAEpXKAallue CTPYKTYpbl C MOHOKJIMHHON
CUMMETpHEH, UCHBITATN JeQOpPMaLUI0 MPOCTOro caBura (100 KOMOMHAIMK MPOCTOTO U YUCTOTO
C/BHTA), a MOPObI 0€3 TAKUX CTPYKTYp ObUIH PAaCCIaHIIOBAHbI B YCIOBHSIX TOJIBKO YHCTOTO CABUTA. JTO

TOBOPUT O T€TEPOreHHOCTH JiehopManiuii BO BpeMs TEKTOHUYECKHUX JBHKEHUH.

3.4.2. Cepnoeuonwiii Komniekc

1. bBuomum-macnemum-myckogumossie eHelicvl ¢ epanamom (Touka 608-4, puc. 3.11; rpynna
nopoxa 3 B pazzene 3.1). Kunematnueckne MHAMKATOPHI JaHHON Pa3sHOBHUIHOCTU MOPO BKIIOYAIOT:
1) ctpykTypsl, mTOAOOHBIE cTpykTypam "kHmwkHOW monku" (puc. 3.12A, B); 2) cTpyKTypsI
curmouganbHoM Gopmel (puc. 3.12B, I'); 3) cTpyKTyphl ¢ aCHMMETPUYHBIME "XBOCTaMH'", CII0KEHHBIMHU
KPYITHO3EPHUCTHIM KBapIeMm, Noao0Hbie o-cTpykrypam. (puc. 3.12J], E). Bce oHM BBITIOJHEHBI
noppupodIacTH4eckuM OHOTUTOM. Menknue 4Yemyiku MYCKOBHUTa M 3€pHAa MarHeTuTa B IOpOJIE
XapaKTepU3yIOTCSl JBYMs TMPEANOYTUTEIbHBIMH OPUEHTHPOBKAMH U 00pa3yloT JBE CHCTEMBI
ciaHneBarocTd. OJlHa OPUEHTHPOBKA SBJISIETCS IVIABHOM B IOPOJE M COBMAJAET C BELIECTBEHHOU

I0JIOCYATOCTRIO, a Jpyras OpPHUEHTUPOBaHA KOCO K HEH. OTH JABE CHCTEMBI CIIAHIIEBATOCTH
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Puc. 3.12. CtpyKkTypbl C MOHOKJIMHHON CHMMETPHEH B MarHeTUT-MyCKOBHUTOBBIX THEWCax C
rpaHaTOM CEpIIOBUIHOTO KOMIUIEKCA M UX KHUHeMmatuyeckas uHTeprnperanus. (A) Crpykrypa
«xHWKHOU monku» U (b) ee narepnperanus. (B) curmonnansHas crpykrypa (I') ee unTepripeTanmsi.
(/1) CtpykTtypa ¢ acuMMeTpudHbIMU KBapiieBbIME "xBocTamu'" u (E) e€ naTepriperanus.

untepnperupyoreds kak C u S miuockocT. MuHepanbl He 00pa3yroT NPOTSKEHHBIX I10JIOC,
XapaKTEpHBIX Ui KJIAacCHUeCKUuX S-C-CTpyKTyp; Takke OTCYTCTBYIOT XapaKTEpHbIE CUTMOMJIAJIbHBIE
u3ruOel - S-tutockoctet Mexnay C-muockoctsiMu.  S-C-CTPYKTYpbl UM CTPYKTYpBI, BBINIOJHEHHBIC
noppupodIaCTUIECKUM OMOTUTOM, 00pa3yIOT €AMHBIA CTPYKTYPHBIN NapareHe3nuc U HabIoaamich Ha
Bceil momaay nudos. VX nHTepnperanys yKka3blBaeT Ha TEKTOHUYECKHE ABMKEHHS ¢ CEBEpa Ha IOT.

2. Buomum-amgubonosvie cranyul ¢ xropumom u macnemumom (rouxa 909-2, puc. 3.11; rpymmna
nopoxa 1 B pazzgene 3.1). B naHHO# pasHOBUIHOCTH MOPOJ HAOIIOAANINCH TPH TUMA CTPYKTYp. OaHM
CJIOKEHBI PENTMKTOBBIMU 3EPHAMHU POTOBONM OOMaHKH, APYyrue — 4YelryHyaTbiM OMOTHTOM, TPEThU
BeimostHeHbl  xjgoputoMm (puc. 3.13 u 3.14). CrpyKTypbl, BBINOJHEHHBIC POrOBOM OOMAaHKOM,
IPECTaBIEHbl €AMHUYHBIMU KPYITHBIMUA OPPHPOOIACTHUECKUMH 3€pHAMHA CUTMOUJAJIBHON (OPMBI, U

CAWHUYHBIMH MCJIKUMU 3CPHAMU, ITPU 3TOM BCC OHU OPUCHTUPOBAHBI KOCO IO OTHOMICHUIO K rJ1aBHOM



52

5mm

5mm

OpueHTupoBka

— — — Porosas obmaHka
— — — BuoTtut

Marnetur

Puc. 3.13. CtpykTypHBIE TUHIH, XapaKTEPU3YIOIIUE OPUEHTHPOBKY MUHEPAJIOB B OMOTHUT-
aM(puOO0IOBBIX CIIAHIIAX C XJIOPUTOM U MarHETUTOM.
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5mm

5mm

Puc. 3.3

OpueHTupoBKa
PoroBasi oOOMaHKa =~ === = e— —
Buotur — — — — —
MarHeTut

Xnoput

Puc. 3.14. CTpyKTypHBIE JIMHUH, XapaKTEPU3YIOIINE OPUCHTUPOBKY MUHEPAJIOB B OMOTHUT-
aM(}uOO0IOBBIX CIIAHIIAX C XJIOPUTOM M MarHETUTOM.



54

cmanneBaroctu (puc. 3.13). Onu comepkat B cede EemoYKH MUKPOBKIIFOUEHUH, KOTOPHIE YaCTO UMEIOT
NPENOYTUTEIIEHYI0 OPUEHTUPOBKY, KOMIUIEMEHTAPHYIO YJMHEHHIO 3€PEH POTOBON OOMaHKHU (pHC.
3.3). UnTtepnperanus 3THX CTPYKTYp TO3BOJSIET CAEIATh BBIBOJ, YTO TEKTOHWUYECKHE JIBHIKCHHS,

3apUKCUpOBaHHBIE POTOBOM OOMAaHKOW, MJOJDKHBI OBITM TPOMCXOJUTh C [Ora Ha CceBep.

Mernkouenryifiyatelii OMOTUT B JAaHHBIX Mopojax ciaraer S-C-CTpyKTypbl, M0J00HBIE OIMCAaHHBIM B
npebIAyIIel pa3HOBUIHOCTH MTOPO (MarHETHT-MYCKOBUTOBBIX THelicax ¢ rpaHaToM). OpHEeHTHPOBKa
3epeH MarHeTHTa 37eCh KOMIUIEMEHTapHa OPHEHTHPOBKE OuotuTa. OCOOCHHOCTBIO CTPYKTYD,
BBITIOJIHEHHBIX OHMOTUTOM, SBISETCS TO, YTO OHHU CpPE3al0T CTPYKTYPHI, BBIOJHEHHBIE POTOBOM
obOmankoi (puc. 3.3 u 3.13). /IBmxenus, 3aguKkcUpoBaHHBIE OMOTUTOM, O0JIee MO3AHUE 10 OTHOIICHUIO
K IBUOKCHUSIM TI0 POTOBOM OOMaHKe, U HalpaBJIeHUE UX — ¢ ceBepa Ha 1or. ClieyeT moauepKHyTh, YTO
TaKOe  JK€  HampaBICHWE  JABIKECHUH  3aQUKCUPOBAHO  WHAWKATOPAMH,  CIOXCHHBIMU
noppupodIaCTUIECKUM OUOTUTOM B IPEIBIAYIIECH Pa3HOBUAHOCTH TIOPOJ.

B paccMarpuBaeMbIX CllaHIIaX TakKe OTMEYaeTcs Cpe3aHHe CTPYKTyp OMOTHTa Yeuryhkamu
xnoputa. [lpeamnodruTensHas OPUEHTHPOBKA XJIOPHTA YacTO COBIIAJACT C HAIPABICHUEM TJIABHOM
CJIAaHIICBATOCTH, TAK)K€ OTMEYAIOTCSl YCHIYHKH, OPUEHTHUPOBAHHBIC MO0 OTHOIICHUIO K HEW KOCO. DTOT
CTPYKTYPHBIH y30p HEBO3MOXKHO OJTHO3HAYHO HHTEPIIPETUPOBATH Kak S-C CTPYKTYpBbI, HO €CITH 3TO TaK,
TO €IUHUYHBIC HAOIIOACHHUS MTO3BOJISIOT CUUTATh, YTO HAaNOO0JIee TIO3THUE ABMKEHHS 110 XJIOPUTY UMEIOT
HaIpaBJICHUE C ceBepa Ha 10T (Kak W JABWXKEHUS 1o OnoTuty). Hambomee oTueTnmBo HaOII01aeMbIN B
ATUX TIOPOAAX CTPYKTYPHBIHN y30p n3o0pakeH Ha puc. 3.13 u 3.14.

3. buomum-amghubon-macnemum-xiopumossie cianyvl ¢ myckoeumom (Touka 608-32, pwuc.
3.11; rpynma nopon 8 B pazgene 3.1). B numdax oTmedaeTcs MpeArnovTUTEIbHAS OPUEHTUPOBKA
pOTOBOII OOMaHKM M XJIOpUTA, KaK COBITAJAIOIIAsl C HAIPABICHUEM TJIABHOM CIAaHIEBATOCTH, TaK H
pacroyiokeHHast 0 OTHOLICHHIO K Hel koco (puc. 3.15). OaHo3HaYHas HHTEpIpeTaIys B moib3y S-C-

CTPYKTYp HEBO3MOXXHA, €IUHUYHBIC
HaOJII0ACHNUS TPEIOAraloT IBUKEHUS

C Ora Ha CEBCpP, YCTAHOBJICHHBIC IIO

000MM MUHEpajaMm.

4. Jlsycnioosamvie cramysvl Cco
Cmaspoaumom (Touka M10120,
puc. 3.11; rpynna mopoxn 9 B pasnene
3.1). B mumdpax wnabmogamucs S-C
CTPYKTYpBHlI, CIIOKEHHbIE

Puc. 3.15. OpueHTupoBKa 4euryek xJopuTa, 00pa3yonmx
BeposiTHBIE S-C-CTPYKTYPBHI. noppupodIacTUIECKUM u

yemyndatbiM OMOTHTOM. C-TUIOCKOCTH XOpPOIIO BBIPAXXEHBI M 00pa3yioT NPOTSHKEHHBIE MOJIOCHL

Hamnpagsienne TEKTOHMYECKUX JBMKCHHIA — ¢ fora Ha cesep (puc. 3.16).
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Puc. 3.16. CTpyKTypbl C MOHOKJINHHONH CHMMETPHUEN B JBYCIIOASHBIX CIaHIIAX CO CTAaBPOJIUTOM.

5. Dnuoom-amgpubonosvie cranywvl u paccranyosartuvle ampuoorumot (touku I'711 u'811, puc.
3.11; rpynnsl mopox 6 u 7 B pasgene 3.1). M3ydeHHble MOPOABI SBISIOTCS Ie(POPMHPOBAHHBIMU
Pa3HOBUAHOCTSAMH 0a3aIbTOBBIX METAMOPGUPUTOB HUIKHETO KPbLia, aHATOTHIHBIMH oOpa3iaM Ne 3-7,
KOTOPBIE€ HCIIOJIB30BAIIMCH ISl OMpeaeNieHus BenuuuHbl nedopmarnuu (cM. pasnen 3.2). B maHHBIX
nopojax  HaOMIOJATUCh  AMUIOT-TIOJNEBOIINATOBbIE  000COOJIEHUs, HWHTEPHPETHPYEMble  Kak
neGopMHUpOBaHHBIE MUHJIAIMHBL, pa3Mep KOTOPBIX 3aMETHO Ooublie, 4yeM pasmep 3&peH ampudona u
MOJIEBOTO 1IMaTa B MaTpukce. HecMOTps Ha 3HAUUTENBHYIO CTENEHb PACCIaHILIEBAHUS, OCOOEHHO SIPKO
NPOSBICHHYI0 B TOW PAa3sHOBHIHOCTH IOPOA, Ui KOTOPHIX H3MEpeHa MaKCHUMallbHas BeJIWYHHA
nepopmanuu  Rxz, CTemneHb BBIPAKEHHOCTH MOHOKIMHHOM CHMMETpUHM B JAe()OpMHUPOBAaHHBIX
MUHIATMHAX JOBOJBHO cnabas (puc. 3.17). Tem He MeHee, TPEACTABISICTCS, YTO WX MOXHO
MHTEPIPETUPOBATH KaK KUHEMaTHUECKHE MHAUKATOPbI, U 00U reOMeTpUUYECKU y30p, HAOII01aeMbIX

B UM (ax, yKa3blBaeT Ha IBUKEHUS K CEBEPY.

3.4.3. Kenieckue napacnanyut

1. B myckosumosvix keapyumax mneciioBOTYHAPOBON CBUTHI HIDKHETO Kpbuia (Toukun M10124,
M10127, puc. 3.11; rpynna nopox 12 B pasmene 3.1) ycraHoBieHbl o4eHb cnabo pa3Butbie S-C
CTPYKTYpbI, BBHITIOJTHEHHBIE YENIYHYaThiIM MYCKOBHTOM, OJHO3HAYHAs HHTEPIPETAIUs KOTOPHIX
HEBO3MOKHA. BeposATHbIe IBMKEHHS MOTJIM OBITh KaK Ha CeBep, TaK M Ha I0T. B aHaornyHbIX nmopoaax
BepxHero kpbuia (touku M1051, M1052 M1053, M1057, M1058, M1059, puc. 3.11) S-C ctpykTypsl
pa3BuThI ropazo aydme (puc. 3.18A, b), ux nogasnsoniee 6OIBIIMHCTBO YKa3bIBACT HA HAIIPABIICHUE
JBUKEHUM K CeBEPY, HO €IMHUYHbIE UHANKATOPHI YKA3bIBAIOT HA ABUKEHUS K IOTY.

2. B myckosum-kuanumosvix cianyax YepBYPTCKON M BBIXUYypTCKOHM cBHT (Touka M10125,
puc. 3.11; rpynnma mopox 13 B pasmene 3.1) HaOmoganuch MpPEeUMYIIECTBEHHO S-C CTPYKTYpHI,

CJIO’)KEHHBIE MYCKOBUTOM, U PA3JIMYHbIC CTPYKTYpPBI BpAIICHUS, CI0KCHHBIE KHAHUTOM, KOPAUEPUTOM
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(A) (B)

(B)

lMnockocTn rmaBHon craHuesaTocTn (C-nnockocTw)

Puc. 3.17. CTpyKTypbl C MOHOKJIMHHOW CHMMETPHEH B ANUAOT-aM(PHUOOIOBBIX ClAHIAX U
pacciaHIoBaHHBIX aMpuOonutax sapa CepHnoBHIHOM KOJYaHOBUAHOM CKJIAJKM W HX
KHHEMAaTU4YeCcKasi MHTePIIPETaIlUs.

(A-B) o-ctpykTypsl, 00pa3oBaHHBIC SMUAOTOM W ToneBbiM mmaroM. (B) Kunemarmueckas
WHTEPIIPETAIHS 110 BCEH MOBEPXHOCTH uTH]A.

WK pyIHBIM MUHEpaioM (puc. 3.18, B-E). DTu uHAMKATOPHI yKa3bIBaIOT HA TEKTOHUYECKUE IBUKCHUS

K CeBepy.
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(A) (B)

(B) )

() (E)

Puc. 3.18. Mukpodororpaduu CTpyKTyp ¢ MOHOKJIMHHON CHMMETpHEH B KEMBCKHUX IMapaciiaHIiax
MECIIOBOTYHJIDOBCKOM CBUTHI Ha KpbUTbsIX CeprmoBHIHON KOTYaHOBUAHON CKJIAJKHM U HX
KuHemaTudeckas narepnperamnus (A, B, /I — 6e3 ananuzaropa u b, I', E — ¢ anaimzatopom).

(A, b) S-C cTpykTypsl, 00pa3oBaHHbIE MyCKOBUTOM B MyCKOBHTOBBIX KBapiuTax. (B, I') CTpykTypsI
BpaIieHusi, o0pa3oBaHHBIC KOPAUEPUTOM B MYCKOBUT-KMaHMTOBBIX mapaciannax. ([, E) S-C
CTPYKTYpbI, 00pa3oBaHHbIE KHAHHTOM M pPYJAHBIM MHHEPAJIOM B MYCKOBHT-KHAHUTOBBIX
napacjaHiiax.
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3.4.4. Obcyscoenue pesynomamos

Mexanuzm dedpopmauuit nopod. MzyueHne KMHEMaTUUYECKUX MHAMKATOpoB B CeproBUIHON

KOJIYAaHOBUIHOM CHMH(OpPME MOKa3ajlo, YTO OHHM pPa3BUTHl HE BO BCEX pPAaCCIAHLIOBAaHHBIX, TO €CTh
neOpMUPOBAHHBIX OPOJAX, CIAralomuX e€ apo U Kpblibs. YacTk mopo He 00HapYKUBAET HUKAKOTO
TEOMETPUUECKOT0 y30pa, KOTOPHIN Obl TOBOPUI O HAIMYUH CTPYKTYP C MOHOKJIMHHON CUMMETpHEH H,
CJIEZIOBATENIbHO, O HAIMYHMH CYIIECTBEHHOTO KOMIIOHEHTa Jie)opMaluu MPOCTOrO CABHUTa; JM00 Takon
TreOMETPUYECKUI y30p BBIpaXKEH OueHb ci1abo. CieoBaTeNbHO, OPOABI UCHBITAIN 1e(OpMAINIO KaK
YHCTOI'0, TaK ¥ MPOCTOr'0 CABUTa, MPUYEM B HEKOTOPBIX CIy4yasX KOMIIOHEHTa YUCTOTO CABUTA JOJHKHA
npeo0aaaTh, MO0 KOMIIOHEHTA IIPOCTOTO CJIBUTA JIOJKHA BOOOIIE OTCYTCTBOBATh. [Ipu 3TOM cam (hakT
HaJIMYUs KOMIIOHEHT M IPOCTOrO, U YUCTOTO CJIBUra, HEPAaBHOMEPHO paclpeesIeHHBIX B MOPOJaXx
CepnoBHUIHOIN CTPYKTYPBI, TOBOPUT O TETEPOTEHHOCTH JedopMalinii Kak e€ siapa, Tak U €€ KPbUIbEB.
['ereporenHocts nedopManuu CTPYKTYphl Ha MakpOypoBHE, Kak ObLJIO TOKa3aHO paHee,
noIYEpKUBAETCs pa3HoO BenMUMHON aedopmannu MeTanopdupHUTOB Ha pa3HbIX KpbUIbix. [lomumo
MUHHMAJIbHO Je(pOpPMUPOBAHHBIX METANOPPHUPUTOB, B BEPXHEM KpbUIE Takke HaOII0AaI0TCs
Hene(hOpMUPOBAHHbBIE CTPOMATOIUTOBBIE TIOCTPOMKH B 10JIOMUTAX KapOOHATHOCIAHLIEBOW TOJIIH; B TO
K€ BpeMs B ITOM e ToJjIle HaOMI0JAIOTCs PAacCIaHIIOBAHHBIE MOPOJbI, B KOTOPBIX OTMEYAIOTCS
CTPYKTYPbI C MOHOKJIMHHOW CUMMETPHUEH.

MoxHO cnenath BBIBOJA, 4TO AedopMaiius MOPOA CTPYKTYphl B I[€IOM JOJDKHA Oblia
IPOMCXOIUTH IO MEXaHU3MY OOIIIETO CABUTAa — KOMOMHAIIMHI IPOCTOTO U YMCTOTO c/iBUTA. B HEKOTOpPBIX
mopojax OAHHM M TE€ K€ CTPYKTYpPhl TOKa3bIBAIOT MPOTUBOMOJIOKHBIC ("KOHMIMKTHBIE") 3HAKH
JIBUKEHHM, YTO TaK)Ke XapaKTEpHO JJISi CABUTOBBIX 30H, UCHBITABUIMX JehOopMaIuio OOILEro CaBUra
(Fossen, Cavalcante, 2017). B paborax (Myapyk u ap, 2013; Mudruk et al., 2022) 0bu10 0OTMEYEHO, YTO
reoMerpuueckuii napametp R' camoit CeprioBuAHON KOJTYaHOBUIHON CKIIAIKH T0JKEH YKa3bIBaTh HA €€
oOpa3zoBaHHe B pe3yibTaTe JIUOO MPOCTOro, JUO0 obmiero casura. Takum oOpa3om, JaHHas padbora
YTOYHSIET, YTO MEXaHU3M JiehopMalii He0OX0JMMO paccMaTpUBaTh MMEHHO KaK OOIWI C/IBHT.

Cmenenb nposagieHHOCHU_KUHEMAMUYeCKuxX unoukamopog. Knaemarudeckue HHAUKATOPBI

B KEHBCKHX MMapacliaHIlaX yCTaHABIUBAIOTCS TOCTATOYHO HAJIC)KHO U B OOJIBITUHCTBE CBOEM YKa3bIBAIOT
Ha TEKTOHMYECKHE JABMKEHHUSI K ceBepy. B HEKOTOpBIX W3 M3Y4YEHHBIX Pa3HOBHUJIHOCTEH MOPOJ
WMHAMKATOPBI HE HAOII0Jat0TCsl.

B crnoxeHHoM puGTOreHHBIMH TOPOAAMH SAPE CPEAd M3YYEHHBIX KHHEMAaTHYECKUX
WHJIUKATOPOB MO>KHO BBIJICTUTH KaK IOCTATOYHO HAJECKHBIE U XOPOILIO PA3BUTHIE, TAK U MIPOSBICHHbBIC
cmabo, OIHO3HAYHAS HWHTEpPIpEeTalusl KOTOpPhIX 3aTpyAHeHa. Hawmbosee SpKO  BhIpaKEHBI
KMHEMaTUYeCKUEe MHAMKATOPBI, CIOKEHHbIe MOop(UpoOIaCTUYECKUM OUOTHUTOM, MPU TOM B OJHHUX

MOpPO/Iax OHM YKa3bIBAIOT HA TEKTOHMYECKUE JBIKEHUS K CEBEPY, B IPYTUX — K I0Ty. BaxKHBIM sIBiIsieTCA
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HaOJI0IeHNe, YTO B OJJHOM CIIy4yae PeJIMKTOBas poroas oOMaHKa, 00pa3yiolias HHAUKATOPBI OJJHOTO
3HaKa JIBIOKCHHSI — K CEBEPY — cpe3aeTcsi OMOTHTOM, 00pa3oBaBIIMMCS Ha 0oJiee MO3AHEH CTaauu U
YKa3bIBaIOIIUM Ha MPOTHUBOIOJIOKHBIN 3HAK JBUKEHHM, TO ecTh K tory. [Ipu a3Tom OuOTHT cpe3aeTcs
XJIODUTOM, KOTOPBI B CBOIO Odepenb OOpa3yeT O4YeHb HESBHbIC M HEHA/ICKHbIC KHHEMAaTUYeCKHE
MHAMKATOPBlL. DTO TOBOPUT O TOM, YTO B nopoAax siapa CeprnoBUIHON KOJTYaHOBUIHOW CKIIAJIKU MOTJIO
ObITh 3a(DUKCHUPOBAHO HE MEHEE JIBYX JTAllOB TEKTOHWYECKUX JIBUKEHHH. DTOT BBIBOJI COTJIACYETCS C
U3MEHEHHEM YCIIOBUH MeTamopdu3Ma OT OJHOIO 3Tama K JpPYyroMmy, 4To U 3aUKCHPOBAHO B
BBIIIICOMUCAHHBIX B3aMMOOTHOLICHUAX MeTaMOp(UUECKUX MUHEpasoB (cM. pazzen 3.1). SBmistoTcs n
3TH 3Tanbl COCTABHBIMHU YaCTSIMHM OJHOTO IMpoIlecca MPOTrPecCUBHON JeopMalii WIH K€ 3TO ObUIN
OTJIeNbHbIE, pa3/ielIeHHbIE TI0 BPEMEHU COOBITHSA, OJHO3HAYHO YCTAaHOBUTH HEBO3MOXKHO. TeM He MeHee,
KpaTKO pacCMOTPHUM 3TOT BOIPOC.

Komnnusuonnsie nepopmanuu panee 6butd u3ydensl B siipe JIKO u OblIM OTHECEHBI K TpeM
sranam (Daly et al., 2006). IlepBblii 3Tanm — 3TO TIaBHBIA 3Tall KOJUIM3HH, KOTJIA CTPYKTYPBI CXKATHUS
BO3HUKAaU Ha (OHE ABMKEHUH B LI€JIOM NapajuieIbHO O0IIeMy CXKaTHIO BAOJIb JUHUH CEBEPO-BOCTOK—
10ro-3amnaj. Bropoii atan — 3Tan TpaHCOpPecCUu, Koraa IBUKEHUS IPOUCXOAUIIU B IIEJIOM HapasliedbHO
CEBEPO-3allaJHOMy IPOCTHUPAHUIO CTPYKTYP CXKaTUS TJIABHOTO KOJIM3MOHHOIO 3Tamna. CTpyKTyphl
ATOTO 3Tarna pa3BUTHI B OPOTEHHOM fJIpe, a TaKKe B I0ro-3amagHoM Qopianzae, To ectb bernomopckoit
MPOBUHLIMU B BUJE CUCTEMBl CIBUTOBBIX 30H. TpeTui 3Tam MpOSIBIICSA JIOKATbHO M BBIPA3UJICS B
NalbHEWIIEM HAJBUTAHUU IEHTpalbHOM yacTu JlamjgaHAcKoro rpaHyJMTOBOrO mosica (OpOreHHOe
A1po), pacnoiiokeHHON B DunisHauM, Ha benmomopckyio mpoBUHIMIO (TOro-3amagHblii opranm) ¢
CEeBEepO-BOCTOKA K IOr0-3amajy ¢ 00pa3oBaHUEM XapaKTEPHOM JJIs 3TOTO Mosica Iyru. AJbTepHATUBHAS
TOYKA 3PEHHS MPEAIOJIAraeT, uTO ITOT MOSC ABJISIETCS YacThio opoxinHand Muapu (Lahtinen, Huhma,
2019). B KeiiBckom Teppetine (ceBepo-BocTounblii ¢opaana JIKO) crpykTypsl mepBoro sTama
KOJIJTM3UH, CBSI3aHHBIE CO CKJIAAUaTOCThIO CEBEPO-BOCTOYHOW BEPreHTHOCTH, OBLIM ONMCAHBI €Ile B
cepenune mpomuioro Beka (I'eomorus..., 1958). K stomy jke srtamy oTHeceHO M 0Opa3oBaHME
CeproBHUIHOTO TEKTOHUYECKOTO TOKPOBA M THUTAHTCKOW CeproBHIHONW KOTYaHOBHUIHOW CHH(GOPMBI.
CTpyKTypBI )K€ BTOPOTO, TPAHCIIPECCUBHOTO 3Tara ObUTH JHAarHOCTUPOBAaHBI TOIBKO HeaaBHO (Mudruk
et al., 2022). Cxnaaxu, cBsi3aHHBIE C TPAaHCIIPECCHEH, pa3BUTHI B CeBepo-3anaaHoi yactu KeiBckoro
TeppeiiHa, neOpMUPYIOT TONBKO 3amajHylo 4acTh CeproBHIHOW KOTYaHOBUAHOW CHH)OPMBI U
MIOJTHOCTBIO 3aTyXaroT jayiee K toro-soctoky (Mudruk et al., 2022). Heo6xoaumMo MoauepKHYTh, YTO
CTPYKTYpbI [IEPBOTO M BTOPOTO 3TAlOB KOJUIM3MHM 00pa30BalMCh MPU PACHOJIOKEHUU MO OOJBIINM
YTJIOM IO OTHOLIEHUIO APYT K APYTY.

Kunemarnueckre WHAMKATOPBL, OTHOCUMBIE K Pa3HbIM dTarnaM jaedopMaliy B IEHTPaTbHOU
yactu CeproBUIHON KOIYaHOBUAHON CHH(OPMBI, 00pa30BaIMCh MPU JIBHKECHUAX BIOJIb OJHOU U TOU

K€ JIMHUU CEBEPO-BOCTOYHOIO MPOCTHUPAHUS U TOITOMY HE MOTYT OBITh CBSI3aHBI CO BTOPBIM,
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TPAHCIPECCHUBHBIM 3TAarioM B J1e(OPMAIMOHHON HCTOPHM JIAIUIAHACKO-KOJIBCKOW OporeHuu. Takum
o0pa3oM, BO3MOXHBI J[Ba BapuaHTa. llepBblii BapHaHT Mpenrnoyaraer, 4YTo JBa 3Tana JedpopMaliu,
BbI/IEJISIEMbIE 110 KHHEMAaTHYECKUM HHIWKATOpaM, OTPaXKaloT MPOTPECCUBHYIO Ae(opmalnio BO BpeMs
NepBOr0, TJIABHOTO 3Tama JAIUIaHJCKO-KOJIbCKOM Koum3nu. C y4eTOM OCHOBHBIX XapaKTEPUCTHUK
IPOTPECCUBHON U MHOTO(a3HOM AepopMaIiui 1 X OTIUYUH APYT OT ApyTa, pACCMOTPEHHBIX B padoTe
(Fossen et al., 2019), »TOT BapWaHT MPEACTABIACTCS BIIOJHE BEPOSITHBHIM. BTOpoii BapuaHT
noJipa3yMeBaer, 4to aedopMalid BTOPOTO 3Tara, BhISIBICHHbIE [0 KUHEMATUYECKUM HMHAUKATOpaM B
nopoaax CepnoBUAHOI CHH()OPMBI, CBA3aHbI C TPETHHM 3TAIOM JIAIJIaHICKO-KOJIbCKOM OPOreHuu. TOT
BapUaHT TaKXKE BIIOJIHE BEPOSITEH, HO Ha OCHOBE TOJBKO CTPYKTYPHBIX HaOIIONEHUI ero 000CHOBAThH
Henb3s. C y4eToM H3JI0’KEHHOTO BBIIIE, BAPUAHT, COTJIACHO KOTOPOMY BbIJIEJICHHBIE 3TaIlbl CBSA3AHBI C
nporpeccuBHOM nedopmaiveld BO BpeMsl TIaBHOW KOJUIM3HHM, MpeACTaBiseTcsl Hauboyiee BEPOSTHBIM.
Tem He MeHee, clelyeT MPU3HaTh, YTO Ha OCHOBE COBOKYITHOCTH MMEIOLINX Ceiiuac JaHHBIX 3TOT WX
JpyToil BApHAHT OJJHO3HAYHO 0OOCHOBATh HEBO3MOKHO.

HekoTopsie 13 MHIUKATOPOB, CIOKEHHBIE OJHUMHU U TEMHU K€ MUHEpaIaMH, MOTYT YKa3bIBaTh
Ha JBUKEHUS TPOTUBOMOJIOKHBIX 3HAKOB. Takue KOH(IMKTHBIE 3HAaKU MOTYT HAOIIOAAaThCs B Pa3HBIX
O0OHa)XEHUSX, B pa3HBIX IIIH(Aax ¢ OJHOTO U TOTO XK€ OOHAXEHUA U JJaXKe B Mpeaesax 0JHOro nuiuda.
Hanpumep, cpean nHAMKATOPOB 1O OMOTUTY B PUPTOTEHHBIX Mopoaax sapa CeprnoBUAHON CTPYKTYpHI
npeo0IagaroT WHIUKATOPHI, (PUKCUPYIOIINE HampaBiieHne ¢ ceBepa Ha tor (puc. 3.11, Touku 909-2 u
604-4). OnHako B OAHOM M3 OOHAKEHUMH IO CIOKEHHBIM OMOTHTOM HMHIWKATOpaM yCTaHABIMBAIOTCS
IIPOTUBOIOJIOXKHBIE ABMKEHNUS — C 1ora Ha ceBep (puc. 3.11, Touka 608-32). B cioxkeHHBIX MyCKOBUTOM
S-C-cTpykTypax B KeWBCKHX IMapaciaHIax Takke 0OHapyKUBAJICS KOH(JIMKTHBINA 3HAK JBMXKEHUH, TO
€CTh MPH TIpeoOIaAAIONTUX JBHKCHUAX K CEBEPY TaK)Ke OTMEYAINCh U JABMKEHUS K tory (puc. 3.11). B
LEJIOM CHUTyallus, KOrJa B Mpefenax OJHOro aeGopMHpPOBAaHHOIO KOMILJIEKCAa OOHapyXUBAIOTCS
WH/IMKATOPBI IBMKEHUI MPOTHUBOIOIOKHBIX 3HAKOB, HE SABISETCS OCOOCHHOM. DTO CBSI3aHO C TEM, UTO
BO BpEMs OHOTO U TOTO K€ TEKTOHHUYECKOTO COOBITHS, B KOTOPOM €CTh IJIaBHBIC JBM)KEHUS B OJTHOM
HarpaBJIeHUH, MOTYT OBITh MTPOSABJICHBI U JIOKAIbHBIC ABMKEHHS B oOpatHoM (van der Pluijm, Marshak,
2004; Fossen, Cavalcante, 2017).

Kunemamuueckue  pexoncmpykuuu.  PexoHctpykuust — mopgonormn  CeproBUAHON

KOJIYAaHOBUJHOM CKJIAJIK{ TpEAINoJiaraeT, 4ro OHa oOpa3oBajack B pe3yJbTaTeé HHTEHCHBHBIX
HaJIBUTOBBIX JIBIDKEHHI B ceBepHOM HampasieHun (Mynpyk, 2014; Mudruk et al., 2022). Cuuraeres,
yro CeprnoBuaHas KOJYAHOBHJHAS CKJIAJKa MPEACTaBIseT COOOW H30KIMHAIBbHYI CHH(OpMY c
HepeXaTblM SAPOM U CHIIBHO Pa3laBlICHHBIM HWKHUM KPBUIOM, HHTEPHIPETUPYEMYIO KaK HBIPSIIOIIAs
aHTUKJIMHAIG. JlermaeTcss BHIBOJ, UTO OHA 0Opa3oBajach B MOJOLIBEHHOH (M, BEPOATHO, (PPOHTAIBHOI)
gyacth  CeproBHIHOW  TEKTOHHYECKOM IUIACTHHBI PUPTOTCHHBIX IOPOJA, BBIABHHYTBHIX U3

najgeonpoTepo3oiickoro pudta Mmanmpa-Bap3yra B ceBepHom HampaBieHuu. WMmes o Tom, 4TO
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pUQTOreHHbIe TOPOBI SApPa CIAraloT TEeKTOHUYECKUN MTOKPOB, BBIIBUHYTHIM U3 3TOr0 pudTa K ceBepy,
panee Oblia BeiaBUHYTa B padore (Herpyma, Herpyma, 2007). Takke mpeamoaraercsi, 4TO MOPOIbI
CepnoBUAHON KONYaHOBUAHON CKJIAJKM MOJABEPrajuch Oojiee MO3IHUM JepopManusM, KOTOpbIE
CBS3BIBAIOTCS C HaJBUTaHMEM MypMmaHCKOW NMpoBUHIMHU K tory Ha KeliBckuil Teppeitn (MuHn u ap.,
20106). B pesymbraTe 3TOrO HAABHTaHHWs TOPOABI U, COOTBETCTBEHHO, OCEBas IIOBEPXHOCTh
CeprioBUIHON KOJYAaHOBUIHOM CKJIAIKH Ha YPOBHE SPO3MOHHOTO cpe3a mpuoOpenn Oojiee KPyToe
3ajIeraHue, YeM 3TH K€ TOpobl Ha Oosbiieit riryoune (Mudruk et al., 2022) (puc. 2.5).

CeBepHOe HalpaBiIe€HUE TEKTOHUYECKHUX JBH)KEHUMN JIOCTOBEPHO yCTAHABIMBAETCS B KEMBCKUX
napaciaHiax Ha oOoux Kpbuibsix CeproBunHoW cTpykTypsl (puc. 3.11). Ilpu stom B cuiIbHO
ne(OpMHUPOBAaHHBIX MeTaba3aabTaX CHJIBHO MEPEeXaToro HUXKHEro Kpblia Aapa KUHEMaTHYeCKHe
WH/IMKATOPBI IPEANOIaraloT TEKTOHUYECKUE JIBUKEHNUS TOXKE TOJIBKO B CEBEPHOM HarlpaBiieHHH. Takoe
K€ HalpaBJIeHUE PEKOHCTPYHUPYETCs 110 paHHEeH poroBoit oOMaHke B OMOTHT-aM(PHOOIOBBIX CIAHIAX C
XJIODUTOM M MarHETUTOM Ha TaKKe HUKHEM KpbLIE.

B pudtorenHsix mnopojax sAapa Takxke (QUKCUPYIOTCS [BHUXKEHHS IO OHOTUTY, KOTOpBIE
MHTEPIPETUPYIOTCA Kak 0ojiee MO3AHNE, U MOTYT OBITh CBSI3aHBI KaK pa3 ¢ HagBUranueM MypMmaHCKOMH
npoBUHIMY K rory Ha KeiiBckuii Teppeiin (puc. 3.11). [Ipu 3ToM B pa3HbIX opojiax 0OHAPYKUBAIOTCS
npeo0iaaroIire HalpaBiICHHs IBIKEHUH Kak K ceBepy (Touka M10120), Tak u k rory (Touku 909-2 u
608-4). Taxxe HE0OXOIMMO OTMETHUTH BEPOSITHBIC CaMble TO3JHUE ABWKEHUS, 3a(UKCUPOBAHHBIC
XJIOPUTOM, ¥ YKa3bIBAIOIIME HA IBMYKCHUS KaK K CEBEPY, Tak U K 1ory (puc. 3.11). CBs3b yCTaHOBICHHBIX
KMHEMAaTUYeCKHX HMHIMKATOPOB BCEX ATAIOB JBM)KEHUH C KPYMHOMACHITAOHBIMH TEKTOHUYECKHMU
COOBITUSIMH, IPOSIBIICHHBIMU Ha TeppuTOopun Kombckoro permona, OyJaeT paccMoTpeHa B riase 6.

B nenom, MukpoMacmTaOHble KHHEMAaTHUECKHME WHIUKATOPbl, YCTAaHOBJIEHHBIE B sfpe
CepnoBUAHOM KOTYaHOBUIHON CHH(OPMBI, HE MO3BOJIAIOT IPOBECTH OJHO3HAUHBIE KHHEMATHYECKHE
PEKOHCTPYKUUHU. DTO CBA3aHO, B MEPBYIO O4Yepesb, C XapakTepoM naedopMmanuid, KoTopas sBIsIach
reTeporeHHOM, 1 MeXaHu3Ma IPOCTOrO CABUTA BO BpeMs €€ MposBiIeHHs He ObLT npeobnaaaronmm. Bo-
BTOPBIX, AehOpMaIIMOHHO-METaMOp(PUIECKast IBOJIIOIHS yIacTKa OblLTa cama 1o ce0e KOMIUIEKCHOM, B
€ro Ipejenax MOIJIM IPOSBUTCS cpa3y HECKOJIbKO KPYMHOMACHITAOHBIX TEKTOHHYECKMX COOBITHH
(Mudruk et al., 2022). Takxe Ha JOCTOBEPHOCTb WHTEPIIPETAIIMU BIMSET OTHOCUTEIBHO HEOOJIBIIOE
KosimyecTBO HabmozeHuid. K cokanenuio, kpaiiHe cKyaHas OOHa)XKeHHOCTh paiioHa CeproBHIHON
CTPYKTYpBI HE 1a€T BO3MOKHOCTH HapaCTUTh UX 00BEM U BBISIBUTH 3aKOHOMEPHOCTH PACIIPOCTPAHECHHUS
UH/IMKAaTOPOB 110 BCEH IIOLIAN YyYacTKa.

B ToXxe BpeMs KuMHeMaTH4YeCKHE WHAMKATOpbl, HAOIOJAaBIIMECS B KEHBCKUX MapaciiaHIax,
NOJCTUIIAIOIINX PUPTOTEHHOE PO, a TAKXKE B CHIIBHO pa3aBleHHBIX MeTa0a3anbTaXx HUKHETO KpblUla
CeprnoBuHON KOMYaHOBUAHON CHH(OPMBI, KOTOpPBIE MPAKTUYECKU 3AJIEraloT MPSIMO Ha KEHBCKUX

napacJyianmax (MOIIHOCTh MepeaBIeHHON KapOOHATHOCTIAHIIEBOM TOJIITHU, OTASISAIONIESH MeTa0a3albThl
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OT MapaciiaHlEeB, cocTaBisgeT Bcero 20 M), yKa3plBalOT Ha JABM)KEHHS K CEBepy. OTU JaHHbBIE
COIVIACYIOTCS C TeM, uTo Bcst CeprioBHIHAs KOJTYaHOBHIHAs CHH(OpMa pa3BUBaiack Ha (pOHE KPYMHBIX

HA/IBUTOBBIX JBIKCHHMI K ceBepy (Myapyk u ap., 2013; Mudruk et al., 2022).
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I'maBa 4. Kunemaruka 1BMKEHUH B IOPOAAX HEHTPAJIbHOMI

U BOCTOYHOH yacTed KelBCKOro napaciaHueBoro nosca

4.1. Yuacrok llyypypra-Areasypra

VYyacrok llyypypra-Arenpypra pacnonoxeH B HeHTpanbHON yacTu KelBckoro napaciaHieBoro
nosica. ABTOpOM ObUI IIPOBEJIEH aHAIN3 KHHEMATUYECKUX MHIMKATOPOB y4acTKa, CPEAN KOTOPBIX ObLI
oOHapykeH M JeTajlbHO ONHUCAH HOBBI MX THUN — CHMpalbHble NOAbl. MccnenoBanuch KeHBCKHE
napaciiaHibl YepBYPTCKOM CBUTBL, a TaKXe HECKOJIbKO OOpa3loB KHUCIBIX METaBYJIKAaHUTOB
1e0sKMHCKOM Tonmy. KuHeMaTnueckue MHANKATOPBl OBUIM YCTaHOBIIEHBI KaK B OOHA)KEHUSX, TaK U B

OPUEHTHPOBAHHBIX NITU(aX, BRIMHJICHHBIX MapaUIeIbHO TI0cKocTH XZ Aummnconsia AehopMariui.

4.1.1. Kpamkoe nempozpaguueckoe onucanue nopoo

Cpenu ne0sKMHCKUX KUCITBIX METaBYJIKAHUTOB BBIICIICHBI 1B pa3HOBUIHOCTH: (1) OMOTHUTOBBIC
THEWCHI ¢ MUKPOKIIMHOM M MYCKOBHTOM MAaCCHUBHON TEKCTYpPBI M MOP(HUPOrpaHOOIaCTOBOM CTPYKTYPHI
(puc. 4.1, A) u (2) OWOTUTOBBICE THEWCHI JMH3OBUIHO-CIIAHI[EBATO-TIOJIOCUATON TEKCTYyphl U
nenugonopduporpanodsactoBoit Tekctypbl (puc. 4.1, b). O6e pa3HOBUAHOCTH TOPOJ COCTOST W3
kBapua (35-50%), miarnokinasa (25-40%), ouoruta (10-30%), mukpokiuna (1-5%), myckosura (1-5%).
AKIIECCOpPHBIE MUHEpAJIbl: PYJHBIH MUHEPAJ, 3MUAO0T, KIMHOLOU3UT, alaHuT (puc. 4.1, B), Tutanut
(puc. 4.1, T') u rpanar. IIpucCyTCTBYIOT BKpAIlJICHHUKH, CJIOXEHHBIC KBapleM, IUIardOKIa30M U
MUKPOKJIMHOM, KOTOPbIE HHTEPIIPETUPYIOTCS KaK PETUKTHI MOpPupoBoit cTpykTypsl (benonuneuxuii u
np., 1980; Balagansky et al., 2021). Bo BTOpoi pa3HOBHIHOCTH TIOPOJ 3TH BKpAIUICHHUKH
neGopMHUpOBaHBl M UMEIOT ¢GopMy JHH3. TakuM 00pa3oMm, OTMeyaroTcsl Kak HeaehOpMHpPOBAHHBIC
Pa3HOBHUIHOCTH JICOSDKMHCKUX KHUCIBIX METaBYJIKAaHUTOB, KOTOPBIE CIIAraioT IMOYTH BCIO JICOSDKUHCKYTO
tommy (Bemomunenxwuit u gp., 1980), Tak u medopMUpOBaHHBIC, KOTOpPhIE B IOABIIAIOIICM
OOJBIIMHCTBE HAONIONAIOTCA HA TPAaHULE MEXKAY JIEOSKHMHCKOM TONIEH M THepeKphIBAIOIIMMU €€
KEMBCKMMHM NapaciaHLlaMH.

W3ydeHHble KEHBCKUE MapaciaHlbl YEpBYPTCKOM CBUTBHI MPEICTABICHBI MPEHUMYIIECTBEHHO
MYCKOBHUT-KHAaHUTOBBIMH Pa3HOCTSIMH co craBpoiuToMm (puc. 4.1, JI-3). XapakTtepHas TekcTypa —
CllaHLleBaTas, CTPyKTypa — HemaroOmacroBas. Coctoar u3 kBapua (45-50%), xkuanurta (40-45%),
myckoBuTa (5-10%), craBponura (0-5%). AkieccopHble MUHEpANbl: pyAHBIA, OMOTHT. B HEKOTOpPBIX
nuidax HaOMIOMAeTCs KHAHUT JBYX TEHEpalHil: paHHUN o00pazyeT BBHITSHYThIE KPHCTAJLIbI,
OpUEHTUPOBAHHBIE [0 HAMIPABJICHUIO Ma/IEHUs CIIAHLIEBATOCTH, a IO3AHUNA UMEET palallbHO-Ty4YHnCTOe

CTpOeHHE U 0OHAPYKUBAET MPU3HAKU PA3BUTHS 110 paHHEMY KHAHUTY.
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Puc. 4.1. Mukpodororpadbun mopoxa ydactka Lllyypypra-Arenpypra (Bce ¢doTo caemanbl 0e3
aHanmu3atopa). JledskuHckne MeraByJkaHuTbl. (A) Maccuabie u (B) paccrnaHimoBaHHbBIE
pasHoBuaHOCTH. (B) Snpa ammanuta B knuHoronsute. (I') @opmel pazputus Tutanuta. KeiiBckue
napacjaanubl. ([I-E) ®opmbl pazButus kuanuta. (JK) Paznuunsie renepanun kuanura. (3) @opmbl
pa3BUTHUS CTAaBPOJIUTA.



65

4.1.2. lepopmayuonnsvie cmpykmypol u ux KUHeMamu4ecKas UHmMepnpemayus

B nmnopomax yuactka Ilyypypra-‘Irenpypra IIUpPOKO MpOSIBIEHA SpKas JIMHEHHOCTD,
o0pa3oBaHHasi MHO>KECTBOM 3aKOHOMEPHO OpPHUEHTHPOBAHHBIX MIOJBYATBHIX KPUCTAJUIOB KUAHUTA, U
pexe KpHUCTAJIOB CTAaBpOJUTAa. OJTa CyOMEpHIUMOHAIbHAs JIMHEHMHOCTh IOJIOTO IOTPY’KaeTcs
MPEUMYIIECTBEHHO B IOKHOM HAIpaBJICHUH, W €€ CpefHsiss OPHEHTHUPOBKA cocTaBisieT 169°/24°
(puc. 4.2). IlonoOnas cyOMepuaHOHAIbHAS OPUEHTHPOBKA MHHEPAIbHOW JMHEWHOCTH, HO C Oosee
KPYTBIMHU yTJIaMu norpyskeHus 6ouia ycranosnena M.JI. batueoii (benpkos, 1963) mo HaGmoneHUIM,
C/ICIIaHHBIM Ha BCEM MpoTshKeHnn KelBckoro napacianieBoro nosica (puc. 4.3). Kpome storo, B ipyrux

YaCTAX MOsICa TAKKE OTMEUYCHBI TTOTPYKEHHUSI MUHEPATHHOM JTMHEHHOCTH B CEBEPHBIX pyMOax (puc. 4.3).

Puc. 4.2. OpuentupoBka yiuHeiiHocTH (A) m mapHupoB ckiagok (b) ma yuactke Ilyypypra-
SrenpypTa (paBHOILIONMIAIHAS TPOCKIIMS Ha HIKHIOIO TIosTychepy).

Puc. 4.3. OpueHTUpPOBKA JTUHEWMHOCTH MO MYCKOBUTY M KHAHUTY B KEMBCKUX MapaciiaHlax Io
nanaeiM WM.J[. batumeBoit (benbkoB, 1963), mzomuuuu 1-3-5-7-9%, n = 91 (paBHOyTrOJBbHAS
MIPOEKITUS Ha HUKHIOIO TIosTycdepy).
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B keliBckux mapaciaHnax HIMPOKO Pa3BUThI aCUMMETPHUHBIC CKIIAIKU CIBUTOBOTO TEUEHUS
(shear-related folds), MmHOTHE U3 KOTOPHIX HMEIOT CEBEPHYIO BEPIEHTHOCTh. DTO CKIIAIKH ¢ H3HAYAIHHO
KPUBOJIMHENHBIMU IIAPHUPAMH, CXOJHBIE C KOJYaHOBHMJHBIMHU, KOTOPbIE BO3HHMKAIOT IPU MPOCTOM
C/IBHTE, HO MPH CYIIECTBEHHO MEHbIIeH crenenu aedopmaiuu (puc. 4.4 u 4.5) (Cobbold, Quinquis,
1980; van der Pluijm, Marshak, 2004). IllapHupbI 3THX CKJIQJIOK MEPIICHANKYISPHBI IUHEHHOCTH, a HX
OPUEHTHpPOBKAa JaeT MakcumyM 69°/9° (puc. 4.2). Takoe B3aMMOOTHOIIEHWE XapaKTEPHO IS
HayalbHbIX CTaguil 00pa3oBaHUS KOJYAHOBHMIHBIX CKIQJ0K, KOTJA IIAPHUPBI YXKE CTAHOBATCS
KPUBOJMHEHHBIMU, HO €II€ He IOJIHOCTBIO MEPEOPUCHTUPYIOTCS BJAOJIb TPACKTOPUU CIIBUTA,
MapKUPYeMOro JIMHEHHOCTHIO (puc. 4.6). Mopdoorus ckiIaIokK, a Tak)kKe OPHEHTUPOBKA TUHEHHOCTH
HO3BOJISIOT CAENIaTh BBIBOJ O TOM, YTO CKJIAJKU 00pa30BaJIMCh PU HAJBUTOBBIX JABM)KEHUSIX K CEBEPY.

IToMHMO CKJ1aI0K CIIBUTOBOT'O TE€UEHUS, B KEMBCKUX MapaciaHLaX HIMPOKO Pa3BUThI CTPYKTYPbI
C MOHOKJIMHHOH CHMMETpHEH, BBIpaKEHHBIC NMPEUMYIIECTBEHHO B CHeNM(PUUECKONW OPHEHTHUPOBKE
kuanuta u panee onucaHuelie H.JI. barueBoii (benpkoB, 1963). bonbiias pacnpocTpaHEHHOCTh
CTPYKTYp B Ipefenax ydacTKa TOBOPUT O Je(QOpMaluu MPOCTOrO CHABHUIa, CTENEHb KOTOPOH B
napacyianiiax Oblia BBINIE, YeM B JeOshDKMHCKHMX THeicax (puc. 4.1, A, b). Habmroganucey riaBHBIM
o0pazom S-C-cTpyKTyphl, MPOSBICHHbIE B MaKpo- U MHUKpomacmTade. C-TUIOCKOCTH 3THX CTPYKTYp
MapKHUPYIOTCS KHAHUTOM, OPUEHTHPOBKA KOTOPOT'O COBIMAJA€T C OPHEHTHUPOBKOW BEHIECTBEHHOU
[I0JIOCYATOCTH, MPHYEM 3TH IOJIOCHI B CBOK OYEpE/lb PACCIAHI[OBAHBbI, M T'PAaHUIBl MEXKAY HUMU
TeKTOHM3upoBaHkbl (puc. 4.7-4.9). Kuanut, o6pa3yronuii S-mIOCKOCTH, OPUEHTHPOBAH O] OCTPHIMU
yriaamMud mo oTtHouieHuto K C-mmockocTsiM. Takue ke S-C-cTpyKTyphl OTMEHYAlOTCS MU B MEHBLIEM
macmtabe (puc. 4.10). Kak u acuMMeTpuyHbIe CKJIAaJKH CABUIOBOTO TEUEHHS, I10JABIISIOIIEE
601bIMHCTBO S-C-CTPYKTYp yKa3bIBa€T Ha CEBEPHOE HANpaBJIEHHUE TEKTOHMUYECKUX JBUKEHUH. Ilpu
9TOM OBUIM yCTAHOBJIEHBI KUHEMATUYECKHE UHIUKATOPbI IPUHIMITNAIBHO HOBOT'O TUIIA — CHUPAJIbHbIE
HOJIBI, IETAIbHOE ONMCaHNe KOTOPHIX MPUBEACHO B IJIaBe 5.

Ha yuactke lllyypypra-freabypra HHTEHCHBHO MPOSBUIIMCH MPOIECCHI CIIBUTOBOTO TEUEHUS,
BBIPa)KEHHBIE B PACCIIAHLIEBAaHUM, PA3BUTUU MOJIOTOM JIMHEHHOCTH U CMSATHH NOPOJ B aCUMMETPUYHBIE
CKJIAJIKU C U3HAYalIbHO KPUBOJMHEWHBIMU IIAPHUPAMU C PAa3HOM BEIMUYMHOMN X alMKaJIbHOIO YIJIa, a
TaKke B OOpa30BaHMM MHOXKECTBA CTPYKTYp C MOHOKJIMHHOW cUMMeTpuei. Bce 3TH CTpyKTypsI
KOMILUIEMEHTAPHBI JAPYT IPYTy U B MOJAABJISIONIEM OOJBIIMHCTBE CIIy4aeB YKa3bIBAIOT HA HAJBUTOBBIC
JIBUKEHUSI K ceBepy M ceBepo-BOCTOKY (puc. 4.11). CBsA3b 3TUX [IBMKEHUN C pErMOHAIbHBIMHU

cOOBITHAMH OyAET pacCMOTPEHA B TJIaBe 6.



67

Puc. 4.4. Cxinagka ¢ W3HAYaJIbHO KPUBOJIMHEHWHBIMM IIapHUPAMU B KEHWBCKUX MapaciiaHLiax

(Balagansky et al.., 2012).

Puc. 4.5. Cxiagku ¢ HM3HAYAJIbHO KPUBOJMHEWHBIMU IIAPHHpPAMH B KEHWBCKHX MapaciiaHlax,
BCPreHTHOCTb KOTOPBIX YKA3bIBACT HA HAABUT'OBBIC IBHUIKCHUS K CCBCPY.
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Puc. 4.6. OpreHTHPOBKA CTPYKTYPHBIX JIEMCHTOB Ha PaHHHUX U MO3HUX dTarax MpPOCTOTO CIBHra
¢ 00pa3oBaHUEM KOJYaHOBHIHBIX CKIIaI0K (110 padote (van der Pluijm, Marshak, 2004)).
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Puc. 4.7. (A, B) S-C-ctpykTypsl B KHaHHTOBBIX Mapaciannax ydactka [llyypypra-Srenpypra.
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Puc. 4.8. S-C-cTpykTyphl B KHaHUTOBBIX Napacianmax ydactka lllyypypra-SArensypra (A) u ux
kuHeMarudeckas uaTtepnperanus (b).
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Puc. 4.9. S-C-ctpykTypsl B KHaHUTOBBIX HapaciaHinax ydactka Llyypypra-Srensypra (A) u ux
kuHemaTudeckas uareprpetamnus (b).
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(A) (B)

(B) (M) s-c¢ band structure

finite strains

ﬁ

Puc. 4.10. MuxkpodoTtorpaduu KuHEMATHYECKUX HHIUKATOPOB C MOHOKIMHHOW CHMMETPHEH B
KeliBckux mapaciannax (A, b, B) u ux unrepnperanus (Ramsay, Huber, 1987) ().

Puc. 4.11. Teomormueckas cxema yvactka lllyypypra-fArensypra (mo  pabote
(TCackennbepr u ap., 1978)) ¢ ymopouieHWssMH), Ha KOTOPOW TIOKa3aHbl PEKOHCTPYHPOBAHHBIC
HANPaBIICHUs] HAJIBUTOBBIX JBWKEHHH. Ha3BaHus crpaTurpadudeckux mojpasfeiieHuil NaHbl MO
pabote (bemomunenkuii u ap., 1980).
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4.2. YuyacTtok MaHIOK

B keiiBckux mapacnanuax uepBypTckoit cButhl (benonumnenkuit u ap., 1980), oOHaxkarommxcst
Ha 9ToM yuacTtke (puc. 4.12A), mpucyTcTByeT cia00 BBbIpaXEHHAs IOJIOTO OPHUEHTHPOBAHHAS
JUHEHHOCTh CO cpemaHelt opueHTupoBkor 43°/7° (puc. 4.12B). Ilopoasl 31ech CMATBI B CKaThie J10
M30KJIMHAIBHBIX CKJIQZOK C IPEUMYILECTBEHHO MTOJIOTUMH OCEBBIMH ITOBEPXHOCTSIMU. BaxkHO, 4TO yroiu
MEXIY KPBUIbSIMHU 3TUX CKJIaJ0K YBEJIMYHMBAETCS NMPH JBMXKEHUH OT sIpa CKIAJAOK K MX 3aMKaM, U
CKJIJIKM IIOCTENEHHO CTaHOBATCA OTKpBITbIMH (puc. 4.13). IllapHupsl Bcex 3THX CKIagoK (OT
U30KIMHAIBHBIX 10 OTKPBITHIX) IOJIOTO IMOTPYXkAIOTCA KaK K CeBepo-3amajgy, Tak U r0-BOCTOKY
(cpemusis OpuUEHTHPOBKAa MmIApHUPOB coctaBisier 305°/21°). VYrom Mexay OSTHMH CPEIHHUMH
OPUEHTHPOBKAMHU JIMHEWHOCTH U IIAPHUPOB CKIIAIOK paBeH 85°, HO A pslia 3aMEpOB OH COCTAaBIISET
60-70°. DTO CBUAETENBCTBYET O TOM, YTO Ha ydacTke MaHIOK, kak M Ha ydactkax Llyypypra-
SArenbypra, NIposIBIEHBI HAYaJIbHBIE IPOLECCHl CIBUTOBOIO TEYEHHUS, KOIIa IIAPHUPBI CKIIAJ0K TOJIBKO
HAUMHAIOT IEPEOPUEHTUPOBATHCS IO HAMNPABICHUIO CIBUIOBOTO TEYEHUS (BIOJb JIMHEHHOCTH).
KpuBonmHeHHOCTD MApHUPOB TAKKE XOPOILIO 3aMETHA HETIOCPEACTBEHHO B OOHAXEHUsX. B oTimuue ot
yuactka Lllyypyrpa-SArenpypra, 31ech He ObuUIM OOHAapy>KEHBI JIOCTOBEPHBIE KHHEMAaTHYECKHE
UHAUKAaTOpbl. OpHEHTUPOBKA JTMHEHHOCTHU MO3BOJISET CIENATh BBIBOJ O HAIIPABICHUH TEKTOHMUYECKUX
JBYDKEHUH BJIOJIb JIMHUY I0T0-3a11a]] — CEBEPO-BOCTOK, OIHAKO 11 KOPPEKTHBIX BBIBOJOB O KOHKPETHOM

HaIlpaBJICHUU CABUTOBOI'0 TCYCHHA HYXXHBI JOIMOJTHUTCIILHBIC UCCIICAOBAHU.

Puc. 4.12. (A) T'eonornueckast cxema ydacTtka r. Mantok (1o pabdore (I"ackensbepr u mp., 1978), ¢
yoporieausiMu). (b) OpueHTHpOBKa CTPYKTYPHBIX 3JEMEHTOB B KEHBCKHMX MapaciaHllax ydacTKa
Manrok. HasBanus crpaturpadudeckux moapasseincHuii qansl mo (bemonumnenkuii u ap., 1980).
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Puc. 4.13. /3oknuHanmbHBIE ¥ OTKPBITHIE CKIAQIKH C CyOrOpU3OHTAIBHBIMH  OCEBBIMU
MIOBEPXHOCTSIMH B ITapaciaHIlax yyacTka I. MaHIOK; IJIOCKOCTh OOHa)KEHHIA B IIEJIOM COOTBETCTBYET
TI0CKOCTH XZ snurnconsia AedhopMariiu.
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I'maBa 5. CnupaJjibHble MOAbI B KEMBCKUX MapacjaaHIax

5.1. Konuenuuu o6pa3oBaHusi CIMPaIbHOI reoMeTpHu NpH AedopManusax MOpPoJ

CTpYKTYypBI CO CHMPAIBHON T€OMETPUEH SBISIOTCS TOCTATOYHO PEAKHUMH B TOPHBIX MOPOJaXx.
Haubosiee M3BECTHON Pa3HOBUAHOCTHIO TAKUX CTPYKTYP SIBJISIOTCS CHHPAIbHBIC MUKPOBKIIIOUCHHUS B
nopdupobdaacrax B Mmeramoppudeckux nopoaax (Passchier, Trouw, 2005). OnucaHHble eie B HavYase
XX Beka (mampumep, (Schmidt, 1918)), crnupanbHble MHUKPOBKIIOYCHHMS Ha MPOTSHKEHHH MHOTHX
NECATUICTHH OCTAaBaJIMCh CIUHCTBCHHBIM TIPUMEPOM CTPYKTYp CO CIHPaJbHOW TeOMETpHUEH.
OO0pa3oBaHnEe TaAKUX MUKPOCTPYKTYP B LIEJIOM CBS3BIBAIOCH C MPOTPECCUBHON aedopMaliieid TOpHbIX
1opoJ,, KOTOpas MOTIJIa TMPOMCXOJUTh B Pa3IMYHBIX ycIoBHSIX M oOctaHoBkax (Johnson, 1999).
JletanpHOE M3yYCHHE HAXOJOK CHUPATBHBIX MUKPOBKIIOYCHUH B METaMOP()UYECKUX W UCTIBITABIINX
neopMaIu mopoiax BeI3BAJIO IUCKYCCHIO O MEXaHH3Me UX 00pazoBaHus. M3HauaibHO ObLTA IPUHSTA
MOJI€JIb, COTJIACHO KOTOPOW CHHpabHBIC BKJIFOYCHUS JOJIKHBI ObLIIH 00pPa30BBIBAThCS BO BPEMs pOCTa
nopdupobnactoB B ycioBusix mpocroro casura (Rosenfeld, 1970; Schoneveld, 1977, 1979). Dra
MOJIeNIb TIOJIPAa3yMEBaeT, YTO BO BpeMs AchOopMalMK IMPOCTOro CABUTA MOpPUpOoOIacT pacTeT U
OTHOBPEMEHHO C 3THUM BpaIlaeTCs BOKPYT CBOEH OCH OTHOCHUTEIFHO Teorpadpuueckol CHCTEMBI
KOOpAWHAT, '"3ameyarbiBass" BHYTpH ceOsS OpPHUEHTHPOBKY OKpYJKAaloOIIeH CIaHIIeBATOCTH. OTa
OPHCHTHUPOBKA COXPAHSETCS B BHJIE IEMOYCK BKIOYCHUN BHYTpPH MOpdupobiacTa, a caMu LEMOYKU
BKITIOYCHUH OOpPa3ylOT CIHPAIbHYI) TEOMETPUI0 W3-32 BpalleHWs MW OJHOBPEMEHHOTO pOCTa
nopdupobiacta. OgHAKO MO3AHEE ATOT MEXaHU3M ObLT MocTaBieH moj comHenne T.X. bemnom u ero
xosieramu (Bell, 1985; Bell, Johnson, 1989, 1990). D1u uccrenoBaTenu NpeioKuiIn albTePHATHBHY O
MOJIeIb, COTIACHO KOTOPOW MOp(HpOoOIaCThl B MOAABISAIONIEM OOJIBIIMHCTBE CIy4YacB HE BPAIIAIOTCS
OTHOCHUTEJIBHO Teorpaduyeckoil CHUCTEMbl KOOPIWHAT, a CIUpPaJIbHAs TEOMETPUS OTPAKaeT JIMIIb
OTIENbHBIC TIOCJIEOBaTEeNIbHBIC JTalbl MPOTPEcCUBHON aedopMaruu. DTa MOJENb OIKCHIBACT
MEXaHU3M pacrpeaeiaenus aedopmaruu (Strain partitioning) B macTHYHOW MaTpHIle BOKpYT Oosiee
KOMIIETEHTHOTO nopdupobiacra, Mpu 3TOM POCT "HENOABMXXKHOrO" mopdupodiaacta MpOUCXOIUT B
HECKOJIBKO CTaJuil, COOTBETCTBYIOIIUM CTaausAM IMporpeccuBHOil nedopmanuu. OIHAKO BO BpeMs
KaXIOM TaKOW CTaJuu JOJDKEH DPAJUKAIBHO MEHSATHCS TEKTOHUYECKHUH PEKUM (HAIpUMEp, PEXUM
CKaTUsl 36MHOW KOpPBI JOJDKEH CMEHATHCS PEKUMOM DPACTSHKCHHS), M B Pe3yJIbTaTe OPUEHTHPOBKA
NpeAbIIyeldl CHCTEeMbl CIAaHIEBATOCTH HM3MEHSETCS Ha MEPIEHIUKYSIPHYIO € OpUEHTUPOBKY
nocienyomeil cranuu. Takux CMEH OPUEHTHPOBOK MOXET ObITh HECKOJBKO Ha MPOTSHKEHUH BCETrO
pocta mopdupobiiacta, W KOHEUHAs TEKCTypa IIEMOYeK MHUKPOBKIIOYCHUN B mopdupodiacre
npruoOpeTaeT CupaTbHBIA 00IMK. DTa MOJIENb HE OTPUIIACT BO3MOXKHOCTD BpaIieHust Toppupo01acTos,

OIHAaKO pacCMaTpuBaACT TAKUC CIIy4Yan KaK OUCHb PCAKUC.
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I'unore3a, 4TO MOBCEMECTHOE BpalleHue NoppUpPoOIACTOB OTCYTCTBYET MHpH JedopManuu
IPOCTOr0 CABHUIA, MOJ0XKKIIA HaYalo JuInTebHoM quckyccuu (Passchier et al., 1992; Bell et al., 1992).
B xo1e 3T0# JUCKYCCHH TPUBOIMINCH apryMEHTHI Kak IMPOTHB MexaHu3Ma Bparnenus (Fay et al., 2008,
2009; Johnson, 2009; Bell, Fay, 2016; Aerden et al., 2020), tak u 3a Hero (Passchier et al., 1992; Kraus,
Williams, 2001; Bons et al., 2009; Lister, Forster, 2009; Robyr et al., 2009; Sanislav, 2010; Griera et al.,
2013). B nHacrosmuii MOMEHT KOHCEHCYC MO TpoOieme BpaiieHus mop(upoO1acToB OTCYTCTBYET,
OJTHAKO TPHU3HAETCS, YTO MEXaHU3M BpaieHHs MophupoOIacToB AODKEH paboTaTh B TOM WIH WHOM
maciiTa0e.

Jlpyroii ONKMCAaHHBIM B TEOJOTMYECKOM JIUTEpaType Ciaydal CTPYKTyp CO CIHMPAaJIbHOU
TEOMETPUEH — 3TO CIUpaAIbHBIC CKIAIKH B onom3Hsax (Alsop, Marco, 2013). Mexanusm o06pa3oBaHus
CKJIaJIOK, BO3HUKAIOIINX MPH JBHKEHUH OTIOJI3HEH, KOTOPIE COCTOAT, KaK MPABUIIO, U3 PHIXIIBIX, CIa00
CBSI3aHHBIX MEXIy cO00OM OCagKkoB, B LEJIOM OOHapyKHMBAaET JOCTaTOYHO OOJBIIOE CXOJICTBO C
00pa30BaHUEM CKJIAJIOK B KPUCTAUTMUECKUX MOPOAAX, MOJBEPraloIUXcs MIIACTUYECKOl edopManun
npocrtoro casura (Alsop, Marco, 2013). OgHuM U3 BaXXHBIX CXOACTB SBIISIETCS 00pa30BaHUE CKIIAJIOK C
W3HAYaIbHO HCKPUBIICHHBIMH [IAPHUPAMH U KOJTYaHOBHIHBIX CKIamok (Stratchan, Alsop, 2006). Takue
CKJIaJKHd OINuCaHbl B OOHaxeHuax nedopmupoBanHbix mopox (Fossen, Rykkelid, 1990) wu
NOATBEpXkIeHBI Kak B skcnepumentax (Cobbold, Quinquis, 1980), Tak ¥ MOCPEACTBOM YHCICHHOTO
MozenupoBanus (Hanmpumep, (Davis et al., 2012)). Obpa3oBaHue CKJIaJJOK TAKOTO THUIIA CBA3AHO C TEM,
YTO CJIOM TOPHBIX MOPO] HAUMHAIOTCS CMEIIATHCS MApaLIeIbHO APYT APYTY B HANIPABICHHH IPOCTOTO
caBura. Takoe JIBM)KEHHE WM CMEIIEHUE CJIO0EB OTHOCHUTENBHO IPYT Jpyra B cily4yae HAIWYHs Ha UX
MOBEPXHOCTH KaKUX-TMOO HEOJHOPOJHOCTEW NPUBOAUT K 3apOXKICHHIO MEJIKUX U  Pe3KO
acuMmMeTpuuHbIX Cckimagok (Reber et al., 2013a, 2013b). OceBble MOBEPXHOCTH STHX CKIIAI0K
cyOmnapayieNTbHBI CIIOSIM, @ X NIAPHUPBI OPHCHTUPOBAHBI MTEPIICHINKYIISIPHO HATIPABJICHUIO JIBHKCHHUS.
[Ipu yBenuyenuu crenenu Aeopmaruy mapHUpbl HAUMHAIOT BPALIaThCs, @ TOYHEE, "'pa3BOpaunBaTHCS "
B IJIOCKOCTH CIBUTA, CTPEMSCh MPUOOPECTH OPUEHTHPOBKY, MapaUICIbHYIO HAIpPABICHUIO CIBUTA
(rotating fold hinge). B pe3ynbrate sToro mpoiecca 00pa3yroTcs CHadaa CKIAJAKH ¢ KPUBOJIMHEHHBIMU
HIapHUPAMH, KOTOPBIE Jlaiee MOTYT Pa3BUTHCS 1O MOJHOLEHHBIX KOJTYAHOBUIHBIX CKIANOK. [Ipumep
HayaJIbHBIX ATAarnoB 00pa30BaHUS KOJYAHOBUAHBIX CKJIaJ0K ObUI paHee omucaH B paszene 5.1.2 (cm.
stanbl 2-3 Ha puc. 4.6).

B BhImeynomMsinyToit pabote, mocBsieHHOM nedopmanusM B onoisHiax (Alsop, Marco, 2013),
omucaH Clydai, Korja, MOMHMO pa3BopauuBaHus mapuupoB (hinge rotation) ¢ mociemyromem
pa3BUTHEM KOTYAHOBUIHBIX CKJIAJIOK, MOKET IEHCTBOBATh MEXAHHU3M BpAIIlCHHS 3aMKOB BOKPYT CBOCH
ocu (rolling fold hinge), compoBoxmarommiics HMCKPUBICHUEM OCEBBIX IOBEPXHOCTEH CKJIAJI0K
(Mo1oOHO CMATHIO PaHHUX CKJIAJOK B TMO3JIHHE) M MOCIECAYIOIIUM HX 3aKpyYHMBaHHEM B CIHUpPAIH B

pe3ynbTare BpalleHHsl BOKPYT OCH, Jiealled B IJIOCKOCTH CIABUTa M MEPHEHIUKYJSIPHOM ero
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HarnpasieHuI0. KpbpUibs CKIIaI0K TaKKe 3aKpyYUBAIOTCS, M B KOHEYHOM cUeTe 00pa3yroTcs CiupaibHble
ckiaaku (puc. 12A B (Alsop, Marco, 2013)).

[TogoOHbIE cnHpanbHBIE MHKPOCKIAAKK (CIHpPATbHBIE CTPYKTYPhI) OBUIM OOHAPYI)KEHBI
B.B. banaranckuMm B KeWBCKHMX mapaciannax ydactka Lllyypypra—SrenpypTa (IeTambHBI y4acTOK
"BopoHbe THE310", KOTOPBIH HAaXOIUTCS NPUMEPHO B 4 KM K CEBEpPO-BOCTOKY OT I. SArempypra
(puc. 4.11A)). ABTOp HCCIeI0BAJ 3TU CUPAIBHBIE CTPYKTYPBI, pa3padoTall MEXaHU3M X 00pa30BaHMs
U BBIJEIWI UX KaK KMHEMaTHYECKUE MHIUKATOPbI MPUHIMINAIBHO HOBOTO THIA, KOMIIJIEMEHTapHbIE
MEJIKUM CKJIaJIKaM CIBHT'OBOTO TEUEHHs ¢ KpuBoJuHeHHbIMU mapHupamu (I'opOyHoB u ap., 2016;

Gorbunov, Balagansky, 2022).

5.2. Onucanue CNMPAJbHBIX CTPYKTYP B 00HAKEHUH

CrnmpanbHble CTPYKTYpbl OOHApy’>K€HbI B CTEHKE OOHa)keHUs ydacTka "BopoHme ruesmo",
BEPTHUKAJIbHASI IJIOCKOCTH KOTOPOTO MMEET CEBEpO-BOCTOYHOE MPOCTHpPAHUE. 31ech OOHa)KaloTCs
KEHBCKHE CTaBPOJINT-KUAHUT-KBAPIl-MYCKOBUTOBBIE ITapaciaHIlbl Y4epBYpPTCKOM CBUTHI (puc. 5.1). Kak n
BO MHOTHUX KEHBCKHX CJAHIIaX, UMEIONIUX MOJO0OHBI MUHEPAIbHBIA COCTaB, KPUCTAIBI KHAHUTA U
OOJBIIMHCTBO 3€PEH KBaplla B pacCMAaTPUBAEMBIX MOPOJAAX COJEP>KaT MHOKECTBO MUKPOBKIIOUEHUMN
YTIEPOAMCTOrO BeulecTBa. B 3THX mopoaax HabIt01aeTCs CIOUCTOCTh, 00YCIIOBICHHAS Yepel0BaHUEM
00OTaIeHHBIX 1 00CTHEHHBIX KBAPIIEM CIIOMKOB MOITHOCTHIO OT MEePBhIX MUILTUMETPOB (puc. 5.11) 1o
MEPBBIX CAaHTUMETPOB. CIIOMKU CMSTHI B OTKPBITHIE aCHMMETPHYHBIC CABUTOBBIC CKIIAJKU CEBEPHOM
BEPreHTHOCTHU, YTO COTJIACYeTCs C JAHHBIMHU O TEKTOHHUYECKUX JIBH)KEHUSX B CEBEPHOM HaIIpaBJICHUU B
npejenax Bcero mosica KehBckux mapacianies (5.1A, B). BenenctBue depeoBaHus CIIOEB Pa3sHOIO
COCTaBa CIIOKEHHBI UMM MHOTOCIIONW MCIBITANI TETEPOreHHYIO AehopMalliio, B KOTOPOM pa3HbIE CIOU
00HapYKMBAIOT Pa3HYIO BEIMYHMHY JeOpMalK MOoJOOHO TOMY, Kak 3To onucaHo B pabore (Cawood,
Bond, 2018). I'ereporennas aedopmaiiiss MHOTOCIOS BBIPAXKAeTCsA B TOM, YTO CIIOHM, OOCIHEHHBIC
KBaplleM, paccllaHLlOBaHbl CHJIbHEE, 4YeM CIIOM, oOoraiieHHble KBapueMm. PacciaHieBaHue 3THX
MHOTOCJIOMHBIX TOpPOJT C HEOJHOPOJHBIMH 10 COCTaBy CIIOMKaMHM MpPHUBEIO K 0Opa3oBaHUIO
CTPYKTYPHOTO y30pa, CXOKero ¢ y30poM B C-S-MHJIOHHTaX C MOJIEBOIINATOBBIMU MOPPUPOKIACTAMH,
BpaIIaBIIMMUCS B KBapII-CIIOASHOM MaTpuiie (cpaBHUTe puc. 5.1B u puc. 26.49 B Ramsay, Huber 1987).
BeposiTHO, 4TO ciupasibHBIE CTPYKTYPHI B ITapaciadiiax oOHakeHus "BopoHbe THE310" UrparoT Ty ke
POJIb BPALIAIOIIETOCS KECTKOTO BKIIOUEHHUS, UTO U MOPPUPOKIACTH B MUIIOHUTAX, KaK OyIeT MOKa3aHo
nanee B Tekcte. KpoMe 3Toro, Haio OTMETHUTb, YTO S-TIJIOCKOCTH, OTASISIONINE CITUPAIbHBIE CTPYKTYPHI
Ipyr OT Jpyra, cyOmapaiielbHbI OCEBBIM IMOBEPXHOCTSIM ACHMMETPUYHBIX CKJIAJIOK CIBHTOBOTO

TEUYEHHsI CEBEPHOU BEPT€HTHOCTH.
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Puc. 5.1. (A-I') ®ororpaduu oOHaKEHUST KEHBCKHX CTaBPOJIUT-KHAHUT-KBApPI-MYCKOBHTOBBIX
nmapacjaHieB, B KOTOPBIX OOHApYyKEHbl chupainbHble CTpyKTypel u ([-E) mmarpammbr
OPUEHTHUPOBOK CTPYKTYpPHBIX JJIEMEHTOB. 31€Ch M Jajiee CPeaHssl OPUEHTHPOBKA JIMHEWHBIX
DJIEMEHTOB PAacCUMTAaHA KaK TaKOBas alreHBEKTOpa, €CIM He yKa3aHOo uHoe. [Ipu orpaHMYeHHOM
KOJIMYECTBE JAHHBIX pacueT alTeHBEKTOpa W €ro OPUEHTHPOBKH 3aBUCUT OT OPHEHTHPOBKHU
KQKIO0ro JTUHEHHOTrO 3JIeMeHTa M o0ecrleunBaeT, TakuM oOpa3om, Ooliee OMU3KYI0 K HMCTHHHOM
CPEIHIOI0 OPHEHTHPOBKY. I[IpM TakoMm e OTrpaHWYCHHOM KOJIHMYECTBE JAHHBIX OPHEHTHPOBKA
MaKCHMyMa KOHIICHTpAI[MH JIMHEHHBIX 3JIEMEHTOB MOXKET ONPEIENISIThCS OPHUEHTHPOBKOW BCETO
JUIIb HECKOJIBKUX DIIEMEHTOB, HE 3aBUCUT OT OPHEHTHPOBKH OCTAIBHBIX JJIEMEHTOB U MOXKET
3HAYHUTEIBHO OTJIMYATHCS OT HCTUHHOMN CpEeTHEH OPHEHTHUPOBKH.
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Bo Bcex mapacnmaHmax OOHaKEHHS OTMEUYaeTCs XOpOIIO BBIPAKEHHAs JHMHEWHOCTH,
oOpa3oBaHHasi KpHUCTaJUIaMU KHAHUTa U pexXe craBpoiuTa. JIMHEHHOCTh MOrpy’KaeTcsl TIaBHBIM
obpazoM Kk roro-3amany (cpemsssi opueHtupoBka 213°/40° (puc. 5.1]/1)). bonmpmuHCTBO MIapHUPOB
MEJIKUX aCCUMETPUYHBIX CABUTOBBIX CKJIJIOK MOTPYXKAIOTCA K I0r0-3amnaty Mol MOJOTUMHU U CPEIHUMU
yriaamMu (CpedHsisi opHeHTUpoBKa 244°/18°), uMX OpPHEHTHPOBKA COCTABIIET YTOJ CO CpeaHen
OPUEHTUPOBKON JMHEHHOCTH OKoJio 35°. Ilpm STOM HEKOTOpbIE IIAPHUPBI OPHUEHTUPOBAHBI
CyOropu30HTAIBHO U TTOTPYIKAIOTCS K CEBEpPO-3araay v F0ro-BoCToKy (puc. 5.1E).

CrniupasnbHble CTPYKTYpPbl B OOHa)XKEHHUU 00pa30BaHbl TPYIIONW OYE€Hb MAJOMOIIHBIX CIOHWKOB,
KOTOpBIE 3aKpyYEHBI B CEPUU CIIUPAJIEH, pa3MepP KOTOPBIX COCTABIISAET MEPBbIE CAHTUMETPHI (puc. 5.1T).

Cnupanu pacnoyiokeHbl Mexay C-ITOCKOCTSAMU, U B HEKOTOPBIX CIy4asX OHU OTAENEHBI S-
IUIOCKOCTSIMH, COBMAJAIOUIMMU C JJIMHHBIMU KPBUIbSIMH MENKHX CKIaAok (puc. 5.1B). Hampasnenue
3aKpY4YHBAHUS CIUPATBHBIX CTPYKTYp, UX CUTMOHJIATBHBIA OOJIMK, BEPTEeHTHOCTh MEIKHUX CKJIQJIOK B
CEBEpHOM U CEBEPO-BOCTOYHOM HAIPABICHUAX, a TAK)KE HATMYHME YCIOBHBIX, pa3IMyaeMbIX B MaciTade
obHaxxeHus S-C CTpyKTyp MpeArnoaraeT, 4To BCe OHM 00Pa30BAKMCH B YCIOBHIX IMTPOCTOTO CABUTA MPH
TEKTOHMYECKHX JIBYKEHUSX B CEBEPHOM M CEBEPO-BOCTOYHOM HAINPABICHUSIX. DTOT BBIBOJI COTIIACYETCS
C KWUHEMATHUKOW JBMKCHHM, OMPEICNIEHHbIX IO KHHEMAaTUYeCKUM WHIMKATOpaM Ha Y4YacTKaX
Ulyypypra-Arensypra u xpedra CeprioBunabi (cM. pazaenst 3.4 u 4.1.2).

JUis eTanbHOrO M3Y4YEHHs] CHUPATIBHBIX CTPYKTYp OBLIO BBIMMJIEHO /1B OPHUEHTUPOBAHHBIX
oOpasnia W3 CyOBEepTHKaIbHONH CTEHKHM OOHaxeHus. B Toukax otbopa 00pa3IoB JHWHEHHOCTh
OpUEHTUpPOBaHA CyOmapaielbHO 00 T1MOoa HEOONBIIUMHU yIriIaMH K CTEHKE OOHAXCHHs, a
CJIAaHIICBATOCTh OPHEHTUPOBaHA MPAKTUYECKU MEPIEeHIUKYIIpHO cTeHke. [lomyueHHble 00pasibl
UMEIOT (popMy HapayienenuneoB ¢ pasmepamu 14 x 9 x 10 cmu 10 x 11 x 11 cMm; ganee B TeKCTe 3TH
nBa oOpasia uMmeroT MapkupoBky "A" m "B" cooTBeTcTBeHHO. /[Be MPOTHUBOIOJIOKHBIE TIOCKOCTH
KaXJI0r0 M3 00pa3lioB, HA KOTOPBIX HAOJIOJAIOTCS CIUPAJIbHBIE CTPYKTYPHI, SBISIOTCS pa3pe3ami,
(cy0)nepneHIUKYISIPHBIME ITUHHBIM OCSIM 3TUX CIIUPATBHBIX CTPYKTYP, KOTOPBIEC TOX0KH HA CUTAPBI,
BEpPETEHA, CTPYUYKU WM KOKOHBI (TO €CTh IUIOCKOCTH, Ha KOTOpPHIX B OOHa)K€HUU HaAOIIONAIOTCA
CIIUPAJH, SIBJISIIOTCS MOMEPEUHBIMHU pa3pe3aMu 0ObEMHBIX JUHEHHBIX CTPYKTYp Takoil Mopdoorun).
Hanee B pabote, 1t 0003HAYECHUSI PAaCCMATPUBAEMBIX CTPYKTYp CO CHUPAIBbHOI reoMeTpuei, aBTop
UCTIOJIBb3YeT TEPMHH, SBISIOMIMKCS KaJdbKoW ¢ aHrjimiickoro Tepmuna "spiral pod" — "crnmpanbHbii

o’

! Jlns onmucaHus 3TUX CTPYKTYP B QHTIIOA3BIYHOM TUTEpaType ObIT HCTIOIL30BaH HANbOIIee yauHBIi, 1o
MHEHHIO aBTOpa, TepMuH ''spiral pod", KOTOPBII TOCIOBHO MEPEBOAUTCS KaK "CIUPaIbHBIN CTPYyYOK"
(Gorbunov, Balagansky 2022). B nanHo#t paboTe aBTOp NpeiJiaracT HCIOJIb30BaTh B KadeCTBE
PYCCKOSI3BIYHOTO TEPMHUHA UMEHHO KajbKy 'CIUpaIBbHBIA MOJ", TaK KaK BapUaHTHI, HAH0O0JIEe TOYHO
OIMCHIBAIOIINE MOP(OIOTHUIO CTPYKTYp, THIMA "CriMpalibHble KOKOHBI'", "criMpaiibHble BepeTéHa" U T.11.,
MPEJICTABIISIIOTCS TPOMO3IKUMH U HeyAauHbIMU. [10106HBIM 00pa3oM HeyAauHbIM MPEACTABISIOCH OBl
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Jlnst uccnenoBaHust 00beMHONH MOP(OJIOTUH CIIMPATIBHBIX 1010B 00pa3iibl ObLTH pacIHICHBI HA
cepuio TIacTuH: obpasen A — Ha 8 macTuH, a oopazen; b — Ha 12 mmactus (puc. 5.2A). Pactiunsl Ob11H
clieslaHbl MePHeHIUKYIISIPHO UTMHHBIM OCSIM CITMPAIBHBIX MOAOB U MapaJIeIbHO OTPAaHMYHBAIOLIAM
IUIOCKOCTSIM 00pasiia, KOTOphle, B CBOIO OuYepeib, CyOmapaienbHbl MJIOCKOCTH CTEHKH OOHAaKEHMUS.

[T10cKOCTH MOMYYEeHHBIX Pa3pe30B MONTYUYMIHCh OJU3KUMU K III0cKOCTH XZ 3runnconsa aeopmaruu.

Puc. 5.2. (A) Cxema pacniunuBanusi 00pa3ioB u (b-B) nuarpamMmMbl OpueHTHPOBOK CTPYKTYPHBIX
9JICMCHTOB, UBMCPCHHBIX B 06pa3uax; C-u S- IIJIOCKOCTH ITOKAa3aHbl CXEMATUYHO.

B o0Opa3ne A opuWeHTHpOBKa IIOCKOCTEH pa3pe3oB (TO €CTh IUIOCKOCTEH MOYUYHBITUXCS
IacThH) oTKJIoHseTCs Ha 20—40° OT MII0CKOCTH, TIEPIICHANKYJIIPHOM ClIaHIIEBaTOCTH, U Ha 15-55° ot
IUIOCKOCTH, TapauienbHo smHeWHocTH (puc. 5.2B). B o0Opasume b, mimockoctu paspe3os
NEepHEHANKYIISIPHBI CIAHIIEBATOCTU U OTKJIOHAIOTCS 10 40° OT MJIOCKOCTH, MapaijieIbHOW JIMHEUHOCTH
(puc. 5.2B). Bce mmacTuHBI GBI HPUITONMPOBAHBI M 3aTeM OTCKaHMpoBaHBIS. Ha HM300paeHmsX

IUTACTUH OBUIM OTPUCOBAHBI MPOCIEKEHHbIE CTPYKTYpHbIE JUHUHM U Tam, I/I€ 3TO ObUIO BO3MOKHO,

UCIIOJIb30BaHUE TEPMHUHOB "CTPYKTYpa Koa0achl" Wi ""cTpyKTypa COCUCKU" BMeCTO TepMHHA "OyauHa",
ABJISIFOLIETOCS KAJIBKOM C aHTJIMHCKOTO SI3bIKA.

8 M306paxenus Bcex MIOCKOCTell MIACTUH MpUBENEHH HA pucyHKax S1 u S2 B JOMONHMTETbHBIX
marepuanax (Supplementary Materials) x crarse (Gorbunov, Balagansky, 2022).
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IPaHUIIBI OTACIBHBIX CIIOHKOB (cM. puc. S1 u S2 B (Gorbunov, Balagansky, 2022)). U3 miactus o60oux

00pa3roB ObBUTH U3TOTOBICHBI MITU(HI.

5.3. KpaTkasi XapaKkTepHCTHKA NOPOJ, 00pa3ylIINX CIHPAJIbHbIE MOAbI:

nerporpagus u 1e()opMalMOHHBIE CTPYKTYPHI

[Topoawl, HabmogaeMbie B 00pasiiax, MOKHO Pa3feUTh HA TPH NOArpynmnsl. [lodepynna |
BKIIIOUAET CBETJIO-’KEITOBATHIC CIIOJSHBIC IapacliaHIbl, CIOM KOTOPBIX XOPOIIO pa3INYuMbl Ha
u3o0paxkenusx miaactud (puc. 5.3A, b) u B mmmudax (puc. 5.4A). [lapacnanusl 370 MOATpyHIIBI
TOHKO3EPHUCTbIE M CJIOXKEHBI B IEJIOM H30MeTpUuHbIMH 3&pHamu kBapua (40-60 %), demryiikamu
myckoBuTa (40—60 %) 1 eIMHUYHBIMU KPYTIHBIMH KpHUCTaJUIaMU KMaHWUTa U cTaBposnta (puc. 5.4A). B
HEKOTOPBIX CJIOWKax OOJBIIMHCTBO 3€peH KBaplla IMPOHU3aHBI MHOXKECTBOM MUKPOBKIIOUCHHIA
yIJIEPOIUCTOTO BelecTBa (moarpynna la), Toraa Kak B APYTHX CIOHKaX yrIIepoAUCTOE BEUIECTBO NOUYTH
MOJIHOCTBIO OTCYTCTBYeT (moarpynma 16). BaxHO OTMETHTH, YTO YEHIYWKH MYCKOBHUTA HE HMMEIOT
MPEIOYTUTENBHON OPUEHTUPOBKHU.

IHoozpynnwsr 1l u 11l cOCTOST COOTBETCTBEHHO W3 CIIOASHBIX U KUAHUTOBBIX Pa3HOBUIHOCTEH
napacianieB. Ha m300pakeHHMsIX TJIACTHH 3TH TMOPOABI CBETJIO- WIH TEMHO-CEpPBIC, WX TPAHUIIBI
HESIBHBIC M PA3JIMYUTh ITH MOATPYTIIBI MEXITY COO0H MOXKHO TObKO B nutudax (puc. 5.3B-E). [Topoast
nooepynnut |l Gonee KpynmHO3EpHUCTHIE, YeM TOPOABI MOArpynmbl |; comepkaHue KBapia B HHX
cocraBisier 50-70%. 3epHa KBapia 31ech OOBIYHO BBITSHYTHIE, WU MHOIJA Ha Kpasx ITHX 3EpeH
HaOJIOMAI0TCS TOHKHE KalMbl, BEIIECTBO KOTOPHIX IOJHOCTBIO 4YucTOE (0€3 MHUKPOBKIIIOYCHHH
YIJIEPOJIUCTOTO BEIIECTBA), TO €CTh 3Ta TeHEepalus KBapla sBisieTcss Oonee mo3aHeu (puc. 5.4b).
Yemyiiku MyCKOBUTa, B OTJIMYHE OT TAKOBBIX MOPOJ MOATPYIIBl |, UMEIOT SBHO BBIPAXKEHHYIO
IPEANOYTUTENIbHYIO OPHEHTUPOBKY. Kuanurosslie cnanisl nodepynnut |11 cocrost 3 kuanura (10 70%)
u kBapra. OOJMMK KHAHWUTOBBIX 3EPEH BApbUPYET OT HM30METPHYHOTO [0 HrOJIbYATOrO, MPHYEM
PacroJoKeHUE UT0JIOK KMaHUTa 00pa3yeT SIBHO BBIPAXKEHHYIO IPEANOUTUTENIbHYIO OPUEHTHUPOBKY .

JlebopmarimoHHbIe MUKPOCTPYKTYPBI, HAOJIt01aeMble B 00pa3iiax, BKIFOYAIOT IIIaBHBIM 00pa3om
S-C cTpyKTypbl, BHIMIOTHEHHBIE YeITyHKaMU MYCKOBHTA, ICHTOYHBIM KBapIIEM U YUTMHEHHBIMH, HHOT 14
curmougansHoit  gopmel  3&€pHamm  kBapua (puc. 5.4b, B). ITlopombl cMsATBI B KpOIIEYHBIC
ACUMMETPUYHBIE 10 C’KATHIX CABUTOBBIC CKIAJKH. B sipax HEKOTOPBIX CKIIAOK HAOIIOAAEeTCS KITMBAK,
napauieIbHbI OCEBBIM MOBEPXHOCTSAM CKIaAoK (puc. 5.4/1). CnaHieBaToCTh MagaeT Moj CPETHUMHU
yIJIaMH K 10T0-3amay B o0pasiie A (puc. 5.2b) u o KpyThIMU yTIJIaMH K IOTY-I0T0-3a1ay B 00pasie b
(puc. 5.2B). IIpeobnanaromee OoMbIIMHCTBO S-C CTPYKTYp YKa3bIBalOT Ha IBMXKEHUS B CEBEPO-

BOCTOYHOM HaAITpaBJICHUH.
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Puc. 5.3. (A, B-E) CxanupoBanHble H300paXeHUs MOBEPXHOCTEH TUIacTHH U3 06pa3noB A u (b)
TPaHMITBI HAMOO0JIEe YETKO MPOCIS)KHUBAEMbIE TPAHUIIBI INIACTUHBI, 1300pakeHHOH Ha (A). Al, A2
— HOMepa CIIUPaIbHBIX MOJI0B.

CrnupasibHbIE TOJBI COCTOAT U3 YEPEAYIOIIUXCS M 3aKPYUYEHHBIX MUKPOCIOWKOB MOATpymIsl |
(puc. 5.3). BHyTpHu crimpaneil coceqHrue CIOMKHA OTIMYAOTCS MEXKIY COOOM TOJBKO MO COAEP>KaHUIO
MHUKPOBKITIOYCHUH YTIIEPOIUCTOTO BEIIECTBA B 3¢pHaX MHUHEPAJIOB. Bee crimpaiy B moiax 3aKkpydeHbl B
OJIHOM M TOM >k€ HampasiieHuu. CpenHuil JuaMeTp CIMpaibHBIX MOJO0B COCTABIAET NpUMEpHO 1.5-2
CaHTHMETPA, a MOIIHOCTb OTHAEIbHBIX CJIOEB BHYTPU ITHX CTPYKTYyp paBHa |-2 MuIuIMMETpam.
bonpmmHcTBO CIIUPAJIBHBIX MOJOB NPCACTABJICHBI BHYTPHU 06p3.3L[OB HC LCJIMKOM, a TOJBbKO JIHUIIb

dbparmeHTamMu, ¥ MOJHOCTHIO PEKOHCTPYUPOBATH MOP(OIOTHIO YAIOCH TOJIBKO AJIsl TPEX MO0B; JIMHA
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Puc. 5.4. ®otorpadun nmmdos odbpasua A. (A) Uepenoanue 6051e€ MEIKO3EPHUCTHIX (TOATPYIIA
1) u 6onee kpynmHO3epHUCTHIX (Toarpymnma Il) pasHoBUIHOCTEH KEWBCKUX Mapacianies (mud 38-
605). (b) 3épna kBapua CUTMOHMIANBHOM (OPMBI, 3aMOJHEHHbIE MHKPOBKIIOUYEHUSMH
YTJIEPOJIUCTOTO BEIIECTBA M OKPYKEHHBIE YUCTOW OT MUKPOBKIIIOUCHHH KaiiMol (twtnd 38-609A).
(B) S—C ctpykrypsbl, 00pa3oBaHHbIC YEHTyHKaMi MYCKOBHTA U IIETIOYKaMHU 3E€peH KBapla (LU
38-603A). (I') KnuBax BIOIb OCEBBIX TTOBEPXHOCTEH CKIIAJIOK B S/IPE CKIIAJIKK pa3MepoM OKoJjIo 1
cMm (nutng 38-610). AGOpeBuarypsl Munepanos: CM — yriepoaucroe BemectBo; Ky — kuanut; Ms —
MYCKOBUT; QZ — KBapil.
WX JJUHHBIX OCeil BapbupyeT oT 3 10 7 cM. dparMeHT OJHOTO M3 MOAOB IMpociexeH B oOpasme b ot
Kpast 10 Kpas (TO ecTh, 00a KOHUMKa I0Jla HaXoAATCsA 3a mpeaenamu obOpasua). Takum oOpazom,

YCTAHOBJICHHASI MUHUMAJIbHAA AJIMHA ITOJJ0B COCTABJIACT 3 CM ¥ MOXET IMPCBLIIATH 10 cm.

5.4. Mopdghonozusn cnupanvHwvix nooos

Jlnst Bu3yanuzanuu MOp(OJIOTHH CIHPAIBHBIX MOJOB W MX IPOCTPAHCTBEHHOTO MOJOKEHHS
ObUTM TIOCTPOEHBI OJOK-muarpamMmbl. J[ms 3Toro Ha BceX HM300paKEHHSAX BCEX CKaHHMPOBAHHBIX
IUIOCKOCTEH IUIACTHH, BBIMMJICHHBIX M3 OOOMX OOpa3loB, OBUIM MPOCIEKEHbBI U OTPHUCOBAHBI
CTPYKTYpHBIC JINHUH U SIBHBIC TPAHUIIBI XOPOILIO PAaCcIO3HABAEMBIX clloeB mopoa (puc. 5.3, 5.5). [lanee

IUIOCKOCTHBIE M300pakKeHUsI CTPYKTYPHBIX JMHHM U TPaHUI] MOPOJ HAa 00EUX CTOpOHAX KaKIOW U3
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Puc. 5.5. (A, B-E) CkanupoBaHHbIe H300pakeHHs MOBEPXHOCTEH MmacTuH u3 obpasuoB A u (b)
TPaHMITBI HAMOOJIEe YETKO TPOCISKMBAEMbIE TPAHMIIBI ITACTHHBI, H300pakeHHoH Ha (A). b1, B2 —
HOMEpPa CIMPAIBHBIX TTOI0B.

TUTACTHH OBUTN PACIIONIOKEHBI PSIOM MTapauIeIbHO IPYT APYTY U COTJIACHO MX MOJIOKEHHUIO B ICXOTHOM
obpasue. [Tpu 3TOM n300pa’keHHs BBICTPAUBAIUCH TAKMM 00pa3oM, YTOOBI MOJTYYUTh IPSIMOYTOIbHYIO
M30METPUYUECKYIO IPOCKIHUIO HCXOAHOTo o0pasua (cM. puc. S1 u S2 B (Gorbunov, Balagansky, 2022)).
Jnist ynpoIeHusi HTOroBol OJOK-AHarpaMMbl HCIIOIB30BATIOCH H300paKEHHE HE BCETO CIIOS, & TOIBKO
n3o0pakeHne ero mnoaomBbl (puc. 5.6A). Ha wncxomHblx H300paXeHHSIX CHUPATBHBIE OB
OKOHTYPHBAJIUCH KPYTOBBIMH JINOO OBAIBHBIMU KPUBBIMH JIMHUSMH, YTOOBI OTICTUTH 3aKpyUCHHBIE B
CIHMpAIM YYacTKM MHKPOCIOMKOB OT YYacTKOB, CMSTBIX B OOBIYHBIE CKJIAJKH. ODTH KOHTYpBI
CIHMPAIBHBIX TOJ0B HKCIIOJNB30BAIACH JUISI TOCTPOSHHsI Ha OJOK-AMarpamMmax ITOBEPXHOCTEH,
MIPEACTABISIIONTUX COO0M Kak OBl "000JI049KK" cripanbHBIX MO0B (puc. 5.6b). Jluauu, coequnstonme
BUJMMBIE Ha IJIOCKOCTU LEHTPHI CHUPAIBHBIX IOJIOB, MHTEPIIPETUPYIOTCS KaK JUIMHHBIE OCH 3THX

JUHEWHBIX CTPYKTYp (pHc. 5.6B).
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Puc. 5.6. (A) bnok-guarpammel noJomBbl Mapkupytomero cinos ¥ (b) cnupanbHble moasl B
obpasiie A.
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bnok-ouazpammut 06pazua A. Ha 6nok-muarpammax obpasia A n300pa)xeHa mo/IoIBa CBeTIo-

JKETOTO CIoiiKa moArpynmsl |6, BEIOpaHHas B KaueCcTBE MapKHUpYIoIero ropuzonra (puc. 5.3A, 5.6). B
OOHaXCHUHM BUIHO, YTO ITOT CIOEK CMST B MapHble aCUMMETPHUYHBIE C)KaThle 10 M30KIMHAJIbHBIX
CKJIQIKU CEBEPHOI BEPreHTHOCTH, HHTEPIPETUPYEMBIC KaK CKIIAJKU CIBUTOBOTO TeueHus. B oOpasie
A HaxoaWTCs OJHA Tapa TaKUX CKIIATOK, U UX MOP(OJIOTHIO JIETKO PEKOHCTPYHUPYETCS. DTU CKIAJAKH
XapaKTEPU3YIOTCS CIASAYIOIIMMHU 0cOOeHHOCTMHU. (1) VX mapHUpPHI SIBASIOTCS] KPUBOJIMHEHHBIMHU (PHC.
5.6A). (2) B yrommeHnHoM sape aHTU()OPMHON CKIaAKU (HMDKE TOBEPXHOCTH MAapKUPYIOIIETO
TOPU30HTA) paCIoIaratoTCs CHUupaibHbie o6 (puc. 5.6b). (3) CriupanbHble o161 00pa30oBaHbI cepueit
3aKpPYYCHHBIX MHKPOCIOWKOB, KOTOpPHIE B OIPEACICHHOW CTENEHU SIBISIOTCS MOBTOPHO CMSATHIMHU
3aMKaMH MUKPOCKJIAJ0K U MTPEACTABIISIIOT COOOM CTPYKTYPHI ""MUKPOCKIIaIKa B MUKPOCKIIaIKe", MpuYemM
9TH 3aMKH TOJTHOCTBIO COPBaHBI C KPBUILEB CKIamoK (puc. 5.3Bb, 5.6b). (4) Cpennsisi opueHTHPOBKA
[IAPHUPOB ACUMMETPUYHBIX CKIIAJIOK COTJIACYeTCS C OPUEHTHUPOBKON IIMHHBIX OCEH CIMpaTbHBIX
nojoB (puc. 5.6b, 5.7A). (5) KpuBonuHeHHOCTh 3TUX HIAPHUPOB COTJIACYETCSI C TAKOBOW LIAPHUPOB
CKJIaJIOK 0oJiee KpymHOro maciirada, MOBCEMECTHO pa3BUTHIX Ha yuactke lllyypypra-SArenbypra (cMm.

pasaen 4.1.2).

Puc. 5.7. (A-B) JInarpaMMbl OpUEHTUPOBOK CTPYKTYPHBIX 3JIEMEHTOB B oOpasmax A u b.

[Hapaup aHTUGOPMHON CKIAJAKH HMMEET YMEPEHHYIO CTEleHb WCKPUBJICHHS, OTHAKO
OTKJIOHEHHE €r0 OPUEHTHUPOBKH OT CpeIHEH OPHUEHTUPOBKHU BCEX IIAPHUPOB JIOBOJBHO CYIIECTBEHHO,
YTO XOPOIIIO BUIHO KaK Ha IIacTUHAX 6 1 7 (CM. n300pakeHUs INTOCKOCTeH mmactuH A6-1, A6-2 u A7-1
Ha puc. S1 B (Gorbunov, Balagansky, 2022)), Tak u Ha GJIOK-quarpamMmax, rae npasas, 0ojiee KOpoTKast
YacTh HIApHHUPA CMEIEeHA BHU3 Ha 1.5 ¢M 110 OTHOLIEHUIO K JIEBOM yacTu mapHupa (puc. 5.6A). B sape
aHTU()OPMHON CKITaKU OOHAPYKUBAIOTCS ()parMeHTHI ABYX OTAEIBHBIX MOOB (Janee — CIupabHbIE
noasl Al u A2). OHu pacrnoiaraloTcsi COOTBETCTBEHHO CIIpaBa M CJI€Ba OT BBIIICONUCAHHONW CHIIBHO

UCKPUBIICHHOH YacTH mapHupa (puc. 5.6b). B paspesax uepes neHTpajibHbIC YaCTH M010B HAOIIOIaeTCs
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SIBHO BBIpAXKEHHAsl COUPAJIbHASI TEOMETPHUS, IPUYEM B CIIUPATH 3aKPYUEHO HECKOJIbKO MUKPOCIOWKOB
(puc. 5.3A-b, 5.6b).

O6napyxuBaemblii B oOpasme ¢parMeHT moma A2 MMEeT KOHHUYECKYI (GopMy, TPH ITOM
o100HyI0 GOpMy HUMEET TOJIBKO BHYTpeHHsIs 9acTh noja Al (puc. 5.65). Ock 3TOr0 KOHYyCa CoBIagacT
C OCBIO CIIUPANBHBIX TOJOB, U TIOYTH MapaijieibHa HE UCKPUBICHHOW YacTH MIApHUPA aHTU(HOPMHOM
ckiaaku. Konunku 06onx GpparMeHTOB CMELEHBI APYT OTHOCUTEIBHO JIPYT B TOM K€ HaIlPaBJICHUU U
IPUMEpPHO Ha TO € PAaCCTOSIHME, YTO W TpaBas U JieBas YacTU PACIHOJIOKEHHOTO BBIIIE HIApHUPA
anTudopmHoii ckianku (puc. 5.6B).

KomnmdaecTBo ciioeB, 00HapyKUBAIOIIUX CIIUPAITBHYIO T€OMETPHUIO, YMEHBIIIAETCS OT BHYTPEHHEH
yacTu (BUAMMON Ha TNTOCKOCTH A3-1 B pa3pese uepes crupajibHbIi mox Al) B HalpaBIeHUH K KOHYHKY
noja, rjie cnupaibHas reoMeTpus ucueszaer. [Ipyrumu cioBamu, cepusi MUKPOCIOMKOB, CMSTHIX B JIBE
UCXOHBIC HEOOIBINNE CMEXKHBIE H30KIMHABHBIC CKIIaouku (puc. 5.8A) 1 OKOHTYpEeHHBIC Ha pa3pese
A3-1, HamOTaHBI APYT Ha JIpyra B pe3yJbTaTe BpalleHHs Ha mojTopa obopoTa. B To xe Bpems, 3Tu
MUKPOCJIIOMKH OCTaJIMCh HE HAMOTAHHBIMU Ha KOHYMKE nojaa Al, pacmnosioxKeHHOro NpuMepHo B 4.8 cM
oT pa3pe3a A3-1, OpueHTHPOBKA KOTOPOTO MPUHATA MEPIICHAUKYIAPHON JUTMHHON ocH ojia (puc. 5.6b).
N3 »oTtux HaOmoAEGHUN CleayeT, 4YTO IIAPHUPHI JAaHHBIX CMEXKHBIX CKJIQJI0YEK SIBISIFOTCS
KPUBOJIMHEHHBIMU.

Jliis Toro, 4ToObl YyCTAaHOBUTH, OBLI JIM LIAPHUP UCXOAHOW CKIIAJOYKH MPSIMOJIMHEHHBIM WIIU
KPUBOJMHEHHBIM, HEOOXOIUMO '"pa3MoTaTh" OCEBYIO IIJIOCKOCTh JIFOOOW W3 JBYX CMEKHBIX
M30KJIIMHAIBHBIX CKJIQJIOYEK, 3aKpy4YeHHBIX B CHOUpab. B ciayyae 3aMarbiBaHUs B CIHpaib
WIMHAPUYECKON N30KIMHAIBHON CKIIQIOUKH C MPSIMOJIMHEHHBIM MApHUPOM, (pparMeHT JUIMHHON OCH
nmoga Oyner pacmojaratbes (Ccy0)mapamiensHO mapHupy. Toraga Ha paspesax, MepHeHIUKYIISTPHBIX
JUIMHHOM OCH T0J1a, 3aMKH Pa3MOTaHHBIX HAOIIOAAEMBIX JBYX CMEXKHBIX M30KIMHAIBHBIX CKJIaJ04€K
OyIyT HAXOJUTHCS HAa OJMHAKOBOM YJAJIIEHUU OT ()parMeHTa JUIMHHON OCH MOJa, TO €CTh OT IIapHUpa
UCXOIHOW IWIIMHIAPHYECKON ckmanku. Eciu e ucxonHas CKIaJovka HE ObUIa IMJIMHIPUYECKON U
uMeNa KpUBOJIMHEWHBIM IIapHUDP, TO Ha pa3pe3ax uepe3 YYacTKH HauOousblledl KPUBHU3HBI HIapHUPA
3aMKH HMCXOJIHOM CKJIaJOYKu OYyIyT HaXOJUTHCS HA Pa3HOM yAaJleHUU OT JJIMHHOM OCH Moja — Ha
MaKCHMaJIbHOM BO BHYTPEHHEH YacTH CHUPATIBLHOTO MMOJja M HAaMMEHbIIIEM B 00J1acTH ero KoHunka. Ha
KOHYHMKE I0J]a TOJIO)KEHHE M OPUEHTUPOBKA MIAPHHUPA CYIIECTBYIOIIEH H30KIMHAIBHON CKJIaJ0YKH,
3aMOTaHHOW B CHUpaib, OyAyT COBMNAgaTh C TAaKOBBIMH MIAPHUPA LWIMHAPUYECKONW CKIIAJI0YKH,
KOTOPBIM 3aT€M CTajl KPUBOJIMHEHHBIM B MPOIECCE MPOTPECCHBHOMN aedopManuu MpoCTOro CIBHTA.
HmeHHO Tako# citydail Hanbosee COOTBETCTBYET HaOMIIOICHUSAM B pa3pe3ax yepes CrupalibHbIe MOIbI.

Takxum 00pa3oM, MOKHO MPUMEPHO OLICHUTH BEIMUUHY AlMUKAIBHBIX YIJIOB ATHX 3aMOTAHHBIX B
CIIUPAJHU CKJIAJIOUEK C KPUBOJIMHEHHBIMY APHUPAMH CIIETYIOIIMM crIoco0oM. DparMeHT IITUHHON OCH

M0J1a, KOTOPBIN PaCIONOKEH MEXIy pa3pe3oM A3-1 u KOHYMKOM MOJa, UMEET JIMHY NpUuMepHo 4.8



88

Puc. 5.8. ®ortorpadun numdoB, BEIMUICHHBIX U3 CIIUPAILHBIX MOJ0B 00pa3na A (pacnojoxeHue
num¢oB mokazaHo Ha puc. 5.6B). (A-B). U3o00paxkenus nundos u3 moga Al, B KOTOPBIX BUIHBI
pENUKTH  1e(OPMHUPOBAHHOTO KBApIL-MYCKOBHTOBOIO MHUKPOCIIOIKA; IIIH(Bl BBIMUICHBI U3
HEOOJIBIIIOTO KycKa 00pasiia B (hopMe mapajuiesienurieia pazmMepaMu ~ 2x2x1 cM mapauuiesbHO ApyT
apyry; (A) 4HacThb MHKpOCIOWKA, OyJAMHUPOBAHHAS U CMATas B MTUTMATUTOBBIE MHUKPOCKIAJKH
(mmud 38-601); (b) yacTh TOro )Ke CMITOr0 B MUKPOCKIIAIKY MUKPOCIIONKA, PACIIOI0KEHHAS MEXITY
nuidamu, mobdpakenusiMu 1o (A) u (B) (mumd 38-601A); u (B) gacTs TOro xe MUKpOCIOWKA,
CMATOTO B TITUTMATHUTOBBIE MHUKPOCKIAIKH, TECHO Tprkarbie apyr apyry (mmud 38-602A)
(pacmonoxxenue nuMdoB mokazano Ha puc. 5.6b). (I') Llnud u3 moxa A2, BEIMMICHHBIN U3 TTACTUHBI
A9, B KOTOPOM BWJHBI PEITUKTHl KBapI-MyCKOBUTOBOTO MHUKpocioika (numd 38-621). (J1)
VYBenuuenHoe n3oOpaxkenue ¢gparmenta numda noga Al, uzobpaxennoro nox (b), Ha koropom
BUJTHO B3aHMOOTHOIIICHHE JIBYX CHCTEM CIHpasei, 00pa30BaHHbIX BEIIECTBEHHOM M0JIOCYATOCTHIO U
cnanneBarocteio, U (E) To e uzoOpakeHHEe CO CTPYKTYPHBIMH JIMHUSM, MapKUPYIOLUMMHU
CJIaHLIEBATOCTb, U TPAHUIIAMH MEXKIY OT/EIbHBIMU CIOHKaMHU, 00pa3yIoIIKX M0JI0CYaTOCTh.



89

cM (puc. 5.6b). PazMoTaHHBIi ciiel] 0CEeBON TUIOCKOCTH, KOTOPBIA MOKHO MPOCIIEANTD Ha pa3zpese A3-1
(puc. 5.3b u puc. S2 B (Gorbunov, Balagansky, 2022)), MOKHO MPHHSTE 32 OUCCEKTPHUCY CKJIaT0UKU C
KPUBOJMHEHHBIM MAPHUPOM, 00pa30BaBIIEHCS 3a CUET UCXOHON MHJIMHIPUIECKON CKIIAIOUKH U 3aTEM
3aKpy4eHHOH B chupaidb. 1o ecTb B pa3MOTaHHOW OCEBOM IUIOCKOCTH OYIET CYIIECTBOBATH
MPSIMOYTOJIBHBIN TPEYTOJIbHUK, BEPIIMHAMHU KOTOpPOro OyayT (A) 3aMOK CKJIQJ0YKH, BHAMMON Ha
paspese A3-1, u OM3KUI K IICHTPY HBIHEIIHEW criipaiy, (B) Touka nmepeceueHus pa3MOTaHHOTO cieaa
OCEBOM TMOBEPXHOCTHU Ha paspe3e A3-1 ¢ mpenmonaraeMbIM HIAPHUPOM HCXOIHOW HMJIMHAPUYECKON
CKJIQIOYKH (TO €CTh, IPUHUMAs BO BHUMaHUE JOIMYIICHUS BhIIIE, C JIIMHHON OChIO CIIUPATHHOTO T0/a),
u (C) xoHunk cnupansHoro noaa. Cropona tpeyroiasHuka BC (ero rumorenysa) B Takom ciydae Oyaer
ABIATHCSA (PParMEeHTOM KPUBOJIMHEMHOTO IApHUPA CKJIaI04KH, 3aKpPyUYE€HHOI B crivpaiib. MUHUMaIbHas
JUIMHA Pa3MOTaHHOIO CJie/la OCEBOM MIIOCKOCTH OJHOW U3 JABYX CMEXKHBIX M30KIMHAJIBHBIX CKJIaJI0YEK,
u3MepeHHas Ha paspese A3-1 (puc. 5.3b u puc. S2 B (Gorbunov, Balagansky, 2022)), paBHa npuMepHO
8.2 cMm, a gapyroil ckiagouku — npumepHo 4.8 cM. Ha ocHoBe 3TuX AOMyHIEHUN U MPOCTBIX
TPUTOHOMETPUUECKUX BBIYMCIECHUN pPAaCCUUTaHbl BEIMYMHBI alMKAIbHBIX YIJIOB 3THUX CKIIAJOYEK C
KPUBOJMHEHHBIMH IIAPHUPAMU, KOTOPBIE COCTABIISIOT IpuMepHO 60° u 90°. Cnenyet 3ameTutsb, 9To (1)
PEKOHCTPYHUPYIOTCS TOJIBKO YaCTH CKJIAJ0UEK C HAMOTAHHBIMU JIPYT HA APYTra OCEBBIMHU MTOBEPXHOCTAMHU
U (2) 3T PEKOHCTPYKLUHU YKa3bIBaIOT TOJBKO Ha TO, YTO IIAPHUPHI PacCMATPHUBAEMBIX CKJIAJJOUEK
ABIISIOTCS KPUBOJIMHEWHBIMH, HO HE MMO3BOJISIIOT TOYHO PACCYUTATh BETUUYUHY X alTUKaJIbHBIX YIJIOB.

®parmeHT noga A2 sBiseTcss Oojiee KOPOTKMM, 4eM ¢parMeHT moja Al, ero jajmHa paBHA
npuMepHO 1.5 cM, ¥ OH UMEET YETKO BBIpAXKEHHYI0 Mopdoioruio Konyca. [lyrem n3mepenus paauyca
OCHOBaHMSA KOHyca (BBICOTa COOTBETCTBYET JuIMHE (parmMeHTa mona A2) M TMOCIEAYIOUINX
TPUTOHOMETPUUYECKUX BBIYMCICHHUIN IMOJy4aeTcsi, 4TO YroJl BEpIIMHbI KOHyca coctaBisier 132°. Ha
paspese A8-2 (puc. 5.6b, pa3pe3s Ha mpaBoii cropone obpasiia; puc. S2 B (Gorbunov, Balagansky, 2022))
MHUHUMAaJIbHAs JUIMHA CJIEJa OCEBOM IUIOCKOCTH M3OKJIMHAIBHOW CKJIAJOYKH, CBEPHYTOW B CIIUPAb,
paBHa npuMepHo 3.4 cMm. PaccunTaHHbIN C UCHOJI30BAaHUEM OMMCAHHOTO BBIIIE METO/A AlUKAIbHBINA
YI0JI 3TOM CKJIaJIOYKH COCTaBJIsIET OKOJIO 48°.

Oco0OeHHOCTBIO cnupalibHOrO moja Al sBiAsSeTCs TO, YTO B CaMOM IIEHTPE CIUpaJIeH,
HaOJII01aeMBIX B pa3pe3ax, HaXOAUTCS (PparMeHT KBAapLEBOr0 MUKPOCIIOKa 001l IIMHOM TpUMEpHO
15 MM. DTOT MHUKPOCJIOEK COCTOMT M3 YHCTHIX 3€peH KBapla 0e3 MUKPOBKIIIOUCHHH YIIIEPOAUCTOTrO
BEIIIECTBA U HE COMEPKUT delryek MyckoBuTa (puc. 5.8A). OH pacmonaraercs Mexay 0oiee TEMHBIM
KBapl-MyCKOBUTOBBIM CJIOWKOM M 0ojiee CBETJIBIM M 0oJjiee KPYMHO3EPHUCTHIM CIOHKOM TaKOIo K€
coctagra (puc. 5.8A). MUKpOCIOEK CMST B ITUTMATUTOBBIE MUKPOCKJIAOUKH, KOTOPBIE TAKKE XOPOIIIO
HaOmromaroTess B AByX cocequux mummdax (puc. 5.8 A, b). AncamOnu 3THX MHUKPOCKIAJ0K MMEIOT
pa3Mepsl OKoJIo 2 X 4 MM U 00pa3yIOT JIMH30II0A00HBIE MUKPOOOOocoOIeH s (MUKpoOyanHbl). Kak yixe

OBLIO CKa3aHO BBIINIE, OHU HAOIIOAIOTCS TOJIBKO B IICHTPAIBHBIX YacTAx moaa Al Ha yJajieHUuu OT ero
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KOHYMKA U JISKAT Ha €ro JUIMHHOW ocH (puc. 5.6b). B muunde, pacrnonokeHHOM B 5—7 MUJITUMETpax OT
BBIIIEYTIOMSAHYTHIX NUTH(OB, HAOII01aeTCs OBaIbHAs CTPYKTYpPa BBIPAXKEHHOM CUTMOUIAIbHOM (hOPMBI,
KOTOpasi TAKXKe JISKUT Ha JJIMHHOW ocH mojia (puc. 5.8B). Dta oBanbHas CTPYyKTypa HHTEPIPETUPYETCS
KaK CepHsl 3aKPYUYEHHBIX U CHJIBHO MEpPEAaBICHHBIX ITUTMATUTOBBIX MUKPOCKJIAJOUEK.

CrnupanbHble TIOJBI KaK B OOHaXeHusx (puc. 5.1b-I'), Tak u B mmudax (puc. 5.8A-I") cnoxeHsr
CIIOMKaMW pa3HOro cocTaBa. B 93Tux croiikax HaOM0IaeTcs CIaHIEeBAaTOCTh, O0Opa3oBaHHAs
MPEMOYTUTENHHON OPHUEHTUPOBKOW YATMHEHHBIX 3EpEeH KBaplla U 4YelIyeK MYCKOBUTA, KOTopas
OPUEHTHPOBAHA TOJI OYEHb OCTPHIM YIJIOM MO OTHOILIEHHUIO K CIOMCTOCTHU. CIaHLEBATOCTh TaK»Ke
3aKpydeHa B CIUpaAIM, MPUYEM HX LEHTP U HaAIpaBJIE€HUE 3aKPYUYUBAHUS COTJIACYIOTCS C TaKOBBIMU
criipasieit, 00prcoBbIBaeMBIX ciouCcTOCTHIO (puc. 5.8B, /I, E). Takum oOpaszom, ciimpanbHbIil mox Al —
9TO CIIOKHAs JIMHEWHash CTPYKTypa, KOTOpash COCTOMT W3 JABYX COTJAaCyIOLIUXCS APYT C APYrom
(KOTEpEeHTHBIX) CIHUPATBHBIX CUCTEM, B KOTOPHIE B OJJHOM W TOM € HAIPABJICHUU 3aKPYYCHHI J[BE
pa3HbI€ IPYIIIHI INIOCKOCTHBIX TEKCTYP.

HemnocpencreenHo B oOpasiie ObljIa ©3MEpEeHa OPUEHTHPOBKA TUIOCKOCTHBIX (CIIAHIIEBATOCTh U
CJIOMCTOCTB) U JIMHEHHBIX CTPYKTYPHBIX 3JIEMEHTOB, BKIIIOUasi JIMHEHHOCTh MO KUaHUTY. Mcronb3ys
OJIOK-AMarpaMMbl, OBLTH BBIYHMCICHBI OPUCHTHPOBKU IMAPHUPOB CKIAJIOK U JITMHHBIX OCEH TOJOB.
[ImocKkoCTHBIE CTPYKTYPHBIE 3JIEMEHTHI MOTPYKAIOTCS K I0r0-3aaay Moj CPeAHUMHU YIJIAMH U UMEIOT
cpenHio0 opueHTHPOBKY 200°/41°, mpuueM cpemHsiss JUHEHHOCTh MO KHAHUTY HMEET CXOIHYIO
opueHTHpPOBKY (214°/39°) (puc. 5.7A). Beruncnennas cpemHsss OpUEHTUPOBKA NEBATH (PparMeHTOB
JUTMHHBIX 0Ceil 000MX CIUPANIbHBIX MTO0B, HAOIIOAaeMbIX B 00pasiie A, coctapisieT 261°/6° u obpazyer
yroia 54° co cpeaHeil OpueHTUPOBKOM JIMHEMHOCTU. BhI4nclieHHast cpeHsisi OpUEHTHPOBKA IBEHAIATH
dbparMeHTOB MIApPHUPOB cocTaBisieT 285°/2° (puc. 5.7A), 4TO0 nH0CTAaTOYHO OJM3KO K CpEeaHEH
OPHUEHTHPOBKE JITTMHHBIX OCEH CIUPATTLHBIX MOO0B (YTOJ MKy HUIMHU COCTaBIISIET 24°) M MPaKTHIECKU
NepIEeHINKYIIpHA CpEeAHENH OPUEHTHPOBKE TMHEHHOCTH (YroJl MeX 1y HUMH paBeH 74°). Bo ¢pparmente
HIapHupa aHTU(HOPMHOM CKIIAKHU, KOTOPBIA MMEET MaKCUMAIbHOE OTKIIOHCHHE, a3UMYT TOTPYKCHHUS
coctapiisgeT 116°, a yroy norpykeHusi COCTaBIAeT 67°; OTKIOHEHUE OPUEHTUPOBKHU 3TOTO IAPHUPA OT
CpeaHel OPUEHTUPOBKHY MIAPHUPOB COCTABIISIET 69°.

bnok-duazpammul_obpasua b. ]JIns noctpoenust Onok-auarpamm obpasna b B kauectBe

MapKHUPYIOILIETr0 TOPU30HTA ObLIa UCTIOIB30BaHa IieJiast TPyIIa COCETHUX CIONKOB (Janee B TEeKCTE 3Ta
rpynna HaspBaeTcs '"Mapkupyoomuii mHorocnoil” (puc. 5.5, 5.9)). Munepanoruueckuii cocras
KHAHUTOBBIX M CIIOASHBIX CIIAHIEB B oOpasle b B 1e0M COOTBETCTBYET TaKOBOMY B oOpasie A.
ENMHCTBEHHBIM MCKIIIOYEHHUEM SIBIISIETCS TO, YTO B CIIOASHBIX CIAHLAX C peAKUMH nopdupobdiactamu
KAAaHUTA TMOATpYyNIbl |, KoTopble 00pa3yloT chupaibHble MOAbI B oOpasue b, moytu momHOCThIO
OTCYTCTBYET YIJIEPOANCTOE BEIIECTBO, YTO MO3BOJISIET BBIACIUTH UX B OTAENbHYI0 oarpynmy 16. M3-3a

3TOM O0COOEHHOCTH COCTaBa CIMpalibHasg F€OMETPUs IJIOXO0 pa3inyuMa B nuiidax, HO MO-TIPEKHEMY
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Puc. 5.9. brok-guarpamma, WIIIOCTpUpYIOIIAs MOP(OIOTHI0O MapKHUPYIOLIEr0 MHOTOCIOS U
NOJIOKEHHE B HEM CIMPAJIbHBIX MOA0B B 0Opasue b.

YJAOBJICTBOPUTEIILHO PACIIO3HAETCS KaKk B OOHAKEHWU, TaK M B TOJUPOBAHHBIX IJIACTHHAX.
BHYTpeHHI010 CTPYKTYPY YIa7I0Ch HAAEKHO pacmu(poBaTh B utH(ax TOJBKO B ABYX Moaax (puc. 5.7).
BaxxHO OTMETHTB, YTO B ITHX IOAAX YCTAHABIMBACTCS 3aKpy4YMBaHUE HA MEHBIIHMHA YTroj, 4eM B
cnupasax obpasua A.

Mapxkupyronmii MHOTOCION OblT BhIOpaH Ojarojapsi €ro ciexyrolmuM OcoOeHHOCTSIM. Bo-
nepevix, OH CMAT B CEPUI0 AaCHMMETPUYHBIX CJIBHIOBBIX CKJIAaJOK, MOP(HOJIOTHS KOTOPHIX BEChMa
cnennuyHa, ¥ 3Ta CICHU(DUIHOCTD 3aKIIOYACTCS B CIEAYIOMEM. B OTAEIbHBIX ydacTKaX KOPOTKHX
KPBUTBEB OJHOM U3 TTap CMEKHBIX ACHMMETPUYHBIX CKJIAJIOK OTMEUAETCS CKYYHBAHHE CPa3y HECKOIBKUX
CHABIIEHHBIX W CJIETKA YIUIONMIEHHBIX CIHUPAIBHBIX TOJOB, B PE3yJbTaTe YE€ro MOIIHOCTHh KPBLUIHLEB
3HAUUTENFHO yBenuumiack (puc. 5.5A, b; 5.9). Otu nBe mapbl CKIa0K pa3ieiaeHbl IByMsI HEOOIbIITUM

CMEKHBIMU 110100HBIME cKiTaakamu (Similar folds). M3-3a ckyunBaHus crimpaibHBIX TO0B Ha KOPOTKHX
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KPBUTBSX MOIIHOCTh MApKHPYIOIIETO MHOTOCIIOSI BaPhbUPYET OT HECKOJIBKUX MHUJUTUMETPOB JI0 ABYX-
TpEX CAHTHUMETPOB KaK MO MaJCHHIO, TaK W mpoctupaHuto (puc. 5.5A, b). Bo-eémopwix, kKak u B
oOpa3siie A, 3TH CKJIaJIKi UMEIOT CEBEPHYIO BEPT€HTHOCTb. B-mpembux, MAapHUPHI BCEX 3TUX CKIIAI0K
TaKkXKe KpPUBOJIUHEHHBI. B-uemeepmbix, HETOCPEACTBEHHO BBIIIE W HW)KE KPOBIM M MOJOUIBBI
MapKUPYIOIIETO MHOTOCIIOS PACTIONOKEHO JIBA OTPAHUYHMBAIOIINX €T0 U MapaJuIebHBIX €My CIoiKa (MX
OpUEHTUpPOBKa Onn3ka K opueHtupoBke C-mockocrteit). Kppuibs CKIalok M cierka yIOIIEHHBIE
CHUpAJIbHBIE TOJbl OPUEHTUPOBAHBI MOA YriaoM ~ 30° MO OTHOWIEHUIO K 3TUM OTIPaHUYMBAIOIINM
cJIOiKaM, a JIMHUS MX NepeceueHus cyonapauienbHa mapHupam (puc. 5.5). Takum obpazom, oOmmi
CTPYKTYpHBI y30p wuMeeT cxoacTBO ¢ S-C-cTpykTypamMu WM  Yenryidd4aTto-HaJIBHUTOBBIMU
MHUKPOCTpYKTypamu  (imbricate microstructures), dYTo TOBOPUT O CEBEPHOM HAMNpPaBICHHUU
TEKTOHMYECKOI'0 TPAHCIIOPTA.

Bcero ObUIO BBISIBIEHO JEBSITh CHUPAIBHBIX IOJOB, CTPYKTYpPY KOTOPBIX YAalOCh
PEKOHCTPYUPOBaTh M KOTOphie ObLIM mpoHyMepoBanbl oT bl mo B9 (pumc. 5.10, 5.11). Ha 6mok-
Juarpammax XOpoIlo BHIHO, YTO CIIUPAJIbHBIE MOJIbI CIETKA CXKAThl U YIUIOMICHBI; TAK)KE 3TO XOPOIIO
BUJIHO U B nutidax (puc. 5.12). Crnupanbssiii moa b1 npociexxuBaeTcs BIOIb JIMHHOW OCH OT OJTHOTO
Kpasi obpasiia 10 Ipyroro, u 00a ero KOHYMKA BBIXOIAT 3a IMpeelibl oopasia. Takum oOpa3om, ero IIruHa
npesbimaer 10 cantumerpos (puc. 5.10, 5.11). Crnupansusie noast b3, b7 u b8 mourn nennkom
pacmosiokeHbl BHYTPH oOpaslia, TOr/a Kak OCTaJbHbIE MPEACTaBIEHBbI TOJBKO UX (hparMeHTaMu, U
HaOJIOZAeTCs TOJIBKO OJIMH KOHYMK, HaXOJsAmuiics BHYTpH oOpasma (puc. 5.10, 5.11). Pasmep
CIHMPAIBHBIX T0/I0B, MOJHOCTHIO HAXOMSIIMXCS BHYTpU oOpasia, coctaBiseT 3-7 cM. B paspese ux
pa3Mepsl BapbUPYIOT MPUOIU3UTENHHO OT 1.5 10 2 cM (OTHOILIEHUE JJIUHBI K MIMPUHE YIIIOMEHHBIX
MOJIOB JICXKUT IPUMEPHO B uHTEpBaJie oT 3:1 10 5:1 u MmoxkeT ObITh OonbIne, yeMm 5:1). Kak u B 00pasie
A, MakcHUMaJlbHOE 3aKpy4YHBaHHE MHUKPOCIOMKOB BHYTPU MOJOB HAOJIONAETCS B UX LEHTPAJIbHBIX
4acTsIX, U TMPAKTUYECKH OTCYTCTBYEeT Ha KOHUMKax. ClemoBarenbHO, MIAPHUPHI MEPBOHAYATHHBIX
M30KIMHAIBHBIX CKJIQJIOK, 3aKPYUYEHHBIX B CIIUPAIH, JTOJKHBI OBITh KPUBOJTHMHEHHBIMH. JIIMHHBIE OCH
CHUPAJBHBIX MOJOB — KPUBOJMHEHHBIE, OIHAKO, B OTJINYME OT oOpasua A, WX KPUBOJIMHEHHOCTb HE
COTJIaCYEeTCs ¢ TAKOBOM MapHUPOB CKiIaaok (puc. 5.10).

Tem e criocoGoM, 4To U B 0Opasie A, B 00pasiie b Obu1H moy4eHsl JaHHbIE IO OPUEHTHPOBKAM
CTPYKTYPHBIX 371eMeHTOB. Ilojoc4yarocTs M CIaHLEBAaTOCTh MOTPYXKAIOTCS K IOTY IMOJ CPEIHHUMHU U
KPYTBIMU yTiIaMu (cpenHsis opueHTHpoBKa 189°/59°), a nuHEHHOCTh MO KUAHUTY UMEET CPEIHIOI0
opueHTHpOBKY 217°/47° (puc. 5.7b). Cpennsisi opueHTtupoBka 13 ¢QparMeHTOB IJIMHHBIX OCeH
coctaBmsier 281°/8° m oOpasyer yroam 73° co cpeaHedl OpHEHTHPOBKOW mnwHEHHOCTH. CpemHss
OpUEHTHPOBKa 12 ¢parMeHTOB mapHUPOB cocTaBisieT 285°/3° (puc. 5.7b) u cyOnapaienbHa cpeaHen
OpPUEHTHPOBKE [UIMHHBIX OCeHl MOJO0B (Yyrojl MEXIy HMMHU COCTaBisieT 6°) M CyONnepneHIuKyJspHa

CpeHEeW OpHMEHTHUPOBKH JIMHEMHOCTU MO KHAHUTY (YroJl MKy 3THMHU OPUEHTHPOBKaMHU paBeH 73°)
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Puc. 5.10. bnok-nquarpaMma, WUTFOCTPUPYIOIIAS MECTOMOJIOKEHHE CIUPAIbHBIX MOJAOB M UX
MPOCTPAHCTBCHHBLIC B3aMMOOTHOLICHUA C ACUMMCTPUYHBIMU CXKATBIX OO0 H30KIINMHAJIBHBIX
CKJIaJIKaMH CIBUTOBOTro TeueHHus B oOpasue b. CrnmpanbHble OBl MPOCIEKEHBI OT pa3pes3a K
paspe3y. Eciam BuguMmas B paspe3e cnupajibHasi T€OMETpPHsl MCUE3aeT NP MPOCISKUBAHUU
CIUPATIBLHOTO M0/1a, TO CYMTAETCS, YTO Ha ATOM pa3pese CUpaibHbIN 1o 3akaHunBaercs. LlenTp
CIIMpAJIH B IOCIIETHEM pa3pe3e MPOCISKUBAEMOT0 CIUPAIBHOTO MOAa CYUTACTCS] €70 KOHUUKOM.
Jis mgydmiero MoOHUMAaHHs TOJOXKEHHs JUIMHHBIX OCe MOoJO0B BHYTpHU oOpasla J00aBiIeHbI
NYHKTHPHbIE JTUHUU, TPOCLUPYIOLIHEe KOHYUKH MOJIOB Ha OOKOBYIO INIOCKOCTH oOpasua. Tawm,
I/ JUIMHHBIE OCH IOJOB WJIM MPOCHUPYIOUINE JTUHUU COJMMKEHbI, OHU BbIIEJICHBI Pa3HBIMU
OBCTaMM I UX JIy4IICTO pa3JIMYCHUA.

(puc. 5.7b). ®parmMeHT mapHupa, KOTOPbI MAaKCUMAJIBHO OTKJIOHSIETCSI OT CpeIHel OPHEHTHUPOBKH (Ha

52°), morpy»xaeTcsi K 3amaja-ceBepo-3anany mo azumyrty 299° mox yriaom 54°. Kocoe pacmoiioxeHue
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Puc. 5.11. brok-guarpamMmma, HILTIOCTpUPYIOIIas MOPQOJIOTHIO CITUPATBHBIX MOJ0B B 0Opasie b.
J1st stydiero BU3yanabHOIO pa3IMueHUs] pa3HbIe OBl OKPAILICHBI B pa3HbIE 1[BETA.

MHHepaHBHOﬁ JIMHEWHOCTHU II0 OTHOIICHHUIO K mapHupaM CKJIAaJO0K CABHUI'OBOI'O TCUCHUS SABJIACTCA

0OBIYHBIM B 30HaX caBuroBoro teuenus (Alsop, Holdsworth, 2012).
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Puc. 5.12. ®ororpaduu numdoB, BHIMWICHHBIX U3 CIIUPAIbHBIX MOA0B 00pa3na b u cienanHbix B
MIPOXOASAIIEM CBeTe (PacioioKeHHUE MOA0B YKa3aHo Ha pucyHke 6.11). (A-b) BuyTpennee ctpoenue
nonoB b2 (uummg 38-502) m BS (uumd 38-508) ycranaBimBaeTcs TOJBKO MPH OOJIBLIIOM
YBEITMYCHUN KOHTpAacTa M HMHTCHCHMBHOCTH IBera; (B-I') Hambosiee Xxopomro pacmo3HaBaembie
CTPYKTYpPHBIE JUHUH, UJUTIOCTPUPYIOLIHE CIIUPAITBHYIO T€OMETPUIO.

5.5. O0cyxneHue pe3yJIbTaTOB

Pesynomamot cmpykmypHozo ananusza. Bee CTpyKTypHBIE TaHHBIE, TOJTyYeHHBIE B 00pa3nax u

B 0OHa)XEHUH, TIOKa3aHbl Ha pucyHkax 5.13A-XK. OpueHTHpoBKa MUHEPaAIbHON TMHEHHOCTH B 00pa3ax
XOPOIIIO COTIIACYETCsI C TAKOBOM B OOHAKEHHUH, X CPETHSS OPUCHTUPOBKA COCTABIISIET COOTBETCTBEHHO
216°/43° u 211°/36° (puc. 5.13B, I'). Cpennsisi opueHTHpOBKa (parMeHTOB IIAPHUPOB CKIIATIOK,

u3MepeHHas B oOpasuax, faer mnouth cyoropusontanbHoe 3C3  HampaBieHue (a3uMyT
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Puc. 5.13. CpaBHeHHE OPUEHTUPOBOK CTPYKTYPHBIX DJIEMEHTOB W3 00pa3IOB CO CHHPATbHBIMU
noJaMu (BEpXHUU Psifl) U U3 OOHAXKEHUS, B KOTOPOM B3SThI 3TH 00pa3Ibl (HWKHUN PS).

norpyxenus 285°) (puc. 5.13 J1); mapHUpsI 5xe, ©3MEepeHHbIC B 00HAKCHUHU, MOTYT HMETh JIBA BapUaHTa
cpenHux OpueHTHPOBOK: (1) cybOropusontanpHyro 3C3-HanpaBnenus, (2) mnonoryro FHO3HO-
HarnpaBieHus (puc. 5.13E). B mepBom ciydae, cpemHsisi OPUEHTHPOBKA ITAPHUPOB B OOHAKEHHUSIX
(285/2°) cormacyercsi ¢ TaKOBOW, M3MEPEHHOW HEMOCPEICTBEHHO M MX (parMeHTOB B 0Opaslax
(298°/4°). AcuMMeTpHUHBIE CKJIAaJK{d CABHTOBOTO TEUCHHS MMEIOT CEBEPHYIO U CEBEPO-BOCTOUHYIO
BEPreHTHOCTb, KOTOpasi COINIaCyeTcsl ¢ TaKOBOM B npenenax Bcero KelBckoro mapaciaHiieBoro nosca
(benbkos, 1963; 'opoyHoBs, 2012; Balagansky et al., 2012; Myapyk u ap., 2013). B 3amkax HEKOTOPBIX
ACMMMETPUYHBIX CJIBUTOBBIX CKJIAJI0K HAOII0IaeTCs KPEHYISIMOHHBINA KITMBaX, MapaJliebHbIA 0CEeBON
wiockoctu (puc. 5.4I°). CpenHss OpHEHTHMpPOBKA JUIMHHBIX OCel MojoB cocTaBisieT 273°/8° (puc.
5.13X), xoTopast oueHb OJM3Ka K OPHUEHTHPOBKE (hparMeHTOB IMIApHUPOB B oOpasmax (285°/2°, pwuc.
5.13J1).

Takum 00pa3oM, MOKHO CZeTaTh BBIBOJ, YTO BCE CTPYKTYypHBIE JaHHBIE 00 OPUEHTHPOBKAX
CJIAaHIICBATOCTH M BEIECTBEHHOH MOJOCYATOCTH, JMHEHHOCTH W LIAPHUPOB CKJIAJOK CABHTOBOTO
TEYEHUs!, COITIaCyIOTCs APYT € APYroM Kak B oOpaslax, Tak U B oOHakeHUH. OpUEHTHPOBKA AJITMHHBIX
ocell MoA0OB OJIM3Ka K TOPU3OHTAIBHONM OPUEHTHPOBKE 3alaj-CeBEpO-3alaJHbIX LIAPHUPOB CKIIAI0K
C/IBUTOBOTO Te4eHHus. Bce 3TW jaHHBIE TOBOPSAT B MOJB3Y TOTO, YTO CIHMPANIbHBIC MOABI M CKIAIKU
C/IBUTOBOTO TEYEHMS JOJDKHBI OBUIM 0OOpa3oBHIBATHCS OJHOBPEMEHHO BO BpeMsl TEKTOHMYECKHX

JBUKEHHUI B CEBEpHOM HAIIPaBJICHUU.
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Ilpupooa oegpopmauuu: KonceoumenmayuonHas uau mexkmonuuyeckas. Bo3MOXHBI 1Ba

[JIaBHBIX THIIAa MEXaHU3Ma BOSHUKHOBEHHUS CIIUPATbHBIX [TOJI0B: KOHCEAUMEHTAIIMOHHAs tehopManus 1
nedopmars BO BpeMs MaJICONPOTEPO30MCKON JIaIIaHICKO-KOJIbCKOW KOJUTM3MOHHOW OporeHuu. B
JUTEpaType OMUCAHBl ACUMMETPUIHBIC MEIIKHE CKIIATKH, KOTOPBIE 00pa3yloTCs B pe3yabTaTe MPOCTOro
CBHTA MapaJJICIbHO TPAaHUIIAM CJIOEB B OTOJ3HAX. B 3TH CKIIAJKU CMSATHI CIIONCTOCTh U MHOTOCIION B
PBIXJIBIX IIECUAaHUKAaX, aJIeBPOJIMTAX, apTUIUINTAX U HETUTHPUIIMPOBAHHBIX Meckax 1 uiax (Shanmugan,
2016; Alsop et al., 2019, 2022). bonee Toro, cnupajibHas T€OMETpHUsA, MOMO0OHAs TOH, KOTOpas
00Hapy)KMBAETCsl BHYTPH CIIUPATBHBIX MI0JI0B, yCTAaHOBJIEHA TakxKe U B onoi3Hsx (Alsop, Marco, 2013).
OpHako B HaIlleM Cllydae B pa3pesax, NepIeHIUKYISIPHBIX OCSM IMOJI0B, CAMH MOJbI YacTO CILTIOIICHBI
U HUMEIT B pa3pe3e JIMH30BUIHYIO (opMy, a chupajbHas T'€OMETpUs MpOsBIEHA TOJBKO B HX
HEHTpaJbHBIX yacTsaX. [Ipu 3TOM 3akpydyeHHblE B CHUpPaIM U OOpa3yrollue MOAbl MHKPOCIONKH
Cpe3aloTcs 3a MpeJieaMu MOI0B SIPKO BBIPAKEHHOH CIIaHIIEBATOCTbI0, OTBeuaromiel C-miaockoctsam. M3-
32 3THX OCOOEHHOCTEH CHHUpaNIbHBIE TOJbI HE COOTBETCTBYIOT KPUTEpUAM JAe(OpMAIMH PHIXIBIX
otnoxenuit (Alsop et al., 2019, 2022). Kpome Toro, ciemyromue HaOIIOIEHUS YKa3bIBalOT Ha
TEKTOHMYECKYIO MTPUPOAY MOJ0B U UX Pa3BUTHE B YCIOBUSIX MeTamopu3ma.

Bo-niepBbix, HaOII0Ha€MBIH B IOPOIaX KIMBAXK, MAPAILIEIBHBINA OCEBBIM ITOBEPXHOCTSIM CKIIAT0OK
U O00pa3oBaHHBIM YeIlyHKamMH CIIOABI B sIpax HEOOJBIIMX CKJIAN0K, a TaKXkKe JIHHEHHOCTh IO
CTaBPOJIUTY U KMAaHUTY 00pa3oBaucCh B ycioBusax cpeaneit kopsl (T = 500-650 °C u P = 4.0-6.5 k6ap
(C'masynkos, Ilerpos, 1990)). CrnupanbHble MOABI MPOCTPAHCTBEHHO CBS3aHBI C STHMH CKJIaJKaMH
(puc. 5.6, 5.8, 5.11). /InuHHBIE OCHM M MIAPHUPHI CKIAJOK MMEIOT TaKyl0 € IMPeINOYTHTEIbHYIO
OpUEHTUPOBKY, B TO BpeMs Kak MHUHepalbHas JIHMHEHHOCTh OPHUEHTHUPOBAHA K HUM IMOJ yTriIaMH
COOTBETCTBEHHO 73° m 61°, 4TO CBUIETENBCTBYET B IMOJb3y CBSI3M CIHUPAIBHBIX MOJOB M CKJIAIOK
(puc. 5.13B, /1, K). Takum 006pa3om, cnupasibHbIC MOIbI, CKIAAKA K MUHEpAIbHAs TUHEHHOCTH JTOJKHBI
UMETb €IMHOE, CBI3aHHOE C TEKTOHWYECKMMHU MPOIIECCaMH MTPOUCXOXKICHHUE.

Bo-BTOpBIX, B CHHpaidbHBIX MOJaX HAOIIONAETCS JBE COMPSHKEHHBIE CHUCTEMBI CIUPATBLHOMN
reoMerpun. OHa cuctemMa 00pa3oBaHa rpaHUIIAMH MEX1y MUKPOCIONKaMU, HHTEPIPETUPYEMBIMH KaK
CIIOMCTOCTh. BTOpas cucremMa oOHapyKUBAETCs 3a CUET y30pa 3aBUXPEHUSI, KOTOPBIA 00pa3oBaH cierka
MCKpPUBJICHHOHU clianueBaToctbio (puc. 5.8.b, JI, E). Ota cnaHieBaToCTh BBINOIHEHA YIUIOIIEHHBIMU
3épHaMU U arperaTamu KBapIia, a TaK)Ke MUKPOUCITYHKaMH CITIOJIbI B 00Jiee CBETIIBIX M 000TaICHHBIX
KBapIleM CJIOHKax, ¥ 3aHUMAeT CEKyIee MOJOKEHUE 0]l 0Y€Hb OCTPHIMH YTJIaMHU MO OTHOIIEHHUIO K
o0orameHHbIX KBapIeM ciioiikam, To ecTh ciouctoctH (puc. 5.8]1, E). Bropas cucrema cnimpanbHOI
FeOMETPUM HMMEET TO K€ HalpaBlieHHWE 3aKpy4yMBaHUS, UYTO U mepBas. TakuM oOpa3om, CHUpPAIH,
KOTOpbIe 00pa30BaHbl 3TOW CIIAHIEBATOCTHIO, JOJDKHBI ObUIH (hOPMHUPOBATHCA B METaMOP(HUUECKHUX

yCII0BUSAX, U I[G(bOpMaI_[I/IH, KOTOpas MpUBCJIA K IMOSABJICHUIO CIIAHIOCBATOCTU U €C 3aKPYUUMBAHHUIO B
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CIHpald, JOJKHA OBITh OTBETCTBEHHAs M 3a 0Opa3oBaHME BCEX TUIOB CTPYKTYP CO CIMPaIbHON
T€OMETPHUEH.

B-TpeTbux, penuKThl KBapLEBBIX MUKPOCIONKOB (MUKPOXXKHIIKH), KOTOPbIE CMSTHI B CEpPHUIO
NTUTMATUTOBBIX MUKPOCKJIAIOK U MPEACTABIIAIOT CO0O0W OBalibHBIE 000Cc00JIeHUs pa3MepaMu oT 2 110 4
MM, PacCIOJIOKEHHBIE B IIEHTPAIbHBIX YAaCTAX CHHPATBHBIX CTPYKTYpP, COCTOAT U3 KBapla, B KOTOPOM
MOJTHOCTBIO OTCYTCTBYIOT BKJIFOUCHHsI yriaepoaucToro BemiectBa (puc. 5.8 A—B). Kapi, koTopsbrit He
COJIEP’)KUT MHKPOBKIIIOUEHUH YTJIEPOJUCTOrO BEIIeCTBa, 00pa3yeT KallMbl BOKpYT 3EpeH KBapla B
OCHOBHOI Macce (matpuie) mopoasl (puc. 5.4b) u mpuHamIexKUT K Oonee TMO3JAHENW TeHepaluu
MeTaMOpPUIECKNX MHHEpaToB. TakuM 00pa3oMm, paccMaTpUBAeMbId PEMKT MHUKPOCIOWKA CIIOKEH
KBapleM no3aHei reHepanuu. CrneaoBareinbHO, MUKPOCKIIAI04KH, B KOTOPBIE CMST 3TOT MUKPOCIOEK,
oOpazoBasiich B pe3yibrare nedopmanuu B ycioBHsAX Meramopdusma. IIpocTpaHcTBEeHHBIE
B3aMMOOTHOIICHHS MEXTy MUKPOCKIAIKAMHA U CIUPATBLHBIMHA CTPYKTypaMH TaKKe YKa3bIBalOT Ha TO,
YTO MOCJIEAHNUE JOJDKHBI ObUTH 00pa3oBaThcs BO BpeMs ieopMaluy IpHU TeX K€ YCIOBHUSIX.

Qobpazosanue __cnupaibHvlX __nodog. Bech 00beM CTPYKTYpPHBIX JIaHHBIX, a TaKKe

IPOCTPAHCTBEHHBIC B3aUMOOTHOIICHHUS MEXAy CHHPAIbHBIMH IOAAMH W CKJIQJKaMH CIBUTOBOTO
TEUEHUs,, MUHEPAIbHOW JINHEHHOCTBIO U S-C-CTpYKTYpaMu MO3BOJIET CAENaTh BBIBOA, YTO BCE ITH
CTPYKTYpHBIE 3JIEMEHTHl O0pa30BIMCh Ha PAa3HBIX CTaausAX €IUHOM (a3sl MpPOrpeccCUBHON
nedopmanuu, a He B pe3yibTaTe HECKOJBKHX AWCKPETHBIX SMH3040B aedopmanuu. [IpuHIWMIIEL,
MO3BOJISIONINE PA3INYaTh MOIU(a3HYIO B MPOTPECCUBHYIO Aedhopmariuio, onrcansl B padotax (Fazio et
al., 2018; Fossen et al., 2019; Carreras, Druguet, 2019). BeiBost 0 mporpeccuBHO# aedopmanmu Takxke
CJIEAyeT U3 CPaBHEHHSI CIIMPAJIBHBIX MTOJIOB CO CIIMPAIbHBIMU CKIIQJKAMH, a TAK)KE KOMIIJIEMEHTapHBIMU
UM KOJYaHOBHIHBIMH CKJIQJKaMH M CKJIQJKaMH C KPUBOJIMHEHHBIMH INAPHUPAMH, KOTOPBIC
00pa3oBaIMCh B PBHIXJIBIX OTJIOKEHHUSX OINOJA3HEH NPH NPOCTOM CABHI€ M IUIOCKOCTH C/BHTA,
napauiensHoi  cinosim  (Alsop, Marco, 2013). Otcroga ciegyeT, 4TO MeEXaHHW3M OOpa3OBaHHUs
CIOHPAIBHBIX TOJAOB M KOMIUIEMEHTApHBIX KM MHHEpAJbHOW JIMHEHHOCTH, CIIAHIEBAaTOCTH,
ACHMMETPHUYHBIX CKaTBIX 0 HM3O0KIMHAIBHBIX CKIAfoK U S-C CTPyKTyp B KEHBCKHX MapaciaHIax
TIOJDKEH OBITh HJCHTHUCH MEXaHU3MY 00pa30BaHUs CIIUPATBHBIX M KOJYAaHOBHIBIX CKIIJJOK B OTIOJI3HSX.

Baxno, yto B cBoeil pabore Ancom u Mapko (Alsop, Marco, 2013) npemnoxunu ams
00pa3oBaHUs CIIUPATBHBIX CKJIAJOK MOJeNb 3akpyuyrBanus 3amkoB (rolling fold hinge model), a aus
00pa30BaHUs KOJTYaHOBHUIHBIX CKJIAZIOK — MOJIeNb BpalleHus mapHupoB (rotating fold hinge model). B
000MX MOZESIX pa3BUTHE STUX PA3HBIX THUIOB CKJIAJOK HAuMHAETCS C 0Opa30BaHHMS H3HAYAIBHO
HPSAMBIX OTKPBITHIX CKIaHoK. OJHAKO CIUpPANbHBIC CKIAJKA O00pa30BAIMCh B PE3yJbTAaTe Pa3BUTHUS
U3HAYAJIbHO OTPBITHIX MPSAMBIX MMIMHIPUYECKHX CKJIQJ0K. 3aTeM BpallAIOIIMecs 3aMKH 3THX
IWIMHAPHUYECKUX CKJIAZIOK OBbUIM TOJHOCTHIO OTOPBAaHBI OT KPBUIBEB CKJIAJO0K, BpaIlIaJNCh B

HaIlpaBJICHUU CIABUTOBOI'O TCUCHHUA W HaMaTbIBAJIUCb CaMHM Ha ce0s. B KOHEUHOM HTOre BO3HHKAIU
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WIMHIIPAYECKHUE CIUPAIbHBIE CKIAJKH CO CKPYYCHHBIMU B CIIHPAIIA OCEBBIMU IMOBEPXHOCTSIMH. B
IPOTUBOMNOJIOKHOCTh 3TOMY MEXaHU3MY, KOJTUaHOBUAHbBIE CKJIAJKU BOSHUKAIIU B PE3YyJIbTATE IBOJIIOLIUU
NEPBOHAYANIbHBIX MPSAMBIX OTKPBITHIX CKJIAJOK CO cJab0 UCKPUBJICHHBIMH IIapHUPaMU B
KOJTYAaHOBHJIHBIE CTPYKTYphl C OYEHb KPUBOJMHEHHBIMH INAPHUPAMU TMOCPEACTBOM BpAIICHHS HX
IIAPHUPOB B IIJIOCKOCTU HX OCEBBIX IOBEPXHOCTEH, KOTOPHIE OCTABAIMCh HEUCKPUBIEHHBIMU, HO
HAKJIOHSJTUCh  (MpUOOpeTaT BEPreHTHOCTh) B HANpPABJICHWH MPOCTOrO CABUTA B TIpollecce
IIPOrPECCUBHOM ehopMaliiy IPOCTOTO CABUTA.

Mopens, npeanox)eHHas s 00pa3oBaHMsl CIIUPATBHBIX MOJ0B, BO MHOTOM OCHOBBIBAETCS Ha
BBIIIICOMMCAHHBIX MOJIEIsIX (puc. 5.14). B e€ ocHOBe JIeXKUT MPEAINONIOKEHHE O TOM, YTO CIUPATLHBIC
MOJbI TOJKHBI ObUTH 00pa3oBaThcd M3 CKIAJOK C M3HAYAIBHO KPUBOJIMHEWHBIMHU IIapHUpPaMU (CM.
pazmen 5.4). Otu ckimagku obOpazoBaivch mpu jaepopManuu ¥ MeTaMopdu3Me OCAJTOYHBIX TOJIII C
MHUKPOCJIONCTOCTBIO B YCIIOBHX cpenneit kopsl pu 7' = 500-650 C u P = 4.0-6.5 x6ap (I'ma3yHkoB,
[lerpoB, 1990). AnukanbHble yITBl 3THX CKJIAJOK (YIJIBI MEXIY MaKCUMaIbHO H30THYTHIMHU
¢parmenTamu mapHupa) nocturaioT 50°, UX 3aMKU 3aKpy4eHbI B CIIUPAIU U COPBaHbI C KPBUIHEB.
OOpa3zoBaHre W3OKIMHAIBHBIX CKIAJOK C HW3HAYAIbHO KPUBOJMHEHHBIMU IIApHUPAMH MOXKET
MPOUCXOJUTHh ABYMS IyTsMU. [lepBbIii BapaHT — 3TO MepTypOaIyi BO BpeMsl CIBUTOBOTO TEUYCHUS,
MapajuIeTIbHOTO CIIOSIM, W3-3a HAJIW4YUs JTMOO JKECTKOTO BKJIIOYECHHs (Hampumep, OyIWHBI), JHUOO
BKJIIOYEHHS, JCHCTBYIOIIETO KaK IMOBEPXHOCTh CKoibxkeHus (Reber et al.,, 2013a; 2013b). Bropoii
BapHaHT CBSI3aH C YyBEJIWYCHHEM paHEe CYIIECTBOBABIIEH HEOJHOPOIHOCTH B CIOUCTOW MOPOJE,
HarpuMep, MOSABICHUEM CKJIAI0K MPOAOJIBHOTO M3rnda, KOTOphIE MO3KE MPETepIesd 3HAYUTEIbHYIO
neGOpMaIIHIO TIPOCTOTO CIBUTA B YCIOBUSX MapaJlJICIbHOCTH IIOCKOCTH ¢BUTA ciiouctoctd (Minnigh,
1979; Cobbold, Quinquis, 1980; Fossen, 2010).

Kak u B paboTe, MOCBSIIEHHON U3yUYEHUIO CIUPATIbHBIX U KOJTYaHOBUAHBIX CKIIAJ0K B OMOJI3HAX
(Alsop, Marco, 2013), MOXKHO clenath BBIBOJ, YTO 0Opa30BaHUE CIHMPAIBHBIX IMOJOB HAYAIOCh C
paszButust (1) OTKPBITBIX CKJIAIOK MPOAOIBHOTO M3TMba u (2) HEOONBIIUX CHBHTOBBIX CKJIAIOK C
KPUBOJIMHEHHBIMU LIApHUpaMH. PETUKTHI CKIIQOK MPOJOJBHOIO M3ruda — 3TO MUKPOCKIAI0YKH, B
KOTOPBIE CMAT PEHUKT KBApILEBOTO MUKPOCIIOMKA B LIEHTPAJIbHBIX YaCTSIX CIIUPAIBbHBIX MOJO0B 00pa3iia
A (puc. 5.8A, b). Ba)XxHO OTMETUTH, YTO OCEBBIE IOBEPXHOCTH 3TUX MUKPOCKIIA0YEK OPUEHTUPOBAHBI
O] MPSMBIM YTJIOM K QMM KaWIIMM TpaHHUIAM BEIIECTBEHHOH MOJIOCYATOCTH, MHTEPIPETUPYEMOU KaK
CJIONCTOCTh. BeposiTHO, caBuroBble Aedopmanuud M 00pa3oBaHME CKJIAJOK CIBUTOBOTO TEYEHUS
JOJIKHBI OBUTH TPOUCXOAUTH B TOPU3OHTAIBHBIX U CyOrOPU30HTANIBHBIX CIIOSIX KEMBCKUX MapaciaaHIIeB,
U OTKPBITHIE CKJIAJAKH MPOJOJIBHOTO M3ruda, UCXOAHBIE JUISl CKJIAJ0K CABHUTOBOTO TEUEHHUS, JTOJKHBI
ObUTH OBITH MPSIMBIMH, KaK U B OMOJI3HAX. DTH MUKPOCKIAIKU (pUC. 5.7A) MOKHO MHTEPIPETHPOBATH

KaK IITUIMAaTUTOBBIC, 06pa303aHHe KOTOPBIX CBA3aHO C YKOPOYCHUCM U HPOAOJIbHBIM HU3rUOOM
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Puc. 5.14. Monens oOpa3oBaHus CHUPATBHBIX MTOJOB.

KOMIIETEHTHBIX KBapILEBbIX MUKPOCIOWKOB, KOTOPbIE 3aKIIOYEHBI B MEHEE KOMIIETEHTHBIX CIIO/ISIHBIX
napacjaHiiax.

PacrionokeHne penuKTOBBIX NTHTMATUTOBBIX MHUKPOCKIATOK B IIEHTPAIBHBIX YacCTSIX TOJOB
TOBOPUT B MOJIb3Y TOTO, YTO 3TU MUKPOCKJIIAIKU MOTJIH ACWCTBOBATH KaK KECTKHE BKIIOUEHHS, KOTOPBIE
criocoOctBoBanu (1) Hawamy oOpazoBaHHS HEIWIMHAPUYECKHX CKIAJOK B MHUKPOMHOTOCIOE M HX
NalbHENUIIEMY 3aKpYYHBAHHUIO U (2) HAMaThIBAHUIO OKPY)KAIOIIUX MEHEee KOMIIETEHTHBIX CIIOMKOB Ha
KBapIlIeBbIe MUKPOCKIIAIKH, a 3aTeM JpyT Ha Apyra. Kak v B CIUpalbHBIX CKIIAKaX B OMOJI3HSIX, BEPXHHE
KPBUTbsl CIUPAIBHBIX CKIIAJOK MPOMEXKYTOUHBIX CTaIWil WX pa3BUTHUS ObUIM COPBAHBI C HUKHHUX
KPBUIBEB, a 3aT€M UX 3aMKH OBLIIM YaCTUYHO WJIM MIOJHOCTHIO OTOPBAHBI OT KPHUIbEB.

[Tocnenyromiee BpaiieHue (CKpydyMBaHUE B CIHPAINM) OTOPBAHHBIX U IMOBTOPHO CMSATHIX B
CKJIQ/IKU 3aMKOB MPHUBEJIO K MOSIBICHUIO KOHEUHBIX JIMHEHHBIX CTPYKTYpP CO CIHpaIbHON reoOMeTpueil,
KIIACCU(PUITUPYEMBIX KaK CIIUPATbHBIE TOAbI. OJJHAKO B OTIMYKE OT CIIUPAIBHBIX CKIIAJIOK, CIIUPAIIbHBIC
10161 00PA30BAIUCH U3 CKJIAZIOK C M3HAYAIBHO HCKPUBJIEHHBIMU IAPHUPAMHU, a HE U3 IIMITUHIPHYECKUX
ckianok. [Tocine oOpa3zoBaHus HAYATBHBIX HEOOJIBIINX CKJIAJOK CIBUTOBOTO TEUEHHSI U ITUTMATUTOBBIX
MUKpOCKJIaJJOueK HapacTamomas aedopManus MpOCTOr0 CABHra JOJDKHAa Oblla TPUBECTH K
00pa3oBaHUIO 00JIee KPYIMHBIX ACUMMETPHYHBIX CKATBIX J10 M30KJIMHAIBHBIX IIMIIMHAPHUECKUX CKIIQT0K
(puc. 5.14A). OTu cKIaaKK CIIBUTOBOTO TEUEHUS TPAHC(HOPMHUPOBATUCH B CKIAJKU C KPUBOJIMHEHHBIMHU
mapaupamu (puc. 5.14b). 3amku cknagok u3rudamuck Bce 00JIbie ¢ 00pa3oBaHUEM CTPYKTYD "'CKIaaKa

B CKJaJKe", YTO TMPHUBEIO K Pa3BUTHUIO crupaibHOM Teomerpuu (puc. 5.14B). Eciu cpaBHUTH
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MOP(OJIOTHIO MOTYYUBIINXCA CKIAJOK ¢ MOP(HOJIOTHEll KOMIUIEKCHBIX CKJIAJIOK, MPEICTABICHHBIX B
pabore (Carreras, Druguet, 2019), TO OHM MOTryT HHTEPIPETUPOBATHCH KakK crenupuIecKas
Pa3HOBUIHOCTH KOMILIEKCHBIX KOJTYaHOBHUIHBIX CKJIAJIOK, Y KOTOPBIX HCKPUBJICHBI KaK IIapHUPHI, TaK 1
OCEBbIE MTOBEPXHOCTH. 3aTeM HEKOTOPBIE U3 3aKPYUCHHBIX B CIIUPAIU 3aMKOB OBLIIM COPBAHBI C HIXKHETO
KpbLIa, TM00 ¢ 000MX KPBUIHEB, U B KOHEUHOM CUETE 00pa3oBajlaCh OKOHYATENbHAsA U MOP(OIOTHs, U
BHYTpPEHHEE CTpOEHHE CIUPaTbHBIX M0oA0B (puc. 5.14I"). Takum oOpazoM, MpeAIOKECHHBIM MEXaHU3M
00pa3zoBaHus MOAOB OOBEAMHSIET MEXaHU3MBbI 00pa30BaHUs cMpadbHbIX ckianok (rolling fold hinge
line model), u kom4aHOBUAHBIX cKiIaMOK (rotating fold hinge model) B omon3usx (Alsop, Marco, 2013),
KOTOpbIE JICHCTBYIOT OJIHOBPEMEHHO B IpOIEcCce MPOrpecCUBHON AedopMaliii MPOCTOTO CABUTA MPU
MJIOCKOCTH CJIBUTA, MAPAIIJICIIbHOMN CIIOSIM.

HanpaBnenue 3akpyunMBaHHS MHUKPOCIOMKOB B CHHpAJbHBIX IOJAX COTJacyercss cC
HAIPaBJIEHUEM TEKTOHUYECKHUX JIBHYKEHUH, YCTAHOBJICHHBIX M0 KHHEMATHUYECKUM MHAUKATOPaM KakK B
paitone Illyypypta-Srenpypra, Tak 1 Bo BceM KelBCckoM mapaciaHiieBOM mosice. TakuMm o0pazom,
MPeJIOKEHHBIH MEXaHU3M 00pa30BaHUs CHUPAIBHBIX MOJOB MO3BOJSET CUUTATh MX HOBBIM THUIIOM
KMHEMaTUYEeCKUX WHINKATOPOB.

Cepun MHKpOCKIQJOK MPOJOJIBHOIO H3rMba, B KOTOpPBIE CMAT KBapIEBBIH MHUKPOCIOEK,
pacroioKeHHBIE B MEHEe KOMIIETEHTHBIX I1apaciaHllaX, MOKHO paccMaTpUBaTh KakK JKECTKHE
BKJIIOUEHUS, 110100HbIE TopdupodIacTam rpaHara. VMx BpaleHue, BBI3BAaHHOE MPOCTHIM CABUTOM MpHU
IJIOCKOCTH CIIBUTA, MMapaJlJIeIbHOM CIIOSIM, SIBJISIETCS TOMOJHUTEIBHBIM apryMEHTOB B MOJIb3Yy TOTO, YTO
nopdupoOIacTel TpaHaTa JOJDKHBI OBUIM BpalaThCsl BO BPEMsI X POCTa B BPEMsl aHAIOTUYHOM
nedopMaruu.

W3noxkeHHbI MaTepuan, MOCBSILEHHBIM HMCCIEIOBAHUIO CHUPAJIBHBIX TIOJOB, IO3BOJSET

chOopMyITHpPOBATH BTOPOE 3alMIIIAeMOe MOJI0KEeHHE:

2. Yemanognen nogulii mun KunemMamuiecKux uHOUKamopos (MUKpoCmpyKkmyp epaujenus)
6 Memamopuueckux nopooax — CRUpaibHvie NOObl, 8 KOMOpble 3aKPy4UeHbl MUKDPOCIOUKU 6
CMagpoIum-KuaHum-muycKosum-Keapuyeevix napacianyax Keiieckozo napacnanyeeozo nosca.

JlaHHBIE O MPOBEJICHHOM aBTOPOM HCCIICIOBAHUH CITUPATBHBIX MTOJ0B B KEWBCKUX MapaciiaHIax,

npusesensl B (CopoyHoB u ap., 2016, Gorbunov, Balagansky, 2022).
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I'maa 6. CBsi3b 00pa3oBaHMs KHHEMATHYECKNX HHAMKATOPOB B KeliBckom

Teppeiine ¢ nepopmanusamu B KosibckoMm pernone

Wzydenue nedopmaruii, MUPOKO MPOSBICHHBIX B Mopojax kak Ke#Bckoro mapaciaHiieBoro
1osica, Tak ¥ B pu(PTOreHHbIX mopoaax sapa CepnoBuaAHON CUH(OPMBI, HEM30EKHO CTaBUT BOIIPOC 00
WX BO3PACTE U CBSA3H C COOBITUSMU, KOTOPBIE TPUBEH K (POPMHUPOBAHUIO HAOII0JAEMOH CeroTHs 001ei

cTpykTypbl Konbckoro pernona @eHHOCKaHIMHABCKOTO IIUTA.

6.1. Bospacrt nedopmanmii

O6pa3zoBanue puTOreHHbIX MOPOJ AAPa JOHKHO OBIJIO MIPOUCXOAUTH B AJICONIPOTEPO30MCKOE
BpeMs. DTH HOPOJbl KOPPETHPYIOTCA C IMOPOJAMH, CJIAralolMMH yMOMHCKYIO CBUTY Hajeopudra
Wmanapa-Bapsyra (mampumep, benomumerikuii u ap., 1980; 3aropoxmsiii, Paguenko, 1988) u
uMerommMu  Bozpact 2.05 mupa (Martin et al.,, 2013). IlameompoTrepo3oiickuii BO3pacT spa
CepnioBuiHO# cuH(pOpMBI ToaTBepxkaaeTcss SM-Nd n3oTonHsIMU JaHHBIME aMPrO0IUTOB (MBICKOBA U
ap., 2014). OueBugHo, uro nAedopManM M METaMOPPHU3M 3THUX TOPOA TAKXKE JOJDKHBI OBUIH
MIPOUCXOUTH B AJIEONPOTEPO30E, U CBAZBIBAIOTCS OHU ¢ HaZBUTraHueM CeprioBUIHOTO TEKTOHUYECKOTO
nokpoBa u3 naneopudra Mmanapa-Bapsyra (Herpyna u Herpyua, 2007; Mynpyk u ap., 2013; Mudruk
etal., 2022).

Bo3pact  0CagouYHBIX  INPOTOJUTOB  KEMBCKUX  IApPACIaHLEB —  apXCUCKUU WM
MaJeoNnpOTEPO3OUCKUH, — TTOKA OCTAETCS HESACHBIM (CM. paszuen 2.2), Mpu 3TOM aBTOPOM HAKOILJICHUE
ATUX MOPOJI MPEAMONIOKUTEITHFHO OTHECEHO K Taneornpotepo3oto (Gorbunov, Balagansky, 2022). Eciu
BO3PACT OCAJKOHAKOIJICHUS JEHCTBUTENHFHO MACONPOTEPO30MCKUNA, TO M BO3pacT aedopMariuii,
KOTOpbIE MPUBETH K 00Pa30BaHHUIO M3YYEHHBIX KNHEMATHUYECKHX MHIUKATOPOB U OBUIN COMPSIKEHBI C
pEeruoHaNbHBIM MeTaMOpPGU3MOM, SBIISIETCS MajeonpoTrepo3oickuM. Ho mpu 3ToM nMeroTcs JaHHbIE,
KOTOpBIE MO3BOJISIIOT OMPEAETUTh BO3pAcT paccCMaTpuBaeMbIX AedopMalnuii He3aBUCHMO OT BO3pacTa
0CaJJOYHBIX IIOPOJI, UCXOAHBIX JUIsl KEMBCKUX MapacilaHleB. JTU JaHHBIE CIEAYIOLIHUE:

1. B pannem mpokemOpun ceBepo-BocToka DeHHockaHaHABCKOTO muTa (Konbckuii pernoH u
cMmexxHasi beoMopckasi mpoBHHIIMS) IPOSBUIIMCH JIBE TJIaBHBIE OPOT'eHHUU — apXxeckas (2.8-2.6 mupna
JeT) U naneonpoTeposoiickas (2.0-1.9 mapn ner), mpuueM apxenckas Moryia ObITh KOMIUIEKCHOW U
BKJIFOYATh JIB€ OPOTEHUH, a caMmasl paHHSs M3 HUX NpuBesa kK oopazoanuto TTI rHEiicoB KomIuIeKca
ocHoBanus (3aropomubiii, Pamuenko, 1983; Panuwuii nokemOpwuii..., 2005; Kosnos u np., 2006; MuHi u
ap., 20106, 20108; CnabyHoB u ap., 2021).

2. OcanoyHble MPOTOJIUTHl KEHBCKUX MapaciiaHLeB PacCMAaTPUBAIOTCSA KaK MEPEOTIIOKEHHBIE

KOPB&I FHY6OKOFO XUMHYECKOT'O BBIBCTPUBAHUA H OTHOCATCA K 06p330BaHI/IHM 0CaJo4YHOro 4exiia,
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HaKOIIJICHHOTO TIOCJIE 3aBepIleHus Oosiee Mo3HEeH apXelCKoil OpOreHnu M MEeHEIUICHU3alul TOpHON
obnactu oporena (bemnpkos, 1963; Ilpenosckuii, 1980; 3aroponnsiii, Paguenko, 1983; 1988; Panuuit
nokeMOpwuii..., 2005). [IpeamonoxkeHre 0 TOM, YTO MPOTOIUTHI KEMBCKHUX CIIAHIICB HENB3s HAIEKHO
PEKOHCTPYHpOBaTh BCIEACTBHE UX Mertacomaro3a (Bymmuu u np., 2011), moka octaercs He
JIOKA3aHHBIM ¢ HEOOXOIUMOMH ITOJIHOTOH.

3. Ha ocHOBaHMM MHOTOJICTHHX HCCJICIOBAaHUM METaMOP(PUYECKHUX IPOIECCOB B TMOpOaX
KeiiBckoro TteppeiiHa, clelaH BbIBOJ, 4YTO KEWBCKME TapaciaHlbl HCHBITATA TOJIBKO OAWH
pernoHaIbHbBIN MeTaMop(U3M, C KOTOPBIM OBUIH COTPSIKEHBI CKIaa4aThie 1eopMaliy, Ha0Jt0JaeMble
B KelBckux napacnanuax (I'masynkos, I[lerpos, 1990). OToT BeIBOA HE MOABEPraJICI COMHEHUIO BCEMU
ucciaenoBarenaMu Kens.

4. llleno4HbIe TPAaHUTHI, ITUPOKO pa3BUThIC B KEMBCKOM TeppeiiHe, SIBISIOTCSA MOCTOPOT€HHBIMU
A-rpanutamu, BHeapuBIIUMUCA 2.67-2.66 Mapn et Hazan (Mutpodanos u ap., 2000; basHoa, 2004;
Berpun, Pomuonos, 2009; Zozulya et al., 2005). OHu OTIUYaOTCS TOBCEMECTHO HAOIIOIaEMOM B HUX
c1a00 BBIPAXKEHHOU JIMHEHHOCTHIO0, OPHEHTHUPOBKA KOTOPOH B 1I€JIOM COBIAAAET C TAKOBOM B KEUBCKUX
napaciannax (benpkoB, 1963; batueBa, 1976). AHanu3 ATHUX JAHHBIX MPHUBENT K BBIBOAY, YTO ITH
JUHEWHBIE TEKCTYPHI CBSI3aHBI C OJHUM M TEM K€ 3TarnoM JedopMaliui, OXBaTHUBIIUM Bech KelBckuii
teppeitH (Myapyk u ap., 2013; Myapyk, 2014).

5. Tlocnemnue wuccnenoBaHusl  JIEOSHKUHCKUX  THEWCOB  (KUCJIBIE  METaBYJIKAHUTBHI),
MEPEKPHIBAEMbIX KEWBCKMMM NapacllaHllaMH, IOKa3aJId, 4YTO O3TH MOpPOAbl IO HX MNETpOo- U
FEOXMMHUUYECKUM XapaKTEPUCTHUKAM HACHTHUYHBI LIEJOYHBIM TpPAaHUTAM M SIBIAIOTCS, KaK WU OHH,
MOCTOPOTCHHBIMH KHUCJIBIMH MarMaTuieckuMu nopoaamu A-tuna (Balagansky et al., 2021).

Taxum 00pa3zom, COBOKYMHOCTh ATHX JaHHBIX TO3BOJISIET TOBOPUTH, UTO KEHBCKHE MapaciaHIlbl
ObLTM MeTaMop(du30BaHbl U 1ehOpMUPOBaHbI B ANIEONPOTEPO30€, a He B apxee. [laneonporepo3oiickue
OpOTreHHbIe COOBITHS, MposiBUBIIHECs B KoiabckoM pernone @eHHOCKaHIMHABCKOTO IINUTA, CBA3AaHBI C
IIPOSIBJIEHUEM JIAIIIaHICKO-KOJIbCKON KOJUIM3MOHHOW OpPOTr€HUH B Iepro] npuMepHo ¢ 2.0 1o 1.9 mupa
net (bamaranckuii u ap., 2006, 2011, 2016; Daly et al., 2001, 2006). Takum 00pa3om, KEHWBCKHE
napacJiaHiipl, Kak u pudToreHHbie moposl sapa CepnoBuaHoM cuH(POPMBI, ObUTH 1ehOPMHUPOBAHBI B
pe3ysbTaTe UMEHHO 3TOH OPOTrE€HUHU.

BaxHO JOMONHUTH, YTO MANEONPOTEPO30iickhe nedopManud B TOH WJIM WHOW CTENECHU
3aTpOHYJHU U Jpyrue Komiuiekcsl KeiiBckoro teppeiina (puc. 6.1). Menbiie Bcero aegopMUpOBaHBI
apXxeicKue TMOopoabl KOMIUJIEKCA OCHOBAHHWS, NPEACTABIAIONIME CaMblii HWKHHM  YpOBEHb
cTpaTturpauyeckoro paspeza, W OOHaXaloulhecs Ha [Oro-3amajae TeppeiHa. MeTaBylIKaHUTHI
71e0sHKMHCKOM CBUTBI B OCHOBHOM ¢Ja0O pacciaHIlOBaHbI, Oojieeé WHTEHCHUBHBIC JaedopMaliiu
OTMEYAIOTCSL TOJIBKO B PAallOHE MX KOHTAaKTOB C KEHWBCKMMHM MNapaciaHuamu. lllemounsle rpaHuTsl

nedhopMupoBaHbl Takxke ciiabo. Hambompime xe aedopmanuu 0OHAPYKHUBAIOTCS B BEPXHEHW 4YacTH
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Puc. 6.1. VYmpomennas crpaturpaduueckas cxema KelBckoro TteppeiiHa ¢ yka3aHHEM
OTHOCHUTEJILHON CTENEHU TaJCONPOTEPO30OMCKUX OPOTCHHBIX JeGopManuii IMOpPOJ  Pa3HbIX
cTpaTUrpadUIecKux MoaApa3AeieHUsX, 3AJIEralONMX Ha pa3HbIX CTPYKTYpHBIX ypoBHsX (Mudruk et
al., 2022, ¢ u3MEHEeHHUsIMU U JOTIONHEHUAMH ). Paznuuaust B crenenn nedopmaruii, HaOIr01aeMbIX HA
Pa3HBIX CTPYKTYPHBIX ypoBHsIX KeilBckoro Teppelina, mogo0HbI pa3inyusM B CTENIEHU Aedopmarmii
B ['ebBETCKHUX MOKpPOBaX; 3TO TOBOPUT B MOJIb3Y BBIBOAA O TOM, 4TO npenenax KeiBckoro teppeitna
NpOSIBUJIACh TEKTOHMKA COPBAHHOM KOpBI KaK 3JIEMEHT JAIlJIaHACKO-KOJIBCKON KOJUIM3MOHHOU
oporeanu (Balagansky et al., 2012).
paspesa, peACTaBICHHOW KEHBCKMMU MapaciaHlaMyd U puTOreHHBIMU niopoiaMu sijipa CeproBUIHON

CUH(OPMBI.

6.2. [Tasieonporepo3oiickue nedpopmanuu KobCKkoro peruoHa ux ¢cBfizb ¢ KHHEMATHYECKUMM

uHaukaTopamMu B KeiiBckom nmapacianueBom nosice 1 CepnoBuaHoi cungopme

Cy1miecTBeHHass 4acTh PETHOHAIBHBIX MAICONPOTEPO30MCKUX nedopmaruii, GUKCUPYEMBIX B
npenenax Konbckoil Tepputopun @EHHOCKAHIMHABCKOTO IIUTA, CBSI3aHA C PEKUMOM CHKaTUsI 36MHOM
KOpbl BO BpeMsl KOJUIM3MHM B XOJ€ JaIIaHACKO-KoJbckoi oporeHun (bamaranckuit um ap., 2006;
Bridgwater et al., 1992; Daly et al., 2006). Oto cxxatue BO BpeMsl IEPBOIA CTaJUU KOJUTM3HH MTPUBEIIO K
Pa3BUTHIO TEKTOHUYECKHX MOKPOBOB, BRIABUHYTHIX U3 sipa JIKO k ceBepo-BOCTOKY U 1Oro-3zamamy u
HAJBUHYTHIX COOTBETCTBEHHO Ha CEBEPO-BOCTOUHBIN U IOro-3anmaJHblii popiiaHbl OporeHa, Ipu 3TOM
reomeTpusi HokpoBoB npuaaet Bcemy JIKO mansmoBuanyio mopgoinoruto (banaranckuii u np., 2016).
JIBuKEeHMsI B FOT0O-3al1aIHOM HalpaBJICHUM BBIPAKEHBI B HAaJBUT'AaHMU K IOro-3amnany Jlammanjackoro u

YMOMHCKOTO TpaHyJIHMTOBBIX TepperHOB, a Takke CTpETbHMHCKOTO TeppeiiHa Ha bemoMopckyio
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npoBuHiuoo (banaranckwmii, 2002; Pannuit nokem6puii, 2005; Daly et al., 2006 u ccoiiku Tam) (puc.
6.2A). HanBuroBble IBIKECHHS K CEBEPO-BOCTOKY (HUKCHPYIOTCSI B IOXHOM 30HEe I[ledeHrckoit
cTpykTyphl (puc. 6.2A) (Paguenko u np., 1992; Ceiicmonoruueckasi MoAemb..., 1997); ceBepHOM U
I0)KHOM oOpamileHUsIX CTpyKTypbl MManapa-Bap3ayra (3aroponusiit u ap., 1982) u B CTpeabHUHCKOM U
Keiieckom teppeiinax (banaranckuii u ap., 2006; Daly et al., 2006). Bropasi, TpancnipeccuBHast CTaauu
KOJUIM3UM XapaKTepU3yeTCsl MPAaBOCTOPOHHUMHU CIBUTOBBIMH JAeopManusiMH, CBSI3aHHBIMHU C
JMBUKEHHUSIMH TapajUlefIbHO IMPOCTUPAHMIO OporeHa, u (ukcupyercs B mopojax Jlammanackoro
IPaHyJIUTOBOrO II0sica, B CEBEpHOM uyacTu bemomopckoil mnpoBuHIMH, B 30HEe KonBuikoro
KOJUIM3MOHHOTO MellaHXka, a Takke B CtpenbHMHCKOM M KeliBckoMm TteppeiiHax (bamaranckuil u
ap.,1998; banaranckuii, 2002; Daly, 2006; Mudruk et al., 2022) (puc. 6.2A). Tperbs,
MOCTKOJUIM3MOHHAs ~ CTaJus  CONPOBOXAANach TIPaBUTALIMOHHBIM  KOJUJIAIICOM  OpOT€Ha, W
XapaKTepu3yeTcs PeXKUMOM pacTsikeHus. CBsA3aHHbIE ¢ Hell nedopMaly BBISBICHBI TOJIBKO B
CrpenbHuHCKOM 1 YMOuHCKOM Teppeiinax (bamaranckuii, 2002; Daly, 2006) (puc. 6.2A).

Kunemarnyeckue WHAMKATOPBI, M3yYEHHbIE B JAaHHOM paboTe, OOHApYKUBAIOTCA B JIBYX
MPUHILIMIIAAIBHO Pa3HbIX TUIAX MOPOJ: B pUPTOreHHBIX Mopoaax sipa CeprnoBUIHON KOTYaHOBUTHOM
CHH(QOPMBI UM B KEMBCKHX MapaciaHlax, MPOTOIUTOM KOTOPBIX SIBIISETCS NEPEOTIONKEHHAs KOpa
BeIBeTpHBaHus. Kak OblI0 yKa3aHo BbIlIe, 1eopMaluy, KOTOPbIE IPUBEIN K PA3BUTHIO HA0JII0JaeMbIX
WHAUKATOPOB, IPOUCXOIUIN B MAJIEOMPOTEPO30HCKOE BpEMSI.

Pexonctpykuus mopdomornn CeprnoBHAHON KOTIYAaHOBUIHOW CHH(POPMBI, @ TAK)KE KOPPEIISIIHS
crararoumx e siipo mopoa ¢ pudroreHHbIMU nopoamu nosca [leyenra-Mmannpa-Bap3yra no3sommim
c/IenaTh BHIBOJ O €€ 00pa30BaHUU B pe3yIbTaTe HAABUTOBBIX IBM)KEHUH K CEBEPO-BOCTOKY 0T sapa JIKO
BO Bpemsi mepBoi cramuu kommmsuu (Myapyk, 2014; Mudruk et al., 2022). Kunemarudeckue
WHIUKATOPBI, HaOmomaembie B sape CeprnoBUAHON KoTuaHOBUAHON cuH(OpMBI (cM. pasaen 3.4.2), B
IIEJIOM TO3BOJIIOT TOJUIEPKaTh 3TOT BbIBOJ (puc. 6.2B). OmaHako HEOOXOIUMO OTMETHUTh, YTO
UH/IMKATOPBl 3TOW CTaJUU Pa3BUTHI JOCTATOYHO ciabo, HEpeIKo HaOII0AAl0TCsA B BHJIE PEIHKTOB, U
naxke B HanOosee 1ehOpMUPOBAHHBIX PA3HOBUIHOCTSX MOPOJI AIpa UX T€OMETPHS BhIpakeHa He BCETAa
OTUYeTJINBO. B TO e BpeMsi KuHeMaTH4eCKHe HHINKATOPbI, YCTAHOBJICHHbIE B KEWBCKUX MapaciiaHlax,
MOJCTUJIAIOIINX PUPTOTEHHOE AP0, a TAKXKE B CUIIBHO Pa3/IaBICHHBIX MeTada3albTax sapa, JIexKalux
IIPAKTUYECKH MIPSMO Ha IapaciaHllax, yKa3blBalOT HA JBUKEHUS K CEBEPY.

Kunemarnyeckue MHAUKATOPBI CIEAYIOIIEN CTaANM MPOSIBIEHBI TOPA3/10 JIy4lle, IPU I TOM OHU
CIIOKEHbl MUHEpajaMH, CPEe3aloLMMU paHHUE CTPYKTYphl MepBoil cragun. OTMevaroTcsl IBHKEHUS B
000MX HaIpaBJICHUSAX, KaK K CEBEPYy, TaK U K IOTY, IIPU 3TOM JBH)KEHUS K IOTY HAOJIOJAIKCh yalle.
JIBIKEHUST 3TOW CTaAMM MOTYT OBITh CBSI3aHBI C HAJBUTAHHWEM MOPoa MypMaHCKOW HMPOBHHLMHU HA

KeiiBckuii Teppeiin (Munu u  gap., 20100). BepostHo, 3T0 HaaBHraHue MOIJIO OBITH He
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Puc. 6.2. KunemaTnka TEKTOHMYECKHUX JBMKEHUHM BO BpeMs JIAIUIaHCKO-KOJIbCKON KOJIM3NOHHON
OPOTCHHH T10 JIUTEPaTypHBIM HaHHbIM (bamaranckuii u ap., 2016 u ccputku Tam; Mudruk et al., 2022)
B Konbckom pernone (A) u B KeitBckom mapacianiieBom nosice o JaHHbiMu aBTopa (b).

CaMOCTOSITENIbHBIM COOBITHEM, a MPOSBICHUEM TaK Ha3blBaeMoro oopatHoro Hagsuranus (backthrust,
van der Pluijm, Marshak, 2004) Bo BpeMs IJTaBHOT'O HaJBUTaHHS K CEBEPY.
Taxxe B mopomax simpa CeproBuaHONH CHH(GOPMBI OTMEYAIOTCS MUKPOCTPYKTYPHI, CIIOKCHHBIE

XJIOPUTOM, JOCTOBCPHOCTH KOTOPBIX KAaK KHHCMATUUYCCKHUX HWHIAUKATOPOB KpaﬁHe HHU3Ka. OTH
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MHUKPOCTPYKTYPBI Cpe3al0T CTPYKTYpPbl ABYX MPEABIAYIIMX A3TANoB, U €CIIM OHU JEHCTBUTEIHHO
ABJIAIOTCS KUHEMATUYECKUMU UHAUKATOPaMH, TO MOTYT OBITh CBSI3aHBI C IOCTOPOT€HHBIM KOJLIAIICOM.

B keiiBckux mapaciaHiax KMHEMaTH4eCKUE MHANKATOPHI Pa3BUTHI IIUPOKO, U BCE OHU UMEIOT
BBICOKYIO CTEIEHb TOCTOBepHOCTU. OHU HAOIIOMAIOTCS KaK B 3aIaHON YacTH MapaciaHIeBOro mosica
Ha KpbUTbsiX CeproBUIHON CHHPOPMBI, KaK YK€ OTMEUYECHO BBIIIE, TAK U B IEHTPATLHOM YaCcTH MOsACa HA
yuactke [lyypypra-SArensypra (cMm. pazmenst 3.4.2 u 4.1). [logaBnstoiiee 4McCIIO YCTaHOBJIECHHBIX B
mpejenax nosica MHANKATOPOB YKa3bIBaeT HA TEKTOHUYECKUE IBUKEHUS K CEBEPY-CEBEPO-BOCTOKY (PHC.
6.2b). B BocTouHOI yacTH (y4yacToK MaHIOK) JOCTOBEPHBIX KHHEMAaTHYECKMX HWHAMKAaTOPOB HeE
obOHapyxeHo. [IlapHUpBI CKIAJ0K B IEHTPATBHON YaCTH IMOSCA JIEMOHCTPUPYIOT OOJBIIYIO CTETCHb
KPUBOJIMHEHHOCTH, U UX MOP(OJIOTHS MO3BOJISET OJHO3HAYHO YCTAaHOBUTH CEBEP-CEBEPO-BOCTOYHOE
HallpaBJ€HUE TEKTOHWYECKUX JBWIKEHUN, KOTOPOE MOATBEPKIAACTCS  MUKPOCTPYKTYPHBIMHU
KMHEMaTUYeCKUMU MHAuKatopamu. CienoBareibHO, B BOCTOYHOM 4YacTu mosica Ha ydyacTke MaHIok
o0pa3oBaHME CKJIAJIOK IOJDKHO OBITH CBS3aHO C 3TUMU K€ TEKTOHUYECKUMHU JIBIYKECHUSMHU.

Takum o0pazom, KEHWBCKHE MapaciaHIbl Ha BceM uX Oojiee 150-KMIoMeTpoBOM MPOTSHKEHUH
ucHbITaln JedopMaluu IMPOCTOrO CIBHUra B pe3ysibTaTeé TEKTOHWYECKUX MABMKEHHUH B CEBEpo-
BOCTOYHOM HampaBieHMH. Ha »5To ke HampaBieHue ykasbpiBaeT Mopdomnorus CeprnoBuIHOM
KOJTYAHOBHUJIHOW CKJIAQJKU W pPEIKHE KUHEMAaTHUYEeCKHUE WHIUKATOPhl B MOpoJax €€ snapa. YUHUThbIBas
MaciiTad pacrnpocTpaHEHHs BceX OTUX JAedopMmanuii, UX JAOCTATOYHO BBICOKYIO CTENEHb W
NaJeONpPOTEPO3OUCKUI BO3PACT, a TAK)KE HAIIPABICHUE CBSI3aHHBIX C HUIMHU TEKTOHUYECKUX JBUKEHUM,
MO>KHO CHENaTh BBIBOJI, YTO M3YUCHHBIE CTPYKTYPHI 00pa30BAIKCH B PE3yIbTaTe KPYMHOMACIITAOHBIX
HAJ[BUTOBBIX JBUKEHUN B CEBEPHOM U CEBEPO-BOCTOYHOM HAIIPABJICHUU B pe3yJbTaTe JIAIIaHCKO-
KOJIbCKOM oporenuu. Ilpu sTOoM KeiiBckue mnapaciaHibl ObUIM HaJBUHYTHl Ha JIEOSHKMHCKHE
METaBYJKAHUTHI, a pUPTOreHHble Mopo sl Aapa CeprnoBUAHON CUHPOPMBI — Ha KEWBCKHUE MapaciiaHLIbl.

O06o001IeHre BceX MaHHBIX M0 U3YYCHHBIM B JAaHHOW paboTe KMHEMATUYECKUM MHIUKATOPaM H
UX CONOCTAaBJICHHE C PErHOHAJIBHOW KUHEMATHUKOW TEKTOHUYECKUX JIBUKEHUW, IO3BOJISIET

C(l)OpMYJ'II/IpOBaTI) mpembe 3auninuiaemoe nojio)yHcenue.

3. Kunemamuueckue unouxkamopwl 6 nopooax Keiteckozo napacnanyeeozo nosaca (C-S-
CMPYKmypbl, G-CHPYKmYPbl, CKAAOKU ¢ KPUBOIUHEHUHLIMU WAPHUPAMU U CRUPATIbHbIE NOObY)
emecme c cucanmckoii CepnoeuoHoll KOAYAHOGUOHOU CKIAOKOU YKA3bleaom HA HAOBU206blE
osuwicenusn ¢ Keiteckom napacnanuyegom nosace K ceeepy U Ce6epo-60CHMOKY 60 6peMs
naneonpomepo30iicKoil 1anaandCcKo-KoabCKOU KOJIUZUOHHOU OPO2eHUU.

[TomydyeHHbIE aBTOpPOM JlaHHBIE O KMHEMAaTHYeCKHMX HUHAMKaTopax B mpezaenax KeiBckoro
napacjaHIeBoro nosca npusezeHsl B (Balagansky et al., 2012; Mynpyk u np., 2013; banaranckuii u
ap., 2016; Gorbunov, Balagansky, 2022; Mudruk et al., 2022).
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3akJIloueHue

Hccnenosanus, nposeneHHble B KeiiBCkoM TeppeliHe, BaKHBI U1l TOHUMAHUS TEKTOHUUYECKUX
MPOLECCOB, MPOUCXOAUBIINX BO BpEMs NAJIEONPOTEPO30MCKOM JANIaHACKO-KOJIbCKOW KOJUTU3UOHHOM
oporeHuu. byayunm ceBepo-BocTOuHBIM (opianmaoM oporeHa, KeWBckuii TeppeliH HeceT B cebe
MHOTIOYMCJICHHbIE TPU3HAKU KPYIHOMACIUTAOHBIX HAJABUIOB B CEBEPHOM M CEBEPO-BOCTOUYHOM
HanpasieHusx. Jlepopmaruu 3amneyariaeHsl riIaBHBIM 00pa3oM B ropojax KelBckoro napaciaHIeBOro
1osica, MHTEPIPETHPYEMBIX KaK METaMOP(HU30BAHHBIC MEPEOTIOKEHHBIE KOPHI BHIBETPUBAHUS, U B
pU(dTOreHHBIX TMOPOJAX, CIAraroNIUuX SApPO TUTaHTCKOW CeprioBHIHON KOJTYaHOBHJIHOW CKIIAJKH U
HaJBUHYTHIX Ha KEHBCKHE NTapacIaHIIbl.

Marepuansl 0 nedOpMaIlMOHHBIX CTPYKTYpax, IOJIYYCHHbIE B paMKaxX JaHHOW paboTHl,
MO3BOJIMIIM TPOBECTH KWHEMAaTHUUYECKHE PEKOHCTPYKLMH TEKTOHWYECKUX JIBHJKEHUH BO BpEMs
JaNJIaHICKO-KOIbCKON KOJIIM3UM. JJaHHbIe 0 BennuuHe AeopMaliy Ha pa3HbIX KPbUIbSIX TMTAHTCKOM
CepnoBUIHON KOTYaHOBUAHOM CKJIAJKU Ba)KHBI JUIS OLIEHKH KOPPEKTHOCTH PAHEE CHIENAHHBIX APYTUMU
UCCIIIOBATEIsIMH  BBIBOJIOB 00 ocoOeHHocTsAx e€ oOpa3oBanus. JleranbHOE CTPYKTypHO-
nerporpauyeckoe M3y4yeHHe HOBOTO THIAa KMHEMAaTHYECKHX WHAWKATOPOB (CIHMPAIBHBIX TOJOB) B
MeTaMOpQHUYECKHX IMOopoAax (KeWBCKUX IapaciiaHlax) SBISCTCS BaXKHBIM BKJIQJIOM B IIOHUMaHHE
IIPOLIECCOB, KOTOpBIE IPOUCXOIAT BO BpeMs CABUIOBOIO TEYECHHMs B IOPOJAX, HCIBITABLIIMX
pernoHaIbHBIN MeTaMOp(PH3M B CPETHEKOPOBBIX yciaoBUAX. [1o nToram ncciegoBaHust MOXKHO C/IeNaTh
CJIEYIOIINE BBIBOJIBI.

1. CepnoBujgHas cUH(pOpPMa, KOTOpas HHTEPHPETHPYETCS KaK TI'MTaHTCKas KOJYaHOBHIHAsS
CKJIaJKa, MMEET PEe3Kyl0 acUMMETPUIO B BEIMYMHE JeQOopMaluu Ha pa3HbIX KpbUIbSAX €€ supa,
CJIO)KEHHBIX PUQPTOreHHbIMU Iopojamu. Toima 0a3aJbTOBBIX METANOp(UPUTOB B BEPXHEM KpbLIE,
UMeroIas BUIUMYI0 MoIHOcTh 600 M, octamach HenehOpMUPOBAHHOH, M BeIMYMHA Rmax B 3THX
II0pO/Iax paBHA MPUMEPHO eauHuIe. HikHee Kpbulo HHTEPIIPETUPYETCS KaK MEPEkaToe B pe3ysbTare
HEMOCPEACTBEHHON OJIN30CTH K TEKTOHMYECKON I'PaHUIIE, BAOJIb KOTOPON IPOUCXOUIN NHTEHCUBHBIE
Ha/IBUT'OBbIE JIBUKEHUA. MOLIHOCTh TONIM 0a3aJbTOBBIX METANOP(UPUTOB B HUKHEM KpBIIE PE3KO
COKpAIIAeTCsl, B CaMOW MaJIOMOIIIHOM yacTH Jocturast auiib 15 metpoB. Bennunna Rxz B 3THX nopoaax
cocraBiseT ~10 B 100 M OT TEKTOHMYECKON IpaHULIbl U 25 B ceMU MeTpax oT Hee. Takoe pacnpeneneHue
negopMaluy Ha Pa3sHbIX KPbUIbAX XapaKTEPHO Ul JISKAUUX aHTHKJIMHANIEH B ['ebBETCKUX MMOKpOBaxX
AJBIUNCKOTO KOJTU3MOHHOTO OPOTEHA.

2. B uHTEHCUBHO Ae()OpPMHUPOBAHHBIX MOPOJAaX HIKHEro Kpbiia CeprnoBUAHON CHH(POPMBI
YCTAHOBJICHO HECKOJIBKO THIIOB MUKPOMACIITA0OHBIX KHHEMATUYECKUX HHIUKATOPOB. DTH UHAUKATOPHI
ObulM 00pa3oBaHbl B pe3yJIbTaT€ HECKOIBKMX Pa3HOBO3PACTHBIX ATANOB Je(GOpMaluu C pa3HbIM

HampaBiieHueM JBikeHuH. IlepBblil 3Tam  MOPEANONOKUTENBHO COOTBETCTBYET HAJBUTaHUIO



109

pudTOreHHsIx nopoa sapa CeprnoBUIHON CKIaIKd Ha KEWBCKHE MapacliaHIbl B HANIPABICHUH C OTO-
3armaja Ha CEBEPO-BOCTOK BO BpEMs JIAIUIAHJCKO-KOJBCKOW KOJUIM3UH, C IOCJIELYIOIIHAM
npeoOpa3oBaHWEM ATOW CKJIAAKM B TUTAHTCKYI0 KOJYaHOBHJHYI. BrTopod »sram Takke
IIPEII0JIOKUTEIBHO CBA3aH ¢ HagBUraHMeM MypMaHCKo# npoBuHIMHU Ha KeilBckuii TeppeiiH, Takxke
BBI3BaHHBIMH JIAIUIAHJICKO-KOJICKOM KOJUTM3HEH. DTO HAJBUTaHHE MICHTUYHO OOpaTHBIM HaJBUTaM B
(haHepO30MCKUX KOJUIM3UOHHBIX OPOTre€Hax.

3. B KelBCKHUX mMapaciaHIax YCTAHOBJIEH HOBBIM THUI KHHEMATHYECKUX HWHIUKATOPOB —
CHHpalbHble MOAbl. B oTnuume oT OOJIBIIMHCTBA HW3BECTHBIX KHHEMAaTHYECKHUX WHIWKATOPOB,
CHHpAJIbHBIE MO/l — 3TO 00bEMHBIEC JTHMHEWHBIE CTPYKTYpbl. OHM CIIOKEHBI HAMOTaHHBIMH JIPYT Ha
JIpyra 3aMKaMH MEJIKHX CKJIaJ04€eK, B KOTOPBIE CMATHI MUKPOCIOWKH MapaciianueB. CupalibHbIE OB
00pa3yloT €IUHBIA CTPYKTYpPHBIN MapareHe3uc ¢ JMHEHHOCThIO M HIAPHUPAMM CKJIAJOK CIABHUTOBOTO
TEUEHUS], U BCE 3TH CTPYKTYPHI 00pa30BaIUCh BO BPEMsl €IMHOIO 3Tana MporpecCuBHON aedopMaiiu
IIPOCTOTO C/IBUTA B YCIOBUSX CPEIHUX CTyNeHel MeTamopduizma ampudonnToBoi ¢arun. CiupaibHble
IOABI DBOJIOLIMOHMPOBAIIM W3 CKJIAJOK C W3HAYAJIBHO KPHUBOJIMHEWHBIMU IAPHUPAMU IIyTEM
JAJIbHEHMIIIEro MCKPUBIICHHS IIAPHUPOB U 3aKPyYMBAaHUS UX OCEBBIX MOBEPXHOCTEH ¢ 00pa3oBaHUEM
MHUKPOCTPYKTYp "cKianka B ckiajake". Tpurrepom BpaiieHus: ObUTM NTUTMAaTUTOBBIE MUKPOCKIIAIKHU, B
KOTOpble OBUIM CMATHI KBapI-MYCKOBUTOBBIC CIIOMKH, COXpAaHHUBIIMECS B ILEHTPAJIbHBIX YaCTIX
CIMPAIBHBIX IIOJ0B M JIEHCTBOBABIIMX KaK JECTKOE TEJIO BO BpeMs BpalleHUs IOJOO0HO
nopdupobiactam rpaHara.

4. lpyrue KNHEMaTUYECKNE MHANKATOPBI, yCTaHOBJIEHHbIE B KEeBCKOM NapaciaaHIeBOM IOsCE,
BKIII04aloT B cedst (1) Mukpomaciitabueie C-S-CTpyKTyphl, CIOXKEHHBIE, KaK MPaBHIIO, UTOIbYATHIM
KHAHUTOM, a TaKKe€ MYCKOBUTOM; (2) CKJIaJKH CIBUIOBOTO TE€UYEHUS C U3HAYAIBHO KPUBOJUHEHHBIMU
IIapHUpaMHM, TPOSBICHHbIE B MakpomacwmTabe. Bce 3TM MHIMKATOpBI, BKIIOYAas HOBBIA MX THII,
CIHpAJIbHBIE TOJIBI, B LIEJIOM COTJIACYIOTCS MeX1y co0oil, u BMecTe ¢ CeprnoBUIHON KOTYaHOBHIHON
CKJIaIKOM YKa3bIBAIOT HA HAJIBUTOBBIE JBMKEHMSI B KEMBCKOM MapaciiaHLieBOM I0SICE K CEBEPY U CEBEPO-

BOCTOKY BO BpPEMs MAJIEONPOTEPO30MCKUON JAIIaHICKON-KOIbCKOW KOJUIM3UOHHOW OPOTCHUH.
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Ipuioxenue

N300pakeHns CKaHUPOBAHHBIX IUIOCKOCTEH OO0pa3oB 0a3albTOBBIX METAnopGUpUTOB, B
KOTOPBIX OMPEISSUTNCh OTHOILIEHUS oced HemedopmupoBaHHBIX MuHAAIUH (O6pasubl 1 u 2), u

BenmnurHbI Rxz, Ryz 1 Rxy amuricona koneunoit nedopmaiiuu (O6pasiisr 3-6).
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Introduction

Research relevance. Reconstruction of tectonic processes that occurred at different periods of
the Earth's geological history is an important task of modern geology. Of particular interest is the
Paleoproterozoic, by the beginning of which, according to many researchers, the transition from specific
geodynamics operated in the Archean, characterized by a stagnant-lid regime, to modern-style plate
tectonics had been completed (Bédard, 2018; Cawood et al., 2018; Nebel et al., 2018; Stern et al., 2018).
This concept is consistent with an idea that the Wilson Cycle, the principal element of plate tectonics,
started to operate no earlier than the Neoproterozoic (Stern, 2005, 2018). However, it has recently been
proposed that specific Accretionary Cycle Plate Tectonics had operated in the early Earth and was
followed by the Wilson Cycle at the very end of the Archean 2.7-2.5 billion years ago rather than in the
Paleoproterozoic (Windley et al., 2021). In any case, new data on Paleoproterozoic tectonics are
important for understanding the evolution of tectonic processes in general. An important contribution to
obtaining such data can be provided by kinematic reconstructions of Paleoproterozoic orogenic
processes as well as by evaluation of strain magnitude.

Tectonic movements occurring in various settings cause rock deformations which are very
impressive in collision zones where strain may be especially high. Deformed rocks are also the source
of important data on the kinematics. When creating tectonic models, these data make it possible to
estimate the directions of tectonic transport, variations in these directions in the earth's crust that has
been subject to orogenic processes, and the contribution of horizontal and vertical movements to the
formation of tectonic structures. Fold-thrust belts in the upper crust are a significant source of data for
establishing kinematics in modern orogens during subduction and, in particular, collision. Data of the
same kind can also be used to outline kinematics in the metamorphic core of an orogen that was formed
in the middle and especially lower crust. At the same time, the kinematics in the metamorphic core can
be significantly detailed based on the study of small-scale shear-sense indicators, whose dimensions do
not exceed a few meters and typically are of several centimeters and even millimeters (Ramsay and
Huber, 1987; Hanmer and Passchier, 1991; Rodygin, 2006; Fossen, 2010; Kirmasov, 2011;). The study
of these indicators is the subject of microtectonics (Passchier and Trouw, 2005), and in deeply eroded
Early Precambrian orogens, the kinematics is often established based on these microstructures. Tectonic
reconstructions, in which microstructures play a significant role, are widely presented in world literature.
Russian researchers also have made a certain contribution in the use of these methods both for
establishing the kinematics of tectonic movements (Kislitsyn, 2001; Kolodyazhny, 2006, 2007;
Melnikov, 2011; Abildaeva, 2019; Alekseev, 2022; Kushnareva, 2022) and for evaluating strain
magnitude (Khudoley, 1993; Voitenko and Khudolei, 2008; Voitenko et al., 2016;).
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The major Paleoproterozoic tectonic structure in the Kola Region (northeastern Fennoscandian
Shield) is the deeply eroded Lapland-Kola Collisional Orogen (LKO) (Balagansky et al., 1998, 2006;
Daly et al., 2001, 2006; Mudruk et al., 2013;), first distinguished by D. Bridgwater on the basis of data
accumulated by the early 1990s (Bridgwater et al., 1992). One of tectonic units of the LKO is the Keivy
Terrane, which is part of the northeastern foreland of the LKO. The Keivy Schist Belt (KSB) is in turn
the reference object for studying collisional deformations that affected the middle crust of the Keivy
Terrane as well as the entire northeastern foreland of the LKO. There is a shortage of data on kinematics
in the entire LKO and the Keivy Terrane in particular, so all the aforementioned issues determine the
relevance of studying the kinematics of the Paleoproterozoic orogenic processes, recorded in rocks of
the KSB and constituting the essence of this work.

The objects of this study are deformational fabrics in Paleoproterozoic rocks of the Pestsovaya
Group and the underlying schists of the Keivy Group in the Serpovidny Area, as well as in Keivy Schists
exposed in the Shuururta—Yagelyurta and Manyuk areas in the KSB.

The main topic of this work is to reconstruct the kinematics of Paleoproterozoic tectonic
movements in the Keivy Schist Belt in the northeastern foreland of the LKO using methods of
microtectonics and to correlate these movements with the general kinematics of the Lapland-Kola
Collisional Orogeny.

The goals of the study include:

(1) evaluating the strain magnitude in rocks composing the core of the Serpovidny Mega-Sheath
Fold (the western part of the KSB);

(2) establishing the kinematics of Paleoproterozoic tectonic movements based on shear-sense
indicators in:

—rift-related rocks of the central part of the Serpovidny Mega-Sheath Fold;

—typical rocks of the northwestern, central, and southeastern parts of the KSB.

(3) developing the formation mechanism of newly discovered fabrics with spiral geometry and
cigar-shaped morphology, named spiral pods, in the thin-layered matrix of Keivy Schists, which are a
new example of rotation in metamorphic rocks, and substantiating their use as shear-sense indicators;

(4) correlating the kinematics of Paleoproterozoic tectonic movements in the KSB with the
general kinematics in the Lapland-Kola Collisional Orogen.

Conclusions to be defended.

1. The pronounced asymmetry in the distribution of strain magnitude (RXZ) relative to the axial
surface of the synformal Serpovidny Mega-Sheath Fold located in the northeastern foreland of the
Paleoproterozoic Lapland-Kola Collisional Orogen has been established and calculated in the fold core
(RXZ =25 and ~1 in the lower and upper limbs, respectively). It makes this fold similar to asymmetric

synformal anticlines of the Helvetian Nappes in the northern foreland of the Alpine Orogen and indicates
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the fold location at the sole thrust of a nappe (Balagansky et al., 2012; Mudruk et al., 2013; Mudruk et
al., 2022).

2. A new shear-sense indicator (rotation structure) in metamorphic rocks has been established.
Rotation structures of this kind have been termed "spiral pods" and have been formed by wrapped multi-
microlayers in staurolite-bearing kyanite-mica schist of the KSB (Gorbunov et al., 2016; Gorbunov and
Balagansky, 2022).

3. Shear-sense indicators in the rocks of the KSB (S-C fabrics, spiral pods, and folds with
curvilinear hinge lines), together with the Serpovidny Mega-Sheath Fold, indicate the northward and
northeastward thrusting of the KSB onto the Archean Lebyazhka Metavolcanics during the
Paleoproterozoic Lapland—Kola Collisional Orogeny (Balagansky et al., 2012; Mudruk et al., 2013;
Balagansky et al., 2016; Gorbunov and Balagansky, 2022; Mudruk et al., 2022).

Scientific novelty

(1) Strain magnitude has been calculated performed in opposite limbs of the Serpovidny Mega-
Sheath Fold for the first time.

(2) For the first time, a generally northeastern direction of the major thrusting during regional
metamorphism and deformation has been established in the western, central, and eastern parts of the
KSB using shear-sense indicators.

(3) For the first time, two stages of oppositely directed movements, correlated with the major
thrusting during the Lapland-Kola collision and the subsequent back thrusting, have been established in
the core of the Serpovidny Mega-Sheath Fold using shear-sense indicators.

(4) A new shear-sense indicator, termed a spiral pod, has been established, and its formation
mechanism has been developed.

Theoretical and practical relevance. The establishment of the new shear-sense indicator, the
spiral pod, contributes in the concept of ductile flow in metamorphic rocks that underwent significant
non-coaxial deformation (simple shear in the ductile regime). This deformation can result not only in
the formation of folds with curved hinges and synchronous rotation of rigid porphyroblasts but also in
the wrapping of multi-microlayers into small-scale spirals. Data on shear-sense indicators established in
rocks of the KSB are important for tectonic reconstructions in the entire northeastern foreland of the
LKO and, ultimately, for the general kinematic model of the Lapland—Kola Collisional Orogen. The
detailed map of the Serpovidny Area, compiled with the participation of the author, may be used for
various purposes by both industrial and scientific organizations.

Factual material, research methods, and author'’s contributions. This work is based on the
author's material collected during fieldwork in the Keivy Terrane in 2009, 2011 and 2015 as part of
research projects carried out in Geological Institute of the Kola Science Center RAS (Apatity). Samples

for 3D reconstruction of spiral pods were been kindly provided by V.V. Balagansky. Some oriented
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samples for determining shear-sense and additional orientation data on linear and planar fabrics of rocks
in all studied areas were kindly provided V.V. Balagansky and S.V. Mudruk. The author participated in
the magnetic survey of the Serpovidny Mega-Sheath Fold using a 25 x 5 m grid within an area of about
2.5 km?. The author analyzed about 200 orientation data and studied more than 40 oriented samples and
about 100 thin sections. To achieve the study goals, the author performed kinematic, structural, and
geometric analysis and calculated strain magnitude using objects with a known shape before deformation
(Ramsay and Huber, 1983, 1987; Hanmer and Passchier, 1991; Passchier and Trouw, 2005;
Fossen, 2010); the petrographic method has also been used. To construct stereographic diagrams,
Openstereo 0.1.2 devel software (Grohmann and Campanha, 2010) was used. The construction of block
diagrams to identify the morphology and inner structure of spiral pods has been performed using Corel
Draw and Corel Designer vector graphics software.

Approbation of the result and publications. The study results are published in five articles in
peer-reviewed journals, including two articles in "Journal of Structural Geology", the leading journal
publishing investigation in the field of structural geology and tectonics. There are also two publications
in other journals and nine publications in conference proceedings. The author personally presented
materials at student conferences of the Murmansk State Technical University (Apatity, 2010, 2011,
2012), a conference of young scientists dedicated to the memory of K.O. Kratz (Apatity, 2011), XIII
Fersman scientific session (Apatity, 2016), scientific conference "Early Precambrian vs Modern
Geodynamics" (Petrozavodsk, 2017). In addition, the dissertation student was a co-author of reports that
included results of this study and were presented at Russian and international conferences: (1) All-
Russian conference dedicated to the 150th anniversary of Academician F.Yu. Levinson-Lessing and the
100th anniversary of Professor G.M. Saranchina "Modern Issues of Magmatism and Metamorphism",
St. Petersburg, 2012; (2) 34th session of the International Geological Congress, Brisbane, Australia,
2012; "Craton Formation and Destruction with special emphasis on BRICS cratons", Johannesburg,
South Africa, 2012. Some materials presented in the dissertation were discussed during the short-term
educational course "Microtectonics Masterclass" held by Prof. Cees Passchier in Mainz (Germany) in
2019.
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Chapter 1. Fennoscandian (Baltic) Shield: a brief review

The Fennoscandian shield is a well-exposed northwestern part of the Precambrian basement of
the East European platform (Fig. 1.1). The history of its research includes a large number of studies that
have focused on geophysics, geochronology, petrology, and other branches of geology. The
accumulation of multidisciplinary data led to attempts at generalizing them and formulating concepts of
both the general evolution of the shield and its evolution in different geological periods (e.g. The Earth's
crust..., 1978; Gaal and Gorbatschev, 1987; Mints et al., 1996, 2010b, 2010c; Balagansky, 2002;
Lahtinen et al., 2005, 2008; The Early Precambrian..., 2005; Slabunov et al., 2006b; Kozlov et al., 2006;
Holtté et al. 2008, Lahtinen, 2012).

The nucleus of the shield consists of Meso- and Neoarchean rocks. Several approaches based on
different geodynamics concepts are used to subdivide the Archean crust of the shield into tectonic
structures. The following provinces can be confidently distinguished: Karelian, Belomorian, Kola,
Murmansk, as well as Norrbotten, which has an uncertain boundary with the Karelian province (Fig 1.1).
The provinces are made up mainly of tonalite-trondhjemite-granodiorite (TTG) gneisses and, to a lesser
extent, rocks of greenstone and paragneiss belts, as well as granulite complexes (Slabunov et al., 2006b;
Holtta et al., 2008).

The formation of Paleoproterozoic rocks of the Fennoscandian shield is considered to be
associated with two principal types of tectonic processes: rifting and orogenesis (Lahtinen et al., 2005;
The Early Precambrian..., 2005; Lahtinen, 2012). Besides that, in recent years, the idea that mantle
plumes have made a significant contribution to the crust formation has been developed (Mints et al.,
2010b, 2010c¢). Multiple rifting events that had been occurring from 2.5 Ga to 2.0 Ga resulted in the
emplacement of intrusive and volcanic rocks, as well as the accumulation of sediments that were later
metamorphized (Laajoki, 2005). The most prominent tectonic structure resulted from the rifting is the
Polmak-Pasvik-Pechenga-Imandra-Varzuga paleorift (Zagorodny et al., 1982; The Early Precambrian...,
2005; Melezhik, 2013; Melezhik and Hanski, 2013b). Paleoproterozoic orogenesis is associated with
two orogenies: the Lapland-Kola Collisional Orogeny (~2.0-1.9 Ga) followed by the Svecofennian
accretionary orogeny (~1.9-1.8 Ga) (see a brief review in (Balagansky et al., 2011, 2016)). The
production of the crust during the Lapland-Kola orogeny was local and resulted in the formation of the
Lapland and Umba granulite terranes, as well as the Tersk terrane (Daly et al., 2001; 2006;
Balagansky, 2002). These terranes consist of island arc-type rocks transformed during the collision into
mafic and felsic granulites and TTG gneisses with subordinate supracrustal rocks. The largest volume
of the Paleoproterozoic juvenile continental crust of the Fennoscandian shield was formed at several
stages of the Svecofennian orogeny, which led to the formation of the Svecofennian composite province

that currently occupies most of the shield (Fig. 1.1). During the Svecofennian orogeny, mainly island
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Fig 1.1. Main tectonic units of the Fennoscandian Shield (from (Koistinen et al., 2001), simplified),
modified after (Daly et al., 2006; Slabunov, 2008, Lahtinen, 2012)).
arc-type rocks were formed and then successively attached to the Karelian province (Korja et al., 2006).
An important post-orogenic event is the emplacement of rapakivi granites in the southern part of the
Svecofennian province 1.64—1.47 Ga ago (Baltybaev, 2013 and references therein).

Several orogenic episodes in the Sveconorwegian province during the Meso- and Neoproterozoic
resulted in the formation of a new crust and its subsequent reworking (Bingen et al. 2008). The
Sveconorwegian orogeny (1.14-0.97 Ga), one of the most pronounced orogenies, resulted in accretion
and post-collision magmatism (Lahtinen, 2012). Mesoproterozoic sedimentary rocks occur in the

northern and southern parts of the Kola Peninsula, whose oldest age, determined by dating of detrital
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zircons, is 1.03 Ga in the northern part (Mikhailenko et al., 2016) and 1.13 Ga in the southern part
(Kuznetsov et al., 2020).

The formation of Phanerozoic rocks is primarily associated with the opening of the Iapetus Ocean
about 600 Ma ago and then with collision at the final stage of the Caledonian orogeny 430-390 Ma ago
which resulted in the development of the Caledonides (a fold-thrust belt at the western margin of
Norway) (Lahtinen, 2012). The episodes of the Devonian magmatism resulted in the emplacement of
the alkaline and ultramafic-alkaline Khibiny, Lovozero, and Kovdor massifs, well-known for their
unique mineralogy (Mineralogy..., 1978; Arzamastsev et al., 1998; Ivanyuk et al., 2002; Bayanova,
2004; Rodionov et al., 2018). This magmatism also led to the development of the volcano-sedimentary
Kontozero caldera structure (Kukharenko et al., 1971; Arzamastsev and Petrovsky, 2012;
Petrovsky, 2016). Another magmatic event is associated with the Oslo Rift formed in the Carbon and
Permian 300-260 Ma ago and is the last crust-forming episode in the Fennoscandian shield (Corfu and
Larsen, 2020).

Archean. The oldest rocks of the Fennoscandian shield are located in the Karelian province,
whose age vary from 3.2 Ga to 2.7 Ga in its different parts (The Early Precambrian..., 2005; Slabunov
et al., 2006b; Holtta et al., 2008); there is the only finding of 3.5 Ga granitoids (Mutanen and Huhma,
2003). The division of the province into the three terranes, West Karelian, Central Karelian, and
Vodlozero, is considered to be the most generally accepted (HOItta et al., 2008). The Karelian province
consists mainly of granitoids, the age and composition of which are different in each of the terranes;
subordinate greenstone and paragneiss complexes occur as well (Slabunov et al., 2006b).

The Norrbotten province, previously considered as part of the Karelian one, is now distinguished
as a separate province (Gorbatschev and Bogdanova, 1993; Holtta et al., 2008). Most of its Archean
rocks are generally similar to granitoids and greenstone complexes of the Karelian province and are
hidden under the Paleoproterozoic cover.

The Kola province consists of rocks with ages of 2.9-2.7 Ga, which are generally younger than
rocks in the Karelian province (The Early Precambrian..., 2005; Kozlov et al., 2006; Slabunov et al.,
2006b). The Kola-Norwegian, Keivy, and Sosnovka terranes compose the Kola province (Balagansky
et al., 1998). The Kola-Norwegian terrane consists mainly of granitoids (TTG gneisses and enderbites),
diorites, and high-alumina metasediments (Radchenko et al., 1994; Holttd et al., 2008). Banded iron
formations (BIFS) of the Olenegorsk Greenstone Belt located in this terrane are also noteworthy. The
Keivy terrane, the main object of this study, is very different from both the Kola—Norwegian terrane and
all other Archean terranes of the Fennoscandian shield. It consists mainly of Archean felsic
metavolcanics, the volume of which is significant, and Archean peralkaline alkaline, however its most

remarkable feature is the belt of high-alumina metasediments of unclear (Neoarchean or
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Paleoproterozoic) age (a detailed geological description of the Keivy terrane is given in Chapter 2). The
Sosnovka terrane is poorly studied and consists mainly of granitoids.

The Belomorian province is located between the Karelian and Kola provinces and consists of
various granitoids, the age of which varies from 2.9 Ga to 2.7 Ga (The Early Precambrian..., 2005;
Slabunov et al., 2006a, b). Its principal difference from other Archean units is a pronounced polycyclic
development expressed in repeated episodes of deformation and metamorphism both in the Archean and
in the Paleoproterozoic (The Earth's crust..., 1978; Volodichev, 1990). The Belomorian province is
interpreted as a Neoarchean mobile belt that underwent reworking during the Paleoproterozoic Lapland—
Kola Orogeny (Slabunov et al., 2017). Archean greenstone and paragneiss complexes also occur in this
province. Findings of Archean ophiolite-like rocks are noteworthy (Shchipansky et al., 2004; Slabunov
et al., 2019). Of particular interest are the Early Precambrian eclogites, whose age is disputable. There
are points of view that eclogite-facies metamorphism took place only in the Archean (Volodichev et al.,
2004; Mints et al., 2010a; Shchipansky and Slabunov, 2015), only in the Paleoproterozoic (Skublov et
al.,, 2012, 2016; Yuet al., 2019a, 2019b), and both in the Archaean and in the Paleoproterozoic
(Balagansky et al., 2015; Slabunov et al., 2021, and references therein).

The Murmansk province consists of mainly Neoarchean granitoids aged 2.8-2.7 Ga, dominated
by tonalites, plagiogranites, and migmatites (Vetrin, 1984; Kozlov et al., 2006). The formation of the
province is considered to have occurred in two stages (Mints et al. 2010b). The first stage is associated
with partial melting under granulite-facies conditions and the formation of trondhjemitic melts that then
replaced of their host rocks. The second stage is linked to partial melting of rocks formed at the first
stage and the subsequent formation of K-feldspar granites.

According to modern concepts, the Archean history of the Fennoscandian Shield is comparable
to the Wilson supercontinent cycle (Slabunov, 2008). The disintegration of the 3.5-3.2 Ga continental
crust which occurred at ~3.1 Ga and the subsequent formation of oceanic crust are considered to be the
earliest events in the shield's history. The further growth of continental crust was related to subduction
and accretion around the Paleoarchean continental nuclei; these processes had been active until ~2.7 Ga.
This stage was followed by the closure of oceans and collision of microcontinents. The formation of
Archean orogens was followed by their collapse. In the beginning of the Paleoproterozoic (2.5 Ga) a
new cycle of the evolution of the lithosphere in the Fennoscandian shield comparable to the Wilson
supercontinent cycle started. An alternative model has been presented in (Mints et al., 2010b) that
describes a combination of two geodynamic phenomena: plate tectonics and mantle plumes.

Paleoproterozoic. The formation of the earliest Paleoproterozoic rocks of the Fennoscandian

shield is associated with rifting of one or several Archean microcontinents (The Early Precambrian...,
2005; Mints et al., 2010c; Lahtinen, 2012). The rifting occurred under conditions of dextral transtension

(Balagansky et al., 1998) and resulted in the emplacement of layered intrusions and mafic dike swarms
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in many areas of the shield (Iljina and Hanski, 2005). This stage of extension of the Archean continental
crust is associated with the formation of a large tectonic structure, the Polmak-Pasvik-Pechenga-
Imandra-Varzuga paleorift (Zagorodny et al., 1982; Melezhik and Sturt, 1994; Mitrofanov et al., 1995;
Melezhik, 2013; The Early Precambrian..., 2005; Melezhik and Hanski, 2013a). Its largest units are the
Pechenga and the Imandra-Varzuga structures (Zagorodny et al., 1964, 1982; The Early Precambrian...,
2005; Melezhik, 2013; Melezhik and Hanski, 2013b), which are made up mainly of metamorphized
diabases, porphyritic basalts, tuffs, tuff breccias, schists, conglomerates, and sandstones (including
quartzites). The rift, which is considered to have originated at 2.5 Ga, evolved into the narrow Lapland-
Kola Ocean, similar to the modern Red Sea, and its development ended at about 1.7 Ga (Zagorodny et
al., 1982; Melezhik and Sturt, 1994; Bridgwater et al., 1992; Daly et al., 2006; Mints et al., 2010c;
Melezhik et al., 2013a). According to (The Early Precambrian ..., 2005), the evolution of the paleorift
consists of four stages: the first rifting stage (2.5-2.3 Ga), the second rifting stage (2.3-2.2 Ga), the late
rifting stage (2.2-1.9 Ga), and the collisional stage (1.9-1.7 Ga).

Important Paleoproterozoic complexes of the Fennoscandian shield are the Outokumpu and
Jormua ophiolites (Kontinen, 1987; Vuollo and Piirainen, 1989), with an age of volcanism of 1.95 Ga
(Peltonen, 2005). The formation of these complexes marked the beginning of the spreading and the
opening of the Svecofennian Ocean. Crustal extension, which prevailed at the beginning of the
Paleoproterozoic, was followed by compression that resulted in the development of two orogens
separated from each other in time and space. The Lapland—Kola collisional orogen occurred in the
northeastern shield at ~2.0-1.9 Ga, whereas the Svecofennian accretionary orogen took place in the
southwestern part at ~1.9—1.8 Ga (Daly et al., 2006; Korja et al., 2006; Lahtinen et al., 2008; Balagansky
et al. 2016 and references therein; Lahtinen and Huhma, 2019). The Lapland-Kola orogen (LKO)
originated after the closure of the Lapland-Kola Ocean. The collision caused granulite-facies
metamorphism of island arc-type rocks of the Lapland granulite belt (terrane) and the Umba granulite
terrane, as well as amphibolite-facies metamorphism of the Tersk terrane. The idea that the LKO is an
alpine-type collisional belt extended across the Atlantic Ocean to Greenland and Canada was first
proposed in (Bridgwater et. al., 1992) and then was developed in (Daly et al., 2006; Tuisku et al., 2012;
Lahtinen and Huhma, 2019).

The crust affected by the Lapland—Kola orogeny is located between the Karelian and Murmansk
provinces (Balagansky et al., 2006; Daly et al., 2006). The structure of the deeply eroded LKO includes
the orogenic core (equivalent to the metamorphic core in present-day collisional orogens) and the
northeastern and southwestern forelands (the Kola and Belomorian provinces, respectively). The
orogenic core includes the Lapland, Umba, Inari, Tersk, and Strelna terranes, as well as the Kolvitsa and
Tanaelv collision mélanges (Fig. 1.2). The terranes of the orogenic core consist of metamorphic rocks,

whose protoliths are similar to island arc-type rocks, and are either of Paleoproterozoic age (the Lapland,
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Fig. 1.2. Main tectonic units of the northeastern part of the Fennoscandian shield (Balagansky et

al., 2016).
Umba, and Tersk terranes) or represent a collage of both Archean and Paleoproterozoic tectonic sheets,
with the latter consisting of island arc-type rocks (the Strelna and Inari terranes).

Collisional events started at 1.94 Ga and reached their peak in the Kola Region at 1.92 Ga (Daly
et al., 2006) when rocks composing the Lapland and Umba terranes experienced granulite-facies
metamorphism. The main tectonic movements associated with the thrusting of the rocks of the Lapland
terrane onto the Belomorian province occurred from the north and north-northeast to the south and south-
southwest. At the same time, thrust movements were recorded in the Pechenga and Imandra-Varzuga
strcutures, and the Keivy and Strelna terranes, which generally occurred from the south and south-
southwest to the north, north-northeast, and northeast. As a result of the thrusting, the structure of LKO
obtained a palm tree morphology (Balagansky et al., 2016), which is similar to the structures of the
Phanerozoic orogens (van der Pluijm and Marshak, 2004).

The Svecofennian accretionary orogeny was initiated as a result of the subduction of the oceanic
crust of the Svecofennian Ocean to the northeast under the Karelian province (the formation of this crust
is recorded due to the discovery of the aforementioned Jormua and Outokumpu ophiolites) (Korja et al.,
2006; Lahtinen et al., 2008; Lahtinen, 2012). This orogeny began simultancously with the end of the
Lapland—Kola orogeny (Balagansky et al., 2011, 2016). During subduction, island arcs were formed and
then successively accreted to the Karelian province. The accretion was accompanied by high-gradient
granulite to low-temperature amphibolite-facies metamorphism, folding and faulting, and granitoid

magmatism. Accretionary events are divided into three stages: Lapland-Savo orogeny (1.92-1.89 Ga),
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Fennian (1.87-1.84 Ga), and Svecobaltic (1.83—1.80 Ga) (Lahtinen et al., 2008)%. The Svecofennian
orogeny resulted in a significant growth of the volume of rocks which compose the Fennoscandian
shield.

! In the paper (Lahtinen et al., 2008), the Nordic Orogeny (1.81-1.77 Ga) is also distinguished. In this
work, this orogeny is not mentioned since its manifestation is not associated with the accretion of island
arcs to the continent but with the continent-continent collision between Fennoscandia and Amazonia.
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Chapter 2. The Keivy Terrane: geological background

The objects of this research are located in the Keivy Terrane which is part of the Kola Province
(Fig. 1.2). The following sections are devoted to the history of its study and provides its geological

description.

2.1 The history of the geological study

The first report about the physical geography and geology of the Keivy Uplands, located in the
northern part of the Keivy Terrane, was compiled in 1928 by the geographical Sciences research team of
the Kola Expedition of the USSR Academy of Sciences headed by A. A. Grigoriev (this and subsequent
historical information are given in (Belkov, 1963; Remizova et al., 2007)). The interpretation of these
data performed by B.M. Kupletsky resulted in a conclusion about the wide distribution of crystalline
schists containing kyanite, muscovite, garnet, and staurolite in the area of the Keivy Uplands. Besides
that, B.M. Kupletsky and O.A. Vorobieva revealed a large massif of peralkaline granites bordering the
western part of the Keivy Uplands.

Further studies of the Keivy Uplands were of both scientific and prospecting interest and resulted
in the compilation of geological maps of the area and the discovery of deposits of muscovite, garnet, and
kyanite. These studies also allowed to obtain and summarize new data on the geology of the Keivy
Uplands, as well as to develop the first hypotheses about the history of geological evolution of the area.
The following researchers, who were working between 1928 and 1960, should be recognized: O.A.
Vorobiev, N.N. Gutkova, V.I. Vlodavets, T.L. Nikolskaya, M.D. Vagapova, V.S. Smirnov, P.V.
Sokolov, L.A. Kosoy, S.N. Nemtsov, P.K. Grigoriev, L.Ya. Kharitonov, V.V. Nosikov, K.O. Kratz, A.V.
Nosikov, A.A. Chumakov, A.M. Ivanov, A.V. Galakhov, L.V. Belkov, A.l. Morozov, I.V. Ginzburg,
I.D. Batieva, D.D. Mirskaya, B.A. Yudin, and others. The data on the main geological features of the
Keivy Uplands area obtained during that time period were summarized in the monograph "The Kyanite
Schists of the Keivy Formation" by 1.V. Belkov, in which a detailed petrographic and mineralogical
description of the Keivy Schists was also provided.

Studies of the next time period (1960-1980) were focused not only on the Keivy Uplands but on
the entire Keivy Terrane and resulted in a significantly increased amount of data. Q-37-1 and Q-37-I1
sheets of the State Geological Map of the USSR at scale 1:200 000 were compiled. Comprehensive
geophysical, geochemical, and mineralogical studies were carried out. Of great importance are studies
of geologists from the Murmansk Geological Exploration Expedition on a GDP-200 project, headed by
L.A. Gaskelberg, as well as studies of a group of researchers from the Geological Institute of the Kola

Branch of the USSR Academy of Sciences (now the Kola Science Center of the Russian Academy of
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Sciences) under the leadership of A.P. Belolipetsky. The results of these studies were published in the
monograph "Geology and Geochemistry of Metamorphic Complexes of the Early Precambrian of the
Kola Peninsula" by A.P. Belolipetsky, V.G. Gaskelberg, L.A. Gaskelberg and others (Belolipetsky et
al., 1980). This monograph provided a detailed description of the geology of the Keivy Terrane and a
thorough petrographic description of rocks. During that period, the following researchers made the most
considerable contributions: L.I. Ivanova, E.G. Minina, N.A. Ostrovskaya, M.A. Sotnikova, V.G.
Gaskelberg, L.A. Gaskelberg, A.V. Sidorenko, A.T. Radchenko, V.P. Petrov, and others.

An important role in the study of the Keivy Terrane was played by a team of geologists from
academic and geological exploration organizations, headed by M.V. Mints. Their studies were carried
out in a close cooperation with a group of geophysicists led by V.N. Glaznev from the Geological
Institute of the Kola Science Center of the Russian Academy of Science (GI KSC RAS). The results of
that multidisciplinary research were summarized and interpreted on the basis of the concept of plate
tectonics in a collective monograph by M.V. Mints and his colleagues (Mints et al., 1996). The
conclusions made in that research were later substantially revised and modified on the basis of an idea
that mantle plumes played a significant role in the tectonic evolution of the Keivy Terrane (Mints et al.,
2010b, 2010c).

In 2006 Academician F.P. Mitrofanov initiated multidisciplinary research on structural geology,
tectonics, and geophysics of the northern part of the Keivy Terrane which was carried out by a group of
scientists from the GI KSC RASunder the supervision of V.V. Balagansky. This researcher interpreted
the Keivy Terrane as the northeastern foreland of the LKO comparable with Phanerozoic collisional
orogens (Balagansky et al., 2006; Daly et al., 2006). Kinematic data obtained by this research group,
whose member was the author of the given work, were published in a number of communications
(Gorbunov and Balagansky, 2010; Balagansky et al., 2011, 2012, 2021; Mudruk et al., 2013, 2022;
Mudruk, 2014; Gorbunov and Balagansky, 2022).

2.2. Brief geological outline

The Keivy Terrane, whose geological map is presented in Fig. 2.1, differs significantly from
other tectonic units of the Kola Region, mainly due to the occurrence of unique rocks that are lacking in
other areas of the Fennoscandian Shield (Mitrofanov et al., 1995). It was firstly classified as a terrane in
a scheme of main tectonic structures of the Kola Region developed by V.V. Balagansky (Balagansky et
al., 1998, 2011; Daly et al., 2006). The unique rocks of the Keivy Terrane are high-alumina kyanite,
garnet, and staurolite schists (Bel'kov, 1963), which are referred to the Keivy Schists or the Keivy
Paraschists in the literature. Most researchers consider these rocks to be metamorphosed sediments

whose protoliths had resulted from strong chemical weathering of acid rocks and their successive
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Fig. 2.1. (A) Major tectonic units of the northern Fennoscandian Shield (from Balagansky et al., 1998;

Mudruk et al., 2013; Lahtinen and Huhma, 2019; simplified). (B) Schematic geological map of the

Keivy Terrane (from (Geological map..., 1996; simplified)).
deposition in a shallow basin (Belkov, 1963; Predovsky, 1980; Zagorodny and Radchenko, 1983) and
then underwent strong metasomatism (Bushmin et al., 2011). The age of the sedimentary protoliths was
initially considered as Archean (Belkov, 1963; Predovsky, 1980; Zagorodny and Radchenko, 1983), but
later studies indicated that sedimentation took place in the Paleoproterozoic (Mints et al., 2010c;
Melezhik and Hanski, 2013a), with the latter point of view being accepted in this study (Gorbunov and
Balagansky, 2022). The Keivy Schists underwent metamorphism under midcrustal conditions at 7 =
500-650 °C and P = 4.0-6.5 kbar (Glazunkov and Petrov, 1990). The Keivy Schists compose a W_N-
trending belt named the Keivy Schist Belt (KSB). In the western paert of this belt, the Keivy Schists are
overlain by a small remnant of Paleoproterozoic supracrustal rift-related rocks (Fig. 2.1B) (Belolipetsky
et al., 1980; Zagorodny and Radchenko, 1988).

The peralkaline (alkaline) A-type granites are abundant in the Keivy Terrane (Batieva, 1976) and

occupy 24% of its area. They are a unique example of Neoarchean alkaline granite magmatism that
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occurred at 2.67 Ga in a quiescent tectonic setting (Mitrofanov et al., 2000; Bayanova, 2004; Zozulya et
al., 2005; Vetrin and Rodionov, 2009). Besides that, in the Fennoscandian shield Neoarchean gabbro-
anorthosites are developed only in the Keivy Terrane and are coeval with the A-type peralkaline granites
(2.6-2.7 Ga; Bayanova, 2004); gabbro-anorthosites in all other units of the shield are Paleoproterozoic
in age. Finally, the Keivy Terrane contains a high proportion of acid metavolcanics (40% of the terrane
area), whose age is 2.68 Ga (Balagansky et al., 2021). Until the last-mentioned study, the age of the acid
metavolcanics was considered to be 2.87 Ga based on a dating of a rhyodacitic metatuft from the Malye
Keivy area (Belyaev et al., 2001).

The author’s research was carried out in three areas: Serpovidny, Shuururta—Yagelurta, and
Manyuk, which are located in the western (the area of the Serpovidny Ridge), central (the area of the
Shuururta—Yagelurta Mountains), and eastern (the area of the Manyuk Mountain) parts of the Keivy
Schist Belt, respectively (Fig. 2.1).

2.3. Stratigraphy

Throughout the history of the study of the Keivy Terrane a large number of schemes describing
its stratigraphic column have been developed. Different authors distinguished certain lithostratigraphic
units in different ways and gave different names to lithostratigraphic entities that consist of the same
rocks groups; hence, these columns can be often hardly correlated. In the following text, the explanatory
note on a geological map of the northeastern Kola Region by Radchenko et al. (1994) has been used to
provide a brief and generalized description of the stratigraphic succesion. The study (Mudruk, 2022),
which provides generalization and correlation for most common stratigraphic schemes, has been used as
well (Fig. 2.2).

The Keivy supracrustal complexes overlie the Archean rocks of the TTG basement, with the
latter including various granitic rocks of the Kola Group. In the lowest part of the stratigraphic

succession of these supracrustal rocks, the Kolovay and Kinemur formations (from bottom to top,

respectively) are located, which are composed of amphibole-biotite, biotite, and two-mica gneisses with
conglomerate lenses and acid volcanics. According to (Belolipetsky et al., 1980), a term "unit" that is
stratigraphically neutral, is applied to these formations which are considered as counterparts of each

other.

The higher part of the stratigraphic succession is occupied by rocks of the Patcherva Formation.
They are represented by mafic and, to a lesser extent, intermediate and acid metavolcanics, as well as
terrigenous rocks such as amphibolites, metakomatiites, schists, and gneisses of various compositions,
metagravelites, metaconglomerates, and metaconglomerate breccias, ferruginous quartzites, and

carbonate rocks. In the study (Belolipetsky et al., 1980), the Patcherva Formation is identified as the
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Fig. 2.2. Stratigraphic columns of the Keivy terrane being the most common (Mudruk, 2022).

Patcherva Tundra Formation, with the Ust--Yugonka Unit corresponding to the former as its
counterpart. S.V. Mudruk (2022) suggests that the Ust-Yugonka Unit can be included into the overlying
Lebyazhka Unit according to the stratigraphic column in (Radchenko et al., 1994).

The Lebyazhka Unit includes mainly acid metavolcanics, metasomatically reworked varieties of

which are represented by hastingsite- and microcline-bearing gneisses. The Lebyazhka Unit is
recognized as the Lebyazhka Formation in (Belolipetsky et al., 1980). According to the last-mentioned
study, the Ust-Yugonka Unit should not be included in , andhastingsite- and microcline-bearing gneisses
are components Of the alkaline granite intrusive complex.

In addition, according to (Belolipetsky et al., 1980), fine-grained dark gray biotite-quartz-
feldspar rocks composing the Lebyazhka Formation are classified by most researchers as the Lebyazhka
gneisses, which correspond in composition to acid metavolcanics. Some varieties of these metamorphic
rocks have a gneissic texture arising from the presence of planar-shaped aggregates of biotite. Others
have a massive texture when biotite is evenly distributed and the massive matrix contain well-preserved
euhedral phenocrysts of K-feldspar and plagioclase, as well phenocrysts of quartz, which indicate a
volcanic origin for these gneisses. Acid metavolcanics that has a massive texture which is not
characteristic for ordinary gneisses are named as leptites.

All the aforementioned supracrustal units are considered to be of Archean age, which is
confirmed by ages of 2.87 Ga (Bayanova, 2004; Belyaev et al., 2011) andand 2.68 Ga (Balagansky et
al., 2021) from the Lebyazhka gneisses.
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The Chervurta, Vykhchurta, and Pestsovaya Tundra formations (from bottom to top) overlies

the Lebyazhka Unit. These formations consist of kyanite, staurolite-kyanite, sillimanite with garnet and
carbonaceous shales, metasandstones, and quartzites. The Pestsovaya Tundra Formation is classified as
the Pestovaya Tundra Group in the study (Belolipetsky et al., 1980) and is subdivided into the Malye
Keivy and Zolotaya Reka formations (from bottom to top, respectively). Rocks of the Chervurta,
Vykhchurta, and Pestsovaya Tundra formations are considered to be Archean in age in most stratigraphic
schemes; however, as noted above, the author of this study attributes these rocks to the Paleoproterozoic
complexes.

The rocks that belong to the Pestsovaya Group and are exposed only in the area of the Serpovidny

Ridge compose the uppermost part of the Keivy supracrustal succession. This group is composed of
porphyritic metabasalts, metadiabases, quartzites, garnet- and staurolite-bearing two-mica schists,
metasedimentary and carbonate rocks. V. G. Gaskelberg and L. A. Gaskelberg (Belolipetsky et al.,
1980), consider the rocks of the Pestsovaya Group to belong to the Umba Formation of the
Paleoproterozoic Varzuga Group. However, according to V. G. Zagorodny and A. T. Radchenko (1988),
these rift-related rocks can be regarded only as a coeval counterpart of the Umba Formation of the
Varzuga Group and cannot be directly attributed to the Umba Formation. Eventually, a neutral name,

the Serpovidny Complex, has been proposed to describe rocks of the Pestsovaya Group (or the Umba

Formation) until the rank of this stratigraphic unit can be finally established (Mudruk et al., 2022). The
rocks of the Serpovidny Complex are Paleoproterozoic in age, as evidenced by Sm-Nd isotope data
(Myskova et al., 2014).

Several studies have demonstrated that some, if not all, Archean and Paleoproterozoic
supracrustal complexes of the Keivy Terrane form a tectonostratigraphic succession rather than a
lithostratigraphic one (Negrutsa and Negrutsa, 2007; Balagansky et al., 2011; Mudruk et al., 2013).

Keivy Schist Belt. The Keivy Schist Belt is a specific unit of the Keivy Terrane. It represents a

continuous WNW-trending narrow band of high-alumina schists near the northeastern margin of the
Keivy Terrane, which overlies acid metavolcanics of the Lebyazhka Unit. Its length is about 200 km,
and its width varies from several hundred meters to 14 km. Geographically, this belt corresponds to the
Keivy Uplands.

All supracrustal rocks composing the Keivy Schist Belt (except for amphibolites, which are
thought to have an igneous origin) have been attributed to the Keivy Formation according to stratigraphic
column by L.V. Belkov (1963). The Keivy Formation includes seven members (from bottom to top):
Member A, staurolite- and garnet-bearing schists; Member B, predominantly kyanite schists; Member
V, muscovite quartzites; Member G, predominantly staurolite schists; Member D, quartz-mica schists;
Member E, carbonate rocks; and Member Zh, lithologically heterogeneous rocks of the upper part of the

Keivy Formation (correlation of the members distinguished by I.V. Belkov and units of other
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stratigraphic schemes is shown in Fig. 2.2). According to the point of view of 1.V. Belkov (1963) and
many other researchers (Geology of the USSR, 1958; Belolipetsky et al., 1980; Zagorodny and
Radchenko, 1983), the Keivy Schists, whose structure was considered as simple, compose the core of
the Keivy Synclinorium. It should be noted that various researchers attribute rocks of at least the
Chervurta and Vykhchurta formations to the Keivy Schists; however, some researchers include rocks of
the Pestsovaya Tundra Formation and even the uppermost Pestsovaya Group into these schists (Mudruk,
2022). In this paper, the Keivy Schists are rocks of the Chervurta, Vykhchurta, and Pestsovaya Tundra
formations.

A specific peculiarity of the Keivy Schists is the presence of a large amount of dispersed
carbonaceous matter, which is preserved as microparticles embedded in quartz, kyanite, staurolite, and
other minerals. These carbonaceous microparticles are responsible for abnormal black color of needle-
like kyanite crystals in some varieties of the Keivy schists. This microdispersed carbonaceous matter is
considered to favor the sedimentary origin of the schist's protoliths (Melezhik et al., 1988). This idea is
supported by the data on the isotopic composition of carbon in the Keivy Schists. Those of the Chervurta
Formation are characterized by the 5!C value (the ratio of the 3C/*?C ratio in a sedimentary rock to that
in the PBD or VPBD standard multiplied by 1000 (Miller and Wheeler, 2012)), which, with a few
exceptions, ranges from —42%o to — 48%o (Bushmin et al., 2011; Fomina et al., 2019). From the end of
the Eoarchean to the present, the value of 5!3C in sedimentary rocks those contain organic carbon has
been varied from —10 to —40%o with an average value of about —25%o (Schidlowski, 1987). Furthermore,
two anomalies occurred ~2.7 and 2.1 Ga ago, when the §*3C value was —52%o and —47%, respectively.
Recent studies define these anomalous §'°C values more precisely: they reached —61%o 2.76-2.72 Ga
ago, and—55%o 2.1 Ga ago (Flannery et al., 2016). That is, §*3C values from —42 to —48%o found in the
Keivy Schists indicate the sedimentary origin of these rocks, and this conclusion was confirmed by

findings of nanobacteria relics (Astafieva and Balagansky, 2018).

2.4. Magmatism

Igneous rocks occupy at least 85% of the Keivy Terrane area. The most widespread are the acid
A-type metavolcanics of the Lebyazhka Unit, dated at 2.68 Ga (Balagansky, 2021), which occupy 40%
of this terrane. Among intrusive complexes, the most abundant are anorogenic peralkaline granites
(Batieva, 1976) of Neoarchean age (2.66-2.67 Ga (Bayanova, 2004; Vetrin et al., 2007; Vetrin and
Rodionov, 2009)). They are considered to be A-type granites (Zozulya et al., 2005; Balagansky et al.,
2021) and compose six massifs: Zapadny Keivy, Belye Tundry, Lavrentievsky, Ponoy, Pacha, and
Nizhny Ponoy. According to I.D. Batieva (1976), most of peralkaline granite massifs are gently dipping

concordant intrusive bodies, spatially associated with boundaries between various strata and faults; in



150

addition these peralkaline granites compose dikes some of which are ring-shaped. Contacts of
peralkaline granite bodies with the country rocks, which look as concordant, are often tectonized
(unpublished data of V.V. Balagansky and S.V. Mudruk). It should be noted that, according to the
Geological map of the Kola Region (Geological map ..., 1996), peralkaline granites do not have contacts
with the Keivy Schists.

Another group of magmatic rocks are gabbro-anorthosites dated at 2.6-2.7 Ga (Bayanova, 2004),
located in the western and southwestern parts of the Keivy Terrane and along the northern boundary
with the Murmansk Province. According to (Balagansky et al., 2021), all three of the mentioned above
magmatic rock groups (Lebyazhka acid metavolcanics, peralkaline granites, and gabbro-anorthosites)
were emplaced within a period no longer than 20 Ma, should have originated from a common magmatic
source, and are an example of Neoarchean post-orogenic bimodal magmatism.

Small massifs of granodiorites, tonalites, granites, and subalkaline granites are described in the
Keivy Terrane; the age of the latter is 2.67 Ga (Vetrin et al., 2007; Vetrin and Rodionov, 2009). Also
noteworthy are nepheline and alkaline syenites that compose the Sakharjok and Kuljok massifs, dated
at 2.61 and 2.68 Ga, respectively (Bayanova, 2004). Grey gneisses of the Archean basement should also
be mentioned. These rocks are exposed primarily within the tectonic window in the southwestern and

northeasternmost parts of the Keivy Terrane (Fig. 2.1).

2.5. Tectonics

Within the framework of the geosyncline concept, the following tectonic units have been
distinguished in the Keivy Terrane: the Ponoy Uplift, the Severnye Keivy Fault Zone, the Ust-Kolmak
Block, the Efimozero Block, the Porosozero Block, the Keivy Zone, the Vulijarvy Block, the Ponoy-
Purnach Subzone, the Northern Subzone, the Western Subzone, the Bolshye Keivy Structure (this
occupies western, central and eastern parts of the Keivy Uplands), and the Malye Keivy Structure
(Belolipetsky et al., 1980). The boundaries of the Keivy Terrane with the surrounding tectonic structures
are usually marked by faults. Rocks of the Murmansk Province were thrust onto the Keivy Terrane along
the boundary between these tectonic units (Mints et al., 2010b); this boundary is marked by a system of
faults which dip to the northeast at angles of 60-70° (Belolipetsky et al., 1980). The whole Keivy Terrane
was considered as a median mass (Zagorodny and Radchenko, 1983; Pozhilenko et al., 2002), and this
interpretation is still proposed in recent publications (e.g., Kozlov et al., 2018).

M.V. Mints and his colleagues (1996) interpreted the Keivy Terrane as an active tectonic margin
in terms of plate tectonics. In a later study (Mints et al., 2010b), this group of researchers considered this
terrane to be the Keivy Volcano-Tectonic Paleodepression that formed in an intracontinental setting.

According to the plate tectonic model of the Paleoproterozoic LKO (Balagansky et al., 2006; Daly et al.,
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2006), the structure of the Keivy Terrane observed nowadays resulted from tectonics of detached upper
and middle crust (Balagansky et al., 2011) or simply of detached middle crust (Balagansky et al., 2012).
Collision-related deformations are most pronounced in the Keivy Schist Belt. Schists composing this
belt are intensely foliated, with a well-pronounced gentle lineation dipping to the north and northeast
and often being traced by needle-like kyanite (Belkov, 1963). This lineation is generally oriented
perpendicular to the hinge lines of abundant northward-verging shear-related folds (Balagansky et al.,
2012; Mudruk et al., 2013).

As noted earlier in this study, a remnant of Paleoproterozoic rocks which is approximately
8 x 2 km in size has been preserved in the western part of the Keivy Schist Belt. Rocks composing this
remnant form the core of the large Serpovidny Synform (the Serpovidny Mega-Sheath Fold). These
rocks belong to the Umba Formation according to the stratigraphic column of V.G. and L.A. Gaskelbergs
(see Section 2.3) and therefore are interpreted as rift-related. The limbs of the Serpovidny Synform are
composed of the Keivy Schists, which are overlain by rift-related rocks of the Umba Formation
according to stratigraphic columns of the Keivy Terrane. Thus, two groups of rocks of a principally
different origin build up the whole Serpovidny Synform. It was previously considered that these two
rock groups form a uniform stratigraphic succession, although they are separated by a considerable
stratigraphic disconformity (Belolipetsky et al., 1980; Zagorodny and Radchenko, 1983; Radchenko et
al., 1994; Fig. 2.3). In recent years, this point of view has been opposed by an idea that the boundary
between the Keivy Shists, those make up the limbs of the Serpovidny Synform, and rift-related rocks
those build up its core is of a tectonic origin. According to this idea, the synform core is a remnant of a
tectonic nappe that was moved away from the Imandra-Varzuga Structure and then was thrust onto
schists of the Keivy Terrane (Negrutsa and Negrutsa, 2007; Balagansky et al., 2011; Mudruk et al., 2013;
Mudruk et al., 2022).

The Serpovidny Synform was considered as a simple syncline in the core of a higher-order
tectonic structure, the Keivy Synclinorium (Belkov, 1963). This idea was supported by most researchers,
although some of them paid attention to some complications associated with faults (Fig. 2.3). In
particular, V.G. Gaskelberg and L.A. Gaskelberg (Belolipetsky et al., 1980) concluded that a thrust fault
cuts the southern limb of the Serpovindy Synform (Fig. 2.3A, B). The assumption that the southern limb
was cut by a fault was later supported by V.V. Balagansky and his colleagues (Balagansky et al., 2011).
In another study (Milanovsky, 1984), it was suggested that the Serpovindy Synform is actually a
monocline which is composed of stacked thrust sheets (Fig. 2.3E). An oval-shaped pattern, which is
visible on the erosion surface and is formed by layers of the Serpovidny Synform, was interpreted in
favor of an idea that the Serpovidny Synform is part of a caldera-like volcano-tectonic structure

(Milanovsky, 1984).
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Fig 2.3. Geological maps of the Paleoproterozoic core of the Serpovindy Structure, composed of
rift-related rocks (Mudruk, 2014). (A) Belolipetsky et al., 1980 (cross-section after (Gaskelberg et
al., 1978)). (B) Sidorenko et al., 1972. (C) Bel'kov, 1963. (D) Zagorodny and Radchenko, 1983. (E)
Budko et al., 1972. (F) Milanovsky, 1984.
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Detailed geological and geophysical studies, a participant of which the author was (Gorbunov
and Balagansky, 2010; Balagansky et al., 2011; Balagansky et al., 2012; Gorbunov, 2012; Mudruk et
al., 2013; Mudruk, 2014; Raevsky et al., 2019; Mudruk et al., 2022), resulted in the discovery of
principally new features of the Serpovidny Synform. It was revealed that rift-related rocks those
compose the synform core, and the surrounding Keivy Schists those make up its limbs, display high
strain magnitudes., The southern limb of the core of the Serpovidny Synform is intensely thinned rather
than cut by a fault, as was considered in previous studies (Sidorenko et al., 1972; Belolipetsky et al.,
1980; Balagansky et al., 2011). This conclusion is based on results of a detailed ground magnetic survey
(Fig. 2.4). The resulting magnetic anomaly map has allowed to conclude that strongly magnetic
porphyritic metabasalt sequence ('Metabasalt Sequence" hereafter) can be continuously traced along the
southern boundary of the core of the Serpovidny Synform, and this conclusion can be confirmed by rare
outcrops and colluvial blocks. Thus, the apparent thickness of the Metabasalt Sequence decreases from
approximately 600 m in the northern limb to approximately 15 m in the southern limb (as much as almost
40 times) (Fig. 2.5). The apparent thickness of the Carbonate-Schist Sequence also decreases from
approximately 1 km in the northern limb to approximately 20 m in the southern limb (as much as almost
50 times). This thickness decrease is thought to related with the different strain magnitude on northern
and southern limbs, respectively (Gorbunov, 2012; Mudruk et al., 2013; see Section 3.2). The core of
the Serpovidny Synform itself, which consists of rift-related rocks, has been interpreted as a synformal
anticline of sheath morphology with the sheath length of ca 5 km and the depth of its nose of ca 2 km
(for this core the name "the Serpovidny Mega-Sheath Fold" is used hereafter). The conclusion that the
Serpovidny Synform is actually a synformal anticline is based on data about younging directions in the
rift-related layers (Balagansky et al., 2012; Mudruk et al., 2013). Geometric parameters calculated for
the core of the Serpovidny Mega-Sheath Fold indicate that this belongs to the "cat's eye" type and was
formed in simple shear or general shear regime (Mudruk et al., 2013; Mudruk, 2014, Mudruk et al.,
2022).

The comparison of the core of the Serpovidny Mega-Sheath Fold with a fold of similar
morphology in the Mesozoic thrust sheets in Oman (Searle and Alsop, 2007) supports the idea that this
fold is the remnant of a tectonic sheet that was moved away from the Imandra-Varzuga Strucutre to the
north (Fig. 2.6) (this idea was firstly proposed in the study (Negrutsa and Negrutsa, 2007)). The
comparison of a generalized cross-section across the Keivy Terrane, including all the above-mentioned
data on the Serpovidny Mega-Sheath Fold, with cross-sections across the Helvetic Nappes (Fig. 2.7),
has resulted in a conclusion that the Alpine-type tectonics were active in the northeastern foreland of the

LKO in the Paleoproterozoic (Mudruk et al., 2013; Mudruk, 2014; Mudruk et al., 2022).
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Fig. 2.4. (A) Magnetic anomaly map of the Serpovidny mega-sheath fold core and (B) the eye-pattern
of main supracrustal layers of differently magnetic rocks which is typical for XY sections of sheath
folds (after (Mudruk et al., 2022)).

Fig 2.5. Geological map of the Serpovidny Synform (simplified from (Belolipetsky et al., 1980;
Mudruk et al., 2013, 2022)). Names of stratigraphic units "Pestsovaya Tundra, Vykhchurta, and
Chervurta formations" are given after (Mudruk et al., 2022).
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Fig 2.6. (A-C) Cartoons demonstrating the formation of the Serpovidny mega-sheath fold during
the 1.9 Ga Lapland-Kola orogeny in the Kola part of the north- eastern foreland of the Lapland-Kola
collisional orogen and (D) a simplified cross-section of this fold (for colours denoting
lithostratigraphic units see Fig. 5a). (A) Major lithostratigraphic and tectonic units before the onset
of the Lapland-Kola orogeny. (B) First stage of collision: the main NE-SW compression resulted
from collision between the oldest island arcs or between these arcs and a continent (stages after
Balagansky, 2002; Daly et al., 2006); (C) Transition from the first stage to the second one which
was dominantly transpressional and is thought to be linked to continent—continent collision. (D) The
main phase of the formation of the Serpovidny mega-sheath fold after north-north-easternward-
directed thrusting of the Serpovidny Nappe onto the Keivy Group and south-south-westernward-
directed thrusting of the Murmansk Province onto the Keivy Terrane. (Mudruk et al., 2022).



156

Fig. 2.7. (A) Schematic cross-section through the Keivy Terrane and adjacent tectonic structures;
inset is a generalized cross-section across the core of the Serpovidny Mega-Sheath Fold. Cross-

sections across the Helvetic Nappes: (B) Ramsay, 1981 u (C) Pfiftner, 2005. (Figures from (Mudruk,
2014)).
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Chapter 3. Evaluation of strain magnitude in and kinematic

reconstructions of the Serpovidny Synform

The Serpovidny area, in which the rocks building up the core and limbs of the Serpovidny
Synform are exposed, was the main object of a research project carried out from 2006 to 2015 by a group
of scientists from the GI KSC RAS, headed by V.V. Balagansky. As part of this project, the author
conducted kinematic reconstructions based on the examination of shear-sense indicators and calculated
stain magnitudes. The studied Paleoproterozoic rift-related supracrustal rocks belong either to the
Pestsovaya Group according to (Radchenko et al., 1994) or to the Umba Formation according to
(Belolipetsky et al., 1980). These rocks build up the core of the Serpovidny Mega-Sheath Fold and
experienced heterogeneous strain: the southern limb (lower in the cross-section) is strongly thinned,
whereas the northern (upper) one is almost undeformed (Mudruk et al., 2022). It should be reminded
that these rocks were attributed by the author of this research and his colleagues to the Serpovidny
Complex which is stratigraphically unranked (Mudruk et al., 2022), and this name is used hereafter.
Based on (Belolipetsky et al., 1980), the author and his colleagues subdivide the rocks of the Serpovidny
Complex into three sequences (Fig. 2.4; Mudruk 2014; Mudruk et al. 2022). The inner Amphibolite-
Schist Sequence (Gneiss-Schist Sequence according to (Mudruk, 2014)) consists of intercalating
quartzites, leucocratic biotite-quartz schists, various mica schists, and amphibolites. The intermediate
Metabasalt Sequence entirely consists of porphyritic metabasalts (or simply metabasalts hereafter). The
outer Carbonate-Schist Sequence includes metadolomites (often with stromatolites), metasandstones,
mica schists, and amphibolites.

In addition to the rocks of the Serpovidny Complex, the Keivy Schists that build up the limbs of
the Serpovidny Mega-Sheath Fold were studied as well. These rocks are foliated, have well-developed
lineation, and belong either to the Vykhchurta and the Pestsovaya Tundra formations according to
(Radchenko et al., 1994) or to the Vykhchurta Formation of the Keivy Group and the Pestsovaya Tundra
Group according to (Belolipetsky et al., 1980) (Fig. 2.5).

3.1. Brief petrography

Serpovidny Complex

Amphibolite-Schist Sequence

Group 1. Magnetite- and chlorite-bearing biotite-amphibole quartz schists (Fig. 3.1, A, B). These

rocks are foliated and have lepido-nemato-granoblastic texture. Mineral composition: quartz (60-65%),
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Fig. 3.1. Photomicrographs of thin sections of Paleoproterozoic rift-related rocks of the Serpovidny
Complex (A-E, G-H, plane polarized light (PPL hereafter) images; F, cross-polarized light (XPL
hereafter) image. (A) Magnetite- and chlorite bearing biotite-amphibole schists. (B) Morphology
of amphibole grains. (C) Biotite porphypoblasts. (D) Euhedral morphology of a garnet inclusion in
biotite. (E-F) Amphibolites. (G) Various generations of chlorite. (H) Chlorite replacing biotite.
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amphibole (10-15%), biotite (8—10%), chlorite (3—5%), and magnetite (3—5%)?. Accessory minerals are
represented by apatite.

Group 2. Epidote- and muscovite-bearing biotite-magnetite quartz schists. Rocks of this group
are foliated and have a lepido-granoblastic texture. A micro-layering can be observed, which is
interpreted as a relic of a primary sedimentary structure. Mineral composition: quartz (45-50%),
magnetite (20-25%), biotite (20-25%), muscovite (3-5%), epidote (3-5%), and clinozoisite (2-3%).
Accessory minerals are represented by garnet and apatite.

Group 3. Garnet-bearing biotite-magnetite-muscovite gneisses (Fig. 3.1, C, D). These rocks have
gneissic and lepido-porphyroblastic textures. Mineral composition: quartz (35-40%), muscovite (35-
40%), magnetite (10-15%), biotite (8-10%), garnet (3-5%), and clinozoisite (2-3%). Accessory minerals
are represented by epidote.

Group 4. Biotite quartz schists. These rocks are foliated and have a nemato-granoblastic texture.
Mineral composition: quartz (65-70%), biotite (20-25%), plagioclase (10-15%). Accessory minerals are
represented by microcline, epidote, allanite, and garnet.

Group 5. Amphibolites (Fig. 3.1, E, F)). These rocks are foliated and have a lepido-granoblastic
texture. Mineral composition: amphibole (65-70%), quartz (15-20%), plagioclase (5-10%), and chlorite

(0-5%). Accessory minerals are represented by titanite and apatite.

Metabasalt Sequence

Group 6. Epidote-amphibole-plagioclase schists. These rocks are foliated and have gneissic and
nemato-porphyroblastic textures. Mineral composition: amphibole (35-40%), epidote (25-30%),
plagioclase (20-25%), and opaque minerals (3-5%). Plagioclase bands and large lens-shaped or almond-
shaped aggregates considered to be deformed and stretched primary volcanic gas bubbles (cavities) in
basalts filled with plagioclase and epidote (amygdaloids hereafter) are characteristic of these rocks.
However, some of these aggregates are thought to be of metasomatic origin (Myskova et al., 2014).

Group 7. Sheared amphibolites. These rocks are foliated and have gneissic and nemato-
porphyroblastic textures. Mineral composition: amphibole (40-45%), plagioclase (20-25%), epidote (10-
15%), calcite (10-15%), and opaque minerals (3-5%). These rocks display a higher strain magnitude in

comparison with the rocks of the previous group.

Carbonate-Schist Sequence

Group 8. Muscovite-bearing biotite-amphibole-chlorite-quartz  schists with magnetite

(Fig. 3.1, G=H). These rocks are foliated and have a lepido-nemato-granoblastic texture. Mineral

2 Visual estimations hearafter.
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composition: quartz (55-60%), chlorite (15-20%), magnetite (5-10%), amphibole (5-10%), biotite (5%),
and muscovite (3-5%). Accessory minerals are represented by apatite and titanite.

Group 9. Staurolite-bearing two-mica quartz schists. These rocks are foliated and have a lepido-
porphyroblastic texture. Mineral composition: biotite (30-35%), quartz (30-35%), muscovite (25-30%),
staurolite (3-5%). Accessory minerals are represented by garnet and opaque minerals.

Group 10. Leucocratic chlorite-bearing biotite-quartz schists. These rocks have a gneissic
structure and a lepido-granoblastic texture and contain relics of primary sedimentary structures. Mineral
composition: quartz (75-80%), biotite (15-20%), and chlorite (3-5%). Accessory minerals are
represented by epidote, clinozoisite, muscovite, and opaque minerals.

Group 11. Muscovite-bearing biotite schists. These rocks are deformed counterparts of rocks of
the previous group (leucocratic chlorite-bearing biotite-quartz schists). They are foliated with a fine
banding which is hardly visible, and have a lepido-granoblastic texture. The schists consist primarily of
quartz (80-85%) with subordinate biotite (10-15%) and muscovite (3-5%). Accessory minerals are

represented by clinozoisite and opaque minerals.

Keivy Schists

Pestsovaya Tundra Formation

Group 12. Muscovite quartzites. These rocks are foliated and have a lepido-granoblastic texture.
These quartzites are almost monomineral and consists mainly of quartz with subordinate muscovite
whose flakes form a foliation. The amount of muscovite can reach 15-20% in some rock varieties of this
group, giving them name "muscovite-quartz schists".

Vykhchurta Formation

Group 13. Muscovite-kyanite schists (Fig. 3.2). These rocks are foliated and have a lepido-
nemato-porphyroblastic texture. Mineral composition: kyanite (30-40%), quartz (25-30%), and
muscovite (20-25%). There are subordinate staurolite and cordierite whose amount can reach 10%.

Accessory minerals are represented by biotite and opaque minerals.

Succession of metamorphic mineral formation

The following succession of metamorphic minerals formation was established in rocks of the
Serpovidny Complex: (1) hornblende (earliest), (2) garnet (?), (3) fine-, medium-sized flakes, and
porphyroblasts of biotite which is associated with muscovite and magnetite, (4) chlorite in association

with amphibole of the tremolite-actinolite series, (5) the latest chlorite.
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(A) (B)

Fig. 3.2. Photomicrographs of kyanite in the Keivy Schists (A, PPL image; B, XPL image).

Hornblende is interpreted to be the earliest mineral, relict grains of which are overprinted by

other minerals, in particular biotite (Fig. 3.3). Biotite and muscovite, most likely, were formed
simultaneously since there are no signs that one

mineral overprinted another. The preferred

orientation of these two minerals creates a uniform

fabric, which will be discussed in the next section.

It is important to note the presence of magnetite,

chains of grains of which, often elongated, form a

5 mm planar texture. The preferred orientation of

magnetite is considered to be related to the primary

Fig. 3.3. Biotite overprints relic amphibole  bedding. The graded and rhythmic bedding types,
grain in magnetite- and chlorite-bearing biotite-

amphibole schist. formed by the asymmetric distribution of magnetite

grains within an individual rhythm (the amount of
magnetite gradually decreases from the bottom to top of rhythm), are described in magnetite-quartz
schists in the core of the Serpovidny Synform (Nikitin, 2011; Mudruk et al., 2013).
The exact position of garnet in this succession is unclear, but this mineral likely predates biotite.
This suggestion is based on the following observations. Garnet porphyroblasts contain small inclusion
trails of quartz and magnetite, whose orientation provides a planar texture (probably the primary
bedding), which is thought to have formed before the garnet growth. The orientation of this bedding is
irregular and does not coincide with the direction of foliation formed by biotite and muscovite. Most
likely, this bedding was preserved within garnet during its crystallization, a process that is common in
metasediments (Passchier and Trouw, 2005). Then, during deformation accompanied by the
crystallization of biotite, the rigid and resistant garnet grains experienced rotation, which explains the

different orientation of the bedding preserved within these grains. Examples of determining sense of
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shear from rotating garnet porphyroblasts are widely known, but in this study, the use of garnet
porphyroblasts containing inclusion trails as shear-sense indicators turned out to be impossible.

Chlorite overprints all other minerals and is supposed to be the latest in the succession of mineral
formation. This suggestion is consistent with a fact that this mineral usually forms during retrograde
metamorphism. At least three generations of chlorite are established. One of these, most likely, was
developed together with the amphibole of the actinolite-tremolite series, since there are no signs that
chlorite of this generation overprints the amphibole or vice versa; both minerals also make up a foliation
of the same preferred orientation. Other generation is the latest as it overprints all metamorphic minerals
mentioned above. The third generation is supposed to have formed at later stages of metamorphism,
although the time of its formation is not clearly established.

The following types of morphology of chlorite grains are established: 1) fine-sized flakes of
chlorite that makes up a single structural paragenesis with the amphibole of the tremolite-actinolite
series; 2) fine-sized flakes of chlorite overprinting all earlier minerals; 3) chlorite, whose grains are

generally isometric or of irregular shape.

3.2. Strain magnitude evaluation
3.2.1. General framework

Deformation of a rock describes the change in the position of material particles that build up a
particular geological entity, and includes three components: translation, rotation, and change in shape
(strain)® (Hanmer and Passchier, 1991; van der Pluijm and Marshak, 2004). The translation and rotation
components describe the change in the position of material particles relative to other objects in an
external reference frame, whereas the strain component describes the change in the position of material
particles relative to each other within a geological entity in an internal reference frame.

The strain ellipsoid concept is used to illustrate the changes that rock experiences as a result of
applied strain (Ramsay and Huber, 1983; van der Pluijm and Marshak, 2004; Voitenko and Khudoley,
2008). This concept is based on the behavior of an imaginary sphere inscribed into a volume of
undeformed rock. When this volume of rock undergoes strain, the sphere transforms into an ellipsoid.
There are always three material lines in the rock volume, the angle between which remains 90° both

before and after the applied strain. These three mutually perpendicular material lines correspond to the

% The term "strain", which provides a stricter description of the change in shape of an object during
deformation, IS used mainly in this section. In other sections, the more general term "deformation" is
used in most situations if the specification is not required.
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three axes of the resulting ellipsoid, with the ellipsoid itself being called a finite strain ellipsoid, or a
strain ellipsoid (Fig. 3.4). Evaluation of the magnitude of strain is possible by measuring changes in the
lengths of the material lines along the
corresponding axes of the strain ellipsoid, i.e., by
measuring of their elongation, e (Fig. 3.4). The
axes of the strain ellipsoid are labeled X, Y, and
Z and are termed its principal axes. The X and Z

axes are characterized by maximum elongation

and shortening, respectively, whereas the Y axis

is an intermediate one along which both

elongation and shortening can occur. Applying

the strain ellipsoid concept is possible if a rock

. -4
Fig. 3.4. Strain ellipsoid; e, elongation, expressed has experienced a homogeneous  strain”.

by (I' - 1)/1, where L is the initial length, and I'is the ~ However, rocks in nature typically undergo a
final length as a result of applied strain (Ramsay )
and Huber, 1983). heterogeneous strain. In such case, a rock
volume under consideration has to be divided
into portions those, to a first approximation, experienced homogeneous strain, and then the strain
ellipsoid concept can be used to characterize the deformation of these portions.

Direct measuring the elongation or shortening of material lines in strained natural geological
entities is usually a difficult task. For evaluation of strain magnitude, an approach can be used that
requires looking for strain markers, objects whose approximate shape was known prior to deformation
(for example, fossils, amygdaloids, ooids, etc.). However, even in the presence of markers, determining
the exact dimensions of such objects prior to deformation is impossible in many cases. Therefore, to
measure the magnitude of strain, the ratios between the lengths of each pair of three mutually
perpendicular axes of the strain ellipsoid are being calculated rather than elongation of material lines
after strain. Thus, in initial undeformed rock, the lengths of any mutually perpendicular lines passing
through the center of the original imaginary sphere (see above) are equal, so that the ratio between each
pair of them is 1. In deformed rock, the greater the degree of strain, the more the length of the X axis
exceeds the length of the Z axis, so that the ratio between these axes, labeled Rxz, increases as well.

Thus, higher Rxz values indicate a higher degree of strain. Similarly, the ratios between the two other

axes, Rxy and Rvz, could be measured for the purposes of strain analysis.

* A homogeneous strain is characterized by the following conditions: (1) initially straight material lines
remain straight; (2) initially parallel material lines remain parallel; (3) circles transform into ellipses (or
spheres transforms into ellipsoids in the three-dimensional case) (van der Pluijm and Marshak, 2004).
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3.2.2. Strain magnitude in the core of the Serpovidny Synform

As noted in Section 2.5, the thickness of the upper (northern) limb in the core of the Serpovidny
Mega-Sheath Fold is approximately 40 times greater than the thickness of the lower (southern) limb.
Field observations display that the rocks of the upper limb remained practically undeformed, while the
rocks of the lower limb experienced considerable deformation. This deformation is considered to be
associated with that the lower limb lies directly on the sole thrust of the Serpovidny Nappe (Mudruk et
al., 2022). Porphyritic metabasalt (metabasalts hereafter; deformed varieties of these rocks correspond
to rock groups 6 and 7 described in Section 3.1) were chosen to study the magnitude of strain in different
limbs of the core of the Serpovidny Mega-Sheath Fold. Via detailed magnetic mapping, the Metabasalt
Sequence was continuously traced from the upper to the lower limb, revealing its oval shape on the
surface (Fig. 2.3, 2.4). Metabasalts visible in outcrops in the upper limb have well-preserved epidote-
calcite and plagioclase aggregates of isometric or close to isometric shape, which are interpreted as
amygdaloids (Fig. 3.5, A). Metabasalts in the lower limb are intensely sheared and have a fine-grained
structure, while the aggregates are flattened and transformed into strongly flattened strips, lenses, and
ovals (Fig. 3.5, B-C). Thus, these aggregates were used as strain markers. Five samples of deformed
metabasalts were taken, the number of deformed amygdaloids in which was sufficient to calculate
statistically significant values of Rxz, Ryz and Rxy. Two samples were also taken to calculate statistically
significant values of the maximum (Rmax), intermediate (Rmean), and minimum (Rmin) axial ratios of
undeformed amygdaloids. The number of samples is limited due to the very poor exposure of rocks of
the Metabasalt Sequence and the small size of the vast majority of colluvial blocks of metabasalts

available for statistically significant results of measurements.

Fig. 3.5. Porphyritic metabasalts of the Serpovidny Synform: (A) undeformed upper limb; (B-C)
deformed and thinned lower limb. Samples are taken100 m (B) and 5 m (C) from the tectonic
boundary with the Keivy Schists.
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To measure the axes of the strain ellipsoid, samples of deformed metabasalts were cut parallel to
the XZ and YZ planes of the strain ellipsoid, which were determined according to the orientation of
stretching lineation and foliation, marked by elongated and flattened amygdaloids, respectively (Fig. 3.5;
Appendix). Samples of undeformed metabasalts were cut parallel to a pair of randomly oriented mutually
perpendicular planes, labeled AB and BC, respectively; samples of deformed metabasalts were cut
parallel to the XZ u YZ planes of the strain ellipsoid (Fig. 3.5; Appendix).

Each cut plane was photographed for further examination. Using CorelDraw software, the
lengths of the amydgaloid's axes were measured in the corresponding planes of the strain ellipsoid, and
then axial ratios were calculated. The average values of axial ratios were used as the final result for each
sample. Either amygdaloids of the most flattened morphology (squeezed and transformed into bands or
strips), filled with plagioclase, or empty cavities were used in this investigation. Epidote-calcite
aggregates were excluded since their formation could be associated with metasomatism (Myskova et al.,
2014) and its relationship with deformation is unclear.

Samples 1 and 2 of undeformed metabasalts were taken from the upper limb of the Serpovidny
Synform core (Fig. 3.6). In these samples, the lengths of the mutually perpendicular axes of amygdaloids
were measured in directions labeled A, B, and C (see Appendix). In each plane, a ratio of the longer axis
to the shorter one was used for calculations. Therefore, for each pair of axes, three axial ratio values
were calculated and interpreted as maximum (Rmax), mean (Rmean), and minimum (Rmin) (Table 1). The
resulting ratios describe the initial ball-shaped morphology of the amygdaloids.

Samples 3, 4, 5, and 6 of deformed metabasalts were taken from the lower limb of the Serpovidny
Synform, about 100 m north of tectonic boundary with the Keivy Schists (i.e., from the sole thrust of the
Serpovidny Nappe), and sample 7 was taken five meters from this boundary, virtually on the very
boundary (Fig. 3.6). For all the samples, the axial ratios Rxz, Rvz, and Rxy were calculated; for sample
7, it was possible to make measurements for calculation only the Rxz ratio (Table 1).

The values Rmax, Rmean, and Rmin for samples of undeformed metabasalts of the upper limb are
approximately 1, as expected (Table 1, samples 1 and 2). In deformed varieties, the Rxz value varies
from 9 to 25 at 100 meters from the boundary (sole thrust) and almost at the boundary itself, respectively
(Fig. 3.5, Table 1, samples 3-7). As a result, the magnitude of strain increases significantly as one gets
closer to this tectonic boundary. Despite the limited number of metabasalt samples studied, this
conclusion extends confidently to the entire lower limb of the Serpovidny Synform due to the large
number of observations of colluvial blocks of intensely sheared metabasalts, whose location is consistent
with that of the Metabasalt Sequence in the lower limb according to the magnetic anomaly map. Taking
into account the observation of fragments of flattened amygdaloids in colluvial blocks of metabasalts,

the highest Rxz ratio must exceeds 25. It should be added that colluvial blocks and fragments of only
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Fig. 3.6. Locations of samples, taken for the evaluation of strain magnitude, on the geological map
of the Serpovindy Synform and on its schematic geological cross-section A-B (modified after
Mudruk et al., 2021)). Points representing locations of samples do not lie in the plane of cross-
section and are projections onto this plane.

almost undeformed metabasalts were observed in the upper limb, whereas those of almost undeformed
or slightly deformed metabasalts were observed in both hinges of the Serpovidny Synform.

The Flinn diagram, which illustrates a shape of the strain ellipsoid by plotting the axial ratios
Rxz and Ryz, can be used to determine the following strain states: (1) plane strain, where there is no
strain in one of the directions (X >Y = 1 > Z); (2) constriction, where there is elongation along the X
axis while shortening in directions perpendicular to the elongation (X >Y =1 > Z); (3) flattening, i.e.,
elongation comparable in magnitude in two mutually perpendicular directions (X >Y > Z) (Ramsay and
Huber, 1983). It should be noted that the plane containing the X and Z axes (the XZ plane of the strain
ellipsoid) corresponds to a plane that is parallel to lineation and perpendicular to foliation (Hanmer and

Passchier, 1991).
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Table 1. Axial ratios of each pair of the three mutually perpendicular axes of amygdaloids in samples
of undeformed (1, 2) and deformed (3-7) metabasalts of the Serpovydny Complex. The axes of
deformed amygdaloids were measured in the XY and XZ planes of the strain ellipsoid and are
considered to represent its principal axes.

Number of
Sample measured Sample location Rmax | Rmean | Rmin
amygdaloids

1 58 Upper limb 1,14 1,08 1,06
2 91 Upper limb 1,09 1,08 1,01
Rxz Rxy Rvz

3 783 Lower limb, 100 m from the boundary* | 11 o1 2,81 3,92
4 345 Lower limb, 100 m from the boundary 8,57 3,26 2,63
5 233 Lower limb, 100 m from the boundary | 1035 | 3,43 3,02
6 112 Lower limb, 100 m from the boundary | 12 15 2,7 4,49
7 50 Lower limb, 5 m from the boundary 254 — —

* Boundary corresponds to the sole thrust of the Serpovidny Nappe.

To determine the shape of the strain ellipsoid, the Ramsey diagram (the logarithmic version of
the Flinn diagram) was used (van der Pluijm and Marshak, 2004; Rey, 2016). The parameters /n(Rxz)
and In(Rvz) were calculated for four samples from 3 to 6 (see Table 1) taken in the lower limb 100 meters
from the sole thrust; parameter K was also calculated using the expression K = /n(Rxz) / In(Ryz). The
results are shown in Fig. 3.7. The data-points of samples 3 and 6 fall into the apparent flattening field,
and the points of samples 4 and 5 into the apparent constriction field. All these four data-points are
located in the field of L=S tectonites, which corresponds to the transition from the flattening to the
constriction field, both separated by a line K = 1. This line corresponds to a different magnitude of plane
strain. L=S tectonites are characterized by approximately the same degree of development of both
foliation and lineation (Rey, 2016).

The established asymmetry in strain in the opposite limbs of the core of the Serpovidny Synform,
which is interpreted as a synformal anticline (Mudruk et al., 2013; Mudruk, 2014; Raevsky et al., 2019),
leads to a conclusion about its fundamental similarity with synformal anticlines in the Helvetic Nappes
in the Alpine Orogenic Belt (Fig. 2.5B; Ramsay, 1981). The Rxz value, which is an indicator of the strain
magnitude, is 4 in the upper limb of the large synformal anticline in the Morcles Nappe, whereas the
Rxz value is 100 in its lower limb. A similar pattern in distribution of the strain magnitude is observed

in the upper and lower limbs of the Serpovidny Synform.
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(A) (B)

Fig. 3.7. Ramsay diagram for different types of strain ellipsoids (van der Pluijm and Marshak,
2004) (A) and tectonites classification diagram (Rey, 2016) (B) with plotted data-points of
metabasalt samples.

The presented data, devoted to the evaluation of strain magnitude, make it possible formulate the

first conclusion to be defended:

1. The pronounced asymmetry in the distribution of strain magnitude (Rxz) relative to the axial
surface of the synformal Serpovidny Mega-Sheath Fold located in the northeastern foreland of the
Paleoproterozoic Lapland-Kola Collisional Orogen has been established and calculated in the fold
core (Rxz = 25 and ~1 in the lower and upper limbs, respectively). It makes this fold similar to
asymmetric synformal anticlines of the Helvetian Nappes in the northern foreland of the Alpine
Orogen and indicates the fold location at the sole thrust of a nappe.

Data on the strain magnitude in the opposite limbs of the core of the Serpovidny Synform,
obtained by the author, are presented in (Balagansky et al., 2012; Mudruk et al., 2013; Mudruk et al.,
2022).

3.3. Shear-sense indicators: general framework

Shear zones are linear on the erosion surface (with their length to width ratio greater than 5:1)
(Ramsay and Huber, 1987) or tabular in three-dimensional space (Fossen, 2010) zones, in which the
amount of strain is higher than in surrounding rocks which form walls of shear zones. It is usually
assumed that their formation requires the presence of a simple shear component of deformation;

however, in a general sense, a shear zone can be classified as the result of a pure shear component only
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(Fossen, 2010). Shear zones typically display relative displacement of their walls and therefore can be
considered to be a deeply located counterparts of faults. Thus, ordinary faults at depths of 10—12 km,
e.g. the upper crust (Rudnick and Fountain, 1995), in which brittle deformation drastically predominates,
can be classified as brittle shear zones (Ramsay and Huber, 1987). Shear zones in the middle and lower
crust are a natural continuation of brittle faults in the upper crust. Such shear zones typically result from
only ductile deformation (ductile shear zones) or its combination with brittle deformation (brittle-ductile
shear zones), which is their fundamental difference from faults (Ramsay and Huber, 1987; Fossen,
2010). The review of shear zones (Fossen and Cavalcante, 2017) notes that a more general subdivision
of these zones into brittle and ductile ones should be done on the basis of whether there is a continuous
displacement gradient across the zone (for ductile shear zones) or whether the shear zone displays
displacement discontinuities (for brittle shear zones), rather than on the basis of the brittle or ductile
regime of deformation.

The presence of a simple shear component, which is typically responsible for the initiation and
further evolution of shear zones, frequently leads to the formation of specific planar structures with
monoclinic symmetry. Because of this specific geometry, such structures can be used as kinematic
indicators or shear-sense indicators, revealing a relative displacement of walls of a shear zone parallel
to the shear plane (Hanmer and Passchier, 1991; Passchier and Trouw, 2005). Thus, on dependence of
the direction and sense of shear, shear zones can be divided into dextral (right-handed) and sinistral (left-
handed), on the one hand, and extensional and compressional shear zones similar to normal faults and
reverse/thrust faults as indicated by the shear zone/faults wall movements, on the other hand. In the latter
case, what tectonic regime, extensional or compressional, occurred in the crust when shear zones were
formed. The fact that both brittle and ductile shear zones indicate directions of tectonic transport and a
tectonic regime, is used for kinematic reconstruction in all types of orogens, extensional structures, and,
in a broad sense, all tectonic structures of the Earth throughout their geological history.

The size of shear-sense indicators in ductile shear zones, which are common in metamorphic
rocks of all the range of metamorphic conditions, vary from a few millimeters to a few centimeters,
although shear-sense indicators a few meters and even tens of meters in size are known as well (Ramsay
and Huber, 1987; Passchier et al., 1990; Hanmer and Passchier, 1991; Passchier and Trouw, 2005;
Fossen, 2010). Fig. 3.8 displays several types of shear-sense indicators encountered in ductile shear
zones. Determining sense of shear can only be done in the XZ plane of the strain ellipsoid. Practically,
this is the plane that is perpendicular to the foliation and parallel to the stretching lineation (Fig. 3.9).
Oriented samples are usually taken for further cutting parallel to the XZ plane, which reveals the correct

plane for examination of shear-sense indicators.
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Fig. 3.8. Examples of shear-sense indicators in rocks deformed in non-coaxial regime (vertical
sections, top-to-the-left in all cases) (Ramsay and Huber, 1987).

Fig. 3.9. Sketch illustrating the position of the XZ plane of the strain ellipsoid relative to the foliation
and the stretching lineation in a shear zone (Hanmer and Passchier, 1991).

Important types of shear-sense indicators are sheath folds, provided that their three-dimensional
shape is known. It should be noted that sheath folds can reach tens of kilometers in size. A fold is
generally classified as a sheath fold when its hinge lines are curvilinear with a degree of curvature greater
than 90° (Cobbold and Quinquis, 1980; Ramsay and Huber, 1987; Alsop and Holdsworth, 2004b). In
cross-sections that are perpendicular to the long axis of a sheath fold, layers of rocks form ellipses,
providing a specific eye pattern. The main geometric elements of sheath folds are shown in

Fig. 3.10. Sheath folds, which are commonly observed in shear zones, are considered to be indicators
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Fig. 3.10. Sketch illustrating main geometric parameters of sheath folds; modified after (Alsop and
Holdsworth, 2012; Reber et al., 2012; Cornish and Searle, 2017).

of progressive non-coaxial deformation, the degree of which is considerable (Alsop and Holdsworth,
2004a, 2004b).

Sheath folds are frequently formed during thrusting (Lacassin and Mattauer, 1985; Grujic, 2006),
and giant sheath folds tens of kilometers in size indicate significant horizontal displacements in
collisional orogens (Vollmer, 1988; Searle and Alsop, 2007). These folds also can result from channel
flow in the lower crust where they are tens of kilometers in size (Bonamici et al., 2011). The example of
a giant sheath fold is the Serpovidny Mega-Sheath Fold, which is an isoclinal synform with the pinched
core, the curvilinear hinge, and the apical angle of approximately 50° (Mudruk et al., 2013; Mudruk et
al., 2022).

3.4. Deformation structures and shear-sense analysis
3.4.1. Study framework

Samples for the identification of the sense of shear were taken from the central part of the
Serpovidny Synform core, composed of Paleoproterozoic rift-related rocks belonging to the Serpovidny
Complex. Some samples taken from the limbs of the Serpovidny Synform composed of the Keivy Schists
were studied as well; all rocks under consideration belongs to the Pestosvaya Tundra Formation
(Zagorodny and Radchenko, 1988; Radchenko et al., 1994) or to the Pestosvaya Tundra Group
(Belolipetsky et al., 1980), and to the Chervurta and Vykhchurta formations (Belolipetsky et al., 1980;
Radchenko et al., 1994). The sampling locations are shown in Fig. 3.11.
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Fig. 3.11. Directions of tectonic movements in rocks of the Serpovidny Synform, determined via
shear-sense indicators. Points representing locations of samples do not lie in the cross-section plane
and are approximate projections onto this plane.
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The rocks in the central part of the Serpovidny Synform dip mainly to the north and north-
northeast at steep and intermediate angles (Fig. 2.4; structural data are shown in Fig. 5 in
(Mudruk et al., 2022)). Mineral lineations plunge to the north and north-northeast at steep to
intermediate angles. These lineations are assumed to have been formed during the north-directed
thrusting of rift-related rocks that compose the Serpovidny Synform core; this thrusting is also
considered to have led the Serpovidny Synform to attain a sheath shape (Mudruk et al., 2013, 2022). The
sole of this thrust fault zone is considered to have been curved, so that this can dip both to the north and
to the south. Based on the dip directions of rocks, the sole thrust in the study area is considered to dip to
the north and north-northeast. The rift-related rocks of the Serpovidny Synform core, located on the sole
of the thrust sheet, should have experienced simple shear deformation; similar phenomenon is described
in Phanerozoic orogens (Ramsay et al., 1983). Therefore, shear-sense indicators in the deformed rocks
of the entire Serpovidny Synform should indicate displacement of the upper layers relative to the lower
ones to the north and north-northeast. Further in the text, the displacement of the upper layers in a
northern direction, that is, in the dip direction of the thrust fault zone, is interpreted as north-directed
tectonic movements, and the displacement in the opposite direction is interpreted as reverse, south-
directed tectonic movements.

All oriented thin sections for shear-sense analysis were cut in the XZ plane of the strain ellipsoid
(i.e., parallel to the mineral lineation and perpendicular to the foliation). In many thin sections,
deformation microstructures with monoclinic symmetry were observed, which can be used as shear-
sense indicators and are suitable to conduct kinematic reconstructions (Ramsay and Huber, 1987;
Passchier and Trouw, 2005; Fossen, 2010). In some thin sections, the geometry of these microstructures
was too ambiguous for a confident interpretation, or there were no kinematic indicators identified at all.
Thus, deformation of the rocks that build up both the core and limbs of the Serpovidny Synform and
contain microstructures with monoclinic symmetry has resulted from simple shear or a combination of
simple and pure shear, whereas deformation of rocks that do not contain such microstructures is thought
to have resulted from pure shear. Therefore, the Serpovidny Synform is considered to have experienced

significantly heterogeneous deformation.

3.4.2. Serpovidny Complex

1. Garnet-bearing biotite-magnetite-muscovite gneisses (608-4 in Fig. 3.11; rock group 3 in
Section 3.1). In this variety of rocks shear-sense indicators include: 1) structures composed of biotite
resembling domino-type crystal fragments (Fig. 3.12A, B); 2) sigmoidal-shaped biotite porphyroblasts
(Fig. 3.12C, D); 3) structures resembling o-type and represented by biotite porphyroblasts with

asymmetric strain/pressure shadows composed of coarse-grained quartz (Fig. 3.12E, F). In addition,
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Fig. 3.12. Structures with monoclinic symmetry in garnet-bearing biotite-magnetite-muscovite
gneisses of the Serpovidny Complex (A, C, E) and implied shear sense (B, D, F).

(A, B) Structure resembling domino-type crystal fragments. (C, D) Sigmoidal-shaped
porphyroblasts. (E, F) Structure resembling c-type (strain/pressure shadows).

fine-sized muscovite flakes and magnetite grains form two sets of foliations. The orientation of one
foliation coincides with compositional banding and foliation visible in samples and outcrops and is
considered to be the main one in the rock, while the other is oriented at an acute angle to the first one.
These two foliation systems are interpreted as C and S planes, respectively. It should be noted that
minerals do not form extended bands characteristic of ideal S—C structures; there is also no characteristic
deflection of S-planes towards C-planes.

S-C-structures and structures composed of porphyroblastic biotite are consistent with each other
and were observed over the entire area of thin sections. A determined sense of shear implies south-

directed tectonic movements.
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2. Magnetite- and chlorite bearing biotite-amphibole quartz schists (909-2 in Fig. 3.11; rock
group 1 in Section 3.1). Three varieties of microstructures were established, which are composed either
of relic grains of hornblende, of biotite flakes, or of chlorite. (Fig. 3.13 and 3.14).

Structures composed of hornblende are represented by both large sigmoidal porphyroblastic
grains and smaller grains, all of which are oriented at an acute angle to the main foliation (Fig. 3.13).
Hornblende grains contain inclusion trails, which have a preferred orientation. The direction of this
preferred orientation coincides with the elongation of hornblende grains (Fig. 3.3). Tectonic movements
recorded by these hornblende structures are interpreted as north-directed.

Fine-sized biotite flakes compose S-C structures similar to those described in the previously
described rock variety. The orientation of magnetite grains in this rock is consistent with that of biotite.
Structures composed of biotite overprint those composed of hornblende (Fig. 3.3 and 3.13). Tectonic
movements recorded by biotite occurred after those recorded by hornblende and were south-directed. It
should be noted that the same movement direction was recorded by indicators composed of biotite
porphyroblasts in the previous rock variety.

In the rocks under consideration, structures composed of biotite are overprinted by chlorite
flakes. The preferred orientation of chlorite generally coincides with that of the main foliation, although
some flakes are oriented at an acute angle to it. This structural pattern cannot be unambiguously
interpreted as S-C structures, but if it can, individual observations suggest that the latest tectonic
movements recorded by chlorite were south-directed (similar to movements recorded by biotite). A
general structural pattern observed in these rocks is shown in Fig. 3.13 and 3.14.

3. Muscovite-bearing biotite-amphibole-chlorite-quartz schists with magnetite (608-32 in
Fig. 3.11; rock group 8 in Section 3.1). In these rocks, hornblende of the actinolite-tremolite series and
chlorite have a preferred orientation, both coinciding with the attitude of the main foliation and oriented
at an acute angle to it (Fig. 3.15). An unambiguous interpretation in favor of S-C structures is not
possible, although a few possible structures composed of both these minerals may indicate north-directed
tectonic movements.

4. Staurolite-bearing two-mica quartz schists (M10120, Fig. 3.11; group 9 in Section 3.1). S-C
structures composed of both porphyroblasts and fine-sized biotite flakes were observed. C-planes are
well-defined and form bands confidently tracing across the entire thin section area. The established

direction of tectonic movements is from the south to the north (Fig. 3.16).

5. Epidote-amphibole-plagioclase schists and sheared amphibolites (G711 and G811 in Fig.
3.11; rock groups 6 and 7 in Section 3.1). These rocks represent deformed varieties of metabasalts of the
lower limb, samples 3—7 of which were used to calculate the strain magnitude (see Section 3.2). Epidote-
feldspar aggregates are abundant in these rocks and are interpreted to be deformed amygdaloids, the size

of which is considerably larger than the size of amphibole and feldspar grains in the matrix. Despite a
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Fig. 3.13. General structural pattern formed by different minerals in magnetite- and chlorite bearing
biotite-amphibole quartz schists.
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Fig. 3.14. General structural pattern formed by different mineral in magnetite- and chlorite bearing
biotite-amphibole quartz schists.
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significant degree of shearing, which is especially pronounced in the rock variety in which the maximum
Rxz value is determined, monoclinic
symmetry of deformed amygdaloids is
weakly pronounced (Fig. 3.17).
However, they are accepted to be shear-
sense indicators, with the general
geometric pattern indicating north-

directed movements.

Fig. 3.15. Orientation of chlorite flakes which possibly
form S-C structures.

Fig. 3.16. Structures with monoclinic symmetry in staurolite-bearing two-mica quartz schists.

3.4.3. The Keivy Schists

1. Muscovite quartzites of the Pestsovaya Tundra Formation (M10124 and M10127 in Fig. 3.11;
rock group 12 in Section 3.1). Very weakly developed S-C structures composed of muscovite flakes are
identified in these rocks in the lower limb of the Serpovidny Synform. An unambiguous interpretation

of these structures is impossible; however, they may display both north-directed and south-directed

tectonic movements. In the counterparts of these rocks in the upper limb (M1051, M1052, M1053,
M1057, M1058, and M1059 in Fig. 3.11), S-C structures are much better developed (Fig. 3.18A, B).
The vast majority of these structures indicate north-directed tectonic movements, and just several

indicators display a shear sense implying the direction from the north to the south.

2. Muscovite-kyanite schists of the Chervurta and Vykhchurta formations (M10125 in Fig. 3.11;
rock group 13 in Section 3.1). S-C structures composed of muscovite prevail with minor rotation
structures composed of kyanite, cordierite or opaque+ mineral (Fig. 3.18, C—F). These structures indicate

north-directed tectonic movements.



179

(A) (B)

(©)

C-planes coinciding with the orientation of the main foliation
Fig. 3.17. Structures with monoclinic symmetry in epidote-amphibole-plagioclase schists and

sheared amphibolites in the Serpovidny Synform core and implied shear sense.

(A-B) o-strucutres composed of epidote and feldspar. (C) Entire surface of thin section and Implied
shear sense.

3.4.4. Discussion

Deformation type. Shear-sense indicators are developed in several of the studied deformed rocks

that make up the Serpovidny Synform core and its limbs. Some rocks do not display any geometric

pattern that would indicate a considerable component of simple shear; in some rocks, such a simple shear
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Fig. 3.18. Photomicrographs of structures with monoclinic symmetry in the Keivy Schists of the
Pestsovaya Tundra Formation in the limbs of the Serpovydny Synform and implied shear sense
(A, C,E, PPL; B, D, XPL).

(A, B) S-C structures composed of muscovite in muscovite quartzites (C, D) Rotation structures
composed of cordierite in muscovite-kyanite schists (E, F). S-C structures composed of kyanite
and opaque mineral in muscovite-kyanite schists.

component is very weakly pronounced. Consequently, the rocks are thought to have experienced both
pure and simple shear deformations, and in some cases, the pure shear component predominates or even

the simple shear component is completely absent. At the same time, the presence of both simple and

pure shear components indicates the heterogeneous distribution of deformation in both the core and
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limbs of the Serpovidny Synform. This heterogeneous distribution is emphasized by different values of
the strain magnitude in metabasalts that occur at the both limbs, as shown in Section 3.2. In addition to
the presence of low strained metabasalts, the dolomites belonging to the Carbonate-Schists Sequence in
the upper limb should be mentioned, which contain undeformed stromatolites. Meanwhie, some sheared
rocks occurring in the same generally undeformed sequence exhibit structures with monoclinic
symmetry.

It can be concluded that the entire Serpovidny Synform has experienced general shear
deformation. In some rocks, microstructures formed at the same metamorphic stage display a conflicting
sense of shear, which is typical for shear zones that have experienced general shear (Fossen and
Cavalcante, 2017). In studies (Mudruk et al., 2013, 2022) it was noted that the geometric parameter R’
of the Serpovydny Mega-Sheath Fold should indicate that this fold resulted from either simple or general
shear. Thus, this research specifies that the deformation type should be considered exactly as a general
shear.

Shear-sense indicators analysis. Shear-sense indicators are confidently established in the Keivy

Schists, and most of them indicate north-directed tectonic transport. In some varieties of these schists
shear-sense indicators are lacking.

Shear-sense indicators established in rift-related rocks that make up the Serpovidny Synform
core are either well-pronounced or implicit, and the unambiguous interpretation of the latter is difficult.
The most reliable indicators are those composed of biotite porphyroblasts; it is important that this variety
of indicators suggest north-directed and south-directed tectonic movements in different rocks. Of
particular significance is the observation that the relic hornblende grain, which is interpreted as an
indicator of early north-directed movements, was overprinted by biotite flakes, which in turn were
formed at a later stage and form structures indicating the opposite south-directed movements. This
observation suggests that at least two stages of tectonic movements are recorded in the Serpovidny
Synform core. This conclusion is consistent with the change in metamorphic conditions from one stage
to another, which is recorded by relationships between metamorphic minerals described above (see
Section 3.1). It is impossible to unambiguously establish whether these stages are parts of a single
progressive deformation phase or whether they are separate phases. However, this issue is briefly
considered in the following text.

Collisional deformations have previously been studied in the LKO core and have been attributed
to three stages (Daly et al., 2006). The first stage is considered to be the main stage of the frontal
collision, when compressional structures resulted from movements, the direction of which was generally
consistent with the northeast-southwest-oriented of regional compression. The second stage represented
transpression and was characterized by movements generally parallel to the northwestern strike of the

compressional structures formed at the main stage. Structures of this stage, which are generally
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represented by a system of shear zones, were developed in the orogenic core as well as in the
southwestern foreland of the LKO, e.g. throughout the Belomorian Province. The third stage occurred
locally and resulted in further thrusting of the central part of the Lapland Granulite Belt (orogenic core
of the LKO), located in Finland, onto the Belomorian Province (southwestern foreland) from the
northeast to the southwest. This later thrusting led the Lapland Granulite Belt to attain an arcuate shape.
An alternative point of view is that this belt is a member of the Inari Orocline (Lahtinen and Huhma,
2019). In the Keivy Terrane (northeastern foreland of the LKO), the structures of the first collisional
stage are related to the formation of folds of the northeastern vergence which were described in the
middle of the last century (Geology of the USSR, 1958). The formation of the Serpovidny Nappe and
the Serpovidny Mega-Sheath Fold is attributed to the same stage. The structures of the second,
transpressive stage, were only recently identified in the Keivy terrane (Mudruk et al., 2022). Folds
related to the transpression are developed in the northwestern part of the Keivy Terrane, affected only
the western part of the Serpovidny Synform, and are completely lacking further to the southeast (Mudruk
et al., 2022). It should be emphasized that the trends of structures of the first and second collisional
stages were formed at a large angle with respect to each other.

Shear-sense indicators attributed to different stages of deformation in the central part of the
Serpovydny Synform were formed during tectonic movements along the same NE-trend and therefore
cannot be associated with the second, transpressive stage of the Lapland—Kola orogeny. Thus, two
alternative explanations are possible. The first explanation assumes that deformations of the two stages
that have been identified by shear-sense indicators reflect a single progressive deformation phase that
occurred at the main stage of the Lapland-Kola collision. Taking into account the main characteristics
of progressive and multiphase deformation and difference between them (Fossen et al., 2019), this
explanation seems to be quite possible. The second explanation implies that the deformations of the
second stage, identified by shear-sense indicators in the rocks of the Serpovidny Synform, are associated
with the third stage of the Lapland-Kola orogeny. This explanation is also quite possible, but it cannot
be justified on the basis of structural observations alone. Therefore, the author considers that more
preferable is the explanation that the deformations identified by shear-sense indicators are related to the
single progressive deformation phase and should have occurred at the main stage of the collision.
However, it should be admitted that, on the basis of the data available, neither the first nor the second
explanation can be unambiguously justified.

Shear-sense indicators, composed of the same abovementioned minerals, sometimes indicate two
directions of movements in a single thin section. Such a conflicting sense of shear can be observed in
different outcrops, in different thin sections from the same outcrops, and even within a single thin
section. For example, among indicators composed of biotite in rift-related rocks of the Serpovidny

Synform core, the indicators suggesting the south-directed direction of tectonic transport are
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predominant (909-2 and 608-4 in Fig. 3.11). However, in one outcrop biotite-formed shear-sense
indicators imply the opposite, north-directed tectonic movements (608-32 in Fig. 3.11). S-C structures
composed of muscovite in the Keivy Schists also indicate both north-directed and south directed tectonic
movements, with the former markedly prevailing (Fig. 3.11). The fact of the occurrence of conflicting
shear-sense indicators is not an extraordinary situation, as during a single tectonic event, tectonic
movements that are coherent to the direction of reginal tectonic transport can be accompanied by
opposite subordinary movements (van der Pluijm and Marshak, 2004; Fossen and Cavalcante, 2017).

Kinematic reconstructions. Determination of the sheath shape of the Serpovidny Synform led to

the conclusion that it resulted from the regional-scale north-directed thrusting (Mudruk, 2014; Mudruk
etal., 2022). This fold is considered to be an isoclinal synform with a pinched core and a strongly thinned
lower limb and is interpreted as an synformal (plunging) anticline. Furthermore, the Serpovidny Synform
is considered to have been formed on the sole and, probably, frontal part of the Serpovidny Nappe
composed of rift-related rocks, when they were pushed away from the Paleoproterozoic Imandra-
Varzuga Structure to the north. The idea that this nappe is composed of rift-related rocks of the Imandra-
Varzuga Structure has been transported from this structure to the north was firstly proposed in (Negrutsa
and Negrutsa, 2007). It is also assumed that the rocks of the Serpovidny Synform were affected by later
deformations, which are related to the southward thrusting of the Murmansk Province onto the Keivy
Terrane (Mints et al., 2010b). As a result of this south-directed thrusting, the limbs and axial surface of
the Serpovidny Mega-Sheath Fold exposed now on the surface got a steeper dip than at depths of ca. 2
km (Mudruk et al., 2022) (Fig. 2.5).

The north-directed tectonic movements are reliably established in the Keivy Schists that compose
the both limbs of the Serpovidny Synform (Fig. 3.11). Besides that, shear-sense indicators in deformed
metabasalts in the strongly thinned lower limb of the Serpovidny Synform core suggest tectonic
movements only to the north. In the same limb of this core, north-directed tectonic movements are
reconstructed from structures composed of relic hornblende of the earliest metamorphic stage in
magnetite- and chlorite-bearing biotite-amphibole quartz schists.

Besides described above, in rocks composing the Serpovidny Synform core, tectonic movements
recorded by biotite are also identified, which are interpreted as later and are considered to be related to
the thrusting of the Murmansk province to the south onto the Keivy Terrane. (Fig. 3.11). However,
tectonic movements revealed in different rocks are considered to have occurred both to the north
(M10120 in Fig. 3.11) and to the south (909-2 and 608-4 in Fig. 3.11). It is also necessary to remind of
the probable latest movements recorded by chlorite were directed both to the north and to the south (Fig.
3.11). The relationships between established shear-sense indicators belonging to all stages of tectonic
movements and large-scale tectonic events occurring in the Kola Peninsula will be discussed in

Chapter 6.
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It should be noted that the microstructures established in the Serpovidny Synform core do not
allow to perform unambiguous kinematic reconstructions. First of all, it is due to significantly
heterogeneous deformations, implying that those related to simple shear were not predominant. Second,
the deformational and metamorphic history in the studied area is complex and consists of several large-
scale tectonic events (Mudruk et al., 2022). Also, the reliability of the kinematic reconstructions based
on shear-sense indicators is limited by a relatively small number of observations. Unfortunately,
outcrops are extremely rare in the study area, which did not allow increasing the number of both field
observations and samples for further study in the laboratory. That is why the study of shear-sense
indicators over the entire Serpovidny Synform core has proved to be limited.

At the same time, shear-sense indicators observed in the Keivy Schists underlying the rift-related
rocks of the Serpovidny Synform core, as well as in the strongly thinned metabasalts that occur on its
lower limb and practically lie directly on the Keivy Schists (the thickness of the thinned Carbonate-
Schist Sequence separating the metabasalts from the schists is only ca. 20 m), indicate a northward
direction of tectonic movements. These data are consistent with the conclusion that the entire Serpovidny

Synform resulted from large-scale north-directed thrust movements (Mudruk et al., 2013, 2022).
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Chapter 4. Kinematic reconstructions of the central

and eastern parts of the Keivy Schist Belt

4.1. Shuururta-Yagelyurta area

The Shuururta—Yagelurta study area is located in the central part of the Keivy Schist Belt. The
studied rocks of this area include the Keivy Schists of the Chervurta Formation, and a few samples of
felsic metavolcanics of the Lebyazhka Unit. The author conducted mainly a shear-sense analysis based
on studying shear-sense indicators that were observed both in outcrops and in oriented thin sections cut
parallel to the XZ plane of the strain ellipsoid. A new type of indicators was discovered in addition to
those described in scientific literature. These new indicators were named "spiral pods”, and their

examination was carried out in detail.

4.1.1. Brief petrography

Two varieties of the Lebyazhka felsic metavolcanics were distinguished: (1) microcline- and
muscovite-bearing biotite gneisses, which have massive structure and porphyroblastic texture
(Fig. 4.1A), and (2) biotite gneisses, which are foliated and have gneissic and lepido-porphyroblastic
textures (Fig. 4B). Both varieties have similar mineral compositions: quartz (35-50%), plagioclase (25-
40%), biotite (10-30%), microcline (1-5%), and muscovite (1-5%) Accessory minerals are represented
by opaque minerals, epidote, clinozoisite, allanite (Fig. 4.1, C), titanite (Fig. 4.1, D), and garnet. These
rocks contain phenocrysts of quartz, microcline, and plagioclase, which are interpreted to be relics of
the original igneous porphyritic texture (Belolipetsky et al., 1980; Balagansky et al., 2021). In the second
variety of rocks, these phenocrysts are deformed and lens-shaped. Thus, the studied rocks represent both
undeformed varieties of the Lebyazhka acid metavolcanics, which compose almost the entire Lebyazhka
Unit (Belolipetsky et al., 1980), and deformed ones, the majority of which are observed at the boundary
between the Lebyazhka Unit and the Keivy Schists that overlay them.

The studied Keivy Schists of the Chervurta Formation are mainly represented by staurolite-
bearing muscovite-kyanite schists (Fig. 4.1, E-H). These rocks are foliated and have a nematoblastic
texture. They consist of quartz (45-50%), kyanite (40-45%), muscovite (5-10%), and staurolite (0-5%).
Accessory minerals are represented by opaque minerals and biotite. In some thin sections, two
generations of kyanite are recognized: the older forms elongated crystals that are oriented in the direction
of the dip of the foliation, and the younger is represented by aggregates of radiating crystals apparently

overprinting the older kyanite.



186

Fig 4.1. Photomicrographs of rocks in the Shuururta-Yagelurta study area (PPL images).
Lebyazhka metavolcanics. (A) Massive and (B) foliated varietes. (C) Allanite with a clinozoisite
rim. (D) Euhedral titanite. Keivy Schists. (E-F) Kyanite morphologies. (G) Different generations of
kyanite. (H) Staurolite morphologies.
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4.1.2. Deformation structures and shear-sense analysis

The rocks of the Shuururta-Yagelurta area display well-developed mineral lineations formed by
kyanite and rarer staurolite. These generally NS-trending lineations gently plunge predominantly
southward and has an average orientation of 169°/24° (Fig. 4.2). A similar orientation of mineral
lineations, but with a steeper plunge angle, was established by I.D. Batieva (Bel'kov, 1963) based on
observations made throughout the entire Keivy Schists Belt (Fig. 4.3). Mineral lineations that plunge
predominantly northward were identified in some parts of this belt as well (Fig. 4.3).

Fig. 4.2. Plotted lineations (A) and hinge lines (B) in the Shuururta-Yagelurta study area, equal area
projection on the lower hemisphere.

Fig. 4.3. Plotted muscovite and kyanite lineations in the Keivy schists, data of I.D. Batieva (Bel'kov,
1963), isolines 1-3-5-7-9%, n = 91 (equal angle projection ont the lower hemisphere).
In the studied Keivy Schists, asymmetric shear-related folds are widely developed, most of which
verge northwards. These folds have initially curvilinear hinges, similar to those in sheath folds, but with

significantly lower apical angle values and the magnitude of strain (Figs. 4.4 and 4.5) (Cobbold and
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HL 104/14

HL 252/36

HL 131/38

Fig. 4.4. Folds with curvilinear hinge lines in the Keivy Schists (Balagansky et al.., 2012); HL, hinge
line.

Fig. 4.5. Shear-related north-verging folds with curvilinear hinge lines.
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Quinquis, 1980; van der Pluijm and Marshak, 2004). The hinge lines of these folds are perpendicular to
the mineral lineations, and their average orientation is 69°/9° determined as the maximum density (Fig.
4.2). Such a relationship between the orientation of hinge lines and mineral lineation is typical for the
initial stages of the formation of sheath folds, when the hinge lines begin to curve but not become
completely reoriented along the shear direction marked by the stretching lineation represented by the
mineral lineation in the studied rocks (Fig. 4.6). The morphology of these folds, as well as their
relationship with the orientation of the mineral lineations, lead to a conclusion that these folds were
formed during north-directed thrusting.

In addition to shear-related folds, numerous structures with monoclinic symmetry were
established in the Keivy Schists as well. This monoclinic symmetry is defined mainly by the specific
orientation of kyanite crystals previously described by I.D. Batieva (Bel'kov, 1963). The high abundance
of these structures in rocks of the study area indicates significant simple shear deformation, with the
magnitude of strain being higher in the schists than in the underlying Lebyazhka metavolcanics (Fig.
4.1, A, B). In outcrops and thin sections there are observed mainly S-C structures. C-planes of these
structures are traced by kyanite crystals, which lay in the plane of compositional banding, and these
bands in turn are sheared so that the boundaries between them should be tectonized (Figs. 4.7-4.9). The
kyanite crystals forming S-planes are oriented at an acute angle to them. Micro-scale S-C structures of
the same appearance were also observed (Fig. 4.10). Similarly to asymmetric shear-related folds, the
vast majority of S-C structures indicate north-directed tectonic movements. In addition, a shear-sense
indicator of a fundamentally new type, named a spiral pod, was established (Gorbunov and Balagansky,
2022), a detailed description of which is given in Chapter 5.

Thus, in the Shuururta-Yagelura area, the Keivy Schists experienced significant simple shear
deformation, which resulted in the development of foliations and gently plunging lineations, as well as
in folding of rocks into asymmetric shear-related folds with initially curvilinear hinges and different
values of their apical angles; microstructures with monoclinic symmetry were widely developed as well.
All these structures are consistent with each other and the overwhelming majority indicates thrusting to
the north and northeast (Fig. 4.11). The relationship of these movements with regional tectonic events

will be discussed in Chapter 6.
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Fig. 4.6. Orientation of linear fabrics formed at different stages of sheath fold development (van der
Pluijm and Marshak, 2004)).
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Fig. 4.7. (A, B) S-C-structures in kyanite shcists in the Shuururta-Yagelurta study area.
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Fig. 4.8. S-C-structures in kyanite schists in the Shuururta-Yagelurta study area (A) and implied sense
of shear.
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Fig. 4.9. S-C-structures in kyanite schists in the Shuururta-Yagelurta study area (A) and implied sense
of shear (B).
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Fig. 4.10. (A, B, C) Photomicrographs of shear-sense indicators in the Keivy Schists and (D) implied
sense of shear (Ramsay and Huber, 1987).

Fig. 4.11. Schematic geological map of the western and central parts of the Shuururta-Yagelurta
study area (after (Gaskelberg et al., 1978), simplified) and reconstructed directions of thrust
movements. Names of stratigraphic units are given after (Belolipetsky et al., 1980).
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4.2. Manuyk area

In the Manuyk area, the studied Keivy Schists belong to the Chervurta Formation (Belolipetsky
et al., 1980) (Fig. 4.12A) and show poorly pronounced gentle lineations whose average orientation is
43°/7° (Fig. 4.12B). The schists are folded into tight to isocline folds with mostly gentle axial surfaces.
It should be noted that the inter-limb angle of these folds increases from the fold core towards their
hinges and the folds gradually become open (Fig. 4.13). The hinge lines of these both isoclinal and open
folds plunge gently to the northwest and southeast (the average orientation of the hinge lines is 305°/21°).
The angle between average attitudes of hinge lines and lineations is 85°, but it is 60-70° in some
outcrops. This indicates that the development of folds with curvilinear hinge lines occurred in the
Manyuk area, similar to those observed in the Shuururta-Yagelurta area, implying that hinge lines
experienced only insignificant rotating into parallelism to the direction of the shear (marked by the
lineations). The curvilinearity of the hinge lines is also clearly visible in the outcrops. In contrast to the
Shuururta-Yagelurta area, no reliable kinematic indicators were found in the studied rocks of the
Manyuk area. Lineations mark the southwest-northeastern trend of tectonic movements; however,
additional studies are required to make justified conclusions about the exact direction of tectonic

transport.

Fig. 4.12. (A) Schematic geological map of the Manyuk study area (after (Gaskelberg et al., 1978),
simplified) and (B) stereographic projection plot for orientation data. Names of stratigraphic units are
given after (Belolipetsky et al., 1980).
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Fig. 4.13. Isoclinal and open folds with subhorizontal axial surfaces in schists of the Manyuk
study area; the plane of the outcrops generally corresponds to the XZ plane of finite strain
ellipsoid.
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Chapter 5. Spiral pods in the Keivy Schists

5.1. Spiral geometry in deformed rocks: models of development

Spiral geometry is a rare pattern that can be observed in rocks. The most remarkable examples
of this geometry are spiral-shaped inclusion trails in porphyroblasts of metamorphic minerals such as
garnet and staurolite (Passchier and Trouw, 2005). Spiral-shaped inclusion trails, described at the
beginning of the 20" century (e.g., Schmidt, 1918), remained the only example of such structures for
many decades. The development of spiral fabrics is generally related to progressive deformation, which
can occur in various environments and conditions (Johnson, 1999). However, a detailed study of spiral
inclusion trails in deformed metamorphic rocks caused a discussion about the mechanism of their
formation. Initially, the model was generally accepted that the spiral inclusion trails formed during the
growth of porphyroblasts in a simple shear regime (e.g., Rosenfeld, 1970; Schoneveld, 1977, 1979). This
model implies that during such deformation a porphyroblast grows and simultaneously rotates relative
to an external reference frame, sealing the orientation of a pre-existing foliation. This orientation is
reflected by aligned inclusion trails, with the latter forming spiral geometry due to the simultaneous
growth and rotation of the porphyroblast. This mechanism was later questioned by T. Bell and his
colleagues (Bell, 1985; Bell and Johnson, 1989, 1990). These researchers proposed an alternative model,
according to which porphyroblasts, in most cases, do not rotate relative to an external reference frame,
so that the spiral geometry reflects only individual successive stages of progressive deformation. In
effect, this model describes strain partitioning in a soft matrix around a competent porphyroblast. Such
a porphyroblast remains fixed, and its overgrowth occurs at subsequent stages of deformation, which are
considered to be progressive. However, during each such stage, the tectonic regime can fundamentally
change (for example, a regime of compression can replace a regime of extension, and vice versa), and
as a result, a new foliation begins to develop perpendicularly to the orientation of the previous foliation.
Thus, there may be several changes in orientations of foliations throughout the entire growth of the
porphyroblast, and the final texture of inclusion trails in the porphyroblast acquires a spiral shape. This
model does not completely rule out the rotation of porphyroblasts, but it considers this to be extremely
unlikely.

The assumption that there is no ubiquitous rotation of porphyroblasts during simple shear
deformation initiated a discussion (Passchier et al., 1992; Bell et al., 1992). During this discussion,
arguments were presented both in favor (Passchier et al., 1992; Kraus and Williams, 2001; Bons et al.,
2009; Lister and Forster, 2009; Robyr et al., 2009; Sanislav, 2010; Griera et al., 2013) and against (Fay
et al., 2008, 2009; Johnson, 2009; Bell, Fay, 2016; Aerden et al., 2020) the rotation mechanism. The
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consensus on the issue of porphyroblast rotation is still not resolved, but it is considered that the
porphyroblasts rotation do occur at least in specific cases.

Spiral folds in slumps provide another example of spiral geometry structures (Alsop and Marco,
2013). The mechanism of formation of these folds that develop during the movement of slump, which
generally consists of soft sediments, is similar to that of folds in crystalline rocks subjected to simple
shear under conditions of metamorphism. In both types of rocks, folds with curvilinear hinge lines and
common sheath folds, i.e. with apical angles of less than 90°, can develop (Stratchan and Alsop, 2006;
Alsop and Marco, 2013). Such folds have been described in outcrops of deformed rocks (Fossen and
Rykkelid, 1990) and confirmed both experimentally (Cobbold and Quinquis, 1980) and by numerical
modeling (e.g., Davis et al., 2012). The formation of folds of this type is related to the slip of rock layers
parallel to each other in a simple shear regime in the direction of shearing. Such a displacement of layers
relative to each other in the presence of any impurities on their surface leads to the formation of small
asymmetric folds (Reber et al., 2013a, 2013b). The axial surfaces of these folds are subparallel to the
layers, and their hinge lines are oriented perpendicular to the shear direction. With an increase in the
magnitude of strain, the hinge lines begin to rotate in the shear plane, trying to acquire their orientation
parallel to the shear direction. As a result of this process, folds with curvilinear hinge lines develop,
which then can evolve into sheath folds. An example of the initial stages of the formation of sheath folds
was previously discussed in Section 5.1.2 (see stages 2-3 in Fig. 4.6).

In addition to the development of sheath folds due to rotation of hinge lines into parallelism to
the shear direction, Alsop and Marco (2013) also describe the development of spiral folds. The
mechanism of development of such folds is related to the rolling of hinge lines. This rolling occurs
around an axis that lays in the shear plane and perpendicular to the shear direction and is combined with
axial plane curving a process when the axial plane is wrapped into a spiral; fold limbs are also wrapped
and spiral folds eventually develop (see Fig. 12A in (Alsop and Marco, 2013)).

Similar spiral microfolds were discovered by V.V. Balagansky in the Keivy Schists in the
Shuururta—Yagelurta area in an outcrop that is located approximately 4 km northeast of the Yagelurta
Mt. (Fig. 4.11A). The author has examined these spiral structures in detail, provided a model of their
formation, and classified them as a new type of shear-sense indicator that is complementary to small
shear-related folds with curvilinear hinge lines (Gorbunov et al., 2016; Gorbunov and Balagansky,
2022).

5.2. Geological description of rocks in outcrop

Spiral fabrics have been discovered in an outcrop in the central part of the Shuururta-Yagelurta

study area. A sub-vertical wall of the outcrop strikes to the northeast. Rocks exposed in this outcrop are
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represented by staurolite-bearing kyanite-mica schists that belong to the Chervurta Formation
(Fig. 5.1A-D). As in many Keivy Schists with a similar mineral composition, kyanite crystals and the
majority of quartz grains contain many microparticles of carbonaceous matter. These rocks exhibit
microlayering that is represented by alternate quartz-depleted and quartz-enriched layers whose
thickness varies from a few millimeters (Fig. 5.1D) to a few centimeters. These layers are deformed into
asymmetrical open north-verging folds that suggest north-directed tectonic movements (Fig. 5.1A, B).
The multi-layered schists experienced partitioned strain due to the compositional changes from one layer
to the next, as described in (Cawood and Bond, 2018). The multilayer's heterogeneous deformation is
expressed in the fact that quartz-depleted layers are more foliated and sheared than quartz-enriched ones.
The shearing of these multi-layered rocks with compositionally different layers resulted in the formation
of a structural pattern similar to that in C-S-mylonites with feldspar porphyroclasts which rotated in a
quartz-mica matrix (cf. Fig. 5.1C and Fig. 26.49 in Ramsay and Huber 1987). Structures with spiral
geometry in the schists that compose the studied outcrop are considered to play the same role of a rotating
rigid inclusion as porphyroclasts in mylonites, as will be shown later in the text. It should be noted that
the S-planes separating the spiral structures from each other are sub-parallel to the axial surfaces of
asymmetrical open north-verging folds.

Here, all the schists display a well-pronounced gentle lineations formed by kyanite and
subordinate staurolite crystals. These lineations primarily plunge to the southwest (average orientation
213°/40° as the maximum density (Fig. 5.1E)). The majority of hinge lines of small asymmetric shear-
related folds plunge southwestward at gentle and intermediate angles (average orientation 244°/18°),
forming an angle with an average lineation orientation of about 35°. At the same time, some hinge lines
are oriented sub-horizontally and plunge towards the northwest and southeast (Fig. 5.1F).

Spiral fabrics are formed by a group of very thin multilayers that are wrapped into sets of
centimeter-scale spirals (Fig. 5.1D). The spirals are located between the C-planes, and in some cases,
they are separated by S-planes which coincide with the long limbs of small shear-related folds (Fig.
5.1C). The rotation direction of the spiral fabrics, their sigmoid shape, the north- and northeastward-
directed vergence of small shear-related folds, as well as the presence of S—C structures that are visible
in the outcrop scale, suggest that they all were formed in a simple shear regime during north-directed
and northeast-directed tectonic movements. This conclusion is consistent with that the direction of
movements determined by shear-sense indicators in the Shuururta-Yagelurta and Serpovidny study areas
is the same (see Sections 3.4 and 4.1.2).

To study spiral fabrics in detail, two oriented samples were cut from the sub-vertical wall of the
outcrop. At the sampling points, the lineations are subparallel or make a small angle to the outcrop wall,
while the foliations are almost perpendicular to the wall. The obtained samples are parallelepiped-shaped

with dimensions of 14 x 9 x 10 cm and 10 x 11 x 11 cm; further in the text, these two samples are



200

Fig. 5.1. (A-D) Photographs of staurolite-bearing kyanite-mica schists which contain structures with
spiral fabrics and (E-F) structural data from these schists. Hereafter, the average orientation of linear
fabrics is calculated as the eigenvector if not otherwise stated. In the case of a limited amount of
data, the orientation of eigenvectors depends on the orientation of each linear fabric and provides
thus a more accurate average orientation. In the same case, the orientation of the density maximum
may be defined by just several orientation data, does not depend on other orientations, and may
considerably differ from the true average orientation.

labeled A and B, respectively. The two opposite planes of each of the samples on which spiral structures
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are observed are actually cross-sections that are (sub)perpendicular to the long axes of these spiral
fabrics. Therefore, spiral fabrics represent cross-sections of linear-shape structures that are similar to
cigars, spindles, or pods and are named spiral pods.

To examine the 3D shape of spiral pods, samples A and B were cut into eight and twelve plates
(slices), respectively (Fig. 5.2A). The cuts were made perpendicular to the long axes of the spiral pods
and parallel to the sample sides, which, in turn, are sub-parallel to the outcrop wall. The orientation of
the resulting plate surfaces (that is, cut planes) is close to the XZ plane of the strain ellipsoid. In sample
A, plate surfaces are oriented at approximately 20° to 40° relative to the plane perpendicular to foliation
and at angles of 15° to 55° relative to lineation (Fig. 5.2C). In sample B, the cut planes are perpendicular
to the foliations and make an angle with the lineations, which vary from 0° to approximately 40° (Fig.
5.2C). All the plate surfaces were polished and then scanned®. Structural lines and, if possible,
boundaries between layers that were able to be confidently identified have been traced and sketched on
all the plates (see Fig. S1 and S2 in (Gorbunov and Balagansky, 2022)). Thin sections were prepared the

plates cut out of both samples.

5.3. Rocks forming spiral pods: petrography and deformation structures

The rocks observed in the samples can be divided into three subgroups. Subgroup-l includes
light-colored yellowish mica layers with sharp boundaries, well pronounced both on images of slightly
polished plate sides (Fig. 5.3A, B) and in thin sections (Fig. 5.4A). The schists of this subgroup are fine-
grained and are generally composed of almost equal amounts of quartz grains (40-60%), muscovite
flakes (40-60%), and rare staurolite and kyanite porphyroblasts (Fig. 5.4A). In some layers, most quartz
grains are impregnated by abundant microinclusions of carbonaceous matter (subgroup—Ila), whereas
they are almost free of carbonaceous matter in others (subgroup—Ib). It is important to note that
muscovite flakes do not form a preferred orientation.

Subgroups Il and III consist of mica and kyanite varieties of schists, respectively. On plate
surfaces, these rocks are light gray or dark gray, their boundaries are indistinct, and these subgroups can
be distinguished from each other only in thin sections (Fig. 5.3C—F). The rocks of subgroup-II are
coarser-grained than the rocks of subgroup-I; the quartz content is high and reaches 50-70%. Quartz
grains are usually elongated, and some of those have thin quartz rims free of carbonaceous matter; that
is, this quartz rim generation is a later one of unambiguous metamorphic origin (Fig. 5.4B). Muscovite

flakes, in contrast to those of rocks of subgroup-I, form a pronounced preferred orientation. Kyanite

% Images of all the plate surfaces are given in figures S1 and S2 in Supplementary Materials related to
the paper (Gorbunov and Balagansky, 2022).
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Fig 5.2. (A) Scheme of sliced samples and (B—C) structural data from both the samples; C- and S-
planes are schematically shown.

schists of subgroup-111 consist of kyanite (up to 70%) and quartz. The shape of kyanite grains varies
from isometric to needle-like, and the latter usually display a well-developed preferred orientation.

Deformation microstructures observed in the samples include mainly S-C structures composed
of muscovite flakes, quartz ribbons, and elongated, sometimes sigmoidal quartz grains (Fig. 5.4B, C).
The rocks are folded into tiny, asymmetrical shear-related folds that range from open to tight. An axial
plane crenulation cleavage is identified in the cores of some folds (Fig. 5.4E). Foliations dip at
intermediate angles southwestward in sample A (Fig. 5.2B) and at steep angles south-southwestward in
sample B (Fig. 5.2C). The overwhelming majority of S-C structures indicate tectonic movements in a
northeastern direction.

Spiral pods are made up of alternating and wrapped subgroup-I microlayers (Fig. 5.3). The
adjacent microlayers inside the spiral pods differ from each other only in the content of carbonaceous
matter. The spiral pods all display the same sense of rotation. The average diameter of pods is 1.5-2.0
cm, with the thickness of individual layers within these structures being approximately 1-2 mm. The
majority of spiral pods are only represented by their fragments, so the complete shape has been
reconstructed only for three spiral pods in sample B; the length of their long axes varies from 3 to 7 cm.

The fragment of one spiral pod has been traced from one side of sample B to the other (i.e. both tips of
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Fig. 5.3. (A, C-F) Optically scanned images of surfaces of plates cut out from sample A and (B)
traced boundaries of the most reasonable marker layers shown in panel (A); A1, A2 = spiral pod
numbers.

the pods are outside the sample). Thus, the measured minimum length of the pod is 3 cm, and the

maximum length exceeds 10 cm.

5.4. 3D shapes of spiral pods

To visualize the 3D shape of spiral pods and the spatial relationships between them, block
diagrams have been made. Structural line patterns and boundaries of some well-recognizable layers have
been traced and drawn on both surfaces of each plate cut out from samples (Fig. 5.3, 5.5). To construct

block-diagrams, these drawings of structural lines and boundaries between layers made for both sides of
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Fig. 5.4. Photomicrographs of thin sections from sample A. (A) Alternate layers of finer- and
coarser-grained varieties of mica schist (thin section 38-605). (B) Sigmoidal turbid quartz grains
impregnated by microinclusions of carbonaceous matter and surrounded by thin inclusion-free
quartz rims of unambiguous metamorphic origin; CM, carbonaceous matter (thin section 38-609A).
(C) S—C fabrics formed by muscovite and quartz ribbons (thin section 38-603A). (D) Axial plane
crenulation cleavage in the core of a centimeter-scale fold (thin section 38-610).
each of the plates have been arranged side by side according to the positions of plates within the samples
(see Fig. S1 and S2 in (Gorbunov and Balagansky, 2022)). To simplify the resulting block diagram, only
the sole surface of one layer was used, which is considered to be a marker horizon (Fig. 5.6A). On each
image of the scanned surface, spiral fabrics have been outlined with circular or oval lines, which separate
swirled and slightly folded layers. These lines are interpreted to be contours of linear structures formed
by spiral fabrics and have been used to construct 3D shapes of surfaces that envelope spiral pods (Fig.
9B). The lines connecting the central points, the centers of the spiral fabrics visible in the plane, are

interpreted to be the long axes of spiral pods (Fig. 5.6B).
Sample A block-diagrams. Block-diagrams constructed for sample A display the sole of a light

yellowish layer of subgroup—Ib schists that has been used as the marker horizon in this sample
(Fig. 5.3A, 5.6). It is clearly visible in the outcrop that this layer is folded into paired asymmetric tight

to isoclinal folds that verge northwards and are interpreted to be shear-related. Sample A has one pair of
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Fig. 5.5. (A, C-D) Optically scanned images of plate surfaces from sample B and (B) traced

boundaries of the most reasonable marker layers shown in panel (A); B1, B2, etc. = spiral pod

numbers.
centimeter-scale folds of this type, so that the shapes of these folds have been confidently reconstructed.
These asymmetric folds have several specific features. (1) The hinge lines of these folds are curvilinear
(Fig. 5.6A). (2) Spiral pods are located in the thick antiformal fold core beneath the marker horizon (Fig.
5.6B). (3) Spiral pods are formed by wrapped multi-microlayers, which, to a certain extent, are refolded
microfolds with hinges disarticulated from their limbs (Fig. 5.3B, 5.6B). (4) The average orientation of
the hinge lines of the asymmetric folds is consistent with that of the long axes of spiral pods (Fig. 5.6B,
5.7A). (5) The hinge lines of these folds are curvilinear, like the hinge lines of meter-scaled folds widely
spread in the study area (see Section 4.1.2).

The hinge line of the antiformal fold displays a moderate degree of curvilinearity; however, the

deviation of its orientation from the average orientation of hinge lines is significant, which is clearly

seen both on the surfaces of plates 6 and 7 (see the images of sections A6-1, A6-2, and A7-1 in Fig. S1
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Fig. 5.6. (A) 3D shapes of the bottom surface of the marker layer and (B) spiral pods in sample A.

n



207

Fig. 5.7. (A-B) Structural data from samples A (A) and B (B).

(Gorbunov and Balagansky, 2022)) and on block-diagrams, where the right, shorter part of the hinge is
shifted relative to the left, longer part 1.5 cm downwards (Fig. 5.6A). Fragments of two spiral pods (pods
A1l and A2 hereafter) have been identified in the antiformal fold core. These fragments are located
beneath the left and right parts of the hinge line described above, respectively (Fig. 5.6B). In cross-
sections through the central parts of the pods, a well-pronounced spiral geometry formed by several
microlayers is observed (Fig. 5.3A-B, 5.6B).

The fragment of pod A2 has a cone shape, whereas only the internal domain of pod Al has a
similar shape (Fig. 5.6B). The axis of this cone coincides with the long spiral pod axes and is
approximately parallel to the non-curvilinear part of the hinge of the antiform fold. The tips of both pod
fragments are displaced relative to each other in the same direction and approximately at the same
distance as the right and left parts of the antiformal fold hinge line located above (Fig. 5.6B).

The number of microlayers exhibiting spiral geometry decreases from the interior domain of pod
Al (cross-section A3-1) towards its tip, where the spiral geometry gradually disappears. In other words,
a set of microlayers, folded into two tiny coupled isoclinal folds (Fig. 5.8 A) and outlined in cross-section
A3-1, are wrapped as the result of rolling about one and a half turns. At the same time, these microlayers
remained non-wrapped at the tip of pod Al, located approximately 4.8 cm from cross-section A3-1,
whose orientation is accepted to be perpendicular to the pod long axis (Fig. 5.6B). All these observations
imply that the hinge lines of these two coupled folds are curvilinear.

In order to establish whether the hinge line of the original fold was straight or curvilinear, it is
necessary to "unwrap" the axial surface of any of two coupled isoclinal folds wrapped into a spiral. If
the initial isoclinal fold was cylindrical with a straight hinge line, a fragment of the long pod axis would
remain (sub)parallel to the hinge line. Then, on cross-sections perpendicular to the long pod axis, the
hinges of unwrapped two coupled isoclinal folds would be located at the same distance from the fragment
of the long pod axis, that is, from the hinge line of the initial cylindrical fold. If the initial fold was not

cylindrical and had a curvilinear hinge, then cross-sections through the domains of the highest curvature
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of the hinge would display that the hinges of the initial fold are at different distances from the long pod
axis. The maximum distance would be observed in the inner domain of the spiral pod, and the minimum
in the domain of its tip. At the tip of the pod, the attitude and orientation of the hinge line of a wrapped
isoclinal fold would coincide with those of a cylindrical fold hinge line that then became curvilinear
during progressive simple shear deformation. The latter case is most consistent with observations in
cross-sections through spiral pods.

Thus, the size of the apical angles of these wrapped microfolds with curvilinear hinges can be
estimated in the following way. A fragment of the long pod axis, which is located between cross-section
A3-1 and the tip of the pod, is approximately 4.8 cm long (Fig. 5.6B). The unwrapped axial plane trace,
which can be delineated in cross-section A3-1 (Fig. 5.3B; Fig.S1 in (Gorbunov and Balagansky, 2022)),
can be assumed as the bisector of a fold with a curvilinear hinge, developed from an initially cylindrical
fold and then wrapped into a spiral. Thus, the unwrapped axial plane contains a right triangle. The
vertices of this triangle are (A) the hinge of the fold visible in cross-section A3-1 and close to the center
of the current spiral, (B) the point of intersection of the unwrapped axial plane trace in cross-section A3-
1 with the assumed hinge line of the initial cylindrical microfold (i.e. with the long axis of the spiral pod,
taking into account the assumptions mentioned above), and (C) the tip of the spiral pod. The side BC of
this triangle (its hypotenuse) in this case would be a fragment of a curvilinear hinge line of a fold wrapped
into a spiral. The minimum length of the unwrapped axial plane trace of one of the two coupled isoclinal
folds, measured in cross-section A3-1 (Fig. 5.3B; Fig.S1 in (Gorbunov and Balagansky, 2022)), is
approximately 8.2 cm, and that of the other fold is approximately 4.8 cm. Based on these assumptions
and simple trigonometric calculations, the apical angles of these folds with curvilinear hinges are
approximately 60° and 90°. It should be noted that (1) only portions of the folds with wrapped axial
surfaces are reconstructed, and (2) these reconstructions only show that the hinges of the folds under
consideration are curvilinear but do not allow for precise calculation of their apical angles.

The fragment of pod A2 is shorter than that of pod Al, its length is approximately 1.5 cm, and
this fragment exhibits a prominent cone shape. Based on the measurement of the radius of the cone base
(whose height corresponds to the length of the fragment of pod A2) and following trigonometric
calculations, the cone's apex angle is 132°. On cross-section A8-2 (Fig. 5.6B, a cross-section on the right
side of the specimen; Fig.S1 in (Gorbunov and Balagansky, 2022)), the minimal length of the axial plane
trace of the isoclinal fold wrapped into a spiral is approximately 3.4 cm. The apical angle of this fold,
calculated using the method described above, is approximately 48°.

A specific feature of spiral pod Al is that there is a fragment of a quartz microlayer with a total
length of approximately 15 mm in the center of the spirals observed in the cross-sections. This
microlayer consists of pure quartz grains without inclusions of carbonaceous matter and does not contain

muscovite flakes (Fig. 5.8A). The microlayer is located between a dark-colored quartz muscovite layer
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Fig. 5.8. Optical photomicrographs of thin sections of spiral pods in sample A (spiral pods’ locations
are shown in Fig. 5.6B). (A—C) Thin sections of pod A1 showing remnants of a deformed muscovite-
bearing quartz microlayer; thin sections were cut out from a square plate ca 2 x 2 x 1 cm parallel to
each other, and the central plate point coincided with the long axis of pod Al; the plate was in turn
cut out from plate Al parallel to each other; (B) part of the microlayer boudinized and folded by
ptigmatitic microfolds (thin section 38-601), (C) the same folded part located between thin sections
shown in (A) and (C) (thin section 38- 601A), and (C) part of the same layer with squeezed and
swirled ptigmatitic microfolds (thin section 38-602A) (for the location of thin sections relative each
other see Fig. 5.6B). (D) Section of pod A2 cut out from plate A8 and showing a faded remnant of a
muscovite-bearing quartz microlayer (thin section 38-621). (E) Enlarged fragment of spiral pod Al
shown in (D) demonstrating spiral geometry characteristic of both compositional banding and
foliation and (F) the same fragment with traced compositional banding boundaries and foliation.
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and a lighter and slightly coarser-grained layer of the same mineralogy (Fig. 5.8A). The microlayer is
also folded by ptigmatitic microfolds, as can be well seen in two adjacent thin sections (Fig. 5.8A, B).
Sets of these microfolds have sizes of about 2 x 4 mm and form lens-shaped aggregates (microboudins).
As mentioned above, they are observed only in the central parts of pod Al at some distance from its tip
and lie along its long axis (Fig. 5.6B). In a thin section located 5—7 mm from the aforementioned thin
sections, an oval structure of a prominent sigmoidal shape is observed, which also lies along the long
axis of the pod A1 (Fig. 5.8C). This oval structure is interpreted as a set of swirled and strongly squeezed
ptigmatitic microfolds.

The spiral pods observed both in outcrops (Fig. 5.1B-D) and in thin sections (Fig. 5.8A-D) are
formed by compositional banding. A foliation is observed in these layers, which is formed by the
preferred orientation of elongated quartz micrograins and muscovite microflakes and oriented at a very
acute angle relative to compositional banding. This foliation is wrapped into spirals whose centers and
the direction of wrapping coincide with those of the spirals formed by compositional banding (Fig. 5.8B,
E, F). Thus, pod Al is a complex linear fabric formed by two coherent spiral systems of two planar
fabrics independent of each other.

Orientation data have been obtained for sample A. The orientation of foliations (including
compositional banding) and kyanite lineations were directly measured in sample A. The orientations of
the hinge lines of the folds and long axes of the pods were calculated based on their 3D shapes. Planar
structural elements dip to the southwest at intermediate angles and have an average orientation of
200°/41°, whereas the kyanite lineations have a similar orientation (214°/39°) (Fig. 5.7A). The
calculated average orientation of the nine fragments of the long axes of both spiral pods observed in
sample A is 261°/6° and forms an angle of 54° with the average lineation. The calculated average
orientation of 12 hinge line fragments is 285°/2° (Fig. 5.7A), which is close to the average orientation
of the long pod axes (an angle between them is 24°) and is sub-perpendicular to the average orientation
of the lineation (an angle between them is 74°). In the domain where the antiformal fold hinge line is
utmost curved and plunges 116° ESE at an angle of 67°, its deviation from the average orientation of
hinge lines is 69°.

Sample B block-diagrams. In sample B, a group of adjacent thin layers has been chosen as a

marker multilayer for the visualization of spatial relationships between spiral pods and folds (Fig. 5.5,
5.9). The mineralogy of kyanite-mica schists in sample B is similar to that in sample A. The only
exception is that the mica schists of subgroup-I with rare kyanite porphyroblasts that form spiral pods in
this sample are almost completely free of carbonaceous matter, so that it is possible to distinguish these
rocks as separate subgroup-Ib. The lack of carbonaceous matter makes it difficult to recognize the
internal structure of spiral pods in thin sections, but it is still recognizable both in the outcrop and in

polished plates. As a result, the internal structure has been satisfactorily deciphered only in two spiral
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Fig. 5.9. Block-diagram illustrating the 3D shape of the marker multi-layer and positions of spiral
pods within this multilayer in sample B.
pods in thin sections (Fig. 5.7). It is important to note that both of these spiral pods display a smaller
amount of rolling than spiral pods in sample A.

The marker multilayer was chosen due to its following specific features. First, this multilayer is
folded by a set of asymmetric shear-related folds with specific and considerably varying morphology,
and this specificity is as follows. In some domains of the short limbs of one of the pairs of coupled
asymmetric folds, several compressed and slightly flattened spiral pods are stacked, so that the thickness
of the limbs increases significantly (Fig. 5.5A, B, 5.9). These two folds are separated by a pair of tiny
typical similar folds. Due to this stacking of spiral pods within shorter limbs, the thickness of the marker
layer varies from several millimeters to 2—3 cm along both dip and strike (Fig. 5.5A, B). Second, like
folds in sample A, folds in sample B display northward vergence. Third, the hinge lines of all these folds

are curvilinear. Fourth, two sub-parallel layers occur immediately above and beneath the roof and sole
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of the folded marker multilayer and bound it. Fold limbs and slightly flattened spiral fabrics are oriented
at an angle of approximately 30° relative to these bounding layers, and their intersection lines are sub-
parallel to hinge lines (Fig. 5.5). Thus, the general structural pattern resembles that of S—C structures or
imbricate microstructures and suggests a northward-directed tectonic transport.

Nine spiral pods have been identified, their 3D shapes have been confidently reconstructed, and
they are all numbered from B1 to B9 (Fig. 5.10 and 5.11). Block-diagrams clearly demonstrate that spiral
pods are slightly flattened; this is also well seen in thin sections (Fig. 5.12). Spiral pod B1 is extended
along its long axis from one side of the sample to the other, and both of its tips extend beyond the sample.
Thus, its length exceeds 10 cm (Fig. 5.10, 5.11). Spiral pods B3, B7, and B8 are almost entirely located
inside the sample B, while other pods are represented only by their fragments, with only one tip of each
pod being observed inside the sample (Figs. 5.10 and 5.11). The size of the spiral pods, which are located
completely within the sample, varies from 3 to 7 cm. In cross-sections, the sizes of these pods vary
approximately from 1.5 cm to 2 cm (the aspect ratio ranges from 3:1 to 5:1 and more). Like the pods in
sample A, these spiral pods also display maximum rolling values in the pod centers and no rolling at the
pod tips. Therefore, the hinge lines of isoclinal folds wrapped in a spiral should also be curvilinear. The
long pod axes are curvilinear, but, in contrast to sample A, their curvilinearities are not coherent with
those of the hinge lines (Fig. 5.10).

On the basis of approaches applied to sample A, the following orientation data have been
obtained for sample B. Compositional banding and foliations dip southwestwards at intermediate to
steep angles and have the average orientation of 189°/59°, whereas the average orientation of kyanite
lineations is 217°/47° (Fig. 5.7B). The attitudes of 13 fragments of the long pod axes have been
established, and their average orientation is 281°/8°, which forms an angle of 73° with the average
lineation. The average orientation of 12 fragments of hinge lines is 285°/3° (Fig. 5.7B), which is sub-
parallel to that of the long pod axes (an angle between them is 6°) and sub-perpendicular to the average
kyanite lineation (an angle of 73°) (Fig. 5.7B). A hinge line fragment that utmostly deviates from the
average hinge line plunges 299° WNW at an angle of 54°, and its deviation is 52°. The oblique attitude
of mineral lineations relative to hinge lines of shear-related folds is a rather ordinary case (Alsop and

Holdsworth, 2012).

5.5. Discussion

Results from the structural analysis. All structural data obtained in the studied samples and in

the outcrop where they were taken are shown in Fig. 5.13A—G. Mineral lineations in the samples are
well consistent with those in the outcrop, and their average orientations are 216°/43° and 211°/36°,

respectively (Fig. 5.13C, D). The average orientation of fragments of hinge lines determined in the
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Fig. 5.10. Block-diagram illustrating the attitude of spiral pods and their spatial relationships with
asymmetric tight to isoclinal shear-related folds in sample B. An area in a plate, where spiral
geometry disappears, is considered to be an area where a spiral pod ends. The centers of spiral fabrics
that are marginal in the succession of patterns with spiral geometry which belong to the same spiral
pod are considered as tips of this spiral pod. In order to better recognize the attitude of a long pod tip
within this 3D diagram, i.e. within sample B, a tip is projected by a dashed line onto a sample side.
In domains where long pod axes and projections of spiral pod tips onto sample sides are located too
close to each other, these linear elements are painted in different color in order to be better
distinguished from each other.

samples is statistically almost horizontal and trends 285° WNW (Fig. 5.13E). Hinge lines measured in

the outcrop have two attitudes: (1) some are almost horizontal and trend approximately west-
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Fig. 5.11. Block-diagrams illustrating 3D shapes of spiral pods in sample B (spiral pods are
painted in different colors in order to be better distinguished from each other).

northwestwards, and (2) others gently plunge west-southwestwards (Fig. 5.13F). It can be obviously
seen that the average orientation of the hinge line fragments is consistent with the first attitude of hinge
lines measured in the outcrop: these are all almost horizontal and trend west-northwestwards (285°/2°
and 298°/4°, respectively). Asymmetric shear-related folds show northward and northeastward
vergence, which is consistent with that of asymmetric shear-related folds throughout the KSB (Bel'kov,

1963; Gorbunov, 2012; Balagansky et al., 2012; Mudruk et al., 2013). Hinges of some asymmetric shear-
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Fig. 5.12. Optical photomicrographs of thin sections of spiral pods in sample B (spiral pods’
locations are shown in Fig. 5.10). (A-B) Internal structure of pods B2 (A) (thin section 38-502) and
B5 (B) (thin section 38-508) revealed by means of extreme contrast and intensity enhancements of
images taken with transmitted light and (C-D) the most recognizable structural lines illustrating
spiral pod geometry.
related folds are characterized by an axial crenulation cleavage (Fig. 5.4D). At last, the average
orientation of the long pod axes is 273°/8° (Fig. 5.13G), which is close to the average attitude of the
hinge line fragments determined in the samples (285°/2°, Fig. 5.13E).
Thus, it can be concluded that all structural data obtained, including those on foliation and
compositional banding, mineral lineations, and hinge lines of asymmetric shear-related folds, from the

samples and the outcrop with spiral pods, are well consistent with each other. Long pod axes have the

same orientation as the horizontal hinge lines of WNW-trending shear-related folds. All these data favor
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Fig. 5.13. Comparison of structural data from the samples with spiral pods (upper row) and the
outcrop where the samples were taken (lower row).

the idea that the spiral pods and asymmetric shear-related folds should have formed simultaneously
during a northeastward-directed tectonic transport.

Soft-sediment versus tectonic deformation. Two models of formation of the set of

aforementioned structural elements can be considered: soft-sediment deformation or tectonic
deformation related to the Paleoproterozoic Lapland-Kola Collisional Orogeny. In the literature,
asymmetric microfolds and small folds generated by layer-parallel simple shear in slumps have been
described. These folds deform bedding and multi-microlayers in soft sandstone, siltstone, mudstone, and
heterolithic (sand and mud) facies, with the whole process being classified as soft-sediment deformation
structure (Shanmugan, 2016; Alsop et al., 2019, 2022). Moreover, spiral geometry similar to that of
spiral pods is also discovered in slumps (Alsop and Marco, 2013). However, in cross-sections
perpendicular to their long axes, spiral pods are flattened, have lens-like shapes, and display spiral
geometry only in their central parts. Furthermore, microlayers wrapped in spirals are truncated beyond
spiral pods by a prominent foliation corresponding to C-planes. At the same time, microlayers twisted
in spirals and forming bottoms are cut off outside the bottoms with a pronounced schistosity
corresponding to C-planes. Due to these features, spiral pods do not fulfill the criteria for recognizing
soft-sediment deformation (Alsop et al., 2019, 2022). In addition, the following observations indicate
the tectonic nature of the spiral pods and their development under metamorphic conditions.

First, the axial crenulation cleavage, formed by mica in the cores of small folds, along with

staurolite and kyanite lineations, were developed under midcrustal conditions (T = 500—650 °C and P =
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4.0-6.5 kbar (Glazunkov and Petrov, 1990)). Spiral pods are spatially linked to these folds (Fig. 5.6, 5.8,
5.11). The long pod axes and hinge lines share the same preferred orientation, while the mineral
lineations are oriented at average angles of 73° and 61° to the long pod axes and hinge lines, respectively,
that favor this link (Fig. 5.13C, E, G). Thus, the spiral pods, folds, and mineral lineations should have
shared the same tectonic origin.

Second, some spiral fabrics consist of windings of two types that are coherent with each other.
Windings of the first type are formed by boundaries between microlayers (microbands of different
composition, i.e., compositional banding). Windings of the second type are defined by the spiral pattern,
which is formed by slightly curved foliation (Fig. 5.8B, E, F). This spiral-shaped foliation is made up of
flattened quartz micrograins, their flattened aggregates, and muscovite microflakes in lighter, quartz-
richer layers and crosses over the lighter, quartz-richer layers at an acute angle of just several degrees;
the foliation overprints the lighter, quartz-richer layers at an acute angle of just several degrees (Fig.
5.8E, E). Windings of both types share the same joint center and have the same sense of wrapping
(rolling). Thus, the windings that are formed by the foliation should have resulted from deformation
under metamorphic conditions, and this deformation should have been responsible for the formation of
the entire spiral fabrics.

Third, remnants of quartz microlayers (microveins) are folded into a series of ptygmatitic
microfolds and represent oval-shaped aggregates with sizes of about 2—4 mm. These aggregates are
located in the central spiral domains and consist of quartz that is free of carbonaceous matter
microinclusions (Fig. 5.8A-C). Quartz that contains no microinclusions of carbonaceous matter builds
up rims around quartz grains abundant in the rock matrix (Fig. 5.4B) and belongs to a younger generation
of metamorphic minerals. Thus, the microlayer under consideration is composed of quartz of a later
generation. Consequently, the microfolds deforming this quartz microlayer resulted from deformation
under metamorphic conditions. The spatial relationships between the microfolds and spiral fabrics
indicate that the latter structures should have also resulted from deformation under the same conditions.

Formation of spiral pods. The whole body of structural data, as well as the spatial relationships

of the spiral pods with shear-related folds, mineral lineations, and S—C structures, suggest that all these
structures should have formed at several stages of a single progressive deformation rather than at several
events of deformation. The principles that make it possible to distinguish between multiphase and
progressive deformation histories are described in (Fazio et al., 2018; Fossen et al., 2019; Carreras and
Druguet, 2019). The conclusion in favor of progressive deformation also follows from the comparison
of spiral pods in this research with spiral folds, coeval folds with curved hinges, and sheath folds
resulting from layer-parallel simple shear in soft sediments in slumps (Alsop and Marco, 2013). Hence
the conclusion can be made that the principal mechanisms that operate for the development of folds of

these two different types in slumps should have also operated during the formation of spiral pods and
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complementary mineral lineations, foliations, asymmetric tight to isoclinal folds, and S—C structures in
the Keivy schists.

It is important that in their work, Alsop and Marco (2013) have proposed a rolling fold hinge
model for the formation of spiral folds and a rotating fold hinge model for the formation of sheath folds.
In both models, the development of folds of these different types starts with the formation of the initial
upright open folds. However, spiral folds had evolved from the initial upright open cylindrical folds.
The rolling cylindrical hinges then became completely disarticulated, rotated towards the flow direction,
and rolled over on themselves. Ultimately, this process resulted in the development of cylindrical spiral
folds with wrapped axial planes. In contrast to the mechanism described above, sheath folds evolved
from initial upright open folds with slightly curvilinear hinge lines into sheath folds with highly curved
hinges via a hinge rotation within uncurved axial planes towards the flow direction during progressive
simple shear deformation.

The model proposed for the formation of spiral pods in this research is largely based on these
two models described above (Fig. 5.14). It is based on the assumption that spiral pods must have
originated from folds with initially curvilinear hinge lines (see Section 5.4). These folds developed in
metasedimentary rocks with microlayering under midcrustal conditions at T = 500-650 °C and P = 4.0-
6.5 kbar (Glazunkov and Petrov, 1990). The apical angles of these folds reached up to approximately
50°, and their hinges were wrapped in spirals and were then disarticulated from limbs. The formation of
isoclinal folds with initially curvilinear hinge lines should have occurred in two ways. The first way is
perturbation of the simple shear flow parallel to layering by either a rigid inclusion (for example, a
boudin) or a weak inclusion that acts as a slip surface (Reber et al., 2013a; 2013b). The second way is
amplification of preexisting irregularities of layered rocks, for example, buckle folds that undergo high
strain resulting from simple shear (sub)parallel to layering (Minnigh, 1979; Cobbold and Quinquis,
1980; Fossen, 2010).

As in the study describing spiral and sheath folds in slumps (Alsop and Marco, 2013), it can be
concluded that the formation of spiral pods started with the development of (1) open buckle folds and
(2) small shear-related folds with curvilinear hinge lines. The remnants of the buckling folds are
microfolds in the central parts of the spiral pods of sample A, into which the relic of the quartz microlayer
is deformed (Fig. 5.8A, B). It is important to note that the axial surfaces of these microfolds are oriented
normal to the compositional banding, which is interpreted as bedding. It is likely that shearing and shear-
related folds in the Keivy schists should have originated in horizontal or sub-horizontal beds, and the
open buckle microfolds should have initially been upright, as in slumps. These microfolds (Fig. 5.7A)
can be interpreted as ptigmatitic parallel microfolds that resulted from the shortening and buckling of a

competent quartz microlayer, which occurs in less competent mica schist.
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Fig. 5.14. Principal scheme of the formation of spiral pods.

The presence of the remnants of ptigmatitic parallel buckle microfolds in the central points of
spiral pods suggests that these microfolds could have operated as relatively rigid impurities that (1)
initiated the onset of the formation of non-cylindrical folds in multi-microlayers and the subsequent
rolling (wrapping) and (2) forced surrounding less competent multi-microlayers to roll over on
microfolds and then on themselves. Like spiral folds in slumps, the upper limbs of intermediate spiral
folds were detached from the lower limbs, and then fold hinges were partly or completely disarticulated.

The subsequent rolling (wrapping) of disarticulated refolded fold hinges produced resultant
spiral-shaped fabrics, classified as spiral pods in this research. However, in contrast to spiral folds, the
spiral pods have resulted from folds with curvilinear hinge lines rather than cylindrical folds. After the
formation of initial small shear-related folds and ptigmatitic buckle microfolds, incremental layer-
parallel simple shear should have resulted in the formation of asymmetric tight to isoclinal cylindrical
folds (Fig. 5.14A). These shear-related folds evolved into folds with curvilinear hinge lines (Fig. 5.14B).
Hinges of these folds were further refolded (rotated), which led to the development of a spiral geometry
(Fig. 5.14C). According to fold morphology in (Carreras and Druguet, 2019), these refolded folds may
be considered a specific variety of complex sheath folds that have both curved hinges and curvilinear
hinge lines. Following that, some refolded hinges were disarticulated from lower or upper and lower
fold limbs, and all spiral pods were finally formed (Fig. 5.14D). Thus, the proposed mechanism of spiral
pod formation integrates models of the development of spiral folds (the rolling fold hinge line model)

and folds with curved hinges and sheath folds (the rotating fold hinge model) in slumps (Alsop and
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Marco, 2013), the mechanisms that act simultaneously during a single progressive layer-parallel simple
shear.

The direction of apparent rolling (wrapping) of microlayers in spiral pods coincides with the
tectonic transport direction, which has been established from shear-sense indicators studied in both the
Shuururta-Yagelurta area and in the entire Keivy Schist Belt. Thus, the mechanism of spiral pod
formation proposed in this research favors its usage as a shear-sense indicator.

Sets of buckle microfolds, which deform a quartz microlayer in less competent schists, can be
confidently interpreted as rigid objects comparable, for example, to garnet porphyroblasts. Rolling of
these sets of buckle microfolds initiated by layer-parallel simple shear favors the idea that spiral garnet
porphyroblasts should have been rotated during their growth.

The presented data, devoted to the study of the spiral pods, make it possible to formulate_the
second conclusion to be defended:

2. A new shear-sense indicator (rotation structure) in metamorphic rocks has been established.
Rotation structures of this kind have been termed "spiral pods" and have been formed by wrapped
multi-microlayers in staurolite-bearing kyanite-mica schist of the KSB.

Data on the spiral pods in the Keivy Schists obtained by the author are presented in (Gorbunov
et al., 2016; Gorbunov and Balagansky, 2022).
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Chapter 6. Relationship between tectonic movements based on shear-sense
indicators in the Keivy Terrane and Paleoproterozoic regional deformations in the

Kola Peninsula

The deformations considered in this study are widespread in both the Keivy Schist Belt and the
rift-related rocks of the Serpovidny Synform core. This raises questions about their age and their
relationship to the regional-scale processes that have formed the current structure of the Kola Region of

the Fennoscandian Shield.

6.1. Deformation age

The formation of rift-related rocks of the Serpovidny Synform core should have occurred in the
Paleoproterozoic as these rocks are correlated with rocks that make up the Umba Formation of the
Imandra-Varzuga Structure (e.g., Belolipetsky et al., 1980; Zagorodny and Radchenko, 1988) and are
dated at 2.05 Ga (Martin et al., 2013). The Paleoproterozoic age of the rift-related rocks in question is
also confirmed by the Sm—Nd isotope data on amphibolites (Myskova et al., 2014). These rocks should
obviously have experienced deformations and metamorphism in the Paleoproterozoic during the
thrusting of the Serpovidny Nappe onto the Keivy schists whose roots are situated in the Imandra-
Varzuga Structure (Negrutsa and Negrutsa, 2007; Mudruk et al., 2013; Mudruk et al., 2022).

Sedimentary protoliths of the Keivy Schists are considered to be either Archean or
Paleoproterozoic (see Section 2.2). As mentioned above, the author of this research accepts the point of
view that advocates the Paleoproterozoic age of these photoliths (Gorbunov and Balagansky, 2022). If
the sedimentation age is actually Paleoproterozoic, then the age of deformations that resulted in the
development of the studied shear-sense indicators under conditions of regional medium-grade
metamorphism should have also occurred in the Paleoproterozoic. Nevertheless, the following data make
it possible to estimate the deformation age under consideration, regardless of the age of sedimentary
protoliths of the Keivy Schists.

1. In the Early Precambrian, two major orogenies occurred in the northeastern Fennoscandian
Shield (mainly the Kola Region and the adjacent Belomorian Province): Archean (2.8-2.6 Ga) and
Paleoproterozoic (2.0—1.9 Ga). The Archean orogeny is thought to be complex and includes two separate
orogenies and the older orogeny formed the Archean TTG basement (Zagorodny and Radchenko, 1983;
The Early Precambrian..., 2005; Kozlov et al., 2006; Mints et al., 2010b, 2010c; Slabunov et al., 2021).

2. Sedimentary protoliths of the Keivy Schists are thought to have resulted from strong chemical
weathering and belong to formations of the sedimentary cover accumulated after the termination of the

younger Archean orogeny and the peneplanation of the orogen's uplifted area (Belkov, 1963;
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Predovsky, 1980; Zagorodny and Radchenko, 1983; 1988; The Early Precambrian..., 2005). An
assumption that protoliths of the Keivy Schists cannot be reliably reconstructed due to that these
experienced intense metasomatism (Bushmin et al., 2011) is not considered to be proven.

3. Based on long-term studies of metamorphism of rocks of the Keivy Terrane, a conclusion was
made that the Keivy Schists experienced only one episode of regional metamorphism, which is
associated with folding that affected the Keivy Schists. (Glazunkov and Petrov, 1990). This conclusion
has never been questioned by all researchers of the Keivy Terrane.

4. Peralkaline granites, which occupy a considerable area of the Keivy Terrane, are postorogenic
A-type granites which formed 2.67-2.66 Ga ago (Mitrofanov et al., 2000; Bayanova, 2004; Zozulya et
al., 2005; Vetrin and Rodionov, 2009). These rocks display weakly pronounced but widely developed
lineations, the orientation of which generally coincides with that in the entire Keivy Schists Belt
(Bel'kov, 1963; Batieva, 1976). An analysis of data on lineations resulted in a conclusion that these are
related to the same deformation episode that occurred in the entire Keivy terrane (Mudruk et al., 2013;
Mudruk, 2014).

5. Recent studies of the Lebyazhka acid metavolcanics overlain by the Keivy Schists have
revealed that these rocks have the same geochemistry as the peralkaline granites and are postorogenic
A-type igneous rocks as well (Balagansky et al., 2021).

Thus, the set of data suggests that the Keivy Schists were metamorphosed and deformed during
the Paleoproterozoic rather than the Archean. The Paleoproterozoic orogenic events that occurred in the
Kola Region of the Fennoscandian Shield are related to the Lapland—Kola Collisional Orogeny (~2.0-
1.9 Ga) (Balagansky et al., 2006, 2011, 2016; Daly et al., 2001, 2006). Therefore, the Keivy Schists, as
well as the rift-related rocks of the Serpovidny Synform core, should have been deformed duiring this
orogeny.

It should be added that Paleoproterozoic deformations affected other complexes of the Keivy
Terrane to a certain extent (Fig. 6.1). The lowest strain is identified in the Archean basement complex,
which represents the lowest level of the stratigraphic succession and are exposed in the southwest of the
terrane. Most of the metavolcanics of the Lebyazhka Formation are weakly sheared; however, in the
zones of their contacts with the Keivy Schists, these rocks display much higher strain. Strain in the
peralkaline granites is low as well. The most sheared rocks are located in the upper level of the
stratigraphic succession, represented by the Keivy Schists and rift-related rocks of the Serpovidny

Synform core.
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Fig. 6.1. Simplified stratigraphic column of the Keivy Terrane with a relative value of
Paleoproterozoic strain of lithostratigraphic units (modified after Mudruk et al., 2022). Variations of
strain values in the vertical section of the Keivy Terrane is similar to those in the Helvetic nappes
and is the basis for a conclusion that the Keivy Terrane was subjected to tectonics of detached middle
crust, a component of the Lapland-Kola collisional orogeny (Balagansky et al., 2012).

6.2. Paleoproterozoic deformations in the Kola Region and their relationship

with shear-sense indicators in the Keivy Schists Belt and Serpovidny Synform

A considerable amount of the regional Paleoproterozoic deformations experienced by rocks of
the Kola Region is related to crustal compression during the Lapland-Kola collisional orogeny
(Bridgwater et al., 1992; Daly et al., 2006; Balagansky et al., 2006). At the first stage of the collision,
this compression resulted in the development of nappes that were moved away from the core of the LKO
to the northeast and southwest and then thrust onto the northeastern and southwestern forelands of the
orogen, respectively, which led the entire LKO to attain palm or flower morphology (Balagansky et al.,
2016). Southwest-directed movements are related to the thrusting of the Lapland and Umba granulite
terranes, as well as of the Strelna Terrane, onto the Belomorian Province (Balagansky, 2002; The Early
Precambrian..., 2005; Daly et al., 2006 and references therein) (Fig. 6.2A). Northeast-directed thrust
movements are recorded in the southern zone of the Pechenga Structure (Fig. 6.2A) (Radchenko et al.,
1992; Seismological model..., 1997), in the northern and southern boundary zones of the Imandra-

Varzuga Structure (Zagorodny et al., 1982), and in the Strelna and Keivy terranes
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Fig. 6.2. Directions of tectonic transport during the Lapland-Kola Collisional Orogeny in the Kola
Peninsula after data from the literature (Balagansky et al., 2016 and references therein; Mudruk et
al., 2022) (A) and in the Keivy Schist Belt after the author's data (B).

(Balagansky et al., 2006; Daly et al., 2006). The second, transpressive stage of the collision is
characterized by dextral strike-slip movements parallel to the strike of the orogen and is recorded in the
rocks of the Lapland Granulite Belt, the northern part of the Belomorian Province, the Kolvitsa Collision

M¢élange, and the Strelna and Keivy terranes (Balagansky et al., 1998; Balagansky, 2002; Daly et al.,
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2006; Mudruk et al., 2022) (Fig. 6.2A). The third, post-collisional stage was accompanied by the
gravitational collapse of the orogen in an extensional regime. Deformations related to this stage have
been identified only in the Strelna and Umba terranes (Balagansky, 2002; Daly, 2006) (Fig. 6.2A).

The shear-sense indicators examined in this research have been discovered in two fundamentally
different types of rocks: the rift-related rocks of the Serpovidny Synform core and the Keivy Schists,
with the protolith of the latter being redeposited products of chemical weathering. As mentioned above,
the deformations that resulted in the development of the shear-sense indicators are considered to have
occurred in the Paleoproterozoic.

Reconstruction of the 3D shape of the Serpovidny Synform, as well as the correlation of the rocks
that compose its core with rift-related rocks of the Pechenga-Imandra-Varzuga Structure, led to the
conclusion that this synform was formed as a result of thrusting to the northeast from the LKO core
during the first stage of the collision (Mudruk, 2014; Mudruk et al., 2022). Shear-sense indicators
observed in the Serpovidny Synform core (see Section 3.4.2) generally support this conclusion (Fig.
6.2B). It should be noted that the indicators of this stage are rather poorly developed, often observed as
relics, and their geometry is not always clearly expressed even in the most deformed varieties of these
rocks. However, shear-sense indicators established in the Keivy Schists underlying the rift-related rocks
as well as in the strongly thinned metabasalts in the core, lying almost directly on the schists, indicate
north-directed movements.

Shear-sense indicators of the next stage are much better developed, and they are composed of
minerals that overprint the early microstructures of the first stage. There are both north-directed and
south-directed movements are established, while the latter were observed rather frequently. The
movements of this stage can be related to the southwest-directed thrusting of the Murmansk Province
onto the Keivy Terrane (Mints et al., 2010b). Perhaps, this thrusting could 1 not have been an independent
event and was related back-thrusting during the main thrusting to the north and northeast (back-thrusting
is a process typical for collisional orogeny (van der Pluijm and Marshak, 2004)).

In addition, the rocks of the Serpovidny Synform core display microstructures composed of
chlorite, the usage of which as shear-sense indicators is highly disputable. These microstructures are
superimposed on the structures formed at the two previous stages, and if they actually are shear-sense
indicators, then they can be related to post-orogenic collapse.

Shear-sense indicators are widely developed in the Keivy Schists, with the reliability of them
being rather high. These indicators are observed both in the western part of the Keivy Schist Belt (on
both limbs of the Serpovidny Synform) and in the central part of this belt in the Shuururta-Yagelurta
study area (see Sections 3.4.2 and 4.1). The overwhelming majority of the indicators show a NNE
direction of tectonic movements (Fig. 6.2B). No reliable shear-sense indicators were established in the

eastern part of the belt (the Manyuk study area). The hinge lines of the folds in the central part of the
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belt are highly curvilinear, and their shape and vergence make it possible to unambiguously establish
the NNE direction of tectonic movements. This direction is confirmed by observations of micro-scale
shear-sense indicators. Consequently, the formation of folds in the eastern part of the Manyuk study area
should be associated with the same NNE-directed tectonic movements.

Thus, the Keivy Schists along their entire length of more than 150 km experienced simple
shearing resulted from northeast-directed tectonic movements. The same direction is suggested from the
shape of the Serpovidny Mega-Sheath Fold and rare shear-sense indicators observed in the rocks of its
core. Taking into account the size of the area of distribution of all these deformations, their rather high
magnitude of strain, their Paleoproterozoic age, as well as the direction of tectonic movements associated
with them, it can be concluded that the studied structures resulted from large-scale thrusting in the
northern and northeastern directions caused by the Lapland-Kola orogeny. At the same time, the Keivy
Schists were thrust onto the Lebyazhka metavolcanics, whereas the rift-related rocks of the Serpovidny
Synform core were thrust onto the Keivy Schists.

Summarising all data on the shear-sense indicators studied in this work and their correlation with
the direction of regional-scale tectonic movements makes it possible to formulate_the third conclusion
to be defended:

3. Shear-sense indicators in the rocks of the KSB (S-C fabrics, spiral pods, and folds with

curvilinear hinge lines), together with the Serpovidny Mega-Sheath Fold, indicate the northward and
northeastward thrusting of the KSB onto the Archean Lebyazhka Metavolcanics during the
Paleoproterozoic Lapland-Kola Collisional Orogeny.

Data on shear-sense indicators within the Keivy Schist Belt obtained by the author are presented
in (Balagansky et al., 2012; Mudruk et al., 2013; Balagansky et al., 2016; Gorbunov and Balagansky,
2022; Mudruk et al., 2022).
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Conclusions

The research carried out in the Keivy Terrane is of significance for understanding the tectonic
processes that took place during the Paleoproterozoic Lapland-Kola Collisional Orogeny. Being
classified as the northeastern foreland of the orogen, the Keivy Terrane contains numerous evidence of
large-scale thrusts in the northern and northeastern directions. Deformations related to the thrusting are
recorded mainly in the rocks of the Keivy Schist Belt, which are interpreted as metamorphozed
redeposited products of chemical weathering, and in the rift-related rocks of the Serpovidny Mega-
Sheath Fold core and are thrust onto the Keivy Schists.

The data on deformation structures obtained in the framework of this research provided the
opportunity to carry out kinematic reconstructions of the tectonic evolution of the Kola Region during
the Lapland-Kola Collision. The data on the magnitude of strain on both limbs of the Serpovidny Mega-
Sheath Fold are important for assessing the validity of conclusions that were previously made by other
researchers and concern different aspects of its formation. A detailed structural and petrographic study
of shear-sense indicators of a new type (spiral pods) discovered in the Keivy Schists is an important
contribution to understanding processes that occur during ductile flow in rocks that have experienced
regional metamorphism under mid-crustal conditions. Based on the results of this study, the following
conclusions can be drawn.

1. The Serpovidny Synform, which is interpreted as a giant sheath fold, displays a pronounced
asymmetry in the distribution of strain magnitude on the different limbs of its core, which are composed
of rift-related rocks. The Metabasalt Sequence in the upper limb, which has an apparent thickness of
600 m, remained undeformed, and the Rimax value in the rocks of this limb is approximately 1. The lower
limb is thinned and this thinning is believed to have resulted from the close proximity of the tectonic
boundary, along which intense thrusting occurred. Consequently, the thickness of the Metabasalt
Sequence in the lower limb was reduced significantly, reaching only 15 meters in the thinnest part. The
Rxz values for these rocks are ca. 10 and 25 at distances of 100 m and 7 m from the tectonic boundary,
respectively. This distribution of strain magnitude on both limbs is similar to synformal anticlines in the
Helvetic Nappes in the Alpine Orogenic Belt.

2. In intensely sheared rocks of the lower limb of the Serpovidny Synform, several types of
micro-scale shear-sense indicators have been identified. These indicators were formed at several stages
of deformation and display different directions of tectonic transport. The first stage corresponds to the
northeast-directed thrusting of the rift-related rocks of the Serpovidny Synform core onto the Keivy
Schists during the Lapland-Kola Collision and the subsequent transformation of this fold into a giant

sheath fold. The second stage is related to the thrusting of the Murmansk Province onto the Keivy
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Terrane, also caused by the Lapland—Kola Collision. This thrust is identical to back-thrusts in the
Phanerozoic collisional orogens.

3. Shear-sense indicators of a new type, spiral pods, have been established in the Keivy Schists.
Unlike most known indicators, spiral pods are three-dimensional, linear-shaped structures. They are
represented by wrapped hinges of small folds which deform microlayers of schists. Spiral pods form a
single structural paragenesis with lineations and hinge lines of shear-related folds, and all these structures
were formed during a single stage of progressive deformation of simple shear that occurred under
amphibolite-facies metamorphism. Spiral pods evolved from folds with initially curvilinear hinge lines
by their further curving and wrapping of their axial surfaces to form refolded folds. The wrapping was
initiated by ptigmatitic microfolds, into which quartz-muscovite microlayers were folded and preserved
in the central domains of the spiral pods. The behavior of these microfolds is comparable to that of a
rigid object (like a garnet porphyroblast) during rotation.

4. Other shear-sense indicators observed in the Keivy Schist Belt include (1) micro-scale C-S
structures composed primarily of kyanite needles and muscovite flakes; and (2) outcrop-scale shear-
related folds with initially curvilinear hinge lines. All these indicators, including spiral pods, generally
coincide with each other, and together with the Serpovidny Mega-Sheath Fold, they indicate north- and
northeast-directed thrusting movements in the Keivy Schist Belt during the Paleoproterozoic Lapland-

Kola Collisional Orogeny.
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Appendix
Optically scanned images of the surfaces of metabasalt samples, which were used for calculations

of the axial rations of undeformed amygdaloids (Samples 1 and 2) or the values RXZ, RYZ and RXY
of the strain ellipsoid for deformed rocks (Samples 3-6).
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