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Crarbs noctynuna: 24.01.2023, nopaborana: 21.02.2023, onobpena B neyars: 01.03.2023

Pe3tome: AKTyanbHOCTb Pa6boTbl. B 0XXHOW YacT CKMADCKON NANTbI, B CTPYKTYPHO-(DOPMALIMOHHON 30HE
(C®3) Mepeposoro xpe6Ta (MX) bonbloro Kaskasa (bK), U3BECTHbI paHHe-CPeHeeBOHCKINE BYNIKAHUYECKNE
06pa3oBaHms, C KOTOPbIMM aCCOLMMPYIOT KONTYeAaHHbIe MECTOPOXAEHUS YPYNCKOro panoHa, a TakxKe MeCTOpoX-
JeHus becckecckoe, bbikoBCKoe, [layTckoe, XyAecckoe U MHOrQ4UCIEHHbIe pyAonposBneHus. MeTponoro-reoxu-
MUYECKNe NCCNEeA0BaHNS JEBOHCKIX BYNKAHUTOB NO3BONAOT YTOYHUTL 0COOEHHOCTU Fe0AMHAMMYECKOr0 Pa3BU-
Tns BK B 310 Bpems. Lienib1o uccnefoBanus ABNSAeTCA paclundpoBKa reofMHaMu4eckon no3nLmMm BynkaHu4eckux
nopoj paHHero 1 cpeaHero AesoHa X BK 1 yTo4HeHne ux MuHepareHuyeckon cneuuanusdaumin. Metogbl. 06b-
€KTOM 1ccneoBaHunin Bbi6paHbl 3¢py3nBHbIE NOpoLbl JayTcKoii n Kbi3bINKOIbCKOW CBUT, pacnpoCTPaHEeHHbIe
B 30He [1X BK, B npeaenax Kbi3blnKobCKOr0 TEKTOHWYECKOr0 NMOKPOBA, B Mexaypeybe pek bonbluas Jlaba, Ma-
pyxa, KybaHb, Maska. PeaynbTatbl uccnefoBaHus. YCTaHOBMEHO, YTO BYNIKAHOMeHHbIE NOPO/bl Kbi3bINKObCKOI
CBUTbI — 6a3anbTbl, aHAE3UTbI, AAUUTbI, PUOSUTLI ABNAIOTCA U3BECTKOBO-LLEIOYHbIMM 06pa30BaHUAMM. BynkaHu-
Tbl [layTCKOM CBUTbI (6a3anbTbl, aHAE3M6a3aNbTbl, PUONNTbI) — NOPOLLI TONEUTOBON Cepuu. [okasaHo, 4To cpeau
BY/IKQHUTOB OCHOBHOI0 COCTaBa NPUCYTCTBYIOT [iBe pasHoBMaHocTY 6a3anstos Na v K-Na. Npegnonaraercs, 4To
HabnoaemMble pasnuyns 6a3ansToB CBA3AHbI C PA3HON CTENEHbIO NNABNEHUS NCXOAHBIX «LUMUHENEBbIX» Nepu-
JOTUTOB M Pa3HOM CTENEHbIO 3aPAXXKEHHOCTU UX CYOaYKLMOHHOM KOMNOHEHTOIN. BynkaHUTbl KUCOro cocTasa (pu-
ONUTbI, 4aLMUTbI) BLICOKOMNMHO3EMUCTbIE 06pa3oBaHus ¢ K-Na n Na Tunom wenovnoctn (Na,0/K,0=1,5-121). To
NETPOXUMMYECKUM NOKA3aTeNAM PUOnMTbI 6IIM3KM K rpaHUTam TONEeMTOBOro psaga u rpaHutam M-type. VX TecHas
accoumaums ¢ 6asanstamu CBUAETENLCTBYET O TOM, YTO OHU ABNAKOTCA AUPEPeHLMaTamMmm 0CHOBHbIX TONeu-
TOBbIX pacnnasoB. OTMEYEHO, YTO AEBOHCKNE KONMYeLaHHbIe MeCTOPOXAeHMS TTX HecyT B ce6e NPOMbILLIEHHOE
opyaeHewue Cu, Zn, Au, Ag nnatuHOMA0B 1 Apyrux MeTansios. o CTPYKTYPHO — FeHETUYECKIM NPU3HaKam 34ecb
BbIAENAOTCA 1BA OCHOBHbIX TUMA — «YPYNCKUI» (Cu—2n) n «Xynecckuit» (Cu—Co). YCTaHOBNEHO, YTO B PaHHEM —
CpeJHeM [1eBOHe Ha CeBepHOII okpamHe ManeoTteTnca B 30He BK nmen MecTo 0CTPOBOAYXXHbINA NPOLLECC, OCNOX-
HEHHbIA BHYTPUAYTOBLIM PUCTUHTOM.

KntoueBbie cnosa: netporpadus, reoXumMns, recuHaMmyeckas Tunu3aumns, MuHepareHus.

bnarogapHocTu: PaboTa BbinonHeHa B pamkax [oc3aganns UFEM PAH, per. Ne 121041500222-4 n [oc3aza-
Hus KHUO BHL| PAH, per. Ne AAAA-A19-119040190054-8.
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Abstract: Relevance. In the southern part of the Scythian plate, in the structural-formational zone (SFZ) of
the Peredovoi Ridge (PR) of the Greater Caucasus (GC), Early-Middle Devonian volcanic formations are known,
with which pyrite deposits of the Urupsky region are associated, as well as deposits of Besskesskoe, Bykovskoe,
Dautskoe, Khudesskoe and numerous ore manifestationes. Petrological and geochemical studies of Devonian
volcanics are necessary to clarify the features of the geodynamic development of the GC region during this period.
The aim of the study is to decipher the geodynamic position of the Early and Middle Devonian volcanic rocks of
the PR GC and to clarify their mineragenic specialization. Methods. The object of research is the effusive rocks
of the Dautskaya and Kyzylkolskaya suites, which are common in the zone of the PR GC, within the Kyzylkolsky
tectonic cover, in the interfluve of the Bolshaya Laba, Marukha, Kuban, and Malka rivers. Results. It has been
established that the volcanogenic rocks of the Kyzylkol suite — basalts, andesites, dacites, rhyolites — are calc-
alkaline formations. Volcanites of the Dautskaya suite (basalts, andesite-basalts, rhyolites) are rocks of the tholei-
itic series. It is shown that among the mafic volcanics there are two varieties of Na and K-Na basalts. It is assumed
that the observed differences in basalts are associated with different degrees of melting of the original “spinel”
peridotites and different degrees of contamination with the subduction component. Acid volcanites (rhyolites,
dacites) are high-alumina formations with K-Na and Na alkalinity types (Na,0/K,0=1.5-121). In terms of petro-
chemical parameters, rhyolites are close to tholeiitic granites and M-type granites. Their close association with
basalts indicates that they are differentiates of basic tholeiitic melts. It is noted that the Devonian pyrite deposits
of PR contain industrial mineralization of Cu, Zn, Au, Ag, platinoids and other metals. According to structural and
genetic features, two main types are distinguished here — “Urupsky” (Cu-Zn) and “Khudessky” (Cu-Co). It has
been established that in the Early — Middle Devonian on the northern margin of the Paleo-Tethys in the GC zone,
an island-arc process, complicated by intra-arc rifting, took place.

Keywords: petrography, geochemistry, geodynamic typification, minerageny.
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BeepeHe

[leTponoro-reoxuMu4eckoe H3y4eHHE BYJIKAHOTEHHBIX MOpPO, CHOPMHUPOBABIINX-
Csl B paHHEM-CPEJHEM JIEBOHE, PaCIPOCTPAHEHHBIX B CTPYKTYPHO-(POPMAIIMOHHON 30HE
(C®3) Tlepenosoro xpedta (I1X) bonemoro Kaskaza (BK), sBisieTcst akTyaJlbHON TIPO-
61emoii. JlaHHbIE TOPO/IBI BMEIAIOT MECTOPOXKICHUS KOTYEJaHHBIX Py YPYICKOTro paii-
oHa (Ypyrnckoe, Bnacenunxunckoe, [lepBomaiickoe, Ckanucroe), a TakkKe MECTOPOXKIe-
Hus becckecckoe, brikoBckoe, JlayTckoe, Xynecckoe, MHOTOUHCIICHHBIE PYIOTPOSBICHUS
U 30HBI nupuTH3anuu. Llenbro uccnenoBaHusl SIBISETCS NU3y4YEHHE BYJIKAHUTOB PaHHeE-
cpeaneneBoHckoro Bo3pacta, CP3 11X BK B paiioHax pacnpocCTpaHeHUs] KOJTYETaHHbBIX
MECTOPOXKACHUH. YTOUHEHHE MX I€OXUMHUYECKUX OCOOCHHOCTEH M MHUHEpareHHUYeCKOn
CHelManu3aluy, a Takke reoquHaMuyeckod no3uuuu. OObeKTaMu Ui UCCIIeT0BaHUs
BbIOpanbl 3¢ dy3uBHbIe TOpoab! JlayTckoit u KbI3bUTKOIBCKOI CBUT, pacCpOCTPaHEHHBIX
B npenenax Keizpuikonbekoro Tekronnyeckoro nokposa [1X BK. Jlayrckas ceura ([C)
pasButa B becckeccko-Konprroonackoi CPD3, rie 3aneraeT B OCHOBaHHH pa3pe3a Mopos
VYpynckoii cepun. B crparorurne, no p. [layt, HwkHss gacts paspesa AC (1o 400m) cio-
xeHa 3¢ ¢y3uBaMu 6a3aJIbTOBOTO U aH/IE3UTOBOIO COCTABOB, C MPOCIOAMU TYPPUTOB U
Ty(oB. Bepxuss yacts JIC (mo 700m) umeer Gonee paznooOpas3Hblii coctas. [Ipeobnana-
0T KucIble 3QQy3uBBI (PUOTUTHI, PUOAALUTHI U X TY(BI), B MEHBIINX KOJIWYECTBAX PH-
CYTCTBYIOT 0a3aybThl, U TyQBl OCHOBHOTO cocTaBa. Ha moponax JIC cormacHo 3anerator
¢wMThL, Ty(bl, aHIE3UTOBBIC MOPGUPUTHI U U3BECTHSAKU [IIIUIIEpCKOI CBUTHI, a BBIIIE
HUX Ty(}Bbl, IECYaHUKH, CJIAHIBI U U3BeCTHAKH CeMUPOAHUKOBCKOI cBUTHL. B Ypynckom
paitone JIC mpencraBieHna (CHU3Y BBEpX): — JJaBaMU OCHOBHOTO cocTtaa (0onee 200 m);
TOJIIEH 4YepeoBaHusl 0a3ajabTOB C aHAe3uTaMu W garutamu (1o 340 M); TeMaTHTHU3H-
pPOBaHHBIMH JIaBaMH OCHOBHOTO cocTaBa (710 280 M); TomIeil yepeaoBaHus JiaB KUCIIO-
rO U OCHOBHOTO COCTaBOB C Ty(pamu, AIIIMaMU U KPEMHHUCTBIMU ClIaHIaMu, (10 120 m).
O6mas MomHocTh cBUTHI O6osee 1000 M. Bo MHorux mecrax nopozast JAC npereprnenu
3eJICHOKAMEHHOE TEepPEepOXKACHNUE, B YCIOBUAX AallbOUT-XJIOPUTOBOM cyOdanuu damumn
3eneHbix cnanueB [Cemenyxa u ap., 2009; Jlymanosa, 1975]. Kei3puikonbckas cBUTa
(KC) pacmipoctpanena B Kapmxropckoit CD3, rae oHa 3ajieraeT B OCHOBaHHH pa3pes3a
nopox Kapauaesckoii cepun. B crparotune cButhl 1o pp. Uemaprxoi, Toxana, Ksi3bui-
KOJI BBIIEISIIOT JBe ee yactu. Hwxusasa (mo 1750 M), xapakTepusyercsi npeobiaianueM
JIaB OCHOBHOTO M PEXEe CPEIHETO COCTaBa C MPOCIOSIMH SIIM, aleBpOIUTOB. BepxHsas (10
1600 m) — oOpa3zoBaHa JlaBaMH Pa3IMYHOTO COCTaBa, NMEPECIANBAIOIINMUCS C MUPOKIIA-
CTUYECKUMHU U 0cafouHbiMu ntopogamu. Ha moponax KC HapammBas e€ pa3pes 3aneraror
Ty(Bbl, aprULUIMTHI, KOHIJIOMEpAThl, MECYaHUKN DIbME3TIOOMHCKOM CBHUTHI, a BBIIIE 3a-
JeraroT ocajouHble nopoabl Kapmkiopcekoii cButhl [[Iucsmennsiit u ap., 2004]. Ilosce-
mectHO HukHsIs rpanuna J{C u KC tekronnueckas (puc. 1). OTmeuaeTcs, 4To B BepxXHei
YacTH pa3pes3a MOSBIAIOTCS 0a3aibToBBIE TOPPHUPHI, 00OTAIICHHBIE KallueM [ AKrupeit u
ap., 1976; Jlynanosa, 1975]. Bospact nopon JIC u KC Ha ocHOBaHMHM HaXOIOK pajivo-
JISIPUI: U KOHOJOHTOB: OIIPEAECIIACTCA KaK PAaHHE — CPEIHEACBOHCKUN. Py uccnenosare-
neit HwKHUM Bo3pacTtHOM npenen JIC omyckaroT 10 mo3aHero cuiypa. Mecramu B pas-
pe3ax JIC u KC nmpucyTcTByIOT CyOBYJIKAaHUYECKUE TEJNa OCHOBHOTO, CPETHETO U KHUCIIO-
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ro cOCTaBOB. MX BHeJpeHHE MPOUCXOAWIO KaK BO BpeMs HAKOIUIEHMs BYJIKAHOTE€HHBIX
MOpoJI, TAaK U IMOCIEe UX OKOHUYaTelIbHOro (opmupoBanus. Bo3pactHoe equHCTBO ¢ 3¢-
(y3uBaMH yCTaHaBIIMBAE€TCS HAa OCHOBAHMWHU CXOJCTBAa COCTAaBOB M (PAKTOB IEpexoia He-
KOTOPBIX CYOBYJIKAHUYECKHX TEJl B JIaBOBbIE MOTOKH. CpeHenaneo30ucKuii Bo3pact cyo-
BYJIKAHUUECKHUX ITOPOJ] YCTAHABIMBACTCS HA OCHOBAHUM MEPEKPBITUS UX (ayHUCTHUECKU
OXapaKTEePU30BaHHBIMU 00pa30BaHHUSIMHU JIbME3TIOOMHCKON cBUTHI [II1cbMeHHbIH U Ap.,
2004].

Vaolcanics ol the
Evzylkol Formation

By asunim : F:'f"'ln- e ==
Jayrexoil conm ﬁuﬁm‘ i
Valeankes of ihe

I]llu Foarmation

Puc. 1. l'eonoeuueckas kapma medxwcoypeuwvs Kyoanu u Manku, Ha Komopou ommeueHbl OMI0XHCeHUs
Kuoizvinkonsckoti u [laymckoii ceum (¢ ucnonvsosanuem mamepuanos @I'YITI «Kagkaseeoncvemray,
aucmot K-38-1, VII. 2004 2.) /

Fig. 1. Geological map of the interfluve of Kuban and Malka, which shows the deposits
of the Kyzylkol and Dautskaya suites (using materials of the FGUGP “Kavkazgeolsemka”,
sheets K-38-1, VII. 2004)

MCITepl/ICI/\ N MeTOAbl ero NCCAeAOBAHWUSI

Nzyuena kosuiekuus oOpasuoB, oroOpanHas B 2017-2020 rr. nmpu mocemeHuu pas-
pe3oB JIC u KC o nonunam pek bonbimas Jlaba, Ypyn, Mapyxa, [ayt, Kyoans, Maska,
Kozputon, Haykon. Ananuruyeckue ganuble nonydensl B LIKIT «MI'EM—Ananutuka»
— penTreHo-¢moopecuenTHoIi ananu3 (XRF), cnexrpometp «Pecrekr-100» (47 mpod)
U CHEKTPOCKOMHUS C MHIYKIIMOHHO-CBsi3aHHOW rma3zmoii (ICP-MS), macc-CeKTpoMeTp
X-Series II (40 npo6). KOHTpoJIb TOUHOCTH aHAIU30B OCYLIECTBISIICS POCCUHCKUMH U
MEXIyHapOIHbIMU cTaHAapTaMU. CHUIMKaTHBIE aHAJIU3bl UCIIOIB30BaHbl 110 JIUTEPATyp-
HbIM J1aHHbIM [ Ckpurraenko, 1966; Jlymanosa, 1975].

Iloayuyennnie  pe3dyabrarbl. ComiacHO — KJIACCU(PHUKAIMOHHOW  Juarpamme
(Na,0+K,0)-SiO, (puc. 2), puryparusasie Touku (OT) cocraBoB mopoa KC cBuUTHI 11pH-
YPOYEHBI K MOJISIM HOPMAJIbHO W HU3KO LIEJIOYHBIX MOPOJ — OT 0a3ajbTOB O PUOJIHUTOB
(BAZIP). @T coctaBoB nopox JIC pacnionokeHbl B OJSX HOPMaIbHO, YMEPEHHO U PEkKE



10 Geology and Geophysics of Russian South 13(1) 2023 T'eonorvs n reogmanka Kora Poccim

HU3KO-ILEJIOYHBIX MOPOJ, C MpeobnasaHueM 0a3anbToB, aH/Ie3u0a3albTOB U PUOIUTOB.
Na-oazanvmot (Si0O,=52,1%, Al,0;=15,1%, Na,0=4,5%, K,0=0,1%), K-Na 6azanvmot
(Si0,=48,9%, Al,0;=17,6%, Na,0=3,2%, K,;0=1,7 %) u anoe3ubazanomsr o0pa3yor
€IMHYIO0 IPYIITy MOPOJ] OCHOBHOTO cocTaBa. HanMeHee M3MEHEHHbIE X Pa3HOCTU OTMe-
yatorcest B paspesax KC u npenctaBieHsl JaBaMu ¢ pa3HOOOpa3HbIMU OPPHUPOBBIMHU 10
apupoBOil CTPYKTypaMH, BO BKpAIUIEHHUKAaX OTMEYAIOTCSl aBIUT M aH/E3UH-J1abpaiop ¢
XapaKTEepHON CUTOBUAHOM CTpykTypoil. OCHOBHasi Macca aloMHTEepcepTabHasi, arnoru-
QJIONUJINTOBAsA, rpaHyno-opuroBas u ap. Ilopona cocrout U3 miaruokiasza (OJIUrokiIas-
aJIbOMT) KIIMHOMIMPOKCEHA, XJIOPUTA, K0T, C IPUMECHIO c(peHa U pyIHOTO MUHEpaa.
Texctypa MuHnanekaMeHHas. MUHIQIMHBI BBITIOJIHEHB! XJIOPUTOM, KapOOHATOM, XaJllle-
noHoM. MHorza B pa3pese BCTpeyaroTcs CyleCTBEHHO aBTUTOBbIE, 0a3aIbTOBbIE BAPHOJIU-
ThI cocTosiue Ha 50-60% 13 aBruta 1 UHTEPCTULIMOHHOTO MOJIEBOTO mara. B paspesax
JIC 1mopoJbl OCHOBHOTO COCTaBa MPEICTABIICHbI «3€JI€HOKAMEHHBIMU MeTa0a3anbTaMm»
B KOTOPBIX OCHOBHBIMHM MHHEpAJaMM SIBIISIOTCS OJMIOKJIAa3 — albOMT, XJIOPUT, SMHUIOT,
aKTMHOJINT, KapOoHaT, cheH, MarHeTUT. AHde3udayumeol u oayumol. MUKPOCTPYKTypa
nopoa nopguposas u apuponas. BkparieHHUKH TpecTaBlIeHbl MJIaruokiaa3oM (OIUro-
KJ1a3, oJIMrokyiaz—anze3nt). OCHOBHas Macca MUKPOIONKUIINTOBAs U allorualoNHIUINTO-
Bast. COCTOMT M3 OJIMTOKJIA3a ¢ MPUMECHIO XJIOPUTA, KapOoHaTa KBapla, pyIHOTO MUHE-
paiia, ceHa U MHOI/Ia KaJMeBOro MoJeBoro mmnara. Puonumst. MUKpOCTPYKTYpa MOpOJ
nopduposasi. BkparuieHHUKH MpeCcTaBIeHbl TPeodIajaouM KBapLeM, OJUIOKIa30M 1
peako MyckoBuToM. OCHOBHasi Macca aJuioTpuoMopdHast, Gpeab3uToBast 1 MUKPOIOHKHU-
JMTOBAasi U COCTOUT U3 OJIMIOKJIa3a, KBaplia, KaJueBOro MojeBoro Inara, CepuImuTa HHo-
raa xjoputa. Yacto OTMEUarOTCsi MUKPOIPOXKHMIIKU BBIMOJIHEHbIE KBaplieM, KapOOHAaTOM,
CEPULIUTOM.

Ha AFM auarpamme (Na,0+K,0)—FeOt—MgO (puc. 2) ®T nopox KC rpynnupyror-
¢ Hwke pasaenurensHon nuHuu T. Mpsaitna u B. baparapa, T.e. npuypodeHs! K 100
HOPOJI U3BECTKOBO-ILEIOYHOIN CEpUH, IBOIIOLMOHUPYIOIUX MO «OOY3HOBCKOMY» THITY
muddepeHnmanyu, ¢ HaKOIUIEHUEM KpeMHe3eMa U 111es10ueii B octaroyHoM paciuiase. Ilo-
Bezienne OT nopon JIC He cTonb 0JHO3HAYHO. MOXKHO OTMETHTb, YTO KUCIIbIE OPOJIBI
JIC xapakTepu3yroTcs pe3KUM HaKOIUIEHHEM ILeJIOYe, B TO BpeMsi KaK B OCHOBHBIX IIO-
ponax uHorna nosbimaercs FeOt/MgO otHomenue. Ha nuarpamme FeOt/MgO—SiO, ®T
6a3anbroB M aHje3n6a3ansToB JC J10KamTu30BaHbl B MOJIE MOPOJ] TOJIEUTOBON CEPUU JUIS
KOTOpOi#l xapakTepHa audpepeHpranus «hpeHHEPOBCKOIo» THMA ¢ NPEUMYIIECTBEHHBIM
HAKOIJICHUEM ’KeJle3a, TUTaHa U MPOTEKaIoIas MPH HU3KOM (DIIFOMTHOM M MaplHaIbHOM
JaBIeHUAX Kuciaopona [MupoHoB u np., 1999; Irvine, Baragar, 1971]. Ha nuarpammax
Si0, — nempocennvie 31emenmsl YCTAaHOBIEHA OTpULaTenbHas koppemsiuus Si0, ¢ Ti0,,
AL, O;, Fe,O; MgO, MnO u CaO. llpu ogHuX U TexX ke 3HaueHusX Si0,, coepKaHus
CaO, MgO u Sr (B 6a3zanbrax), Na,O (Bo BceX pa3HOBUIHOCTSIX ) CHIIBHO BapbupytoT. [1o-
ponsl KC u JIC — 310, B OCHOBHOM, YMEPEHHO—TUTAHUCThIE, YMEPEHHO—MAarHe3nuaabHble
(Mg* =0,4-0,6) oOpa3oBaHusi, Cpe KOTOPHIX MPEOOIALAI0T YMEPEHHO—TITMHO3EMUCTHIE
(Al' = 0,87), HU3KO-KaIMEBBIE, C HATPOBBIM TUIIOM HienouHocTH (Na,O/K,0=6,6-17,7);
U/Th otnomenue (0,64<1) cBUAETENBCTBYET O TOM, YTO MX COCTaBbl HE M3MEHEHbI Ha-
JOXKEHHBIMM TIpolleccaMu. BcTpeuarorcs Takke yMEpEHHO-KaJlIWeBble, BBICOKO-IIIHU-
Hosemuctoie (A'=1,65), ¢ K-Na tunom menounoctd (Na,0/K,0=1,6-3,8) nopomusl,
U/Th=0,2-0,5. PHOIWUTBI U JALUTHI SABJISIOTCS BBICOKO-TIMHO3eMUCTRIMU (AI'=0,95-3,7.
%/n 1,8), ¢ K-Na u Na tunamu menounocty (Na,O/K,0=1,5-121), U/Th=0,04; Mg"=0,2—
0,7. (puc. 2, Tabmn. 1; 2).
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Puc. 2. Cocmaswsl nopoo na kraccu@urkayuoHHbIx Ouazpammax u Ouazpammax KoHyeHmpayuil
nempo2eHHbIX KOMNOHeHmos (6 mac. %). Ycnosnvle obosnauenus: (1, 3) — gyakanumol JJaymckoti ceumul,
(2, 4) — syaxkanumol Koizviikonscxoti ceumul. (1, 2) — PO@A LIKB « AT’ EM-Ananumuxay:

(3, 4) cunuxammuwiii ananuz [Cxpunuenxo, 1966, Jlynanosa,1975] /

Fig. 2. Rock compositions on classification diagrams and diagrams of concentrations
of petrogenic components (in wt %). Symbols: (1, 3) — volcanic rocks of the Dautskaya suite;
(2, 4) — volcanic rocks of the Kyzylkol suite. (1, 2) — XRF of the Central Design Bureau “IGEM-

Analytics”; (3, 4) silicate analysis [Skripchenko, 1966, Lupanova, 1975]

Tabnuya 1/ Table 1

Pesynbrarbl POA u ICP-MS aHa1u30B MOPO OCHOBHOIO COCTABA (OKCUABI —
3J1eMeHThbI —

B Bec. Y%,
B I/T) / Results of XRF and ICP-MS analyzes of rocks (oxides in wt.%,

elements in g/t — ppm)

Sample 1 2 3 4 5 6 7 8 9 10 11
SiO, 50,05 | 49,74 | 53,91 | 50,08 | 48,92 | 54,88 | 53,44 | 55,84 | 52,29 | 50,31 | 47,42
TiO, 0,68 | 0,94 0,7 1,07 | L18 | 1,06 0,6 0,62 | 1,11 1,44 | 0,64

Al,O4 15,18 | 16,53 | 15,44 | 15,47 | 15,25 | 14,35 15 15,61 | 15,71 | 19,11 | 17,25

Fe,0; 13,11 | 13,34 | 9,47 | 12,96 | 16,02 | 12,33 | 9,7 8,07 | 1234 ] 7,1 8,86
MnO 0,17 | 024 | 0,14 | 0,26 | 0,20 | 0,16 | 0,16 | 0,16 | 031 | 0,17 | 0,18
MgO 4,2 822 | 6,14 | 7,67 | 593 | 5,04 | 6,36 | 5,13 5,6 3,24 | 2,93
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Ca0 825 | 123 | 58 | 291 | 2,88 | 292 | 6,67 | 611 | 3,6 | 7.58 | 8,79
Na,O | 1,98 | 431 | 58 [ 532 | 562 | 422 | 448 | 486 | 624 | 395 | 3,87
K,O 03 | 004 | 0,14 | 003 | 0,06 | 0,04 | 0,18 | 0,05 | 0,07 | 1,03 | 2,35
P,0, 0,05 | 0,19 | 0,01 | 0,09 | 0,17 | 0,14 | 0,08 | 0,08 | 0,12 | 021 | 042
T 589 | 5,11 | 223 | 401 | 365 | 472 | 3,07 | 334 | 249 | 564 | 6,90

Cymma/ | 99 g6 | 99,89 | 99,78 | 99,87 | 99.88 | 99,86 | 99,84 | 99.87 | 99,88 | 99,78 | 99,61

Sum

Cr 16 9 197 61 17 18 153 175 15 62 23
\% 402 284 261 343 319 339 191 194 246 172 225
Co 42 55 30 43 46 41 37 29 39 31 27
Ni 12 19 47 31 13 13 42 37 5 32 10
Cu 74 18 96 61 28 97 71 139 36 40 76
Zn 114 185 63 154 106 137 95 100 147 80 73
Pb 11 9 7 8 8 8 14 8 9 13 10
Rb 8 9 7 9 10 9 8 6 7 28 54
Sr 213 37 216 85 47 55 291 126 101 383 756
Ba 71 31 89 40 54 45 132 96 65 384 1225
Zr 24 87 52 73 91 102 35 41 54 225 78
Y 19 38 19 32 38 45 17 16 31 38 21
Li 12,9 12,4 3,6 17,4 6,2 7,9 28,1 19,1 11,4 103 12,3
Be 0,31 0,35 | 0,31 0,33 0,47 | 033 | 024 | 0,24 0,3 1,84 1,74
Sc 749 | 16,97 | 40,11 | 40,05 | 31,94 | 34,94 | 36,91 | 36,85 | 46,7 31 22,57
Ti 5695 | 5522 | 3988 | 6287 | 6888 | 6236 | 3228 | 3324 | 7280 | 10845 | 3604

Nb 029 | 0,79 | 3,75 | 1,02 | 098 | 096 | 044 | 0,46 0,5 8,9 4,85
Mo 023 | 044 | 3,16 | 1,09 | 0,78 | 0,32 | 043 | 048 1,3 0,84 | 0,47

cd 0,11 | 0,04 | 0,08 | 007 | 0,07 | 0,08 | 008 | 0,16 | 02 | 024 [ 0,1
Cs 0,161 0,5 | 02 | 0,18 | 0,02 | 018 | 0,17 | 0,19 | o1 | 3,1 | 02

La 1,56 | 081 | 26 | 25 | 22 | 3,77 | 269 | 256 | 22 | 186 | 254
Ce 360 | 1,95 | 673 | 704 | 6,18 | 1023 ] 629 | 631 | 63 | 42 | 52,07
Pr 067 | 034 | 098 | 1,1 | 095] 1,64 | 0,87 | 0,85 1 49 | 6,12

Nd 343 | 1,90 | 5,07 | 592 | 5,09 | 882 | 429 | 4,11 5,8 23 25,49
Sm 1,26 | 1,32 | 1,66 | 2,13 | 191 3,0 1,3 1,35 2 5,3 4,8

Eu 064 | 04 | 059 081 ] 06 | 092 ] 051 | 047 09 | 1,67 ] 133
Gd 1,82 | 1,84 | 1,99 | 28 | 231 | 3,75 | 1,57 ] 1,48 | 24 | 59 | 388
Tb 041 | 034 | 0,39 | 051 | 044 | 0,72 | 027 | 025 | 0,5 | 094 | 048

Dy 2,55 | 2,01 | 246 | 3,26 | 2,81 | 4,81 1,7 1,45 34 5,7 2,25
Ho 0,61 | 043 | 0,53 | 0,69 | 0,59 | 1,06 | 0,38 | 0,30 0,7 1,16 | 0,43

Er 186 | 1,12 | 1,5 [ 1,94 ] 1,63 303 ] 1,02] 08 | 22 | 35 [ 1,16
Tm 029 | 0,5 | 023 ] 028 | 023 | 044 | 0,16 | 0,11 | 03 | 047 | 0,16
Yb 1,83 | 088 | 136 | 1,62 ] 1,5 [ 283 ] 10 [ 068 | 22 | 3,1 | 1,03
Lu 031 | 011 | 021 ] 022 ] 021 ] 04 | 015 01 | 03 | 045 0,15
Hf 029 | 127 | 129 | 088 | 1,54 | 1,34 | 087 | 087 1 50 | 2,14
Ta 007 | 059 | 40 | 1,64 | 081 | 047 | 021 | 02 | 02 | 053 | 092
W 067 | 043 | 1,56 | 0,75 | 0,58 | 05 | 0,13 | 0,12 | 08 | 049 | 1,49
Bi 0,04 | 001 | 02 | 005 | 001 | 001 | 001 | 003 | 001 | 0,04 | 0,05
Th 026 | 0,18 | 0,35 | 0,16 | 021 | 0,38 | 039 | 037 | 02 | 50 | 657
U 029 | 0,11 | 0,06 | 0,08 | 0,19 | 0,17 | 020 | 0,31 | 0,1 | 1,05 | 3,63

Hpumeuanue/Note: | — d6asanemsr (basalts); 2, 3, 4, 5 — mpaxubazanemol (trachybasalts),
6, 7, 8 — anoezubazanomer (andesibasalts); 9 —mpaxuanoezubazaromul (trachyandesibasalts);
10, 11 — K-Na 6azanemui (K-Na basalts). 1, 2, 3, 4, 5, 6, 9, 11 — [laymckas céuma (Daut
suite); 7, 8, 10 — Kvizviixonvckas ceuma (Kyzylkol suite).
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Tabnuya 2 / Table 2
Pesyabrarsl POA u ICP-MS ananu30B nopoj cpeaHero ¥ KMCJaoro cocraBa
(oxcuasl B Bec. %, djieMenThl B I/T). / Results of XRF and ICP-MS analyzes of rocks
(oxides in wt.%, elements in g/t)

Sample 12 13 14 15 16 17 18 19 20 21 22
Sio, 57,06 | 57,35 | 60,09 | 60,65 | 63,3 | 63,39 | 64,71 | 68,5 | 73,14 | 73,46 | 75,86
TiO, 1,36 | 1,35 | 1,09 | 1,14 | 047 | 0,95 | 041 | 042 | 0,27 | 043 | 0,14
Al O, 15,7 | 16,09 | 15,28 | 14,23 | 13,31 | 13,72 | 15,68 | 14,11 | 12,08 | 10,91 | 12,55
Fe,0. | 7,35 | 735 | 892 | 945 [ 10,55 | 921 | 2,73 | 592 | 5,04 | 6,36 | 1,43
MnO 0,15 | 0,12 | 0,16 | 0,07 | 0,13 | 0,10 | 0,04 | 0,12 | 0,1 0,23 | 0,02
MgO 28 | 3,25 | 3,67 | 3,75 | 342 | 238 2,1 1,47 | 097 | 0,89 | 1,93
CaO 5,57 | 646 | 196 | 321 | 0,51 26 | 2,36 | 0,67 | 07 1,29 | 0,22
Na,O 435 | 3,15 | 6,08 | 421 56 | 4,68 | 455 | 6,29 | 528 | 4,77 | 545
K,0 1,89 | 1,63 | 0,05 | 0,11 | 0,07 | 0,04 | 3,11 | 0,53 | 046 | 0,08 | 042
P,0; 0,01 | 023 | 0,12 | 0,27 | 0,06 | 0,21 | 0,23 0,1 0,07 | 0,18 | 0,05
T 331 | 2,75 | 2,50 | 2,83 | 2,47 | 220 | 3,78 | 1,78 | 1,81 | 1,33 | 1,89

C}é%“éla / 99,551 99,73 | 99,92 | 99,92 | 99,89 | 99,90 | 99,70 | 99,91 | 99,92 | 99,93 | 99,96

Cr 24 41 8 11 18 15 76 14 22 16 24

\Y% 151 146 160 126 | 371 240 74 50 17 24 8

Co 21 22 30 32 21 22 11 10 9 9 8

Ni 20 20 8 8 9 10 35 9 9 10 8

Cu 34 49 11 11 40 12 8 11 14 37 8

Zn 81 87 102 36 136 58 51 99 113 152 21

Pb 46 23 8 8 9 8 13 14 9 9 7

Rb 53 44 8 10 6 8 97 15 11 6 11

Sr 260 | 304 58 96 95 97 245 70 36 155 57

Ba 500 663 18 40 61 48 1150 143 121 73 101
Zr 265 251 78 146 24 105 173 101 72 34 53

Y 37 37 33 53 8 34 10 32 29 18 11

Li 48 50 5,2 8 25 54 3196 | 15 11 23 0,45
Be 2,6 2,2 0,3 0,38 | 0,09 | 033 | 2,51 | 0,67 | 04 | 026 | 0,32
Sc 25 25 2822 22,78 | 50 252 | 6,17 22 24,6 32 8,79
Ti 9494 | 9066 | 6200 | 6552 | 3035 | 5437 | 2438 | 2539 | 1541 | 2086 | 878
Nb 10,8 | 112 | 0,71 | 1,61 | 024 | 101 | 412 | 148 | 06 | 036 | 038
Mo 093 | 1,24 | 0,31 | 0,38 | 0,63 | 043 0,1 0,35 1,9 | 0,96 | 4,21
Cd 0,1 0,08 | 0,02 | 0,05 | 001 | 006 | 03 |0021]| 02 | 002 | 006
Cs 2,11 | 044 | 095 | 4,11 | 0,05 | 0,34 | 1,04 | 054 | 0,2 | 005 | 0,15
La 1,22 | 0,73 | 0,11 | 0,18 | 0,53 | 0,14 | 1,34 | 1,79 | 0,6 02 | 024
Ce 1,25 | 1,28 | 0,19 | 0,19 | 0,15 | 0,19 | 62 | 0,55 0,5 0,06 | 0,34
Pr 25 25 1,84 | 558 | 0,6 | 3,60 | 2943 | 43 1 0,8 | 0,68
Nd 56 54 | 494 | 1567 | 138 | 9,06 | 5842 | 112 | 29 | 23 | 234
Sm 6,8 6,7 | 0,76 | 2,49 | 0,22 | 1,46 | 7,12 1,5 04 | 039 | 0,29
Eu 28 27 | 435 [ 1349 12 | 7,54 [ 2343 | 74 | 23 | 21 | 1,39
Gd 6,3 6 1,73 | 433 | 047 | 2,50 | 3.8 2,3 0,8 | 084 | 0,52
Tb 1,69 | 1,71 | 0,64 | 1,39 | 021 | 0,68 | 1,01 | 0,65 02 | 042 | 0,19
Dy 6,7 6,6 | 236 | 514 | 0,71 | 3,10 | 2,32 3 0,9 1,41 0,8
Ho 1,06 | 1,03 | 043 | 090 | 0,14 | 0,54 | 031 | 0,53 02 | 026 | 0,18
Er 6,3 6 2,78 | 5,62 | 1,06 | 351 | 1,42 | 37 1,5 | 1,91 | 1,16
Tm 1,26 | 1,19 |1 0,59 | 1,17 | 023 | 0,77 | 029 | 0,79 | 04 | 044 | 031
Yb 3,7 3,4 1,65 | 3,17 | 0,71 | 2,24 | 0,68 | 2,5 1,2 1,38 | 0,86
Lu 0,52 | 048 | 0,22 | 043 0,1 029 | 0,11 | 0,38 | 02 | 021 | 0,15
Hf 3.4 3,1 1,36 | 2,67 | 0,74 | 1,88 | 0,63 2,5 1,5 1,46 | 0,96
Ta 0,49 | 0,45 | 0,18 | 035 | 0,11 | 025 | 0,11 | 038 | 02 [ 023 | 0,17
W 6 5,6 1,31 | 222 | 03 1,30 | 4,1 2 1,7 | 0,53 | 0,96
Bi 074 | 0,77 | 0,43 | 0,50 | 0,03 | 047 | 031 | 01 | 0,01 | 0,02 | 0,04
Th 087 | 061 | 0,78 | 1,15 | 041 | 0,52 1 1,05 0,7 | 0,14 | 1,01
U 0,05 | 0,05 | 0,01 | 0,03 | 0,01 | 005 | 003 | 003 | 001 | 001 | 001

Hpumeuanue / Note: 12, 13, 14, 15 — anoesumul (andesites); 16, 17, 18, 19 — oayumut (dacites);
20, 21, 22 — puonumut (vhyolites). 14, 15, 17, 18, 20, 22 — Jaymckas ceuma (Daut suite); 12, 13, 16, 19,
21 — Keizviikonwckas ceuma (Kyzylkol suite).
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@OT nopon ocnoHoro coctaBa KC u JIC Ha auckpumuHanmonHon nuarpamme (J11)
s 6a3ansToB Y/15-La/l10-Nb/8 [Cabanis, Lecolle, 1989] pacnionoxeHsl B mosie ocTpo-
BOMYXHBIX TorentoB. Ha JIJI Nbx2 — Zr/4—Y [Meschede, 1986] @T pacnonoxeHsl mpe-
MMYIIIECTBEHHO B 10Jie 6a3a1bTOB OKeaHnueckux ayr N-MORB Tuna v B €TUHUYHBIX CITY-
yasix 6a3zansToB E-MORB tuna. Ha J1J1 7i0,—K,0 [MuponoB u ap., 1999] ®T npuypo-
YeHbI K MOJSIM 0a3aIbTOB CPEAMHHO-OKEAHNUECKHX XPeOTOB, 3a/lyTOBBIX 30H CIPEINHTa
u yacTuyHo ocTpoBHBIX AyT. Ha JIJI Ce/Nb—Th/Nb nio [Saundres et al., 1988] BbiieneHbl
reonuHamudeckue 0o6craHoBkd (I'O) M KOMIOHEHTHI BHOCSIIME BKJIAJI B 00pa3oBaHUE
0azanbToB. 31ech OT pacnonokKeHbl MPEUMYIIECTBEHHO B MOJie 0a3albTOB 3ayTOBBIX
OacceliHOB co cmerieHueM K Touke (SDC) — oboraiieHue CyOayKIIMOHHOW KOMIIOHEH-
toi. Ha 1] Sm/Yb—La/Sm [Ixonbuuk, Pe3nuuxuii u np., 2009] @T Tarorerot k TpeHay
TUIaBJICHUS LIMHHEIEBBIX Mepu10TUTOB. CTeNeHpb MIaBieHus cyocTpara B OOJIBIIMHCTBE
cinyyaeB gocturana 8—15%, Ho mectamu Obuta Hmwke — 0,5-2,0%. OT nopon cpemnero
u kucnoro coctaBoB Ha [/ Rb/30—-Hf-Ta x3 [Harris et al., 1986] rpynnupyrorcs B momne
TpaHUTOB BylKaHu4deckux Oyt (VAG). PuonuTsl Mo MHOTHM MapaMmeTpaM COMOCTaBHUMBI
(Si0,=72,7; TiO,=0,3; Al,O;=12,4%, Na,0=5,4%, K,0=0,4%) ¢ TpaHuTaMu TOJICHUTO-
BOTO psijfia 1o reoxumudeckoi kinaccudukanuu JI.B. Taycona. ComocraBieHue neTpoxu-
MUYECKHX TMOKa3aTeNel KUCIBIX BYJIKAaHUTOB C T€OXMMHUYECKUMHU TUIIAMHU TPAHUTOB IO
cucremaruke [White, Chappell, 1983] noka3ssiBaet, uto oHu OU3KK ¢ TpaHuTamu M-type
(Rb=24 2o/m; Nb=2,1 o/m; Zr=118 v/1; Ba=209 r/1; Rb/Sr=0,1 r/T). Hexotopsle oTuyus
3aKJII0YAIOTCS B MeHbIIUX coaepxkanuax Ca0=2,3%. OTtmeTuM, 4TO BYJIKAHUTHI C TO-
JTOOHBIMU XapaKTEPUCTUKAMH OOBIYHO PACCMATPUBAIOTCS KaK MPOAYKTHI IJIABJICHUS MaH-
TUHHBIX ICTOYHUKOB U Kak Tu((HepeHIMaThl OCHOBHBIX TOJCHTOBBIX paciuiaBoB [Typku-
Ha, 2014]. Cnextpsl penkux 3emensb (REE), Na, KONa 6a3anbToB, KUCIBIX BYJIKAHUTOB,
HOPMHPOBaHHBIC K XOHAPUTY [San, McDonough, 1989] (puc. 4), 3ameTHO pa3uyaroTcs.
Na-6a3anbThl UMEIOT JIMHUU CHEKTPOB REE, 6nuskue ¢ TpeHaoM N-MORB ¢ HebonbIm-
MU OTanuusMH B oonactu LREE. La,/Yb, oTHOIIeHNE (KaK MOKa3aTeNb CTeNeHN (paKiu-
onupoBanusi REE) = 0,6-1,3; La,/Sm,=0,7-1,2; Gd,/Yb,=0,8—1,7. Otnomienne Eu/Fu*
(tne Eu*=(Sm,+Gd,)/2) Bappupyet B npenenax 0,8—1,2. Ornomenune Eu/Eu*<0,95 cBu-
JETENbCTBYET 00 obemuenuu, a Eu/Eu*>1,05 — 06 oboramenun Eu. Y. REE v/t 60-235;
2/n=145 (n=15). K—Na 6a3ajibsThl XapaKTepU3yIOTCs 00JIee KPYTHIMH JIMHUSIMHU CIIEKTPOB
REE wn pacnonoxkeHbl Mexy TpeHaamu 6azansroB E-MORB v OIB. La,/Yb,=4,2-17,7;
La,/Sm,=2,3-3,4; Gd,/Yb,=1,6-3,1; Eu/Fu*=0,8-0,9; > REE=440-568 r/1; X/n 496
(n=3). Cpenu BYJIKAHHUTOB KHCJIOTO COCTaBa BBIJEISIFOTCS JIBE TPYIIIbI, HE3HAYUTEIHHO
pasznuyaronuecs nmo koHueHtpauusam LREE; Y REE w Eu/Eu* (puc. 4). MOXXHO OTMe-
TUTh, YTO B IIEJIOM HX CIeKTpbl REE comoctaBumbl ¢ Na-6a3ansramu. [lepBas rpyrma
umeer La,/Yb,=0,5-1,9; La,/Sm,=0,7-1,2; Gd,/Yb,=0,8—-1,3; Eu/Eu*=0,6-0,76; > REE (B
r/1)=193-410; 2/n=301(n=4). Pacnpenenenue REE 31eCh COIOCTABUMO C TPEHIOM Ipa-
HUTOB M-type. Bropas rpymna — La,/Yb,=0,2-0,5; La,/Sm,=0,6-0,8; Gd,/Yb,=0,3-0,8;
Eu/Eu*=0,7-1,2; Y REE (B 1/1)=49-98; £/n=77(n=>5). Bonee neTaibHO JEBOHCKHE BYJIKa-
HUTBI KUCJIOTO COCTaBa OyIyT pacCMOTPEHbI HAMH TP OMHUCAHUU AUOPUT—TIOPPHUPOBOTO,
runaduccanbHoro baxmyrkunckoro D, ; kommiekca [Cemenyxa u np., 2009]. Ha myunb-
TURJIEMEHTHBIX JHarpaMMax KOHIICHTPAIlMd HECOBMECTUMBIX AIIEMEHTOB HOPMHPOBAHBI
o N-MORB [San, McDonough, 1989]. Cnekrpsl Na-6a3anstoB (puc. 4) cOnoCTaBUMBI
¢ 6azansramu N-MORB. Hebonplye oTINYrs 3aKII0Ya0TCs B HATMYUH OTPHUIIATETbHBIX
aHoManmuii K u ND, monoxutenbHOM aHoManuu 7a, B 0osiee BBICOKMX KOHLIEHTPALUAX
KpPYTIHO MOHHBIX 3JIeMeHTOB Ba, Th, U u pa3HOIUIaHOBOM MOBEACHUU S7, U HETaTUBHBIX
anomanusx Hf u Y. Crnekrpsl K-Na 6a3anbToB pacmoyiokeHsl ommke Kk Tpeaay E-MORB
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MIPU CYILIECTBEHHBIX BapHualusax cogepxkaHuii ot N-MORB no OIB. Otmedarorcsi Hera-
TUBHBIC aHOManuu Nb, Ta v BBICOKHE COMAEpPIKAHUS TUAPOMArMaTO(PHIBLHBIX JIEMEHTOB
Rb, Ba, U, K, Sr. Ormetum, uto Ba, U, Sr SBISIOTCS MHIUKATOpaMu (UIFOHTHOTO CYO-
TYKIIMOHHOTO KOMITOHEHTa. BeIcokmue copepkanus 7/, HEMOOWIBHOTO B BOIHOM (TO-
ujie, MOXKET CBHUJIETEJIbCTBOBATh 00 yUYaCTHH OCaJ0YHOTO KOMIIOHEHTa B MarMOreHe3uce
[MapteinoB, 2010]. Kiapkossie konuenrpanmu (Kx>1,0) Na-6a3ansros Sb, ,, Pb, , Zn, ,
Sc;3 Coyz Cups Vi aunesntoB Sb, s, Cs 5,8¢, 7,V Cryy Cop g (Znys Pbys) 1 puonu-
TOB Sb, 5, Sc;9, Co; g Zny g (Cups Pbyg), B CPABHEHHUH € 3TAJIOHHBIMH IS TOPOJ, Pa3HBIX
reoMHaMUYeCKUX 00cTaHoBOK [['yceB u ap., 1999], mokasbiBaeT, 4T0 OHU COINIACYIOTCA
C IIOPOJIaMH IOHBIX M Pa3BUTBIX OCTPOBHBIX AYT. K-Na 6a3zanstsl ¢ Cs, 4 Sb,, Pb, s Ba, 4,
Co;, Sc; 1, Sryy, Ceyy, Pry, Nd; j, Tm, ,, (Zngg Cuyg) MMEIOT HEOTHO3HAYHBIE (CMEIIAH-

HbI€) XapaKTEPUCTUKH.
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Puc. 3. Cocmagel nopo0 Ha OUCKPUMUHAYUOHHBIX U NEMPOSEHEMULECKUX OUASPAMMAX.
Ha ouaepammax: TiO—K,0 nons cocmasog basanvmos COX — cpedunno-okeanuieckux xpeomos,
OO0 — okeanuueckux ocmpogos, 33C — 3adye06wix 301 cnpedunza, O — ocmpogubix 0ye.

Ce/Nb—Th/Nb nons cocmagos bazanvmos I — ocmposuwix dye, Il — 3a0y206vix baccetinos,

111 gynxanuueckux niamo u KOMROHeHMbl Oarowue K1a0 6 obpazosanue b6azanemos DMM —
Ooennemuposannas manmust, RSC — peyuxauposannulii komnonenm, PM — npumumusnas manmus,
SDC — cy60yxyuonnwiii komnonenm, CC — koumunenmanvhas kopa. Ha ouaepamme Rb/30-Hf-Ta*3:
VAG — epanumur gynxkanuveckux oye; syn-COLG — epanumoi cunkoniusuonuvle; post-COLG — epanumoi

nocmronnusuonnvie; WPG — epanumol gnympuniumusie /
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Fig. 3. Rock compositions on discrimination and petrogenetic diagrams
On the diagrams: TiO,—K,0 composition fields of MOR basalts — mid-ocean ridges, OO — oceanic
islands, ZZS — back-arc spreading zones, OD — island arcs. Ce/Nb—Th/Nb compositional fields of basalts
I —island arcs, Il — back-arc basins, Il volcanic plateaus and components contributing to the formation
of basalts DMM — depleted mantle, RSC — recycled component, PM — primitive mantle, SDC — subduction
component, CC — continental crust. Rb/30-Hf-Ta*3 diagram: VAG — granites of volcanic arcs; syn-
COLG - syncollision granites, post-COLG — post-collision granites; WPG — within plate granites
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Puc. 4. Cnatidep-ouacpammel cocmagos nopoo. Konyenmpayuii Hecogmecmumuix 371eMeHmMo8
nopmuposausl no N — MORB, konyenmpayuu REE Hopmuposarsl Kk Xonopumy no
[San, McDonough, 1989] /

Fig. 4. Compositions of rocks on spider diagrams. Concentrations of incompatible elements normalized to
N — MORB, REE concentrations normalized to chondrite according to
[San, McDonough, 1989]

Pe3yAbTaTbl PABOTHI M X OBCYXAEHWE

B cunypuiicko-pannesiienpckoe Bpems B HalpaBJIeHUH ¢ fora Ha ceBep B KaBkas-
CKOM PETHOHE CYLIECTBOBAIM CIEAYIOIINE T'€OTEKTOHMYECKUE MeracTpykTypsl: [lon-
Tuiicko-3akaBka3ckuil (3upynabckuil) MaccuB 3akaBKa3CKOW JHUTOCHEPHOHN IUINTHI,
okeaHuueckas BrnaauHa [laneoreTrca B 1ieHTpe KOTOpo# pacnoiaraics CpeluHHO-OKe-
annueckuii xpeber (COX); ocTpoBOAY)KHAsi CUCTEMa; MOPCKOW OacceliH MOKpBIBAO-
muit Cxkudceko-Typanckyro miuty (CTIT). B COX, npoucxoawin sSBJIEHUS CHpPEIUHTa
u GopMHpoBaNach HWKHEAEBOHCKas okeannyeckas kopa (OK). OnnoBpemeHHo Ha ce-
BepHOH okpanHe [laneoTeTnca men koMneHcanuoHHbIN nporecc ¢ cyonykiueir OK. B
pe3ynbTare 31ech (OpPMUPOBAIHCH JBE cyOmapasuienbHbie octpoBHbie ayru (OJ]): Ku-
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3unkonbekast, Omke k CTII u Jlabuno-3apaycckast (Ypyrnickasi), BHemHsAd. B Kuzun-
KOJICKOM JTyre MpOMCXOJWIIO HAKOIUJIEHHE BYJIKAHUTOB 0a3alibT—aH1€3UT—PUOIUTOBOMH,
a B JlabuHo-3apaycckoit — 06a3anbsT-pronnToBoi accouuanuu [Omensuenko, 2010]. Hc-
XOJ1sl U3 BBIIIIE U3JI0)KEHHOTO, OTMETUM, UTO PACCMOTPEHHBIE BYJIKAHUTHI, [10-BUIUMOMY,
OpUypOUYEHB! K (parMEHTApHON aKKPELHMOHHOM CTPYKType c(hOpMUPOBAHHOU B IMO3-
HEM JICBOHE MpU CTOJIKHOBeHUHU Ypynckoil u Kusbuikonbckoit OJl, a Bo3MoXkHO U 6osee
JPEBHUX OPAOBUK—CHIYPUHCKHX, C TEOXUMHUYECKUMU Npu3Hakamu oHbIX O/ [["a3ees,
I'yp6anos, 2020]. M3ydennsie Opoabl OCHOBHOTO COCTaBa — 3TO YMEPEHHO THUTaHH-
CTBbIE M YMEPEHHO MarHesuayibHble oOpa3zoBanus. B KC oHu coorBeTcTBYIOT nopoaam
W3BECTKOBO-111€JI04HOM, a B JIC — TonenToBol cepusiM. Cpeiu HUX BbIICIIECHBI JBE pa3-
HOBUJIHOCTU — Na u K-Na Gazansroujsl. [lepBeie — yMepeHHO INIMHO3eMHUCThIE ¢ Na
TUTIOM TIEJI0YHOCTH, Oim3kue Kk 0azansram N-MORB Ttumna. Bropeie — 60j1ee BBICOKO-
IIHHO3eMHUCThIe ¢ K-Na TUIIOM IIEIOYHOCTH, Onm3kue Kk Oazambram E-MORB tuna.
Ha auarpammax nx ®T rpynnupyrorcst B MOJIsIX OCTPOBOAYKHBIX TOJIEUTOB U 0azalib-
TOB okeaHndeckux Ayr jn6o COX u 3anyroBbiX 30H crpeaunra. Ilo reoxumuuyeckum
KPUTEpHUSIM OHHU COIOCTAaBUMBI ¢ mopojamMu roHbIX U pa3Butbix OJl. [lo mpexncrasie-
HUsM [Ps6oB u np., 1992] 31ech uMen MecTo mporecc BHYTPUAYToBOro pudTuHra, B
pe3ynbrare KoToporo, nmo—Buaumomy, hopmuposanace AC (7i0,=0,7-1,4). Msl1 npen-
rojlaraeM, 4to HabirogaemMble pa3inuyusl 6a3albTOB CBSI3aHbl C PA3HOM CTENEHBIO IJIaB-
JICHUST MCXOJHBIX «IIMUHENEBBIX» NepuaoTuToB ot 0,5-2,0% mo 8,0-15% wu pasHoii
CTEITEHBIO UX 3apa)XKEHHOCTH CyONyKIIMOHHON KOMIIOHEHTOH. BynkaHUTBI KUCIIOTO CO-
CTaBa I0 METPOXUMUYECKUM MOKa3aTeNlssM OJIM3KH C IPAaHUTAMM TOJIEUTOBOIO psia U
rpanutamu M-type. VIx TecHas acconuanus ¢ 0a3aabTaMy CBUJCTEIBCTBYET O TOM, UTO
OHM SIBIISIFOTCS AU depeHInaTaMi OCHOBHBIX TOJIEUTOBBIX PAcIUIaBOB, a HE CaMOCTO-
ATEJIBHBIMHU NPOJYKTaMU IUIABJIEHUS MAHTUHHBIX UCTOYHMKOB. OTMETHM, YTO € Ipa-
HUTaMU M-fype MHOIJa acCOLUUPYIOT MEIHO—TIOP(UPOBBIE U MEAHO-30JI0TOPYIHbIE
MecTopoxkienus. [Epemenko u ap., 2021]. JleBoHCKHE KOTYeAaHHBIE MECTOPOXKICHUS
CK HecyT B cebe mpomeiniuieHHoe opyaeHenue Cu, Zn, Au, Ag, njaTuHa, najajiaaui
[borym u ap., 2020] u npyrux Meramios. I1o CTpyKTypHO-TE€HETHYECKUM IpU3HAKAM
3/1eCh BBIIEISAIOTCS JBa OCHOBHBIX THUMA pya — «ypynckui» (Cu—Zn) u «XyHdecCKUiD»
(Cu—Co). Ins MeCTOpPOXKIEHUIN «ypyICKOT0» THIA, ACCOLMHUPYIOIUX C BYJKAaHUTAMH
JIC, xapakTepHO nepecianBaHue CIUIOIIHBIX KOJMYEIaHHBIX pyA C 00pa3oBaHUSIMHU Xe-
MOT€HHO-0Ca/I0YHOTO TUNA (KPEMHUCTO-IeMaTUTOBBIMH CllaHIIaMM). | eHeTnueckast Mo-
JIeJIb 3TUX MECTOPOXK/ICHUI HeceT B ce0e IIaBHEeHIINe YepThl OPYIEHEHUs BIIaJMHHOTO
TUAPOTEPMAIbHO-PACCOIBHOIO KJIaCcCa M YaCTMYHO aHAJIOTUYHA MOJEIN THUIA «ATIIaH-
tuc II» Kpacaomopckoro pugra. MecTopoxaeHus «XyaeccKoro» Tuna GopMupoBaInuch
B 00CTaHOBKE I'MJPOTEPMAILHOTO MpOIiecca BhICOKOM MHTEHCUBHOCTH. l'eHeTHueckas
MOJI€TIb MECTOPOXACHHUM 3TOrO THUIIA MOXKET BKJIIOYATh B c€0sl MEXaHU3M 00pa30BaHUs
IIUTOBUJIHBIX CYIb(QHUAHBIX 3alexeil Ha nHe okeaHa [Ps6oB u mp., 1992]. M3BectHoO,
YTO TreoAMHAMHUYECKHue OOCTAHOBKM KOJIYEAaHOOOpa30BaHHs YEPEe3BbIYAMHO pa3zHOO-
Opa3Hbl 1 MarMaTu3M MrpaeT CyIIeCTBEHHYIO pOjib NMpH (OPMUPOBAHUU KOTUETAHHBIX
pya. IlpunoBepXHOCTHBIE MarMaTUYECKHUE OYaru SBJISIOTCS HCTOYHUKAMU SHEPTUU IS
BO3HUKHOBEHUS M (D)YHKIIMHUPOBAHUS KOHBEKTHBHBIX T'MIPOTEPMAJIbHBIX CHUCTEM, a B
clly4yae MX 3al0JHEHHS BOJOHACBIIEHHBIMU paciljiaBaMu, OJJHOBPEMEHHO U MOCTaBIIU-
KaMU METaJUIOHOCHBIX MarMaToOreHHbIX (Ioua0B. MarMaTtu3M MOXeET ObITh IPH ITOM
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Kak 1uddepeHnpoBaHHBIM (B OOIBIIMHCTBE OCTPOBOAYKHBIX OOCTAaHOBOK), TaK U MPH-
MUTHBHBIM TOJIEUTOBHIM. BMeriaroniue By IKaHOTCHHBIE U OCaJJOYHBIC MTOPOJIBI CITyKaT
OCHOBHBIM MCTOYHHMKOM PYIHBIX KOMIIOHEHTOB 3KCTParupyeMbIX U TPaHCIIOPTUPYEMBIX
K MECTY PYIOOTIOKEHHs THIPOTEPMAIbHBIMH PACTBOPAMHU B PEIHMKIMHTOBBIX CHCTE-
Max, a KOJIYeJaHHOE OPYJIEHEHHE BO MHOT'OM HacllelyeT T€OXUMHUECKHEe OCOOEHHOCTH
TOJIII, «IPOMBIBAEMBIX» THIPOTEPMAIBHBIME pacTBopamu. CyIIeCTBEHHOE 3HaUYCHHUE
UMEeT TaKXe M CKOPOCTh clipefuHra. bosnee crokolHBINM ByJKaHOTEKTOHHYECKUH pe-
UM CIIOCOOCTBYET JUTUTEIHHOMY MPOSBICHUIO BEICOKOTEMIIEPATYPHOIN THAPOTEPMAITh-
HOM aKTUBHOCTU [MupoHOB u n1p., 1999; Kpacnos, 1992]. Ilo-BunumMomy, 3TuM u cie-
IyeT OOBSACHATH OTMEUAEMBbIC PA3IMYHUS MECTOPOXKICHHH «YPYIICKOTO» H «XYIECCKOTO»
THUIA.

BbiBOADI

W3y4deHbl NeTposoro-xMMHUYECKHUE U TEOXUMHUUECKHE 0COOCHHOCTH paHHE—CpEeAHEe-
BOHCKHUX BYJIKAHOT'€HHBIX II0POJ] U3 palilOHOB KOJIYENAHHBIX MecTOpoxAcHuM [Iepenosoro
xpedta BK, npuypoueHHBIX K aKKpEIMOHHOW CTPYKType, CPOPMHUPOBAHHOMN B MO3HEM
JIEBOHE TIPU CTOJIKHOBEHHUHU YpYICKOW M KH3bUIKOJIBCKOW OCTPOBOMYKHBIX cucTeM. Ilo-
Ka3aHO, YTO CPEIN BYJIKAHUTOB OCHOBHOI'O COCTaBa IMIPUCYTCTBYIOT JIB€ PA3HOBUIHOCTH —
Na u K-Na 6a3ansronisl. [lepBbie — yMepeHHO INIMHO3EMUCTbIE C Na TUIIOM LIETIOYHOCTH,
o6muskue k 6a3zansramM N-MORB tuna, La,/Yb,=0,6—1,3. [1o reoxuMHUuecKUM KPUTEPHUSIM
OHHU COIIOCTaBMMBI C IOPOAAMH IOHBIX U pa3BUTHIX OJl. BTopble — BBICOKOINIMHO3EMUCTHIE
¢ K-Na tunom menoyHocTH, Onu3kue k 6azansram E-MORB tuna, La,/Yb,=4,2—-17,7.
[Ipeamnonaraercs, uro HaOMOnAaEMbIe pa3inuus 0a3ajabTOB CBSI3aHBI C PA3HON CTENIECHBIO
IUTABJICHUSI HCXOIHBIX «IIITUHEJIEBBIX» IIEPUIOTUTOB U PA3HON CTENEHBIO UX 3apaXKEHHO-
CTH CYOyKIIMOHHOM KOMITOHEHTOH. ByJIKaHUTBI KHCIIOTO COCTaBa MO METPOXUMUYECKUM
nokasaressiM OJIM3KH C TPaHUTaMU TOJIEUTOBOIO psAja u rpanutamMu M tuna. Ux tecHas
acconmanys ¢ 6a3aabTaMH CBUAETEIBLCTBYET O TOM, UTO OHU SABJISIFOTCA AuddepeHuara-
MU OCHOBHBIX TOJICUTOBBIX paciuiaBoB. IIpenmonaraercs, 4To B paHHEM—CPEIHEM JIEBOHE
Ha ceBepHoil okpauHe [laneoreruca B 30He BK nmen Mecto ocTpoBOLyKHBIN Hponece,
OCJIO)KHEHHBI BHYTPHIYTOBBIM PU(PTUHIOM, HA YTO yKa3biBaeT pacrnonoxenue OT Ha
JMarpaMMax, IpYNIUPYIONMXCS B MOMSAX OT OCTPOBOIYXKHBIX TOJICUTOB J10 0a3asibTOB
COX ¥ 3a1yroBbIX 30H CIIPEUHTA.
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Eruption of the mud volcano “Lokbatan”
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Abstract: Relevance. Mud volcanoes are the main mechanism that creates the process of migration of
hydrocarbons in a three-dimensional geological environment. At the same time, eruptive channels of mud vol-
canoes and tensile cracks created by the process of formation of diapiric structures serve as migration chan-
nels. If we take into account that almost all oil fields located in the territory of mud volcanism development are
complicated by eruptive channels of mud volcanoes associated with Maikop deposits, then the mechanism of
filling reservoirs of the productive stratum due to vertical migration of hydrocarbons is proved very convincingly,
which is relevant for our country. The aim of this article was to study the eruptions of the Lokbatan Mud Volcano
— which is one of the most famous mud volcanoes in the world due to its frequent fiery eruptions. Methods. Due
to the high resolution of digital seismic equipment manufactured by Kinemetrics (USA) of the Republican Seismic
Survey Center at ANAS (RSSC), records of mud volcano eruptions were recorded and analyzed. In addition, in
2022, within the framework of the international project “Expansion of the seismic network in the Caucasus and
Central Asia”, 22 seismic stations manufactured by Nanometrics (Canada) were installed in Azerbaijan. For the
first time in the world, in order to study the dynamics of mud volcanoes, 12 such stations were installed around
the mud volcanoes Lokbatan and Otman-Bozdag. Results. Thus, it was found that the eruption of the Lokbatan
volcano in 2012 during the day was characterized by 3 periods of activation. The first one occurred in the morning
at 04:59:17.7 (eruption duration 7 minutes, focus depth 5 km, E=0.64x107 J), the next ones at 09:14:40 (eruption
duration 4 minutes, focus depth 5.5 km, E= 0.70x107 J) and at 09:23:00 (duration of eruption 12 minutes, focus
depth 1.2 km, E=3.15x107 J).

Keywords: Lokbatanmud volcano, Otman-Bozdagmud volcano, digital seismic stations.
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OpurnHanbHas ctaTbs

/13BEpPIKEHME MPFI3EBOrO BYAKAHA «/\AOKOQATAH»

r.a. Ermpmnunn, C.3. KassimoBa

Pecny6nukaHckuii LieHtp Cericmonornyeckon Cnyx6bl, HaumoHaneHas Akagemusa Hayk
AzepbanpyxaHa, Pecnybnuka AsepbangxaH, AZ1001, r. baky, yn. I'. Oxasuaa, 123,
e-mail: sabina.k@mail.ru

Crarbs noctynuna: 09.01.2023, nopaboraHa: 14.02.2023, npuxsita k nybakaumm: 20.02.2023

Pe3stome: AKTyanbHOCTb paboTbl. [pA3eBbIe BYNKaHbI ABNATCA OCHOBHLIM MEXaHU3MOM, CO3JatoLLUM Npo-
Llecc Murpauuu yrneso4oposioB B TPEXMEPHON reonornyeckoin cpefe. MNpu aTom KaHanamm Murpaumm cnyxar
3PYNTUBHbIE KaHaNbl rPA3EBbIX BYKAHOB U TPELUMHbI PACTSKEHUS, CO3[aHHbIe NPOLEeccoM (DOPMUPOBAHUSA
ANanupoBbIX CTPYKTYP. ECNU MPUHATD BO BHUMaHUE, 4TO MPaKTUYeCKN BCe He(PTAHbIE MECTOPOXJEHMS, pac-
MOJSIOXKEHHbIE HA TEPPUTOPUM PA3BUTUSA FPA3EBOr0 BYNIKAHW3MA, OCMIOXHEHbI 3PYNTUBHLIMMW KaHanamm rpizesbIx
BYJIKAHOB, CBA3AHHbLIX C MAKOMCKUMU OTIOXKEHUAMM, TO MEXaHW3M 3anofIHeHUS Pe3epByapoB NPOAYKTUBHON
TONLM 3a CYET BEPTUKANbHOA MUrpaLun yrnesoJopoAoB [0Ka3biBAETCA BeCbMa yOeAUTENbHO, Y4TO ABNAETCA
aKTyaNibHbIM AN Halen cTpaHbl. Llenbo JaHHON CTaTbi ABNANOCH U3YHeHWe U3BEPXKEHWA TPA3EBOro ByIKaHa
JNok6ataH, ABNAIOLLEr0CA OLHUM W3 CaMbIX U3BECTHbLIX MPA3EBbLIX BYNKAHOB BO BCEM MUpPE M3-32 €ro 4acTblX
OTHEHHbIX n3BepxeHuii. MeTtofbl paboTbl. bnarogaps BbICOKOW paspeluatoLlen cnocobHOCTH LUpoBO ceic-
MMWYeCKOM annaparypbl Npou3soacTea «KuHemeTpukce» (CLUA) Pecny6nmkaHCKOro LeHTpa CencMonornyeckon
cnyx6bl npu HAHA (PLICC) 6binu 3aperucTpupoBaHbl U NpoaHanm3npoBaHbl 3anucu U3BEPXXeHWA rpsa3eBbix
BYNIKaHOB. Kpome T0ro, B 2022 r. B pamkax MexayHapoAHOro npoekra «PaclumpeHne cemcMmnyeckon Ceti Ha
KaBskase 1 B LieHTpanbHOn A3uu» Ha Tepputopui A3epbaiigxaHa 6binu YCTaHOBIEHbI 22 CEACMUYECKUX CTAHLIMIA
npoussopcTea Nanometrics (Kanaga). Bnepsble B MUpe ¢ Lienbio UCCNe0BaHNS AUHAMUKUA MPA3EBbIX BYIKAHOB
12 TaKkux CTaHUWIA 6bINN YCTAHOBEHbI BOKPYT rPA3EBbIX BYNKAHOB «Jlok6aTaH» u «0TmMaH-bosgar». PesynbTa-
Tbl paboTbl. TakuM 06pa3oMm, 6bI10 YCTAHOBMEHO, YTO U3BEPXEHWE BynkaHa Jlok6ataH 2012 r. B Te4eHue AHA
XapakTepu3oBanoch Tpems nepuogamu aktmemsauuu. Mepsoiit nponsowwen ytpom B 04:59:17.7 (ANUTENLHOCTD
N3BEPXKEHUs 7 MUHYT, My6uHa oyara 5 km, E=0,64x107 [x), nocnenytouie B 09:14:40 (anuTenbHOCTL U3BEP-
XXEHUS 4 MUHYTBI, Ty6uHa o4ara 5,5 km, E=0,70x107 [x) v B 09:23:00 (ANNUTENbHOCTb U3BEPXEHNS 12 MUHYT,
rny6uHa ovara 1,2 km, E=3,15x107 [x). 2 mas 2017 r. 08:55:51 npou30LLno 04epesHoe CHNbHbIE H3BEPXKEHNE
ByNkaHa Jlok6aTaH. [InUTeNbHOCTb W3BEPXKEHUS cocTaBuna 4 MUHyThI, rmy6uHa o4ara 4 km. BoigenusLuasncs
aHeprus coctasuna E=1,12x107 [x. MocneaHee n3BepxxeHue JaHHOrO BynkaHa npousowwno 11 arycra 2022 r.
Tonwmua nanueLuerocs nokposa rpsan cocrasuna 80-90 cm. 3eepxxeHue Hayanocb yTpom B 09:36:35.
Mmy6uHa N3BepXeHus cocTaBina 3 KM, a Bblaenuswascs aHeprus 0,6x107 k. Ouaru pa3Butus rpssesbix
BYJIKAHOB pacronaratoTca NpenmyLLecTBEHHO Ha ry6uHax 1-5 KM, T.e. pa3BuTUe rps3eBbIX BYSIKAHOB CBA3AHO C
AKTUBHbLIMU BHYTPEHHUMU NPOLIECCamm, NPOTEKAKLLMMN NPENMYLLIECTBEHHO B 0CA04HOI TOSLLE 3EMHOI KOPbI.

KnioueBble cnoBa: [ps3eBoii BynkaH Jlok6ataH, rpssesoit BynkaH OTmaH-bosgar, uudposble cencmuye-
CKMWe cTaHuuu.

Ina yutuposanus: Etupmuwnu T.1., Kasbimosa C.3. V13BepxeHue rpsa3eBoro BynkaHa «Jlok6araH». feo-
siorusi n reogpuaunka tora Poccnn. 2023. 13(1): 22-33. DOI: 10.46698/VNC.2023.14.41.002.
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Infroduction

Although studies of the nature of mud volcanoes in Azerbaijan have always been
topical, the problems of their spatio-temporal relationship with seismicity have not been
widely discussed. The first catalog of recorded eruptions of mud volcanoes in Azerbaijan
for the period 1810-1974 was published 45 years ago. Then the data on the eruptions
of mud volcanoes in Azerbaijan were summarized in the work of Rakhmanov R.R. In
addition, information about the eruptions of mud volcanoes in the whole world in 1982 was
also collected in the catalog given in the work of Rakhmanov R.R. (1987). In 2009, Aliyev
A.A., Guliyev LS. and Rakhmanov R.R. the catalog of eruptions of mud volcanoes of
Azerbaijan for 1810-2007 was created. In 2015 Aliyev A.A., Guliyev L.S., Dadashev F.G.
and Rakhmanov R.R. The Atlas of Mud Volcanoes of the World was published [Aliyev et
al., 2009; Yusubov, Guliyev, 1971].

The works [Ahmedbeyli, 1975; Panahi, Rakhmanov, 1993; Aliyev et al., 2002] Aliyev
2004-2009, Guliyev, 2018, etc.) note the connection between mud volcanism and oil and
gas accumulation processes, where it is indicated that the patterns of their distribution and
structural localization are one of the important criteria for the selection of priority objects
for prospecting and exploration for oil and gas in the depression zones of mobile belts.
Hazardous processes are currently being investigated by a variety of methods [Zaalishvili et
al., 2014a, b; 2016]. Obviously, this problem is of great scientific and practical importance.
From a fundamental point of view, such studies are necessary to understand the conditions
and mechanism of formation of mud volcanoes. From a practical point of view, they are
of interest in connection with the problem of seismic hazard assessment, which includes
general seismic zoning, detailed seismic zoning, and microzoning. This topic is of particular
importance at the present stage, when the intensive development of oil and gas fields, the
development of the agro-industrial complex and urban agglomerations of Azerbaijan are
planned. Lokbatan is one of the settlements located not far from Baku. Since 1810, 26
eruptions have been recorded. One of its largest eruptions occurred in 1977. A strong
emission of dirt and gas was observed. The eruption began in the early morning when the
surroundings resounded with a roar. A powerful explosion soon followed. A column of
fire 350 m high rose above the top of the volcano. This ignited a gas jet escaping from the
depths of the earth. The volcano threw out a huge amount of volcanic mud that covered
the surrounding area. Due to its size and activity, the volcano has been a candidate for
inscription on the UNESCO World Heritage List since 1998. It is important to note that
Azerbaijan ranks first in the world in terms of the number of mud volcanoes. However, it
is the mud volcano Lokbatan that is closely associated with the oil industry.

Eruptions of mud volcanoes of Azerbaijan

Mud volcanoes in East Azerbaijan are located within 6 oil and gas regions: Caspian-
Guba, Shamakhi-Gobustan, Absheron (including the Absheron Peninsula and the Absheron
archipelago), Low Kura and in the Baku archipelago (fig. 1).

The highest intensity of mud volcanic activity, excluding events on marine mud
volcanoes, was observed in the Shamakhi-Gobustan region, on the Absheron peninsula
and the Baku archipelago, which is about 86% of the total number of recorded eruptions in
Azerbaijan [Dadashev et al., 1995]. It should be noted that in these areas of development
of mud volcanism, the thickness of Maikop deposits is more than 1000 meters (1000-
2300 m).
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Fig. 1. Location map of mud volcanoes in Azerbaijan [Aliyev et al., 2015]: 1 — Identified volcanoes;
2 — Suspected volcanoes.
Oil and gas prospect zones: I — Caspian-Guba; Il — Shamaxi-Gobustan, Il — Absheron, IV — Low Kura,
V — Baku archipelago; VI — Southe Caspian

Morphologically, mud volcanoes are hills of various heights, having a regular shape
of a truncated cone. Volcanic manifestations are extremely diverse in size: from the larg-
est hills hundreds of meters high with large fields of mud volcanic breccias, in some cases
reaching 40-60 sq. km in area (Kelany, Akhtarma-Pashaly), to small ones, often not dis-
tinguished in the relief hill fields and represented by groups of griffins andsalz, with a
total area of several hundred square meters. Otman-Bozdag (404 m) and Toragay (399 m)
volcanoes located in the eastern part of Central Gobustan are the highest mud volcanoes in
the world [Aliyev et al., 2009, 2015; Planke et al., 2006].

During the eruptions of mud volcanoes, an underground rumble or a thunderous roar
is heard, after which an explosion occurs, the release of mud volcanic breccia to the sur-
face and spontaneous combustion of hydrocarbon gases with the formation of a flame col-
umn up to 50-200 m high. The combustion temperature at this time reaches 1000-1200°.
Around the small particles of rocks turn into slag. Periodically, as if in separate “portions”,
along with fire high into the sky through the vent connecting the crater with the volcano, a
huge amount of breccia is ejected. Having reached its apogee at a height of about 80-200
m, the entire mass of erupted breccia covers the crater of the volcano. If gases and water
are able to make their way (when the volcano channel is not clogged with breccia), then
over time, microforms appear — active gryphons and salses, mainly associated with the



26 Geology and Geophysics of Russian South 13(1) 2023 [eonorvs n reogmanka KOra Poccum

apophyses of the volcano’s vent. Similar structures are found on the Dashgilmud volcano
[Kopf et al., 2010; Mazzini et al., 2009].

e

Fig. 2. Numerous griffins of the mud volcano Dashgil

Mud volcano “Lokbatan”

Lokbatan is one of the most famous mud volcanoes worldwide due to its frequent fiery
eruptions. It is located about 30 km southwest of Baku in the Absheron region. It is located
within the anticlinal structure of Lokbatan Put, which also hosts other mud volcanoes
(including Shongar, Akhtarma, Kushkhana). Lokbatan has an elongated shape, coinciding
with the direction of the anticline axis, and its mud breccia flows cover an area of about 5
km?. For 199 years (1824-2022), 102 eruptions were recorded on 13 volcanoes on the Ab-
sheron Peninsula. At the same time, almost half of them fall on the Lokbatan and Keireki
volcanoes. Since the beginning of recording the activity of mud volcanoes, about 25 of
its eruptions have been recorded. In 1888, Yalmer Sjogren published the first information
about the eruption of the mud volcano Lokbatan. According to [Aliyev et al., 2002, 2009,
2015; Mazzini et al., 2021], almost all of its eruptions are accompanied by the release of
a large amount of mud volcanic breccia with a volume of about 250 thousand m? [Aliyev
et al., 2009] onto the day surface, a powerful gas column with its subsequent ignition (fig.
3). The height of the flame is estimated at 100 to 300 m. Ejections of the mud volcano are
mainly represented by clays of the Maikop series, fragments of overlying sandstones and
limestones make up only 7-8% of the total volume of igneous rocks. Naturally, the mud
volcanic breccia may contain fragments of rocks younger than the Oligocene age, because
the vent is in contact with them along the entire height of the vent. The presence of rocks
older than the Oligocene in the composition of the volcanic breccia is due to the removal
of terrigenous material from the territories adjacent to the Maikop sedimentation basin,
that is, they are allochthons.
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MV Lokbatan

Fig. 3. Location of the mud volcano Lokbatanon the geological map and deep seismic section
[Aliyev et al., 2015]

One of the most spectacular eruptions occurred on October 21, 2001 [Mukhtarov
et al., 2003; Planke et al., 2006; Stogny et al., 2022] with a strong release of burning
methane, followed by a massive mud breccia flow that covered the surface with an area
of ~0.1 km?. On the margins of the main crater, depressions several meters in scale were
observed, which were interpreted as impacts of large mud breccias ejected during this
latest eruption. Large fragments (up to 0.5 m in size) can be observed everywhere in mud-
flows. The main flow extends to the NW and is framed by vertical displacement walls, the
direction and orientation of which coincide with the direction and orientation of the axis
of the anticline containing Lokbatan and other mud volcanoes. This tectonic control deter-
mines the elongated shape of the mud volcano [Bonini, 2012]. Huge blocks of mud breccia
are also present within the stream. Planke et al. [Planke et al., 2006] also suggested that
this collapse is tectonically controlled by fold orientation and volumetrically dependent
on post-eruption deflation of the shallow chamber. Field observations indicated that this
deflation was still ongoing in the crater between 2005 and 2006, as evidenced by signs of
progressive collapse within the crater. After the 2001 eruption, burning methane vents and
diffuse seepage were observed for several years [Etiope et al., 2004, 2009; Planke et al.,
2003], but their intensity decreased over time. No burning vents were observed in 2005,
and portable methane sensors did not register concentrated and corresponding gas plumes.
Lokbatan is one of the most active M Vs that periodically erupt with a cycle of ~5-8 years.
The first documented eruption of Lokbatan dates back to 1829. Other major eruptions have
been documented in 1829, 1864, 1887, 1890, 1900, 1904, 1915, 1918, 1923, 1926, 1933,
1935, 1938, 1941, 1954, 1959, 1972, 1977, 190,20,20 2012, 2017, 2018, 2022 [About the
eruption of the mud volcano Lokbatan, 1938; New awakening of Lokbatan volcano...,
1978; Aliyev et al., 2015] (Fig. 4). The high rate of eruptions and the apparent absence of
significant seeps suggest that Lokbatan is able to block the main overpressure that occurs
at depth and promote a shorter and stronger eruption [Mazzini et al., 2021]. The eruption
on September 20, 2012 was no exception for the volcano, and despite the fact that only
2 years have passed since its previous eruption (February 4, 2010), it surpassed it both in
strength and power.
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Fig. 4. Eruption of the mud volcano Lokbatana. (4) Eruption of mud volcanic breccia after the eruption
on August 11, 2022. b) Google Earth image on October 22, 2022. Red arrows indicate fused fragments
of older cones and young craters

The satellite image obtained by Google Earth shows an elongated shape with the last
debris flow extending to the west (darker colored mud breccia). The elongated structure
of the graben frames the mudflow with numerous production wells located in the environ-
ment. According to ArcGIS10.8.1. and Surfer10, a three-dimensional model of the Lok-
batan mud volcano was built (Fig. 5). The volume of the mud volcanic structure of the
Lokbatan mud volcano according to GIS data is 997-10- km?.
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Fig. 5. Mud volcano Lokbatan 3D model

Field observations show the presence of large (up to ~50,000 m?®) layered blocks,
which were originally part of a large crater cone. These blocks were fused > 1 km from the
vent over mud breccia flows. [Koronovsky, 2018; Veliev, 2021; Mazzini et al., 2021]. The
presence of large cohesive blocks is not unique to the Lokbatan Mud Volcano and has been
documented in other large-scale structures both onshore and offshore.
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Methods of determination of the parameters of the mud
volcano Lokbatan

Along with the development of scientific and practical issues of mud volcanism, seri-
ous attention was paid to mud volcanic eruptions, their fixation, with the characteristics of
the natural process, as well as the study of volcanic ejecta products (breccias, fluids). Each
eruption of a mud volcano is new information, “news” about the processes taking place in
the bowels. Unfortunately, due to the short duration of the process of mud volcanic erup-
tion, it is practically not always possible to observe and trace the entire mechanism of this
phenomenon from beginning to end. Usually, geologists find out about this with some de-
lay and on the volcano, especially if it is located far from settlements, they come after the
end of the eruption. And how this process took place is mainly described from the words
of eyewitnesses.

Thanks to the high resolution of digital seismic equipment manufactured by Kinemet-
rics (USA) of the RSSC, since 2008 it has become possible to record and analyze records
of mud volcano eruptions, namely, to determine the time and duration, the number of
phases, and the focus depth and the energy of a mud volcano eruption. To date, there are
35 digital seismic stations on-line in Azerbaijan and 10 strong motion stations located
within the Absheron Peninsula.

In addition, 17 new digital seismic stations were installed in 2017 as part of a joint
international project of the RSSC, the University of Missouri (USA) and the Ukrainian
Scientific and Technical Center “Caucasus Transect” to study the velocity inhomogene-
ities of the earth’s crust.

In addition, in 2022, within the framework of the international project “Expansion of
the seismic network in the Caucasus and Central Asia”, implemented with the support of
the Ukrainian Scientific and Technical Center, 22 seismic stations manufactured by Nano-
metrics (Canada) were installed in Azerbaijan. For the first time in the world, in order to
study the dynamics of mud volcanoes, 12 such stations were installed around the mud
volcanoes Lokbatan and Otman-Bozdag (Fig. 6).
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Fig. 6. Location map of digital seismic stations and active mud volcanoes in Azerbaijan
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Thus, according to the data of seismo-telemetric stations, the process of eruption of
the mud volcano Lokbatan was registered.

Results

Note that the first digital data of the Lokbatan volcano eruption were recorded in 2010.
Compared to the previous ones, the February 4, 2010 eruption was much weaker. It began
in the morning with an underground rumble, as always with an explosion, but without gas
ignition, and a short-term release of volcanic breccia onto the earth’s surface, which, flow-
ing down the slope, covered an area a little over one hectare. The eruption of the volcano
during the day was characterized by 4 phases of activation recorded only by one nearby
seismic station “Gobu”. The first one took place in the morning, at 9:30 am (which lasted
4.5 minutes), followed by 1:10 pm, 4:30 pm and 8:05 pm (about 5 minutes long). 09:47:05 —
09:50:15 and 12:48.10 — 12:52:00 respectively. In addition, on the night of February 5,
another, as it were, instantaneous activation of volcanic activity was established at the time
of 00:08:49 — 00:08:50.8. Due to the lack of sufficient material, the depth of the eruption
and the released energy could not be determined.

On September 20, 2012, the next 24th eruption of this volcano occurred. It was re-
corded by seismic stations “Gobu”, “Nardaran”, “Gala”, “Gobustan”, “Ali-Bayramly”,
“Altyagach”, “Pirgulu” and “Siyazan”. The eruption began with the release of steam and
breccia, at first to a small height, and then the process became more intense, fluids and
breccia were ejected to a height of about 100 m. The phase ended with the ignition of the
main plume (Fig. 7).

Fig. 7. Fire torch during the eruption of the mud volcano “Lokbatan”

The volcanic eruption of 2012 during the day was characterized by 3 periods of acti-
vation. The first one occurred in the morning at 04:59:17.7 (eruption duration 7 minutes,
focus depth 5 km, E=0.64x107 J), the next ones at 09:14:40 (eruption duration 4 minutes,
focus depth 5.5 km, E= 0.70x107 J) and at 09:23:00 (duration of eruption 12 minutes, fo-
cus depth 1.2 km, E=3.15x107 J).

On May 2, 2017 at 08:55:51 another strong eruption of the Lokbatan volcano oc-
curred. The duration of the eruption was 4 minutes, the depth of the focus was 4 km. The
released energy was E=1.12x107 J.

The last eruption of this volcano occurred on August 11, 2022. In fig. Figure 8 shows
the wave record of the eruption obtained at the new digital stations of the SeisComp4
system. The thickness of the outflowing cover of mud was 80-90 cm with an area of up to
4 hectares. The eruption began in the morning at 09:36:35. The depth of the eruption was
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3 km, and the released energy was 0.6x107 J. As can be seen in fig. The duration of the
eruption was 5 min. 12 sec.
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Fig. 8. Lokbatan mud volcano eruption on 11 August 2022

Analysis of the spectrograms of wave images of the Lokbatan mud volcano eruption
for 2010, 2012,2017 and 2022 obtained at the Gobu digital station showed that the eruption
fluctuates in the frequency range f=0.3-3.0 Hz.

The results of the work and their discussion

Inrecent decades, many scientists, conducting research, began to realize the connection
between mud volcanism and seismicity. Significant results in this matter are presented in
the works. Considering the relationship between mud volcano eruptions and earthquakes,
F.S. Ahmedbeyli (1975) [Ahmedbeyli, 2004] argued that seismic shocks create favorable
conditions and can contribute to the eruption of mud volcanoes. It is also noted that in
some cases, mud volcano eruptions and earthquakes coincide in time, and sometimes the
interval between events is several days.

Despite the fact that before the eruption of the mud volcano Lokbatan on August 11,
2022, no earthquakes were observed within a radius of 50 km, however, a day later, on
August 12, an earthquake with a magnitude of 3.5 occurred in the Caspian Sea, 60 km NE
from the volcano. After analyzing the source mechanism data for 2022, the Lode-Nadai
stress state coefficient was calculated. It was found that both the Lokbatan volcano and
the earthquake source are in a zone of stressed state of compression. Based on Kulikov’s
theory that the change in the hydrodeformation field manifests itself where the earth’s
crust is under compression and its volume is reduced, resulting in an increase in the water
level in the wells, it can be assumed that the geodynamic situation of the study region,
characterized by compression in 2022, has become caused both the eruption on August 11,
2022, and the earthquake on August 12, 2022.
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Conclusions

Thus, summing up the research, it was found that the eruption of the mud volcano Lok-
batan in 2012 was characterized by 3 periods of activation at a depth of 4 km. The released
energy was E=1.12-107 J. The depth of the eruption on May 2, 2017 is 4 km. The last erup-
tion of this volcano, which occurred on August 11, 2022, was characterized by a depth of
3 km, and the released energy was 0.6-107 J. Analysis of the spectrograms of wave images
of the Lokbatan mud volcano eruption for 2010, 2012, 2017 and 2022 obtained at the Gobu
digital station showed that the eruption fluctuates in the frequency range =0.3-3.0 Hz.
Based on the above data from the analysis of igneous rocks, registration by telemetry sta-
tions of seismic events that occurred during the eruption, as well as geophysical studies. In
[Kazimova et al., 2012], a conceptually new model of the internal structure was proposed
— a multi-chamber structure of the Lokbatan mud volcano. In addition, the idea about the
stage-by-stage process of the formation of mud volcanic breccia and its final formation in
the near-surface zone, which was expressed earlier, was confirmed. It has been suggested
that at least two mud volcanic chambers are located at depths of 1.2-3 km and 4-6 km and
practically coincide with the above seismic sources. The upper one corresponds (depth
1.2 km) to the Pleistocene deposits of the Quaternary system (Absheron stage), and the
second corresponds to the Pliocene deposits (productive stratum) of the Neogene system
(5 km), saturated with hydrocarbons. This may well explain the presence of such a large
amount of gas that ignites during all recorded eruptions of the Lokbatan mud volcano, in-
cluding the eruption of September 20, 2012 and May 2, 2017. The centers of development
of mud volcanoes are located mainly at depths of 1-6 km, i.e. the development of mud
volcanoes is associated with active internal processes occurring mainly in the sedimentary
strata of the earth’s crust.
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Pe3tome: AKTyanbHOCTb paboTbl. C TpuacoBbiMmM 0TNOXEeHUAMU CKMGCKO-TypaHCKOM NnaTopmbl CBA3aHb!
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HUW BEPTUKATbHBIX TEKTOHUYECKUX ABMXKEHUIA. B TO e Bpems B nocreHue rofibl NosBiseTcs sce 60mbLle CBu-
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Abstract: Relevance. The main prospects for the discovery of new accumulations of hydrocarbons are as-
sociated with the Triassic deposits of the Scythian-Turanian platform. Despite the long history of research, many
issues of the geological structure of this complex remain insufficiently developed. One of them is the structure
of anticline structures — the main search facilities for oil and gas. Until now, the prevailing point of view is about
the decisive role of vertical tectonic movements in their formation. At the same time, in recent years there has
been more and more evidence of the presence of dislocations in the Triassic section formed under the influence
of lateral compression forces. One of these areas is the Zhetybai-Uzen stage of the South Mangyshlak trough.
Studying the structural features of the folds and ruptures developed here will solve the problem of the mecha-
nism of their formation and reveal the genesis of intraplate dislocations. Aim. To study the morphology of folded
and discontinuous disturbances of the northern side of the Yuzhno-Mangyshlak trough in order to determine
their morphology and conditions of formation. Methods. Comprehensive analysis of geological and geophysical
information, including materials of seismic exploration, deep drilling. Macro- and micro-description of well cores
has been performed. Lithological and stratigraphic dissection and correlation of well sections were performed
using data from all types of logging, paleontological definitions of organic residues. The materials of the seismic
survey of MOGT with a high frequency of observations were used. Methods of seismostratigraphy and structural
analysis are applied. Results. The conducted studies indicate the determining role of tangential compression in
the formation of the structure of Triassic sediments. The morphology of specific fold-thrust dislocations, as well
as layer-by-layer disruptions, is described. The obtained results can contribute to the solution of a number of is-
sues of petroleum geology, the choice of rational methods of geological exploration. The research materials can
be used in the study of the geological structure of other less studied areas of the young platform.

Keywords: anticlines, thrusts, tangential compression, traps, oil and gas.
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BesepeHve

ITo mepe ucToIieHus 3amnacoB HETH U raza B BEpXHUX TOPU3OHTAX pa3pesa 0caaod-
HBIX 0aCCEMHOB TOMCKOBO-PA3BEIOYHBIE PAOOTHI CMEIIAIOTCS Ha OOJIBIIHNE TITYOMHBI, HME-
IolMe, KaK MpaBuiio, 6oiee CI0KHOE Fe0JIOrHYECKOe CTPOCHHE. DTO B MOJHOW Mepe OT-
Hocutcs U K Cxkudceko-TypaHckol miatdopme, OCHOBHBIE MEPCIIEKTUBBI HE(TEra30HoC-
HOCTH KOTOPOM CBS3aHbI C TPUACOBBIMH OTJIIOKEHUSIMU [ XapyeHKO U 1p., 2022; XacaHOB
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u 1p., 2020]. IIpu mpou3BOICTBE T€0JIOTOPa3BEIOYHBIX paOdOT B JOIOPCKOM pa3pese Mmpo-
JOJDKAIOT Mpeo0IaiaTh METOAMYECKHE MOAXOAbl K MOUCKY CKOIUICHWM YTJIEBOIOPOIOB,
npuMeHsBIIHecs s miaargopMenHoro yexia. CuuTaeTcs, 4To 00pa3oBaHUE aHTUKIIU-
HAJIBHBIX JIOBYIIIEK CBSI3aHO C BEPTHUKAIBHBIMH TEKTOHUYECKUMHU ABMKEHUsAMU. OTCrONna
CleyeT 3aKOHOMEPHBIN, HO 3a4acTyIO OIIMOOYHBII BHIBOJ] O TITAHOBOM COBIA/ICHUH CBO-
JIOB TIOAHATHI B 4€XJI€ Y TOJCTHIIAIOIIEM KOMIUIEKCE MTOPOI.

Ponb TaHreHnManbHOTO CXKarusg B GOPMHUPOBAHUU CTPYKTYPbl MOOWIIBHBIX TOSICOB
yOeIUTENbHO JI0Ka3aHa MHOTOUMCIICHHBIMUA Pa00TaMU KaK POCCUHCKHX, TaK U 3apyOexK-
HBIX TeonoroB u reodusukoB [[moprodmuanu, 2019, 2020; Borderie et al., 2019; Carola
et al., 2015; Jourdon et al., 2020; Li et al., 2012; Nelepov et al., 2021; Roeder, 2010;
Sobornov, 1996, 2020; Yu et al., 2014; Xu et al., 2004]. 3yueHue cTpyKTypsbl uexja pas-
HOBO3PACTHBIX TUIAT(OPM TOKa3ajJ0, YTO B €r0 CTPOCHUHUTAKKE IMIMPOKO PA3BUTHI JIHC-
JoKaluu, oopa3zoBaBIIKecs MO BO3zAeiicTBUEM cuiibokoBoro cxarus [Kazanmesa, 2020;
Kamanernunos u np., 1981; [Tonkos, 1990; Popkov, 1991 u np.]. lllupoxo npencraBieHbl
noJ00HOTO THMA CTPYKTYpHI U B mpeaenax snurepuuHckoil Cxugceko-TypaHckoi mar-
(hopMmbl, U3yUeHHBIE C pa3HOW CTENEeHbIo neTanbHoCTH [Memarumnos u np., 1991; Ionkos,
1990]. OgauM U3 pallOHOB pa3BUTHUS B JOIUIMTHOM KOMILUIEKCE CKJIa4aTo-HaJBUTOBBIX
nucnokaiuil sieisiercs JKeTblOaii-Y3eHbcKasi CTyNEHb, OCIOXKHSAIOIAs CEBEpHBIH OOpT
HOxxHO-Manrsinakckoro nporuda. Mzydenue ee Mopdonoruu MoxeT crocoOCTBOBATh
Oosee mTyOOKOMY MOHMMaHUIOMEXaHM3Ma CKJIAIKOOOpa30BaHMs B OCAJOYHOM TOKPOBE
BHYTPEHHHUX PaiiOHOB Mmiar(opM, a TakKe PelIuTh HEKOTOPhIE BOIPOCH! MPAKTUUYECKOM
HedTerazononckoBoii reosoruu [Zaalishvili et al., 2014a, b; 2016].

MeToabl NCCAEAOBOHUN

Jlnst pereHust NOCTaBIEHHON 3a7a4i ObUT MPOM3BEACH KOMIUICKCHBIM aHaIu3 MMe-
IOLIEHCs K HACTOSIILEMY BPEMEHH I'€0J0ro-reopu3nueckoil MHGpopMaluu Mo CTPOSHHIO
TPUACOBBIX OTIOXKEeHUH JKeTpiOaii-Y3eHbCKOW CTymneHU. BBINMONIHEHO MaKpo- ¥ MUKpPO-
OIMCaHMUE KEPHOB CKBakuH. [Ipon3BeneHb! IUTONI0r0-cTpaTurpaduyeckoe pacuaeHeHue
U KOpPPEJALMS pa3pe30B CKBAXXUH C UCIIOJIb30BaHUEM JIAHHBIX BCEX BUJOB KapoTaxa, Ia-
JICOHTOJIOTMYECKHX OIPEEICHNN OPraHNYECKUX OCTaTKOB. MaKCHMaabHO HCIOIb30Ba-
auck Matepuaisl ceiicmopasseqku MOI'T (meton o6mieit iyOMHHOM TOUKK) € BBICOKOM
KpaTHOCTBIO HaOmoneHnid. [IpumeHnensr MeToapl cericMocTparurpaduu U CTPYKTYPHOTO
aHasin3a. Huke nprBeeHbl OCHOBHBIE TIOTYYEHHBIE PE3YIIBTATHI.

Pe3yAbTATbl MICCAEAOBOHUM

B nnarpopmennom uexiie JKeTrpiOaii- Y3eHbCKON CTYTICHH, OCIIOKHSIOIICH CEBEPHBIN
60pt KOXHO-MaHTBIIIIAKCKOTO MPOTH0a, BBLACISETCS TPH KPYMHBIX aHTHKIMHAIBHBIX
30HBI CyOLIMpOTHOTONpOCTUpaHus: Y3eHb-Kapamanapioacckas (MpoTshkeHHOCTh 70 KM),
XKetribaiickas (45 kM) u Tenre-TacOynarckast (70 kM), a Takke HEOONbIIAS IO pa3Me-
pam Axtacckas (12 kM), OpueHTHpPOBaHHAsI B CEBEPO-3alaJIHOM HarpasieHuH (puc. 1).
Bxonsmue B MX cOCTaB JIOKaJIbHBIC TIOAHATHS — JIMHEHHOM (hopmbl, ¢ OoJiee KpyThIMHU,
4aCTO OCJIO)KHEHHBIMU pa3pbIBaMU F0’KHBIMU KPbUIbSIMU. B I71aHe aHTUKIIMHATIBHBIE 30HBI
UMEIOT AyroodpasHyto (hopmy, 0OpalieHHYO BBITYKJIOH CTOPOHOM K 10Ty (AKTaccKas — K
FOT0-3armauy).



Geology and Geophysics of Russian South 13(1) 2023 ['eonorvs u reoguanka fOra Poccim 37

1] ([} I kmi
[ T T

Puc. 1. ’Kemwibaii-Y3envcrkasn cmynenv. Tekmonuueckas cxema nooouigul
niamghopmertHozo uexia.
Anmuraunansheie 30161 Y-K — V3env-Kapamanovibacckas, JK — Kemvibaiickas,
A — Akmacckas, T-T — Tenze-Tacoynamckas, C-Y — noepedennaa Caykyoyk-YuiKyoHcKas.
1 — nokanvuvle noonamus, 2 — nadgueu, 3 — npouue paspolesl, 4 — MUHUU PA3PE308, NPUBLOEHHBIX
Ha pucynkax 2, 4 — 6/

Fig. 1. Zhetybai-Uzen stage. Tectonic scheme of the sole of the platform cover.
Anticlinal zones: V-K — Uzen-Karamandybas, K — Zhetybayskaya, A — Aktsskaya, T-T — Tenge-Tabulata, C-Y —
buried Saukuduk-Uskuaya. 1 — local uplifts, 2 — thrusts, 3 — other breaks, 4 — lines of cuts shown in Fig. 2, 4-6

Amnanuz marepuainoB ceiicmopassekd MOI'T u mrybokoro OypeHust ykasbBaeT Ha
TO, YTO B JJOIOPCKOM OCa/I0OUHOM KOMIIJIEKCE YKa3aHHBIM BBIIIE aHTUKJIMHAISIM OTBEYAIOT
(poHTaIbHbBIE YACTH YeLTyH4aTO-HaBUTOBBIX TUCIOKAIIUH, TPYIIUPYIOIIHUECS B OTACIb-
HBbIE JINHENHBIE 30HbI. B npenenax rolnoBHbIX 4acTed TEKTOHMYECKUX IIJIACTUH TPUACOBbIE
OTJIOKEHUS] MHTEHCUBHO CMSTHI, a UX BHYTPEHHSSI CTPYKTYpa Ha CEICMUYECKUX BPEMEH-
HBIX pa3pesax 3a4acTylo He mojmaercs pacumudpoBke (puc. 2).

'I.'I.Eil: LAl YVAHETYHAl

Puc. 2. Bpemennoii ceticmuuecxutl paspes no auruu Bocmounwiii XKemwvioau — TacoOynam,
ULIFHOCIPUPYIOWULL CMPOeHUe Me3030UCKUX omodicenuti Kemwvibaii-Yzenvckoii cmynenu.
Ompadicaiowue zopusonmer: 111 — nodowsa neoxoma; V,— nodowsa ropwl, V! — kpoens kapbonamnozo
Komniexca cpednezo mpuaca, V. — nooowea kapbonamnozo komniexca cpednezo mpuacd,

VI, — nooowsa HudxcHezo mpuaca /

Fig. 2. A temporary seismic section along the Tasbulat — Vostochny Zhetybai line, illustrating the
structure of Mesozoic deposits of the Zhetybai-Uzen stage.
Reflecting horizons: III — the sole of the Neocomian; V; — the sole of the Jurassic, V5" — the roof
of the carbonate complex of the Middle Triassic, V,'” — the sole of the carbonate complex of the Middle
Triassic, VI;— the sole of the lower Triassic
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Kak nmoka3zano u3ydeHue KepHOBOTO MaTepuana, yribl MaJeHUs IOPOJ Ha 3TUX y4acT-
kax pocruratotr 50-70°, a unoraa u 90°. bonee Toro, BHyTpH caMmoro TpUacoBOIoO pa3pes3a
OTMEYAEeTCsl IMCTapPMOHHUS B CKJIAYaTOCTH OTAEIBHBIX JTHUTOKOMILIEKCOB, MpeaoIpee-
JICHHasi HEOJHOPOIHOCTBIO HX IJIACTUYECKHUX CBOMCTB. JlOCTOBEpHOCTH OOJIBLIMHCTBA
3aMepOB HE BBI3BIBAET COMHEHH, TaK KaK HAIIACTOBAHUE MOIYEPKUBACTCS TEKCTYpPHBI-
MU U CTPYKTYPHBIMH OCOOCHHOCTSIMH TPUACOBBIX OTIOKEHUI, YepeIOBAaHUEM B pa3pese
Pa3IMYHBIX JTUTOJIOTMYECKUX PA3HOCTEH 0CAIOUHBIX U BYJIKAHOT€HHO-0CAI0UHBIX MTOPOI,
B TOM YHCJIE CJIOEB, HACKHIIIEHHBIX MaKpo(hayHOii, 3aJIeralonXBepTUKAIBHO (HAIIPUMeED,
ckBaxuHa 10 TacOymnar).

[TonepeuHbIMU ¥ AMATOHANBHBIMH Pa3pbIBAMH TEKTOHHYECKHE TUIACTHHBI pacceye-
HBI Ha OT/EJIbHBIE OJOKU JTMH30BUIHON (DOPMBI, KOTOPHIM B TIEPEKPHIBAIOIIUX OTI0KEHH-
SIX OOBIYHO OTBEYAIOT JIOKATbHBIE TIOJHATHS WM OCJIOXKHSIOIKE UX Kymnoia. [lmockocts
9THX Pa3phIBOB ONM3BEPTUKAIBHA, HAPSLY C BEPTUKAIBHON KOMIOHEHTON CMEIICHUS OT-
MEUaeTCs ¥ TOPU3OHTAIbHAS, TO €CTHIIO CBOCH KMHEMAaTHUECKOM MPUPOJIE OHU SIBIISIOTCS
cOpoCco-u B30POCO-CABUTaAMHU.

B ronoBHBIX 4acTaX MIACTUH TPUACOBBIC OTIIOKEHUS B MPEABIOPCKOE BPEeMsI MOIBEP-
IJINCh UHTEHCUBHOMY pa3MbiBy. C BHEIIHEH CTOPOHBI Yepe3 BHICOKOAMILIUTYIHBIC HAJl-
BUTH U B30POCHI, MOICEYCHHBIE B PsAJIC CIy4aeB CKBaKUHAMH (pUC. 3), TUCIOIUPOBAHHbBIE
MOPOJIBI TPAHKYAT C OJIOKAMHU, B MpeJieax KOTOPBHIX OAHOBO3PACTHBIC OTIOKEHHUS UMEIOT
H0JIOTO-BOJTHUCTOE MJIM MOHOKJIMHAJIbHOE 3aneranue. Ilpu sTom Habmromaercsi ckaukoo-
Opa3Hoe BO3pacTaHHe CTpaTUrpa(uyYecKoil MOJHOTHI TPHACOBOTO pa3pesa. B ThUIOBBIX
YacTAX MJIACTUH OTJIOKEHUS TAaK)Ke 3aJIeTaloT CIIOKOHHO, 00pasysi cyOnapasuiebHble CHH-
KJIMHAIM ¢ 0oJiee KPYTHIMH FOXKHBIMU KPBUIBSIMH (CM. pUC. 2).
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Puc. 3. Cxema xoppensiyuu mpuacoswvix paspesos FOocrnoeo Kemwibas, urniocmpupyrowas
MEKMOHUUECKOe «COBAUBANHUEY BVIIKAHO2EHHO-MEPPUSEHHOU MOMWU 8 cKeadcunax 19 u 41.
Venosnvie obosnauenus cm. na pucymke 7/

Fig. 3. Correlation diagram of the Triassic sections of the Southern Zhetybai, illustrating the tectonic
“doubling” of the volcanogenic-terrigenous strata in wells 19 and 41.
See the symbols in Fig. 7
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B npenenax 3anagHbIX OKOHYAHUN pacCMaTpUBAaE€MbIX TEKTOHUYECKUX IJIACTUH UH-
TEHCUBHOCTH Jle(hopMaIiiii TpUacOBBIX OTIOKEHUH OCllabeBaeT, aMIUIUTYAa M BEPXHUI
cTpaTurpaduuecKuii Iuana3oH MPOHUKHOBEHHS HAIBUTOB yMeHbIIatoTcs. [Ipumepom mo-
ryT ciyxuTh CeBepo-3anagno-XKetsibaiickoe u KOxxuHo-XKeTpiOaiickoe MOMHATHUS, TIPE-
CTaBIIAONINE COOON PE3KO aCUMMETPUYHBIE AaHTUKIMHAIIN, CBOJIbI KOTOPBIX CMEIIAIOTCS
C IIyOMHOM MO HampaBJICHHUIO K OTPAHUYMBAIOIIUM MX pa3pbiBaM. [I10CKOCTH HAJABUTOB
nepeceyeHbl ckBakuHamu 19 u 41 mmomaau FOxHbiii JKeTpi0all, BCKPBIBIIUME CIBOCH-
HbIE pa3pe3bl BEPXHETO TpHaca.

OnucaHHbIE BBINIE CTPYKTYPHBIE OCOOCHHOCTH TPHACOBBIX OTIOKEHUH yKa3bIBalOT
Ha TO, YTO B MPEABIOPCKOE BPEMsi OHU UCTIBITAIH Ha ceOe MOIIHOE BO3/ICHCTBUE CHUII TO-
PU30HTAJIBHOTO C)KATHsl, PUBEALIETO K COKPALLEHUIO 3aHUMAEeMOI UMU TUIOLIAAN U, KaK
CIIEZICTBHE, 00PA30BAHUIO MOJIOTUX CPHIBOB M TEKTOHMYECKUX TUIACTHH. TpaHchopMmarius
TOPU30HTAJIbHBIX JBUKEHUI B BEPTHKAJIbHBIE COMPOBOXKAAIACH CKIAAYaTOCThIO U pa3-
MBIBOM HAKOIUICHHBIX paHEE OTIIOKEHHUM B UX TOJIOBHBIX YaCTSIX.

Ecnu ammnutyna BepTUKaIbHBIX MEpEeMENIeHUH MO B30pOCO-HAIBUTaM yCTaHABIIH-
BaeTCs JOCTATOYHO HAJEKHO, TO CTPOTYIO0 KOJIMYECTBEHHYIO OLEHKY TOPU30HTAIbHBIM
CMEUICHUSM [0Ka JaThb HEBO3MOXKHO. OJHAKO HX CYILIECTBOBAHUE MOATBEPKIACTCS U
JPYTUMH METOJJaMU, B YACTHOCTHU KOPPEJSILUEN pa3pe30B, BCKPHITHIX HA HE3HAUUTEIbHOM
yOAJIEHUH JIPYT OT JIpyra U OTIMYAOIIMXCS HE TOJNBKO MOJIHOTOM M MOIIHOCTBIO, HO H,
camoe TIaBHOE, HabopoM crarapmux ux (anuit. [TokazaTenbHBIMU B 3TOM OTHOILICHUU
SIBIISIIOTCSL pe3yibTaThl OypeHus Ha 3anagHo-)KeThi0aiickoll miomany, rae IpOUCXOAUT
COYJICHEHHE JIByX TeKTOHMUYECKUX eIy, BXOAIUX B JKeTbi0alickyto miacTuny (puc. 4).

Puc. 4. Paspesbvi uepes 3anaono-
KemuvlOaiicKyr0 aHMUKIUHATD.
a — BPeMEHHOU celicCMUYecKull paspes,

0 — ezo ceonozuueckas unmepnpemayus (Ha
pucynke b coomHouieHue 6epmuKaIbHO20 U
20PU3OHMATBbHO20 Macumabog 1:1).
Ompaoicarowgue copuzonmut. 11l — nooowea
neokoma, Vi— nooowsa ropowi, V,"'— kpoens
KapboHamuo20 KomMniexkca cpeone2o mpuacd,
V.V — nooowsa xapbonammuozo komniexca
cpednezo mpuaca, Vi — nodowsa eepxnezo
onenexa, VI, — nooowea HudxicHe2o mpuaca,
VI,— kpoena kamennoyzonvuvix (?)
06paszosanuil.

1 — memamopguueckue nopoowvi
@ynoamenma, 2 — cnabo
Memamop@u308antble OMA0NCEeHU
8epxHe20 naneos3os, 3 — anesporumo-
ap2unIUmMoB8asnecmpoysemHas moiya
HudicHe2o0 mpuaca, 4 — kapbonamuo-
meppucenHds monua epxHezo OleHeKd,
5 — synkanoeenno-xapbonamuas monwa

.l t E E ] T Frr = cpednezo mpuaca, 6 — myghoeento-
e — meppuceHHas Mmoia epxHe2o mpuacd,

| L, '|,, I | . [ ‘--_.a_,,--"'l_.r [ .\ |.,. 7 — necuaHo-apeuiiumosas moaua 6epxHe2o
mpuaca, 8 — paspwiswvl, 9 — ckeadicunvl /
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Fig. 4. Sections through the Western Zhetybai anticline.
A — temporary seismic section, b — geological interpretation (in Fig. b the ratio of vertical and horizontal
scales is 1:1). Reflecting horizons: Il — the sole of the Neocomian, V; — the sole of the Jurassic,
VT — the roof of the carbonate complex of the Middle Triassic, V5" — the sole of the carbonate complex
of the Middle Triassic, Vi — in the sole of the upper Olenek, VI, — the sole of the lower Triassic,
V7 — the roof of carboniferous (?) formations.
1 — metamorphic basement rocks, 2 — weakly metamorphosed Upper Paleozoic sediments, 3 — siltstone-
argillite variegated strata of the Lower Triassic, 4 — carbonate-terrigenous strata of the upper Olenek,
5 —volcanogenic-carbonate strata of the Middle Triassic, 6 — tufogenic-terrigenous strata of the Upper
Triassic, 7 — sandy-mudstone strata of the Upper Triassic, 8 — ruptures, 9 — boreholes

3neck B Ipefenax B3OPOILICHHOTO CEBEPO-BOCTOUHOrO O10Ka B Hambosee MpUIoi-
HATOM ero yacTt (ckBaxkuHbl 1, 24, 35 u 69) nox TpaHCTPECCUBHO HAJETAIOIIUMH OT-
JIOKEHUSIMU HUKHEHN FOpbl BCKpBITa MECTPOLBETHAS AJEBPOIUTO-apTUILINTOBAs TOJILA
HIDKHETO Tpuaca. B ckBakuHE 5 10J OTIIOKEHUSIMH FOPbI YCTAHOBJIEHO IPUCYTCTBHE B
paspe3e KapOOHATHO-TEPPUTCHHON TOJIIM BEPXHETOOJICHEKa, 3aJIeralolleil Ha MecTpoll-
BETHOM aJIeBPOJIUTO-apTHIUIMTOBOM Tonie. OTMETUM, YTO HAKOIJICHHE KapOOHATHO-TEp-
PUTEHHOM TOJIIN IPOUCXOAUIIO B YCIOBUSX MOPCKOTO OacceiiHa ¢ HOpMaJIbHBIM COJIEBBIM
PEKUMOM, OIarONpUSATHBIM JJIs1 OOMTAaHUS aMMOHOUAEH U Ipyrod Mopckoil ¢ayHsl. B
ckBakuHe 29, pacnonoxkernHor B 300 M oT B3Opoca, 1Mo FopcKoi ToJIIeH npoiaeHo 67 M
BEPXHEOJIEHEKCKUX OTJIOKEHUH (KapOOHAaTHO-TEPPUTeHHAs TOJILA), B KOTOPBIX CKBaXKMHA
u ObllIa OCTaHOBIICHA.

CkBaxuna 3—3anaaneiii XKetpi0aii, pacronoxeHHast B I0r0-3arna HoM OJIOKe M HaxO-
JAIIascs Ha pacctossHuu 3,8 kM 1 1,2 KM OT CKBa)XuH 5 U 29, COOTBETCTBEHHO, BCKPhLIa
WHOU TUI pa3pe3a: B uHTepBaye 2863-2935 M npoiineHa TyporeHHO-TeppuUreHHas Toa
BEPXHETO TpUaca, HIKE — ByJKaHOTEHHO-KapOOHaTHAsI TOJIIA CPEHEro TpHUaca, a ¢ IiIy-
ounbl 3400 M u 10 32005 — MECTPOLBETHI HIDKHETO oTAea. To eCTh JaHHOW CKBAKHHOMN
BCKPHBIT paspes, Tunn4Hbii 11t CeBepo-3anaaHo-)XeTbibaiickoro 610Ka, TJie MOPCKHE ce-
POLIBETHBIE OTJIOKEHUS BEPXHETO OJIEHEKA OTCYTCTBYIOT OBceMecTHO. He3HaunrenbHoe
pacCTOSIHUE MEX]ly CKBa)KMHAMHU MO3BOJISIET MPEAINOIAraTh, YTO BCKPBITbIE UMH Pa3pe3bl
TpHUaca MPUHAUICKAT PA3TMYHBIM CTPYKTYPHO-(haragbHBIM 30HAM M OKa3aJuch cOnu-
YKEHHBIMH 32 CUET FOPU30HTAJIbHBIX IEPEMEIICHUN. AHAJIOTUYHBIE TPUMEPBI MOXKHO Haii-
TH TIPH COTIOCTABJICHUN TPUACOBBIX pa3pe3oB mutomaneii Caykynyk — KOsk JKetpi6ai,
bakann—TacOynar u apyrue.

C BHemHel ctopoHbl JKeThIOalCKOH MIACTUHBI B pa3pe3e MOSBIIOTCS Ooliee MOJIo-
JIble OTJIIOXKEHUSI BEPXHET0 Tpuaca (I1eCYaHUKOBO-apTHJUIMTOBAs TONIIA). 37ECh JKe Mepe
(¢poHTOM HajJBHra B BEpXHE- U CPETHETPHACOBBIX YACTAX pa3pe3a Ha BPEMEHHBIX Ceic-
MUYECKHX pa3pe3ax MPOUCXOAUT PE3KOE YXYAIICHHUE 3alUCU BIUIOTh J0 MOJHOW MOTEepU
uHpopmarmu (cM. puc. 4). He uckiroueHo, 4To HaHHAs aHOMANUS (PUKCHPYET pa3BUTUE
00JIOMKOB U IJIBI0 B TPUACOBOM pa3pese, MPeACTaBISMIONMX co00il (parMeHThl TEKTOHU-
YECKOM MEIIaHUHBI, CTPYKEHHOM, KaK CKpeOKOM, JI0OOBOI 4acThiO aJuIOXTOHA. AHAJO-
THYHYIO 30HY IOTEPU KOPPEJALUU TPUACOBBIX OTPAKAIOIIUX TOPU3OHTOB MOXKHO HAOIIO-
JIaTh Ha BCEM MPOTSHKEHUH BJOMb Tenre-TacOynarckol TEKTOHNYECKOW TIACTHUHBI.

Takum 006pazom, UMeroLIHICs cerofHs (pakTUYeCKUil MaTepHrall Mo3BOJSIET TOBOPUTH
0 TOM, 4TO B TpHAcoBoM pa3zpese JKeTriOaii- Y3eHbCKON CTYNEHH ITTaBEHCTBYIOIIAS POJIb
INPUHAICKUT CEPUN TEKTOHMYECKUX YEIlyd U IUIACTHUH, B TOJIOBHBIX YacTSIX KOTOPBIX
TPHUACOBBIE OTJIOKEHUSI MHTEHCHBHO CMATHL. OueBuaHO, uTo JKeTwiOaii- Y3eHbCKasi CTy-
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MeHb MO O0ILEMY CTUIIIO TEKTOHUKH TPUAcOBOTO KOMIUIEKca (JIMH30BHIHAs (opma 6110-
KOB, KOH()OPMHOCTh MIX YKIJIQJKH M TPAHCISIIMOHHBIA XapakTep MepeMEnIeHUsT JaHHBIX
0JI0KOB) MOXKET OBITh ONpeE/IeeHa KaK MHOTOIOPSIKOBAasl CKJIaJuaTo-dyenryiiyaras 30Ha,
TIPEICTABIISAIONIAS COOOM KPYIHBIN TEKTOHHYECKUH CPBIB, OJIOKOM-YIIOPOM JIJIsSi KOTOPOTO
nociyxui FOxHo-Manrsinutakckuit reoonok. [Tocneanuit ucnpiran Ha ceOe Bo3aeiicTBue
TaHT'€HI[UAJIBHOTO CTPECCa,HAIIPABIEHHOIO CO CTOPOHBI HAJBUTAIOIIUXCS C CeBepa Iula-
CTHH, YTO IPUBEJIO K 00pa30BaHUIO B NMOTPAaHUYHON 4yacTH YKa3rypiaMHCKOM Jenpeccuu
Caykynyk- YIIKyIOHCKOH aHTHKJIMHAJIBHON 30HBI, a IKHEEe — y3Koro JuHelHoro Taii0a-
rapcKoro ’ken00000pa3zHoro mporuoda.

Caykynyk-YIIKYIOHCKasi aHTUKIIMHAJIbHAS 30Ha, B OTVIMYKME OT aHTUKJIMHAIBHBIX 30H
XKetp10aii- Y3eHbCKON CTYNEHHU, HE HAXOAUT OTPAaXEHHUS B IUIAT(OPMEHHOM YexJie, B TO
BpeMsl KaK B TPHACOBBIX OTJIOKEHHSIX CEMCMHYECKHMHU HCCIEIOBaHUSIMU 3/IECh 3aKap-
TUPOBaHbl TAKWE BBICOKOAMIUIMTYAHbIE MOAHATHUSA, Takue Kak 3ananubiii Caykynyk, Ca-
ykyayk, bakann, 3anagueiii Uykyp, Uykyp, [latnak, Cesepnsiii [1atnak, [Tnonepckoe. B
LIEJIOM 30Ha XapaKTEpU3yeTCs BBICOKOM IJIOTHOCTBIO Pa3pbIBHBIX HApyLIEHUH U MMEET
CJIO)KHOE CTPOEHHUE.

Haubonee nzyuenHoit 6ypenuem sipnsercst [lnoHepckast aHTUKIMHAND, TAE, KaK 110
JTAaHHBIM CEHCMOpa3BEeAKH, TaK U IIyOOKoro OypeHMsl, T0Ka3aHO HAJIUYME IOJIOTHUX IO-
CJIOMHBIX CPBIBOB B OTJIOKEHUSIX CpeAHero tpuaca. Ha celicMuyeckux paspesax, pacro-
JIOXKEHHBIX BKPECT, OTUETJINBO BUIHO TEKTOHUYECKOE CIBAMBAHME BYJKaHOTCHHO-KapOo-
HaTHOTO KOMIUIEKCA CPEIHEro TpHaca, ¢ KOTOPHIM CBfi3aHA JUHAMMYECKHU BBIPa)KEHHAas
rpymnIa oTpakarwlux ropu3oHToB (puc. 5). [TonoOHas jxe BoHOBast KapTUHA 3a(pUKCUPO-
BaHa M Ha NPOJOJIBHBIX CECMUUECKUX pa3pe3ax (puc. 6).YUuTbIBasi, YTO Ha BPEMEHHBIX
pa3pe3ax BEpTUKaJIbHbBII MacIiTad OTHOCUTEIbHO FOPU30HTAJIBHOIO «PacTSHYT» Oolee
4eM B TPH pa3a, MOXKHO TOBOPUTH O HAJIMYHUHU 3[€Ch OYEHD IIOJIOTOr0O CPhIBA B CPEIHETPHU-
ACOBOM KOMILJIEKCE MOPO/I.

Puc. 5. [lonepeunviii apemennoil ceticmuueckutl paspes Iluonepcroii niowaou.
Ompaocarowgue copuzonmei: 111 — nooowsa neoxoma, 1V,—nodowsa oxcghopoa,
V, — enympucpeonezo mpuaca /

Fig. 5. Transverse temporal seismic section of Pionerskaya Square.
Reflecting horizons: 11l — Neocomian sole, IV, — Oxford sole, V, — inside the Middle Triassic
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Puc. 6. [IpooonwHuiii apementoli ceticmuueckutl paspes ITuonepckoii niowaou.
Yenosnvie obosnauenus cm. na pucynxe 5/

Fig. 6. Longitudinal temporal seismic section of Pionerskaya Square.

See the symbols in Fig. 5

TexroHMYeCcKoe CIBaMBaHHUE CPEAHETPHACOBOrO paspes3a Ha [lnoHepckoit miomaan
MOATBEPKAAETCA U MaTepuanaMu r1yookoro Oypenus. Tak, ByJIKAHOT€HHO-I0JIOMHUTOBAs
TOJITIA CPETHETO TpHaca ABaXKIbI poraeHa ckBakuHamu 8 u 10 (puc. 7). OTMeTnMm, 4TO
ckBakuHa 10 HaXOOUTCS HEMOCPEACTBEHHO Ha JIMHUU CEHCMUYECKOro mpoduiis, npuse-

JICHHOTO Ha PUCYHKE 5.

BOREHOLE 1 BOREHOLE 8 BOREHOLE 10
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Puc. 7. Cxema koppenayuu mpuacosvix paspe3o8 niowiaou Iluonepckas, uniocmpupyowas
MEeKMOHUYECKoe «COBAUBAHIUEY 8VIKAHO2EHHO-00TOMUMOBOU MONU CPeOHe20 mpuacd
6 ckeaorcunax 8 u 10.
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I — apeunnumet, 2 — anegponumel, necHaHuxu: 3 — apko306vie U NOAUMUKMOBbLe, 4 — mygozennbie,
5 — uzeecmkosucmeie; 6 — mygwi, 7 — mygoapaunriumol, uzgecmuAKU: 8§ — MeIKo3epHUCmbIE U
Kpucmanaudeckue, 9 — enunucmeoie, 10— opeanoeenno-oempumosuie, 11 — myghoeennvle; donomumul:
12 — ceycmrkosvie, 13 — oonumoso-komkogamule u 00AUMO080-0010moynble, 14 — mygoeenuvie /

Fig. 7. Correlation scheme of Triassic sections of the Pionerskaya area, illustrating the tectonic
“doubling” of the volcanogenic-dolomite strata of the Middle Triassic in wells 8 and 10.
I — mudstones, 2 — siltstones, sandstones: 3 — arkose and polymictic, 4 — tufogenic, 5 — calcareous;
6 — tuffs, 7 — tufoargillites, limestones: 8 — fine-grained and crystalline, 9 — clay, 10 — organogenic-
detritus, 11 — tufogenic; dolomites: 12 — clump, 13 — oolitic-lumpy and oolitic-clastic, 14 — tufogenic

[IpumedarenbHO, YTO HA HAYaJIBHOM 3Talle€ MHTEPIPETALMU BOJHOBOM KapTHHBI HA
[Tuonepckoit miomanu reogu3nkaMu ObUIO BBICKA3aHO MPEAINONIOKEHHE O HAJIMYMU Ha
wiomansx [Iuonepckas u bakanapudorenHsix nocrpoek [Jmurpues u ap., 1982], uro,
KaK MOXHO BHJIETh, OKa3aJI0Ch OIMO0YHBIM. Kpome Toro, B TpuacoBoM paspes3e OTCyT-
CTBYIOT pU(OCTpOsIINE OPraHU3MBI, Ja U caMa najeoreorpapuyueckasi 00cTaHOBKa 0cal-
KOHAKOIUIEHHSI B ATOT IIEPHOJI HE CIOCOOCTBOBANA UX PA3BUTHIO.

AHAJIOTMYHYIO TIPUPOAY MOYKHO C OOJIBILION BEPOSATHOCTBIO MPEAIOaraTh U is Apy-
rux cTpykryp CayKyayk-YIIKyIOHCKOM aHTUKJIMHAJIBHOM 30HBI. Ha mx mpumepe MOXHO
BUJIETh, YTO YaCTh YeIlTyH4aTo-HaJBUTOBBIX JUCIIOKAIMHA, 00pa30BaBIINXCS B MpPEIbIOp-
CKO€ BpEMsI, pa3BUBaIaCh HA MPOTSHKEHUH OYEHb KOPOTKOTO NMPOMEKYTKA T€0JI0IMYECKOI
WCTOPHH U B JaJIbHEHIIIEM He OKa3bIBajia BIUSHUSA Ha (POPMUPOBAHUE CTPYKTYpPHI I1aTdop-
MEHHOTO 4exJa. /Ipyrue »e HaaBUroBble Auciokauu JKeTpi0aii- Y3eHbCKOM CTYIIeHH OCTa-
BAJIMCh MOOMJIBHBIMH U B ITOCIIEIYIOIIEM, YTO COMPOBOXK/IAIIOCH 00pa30BaHUEM B UX (PPOH-
TaJIbHBIX YaCTAX aHTUKJIMHAJIEH B IEPEKPBIBAIOIIEM ME3030MCKO-KaliHO30MCKOM YeEXJIE.

BbiBOADI

VYuuTeIBast MaTepuabl, OJly4eHHbIE HAMU paHee /Ui Apyrux paitoHo Cxugcko-Ty-
panckoit margopmsel [McMarmnos u ap., 1991], MOXKHO TOBOPHUTH O BaXKHOM, 4acTO HENO-
OLIEHEHHOW POJIM TaHTeHLMAJIBHOTO CTpecca B (POPMUPOBAHUU BHYTPEHHEH CTPYKTYpBI
TPHUAcOBOM yacTu paspesa. Jledhopmannu GOKOBOTO CHKaTUAPACIIPOCTPAHEHBI IIPEUMYILIe-
CTBEHHO B IIpejieaX PAaHHEKUMMEPHUICKUX CKJIa4aThIX 30H — LleHTpansHo-MaHrsiak-
ckoil (kyma Bxoaut u JKeTwiOaii- Y3eHbckas crymnenb) u LleHTpanbHo-A3oBckoii — Kanes-
cko-bepesaHckoill cuctemax aucinokanuii 3anajna Ckugekoi IunThl. BHE 3THX 30H Bax-
HOE3HAa4YE€HHUE IPUOOPETAIOT CIBUTH.

YcraHOBIEHHBIE OCOOCHHOCTH CTPOEHUS CKJIAJA4aTo-HaJBUTOBBIX AUCIOKAIMHA MO-
T'yT OBITh MCIIOJIB30BaHbI MPH BBIOOPE ONTUMAIBHOM METOAMKH MOJIEBBIX CEHCMUYECKHUX
pabor, a TaKke mocieayrouiel kKamepaibHO 00paboTke momydeHHbIX MaTepuasoB. Cie-
JyeT TaK)KE€ yUUThIBaTh, YTO B 30HAX Pa3BUTHUs TEPPUTEHHOIO pa3pe3a MOLIHBIA TaHI€H-
UABHBINA CTPECC MPUBOIUT HE TOJIBKO K MOBBIIIEHHON Je(OPMUPOBAHHOCTH TTOPO]] BO
(pOHTANBHBIX YACTIX Yellyll, HO U K UX YIJIOTHEHHIO, CHH)KEHUIO EMKOCTHBIX CBOMCTB,
YTO YMEHBIIIAeT IaHChl OTKPBITHUS 3anexell HedTu U rasza. Jpyras curyarus HabIroqaeT-
csl B cilydae KapOOHATHOIo pa3pesa. 371eCh 3a CUeT MOBBIIIEHHOMN TPEINHOBAaTOCTH, pa3-
BUTHSI TIPOLIECCOB BBIIIEIAYUBAHMS 3aMETHO YIYYIIAIOTCS €MKOCTHO-(DMIIBTPAIIOHHbIE
cBoiicta nopo [ITonkos, 1990]. HamsaueiM puMepoM MOTYT CITy>KUTh TacOynarckoe
u FOxHo-XXeTribalickoeMecTOpOXK IeHUSI.

[IpucyTcTBHE HAJABUIOBBIX JUCIOKAIMA M TOJOTMX CPHIBOB B TPUACOBOM paspese
Cxkudceko-Typanckoil mnar@opmMbl MO3BONISET BbIIBUHYTh HOBOE, MOKA €le HEeTpaaulu-
OHHOE HaIlpaBJIEHNE re0JIOropa3BeJOYHbIX paboT — NOUCKU 3aexell He()TH U rasa B M0J-
HAJBUIOBBIX 30HaX.
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Pestome: AKTyanbHOCTb paboTbl. [opa Maluyk He TONbKO 3aHMMAET reorpaduyeckit LeHTpanbHoe MecTo
Ha Tepputopun Kaskasckux MuHepanbHbix Bog (KMB) cpeayu MHOrOYMCREHHbIX MarMaTu4ecKux Auanupos
KPUNTONAKKOMNTOB, HO W ABNAETCA OAHUM M3 BOXKHEALLMX 06LEKTOB TYpU3Ma, a TaKXKE YHUKANbHbIM 06beK-
TOM AN U3Y4EHMS Fe0N0ro-TeKTOHMYECKNX W re0AMHAMMUYECKNX YCIOBWIA, 0COBEHHO B NNaHe CEACMUYHOCTM
11 3KOMOrnyeckom 6e3onacHocTi Tepputopuu. Lienb pa6oTbl — komnaekcHoe n3ydeHue ropsl Mawyk ans o6e-
CMeYeHNs CencMMYECKO 1 3KONIOrm4eckoi 6e30MacHOCTM, @ TAKXKe YCTOMYMBOIO COLMaNnbHO-9KOHOMWNYECKOr0
passuTus peruoHa KMB. Metoabl uccnepoBanui. Ha nepsom atane Hay4HbIX UCCEL0BaHUIA NPOBEAEH aHann3
MHOFO4MCIEHHOr0 MaTepuana no reoMopconorini U reonoruvyeckomy CTPOEHNI0, B TOM Y1UCHE NO AaHHbIM Celic-
MOMOMNYeCKNX MCCNeaoBaHNin TeppuTopun r. Matlyk u npuneratoLmx Tepputopuit. MoaroToBeHsl MaTepuansbl
no Tonorpagouyeckoin CheMKe U KOCMUYECKME CHUMKM PasinyHbIX MacliTaboB (KPYMHOro U cpefHero), pas-
paboTaHa TeopeTudeckas 6a3a U METOAO0NOrMA HayyHbIX UCCnefoBaHMA. TeopeTnyeckas 6a3a OCHOBbLIBANACh
Ha TPaAULMOHHBIX N HETPAAMLNOHHBIX NPEeSCTaBNEHUAX (POTALMOHHON KOHLENUUN TEKTOreHesa, eé CreacTsum
— MNKOMTEKTOHUKE, PUHITEKTOHUKE W BIOKTEKTOHWUKE, CTPYKTYPAX PACTSHXKEHUS, KOHLENUU Npupoabl CTPYKTYp
LLleHTpanbHOro Tvna). 3 TpaguumMoHHbIX NPeacTaBneHnii MCNonb30BanUCh Y4eHWe 0 COBPEMEHHbIX U1 APEBHUX
thaumsx, npupoaHo-TeppuTopuanbHbix komnnekcax (MTK) n naHawadtoseaeqne. MeToaon0rma Hay4HbIX Uc-
CNeI0BaHNiA, B TOM YUCNE OCHOBAHA Ha TPAAULMOHHBIX U HETPAAULMOHHBIX MeTodax. I3 TpaanuMoHHbIX MeTo-
JI0B UCNOJNb30BANCA U3BECTHbIA CUCTEMHO-a3POKOCMUYECKINIA METO FPYNNOBOIA reoiorn4eckoil CbEMKM, MeTO4
KJTH04EBbIX Y4aCTKOB, CTPYKTYPHO-reoMopdonornyecknii Metog. /13 HeTpaanumMoHHbIX: HOBbIA MeTo naHawad-
THO-re03KO0NOrM4YeCcKOro KapTMpoBaHmus, CTPYKTYPHO-METPUYECKMA MeToa U MeTod WHTepnpetauun CLUT wunm
METOA PyaoHeTera3oreonornieckoro 1 CeNCMNYeckoro panoHuposanus. Peaynbtatbl paboTtbl. B pesynbsrare
M3yYeHNs MaTepuanos NpeaLLIeCcTBEHHUKOB N0 reoMopdONOrim, reosiorum U TEKTOHMKE, AelndprupoBaHmns Koc-
MUYECKUX CHUMKOB Pa3fnyHbIX MACLUTAb0B U TOMOKAPT NpoaHanu3npoBaHbl COCTABEHHbIE aBTOPaMW KapTbl:
NaHALWATHO-rEe03KONOTMYECKUX YCOBUIA, CXeMa PyAOHETera3oreonorM4eckoro  CeNCMMYeCcKoOro paioHu-
POBaHWA, CXeMbI re0JHaMNYECKMX YCNOBWIA. Ha X OCHOBE cfieNlaH MPOrHo3 3K0NOru4eckux ycrioBui (3atonse-
HWS, NOLTONNEHNA); BbIAENEHbI Y4aCTKN CEiICMUYECKMX PUCKOB (BOSMOXHbIX SMNULEHTPOB KAaTacTPOUYECKMX
3eMNeTPSCeHNI). BbisBNEHbl OCHOBHbIE 0COBGEHHOCTI FreOMOPEOSIOrMYeCcKOro, reosoro-TeKTOHNYeCKOro CTpoe-
HUS W reofMHaMUYeCcKMX YCNoBuiA ropsl Matuyk u npuneraroLmx Tepputopuii. Bnepsble BblAaHbl peKoMeHgaunm
no NpeaynpexneHnto KaTacTpoUYECKUX 3EMNETPACEHUA NyTEM OYPEHUS CKBAXWH HA TepMmaribHble U MUHE-
panibHble UCTOYHUKM B CYNEPPE30HAHCHbIX 30HaX.
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KntoueBble cnoBa: KpUNTONAKKONMT, MarMaTiieckuin auanup, CTpyKTypbl LLIEHTPANbHOTO TUNA, FreofuHaMU-
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Abstract: Relevance. Mount Mashuk occupies a geographically central place not only on the territory of the
Caucasian Mineral Waters (CMW) among numerous igneous diapirs and cryptolaccoliths, it is one of the most
important tourism objects, but also a unique object for studying geological, tectonic and geodynamic conditions,
especially in terms of seismicity and environmental safety territory.The aim of the study is a comprehensive study
of Mount Mashuk to ensure seismic and environmental safety, as well as sustainable socio-economic develop-
ment of the CMW region. Methods. At the first stage of scientific research, an analysis of numerous material
on geomorphology and geological structure was carried out, including data from seismological studies of the
territory of the city of Mashuk and adjacent territories. Materials on topographic surveys and satellite images
of various scales (large and medium) have been prepared, a theoretical base and methodology for scientific
research have been developed. The theoretical basis was based on traditional and non-traditional concepts
(the rotational concept of tectogenesis, its corollary — plume tectonics, ring tectonics and block tectonics,
extension structures, the concept of the nature of structures of the central type).From traditional ideas, the
doctrine of modern and ancient facies, natural-territorial complexes (NTC) and landscape science were used.
The methodology of scientific research is also based on traditional and non-traditional methods. Of the traditional
methods, the well-known system-aerospace method of group geological survey, the method of key areas, and
the structural-geomorphological method were used. Of the non-traditional ones: a new method of landscape-
geoecological mapping, a structural-metric method and a method of interpreting the SCT, or a method of ore-gas-
geological and seismic zoning. Results. As a result of studying the materials of predecessors in geomorphology,
geology and tectonics, deciphering satellite images of various scales and topographic maps, maps compiled by
the authors were analyzed: landscape and geoecological conditions, a scheme of ore, gas, geological and seismic
zoning, schemes of geodynamic conditions. Based on them, a forecast of environmental conditions (flooding,
flooding) was made; areas of seismic risks (possible epicenters of catastrophic earthquakes) are identified.
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The main features of the geomorphological, geological-tectonic structure and geodynamic conditions of Mount
Mashuk and adjacent territories are revealed.For the first time, recommendations were issued on the prevention
of catastrophic earthquakes by drilling wells for thermal and mineral springs in superresonant zones.

Keywords: cryptolaccolith, igneous diapirs, central-type structures, geodynamic centers, compression and
extension zones, superresonant zones, earthquake sources, integrated monitoring.

For citation: Stasenko A.A., Danilin M.N., Kharchenko V.M., Nerkararian A.E. Geomorphological, geological
and tectonic structure, geodynamic and ecological conditions of Mount Mashuk and the adjacent territory of the
central part of the Caucasus Mineralnye Vody region. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics
of Russian South. (in Russ.). 2023. 13(1): 47-58. DOI: 10.46698/VNC.2023.74.77.004.

BeepeHve

B nocneanue rogsl Bo MHOrMX 00J1acTsAX HayK O 3emJiie OCHOBHBIM MH()OPMAIIMOHHBIM
peCypcoM SBISIFOTCS PE3YNbTaThl HHCTPYMEHTAJIbHBIX HAOMIOCHUH. DTO B MOJHON Mepe
OHOCHTCS K 3a7auaM reosioru [Zaalishvili et al., 2014a, b; 2016].

OOBEKTOM HCCIIeOBAHUS SBISETCS, IPEXIE BCEro, ropa Marryk, pactioioyKeHHas Ha
tepputopun Kaskazckux Munepansubix Bon (KMB). B pabGore Bnepsbie mpesyiaraer-
Cs1 KOMIUIEKCHBIN MOAXO/ K M3YYEHHUIO TAHHOTO 00BEKTa, KaK ¢ MO3ULUH TPATUIIMOHHBIX
METOJIOB, TaK U HETPAJULMOHHBIX (C MO3ULMHU CTPYKTYyp LeHTpasnbHoro tuna (CLT)), c
LIEJIBIO MTOJyYEHUsI HOBBIX TEOPETUYECKHUX JAHHBIX M COBEPLIEHCTBOBAHUS METO0JIOTUU
HayYHBIX MCCJIEOBAaHMI, HA OCHOBE KOTOPBIX OYyIyT MOKa3aHbl 0COOEHHOCTH reoMopdo-
JIOTMYECKOTO, T€0JION0-TEKTOHUYECKOTO CTPOEHHUS, T€OIMHAMUYECKUX U IKOJIOTMUECKUX
YCIIOBHH HccienyeMoi Teppuropun. Takke B pabote OymyT HaHbl peKOMEHIanuu 1o Oy-
PEHHIO CKBRXUH Ha TEPMaJIbHbIE U MUHEPAJIbHBIE BOJIBI.

Jlist TOCTH KEHUs TOCTABIEHHON LIE€IH, B XOJI€ UCCIIEIOBAHUS MPEIaraeTcsl Mpous-
BECTH PELIEHUE CIEeIYIOINUX 3a1a4: U3yUYUTh TeoMOp(OIOruyecKre, reoJMHaMIUeCcKue 1
9KOJIOTUYECKHE OCOOEHHOCTH paiioHa padoT; MPOBECTH JIAHAIA(THO-T€03KOJIOIHYECKOEe
palloHUPOBaHUE; IPOU3BECTH aHAJIN3 CEHCMOJIOTUYECKUX JaHHBIX U PE3yIbTaTOB UHTEP-
nperaru CLT; BEIMOMHUTE pynoHE(TEra30re0ornieckoe U CeNCMIUUECKoe paiiloHUpPO-
BaHUE B Npesieax TEPPUTOPUHN HCCIETOBAHMSL.

MaTtepunabl 1 METOABI MICCAEAOBOHUM

B kauecTBe OCHOBHBIX HH(OPMAITMOHHBIX HCTOYHUKOB HCITOJIH30BaHbI JJaHHBIE CElic-
MOPa3BeIKH, KOCMOCHUMKH Pa3IMYHBIX MacIITa0OB, CEHCMOIreoIorn4eckue mpoQuim,
CTPYKTYpHBIE KapThl, 8 TAK)KE MHOTOYHCIICHHBIE ITyOJTMKALIUH 110 HCCIIETyeMOH podieme.

B npouecce uccienoBaHus NpUMEHsUIUCh aHANIUM3, CUCTeMaTH3auus U 00oOIieHue
re0JIOTHYECKOH, reopr3nuecKoil HHOOPMALIMU U JAHHBIX 110 TeOMOP(OIIOTHH H3ydaeMOoi
TEPPUTOPHH, CUCTEMHO-a3POKOCMUYECKHI METO/I, BKJIFOUAOIIHNA KaK KJIACCHYECKYIO TeX-
HOJIOTHIO Iemn(pPUPOBaHUS U HHTEPIIPETAIIMNA KOCMHUECKUX CHUIMKOB, TaK U BBIJICIICHUE
00BEKTOB Ha OCHOBE MHTEPIIPETAIINU CTPYKTYp leHTpasibHoro Tuna (CL(T).

Pe3yAbtaThl PABOTHl U X OBCYXKAEHME

Bonpocamu uzydyenus reoMop(ojaoruyd U TEKTOHUKH 3aHUMAJICS sl MccieoBare-
neil. OcHoBaTensIMU TeoMOp(OTIOrUN CUMTAIOTCS HeMelKuid reomopdosnor Banbsrep [enk
U aMepuKaHCckuii reomopdonor YuinbsM Moppuc I3Buc. bonbioii Bkiag B e€ pa3Bu-
THE BHEC OCHOBareNnb Kadeapsl reoMopdonoruu Ha reorpapudeckom Qaxynsrere MI'Y
uM. M.B. Jlomonocosa npogeccop Nean Cemenosuu lllykun. KonkperHo moj Texrto-
HUYECKON reoMopQoIIorueil MoHNMaroT OJHY M3 CaMbIX MOJIOABIX OTpaciel reoMopdo-
JIOTMH, NTOMOTAIOIIYI0 OObEIUHUTH OOIIMPHBIE Pa3/iesbl reOMOP(OIOrUU U TEKTOHUKHU
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[JIeraBuH u n1p., 1987]. TekroHnueckas reoMOpQOIOrusi UMEET HECKOJIBKO OCHOBHBIX Ha-
MIpaBIICHUI, B TOM YHUCIIE: IBOIIONMS JaHAIIadTa aKTUBHBIX OKPauH ILTUT; TOpooOpa3o-
BaHUE; Pa3BUTUE CUCTEM aKTUBHBIX PA3JIOMOB U CKJIAJ0K; IBOJIIOLUS TACCUBHBIX OKPauH,
KOHTMHEHTAJIbHBIX BHYTPEHHUX PailOHOB M TIOJHSTHS TIJIaTO; BYJIKAHBI TeOMOP(OIOTHN
H CBSI3aHHBIE C HUMU OCOOECHHOCTH; MaJe0CEHCMOIOTHS 1 OIICHKA CEHCMUYECKO# omac-
Hoctu [Poroxun u nap., 1998]; B3auMoaeiicTBue TEKTOHUKH, KJIMMaTa, MOBEPXHOCTHBIX
MPOIIECCOB U MOJIUTeHETUYECKUX JaHAIA(TOB, a TAaKXKe MPeIyNpekIeHUE ONacHOCTEH.
[Lewis, 2022].

Teomopgonocuueckoe cmpoenue. T'opa Maryk BeicoToit 993 M pacronoxxeHa B IIeH-
TpaJibHOM "yacTu paiioHa KaBkasckux MunepanbHbix Bon u siBisiercs ogHoit u3 17 rop-
JIAKKOJIUTOB (Ha3BaHUs ocTanbHbIX: bemrray, XKenesnas, Pazpanka, 3meiika, JIpicas, Kun-
xan, Koxyptisl, Bepomion, beik, Menosasi, Kabanka (Tymnas), Ocrtpas, [llenynusas, 3omo-
toit Kypran, [Ixyna 1-s1 (FOua) u Ixyna 2-s ([Ixyma)). Ot ropsl bemray ona otaensercs
XOpoLIOo 3aMeTHOU ceioBuHOM [IlaBnunoB, 1973].

Meszodopmsl penbeda mpeacTaBIeHbl, B IEPBYIO 04epe/ib, KAPCTOBHIMU BOPOHKAMH,
KOTOpBIE UMEIOT Pa3BUTHE B IIPEJENIax PaclpOCTPAHEHUsI U3BECTKOBBIX TPAaBEPTHHOB B
OCHOBHOM CEBEPO-BOCTOYHOM, BOCTOYHOM M IOTO-BOCTOYHOM 4YaCTEW M NPUIIETAFOIIMX
wiomaaeu ropsl Mamyk. Pasmep ux 1octuraet HECKOJIBKMX METPOB B JUAMETPE, a Y-
6una He Oonee 3-x MeTpoB. Pacnipenenienue ux 1o miomaiv BecbMa HepaBHOMEPHO, Yalle
MPUYPOUMBAIOTCS K 30HAM TPEUIMHOBATOCTH TOPHBIX MOPOJI, 0COOEHHO K y3J1aM mepece-
YeHUs pa3sHOHANpaBIeHHbIX TpemuH. M3BecTHbIN «IIpoBanmy omubouHO MHOTHE UCCIie-
JIOBATENIM OTHOCAT K KATETOPUU KAPCTOBBIX 0OPA30BAHMIA, YTO B IPHHIIUIIE IPOTUBOPEUUT
M3BECTHOMY IPOIIECCy KapcToOOpa30BaHMs KaK MpPOLECcCy pacTBOPEHHs KapOOHATOB MOA
BO3JICMCTBMEM UMEHHO IIpecHBIX BOA. Kak u3BecTHO, B «IIpoBasie» 1Mo TEKTOHHYECKOMY
HaPYIICHUIO UIET BOCXOSIIAs MUTPAIIHS BRICOKOMUHEPAITM30BAHHBIX TEPMAJIBHBIX BOJT K
MOBEPXHOCTH C 00pa3oBaHMEM TPABEPTHHOB KapOoHaT-cynbdaTHOro cocrasa. PactBope-
HHUE BMEIIAIONINX KapOOHAT-IIIMHUCTHIX IOPOJ 3/1eCh MAJIOBEPOsITHO. B crnemyromiem pas-
nerne 3Toi paboThl OyJeT Mmoka3aH MexaHu3M oOpazoBaHus «IIpoBanay ¢ TEKTOHHUECKHUX
no3unuii [I'30Bckuit, 1975; 'Hunmosckoit, 1949].

N3 me3ohopM penbeda 0coboe MecTo 3aHIMAIOT, TAK Ha3bIBAEMEBIE, TPOTHI B CKAITbHBIX
BBIXO/IaX TOPHBIX MOPOJ KaK OCaJ0YHOIO, TAK U MarMaTu4yeckoro rnpoucxoxjaeHus. OHu
UMEIOT JIOBOJIBHO PEIKOE PaclpoOCTPaHEHUE, TEM HE MEHee SBIII0TCA 0co00i 10CTonpu-
MEYaTeJIbHOCThIO HE TOJIBKO Ha rope Marnyk, Ho U B Apyrux mecrax KMB. Oto, B nepByto
ouepen, TPOT BEUHOM Mep3ioThl Ha rope Pa3Banka, rpot JpeBHero Yenoseka B mpenenax
CenuTpoBBIX CKajl Ha CEBEPO-BOCTOUYHOM CKJIOHE ropsl Pa3Banka, rpoT moj ceBepo-Boc-
TOYHOM 4YacThbIO BEPIIUHBI bonbiioi Tay 1 MHOTOUMCIEHHBIE MEJIKUE TPOTHI U JAXE BbI-
€MKU B TpaxXWIMIIApUTax M JUIapuTax, ciaraiomux ropsl Ko3su Ckanbl Ha BOCTOYHOM
ckiioHe ropsl bemray. K 3Tol Kareropum MOKHO OTHECTH W U3BECTHYIO ropy «Kosbio»
noz roporoM KucioBonackom, Tak Kak Bce OHM 00pa3oBaiuCh B pe3ynbTare (PU3nYecKoro
BBIBETPHUBAHMSI TOPHBIX MOPO PA3IIMYHOIO COCTaBa M IPOYHOCTHU: B MAarMaTHUECKUX MOPO-
JlaX 3TO CBOEOOPA3HBIE JTMH3bI TPAXUIUIIAPUTOB CPEIU «YUCTHIX) JIMIIAPUTOB, & B CPABHHU-
TEJIBHO TUIOTHBIX MECUaHUKAX HAOMIONACTCS HATMYME PHIXJIOBATHIX PAa3HOCTEH HECKOIBKO
apyroro coctaBa. Kak nu3BecTHO, Moj JEWCTBHEM MPOLECCOB (PU3MYECKOTO BHIBETPHUBAHUS
PBIXJIbIE PA3HOCTH JIETKO PAa3pyILIAOTCSI, BHIHOCATCS U TaKUM 00pa3oM 00pa3yroTcsi HUILIN
WIN JaKe «IbIPKW» BBIBETPUBAHMS B CKaJbHBIX 0OpazoBaHusix. [log ropoit Mamryk 310
u3BecTHbIe TpoThl Juansbl, Jlepmonrosa. Ocobo crenyer cka3zarb O 3HaYUTEIILHOM OTIIU-
YUK 110 KOM(OPTHOCTH TPOTA BEYHOIN MEp3/OTHI Ha rope Pa3Baika, KOTOpHI, B OTIHUUE
OT OCTAJIbHBIX, IPEACTABISIET COOO0 «eCTECTBEHHBIN XOMOAUIBHHUKY, (DYHKIIMOHUPYIOIIUI
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IO MPHUHIUITY UCKYCCTBEHHOTO. 3/1€Ch MO 30HaM TPEIIMHOBAaTOCTH LUPKYIUPYIOT (IIIOU-
Ibl, co3/1aBast KaK ApoccenbHbIN 3 ekt (GopMupys 3K30TepMUUECKUE YCIOBHS, 10CTa-
TOYHBIE ISl MOCTOSIHHOTO 3aMOPaKMBAaHHS BO3AyXa), TAaK U pacTBOPss KapOOHATHBIE TIO-
ponel. Keraru, mon ropoii berray HaOmonaroTcss MeIK#e rpOThI B 30HAaX TEKTOHHYECKHX
Pa3IIOMOB C XapaKTEPHBIM XOJIOTHBIM BO3IyXOM Ha BXOJIE B JICTHHIA repruoj] Bpemernu. Ciie-
JyeT elle OTMETHTh, 4To B rpote J[peBHero YenoBeka ormeyarorcs Gonee koMpopTHbIE
YCJIOBHS, @ TAKKE B HETIOCPECTBEHHOM OIM30CTH HAXOAMUTCS POAHUKOBBIH HCTOYHHUK IIpe-
CHOI1 BOJIbI Ha ()OHE MHOTOYHCIICHHBIX MUHEPAJIBHBIX HCTOUHUKOB B ATOW OKpYyTe.

TI'eomopgostornueckne 0COO0EHHOCTH 3aKJIIOYAIOTCA B CJIEAYIONIEM:

1. B ormume ot Takux rop, kak bemray, 3melika, ropa Malllyk He UMEET BBIPAKEH-
HOTO KPYIVIOT'O IIbEAECTANIA, & HAa KOKHOM €€ CKJIOHE BBIJIENSIETCS CEPUsl CTPYKTYPHO-aKKY-
MYJISITUBHBIX T€PPAcC, CI0KEHHBIX KapOOHATHBIMU TpaBepTUHAMHU. K 30HE TEKTOHMUYECKO-
IO pa3joMa Ha F0r0-BOCTOYHOM CKJIOHE ITPUYpPOUYMBAETCS 3HAMEHUTHIN «IIpoBan».

2. Co CTOpOHBI KXKHOTO CKJIOHA TOpbl Mariryk BbIesieTcsl 0COObIi, CBOEOOpa3HBbIi
nbeecTal U3, Tak Ha3bIBAEMbIX, TPABEPTUHOBBIX CTPYKTYPHO-aKKYMYJISITUBHBIX TEppac
BBICOTOM OT HECKOJBKUX JO MEPBBIX IECATKOB METpoB. OHU OCIOKHEHBI Me30(hopMaMu
penbeda — KapCTOBBIMUA BOPOHKaMM He3HAYUTENbHOU m1yOuHbl (0—5 M) U AuameTpom B
HECKOJIbKO METPOB.

3. OCHOBHOM, yHHUKaJIbHOW OCOOCHHOCTHIO Ha FOTO-BOCTOYHOM CKJIOHE SIBJISIETCSI, TaK
HazbIBaeMbll, «[IpoBam», KOTOPBINM NpeAcTaBIseT COOON HAIVISIAHBIN IPUMEDP CTPYKTYpbI
pacTsKEHHUS U ABJISIETCS], TI0 CYIIECTBY, CEHCMOIUCIIOKAIINEH — ClIeIoM KaTacTpo(puyecKo-
IO 3€MJIETPSICCHHUS.

MOXHO TIOJBITOKHTD, YTO TOpa MalIyk UMeeT JOCTaTOUHO CIIOKHOE T€0JI0rHYECKOe
CTPOEHHUE, KOTOPOE SIBIISICTCS PEe3yJIbTaTOM JUIUTENILHOTO (OpMUpOBaHUs peibeda, o0y-
CJIOBHBILIETO €TI0 Pa3HOOOpa3ne U YHUKAIBHOCTb.

T'eonozo-mexmonuueckoe cmpoerue. Boripocamu reojaoro-TeKTOHUUECKOTO CTPOEHUS
B palioHE MPUCYTCTBUS JAKKOIUTOB 3aHUMAJICA psAJl yueHbIX. Tak, B oHOM 13 padot [Ryan
et al., 2017] uccnemayercs BOIIONMS JIAKKOJIUTA B TUTAHE W JOKA3bIBACTCS, YTO OKOHYA-
TeNbHasg opMa JIAKKOIUTA SIBISIETCS Pe3yJabTaTOM KOHKYPEHILIUH MEXAYy BHYTPEHHUMH
MarMaTHueCcKUMH SIBICHUAMHU (Hampumep, U30bITOYHBIM JaBICHUEM M IPOLECCOM 3a-
TBEPJEBaHMs) U COCTOSIHUEM BHEIIHUX BMEILAIOLINX OO (HapUMEp, UX MOIIHOCTBIO,
HAJIMYMEM PA3JIOMOB U PETHOHAIBHBIX TEKTOHUUECKUX HampshkeHuil). Mopdooruto uH-
TPY3UH MOXHO HCIIOJIb30BaTh B KAUECTBE JIOTHYECKOI0 MHCTPYMEHTA JJIs1 JIyUIIEero MOHU-
MaHUs TMHAMUKU U UCTOPUH BHEJPEHUSI.

TpelmunHHbIi MEePeHOC MarMbl 4epe3 HEerTyOOKYyI0 KOpy MPHUBOAUT K 0Opa30BaHHUIO
MarMaTH4eCKUX MOJBOSIINX CUCTEM, KOTOPBIE IPEICTABIISIOT COO0H CI0KHbBIE B3aUMOC-
Bs3anHble cetu (Thomson, 2004, Cartwright, Hansen, 2006, Magee et al., 2013, McLean
et al., 2016). OTkI0HeHNS U OOXOTHBIE ITyTH MarMbl Ha €€ MyTH OT UCTOYHUKA K TIOBEPX-
HOCTH IPOMCXOAAT, KOIJja MarMa CTaJIKMBAETCS CO 3HAUUTEJIbHBIMU HEOJHOPOAHOCTIMU
3€MHOI KOpBI, TAKUMH KaK pa3HOCTH JIMTOJIOTUH, BapUALIMU 10JIs1 HAIIPSDKEHUH U HaJuue
paHee CyIIECTBOBAaBIIMX PA3JIOMOB M CKJIAJIOK; BCE OHM MOTYT M3MEHSTh HalpaBiICHUE
BEPTHKAIBHOTO TIEPeHOCa MarMbl Ha cyoropu3ontanbHoe (Hyndman, Alt, 1987, Hogan et
al., 1998, Burchardt, 2008, Menand et al., 2010, Gudmundsson, 2011, Holt et al., 2014).

Maryk — KpUNTONAKKOIUT (KYTOJIOBUIHASL CTPYKTYpa), Bo3BbImatomasics Ha 400 m
HaJl OKpY’Karollel MeCTHOCThI0. PaHee aBTopaMu, mopoOHO ObLTH OMUCaHbl TeoMOopdo-
JOru4Yeckre 0coOEHHOCTH Topbl Manryk (COOpHUK MaTepuaioB KOH(pEPEeHIINN « AKTyallb-
HbIE IPOOJIEMBI HayK O 3eMJe», anpeib, 2022 r).

JJ1s reoIornyeckoro KaprorpagupoBaHus OTAEIbHBIX TEPPUTOPUNA IIUPOKO UCIIONb-
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3yIOTCS TEXHOJIOTUH JTUCTAHIIMOHHOIO 30HAMPOBaHMUSA U T€OMH(POPMAIIMOHHBIX CHCTEM
(I'"C) [Kopuyranosa, 2009]. Ha npumepe ®epranckoii Bnagunsl [Umurzakov, Rabbim-
kulov, 2022] ¢ momomipo MaTepragoB IMCTAHIUOHHOTO 30HIUPOBAHUS (KOHKPETHO CITyT-
HUKOBble cHUMKU Landsat-8) 1ist kKapTupoBaHUs CTPYKTYPHBIX U T€OMOP(OIOrHYECKUX
3JIEMEHTOB OBLIM BBIJEJIEHBI 30HBI Pa3JIOMOB, JTUHEAMEHTHI Pa3IMYHOIO paHra, pazind-
Hbl€ MOJHATHSA, BNAJUHBI U Pa3HOBO3PACTHBIE CTPYKTYpPHO-BEILIECTBEHHBIE KOMILIEKCHI
[Munocepnosa u ap., 2021]. Ha ocHoBe yriyOneHHOT0O aHaIu3a reojoro-reopuandeckix
JAHHBIX pa3paboTaHa reosoruueckas kapra-cxema @epranckoil Bnaaussl. C HCIIOIb30Ba-
HHEM T€O0JIOTMYECKOTro JIaHAmapTa 1 aBTOMaTU3UPOBAHHBIX METOIOB e (PUPOBAHUS
KOCMHMYECKHUX CHUMKOB BbII€JIEHbl OCHOBHBIE HEOTEKTOHUYECKHUE 31€MEHThI DepraHckoit
BIIAJIMHBI: I0XKHAsI CTYIICHb, CEBEPHBIN KPaeBOM CKIIOH, LIEHTPaJIbHAs [Pa0eH-CUHKIMHAIID,
(IiekCypo-pa3ioMHbIE 30HBI, JOKAIbHbIE AHTUKIMHAJIBHBIE 30HbI, OTACIbHbBIE TIOAHATHS/
BIIA/IUHBl U JIOKaJbHbIE 30HBI ciBura. [lo pesynbraram cocTaBieHa HEOTEKTOHMYECKAs
KapTa paiioHa MCCIIeI0BaHUN, KOTOpas MOXKET ObITh UCIIOJb30BaHA B KaY€CTBE TEKTOHU-
4eCKOU OCHOBBI JIJIsl IOMCKOBO-Pa3BEIOYHbBIX pabOT, KApTUPOBAHHS CEHCMUYECKOTO paiio-
HUPOBAHUS U MH)KCHEPHO-TEOJIOTUIECKUX Pa3pabOTOK.

B pa6ore [Gaidzik, 2021] Takxke BBIIEISFOTCS CEHCMOITMHEAMEHTBI ISl U3yYEHUS T10-
TEHIMAJIbHO aKTUBHBIX CTPYKTYp Ha JOMHHHpPYIOLIEH IINTE Haja 30HOHM cyOnykuuu Ha-
CKa B HOJKHBIX NEpyaHCKUX AHZAax. Pe3ynabTaTbl TaHHOTO HCCIIENOBAHUS NMOAYEPKUBAIOT
HOJIE3HOCTh METOJa CEeHCMOIMHEaMEHTHOIO aHaIM3a B KaueCTBE MHCTPYMEHTA Ul pac-
NO3HaBaHMs 00JIaCTeH, MOJBEP)KEHHBIX MOTEHIMAIBHBIM CEHCMOICHHBIM pa3joMaM, KO-
TOpBIE CIEAYET U3YUUTh Oosiee MOAPOOHO C MCIOJIB30BAHUEM MAIE0CEHCMOIOINYECKHX,
reoMop(OJIOTHUYECKUX, TEOAE3NIECKUX U Teopu3ndecknx MeTonoB. OHU TaKXkKe MOKa3bl-
BAaIOT Ba)KHOCTh Pa3JIOMOB 3€MHOM KOpbI B O0IIIEH OLIEHKE ceicMUYecKoi onacHocTH [Jie
et al., 2022; Volpe et al., 2022].

B paiione ropsl Mariyk 0co00 BBILAEISIOTCS HapylIEHHsl CEBEPO-BOCTOYHOIO IMpPO-
CTHpaHUs, NPE/ICTaBICHHbIE 30HAMH JIPOOJICHUS C KaJbLUTOBBIMU XUJIaMU [BUHHUK H
ap. 2021]. Mo pesynpraram aemu@prupoBaHUs KOCMUUECKUX CHUMKOB B MPHHLUIIE MO/
TBEP)KJAIOTCSl BBIIICONHUCAHHBIE TEKTOHUUYECKUE HAPYLIEHMs, KOTOPbIE BBIIEISIIOTCS B
(hopme JIMHEaMEeHTOB Pa3IMYHOMN MPOTHKEHHOCTH B 00pa3yroT Ha UCCIIeyeMOr TeppPUTO-
puM cuctemMy pasinyHbIX 0510k0B. Ocoboe 3Hauenune nmeet Boiaenenue CLT paznuuHoro
paHra, Mo3BOJISIOIIEE, B Pe3ylbTaTe UX UHTEpIpETaluy, IPOBOIUTH pyloHedTera3oreo-
JIOTMYECKOE U CECMUYECKOe palOHUPOBAHUE. .

B pabote [Ctoramii u ap., 2022] noka3sIBalOTCS BO3MOXKHOCTH KOMIUIEKCHOTO aHa-
JIM3a MOHUTOPUHIA COBPEMEHHBIX I€OJMHAMUYECKUX MPOLIECCOB U CECMUYHOCTH C II0-
MOIIIbIO CYIIECTBYIOIIEH CEeTH cTaHUui 1 Jaboparopuii CeBepHoro Kaskaza. tot aHanus
UCIIOJb3YETCs JUIsl OLIEHKH COCTOSTHUSI F€OIMHAMUYECKOTO Pa3BUTHS PETHOHA KaK OCHOBBI
pu pa3paboTKe METONUKH OIIEHKH I€03KOJIOTMUYECKHX PUCKOB. ABTOPBI HCIOIb3YIOT Ma-
tepuanbl GPS-HabmroneHnii co cxemMoi OJIOKOBOTO CTPOCHHMS KpUCTAJUTHUECKOTo (pyHIa-
meHTa bonbmoro KaBkasa, cocTaBieHHOMN 110 JaHHBIM MHTEPIPETAlMy IPABUTALIMOHHOTO
Y MarHATHOTO 1oJied. ITorom 7aHHOTO aHan3a siBJIIETCS BBISBIICHNE 3aKOHOMEPHOH CBS-
31 MEXIY HalpaBIeHUIMU BEKTOPOB cKopocTu nepeMenieHns GPS-nyHKToB B npenenax
NpOoeKIMid 3TUX OsokoB. 1o HaleMy MHEHUIO, JaHHBIA METOJl MOHUTOPHHIA COBPEMEH-
HBIX F€OJMHAMUYECKUX MPOLIECCOB U CEHCMUYHOCTH MO’KHO COBMECTHTD IS MTOTyYEHUS
0oJiee TOYHBIX Pe3yIbTaTOB C METOAOM JIaHAIMA(THO-T€0IKOIOTHYECKOTO KapTHPOBaHUS,
CTPYKTYpPHO-METpUUYECKUM MeToaoM U MeropoM uHrepnperauun CLT (pynonedreraso-
T€0JIOTHYECKOTI0 U CEHCMHUUECKOro paliOHMPOBAHUSI) C BBIIEIEHUEM CYNEPPE30HAHCHBIX
30H U Ie0lMHaMUYeCKUX LEHTPoB. COBMEIIEHNE BBIIENIEPEUNCICHHBIX METOIOB IOMO-
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KET PEeIUTh 33/1a4y OUCKA B3aUMOCBSI3H MKy INTyOMHHBIMU HCTOUHUKAMU TEKTOHUYE-
CKMX HaIPsHDKEHUHM M MX BO3MOXKHOMU CBSI3U C IIPUIIOBEPXHOCTHOM I'€OMHAMUKON U CEHC-
MHUYECKHUM PEKUMOM, KOTOPBIE MOTIIM OBl CTaTh OCHOBOW HanboJIee MOJHOTO U IETaIbHO-
T'O T€0IKOJIOTHYEeCKOro paitonnpoBanus [ Xaun, 1995, 2007].

l'eoounamuueckue u sxonozuyeckue ycnosus. Ha 10:xHOM ckiloHe Topbl Marnyk Oblin
YCTaHOBJIEHBI YETKO MPOCIIEKNUBAIOIIMECS HA IIOBEPXHOCTH B MEJIOBBIX U MAJIEOT€HOBBIX
OTJIOKEHUSIX JIBa TOIYKOJBIEBBIX B30pOca, HANPABIEHHBIX MapajuIeNbHO APYT IPYyTy
[I'epacumos, 1974]. Ilepssiii 3 HUX — CeBepHbI, WK [71aBHBINA, — UMEET aMIUIMTYLY
340-350 M (paiion o3epa [Iposai), a Bropoit — FOxHbIi — 0ko010 120 M. [ToMumMo 3TUX TEK-
TOHUYECKHUX 3JIEMEHTOB JIOKAJIbHOTO XapaKTepa 3/1€Ch )K€ YCTAaHOBJIEHBI MHOTOYHCIICHHbIE
TEKTOHUYECKUE TPEIIMHBI CEBEPO-BOCTOYHOIO MPOCTUPAHMSI, PaCIOararoluecs napai-
JIEJIBHO APYT APYTY U HOCSIIHE PETHOHAIBHBIA XapaKTep paclpOCTPAHECHHUS.

Takum o6pa3zom, HarOoJee BEPOATHBIM MyTEM MPOUCXOKICHHS TOpbl Malyk ObLIo
NOJHITHE BBEPX MarMaruyeckoro teja (MarMaTMYecKoro Auamupa), oOpasyroliero B
LIEJIOM CBOJIOBOE NOJHITHE C TOPU30HTAIBHBIM PACTSKEHUEM BBILIEIIEKALIEH CIOMCTON
TOJIIH 0CaJ0YHBIX Mopo. Jlanee chopMHUPOBAINCEH «IIPOBAD) KPOBJIH U CTPYKTypa THUIIA
«rpabeHn», To €CTh TUIIMYHAS CTPYKTYpa PaCTSKEHUS, HAIITHBIM IPUMEPOM KOTOPOH SIB-
JsieTcsl Hanbosiee mpuMedaTeNTbHbI 00heKT Ha Tope Mamryk — «IIpoBam». Ocobo crienyer
OTMETUTH, YTO MPOLECC UHBEPCUHM TEKTOHWYECKHUX JIBU)KEHUM, KaK MPaBUJIO, COIPOBO-
KJIaeTcs KaTacTpohUIeCKUM 3eMJIETPSCEHUEM, a TAKUE CTPYKTYPhI €CTECTBEHHO SIBIISIOT-
Csl CBOEOOpa3HBIMU CEMCMOIMCIOKALMSIMU. B 1pyrux reoMop@osornueckux ycloBHsX,
HarpuMep, B JOJUHAX PEK OHU 00pa3yloT JIOKaJIbHbIE aHOMAJIbHBIC PACIIMPEHUS MONM,
KOTOpBIE YacTO MOANPYKHUBAIOT, 3allOJHIIOT BOJOM PEKH M 00pa3yroT BOIOXPAaHMIMILA
paznmuuHoTro pasmepa. Ha tepputopun KMB Takue BogoxpaHuimina o0yCTpOESHBI B TOPO-
nax Kucnosoacke u [Isaturopcke Ha peke [logkyMok.

C 3TuX NO3ULMI MOXKHO MOAJIEPKATH BEPCUIO O TIOCTENIEHHOM BO BPEMEHM BBIJIaB-
JMBAaHUU JIAKKOJIUTOB. JlaHHBIM Ipouecc MpOUCXOJUT B TOM ClIydae, KOrjga OCaJo4yHbIe
MIOPOJBI IO, OTPOMHBIM JABJIEHUEM MOJHUMAIOIIETOCs UHTPY3UBHOIO TEla — a UMEHHO
BSI3KOHM, OCTBIBAIOIIEH MarMbl — 00pa3yroT AUanup, UMEIOIINH (popMy KyIrmolooOpa3HoOit
AQHTUKJIMHAJIBHOM CKIJIQJKH, KOTOpasi BIOCIEACTBUU MPeoOpa3yeTcs U MOCTETIEHHO pas-
pyuraercs [Cobosnes, 1959].

Haubonee nonHo reoquHaMuuecKue yCIOBUSL TEPPUTOPUH UCCIIETOBAHUS IIPEICTAB-
nstotea B pesynsrare uHtepnperanuu CLT pasnuuHOro panra, KOTOpbl€ BBIIEISIOTCA
B pe3ynbTare Aemn(pUpOBaHUS KOCMHUYECKHX CHUMKOB U TOMOTpapuuecKux KapT pas-
anyHoro Macitaba. CocTaBiIeHbl KapThI-CXeMbI PyJOHEPTEra30reoornuyeckoro paioHu-
poBanus teppuropur KMB 1, B yacTHOCTH ropsl Mamyk U npuieraronei TeppuTopun
ropoza [Isturopcka, Ha KOTOPBIX BBIJIENSIFOTCSI TAKUE CTPYKTYPBI, KAK 30HBI CKaTHs U pac-
TSDKEHUS, T€OAUHAMHYECKHUE LIEHTPbI, YYaCTKH UX HAJIOKEHUs! (PE30HAHCHBIE U Cymeppe-
30HAHCHBIE 30HBI), a TAKXKE CTPYKTYPbI paCTsLKEHUS — CBO€0Opa3Hble CECMOINCIOKAIIUT
[Xapuenko u np., 2022]. ns repputopun KMB npoBeneH aHanm3 BO3MOXKHBIX OyTyIIAX
0YaroB KaTacTpo(UUECKUX 3eMIICTPSACEHUNA. DTO Takue y4yacTKM Ha MCCIEAYyeMOil Tep-
pUTOpHH, TII€ B OJHOM MECTE COYETAIOTCS WM COBNAJAIOT T€OJMHAMHUYECKUE LIEHTPbI
Y pe30HAHCHBIE 30HBI CxkaTusl [ XapueHko u ap., 2018, 2022]. Emie BaxxHee HaX0XKICHHUE
YYacTKOB B CyNEpPPE30HAHCHBIX 30HAX (HAJIO)KEHUE HA PE30HAHCHBIE 30HBI PACTSKEHUS
Pe30HaHCHBIX 30H ckarusi) [Martinez et al., 2018].

JIist CHATUSL TEKTOHUYECKHUX HAINPSDIKEHUH B CYNEPPE30HAHCHBIX 30HAaX M I€OJUHa-
MHYECKUX LEHTpax, PeKOMEHIyeTcsl OypeHHe CHCTEMBI pa3rpy30YHbIX CKBaKUH Ha Tep-
MaJibHbIE U MHUHEpaJIbHbIE BOJbI, @ B OTJEJIbHBIX OJAarONpHUATHBIX YCIOBUSAX (HAJIUYMS
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KOJIJIEKTOPOB U TOKPBIIIEK), OypeHue CkBakMH Ha He(pTh U ra3 [CokonoB u 1p., 1999].
Kpowme Toro, B iepByro odepeib, He0OXOMMbI OpraHU3aIHs KOMIZIEKCHOTO MOHUTOPHHTA
10 IPEIBECTHUKAM 3EMJICTPACEHUN U CTaTUCTUYECKHUM aHalIU3 KaTacTpOpUUECKUX 3eM-
JETPSICEHUH 3a OCIIEHUE BEKA U ACCATUIETHS JIUIsl COCTABJICHHSI LIMKJIOTPAaMM, ITPH aHa-
JM3€ KOTOPBIX BO3MOXKEH KPaTKOCPOUHBIN MPOTHO3 (COMIACHO 3aKOHY LUKJIOB: «PUTMBI B
IUKJIaX, IUKIIBI pUTMUYHBD) [ Tankusn u np., 2007; Pang et al., 2022].

DKOJIOTUYECKHE YCIIOBUS TEPPUTOPUN HccienoBaHus (T. Mallyk) He OrpaHUYUBAIOT-
Csl TOJILKO CEHCMHUYECKOM 0OCTAaHOBKOM, a CYIIECTBEHHO JOTOIHSIOTCS U APYTHUMH TPO-
1[eccaMy IPUPOTHOTO U aHTPOMOTEHHOTO Xapakrepa. OHu Hanbonee 00bEKTUBHO MOTYT
OBbITh MpeACTaBICHBI Ha JAaHAIIAPTHO-TE03KOJIOTHYECKUX KapTax pa3IMyHOro Maciraa,
METO/IbI COCTABIIEHUS! KOTOPBIX pa3paboTaHbl aBTOPOM 3TOM paboThl [XapueHko U Ap.,
2018].Ilpumepom ux sIBIsIETCS KapTa JaHIIA()THO-T€OIKOTOTHUECKUX YCIOBUN Teppu-
topun Pecriy6nuku Kanmbikus, cocraBienHas B 90-e roabl IpoIuioro Beka, M moka 4ro
HEeOonyOJIMKOBaHHBIE KapThl bermrayropckoil miommaim, rae exXeroqHo IpOBOAUTCS TeoIIo-
ro-CheMOYHasl TPAKTUKa CTYIEHTOB 2 Kypca Kadenpsl reosiorunt HepTr U raza CKOY.

Ha »Tux xaprax, Kpome reojoruueckoil HHGoOpMaum, HaHOCSATCS HauboJiee BaKHbIE
3JIEMEHTHI JaHamadTa, B IEpBYIO O4epe/ib TUAPOCETh (IOCTOSHHBIE U BPEMEHHBIE BOJIO-
TOKH), 110 KOTOPOM OIpeensieTcs He TOIbKO COBpEMEHHasl M HOBEilllas reoMHaMUKa,
HO U BOJIOCOOPHBIE IUIOMIAAN, TyTH MUTPAIMH U TUIOMIAIA aKKYMYIISALUN 3arPA3HSIOIINX
BEILIECTB, KOTOpble MMEIOT MECTO Ha IuIoaau Bojocoopa. Ocoboe 3HaYEHUE 3TU KapThI
MMEIOT JUIsl TOATBEPKACHUS JOCTOBEPHOCTHU BblieeHUs JuHeaMeHToB u CLIT.

ABTOpaMM Ha OCHOBE M3y4YE€HUS MPUPOJHO-TEPPUTOPUATBHBIX KOMIUIEKCOB U OCHOB
Ja”amaTOBEICHUS COCTABIEHO JaHAIa(THO-reosKoIornueckoe kapruponanue (JI'IK)
uccnegyemoro yyactka KMB. g Tepputopun bemrayropckoid miomaan cOCTaBICHUE
JII'OK upe3BblyaitHO akTyaJabHO, TaK KaK Ha 3TOH TEPPUTOPUHU pa3padaThIBaIOCh MECTO-
POXKJIEHUE YpaHa U BBICOKA BEPOATHOCTD 3arpsI3HEHUS paJuoHyKIHaamMu. Borpoc coctout
B TOM, HACKOJIBKO BO3MOKHO 3arpsiI3HEHUE PaJMOHYKINIaMU IIPUJIETAIONINX TEPPUTOPUH,
B ToM uncJe ropona [Iaruropeka u ropsl Mamyk? Ilpu npensapurensaom ananuse JIF'DK
ropona Ilaruropcka, ropel Maiyk u conpenesbHON bemrayropckoid miomanan Haauuue
BPEMEHHBIX U MOCTOSIHHBIX BOJIOTOKOB, KOTOpbIE Obl «COEAMHSIN» ATH IUIOLIAAN IMpaK-
TUYECKH OTCYTCTBYET, YTO MO3BOJISIET TOBOPUTH 00 OTCYTCTBUU 3arpsi3HSIOLINX BELIECTB
(paaroHYKJIUIOB), KOTOPBIE OBl MUTPUPOBAIIH IO BOAOTOKaM ¢ berrayropckoii miormau.
OnHako Ha TOM HENb3s yCIIOKAUBaThCA, T.K. BIIOJIHE BO3MOXKHA M MOJ3EMHAs CBA3b 110
30HaM pacTsLKEHUs, KOTopble BelIenstoTes npu uHrepnperanuu CLIT. 3oHbl pacTsbkeHUs
nepeceKaroT B cyOMepHuIMOHaIbHOM HallpaBieHUH bemrayropckyo miomaip 1 miomaib
ropona [Iaruropcka Ha rore o01Iel TEppUTOPUN UCCIIEOBAHUSA. JTO HAIVISIIHO TIOKAa3aHO
Ha COCTaBJIEHHOW JIaHIMA(THO-TEOIKOJIOTHUECKON KapTe u cxeme nHatepnperanuu CLT
[Xapuenko u ap., 2018].

B ntane ceiicmuueckoii onacHOCTH B ropoze [ IsTuropcke cnenyer 0xXuaarh SULEHTP
3eMJIETPSACEHNS, B IIEPBYIO OYEpElb, B pailloHe BojOXpaHuiMILa Ha peke IlogkyMok, roe
BBIJIEJISIETCS T€OJMHAMUYECKUN LIEHTP, CyNEpPE30HAHCHAsI 30Ha M CTPYKTYypa pacTshke-
HUS (aHOMasbHOE pacuipenue noimsl pexku [lonkymok). Ilpu ouepenHoil Tekronomar-
MaTU4YeCKOM aKTUBU3ALUU (IPEIBECTHUKOM KOTOPOH OyIeT «IpoOyKIeHHE» CYIepBYII-
KaHa DipOpyc) ouaru KatacTpoGuueckux 3eMJICTPSICEHUI BEPOSATHBI, OIISAThH )K€, B MECTE
«IIpoBana» n B Apyrux reolMHaMUYECKUX LEHTpax TEPPUTOpUHU UccienoBaHus. Kpome
CENCMHMYECKON ONTaCHOCTH, HA JAHHOM TEPPUTOPUHN BEPOSITHBI U NPOSBICHHS HETaTUBHBIX
(PU3UKO-TEONIOTNYECKUX MPOLIECCOB: 3aTOIICHHS, MOATOIICHHS, 3a00Ia4lBaHMsI, ONOI3-
HeoOpa30BaHUs MPU PE3KOM IOBBIIICHUH YPOBHS BoAbI B peke [1oaxyMok mpu aHOMaIIb-
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HBIX JIMBHAX WJIM MABOJAKAX, a TaKKe MPHU TAassHUM JISTHUKOB ByJKaHa DbOpyc MpU €ro
akTuBu3aluu. Ha 3Kolornyeckyro CUTyalMio MOTYT IOBJIMATH B KAUECTBE MCTOYHUKOB
3arpsI3HSAIOIIMX BELIECTB U MHOTOUYMCIIEHHBIE PYAHBIE 3aJI€KU YpaHa, KOTOpPbIE BIIOJIHE
BEPOSTHBI HE TOJIBKO Ha bemrayropckoil miomiaay, HO U Ha OCTAJIBHBIX MHOTOYHCIIEH-
HBIX MarMaTHYeCKHUX JUanupax v Kpurrojakkoiautax tepputopun KMB, B Tom uncie u
Ha rope Mamyk. OHM IpUypOYUBAIOTCS, B NIEPBYIO OUYEpe/lb, K 30HAM CyOBEpTHKAIbHOM
JECTPYKIMHU KaK B PE30HAHCHBIX 30HaX PaCTSHKEHMSI, TaK M B 30HAX CHKATHA, a TaKKe K
reOIMHAMUYECKUM LIEHTPaM.

BbiBOADI

1. B pabore moka3aHa yHMKaJIbHOCTh IPUPOTHOrO 00bEKTa ropbl Mamryk u mpuie-
rarolluX TEPPUTOPHiL, B IEPBYIO Ouepelb, ropoaa [IaTuropck ¢ ero MHOroYMCICHHBIMU
JOCTONPUMEUATETbHOCTAMMU.

2. IlpencraBnena HOBasi TeopeThdecKkas 0a3a U METONOJIOTUSI HayYHBIX HCCIIeI0Ba-
HUI1, Ha OCHOBE KOTOPBIX JI0Ka3aHO CBOeoOpasue reoMopoIoruuecKoro, reooro-TeKTo-
HUYECKOTO CTPOEHHUS, F€OIMHAMUYECKUX U JKOJOTMYECKHX YCIOBUI TEPPUTOPUU T'OPBI
Maiyk 1 npuJIeraromux TEPPUTOPUI.

3. B ropone [IsaTuropcke 1mo KOMIIIEKCYy MPU3HAKOB, pa3pabOTaHHBIX aBTOPOM paHee
[Xapuenko u nip., 2022], mporHO3UPYIOTCS TOYHBIE MeCTa OyIyIIMX KaTacTpOPUUIECKUX
3eMJIETPSACEHUH, B IEPBYIO OYEPEb, 3TO MIOTHHA BOJIOXpaHmInIa Ha peke [lonkymok B
ropoze [lsturopcke. Kpome paspyiieHus miIOTHHBI U OIM3IEKALNUX CTPOSHUIN BEPOSITHO
3aTOIUIEHUE CTPOEHUN HAa TEPPUTOPUHU BBICOKOM MOMMBI M TAK)KE MEPBOM Teppachl HIXKE
1o TedeHuto pexu [lonkymok.

4. Ha ocHOBE aHa/IN3a CEHCMOre0I0rMUYeCKUX JaHHbBIX U Pe3yJbTaTOB MHTEPIPETALIMH
CUT npexacraBieHbl IITyOMHHBIE T€0JIOTO-TEKTOHUYECKHE U T€OANHAMHYECKUE YCIOBUS,
YTO MO3BOJISIET JI0Ka3aTh MPUYPOUEHHOCTh Topbl Malllyk K reoiMHaMUYEeCKOMY LIEHTPY
CIUT, yaukanpbHOCTh T€OMOP(OTOTHIECKOTO CTPOCHHSI, MEXaHU3M BO3HUKHOBEHHS 00b-
exta «IIpoBanay u pazHooOpaszue TUMOB MHUHEPATbHBIX HUCTOYHHUKOB, a TaKKe BO3MOXK-
HOCTb 3arpsi3HeHus ¢ bemrayropckoi miomany paguoHyKINJaMu OTAEIbHBIX BOJOHOC-
HBIX TOPU30HTOB HA UCCIIELYEMOU TEPPUTOPHH.

5. T'opa Mamyk 3aHMMaeT LEHTpajabHOE MeCTO Ha Tepputopu KMB He Tonbko reo-
rpaduyuecKy, HO ¥ B T€OJIOTO-TEKTOHHYECKOM TUIaHE, YTO HAITISITHO TOATBEPIKAACTCS ee
MIPUYPOUYEHHOCTHIO HE TOJBKO K BBICTYNY (YHIaMEHTa, HO U K alUKaJIbHON 4acTH 30HbI
pasyrmioTHeHus Ha m1yOuHe He 6osee 10 kM, a Takke K CyOBEpTUKaIbHOMY TEKTOHUYE-
CKOMY HapylICHHIO, BBIXOASIIEMY Ha THEBHYIO IOBEPXHOCTb.

6. I'myOMHHBIM CTPOEHHEM IMPAKTUYECKH OOBSICHAIOTCS IeoMOpP(OIOrHYECKUE 0CO-
OEHHOCTH (HaJM4Yue TPABEPTHHOBBIX CTPYKTYPHO-aKKYMYJISITUBHBIX T€ppac), MHOrooopa-
31€ MUHEPAJIbHBIX HCTOYHUKOB U CEHCMUYHOCTbH TEPPUTOPHH.

7. Ha ocHOBE IpOBEICHHOTO Py/IOHE(PTEra30re0I0rnieckoro paioHUPOBAHUS TEPPH-
TOPHUH, B LESIX NPEAYNPEKICHHUS KaTaCTPOPUUIECKOTO 3eMIIETPSICEHUs, PEKOMEHIYETCs
OpraHu3alys KOMIUIEKCHOIO MOHUTOPHUHIA U OypeHHs CHUCTEMbl «pa3rpy304YHbBIX» CKBa-
YKUH Ha TepMaJibHbIE U MUHEPAJIbHBIE BOJIbI, a 10 MepuQepru MIOMAANA B ONarONpUsTHBIX
YCIOBHUSX (CYNEeppe30HOHCHBIX 30HAX) TAKXKE MMOMCKOBBIX CKBaKMH HAa HE(PTH U ras.
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Pestome: AKTyanbHoCTb paboTbl. S1BNAACh 00LEKTUBHOW XapaKTEPUCTUKOM BbIAENEHHOW CEACMUYECKON
SHEepPruy Benn4YMHa MaKpOCENCMUYECKON WHTEHCUBHOCTU [OJXKHA UMETb CBA3b C MHCTPYMEHTANIbHbIMMW Napa-
MeTpammn CencMUYecKnx KonebaHuin. TpaguUMOHHO CeiicMUYecKne BO3AENCTBUS B NMPaKTUKe CEMCMOCTONKOrO
CTPOUTESIbCTBA OLIEHUBAKOTCA BEJINYMHOM NMMKOBOTO FOPU3OHTANILHOTO YCKOPEHUS TpyHTa. HO ABUXKEHWE TPyHTa,
BbI3BAHHOE 3EMNETPACEHUEM, SBNIAETCSA CMOXHbLIM, U ANS KONUYECTBEHHOTO OTPAXKEHUS XapaKTEPUCTUK [BUXeE-
HUS TPYHTA NPeAoXeH Lenblid pag napameTpos. B HacTosLlee BpeMs HeT 06LEeNpPU3HAHHOIO MHEHUS, Kakas
13 XapaKTepUCTUK HauyyLUM 06pa3oM ONKUCHIBAET MAKPOCECMMYECKYIO MHTEHCUBHOCTL. Llenbro paboThl fiB-
NSETCA CONOCTaBNEHNE UMEIOLLUXCA MHTErPaNbHbIX XapakTepUCTUK UHCTPYMEHTANbHOW MHTEHCUMBHOCTY U pas-
NNYHBIX KOMOMHALMIA NapaMeTPoB C CEACMIUYECKON MHTEHCUBHOCTBLIO NO JaHHbIM ceTh K-net. MeTopbl paboTbl.
B CcoOTBETCTBUM C MOCTaB/IEHHON 3aja4erd HEOOXOAMMO WUCMOSb30BaTL WHTEPNPETUPYEMYIO MOAESb, KOTOPOW
ABNAETCA perpeccus. icnonb3osancsa MeTo 0NopHbIX BEKTOPOB. [1ns OLeHKN 3DMEKTUBHOCTU MOZEIEN C Hau-
60nee paBHOMEPHBIM UCMOSIb30BAHNEM UMEOLLIMXCA [AAHHbIX NPUMEHSANACh NpoLeaypa Kpocceanuaauum (nepe-
KpPecTHOM npoBepku). Pe3ynbTatbl paboTbl. B pesynbrate YCTAHOBNEHO Haunydlliee COOTBETCTBUE MAKPOCeiic-
MWYECKO/ MHTEHCMBHOCTM NUKOBbLIX FOPU30HTambHbIX ckopocTeid (R?=0,76. MAE=0,29). BeeaeHue [ONONHN-
TeNbHOro NapameTpa no3BosseT nosbicutb RZ fo 0,8-0,85 1 cHuauts MAE 10 0,22—0,27. MeTpuku OLgHeHbI No
TeCTOBOW BbI6OPKE. Hanydwme nokasaresin 4OCTUTaTCA 419 MOAENN ¢ KOMOMHaLMeld cpeaHeKBaapaTnyeckon
ckopocTu 1 mepbl Pamxdapa. YuuTbisas, 4to mepa Oamkdapa npeacrasnser cob60it NPpou3BeLeHe NUKOBOI
CKOPOCTM Ha KOPeHb YeTBEPTOM CTeNeHN U3 NPOAOSIKUTESIbHOCTI HOBbIA NapameTp MOXHO paccmMaTpuBaTh Kak
MoanuumpoBaHHyto mepy @amxdapa.
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Abstract: Relevance. As an objective characteristic of the released seismic energy, the value of macro-
seismic intensity should be related to the instrumental parameters of seismic vibrations. Traditionally, seismic
impacts in the practice of earthquake-engineering are estimated by peak values of horizontal ground acceleration.
Earthquake-induced ground motion is complex, and a number of another parameters have been proposed to
quantify ground motion characteristics. At present, there is no generally accepted opinion which of the character-
istics describes the macroseismic intensity in the best manner. The aim of this work is to compare the available
integral characteristics of instrumental intensity and various combinations of parameters with seismic intensity
according to K-net network data. Methods. In accordance with the task, it is necessary to use an interpretable
model, which is regression. The support vector machine was used. To evaluate the effectiveness of models with
the most uniform use of available data, a cross-validation procedure was used. Results. As a result, the best
correspondence to the macroseismic innessivity of the peak horizontal velocity was established (R? = 0.76,
MAE = 0.29). The introduction of an additional parameter allows increasing R? to 0.8-0.85 and reducing MAE
to 0.22-0.27. The metrics are estimated from the test set. The best performance is achieved for the model with
the combination of root mean square velocity and the Fajfar measure. Considering that the Fajfar measure is the
product of the peak horizontal velocity and the fourth root of the duration, the new parameter can be considered
as a modified Fajfar measure.

Keywords: seismic intensity, instrumental parameters, strong motion databases.

For citation: Fidarova M.1., Zaalishvili V.B., Melkov D.A. Correlation between the magnitude of macroseis-
mic intensity and various indicators of instrumental records of fluctuations in the soil stratum. Geologiya I Geo-
fizika Yuga Rossii = Geology and Geophysics of Russian South. (in Russ.). 2023. 13(1): 59-75. DOI: 10.46698/
VNC.2023.17.83.005.

BeseapeHre

MakpoceiicMudeckass HHTEHCUBHOCTb MPENICTABISIET COOO0M JTOKALHYIO MEpy CTere-
HU yliep6a OT 3eMJICTPSICEHUSI U COTPSICEHUS TPYHTA MNP 3eMIIETPACEHHH, O YeM CBUJIE-
TEJILCTBYIOT HaOII0aeMble TIOBPEXKICHHS U PEAaKLUs pa3IMYHbIX JIEMEHTOB M YeJIOBEKa.
NHcTpymMeHTanbHbIE OLIEHKH MHTEHCUBHOCTH, OCHOBAHHBIE HAa 3aBUCUMOCTH MEXTy CEeHc-
MUYECKON MHTEHCUBHOCTHIO U MHCTPYMEHTAJIbHBIMU U3MEPEHMUSAMH, IIHPOKO HUCIOIb3Y-
IOTCS B Pa3JIMYHBIX 00JaCTIX HHKCHEPHOIH CEHCMOJIOTUH U YIIPABJICHUS CEHCMUYECKUMHU
puckamu [Trifunac, Brady, 1975; Wald et al., 1999; Musson et al., 2009; Caprio et al.,
2015; Sokolov, Furumura, 2008; Zhang et al., 2012; Zaalishvili et al., 2014a, b, 2016,
2020; Koliopoulos et al., 1998; I'abeeBa, bypazuena, 2008; 3aanumsmiu, 2009; Kypbanos
u ap., 2022]. Kpome toro, MakpoceiicMu4ecKasi ”HTEHCUBHOCTb MO-IPEKHEMY YacToO 5IB-
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JsIeTCSl €AMHCTBEHHBIM HAOII0AaEMBIM ITapaMETPOM ISl KOJTMUECTBEHHOM OLIEHKH YPOBHS
Cepbe3HOCTU KOJIEOaHUM IpyHTa BO MHOTHX TOpO/ax, I7ie HET CEHCMOMETPUUECKUX HH-
cTpyMeHTOB. Kpome Toro, MakpoceiicMuieckass ”HTEHCUBHOCTD SIBJISIETCS] €JUHCTBEHHOM
JOCTYITHOM MEpO MHTEHCUBHOCTH JIOMHCTPYMEHTAJIbHBIX MCTOPUYECKUX 3eMIIeTpsce-
Huii [Masi et al., 2020].

SIBnsisich 0OObEKTHUBHOM XapaKTEPUCTHKON BBIACTICHHONW CEHCMHUYECKOM YHEPTUH BEJIU-
YMHA MaKPOCEHCMUYECKON MHTEHCUBHOCTH JI0JIKHA UMETh CBSI3b C UHCTPYMEHTAIbHBIMU
napaMeTpaMu CeCMUYecKuX KonebaHuid. TpaaulmoHHO ceficMHuYecKue BO3ICHCTBUS B
NPAKTHKE CEHCMOCTOMKOIO CTPOUTENHCTBA OLIEHUBAIOTCS BETMYMHOM TUKOBOTO TOPU30H-
TaJIbHOTO YCKOPEHHUs IpyHTa. Takoi Moaxos, sABIAACh IPOCTBIM U YAOOHBIM JUIsl IPAKTHU-
YECKOT'0 HMCIIOJIb30BaHUS, OTPAaXXEH B CTPOUTENIbHBIX HOpMax JJisi CEHCMOCTOMKOIO Mpo-
EKTHPOBAaHMSI U CTPOUTENILCTBA B CEHCMUYECKH OMACHBIX paiioHax OOJBIIMHCTBA CTPaH
mupa. Ho nBmxkeHue rpyHTa, BBI3BAHHOE 3€MIIETPSICEHMEM, SIBIISIETCS CIIOKHBIM, U JUIS
KOJIMYECTBEHHOTO OTPAXKEHUSI XapaKTEPUCTUK JBUKECHUS IPYHTA MOXKET UCIIOJIb30BaThCs
HECKOJIbKO [TapaMeTpoB, a HE OMH. AMIUIMTY/IA, YACTOTHBIA COCTaB U MPOJIOIKUTEIb-
HOCTh SBJISIFOTCA HauOosiee BaXKHBIMM XapaKTEPUCTHKAMHU B BO33PEHUSX HHXKEHEPHOTO
coobmecTBa [Kramer, 1996; Karimzadeh, Askan, 2021]. [loBbiienne HaaeKHOCTH pac-
YETOB BO3MOXKHO TOJIBKO IIyTEM 3aJjaHHs CECMUYECKUX BO3JCHCTBUIA B SHEPreTUUECKUX
XapaKTepUCTHKax KonebaHuii rpyHTa [Antukaes, 2021].

[TosTOMY pa3inM4YHBIMHM aBTOpaMH ObUIO TPEATIOKEHO OOJIBIIOE KOJINYECTBO Pa3Iny-
HBIX [1apaMETPOB, KOTOPHIE MOXKHO Pa3e/IuTh HA CIECIYIOIINE KaTETOPUM: — aMILIUTYI-
Hble: MakcuManibHble ckopoctu (PHV), cmemenus (PHD) u yckopenust (PHA), cpenne-
KkBajgpaTudeckoe yckopenue (RMS); — criekTpanbHbIe MapaMeTphl: 4acTOTa MaKCHMyMa
cnekrpa Dypse (f,..), cpenHen3BemienHas yactora (f,,,); — SHepreTHuecKue napamerpsl,
TaKue KaK IUI0IIab criekTpa (Sr), KyMyIsaTuBHas abcontoTHas ckopocTh (CAV), Kymyis-
TUBHBII KBa/IpaT yCKOPEHUH (MHTEHCUBHOCTh ApHaca), MHJEKC TOJTHON BXOJHOM SHEPTrUU
(E,), nmponomkutenpbHOCTh KoseOanuii (Duration), KoTopasi Takke MOXKET ONMpPENesAThCS
pa3IMYHBIMU CTIOCO0AaMU U ITPOU3BOIHBIE OT JaHHBIX TapaMEeTPOB — Hanpumep mepa Pajn-
xdapa (Fajfar), mmomanes HOpMUPOBaHHOTO crieKTpa (S;), a TakKe MmapaMeTpsl CIEeKTpa
peakimu — UHTeHCUBHOCTh Xay3Hepa (Hausner intensity). Onrcanue Bcex NMPU3HAKOB U
COOTBETCTBYIOIIME (HOPMYIIBI MPUBEIEHBI B MpeAbIyliel padoTe [3aajuimiBuian U Ip.,
2022].

Ilenp naHHOM pabOTHI COCTOUT B COMOCTABICHUH MUMEIOIINXCS HHTETpalbHbIX Mapa-
METPOB MHCTPYMEHTAIbHON MHTEHCUBHOCTU M WX Pa3IMYHBIX KOMOMHAIMIA MO JaHHBIM
cetu K-net u ycraHoBieHHE KaK CTaTUCTUYECKUX, TaK U (PU3NYECKUX 00OCHOBaHM. B
COOTBETCTBHUHU C STHM HEOOXOIMMO HMCIOI30BaTh HHTEPIPETHPYEMYIO MOJEIb, KOTOPOM
SIBJIIETCS perpeccusi.

MeToA OMOPHbLIX BEKTOPOB

MeTo/1 OTTIOPHBIX BEKTOPOB (Support vector), Ha3pIBaeMbIl PaHEE aJITOPUTMOM «0000-
LIEHHOTO MOpTpeTa», OblI pa3paboTaH coBeTcKuMHM Maremarukamu B.H. Bamnukom u
A5l YepBonenkucoM (1974) u ¢ Tex nop nproOpes HMPOKYIO MOMyIsipHOCTh. OCHOBHAs
uzes KIacCU(PHUKATOpa Ha OTIOPHBIX BEKTOPAX 3aKJIIOYAETCS B TOM, YTOOBI CTPOUTH pas-
JEIISAIONLYI0 TIOBEPXHOCTh C UCIOIb30BAHUEM TOJIBKO HEOOJBIIOTO MOJIMHOXKECTBA TOYEK,
JeXKaluX B 30He, KpUTUUECKOU JUTs pa3aeneHus. JJaHHbII MeTor MoXKeT ObITh 3P (eKTHB-
HO KCIIONB30BaH IS pemieHus 3a1a4 perpeccun [Smola, Scholkopf, 2004].
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B ocHOBe MeTOna OmopHBIX BEKTOPOB JJIS 337a4 PETPECCUU UM PErpeccrur Omop-
HBIX BEKTOPOB (SVR) eKUT MOMCK TUIEPIUIOCKOCTH, PU KOTOPOIl PUCK B MHOTOMEPHOM
MPOCTpaHCTBE OyAeT MUHUMAIbHBIM. [I0 CpaBHEHHUIO ¢ TPAJAUIIMOHHON PErpecCHOHHOM
mozenbio SVR oriennBaet k03(pPHUIIMEHTHI TyTeM MUHUMHU3AIUHN KBAJAPATUYHBIX TOTEPH.
Tak, eciu MpOrHO3HOE 3HAUEHUE MOMAAET B 00IACTh THIEPIUIOCKOCTH, TO TOTEPH PaBHBI
HYII0. B IpOTHBHOM cilydae pa3HOCTH MPOTHO3HOTO M (PAKTUYECKOTO 3HAYCHHIA.

[Ipenmy1iecTBa MeTO/Ia OTIOPHBIX BEKTOPOB MIEPE] METOJIOM HAUMEHBIIINX KBaIPATOB:

1. SVR 0Gonee ycToitunB K BEIOpOCcaM B JaHHBIX. B OTaMuUne OT METO1a HAMMEHBIITUX
KBaJ[paTOB, HA KOTOPBIA MOTYT CUJILHO MOBIUATH BEIOpOCH], SVR ucnomnp3yer ¢GyHKIHIO
noTepb, KoTopas mrpadyer OoNbIINe OMUOKH, TOATOMY OHU MEHBIIIE BIUSIOT Ha OOIIYIO
TOYHOCTH MOJICIIH.

2. SVR 6onee rubok B cBO€H CIOCOOHOCTH MOAETMPOBATh HETMHEHHBIE JaHHBIE, YeEM
METO/I HAUMEHBIIINX KBaIPaTOB, KOTOPBIN OrpaHHuEH TOJIBKO TUHEHHBIMHU MOJIENIIMU. DTO
JIENIaeT ero MOJIC3HBIM JIJIs1 MOJISTTMPOBAHUS CIIOKHBIX OTHOIICHUI MEXy IEPEMEHHBIMU,
KOTOpBIE MOTYT OBITh HETUHEHHBIMU 110 CBOEH MPUPOJIE.

3. SVR umeer nydinmie BO3MOKHOCTH 0000IIIEHUS, YeM METOJI HAMMEHbBIIINX KBaJIpa-
TOB, TTIOCKOJIbKY OH UCTIOJIBb3YET METOIbl PETYIAPU3AIUH, YTOOBI H30ekKaTh epeoOyueHus
U YIIy4YIIUTh CBOIO CIIOCOOHOCTH TOYHO 0000IIaTh HEBUAUMBIE TOYKHU TaHHBIX.

PacdeTs! BEIMOMHAIUCH ¢ UCTIONBb30BaHUuEM Oubnnoteku sklearn. J{ms onenku addex-
TUBHOCTH MoOJieliell ¢ Hauboyiee paBHOMEPHBIM HCIIOJIB30BAHUEM HUMEIOLIUXCS TaHHBIX
NpUMEeHsIIach Npoleaypa KpoccBanuaauun (nepekpectHoit nposepku) [Hastie, 2009].

AOHHbIE

B I'eodusmnueckom nncrutyte BHI] PAH coznana 6a3za naHHBIX CHIIBHBIX ABHKEHUH,
BKITIOUaromas qanHeie co Bcero mupa (CIIA, SAnounus, TaiiBans, ['penus, [py3us) [3a-
amMImBWIM U 1p., 2013]. [{nst ananu3a B qaHHOW paboTe OBLIM OTOOPAHBI 3aIMCH 3eMIIe-
TpsiceHuid, 3apeructpupoBanHbix cuctemoir KNET (Smonus, www.kyoshin.bosai.go.jp)
[National Research..., 2019]. ba3za cogepxut 6onee 10 000 3anmuceit Ha 1000 cTanmmii ¢
Pa3IMYHBIMUA TPYHTOBBIMHU YCIOBUSIMH ¢ MHT€HCHBHOCTBIO MSK oT 5 GansioB u BhllIe,
HaunHas ¢ Mast 1996 r o nexadpb 2013 1. Taxoke B 6a3e TaHHBIX COIEPIKATCS 3aMTUCH 3EM-
JETPSICEHUH ¢ MaJIBIMU SMUICHTPAIBHBIME PacCTOSHUAMU OT 0 110 3 KM.

W3 6a3bl naHHBIX ObUTA clelaHa BRIOOpKA, copeprkamas 150 3ammcelt ¢ pa3mTuvHbI-
MH SIUIEHTPATBHBIMHA PACCTOSHUSIMU, MATHUTYIAMH M TPYHTOBBIMHU ycioBusiMu. Habop
JAHHBIX OBUT JOMOJHEH JIOTapru(MaMu apaMeTpoB ISl MOCIEAYIOMIEr0 PErPeCCHOHHOTO
aHayn3a. JlaHHbIE OBLIN OTLIEHTPUPOBAHBI U HOPMUPOBaHBI Ha Aucriepchio. COOTBETCTBY-
IOLIUE paclpencieHus PUBEAEHbl Ha pUcyHKe 1. BUIHO, 4TO JTaHHBIE UMEIOT JIOTHOP-
MasibHOE pacnpezenenue. CooTBeTCTBYIOMAs KOpoOoUHasl 1uarpaMmma InpuBeieHa Ha pu-
cyHke 2. KopoOouHas 1uarpamma OnMchIBaeT paclpeeeHne Habopa JaHHbIX, IOKa3bl-
Basi Me/IMaHy, KBapTUIIM, TUAIIa30H M BEIOpOCHL. brounas muarpamMmma — 310 rpadudeckoe
IPE/ICTABICHUE YUCIIOBBIX JAHHBIX, OCHOBAaHHOE Ha CBOJIKE U3 MATH ynces. OHa COCTOUT
U3 T0JIs, B KOTOPOM 3akitoueHbl cpefnne 50% naHHBIX (MEXKBAPTHIBHBIA JHana3oH),
C JIMHUSAMHU, BBIXOSIIIUMH U3 TIOJIS, YTOOBI MTOKA3aTh OCTAIBHYIO YaCThb PacIpe/eIeHusl.
Huxustst nunus npeacrasnser 25-i npoueHTU b (Q1), a BepxXHssA JIMHUSA IPEICTABISAET
75-#1 nmpouenTuib (Q3). Menuana npeacraBiieHa JUHUEH BHYTPU 3TOTO MPSMOYTOJIbHU-
ka. J[anee nmokazaHbl BBIOPOCKI, KOTOPbIE MOTYT IIPUCYTCTBOBAaTh B HA0OOPE TaHHBIX B UH-
TepBaJie; pa3HOCTh NIEPBOr0 KBAPTWIIS U OIYTOpa MEKKBAPTUIIBHBIX PACCTOSIHUI; CyMMa
TPETHETO KBAPTUJISL M TIOJTyTOPA MEKKBAPTUIILHBIX PACCTOSIHUH. J|aHHBIE, BRIXOASAIINE 3a
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MIpe/IeNbl YKa3aHHBIX MHTEPBAJIOB, OOBIYHO CUUTAIOTCS BEIOpOCamMu. XOpOIIO BUIHO, YTO
B JIorapuMHUECcKOM MaciTabe «BbIOPOCOBY 3HAYUTENHLHO MEHbIE. BEIOpOCH He ObLITH
WCKJTIOUEHBI U3 Ha0opa JaHHBIX MO JABYM MPUYUHAM: BO-TIEPBBIX, OHU MOTYT CO/EPKATh
JTAaHHBIE BaYKHBIE JIJIS1 aHAJIHM3a U, BO-BTOPBIX, METO]] OMOPHBIX BEKTOPOB XOPOIIIO CIIPABIIS-
eTCsl ¢ MOJJOOHBIMU BHIOPOCAMHU.
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Puc. 1. Pacnpedenenue HopmuposanHwix OaHHbIX /

Fig. 1. Distribution of normalized data

Puc. 2. Kopobounas ouazpamma ucxooHvlx OAHHbIX: AHATUZUPYEMBIX NAPAMEMPOs (a) U napamempos
6 0eapugmuieckom macumade (6) /

Fig. 2. Box diagram of the initial data: analyzed parameters (a) and parameters
on a logarithmic scale (b)
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Pe3yAbTaTbl PABOTHI M UX OBCYXAEHMNE

Ha nepBoMm sTane uccienoBanach 3aBUCUMOCTh CEHCMUYECKOM MHTEHCUBHOCTU OT
Ka)XJI0TO MapameTpa B OTJeNbHOCTH. Bee pesynbrarsl npuseneHs! B Tabnuie 1. Paccun-
TaHbI apameTpsl kputepus Ouiepa (F-test), ypoBHs 3Haunmoctu (pi-value), ko duu-
eHT nerepmuHanuu R?, cpennue aGcomorusie (MAE) u cpennexsanparnyeckue (RMS)
oTkJIoHeHus. [ kpurepus Ouiepa pacCYUTaHbl COOTBETCTBYIOIIUE BEPOSTHOCTH, 3HA-
yeHus pi-value 6onee 0,05 BiAeneHsl xkupHbIM mpudTom. CleayeT OTMETHTb, YTO KPH-
Tepuit i pi-value <0,05 siBrsieTcst HEOOXOIUMBIM, HO BOBCE HE JOCTAaTOYHBIM yCIOBUEM
BbIOOpa MOZIeTH. B 4acTHOCTH 3HAYUTENBHOE KOJTMYECTBO MAPAMETPOB, ISl KOTOPBIX BbI-
nosusiercs pi-value <0,05, umeror Hu3kuit R2. Hammydmimii pe3yisrar mosydeH Jjist KO-
BO# CKOPOCTH ¢ KO3 uIeHToM erepmunanuu R*=0,76, npudem, He TOIBKO B JIorapud-
MHYECKOM, HO ¥ B JIMHEHHOM Mactitabe ¢ R?=0,73 (puc. 3). 3aBUCUMOCTH J1JIsI a3y HbIX
MHCTPYMEHTAJIBHBIX MEp MPHUBEACHBI Ha PUCYHKE 4. J{J1s1 CIEeKTpabHBIX XapaKTEPUCTHK
IpsSIMO¥ 3aBUCUMOCTH HE NOTy4eHO (pHc. 5). OTHOCUTENBHO BBICOKOE 3HaYeHUE KO DU-
nuenTa aerepMuHainui R?=0,59 nonyyeno s mepsl @amkdapa.

Tabnuya 1/ Table 1

Perpeccuonnblie MojieJiu Jisi 0AHOTO mapametpa. / Regression models for one parameter

Parameters F-test F% pi-value R2 MAE | RMSE | Coeff |Intercept| Coeff |Intercept
norm norm
1 |log10(PHV) 263.71| 1.00] 3.04E-23] 076 0.29| 034 3.3156| 3.73| 09388 7.17
2 [PHV 210.82| 1.00] 5.686-21] 0.73] 0.31] 036/ 0.0920| 5.87| 1.0339] 7.14
3 | log10(Fajfar) 144.55|  1.00] 2.186-17) 0.59| 0.34| 0.45| 2.5904| 3.56| 0.8462| 7.16
4 |RMS 49.49| 1.00| 2.56E-09] 0.56| 0.42| 0.46] 0.0207| 6.26| 1.0201| 7.27
5 'Iﬂf)lo("'a“s”er 3795/ 1.00| 7.396-08) 047 041| 051| 19373 3.93| 0.7456| 7.1
6 E’E&?‘Spema' 146.73|  1.00| 1.596-17| 0.36| 0.47| 056| 29171 229| 09150| 7.23
7 | Spectral PHA 105.69| 1.00| 1.1E-14] 032] 0.44| 058] 0.0136] 6.22] 1.0351| 7.5
8 | PHA 82.76|  1.00] 9.176-13] 032 0.46| 0.58| 0.0031| 6.30] 0.8226| 7.13
9 | Fajfar 167.70|  1.00| 9.28(-19]  0.30| 0.46| 0.59| 0.0315| 5.99| 0.9301] 7.03
10 | Ang Int 79.58|  1.00] 1.79€-12] 0.22| 0.50| 0.62] 1.94e-4| 6.66| 0.8162| 7.08
11 |logl0(Ang Int) | 197.81| 1.00| 2.41E-20] 0.16| 0.56| 0.64| 2.1889| 0.70| 1.0046|  7.28
12 | log10(RMS) 58.57| 1.00] 2.34E-10]  0.15| 0.59| 0.65| 2.7436| 3.15| 0.9402| 7.36
13 | Hausner Int 10.05| 1.00| 0.0024] 009 054] 067]3.58-3| 6.70] 04138 6.96
14 | log10(PHD) 28.69| 1.00| 1.53E-06] 0.09| 0.58| 0.67| 1.0068| 6.79] 0.5996| 7.19
15 | Arias Int 56.53|  1.00| 3.94E-10] 0.07| 0.55| 0.67] 5.13e-5| 6.81| 0.7195,  7.06
16 | freqof spectral |4 061 069 0306465 007 057| 068 -0.0172| 7.05|-0.0533| 6.8
o . 69/0. . . . . . . .
17 | PHD 2049 1.00] 3.03E-05| 0.03| 055 0.69| 0.0925| 6.43] 0.6578| 6.95
18 |logl0(Arias Int) | 217.62| 1.00| 2.74E-21] 0.00| 0.56| 0.70| 1.5376| 2.61| 0.9765| 7.24
19 | CAV 66.09| 1.00] 3.71E-11] 0.00| 055| 0.70] 5.07e-4|  6.53| 0.8187| 7.06
20 [Ej 55.39| 1.00| 5.286-10] -0.01| 0.57| 0.70] 2.39e-6| 6.73| 0.8310,  7.06
21 | log10(f_aw) 0.01] 0.06 0.94) -0.02] 059] 0.71]-0.3995| 7.30] -0.0696|  6.95
22 [Tm 0.50| 0.52 0.48) 003 0.60| 0.71]-0.0984| 7.05| -0.0885,  7.00
23 [sr 64.84| 1.00| 5E-11] -0.04| 057 0.72] 1.59e-3| 6.42] 0.8667| 7.1
24 | log10(Tm) 0.01] 0.08 0.92] -007| 060 0.72]-0.1678] 6.89] -0.0628 |  6.97
log10(freq of
25 sp%ctialr’ﬂax) 001| 0.8 092 -007| 060 072 0.1678| 6.89| 0.0628| 6.98
26 | log10(E_j) 101.69|  1.00| 2.276-14] -0.07| 0.49] 0.3 1.2498| 159| 0.8912| 7.16
27 |f aw 0.15| 0.30 0.7 -0.08] 060] 0.73]-0.0451| 7.31] -0.1433| 6.94
28 | log10(Sn) 033] 043 0.57] -0.09| 060] 0.73]-0.3487| 7.20| -0.0845|  6.95
29 [Sn 0.04] 0.5 0.85| -0.09] 061] 0.73]-0.0230| 7.10]| -0.0839  6.95
30 | log10(Sr) 50.27| 1.00] 2.07E-09] -0.27| 0.68] 0.79] 1.9346| 2.49| 0.8055| 7.19
31 | log10(PHA) 80.54| 1.00| 1.46E-12] -037| 0.72] 0.82]| 3.2066| 0.02| 0.9853| 7.43
32|Vs 162|079 021 -041| 070 0.83] 8.28¢e-4| 6.61| 03547, 7.17
33 | Duration 0.69] 0.59 0.41] -0.45| 067 0.84]5.77e3| 6.69] 02337 6.93
34 |log10(Duration) | 1.60|  0.79 021 051 071 0.86| 0.5703| 6.0 0.2731| 7.01
35 | log10(CAV) 69.99| 1.00| 1.56-11] -0.51| 0.66] 0.86] 1.7237| 2.48| 0.7767| 7.23
36 | log10(V_S) 269 0.89 011 -063| 074 0.89| 1.2293| 3.87| 03929  7.22
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Fig. 3. Relationship of amplitude characteristics with macroseismic intensity
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Fig. 4. Connection of various instrumental measures with seismic intensity
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Fig. 5. Dependence of intensity on spectral characteristics: weighted average frequency (a) and maximum
frequency of the Fourier spectrum (b)

Ha crnenyromeM arane paccMOTpPEHBI pETPECCUOHHBIE BBIPAKEHUS 3aBUCUMOCTH MH-
TEHCHBHOCTH OT JBYX MapaMeTPOB MPH Pa3INYHbIX X KoMOMHaIMIX. B Tabmune 2 npu-
BEJICHBI 3HaYEHUs ¢ MakcuMaibHbIM R? 10 0,7 1 Mmurnmansasivd MAE 1o 0,35. Craru-
cruyeckue kpurepuu F-test, u pi-value npuBeneHs! i Kaka0ro U3 napamerpos. Hopmu-
poBaHHBIE K03(D(PHUIIMEHTHI TAKKE MEPEUUCIICHBI.

KomOuHanms 1ByxX mapaMeTpoB MO3BOJIMIA TOBBICUTH 3HAUYCHHUS KOd(QHLIMEHTa Jie-
TEPMUHALMK, B YaCTHOCTU IPU COBMECTHOM MHCIIOJIb30BAaHUM CKOPOCTU M CPEIHEB3BE-
1ieHHoro yckopenus 10 0,82 u nukooii ckopoctu a0 0,8 (puc. 6). Ilpu 3TomM Hamnydmit
pe3yabTar MOJdy4YeH JJIsl CPEAHEKBAPAaTHYECKOro 3HaueHus yckopenus (RMS) u mepsl
®damxdapa (Fajfar). lanee ciaenyror codeTanus pa3HbIX MapaMeTPOB C MUKOBOW CKOPO-
cTbi0. Jlydlllee U3 HUX ¢ KyMYJISTHBHOM aOCOJIOTHOM CKOpOCThIO, R?=0,82, MAE=0,22
(puc. 6). Monenu Ha OCHOBE COUETaHUS ITMKOBOM CKOPOCTH C Pa3JIUYHBIMU OIIPEIEIICHHU-
MU yckopenus (nmukoBbiMu PHA u cpeanexBanparnyeckumu RMS) npusenens! Ha pu-
cyHke 7. IHTeHCHBHOCTh AHIa 3aHUMAET 6 U 7 MecTa B peUTHHIE JBYX IapaMeTPUUECKUX
Mozenei (Tadn. 2).

Tabnuya 2 / Table 2

Perpeccuonnnie Mogesu 1uist AByX nmapaMmerpoB. / Regression models for two parameters

Parameters F-test % pi-value R2 |MAE |RMSE Coeff Inter- | Coeff |Intercept

cept | norm norm
['log10(RMS), _ !

1 ‘logl0(Fajfar) ] [58.58 144.55] [1.1]] [2.34e-102.18e-17]| 0.85| 0.22| 0.27 [1.52,2.04] | 2.04| [0.520.67] 121
['log10(PHV)’, ! _

2 Togh0(CAV)| [263.71 69.99] | [L.1]| [3.04e-23150e-11]| 0.82| 022 0.29 [2.60,055]| 294 [0.740.25]| 7.5
[RMS, . .

3 Tog10(PHV)] [49.49263.71] [1.1]| [2.56e-093.04e-23] | 0.82| 0.27| 030| [0.006439,2.74]| 4.07| [0.320.77] 1.22
['PHA, ) ]

4 | oglolpHY)] (82.76263.71] | [1.1]| [9.17e-133.04e-23] | 0.81| 0.27| 030| [0.001367,2.54]| 4.20| [0.370.72)| 720
[PHV, ; )

5 Tog10(RMS)] [210.82 58.58] [1.1]| [5.68e-212.34e-10] | 0.81| 0.25| 031 [0.0774,0.73] | 5.01| [0.870.25] 7.20
['log10(PHV), ! !

6 ‘log10(Ang Int) ] [263.71 197.81] [1.1]] [3.04e-232.41e-20] | 0.81| 027 031 [1.75,1.21] | 176 [0.500.56] 1.23

[‘Ang Int’, ! ! ]
7 log10[PHV) ] [79.58 263.71] [1.1]] [1.79e-123.04e-23]| 081 | 027 031 [7.93e-05,2.55] | 437 [0.330.72] 7.19
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Parameters F-test % pi-value R2 |MAE |RMSE Coeff Inter- | Coeff |Intercept
cept norm norm

['log10(PHV), ! _

B | iomovs)] | 126371 5858 [L1] [304e23234e0]| 080| 025 031 [267,096]| 298| [0.76033]| 7.2
[RMS, ] !

9 |ioglolfafayy | 1494914456 [L1]] [256e09218e7)| 080 026| 031 [001119,211]| 376| [05305]| 722
[T, ! _ _

10 | ogl0fpHyy] [050263.71]| [0521]|  [0.48 3.04e-23] | 0.80| 027 031 [021,333]| 380|[019094] 7.5

11 [lg’ggllo%ms\)’} (26371 2.69] | [1.0.89] | [3.04e-23107¢-01] | 0.80| 0.28| 031 311,051 | 260| [0.880.16]| 7.2

12 | V1OBLOPHAY, 1 oh cae371] | [1.1)| [ase-12300e-23) | 080| 027] 031 (125,245 | 182| (038 0.69)| 7.3
log10(PHV)']

13 [ll)oggl%?(;j"]) (26371 10069] | [1.1]| [3.04e-23227e-14]| 080 026 0.32 [237,041]| 2.88| [0.67029]| 7.7
[PHV/ _ _

1 ooy | [Z108226371] | [L.1]] [566e21304e3]| 080| 028] 032 [0.0467,167)| 477| [0.53047]| 7.16
[CAV,

15 iogpryyy | (9609263711 [L1]| [37111304e23)| 079| 028| 032 [1902e4,258]| 427| [031073]| 715
[ogL0(PHAY,

16 | ‘logl0(freq of [80.540.009] | [1.0.08] [146e120.92]| 079 0.27] 032 [3.65,-1.59] | 030 | [1.12-060| 731
max)']

17 | [1oB10[PHAY, 8054 0.009] | [1.0.08]|  [146e-12092]| 0.79| 027 032 (365,159] | -030| [L12060]| 731
log10(Tm)"]
[RMS,

18 | ‘log10(freq of [49.490.009] | [1.0.08] [256e090.92]| 079| 0.28| 032| [002190,-058] | 650|[1.08-0.22]| 7.3
max)']

19 ,[lgg'\qghm),] [49.490.009] | [L0.08] [256e090.92]| 079| 0.28| 032|  [002190,058] | 650 [1.080.22]| 7.6

20 Hgg;&:_'l\s;*f\ (1056926371 | [1.1]| [L10e-143.04e-23]| 079| 026 032| [0.007748,2.20]| 4.42| [059062]| 7.23
[‘Arias Int’, ! _ ]

2 iatopayy | (653263711 [L1]] [B4e10304e23)| 079| 029| 032 [19905,272]| 425| [028077) 747
[VS, !

2 | jomipivi] [ 16226371]| [0.791] [0.213.04e23]| 078| 030| 0.33| [0.0003305,3.6]| 371| [0.14090] 721
[EJ, ' ' '

B liozopry | (53928371 [L1]] (291030423 077| 030 033 [82e07,265]| 430| 029075 716
['log10(PHV),

24 |'loglo(Spectral | [263.71 146.74]| [1.1]| [3.04e-23160e-17]| 0.77| 028 0.33 [223,1.46] | 243| [0.63046]| 7.1
PHA)]

25 |[PHV,'RMS] | [210.8249.49]| [L1]| [5.68¢-212.56e-09]| 0.77| 0.28| 033 | [0.0852,0.003167) | 585| [0960.16]|  7.18

2 ,[ll)‘;gl%%ﬁ:‘)‘?]'”t)' [197.810.009] | [L0.08] [241e20092] | 07| 027/ 0.3 [229,090]| 0.86| [1.05034]| 7.8
['log10(Ang Int),

27 | ‘logl0(freq of [197.810.009] | [1.0.08] [241e20092]| 07| 027 034 [2.29,-0.90] | 0.86 | [1.05-034]| 7.8
max)']

28 flz:%ksr),] 21082 5027] | [L.1]| [5.68e-212.07e-09]| 0.76| 027 0.34 [0.077,055] | 477| [0.870.23]|  7.20

29 |[10BIOPHVY, | roes 21 0.005] | [1.0.06) | [3.04e-239.43e:01] | 076| 032| 034 (330,084 | 304| [094015]| 7.0
log10(Sf_{aw}$)'] '
[‘Sn’, ] _ : :

30 | foatopHVI] 0.035263.71] | [0.151]| [8.52e-013.04e-23]| 0.76| 0.30| 034|  [-0.0036,330] | 376 [0.013093]| 7.16

31 | [1oB10PHV), 26371 033] | [L043]| [3.04e-235.69¢-01] | 0.76| 030 034 329,-0061] | 379 [0.93-0.015]|  7.16
Tog10(Sn)] [263.71 0.33]| [1.0.43]| [3.04e-235.69e-01] | 0. - ) [3.29,-0.061] | 3.79 [0.93-0.015] -

3 |[Hausner Int, 1005263.71] | [0991] | [243e-033.04e23]| 0.76| 030| 034 [0.000667,3.24] | 3.75|[0.077092]|  7.16
ooy | 11005263711 0991] | (43e03304e23]| 76| 030 034 (0000667, 324] | 375| (0077082 7
[PHV/

33 | ‘logl0(Spectral | [210.8214673] | [L1]| [5.67e21159e-17]| 0.76| 027 034  [0.0639,131]| 4.12| [0.72041]) 7.2
PHA)]
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Parameters F-test % pi-value R2 |MAE |RMSE Coeff Inter- | Coeff |Intercept
cept norm norm

['PHV",

34 Togl0[PHD) [210.82 28.69] | [1. 1] [5.67e-211.53e-06] | 0.76 | 0.29| 035 [0.085,0.12] | 5.93|[0.960.071]|  7.16

35 | ['PHA’ ‘PHV'] [82.7621082] | [1.1]] [9.17e-135.68¢-21]| 0.75| 0.30| 035| [0.0007,0.0788] | 590| [0.190.89]|  7.18

36 [|ng1VO(V ] [210.82 2.69]| [1.090] | [5.68e-211.07e-01]| 0.75| 0.30| 035 [0.0899,0.23] | 5.29| [L010.07]| 7.6

37 | ['PHV’, “T] [210.82 0.500] | [1.0.52] | [5.68-214.82e-01]| 0.75| 030 0.35 [0.093,-0.13] | 5.94|[1.04-0.12]|  7.15
[freq of spectral

38 | max, ‘logl0(Ang | [ 1.06197.81]| [0.701] | [3.06e-012.41e-20]| 0.75| 0.26| 0.35 [0.13,2.29] | 0.88[-0.391.05]| 7.2
Int)’]

39 Ea;'l"}\g)',]'°g1°($f— [2115.11e-03] | [1.0.06] | [5.68e-219.43¢-01]| 0.75| 0.30| 0.35 [0.093,0.28] | 5.63|[1.050.048] |  7.16

g |[10BIOPHVY, | oes 70 1aase) | [1.1)| [3.04e232.18¢-17] | 075| 030| 035 3.63,-033]| 386| [L03011| 7.6
log10(Fajfar)’]

41 | ['PHV", ‘%f {aw}$'] [2.11e+020.149] | [1.030]|  [5.68e-210.701] | 0.75| 030| 0.35|  [0.093,0.0143] | 5.76| [1.05 0.05]|  7.16

42 |['PHV’,‘Sr'] [210.82 64.84] | [1.1]| [5.68e-215.01e-11]| 0.75| 0.29| 035| [0.079,0.00053] | 5.88| [0.890.29]|  7.20

g3 | [RMS, freq of [49.49 1.06] | [1.0.69] |  [2.56e-090.306] | 0.75| 030| 0.35| [0.0219,-0.122] | 6.68 | [1.08-0.38]| 7.0
spectral max’]
['log10(PHV),

44 |loglO(Hausner | [263.7137.95]| [1.1]| [3.04e-237.39e-08]| 0.75| 031| 0.35 [3.12,0.27)| 349| [0.880.10]|  7.16
Int)']
['Fajfar’, ! _

45 ToglO[PHY| [167.70263.71] | [1.1]| [9.28e-193.04e-23]| 0.74| 031] 035|  [0.0122,2.091] | 4.55| [0360.59]|  7.13
['RMS,

46 | ‘log10({Hausner [49.4937.95]| [1.1]| [2.56e-097.39e-08] | 0.74| 030 0.36 [0.0122,1.82] | 3.66| [0.60 0.70]|  7.24
Int)']
['log10(PHV)’, ! _

47 Togl0{Arzs ] (26371 21762 | [1.1]| [3.04e-232.74e-21] | 0.74| 027 0.36 [158,093] | 2.78| [0.45059]| 7.3

48 | ['PHV’, ‘PHD'] [210.82 2049] | [1.1]| [5.68e-213.03e-05]| 0.74| 0.30| 036| [0.097,-0.0080] | 587 [1.09-0.057]|  7.16
['PHV", ] _

49 Togl0[PHAY] [210.82 80.54] | [1.1]| [5.68e-211.46e-12]| 0.74| 030| 036|  [0.0659,1.115]| 3.73| [0.74034]| 7.2
['log10(Fajfar,

50 | ‘logl0(Spectral | [144.56146.74] | [1.1]| [2.18e-171.60e-17]| 0.74| 026 036 [1.68,1.90] | 1.62| [0.55 0.60]|  7.18
PHA)
['PHV", ] ]

51 Tog10[Duration)’] [210.82 1.60]| [1.0.79] | [5.68e-212.11e-01]| 0.73| 031 036|  [0.092,0.0208] | 5.84 | [1.04 0.01]|  7.15
['PHV", ] _

52 ToglofFafar] [210.8214455] | [1.1]| [5.68e-212.18e-17]| 0.73| 0.30| 0.36 [0.062,0.90] | 5.04| [0.69029]| 7.13

53 | [PHV ‘AngInt’] | [210.82 79.58]| [1.1]| [5.68e-211.79-12]| 0.73| 0.31| 036| [0.085,2.51e-05] | 592 [0960.11]|  7.15
['PHV",

54 | ‘logl0(Hausner | [210.82 37.95]| [1.1]| [5.68e-217.39-08]| 0.73| 0.31| 037|  [0.0797,0464] | 527| [0.900.18]  7.14
Int)']

55 | [PHV' ‘AriasInt’] | [210.8256.53]| [1.1]| [5.68e-213.94e-10]| 0.73| 0.31| 037| [0.088,4.06e-06] | 591| [0.990.06]|  7.15

56 [lg"ggllo(mvl) [263.719.28¢-03] | [1.0.08] [3.04e-23092] | 0.72| 033 0.37 [3.34,-0.74] | 3.35/[095-0.28]|  7.19
['log10(PHV)’,

57 | ‘logl0(freq of  |[263.719.28¢-03] | [1.0.08] [3.04e-23092] | 0.72| 033 037 [3.34,0.74] | 335| [0.950.28]|  7.19
spectral max)']
['log10(Fajfar, ! ) ]

58 Tog10{Duration/ ] [14455] | [1.0.79]|  [218e-170.211] | 0.72| 030/ 0.37 [3.33,-1.03] | 4.02[1.09-049]| 7.8

59 LW}S 010 | 149495110.03)| [1.006]|  [256e09094)| 072| 034| 037|  [00215,-155)| 754 [106027]| 7.3

60 | ['PHV" ‘Sn’] [210.82353.62] | [1.0.15]| [5.67e-210.85¢-01] | 0.72| 0.31| 0.37| [0.092,-0.0049] | 5.89 | [1.04-0.02]|  7.14
['sr, _ !

61 TogL0[PHV)] [64.84263.71]| [1.1]| [5.00e-113.04e-23]| 072 034 | 0.37|  [0.00069,2.55] | 4.24| [0380.72]|  7.19
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Parameters F-test % pi-value R2 |MAE |RMSE Coeff Inter- | Coeff |Intercept
cept norm norm

62 |[nT’-]|V' Hausner | 111082 10.0a9]|  [1.1]| [5.68¢-212.43e:03]| 072| 031 037| [0.0869,000119] | 586 [0.9804]| 7.5

63 ,[k'j:l\g'(sm,] 21082 0.33] | [1.043]| [5.68¢-210.57e-01]| 0.71| 032| 037|  [0.092,-0.131] | 597 [L04-0.03]|  7.14
[‘Duration’,

64 |! , [ 0.69263.71] | [0.591] [041304e23]| 071| 031] 038| [0.00186,333]| 378 [0.075094] 7.6
log10(PHV)']

65 Lm Sectial | 1108210569 | [1.1]] [5.68e-211.10e-14]| 071| 031] 038| [00657,000615] 588| [074047]  7.20

66 | [PHV, V.S 21082 1.62] | [1.0.79] [5.68¢21021]| 071 031] 038 [0.0923,-6.93¢-05]| 591 [104-003]| 7.4
['log10(PHV), ! ] ]

6 | gmaoiouratony) 126371 1601 | 11.079] 3.04e-23021]| 071 030/ 038 3.36,-0.22] | 3995 | [095-0.11] | 717
[T aw, .

8 | ioa0pHV]| (148526371 | [0.31] [0.703.04e23] | 071] 035/ 0.38 [005,338] | 3.27| [0.16096]|  7.18
[PHA

69 | ‘loglO(Hausner |  [82763795]| [L1]| [9.17e137.39¢-08] | 0.71| 0.29| 038| [0.0025512882]| 437 [0.69050] 7.8
Int)]

70 | [PHA, freq of 8276 1.06] | [1.069] | [9.17e-13031e-01]| 070 0.28| 0.38| [0.0046,-0.151] | 664 | [125-047]| 724
spectral max’]

7 [ILOggllo(z(SF:;-{]V) (26371 5027] [L1]| [3.04e232.1e-09]| 0.70| 0.33| 038 [270,076] | 256| [0.76032)| 7.1

72 [[PHV,SEjS] | (21082 55.39] | [L1]] [568e21529¢-10]| 0.70| 0.32] 0.38] [0.084,27e-07]| 594 [0940.09]| 7.1363

ve) m;] o (0949 015] | [1.030]|  [256e-090.70]| 070| 035| 038|  [0.021,-0.100] | 699 | [1.05-032]| 7.2007

1= 152kglO(RMS)+2.04-log10(Fajfar)+2.04, RY =085 MAE=022

I = 2 B0-Iog T PHV 055 g 10LAV ]+ 2.94 RY = 08P, MAE =023
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Puc. 6. Jlyuwue pecpeccuonnwie modenu onsa 08yx napamempos no R> u MAE /

Fig. 6. The best regression models for two parameters by R’ and MAE
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Fig. 7. Regression models using velocity and acceleration values
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Fig. 8. Regression models taking into account the spectral features of the impact, duration and total
released energy.

BbiBOADI

1. Jlma perpecCMOHHOM MOZENH ¢ OMHUM MapaMeTpPOM HaWIy4IlIHe MMOKa3aTeln Me-
TPUK MOJyYeHBl I MMKOBOM TOPM30HTaIbHOU ckopoct PGV: R*=0,76; MAE=0,29.
DU3NYECKUI CMBICIT UMEET KBaJpaT CKOPOCTH, MPOMOPIUOHATIBHBIN SHEPTUHU, TIPH 3TOM
MMKOBBIE 3HAYEHUS COOTBETCTBYIOT MAaKCHMaJbHBIM KPAaTKOBPEMEHHBIM BO3IAECHCTBUSAM,
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T.€. DHEPTUHU, KOTOPYIO CUCTEMA HE MOXKET MONIOTUTD U PacCesiTh B OTPaHUUYEHHBIN IIPO-
MEXYTOK BPEMEHHU.

2. BBeneHUEM JOMOIHUTENLHBIX IAPAMETPOB K CKOPOCTH YIAETCS MOBBICUTH R? 110
0,85 (c KyMynATUBHOI aOCOMIOTHOM ckOpocThiO) U 0,8-0,82 ¢ pa3NUYHBIMU COUCTAHUSIMU
yCcKopeHuit (puc. 7).

3. Hawnyumme moka3aTenu JOCTUTAIOTCS U MO ¢ KOMOMHAIMEH CpeIHeKBa-
JpaTH4YecKoil ckopocTu u Mepbl Pamkdapa. YuurteiBas, uro mepa Pamkdapa npeacras-
JsieT co00i Mpou3BeIeHNE MUKOBOW CKOPOCTH Ha KOPEHb YETBEPTOM CTENEHU U3 MPOAOII-
KUTEIFHOCTU BO3/ICHCTBUS HOBBIN MapaMeTp MOXKHO paccMaTpuBaTh Kak MOAM(HUIIUPO-
BanHyto Mepy Damkdapa: PGV-RMS¥*-Durr!’4,

4. TlpencraBnsieT HHTEPEC pacCMOTPETh 3aBUCUMOCTH, MOJTyYeHHbIe 0€3 yuacTus Mu-
KOBOM CKOPOCTH, U COEpKaIllUe aMIUITUTYIHbIE U YACTOTHBIE XapaKTEPUCTUKU: YACTOTY
CIEKTPaJIbHOIO MAKCHMYMa, CPEAHEKBAIPaTUYECKOE YCKOPEHHE U CPEIHEB3BEIICHHYIO
YaCTOTY, SJHEPTUI0 U MPOJOKUTEILHOCT BO3JecTBUS (puc. 8). YCKOpEeHUs XapaKkTepu-
3yIOT CHJIbI, KOTOpBIE BO3CHCTBYIOT Ha CUCTEMY, Ha OINPEAEICHHBIX NTPe0o0Ia jarouX Ja-
crorax. IIpu 3TOM coracHo NoTy4eHHBIM 3aKOHOMEPHOCTSM C yBEJIMUEHHEM Npeodiaa-
IOILIEH YAaCTOThl MHTEHCUBHOCTh YMEHbILAETCA. AHAJIOTUYHO C YBEJIMYEHUEM MPOHOKH-
TENBHOCTH (OTPUIIATEIbHBIN KOAPPHUIIMEHT) MPOUCKXOIUT YMEHbIICHUE UHTEHCUBHOCTH,
T.€. BCSl BHEPIHsI CUTHANA pacnpeaessiercs B 0oee JUIMTeNbHbIN IPOMEKYTOK BpEMEHU U
crcTeMa ycIieBaeT ero Nomomars 6e3 MoBpeXIeHUH.
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Pestome: AKTyanbHocTb pa6oTbl. 30Ha HOHOro cknoHa LieHTpanbHOro cermeHTa bonblioro Kaskasa
CeNCMMYeCcKM 04eHb aKTMBHA, B NOCNEAHUE AeCATUNETIS 3[eCb NPOM3O0LLI0 HECKONbKO CUJTbHbIX 3eMIIeTpsce-
HUI, B CBA3M C 3TUM U3Y4YEHUE ee CeICMOTEKTOHUKM C BblIeNIEHNEM Hanbosee akTUBHbIX CEIACMOreHepUpPYHOLLIMX
CTPYKTYpP akTyanbHo. Lienb paboTbl — n3y4eHune CBA3M ryOUHHBIX CTPYKTYP 3EMHOI KOPbI 30HbI HOXXHOM0 CKMOHa
LleHTpanbHoro cermeHTa bonblioro KaBkasa, BbISIBMIEHHbIX MO MaTepuanam aHanu3a W CUHTe3a reosioro-reo-
huanyecknx matepuanos, ¢ XapakTepom ero CecMUYHOCTU, U 060CHOBAHMEM BO3MOXHbIX Fe0ANHAMUNYECKNX
mogeneii ero passutua. MeTtoabl uccneposanusi. MeTtofbl 1 METOAMKA PabOTbl 3aKNOYanuch B 0606LLEHNN
maTepuanos N0 TEKTOHMYECKOMY CTPOEHWIO, CEMCMUYHOCTU, GPS-reognmHammnke 1 0CO6EHHOCTEN (HOKANbHbIX
MEeXaHWU3MOB 3eMJIeTPACEHNIA K0XXKHOW YacTu LieHTpanbHoro cermenTa bonbLioro Kaskasa ¢ 060CHOBaHMEM Celic-
MOTEKTOHMYECKOA MOLENN ero KIYeBbIX y4acTKoB. Pe3ynbTarbl paboTbl. Ha OCHOBaHWM NPOBEAEHHbIX UC-
CNe0BaHNii YCTAHOBMIEHO, YTO OCHOBHbIMMW CENCMOrEHEPUPYIOLLIMI CTPYKTYPAMU HOXKHOI YacTu LieHTpanbHoro
cermeHTa bonblworo Kaskasa asnaotca [3npynbCckuii n Kytaucckuin BbICOKOMTOTHBIE BJI0KWM KOHCONMANPOBAH-
HOIA 36MHOW KOPbI. 3TN CTPYKTYPbI NPK 06LLEM TPEHAE TEKTOHUYECKUX HAMPSKEHWIA CeBEPO-CEBEPO-BOCTOHHOIO
HanpaBMeHus, CBA3aHHOM C [IBUXKEHNEM B 3TOM HanpasneHun 3aKaBKa3CcKoil NauTbl, 06ycnoBunm oopMupoBa-
HU1e NONeN TEKTOHUYECKNX HANPSXEHNIA NIOKaNbHOM0 YPOBHS, OTBETCTBEHHbIX 32 (DOPMUPOBAHME 04aroBbIX 30H
3emneTpsceHmnit. GeiicMOTEKTOHNMYECKUMI CTPYKTYpami 6051ee BbICOKMX NOPSAKOB ABNAKTCA TaKXe rMyO6uHHble
pa3nombl, 0CO6EHHO pa3rpaHN4MBAOLLIME PEONOrMYECKN PASHOPOAHbIE CTPYKTYPbI, OAHUM UX KOTOPbIX SBASETCS
OHuiickniA pa3nom, NpeacTaBnstoLLIMA COBON CeBepo-3anafHoe orpaHnyeHne [3upynbckoro 6noka. Beigene-
Hbl Hanbosee CeMCMOaKTUBHbIE AMBPONAYPCKNIA N TKMBYNbCKUIA CEACMOAKTUBHBIE Y3/bl, NPOABNAIOLLMECH KAK
Y4aCTKN KOHLEHTpaLMK 3MMLEHTPOB 3eMNETPACEHNIA N PacnoNioXeHHble COOTBETCTBEHHO 3anajHee CeBepo-3a-
nagHoro yrna [13upynbckoro 6510ka U B BOCTOYHOM YacTi Kytaucckoro 6510Ka, B npefenax KOTOpbIX MOXHO
0XNAATb CUITbHbIE 38MNETPACEHUS.

KntoueBble cnosa: cenicMu4yHoCTb, GPS-reofnHamuka, ceiicMoTekToHUKa, bonblioin Kaskas, semnerpace-
HUWE, KOHCONUANPOBAHHAS KOPA, TEKTOHUYECKNIA BI0K.
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Abstract: Relevance. The zone of the southern slope of the Central segment of the Greater Caucasus is
seismically very active; in recent decades, several strong earthquakes have occurred here; therefore, the study of
its seismotectonics with the identification of the most active seismogenic structures is relevant. Aim. The purpose
of the work is to study the relationship between the deep structures of the earth’s crust in the zone of the southern
slope of the Central segment of the Greater Caucasus, identified from the analysis and synthesis of geological and
geophysical materials, with the nature of its seismicity, and substantiation of possible geodynamic models of its
development. Methods. The methods and methodology of the work consisted in summarizing the materials on
the tectonic structure, seismicity, GPS geodynamics and features of the focal mechanisms of earthquakes in the
southern part of the Central segment of the Greater Caucasus with the substantiation of the seismotectonic model
of its key areas. Results: On the basis of the conducted studies, it was established that the main seismogenic
structures in the southern part of the Central segment of the Greater Caucasus are the Dzirulsky and Kutaissky
high-density blocks of the consolidated earth’s crust. These structures, along with the general trend of tectonic
stresses of the north-northeast direction, associated with the movement of the Transcaucasian plate in this
direction, determined the formation of local level tectonic stress fields responsible for the formation of earthquake
source zones. Seismotectonic structures of higher orders are also deep faults, especially delimiting rheologically
heterogeneous structures, one of which is the Oniisky fault, which is the northwestern boundary of the Dzirulsky
block. The most seismically active Ambrolaursky and Tkibulsky seismically active nodes are identified, which
manifest themselves as areas of concentration of earthquake epicenters and are located respectively to the west
of the northwestern corner of the Dzirulsky block and in the eastern part of the Kutaissky block, within which
strong earthquakes can be expected.

Keywords: seismicity, GPS geodynamics, seismotectonics, Greater Caucasus, earthquake, consolidated
crust, tectonic block.

Acknowledgment: This work was carried out according to the state assignment of the Geophysical Institute
of the Vladikavkaz Scientific Center of the Russian Academy of Sciences, code: FMSM-2022-0013.

For citation: Stogny V.V., Stogny G.A., Ponomareva N.L. Seismotectonics of the southern part of the Greater
Caucasus Central segment. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of Russian South. (in
Russ.). 2023. 13(1): 76-96. DOI: 10.46698/VNC.2023.45.94.006.

BeseapeHre

3oHa FOxHoro cknona LleHTpanpHOro cerMmenTa MeraaHTUKJIMHOpus bomnbioro Kas-
Ka3a CYMTAJIACh IPAKTUYECKU aceicMUUHOM 10 PaunHckoro semiterpsicenns 29.04.1991 r,
OHOro W3 cuibHemmx 3emuerpsacennii XX Beka Ha Kaskaze. B nauane XXI Beka


https://www.doi.org/10.46698/VNC.2023.45.94.006
http://orcid.org/0000-0002-2493-3679
http://orcid.org/0000-0003-0427-6349
http://orcid.org/0000-0001-5752-7602
mailto:stogny_vv@mail.ru
http://orcid.org/0000-0002-2493-3679
http://orcid.org/0000-0001-5752-7602
http://orcid.org/0000-0003-0427-6349

78 Geology and Geophysics of Russian South 13(1) 2023 T'eonorvs n reogmanka Kora Poccim

B OIMHULEHTpalbHONH ob0nactu PaumHckoro 3emserpsicenus npowusouuin Onwuiickoe-I
06.02.2006 1. u Omnuiickoe-I1 07.09.2009 r. 3emnetpsicenus [['abcaraposa u np., 2012;
I'aGcaraposa, 2015; Poroxun, 2017].

l'eonunamuueckue ycnosus popmupoBanus Paunnckoro zeminerpsicenus 29.04.1991r.
paccMOTPEHbl B MHOTOYHMCIICHHBIX MyONMuKanusix, B ToM uucie [ApedoseB u ap., 1993,
2006; benoycos, 2009; 3aanumBuinu, bouasipes, 2010; Poroxxun u ap., 1991; Fuenzalida
etal., 1997; Triep et al., 1995]. B ocHOBe mpeiaraeMpIX CEHCMOTEKTOHUYECKUX MOzeTeit
OOBIYHO 3aJI0KEH MEXaHU3M MNojyiBUra JI3upyabCKoro MaccuBa 3aKaBKa3CKOI'O MHKpO-
KOHTMHEHTa TOA KHBIN cKIIoH LlenTpanbHoro KaBkasa nu00 HaJBUI MOCIIEAHEr0 Ha
3akaBKa3CKU MUKPOKOHTHHEHT [Amamust u ap., 1989; Iamkpenunze I1., l'amkpenuaze
., 1977; T'uoprobuanu, 2008; Poroxxun u np., 2015]. Tak B [OBcrouenko u ap., 2014;
Tseng et al., 2016] oxapakrepu3oBaHa cepusi HaJJBUTOB, OTBETCTBEHHBIX 3a 3eMJIeTpsice-
Hust Paua-/[)xaBckoil 30HBI. Posb TEKTOHMYECKMX HapyIIEHUH B (HOPMHPOBAHUM OYaroB
3emiieTpsceHuil B mpezaenax LlenTpanbHOro cermeHTta u B 1enom no bombimomy Kas-
Ka3zy oxapakTepu3oBaHa B [Gamkrelidze et al., 1998; Tibaldi et al., 2020; Triep et al.,
1995].

B Hacrosiee BpeMs TeppuTOpHsl KKHOTO ckioHa LlentpansHoro Kaskasza ocraer-
Csl CeCMHMYECKH aKTMBHOM, IOATOMY MpolieMa aHaiu3a CEHCMMYHOCTU U YCIOBUH ee
peanu3anuu sBISeTCs akTyanbHOU [Zaalishvili et al., 2014]. OcHoBo# mpeanoXeHHON
ceficMoTeKTOHnYeCcKoi Monienu ¢opmupoBaHusi PaunHckoro u OHuiickux 3emierpsce-
Huil Paua-J[>)xaBCcKOM 30HBI, a TAKXKE COBPEMEHHON CEICMUYHOCTH 30HbI FOXHOrO0 CKIIOHA
bonbsmoro KaBkasa siBisieTcs TEKTOHMYECKAsI CX€Ma KOHCOJIMIUPOBAHHON 3€MHOU KOPBI,
pa3paboTaHHas 10 pe3yJbTaTaM HHTEPIPETALUH [e0JIoro-reo(hu3n4eckux MaTepHaoB.

MaTepraAbl K METOABI UICCAEAOBOHN

AHanu3 COBpeMEHHOW CEHCMUYHOCTU M T€0JIOT0-re0(hU3NIECKUX MaTepHalioB C Iie-
JBI0 pa3paboTKU CEHCMOTEKTOHWYECKOM Monenu Paua-J[>kaBckoi ceiicMUYeCKOW 30HBI
10kHOM yactu llentpanbHoro cermenta bonbmioro KaBkasa BbIOTHEH Ha IUIOIIA[H,
orpanuueHHou 42,6-44,8° B.1. u 42,0-43,2° c.m. (puc. 1).

B TexkTOHWYECKOM OTHOIIEHMH U3y4YaeMbld pallOH Mpe/CcTaBlieH 30HaMu [JaBHOTO
xpebra u FOxnoro ckinona LentpanshHoro cermenra bonbimoro Kaskasa, a Ha rore 3a-
KaBKa3CKUM CPEIMHHBIM MAacCHBOM — MaJIEOMUKPOKOHTHHEHTOM [TekTonuka ..., 2009].
3ona [ 1aBHOTO XpedTa cokeHa IPOoTEePO30UCKUMHI MeTaMOP(UIECKUMHU TOPOIaMH U Ta-
neo3oickuMu rpaHuTaMu. 3oHa KOKHOTO CKITOHA CIIOKEHa MEe3030HMCKUMHU KapOOHATHO-
CJIAHIIEBBIMH TONIIAMH CBaHETCKOTO aHTUKIMHOPHS, MEIOBBIMU (MIMIIEBBIMU OTIIOXKE-
HusIMH Ynaypo-/{nGpapcKoro CHHKIMHOPHS, a TAK)KE TEPPUTCHHBIMH U BYJTKAaHOTEHHBIMU
tonmamu ['arpo-/[>kaBckoii 30HbI, OTPAHUYEHHOM C Fora JIeuXyMCKOW IIOBHOM 30HOM, BbI-
pakeHHOH y3koi Paua-Jleuxymckoit rpabeH-CHHKIMHAIIBIO, BEITOJTHEHHOW OTIOKEHUSIMHU
BEpPXHEH I0pBI, Mena U naneorexa. ['arpo-/l>xaBckast 30Ha HaJIBUHYTa Ha CIOKEHHYIO I10-
poxamu 1opbl ¥ Mena Oxpubo-CauxepcKyro 30HY, YaCTHYHO MepeKphIBaromIyo [[3upynb-
CKHMM KPUCTAJUTMUECKUN MacCUB 3aKaBKa3CKOM TUIUTHI.

B xauecTBe 0cHOBHOM MH(DOPMAIIUU MTPH Pa3pabOTKE CXEMbI CTPOSHUS KOHCOIUINPO-
BAaHHOMW 36MHOM KOPBI CIIYKWIM pe3ysIbTaTbl MHTEPIPETALUU TPAaBUTALIMOHHOTO MO U
nauubie 1o npoduato I'C3 CrenHoe-bakypuanu [[1aBnenkosa, 2012].
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Puc. 1. Ob30pnas cxema Yepromopcro-Kacnuiickoeo pecuona: npsamoy2oibHUK — pation UCC1e008aHUsL.
bykeamu 0603nauenvt mekmonuueckue cmpykmypol paznoeo nopsioxka: BEII — Bocmouno-Eeponetickas
nramgpopma, UKII — Hnoono-Kybanckuii npoeu6, TKII — Tepcko-Kacnutickuu npoeub. dnuyenmpol
cunvrulx 3emnempsicenuti borvwozo Kaexasza no [Tibaldi et al., 2020 (cepvie —ucmopuueckue,
uepHvle — UHCPYMeHmAabHble) /

Fig. 1. Overview scheme of the Black Sea-Caspian region: rectangle — study area. Letters designate
tectonic structures of different orders: IEP, East European Platform; ICD, Indolo-Kuban depression;
TKD, Terek-Caspian depression. Epicenters of strong earthquakes in the Greater Caucasus according
to [Tibaldi et al., 2020] (grey — historical, black — instrumental).

[Tpu 060CHOBaHNY TEOJUHAMHYECKOW MOJICIH JIBIDKEHHS OJIOKOB 36MHOM KOPBI HU3Y-

4aeMoro paiioHa MCI0JIb30BaHbl MaTepHalibl FTOPU30HTANIbHBIX cMelleHnit GPS-myHKTOB,
npoBeaeHHbIe B iepuona 1991-1997 rr., cooTBeTCTBYIOMIMI PauHCKOMY 3€eMJIETPSICEHUIO
(29.04.1991) u ero adrepmokoBomy mpoueccy [Llepuenko u ap., 1999], u 8 2010-2013
rogax nocie 3emiuerpscenuss Onuiickoe-II (07.09.2009) [IlleBuenko u ap., 2016, 2017].
OrneHka CKOpPOCTEeH W HampaBieHUH ABWXKeHHH TyHKTOB GPS-nabmiomenmii mepuona
1991-1997 rr. ocyiiecTBIsIach B MECTHOM CUCTEME KOOPJIMHAT OTHOCUTEIBHO OMOPHOM
reofe3nueckoit ctanuuu «3eneHuyk» (ZELB), koTopas pacnosioxeHa B mpejiesax 10BoJIb-
HO cTabmibHON JlabuHo-MankuHckoi 30Hbl, a iepuoaa 2010-2013 rr. — oTHOCUTENBHO
OMOpHOM reonie3ndeckor cranuuu «Apaon» (ARDN), pacnonararomieiics B CTaOMIbHON
npuoceBoit yactu becnanckoro nporu6a [penxaskasps. Janusie GPS-nabmonenmii mmu-
POKO MPUMEHSIIOTCSI HE TOJIBKO ISl PELIeHMs 3a]ad IeOMHAMUKH Ha II00aIbHOM U pe-
THOHAJIBHOM YPOBHSIX, HO M Ha JIOKaJbHOM YPOBHE, IPU PELICHUH CIEIHaIbHBIX 3a7a4
ceiicmonioruu [ Srijayanthi et al., 2020; Yadav et al., 2017].

AHanu3 ceiicMuuHocTr Pava-/[xaBckoii 30HBI 0OBEIMHSIONICH CHIIBHBIE 3eMJICTPS-
ceaust 1991-2009 ronos, B ToM unciie PaunHckoe u OHUMCKUE, TPUBEIEH IO JIUTE-
paTypHbIM JAaHHBIM, a UcciaeayemMoro paiiona 3a nepuon 2011-2021 rr. mo marepuaniam
karaynoro ®UIL[ EI'C PAH.
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CeNCMNYHOCTb IOXKHOTO CKAOHA LIEHTPOABHOIO CErMeHTa

B npenenax paiioHa uccie0BaHUs U3BECTHBI McTopudeckue Jleuxymu-CBaHeTckoe
semnetpscenue 1350 1. u Jlabackaumu-Llepuiickoe 3emnerpsicenne 1750 r. (puc. 2), mar-
HUTYJIa KOTOPBIX OILIEHUBAETCs COOTBETCTBeHHO 7,0 u 6,9 [Varazanashvili et al., 2011].
B rononene no [OBciouenko u ap., 2014] npousonum 1Be KpyMHOMACIITAOHbIE aKTHU-
BU3AIIUH: CPEIHETOJIONEHOBAsT aKTUBU3AIMS, MPOJOKUTEILHOCTh KOTOPOM OIlCHEHA B
2300 net (7300-5000 neT Ha3ad) U MO3HETOJIOLEHOBAs aKTUBU3AIUS IPOAOKUTEIBHO-

cTbto okojio 1600 set, Brmrouaromas PaumHckoe 3emnerpsicenue 1991 .
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Puc. 2. Ceticmuunocmo uzyuaemoeo pationa Llenmpanvrnoco ceemenma bonvuwozo Kaexasa.

1 — epanuyvr mecaanmuraunopus bonvuiozo Kaskasza; 2 — 6b1x00bl panHeOOKeMOPUTICKUX
Memamop@uueckux nopoo u naieo30luckux epanumos no [Ieonoeuvecxas ..., 1978]; 3 — mexmonuuecxue
napyutenusi no [Gamkrelidze et al., 1998]: O — Iaguwitl paznom, I' — acpa-/icasckuii paznom,

K — Kaexaszcxuii pponmanvroliii Haosue, 4—5 — cunvhvle semnempscenus: 4 — ucmopuyeckue (1 —
Jleuxymu-Csanemcroe, 1350 e.; 2 — Jlabackauou-Lleputickoe, 1750 2.), 5 — uncmpymenmanvhuie (3 —
Pauunckoe, 29.04.1991 no kamanozy ISC, 4 — agpmepwiox Pauuncrozo zemnempsicenus, 03.05.1991 no
dannvim MOS, 5 — [ocasckoe (Pauunckoe-I1), 15.06.1991, 6 — Onuiickoe-1, 06.02.2006, 7 — Onutickoe-I1,
07.09.2009); 6 — snuyenmpoi 3emnempsicenuii 3a 2011-2021 ee. no oannvim kamanozos QUL EI'C PAH:
a— ¢ 2,55 M<4,0, 6 — c M>4,0; 7-9 — snuyenmpanvuvie obnacmu. 7 — Pauunckoeo semnempsicenus
29.04.1991 2. no [Apegves u Op., 1993]; 8 — semnempscenuss Onutickoe-1 no [Tabcamaposga u op.,
2012]; 9 — semnempscenusi Onutickoe-1I no [Tabcamaposa, 2015]; 10 — ceiicmoaxmusHbie y3nvl 3a
nepuoo 2011-2021 ze.: A — Ambponaypcxuu, T — Txkubynvckuii /

Fig. 2. Seismicity of the study area of the Greater Caucasus Central segment.
1 — boundaries of the megaanticlinorium of the Greater Caucasus, 2 — outcrops of Early Precambrian
metamorphic rocks and Paleozoic granites after [Geological ..., 1978]; 3 — tectonic faults after
[Gamkrelidze et al., 1998]: M — Main fault, G — Gagra-Dzhava fault, C — Caucasian frontal thrust;
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4-5 — strong earthquakes: 4 — historical (1 — Lechkhumi-Svanetskoe, 1350; 2 — Labaskaidi-Tseriiskoe,
1750), 5 — instrumental (3 — Rachinskoe, 04.29.1991 according to the ISC catalog, 4 — aftershock Racha
earthquake, May 3, 1991 according to MOS data, 5 — Dzhavskoe (Racha Il), June 15, 1991, 6 — Oniy I,

February 6, 2006, 7 — Oniy II, September 7, 2009); 6 — earthquake epicenters for 2011-2021years
according to the catalogs of the FRC EGS RAS: a — for 2.5< M¢<4.0, b — for M>4.0; 7-9 — epicentral
areas: 7 — Racha earthquake of April 29, 1991 after [Arefiev et al., 1993]; 8 — Oniy I earthquake after

[Gabsatarova et al., 2012]; 9 — Oniy Il earthquake after [Gabsatarova, 2015]; 10 — seismically active

nodes for the period 2011-2021 years: A — Ambrolaursky, T — Tkibulsky.

Paunnckoe (Paua-/[>xaBckoe mo [[lTamanamBunu u ap., 1997] 3eminerpsicenue npo-
m3onwio 29.04.1991 r. B 09:12:48,1 (vyac:MUH:CEK) U SBJISETCSA OJHUM U3 HAUOOJIEE CUIIb-
HBIX M3 3apETUCTPUPOBAHHBIX Ha KaBkaze B MHCTPYMEHTAIbHBINA EPUOJ, €r0 MarHUTYIa
M¢=7,0, a iyOrHA TUTIOIIEHTPA 10 Pa3HbIM JIAHHBIM OLIEHUBAJIACh OT 5 10 17 kM, 3emIie-
TPSICEHUE COMPOBOXKIAIOCH OOJIBIINM YHCIIOM apTEPIIOKOB, TOJIILKO B IEPBOM JEKa1e Mast
1991 1. ux ObLIO 3aperucTPUPOBAHO OKOJIO 2,5 THIC.

OnuneHTpagbHas 001acTb PaunHCKOro 3eMiieTpsaceH st MPOTsHKeHHOCTHIO 10 100 kM
npu mwupuHe 10-20 kM mpocTupaercs NperMyIlecTBEHHO BAoib ['arpa-/laBckoro (1o
[Gamkrelidze et al., 1998]) pasnoma. B nepuox 1991-1994 rr. 6pu10 3apeructpupona-
HO 33 adrepmoka Paunnckoro 3emnerpsicerus ¢ M¢>4,5, u3 xotopbix 20 a@Tepiiokos
MPOM30ILIO B JIEHb OCHOBHOTO COOBITHS, YETHIPE U3 HUX MMenu marHutyny Mg>5.0, a
o1HO (29.04.1991 1. B 18:30:41,5) — M¢=6,1. Ha ceBepo-3amagHom ¢uanre oonacTu BOIU-
3u . AMOponaypu 3 mast 1991 r. 3aperucTpupoBaH CHIIbHBIA aTEPIIOK C MarHUTYHIOH
M=5,3 u TiyOMHOM TUIIOLIEHTPa 5 KM, a Ha ee I0r0-BOCTOYHOM ¢uaHre BOim3Hu r. Jxa-
Ba 15 mronst 1991 r. — ceiicMuueckoe coObITHe ¢ MarHUTyaod M=6,2 u rIyOuHOMN TH-
moueHTpa A=5 KM, CUMTaBIIEECs NMEPBOHAYAIBHO CHIBHBIM adTepIIOKoM PadnHCKoOro
3EMJIETPSICEHHUS], @ B IOCJIEAYIOIIEM — CAMOCTOATENIbHBIM 3eMileTpsiceHueM PaunHckoe-11
(COOTBETCTBEHHO, OCHOBHOW TONYOK cTan obo3HauaThes Paumnckoe-I). Kpynnble cefic-
MHUYECKHE COOBITHSI Ha CEBEPO-3allaJHOM U FOTO-BOCTOYHOM (hIIaHTax SMUICHTPATBHON
obnactu c(hopMHPOBAIH, TO-BUAUMOMY, COOCTBEHHBIE Y3JIbl KOHIICHTPALIUHU AULEHTPOB
OBaJIbHOM (hOPMBI. B 1IeHTpanbHOI YacTu 00JIaCTH CyOnapasuieIbHO €T0 OCHOBHOM BETBU
chopMHpOBaNach CEBEpPHAsi BETBb KOHIICHTPALIUH SITUIICHTPOB 3eMJICTPSICCHUH.

Cnenyromee cuibHOE ceiicMuueckoe coObiThe Onmiickoe-1 mpomsonuio 6 despans
2006 r., SNMLEHTP €ro HaXOAWICS B MpE/eNax CeBEpHON BeTBU PaunHCKOH snMLIeHTpab-
Hoii oOnactu BOnu3u r. Onu [['aGcaraposa u ap., 2012]. MarauTtyna 3T0ro 3eMJIeTPSICEHUs
no nanHbM cetn CeBeproro Kaskaza I'C PAH (NC) M¢=5,0, npu mmyOuHe TrUIoneHTpa
h=12 xm (mo manubM apyrux neHrpos, TIF, MOS, HRVD, CSEM, riyOuHa rumoreH-
Tpa OHUICKOTO 3eMIIeTpsICeHUsI onpesienieHa B uHTepBaie A=10—14 kM, /1Ba ieHTpa Janu
3nayenust h=17.7+8 xm (NEIC) u h=24+1 xm (ISC)). OHuiickoe 3eMIIeTpsiCeHUE COMPOBO-
xmanock cepueit u3 600 adrepiokoB, 3aperUCTPUPOBAHHBIX CeiicMUYecKoil ceThio CeBe-
po-Ocerunckoro ¢pumana I'C PAH. Dnunentpansaas oonacts Onwuiickoro (06.02.2006 r.)
3eMIICTpSICEHUs BhIHECEHA Ha puc. 2. CelicMUYecKas akTUBHOCTh B IAaHHOM pailOHE OTMe-
yeHa Takke B Mae 1971 r., korna 06110 3aperucTpupoBaHo Tpu 3emiieTpsicenusi ¢ M=4,0, un-
TEHCUBHOCTb COTPSACEHUI KOTOPBIX B I. OHU OlleHHBaJIach B 5-6 6aioB no mxaine MSK-64.

3emiieTpsiceHre ¢ MarauTynoi M¢=5,8, koropoe mpousonwio 7 ceHTsiops 2009 r. (to
karanory ISC marauryna storo 3emierpsiceHust Mg oueHuBaercs B 5,7, a 0 JaHHBIM
[Zare et al., 2014] B M=6,0, M;~6,3) nomyuwnio HazBanue Ouuiickoe-11 (cooTBeTCTBEHHO
3emserpsacenue 06.02.2006 r. crano Ha3biBaTbesd OHMiickoe-1), ero anuueHTp pacnonarai-
Csl B HECKOJIBKHX KHJIOMETPaX CEeBEPO-BOCTOUHEE AULICHTPa 3emieTpsiceHrst OHuiickoe-1,
npuMmepHo B 10 kM roxHee I. OHu. JleTanbHOE OMMCAHKUE ATOTO 3EMIIETPSICEHUS JaHO B
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[["abcaraposa, 2015]. ['my6una runonentpa no ganHsiM neHTpa NC cetu CeBeproro Kas-
kaza ['C PAH onenena B 12 kM, no ganueiM npyrux nerrpos (TIF, MOS, ISC, NEIC,
HRVD, IDC, CSEM) — B untepnazue 8—15 km.

3emnetpscenne Onuiickoe-11 conpoBoXkaanock OOMBIION MOCIEI0BATEILHOCTHIO ad-
TEPIIOKOB, KOTOPBIX ObUIO 3aperucTpupoBaHo 1167, B UX uuciie B NEpBbIe CYTKH MOCIE
OCHOBHOTO Toiuka — 415, B mocneayromue 2—-5 cytok — 256 agrepiiokoB [['aGcaraposa,
2015], koHTYpbI 00JIACTH KOHLEHTPALMH MULEHTPOB a(TEpIIOKOB 3TOTO 3eMIIeTpsice-
HUSI BbIHECEHBI Ha pUC. 2. OTMETUM, YTO TPAHULIBI 00IACTH KOHIIEHTPALUH SMUIEHTPOB
adrepiiokoB 3emuerpsceHust Onuiickoe-1I 3HaunTenbHo (10 10—12 kM) pacmmpuIuch
IPEUMYILECTBEHHO B BOCTOYHOM U CEBEPO-CEBEPO-BOCTOYHOM HAIIPABIEHUM IO CpaB-
HEHUIO C KOHTYpaMH 00JacTH KOHLEHTPALUHU SIHUIEHTPOB a(TEPIIOKOB 3eMIIETPSACEHHS
Omnuiickoe-1, BBITAHYTOCTh ATOM OONACTH TaKXe COOTBETCTBYET CEBEPO-CEBEPO-BOCTOU-
HOMY HampasieHuto. O01ako KOHIEHTpauuil snuueHTpoB OHMHCKUX 3eMIIETPACEHHM
2009 r. cmereHo k ceBepy oT PaunHckoii celicmuueckoi 30HbI Ha 10-30 kM, a rmyOuHa
UX peanusanuu cMectunach ¢ 3—10 kM, XxapakTepHbIX Uil PauMHCKO# 30HbI, B HHTEPBa
10-20 xm [Tseng et al., 2016].

Tabnuya 1/ Table 1

KosnnyecTBo 3aperucTpupoBaHHBIX 3eMJIeTPsICEHUI palioHa Hccae10BaHuii
3a nepuon 2001-2021 rr. mo karanoram ®UILL EI'C PAH. / The number of recorded
earthquakes of the study area for the period 2001-2021 years according to the catalogs

of the FIC UGC RAS
Kosnuectno 3emierpsicenuii / Number of earthquakes
N /Ne Ton/ Year B Tom 4ncie ¢ MaanT.yuoﬁ Mg / Including with
Bcero / Total magnitude Ms
2,5<M<3,5 3,5<Ms<4,5 Mg>4,5
1. 2001 54 18 1 -
2. 2002 59 4 - -
3. 2003 68 8 2 -
4. 2004 147 13 2 -
5. 2005 461 8 - -
6. 2006 835 36 2 1
7. 2007 375 8 1 -
8. 2008 230 18 1 -
9. 2009 1283 77 2 2
10. 2010 304 20 1 -
I1. 2011 321 14 3 1
12. 2012 223 8 1 -
13. 2013 233 10 - -
14. 2014 197 10 - -
15. 2015 229 13 1 -
16. 2016 176 9 - -
17. 2017 147 7 1 -
18. 2018 143 8 - 1
19. 2019 130 9 1 -
20. 2020 177 8 3 -
21. 2021 362 13 2 -
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B Ttabnuue 1 mpuBeneHb! AaHHBIE MO OOLIEMY YHCIY 3aperMCTPUPOBAHHBIX 3€M-
nerpsicenuit 3a nepuog 2001-2021 rr. u 3emnerpsiceHuil ¢ mMaruurygou: 2,5<M<3.5;
3,5<M¢=4,5; M>4,5. B pacCMOTPEHHOM NPOMEXYTKE BPEMEHHU CEHCMMUYECKas aKTUB-
HOCTb Haudaza Bo3pactars ¢ 2004 ., nocturays makcumyma B 2006 ., Korga Mpou30LLIo
3emierpsicenue OHuiickoe-1 n 6b110 3aperucTprupoBaHo 835 3eMIIeTPSICEHU, B TOM YUCIie
C MarHuTyznoi B uHTEpBase 2,5-3,5 — 36, 1Ba 3eMileTpsCEHMsI ¢ MarHuTynoi Mg = 4,5 u
OJIHO 3eMJIeTpsiCeHHe uMeso MarHutyny Mg=5,1. Haubonbmmii Beruieck celicMudeckoi
akTuBHOCTU npuxoautcs Ha 2009 r., cBa3aHHbIN ¢ 3emiieTpsicenneM Onuiickoe-II, korna
ObU10 3aperucTpupoBaHo 1383 3emieTpsiceHus, B TOM YUCIIE ¢ MAarHUTYA0I B UHTEpBaje
2,5-3,5 — 71, B untepBane 3,5-4,5 — 8, u ¢ marautyaou 6onee 4,5 — 2 3eMIeTpsACEHUsI.
B nepuon 2010-2019 rr. ceiicMuueckasi akTUBHOCTh NOCTENEHHO YMEHbILAETCS, HO C
2020 r. HaunHaeT Bo3pacTarh U pe3ko Bospocia 2021 r, mpumepHO B ABa pas3a IO CpaB-
HEHUIO C IIPEABIYIIUMH ToJaMH. DTHULIEHTPBI 3eMJIETPACEHUN 3a JECATUIETHUIN TIEpUo
(2011-2020 ) ¢ 2,5<M<4,0 u M>4,0 (HanOomnpIIass MarHUTYA U3 3aPETUCTPUPOBAH-
HBIX B 3TOT niepron — M¢=4,7) BbIHECEHBI Ha pHC. 2.

B ceBepo-BocTounol yactu LleHTpanbHoro cermenra, B ero CeBepo-OceTHHCKOM
cektope [['opbarukoB u ap., 2015], pacnonoxenHoM ceBepHee [ TaBHOTO pasioma, oTMme-
4aeTcs MOBBIIIEHHAs CeCMUYECKasi aKTUBHOCTb, HO TEHACHIINS K 3HAYUTEIbHON KOHIIEH-
TPALUH SMULEHTPOB 3€MJICTPSACEHUN B ONPE/IENICHHBIX JIOKAJIbHBIX 00IaCTIX HE 3aMeueHa
[Crornmii u ap., 2015].

Haubonee sipko B nepuoa 2011-2021 rr. ceificMuueckasi akTUBHOCTB MPOSIBUIIACh Ha
orpaHnyeHHou momanu (42,4-42,6° c.., 43,3-43,5° B.1.), pacrioJOKEHHOH 3amaaHee
SMMLEHTPANbHON 001acTH 3emierpscenust OHuiickoe-1, B mpenenax KOTOpoi 3a 3TOT Mpo-
MeXYTOK BpeMeHH 1o naHHbIM Katainoros @UILL EI'C PAH 3apeructpuposano 387 3eM-
JETPSICEHUH, B TOM YUCIIE C MarHUTynoi M¢>2,5 — 58 3emnerpsacennii. Ha nanHo# mo-
aau BblJeNeH AMOposaypcKkuil ceiCMOaKTHBHBIN y3€J, B KOTOPOM OTMEUAaeTCs pe3Koe
yBeIMUEHUE ceiicMuueckor akTUBHOCTH B 20202021 rr. Bropas jiokanbHas miomais ¢
BBICOKOW KOHLIEHTPALMEHN 3MULIEHTPOB 3EMJIETPACEHUI PACIOOkKEHA I0ro-3anaasee Am-
Opos1aypcKoro ceiicMOakTUBHOTO y3ia (42,25-42,45° c.m., 42,9-43,1° B.A.), TA€ 3a Iepu-
ox 2011-2021 rr. no ganHbIM 1ieHTpa NC ObIIO 3aperucTpupoBaHo 43 3eMieTpsiceHus,
10 u3 KOTOPBIX UMETH MarHuTyny M¢>2,5, B ee mpezenax BbiieneH TKuOynbckui ceiicMo-
AKTUBHBIN y3€ll.

CencmMmotekToHnyeckas MoaoeAb Pa4a-A>KOBCKOW 30HbI

OcHOBOI MpeIIOKEHHOM celicMOoTeKTOHNYeCKoM Mojienn Paua-J[>kaBckoit 30HBI sIB-
JsieTcst cxema OJIOKOBOTO CTPOCHUS KOHCOIMIUPOBAHHOM 3eMHOM Kopbl CeBepo-3araHo-
ro u LleHTpanbHoro cerMeHTOB MeraanTukinHopus bomipmoro Kaskasa, paspaborannas
0 pe3yJbTaTaM aHaJli3a reojoro-reopusndeckux mMarepuanon (puc. 3). TekToHnueckoe
CTpOEHHE KOHCOMUAMPOBaHHOM Kopbl CeBepo-3amajHoOro cermMeHta U 30Hbl FOkHOTO
CKJIOHA lleHTpanbHOTrO CerMeHTa OINpPENENSIIOT BbIAECICHHBIE 110 JIOKAJIBHBIM IPaBUTAlU-
OHHBbIM MakcuMyMaM AHarickuid, CounHckuil, ['arpeiackuii, Kytaucckuii n J{3upynbckuit
BbICOKOIUTOTHBIE Onoku [Crorawmii I, Croramit B., 2017], ammuutyaa rpaBUTallMOHHBIX
MaKCUMYMOB KOTOpPbIX onieHuBaetcs 10 20-30 mI'an, a ux pa3mepsl 1o AITMHHON OCH CO-
CTaBJISIOT B cpeiHeM 60 KM.

J3upynbckuid OJIOK KOHCOTMIMPOBAHHON KOPHI BBIAETICH B KOHTYpax L[xuHBasibCcKo-
TO IPaBUTAIIMOHHOTO MaKCUMyMa aMIUTUTY0i Oosiee 25 Ml an, 1o)kHas 4acTh KOTOPOTO B
IUIAaHE COOTBETCTBYET J[3UPYIbCKYMY KPUCTAIIIMUECKOMY MAacCHBY, CIIOKEHHOMY IpO-
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TEPO30HCKUMH MeTaMOp()UIECKMMHU MOPOIaMH U 1AJ1€030H-Me3030iCKUMHU TPAHUTOU 1a-
mu [Croruuit B., Crornuii I, 2022]. CeBepHas yacTb J3upynbckoro 0Jioka mepekpbITa
ME3030MCKMM 0CaJ04YHbIM KOMILIEKCOM 30HbI FOxHOro ckiiona bonbmoro Kaskasa. biaok
OpPUEHTUPOBAH MPAKTUYECKH OPTOIOHAJIBHO MO OTHOLIEHWIO K OCEBOM 30HE bombiioro
KaBkasa, a orpannuuBaromuii ero OHUNCKUI TTyOMHHBIN pa3ioM Ha MOBEPXHOCTHU BbI-
paskeH ceBepo-3anaJHbM oKoH4YaHneM KaxetnHo-BannaMckoli I0BHOM 30HBI U Jlajee B
I0r0-BOCTOYHOM HaIPaBJIEHUH — F0KHBIM KpblIoM Ynaypo-/Iuépapckoro CHHKIMHOPUS.

I'my6unHOe cTpoeHue [[3upyabcKOro BHICOKOIJIOTHOTO OJ0Ka XapaKTepU3yIOT Mare-
puans! npoduist ['C3 Crennoe-bakypuanu Ha orpeske Xaurypu-Jxasa. [1o marepuanam
ckopocTHOro paspesa npoduis I'C3 CrenHoe-bakypuanu, nmoiay4eHHOro MO pe3ysbTa-
TaM [IepeUHTEpIpETALIMM IEPBUYHBIX AaHHBIX [[laBnenkoBa, 2012], Ha orpeske Xanrypu—
Jl>xaBa BbIIETIEH BHICOKOCKOPOCTHOM ()parMeHT BEpXHEH yacTy 3eMHON KOpbI (CKOPOCTh
HPOJOJIBHBIX BOJIH 7,1—7,3 KM/C) MpOTsHKEHHOCTHIO 110 npoduimo 10 80 kM. BepxHsis ero
IO)KHAsi KPOMKA HaXOJMTCS Ha IIIyOMHE OKoJIo | KM, a ceBepHast OIyIleHa Ha 5 KM, TITyOu-
Ha HIKHEW KpoMKH yMeHb1aercs ¢ 20 1o 15 kM B ceBepHoM HanpasineHu. [ A. I1aBien-
koBa [2012] naHHBINA BBICOKOCKOPOCTHOM (hparMEHT HMHTEPIPETHPYET KaK UHTPY3UBHOE
Teno. B Hamiell mHTEepnpeTanuu BICOKOCKOPOCTHOW (pparMeHT BepxXHEW 4acTu 3eMHOM
KOpbI ceficmudeckoro paspesza I'C3 orpaxkaer J[3UpyabCKuil BEICOKOIIOTHBIN OJIOK KOH-
COJIMIMPOBAHHON KOPBI 3aKaBKa3CKOM IUIMTHI. BEICOKOCKOPOCTHOM pa3pe3 3¢MHON KOpbI
30HbI FOxHOTO cKIIoHA LIeHTpaabHOro cerMeHTa rnokas3aH Takke B MaTepraiax npoQuis
MM3 [PoroxuH u 1p., 2015].
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Puc. 3. Texmonuueckoe cmpoenue konconuouposantoil xopvl Cegepo-3anadnoeo cezmenma u 30Hul
FOsrcnoco ckaona Llenmpanvrozo ceemenma bonvuioeo Kaskasa no pesyniomamam unmepnpemayuu
2€071020-2e0PU3ULECKUX MAMEPUATOB: NPAMOY2OTbHUK — PATIOH UCCTE008AHUSL.

1 — konmyp mezaanmuxnunopus bonvuwozo Kaexasza no [Ieonoeuueckas ..., 1992]; 2 — gvixoovwl
NPOMePO30TUCKUX MEMAMOPGUUECKUX NOPOO U NATNEO30UCKUX epanumos Llenmpanvroco ceecmenma u
IBBupynvckozo maccusa no [lTeonoeuveckas ..., 1992]; 3—4 — pasnomwl: 3 — no eeonocuteckum OaHHbIM
[Teonocuueckas ..., 1992], 4 — no ananu3sy epagumayuoHHo20 nos, 5 — 8biCOKONIOMHbLE ONOKU:
An — Ananckuii, Cu — Couunckuii, I'e — aepvinckuti, Km — Kymaucckui, /{3 — /[3upyneckuti /
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Fig. 3. Tectonic structure of the consolidated crust of the Northwestern segment and the zone of the
Southern slope of the Central segment of the Greater Caucasus according to the results of the geological
and geophysical materials interpretation: a rectangle is the study area. 1 — outline of the Greater
Caucasus megaanticlinorium after [Geological ..., 1992]; 2 — outcrops of Proterozoic metamorphic rocks
and Paleozoic granites of the Central segment and the Dzirulsky massif after [Geological ..., 1992];
3—4 — faults: 3 — according to geological data [Geological ..., 1992], 4 — according to the analysis
of the gravitational field; 5 — high-density blocks: An — Anapsky, Sc — Sochinsky, Gg — Gagrynsky,

Kt — Kutaissky, Dz — Dzirulsky.

J3upynbckuii 670K MTPOIOIDKACTCS TTOJ] ME3030HCKUMU OTI0KEHUSIMHU 30HBI KOKHOTO
ckiona bonbmoro Kaskasza 6onee uem Ha 40 kM nipu mryOuHe ero nmogouiBsl A0 20 kM, a
orpaHn4uBarOmui ero OHUICKUA pa3ioM (UKCUPYET I0KHBIN OOPT ME3030MCKOTO TPO-
ruba MeTaaHTHUKIMHOPUSL.

Jist onleHKH KuHeMaTHKH J[3UpyinbCKoro 6J10ka KOHCOTUMANPOBAHHOM KOPHI TPOBEICH
aHaJIN3 UMEIOLUXCS MaTepHalIOB 110 TOPU30HTAIbHBIM CMEILIEHUSAM I'€0/Ie3UYECKUX ITyH-
ktoB GPS-nabmonennii [Jlykk, lllesuenko, 2019], npocTupaHus IIaBHBIX OCEH CxKaTUs
(hokabHBIX MexaHu3MOB 3emierpsicenuii [JIykk, [lleBuenko, 2019; Tseng et al., 2016], a
TaKXKe HaIllPaBJICHUH MepeMeIIeHHs CeHCMOTEKTOHMUECKUX OJIOKOB 36MHOM KOPBI MOCIE
Paunnckoro 3emnerpsicenus [benoycos, 2009] (puc. 4).
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Puc. 4. Cxema cmpoerus KOHCOMUOUPOBAHHOI KOPbI PALIOHA UCCIE008AHUS 1O Pe3VIbINAmMam
unmepnpemayuu epasumayuonnozo nois [I pasumempuueckas ..., 1990].
1 — epanuywvl mecaanmurxnunopus bonvuwozo Kaexasa no [Ieonoeuueckas ..., 1978]; 2 — evixoowvt
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NPOMEPO30UCKUX MEMAMOPPUUECKUX NOPOO U RATIEO30UCKUX epanumog Llenmpanvroeo cecmenma
Bonvwozo Kaskasza u /[3upynvckozo maccusa 3axaskasckoil naumol; 3 — 2nyOunHbie paziomol
Kouconuouposannoii kopuvl: C — Ceanemo-Anazanckuii, 3 — 3ecmagornckuii, O — Onutickuil,

H — Huazonanvnoui, T — Tepowconvckuti, X — Xawypckuil, 4—5 — sanuyenmpanvhsie obaacmu
semnempsicenuil: 4 — Pauunckoeo 29.04.1991 2. no [Apeghves u op., 1993], 5 — Onutickoeo-11
07.09.2009 e. no [Tabcamaposa, 2015]; 6 — nanpasnenue 20pu30HMAIbHO20 NEPeMeuyeHuUs.
celcMomeKmonu4eckux 0610xk06 60 epems Pauunckozo semnempsicenus no [benoycos, 2009/,

7—8 — sexkmopul ckopocmell 2opu3oHmMaIbHbX cmewjeruli nynkmog GPS-nabniodenuii u ux kooogule
nazeanus no [JIykk, leguenxo, 2019]: 7 —3a 1991-1997 22. omHocumensro onopHoti ceode3uyeckol
cmanyuu ZELB, 8 —3a 2010-2013 2. omnocumensHo onopHoti 2eodesuyeckoti cmanyuu ARDN;

9 — npocmupanue 21a8HbIX Ocell CHcamus POKANbHBIX MEXAHUIMO8 3eMAemPACeHULl U UX HoMepd No
[Jykx, Llesuenxo, 2019]; 10 — anuyenmp Pauunckoco zemnempscenus (29.04.1991 2.). byxeamu
0003HAUEHbL BbICOKONAOMHbIE OJLOKU KOHCOTUOUPOBAHHOU Kopbl. /I3 — [[3upynvckuil, Km — Kymaucckuii /

Fig. 4. Scheme of the structure of the study area consolidated crust based on the results of the
gravitational field interpretation [Gravimetric ..., 1990]. 1 — boundaries of the megaanticlinorium
of the Greater Caucasus according to [Geological ..., 1978]; 2 — outcrops of Proterozoic metamorphic
rocks and Paleozoic granites of the Greater Caucasus Central segment and the Dzirulsky massif of the
Transcaucasian Plate; 3 — deep faults of the consolidated crust: S — Svaneto-Alazansky, Z — Zestafonsky,
O — Oniisky, D — Diagonalny, T — Terzholsky, K — Khashursky,; 4-5 — epicentral regions of earthquakes:
4 — Racha earthquake on April 29, 1991 after [Arefiev et al., 1993], 5 — Oniy II earthquake on
September 7, 2009 after [Gabsatarova, 2015]; 6 — direction of horizontal movement of seismotectonic
blocks during the Racha earthquake according to [Belousov, 2009]; 7-8 — velocity vectors of horizontal
displacements of GPS observation points and their code names according to [Lukk, Shevchenko, 2019]:
7 —for 1991-1997 relative to the ZELB reference geodetic station, 8 — for 2010-2013 relative to
the ARDN reference geodetic station; 9 — strike of the main compression axes of earthquake focal
mechanisms and their numbers according to [Lukk, Shevchenko, 2019]; 10 — epicenter of the Racha
earthquake (April 29, 1991). Letters designate high-density blocks of the consolidated crust:
Dz — Dzirulsky, Kt — Kutaissky.

Pacnonoxennsie B ceBepHoii yactu J{3upynsckoro 6moka GPS-nmynkrs ERTS, HVCE,
KENF, MZGM umeror pasznudHbie HarpaBieHUs BeKTOpoB ckopoctu cmemenus (ERTS
toxHoe, HVCE roro-soctounoe, KENF u MZGM ceBepo-ceBepo-3anaiHOE), a IyHKT
HETG BocTouyHO# yacTu 6J0Ka — CEBEPO-BOCTOUHOE, MapajuiebHOe XallypcKoMy pas-
aomy. CKOpoCTH BceX 3TUX IMyHKTOB oTHOocuTeNbHO cTaHiimu GPS ARDN He npesblina-
10T HeckombkuxX Mm/ron. GPS-mynkter KNUR, LESO u SFRE ceBepo-3anagnoro yria
J3upysnbckoro OJioka UMEIOT CIeIyIOIe HapaBieHNs U BEJIMYUHY BEKTOPOB CKOPOCTH
cmernienust otHocutenbHo crannuu ZELB: KNUR u LESO (cootBerctBenno 3,73 u 2,20
MM/Ton) — toro-BoctouHoe, SFRE — ceBepo-ceBepo-3anannoe, a KVYS (7,05 mm/ron) 3a-
MaJJHO€ OTHOCUTENBHO cTaHuu ARDN.

B 30He CBanero-AnazaHckoro pasioMa BekTopsl ckopoctet GPS-mynkTtoB ROOK,
DZMC, EDIS (ckopoctu coorBerctBenHo 0,93, 1,03 u 2,76 MM/To1 OTHOCUTEITHLHO CTaH-
uuu ARDN) u cranmmu KRES (3,53 MmM/rox otHocutensHo cranimn ZELB) umeror ce-
BEpO-3al1a/IHOE HalpaBJIEHUE, COITIACHOE C HAIIPaBJICHUEM MPOCTUPAHMS pa3jioMa, ITyHKT
ERMN (4,39 mm/rox otHOcuTenbHO cTaHui ARDN)— cyOImmpoTHOE BOCTOUHOE.

GPS-nynktet KHOT u SACH (ckopoctu coorBerctBenHo 4,80 u 5,35 mm/ron oT-
HocuTenbHO craHiu ZELB) Kak U pacrofioXeHHbIEe OJKHEe IUIOIAAN HCCIEeOBAHUS
GPS-nynktet NINO u NICH (ckopoctu coorBercTBeHHO 4,3 1 6,0 MM/T0/T) UMEIOT CeBe-
PO-CeBepO-BOCTOYHOE HANpaBlIEHHE COBIaIatoNIee ¢ OOIIMM TPEHIOM HaIlpaBIeHUH BEK-
TopoB ckopoctu GPS rokHoro ckiona I[lenTpansaoro nu Boctounoro Kaskasa [Reilinger
et al., 2006].
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ITpocTupanue raBHBIX Ocell CkaThs (POKAIBHBIX MEXaHU3MOB 3€MJICTPSICEHUN U3-
y4aeMoi TEPPUTOPHH U KX HOMEpa BEIHECEHBI Ha cxemy puc. 4 cornacHo [JIykk, [1leBuen-
ko, 2019], npuBenennsimM u3 6romuterens ISC. ITo otHomenuto k J{3upyabckoMy O10Ky MX
MIPOCTUPAHUE PA3IMYHO JIJIS €r0 CEBEPO-3aI1aJHOTO U FOr0-BOCTOUHBIX YIJIOB, JJIsl IEPBOTO
XapaKTEPHO CEBEPO-CEBEPO-BOCTOUHOE IIPOCTUPAHUE, A I BTOPOIO — BOCTOUHOE.

Jlis mnaBHBIX oced ckaThs (DOKalIbHBIX MeXaHU3MOB 12—16 OHM COOTBETCTBY-
10T PaunHCKOMy 3emieTpsiceHuIo U ero adrepiokaM: 12 — PaunHckoe 3eMieTpsiceHue
(m,=6,2,29.04.1991); 13 — adprepmok (m,=6,2, 29.04.1991), koTOpPHIi MPOU3OIIIET B ICHH
OCHOBHOTO Tonuka; 14 — adrepmok (m,=5,3, 03.05.1991); 15 — Pauunckoe-II (m,=6,1,
15.06.1991); 16 — adrepmok (my=5,0, 04.07.1991). [ns mmaBHBIX Ooceil cxarus ¢o-
KaJIbHbIX MeXaHU3MOB 49, 53, 58 oHM coOTBETCTBYIOT: 49 — 3emnerpsacenre Onulickoe-1
(m,=5,2, 06.02.2006); 53 — 3emnerpsacenne Onuiickoe-II (m,=6,0, 07.09.2009); 58 — ad-
Tepiok (m,=>5,0, 18.08.2011).

JIyist TUTIONIEHTPOB 3eMiieTpsiceHui 12—16 1 uX TIaBHBIX Ocel CxKaTusl (POKaTbHBIX
MEXaHU3MOB MPUBOATCS cieayromue 3HadeHus: 12 — (Paunnckoe 29.04.1991), rmy6una
runoueHTpa A=17 kM, HarpaBlieHUE NPOCTUPAHUS TNIAaBHOM ocu cxarust A=186°, a ag-
tepmoku 1991 1. coorBetcTBYyrOT 3HaUeHusAM: h=10 km, A=161° (13); h=1 xkm, A=200°
(14); h=9 xm, A=79° (15); h=12 km, A=82° (16), TpuU KX yIVIe HAKJIOHA O [JITABHOWH OCHU
teH3zopa CMT, usmenstomeiics B nmpenenax 4—10°. [{ns 3emnerpsicennii 49 (Onuiickoe-1,
06.02.2006) u 53 (Ownuiickoe-II, 07.09.2009) npuBeneHbl 3HAUEHUSI COOTBETCTBEHHO
h=23 xm, A=214°, a=16° (49) u h=15 km, A=212°, a=17° (53), o xapakrepy ¢okaib-
HBIX MexaHu3MoB 3emierpsicenus: Onuiickoe-1 nu Onuiickoe-I1 6mu3ku. [{ns Bcex 3eM-
JETPSICEHUI N3yyaeMoi TeppUTOPUN XapaKTepHbI CyOrOpH30HTANIbHBIE OCH CHKaTHs MPHU
HEeOONbIINX 3HAYEHUSX YIVIa (L, COOTBETCTBYIOIUX CEBEPHOMY—CEBEPO-CEBEPO-BOCTOUHO-
My TPEHIY, UCKJIFOUEHHE COCTaBIISIIOT JIMLIb 3eMiieTpsicenust 15 u 16, HanpaBieHus oceit
C)KaTusi KOTOPBIX (1pu A paBHOM 79° u 82° COOTBETCTBEHHO) OPTOrOHAJIbLHBI OCHOBHOMY
HaIpaBJICHUIO U Pa3BEPHYTHI B HAIpaBJIEHUU NTpocTupanus OHUICKOTO pasiaoMa, B 30HE
kotoporo onu HaxosTes. [1o [Tseng et al., 2016] Tpern MakCHMMaIbHBIX CKUMAFOIIMX Ha-
NPSDKEHUN U3MEHSAETCsl B MUHTEpBaJie oT —2 10 14° c.m.

HenocpencrtBenHno nocine PaunHCKOro 3eMieTpsiceHUs] B MOJEBBIX YCIOBUSX ObUIM
BBIITOJTHEHBI U3MEPEHUS HAIPaBJICHUN TepeMeIeH s CeHCMOTEKTOHMYECKUX OJIOKOB 3eM-
Hoii kopsl [benoycos, 2009] u no pe3yabraTam 3TUX U3MEPEHUI ceNIaH BBIBOJ, 4TO 0000-
IIEHHOE TOPU30HTAIbHOE TIepeMEIIeHNE CEHCMOTEKTOHNYEeCKUX 0110K0B ["arpo-/[xaBckoit
30HBI IPOUCXOAWIIO B 3a1aJHOM-F0r0-3aaJHOM HarpaBieHuu, Pada-Jleuxymckoi — B BOC-
TOYHOM-FOT0-BOCTOYHOM, a Oxpub0o-Cauxepckoii — B CEBEPO-CEBEPO-3araTHOM.

Pe3yAbTAThl PABOTHI U X OBCYXAEHME

O6o0maromas cxema reoqMHaMUKHU J[3upyibCcKoro 6J10ka KOHCOMUINPOBAHHOM KOPBI
T10 aHAJIM3Y BEKTOPOB CKOPOCTEM rOpU30HTAIBHBIX cMelieHuH MyHKToB GPS-Habmonenuii
U NPOCTHPAHMs TNIABHBIX OCEH ckaTusl (POKaJIbHBIX MEXaHW3MOB 3€MIIETPSICEHUI mpu-
BEJICHA HAa PUCYHKE 5. YUUTBIBas NPEBAIUPYIOLIME HANPABICHUS INIABHBIX OCEH C)KaTUs
(oKaTbHBIX MEXaHU3MOB 3E€MJIETPSACEHHH, Ha CXeMe IOKa3aHO HalpaBJIEHHE JIOKAJIbHO-
IO TPEHJIa TEKTOHWYECKHUX HampsbkeHuM Paua-J[)kaBCKOM CEMCMOIE€HHOM 30HBI, OPTOTO-
HaJIbHOE K HAMpaBJICHHUIO INIaBHBIX OCEH ckaTus U cyOnapaiienbHOe BEKTOPY CKOPOCTH
GPS-nynkra KVYS.
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Puc. 5. Ceticmomexmonuueckas mooenv Paua-J[ocasckoii 30Hbi.

1 — epanuywvl mecaanmuxnunopus bonvuozco Kaexasa no [Ieonoeuueckas ..., 1978]; 2 — gvixoowt
NPOMEPO3OUCKUX MEMAMOPPUUECKUX NOPOO U RATLEO30UCKUX epanumog Llenmpanvroeco cezcmenma
Bonvwozo Kaskasza u /[3upynvckozo maccusa 3axasrasckotl naumol; 3 — 2yOunHbie paziomvl
KOHCOMUOUPOBAHHOU Kopbl no ananuzy [I pasumempuueckas ..., 1990]: C — Ceanemo-Anasanckui,

3 — Becmaghonckuii, O — Onutickuui, T — Teporconvckuil, X — Xawypckuii, 4 — evlcokoniomuvlie On0KuU
KOHconuouposannou kopul. /I3 — zupynvckuii, Km — Kymauccxuii; 5 — Kaxemuno-Banoamckas 30Ha no
[Teonoeuueckas ..., 1978]; 6 — Paua-Jleuxymckas epaben-cunkiunans no [Ieonoeuueckas ..., 1978];
7-8 — cunvhuvie semnempsicenusi: 7 — ucmopuueckue (1 — Jleuxymu-Ceanemckoe, 1350 2.,

2 — Jlabackauou-I{epuiickoe, 1750 2.), 8 — uncmpymenmanvhote (3 — Pauunckoe, 29.04.1991 no kamanoey
ISC, 4 — agpmepuwiox Pauunckozo zemnempscenus, 03.05.1991 no oannvim MOS; 5 — []casckoe
(Pauunckoe-I1), 15.06.1991; 6 — Onuitickoe-1, 06.02.2006; 7 — Onutickoe-1I, 07.09.2009),

9—10 — snuyenmpanvroie obnacmu semaempsicenuil. 9 — Pauunckoeo 29.04.1991 e. no [Apeghoes u op.,

1993], 10 — Onuiicxozo-11 07.09.2009 1. no [Tabcamaposa, 2015]; 11 — snuyenmpol 3emrempsacenuii 3a
nepuoo 2011-2021 ze.: a— ¢ 2,55M<4,0, 6 — c M>4,0; 12 — ceticmoakmugHble Y3iivl
(A — Ambponaypcruii, T — Trkubynvckuii), 13 — pecuonanbHblii mpeHO MeKmOHUYECKUX HANPIHCeHULL
14 — nokanvuvie mexmonuiecKue Hanpsxcenus no Oannvim unmepnpemayuu GPS; 15 — npeononazaemulii
OCHOBHOU MPeHO MeKmoHueckux Hanpsidicenuti Paua-J{ocaeckotl ceticmuyeckoti 30Hol /

Fig. 5. Seismotectonic model of the Racha-Java zone. 1 — boundaries of the megaanticlinorium of the
Greater Caucasus according to [Geological ..., 1978]; 2 — outcrops of Proterozoic metamorphic rocks
and Paleozoic granites of the Central segment of the Greater Caucasus and the Dzirulsky massif of the

Transcaucasian Plate; 3 — deep faults of the consolidated crust according to the analysis [Gravimetric ...,
1990]: S — Svaneto-Alazan, Z — Zestafon, O — Oniyskiy, T — Terzholskiy, X — Khashurskiy, 4 — high-density
blocks of the consolidated crust: Dz — Dzirulsky, Kt — Kutaissky,; 5 — Kakhetino-Vandamskaya zone after
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[Geological ..., 1978]; 6 — Racha-Lechkhumskaya graben-syncline after [Geological ..., 1978]; 7-8 —
strong earthquakes: 7 — historical (1 — Lechkhumi-Svanetskoe, 1350, 2 — Labaskaidi-Tseriiskoe, 1750), 8
— instrumental (3 — Racha earthquake, 29.04.1991 according to the ISC catalog, 4 — aftershock of Racha

earthquake, 03.05.1991 according to MOS data; 5 — Dzhavskoe (Racha Il), 15.06.1991;

6 — Oniy [ earthquake, February 6, 2006, 7 — Oniy Il earthquake, September 7, 2009),; 9—10 — epicentral
regions of earthquakes: 9 — Racha earthquake on April 29, 1991 after [Arefiev et al., 1993]; 10 — Oniy II
earthquake, September 7, 2009 after [Gabsatarova, 2015]; 11 — earthquake epicenters for the period
2011-2021 years: a — for 2.5<M¢<4.0, b — s M>4.0; 12 — seismically active nodes (A — Ambrolaursky,
T — Tkibulsky), 13 — regional trend of tectonic stresses; 14 — local tectonic stresses according to GPS
interpretation; 15 — the assumed main trend of tectonic stresses in the Racha-Java seismic zone

OnuueHTpaibHas 001acTb PaunHCKOro 3eMIIETpsICEHHS B IUIAHE COOTBETCTBYET Ce-
BepHOMY (pianry J[3upynbcKoro O10Ka, a BRITSHYThIE B CEBEPHOM HAIPABJICHUH SITHUIICH-
TpajbHble 00nacTh OHUICKUX 3eMIIETPSICEHUI B CBOCH FOXKHOM YacTH — CEeBEPO-3arafHo-
My yriny Oj0Ka. [ MImoneHTpbl CHIIbHBIX 3emieTpsicennii Paua-/[)xaBckoit 30HbI TITyOMHOM
10-17 xm nmokanu3oBaHbl B J[3upynbckoM OJ0Ke.

B nepuon 2011-2021 rr. akTuBHU3aIMsl CEHCMUYHOCTH OTMEUYAETCS Ha 3alaJHOM Mpo-
nomkeHun OHUCKOTo pa3inoma (AMOponaypcKuil y3emn) u ceBepo-3amnaaHee TepKoIbCKo-
ro paznoma (TkuOynbckuii y3en) B npenenax KyTancckoro BEICOKOIIIOTHOTO OJIOKa.

IIpu comocraBieHHH NOIMYYEHHOH IO pe3yibraTaM HMHTEPIPETALMU T€0JI0ro-reo-
(U3NUECKUX MaTepHajoB CXeMbl TEKTOHHUECKOTO CTPOCHHS KOHCOJIHUIMPOBAHHON KOPBI
IOsxnoro cxiona bosbioro KaBkasa ¢ celicCMUYHOCTBIO IIOKAa3aHO, YTO OCHOBHOM cefic-
MOT€HEepUpYIOLEen CTpyKTypou Pauda-Jl>kaBCKoM 30HBI SBIsIETCS [{3UpYIbCKUN BBICOKO-
IUIOTHBIA ONTOK 3aKaBKa3CKOrO MHUKPOKOHTHHeHTa. KOxHas wacth J[3upynbckoro Onoka
Ipe/CTaBleHa OJHOMMEHHBIM KPUCTAJUINYECKUM MAacCHUBOM 3aKaBKa3CKOI'O MMKpPOKOH-
THUHEHTA, a caM OJIOK POJOJDKACTCS MO ME3030MCKUMHU OTJIOKEHUSIMH METraaHTHKINHO-
pust bonbmoro Kaskaza 6osee uem Ha 40 kM mpu miyOuHe ero moxomssl 10 20 kM. B
npenenax Cesepo-3anaaHoro cermeHTa bomnbiioro KaBkasza k aHamOrH4HbBIM JIOKAIbHBIM
CEHCMOTCHEePHUPYIOIUMHU CTPYKTYpaMu OTHECEHBbI AHANCKuil u COYnHCKUN OJIOKH KpH-
CTAJUIMYECKOTO (hyHIaMEHTa, KOHTPOJIMPYIOIIME OJAHOMMEHHBIE CEHCMUYECKUE PaliOHBI
[Crornmii I'., Croruuii B., 2019].

st roxknoi yactu Llentpansnoro cermenta bonbinoro Kaekasa mpu oOmiem peru-
OHAJIbHOM CEBEPO-CEBEPO-BOCTOYHOM TPEHAE TEKTOHMYECKUX HAIPSHDKEHUH IPOMCXO-
JUT NIepepacnpeeeHie TEKTOHNYECKUX HApPsHKEHUH Ha CEHCMOIEeHHBIX CTPYKTypax ¢
(opMupOBaHHEM JIOKAJIBHBIX CHCTEM TEKTOHHMYECKUX HaNpsoKeHUH. JIOKalbHBINA YPOBEHb
OTIPENENSIOT OJIOKH IepBOTO U O0JIee BHICOKUX MOPSIIKOB, KOTOPBIE BO MHOTOM ()OpPMUPY-
10T KaK yCJIOBMsSI HAKOIIJIEHHSI SHEPTUU Ouara 3eMJIETPSACEHUS, TaK U €€ paCCEUBaHMS.

Paya-Jl>xaBckast celicMuyeckas 30Ha MPUypOUYEHa K CEBEPHOMY Kparo J[3UpyibCKo-
T'O BBICOKOIJIOTHOTO OJIOKa, OrpaHuueHHOro OHUHCKUM ITTyOMHHBIM Pa3JIOMOM U COOT-
BETCTBYIOIIETO I0KHOMY OOpPTY Me3030iCKOro Tpora (mporuda) MEeraaHTUKIMHOpUsS. DTa
TEKTOHHYECKasi 0COOCHHOCTB, ITO-BUAMMOMY, SIBIISIIACH OIPEAestomei npu (opMupoBa-
Huu ovara Paunnckoro 3emnerpsicenus 29.04.1991 .

W3MeHeHus HanpaBeHUi U BEIMYKUH BEKTOPOB ckopocTu GPS-nynkToB /[31pynbeko-
ro OJIOKa UMEIOT CIIOXKHBIN XapakTep, B IPe/Ieiax ero CeBEpHOM YacTu HaOII0aaeTCsl TeH-
JICHIIMS JIOKAJIbHBIX TEKTOHMYECKUX HAIPSDKEHUH K BpalaTebHOMY JBHKEHHUIO ITPOTUB
4yacoBoil cTpesiku (puc. 5). Takasg KMHEMaTHKa TEKTOHUYECKUX HANPsHDKEHUH IPU OCHOB-
HOM CEBEPO-CEBEPO-3aIIaJHOM TPEHIE CIIOCOOCTBOBAIA (POPMUPOBAHUIO A TEPILIOKOBOTO
npornecca Paya-/I>xaBckoit 30Hb1, B ToM uncie aprepmoka 03.05.1991 r. ¢ marnutynoi
M¢=5,3 B 3am1aiHON YacTH 30HBI.
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3emunerpsacenuss OHulickoe-I u OHulickoe-II MMenn HECKOJIBKO MHYIO IIPUPOLY, Ha-
NPSDKEHUS M UX O4arax HaKalIMBaJIOCh JOCTATOYHO JJIMTENBHBIA nepuos BpeMeHu (15—
20 7net), a BBITHYTOCTbh UX SMMLEHTPAIBbHBIX 00NacTell B CEBEPHOM HalpaBlieHUH 00Y-
CJIOBJICHA PETMOHAJIBHBIM TPEHIOM TEKTOHUYECKUX HAIPSKEHUN.

AHanu3 cOBpeMEHHON CEHCMUYHOCTH U3y4aemMoro paiiona 3a nepuoa 2011-2021 rr.
HO3BOJISIET OTMETUTH cieayroliee. B npenenax ceBepo-3anaaHoi yactu pailoHa He ObLIO
3emieTpsAceHuil ¢ M¢>2,5, B ceBepO-BOCTOUHOM YaCcTH CEHCMHYHOCTb HOCHJIA PACCESH-
HBII XapakTep. Bbicokas celicMuueckasi akTUBHOCTb OblIa XapakTepHa Ul €ro FKHOM
YacTH.

JIokalbHOM CEHCMOTECHEPUPYIOLLEH CTPYKTYPOU ABIIAETC, 10-BUAUMOMY, Pada-Jleu-
XyMCKasi rpabeH-CUHKJIMHAb, B IPEAeIax KOTOPOH 3a paccMaTpuBaeMblil iepro Habo-
JIaeTCsl MOBBIIICHHAs] KOHLEHTpALMs SIUIEHTPOB, IIPU 3TOM 3eMileTpsiceHuil ¢ M¢>4,0
IIPOU30LUIO TPU U3 YETBIPEX, 3aPETUCTPUPOBAHHBIX HA JAHHOM ILIOLIALU, YETBEPTOE U3
HHUX IPOM30IILIO K 0Ty OT 3ecTa)OHCKOTO pasiiomMa, SBJISIOIIETr0Cs Fro-3arnajfHbIM orpa-
HU4YeHHEM J[3upynbckoro 6i10Ka.

ITo pe3ynbraram aHanM3a Xapakrepa paclpeneieHus SMULECHTPOB 3eMIIETPSICEHUN C
Mg>2,5 3a nepuon 2011-2021 rr. BbIeneHo 1Ba CEHCMOAKTUBHBIX y371a: AMOponaypcekuii
u TxuOyneckuil. @opmMupoBaHue B TEUEHUE MOCIETHETO JECATUICTUS AMOPOIIaypCKOro
y371a CBA3BIBACTCS C OCHOBHBIM TPEHAOM TEKTOHMYECKUX HampsbkeHud Paga-/[xaBckoi
ceficMrueckoii 30HbI (pUC. 5). YUUTHIBasi BRICOKYI0 MHTEHCHBHOCTH MPOSIBICHUS Celic-
MHUYHOCTH B IPEAEIax 3TOro y3J1a, MOXKHO MPEIIONI0KUTb, YTO 3/1€Ch B OJIMDKANIIINE TOIbI
MOJKET IIPOU3OUTH 3€MIIETPSCEHHUE C MATHUTYAOH, COU3MEPUMON C MArHUTYAON 3eMile-
Tpsicenuit Onuiickoe-1 u Onwuiickoe-11 (Ha ypoBHe 5-6). TkHOyIbCKHUIl CEiCMOAKTUBHBII
y3€eJl pacroiokeH B BOCTOUHOM yacTu KyTancckoro BeICOKOMIOTHOTO O110Ka. KyTancckuit
0JI0K 1O MJIOLIA U 3HAYUTENIbHO MEHbIIE J[3UpyIIbCKOTo, OKHaeMasi MakCUMaslbHas Mar-
HUTYJa 3€MJIETPSICEHUS B €r0 Npesieax He MOKET 3HAYMTEIbHO IpeBbIaTh 5,0.

BbiBOADI

1. Ceiicmorenepupyitonieit cTpykrypoit Paunnckoro 3emunerpsicenus 29.04.1991 r.
ObL1 J{3UpyIbCKUIT BBICOKOIUIOTHBIN OJI0K 3aKaBKa3CKoOM IUIMTHI pazmMepoM 40°60 kM npu
nryouHe ero nmogomBsl 40 20 kM. KOkHast yacTh Oioka mpencTaBieHa BEIXOAaMHU MPOTe-
PO30HCKHUX MEeTaMOP(PUIECKUX IMTOPOJT ¥ TTAJIE030MCKHUX IPaHUTOB J[3UPYyITHCKOTO MacCcHBa,
a ceBepHas MPOJOJKAETCS MO/l ME3030MCKUMU OTIIOKEHUSIMA METaaHTUKIMHOPpUS bosb-
moro Kaskasa.

2. I3MeHeHust HanpaBJIeHUH U BETMYUH BEKTOpOB ckopocTH GPS-nmyHkTOB J{3upyib-
CKOTO OJIOKa MMEIOT CIIOXKHBIM XapakTep, B TMpeJesiax ero CeBepHoil 4acTH HalIonaeTcs
TEH/ICHLUS JIOKAJIbHBIX TEKTOHUYECKUX HAIIPSDKEHUH K BpalllaTeIbHOMY JIBUKEHHUIO MPO-
THUB YaCOBOM CTpeEJIKU. Takas KMHEeMAaTHKa TEKTOHUYECKUX HAIPSKEHUNW IPU OCHOBHOM
PETHOHABEHOM CEBEPO-CEBEPO-3aMaHOM TPEHJIE COCOOCTBOBANA (POPMUPOBAHUIO ad-
TepIIokoBoro mpoiiecca Paunnckoro (29.04.1991) 3emnerpsicenust.

3. Hns 3emunerpsicenuid Onuiickoe-I (06.02.2006) u Onuiickoe-11 (07.09.2009) ceiic-
MOTEHEpHUPYIOIIEH CTPYKTypoi Obl1 OHUICKUN TTTyOMHHBIM pasiioM, OrpaHUYUBAIOIINN
J3upynbCkuii BBICOKOIIIOTHBIHN 0710k ¢ ceBepa. DopmupoBanue adTepiiokoBOro mpoiec-
Ca JIaHHBIX 3€MJIETPSICEHUM CBA3aHO C PETMOHAIBHBIM CyOMEpUIMOHAIBHBIM TPEHAOM
TEKTOHUYECKUX HANPSIKCHUM.

4. OCHOBHBIMHU CEHCMOT€HHBIMHM CTPYKTypamMH rKHOM uactu LleHTpanbHOro cer-
MmeHTa bonbimoro Kaskasa siBisitores [{3upynbekuii u Kyrancckuii BBICOKOIUIOTHBIE O110-
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KM KOHCOJIMMPOBAHHON 3€MHOM KOPBI, B3aUMOACUCTBUE 3TUX PEOJIOTUYECKUX HEOTHO-
ponHOCTEH ¢ OOLIMM TPEHJIOM TEKTOHHMUYECKUX HAIPSKEHUH CEeBEpO-CEBEPO-BOCTOYHOIO
HarpaBJlieHHs, 00yCIOBICHHBIX JBI)KEHHEM B 3TOM HAIpPaBIEHUM 3aKaBKAa3CKOW IUTUTBHI,
NPUBOIUT K (HOPMHUPOBAHUIO MOJIEH TEKTOHUUECKUX HAMPSDKEHUH JIOKAIbHOTO YPOBHS U
OYaroBbIX 30H 3€MJIETPSICECHUM.

5. CelicMOTe€HHBIMH CTPYKTypaMH 0ojiee BBICOKMX HMOPSIIKOB SIBISIIOTCS TIIyOUHHBIC
Pa3IoOMbl, 0COOCHHO pa3rpaHUYUBAIOIINE PEOJIOTMUYECKH PA3HOPOJHbBIE CTPYKTYPHI, B UX
yucsie OHUNCKUIN pa3iioM, IBJISIFOIIMNCS CEBEPO-3alaiHbIM OTpaHUUEHUEM J[3UPYIBCKOro
610ka, 1 Paua-Jleuxymckast rpabeH-CUHKIIMHAJb, B 30HE KOTOPOW OTMEUYaeTCs MOBbIIICH-
Hasl CECMUYHOCTb.

6. B kauectBe Hambosiee CEHCMOAKTHBHBIX B IOCIIEIHEM JECSATUIECTUU BbIIEICHBI
Ambponaypckuii 1 TkuOyJIbCKUIl CeiCMOAKTUBHBIE Y3IIbl, IPOSIBISIONINECS KaK YUaCTKU
KOHLICHTPALIMK SIULEHTPOB 3€MIIETPSCEHUN U PACIIONOKEHHBIE COOTBETCTBEHHO 3amajl-
Hee ceBepo-3amnaHoro ymia J[3upynsckoro O1oka u B BoctouHoi yactu Kytancckoro 6110-
Ka. B mpezaenax nepBoro u3 HUX B ONMKaNIIME TOJIbI MOXKET ITPOU3OUTH CUIIBHOE 3eMile-
TPSICEHHE, 110 CBOEI MarHUTY/Ie COM3MEPUMOE C MarHUTYAO0M 3emiieTpsiceHnii OHuiickoe-I
n Onwuiickoe-1I.
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Pe3stome: AKTyanbHOCTb pa6oTbl. Ha CeBepHOM KaBkase onucaHbl pasfnyHble TUMbl FPaHUTOMAOB PA3HOr0
BO3pacra v cocrasa. lo3gHenaneosolckuii atan hopmuposanus LieHTpansHoro meraénoka bonbiuioro Kaskasa
MMEET BaXKHelLlee 3Ha4eHne B (hOPMUPOBAHUM TPAHUTOMAHOIO MarmaTusma u ero MetannoreHnu. HTpysus-
Hblil MarmaTuam MNwnLWcKoro pyaHoro nosis He nony4us 0CBELLEHUs B MTepaType, 04HAKO C HUM TECHO CBA3aHO
OpyfeHeHWe cTpaTerndeckux Metannos: 6epunnus, TaHTana, Huobms, sonbdpama, nutus. Liensto uccnenosa-
HUS SBNSETCA NONYYeHWe KOMMMIEKCHOW NETPONOTrUYECKON N reOXUMNYECKON XapakTepuCTUKU pyLoreHepupy-
IOLLMX YNbTPAKMCIbIX FPAHUTOMAOB W UX TUMA3ALMSA HA COBPEMEHHOM ypoBHE. O6BLEKTOM [Nl MCCNEA0BaHNIA
6bI BbIGPAHbI Masble MHTPY3UM U CONPOBOXAANOLLME WX [ANKOBbIE M XWNbHbIE 06pa3oBaHus [WwmLICKOro
Y4aCTKa, BbILENEHHOr0 B KA4eCTBE NOTEHLMANIbHOr0 peKOMETannbHOro pyaHoro nons. Marepuans! nccnegosa-
HusA. Matepuansl, UCNONb3yeMble B CTaTbe, NOJTy4eHbl AaBTOPOM B NPOLIECCE NPOBEEHNA CeLuany3npoBaHHbIX
MeTannoreHnYeCcKnxX nccreaoBaHuii, nposoaumslx ¢ 1967 roga Ha bonbwom Kaskase. Metogbl uccnegoBanus.
MeTobl M3y4eHus, KpOME reosiorm4eckoro 1 NeTporpagpuyeckoro onucaHus Nopoa U MeTacoMaTuToB, BKITHOYA-
1IN NOY4EHME KOMMYECTBEHHbIX XapaKTePUCTUK COcTaBa nopod. CunukaTHbli aHanu3 nopoA Ha rMaBHbIE KOM-
MOHEHTbI NPOBEAEH PEHTTEHO-CMEKTPaNbHbIM (PyopecLeHTHbIM MeToaoM, Go, Ni, Zn, Pb, Li, Sc, Cu — ISP-AES,
OCTa/TbHbIX 3/1EMEHTOB, B TOM yucne P33 (peako3emenbHbIX aNeMeHTOB) — MeToAoM ISP-MS. AHanu3 nopog
npoBoauncs B naéoparopun VIHCTUTYTa MUHEPANIOrN, TEOXUMUN U KPUCTANOXUMUN PEKUX 3NIEMEHTOB (T.
Mocksa). PesynbTatbl paboTbl. B pesynbrate KOMMIEKCHbIX MCCIELOBAHMIA NMOMYYeHbl HOBbIE AHHbIE MO ne-
TPOreOXUMUU KPEMHEKMCIIOr0 MarmaTtuama MwnwcKoro y4acTka ¢ BblgeneHnem AByx ha3 BHeLpPeHWs: ABYC-
NIOLAHBIX NIeAKOrPAHUTOB U JIEKOrPaHUTOB. PAacCMOTPEHbI TaKXKe AaiKU rPei3eHN3UPOBaHHbIX JIEKOrPaHNTOB
1 OHrOHWUTOB. BCe MHTPY3MBHbLIE [epnBaTbI FEHEPUPOBAHbI MYTEM NNABMEHUA (DENTb3NYECKUX NEIUTOB HUKHEN
KOpbl N OTHECEHbl K BbICOKO-(PPAKLMOHMPOBAHHLIM PA3HOCTAM, NpU POPMUPOBAHUM KOTOPbIX NPOUCXOAUIIO
Kpuctann-gpakunoHMpoBaHue nosiesbIX LINATOB, POrOBO 0OMaHKU, @ TAKXXe aKLeCCOpueB — anatuTa, anna-
HUT, MOHauuTa. B nopojax nposBneHsl 2 TMna TeTpaLHOro agydekta PpakLUoOHMPOBAHUSA PEKO3EMENbHbIX
anemenToB M- u W-Tunos. MeHsBLUNECH (DU3NKO-XMMUYECKINE YCIIOBUA MArMaToreHHbIX (Piona0B NpUBOLUIM
K NPeSnoyTUTENIbHOMY 060raLLleHUI0 NOCNEAHUX PYAHLIMU KOMIOHEHTaMU B YCIIOBMAX MOBbILUEHUS LWENTO4YHOCTY
cpefpl.

KnioueBble cnoBa: ynsTpakuCcrble rpaHuToMab!, ABYCMOLAHBIE NENKOrPaHUTbI, NIEMKOrPaHUTLI, FPeii3eHu-
3MUPOBAHHbIE TPAHUTLI, OHFOHUTbI, TETPAAHbIA 3PMEKT paKUMOHMPOBAHNA P33, KUCNOTHOCTb-LLENOYHOCTD
cpenpl.
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Abstract: Relevance. The different type of granitoids various ages and composition described on the North-
ern Caucasus. The Late Paleozoic stage of forming Central megablock Greater Caucasus has significant meaning
in forming granitoids magmatism and it metallogeny. The igneous magmatism of Pschish ore district did not
receive illuminating in geological literature but ore mineralization of strategic metals of beryllium, tantalium,
niobium, tungsten, lithium with it related. The aim of the study is to receive complex petrological and geochemi-
cal characteristics of ore generating of ulra acidic granitoids and its typization on the modern level. Objects of
researching werechoose an epithermal deposits and manifestations gold-silver types in all tectonic zones of
region. Materials of researching. Materials, using in paper, received by of author in process carrying out of
prospecting, prospecting-estimation, geology-survey (1:50000) and special metallogenic researching that it con-
ducted from 1967 year on the Greater Caucasus. Methods. Methods of study except of geological and petro-
graphic of description of felsic granitoidsand include receiving quantitative characteristic of composition rocks.
Thesilicateanalysis of rocks on the basic components determined by roentgen spectral fluorescent method, Co,
Ni, Zn, Pb, Li, Sc, Cu — by ISP-AES, the other elements and REE — by method ISP-MSin Laboratory of Institute
of Mineralogy, Geochemistry and crystal chemistry of rare elements (c. Moscow). Results. New data received
on typezation of petro-geochemical silica-acid magmatism of Pschish areal with detach of two phase intrusion:
two-mica leucogranites and leucotranites. Dikes of greisenization leucogranites and ongonitesdiscernedso. All in-
trusive derivates of Pschish areal generated by melting of felsic pellites lower crust and carry to high fractionation
differences forming of its took place crystal-fractionation of feldspars, hornblende, and so accessory minerals
— apatite, allanite, monazite. Two types tetradiceffectfractionationofrareearth elements M — and W- types display
in rocks. Thephysic-chemistryconditionschange and it lead to preferable of enriching fluids of ore components in
conditions rise of alkali environment.

Keywords: ultraacidic granitoids, two mica leucogranites, leucogranites, greisenizationleucogranites, ongo-
nites, tetradic effect fractionation of REE, acidic-alkaly environment.

For citation: Gusev A.l. Early High-fractionation granitoids of Pschish rare metal of district the Northern
Caucasus. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of Russian South. (in Russ.). 2023. 13(1):
97-111. DOI: 10.46698/VNC.2023.80.89.007.

BeseapeHe

Ha bonbimom KaBkase pa3BuThl pa3Ho0Opa3HbIe TUITBI TPAHUTOUIOB, CPEIH KOTOPHIX
MIPEBAMPYIOT CPEHE- U MO3HENATICO30MCKHE, Caramimue aaepHyo yacts LlenTpanb-
Horo Kaska3za [Gurbanov et al., 1992; I'amkpenunze, lllenrenus, 2005]. K mozanemnaneo-
30MCKOMY ATary IPaHUTOMJIHOTO MarMaTu3Ma OTHOCATCSI U HeoObIuHbIe 1si KaBka3ckoro
pervoHa ynsTpakucible JIehkorpanuTsl [lmmiickoro 1 Bazaxoxckoro yyacTkoB, OTHOCH-
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MbIX K [Tmmin-BazaxoxckoMy HHTpY3UBHOMY KoMIuiekcy. OHU OTIMYarOTCs HEOOBIYHBIMU
(hopMamMu UHTpPY3UH, COCTABOM, CONPOBOKIAIOUIMMHU KUJIBHBIMU U JaKOBBIMU 00pa3o-
BaHUAMM, a TAK)KE MPOCTPAHCTBEHHO M NApareHETUYECKU CBA3aHHBIM C HUMM PEIKOME-
TaJuIbHBIM opyneHeHueM. Ha Ilmumickom yyacTke npucCyTCTBYET OpyJAeHEHNE METaIOB
Be, Ta, Nb u Li, oTHOCSIIMXCS K CTpaTern4eckuM MarepuaiaMm. MuHepallbHO-ChIpbeBast
6a3a Poccum ucneIThIBaeT AePUINT B yKa3aHHBIX METajlIax.

N3BecTHO, 4TO KOPOBO-IPOU3BOIHBIE JIEHKOIPAHUTHI, XapaKTEPU3YIOIIUECS BBICO-
KUMU COAEPKAHUSAMU KPEMHUS U aJIOMUHMSI, 00s3aHbI IPUCYTCTBUIO B UX COCTaBE Ile-
paJFOMUHUEBBIX MUHEPAJIOB, TAKUX KaK IPAHAT, MyCKOBUT, TypMaJIUH U KopauepuT [Hu
et al., 2018]. Tak kak jelKorpaHUTH 0OpPA3yIOTCS B PE3YJIbTaTe€ YaCTUYHOIO ILIABICHUS
KOpPOBOI'O Marepuaja Wiu B PE3yJbTareé KOPOBOTO AHATEKCHCA, TO BELIECTBEHHBIN CO-
CTaB ATHX IOPOJ B Mpe/esaX OPOreHHBIX IMOSCOB COXPAaHSAET B ce0e reOXMMHUYECKHE U
U30TOIHBIE NMPU3HAKU X MCTOUYHHUKA IUIABICHUS U MOXKET 00ecreunBaTh MPU3HAKU I'€0-
JTMHAMUYECKOM W TE€PMaJbHOM SBOJIOUMH TEKTOHUYECKH YTOJIIMIEHHOM 3€MHOM KOPBI
[Zhang et al., 2019; Ilapana, 2021; T'azeeB u ap., 2022]. OnHako mpUpoaa U acCOIUU-
POBaHHbIE MCTOYHUKM IUIABJIEHMSI MOpoJ JedaTupyrorcst B jureparype. CyliecTBYIOT
3 MIAaBHBIX TUIA MOZEJEHN IO NETPOreHE3HUCY JIEUKOTPAHUTOB: | — YaCTUYHOE IJIaBJIEHUE
METAa0CaJKOB B HIKHEH-CPEIHEN 3€MHOM KOpE B CONNIACHU C IMETPOJOTMYECKHMH IKC-
MEPUMEHTAIBHBIMHU JTaHHBIMA U T€OXMMHUYECKUMH ocobeHHocTsaMu [Ma et al., 2017];
2 — BBICOKO-(DpaKLIMOHUPOBAHHBIE Marmbl, MPOU3BOJIHBIE M3 MAaT€pPUHCKHUX PacIljIaBOB
IIPA BBICOKMX TEMIIEpaTypax, AEJArolIMe MX HCTOYHHUK XapaKTEPUCTHK TPYAHO OIpe-
nemsiembiM [Wu et al., 2017]; u 3 — Beicoko Sr/Y-neikorpanutsl B npezaenax [ umanaes,
HO/Ipa3yMEBAIOLINE MPOUCXOXKIEHHE B pe3yibTare YaCTUYHOIO IUIaBIeHUs aM(puoOonu-
TOB B yCJIOBUSIX yTONIEHHON 3eMHOM Kopel [Hu et al., 2018]. Bce nepeunciennslie pak-
Tbl HE BBI3BIBAIOT COMHEHUN B aKTyaJIbHOCTH M3yudeHUs JeWkorpanuros Ilmmmickoro
y4dacTka.

MeToAbl NCCAEAOBOHUN

AHaIUTHYECKUE MCCIEOBAaHHS COCTaBa MOPOJ BBHITIOIHEHBI CTAHJAPTHBIMH METO/1a-
MU B ceptuduipoBannoii Jlaboparopuu MHCTUTYTa MUHEPANOTUH, TEOXUMHUH U KpH-
CTAJUIOXUMUHU PEIKUX 1eMeHTOB (T. Mockga). [IpoBeieH KOMILJIEKCHBIN aHaJIM3 COCTaBa
MOPOJ] C IPUBJICYCHUEM JAHHBIX IKCTIEPUMEHTATLHBIX UCCIIEOBAHUH IO TUIABJICHUIO pa3-
JMYHBIX TIOPOJT ¥ COBPEMEHHBIX JAUarpaMm Jisl TUu3anuu nopox [mmmickoro ygactka u
ycTaHoBlIeHus ux reHesuca. Ilocrpoena aBropckas quarpamma Nb—TE, 5, ycranapnusa-
IOIIasi 3aBUCUMOCTh KOHIICHTpaLuii HIOOus 1 TeTpanHoro 3gdexra GpakimoOHUPOBAHHS
PEIKO3EMENBHBIX DJIEMEHTOB JUIs TOPoJ ydacTka. ABTopckas auarpamma Eu/Eu*-TE, ;
JUIsL TIOPOIHBIX THIOB [ImMIICKOro apeana MO3BOJSET BBISABIATH KUCIOTHO-IIEIOYHBIE
YCIIOBUSI CPEJIbI, YTO OYEHb BaYKHO JJI1 TOHUMAHUS CBsI3U (IIFOUTHOTO PeKUMa U TaHTaJI-
HUOOUEBOTO OPY/ICHEHHUSI.

[eonornyeckoe ctpoeHme MuncKoro y4acTtka

[Tmumickoe pelKoMeTaIbHOE PYAHOE IOJIe PAacIoNiaraeTcsi B BEPXOBBSIX OJIHO-
WMEHHOH peKH (MpaBbIii MPHUTOK peKkH ApXbI3) U €€ MpaBOro MpUTOKa — peku bemoi

(puc. 1).
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Puc. 1. Pacnonoocenue yuwacmra [wuwt /
Fig. 1. Position of tract Pshish

B IMTmumckom Be-Ta-Nb-pynHom mone pa3BUTHI Malible UHTPY3UU HEMPABUILHON U
améboBuaHOM Gopm pasmepamu ot 0,1 10 2 KM?, HHTPYIUPYIOIIUX PAHHENAIE030MCKHE
rHeichl. CI0KeHBI OHM JBY CITIOASTHBIMU JISHKOTPAaHUTAMU PaHHEH (TIIaBHOM) (a3bl U JIeH-
KOKpaTOBBIMH rpaHuTamu 2 (a3bl BHEApeHUs. B MecTax mposiBieHus o3nHen (hasbl Iei-
KOTPAaHUTOB OTMEUEHBI JalKHU TPeH3eHU3UPOBAHHBIX M aTbOUTU3UPOBAHHBIX T'PAHUTOB,
arIMTOB, OHTOHUTOB, a TAKXKE JKWJIbl IETMaTuToB (puc. 2).

Puc. 2. Cxemamuueckas ceonocuuecxasn kapma uuuickozo yuacmka
(cocmasnena asmopom ¢ yuémom dannwix Kysneyosa K.M., Ycurxa B.1.):
1) Hepacunenénnvle annosuaibHble, 0eN08UATbHbIE MOPEHHbIE 00PA308aHUs Kéapmepa, 2) eIUHUCTIbLE
CAaHYbL, ANIe8PONIUMbL U NeCYAHUKU PAHHEU I0pbl; 3) OQUKU U HCUTILL. d — 2PeLi3eHUSUPOBAHHBIX U
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AnbOUMUUPOBAHHBIX SPAHUM-NOPDUPOB, OHZOHUTNOE U ANIUMOS, O — Ne2MATUNOS, 8 — K8APYEBbIX
arcun; 4) exkpannennocmyv: a — manmanuma, 6 — 6epuina; 5) MeiKo-KpUCmaitudecKue 1eiKoepanumsl
6mopotl ghazvl 6HeOpeHUs: NO30HEeNaNe030UCK020 KOMIAeKca, 6) cpedHe-KpUuCmaiiuieckue 08yCcao0sHble
JIeUKOZPAHUMbL NePsoll (21a6HOI) azbl HeOPeHUs. NO30HENANe030LCKO20 KOMNILEKCA,; 7) NetKOKPAmossle
U MENAHOKPAMOBble SHEUChl paHHe20 Naneo30s,; 8) pasiomel /

Fig. 2. Schematic geological map of Pshish tract (composed by author with discount data
of Kuznetsov K.M., Usik V1.):

1) non dissected alluvial, talus, tillstone deposits of quarter; 2) shales, aleurolites and sandstones
of Early Jurassic, 3) dikes and veins: a — greisenization and albitization of granite porphyres, ongonites
and aplites, b — pegmatites, ¢ — quartz veines, 4) disseminate; a — tantalite, b — beryl; 5) fine crystalline

leucogranites of second phase intrusion of Late Paleozoic complex; 6) middle crystalline two mica
leusogranite of first (basic) phase intrusion of Late Paleozoic complex; 7) leucocratic and melanocratic

gneiss of Early Paleozoic, 8) faults

KpaTtkas netporpagunyeckast XapakTepuCcTUKA NOpPOoA

JIByCIIofiiHbIE JIEHKOTpPaHUTHI IIaBHOM (ha3bl BHEAPEHHS CIAraloT LEHTpaIbHbIE Ya-
CTH UHTPY3HH U MPEACTABIAIOT COOON CpeIHE3epPHUCTHIC MACCUBHBIE TOPOJBI CEPOil U
cBeTo-cepoit okpacku. Mx coctas (%): mnaruoknas (32—47), MUKpOKIUH (5-25), KBapI
(30-60), 6uotut (1-6), myckoBuT (2—4), nporonutuoHUT (1-2). CTpykTypa TUNUAHO-
MOpGHO-3epHUCTas. AKIIECCOPHBIE MUHEPAJIbI: allaTUT, MOHAIIUT, KCEHOTUM, MJIbMEHUT,
LUPKOH, aHaTa3, peke — pyTWl, 'paHat, MUpUT, HUpToauT. [lnarunoknas (anbOUT-0aHro-
ka3 NeNe9-28) unuomopdHblii, 00pa3yeT KOpOTKONMPU3MATHUECKUE BBIICICHUS pa3Me-
pamu 0,5-3,3 MM. MUKpOKIMH peméTyaToro cTpoeHus, KCeHOMOP(EH 4acTo COAEPKUT
pe3opOupoBaHHbIe (PparMeHThl KBaplia U miarnokiaasa. OH MecTaMu ci1abo NeTuTU3UPO-
BaH. KBap1 kcenomopdeH, o0pasyer okpymible 3¢pHa ¢ 001a4HbIM roracanueM. Yenryii-
KM OMOTUTA YaCTO XJIOPUTH3HPOBAHBI M COAEPKAT CKOIJICHUS JIEHKOKCEHA C PEIMKTaMHU
pytuna. M3penka B OMoTHTE HAOMIONAIOTCS BKIIIOUEHHS LIMPKOHA U anaruta. MyCKOBUT
HaOMoAaeTcsl B BUJE MEJIKOYEITyHUaThIX CKOIUIEHUM BOMM3M Omotuta. IIpoTonuTHOHUT
U3peNiKa MPUCYTCTBYET B TECHOM MAPAreHE3UCe C MyCKOBUTOM.

JlelikokpaToBble TpaHUTHI BTOPOU (a3bl MOJIB3YIOTCS HEIIUPOKUM PACIPOCTPAHEHHU-
€M B IIPUKOHTAKTOBBIX YaCTSIX MHTPY3UBOB B BHUJIE 30H U KW MOIIHOCTBIO OT 2 10 50 M
u npoTspkEHHOCTIO OT 150 mo 500 M. Takoe mojokeHHe JeHKOrpaHUTOB BTOPOl (pa3bl
B IPUKOHTAKTOBOM YacTH MHTPY3MBOB YKa3bIBaeT Ha MPOSBIEHHE 0OpaTHON 30HAJIbHO-
CTH HEKOTOPBIX MaccUBOB. OHa MpOSIBISETCS TOI/A, KOrna 0ojiee SBOTIOIMOHUPOBAHHbIE
MOPIIMK MarMbl JIOKAJIU3YIOTCS Ha epudepun; KOHTAKThl MEeXTY (pazaMu U parusMu KOH-
TPacTHBIE C JUCKOPAAHTHBIMU TekcTypamu [ Vigneresse, 2007]. Xapakrep 30HaJIbHOCTH
UHTPY3UBOB MHTEPIPETUPYETCS KaK PE3yNbTaT XUMUYECKOH TudQepeHnanuu u cKopo-
CTH MOCTYIUIEHUS MOCIIeI0BaTeNbHbIX (a3 U3 yOuHHOro oyara. B ciyyae 6vicTporo no-
CTymieHus (a3 U OTAETBbHBIX MyNbCALMH MpeabIAyIINe NOCTYIUIEHUSI HE YCIEBalOT 3a-
KpPHUCTaJNIU30BaThCs U Oosiee MO3HUE JEPUBATHI UX JIETKO MPOPBIBAIOT U PACIIONIAraloTCs
B LIEHTPE MHTPY3UBOB ¢ (hOPMHPOBAHMEM HOPMaJIbHOM 30HanbHOCTH. Haobopot, korga
CKOPOCTb CTAQHOBJICHHS MacCHBOB Masiasi Ipeablayle (a3bl BHEAPEHUs yCIIEBAIOT 3a-
KpHUCTaJNIN30BaThCs U Torna Oosee mo3nHue (hazbl BHEAPSAIOTCS Ha nepudepHrio MarmMaru-
YeCKHX Tell ¢ 00pa3oBaHUeM 00paTHOM 30HANBHOCTU. BHelIHe 1eKOKpaToBble IPAaHUTHI
BTOpOil (ha3bl cperHe-KpYIHO3EPHUCTBIE, UHOTJA MEerMaTouIHOro o6muka. CTPyKTypsI
TUITUAMOMOP(HO-3epHUCTAs U ajutoTpruoMopdHo-3epHUCcTast. VX cocTaB Takoil ke, Kak
U JIBYCIIIOSHBIX JIeHKorpaHuToB. Ilnarnoknas mo cocraBy OTBe4aeT albOUT-OJIUTOKIIA-
3y ¢ NeNe§8—24 u npezcraBiieH TaOMUTYATBIMU KPUCTAJUIAMH, TOJTUCUHTETUYECKH CIBOM-
HUKOBaHHbIMU pa3mepamu 0,5-2 MM. MUKpPOKIIMH pe3Ko KCEHOMOpP(hEH M MMEET 4acTo
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pacIUIBIBYaTYI0 PEIIETYATYI0O MUKPOCTPYKTYPY. AKIECCOPUH B JIEUKOTPAaHUTAX — AIlaTHT,
MOHAIUT, UJIbMEHUT, IIMPKOH, PyTHJI, aHaTa3. A B CBSI3U C IPOLECCaMU aNbOUTHU3ALUN U
rpeii3eHn3aluy MOABJISAIOTCS TPaHaT, HUPTOIUT, TYPMAJIKH, TOIA3, BOJIb(PAMUT, MOIHO-
JICHUT.

I'peiizeHn3upoBaHHbIE IPAHUTHI HAUOOJbIEE PACIPOCTPAHEHHE MONYYMIH BOIM3H
KOHTaKTOB UHTPY3UBOB U TECHO aCCOLMUPYIOT C JIEMKOKPATOBBIMU I'paHuTamMu. X coctas
xapakrepusyercs npeotnaganuem kBapua (40-60%), cyniecTBEeHHOH pOJIbIO MJIaruokias3a
(20-30%) u myckoBura (10-12%). Mukpoxnus (5—12%) npucyTCTByeT He TOBCEMECTHO
1 4acTto 3ameniaercs kpapueM. KcenomopdHbie 3¢pHa IEpBUYHO MarMaTHYECKOro KBap-
Lla B TPEM3EHU3UPOBAHHBIX TPAHUTAX HCIBITHIBAIOT MEPEKPUCTAIUIM3ALNIO U B CBSI3U C
MIPUBHOCOM KpeMHe3éMa (HOpMHPYIOT MeNKHe 3€pHa ¢ UAMOMOP(HBIMU OUEpTaHUSIMHU.
[Inaruokna3 B rped3eHU3MPOBAHHBIX I'PAHUTAX 3aMEUIAETCS MYCKOBUTOM M B MEHbIIEH
creneHu kBapueM. Ilomumo, anbOUT-0IMIoKiIa3a Ipu rpei3eHu3alnu MOsBISIOTCS UIH-
oMopdHbIe KpUCTAIUIUKY anbouTa Ne3—6 cBexxero o0nmka. MUKPOKIMH P rpeid3eHn3a-
LIUM aKTUBHO 3aMEIIAeTCs KBapleM, He TIO/IBEprasich MyCKOBUTU3AUH. TUITOMOP(HHBIMU
aKI[ECCOPUSMU IPEH3EHOBOTO MTPOIIECCa ABISIOTCS I'PaHaT, TypMaJIiH, TOIa3, BOJIIb(YPaMuT,
MouOeHUT. [IeHTaron-a01eKka’IpruuecKue U TeTparoH-TPUOKTa3IPHUECKUE KPUCTAILIN-
ku rpanara pasmepamu ot 0,03x0,03 no 0,4%0,4 MM UMEIOT PO30BBIM LIBET U OTHOCATCS K
anbMaHIuHy. Ha HEeKOTOpBIX KpUCTau1aX HaOMI0AAI0TCs CKYJIbITYPHBIE IMHUU THIIA CTY-
MEHYaToro u3jaoma. TypMalluH NpU3MaTHUeCcKoro raburyca co CriiakeHHbIMU pEOpaMu U
rpansmMu umeet pazmepsl ot 0,03x0,1 go 0,3x1,2 Mm.

JlalikoBbIe OHTOHUTBI PUYPOUEHBI B OCHOBHOM K TOJIIE METaMOP(UUECKUX MOPOJ
HIDKHETO Maneo30s (CIIOASHbIE CIIaHIbl, THEHChl, aM(pHUOOIUThI) U TECHO aCCOLMUPYIOT
C TPEW3eHN3UPOBAHHBIMU U AIbOMTU3NPOBAHHBIMU IPaHUTAMU U ariuTamMu. OTaenbHbIe
JAllKi OHTOHHUTOB BCTPEYAIOTCSI B DHIOKOHTAKTOBOW 30HE JIEMKOKPATOBBIX I'PAHUTOB U
QIbOMTU3UPOBAHHBIX U IPEH3EHU3MPOBAHHBIX TPAaHUTOB. CTPYKTypa OHTOHUTOB MOpQU-
poBasi, a OCHOBHOM TKaHU — aJIJIOTPUOMOP(HO-3epHUCTas1. BKparieHHUKY NpeICTaBICHbI
KaJIM-HaTPUEBBIM IOJIEBBIM LIMATOM, aJbOUTOM, KBapleM, Oosiee peaKUMH KpUCTAJUIaMU
JUTUEBOTO (PEHrUTa, a TaKKe MPOTOIUTHOHUTA. KomuuecTBO mophupoBBIX BbIAEICHUI
BapbupyeT oT 15 10 23%. BkpanyieHHUKH KBapla 4acTo JaroT AUUPAMHIAIbHbIE POPMBI
BbIlelIeHUH. Cpenu BTOPOCTENEHHBIX U aKLECCOPHBIX MUHEPAJIOB B OHTOHUTAaX BCTpeE-
YaloTCs TONa3, LIMPKOH, MOHAIUT, WIBMEHHUT, KCEHOTUM, KPHOJIUT, TAaHTAIUT-KOTyMOUT,
KaCCUTEPHUT, TyPMAJIMH, (IIIOOPUT, IICEIIUT U allaThT.

MeTpo-reoxMmMmyecKkmin o4epPK NOPOA

Cocras nopoy [Timmmickoro ygactka orpakéx B Tabmnwie 1.

Tabnuya 1/ Table 1

Xumu4yeckuii coctaB rpanuTonoB Ilmumckoro yyacrka (oxcuanl B %, 3J1eMEHThI — B
r/T). / Chemical composition of granitoids Pshish tract (oxides in %, elements — in ppm)

Komowerns/| ol s e s e |1 | |
Si0, 7437 | 744 | 746 | 7546 | 75,1 754 | 776 | 777 | 755
TiO, 010 | 012 | o11 | 0,18 | o016 | 015 | 001 | 001 | 0,03
ALO, 15,01 | 14,98 | 1502 | 1463 | 149 | 1477 | 13,86 | 13,85 | 15,1
Fe,0, 011 | o012 | o11 | 003 | 004 | 003 | 031 [ 025 | 005
FeO 1,06 | 099 | 098 | 097 | 092 | 089 0,6 0,56 0,7
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Ko v [ 2 [ s [ e[ s [ e[ 7 [ s [0
MnO 0,04 | 003 | 002 | 001 | 001 | 002 | 001 | 003 | 0,1
MgO 012 | 0,11 | 011 | 025 | 0,16 | 0,15 03 026 | 0,14
CaO 094 | 091 | 089 | 082 | 081 | 0,83 0,7 049 | 0,36
Na,O 3,28 33 336 | 3,54 | 3,55 3,6 3,62 3.4 3,9
K,O 441 | 445 4.4 3,24 3,7 42 322 | 345 33
P,0, 002 | 001 | 002 | 012 | 004 | 005 | 0,06 | 005 0,4
Lo 095 | 053 | 0,78 0,5 0,7 0,51 03 0,15 | 041

Y 99.9 | 99,95 | 100,0 | 99,75 | 99,9 | 99.8 | 1002 | 100,1 | 100,0
Li 187,9 | 1883 | 1992 | 190,4 | 191,3 | 189,2 | 223,1 | 222,5 | 2317
Cs 347 | 357 | 367 | 352 | 365 | 354 | 40,7 | 413 | 427
Rb 438 440 | 4352 | 4238 | 467 | 4893 | 498,7 | 4972 | 5022
Sr 718 | 722 | 737 | 706 | 722 | 733 | 732 | 757 | 758
Ba 169,8 | 1703 | 1752 | 170,6 | 172,1 | 180,1 | 180,5 | 182,5 | 1987
La 185 | 28,1 | 3,08 | 564 | 435 | 458 | 325 | 51,8 | 738
Ce 374 | 581 | 673 | 152 | 851 | 597 | 362 | 568 | 144
Pr 435 6,9 093 | 1,87 | 1,02 | 10,1 7,0 7.3 1,71
Nd 153 | 234 | 3,15 | 711 | 3,66 | 252 | 252 | 296 | 642
Sm 3,49 4.6 LI1 | 225 | 081 6,6 4.9 5.4 1,4
Eu 0,59 | 045 | 006 | 003 | 0,08 1,2 0,13 | 1,12 | 0,19
Gd 3,33 3,8 124 | 2,17 | 0,73 6,7 0,9 4,0 1,49
Tb 046 | 0,65 | 027 | 046 | 035 1,2 011 | 066 | 023
Dy 2,51 3,1 1,77 | 2,87 | 0094 5,0 0,7 122 | 146
Ho 0,43 0,5 032 | 061 | 026 0,6 0,2 0,5 0,33
Er 1,04 | 142 | 098 | 1,88 | 0,63 1.4 1,1 1.4 0,93
Tm 014 | 023 | 016 | 034 | 0,14 0,4 0,2 03 0,17
Yb 1 1.4 137 | 143 1,2 3,1 3.4 8,2 4,04
Lu 012 | 021 | 021 | 038 | 0,19 0,5 0,2 022 | 0,18
Y 394 | 332 | 386 | 352 | 391 | 289 | 516 | 568 | 648
Zr 150 144 147 148 143 152 154 147 153
Nb 38 40 39 41 38 395 | 388 41 393
Hf 8,9 9,0 7.9 8,5 8,3 8,8 7.8 7,7 8,0
Ta 7,9 8,2 9,2 7,5 7,7 8,1 9,9 102 | 103
Th 11,2 9,7 10,1 | 123 | 112 | 123 | 142 | 143 | 167
U 2,1 1,6 1,9 24 2,8 3,1 44 3,9 2,9
Sc 53 4.8 5,1 5,0 5,1 4.8 3,9 4,0 6,4
Co 2,2 2,1 2,2 2.3 2,2 2,2 2,1 2,0 2,0
Ni 3,1 2,9 2,9 2,5 2,7 2,9 2.8 2,5 23
Cu 6,8 7,0 7.1 6,9 7.3 7.8 8,2 8,8 7.8
Zn 40,6 | 42,7 | 438 | 451 | 502 | 512 | 49,7 | 502 | 556
Ag 1,6 2,0 2,2 2.3 2,2 2,6 2,4 2,1 2,6
Sb 2.4 2,5 2.9 3,1 3,1 33 3,1 3,0 3,9
Pb 288 | 294 | 302 | 313 | 341 | 36,1 | 381 | 41,6 | 457
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Ko v [ 2 [ s [ e [ s [ e[ 7 [ s [0
Be 31,66 | 30,5 | 31,7 | 33,1 | 355 | 382 | 402 | 438 | 658
\% 12,8 | 13,0 | 129 | 125 12,5 11,3 11,1 10,3 11,9
Cr 4,6 4.8 4,7 42 4,0 3,8 33 33 3,2
Ga 17,5 | 18,1 178 | 162 | 158 | 148 | 17,7 | 150 | 16,9
Mo 2,1 2.8 3,0 33 3,6 33 186 | 203 | 258
w 7,9 8,2 8,4 9,1 102 | 10,3 11,2 128 | 196
Sn 304 | 29,7 | 30,1 | 30,7 | 312 | 331 | 333 | 362 | 448
F 2567 | 2451 | 2355 | 2260 | 2566 | 2651 | 2720 | 2810 | 2800

SYREE 127,96 | 1650 | 59,98 | 74,4 | 80,78 | 194,5 | 11824 | 2243 | 122,0
Ew/Eu* 052 | 032 | 015 | 0,04 0,3 0,54 | 0,12 0,7 0,4
La/Yby 126 | 125 | 1,53 | 2,67 | 247 | 10,1 6,5 43 1,24
La/Smy 33 3,8 1,73 1,57 33 433 | 3,69 6,0 33
Nb/Ta 4.8 4.9 44 5,5 4,9 4.9 4,9 5,0 4,7
TE, 1,21 L12 | 1,16 | 1,15 1,25 L1I8 | 0,73 | 0,73 | 0,95

Ipumeuanue: N—anemenmuvinopmupoganvino [McDonough, Sun, 1995]. Eu*=(SmN+GdN)/2.
TE, ; — Tempaonwiii s¢pgpexm ppaxyuonuposanus P33, kax cpeonee mexncdy nepeoii u mpemoeti
mempaoamu no [Irber, 1999]. Ilopoowr ITwuuickoeo yuacmra: 1-3 — 08ycrrodsuvie aetikoepani-
mul panrell gpazvl, 4—6 — netikokpamoswvie cpanumol 2 (azvl, 7-8 — epetizeHUUPOBAHHbLE SPAHUNDL,
9—oneonum. /Note: N— elements normalized after [McDonough, Sun, 1995]. Eu*=(SmN+GdN)/2.
TE, ; —tetradic effect fractionation of REE, as middle between of irst and third tetrads after [Irber,
1999]. Rocks of Pshish tract: 1-3 — two mica leucogranites of early phase, 4-6 — leucocratic gran-
ites of second phase; 7-8 — greisenization granites, 9 — ongonite.

Ha TAS-munarpamMmMe aHanu3upyembie MOPOABI JTOKATU3YIOTCS B 00JACTH KUCIBIX T10-
PO B IOJIE TPAHUTOB, CMELIASICh K €r0 YABTPAKUCIION 4acTU B BHJIE KOMIIAKTHOTO POs
CJIETKa BBITSHYTOTO MO0 BEKTOPY KPEMHEKUCIOTHOCTH (pHC. 3).
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Puc. 3. Juacpamma (Na,0+K,0) — SiO, ons nopoo IHwuwickoeo yuacmra:
1 — 0gycmroosinvie netikoepanumul 1 gazvl enedpenus; 2 — neikokpamoguvle epanumot 2 aswi;
3 — epeiizenusuposanivle epanumeol; 4 — oH2OHUMbL /
Fig. 3. Plot of (Na,0+K,0) — SiO, for rocks Pshish tract:
1 — Two mica leucogranites of first phase; 2 — leucocratic granites of second phase;
3 — greisenization granites, 4 — ongonite
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Cootnomenne Al,O; /(Na,0+K,0) — AL, O; /(Na,0+K,0+Ca0) omnpenenser aHa-
JU3UpPYEMbIE MOPOABI KaK NepaatOMUHKUEBbIE (pUC. 4a), B TO BpeMsl KaKk B KOOpJIMHATax
KEJIe3UCTOCTU U MarHe3HalbHOCTU UX CIIELyeT OTHOCUTh K JKEeJIE3UCTHIM 00pa30BaAHUSAM

(puc. 46/b).
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Puc. 4. I[lempoxumuueckue ouazpammvl 0 NOPOOHBIX Munos ITwuuickoeo yuacmka:
a) AL,O;/ (Na,O +K,0) — Al,O; /(CaO+Na,0+K,0) no [Maniar, Piccoli, 1989]; 6) Fe,O; /(Fe,O;

+MgO) — SiO,no [Villaseca, Barbero, 1998].
Ocmanvhbie yciosHvie 0003HAUEHUs. NPUGeOeHbl Ha pucyhke 3 /

Fig. 3. Petrochemical plots for rock types of Pshishtract:
a) AL,Oy/(Na,0 +K,0) — Al,0; /(CaO+Na,0+K,0) no [Maniar, Piccoli, 1989];
b) Fe,0; /(Fe,O; +MgO) — SiO-no [Villaseca, Barbero, 1998].
Legend as in fig. 3

B xoopauHaTtax Kajaus ¥ KPEMHEKHMCIOTHOCTH MOpojbl [Imuiickoro yyactka OTHO-
CSTCSl K BBICOKO-KAJIMEBBIM JAllUTaM BBICOKO-K M3BECTKOBO-ILIEIOUHOM cepur MOPOJ 0
[Pecerillo, Taylor, 1976].

CymMmMapHble cofiep>KaHusl PeIKUX 3eMelb B IOpOoAax NAloT HIMPOKUI pa3mMax 3Haye-
HUI 1 BappUpYIOT oT 59,98 o 224,3 r/1. OtHOmEeHuss Eu/Eu* Takxke monBepKeHbl pe3KUM
konebanusam (ot 0,04 1o 0,7) U MOBCEMECTHO HIKE XOHJPUTOBBIX 3Ha4eHH. Hopmupo-
BaHHBIC OTHOIICHUS JIETKUX K TshkENbiM P33 (La/Yby) BecbMa H3MEHUNBBI, 2 MAKCHMAITb-
HbIE 3HAYEHUS YKA3bIBAIOT HA CUJIBHO MposBIeHHOE PpakironupoBanue P33. Bo3moxHo
3TO CBSI3aHO C PE3KMMHU M3MEHEHHMSMH COCTaBa MarMaTOTE€HHBIX (DIIOMIOB U Pa3IMYHOM
AKTUBHOCTHU JIETYYMX KOMIIOHEHTOB, YTO OTPA3UJIOCh HA MPOSBICHUH OOOUX THIIOB Te-
TpagHoro 3¢dekra ppaxnuonuposanus (TID) P35 M- u W-tumos (rpaHudHbie 3HaUe-
Hus 6osee 1,1 u menee 0,9, COOTBETCTBEHHO).

Pe3yAbTaTbl PABOTHI M X OBCYXAEHME

bonbiioe 3HadyeHne B NOHMMAHUM I€HE3Kca MOPOJ UMEET UCTOYHMK IUIABIICHUS, 3a
Cu€T KOTOPOro 00pa3yroTcs HOPOJBI.

B cooTrBeTcTBUM € I€OXMMHYECKMMHU JAHHBIMM AHAJIM3UPYEMBIX I'DAHUTOMIOB H
B pa3pe3e HKCIEPUMEHTAIBHBIX JaHHBIX M0 IUIABJICHUIO Pa3IMYHBIX NOPOJ NIIHULICKUE
JICMKOTPAHUTHBIE PA3HOCTH, a TAKKE I'PEU3CHU3UPOBAHHBIC JICMKOIPAHUTHI U OHIOHM-
Thl UMEJIM UCTOYHHMKOM IIIaBieHUs (penbp3uueckue nemutsl (puc. S5a, b, c¢). CoorHole-
HHE KPEeMHEKUCIOTHOCTU | mokaszatenss A/CNK cBUAETENbCTBYET O TOM, YTO UCTOYHHK
IUIABJICHUS] aHAJIM3MPYEMBbIX MOPOJ OIM30K K KPAaTOHHBIM (aHEpPO30MCKUM CllaHIam
(puc. 5d).
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Puc. 5. Dxcnepumenmanvrule ouazpammol. (a), (b), (c) — ouazpammsl KOMNOZUYUOHHBIX
IKCNEPUMEHIMANLHBIX PACNLABO8 U3 NAAGNEHUS (PeNb3UECKUX NeTUMOo8 (MyCOBUMOBLIX CLAHYEs),
Memazpay8akk u amgubonumos onsa nopoo Iuuuwickoeo apeana; (d) — ouaepamma SiO, — A/CNK ona
nopoo Iuwuuwckoeo apeana. Tpeno u36ecmko80-wen04H020 GPakyuoHUpoSanus: 8YIKAHUYECKUX NOPOO
opocenHbix pecuonos, no [Ewart, 1982]. A- Al,O; CNK — Cymma CaO, Na,O, K,O.

PAAS — nocmapxeiickas cpednss ascmpanutickas ocadounasn nopooa, NASC — cegepo-amepurkanckuii
Konmunenmanvhulii cianey, Phanerozoic cratoshales — panepo3soiickue kpamonnule cianyul.
OcmanvHeie ycriosHuvle obo3nauenus Ha pucynke 2 /

Fig. 5. Experimental plots: (a). (b), (c) — plots of compositional experimental melts from pelites
(muscovite shales), metagraywackes and amphybolites for rocks of Pschish areal;
(d) — plot SiO, — A/CNK for rocks Pschish areal. Trend of calc-alkali fractionation volcanic rocks of
orogenic regions after [Ewart 1982]. A-Al,O; CNK — sum CaO, Na,0, K,0. PAAS — post Archean middle
Australian sedimentary rock; NASC — North American shale; Phanerozoic cratoshales. Legend in fig. 2.

Taxke cyWTaeTcs, 4YTO IUIABJICHWE WCTOYHHMKA TIOPOA, COAEpKalmMX (a3sl
Ti-o0oraméHHpIX HHIPEIUEHTOB (pyTHiia, WIBMEHNTA) OyIeT TeHEpUPOBaTh PACILIIABHI C
BBICOKMM OTHoIIeHrueM Nb/Ta (>25), B To Bpemsl Kak IUIaBJIeHHUE UCTOYHHKA ¢ aM(prOoiIom
MPUBOIUT K OPMUPOBAHUIO PACIIABOB ¢ Oosiee HU3KUM oTHomeHneM Nb/Ta (<25) [Hoff-
mann et al., 2011]. B mopogusix Tunax ITmmmickoro apeana ornomenue Nb/Ta Bapsupyet
ot 4,4 10 5,5 v He mpeAnoaraeT MiaBjeHue TUTaH-000TalEHHBIX UCTOYHUKOB. Ha cepun
TUarpaMM OTYETIIMBO BUIHBI TPEHIIBI (PPAKITMOHUPOBAHUS MUHEPAJIOB KAJTUEBOTO TIOJIE-
BOTO IIINaTa, IIArHOKIJIa3a ¥ poroBoil 0OMaHKU Tpu (OPMHUPOBAHUU JIEUKOTPAHUTOUIOB
[Mmmmckoro yyactka (puc. 6a—d).
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Puc. 6. [Juacpammel ppakyuonuposanuss munepanos 0ns aeikoepanumoudos Huuuickozo yuacmrka:
a) Ba — Sr u b) Rb- Sr no [Janousek et al., 2004]; ¢) Sr/Y — Hf/Sm u d) Zr/Y — Hf/Sm no [Rudnick,
Gao, 2003]; e) (Na,O + K,0)/CaO — 10,000/ Ga/Al u (f) (Na,O + K,0)/CaO —Zr + Nb + Ce +' Y

no [Whalen et al., 1987]. Ilons epanumoudos: A — anopoeennvie, FG — ¢opaxyuonuposannvie, OGT —
negparyuonuposanuvie M-, I- u S-munwvt epanumoudos /

Fig. 6. Plots of fractionation of minerals for leucogranits of Pschish areal: (a) Ba vs. Sr and (b) Rb vs.
Sr diagrams (Janousek et al., 2004); (c) Sr/Y vs. Hf/Sm and (d) Zr/Y vs. Hf/Sm diagrams [Rudnick, Gao,
2003]; (e) (Na20 + K20)/CaO vs. 10,000/ Ga/Al and (f) (Na20 + K20)/CaO vs. Zr + Nb + Ce + Y
diagrams [Whalen et al., 1987]. Fields of granitoids, A — anorogenic (4 type ), FG — fractionations, OGT
— non fractionayions M-, I-, S-types.

[Tpu »TOM Ha pucyHKax 6¢ u 6f Bce mOpOIHBIC TUIIHI MONAAAIOT B 007aCTh (hpaKIno-
HUPOBAaHHBIX TPAHUTOB.

[Ipu ¢GopmupoBanum nekorpaHuToua0B [IMUIICKOTO apeana MPOUCXOIUIO KpH-
CTaII-PpaKkIMOHUPOBAHKUE HE TOJBKO MOPOI00OPA3yIONIMX MHUHEPAJIOB, HO U aKIIECCOo-
pueB. Hanbomnee 3ameTHBIM ObUTO ()paKIIMOHUPOBAHUE ANaTHTA, aJUTAHWTA U MOHAITUTA,
yTO moxaTBepxkaaercs coorHomeHusmMu (La/Yb)yu La mo [Fujimaki, 1986; Yurimoto et
al., 1990].

B cBsi3u ¢ TakuMH ycinoBusIMHU (GpaKIIMOHUPOBAHUS MUHEPAJIOB B paciijlaBe HHTEPECHO
— Kak ce0st OyayT BECTH pyAHbIE KOMIIOHEHTHI? BecbMa 4yBCTBUTENLHBIMU K U3MEHEHUSM
B pacIulaBax SIBJISIFOTCSI HACBIIICHHbIE aKTUBHBIMU JIETYYMMH KOMIIOHEHTaMH Marmaro-
reHHble (ronapl. Takyio 3aBUCUMOCTbh MOYKHO YCTaHOBHTD, BBISICHUB TIOBEJICHUE HUOOMS
(omHOTO M3 IIABHBIX PYAHBIX KOMIIOHEHTOB B TpeifzeHax [lmmiickoro pyaHoro mosns) u
nposiBJieHUE TeTpaaHoro 3ddekra dppakunonupoanus P33. [l 3Toro Hamu mocTpoeHa
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JMarpaMma 3aBUCUMOCTH KOHIIEHTPAMii HUOOUS B JIEHKOTPaHUTOUIaX U YMCIICHHBIX Be-
anuuH TO® P35 B Hux. Ha nuarpamme MOXHO YBUIETH 2 TpEeHAA: IPU IposiBiieHuH TOD
P35 M-Tuna yBenuueHue BENUUYUHBI TOCIEIHETO POUCXOIUT C YMEHBIIEHUEM KOHIIEH-
Tpauuii Nb, a B ciiyyae nposiBieHust TO® P30 W-tuna — ymMeHblIeHHE BETUYUHBI TO-
CJIE/IHET0 COOTBETCTBYET YBEIMUYEHHUIO KOHIIeHTpauuii Nb (puc. 7).

100 Zrn o 1
¢ 2
Z, v 3
> A4
K Ap
=
[ ] [ ]
10} ¢
v
.‘Aln Mnz
14 |
10 100 1000
La(ppm)

Puc. 7. Tuacpamma (La/Yb)y — La no [Fujimaki, 1986; Yurimoto et al., 1990] ona
BbICOKOPPAKYUOHUPOBAHHBIX etikoepanumos TTuuuickoeo apeana:

Tpenovl munepanos: Zrn — yupxoua, Ap — anamuma, Aln — annanuma, Mnz — monayuma /
Fig. 7. Plot (La/Yb)y — La after [Fujimaki, 1986, Yurimoto et al., 1990] for high fractionation of
leucogranits of Pschish areal:

Trends of minerals: Zrn — zircon, Ap — apatite, Aln — allanite, Mnz — monazite

YcranoBieHo, uto npossiaeHue TO® P30 W-tuna B MarMaTMueckux nopojax cBssa-
HO C OoMbIIell aKTUBHOCTBIO aKBa-KOMIUIEKCOB M MPHUCYTCcTBUEM BO duonnax CO,, B T0
BpeMs Kak nposiiieHH0 TO® P33 M-tuna cnocoOCTBYIOT KOMIUIEKCHI C TaJOTeHUIaMHU
(F, CD).

IIposiBnenue B neiikorpanutouaax Ilmmimckoro apeana u M- u W- tunos TO® P35
YKa3bIBa€T Ha MEHABILUECS COCTaB U AKTUBHOCTH JIETYUYHX KOMIIOHEHTOB B MarMaToreH-
HBIX (rronax, oOyCIOBICHHbBIE PA3IMYHBIMU (PU3UKO-XUMHUYECKUMH YCIOBUAMU (ITIO-
uaHOM (hazpl. MHIMKaTOpoM MEHSBIIMXCS (PU3UKO-XUMHUYECKUX YCIOBHUI Cpezbl BO (IIto-
uaax Moxet ObITh oTHOIIeHHE Eu/Eu®, koTopoe B ananu3upyemsbix nmoponax [lmwumickoro
apeasna BecbMa cuiibHO MeHsieTcs (ot 0,04 1o 0,7). Uem Oosnbliie yka3aHHOE OTHOILIEHUE,
TEM BBIILIE OCHOBHOCTb WJIN HIEIOYHOCTD CPEJIbl, COMIACHO PsiAaM KUCJIOTHOCTHU-LIENIOUHO-
ctu A.A. Mapaxkymesa [Mapakymies, 1976] s psaa snementoB Sm, Gd, Eu B BonHO-ce-
POBOIOPOIHBIX PACTBOPAX MPH CTaHJAPTHBIX ycinoBusAX. Clie10BaTenbHO, TPEH U3MEHE-
Hust cooTHowenui Eu/Bu* u TE, 3 s aHanu3upyeMsIX opoj yKasbiBaeT Ha To (puc. 8),
910 (POPMUPOBAHME JICUKOTPAHUTOB C TiposiBiieHreM TOD P30 M-Tumna nmporucxoauio npu
MOBBILIEHHO! LIENOYHOCTH CPebl, a yMeHblIeHHE BennuuHbl TOD P30 W-tuna cea3ano
C YBEIIMYEHUEM KHCIOTHOCTH MarMaTOreHHbBIX (IIIOUI0B.



108  Geology and Geophysics of Russian South 13(1) 2023 T'eonorvs n reogmanka Kora Poccim

g
=~ Ratig Eu/Eu* in igneous rocks
La 1.0 Chonq-rites : 12
Decreasibg TEF REE V3
0.8 type A 4
\V4 Increasing TEF REE
0,6} M-type
0,4t A
0,2} Depletation |
\V4 — Eu=>95%
@
I A o I
o7 08 09 10 11 12 13 14
TE1.3

Puc. 8. Quaepamma Eu/Eu* — TE; ; 0ns nopoonwix munoe Iwuuwickozo apeana:

Ratio Eu/Eu* inigneousrocks — omnowenus Eu/Eu* ¢ uzgepowcennvix nopodax no [Bunoepaoos, 1962];
Chondrites — konyenmpayuu esponus 6 xonopumax no [Wasson, Kallemeyn, 1988]; Decreasing TEF
REE W-type — ymenvwenue TO® P30 W-muna, Increasing TEF REE M-type — ysenuuenue TOD P33

M-muna,; Depletation Eu=95% — oeniemuposanue Eu=95%.
Yenosnvie obo3nauenus npedcmagnenst Ha pucymnxke 2/

Fig. 8. Plot Eu/Eu* — TE, sfor rock type of Pschish areal:
Ratio Eu/Eu* inigneous rocks after [Vinogradov, 1962]; Chondrites — ratio of Eu/Eu* after
[Wasson, Kallemeyn, 1988]. Legend on fig. 2

C yBennuenuem TO® P30 M-tuna mpoucxoauiio CHIDKEHHE KOHIEHTpauui Nb B
MopoJiax U yBelInueHue ero Bo (hrouaHoi ¢ase, 4To OJaronpusITHO CKa3hIBAIOCH HA OT-
JIOKEHUH PYAHBIX KOMIIOHEHTOB B IPEU3E€HOBOM IIporecce. Takol CLeHapuil MPOUCXOAUII
B pe3y/bTaTe YBEIMUCHUS MIETOYHOCTH CPEIbl TP aKTUBHOUW POl (PTOP-KOMILIEKCOB,
TIEPEHOCHUBIITNX PYIHBIE JIEMEHTHI.

C ymenbmenuem TO® P35 W-tuma npoucxoawio yBelnnueHne KOHIEHTpamuidi Nb
U puKcalus ero B mopoaax. Takol CIeHapHil OCYIIECTBIISJICS B YCIOBUSAX MOBBIIICHUS
KHUCJIOTHOCTH U aKTUBHOM POJIM aKBa-KOMILJIEKCOB.

BbiBOADI

JIeKOrpaHUTBI, IBYCIIFOSHBIE JIEHKOTPAaHUTBI, TPEH3EHU3UPOBAHHBIE JICHKOTPAHUTHI
1 OHroHuUTHI [lmmmckoro apeana OTHECEHBI K NEPATFOMUHHUEBBIM, JKEIE3UCTHIM PA3HO-
CTSIM BBICOKO-KaJIMEBON WM3BECTKOBO-IIENOYHON cepuu mopoa. OHu (opMHUPOBAIUCH 3a
cu€T Iu1aBieHus (Penb3nUeCKUX MEeIUTOB HIKHEH KOPBI U MX TeHepalus OCYIeCTBIsIach
3a cu€T (paKLUMOHMUPOBAHHUS MOJEBHIX LINATOB, POrOBOM OOMAaHKH M aKIIECCOPHBIX MU-
HepaJIoB — araTuTa, ajNIJaHUTa, MOHAIIUTA, YTO U 0OYCJIOBMIIO UX OTHECEHHE K BBICOKO-
(dpakmonnpoBaHHbIM 00pa3oBanusM. [Iposierne TOD P33 W-tumna npoucxoausio B
YCIIOBUSIX aKTUBHOCTH aKBa-KOMIUIEKCOB C MOBBIIIEHUEM KHCIOTHOCTH Cpelbl U (pukca-
iy pyaHbeix komroHeHToB (Nb, Ta, Be) B mopomax. TO® P35 M-Ttuna npotekan B ycio-
BUSIX MOBBIIICHUS MIETOYHOCTHU CPEbl IPU aKTUBHOU pONu (PTOP-KOMILIEKCOB B MarMaTo-
TeHHBIX (DIroMIax U OTJEIICHUH PYJHBIX KOMIIOHEHTOB B HUX, UTO Ha IPEH3E€HOBOM ATare
MIPUBOIMIIO K (POPMHPOBAHUIO KOHLIEHTPUPOBAHHOTO OPYACHEHHSI PEKUX METAJUIOB.
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Pestome: AKTyanbHocTb paboTbl. OnpegenseTcs He06X04MMOCTbI0 0606LLEHNS NONYYEHHbIX PaHee AaHHbIX
0 COMEPXaHWAX U MUHEpaNbHbIX POpMax MNaTUHbl U NNATUHOWAOB B CpeAHe-BEPXHEeJEBOHCKUX YepHOCNaH-
LIeBbIX TOLLAX CTPYKTYPHO-hOpPMALMOHHON 30HbI Mepeaosoro xpebta. Llenb paéotbl. Cobpath, 0606WMTL 1
npoaHanu3npoBaTtb (POHAOBbIE U ONY6SNKOBAHHbIE AaHHbIE O HANMMYMM MUHEPanbHbIX DOPM U COLEPXKAHUAX
NiaTUHbl U NNATUHOUAOB B CPEHEe-BEPXHEAEBOHCKUX YEPHOCNAHLEBbIX TOMLWAX 30HbI MepesoBoro xpe6rta u B
npegenax nnowanen ux passutus. Metoabl paboTbl. AHanM3 Pe3ynsTaToB paHee NPOBELEHHbIX paboT u ony-
6/IMKOBAHHbIX [JaHHbIX, NONeBas AOKYMeHTauns, 0T6op npo6, uydeHne WAMMOB 1 aHWNMKOB, onpeseneHue
B npo6ax conepxxannii Pt u Pd npobupHbim meTogom ¢ NCM-A3C okoHyaHuem. PesynbTatbl paboThbl. YCTaHOB-
NeHbl MUHepaibHble (POPMbI MATUHBI U NNATUHOMAOB B aNOBUN APEHUPYIOLLNX YEPHOCIAHLIEBbIE TOSILLN PEK.
BbIfiIBNIEHHbIE B Ha4Yasie NpOLLSIOro CTONMETUS COfePXKaHUs CaMmOPOLHON NaTUHbI B antoBuM pekn BnacuH4mxu
MOrYT COOTBETCTBOBATL MO COBPEMEHHBIM KOHAMLMAM POCCHIMTHOMY MECTOPOXAEHMIO. AHANN3 pe3ynsTaTos pa-
Hee NpOoBeAeHHbIX onpeaeneHnin cogepxaHun Pt u Pd B YepHOCNaHLEBbIX NOPOAaxX aHAPKOKCKON CBUTLI, [0-
CTUTAOLLMX OECATLIX JONeil /T, BbI3bIBAET COMHEHUE B UX AOCTOBEPHOCTY, TaK Kak B My6NMKauusax He ykasa-
Hbl CNOCO6bLI 0TGOpPA U NOATOTOBKW MPO6 K aHanu3y, He ykaszaHa Takxe MoauduKkauns npuMeHeHHOro MeToaa
aTOMHO0-a6COPOLMOHHOI CneKTPocKonuu. Mony4eHHble HaMK B CNELNan3MpoBaHHON NabopaTopun pesynsTaThl
onpefenenns Pt n Pd B YepHOCNaHLEBbLIX NOPOAAX apTblK4AKCKOW CBWUTbI COCTaBNAOT COTble AONU I/T, NoA-
TBEPXKAEHbI MHOrO(PAKTOPHLIM KOHTPONEM, U PACLIEHUBAIOTCS KaK MOBbILLEHHbIE (HALKNAPKOBbIe) COAEPXaHUS.
B eamHuyHbIX cnyyasx cymma Pt u Pd pgocturana 0,1 r/T, 4TO ABSETCH CyO6NPOMBILLNEHHBIM COLEPXaHNEM.
MuHeparpaduyeckne uccnefoBanus NO3BOAUIN YCTAHOBUTL HAanNW4ue BbILENEHWA CaMOPOLHON NNATUHbI He-
NOCPeSCTBEHHO B YePHOCNAHLEBOI nopofe. Mpuypo4eHHOCTb TakUX BbIJENIEHUA K nepeMeLleHHbIM dhopMam
YrnepoaucToro BeLLecTsa U K HOBOO6PA30BAHUAM XPOMOBOMN CROAKN ((hYKCUTY) rMAPOTEepMabHOr0 reHesmca
3aCTaBNAOT NPEANONOXMTL 3MUrEeHETUYECKOE NPOUCXOXKAEHME BbISBMEHHBIX MUHEPASTbHbIX (HOPM NaTUHbI 3a
CYeT MeTamMopd)oreHHOro nepepacnpeneneHns pyaoo6pasyoLnx aN1eMeHToB YNbTPAOCHOBHOMO NeTPOoHAA.

KntoueBble cnoBa: nnatuHa, nannagnii, YepHole cnaxubl, MuHeparpadus, NMepenosoit xpe6eT, CeBepHbIi
KaBkas.

bnarogapHocTu: CtaTbsl NOArOTOBNEHA B pamMKax roCy4apCTBEHHOM0 3afiaHus Ha Hay4HO-UCCcneoBaTesib-
cKue paboTsl leodnanyeckoro uHcTutyTa BHL| PAH.
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Abstract: Relevance. It is determined by the need to generalize the previously obtained data on the contents
and mineral forms of platinum and platinoids in the Middle-Upper Devonian black shale strata of the structural-
formation zone of the Front Ridge. Aim. To collect, summarize and analyze stock and published data on the
presence of mineral forms and the contents of platinum and platinoids in the Middle-Upper Devonian black shale
strata of the zone of the Front Ridge and within the areas of their development. Methods. Analysis of the results
of previously carried out works and published data, field documentation, sampling, study of cuts and anshlifs, de-
termination of Pt and Pd contents in samples by assay method with ICP-NPP completion. Results. Mineral forms
of platinum and platinoids have been established in the alluvium of draining black shale strata of rivers. The con-
tents of native platinum detected at the beginning of the last century in the alluvium of the Vlasinchikha River may
correspond to the placer deposit in modern conditions. Analysis of the results of earlier determinations of Pt and
Pd contents in the black shale rocks of the Andriuk formation, reaching tenths of a g/t, raise doubts about their
reliability, since the publications do not specify methods of sampling and preparation of samples for analysis,
nor does the modification of the applied method of atomic absorption spectroscopy. The results obtained by us
in a specialized laboratory for the determination of Pt and Pd in the black shale rocks of the Artykchak formation
are hundredths of a g/t, confirmed by multifactorial control, and are regarded as elevated (overclark) contents. In
isolated cases, the sum of Pt and Pd reached 0.1 g/t, which is a sub-industrial content. Mineralogical studies have
made it possible to establish the presence of native platinum secretions directly in the black shale rock. The fact
that such secretions are confined to displaced forms of carbonaceous matter and to new formations of chrome
mica (fuchsite) of hydrothermal genesis suggests the epigenetic origin of the identified mineral forms of platinum
due to metamorphogenic redistribution of ore-forming elements of the ultrabasic petrofund.
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BeseapeHre

Hanuuue BkiIIOUeHUH MMHEpaNbHBIX (OPM IJIATMHBI W IUIATHHOUAOB B
YEPHOCJIAHLIEBBIX  (YIIEPOAUCTO-TEPPUTEHHBIX) TOJIIAX HE SABIAETCS YEM-TO
HeoObIUHbIM. Tak, HanpuMep, B 30JI0TOPYITHOM MECTOPOKICHIH YEPHOCIAHIIEBOTO THIIA
Cyxoit Jlor (MpkyTtckast o0nacTe) Npu MPOBEACHUH JIE€TaJbHBIX MHHEPAIOTHUYECKUX
ucClIeoBaHUM ObUIM  OOHapyKeHbl caMOpojHas IUIaTWHA, H30(eppoIUIaTHHa,
TYJTaMHUHHUT, COEPPUIINT U APYTUE MUHEPAJbl IUIATUHBI U AT C pa3MEPOM YaCTHI]
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1-10 mxm [Huctnep u ap., 1996, Distler et al., 2003, 2004]. Takxe Oblna q0Ka3aHa
CBSI3b MMHEPAJIOB IJIATUHBI M TUNIATUHOUIOB C PACCESHHBIM YITIEPOIUCTHIM BEIECTBOM
[Clark, Criddle, 1982; Fleet et al., 2002; Cabri et al., 2022]. JInst 3TOr0 13 060TaIIEeHHBIX
MUHEepajiaMu IJIaTUHBI YEPHBIX CIIaHIEB ObUIH MOJy4YEHbI KOHLIEHTPATHI YIIIEPOIUCTOTO
BELIECTBA, B KOTOPBIX XUMHUUYECKUM IIyTEM OIpEAENICHbl coiepxkaHus miatunbl ot 300
10 1000 r/t [Razvozzhaeva et al., 2002]. 1o pe3ynbpraraMm XUMHYECKUX aHAJTU30B IIATH-
Ha OTMEYAaeTCsl B YIIEPOAMUCTHIX CTPATH(PHUIMPOBAHHBIX KOMILIEKCaXx BopoHexckoii
npoBuHuuu [YepueimoB, KopoOkuna, 1995]. Buaumble noax MHKPOCKOIIOM
IUTATUHOUIbI ObUIM OOHApy’>KE€Hbl B YEPHOCIAHIEBBIX TOJIIAaX BypenHckoro maccusa
(Xabaposckuii kpait u EBpeiickas AO) [Xanuyk u ap., 2009], B rpaduTUCTHIX ClIaHIIax
ceBepHOM yactu Xankaiickoro teppeina (IIpumopckuit kpait) [Xanuyk u ap., 2013],
B TpaduTCoAepKalIMX TMOpoAax paioHa rpaduroBOoro MecropoxkaeHus Jlomao
(Kurait) [ XaHuyk u z1p., 2017], a Takxke B yINIEpOAUCTO-TEPPUTEHHBIX TOPOJAX IPYTUX
pernoHoB. YepHoCIaHIEBbIE TONIIH IIUPOKO pacnpocTpaHeHbl M Ha CeBepHoM KaBkase.
HccnenoBanust UX METaUIOHOCHOCTU TOCBSILEHbI, B OCHOBHOM OIICHKE MEPCIEKTHB
oOHapyKeHHs B HHMX 30JI0TOPYAHBIX MECTOPOXIACHHUH. M3yueHue IMmIaTHHOHOCHOCTH
HOCUT CIIOpaJMuecKuil xapaktep. B cBs3M C 3THUM BO3HHMKaeT HEOOXOAMMOCTh
00001IeHNs TIOTYYSHHBIX paHee NAaHHBIX M OMPEIEICHHUS BO3MOXKHBIX HalpaBICHHHA
JJIbHEUIINX UCCIEA0OBaHUN.

MaTtepunabl 1 METOAbI

B kauecTBe MCXOAHBIX MaTepUAJIOB HCIIOJIH30BAHBI JAHHBIC M3 TEOJOTHYECKUX
OTYETOB, OIYOJMKOBAaHHBIX Pa0OT U Pe3yNIbTaThl COOCTBEHHBIX IOJIEBBIX U JTA00PATOPHBIX
uccnenoBanuii aBropa. OCHOBHBIMH METOJAaMH HACTOSIIETO HCCIEIOBAHUS SBISINCDH
aHaJIu3 pe3yJbTaToOB paHee MPOBEIEHHBIX PA0OT M OMYyOIMKOBAHHBIX JAHHBIX, MOJIEBOM
JOKYMEHTAI[MN TeOJIOTUYECKUX OOBEKTOB, OTOOp IyOmuMKaToB OOpO3MOBBIX MPOO
yABTPaOa3UTOB U YEPHOCIIAHIIEBBIX MOPOJ M3 TOPHBIX BHIPAOOTOK, MPONICHHBIX paHee
000 «Kabb6ankreonorus», HM3roToBICHHE HUIM(POB U aHUUIU(OB, ONpPEIEIICHUE B
npobax coaepxaHUM MIatuHbel U namwiaausa. CorlacHO MPOBEJECHHOMY HCCIEIOBAHUIO
[[Mapaga, amOypr, 2022], i TONXy4YEeHUS HAASKHBIX PE3YIBTaTOB OMPEACICHUS
METAJIOB IUTATUHOBOW TPYyMIMbl aHAIHM3Bl CIEAYeT JelaTh B CIEIHATU3UPOBAHHOMN
naboparopuu, B KOTOpOi oTpaboTaHa METOAMKA IO UCKIIIOUEHHIO BIUSHUS HA Pe3yJabTaT
MaTpUYHBIX AJIEMEHTOB. B kauecTBe TakoBO# ObliIa ompezenieHa CHElUaTU3UpOBaHHASL
cepTudHUIIIPOBAHHAS TI0O MEXIYHApOIHBIM cTaHAapTtam Jaboparopus OOO «Crroapt
l'eoxemukn 3u1 Occei» (1. Mocksa). Ananmu3el Pd u Pt ocymectBisinuce meTomom
npooupnoii mnasku ¢ UCI1-ADC okonyanuewm, rpeaen ooHapy)eHus 1 Mr/T.

Pe3yAbTaTbl PABOTHI M X OBCYXAEHWE

MunepanbHbie GOpMBI TUIATUHBI U TJIATHHOUIOB OOHapykeHbl U Ha CeBepHOM
KaBkaze B palioHax pa3BUTHS MAJECO30MCKUX YEPHOCIAHIIEBBIX TOJI[ B Mpeaenax
CTPYKTYpHO-(hopmarimoHHoi 30Hb1 [IepenoBoroxpedra. Tak, mpu pa3Beke 30J0TOHOCHON
poccoinu pexku Bnacuaunxu (Ypyno-JIaOuHCKH MeTHO-PYAHBIN pailoH), APEHUPYIOMIEH
YEPHOCJIAHIIEBYIO TOJIILY CpPEIHE-BEpXHEIEBOHCKOTO BO3pacTa (aHIPIOKCKAs CBUTA),
KpoMe 30J70Ta Oblla OOHapyKeHa CaMOpOJAHAas IUIaTHHA, COAEpXKAHUS KOTOpPOi
10 Pe3y/lbTaTaM BajOBOTO ONPOOOBAHUS AJUIKOBHS, COCTaBWIM OT 34 1o 670 mr/m>
(Tabm. 1).
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Tabnuya 1/ Table 1

Pe3ynbTaThl BajioBOii NPOMBIBKM Ha OyTape ajumoBus p. Baacununxu,
BbBITIOJIHEHHOH Ypynckoil mouckoBoii maptueii Ne 1 B 1934 rogy /
Results of the gross washing on the alluvium tank of the Vlasenchikha river,

carried out by the Urup search party No. 1 in 1934

No m/m / Paccrosinue Jara Oonem KonuuectBo Conep:xanue MeTal11a
No OT YCTBA P. onpodoBanus NPOMBITO MOJy4eHHOTO B MI/Ky0. M C y4eToM
Bracunuuxu u / Date of nopoasl, Kyo. M MeTajia, Mr / Ko dunnenTa
MeCTO B3THS testing / Volume of the Amount of the pa3psixiienus 1,15 u
npo6s1 / Distance washed rock, obtained metal, | Baaynucroctu 15% /
from the mouth m? mg Metal content in mg/
of the river. m3 considering the
Vlasinchikha and loosening coefficient
sampling site of 1.15 and the
boulder content
of 15%
Au Pt Au Pt
1 1000 M, koca / 1000 | 23.04.34 3,0 2135 120 695 39
m, bay-bar
2 2000 M, koca /2000 | 05.05.34 1,0 752 35 734 34
m, bay-bar
3 2800 M, koca /2800 | 13.05.34 1,5 1985 370 1221 227
m, bay-bar
4 |4700 m, koca/4700| 14.05.34 1,5 1460 330 898 203
m, bay-bar
5 6620Mm, xoca / 6620 17.05.34 1,6 1783 440 1087 253
m, bay-bar
6 {4900 m, xoca/4900| 17.05.34 1,0 795 125 731 115
m, bay-bar
7 4000 m, 6opt / 19.05.34 1,0 660 152 607 140
4000 m, side
8 3500 M, koca /3500 19.05.34 1,5 1935 780 1265 510
m, bay-bar
9 6600 M, koca / 6600 | 20.05.34 1,25 1300 100 1014 78
m, bay-bar
10 | 3600 M, 60p1/3600 20.05.34 1,0 765 160 774 156
m, side
11 7200 M, 6opt / 21.05.34 1,15 265 100 215 85
7200 m, side

[llnmuxoBoe ompoOoBanue amioBus peku bonbpmoi Jlabbl W ee NPUTOKOB,
JTPEHUPYIOIUX YEPHOCIAHIIEBBIE TOJIIN aHIPIOKCKON CBUTHI, MO3BOJIMIIO OOHAPYKUTh
Y U3YYUTh YaCTUIIbI IJIATUHBI U IJIATUHOUAOB. /{7151 caMOpOAHOI MIaTHHBI XapaKkTepHa
mapoobpasHas ¢opma, s IUIATUHOMIOB, MPEICTABICHHBIX OCMHCTBIM HPHUAHEM
U pYTEHUPHUAOCMHHOM, Oojee XapakTepHbl TabiuTyaTas M IUIacTUHYATas (OPMBI

(puc. 1).
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Puc. 1. [Inamuna u nramunoudst u3z annosus p. bonvwas Jlaba: a) camopoonas nnamuna, ouamemp
seper 0,02-0,3 mm; 6) ocmucmutii upuduil, ouamemp 3epen 0,08—0,22 mm; 8) pymeHupudocmun, pamep
camoti kpynuou naacmunku 1,4 mm (no oanuvim [Boeywi u op., 2010, 2017; boeywu, Pabos, 2011]) /

Fig. 1. Platinum and platinoids from alluvium of the Bolshaya Laba river: a) native platinum, grain
diameter 0.02-0.3 mm; b) osmic iridium, grain diameter 0.08-0.22 mm, c) rutheniridosmin, the size of the
largest plate 1.4 mm (according to [Bogush et al., 2010, 2017, Bogush, Ryabov, 2011])

M cTOYHHMKOM ITaTUHBI B AJIJIIOBUN YKAa3aHHBIX PEK MO>KHO CUMTATh CKOIUIEHUS XPOMII-
MUHEINI0BOM MUHEpaIU3allii B CepIEeHTHHU3UPOBAaHHBIX TyHUTax (puc. 2) beaenckoro
U IPyTUX MAaCCUBOB ITPOTEPO30ICKOTO Y/UTy-TaJIBIKOIBCKOTO THIIEpOa3UTOBOIO KOMILIEK-
ca [IepenoBoro xpe0OTa, B TOM YHUCII€ 1a€K ¥ CUIIJIOB BOCTOYHOM ero yacTu. Obnactu pas-
BUTHSI TMIIEPOA3UTOB 3TOI0 KOMIUIEKCA COMPOBOK/IAIOTCS] aHOMAJIbHO MOBBIIIEHHBIMHU CO-
JEpKaHUSIMH XpOMa U HUKEJIS BO BTOPUYHBIX OPE0JIax, IOBCEMECTHBIM IIPUCYTCTBUEM B
MOTOKaX PAcCEsiHUS XpPOMHUTA U MHUKOTUTA, HAXOAKAaMH OOJOMKOB XPOMIIIHUHEIUI0BBIX
LUINPOB, COACPKAILUX IJIaTHHY, & TAKXKE pe3yIbTaTaMy ONPENCIICHUS TUIATUHBI U M1aJula-
JI1sl BO BTOPUYHBIX OPE0JIaX paccesiHus beeHCcKkoro MaccuBa U BOCTOYHOIO IIOTPYKEHUS
30HbI [IepenoBoro xpedta [[lapana, 2017; borym u np., 2021].

Puc. 2. Bvixoowl cepnenmunuzupoannozo Oynuma (a) u popmwl gvloeneHusi XpoMunuHenuoos (ueproe) 6
anoodynume (6) 6 cocmase anozapybypeumosg bedencrkozo maccuea (pomo Ilapaovr C.I7) /

Fig. 2. The outputs of serpentinized dunite (a) and the forms of chromspinelides (black) in apodunite (b)
as part of the apogartsburgites of the Bedene massif (photo Parades S.G.)

OnHako yIbTpaOoCHOBHBIMU OPOIaMHU UCTOYHUKH OJ1aropoJHbIX METAJIOB B POCCHI-
msix He orpannuuBatorcs. M.A. borym u B.M. Yepkamus cunuTaroT, 4T0, KpOME CEPIEHTH-
HUTOB, UCTOYHUKOM 30J10Ta U IUIATHHBI MOTYT OBITh YEPHOCIIAHLIEBbIE TOPO/IbI PA3IMYHO-
ro Bo3pacta [borymi, Yepkammnn, 2019].
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Kak ObI TO HU OBLITO, IPUBEICHHBIC JAHHBIE SBISIFOTCS MPSMBIM MPU3HAKOM BO3MOXK-
HOMW TUIATHHOHOCHOCTH Teojornyeckux ¢opmarmii I[lepenoBoro xpedra. bonee Bcero, B
3TOM OTHOILIEHUH U3y4Y€Hbl IOTEHIIMAJIBHO PYAOHOCHBIE YEPHOCIAHIIEBBIE TOJIIM CPEAHE-
MI03/IHEZICBOHCKOIO BO3pacTa B COCTaBE TaK Ha3bIBaeMoro ToXaHCKOro MOKpoBa.

CpenHe-BepXHEEBOHCKHE YEPHOCIAHIIEBbIE TOJIIM BBIXOAAT B OacceiiHe BEpXHHUX
TedeHnit pek bonbmoit J1a0sl u Ypyma, rie o0beIMHEHBI B COCTaBE aHIPIOKCKOM CBHUTHI, U
B paiioHe BOCTOUHOTO MOTPYKeHUs 30HbI [lepenoBoro xpedTa B BEpXOBbSIX MPABBIX MPH-
TOKOB peku J[>KyapreH, rje oObeInHEHBI B COCTABE apThIKYaTCKOW CBUTHI, SIBISIOLIEHCS
JUTOJIOTO-CTPATUT PAPUUSCKIM aHATIOTOM aHIPIOKCKOM CBUTHI.

B pa6ore [boryur u ap., 2016] BeINOIHEH aHAIW3 HA 30JI0TO, TUIATUHY W MaJlIauid
JBYX TpymIl MnpoO, OTOOpaHHBIX M3 YEPHOCIAHLEBOro Komiuiekca Ypymno-JlabuHckoro
paiioHa. Yka3bpIBaeTcs, YTO aHaJIU3bl ObUIM BBITIOJIHEHHI B Ja0opaTopuu (pU3NKo-XuMuie-
ckux uccienoBannii Muctutyra reonorun [larecranckoro Hayunoro nenrpa PAH atom-
HO-abcopOuroHHbIM MeTonoM. IlepBas rpynma mpo6 oroOpana, cyds Mo MPUBEICHHOMN
cXeMe, MO MPOCTUPAHUIO MUHEPATM30BAHHOW 30HBI TEKTOHMYECKOTO KOHTAKTa AAlKu
JIEWKOKPATOBOTO I'PAaHHUTA M YEPHBIX CIAHIEB aHPIOKCKON (0aXMyTCKOM) CBUTHI C pa3Ho-
o0Opa3Hol cyIbPUIHON MUHEpanu3amuei B 6anke [ pymosas. 13 mpuBeIeHHBIX OMMCAHUI
CTaHOBHUTCS SICHO, YTO 3TO AMMreHeThdYeckas MuHepanuzauus. [lo pesynsratam aHanuza
27 ipo6 coneprkanwusi Pt u Pd coctaBmim oT COTBIX 10 AecAThIX aonei /1. [1pu aToMm cpen-
HUE COACPKAHUS JIJIS KOKJIOTO AJIEMEHTA OKa3aJUuCh MPAKTUYECKH OJUHAKOBBIMU, — OT 0,3
10 0,34 r/1. CniexyeT cornacuThCs ¢ aBTOPaMHM, YTO B CyMME 3TH METaJUIbl MPEICTABICHbI
CYOTPOMBIIITICHHBIMU KOHIIEHTpanusaMu. OJTHAKO CBS3b C YEPHOCIAHIICBOM TOMIIEH U 10-
CTOBEPHOCTH OIPEIEIICHUS COAECPKAHNUN BbI3bIBAET COMHEHHUE.

Bropas rpynma u3 11-ta mpo0 B3sTa M3 OOHAKEHUI YEPHBIX CIIAHIICB 3TOW KE CBUTHI
6anku baxmyTka Ypyrickoro paiioHa. 31ech pe3ylbTaThl aHAIU30B IPUMEPHO TAKHE Ke, —
conepykanus Pt u Pd — or coThIx 110 necaThIxX fgoseit r/T. @akT 01u30CcTH pe3ysIbTaToB aHa-
JU30B MPOO U3 30HBI C AMUTCHETUYECKON Cynb(GUAHON MIUHEpaInU3alueil ¢ pe3ylbraTaMu
aHAJIM30B MPOO U3 YEPHBIX CIaHIIeB 0€3 MPU3HAKOB HAJIOKEHHON MUHEpaIU3alliH, 3aCTaB-
JISIET 33yMaThCsl O COOTBETCTBUU MOCTABICHHOMW 3a/1aue MPUMEHEHHOTO METO/Ia aHAIIHU3A.
TeMm He MeHee, aBTOpBI IPEAIaraloT pacCMaTpUBaTh JEBOHCKUE YITIEPOACOIEpIKAIINE TOI-
M B KQY€CTBE HOBOTO MIEPCIIEKTUBHOTO UCTOYHHUKA MPOMBIIIIIEHHBIX PYIHBIX OOBEKTOB.

B nocnenyromux cBoux myOnMKanusx aBTOPbl pa3BUBAIM U JOIMOIHSUIA CBOIO HJICIO
Ha OCHOBE OXapaKTEPH30BAHHBIX BBILIE aHAJIN30B Mo Oankam [pymeBoil u baxmyTke.
Jpyrux aHanu30B OHU HE IPUBOLAT.

B crarbe [borym u ap., 2020] npuBeneHs! pe3yabraTsl aHaiu3a 21 mpoObl 1eBOHCKUX
YEPHBIX CJIAHIIEB, SBJISIOLIUXCS [IOKOJIBHBIM CTPYKTYPHBIM 3TaKOM UydKypCKOTO pyIHOTO
110J151. BBINIOSTHEHBI OHU, KaK U B MPEAbAYIIEH CTaThe, aTOMHO-a0COPOLIMOHHBIM METOAOM
B JJabopaTtopuu (GU3HKO-XUMHUECKUX HccieqoBannii IHcTuTyTa Teonorun Jlarectancko-
ro Hayunoro 1ieHTpa PAH. Conepxxanust Pt cocrapuu ot 0,17 1o 0,9 r/1, Pd — ot 0,2 1o
0,45 /1. OmHAKO B CTaThe CaMU Pe3yJIbTaThl aHAJIM30B HE MPUBOASTCS. DTO HACTOPAKHBA-
€T U 3aCTaBJISIET YCOMHHUTBCS B IOCTOBEPHOCTH MTPUBEACHHBIX PE3YJbTaTOB.

Vcnionp30BaHHBIN /1S TOMYyUYEHUS BHIMICOMUCAHHBIX PE3YJIBTATOB METO/ aTOMHO-a0-
copOrronHo# cniekrpockonuu (AAC) XapakTepu3yeTcs ONpeaeIeHHBIMUA HE0CTaTKaMH
B OTHOILIEHUM OJaropofHbIX METAJJIOB, OAHUM M3 KOTOPBIX SIBJISETCS Y3KHM AHarazoH
JUHEWHOCTH U, COOTBETCTBEHHO, HEOOXOAMMOCTh KOHIICHTPUPOBAHUS WM pa30aBiIeHUs
pacTBopa nepes U3MEepeHHEM, a TaKKe BIMSHUEM MaTPUUYHBIX 3JIEMEHTOB MPOObI, CIIEK-
TpaJIbHBIE JINHUU KOTOPBIX OJNIM3KU aHATUTUYECKUM JIMHHSIM OIMPENEsIeMbIX JIEMEHTOB.
N30aBnenue OT Takoro BIUSHUS O] CUITY JIMIIb CHEIHATU3UPOBAHHBIM JIa00PaTOPHsIM,
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IpU 3TOM CHJIBHO YCJIOXKHSIETCS U CTAaHOBUTCS JIOPOXKE OIperiesieHne Ol1aropoHbIX Me-
tansoB. [Tostomy Gonee HaieKHBIM MOATBEPXKICHUEM IUIATHHOHOCHOCTH Y€pHOCIIaHIIe-
BBIX TOJIII SIBJISICTCS BU3yaJbHOE OOHAPY>KEHHE MUHEPAJIbHBIX (POPM IUIATHHBI.

Beimonuennsie H.B. Imaseipunoii [[naseipuna, 2006] nerporpadguueckue 1 MHUHe-
parpaduyeckre Mcciae0BaHUs YEPHOCIAHLEBBIX MOPOJA AHAPIOKCKOM CBUTHI MO3BOJIM-
a1 OOHApY>KUTh B CIAHLAX SMMICHETHUECKUE PyAHblE MUHEpAIU3allM, B TOM YUCIIE U
wiatuny. [IpeobnanaromummMu okazaauch MUHEPAJIbl KOOAIbTa U HUKEIS, peKe OTMEeUascs
XpOMCOZIepP)KAIIUi MYCKOBUT ((PyKCUT), 4TO B COBOKYITHOCTH MOATBEPKAAET (HOPMUPO-
BaHUE MHUHEPAJIOrO-reOXMMHUECKON CleUalIN3alui OTIIOKEHUM aHAPIOKCKOM CBUTHI 3a
CUeT ynbTpaba3uToBOro NeTpooHIa U STUTeHETHIECKOE IepepacipeesieHle pynooopa-
3YIOLIMX 3JIEMEHTOB.

YcTaHOBJIEHO, U4TO (POHOBAsK /ISl AH/IPIOKCKOM CBUTHI KOOAJIBTUH-TIEHTIAHIUT-ITUP-
POTHHOBAsI MapareHeTHYeCcKasl accouualys MMeeT MeTaMOp(OreHHOE MPOUCXOKICHUE
[[ma3eipuna, [a3eipun, 2006, 2011]. OOHapykeHHBIE B 3TUX NOPOJaxX MUKpO3epHa IjIa-
THHBI, TUATHOCTUPYEMBIE IO SIPKO-0EJIOMY LIBETY M BHICOKOMY OTpaskeHMIO [IT1a3bipuHa,
2006], Taxxe MOTYT UMETh SIUIECHETUYECKOE MPOUCXOXKICHHUE. Tak, eqUHUYHBIE 3€pHA
CaMOPOJIHOM IJIaTUHBI BBIJEISIOTCS B IUIACTaX IPABEIUTOB ¢ METaMOP(OreHHON KOOab-
TUH-NIEHTIAaHAUT-IUPPOTUHOBOM aCCOLMAIMEN U MOJIHBIM 3aMEILEHUEM 3TOM MUHEpaJIU-
3alueil 0calouyHO-TMareHeTHIecKoro ppamMOouIalIbHOTO MUPHTA. 3/1eCh IUIaTHHA OTMe-
YaeTcsl B BUAEC MUKPO3EPEH OKPYIIIOW MoauroHaisHOU (opmsl pazmepom 10 0,005 mm
(puc. 3a). OHu, NpUYpPOYEHBI K IIEMEHTY T'PABEIUTA U BBIJICIAIOTCS BIOJIb MEXK3EPHOBBIX
rpaHull METaMOP(OIreHHbIX ATOMOCUINKATOB, KOTOPbIE MPOMAapKUPOBaHbl OOMIIBHBIMU
ra30BO-)KUJKUMU BKJIIOUECHUSIMHU.

Puc. 3. Bvloenenusi camopoornou naamunst (Pt): a) — niacmunuamozo cmpoeHust no MexiC3epHO8ol
2panuye, NPOMAapKUPOBAHHOU 2A3080-JICUOKUMU BKTIOYEHUAMU, 0) CAMOPOOHAS NIAMUHA 8 Opeoie
pecesinnozo yenepooucmozo sewpecmsa (Ip); 8) evidenenue camopooHol nIamMuHblL 8 ACCOYUAYUU C
@yKcumom (8 ckpeujennbix HUKOAX); &) MO Jice camoe 8 NapallebHbIX HUKOMSIX
(no H.B.Ihazeipunou [2006]) /
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Fig. 3. Isolation of native platinum (Pt): a) — lamellar structure along the intergranular boundary marked
with gas-liquid inclusions, b) native platinum in the halo of a dispersed carbonaceous substance (Gr),;
¢) isolation of native platinum in association with fuchsite (in crossed nichols); d) the same in parallel

nichols (according to N.V.Glazyrina [2006])

CaMopoHas riaTuHa Takke OTMEUEHa B CJIOMKe NOIUCYIb(UAHO-CUITUKATHBIX TICEB-
nomopdo3 no ppambonnamsHoMy TTupuTy. OHa BBIJCISIETCS B BHIE CPOCTKA CyOM30Me-
TPUUYHBIX MHUKPO3EPEH, KOTOPBIII TECHO acCOIUUPYET C OPEOJIOM PACCESTHHOTO YINEepO-
aucToro BemecTna (puc. 30). B TMCTBEHUTH3MPOBAHHBIX MOPOJAX ¢ KOOAIBT-HUKEIEBOM
cynb(hoapceHu1-aHTUMOHUTHOM MUHEpATU3aLuel OTMEUEHBI 00JIee KPYITHBIE BBICICHHS
CPOCTKOB CaMOPOJIHOM TIaTuHbI pazMepoM okosio 0,2 mM. [Ipu 3TOM, CPOCTKH MIATHHBI
JIOKaJIU3YyI0TCS B IIEMEHTE I'PABEIMTOB, CIOKEHHOM BTOPUYHBIM MUHEPAJIOM T'HIIPOTEp-
MaJILHOTO MPOUCXOKACHHS — (DYKCUTOM (pHC. 3B, T).

Hamu obOparieHo BHUMaHue Ha ellle OWH pallOH MPOSIBICHUS YIIEPOAUCTHIX MOPOJ
CpeIHe-MO3IHEAEBOHCKOTO BO3pacTa B COCTaBE apTHIKYAKCKON CBHUTHI B BOCTOYHOM OKO-
HeuHocTH hopmanuii [lepenoBoro xpedta. Ita cBura no pesynsraram [ {11 200 sBnsercs
JUTOJIOTO-CTPATUrpaUUIECKUM aHAJIOTOM aHIPIOKCKOW CBUTHI. YepHOCTaHIIEBbIE TOPOIBI
APTBHIKIAKCKOH CBUTHI OTMEYAIOTCS Ha ceBepHOM (prranre ThIpHBIAY3CKOTO PYIHOTO y3I1a, B
IpeJiesiax KOTOPOTo BHISIBICHBI 30J10TOPY/AHbIE IPOSIBIICHUS, B CBA3H C YEM BBI3bIBAIOT I10-
BBILLICHHBI UHTEPEC KaK OJNH U3 BO3MOXKHBIX MICTOYHUKOB 30510Ta 1 JIII" B pymax.

N3 npoananu3upoBanHbiX Hamu 120 qy06nukaTtoB 60po3aoBbIX mpod B 16 mpobdax o6-
Hapy>XKeHbI MOBBIIICHHbIE (HAIKIAPKOBBIC) COIEPKaHUS Maulaus U IUIaTUHBI (Tadm. 2).
OHHM yCTaHOBIIECHBI B YIIIEpOIUCTHIX prsmutax u3 pacuuctku Nel3 u kanaBbl Ne29. [ToBbI-
LICHHBIE 0 COTHIX JOJIEH T/T COAepKaHMs IJIATHHBI U MaJUIans Ha MHTEpBaJIe HE MEHEe
9 M 0OHapyKEeHBI B YIIIEPOJHUCTHIX aJeBpoiauTax pacuucTku Ne6 (puc. 4). B pacronoxen-
HBIX CEBEpHEE KOHITIOMEpaTax ¢ rajJbKoi JTUCTBEHUTU3UPOBAHHBIX CEPIIEHTUHUTOB TaKUX
cofiepKaHUi HE OTMEUYEHO, XOTS (POH B 11€JIOM MOBBIIICHHBIH.

Tabnuya 2 / Table 2

PesyabraTel aHann3oB Ay0ankaToB npod U3 ropHbix Beipadorok OO0
«Ka00aJKreonorus», B KOTOPbIX YCTAHOBJIEHbI NOBbIIIEHHBbIE conep:xaHusi Pd u Pt/
The results of analyses of duplicate samples from the mine workings of
«Kabbalkgeologiya» LLC, in which elevated Pd and Pt contents were found

NoNe ipo6 / No.of samples Marepuaa npo6si / Sample material Au Pd Pt
VrnepogucTeiit Gumint /
P-13-1 Carbl())n}ilaceous p%yllite 3 25 14
P-13-2 TO ke camoe / the same 17 26 14
P-13-3 -« - 4 5 18
P-13-11 -« - 5 4 11
K-18-5 JIuctBenut /Listvenite 15 99 38
K-18-7 TO ke camoe / the same 7 61 48
K-18-9 -« - 3 77 72
K-18-11 -« - 6 40 56
Vrnepoauctelii hummr /
K-29-40 Carbgngceous p(;l.;yllite 3 ) 13
K-29-41 TO ke camoe / the same 5 7 11
K-29-42 -« - 3 8 11
P-6-5 YrepoaucTelii anespoaut / < 1 13
Carbonaceous siltstone
P-6-7 TO ke camoe / thesame 6 10 22
P-6-10 -« - 4 8 18
P-6-12 -«- 2 11 19
P-6-14 -« - 4 7 12
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Puc. 4. Pezynomamul eeonocuueckoii dokymenmayuu u onpobosanusi Ha Au, Pt u Pd pacuucmru No 6,
npotidennoli 6 socmounou yacmu Ilepedoeozo xpeboma: 1 — 2m1106UAIbHO-0ENIOBUATLHBIE OMILONCEHUSL,
2 — yenepooucmole anegponumul, 3 — KOH210Mepamul, 4 — Keapyesvie HCUbL U RPOIHCUTKU, T —
6KpanienHoCms manaxuma (a) u aumonuma (6); 6 — 6KkpanienHocms cyib@uoos, 7 — mabnuya
pesynomamog anaiuzos na Au, Pt u Pd ¢ me/m /

Fig. 4. Results of geological documentation and testing on Au, Pt and Pd of clearing No. 6, passed in

the eastern part of the Forward Ridge: 1 — eluvial-deluvial deposits; 2 — carbonaceous siltstones; 3 —

conglomerates; 4 — quartz veins and veins, 5 — inclusions of malachite (a) and limonite (b); 6 — sulfide
inclusions; 7 — table of analysis results for Au, Pt and Pd in mg/t

Haunbonee BbicOKME copepkaHMs IUIATUHBI M HaJUTaHs TOJyYeHBI MO KaHaBe 18
(Tabmn. 2), rae cymma 3THX 31eMeHTOB npeBbicuia 0,1 r/T, 4To sABIIsSETCS CyONpPOMBIIILICH-
HOW KOHIIEHTpauei. DTu MpoObl MPENCTABISAIOT JUCTBCHUTU3UPOBAHHYIO JalKy aro-
raprOypruToBbIX CEPIIEHTUHUTOB. Hanmuuue riaTiHbl B 0XapakTepu30BaHHON Jaiike moI-
TBEPKIACTCS U MUHEPATIOTHUECKH MIPH UCCIIe0BaHUY NUTH(OB 1 aHIuIH(OB (puc. 5).

Puc. 5. Bvioenenus camopoonoii niamunuvl 8 0atike AUCMBEHUMUSUPOBAHHO20 ANo2apybypeumoso-
20 cepnenmunuma (kanasa 18, socmounas oxoneunocmo 30mbl Ilepedogozo xpebma): a — KpynHoe 3ep-
HO naamuHsl (cepoe, 8 yewmpe CHUMKA), (pOH 8OKpy2 3epHa — HepyOHblll bazuc, wupuna xaopa 0,48 mm;
6 — 060cobNEeHUA NAAMUHBL 800b MPEWUHbL (8 yeHmpe CHuMKa), wupura kaopa 0,48 mm,; 6 — videnenue
niamumsl (cgemioe, 8 yeHmpe cHUMKa), wiupuna kaopa 0,24 mm,; e — niamuua (céemioe 3epHO 8 yeHmpe
CHUMKa), MEMHbIU (pOH — HepyOHblll MuHepan, wupura kaopa 0,24 mm /

Fig. 5. Isolation of native platinum in a dyke of larch-grained apogartsburgite serpentinite (ditch 18,
eastern extremity of the zone of the Forward Ridge): a — a large grain of platinum (gray, in the center of
the image), the background around the grain is a non—metallic basis, frame width 0.48 mm, b — platinum

separations along the crack (in the center of the image), frame width 0.48 mm, ¢ — platinum isolation

(light, in the center of the image), frame width 0.24 mm; d — platinum (light grain in the center of the

image), dark background — non-metallic mineral, frame width 0.24 mm

B annumdax ycraHoBiieHbl caMOpO/IHas [UIaTUHA, TUPUT, XPOMUT, TUKOTUT, OKCH/IBI
xenesa. CamopojiHasi IUIaTUHA BCTPEUEHA B BHJIE THE3/] CBETJIO-CEPOro I[BETa C METAJUIN-
YyecKuM OseckoM pasmepoM 10 1,1 mm no jumHHOM ocu 1 0,1-0,2 MM o kopoTko# (puc.
5a). ®opma 3epHa HeNpaBWIbHAsA, KOHTAKTHI 3a3yOpeHHbIC, U3BWINCTHIE. MIHOTIA 3epHa
CaMOPOHOM IJIaTUHBI IPUYPOUYEHBI K CEKYLIUM TPELIMHAM I10 [T0JI0CYaTOCTH JINCTBEHUTA
(puc. 56), Tne onu 0061a1aF0T OKPYTIION (OPMOHA, a TAKKE B BUEC BECbMA PEIKUX MEITKHX
(< 0,08 MM) enMHMYHBIX 3epeH (puc. 5B, T). L[BeT MmIaTUHBI B 3TOM ClTy4ae CBETIO-CEPhIH,
MOYTH Oellblif, OTpakaTesibHasi ClIOCOOHOCTH BBICOKAsL.
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Takum 00pa3zoM, ¢ BBICOKOH /1071l BEPOSITHOCTH MOXKHO HPEANOI0XKUTh, YTO HAJIU-
YUE METAJUIOB IUIATUHOBOM I'PYIIIBI B yIIIEPOJUCTO-TEPPUTCHHBIX ITOPOIaX aPTHIKYAKCKOU
CBHTBI, TaK e, KaKk U B aH/IPIOKCKOM CBUTE, CBA3aHO C YIBTPAOCHOBHBIM NETPOPOHIOM
0CAaJIOYHBIX MOPOJ] U TANbHEHIIIUM SIIMTE€HETHUECKUM TIepepacipeaeseHneM pyaoo0pasy-
FOILIHAX 3JIEMEHTOB.

BbiBOADI
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JULMSIM POCCHIITHOMY MECTOPOXKIEHUIO.

2. Ananu3 pe3yapTaToB paHee MPOBEIEHHBIX OmpeneiaeHuil conepkanuii Pt u Pd B
YEepPHOCIAHLEBBIX MTOPOJAX aHAPIOKCKOM CBUTHI, JOCTUTAIOLIMX AECATHIX A0JICH I/T, BbI3bI-
BalOT COMHEHHE B MX JOCTOBEPHOCTH, TaK KaK B IyOIMKALIMAX HE YKa3aHbl MECTA U CIIO-
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Pe3stome: AKTyanbHoCTb pa6oTbl. 06LeMHOE LMG)POBOE MOLENMPOBAHUE TEN NOJIE3HbIX UCKOMAeMbIX B NPO-
Lecce [06bI4N U 3KCMITyaTaLMOHHON Pa3BefKy BCe 60/1ee aKTUBHO BHEPAETCS B NPAKTUKY paboT ropHOA00bI-
BAIOLLMX NPEANPUATUIA 15 0NepaTMBHOrO NAHUPOBAHUA 1 y4eTa ABMXKEHMS 3anacos. B To e Bpems npoxoka
pa3BefoYHbIX CKBXWUH B Pa3HbIX NIOCKOCTAX pa3pabaTbiBaemMoro 06beMa reosornieckoro NpoCcTpaHcTBa Co3-
[aeT CNOXHOCTU B YBA3KE rPaHUL, PYAHbIX TeNl B MEXNPOGUNbHOM NPOCTPAHCTBE W NAHUPOBAHUMN J06bIYHBIX
paboT, a UCMONb30BaHME FrOPHO-re0N0MMYECKNX MHEOPMALIMOHHBIX CUCTEM TPEBYET OT UCMONHUTENS 0TPabOTKN
OnpefesieHHbIX anropuTMOB NOCNEL0BATESIbHOrO UCMNOSIb30BAHNA UHCTPYMEHTOB ANs MOMyYeHns afieKBaTHbIX
MOJenen ¢ Y4eTOM YHUKAITbHbIX 0COGEHHOCTEA KXKA0ro MeCTOPOXAEHUs, 06bemMa U COAEpKaHUs UCXOAHbIX
JaHHbIX. B HacTosALLel paboTe BrepBble Ans rmy6oKMX ropu3oHTOB YpYncKoro MeaHOKONYeAaHHOr0 MeCTOPOX-
JeHns nocTpoeHa 06beMHas LupoBas MoLenb PYAHOA 3anexu, UWINKCTPUpYoLLas nNpoCTPaHCTBEHHOE pac-
npefeneHne CoAepXXaHui n 3anacoB PYAHbIX KOMMNOHEHTOB. OMbIT TakoW paboTbl MOXET ObITb NONIE3eH Chewu-
aNnucTaM, 3aHUMALLUMCA 3KCyaTaLnoHHON pa3seakoil. Lienb pa6oTbl. KomniekcupoBaHue UHCTPYMeHTapus
rOPHO-Te0nornyeckon MHAPOPMaLMOHHOA cuctembl «Micromine» Ans nOCTPOeHUs 06bEMHOA MOJENN PYAHON
3anexu. AHanu3 pacnpegeneHus coaepXXaHuin NonesHbIX KOMMNOHEHTOB M 3aMacoB B 06beMe PYLHON 3anexu.
Tonck nepcnekTUBHLIX HanpaBneHWn fanbHerwero passutus [06bl4HbIX pa6oT. MeToguka uccnefoBaHus.
B pabote onucaH nowarosbii anropuT™M NOCTPOEHUS LUPOBOIA 6104HOIR MoLenn [MaBHOA pyAHOR 3anexu
Ypynckoro MecTopoXeHus ¢ UCMNOSb30BAHWEM LITATHbIX MHCTPYMEHTOB FOPHO-reosorMyeckoi MHhopMauu-
OHHOW cuctembl «Micromine», TakUxX Kak YCNOBHOE MOAENUPOBaHUe (06BEKT «Kuna»), NOCTPOEHWUE KapKacos
Mo JINHUAM Te0N0rMYeCKUX rPAHML, NPOELMPOBAHHbIX HA NJIOCKOCTM Pa3pesoB, 3anoiHeHNe KapkacoB 6510KaMu
C MHTEpNonAuMei CoaepXXaHui U3 npob CKBXUH B LIEHTP 6/10Ka METOAOM 06PATHbIX B3BELLEHHbIX PACCTOAHNIA.
PesynbTatbl uccneaoBaHusa. [0CTPOEHbI KapkacHas 1 65104Has MOAESN ry60KUX rOpM30HTOB [MaBHON PYLHON
3anexu MecTopoxaeHus. MogobpaHbl ONTUMaNbHbIE Pa3Mep U OpUeHTaumMs 0Cen NNUNCOUAA NomcKa ansa uH-
Tepnonsauumu coaepXXaHnii pagoBbix Npo6 B f4enkn 61104HON Moaenu. Moka3aHo pacnpeaeneHne coaepXxaHun
Meau, KoapuumeHTa 3oHanbHocTU Zn/(Zn+Cu) 1 3anacoB B NNOCKMX CeYeHWAX. BbisiBneHa TeHaeHuns npu-
YPOYEHHOCTWN MaKCMMYMOB 3anacoB B NIOCKOCTU PYAHOM 3aneXu K 30HaM, OPUEHTUPOBAHHbLIM C CeBepo-3ana-
[ Ha 10ro-BOCTOK, PacrnonoXeHHbIM MeX[y BETBAMM MaBHbIX TEKTOHUYECKUX HApYLUeHWil. B paspese 3anexm
MaKCMMyMbl 3anacoB 06Pa3yHT «KyMCbl», OPUEHTUPOBAHHBIE K JIMTONOMMYECKON rPaHMLe KPOBNU 3aN1exXn noj
yrnom 5°.

Kntovesble cnosa: Ypynckoe mectopoxaeHue, TG «Micromine», 6no4Has Mmofenb, Meflb, 3anachbl, 30-
HaNbHOCTb.

Ina untuposanus: Axsapés I.C., bo6omypoTtos b.b. 06beMHas Lnposas Mogens rny6oKuX ropu3oHTOB

[naBHON pyaHON 3anexu Ypynckoro MeaHO-KONYe4aHHOr0 MecTOpoXaeHuUs. feonorus v reogusnka Hra Poc-
cum. 2023. 13(1): 125-135. DOI: 10.46698/VNC.2023.90.90.009.
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Abstract: Relevance. Volumetric digital modeling of mineral bodies in the process of mining and opera-
tional exploration is increasingly being introduced into the practice of mining enterprises for operational plan-
ning and accounting of the movement of reserves. At the same time, the penetration of exploration wells in
different planes of the developed volume of geological space creates difficulties in linking the boundaries of
ore bodies in the interprofile space and planning mining operations, and the use of mining and geological
information systems requires the contractor to work out certain algorithms for the consistent use of tools to
obtain adequate models, taking into account the unique features of each deposit and the volume and content
of the initial data. In this paper, for the first time, a volumetric digital model of an ore deposit illustrating the
spatial distribution of the contents and reserves of ore components is constructed for the deep horizons of
the Urup copper-crusted deposit. The experience of such work can be useful to specialists engaged in op-
erational exploration. Aim. Integration of the tools of the mining and geological information system “Micro-
mine” for the construction of a volumetric model of an ore deposit. Analysis of the distribution of the contents
of useful components and reserves in the volume of the ore deposit. Search for promising areas for further
development of mining operations. Methods. The paper describes a step-by-step algorithm for constructing
a digital block model of the Main ore deposit of the Urupskoye deposit using standard tools of the mining
and geological information system “Mycromine”, such as conditional modeling (the “vein” object), building
frames along the lines of geological boundaries projected on the plane of sections, filling frames with blocks
with interpolation of contents from well samples to the center block by the method of inverse weighted dis-
tances. Results. Frame and block models of deep horizons of the Main ore deposit of the deposit were con-
structed. The optimal size and orientation of the search ellipsoid axes for interpolating the contents of ordinary
samples into the cells of the block model are selected. The distribution of copper contents, zoning coefficient
Zn/(Zn+Cu) and reserves in flat sections is shown. The tendency of the reserve maxima in the plane of the ore
deposit to be confined to zones oriented from northwest to southeast, located between the branches of the main
tectonic disturbances, has been revealed. In the section of the deposit, the maximum reserves form “wings”
oriented to the lithological boundary of the roof of the deposit at an angle of 5°.

Keywords: Urupskoe field, MGIS «Micromine», block model, copper, reserves, zonation.

For citation: Yanvarev G.S., Bobomurotov B.B. Volumetric digital model of deep horizons of the Main ore
deposit of the Urupsky copper-crusted deposit. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of
Russian South. (in Russ.). 2023. 13(1): 125-135. DOI: 10.46698/VNC.2023.90.90.009.

BeeapeHmne

VYpynckoe MeTHOKOTYETaHHOE MECTOPOXKICHHE pacrnoiokeHo B JIabuHo- YpyrickoM
TOPHOIIPOMBIINIJICHHOM LCHTPE U ABJIACTCSA OCHOBHBIM 3KCILTYaTUPYCMbIM 00BEKTOM Mean
Cesepnoro Kagkaza [borymr u ap., 2021].
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BonpIIMHCTBO aHAIMTHYECKUX paboT, OMyOIMKOBAHHBIX M0 MECTOPOXKIEHHIO, 0a3u-
pyeTcs Ha HHGOPMAIMH, TOTYYESHHON MPU pa3Bellke U SKCIUTyaTallid BEPXHUX FOPU30H-
toB (oT 1 g0 10) [Ckpumnuenko, 1966; 1972; Cauenko, 1973; Hutchinson, 1973; Tsain-
ypenuasze u ap., 1979; Cmupnos, 1978]. B HacTosee BpeMsi HAKOIJIEH OONbILIONH 00beM
UHPOPMAIMH, MTOTYYEHHON MPH 3KCIUTyaTallMy ITyOOKUX ropu3oHToB (12—-16), koTopbIit
TpebyeT 0OpaboTKHU ¢ HCIOIB30BAHMEM COBPEMEHHOTO MHCTPYMEHTapHsl IU(PPOBOTo 00b-
€MHOT'0 MOJICTTMPOBAHUS U JOTIOJIHUTEIBHOTO aHAIIN3A.

B Hacroseit pabore BrepBble sl IITYOOKHUX TOPU30HTOB YPYIICKOTO MEIHOKOIYE-
JTAHHOTO MECTOPOXKJEHHUs TIOCTPOEeHA 00beMHas LudpoBas Mozaeib I 1aBHOI pyaHOil 3a-
J€KH, WUTIOCTPUPYIOIAs NPOCTPAHCTBEHHOE pAaCIpe/ieieHHue COJEpXKaHWN U 3aracoB
PYIHBIX KOMIIOHEHTOB, PACKpbITa MOCJIEIOBATEIbHOCTh BBHIIOJIHEHUS OINEpaluil Mo mo-
CTPOEHUIO OJIOYHON MOJIENU, TPUBEACHBI PE3YIbTAThl MOCTPOEHUH, HA OCHOBE KOTOPBIX
BO3MOJKHO TOJIy4€HHE HOBOM MH(POPMAIIH.

MeToAbl PABOTHI

[TudpoBoe MonmenupoBaHuEe MECTOPOKICHUH TOJIE3HBIX MCKOMIAEMBIX Bce Ooree ak-
TUBHO HCIIOJIb3YETCS FTOPHOIO0OBIBAIOIIMMHU MPEANPUATUIMHU KaK JUIsl ONEPAaTUBHOIO IUIa-
HUPOBAHUS U yUueTa JBM)KEHUS 3aacoB, TaK U JIJIs BECHUS ONepeKaroIel SKCIUTyaTalu-
oHHOI1 pa3Benku [Sides, 1997; Porwal, Carranza, 2015; Zuo et al., 2016; Sun et al., 2019;
Mao et al., 2020; Liu, 2022] u apyrux npobiem [Zaalishvili et al., 2014a, b; 2016]. B
TO € BpEMS IPOXO/IKA Pa3BEIOUYHbIX CKBaXXHH B Pa3HBIX MIIOCKOCTAX pa3padaTbIBaEMOro
00beMa reoJIOrMYeCKOT0 MPOCTPAHCTBA CO3/IAET CIIOKHOCTH B YBSI3KE TPAHUI PYAHBIX TEI
B MEXNPO(PHUIHLHOM IPOCTPAHCTBE, a UCTIOJIb30BAHNE TOPHO-TEOJIOTMYECKUX HH(OpMaII-
onnbIx cucteM (I'THUC) TpedyeT OT UCTIONHUTEIS OTPAOOTKH OIPEIEIICHHBIX aJlTOPUTMOB
MIOCJIEZI0BATENLHOTO MCIOIb30BAHNS UHCTPYMEHTOB JJISl NIOJYUYEHMsI aJIEeKBaTHBIX MOJE-
Jel ¢ yU4eTOM YHHUKAJIBHBIX OCOOCHHOCTEH KaXJI0TO MECTOPOXKACHUS M 00beMa U coaep-
YKaHMSI NCXOJHBIX JTaHHbBIX.

['maBHas 3anexp YPYIICKOTO MECTOPOXKICHUST 000OMIEHHO MPEICTABIISET COOOM JTNH-
3y MAaCCUBHBIX KOJTYEJaHHBIX Py, CYOCOITIACHBIX MPOKUIIKOB U PaCCESHHOW BKpaIJIEHHO-
cTH cynb(puI0B Ha KOHTaKTe 3()(y3UBHBIX U TY(HOTEHHO-OCAIOYHBIX MTOPOJ, MaTAIOIIYI0
Ha 10T noj yrioM 22-25°. B miaHe 3T0 NpUMEpPHO M30METPUYHOE TEJO C OTHOILIEHUEM
JUIMHBI 110 IPOCTUPAHUIO K JJIMHE 110 NajeHuto 7:6. VIcXonHbIMM JaHHBIMU /17151 IOCTPOE-
HUSI 00BEMHOM MOZIETH TITYOOKHX TOPHU30HTOB SIBUIIMCH 477 CKBaXKHMH DKCIUTyaTaI[HOHHON
pasBenku ¢ pesyasraramu onpoooBanus (3950 nmpoO) M reosoruyecKor TOKyMEHTAIIUH.
Vcnonb30BaHbl CKBaXXMHBI B TpaHunax Mexxay 0 u 35 paspe3amu (3anaaHblii GruaHr me-
cTopoxxJeHus1) Ha 12—16 ropuzonTax (puc. 1).

CkBaXMHBI PaCIIONIOKEHBI BeepamMu B uarnazone 360° Bo Bcex IIOCKOCTAX. B Takux
YCIIOBHSIX ITPOBECTH a/IEKBATHYIO YBSA3KY I'€0JIOTHYECKUX IPAHUL] B IUIOCKOCTAX Pa3pe3oB
WJIM TOPU30HTOB JIOCTAaTOYHO CJI0XKHO. Pa3pesbl 1 miiaHbl reo10ropas3Beiki MpeaCTaBIsOT
co00# MpHOIN3NTENBHBIN BAPHAHT PEaIbHOW KapTHHBI.

s mocTpoeHns: 00bEMHON MOJIENT PYTHOTO Tesia B MEPBYIO OuepeIb HEOOXOAMMO
OBUIO YCTAaHOBHUTH KOH(QUTYPAIMIO TPAHUI] PYTHOM 3aJI€XKH 10 CKBaKUHAM IKCILTyaTaI-
OHHOM1 pa3Benku. KpoBis pyapl Ha MECTOPOXKIEHUH, KaK IPAaBUIIO, pe3Kas, UMEET JIUTO-
JIOTMYECKUI KOHTpOJb. [lomomBa py1HOro Tena mnpejacTaBieHa Kak CIJIOUIHBIMU, TaK U
BKpAIUIEHHBIMH KOJTYE€JaHHBIMU pyJamMu. B cOOTBETCTBUU C AEHCTBYIOIIMMU TapaMeTpa-
MU KOHAMIMN JJ1 HOCTPOEHUS MOJIENIN PYJHOMN 3aJI€K1 I'paHUIA KPOBIIM IPUHSATA 10 CO-
nepxannro Meau 0,6%. 3a TIOOIIBY 3aJie)KH NPUHSATA TPAHUIIA ONPOOOBAHUS C COIEp-
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aHueM cepbl 18%.

I'panuna moctpoeHus
MOJICITH

The boundary of the
model construction

100 150 200

Puc. 1. Hcxoouvle dannvle 01 nocmpoerusi 06vemnou mooenu. 3D uzobpasicenue /

Fig. 1. Initial data for building a volumetric model. 3D image

Ha npennpusitin niockoCTH pa3BeIouHbIX NepeceyeH (JINHUM pa3pe30B) MPOBEe-
Hbl yepe3 12 M. CoOTBETCTBEHHO Ha pa3pe3ax BbIAEIEHbI HHTEPBAJIbI PY/bI 10 CKBAKUHAM
(IITPUXOBKH) C OKHOM MPOCMOTPA «OT cedsi-Ha ceOs» 6 M.

Jiis onpeniesieHus rpaHull MOJOIIBBI M KPOBIIM PYHOTO TeJla B MEKCKBAKMHHOM IPO-
CTpaHCTBE Ha IIEPBOM IIIare ObLI IMOCTPOCH KapKac Tejla C UCIOIb30BaHHEM HHCTPYMEHTA
YCJIIOBHOTO MOJIENUpPOBaHUs «okuiiay [Denotos, SAuBapés, 2021], koTopoe sBIsSETCS ajlb-
TEPHATUBOW TPAIULHUOHHOMY MeToay. [Ipy mocTpoeHnn moBEpXHOCTEW KPOBIM U MOJ0-
IIBBI TEJIa B PEKUME YCIIOBHOTO MOJEITUPOBAHMUS MCIIONB30BaH METO]] paJHaIbHBIX Oa-
3UCHBIX (DyHKIWH. OYHKIIUH 00€CTIEYNBAIOT KECTKYIO HHTEPIIOJISIINIO, HO B TO )K€ BpEMsI
MIPOTHO3HMPYIOT MOJIOKEHUE ITOBEPXHOCTH BBIIIE MM HUKE 3a()UKCHPOBAHHBIX 3HAYCHUH,
oOecrieunBasi €€ MUHUMAJIbHYIO KPUBHU3HY.

Ha Bropom miare, opueHTHpyYsCh Ha TPEH]I U3MEHEHUS TPaHUIIbl, YCTAHOBJICHHBIN B
pe3yibrare NpUMEHEHHs] HHCTPYMEHTOB YCJIOBHOTO MOJAEIUPOBAHMS, MOCTPOEH KapKac
PYZIHOrO Tejla METOJOM JIMHEHHONW MHTEPHONIALMU MO0 KOHTAKTaM IMOJOLIBBI U KpPOBIH,
3a(hUKCUPOBaHHBIM CKBOKUHAMHU M CIPOCHIMPOBAHHBIM Ha TUIOCKOCTH pa3pesa. Heobxo-
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JMMOCTb IPOELMPOBaHUS KOHTAKTOB PYAHOIO Teja Ha IUNIOCKOCTh pa3pe3a 00ycioBlIeHa
TEM, 4YTO MpPH MOCTPOCHUHU Kapkaca 0e3 MPOEKIH TOYEK MOJOLIBBI U KPOBIU PyIbl Ha
IUIOCKOCTh pa3pe3a BO3HUKAIOT MHOTOUUCIIEHHBIE NIEPECEKAOIINECS] TPEYTOJIBHUKH, W3-
0aBUTHCS OT KOTOPBIX MPAKTUYECKH HEBO3MOXKHO.

D¢ (eKTUBHOCTb TAKOTO MOAX0/a MOATBEPKAAETCS MPAKTHUECKU MOIHBIM COBIAJIe-
HUEM I'PaHUL] KapKaca, IOCTPOEHHOIO 110 CKBa)KMHAM Pa3BEIKU C TPaHHUIIAMHU, YCTaHOB-
JICHHBIMH 110 IOKYMEHTAIIMH TOPHBIX BEIPAOOTOK OUUCTHBIX paboT (puc. 2).
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Puc. 2. Kapkac Iagnoui pyonou 3anedxicu Ypynckoeo m-nus no 9 npogunio (nuosice 11 2copusonma) /
Fig. 2. The frame of the Main ore deposit of the Urup mine along the 9th profile (below the 11th horizon)

Ha 3akimtounTenbHOM 11are mocTpoeHa 0J04Has MOJENb PYTHON 3aJIeKU MO UTOTOBO-
My Kapkacy. Pazmep 6mokoB 5x5x2 M. brioku opueHTHpOBaHbI ATUHHON CTOPOHOM BIIOTH
PYIHOM 3aJIeKU U KOPOTKOM — MO MOILITHOCTH.

Wutepnionsius cogepxanuid Cu, Zn U S, yCTAHOBJICHHBIX B MPO0axX CKBa)KUH IKC-
TUTyaTallMOHHOM pa3BeKH, B OJOKH OCYIIECTBIISIIACh METOOM aHU30TPOIHBIX OOPATHBIX
paccrosiauii. OpHeHTHPOBKA JUTUIICOUIA CKOJIB3SIIEro OKHAa BRIOpaHa B COOTBETCTBUU C
YCTaHOBJICHHOW paHee OpUEHTUPOBKOW 30HATBLHOCTU B HKCIUTyaTallMOHHBIX Onokax [bo-
6omypoToB, 2022], KOHTPOIUPYEMOI MaCOCTPYKTYPOIl CeBEpO-3araHOr0 MPOCTUPAHUS
[Ps60B, 1983]. B cooTBeTCTBHH ¢ pabOTON airOpUTMa ISl pacuera CpeIHEB3BEIICHHBIX
3HAYCHUH CONEPKAHUM MO OIOKY HCIIOIB30BAIOCH MO TPHU MPOOBI U3 HE MEHEE YeM TPEeX
CKBa)XHH, PaCOJIOKEHHBIX Hanbosee Ou3Ko K LeHTpy Omoka. Takum oOpa3oM, Kaxablit
OJIOK OTpa)kaeT CpelHEB3BEIICHHOE COJCpKAHHE KOMIIOHEHTA B AJIEMEHTapHOM 00beMe
PYZIHOM 3aJIeKu U, B TO K€ BPEeMsl, HE CJIMIIKOM yCPEIHSAET COMIEp>KaHUs C MOTepei auc-
KpeTHOCTH (puc. 3).

Pe3yAbTAThl PABOTHI U X OBCYXAEHNE

Pynnas 3anexxp pa30uTa Ha MHOTOYHMCICHHBIE TEKTOHHYECKHE OJIOKM Pa3HbIX pas-
MEpPOB Pa3pbIBHBIMHU HAPYIICHUSIMH COPOCOBOTO U HAJBUTOBOTO THIIA, KOTOPHIE B OOJIb-
LIMHCTBE CIIYy4aeB PaCCMaTPUBAIOTCS KaK ONEPSIOLINE TPEIIMHBI OCHOBHBIX ITOCTPYIHBIX
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paznomoB [CaBueHKo U Ap., 1973]. OueBuaHO, 4TO pEe3KUE CMEILEHUS KPOBIIM KapKaca U
COKpaIlleHUs. MOLTHOCTH OOYCJIOBJIEHB! YPYICKUM U 3amagHbIM pasiomMaMu. YacTb pas-
PBIBOB TPAKTyeTCs KaK Pe3ysbTaT pacTsHKEHUs CylIb(UAHOTO Tela B Ipoliecce rpaBUTallu-
OHHOTO YIUIOTHEHHUS BYJIKAaHOT€HHO-0CA/I0YHOM CpeJibl U HAKOIUICHUS Je(OPMHUPYIOIINX
HaNpsHKEHUH B yCJIOBHSX IUIOLIAAHOTO AABJIEHUS Ha pyaHbIA uiacT [CKpUIYeHko u Ap.,
2007; Suukas, bpuruaa, 2022; 3aanumsuiu u ap., 2021]. B moxasmistoniem 60IbIINH-
CTBE CIIy4YacB aMILIUTyJa CMELICHNS 110 TAKUM Pa3pbIBaM HE MPEBBILIAET MOILHOCTH PYI-
HOM 3aJI€KH, TIO3TOMY TP IIOCTPOEHUH KapKaca OHU HE YUYHUTBIBAJIUCH.

o,
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Puc. 3. Brounas modenv pacnpedenenus cooepacarnuti Cu (%) 6 I1asnou pyoHoi 3anedxicu Ypynckozo
M-Hus no 9 npoghunto (nuoice 11 eopuzonma) /

Fig. 3. Block model of distribution of Cu contents (%) in the Main ore deposit of the Urupskoye mine
along profile 9 (below horizon 11)

30HATBHOCTH KOTYEAAHHBIX MECTOPOXKACHUN, — OJHA U3 UX BOKHEHIIINX XapaKTepH-
CTHK, TIO3BOJIAIOIIAS CYIUTh O TeHe3uce 1 (h(HEKTUBHO MPOBOAUTH Pa3BEAKY U TLUIAHUPO-
BaTh JIBIDKEHHUE 3amacoB. AHaIu3 OOJNBIIOr0 KOJMYECTBA KOMYETAaHHBIX MECTOPOXKICHUI
Pa3IMYHOTO COCTaBa M CTPOSHUS MO3BOJIUI YCTAHOBUTH OOIIME YEPThl UX 30HATBHOCTH
[JIorunos, 1974 u np.] 1 HAMETUTH TUIIOBOM PsAJl 30HAIIBHOCTH PYIHBIX IEMEHTOB, UME-
roumii Bua: Fe (Co) — Fe, Cu (Au) — Zn, Pb (Au, Ag) [Pynaksuct, Hexenckuii, 1975].

B nienom a1 BepXHUX rOpU30HTOB [ TTaBHOM 3aJIeKu MECTOPOXKICHHS YCTaHOBIICHBI
norepeyHasi ¥ JarepayibHas 30HaibHOCTH [PesnukoB, 1981; Pa6os, 1983; Skripchenko,
1986]. B nonepeuHom paspese 3a1exu 3aKOHOMEPHO BO3PaCTaeT COAECPKaHNEe MEIU B Ha-
MPaBJICHUH OT MOOIIBBI K KPOBJIE C PE3KUM IMaJCHHEM KOHIICHTPAIIMK Ha BEPXHEM KOH-
TaKTe, YTO CBA3AHO C IUAr€HETUYECKUM OKHUCIIUTEIBHBIM BO3ICHCTBUEM BOMHOM CPEIbl,
NEPEeKPHIBAIOIIEH PYIHYIO 3aJIe’Kb HA MOMEHT ee 00pa3oBaHus. biounas monens ry6o-
KHUX TOPU30HTOB B IEJIOM MOJATBEPKAAET 3Ty 3aKOHOMEPHOCTH (cM. puc. 3). Ho B oiinuune
OT THUIIOBOTO psiJia 30HAJBHOCTH, K03((uiueHT 30HanbHocTH Zn/(Cu+Zn), paccuuTaH-
HBIN 110 OTOYHON MOJIENH, TOKa3bIBAE€T HA OTHOCUTEIBHOE 000TaIlIeHHEe IIMHKOM IMOJIOIIBbI
3anexu (puc. 4).
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Puc. 4. Brounas modenv pacnpedenenus Zn/(Cu+Zn) 8 I1asnou pyoHoti 3anexcu Ypyncko2o m-uus
no 9 npogpunio (nudxce 11 copuzonma) /

Fig. 4. Block model of Zn/(Cu+Zn) distribution in the Main ore deposit of the Urupskoye mine
along profile 9 (below horizon 11)

B 10 ke Bpems cllelyeT OTMETHTb, YTO OJI0YHAS MOJICIIb MOXKET OTPaKaTh HE TOJIBKO
COZICpKaHHUE MM, HO M €€ 3aIlachl C y4eTOM 00BEMHOM MacChI 10 KlaccaM COJEpKaHui

cepsl (puc. 5).

Puc. 5. Brounas modenv pacnpedenenus sanacos Cu 6 monnax 6 IiasHoil pyowotl 3anexcu Ypynckoeo
M-Hus no 9 npoghunro (nuoice 11 2opuzonma) /

Fig. 5. Block model of distribution of Cu reserves in tons in the Main ore deposit of the Urupskoye mine
along profile 9 (below horizon 11)
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B sTom acniekTe a1 IIaHUPOBAHUSI TOPHBIX Pa0OT GJ0UHAs MOJIENb paclpeesieHHs
3amacoB IPeACTaBIIsAET ropas3o OONbLINKA HHTEpEC, YeM IpadMKHU pacrpeesIeH s coaep-
YKaHW, TOKa3aHHbIE HA PUCYHKE 2.

Co3nanue 6:104HON 0OBEMHOM MOAETH PYAHOM 3aJ1€KH MO3BOJISET MPOCIEIUTh TOBE-
JIeHWEe UHTEPIIOIUPYEMBbIX MOKa3areneil B I00bIX mIockocTsaxX. Kak B miuockocTsx paspe-
30B U IIOTOPU30HTHBIX IUIAHOB, IPUHATHIX HA NPEANPUATHH, TaK U B INIOCKOCTAX, OPHUEH-
THUPOBAHHBIX BKPECT NPOCTUPAHUS YPYIICKOTO pa3jioma (C I0ro-3ama/ia Ha CeBepo-BOCTOK).

IlocTpoeHnne cucTeMbl TaKUX Pa3pe30B MO3BOJIWIO BBIABUTH CIEAYIOLIUE 3aKOHOMEP-
HOCTH:

1. Conepxanue Menu B ipezieax I 1aBHOM 3aJ1€%H B 1LIEJIOM 3aKOHOMEPHO BO3pacTaeT
B HaIPaBJIEHUH OT IOJIOMIBHI K KPOBJIE, HO MAKCUMYMBI COJIEpKaHUN 00pa3yIoT «Uelryn»,
KOCO OpPUEHTHPOBAHHBIE K JIMTOJIOIMUYECKON IPAHULIE PYIHOTO Teja MOA YIIOM OKoJIo 5°.
AHanoruuHeIM 00pa3oM BeAyT ceOst 3arachl MeJIy, IPUYeM MAaKCUMYMBbI 3aI1acoB cMellle-
Hbl BHU3 OTHOCUTEJILHO KPOBJIM HAa 2—5 METPOB.

2. PacnipeneneHne HUHKA 1O MOILITHOCTH 3aJI€XH 00Jiee paBHOMEPHO U OeCHOpsII0YHO,
HO OTHOILEHHE COACPKAHUH IIMHKA K CYMME COJIepXKaHUN MEeTaJUIOB MOKa3bIBaeT Oolee
BBICOKHME 3HAUEHMS 3TOT0 KOA(PPUIIMEHTA B MOIOLIBE 3aJICHKU.

3. B nylaHe MakcUMyMBbl U MMHUMYMBI 3a11acOB 00pa3yloT MOJI0Chl, OpUEHTUPYEMbIE
B COOTBETCTBHUHU C I€HEPAJIbHBIM IPOCTUPAHUEM OCHOBHBIX Pa3loMOB (C ceBepo-3amaja
Ha I0r0-BOCTOK), IPUYEM MAaKCUMYMBbI 3aI1acOB PACIIOIAratoTCs MEKIY BETBSIMU INIABHBIX
TEeKTOHMYECKUX HapymeHuid. Mcxons u3 storo, Oosbliiee KOIUYECTBO 3aracoB CleayeT
0KU/1aTh Ha BOCTOYHOM IPOJIOJKEHUH 31K MeX 1y 16 u 17 ropuzoHTaMu B HHTEpBaJe
paspesos 0-10.

BbiBOADI

Hcnonb3oBanue mratabix nHCTpyMeHTOB I TYC «Micromine» B peKOMEHIyeMOii To-
CJIEZIOBATENILHOCTH (TTIOCTPOEHHUE IPEABAPUTEIILHOIO KapKaca pyaHOro Teljia CiocoOoM yc-
JIOBHOTO MOJICTTMPOBAHUS «KHJIa», KOPPEKTUPOBKA KapKaca CIioco0OM JIMHEHHOM HHTep-
HOJISILIMM 10 KOHTAKTaM, CIIPOELMPOBAaHHBIM Ha IIJIOCKOCTh Pa3pe3a, IOCTPOeHUE OJI0UHOMN
MOJIEJIN 110 UTOTOBOMY KapKacy) MO3BOJISET MOJYYUTh KAPTUHY pacpeneeHUs PyIHbIX
KOMIIOHEHTOB U MX COOTHOIIEHHUH B pa3HOOPUEHTUPOBAHHBIX CEUEHUSIX PYAHOIO Teja.

YcranosineH xapaktep pacnpenenaeHuss Cu, Zn 1 3amacoB 10 3JIeMEHTapHbIM OJIOKaM
B 00beMe PyIHOM 3aJIeXKH, YTO MOJKET OBITh MCTIOJIB30BAHO /ISl ONIEPATHBHOTO IIAHUPO-
BaHUs JOOBIYHBIX PAOOT.

JlanbHeliiee pa3BuTHe T0OBIYHBIX Pa0OT 3a TPaHUIIAMHU HCCIIEAYeMOil 00J1acTH peKo-
MEH/yeTCs COCpPeIoTOUnTh Ha 16-17 ropu3onTax B uHTepBaie Mexay 0 u 10 paspezamu.
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Abstract: The relevance In the article, the results of thermal and mineral water search and exploration con-
ducted in Yalama, Nabran, Khudat, Khachmaz areas of the Caspian-Guba thermal water field were reviewed. The
aim of the work is to determine the fresh and low-mineralized underground water sources of the region and their
effective use, evaluation and forecasting of exploitation resources is a priority issue. Methods. The principle of
development of deep geothermal systems and its application to the studied area were considered. So that, the
produced thermal water can be used for heating local and regional heating networks and also in resort hotels, in-
dustrial complexes and residential buildings. Conversion of heat into electrical energy is possible with additional
technologies such as Organic Rankine Cycle (Rankine Cycle) units or Kalina units at temperatures above approxi-
mately 80°C. Therefore, economically efficient production requires a temperature of 120°C or higher. Organic
Rankine Cycle (ORC) plants operate with lower boiling temperature due to the use of an organic heat transfer
liquid. Thevapor phase of this liquid passes through a turbine and drives the electric generator. Kalina plants
use an ammonia-water mixture as the heat carrier. Results. Based on the results of numerous measurements, a
graphical representation of the research area was created in the Grapher program and a temperature and discharge
distribution map was created in the Surfer program. The geothermal energy potential brought by the wells dug
in the Nabran, Khudat, Khachmaz zone was calculated and the prospect of using this energy was determined. In
the Nabran, Khudat and Khachmaz areas, and in the upper productive aquifer complex, the calculated operational
reserves of important therapeutic mineral waters and thermal waters as a type of thermal energy are more than
30,000 m®day in categories A, B, and C,.
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Pe3stome: AKTyanbHoCTb paboTbl. B cTaTbe pacCMOTPEHbI pe3ynbTaThl MOWCKOB U pa3BefKi TepMasibHbIX 1
MUHEpabHbIX BOJ, NPOBEAEHHbIX HA AnamMuMHCKON, HabpaHckoi, Xyaatckomn, Xaumasckomn nnowanax Kacnuii-
cko-KybumHcKoro 6acceiiHa TepmanbHbix BOA. Lienb pabotbl. OnpefeneHne MCTOYHNKOB NPECHBIX W CNaboMIHE-
pann30BaHHbIX NOJ3EMHbIX BOJ, PErMOHA, a TaKXe UX 3 eKTUBHOE UCNONb30BaHUE; OLEHKA U NPOrHO3UpoBa-
HUE AKCNJyaTaLUMOHHbIX PECYPCOB ABNAIOTCA NPUOPMTETHBIMU 3afa4amu. MeTofbl uccnefoBaHus. PaccMoTpeH
NPUHLNN pa3paboTKn rMy6UHHbLIX Fre0TepMaibHbIX CUCTEM U er0 MPUMEHEHWE K UCCNeyeMOoMy pernoHy. Takum
06pa3om, 106bITas TepManbHas BOAA MOXET 6bITb UCMOMNb30BaHA AN 060rPeBa MECTHBIX U PANOHHbIX TEMI0BbIX
CeTel, a TaKXKe B KYPOPTHbIX OTENIAX, MPOMBbILLSIEHHbIX KOMMNEKCcaxX W Xumblx gomax. lpeobpasosaHue Tenna B
ANEKTPUHECKYIO 3HEPrii0 BOSMOXHO C MOMOLLbKO JONOAHUTENbHbLIX TEXHONOMUIA, TAKMX KaK YCTAHOBKU C Opra-
HUYECKMUM LMKNOM PeHKIMHA (LMK PeHkuHA) unu ycTaHoskm Kalina npu Temnepartypax Bbilwe npumepHo 80°C.
KoHeu4HOo, Ans 3KOHOMUYECKN NMPOAYKTUBHOIO NPOKU3BOACTBA TpebyeTcs Temnepatypa 120°C u Bbiwwe. YCTaHOBKM
C OpraHunyeckum Unknom PeHkuHa paboTatoT npu 60siee HU3KOM TeMnepaType KuneHus, 6narogaps opraHuye-
CKUM TennoHocuTensm. Maposas asza XUAKOCTW B TENNOHOCKUTENE NPOXOAUT Yepe3 TYPOMHY 1 NPUBOAMT B feN-
CTBUE 3reKTporeHeparop. YcraHoska Kalina npumeHseT aMMnUa4yHO-BOAHYI0 CMECh B Ka4yeCTBe TEennOoHOCUTENS.
Pe3ynbTatbl paboTbl. [10 pesynbraTamM MHOFOYNCIEHHbIX U3MEPeHUiA B nporpamme Grapher co3gaHo rpadmye-
CKOe MpeJCcTaBfieHne paoHa uccnefjoBaHnii 1 B nporpaMme Surfer cosfana kapta pacnpefeneHus Temnepary-
pbl U pacxoaa. PaccynTaH reoTepmarnbHbIi AHEPreTUHeCKniA NOTEHLMAN CKBAXWH, NPONAEHHbIX B HabpaHCKoNR,
Xymatckor, Xa4Ma3CcKoi 30Hax, W onpefeneHa nepcrekT1Ba UCMonb30BaHWA 3TOM 3Heprun. Ha HabpaHckom,
Xy#aTtckoM U XaymMa3CKOM y4acTKax U B BEPXHEM NMPOAYKTUBHOM BOJOHOCHOM KOMMJIEKCE PaCYeTHbIe 3KCMny-
aTauMOHHbIe 3anacbl BXHbIX Ne4e6HbIX MUHEPANTbHBIX BOA W TepManbHbIX BOJ KaK BuAa TEnjaoBON 3Heprum
cocTasnatoT 6onee 30 000 m%/cyT no kateropusim A, B u C,.

Kniouesble cnoBa: TepManbHble BOLbl, TMAPOreosiornieckue 0CO6EHHOCTU, reoTepMarnbHas 3Heprus, ry-
GWHHbIE reoTepMasibHble CUCTEMbI, IBYXCKBAXWNHHAA CUCTEMA.

Ina umtuposanus: Vicnamsage A.B., Mammagos M.9. OueHka pecypcoB TepmanbHbIX BOg prkacnuiicko-
Ky6UHCKOro pernoHa 1 MeTofuka ux ucnonb3osanus. feosorus n reogpmsnka tora Pocenu. 2023. 13(1): 136-
149. DOI: 10.46698/VNC.2023.40.99.010.

Infroduction

Groundwater is one of the most common and exploited minerals. Identifying and ef-
ficient use of sweet and low-mineral groundwater sources in each region requires evalua-
tion and forecasting of their reserves. Hydrodynamic, hydraulic, balance, hydrogeological
analog, and expert evaluation methods are used in groundwater reserves forecasting.
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High-temperature underground water is called thermal water. Thermal water is clas-
sified into absolute types based on temperature, which is higher than the average annual
air temperature in the relevant area — relative (cold waters with a temperature less than
20°C can also form this type of water) and absolute, temperature 20-37°C (higher than
the average maximum air temperature on the Earth and higher than the normal temper-
ature of the human body). The temperature regime of subsurface waters is dependent
on both the endogenous heat of the Earth surface and the exogenous heat related to the
climate of the relevant area [Aliyev et al., 1972; Mekhtiyev, 1996]. In modern volca-
nic regions, these waters emerge as boiling or hot springs in the form of geysers on the
Earth surface. Such waters have low mineralization degree but high alkalinity. Na pre-
dominates in the ion composition. Some types of thermal waters are called as “acrotherm”
(acratotherm);andareprimarily nitrogenous in gas composition. However, thermals having
carbon gas, methane and hydrogen-sulfide can also be found. Nitrogen thermals are divid-
ed into three main types: 1. A type of granite that is spread on the surface and characterized
by a low mineralization degree typically with less than 0.3 g/l silicon, high levels of radon,
and some trace elements; 2. A type of volcanic rock found in shale and sandstone that is
characterized by the presence of hydrogen sulfide; 3. A type of sedimentary rock found
in carbonate (conglomerate, dolomite, etc.) deposits characterized by high mineralization
levels [Aliyev et al., 2006].

Scientific and practical researches are conducted in many developed countries for the
resolution of the problems related to the use of alternative (wind, thermal waters, etc.)
energy sources. The high-temperature thermal waters are also characterized as accumula-
tors of thermal energy due to their high heat-energy capacity.

Geothermal energy is an inexhaustible source of heat energy throughout the human
lifetime. Its use is harmless to the environment and provides the base load of energy. This
energy source is not dependent on weather conditions and operates 24 hours a day, 7 days
a week. The use of geothermal energy increases regional and local products, reduces de-
pendence on traditional energy sources and helps preserve valuable chemical reserves for
the future. Deep geothermal reserves can potentially provide reliable heat and electrical
energy for the future.

Materials and methods

Deep geothermal systems [Stober, Bucher, 2013]. Deep geothermal systems include
low-enthalpy hydro-geothermal systems that utilize heat from hot water or steam reservoirs
in deep aquifers (Figure 1). The heat storage is directly used by the heat exchanger or
sometimes through a heat pump.The produced thermal water can be used for heating local
and regional heating networks andalso in resort hotels, industrial complexes and residen-
tial buildings. Conversion of heat into electrical energy is possible with additional tech-
nologies such as Organic Rankine Cycle (Rankine Cycle) units or Kalina units at tempera-
tures above approximately 80°C. Therefore, economically efficient production requires a
temperature of 120°C or higher. Organic Rankine Cycle (ORC) plants operate with lower
boiling temperature due to the use of an organic heat transfer liquid. Thevapor phase of
this liquid passes through a turbine and drives the electric generator. Kalina plants use an
ammonia-water mixture as the heat carrier [Kalina, 1984; Ibrahim, 1996]. Kalina systems
withdraw less thermal energy from the thermal water than ORC systems but convert it to
electrical power with higher efficiency. In the low temperature range ORC systems suffer
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from low thermal efficiency that follows from a high auxiliary power requirement of the
cooling system, especially when air cooled [Park, Sonntag, 1990].

The most commonly used form of hydro-geothermal resources is the two-well
hydrothermal system. The system is based on two wells; one of them is the production
well that carries hot water from the geothermal aquifer to the surface, and the other well
is used to inject cooled water back into the ground. The thermal energy of hot water in the
geothermal aquifer is transferred to a suitable fluid via a heat exchanger. Thermal energy
cannot be completely transferred and converted into electrical energy. The hot water is
typically cooled to around 55-80°C, and accordingly, most of the thermal energy remains
in the thermal water. In case, if there are specific demand and the necessary infrastructure
is built, it is possible to utilize the residual heat. The economic success of the power plant
largely depends on the sale of residual heat.

The cooled water is returned to the injection well together with the residual heat. The
filter sections of the dual well are located at precisely determined distances from each
other (Fig. 1).

Fig. 1. Underground design of a deep geothermal open system installation (doublet, 1 producer, 1
injector) [Stober, Bucher, 2013]

Depending on the geological conditions, an injectionpump may be required. There are
several reasons for the return of produced water during the closed loop (reproduction): so,
that the natural refilling of deep aquifers is a very long process. Thus, it is necessary to
ensure the refilling of water reservoirs. Hydrogeothermal plant pumps a large amount of
water, so it is necessary to be sure of the alteration of the extracted water. Reinjection of cold
water is beneficial from both economical and practical viewpoints, because water often
contains high concentrations of dissolved substances and gases. Due to the wastewater
management, it is useful to inject the water back into the initial water storage tank.
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The Riehen plant located near Bazel (Switzerland), which has been continuously
providing heat energy to residential areas in Switzerland and nearby Germany since its
commissioning in 1994, can be mentioned as an example of geothermal binary system,.
The two wells are located at a distance of 1 km from the residual water reservoirs at a
depth of 1547-1247 m, correspondingly (Fig. 2).

Fig. 2. The hydrogeothermal binary system at Riehen (Basel, Switzerland), redrawn from documents
of Gruneko Corp [Stober, Bucher, 2013]

A hydrogeothermal binary system consisting of a production and an injection well
can be drilled obliquely from a single drilling point. This reduces the land required for
surface plant construction. Underground, the bottom of the hot water aquifer is typically
1000-2000 m apart from each other. An optimal distance between the wells must be de-
termined prior to drilling through the system’s numerical modeling. If the wells are too
close together, there is a risk of thermal short-circuit. This means that the cooled recycled
water can reach the production well too quickly and in turn, cool the geothermal water.
On the other hand, the wells should not be too far apart, as the production well cannot get
hydraulic support from the injection well in this case. Thus, the filling of the fluid reser-
voir depends on the reflux of the cooled water. The heated water after being pumped and
cooled down is stored in a closed system that allows maintaining a specific pressure. This
1s necessary to prevent or minimize buildup of high mineralized and gas-rich fluids in the
equipment due to pressure drop and gas loss. Calcium carbonates (calcite-aragonite) are
the most typical and widespread scales. The release of CO, gas from the pumped hot wa-
ter leads to the precipitation of carbonates in the piping system. Even though carbonates
aremore soluble in cold water,the loss of CO, is more influenced by pressure than tempera-
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ture. In closed pipe systems, the pressure can be adjusted to prevent degassing and scale
formation. In some areas, a strong acid (such as hydrochloric acid) or small amounts of
other chemicals (organic inhibitors) may be required to prevent scale formation. Geother-
mal power plants usually use two types of pumps: Submersible electric pumps (SEP) and
surface-mounted line shaft pumps (SLSP). The pumps used to bring the hot liquid to the
surface must be resistant to high pressure and corrosion and, therefore. it is considered the
most important component of the geothermal power plant. The SEP raises the hot liquid to
the surface, to the heat exchanger, under the influence of centrifugal force. The extracted
thermal energy can then be converted into electricity or fed directly into the central heat-
ing network. Improves energy efficiency by reducing combined power and heat emissions.
The combined power and heat increase energy efficiency by reducing emissions. They
are particularly environmentally friendly and economically viable. Consequently target
temperature is 200 °C andbeyond. The hot rocks, usually crystalline basement (granites
and gneisses), function as a heat exchanger. Heat transfer to the surface is achieved by
natural water present in the fracture pore space of the basement [Stober, Bucher 2007a, b;
Bucher, Stober, 2010]. In crustal sections with average geothermal gradients,5—7 km deep
wellbores are necessary to reach the required rock temperatures. The crystalline basement
of the continental crust is generally fractured in its upper part. The fractures are the result
of failure of stressed rocks in the brittle deformation regime in the uppermost about 12 km
thick layer of the Earth. The fractures are flow paths for advective water transport. The
hydraulic properties of the fractures depend on fracture aperture, surface roughness of
fracture surfaces, connectivity and frequency of fractures and other parameters [Caine, To-
musiak, 2003]. The hydraulic behavior of the fractured basement corresponds to an infinite
homogeneous low-conductivity aquifer (aquitard). High-pressure injection of water into
the borehole increases the aperture of natural fractures and unlocks partly sealed fractures
therefore improving the hydraulic conductivity.

The use of thermal water through dual systems (two-phase systems) for heating
purposes can often be considered feasible using hydrothermal binary systems. Geothermal
plants operating with them have been used for years and are currently used all over the
world.

Special kinds of geothermal plants are used inbalneological resorts using thermal deep
waters. Along with the use of hot water in baths and pools, the pumped thermal water
is also used for the heating of buildings in local areas. After the use, the wastewater are
cleaned, but not reinjected into the aquifer.

Hydro-geothermal systems include thermal fluid reservoirs and crack and fracture
zones with high permeability in sedimentary masses.

In addition to the low-enthalpy geothermal systems presented above, the high-enthalpy
steam or two phase systems are used for the generation of electric and heating energy.

Deep geothermal wells are, in principle, a form of oil-thermal systems. Here, heat
energy is extracted from any type of rock or rock sequence by using a closed circuit of
heat transfer fluid in the deep well. Deep geothermal wells are used only for heat supply.
Currently, it is not possible to generate electricity with the available technology due to the
relatively low temperature of the wells.

The technology of deep geothermal wells can be compared with near-surface
geothermal well technology. The geothermal heat carrying fluid in deep wells circulates
in a single borehole up to 3000m depth. The system doesn’t require conductive rock
formations at depth and can be installed anywhere. The existing abandoned wells are
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particularly suitable for installing deep geothermal wells. The heat production of deep
geothermal well can range up to 500 kVt depending on local conditions.

Heat transfer from hot rocks occurs by heat transmission from the solution of the
probe and corpus to the conducting fluid. Ammonia is a commonly used heat transfer fluid.
The cold liquid slowly flows down the ring of the double tube system and is gradually
heated by the surroundings. The downward flow rate is typically 5-65 m/s. In a thermally
insulated central pipe, thermal energy is lifted to the surface by the heated fluid. In a
surface heat exchanger, heat is removed from the hot fluid. The cooled liquid (15°C) is
pumped back into the loop. The heat extracting process cools the subsoil near the well. The
amount of the heat produced from the deep well is primarily dependent on the temperature
of the ground. Therefore, areas with positive heat anomalies areparticularly profitable
from economical viewpoint. Additional parameters affecting the productivity of deep
wells include the thermal characteristics of ground, especially heat conductivity, overall
operating time, well’s technical design, and thermal properties of the used corpus and
screen materials. Long and large diameter wells have greater heat exchange surfaces.

The structure of deep aquifers is often characterized by transition or mixed properties
between hydrogeothermal and petrothermal (oil-thermal) systems. The future applications
of deep geothermal energy sources include the extraction of heat from deep underground
mines and thermal energy from boreholes, and storing them in deep geological structures.

Geothermal energy sources of Azerbaijan

Azerbaijan has abundant potential of alternative energy sources. In terms of geother-
mal, the Greater Caucasus region is particularly abundant with low-temperature geother-
mal fields. In most parts of the area, this parameter is evaluated as not more than 30mW/
m?, only in the south-eastern part-Siyazan monocline the heat flux reaches 50mVt/m?.
The increase of heat flux in a regional scale towards the east and south is related to the
approach of Siyazan regional fault to the transition zone of the Great Caucasus geosyn-
clinal deformation zone [Mekhtiev, 1970; Huseynov et al., 1970; Aliyev, 1988; Aliyev et
al., 1996; Aliyev et al., 2002; Mukhtarov, 2004; Gubanov, 2022]. Due to its geological
and geomorphological characteristics, Azerbaijan has sufficient reserves in terms of
thermal water sources. As a result of the conducted research, more than 1000 thermal
water deposits with a total reserve of more than 245,000 m?/day have been identified in
Azerbaijan [Mammadova, 2016].

In total, the forecasted reserves of thermal waters of the Caspianriperian-Guba zone —
Jurassic, Cretaceous, Maikop and Absheron sediments are estimated at 81.4 thousand m?/
day.

During the years from 1983 t01996, exploration and prospecting of thermal and
mineral waters was carried out in the Yalama, Nabran, Khudat, Khachmaz, Guba and
Gusar areas of the Gaspianriparian-Guba thermal water deposit and positive results were
obtained.

As a result of the hydrogeological tests carried out in the wells dug in the mentioned
areas, underground thermal and mineral waters with high flow rate and temperature were
discovered in the Middle Jurassic, Upper Cretaceou and upper productive layer aquifer
complex.

The main purpose of the hydrogeological regime observations conducted in the
wells dug in the Nabran, Khudat and Khachmaz areas in 1998-2000 years, was:regular
study of the changes in the water level, flow rate, temperature, mineralization degree,
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chemical and gas composition of the wells depending on the natural factors (geological,
hydrogeological, hydrodynamic characteristics of the area, the interconnection of water
horizons, ways of recovery of underground water resources and changes in the balance);
consistent monitoring the technical conditions of the wells; implementing the necessary
technical measures and finally preventing the changes that may occur in the ecological
balance of the region [Mekhtiev et al., 1960; Muradov, Salahov, 1998; Muradov et al.,
2001; Sazonov et al., 2022].

The underground thermal waters of theLower Cretaceous water complex were stud-
ied in the wells drilled in the Khudat area at depths of 2275-2040 and 2541-2348 meters.
The water flow was 76.2-316.6 m3/day, with a temperature of 38-64°C.

The groundwater thermal waters of the Upper Cretaceouswater complex have been
studied in the Khudat area in the thermal water well with a depth of 2837-2228 m. The
flow rate of the water was 6000 m?/day, and the temperature is 85 °C.

The groundwater thermal waters of the lower productive aquifer complex were ex-
plored in the Yalama region at depths of 1192-972 m with 35°C temperature, 1140-945 m
with 41°C temperature. In the Nabran region, the thermal waters were explored at depths
of 1609-1483 m with 42°C temperature, 1845-1516 m with54°C temperature and 1915-
1648 m with39°C temperature. In the Khudat region, the thermal waters were explored at
depths of 1853-1624 m with 40°C temperature, 1676-1426 m with 38°C temperature and
1526-1406 m with 50°C temperature. In the Khagmaz region, the thermal waters were
explored at depths of 2477-1640 m with 45°C temperature and 1800-1660 m with 41°C
temperature in the drilled wells.

The groundwater thermal water of the upper productive aquifer complex in Nabran
was determined at depths of 1463-1140 m with 42°C, 1466-1287 m with 45°C, 1480-
1250m with 46°C, and 1614-1342 m with 39°C. In Khudat, the temperature was measured
at depths of 1360-1182 m with 48°C, 1360-1170 m with 54°C, and 1426-1208 m with
60°C. In Khachmaz, the temperature was measured at depths of 1615-1557 m with 60°C,
1515-1420 m with 52°C, and 1624-1473 m with 52°C.

Aghchagil fluid complex. The underground waters of this fluid complex have been
determined in mineral wells in the Nabran area at temperatures of 38°C for depths of
1124-931 m, 45°C for depths of 1231-993m, 45°C for depths of 1224-1028 m, and 36°C
for depths of 1203-996 m. In thermal wells of the Khudat area, temperatures have been
determined to be 50°C for depths of 1371-1260 m and 38.5°C for depths of 1512-1260 m.

The underground waters of the Absheron water complex have been discovered in min-
eral wells 6, 7, 9, and 10 in the Nabran area at depths of 1006-732 m. The flow rate of the
waters is 5-172.8 m3/day, and the temperature was 31-34°C.

Quaternary aqueous complex. Groundwater is very widespread in this zone and con-
sists of New Khazar, Khvalin, Khazar, Baku and Turkan floors. In this water complex,
both ground and pressure waters with different flow rate (5-55 1/sec) and mineralization
degree (0.51g/1) are distributed.

As a result of hydrogeological tests (up to 12 wells) and monitoring in thermal wells
drilled in Khudat and Khachmaz areas, changes have occurred in the hydrogeological indi-
cators (flow rate, temperature, dynamic and static levels, chemical and gas compositions)
of the developed waters in the upper productive aquifer complex to a noticeable degree.

It was found that there is a little differencewhen comparing the hydrogeological re-
sults obtained during the initial testing phase in the wells with those obtained during the
monitoring phase.
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Thus, as a result of hydrogeological monitoring carried out in wells drilled into ther-
mal waters in the Khudat and Khachmaz areas, the hydrogeological properties of ground-
water in the upper productive aquifer complex have been clarified, and its potential for
profitable use in various fields (heating systems and balneology purposes) has been con-
firmed once again.

In addition, it was revealed that the studied wells are technically useful, and it is possi-
ble and expedient to continue hydrogeological monitoring on them [Muradov et al., 2001].
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Fig. 3. The changes in temperature, debit, static and dynamic levels in well Nel24 in the Khudat field
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Hydrogeological analysis performed in the upper productive aquifer complex have
revealed that the flow rate, temperature, and chemical composition of the waters of this
area are suitable for direct use, as well as for the use of balneologyand agricultural pur-
poses. The flow rate and temperature of the deep-lying aqueous complex create the basis
for sufficient energy potential in the upper part of the productive layer. The hydrogeologi-
cal characteristics of the upper productive aquifer complex in Nabran, Khudat, Khachmaz
areas are given in Table 1.

Table 1
Hydrogeological characteristics of the upper productive layer
aquifer comple
Observation | Number | Hydrogeological | Flow rate of Water Degree of Chemical
area of wells | testing intervals, | the well, m¥ | temperature, | mineralization | composition
m day °C of water, g/l of waters

Nabran 6 1463-1140 178.4 42 9.90 Cl-SO4,Na
«“ 7 1480-1250 254.1 46 4-8 “
«“ 9 1466-1287 261.8 45 5.1 «“

«“ 12 1614-1342 170 39 6.85 Cl, Na

Khudat 123 1360-1182 520.4 48 34 «“

«“ 124 1356-1180 2400 54 1.7 CI-SO4,Na

126 1360-1170 2009.4 54 8.9 Cl, Na

«“ 127 1426-1208 6171.4 60 4.7 “
«“ 128 1570-1367 1148 54 4.4 «“
«“ 1163 1616-1310 2618 54 4.7 “
Khachmaz 115 1615-1557 960 60 8.3 «“

129 1550-1420 884 52 4.2 SO,4-Cl, Na

«“ 130 1624-1473 842 52 4.9 Cl-SO,, Na

Results

The thermal energy (outlet) brought from within the Earth by hot springs is evaluated
based on its flow rate. If we express the flow rate as q=m/t, water with mass m brings m=qt
energy. The heat amount Q=mcAT and it can be expressed as Q=qtcAT. Hence, we can
find the the average heat amount (heat power) brought by thermal waters per unit time.

W=0/t=geAT.

Based on the abovementioned, we can calculate the energy for the areas given based
on Table 1.
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In Nabran area, energy potential per one day in wells Ne7 and Ne 9 will be:

W, = 254.1 x 4200 = (46 — 16) = 32.016.600 Vt = 32.017kVt
Wy = 261.8 % 4200 * (45 — 16) = 31.887.240Vt = 31.887kVt

Here, the heat capacity of water is ¢=4200 J/K, AT is the difference in temperature
between the temperature of the water at the outlet of the well and the temperature of the air
at the time of measurement, and q is the flow rate of the water.

Energy potential per one day in wells Ne124 and Ne127 in Khudat area will be:

Wi, = 2400 % 4200 * (54 — 16) = 383.040.000Vt = 383.040kVt
Wis7 = 6171.4 x 4200 * (60 — 16) = 1.140.474.720Vt = 1.140.475kVt

The energy potential per one day in wells Ne115 and Ne130 in Khachmaz area will be.

W15 = 960 * 4200 * (60 — 16) = 177.408.000Vt = 177.408kVt
Wi3o = 842 x 4200 * (52 — 16) = 127.310.400Vt = 127.310kVt

If we assume the average monthly energy consumption of an house is 150 kWh, and
the daily consumption is 150/30 = 5 kWh, then for example, 32.017/5=6, 31.887/5=6,
383.040/5=77, 1.140475/5=228, 177.408/5=35, 127.310/5=25.

As it is seen, the calculated geothermal energy potential based on the drilled wells in
Nabran, Khudat, and Khachmaz zones provides energy for a certain number of homes.
However, it should be noted that we have only given examples based on two wells for each
zone. In this case, the number of homes supplied with energy and the energy potential will
increase.

In the studied region, the use of thermal waters as a type of thermal energy in relatively
large settlements such as Khachmaz, Khudat and other settlements would enable the
saving of oil, gas, electricity, firewood and coal, and the damage to the environment would
decrease.
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Fig. 5. Temperature distribution map for Nabran, Khachmaz, Yalama and Khudat areas
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It should be noted that in Nabran, Khudat, and Khachmaz areas, and in the upper
productive aquifer complex, the exploitation reserves calculated for the medicinal and
thermal waters, which are considered as a type of heat energy, are more than 30,000 m? per
day in categories A, B, and C1.

The use of such amount of water should be implemented at the state level or by large
companies, which will allow for effective utilization of thermal and mineral waters, proper
geoecological and hydrogeological control and compliance with sanitary-hygienicnorms.
The distribution map of temperature and debit in the Caspianriperian-Guba area was de-
veloped using the Surfer program.
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Fig. 6. Debit distribution (change) map for Nabran, Khachmaz, Yalama and Khudat areas

It is known that thermal energy (geothermal energy) is abundant on the Earth and it
can be used under certain conditions. In some cases (volcanic eruptions, thermal springs,
pressure of thermal water wells, etc.), this energy comes to the Earth’s surface by natural
ways.On the other hand, despite the fact that there is a significant amount of geothermal
energy per square meter in the deep layers of the Earth, its use is accompanied by many
problems, among which the delivery of geothermal energy from the depth to the surface is
the main one.This, in turn, is one of the most important factors determining the profitability
and efficiency of geothermal energy.

Recently, the efficiency of thermal energy use depends mainly on the deep drilled
wells. However, there are many unused exploratory wells in Azerbaijan, which can be
rehabilitated and used for the production of geothermal energy with small investment.

Conclusion

Based on hydrogeological regime observations carried out in the productive well
complex in the Nabran-Khudat and Khachmaz areas of the Caspianriperian-Guba region,
the changes occurred over time in the flow rate, temperature, dynamic and static levels,
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mineralization degree, and chemical composition of underground waters depending on the
natural factors have been investigated.

Based on the results of hydrogeological works carried out, it should be noted that:

1. When comparing the results of the first hydrogeological tests carried out in the
upper productive aquifer complex with the results obtained during the regime observations,
it was found that there is no noticeable difference in the hydrogeological properties of
groundwater. This also gives priority to consider that groundwater has a stable regime and
that calculated reserves of thermal waters are natural reserves.

2. In the Nabran, Khudat and Khachmaz areas, and in the upper productive aquifer
complex, the calculated operationalreserves of important therapeutic mineral waters and
thermal waters as a type of thermal energy are more than 30,000 m3/day in categories A,
B, and CI.

3. The presence of valuable chemical elements, including high-concentration of
iodine and bromine, revealed in the Middle Jurassic, Cretaceous and Lower Productive
layers and upper productive aquifer complex, allows for comprehensive utilization of
these waters.

4. The main source of the environmental contamination in the research areas is both
thermal and mineral waters with various physical and chemical compositions flowing
from wells. Especially, the waters located in the Middle Jurassic, Cretaceous and Lower
Productive layers and upper productive aquifer complexes are characterised by high
degree of mineralization and contain a number of harmful elements and compounds.
Therefore, the specified water wells (Ne112 and Nel16 in the Khudat area, Nel121 in the
Gusar area and Nel10 in the Yalama area) should be permanently closed.
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Pestome: AKTyanbHOCTb paboTbl. COBEpLLEHCTBOBAHME METOA0B pacyeTa YCTONHUBOCTM TPYHTOBbIX OTKO-
COB NpeacTaBnseT co60i BXHYIO 3aavy, peLleHne KOTOPONn HeobX0AUMO NMpK pa3MeLLeHn 34aHnia n coopy-
)KEHMIA Ha CKNOHaX Ans npefoTBPALLEHMs OMON3HEBbIX NPOLECCOB. B 6ONbLINHCTBE CYLLECTBYOLUX METO0B
pacyeta NOBEPXHOCTb CKONbXXEHWSI OMONIBHEBOrO TeNla NPUHUMAETCS KPYrNOUMANHAPUYECKON, Y4TO HE BCeraa
COOTBETCTBYET peanbHOi kapTuHe. Lienb paboTbl: paspaboTka METOANKM pacyeTa KO (uLMeHTa yCTOAYMBOCTH
TPYHTOBbIX OTKOCOB Ha OCHOBE MeTOJa NPeAeNnbHOr0 PaBHOBECUS C UCMONb30BAHWEM anrOPUTMOB HENWHEN-
HOro nporpaMmupoBaHus. MeTofbl uccneoBaHus. PeLleHne BbINOMHAGTCSA B [ABYMEPHOI NOCTaHOBKE. J1uHus
CKOJIbXX@HUS OTbICKMBAETCS B BMAE NOJIMHOMOB BTOPOW W TPETbEN CTENEeHN, a TAKXKe KYCOYHO-NINHEHON (PyHK-
Lmn. 3aga4a MOMUCKa IMHUM CKONbXXEHUS CTaBUTCS Kak 3ajava HenuHeiHoii ontumunaaunn. B kayecTse LieneBoi
(byHKUMN BbICTYNAET KO3 AMUMUEHT YCTONYMBOCTM FPYHTOBOTO OTKOCA, KOTOPbIA AN UCTUHHOW NOBEPXHOCTU
CKOMb)XXEHMS JOMKEH A0CTMYb MUHUMYMa. OnpeaeneHne KO3puumeHTa ycTORYNBOCTU BbINONHABTCA METOOM
Kacarte/ibHbIX CuJl. BapbmpyembiMn napameTpami BblopaHbl abCLMCCHI TOYEK NepeceyveHns CBOOOAHOIN NoBepx-
HOCTU FPYHTA C HWXKHEA NOBEPXHOCTbIO OMON3HEBOr0 TENa, a TAKXKE NMPOMEXYTO4HbIE OPANHATbLI TOYEK NINHIUK
CKONbXXEeHUs. PelleHne 3afa4n HeIMHENHOM onTuMmu3aumn BoinosiHeHo B cpege MATLAB ¢ ucnonb3oBaHuem
naketoB Optimization Toolbox u Global Optimization Toolbox. [1ns noucka MMHUMYMA LIENeBOR OYHKLWK Npu-
MEHSIeTCH MeTO[ BHYTPEHHEN TOYKM, NO3BONAOLLMA HAWTW TOKANTbHBIA MUHUMYM, a TaKXe MeTO[, LWabnoHHOro
noucka, KOTopbIil NO3BOMSET HANTY rNobanbHbIl MUHUMYM. Pe3ynbTarbl ucecnegoBanus. [lemoHcTpauna npes-
naraemoii METOAMKM NPOM3BEeHa Ha NPUMePEe 0AHOPOAHOMO FPYHTOBOMO OTKOCA NPM AEACTBUN HA HErO TONbKO
COOCTBEHHOr0 Beca. [oKa3aHa CXOAUMOCTb METOAA MPU MCNOMb30BAHWN B KA4YECTBE NIMHUN CKOMbXEHNA Ky-
COYHO-JINHEAHON COYHKLMW NPU YBESIMYEHNI YMCNA OTPe3KOB. BbISBIIEHO CYLLECTBEHHOE OTANYKUE NOJTYHEeHHO
JINHAM OT Iyrn OKPYXXHOCTK. YCTAHOBMEHO, YTO NMPKM 3a4aHWUK IMHAYU CKONbXEHMS NONUHOMAMI BTOPOW W TPETbEN
cTeneHn KoaULMEHT YCTONYMBOCTI 0Ka3bIBAETCS HECKONBKO BbILLE, YEM B Clly4ae NPUMEHEHUS KYCOYHO-NN-
HeHOI PYHKUMK. [INs KOHTPONS OCTOBEPHOCTW Pe3y/bTaToB KOOPAMHATLI TOYEK NOJTy4eHHOMN JIOMaHON NINHUN
CKOMb)XXEHMs NepeaaHbl B NPOrpaMmHbIi KOmnneke GeoStab, rae BbINONHEHO HE3aBUCUMOE OnNpeaeneHme Koam-
thuumenTa ycronumsocti. Takxe B nporpamMme GeoStab ans cpaBHeHWUs NpOM3BeLAEH pacyeT yCTONYNBOCTU pac-
CMOTPEHHOr0 CKMOHA NpY NOMOLUM METOAA KPYrioLunnMHAPUYECKUX NOBEPXHOCTEIA. Vcnonb3oBaHbl Hanbonee
3BECTHbIE BAPWUAHTbI AAHHOr0 MeToAa, BKNYasa metog ®enneHuyca, buwona, LLaxyHaHua, kacaTenbHbIX cun,
An6y, CneHcepa, MopreHwwTepHa-lpaiica. Kpome Toro, npom3BeAeHO CpaBHEHUE C KOHEYHO-3JIEMEHTHBLIM pac-
4eTOM B MPOrpaMMHOM Komniekce Plaxis.

Knto4eBble cnoBa: 0non3Hu, rpYHTOBbINA OTKOC, MOBEPXHOCTb CKOJTbXEHNS, YCTORYUBOCTD, HEMMHENHAS On-
TMMKn3aumnsa.
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Abstract: Relevance. Improving the methods for calculating the stability of soil slopes is an important task,
the solution of which is necessary when placing buildings and structures on slopes to prevent landslide pro-
cesses. In most existing calculation methods, the sliding surface of a landslide body is assumed to be round-
cylindrical, which does not always correspond to the real picture. Aim: development of a methodology for calcu-
lating the stability coefficient of soil slopes based on the limit equilibrium method using nonlinear programming
algorithms. Methods. The solution is carried out in a two-dimensional setting. The slip line is found in the form
of polynomials of the second and third degrees, as well as a piecewise linear function. The problem of finding
the slip line is posed as a non-linear optimization problem. The objective function is the coefficient of soil slope
stability, which for a true sliding surface should reach a minimum. The determination of the stability coefficient
is carried out by the method of tangential forces. The abscissas of the points of intersection of the free surface
of the soil with the lower surface of the landslide body, as well as the intermediate ordinates of the points of the
slip line, were chosen as variable parameters. The solution of the nonlinear optimization problem was performed
in the MATLAB environment using the Optimization Toolbox and Global Optimization Toolbox packages. To find
the minimum of the objective function, the interior point method is used, which allows finding a local minimum,
as well as the pattern search method, which allows finding the global minimum. Results. The demonstration of
the proposed technique was carried out on the example of a homogeneous soil slope under the action of only its
own weight on it. The convergence of the method is shown when using a piecewise linear function as a slip line
with an increase in the number of segments. A significant difference between the obtained line and the arc of a
circle is revealed. It has been established that when the slip line is specified by polynomials of the second and
third degrees, the stability coefficient turns out to be somewhat higher than in the case of using a piecewise linear
function. To control the reliability of the results, the coordinates of the points of the obtained polygon line were
transferred to the GeoStab software package, where an independent determination of the stability coefficient was
performed. Also, in the GeoStab program, for comparison, the stability of the considered slope was calculated
using the method of round-cylindrical surfaces. The most famous variants of this method were used, including
the method of Fellenius, Bishop, Shahunyants, tangential forces, Yanbu, Spencer, Morgenstern-Price. In addition,
a comparison was made with the finite element calculation in the Plaxis software package.

Keywords: landslides, soil slope, sliding surface, stability, nonlinear optimization.

For citation: Akopyan V.F., Yazyev B.M., Chepurnenko A.S. Calculation of soil slope stability using nonlinear
optimization methods. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of Russian South. (in Russ.).
2023.13(1): 150-161. DOI: 10.46698/VNC.2023.69.79.011.
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CHuXeHHe YCTOMYUBOCTH TPYHTOB, MPUBOIAIIEE K OMOJII3HEBBIM MPOIECCaM, MOXKET
MPOU30UTH MPU W3MEHEHHUH JIaHAIa(TOB U penbedoB, BOSHUKHOBEHUH aHTPOIIOTEHHBIX
HArpy30K Ha rpyHTHL. Pa3menieHue 31aHUi M COOPYKEHHIM Ha CKJIOHAaX TpeOyeT o0s3a-
TEJILHOTO BBITTOJIHEHUSI OLIEHKH UX YCTOMYMBOCTH ISl COOTBETCTBHUS TPEOOBAHMIM 0€30-
nacHocTH. CTETeHb YCTOMYMBOCTH CKJIOHOB KaK MPaBUJIO OIICHUBACTCS KO (HUITUEHTOM
YCTOMYUBOCTH, ISl ONPEACIICHUS KOTOPOTO CYIIECTBYET MHOXKECTBO PACU€THO-TEOPETH-
yeckux MetonoB [bynnukos, 2019; Salunkhe et al., 2017; Harabinova et al., 2021; Fattahi,
Zandyilghani, 2020].

Haubonee pacnpocTpaHeHHBIMU U HIMPOKO MPUMEHSIEMBIMU B HACTOSAIIEE BPEMS SIB-
JISIFOTCSL METO/Ibl, OCHOBAaHHBIE Ha MpEeIbHOM paBHOBECHH IpyHTOBOro Maccusa [Cala,
Tlisiak, 2020; Kumar et al., 2018; Liu et al., 2019]. B GonpImmHCTBE TaKUX METOJOB I10-
BEPXHOCTb CKOJIBKEHHUS OTOJI3HEBOTO TeJla MPUHUMAETCS KPYIIIOIMIMHIpruaeckoi [bap-
Tonomeit u np., 2020; baresinoBa, 2020; Rotaru et al., 2022]. Ognako 171 peaabHBIX CKIIO0-
HOB (pOpMa MOBEPXHOCTH CKOJILKCHHUS MOKET 3aMETHO OTJIMYATHCS OT KPYrOBOTO IMIIMH-
apa [3epkans, 2021; Ucnsamosa, Xopoumios, 2021]. AnpTrepHaTUBOM METOAAM IPEEIb-
HOTO PaBHOBECHS BBICTYIAeT KOHEUHO-dJIeMeHTHOe MonenupoBanue [Dyson, Tolooiyan,
2018; Sharma et al., 2019; Cecilio, Garcia, 2022; INaifmxypoB u np., 2021a, 6]. s onpe-
JeJIeHUsT KOOPPUITMEHTa YCTOWIMBOCTH CKIIOHOB BBITIONHSIETCS UX PacdyeT B PU3UICCKU
HEJTMHEWHOW MOCTAHOBKE C IMOCJEI0BATEIbHBIM CHIKEHHUEM MPOYHOCTHBIX XapaKTepu-
ctuk [Dyson, Tolooiyan, 2018; Sharma et al., 2019], nu6o moBkIIIEHUEM YASIBHOTO Beca
rpyHTa ¥ BHeIHUX Harpy3ok [Cecilio, Garcia, 2022] 10 10CTHXKEeHHUS TPEETBHOI0 COCTO-
sHus. PacueT MeToJ0M KOHEUHBIX 3JIEMEHTOB MO CPAaBHEHHUIO C METOJaMU MpeAeIbHOro
paBHOBecHsI TpeOyeT 3aMETHO OOJIBIINX BBIYUCIUTENBHBIX PECYPCOB.

[enpro HacTosAIEH pabOTHI SIBISIETCS pa3padOTKa METOJUKH TMOWCKA MOBEPXHOCTH
CKOJIBXKEHHSI OTIOJI3HEBOTO T€JIa, OTIIMYHOU OT KPYIIOUMIMHAPUYECKOM, C UCTIONB30BaHU-
€M METOJIOB HEJIMHEHHOM ONTUMHU3AIIMY Ha OCHOBE METO/A MPEACIbHOIO PABHOBECHSI.

MaTtepunanbl U METOABI MICCAEAOBAHMSI

[ToBepXHOCTh CKOJIbKEHHS OTIOJI3HEBOTO CKJIOHA OyleM UCKaTh B BHJE KyCOUHO-JIH-
HelHOW (YHKIIMH, a TaKXKe B BUJE MMOJMHOMOB BTOPOM U TpeThell cTteneHu. B kauecTse

1e1eBOM (DYHKITMU BBICTYIAET KOA(OUIIMEHT YCTOMYMBOCTH CKIIOHA K., KOTOPBIM JUIsI UC-
TUHHOU IMOBEPXHOCTHU CKOJILKEHUS JIOJDKCH IOCTHYh MUHUMYMA. J1J1s onpesiesieHus Kodgd-
(uMeHTa yCTOMYMBOCTH UCIIONB3YETCS METOJT KaCaTeIbHBIX CHJL.

B nannoM MeTosie MacCuB rpyHTa, CIIOI3A0IINNA IO HEKOTOPOU TOBEPXHOCTH, pa3ou-
BAETCs HA OTCEKU. B3aumonelicTBue MEXIy OTCEKAMU HE yUUThIBaeTCa. MeToJ1 kacaresib-
HBIX CHJI TIPEIIOJIaraeT BBIMOJIHEHUE CYMMAapHOTO YPaBHEHHS PaBHOBECHS B MPOCKIIUU
Ha HaIPaBJICHUE CKOJIBKEHHUS, a TAK)KE YPAaBHEHHS PAaBHOBECHUS B KaXKJOM OTCEKE B MPO-
eKIIMM Ha HOpMaJib K OCHOBAHHUIO.

KoaddummenT ycroitunBOCTH B METO/IE KaCATEIILHBIX CHJI OMIPEEIISICTCS U3 COOTHO-
menus [Bacun, Jlexos, 2021]:

R
K

= — 1
YoXT; ()

rae T, — xacarenbpHas IPOEKIUS PABHOACHCTBYIOIIEH BHEIIHUX CHI I, IeHCTBYOIINX
Ha OTCEK, K OCHOBAHHMIO [-To OTCEKa, [, — mpeeapbHOe 3HAYEHUE CHIIBI COMPOTHBIICHHS
CABUTY TPyHTA MO0 MOBEPXHOCTH | -TO OTCEKA.
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B HacTos1el craree s JEMOHCTPALMK METO/Ia OTPAaHUYUMCS TOJIBKO CIIy4aeM Jeil-
CTBMA COOCTBEHHOTr0 Beca. B 3ToM cityuae k03(h(UIIMEHT YCTOHYMBOCTH 110 METOly Kaca-
TEJIbHBIX CHJI OIIpeieNsieTcs o popmyIie:

K - * 1(G;cosa;tan @; + ¢;l})
Y 2i=1(Gisina;) '

2)

rze {#; — Bec [-To OTCeKa, {f; — yroj HaKJIOHa OCHOBAHUSI OTCEKA OTHOCHTEIILHO TOPH-
30HTAJILHOM JIMHUM, , U §}; — COOTBETCTBEHHO CLEIJICHUE U YrOJl BHyTPEHHETO TPEHUS
IpYHTa [10 OCHOBaHMIO OTCEKa, [, — JUIMHA OCHOBaHMS OTCEKa.

ITycTh moBepXHOCTH IpyHTA 337aeTcs GyHKUUeH f (%), a HUKHSS TOBEPXHOCTb CIIOJI-
3aroriero MaccuBa — ¢GyHkien J( ). [Ipu ucmons30BaHUM [T 33JaHKsT TOBEPXHOCTH
CKOJIb)KEHHS KyCOYHO-JIMHEHHON (DYyHKIIMU B KAYECTBE BAPbUPYEMBIX I1apaMETPOB BHICTY-
HAIOT KOOPJMHATHI ¥4 M X, .4 TOYEK HepecedeHnst iuHuit [ %) u g ¥}, a Takxe opauHa-
TBl ¥, (I = 2 ...71) IPOMEKYTOUHBIX ToUeK (puc. 1). AGcIUCCHI ¥, TPOMEKYTOUHBIX TOUEK
ONpeeIsIIOTCs pa30UeHIEeM HHTepBaa [1y; ¥, | Ha 1! paBHBIX OTPE3KOB.

X1

—

Puc. 1. K onpedenenuio koapuyuenma ycmonyugocmu npu 3a0aHuu NOBEPXHOCHU CKOIbICEHUS
KYCOUHO-TUHEUHOU QyHuKyuerl /

Fig. 1. To the determination of the stability coefficient when the sliding surface is specified by apiece
wise linear function

Ha Bappupyembie IEPEMEHHBIC X, Xy 41, Va, --r Vy BBOISTCS CIEAYIONIME OTpaHUYC-
HHUS:

yi < f(x); 3)

X1 < Xp41-

Kpome Toro, nepemMeHHbIe X, Xiy 41, V2, - ¥y OTPAHUYEHBI pa3MEpaMU UCCIIETYEMOM
obnactu.

[lpn 3agaHMy  TOBEPXHOCTH  CKOJBKEHHMsS IOJMHOMOM BTOPOM  CTENCHH
glx)=ax® + bx + ¢ B KayeCcTBe NEPBBIX [BYyX BAPLUPYEMBIX IIAPAMETPOB BHICTYIIA-
10T abCLMCCBl TOYeK IepecedeHust JuHuil fix) m ¥} ¥, u X, a TaKke OpAUHATA

N
Y.=q Lﬁ | (puc. 2). IIpu 5TOM TOIDKHBI BBITIOIHATHCS OTPAHUYCHUSL:
¥ )
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’

m) . (4)

yc<f( >

x; < Xy

fix)

T g} =ax’ +bx + ¢

(X - xp )2

X2

Puc. 2. K onpedenenuio koapuyuenma ycmonyugocmu npu 3a0aHuu NOBEPXHOCHU CKONbICEHUS
NONUHOMOM 8MOPOIL cmenenu /

Fig. 2. On the determination of the stability coefficient when the sliding surface is specified
by a polynomial of the second degree

B ciyuae ucnosnb30BaHus AJ1s1 IOBEPXHOCTU CKOJIBKEHUSI IOJTMHOMA TPEThEU CTETIEHU
gl1) = ax® + bx® + cx + d (puc. 3) BappUpyeMbIMU IIapaMeTPaMU BBICTYIAIOT a0CIIUCCHI
£, ¥ X2, a TAKXKE OPIAUHATHI V3 j3 U V33, ONPE/ICISIEMbIC KaK:

X2 — X1

y1/3=g(x1+ ; )<f(x1+x2g)ﬁ);

Y23 =9 (x1 +§(x2 - x1)) <f (x1 +§(x2 - x1))-

)

fix)

T gixl = ax' + hy? + gxddd

(xr = xe b 3lixy - /3

Xi

Xa

Puc. 3. K onpedenenuio xoapuyuenma ycmotiuugocmu npu 3a0aHuy NoBEPXHOCMU CKOTbIHCEHUS
NONUHOMOM mpembell cmeneHu /

Fig. 3. To the determination of the stability coefficient when the sliding surface is specified by
a polynomial of the third degree
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[Torck MuHUMyMa 1ienieBoit GyHKIMK &, Hamu peanu3oBaH B cpene MATLAB npu
oMoty maketoB OptimizationToolbox u GlobalOptimizationToolbox. Ucnonb3yercs
METOJ BHYTPEHHEW TOYKU — I'PAJUEHTHBIA METOJ, TO3BOJISIOIINI HAWTH JIOKAJIbHBIA MU-
HumyM ¢yHkuuu [Byrd et al., 1999], a taxke meron 1m1abJOHHOTO TOKMCKAa — METOJ 0e3-
IPaJUEeHTHON ONTUMH3ALMK, KOTOPbIM MO3BOJISIET HAWTH 1100anbHbId MuHUMYM [Findler

et al., 1987].

Pe3yAbTaTbl PABOTHI M UX OBCYXAEHWE

Jlns anpoOaruu pa3paboTaHHON METOAMKY OB BBITIOJIHEH PAacyeT CKIIOHA, CXeMa KO-
TOPOTO IpHBeJieHa Ha pUcyHKe 4. CKIIOH IPUHUMAJICS OJHOPOJHBIM, C YAEIbHBIM BECOM
¥ = 18 xH/w’, cuemieHneM r = 35 xlla ¥ yIJIOM BHYTPEHHETO TpeHus @ = 227,

Sm

Puc. 4. Cxema paccuumvisaemoeo cxkiona /
Fig. 4. Scheme of the calculated slope

B Tabnuue 1 npencraBnensl NpuHATbIE HAMU HWKHUE (/D) 1 BepxHUE (ub) rpaHULIbI
BapbUPYEMBIX MAPAMETPOB MPHU MOUCKE MOBEPXHOCTHU CKOJBKEHHUS B BUJAE KyCOUYHO-JIU-

HENHON (YHKINU.
Tabnuya 1/ Table 1

HwxHue u BepxHHe rPAaHUIBI BXOAHBIX IAPAMETPOB 1eleBoH GyHKIUM /
Lower and upper bounds of the input parameters of the objective function

Mapamerp / Parameter Ib ub
'I'.Ja M -1 5

L s+l M 0 20

Va oo Vo M -1 10

Ha pucyHke 5 mpuBeeHb MOBEPXHOCTH CKOJBXKEHHS B BUJE KyCOUHO-JIMHEHHOM
(GYHKIUH, TTOJyYSHHbIE TIPU PA3JIMYHOM YHUCIIE OTPEe3KOoB 1. OTMETHM, YTO MPU HCIIOIb-
30BaHMU METO/Ia BHYTPEHHEH TOUYKH U METO/1a MA0JI0HHOTO MTOUCKA 3aMETHON pa3HUIIBI B
pe3ynbraTax He ObUTO BBIABICHO. 3HAUYCHHS KOA(PQHUIMEHTAa YCTOHYUBOCTH TIPH Pa3Iny-
HBIX 1 CBEJICHBI B TAONIUILY 2.
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Y. M

n—4/

ne=12" " n-=48

Puc. 5. Hosepxnocmu ckonvaicenust 8 8Ude KyCOUHO-TUHEUHOU QYHKYUU NPU PAZIUYHOM YUCTE OMPE3K08 I /
Fig. 5. Slip surfaces in the form of a piecewise linear function for a different number of segments n

Tabnuya 2 / Table 2

3HaveHns k03¢gPUIHMEHTAa YCTOMYHBOCTH NIPH Pa3JINYHOM 4YHCJIe OTPe3KOB n /
The values of the stability coefficient for a different number of segments n

n 1 2 3 4 5 6 7 8 9 10 11 12
K 1,96 | 1,64 | 1,54 | 1,5 | 1,47 | 1,45 | 1,44 | 1,41 | 1,41 | 1,40 | 1,40 | 1,40

I-'

W3 Tabnuupl 2 ¥ pucyHKa 5 BUJHA CXOIMMOCTb PELICHMsS MPU YBEIMYEHUH 4YHCIa
oTpe3koB. Takke IUisi KOHTPOJIsL TOCTOBEPHOCTH PE3YJBTATOB IMONy4YEHHbIE npu n = 10
KOOPJMHATHI TOYEK MOBEPXHOCTU CKOJIBKEHUS NEPEAABAIUCH B IPOrPAMMHBINA KOMIIJIEKC
GeoStab. JlaHHBIN KOMIUIEKC HE MO3BOJISIET HAHTHU MOBEPXHOCTh CKOJBKEHHUS B BUJIE JIO-
MaHOH JIMHUH, HO MOXKET IO 3a/IaHHOH JIMHUM pacCcuuTarh KO3(Q(QUIMEHT YCTOHYNBOCTH.
B pesynbrare ObU10 NOMyYeHO 3HAUYCHHE KO PHUIMEHTa YCTOMYMBOCTH K, = L4 (puc. 6),
YTO COBIAJAET C ABTOPCKUM PELLICHUEM.

A Aaldi

'

;..---'---'r'\..rih;Pa-'
£ ¥

E s i 4 =

Puc. 6. Pesynemamul onpedenenus koagghuyuenma ycmouiuueocmu 6 GeoStab npu n=10/
Fig. 6. The results of determining the stability coefficient in GeoStab at n=10
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Ha pucyHnke 7 noka3aHbl IOBEPXHOCTU CKOJIbKEHHUS, IIOJy4YE€HHBIE IIPU UCIIOIb30Ba-
HUU IIOJIMHOMA BTOPOM U TPEThEH CTENEeHU. [ [puHsATBIE IPY 3TOM HUKHUE U BEpXHUE I'Pa-
HUIBI BapbUPYEMBIX ITapaMETPOB NpUBEACHHI B Tabnule 3. B ciiydae ucnonb3oBaHus mo-
JMHOMA BTOPOM cTeNeHH KOA(P(UIUEHT YyCTOWYMBOCTH cocTaBui 1,48, a mpu ucnonb3oBa-
HUUY TIOJTMHOMA TpeThe ctenenu — 1,44, Taxke Ha TaHHOM rpaduKe MPUBEICHO PEIICHNE
C UCIOJIb30BAHUEM KyCOUYHO-JIMHEMHOW (QyHKIMM NpH n = L2. VIHTepecHo, YTo JaHHOE
pEIICHNUE 3aHUMAET IIPOMEKYTOUHOE MOJIOKEHUE MEXKY PELICHUAMU C UCIIOJIb30BaHUEM
IIOJIMHOMOB 2-11 1 3-H CTeneHu.

12
J—
--2

» sessnans 3

10

M

Puc. 7. [losepxnocmu crkonvoiceHust 6 ude nOIUHOMO08 mopou cmeneru (1) u mpemveii cmenenu (2),
a makaice KycouHo-nuHelnou gynkyuu npun =12 (3)/

Fig. 7. Slip surfaces in the form of polynomials of the second degree (1) and third degree (2),
as well as a piecewiselinear function for n = 12 (3)

Tabnuya 3 / Table 3

HuxHue v BepXHHUE IPAHUIIBI BXOJAHBIX MapaMeTPoB LejieBoil (PyHKIUM NPHU
HCNO0JIL30BAHUH MOJMHOMOB BTOPOii M TpeThel cTenenn /
Lower and upper bounds of the input parameters of the objective function when using
polynomials of the second and third degree

MMapametp / Parameter Ib ub
't.]: M -2 5
X, M 0 20

Vo Frrae Vasao -10 10

[IpencraBnser uHTEpeC CpaBHEHUE MOTYUYCHHBIX PEIIEHUH C pe3yabTaTaMi Ha OCHO-
BE€ aJIbTEPHATUBHBIX METOJOB. B KauecTBe TaKuX METOIOB HaMHU HCIOJIb30BAIMCH METO]]
KPYTIOLMINHIPUUECKHUX TTOBEPXHOCTEH, a TaK)Ke METOJl KOHEUHBIX 3JIEMEHTOB C MOCIe-
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JI0BaTeJIbHBIM ITOHMKEHUEM NIPOYHOCTHBIX XapaKTepUCTUK rpyHTa (c-phireduction). [1pu
ornpeneneHuy Kod3(pUIMEeHTa YCTOHUYNBOCTH METOJIOM KPYIIIOLMIMHPUIECKUX TTOBEPX-
HOCTEH MCHONb30BasCs MpOrpaMMHbIN Komiieke GeoStab, B KOTOpBIM 3al0kKeHBI OC-
HOBHbBIEC U3BECTHBIC BAPUAHTHI JTAaHHOI'O METONa, BKItodas Meron deuiennyca, bumiona,
HlaxyHsHua, kacarenbHbIx cui, SIHOy, Cnencepa, MoprenmrepHa-Ilpaiica. lns pacuera
METOJIOM KOHEUHBIX 3JIEMEHTOB HaMH HCIOJIb30BAJICS MPOrpaMMHBIA koMiuieke Plaxis.
Pesynbrarel pacuera ckioHa B GeoStab o MeTofy KpyIIOLMJIMHAPHYECKUX MOBEPXHO-
CTell CBeJIeHbI B TabnuIty 4.

Tabnuya 4/ Table 4

Koy puuueHntsl ycToiuMBOCTH, MOJTYy4YEeHHBIE 10 METOAY KPYIJIOHMIMHAPHYECKHX
noBepxHocTeii / Stability coefficient sobtained by the method of round cylindrical surfaces

Merton / |@enaenunyca | bumona / | llaxynsnua /| Kacateasnbix cui /| AAuGy / | Cniencepa /|MoprenumrepHa-

Method | /Fellenius | Bishop | Shahunyants | Tangential Forces | Yanbu | Spencer IIpaiica /

Morgenstern-
Price

Fig 1,562 1,612 1,601 1,562 1,645 | 1,700 1,909

v

W3 TabGnuisl 4 BUIHO, YTO JUIS BCEX PACCMOTPEHHBIX METO/IOB, B TOM YHUCIIE U METOJa
KacaTeJIbHBIX CHJI, IIPH BBIOOPE B KAYE€CTBE JIMHUH CKOJIBKEHHS TyTH OKPY>KHOCTH KO3(-
(UIMEHT yCTOWYMBOCTH OKA3aJiCsl BBINIE, YEM B CIIy4ae MCIOJIh30BAaHHS B Ka4eCTBE JIU-
HUU CKOJIBKEHHUSI KYyCOUYHO-TMHEWHOW (QYHKIMU M MOJUHOMOB. MeHbluii ko3dduirent
YCTOWYMBOCTH TOBOPUT O OoJiee BEpOATHOHN pealn3aliiy pa3pylLIeHus 10 cxemam, Ipu-
BE/ICHHBIM Ha PUCYHKE 7.

bau3kuii K HameMmy peuieHdio pesynbTar K, = 1,42 ObUl MOJlyuyeH B MPOrPaMMHOM
xomruiekce Plaxis. OqHako moBepXHOCTh CKobkeHusi B Plaxis Onmxke K KpyrIOUMINH-
npudeckoit (puc. 8).

Puc. 8. Usonona noanvix nepemewenuti epynma 6 Plaxis /
Fig. 8. Isofields of total soil displacements in Plaxis

HMmMmeromnuecs PaCXOKACHHUA B PE3YJIbTaTaX, MOJYUCHHBIX PAa3JIMYHBIMU MCTOAAMHU, T'O-
BOpPAT O H606XOIII/IMOCTI/I MMPOBCACHUA JalbHEHIINX UCCIEA0BaHUN IO JaHHOMY BOIIPpOCY,
B TOM YHUCJIC SKCIICPUMCHTAJIbHBIX. Hameit ganpHeHIen e 6YJICT CO3JaHHUEC MCJIKO-
MacIITaOHBIX MOJIeNIEH OMOJI3HEBBIX CKIIOHOB U CpaBHCHUC PC3YyJIbTATOB UX HUCIIBITaHUM C
TCOPECTUYCCKUMU PACUCTAMU.
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BbiBOADI

Pa3paboTrana MeToaMKa MOMCKa MOBEPXHOCTEH CKOJIBKEHUS OMOJI3HEBOTO Tella B BUIE
KyCOUHO-JINHEHHOM (DYHKITNH, a TaKKe IMOJTMHOMOB BTOPOM U TPEThEH CTEMEHH IpH TO-
MOIIY METOJ0B HEJIMHENHOM onTuMu3anuu. [Iokazana cXonMMoCTbs METOa IIPU yBEIUYe-
HUH YMCJIa OTPE3KOB B CIIy4ae UCHOIb30BAaHHUS KyCOUHO-TMHEHHOHN (yHKIuH. Brimonne-
HO CPaBHEHHE C PACYETOM II0 METOLY KPYIIOLMIUHAPUYECKUX ITOBEPXHOCTEN, KOTOPOE
MI0KAa3aJI0, YTO MOBEPXHOCTh CKOJIBKEHHS B BHJIE KyCOUHO-JIMHEHHON (PyHKIIMU XapakTe-
pHU3yeTcs MEHbIINM KOA(P(GHUIIMEHTOM YCTOWYMBOCTH MO CPABHEHHUIO C MMOBEPXHOCTHIO B
BUJIE KPYTOBOTO IIMJIMHPA. DTO TOBOPUT O O0Jiee BEPOSITHOM 00pa30BaHUHU OIOJI3HEBOTO
TEJa IO cXeMe, OJIN3KOM K MOJIy4eHHOW HaMH JIOMaHOW JIMHUU.
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Abstract: Relevance. The science of studying the causes of earthquakes is rapidly developing. Each cause
of an earthquake can be considered a precursor of an earthquake and using these precursors, predictive models
can be built. To date, there are quite a few earthquake prediction models, which allow you to analyze these mod-
els to improve accuracy, that is, apply forecast data with higher probabilities. Aim. Analyze forecasting models
and, based on the substantiation of existing forecasts, classify them into “necessary” and “sufficient” models,
and define these terms. And also, to determine the algorithms for planning further actions to obtain much better
forecasting models. It is “necessary” to develop algorithms that bring the “necessary” model to the “sufficient”
one and vice versa. “necessary” forecasting models are models whose set of forecasts always includes a set of
actually occurring events, and “sufficient” forecasting models are models whose forecasts always come true.
The research methodology is to process the existing large data structures that are specified for further use in
our algorithm. To calculate the probability of forecast accuracy, an algorithm with “parallel data” — “parallel prob-
ability” is used, which allows you to select those pairs of forecasting models (or triples, quadruples, etc.), whose
“joint” probability of forecast accuracy gives a much better result than separately. Results were the formation
of an author’s approach to processing earthquake forecast models and obtaining a generalized model that gives
forecasts with a higher probability due to the use of statistics from already existing forecast models and their
further observation. Algorithms have been defined for a) when to analyze all available required models and obtain
one best model by combining the appropriate number of required models and b) when to combine enough mod-
els closest to guessing all predictions so that their number is less than in other unions. Also exists an algorithm
that determines the study to be carried out after the occurrence of each event — the calculation of the probability
of justification for individual models, as well as paired and triple models. The problem of using these algorithms
in a specific area — earthquake prediction is discussed, and the results of the work of the author’s algorithm are
shown.

Keywords: predictive models, necessary and sufficient models, earthquake prediction.
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AHOAN3 MOAEAEN MPOTHO3MPOBAHWUS
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Pe3stome: AKTyanbHOCTb paboTbl. Hayka, 13y4aroLias npuymnHbl 3eMeTpsCceHNil, CTPEMUTENIbHO Pa3BuBaeT-
ca. Kaxayo npuynHy 3eMIeTpsiceHnst MOXKHO paccMaTpuBaTh Kak NpeaBeCTHUK 3eMNETPACEHMS, U, UCMONb3yA
3TW NPeABECTHMKMN, NOCTPOUTb MOAENN NPOrHO3MPOBaHKs. Ha CerogHALWHUA AeHb CYLLECTBYET A0BOJIbHO MHOIO
mozeneii MporHo31poBaHMa 3eMETPACEHNIA, YTO NO3BONAET aHANM3NMPOBaTb 3TU MOJENU ANS NOBbILIEHUS TOY-
HOCTM, TO €CTb MPUMEHATb AaHHble NPOrHo3a ¢ 60/1ee BbICOKUMU BeposTHOCTAMM. Llenbo paboTbl sBRseTCS
aHanu3 mopenei NporHo3MpoBaHNSA, UX KNacCUMKaums Ha OCHOBE CYLLECTBYHOLMX NPOrHO30B Ha «HE06X0-
ANMble» U «[0CTAaTOYHbIE» MOAENW, [aTb ONpeaeneHne aTUM NOHATUAM. TakxKe LieNblo ABNSAETCS onpefeneHue
anropuTMOB NNAHMPOBAHUSA AanbHERLWUX AEACTBWA AN NOMYyYeHWs ropa3fo 6onee KadecTBEHHbIX Moaenen
NpOrHo3nposaHma. Heob6xoamMmMo paspaboTaTtb anropuTMbl, NPUBOAALLNE «HEOOX0AUMYD» MOLeNb K «[0cTa-
TOYHOM» M HA060pOT. «HeobX0AUMbIe» MOLENU NPOrHO3UPOBAHMS — 3TO MOAENN, Habop NMPOrHO30B KOTOPLIX
BCerga BK/o4aeT Habop peanbHO NPOUCXOAALLMX COObITUA, @ «[0CTATOYHbIE» MOLENM NPOrHO3MPOBAHNS — 3TO
MOJENK, NPOrHo3bl KOTOPbIX BCeraa cobiBatoTca. MeToa uccnefoBaHna 3aknio4aeTcs B 06pabOTKE UMEHOLLIMXCS
60MbLUKUX CTPYKTYP AaHHbIX, KOTOPbIE 3afaHbl AN fanbHEALWero NCnonb30BaHus B Halwem anroputme. [Ans pac-
yeTa BEPOATHOCTU TOYHOCTW NPOrHO3a UCMONb3YETCA ANFOPUTM C «NapanfienbHbIMIU JAHHBIMU» — «Napannefb-
Has BEPOATHOCTb», KOTOPbIA NO3BONAET BbI6PATL T€ Napbl MOAENei NPOrHo3nupoBaHus (N TPOMKKM, YETBEPKU
U T.4.), «COBMECTHas» BEPOATHOCTb TOYHOCTM NMPOrHO3a KOTOPbIX JAeT ropa3fo Nyyllinii pesynsrar, 4em no ot-
JenbHocTU. Pe3ynbTatamu UccnegoBaHna ctany popMUpoBaHNe aBTOPCKOro noaxoaa K 06paboTke Moaenen
MPOrHO3a 3eMNETPACEHUA 1 Nony4yeHne 0606LLEHHON MOAENM, AAOLLEi NPOrHO3bl ¢ 60NbLUENR BEPOSTHOCTHIO
3a CYET NPUMEHEHUs CTaTUCTUKK Y)Ke CYLLECTBYIOLLMX MOLenen NporHo3a u ux fanbHenwero HabnaeHns. An-
ropuTMbl 6bIIN ONpeaeneHbl ANg BAPWAHTOB: a) aHanM3a BCEX MMEHOLLMXCS HeOOXOAUMbIX MOfeNen 1 nony-
YeHWs OJHOI Ny4Llen moLenu nyTem 06bEANHEHNS COOTBETCTBYIOLLEr0 KONMUYECTBA HEOOX0AMUMbIX MOAenei, 6)
06beHeHNs 40CTaTOYHOrO KONM4YecTBa MOAeNei, Hanbonee 6/IN3KMX K OLEHUBAHMIO BCEX NPOTrHO30B, 4TOObI
UX KONMYECTBO ObINO MEHbLUE, YeM B ApYrux 06beanHeHmax. Takxe CYLLECTBYET anroputMm, onpeaenstoLmi
nccnefoBaHme, KOTOPOe HEOOXOAUMO MPOBECTM NOCNE HACTYNNEHMS KaXA0ro COObITUS — PacyeT BepOSTHOCTH
060CHOBaHUS ANs OTAENbHbIX MOJENEN, a TaKXe NapHbIX U TPOHbIX Mofenen. 06CyXaaeTcs 3afaya Mcnonb3o-
BaHWSA 3TUX anrOpUTMOB B KOHKPETHOI 06NacTh — NPOrHO3MPOBaHUE 3EMNETPSACEHUIA 1 NOKA3aHbl Pe3ynbTaThl
paboTbl aBTOPCKOrO anroputma.

KnioueBble cnoBa: NporHoCTMYecKne Mogeni, Heo6xo4MMble N OCTaTOYHbIE MOAENN, NPOrHO3 3eMJIeTPS-
CeHUN.
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Infroduction

The scope of predictive modeling is vast and includes the tasks of predicting natural
phenomena: earthquakes, landslides, tsunamis, floods, etc., as well as the tasks of predicting
the economy (business, macroeconomics), political events (elections, distribution of
political power), medicine and other fields.

Geoinformatics: A scientific and technical direction that combines both the theory
of modeling a subject area using spatial data and technologies for creating and using
geographic information systems[Ivannikov et al., 2001]. As you know, the main tasks of
geoinformatics:

1. Creation of geodatabases (geocoding) and their management;

2. Analysis and modeling of geodata;

3. Software development for the first two tasks [Khokhryakova, 2001].

In this article, we will outline the modeling task and create algorithms to improve the
modeling process, which makes this task relevant.

Science is rapidly developing to study the causes of earthquakes. Of particular note are
[Guglielmi et al., 2022; Zavyalov, Zotov, 2021; Kachakhidze et al., 2015; Kereselidze et
al., 2012] where both the main causes of earthquakes and the earthquake prediction mod-
els built on their basis are discussed. Scientists do temporal and Spatial Geophysical Data
Analysis for the Issues of Natural Hazards and Risk Assessment [Matcharashviliet al.,
2015; Melkov et al., 2022]. Scientists study correlation between the value of macroseismic
intensity and the indicators of instrumental records [Chelidze et al., 2019; Zaalishvili et al.,
2014a, b, 2016, 2022] and also process some new data on the influence of various soil
conditions on probabilistic seismic hazard assessment of territories [Chernov et al., 2022].
In the course of the study, the works of a number of authors were studied: [Yaitskaya,
Brigida, 2022; Kerimov, Ezirbaev, 2022; Lipilin, Evtushenko, 2022; Tsiramua et al., 2009;
Matcharashvili et al., 2016; Basheleishvili et al., 2019], who solve various problems of
geoinformatics, including the problem of modeling.

Methodology

To solve the tasks set, a complex research method was used, which consisted in
assessment of the probability of success. The research methodology is to process the existing
large data structures that are specified for further use in our algorithm [Gasitashvili et al.,
2019, 2021; Phkhovelishvili et al., 2019]. To calculate the probability of forecast accuracy,
an algorithm with “parallel data” — “parallel probability” [Gasitashvili et al., 2019] is used,
which allows you to select those pairs of forecasting models (or triples, quadruples, etc.),
whose “joint” probability of forecast accuracy gives much better result than individually.

Earthquake prediction models have been studied by the authors of this article and their
co-authors, and some results have been obtained, which are presented in various papers
[Gasitashvili et al., 2019, 2021; Phkhovelishvili et al., 2019].

Based on the substantiation of existing forecasts, the article considers their division
into “necessary” and “sufficient” models. About the best couples, trios, etc. the discussion
will go on. Selection algorithms that will make it much easier for less developed countries
to make better forecasts. Because in such countries it is impossible to have the appropriate
equipment for a large number of models and observe them. With our current algorithm,
fewer models can be used to get more probabilistic predictions.
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The results of the work and their discussion

Each cause canbe considered a precursor of an earthquake and based on these precursors,
predictive models can be built. To date, there are quite a few earthquake prediction models,
which makes it possible to analyze them, which determines the relevance of the topic
under discussion.

For predictive modeling, definitions of the concepts of “necessary” and “sufficient”
models are introduced.

Definition: “necessary” predictive models are those models whose set of predictions
always includes a set of actually occurred events. Obviously, such models often give
incorrect predictions, but they predict every event that occurs.

Definition: “sufficient” predictive models are models whose predictions are always
correct, even though they cannot predict all events that occur.

If “sufficient” models predict that a particular event will occur, that event will definitely
occur. However, other events were not predicted by “sufficient” models. In practice, there
may be too few such models (for example, in earthquake prediction) or too many of them
(for example, in economics).

A. Necessary predictive models

Suppose there are models 4; 4,, ..., 4, for predicting a particular event. Each of these
models is necessary, which means that the event in question has the necessary antecedents
for which these models are developed. 7 is the number of antecedents under consideration.
These models do not consider models that take into account unnecessary antecedents, which
is why they could not predict the occurred event. As demonstrated [Prangishvili et al., 2022],
the necessary predictive modeling requires the calculation of “true prediction probabilities”.

The true prediction probability of the model 4; is the ratio of the number of occurrences
of an event to the number of occurrences of an event predicted by the antecedent of this
model, expressed as a percentage, i.e. the probability of the 4; model’s true prediction K,
is equal to: m
K, =—100%,

P

Where m — is the number of events that occurred, and P,— is the number of occurrences
of the event according to the 4, model, which was based on a,;n antecedent.

For cases where we have a large number of necessary predictive models, we may arrange
them according to the prediction time. In the beginning, we put the model that predicts the
earliest (M), etc., and the last model predicts an event (Mn) before the occurrence of (¢,)
event. Fig. 1 illustrates such distributed models that allow for the possibility of the timely
response of the corresponding services. These are predictions that allow to management
the relevant institutions and organizations.

| | ]

(TR T T T (T Y

-
el

Fig. 1. Predictive models ordered by time
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We discussed combinations of models (two, three, etc.) and estimated the probability
of their combined correct prediction. Estimation and selection of combinations are made
according to the definition of “parallel probabilities” [Gasitashvili et al., 2019]. It has
been proven that when predicting events, if pairs of models are selected for which the
number of “coincidences” of incorrect predictions of a given event is the smallest, but
the presence of correct predictions for each of them is a necessary condition, then the true
prediction probability calculated for such a best pair is always greater than or equal to the
true prediction probability of the best model among all models (Fig. 2).

= D

Fig. 2. Graphical illustration of two-model set case in an Euler-Venn diagram

This is an interesting metamorphosis — one may find a couple of models that
individually often give incorrect predictions, but the intersection of their predictions gives
the best results.

In addition, in case of the necessary models, it demonstrates that the more predictive
model intersections we take, the better the prediction. For example, the best three — a
combination of three predictions (Fig. 3) gives better results than the best pair of predictions
(two), the best four give better results than the best three, etc. Thus, it makes sense to
discuss the necessary sets of models.

4
XN

Fig. 3. Graphical representation of three-model set case in an Euler-Venn diagram

In necessary modeling, we do not consider unnecessary models, although the Bayesian
approach does not make such a distinction [Stoltz et al., 2021]. On the contrary, all
existing models are used to answer the question of whether a given event will occur or not.
Depending on the predominance in terms of quantity or other characteristics (yes or no),
an answer is given to the question of whether this or that event will occur at a given time.

B. Sufficient predictive models

In practice, when there are very few sufficient models and there is no single universal
model that predicts all events, the question arises whether these sufficient models can be
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used in such a way that their combination predicts all events, that is Necessary predictive
models, that is, the combination of models become sufficient.

For example, let us consider the history of a predictable event that has occurred n
times over a period of time, such as one year or ten years. Suppose one of the predictive
models predicts that a certain event will occur & times, the second — p times, and the third
— g — times. If k<n or p<n or g<n, then this means that none of the models individually
will be sufficient, but if we consider a combination of all three models, then together they
may predict » number of events. It follows that having considered a combination of these
three models in combination, we may get a sufficient model (see Fig. 4):

Fig. 4. A sufficient model built by combining three models

The figure considers three models. One predicted the event five times, the second
model — 2 times (different from the first), and the third model — 3 times. Jointly, the three
models predicted ten events, that is, exactly as many events as occurred, which means that
their combination can be considered a “sufficient” model.

Algorithm for selecting pairs of the best models: when we considered the necessary
models, then we should consider the intersection of the forecasts of these models as
pairs of models, and in the set of sufficient models, we consider it necessary to consider
their combination (not the intersection) and those models should be selected that, as far
as possible, fully cover all possible events in the set. For example, if there were seven
earthquakes, and one model predicted 3 of them, another predicted two others, and the third
predicted two more, then together, that is the combination of all three models predicted all
seven earthquakes.

Such models are “sufficient”, that is, they do not make predictions that do not come
true. The “necessary” models are not “sufficient”, but the combination of these “sufficient”
ones results in the “necessary” model, that is, we completely cover the set of all events
that have occurred, so in this case, we are trying to get the most complete prediction of all
occurred events. It may not be 100%, but in the end, after combining a “sufficient” number
of models, it will be close to 100%, and also, obviously, here we combine antecedents
and narrow down identical, repeating antecedents to a single antecedent. Here too we can
consider which antecedent results from which of these antecedents.

The main objective is to bring the probability of guessing such a combination as close
as possible to 100%. For example, if the probability of guessing is 90%, that means that
combining enough models will cover 90% of the events, which will be a very good result.

The question is when the best models should be obtained from the “necessary” models
and also when the best combination of best models should be identified. Obviously, the
algorithm that was created first will analyze all existing models and existing data and
obtain the appropriate number of required models, the intersection of which gives the best
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result. Also, from these models, a combination of “sufficient” models is obtained, which
will be closest to the correctness of all forecasts, while their number is less compared to
other combinations.

Model classification update algorithm for ”necessary” models: Obviously, after
each event, it may turn out that we already have new models, or some of the old “necessary”
models may turn out to be un “necessary”’, which means that they could not predict the
event that has occurred, in which case such models are discarded, and we will need to look
for new pairs.

Model classification update algorithm for “sufficient” models: As for “sufficient”
models, after each event, it may turn out that some “sufficient” models from the penultimate
to the last event gave an incorrect prediction. In this case, such “sufficient” models are
also discarded, and if a new “sufficient” model is introduced, then it is also processed to
identify new and old “sufficient” models that cover events as fully as possible.

C. The example

To demonstrate the presented algorithms, consider a concrete example of earthquake
prediction. Table 1 shows the latest earthquakes in or near Tbilisi City, Georgia, in the
past 30 days (20.12.2022-20.01.2023), whose magnitude is from 3 to 5 [https://www.
volcanodiscovery.com/place/7999/earthquakes/tbilisi-past30days.html]. We have taken
earthquake magnitude, date of occurrence, time and name of the epicenter as characteristics
of each earthquake. The table lcontains a list of earthquakes in descending order of
magnitude.

Table 1
Latest quakes in or near Thilisi City, Georgia
No Magnitude Date Time Epicenter
1 45 Jan 14, 2023 11:36 am Dagestan, Russia, 44 kI'l’.l north of
Zaqatala, Azerbaijan
2 38 Jan 9, 2023 11:55 pm 48 km east ngu‘gaisi, Imereti,
eorgia
4.6 km north of Oni, Racha-
3 3.7 Dec 26, 2022 2:47 pm Lechkhumi and Kvemo Svaneti,
Georgia
4 33 Dec 28, 2022 10:15 pm 68 km south of Grozny, Chechen
Republic, Russia
5 39 Dec 29, 2022 | Dec 29, 2022 11:41 Azerbaijan, 89 km southeast of
) 11:41 am am Thilisi, K’alak’i T’bilisi, Georgia
6 30 Dec 30, 2022 12:00 am 43 km east é)}f TelglVl, Kakheti,
eorgia

Let us review several models of earthquake prediction specifically for Tbilisi City.
Designate the earthquake prediction models as Mod, Mod, ..., etc. which provide some
predictions through their predecessors (for example, for when it would occur, at which
location and with which magnitude). We must choose only those models, which satisfy
the necessary condition, i.e. intersection of the set of model predictions with the set of
actual events should result in the set of actual events. We call this condition a “necessary”
condition for choosing a prediction model. This condition in the case of earthquake
means the following: If during the time 1" there occurred, for example, 6 earthquakes (as


https://www.volcanodiscovery.com/region/8185/earthquakes/dagestan.html
https://www.volcanodiscovery.com/earthquakes/russia.html
https://www.volcanodiscovery.com/place/4570/earthquakes/zaqatala.html
https://www.volcanodiscovery.com/earthquakes/azerbaijan.html
https://www.volcanodiscovery.com/place/6875/earthquakes/kutaisi.html
https://www.volcanodiscovery.com/region/17550/earthquakes/imereti.html
https://www.volcanodiscovery.com/earthquakes/republicofgeorgia.html
https://www.volcanodiscovery.com/place/298671/earthquakes/oni.html
https://www.volcanodiscovery.com/region/50323/earthquakes/racha-lechkhumi-and-kvemo-svaneti.html
https://www.volcanodiscovery.com/region/50323/earthquakes/racha-lechkhumi-and-kvemo-svaneti.html
https://www.volcanodiscovery.com/earthquakes/republicofgeorgia.html
https://www.volcanodiscovery.com/place/2281/earthquakes/grozny.html
https://www.volcanodiscovery.com/region/6853/earthquakes/chechen-republic.html
https://www.volcanodiscovery.com/region/6853/earthquakes/chechen-republic.html
https://www.volcanodiscovery.com/earthquakes/russia.html
https://www.volcanodiscovery.com/earthquakes/azerbaijan.html
https://www.volcanodiscovery.com/place/7999/earthquakes/tbilisi.html
https://www.volcanodiscovery.com/region/9893/earthquakes/k-alak-i-t-bilisi.html
https://www.volcanodiscovery.com/earthquakes/republicofgeorgia.html
https://www.volcanodiscovery.com/place/2734/earthquakes/telavi.html
https://www.volcanodiscovery.com/region/9164/earthquakes/kakheti.html
https://www.volcanodiscovery.com/earthquakes/republicofgeorgia.html

Geology and Geophysics of Russian South 13(1) 2023 ['eonorvs n reopuanka fOra Poccmt - 169

in our example), only those models should be considered that predicted all these twelve
earthquakes. Assume that such are the following models: Mad., Mod, ..., Mod . In our
case it is not essential, what specifically is each model and based on which predecessors of
the earthquake it makes the prediction.

The numbers of predictions, the numbers of successful and failed predictions must
be calculated for each model and calculated the probability of success for each model.
It is obvious in this that the sum of successful and failed predictions is equal to the total
number of predictions. As for the probability of success, it is calculated for each model
and determines, how many times earthquake prediction was made and how many times an
actual earthquake occurred. The following Table 2 shows the obtained results:

Table 2
Calculation of justification probabilities for individual models
Model Number Successful number Failed number Probability
of predictions of predictions of predictions of success (%)
Mad, 92 6 86 6,52
Mod, 80 6 74 7,50
Muods 81 6 75 7,41
Mod. 97 6 91 6,19
Mod; 82 6 76 7,32

Assume that in total for 5 models there is calculated probability success and these
values are: 6.52, 7.5, 7.41, 6.19, 7.32.

Author of each model of earthquake prediction claims that their model is best and argues
that their model predicted each actually occurred earthquake. Neither of them provides
number of wrong predictions, and, therefore, do not calculate success probability, which
is quite low values. The success probability for a model might be low, but it is possible to
find another model for this model, with which a combined possibility of success ensures
the best result. We will show the correctness of this for our example.

We should consider pairs of models as a next step for the algorithm. In total there will be 10
pairs: M1, M2,...,M10, where M1=Mod; (1 Mod,; M2= Mod, 1 Mod;; M3= Mod; 1 Mod,;
M4=Mod, 1 Mods; M5= Mod, 1 Mod;; M6= Mod, 1 Mod,; M7= Mod, 1 Mods; M8=
Mod; 1 Mod,; M9= Mod; (1 Mods; M10=Mod, (1 Mods. For each model, we should
calculate the numbers of predictions made, the numbers of successful and not successful
predictions and, also, calculate the success possibilities for each pair. The following table
calculates these values for pair models (Table 3):

Table 3
Calculation of justification probabilities for pairs models
Model Num_be'r Successfu! nymber of Failed n.ulflber of Probability
of predictions predictions predictions of success (%)
My 14 6 8 42,86
M 8 6 2 75,00
iy 26 6 20 23,08
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M, 11 6 5 54,55
M 23 6 17 26,09
M, 10 6 4 60,00
M, 8 6 2 75,00
My 17 6 11 35,29
M, 9 6 3 66,67
M, 18 6 12 33,33

Let us analyze the obtained table by the corresponding diagram (see Fig. 5), where we
see that the best result is obtained from M, — combination of two models Med, and Mod,
and M, — combination of two models Mo, and Mrd..The combined probability of suc-
cess for them is increased up to 75%. Despite the fact that separately these models have
significantly lower rates of success: 6.52% and 7.41%. For the considered examples, it is
possible that two pairs of the models show the same result. In such a case, an expert should
decide, which one of them should be used.

30 75,00 75,00

70 66,67

60 54,55

50 42,86
40 35,29 33,33
30 26 33,08 23

20 14 11 11
0 geé %s, |6 65 Ie 1% , 8, I6 %6, I6
* Tl 1 I il 1 i

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

60,00

B Number of predictions Successful Number of predictions

Failed Number of predictions Probability of success in %
Fig. 5. The characteristics of the “necessary models” for pairs

Obviously, this applies not only to prediction of earthquakes, but to prediction of any
other event, including static (most often these are problems of natural disaster prediction),
and dynamic prediction, such as economic problems.

Summary

We have explained what necessary and sufficient models are. For the necessary models,
an algorithm was proposed for choosing the intersection of two or more models, which in
combination give a more probabilistic forecast. We have also discussed sufficient models
and an algorithm for choosing sufficient models whose combination completely covers all
occurred events. That is, there is also a need to combine such sufficient models. Thus, it
is possible to obtain a sufficient or almost sufficient prediction model by intersecting the
necessary models and by combining sufficient models to obtain the necessary or close to
the necessary model.
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In the algorithm proposed by us, unnecessary models are not taken into account when
using the necessary models. If there are models that cannot predict the event (but are not
sufficient models either), then such models are discarded from our database. Similarly,
when considering sufficient models, where an excess forecast of an event is given, such a
model can be excluded from the database of sufficient models.

Thus, we have explained what is necessary and sufficient models for predicting events,
how to derive necessary models from sufficient ones, and determined how to derive
sufficient models from necessary ones.

From sufficient models, we derive the necessary model, which will be both sufficient
and necessary at the same time. In addition, we combine such sufficient models to obtain
the necessary model.
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NHOOPMALLNG AN ABTOPOB

B xypnane «l'eonorus u reodpusuka lOra Poccun» myOmuKyroTCsi OpUTrHHAIbHBIC
CTaThU TEOPETUYECKOTO M METOIUYECKOrO XapakTepa IO BOMPOCAM I'eOJOTHH, reodu-
3UKH M T€OXUMHH, PE3yIbTaThl U3yUYEHHUS COCTaBa M CTPOCHMSI KOPbI M1 MaHTUU 3eMJIH,
poIECcCOB (POPMHUPOBAHUS U OOIIUX 3aKOHOMEPHOCTEN pa3MelleHus TOJIe3HbIX UCKOTa-
€MBIX, a TAaKXKe Pe3yJabTaThl pa3pabOTKU M MPUMEHEHHS T'€0JI0r0-Te0(hU3nIECKUX METOo-
JIOB UX BbIsSIBIIEHUS. TeMaTHKa *ypHaia COOTBETCTBYET CJIEAYIOIUM 00JacTsIM 3HaHUH 110
neiictByromieit HomeHkinarype BAK: 1.6.1. O0uiast u pernoHanpHas reosnorus. ['eorexro-
HHUKa U reonuHamuka; 1.6.4. Munepanorus, kpucramiorpadus. [eoxumusi, reoxumMmuye-
CKHE METO/IbI TOMCKOB MOJIE3HBIX UCKOTIaeMbIX; 1.6.6. 'maporeonorus; 1.6.9. 'eodusuka;
1.6.10. I'eonorusi, MOMCKU U pa3BeaKa TBEPABIX MOJE3HBIX HCKOMAEMbIX, MUHEPArCHHUS;
1.6.11. I'eonorusi, moucku, pa3Beika M AKCILTyaTanuss HEPTAHBIX U Ta30BBIX MECTOPOXK-
nenunit; 1.6.12. @usnueckas reorpadus u ouoreorpadusi, reorpadusi MOYB ¥ TEOXUMUS
nanamagTos; 1.6.20. 'eoundpopmaruka, kaprorpadust; 1.6.21. I'eoskomnorus; 2.8.6. 'eo-
MEXaHUKa, pa3pylIeHne TOPHBIX MTOPOJI, PyAHUYHAs a3pOra3oAMHaMHUKa U TOpHasl TEIIo-
¢dbusuka; 2.8.8. ['€0TeXHOIOTHS, TOPHBIC MAIIIMHBI, & TAKKE CMEKHBIX HAYYHBIX HAIIPABIICHUH.

Jlyis paboT peruoHaIbHOTO XapakTepa MPEeANnoYTeHUE OTIAeTCsl CTAaThsIM, PACKPbIBa-
IOLUM PA3IMYHBIE BOIPOCHI reojorudeckoro crpoenus fOra Poccun m nmpuneraromumx
TEPPUTOPUIL.

B cooTBeTcTBUM ¢ Tpajanuei HayK, IPUHATON B MEKAYHAPOAHBIX CUCTEMAX IIUTUPO-
BaHus Scopus u Web of Science cratpu s myonukauu B xxypHase «[eonorus u reo-
¢uzuka IOra Poccum» npuHUMAaIOTCS MO CIAEAYIOIMM OTPacisiM U rpyliaM Hayk:

1. Earth and Planetary Sciences (Hayku o 3emJie U IUIaHeTAPHbIE HAYKH);

2. Environmental Science (Hayka 00 okpy:kaloieii cpeje).

B xypnane «l'eonorus u reopusuka FOra Poccun» nevararorcsi:

— CTaTbU C U3JIOKCHUEM HOBBIX HayUHBIX Pe3yNbTaToB, 00beMoM He Oonee 10 marmmHo-
IMACHBIX CTpaHUll, BKJIXOUasd WIIOCTpalluu U Ta6JII/IIII>I;

— KpaTKHe cOooOLIeHNs], cofepskaliie HHPOPMAIUIO O BaKHBIX pe3yJbTaTrax MpeaBapHu-
TeJBHBIX UCCIIEAOBAaHUHN, 00beMOM 3-5 CTpaHUIl (3T MaTepUabl BIOCIEICTBUN MOTYT HC-
TI0JIb30BAThCS B TEKCTE MOJTHOM CTaThN);

— 0030pBI NIEUaTHBIX PAbOT MO aKTyaJbHBIM T'€0JIOTO-TeO(MU3MIECKIM U KOJIOTUIECKAM
npobaemam FOra Poccun u npuneraromux Teppuropuid, oobemom 20-25 cTpaHuIl 10 3aKazy
peIaKIum.

Bce paboThl HOMKHBI COOTBETCTBOBATh TeMaTHKe KypHana. IIpenocraBieHHbIE pyKo-
IHCH TPOXOAAT ITAIBl MPEABAPUTEIHHOTO U UTOTOBOTO PEIEH3UPOBAHUsS, U B CiIydae He-
00X0MMOCTH, HANIPABJIAIOTCS aBTOpaM Ha UCIpaBiieHue U 10paboTKy. Pykomnucu B xypHaie
MyOJIMKYIOTCSI Ha PYCCKOM JIMOO aHTITHIICKOM SI3bIKaX, aHHOTAIMK Ha PYCCKOM M aHTITUHCKOM
a3bIkax. JKypHai myOnuKyeT HCKIIOUUTEIbHO OPUIHHAIBHBIE CTaTbU. ABTOP HECET MOJIHYIO
OTBETCTBEHHOCTb 3a COOIIIOICHNE 3TOr0 TpeOOBaHMs. Pykonucy, He IPHHATHIE K OMYOIHKO-
BaHUIO, aBTOPAM He BO3BpallaioTcs. Penakius Takke He BO3BpaIllaeT IPUChLIaeMble MaTepH-
anel. Peaknys octaBisieT 3a co00ii MpaBo MPOU3BOANTH COKPAIEHHE U PEAAKTOPCKYIO ITPaB-
Ky TeKCTa CTaThH. VICTIpaBIeHUs B TEKCTE U WIIIOCTPALMSIX aBTOPBI MOI'YT BHOCHTh TOJIBKO
Ha CTaJUM IIOJrOTOBKH CTaThM K Habopy. HecoOmionenue npaBui opopMIIeHUS PyKOIHCH
IPUBEIET K OTKIOHEHUIO cTaThy. [TyOnukarus OecriaTHa 171 aBTOPOB CTaTeH, HalMCaHHBIX
0 3aKa3y pelakiyH, U JUIs aclUpaHToB. [lepereyarka JOMyCKaeTCsl TOIBKO C Pa3perieHus
penakuuu U ¢ o0s13aTeNbHOM cebUTKoil Ha xKypHan «Ieonorus u reodusuka FOra Poccuny.

NHCTPRYKLMS AAS OBTOPOB

[Tpuem MaTepralioB K paCCMOTPEHHUIO OCYIIECTBIIACTCS MTOCPEACTBOM SJICKTPOHHOTO Cep-
Buca http://www.geosouth.ru mim no noure Ha agpec Uznarenscrea: 362002, Poccus, 1. Bia-
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JMKaBKa3, yi. Mapkosa 93a, penakuus xkypHana «l'eonorus u reopusuxa FOra Poccum».

B penakiyio He0OX0AUMO NPENOCTABUTH CIIEAYIONINE MaTEpHAIbL:

— cTarbs (CTPYKTYpy U IpaBuiia 0pOPMIIEHHS CM. HUXKE);

— Ha OTJEJBbHOM CTpaHHLE: CBeJleHUs 00 aBTOpax, cojepxkaiine haMuiInio, UMs, oT4e-
CTBO, YYECHYIO CTEIIEHb, 3BaHKE, HA3BaHHE OpPraHU3aluy, CIIyKeOHbIN U JOMALIHUN agpec U
TesneoHbl, e-mail 1 yka3aHue, ¢ KeM U3 aBTOPOB MPEAIOYTUTEIbHEE BECTH MIEPEIHICKY;

— HalpaBJIeHHE OT OpPraHU3allM, €CJIM IPENOCTABISAEMbIE MaTepHallbl SABISIOTCS pe-
3ylbTaToM paloThI, BHIMOJIHEHHOM B ATOM OpraHW3alyy; B HAIPABICHUH CIEAYET yKa3aTb
Ha3BaHUE pyOpUKHU KypHaa;

— DKCHEPTHOE 3aKJIIOUEHHME WM JIPYroil JOKYMEHT, pa3pellatouiuili omnyOIuKoBaHUE B
OTKpPBITOM I€YaTH, YTBEPXKIECHHbIC PYKOBOAUTENIEM OpPraHU3allMU U 3aBEPEHHBbIE repOOoBOM
neyarslo (MPeaCTaBIsAIOT TOIBKO aBTOpHI U3 Poccun).

Ecnu marepuansl noAaroTcsi MOCPEACTBOM NIEKTPOHHOIO CEpBUCA, OyMasKHbIE JK3EM-
IUIIPBI PYKOIIMCH B PEAAKIINIO MIPENOCTaBIATh He TpeOyercs. [Ipu onmnaiin perucrpannu He-
00X0IMMO PYKOBOJZICTBOBAaThCs MOIIATOBBIMU MHCTPYKLUAMHU 10 3arpy3ke ¢aiinos. Ilpu or-
IpaBKe MaTepuanoB MOYTOH HEOOXOJMMO MPHIIOKHUTH Ba OyMa)KHBIX SK3€MIUIIpa CTaThbH,
HOANUCAHHBIX BCEMH aBTOpaMu. [10Ar0TOBIEHHBINH B COOTBETCTBUM € OOIIMMHU TEXHUYECKH-
MH TpeOOBaHUSAMH TEKCT I€YaTaeTCsl Ha OHOM CTOpoHe yiucTa ¢popmara A4. AHHOTaIus C
NPUBE/ICHHBIM B HauaJle Ha3BaHUEM, aBTOpaMHU, UX apduinanueil neyaraercst Ha OTIEIbHOM
mucre. [lonnucu K puCyHKaM TakXke MPeIoCTaBIAI0TCS oTAenbHO. Kaxnas Tabnuma u pucy-
HOK JIOJIXKHBI ObITh HalleuaTaHbl HAa OT/JIEJILHOM JIMcTe. BHU3Y cTpaHuIbl ¢ MILUTIOCTpaLueil He-
00X0IMMO yKa3aTh HOMEp pUCyHKa. Taxke HeOOXOIMMO IPUIIOKUTH IEKTPOHHBIN BapHaHT
Ha JIF0OOM NOPTATUBHOM HAKOIIUTEJIE WU MO CONIACOBAHUIO C PEAAKLMEN HAIIPABUTL COOT-
BETCTBYIOIME MAaTEPHAJIbI IO 3JIEKTPOHHON TOUTE.

[MpaBUAQ OPOPMAEHUS CTATLA

Ha nepBoii cTpanutie nomkHb! ObITh YKazanbl: YJK; Ha3BaHME CTaThU HAa PyCCKOM SI3BIKE
(cTpouHBIMU OyKBaMHM € KamUTadU3alleld HadyaJlbHOW OyKBBI TOJIBKO MIEPBOTO CJIOBA B MPE/-
JIO)KEHUH U UMEH COOCTBEHHBIX, 0€3 KaBbIYEK, IEPEHOCHl HE JOMTYyCKAIOTCs, TOUKA B KOHIIE
HE CTaBUTCS, MOJYEPKUBAHNE HE UCTIONB3YeTCs), Kerb 20 MOIyKUPHBIH, BRIpaBHUBAHUE TIO
LEHTPY; MHULAJIBI U (PaMUIINU aBTOPOB, yUeHasl CTENEHb U 3BaHKE (Kerib 14 mosyKupHbIi
KypCHB, BBIPABHUBAHHE T10 [ICHTPY ), HA3BaHUE YUPEKIECHHSI, IIOYTOBBIN apec, TOpoJ, CTpaHa
IPEACTABIAIONINX PYKOIUCH AJs ONMyOJIMKOBaHUA. YKa3aTh e-mail [ mepenuckun oTBeT-
CTBEHHOTO aBTOpA.

AnHOTanus AowkHa ObITh 00beMoM 250-300 croB. B Heli HE peKOMEHIYeTCsl HCTIOIb-
30BaTh (YOPMYIIBI U CCBUIKM Ha JUTEpaTypy. Ecim pykomuch momaercs Ha pyCCKOM SI3BIKE,
TO aHHOTALUS JOJDKHA OBITH MPOAYOINpPOBaHA HA aHIIIMICKOM C yKa3aHHWEM Ha3BaHUs CTa-
ThH, (haMUIINI 1 HHUIIMAIOB aBTOPOB Ha ATHX sI3bIKax. Eciy pykonmuck nmogaercs Ha aHTIIN-
CKOM $I3bIKE, HEOOXOJMMO MPHBECTHU TAK)KE AaHHOTAILMIO HA PYCCKOM. AHHOTAIUS I1e4aTaeTcs
mpudrom Times New Roman (12 kerb). B koHIIe aHHOTaIMU 0053aTENBHO YKa3bIBAIOTCS
KJII0ueBBbIe cJ0Ba (5-8), KOTOpbIE OTPaXKarOT TEMATHKY CTAThH.

Tekct crareu Habupaercs mpugdTom Times New Roman pasmepom 14 it uepes onunap-
HBII MHTEpBaJl, BBIpaBHUBaHME 0 Gopmarty. [loa3aronoBok — mpudT KypCcUBHBIHN, BEIpaBHH-
BaHME I10 JIeBOMY Kpato. [Ipy HamrcaHuy CTaThi UCTIONB3YIOTCS OOIIETPUHSTHIE TEPMUHBL,
€IMHUIIBI U3MEPEHHUS U yCIOBHBIE 0003HAYEHUS, €MHOOOpa3HbIe 10 Beel cTarke. Pacimmd-
POBKa BCEX HCIIOJIb3YEMBIX aBTOpaMHU O00O3HAUYEHHWH JaeTCsl MpU MEPBOM YHNOTPEOICHHU B
TeKcTe. ByKBBI JIaTUHCKOTO ajndaBuTa HaOUPAIOTCS KypCUBOM, OyKBBI I'peueckoro angasu-
Ta — MPsAMBIM pUupTOM. MaremaTiudeckre CuMBOIIBI lim, 1g, In, arg, const, sin, cos, min, max
U T.T. HabuparoTcs npsAMbeIM mpu@ToM. CUMBOJI HE JOJKEH CIUBATHCS C HAJICUMBOJIBHBIM
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3JIEMEHTOM B XUMHYecKuX diemenTax (H,0) u enununax usmepenuii (MBt1/cm?) — npsiMbIim
(o6brunBIM) mpudTOM. He cnenyer cMemmBarh OAMHAKOBBIE 110 HAMMCAHUIO OYKBBI JIATHH-
CKOT'0, TPEYECKOTO U PYCCKOTo an(haBUTOB, UCIOIb30BAaTh COOCTBEHHBIE MAaKpOChl. bykBsl |
nJ,vuv,eul,hun,qug, Vu U, O (Oyksa) u 0 (HyZb) TOMKHBI pa3IndaThCs IO HaUYepTa-
HUI0. Mex 1y 1M(pPOBbIM 3HAYEHUEM BEJIMYMHBI U €€ Pa3MEPHOCTBIO CIIEAYET CTaBUTh 3HAK
Hepa3pbeIBHOTO npobena. [lepeHockl B cioBax 1u60 He yrmoTpeoisaTs. He ncnonp3oBars B TEK-
cTe A1 (popMaTUPOBAHUS 3HAKU Mpobena. PopMyIbl CO30at0TCA C IOMOLIBIO BCTPOEHHOTO
penakropa popmyn Microsoft Equation ¢ Hymepatueit B Kpymibix ckoOkax — (2), BRIpaBHH-
BAIOTCS MO MPAaBOMY Kparo, pacmm@poBka Bcex o0o3HaueHuit (OykB) B (hopMyrax naercs B
Hopsiike ynnoMuHaHus B popmyse. Bo uzbexanne HeopasyMeHUH U OIIMOOK peaaKius pe-
KOMEH]IyeT aBTOpaM UCII0JIb30BaTh B (POpMyiax OyKBbI JATUHCKOIO, IPEUECKOT0 U APYTUX (HE
pycckux) andaBuToB; Mpu Habope HopMyIT HEOOXOAUMO COOTIOCTH pa3MePHI TI0 YMOTIAHHUIO.
Bonbmme Gopmynbsl He0OX0AMMO pa30UBaTh Ha OTAEIbHbBIE PparMeHThl. DparMeHTsl popMyn
10 BO3MOXXHOCTH JIOJIKHBI ObITh HE3aBUCUMBI (IIPU UCTIOIB30BaHUU (POPMYIIBHOTO pelakTopa
Ka)XkJ1asi CTPOKa — OTAeNbHbIN 00beKkT). Hymepanuto 1 no BO3MOKHOCTY 3HAKU MIPENUHAHNUS
CJIelyeT CTaBUTh OTAEIBHO OT (OpPMYJ OOBIYHBIM TEKCTOM. TaluIisl, pucyHKH, poTorpadun
pa3sMelIaoTCs BHYTPH TEKCTa U UMEIOT CKBO3HYIO HyMEpPALUIO 10 CTaThe (HE MO0 paszaenam!)
U coOcTBeHHbIEe 3aroyioBKU. Ha3zBaHus Bcex pHCYHKOB, (hotorpaduii 1 Tabnuil NpUBOASTCS
Ha pycckoM s3bike 11 kerneM, kypcuBoMm. Hymeparus 0603HaueHMii Ha pUCyHKax JaeTcs 1o
HOPSIIKY HOMEPOB I10 YaCOBOM CTPEJIKE WIIH CBEPXY BHH3. PUCYHKH HE0OX0IMMO 110 BO3MOXK-
HOCTH BBINOJIHATH B BEKTOPHOM (popMare BHJE, kenaTenabHo B nporpamme Corel Draw munn
aHaJyiorax Io cJeIyIOUINM MpaBuaM: IIUpUHA pUCYHKa He Oosee 16,5 cM; TOMIIMHA THHUMA:
OCHOBHBIX — | 1T, BcnomorarenbHbIX — 0,5 0T; 4711 0003HaueHMH B II0JI€ PUCYHKA HCIIOJIb30-
Barhb mpudt Times New Roman pazmepom — 9 nt. BekTopHble pUCYHKH 3aITUCHIBAIOTCA B OT-
JieNbHbIe (ailsibl TOKyMeHTOB. POTOCHUMKH JOJKHBI ObITh KOHTPACTHBIMU U BBIMIOJHEHHBI-
MU Ha MaToBoif 6ymare. OTcKkaHUpOBaHHbIE (oTOrpaduu 3auchIBalOTCs B (paiiiibl B popmare
TIFF, JPEG. CxanupoBatb nuzodpaxenue cienyer ¢ pazpemenuem 300 dpi s KOHTpaCTHBIX
yepHO-0enbIx pucyHkoB u 600 dpi — 11 momyTOHOBBIX. L[BeTHBIE MILTIOCTpAIMK AOIYyCKa-
I0TCS IO COMIACOBAHMUIO ¢ pefakuueil. O003HaueHysl, TEPMUHBI, WIUTFOCTPATUBHBIN MaTepuall,
CITMCOK JIUTEPaTyphl IOJKHBI COOTBETCTBOBATH JiekcTBytouM ['OCTam.

[lepedens nUTEpaTYpHBIX MCTOYHUKOB IMPUBOAUTCSA OOIIMM CIHCKOM B KOHIIE CTaTbH
(Harvard Style). Cnmicok coctaBisiercst o ajgaBuTy, CHadaaa CleayroT HCTOYHUKU Ha pyc-
CKOM, 3aTeM — Ha aHrmiickoM. Jluteparypa nomxHa ObITh oopmieHa cormtacio [OCT P
7.0.5-2008. OTCBUIKH Ha JINTEpaTypy B TEKCTE MPUBOAATCS B KBaIPATHBIX CKOOKaX B CTPOKY
C TEKCTOM JJOKyMeHTa. Eciiu cChlIKy NpUBOJAT Ha JOKYMEHT, CO3/1aHHBIN OIHUM, ABYMsI WX
TpeMsl aBTOpaMM B OTCHUIKE YKa3bIBAIOT (DaMIIIMIO TIEPBOTO aBTOPA M COKPAIICHHE «U JIP.»
(«et al.» 11 TOKYMEHTOB, Ha f3bIKaX, MPUMEHSIOIUX JaTUHCKYIO Ipa(UKy); €ClId aBTOPbI
HE yKa3aHbl — yKa3bIBAIOT Ha3BaHME JIOKYMEHTA; Jlajiee YKa3bIBalOT IOfl M3/1aHUs U MIPH He-
00XOIMMOCTH CBEICHUS JONOIHAIOT yKa3aHUeM cTpaHull. CBeleHUs B OTCBUIKE pa3/ieNsoT
3anAToil. Ecim oTChIIKa COEPIKUT CBEIEHHSI O HECKOJIBKUX CCBUIKAX, TPYIIIBI CBEICHUH pas3-
JeIISI0T 3HAaKOM TOYKa € 3alsIToi. B oTchuIKe NomyckaeTcss COKpallarh JUIMHHBIE 3arlaBus,
0003Ha4asi OITyCKaeMbIe CIIOBAa MHOTOTOYHEM C TIPOOEIIOM 0 U MOCIIE 3TOT0 MPEAMUCAHHOTO
3HaKa.

AApPEC PeAaKLNN:

Poccust, PCO-Ananus, 362002, Poccus, r. Biiagukaskas, yia. Mapkosa 93a, ['eodusuye-
ckuit uactutyt BHII PAH, Penakius xypnana «l'eonorus u reopusuka KOra Poccuny. Teu:
8 (8672) 76-19-28; daxc: 8 (8672) 76-40-56, e-mail: southgeo@mail.ru
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INFORMATION FOR AUTHORS

The journal “Geology and Geophysics of the South of Russia” publishes original
articles of theoretical and methodological nature on geology, geophysics and geochemistry,
the results of studying the composition and structure of the Earth’s crust and mantle, the
formation processes and the general patterns of mineral resources, geophysical methods
for their detection. The subject of the journal corresponds to the current nomenclature
areas of knowledge of the Higher Attestation Commission of the Ministry of Education and
Science of the Russian Federation: 1.6.1. General and regional geology. Geotectonics and
geodynamics; 1.6.4. Mineralogy, crystallography. Geochemistry, geochemical methods
of prospecting for minerals; 1.6.6. Hydrogeology; 1.6.9. Geophysics; 1.6.10. Geology,
prospecting and exploration of solid minerals, minerageny; 1.6.11. Geology, prospecting
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The journal “Geology and Geophysics of Russian South” publishes:

— articles interpreting the new scientific research results of volume not more than 10
typewritten pages including illustrations and tables;

— brief messages containing information on the important results of the preliminary
research of volume 3-5 pages (these materials can be used in the full article text);

— reviews of the typewritten articles on the actual problems on current geological,
geophysical and environmental problems of the South of Russia and adjacent territories,
volume 20-25 pages by the editor’s order.

All papers must correspond to the journal theme. The presented manuscripts pass the
preliminary and total reading stages and if necessary are sent back to the authors for the
correction and finishing. The manuscripts are published in Russian and in English, the abstracts
in Russian and in English as well. The journal publishes only the original articles. The author
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The following materials should be presented:

— an article (structure and rules see below),

— a separate sheet with the information about the authors: surname, name, patronymic
name, scientific degree, rank, a name of the organization, office and home address and
telephone number, e-mail (if exists) and the reference to the author to contact with;

— a confirmation from the organization if the presented materials are the result of the
work carried out in that organization; the journal heading (section) should be pointed out in
the confirmation;

— an expert conclusion or any other document allowing the publication in the open press
confirmed by the organization head and proved with the stamped seal; the expert conclusion
is presented only by the authors from Russia.

If materials are submitted by electronic service, paper copies of the manuscript are not
required to be submitted to the editorial office. When registering online, you must follow the
step-by-step instructions for uploading files. When sending materials by regular mail, you
must attach two paper copies of the article, signed by all authors. Text prepared in accordance
with the general technical requirements is printed on one side of an A4 sheet. An annotation
with the title, authors and their affiliation given at the beginning is printed on a separate
sheet. Signatures to the figures are also provided separately. Each table and figure should be
printed on a separate sheet. At the bottom of the page with an illustration, you must specify
the number of the picture. It is also necessary to attach an electronic version on any portable
storage device or, in agreement with the editors, send the relevant materials by e-mail.

The article lay-out rules (submission guidelines)

The following information should be pointed out on the first page: universal decimal
classification, the article heading (title) in Russian (Sentence Case, without quotation marks,
without division of a word, without a full stop at the end, underlining isn’t used), point 20
semi bold, centre aligning; the authors surnames, academic degrees and titles (point 14 semi
bold type, the right-edge aligning), the organization name, post address, town, country and
e-mail of corresponding author.

The abstract should be 250-300 words without formulas and literature references. In
case a manuscript is presented in Russian, the abstract should be repeated in English with the
article heading (title), surnames and names in this language. In case a manuscript is presented
in English, the Russian variant must be supplied. The abstracts are typed in Times New
Roman (12 point) in one file in the following order: the article heading (title), the authors, the
name of the organization, the abstract text in Russian with the further information in 2 lines
in the same sequence in English. The abstracts are also published in the journal site www.
naukagor. ru (in Russian and in English). Keywords (5-8) that reflect the theme of the article
must be specified at the end of the abstract.

The article text is typed in Times New Roman (14 pt) through an ordinary interval
aligning along the format. A subtitle is typed in italics, aligning along the left edge. The
common terms, measurement units and conventional symbols similar to the whole article
are used. The decoding of all symbols is given for the first text use. The Latin alphabet
letters are typed in the italics while the Greek letters in the straight type. The mathematical
symbols lim, lg, In, arg, const, sin, cos, min, max, etc. are typed in the straight type. The
symbol shouldn’t coincide with the over symbol element in the chemical elements (H,O)
and measurement units (MW/cm?) and must be of the straight (ordinary) type. One shouldn’t
mix similar written letters of the Latin, Greek and Russian alphabets and should use the
proper macros. The letters [ and J, vand v, e and I, h and n, q and g, V and U, O (letter) and 0
(zero) must differ in inscribing. There must be a sign of the continuous gap between a value
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figure meaning and its dimension. The hyphen is not used; the gap character also mustn™
be used in the text for the lay-out. The formulas are designed with the help of the built-in
formulas processor (Microsoft Equation), the enumeration being done in the round brackets
(2), aligned along the right edge; the decoding of all signs (letters) in the formulas is given ir
the order of the formula reference. To avoid the errors and misunderstandings, the editorial
staff recommends the authors to use the Latin, Greek and other (not Russian) alphabet letter:
in the formulas and to keep to the omission sizes while the formulas printing. Large formulas
must be divided into separate fragments. If possible, the fragments must be independent;
each line is a separate object. The enumeration and punctuation marks should be put into
an ordinary text separately from the formulas. The tables, pictures and photos are placed
inside the text and must have a through numeration along the text (not by the sections!) anc
their own headings. The titles of all tables, pictures and photos are presented in Russian (11
point, italics). The numeration of the picture symbols is given in clockwise order or from
up to down. The pictures should be done in the computer form, preferably in Corel Draw o1
compatible program using the following rules: a picture width — not more than 16.5 cm, ¢
line thickness: the main — 1 pt, auxiliary — 0,5 pt; for the symbols in the picture area — «Times
New Roman» type of 9 pt must be used. The vector pictures are written into the separate
documentary files. The photo pictures must be contrast and performed on the mat paper. The
scanned photos are written into the files of TIFF and JPEG format. To scan the image one
should use the resolution of 300 dpi for the contrast black-white pictures and 600 dpi for
semitone ones. The colour illustrations are admitted on the editorial agreement. All symbols
terms and illustrations should correspond to the operative standards.

The list of references is given in the general list at the end of the article. The list is
compiled alphabetically (Harvard style); sources in Russian follow first, then in English.
Literature in Russian should be issued in accordance with GOST R 7.0.5-2008. References tc
the literature in the text are given in square brackets in a line with the text of the document.
If a link is given to a document created by one, two or three authors, in the reference indicate
the name of the first author and the abbreviation “et al.”; if authors are not specified, the name
of the document is indicated; further the year of publication is indicated and, if necessary,
the information is supplemented with the indication of the pages. The information in the
reference is separated by a comma. If the reference contains information about multiple links
the information groups are separated by a semicolon. It is allowed to abbreviate in a reference
long titles, denoting dropped words with an ellipsis with space before and after this prescribec
sign.
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93a, Markova street, Vladikavkaz, Russia 362002, Geophysical Institute of VSC RAS,
the editorial office of the journal «Geology and Geophysics of the South of Russia». Phone
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