3198

ISSN 2221

0JIOINA
EODPUINKA

i

[IOTA POGGHA

3 [ 2025




ISSN 2221-3198
e-ISSN 2686-7486

feothM3M4ECKHA HHCTHTYT BNaMKABKA3CKOIo HAY4HOIO LEHTpA
PoccHiiCKOH aKafemMuu HayK

EONOrng
i EODU3KKA

OTA POGGHN

GEOLOGY AND
GEOPHYSICS
OF RUSSIAN SOUTH

Tom 18
Ned /2025



PEJAKIIMOHHAS KOJIVIET'US )KYPHAJIA
«EOJIOI'Usi U TEO®U3UKA IOTA POCCUN»

I'naBHbI peqakTop
1. ¢.-m. 1., npod. B. B. 3aanumBuim, ['eopusndeckuii
HHCTUTYT Bragukaskasckoro HayuHoro nentpa PAH,
. BnagukaBkas

3amMecTHTENIb ITIABHOTO PeIaKTOpa
1. ¢.-m. H., ipo¢. . A. Kepumos, UucturyT dpusuku
3emiu um. O. 1O. HImuara PAH, r. Mocksa

YuieHbl pelaKIIMOHHON KOJLJIernn

akazemuk PAH B. A. Ba6demko, KyGanckuit
rOCy/apCTBEHHBIN yHUBepcuTeT, I. KpacHonap

akagemuk PAH A. JI. 'summnanun, ['eopusnaeckuit
nentp PAH, r. Mocksa

akagemuk PAH M. Y. 3aaunxanoB, BeicokoropHsIii
reoU3MYeCKIii MHCTUTYT, T. Hampamk
ynen-kopp. HAHA I'. I. Erupmuiu,
Pecrryonukanckuii LleHTp celicMOIOornaecKkon CiryskObI
npu HAHA, Azepbaiimxan

akagemMuk AHI" T.JI. YUemma3ze, TOwnucckuit
roCyAapCTBEHHBIN YHUBEPCUTET
uM. W.Jxapaxuimsuny, ['py3ust

wien-kopp. HAH PA C.M. Oranecsin, UucTuTyT
Teo(U3NKH U HHKEHEPHOH CeHCMOIOTHH
HAH PA, Apmenus

unen-kopp. PAH JI.P. Kamutynos, MHctutyT npoGiem
koMIuIekcHoro ocBoenust Hesip PAH, . Mocksa

unen-kopp. PAH A.JL. Co6uceBuy, Muctutyt pusuku
3emmn um. O.1O. llImuara PAH, . Mocksa

qneH-kopp. PAH A. A. CooBbeB, ['eopm3nueckuii
uentp PAH, r. Mocksa

wieH-kopp. PAH II. H. Illebaymn, MHCcTuTy T TEOpUN
MIPOTHO3a 3eMJIETPSCCHUH 1 MaTeMaTHIeCKOH Teo(pH3nKI
PAH, . Mocksa

Ph. D., npo¢. H. A. BepecneB, YHuBepcuTeT mrara
Aiiopa, CIITIA

Ph. D., mpo¢. IIL. Fananaru, LleaTp mo cmsraeHuo
TIOCJIC/ICTBUI CTUXUHHBIX OS/ICTBUIH U yIIPaBICHUIO,
TexHonornueckuit MHCTUTYT Bennypy, Muaus

Ph. D., npo¢. Ko-JIsin Banb, HanmonanpHbIH
LIEHTPAJIbHbIN YHUBEPCUTET, TaiiBaHb
Ph. D., mpod. T. ITanagonyoc, Apunackuit
HalMOHAJBHBII yHUBEpCHUTeT, [ perys
Ph. D., npo¢. Aau IMunap, Bocdopckuit
yHuBepcuTeT, Typrust
I.T.H., ipod. B.U. Fomuk, ['eoduzmaecknii
MHCTUTYT BragukaBkasckoro HaygHoro nentpa PAH,
. Bnagukaskas
n.r.H., A.H. I'yns;, MacrurtyT reorpaguu PAH,
r. MockBa
J1.r.-M.H. B.M. MakeeB, IHCTUTYT re03KoJI0r1uu
um. E.M. Cepreesa PAH, . Mocksa
0.T.H., ipod. U.JI. My3aeB, [eodpu3nyeckuii HHCTUTYT
BrnanukaBka3sckoro HayuyHoro neHtpa PAH,
. BnagnkaBkas
n.r.-M.H., npod. C.I. Mapana, FO>xub1 HaydHEIH
uentp PAH, r. Poctos-na-J{ony
I.T.H., ipod. M.B. PeuibuukoBa, MHCTHTYT pobieM
KoMIuIeKcHOTro ocoBeHus Heap PAH, r. Mocksa
I.L.-M.H., po¢. B.B. Crorumii, Ky6anckuit
TOCYAapCTBEHHBIN yHUBepcUTeT, I. KpacHomap
I.¢.-m.H., ipod. FO.K. Uepnos, ['copusnueckuit
uHCTUTYT BnanukaBkasckoro HayaHoro neHTpa PAH,
r. Bmagukaskas
n.r.-m.H. B.W. Yepkamun, Uacturyt I'eonorun
J®UILL PAH, . Maxaukana
n.r.H. B.A. lllupokoBa, Muctutyt ucropun
ecTecTBO3HaHUs U TexHukH umenu C. V. BaBunosa
PAH, . Mocksa

OTBeTCTBEHHBIIi ceKpeTapb
k.T.H. I.A. MeabkoB, [eodusnueckuii ”HCTUTYT
BuagukaBkasckoro HayyHoro nentpa PAH,
. Bnagukaskas

Beinyckaroumuii pegakrop
n.r.-M.H., npod. C.I. Mapana, FOxub1 HaydHEIH
uentp PAH, . Pocros-na-/lony

Buicweti ammecmayuonnoii komuccueti (BAK) srcypnan exniouen 6 [lepeuens 6edyuux peyensupyemuvix HayyHbix
JHCYPHANO08 U U30AHULL, 8 KOMOPBIX OOAHCHBL OBl ONYOIUKOBAHBL OCHOBHbIE HAYYHbIE PE3VIbMambl OUCCEPMAYULL Ha

couckanue yueHou cmenenu OOKmMopa u KaHouoama Hayx

JKypnan exniouen 6 mencoynapoonyro pegpepamugnyio 6asy OAHHbIX U CUCIEMY YUMUPOBAHUsL SCOPUS

Kypnan uznaercs ¢ 2011 rozaa.

HepI/IOZ[I/I‘IHOCTB m3ganus — 4 HOMEpPa B IroJg

Yupenurenb:

BHII PAH
Anpec yupeauTens:

363110, PCO-Ananus, [IpuroponHslii paiioH,
¢. Muxaiinosckoe, yi1. Bumbsimca, 1
Ten.: 8(8672)726788
e-mail: info@vncran.ru
http://vncran.ru

HU3nparenn:

leopusuyeckuii HHCTUTYT BagukaBka3ckoro Hay4Horo

nentTpa Poccuiickoii akagemun nayk
Anpec uznarens U peaaKiuu:

362002, PCO-Ananus, r. Bnagukaskas, yia. MapkoBa 93a

Ten.: 8 (8672) 764084; daxc: 8(8672) 764056
e-mail: southgeo@mail.ru
http://geosouth.ru

ISSN 2221-3198
e-ISSN 2686-7486
[Moanucnoii unaexe B OobequnenHom karajore «Illpecca Poccum» — 29119
[pu neperneuarke MaTepHUaIoOB CChIIKA HA KYPHAI 00sI3aTelIbHA.

© l'eopmsmueckmit mactutyT BHL[ PAH, 2025

®omo na obnodxcke — Ocens (K.C. Xape6os)



EDITORIAL BOARD OF «GEOLOGY AND GEOPHYSICS
OF RUSSIAN SOUTH» JOURNAL

Editor in Chief
Vladislav B. Zaalishvili, Dr. Sci. (Phys.-Math.),
Prof., Geophysical Institute of Vladikavkaz Scientific
Centre of the Russian Academy of Sciences,
Vladikavkaz

Deputy Editor in Chief
Ibragim A. Kerimov, Dr. Sci. (Phys.-Math.), Prof.,
Schmidt Institute of Physics of the Earth of RAS,
Moscow

Members of Editorial board
Vladimir A. Babeshko, Academician of RAS, Kuban
State University, Krasnodar, Russian Federation
Alexey D. Gvishiani, Academician of RAS, Geophysical
Centre of RAS, Moscow, Russian Federation
Mikhail Ch. Zalikhanov, Academician of RAS, High
Mountain Geophysical Institute, Nalchik,
Russian Federation
Gurban J. Yetirmishli, Academician of Azerbaijan
National Academy of Sciences (ANAS), Republican
Seismic Survey Centre of ANAS, Azerbaijan
Tamaz L. Chelidze, Academician of Georgian National
Academy of Sciences (GNAS), Geophysics of Ivane
Javakhishvili Tbilisi State University, Georgia
Sevada M. Hovhannisyan, Academician of National
Academy of Sciences of the Republic of Armenia
(NAS RA), Nazarov Institute of Geophysics and
Engineering Seismology of NAS RA, Armenia
David R. Kaplunov, Corresponding Member of RAS,
Institute of Complex Exploitation of Mineral
Resources of RAS, Moscow, Russian Federation
Alexey L. Sobisevich, Corresponding Member of
RAS, Schmidt Institute of Physics of the Earth of RAS,
Moscow, Russian Federation
Anatoly A. Soloviev, Corresponding Member of RAS,
Geophysical Centre of RAS, Moscow, Russian
Federation
Peter N. Shebalin, Corresponding Member of RAS,
Institute of Earthquake Prediction Theory and
Mathematical Geophysics of RAS, Moscow,
Russian Federation
Igor A. Beresnev, Ph.D., lowa State University, USA
Kuo-Liang Wen, Ph.D., Prof., National Central
University, Taiwan

Ganapathy Pattukandan Ganapathy, Ph.D., Prof.,
Centre for Disaster Mitigation and Management Vellore
Institute of Technology, India
Taxiarchis Papadopoulos, Ph.D., Prof., National and
Kapodistrian University of Athens, Greece
Ali Pinar, Ph.D., Prof., Bosphorus University, Turkey
Vladimir I. Golik, Dr. Sci. (Tech.), Prof., Geophysical
Institute of Vladikavkaz Scientific Centre of RAS,
Vladikavkaz, Russian Federation
Aleksey N. Gunya, Dr. Sci. (Geogr.), Institute of
Geography of the RAS, Moscow, Russian Federation
Vladimir M. Makeeyv, Dr. Sci. (Geol.-Min.), Sergeev
Institute of Environmental Geoscience of RAS, Moscow,
Russian Federation
Ilarion D. Muzaev, Dr. Sci. (Tech.), Prof., Geophysical
Institute of Vladikavkaz Scientific Centre of RAS,
Vladikavkaz, Russian Federation
Sergey G. Parada, Dr. Sci. (Geol.-Min.), Prof.,
Southern Scientific Centre of RAS, Rostov-on-Don,
Russian Federation
Marina V. Rylnikova, Dr. Sci. (Tech.), Prof., Institute
of Complex Exploitation of Mineral Resources of RAS,
Moscow, Russian Federation
Valeriy V. Stogny, Dr. Sci. (Geol.-Min.), Prof., Kuban
State University, Krasnodar, Russian Federation
Yuriy K. Chernov, Dr. Sci. (Phys.-Math.), Prof.,
Geophysical Institute of Vladikavkaz Scientific Centre
of RAS, Vladikavkaz, Russian Federation
Vasiliy I. Cherkashin, Dr. Sci. (Geol.-Min.), Institute
of Geology of Dagestan Federal Research Centre of
RAS, Makhachkala, Russian Federation
Vera A. Shirokova, Dr. Sci. (Geog.), S.I. Vavilov
Institute for the History of Science and Technology of
RAS, Moscow, Russian Federation

Executive Secretary
Dmitry A. Melkov, Cand. Sci. (Tech.), Geophysical
Institute of Vladikavkaz Scientific Centre of RAS,
Vladikavkaz, Russian Federation

Managing Editor
Sergey G. Parada, Dr. Sci. (Geol.-Min.), Prof., Southern
Scientific Centre of RAS, Rostov-on-Don,
Russian Federation

By the Higher Attestation Commission the Journal is included in the List of Leading Peer-reviewed Scientific
Journals and Publications, in which the main scientific results of the thesis for the degree of Candidate of Science,

Doctor of Science should be published.

The journal is included in the International Reference Database and Scopus citation System

The Journal is published since 2011.
Frequency of publication — 4 issues per year

Founder:

Vladikavkaz Scientific Centre of RAS
Founder address
1 Williamsa Str., Mikhailovskoe,
Prigorodny district,
RNO-Alania, 363110, Russia
Tel.: 8(8672)726788
e-mail: info@vncran.ru

http://vncran.ru

Publisher:

Geophysical Institute of the Vladikavkaz Scientific Centre

of the Russian Academy of Sciences
Publisher and Editorial address:

93a, Markova Str., Vladikavkaz, RNO-Alania, 362002 Russia
Tel.: 8 (8672) 764084; Fax: +7 (8672) 764056

e-mail: southgeo@mail.ru
http://geosouth.ru

ISSN 2221-3198
e-ISSN 2686-7486
Subscription index in the United catalog “Press of Russia” — 29119
In the case of reproduction, a reference to the journal is obligatory.

© Geophysical Institute VSC RAS, 2025

Cover photo — Autumn (K.S. Kharebov)



4 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

COAEPXXAHWNE

FEOTEKTOHUKA 1 TEOAVHAMUKA

Csanosa B.b.
leogMHamMWKa, reoTepMms U CEMCMUYHOCTb KaBKa3cko-AHaTONMMNCKO-APaBUICKOrO PermoHa n 3eMneTpsiceHne
B MpamopHom mope (Typumsi) 23 AnPesisl 2025 FOMA ....v.veureerierrrirrieeesirrssereisssessteessesssses s ssse s ssessss s 8
Yetirmishli G.J., Kazimova S.E.
Ambient seismic tomography of the lithosphere of AZerbaijan region ..o 24
FTEOOU3NKA

Araesa J1.A., Mypapos E.[I., Fapaxaes A.B., Je6epabies X.I".
ViHxeHepHO-reonornyeckue ycrnoBms 1 OLEHKa CECMMYHOCTM NAOLLAAKM CTPOMTENBCTBA MEYeTH
B FOPOLE APKALATE (TYPKMEHUCTAH) ...euvvvuieeritiseeciseseteiesseistse bbb bbb bbb s bbbt 37

lacaHoB A.B., A66acos 3.10., Mameposa [I.H.
Ct1abunbHOCTb (hIOMAONPOHNLAEMOCTH BYNKAHOTEHHBIX KOMMEKTOPOB NP BEMOPMALINM ......cevvrrireereesrsiiseieeenes 53

Knioes P.B., Bpurupa B.C.
CoBepLUEHCTBOBaHME MOHUTOPUHIA OMON3HEBbIX MPOLECCOB FOPHbIX CKIOHOB NPY HANMYMK TPAHCMOPTHOM

IHODPACTPYKTYPD w.vvrteteesteersesesesseesesesseses st eseses et b s e ses s e s E bbb h R bbb sttt 66
Crornwii B.B., Ctoruun I'.A., NMoHomapesa H.J1.

AHOManbHOe MarHUTHOE Mosie U CeMcMUYHOCTL Bonbluoro Kaskasa 1 BocTouHOro MpeaKaBkasba.........oovvveeceenen. 79
YepHos 10.K.

O napameTpax CusbHbIX ABVWKEHWIA TPYHTA, 04arax 3eMNeTPSCEHNIA 1 nepapxumn CTPYKTyp

TEOTTOTUHECKOM CPEIBI. c..vuvevvreseeetsesestaessesesessesesesseseses s e eh s se s s e e es e s h b e eh bt s b st bbbt r et s et 92

Karapetyan J.K., Hovhannisyan L.Kh., Karapetyan R.K.

Simulated of earthquake wave compatible with design SPECIIUM .........coiviiririirieire s 110
Mammadli T.Ya.
On the seismicity of the Karabakh and East Zangezur territories of Azerbaijan...........ccovveevrrieenneenneeeneenenes 128

FEOAQTUS1, NOUNCKW 1 PASBEAKA TBEPABIX NMOAE3HBIX MICKOMAEMBIX, MAHEPATEHIAS

DHasbigenko [.6., Mapapa C.I.
Jlokann3aauws 30M10TOHOCHBIX MUHEPANN3ALMUIA MO KOCMUYECKMM CHUMKEM .......cvvrieeeresreereneeeenesesesssssnssssnesssessensenes 136

FTEO3KOAQTUI

Honrux B.MN.
OueHka NpUMEeHMMOCTY MOAENEN MaLLMHHOMO 0BY4eHUs 418 NPOrHO3a MMAPO3KONOrMYECKOr0 COCTOAHNA
IMTTBIX PK ...ttt s e s et e s R R R R £ e e e e e e e ren s s s 148

3a6ypaesa X.lLl., 3a6ypaes Y.LL., Ceanesa M.b., Launosa A.A.
OnTMm3aLms peKpeaLyoHHOro NpUpoaonoNnb3oBaHus Ha CeBepo-BoCTOHHOM KaBKABE...........cccocvveveveecverrierennnes 162

Pewwerthsk O.C., Komapos P.C.
AHanua BeposTHOCTY METaMOPh13aLIMM MOHHOTO COCTaBa PeyHbIX BOL B 62CCEAHE KYBaHM..........ccvvvecverercirerennees 174

TonokoHHukoBa 3.A.
O6BeKTbI reonornyeckoro Hacnegus Ha YepHoMopckoM nobepexse KPaCHOAAPCKOTO KPAS .......vreureerrerereeeeeeeenes 187



Geology and Geophysics of Russian South 15(3) 2025 ['eonorus u reoguanka fOra Poccim 5
TEOTEXHOAOT NS, TEOMEXAHWKA

lonuk B.W.

ViTepaLnoHHoe MoLienMpoBaHye TEXHONOrMiA pa3paboTkn MecTopoxaeHUin CagoHCKOM

TEONMOMNYECKON MPOBUHLMM ......vvvevrreressssiistssssssssesesesssasasesesesesesesesesesesasasssssssss st st s s sssesesesesesebesebebesesesesasasesasananas 199
Manchunosa T.A., Kykapues B.B., Xyaskosa E.B., CtrenaHuesny M.H., Kpacosckas J1.B.

[eodmanyeckas oLeHka 3thPEeKTUBHOCTY LieonuTcodepatlinx 6apbepoB Ans 3aLuTbl BOS OT 3arpsi3HEHNs

Ha FOPHOMPOMBILLAIEHHBIX TEPPUTOPMX. ....cvevrercseeseeeseeesessessesesseesssesesessessssessessssessssesssssssesssssssessesesssssssessesassesssnes 211

TEONHOOPMATUKA

Moropenos A.B., llaryta A.A.

TexHoreHHOe pa3pyLLeHre peyHbIX cuctem BoctouHoro Mprna3osbs

(Ha npuMepe PeK TOHYPA Y KUPTIAIIH) ..ot 226
J3upbaes T.b.

HuxHemenosas 3anexs CTaporpo3HEHCKOro HepTerasoBoro MECTOPOXAEHNS Kak 0OBbEKT

TEOSTOTNYECKOTO MOLEIIMPOBAHMS .......veuieeeeresiseeeesesesestesesesesesseseseasssesese st ssesese st se s s et ese e seebeb e st asssebese b e b e b es e e e st et ene e s 239



6 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

CONTENTS

GEOTECTONICS AND GEODYNAMICS

Svalova V.B.
Geodynamics, geothermics and seismicity of the Caucasus-Anatolian-Arabian region and the earthquake
in the Sea of Marmara (TUurkey) 0N 23APFil 2025..........cceuririrenee bbb 8

Yetirmishli G.J., Kazimova S.E.
Ambient seismic tomography of the lithosphere of Azerbaijan region............ccereererneere s 24

GEOPHYSICS

Agayeva L.A., Myradov Yo.D., Garajayev A.B., Eyeberdiyev H.G
Engineering-geological conditions and seismicity assessment of the construction site of a mosque
in the city of Arkadag (TUFKMENISTAN) .......c.vueer ittt 37

Hasanov A.B., Abbasov E.Yu., Mamedova D.N.

Stability of fluid permeability of volcanogenic reservoirs under deformation ..............cecreenenieneneneeseseseeinas 53
Klyuev R.V., Brigida V.S.

Improving monitoring of landslide processes on mountain slopes in the presence of transport

INFTASIIUCIUIE ...t bbb bbb 66

Stogny V.V., Stogny G.A., Ponomareva N.L.
Anomalous magnetic field and seismicity of the Greater Caucasus and Eastern CiSCauCasia ..........cooveeevrrireerereeenns 79

Chernov Yu.K.
About the parameters of strong ground motions, earthquake foci and hierarchies of the geological environment
SHTUCTUIE ...ttt bbb bbb bR £ £ bR E £ b e R £ E £ b £ e £ bR R £ £ R e b e R e R b bR e bR e e en e 92

Karapetyan J.K., Hovhannisyan L.Kh., Karapetyan R.K.

Simulated of earthquake wave compatible with design SPECIIUM .........c.cciiiririiirieie s 110
Mammadli T.Ya.
On the seismicity of the Karabakh and East Zangezur territories of Azerbaijan............cocvvvrenerencncncniieeeenen, 128

GEOLOGY, PROSPECTING AND EXPLORATION OF SOLID MINERALS, MINERAGENY

Davydenko D.B., Parada S.G.
Localization of gold-bearing mineralizations from satellite IMages..........couurveeuiireeiriininereeere s 136
GEOECOLOGY
Dolgikh V.P.

Assessment of the applicability of machine learning models for forecasting the hydroecological state
OF SIMAIITIVEES ..ottt 148

Zaburaeva Kh.Sh., Zaburaev Ch.Sh., Sedieva M.B., Shaipova A.A.
Optimization of recreational nature management in the North-Eastern CauCasus...........ceuveuremeireenireenieneeenieeneinns 162

Reshetnyak 0.S., Komarov R.S.
Analysis of the probability of metamorphism of the ionic composition of river waters
IN TE KUDAN DSIN ... bbb bbbttt b bbbt ee s 174



Geology and Geophysics of Russian South 15(3) 2025 ['eonorus u reoguanka fOra Poccim 7

Tolokonnikova Z.A.
Geological heritage sites on the Black Sea coast of Krasnodar Kraii.............c.erinineeesenessisnens 187
GEOTECHNOLOGY. GEOMECHANICS
Golik V.1.
lterative modeling of field development technologies in the Sadon geological Province ..........cooveveernceinnirennenns 199

Panfilova T.A., Kukartsev V.V., Khudyakova E.V., Stepantsevich M.N., Krasovskaya L.V.
Geophysical assessment of the efficiency of zeolite-containing barriers for water protection

I TNNING BIBAS ...t bbb bbb 211
GEOINFORMATICS
Pogorelov A.V., Laguta A.A.
Technogenic destruction of the river systems of the Eastern Azov region (Ponura and Kirpili FiVers).........cccocveeenee. 226
Ezirbaev T.B.

The Lower Cretaceous reservoir of the Starogroznenkoye oil and gas field as an object of geological modeling .......239



8 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

FEOQTEKTOHUKA /N TEOAVIHAMUMKA

YK 550.34.013.4, 551.24, 551.2.03
DOI: 10.46698/VNC.2025.78.36.001

OpurnHanbHas ctaTb4

[e0AMHAMIKKQ, FeOTEPMUS 1 CENCMNYHOCTb
IKOBKO3CKO-AHATOAUNCKO-APABUNCKOTO PETMOHA U
3eMAeTpsiceHne B MpamopHoM Mope (Typumst) 23
anpens 2025 ropa

B.6. Ceanogal.’

MHctutyT reoakonorum nm. E.M. Cepreesa PAH, Poccusa, 101000,
r. MockBa, YnaHckuit nep., 13, cTp. 2, e-mail: v-svalova @ mail.ru;

eodmnanyeckun MHCTUTYT BnagmkaBkasckoro Hay4Horo LeHtpa PAH,
Poccus, 362002, r. Bnagukaekags, yn. Mapkosa 93a

Crarbs noctynuna: 30.06.2025, gopabotana: 10.09.2025, npuxsita k nybaukaumn: 12.09.2025

Pestome: AKTyanbHocTb pa6otbl. 23 anpens 2025 rofa B MpamopHOM MOpe NPON3OLLIIO 3eMIETPSICEHNE
martHutygoin M 6,2. Kaxaoe HOBOE CUNbHOE 3eMJNIETPACEHUE AaeT AOMONHUTENbHYK WHGOPMALNI0 O Cenc-
MWUYHOCTW B PErMOHe U MO3BONSET YTOYHUTL NPOTHO3 U NpeaynpexaeHne nocreaytowmnx BO3MOXHbIX paspy-
LUNTENbHbIX COObITWIA. PacnpocTpaHeHne CUNbHbIX 3eMneTpsceHnit Boonb Cesepo-AHAaTONUIACKOro pasnoma ¢
BOCTOKA Ha 3anaf, UMetoLLee OMpeneneHHylo 3aKOHOMEePHOCTb, [ieNnaeT 3emreTpsaceHne B MpamopHoMm mope
B2)XXHbIM 3BEHOM B 3TOI LIENOYKE 1 JAET HOBLIA MaTepuan Ans aHanusa cencM1M4YHOCTI B OKpecTHocTu CTambyna.
Llenbto nccnenoBanus sBISETCA aHANN3 W BbISB/IEHWNE COOTHOLLEHUS 1 B3auMOCBA3M 3emneTpsaceHus 2025 roga
B MpamopHOM MOpe C CUbHbIMU 3eMieTpsaceHnsaMu BaoNnb Cesepo-AHatonuickoro pasnoma 1939-1999 ro-
[0B, a TaKXe C 6051ee paHHUMIU UCTOPUYECKUMI 3eMieTpsiceHnsaMu B pernoHe Ctambyna 1509 n 1766 rogos.
MeTopgamu uccnefoBaHus ABNAOTCA NOCTPOEHWUE TEOAUHAMUYECKUX U Fe0TepMUYECKUX MoLenen rny6buHHO-
ro CTPOEHMS PErvOHOB CTUXMIAHBIX GELCTBWIA W KAaTAaCTPOX) U CPABHMTENbHBIN aHANN3 WMEKLLUXCSH reonoro-
reonU3N4eCcKnX [aHHbIX PErMoHa aKTUBHbIX KOHTUHEHTANbHbIX OKPAUH U CEiICMOreHepupyoLwnx pasiioMos.
PesynbTathbl uccneaoBaHus. Peanu3yroTcs ABa MexaHu3Ma 4OCTVKEHUs npefena npoyHOCTI NOPOA Ha rmy6uHe
Ansa (HOPMMPOBAHMSA 04ara 3emsIeTpACceHns. 3TO aKTUBW3ALUA CENCMOreHepupYIOLLX pa3sioMOB BCEACTBUE
rOPU30HTANIbHOTO ABWXEHUS IMTOCAEPHbBIX NANT U BEPTUKAbHbIA NOAbeM BELLECTBA B BUE MAHTUIHbIX AUa-
NUPOB BCNEACTBME rPABUTALMOHHOM HEYCTONYMBOCTU. GuibHbIE 3EMNETPACEHNS, PacnpOCTPaHsIoLLIMecs BAOMb
CeBepo-AHaToNMICKOro pasnoma ¢ BOCTOKA Ha 3anag, npeojoneny okpectHoctu Grambyna u NpogsuraiTcs
Janblue Ha 3anaj K AreickoMy MOPIO, CBUAETENLCTBOM YEro MOXET CIyXuTb 3emneTpsaceque 2025 roga sanag-
Hee Ctambyna, 4T0 MOXXET FOBOPUTL O CHIDKEHWN CecMUYecKoro pucka ans Ctaméyna B 61uKanLLee Bpems B
niaHe ropu30HTANTbHbIX ABWXEHWIA N0 pasniomy. B 70 )Xe BpemMs 0nacHOCTb 0T BO3MOXXHOIO CUSIbHOM0 3eMeTps-
CEHUS Mo TUNYy UCTOPUYECKMX 3emeTpsaceHnid ¢ nepuogom 250 net (1509 r., 1766 r.) ocTaeTcsa BbICOKOIA. Takoe
3eMIeTPACEHNE B OKPECTHOCTM CTambyna MOXeT NPOM30ATI B TeYEHME BAMKANLLNX HECKOMBKIX NET.

KnioueBble cnoBa: cTuxuiiHble 6eLCTBUS, 3EMIIETPACEHNS, FTeOAMHAMUKA, CENCMUYHOCTb, reoTepMus, Kas-
ka3, Typums, MoennpoBaHue, cencMoTomMorpadns, NporHos.

Ins uutuposanus: Ceanosa B.b. leofuHamunka, reotepmns 1 CeNCMUYHOCTb KaBKa3CKo-AHATONMICKO-Apa-
BUIACKOro pernoxa u semnetpsaceque B MpamopHom mope (Typuus) 23 anpens 2025 roga. [eosnorus v reoghusu-
ka Hra Poccun. 2025. 15(3): 8-23. DOI: 10.46698/VNC.2025.78.36.001
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Strong earthquakes propagating along the North Anatolian Fault from east to west have passed the vicinity of
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west of Istanbul, which may indicate a decrease in the seismic risk for Istanbul in the near future in terms of
horizontal movements along the fault. At the same time, the hazard from a possible strong earthquake of the type
of historical earthquakes with a period of 250 years (1509, 1766) remains high. Such an earthquake in the vicinity
of Istanbul may occur within the next few years.
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BeseaeHune
Ceiicmuunocts Typuun

23 anpens 2025 rona B 12:49:10 mo mectHomy Bpemenu (UTC+3:00) B MpamopHOM
MOpE MPOU30IIIO 3eMIIETpsicCeHUE MarHuTyaoil M 6,2. Ero snutieHTp Haxonuics B 21 km


https://geosouth.ru/article/view/1249/1025
https://orcid.org/0000-0001-5597-2438

10 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

K FOT0-BOCTOKY OT paiioHa Mapmapa-Opernucu, nposunuusa Texupaar, Typuus, B 73 km
K toro-3amnafay ot CramOyna, ¢ koopaunatamu 40°49'58" ¢. m. 28°13'36" B. 1.

o maunbiM oTdyeta CTamOyibekoro Texuuueckoro yausepeutera (ITU), semmerps-
ceHue Jumiock 13 cekyHa u Bbi3Basio 291 adrepmok. CmelnieHne mIMT COCTaBUIIO BCe-
ro 30 cM — 3HaUUTENILHO MEHBIIIE O’KUAAEeMBbIX 3,7 MeTpa. AQTEPIIOKH PacCHpeaeTUINCh
BIOJb 1osiockl 40 X 12 kM, gocturas riryOunsl 10 30 K.

MaxkcuMasbHas OlleHKa MHTEHCUBHOCTH 110 MOIM(UIIMPOBAHHON IIKajne Mepkamin
nocturnia VII (ouens cunbHoe). [1o pa3HbIM HCTOUHUKAM, ITTyOMHA 3ajleraHus o4yara co-
craBuwia ot 10 1o 16,9 kM. DTOMyY TOIUKY MPEALIECTBOBAJIO 3€MIIETPSCEHNE MarHUTY101
3,9, kotopoe 6bu10 3aduKkcupoBaHo B 12:13 B MpamMopHOM MoOpe, HEJJaJIeKo OT ropoja
Cunuspu.

Bcenen 3a HUM nociieoBay enie Tpy TOIUYKa, BKIIK0Uas OCHOBHOM MarHuTynoi M 6,2.
E1ie nBa 3emierpsicenus npou3onin B paiioHe brotokuexmemke (41°01'12"N 28°34'39"E)
¢ u"tepBaioM B 11 MunyT. X maruutyna cocrasuia 4,4 u 4,9 COOTBETCTBEHHO.

[To mannbM T'eonoruueckoii cimyx0b1 CILIA, okomo 188 000 yenoBek MoABEPIINCH
BO31eHCcTBUIO coTpsiceHui nHTeHcuBHOCTH VII. CoTpsicenust unteHcuBHOCTH VI (CHITb-
HbI€) OLIYTHJIM OKOJIO 2,28 MUJJIMOHA YeJIOBEK, B OCHOBHOM B 3alaJIHbIX pallOHax Mpo-
BuHIMU CtamOyn. CoTpsiceHust ”HTEHCUBHOCTH [V (yMepeHHbIe) ObLITH 3aperucTpupoBa-
HBI B IIGHTPAJIbHBIX YacTiax ropoaos CramOyn u bypca, a Taxoke B OBpoce (I'penus) u B
roponax byprac u SIm6on (bonrapust). CooO1ieHus 0 Toykax MOCTYNWIN U3 TaKUX yia-
JEHHBIX pailoHoB, Kak ['azuanren, byxapect (Pymbinus) u Codus (bonrapus). ITo meHb-
e Mepe, 359 4enoBeK NOIYUYWIN TPaBMbl B PE3YJIbTATE MACCOBOM IMAHNUKH, KOTZa IIPbI-
rajy ¢ BBICOTHI, B TOM uHcie 236 yenoBek B CramOyne. B paifone ®@arux oOpymmioch
3a0poleHHOe TPEXITAKHOE 3/1aHKe. bbln 3apUKCHpPOBaHbl OBPEKICHUS HECKOJIBKUX
30aHUN M epebou ¢ MHTEPHETOM B OTAEIbHBIX pailoHax CramOyna. B MpamopHoMop-
CKOM peruoHe Ob1JI0 pa3BEPHYTO, MO MEHbIIIEH Mepe, 3597 cnacareneii, B Tom uucie 1443
B Cram0yrne, a Takke 250 equHUIl TEXHUKH.

T'opon CramOyn ¢ HaceneHHEM OKOJIO 16 MUJIMOHOB YENIOBEK, KOTZa-TO CTOJIMIA
Buzanruiickoit 1 OcMaHCKON MMIIEpHiA, pacloiokeH B onacHoi 6nmzoctu ot CeBepo-
Amnaromnuiickoro pasnoma, KoTopslid poxoauT B 20 kuinomerpax (12,4 Muin) K 1ory ot
Cram0Oyna yepe3 Mpamoproe mope. T.k. Tepputopust Typuuu MmoyTH MOJHOCTBIO pac-
IIOJIOXKEHA HA JIMHUAX CEHMCMMUYECKHMX PA3JIOMOB, KaXAbIH TOJ TaM IPOUCXOIAT ThICIYU
3eMJIETPSICEHUI Pa3IMYHON MarHUTY/IbI.

B 2024 rony YnpasieHue 1o upe3BblYaiiHBIM CUTyallUsIM M CTUXUMHBIM O€CTBUAM
Typuuu 3apeructpuposano 6onee 30 400 moa3zeMHbIX TOTYKOB. ['010M ¢ HAUOOIBLIINM
KOJIMYECTBOM 3a(hMKCUPOBAHHBIX 3emieTpsiceHui ctan 2023 ron, korjga ObUIO 3aperu-
CTpUpPOBaHO Oosiee 74 ThICAY MMOJ3EMHBIX TOTYKOB.

3emiieTpsiceHMe MarHuTyaod 7,8 mpousonuio Ha roro-Boctoke Typrum 6 deBpais
2023 rona B 04:17 mo mectHoMy Bpemenu. [Svalova, 2023; Bonspman, Konecunkona,
2023; I'eomaksH u ap., 2023, 2024; Ceanosa, 3aanumuin, 20240]. DnuieHTp HAXOAUI-
cs B 37 KM K 3anajty-ceBepo-3anazy ot ['azuanrena. [lo nanusv ['eonoruueckoii ciyxObl
CIIA, runoueHTp 3emieTpsiceHus Haxoauics Ha rimyoune 10,0 kM. 3a 3emueTpsceHueM
IIOCJIEZ0BAJIO 3€MJIETPSICEHUE MAarHUTy10i 7,7 B 13:24. D10 3eMeTpsceHne Mponu301LIo
B 95 KM K ceBepO-CeBEPO-BOCTOKY OT IIEPBOTO.

3eMJIETPsSICEHNE MarHUTy10i 7,8 siBsieTcst KpynHenmuM B Typuuu Hapsay ¢ 3emiie-
TpSICEHUEM TOH ke MarHUTy/bl B Dp3unmkane 1939 rona. [loareepxaeno 6omnee 52 800
cmepreit: 6onee 46 100 B Typuuu u 6onee 6 700 B Cupun. 910 caMoe CMEPTOHOCHOE CTH-
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XHiiHOE Oe/ICTBHE B COBPEMEHHOMI ructopun Typrun. 3eMieTpsiceHUs NPUIMHIIN yIepo
Ha cymmy Oonee 100 munnuapaos npomtapos CIIA.

3a MoCieIHEE CTOJIETUE CTPAHA NEPEXKUIIA THICSIUU NIOA3EMHBIX TOIYKOB, U3 KOTOPBIX
17 OblTM MarHUTYOM BbIlIE ceMH. 3emieTpsiceHre B Op3unmpkane 1939 rona, nomy4us-
niee Ha3BaHMe Benmkoe Dp3MHKAHCKOE 3€MIIETPSICEHUE, CTANI0 OJJHUM M3 CaMbIX pa3-
pymmmTenbHbIX B uctopun Typrun. OHo mpousonuto 27 nekadbps B 1:57 nmo mecTHOMY
BPEMEHM, C MAaTHUTYAO0H 7,8 ¥ NPONOIIKUTEIILHOCTBIO TOJIYKOB OKOJIO 52 CEKYH]I B BOC-
TOYHOM MPOBUHIMU DP3UHJKAH, B PE3yJbTaTe Yero Morudiao okoiao 33 ThICAY YETOBEK
n 100 000 uenoBek NMoydMIIM paHEHUs. 3eMIIETpsicCEHuE, paspyiuusiuee okoiao 116 000
3[laHUH, CYMTAETCSA OJTHUM U3 KPYITHEHIINX B MUPE.

B 1999 roay npousomnu 3emnerpsicenus: B Mamute (I'€npuykckoe) u Aro3mxe 17 aB-
rycta u 12 HOsIOpst COOTBETCTBEHHO. 3eMiieTpsiceHre ¢ eHTpoM B Kozmkasu / I'énpuyk
npounsonuio B 03:02 yrpa 17 aBrycra 1999 rona maraurynoit M 7.4—7.6. 9to camoe cuiib-
HOE 3eMJIETPSICEHHE 3a MOCIIEIHUE TO/Ibl, ITOBJIEKIIEE 32 COOOW OrPOMHBIEC YEIIOBEUECKUE
KEPTBBI U MaTepuasbHble notepu. [1o odunmanbHeIM 1aHHBIM, OKOJIO 18 THICSY YeTOBEK
MOTUOIM M OKOJIO 25 ThICSY MoTydniu paneHus. [1o HeopumanbHoi nH(popManuu, oKo-
710 50 000 yenoBek norubiu 1 oxoso 100 000 mosyunnu paHeHust. ITO 3eMIIETPACEHUE —
OJTHO M3 KPYIHEHIINX 3eMJIETPSICeHUI MPOILJIOro BeKa ¢ TOYKHU 3pEHUs CHIIBI U yliepoa.
3emierpsicenue 17 aBrycra oIlymasoch BO BceM MpaMOpHOMOPCKOM peruoHe, Ha 00-
LIMPHOM TeppuTopuu oT AHKaps! 10 M3mupa.

Mexnay 1939 u 1999 romamu cepusi pa3pyLIMTENBHBIX CIBUIOBBIX 3€MJIETPSCEHUN
Marautygoi M 7+ pacnpocTpaHuiiack Ha 3amaj BAOJb 30HbI CeBepo-AHATOIUICKOrO
pasnoMa, HauMHas ¢ 3emierpsacenns M 7.8 B Op3unxane B 1939 rony Ha BocTouHOM
KoHIIe cuctemMbl CeBepo-AHATOIUICKOTO pas3ioma U 1o 3emierpsicenus M 7.4-7.6 B 13-
muTte B 1999 rony y rpanun MpamopHoro Mopst [Ambraseys, Jackson, 2000; Bohnhoff et
al., 2013; Stein, Sevilgen, 2025].

CeBepo-AHaTONMICKUI pa3ioM, IEPBBIN 110 BEJIMYUHE CABUTOBBIN passiom B Typuuw,
BbI3Bad 11 kpynHbIx 3emuierpsicenuil B 20 Bexe. Brons CeBepo-AHaATONNNICKOIO pasiio-
Ma CUJIbHBIC 3eMIIeTpsiceHHs] mpoucxoasaT Kaxabie 1-10 met (1939, 1942, 1943, 1944,
1953, 1957, 1966, 1967, 1971, 1992, 1999) ¢ paccTossHuEM MEXKIY TUIIOIIEHTPAMHU OKOJIO
100 kM B HarpaBJIeHUM C BOCTOKA Ha 3anaj (puc. 1).
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Puc. 1. Cesepo-Anamonuiickuii paznom u zemaempsicenus 1939—1999 cooos [Bohnhoff et al., 2013] /
Fig. 1. North Anatolian Fault and earthquakes of 1939—1999 [Bohnhoff et al., 2013]

Typuus pacnosnoxeHa B CEICMOONACHOW 30HE, €€ TEPPUTOPHUIO NEPECEKAET aKTUB-
Has CeBepo-Anaronuiickas 30Ha pa3iaomoB (CA3P), kotopas pazaenser EBpazuiickyto u
AHATONMNCKYIO TEKTOHUYECKHUE TUIUTHI, CKOJIB3SIIIIUE OTHOCUTENIBHO JIPYT Jpyra co CKO-
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pPOCTBIO 2 CM B IoJl. B/1osib HEE TOCTOSHHO MPOUCXOIAT 3EMIIETPSCEHUS, U AKTUBHOCTh
MOCTENEHHO CMEIIAeTCs BCe Janblile Ha 3amnajl, B MpamopHoe Mope, B cropony CtamOy-
na. CErMeHT 3TOi 30HbI, IPUMBIKAIOIINN K TOPOAY, He akTuBHpoBaics 250 ner.

Hctopuueckoe CramOynbekoe (KoHCTaHTHHONONBCKOE) 3eMIIETPSICEHHE TTPOU30IILIO
B paiione bocdopa u Mpamopnoro mopst 10 centsiopst 1509 r. DnuieHTp uMen KoopinHa-
Tb1 40°54' c. 1. 28°42' B. 1. MaruuTyna 3emnerpsicenus cocrasuia 7,2 = 0,3. M3-3a Tsoké-
JBIX TOCIEACTBUNA OHO moiyumiio Ha3BaHue Manbiii Konen Csera (nim 3emuierpsicenue
Cynnoro nus). Cyntan baszuz I Ob11 BEIHYKIEH IEPEHECTH CTOIUILY B TOPOJI DIUPHE HA
HeCcKoIbKo MecsiieB. [1o pazHbim orienkam, norutmno ot 4000 go 10 000 yenosexk.

3emierpsiceHre HaHecso 0ombInoil ymepo CramOyny (Meuers @arux, [Bopen Tom-
Karmbl, KBapTas l'anaTtel) u KpernoctaM Baosib bocdopa. OT nMoa3eMHBIX TOTYKOB U BO3-
HUKIIETO IlyHaMH BBICOTOH 10 6 METPOB TaKkXke nocrpananu [IpuHuessl ocTposa.

OnHO M3 caMbIX PaspyIIMTEIbHBIX 3€MIIETPSCEHUN B UCTOpuM OCMaHCKOW HMMIIe-
pun npousouuio 22 Mas 1766 r. /IBa CHIIBHBIX MOJ3EMHBIX TOJYKA IPOU3OILIN B pai-
one CramOyna. [lepBoe 3emineTpsiceHue ¢ mpeanojgaraeMoid MarHuTynoi 7,1 ¢ snuues-
tpoM 40°48'N 29°00'E / 40.8°N 29°E npou3onuio B BOCTOYHOH yacTH MpamMOpHOro
Mopsi, BO BriaginHe YbIHapkbIK okos1o [IpuHueBbix octpoBos. [loru6nu ot 4000 1o 5000
yeJoBeK. B pesynbrare AByXMHUHYTHOTO 3€MIIETPSICEHUsI OBUIO Pa3pyLIEHO MHOXKECTBO
3naHui. AQTepIIOKH, MOCIEA0BaBIINE 33 3eMJIETPACEHUEM, MPOAOIKAIUCH 3 Mecsla.
Meuets @arux, nocrpoensas B 1463 rony Cynranom Mexmenom I, uzBectuoim kak da-
TuX (3aBoeBarelnb), ObUIA MOTHOCTHIO pa3pyIIeHa.

CunbHble ucropuueckue 3emierpscenus 1509 u 1766 ronos oxono CramOyna nanu
OCHOBaHUE IpeAIoararb, YTo MepuoJ] MOBTOPSIEMOCTH CUIIBHBIX 3€MJIETPSICEHUN 31€Ch
cocrasisier 250 ner.

CeiicMuyHOCTH MPpamMopHOTro Mopsi

Kaxxnoe HOBOE CHIIBHOE 3eMIICTPSICEHHE IaeT OIMOJHUTEIBHYI0 HWH(POPMAIHIO O
CEMICMUYHOCTH B PETHOHE U MO3BOJISIET YTOUHUTH MTPOTHO3 U MPEAYPEKICHHUE MOCIEY-
IOIMX BO3MOXHBIX Pa3pyHIUTENIbHBIX COOBITHM. PacripocTpaHeHne CUITbHBIX 3eMJIETPSI-
cenuii BIoab CeBepo-AHATOIMIICKOTO pa3jioMa C BOCTOKA Ha 3amajl, UMEIoIIee ompeie-
JIEHHYIO 3aKOHOMEPHOCTb, JIeJIaeT 3eMJIETpsiceHue B MpaMOpHOM MOpE OYEHb Ba)KHBIM
3BEHOM B ATOH LETOYKE U JAET HOBBIA MaTepHal JJIisl aHalln3a CEMCMUYHOCTH B OKPECT-
HocTsix CtamOyina (puc. 2).
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BayxHo nmoHATH M Uccienosarh, kak 3emierpscenue 2025 rona B MpamopHOM Mope
COOTHOCHUTCS C CHUJIBHBIMU 3€MIIETPSICEHUSIMU BJOJIb CeBepo-AHATOIMNICKOIO pasjioma
1939-1999 rr., a Takxke ¢ Oojee paHHUMU UCTOPUUYECKUMH 3€MIIETPSICEHUSIMU, KOTOphIE
HaHECIH CuibHbIe paspymeHust CTamOyily ¥ BbI3BAIM OOJbIINE YETOBEUECKUE KEPTBHI.

Jliist 3TOro HeoOXOAMMO JIETAIbHO MPOAHAIU3UPOBATH CEHCMUYHOCT MpaMOpHOTo
MOpsl, a TaKXkKe ITYOMHHYIO Te0IMHAaMHKY U Te0TEepMUI0 Bcero AHaronuiicko-KaBkascko-
IO ¥ OKPYXKaIOUINX PETUOHOB.

OCHOBHbIE 3eMJIETPSICEHHSI B perioHe MpaMOpHOro MOpsi IPeACTaBIECHbI B TabIMIe
1 1 Ha pucyHke 3.

Tabnuya 1/ Table 1

3emaerpsicennsi B peruone Mpamopnoro mops 3a nepuoa 1500-1999 rr.
¢ MarHuTyaoii M= 6,0. Ciiucok siBJjisieTcsl OJHBIM ISl 3eMileTpsicenuii ¢ M= 6,8,
HO He 115 0oJj1ee c1a0bIX coObITHii [Ambraseys, Jackson, 2000] /
Earthquakes in the Marmara region for the period 1500-1999
with magnitude M> 6.0. The list is complete for earthquakes with M> 6.8,
but not for weaker events [Ambraseys, Jackson, 2000]

Year | Date | Time | Lat. | Long. | M
1509 | 9-10 | 22:00 | 409 | 28.7 | 7.2
1556 | 5-10 | 24:00 | 403 | 27.8 | 7.2
1719 | 5-25 | 12:00 | 40.7 | 29.8 | 74
1737 | 3-6 | 07:30 | 40.1 | 27.3 | 7.0
1754 | 9-2 103:30 | 408 | 292 | 6.8
1766 | 5-22 | 05:00 | 40.8 | 29.0 | 7.1
1766 | 8-5 | 05:30 | 40.5 | 266 | 74
1809 | 2-7 | 00:00 | 40.0 | 27.0 | 6.1
1826 | 2-8 |20:30 | 39.8 | 264 | 6.2
1841 | 10-6 | 02:30 | 40.85 | 29.05 | 6.1
1850 | 4-19 | 23:30 | 40.1 | 283 | 6.1
1855 | 2-28 | 02:30 | 40.1 | 28.6 | 7.1
1855 | 4-11 | 19:40 | 402 | 289 | 6.3
1859 | 8-21 | 11:30 | 403 | 26.1 | 6.8
1860 | 8-22 | 10:09 | 40.5 | 26.0 | 6.1
1893 | 29 | 17:16 | 40.5 | 262 | 6.9
1894 | 7-10 | 12:24 | 40.7 | 29.6 | 7.3
1912 | 89 | 01:28 | 40.7 | 272 | 73
1912 | 8-10 | 09:23 | 408 | 275 | 6.2
1912 | 9-13 | 23:31 | 40.7 | 27.0 | 6.8
1935 | 1-4 | 14:41 | 40.50 | 27.60 | 6.4
1935 | 1-4 | 16:20 | 40.55 | 27.75 | 6.3
1943 | 6-20 | 15:32 | 40.68 | 30.48 | 6.4
1944 | 10-6 | 02:34 | 39.7 | 26.5 | 6.8
1953 | 3-18 | 19:06 | 40.0 | 274 | 7.1
1956 | 2-20 | 20:31 | 39.84 | 30.41 | 6.2
1957 | 5-26 | 06:33 | 40.6 | 31.0 | 7.2
1963 | 9-18 | 16:58 | 40.70 | 28.95 | 6.4
1964 | 10-6 | 14:31 | 40.1 | 282 | 6.8
1967 | 7-22 | 16:57 | 40.7 | 30.7 | 7.2
1975 | 3-27 | 05:15 | 40.45 | 26.12 | 6.5
1983 | 7-5 | 12:01 | 40.28 | 27.76 | 6.1
1999 | 8-17 | 00:01 | 40.7 | 30.0 | 74
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Puc. 3. 3emnempsicenus 6 pecuone Mpamoproeo mops 3a nepuoo 1500—1999 ze.
¢ maenumyoou M> 6,0. Ocnosnvie 3emnempsicenus 6 pecuone Mpamoprozo mops uz Tabruyer 1. Borvuue
yepnvie kpyeu — coovimus ¢ M > 7,0, manenvkue uepnvie kpyeu —c 7,0 > M > 6,6, a benvie kpyeu —
¢ 6,6 > M >06,0. Tonvko me, y komopwix M > 7,0, nomeuenwvt oamamu [Ambraseys, Jackson, 2000] /

Fig. 3. Earthquakes in the Sea of Marmara region during the period 1500—1999 with magnitude M= 6.0.

The main earthquakes in the Sea of Marmara region are from Table 1. Large black circles are events with

M > 7.0, small black circles are those with 7.0 > M > 6.6, and white circles are those with 6.6 > M > 6.0.
Only those with M > 7.0 are labeled with dates [Ambraseys, Jackson, 2000]

CeBepo-AHATONUNCKUI pasziioM NpeAcTaBiIseT co0oi MPaBOCTOPOHHHM cOpoco-
CABHUTOBBIN pa3ioM NpOTSHKEHHOCTBHIO okosto 1200 kM. OH TaHeTcs ot Capocckoro 3a-
JuBa B OreiickoM Mope Ha 3amnajie 10 KapinoBckoro TpoitHOTO pas3iioMa Ipy COWIEHEHUU
¢ BocTtouHO-AHATONMIICKUM pa3iIioMOM Ha BocToke. POpMHUpOBaHUE pa3ioMa Ha4yajloCh
npumepHo 13—11 MUIITHOHOB JIET HA3a/1 HAa BOCTOKE AHATOJIUU U CO BPEMEHEM Pacipo-
CTpaHWJIOCH Ha 3amaj. Pa3nom B paiione MpamMOpHOTo MOpsi OKOHUATeIbHO chopMupo-
Basicsi okosio 200 000 neT Ha3zaxa, XOTs ABUKEHHE CBUTOBOIO XapakTepa B 3TOW MoJoce
Hayajaoch enl€ B MO3JHEM MHUOLIEHE.

Ha Boctounoi yactu CeBepo-AHaTonuiickoro pasiaoMa Ao M3mura 30Ha pasioma
npezacTaBisieT co00i YETKO OIpeeNIeHHYI0 MOP(OJIOTHUECKYIO CTPYKTYpY, KOTOpas Io-
BTOpSIET IpaHuLly AHartosnniickoil u EBpasniickoil IuIMT. 30Ha JOCTATOYHO Yy3Kasi, JOKaJIH-
30BaHHAasA U (PAKTUYECKH pa3/iesieT OTHOCUTENIBHO KeCTKUE pernoHbl YepHOoro Mops u
LentpanbHoit AHATOIMH.

[IpaBOCTOPOHHMI CIBHUI CO CMELIEHUEM MPONOJDKAETCS K 3amangy oT Ms3mura, HO
CTaHOBUTCSI PACHPOCTPAHEHHBIM IO HECKOJBKUM CyOlapauleJIbHbIM MojocaM B Mpa-
MOpPHOM MOpE, ceBepo-3anaaHoi Typruu U ceBepHOW yacTu Jreiickoro mops [Barka,
Kadinsky-Kade, 1988; Taymaz et al., 1991]. Celicmuueckue uccienoBanus B Mpamop-
HOM MOP€ BBISIBIISIFOT MHOXKECTBO Pa3JIOMOB € OOJIBIIMMU HOPMaJIbHBIMH KOMIIOHEHTaMH
[Okay et al., 1999], a 3emierpsiceHus ¢ MEXaHU3MaMH HOpPMaJbHBIX cOpPOCOB HalIIIO-
JIal0TCs BOKPYT €ro rpaHuil. MpaMopHOe MOope MpeArolokKUTENbHO ObLI0 00pa30BaHO
pacTsHKeHHEM 3eMHOU KOpBI 10 MexaHu3My myi-anaptT (pull-apart). MccnenoBanust GPS
MIOKAa3bIBAIOT, YTO CJIBUT C BOCTOKA Ha 3ama/i 1o Bceil 001acTH pUCYyHKA 3 COCTaBIISET OKO-
70 23 £+ 3 MM B rox [Straub et al., 1997; McClusky et al., 2000].

MeToAMKA MCCAEAOBAHMUS

ITocTpoenue reotMHAMUYECKOl M reorepmuueckoit moxenu Kapkascko-
AHaTOJINICKO-APAaBHIICKOI0 peruoHa

[IpuumHO TpOABUKEHUS 3EMIIETPSICEHUH B10JIb BOCTOUHO-AHATOIMIICKOTO pa3ioMa
MOYKET CIIY’KUTh TTyOMHHBIA MaHTUHHBIN MMOTOK, MOJHUMAIOIIUICS OT TPAHMII sIpa MO
Bonbiioit Adpuxanckuit pudt (puc. 4).
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Temperature
variations, deg

Puc. 4. Pacnpedenenue anomanuti memnepamypbul i CKOpoOCmu 8 Manmuu 3emiu
6 nonepeunom ceuenuu no 40 °u 220 6.0. [Baranov et al., 2023] /

Fig. 4. Distribution of temperature and velocity anomalies in the Earth’s mantle
in the cross section along 40° and 220 °E [Baranov et al., 2023]

ImyOuHHBIE MaHTHITHBIE TOTOKU PAcpOCTpaHAIOTCs Ha ceBep K KaBkazckomy peru-
OHY, Tlle Pa3leNsIoTCs HAa TPU BETBH — Ha 3amajJ K AHATOJIUICKON IUIMTE, HA BOCTOK K
Apasuiickoii Tuinte U Ha ceBep K EBpasuiickoit muinte u crpykrype Kaskasza (puc. 5).

Puc. 5. l'eoounamura Kaexascrko-Anamonuiicko-Apasutickozo pecuona (USGS) /

Fig. 5. Geodynamics of the Caucasus-Anatolian-Arabian region (USGS)

BaxHBIM MOMEHTOM SIBIISIETCS TIEPEX0]] COOBITHI B pernoH MpaMOpHOTO MOpS, YTO
MEHSIET PEOJIOTHYECKYI0 0OCTaHOBKY BCJIECTBHE YMEHBIICHHUS TOIIIUHBI KOPHI U JHHA-
MUKH (POPMHUPOBAHHS M IBOJIOIHMU OCAZTOYHOrO OacceifHa. 3aMedeHHbIE 0COOCHHOCTH
CECMUYHOCTH B MpaMOpHOM MOpeE CIIOCOOCTBYIOT PEIIEHHIO HEKOTOPBIX 3ajad Ipo-
THO3a U TpeAyNpexIeHHs 3eMiIeTpsiceHnid. Tak, ObUIO 3aMeUeHO, YTO JUTMHA aKTUBHBIX
anemMeHTOB CeBepo-AHATOMUICKOTO pa3ioMa B MOpe KOpoue, YeM Ha CyIlie B BOCTOYHOMN
YacTH pa3iioMa. 3eMJIeTpsICEHHsI B MOpe ciadee, 4yeM Ha KOHTHHEHTE. A TaKXKe CyIIeCTBY-
10T ceficMuueckue okHa (Operin), Tae 3eMJIETPSICEHUs HE MPOUCXOJAT MHOTO JieT. Tak,
gacTh CeBepo-AHATONMICKOTO pa3ioMa, MpuMbIkatomias k CtamOyiy, He aKTHBU3UPOBa-
nack ¢ 1766 roga. BasxHbIM MOMEHTOM aHaJIN3a SIBJISIETCS TO, YTO LIETIOUKA 3eMIIETpsCE-
Huil B1ois CeBepo-AHATOINMICKOTO Pa3ioMa, MPOIBUTASCH HA 3aMa/l, IEPECKOYHIIA TOPOT
CramOyi1, 9TO XOpOIIO YKJIabIBAETCS B KOHIICTIIIUIO MPOABIKEHHSI, KOT/IA TPEIbI Ty M
CWIBHBIM 3eMJIETpsiceHHeM ObLT0 3emierpsicenre 1999 roma Ha BocToke MpaMOpHOTO
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Mops. 3emierpscenue 2025 roga umeet 0osee HU3KYI0 MarHuTyny 6,2 1o CpaBHEHHMIO €
mMarautynou 7,4-7,6 B 1999 roay, uTo oTpaxkaet nepexoja Ha 6ojiee TOHKYIO KOpY MOpS C
Jpyroit peosoruei (puc. 6).

Puc. 6. YVmounswenue xopwi 8 Mpamoprom mope [Garzon et al., 2020] /
Fig. 6. Crust thinning in the Marmara Sea [Garzon et al., 2020]

Ecnu cuurarh, 4yTO CHIIbHBIE 3eMIIETPSICEHUS, pacmpocTpanstomuecs Baoias Cee-
pO-AHATONUKCKOTO pa3joMa C BOCTOKA Ha 3amaj, Mpeoaosienu okpecTHOCTh, CtamOyna
Y MPOJIBUTAIOTCS Jajbllle Ha 3araj K DrediCKOMY MOPIO, CBUJIETEILCTBOM YEro MOMKET
ciykuTh 3emierpsicenune 2025 roxa 3anagnee CramOyia, TO 3TO MOXKET TOBOPHUTH O CHU-
KEHHH cericMuueckoro pucka st CramOyina B Onnkaiiiiee BpeMs B IJIaHE TOPU30HTAJIb-
HBIX JABWKEHHI MO pas3jioMy.

Hcropuueckue 3emnerpsicenus 1509 u 1766 rr. B okpectHOCTH CTamOyra He CBA3aHbI
C MOCEA0BATEIbHBIM JBUKEHUEM 3EMJIETPSICEHUI MO Pa3jioMy Ha 3amaj, HO OTPa)XaroT
JpyTHUe BaKHbIC 3aKOHOMEpHOCTHU. Tak, cienyer oOpaTuTh BHUMaHUE HAa TO, YTO CEic-
MHUYHOCTh BO MHOTHX OCaJIOYHBIX OacceitHax Anbnuiicko-I umamnaiickoro u TuxookeaH-
CKOTO ITOSICOB KOHIICHTPHUPYETCS Ha mepudepun 0acceiHoB, a Hanboiee TyOOKOBOTHAS
4acTh JICPECCUN XapaKTepU3yeTCsl TOHUKEHHOW CEMCMUYHOCTBIO, @ TAKKE MOBBIIICH-
HBIM TEIJIOBBIM MOTOKOM [CBanoBa, 3aanumBuiu, 2024a, 6; McKenzie, 1978]. Otu 3a-
KOHOMEPHOCTH XOPOIIO OOBSICHSIOTCS] TOABEMOM MaHTHMHBIX THATTUPOB MU GOPMUPO-
BaHUU 0CAJIOYHBIX 0ACCEHHOB.

Ha nauanpHOU cTaguu GopmupoBaHUs OacceliHa HA 3eMHOM MOBEPXHOCTH 00pa3y-
€TCsl CTPYKTypa CBOJIOBOTO TIOJIHATHUS, a 3aT€M TIIyOOKasi JEMPECCHsi, YTO OTPAKAET T'e0-
JTUHAMUKY TIOJTbEMa U OCTBIBAHUS TUAIIMpa U paCTEKaHUs BEIIECTBA HAJl HUM BCJIC/ICTBHE
rpaBUTAlMOHHOM HeycTonuuBoCTH [CBasioBa, 3aanumBuin, 2024a]. AHaIOTUYHBINA Me-
XaHU3M posiBisieTcss B MpamopHoM mope. [logbem MaHTHITHBIX Macc YTOHBIIIAET KOPY U
MOBBIIIAET TEIJIOBOM MOTOK oA BnaauHou. [Ipryem BaKHO OTMETUTD, YTO BCS BIIaJIMHA
MpaMOpHOTO MOPSI COCTOUT U3 OTACIIBHBIX JICTIPECCUI, YTO MOKET OTpa)kaTh KaK MposiB-
JIEHUE TPABUTAIIMOHHON HEYCTOMYMBOCTHU B BUJIE MOIBEMA OTACIIBHBIX JUATTUPOB, TaK U
(hopMupoBaHue BMaJIMHBI IO MexaHU3My myn-anapt (pull-apart) pacTsskeHus: pa3ioMoB,
KOTJIa MOABbEM MAHTHMHOTO BEIECTBA B IIEHTPE (POPMHUPYIOMIMXCS BIAJWH UTpaeT mac-
CUBHYIO POJib, 3aMIOJHSSI OCBOOOUBIIIEECS TPOCTPAHCTBO (PUC. 7).
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Puc. 7. Ucmopuueckue zemnempsicenusi u 6accetinovl Mpamopnoeo mops [Mchugh et al., 2014] /
Fig. 7. Historical earthquakes and basins of Marmara Sea [Mchugh et al., 2014]

TernaoBol MOTOK B LIEHTPE BIAJNH SBJISETCS MOBBIIIEHHBIM, a TPAaHUIIbI BIAJNH Ha-
XonATcs B 6ojiee XpyIKOM COCTOSTHUM, ITO/IBEPKEHHOM 3eMileTpsiceHusIM. bonee ropsiyas
Cpeza B LIEHTPE JEMpPecCuil CIOCOOCTBYET CHUKEHUIO BSI3KOCTU U MEHBIIE CIIOCOOCTBYET
HAKOIIJICHUIO SHEPTUU YIPYToro HaNpsKEHUs 1S [TOCIIEYIOIIEro 3eMIIETPSICEHU S, KOoTra
JOCTUTAETCS MpeAes IPOUYHOCTH MOPOJ U IPOUCXOIAUT pa3psiaka HarpspkeHul (puc. §).
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Puc. 8. Kapma mennogozo nomoka 3anaonou Anamonuu [Gokturkler et al., 2003] /
Fig. 8. Heat flow map of western Anatolia [Gokturkler et al., 2003]

O6Cy)KAEHUE N PE3YALTATHI

MoykHO paccMaTpuBaTh JBa MEXaHHU3Ma JOCTHKCHUS Mpeesia MTPOYHOCTH MOPO Ha
r1yOuHe 1711 GOPMHUPOBAHUS OYara 3eMJICTPSICEHUS, CBSI3aHHBIX C T€OIMHAMHMKOMN JIBHKE-
HUS BEIIeCTBA B IUTOC(hEepe. ITO aKTUBU3AIMS CEHCMOTEHEPUPYIOIINX PAa3JIOMOB BCIIE/I-
CTBUE TOPU30HTAJIBLHOTO JIBM)KCHHSI IMTOC(EPHBIX IJTUT U BEPTUKAIBHBINA MTOIBEM BEIlle-
CTBa B BUJIC MAHTUIHBIX JUATUPOB BCIEICTBUE IPABUTAIMOHHON HEYCTOMYMBOCTH. ITO
MEXaHU3MbI COYECTaHUS TUINT-TEKTOHUKH U TUTIOM-TeKTOHUKH. O0a 3TH MexaHu3Ma pea-
nu3yroTcs B MpamopHoM Mope B okpecTHOCTH CtamOyia B Buje aktuu3anuu CeBepo-
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AHaTONMICKOTO pa3jaoMa IpHU NPOJBUKEHUH O4aroB 3eMJIETPSACEHUI C BOCTOKA Ha 3ariaj]
U B BHJIE F€OTEPMHUYECKON KOHTPACTHOCTHU B JIMTOC(Eepe Ha IpaHMIIe TOJHUMAIOLIETOCS
MaHTUHHOTO Manupa y MOpCKoro nooepexns B paitone bocdopa, 4to Takke MOXET co-
IpPOBOXJIAThCsl (POPMHUPOBAHUEM PA3IOMOB BIOJIb TPaHUILL OacceiiHa.

3Has o0uIMe 3aKOHOMEPHOCTH MEXaHHMYECKOrO MOBEJCHUS BELIECTBA JUTOC(HEPHI B
Pa3INYHbIX T€OJUHAMUYECKUX 00CTAaHOBKAX M B MPOLIECCE MOATOTOBKU 3€MIIETPSICEHUH,
CJIelyeT AeTajabHO aHAIM3UPOBATH I'€0JIOr0-reoPpu3nuecKre JaHHbIE U CTPOUTh Fe0/InHa-
MUYECKUE U TE€OTEPMUYECKUE MOAEIN CEMCMUUYHBIX U ACEICMUYHBIX 30H U PETHOHOB C
LIEJIBI0 IPOTHO3a U NPEAYIPEXkICHHUs ONACHBIX MPUPOIHBIX MpoLeccoB (Tad. 2).

Tabnuya 2 / Table 2

I'eosnoro-reogusnyeckne 1aHHbIe 151 ATbnHiickoro 1 TuxookeaHckoro nosicos /
Geological-geophysical data for Alpine and Pacific belts

CrpykTypsl / Tonmuna Tonmuna TenoBoii morox CelicMHYHOCTD
S 0Ca/104HOT0 KPHUCTAJINYEeCKOMH (MBT1/ M%) + BbICOKAs
tructures yexJia (km) / KOPBI (KM) Heat flow - HH3Kas
2
Thickness of B HenTpe (mW/m %) B uentpe
dimentary cover (umcaireas) (4uCaUTEND)
se B OKPYKCHUH
(km) (3HaMeHaTeJb) B OKPY:KEHHH
(3HAMeHAaTeJIb)
Thickness of crystalline Seismicity
crust (km) + high
in the center - low
(sr:ll:::ﬁ;l;:l) In the center
. (numerator)
(denominator) surrounded
(denominator)
1. Tuppenckoe mope/
Tyrrhenian Sea 6 16/45 30-160 -+
2. 2rencxoe mope/ 3 15/23 100 iy
egean Sea
3. Yepuoe mope/
Black Sea 16 15/45 30-35 -+
4. Tlpukacniuiickas
priaia) Pre- 24 12/40 40 /-
aspian
Depression
5. FOxHO-
Kacnuiickas
BraauHa/South- 20 12/45 40-50 -+
Caspian
Depression
6. Monmnueckoe Mmope
(tor)/ lonian Sea 12 10/35 30-40 - /+
(South)
7. Nonnueckoe Mope
(ceBep)/ Ionian 8 10/30 50-70 -+
Sea (North)
8. basneapckoe mope/ 8 10/40 50 .
Balearic Sea
9. JleBaHTHiickast
BIIauHa/ 6 8/30 30 -+
Levantine Basin
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10. ITanHOHCKASA
BHaguHa/ 9 18/27 90 -/-
Pannonian Basin

11. Aneytckast
BIIajguHa/ 5 10/26 60-80 -+
Aleutian Basin

12. Oxorckoe Mope/ 4 8/20 100

Sea of Okhotsk o

13. SInonckoe Mope/ 5 12/29 100-120 -+
Sea of Japan

14. ®ununnuackoe
Mope/ Philippine 2 6/13 60 -+
Sea

15. MpamopHoe
mope/ Sea of 3 15/35 150 -+
Marmara

16. Typuus/ Turkey 0-2 40/40 70-120 +/+

17. KaBka3s/
Caucasus

0-2 60/40 70 +/+

JleTanbHBIN aHAJIN3 TEOJO0ro-re0(hU3NIECKUX JTaHHBIX JaeT BO3MOXXHOCTH BBISIBUTH
OCHOBHBIE 3aKOHOMEPHOCTH B3aUMOCBSA3U I'€OTEPMHUH, CEMCMUYHOCTH, TOJILUH CIOCB
auTocdepsl, a TaKKe BO3pacTa reoJornyeckux crpykryp. CoueraHue TOHKOW KOPBI U
BBICOKOT'O TEIUIOBOT'O IIOTOKA CONPOBOXKIAAETCS IMOHMKEHHOM CEHCMHYHOCTBIO, UYTO Xa-
PaKTEepHO JUIsl OCaIOYHBIX 0ACCEHHOB M MOPCKHX BIAJMH. BBICOKMIA TEMI0BOM MOTOK B
COUYETAHUU C TOJCTOW KOPOM COMPOBOKIAETCS BBICOKOM CEMCMHMUYHOCTBIO. DTO Ciyyai
KaBkaza u Typuuu. Toncras kopa crnocoOCTBYyeT yIPOYHEHUIO KOPBI, @ BBICOKUH TeIIo-
BOI IMOTOK CHMYKAET MPOYHOCTH KOphl. O0a MexaHu3Ma IEHCTBYIOT B TPOTUBOIIOIOKHBIX
HAIIPaBJICHUAX, HO PE3YJbTaT Il CEHCMUYHOCTHU 3aBUCUT OT COOTHOILIEHUS F€0JI0T0-Ie0-
¢busnuecknx napamerpoB. Kopa momkHa ObITh TOCTATOYHO TOJICTOMU, @ BRICOKHI TEIIIOBOM
IIOTOK OTPA’KAET BBICOKYIO I'€OAMHAMUYECKYIO0 aKTUBHOCTb PETMOHA I10 TUILY KOJUIM3HUU
autocdepHbIx mUT 11 KaBkaza win nogbemMa NTyOMHHBIX MAaHTHHHBIX TOTOKOB, YTO
xapakTepHo Ui Typuuu. Xopomo U3BECTHA 3aBUCUMOCTD TEIJIOBOM IIOTOK — BO3pPacT
TEKTOHO-MarMaTHyecKko akTuBu3aluu. CBsi3b MJIOTHOCTH «IIOBEPXHOCTHOIO» TEIJIOBO-
IO MOTOKA C BO3PACTOM TEKTOHO-MarMaru4eCKON aKTUBHOCTU B KOHTMHEHTAJIbHOM KOpE
netanbHo uccnenosana [[lonsak, CmupHoB, 1966; Xytopckoii, 2023]. Yem Bbl1Ie TEII0-
BOH IIOTOK, TEM MOJIOKE KOpa. Takxke TOHKask KOpa aCCOLMUPYETCS C BBICOKUM TEILIOBBIM
IIOTOKOM, KaKk BUIHO Ha rpanuue Teliccepa-TopHKBHUCTA, pa3aessiomeld TOHKY0 (Mojo-
Jy10) U TOJCTYIO (IpeBHIOW) Kopy B EBpome. 3ona Teiiccepa-TopHkBuCcTa (Takke Ha-
3biBaeMas Trans-European Suture Zone, unu Tpanc-EBponeiickas mosHast 30Ha TESZ) —
JeMapKalMOHHas JUHUSA Mexay BocTouHO-EBpOmEeicKUM KpaTOHOM, OTHOCSILUMMCS K
JOKeMOpHI0, U (haHEPO30HCKUMH OpOTeHaMU 0T0-3ama Hoi EBponsl. 30Ha mpoctupaert-
cs ot CeBepHoro 10 YepHoro Mopeil. CelicMUUeCKUE U TPaBUTALMOHHBIE JAHHBIE MO/~
TBEP>KJIAI0T CUJIBHBIM KOHTPACT B TOJILIMHE 36MHOW KOpBI OT 28—35 KM K 3amajay oT I10B-
HOM 30HBI 10 42—47 KM K BOCTOKY.

OTHUM ke 00BbACHICTCS OHMKEHHBIN TEIIOBOM MOTOK YepHOro Mopsi, Korja Ha 00Jb-
1I0H ITyOrHE (PUKCUPYIOTCS MOHMKEHHBIE TEMIIEPATYPhl K BOCTOKY OT JIMHUM Telccepa-
TopukBucra (puc. 9).
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Puc. 9. Bapuayuu ckopocmeii cosueoswvix 60t (8 %) noo Esponoii na enyoune
80 rkm. [onudicennvie ckopocmu xapakmepusyrom moao0yio gareposoiickyio 3anaonyio Eepony.
Buvicokue ckopocmu coomeemcemeyrom opesneii Bocmouno-Eeponetickou niamgpopme
[EUROPROBE ..., 1996] /

Fig. 9. Shear wave velocity variations (in%,) underneath Europe at a depth of 80 km.
The lower velocities characterize the young Phanerozoic Western Europe.
The higher velocities correspond to the ancient East European platform
[EUROPROBE ..., 1996]

BbiBOADI

Bo3MoxHBI 1Ba MeXaHnU3Ma JOCTHKEHHUS TTpeiesia MPOYHOCTH MOPOJI Ha TITyOuHe AMist
(hopMupoBaHUs o4ara 3eMJIETPSACEHHUs. JTO aKTUBU3ALUSA CEHCMOTEHEpUPYIOIIUX pa3-
JIOMOB BCJIE/ICTBUE TOPU30HTAIBHOTO JIBHKEHHS JTUTOC(HEPHBIX TUIUT U BEPTHKAIbHBIN
MOJIbEM BEIIECTBA B BUJIE MAHTUHHBIX TUATTUPOB BCIIEACTBHE IPaBUTALIMOHHON HEYCTOM-
YUBOCTH. JTO MEXAHM3Mbl COYETAHMS IJIUT-TEKTOHUKHU M ILUTIOM-TeKTOHUKU. O6a 3T
MeXaHu3Ma peanusyroTcs B MpamopHoM Mope B okpecTHocTH CtamOysna B BHJIE aKTH-
Bu3anuu CeBepo-AHATOMUHCKOTO pa3ioMa IpU MPOJBUKEHUN 04aroB 3eMIIETPSICEHUI C
BOCTOKa Ha 3arajl ¥ B BHJIE T€OTEPMHUECKOI KOHTPACTHOCTH B JHUTOC(Epe Ha TpaHUIEe
MOJJHUMAIOIIETOCS] MAHTUIHOTO AHanupa y MOpCKoro modepexns B paitone bocdopa.

[IpuunHOi TIpOIBMXKEHHUS 3eMIIETpsiCeHUN BHOIL CeBepo-AHATOIUNUCKOTO pasiio-
Ma MOXET CIY>KUTb TTyOMHHBI MaHTUWHBIM MMOTOK, MOAHUMAIOIIUNCS OT TPaHUIL SIpa
non bonbimoit Adpukanckuii pudT, U3BECTHBIN HA 36MHOM MOBEPXHOCTH Kak AdapcKkuii
oM. [ TyOuHHBIE MaHTHITHBIE TIOTOKU PacIpoCcTpaHsoTcs Ha ceBep k KaBkazckomy pe-
THOHY, T1ie pa3fesaioTcs Ha TPU BETBU — Ha 3amaj]l K AHAaTONMNHCKON ITUTE, Ha BOCTOK K
ApaBulicKol IJIMTe U Ha ceBep K EBpasuiickol mute u cTpykrype Kaskasza.

MOXHO cYMTaTh, YTO CHUIIbHBIE 3eMIIETPSICEHUSI, pacIipocTpaHstonecs Baoib Cepe-
pPO-AHATONMHCKOTO pa3jioMa ¢ BOCTOKa Ha 3amaj, mpeojosenu okpecTHoctu CramOyna
U MPOJBUTAIOTCS Jajbllie Ha 3amaj K OTedCKOMY MOPIO, CBUJETEIHCTBOM YEro CIYXKHUT
3emnerpsicenue 2025 rona 3amagnee CtamOysa, 4TO TOBOPUT O CHUKEHUH CEHCMUYECKO-
ro pucka s CramOyna B Omipkaiiliiee BpeMs B TUIaHE TOPU3OHTAJIBHBIX JIBHXKEHUH 11O
pasiomy.

OnacHOCTb CHIIBHOTO 3€MJIETPSICEHUS M0 THUITY MPOABIKEHUs BIoiab CeBepo-AHAaTO-
auiickoro pasznoma Juist CtaMOyna CHUXKaeTcs BCIeICTBUE 3eMiieTpsiceHus: B MpaMopHoM
Mope 2025 roaa. B To e BpeMsi 0MaCHOCTh OT BO3MOYKHOTO 3€MJIETPSICEHNUS 110 TUITY UCTO-
PUYECKUX 3eMJIETPSACEHUN TeOTEPMUYECKOTO MEXaHH3Ma BCIIEICTBUE I'PaBUTALMOHHON
HEYCTOWYUBOCTH U (JOPMHUPOBAHUS Ouara 3eMJIETPSICEHHsI y TPaHUIL IETIPECCUH OCTAETCs
BbIcOKOH. Takoe 3emnerpscenue ¢ nepuoaom 250 ser (1509 1., 1766 1.) B okpecTHOCTH
Cram0yna MOXET MPOU30HTH B T€UCHHE ONMKANIINX HECKOJIBKHX JIET.
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Abstract: The aim of this study is to construct two-dimensional tomographic models of the structure of the
Earth’s crust and upper mantle of the Caucasus region using the dispersion characteristics of Rayleigh waves ex-
tracted from ambient seismic noise. The relevance of the work is due to the high seismic activity and geodynamic
complexity of the Caucasus — one of the key links of the Alpine-Himalayan orogenic belt, where the ongoing in-
teraction of lithospheric plates generates intense deformation processes. Seismic interferometry based on cross-
correlation of seismic noise records was used as the main method, which made it possible to restore Green’s
functions and extract dispersion curves for subsequent inversion of group and phase velocities. The study covers
the period from 2012 to 2024 and uses data from more than 70 seismic stations installed in Azerbaijan, Georgia
and Turkey. As a result of seismic noise analysis, maps of Rayleigh wave group velocity variations at depths from
20 to 200 km were constructed, which made it possible to identify pronounced lithospheric heterogeneities of
the Caucasus region. In the South Caspian Basin, the Kura and Alazani depressions, areas of reduced velocities
were discovered, indicating the presence of thick sedimentary strata and a thermally weakened crust. Similar
anomalies were found under large volcanoes (Elbrus, Kazbek, Ararat), interpreted as potential magmatic centers.
High-velocity anomalies corresponding to a thickened, dense crust were recorded in the areas of the Lesser
Caucasus and northern Iran, and at depths of 50-200 km - stable zones of the lithospheric mantle. In the eastern
part of the Caucasus, signs of subduction processes are traced: deep-focus earthquakes and increased velocities
in the mantle. Sharp contrasts are observed across the region’s mantle: from extremely low velocities in the west
to extremely high velocities in the east and in the South Caspian zone.

Keywords: seismic noise, tomography, Rayleigh waves, South Caspian basin, lithosphere, upper mantle,
cross-correlation, FTAN, group velocities.
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Pestome: Llenbio HacTosALLero UCCnenoBaHus ABAAETCA NOCTPOEHUE [BYMEPHbLIX TOMOrpachmy4eckmx Mo-
Jenen CTPYKTYpbl 3EMHOI KOPbI 1 BEPXHE MaHTUN KaBKa3CcKOro peruoHa ¢ UCcrnoib30BaHUeM AUCMEPCUOHHBIX
XapakTepucTUK BONMH Panes, W3BNEYEHHbIX N3 aMOWEHTHOTO CEMCMWYECKOro Liyma. AKTYanbHOCTb pa6oTbl
06YCIIOB/eHa BbICOKOW CENCMUYECKON aKTUBHOCTLIO M re0nHaMNYeCKOM CII0XHOCTbI0 KaBkasa — 0HOro u3
KNt04YeBbIX 3BeHbEB ANbNUACKO-IMMananckoro OporeHHoro nosca, rae NPoAoMKaloLLIEecs B3aMMOeCTBIE Ni-
TOCGEPHbIX MIIUT NOPOXAAET MHTEHCUBHbIE AepOPMALMOHHbIE NPOLECChI. B Ka4eCcTBe OCHOBHOrO METoAa npu-
MeHeHa ceicMuyeckas MHTepdhepOMETPUS, OCHOBAHHAsA HA KPOCC-KOPPENALMM 3annceli CenCMNYecKoro Lyma,
4TO MO3BOJIAIO BOCCTAHOBUTL (DYHKLIMM [PUHA U U3BNEYb AUCMEPCUOHHbIE KPWUBbLIE NS NOCNeAYoLen UHBep-
Cuu rpynnoBbIxX U ha3oBbix ckopocTen. ccnenoBarue oxeatbiBaet nepuof ¢ 2012 no 2024 rr. u ucnonb3yet
JaHHble 60nee 70 CeNCMUYECKIMX CTAHLMIA, YCTAHOBNEHHbIX HA TeppuTopun Asepbaigxana, lpysum u Typuun. B
pesynbTarte aHannu3a cCencMUYeCcKoro Lyma 6biiu MNOCTPOEHbI KApThbl BApUaLLMiA FPynnoBOoi CKOPOCTY BOSTH Pares
Ha rny6uHax ot 20 fo 200 KM, 4TO NO3BONKIO BbISBUTH BbIPaXXEHHbIE NIMTOCHEPHbIE HEOAHOPOAHOCTI KaBKas-
ckoro pernoHa. B HxHo-Kacnuiickom 6acceitHe, KypuHCKOn n AnasaHCKoW BnafuHax 06Hapy»eHbl 061acTy
MOHWKEHHBIX CKOPOCTEN, YKa3blBAIOLLME HA HANIMYME MOLLHBIX 0CA04HbIX TOSLL U TEPMUYECKM 0CNabNeHHON
3eMHOM Kopbl. Mof KpynHbIMK BynkaHamu (3nb6pyc, Kasbek, Apapar) BbIfiBEHbI aHAIOTNYHbIE aHOMANAK, WH-
TepnpeTupyemble Kak NoTeHLUmanbHble MarmaTuyeckue ovaru. B pannoHax Manoro Kaskasa v cesepHoro VpaHa
3ahMKCUPOBAHbI BbICOKOCKOPOCTHbIE aHOManNU, COOTBETCTBYHLLME YTOMLLEHHOM, NSIOTHOW KOPE, a Ha ry6uHax
50-200 KM — yCTOA4YMBbIM 30HaM NIMTOCEPHON MaHTUK. B BOCTOYHOM YacTu KaBka3a npocnexusarTes npu-
3HaKU Cy6ayKLUMOHHBIX NPOLECCOB: rMy60KOMOKYCHbIE 3EMNETPACEHNS W MOBbILLEHHbLIE CKOPOCTH B MaHTUW. 1o
MaHTUW PErmoHa HabnaTCa Pe3Kne KOHTPACTbl: OT CBEPXHU3KUX CKOPOCTEN Ha 3anaje [0 CBEPXBbICOKUX —
Ha BOCTOKe 1 B KO>KHO-Kacnuiickoii 30He.

KnioueBble cnoBa: ceiicMi4ecknil LWym, Tomorpadous, BoniHbl Panes, FOxxHo-Kacnuinckuii 6acceii, nutoc-
(hepa, BepxHAs MaHTUs, Kpocc-koppenaums, FTAN, rpynnoBblie CKOpoCTH.

Ona uutnpoBanus: Etupmuwnn k., Kasumoa C.3. Tomorpacusa nutocchepbl A3epbaiigKaHcko-
ro pernoHa Ha OCHOBE CEeNCMUYEcKUX LymoB. [eosorus u reogpuduka fOra Poccun. 2025. 15(3): 24-36.
DOI: 10.46698/VNC.2025.55.83.002

Infroduction

One of the key goals of modern seismology is to study the internal structure of the
Earth. Scientific works of the last decades confirm that seismic approaches remain the
most effective and reliable tools for studying the structure and physical characteristics of
our planet. Since the mid-1970s, seismic tomography, first described in the works of Aki,
Lee and others [Aki, Lee, 1976; Aki et al., 1977; Dziewonski et al., 1975], has become
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a fundamental method of georesearch. Over the years, seismic tomography technologies
have improved significantly, becoming an indispensable element of geoscientists. Three-
dimensional (3D) models created with its help reflect variations in seismic velocities and
density, revealing the dynamics and composition of the interior of the Earth and other
planets. They help to study the structure of active volcanic zones and faults, determine
internal flows in glaciers and polar caps, identify underground reservoirs and storage
facilities, and accurately model earthquake-induced ground displacements. Seismic
methods are divided into two main categories: the first is based on the analysis of the
arrival time of body waves generated by earthquakes or explosions; the second uses
the spectral characteristics of the waves, including the velocity dispersion of Rayleigh
and Love surface waves. Seismic noise, previously considered a nuisance, is now
regarded as a valuable source of data due to the development of seismic interferometry
[Campillo, Paul, 2003; Wapenaar, 2004; Shapiro et al., 2005; Wapenaar et al., 2011]. This
technique allows extracting useful signals from ambient noise, creating seismic velocity
distribution maps and constructing tomographic images. The advantage of the approach
is its universality: noise is present everywhere, which makes the method applicable even
in regions with minimal seismic activity. Cross-correlation of noise records obtained at
two seismic stations allows reconstructing the empirical Green’s function describing the
medium between them [Snieder, 2004; Weaver, Lobkis, 2001; Wapenaar, 2004]. This
function is equivalent to the seismogram that would be recorded if one station acted
as a source of an impulsive signal [Wapenaar, 2004]. The present study is aimed at
constructing two-dimensional tomographic models of the structure of the Earth’s crust
and upper mantle of the Caucasus region using the dispersion characteristics of Rayleigh
waves. The Caucasus is the subject of numerous seismic tomographic studies, which
used various techniques, mainly based on the analysis of body waves, both in large-scale
and local studies, including deep sounding [Kazimova, 2020; Svalova, 2019; Svalova,
Zaalishvili, 2024; Giorgobiani, 2020; Stogny et al., 2023]. It should be noted that the
amplitudes of surface waves significantly exceed the amplitudes of body waves, as a
result of which the latter are often masked in seismic records, which complicates their
processing and interpretation. Surface waves, due to their high sensitivity to the upper
layers of the lithosphere, are an effective tool for studying the near-surface structure of the
Earth’s crust, which is especially important for engineering-geological and environmental
problems.

Geodynamic and tectonic evolution of the Caucasus region

The Caucasus region is one of the most complex and active geotectonic zones of
the Alpine-Himalayan orogenic belt, formed as a result of long-term collision tectonics
between the Arabian and Eurasian plates within the Iranian segment (fig. 1). The modern
structure of the region is due to the ongoing convergence of the Arabian and African
plates with Eurasia for more than 100 million years, during which the lithosphere of the
Neotethys Ocean gradually sank beneath the Eurasian continent.

The modern tectonic setting is characterized by active convergence in Eastern Turkey,
the Caucasus and within the Anatolian plate. The westward displacement of the Anatolian
block is compensated by the activity of the North Anatolian and East Anatolian faults. The
segmentation of deformation processes in the collision zone covers both eastern Turkey
and the Caucasus, influencing orogenesis and magmatic activity within the Turkish-
Iranian Plateau. In the east of the region, the initial stage of subduction of the South
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Caspian Basin under the continental crust of the Middle Caspian along the Absheron-
Cheleken sill is recorded [Mammadli, Muradov, 2023]. The Greater Caucasus was formed
as a result of tectonic inversion of the Mesozoic basin located on the continental crust
north of the Neotethys subduction zone. The eastern Black Sea and the South Caspian
are considered as residual oceanic basins formed in the Jurassic and Cretaceous periods.
The Oligocene sedimentary strata of the Kura and Rioni basins are characterized by an
asymmetric structure with predominant subsidence on the southern margins, which is
probably associated with tectonic influence from the Lesser Caucasus [Ismail-Zadeh et
al., 2020].

4l B
ﬁ@ofsuw P%TE
=
N
\T.
TNA
est Bla i sk
t Black Sea Basin wﬁixuﬁ? L
Ao i ‘d\
L Grg
\ 0
> S
Anatoli as'lr
atolian Plateay 7 \ &
i N i
P S South Caspian basin
73, < "B
OU‘ 2 Ur, 'S &, ‘*
S Ul'e C‘y €
ARABIA P \ Iranian i
~— I
- t1 1 . . .
wllhy —MAZMANC vOICANOLS \ — Mesozoic-Cenozoic tectonic zones of the
‘ — direction of horizontal movements of Caucasus

tectonic plates

X Neotethys suture
‘ — Eocene volcanic belt

Fig. 1. Tectonic map of the Caucasus compiled according to data from Afanasenkov A.P,
Nikishin A.M., Obukhov A.N. [2007]

Seismotectonic studies of the region indicate the prevalence of compression with the
main axis oriented in the north-northeast direction, coinciding with the general strike of
the Caucasus ranges. The extension axis is usually oriented vertically. These patterns are
confirmed by the focal mechanisms of earthquakes identified on the basis of instrumental
data. The set of geodynamic features corresponds to the plate tectonics model, according
to which the collisional interaction of the Arabian and Eurasian plates causes transverse
compression and determines the high seismic activity of the region. The southern
slope of the Greater Caucasus demonstrates particular tectonic activity, where the most
powerful earthquakes with a high level of seismic energy are observed. According to
GPS measurements, the convergence rate between the Greater and Lesser Caucasus is
about 1042 mm/year, with about 60% of the deformation concentrated within the Greater
Caucasus. Despite the moderate current compression recorded within the ridge, the observed
rates of shortening do not fully explain the existing geodynamic processes [ Yetirmishli,
Kazimov, 2022]. Geologically, the region is represented by Paleozoic metamorphic
complexes, granitoid intrusions and Jurassic sediments, with signs of Mesozoic and
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Cenozoic volcanism. The Lesser Caucasus is characterized by a basement of Paleozoic
granitoid-metamorphic rocks overlain by Paleozoic and Triassic carbonates [Dilek et al.,
2010]. Young magmatism of the region, which developed at the late stage of collisional
interaction, is classified as post-collisional. Neogene-Quaternary volcanic formations are
close in geochemical characteristics to intraplate basalts of the continental type. According
to petrological data, the source of magmatic melts is metasomatized asthenospheric mantle,
affected by subduction processes of the Neotethys remnants. Various petrogenetic models
have been proposed to explain the mechanism of this magmatism. Of particular interest are
areas where continental collision ended in the Neogene-Quaternary, allowing us to trace
the transition from syncollisional to postcollisional and possibly intraplate magmatism.
One key example is Eastern Anatolia, where the Neotethys Ocean closed and oceanic crust
subducted beneath the active Eurasian margin in the late Mesozoic and early Cenozoic.
The completion of this process in the Miocene was accompanied by significant vertical
uplift, resulting in the formation of the modern relief with an average height of about 2
km. The dates of the last manifestations of suprasubduction magmatism in the region vary
from 18.5 to 12.5 million years: 18.5-16.5 million years ago in Southern Armenia, 15.5
million years ago in Western Georgia, 13.0—12.5 million years ago in the Vardenis Plateau,
and 15.0-12.5 million years ago in northeastern Turkey. The onset of post-collisional
volcanism was recorded about 11-10 million years ago in Eastern Anatolia and 9.0-8.5
million years ago in the Lesser Caucasus. In Azerbaijan, the geodynamic structure is further
complicated by the proximity of the Caspian Sea, located in a deep meridional depression.
The northern part of the country is occupied by the eastern section of the southern wing
of the Greater Caucasus with its intense deformation and complex geology. The southern
regions are represented by the tectonically active systems of the Lesser Caucasus and the
Talysh Mountains, each of which is characterized by unique structural, geodynamic and
seismic features.

Research Methodology

Ambient seismic noise is predominantly formed by oceanic microseisms [Berger et
al., 2004; McNamara, Buland, 2004], manifested in two frequency ranges: 0.05-0.10 Hz
and 0.1-0.2 Hz. The main contribution to the noise is made by surface waves (Rayleigh
and Love), which makes them the dominant component in the Green’s functions obtained
from cross-correlations. The dispersion properties of surface waves allow us to study
the properties of the medium at different depths by analyzing different periods, which
makes it possible to construct dispersion curves. These curves are used for tomographic
inversion, where the surface wave velocities for each period serve as input data [Shapiro
et al., 2005; Sabra et al., 2005].

Since the velocity of waves in the Earth’s interior increases with depth, waves with a
longer wavelength (lower frequency) are able to travel faster than waves with a shorter
wavelength (higher frequency). The transmission velocity of seismic waves is determined
by the density and elastic properties of the medium, as well as the nature of the wave
itself. It tends to increase with depth in both the crust and mantle, but decreases sharply
at the transition from the mantle to the outer core. For Rayleigh waves, velocities vary
in the range of 1-5 km/s. Waves emanating from earthquakes in the crust or upper
mantle exhibit higher velocities when passing through cold and dense regions and lower
velocities when passing through hot rocks. Inversion of group velocities at the nodes of
the computational grid allows one to create layered S-wave velocity profiles, which are
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interpolated to construct two-dimensional maps. Since the amplitudes of surface waves
significantly exceed those of body waves, the latter are often masked in seismic records,
which complicates their processing and interpretation. The optimal approach to using
surface waves to study subsurface structures is to calculate dispersion characteristics and
then invert the obtained curves. Thus, constructing two-dimensional tomographic maps
based on dispersion curves facilitates accurate reconstruction of the geological structure
and study of the velocity characteristics of the region.

Ambient noise data processing includes four key stages: data pre-processing, cross-
correlation, measurement of dispersion curves, and quality control. These methods
are applicable at various scales, from regional to continental, and cover a wide range
of periods. In this work, we used a standard technique for constructing Rayleigh wave
dispersion curves based on seismic noise cross-correlation functions for pairs of stations.
The procedure includes calculating daily cross-correlation functions, summing them over
a long period (in this case, 10 years), filtering using narrow-band filters, determining time
delays based on the maxima of the envelopes of the filtered functions, and calculating
group velocities. To suppress earthquake signals, amplitude normalization based on a
moving average was used. Data processing was performed according to the approach
described by Bensen et al. [2007], taking into account the correction of instrumental
distortions, time normalization to eliminate teleseismic events, and spectral cleaning.
The dispersion curves of the Rayleigh wave group velocities for each source-receiver
path were estimated using the do_mft package [Herrmann, 2013]. The figure 2 shows the
cross-correlations for the IML and NAX stations.
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Fig. 2. Cross-correlations of ambient noise for the IML and NAX stations
(the location of the stations is shown in fig. 4)

Symmetrical correlations are obtained by convolution (adding the positive and
negative components of the signal). Group and phase velocity measurements were made
using time-frequency analysis with multiple filtering [Bensen et al., 2007; Levshin,
Ritzwoller, 2001]. The cross-correlation functions were filtered with a series of narrow-
band Gaussian filters with periods ranging from 5 to 75 s.

Group velocity measurements are made using an automated FTAN (Frequency-
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Time Analysis) process. In this step, each step in the dispersion measurement process
is decomposed, starting with the accumulation of cross-correlations to the application
of time-frequency analysis. The process of obtaining group velocity is relatively simple
and involves measuring the cross-correlation envelope and determining its peak for each
frequency band.

Phase velocity curves are naturally obtained in the FTAN process, although the phase
velocity measurement involves some subtle differences compared to the group velocity.
The main difference is the need to carefully monitor the phase function ¢(t,®,), as it directly
affects the phase velocity estimate. Figure 3 graphically illustrates the automated FTAN
process. This process is shown for both group and phase velocity measurements, showing
the flow from the initial waveform processing through the application of narrowband
filters and the final group and phase velocity measurement.
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Fig. 3. Graphical representation of FTAN. 24-month stacked cross-correlation between stations ALI-GAN
and IML-LKR (the location of the stations is shown in fig. 4)

Used data

In 2003, 35 permanent broadband stations were installed in Azerbaijan. Then, over the
course of 20 years, new digital seismic stations were installed in the Caucasus and Turkey
within the framework of various national networks (Azerbaijan, Georgia and Turkey),
which provides an excellent opportunity to study the lithospheric structure. In these
studies, we used data from 35 digital stations “Kinemetrix”, 22 stations installed within
the framework of the CNECCA project, 17 stations installed within the CNET project, as
well as data from Georgian and Turkish stations. (fig. 4).
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Fig. 4. Network of digital seismic stations of Azerbaijan, Georgia, Turkey
and scheme of station pairs used for tomographic analysis

Earthquakes that occurred in the Caucasus region in the period 2012-2024 were
considered. Earthquake data for the period 2012-2021 were taken from the catalog
considered in the articles [Bondar et al., 2024; Godoladze et al., 2024]. The figure 5 shows
the maps of the epicenters of earthquakes with a magnitude greater than 3 presented in the
form of four panels, each of which shows the distribution of epicenters depending on the
depth of the foci. As can be seen in the figures, the main density of earthquakes is noted
in the depth range of 5-35 km.

L
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Fig. 5. Maps of earthquake epicenters for the period 2012-2024 at different depths
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As a result, maps of the distribution of group velocities of Rayleigh waves were
obtained within the study area, limited by longitude 44°-52° E and by latitude 38°—42.5°
N. These maps, according to the method used, were calculated separately for each of the
specified vibration periods. In total, 7 maps with a step variable by period were constructed
in this way. Depth intervals of 20 km, 30 km, 40 km, 50 km, 100 km, 150 km and 200 km
were considered (fig. 6).

Discussion of Results

The maps of group velocity variations obtained as a result of the studies indicate the
presence of significant horizontal heterogeneities in the crust and mantle of the studied
regions, which are revealed within the resolution of the method. These heterogeneities
are expressed in zones with high velocity gradients corresponding to the boundaries of
tectonically different structures, as well as in local anomalies of group velocities, manifested
as maxima and minima. All maps presented in Fig. 3 show that the variations in group
velocities range from -1.3% to +1.3% relative to the average velocity values for each
vibration period. Although the configuration of the velocity variation isolines is complex,
their distribution shows common characteristic features. Namely: increased values of
velocities corresponding to depths of 20-30-40 km in the zone of the Lesser Caucasus,
as well as a decrease in the values of velocities of 50-200 km, where the nature of the
dispersion of surface waves is influenced mainly by the structural features of the mantle
part of the lithosphere and the asthenosphere. Tectonically active structures, such as areas
of intense mountain building in the Caucasus, manifest themselves as areas of reduced
group velocities, i.e. the distribution features of horizontal velocity inhomogeneities in
the mantle correspond with the geological structure of the region under consideration. For
depths of 150-200 km, where the nature of the dispersion of surface wave velocities is
influenced by the subasthenospheric layers of the upper mantle and lower mantle, such a
connection is absent.
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Fig. 6. Spatial sections of the distribution of group wave velocities
in the Caucasus and Caspian sea regions by depth

Negative zones at a depth of 20-30 km prevail in the Caspian Sea, the Scythian
Plate and the South Caspian Basin, the Alazani and Middle Kura Depressions. Negative
deviations continue to dominate in the northeastern part of the region. The zone of positive
changes increases, covering part of the Lesser Caucasus (0.8—1.2 %). Taking into account
the geological and tectonic structure of the region, it can be assumed that the reduced
group velocities in the South Caspian, Kura and Alazani basins are due to the presence
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of thick sedimentary layers (up to 20 km). At the same time, the low-velocity zone
beneath volcanic complexes such as Elbrus, Kazbek and Ararat is probably associated
with elevated volcanic rock temperatures or the presence of a shallow magma chamber.
In contrast, high-velocity areas beneath volcanoes may be the result of low-temperature
volcanic rocks or the location of a deeper magma source. In the Lesser Caucasus, there
is some correlation between volcanic manifestations and low-velocity zones, but this
relationship is less pronounced compared to the Greater Caucasus. Low velocities in
northeastern Nakhichevan are explained by the presence of Upper Devonian and Permian
deposits, which may be sources of oil.

The area of negative deviations narrows with depth. Positive changes are noticeably
enhanced in the Kura Depression, Lesser Caucasus and Talysh. The central part of the region
becomes the dominant zone of positive changes. The detected low-velocity anomalies in
the Earth’s crust may be caused by basaltic eruptions of the Quaternary period associated
with Pliocene folding and tectonic activity of faults. It should also be noted that hot
mantle material can penetrate into the Earth’s crust through local displacements of the
Moho boundary. Such intrusion results in thermal impact on the lower crust, causing its
heating and, as a consequence, a decrease in seismic velocities in these horizons. Based
on the obtained data, it can be assumed that the recorded low-velocity anomalies at depths
of about 20—40 km are due to the combined effect of accretion, partial melting and erosion
of the lower crust.

At a depth of 50-100 km, small areas of negative deviations remain in the northern
part of the Caspian Sea. Positive values significantly expand. Positive deviations cover
almost the entire South Caspian Basin, the Kura Depression and adjacent areas. The
central and southern parts of the region demonstrate a steady increase in positive changes.
High velocities in the lower crust of the South Caspian Basin compared to northwestern
Iran are probably explained by the oceanic origin of the lower crust in this region.

At a depth of 150 km, positive values almost disappear, with the exception of small
areas in the northern part of the Caspian Sea. Negative deviations become minimal. The
dynamics show an increase in positive changes in the eastern and southern parts. At a
depth of 200 km, the maximum positive deviations are observed in the South Caspian
basin, the Kura depression, negative ones along the Lesser Caucasus and the Middle Kura
depression. As is known, at depths greater than 100 km, the temperature reaches 1200 °C,
which indicates the presence of hot molten material in the upper mantle. Low velocities
are associated with pasty melt, and high ones are associated with metasomatic refertility
of the upper mantle, increasing the density.

High velocity anomalies indicate the subduction of the South Caspian Basin under
Talysh or the presence of a lithospheric root beneath the Kura Basin (fig. 7). In the
eastern Greater Caucasus, deep earthquakes (100-200 km) indicate ongoing subduction
there. On the rises of the Lesser Caucasus, Talysh, and Greater Caucasus, high and low
velocity anomalies are noted at depths of 30—40 km and 50-100 km, respectively, which
is interpreted as evidence of relative crustal thickening. High velocity anomalies are
recorded in the Lesser Caucasus and northern Iran at a depth of 30 km, as well as in the
Lesser and Greater Caucasus and northern Iran at a depth of 40 km. These anomalies may
reflect the transition from warm-magmatic rocks to colder ones. Low velocity zones are
likely related to the presence of sedimentary and Upper Paleozoic-Triassic metamorphic
rocks in these geological supercomplexes.
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Fig. 7. 3D model of distribution of group velocities of 1.7- 3.0 km/s for the Caucasus region

At depths of about 150-200 km, the northern and western regions (western Greater
Caucasus, Lesser Caucasus) show ultra-low velocities, while the eastern and southern
regions (South Caspian Basin, Azerbaijan) show ultra-high velocities. This reflects the
structure of the upper mantle, where low velocities are associated with a thin lithospheric
mantle, and high velocities are associated with a stable mantle lid.

Conclusions

Maps of Rayleigh wave group velocity variations were constructed based on ambient
seismic noise in the depth range of 20200 km, which made it possible to characterize
horizontal and vertical heterogeneities of the lithosphere of the Caucasus region.

Low-velocity anomalies were discovered in the South Caspian Basin, Kura and
Alazani depressions, which are interpreted as zones of thick sedimentary strata and/
or thermally weakened crust. Similar anomalies beneath the volcanoes of the Greater
Caucasus (Elbrus, Kazbek, Ararat) indicate the possible presence of magmatic chambers
or thermally modified crust.

High-velocity anomalies were revealed at depths of 30—40 km in the Lesser Caucasus
zone and northern Iran, interpreted as thickened crust with the presence of dense
metamorphic or igneous rocks. At depths of 50-200 km, an increase in positive velocity
anomalies was found in the South Caspian Basin and the Kura Depression, which may
be associated with the presence of a stable lithospheric mantle and, probably, the oceanic
origin of the lower crust of the region.

Signs of subduction processes were recorded in the eastern part of the Greater
Caucasus, as evidenced by deep-focus earthquakes (up to 200 km) and accompanying
high-velocity anomalies in the mantle.

Ultra-low velocities were found in the upper mantle beneath the western part of the
region (Lesser Caucasus, western Greater Caucasus) and ultra-high velocities were found
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beneath the Eastern Caucasus and the South Caspian Basin, which reflects differences in the
lithospheric structure: from heated asthenosphere to stable mantle with a lithospheric root.
The high efficiency of using ambient seismic noise and FTAN analysis for reconstructing
the three-dimensional structure of the lithosphere in seismically active regions, including
automated extraction of dispersion curves and construction of tomographic models, has
been confirmed.
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Ha y4acTke 6biny npoBeAeHbl NOMeBbIe U3bICKAHWUS — 6YPEHNe CKBaXMH, LUHAMUYECKOE W CTATUYeCKOe 30H4M-
poBaHue. VIHXXeHepHO-reoNiornyeckme N3biCKaH!s Ha Tepputopum MeyeTi 4o rny6uHbl 40 M, Nokasanu HeOAHO-
POLHOE CTPOEHWE FPYHTOBON TOSLLM (CYNecK, CYrIIMHKI 1 NblieBatble Necku). feotmnsnyeckne UccnefoBaHmus Ha
NnoLLazfKe CTPOMTENIbCTBA MeYeTn B I. Apkagare 6b1m nposefeHbl B 2023 1. 3T pab0Thbl BKKYANN perucTpa-
LIMIO CelicMmyeckoro wyma umdposbiM Tpomorpadiom «TROMINO», ycTaHOBNEHHbBIM Ha FPYHTE. 3TO NO3BOAKNO
OLIeHNTb CKOPOCTHOW paspes NyTém aHan3a CnekTpanbHOro OTHOLLEHUS TOPUSOHTANTbHON 1 BEPTUKANIBHON KOM-
noHeHT (H/V) cercmmyeckoro wyma (HVSR-aHanu3). bbino Takxe onpefeneHo cpefjHee 3Ha4eHne CKopocTu no-
nepe4Hon BonHbl (Vs) fo 30 m. Lienb nccnepgoBaHna — n3yveHue NHXEHEPHO-re0norniecknx yCroBum 1 oLeHka
pacy4eTHOl CelicMUYHOCTM TEPPUTOPUI CTPOMTENLCTBA MeYeTy B . Apkagare. Metopa uccnefoBanuii. PacuetHas
CEMCMUYHOCTb NNOLLALKM MeYeTI 6bla OLeHEHA HA OCHOBE MOMYHYEHHbIX JaHHbIX O TPYHTOBbIX U CEAICMUYECKNX
ycnosusx. [ns onpegeneHns NoKanbHbIX CERCMUYECKUX CBONCTB FPYHTOB Obli NPUMEHEH COBPEMEHHbIA METOS,
leocnamyeckme paboTbl BbINOMHANUCH € Ncnonb3oBaHuem «TROMINO». [1ns kaxgoi To4KN HabnaeHNs ¢ no-
MOLLbK0 MpOrpaMmbl MOZENNPOBAHUSA CKOPOCTHOrO paspesa «Grilla» 6bin onpefeneHbl CKOPOCTU NONEPeYHbIX
cencmMmn4ecknx BonH (Vs) 1 pe3oHaHCHbIE 4acToTbl Kone6aHmil OBEPXHOCTHLIX 0TNOXeHU! (10 30 m). PesynbTa-
Tbl UCCNefoBaHud. bbina onpejeneHa nokanbHas CKOPOCTb MOMEPEYHbIX CeICMUYECKUX BOMH VS=225-263 m/c.
MonyyeHHble faHHbIE O CECMUYECKMX CBOCTBAX ObINM UCMOMb30BaHbI ANS OLEHKU CENCMUYHOCTI MIOLLAAKN
cTponTenbcTea. OLeHKa pacyeTHON CEMCMUYHOCTY Bblna YCTAHOBMEHA Ha ypoBHe 9,3 6anna (ncxogHas 9 6ansos
no HKCPT-2017). 9Ta ougeHKa cTana 0CHOBOW Ans pa3paboTKy MeponpuATIAA N0 06eCneYeHnto CeicMOoCTONKO-
CTW MeYeTm B I. Apkagare.

Kntovesbie cnosa: 6ans, rpyHTOBbIE YCII0BMS, pacyeTHas CeiCMUYHOCTb, NpupaLLeHne 6anibHOCTH, CanT-
apdoekT, Tpomorpady, CENCMUYECKUIA LLIYM.
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Abstract: Relevance. This study examines the engineering-geological and seismic conditions of the mosque
construction site in Arkadag city. To assess the design seismicity of this site, it’s crucial to obtain comprehensive
data on ground conditions and seismic properties of soils. Field investigations were conducted at the site,
including borehole drilling, dynamic and static probing. Engineering-geological surveys within the mosque
territory, extending to a depth of 40 meters, revealed a heterogeneous structure of the soil stratum (sandy loams,
loams, and silty sands). Geophysical surveys at the mosque construction site in Arkadag city were carried out
in 2023. These works involved recording seismic noise with a digital “TROMINO” tromograph installed on the
ground. This allowed for the assessment of the velocity profile by analyzing the spectral ratio of horizontal and
vertical components (H/V) of seismic noise (HVSR analysis). The average shear wave velocity (Vs) down to
30 meters was also determined. The aim of the research is to investigate the engineering-geological conditions
and assess the design seismicity of the mosque construction site in Arkadag city. Method. The design seismicity
of the mosque site was evaluated based on the obtained data on ground and seismic conditions. A modern
method was applied to determine the local seismic properties of soils. Geophysical works were performed using
“TROMINO”. For each observation point, shear seismic wave velocities (Vs) and resonant frequencies of surface
deposits (up to 30m) were determined using the “Grilla” velocity profile modeling software. Results. A local shear
seismic wave velocity of Vs = 225-263 m/s was determined. The obtained data on seismic properties were used
to assess the seismicity of the construction site. The design seismicity was established at 9.3 intensity points
(the initial value was 9 points according to NSZMT-2017). This assessment became the basis for developing
measures to ensure the seismic resistance of the mosque in Arkadag city.

Keywords: intensity point, soil conditions, estimated seismicity, intensity increase, site effect, thrombograph,
seismic noise.
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BeeapeHme

W3BecTHO, YTO ySI3BUMOCTD 3[aHHI M COOPYKEHUH K KOJIIeOaHUSM IPyHTa, BO3HUKA-
IOLUM TIpU 3€MJIETPACEHNUH, MOXHO OLIEHUTh 110 JaHHBIM aHaJIW3a 3alliCU IPUPOJHBIX
MHUKPOCEHCMHUUECKUX KoJeOaHUi (MHKpOCEicM), OOBIYHO TaK HAa3bIBAEMBIM «OEIbIM
LIYMOM». JTO JJOKa3aHO pe3yibTaTaMi METO/a ONPEIEICHUS JIOKAIbHBIX CEHCMUYECKUX
CBOWCTB I'PYHTOB Ha TEpPUTOPHH Topoia Apkajara, C MCIOJb30BaHHEM NpUOOpa IS
perucTpanun ceiicMuueckoro myma — udposoro tpomorpada “TROMINO” (mpous-
BozcTBO “Micromed S.P.A.”, Utanus) [Abacees u ap., 2014].

Pesynprarel reoduznueckux paboT BKIIOYAIOT B ce0si OICHKY CKOPOCTHOTO pa3pe-
3a M0 CIEKTPAJILHOMY OTHOIICHHUIO TOPU30HTAIIBHON U BEpPTUKAIBbHOM KoMIoHeHT (H/V)
ceficmuueckoro myma (HVSR-ananu3) u onpezeneHue cpeaHero 3Ha4€HHUsI CKOPOCTH
pacnpoCTpaHEHus MOMEPEYHON CEMCMUYECKOW BOJIHBI B BEPXHEW YaCTH I€0JI0THYECKO-
ro paspesa ot noBepxaoctu 10 rryounsl 30 metpoB (Vs(0-30 m)). Ouenka ceificmude-
CKHX CBOMCTB IPYHTOB IPEJIOJaraeT MU3y4eHHE JOKAJIbHBIX PE30HAHCHBIX SBJICHUH B
0CaJIOYHBIX MOPOJaX, OOBIYHO HA3BIBAEMBIX «CaUT-3(h(HEKTOM», T.K. MPOSIBICHHE PE30-
HaHCAa MOXKET MPUBECTHU K CYIIECTBEHHOMY M3MEHEHHIO MHTEHCUBHOCTHU KoJieOaTeIbHO-
ro nporuecca B auanazone yactot oT 0,3 I'm o 15 T'm. @yukuus «cailT-agdexra» npu
HEOOJIBIINX HANPSHKEHUSX MOXKET OBITH ONpeeieHa KaK CIEeKTPaJIbHOE OTHOLICHUE To-
PHU30OHTAIBHON U BepTUKaIbHON koMiioHeHT (H/V) nBmwxkenus rpynta. Ilonaraercs, uyto
Ha BEJMYMHY BEPTUKAIBHOW KOMIOHEHTH! (JOHOBOTO CEHCMHMUYECKOTO ITyMa HE BIIUSIOT
O0COOEHHOCTHU IOBEPXHOCTHBIX CJIOEB, IIPEICTABICHHBIX PHIXJIBIMU HEYCTONYMBBIMU I10-
ponamu [Tokeshi et al., 2013]. OObIYHO I M3Y4YEHHUSI CKOPOCTHOTO pas3pes3a TPyHTOB
I10 CJIBUTOBOM S-BOJIHE MCIIOJIb3YIOT TPYAOEMKHE CEMCMUUYECKHE METO/Ibl, IPUMEHSSI UC-
KyCCTBEHHBIEC HCTOUHUKHU BO30YKICHUS MOMEPEYHBIX celicMuueckux BoiH. 1o 3amucsam
npubopa “TROMINO”, perucTpupyoomero ecTeCTBeHHbIN (OH MOMeX, MOXKHO Ompesie-
JHTH Pa3InYHbIe CEHCMHUUECKUE TTapaMeTphl IPYHTOB IIOMIaAKku oObekTa [Parolai et al.,
2010; AbaceeB, XbinbIpkynuena, 2023].

B BepxHell yacTu reoj0ru4eckoro pa3pesa — B 30HE MaJIbIX CKOPOCTEH IMPOUCXOAUT
M3MEHEHUE 3HEPTUU CEICMUUECKUX BOJIH, YTO B KOHEUHOM UTOI€ ONPEAEIIsieT UHTEHCUB-
HOCTb IPOSIBIICHHS 3eMJIETPSICCHHUS Ha MOBEPXHOCTH M CIYXKXHT OCHOBaHHMEM JIJIsl HEOO-
XOIUMOCTH OIICHOK PACUE€THOW CEHCMUYHOCTH IIJIOMIAJOK CTPOUTENHCTBA 0OBEKTOB pa3-
JUYHOTO Ha3Ha4YeHus [Araesa, 2022, 2024; 3aanumBuiu u ap., 2024a, 6; YepHos, 2024].

MeToAMKA N AQHHbIE

B agMuHMCTpaTUBHOM OTHONIICHUH IUIOINIAKA CTPOUTEIHCTBA MEUETH PACIOIOKEHa
B CEBEPO-BOCTOYHON YacTh T. Apkajiara. Bo3senenue oObeKTa y)ke UAET U c/ladya B 9KC-
Iiyatanuio coctoutcs B gekadbpe 2025 roga. C yuy€ToM TEXHMYECKHX XapaKTepPUCTHUK
U KOHCTPYKTHUBHBIX OCOOEHHOCTEH 37aHHsI MEUETH, CJIONKHOCTU TPYHTOBBIX YCIIOBUI
TEPPUTOPUM OBLIN MPEAYCMOTPEHBI U BBIIOJHEHbI MH)XEHEPHO-T€0JIOTUYECKUE U T'eo-
(u3nyeckue Mccle0BaHus IUIOIAKU MO/ 0ObEKTOM cTpouTenbeTBa. /st onpenene-
HUS OLICHKHM pacueTHOM CeCMUYHOCTH IUIOUIAIKK CTPOUTEILCTBA MEUETH B I. ApKajare
cHayasa ObUIM U3YYeHbl HHKEHEPHO-TeOJI0rMUYEeCKUE YCIOBHS, a 3aTeM — CelCMUYECKUe
ycioBus [IceHoB, 1994].

B nponecce nHX)eHEpHO-re0I0rHueCcKX U3bICKAaHUN ObUTH M3Y4YEeHbI I€0JI0rHYECKOe
CTpPOEHHE, TMIPOreoJOrHYECKUE YCIOBUS, ObUIN OrpeieseHbl (PU3NKO-MEXaHUYECKUE U
KOPPO3HOHHBIE CBOWCTBA IPYHTOB, a TaKXe ObLIH BbII€JICHbI MHKEHEPHO-TEOJI0TMYEeCKUE
anemenTsl (UI'9). Kpome OypeHust ckBaxuH ObLIO MPOBEAICHO UCTBITAHUE TPYHTA METO-
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namu cratrnyeckoro 3oHaupoBanus (CPT) u nuHamMuyeckoro 30HIUPOBaHUS (CTaHIAPT-
Ho neHerpauuu — SPT) B pailoHe pacrnonokeHus MeueTH. DTU pabOThl MTPOBOAMUIHUCH
CO JIHa pa3pabOTaHHBIX KOTJIOBAHOB I0J] 4 MUHapeTa. 30HIMPOBAHNE MPOU3BOANUIOCH HA
OTMETKE (DaKTHYECKOro JHa KOTJIOBaHA Ka)JOro MUHapeTa, abCOJIIOTHBIE OTMETKH I10-
BEPXHOCTH 3€MJIM KaXKI0T0 U3 4-X KOTIOBAaHOB cOCTaBIAOT 215,00 M.

I'eopusnueckue uccnenoBaHus Ha IUIOIIAJKE CTPOUTEILCTBA MEUETH B I. Apkajare
npoBoauiu getoM 2023 roga. ITH pabOThI BKJIIOYAIHU B CEO0sL:

1. Peructpanuto tpomorpagom « TROMINO» Ha rpyHTe Ui OLIEHKH CKOPOCTHOTO
paspesa [0 CIEKTPaIbHOMY OTHOIIEHHIO FTOPU30HTAJIBbHOW U BEPTUKAIBHON KOMIIOHEHT
(H/V) celicmuueckoro myma (HVSR-ananus).

2. OmpenieneHne CpeHETO 3HAYCHHSI CKOPOCTH MOTNepeyHor BoIHbBI (Vs) B BepXHel
TOJIIE pa3pesa oT nmoBepxHocTH A0 nryouHs! 30 MmeTpoB (Vs(0.0-30.0 m)).

3areM Ha OCHOBE IIOJyUYEHHBIX JIaHHBIX U3YyUEHUS TPYHTOBBIX U CEICMUUYECKHX YCII0-
BUil OblJIa IPOBEICHA OLIEHKA PAacYeTHON CEHCMUYHOCTH TEPPUTOPUH IIOLIA/IKU CTPOU-
TENbCTBA MEUETH B I. ApKajare.

Pe3yAbTaThl 1 OBCYXAEHME

IToneBble paboThl ObLIM BbIMONHEHBI OypoBoil Opuramoit HUM CeiicmocToiikoro
ctpoutenbetBa MCuAT B ntone—utone 2023 . Beero Ha TeppuTOpUM CTPOUTENBCTBA MeE-
yeTu 06110 podypeHo 15 ckBakuH mryouHoit ot 20 M 10 40 metpos (puc. 1).

Puc. 1. MecmopacnOﬂoofceHue mevemu U NyHKmbsl zeodm3ultea<ux UBBICKAHULL U MOYEK CIAMU4ecKo2o
U OUHAMUYECKO2O 30H0up06anz HA I/UZOWCIOKE cmpoumeitbecmea /

Fig. 1. Location of the mosque and geophysical survey points and points
of static and dynamic probing at the construction site

Crarnueckoe 3oHaMpoBaHue (CPT) BBISBMIO M3MEHUMBOCTH IUIOTHOCTU CIIOKEHUS
TPYHTOB I10 IIIyOMHE U TIO3BOJIWJIO TIOJIYYUTh IYTEM pacyeTa 1o SMIUPUIECKIM 3aBHCH-
MOCTSIM XapaKTEPUCTUKHU IUIOTHOCTH, IPOYHOCTH, CKUMAEMOCTH B UX IPUPOJTHOM 3ajie-
ranuu. CTaTHyeckoe 30HMPOBAHNE Ha IUIONIA/IKE MEYETH OBIJIO BBIMTOTHEHO JeToM 2023
roza annapatypoid «TECT — K2M».

Junamuueckoe 3ouaupoBanue (SPT) ucnonb30Baioch i OLIEHKHU MOJOXKEHUS rpa-
HUI] MEXAY CIOSIMU I'PYHTA Pa3IU4YHOIO COCTaBa U COCTOSHUS, CTEIIEHU OJHOPOIHOCTH
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IPYHTOB M KaK KOCBEHHBII METOA AJIs MOJY4YEHHs XapaKTEPUCTUK BCKPBITOTO IPYHTA.
JluHaMu4ecKkoe 30HIMPOBAHUE TPOBOAMIOCH MyTeM 3a0MBAaHMS B TPYHTHI 30HIA U C
OJTHOBPEMEHHBIM M3MEPEHHUEM uepe3 3a/laHHble MHTEpBajbl 10 IIyOMHE 3HAYeHUU co-
IIPOTUBJICHUS TPYHTOB 10/l HAKOHEYHUKOM. B pe3ynbrare mojaeBbIX UCIIBITAHUN TPYHTOB
JUHAMHYECKUM 30HJUPOBAHUEM OIPENEISUIOCh JUHAMUYECKOE CONPOTUBIIEHUE IPyHTA
(krc/cm?) TIOrpYKEHHIO 30HIA. Pe3ynbrarhl IMHAMHYECKOTO 30HIAMPOBAHUS MOKA3aHbI
0CaJIKOH 30H/1a OT ONPEEIIEHHOTO YKCia YIapoB, KOJIMYECTBOM YIapoB, KOTOPOE HEOOXO-
JMMO JJIs1 TIOTPYKEHUS 30H]1a Ha ONPEAEICHHYI0 INTyOuHY, U B BUJIE IMHAMHUYECKOIO CO-
MIPOTHUBJICHUS TPYHTA MOTPYKEHUIO KOHNYEeCKOro HakoHeuHuka (B MIla). /lunamuueckoe
3oHaupoBaHue eToM 2023 roga nposoauioch yecranoBkoi « COHJIAXK» (mpousBoacTso
Typuus).

OT100p npob rpyHTa €CTECTBEHHOM INIOTHOCTH M BIAXXHOCTH 15 IPOBEACHUS MOJIHO-
ro KOMIUIEKCA onpeaeaeHus GU3NUYEeCKUX CBOMCTB OCYLIECTBISIICA TPYHTOHOCOM [AHa-
HBEB U 1., 2021]. IIpu BCKpBITHH TOPU30HTA IPYHTOBBIX BOJI OTMEYAIUCH TITyOUHBI 3aJie-
raHusl yCTAaHOBUBILETOCS YPOBHS U OTOMpPaJINCh MPOObI IPYHTOBOM BOJIbI HA XUMUUECKUI
aHaJIN3.

JIaGoparopHble UCCIIEA0BaHMSI TPYHTOB OBbLITH ITPOBE/IEHBI B COOTBETCTBUU C JICHCTBY-
IOLMMU Ha Tepputopun TypKMEHUCTaHa CTaHAapTaMU U METOAUYECKUMH yKa3aHUSMHU.
B na6oparopun HUU CeiicmocTtoiikoro crpoutensctBa MCUAT netom 2023 1. 66111 HC-
cie1oBaHbl (PPAKIIMOHHBIHN (IPaHyIOMETPUUECKUI) COCTAB IPYHTOB, XUMHUYECKUI COCTaB
3aCOJICHUS IO BOAHBIM BBITSXKKaM, UCTIBITAHbI 00pa31ibl IPYHTOB IPUPOIHOMN CTPYKTYPBI,
OLIEHEHBI IIJIOTHOCTb CJIOKEHUSI IPYHTOB, CTEIIEHb BOJOHACHIILIEHNUS, a TAK)KE XapaKTepu-
CTHKHU C)KMMAaEMOCTH U IMPOYHOCTH.

[Ipu xamepanpHO# 00pabOTKe MaTepHalIbl TIOJEBBIX padOT M 1abOPATOPHBIX UCCIIE-
JIOBAaHUH CHUCTEMATU3UPOBAIINCH, BBIIEISUINCH UHKEHEPHO-TEOJIOIMYECKUE 3JIEMEHTHI U
YCTaHABJIMBAJINCh TPAHULIbl UX PACIPOCTPAHEHMSI, BBIYUCIISIINCH U HA3HAYAIMCh HOpMa-
TUBHbIE, pacU€THbIE 3HAUEHUSI XapaKTEPUCTHK I'pyHTOB BblAesneHHbIX W'D, onpenens-
JMCh arpecCUBHOCTb I'PYHTOB U IPYHTOBBIX BOJl K O€TOHHBIM U 5K€J1€300€TOHHBIM KOH-
CTPYKLUSIM, CTENIEHb KOPPO3UOHHOM aKTUBHOCTH K METaJljlaM, a TaK)Ke yTOUHsIach pac-
YETHAsl CECMUYHOCTD IIJIOUIA/IKM MEYETH.

JlabGopaTtopHbie paOOThI OBUTH BHITIOJIHEHBI B CTAIMOHAPHONW MHXEHEPHO-TE€OJIOTHYE-
ckoit maboparopun HUM CC MCuAT B aBrycte 2023 rona.

B reomop¢onornueckoM OTHOIIEHUH TEPPUTOPHS I. ApKajara npuypodeHa K mpes-
TOpHO npostoBuaibHOM paBHuHe Llentpansnoro Komneraara, k neHTpaabHOM yacTu AJl-
THIIOCKOTO KOHyca BbIHOCA [AraeBa, 2024]. EctecTBeHHbIN MOP(HOIOrHIeCKUii 00IUK
PaBHUHBI B HACTOALIEE BPEMS N3MEHEH BIIMSHUEM OPOLICHHS U OCBOCHHMS 3€MeJIb U NIPEJI-
CTaBJIEH XapaKTEePHBIM UPPHUTALIMOHHO-X0351iICTBEHHBIM JlaHAmadToM. Penbed teppuro-
PHUH y4acTKa MEUETH CIIOKOMHBIH, MOJIOrO-paBHUHHBIN. MIMeeTcst o01muil YKIOH MoBepX-
HOCTH B CE€BEPO-BOCTOYHOM HampaBiieHUuU. Tun penbeda 3p03nOHHO-aKKyMYIISITUBHBIH.
AOCOTIOTHBIE OTMETKH TIOBEPXHOCTH 3eMJIH (TI0 YCThSIM MPOOYPEHHBIX 15-TH CKBa)KHH)
U3MEHAIOTCS B UHTEpBasie oT 215,98 M 1o 219,25 M. Ilepenasn BeICOTHBIX OTMETOK IIO-
BEPXHOCTH 3€MJIM COCTABISET 3,27 M.

B reonoruueckoM CTpOEHMM TEPPUTOPUM IUIOMIAAKK MeuyeTH 10 rryOuHbl 20,0—
40,0 M mpUHUMAET y4acCTHE TOJIIIA BEPXHEYETBEPTUYHO-COBPEMEHHBIX ITPOIOBUATIBHBIX
omioxkenuit (pllI-1V) npenropuoii paBuunsl LlenTpansHoro Konernara. Jlutonoruuecku
9TH OTJIOKEHUS PEACTABIIEHBI IECKAMHU, CYIIECIMHU U CyIIMHKamu [Araesa, 2022].
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JUi 1eTanpHOro pacuJIeHEHUs] MHKEHEPHO-TEOJI0OTMYECKOT0 pa3pes3a, ONpeAesIeHus
HOPMATHBHBIX U PAaCUETHBIX XapaKTEPUCTHK I'PYHTOB HAa y4acTKE MEUYETH ObLIU BBINOJ-
HeHbl 4 Tecta Ha npoHukHoBeHue KoHyca (CPT). Jlns Beimonnenus tecroB CPT Oblna
UCIIOJIb30BaHa armaparypa Jjisi ctaruyeckoro 3oHAaupoBanus rpyHToB « TECT-K2M» ¢
IIPUMEHEHUEM 30HJa 2-ro TUMa. Perncrpupyromuii, AByXKaHAJIbHbBII M3MEPUTEIBbHbIN
npubop « TECT-K2M» npennaznaden st mpeodpazoBaHus 6anaHca TEH30METPUIECKUX
MOJIYMOCTOB 30H/1a B LIM()POBbIE 3HAYCHHUS, XPAHEHUS PE3y/IbTaTOB TECTUPOBAHUS U Tie-
penayu Ha IEPCOHAIBHBIN KOMITBIOTED ISl TIOCIIEAYIOIIEH 00paboTKH.

Meron nuHamuueckoro 3oHaupoBanus (SPT) ucnonb3yercs /Ui OLIEHKU MOJIOXKe-
HUS TPaHUI] MEXIY CJIOSMHU I'PYHTA Pa3jIM4yHOIO COCTaBa M COCTOSIHMSI, CTENIEHU OJHO-
POAHOCTHU IPYHTOB U KaK KOCBEHHBIN METOJ JIJIsl IIOJyUEHUs XapaKTepUCTUK rpyHTa. Ha
y4acTKe CTPOUTEIHCTBA MEUETH BCKPBITHI CEPOBATO-KOPUUHEBbIE [TECYAHBIE U [TIMHUCTHIE
IPYHTBI Ha BEPXHUX MTOBEPXHOCTAX U I'PYHTHI, KOTOPBIE TBEPJACIOT C YBEIUUEHUEM IUIy-
OuHbl. [ITOTHOCTD CBSI3HBIX TPYHTOB M OTHOCUTENbHASI MJIOTHOCTh HECBSI3HBIX TPYHTOB
OTIpeeIITINCh ITyTeM MTPOBEICHUS CTAHJAPTHOTO MCTIBITaHUs Ha poHUKHOBeHHE (SPT)
yepe3 Kaxaple 1,5 meTpa. B nensax onpeneseHust ciioeB rpyHTa, MPOUICHHBIX B CKBAXKH-
HaX M OINpeesICHHUs UX KOHCUCTEHIIMH U TPOYHOCTH, OBLIIM IIPOBEICHBI CTaHAAPTHBIE UC-
nbpITaHus Ha npoHukHoBeHue (SPT), yepes crangapTHbIE MPOMEKYTKH BPEMEHU U ObLIN
B34ThI 00pa3ipl. MicnbiTanust BeImosHsMch OypoBbiM ctaHkoM «COHJIAX». Crannapt-
HbI€ HCTIBITAaHUS HA TPOHUKHOBEHHUE ITPOBOIMIINCH ITyTEM yJlapa MOJIOTOM Maccoil 63,5 kr
C BBICOTHI 75 cM M nojicyeTa KosimdyecTsa yaapoB (N), He0OXOAUMBIX [T IPOHUKHOBEHHUS
KaKI01 15-caHTUMETPOBOI YacTH CTepkHsS quaMmerpom 2 aroriMa. KommdecTBo ymapos,
HACYMTAHHBIX 3a MepByto yacTh (0T 0 10 15 cMm) He yuuTsiBaercs. [Ipu orieHke yuyuThIBa-
eTcsi o0111ee KOJIMYECTBO Y/IapoB, HEOOXOAUMBIX ISl IPOHUKHOBEHUS cpenHel (15 cm—
30 cm) u xoneuHoit wactu (30 cm—45 cm) — N30. CornacHO JaHHBIM, TOJTYYEHHBIM B
pe3ynbrare OypeHusi, ObLIIO YCTaHOBJICHO, YTO B cpeaHeM Jo0 riryounasl 30—40 meTpoB 3a-
JIeTaroT cinabble, BOJIOHACKIIICHHBIE NIbIIIEBAThIC U INIMHUCTbIE TPYHTHI M TEKYyUYHE CYIIeCH,
HIKe ¢ nryouns! 12,0-14,0 M 3anmeraroT miIoTHbIC U OUYEHb TUIOTHBIC TIECKH TBLICBATHIC,
IIACTUYHBIE CyTecH, ¢ mokazareiasiMu N=24-46 ynapos, aanee, ¢ rryouns! 14,0-16,0 m
(SPT-1 u SPT-2) — 22,0 m (SPT-3 u SPT-4) 3anerator mioTHbIE TPYHTHI CO 3HAUEHUEM
N>50 ynapos.

AHanu3 MartepuasoB MH)KEHEPHO-T€OJIOTHYECKUX H3bICKAHUM, MOTYYEHHBIX HEMOo-
CPEACTBEHHO Ha IUIOIIAJIKE MEUETH, MO3BOJISIET BBIICINUTh 7 (CEMb) MHKEHEPHO-Te0JIO0-
rudeckux semeHToB (MI'D) no kpurepusm paznnuns GU3NKO-MEXaHUYECKUX CBOWCTB,
COCTaBa, COCTOSIHUSA M HOMEHKJIATypHOro Buja (puc. 2). OCHOBHBIMU COCTABIISIOLIUMHU
IPYHTOBOM TOJIIIM OCHOBAHHUSI MEUETH SIBJIIIOTCS MPOJIFOBHANIbHBIE BEPXHEUETBEPTUYHO-
COBPEMEHHBIE OTJIIOXKECHHUS:

— NI'3-1 — cymIMHOK JIETKUI, )KeNITO-CEepOro, CEpOro 1 KOPUUHEBO-CEPOTO 1[BETA, MST-
KOIIJIJACTUYHOM KOHCUCTEHIMH. BCKpBIT moBceMecTHO B ckBakuHax Nel n Ne2 B unTep-
Bajax ot 0,0-0.8 M 110 6,5-8,2 M; MOIIHOCTE ¢Jiog OT 5,7 M 10 8,2 M; u B ckBaxkuue Nel
B untepsaiue ot 10,0 m 1o 12,7 M, MOuHOCTSH ciost 2,7 M;

— UI'D-2 — cymnech nerkasi, Cepo-KOPUIHEBOTO M CBETJIO-KOPUYHEBOTO 1IBETA, TUIa-
CTUYHOM KOHCUCTEHLIMU. BCKpBIT Ha yuacTke ckBakuHbl Nel B MHTepBasie oT 8,2 M 110
10,0 m, momHOCTH cnost 1,8 M; B ckBaxkuHe No2 B untepsaie ot 0,0 1o 0,8 M, MOIITHOCTH
cnos 0,8 M; B ckBaxkuHe Ne 3 B unrepsaie 8,2—10,0 M, mongHocTs 0,8 M;
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—HNI"3-3 —necox nplIeBaTklil OT )KEJITOBATO-CEPOTO JJO KOPUUHEBO-CEPOTO 1IBETA, CITO-
JIMCTBIN, CPEHEN TNIOTHOCTH, HACBIIIIEHHBIN BOJOM, C MPOCIOWKaMu cyrecu 10 5—15 cm
B Pa3JIMUHBbIX UHTEpBaiaxX. BCKPBIT HA yyacTKe MOBCEMECTHO B Pa3JIMUHbIX MHTEpBAIAX
m1yOuH — B ckBaxkuHe Nel B mHTepBane ot 12,7 m no 14,3 M, momHocTh cios 1,6 M; B
ckBakrHe No2 B unTepBase ot 6,5 M 110 15,5 M, momHOCTh 9,0 M; B ckBaxkuHe Ne 3 B UH-
tepsaie 10,0-11,1 m, momHOCTS 1,1 M;

— UI'D3-4 — necok mblIeBaThlid, OT KEITOBATO-CEPOrO A0 KEITOBATO-KOPHUUHEBOIO
LIBETA, IUIOTHBIM, HACBIIIEHHBI BOJOM. BCKPBIT HA ydacTKe MOBCEMECTHO B Pa3JIMUHBIX
UHTEepBasax IIyOuH — B ckBakuHe Nel B mHTepBanax ot 14,3 m g0 15,5 M, MOIIHOCTB
ciosg 1,2 M, ot 17,9 M 10 22,1 M, MmomHOCTE cjiog 4,2 M v oT 23,7 M 10 28,0 M, MOIITHOCTE
4,3 m; B ckBaxkuHe Ne2 B unTepBaie ot 17,8 M 10 21,6 M, MOIIHOCTD 3,8 M; B CKBa)KHUHE
Ne3 B unTepaine 23,0-25,2 M, MOIITHOCTH 2,2 M;

— UI'D-5 — cynecsk nerkas, CBETI0-KOPUUHEBOTO 1BETA, MJIACTUYHOM KOHCUCTEHIINH,
C BKJIIOUEHUEM rpaBus 10 25%. BekphIT B MHTEpBanax ryouH — ckBakuHa Nel B uHTeEp-
Banax ot 15,5 M 10 17,9 M, MmongHoCTb ¢i10s OT 2,4 M 1 oT 22,1 M 10 23,7 M; B CKBa)KUHE
Ne3 B unTepnaie ot 15,8 M 10 23,0 M, MOmHOCTD 7,2 M;

— WI'2-6 — cynecs Jierkas u TsbKenas, TpaBeaucTas, KOpu4YHEBOTO 1IBETa, JIACTUYHOU
koHcucTeHuu 11<0.5. BekpbIT Ha yyacTke MOBCEMECTHO B MHTepBasie ot 25,2—-28,0 M 10
35,0 M, BCKpBITasi MOIIHOCTH ¢j1os oT 7,0 M 10 9,8 M;

— UI'3-7 — cymech Jierkas u TshKelas, AKeJITOBATO-CepPOoro 1BETa, TeKy4uei KOHCUCTEH-
LMY, B KPOBJIE — IUIacTU4YHAs. BCkpbIT Ha yuyacTke B ckBaxkuHe Ne3 B untepsase ot 0,0 10
5,5 M, MOIIHOCTE ¢Jiog 5,5 m 1 ot 7,0 M 110 8,2 M.

Bexkpeitbie rpyHThl UT'D-2-MI'D-7 muomaaku Me4eTH — HEmpocaJo4yHbIe MO JIaH-
HBbIM KOMIpeccHOoHHbIX ucnbiTanui. [pyHTel UI'D-1 — mpocanounsie. MouiHocTh mpo-
CaJI0YHOM TOMIIU cocTaBisgeT oT 2,9 M 1o 3,5 M. [Ipocanka rpynra MI'D-1 ot coOcTBeH-
HOT'O Beca OTCYTCTBYET, HO BO3MO)KHAa OT BHEIIHEW JONOJHUTEIBbHON Harpy3ku. Tum
TPYHTOBBIX YCJIOBUH IO MPOCa0UYHOCTH — | (MeHee 5 cM). XapaKTepuCTUKU MPOCaa0u-
HBIX CBOWCTB I'PYHTOB — HauajJbHOE MpocazouyHoe nasiaeHue rpyHroB ot 0,070 MIla no
0,160 Mlla, nauanpHasg mnpocagouyHas BiaxHOCTb 17%—21,4%. I'pyHTHl MuoOmaaAKu
MEYETH IO CTETeHM 3aCOJICHHOCTH JJISI OIICHKHM arpeCCUBHOCTH K OETOHAM M KeJie30-
O6eronam, B coorBercTBum ¢ Tabm. B.12 TDS-609-2003 — HeszaconeHHble (coaepika-
Hue cynbdaroB B nepecuere Ha SO,= 0,0288%-0,1032%, xymopumoB B mepecuere Ha
CI'=0,0077%-0,0175%). I'pynTs! mnomanku Mmeuetu cornmacHio CHT 2.03.11-2023 «3a-
[IUTA CTPOUTEITLHBIX KOHCTPYKIIHI OT KOPPO3UU» K OETOHY MapKH 10 BOJIOHEITPOHUIIAEC-
Moct W4, W6 1 W8: — Ha mopTiiaHIIieMeHTe — OT HearpeCCUBHBIX J0 caaboarpeccus-
HBIX; — Ha MOPTJIAHIIEMEHTE C J0OaBKaMH M IIUIAKOMOPTIIAHIIIEMEHTE — HearpeCCUBHBIE;
— Ha cynab(haTOCTOMKUX [IEMEHTaX — OT HEarpeCCUBHBIX JI0 CIa00arpecCUBHBIX.

CreneHp arpecCMBHOTO BO3JCHCTBHS TPYHTOB HAa KOHCTPYKIHUH U3 YTIEPOIUCTON
CTaJld BbILIE M HUXXE YPOBHS I'PYHTOBBIX BOJ — cpeaHearpeccuBHas. Koppo3nonHas
arpeCcCUBHOCTh BCKPBITHIX TPYHTOB MO OTHOIICHHIO K YTJIEPOAUCTON W HU3KOJETH-
POBAaHHOW CTaM B 3aBUCHUMOCTU OT MX YIEIbHOTO 3JEKTPUYECKOTO CONPOTHUBIECHUS
(p=91,06-125,60 Om-m) — Hu3kas. Koppo3noHHast arpecCUBHOCTb TPYHTOB IO OTHOLIIE-

HUIO K CBPIHI.IOBOﬁ O6OH0LIKC Ka6eJ'I$I — CpeaHsA, K AJTFOMUHUEBOU — BBICOKAS [AraeBa,
2024].
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Puc. 2. Hnoceneprno-eeonocuueckue paspesul I-1 (ckeasicunvt Ne3,13,9,5,1) u
1I-11 (cxsaorcunvr No4,11,9,7,2) /

Fig. 2. Engineering-geological sections I-I (wells Ne3,13,9,5,1) and II-II (wells No.4,11,9,7,2)

l'upporeosnornyeckue yciaoBusi TEPPUTOpUN I. ApKajgara XapakTepU3yIOTCsl HaIU4Yu-
€M €MHOI0 HEOTe€H-YeTBEPTUYHOIO BOJOHOCHOIO KOMILIEKCA, C TIOBCEMECTHBIM HEIy-
O0KHM 3asieraHueM Oe3HaNOPHBIX MOJ3EMHBIX BOJ, IPUYPOUEHHOTO K MPOJIIOBUATBHBIM
OTJIOKEHUAM IpearopHoi paBHuHbI LlenTpansHoro Konernara. B ruaporeonornyeckom
OTHOLIEHUU I. Apkajar BXoauT B cocTtaB Kapakymckoro apre3uanckoro 6acceiina. Ilep-
BBIM OT MOBEPXHOCTHU BBIJIENSETCS BOJOHOCHBIN TOPU30HT BEPXHEUETBEPTHUHO-COBpE-
MEHHBIX aJUTFOBHAJIbHO-TIPOJIIOBUANIBHBIX OTIOKEHUH MolHOCThI0 20—40 M 1 6ornee. Bo-
JIOBMEIIAIOINE TOPO/bI KOMIUIEKCA MPEICTaBIEHbl IECKAaMH IbIJIEBATBIMU U MEIIKUMH,
CYIIECSIMH U CyINIMHKAaMH, C IPOCJIOSMU U JIMH3aMH DIMH [DceHoB, Xomkaes, 1996]. Oc-
HOBHOE IUTAaHUE MOJ3EMHBIX BOA I. ApKajara oCylIecTBISEeTCs 3a CUeT WHPUWIBTPALH
aTMOC(EPHBIX 0CAJKOB U MOJUBHBIX BOJ U 3@ CYET IPUTOKA I'PYHTOBBIX BOJ CO CTOPOHBI
ropHoro Maccuba Koneraar, ¢punsrpannoHHsix noreps u3 ['aparym-pexu, KOJUIEeKTOPHO-
JPEHa)KHOM CeTH, B MEHbIIEH CTeNeH! — HHPUIBTPAIMK aTMOC(EPHBIX 0CAIKOB. 3apuK-
cupoBaHHbIN YI'B Ha miomaake Me4eTu COOTBETCTBYET MUHMMAIIbHOMY [AraeBa, 2024].

I'pyHTOBBIE BO/IBI HA YYaCTKE CTPOUTENILCTBA MUHAPETOB B IEPUOJ MTOJIEBBIX U3bICKA-
Huil (mtoHb 2023 1.) BeKkphITH HA m1yOuHax oT 10,0 M (ckBaxkuHa Ne3) mo 10,5 M (ckBa-
xu1Ha Ne14) oT MOBEpXHOCTH JIHA KOTJIIOBaHA, YTO COOTBETCTBYET aOCOIIOTHBIM OTMETKaM
ot 213,50 M 10 214,0 M. YKJIOH IpyHTOBOI'O IOTOKa COOTBETCTBYET YKJIOHY penbeda. [To
pe3ynbrataM XMMHUYECKHX aHAIM30B BCKPBIThIE TPYHTOBBIE BOJIbI IUIOLIAAKH MEYETH I10
CTETNeHH MUHEepanu3aluu — caabocononoBatsie (cyxoit ocrarok 1,6600 r/n—2,5200 r/n),
a 10 XUMHYECKOMY COCTaBY OHM CyJb()aTHO-KaJIMEeBO-MarHUeBbIe. | pyHTOBbIE BO/IBI ILIO-
I1aJIKU — Cpe/IHearpecCUBHbIE U CUIIbHOAIPECCUBHBIE K OETOHY MapKH 110 BOJOHETIPOHU-
naemocty W4, Ha OpTJIaHALlEMEHTe, HearpeCCUBHbBIE K OETOHY Ha MOPTIAHALIEMEHTE C
HOPMMPOBAaHHBIMH J100aBKaMU U IUTAKONIOPTIAH/ALIEMEHTE, HearpecCuBHbIE K OETOHY Ha
Cynb(haTOCTONKOM LieMeHTe; cllaboarpeccuBHble K OETOHY MapKH MO BOJOHEIPOHHUIIAE-
moctu W6 u W8, Ha nopTiian/lieMeHTe, HearpecCUBHbIE K OETOHY Ha MOPTJIaHALIEMEHTe
C HOPMHUPOBAHHBIMH JJ00aBKaMM U IIIIAKONOPTIAHALIEMEHTE, HearpecCuBHbIe K OETOHY
Ha Cy/Ib(aTOCTOUKOM IIEMEHTE.
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Teppuropust yyacTka 3eMiM, OTBEJIEHHAs 10/l CTPOUTENLCTBO I. ApKajara pacrosia-
raercs HajJ ANTHISIOCKMM KOHYCOM BBIHOCA MPECHBIX MOA3EMHBIX BOJ [DceHoB, 2018].
CornacHO ()OHIIOBBIM apXUBHBIM MaTepraiaM 3TOT BOJOHOCHBIN KOMIIJIEKC MOIIIHOCTBIO
okosio 40 meTpoB 3aneraet Ha riryouHe ot 30 M 10 70 M [Araesa, 2024].

IIo MH)XEHEPHBIM M3BICKAHUSAM, BBIIOJIHEHHBIM HAa TEPPUTOPUU PACIOIOKEHUS Me-
4eTH B I. ApKaJare MHXEHEPHO-T€0JIOTUYECKUE U TUAPOT€0JOTHYECKNE YCIOBUSI CTPO-
UTEIHCTBA MEUETH CIOKHBIE U HE COBCEM OJIarONpHUsITHHIE KaK B CEHCMUUECKOM, TaK U B
CTPOUTEIIBHOM OTHOUICHMSIX.

WnxeHepHo-reopu3nuecKre UccaeJOBaHus Ha IUIOIIAKe MeUeTH B I. ApKajare npo-
BOAMIUCH JieToM 2023 roga. DTH UCCIIeA0BaHMs BKIIIOYAIHN B ce0s:

1. Peructpanuto Tpomorpadgom “TROMINO” (puc. 3) Ha rpyHTe JUIsl OLIEHKH CKO-
POCTHOTO pa3pe3a IO CHEKTPAIBHOMY OTHOLIEHUIO TOPU30HTAJIBHOM M BEPTHKAJIBHOMN
xommoneHt (H/V) ceiicmuueckoro myma (HVSR-ananus — puc. 4).

i

Puc. 3. Buewnuu 6uo yugposoco mpomoepagpa “TROMINO(a) u 3anuce ceticmuuecko2o uiyma
Ha naowadke cmpoumenvcmea mewemu (b) /
Fig. 3. Appearance of the digital tromograph “TROMINO” (a) and recording of seismic noise
at the mosque construction site (b)
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Fig. 4. Results of HVSR analysis based on seismic noise recording data

2. OnpeneneHue CpeaHEro 3HAYCHHUsI CKOPOCTH MomnepeuHoi BosiHbI (VS) B BepxHEH
TOJIIIE pa3pe3a oT moBepxHocTH 10 TryouHbI 30 MeTpoB (Vs(0.0-30.0 m)).

Onenka ceCMUYECKUX CBOWCTB IPYHTOB MPEATNOIaraeT U3yyeHue JIOKaIbHBIX Pe30-
HAHCHBIX SIBJICHUW B OCAJ0YHBIX TIOPOJIax, 00OBIYHO Ha3bIBAEMBIX «calT-3hdexrom» [Pilz
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et al., 2014], Tak kak MposiBIIEHUE PE30HAHCA MOXKET MPUBECTH K CYILIECTBEHHOMY H3Me-
HEHMIO MHTEHCUBHOCTH K0JIeOaTeIbHOTO Mpolecca B quanazone yactot ot 0,3 'y 1o 15,0
I'u. dynxnus «cait-3¢dexra» mpu HeOOIBIINX HAMPSIKEHUSIX MOXKET ObITH oIpesesie-
Ha KaK CIEKTpaJbHOE OTHOILICHHE TOPU30HTAIBHOM U BepTUKaIbHON koMIlOHEHT (H/V)
JBWOKEHUs rpyHTa. Ha BenmmunHy BepTUKAIbHOM KOMIOHEHTHI (JOHOBOTO CEHCMHMUYECKOTO
IIyMa HE BIUSIOT 0COOCHHOCTH MOBEPXHOCTHBIX CIIOEB BEpXHEW 4acTH paspesa, Mpe-
CTaBJICHHBIX PHIXJIBIMU HEYCTOMYMBBIMM NOpoaaMu [Snurapos u ap., 2023; Zaslavsky et
al., 2010].

3anucH celicMuueckoro («0es1oroy) myMa ObUTH MOJTyueHbl Ha 8-MU TOUYKaX Ha TeppH-
TOPUM CTPOUTEIBHOM ITONMaAKk1 MedeTH. O0paboTKa U aHAJIN3 JaHHBIX ObUIM OCYIIECT-
BieHsl [10 “Grilla” k “TROMINO”. OHo BkIto4aeT B ce0sl IPOrpaMMBbl JJ1sl IOCTPOCHUS
CHUHTETHYECKUX KpuBbIX H/V, ocHOBaHHBIE Ha MOAETUPOBAHUU MOBEPXHOCTHHIX BOJIH
(Panest u JIsBa) B 061acTu MIIOCKO-MapalieIbHbIX MHOTOCIOWHBIX cucTeM. IIpumenss
IporpaMMy MOJIEJIMPOBaHMsI CKOPOCTHOTO paspesa “Grilla”, MoxxHO Mog00paTh U COBMe-
ctuth H/V TeopeTnueckyro (CHHTETHYECKYIO) KPUBYIO C SKCIIEpUMEHTAIbHON KPUBOIi,
HOCTPOEHHOU MO U3MEPEHHBIM JaHHbIM (puc. 5). I'padux ¢pynkiun HVSR-ananuza BbI-
YHUCJIAETCA KaK CPEIHME 3HAUYEHUsl CIEKTPOB IOPU3OHTAJIBHBIX KOMIIOHEHT, AEIEHHBIX
Ha CIIEKTP BEPTUKAIBHOMN cocTaBisoneil celicMuueckoro nryma H/V u B paszpese Bblje-
JSIFOTCS CJIOM PA3JIMYHOM MOIIHOCTH, OTpakarolue Ha kpuBoit H/V cooTBeTcTByrOmME
MUKW U JIOKaJbHble MUHUMYMBI U MakcuMyMbI [Castellaro, Mulargia, 2009; Mokhberi,
2015].
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Fig. 5. Direct H/'V modeling tool based on surface waves (Releya and Lyava);
Module for spectral and H/V analysis

ITo pe3ynbraram HVSR-ananm3a mo cTpouTeIbHOM TUIOMIAIKE MEYESTH OBUTH CIeTIaHbl
CJICTYFOIIINE BHIBOJIBI:

1. ITpu ananm3e MONYYCHHBIX JAHHBIX B MyHKTax peructrparuu Nol—-Ne8 BbimencHbl
1o 4 muka.



Geology and Geophysics of Russian South 15(3) 2025 ['eonorus u reoguanka fOra Poccim 47

2. Brigenena nepBas noBepxHOCTHas aHoManus Ha dactore 50,85-67,30 I'u u oHa
CBSI3aHA C NEPBBIM OT MMOBEPXHOCTH CYIIECUaHbIM CJI0EM MOIIHOCTBIO 110 0,37-0,47 me-
Tpa U el MoXkHO npeHeOpeub. Bropas anomanus Ha yactore 9,04—14,23 'y cBsA3aHa ¢
YPOBHEM T'PYHTOBBIX BOJ U MECUAHBIMU OTIIO)KEHUSMU B BOJOHACHIIIEHHOM COCTOSIHUU
Ha m1youHax ot 2,97 M 110 6,20 M. TpeThst aHOMaMs CBsA3aHa C Pa3HOBUAHOCTHIO IECKOB
WX IPOCIJIOSIMU CYTIE€CUYAHO-CYTTIMHUCTBIX IPYHTOB Ha m1youHax ot 18,0 m 10 25,5 m.

3. Ha Bcex mnomaakax Ha yactote ot 1,04 ' no 1,48 ' Beaensiercs nuk yHma-
MEHTaJbHOW YacTOTHI KosieOanuii — Ha Touke Nel — 3,12; Ha Touke No2 — 2,49; Ha Touke
Ne3 —4,08; na Touke Nod4 — 3,56; Ha Touke No5 — 3,21; Ha Touke Ne6 — 3,21; Ha Touke No7 —
3,21; Ha Touke Ne8 —2,35. DTOT NUK CBSA3aH C KOPEHHBIMU MJIOTHBIMU OTJIIOKEHUSIMU, KO-
TOpbIe 3ajeratoT 1o faHHbIM HV SR-ananuza B untepsane rmyous ot 44,12 m 10 58,97 m.

OTH aHOMAJINU NIPU ONPEAEIICHHBIX YCIOBUAX MOTYT IIPUBECTH K IIPOSIBICHUIO «CAUT-
spdexTa», T.e. YCUICHUIO KoieOaHWH I'pyHTa NpPU 3eMIIETPSICEHUSX Ha HCCIIEAyeMOM
iomazake Mmeyetd. Ha ocHOBe IpoBeIeHHOTO aHaln3a pe3ynbTaToB HaOMoAeHNH Oblia
nocTpoeHa 0000IIeHHass MHOTOCHIOHAsA Vs-Moeb IPEeAnoiaraéMoro pa3pesa rpyHToB
UCCIIelyeMOl IIoOLa Kl MeueTH ¢ nomolsio nporpammbl “Grilla” [XeiasIpKynuesa,
2023].

HORIZONTAL TOVERTICAL SPECTRAL RATIO

Max HV a1 5 042 2152 Hz. (n the range 0.0- 540 Hz)
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25 45 65 85 105125145
s Vs_eq(0.0-30.0)=275m/s

s [mis]

Depth at the bottom of Thickness [m] Vs [m/s] Poisson ratio
the layer [m]
0.42 0.42 100 0.42
8.12 7.70 187 0.42
59.12 51.00 343 0.42
inf. inf. 647 0.42

Vs_eq(0.0-30.0)=275m/s

Puc. 6. Pesynomamul pacuémoe ¢ mouke Ne I 6 patione cxeasicunvt N5 /

Fig. 6. Calculation results at point Ne 1 in the area of well No5

4. BbuIM BBIUMCIICHBI CPETHUE 3HAYCHUSI CKOPOCTH monepedHbix BoiaH Vs (0-30 m)
BEPXHEH TONIIH pa3pe3a OT MOBEPXHOCTH A0 TTyOuHbI 30 METPOB:

—Vs(0-30 m) (1) =275 m/c B paiione ckB. Ne5 (puc. 6);

—Vs(0-30 m) (2) =263 m/c B paiioHe ckB. No4;

—Vs(0-30 m) (3) =242 m/c B paiione ckB. Nel5;

—Vs(0-30 m) (4) =239 m/c B paiioHe ckB. No2;

—Vs(0-30 m) (5) =225 m/c B paiioHne ckB. No7;

— Vs(0-30 m) (6) =246 m/c B paiione ckB. Nel3;

— Vs(0-30 m) (7) =235 m/c B paiione ckB. Nel2;

— Vs(0-30 m) (8) =247 m/c B paifone ckB. Nell.
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5. Beinenena ¢ynnamenTtanbHas yacrora 1,04—1,48 'y koneOaHuii rpyHTa, CBA3aHHAs
C BOJIOHACBIIICHHBIMH NIECYaHBIMU TPYHTaMU U HEOJHOPOIHOCTBIO IPUPOIHON INIOTHO-
CTH TPYHTOB, KOTOpasi IPU ONPEJEIECHHBIX YCIOBUAX MOXET IPUBECTU K IPOSBICHUIO
«caiT-3¢pexTay, a TakKe BblJENICHA aMIUTUTYyAa KoyiebaHui rpyHTa Ha yactote ot 9,04
I'u mo 14,23 I'm.

I'maBHBIM (haKTOPOM, OCIIOKHSIOUIMM HHKEHEPHO-T€0JIOTHYECKHE YCIOBHS U OIpe-
JEJIAIOIINAM IIPOEKTHBIE PEIIECHUSI CTPOUTENIBCTBA MEUETH, SIBIISIETCS BBICOKAsI CEHCMMY-
HOCTbh TEPPUTOPUM U BBITEKAOIAsl OTCIOAA celicMuYecKas onacHocTh. Mcxonnas celic-
MHUYHOCTh Topojia Apkajara cornacHo HaruoHanpHOW KapTe oOLIero ceicMmuieckoro
paiionnpoBanus Teppuropun Typkmenuctana (HKCPT-2017) cocrapnsier 9 6amioB mno
mkajae MSK-64 [Abacees, 2017; Dcenos, 2018].

CelicMOJIOrMYeCKUMH  UCCIIEJOBAaHMAMM Ha IUIOLIAJIKE MEYeTH Tpomorpapom
«TROMINO» (o nanueim UCu®A AHT) ompenenena ckopocTh MOMEPEUHBIX CeHc-
MHUYECKHUX BOJH B HeoqHopoaHoi Tomme 0—30,0 M, kotopas cocraBuna V=225-263wm/c.
[Ipupamienue celicMMYeCKO MHTEHCUBHOCTH 00YCJIOBIEHHOE HA MOMEHT U3bICKaHUI 3a
CYET MOHMKEHHON CEHCMHUYECKOHN KECTKOCTH HEOIHOPOAHOU IPYHTOBOM TOJIIIH, COAEP-
Kaleil BhICOKONOpHCThIe mpocagounbie TpyHThl (MUI'D-1), onpenensercs no dopmyne
C.B. MenseneBa [MenBenes, 1962; Araera, 2024]:

I)Kzl,67-lgv3—’03, (1)
VP

rae: V,=400 m/c — cKopoCTh NMONEPEeYHON CeHCMUYECKON BOJIHBI B TPYHTAX IUIOLIA/I-
KHU-3TasioHa (110 TaHHbIM [leHTpanbHol ceiicMocTannn «Atxadbam, mocenok bepzenru
[Xomxkaes, 2011; Xbiasipkynuesa, 2023]);

V.= ot 225 no 263 m/c — cKOpOCTh MONEPEYHON CEHCMUYECKON BOJIHBI B IpyHTax
IJIOLIaIKK 00BbeKTa (10 MaTepuaniaM CEeHCMHUYECKOI0 MUKPOpPaOHHPOBAHUS TEPPUTO-
puu ropona Amxabana [Icenos, 1994; Tpudonos u ap., 2019];

p,.=2,2 /™%, p,= or 1,84 T/M> 10 2,05 T/M> — IIOTHOCTH IPYHTOB COOTBETCTBEHHO
STAJIOHHOM IJIOIIAJKHU U TUIOIIAKU 00bEKTa (CpeAHEB3BELICHHAs! 10 MOIIIHOCTH Ha pa3-
BeAaHHyI0 1youny) [[xypux u np., 1988].

VYyurteiBas poib KOMIUIEKCa (U3UKO-T€OJIOrHUYeCKUX (PaKTOPOB M CTENEHb BIUSHUS
WX Ha cericMuueckuil 3G ¢deKT, Ha OCHOBE CIEIUAIBHBIX PACUETOB MPUPAICHUN MHTCH-
CHUBHOCTH CEHCMUYECKHUX KOJICOaHUI OTHOCUTENIbHO MOIITHOM (He MeHee 10—15 M) Tommu
IPaBUMHO-TAJIEYHUKOBBIX I'PYHTOB C CyNECUaHO-CYIJIMHUCTBIM 3amonHuTeneM a0 30%
U MeHee, MPUHATBLIX 3a 3TAJOH, YCTAHOBJIEHO, YTO OTHOCHTENLHO HMX (p=2,20 r/cm?,
Vs=400 wm/c), npupaiienrue 0auIbHOCTU Ha TPyHTaX IUIOMIAJIKK C YYETOM HX aKyCTH-
YECKOM KECTKOCTH 10 ammnupuaeckoit 3apucumoct C.B. Mensenesa [Mengenes, 1962;
Araesa, 2024] Oynetr UMeTb BHI:

Al,=1,67-1g (p>- V> /pn-Vn), (2)

rae: p3-Va — aKyCTHYECKas )KECTKOCTh ITAJIOHHOTO TPYHTa;

pn-Vn — aKyCTHYECKasl )KECTKOCTh TPYHTOB HCCIIEYEMOTO Y4acTKa.

Pacuernas celicMuIHOCTD (I;,cq) TEPPUTOPHH MIIOMIAKN CTPOUTENIBCTBA MEYETH CO-
CTaBUT: L=l TAL,=9,0+0,3=9,3 Ganna.

Takum 00pa3oM, CEHCMUYHOCTh Y4acTKa CTPOUTEIBCTBA MEUETH B TOpPOjie ApKaiare
yCTaHOBJIEHa Ha ypoBHE 9,3 Oaiia, pekOMeH/IyeMasi B KaueCTBE PACUCTHOU MPH MPOEK-

THUPOBAHUH.
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BbiBOADI

I'maBHBIM (HaKTOPOM, OCIIOKHSIOUIMM HWH)KEHEPHO-T€OJIOTHYECKHE YCIOBHS U OIIpe-
JEJIAIOIIMM [IPOEKTHOE PELLIEHUE CTPOUTENBCTBA MEUETH, SIBISIETCS BBICOKAs CEHCMMY-
HOCTb TEPPUTOPUU U BBITEKAIOIIAsl OTCIOJ]Aa CEHCMUYECKasi ONacHOCTh. McxoqHas celic-
MUYHOCTH I. Apkanara cornacHo HKCPT-2017 cocrasnsier 9 6amnos no mkaine MSK-64.
PacuerHas ceiiCMMUHOCTH IUIOLIAJIKM CTPOUTENIHCTBA MEUETH YCTAHOBJIEHA HA YPOBHE
9,3 6amna.

BolnonHEHHBIE MHKEHEPHO-TE€0JI0TMYECKUE U3bICKAHNS Ha IIJIOLIAIKE CTPOUTENILCTBA
Meuetu Ha Tryouny 20,0—40,0 M BBISIBUIIM HEOTHOPOIHOE CTPOSHHUE TOJIIH TPYHTOB OC-
HOBaHMsI, B IIPEJIeJIax KOTOPOU BbIAEIIEHBl CEMb MHKEHEPHO-I€0JOTHYECKUX 3JIEMEHTOB,
JIMTOJIOTMYECKH MPEACTABIEHHBIX CYNECSIMM, CYIJIMHKAMHU, NbUIEBAaTbIMU NeckaMu. ['u-
JPOTEOIOrMYECKUE YCIIOBHs ONAromnpusiTHeIe it cTpouTenbeTBa. CiaboconoHoBaThIe
TPYHTOBBIE BOJBI Ha y4yacTke 3ainerarr Ha nryouHax 10,0-10,5 M oT moBepxHOCTH THA
KOTJIOBaHa.

CornacHo gaHHBIM ctarndeckoro 3oHaupoBanus (CPT) Ha ruomagke MedeTs ObLUIO BbI-
nonHeHo 4 ombita rryouHoit 10 19,40-20,20 m (CPT-01-CPT-04). ITo dakty no mmyoun
14,0 m (CPT-01) — 16,6 m (CPT-02, CPT-03, CPT-04) mpocnexxuBaroTcst ciadble TbLIe-
BaTble NIECKU U CYIIECYAHO-CYIVIMHUCTBIE TPYHTHI € MIOKA3aTENIEM 0]l KOHYCOM 30H/a «g»
menee 2. Huwxe 14,0-16,6 M nokaszarens o KOHycoM 30HIa «g» Ooinee 2. [To HeKoTopbIM
omnbitaM (Hanpumep, B ckBakuHax CPT-01, 02, 04) u na nryounax 16—18,4 M BcTpeuarorcst
MIPOCIIONKH OY€Hb CJIA0BIX CYIIeCYaHO-CYyIIIMHUCTBIX TPYHTOB ¢ «g» =0,53-0,91.

Cornacuo nanubM ucnbiTanust SPT-nenerpanmeii (ckB. SPT-1—ckB. SPT-4), ryou-
HOM 35 M, ¢ CyIIECTBYIOIIEH OTMETKU MOBEPXHOCTU 3€MJIM — JIHA KoTioBaHa (215,0 m)
BBISIBIICHBI CJ1a0ble U CPEAHEN IUIOTHOCTH TPYHTHI CO 3HaueHueM N=7-24 ynapa B cpen-
HeM 10 rryOunsr 10,0-12,0 M, HrbKe 3a1€TaloT MIOTHEIE TECKH MBUICBATHIC, TNIACTUYHBIC
cyrecH, ¢ mokazarenssmMu N=24-46 ynapos, nanee, ¢ mryounst 16,0 m (SPT-1, SPT-2) —
22,0 m (SPT-3, SPT-4) ruioTHbIE IPAKTUUECKH HEPAZKMIKAIOIINUECS TPYHTHI CO 3HAYEHU-
eM N>50 ynapos.

B mpoekTe cTpouTensCTBa MEUETH OBUIM HMPEAYCMOTPEHBI MH)KEHEPHBIE MEpPOIIPHsI-
TUSL 1 KOHCTPYKTUBHBIC PEIICHUS IO MOBBIIICHUIO HECYIIEH CIOCOOHOCTH TPYHTOB, HX
CEHCMOYCTOMYMBOCTH M CEMCMOINIPOYHOCTH KOHCTPYyKLMH. Pexomenpanuu mo moxaro-
TOBKE OCHOBaHMU 1oA (hyHIamMeHT medetu Obutn pazpaboranst HUU CeiicmocToiikoro
CTPOMTENBCTBA — OBLI PEKOMEHIOBAaH W NMPHUMEHEH (pyHIaMEHT IITyOOKOTO 3aJI0KEHHS
(cBaiiHbIil THI). B epuos cTpouTenbCeTBa M AKCIUTYaTallid MEYETH OyJIeT TPOBEIEH MO-
HUTOPUHT AedopMaiii ocHOBaHMA. Bce MpUHATBHIE MPOEKTHBIE PEIICHUS YUUTHIBAIOT
IIPUPOJIHBIE YCIIOBUS IUIOIIAIKA MEUETH B I. ApKajare.

Takum 0Opa3om, OlleHKa pacueTHOW CEMCMHUYHOCTH, OCHOBAaHHAS HA JTAHHBIX H3yde-
HUS TPYHTOBBIX M CEHCMMYECKMX YCJIOBUH IUIOIMIAJKM MEYETH, MO3BOJIUT 0OECICUUTh
JIONTY10 U Oecriepe0oiHyI0 HKCIUTyaTaluio MEUeTH B I. ApKajare.
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Pe3tome: AKTYanbHOCTb BbIMOSTHEHHbIX UCC/EA0BaHNIA 06YC/OBEHA TEM, YTO B psifie Cly4aeB 0COOEHHOCTb
pa3paboTKn MeCTOPOXIEHUIA TPyAHOU3BNEKaeMblx 3anacos (Tpl3) cBfzaHa ¢ Tem, 4TO YrneBoJOPOSHOE Cbipbe
30€eCb NPUYPOYEHO K HETPaAMUMOHHBIM — KapObOHATHbIM KOSJIEKTOpaM W BYSIKAHWUTOBBLIM OTNOXEeHWAM. [JaHHas
rpynna KonnekTopoB OTINHAETCA OT TPAAWULMOHHBIX, TEPPUreHHbIX (MecHaHblX) KOSIEKTOPOB 3HAYMTESIbHbIM CO-
JepXXaHnem BYJIKaHU4eCKOro marepmana, 4to U3MeHseT (oubTpaLUMOHHO-eMKOCTHbIE CBOICTBA HEOTECOLEPKALLMX
KonnekTopoB. OCHOBHO! LieNbI0 JAHHOr0 UCCNef0BaHNaA SBNSAETCA 0606LLEeHNE aHHbIX O MEXaHUYeCKIUX CBOCTBAX
BYNIKAHWNYECKWX MOPOJ, MOTEHLMANbHBIX KOMMEKTOPOB HE(PTW W rasa, C BbISBIEHUEM YC/I0BUIA CTAaBUIIbHOCTM MO-
PUCTOCTU N OUNBTPALMOHHBIX CBOMCTB YINEBOLOPOLACOAEPKALLMX BYSIKAHUHECKIUX KOMMEKTOPOB Npu paspaboTke
mecTopoxeHuin. MeToabl ucenefoBanus. bonbLuas 4acTb PakTUHeCKOro Matepuana o aecpopManmm KapooHaTHbIX
KOJIJIEKTOPOB 1 BYNIKAHWUTOB MOJSTy4eHA Ha YHUKAIIbHOM 3KCMepuMeHTalbHOM yCTpoicTBe B CTpacOyprckom yHu-
Bepcutete (®paHums Institut Terre & Environnement de Strasbourg (ITES)). B aTom ycTpolicTBe 06ecneyunBaroTcs
BCECTOPOHHEE MMApOCTaTNYeCKOe [aBfieHune, C OJHOBPEMEHHON TPEXOCHON fedhopmaumen. MakcumanbHoe BCecTo-
POHHee 1 nopoBoe fasneHus coctasnaoT 200 Ma, a oceas Harpyska gocturaet 400 MIa. PesynbTatbl paboTbl.
B pesynbrate 0606LLEHUS U CONOCTABIIEHNS SKCMEPUMEHTANIbHBIX AAHHbIX CEAYeT, YTO M0 NOKasaTesnto NpoYHOCTY
Ha cxatue (Ucs) BCe M3yYeHHble BYIKAHUTBI (TY(bl) XapakTepuaytoTcs cpefHnMM 3HadeHnamu 29,6 Ma, 4to no
Knaccudpmkauum upa n Munnepa cooTeTCTBYET «CiabonpoyHbIM» cpefam (Ucs>55,0-27,5 Ma). OfHako 13 Bbl-
JIENEeHHbIX rpynn, UrHUMOPUTOBbLIE TYMbI, CO cpeaHuMi 3HaveHnaMu Ucs=11,18 MIa, oTHOCATCA K «04eHb cnabo-
NPoYHbIM>» cpefam (no knaccudpmkauymm Oupa v Munnepa). CpefHue 3Ha4eHus npefena npoYHOCTM npu n3rnée
(Fts) y ucnbitanHbIX TydhoB coctasnsioT 3,87 MIa, X0Ta B rpynmne urHUMOPUTOBbLIX TY(POB 3TOT NOKA3aTeSb HIKE 1
paseH 2,19 MIa. Mo nokasartenam yfapHoi Baskocti (Dn), HAeKca cocpeoTo4eHHOM Harpy3ku (IS) n TBepaocTu
(HB), rpynna urHMM6pUTOBbLIX TY(DOB TaKXXe UMEET CaMble HU3KIE 3Ha4eHus pasHble 3,15 MMTa, 1,80 Mla n 4,58 kr/
MM2, TIpY CPEHMX 3HAYEHMAX MO BCEM WCCNe0BaHHbIM Tycham pasHbIM 7,36 MMa, 2,42 MMa n 16,44 Kr/mm? cooT-
BETCTBEHHO. BMECTe C TeMm, B rpynmne UrHUMOPUTOBbIX TYOOB HABNHOAANNCH JOCTATOYHO BbICOKME NOKA3aTeNun CTOM-
KOCTM K aGpa3nBHoMy usHocy (Bsa=117,15 cm®/50 cm2), npu cpeaHeM 3HadeHun no Bcem Tydham 72,57 ecm®/50 cm2.
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Abstract: The implemented research is relevant because in some cases the developing peculiarity of
hard-to-recover reserves (HTR) fields is associated with the fact that the hydrocarbon content here is con-
fined to unconventional — carbonate reservoirs and volcanic sediments. This group of reservoirs differs from
traditional, terrigenous (sandy) reservoirs by a significant content of volcanic material, which changes the
filtration-capacity properties of oil-containing reservoirs. The main objective of this study is summarizing the
data on the mechanical properties of volcanic rocks, potential oil and gas reservoirs, with the identification of
the stability conditions of the porosity and permeability properties of hydrocarbon-containing volcanic reser-
voirs during development of deposit. Methods. Most of the factual material on the deformation of carbonate
reservoirs and volcanic obtained on a unique experimental device at the University of Strasbourg (France,
Institute Terre & Environment de Strasbourg (ITES)). In this device, all-round hydrostatic pressure provided
with simultaneous axial deformation. The maximum all-round and pore pressure is 200 MPa, and the axial load
is 400 MPa. Results. Due to the generalization and existing data comparison follows that in terms of compres-
sive strength (Ucs) all the studied tuffs are characterized by values of 29.6 MPa on average, which, according
to the Deere and Miller classification, corresponds to “weakly strong” environments (Ucs>55.0-27.5 MPa).
However between the selected groups ignimbrite tuffs, with average values of Ucs=11.18 MPa belong to “very
weakly strong” matter (according to the Deere and Miller classification). The average values of flexural strength
(Fts) in the tested tuffs are 3.87 MPa, although in the group of ignimbrite tuffs this figure is lower and equals
2.19 MPa. In terms of impact toughness (Dn), point load index (Is) and hardness (HB), the group of ignimbrite
tuffs also has the lowest values — 3.15 MPa, 1.80 MPa and 4.58 kg/mm?, with average values for all tuffs be-
ing 7.36 MPa, 2.42 MPa and 16.44 kg/mm?, respectively.However, the group of ignimbrite tuffs demonstrated
quite high rates of resistance to abrasive wear (Bsa=117.15 cm3/50 cm?), with an average for all tuffs equal
to 72.57 cm3/50 cm?.

Keywords: hard-to-recover reserves, volcanogenic-sedimentary reservoirs, deformation, filtration-capaci-
tive properties.
For citation: Hasanov A.B., Abbasov E.Yu., Mamedova D.N. Stability of fluid permeability of volcanogenic
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BeeapeHme

W3BecTHO, 4TO T€OJIOTHUYECKUI pa3pe3 MHOTUX U3BECTHBIX HEPTEra30BbIX OaCCEHHOB
4acTo MPEJACTAaBICH HE TPaJUIHMOHHBIMH TEPPUTCHHO-OCAIOYHBIMH, & BYJIKAaHOTEHHO-
0CaJIOYHBIMH TONIIaMH. B Takux paspesax, 4acTo MPUUYHUCISEMBIX K HETPATUIIMOHHBIM,
MIPOMBIIIJICHHO HE(PTETa30HOCHBIMHU SIBIISIOTCS ByJIKAHOT€HHO-0CAJI0YHbIE U BYJIKaHOT€H-
Hble Topu3oHTHI [lannbekoa, Cadapos, 1979; CrnpaBounuk ..., 1976; Tacman, 1959].
[IpuypoueHnble K MOJOOHBIM 00Pa30BaHUAM MECTOPOXKICHUS, BBIACISIOTCS B OCOOBII
KJIaCC MPOAYKTHUBHBIX KOJUIEKTOPOB, COCTOSIINHI U3 Pa3IMYHBIX 110 ETPOrpaduieckoMmy
COCTaBY BYJKAaHOT€HHBIX OCAJIKOB, 00JIaIal0ONIMX KOJUIEKTOPCKUMH CBOMCTBAMH, MO00-
HO TEPPUTCHHBIM U KapOOHATHBIM MOpoJaM. B COOTBETCTBUM € 3THUM, a TaKXKe MPHUHU-
Masi BO BHUMaHHE Bce 0oJiee BO3pACTAIONIME TEMIIBI MUPOBOTO MOTPEOICHUS TOPIOYUX
MCKOMaeMbIX, poliieMa M3y4YeHHUs CBSI3U 3aJIe)Keld He(TH U Ta3a ¢ BYJKAaHOTCHHBIMU U
BYJIKAHOTE€HHO-0CAJI0YHBIMUA 00pa30BaHUAMHU 0OpeTaeT 0co0ylo akTyalbHOCTh B COBpe-
MEHHOH HedTera3zono0bIBaroeil mpoMeiuieHHOCTH. OcoObIi HHTEPEC MPU 3TOM BBI3bI-
BAIOT YCJIOBHSI CTAOMIIBHOCTH (PUIIBTPAlMOHHO-eMKOCTHBIX cBOiCTB (DEC) BynkaHoreH-
HBIX KOJIJIEKTOPOB, B 3aBUCMMOCTH OT KOMIIOHEHTHOTO COCTaBa, MEXaHMUECKUX CBOMCTB
1 TIyOuHBI 3aneranusi. I3y4eHHOCTh NePeurCIIeHHBIX BOIIPOCOB COBPEMEHHBIMU dKCIIe-
PUMEHTATBHBIMH M TEOPETHYECKUMU UCCIICAOBAaHUSMU ITO3BOJISIET OXapaKTEPU30BaTh HE-
KOTOpBIE 00IIMEe TEHACHIIUH BO BHYTPUILUIACTOBOM PACIpe/IeICHUU TOPUCTOCTH U IIPOHU-
[[aeMOCTH BYJKAHOT€HHBIX KOJJICKTOPOB, XapaKTepa HACHIIICHUS! TOPOBBIMH (pIrOM1aMu
U MEeXaHW4eCcKoil nedopmannu npu 3hHEeKTUBHOM JIaBICHUU HA TIIyOWHAX 3ajleraHus.

B wactHOCTH, TIIacTOBasi MPOHUIIAEMOCTH KOJUIEKTOpa obecrieunBaeT 3((EeKTUBHOE
naBieHue mopoBeix Gurronnos [Teiimen, 2018; Ball et al., 2018; Day, 1996] u npmwxenue
KHUJIKUX U ra3000pa3Hbix (oronnoB BHyTpu pesepyapa [Carlino et al., 2018; Hurwitz
et al., 2003]. Cnabast BHyTpHILIACTOBAsI MPOHUIIAEMOCTh MOXKET MPUBECTH K HEYCTOM-
YHBOMY SKCIUIO3UBHOMY COCTOSHHIO M BOSHMKHOBEHHIO THPOCTATHYECKOTO KOJUIarica
mopoBoii cTpyKTypsl [Bourbie, Zinszner, 1985; Reid, 2004]. C y4eTomM H3I0KEHHOTO,
MIPOHHUIIAEMOCTD BYJIKAHOTCHHBIX KOJJICKTOPOB HE(PTH U ra3a MpecTaBIseT UHTepeC AT
MOJICTUPOBaHNS TIIYOWHHOW THUAPOTEPMATBbHON KOHBEKIIMM M ONTHMHU3ALUHU JTOOBIYU
YIJIEBOAOPOIOB HA MECTOPOXKICHUSIX C BYJIKAHOT€HHO-0CAJOYHBIMH U BYJIKAaHOTEHHBIMHU
KOJUIEKTOPAMH.

O60CHOBAOHME BONPOCA

OO6byHO Ha (QIIOUIOMPOHUIIAEMOCTD BIIHUSIOT KOJUICKTOPCKHE CBOMCTBAa MaTpPHIIBI
KOJUIEKTOpa (IIOPUCTOCTh) W MEPBUYHAS CTPYKTypa MaccuBa (MaKpOCKOIMYECKHE He-
onHOpoaHOCTH). Kak mpaBmiio, MPOHUIIAEMOCTh TOPHBIX TMOPOJ MUMEET TEHACHIUIO K
pPOCTy 3HAUYEHHI, B 3aBUCUMOCTH OT BEIMYMHBI nopuctocTu [Bourbie, Zinszner, 1985;
Ehrenberg, Nadeau, 2005]. [Tomumo 3TOTO, HAa MPOHUIIAEMOCTh TAK)KE MOXKET BIUATH (-
(hexTuBHOE NaBieHue (JTUTOCTATHUYECKOE JABJICHHE MUHYC JIaBJIEHUE TTOPOBOM KHUIKO-
CTH), a Takke xapakrep nedopmanuu (yrnpyras win Heynpyras) [Acosta, Violay, 2020;
Meng et al., 2019; Bonsdman, 2023; I3upbaes u np., 2024; Ueprenko u ap., 2025]. Tax,
Harpumep, TPAIUIIMOHHO, TPOHUIIAEMOCTh HU3KOTIOPUCTHIX KPUCTATUTMUECKUX BYJIKAHH-
TOB YBEJIUYHMBACTCS B XpyNKoM pexkume aedopmanmu [Acosta, Violay, 2020; Ilonkos,
[Tonkos, 2023 ], HO CHUXKAETCS B IJIACTUYHOM pexuMe. B To Bpems kak, IPOHUIIAEMOCTh
MOPOJI ¢ BhICOKOU mopuctocThio (>0,10-0,15) MOXKeT CHUKATHCS U MPU XPYIKOM U MPU
macTudHoM pexkume aedopmanuu [Ehrenberg, 2022; Heap et al., 2024; Hurwitz et al.,
2003].
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C npyroii cTOpPOHBI, B Mpolecce pa3pabOTKH MECTOPOXKIACHUS MPOAYKTHUBHbBIE KOJI-
JIEKTOPBI 4acTO MOIBEPIatOTCs BO3MYILEHUSAM TEMIIEPATYpPhl, JABJIECHUS U HAIPSHKEHUS.
Tak, B 4acTHOCTH, HaNIPSKEHUS BHYTPU HE(PTEra3oBOro pe3epByapa MOryT BO3pacTarhb B
npolriecce JOOBIYM U 3aKauKH, a IIOPOBOE JaBJICHHE MOXET ObITh YBEIMUYEHO WIIN YMEHb-
IICHO Kak 3a cyet 3akauku [Heap et al., 2022; Heap et al., 2024], Tak u 3a cueT 700bIYN
[Farquharson et al., 2016] cooTBeTCTBEHHO. DTH BO3MYILEHHS JaBICHUS U HANPSIKESHUS
IPUBOAAT K M3MEHEHHUIO NOPUCTOCTU M NMPOHULAEMOCTH KOJUIEKTOPOB, YTO BBI3BIBAECT
MHOYKECTBO BTOPUYHBIX ITPOLIECCOB, CBSI3aHHBIX C U3MEHEHUEM IIOTOKA KUJKOCTU U KOH-
BEKIIHH.

MeToAMKA N CPEeACTBA MCCAEAOBOHUS

Mexanndeckue aedopMaiuy BYJIKaHOTCHHBIX KOJJICKTOPOB, C LEJIBIO OMPEICICHHUS
COOTBETCTBYIOIIUX YNPYTO-IUIACTUYHBIX XapaKTEPUCTHUK, IOJIYYEHHUS 3aBUCUMOCTEH,
onuceBatonmx Bapuaun @EC, 00bIMHO UCCIENyIOTCS B JAOOPATOPHBIX YCIOBHAX Ha
crienuantbHbIX n3MepuTenbHbIX Komruiekcax (ASTM C 241-90. Standard test method for
abrasion resistance of stone subjected to foot traffic, Annual Book of ASTM Standards,
AmeSoc Testing Mater (ASTM), 1990) [Al-Rbeawi, Jalal, 2019].

Leab HacTosinei padboTsl — 0000IIEHNE TAHHBIX 0 MEXaHUYECKUX CBOWCTBAX BYII-
KaHOI'CHHBIX MOPOA, MOTCHUUAJIbHBIX KOJIJICKTOPOB He(bTI/I U rasa, C BBIIBJICHUCM BO3-
MOXXHOCTH ITPpOoruo3upoBanus crabmibHoct ®EC yrieBogopomocoaepskaiinx ByIKaHo-
TeHHBIX KOJUIEKTOPOB, B TIPOIIECCE PA3paObOTKH MECTOPOKICHHSL.

"3 COBPCMCHHBIX MCTOHAOB OKCIICPUMCHTAJIIBHOTO OIPCACICHUA MCEXAaHUYCCKUX
CBOWCTB TOPHBIX MTOPOJ], MOKHO OTMETHTh YHUKaJbHBIHN anmapar B CtpacOyprckom yHu-
Bepcurere (Opannus Institut Terre & Environnement de Strasbourg (ITES)) (puc. 1).
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Fig. 1. Schematic diagram of the triaxial deformation apparatus at the Institute of Earth and Environment
(ITES) at the University of Strasbourg, France [Farquharson et al., 2016]
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B sTOM ycTpoiicTBe crienuagbHO U3rOTOBICHHbBIE HMIMHAPUYECKHE 00pa3iibl TOPHBIX
nopoA (auamerpom 20 MM 1 JunHOM 40 MM) (puc. 2) neopMHUpPYIOTCs IPU Pa3HbIX 3HA-
YEHUSAX BCECTOPOHHETO MMIPOCTATUYECKOTO IaBICHHUs, C OTHOBPEMEHHOM TPEXOCHOM Jie-
¢dopmanueit. MakcuManbHOE BCECTOPOHHEE U TOPOBOE aBieHus coctanisitor 200 Ml1a,
a OIHOBpEMEHHasl MaKCUMaJslbHas oceBas Harpyska gocturaet 400 Mlla.

Puc. 2. [Juaunopuueckue obpaszysl 8YIKAHUMOE C 20PUZOHMATLHOU U 6EPMUKATILHOL OPUEHMUPOBKOU
HauanvHo nopucmocmu /

Fig. 2. Cylindrical samples of volcanic rocks with horizontal and vertical orientation of initial porosity

B nporiecce nedopmanmy ycTpoicTBO O3BOJISIET H3MEPSITh OCEBOE CMEIIEHUE U OCe-
BYIO Harpy3Ky, COOTBETCTBEHHO KOTOPBIM MO)XHO PaCCUHMTBHIBATH OCEBOE HAIPSUKEHHE U
oceByIo JepopMaIliio, B CpPaBHEHUHN ¢ TIEPBOHAYAIBLHBIME pazMepaMu oOpasma. Hacocer
JUTSL CO3MIaHMsI TaBJICHUSI TIOPOBOM JKUAKOCTH ITO3BOJISIOT OJHOBPEMEHHO MU3MEPSThH U3-
MEHEHHE IMOPUCTOCTH 00pa3ia Bo BpeMs jaedopManyi, a ¢ TOMOIIBIO TaTdYNKa aKyCTH-
YEeCKOM AIMHUCCUH, PACTIOIOKEHHOTO Ha KOHIIE HUYKHETO MOPIITHS, MOKHO PETHCTPHPOBATh
TaKXKe aKyCTHYECKYI0 SMHUCCHIO TIpU JedopMannu. AKyCTHYECKas SMUCCHS OTPaKaeT
00pa3zoBaHKe U POCT MUKPOTPEIINH B MIPOIIECCe HArpyKeHUsI U iepopmariuu o0pasioB.

B oriudune OT BBIICONMMCAHHON METONMKH, B KauecTBe 0ojiee ONTUMAIbLHOM, MOYKHO
OTMETHTH UCTIBITAHUE CPEBI Ha MMPOYHOCTH METOIOM TOYEYHOH (COCPEIOTOYECHHOM) Ha-
rpy3ku. [Ipr mog00HBIX NCTIBFITAHUAX HE TPeOyeTCs CIenaIbHOM MOITOTOBKH 00pa3IoB
(ASTM C 241-90. Standard test method for abrasion resistance of stone subjected to foot
traffic, Annual Book of ASTM Standards, AmeSoc Testing Mater (ASTM), 1990). Tlpu
TAKOM TECTUPOBAHHH MPOYHOCTU TOPOA, CHEPUUSCKUI CTaIbHON MApUK TUAMETPOM
10 MM BraBnMBaeTcsl B UCIBITYeMblil oOpasew. [Ipuuem neiicTBue BAaBiMBarolled Ha-
rpy3ku (o1 50 10 3000 KT) HAa TOBEPXHOCTH OTpaHudeHO BO BpeMeHu (10 30 cekyHn), a B
uTore UKCUPYIOTCS BETMYMHA HATPY3KH M JJHAMETpP 00IaCTH BIABINBAHHUS.

JIpyruM sr1eMeHTapHBIM JIAOOPATOPHBIM METOIOM, SIBJISIETCS OTIPEeNIeHUe yaapHOU
BA3KOCTH 00pa3loB, ¢ moMoIibio popmynsl: Dn = n(n+1), (rae n — 4ucio yaapos, npu-
BOJIALIMX K pa3pyLICHUIO TOPOAbI).

YacTto mpuBIIeKaeTCs TakKe CHEeNHaTbHBIN MOKa3aTellb a0pa3suBHOTO W3HOCA MTOPO,
KOTOPBIN OTIPEEINSIETCS B IPOIIECCEe CMEIICHHUS TBEPABIX MMOBEPXHOCTEH MOPOJI IO BO3-
NeiicTBHEeM NPUIIOKEHHON Harpy3ku. [lokazaTens aOpasuBHOIO U3HOCA UMEET 3HAUYEHUE
MPU B3aUMOJCHCTBUH PA3IMYHBIX MOPOJ B KOHTAKTHBIX 30HAX B3aMMOJIEHCTBHS TIO-
BepxHoctel miactoB (ASTM C 241-90. Standard test method for abrasion resistance of
stone subjected to foot traffic, Annual Book of ASTM Standards, AmeSoc Testing Mater
(ASTM), 1990) [Al-Rbeawi, Jalal, 2019].
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Benuunna tBepaoctu noposa (1mo bpuHensro) HanpsMyIo XxapakTepu3yeT MPOYHOCTb,
T.€. CONMPOTUBIISIEMOCTh TOPHBIX MOPOJI CAABIMBAHUIO. YNCIIEHHBIE 3HAUEHUSI TBEPIOCTH
no bpuHenio onpenestoTces Mo OTHOLIEHUIO MPUIOKEHHON HArpy3KH K TUIOIIAIU T10-
BEPXHOCTH BlIaBiIuBaHus (Tadm. 1).

Tabnuya 1/ Table 1

Pe3yabTaThl HCHIBITAHUS PA3JIHYHBIX 00Pa3IOB TY(QOB, 0TOOPAHHBIX B OKPECTHOCTSIX
Bynkana Kpagua (Mcnanaus) (cpeanue 3HayeHust) /
Test results of different tuff samples from Krafla volcano (Iceland) (average values)

Tuma | Crpyk-| Ues | Fis | Dy | B HB | & | vy | U | P | W

Koz Tydos/ | Typa/
Mpod/ | Tuf's | Struc- em¥/50cm? | kr/mm?/ | MIIa/ | km/c/ | T/em®/ | o, | MIIa/
Sz(')‘:llzle types ture Mia/MPa sm’/S0sm? | kg/mm? | MPa | km/s | g/sm? % | MPa
T1 69.2 | 624 | 17.0 | 272 492 | 469 | 294 | 197 | 145 | 74
T3 5471537 [ 120 | 345 392 | 297 | 255 | 196 | 167 | 85
T-6 . |39 500103 ] 412 278 | 2.86 | 271 | 1.89 | 19.8 | 10.5
T-9 é"n 2 [328]388] 82 58.5 109 | 190 | 192 | 1.74 | 207 | 11.9
T-11 S é 264 | 432 94 | 411 179 | 245 | 204 | 1.87 | 23.5 | 129
T-12 g ?E 269 | 420 | 6.6 52.3 75 | 197 | 2.03 | 155 | 295 | 18.8
T-13 é g 261|482 | 5.9 57.3 121 | 255 | 221 | 1.58 | 25.8 | 163
T-14 = 5 1209329 74 56.7 81 | 211 | 232 ] 1.60 | 292 | 182
T-18 = < 255 | 456 | 88 56.0 158 | 242 | 229 | 1.88 | 26.7 | 12.8
T-26 288 | 445 | 7.8 63.7 156 | 190 | 278 | 1.61 | 269 | 16.6
T27 342 | 455 | 82 65.6 120 | 229 | 223 | 1.89 | 182 | 97
average 354 | 4.61|9.24| 5037 | 1965 | 256 | 2.37 | 1.78 | 22.86 | 13.05
T-4 61.5 | 635 | 144 | 298 307 | 374 | 271 | 189 | 187 | 9.9
T-5 559 | 516 | 11.8 | 304 4.1 | 334 | 284 | 191 | 179 | 94
T8 = 5; 30.8 | 541 | 103 | 529 238 | 325 | 284 | 193 | 185 | 96
T-10 = = 319|458 | 89 54.1 196 | 229 | 223 | 1.77 | 224 | 127
T-16 E 5 [ 78 [123] 20 | 122 37 | 132 | 130 | 136 | 344 | 254
T-20 % Ef 251|412 59 67.0 75 | 229 | 253 | 1.70 | 215 | 12.6
T-21 £ = 357|472 | 89 68.3 167 | 2.86 | 2.85 | 1.77 | 182 | 103
T-24 303 | 3.87 | 82 58.6 221 | 176 | 228 | 1.83 | 258 | 142
T-25 194 | 3.15 | 3.5 70.2 64 | 143 | 155 | 1.57 | 28.1 | 18.0
average 3416|429 | 821 | 6150 | 1918 | 248 | 2.35 | 1.75 | 22.83 | 13.57
T-15 . 168 | 3.62 | 5.9 86.4 115 | 217 | 222 | 147 | 332 | 23.0
T-19 EE% Eéé 66 | 137 ] 20 | 139.1 19 | 151 | 136 | 1.34 | 37.5 | 279
T-22 E%E,, E gé 67 | 155 ] 20 | 1300 22 | 165 | 125 | 1.52 | 31.6 | 208
T-23 146 | 222 27 | 1131 27 | 1.86 | 1.85 | 1.50 | 303 | 19.5
average 118 219 | 315 | 117.15 | 458 | 180 | 1.67 | 1.46 |33.15|22.80
T2 Ang:ls;:/m- Hama| 399 [ 550 | 11.8 | 283 321 | 360 | 275 | 202 | 139 | 69
T-17 | Andezit | L3P | 151 | 332 | 5.9 94.2 126 | 214 | 215 | 144 | 334 | 24.7
average 37.50| 4.41 | 8.85 | 6125 | 2235 | 2.87 | 245 | 1.73 | 23.65 | 15.80
Totalaverage 29.56| 3.87 | 7.36 | 7257 | 1644 | 242 | 2.21 | 1.68 | 0 |16.31
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Pe3ynbprarhl TECTOB Ha OMMCAHHOM BBIIIE YCTPOUCTBE (pUC. 1) MO3BONAT Jyyllle MO-
HATH IBOJIONUIO AePOpPMAIMK U MPOHHUIIAEMOCTH B BYJKAaHUYECKUX KOJUIEKTOPAaxX — pe-
3epByapax HedTU u ra3za. /laHHBIC IO MPOHUIIAEMOCTH BYJIKAaHUYECKOTO KOJUIEKTOpA U,
B 0COOCHHOCTH CTaOMIBLHOCTh MEXAaHUYECKUX M (DU3MUECKHX CBONCTB TOPHBIX MOPO],
MOTYT YJIYYIIUTh OHUMaHKE Tpolecca GIrouaonepeHoca B ByTKaHHUECKUX KOJIJIEKTO-
pax, MOCKOJIbKY 9TH THUIIbI KOJUIEKTOPOB, B OTIIMYUE OT TEPPUTEHHBIX U KapOOHATHBIX
KOJUIEKTOPOB, UMEIOT O0Jiee CIOKHYIO TOPOBYIO CTPYKTYPY U IpoHUIaeMocTts [Hasanov
et al., 2022; Qalkin et al., 2022; Sliaupa et al., 2020].

Pe3yAbTaThI 1 OBCYXKAESHME

Pesynbrarel ucnbiTaHus 00pa3loOB BYJKAaHMYECKUX TMOPOA, B rpaduyeckom BHUIE,
MPUBEACHBI HA PUCYHKE 3, MIUTFOCTPUPYIOIIEM 3aBHCUMOCTD MEKIY OCEBOI HArpy3Ko U
nedopmanueit 00pa3oB Npu pa3INnIHbIX PPEKTUBHBIX JaBICHUSAX. VICTIBITAHUSM 1O/
BEPraJIuCh TPyNIbI ByTKaHUTOBBIX Ty(hoB Bynkana Kpadmna (Mcnanaus). U3 pacemorpe-
HUS KPUBBIX 3aBUCUMOCTHU U JIAHHBIX TAOMUIIBI | CIEAyeT, YTO O MPOYHOCTH Ha CKATHE
(Ucs) uccnenoBannbie Ty(Qbl B CPEHEM XapakTepu3yroTcs 3HaueHusMu 29,6 MIla, uro
o knaccudukanuu Jupa u Mumepa [Deere, Miller, 1966] cooTBeTCTBYET «Ci1ab0 TIpoU-
HeIM» cpenam (Ucs® 55.0-27.5 Mlla).

Stress-strain curve
= P_eff=25 MPa VBY?

160 | — p_eff=50 MPa VBY4 1
== P_eff=25 MPa VBZ4 N

P_eff=50 MPa VBZ1 \/‘«/
=== P_eff=75 MPa VBZ3 \/

1404 — P_eff=75 MPa VBY10
— P_eff=100 MPa VBY1
=== P_eff=100 MPa VBZ6

120

100

80

60

Differential stress Q (MPa)

40

0.000 0.005 0.010 0015 0.020 0.025 0.030
axial strain

Puc. 3. [lepopmayust 8ynkanozeHHbIX 00pa3yos npu 030€tCmsu 0Cegoll Hazpy3Ku
u appexmuerozo dasnenus (25 — 100 Mlla) /

Fig. 3. Deformation of volcanogenic samples under the influence of axial load
and effective pressure (25 — 100 MPa)

OnHako cpeau BbIIENEHHBIX TPYII, UTHUMOPUTOBBIE TY(QBl CO CPEAHUMHU 3HAYCHU-
amu Ucs=11.18 MIla npunamiexar K «o4eHb caa0omnpodyHbIM» (MO Kiaccupukanuu
Hupa u Mumnepa). Cpeaaue 3HaueHus] IpoyHocTH Ha u3rubd (Fts) y ucnbITaHHBIX Ty-
¢oB paBubl 3.87 MIla, X0Ts B rpynmne UrHUMOPUTOBBIX Ty(POB ATOT MOKa3aresib MEHb-
e u paseH 2.19 MIla. Ilo ynapnoii Bsskoctu (Dn), unnexcy toueunoit Harpysku (Is)
u tBepaoctu (HB), rpynna urHumMOpUTOBBIX Ty(POB TakKe OTIMYAETCS HAUMEHbILU-
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MU 3HaueHusMH — 3.15 MITa, 1.80 MIla u 4.58 kr/MMm?, TIpu CpeHUX Ul BCeX TY(OB
7.36 MI1a, 2.42 MIla u 16.44 xr/mMmm? coorBeTcTBEHHO. OIHAKO IPYyIIa UTHUMOPHUTOBBIX
Ty(OB IPOJIEMOHCTPUPOBAJIA IOCTATOYHO BBICOKUE MTOKA3aTeNIN 10 CTOMKOCTH Ha abpa-
3uBHbIN n3HoC (Bsa=117.15 cM*/50cM?), pu cpeiHeM 3HAYEHUH [t BCEX Ty (OB, PABHOM
72.57 em¥/50cm>.

[IpumepHO, aHAJIOTUYHO BBIIIEU3IOKEHHOMY, PACIIPEAEISAIOTCS TAKKE U OCPEIAHEH-
Hble 3HaYeHMs (PU3NUeCKuX XapakTepucTUk (oTHocTH Uw, oTKpbITON nopuctoctu Po,
BIXHOCTH W U CKOPOCTH ITPOIOJIBHBIX BOJIH Vp) 1o rpymnmnam TydoB. Tak npu cpeanux
3HAUEHUSX TUIOTHOCTU U CKOPOCTHU MPOJOJIbHBIX BOJIH BCEX MCIBITAHHBIX TY(OB, COOT-
BercTBeHHO 1.68 r/cm® m 2.21 KM/c, B rpyIine MrHUMOPUTOBBIX Ty(OB 3TH MOKAa3aTelH
OKaszaJuch ciaabee u cocrauwin 1.46 r/cm® u 1.67 xkm/c coorBeTcTBEHHO. M, Ha0GOPOT,
IPU CPEJHUX 3HAUYEHUSIX MOPUCTOCTU M BIAXKHOCTU BCEX HCIBITAHHBIX Ty()OB, paBHBIX
COOTBETCTBEHHO 25.62 % n 16.31 MIla, B rpynne urHuMOpUTOBBIX Ty(HOB ITH IOKa3aTe-
JIM OKa3aJIMCh BBIILIE U COCTABUIIN COOTBETCTBEHHO 33.15 % n 22.80 Mlla.

JU1 BBISIBJIEHMSI BOBMOMKHBIX KOPPEJSLMOHHBIX 3aBUCUMOCTEN MEX]Y OTAEIbHBIMU
(u3MKO-MEXaHUYECKUMH CBOMCTBAMU OCa[0YHO-BYIKAHOTEHHBIX OCAJIKOB U JIEHCTBYIO-
11ei Harpy3Koii, ObLT MPOBEICH CTAaTUCTUYECKHI aHAIN3 3HAYSHUI TPOUYHOCTH Ha CHKATHE
¥ Ha U3rud, yaapHoi BI3KOCTHU (MIPOYHOCTH) M CTOMKOCTH Ha abpa3uBHBIN U3HOC. 3HaUe-
HUSI 9THX )K€ MEXaHUYECKUX MOKa3aTesiel CONOCTaBISUTUCH ¢ (PU3NYECKMMU CBOWCTBAMHU
Ty(OB (IJIOTHOCTb, BIAXKHOCTb, IIOPUCTOCTh, CKOPOCTH MPOIOJIBHBIX BOJIH, TBEPAOCTH 110
Bpunesto u MHAEKC TOYeYHOH Harpy3Kku) (Tadm. 2).

Tabnuya 2 / Table 2

KoppeJsimnoHHbIE CBA3M MeKIY OTAEAbHBIMH (QU3HYECKUMH
CBOICTBAMH TECTHPOBAHHBIX TY(OB /
Correlation relationships between individual physical properties of the tested tuffs

NoeNe
n/n

B3aumo3aBucumble
napamMeTpbl /
Interdependent parameters

OnrumMalibHOe ypaBHeHHe
perpeccuu /
Optimal regression equation

Kosdpdpuument
KoppeJsiiuu /
Correlation
coefficient

[Ipounoctk Ha cxarue (MIla)
¥ MHJICKC TOYCTHOI Harpy3Ku
(MIla) /
Compressive strength (MPa)
and point load index (MPa)

Y=19.5(X)- 162

R=0.82

[Ipounoctk Ha cxarue (MIla)
1 OTKpBITast TOPUCTOCTH (%) /
Compressive strength (MPa)
and open porosity (%)

Y = -56.48 Ln (X) + 209.84

R=0.84

[Ipounocts Ha cxxarue (MIla)
U TBEPAOCTD (Kr/MM?) /
Compressive strength (MPa)
and hardness (kg/mm?)

Y =1.2581 X +9.6626

R=0.87

[Ipounocts Ha cxxatue (MIla)
U CKOPOCTbH IIPOAOJILHOM
BOJTHBI (KM/C)/
Compressive strength (MPa)
and longitudinal wave velocity
(km/s)

Y = 4.5314 X222

R=0.68

[Tpounocts Ha u3rud (Mlla)
1 MHJIEKC TOYCYHOH Harpy3KH
(MITa) /

Flexural strength (MPa) and
point load index (MPa)

Y =3.7946 Ln (X) + 0.877

R=0.77
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6 [Ipounocts Ha nzrnd (Mlla)
1 BOJOHACHILIEHUE B BECOBOM
nponopuuu (r/cm?) / _ _
Flexural strength (MPa) and ¥Y=-0.1948 X+ 6.9885 R=0.73
water saturation by weight (g/
sm?)

7 [Mpounocts Ha u3rud (Mlla) u

TBEPAOCTH (Kr/MM?) / _ -
Flexural strength (MPa) and Y =1.3792 Ln (X) + 0.5732 R=0.82

hardness (kg/mm?)

8 IIpounocts Ha u3ru6d (Mlla) u
CKOPOCTh MPOJIOIBHOM BOJHBI
(xm/c)/

Flexural strength (MPa) and
longitudinal wave velocity
(km/s)

9 VYnaponpounocts (MIla) n

MHJICKC TOYCYHON Harpy3Ku

(MITa) / Y =10.965 Ln (X) - 1.3277 R=0.82

Impact resistance (MPa) and
point load index (MPa)

Y =1.1068 X!5% R=0.80

10 VYnaponpounocts (MIla) n
IJIOTHOCTH CYyXOH MOpOosI (T/
cm?)/ Y=16.117X-19.7 R=0.76
Impact resistance (MPa) and
density of dry rock (g/sm?)

11 VYnaponpounocts (MIla) n

TBEPAOCTH (Kr/MM?) / _ 06394 _
Impact resistance (MPa) and Y =1.1068 X R=0.90

hardness (kg/mm?)

12 VYnaponpounocts (MIla) n
CKOPOCTB ITPOIOIBHON BOJIHBI
(xm/c) /

= 2.1686 _
Impact resistance (MPa) and Y=12375X R=10.81
longitudinal wave velocity
(km/s)
BblBOAbI

O060011eHNe TaHHBIX HKCTIEPUMEHTAIBHOTO UCCIeIOBAHNS (PU3NUECKUX U MEXaHUYe-
CKUX CBOMCTB JJISi HEKOTOPBIX THUIIOB BYJKAaHOT€HHBIX F'OPHBIX Mopoj (TydoB) mokasano
HaJM4ue CYIIECTBEHHON B3aMMOCBSI3U MEXAY 3HAYEHWSIMH NOPUCTOCTHU, IJIOTHOCTH U
JpYTHMHU IPOYHOCTHBIMM CBOMCTBaMU. B wacTHOCTH, TpyMIIbI allUTOBBIX, PUOIUTOBBIX,
UTHAUMOPUTOBBIX U aHJIE3UTOBBIX Ty(hOB MMEIOT HEKOTOPHIE PA3IUyUs B OCPEIHEHHBIX
3HAUYEHUSX (PU3NKO-MEXaHUYECKUX MapaMeTpOB, YTO 0COOECHHO OLIYIIAETCS sl TPYIIIbI
UTHUMOPUTOBBIX TY(OB.

W3 comocraBneHust pe3yapTaToB cileayeT, 4To 1Mo mpouyHocTu Ha cxarue (Ucs) uc-
cliefIoBaHHbIE Ty(bI B CpeJHEM XapaKTepusyroTcs 3HaueHusMu 29,6 MIla, yro no kiac-
cupukauuu Jupa u Munepa cooTBeTCTBYeT «ciabornpounbiM» cpeaam (Ucs® 55.0—
27.5 MlIla). OnHaxo cpeau BBIACICHHBIX IPYII UTHUIMOPUTOBBIE TY(BI CO CPEAHUMHU 3HA-
yenussMu Ucs=11.18 MIla npunaanexar K «04eHb cIabonpouHbIMY (110 Ki1accu(pUKauu
JHupa u Munepa). Cpennue 3HaueHUs! TpoyHOCTH Ha M3rubd (Fts) y ucnblTaHHBIX TY(HOB
paBubl 3.87 Mlla, x0T B rpynne UrHUMOPUTOBBIX Ty(OB 3TOT MOKa3aTellb MEHbILIE U
pasen 2.19 MIIa. Ilo ynapnoii Bsaskoctu (Dn), unaekcy TouedHoit Harpysku (Is) u TBep-
noctu (HB), rpynna urHuMOpUTOBBIX TY()OB TakkKe OTIMYAETCS HAMMEHBIIUMH 3Haue-
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HusiMu — 3.15 MITa, 1.80 MIla u 4.58 kr/MM?, ipu cpeaHux 1ist Beex Tydos 7.36 MlTa,
2.42 MIla u 16.44 kr/mm? cooTBeTCTBEHHO. OIHAKO TPYINa MTHUMOPHTOBBIX TY(OB MPO-
JIEeMOHCTPUPOBAJIa JOCTAaTOUHO BBICOKHE TMOKA3aTeNN MO CTOMKOCTH Ha aOpa3uBHbIN U3-
Hoc (Bsa=117.15 em¥/50cm?), ipu cpeaneM uist Beex Ty(oB, paBHoM 72.57 em?/50cm?.

[IpuMepHO, aHAJIOTUYHO BBIIIEU3IOKEHHOMY, PACIIPEAEISAIOTCS TAKKE U OCPEIAHEH-
Hbl€ 3HaUYEHUs (PU3NYECKUX XapaKTepUCTUK (MIoTHOCTh UW, OTKphITas nopuctoctsh Po,
BJIXXHOCTh W U CKOPOCTb MIPOIOJBHBIX BOJIH V) 1o rpynnam Ty¢os. Tak, npu cpeaHux
3HAUEHUSIX IUIOTHOCTU U CKOPOCTHU MPOJOJIbHBIX BOJIH BCEX MCHBITAHHBIX TY(OB, COOT-
BercTBeHHO 1.68 r/cm? m 2.21 KM/c, B rpyIine HrHUMOPUTOBBIX TY(OB 3TH MOKAa3aTeIH
OKa3aJIMCch MeHbINE U cocTaBuwin 1.46 r/cm u 1.67 xm/c cootBeTcTBEHHO. 1, HA06OPOT,
IPU CPEIHUX 3HAUYEHUSIX MOPUCTOCTU M BIAXKHOCTU BCEX HCIBITAHHBIX Ty()OB, paBHBIX
COOTBETCTBEHHO 25.62 % n 16.31 MIla, B rpynne urHuMOpUTOBBIX Ty(HOB ITH IOKa3aTe-
JIM OKa3aJIMCh BBILLIE U COCTABUIIN COOTBETCTBEHHO 33.15 % n 22.80 MlITa.

B nenom, u3MepeHHble Mmokaszarenu AedopMaluy JIydlle OTPa)kaioT 3aBUCUMOCTb
MEX/y HarpaBlI€HHON Harpy3koil M pesyasrupytomeil nedopmanueil oOpasLoB IMpH
pa3nn4HbIX 3(P(PEKTUBHBIX JABIECHUSIX, 4 BBISBICHHBIC B3aMMO3aBUCUMOCTH 3HAYEHUI
IOPUCTOCTH, MJIOTHOCTH M APYTUX MPOYHOCTHBIX CBOMCTB, MO3BOJISIFOT JIy4YIlE MOHATH
9BOJIIOLMIO Tpoliecca AeGopMalui U MPOHUIIAEMOCTH B BYJKAHUUECKHUX KOJIJIEKTOpPaX B
nporiecce pa3pabotku HedrerazoBeix MmecTopoxkaeHuit TpH3.
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Pe3stome: AKTyanbHOCTb paboTbl. /13MeHeHMe Knumata u yCuneHne aKCTpemanbHbIX rMapoMeTeoponori-
YECKMX SBNEHWIA, TaKMX KaK OMOM3HU, CO3LAOT CYLLECTBEHHbIE YrpO3bl 4ns YCTOAYUBOCTUA TPAHCMOPTHON WH-
(hpacTpykTypbl Ha YepHomopckom nobepexxkbe Kaskasa. 0coby0 0MacHOCTb NPeACTaBAAOT CO6OI Aerpagmpo-
BaHHbIE CKIIOHOBbIE CUCTEMbI, HAXOAALLMECH NOA BO3LENCTBMEM aHTPOMOrEHHON HArpys3ku, Ha KOTOPbIX pac-
MOJSIOXKEHbl aBTOMOOUSIbHbIE JOpOru. OHN ABNAIOTCA 3NEMEHTaMI KPUTUHECKON UHAIPACTPYKTYPbI AN FOPHbIX
Tepputopuii tora Poccuu. BusyanbHble HabsloeHNs 0CTatOTCA OCHOBHBIM MEPBUYHLIM METOOM reoTexHuYe-
CKOr0 MOHUTOPUMHIa COCTOSAHMS LOPOXXHO CeTU. B TO XXe Bpems Hanu4yne pe3ko N3MEeHALWMUXCA ropHO-reono-
TUYECKUX W TMAPOre0n0rmyecKmnX yCnoBuid, a TakxKe 0TCYTCTBME MH(DOPMALMN O COCTOSAHUN NMOAMNOBEPXHOCTHbIX
CNOEB NOPOA He NO3BONSAET BbIABUTH 0COOEHHOCTY KIMHEMATUKM JedOPMaLMOHHBIX NPOLIECCOB OMNOJI3HEBbIX TEN.
B cBA3M € 9TUM aKTyanu3mpyercs He06X04MMOCTb COBEPLIEHCTBOBAHMSA METOLO00MNN BbIGOPA NapaMeTpoB reo-
(hun3nyecknx MeTo0B re03K0M0rN4ecKoro MoHUTOpuHra. Lienb uccnepfoBanuii — COBEpLUEHCTBOBAHWE METO/0B
reon3n4eckoro MOHUTOPUHIA OMOMI3HEBbIX MPOLECCOB CKIIOHOBBIX CUCTEM B YCNOBUAX FOPHbIX TEPPUTOPWUIA
KaBkasa. MeTtoauka uccnefoBaHui BK/KOYana aHann3 O0TE4YECTBEHHbIX U 3apY6eXHbIX UCTOYHUKOB B 0611aCTH
Knaccudoukaumm HakTopos, KOTOPbIE UHULMMPYIOT NOABMEHIE OMNOJN3HEN; OLEHKY 3(PMEKTUBHOCTYM MCMOIb30-
BaHUS reom3n4ecKmx MeTOA0B MOHUTOPUHTA, & TAKXKE BO3MOXXHOCTW UCMONb30BAHUS UCKYCCTBEHHBIX HEAPOH-
HbIX CeTen ns 06paboTKn MaccuBOB 60/bLUNX AaHHbIX. Pe3ynbTaTbl CCNEA0BaHUA NOKa3anu, 4T0 KOMOMHALNS
ERT u ceficmnyecknx mccnefoBaHnii no3BonseT CHOPMMPOBATL BbICOKOKAYECTBEHHbIE NMPOCTPAHCTBEHHbIE MO-
Jenn U3y4aemMoro Maccmaa No4YBEHHOr0 NOKPOBA M rOPHbLIX NOPOA, 4TO B coveTaHun ¢ ANN no3BoseT NoBbICUTb
TOYHOCTb NPOTHOCTUYECKOr0 aHanusa.

Knto4eBbie cnoBa: 0non3Hu, FropHble TEPPUTOPUK, CKITOHBI, FE0SIOrMYeCcKMne 0NacHOCTU, TPAHCMNOPTHAA WH-
dhpacTpykTypa, reoPu3n4ecknii MOHUTOPUHT.
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Abstract: Relevance. Climate change and the intensification of extreme hydrometeorological events, such as
landslides, pose significant threats to the sustainability of transport infrastructure on the Black Sea coast of the
Caucasus. Correspond the particular danger are degraded slope systems under the influence of anthropogenic
load, on which highway are located, which are elements of critical infrastructure for mountainous areas of
southern Russia. Visual observations remain the main primary method of geotechnical monitoring of the road
network condition. At the same time, the presence of sharply changing mining and geological and hydrogeological
conditions, as well as the lack of information on the condition of subsurface layers of rocks, do not allow identifying
the features of the kinematics of deformation processes of landslide bodies. In this regard, the need to improve
the methodology for selecting parameters of geophysical methods of geoecological monitoring is becoming more
urgent. The aim of the research is to improve the methods of geophysical monitoring of landslide processes of
slope systems in the mountainous areas of the Caucasus. The research methodology included an analysis of
Russian and foreign sources in the field of classification of factors that initiate the occurrence of landslides; an
assessment of the effectiveness of using geophysical monitoring methods, as well as the possibility of using
artificial neural networks to process big data arrays. The results of the study showed that the combination of ERT
and seismic studies allows for the formation of high-quality spatial models of the studied soil cover and rock
massif, which, in combination with ANN, improves the accuracy of predictive analysis.

Keywords: landslides, mountainous areas, slopes, geological hazards, transport infrastructure, geophysical
monitoring.

For citation: Klyuev R.V., Brigida V.S. Improving monitoring of landslide processes on mountain slopes in
the presence of transport infrastructure. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of Russian
South. (in Russ.). 2025. 15(3): 66-78. DOI: 10.46698/VNC.2025.39.32.001

BesepeHve

CKJ'IOHOBBIC CHUCTCMbI, Ha KOTOPBIX PACIIOJIOKCHBI aBTOMO6I/IJ'II)HI)IC JAOpPOTH, SABJIAKOT-
Csl DJIEMEHTAMH KPUTHYECKON HH(PPACTPYKTYpHI JUIsI TOPHBIX TeppuTOpHuil rora Poccum,
ocobenHo YepHomopckoro nodepexbs KaBkaza [CanoBa, 2022; SAunkast, bpuruma, 2022;
Bypmsuesa u np., 2024a, 6;Tutberidze et al., 2025; Zakharikhina et al., 2024; Jaiswal, van
Westen, 2013]. Jlerpaganusi CKJIOHOBBIX CUCTEM, yCyTyOsiemMast I0O0aTbHBIMH KJTUMaTHde-
CKHMH TIPOIIECCAMU, SBJISIETCS CYIIECTBEHHOM yrpo30ii s 00ecnedeHns yCTORIUBOTO CO-
HaJIbHO-AKOHOMUYecKoro pa3Butus FOxxuoro n CeBepo-Kaskasckoro demepanbHBIX OKpY-
roB. Pa3py1ieHne CKJIOHOB BOJIM3U TPAHCIIOPTHONW MH(PPACTPYKTYPHI IPOSBIISIETCS B BUJIC


https://geosouth.ru/article/view/1253/1029
https://orcid.org/0000-0003-3777-7203
https://orcid.org/0000-0002-9421-5613

68 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

OIOJI3HEN pa3IMuHBIX TUIIOB, cesel WM (HOPMUPOBAHUEM TEXHOTCHHO WM €CTECTBEHHO
00yCIIOBJIEHHBIX TPEIIMHOBATHIX CTPYKTYP Ha TOPOKHOM TosioTHE. OTHUM U3 SIPKUX TPH-
MEPOB MOCJIECJCTBUI OTKa3a TPAHCIIOPTHOU MHMPACTPYKTYPBI IPU 00ECTICICHUN yCTONYIN-
BOW MOOWJIBHOCTH B TYPUCTCKHX TEPPUTOPHUSX SIBISETCS CXOA OMNOI3HA B HosiOpe 2024 1.
Ha 189-m kM Tpaccel A-147 JIxy6ra — Coun (B XoctuHCKOM paiione r. Coun) [Brigida et
al., 2024]. B cBs3u ¢ 3TUM OT/AETBHBIM BOIIPOCOM OCTACTCS UACHTU(DUKAIINS U OIICHKA OC-
HOBHBIX «3aIlyCKaroIuXx (akTopoBy (triggering), a Tak)Ke CTENEHU UX BBIPAXKEHHOCTH JUIS
KOHKPETHBIX YCIIOBUH SKCILUTyaTallly OMAacHBIX y4acTKoB jopor [Wei et al., 2024].

Jns CHYDKEHUSI PUCKOB MOTEPH YCTOMYMBOCTH CKJIOHOBBIX CHUCTEM TPaHCIOPTHOM
uHppactpykrypsl (CTH) HeoOX0AMMO COBEPLICHCTBOBAHHWE METOJOJOIMH TI'€0IKOJIO-
THYECKOT0 MOHHTOPHUHTA, a TAK)XKE CHCTEM paHHEW AMAarHOCTHKU COCTOSHHS T'€0CpPEIbI.
Kpome Toro Ba)kHbIM acrieKTOM SIBJISIETCS Pa3BUTHE CUCTEMbI PAHHETO MPEAYPEKICHHUS
Ha OCHOBE MHTETPUPOBAHHOIO MOAXO/A K OLIEHKE PHCKA, IPOTHO3HOM aHAUTUKH U He-
PEepPHIBHOTO MOHUTOPHUHTA TeKyIel cutyaruu [ Whiteley et al., 2019; Unapmaues, 2022,
2025]. CoBpeMeHHasi HOpMaTHUBHAs OLIEHKA OMOJ3HEBOW OMACHOCTH OCHOBAaHA HA «KOM-
OMHUPOBAHHOM» CIIOCO0E, B KOTOPOM Ha OCHOBAHUHU PETPOCIEKTUBHOIO CTATUCTUYECKO-
rO aHaIM3a IS KaKA0ro (hakropa BIMSHUS MpUBEIEHA OaJlIbHAS OLIEHKA BEPOSTHOCTH
cMmelieHus. Tem He MeHee, OTHOBPEMEHHAs pealin3aliis HECKOIbKUX 3aIlyCKatouX (ak-
TOPOB OIOJI3HS CJIOKHO MOJIAETCSI TPOrHO3Y HAa OCHOBE HOPMATHBHBIX METOJIOB.

BusyanpHble HaOMIONEHUS OCTAIOTCSI OCHOBHBIM MEPBUYHBIM METOJOM I'€OTEXHHYE-
CKOIO MOHUTOPHUHTA COCTOSIHUS JOPOKHOM ceTH. [lepnoaunyHocTh 0CMOTPOB, B OTIIMYHE
oT uHocTpaHHbIX aHanoroB [Highland, Bobrowsky, 2008] rine yactora ocMoTpa Bapbu-
pyetcs ot 2-x 10 10-Tu JeT, A KaXA0ro ciaydas OnpeaesseTcss MHANBUIYalbHO. B 10-
MOJTHEHHE K BU3yaJbHBIM OLIEHKaM, Yallle UCTIOIb3YIOT HETIPEPhIBHBIE U3MEPEHUS KITIoue-
BBIX TOKa3aTeseil cTabMIbHOCTH MOYBBI. A B CIy4ae HHTETPALUU C CUCTEMaMU PaHHETO
npeaynpexIeHus — TeopU3nIecKre, FTe0TeXHUUECKUE, a TAK)Ke METOABI TUCTAaHIIMOHHO-
ro 3ouaupoBanus 3emiu ([133). Tem He MeHee, yale BCero UCIoIb3YIOTCS HETPEPhIBHBIC
U3MEHEHUS OTJIENIbHBIX TeOTEXHUUYECKUX apaMeTPOB, JATYUKOB MIIM TOUEK HAOIIOIEHHUH
(peniepubie Toukn). B ycrnoBusix cyOTponuueckoi 30HbI KaBkaza, ¢ HAIMYUEM Pe3KOm3-
MEHSIOLIUXCS TOPHOTEIOTMYECKUX U TUAPOTE€OIOTHYECKUX YCIOBUM, PU MOMOILHU TaKo-
IO MOJXO0/A CJIOXHO BBIIBUTH OCOOEHHOCTH KMHEMATHUKH J1e(hOpMaIlMOHHBIX MPOLIECCOB
CKJIOHOBBIX CHCTEM. DTO yCyryOunseT npooiemMsl (POPMUPOBAHUS TOCTOBEPHBIX MOAETIEH
«MEJYICHHBIX CMEILEHUI» MPHU HCMHOIb30BAHUM IPOCTPAHCTBEHHO-PACCPEIOTOUYECHHBIX
reojie3ndeckux cetei. [Ipu ucrnoab30BaHNU re0CTaTUCTUYECKOTO aHATN3a KOCMUYECKHUX
CHMMKOB WJIM JJAHHBIX C OECIMJIOTHBIX JIETATEIbHBIX alllapaToB TaKKe CYIIECTBYET Psij
OTpaHMYEHUI: BHICOKAas 1I€HA CHUMKOB C BBICOKUM IPOCTPAHCTBEHHBIM pPa3pelICHHEM;
npoOieMa Halau4yus o0JIauHOTO MOKPOBa; MpobieMa 00paboTKK OOJBIINX JaHHBIX, 0CO-
OEHHO JJIS1 MyJIBTUCTIEKTPATBHBIX H300paxenuii. Kpome Toro, st 1ieneit O1eHKH omos3-
HEBOM OIACHOCTH, TOJBKO UCIIONb30BaHuE J[33 HEBO3MOKHO BCJIEICTBUE OLIEHKH TOJIBKO
MOBEPXHOCTHOM cocTapisitomieii (6e3 yuera TUNA U XapaKTEePUCTHK IOYB, MOYBEHHOM
BJIaT'M M BO3JEHCTBUS ocaakoB) [Xu et al., 2024]. IIpu ycaoBUsAX MaKCHUMaJIbHOTO BITHSI-
HUs 3anmoBbIX JiuBHEH (UepHOMOpcKoe modepekbe KaBkasza) uaeHTH(UKALIAS OTTAaCHOTO
ydacTKa JJOPOI'M HEBO3MOXKHA HAPSMYIO 110 JJaHHBIM 00 00beMe 0caIkoB Oe3 yueTa 3Ba-
TpaHCIUPAIUH U YCIOBUH IpeHUpOBaHMs moa3eMHbIX Box [Kaya, Midilli, 2020].

Jlia mpeososieHnss AaHHBIX OTPaHMYEHUI FeOTEXHUYECKUX U AUCTAHIIMOHHBIX Me-
TOZI0B MOHUTOPUHIA HauboJee MpeCTaBUTEIbHBIM SBISIETCS MCIIOIb30BaHNE reo(pu3u-
YECKUX MCCIIeIOBAHNI B COYETAHUU ¢ 0OPaOOTKOM TaHHBIX HA OCHOBE MCKYCCTBEHHBIX
HEHPOHHBIX ceTei. [ TaBHBIM PEUMYIIECTBOM re0(PU3NIECKUX METOOB SBISETCS MOIY-
YeHHUe NMPOCTPAHCTBEHHBIX MOJIEIICH MOIIOBEPXHOCTHBIX CI0EB B MaclITabe OMOJI3HEBO-
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ro Tella IpU MUHUMAJBHBIX 3aTpaTax Ha OypeHue reoorndecKkux ckBaxuH. [eodusnye-
CKHE MOJIXO/IbI K T€0IKOJIOTHIECKOMY MOHUTOPUHTY OTIOI3HEBBIX CTPYKTYP 00CYKIATHCh
MHoOruMU uccienoBaressimu [Whiteley et al., 2019; Tsai, Lin, 2022; KepumoB, Dnbxaes,
2024; Uyanik, 2019]. Tem He MeHee, KOMIUIEKCHBIN aHATH3 WX UCTIOIB30BAHMS AJIs 1IeTeit
o0ecredeHus HaJIeKHOCTH TPAHCIIOPTHOU MHPPACTPYKTYPHI OCTAETCS HEOCTATOYHO W3-
YYCHHBIM. B CBSI3M C TeM, 4TO yCTOWYHUBOCTh CKJIOHOBBIX CUCTEM OOYyCIIaBIMBaET HAJIH-
YHUe CYIIECTBEHHBIX TEXHOTC€HHBIX PUCKOB IMOTEPH TPAHCIIOPTHOM JOCTYITHOCTH OTAAJICH-
HBIX WJIM TOPHBIX TEPPUTOPUI, CMSATUCHHE MPOSBICHUM KIMMAaTUYECKUX U3MEHEHHUM Ha
Kagkasze, siBisieTcsl BaXKHOM Hay4YHOU 3a7a4eil.

Leanb paGoThl — COBEPIIEHCTBOBAHHE METOIOB Fe0(U3NIECKOTO MOHUTOPHUHTA OTIOJ3-
HEBBIX MPOIIECCOB CKIOHOBBIX CUCTEM B YCJIOBHSIX TOpPHBIX TeppuTopuii KaBkasza npu Ha-
JMYUW TPAHCTIOPTHON MH(PPpACTPYKTYphI. [ ee MOCTHKEeHUs pelaiiuch CIEAYIONUe 3a-
JTa4M: aHATTM3UPOBAIUCH re0(hU3NIECKIE METO/IBI U (PAKTOPBI, MHUIIUUPYIOIIUE MOSBICHNE
OTIOJI3HEBBIX TIPOIIECCOB B CKIOHOBBIX CHUCTEMaX; KJIACCH(HIIMPOBAIUCH AJTOPUTMBI HC-
KYCCTBEHHBIX HEUPOHHBIX CETEH UCITOJIb3YEMbIX IPH OIIEHKE OTMOJI3HEBHIX MTPOIIECCOB.

MeToabl NCCAEAOBOHMS

Metomonorusi UCCIeNOBaHUN BKITFOYANIa aHAIM3 OTEUECTBEHHBIX M 3apyOeKHBIX HC-
TOYHHUKOB B 0011acTH Ki1accudukamnuu GakTopoB, KOTOPHIE MHUIIUUPYIOT MOSBJICHHUE OTTOJI3-
Hel; oneHKy 3((EKTHBHOCTH HMCIOJIL30BaHUS TeO(PH3UYECKUX METOJOB MOHUTOPHHTA
reocpeibl, a TAK)KE€ BO3MOXKHOCTH HUCIIOJIb30BAHUS UCKYCCTBEHHBIX HEMPOHHBIX CETEU IS
00pabOTKM MaCCUBOB OOJIBIITUX JAHHBIX TPU PEIICHUU TE0IKOJIOTHUECKUX 3a/1ad.

Pe3yAbTaThl U OBCYXKAEHME

Ananus eeogpuzuueckux memooos u hakmopos
UHUYUUPYIOWUX NOSABTIEHUEe ONON3HESbIX NPOYECCO8 8 CKIOHOBbIX CUCTNEMAX

W3 ananuza 3apyOexnoil nurteparypsl [Highland, Bobrowsky, 2008] caenyer, uro,
HarpuMep, aMEPUKAHCKUN TOAXO TOAPA3yMEBAeT Pa3/ielICHUEe TPUTTEPOB OTOI3HEBOM
OTIAaCHOCTH Ha 3-U THIA: €CTECTBEHHBIC, PU3NUECKHUE U YEIOBEUECKIE (AaHTPOTIOTEHHBIE).
K nepBomy THITy OTHOCSTCS: BIUSHHE OCA/IKOB U TastHUE CHETa, BHIBETPUBAHHE, a TAKXKeE
HaBogHeHue. Ko BTOpoMy THITy — BIMSTHUE T€0JIOTUIECKUX MPUYXH (TUTIB ¥ (PU3HKO-Me-
XaHUYECKHE CBOMCTBA reOMaTeprasoB, UX KECTKOCTh, TPEIIMHOBATOCTh, CIAHIIEBATOCTh
U Jip.) 1 MOP(OJIOTHYECKUX MPUIHH (TEKTOHUKA, Pa3IMYHOTO POAA HPO3UH, OCATKOHAKO-
IUICHUE, HAIMYHE PACTUTEIBHOCTH). K TpeTbeMy THIy OTHOCATCS: HaJMYWE OPOIICHUS
WJIM UCTIONb30BaHNE HECTAOMIIbHBIX 3€MIISIHBIX HACBINEH, BBIpyOKa Jieca, HaJTMuue OTX0-
JI0B, UCKYCCTBEHHOE OTKJIOHEHHE PEYHOTr0o TeUeHHs U Jip. B cBoto ouepens Kk HopMaTuB-
HBIM /17151 YOPMUPOBAHMS OTION3HS B HAIIEH cTpaHe OTHOCAT (akTopsl I-ro u [I-ro THmos.
K nepBomy (HamOosee 3HaAYMMOMY) THITY OTHOCSITCS TOJBKO: TE€OJIOTUUECKOE CTPOCHHUE,
penbed 1 FKCo3uIus ckiioHa. Ko BTopoMy ke — 0CaiKH, peXXUM I'PYHTOBBIX BOJI, PaCTH-
TEJIIHOCTb, CEHICMHUYECKasi aKTUBHOCTbD, BO3/ICHCTBHE PEYHOTO TOTOKA, AaHTPOIIOTEHHOE
nercTBHE U Tporiecchl BeiBeTpuBaHus [Prapolski, Romanovski, 2025]. Ucxoast u3 storo,
ClIelyeT, 4To (JOTOMETPUYECKHE U AUCTAHIIMOHHBIE METOBI HE MOTYT TUarHOCTHPOBATh
HaJIMYME OMACHOCTH BCeX (PAKTOPOB MEPBOW IPYMIIbI KaK OTEYSCTBEHHOM, TaK U 3apy-
OeXHOU KiacCU(pUKAIIMKU, YTO 00yCIaBIMBAET HEOOXOUMOCTh MOA00pa parioOHaTbHBIX
napamMeTpoB reouznyeckoro MoHuTopuHra [ Yaitskaya et al., 2023].

l'eopusnueckre MeTOABI, OCHOBAHHBIE HAa HEPa3pyLIAIOIIEM KOHTPOJIE COCTOSHUS
MOJIMOBEPXHOCTHOTO CJIOS TEXHOT€HHO TPaHC(OPMUPOBAHHBIX JaHAIIAPTOB MPeICTaB-
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JSI0T CYIIECTBEHHBIE NPEUMYIIECTBA MPU OLIEHKE MHAMKATOPOB OIOJI3HEBOH ONACHO-
ctu. CelicMHuecKre METOIbl WM, HAlIPUMeEpP, TOMOTrpadusi 3JIEKTPUIECKOTO YIEIBHOTO
conpotusieHust (ERT) moBonbHO 3(h(PeKTUBHO MPUMEHSIOTCS U OLIGHKU HapyIIeHUH
BHYTPEHHEH CTPYKTYpbl MOYB OOYCIIOBJIEHHBIX 3apOKICHHEM M peanu3anuei nedop-
MAaIMOHHBIX IpoLeccoB. KpoMe TOro, oHM paciupsitoT TOPU30HTHl KOCBEHHON OLIEHKHU
TUIPOJIOTMYECKOT0 PEKMMA U MEXaHUYECKHUX CBOMCTB MOYBEHHOTO MOKpoBa. CelicmMuye-
CKH€ METO/IbI JIOBOJILHO YaCTO UCIIOIBb3YHOTCS AJIs1 OLEHKHU MOA3EMHON CTPYKTYPbI MacCH-
Ba, HAJIMYHS HEOAHOPOIHOCTEH MM TPEIIMHOBAThIX CTPYKTyp. OOHapy)eHue cercMu-
YECKUX CUTHAJIOB 00ECIIEYMBACTCS 3a cueT re0o()OHOB, KOTOPHIE MPEe0OPa3yroT 3ByKOBBIC
CUTHAJIbI PA3JIMYHOM aMIUTUTY/Ibl B HEMPEPHIBHBIN MOTOK UG poBoi nHopmanmu. Me-
TOJIbI ITOBEPXHOCTHBIX BOJIH (MHOTOKAHAJIBHBIN aHAJIW3 MOBEPXHOCTHBIX BOJIH — MASW)
IPOJEMOHCTPUPOBAJIN BBICOKYIO TPOU3BOIUTENBHOCTD NPU OOHAPYKEHUU MEJIKHUX Tpe-
IIMHOBATBIX CTPYKTYP U OLIEHKE CKOPOCTH CABUIOBBIX BOJH [Tsai, Lin, 2022]. biaronaps
UCIIOJIb30BaHUIO PErPECCHOHHOIO aHAIN3a CTal0 BO3MOXKHBIM YCTAHOBIIEHHUE B3alMOC-
BsI3EH MEXKIy CEHCMUUYECKUMHU BOJTHAMHU M CBOMCTBAMU MOYB (ITOPUCTOCTh, YPOBEHB Ha-
ceitieHus Bonoit) [Uyanik, 2019]. Kpome Toro, npocTpaHCTBEHHbIE MOJIENIN pacpoCTpa-
HEHUs! P-BOJH MO3BOJIAIOT JOCTOBEPHO XapaKTEpU30BaThb YPOBEHb COJEPKAHUS BJIaru
niu mpouHocTh Ha caBur [Uyanik, 2019]. Ogaum u3 Hanbosee COBpeMEHHBIX HarpaBlie-
HUI B JTaHHOM 001acTH SIBIISIETCS] IPUMEHEHUE PaclpeieIEeHHOr0 aKyCTHUECKOTO 30H 11~
poBanust (DAS), koTopoe M03BOJISAET MOBLICUTH KaY€CTBO IPOCTPAHCTBEHHO-BPEMEHHBIX
MoJieTIel TIpY SKOHOMHH CPEJICTB Ha MIpOBeeHne uccieaopanuii [Zhu et al., 2023].

I'eopaauronokaoHHbIN MeTo]] 0a3upyeTcs Ha HCIOIb30BaHUU T€0paapoB 1Jis Ipo-
CBEYMBAHMS TIOYBEHHBIX MPOQUIEH W KOPEHHBIX MOpoa. MeTon peanusyercs mocpen-
CTBOM I'€HEepaLUy IEKTPOMAarHUTHBIX BOJIH U MOCJIEIYIOILEro NOIVIOMIEHUS OTPaKEHHBIX
curHanoB. OTpakaeMble CUTHAJIbI XapaKTePU3yIOT IOBEPXHOCTHU 0CIa0ICHUs, TPELIHHO-
BaTble CTPYKTYpPbI WM BOIHBIE 00bEKTHI. [lodydeHHbIe TeonpoCTpaHCTBEHHBIE MOICITH
MOTYT 0TOOpa)kaTb U3MEHEHUS TUAPOIOIMUECKOTO PEKUMA TIOA3EMHBIX BOJ, UTO SIBIISET-
Csl CYLIIECTBEHHBIM JIJIsl MHUIIMMPOBAHUSI OTIOJI3HEH Ha FOpHBIX ckiloHax [Wu et al., 2019].
Hcnonp30BaHue 0THOBPEMEHHO HECKOJIBKHUX aHTEHH C Pa3IM4HON 4acTOTOM IeHepaluu
UMITYJIbCOB MO3BOJISIET MOJIy4aTh IPOGMIN Pa3IMUHbIX INIyOHH C COOTBETCTBYIOLIEH cTe-
neHbIo Jetanu3auu. OJTHUM U3 OCHOBHBIX CYIIECTBEHHBIX OIPAaHUYEHUN METOJA SIBIIS-
€TCs1 HEBO3MOYKHOCTB €0 HCII0JIb30BaHUs JIJIs1 aBTOMAaTHUY€CKOT0 MOHUTOPUHIA B PEXKUME
pEeaJIbHOTO BPEMEHHM, a TAK)KE CIOKHOCTb IPH OTCYTCTBUM PE3KOH Pa3HMLBI B I'paau-
eHTax (Hampumep, Mocie J0XAs), KOI/la MaCCUB BBIIVISIUT KaK HEKOHTPACTHbIE CJIOH C
OJTMHAKOBOU OTpakaTesbHOU criocoOHOCTRIO [Kara et al., 2025].

DNeKTpUYeCKUe METO/IbI PAa3eIIAIOT HAa TPU OCHOBHBIE IPYIIIBI: CaMO MOTEHLUAIbHAS
tomorpadus unu SPT, anekrporomorpadus (ERT) u unnynupoBaHHas noisipu3anioH-
Hast Tomorpadus (IPT). [Ipu stom ERT siBisiercst Hauboiee mepCceKTUBHOM JIJIs1 Uccie-
Jye€MBbIX BOIIPOCOB, OCKOJIBKY XOPOLIO MOAXOAMT JUIsl OLIEHKU HanboJiee KpUTUYHBIX TS
pa3BUTHUS ONOJ3HEH NapaMeTpOB UCCIIELYyEMOIo MaccuBa. B HeM cHauana m3MepsieTcs
KaXyIleecs Y/IeIbHOE COIIPOTUBIIEHUE TIOPOJ],  3aTEM Ha OCHOBE MHBEPCUM PACCUMUTHI-
BaeTCs UCTHMHHOE pacipeneneHue. [lpenmyniecTBoM JaHHOTO METO/1A SIBJISIETCS] BO3MOXK-
HOCTb OIPEJEJICHNs MPOCTPAHCTBEHHOW IVMHAMMKHU TOYBEHHOM BJIard M BOAOHOCHBIX
TOPU30HTOB, IIOPUCTOCTH TTOPOJI, COIEHOCTH MoA3eMHBIX Box [Slater, Binley, 2021]. Oto
00yCIIOBIIIO IIUPOKOE MCIIOJIb30BAHKUE JAHHOIO METO/a AJIS 33734 THMIPOreosIOTHH U Jie-
TaJIbHOTO OIPENEICHHS NTapaMeTPOB 3ajeraHus cloeB nopox. Mcnons3oBaHue HeAOpO-
THX 3JIEKTPOIOB, BHICOKAS CTETEHb MACIITA0MPYEMOCTH, a TaKXKe MPOBEICHUE MTOBTOP-
HBIX U3MEPEHUIl ¢ MCIOJIb30BAHUEM HMHBEPCUU 110 BPEMEHH, MO3BOJISIET OCYLIECTBUTH
T€0’KOJIOTUYECKHII MOHUTOPHHT B IPOCTPAHCTBE-BpeMeHH (Tadi. 1).
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Ta6nuya 1/ Table 1

JloCTOMHCTBA U HEIOCTATKH OCHOBHBIX reou3n4ecKNX MeTO10B MOHUTOPUHTA /
Advantages and disadvantages of the main geophysical monitoring methods

l\l\//llgl(:l(l)](;ls/ JocrouncrBa/Advantages Henocrarku/Disadvantages
K mocTomHCTBaM CTOMT OTHECTH YHHBEp- | BBICOKHE dKCIUTyaTallMOHHBIC PacXolbl
CaJIbHOCTh M YYBCTBUTCJIBHOCTH JaHHBIX 00BEMBI IMOJIYYCHHBIX JAaHHBIX ABJIAIOTCA
METOJIOB IPU OOHAPY>KCHUH TOBEPXHOCTH | CYIIECTBEHHBIMH OTPaHMUYCHHUSIMH JUIS UX
OIIOJI3BHEBOTO Tella B CIOSX IMOYBBL Takke | IIMPOKOTO pPa3BEPTHIBAHMS B YCIOBHSX
cnocobHocte DAS obecnieunBarh Hempe- | MECTHOCTH CO CJIOXKHBIM JIAHIIAQTOM.
PBIBHBIA TIPOCTPAHCTBEHHBIA OXBaT 00Nb- | B ropomckoii MECTHOCTH HaJIHYHE ITOCTO-
HIUX TEPPUTOPUI U 0OHAPYKUBATh HE3HA- POHHHMX IITYMOB ¥ ()OHOBBIX ITOMEX YCIIOXK-
2 YHUTENbHBIE CcMeIIeHns Touek. Kpome Toro, | HsieT cOOp M HMHTEPIPETAIMIO IMOTyYeH-
£ NPEUMYILECTBOM ~ SBJISETCS MONy4YeHHE | HbIX cUrHajioB. Ce30HHAs M3MEHYHBOCTh
) JIOCTOBEPHBIX BEJTMYMH MOITHOCTH OTJIENIb- | MOXET BHECTHU CYIIECTBEHHBIC KOPPEKTH-
% HBIX CTpAaTUrpapuIecKX IUIACTOB MOPOA. / | BBI, YTO MOYKET MOBJIUATH HA HAIEKHOCTD
= The advantages include the versatility and | u TOYHOCTH F€OIPOCTPAHCTBEHHBIX MOJIC-
; sensitivity of these methods in detecting the | meit u TokamM3aIy OMACHBIX 00MaCTeH. /
z surface of a landslide body in soil layers. | High operating costs and volumes of data
= Also, the ability of DAS to provide con- | obtained are significant limitations for
% tinuous spatial coverage of large areas and | their widespread deployment in areas with
o detect minor point shifts. In addition, the | complex terrain. In urban areas, the pres-

advantage is obtaining reliable values of
the thickness of individual stratigraphic
layers of rocks.

ence of extraneous noise and background
interference complicates the collection
and interpretation of the received signals.
Seasonal variability can make significant
adjustments, which can affect the reliabil-
ity and accuracy of geospatial models and
the localization of hazardous areas.

Oaexrpuyeckue/Electrical

Mertonsl 3GQEKTHBHBI NPH MOHHTOPHH-
re M3MEHEHUH BIAXHOCTH II0YB, a TaKKe
KapTHPOBAaHUH TMOBEPXHOCTHBIX HEOIHO-
ponHocTel. Bo3MOXKHOCTD pa3BEPTHIBAHUS
OTHOCHTENBHO HEIOPOTUX SICKTPOIHBIX
ceTeil I JOJITOCPOYHOTO MOHUTOPHH-
ra CKJIOHOBBIX CHCTEM C BBICOKHM pa3pe-
LICHHEM CIOCOOCTBYET MpPEANOYTUTENb-
HOCTH HCIIONIb30BaHHUA JAHHOTO MeTona
npu 00cCieoBaHUH OOJBIINX TUIOMIAACH.
WHBepcust ynenbHOTO CONPOTHBICHUS H
ANEKTPOTOMOTpadusl UMEIOT HanOoJIbIlee
paspelieHre, 4To JenaeT X YHHBepCasb-
HBIMU JUIS LEJI0T0 PsAfa TeOTEXHUYECKUX U
THAPOJIOTHYCCKHX 3a71a4. BeicTphIit cOop u
00paboTKa TaHHBIX TO3BOIIIOT (HOPMHPO-
BaTb IecoMO/ZI€JIM B MHUHUMAJIbHbIC CpOKl/I./
The methods are effective in monitoring
changes in soil moisture, as well as in map-
ping surface heterogeneities. The possibili-
ty of deploying relatively inexpensive elec-
trode networks for long-term monitoring of
slope systems with high resolution contrib-
utes to the preference for using this method
when surveying large areas. Inversion of
specific resistance or electrical tomography
have the highest resolution, which makes
them universal for a number of geotechni-
cal and hydrological problems. Rapid data
collection and processing allow the forma-
tion of geomodels in minimal time.

K OCHOBHBIM HEOCTATKAM METONA CTOUT
OTHECTH TPYJHOCTH C KaJIHOPOBKOH, HU3-
KHM pa3pelicHHeM Ha OOIbIIoi riiyOuHe
NPOCBEYHMBAHUS MACCHBA, & TaKXKE CIIOXK-
HOCTH B MHTCPHNPETAIUN MHBCPCUOHHBIX
perennii. Takxke CIOXHOCTH COIPOBO-
KIAIOT TMPOCBCYHUBAHUEC O6BOI[HCHHI)IX
WITH TITMHUCTBIX MACCHBOB FOPHBIX MOPO/L.
/ The main disadvantages of the method
include difficulties with calibration, low
resolution at a large depth of massif trans-
illumination, as well as difficulties in in-
terpreting inversion solutions. Difficulties
are also accompanied by transillumination
of waterlogged or clayey rock massifs.
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I'eopamapel/Ground penetrating radars

CUITbHBIMH CTOPOHAMH METOIa SIBIISIFOTCS
OBICTPOTA pa3BePTHIBAHMS U SKOHOMHYHOCTD
MPOBEJCHHUS OKCIEPUMEHTAIBHBIX PaboT.
OTHENBHBIM  MOJOKHUTEIBHBIM MOMEHTOM
SIBIISIETCS. BO3MOKHOCTH OOHApy’>KEHUsl BO-
JOHOCHBIX TOPH30HTOB, W BO3MOXXHOCTb
MPOBEJICHUSI MCCICIOBAHUNA B PEKHME pe-
AIBHOTO BpeMeHH. Takke THOKOCTh M MO-
OWJIBHOCTH IIEPEHOCHBIX I'€0panapoB, a B
HEKOTOPBIX CIy4asx (KpUTHYHA IS TOPOIK-
HOW HWH(PACTPYKTYPHI) BOZMOXXHOCTH TIPO-
BEJICHUSI MCCIIC/IOBAHMN 6€3 HEMOCPEICTBEH-
HOTO KOHTaKTa C JOPOKHBIM MOKPBITHEM. /
The strengths of the method are the speed
of deployment and the cost-effectiveness of
conducting experimental work. A separate
positive point is the ability to detect aqui-
fers and the ability to conduct research in
real time. Also the flexibility and mobility
of portable ground penetrating radars, and in
some cases (critical for road infrastructure)
the ability to conduct research without direct
contact with the road surface.

[TpobiemMa CIOKHOCTH HHTEPIPETALUH T10-
JyYeHHBIX JaHHBIX IIPU anpoOUpPOBAHUU
OTHOCHUTCS M K JaHHOMY THIy reo(u3u-
4ecKux MetozoB. Kpome Toro, mist paauo-
JIOKAIIMOHHOI'0 ME€TOJa YYBCTBUTCJILHBIM
ACIIeKTOM OCTaeTcs MpodiieMa JIOKHBIX
OTpaXCHHI W OCJA0JCHUsS] CUTHANA C TITy-
6unoii. / The problem of the complexity of
interpreting the data obtained during testing
also applies to this type of geophysical
methods. In addition, for the radar method,
the sensitive aspect remains the problem of
false reflections and signal attenuation with
depth.

Jlnist mostyueHusi cuHepreTudeckoro 3¢dexra HeoOX0aMMO pa3yMHOE COUYeTaHHE He-

CKOJIBKHMX THIOB reopusnueckux MetonoB, HarpuMmep ERT u ceiicmoakyctrueckux [Lu
et al., 2025]. CeiicMudyeckue METObl MOTYT MPEIOCTAaBUTh MH(POPMALUIO C BBICOKHM
pa3pelieHneM O XapakTepe W JIMHAMUKE CMEILEHUH, a TaKKe XapaKTepe W MPOCTPaH-
CTBEHHOW OpPHEHTALIMM CUCTEMBI TpeluH, B To Bpems kak ERT no3Bossger neranusupo-
BaTh (UIIOUJOAMHAMUKY U 0COOEHHOCTH 3aJleraHus TpyHTOBBIX Boj [Pang et al., 2025].

Hcnonvzosanue UCKYCCMBEHHbLX Heﬁpormbzx cemeil npu oyeHKe OnojiI3Hesblx npoyeccos

B nocnennee mecsaruierue Pa3BUTHEC MHTCIJICKTYAJIbHOI'O aHAJIN3a CII0OCOOCTBOBAJIO

OypHOMY pa3BUTHIO HEMPO-ceTeBhIX anroputmoB [Kapanski et al., 2025; Bhowmik et al.,
2025; Hristova et al., 2023] (tabmx. 2).

Tabnuya 2 / Table 2

JocToMHCTBA M HEJOCTATKHU UCIIOIb30BAHUS OCHOBHBIX MCKYCCTBEHHBIX HelipOHHBIX ceTeil /

Advantages and disadvantages of the main uses of artificial neural networks

rg;’ﬁzﬁgl:s/ JlocronncrBa / Advantages Henocrarku / Disadvantages
MHuorocnoiineie | Bo3MoXHOCTh peanu3aiuu  HelduHeHHoro | Mojenu  yCIOXKHSSCh, CTaHOBSITCA
MIEPCENTPOHBI | MOICIUPOBAHUS IO3BOJISICT AINIPOKCHMHU- | OYCHb UYBCTBHUTCIBHBIMH K IIEpeo0y-
/Multilayer poBaTh CIOXKHBIE (YHKIHOHATBHBIC 3aBH- | deHHI0. OrpaHWYeHHas CIIOCOOHOCTh
Perceptrons cuMocTh. ['mOKkast apXuTeKTypa MO3BOJSET | (PUKCHPOBATH MPOCTPAHCTBEHHBIE 3a-
(MLP) HACTpaMBaTh CKPBITHIC CIIOHM, ONITUMH3HUPYS | BHCHMOCTH OTPaHHYMBACT HCIIOJb-

MPOU3BOMUTEIBHOCTh JUTSA 3a/1ad TOCTPO-
eHHsl perpeccuu. BbIcoKas aganTHBHOCTH
MO3BOJISIET  OCYIIECTBIATh 3((heKTUBHOE
000011eHne Ha Hen3BecTHBIE laHHble. / The
ability to implement nonlinear modeling
allows you to approximate complex
functional dependencies. Flexible archi-
tecture allows you to configure hidden lay-
ers to optimize performance for regression
problems. High adaptability allows you to
effectively generalize to unknown data.

30BaHUE MeTofia NpH 00paboTKe IMo-
clIeIoBarelIbHBIX JaHHbX. / Models
become more complex and become
very sensitive to pretraining. Limited
ability to capture spatial dependencies
limits the use of the method when pro-
cessing sequential data.
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reduces the number of parameters, which
increases computational efficiency. They
have proven themselves well in image pro-
cessing tasks due to hierarchical feature
learning using convolutional filters.

I'pacdoBrie Omneparopsl CBepTKH TpadoB arperupy- | Y3Kue MecTa B TaMsATH BO3HHUKAIOT IIPH
HEHpPOHHBIE 0T HUH(QOPMAIIMIO O COCCACTBE MaHHBIX. | 00paboTKe 0OJBIINX MK rpad)oB pas-
certu /Graph | VIHBapHAHTHOCT K TEPECTAaHOBKAM TMO- | HBIX pasmepoB. OrpannueHHas 3hek-
Neural 3BOJISIET  OOECICYHMTHh  COMNIACOBAaHHOCTH | THBHOCTH IPH 00pabOTKE HEOTHOPO.I-
Networks MIPOTHO30B, HE3aBHCHMO OT MOpsAKa y3- | HEIX rpadoB./ Memory bottlenecks oc-
(GNN) jg0B. Bo3moxHOCTH mpom3BomcTBA TO- | cur when processing large or different
norpaduueckoro aHanmza Ui moBbI- | sized graphs. Limited efficiency when
meHuss S(PQPEKTUBHOCTH BBIUUCIEHUH. / | processing heterogeneous graphs.
Graph convolution operators aggregate
information about the neighborhood of
data. Permutation invariance ensures con-
sistency of predictions regardless of node
order. Possibility of topographic analysis to
improve computational efficiency.
Cgéprounble | Pacnpenenenune BecoB cokpamiaer konu- | CTpyKTypHas — CHelMaNu3aius — JUis
HeﬁpOHHBIC YCCTBO MapaMe€TpoOB, YTO IIOBLIIIACT 3(t)- pacuope€acJICHHBIX CETOYHBIX TaHHBIX
cetu / (hexkTUBHOCTH BBIYMCICHHUN. Xopomio ceOsi | (Hampumep, THKCEIed B pacTpax)
Convolutional | 3apexoMeH0Bain B 3ajauaXx OOpabOTKH | OrpaHUYUBAET MPUMEHUMOCTH METO-
Neural n300paKeHUH B CBSI3M C MEpapXHueckuM | ma. Takyke METOd WMeeT OrpaHHyeH-
Networks 00ydJeHHeM TIPH3HAKaM C MOMOIIBI0 CBEP- | HYKO HHTEPIPETHPYEMOCTh JIaHHBIX,
(CNN) ToyHbIX (QuiabTpoB. / Weight distribution | a Takke CIIOXKHOCTH IPHU OLICHKE 3KC-

TpeMaJIbHBIX siBIeHHMH. / Structural
specialization for distributed grid
data (e.g. pixels in rasters) limits the
applicability of the method. The meth-
od also has limited interpretability of
data, as well as difficulties in assessing
extreme events.

JInmvHHAS 1IeTh

KoMmIoHeHThl mamsTH 00eCHeUnBaOT M3-

W36BITOYHOCTh SYE€EK NaMATH YBe-

tomated feature extraction while maintain-
ing adaptability to different types of data.

9JIEMEHTOB OupaTenbHOE IOJATOBPEMEHHOE COXPAHEHHE | JIMYMBAIOT PECYpPCOEMKOCTh Ha Tia-
KPaTKOCPOYHOH | MHDOPMALIUM, YTO IO3BOJSIET YIYYLINTH | paMeTpHu3alui Oojnee 4eM B 2 pasa
namsTa / 0000menne MHPOpPMAIIM HAa HOBBIE JaH- | 0 CPABHEHUIO C PEKypPPECHTHBIMH
Long Short- Hele. / Memory components provide se- | HelipoHHbIMEH ceTsiMH. CIOKHOCTH B
Term Memory | lective long-term storage of information, | obecrieuennu 3¢dexTrBHON 00padoT-
networks which improves the generalization of infor- | ku TPOTSKEHHBIX BPEMEHHBIX PSIOB
(LSTM) mation to new data. JAHHBIX WJIM IIOCJIENOBATEILHOCTEN. /
Redundancy of memory cells increases

the resource intensity for parameteriza-

tion by more than 2 times compared to

recurrent neural networks. Difficulties

in ensuring efficient processing of ex-

tended time series of data or sequences.

I'my6okue D¢ dexTUBHO MOAXOIUT K 3aa4aM pactio3- | Craructuueckas MpUpoJia 3TUX CeTei
HEeWpOHHbIE | HaBaHUs 00pa30B. BO3MOXKHOCT aBTOMATH- | 3aTpyIHSET padoOTy C PEIKUMH COOBI-
ceru /Deep 3UPOBAHHOIO W3BJICYCHHS MPU3HAKOB IIPHU | THSAMH WM TPAHUYHBIMH CIydasMH,
Neural COXPaHEHHWH aJalTHBHOCTH K PA3JIMYHBIM | HEZOCTAaTOYHO IIPEACTABICHHBIMH B
Networks tuniam ganHbix. / Effectively approaches | oOyuarommx pacnpenenenusix. / The
(DNN) pattern recognition tasks. Possibility of au- | histological nature of these networks

makes it difficult to work with rare
events or edge cases that are underrep-
resented in training distributions.

UckyccrBennsie HelipoHHbIe cetn uian ANN mpencTaBistoT co00iM BBIYUCITUTENb-
HBIE aJITOPUTMBI, HAaTOMHUHAOIMEe Ononmornueckue Herponsl. Lucchese [Lucchese et al.,
2021] ycmemHo HCIOIb30Baj METOJl MHOTOCIIONHBIX MEPCENTPOHOB JJIsi MOCTPOCHUS
JUTOJIOTUH, U(POBON MOJIETN MECTHOCTH, PACCTOSHUS JI0 MPOE3KEN YaCTH U YKIOHOB
3JIEMEHTOB CKJIOHOBBIX cucTeM. Takke 3TOT METO MOXKET ObITh HCIIOJIB30BAH MIPU OIpe-
JICJICHUN KOJIMYECTBA OCAJKOB, HOPMAJIM30BAaHHOTO HHJAEKCA Pa3HOCTH PaCTUTEIbHO-
cti (NDVI) unu onpenenenun reosiornyeckux ocodeHHocreid mectuoctu [lkram et al.,
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2023]. Ilpu uccnenoBaHUM OMOJIZHEBBIX MpoleccoB aaroput™M ANN (cBEpToUHbIE HEll-
poHHBIE ceTH) 3((PEKTUBHO MPUMEHSIICS [Tl OLIEHKU HeOIaronpusiTHBIX T'€0JIOTHUYEeCKUX
U TUIPOJIOTMUYECKUX YCIOBUM, a TAK)KE YPOBHS CECMUYHOCTH MecTHOCTH [Aslam et al.,
2023]. B pabote Ma MeToz «riry0OKHe HEHPOHHBIE CETH» MOKa3ajl XOPOIIUE Pe3yNIbTaThl
IIPYU ONPEAEIEHUHN IE€ONPOCTPAHCTBEHHOTO PACIIOIOKEHUS BOAOPA3AEIOB U PA3JIOMHBIX
cTpykTyp [Ma et al., 2023].

W3 npoBeieHHOT0 aHajM3a CIIeAyeT, YTO OOIIUM OrpaHUYEeHHEM /IS OOJIBIIMHCTBA aJl-
TOPUTMOB HEHPOHHBIX CeTel sBiseTCs MpolieMa 000CHOBAaHUS MMapaMeTPOB «KauecTBa-
COOTBETCTBUSI» IPU BBIOOpE KOHKpeTHOro anroputma [Zaalishvili et al., 2022]. Cnenyto-
MM HEMAJIOBa)KHBIM aCIIEKTOM SIBIISIETCS JHEPTOEMKOCTB U, CIIE0BATEIBHO, JOPOrOBU3HA
BbIYMCIIeHNH. Heo0X0MMOCTh HAJIMUUS PETPOCIIEKTUBHBIX HAOOPOB OOJBIIMX JAHHBIX U
BBICOKOE MOTPEOJICHUE PECYPCOB CTAHOBHUTCS BBI30BOM JJIsI MHOTHX Pa3BUTBIX CTpaH (c
BBICOKOH J10J1el MPOHUKHOBEHUSI METOJIOB MCKYCCTBEHHOI'O HHTEIJIEKTa). Pa3po3HEeHHOCTD
HE arperupoBaHHbBIX JIAHHBIX U3 IaTYMKOB PA3IMYHBIX THIIOB TAK)Ke 00yCIaBIMBACT HEBO3-
MO>XHOCTB (DOPMHUPOBAHMS B OT/JEIBHBIX CIydasx 00OOLIEHHBIX JaTa-CeTOB U J1aTa-KyOoB.

BbiBOADI

VYuuThIBas HEraTUBHbIE NOCIEICTBUS KIMMAaTHYECKUX U3MEHEHUH, BOIIPOCHI UHTEHCH-
¢ukanuu neGopMaIMOHHBIX MPOIIECCOB CKIOHOBBIX CHCTEM B YCIIOBHSAX TOPHBIX TEPPH-
TOPHUH UMEIOT KITI0YEBOE 3HAUYEHHE MPU 00ECTICUEeHIH yCTOWINBOTO pa3BuTHs YepHOMOp-
ckoro nnodepexbs Kapkasza. 1o uMeeT pelatoniee 3Ha4eHHUE JIJIsl COXPAHEHMSI U TPUYMHO-
KEHUS peKpeallMOHHON MPUBIEKATEIbHOCTH TYPUCTCKUX JECTUHALUN B TOPOJE-KypopTe
Coun. TpaguioHHbIE METO/IbI MOHUTOPHHIA HE BCErAa aJ€KBaTHO OTPAXKAIOT BIIMSHUE
THJIPOJIOTMYECKUX U TE€0JIOTMUECKUX YCIIOBUI MHUIMUPOBAHHUS OIOJI3HEBBIX IPOLIECCOB.
W3 npoBe1eHHOro aHam3a ClIeyeT, 4YTO He0OX0AMMa UHTErpalys reonpoCTPaHCTBEHHO-
r'0 aHaJIn3a KOCMUYECKUX CHUMKOB € re0(h)M3NYECKUMHU METOJIaMH (CEHCMOaKyCTUYECKUI
U DJIEKTPOTOMOTpadus), KOTopasi TO3BOJIHUT MOMYUYHTh JTyaJIbHbIE ITU(PPOBHIC JTBOMHUKH,
KaK JaHIA(PTHHIX, TaK ¥ TOIINOBEPXHOCTHBIX YacTe CKIOHOBBIX cucteM. OOpaboTka
arperupoBaHHbIX JAAHHBIX MMPOTSHKEHHBIX BPEMEHHBIX PSAAOB M3 Pa3pO3HEHHbIX JAATYUKOB
Y pacTPOBBIX CHUMKOB JIOJIKHA IPOBOAMTHCS C UCIIOIb30BAHUEM HEHPOCETEBBIX METO/IOB,
B 3aBHCHMOCTH OT BBIOPAHHOI COBOKYITHOCTH KPHUTEPHUEB «KAUECTBA TTOITOHKI.

B cBsI3u ¢ nCNONBb30BaHUEM METOJOB MHTEJUIEKTYaJIBHOIO aHAIM3a AJIsl IPOrHO3HOM
AQHAJUTHKH OCTAETCS IOKa HEJOCTATOYHO PEIIEHHON Mpo0eMa BEICOKOH BBIYMCIUTEIb-
HOW CTOMMOCTH HCCJIEJJOBAaHUH, a TaKKe CIIOKHOCTH arperupoBaHusi U (pOpPMUPOBAHHS
TUIH3UPOBAHHBIX HAOOPOB OONBIIMX AaHHBIX. JlambHEWIINE UCCIeI0BaHUs CTOUT Co-
KyCHPOBaTh Ha ONTHUMH3AIMN U 00OOCHOBAHUU PAIIMOHAIBHBIX ITAPAMETPOB OTACIHHBIX
anroputMoB ANN 11711 X UHTErpaluy B CUCTEMbI OMOBELIEHUSI HACEJIEHUSI O BO3MOXK-
HOCTH HACTYIIJICHUS ONTACHBIX N€0JIOTUYECKUX ITPOLIECCOB.
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Pestome: AKTyanbHocTb paboTbl. [OMCK HOBbLIX MOAXOLOB K pa3paboTke momenei opMUpoBaHns celic-
MUYHOCTM bonbLuoro Kaskasa u ero 0TAesbHbIX CEICMOAKTUBHbIX PErMOHOB SIBASETCA OJHUM U3 MyTei MOBbI-
LeHns 3DEKTUBHOCTI U [OCTOBEPHOCTU 3TUX UCCNEeAOBaHWA. AHOManbHOE MarHUTHOE Nose Hapsaay ¢ rpa-
BUTALMOHHBLIM SIBASIETCA WHAMKATOPOM CTPYKTYPbl 36MHOW KOpbl. B 9TOM nnaHe npegnaraeTcsi paccMoTpeTb
BO3MOXHOCTI OT WCMONb30BAHUS HA PasHbIX CTaAWAX WCCEAOBaHWUA PErMoHanbHOr0 MarHUTHOrO NoNs Kak
WHAMKATOpA CTPYKTYPHbIX 0COGEHHOCTE 3eMHON Kopbl. Llenb pa6oTbl. BhisiBneHne 0COo6eHHOCTei B Xapak-
Tepe PervMoHanbHOr0 MarHUTHOrO Mons, OTPaXawLlux aHomanveobpasyloLine akTopbl CTPYKTYpbl 3eMHOM
KOpbl, 0Ka3bIBAKLLMX BIIMSHWUE HA NMPOLECChbl COBPEMEHHON re0MHAMUKN 1 CEICMUYHOCTU PernoHa uccneno-
BaHuiA. Metoabl uccnefoBanusa. ConocTaBneHne pPernoHanbHbIX aHOMaNUA MarHUTHOTO NONS N0 OTHOLLIEHUIO
K 6110KOBOWN CTPYKTYPE KOHCONUAMPOBAHHON 3EMHOM KOPbI W PacnpeeNieHnio SNULEHTPOB CUSTbHBIX (MArHUTy-
Joi M>5.0) semnetpsceHnii. PesynbTatbl paboTbl. Ha 0CHOBE aHanu3a u CUHTE3a MaTepuasnoB Mo CTPYKType
3EMHOI KOpbl, CEACMUYHOCTM U aHOMAlIbHOMY MarHUTHOMY MOS0 PernoHa UCCe0BaHNiA BbISBIIEHbI 06LLME
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Abstract: Relevance. Search for new approaches to developing models of seismicity formation in the Greater
Caucasus and its separate seismically active regions is one of the ways to increase the efficiency and reliability
of these studies. The anomalous magnetic field, along with the gravitational field, is an indicator of the structure
of the Earth’s crust. In this regard, it is proposed to consider the possibilities of using the regional magnetic field
as an indicator of the structural features of the Earth’s crust at different stages of research. Aim. ldentification
of features in the character of the regional magnetic field, reflecting anomaly-forming factors of the structure
of the earth’s crust, influencing the processes of modern geodynamics and seismicity of the research region.
Methods. Comparison of regional magnetic field anomalies in relation to the block structure of the consolidated
Earth’s crust and the distribution of epicenters of strong (magnitude M>5.0) earthquakes. Results. Based on the
analysis and synthesis of materials on the structure of the Earth’s crust, seismicity and anomalous magnetic
field of the studied region, general patterns were revealed and directions of complex studies of geodynamic
processes and modern seismicity of the region were substantiated. It was noted that the troughs of the Eastern
Ciscaucasia, Tersk-Caspian, East Manych and Kizlyar, correspond to positive regional anomalies of the magnetic
field. This apparently reflects the structural features of the consolidated crust of the troughs containing strata of
basic-ultramafic rocks formed in the mode of local extension of the Earth’s crust, while the swells were formed
in the compression mode. The potential information content of the regional magnetic field for the development of
structural and rheological models of the consolidated crust of the Greater Caucasus and adjacent territories was
estimated and the need for specialized paleomagnetic studies was substantiated.

Keywords: Greater Caucasus, seismicity, magnetic field, consolidated crust, tectonic block, seismogenic
structures, seismogenic fault, Scythian plate, rheology, gravitational field.
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BesepeHve

Onnumu U3 cericMoonacHbIX peruoHoB Poccun apisitorcst CeBepnsiii KaBkas u [pen-
KaBKasbe. MccnenoBaHnio COBpEMEHHON I€OJUHAMUKHU U CEHCMHYHOCTH 3TUX PETHOHOB
1 OJIM3JIeKAIINX TEPPUTOPHI TTOCBAIIEHBI 00001IaroIe padboTel [AHanbuH, 1977; JIykk,
[lleBuenko, 2019; Poroxun u np., 2014; Ynomos u ap., 2007 u ap.]. KiroueBoit mpu 3Tom
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ABJIsieTCs po0ieMa B3aMMOCBSI3U INTyOMHHOTO CTPOCHHUS JTaHHBIX PETMOHOB M UX Ceiic-
MHUYHOCTH, UCCIIE0BAaHUIO KOTOPOU MocBslIeHbl padotsl [[onranze, 2016; ['opbarukos
u 1p., 2015; Poroxxun u ap., 2015 u np.]. B kauecTBe celiCMOreHEpUpPYIOLIUX CTPYKTYP
00BIYHO paccMaTPHUBAIOTCS TEKTOHUYECKHE HapymieHus [Mammananu, 2022; Tibaldi et al.,
2020; Tseng et al., 2016].

OcHOBHasl 4acTh T'MIIOLEHTPOB 3emiieTpsiceHnii bonpmoro KaBkasza u npuieraromumx
TEPPUTOPUI JIOKATH30BaHA B TpejeNiax KOHCOMUANPOBAHHOW 3eMHOH Kopsl [Tibaldi et
al., 2020]. C yuetom sT0Or0 ObLIIA TPOBEAEHA PaboTa, rie 000CHOBAHO, YTO CEHCMOTCHHBI-
MU SIBIISIIOTCS OJTOKM KOHCOJIMIUPOBAHHOM KOPBI M OTPaHUYMBAIOIINE UX pa3iaoMsbl [Cror-
HUM u ap., 2024].

MarautHoe mojie Hapsay C TPaBUTAIMOHHBIM SIBISETCS WHIUKATOPOM CTPYKTYPBI
36MHOM KOpbI. Llesb IpOBEAEHHBIX NCCIIEJOBAHUN 3aKJII0YAIACh B TIOMCKE 3aKOHOMEPHO-
CTel peruoHaIbHOTO MAarHUTHOTO TOJIS, OTPAKAIOIIMX aHOMaIneoOpa3zyomue (pakTopsl
CTPYKTYpPBI 36MHOM KOpBI, U1 OLIEHKE UX BO3MOXKHOT'O BIMSHHS Ha IPOLIECCHI COBPEMEH-
HOM I'€OJJMHAMUKHU U CEHCMUYHOCTH.

MeToAOAOTMS U METOABI UCCAEAOBOHUM

OO01ias METoA0I0r s UCCIIE0BaHUI OCHOBBIBAJIACh HA KOMIUIEKCHOM aHaJIU3€ Ieo-
J0Tr0-re0(pU3NIECKIX MATEPUAIIOB /ISl TIOCTHKECHUSI OCHOBHOM IIETTH — OLEHKH WH(Op-
MaTUBHOCTH aHOMAJILHOTO MarHUTHOTO 110Jist (AMII) OTHOCUTENBHO CEHCMUYECKUX TIPO-
IIECCOB peruoHa uccienaoBanuii. OObeKTOM HccienoBanus siBisiercs bonbmioi Kaskas
(3a uckmouennem CeBepo-3anagHoro KaBkasza, KOTOpbIM B CUy CHEUU(DHUKU €ro reo-
JMHAMHYECKUX YCIOBUN JIOJIKEH PAcCMaTpUBATHCS B KAUECTBE CAMOCTOSITEIILHOTO 00b-
eKTa), 1 Onm3iexamue oonactu, BKirodas Bocrounoe IIpenkaBkasbe.

B xauectBe ocHOBBI /Ui aHayiu3a BbiOpaHo AMII permona uccienoBaHuii cornac-
Ho [Kapra anomansnoroO ..., 2000], oTpaxaroiiero oCHoBHbIE ero ocodeHHocTu. Cormo-
CTaBJICHHE PETMOHAIBHBIX aHOMaHii AMII BBIMONHSIIOCH TIO OTHOIIICHUIO K OJIOKOBOI
CTPYKTYpE KOHCOJIMJIMPOBAHHOM 36MHOI KOpBI, pa3padOTaHHON MO pe3yJbTaraM HUHTEp-
IpeTaly TPAaBUTAIIMOHHOTO TMOJS U IIYOWHHBIX Te0(U3NIECKUX MCCIeTOBAaHUI ONop-
HeIX npoduieit (MOB-OI'T, MOB3, MT3) [Croramii, Ctorauii, 2023]. TekroHn4YecKue
HApYIICHUS PacCMaTPUBAINCH KaK MEXKIUIUTHBIC, MEXKOIOKOBBIE, BHYTPHOIOKOBBIE, a
610ku — kak Onoku | u Il mopsika cooTBeTCTBYIOIUX TUT (MUKpOILIHT), Ckudckoii u
KpaeBbIX yactell Boctouno-YepHomopckoil 1 3akaBKa3CcKOM IUIUT.

AHanu3 xapakrepa ceiCMUYHOCTH PErMOHA UCCIIEI0BAaHUM BBIMOIHSIICS COIIOCTaBIIE-
HUEM pacTpeeieHus SMUIEHTPOB CUIIBHBIX (C MarHutynou M=>5.0) 3emiueTpsiceHui 3a
nepuox 1900-2022 rr., npuBeneHHbIX B padote [['abcaraposa, 3BepeBa, 2023], a Takxe
coBpeMeHHOM ceiicMuuHocTH 3a nepuoa 2001-2021 rr. u1st 3eMIeTpACEHU ¢ MarHUTYy-
ot M>3.5 [Crorumii u np., 2024], u ocobennocreit AMIL.

OOm1re pe3yabTaThl BBHITIOIHEHHBIX PA0OT MOMYYEHBI IyTeM KOMILJIEKCHOTO aHaln3a
Y CUHTE3a UCXOJHBIX MaTepUasoB, YTO IBUJIOCh OCHOBOM JJIsl BBIpAOOTKH pEKOMEH AUl
10 MCIIONB30BaHUI0 HH(opMmarmu, conepxamieiics B AMII, B moxpensix ¢popMupoBaHus
CEHCMHUYHOCTHU PErMOHa UCCIIEA0BaHUS.

Crpykrypa AMIT permoHa NCCAEAOBAHNN

O6mmit anamu3 AMII pervona uccienoBaHUi B COMOCTABICHUU C TEKTOHMYECKON
CTPYKTYypoil (yHIaMEHTa W PaclpeieICHUEM SIUIEHTPOB CUIIBHBIX 3€MIICTPSICEHHUI C
Marautynod M>5.0 BeinosiHEeH B nipeaenax miomanu 41.5°-45° c.m., 41°-49° B.1., a co-
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nocrasienue AMII co cTpykrypamu Bocrounoro IlpenkaBkasss — B pefenax Ioma-
JI1 TEKTOHUYECKOH KapThl najneo3oiickoro ¢yHaamenra mno [[xadbpaunos u jap., 1993]
(43°—45.5° c.11., 43°—46.5° B.11.).

Pernonansusie anomanuu AMII B penenax miomaam uccile0BaHus UMEIOT UHTEH-
cuBHOCTh 10 +300 HTu, a nokanbHBIE aHOMANMK 00Jee BHICOKOW MHTEHCHUBHOCTH (KaK
HOJIOXKUTENIbHBIE, TAK U OTPUIIATENIbHBIE) OOBIYHO MPUYPOUYEHBI K MACCHBAM BYJIKAHOT€H-
HBIX M UHTPY3HUBHBIX nopoxa. Cxema AMII pernona uccnenoBanuii, pactpeeaceHus dIu-
LIEHTPOB CHJIbHBIX 3€MJIETPSCEHUI U OJIOKOBOM JEIMMOCTH KOHCOJIHMIMPOBAHHOMN KOPBI
NOKa3aHa Ha pUCYHKe 1.

48°B.1./E

0 50 100 km/km Wntencusrocts AMII, 7-10* v T
I E— Intensity of the AMF, n:10% nTlI
< -3 -1 0 1 3 ]

N B2 I ++[@]s[O s

Puc. 1. AMII no [Kapma anomanvrnozo ..., 2000] u snuyenmpsi CUuibHbIX 3eMiIempacenull 3a nepuoo
1900-2022 ze. [Tabcamaposa, 36epesa, 2023] na cxeme 610K08OU OENUMOCIU KOHCONUOUPOBAHHOU KOPbI
Bonvwozco Kaskaza [Cmoenuu, Cmoenuii, 2023].

1 — epanuyvl mecanmuxaunopusi bonvwoeo Kasxaza; 2 — Ceanemo-Anazanckutl MejiCniumusbli paiom;
3 — paznomor: JI — Jlaba-bamymckuii, Y — Vpynoszenenuyrckuii, 4 — Yepreccrko-Kusnsapekuil,

I" — I'posnenckuii, K — Bepxnexybanckuu, I1— [Tamueopckuil, 3 — 3eumckuii, B — Braouxaskasckuil,

X — Xanxunotickuti, U — Hzeecmusxosouii, [ — epbenm-Jlenkopanckuii, O — Onu-Illexutickuil;

4 — 8bIX00bI NPOMEPOIOUCKUX MEMAMOPPUUECKUX NOPOO U NANEO30UCKUX epanumos Llenmpanbrozo
ceemenma u J{3upynvckozo maccusa; 5, 6 — anuyeHmpuvl CUibHbIX (¢ Maznumyoou M>5.0) semrempsicenuil.
5 —3a nepuoo 1900-2000 zz., 6 — 3a nepuoo 2001-2022 ze.. PecuonanbHble AHOMAIUU MACHUMHO20 NOJISL:
nonoxcumenvhvie — B-4 — Bocmouno-Yeprnomopcras, H-M — Hanvuuk-Maxaukanunckasi,

B-M — Bocmouno-Manviuckas, C-K — Cpeone-Kacnutickas, ompuyamenvhvie — Op — Opmomiodunckas.
Jlumocgepnvie naumol u MUKPORIUMbL.

BYIT — Bocmounoueprnomopckas, 3KI1 — 3axaskasckas. bioku KoHCOMUOUpO8aHHoU KOpbi:
3n — 3enenyykcxuti, Om — Ompaonuncku, Mn — Manxunckui, Tp — Tepckuil, Bm — Bepxnemepckuii,
K6 — Kyoauuncxuit, I'e — Iaepoinckui, Km — Kymaucckuii, /{3 — /[3upynsckuil, Ck — Cpednexacnutickuil /

Fig. 1. AMF according to [Map of the anomalous ..., 2000] and epicenters of strong earthquakes for
the period 1900-2022 [Gabsatarova, Zvereva, 2023] on the scheme of the block divisibility of the
consolidated crust [Stogny, Stogny, 2023] of the Greater Caucasus.

1 — boundaries of the Greater Caucasus meganticlinorium,; 2 — Svaneti-Alazani interplate fault;

3 —faults: L — Laba-Batumi, U — Urupozelenchuk, Ch — Cherkessk-Kizlyar, G — Groznensky,

K — Verkhnekuban, P — Pyatigorsky, Z — Zgitsky, V — Vladikavkazsky, Kh — Khalkiloisky, I — Izvestnyakovy,
D — Derbent-Lenkoran, O — Onishekian; 4 — outcrops of Proterozoic metamorphic rocks and Paleozoic
granites of the Central segment and the Dziruli massif; 5, 6 — epicenters of strong (with a magnitude of
M>5.0) earthquakes: 5 — for the period 1900-2000, 6 — for the period 2001-2022.
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Regional magnetic field anomalies:
positive — I-Ch — East Black Sea, N-M — Nalchik-Makhachkalinskaya, I-M — East-Manychskaya,
M-C — Middle-Caspian; negative — Or — Ortotyubinskaya. Lithospheric plates and microplates:
EBP — East Black Sea, ZKP — Transcaucasian. Blocks of consolidated crust: ZI — Zelenchuksky,
Ot — Otradninsky, Ml — Malkinsky, Tr — Tersky, Vt — Verkhnetersky, Kb — Kubachinsky,
Gg — Gagrynsky, Kt — Kutaissky, Dz — Dzirulsky, Mc — Middle-caspian

Cxkudckas niaura. B ceBepHON 4YacTH perMoHa MCCIEAOBAaHUM BBIACISETCS MPO-
TsokeHHas (10 200 kM) BocrouHo-MaHbIuckasi MOJI0XKUTEIbHAS MAarHUTHAsT aHOMAJIUS
nHTeHCcuBHOCTHIO 10 300 HTn, uMeromas ceBepo-3anaaHoe npoctupanue. FOxuee, cyo-
napaJijiesIbHO 3TOM aHOMaIuH, BbiAenseTcs OpToTIOOMHCKAsl OTpUIIaTeIbHAsI MATHUTHAS
aHOMaJsg MHTEHCUBHOCTHIO 110 -300 T, pacnonokeHHas B 0ceBOM yactu Yepkeccko-
Kuznsipckoro paznoma. /laHHas aHoManusi Ha rore rpaHuyuT ¢ Hampunk-MaxaukaiauH-
CKOW pEerHOHAIBHOU MOJIOKHUTEIBbHONU (MHTEHCUBHOCTHIO 10 300 HTIT) MarHUTHOM aHO-
MaJiiel CyOIIMpPOTHOTO MPOCTUPAHUS MPOTKEHHOCTHIO 10 400 KM, JTOKaIM30BaHHOM B
npenenax Tepckoro O1o0ka | mopsiika KOHCOMMIUPOBAHHOW KOPBI, CEBEPHBIM OTpaHUYe-
HHEM KOTOporo sBisieTcs Yepkeccko-Kuznspckuil pasznom, 10:)KHbIM — BiagnkaBka3cKui
1 VI3BECTHSKOBBIN pa3iioOMbl, a 3aMaIHOE U BOCTOUHOE OTPaHUYEHUs MPEACTABIEHBI CO-
orBeTcTBeHHO [lsaTuropckum u JlepOent-Jlenkopanckum pasznomamu. PacroniokeHHbIe
rokHee Tepckoro Omoka Bepxuerepckuii 1 KyOaunHckuii OJOKM KOHCOJHIUPOBAHHOM
KOpBI, I0)KHOE OTrpaHUYEHHE KOTOPBbIX IpencTaBieHo CBaHETO-AJla3aHCKUM MEXKIUIUT-
HBIM DPa3J0MOM, MPEJCTABISIOMNUM COOOM BOCTOYHBINA (hparMeHT bolblekaBka3cKoro
pasioMa, XapakTepHu3yloTcs Cl1a00aHOMAaJIbHBIM OTPUIATEIbHBIM MAarHUTHBIM TIOJIEM C
OTJIEJIbHBIMHU OTPUIIATEIbHBIMU aHOMAJIMSAMU UHTEHCUBHOCTHIO - 100 HTo.

3amagnee Tepckoro 6y0ka MO TaHHBIM UHTEPIPETALUN IPABUTALIMOHHOTO IMOJIs OBbLIT
BBIZIETICH DIbOpycCKkuii 010K KOHCOMMAMpOoBaHHON Kopbl [Crornmii, Ctornuii, 2023],
OTPaHUYECHHBIN C CeBepa M I0ra COOTBETCTBEHHO Uepkeccko-KHu3aspcKuM pa3ioMoM U
CBaHeTo-Ana3aHCKUM MEXIUTMTHBIM Pa3jIOMOM, a C BOCTOKA U 3anaja — [IaTuropckum u
Jlaba-barymckum paziomamu. Ha 0CHOBE MarHUTHOTO TIOJISE TOT OJIOK pa3fiesieH Ha TpU
omoxa Il mopsika, Ha BOcTOKe 3T0 ManKMHCKUH OJIOK, TpaHuvaIiuii mo BepxuekybaHcko-
My pasjoMy C PacIoyIOKEHHBIMHU 3amajHee 3eIeHUyKCKUM U OTpaJHUHCKUM OJIOKaMHu.
MankuHCKH 610K B Mpeesiax OCHOBHOW CBOEH YacTH (3a UCKITFOUCHHUEM F0)KHOM ) UMeeT
MOBBIIIEHHOE MarHuTHOE nose. CyOropu3oHTagbHas TpaHHIla MEXAY 3eIeHUYKCKUM U
OTpagHUHCKUM OJ0KaMU MPOBEACHA MO YPYMO3eIeHUYKCKOMY pa3jioMy, BbIIEICHHOMY
10 OIHOMMEHHOM OTpHIATEeIbHON aHOMAJINH MarHUTHOTO TOJIsL, IO MOP(OIoruH 1moa00-
HOM OpTOTIOOMHCKOM MarHUTHOM aHOMaJIMH, TpuypoueHHO# K Uepkeccko-Kuznsapckomy
pazioMy KOoTopasi, BO3MOXKHO, UMEET TaKylo ke npupoay. OTpagHuHCKUi OJI0K, pacioso-
KEHHBIN K CeBepy OT YPYIO3eIeHUYKCKOrO pa3jioMa, MMEeT MarHUTHOE I10JIe€ HU3KOUH-
TEHCUBHOE M MPEUMYIIECTBEHHO OTpHUIaTeIbHOE. B mpenenax ceBepHO yacTu 3ejeH-
YYKCKOTO OJIOKa KOHTYPHI MOJIOKUTEIBHON MarHUTHOW aHOMaJINH MHTEHCUBHOCTHIO J10
300 T npuMeEPHO COOTBETCTBYIOT JIOKATU30BAHHOMY 3/1€Ch KPYITHOMY MacCHBY I'paHU-
TOUJIOB, @ B IOKHOM YaCTH — TaKOM jk€ MHTEHCUBHOCTHU OTPHIIATEIbHOE MAarHUTHOE TOJIE,
MIPUYPOYECHHOE K PACIOI0KEHHOMY F0)KHEE BTOPOMY MAaCCUBY TPAHUTOMIOB. ITO MOKET
CBUJIETEIHCTBOBATh, HAa HAIll B3N], 00 UX (OPMUPOBAHUHU B pa3jIMUHble MarHUTHBIE
SMOXH, Pa3IMYaOIIUECs MOJSIPHOCTHIO 36MHOTO MAarHUTHOTO MOJIS.

Boctounas okpanna Ckudckoil munThl npeacrapieHa CpeaHeKacIuiCKUM OJIOKOM,
3amaiHON rpaHuliel Kotoporo sBisercs [lepoent-Jlenkopanckuii pazinom. B akBaropun
Cpennero Kacnus Beigensiercs oqHouMenHasi Cpenne-Kacnniickasi pernoHaibHasi oJio-
KUTeNIbHAs MarHUTHAsI aHOMAaJIHsL.
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BocrounouepHoMoOpcKkas MUKpPOILIUTA. B nipenenax pernona uccienosanuii Boc-
TOYHOYEPHOMOPCKAsI MUKPOILJIMTA TPEICTABICHA CBOMM CEBEPO-BOCTOUHBIM (hIIAaHTOM,
rpannyamuM no CBaHeTo-AJla3aHCKOMY MEXITUTHOMY paziioMy co CKku(Ckol TIMTOH.
B BoCTOYHOM 4YacTu akBaTopuu YepHOro MOps BBIACIACTCS OJHOMMEHHAS €U IOJIOKH-
TenbHast Bocrouno-UepHOoMOpCKasi pernoHaibHasi MarHUTHAsI aHOMAJIHS.

3akaBka3ckass MUKpoOIInTa. CeBepHbIi (anr 3aKkaBKa3CKOW MUKPOIUIUTHI TPaHH-
gt 110 CBaHeTO-AJa3aHCKOMY MEXIUITUTHOMY pasznomy co Ckudcekoil mmroi, AMII B
€ro Ipenenax UMeET CIOKHBINA XapaKTep, OTPAKAIOIIHUN HEOAHOPOIHOCTD 36MHOU KOPBI.
Crnenyer OTMETUTB, YTO 3Ta HEOTHOPOAHOCTDH MPOSIBIISIETCS U B BEICOKOIUIOTHBIX OJI0KaX
II mopsinka, [{3upynsckom u Kytaucckom, rjae oTMeuaroTces JJOKaJIbHbIE MarHUTHBIE aHO-
masuu (B J3upyiabcKoM OJIOKE B €r0 CEBEpHOW YacTH).

CencMmNYHOCTb PETMOHO MCCAEAOBOHNN

B nannom pazzaene oxapakTepru30BaHbl O0IIHE 3aKOHOMEPHOCTH PaCIpeIesICHuUs A1~
LIEHTPOB CUJIBHBIX 3€MJIETPSICEHUI ¢ MarHuTynoil M>5.0 cornacHo cxeme [["abcaraposa,
3BepeBa, 2023] (cM. puc. 1) 1 X BOBMOXXHOU CBSI3U C OCOOEHHOCTSIMU CTPOCHHS 36MHOM
KOpBI, oTpaxaromuxcs B AMIL

Ckudcekas naura. 3a uccnegyemsiii mepuos (¢ 1900 r.) CHIIBHBIX 3eMIIETPSCEHUI ce-
BepHee Yepkeccko-Kn3ispekoro pasiioma He 3aperuCTpUpOBaHo, a CaM ATOT PasJioM, M0-
BUJIMMOMY, SIBJISIETCSI CEICMOTE€HHBIM, B 30HE €T0 BIUSHUS 3apETUCTPUPOBAHO HECKOJIBKO
CWJIBbHBIX 3emieTpsicenuil. B npenenax Tepckoro 610ka KOHCOMUIMPOBAHHOM KOpBI OC-
HOBHAs 4aCTh SMHIEHTPOB 3€MJIETPSICEHUI JIOKaIM30BaHa B npeaenax Hanpunk-Maxau-
KQJIMHCKOM PErMOHAJIBHOM IOJIOKUTENIBHOM MArHATHOM AaHOMAJMM M Ha €€ rpaHulax.
JIOBOJTbHO BBICOKOM CEHCMUYECKON aKTMBHOCTBIO OTMEYArOTCs MaJIKWHCKHIM U 3eNeH-
YyKCKHil 0510KH, B penenax KoTopsix AMII Bbicokoit HHTEHCUBHOCTH, B OTpaJHUHCKOM
0J10Ke, XapaKTepHU3yIOLEMCs CIa0bIM OTPULIATENIbHBIM MAarHUTHBIM TOJIEM, SIULEHTPbI
KPYIIHBIX 3€MJIETPSICEHUH HE 3apEerMCTPUPOBAHBI. Takyke NMPAKTHUYECKH ACEUCMUYHOU
ABJIsIeTCS OCHOBHAsA 4yacTh KyOGaumHCKOro 00Ka, SIUIEHTPbI KPYIHBIX 3€MIIETPSICEHUI
JIOKAJIM30BaHbl B €r0 BOCTOYHOM U 3araJHON 4acTsX, IPU 3TOM OTMEUAETC UX MPHUYpPO-
YEHHOCTb K MHTEHCUBHBIM OTPHIATEIbHBIM aHOMAJIUAM MarHUTHOTO nosist. Bepxuerep-
CKHI OJIOK, TIPEICTABISAIONINI co00# mepexoanyto 30Hy LlenTpansHoro m Bocrounoro
cermeHTOB bonbmoro KaBka3za, xapakrepusyeTcsi JOBOJIBHO BBICOKON CEHCMUYHOCTBIO.

O6pamaer Ha ceOs BHUMaHHE MPUYPOUYCHHOCTb 3HAYUTEIHPHONW YAaCcTH SMHUIIEHTPOB
CUWJIBHBIX 3€MJIETPSICEHUM, B TOM yucie nponsomenmux B XXI Beke, K K0KHOW rpaHuLe
Cpenne-Kacnuiickoll peruoHaabHON MOM0KUTEIbHOW MarHuTHOW aHoManuu. CoracHo
[Bonmsdman u ap., 2025], nins CpeaHekacuiicKoro peruoHa XapakTepHbl Kak 00CTaHOB-
KM C)KaTHsl, TaK U 00CTaHOBKHU pacTskeHus (M TpaHcteHcuu) kopbl B FOFO3-CCB Ha-
npasiieHnu. Ovaru 3emyieTpsiceHuil, 00yCcI0BIEeHHbIE 00CTaHOBKAMHU PaCTSKEHUS, COCpe-
JIOTOYEHBI, TJIaBHBIM 00pa3oM, B akBatopuu Kacnwuiickoro mMopsi, Ha rpaHune odnacrteit
C KOpOil KOHTMHEHTAJILHOTO U CYyOOKEaHWYECKOro THUIA, I7I€ OHU B KOJUYECTBEHHOM U
SHEPreTUYECKOM OTHOUIEHUM MPEBAIMPYIOT HAJ| o4araMu, c()OpMUPOBABLIMMHUCS B yC-
JIOBUSIX CHKATHSI.

BocTouHouepHOMOpcKasi MUKPOIJIMTA. BbIIO 3aperucTpupoBaHO TPU CHIIBHBIX
3eMJIETPSICEHHs B TpeJiesiax aKBaTOPUH, JBa U3 HUX MPOU30ILIM B XX BEKe, UX 3IU-
LEHTpbl MpuypouyeHsl K BocTouHo-UepHOMOpPCKON MarHUTHONW aHOMaJIUW. ODTMHUIEHTP
TpeThero, Bocrouno-UYepnomopcekoro semnerpsacenus (23.12.2012, Mw,,~6.0), onuca-
HHE KOTOporo npuBeneHo B [[abcaraposa u ap., 2018], pacnonaraicst B 60 KM roKHEE
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. CyxyMH ¥ JIOKaJM30BaH Ha IPaHHULIE ¢ CeBepHbIM anodu3oM Bocrouno-UepHomopckoit
MarHuTHOM aHOMAJIUU.

3akaBka3ckasi MUKpoIUInTa. B npenenax ceBepHoro (anra 3akaBKka3ckoil MUKpO-
wnTel AMII, kak oTMe4anock, UMEET CIOXKHBIN XapakTep. Hanbonee celicMOaKTHUBHBI-
MU IPU 3TOM SIBJISIOTCS BBICOKOIUIOTHBIE OJIOKM KOHCOJIMIMPOBAHHOM KOPBI, B UX YHCIIE
J3upynbckuii u Kyrancckuii. Ciaenyer OoTMETUTh, YTO SIULEHTP OAHOIO U3 CUJIbHEH-
mux B npenenax bonpioro Kaskaza Paunnckoro 3emnerpsicenus (29.04.1991, Mw =6.9,
H=T xm) npuypoueH K ceBepHOU yacT J[3upynbckoro O10Kka 1 pacroyiokKeH B mpeaeaax
JIOKaJIbHOM MOJI0KUTENbHON MarHuTHOM aHOManuu. CelCMOTeHEpUPYIOIIUMU B 3TOM 00-
JaCTH ABJSIOTCS U pa3joMbl, OUH U3 CaMbIX celicMOakTUBHBIX — OHu-1llexkuiickuii, cyo-
napaiiesbHblil CBaHETO-AJla3aHCKOMY MEXIUIMTHOMY Pa3IoMy.

B Ttabnmune 1 mpuBeneHbl JaHHBIE MO KOJUYECTBY SMUIICHTPOB 3EMJICTPSICEHHH ¢
M=>5.0 B npenenax 0noxkoB CKU(CKOI MIUTHI U U3y4eHHBIX 4yacTeil Bocrouno-YepHo-
MOPCKOM 1 3aKaBKa3CKOM IIJIUT, ONAJAI0UINX B KOHTYPbl NHTEHCUBHBIX MarHUTHBIX aHO-

MaJi U UX TPAHHUIIL, a TAK)KE UX OTHOCUTEIHHOE KOTUYECTBO.
Tabnuya 1/ Table 1

Kosin4yecTBO 311MIEHTPOB 3emJieTpsiceHuii ¢ M>5.0 B KOHTypaX HHTEHCUBHBIX MATHUTHBIX
aHOMAJIMIl TEKTOHHYECKUX CTPYKTYP KOHCOJTHAUPOBAHHOI KOPHI pernoHa uccjieroBanuii /
The number of earthquakes epicenters with M>5.0 in the contours of intense magnetic
anomalies of the consolidated crust tectonic structures of the study region

Kosnnuecro 3eminerpsacennii ¢ M>5.0/
JIutocdepHas niaura, 0J10K/ Number of earthquakes with M>5.0
Lithospheric plate, block

Bcero/ Total B AMII/ In AMP %
Baoku Ckudcekoii nimThr:/ 91 59 65
Blocks of the Scythian plate
- 3enenuykckuii/ Zelenchuksky 3 2 67
- Mankunckuit/ Malkinsky 6 100
- Tepcknii/ Tersky 23 18 78
- Bepxnerepckwuii/ Verkhnetersky 8 4 50
- Kybauunnckuit/ Kubachinsky 14 6 43
- Cpennexacnmiickuii/ Middle-caspian 5 56
Bocrouno-YepHomopckas niura/ 3 3 100
East Black Sea plate
3akaBka3ckas njamra/
Transcaucasian plate 16 10 62
Bcero/ Total 164 108 66

CTpYKTYpPQA KPUCTAAAMYECKOTO GYHAAMEHTA 1 AMIT
Bocto4yHoro lNpeaAKaBka3sbs

Jlia Boctounoro IlpenkaBka3sbs BoinosiHeHO conoctaBieHne AMII co cTpykTypHOit
kapToit pyHnnamenra [JxabpaunoB u ap., 1993], mocTtpoeHHON 1O JaHHBIM OypeHUs: U
ceticmopaszsenk MOB-OI'T, nposeaennsix B 1970—-1980 rr. (puc. 2). OCHOBHBIE TEKTO-
HUYEeCKUEe CTPYKTyphl (hyHmamenta Bocrounoro IlpenkaBkasbst — Tepcko-Kacnmiickuit
KkpaeBoii mporud, Horalicko-TapymoBckuii cioxkubiit Basi, Boctrouno-Mansruckuii u Kus-
JSIPCKUHN TIPOTHOBI.
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Tepcko-Kacnmiicknii kpaesoii nporud. Kourypsr Tepcko-Kacnuiickoro xpaeBoro
nporu6a, 10KHBIM OrpaHUYEHHEM KOTOPOTO SIBIISIOTCS CKJIa4aTO-HaIBUTOBBIE CTPYKTY-
pbl bonbmoro KaBkaza, npakruuecku coBnaaaror ¢ Hanpunk-MaxaukaamHCKON permo-
HAJIbHOW IMOJIOKUTENbHOM MarHWTHOW aHomanueil. [yOuna dyHnamenra nosaHenarne-
030MCKOro Bo3pacrta (cpeqHuil AeBoH-BepxHUIl kapOoH) Tepcko-Kacnuiickoro mporu-
6a uzmensierca ot 6 1o 10—-12 kM, A7 HEro B 1IE€JIOM XapaKTEPHBI MOJOTHH CeBEPHBIH
aTGOpMeHHBIN OOPT C HAKJIOHOM ci1oeB 10 10° ¥ KpyTOii, CUIIBHO JUCIOLUPOBAHHBIH,
OCJIOKHEHHBIN pa3pbIBAMU U 3JIEMEHTAMU JTUANMpU3Ma F0XKHBIN cKkilaguaTeiil 0opt [Tek-
TOHHKA ..., 2009].

Kak 0bU10 MOKa3zaHo BbIlIe, K KOHTypaM Hanpunk-MaxaukalquHCKON perMoHaJbHON
MarHUTHOM aHOMAJIMM NPUYPOYEHA 3HAYUTEJIbHASI YacCTh JMMIEHTPOB 3EMIIETPSICEHUN
(c M>5.0), nmpouzomenmux 3aeck nocie 1900 r. Cnenyer Takke OTMETHUTh, YTO K IEH-
TpaJbHON 4YacTU Mporuda MpuypodyeHa o0JacTh pacHpOCTPAHEHUs BEPXHEMAHTHHHBIX
3emuerpsicenuii. B pabote [['abcarapoBa, 2024] BbIedIeHBI 5 EHTPOUIOB PACTIOIOXKE-
HUSI BEPXHEMAHTUIHBIX 3eMIIETPSICEHUH (MX KOHTYp BBIHECEH Ha puC. 2), ITyOUHBI THIIO0-
LIEHTPOB KOTOPBIX YBEJIUYUBAIOTCS OT /=79 KM B F0’)KHOM yacTH, rje GyHIaMEHT 3ajeraeT
MaKCHMAaJbHO Iy00Ko, 10 #=146 KM B C€BEepHOI yacTu 00IacTy.

0 25 50kwkm WnrteHcuBHOCTS AMIT, 72-10° BT

Intensity of the AMF, n-10*nTl
0 1 3

T [T

Puc. 2. AMII no [Kapma anomanvnoco ..., 2000] u koumyp epxHemanmuinsblx 3emMaempscenuti no
[Tabcamaposa, 2024] na cxeme cmpykmypol naneo3otickoeo pynoamenma Bocmounoeo Ipedkaskazos
[IDicabpaunos u op., 1993]. 1 — cesepras epanuya meeanmuriunopus borvuioeo Kaskaza, 2 — uzoeuncul
nogepxnocmu Qynoamenma (6 km); 3 — epanuybl MeKMOHULECKUX CIPYKIYP
(TKII — Tepcko-Kacnuiickuil kpaesou npoeud, HTB — Hozaticko-TapymogcKuil cl04CHbll 8a,
BMII — Bocmouno-Manwvruckuii npoeu6, KI1 — Kusnsapckuii npoeu6); 4 — Tepcko-CyHowceHcKull pation
6epXHeMaHmMuiiHbIX 3emaempsicenuti no [Iabcamaposa, 2024] /

M B s [E5

Fig. 2. AMF according to [Map of anomalous ..., 2000] and the contour of upper mantle earthquakes
according to [Gabsatarova, 2024] on the scheme of the structure of the Eastern Ciscaucasia Paleozoic
basement Dzhabrailov et al., 1993]. 1 — northern boundary of the Greater Caucasus meganticlinorium;

2 — basement surface isohypses (in km), 3 — boundaries of tectonic structures (TKD — Tersko-Caspian

foredeep, NTM — Nogai-Tarumovsky complex swell, IMD — East Manych deflection, KD — Kizlyar
deflection; 4 — Tersko-Sunzhensky region of upper mantle earthquakes according to [Gabsatarova, 2024]
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Horaiicko-TapymoBckuii cioxkublii BaJj. [youna ¢ynnamenra Horaiicko-Tapy-
MOBCKOTO Bajia YBEJIMYUBAETCS B CyOLIMPOTHOM HAPABIECHUU C 4 10 7 KM, a €ro KOHTYPBI
NPaKTUYECKH COBMAJAIOT C O0JACThIO OTPHUIIATEIbHBIX MATHUTHBIX AaHOMAJIHH.

Bocrouno-Manbruckmii nmporud. CeBepHOll rpaHuneil nporuba sBISETCS KpsbK
KapnuHckoro, a B ero 10:kHOM 4acTu pacnonaraercss Bocrouno-MaHbluckas pernoHalib-
Hasl MOJIOKUTENIbHAsE MATHUTHAS aHOMAJIHSL.

Kuznspckuii nporud. [nyOuna ¢gynnamenra Kuznspckoro nporu6a, pacnonoxeH-
HOTO B 3anajHoi akBaropuu Kacnuiickoro mMopsi, coctaBiseTr 6—8 KM, €ro KOHTypaMm co-
OTBETCTBYET BOCTOYHAs 4acTb BOCTOYHO-MaHBIYCKON PETrMOHAIBHOU IMOJIOKUTEIBHON
MarHUTHOW aHOMaJIuH.

Ob6CyXAEHME PEe3YyAbBTATOB

[IpoBeneHHbIe NCCIIeOBaHMS TIOKA3aIH, 4yTO /Uit bonpmoro KaBkasa u 6mm3nexanix
obnacTteii 2/3 SNMUIEeHTPOB CHIBHBIX (M>5.0) 3emMieTpsceHuil, 3aperuCTPUPOBAHHBIX 3a
nepuon 1900-2022 rr. HaxoAsATCs B Ipejenax KOHTYpPOB MHTEHCUBHBIX PErMOHAIbHBIX
MarHUTHBIX aHOMAJIMK WM Ha UX rpaHuuax. ius MeraMoppuueckux U MarmMaTu4eckux
HOPOJ UX MAarHUTHBIE CBOMCTBA BO3PACTAIOT C MOBBILIEHUEM OCHOBHOCTH 110poj [ DPusu-
4geckue ..., 1984], B To ke BpeMsl, BO3PACTAIOT M UX peosiorndeckue cBoricTra [Ranalli,
1987], To ecTh IOPOABI CTAHOBSTCS OOJIee «KECTKUMU». B orpenenieHHOM CMBICIe OHU
CTaHOBATCS «aKKyMYJISTOpaMu» TEKTOHMYECKHUX HANpsIKEHHUM, KOTOpbIE pa3psKaroT-
Cs Ha PEOJIOTMYECKUX HEOJHOPOJHOCTSAX KOHCOJUIUPOBAHHOW 3€MHOM KOPBI. YYMTBI-
Basl ATO, CIEIYET OXKUIATh, YTO UCIOIB3YS P MOJCIIMPOBAHUN JaHHbBIE O (PU3MUECKUX
(B T.4. pEOJIOrMYECKUX) HEOJTHOPOIHOCTIX 36MHOM KOPbI, MOKHO MOBBICUTBH 3(PPEKTUB-
HOCTb PEOJIOTMYECKOTO MOAEIMPOBAHUS KaK OCHOBBI I'€OJJUHAMHUYECKUX HCCIIEI0BaHUM,
METOAMKA U NEPBbIE PE3yIbTaThl KOTOPBIX JUIsl (PU3UKO-T€0JIOTMYECKUX yCI0BUM Boib-
moro Kaskasa nokasansl B [Ctoruuit, Croruuit, 2024]. /lannas MeTouKa MOXKET OBbITh
IPUMEHEHA U JUIS CO3JJaHUsI T€OJMHAMMUYECKUX MOJIeJIe OCHOBHBIX CEHCMOIeHHBIX paii-
oHoB bonbmoro KaBka3za, eCTeCTBEHHO, U YBEJIMYEHUH JE€TAIBHOCTH HCCIIE0BAaHUM.

Kak orMeuanocs, BBIJEIEHHBIM B CTPYKTYpE KPUCTAJUIMYECKOM KOpbel BocToduHOrO
[IpeaxaBka3bs nporudam [J>xadpawmios u ap., 1993], Tepcko-Kacnuiickomy, Boctouno-
MamnspruckoMy u Kuznsipckomy, COOTBETCTBYIOT MOJIOKUTENIbHBIE PETHOHAJIbHBIE aHOMA-
JIMU MarHuTHOTrO 1oJisi, a Horaiicko-TapyMoBCKOro Baily — oTpuliaTeIbHbIC. ITO OTpaXka-
€T, O-BUIUMOMY, OCOOCHHOCTH CTPOEHUSI TPOTUOOB 36MHOM KOPBI, COZIePKAIICH TOJIIN
OCHOBHBIX—YJIBTPAOCHOBHBIX MOPOJI, COPMUPOBABIIMXCS B Pa3HbIE SIOXH B PEXKUME
JIOKaJIBHOTO PACTSHKEHUS 36MHOM KOPBI, B TO BPEMSI KaK BaJibl (JOPMUPOBAIHCH B PEIKUME
cxarus. [IpoBeneHue neneHanpaBlIeHHbIX aJEOMAarHUTHBIX MCCIIEI0BaHUM, METOAMKA
KOTOPBIX XOpoIio u3BecTHa [Piper, 1987], MoxkeT naTh Marepual K MOCTPOSHUIO MOJIETICH
9BOJIIOLIMY 3€MHOM KOPbI IAHHOTO PErroHa.

Jlist BBIIBTICHHS XapakTepa 1e(OpMaMOHHOTO PEKUMa OOBIYHO MCTIONB3YIOTCS JIaH-
HBbIC pEIICHUN MEXaHU3MOB o4aroB 3emiierpsicenuid. st CpelHeKacnuilcKoro peruo-
Ha 1o naHHbM [Bonbdman, KonecuukoBa, 2024] xapakTepHbl (OKaTbHBIE MEXaHU3MBI
04aroB B30pPOCOBOTO M COPOCOBOTO M OMU3KHUX K HUM B CTPYKTYPHO-KHHEMATHYECKOM
OTHOILIEHUU B30pOCO-CABUIOBOIO U COPOCO-CABUIOBOIO THUIIOB, ONPEACISAIONIMX KHUHE-
MaTH4yecKre 0OCTaHOBKM COOTBETCTBEHHO PETMOHAJIBHOTO CXKATUsl U PacTsSKEHUs cyOme-
PUAMOHAIBHOIO CEBEPO-CEBEPO-BOCTOUHOIO KABKA3CKOTO HAIIPABIICHUS.

OnHuM H3 MPOOIEMHBIX SIBISIETCS BOIPOC PETHOHAIBHOTO MeXaHW3Ma (hOpMHUpPOBa-
HUSI HaNpsHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUSI 3eMHOM Kopbl. OOpa3oBaHue opore-



88 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

Ha bonsimoro Kaskaza B [[onuapos, Pasuuuun, 2014] paccmarpuBaercs Kak pe3ysbTaT
MEeJIKOMacIITaOHOM KOHBEKLMHU B BepxHel MaHTHH. 1o HaleMy MHEHHIO, YCIOBUS JUIS
peanu3anuu r1yooKko(OoKyCHBIX 3emiieTpsceHuil Tepcko-CyHkeHcKoro paiioHa Gpopmu-
PYIOTCS 3a cueT (DIFOMIHOTO MOTOKA SYSHKH MEIKOMACIITAa0OHON KOHBEKIIMU B BEpXHEH
maHTuu Tepcko-Kacnuiickoro mporun6a. B 3Tux ycinoBusx B pe3yibraTe HapyLICHUs Me-
XaHUYECKOTO0 M TEPMUYECKOTO PABHOBECHSI BOZHUKAIOT YCJIOBUS JIOKAJIBHOIO PACTSKE-
Hus. Tak, no nanHbM [['aGcarapoBa, 2024] MexaHU3MbI O4aroB BEPXHEMAHTUHHBIX 3€M-
aeTpsiceHuii ¢ yOuHamu 6osiee 70 KM B OCHOBHOM MMEIOT COPOCOBBII TUI JABMKEHHS, &
JUIs KOPOBBIX 3eMJIETPSICEHUH MpeobiaaeT B30pOC, XapaKTepHbIH /IS YCIOBUM CxKaTusl.
Bo03MO0XHO, 4TO B 9TOM Cilydae cxKaTue NPOUCXOAUT B 36MHOM KOPE MPH JIOKAJIBHOM pac-
TSOKEHUU B BEPXHEH MaHTHH.

Takum 00pa3om, aHAINU3 U CUHTE3 MAaTEpHAJIOB M0 CTPYKTYpEe KOHCOJIUAMPOBAHHON
3eMHOM KOpbI, ceiicmuuHocT 1 AMII pernona uccienoBaHuii O3BOIMIIN BBIIBUTH HE-
KOTOpbIE 00IIME 3aKOHOMEPHOCTH U 000CHOBATh HAIIPABJICHUSI KOMITJIEKCHBIX UCCIIEI0Ba-
HUI re0JUHAMHYECKUX IIPOLECCOB U CENCMUYHOCTH PETUOHA.

BbiBOADI

1. B pesynbrare npoBEIEHHBIX HMCCIEIOBAHUI BBHITIOJHEH aHAIW3 MOTEHIUATBHON
UH(POPMATHBHOCTH MarHUTHOTO TIOJIS JUIsl pa3pabOTKU CTPYKTYPHO-PEOTIOTUIECKUX MO-
Jieriel KOHCOJIMAUPOBAHHON 3¢eMHOM KOpbl bonbioro KaBkasa u npuierarommx TeppuTo-
U, a TAaK¥KE €ro CBA3M C 3aKOHOMEPHOCTSIMU IIPOSIBICHUS CEMCMUYHOCTH.

2. lns Bocrounoro IlpenkaBka3bs nokaszano, uro Tepcko-Kacnuiickomy, Boctouno-
MamnspruckoMy 1 Kuznsipckomy nporud6am COOTBETCTBYIOT MOJIOKUTEIbHbIE PETHOHAIIb-
Hbl€ aHOMaJIMM MarHUTHOro 1noJjs, a OpocanuHcKasl OTpuLaTeNbHas aHOMAaJIMs MarHuT-
HOTO Mops nmpuypoudeHa Kk Yepkeccko-Kusisipckomy pasiiomy, orpaHnyuBaromemy Tep-
cko-Kacnuiickuii kpaeBoil mporuod ¢ ceBepa. IT0 MOXKET SIBIATHCS OCHOBAHUEM IS IIPO-
BEJICHUS IICJICHAIIPABICHHBIX IaJCOMATHUTHBIX MCCIICJOBAaHUN HM3Y4YECHUS AJBIIMUCKON
TE€OJUHAMUKH U €€ DBOIIOLNN BO BPEMEHU.

3. Ilpu oOocHOBaHMM TI€OAMHAMMUYECKHX MOJEIe (OpMHUpPOBAHUS HANPSIKEHHO-
1e(OPMHUPOBAHHOTO COCTOSTHUS 3€MHOM KOpbI F)KHOTO (prianra CKuCKoi IUIUTHL U ee
9BOJIIOIMH B KAY€CTBE CTAPTOBON MOXKET OBITh MMPHHATA MOJIEIIh MEJIKOMACIITAOHOM KOH-
BEKIMU B BEpXHEH MaHTHUHU.

Antepartypa

1. AnanprH U.B. Ceticmuanocts CeBepHoro KaBkasza. — M.: Hayka, 1977. — 148 c.

2. Bomspman FO.M., KonecaukoBa E.SI. HekoTopsie 0coOEHHOCTH ceiicMOTeKTOHMKH Ka-
criuiickoro pernoHa. / CoBpeMEeHHBIE TIPOOJIEMBI TEOJIOTHH, TeOPU3NKH U Teodkoorun CeBep-
svoro Kaskaza. T. XIV. — M.: UMET PAH, 2024. — C. 228-233.

3. Bomepman FO.M., Konecuukona E.fl., Kanuaiok 1.B. UHBepcHOHHBIN XapakTep KHHEMA-
THYECKUX 0OCTaHOBOK ceficMorene3a CpemHekacnuiickoro permona. // I'eomorust u reodusmka
IOra Poccun. —2025. — T. 15. Ne 2. — C. 73-86. DOI: 10.46698/VNC.2025.67.30.001.

4. T'abcaraposa W.I1. CeticmuunocTs B Tepcko-KacmuiickoM mporute: Tpurrepasie 3G GeKTh
1 MEXaHW3MBbI 04aroB. // CoOBpeMEeHHBIE TIPOOIEMbI Te0JIOTHH, Teo(U3UKH 1 Teodkostorun Cenep-
svoro KaBkaza. T. XIV. — M.: UMET PAH, 2024. — C. 239-244.

5. I'abcaraposa N.I1., 3Bepena A.C. Ceticmuueckuii Monntopunr CeBepHoro KaBkasa B mep-
By10 ueTBepTh X XI Beka. / CoBpeMeHHBIC MPOOIEMBI T€OJIOTHH, Teo(pH3uKn 1 TeodKkonoruu Ce-
BepHoro Kaskaza. T. XIII. - M.: UMET PAH, 2023. — C. 257-264.

6. TI'abcaraposa U.I1., Kapmosuu E.A., Kopomemkm JI.M., BoiitoBa A.C, Kamenckas



Geology and Geophysics of Russian South 15(3) 2025 ['eonorus u reoguanka fOra Poccim 89

OJI. Boctouno-Yepromopckoe semserpscenne 23 nekabps 2012 r. ¢ KP=14.1, Mw,.,=6.0,
Mwgepr=3.8,/0p=7-8 (UépHoe mope, Abxa3zus). // 3emnerpsicenust CeBepHoii EBpazun. Beim. 21
(2012 ). — O6nuuck: ULl ET'C PAH, 2018. — C. 433—443.

7. Tonragze C.A. I'myOunHOe cTpoeHue bonpmoro KaBkasa Ha OCHOBE TeO(HU3UYECKHX
JTAaHHBIX 10 HOBBIM TexHomorusaM. Y. 1. ['paBuMeTpus, MarHUTOMETpHS, JOKaJIbHAsl CEHCMOTO-
Morpagus U MUKpocercMo3onaupoBanue. // ['eopusnueckuii xxypuai. — 2016. — T. 38. Ne 3. —
C. 145-154.

8. TonuapoB M.A., Pasaunun HO.H. Yetbipe pazHomMacmTaOHbIX (akTopa HOBEHIIETO Opo-
renesa EBpasun. // TekToHnKa ckilaayaTsix mosgcoB EBpasuu: cXoACTBO, pa3iuyune, XapakTepHbIe
4epThl HOBEHIIEro ropoobpaszoBanusi, peruoHanpHble 0000menus. T. 1. — M.: TEOC, 2014.—
C. 85-89.

9. T'opbarukoB A.B., Poroxun E.A., CremanoBa M.IO., Xapazosa 0.B., Aunpeesa H.B.,
[epenepun @.B., 3aanumsunu B.b., MenskoB [I.A., JI3epanos b.B., JI3e6oeB b.A., ['abapaecs
A.®. OcoOeHHOCTH TIIyOMHHOTO CTPOCHHSI M COBPEMEHHOM TeKTOHHMKM boibmoro Kaskasza B
OCETHHCKOM CEKTOPE 110 KOMITJICKCY reo(hu3nIecKuX JaHHbIX. // Ousuka 3emmu. —2015. —Ne 1. —
C. 28-39.

10. [Ixa6paunos M.O., Konosanos B.U., Kononos H.U., [Tuenunnes I1.E., Tanamaes B./I.
HoBrle nannbie o myounHoi TekTonnke Bocrounoro [Ipenxaskasbst. // ['eonorust HeTH 1 rasa.
—1993. —Ne 1.

11. Kapra anomansHoro marautaoro noist (T) Poccun, conpenenbHbIX rocynapceTs (B rpa-
nunax OwiBmero CCCP) u mpuneraromumx akBaropuii. Macmrad 1 : 5 000 000 / I'm. pegaktop
T.II. Jluteunosa. — CI16.: BCEI'EU, — 2000.

12. Jlykk A.A., llleBuenko B.U. Celicmuunoctb, TekToHuka u GPS-reomunamuka Kapkasa. //
®usuka 3emnn. — 2019. — Ne 4. — C. 99-123.

13. Mammaum T.51. AHanu3 celicMu4eckoi akTHBHOCTH TITyOMHHBIX Pa3IOMOB € UCTIOJIB30-
BaHUEM METOJIa ONpE/ETIeHNs CEHICMOreHEPUPYIOIINX 30H: OIIEHKA 30H CEeHCMUYECKOM OMacHo-
cTu Tepputopun Asepoaiimkana. // ['eorekronuka. — 2022. — Ne 2. — C. 95-104.

14. Poroxun E.A., Top6arukoB A.B., Crenanosa M.IO., Oscrouenko A.H., Aunpeesa H.B.,
Xapasosa }0.B. Ctpykrypa u coBpeMeHHas TeoJUHaMHUKa MeraHTUKINHOpUs bonbioro KaBkasza
B CBETE HOBBIX JJAHHBIX O IITyOMHHOM cTpoeHuH. // I'eotekronnka. — 2015. — Ne 2. — C. 36-49.

15. Poroxun E.A., Osctouenko A.H., Jlyruko A.W., Cobucesuu A.JI., Cobucesuu JLE.,
lopbatukoB A.B. Dunorennsie onacHocty bombiroro Kaekaza. — M.: UD3 PAH, 2014. — 256 c.

16. Croruwmii B.B., Ctornuii I'A. I'myOuHHOE CTpoeHHE M peoNoruyeckasi cTparuuKamnms
3eMHol Kopbl LlenTpansrnoro cermenta bonbmoro Kaskasa. // I'eonorust n reodusuka FOra Poc-
cun. —2024. — T. 14. Ne 2. — C. 6-20. DOI: 10.46699/VNC.2024.37.52.001.

17. Croruuii B.B., Ctorauii I'A., ITonomapesa H.JIL., ['pocc C.C. CtpykTypa KOHCOTUAUPO-
BaHHOU 3eMHOH KOpBI U ceiicMuunocThb LleHTpansnoro cermenta bonbioro Kaskasa. // I'eonorus
nreopusnka FOra Poccun. —2024. —T. 14. Ne 4. — C. 54—65. DOI: 10.46698/VNC.2024.52.34.006.

18. Croruuii I'A., Ctornuii B.B. IOxnas rpanuna CKuQckoi TIUTH B cCHCTEME OJIOKOBOH
JIEITMMOCTH KOHCOIMIMPOBaHHOH Kopkl LlenTpanbsHoro u Boctounoro cermentoB bonbmioro Kas-
kaza. // Teonorus u reopusuka tOra Poccun. — 2023. — T. 13. Ne 3. — C. 6-18. DOI: 10.46698/
VNC.2023.96.83.001.

19. Texkronmka rxHOTO 0OpamieHus Bocrouno-EBponeiickoit mutatdopmsl. / [lon penakmnueit
B.E. Xauna, B.U. [lonkoa. — Kpacuonap: KyoI'Y, 2009. — 213 c.

20. Ynomo B.WU., lanunoBa T.U., MenseneBa H.C., Ilomskosa T.II., Hlymununa JI.C.
K ouenke ceficmuueckoit onmacHocti Ha CeBepHoM Kaskase. / @usuka 3emn. — 2007. — Ne 7. —
C.31-45.

21. ®uznyeckue CBOMCTBA FOPHBIX MOPOJ U MOJIE3HBIX MCcKonaeMbIX (nerpodusuka). Crpa-
BouHuK reodusuka. / [log penakmueit H.b. Jloptman. — 2-e u3n., nepepad. u por. — M.: Henpa,
1984. — 455c.

22. Piper J.D.A. Paleomagnetism and the Continental Crust. — John Wiley, New York, 1987.
—434 p.



90 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

23. Ranalli G. Rheology of the Earth. London: Allen and Unwin, 1987. — 336 p.

24, Tibaldi A., Tsereteli N., Varazanashvili O., Babayev G., Barth A., Mumladze T., Bonali
F.L., Russo E., Kadirov F., Yetirmishli G., Kazimova S. Active stress field and fault kinematics of
the Greater Caucasus. // Journal of Asian Earth Sciences. —2020. — Vol. 188. — pp. 1-18.

25. Tseng T.-L., Hsu H.-C., Jian P.-R., Huang B.-S., Hu J.-C., Chung S.-L. Focal mechanisms
and stress variations in the Caucasus and Northeast Turkey from constraints of regional waveforms.
// Tectonophysics. —2016. — Vol. 691. — pp. 362-374.

References

1. Ananyin . V. Seismicity of the North Caucasus. Moscow. Nauka. 1977. 148 p. (In Russ.)

2. Volfman Yu.M., Kolesnikova E.Ya. Some features of seismotectonics of the Caspian region.
In: Modern Problems of Geology, Geophysics and Geoecology of the North Caucasus. Vol. XIV.
Moscow. IIET RAS. 2024. pp. 228-233. (In Russ.)

3. Volfman Yu.M., Kolesnikova E.Ya., Kalinyuk . V. Inversion nature of kinematic settings of
seismogenesis in the Middle Caspian region. Geology and Geophysics of Russian South. 2025.
Vol. 15. No. 2. pp. 73-86. DOI: 10.46698/VNC.2025.67.30.001. (In Russ.)

4. Gabsatarova [.P. Seismicity in the Terek-Caspian Trough: Trigger effects and focal
mechanisms. In: Modern Problems of Geology, Geophysics and Geoecology of the North
Caucasus Vol. XIV. Moscow. IIET RAS. 2024. pp. 239-244. (In Russ.)

5. Gabsatarova I.P., Zvereva A.S. Seismic monitoring of the North Caucasus in the first quarter
of the 21st century. In: Modern Problems of Geology, Geophysics and Geoecology of the North
Caucasus. Vol. XIII. Moscow. IIET RAS. 2023. pp. 257-264. (In Russ.)

6. Gabsatarova I.P., Karpovich E.A., Koroletsky L.I., Voitova A.S., Kamenskaya O.L. East
Black Sea earthquake on December 23, 2012 with KR=14.1, Mw,,,=6.0, Mwgcyr=5.8,/0p=7-8
(Black Sea, Abkhazia). Earthquakes of Northern Eurasia. Issue 21 (2012). Obninsk. FRC GS
RAS. 2018. pp. 433—443. (In Russ.)

7. Gongadze S.A. Deep structure of the Greater Caucasus based on geophysical data using
new technologies. Part 1. Gravimetry, magnetometry, local seismic tomography and microseismic
sounding. Geophysical Journal. 2016. Vol. 38. No. 3. pp. 145-154. (In Russ.)

8. Goncharov M.A., Raznitsyn Yu.N. Four different-scale factors of the latest orogenesis of
Eurasia. Tectonics of the folded belts of Eurasia: similarities, differences, characteristic features of
the latest mountain building, regional generalizations. Vol. 1. Moscow. GEOS. 2014. pp. 85-89.
(In Russ.)

9. Gorbatikov A.V., Rogozhin E.A., Stepanova M.Yu., Kharazova Yu.V., Andreeva N.V.,
Perederin F.V., Zaalishvili V.B., Melkov D.A., Dzeranov B.V., Dzeboev B.A., Gabaraev A.F.
Features of the deep structure and modern tectonics of the Greater Caucasus in the Ossetian sector
based on a complex of geophysical data. Physics of the Earth. 2015. No. 1. pp. 28—39. (In Russ.)

10. Dzhabrailov M.O., Konovalov V.I., Kononov N.I., Pchelintsev P.E., Talalacv V.D. New
data on the deep tectonics of the Eastern Ciscaucasia. Geology of Oil and Gas. 1993. No. 1.
(In Russ.)

11. Map of the anomalous magnetic field (T) of Russia, adjacent states (within the borders of
the former USSR) and adjacent waters. Scale 1: 5,000,000. Ed. T.P. Litvinova. Saint Petersburg.
VSEGEI. 2000.

12. Lukk A.A., Shevchenko V.I. Seismicity, tectonics and GPS geodynamics of the Caucasus.
Physics of the Earth. 2019. No. 4. pp. 99—123. (In Russ.)

13. Mammadli T.Ya. Analysis of seismic activity of deep faults using the method of
determining seismogenic zones: assessment of seismic hazard zones of the territory of Azerbaijan.
Geotectonics. 2022. No. 2. pp. 95-104. (In Russ.)

14. Rogozhin E.A., Gorbatikov A.V., Stepanova M.Yu., Ovsyuchenko A.N., Andreeva N.V.,
Kharazova Yu.V. Structure and modern geodynamics of the meganticlinorium of the Greater
Caucasus in the light of new data on the deep structure. Geotectonics. 2015. No. 2. pp. 36—49.
(In Russ.)



Geology and Geophysics of Russian South 15(3) 2025 ['eonorus u reoguanka fOra Poccim 91

15. Rogozhin E.A., Ovsyuchenko A.N., Lutikov A.l., Sobisevich A.L., Sobisevich L.E.,
Gorbatikov A.V. Endogenous hazards of the Greater Caucasus. Moscow. IPE RAS. 2014. 256 p.
(In Russ.)

16. Stogny V.V., Stogny G.A. Deep structure and rheological stratification of the Earth-s crust
of the Central segment of the Greater Caucasus. Geology and Geophysics of Russian South. 2024.
Vol. 14. No. 2. pp. 6-20. DOI: 10.46699/VNC.2024.37.52.001. (In Russ.)

17. Stogny V.V., Stogny G.A., Ponomareva N.L., Gross S.S. Structure of Earth’s consolidated
crust and seismicity of the Greater Caucasus Central segment. Geology and Geophysics of
Russian South. 2024. Vol. 14. No. 4. pp. 54-65. DOI: 10.46698/VNC.2024.52.34.006 (In Russ.)

18. Stogny G.A., Stogny V.V. The Scythian plate southern boundary in the system of
block divisibility consolidated crust of the Greater Caucasus Central and Eastern segments.
Geology and Geophysics of Russian South. 2023. Vol. 13. No. 3. pp. 6—18. DOI: 10.46698/
VNC.2023.96.83/001. (In Russ.)

19. Tectonics of the southern framing of the East European platform. Eds. V.E. Khain, V.I.
Popkov. Krasnodar. Kuban State University. 2009. 213 p. (In Russ.)

20. Ulomov V.I., Danilova T.I., Medvedeva N.S., Polyakova T.P., Shumilina L.S. On the
assessment of seismic hazard in the North Caucasus. Physics of the Earth. 2007. No. 7. pp. 31-45.
(In Russ.)

21. Physical properties of rocks and minerals (petrophysics). Geophysics Handbook. Ed. N.B.
Dortman. 2nd ed. revised and enlarged. Moscow. Nedra. 1984. 455 p. (In Russ.)

22. Piper J.D.A. Paleomagnetism and the Continental Crust. John Wiley. New York. 1987.
434 p.

23. Ranalli G. Rheology of the Earth. London. Allen and Unwin. 1987. 336 p.

24. Tibaldi A., Tsereteli N., Varazanashvili O., Babayev G., Barth A., Mumladze T., Bonali
F.L., Russo E., Kadirov F., Yetirmishli G., Kazimova S. Active stress field and fault kinematics of
the Greater Caucasus. Journal of Asian Earth Sciences. 2020. Vol. 188. pp. 1-18.

25. Tseng T.-L., Hsu H.-C., Jian P.-R., Huang B.-S., Hu J.-C., Chung S.-L. Focal mechanisms
and stress variations in the Caucasus and Northeast Turkey from constraints of regional waveforms.
Tectonophysics. 2016. Vol. 691. pp. 362-374.



92 Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

FECOU3NKA

VK 550.34
DOI: 10.46698/VNC.2025.73.90.001

OpurnHanbHas ctaTb4

O NAPAMETPAX CUABHbBIX ABVYKEHWUN TPYHTQ,
OYArax 3eMAETPSICEHNN N MepPAPXM CTRYKTYP
reoOAOrMYeCcKoun cpeabl

10.K. YepHoBi

['eodpumanyecknin MHCTUTYT Brnagmkaeskasckoro Hay4Horo ueHtpa PAH,
Poccus, 362002, r. Bnagukaekas, yn. Mapkosa, 93a,
e-mail: chenta-26 @ mail.ru, cgi_ras@mail.ru

Cratbs noctynuna: 02.08.2025, nopabotana: 10.09.2025, npunsrta k nybmmkavmm: 13.09.2025

Pestome: Llenb uccnepoBanuii. [onNonHeHWe AaHHbIX O CUbHbIX ABUMKEHWUAX FPYHTA A1 NONYYeHUs [o-
MOSTHUTENbHbLIX BO3MOXHOCTE NpU OLEHKAX CEeACMUYECKOM ONacHOCTM TepPUTOPUIA N N3YHEHUN 04aroB 3eM-
neTpsiceHnii. AKTyanbHOCTb paboTbl. B HacTosLLee BpeMS NPU UCCNEA0BAHMSAX OBUKEHWUIA IPYHTA NPU CUAbHBIX
3eMIETPACEHUSX, B BONbLUNHCTBE CIly4aeB, PAcCMaTPUBAOTCSA XapaKTePUCTUKU YCKOPEHUIA KonebaHuil. MMpu
9TOM aKLEHT [ielaeTcs Ha napameTpbl, CBA3aHHbIE C MHTEHCUBHOCTbIO KOMEGaHUA — aMMMTYAHbIM YPOBHEM,
CNEKTPaSIbHbIMM YCKOPEHUAMM 1 T.1. [pYriuM )Xe KUHEMATUHECKUM (CKOPOCTSM, CMELLIEHUSIM) U AUHAMUYECKUM
(nepnofam, ANUTENbHOCTAM) XapakTepucTukKam yaensieTcs MeHblle BHUMaHUs. OfHAKO Takue AaHHble MoryT
CYLLLECTBEHHbIM 06pa30M BANATH HA OLEHKN CEACMUYECKOM OMACHOCTM M PUCKa, a TaKXKe BbITb NONE3HbIMMU NpK
U3Y4eHNI, HanpuMep, CTPOEHMUS 1 paboTbl 04aroB 3eMAETPACEHUIA U APYrUX (hyHAAMEHTaNIbHbIX aCMeKTOB Celic-
monoruu. [oaTomy, HacTosLLee NCCref0BaHKe, HanpaBieHHOe Ha MOMOMHEHNe UMELoLLeAcs No AaHHOMY BOMPO-
Cy WHopMaLmMu, NpeacTaBAETCA CBOEBPEMEHHBIM 1 M0f1e3HbIM. 06bEKT UCCNEA0BaHUA. IMMIUPUYECKUE (DYHK-
LM N3MEHEHUS C PACCTOSHUEM MEPUOAO0B U ANUTENBHOCTER UHTEHCUBHBIX YCKOPEHMIA, CKOPOCTEI 11 CMELLLeHNIA
Kone6aHuin rpyHTa 1 BO3MOXHOE CTPOEHMEe 04aroB 3emneTpsceHuii. MeToabl uccnefoBanusi. KoMnieKcHbIi
CTaTUCTUYECKMNIA aHann3 60MbLLIOr0 KOIMYECTBA WHCTPYMEHTAMbHBIX 3anu1Cen YCKOPEHNIA, CKOPOCTEN U CMeLLe-
HUIA FPpYyHTa NpW 3eMNIETPACEHUSX PA3HOI BEMNYUHBI U YAANEHHOCTU B COMETAHUN C AaHHbIMK 06 04arax 3emse-
TPACEHWIA. Pe3ynbTupyloLLye 3aBMCMMOCTI NapameTpoB KonebaHuin rpyHTa 0T pacCTOSHMSA CTPOUIUCH METOLOM
nog6opa. MocTpoeHns caenaHbl pa3fenbHO A1 NepuoaoB U ANUTENbHOCTEN Kone6aHui, ans 3eMneTpsceHnii
pasHbIX MarHUTyf, PAcCTOSAHWIA U AN Pa3HbIX KUHEMATUYECKMX XapakTepucTuk. MonyyeHHble OLEHKN UCMoSb-
30BaHbl /1 TMNOTETUYECKNX OLIEHOK pa3mepoB W crnoco60B paboTbl MCTOYHUKOB KOebaHui (04aros 3emre-
TPACEHWIA) UCX0AS U3 NPEeACTaBEHNA 0 AUCOKALNOHHBIX MOAENSAX 04aroB U KOrepeHTHOCTU (He KOrepeHTHO-
CTW) 04aroBOro U3nyyeHus. PesynbTartbl MccnefoBaHus. [1onyyeHbl YTOHHEHHbIE BapuaHTbl OLEHOK Hanbosee
BEPOSATHbIX 3Ha4eHWA NepMosoB KoflebaHWii ¢ MakCUMabHOM aMnInTYLOA U ANUTeNIbHOCTEN OCHOBHOI (hasbl
Kone6aTeSibHbIX YCKOPEHUIA, CKOPOCTEMN 11 CMELLEHNA NPU PasHbIX MarHUTygax 3eMIeTPACEHUA U PACCTOSAHUAX
[0 04ara. Ha 0CHOBaHMM NMOYYeHHbIX OLEHOK NepyuoaoB 1 ASIUTENIbHOCTEN KoNebaHnii rpyHTa B BIIMKHUX 30HAX
3eMNeTPACEHUI CAeNaHbl NPeANoNIoXKeHUs 0 pasmepax, CTPOEHUM K cnocobax paboTbl COOTBETCTBYOLLMX 04a-
rOB 3eMJIETPSCEHNA (MCTOYHMKOB) U COCTABAAOLLNX UX (PPArMeHTOB (CYOMCTOYHMKOB). 0Ka3aHo, 4TO COOTHO-
LUEHMS MeX[1y pa3mMepamMu 04aroB 3eMAETPACEHUI Pa3HbIX MArHUTYA, a TAKXKe UX OTAENbHbIMW COCTABNAOLLMMY
MOAYMHAOTCA 06LLMM 3aKOHaM nepapxuu cTpyktyp no M.A. CagoBckomy.

Knto4eBbie cnoBa: 3eMNeTPACEHUS, CUMbHbIE ABWXKEHUS TPYHTA, CEMCMINYecKas OMacHOCTb, 04Yaru 3eme-
TPACEHWIA, NepapXxus CTPYKTYP reonornyeckoin cpefpl.

Insa uutuposanus: Hepros H).K. O napametpax CUbHbIX [BWXEHWUA TPYHTA, 04arax 3emieTpsiCeHnin n
nepapxun CTPYKTYP reonoruydeckon cpefbl. feonorus u reogpmauka Hra Poccun. 2025. 15(3): 92-109. DOI:
10.46698/VNC.2025.73.90.001


https://geosouth.ru/article/view/1255/1031
https://orcid.org/0000-0003-4407-2463

Geology and Geophysics of Russian South 15(3) 2025 ['eonorus u reoguanka fOra Poccim 93

GEOPHYSICS

DOI: 10.46698/VNC.2025.73.90.001
Original paper

About the parameters of strong ground motions,
earthquake foci and hierarchies of the geological

environment structure
Yu.K. Chernovi

Geophysical Institute, Vladikavkaz Scientific Centre, Russian Academy of Sciences,
93a Markova Str., Vladikavkaz 362002, Russian Federation,
e-mail: chenta-26 @ mail.ru, cgi_ras@mail.ru

Received: 02.08.2025, revised: 10.09.2025, accepted: 13.09.2025

Abstract: Aim. Updating data on strong ground motions to provide additional opportunities for seismic hazard
assesment of territories and studying earthquake foci. Relevance. Currently, when studying ground motions during
strong earthquakes, in most cases, the characteristics of vibration accelerations are considered. At the same
time, the emphasis is on the parameters related to the intensity of the vibrations — the amplitude level, spectral
accelerations, etc. Other kinematic (velocities, displacements) and dynamic (periods, durations) characteristics
receive less attention. However, such data can significantly influence estimates of seismic hazard and risk, as
well as be useful in studying, for example, the structure and operation of earthquake foci and other fundamental
issues of seismology. Therefore, this study that is aimed at updating the information available on this issue,
seems timely and useful. The object of the research. Empirical functions of changes in periods and durations of
intense accelerations, velocities and displacements of ground motions with distance, and the possible structure
of earthquake foci. Methods. Comprehensive statistical analysis of a large number of instrumental records of
accelerations, velocities, and displacements of the ground during earthquakes of various sizes and distances,
combined with data on earthquake sources. The resulting dependences of the ground motion parameters on
the distance were constructed by the selection method. The compositions are made separately for periods and
durations of motions, for earthquakes of different magnitudes, distances and for different kinematic characteristics.
The estimates obtained were used for hypothetical estimates of the size and operation of sources of motions
(earthquake foci) based on their ideas about dislocation models of foci and coherence (non-coherence) of focal
radiation. Results. Refined versions of estimates of the most probable values of vibration periods with maximum
amplitude and durations of the main phase of accelerations of vibrations, velocities and displacements at different
earthquake magnitudes and distances to the source have been obtained. Based on the estimates of the periods and
durations of ground vibration in the near zones of earthquakes, assumptions are made about the size, structure
and methods of operation of the corresponding earthquake foci (sources) and their constituent fragments (sub-
sources). It is shown that the relationships between the sizes of earthquake foci of different magnitudes, as well
as their individual components obey the general laws of the hierarchy of structures according to M.A. Sadovsky.

Keywords: earthquakes, strong ground motions, seismic hazard, earthquake foci, hierarchies of the
geological environment structure.
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BeepeHe

Tak Kak IMEHHO JBUKEHUS IPYHTA BO BPEMsI CUIIBHBIX 3€MJIETPSICEHHM MPEICTaBIIsA-
10T HauOOJIBIITYI0 ONACHOCTh JAHHOTO MPUPOAHOTO SIBIICHUS, OHU TPATUIIMOHHO SIBIISIOT-
Csl OCHOBHBIM 00BEKTOM MHKEHEPHO-CeicMonornueckux uccuenopanuil. upopmarus o
cuIbHbIX JBMKeHUsIX rpyHTa (CUI') Takke HeoOXoauMa JUist U3y4eHUsI IEPBONPUYHMH UX
BO3HHUKHOBEHUS, B TOM UKCJIe 00pa30BaHUs M PA3BUTHS 0UaroB 3eMJIETPACEHUN.
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B Hacrosiiiee BpeMst OCHOBHBIM HCTOYHMKOM JI0CTOBEpHOI nHpopmaru o C/I saBis-
I0TCS1 SMIIMPUUECKHE JIaHHBIE, NIOJy4YaeMbl€ IIyTEM MHCTPYMEHTAIbHON PErUCcTpaliy Co-
TPSICEHUH TPYHTA IPU PEAJIbHBIX OLYTUMBIX M CHJIBHBIX 3€MJIETPSICEHUSIX, OCYILIECTBIIsAE-
MO IPH TIOMOIIIY CTIELHATIBHO pa3pabOoTaHHBIX AJIs 9TUX Lesel npubopos. s ynodera
VCCIIEZIOBAaHUI U JAJIBHEHMIIIErO MCIOJIb30BAaHUS MOJYYEHHBIX PE3YJbTaTOB, BO MHOTHUX
ciyyasx nepuuHble 3anucu C/IT (akceneporpamMmbl, BEIOCUIPAMMBbI, CEHCMOIpaMMBbI)
[IapaMeTPU3YIOTCS U NPEICTABIIAIOTCS B BUJIE OTJAEIIBHBIX JUHAMUUYECKUX XapaKTEPUCTHK.
KonnyecTBo TakMx XapakTepUCTUK (TapaMeTpOB) MOXKET ObITh O0bInM. OOBIYHO Xe, B
MH)KCHEPHO-CEHCMOJIOTHUECKUX MCCIIEJOBAaHUAX PACCMATPUBACTCS OrpaHUYEHHBIA HAOOP
napameTpoB KosnebaHuil. Kak npaBuio, 3T0 MUKOBbIE aMILTUTY/AbL, IEPUObI KOJIeOaHuil ¢
MaKCHMaJIbHOW aMIUIMTY/IOM, AJIMTEIBHOCTH OCHOBHOM (ha3bl, CeKTphl, (popma koseda-
HUI U HEKOTOpbIE JPYrHe XapakTepUCTUKU. IIpu 3TOM B OOJIBIIMHCTBE CIIy4yaeB aKLEHT
JIEJIAETCs Ha OLIEHKU [1apaMeTPOB YCKOPEHUI, a CPEIN HUX — HAa aMIUIMTYZbI U CIEKTPbI KO-
nebanuil. [Ipyrum e KHHEeMaTU4eCKUM (CKOPOCTSIM, CMEILEHUSIM) U TMHAMUYECKUM (T1e-
puosam, JUIMTEILHOCTSIM) XapaKTepUCTUKaM Y/IeNISeTCsl MeHbIe BHUMAHU, O YeM MOX-
HO CyIWTh, Hamipumep, no padoram [Measeznes, 1962; Yepnos, 1989; Ilreitnbepr u ap.,
1993; Campbell, Bozorgnia, 2014; Akkar et al., 2014; Boore, 2018; 3aanumBunu u ap.,
2022; Jlanunosa u ap., 2024; Cunauesa, Kynabaesa, 2025]. Takoe nonoxeHue el cBsi3a-
HO C TEM, YTO WH)KEHEPHO-CEHCMOIOTNYEeCKHUE UCCIIEA0BaHUs (2 IMEHHO OHU COCTABIISIOT
OoJibIIIyI0 YacTh paboT 1o oueHkam napamerpos C/II') B mepByro ouepenb HarpaBieHbI
Ha YJOBJIETBOPEHHUE HYXJ aHTUCEMCMHUYECKOTO MPOEKTUPOBAHUS U cTpouTenbeTsa. [lo-
CJIEJTHHE 7K€, B OCHOBHOM I10Ka OPUEHTUPYIOTCS Ha YUET AONOJHUTEIBHBIX CEHCMUUECKUX
Harpy3oK — T.€. Ha YPOBHM BO3MO)KHBIX CEHCMUYECKUX YCKOPEHUH. B To e Bpems, eme
B HauaJle MIECTUJECATHIX TOJOB MPOLUIOro Beka BblAaromuiics yuensiii C.B. Mensenes
B CBOMX paborax, (cM., Harpumep, [Mensenes, 1962]) Bbicka3biBald MPEANONIOKEHUSI O
TOM, YTO MPH ONpPEIEICHHBIX YCIOBUAX Pa3pylIUTENbHbIE 3(P(EKTH 3eMIeTpSICEHUH B HE
MEHbIIIEH, 2 BOBMOXKHO J1aXKe B OOJIbIIIEH CTETIEH! MOTYT ObITh CBSI3aHbI HE C YCKOPEHUSIMU
(cunmammu), a co CKOPOCTAMU (FHEPTHUSIMH ) KOlleOaHu rpyHTa. 3aTeM, Ha (JOHE MOCTETIEHHO
BO3pACTaIOLIEro 00beMa JaHHBIX 110 MHCTpYMEHTanbHOU peructpaiuu C/AI B pa3auyHbIX
CEICMOAKTUBHBIX pallOHaX MUPA, K CXOAHBIM BbIBOJAM, CTaJIM IPUXOIUTh U HEKOTOPHIE
npyrue aBropbl. Tak, Hanpumep, B pabote [UepHos, 1989] noguepkuBagach poib CKOpo-
cTelt kojeGaHui rpyHTa B (POpMUPOBAHUM 00IEr0 MakpoceHcMuYeckoro s dexTa 3emie-
TpsiceHU cpenHei u 6ombIoii cuibl. Kpome Toro, B 3T0# paboTe moka3zaHo 3HaUUTEIbHOE
BIIMSIHAE Ha MAaKpOCEHCMMUYECKYH0 MHTEHCUBHOCTb COTPSICEHMM TaKHUX I1apaMeTpOB, Kak
HEePHUO/IbL, JITUTEIBHOCTH U (hopMa KoeOaHui rpyHTa.

Eme onuH, BayKHBIM Ha HAlll B3IV, PE3YNIbTAT UCCIIEI0BAaHUM, ONMMCAHHbBIX B [Uep-
HOB, 1989], cocTouT B 0OHApYKEHUH OIPECIICHHBIX CBSI3€H MEXIy MepuoJaMH 1 JJIu-
TEJIBHOCTSMU YCKOPEHUH, CKOPOCTEH U cMelleHui KojeOaHUi IpyHTa Kak MEXy COOOH,
TaK U C IapaMeTpaMy FeHEPUPYIOLUX UX 04aroB 3eMJIETPSICEHUM.

Hecmotpst Ha To uTO 00a BbIIIEyKa3aHHBIX pe3yibrara u3 [UepHos, 1989] moryt
IIPEJCTABIIATH ONPENECIICHHBIM MHTEPEC KaK B [IO3HABATEIIBHOM, TaK U B NPAKTUYECKOM
IUIaHE, K HUM BCE XK€ CIENYyEeT OTHOCUTBHCS C OCTOPOKHOCTBIO M3-3a OIPAaHUYEHHON Ha
TOT MOMEHT 0a3bl 110 HHCTpYMeHTaNbHBIM 3anucsam C/II. [ToaTomy, npuBeieHHbIE B 3TOI
pabote JaHHbIE clienyeT KBaIU(UIMPOBATh KaK Cyry0o MpeiBapuTelbHbIe, KOTOPBIE 110
Mepe HapacTaHHsl CTATUCTUKH HAOJII0IeHUI MOTYT OBITh 3HAYUTEIBHO CKOPPEKTHUPOBAHBI
u yrouHeHbl. K HacTos1ieMy BpeMEHH, BCIIEICTBUE Pa3BUTHS B Pa3HbIX CTPAaHAX UHCTPY-
MEHTAJIbHBIX CETEH JUIsl pETUCTPALMK JBUKEHUI TPYHTA IIPU CHIIBHBIX 3€MJIETPSACEHUSX,
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o0mmuit 06bem 3anuceit C[II" MHOTOKpaTHO BO3POC U MOSBUIIACH BOBMOXXHOCTh BEPHYThCS
K JIaHHOW TeMe U NMPOBECTU Ha OCHOBE ATOM pacHIMPEeHHOH 06a3bl HOBOE HCCIEeI0BAHUE,
¢ 6osiee BHICOKUM YPOBHEM HAJCKHOCTU M PEANMCTUYHOCTHU MOJyYaeMbIX PE3yJbTaToB.
BapuaHT perieHust JaHHOMU 3a/1a4 U COCTABIISIET OCHOBHOE COJIEp KaHUE JAHHOM pabOThI.

MHPOoPpMALMOHHAS 6A30 N METOANKA UCCASAOBOHUS

B pabote ncnonb3yroTcst mpuBeneHHbIE B 0a3ax gaHHBIX Strong-Motion Virtual Data
Center (VDC) (https://strongmotioncenter.org/vdc/scripts/earthquakes.plx) u European
Strong-Motion Database (ESD) (https://www.isesd.hi.is/ESD Local/frameset.htm), a
takke B myonukanusax (The Northridge, California Earthquake of January 17. Central
Reconnaissance Report. National Center For Earthquake Engineering Research. Edited
by J.D. Goltz. Technical Report NCEER-94-0005, March 11, 1994) [San Fernando ...,
1973; Preliminary ..., 1979] uncTpyMEeHTaNbHBIE 3aIIUCH YCKOPEHHUH M TIepeCUUTAHHBIE
110 HAM WHTETPUPOBAHUEM M JBOIHBIM MHTETPUPOBAHHEM 3aIMCH CKOPOCTEH M CMele-
HUI KoJeOaHUN IpyHTa MPHU MPOU3OLIEIIIMX B Pa3HBIX palloHaX MUpPA 3€MIIETPSACEHUAX
Pa3IMYHbIX MAarHUTYA U yAajleHHocTed. OCHOBHON 00beM MEPBUYHBIX 3aMUCEN — ITO 3a-
UCH KaTU(POPHUICKUX 3EMIIETPSICEHUI U HEKOTOPBIX Apyrux paioHoB 3amana CIIA,
cpeau kotopeix 3emierpsicenns: San Fernando (09.02.1971), Coyote Lake (06.08.1979),
Imperial Valley (15.10.1979), Coalinga (06.08.1983), Morgan Hill (24.04.1984), North
Palm Springs (07.08.1986), Whittier Narrows (01.10.1987), Loma Prieta (17.10.1989),
Cape Mendocino (25.04.1992), Landers (28.06.1992), Northridge (17.01.1994), Hector
Main (16.10.1999), Chino Hills (29.07.2008), La Habra (28.03.2014) u np. HMcnonb3o-
BaHbI TaKXKe 3anucu 3emierpsacenuit Uranum, ['peruu, FOrocnasuu (B HacTosiiee Bpemst
YepHoropun), Uuauu, HexkoTopsix 3emierpsiceHuit HoBoii 3enanauu. BeieykasaHHble
sancu C/I" xapakTepu3yloT B OCHOBHOM 3eMJIETPSICEHUSI OOJBIION U CPEHEN MHTEH-
CHBHOCTH ¢ Maruuryaamu M =5-7.

Hcnonp3oBanbl Takxke noiaydennsie B Uucturyre ¢usuku 3emmm AH CCCP (B Ha-
crosiee Bpemst Mucturyt ¢pusuku 3emin PAH), B Uncturyte ceiicmonorun AH Y3CCP
(B Hacrosiee Bpemst Mucrutyt ceificmonorun AH VY3bekucrana), u B UHcTUTYTE MOp-
ckoit reonorun u reopusuku JIBO AH CCCP (B Hacrosiiee BpeMsi IHCTUTYT MOPCKOi
reosioruu ¥ reopusuxu JIBO PAH) HenocpeAaCTBEHHO 3aucy CMEILEHUH, a TaKkKe CKO-
pocTeil n yckopeHui kosieOaHui rpyHTa npu 3emieTrpscenusx Ha Kaskaze, B Cpenneit
A3zuu u Ha JlaneHeM BocToke. OTH 3anucu npeuMyecTBEHHO OTHOCATCS K 3eMJIeTpsce-
HUSIM CpeIHEH U HU3KOW MHTEHCUBHOCTHU ¢ Marautygamu M ~3-5. [TonpoOHyro uHpOp-
MaIio 00 3TUX JAaHHBIX MOKHO HaiTh B [PycranoBuu, 1974; Jlarectanckoe ..., 1981;
Hazap0Oekckoe ..., 1984; I'aznuiickue ..., 1986; Anpuios u np., 1988; Uepnos, 1989; ['eo-
JTWHAMUKA ..., 1997].

B ananusupyeMyto B HacTOSILIEM MCCIEI0BAaHUM BbIOOPKY BKJIFOYAIMCh TOJIBKO 3a-
NUCH MENKO(OKYCHBIX 3eMIIETPsICEHHM ¢ TiyonHamu ouaroB meHee 40 km. [Ipu aTom He
YUUTBIBAIMCH PETHOHAIBHBIE OCOOCHHOCTH OYaroBhIX 30H 3€MJICTPSCEHUI U IyTel pac-
POCTPAaHEHHS CEHCMHUYECKUX BO3MYIIICHUI, MEXaHU3MBI MTOJIBUKEK B OUarax M JIOKajb-
HBIE TPYHTOBBIE YCIIOBHS B MyHKTaX perucrpanuu. GUKCUPOBAIHUCH TOJBKO MAarHUTYIBI
3eMJIETPSICEHUI U PACCTOSIHUSL, HA KOTOPBIX MPOU3BOINIACH 3AIUCh.

Ha xaxmol ananusupyemoii 3anmucu (akcejaeporpamme, BEJIOCHUTPAMME U CecMo-
rpamMMme) BH3yaJIbHO M3MEpPSUTUCh TEPUOA KOJeOaHUs ¢ MaKCHMAaJIbHOM aMILTHTYIOH
(T,, T, u T4 COOTBETCTBEHHO) U OTHOCHUTEJIbHAS JJIMTEILHOCTb KosieOanuii (t,, t, u ty co-
oTBeTCTBEeHHO). [lox mepronom konebaHuii, B TaHHOM Cllydae, TOHUMAETCS JINOO BpeMs
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Ha 3alUCU MEXAY JByMs COCEIHHUMM OJHOHANpPaBICHHBIMHU MEPECCUCHUSIMHU YCIOBHOM
HYJIEBOM JIMHUH, KOT1a MAaKCUMAJIbHBIN 10 aMIUTUTY/Ie CEHCMUYECKUI CUTHAT UMEET OT-
HOCHTEJIBHO BBIPAKECHHYIO «KoJIeOaTesbHy0» (popMy, THOO0 yABOEHHOE BpEeMsI MEXKIY CO-
CEIHUMH pa3HOHANPABIECHHBIMU MEPECEUCHUSMU HYJIEBOM JIMHUU, KOTJIA TAKOW CUTHAI
UMeeT «UMIYNbCHYI0» dopmy (cM. [Uepnos, 1989]). ITog oTHOCUTENBHON IMTENBHO-
CTBIO 3/1€Ch IOHUMAETCs BpeMsl Ha 3aIllUCH, KOTJIa aMIIUTY/bI B 00ILEM Iyre KojeOaHHi
COCTaBJISIIOT HE MeHee 1/3 0T MakcUMasbHOI.

B mponecce panpHeimero ananuza ortoOpanHble 3anucu C/AIT crpynmnupoBaHbI
no MarHutyaam 3emierpscenuit (M) — M=3(2,5-3,4), M=4(3,5-4.,4), M=5(4,5-5,4),
M=6(5,5-6,4) u M=7(6,5-7,4). BuyTpu 3THX rpyni (GOpMUPOBAINUCH BEIOOPKH OT/IEIBHO
JUIsL KQXKJI0TO U3 paccMmarpuBaembix napametpoB T, Ty, Ty u t,, t,, ty. [To 3TM BIOOpKamM
METOJIOM M07100pa CTPOUIIUCH UTOTOBbIE 3aBUCUMOCTH (ANIPOKCUMHUPYIOIIUE BbhIpake-
uus) T,(M,D), T,(M,D), T4(M,D) u t,(M,D), t,(M,D), t4(M,D), rne D — pacctosiuue 110
ovara. B OonbimHCcTBEe nepBoucTouHUKOB Mo CHIT mocnenHuX JIeT U OTHOCSILUXCS K
JIOCTATOYHO KPYITHBIM COOBITHSIM, PACCTOSIHUS, HA KOTOPBIX MTPOU3BOMINCH 3aIMCH, J1a-
IOTCSl B TEPMUHAX «PACCTOSIHUE JI0 pa3pbiBa». B Halem uccienoBaHUM NPUHATO, 4TO D
PaBHO «paccTOSHUIO 70 pa3pbiBa». s 3anuceit CLI" Oonee panHero nepuoaa, a Takxe
JUIsL 3eMJICTPSACEHUH HEeOOJBIINX MAarHUTY/ YJAJIEHHOCTh B IMEPBOUCTOUYHUKAX OOBIYHO
JlaeTcs B BUJE TUIOLEHTPAIBHOTO (T), @ MHOTAA SMULEHTPANbHOrO (A) paccTosHUS, KO-
TOPBIE MOT'YT CYIIECTBEHHO oTiIn4arhest oT D. Jlns Takux 3amuceil JaHHbIE IEPBOUCTOU-
HHKOB 10 I U A ITyTeM BBE/IEHUS] COOTBETCTBYIOIUX MONPABOK MEPECUUTAHBI B 3HAUCHUS
D. C nponenypamMu Takux MEpeCUeTOB MOXKHO MOAPOOHO O3HAKOMHTHCS, HAlpUMeEp, B
[UepHos, 2024]. 3nech Aulllb OTMETUM, YTO TECTUPOBAHUE TAKUX MEPECUETOB MOKA3aJI0
UX Y/IOBJIETBOPUTEIBHYIO IPUTOJHOCTD JJIsl TAKOTO POJIa MOCTPOCHUA.

B tabnune 1 npuBeneHbl HEKOTOpPbIE JaHHBIE, JAOLIME MpeicTaBiIeHue 00 olrieM
o0beMe 1 CTPYKTYpPE UCIOJIb3yEMOT0 CTaTUCTUYECKOTO MaTepHraia.

Tabnuya 1/ Table 1

O0001eHHbIe XaPAKTEPUCTHKHU UCXOTHBIX JAHHBIX M0 HHCTPYMEHTAJIbHOM PerucTpanuu
3emMJIeTPsICeHUIl, HCI0JIb30BAHHBIX /151 olleHOK nmepuonos (T,, T,, Ty) u naureasHocTel
(t,, t,, ty) Ko1ebanuii rpynra / Generalized characteristics of the initial data on
instrumental earthquake registration used to estimate the periods (T,, T,, Ty)
and durations (t,, t,, t;) of ground motions

MapameTpsl Tun 3anucu /Record type
Ko.ne?:gmn d M AkcesieporpamMmesl / Besocurpammesi / CeiicMorpammsl /
rpynra /fxroun Accelerograms Velosigrams Seismograms
vibration
parameters D, km N D, km N D, km N
7(6,5-7,4) 1-224 687 1-224 687 1-224 687
6(5,5-6,4) 0,5-170 558 0,5-170 559 0,5-170 558
T, Ty, T4 5(4,5-5,4) 0,5-100 279 0,5-205 304 1-104 289
4(3,5-4,4) 3-43 128 1-200 170 0,5-77 411
3(2,5-3,4) 1-32 91 3-128 171 1-88 402
7(6,5-7,4) 1-224 687 1-224 687 1-224 687
6(5,5-6,4) 0,5-170 555 0,5-225 564 0,5-170 558
ty ty, tg 5(4,5-5,4) 0,5-104 279 1-196 293 1-104 289
4(3,5-4,4) 343 128 1,5-204 167 0,5-77 411
3(2,5-3,4) 1-30 88 2-168 165 1-88 402

[Tpumeuanue: M — maruutyabl 3emierpscenuii; D — paccrostHust 10 odara; N — KOJMYECTBO 3aIlice,
HCIIONB30BaHHBIX st m3Mepennid. / Note M is the magnitude of the earthquakes; D is the distance to the
source; N is the number of records used for measurements.
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[Ipu mpou3BOICTBE OLEHOK MPUHATO, UTO BCE paccMaTpuUBaEMble MapaMeTphl KoJie-
6anuit rpynra (T,, T,, T4 u t,, t,, t;) SBISIFOTCS CIy4YalHBIMU BEIMYMHAMH, UMCIOITUMU
npu 3a7aHHbIX M 1 D jorHopMainbHbie pacipeeneHuss BO BCEM paccCMaTpUBaeMOM JIda-
Ma30HE UX U3MEHEHHUS.

Pe3yAbTATbl 1 OOCYXXAEHUS

Ha pucynke 1 B rpaduueckoM Buje MpUBEICHBI TPUMEPHI aHATM3UPYEMBIX BRIOOPOK
3HaYEHUN paccMaTPUBAEMBIX MMapaMETPOB KoJIeOAaHUM IPyHTA MPHU 3eMJIETPSCEHUSIX pa3-
JUYHBIX MarHUTY M YIAJICHHOCTEH M anmpOKCUMHPYIONUX UX 3aBucuMocteit T,(M,D),
T,M,D), T4(M,D) u t,(M,D), t,(M,D), t4(M,D).

Ha Bcex rpadukax prcyHka 1 1mo aHamoruu ¢ pacCMOTPEHHBIMU HAaMU paHee 3aBUCH-
MOCTSIMU OT PAcCTOSIHUSA CHEKTPOB KojebaHuit rpyHTa (cM. [UepHoB, 2024]) MOXKHO BbI-
JeNUTH ONMMKHUE, TPOMEXYTOUHbIE (IePEXOAHbIE) U ajbHUe 30Hbl. Pazmepsl 3Tux 30H
OMHCBIBAIOTCS BHIPAKECHUSIMU:

1gD, = 0,200 M - 0,700, (1)

1gD, = 0,250 M - 0,450, (2)

rae Dy — pasmepsbl OIMKHUX 30H, T.€. PACCTOSHUSA (B KM), Ha KOTOPBIX NPOXOJAT Ipa-
HUIIBI MEXy ONM)KHUMHU U IPOMEXYTOUHBIMM (TIEpeXOAHbIMU) 30Hamu; D, — pazmepsl

MIPOMEKYTOUYHBIX (IIEPEXOHBIX) 30H, T.€. PACCTOSIHUS (B KM), Ha KOTOPBIX MPOXOJIAT Ipa-
HUIIBI MEX/y TPOMEKYTOUHBIMH (IIEPEXOIHBIMH) U AAIbHUMU 30HAMH.

0,4 lgT,(IgD). 22 Igt,(IgD).
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2,5 Igt4(lgD).
]
1,7
0,9
0,1
-0,7
2,6 -0,2 0,5 1,2 1,9

Puc. 1. [Ipumepol ananuzupyemvix Maccusos 102apupmos UHOUBUOYAIbHBIX 3HAUEHUL PACCMAMPUBAEMBIX
napamempos Koieoanull 2pyHma (Mouku) u annpoKCUMUPYIOWUX Ux 3a6ucumocmell (NyHKmupHoie
JuHuw). Yeprolil u KpacHlil yeema — oyeHKU Ois 3eMaempscenuii ¢ maeHumyoamu M=7 u M=4
coomeemcmeenno. Ocu opounam — snavenus IgT, IgT, 1gT,u lgt, Igt, lgt, eoe T, T, T,ut, t, t;6c.
Ocu abcyucc — snauenus IgD, 20e D 6 km /

Fig. 1. Examples of the analyzed arrays of logarithms of individual values of the considered parameters
of ground motions (dots) and approximating their dependencies (dotted lines). The black and red colors
are estimates for earthquakes with magnitudes M=7 and M=4, respectively. The ordinate axes are the
values IgT,, IgT, IgT, and lgt, Igt, lgt, where T, T, T;andt, t, t;in sec. The abscissa axes
are the IgD values, where D is in km

Ou3nuecKuit CMBICI OMMXKHUX 30H JJIS IEPUOAOB U ATUTEIBHOCTEH Takol Xke, Kak U
JUIs aHAJIOTMYHBIX 3aBUCUMOCTEH CIIEKTPOB KOJIEOAHUI — 3TO 30HBI, B KOTOPHIX JJTaHHbIE
napaMeTphl JJOCTUTAIOT CBOUX IMPEENIbHBIX 3HAYEHUN M c¢1a00 3aBHCAT OT PACCTOSHHS
710 oyara. B mpoMeKyTOUHBIX ke U JaJIbHUX 30HaX JUIsl 3aBUCUMOCTEN NIEPUOAOB U JUIN-
TEJILHOCTEH, TaK ke, KaK M B ClIydae 3aBUCUMOCTEH CIEKTPOB HAOIIONAETCsl N3MEHEHUE
UX YPOBHEW — COOTBETCTBEHHO CHayasia 6osiee MeJJIeHHoe, a 3aTeM Oonee ObicTpoe. OT-
JIMYKE OT BBILLIEYTIOMSIHYTBHIX 3aBUCUMOCTEHN CIIEKTPOB COCTOUT B TOM, 4TO ISl CIIEKTPOB
B OJMKHUMX 30HAX MpeJesibHbIE YPOBHU — 3TO MAKCUMAaJIbHbIE 3HAYCHHUS, a JUIs IEPUOJIOB
U JUINTENIbHOCTEH, HA00OPOT, MUHUMAJIbHBIE. B IPOMEXYTOUHBIX U JaJbHUX 30HaX Xa-
paKTep U3MEHEHHUs CIIEKTPOB M NEPUOJIOB, U ATUTEIBHOCTEH KoneOaHui TaKkKe MPOTHBO-
NOJIOXKHBINA. Tak eciin ypoBEHb CIEKTPOB IO MEPE YIAJIEHMsI OT O4aroB CHUXKAETCS, TO
YPOBEHb NEPUOJIOB U JUTMUTEIBHOCTEH, HA000POT, MOBBIIIACTCS.

B aHanuTHueckoM BHJI€ IPUBEJEHHBIE HA PUCYHKE | annpoKCUMMPYIOINE 3aBUCH-
MOCTH MOKHO OIUCAaTh BBIPAKEHUSMU:

[ns yckopenuit

0,158M — 1,525 npu D < Do

1gT,= {0,158M + 0,095 Ig(D/Do) — 1,525 npu Do < D < Dy 3)
0,158M + 0,095 lg(D/Do) + 0,137 1g(D/D1) — 1,525 mnpuD > Dy
0,369M — 1,682 npu D < Do

lgt,= { 0,369M + 0,090 Ig(D/Do) — 1,682 mpuDo<D<D:i (4

0,369M + 0,090 1g(D/Do) + 0,4021g(D/D1) — 1,682 npuD > D;

Jns ckopocren
0,324M — 1,864 npu D <Dy

1gT,= { 0,324M + 0,083 1g(D/Do) — 1,864 npu Do < D < Dy (5)
0,324M + 0,083 1g(D/Do) + 0,137 1g(D/D1) — 1,864 npuD =D,
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0,451M — 1,935 npu D <Dy
lgt,={ 0,451M + 0,100 Ig(D/Do) — 1,935 npuDo < D < D1 (6)
0,451M + 0,1001g(D/Do) + 0,537 1g(D/D1) — 1,935  npuD > D,

JI1s cMeleHui

0,315M — 1,508 npu D <Dog

lgT,= {0,315M + 0,083 1g(D/Do) — 1,508 npu Do < D < D¢ 7
0,315M + 0,083 1g(D/Do) + 0,1371g(D/D1) — 1,508 mpu D = D1
0,460M — 1,979 npu D <Dg

lgt,= 4 0,460M + 0,110 1g(D/Do) — 1,979 npuDo <D < Di (8)

0,460M + 0,1101g(D/Do) + 0,5371g(D/D1) — 1,979  npuD > Dy

B Boipaxkenusix (1)~8) T,, T,, Tgu t, t,, tyB c, D, Dy, D; B xm.
Boipaxkenus (1)—(8) cnpasemnussl 1y M=3—7 u D<250 km.

OTtaenbHBIN HHTEPEC B JAHHOM HCCIIEA0BAHUM IIPEICTABIAIOT OLIEHKU MEPUOIOB U
JUIMTEJIBHOCTEN KoJieOaHUM rpyHTa B OJIMJKHUX 30HAX 3€MJIETPSICEHUN pa3HbIX MarHu-
TyA. IMEHHO B 3TUX 30HaX JaHHBIE XapaKTEPUCTUKU I10IBEPKEHBI HAMMEHBIIEMY BIIH-
STHUIO CpeJbl PacClpOCTPAHEHUS CEMCMUYECKUX BOJIH U IIOATOMY B PsiJI€ CIIy4aeB JIyd-
1Ie, YeM YAAJICHHBIC OLEHKH, MOAXOMAT ISl U3YUYEHHUsI 04aroB 3emierpsceHuid. Eciu
paccMmarpuBaTh 3alKCH, 3aPETUCTPUPOBAHHBIE HETIOCPEICTBEHHO B OJIMKHUX 30HAX, TO
OCHOBHBIM OI'PaHUYEHUEM 3/1€CH SIBIISETCSI UX OTHOCUTEIBHO HEOOJbIIas CTaTUCTHKA.
DTO ecTeCTBEHHBIM 00pa30M OTPHULATENIBHO CKAa3bIBAETCSl HA KAYECTBE OCHOBAHHBIX HA
9TUX JAHHBIX OLICHOK U BBITEKAIOLIUX U3 HUX ITOCTPOCHUHN U MHTepnperanui. I1osro-
My, B HACTOSAIIEH paboTe C LEeIbI0 XOTs OBl YACTUYHOTO BOCIIOTHEHUS 1e(pUIIUTa TAaKUX
JIAHHBIX, 3HAYECHUS [IEPUOJOB U JUINTEIbHOCTEH, U3MEPEHHBIE HA Pa3HBIX PACCTOSHUSIX
D npu nomomu Beipaxenuii (1)—(8) nepecuntanbl B ONMKHUE 30HBI paccMaTpuBae-
MBIX B HacTosell padore 3emierpsiceHuil. [1o momydeHHBIM TaKuM 00pa3oM HOBBIM,
00Jiee MHOTOUMCIICHHBIM MacCHBaM JIaHHBIX MPOU3BEIEHbI OLEHKH MEePUOIO0B U JIJTH-
TeNbHOCTEH KojeOaHui B OMMKHUX 30HAX 3€MIICTPSCEHUN pasHBIX MarHUTyH. B rpa-
(udyeckoM BHUI€ TUITMYHBIE TPUMEPHI BbIIIEYKa3aHHBIX SMIUPHUECKUX pacIipeeIeHHH
(rucrorpaMm) U anIpOKCUMUPYIOIIUX UX TEOPETUUECKUX PACTIPEIEICHUI IIIOTHOCTEN
BEPOSITHOCTH NPUBEJIEHBI Ha PUCYHKE 2. 3 3TUX MpUMEpOB BUAHO, YTO MOJYyUYEHHbIE
SMIIMPUYECKHUE OLEHKU HE IPOTUBOpEYAT CACIAaHHOMY paHee IPEIIOIOKEHHUIO O JIO-
rapuMUYECKH HOPMAJIILHOM paclpeielieHuN 3HAYeHUH MEepUoIoB U JITUTEIbHOCTEH
KoJIeOaHUH BCEX MCCIEAYEMbIX KHHEMAaTHYECKHX XapaKTEPUCTUK IIPH BCEX paccMa-
TpuBaeMbIXx M u D. B unciieHHOM BHJI€ OLIEHKU ITapaMeTPOB ITUX PACIPEICICHUN IIPHU-
BeJIEHBI B TA0IHIIE 2.

ITo npuBeneHHBIM B TAOIMIIE 2 OLIEHKAM JJIsi OMM)KHUX 30H 3eMJIETPSICEHUM paccyu-
TaHbl AMMIPOKCUMUPYIOLINE 3aBUCUMOCTH HanboJiee BEPOSTHBIX 3HAYCHUH Jorapru(MoB
IIEPUOJ0OB MUKOBBIX AMIUIATYJ U OTHOCHUTEIBHBIX JUIUTEIBHOCTEN YCKOPEHHUH, CKOPO-
CTel U CMeIleHnH Koebanuit rpyHTa oT MarHutyz 3emierpscenuit — IgT, (M), 1gT (M),
1gTy(M) u 1gt, (M), 1gt, (M), lgty(M). B aHanuTHueckoM BHJIE ITH 3aBUCUMOCTH MOKHO
NIPEACTaBUTh KAK:

Jns yckopeHui
1gT,=0,158M — 1524 9)
lgt, = 0.370M — 1,683 (10)
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s ckopocteit

1gT, =0,324M — 1864 (11)

lgt, = 0,451M — 1,935 (12)
s cmereHui

1gT4=0,315M — 1,508 (13)

gty = 0,460M — 1,979 (14)

B Beipaxenusix (9)—(14) T,, T,, Tqu t,, t,, ty B C.

Bripaxxenus (9)—(14) cnpaBeanussl ans M=3-7.

CrangapTHble OTKJIOHEHHUS JIOTapU(pMOB KaXJ0ro M3 MapaMeTpOB BHYTPU PaccMo-
TPEHHOTO JMana3oHa MarHUTyl 3eMJIETPSCEHUN KOJEOIIOTCS C OTHOCUTENbHO HEeOOIb-
MM pa3dpocoM U B CpelHeM i ONMMKHHUX 30H 3eMJIETpsCeHUi B Auanasone M=3-7
coctaBnaoT: 0,166 ans 1gT, u 0,249 nns 1gt,; 0,173 mns 1gT, u 0,287 mons 1gt,; 0,159 mns
1gTy 1 0,267 nns Igt,.
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Puc. 2. [Ipumepni 2ucmozpamm 102apumos nepuodos u OiumenbHocmetl KoiebaHuil 2pynma
PACCUUMAHHBIX OJI51 ONUNACHUX 30H 3eMIEeMPACEHUL PAZHBIX MACHUMYO (CIOWHbLE TUHUL)
U ANNPOKCUMUPYIOWUX UX KPUBLIX NIOMHOCTEN GePOSIMHOCIU (HYHKMUPHbLE TUHUL)
6 NPEONONOINCEHUU TOSHOPMATLHO20 pacnpedenenust smux eeaudun. Ocu abcyuce — 3HaveHus.
lgT, IgT, IgT,ulgt, lgt, Igt, 6 c. Ocu opounam — omuocumenvhvie YACMOmyl CIyyaes (UsmepeHulr)
U paciemmuvle 3HAUEHUsL NIOMHOCIEN 8ePOSIMHOCIU /

Fig. 2. Examples of histograms of logarithms of periods and durations of ground motions calculated for
the near zones of earthquakes of different magnitudes (solid lines) and approximating probability density
curves (dotted lines) assuming a log. normal distribution of these quantities. The abscissa axes are the
values of IgT,, IgT, IgT, and Igt,, Igt, Igt, in sec. The ordinate axes are the relative frequencies of cases
(measurements) and calculated values of probability densities
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Tabnuya 2 / Table 2

O0beMbI BHIOOPOK U OLIEHKH CpeTHUX (Hanbojiee BEPOSITHBLIX) 3HAYEHUI H CTAHAAPTOB
gorapugmon nepuonos (T,, T,, Ty) u naurenbHocrei (t,, t,, t;) Koedanuii rpynra B
NMpeAnoJIoKeHUH UX HOPMAJIbHOTO pacipeeeHusl BeposiTHOCTel B OJIMKHUX 30HAX

3emuteTpsicenuii pasubix Marauryn (M). T,, T,, Tau t,, t,, t; B/

Sample sizes and estimates of the average (most probable) values and standards of
logarithms of periods (T,, T,, Ty) and durations (t,, t,, t;) of ground motions, assuming
their normal probability distribution in the near zones of earthquakes of different
magnitudes (M). T,, T,, T4 and t,, t,, t, in sec

Kunemaru- IIapameTtps! Ko/1e0aHMii rPyHTA
yeckast Ground vibration parameters
XapaKkTepHc- IgT,, IgT,, 1gT, Igt,, lgt,, lgt,,
coneganniy | M| Oomew | [HEE Oomen |
Kinematic BbIOOPKH/ The Crangapt/ | BbIOOpKH/ The Cranpapt/
characte-rristics Sal.nple average Standard Sar'nple average Standard
of vibrations size value size value
7(6,5-7,4) 687 -0,423 0,163 687 0,900 0,242
Vexoperus/ 6(5,5-6,4) 558 -0,578 0,168 558 0,513 0,254
Accelerations | 2(4,5-5,4) 279 -0,745 0,197 279 0,206 0,267
4(3,5-4,4) 128 -0,857 0,165 128 -0,220 0,273
3(2,5-3,4) 91 -1,072 0,138 88 -0,580 0,208
7(6,5-7,4) 687 0,402 0,163 687 1,207 0,265
6(5,5-6,4) 558 0,087 0,177 564 0,778 0,253
C‘é%%‘;fl?/ 5(4,5-5.4) 304 0,258 0,162 293 0,326 0,269
4(3,5-4,4) 170 -0,579 0,205 167 -0,105 0,304
3(2,5-3,4) 171 -0,883 0,159 165 -0,606 0,344
7(6,5-7,4) 687 0,690 0,159 687 1,251 0,259
6(5,5-6,4) 558 0,385 0,176 558 0,780 0,245
Chuemerital 75(4,5:5.4) | 289 0,068 0,154 289 0,309 0,257
4(3,5-4,4) 411 -0,256 0,160 411 -0,147 0,284
3(2,5-3,4) 402 -0,562 0,146 402 -0,586 0,268

Jlanubie Tabauiel 2 u BbipakeHus (9)—(14) mokaspIBalOT, YTO pacCUYMTAHHBIC IS
OMKHUX 30H 3eMieTpsicenuit Bennunnsl T, u Ty Bo3pacTarot npu yBenuueHuu M c npu-
MEpHO OJIMHAKOBOM CKOpOCThIO. [Ipu 3TOM meproapl MakCUMaIbHBIX CKOpOCTel Kojeba-
HUH TPYHTa OCTAIOTCS ~ B 2 pa3a MEHBUINMH, YeM NEePUO/Ibl MAKCUMAaJIbHBIX CMEIIEHUH.
Benuuunsl t, U t; B 9TUX 30HaX UMEIOT OJM3KHUE 3HAUEHUS B pacCMaTpUBaEMOM JHara-
30HE MarHUTyj 3eMJeTpsaceHuidl. OTHOCUTENbHbIE ATUTEIIbHOCTH HHTEHCUBHBIX yCKOpe-
HUN OMU3KH K aHAJIOTMYHBIM XapaKTePUCTHKAM CKOPOCTEH U CMEIeHUH TOIBKO MPH He-
OOMBIINX MarHUTyaax 3emieTrpsicenuid. [lpu yBenuuennn M oHU TOKE BO3pacTaroOT, HO
CO 3HAYUTENFHO MEHBIIIEH CKOPOCTHIO, YEM aHAJIOTUYHBIE XapaKTEPUCTUKH CKOPOCTEH 1
cmerieHuid. M3amenenue (Bozpactanue) BeanuuH T, mpu pocte M Takke CyIIeCTBEHHO
oonee memiennoe, yeM T, u Ty CootHomenust mexay T, ¢ omHo# ctoponsl, u T, u Ty ¢
JPYTOMi, HE MOCTOSHHBI U U3MEHSIOTCS (YMeHbIIatoTes) npu yBenndennu M. Tak, ecnu
npu M=3 niepuoasl T, mpuMepHo B 2 pa3a Menble T, u B 4 paza menbiue Ty, To npu 3em-
JeTpsCEeHUsAX ¢ M=5, 3TH COOTHOIICHUS COCTABIISIIOT yKe mopsiaka 1/3 u 1/6, a mpu M<7,
ele MeHbIle — 0KoJIo 1/6 u 1/12 COOTBETCTBEHHO.

[IpuBeneHHbIe CONOCTABIEHUSI MOTYT HHTEPIIPETUPOBATHCS B PyCJI€ MIPEICTABICHHI O
CJIIO)KHOTIOCTPOEHHOM O4Yare 3eMJIEeTpsICEHHsI, B (pOPMUPOBAHUE KOTOPHIX OONBIION BKIIA
BHECJIM BBIJAIONINECS OTEYECTBEHHBIE YueHbIe (cM., Hanpumep, [KocTpos, 1975; Canos-
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ckuil u nip., 1983; lebanun, 1986; Lteiin6epr u ap., 1993]). CornacHo 3TuM npecTas-
JICHUSIM, OYard KPyIHBIX 3eMJIETpsICEHUH (IpuueM, 4YeM KpymHee, TeM 0oJiee CI0KHbIE)
SBIISIFOTCS. COBOKYITHOCTSIMU OTJI€JIbHBIX pPa3HOHAINPABICHHBIX Pa3pbIBOB, KOTOpPHIE, B
CBOIO 04epe/ib, MOTYT UMETh pa3Hble CKOPOCTH pPacpOCTpaHeHus, pa3Hble GOpMBI U pa3-
MEpbI, pa3Hble HANPABIEHUS U BEIMUMHBI MOJBUXKEK. BpeMeHa paboThl ATHUX pa3phIBOB
XOTsI B LIEJIOM ¥ KOHTPOJIMPYIOTCSI BPEMEHEM JIEHCTBUS BCETO 0Yara, HO BHYTPH 9TOrO MH-
TepBaJla MOTYT PAcIoJIararbCsl CO 3HAUNUTENBHOM J10JIel citydailHOCTH. OMH U3 OCHOB-
HBIX BBIBOJIOB, BBITEKAIOLINM U3 CKa3aHHOT'O, COCTOUT B TOM, YTO OTHOCUTEIJIBHO ITPOCTHIE
U XOpOIIO pa3paboTaHHBIE B MAaTEMaTHMYECKOM IUIaHE (Hampumep, IUCIOKAIMOHHbIE)
monenu (cM., 0030p [HukonaeBckuit, 1982]) noctarouno 3pGpeKTUBHO MOTYT HUCIIONIB30-
BaThCs Ul OLEHOK mapamerpoB C/IIT mperMyIeCTBEHHO pU HEOONIBLINX 3eMIIeTpsice-
HUSX WM IPUMEHUTENFHO K OT/AEIbHBIM (hparMeHTaM 04aroB 0ojiee KpymHBIX COOBITHI.
N3noxeHHOE BbILIE, B COUYETAHUH C ITOJIyYEHHBIMH B HACTOSIIEM MCCIIE0BAHUY OLIEH-
KaMU MIEPUOIOB U JITUTEIBHOCTEN KoneOaHui TpyHTa B OJIMKHUX 30HAX 3€MIICTPSICEHUI
C pa3HbIMU M ITO3BOJIIET B KQUECTBE TMIIOTE3bI IPEATIONIOKUTD, UTO MAKCUMAJIbHbBIE CKO-
pPOCTH U CMEIICHUS B OJMIKHEH 30HEe CPEeAHECTaTUCTUUECKH CBSI3aHbl C OIHUMHU U TEMHU
K€ JIBM>KEHUSIMU TPYHTA U, COOTBETCTBEHHO, C OTHUMHU U TEMHU K€ IBMXKCHUSIMU B CAMOM
oyare, T.e. C pabOTON OIHUX M TeX K€ UCTOYHUKOB. Daza MaKCHMaJIbHBIX YCKOPEHUI B
00J1acTH MallbIX MarHUTYy/l, MO-BUANMOMY, B CPEIHEM OIPEACTSAETCS TEMH K€ IBHKEHUS-
MU, 4TO U, MAKCUMaJIbHbIE CKOPOCTHU U cMelleHus. [Ipu pocte MaruuTy 3emieTpsiceHui,
T.€. IIPY BO3pACTaHUM OOLIUX Pa3MEPOB U YCIOKHEHUHN CTPOEHUS 04aroB, YCKOPEHHUS BO
BCe OOJIbIICH CTENEHN CTAHOBSTCS CBSI3aHHBIMU C 00J1€€ KOPOTKOTIEPHOIHBIMU JIBH)KEHU-
SIMH, OCJIO’KHSIIOIIIMMU OCHOBHYIO (pa3y ckopocteil u cMerienuil. Jlanee, ucxons u3 npea-
IIOJIOXKEHMSI YTO, B CPEAHEM, 3a MOJIEpPUOJa CMELICHUH NMPOUCXOAUT IOIHBINA MEPUOL
Kosie0aHMi CKOPOCTH U JIBa NEepHoJia KojeOaHU YCKOPEHUH Ha PUCYHKE 3 COMIOCTABIIECHBI
paccuuTaHHble o BeipakeHusM (9)—(14) senuunnsl t,, ty, Ty/2 u T, a Taxoke 2T,. U3 3T0-
T'O PUCYHKa BUIHO, YTO MIPHU HEOOJBIINUX MarHUTYyaxX 3emierpscenuit (M<3,5) sHaueHus
Ty42, T, u 2T,, a Takxke t, U ty B mpeaenax TOUHOCTH MOCTPOCHUH (B CpelHEeCTaTUCTHYE-
CKOM CMBICIIE, pa3yMeeTcs) MpakTHuecKu ofuHakoBbl. [1o mepe pocta M 3Hauenus Ty/2,
T, u ocobenno 2T, Bce OombIle OTCTAIOT OT t, U ty 1 HaUKMHas ¢ M>4,5 cTaHoBsITCS OoMee
4yeM B 2 pa3za MeHblIe nocieaHux. [Ipu emie 601X MarHUTYJaX HAUMHAET CKAa3bIBATh-
csl pa3HuIla B ckopocTH Bo3pactanusi Ty/2 wumu T, ¢ omHoit cropons! u 2T,, ¢ apyroii.
Tak, yxe npu M~5,0 Benuunnsl 2T, cTaTucTUdecku 3Ha4UMO (~ B 2 pasa) OTINYAOTCS
ot Ty/2 wnu T,. Ilpu M=7,0 Benuuunsl 2T, B emie Oonbiieil ctenenu (B 5—6 pa3) MeHb-
e, yeMm Ty/2 win T,, KoTOpBIE, B CBOIO Ouepeab, B 5—6 pa3 meHblie t, wiu ty. [Iponon-
’Kasi paCCMOTPEHHE BBILIEONMCAHHOTO dMIIMPUUYECKOT0 MaTepHuala U OPUEHTUPYSICh Ha
MPEICTABICHUS O KOTEPEHTHBIX M HEKOTEPEHTHBIX U3TydyaTelNsX (04aroBbIX MCTOUHHUKAX
celiCMUYEeCKUX BO3MYILEHUI), M3JI0)KEHHbIE B U3BECTHBIX TEOPETUUYECKHX M IKCIEpH-
MEHTaJIbHBIX pa3paboTkax [Koctpos, 1975; Brune, 1976; llamuna, 1981; Axu, Puuapnc,
1983; Llteiinbepr u ap., 1993] MOXXHO MPEANOIOKUTH TAKXKe, YTO paccMaTpuBacMble
napaMeTpsbl KoeOaHUi XapaKTepu3yIoT BpeMs pabOThl HEKUX 0YaroBbIX HCTOYHUKOB UITH
u3Jlydareiae, HaupuMep, BpeMsl BCIApbIBAHUS Pa3pblBOB WIIM OTAEJIBHBIX YAaCTEH 3THUX
pa3pbIBOB. Toraa, npuHUMasi, B COOTBETCTBUU C PACIIPOCTPAHEHHBIMHU CEIYAC OLIEHKAMU,
CpelHHE CKOPOCTH BCHAPBIBAHUS Pa3pbhIBOB B OYarax KOPOBBIX 3eMIIETPSCEHUI paBHbI-
MU V,=3KM/C, MO)KHO B YCPEIHEHHOI (pOpMe OLIEHUTh COOTHOIIEHHUS pa3MEPOB COOTBET-
CTBYIOIIMX MCTOYHMKOB MJIM M3iyuarenei (cMm. puc. 3). M3 3Toro pucyHka BHJIHO, 4TO
pa3Mepbl U3JIyuyaTesei, «OTBETCTBEHHBIX» 3a t, UM t; IPAKTUYECKU COBMAJIAIOT C pa3-
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MEpaMHU 04YaroB 3eMJIETPSICEHUI COOTBETCTBYIOLIUX MAarHUTY/, OLICHHBAEMBIMH IO JIaH-
HBIM psJa uccienosaresne (cM., Hapumep, [Canosckuii u ap., 1983; Ilreitnbepr u ap.,
1993; Wells, Coppersmith, 1994; Leonard, 2010]). M3nyuarenu, «0TBeTCTBeHHBIE» 3a T,
u Ty/2, mo pazmepam COBIIAJAIOT C OYAaraMU 3eMJIETPSICEHUN TOJIBKO MPH HEOOIbIINX M,
a B o01em ciydae (mpu pocte BeIMuuHbl M) COCTaBIISIOT JIMIIb YacTh ovara. U, Hako-
Hell, 3JTy4aresy, «OTBEeTCTBEeHHbIe» 3a napameTp 27T,, CBOIO ouepe/ib COCTABIISAIOT YaCTh
u3nyvarenei, «oTBeTcTBeHHbIX» 3a T, u Ty/2 u, mosTomy, oHu nipu pocte M, cTaHOBATCS
€11l MEHBUIEH YaCThIO BCEr0 04ara 3eMJETPsICEHUSI.

Bpewms, ¢ Pazmep MCTOMHWEA, KM
Time, s Source size, km
100,0
100,0
1
10,0
3 10,0
1,0 a3
1,0
0,1
0.1
0.0
2,0 30 4,0 5.0 6,0 7.0 B0 M

Puc. 3. Oyenxu t,uty;(1); T/2u T, (2),; 2T, (3), nonyuennvle O OAUNHCHUX 30H 3eMACMPACEHUL DASHBIX
maznumyo (M), ede uepnvie aunuu — ux nHaubonee eposmuule 3Havenus, cepbviil yeem — ooaracmu 70%
VPOBHS 008epus U npednoiazaemvie pasmepsbl COOMBEEMCMEYIOUIUX UCTIOYHUKOE UTU P HEKMUBHBIX
uznyuameneu (npagas oce opounam) /

Fig. 3. Estimates of t,and t;, (1); T;/2 and T, (2); 2 T, (3) obtained for the near zones of earthquakes
of different magnitudes (M), where the black lines are their most likely values, the gray color is the area
of 70% confidence level and the estimated size of the corresponding sources or effective oscillators
(right ordinate axis)

Takum 06pa3zoM, UCXOAS U3 TPEACTABICHHUN O CJI0KHOIIOCTPOSHHOM UCTOYHHKE Ceiic-
MHYECKHX BOJIH, B HEM MOXHO (B Kau€CTBE TMIIOTE3bl) BBIACTUTH TPU BUa 3P HEeKTUBHBIX
u3Iyvaresnei, KOTopble ONpeAessioT pa3InyHble XapaKTePUCTHKU KOJIeOaHUH TpyHTa B
OmmkHel 30He 3emuerpsicenuil. [lepBblil BU, KOTOpBIM Aanee OyaeM Takke Ha3bIBaTh
«HUCTOYHUKM» — 3TO OYard B LEJIOM, ¢ pazmepami (L), Bo3pacTaronimu NpUMEpHO B TpH
pasza npu yBenudeHnu M Ha enuHuny. [Ipn M<3 5T uznyuarenu onpeaeisoT Bce pac-
CMaTpHUBaeMble B IaHHOM HCCIIEIOBAaHUHU MapaMeTpbl KoleOaHui, a TaKkkKe MMUKOBBIC aM-
IJTUTY/bl YCKOPEHUM, CKOPOCTEH U CMEILIeHU TpyHTa, a npu M>3—4 — tonbko t, u ty. BTo-
po# BUJ, KOTOPBII fanee OyleM Ha3blBaTh TaKKe «CyOMCTOYHHMKM MEPBOTO TUIA» — OC-
JIOKHSIOLIME OCHOBHOM pa3pbIB (MIIM «MCTOUHUKY) JIOKAJIbHbIE HEOJJHOPOIHOCTH, ONepsi-
IOLLME PA3JIOMBI U T.I1., KOTOPBIE 3aMETHO IIPOSIBIISIFOTCS NPU pazMepax ogaros L>2-3 km.
Pa3meps! aTux uznydareneil (L’) Toxke Bo3pacTaroT ¢ MarHUTYA0H, HO MEAJICHHEE, YeM
L(M), cocraBnsas or L'=<L/2 npu M=3—4 no L= L/5 npu M=7,0. IIpu M<5 311 usnyua-
Tenu onpenenstoT napamerpsl T,, T,, Ty 1 t,, a Takke NMKOBbIE aMIUIUTY/bI YCKOPEHUH,
CKOpOCTEi U CMEIIeHUH, a IpU Bo3pacTaHuu MarHuTyn (M>5) — tonesko T,, T4 u t,. Tpe-
TUI BUJ — «CYOMCTOYHMKH BTOPOTO TUIIA», KOTOPbIE HAYMHAIOT OCJIOXKHATh CyOUCTOYHU-
KU TIEpPBOro THIA, KOTJa Te, B CBOIO OUepelb, JOCTUTAIOT pazmepoB L'=2-3 kM u Gosnee.
Ux pasmepsl (L») Taxke pactyT ¢ yBennueHueM M, HO erie MeuieHHee, yeM L, u co-
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ctaBistoT or Ly=L’/2 mpu M=5 no L»=L’/5 npu M=7,0. DT uziay4arenu onpeaesstoT
MaKCUMaJbHbIe aMIUIUTY bl U T, yCKOpEHHI.

W3 1310:XK€HHOI TUIIOTE3b] BBITEKAET HEKOTOPBIN JlyaJlu3M B OTBETE HA BOIIPOC O CY-
II€CTBOBAHUU 1O100US 04aroB 3eMJICTPACEHUI pa3HON BEIMUMHBI, @ UMEHHO, YTO O4aru
3eMJIETPSICCHUI UMEIOT 3JIEMEHTBI 0100151, HO B IIEJIOM K€ IIPOCTO MOAOOHBIMH HE SIBIIS-
IOTCS M3-3a TOT0, YTO HeOOIbIINe U 0oJiee KPYIHbIe OYaru BO3HUKAIOT U Pa3BUBAIOTCS B
Pa3JIMYHBIX [0 MacIITadaM U CTENEHU OJJHOPOIHOCTHU (M 1O PEOJIOTHUYECKUM CBOMCTBAM
TaKXe) reoJIoTHYecKuX cpeaax. Tak, oyarn HeOOJbIINX 3eMIIETPSACEHUH (Hampumep, C
M=3) criocoOHbIE «yMECTUTHCS» B OTPAHUUYECHHBIX 10 pa3Mepy U OTHOCUTENIBHO OJHO-
POIHBIX DJIEMEHTAX CEICMOTEKTOHNYECKUX CTPYKTYP MOKHO CPABHUTH C IPOCTHIMU JIUC-
JOKAIUSIMH, T€HEPUPYIOIIMMU KOT€pPEHTHBIE CEHCMHUYECKHE CHUTHAIIBI «MMITYIbCHOTO»
TUMA. DTO e OTHOCUTCS U K CyOMCTOUHMKAM NEPBOTO M BTOPOT'O THIIA, TOKa UX pa3Mepbl
HE MIPEBBIIIAIOT HECKOJIBKUX COTEH METpoB. 1o Mepe pocra pa3MepoB Kak UCTOYHUKOB,
TaK U CyOMCTOYHHUKOB, U3-3a YBEINUEHUSI OTHOCUTEIbHOM HEOTHOPOAHOCTH BMEIIAIOIIEH
9TH UCTOYHUKHU CPEJIbl, UX CTPYKTypa Bce OOJIbIIIE YCIOKHAETCS U B TEHEPUPYEMbBIX UMHU
CEHCMHUYECKUX CUTHAJaX pacTeT J10Ji1 HEKOTePEHTHOH cocTasisromel. [Ipuuem ato or-
HOCHTCSI HE TOJIBKO K YCKOPEHMSIM, HO NP OIPENIEICHHBIX COOTHOLIEHUAX Pa3MEPOB UC-
TOYHHUKOB M YaCTOT T'€HEPUPYEMBIX KOJIIeOaHUH, TaKkKe M K CKOPOCTSAM U CMELICHUSM,
BCJIeACTBUE uero perucrpupyemsle 3anucu C/II" mpuoOperatoT 6osee CIOXKHYI0 «Koje-
OarenpHyI0» hopmy (cM. Takxke [Koctpos, 1975; Uepnos, 1989]). B aTom cxonacTse me-
XaHU3MOB BO3HMKHOBEHHUSI M Pa3BUTHUS, KAK UICTOYHUKOB, TaK U CyOUCTOUHUKOB, COITIACHO
JAHHOM TUIIOTE3€ M 3aKJII0YaeTcs MoJo0Me pPaccCMaTpPUBAEMBIX OYaroB 3eMIIETPSCEHUI
pa3HBIX MAarHUTY/I.

W3 M310)KEHHOT0 TaKKE MOYKHO BUJETH, YTO XOTS Pa3MEphl BBILICONMCAHHBIX UCTOY-
HHMKOB (0YaroB 3eMJICTPSICEHUI) U MX COCTABHBIX YacTel (CyOMCTOUHHMKOB) M MEHSIOTCS,
TEM HE MEHEE, B CPEAHEM, OHU HAXOATCA B ONPEACIICHHBIX KOJIMUYECTBEHHBIX COOTHOLIE-
Husx. Kak 6bu10 oTMeueHo Hami erle B padbote [UepHoB, 1989], 3Tu cooTHOIIEHHST MOTYT
OBITh OJM3KU K MEPAPXUUECKUM COOTHOIIEHUAM cTpyKTyp M.A. Canosckoro [CaoBckuii,
1984]. Opnako, Kak MOAYEPKUBAJIOCH BBIIIE, U3-3a UMEBILEICS B TO BPEMSI OTPaHUYEH-
HOCTH ITPOAHAJIM3UPOBAHHOIO MaTepualla JaHHOE NPEATONIOKEHNE TOTA SBJISIIOCH Mpel-
BapUTENIbHBIM U HYKJAIOIIUMCS B IpoBepke. HacTosiee uccnenoBanue, BBIOJHEHHOE C
UCIIOJIb30BAaHUEM 3HAUYUTEIbHO 00Jiee MOJIHBIX JaHHBIX, MOATBEPKIACT ClIEIAHHOE HAMH
paHee MPEAIoJOKEHUE O TOM, YTO CTPOEHHE O4YaroB 3€MJIETPSICEHUN B OIPENECIEHHOM
CMBbICJIE IOAYMHSACTCS OOLIMM 3aKOHOMEPHOCTSIM APOOICHUS, MITH AUCKPETHOCTH HITH «KY-
CKOBaTOCTU» TBEPJOW MAaTEPUU «OT MBUIMHOK 110 TutaHe™» (cM. [CagoBckuid, 1984]).

PaccmarpuBas nanee 3Ty TMIIOTE3Y JIOTUYHO IMPENIIONOKUTh, YTO €CIIM ONMCAHHbIE
B HEl MCTOYHMKH M CyOMCTOUHMKHU CEHCMHUYECKHX KOJeOaHWH CyIEeCTBYIOT M YTO CO-
OTHOLICHUS MEXJY HUMM MOJYMHSIOTCS OOLIMM 3aKOHaM HepapXxuH CTPYKTyp IO
M.A. CaznoBcKkOMy, TO TOTAa HA BBICOKOYACTOTHBIX CKJIOHAX OYaroBBIX CIIEKTPOB MOTYT
oroOpaxarscst He onHa (f), kak y JIk. bpyna ([Brune, 1976]), a yxxe aBe wiu Tpu (a
BO3MOYKHO U 00Jiee) «yTIIOBBIX» MK «KOpHEep» dacToThl (f, f,, f3), oTmuyaromuecs napyr
oT apyra B 3—5 pa3. 3HaueHHUs K€ 3TUX YaCTOT JOJKHBI KOHTPOJIMPOBATHCS pa3mepa-
MH UCTOYHHMKOB U CyOMCTOYHHMKOB. Ha pucyHke 4 moka3aH BapHaHT THIOTETHYECKOTO
ovaroBoro crekrpa dypbe konedaTeabHbIX CMELIEHUH MpH 3emileTpsicenuu ¢ M=7, mno-
CTPOEHHOIO C YYETOM 3THUX JIByX MPEANOJIOKEHNH, & TAK)KE OLEHOK JJIMHHOIEPUOJHBIX
CHEKTpalIbHBIX ycKopeHui u cmenienuii u3 [Campbell, Bozorgnia, 2014; Faccioli et al.,
2004] 1 cOOTBETCTBYIOIMX AUCIOKALMOHHBIM MozeisM ouara bpyna-Aku n Xackemina
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(cm. [Haskell, 1969; Brune, 1976; Aku, Puuapnc, 1983]) ckopocreil cnajanus ypoBHei
crniekTpanbHoOi mioTHocTH Pyphe konebanuii rpynra (|S|(f)) npu £>1,,. Ilepecuer crnek-
TPOB peakuuu B criekTpel Pypbe BbINONHEH 110 MeTonuke u3 [Uepnos, 2024]. Ha stom
K€ PUCYHKE e JJIsi CPAaBHEHUS MPUBEJCHA SMITUPUYECKast MOJEb CIEKTpa (sBJsroIa-
SICsl OCPEIHEHUEM IIEPECUYETOB CIIEKTPOB YCKOPEHUI «MATKUX» U «TBEPABIX» I'PYHTOB) B
O6mkHel 30He 3emierpsicenus ¢ M=7 u3 [UepHoB, 2024] B cOOTBETCTBYIOIIUI CIIEKTP
cMmeleHui. JleMoHcTpupyemas pucyHkoM 4 OJIM30CTh BBILICYKAa3aHHBIX JABYX CIIEKTPOB
MOXET CBUIETEJILCTBOBATH O MPABI0NOI00HOCTH ONMUCHIBAEMBIX BBIIIE THITOTETHUYECKUX
MIOCTPOEHUH, a, 320/THO, U MOJyYECHHbIX HAMU paHee aHaJIOTMYHBIX, HO MOJyYEHHbIX JIpY-
I'MM CIIOCOOOM SMIMPUUECKUX MOJIENIeH CIIEKTPOB KojeOaHHi rpyHTa.

E1te o1HO moaTBEep kK I€HNE BHICKA3aHHBIM COOOPaKeHUSIM MOYKHO HAMTH B HElaBHEH
pabore [['yceB u ap., 2017], B KOTOpO# MOKa3aHO, YTO UIMEHHO TaKUE MHOKECTBCHHbBIS
«YIJIOBBIE» WM «KOPHEP» YACTOThI MPUCYTCTBYIOT Ha CIIEKTPaxX KaMYaTCKUX 3eMJIETPsI-
CEHUH.

B nonb3y naHHOM TUMOTE3bl TaK)Ke€ MOTYT TOBOPHUTH M MOJy4YeHHble B MHCTHTYyTE
¢u3uku 3emnu PAH ouenku Hanbonee OJIM3KUX PAaCCTOSIHUM, HA KOTOPBIX OOBIYHO BO3-
HUKAIOT O4Yaru 3eMJICTPSCEHU OJMHAKOBBIX MarHUTYyA. Tak 3THUMHU HUCCIIEAOBAaHUSIMH, B
YaCTHOCTH, IMOKA3aHO, YTO PACCTOSHUS MEX1y ONMKAWIIMMU SMULEHTPAMH Map TaKUX
0YaroB XOTs U ABJISIOTCS CIIy4aifHBIMU BEJIMYMHAMHU, TEM HE MEHEe, UIMEIOT BbIPAKEHHBIE
LIEHTPBI PaCIpeNeICHUN, KOTOPbIE N3MEHSIOTCS, HE Xa0TUUHO, a IPUMEPHO B 4 pasa 1npu
M3MEHEHUU MarHUTy/bl 36MJIETPSICEHUS Ha eAnHuLly. CaMu K€ 3TU pacCTOSIHUSI KOHTPO-
JUPYIOTCS pa3MepaMH 04aroB 3eMJIETPSICEHUM COOTBETCTBYIOINX MarHUTYL.
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Puc. 4. Cpasnenue paccuumannuix 015 OnudicHeti 301bl 3emaempsicerus ¢ M=7 ezunomemuueckoeo
cnekmpa Konebanull (cmewjenutl) epynma Hacmosiue2o Uccied08aHus (CRIOWHAs TUHUSL) U
IMAUPULECKO2O CREKMPA, PACCHUMAHHO020 NO daHHbiM u3 [Hepnos, 2024] (moueunas nunus).
Ilycmoie KpyswcKu Ha 2UNOmMemu4eckom CReKmpe t UHOEKCbl OKOLO HUX — «Y2ll08ble» HaACTOmbl,
coomeemcmesyloujue UCMOYHUKY (fy) U cyOUCmOUHUKam nepeozo, 6mopo2o mund u 603M0ACHO20
mpemvezo muna (f, f>u f3). 3nauxu 0 — £ — cnadanue |S|(f) 6 coomsemcmeyrowux cecmenmax
eunomemuyeckozo cnekmpa. |S| 6 cmc; fe Iy

Fig. 4. Comparison of the hypothetical spectrum of vibrations of ground displacements calculated
for the near earthquake zone with M=7 in this study (solid line) and the empirical spectrum calculated
from the data from [Chernov, 2024] (dotted line). The empty circles on the hypothetical spectrum and
the indexes next to them are the “angular” frequencies corresponding to the source (f,) and sub-sources
of the first, second type, and possible third type (f;, f> and f;). The icons % — f* represent the decline
of |S|(f) in the corresponding segments of the hypothetical spectrum.
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BbiBOADI

1. Hax oyaramu 3emieTpsiceHU HAOIIOJAI0TCA YYACTKH MMOBEPXHOCTH, TAe (QyHKIMN
T,M,D), T,(M,D), T4M,D) u t,(M,D), t,(M,D), ty(M,D) npu 3ananasix M umeror Mu-
HUMaJIbHBIC 3HAYCHUsI — OJMKHUE 30HBL. B OMIKHUX 30HAX MEPUOBI U JUTUTEIBHOCTH
KoJie0aHui TPyHTa HE 3aBUCAT OT D M Bo3pacraroT npu yBeandeHun M — ObicTpee Juist
CKOPOCTEH U CMELICHUI ¥ MEJICHHEE ISl YCKOpPEeHUH. 3a rpeaesaMu OJIMKHUX 30H 3Ha-
yenus T,, T,, T4 u t,, t,, t; BO3pacTaroT o MEPE YAAICHUS OT O4ara — CHayajia MeJJICHHEE
(IpoMeKyTOUHBIE 30HBI), a 3aTeM ObICTpee (AajJbHUE 30HBI). B MpOMexKyTOUHBIX 30HAX
CKOPOCTH BO3pacTaHus ¢ paccrossuuem napamerpos T, T,, T4 u t,, t,, ty oIMUaroTcs He-
3HAUUTENIbHO. B MaibHUX 30HaX JATUTEIBHOCTH BO3PACTAIOT C PAacCTOSHUEM OBICTpee,
YeM MEepPHO/Ibl, a TapaMeTPhl CKOPOCTEH U CMELIeHUH ObIcTpee, YeM yCKopeHHui. Pasmepsl
OMDKHUX M IPOMEKYTOUHBIX 30H YBEIMYMBAIOTCS IO Mepe pocTta M.

2. Ilony4eHHbIE OLIEHKU [IEPUO/IOB U JAJIUTEIBHOCTEN UHTEHCUBHBIX YCKOPEHUM, CKO-
pocTeit U cMeleHui KojeOaHuil TpyHTa B OMMDKHUX 30HAX 3€MJICTPSICEHMU JOITyCKa-
IOT UX TPAKTOBKY KaK XapaKTEPUCTUK BPEMEHHU PabOTHl pa3IHyYHBIX (B OOIIEM Cllydae)
3 GEKTUBHBIX U3TydyaTeliell — UCTOYHUKOB CEHCMHYECKUX KojeOaHui (MEHBINUX IS
YCKOPEHUN U OOJIBIINX JJII CMEIIEHUM U CKOPOCTEH) U B COBOKYITHOCTH COCTABJISIFOIITNX
ouar 3emierpsiceHus. KosnuecTBeHHbIE COOTHOLIEHUS, B KOTOPBIX HAaXOAATCS BPEMEHA
paboThl 3TUX MCTOYHMKOB, a CIIEA0BATENIbHO, U UX PAa3MEPhl, IOAUMUHAIOTCA HUepapXuu
ctpykryp M.A. CagoBckoro.
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Abstract: Relevance. Artificial accelerograms are essential for seismic design, particularly in regions with
limited strong motion data. In Armenia, the scarcity of such records hinders accurate seismic hazard assessments
and structural design. Aim. This study aims to develop a new methodology for generating artificial accelerograms
based on spectral normative curves, addressing the lack of strong earthquake data in the Republic of Armenia.
Methods. The approach incorporates the only strong-motion record from the 07.12.1988 Spitak earthquake,
supplemented with weaker local earthquake data (Mw > 3.5). By accumulating and processing these records,
synthetic accelerograms are constructed to reflect realistic amplitude and frequency characteristics for various soil
conditions. A dedicated software tool was developed to generate accelerograms consistent with spectral curves.
Results. The proposed methodology enables the extrapolation of strong-motion accelerograms across different
Armenian regions, contributing to the development of seismic hazard maps, including ground acceleration
distributions and response spectra. The approach improves the accuracy of predicted ground motions compared
to traditional dynamic curves lacking empirical support. The generated accelerograms can be applied in structural
analysis, hazard assessment, and refinement of seismic design regulations. While developed for the Armenian
Seismic Code, the methodology can be adapted to other international standards, broadening its relevance in
global earthquake engineering.
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Pestome: AKTyanbHOCTb PaboTbl. CUHTETUYECKME aKCENeporpammbl KpaiHe BaXKHbl AN CENCMOCTONKOro
NPOEKTUPOBAHNA, OCOOEHHO B PErOHAX C OrPaHNYeHHbIM KONIMYECTBOM 3anuceil CUbHbIX ABUXEHNIA. B Apme-
HUW HEJOCTATOK TAKMX AAHHbIX 3ATPYAHSET TO4HYIO OLIEHKY CENCMUYECKOI ONMAaCHOCTU U KOHCTPYKTUBHbI pacyeT
coopyxeHuii. Lienb ucecneposanus. [lJaHHoe nccnefoBaHne HanpasieHo Ha pa3paboTky HOBOW METOAMKM reHe-
paunit CUHTETUHECKMX aKCeleporpaMm Ha OCHOBE HOPMATMBHbIX CNEKTPATIbHbIX KPUBbIX, 4TO NMO3BOSIUT KOMMEH-
CUPOBATh HEXBATKY [JaHHbIX O CUJbHbIX 3eMieTpsceHusx B Pecny6nuke Apmenus. Metoabl. B 0CHOBY METOAMKM
MOM0XeHa eANHCTBEHHASA 3aMUCh CUITbHOIO ABMXEeHUs oT Cnutakckoro 3emnetpsaceHns 07.12.1988, nononHeH-
Has LaHHbIMU 0 60nee cnabbix MecTHbIX 3emnetpacenusx (Mw > 3.5). TyTem HakonneHUs u 06paboTKu 3TUX
3anucelt CUHTE3MPYIOTCA akceneporpamMmmbl, OCTOBEPHO OTPpXatoLLne aMnanTyAHO-4aCTOTHbIE XapakTepucTu-
KW O PasfnyHbIX TPYHTOBbIX YCMOBUA. [ns reHepauumn akcesneporpaMm, COOTBETCTBYHOLWMX CMEKTPasibHbIM
KPMBbIM, ObISI0 pa3paboTaHo CneLnanu3npoBaHHoe NporpaMmMmHoe o6ecrnedveque. PesynbTarhbl. [peanoXeHHbli
NoLX0Z4 NO3BOJISET JKCTPANONMPOBATL CUJbHBLIE AKCENeporpamMmbl Ha PasHble PeroHbl ApMEHUW WU UCMOMb-
30BaTb WX MpW MOCTPOEHWN KapT CENCMWUYECKON OMACHOCTYW, BKIOYas pacnpepernieHne YyCKOPEHWid U CrekTpbl
peakuuun. [laHHbIA N0AX0[ MOBbILIAET TOYHOCTL MPOTHO3UPOBAHUA ABVXKEHUIA MO CPABHEHWIO C TPALMULIMOHHLIMY
JONHAMUYECKUMMN KPUBBLIMU, NALLIEHHBIMI NPSMONA 3MNUPUYECKOR 0CHOBLI. CreHeprupoBaHHble akcenieporpammsl
MOTYT NPUMEHSATLCA NPU UHXEHEPHOM aHarnu3e, aieKBaTHON OLiEHKe 0MAcHOCTM 1 YTOYHEHUW HOPMATUBHBIX [0-
KYMEHTOB CEe/CMOCTOIKOr0 NPOEKTUPOBaHUA. HECMOTPA Ha TO, YTO METOAMKA pa3paboTaHa ans ApMEHUACKMX
cericmmyecknx Hopm (CH AP), oHa MOXeT ObiTb afanTupoBaHa K ApyrilM MeXAyHapofHbIM CTaHAapTam, 4To
pacLuMpseT ee 3Ha4MMOCTb A8 MUPOBO UHXEHEPHOW CENCMOIIOM .

KnroueBbie CNoBa: CUHTETUYECKIIE aKCeNneporpamMmbl, OLLEHKa CeACMIUYECKON OMacHOCTH, CMEKTPbI OTKINKA,
TPYHTOBOE yeuneHue, CUTakckoe 3eMNeTPsSIceHe, NPaBina CencMnYecKoro NPOSKTUPOBAHWSA, IBUKEHNS TPYH-
Ta COBMECTUMbIE CO CMIEKTPOM.

Ins yutuposanus: KapanetaH [x.K., OranecsH J1.X., Kapanetsan P.K. MogenmpoBaHune ceiicMn4eckux Bo3-
JeNCTBUA B COOTBETCTBUM C HOPMATUBHLIMU CreKTpamMu peakunu. feosiorus n reogpusuka Hra Poccun. 2025.
15(3): 110-127. DOI: 10.46698/VNC.2025.25.83.001

Infroduction

The development of a set of computed accelerograms is a highly relevant and pressing
issue, particularly in the seismically active region of the Republic of Armenia. This
necessity arises due to the lack of a comprehensive strong-motion database. Notably,
during the catastrophic Spitak earthquake on December 7, 1988 (Mw 7.0), it was
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practically impossible to record accelerograms due to the extreme conditions of the event.
During this earthquake, only a single accelerogram was recorded in the epicentral zone
at the Gyukasyan station, where the PGA was measured at 0.21g (as shown in fig. 1).
However, this isolated recording does not adequately represent the overall strong-motion
characteristics of the event, highlighting the urgent need for a more robust database of
strong earthquake records. These limitations highlight the necessity of seismic zonation
maps for Armenia (see fig. 2).
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Fig. 1. Time-series plot of ground motion from the Spitak Earthquake (Mg 7.0, December 7, 1988).
The x-axis represents time (0—20s), while the y-axis shows amplitude variations. A distinct peak around
10s indicates the main seismic event, followed by decaying oscillations

It is well known that during strong earthquakes, ground accelerations often exceed
0.4g. Given this, our objective is to generate computed accelerograms using records from
relatively weak earthquakes in this region. These computed accelerograms will serve
as a critical foundation for the development of seismic hazard assessment maps for the
Republic of Armenia. This task is particularly significant because seismic hazard maps,
expressed in fractions of g, have been compiled at different times for the territory of
Armenia. These maps typically delineate three primary hazard zones, corresponding to
peak accelerations of 0.3g, 0.4g, and 0.5g the regulatory classification of these hazard
zones is summarized in table 2. By generating calculated accelerograms, we aim to
enhance the accuracy and reliability of these assessments, contributing to more effective
seismic risk mitigation strategies.

the highest hazard zones. Major fault lines and tectonic structures appear to influence
these zones. By generating calculated accelerograms, the goal is to refine seismic hazard
assessments, improving risk mitigation strategies for future earthquakes. The question
of how the PGA (Peak Ground Acceleration) values were determined, which models of
PGA = f(M, R, Vs) were applied, and how their justification was established remains
unresolved. Notably, the 2020 updated seismic construction standards incorporated a
seismic hazard assessment map, delineating three primary hazard zones with PGA values
of 0.3g, 0.4g, and 0.5g. These values were derived using international empirical models,
whose accuracy is known to vary by a factor of up to two. This discrepancy is evident even
when analyzing the PGA zonation, where Gyumri (formerly Leninakan) was assigned to
Zone 2, while Vanadzor was categorized as Zone 3, the highest hazard level (see fig. 2).
However, historical data from the 1988 Spitak earthquake contradicts this classification, as
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damage was more severe in Leninakan than in Kirovakan (Vanadzor), a fact documented
in the Unified Summary Report on the Spitak Earthquake (1988) (Scientific and technical
report, Spitak earthquake of December 7, 1988 (in two parts), part II, IGES NAS RA
funds 1990).
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Fig. 2. Seismic hazard zonation map of Armenia by expected PGA values
(0.3g, 0.4g, 0.5g)[BSRA ..., 2020]

The map represents seismic hazard zones in Armenia, categorized by expected peak
ground accelerations of 0.3g, 0.4g, and 0.5g. The shaded and numbered regions indicate
varying levels of seismic risk, with darker or crosshatched areas likely representing
Another noteworthy aspect of these standards is the inclusion of a dynamic curve
(see fig. 3), which essentially represents a response spectrum. However, the spectrum
values are presented as dimensionless quantities, essentially reflecting the ratio of the
response spectrum to the peak acceleration value. Furthermore, the standards specify
that seismic resistance calculations for buildings should be performed using computed
accelerograms, yet no clear methodology is provided for how these calculations should
be conducted. Given these uncertainties, we have set out to develop a comprehensive set
of accelerograms based on response spectra, utilizing specific spectral curves (dynamic
curves) as a foundation for our approach.
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Fig. 3. Spectral amplification characteristics p(T) for different soil types [BSRA ..., 2020]

The graph displays soil-dependent spectral amplification factors () as a function
of period (T, in seconds). Three curves represent different soil types: For short periods
(T <0.25s), as illustrated by the spectral amplification curves (see fig. 3 and table 1). All
soil types show a rapid increase in 3, reaching a plateau around =2.5. For longer periods,
the amplification factor decreases, with Type III-IV soil maintaining the highest values,
followed by Type II soil, and Type I soil showing the steepest decline. The plot suggests
that softer soils (Type III-IV) exhibit stronger amplification at longer periods, influencing
seismic design considerations.

Table 1

Spectral amplification factor B(T) for different soil types

Soil Type I Soil Type II-IV

f=1+10T,when0<T B=1+75T,when0<T <02

< 0.15
_ p=25when02<T<0.8
B =2.5when0.15 < T < 0.65 } 162215

1.62 = oeed
p=—5 whenT >0.65 p=—5whenT=208

Soil Type I

B=1+15T,when0 < T < 0.1
p=25when0.1<T<04

1
B= T,whenT =04

From this spectrum, it is immediately apparent that within the period range of T =
0.1-0.8 sec, the amplitude levels remain identical across different soil conditions. This
is inconsistent with reality, as no seismic standards utilize such curves where spectral
amplitudes for different soil types remain at the same level. Moreover, the most intriguing
aspect is how these curves were derived in the absence of strong motion recordings — a
question that remains unresolved. The observed discrepancies can be attributed to the
lack of a strong earthquake accelerogram database for the Republic of Armenia. Despite
these shortcomings, at this stage of our research, we adopt these curves as a basis and
conduct all subsequent analyses accordingly. Our research utilizes the only available
strong motion record from the 1988 Spitak earthquake. Similar challenges in seismic
hazard assessment have been reported in regional studies. For example, [Chernov, 2023,
2024] demonstrated the importance of spectral analysis in evaluating hazard levels.
However, as is well known among seismologists and earthquake engineering specialists,
this record does not fully represent the reality of seismic events of such magnitude.
Nevertheless, our approach is highly flexible, allowing the incorporation of other strong
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motion recordings. The selection of this particular record was intentional, as it presents
an intriguing opportunity to examine how its application to normative spectral curves
influences results. Specifically, we investigate the changes in the amplitude-frequency
characteristics of waveforms and derive recommendations based on these findings. This
is particularly significant for structural design, as high-rise buildings exceeding 16 floors
rely on these standard spectral curves.

The response spectrum is a fundamental concept in evaluating the dynamic effects
of earthquakes on civil engineering structures. Consequently, seismic design codes
worldwide have adopted response spectra as a standard tool for defining design
parameters. By ensuring that structures are designed to withstand seismic events with
predefined spectral characteristics, this methodology provides an effective framework
for earthquake-enginneering. In practice, the irregular shape of real earthquake ground
motion spectra is often smoothed for design applications [Chopra, 2017], providing a
more uniform basis for structural analysis. This process typically involves assessing the
response of various structural vibration modes while considering factors such as damping,
ductility, and nonlinear behavior [Fardis, 2009; Priestley et al., 2007].

However, relying solely on response spectra may not provide a comprehensive
structural assessment. While they are useful in many scenarios, response spectra do not
fully capture complex behaviors such as damage progression, hysteretic deterioration,
inelastic response, and second-order effects—critical factors in understanding the realistic
performance of structures under seismic loads [Krawinkler, Seneviratna, 1998]. To
address these limitations, time history analysis, which utilizes accelerograms, serves
as a vital complement to response spectrum analysis [Saragoni, Hart, 1974]. Since real
accelerograms often exhibit irregular spectra that may not align with code-defined design
spectra, generating spectrum-compatible accelerograms has become essential in modern
earthquake engineering [Al Atik et al., 2010].

Over the years, various methods have been developed to generate spectrum-compatible
accelerograms. These methods generally fall into two categories: modifying recorded
ground motions to match a target design spectrum or generating synthetic accelerograms
from scratch [Gasparini, Vanmarcke, 1976]. Deterministic approaches employ harmonic
superposition to create nonstationary signals [Li et al., 2021], while wavelet-based
techniques modify recorded motions to conform to the required response spectrum [Chen
et al., 2021]. Stochastic approaches, originally introduced by Vanmarcke and Gasparini
[Vanmarcke, 1979; Gasparini, Vanmarcke, 1976; Rezaeian, Der Kiureghian, 2010]
model accelerograms as Gaussian processes, establishing a link between the response
spectrum and the power spectral density function. More recently, artificial intelligence
techniques, such as neural networks, have been explored for generating spectrum-
compatible accelerograms. In addition to classical approaches [Saragoni, Hart, 1974],
several recent studies have introduced advanced techniques for generating spectrum-
compatible accelerograms, including Matlab-based codes [Ferreira et al., 2020], wavelet-
based methods [Ferreira et al., 2020; Li et al., 2021], stochastic multi-step approaches
[Dabaghi, Der Kiureghian, 2017; Vanmarcke, 1979]; neural networks and iterative
schemes accounting for site effects [Huang, Wang, 2017].

Inthis paper, we introduce amethod for generating spectrum-compatible accelerograms,
specifically tailored to the Armenian Seismic Code. Our approach modifies recorded
ground motion data to align with target design spectra. The method involves computing
the initial response spectrum and using Fourier transforms to adjust the frequency content
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of the ground motion until the final accelerogram matches the design spectrum. This
technique provides an efficient and accessible tool for researchers and practitioners, easily
integrating into Python programs or other seismic analysis software. By offering this tool,
we aim to facilitate its application in nonlinear structural analysis and seismic control
systems while ensuring compliance with the updated requirements of the Armenian
seismic code.

Methods
Response spectra determination differential equation solver

The response spectrum is defined as the peak response of a single degree-of-freedom
structure with different natural frequencies for a specified damping coefficient £ subject
to a given ground accelerogram iig (t). To determine the response spectra, the following
steps need to be performed:

* Specify the natural period range P to be analyzed and determine the corresponding
natural angular frequencies o (® = 2n/P);

* For all frequencies o within the range, solve the dynamic differential equation (Equa-
tion 1) in the time domain (7).

» The acceleration response spectra are then defined as the maximum structural re-
sponse for the given accelerogram and for each period S;(P) = Max]il|

The acceleration response spectra are the most commonly used for structural design
and, for this reason, will be used in this work.

() + 2Ewu (6) + 0u(t) = —iig(t) (1)

where, u(?) is the time-dependent structural displacement.

Considering the state space formulation using the vector X defined as x = E], the
second-order equation (Equation 1) is replaced with a first order:

x = Ax + Bii, )
The matrices 4 and B are defined by
Tu 10 I 10
x= [Z] A= [—a)z —ZE(»]’B - [1] 3)

where, I is the identity matrix.
The dynamic equation has an analytical solution for a given time step A¢.

x(t+ At) = eMAx(e) + [ elt+a0-UARy (7)dg (4)

Assuming that the ground acceleration has a linear variation within each time step, the
dynamic time history analysis can be performed using the following equation:

x(t + At) = Kpx(t) + Ky, Blig(t) + KyeB[iig(t + At) — iig ()] (5)
were
_ (K
Ky = e4; K = A7Y(Ky — I); Kpp = A7 (AJ; =) (6)

Code-defined response spectra in accordance with Armenian seismic norms

The formulation of the response spectrum is a fundamental component of seismic
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hazard assessment, providing a quantitative framework for evaluating the seismic demand
on structures. In this study, the spectral definition adheres to the Armenian Seismic
Construction Norms [Armenian Seismic Norms 20.04-2020], which prescribe seismic
design spectra based on probabilistic seismic hazard analysis, local soil conditions, and
structural characteristics. These norms replace the Eurocode 8 (EC8) (EN 1998-1:2004 +
A1:2013 (Eurocode 8). Design of structures for earthquake resistance — Part 1: General
rules, seismic actions and rules for buildings. Brussels. CEN. 231 p.) classification and
introduce a region-specific methodology for defining seismic response spectra.

Seismic hazard classification

Armenian seismic regulations categorize the seismic hazard level into three seismic
zones, each associated with a predefined peak ground acceleration (PGA):

300cm/s?, for Zone 1
a; = { 400cm/s?, for Zone 2
500cm/s?, for Zone 3

These values correspond to a 475-year return period with a 10% probability of
exceedance within a 50-year timeframe, consistent with international seismic risk
assessment practices.

Soil classification and site-specific seismic amplification

Unlike ECS8, which defines five soil categories (A—E), the Armenian seismic norms
classify soils into four categories (I-IV) based on shear wave velocity (Vs), dynamic
response properties, and geotechnical characteristics. A detailed description of soil
categories, shear wave velocities, and examples is provided in table 2 and 3.

Table 2

Seismic hazard zones of Armenia and corresponding PGA values according
to Norms 20.04-2020 [BSRA ..., 2020]

. oo Shear Wave Velocity
Soil Type Description Vs (m/s) Examples
. Igneous rock, dense
I Hard rock, lgneous Vs > 850 formations
formations
. . Dense sands, gravels,
Il Stiff to m:gi‘;lm'dense 450 < Vs < 850 weathered rock
I Soft soil deposits 180 < Vs <450 Loose sapds, soft < lays,
alluvial deposits
v Very sgft s01ls'prone to Vs < 180 Peat, organic clay,
liquefaction saturated sediments

This table defines the seismic hazard zones prescribed by Armenian Seismic Norms
(Armenian Seismic Norms 20.04-2020). The peak ground acceleration (PGA) values
correspond to a 475-year return period with a 10% probability of exceedance in 50 years.
The PGA values are assigned based on the region’s seismic hazard classification, which
is divided into three zones. For sites with significant stratigraphic variation, the effective
site classification is determined based on the weighted average shear wave velocity over
the upper 30 meters of soil, following:
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H
Vszo = n N (7)

izlvs,i

where: H is the total thickness of the soil layers (30 m), h; and V, ; are the thickness
and shear wave velocity of the i-th layer.

Seismic response spectrum formulation
The spectral acceleration function in the Armenian norms follows the standard form:

Sa(T)=A-ko-B(T)-g (8)

where: A is the seismic hazard factor corresponding to the designated seismic zone,
kg is the soil amplification coefficient that accounts for local site effects, B(T) is the
dynamic amplification function, which depends on the fundamental period T of the struc-
ture, g is the acceleration due to gravity. The soil amplification coefficient k; modifies the
peak ground acceleration according to the local soil conditions:

Table 3
Soil classification in Armenian Seismic Norms (20.04-2020)
with amplification coefficients

Soil Type Seismic Zone 1 Seismic Zone 2 Seismic Zone 3
I (Rock) 0.8 0.8 0.8
II (Dense sand/gravel) 1.0 1.0 1.0
IIT (Medium-density clays) 1.1 1.0 1.0
IV (Soft, water-saturated soil) 1.2 1.1 1.0

This scaling factor ensures that soft soils amplify seismic motion to a greater extent
than stiff soils, in accordance with empirical ground motion records and theoretical site
response models. For each soil type, a specific amplification function B(T) is used:

( T
| 1+ 0<T<Tp

T’
B(T) = 1 Bo, Ty <T<T¢
Tc
B Te <T<T)p

where: T5, T¢,Tp, define spectral shape regions per soil type, B, is the maximum
spectral amplification factor, which varies between 2.5 and 3.5.

Structural damping considerations

In line with standard seismic engineering practices, Armenian norms adopt a viscous
damping ratio of E=5% as the reference value for response spectrum calculations. The
damping-adjusted spectral modification is applied using a correction function:

ne = 2 ©

where n(§) accounts for the influence of damping on spectral ordinates, ensuring
compliance with realistic structural damping behavior.
Seismic Event Characterization: Near-Field vs. Far-Field Earthquakes

While ECS8 differentiates between Type 1 (far-field) and Type 2 (near-field) earthquakes,
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Armenian norms implicitly incorporate earthquake duration and site-specific spectral
adjustments. The duration of synthetic accelerograms is prescribed as follows:

20s, for Zone 1
T; =425s, for Zone 2
30s, for Zone 3

This criterion ensures that seismic simulations account for the longer ground shaking
duration associated with higher seismic hazard zones, aligning with empirical earthquake
recordings.

Based on table 3, the soil-condition coefficients kg vary in the first seismic zone
(PGA = 0.3g). In the second zone, k, changes only for Soil Category IV (to 1.1). In the
third and most severe zone (PGA = 0.5 g), the coefficients are left unchanged ky= 0.8 for
Category I and ky=1.0 for all other categories. This pattern appears ad hoc, seemingly to
prevent the design acceleration from exceeding 0.5g.

A second concern is the assigned durations of the artificial accelerograms 20 sec for
Zone 1, 25 sec for Zone 2, and 30 sec for Zone 3. This approach is questionable, because
the duration of strong motion in damaging earthquakes spans a broad range. Since these
choices directly affect the design of earthquake-resistant buildings and structures, both
the coefficients and the durations should be re-examined and replaced with values that
better represent actual strong-motion behavior, taking into account not only local site
conditions but also the general characteristics of large earthquakes.

Artificial accelerogram generator
Algorithm fundamentals

The generation of an artificial accelerogram to match code-defined spectra (either
based on the modification of real or synthetic accelerograms) can be stated as an optimi-
zation problem in which the response spectra are to be matched as close as possible to the
defined spectra. The wavelet-based formulations proposed by [Ferreira et al., 2020; Li et
al., 2021] provide additional justification for the use of time-frequency domain methods
in developing spectrum-compatible accelerograms. In order to solve the problem, it is
representative to use the Fourier Transform in order to have the frequency content of the
signal. The Fourier Transform ﬂg () of the time history function ﬂg (t) is defined as:

Ug(w) = [ ii, (H)e~Ctqt (10)

The response spectra in a given frequency o (or period P) can be stated as being pro-
portional to the power a of the Fourier Transform value at the same frequency. The value
of k and o are heavily dependent on the type of earthquake:

Sa(w) o« kU, (w)® (11)
For very high frequencies, the response spectra converge to the value of the PGA:
log—q Sq (W) = max|u’g(t)| (12)

To match the code-defined response spectrum, the Fourier amplitude spectrum is
iteratively modified using the ratio of the target and computed response spectra:
Starget (@)

75(n+1) _ 7 ._2a
Ug (w) - Ug ((,l)) S;omputed(w) (13)
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target . . .
Were S, I s the response spectrum of the current iteration,

Armenian design spectrum.

ted .
S;Gmpu % s the

Finally, an inverse Fourier transform (IFFT) reconstructs the modified accelero-
gram:

ﬁ§n+1)(t) — F-1 {ﬁén+1)(w)} (14)

This iterative process continues until the convergence criterion is satisfied, namely

computed target
Sq Pt (=5, (1)
target
Sq 9

max < 5% (15)

which ensures that the final artificial accelerogram is spectrum-compatible according
to the Armenian Seismic Norms 20.04-2020.

A frequency-dependent soil propagation model

The propagation of ground vibrations through soil is governed by complex interac-
tions between geometric attenuation and material damping. Geometric attenuation results
from the natural spreading of wave energy as it propagates outward, while material damp-
ing accounts for energy dissipation due to the internal friction and viscoelastic behavior
of the soil. This paper presents a frequency-dependent soil propagation model that incor-
porates both attenuation mechanisms, enabling precise estimation of vibration transmis-
sion for engineering and seismological applications.

Ground vibrations propagate through Rayleigh (surface) waves and body waves (shear
and compressional waves). The general expression describing the attenuation of vibration
amplitude from a source at distance 7, to a receiver at distance 13, is:

Y
v, = 1, (:_:) 2a(ra-7p) (16)

Where V; and VU, are the vibration velocities at points a and b, respectively, Y} is the
geometric attenuation coefficient, which varies depending on wave type, a is the material
damping coefficient, which accounts for energy dissipation.

Geometric attenuation occurs due to wavefront expansion as the energy propagates
outward. The coefficient ¥ depends on the wave type and can be determined from theoret-
ical models of wave radiation in an elastic half-space. For common vibration propagation
scenarios, the values of ¥ are summarized in Table 4. These values have been validated
through experimental measurements and empirical studies in vibration control, seismic
wave analysis, and construction engineering, such as those by [Richart et al., 1970; Bar-
kan, 1962; Dowding, 1996]. They are widely used in engineering practice for modeling
vibration propagation and predicting the impact of ground motion on structures.

Rayleigh waves, which dominate surface propagation, exhibit the lowest attenuation
(y=0.5), corresponding to 3 dB per doubling distance. Body waves attenuate more rap-
idly, with surface measurements showing y=2.0 (12 dB per doubling distance) and depth
measurements yielding y=1.0 (6 dB per doubling distance). These coefficients are essen-
tial for modeling ground vibration propagation, particularly in site-specific assessments
(table 4).
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Table 4
Theoretical geometric attenuation coefficients (y) for different wave
types and measurement locations
Wave Type Measurement Location Y Attenuation (dB/doubling distance
Rayleigh Waves Surface 0.5 3
Body Waves Surface 2.0 12
Body Waves Depth 1.0 6

The attenuation due to geometric spreading is expressed in logarithmic form as:

A, = 20,logs, (:—‘;) (17)

Material damping describes energy dissipation mechanisms within the soil, primarily
due to internal friction and hysteretic behavior. Several damping parameters are com-
monly used in engineering and geophysics, including the loss factor (n), the damping
ratio ({), the resonance amplification factor (Q), and the logarithmic decrement (5). These
parameters are related by the following expressions:

—or=38_1
n=2=_-=7 (18)

Richart, Hall and Woods [1970] define the relationship between o and these material
coefficients as shown in

d="2=1a=2 (19)
w f

The material damping coefficient a is related to these damping parameters by:

o= (20)

(of

Where f'is the vibration frequency (Hz) c is the wave velocity in the medium. Since #
and ¢ are often assumed constant for a given soil type, a soil-specific attenuation param-
eter is introduced:

p= 2, (21)
which allows the material damping coefficient to be rewritten as:
a =rpf (22)

Woods and Jedele [Woods, Jedele, 1985] have proposed a classification of soil by
attenuation coefficient. A comparative overview of soil types and their attenuation param-
eters is given in table 5. [Dowding, 1996] summarizes this in terms of ranges of o at 5 Hz
and 50 Hz, but if one uses Equation (22) as a definition of a, one can arrive at a tabulation
of p as a function of earth material type. This is given in table 5. The constant p can be
used in propagation models of the form given in Equation (23).

Vb _ (1a\? Jrpfra_rp)
2= (1) el (23)
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The vibration attenuation (in dB) between points “a” and “b” can be stated in the form
of Equation (24).

Attenuation = VL, — VL, = 20log (22) (24)

This formulation highlights the frequency dependence of attenuation, showing that
higher-frequency components decay more rapidly than lower-frequency components. The
total attenuation between two points a and b can be expressed as the sum of geometric
attenuation and material damping:

Attenuation (4) = 4, + A, (25)

where:
A, =8.68Xax (r,_rp) (25a)
A, =20 xy x log, (:_Z) (25b)

This equation explicitly accounts for both distance-dependent and frequency-depen-
dent attenuation, making it applicable for practical engineering assessments and site-spe-
cific vibration modeling. The factor 8.68 in the attenuation equation converts the natural
exponential decay into decibel (dB) form, facilitating the use of the material damping
coefficient () in vibration attenuation models expressed in dB. This conversion aligns
with standard practices in vibration engineering and geophysics.

Measurement of site-specific attenuation

To determine the site-specific damping g, the following procedure is followed:

1. Field Measurements: Vibration spectra are recorded at two distances 1, and 13,
from a known source.

2. Transfer Function Calculation: The spectral difference (in decibels) between the
two measurement points is computed.

3. Geometric Attenuation Subtraction: The term A}, is subtracted from the transfer
function.

4. Material Damping Extraction: The remaining attenuation component is attrib-

uted to material damping and used to solve for p:
a

pf
5. Attenuation Curve Construction: The frequency-dependent attenuation curve is
generated using:

A, = 8.68rpf(r,_1,)

r

6. Validation and Model Fit: The measured data is compared against the theoretical
attenuation curve to ensure consistency.
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Table 5

Soil classification by attenuation coefficient o and correspondence with Armenian
seismic norm categories

Seismic Soil Classification Attenuation .
(Armenian Seismic Description of Material | Coefficient a p (5011 Property
Norms 20-04-2020) (ft1at 5 Hz arameter)
I~ Rock formations, Hard, competent rock:

igneous and metamorphic » COmpeten’ fock: <0.0001 <6x1076
bedrock, fresh solid rock
bedrock
II - Dense sands, Hard soils: dense sand,
weathered rock, well- consolidated clay, glacial | 0.0001-0.001 6x107- 6x107>
compacted soils till
III - Medium-density Competent soils: silty 0.001-0.003 6x107°-2x10~*
sands and silty clays, clays, sandy clays, gravel,
compacted fill weathered rock, compacted
fill
IV — Soft, water-saturated | Weak or soft soils: loose 0.003-0.01 21x10™4= 6x10~%
sands, organic soils, loess | sand, loess, peat, recently
plowed ground, organic
soils, topsoil

Table 5 provides an overview of soil classifications based on their attenuation
properties and correlates them with the seismic soil classifications from the Armenian
seismic construction norms (Armenian Seismic Norms 20-04-2020). The aim is to
integrate geophysical attenuation coefficients with engineering soil categories, making
it easier to apply in practical seismic hazard assessments.

Results and Discussion

The following section presents the main results obtained from the generation of
spectrum-compatible artificial accelerograms and their comparison with the existing
Armenian seismic norms. The calculated ground motions are analyzed across different
soil categories (I-1V), and their spectral characteristics are compared with code-defined
response spectra. Special attention is given to the discrepancies identified between the
current regulatory maps of peak ground acceleration (PGA) and the actual damage
distribution observed during the 1988 Spitak earthquake. The discussion highlights both
the applicability of the proposed methodology and its limitations, providing a critical
basis for improving seismic hazard assessment and updating design regulations. This
discrepancy between normative PGA maps and actual earthquake damage has also been
discussed in regional studies [Zaalishvili et al., 2022, 2024; Chernov, 2023; Fidarova
et al., 2023], confirming the necessity of updating hazard assessments based on both
empirical evidence and simulated motions.
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X-Modified Accelerogram
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Fig. 4. Modified seismic response of the 1988 Spitak Earthquake for Soil Type I

The adjusted response for Soil Type I is shown in fig. 4, while results for Soil Type I1
and Soil Types III-IV are presented in fig. 5 and fig. 6, respectively.
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Fig. 5. Modified seismic response of the 1988 Spitak Earthquake for Soil Type I1
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X-Modified Accelerogram
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Fig. 6. Modified seismic response of the 1988 Spitak Earthquake for Soil Types III-1V

The vibration analysis of advanced technology facilities must account for both the
frequency and amplitude of vibrations. A soil propagation model has been developed
to incorporate site-specific, measurable, frequency-dependent attenuation characteristics.
Additionally, a method has been introduced for the in-situ determination of these
frequency-dependent properties, enabling more accurate assessment of vibration behavior.
Comparable results have been obtained in stochastic modeling approaches, such as the
multi-step framework proposed by [Dabaghi, Der Kiureghian, 2017], which showed that
soil-dependent amplification can significantly affect the spectral response.

Conclusion

A new approach to calculating artificial accelerograms based on spectral normative
curves corresponding to different soil categories is proposed. Based on these calculations,
the only record of strong movements of the Spitak 07.12.1988 earthquake on the territory
of'the Republic of Armenia was laid down. What is important is that the obtained calculated
records differ not only in amplitude, but also in the frequency of appropriateness for soft
and hard soils. In the future, when accumulating accelerograms of earthquakes of medium
strength starting from 3.5 magnitudes, this method can be used to obtain accelerograms
of strong movements in different areas of the territory of the Republic of Armenia for
different categories of soils. These results allow us to obtain calculated accelerograms
close to reality, which can be used to compile not only new normative maps, but also to
obtain new spectral curves, and in the future to use more accurate normative curves, and
not some dynamic curves presented as spectral curves. These findings are directly related
to the refined hazard maps and spectral response curves (see fig. 2 and fig. 3). Based on
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these results, software was developed that allows one to obtain calculated accelerograms
based on spectral curves and which can be used to calculate buildings and structures
of various structural systems. Additionally, we conducted a focused review of selected
standards provisions that are especially critical for seismic building design. The article
provided some valuable critical discussions that could be taken into account in the future
when drafting new regulations. The methodology for computing artificial accelerograms
follows a multi-step approach integrating spectral normative curves, stochastic simulation
techniques, and validation against observed seismic records. The process consists of the
following key stages:

The spectral acceleration values are defined for different soil types, considering soil
amplification factors derived from empirical ground motion models and local seismic
norms. The curves incorporate site-specific modifications to ensure a realistic representation
of the seismic response across various geological conditions. The Fourier transform is
applied to match the frequency content of the synthetic waveforms with the prescribed
response spectra. The importance of including site effects in accelerogram generation
was also emphasized in recent work by [Huang, Wang, 2017], who demonstrated that
frequency-dependent attenuation models improve compatibility with observed response
spectra. The findings are consistent with recent advances in spectrum-compatible ground
motion generation [Ferreira et al., 2020; Huang, Wang, 2017], confirming that the proposed
methodology aligns with international trends and can be adapted for broader applications.
This iterative frequency-domain modification ensures that the final accelerogram
is spectrum-compatible while preserving realistic ground motion characteristics. A
computational tool was developed to automate the generation of spectrum-compatible
accelerograms, integrating the proposed methodology into a software framework. This tool
allows for site-specific seismic analysis, enabling engineers to perform nonlinear structural
assessments based on computed ground motions. The software ensures compliance with
the Armenian Seismic Code while allowing adaptability to international seismic standards.
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Abstract: Relevance. This paper examines the seismic and tectonic characteristics of Azerbaijan, with em-
phasis on the Karabakh and Eastern Zangezur regions. The study is relevant because the absence of seismic sta-
tions in these areas has led to a prolonged lack of systematic observations. Aim. The main objective is to analyze
the seismicity of the Karabakh and Eastern Zangezur zones in greater detail and to identify their specific features.
Methods. The research considers the spatial and temporal distribution of earthquakes and their relationship
with regional tectonics. Azerbaijan is a seismically active territory where both strong and moderate earthquakes
have occurred. The epicenters of major events are concentrated mainly along the southern slope of the Greater
Caucasus. In the Lesser Caucasus, large earthquakes are less frequent but have been recorded in Ganja, Kalbajar,
and Agdam, as well as in the Lerik and Masalli districts. In the Kura depression, earthquake foci are observed
but less densely distributed. A significant clustering of strong earthquake epicenters is also noted in the Caspian
Sea — 60-70 km north, 100-120 km east, and about 50 km south of the Absheron Peninsula. Weak tremors are
unevenly distributed, mainly in the eastern Greater Caucasus, often coinciding with strong earthquake zones.
Results. Unlike many seismically active regions of Azerbaijan, the Karabakh and Eastern Zangezur zones (except
the Kalbajar district and its eastern part) are considered aseismic, owing to the absence of active faults. However,
seismic hazard may still arise from neighboring, more active regions.
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Pestome: AKTyanbHOCTb pa6oTbl. B gaHHOI paboTe paccmaTpuBaloTCs CEICMUYECKUe M TEKTOHUYeCcKue
0co6eHHOCTU A3epbaikaHa, ¢ akLeHToM Ha Kapabaxckuit  BocTo4HO-3aHre3ypekuid pernoHbl. AKTyanbHOCTb
OnpefenseTcs 0TCYTCTBUEM CEMCMUYECKNX CTaHLWIA B 3TUX paloHax, YTo NPUBESO K ASIUTENIbHOMY OTCYTCTBUIO
cucTemaTtuyeckux HabnoaeHuni. Lienb nceneposanna. OCHOBHAA Lie/b 3aKII04aeTCs B 60s1ee AeTailbHOM aHanuae
cecMmyHocT Kapabaxckoi 1 BocTo4HO-3aHre3ypeKoi 30H 1 BbISBAEHUI UX CNELNdUYECKNX 0COOEHHOCTEN.
Metopabl. B paboTte paccmatpuBatoTCs NPOCTPAHCTBEHHO-BPEMEHHbIE 0COOEHHOCTU pacnpeaesieHns 3eMneTps-
CEHUM N NX CBA3b C PErNOHANbHOI TEKTOHMKON. A3epbaiiKaH ABNSETCA CECMUYECKN aKTUBHOW TEPPUTOPUEN,
rAe NPOMCXOANN KaK CUMbHbIE, TaK 11 YMePEHHbIe 3eMNETPACEHNS. ANULEHTPbI KPYMHbIX COObITUI COCPEAO0TOo-
YeHbl rMaBHbIM 06pa30M Ha HXXHOM ckfoHe bonblioro Kaekasa. B npegenax Manoro Kakasa cuibHble 3eM-
NETPACEHNA HAGNIAAIOTCA PexKe, OAHAKO OHU 3adonKCMpOBaHbI B paioHax MHmka, Kenbbamkap u Argam, a
TaKkxe B Jlepukckom n MacannuHckom paiioHax. B Kiopckoi BnaguHe ovarn 3eMneTpsiCeHnii BCTPeYarTes, HO
pacnpefenieHbl MeHee NNOTHO. 3HaYNTeNbHOE CKOMMeHe SNULIEHTPOB CUMTbHBIX 3eMIIETPACEHNA OTMEYaeTCs 1
B Kacnuiickom mope — B 60-70 km K cesepy, 100-120 KM K BOCTOKY 1 0k0no 50 KM K tory OT AnLLEPOHCKOro
nonyoctposa. Crabble TONYKKU pacnpefesieHbl KpailHe HepaBHOMEPHO, NPEMMYLLECTBEHHO B BOCTOYHOM YacTu
bonbworo KaBkasa, 1 4alle BCEro CoBMafatT ¢ 30HaMI CUIIbHbIX 3eMNETpsceHnid. PesynbTatbl. B oTnnyme ot
MHOMUX APYruX CEMCMOAKTUBHbIX pernoHoB AsepbaiikaHa, Kapabaxckas 1 BocTo4Ho-3aHre3ypcekas 30HbI (3a
ncKkntoYeHnem Kenb6amxkapckoro painoHa u ero BOCTOYHOI 4acTyh) CHATAOTCSA aCENCMUYHBIMU, 4TO 06BACHSAETCS
OTCYTCTBMEM AKTUBHbIX Pa3fIOMOB. TeM He MeHee, CEMCMUYecKas yrpo3a Ans aTux pernoHOB MOXKET UCXOAUTb
0T cocefiHuX, 60/1ee akTUBHbIX 30H.

Kntovesbie cnosa: 3eMJIETPACEHMS, CEICMUYHOCTb, KapTa 3MULEHTPOB, TEKTOHNKA, aCENCMUYHOCTb, 04ar
3eMneTpACceHns, pa3nombl.
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pamkax npoekta Ne AEF-MGC-2024-2(50)-16/05/2-M-05.

Onsa uutupoBanms: Mammaanm T.4. O ceidicmuyHocT Kapabaxckoii n BocTo4HO-3aHre3ypckoi o6na-
CcTel Tepputopun Asepbangxana. feosnorus n reogpmanka Hra Poccun. 2025. 15(3):128-135. DOI: 10.46698/
VNC.2025.64.62.001

Infroduction

In the Karabakh and East Zangezur regions of Azerbaijan, seismic research has not
been conducted for about 30 years. It is worth noting that these studies were not widely
developed even during the Soviet era. Seismic stations in this region were opened in the
mid-1980s in the Jebrail, Kalbacar, and Aghdam districts. Thus, the seismicity of this area
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has not been investigated. Currently, the region is undergoing reconstruction. Large cities,
roads, bridges, tunnels, airports and other civil and industrial facilities are being built. All
this makes the study of the seismicity of this territory relevant, which is necessary for as-
sessing the seismic hazard and risk.

Seismicity manifestations in the territory of Azerbaijan

The territory of Azerbaijan is characterized by fairly high seismic activity. Strong
earthquakes have repeatedly occurred here, examples of which are the earthquakes of
Gandja (M»6.7, [»9 points) in 427, (M»6.8, [»9 points) in 1139 and Shamakhi (M»7.0,
[»9-10 points) in 1667, (M»6.9, [»9-10 points) in 1902. During the Gandja earthquake
of 1139, the largest lake in Azerbaijan, Goygol, was formed. The earthquake that occurred
in Shamakhi in 1667 (M»7.0, I;»9-10 points) is considered the strongest earthquake in
the Caucasus. Data from that time indicate that rock avalanches during this earthquake
claimed the lives of more than 80,000 people [New Catalogue, 1977]. This earthquake
was followed by strong aftershocks over the next few years, with an Intensity of 8 on the
MSK-64 scale at the epicenter.

In addition to strong ones, numerous weak (M<4.0) and moderate (M=4.0+5.5) earth-
quakes occur annually in Azerbaijan. Moderate earthquakes usually caused cracks in houses
and rarely resulted in destruction. Such earthquakes include Ismayilli (M=5.1) of 1981,
Aghdash (M=4.9) of 1999, Caspian (Baku) (M=6.2) of 2000, Zagatala (M=5.6) of 2012,
Shamakhi-Ismayilli-Akhsu (M=5.1) of 2019. Maps of the earthquake epicenters of different
magnitudes allow us to judge the features of seismicity in the territory of Azerbaijan.

The map of strong earthquake epicenters (with M>5.0) in Azerbaijan for the period
427-2024, constructed using the earthquake catalogue (fund of the Seismic Survey Center
of ANAS), shows that strong earthquakes occurred rarely and not everywhere (fig. 1).
The epicenters of strong earthquakes are mainly concentrated in certain areas of the
southern slope of the Greater Caucasus, which are separated by less active or aseismic
zones. Moreover, the densest cluster is characteristic for the Shamakhi-Ismailli region.
High seismic activity is also observed in the northeast of the Republic (in Guba, Gusar
and Khachmaz regions).
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Fig. 1. Map of earthquake epicenters with M>5.0 in the territory of Azerbaijan
for the period 427-2024
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To the south of the eastern part of the Greater Caucasus — within the Kura Depression,
there are sources of strong earthquakes, although they are not distributed so densely.

In the Azerbaijani part of the Lesser Caucasus, rare strong earthquakes are observed
in Gandja, Kalbajar and Aghdam, as well as in Lerik and Masalli regions.

The epicenters of strong earthquakes are concentrated in the Caspian Sea — approxi-
mately 60-70 km north, 100-120 km east and 50 km south of the Absheron Peninsula.

The analysis shows that within Azerbaijan, weak seismic tremors are also distributed
extremely unevenly (fig. 2). The overwhelming majority of earthquakes occur in the east-
ern part of the Greater Caucasus. It should be noted that this region is characterized by
such an uneven distribution. There is a concentration of earthquake epicenters in some
places and a small number of them or their absence in others.

Here, an increased concentration of epicenters is noted in the zones of occurrence of
strong earthquakes — in the area between the cities of Balakan and Zagatala, in the Oghuz
region, to the east of the Gabala meridian, as well as in the Ismailly and Shamakhi re-
gions. These zones of accumulation of seismic tremors are separated by areas character-
ized by a small number of earthquakes, or their complete absence.
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Fig. 2. Map of earthquake epicenters with M>3.0 in the territory of Azerbaijan
for the period 1980-2024

An increased level of weak seismicity is also characteristic of all source zones in the
Kura Depression (Aghdash, Kurdamir, Zardab, Imishli districts), the Azerbaijani part of
the Lesser Caucasus (Gandja and Kalbajar districts). A high concentration of weak earth-
quake sources is characteristic of the Lerik and Masalli districts.

In addition to the above seismically active areas, there are also separate aseismic
zones in Azerbaijan.

These zones include the Absheron Peninsula with its western part (up to the meridian
of 49° E), a small zone north of the Gadabay region (the zone between 40,5° and 41° N
and from the border with Armenia to 46° E), and a fairly large territory covering the areas
of the Karabakh and East Zangezur regions. Within these zones, isolated epicenters of
seismic tremors are observed or they are absent altogether. Thus, the territory of Azerbai-
jan can be considered a unique seismological laboratory, where nature conducts various
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experiments: in one case, the depression zone (east of the meridian of 49°E, including the
Absheron Peninsula, as well as the flat part of Karabakh) is aseismic, i.e. isolated epicent-
ers of seismic tremors are observed, in another case the same zone (Kura Depression) is
characterized by high seismicity. On the other hand, one mountain-fold system (the east-
ern part of the Greater Caucasus) is characterized by increased seismicity, and at the same
time another mountain-fold system — in East Zangezur — does not have seismic tremors.
All this shows that the zones of occurrence of earthquakes are not connected in any way
by the geomorphological conditions of the area.

Tectonic substantiation of seismicity of the territory of Azerbaijan

Scientists have long established that strong and destructive earthquakes are confined
to fault zones [Caputo et al., 1980; Gamburtsev, 1955; Gelfand et al., 1972]. It should be
noted that weak and medium-strength earthquakes also occur in fault zones. The fact is
that an indispensable condition for the occurrence of strong earthquakes is contrasting
tectonic movements, which are characteristic of fault zones dividing areas with different,
and sometimes sharply changing, directions of tectonic movements. And areas within
geological structures are characterized by a common tectonic regime (without contrasting
movements) and, therefore, there are no conditions for the occurrence of strong earth-
quakes.

As noted, researchers believe that strong and destructive earthquakes are associated
with fault zones observed at the surface or inferred at depth [Gamburtsev, 1955; Gubin,
1978; Gubin, 1950; Rantsman, 1979; Riznichenko, 1976].

However, there are alternative views regarding seismogenic zones. Some scholars ar-
gue that the foci of major earthquakes are localized at morphostructural nodes, i.e., at the
intersections of active faults [Caputo et al., 1980; Gelfand et al., 1972]. The locations of
such nodes are determined using the method of morphostructural zoning [Alekseevskaya
etal., 1977; Gelfand et al., 1972; Gorshkov, 2010; Polyakova, 1985; Shikhalibeyli, 1996].
It has been demonstrated in that the assumption concerning the localization of strong
earthquake foci at the intersections of active faults is supported by statistical analysis.

On the territory of the Greater Caucasus, a number of structural elements are distin-
guished, with a general Caucasian direction, which plunge in the eastern direction.

The Kura Trough has a complex structure. Within its boundaries, marginal and inter-
nal zones with geosynclinal and platform foundations of the Meso-Paleogene, respec-
tively, are distinguished. Karabakh and East Zangezur regions of Azerbaijan are located
within the Lesser Caucasus, which is a folded-block mountain belt. The main tectonic
structures are the Zangezur folded-block massif, which includes raised blocks of crystal-
line rocks, the Karabakh Highland — a volcano-plutonic structure composed of Jurassic
and Cretaceous volcanogenic-sedimentary formations, and the Megan synclinorium — a
large geological structure containing a thick layer of sedimentary rocks of the Jurassic
and Cretaceous age.

Large structures in the territory of Azerbaijan during the entire Alpine cycle or its
individual stages were limited by deep faults and experienced intensive differential move-
ments, predetermining the modern structure of the region.

Deep faults in the territory of Azerbaijan were studied by E.Sh. Shikhalibeyli,
F.S.Akhmedbeyli and other researchers [Akhmedbeyli, 2004; Shikhalibeyli, 1996].
Along with faults with a general Caucasian direction, they also distinguish transverse
(anti-Caucasian) faults.
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However, it was established [Mammadli, 2011, 2012, 2014, 2022; Mammadli,
Muradov, 2023; Mammadli, Rogozhin, 2019; Ovsyuchenko et al., 2011; Yetirmishli,
Kazimov, 2022] that tectonic faults are not active along their entire length and, accord-
ingly, strong earthquakes may not occur at all their points. A method was developed
for determining active segments of deep faults based on weak seismicity, which al-
lows more accurately establishing the spatial positions of real source zones of strong
earthquakes [Gubin, 1978]. Using this method, many active segments of deep faults
(source zones) with different lengths and directions were established in the territory of
Azerbaijan (fig. 3).
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Fig. 3. Schematic map of active segments of deep faults (source zones)
of strong earthquake zones in Azerbaijan

This schematic map shows that these sources of strong earthquakes correspond to
individual segments of faults. In other words, active segments of deep faults are the
generators of earthquakes. In zones where there are no active deep faults, there are isolated
epicenters of seismic tremors.

Discussion of Results

The results of our research allow us to conclude that some areas of the territory of
Azerbaijan, including Karabakh and East Zangezur regions, are characterized by aseis-
micity, i.e. in these areas there are no tectonic conditions for the occurrence of earth-
quakes. The seismic threat to these zones comes from the sources of strong earthquakes
in neighbouring regions and, given their potential strength, the seismic hazard of the
territory of the Karabakh and East Zangezur regions (except for the Kalbajar region and
its eastern part) is estimated at 7 points on the MSK-64 scale [Mammadli, 2022] (fig.
4). The same seismic hazard is characteristic of small zones to the north of the Gadabay
region (the zone between 40,5° and 41° N and from the border with Armenia to 46° E),
to the south of the city of Gakh, to the north of the city of Sumgait, between the cities of
Shirvan and Neftchala.
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Fig. 4. Map of the probability of the strong earthquake s occurrence within the territory
of the Republic of Azerbaijan (Mammadli, Yetirmishli, 2013)

It should be noted that, unlike other zones with a low level of seismic hazard, the
Karabakh and East Zangezur regions occupy a fairly large territory. Currently, large-
scale construction works are being carried out in these territories. Cities, roads, bridges,
tunnels, airports and many other civil and industrial facilities are being built. Territories
with a low level of seismic hazard are the most favourable for such major construction
work. Detailed seismotectonic studies and anti-seismic calculations are not required.

Conclusion

The conducted studies allow us to conclude the following:

1. The seismicity of the territory of Azerbaijanis characterized by extreme heterogeneity.

2. Along with areas of increased seismicity, there are aseismic zones where isolated
epicenters of seismic tremors are observed.

3. The aseismicity of some areas of the territory of Azerbaijan, including the Karabakh
and East Zangezur zones (with the exception of Kalbajar region and its eastern part) is
due to the fact that there are no tectonic conditions for the occurrence of earthquakes
within them.

4. The territory of Karabakh and East Zangezur (with the exception of Kalbajar region
and its eastern part) with a low level of seismic hazard are the most favourable for many
civil and industrial construction works.
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Pe3stome: AKTyanbHOCTb OMpefeNfeTcs Heo0X0AMMOCTbI0 Pa3paboTKM TEXHOOMMIA NOUCKA U OLEHKU Clie-
MbIX U NOrPe6eHHbIX PYAHbIX TEN HA OCHOBE CMEKTPO30HaNbHbIX KOCMUYecKux CHUMKOB. Llenb. Paspabotatb
OCHOBbI TEXHOJIOMMW NOKANN3aLMn 3010TOHOCHBIX MUHEpanu3aunii no CNeKTPO30HaNTbHbIM XapakTepucTukam
KocMmuyeckux cHumkoB. MeTtogbl. Matemartudeckue npouenypbl, NO3BONSAIOLLME UCKNOYNTD NAHAWARTHbIE NO-
MeXW 1 afanTupoBaTb aNroput™M 06paboTKN MHDOPMALMN K USMEHEHWIO CBOWCTB aHOMANIMA U «MOMeX», 0CYy-
LLeCTBNATL aHANI3 1 OLIEHKY CBOICTB aHOManuii B npouecce camoii 06paboTku. PesynbTarthl. PaspaboTaHsb!
OCHOBbI OPUrMHANBHON TEXHONOTUY BbISB/IEHNS QHOMAJTLHOI0 3)PeKTa Hafl PyAHbIMU TeflaMu N0 KOCMUYECKUM
CHUMKaM W1 JI0Kanu3aLumm 30N10TOHOCHbIX MUHEpanu3aLnii Ha npuMepe Mectopoxxaenus PagyxHoe (KabapamHo-
bankapckas pecny6nuka). [pu 3T0M Nosly4eHne CNeKTPO30HANTbHbBIX XapaKTepUCTUK KOCMUYECKUX CHUMKOB pac-
CMaTpUBaeTCs Kak CBOe0OPa3HbIN reodU3NYecKMii MeTo ] MCCrefoBaHns 3eMHbIX Heap. O6paLlleHO BHUMaHME Ha
TO, 4TO TaKuUe CHUMKN (PUKCUPYIOT 3/1eKTPOMArHUTHbIE KONe6aHus B MHTepBafiax OTPAXKEHHOIO U U3JY4EHHOMO
yacTeil cnekTpa. 3To onpeenser BO3MOXXHOCTb UCMONb30BaHNA TeX METOA0B, KOTOPbIE ObIny paspaboTaHbl 4ns
BblJeneHuns reon3n4eckux aHomanuit Ha poHe nomex. OCHOBOW TEXHONOMK ABMSETCH NOAOOP Takux marema-
TUYECKMX NPeobpa3oBaHunii M306paXKeHNin 3eMHOI NOBEPXHOCTH, KOTOPbIE Obl 06ECNEeYnIN HaféXHOe ralleHne
NAHALWAMTHBLIX MOMEX 1 YCUNEHWe aHOMaNbHOMo 3¢PEKTA, 06YCIIOBIIEHHOr0 3HAOMEHHBIMI PYA006pa3YoLLNMK
npoueccamu. [ins onncaHus 0CO6eHHOCTEN OTpaXKaTesibHOM CNOCOBHOCTY NaHALLIAdITOB, B Ka4€CTBE UCXOAHbIX
napameTpoB CO3JjaH MACCUB [aHHbIX, COCTOALLMA N3 29 NPU3HAKOB, BKITHOHAIOLLNX PA3/INYHbIE XapaKTepUCTUKL
penbeda, 0CBELLEHHOCTH, a TaKXe pasnuynus M306paxeHnii Ans nepuofoB BeCHa—1eTO U NeTo—0CeHb. B pe-
3ynbrate hakTOPHOro aHannaa 13 29 npu3HakoB nony4eHo 15 hakTopos. [ns knactepusauuy 6biim 0TO6paHb!
Haubonee 3Ha4YMMble (haKTOpbI NMYTEM NOCNEA0BATENbHOIO BU3yanbHOM0 aHanuaa rpada u tabnuubl, otobpa-
XKAIOLMX UX CBA3N C KOHKPETHbIMW NMPUPOLHbIMU 00bekTamun. Kntodom Ans onpefeneHus npupofbl hakropa
ABNANCS BbICOKUIA BEC Npu3Haka. B pesynbsrare oto6paHo 11 (pakTopoB, KOTOPbIE 06YCII0B/EHbl 3HAOTEHHbIMU,
B T.4. pyfoo6pasyroLumu npoueccamu. Ha ux 0CHOBE OCYLLLECTBIIEH KIaCTePHbIN aHanu3, no pesynsratam KoTo-
poro nony4eHo 83 Tuna anemMeHTapHbIX N10WafokK. [18a n3 Hux coBnanu ¢ npoekuuen Nepsoil pyaHoi 3anexu Ha
JHEBHYI0 MOBEPXHOCTb. [110LWafmn pacnpoCcTpaHeHNs aTUX BYX TUMOB 32 NpejesiamMmun 3TalIOHHON PYAHOI 3anexu
npeLiaraeTcs paccMaTpuBaTh B KA4ECTBE NPU3HAKA HANIMYUSA B HELLPAX HOBbIX 30/10TOPYAHbIX 06bEKTOB.

KnioueBble cnoBa: NouCKW NOJSIe3HbIX UCKOMAeMblX, 3011070, CMEKTPO30HA/bHbIE KOCMUYECKNE CHUMKW,
(hakTOPHbIN aHANK3, KNACTePHbIA aHaNu3, MeCTOpOXaeHe PatyHoe.

bnaropapHocTu: PaboTa BbirosiHeHa B paMKax peanusauyn rocyaapctBeHHoro 3agaqus HOHL PAH, Ne roc-
peructpaynn 125011700412-6 n [®OU BHL PAH.

Ina yutuposanus: [asbiaeHko [.6., Mapaga C.I. Jlokanusauus 30N0TOHOCHbIX MUHEpanu3auui no KOCMu-
4eCKNUM CHUMKaM. [eonorns n reogpmuaunka tora Poccun. 2025.15(3): 136-147.D0I: 10.46698/VNC.2025.47.90.002


https://geosouth.ru/article/view/1258/1034
https://orcid.org/0000-0001-5834-6037
https://orcid.org/0000-0002-5810-3438

Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reopuanka fOra Poccnt 137

GEOLOGY, PROSPECTING AND EXPLORATION OF SOLID MINERALS, MINERAGENY

DOI: 10.46698/VNC.2025.47.90.002

Original paper
Localization of gold-bearing mineralizations
from satellite images

D.B. Davydenkoil', S.G. Paradal’}2

1 South Scientific Center, Russian Academy of Sciences,
41 Chekhov Ave., Rostov-on-Don 344006, Russian Federation,
e-mail: maurmar @yandex.ru;

2 Geophysical Institute, Vladikavkaz Scientific Center, Russian Academy
of Sciences, 93a Markova Str., Vladikavkaz 362002, Russian Federation,
e-mail: segripa@rambler.ru

Received: 04.08.2025, revised: 15.09.2025, accepted: 18.09.2025

Abstract: The relevance is determined by the need to develop technologies for searching and evaluating
blind and buried ore bodies based on spectral satellite images. Aim. To develop the basics of technology for
localization of gold-bearing mineralizations based on the spectral characteristics of satellite images. Methods.
Mathematical procedures that make it possible to eliminate landscape interference and adapt the information
processing algorithm to changes in the properties of anomalies and “interference”, to analyze and evaluate the
properties of anomalies during the processing itself. Results. The basics of an original technology for detecting
anomalous effects on ore bodies from satellite images and localization of gold-bearing mineralizations have
been developed using the example of the Raduzhnoye deposit (Kabardino-Balkarian Republic). At the same time,
obtaining the spectral characteristics of satellite images is considered as a kind of geophysical method for study-
ing the Earth’s interior. Attention is drawn to the fact that such images capture electromagnetic vibrations in the
ranges of the reflected and radiated parts of the spectrum. This determines the possibility of using those methods
that have been developed to identify geophysical anomalies against the background of interference. The basis of
the technology is the selection of such mathematical transformations of images of the Earth’s surface that would
ensure reliable attenuation of landscape interference and amplification of the anomalous effect caused by endog-
enous ore-forming processes. To describe the features of the reflectivity of landscapes, a data array consisting
of 29 features was created as initial parameters, including various characteristics of relief, illumination, as well
as image differences for the spring-summer and summer-autumn periods. As a result of factor analysis, 15 fac-
tors out of 29 signs were obtained. For clustering, the most significant factors were selected by sequential visual
analysis of a graph and a table showing their relationship to specific natural objects. The key to determining the
nature of the factor was the high weight of the trait. As a result, 11 factors were selected, which are caused by
endogenous, including ore-forming processes. Based on them, a cluster analysis was carried out, which resulted
in 83 types of elementary sites. Two of them coincided with the projection of the First ore deposit onto the day
surface. The distribution areas of these two types outside the reference ore deposit are proposed to be considered
as a sign of the presence of new gold mining facilities in the subsurface.

Keywords: mineral prospecting, gold, spectral satellite images, factor analysis, cluster analysis, Raduzhnoye
deposit.
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BeepeHme

B nacTosee Bpemsi, Korna npakTH4eCKH BCE MECTOPOXKEHHUS, KOTOPBIE JIETKO 00-
HApY>KUTh C TOBEPXHOCTHU CTAHJAPTHBIMU METOJAMHU, YK€ BBISBIICHBI, 2 OCHOBHOM I1e-
JBbIO MIPOTHO3a ¥ TOMCKOB CTAHOBSITCS CIICIIbIE U TOTPEeOCHHBIE MECTOPOXKACHHSI, 0C000
aKTyaJIbHBIM SIBIISIETCS MCIOJIb30BaHNE KOCMUYECKUX U T€OMH(OPMAIIMOHHBIX TEXHO-
JIOTUH B COBOKYITHOCTH C COBPEMEHHBIMU IIPEICTABICHUSIMH O CTPOCHUH U TpaHCPop-
Manusx 3eMHoU kopsl [3Buc, 1990; Martumos u ap., 2010; daBsiaenko, 2016 u ap.].
K takum meTonam oTHOCUTCA (PUKCAUs MPU3HAKOB HAJIMUYUS B HEJIpax MOJIE3HBIX UC-
KOTIA€MBIX MO CITyTHHKOBBIM JaHHBIM. Vcrionb3yeTcs sSBJIeHHE OTOOpaKEeHUs B JIAH/-
magTax 3eMHOM MOBEPXHOCTH 3HAOTEHHBIX pynooOpasyromux mnpoueccos. [locnen-
HUE, C OJHOM CTOPOHBI ONPEEAIOT MOSIBJICHUE B HEAPAX CKOIUICHHI MHUHEPAIbHOTO
CBIPBS, C IPYTOi CTOPOHBI MPSIMO UM KOCBEHHO BIMSIOT HAa (HOPMUPOBAHUE HK30ICH-
HBIX JaHAmapToB. DTH JaHAAPTHBIE 0COOCHHOCTH OTPAXKAIOTCS, MPEXK/IE BCETO, B
pacTUTEIbHOM TOKPOBE U 3aBUCAT B KOHEYHOM HTOI€ OT cocTaBa (DIIOUIHON (a3bl
MOYBEHHOTO CJIOSl, YTO U HAXOAMUT OTPaKCHHE HA CIEKTPO30HATbHBIX KOCMUYECKUX
CHUMKaxX [AspokocmMudeckue MeTosl ..., 2000; Tpudonos, 2010; I'opusrit, Tponus,
2012 u np.]. Takum 06pa3zom, NMpu U3YyYEHUH KOCMOCHUMKOB PYAHBIE OOBEKTHI MO-
I'yT OBITH BBISIBIEHBI [0 CBOCOOPA3HOMY M3MEHEHHUIO OTPAKATEIbHONW CIOCOOHOCTHU
nanamadTa HaJl HUIMH. DTa 0COOCHHOCTh HAJPYAHBIX JIaHAMA(TOB 0TOOpa)kaeTcs B
cBOCOOpa3uu CIEKTPAIbHOTO M300pa)KeHUsl JAaHHOTO ydyacTKa Ha MHOTO30HAJIbHBIX
KOCMHUYECKHUX CHHUMKaX, YTO MCIOJIb3yeTCsl B OOJIbIIMHCTBE ucciaeqoBaHuil [Wang et
al., 2022 u np.].

K Hacrosiemy BpeMeHU MMEETCs OIBIT MPOrHO3a MO CIYTHUKOBBIM JaHHBIM B OT-
HOILEHUU 3aIeXkKel yrineBogopoaos [Apxunos u ap., 2011; Byceirun u np., 2012], xum-
oepmuroBoro marmarusma [Cepokypos, 2013], mecropoxkaeHuii Bonbdpama [Liu et al.,
2025], 3on0topynnbix nposisienuit [Zhang, 2007; bycbirun, Hukynun, 2009; AOyuike-
Bu4, Bonun, 2014; JlaBeinenko, 2016; Milovsky et al., 2024 u np.].

NmenHo m3meHeHus B naHamadTax, BEI3BaHHBIC, KaK MPEANoiIaraeTcs HaaTudueM
II0JIE3HOTO MCKOIIAEMOI'0 B HEJpax, OTpakalolluecs Ha CHEKTPO30HAJIbHBIX KOCMHU-
YECKUX CHUMKaxX (UKCUPYIOTCS MPU MPOTHO3UPOBAHUU MOJE3HBIX UCKONAeMbIX. MbI
K€ CYMTAeM, 4TO JJIs PElIeHMs 3aJa4 IeoJIOTHYeCKOro nemudpupoBaHus KOCMUYe-
CKHMX CHHMKOB PUCYHOK JIaHImadTa sBiIseTcsS B OOJBIIOM YHUCIE CIy4yaeB IOMEXOH
(0coOeHHO ATO XapaKTEPHO JIJIsi TEXHOTCHHBIX JIAaHAIMA(TOB, TPEeoOIaaroNIuX Ha I0re
Poccun, a Takxke ropHbIx TeppuTopuit). [Ipu 3TOM CHEKTPO30HATBHBIE KOCMHUYECKUE
CHHUMKH paccMaTpHBaeM He TOJBKO Kak croco0 MoyiydeHus u3o0paxeHus jaHamad-
TOB, HO M KaK CBO€0Opa3HbIi reopu3ndeckuii MeTo| ucclieJoBaHus 3eMHBIX Henp. Ta-
KHE CHUMKHU (PUKCUPYIOT JIEKTPOMArHUTHBIC KOJIeOaHUS B MHTEPBAJIaX OTPAXKEHHOTO
U U3JIy4EHHOTO 4YacTed CHeKTpa. DTO OIpeAessieT BO3MOXKHOCTh MPUBICUEHUS IS
IIPOTHO3a U MOUCKA IMOJIE3HBIX UCKOMAaeMbIX Ha 0a3e MHOTO30HAIBHBIX KOCMUYECKUX
ChEMOK T€X METOJI0B, KOTOpbIE ObUIM pa3paldoTaHbl /Ui BbIACICHHUS Te0(pU3nUIeCKuxX
aHoMaluii Ha GOHE MOMeX.

B cBsi3u ¢ U310keHHBIM HaMU Ha IpuMepe Pajy’KHOTo 30J10TOPYAHOI0 MECTOPOXKIE-
Hus (Kabapauno-bankapckas pecnyOnuka) ornpoOoBaHa npeayiaraeMas HKe TEXHOJIO-
TSl BBISIBJIIGHUS] aHOMAJIbHBIX A PEKTOB, 00YCIOBICHHBIX HAIMYUEM TI0JIE3HOIO HCKOTIa-
€MOr0 B Heflpax.
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MaTtepunan 1 METOAbI

B kxauecTBe aHaNM3UPYEMbIX MaTEpHAJIOB B HACTOSIIEM HCCIIEOBAHUH HCIIOJIb30Ba-
HBI IU(POBBIE CHUMKH, MTOJyYSHHbIE ¢ KocMudeckoro anmnapara Jlanacar-7 (Landsat-7).
KoMruieKT 3TuX CHUMKOB JJIs1 OZTHOTO M TOTO K€ Y4acTKa MECTHOCTH (CIIeHAa) BKJIIOYAET B
ce0st n300pakeHusl, OMyUYECHHBIC B CEMU PA3IMUHBIX CIIEKTPAIBHBIX JUana3oHax (Taol.
1). IlepBbie TpH 30HBI SBISIOTCS PE3yABTATOM IOIPA3IEICHUS BUAUMOM YaCTH IEKTPO-
MarHUTHOTO CIIEKTPA, & YE€ThIPE OCTAIBHBIX OTHOCATCS K HEBUAUMOM (TEIIOBOI) YacTu.
[Ipu 5TOM M300pa)KeHHs B IIECCTH MEPBBIX 30HAX CBSI3aHBI C OTPAKCHHEM COJHEYHOT'O
W3YYCHHUs, a B JATIbHEH TEIJIOBOM 30HE HAXOJUT OTOOPaKEHUE TAKKE M U3TyUECHUE HENP
3emiu.

Tabnuya 1 /Table 1

ITapameTpsbl cueHbI KOCMUYeCKOil cbeMkH cnyTHuka Landsat-7 ETM+ /
Parameters of the space survey scene of the Landsat-7 ETM

CHeKTDANLHBIE 30HbI/ Jlnana3oHbl CIEKTPAJbHBIX IIpocTrpancTBeHHOE
S Ectral zones KaHaJI0B, MKM/ Spectral pa3pemienue, M/ Spatial
P channel ranges, mecm resolution, m
romy6as/ blue 0,45-0,52 30
Bumumere/ Visible senenas/ 0,52-0,6 30
green
kpacHast/ red 0,63-0,69 30
brmxusis unppakpacuas/ Near .

infrared 0,76-0.9 30

Cpennstst uadpaxpactas/ Medium 1,55-1,75 30

infrared 2,08-2,35 30
JlanbHsist

Wndpaxpacuas/ Far 10,42—-12,5 60
infrared

[Taaxpomarmueckas/ Panchromatic 0,52-0,9 15

AHomanuu GpoToTOHA, 00yCIIOBICHHBIC INTyOMHHBIMU (DAKTOPAMU U KaK Obl HAJIOXKCH-
Hble Ha ()OTOXapaKTEPUCTHUKH JaHIIa(Ta, pacCCMaTpUBAIOTCS B Kaue€CTBE MOJIE3HON UH-
dbopmaruu. OHOM U3 TaBHBIX 3a7a4 MPOTHO3WPOBAHUS 110 KOCMUYECKUM CHUMKAaM SIB-
JsieTCs MoI00p TaKUX MaTeMaTHUeCKUX MpeoOpa3oBaHuil H300paKeHUI 3eMHOM MOBEpX-
HOCTH, KOTOpbIE ObI 00ecreunIn HaI&KHOE ralleHre JaHIIaQTHBIX IOMEX U yCUIICHUE
aHoMasbHOro 3 dekra HaJ pyAHbIMU TenamMu. C 3TOH IeNIbI0 MOKHO MMPUMEHSTH OLIEHKY
JTUHAMUKY JTaHAmadTa 1o BpeMEHHBIM psiaM € UCTIOJIb30BAaHUEM €5KETO/IHBIX CITYy THUKO-
BBIX CHUMKOB M MPOCTPAHCTBEHHOTO CTaTUCTHYECKOTO MOJIEINpOBaHus, Harpumep [Fan
et al., 2017], oOHapyXeHHE U3MEHEHUH BO BPEMEHHBIX PsIIaX CITYTHUKOBBIX H300pake-
HUW C TTIOMOIIBIO CIIEKTPaAIbHOTO aHanu3a, Hanpumep [Ghaderpour, Vujadinovic, 2020]
Y MHOXKECTBO JIPYTHX Ipoleayp. B ocHOBy ncnons3yeMoil HaMu TEXHOJIOTHH 3a710KEHbI
MaTeMaTU4eCcKue MpoIelypbl, KOTOPbIE MO3BOJISIIOT MMOTACUTh JIaHIIIa(THBIE TIOMEXU U
aJIalTUPOBATh AITOPUTM 00pabOTKH MH(DOPMALIUK K U3MEHEHHIO CBOWCTB aHOMANUN U
«TOMEX» U OCYILECTBISATH aHAJN3 U OLIEHKY CBOMCTB aHOMAJIUK B Ipoliecce caMoii 00-
paboTKwH.

CaMy TexHOJOTHIO 00pabOTKH MOXKHO MOJPa3IeiIUTh Ha TPU OCHOBHBIX dTara.

[IpenBapuTenbHBIN Tan BKIOYAET B OCHOBHOM KOPPEKIUIO TUIOUIAJHON MPUBA3KU
CHUMKOB, CYIIIECTBEHHOE CHIDKEHHE BIMSHUS TAaKOM SPKOM MOMEXU KakK pa3jinyue B U30-
OpaXeHUH y4aCTKOB OCBEIICHHBIX COJHIIEM U HAXOSIIMXCS B TEHU (TallleHHE MOMEXU
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«CBET-TEHBY), a Takke (akTOpHbIi aHanu3. IIpu 3ToM popmupyercs moHATHIIHAS MO-
JieJb, IOATOTABIMBACTCS MACCUB UCXOAHBIX JAHHBIX, CO3/Ia€TCS YUCIOBOW MAacCHUB IpU-
3HAKOB, ONHKCBHIBAIOLINX C PETYJSPHBIM IIaroM BCIO UCCIEAYEMYIO IUIOIA/b, OCYIIECT-
BiIsieTcsl PaKTOPHBIN aHAJIN3 U BBIOOP Haubosee MHHOPMATUBHBIX (PAKTOPOB.

JU1sl paBHUHHBIX PETMOHOB KOCMOCHUMKH JJOCTATOUHO HAJ/IeKHO MPUBSI3aHbI K CUCTE-
Me KOOPJIUHAT U HEe TPeOyIOT TOMOJIHUTENbHON KoppeKuK. OIHAKO Ha CHUMKaX TOPHBIX
paiioHOB IJIAHOBOE IMOJIOKEHUE THIPOCETH CYILECTBEHHO PA3JIMYaeTCsl B CPABHEHUU C
JaHHBIMU Tonorpaguyeckux kapt. [loaromy HeoOXoanMa KOppeKIHs, KOTopas A0JKHA
00ecrneYnTh TOUHOE COOTBETCTBUE IPYT JPYTY BCEX CHUMKOB B Pa3HBIX CIIEKTPAIbHBIX
30Hax. Takas KOppeKIHsl OCYILECTRIAIACh HAMHU C IIOMOIIIbIO IPOrPAMMHBIX KOMILIEKCOB
I'MC UHTEI'PO u ArcGis.

OCO0EHHOCTH T€0JIOTMUECKOT0 MMPOCTPAHCTBA, CBA3AHHBIE C SHAOT€HHBIMU, B T.U. py-
1000pa3yoUIMMU TPOLIECCaMU, BIHMSIOT Ha ra30BO-T€OXUMHUYECKYIO Cpely IOYBEHHOIO
CJ10s1, 00yCIaBIUBast Pa3IUUHYIO IPKOCTh OKPACKH PACTUTEIbHOCTH. OTHAKO SK30TCHHBIE
(akTopsl B eme OOJbIIeH CTENEHU W3MEHSIOT OTPaKaTelbHYI0 CIIOCOOHOCTbh TEPPHUTO-
pHUM, MAaCKUPYs BIUSHHE SHAOT€HHBIX MPOLIECCOB. B ycI0BHAX BBICOKOTOPHBIX PAaliOHOB
CO 3HAYMTEIBHOMN PACUICHEHHOCTBIO peiibeda HaOMI0Aat0TCs pe3Kre U3MEHEHUS JIOKaJIb-
HBIX JIaHAA(PTOB, YTO TaKKe OOYCIOBICHO AK30TeHHbIMM (akTopamu. Ilostomy Tpe-
OyeTcsi OIpeenuTbcs Yepe3 MOHATHIHHYI0 MOJIENb C COCTAaBOM JIBYX I'PYMIl KOMIOHEHT
(9K30T€HHBIX U HJIOTEHHBIX), ONPEIENSIONUX OTPAKATEIbHYIO CIIOCOOHOCTD JIaHAIIad-
TOB U 10 BO3MOYKHOCTH OTOPaKOBaTh KaK MOXHO OOJIbIIIE SK30T€HHBIX (haKTOPOB.

B ycnoBusIX TOPHOTO pe3KO pacwIEHEHHOTO pesibeda pa3inuus y4acTKOB OCBEIEH-
HBIX ¥ 3aTEHEHHBIX OYEeHb CyIlecTBEHHBI. [I03TOMY ramenne 3Toi moMexu («CBET-TEHbY)
BO)XHO JJIs MOCJEIyIomuX npeodpazoBaHuii. CHIKAIONIMM BIUSHUE 3TOH MOMEXU B
n300pakeHun JaHamadra, siBaseTcsl HOPMUPOBAHUE MTPU3HAKOB OCBEIEHHOCThIO. [Ipu
9TOM YMEHBILIACTCS IUCHEepPCHsl NPU3HAKOB (Tabi. 2), a TakKe KOppessuus MPU3HAKOB
C OCBELICHHOCTHI0. Takum 00pa3oM, MPOUCXOAUT ralleHue moMexu. B npyrux ciyuqa-
SIX JIJIS1 pelIeHus HOA0OHOH 3a/1auu UCTOJIb30BaHO HAXOXKICHHE MEAMAaHHBIX 3HAYCHUH B
npezaenax CKoJb3sIIe camoagantupyomeics (1o pasmepam U ¢popme) IIOMAAKH.

Tabnuya 2 / Table 2

3HayeHusl AUCIIEPCUM TPU3HAKOB /10 U M0CJIe HOPMHPOBAHMS OCBEIIeHHOCTbIO/
Values of the variance of features before and after normalization by illumination

Jucnepcusi npusHaka/
Feature variance

CrnexkTpaJbHbli 1uanazon/
Spectral range 10 HOPMHPOBAHHUS nocje HOPMHPOBAHHSA
0CBEIeHHOCThI0/ cBeleHHocThIO/ after

before light rationing | rationing by luminosity

0.45-0.52 (cunuii—rony6oit)/(blue—blue) 1.00051 0.05682
0.52—0.6 (3emenbIii—KenTHIN )/(green-yellow) 0.99957 0.0555
0.63—-0.69 (xpacusrii)/(red) 1.00001 0.0571
0.76—0.9 (ommxuuii UK)/(near infrared) 0.99983 0.05997

1.55-1.75 (xoporkoBonHOBBIi cpenuuii UK)/

(shortwave medium IR) 1.00018 0.05643
10.42—-12.5 (maneuuit UK)/(far infrared) 1.00066 0.07066
2.08-2.35 (mmuHHOBOMHOBBIN cpenuuii K)/ 1.00034 0.05759

(long-wavelength medium IR)
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ImaBHO# 3agaueit (hakTOPHOTO aHANM3a B IAaHHOM HCCIIEIOBAHUU SIBJISUIOCH TallleHHe
OCTaJbHOM YacTH JaHAmadTHeIX omMex. [Ipu 3ToM nepBblil (pakTop MHTEPHPETHPYET-
Csl KaK MaKCHUMaJIbHO OOYCIJIOBJIEHHBII €CTECTBEHHBIMU SK30TM€HHBIMU COCTABIISIOLIUMU
nanamadTa B mpeaesax ucciaeyeMon miomaan. B HeKOTOphIX CitydasiX MOsBISIETCS BO3-
MOXXHOCTb pacCMaTpUBaTh J0CTAaTOYHO HAJISKHO U HECKOJIBKO MOCIEAYIOUINX (PaKTOpPOB,
Kak 00yCJIOBJIEHHBIX 3K30T€HHBIMU TporeccaMmu. OcTanbHble (PaKTOPBl pacCMaTPHUBAOT-
Csl KaK KOCBEHHbIE MPU3HAKH, COJIeprKalllie, B TOM YHciie, 1 HHPOopMalUio o JaHamadT-
HOM aHOMalluy, BHI3BAHHON HAJIMYUEM PYAHOTO Tena. Takylo aHOMaJHuio IpejiaraeTcs
Ha3bIBaTh «pyAonpoayuupyemas nanamadraas anomanus» (PITIA).

[Tocne sToro hopmMupyercsi OKOHYATENbHBI MAaCCHB MPU3HAKOB IS OMUCAHUS 0CO-
OCHHOCTEH OTpa)kaTeIbHOW CIIOCOOHOCTH JaHAmadTOB, MyTeM TIIATEIIBHO OTOOpa ca-
MBIX Ba)XHBIX U3 HUX.

M3Ha4anbHO NPU3HAKOBOE IPOCTPAHCTBO XapaKTEPU3YETCsl aHU30TPONIUEN B pa3iany-
HBIX HamnpasiIeHUSAX. MeTox IaBHBIX KOMIIOHEHT IO3BOJISIET CIPOEKTUPOBATh 3TO MPO-
CTPAHCTBO Ha HOBbIE OCH (IJIaBHbIE KOMIIOHEHTHI), KOTOPbIE€ ONITUMAJIbHO adalTHPOBAHbI
K aHU30TPOIUU ITOT0 NpocTpaHcTBa. CpOeKTUPOBAaHHBIC 3HAYCHUS (PaKTOpa SBISIFOTCS
JMHEHHON KOMOMHAIMeH MCXOAHBIX MPHU3HAKOB C KOA(h(UIIMEHTAMHU, KOTOPhIE MOXXHO
paccMaTpuBarh Kak Beca, ¢ KOTOPBIMH MTPU3HAKH BOILIH B (DaKTOP.

Crnenyroum 3TarnoM npeodpazoBaHUsi KOCMOCHUMKOB SIBJISIETCSl TeMaTH4ecKasi 00-
paboTKa, OCHOBOM KOTOPOH SIBJISIETCSI KJIACTEPHBIN aHAIN3, TaK KaKk TpeOyeTcsl y4ecTh
MHOECTBO KOCBEHHBIX IIapaMETPOB, HE CBSA3aHHBIX HENIOCPEACTBEHHO C MPSIMBIMU IIPU-
3HAaKaMH OPYJCHEHMUS.

KiactepHsiit aHanm3 UCTIONB3YETCS B CBSI3U € TEM, UTO HEOOXOIUMO BBITIOJTHUTH Paii-
OHHMPOBAHME TUIOIIAIU (OCYUIECTBUTH KJIACCU(UKALINIO AIIEMEHTAPHBIX IUIOMIAI0K) IO
MHOXXECTBY NpHu3HaKoB. [TocTpoeHue kimactepoB (rpymil, KJIAcCOB, pailOHOB) SBISETCS
3¢ (EeKTUBHBIM CIOCOOOM MPEACTABICHUS CIOKHBIX, MHOTOMEPHBIX COOTHOIIEHUHN MEXK-
ny oobexkramu. [Ipu periennu 3aaa4u KjaacTepu3aluy u3ydaemast IIoIia b T0JIkKHa ObITh
MoJjpa3/ielieHa Ha MHOXKECTBO JIEMEHTAPHBIX TUIOIIA0K, KaXKaasi U3 KOTOPbIX OMHCcaHa
HaOopoM mpu3HakoB. COMIacHoO 3TOMY TPeOOBaHUIO OBUIO MCIIOIB30BAHO UCXOHOE Pa3-
OueHue M300pakeHU COOTBETCTBEHHO Pa3pelIeHnI0 CHUMKOB. KOHEUHBIM pe3yasTaToM
aHaJM3a SIBJISETCS ONpPEeJICHNE TPUHAJIEKHOCTH 3JIEMEHTApHBIX UIOLIA/I0K K OIpee-
JICHHBIM THIaM U3 00111ero Habopa BbIIEIEHHBIX 3/1€Ch KJIACTEPOB.

Pe3yAbTaThl 1 OBCYXKAEHME

OOBEKTOM HPOTHO3UPOBAHUS SIBIISUIMCH 30J0TOPYAHbIE Tena PaxyKHOro pynHOro
noJis. PynHoe mosie Bxoaut B coctaB besenruiickoro pyHoro paiiona B ripeaenax Kadap-
nuHo-bankapckoit pecryonuku. Paiion npuypoudeH k Tak HazbiBaeMoii CeBepHOil Briaiu-
He, chopMUpOBaBILEIiCS B paHHE-CPEAHEIOPCKOE BPEMs Ha TPAHULE TOPCT-aHTUKIMHOPHS
I'maBHOTO XpebTa u MoHOKIMHAIK CkamucToro xpedTa. @yHAaMEHTOM BIIAJAMHBI SBIISET-
Csl IEHyJUpOBaHHasl [IOBEPXHOCTh MPOTEPO30UCKUX METAaMOP(PUUECKUX U MATE030MCKUX
MHTPY3UBHBIX 00pa3oBaHuil. Cama BIa/JiHa BBINIOJIHEHA IOPCKUMHU OCAZ0YHBIMU, dPdy-
3MBHBIMU U CyOBYJIIKAHHUYECKMMU 00Pa30BaHUSIMH.

Penbed Tepputopun npencrabiseT coOOl coueTaHWE CPABHUTEIBHO MSTKHX, BBINO-
JOKEHHBIX (POPM M PE3KO PACUWICHEHHBIX YYacCTKOB. Beinenstorcs Tpu Tuma penbeda.
[lepBrlii cBsI3aH C BYJIKAHUYECKUMU MacCUBaMH, METaMOPGUUYECKUMU U UHTPY3UBHBIMU
HOPO/IaMU U MPE/ICTaBIEH OTHOCUTEJIBHO KPYTHIMHM CKJIOHAaMHU XpeOTOB I10J] TOPHO-ITy-
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TOBOM Pa3HOTPABHOM AJIBIIMHCKON PACTUTEINBHOCTHIO. BTOPOW — ¢ TEKTOHUYECKUMHU I10-
HUKEHUSIMU, BBITIOJIHEHHBIMU OCaJIOYHBIMU TopoaMu. OH XapaKTEpPHU3yeTCsl OKPYIIbI-
MU BEPIIUHHBIMU TTOBEPXHOCTSIMHU H TOJIOTUMHU CKJIOHAMH XPEOTOB 10J1 TOPHO-ITYTOBOM
CyOabITUIACKON PAaCTUTEIIBHOCTBIO 3aHATON MacTOuIamMu. TpeTuit — ¢ peqHol TOJIMHON
p. Uepek Xynamckuii (besenruiickuit). OH mpeacTaBieH JHUIIEM TPOTOBOM JTONUHBI, 3a-
MOJTHEHHOW MOPEHHBIMH, (DIIOBHOTIISIIIMATILHBIMH, CEJIEBEIMU U QJLTIOBUATLHBIMUA OTJIO-
YKEHUSIMH, TI0JT OEPE30BBIMH JIECAMH M 3JIAKOBO-PAa3HOTPABHBIMU JTyraMu. AOCONIOTHBIC
orMmeTkH Koneomores ot 1300 10 2800 M, OTHOCHTENIbHBIE MPEBBIIIICHUST BOJIOPA3/ICIIOB
HaJl JoIMHaMH BapeupytoT B npeaenax ot 500 o 1000 m. CkioHBI peK, pydbeB U 6ajIoK
KPYThI, OOPBIBUCTHI, YACTO 3aHSATHI OCHIISIMU U TPyAHONpoxoAumbl. [lomorue ydactku
XapakTepu3yroTcs 3a00J104€HHOCTHIO.

B npenenax PagyxHOro MecTtopokaeHHs] MPOLYyKTHUBHAS MHHEpaIU3alUsi pacIipo-
CTpaHEeHa B yINIEPOJIUCTBIX TEPPUTCHHBIX OTIOKEHUSIX HUKHEW—cpenaHen opbl. OCHOB-
HBIE 3aI1achl 30JI0Ta COCPENOTOUEHBI B [IepBOi pyIHOM 30HE, I1I€ TPEACTABICHBI TOJIOTOM1
CyOIuI1acTOBOM 3aJ1€Kb10, pacnonokeHHo B 10—30 M BbIllIe KPOBIM IPAHUTOB, Pa3MEPOM
450-500 m na 200-300 M B maHe, BBITSHYTOM B CEBEPO-BOCTOYHOM HaNpaBJICHUH, C
nageHneM nox yriom 25-30° npu momHocTH 15-30 M. 3aekb COAEPHKUT 30J10TOCYIIb-
GUIHYI0 MHUHEpATH3AINI0 POKUIKOBO-BKPAINIEHHOTO MUHEPAIbHO-MOP(OIOTHIECKO-
TO THIIA.

BceecTopoHHsis XapakTepucTUka MECTOpOXKIeHHusi mpuBereHa B padorax [[lapana,
2017; T'azeeB u ap., 2019; Kaiiroponosa u ap., 2022 u np.]. Cnenys tunuzauuu [Wang
et al., 2019] MecTopoXXIeHIE MOKHO OTHECTH K AMUTEPMAIbHBIM O0BEKTaM KHCJIOTHO-
cyjibhaTrHoro (BbICOKOCYIb(UIM3UPOBAHHOIO) reHeTudeckoro tuna. CoaepxaHue
3o510T1a B pyaax ot 0,5—1 r/t o 440,3 r/1, cepedpa ot 1015 r/T no 10570,9 r/t.

B kauecTBe MCXOIHBIX JAHHBIX NI TPOTHOZUPOBAHUS B3SITHI IU(PPOBBIE KOCMOC-
HUMKH C aMEPUKAHCKOIO criyTHUKA JlaHacar-7, BHINOJHEHHBIE B CEMH 30HAaX CIIEKTpa
o HeckoJibKkuM roaam (asryct 1999, utons 2000, centsaops 2002, maii 2003 rona) u
nudposas monenb penbeda SRTM (Shuttle Radar Topography Mission). Mcxoanbie
CHUMKH OXBATBIBAIOT 0OJbILIYIO TI0mans (mopsaka 32 000 kM?), modTOMY CpeicTBa-
MU KoMIuiekca ArcGis MONy4YeHBl COOTBETCTBYIOIIHE (DPAarMEHTHI JUIsl HCCIEeTyeMOi
mromanau. Tak kKak CHUMKH KoopauHUpoBaHbl B cucteme UTM, 1o mmeromascs re-
ojjoruueckasi “HGopmMaIus (reoJorndyeckue KapThl U pa3pesbl) TakkKe MpUBeIeHa K
3TO cucTeme KoopauHar. Marematudeckas oopaboTrka ocymecTtisiiack B cpene [ MIC
HUHTEI'PO.

MaccuB NpHU3HAKOB JUIsl ONMMCAaHUA OCOOEHHOCTEHM OTpakaTesIbHOM CHOCOOHOCTU
naHamadToB, CO3AAHHBINA MyTEeM THIATEIHLHOTO OTOOpa CaMbIX BaXKHBIX M3 HHUX, BKIIIO-
yaeT 29 XapaKTepucTuk: | — MonokeHue B LIKaje BBICOTHOW MOSICHOCTH; 2 — MPUHAJI-
JICKHOCTh K OTHOCUTENILHO KPYIHBIM CJIOKHBIM (popMaM penbeda co CrerupuuecKumMu
naHAmagTaMy TATIA PEYHBIX JOJWH, BBITTOJIOKEHHBIX TUIOMIAEH CTOIOBBIX TOP U KYICT,
NPOTSHKEHHBIX YYaCTKOB CKJIIOHOB U T.II.; 3 — MPUHAMJICKHOCTh K JIOKAIbHOMY pelibe-
by mpocThix MenKuxX Gopm; 4 — YKIIOH 3€MHOI MMOBEPXHOCTH; 5 — OPHEHTAIIUS CKIOHOB
OTHOCHUTEIIEHO CTOPOH CBeTa; 6 — (hakTU4YeCcKasi OCBEIICHHOCTh (TIOMeXa «CBET-TCHBY);
7 — n300pakeHNUss MECTHOCTH Ha KOCMOCHUMKax 1999 1. B ceMu pas3inyHbIX CHEKTpax
(cm. Tabm. 1). Eme 16 npu3HakoB — 3TO pa3inuuus U300paKeHU Ha KOCMOCHUMKAX JIJIst
NIepUOJIOB BECHA—JIETO U JIETO—OCEHb (Tabi. 3).
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Tabnuya 3 / Table 3

IIpusHaku pa3HocTeil GOTOTOHA KOCMUYECKUX CHUIMKOB, HOPMHPOBAHHBIX
OCBeLIeHHOCTBIO M ANciepcHeii, B pa3Hble BereTallMOHHbIE MepPHo/bI:

a —aBryct 1999, u — urons 2000, ¢ — cenTsiops 2002, m — maii 2003 /
Signs of differences in the phototone of space photographs, normalized
by illumination and dispersion, in different vegetation periods:

a — August 1999, j — June 2000, s — September 2002, m — May 2003

Ne mpusnaka/ Ne cneKkTpaJbHOI 30HBI/ Hepuon/
No. of the attribute No. of the spectral zone Period
1 10 uc/ js
2 20 uc/ js
3 30 uc/ js
4 50 uc/ js
5 70 uc/ js
6 40 uc/ js
7 61 uc/ js
8 62 uc/ js
9 10 am/ am
10 20 am/ am
11 30 am/ am
12 50 am/ am
13 70 am/ am
14 40 am/ am
15 61 am/ am
16 62 aM/ am

B pesynbrare ¢gakropHoro ananusza B cpene [ MIC MHTEI'PO 29 mpusnakoB (ucxon-
HBIX ITapaMeTPOB) CBEACHHI 10 15 pakTopoB.

Jlnst KnacTepusaluu OTOUpanuch dHAOreHHble dakTopsl. [lonpasnenenue nomyyeH-
HBIX 15 (pakTOpOB Ha HHAOTEHHBIE U 3K30T€HHBIE OCYLIECTBISIOCH BU3YaJIbHO TI0 BEcam
(kodunreHTaM) UCXOJHBIX MPU3HAKOB HA 3TU (PAKTOPhI MyTEM IOCIIEI0BATEILHOTO
BHU3YaJIbHOTO aHaju3a rpada u Tabluibl, 0TOOpaKaIOIIUX UX CBS3U C KOHKPETHBIMU IPHU-
poaHbIMH oObekTamMu. [Ipu 3TOM KITFOUOM /7151 OTpeieieHus IPUPOIbI (CMBbIcia) pakropa
SIBJISUUICSI BBICOKHI Bec Mpu3HaKa. B pesynbrare B kauecTBe 3HAYMMBIX NPUHATO 11 dakTo-
POB, KOTOpbIE 00YCIIOBIEHBI SHJIOTEHHBIMH, B T.4. pyZ1000pa3yromumMu nporeccamMu. Ha
WX OCHOBE M OCYIIECTBJIEeH KiacTepHblid aHanus B cpeae [ UC UHTEIPO.

B pesynbrare kiacrepusanuu oroopanHbix 11 ¢akropoB nmomydeno 83 Tuma aie-
MEHTapHBIX II0manoK. [lnomans 3TanoHHOro 00beKTa (PyAHOrO Tela, BBIIEIEHHO-
ro MO pe3ylbTaTaM I'e0JOrHYeCKON pa3BelIKH) MOApa3AesIeTCsl 0 3TUM JIaHHBIM Ha
2 tuna (puc. 1).
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Puc. 1. Cxemamu3suposannas Kapma j10KaibHO20 NPOSHO3A 3010MOPYOHbIX men 6 npedenax Padyscnozo
MECMOPOAHCOCHUS HA 2€0N02UUECKOU OCHOBE NO Pe3VIbMAMam KAdCmep-aHaiu3a KOCMU4eCKUx CHUMKOS
(pazmep snemenmaproul niowaoxku 30x30 m). Cocmasunu /I.5. /lasvioenxo, C.I Ilapada. 1 — nrowaou
(knacmepwi), nepcnekmusHble No pe3yibmamam Kiacmep-anaiu3a Ha 0OHapytceHue 3010mo2o
OpYyOeHeHUs ¢ OMHOCUMENbHO 602ambimi (a) U omHOcuUmensHo beonvimu (0) pyoamu, 2 — KOHmMyp
npoexyuu Ilepgoii pyorotl 3a1edxcu Ha OHeBHYI0 NOBEPXHOCb (IMANOH),

3-5 — cksadxcunvl ¢ paznuunsim cooepocanuem 3onoma: 3 —om 1 0o 10 e/m, 4 —om 0.3 oo 1 &/m,

5 —menee 0.3 &/m; 6 — naneosolickue epanumol, 7—8 — I0PCKULL 8YIKAHUYECKUL KOMNILEKC:

7 — puonumol,; 8 — mpaxumul, 9 — paznomwvl ycmauosiennwvle (a) u npeononazaemvie (0)/

+

Fig. 1. A schematized map of the local forecast of gold ore bodies within the Raduzhnoye deposit on a
geological basis based on the results of a cluster analysis of satellite images (the size of the elementary
site is 30x30m). Compiled by D.B.Davydenko and S.G.Parada. 1 — areas (clusters) promising according

to the results of cluster analysis for the detection of gold mineralization with relatively rich (a) and
relatively poor (b) ores; 2 - contour projection of the First ore deposit on the day surface (standard);

3-5 — wells with different gold content: 3 — from I to 10 g/t, 4 — from 0.3 to 1 g/t, 5 — less than 0.3 g/t;

6 — Paleozoic granites; 7—8 — Jurassic volcanic complex: 7 — rhyolites;
8 — trachytes; 9 — faults identified (a) and suspected (b)

OTU Xe THUIIbI, TIOJYYEHHBIC B Pe3yibTaTe pacyeToB (KJIacTepHu3alliu) 3a mnpeaeaaMu
PYZHOTO Tella pacCMaTPUBAIOTCS HAMU B Ka4eCTBE MOTEHIUAIBHBIX 30JI0TOPYAHBIX 00b-
€KTOB Ha MPUJICTAIOIINX TUIOIIASX.

3OKAKOYEHMEe

PazpaboTaHbl OCHOBBI OPUTHHAIBHONW TEXHOJIOTMH BBISBICHUS aHOMAJIBLHOTO 3 dek-
Ta HaJ PyJHBIMH TEJIaMH, B COOTBETCTBHU C KOTOPOHM IOJNyYEHHE CIIEKTPO30HAIBHBIX
XapaKTepUCTUK KOCMHUYECKHX CHUMKOB paccMaTpUBaeTcs Kak CBOeoOpasHblii reou-
3MYECKUI METOJ MCCIIeIOBaHUs 3eMHBIX Heap. OOpalieHo BHUMaHHe Ha TO, YTO TaKue
CHUMKH (DUKCUPYIOT AJIEKTPOMAarHUTHBIE KOJI€OaHUsI B MHTEPBajaX OTPaXEHHOTO U W3-
JTy4EHHOTO YacTei creKkTpa. DTO ONpeNeniIo HUCIOIb30BaHNE METO0B, IPUMEHIEMBIX
JUIsl BBIJIEJIEHUS reo(hU3nYecKuX aHOMalIni Ha (hOHE TTOMEX.

[IpuMeHeHre TEXHOJIOTMU B Mpenenax PYIHOTO MOJs MECTOpPOXKIeHHs 3oiota Pa-
nyxHoe (Kabapnuno-bankapckas pecmy0inka) Moka3aiao JIOBOJIBHO BBICOKYIO 3 dex-
TUBHOCTh. OHa obecneunsia HaAEKHOE TalleHne JJaHAIAPTHBIX TOMEX U yCUJICHUE aHO-
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MaJbHOTO 3P dexra, 00yCIOBIEHHOIO HaJIUYUEM, HE BBIXOASIIMX Ha THEBHYIO MOBEPX-
HOCTb 30JI0TOHOCHBIX MUHEpaIU3aLA.

Panee BbIABIEHHOE 110 pe3ysibTaTaM Ieojornueckon passenku Ilepsoe pynHoe rerno,
HCIOJIb30BAaHHOE B KQUECTBE 3TAJOHHOIO 00BEKTa, OTUETIMBO MPOSIBUIIOCH B IBYX U3 83
TUIIOB JJIEMEHTApHBIX IIIOIIAMO0K, MOJYYEHHBIX IPU KJIAacTepHOM aHanuse. [lmomanu
pacpoOCTpPaHEHUs dTUX JBYX TUIIOB 3a IIPEIeIaMU 3TAJIOHHON PYIHOM 3aJI€XKU [IpeJiara-
€TCsl paCCMaTpUBATh B KAYECTBE MPU3HAKA JIOKAIU3ALUU B HEIPAX HOBBIX 30JJ0TOHOCHBIX
MUHEpaIU3aLNn.
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NPUPOAHLIM 1 AHTPOMOTEHHbIM (DAKTOPaM, KOTOPbIE CBA3AHbI C 3aKPbITUEM YrONbHbIX LIAXT. VIcnonb3oBaHue
COBPEMEHHbIX METOA0B MALLUUHHOrO 06Y4eHWs NO3BONMMUT CMPOrHO3MPOBaTh Pacxoj BOAbI B PeKe U HaMeTUTb
MyT¥ Mo JOCTATO4HOMY 06ecreyeHmto NPOMbILLNEHHOCTM W HaceneHus. Llenb ucenegosanmsa. MecsqHoe npo-
FHO3MPOBaHNE PACX0Aa BOAbI HA OCHOBE HECKOIbKMX METOAO0B MalmnHHOro 06y4eHus (ARIMA, SARIMAX, LSTM,
CatBoost). MeToabl uccnefosanus. PaccMoTpeHbl AaHHble N0 Pacxody BOAbI, CPEeAHe TemnepaTtype BO3Lyxa,
CpefiHen CKOPOCTW BETPA, CYTOYHOM CyMMe 0CaAKOB M PAcCHUTaHHOMY B Pe3ynbraTe XMMUYeCcKoro aHanuaa cy-
XOMy 0CTaTKy 13 npo6 BOAbl HA YPOBHEMEPHOM MOCTY, KOTOPbIA HaX0AMTCa 6nuKe BCero K MicakoBckomy BoAO-
XpaHunuLLy. Ha opuriuHanbHbIX AaHHbIX NOCTPOEHbI MPOrHOCTUYECKME MOAENN, PAcCHUTaHbl COOTBETCTBYHOLLNE
cpefiHue abCoMntoTHbIE OLUNOKM 1 NOKa3aHa BO3MOXXHOCTb NOCTPOEHUS dDMEKTUBHON CUCTEMBI N1 MECAYHOIO
NPOrHo31poBaHus pacxoda Bofbl. C LEeNbi OLEHKM B3aMMOBNIUSHUA 3a[jaBaeMblX AaHHbIX Npeanaraetcs uc-
nonb30BaTh (PAKTOPHbIN aHanus. PesynbTartbl. B pesynbrate UccnenoBaHus BbisiBlieHa A0CTATOYHAsA ANs Npak-
TUHECKMX LieNeil NpPUMEeHMOCTb anropuTMa rpagneHTHoro 6yctuHra (CatBoost), ncnonbayiolero 3agaBsaemyto
rMAPOMETEOPOSIONMYECKYH MHGOPMALMIO Ha BOAOCOOpE. Peanu3saums Moaeneil BbINOfIHEHA C UCMNOSIb30BAHNEM
OTKPbITbIX MPOrpamMMHbIX 6MO6MNOTEK Ha A3blke Python, 4To NOATBEPXKAAET BOSMOXHOCTb LLUMPOKOr0 MCMOMb30-
BAHWS ONMUCAHHbIX METOANK A1 HAYYHbIX UCCNEN0BAHNIA 1 PELLEHNS NPUKNAAHbIX 3a4a4. [JoNOAHUTeNbHO cdop-
MWUPOBaHbI PYMNMbl B3aUMOBNUAHNA 0aKTOPOB U [aHa MX OLEHKA. [Tony4YeHHble pe3ynbTaTbl ABASAOTCA O4HUM
3 BOXHbIX COCTABNAOLLMX AN NPOrPaMMHO-TEXHUYECKOr0 MHCTPYMEHTapus, He06X0AMMOro Ans BbISBNEHNS
3aKOHOMEpPHOCTEN MHOroakToOPHOro npouecca hOPMUPOBAHUSA CTOKA MOBEPXHOCTHbLIX BOAHbIX 0O6bEKTOB U
MPOrHO3NpPOBAHMSA pacxofa BoAbl AN paccmMaTpruBaeMon BOAOCOOPHOI TePPUTOPUN.
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Abstract: Relevance. The catchment area of the Belaya River near Luhansk is exposed to natural and
anthropogenic factors associated with the closure of coal mines. The use of modern machine learning
methods will make it possible to predict the flow of water in a river and identify ways to provide sufficient
supplies to industry and the public. Aim. Monthly prediction of water consumption based on several machine
learning methods (ARIMA, SARIMAX, LSTM, CatBoost). Methods. The data of water flow rate, average air
temperature, average wind speed, daily precipitation and dry residue, calculated as a result of chemical
analysis from water samples at the level measuring station, which is located closest to the Isakovskoye
Reservoir, are considered. Prognostic models are built on the original data, the corresponding average
absolute errors are calculated and the possibility of building an effective system for monthly forecasting
of water flow rate is shown. In order to assess the mutual influence of the specified data, it is proposed to
use factor analysis. Results. As a result of the study, the applicability of the gradient boosting algorithm
(CatBoost), which uses preset hydrometeorological information in the catchment area, has been revealed.
The models are implemented using open software libraries in Python, which confirms the possibility of
widespread use of the described techniques for scientific research and solving applied problems. Additionally,
groups of mutual influence of factors were formed and their assessment was given. The obtained results are
one of the important components for software and hardware tools necessary for identifying patterns of the
multifactorial process of formation of runoff of surface water bodies and forecasting water consumption for
the considered catchment area.

Keywords: river flow models, machine learning models, river flow forecasting, Belaya River.
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BesepeHre

MeTtobl pacyeTa u MpOrHO3UPOBAHUS PEYHOTO CTOKA, OCHOBAHHBIE Ha (PU3UKO-Ma-
TeMaTUYECKOW MHTEPIPETAI[MU B3aUMOCBSA3EH MEXKy KOMIOHEHTAMU B MOJIEJISIX, 110-
JYYHUIIA TTUPOKOE PacIpOCTpPaHEHUE ISl PEIICHHS Pa3TUYHBIX HAYYHBIX U MPUKIIA]I-
HBIX 3a1a4 [MoTtoBuios, 2016a, 6; Beven, 2020]. X rmaBHOE TOCTOMHCTBO — BO3MOXK-
HOCTb OIICHKH PEAKIIMH COCTABJISIIONIUX THAPOIOTHUECKOTO ITUKJIAa HA H3MEHCHHS Xa-
PAKTEPUCTUK KIUMATUUYECKON cucTemMbl. OTHAKO HAIMYKE CIOXKHOM mapaMeTpu3aiuu
OMHCBHIBAEMBIX B MOJEJSIX THIPOJIUHAMUYECKUX MPOLIECCOB HE MO3BOJISIET B MOJHOMN
Mepe MPOBOJUTH PA3IUYHBIC OI[CHKH BIUSHUS OTIEIbHBIX (DAKTOPOB HA TOBEPXHOCT-
HBIH peyHol ctok [bopur u np., 2023; IToropenos u ap., 2023; Borsch et al., 2022;
Honrux u ap., 2024].

Pemenue ykazanHo#i nmpo0iaemMbl MOXKET ObITh TOCTUTHYTO IIPHU UCTIOIB30BAHUU BBI-
COKOITPOM3BOUTEIIBHBIX BBIYUCIUTEIBHBIX CUCTeM. HOBBIC pacyeTHBIC aITOPHUTMEI,
KOTOpbIE «00y4YaroTCs» Ha OCHOBAHWW HAKOIUICHHBIX 0a3 JaHHBIX, MONYYHIIM Ha3BaHUE
«monenu MamuHHOTO o0yueHus» (ML). MHTepec mpakTHUKYIOIIMX HCCienoBarenei
OOBSICHSIETCST IOCTYIMTHOCTHIO OTKPBITOTO MCXOIHOTO KOJa, OOMIMEM TOATPYKaeMbIX B
nporpaMMmbl OMOIMOTEK, BOBMOXKHOCTAMU JOPAOOTKH CYHIECTBYIOIIUX MPOEKTOB MO
TpeOOBaHUS KOHKPETHBIX 3ajad. ML XapakTepu3yroTcs HENpPHUTA3aTeIbHOCTHIO K 3a-
JaBa€MbIM MacCHBaM JaHHBIX, YTO SBISETCS BECOMBIM MPEHMYIIECTBOM, TIOTOMY YTO
IpHU MOCTPOCHUM MaTeMaTUYECKUX Mojenei (GopMHpOBaHUS CTOKAa OTCYTCTBYET BO3-
MO>KHOCTh MAaKCUMAJIbHO JIETATU3UPOBATH BCE MPOIECCHI H YUECTh HEOMPEACICHHOCTH.
[TpuBeneHHOE 0OCTOSATENHCTBO 1a€T BO3MOXKHOCTH HAYYUTHCSI CTPOUTH MOZEIIU U OTiepa-
THUBHO MOJTy4aTh Pe3yJbTaThl, 9YTO CIOCOOCTBYET MHTEPECY MCCIIEI0BATEICH K PEIICHHIO
JIOCTaTOYHO CJIOKHBIX 3374, B YaCTHOCTH, THJIPOIKOJIIOTMUECKON OILIEHKE COCTOSTHHS
PEYHOTO CTOKA.

B HacTosiieM uccleIOBaHWM MPEANPHUHATA MOMBITKA MPOASMOHCTPUPOBATH BO3-
MOKHOCTb MOCTPOECHUSI aJIrOpUTMa MPOTHO3UPOBAHUS PEYHOTO CTOKAa Ha MEPHOA 0
Mmecsina [CBog mpaBui ..., 2023] ¢ moMoIIbI0 psijia MOJEIEH: HHTErPUPOBAHHON MO-
JIeN  aBTOpEerpeccuu-cKoib3simero cpeaHero Auto Regressive Integrated Moving
Average (ARIMA), ce30HHOI aBTOPErPECCHMOHHONW HMHTETPUPOBAHHOW CKOJIB3SIIECH
cpenHeii ¢ sk30reHHbIMU perpeccopamu Seasonal ARIMA with eXogenous regressors
(SARIMAX), mozenu ¢ TOATOCPOYHOM KpaTKOBpEMEHHOW nmamsaThio Long short-term
memory (LSTM) u anroputma rpaguentaoro Oycrunra (CatBoost). B kauectBe 00b-
€KTa HCCIIeJOBAaHUs UCTOJIb3yeTcsl OacceiiH manoi peku benas, HCTOKH KOTOpO#l Ha-
xoxsatTes B panone c¢. Tumupsseso IlepeBanbckoro panona. IIporHos3sl pedHoro croka
3a071arOBPEMEHHOCTBIO JI0 MecsIa CTPOATCS AJIE YPOBHEMEPHOTO MmocTa peku bemnas,
SIBIISTFOIIIETOCS 3aMBIKAOIINM Tiepen McakoBCckuM BojoOXpaHWiIuIeM. B ctaTtbe mpuBo-
JSTCS OMUCAHMS APXUTEKTYP MOJIENeH, XapaKTePUCTUKH PSIOB HAOIIOIEHUN, pacueThl
OIKOOK MPOTHO3UPOBAHUS pacxoja BoJbl B peke. J[OMONIHUTENbHO OlICHUBAETCS B3a-
UMOBJIMSIHUE MPOTHOCTHUYECKUX (DaKTOPOB, YTO MMEET OTICIHbHYIO HAyYHYIO M TIPaK-
TUYECKYIO IIEHHOCTh B CBSI3M C M3MEHSIOIIMMUCS TUIPOJIOTUYECKUMU MPOIECCaMH B
Oacceiine BonocOopa p. benas nocne 3akpbITHs yroJIbHBIX HIAXT.
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OOBbEKT NCCAEAOBAHUS

Mauast pexa benast siBisieTcst mpaBbIM MPUTOKOM pekH Jlyranb u oTHOCHTCS K Oac-
ceifny pexu Cesepckuii Jlonen. IIporekaer mo tepputopun IlepeBanbckoro, Jlyty-
ruHckoro u CrnaBsiHocepOckoro paiioHoB. Pexa benast Bmanaer B peky Jlyranp mexmy
n. CaboBkoii CraBsHocepOCKoro paiioHa u I. AJleKCaHIPOBCKOM (ApPTEMOBCKUN paiioH
r. Jlyrancka). O0miasi mpoTsSHKEHHOCTh PEKHM COCTaBIsIeT 88 KM, IIIOIIa b Bogocbopa —
755 km? [CmupHoBa, Bosuiok, 2023]. Kiumar B Gacceiine peku benas xapakrepusyercs
KAaK YMEPEHHO KOHTHMHEHTAJIbHBIM C JTOBOJBHO KapKUM 3aCYLUIMBBIM JIETOM U CPAaBHH-
TEJIBHO XOJIOAHOM 3UMOM C HEYCTOMYMBBIM CHEXXHBIM IMOKpOBOM. CI10i1 0CaZKOB 1O BOJO-
cOOpy peKkH He OJMHAKOB U B 3aBUCUMOCTHU OT 30H, PAcIlOiaraéMbIX CEBEpHEE U I0KHEe
r. [lepeBanbcka, Konebdnercs B cpenHeM oT 525 mo 354 MM 0cakoB B TOJI.

Oco00eHHOCTBIO TEPPUTOPHUH SBISETCS TO, YTO IUIOLIAAb BOJOCOOpA PEKU OT UCTO-
Ka 10 IUIOTUHBI MIcakoBCKOrO BOJOXpaHWINIA MOApadoTaHa KPYMHBIMU 3aKPBITHIMU
maxtamu: «Damesckas», umenu C. B. Kocuopa, «Cene3znépckasy, «llepeBanbckasy».
Tak>ke 0OHapyKeHBI BRIPAOOTKH 63-X CTAphIX MEJIKHUX IIaXT: HA JIEBOW CTOPOHE BOJIO-
cOopa — 24 maxTel, Ha TpaBoil — 23 maxTel U Ha p. YepHyXUHa, IeBOM npuToke p. be-
nag — 16 maxt [Kpamapenko u ap., 2022; Konresa, 2023]. C yueToM KIUMaTUYECKHUX
W3MEHEHUM, CBSI3aHHBIX C BO30OHOBHUBIIUMCS mepuoaoM 3acyxu ¢ 2021 romga, mura-
HUE PEKHU OCYILECTBIAETCS B OCHOBHOM IIOA3EMHBIMHU BOJAMH, KOTOPBIE IOCTYIAKOT
B MOBEPXHOCTHBIM CTOK € MIAXTHBIMH. J[aHHOE 0OCTOATENHCTBO BHOCUT CBOM BKJIaJ
B 9KOJIOTHYECKYIO0 0€30MaCHOCTh TEPPUTOPHH M JOJDKHO YUUTBHIBATHCS JUISI BEACHHS
X035IUCTBEHHOM JIeATEIbHOCTH HACEJICHUS U IJIAaHUPOBAHUS PAOOTHI MPOMBIIIIEHHBIX

HNPEAIPUATUN.
CyMMapHBbIi MOIYIb CTOKa peku benast cocrasisier B yerbe 2,2 j1/c ¢ km? [[IpaBuia
sKcmutyaranuu ..., 2003]. Jns nanHoro uccienoBaHusi OblT BBIOpaH ypOBHEMEPHBII

noct pexku benas Bosiie nmoccoBera NrT. byraeBku, KOTOPBINM SBJISETCS aKKyMYIUDPY-
IOIIMM 3BeHOM Tiepen McakoBckuM BojgoxpaHwiuiieM. HaGmroneHus MMEHHO B 3TOM
30HE 3aMEPOB SIBISAIOTCS HaMOOJIee BaXKHBIMU, TOTOMY YTO C PEUHOM BOJIOM, B KOTOPYIO
NOCTYIAKOT HIAXTHBIE BOJBI, B BOJOXPAHWIMIIE MONAJAIOT Pa3IUYHbIE XUMHUUYECKUE
KOMITOHEHTHI (MOHBI KaJbIIHsl, THIPOKapOOHAT-UOHBI, CYJIb(aT-UOHBI U Jp. KOMITOHEH-
ThI), KOTOpBIE U (HOPMUPYIOT 00IIIee MPECTABICHUE O COCTOSHIN UCKYCCTBEHHOTO BO-
Joema.

MaTtepunabl 1 METOABI MICCAEAOBOHNM

Habopb!l nCXOAHBIX NaHHBIX AJISI YPOBHEMEPHOIO IOCTA CO3/aHbl HA OCHOBE IPOBE-
JICHUS TIOJIEBBIX HCCIIEIOBAHUN COTPYAHMKaMH MOJIOEKHON Hay4YHO-HCCIIEA0BaTeNb-
CKOH TabopaTopuu re0dKoJI0ruU U npukiIagHoi xumun B 2024 roay (ot 04.04.2024 r. no
24.12.2024 1.). Ucxonnas wHbOpMaIKs IPEICTaBICHa TpeMs TPYNIaMu JaHHBIX: JTaH-
HBIE O COCTOSIHUM MTOBEPXHOCTHOTO CTOKA, METEOAaHHbIE (0T MH(OPMAIIMOHHBIX CEPBH-
COB TIOTOfIbl) U JIAaHHBIE, MOJYYCHHBIE B pe3yJbTare MPOBEICHUSI XUMUIECKOTO aHaJIHN3a.
B kauecTBe 3a1aBaemMoro MaccruBa ObLIM BHIOpAHbI MapaMeTpbl, PparMeHT KOTOPBIX MpHU-
BezieH B Tabmure 1.
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Tabnuya 1/ Table 1

MaccuB HCXOAHBIX JAHHBIX IOCJIe NpeABapuTeabHO 00padoTku (pparmenr) /
Array of initial data after preliminary processing (fragment)

Jara JlaHHbIE O MeTeonaHHble / XumMuueckuit
3amepa/ COCTOSTHM U Weather data aHaius /
Date of | moBepxHOCTHOIO Chemical
measu- cToKa / analysis
rement Surface runoff
data
23 5oz | o
Z § 2, > ai = E & é ~
S = o —o = = : ~ E U en
T 55 TS| 5835 | Bito | A
5E % B 2888 | 2588 | 2585 =S
£ e = < >Z £%F 52 o= ~E8 2 - g
S 32 =Q sS85 2 289 CR-R =
T3 St SsLi | £8528 | 2552 s
: =% | ii%3| fELE | 3R] i3
g = 58 0% oS ©9S g s b
5z 8 oh-m =B 5 o g% 2 =
22 5255 | §EZE | fEg: | EE
< | &3 | T8¢z &
RE E 2 & | g £°
o= = £ = g <
£ 2| g
1 04.04.24 12171 14,5 53 0 648
2 05.04.24 11924 10 33 0 662
3 06.04.24 11677 10 2,2 0 677
263 22.12.24 1612 3,5 4.4 1,6 2529
264 23.12.24 1623 5,5 6,1 1,2 2532
265 24.12.24 1635 5 2,8 0 2534

dakTryecKue 3aMepbl MPOBOAMINCH HE PEXKE OJHOTO pa3a B HEAEI0, HO Js Oonee
HOHHOﬁ:KapTHHBIHBMﬁHCHHH YPOBHA BOABI U COIMYTCTBYIOIIUX IMapaMCETPOB HUCIIOJIb30-

BaJICSI METOJT JTMHEWHOU nHTepnosauu [lanunos, ['apekuna, 2014].

Pacnpenenenue napameTpoB Ha pacCMaTpUBaEMOM BPEMEHHOM JHarna3zoHe IpUBe/ie-
HO Ha pUCyHKe 1.
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Fig. 1. Distribution of initial data for the period under study

Jlnist IpOTHO3MPOBAHUS pacxoaa BOAbI B p. bemast ObuUM MOCTPOEHBI HECKOIBKO MO-
nenel MamimHHOTO oOyueHwus. [IporpaMMHas peanu3zaius BeloyiHeHa Ha si3bike Python
[Daniel, 2023; Deepali, Gresha, 2023; John, 2023; Stewart, 2023 ] B unTepakTUBHOI 000-
nouke Scientific Python Development Environment (Spyder), cneuunansnoii IDE s na-
YUHBIX UCCIICOBAHMIA, MAITMTHHOTO OOYYEHHS M aHAIIN3a TaHHBIX. B kauecTBe cTanmapr-
HBIX OMOIMOTEK MalIMHHOTO 00yueHus ucnonb3oBaiuck scikit-learn u Tensorflow.

HccnenoBanus MpoOBOIMIINCH C UCTIOIB30BAHUEM CIIEIYIOIIUX MPOTPAMMHBIX apXH-
TEKTYp:
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— UHTErPUPOBAHHOM MOJIENH aBTOPETrpeCCUu-cKoub3siero cpeanero (ARIMA), B ko-
TOPOH 3aJI0KEH aJTOPUTM MPOTHO3UPOBAHMS OyyIIMX 3HAYEHUH TOIBKO HA OCHOBAHUU
IPEBITYIINX 3HAYEHU BpeMEHHOr0 psiia [ApTaMoHOB u Ap., 2021];

— CE€30HHOM aBTOPErpPECCUOHHON MHTETPUPOBAHHOM CKOJIB3SIIECH CPEIHEN C DK30ICH-
HbIMU perpeccopamu (SARIMAX), kotopast pacmmpsieT BO3MOXHOCTH TPaJAULIMOHHOM
mozaenn ARIMA nyTtem ydera ce30HHOCTH U psja BHemHuX ¢akropos [Trancart et al.,
2013];

— MOJIETIH C JIOJITOCPOYHOM KpaTkoBpeMeHHOU namsiTeio (LSTM), koTopas siBnsercs
MoauduKanueil peKyppeHTHOM HEWPOHHOW CETH W HUCHOJb3YeTCs AJIs pelieHHs 3aaad
1yO0Koro oOy4eHus: ¢ JONOJIHUTEIbHBIMU MEPEMEHHBIMU COCTOSTHUS, T71€ HEOOXOAUMO
COXpaHATh Beca OTHEJIbHBIX HEMPOHOB M NEpeaBaTh MX MEXKIY PAaCUECTHBIMM IllaraMu
npu 00yYeHHH aJlTOPUTMA, €CIIU UX 3HAYCHHE NMPUBOAUT K CHIKEHHIO OLIMOKHM MOJAEIH
[Vennerod et al., 2021];

— aJIFOPUTMA TPAJUEHTHOTO OyCTHUHTIA, CHIEMAIbHO Pa3paboTaHHOTO /Ui (P HEKTHB-
HOI 00pabOTKM KaTeropuaabHBIX MPU3HAKOB U pacueTa perpeccun CatBoost (kareropu-
anpHOE Oyctunr-ooyuenue) [Prokhorenkova et al., 2018; Hancock, Khoshgoftaar, 2020].

Mopnenn ARIMA n SARIMAX nocratouHo mogpoOHO MpeacTaBieHbl B Hay4yHOU
auteparype [ApramoHoB u ap., 2021; Douglas et al., 2015]. C uenbio 03HAKOMIICHHS C
npuHLIKNAaMu noctpoenus anroputMoB LSTM u CatBoost najiee npuBoguTcst UX KpaTkoe
OIMCAHUE.

Mopenb ¢ JOITroCpOvHOM KPaTKOBPEMEHHOM MaMATBHIO COXPaHsAeT HH(POPMALIUIO O CO-
CTOSIHUSIX MEXJly paCUETHBIMH IIaraMH U Ha OCHOBAaHUH [1apaMETPOB PETYIATOPOB Namsi-
TH ONPEEISIET, KaK JI0JITr0 COXPaHATh 3Ty HH(POPMALIMIO U KOT/Jja OHa OO0JIbIlIe He TOHA0-
ourcs. OOmuit Bua apxutektypsl cet LSTM npezacrasieH Ha pucyHKe 2.

Pa6ora mozenu LSTM 1 ee KOMITIOHEHTOB 3aK/II04aeTCs B caeayronem. Sueiika umeer
TPU BHYTPEHHMX OJI0Ka, Ha3bIBAEMbIX PETyJIsiTOpamMu Bxoja (input gate), Beixozaa (output
gate) u mamatu (forget gate). DTu perynsaTopsl YNpapisitOT BHYTPEHHUM COCTOSHUEM
SYCHKHU ¢, U CKPBITBIM COCTOSIHUEM /i, B opaHkeBbIX OJ0Kax 0TOOpa)KeHO, KaK BXOJ-
HOI BEKTOp X,[7-1] ¥ IpenbIayIiee CKppIToe COCTOsIHUE /1, 1[m; 1] yMHOXKAIOTCSI COOTBET-
CTBEHHO Ha YEThIPE PasiuuHble MaTpuilbl W [m; m+n] u CyMMHUPYIOTCSI COOTBETCTBEHHO
C YETHIPbMS PA3IMYHBIMU CMELIEHUAMU b;[m; 1].

Output

Updated
Cell State Cell State
C., »(X) =? 5 > €,
Forget Input Gate
Gate /|
T Output
Previous @j [ Gate
Output T\ A T\ 4 T\“ Output
2 > > > e —o———(n)

- Sigmoid Activation Function
Input - Tanh Activation Function

Puc. 2. Apxumexmypa mooenu LSTM [Vennerod et al., 2021] /
Fig. 2. LSTM model architecture [Vennerod et al., 2021]
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BBIXOIBI 3 TUX PETYASTOPOB B JadbHEHIIIEM HCIONB3YIOTCS KaK /Il OOHOBJIEHUS CO-
CTOSIHUSI cCaMO MOJIEJIHU C 11eJbIo hopMupoBanus ¢,[m-1], Tak ¥ J1sl BBIYMCIEHUS HOBOTO
ckpbITOro coctosinus h,[m; 1]. O6o3nauenus [m; 1] u [m; m + n] — pa3mepsl MaTpuil,
«KPECTHUK» B PETYISTOPAX — 3TO CKAJSPHOE MPOU3BENIEHUE, a «IUIIOCUK» — CIIOKEHUE.
UYetbipe KoOMOMHAIIMK MATPUIBl W, cMeleHust b 1 GyHKIIUUA aKTUBAIMH, KOTOpas SIBIIS-
€TCs CUTMOMJION WJIM TUIIEPOOIMYECKUM TaHTE€HCOM, MOKHO pacCMaTpUBaTh KaK OIHO-
CJIIOWHYIO HEUPOHHYIO CETb.

Jliis mporpammHoit peanuzanuuu anropurMa LSTM BeiOopka 3HaueHui nenunach Ha
oOyyaronryto (80 % OT JaHHBIX ¢ ampers MO HIOJb), BamuAaMOHHYO (20 % OT TaHHBIX C
ampeJis 1o UI0Jb) U TECTOBYIO (JJaHHBIC 32 aBTYCT).

Anroput™m TpaauentHoro Oyctunra CatBoost mpeacrasnser coboit 3ddexTruBHbBIN
METO]1 aHCAaMOJIEBOTO OOYUYEHUSI, B KOTOPOM OOBEIUHSIOTCS Cl1a0bie MOJIEITH TPOTHO3UPO-
BaHUS Ui CO3[aHMsI HaJIeKHOW mporHoctuyeckoit moaenu [Prokhorenkova et al., 2018;
Hancock, Khoshgoftaar, 2020]. Anroputm paboTaet myTeM HUTEPaTUBHOTO J00aBICHUS
HOBBIX MOjIeNiell B aHcaMOllb, KaXk/aas U3 KOTOPhIX 00y4aeTcsi TOMY, YTOObI UCTIPABISTH
OIMMOKH Tpenbynux Mojeneil. OCOOeHHOCThIO aNropuTMa SIBJISIETCS TO, 9TO 00padboT-
Ka MPU3HAKOB MPOUCXOIUT 0€3 HEOOXOAMMOCTH WX MpeABapUTEIbHONH 00pabOTKH, YTO
nenaet ero 3(HEKTUBHBIM HHCTPYMEHTOM TSl pAa0OTHI ¢ peaibHBIMU HA0OpaMH JIAHHBIX.
JIOTIONTHUTENBHBIM MPEUMYIIIECTBOM BBICTYIAET J00aBIeHNEe KOdPPUIIMEHTA Perysipu-
3aIi B (PYHKIUIO TTOTEPb, UCIIOJIB3YEMYIO B TIpoliecce 00yUdeHus, YTO MPEIOTBPAIIACT
nepeoOyveHre U YIyqIlIaeT ClIOCOOHOCTH MOZIeNT K 0000IIEHUIO JaHHBIX.

Anroputm CatBoost HauMHaeT ¢ MPeaNnoJOKEHHSI, YACTO MPEICTABISIONIEr0 coooi
cpeqHee 3HaYeHHE 1IeNIeBOi nmepeMeHHou. Jlanee OH UTepaTuBHO cO3aeT aHCaMOIb Jie-
pPEeBbEB, MUHUMU3HPYS (PYHKIIHIO TIOTEPH C IIOMOIIBIO TPAIUEHTHOTO cirycka. Ha kaxmoii
WTEPALUU OH BBIUUCISET OTPHUIATEIbHBIN TPAJUCHT (PYHKIIUU MOTEPH MO OTHOIICHUIO K
TEKYIIUM IIPOTHO3aM U «IIOATOHSIET) HOBOE JIEPEBO MO OTPHUIIATEeNbHbIN rpaaueHT. Cko-
pOCTh O0y4YeHHsI OTpeielisieT pa3Mep Iiara npu rpajueHTHoM ciycke. [Ipoiiecc moBrops-
€TCsI 10 TEX MO, TIoKa He OyAeT J00aBIeHO 3aIaHHOE KOJTMYECTBO JEPEBLEB WIIM HE OyzieT
JOCTUTHYT KpuTepuii cxonumocTu. [Ipu coctaBnenuu nporHo3os CatBoost o0benunseT
IIPOrHO3bI BCEX JiepeBbeB B aHcambiie. Takoe 0ObeAMHEHNE TPOTHO30B MPUBOJIUT K CO3-
JTAHUIO BBICOKOTOUHBIX U HAJIEAKHBIX MOJIEIIEH.

MaremaTiu4eckoe ONMcaHnue KaTeropruaabHOTro0 OyCTUHT-00yUYeHHUsI CBOIUTCS K CIIEITY-
Io1IeMy. YUUThIBasi HA00Op 0O0yYarOIINX JAHHBIX, COCTOSIIMHI U3 N BEIOOPOK U M mpu3Ha-
KOB, TJI€ Ka)KJasi BEIOOpKa 0003HaYaeTCs Kak (X;, );), TAE X; — 9TO BEKTOp U3 M MPU3HAKOB,
a y; — COOTBETCTBYIOIIasl 1ieneBas nepemernasi, CatBoost cTpeMutrcs u3yduthb PyHKIIHUIO
F(x), koTopas npeJicka3blBaeT 1EJEBYI0 IEPEMEHHYIO .

M N
Fx)=Fy(x)+ 2 2 fn (), (1)
m+1i=1
rae F(x) — obmas (ynkmus nmporao3upoBanusi, kotopyto CatBoost crpemurcs u3y-
yuTh. OHA IPUHUMAET BXOJHOW BEKTOP X ¥ IPOTHO3UPYET COOTBETCTBYIOLLYIO LIEJIEBYIO
MIEPEMEHHYIO V;
Fy(x) — HauanbHOE mpenmnosoxeHue (0a30BbIi NPOrHO3), KOTOPHIH YacTO yCTaHABIIU-
BaeTCsl KaK CpelHee 3HaYeHME 1IeJIeBOM NMepeMeHHON B oOyuaroleM Habope JaHHBIX U
oTpakaeT ol1ee cpeaHee MOBEACHUE 11€JIeBOM epEeMEHHOMN;
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M

m+l — 0003HAUaeT CyMMHUpPOBaHME MO aHCaMOIIO JiepeBbeB (M — obliee KOIMUeCTBO

JIEPEBLEB B aHCAMOJIE);
N

2

{5 — obosHawaeT CyMMHpOBaHHE 10 00y4arommm BeiOopkam (N — obmiee kommde-
CTBO OOY4aroLINX BBIOOPOK);

f.(x;) — IPOTHO3 Mm-TO epeBa ISl i-ii 00ydaromieil BEIOOPKH.

U3 ypaBuenus (1) cienyet, yto oOuuit mporuo3 F(x) nmoixyyaercs myTeM CyMMUPOBa-
HUS HA4aJIbHOTO MIPEATONIOKEHHS Fj(X) C MPOTHO3aMH Ka)KJI0TO JepeBa f,,(x;) s KaxK 01
oOyuaromieil BEIOOpKHA. ITO CyMMHUPOBAHHE BBITTOIHSACTCS JJIsI BCEX JIEPEBBLEB (171) U BCEX
00yJaromux BEIOOPOK (7).

[TpuHIUT TOCTPOCHUS U pean3alii MOJIENU JUIs TIPOTHO3UPOBAHUS PAacXo/a BOJbI
¢ ucnoinn3zoBanrem CatBoost 3akiodancs B BBIJEIEHUU IEIEBOTO MpHU3HAKa (pacxof
BO/JIbI), 3aJTaHMH CMEIIEHUs (5 IMIaroB /10 Hauaiaa pacyera C Hebl0 YIyqIIeHNsT CXOAUMO-
CTH JTaJTbHEHIITNX PE3yIbTaTOB) U BBIOOpE JAHara3ona s o0yuenus (ampensb 2024 — utoib
2024). CnenyromuM 1maroM ObUIO HOPMHUPOBAHHE JAHHBIX, KOPPEISIHs MapaMeTpoB U
BBIOOp 3HAUMMOCTH (aKTOpOB (BCe (DaKTOPBI OKa3aauch 3HaUnMMbIMK). [locie oOydeHus
MOZETH J00aBISUTUCH TaHHBIE 33 aBI'YCT, IPOBOAMIIOCH IIPOTHO3MPOBAHUE U CPABHEHHUE C
peaNbHBIMU TaHHBIMH.

Pe3yAbTATbl MICCAEAOBOHUN N UX OBCYXAEHMNE

3amaua IPOrHO3UPOBAHMS CTABUTCA CienyromuM odpazom. Ha ocHoBanuu mmero-
MIMXCS MCXOMHBIX JAHHBIX TpeOyeTcs OCYIIECTBUTH MPOTHO3 pacxoja Majloil peku Ha
Mecst Biepen. B kauectBe mpumepa BeiOpaH aBrycT 2024 roaa, T.K. B 3TOT TEPHO Ha-
0JII01AJIOCH CHMIKEHUE KOJIMYECTBA BOJIBI B PEKE, OHAKO B JIAJbHEUIINX HCCIIETIOBAHUSIX
IIPY HAIMYUHU JOTIOJHUTENBHBIX IaHHBIX [UIAHUPYETCSI BBIIOIHUTH POBEPKY AJITOPUTMA
JUISL IPOU3BOJIbHBIX BPEMEHHBIX JUAla30HOB.

J114 OLIeHKH KauecTBa MPOTrHO3a MpeJiaraeTcsi UCIOIb30BaTh OIIUOKY MEXTy (haKkTh-
YECKUMH U NTPOTHO3HBIMHU 3HAYEHUSIMH PACCMaTpUBAEMON MIEPEMEHHOMN, ONPEACIIEMYIO
¢dbynknueit moreps MAPE (cpennsis abconroTHas ommbka B mporieHTax ). Merpuka MAPE
NoJTy4usa Mupokoe pactnpoctpanenue B ML. Ob0ecnieyeHre MUHUMAIBHON OIIMOKH TIPO-
THO3UPOBAHUS IIPOBOAMUTCS B COOTBETCTBUU CO CIEAYIOIIHUM YCIOBUEM:

n

MaPE =1 31221 100% —> min, (2)

n oy i
rae Q; — 3HauYeHHE Pacxo/a B i-il MOMEHT BpeMEHH HAOIIOICHHUS;
i — HoMep HaOmoneHus (i=1...n);

n — KoiauuecTBo HaOmoneHuit (n=31);

O, — IPOTHO3HOE 3HAYEHUE PACXOJIA ISl i-TO HAGIIOICHHS.
Pezynomamur pacuemos
Pesynpbrarsl pacueroB ¢ynknmuu noteps MAPE npencrasnens! B Tabnuie 2, a rpadu-
YyecKasi MHTepIIpeTalys Ha pUCyHKe 3.
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Tabnuya 2 / Table 2

Pe3yabTarsl pacdyera pynkuuu norepb MAPE /1 nporaHo3upoBanus pacxoaa
BO/IbI B peKe Pa3InyHbIMH AJITOPUTMAMU /
Results of calculating the MAPE loss function for predicting water flow
in a river using different algorithms

PacueTHsIii aaroputm /

DyHKuMs M0TEPS / Calculation algorithm
Loss function

ARIMA SARIMAX LSTM CatBoost
MAPE, % 18,31 12,72 14,76 4,92
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Puc. 3. Pesynomamul npocnozuposanust (aszycm 2024 2.)
1 — peanvuvie dannvie; 2 — ARIMA; 3 — SARIMAX; 4 — LSTM; 5 — CatBoost /

Fig. 3. Forecasting results (August 2024)
1 —real data; 2 — ARIMA,; 3 — SARIMAX; 4 — LSTM; 5 — CatBoost

CpaBHeHHe pe3yIbTaToOB PacueToB pacxoa BoAbl B peke benas 3a aBryct 2024 rona,
MOJTyYEHHBIX PAa3IUYHBIMA METOAAMH MPOTHO3UPOBAHUS, C PEATbHBIMU JaHHBIMH J1a€T
OCHOBaHHE YTBEpKIaTh, YTO AJITOPUTM rpagaueHTHoro Oycrtunra CatBoost moka3zan
HauMEHBIIYI0 norpemHocTs (4,92 %). HecMoTpst Ha HEOOMBIYI0 BHIOOPKY 3HAUYEHUH,
MpeUIaraeMblii aJITOPUTM MAIIMHHOTO OOydYeHUs mokas3ay cBoto 3(dexruBHOCTH. [lo-
Jy4YeHHBIH pe3yibTaT y4yel CEe30HHOCTh PacCMaTpPUBAEMOrO IMpoliecca, YTO MOTHOCTHIO
He ynainocb ARIMA. Monenb ¢ 10IrocpoyHoi KpaTKOBPEMEHHOHN MaMAThIO TOBTOPUIIA
BUJ KPUBOI, HO OKa3allach BBIIIE pealbHOM B cpenneM Ha 12,75 %, onHako ¢ yaaneHu-
€M OT HauyaJIbHOTO 3HA4YeHHUs pacxojia Habomanoch yBenuueHue pasHoctu (15,75 %).
SARIMAX o6sina Tounee, ueM ARIMA, ogHako HaOm0Aan0Ch 3amnas3IbIBAaHUE pe3yabTa-
TOB, 4TO oTpasuinock Ha MAPE (12,72 %).

C uenbio BBISIBICHUS CTETICHU BIUSHUS HCCIEAYEMBIX IaHHBIX, a Takke (hOpMUpOBa-
HUS TPYII TTApaMETPOB, TECHO CBS3aHHBIX MEXIY CO00M, MPOBOAMICS (HaKTOPHBIH aHa-
au3. AITOPUTM pacueTa BBINIOIHEH Ha s3bike Python u yunTeiBaeT qanubie Tabnuisl 1, B
KOTOpPOI OTCYTCTBYIOT Mpomycku. Ha nmepBoM Imare pacuera cTaBUjach 3ajada ornpese-
JICHHsI KOTMYECTBA TPy (JaKTOPOB, PE3YIBTATHI KOTOPBIX CXOKHU MEXAY COO0N 1 UMEIOT
B3aMMOCBSI3b. Pe3ynbraTsl H300paKeHbI HAa pUCYHKE 4.
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Fig.4. Graphical representation of the number of factors recommended by the program

HecmotTpss Ha ycTaHOBIEHHYIO TpaHMIly Ha ypoBHE | (COOCTBEHHBIE 3HAYEHUS) B
JaJTBHEHUIIEM MPUHUMAIHCH 4 TPyMIbl (PAKTOPOB, /I KOTOPBIX OBLIA paccyuTaHa Kop-
pENSIIIMOHHAsT MAaTPHIIA MEX/IY ISATHIO MepeMEHHBIMU (Tabnuia 1) u moayuyeHHBIMU Ye-
TeIpbMs (hakTopamu. [Ipy UCTIONH30BAHKH CIICITUATBHON OMOIIMOTEKH JIJTSl CO3TIaHUS CTa-
TUCTUYECKUX rpaukoB Seaborn pe3yabTaThl HCCICTOBAHUI MOTYT OBITH TIPEICTaBICHBI

B BH/JIC TEIJIOBOM KapThl. B JaHHOM citydae noixydeHHast uHGOpMaIus, KOTopasi OTpaxaeT

KoppeJsiou NEPEMEHHBIX C KaXKJIbIM M3 BbBIJICJICHHBIX CI)aKTOPOB U I1IO3BOJIACT BBIACINUTH

3aKOHOMCPHOCTH B3aNMOBJIUAHUA OTACIIbHBIX COCTABJIAIOIINX APYT HA ApyTa, NpCACTaB-

jieHa B TaoOuie 3.

Tabnuya 3 / Table 3

IIpeacraBieHue rpynnupoBKH IepeMEHHBIX B (PaKTOPBI COIIACHO
PACCYMTAHHON KOPPeJISIIMU MeKAy HUMH /
Representation of the grouping of variables into factors according
to the calculated correlation between them

dakTopbl /
IMepemenHbIe / Factors
Variables ®axkTop 1/ ®axkTop 2/ ®daxrop 3/ ®daxrop 4/
Factor 1 Factor 2 Factor 3 Factor 4
Pacxon / 92,9 % 9,5 % 10,0 % 0,9 %
Flow rate
Cpenuss TeMmeparypa
BO3myXa / Average air 6,4 % 71,4 % 24,8 % 0,4 %
temperature
Cy]’;"“ ocTaToK / 87,5 % 46,7 % 2,9 % 58%
ry residue
Cpenusis CKOPOCT Berpa / 10.8 % 32.1% 45.8 % 13.8 %
Average wind speed ’ ’ ’ ’
KoanuecTBo ocankos / Amount
of precipitation 1,3% 7.8% 45,5 % 3,1%
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[Tpu ananuze Tabnuiel 3 caenansl ciemyrone BeiBoAbL. s dakropa 1 xapakrepHo,
YTO U3MEHEHHUE pacxoa Bojibl (92,9 %) TeCHO CBsI3aHO C MOSIBIIEHUEM B BOJIE CyXOIO OCTaT-
Ka (87,5 %). BnosnHe oueBUAHO, YTO YMEHBILIEHUE YPOBHS BOJbI B PEKE MIPUBOAUT K IOBBI-
IICHUIO KOHIIEHTPAIIMU PACTBOPEHHBIX BEIIECTB U IOBCEMECTHOMY HAKAIUTMBAHHUIO BIIOJIH
BOJIOTOKA, YTO B JaJIbHEHILIEM MTPUBOIUT K MOMAAAHUIO UX B TEXHOJIOIMYECKUI UK pabo-
TBI IPEIIPUATHI U K UCIIOIB30BAHUIO JJIs1 XO3HCTBEHHBIX HY /I BOJIbI C TIOBBIILIEHHBIM CO-
JepKaHWeM MUHEPaJIbHBIX coiel. JlaHHOe 00CTOATENLCTBO MOATBEPIKIACTCS PETYSPHBI-
MU TIOJIEBBIMU HAOIIOACHUSIMH U 0TOOpaMu MpoO 1Mo BOIocOOpHOI Tepputopu p. bemas.

@dakTop 2 MOKa3bIBAET BBICOKYIO B3aUMOCBSI3b MEX]Y CPEIHEU TeMIepaTypoil BO3-
nyxa (71,4 %), cpenneit ckopocthio Betpa (32,1 %) u cyxum ocratkom (46,7 %). Ta-
KOM pe3ynbTaT Takke He BBI3BIBAET COMHEHMIA, IOTOMY YTO MOBBIIIEHHAS] TEMIIEpaTypa
Y CWJIBHBII BeTep MPUBOAAT K MHTEHCU(UKALIMU UCTIAPEHUS KUJIKOCTH U, TEM CaMbIM,
YCKOPSIFOT MPOIIECChl MUHEPAINU3AINU CONiel (KalbIlvsl, MarHUs, HATPUS, KaJIHs), CIIUIAa-
HUSl OPTAHUYECKHUX YaCTHUIl, METAJIIOB U HEPACTBOPUMBIX AJIEMEHTOB.

CormacHo akTopy 3 HEOOXOAMMO YIUTHIBATh B3aUMOCBSI3b CPEIHEH CKOPOCTH BEeTpa
(45,8 %), cpenuelt Temrieparypbl Bozayxa (24,8 %) u konmdecTBa ocaakos (45,5 %). IMo-
Jy4YEHHbIE B3aUMOCBS3H TAK)KE BIIOJHE OOBSICHUMBI, IOTOMY YTO HACBHIIICHHbIE BJIAroi
BO3IYIIHBIE MAacChl MOTYT MEPEHOCUTHCS BETPOM Ha 3HAYUTENbHBIE PACCTOSHHUS.

B cpaBHeHUM ¢ Tpems npeAbIAyIIME (aKTOpaMu YETBEPTHIA (PakTOp HE BHOCUT HU-
Kakoi nomnonHuTensHoN nHpopMmaru. Takas nmpoBepka mosie3Ha ¢ LeIbl0 UCIO0Ib30Ba-
HUS BCEX BO3MOXKHOCTEH MPOrpaMMHOTO aHAJIN3a JaHHBIX, OJHAKO TpeOyeT KauyeCTBEH-
HOTO TIOHUMAaHUS TIOJYYEHHBIX PE3YyIIBTaTOB.

BbiBOADI

BrimonHeHHBIE pacueThl MO3BOJWIM OLEHUTH NMPUMEHUMOCTh Moxenelr (ARIMA,
SARIMAX, LSTM, CatBoost) B kauecTBE OCHOBBI ISl CHCTEMbI MECSIYHBIX TTPOTHO30B
pacxo/ioB BOJBI B peUHOM crcTeMe. PacueTsl moATBep v 00IIIee MPEICTaBICHHUE O TOM,
YTO HAJMYHE THIPOMETEOPOIOTHIECKON MHPOpMAIHK (TaHHBIX O MPEIBIIYIINX PACX0-
nax BoAbI B p. benas, cpeaHedt TemmepaType BO3ayxa Ha BOIOCOOpE, CpEaHEH CKOpO-
CTH BETpPa M KOJIMYECTBE OCAJIKOB) M PACCUYMTAHHOTO B PE3yJbTaTe XMMaHAIN3a CYyXOTo
OCTaTKa MOXeT ObITh MCIIOJI30BAaHO IS IPOrHO30B. JJaHHOE 00CTOATENHCTBO MO3BOISET
co3/1aBaTh 0oJiee YCTOWYUBBIE aJITOPUTMBI, KOTOPbIE YUYUTHIBAIOT CE30HHBIE KojleOaHus, a
TaK)Ke B3aUMOBIHUSHHUS MEXKAY MIPOTHO3UPYIOMUMU (haKTOpaMHU.

[TporpammHas peanusanus BCeX MOjEeH Mokaszania cBOK 3(PPEKTHBHOCTh, OTHAKO
HAWTYYIITUE PE3YJIbTAThI TIOJYYCHBI C UCTIOIH30BAHUEM aJTOPUTMA TPAJIUEHTHOTO OYCTHH-
ra CatBoost (cpennsist abcomoTHas ommoka coctaBuna 4,92 %, uto B 2-3 paza MEHbIIIE,
4eM y Apyrux mojenei). @akTopHbIN aHaIM3 MTO3BOJIMI BBIACIUTE TPyNIbl ((PakTopsl), B
KOTOPBIX PACUETHBIM MyTEM MOTYUYECHBI CTETICHU BIMSHUS UCCIEAYEMBIX JaHHBIX JAPYT Ha
npyra. [lonydeHHble pe3yabTaThl CTAHYT OCHOBOW AJISL CO3MaHMsI IPOTPaMMHO-TEXHUYE-
CKOTO MHCTPYMEHTAPHSI JUIS BBISIBICHUSI 3aKOHOMEPHOCTEH MHOTO()aKTOpHOTO Tporiecca
(hopMUpOBaHHSI CTOKA MOBEPXHOCTHBIX BOJIHBIX OOBEKTOB, KOTOPBI B TOM YHMCIIE TTO3BO-
JIMT TIPOTHO3UPOBATh PACXOJIbI BOJIBI JUISl pacCMaTpUBAaEMOM BOIOCOOPHOM TEPPUTOPHH.
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ONTMMM3ALMS PEKPEALIMOHHOIO
NPUPOAOMNOAB3OBAHUS
Ha CeBepo-BocToyHom KaBkaze
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2 [PO3HEHCKUIA rOCYAAPCTBEHHbI HETAHON TEXHUYECKUIA YHUBEPCUTET
nm. akag. M.[. MunnmnoHwmkosa, Poccus, 364051, r. MpoaHbii, np. X.A. Vicaesa, 100

Crarbs noctynuna: 25.06.2025, gopabotana: 18.08.2025, npunsita k nybavkaumn: 21.08.2025

Pestome: PekpeaunoHHOe Npupogonosb30BaHne — 04HO U3 NPUOPUTETHLIX HANPaB/EHNA Pa3BUTUS PErMOHOB
Cesepo-BocTo4Horo Kaskasa. OnTumun3aums pekpeaunoHHOro npupoLonob30BaHns NpesCcTaBniser co60i akTy-
aNbHyH0 3374y B CBA3W C BO3PACTAIOLLEN aHTPOMOrEHHOM Harpy3Koil Ha YHUKAITbHbIE TOPHbIE NAHAWAMThI U He-
06X0MMOCTLH NMOWCKA ONTUMANbHBIX PELUEHUI B YAO0BMNETBOPEHUM PEKPeaLMOHHbIX NOTPEOHOCTEN HACeNeHNs 1
COXpaHeHnn 6Mopa3Ho06pa3us, NOLAEPIKAHNN 3KOCUCTEMHBIX ycnyr. Lienb paboTbl — paspaboTatb ONTUMU3ALMNOH-
Hble MOJienu c6aNaHCUPOBAHHOIO (YCTOMYMBOr0) PEKpeaLyioHHOr0 NPUPOLONonb30BaHus B ycnosusx Cesepo-Boc-
TO4HOro Kaekasa. Metofbl paboTbl: CUCTEMHBIN, CPABHUTENbHO-TE0rpadonyecKuii, UICTOPUYECKMIA, ieMorpacuye-
CKIA 1 3THOKYNLTYPHbIA aHANN3 TEPPUTOPUM 1 CTaTUCTUYECKas 06paboTka nHdopmaumu. PesynbTatel pa6oTbl. Ha
OCHOBE aHaII32 OTEYECTBEHHbIX U1 3aPYBEXHbIX MOLENei ONTUMU3aLMM NPUPOAONOSb30BAHNS U Y4eTa PEroHasIb-
HbIX (MPUPOLHBIX, COLMANBbHO-IKOHOMUYECKINX, ITHOKYNLTYPHBIX) 0CO6EHHOCTEN pa3paboTaHbl anroputM onTUMm-
3aUMn 1 KOHUeNTyanbHas MOfenb ynpasneHus pekpeaunoHHbIM NpupoAonosnb3oBaHnem Ha Cesepo-BocTo4HOM
KaBkase. [1oka3aHo, 410 OnpeseneHuno NPUOPUTETHBIX CTPATErMIA PA3BUTIA LOJIKHbLI NPEALLIECTBOBATL afjeKBaTHas
OLIEHKA TYPUCTCKO-PEKPEALMOHHOI0 NOTEHLMANA U 3KOCUCTEMHBIX YCIYT, MOHUTOPUHT PEKPeaLOHHbIX TePPUTO-
pWil, OLIEHKA PEKPeaLNOHHON EMKOCTH, BbISIBNIEHE NPOGIEM, TUMUTUPYIOLLMX PEKPeaLnoHHOE NpupoLononb3o-
BaHue B pernoHe. [lokazaHo, 4To ynpaeseHne coanaHCUpPoBaHHbIM peKpeaLnoHHbIM NMPUPOA0N0b30BaHNeM BO3-
MOXXHO 1LLIb NPY YCIIOBUY COXPAHEHUS NMPUPOLHBIX U MPUPOJHO-aHTPOMOreHHbIX NTAHALWAMTOB, UX CMIOCOBHOCTM K
Camoperynsuum 1 camoBOCCTAHOBJIEHMIO. B KOHTEKCTe YCTOMYMBOr0 Pa3BMTUA B NpeLiaraemMoiil MOAENM B Ka4ecTse
6a30BbIX BbIAENEHbI 3KONOTNYECKNE, IKOHOMUYECKIE U COLMANbHbIE MHAMKATOPLI. [T0Ka3aHa BaXXHas ponb Kpyn-
HbIX ropooB CeBepo-BocTo4HOro KaBkasa B CTpaTernyeckom niaHMpoBaHWN PeKpeaLmoHHOro Npupoaononb30-
BaHUA KaK LIEHTPOB COCPEA0TO4EHNS OCHOBHbIX 0OBLEKTOB COLMANbHO-KYNIBTYPHOrO Hacneaus v UHHOBALMOHHOMO
noteHuuana. CLenaHbl BbIBOLbI, 4TO peannaauus npeanaraemMmorn Mogenu, nocpeacTBoM SOCTIKEHUS coanaHempo-
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Abstract: Recreational nature management is one of the priority areas for the development of the regions of
the North-Eastern Caucasus. Optimization of recreational nature management is the relevance task, taking into
account the increasing anthropogenic load on unique mountain landscapes and the need to find optimal solutions
to meet the recreational needs of the population, preserve biodiversity and maintaining ecosystem services.
The aim of the work is to develop optimization models of balanced (sustainable) recreational nature managementin
the conditions of the North-East Caucasus. Research methods: systematic, comparative geographical, historical,
demographic and ethnocultural analysis of the territory and statistical processing of information. Results. Based
on the analysis of Russian and foreign models for optimizing environmental management and taking into account
regional (natural, socio-economic, ethnocultural) features, an optimization algorithm and a conceptual model for
managing recreational environmental management in the North-East Caucasus have been developed. It is shown
thatin order to select priority development strategies, it is necessary to carry out an adequate assessment of tourist
and recreational potential and ecosystem services, monitoring of recreational areas, assessment of recreational
capacity, as well as identify problems holding back the development of recreational nature management in
the region. It has been proven that the management of balanced recreational nature management is possible
only if the natural and natural-anthropogenic landscapes are preserved, their ability to self-regulate and self-
repair. In the context of sustainable development, the proposed model highlights environmental, economic and
social indicators as basic indicators. The important role of large cities of the North-East Caucasus in strategic
planning of recreational nature management as centers of concentration of the main objects of socio-cultural
heritage and innovative potential is shown. It was concluded that the implementation of the proposed model,
by achieving a balance of goals and indicators of economic efficiency and environmental safety of recreational
nature management, will contribute to the maximum profitability of the tourist and recreational sector and the
creation of optimal conditions for the development of Russian, inbound and international tourism in the North-
East Caucasus. This will have a multiplier effect for other areas of the regional economy. This model may be
applicable to other mountain regions of Russia.

Keywords: recreational nature management, model, optimization, sustainable development, balanced nature
management, mountain regions, recreation, tourism.
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BeepeHme

HccnenoBanuio TeOPETUKO-METOOTOTMYECKUX ACTIEKTOB ONTHMM3AIINN B3aUMOICH-
CTBHSI TIPUPOJIBI M OOILIECTBA TIOCBALICH ITUPOKUI TIACT OTEYECTBEHHOM M 3apyOeKHOM
Hay4HOU nuTepatypsl [Kepaes, 3s13una, 2003; Sxkoenko, Crpaukosa, 2019; banos u ap.,
2022; ApxuroBa, 2025; Mangold et al., 2024; Ramirez-Marquez et al., 2024 u ap.]. Ilpu
TOM MHOTHIMH HCCIIEIOBATEIISIMA OCHOBHOM aKIIEHT JIEJIaeTCsl Ha OMOLIEHTPUYECKON MO-
JIeJTA OTHOIIICHUS YeJIOBEKa KO BCEM KHMBBIM CylecTBaM [Beery et al., 2023].

BBuny NOBBIIIEHHOHN YSI3BUMOCTH TOPHBIX T€03KOCUCTEM M HAUOOJbIIEH BBIPAXKEH-
HOCTHU B HUX I'€OIMHAMUYECKUX MPOIIECCOB, B JAHHOM paboTe OCHOBHOI aKIIEHT JIe/IaeT-
Csl Ha PA3NMUYHBIX (hOpMax HKOJIOTUYECKOTO TypusMa. JlaHHBIN BUJ TypU3Ma XapaKTepH-
3yeTcsl IPUPOJOOPUEHTUPOBAHHOMN HAIPABIEHHOCTHIO U OCYIIECTBIISETCS C IeNIbI0 0OHa-
PY’KEHUS )KUBOTHOTO MUPA U KyJIBTYPBl MECTA Ha3HAYCHUS 0e3 HapyIICHUS LEJIOCTHOCTH
T€0’KOCUCTEM, CTUMYJIUPOBAHUS COXPAHEHUS IPUPOIHO-PECYPCHOTO MOTEHIHAIIA, OXPa-
HBl OKPY’Kalole MPUPOTHON Cpelbl U CTUMYIMPOBAHUS COLMATBHO-3KOHOMUYECKOTO
Pa3BUTHS TOCEIIAEMBIX TEPPUTOPHUH.

MupoBast mpakTHKa CBHIETEILCTBYET O BO3PACTAIOIICH PO PEKPEAIMOHHOTO MPH-
ponononb3oBanus (PIIIT) B koHTEeKCTE G0JIee yCTOWYMBOTO (COaTaHCHPOBAHHOTO) Pa3BH-
Tus crpanbl (peruona). [lo onenkam Beemupnoii typucrckoit opranuzanuu (UNWTO)
Poccust obnmagaer OrpoMHBIM MOTEHLUANIOM Ui PAa3BUTHUSL KOJOTHMUYECKOTO TypU3Ma
[CeBacTbsiHOB, bouapHukosa, 2011]. 3HaunTenbHAsE YaCTh €r0 COCPEAOTOUEHA B TOPHBIX
pEernoHax, KOTOpble B NEPCHEKTHBE MOTYT CTaTh LEHTPAMH pPa3BUTHs 3KOTypu3Ma [3a-
Oypaesa, [1laumniosa, 2025].

B ux uncne peruonsr Ceepo-Bocrounoro Kaska3za, oGnagaromue OOJBIINM 3KO-
TYPUCTCKUM IIOTEHIIMAJIOM, OJlarojapsi BBICOKOMY OHOJIOTHYECKOMY W JaHIma(THOMY
pa3HooOpasuto, cetu 0cobo oxpaHseMblx NpupoaHbix Tepputopui (OOIIT), sTHHYE-
CKOMY Pa3HOOOPA3HI0 U HAIUYHIO OOBEKTOB UCTOPUKO-KYIBTYpHOTO Hacieaus. Heobxo-
JMMOCTh PALlMOHATIBHOTO MCIIOIB30BAHUS PEKPEALIMOHHBIX PECYPCOB, MPEIOTBPAIICHUS
Jerpajalii TOPHBIX JaHIMA(TOB M MOMCKAa HOBBIX HAYYHO-OOOCHOBAaHHBIX IOAXOJIOB
B pemienuu npobnem PIIIT Ha CeBepo-Boctounom KaBkase mpemonpenenuiy akTyasib-
HOCTb JIaHHOU PabOTHI.

Lesan padoThl — pa3paboTka ONTHUMHU3AIMOHHBIX MOJIENIEH COATaHCUPOBAHHOTO (YCTOM-
YHMBOI'0) PEKPEALIMOHHOIO IIPUPO/IOIIOIb30BaHus B ycioBusix CeBepo-BocTounoro KaBkasa.

MaTtepunaabl 1 METOAOAOTUSI UICCAEAOBAHMS

DakTHUECKUM MaTepuajoM JJIsi MCCIEIOBaHUS MOCTYXHIN HAyYHO-METOJUYECKUE
pa3pabOTKH POCCUUCKUX M 3apyOeKHBIX YUEHBIX B OOJIACTH YCTOMYHMBOTO DPa3BHUTHII,
yIpaBIeHUS IPUPOIONOIB30BAHUEM, OXPaHbl OKpY KaroUleil cpepl, oulnaibHbIe CTa-
TUCTUYECKHE aHHble Poccrara, pernoHaibHbIX MUHUCTEPCTB MO TYPU3MY U KYJIBTYpE,
HOpPMAaTHUBHO-TIPaBOBbIe akThl, CTparerus sxkojgoruueckoi 0ezonacHoctu PO Ha nepuoj
10 2025 1., OCHOBBI TOCYITAPCTBEHHOMN TOJUTUKHA B 00JIACTH HKOJOTUYECKOTO Pa3BUTHUS
P® na nepuon no 2030 roma, Crparerusi pa3BuTHUsl Typusma Ha Tepputopun CeBepo-
Kagkasckoro ¢enepanbHoro okpyra a0 2035 roga, crpareruv pa3BUTHS Typu3Ma U CO-
UaIbHO-3KOHOMHUYecKoro pa3Butus Pecnyonuku [larecran, Yeuenckoir PecryOnukw,
Pecny6nuku Unrymerus.

B pabote npumeHsIMCh re0CUCTEMHbIHN, T€OCUTYAIIMOHHBIN TOIXO/bl U KOMILJIEKC Me-
TO/I0B CUCTEMHOTO, CPaBHUTEIILHO-Te0rpaguuecKoro, ICTOPUYECKOT0, 1eMOrpapruecKoro,
STHOKYJILTYPHOT'O aHaJIu3a TEPPUTOPHU U CTaTUCTUYECKON 00paboTku nHpopMaluu.
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Pe3yAbTaTbl 1 OBCYXKAEHME

Cywnocms onmumuzayuu pekpeayuoHHo20 npupoOOnoNb306aHUs

[IpyHUMIT ONTUMHU3ALMK NPUPOAOIIOIB30BAHUS UIPAET KIIOYEBYIO POJIb B CHUCTEME
METO1000pa3yoIUX NPUHIUIIOB, Pealnu3alisi KOTOPOTro MO3BOJSET NPUHUMATh Hanbo-
Jee 1enecoodpa3Hble perieHus B cepax MCIoIb30BaHUs, OXPAHbI U BOCIIPOU3BOJICTBA
IIPUPOIHO-PECYPCHOTO MOTEHIMAIa, PABHO3HAYHOI'O HCIIOJIb30BAaHUS I€03KOJIOTNYECKO-
TO ¥ COITUATBHO-DKOHOMUYECKOTO TI0aX0/10B [3alypaesa, 2020].

Joctmxenue nenen ontumusanuu PIIIT B ropHbIX pernoHax BO3MOKHO JIUIIb HA OC-
HOBE aHaJIM3a COBPEMEHHOI'O COCTOSIHMSI PEKPEALMOHHBIX TEPPUTOPHUM U PELLIEHUS IIPO-
6xem PIIII. C »1oii ienbio pa3paboTan anropuT™ oueHku u ontuMuzanuu PIII, koTopsrii
BKJIIOYAET TPH 3Talla: OLIEHOUHBIN, aHAIUTUYECKUN U cTpaTernyeckuii (puc. 1).

OneHKa COCTOSIHMS PeKpealiOHHBIX TepPUTOPHIL /
Assessment of recreational areas

Typucrcko- DKOJIOrMYecKui
pékpeal.l.mouﬂmﬂ DKOCHUCTEMHEIe Feoskornormueckie Pexpearnorniaa

- - MOHWUTOPUHT / L
norentman / Tourist | [¥Y ™ /Ecosystem| |curyarum / EMKOCTD /

" : s g Environmental : :
- services Geoecological situations e Recreational capacity
and recreational monitoring
potential

BeiaBneHne npodeM pauMoOHAIEHOIO PEKPealMOHHOI0 NPHPOONOIbL30BaAHMA /
Identification of problems of rational recreational use of natural resources

|
l [ [ \ I

Feononuruueckue / Conmainnhnie / DKoHOMUYeCKHe / IMpasosbie / l'eoskorntoruueckue /
Geopolitical Social Economic Legal Geoecological

OnTuMusaiis peKpeanMoHHOIO IPUPOI0N0Ib30Banms /
Optimization of recreational nature management

Konnermmms cbaraHCHpOBaHHOTO peKpealMOHHOIO IIPUPOIONOIIb30BaHMs /
Concept of balanced recreational nature management

|

@ PanpoHanbHOe UCIO/Ib30BaHNME, OXPaHa M BOCITPOU3BO/ICTEO TY PUCTCKO-PeKpeallMoHHOro rnoTeHIaia /
Rational use, protection and reproduction of tourist and recreational potential

® Vuer skocucTemibX yoriyr / Accounting for ecosystem services

@ Oxonoruueckum Typusm / Ecological tourism

@® Onrumusanms pekpearmonnnix cerert / Optimizing recreational networks

@ Pecypciioe obecrieverivie (Ka/iposoe, MaTepraibio-Texiinmueckoe, puiiaricosoe) /
Resource support (personnel, material and technical, financial)

@ llosbinere KayecTsa TypPUCTCKoro npojiykra / Improving the quality of a travel product

@ HaparmBarive MHHOBAIIMOMIIONO MoTermuaia / Building innovation capacity

@ Kauectso xusiim /Quality of life

Puc. 1. Aneopumm oyenxu u onmumusayuu peKpeayuoHHo20 npupooOnoIb308aHUs
na Cesepo-Bocmounom Kasxasze /

Fig. 1. Algorithm for assessment and optimization of recreational nature management
in the North-Eastern Caucasus



166  Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reogmanka KOra Poccim

Ha nayanpHOM 3Tane mpenycMOTpeHa aJcKBaTHas OLIEHKAa TYPUCTCKO-PEKpEalioH-
HOTO TOTEHIIMANa U SKOCHUCTEMHBIX YCIIyT, (OPMUPYIOMINX OCHOBY JUIS TUIAHUPOBAHHS
PIITI. OnHako B ycC/OBHSAX YBEJIWYHMBAIOIICHCS aHTPOIOI€HHON HAarpy3Kd Ha TOpHbIE
Te09KOCHCTEMbI B KOHTEKCTe obOecrnieueHusi cbanmancupoBanHoro PIIIT nemocraTouno
OLICHUTH ITOTECHIMAJ, BO3SMOKHOCTHU Ul Pa3BUTHUS TypuU3Ma U PEKpealuu, I0ITOMY Ha
JJAaHHOM JTalle Ba)KHAasl POJIb TAKXKE OTBOAUTCS KOMIIJIEKCHOMY MOHUTOPHUHIY peKpea-
LUOHHBIX TEPPUTOPHUNA, KOTOPHIN NTO3BOJIMT BBIABUTh KAUECTBEHHBIE U KOJIWYECTBEHHBIC
u3MeHEeHUs! B (YHKIIMOHUPOBAHUU U PA3BUTUU OCHOBHBIX KOMIIOHEHTOB MPHUPOTHBIX U
IPUPOHO-AaHTPOIIOT€HHBIX CHUCTEM, OLICHUTh CTENEHb OJaronpuUsTHOCTU T'€03KOJIOTH-
YECKOM CUTyallud TYPUCTCKOW JECTUHALUU. DTO MOCITYKUT OCHOBOM ISl AaJIbHEHIIEH
KOJINYECTBEHHON OLIEHKH PEKPEALMOHHOM Harpy3Ky Ha 3TH CUCTEMBI U OIIPENEIICHUs X
PEKpEallMOHHON €MKOCTH.

Ha npaktuxe paunonansHoe PIIII 3auactyro cnepxuBaercs npoOieMamMu MpaBoOBO-
ro, COLUAJIBLHOIO0, YJKOHOMUYECKOI0, T€03KOJIOTMYECKOr0 U UHOro xapakrepa. [loaromy
VX BBISBIICHHE U aHAJIN3 BBICTYIIAIOT HEOTHEMJIEMOM YACThIO MPEJIaraéMoro airOpuTMa.
3aKIIIOYMTENIbHBIN 3Tall MPEIoJaraeT ONpeeeHue MPUOPUTETHBIX CTPATeruid pa3BU-
THS HA OCHOBE pa3pabOTKKU HAyYHO-00OCHOBAHHBIX MTOJXO0B K HCIOJIb30BAHUIO, OXPaHE
U BOCIIPOU3BOJCTBY TYPUCTCKO-PEKPEALMOHHOIO IOTEHIHAJA, YTO OTBEYAET KPUTEPU-
M paHee NMPeUIOKEHHON HaMU KOHUENIMHU cOalaHCUPOBAHHOIO NMPUPOIONOIb30BaHUS
[3abypaera, 2020]. Ocoboe BHUMaHUE YACICHO ONTUMHU3AIUN PEKPEAIIMOHHBIX CEeTEH C
LIEJIBIO YIOBJIETBOPEHUS MOTPeOHOCTEN KOPEHHOIO HACEJICHHUs B CAHATOPHO-KYpPOPTHOM
JICYCHUU U Pa3BUTHA JICU€OHO-030POBUTEIHHOTO TypH3Ma Ha BBHICOKOM ypoBHE. BHe-
JpeHe MHHOBAIMOHHBIX peuieHuil B miuanupoBanuu PIIII Oyner cnocoOctBoBarh mo-
BBIIIICHUIO Kaue€CTBA TYPUCTCKOTO MPOIYKTa U KOHKYPEHTOCIIOCOOHOCTH TYPUCTCKHUX Jie-
CTUHALMH.

Cucmema ynpasneHus pekpeayuuoHHbIM NPUPOOONONb308aAHUEM

CH0XXHOCTh 3a/1aud IUTAHUPOBAHMS M YIPABJICHUS COalaHCUPOBAHHBIM (YCTOWYM-
BBIM) IPHPOIOIOIH30BAHUEM OOYCIIOBIIEHA, C OJHON CTOPOHBI, HATUYHMEM MHOKECTBA
CBsI3€l U BOBJICUCHHBIX CYOBEKTOB, YTO MOPOXKIAET KOH(IUKTHI MHTEPECOB, a C IPYTroi
CTOPOHBI, HEOOXOAMMOCTBIO pPallMOHAIM3ALNN MPUPOAONOIL30BaHus. Pekpearionnoe
MIPUPOAOIIOIH30BAHUE PACCMATPUBAETCS B KAUECTBE CUCTEMBI, B CTPYKTYpPE KOTOPO BbI-
JEJISIOT TUIIOJIOTUIO ITPUPOIONONIB30BAHNS, KIIIOUEBbIE HAMPABICHUS U Pa3HOBUIHOCTH
peKpeanum, OLeHKY TypUCTCKO-PEKPEallMOHHOIO MOTEHIINAa U YIPaBIECHUE PEKpealn-
OHHOMH J1eATeNbHOCThI0. COOTBETCTBEHHO, HEOOXOMM CHCTEMHBIN MOJXO0/ K MJTAHUPOBa-
Huto u ynpasnenuto PIIIT [O6opun, 2011].

Amnanuz HayyHo# auteparypsl B oomactu PIIII neMoHCTprpyeT MHOKECTBO MOIX0/I0B
K pELIeHUI0 NpoOIeM MPUPOIONoNb30BaHus. OIHAKO MPAKTUUECKH BCE OHM MPU3HAIOT,
yto ontumuzarus PIIIT — MmHOTOacnekTHas 3aaa4a, TpeOyromIast KOMIJIEKCHOTO MEXK/IHC-
LUIIMHAPHOTO MOAX0AA.

MexayHapoIHbIi OIBIT MOKa3bIBaeT, uTo ycroitunBoe PIII momkHo GazupoBarbes
Ha COXPAaHEHHUHU M PAllMOHAILHOM HCIIOIh30BaHUH PEKPEAMOHHBIX PECYPCOB, obecmeye-
HUM OajaHca crpoca U MpeyIoKEeHNs Ha pa3InyHble BUbI TYPUCTCKUX TOBAPOB U YCIyT
[Ghasemi et al., 2024]. B pabote [Arbolino et al., 2021] npeanoxxeHa Moellb MHOTOIIe-
nesoit ontuMuszanuu ynpasiaeHus PIIII, yduTeiBaromas 5K0JI0rHYECKUe, COLUAIBHBIC U
HSKOHOMHUYECKHE HHTepechl obmecTBa. B padote [Neyret et al., 2023] Taxke akueHTHPY-
€TCs BHUMaHHE Ha HEOOXOIMMOCTH Pa3pabOTKK CTpAaTEeTuil yIpaBieHHs JaHaagpTaMu,
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HalleJICHHbIX Ha 00eCleYeHne OTHOBPEMEHHBIX BBITOJ] /Ul Pa3IMYHBIX 3aWHTEPECOBAH-
HBIX CTOPOH C KOHKYPUPYIOIIMMHU UHTEPECAMHU.

[To muennto B.H. XKepaesa u T.B. 3s3unoit [XKepaes, 3s3una, 2003] cbanancupo-
BanHoe ymnpasienue PIII npennonaraer pacmmpenue cymectByroniei cetu OOIIT, a
TAKXe BbIJICJIEHUE PEKPEALMOHHBIX 3eMeJb B 0COOYIO KaTeropHio 3eMejb PeKpealioH-
HOT'0 Ha3HAUEHUS C NOCJIEAYIOIMMH pacueTaMu YIeIbHbIX ITOKa3aTeNel UX KaJlaCTPOBOI
CTOMMOCTH. Ha mpurpaHuyuHbIX U TPAHCTPAHUYHBIX TEPPUTOPUSIX PEKOMEHIyeTCs yTBEp-
JUTh «OCOOBIH» CTAaTyC TPAHCTPAHUYHBIX PEKPEALIMOHHBIX MPOCTPAHCTB U TEPPUTOPUIL
coBmectHoro PIIIT [CeBacTesaHoB, bouapuukosa, 2011].

B pa6ore [Araes, MUnpucos, 2023] B kaueCTBE NEPCIIEKTUBHBIX HAPABICHUN HCIIOJb-
30BaHUs TOPHBIX JaHAIIAPTOB PEKOMEHIyEeTCs COXpaHEHNE OOLIMPHBIX MacTOUII JJIsl OB-
LIEBOZICTBA KaK OJIHA U3 MEP COXPAHEHUs KyJbTYPHOTO HACIIEUs TOPLEB U MOAACPKAHUS
nanamagTHoro pazHoobpasusi CeBepo-Bocrounoro Kaskasza. Ilomaraem, B KOHTEKcTe
pazsutust PIIII 510 OyeT MMeTh MOMOKHUTEIbHBIN A3PQEKT Ha pa3BUTHE arpoTypu3Ma U
3THOKYJITYPHOI'O TypHU3Ma.

locynapcTBennas nonmtuka B oonactu ynpasienus PIIIT momkaa 6a3upoBarbes Ha
psi/ie IPUHIMIIOB, BKJIOYAasl CleIyolue: 00ecneyeHne yCTOHYMBOTO pa3BUTHsI Ha OCHO-
BE€ y4eTa 3KOJIOTMYECKHUX, IKOHOMUUYECKHUX U COLMAJIbHBIX MHTEPECOB; YUET I'€0IKOJIO-
FMYECKUX PUCKOB; CHUYKEHHE HEraTUBHOTO BO3JICHCTBHS Ha OKPY’KAIOLIYIO PUPOIHYIO
cpeny; SKOJIOTHUECKoe 00pa3oBaHue U MpOCBeIIeHne HaceneHus u np. [XKypasens, 2013].

IIpuopuTeTHBIE HanpaBIeHUs] HHHOBAIMOHHOTO pa3BuTHs PO B 00acTy palinoHasb-
HOTO ITPUPOJIOTIONIB30BAHUS U OXPaHbl OKPY’KaIOLIEH cpeibl 3akperniieHsl B KoncTurynumn
P®, B (denepanpHbIX 3aKoHax, 3aKoHaX cyObekToB P®d, nokymeHTax cTpaTernyeckoro
TJIAHUPOBaHMS, BKiItouass CTparernto KojIorundeckoi 6ezonacHoctu Poccutickoit deje-
pauuu Ha niepuon 10 2025 ., OCHOBBI TOCY/ITapCTBEHHOM MOJIUTUKU B 00JaCTH HKOJIOTHU-
yeckoro pa3Butusa PO na nepuon g0 2030 r. u 1p.

Pa3BuTHe TypusMa B UCCIIEyeMbIX PETMOHAX OCYILECTBISETCS B COOTBETCTBUH C pe-
TMOHAJIBHBIMU CTPATErUsIMU, KOTOPBIE OTPa)Kat0T OCHOBHBIE HANpABIICHUS, LIEJIH U 3a-
Jla4M Pa3BUTHUSL TYPUCTCKOM oTpaciu, 0003HAYEHHbIE CTpaTerueil pa3BUTHs TypU3Ma Ha
teppuropun CeBepo-Kaskasckoro deaepanbHoro okpyra o 2035 rona, a Takxe oo1e-
poccuiickoit cTparerueid. B qaHHbIX TOKYMEHTax OCHOBHOM aKIIEHT CAEJaH Ha yBeJIM4Ye-
HUU TyPUCTCKOTO MOTOKA, CO3JJaHUH U Pa3BUTUU COBPEMEHHOM TYpUCTCKON HH(PpACTPYK-
TYpBbl, IPUBJICYEHUN UHBECTULIUI.

Bce o0o3HaueHHbIE HaNIpaBiIeHHs, 0€3yCIIOBHO, BaYKHBI M1 HEOOXOAUMBI ISl Pa3BUTHUS
TYPUCTCKUX TEPPUTOPUIN U TYPUCTCKUX MPOAYKTOB JIaHHBIX cyOobekToB PD Ha poccuii-
CKOM M MEXJIyHapOAHOM pbIHKaX. OTHAKO OLIEHKA NTEPCIEKTUB JOJITOCPOYHOTO Pa3BUTHUS
TYpHU3Ma Ha TOPHBIX TEPPUTOPUAX TpeOyeT yueTa YHUKAIbHBIX HPUPOIHBIX 0COOECHHO-
cTell M pa3pabOTKU HAYYHO-OOOCHOBAHHOTO TMOJAXOJA K YIPABICHUIO U MHUHUMHU3AINH
HEraTUBHOTO BO3/ICHCTBUS Ha Ys3BUMbIE TOPHBIE SKOCUCTEMBI. YBEJIIMYEHHE TYPUCTCKOTO
MIOTOKA JIOJKHO OCYILECTBIIATBHCS C YYETOM PEKPEalMOHHOW eMKOCTH TeppuTopuu. Ha
Hall B3MJIAJ, 3/1€Ch B ONPENEICHHON CTENIEHU IIPOCIIEKNBAETCS N30JUPOBAHHOCTD IKOJIO-
THYECKON M SKOHOMUYECKOM MOIIMTHKHU. B KOHTEKCTe cOaIaHCHPOBAaHHOTO MPUPOJIOTIONb-
30BaHUs CIEAYET YCUIIUTh UX UHTETPALIUIO.

Kpome Toro, B cTparerndeckux AOKYMEHTAaX IO Pa3BUTHIO PEKpealuyd U Typu3Ma
9KOJIOTUYECKUI TYpU3M pacCMaTpUBAETCS KaK OJUH U3 MEPCIEKTUBHBIX BHUJIOB TYpHU3-
Ma Hapsily ¢ KyJIbTYPHO-IIO3HABATEIbHBIM, JICU€OHO-0310POBUTEIBHBIM, TOPHOIBIKHBIM,
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CHOPTUBHBIM U JIp. B COOTBETCTBMM C HALIIMM MOIX0I0M HEOOXOIUM ILIIAaHOMEPHBIH nepe-
XOJI Ha 9KOJIOTMYECKU OPUEHTUPOBAHHBIE (DOPMBI TYpH3Ma, TOCKOIBKY IKOTYPU3M MOKET
TPaKTOBAThCS KaK B Y3KOM, Tak U B iupokoM cmbicie [Ostapchuk et al., 2024; Torsney et
al., 2025]. Takum oGpazom, moaenupoBanue cobanancupoBanHoro PIIIT va Ceepo-Boc-
TouHOM KaBkase omkHO ObITh HaledaeHo Ha paunoHanu3anuio PIIII, noBeimenue kaue-
CTBA JKU3HU U CO3JaHME YCIOBHIA JUISI SKOJIOTHUYECKU 0€30IacHbBIX (IPUPOTOOPHEHTUPO-
BaHHBIX) BUJIOB TypU3Ma U PEKpealyy 3a CUeT BHYTPEHHUX PECYpCOB: PEKPEallMOHHBIX,
TPYAOBBIX, HAYYHOT'O MOTEHIMaa U Ap. (puc. 2).

B crparernueckom rutanupoBanun PIIIT HeoOxomum yuer puckoB. K HUM MOKHO
OTHECTH COLMAJIbHBIE (KOH(IMKTBI WHTEPECOB 3EMIICTIONB30BATENCH, HU3KUI YPOBEHb
HOJrOTOBKU KaJpoB B c(epe TypusMma, ciabasi BOBICUEHHOCTh MECTHOI'O HACEJICHHUS B
TYPHUCTCKO-PEKpEALIMOHHY0 cepy M Jp.), F€0IKOJIOTHYecKHe (Jerpajanust rOpHbIX
JaHamadTOB, ONACHbIE MPUPOAHBIE SBICHUS M MPOLECCHI, KPU3UCHBIE T'€03KOJOTHYe-
CKHE€ CUTYallUU U JIp.), SKOHOMUYECKUE (Cra] MHBECTUIIMOHHOW aKTUBHOCTH, U3HOC TY-
PHUCTCKO-pPEKpealliOHHON MH(PACTPYKTYphl U Ap.) PUCKH ((PaKTOpshl), TMMUTHPYIOIIKE
cbanancupoBannoe PIIII.

VYnpasnenue coanancupoBanHbsiM PIIII B uccnenyemMom pervoHe BO3MOXHO JIHILb
IPU YCIOBHM COXPAHEHUS MPUPOIHBIX U MPUPOIHO-AHTPOTIOTCHHBIX JIAHAIA(TOB, UX
CIIOCOOHOCTH K CAMOPETYJIALIMY U CAMOBOCCTAHOBJICHUIO U MOAIEpKAHUS OJIaronpusT-
HOW OKpyXarouien cpeibl. BBy 3TOro B KOHTEKCTE YCTOMYMBOIO PA3BUTHUS B KAUE€CTBE
6a30BBIX MHAMKATOPOB cOanaHcupoBaHHoro PIIII Hamu BBIIENEHBI HKOJIOTHYECKUE,
HPKOHOMUYECKHUE U COLUAIIbHBIE KPUTEPUU. BaxkHast posib OTBOJUTCS CUCTEME MOAJEP-
YKaHUS SKOJIOTMYECKOr0 paBHOBECHUS B PETHOHE, HOPMATHBHO-IIPAaBOBOMY PEryIHpOBa-
HUIO TYPUCTUYECKON OTpaciii, BHEAPEHHUIO HKOJOTMUYECKU YUCTBIX (O€30MaCHBIX) TeX-
HOJIOTHH U IPOU3BOJICTB B chepe TypHu3Ma U peKpealuu, CO3AaHUI0 3aMKHYThIX CUCTEM
MCII0JIb30BaHUS BOJIbl, OUMCTKHU CTOKOB U YTUIIU3AIIMU OTXOJI0B. DTO NO3BOJIUT B 3HAYU-
TEJIbHOU CTENEHH COKPATUTh 0OBbEMBI OTXOJI0B, 0COOEHHO B TPYIHOAOCTYIIHBIX TOPHBIX
paiionax. Oco60e BHUMaHUE JO0JKHO OBITh YIEJIEHO CO3JaHUI0 YKOJIOTMUECKHX TPOI U
MapIIpyTOB.

JlaHHast MOJIeNb peau3yeMa JIMIIb TPU HATMYUU TPYIOCTIOCOOHBIX BHICOKOKBATU(H-
LUPOBAaHHBIX KaJpoB B chepe Typusma. HerpemeHHbIM ycnoBueM 3pPexTUBHOTO (QyHK-
LIUOHUPOBAHUS TYpPUCTCKO-PEKPEALMOHHBIX KOMIUIEKCOB SIBJIIETCSI U BOBJICUEHHOCTh B
3TOT IPOLECC MECTHOIO HACEJIEHMS KaK HEMOCPEICTBEHHOIO yYaCTHHUKA, YTO IOJIOXKHU-
TEJILHO OTPA3UTCS Ha 3aHATOCTH HACEJIECHUsS U OyleT CocoOCTBOBATH YUETy IKOJIOTHYe-
CKHX OIpaHWYEHHH B MPUHATUU U PeaJIU3alluy yIPaBICHUYECKUX PEILICHUH.

Monens ynpasnenusi cOanancupoBanabiM PIII momkHa BKIIIOUATH SKOJIOTHUECKUN
MEHE/IPKMEHT U ayJUT B Kau€CTBE HENPEMEHHBIX YCJIOBUM ISl BBISBICHUS 0a30BBIX CO-
UAJIbHO-2KOHOMHUKO-3KOJIOTHYECKUX MHIUKATOPOB. DTO MO3BOJISET OLIEHUBATH I1€PCIEK-
TUBBI HE TOJIBKO C MO3ULIUN YPOBHSI pEHTA0EIbHOCTH TYPUCTCKO-PEKPEAIIMOHHOM chephl,
HO U MOJJIEP’KaHUs KOJIOTMYECKOTO PaBHOBECHS U TOBBIIIEHUSI KaueCcTBa JKU3HU Hace-
JICHMUSL.

B crparernueckom mianupoBanuu coanancupoBanHoro PIIII BaxkHast posib OTBOAUT-
Csl INTAHUPOBAHUIO PAa3BUTHSI KPYITHbBIX TOPO/IOB, B YACTHOCTH, B BOIIPOCAX CO3AaHMSI «3e-
nenoi» uHppactpykrypsl [Halecki et al., 2023]. Kpynusie ropoga Cesepo-BocTounoro
KaBka3za urparot KIr04eByl0 poJib B pa3BUTHUU pEKpealud U TypHU3Ma, OCKOJIbKY B HUX
COCPEA0TOYEHbl OCHOBHBIE OOBEKTHI COLMATIBHO-KYIBTYPHOTO HACIEINU U HHHOBAIIMOH-
HBIN noteHuuan [3a0ypaesa u ap., 2023, 2024].
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Peanu3zanus npeanaraeMoil Mosiey mpu3BaHa CrOCOOCTBOBATh MAKCHUMAILHOUM PEH-
Ta0EILHOCTH TYPUCTCKO-PEKPEAMOHHON C(hephl U CO3JaHUI0 ONTHUMAIBHBIX yCIOBUI
JUTSL pa3BUTHSI BHYTPEHHETO, BBHE3IHOTO M MeXIyHapoaHoro typu3ma Ha CeBepo-Boc-
touHoM KaBkaze. 310 OyaeT MMeTh MYIBTUILNTMKATUBHBIA 3PdekT u aisa apyrux chep
pPErHOHAIbHOIN SKOHOMUKH.

BbiBOADI

PexpeaninonHOe IIPUPOAOIIOIB30BAHUE 3HAYUTCS B YHUCIE NPUOPUTETHBIX CTpare-
TMYECKUX HalpaBlieHWi pas3Butus pernoHoB Cesepo-Bocrtounoro Kaskaza. Hanmuuwme
3HAYUTEIBHOTO TYPUCTCKO-PEKPEALIMOHHOIO MOTEHUMANa CO3/1aeT 3/1€Ch MPEANOCHIIKU
JUISL pa3BUTHSA LIIUPOKOTO CIEKTPA Pa3HOBUAHOCTEU TYPUCTCKO-PEKPEALIUOHHON AESATEIb-
HocTu. O/THAaKO B KOHTEKCTE 00Jiee YCTOHYMBOTO pa3BUTHS UCCIIENYyEMbIX PETHOHOB Oy-
JyIlee TOJIBKO 32 HKOJIOrMUecKH Oe30macHbIMU (IPUPOJOOPUEHTUPOBAHHBIMU) BUIAMU
Typu3Ma U peKpeanuu. ITo MOATBEPKIaeT HEOOXOAUMOCTh MEPEX0/ia K PEeryiupyeMoMy
(cbanancupoBannomy) PIIIT.

B aT0ii cBs3M Hamu pa3paboTaH anropuT™ oueHKH U ontumusanuu PIII, Brirovaro-
ui Tpu 3Tana. [lepBbiil 3Tan npeanojaraeT OUEHKY TyPUCTCKO-PEKPEAMOHHOTO IO0-
TEHLIUAJIA, TPOBEJECHUE HKOJOTMYECKOT0 MOHUTOPHHIA PEKPEAlMOHHBIX TEPPUTOPUM,
BBISIBJICHUE T'€0JKOJIOTMUECKUX CUTYallUl U ONPEAEICHUE PEKPEALUOHHON EMKOCTH.

Bropoit sran paccuutaH Ha BbISIBIEHHE NPOOIEM (F€ONOJUTHYECKHUX, COLUATIbHO-
SKOHOMHUYECKHUX, TEOIKOJIOTHIECKUX U JIP.), TUMUTUpYIOMKX cOanancupoBannoe PIIII.
Peanu3zanus BellIenepeyrCIEHHBIX MEp MO3BOJIUT Ha 3aKIIOYUTEIHLHOM 3Tare pa3pado-
TaTh MPUOPUTETHBIE cTpareruu ontumusauuu PIIII, cBsi3aHHBIE C palMOHAIBHBIM HC-
II0JIb30BAHUEM, OXPAHOU U BOCIIPOM3BOACTBOM TYPHUCTCKO-PEKPEALMOHHOIO IMOTEHINA-
Ja, COXpaHEHHUEM MPUPOJIHBIX U KYIbTYpHBIX JIaHAmadToB, pa3ButueM cucreMbl OOIIT,
ONTUMHU3AIMEH PEKPEaAlMOHHBIX CETeH, MOIepHU3aLIMeH TypUCTCKOU HHPPACTPYKTYPHI U
HapalMBaHUEM MHHOBALIMOHHOTIO ITOTEHIIMAIA.

Ha ocHOBe aHanm3a OTe4eCTBEHHBIX U 3apyOeKHBIX mccienoBanuid B obmactu PIIIT
pa3paboTaHa KOHIENTyallbHast MOJIeb yIipaBieHus: coanancupoBanubiM PIIIT na Cege-
po-Boctounom KaBkasze, paccuntanHas Ha paunoHanuzauuto PIIII, noBeiuenue kave-
CTBA JKU3HU U CO3JaHME YCIOBHI [l SKOJIOTMUYECKU 0€30MacHbIX (IIPUPOTOOPHEHTUPO-
BaHHBIX) BUJI0B TypU3Ma U peKpealyy 3a CUeT BHYTPEHHUX PECYpCOB: PEKPEAllMOHHBIX,
TPYAOBBIX, HAyYHOI'O NOTEHIMAJIA U JP.

Ha mpaxTuke ynpasnenue c6anancupoantbiM PIIIT v B ienom peanusaiiust npupoo-
OXPaHHOM CTpPATETHH 3a4acTyI0 YCIOKHACTCS KOH(PIMKTOM HHTEPECOB SKOHOMUYECKOTO
Y JKOJIOTMYECKOIrO B3anuMoAeUcTBUs. [IpoCTpaHCTBEHHOE IMIIaHUPOBAHKUE MCCIIETYEMBIX
TEPPUTOPHI U BHEAPEHNE CUCTEMBI SKOJIOTHYECKOTO MEHEPKMEHTA C YYETOM 3KOCHCTEM-
HBIX YCIIyT MO3BOJISAAT IPUMEHSATH HOBBIE KOJIOI0-3KOHOMUYECKHE UHCTPYMEHTHI JIJIS 10-
CTH)KEHUS COAIaHCUPOBAHHOCTH LIeJIeH U MoKa3aTeneil SKOHOMUYeCKor A(PHEKTUBHOCTH
u sKosornyeckoit 6e3zomacHoctu PIIII na CeBepo-Bocrounom Kakase.

[Ipenyaraembrii B JaHHOW pabOTe MOIXO MPEAroiaraeT IIaHOMEPHBIN Mepexoa Ha
9KOJIOTUYECKU OPUEHTHUPOBaHHbIE (hOpMBI TypusMa. be3ycnoBHO, 3TO TPyIOEMKHil Mpo-
1ecc, TpeOyIOmUi 3HAYUTEIbHBIX YCUINNA, pecypcoB U BpeMeHH. Kpome Toro, kak mo-
Ka3bIBalOT COBPEMEHHBIE MCCIIECAOBAHMS, DKOJIOTMYECKHE MPEUMYLIECTBA JKOTYpU3Ma
HE BCerJa rapaHTHPOBaHbl U YaCTO 3aBUCAT OT 3((EKTUBHOCTH yNpPaABICHUSI, BOBJICUECH-
HOCTH MECTHOTO COOOIIIECTBa, SKOJIOTUYECKOTO 00pa30BaHus U BOCIIUTAHUS HACETICHUS
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[Setiyono, Rachmawati, 2025]. Oto nmoarBep>kaaeT HEOOXOAUMOCTh aJbTEPHATHBHBIX
WM JIOTIOJHUTEIBHBIX MOJAXOJ0B K OXpaHE IMPHUPO/bl, & TAKXKE TIIATEIBHOTO M3YUYEHUS
MOTEHLIMaja 3KOTypru3Ma B 0oJiee IMHUPOKOM KOHTEKCTE YCTOMYMBOIO pa3BUTHS [Sisriany,
Furuya, 2025].
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Pe3tome: AKTyanbHOCTb paboTbl. [Tpoucxoasiune n3mMeHeHus Ha sogocoopax pek Kra Poccun okasbiBaloT
BAMUSHME HA MPOLECCbl (DOPMMPOBAHMA MOHHOMO COCTaBa BOAbl. B yCIIOBMAX aHTPOMOreHHOr0 BO3LEACTBUS U
KNMMATUYECKNX U3MEHEHNI MOXXET NPOMCX0AUTb MeTaMopdom3auns NOHHOrO CocTaBa PeyHbIX BOf. AKTyasib-
HOCTb W BXHOCTb U3Y4EHWS 3TOr0 MPOLecca He Bbi3bIBAET COMHEHMS, MOCKOMbKY MO3BOMSAET BbISABIATL UC-
TOYHUKN 3arpsisHEHNs BOJ W peLlaTb pernoHanbHble NpobfieMbl KadecTBa BOAHbIX pecypcos. Lienb paboTbl.
BbISIBUTb BO3MOXHYIO MeTaMOpPU3aLM0 MOHHOTO COCTaBa PeYHbIX BOA B 6acceiiHe peku KybaHW B yCNOBUAX
AHTPOMOreHHOro BO3AENCTBIA U KNUMATUYECKMX 3MeHeHunin. MeTogbl uceneposanus. llccreoBaHue nposege-
HO Ha OCHOBE MHOTOJIETHUX MMAPOXMMUYECKIX AaHHbIX FOCYAPCTBEHHOM Habno[aTenbHon ceTn Pocrugpomera
(1990-2020 rr.). Ha ocHoBe pe3ynbTaToOB NepeBofa MacCOBbIX KOHLEHTPALMIA B NPOLEHTHbIE B NMepecyeTe Ha
KONN4eCTBO BELLECTBA 9KBMBASIEHTA BbINOSIHEHA KNlacCUUKaLMsA NOHHOIO COCTaBa PeyHbIX BOA. BbifBNeHbI pe-
rMOHaNbHble 0CO6EHHOCTM MOHHOIO COCTaBa PeYHbIX BOA B 6acceiiHe Ky6aHu n BO3MOXHas meTamopdusaums
3a MHoroneTHuin nepuof. PesynbTatbl paboTbl. Bnepsbie Ans pek 6acceriHa KybaHu onpefeseHbl Knace, rpynna
1 TN NPUPOAHBIX BOA, NMPOBEEeHa KnaccuukaLms NOHHOro COCTaBa B MHOrofeTHeM acnekTe. okasaHo, 4To
MOHHBIN COCTaB BOJbI MO ANNHE pekn KybaHu xapakTepuayetcs pasHoobpasmem. HabntogaeTcs U3meHeHne ot
Hanbosee NPoOCTOro cocTasa ¢ AOMUHUPOBAHUEM CYNb(ATOB U MOHOB KasbLMs [0 60Jiee CNOXHOIo — Cynbgart-
HO-Kap6OHATHOr0 Knacca KasibLiMeBOo-HaTpMEBON rpynmbl. bosiee MOCTOAHHbIA MOHHbIA COCTAB BObl XapakTepeH
ANS CPefIHero Te4eHUs pekun ¢ npeobrafaHuem cynbgaros U NOHOB KallbLIMeBO-HATPUEBOM rpynmbl. OCHOBHbIE
npuToKM KybaHn UMetoT OAHOPOAHbIA COCTaB rMAPOKapbOHATHO-KaNbLIMEBbIA BTOPOro TUNa (Kpome p. bonbLuoii
3eneHy4yk). BblaeneHbl 0CHOBHbIE HaNpaBieHUs MeTaMopu3aLum MOHHOro COCTaBa BOAbI: Ans OfHUX Y4aCTKOB
pek MeTamopu3aLms NPOUCXoANT B CTOPOHY CTabMN3aLmm NOHHOro COCTaBa, a A ApYrux — NoBblLLEHNS pas-
HO06pa3na (CMeLLaHHbIA cocTas). MeTamopnsaums peyHbiX BoJ B CTOPOHY U3MEHEHUS B aHUOHHOM COCTaBe
Ha 0TAeNbHbIX yyacTKax Ky6aHu nposiBAAETCS B NOBbILEHUW JONN CyNbd)aToB UK B Nepexoje K CMelaHHoMy
AHWOHHOMY cOCTaBy. B 60NbWMHCTBE ClyvyaeB UMeET MeCTo npsmas Metamopdusaumns. Hanobosnee BeposTHbIM
nocnecTBMEM [JAHHOIO NpoLecca MOXeT cTaTb (POPMUPOBAHNE NOBbLILIEHHBIX WU MOHWKEHHbIX COAEPXKaHNIA
OTZESIbHbIX OHOB, TO CTb MMAPOXMMUYECKINX aHOMASTUIA.

KnioueBble cnosa: 6acceiiH KybaHu, peyHble BOAbl, MOHHbI COCTaB, MeTamopdu3auns npupoaHbIX BOf,
rUAPOXUMUYECKIE aHOMANIMN.
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Abstract: Relevance. The ongoing changes in the catchment areas of the rivers of the Russian South affect
the processes of formation of the ionic composition of water. Under the conditions of anthropogenic impact and
climate change, metamorphism of the ionic composition of river waters can occur. The relevance and importance
of studying this process are beyond doubt, since it allows identifying sources of water pollution and solving
regional problems of water resource quality. Aim. To identify the possible metamorphism of the ionic composition
of river waters in the Kuban River basin under the conditions of anthropogenic impact and climate change.
Methods. The study was carried out on the basis of long-term hydrochemical data of the state observation network
of Roshydromet (1990-2020). Based on the results of converting mass concentrations into percentages in terms
of the amount of equivalent substance, the ionic composition of river waters has been classified. Regional features
of the ionic composition of river waters in the Kuban basin and possible metamorphism over a long-term period
have been revealed. Results. For the first time, the class, group and type of natural waters have been determined
for the rivers of the Kuban basin; the ionic composition has been classified in a long-term aspect. It has been
shown that the ionic composition of water along the Kuban River is characterized by diversity. There is a change
from the simplest with the dominance of sulfates and calcium ions to @ more complex composition — sulfate-
carbonate class of the calcium-sodium group. A more constant ionic composition of water in the middle reaches
of the river with a predominance of sulfates and ions of the calcium-sodium group. The main tributaries of the
Kuban have a homogeneous composition — hydrocarbonate-calcium of the second type (except for the Bolshoy
Zelenchuk River). The main directions of metamorphization of the ionic composition of water are identified: for
some sections of rivers, metamorphization occurs in the direction of stabilization of the ionic composition, and
for others — diversity (mixed composition). Metamorphization of river waters in the direction of change in the
anionic composition in certain sections of Kuban is manifested in an increase in the proportion of sulfates or
in the transition to a mixed anionic composition. In most cases, direct metamorphization takes place. The most
probable consequence of this process may be the formation of increased or decreased contents of individual
ions, i.e. hydrochemical anomalies.

Keywords: Kuban basin, river waters, ionic composition, metamorphism of natural waters, hydrochemical
anomalies.
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BeepeHme

Ha BogocOopax kpynHBIX pek eBpoleickoi yactu Poccun mopa BIUSTHUEM aHTPO-
IOTEHHOW JIeATENbHOCTH U U3MEHEHUH KiMMara B MOCJEIHUE NECATUIIETUS YXKE Ipo-
M30IILJIM CYLLIECTBEHHBIE U3MEHEHMSI B BOAHBIX 3KOCUCTEMaX. MHOTOJIETHSISI UHTEHCUBHAS
XO3SUCTBEHHAs JIESITEIBHOCTh MPUBEIA K UCTOIICHUIO BOJHBIX PECYPCOB, OCOOEHHO B
I0KHBIX paiioHax Poccuu, a mocTyIuieHne MUpoKOro CIeKTpa OpraHndecKux U Heopra-
HUYECKUX BEILECTB B PEUHBIC HIKOCUCTEMbI MOXKET PUBECTH K TEXHOTEHHOM TpaHCQop-
Mal1 XUMHUYECKOTO COCTaBa BOJIbI M YXY/IIEHHUIO ee kKayecTBa [ Hukanopos, bpeisraio,
2006; Auddysnoe 3arpssuenue ..., 2020].

AHaJOrn4HbIe MPOIECCHl MPOUCXOAAT Ha BOA0COOpax peK Mo BCeMy MHpY, Iie MOJ
BO3/ICHCTBHEM €CTECTBEHHBIX U TEXHOTEHHBIX (PaKTOPOB HAOIIONAIOTCS CYIICCTBCHHBIC
U3MEHEHUs! XUMHUYECKOTO COCTaBa BO/bI, HOHHOTO CTOKA PEK, HAPYIIAIOTCS €CTECTBEH-
HBIE «COJIEBBIE LIMKIIBI», YTO 0OYyCIOBIMBAET 3acojeHue npecHbix Box [Kaushal et al.,
2023; Wu et al., 2021], u3MeHSIOTCS €CTECTBEHHbIE MPOLECCHl BEIBETPUBAHUS TOPHBIX
nopon [Lechuga-Crespo et al., 2020; Liu, Han, 2020], yBennuuBaeTCsl BBIHOC BEIIECTB C
PEYHBIM CTOKOM BCJICJICTBHE KIUMAaTU4YecKux n3MeHeHnuit [Gong et al., 2023]. B paGore
[Wang et al., 2025] noka3aHo, 4TO BBIBETpHBAaHUE KapOOHATOB M CHIIMKATOB SIBISIETCS
OCHOBHBIM KOHTPOJHMPYIOLUIUM (haKTOPOM JUIs TIpoLiecca 3BOMOLUHN (MeTaMophr3alium)
HOBEPXHOCTHBIX BOJA. CHIIbHOE MCIIapE€HHE NPUBOIUT K 3HAYMTEIBHBIM Pa3IUuUsiM B
KOHLIEHTPALMSIX MOHOB, UTO MPOSBISAETCS KaK HU3KUMH COJIEP>)KaHUSIMU HOHOB B BOJIaX B
TOpPHBIX palilOHaX, TAK U BBICOKMMU — B PaBHUHHBIX paiioHax. M Bce 3Tu mpoueccsl cno-
COOCTBYIOT MeTaMOp(H3aLUU TPUPOIHBIX BOJI.

Kak 0bio mokazano panee [Hanmnenko u ap., 2020; Pemernsik, 2023], oqHol u3
NPEANOCHIIOK MeTaMOp(U3auy TPUPOIHBIX (PEUHBIX) BOJ SBISIETCS aKTHBHASA XO3Sii-
CTBEHHAs JEATEIBHOCTh Ha BOJOCOOpE, MPUBOSAMIAS K 3HAYUTEIHHBIM U3MEHEHUSM B
MOHHOM COCTaBe BOJbl. MOXET MPOUCXOANUTH YBEIMUYEHUE MUHEPAIU3ALUU BOIbI (IS
I0KHBIX PEK 32 CUET CIIAPEHHUS, JIUIsl CEBEPHBIX — 3a CUET COPOCA CTOYHBIX BOJ IIPEATIPUS-
TUH U T.I1.), CMEILIEHNE TI0KA3aTeNsl KUCIOTHOCTH BOJIbl, U3BMEHEHUE COOTHOILIEHUSI HOHOB
B BOJIC 32 CYET MOBBILICHUS COJIEPKAHUS OT/ICIbHBIX KOMIIOHEHTOB U JIp. Takum o0paszom,
IPOMCXOTUT MeTaMop(du3anus MPUPOAHBIX BOJI, KOTOPAsi XapaKTepPHU3yeTCs YCTONUNBDI-
MU U3MEHEHUSIMU B XUMUYECKOM COCTaBE BOJIBI.

N3navanbHO nporiece MeTaMop(u3aluy paccMaTprBaICst Kak MPUPOIHBIN POLIECC «Ha-
IPaBJICHHOTO M3MEHEHHSI XMMHUYECKOTO COCTaBa BOABI IO IeiicTBIEM (DU3HKO-Teorpaduye-
ckux ycnoBui» [Huxanopos, 2008]. OnHako B COBPEMEHHBIX YCIOBHSX aHTPOIIOT€HHOTO
BO3JICHCTBUS HAOMIONACTCS YCHIICHUE MIPOLIECCOB TEXHOT€HHOW MeTaMop(hU3aluy MPUPOI-
HBIX BOJI (B TOM UHUCJIE U IOBEPXHOCTHBIX, PEUHBIX U JIp.), UTO I€TAJIbHO PACCMOTPEHO B pa-
6orax E. I1. SlnurHa Ha mpuMepe pek eBporeicKoi yacti Poccuut v B IpyTHX MCCIIEIOBAaHUSX
[Saun, 1983, 2006; Mykaiesa, Jlonapesa, 2013; Janunenko u jap., 2020]. C nHaubonblieit
BEPOSITHOCTBIO TPOIIECC NPUPOAHON MeTaMop(hHU3alui BOABI Oy/ET MPOTEKaTh B 30HAX C
3aCyIUIMBBIM KIIMMATOM, & TEXHOT€HHOW MEeTaMOp(H3aLH — B BEICOKOYPOaHU3UPOBAHHBIX
palioHax ¢ pa3BUTON IIPOMBIIUIEHHOCTBIO U CEIILCKOXO35IMICTBEHHBIM IIPOU3BOICTBOM.

Texnorennas meraMmopu3aIysl PEYHBIX BOJI Yallle BCETO CBSA3aHA C MOJIHBIM MPE0d-
pa3oBaHUEM TUAPOXUMHUYECKOIO pEXHMMa B YaCTH M3MEHEHHUs COOTHOLIEHMS IIaBHBIX
MOHOB, YBEJIMUYCHHS COAEP)KaHUS OMOT€HHBIX AJIEMEHTOB, OPTaHMYECKOTO BEUIECTBA M
yCUJICHHS TIpoliecca 3BTPO(UPOBAHMS BOJOEMA, a TAK)KE C MOSBICHUEM B BOJIE KCEHOOU-
OTHKOB, 3HAYUTEIbHO YXYJLIAOIMKUX KauecTBO BoAbl [SAHun, 2006]. IIpu 3HaUMTEIBHBIX
U3MEHEHUSAX B XUMHUYECKOM COCTaBE BOJIbI POMCXOIUT MPeoOpa3oBaHUE U JOHHBIX OT-
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JOXKEHUH, (POPMHUPYIOTCS TaK Ha3bIBAEMbIE «TEXHOT€HHBIE MJIbI», 000TallleHHbIE pa3Iny-
HbiMU Metaiamu [Auun, 2006; 3akpyTkuH, PemetHsk, 2023], 4TO COOTBETCTBEHHO B
LIEJIOM YXYZALIAET dKOJOTNYECKOE COCTOSIHUE BOJHBIX SKOCUCTEM M YCHIJIMBAET 3KOJIOTH-
yeckue pucku [Tepanosyan et al., 2024].

B pabore [Anapynuonu u ap., 2022] na npumepe peku Colpaapbu MOKa3aHO, YTO
MIPOMCXOIUT POCT KOHIIEHTpALUHU Cyab(paTroB U TpaHcHopMaIys CToKa, a Halmonaemas
«MeTamopdu3alys HOHHOTO COCTaBa BOJ OT/EIbHBIX BOJOEMOB MPOAOIIKAETCS 10 Ha-
CTOSIILIETO BPEMEHU U BJIeYeT 3a COO0H U3MEHEeHHsI (PU3NUECKUX CBOMCTB BOJIbI, TAKMX KaK
IJIOTHOCTb, COJIEHOCTBY.

OCHOBHBIM aHTPOMNOTEHHBIM (PAKTOPOM, BBI3BIBAIOIIMM IPOLECC MeTamMopdu3anuu
MIPUPOAHBIX BOJ B JKHBIX pernoHax (B Oacceiine o3. banxam, Manoro Apana, pek Ceip-
napeu U Mineka), siBisercss opoliaeMoe 3eMile/ielue U MOCTYIUIEHHE BO3BPATHBIX BOJ C
nosiel opoueHus [Myxkaesa, Jlonapesa, 2013]. 3nece NpoUCXOANUT HAJIOKEHHUE TPHU-
POAHBIX (haKTOPOB, CIIOCOOCTBYIONIUX 3aCOJIEHUIO PEYHBIX BOJI (ITOBBIIIEHHOE HCIIApEHUE
BOJIbI, )KapPKHUH KJIMMAT), 1 aHTPOIIOT€HHON JESATEIbHOCTH YeIOBEKA.

AHTpPOIIOT€HHBIE N3MEHEHUS BIUSIOT HE TOJBKO HAa COCTaB BOJIbl, OHU BO3JEHCTBYIOT
B 11€JI0M Ha peyHble JaHAA(ThI B pa3IMUHbIX MaciITabax, 4Tto, B CBOO OUEpPE/ib, BIUSET
Ha peXMM PEYHOTO CTOKAa M KayeCTBO BOJbI, CHI)KAsl HIKOCUCTEMHBIE (DYHKLIUU PEUHBIX
cuctem [Ekka et al., 2020].

Takum 00pa3om, MpeACTaBICHHbIC BbIIIE MPUMEPBl 00YCIOBINBAIOT AKTYaJbHOCTh U
Ba)KHOCTh U3y4EHHs Mpoliecca MeTaMophu3alui IpUpoAHbIX Boa. Heo6xoauMo He TOIbKO
3HaThb UCTOYHMKH 3arpsi3HEHMs MPUPOJIHBIX BOZ, HO M MOHMUMATh IIPOLECCHI, IPOTEKAI0-
1IMe B BOJHOM cpefie (Takue, Kak OOMEHHas afcopOLus, peakIuy OCaXIeHUs U KpUCTal-
JU3aliU, OKHCIUTEIbHO-BOCCTAHOBUTEIIBHBIE PEAKIIMY, CMEILIEHUE BOJ, Pa3HOIO COCTaBa U
Jp.). DTO MO3BOJIUT peIlaTh HE TOJILKO PErMOHAJIbHBIE TPOOIEMBbI TpaHC(HOPMAIIUU COCTaBa
MIPUPOIHBIX BOJ M KayecTBa BOJIbI PEK, HO M pacCMaTpHuBaTh II00aIbHbIE FEOXMMUYECKUE
MOTOKU U 3aKOHOMEPHOCTU (POPMHUPOBAHHSI HOHHOTO COCTaBa MPUPOIHBIX BOJL.

B naHHOM KOHTEKCTE 0COOCHHO aKTyallbHOM SBIISETCS LeIb HAIero uccaeJ0BAHMS —
BBISIBUTH BO3MOXKHYIO MeTaMOp(u3allMl0 MOHHOTO COCTaBa pPEeYHbIX BOJ B Oacceiine
Ky6aHu B ycioBUSX aHTPONOI€HHOTO BO3/EHCTBHS M KIMMATHUYECKUX M3MEHEHUH 3a
MHOTOJIETHUH NEPHUOA.

MaTepraAbl UK METOABI UCCAEAOBOHMS

HccnenoBanue npoBeieHO Ha OCHOBE aHAM3a U 0000ILEHUS MHOTOJETHUX T'MJIPO-
xumudeckux gaHabix (1990-2020 rr.) [ocynapcrBennoit HabmonarensHoi cetn (I'HC)
Pocrunpomera, xapakTepusyroLuX COAEpKaHUE MAaKPOKOMIIOHEHTOB B BOJIE peK Oacceli-
Ha KyOaHu (I1aBHBIX HOHOB: XJIOPUIOB, CYIb(ATOB, THAPOKapOOHATOB, HOHOB KAJIbITHS,
Marawusi, CcyMMbl HOHOB HaTpusi ¥ kKanwusi) (https://gidrohim.com). ABTOpamMu BBITIOJTHEHBI
cOOp M aHAIM3 NIEPBUYHBIX JAHHBIX, IEPEBOJI MACCOBBIX KOHIICHTPAIIMI B IPOLICHTHHIC B
IepecueTe Ha KOJIMYECTBO BEIIECTBA SKBUBAJIEHTA I Ka)KJOTO HOHA U JJaJiee MOJIy4EH-
Has nH(OpMAIHS TPOAHATU3UPOBAHA.

O0beKTHI HCCIeI0BAHNA: PEUHBIC YUACTKU MO JUiMHE pekn KyOaHu B IMyHKTax Ha-
omonenuit: . HeBunHOMBICCK, I. ApMaBup, I. KponorkuH, cr-nja Jlagoxckas, . KpacHo-
nap, X. TUXOBCKHH, a TakKe OTIENbHBIC YYaCTKH OCHOBHBIX NMPUTOKOB KyOanu: p. Bob-
u1oi 3eneHuyk — Bole . HeBunHOMBICCK; p. JIaba — 1. JIaOuHck, x. Jloryxues; p. benas —
. I'ysepuruis, . Maiixomn, a. Anamuit; p. ITmexa — r. Anmeponck; p. [Tmmm — . Xanael-
XKeHCK, X. DokuH; p. [Icexyrnc — r. [opstanii Kittou; p. Adwuric — cr-ria Cmonenckast; p. AOHH —
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. AGHHCK; p. Anarym —I. KpsiMck. Ha HEKOTOpPBIX ITyHKTax HaOIr0AeHUH ObUIN paccMoTpe-
HbI CTBOPBI BBIIIE U HIOKE Topojia. Takum 00pa3oMm, B MCCIICIOBAHUH UCIIONb30BaHbI JaHHbIC
no 19 nynkram Habmonenuii (o 23 creopam) Ha 10 pekax Oacceitna Kybanu (puc. 1).

Pa3zpaboTka KapTOCXeM OCYILECTBIAJIACh C MOMOIIBbIO CBOOOJHO pacHpoCTpaHse-
Moii reonHpopmanmonnoi cuctembl QGIS 3.10 (mo Habopam nanHbIX OpenStreetMap u
Shuttle Radar Topography Mission) 1 KOMIIBIOTEPHOM MPOrpamMMBbl JUIsl peIaKTUPOBAHUS
IPOCTpPaHCTBEHHbIX JaHHBIX SAGA GIS 2.3.2.

MeToAMKA NCCAEAOBOHUS

J171st OLIEHKH BO3MOXKHOH (ITPUPOAHOM MIIM TEXHOTCHHOM) MeTaMOp(U3alliil HOHHOTO
COCTaBa PEYHBIX BOJ HEOOXOAMMO MPOBECTH KIACCU(HUKAIMIO MOHHOTO COCTaBa BOJIBI
no knaccudukanuu O.A. AnekuHa. B ocHOBe kitaccu(UKanuy Jiexar J1Ba MPUHIATA: O
JIOMHUHUPOBAaHNU MOHOB B COCTABE BOJIbI M YUET COOTHOLIEHUSI MOHOB [AnekuH, 1970].

JlJis uiccneyeMbIX y9acTKOB pek OacceitHa KyOaHu BBITIOIHEH MEPEBOJ] BCEX 3HAUE-
HUI MacCOBBIX KOHILIEHTPALM B IPOLIEHTHBIE B IIEpECUETE Ha KOJIMYECTBO BEILECTBA K-
BUBAJICHTA JUIsl KaX/10I0 HOHA 3a KaXbli roJl MHOTOJIETHETo nepuoza. /lanee onpenenex
KJjacc (Mo JTOMMHUPYIOIIEMY aHUOHY), rpymna (10 JOMHUHHMPYIOIIEMY KaTHOHY) U THUII
IPUPOJHBIX BOJ (II0O COOTHOIIEHHWIO MOHOB) 3a Ka)KJbIM Iojl IEpHUOJia UCCIIETOBaHUS U
3a ompeneeHHbIe epropl. Ha 0CHOBE MOMy4eHHBIX TaHHBIX KJIACCH(HUKAIMN HOHHOTO
COCTaBa PEYHBIX BOJ| OMPEACISETCS HANPABICHHOCTDH MpOIecca MeTaMophU3aiy WiIH
CTaOMIIBHOCTh HOHHOTO COCTaBa BOJIBI.
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Fig. 1. Location of observation points and sites in the Kuban basin (compiled by the authors)

l'unotesa Hailero uccie0BaHus 3aKI04aIach B CIAEIYIONIEM: IPU OTCYTCTBUU 3HA-
YUMOTO aHTPOIIOTE€HHOTO BO3/ICHCTBUS HE JOJDKHO HAOMIONAThCS 3HAUUTEIbHBIX U3MEHE-
HUN B MOHHOM COCTaB€ BObI (TO €CTh HE MEHSETCS KJIacC, TPYIINa U TUIl PEYHBIX BOA B
Oaccerine Ky6anmn). [Ipu ycTONYMBBIX M3MEHEHUSIX B HOHHOM COCTaBE BOJIBI PEK B MHOTO-
JIETHEM acCIeKTe MO>KHO TOBOPHUTH O HaM4Iuu Metamopduzanuu [Pemernsk, 2023]. Tlpu
3TOM YCTaHOBJICHHE XapaKTepa MeTaMopdu3aiuu — NpupoAHasi UM TEXHOTEHHAs — Tpe-
OyeT JOTIOJIHUTENbHBIX UCCIIEIOBaHHM.
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Pe3yAbTATbl U X OBCYXXAEHMNE

B mpenenax peunoro Oacceitna Kybanu aOcoroTHbIE 3HAYEHUSI HOHHOTO CTOKA M3-
MEHSIOTCS B IIUPOKUX Mpeaenax (1o 4673 Teic. T/Tof), 1oCTUrasi HANOOIBIINX 3HAYCHUH
B HIkHeM TeueHnn KyOanu, JIaOsl u benoii [Komapos, Pemernsik, 2024]. B npocTpaH-
CTBEHHOM DACIIPENEIEHUN UOHHOTO CTOKA BBISIBJIEHA HEOJHOPOJHOCTb MHTEHCUBHOCTH
BBIHOCA MOHOB B Ipefienax Bogocoopa p. Kybanu, o0ycinoBieHHasi COBOKYITHBIM BIHSHU-
€M MPUPOJHBIX U TEXHOTEHHBIX (DaKTOPOB.

B nunHamuke JUIst HCClIeyeMbIX YYacTKOB PEK B MHOTOJIETHEM actiekTe popmupyercs
yOBbIBarOIIMI TPEH U3MEHUYMBOCTH HOHHOI'O CTOKA, HO CTATUCTUYECKU 3HAYUMBIMH TEH-
JCHLUSAMHU XapaKTepU3yIOTCA TOJIBKO OTJeNbHbIe ydacTku pek (p. Kybans — r. Kpacho-
nap, pyk. [Iporoka — r. CnaBsiack-na-KyOanwu, pyk. [Iporoka — x. Cno6onaxka, p. [T —
. XaasbxeHck U p. [Icexynce — . [opsunii Kitrou).

O06o0011eHHas XapaKTepUCTHKA HOHHOTO COCTaBa BOBI 1Mo Kitaccudukanuu O. A. Ane-
KHMHA JIJIs1 y9acTKOB 1o anuHe peku KyOanu mpezacrasiena B tabmuie 1, /Ui y4yacTKOB
M3y4aeMbIX OCHOBHBIX MPUTOKOB KyOanu — B Tabnurie 2.

Tabnuya 1/ Table 1
Kuaccupuxauust HOHHOro cocTaBa BoAbl 10 AjauHe pexu Kydanu
(00600menue 3a 1990-2020 rr.) /

Classification of the ionic composition of water along the length of the Kuban River
(summary for 1990-2020)

Ne IIynxT HaOmoneHuii / CtBop / Kaace / I'pynna / Tun /
B Observation point Site Class Group Type
BBILIE TOPOJA / S (55 %)* Ca (65 %) I
| |r Hepmmmonmbicex / above the city SC (36 %) CaNa (23 %) (87 %)
Nevinnomyssk HIDKE ropoa / S (87 %) CaNa (52 %) I
below the city ’ Ca (36 %) (97 %)
BBIIIIE TOpO/IA / S (97 %) NaCa (32 %) I
, above the city ° CaNa (29 %) (100 %)
2 |r. ApmaBup / Armavir 5
HIDKe ropoja / S (97 %) CaNa (52 %) I
below the city ° Ca (32 %) (97 %)
BBIIIIE TOpOJIA / S (100 © CaNa (48 %) I
Ry - above the city (100 %) Ca (26 %) (97 %)
Kropotkin HIDKe ropoza / S (100 %) CaNa (48 %) I
below the city ’ NaCa (26 %) (100 %)
cr-na Jlagoxkckast / B YepTE CT-IIbI / CaNa (42 %) 11
- - 0
4 Ladozhskaya within the village S (100 %) (212}10“21;2’}/?)2[ (100 %)
BBIIIIE ropoza / CS (42 %) 1000 I
s |r Kpacuozap / above the city C (32 %) Ca( %) (97 %)
Krasnodar HUXE ropoﬂa/ CS (61 %) o II
below the city C (36 %) Ca (97 %) (97 %)
0, N 4 o
6 X TuxoBckuit / B U€pTE XyT. / S(éé68 SA) ) a (45 %) II
Tikhovsky within the village (1o 12 %) Ca(235) (97 %)

[Tpumeuanus: C — kapOboHaTHBIN, S — cynbdarablii, SC — cynbdarHo-kapooHaTHbIH, CS — kapOoHaTHO-
cynbtarubnii kracc; Ca — kanpiuenas, Na — HatpueBas, CaNa — kanpuueBo-HarpueBas, NaCa — HaTpue-
Bo-KaunblreBas rpymnna; I — Bropoil Tum; *¥yactoTa BCTpedaeMOCTH MoKazarelns (Kjacc, rpyrmra, TUI) 3a
nepuoj uccinenosanus./ Note: C — carbonate, S — sulfate, SC — sulfate-carbonate, SS — carbonate-sulfate
class; Ca — calcium, Na — sodium, CaNa — calcium-sodium, NaCa — sodium-calcium group; II — the second
type; *frequency of occurrence of the indicator (class, group, type) for the period research.
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AHanu3 JaHHBIX TAaOMUIBl | MOKa3a, YTO MOHHBIN COCTaB BOJBI HAa UCCIEAYEMBIX
ydacTkax 1o JuyiHe peku Kybanu xapaktepusyetcs paznooopasuem. CocTaB HU3MEHSIETCS
0T Hauboee MpocToro S¢, — CyNb(aTHBIN KIIACC KanblMeBas rpynmna (B OTACIbHBIE TObI
Ha yJacTkax y IT. ApmaBup, KponmoTkus u ap.) 10 06osee CIoKHBIX cOCTaBOB SCryna —
cynb(aTrHO-KapOOHATHBIN KIIACC KalbI[MEBO-HATpUeBas rpymnmna (B paiione r. HeBunHo-
MBbICCKa). B 11e7oM e, MOXKHO OTMETHUTh, 4TO O0Jiee MOCTOSHHBIM HOHHBINM COCTAB BOJIbI
B CpPETHEM TEUCHUU PEKH U COOTBETCTBYET OH CyNb(aTHOMY KJIacCy KaJbIHEeBO-HATpHUe-
BOM rpynibl (Sc,n,)- THI pednbix Boa (II) mo cooTHOIIEHNIO KOHIICHTpAIlMi KAaTHOHOB U
AQHUOHOB TIOCTOSTHEH Ha MPOTSHKEHUU Beero TeueHus Kybanu.

B otiinume ot pazHooOpasusi HOHHOTO COCTaBa BOJIBI OCHOBHOW PEKH MPUTOKU UMEIOT
OJTHOPOJHBIA COCTaB THAPOKAPOOHATHO-KAIBIIMEBBIA BTOpPOro Tuma. MckirodeHue co-
cTaBisieT p. bonbioi 3enenuyk, rae 6osee CynecTBEHHO CoAepKaHue CyIb(aTroB B BOJE
(Tabm. 2). 31O CBA3aHO, C pa3BUTHUEM KapcTa (M BHIMBIBAHMEM THIICA U U3BECTHSAKOB) B

BEPXHEM U CPEHEM TEUCHUU PEKH.
Tabnuya 2 / Table 2

Kaaccudukanus HOHHOTO cocTaBa BoAbl NpUTOKoB Kyoanu (0600menue 3a 1990-2020 rr.) /
Classification of the ionic composition of water in the tributaries of the Kuban
(summary for 1990-2020)

W] D [T et e ] e | T
1 b 53&?535 szgl?}ﬁl( r Ez‘i?:;‘:r;‘y"‘s‘;i“/ SCCS(42 (f))* Ca(90%) | 11(97%)
River (29 %)
3 By Taba/ Xb{[)‘;i’l‘l‘%‘:i/ C(100%) | Ca(100%) | TI(84 %)
T e T e | coamon |
> Ble’iaByZ“ﬁ’i' V/er L f/l/[:;‘lfgg/ C(100%) | Ca(100%) | T1(77%)
6 p. Benas / a. Anamuid / C(100%) | Ca(100%) | 11(81%)
Belaya River Adamy

7| p-Mmexa  Pshekha r ﬁgi:fgg:ﬁ‘/ C(100%) | Ca(100%) | T1(68%)
* | Bhinmiver Mbadunend | C000%) | Ca(100%) | 11(87%)
? ch?sﬁgé i X. g’;’lfi?/ C(100%) | Ca(100%) | 11(65%)
O Rmeriver | Gorachy Kiyueh | CU00%) | Ca(100%) | 11(74%)
R e T molontiaya | CO00%) | Ca(l00%) | 1(77%
Y " b caomw) | cao0%) | 5T
13 A%a‘;‘lfgyR“fvg ) r Ef;;rscﬁ‘/ C100%) | Ca(100%) | 11(74%)

[pumevanus: C — kapbonatsbiii, SC — cynbdarHo-kapOoHaTHEI, CS — KapOOHATHO-CYIb(paTHBIN
knacc; Ca — xampuueBas rpynna; 11 — BTopoii Tumm; *wgactoTa BCTpedaeMOCTH MoKa3aress (Kiace, TpyTa,
Tun) 3a nepuon uccienaosanus. / Note: C — carbonate, SC — sulfate-carbonate, SS — carbonate-sulfate class;
Ca — calcium, II — the second type; *frequency of occurrence of the indicator (class, group, type) for the
period research.
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Amnanuzupys aaHHble TabmuI 1 1 2 MOXKHO 0KMJaTh, 4To B ieprox ¢ 1990 mo 2020 rr.
MPOU301ILIa MeTaMOp(hU3aIUs HOHHOTO COCTaBa BOJBI HA CIECAYIONINX yYacTKaX:

— B paiione r. HeBUHHOMBICCKA U X. THXOBCKOTO BO3MOYKHO ObljIa TIEpeCTpOrKa KaTH-
OHHOI'O M aHHOHHOI'O COCTaBa PEYHON BOJBI;

— B IIyHKTax HaOmtoneHuii . Apmasupa, I. Kponotkuna u ct-11s1 JIa10kCKoi BO3MOXK-
HO Obl1a MeTamopdu3alus TOJIbKO KAaTHOHHOTO COCTaBa BObL;

— B paiione . KpacHonapa 1 Ha yuacTke nputoka p. bonbmioit 3enenuyk (Boie . He-
BUHHOMBICCKA) BO3MOKHO OBIIT M3MEHEHHSI B aHHOHHOM COCTaBE BOJIBI.

JlokazaTb WM ONpPOBEPTrHYTh BBHICKA3aHHBIE MPEATNOJIOKEHUS MOXKHO Ha OCHOBE Jie-
TaJbHOTO U3YyYEHUS U3MEHYMBOCTH HOHHOI'O COCTaBa HA JIaHHBIX yYaCTKaxX peK.

CTOUT OTMETHUTB, YTO U3 OOJIBIIOTO KOJIWYECTBA UCCIIEyEMbIX YIaCTKOB peK Oacceii-
Ha Ky6anu (Bcero npoaHaJm3upoBaHbl JaHHBIC 110 23 CTBOpaM, T.€. U3y4YeHBI 23 ydJacTka
PEKH) BCero Ha 6-THU U3 HUX BBISBICHA BEPOSITHOCTh METaMOP(H3alUi HOHHOTO COCTaBa
BOJIbI 32 MHOTOJIETHUH MEpHOJ. DTO cOCTaBUIO 26 % B 11e710M /1715 OacceliHa, YTO MOKHO
CUUTATh JIOIYCTUMBIM.

Kak 6b110 okazano panee [Pemetnsik, 2023 ] BeisiBIIeHHE MeTaMOP(PHU3AIUN HOHHOTO
COCTaBa PEUHBIX BOJ OCHOBBIBAETCS HA CIIEIYIOIINX MOJI0KEHHUSAX.

1. Bo3MoXHBI Tak Ha3bpIBaeMbIe TIpsiMast (TIEpexo OT THIAPOKapOOHATHOTO K Ccynbdar-
HOMY U Jlajiee K XJIOPHJHOMY KJlaccy) U oOpaTHas MeTamop(du3anus HOHHOTO cOCTaBa
BOJIBI, YTO OOBSACHSETCS PACTBOPUMOCTBIO COJICH B IPUPOIHBIX BOJAX.

2. IlpoTtekanuto npssMoit MeTamopdu3aIuu crocoOCTBYIOT MTPOIIECCHI YCUIICHUS apH-
JU3alUU KJIMMara, MOBBIIIEHNE MUTPALMOHHON aKTMBHOCTH MOHOB KajbLUs, POCT MHU-
HepaJH3alHy BObI, a MpoIeccy 00paTHO MeTaMop(H3anny — yBeITHueHHE KOJTHYECTBA
aTMOC(hEpHBIX OCAJKOB U BIIAKHBIN KIIMMAT (TO €CTh (PAaKTOPHI, CITOCOOCTBYIOIINE YCHIIC-
HUIO PacCOJICHUs JPEHUPYEMBIX TOPHBIX MOPOJ), CHUKEHUE MUHEpaIU3alui 1 BO3pac-
TaHue kapOoHatHOCTH Bojbl [Hukanopos, 2008].

3. Ecau B onpenenennslii nepuon 6osee yem B 50 % paccmaTpuBaeMbIX JIET BoJa
XapaKTEepPU3yeTCs ONPEEICHHBIM KJIACCOM U TPYIIION, TO U HIOHHBIN COCTAB 3a BECh ATOT
IIEPUOJI MOXKHO OXapaKTEepPU30BaTh JaHHBIMU KJIACCOM U IpymIoi. Eciau ToMUHUPYOWNMA
KJIacC M TPYIIy HE yAaeTcsl BBIACIUTh, TO HOHHBIN COCTaB pacCMaTpuBaeTCs Kak cMe-
mwaHHbIi [Pemernsk, 2023].

C y4yeToM 3THX MOJIOKEHUH U aHaJIM3a U3MEHUYNBOCTH HOHHOTO COCTaBa BOJIbI 32 MHO-
TOJIETHUHM MEPHOJ MOXHO BBISIBUTH HANPaBICHHOCTh MeTaMop(du3aluy NPUPOAHBIX BOJ
(ycToitunBbIe TEHACHIIMM CMEHBI KJlacca, TPYMIbl WM THIA) WKW €€ OTCYTCTBHE (CTa-
OMIBHOCTH HOHHOTO COCTaBa BOJIBI PEK).

J1J1s1 3TOTO CHaYaja yCTaHOBIIEHBI IEPUObI, B KOTOPbIE MOXKHO BBIIETUTH OCTOSIHHBIE
XapaKTEePUCTUKH (KJ1acc M TPYIILy) MPUPOAHBIX BOJ, M IPOBEAEHO CPaBHEHHE OCOOEHHO-
CTell HOHHOTO COCTaBa BOJBI HCCIIEAYEMBIX YUacTKOB pek Oacceitna KyOanu 3a BbIeneH-
HbI€ YCIIOBHBIE TIEpUOAbIL. Pe3ynbTarel CpaBHUTENFHOTO aHAINM3a IPUBEACHBI B TabnuIe 3.

AHanusupys BblIeJIeHHbIe 0COOCHHOCTH MeTamop¢u3anuu (Tali. 3) HOHHOTO COCTaBa
BOJIbl PEK MOYKHO BBIJIEJINTH OCHOBHBIE TEHJICHIIMH, 110 KOTOPHIM ITPOTEKAET 3TOT MPOLIECC.
J1s OHUX y4acTKOB peK MeTaMop(u3alys MPOUCXOAUT B CTOPOHY cTabMiIM3anuu (ocTo-
SIHCTBA) HMOHHOT'O COCTaBa, a ISl IPYTHX — pa3Hoo0pasus (CMeNIaHHbIi cocTa, 0€3 IBHOTO
JOMMHUpPOBaHMs MOHOB). Tak, Hampumep, Ha ydacTkax peku Kybanu (r. HeBUHHOMBICCK
(BeImIe Topona), cr-na Jlagokckas u X. THXOBCKHI) OTMeUYaeTCsl CTaOUIM3aIusl KaTHOH-
HOTO COCTaBa ¢ TEHJEHIMEN BbIX0/1a HA JOMHUHUPYIOIIEE MOJI0KEHUE NOHOB KAJIbLS MU
Harpus. [Ipu 3TOM CMEHAa TOMUHUPYIOILIETO KaTHOHA C KAJIBLIMS HA HAaTpUi Ha yyacTke Ky-
6anu y X. TUXOBCKOTO SIBIISIETCS TIONTBEPIKICHUEM MPOTEKAIOLINX MPOIIECCOB 3aCONECHHS
BOZOCOOPHOM TEPPUTOPUH B HIDKHEM TEUCHUHU PEKH Ha (POHE KIMMATUIECKUX N3MEHEHHUH.
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Jns apyrux ydacTkoB, Takux kak p. Kybanmp — . KpacHomap (Bblmie ropona) u

p. bonbmioii 3enenuyk — r. HeBUHHOMBICCK (BBIIIE TOPO/A), CTAOUTU3AINS IPOUCXOANUT B

AHMOHHOM cocTaBe Bojbl. HabmronaeTcss metamopduzaius ¢ pa3Hoo0pa3HOro aHHOHHO-

TO COCTaBa Ha MOCTOSHHBIN: B TIEPBOM CIIy4ae HJIET CMEHA JOMUHUPYIOIIETO aHMOHA Ha

ruapokap6onart (C (50 %), CS (44 %)), a Bo BTOpoM — Ha Cyib(arbl U TUIPOKApOOHATHI
(SC (75 %)) (Tabm. 3).

Tabnuya 3 / Table 3

XapaKTepMCTmca MeTaMOp(l)]/li}alll/ll/l HOHHOTI'0 COCTaBa BOAbLI HA YYACTKAX PEK

0acceiina Kyoanu / Characteristics of metamorphism of ionic composition of water
in sections of rivers of the Kuban basin

IMepuons! (roawbl) / Periods (years)

Hccnenyemblii — ~
(o] w
% | fhe research sit 2 8§ §
on the river 1990-2000 E E é g[ 2013-2020
S £ % 3
P P (g\] (o\]
1 |p. Kybans — [ocTostHCTBO
r. HeBUHHOMBICCK | aHHMOHHOT'O COCTaBa: S Pa3zHooOpazue aHMOHHOTO COCTaBa:
(e ropona) /| (100 %) / Constancy of | SC (55 %)+C+S / Diversity of anionic composition:
Kuban River — anionic composition: S SC (55 %)+C+S
Nevinnomyssk (100 %)
(above the city) P . i
a3HO00pa3ue KATHOHHOTO COCTaBa: IMocTosHCTBO cocTaBa:
Ca (52 %)+CaNa+CaMg / Diversity of Ca (100 %) / Constancy of
cationic composition: Ca (52 %)+CaNa+CaMg | composition: Ca (100 %)
2 | p. Kybams — Pa3Hoo0pasue KaTHOHHOTO
r. ApmaBup I . .
(Husice ropora) / OCTOSHCTEO KATHOHHOTO COCTaBa: , cocrasa: ,
Kuban River — CaNa (67 %) / Constancy of cationic ~ Ca (54 %)+CaNa (31 %) /.
uban River . 0 )
Armavir (below composition: CaNa (67 %) Diversity ofocatlomc compg)smon.
the city) Ca (54 %)+CaNa (31 %)
y
3 |p. Kybanp — cr- Pa3Hoo0Opasue KaTMOHHOIO COCTaBa: ToCTOSHETBO KATHORHOIO COCTABA:
Ea Jlagoxckast / NaCa (39 %)+CaN'a.(22.§ %)/ Dlverosuy of CaNa (62 %) / Constancy of ’
uban River — cationic composition: NaCa (39 %)+ cationic composition: CaNa (62 %)
Ladozhskaya CaNa (28 %) P : ’
4 | p. Kybanp — Pa3Ho00pasne aHnOHHOTO
r. KpacHonap cOCTaBa: CMeHa JOMUHHUPYIOILIETo aHMOHa Ha
(BBIIIIE TOpOA) / SC (46 %), CS (38 %) runpokapooHar: C (50 %), CS (44 %) / Change
Kuban River — / Diversity of anionic of dominant anion to bicarbonate: C (50 %),
Krasnodar (above composition: SC (46 %), CS (44 %)
the city) CS (38 %)
5 |p. Kybans — Pa3nooOpasue:
X. TuxoBcKkuit [MocrostacTBO aHMOHHOTO coctaBa: SC (75 %) / S (57 %)+SC (43 %) /
(B wepre xyT.) / Constancy of anionic composition: SC (75 %) Diversity: S (57 %)+
Kuban River — SC (43 %)
Tikhovsky (within P ]
the village) a3HO00Opasye KaTHOHHOTO cocTaBa: | CMeHa JOMMHHMPYIOLIETO KAaTHOHA 1
Ca (44 %)+CaNa (37 %) / Diversity MMOCTOSIHCTBO cocTaBa: Na (93 %) /
of cationic composition: Change of the dominant cation and
Ca (44 %)+CaNa (37 %) constancy of composition: Na (93 %)
6 |p. bonbwoii
3eneHYyK —
. HeBuHHOMBICCK PazHooOpasue aHMOHHOTO cOCTaBa: [TocTostHCTBO aHUOHHOTO
(BBIIIIE TOpOA) / S (30 %), SC (30 %), CS (30 %) / Diversity of cocraBa: SC (75 %) /
Bolshoy anionic composition: S (30 %), SC (30 %), Constancy of anionic
Zelenchuk River CS (30 %) composition: SC (75 %)
— Nevinnomyssk
(above the city)
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B kauectBe npumepa MmeTaMop(u3aui HOHHOTO COCTaBa B CTOPOHY (hOPMHUPOBAHUS
CMEIIIAaHHOTO COCTaBa BOJIbl MOYKHO IIPUBECTH U3MEHEHUS B AHHOHHOM COCTaBE Ha y4acT-
kax KyOanu Boime 1. HeBunHOMBICCKA M Y X. THXOBCKOTO. 3/1€CH TTpOoM3o01LIa TpaHchop-
Malsi cocTaBa BOJbl, KOTOPBIA paHee XapaKTepu30Bajcs JOMUHHUPOBAHUEM CYIb(aToB
(75-100 %), B cTopoHy pa3HOOOpa3us aHHOHHOTO COCTAaBA.

Ecnu npoananu3upoBarh BbIIEIEHHBIE JUIS Ka)KJOTO PEYHOIO y4acTKa NEPUObI U
«TIepPEXOHBIE» TOfIbl, B KOTOPBIE BOJIbI XapaKTEPU3YIOTCS pa3IMYHBIMU HOHHBIMH COCTa-
BaMH, TO MO>)KHO OTMETHUTh COBMaJicHue rpaHull nepruogoB 2012-2013 rr. B 3-x caydasx
1 2007-2008 rr. — B 2-x ciydasx. Takum oOpaszom, nepuoa ¢ 2007 o 2012 roasl MOKHO
Ha3BaTh MEPEXOIHBIM B IIEJIOM I BOJOCOOPHON TEPPUTOPUH, TOCTIE KOTOPOTO OKOH-
4yarejabHO MPOM30IIUIa METaMOP(pU3alUsi HOHHOIO COCTaBa PEYHBIX BOJ Ha OT/EIbHBIX
y4dacTkax B 6acceiine Kybanu. DTOT nepro coBmaiaeT ¢ Ha4aJioM JUIUTEIbHOTO MajloBO-
JTHOTO MepHOo/ia, KOTOPBIH ceifuac Habmogaercs A7 MHOrMX Bogocoopos HOra eBpormneii-
ckoii vactu Poccun, B ToM umcne u juist 6acceiina Kybanu.

B GonbmHCTBE CityyaeB UMeeT MeCTo nipsimasi MeTamopdu3anus (mepexos oT kapoo-
HATHOTO KJacca K cylb(aTHOMY), HO Ha y4acTke Bbllle I. KpacHonapa npoucXoauT CHU-
KEHUE pa3HOoO00pa3nsi aHMOHHOTO COCTaBa, CMEHAa JOMUHHMPYIOLIEr0 aHMOHA Ha T'HJIpO-
KapOOHAaT, TO €CTh HJET MEPEXO]I OT CYNb(aTHOrO Ki1acca K ruipokapOoHaTHoMy (Tadir. 3).
Ckopee Bcero, Takoi MpoIecc BbI3BaH BIMsIHMEM KpacHoAapckoro BOJOXpaHMIIMINA, 3a
CUET KOTOPOro cozfaercsi 0ojiee BIaKHBIN MUKPOKIMMAT, UJIET OOKOBasi MPOTOYHOCTD
BO/Ibl M YCUJIMBAETCSl BEIMBIBAHNUE KapOOHATHBIX MMUHEPAJIOB U3 JPEHUPYEMBIX MOPOI.

[Iponiecc TeXxHOTeHHOM MeTaMOp(H3aMK PEYHBIX BOA 00YCIOBINBACT HE TOJIBKO Ha-
pylLIEHHE THAPOXUMUYECKOTO PEKUMA U 3aCOJICHHE BOAHBIX 0OBEKTOB, HO U MPUBOJIUT K
(hopMHUpPOBaHUIO TEXHOTCHHBIX WIOB [SHNH, 2006] 1 THAPOXUMUUYECKUX AaHOMAJIUH, TeX-
HOTEHHBIX THAPOXMMHUYECKUX IIOTOKOB B IPUPOAHBIX Bojax [Makapos, 2024].

JUig ySI3BUMBIX apKTHUECKUX SKOCHCTEM JaK€ HE3HAUUTEIbHbIC U3MEHEHUS B MOH-
HOM COCTaB€ CIIOCOOCTBYIOT (JOPMHUPOBAHUIO AHOMAJIbHBIX KOHLIEHTPAIUii, B TOM YHCIIe
U TI0 COJEPKaHUIO B BOJIE CYNb(aToB, rUApOKapOOHATOB, PEKe MOHOB KaJbIUs M Mar-
Hus. Hanpumep, Hanuume ruipOXMMHUYECKUX aHOMAJIUMH 10 COlepKaHHUIO Cylb(aToB B
BOJI€ OTAENIBbHBIX peKk KonbCcKoro nomyoctposa siBisl€TCs MOATBEPKICHUEM TEXHOI€HHOMN
MIPUPOJII METaMOP(PU3aILITK HOHHOTO COCTaBa BO/bI 3TUX PEK, BOJOCOOPHI KOTOPBIX pac-
MOJIOKEHBI B 30HE BIUSHUS MPEINPUITHI TOPHO-METATypruueckoro komruiekca. J{is
BOZIOCOOPOB IOXKHBIX PEK TAKMX JAaHHBIX MOKA HE YCTAaHOBJIEHO, YTO TAKXXe ONpeIeNnsieT
B2XHOCTh HAIINX JATBHEUIITNX UCCIICIOBAHUN JTaHHOU MPOOIEMBI.

BbiBOADI

Ha ocHOBe mpoBeIEHHOTO UCCIIEI0BAaHUS ITOTYUYEHBI CIIEAYOIIUE PE3YIIbTaThI.

1. MonHslit cocTaB Bojbl 1o AnuHe peku KyOaHu xapakrepusyercs pazHOoOpazuem
U U3MEHSeTCs OT Hanbolee MpoCcToro S¢, — Cyab(aTHbIN KJIacc KajblkeBas rpymnmna (Ha
ydacTkax y rr. ApmaBupa, Kponorkuna u nip.) 10 6omee ciaoxkHbIX cOCTaBOB SCryna —
cynb(aTrHO-KapOOHATHBIN KJIacC KajblMeBO-HaTpueBas rpynna (r. HeBHHHOMBICCK).
bonee mocTosiHHBIN MOHHBINA COCTAB BOZABI XapaKTEPEH Ul CPEAHETO TEUEHUS PEKU —
cynb(haTHbIM Kiacc KanbipeBo-HaTpuenas rpynna Il tun. OcHoBuble nputoku KyGanu
UMEIOT OJTHOPOJHBIN COCTaB I'MIPOKapOOHATHO-KalIbLMEBBIH BToporo Tuna. Vckiroue-
Hue cocrapiseT p. bonboii 3eneHuyk, rae 6os1ee CynecTBEHHO CofiepKaHue Cylb(paTroB
B BOJE.
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2. BriepBble BbIJIe/IeHbl OCHOBHBIE HANpaBlieHUs] MeTaMopHU3aliii HOHHOTO COCTaBa
BOJIbI B Oacceitne KyGanu: asi oJHMX y4yacTKOB pek MeTamop(du3anus MpOUCXOAUT B
CTOPOHY CTa0MJIN3allMi MIOHHOTO COCTaBa, a /Ui APYTUX — pa3HooOpasus (popmupyercs
CMellaHHbII cocTaB 0e3 SIBHOrO JOMHUHUPOBaHMs HOHOB). [Toka3aHo, 4TO CMEeHa IOMUHU-
PYIOIIEro KaTHOHA C KaJblivs Ha HaTpuil Ha yyacTke p. KyOanu y x. TUX0OBCKOTO sIBIIsIeTCS
HOATBEPKICHUEM TIpollecca 3aCOJICHHUs BOJOCOOPHON TEPPUTOPUU B HUKHEM TEUEHHUH
peKH Ha (OHE KIMMATUYECKUX U3MEHEHUH.

3. Meramopdusaiyst peyHbIX BOJI B CTOPOHY U3MEHEHUS] B aHHOHHOM COCTaBe Ha OT-
nenpHbIX yuacTkax KyOaHu mposiBisieTcss B MOBBIMIEHUH J0U cyiabdaros 10 75-100 %
WIN B NEpexojie K CMEIIAaHHOMY aHMOHHOMY COCTaBy. B OONbIIMHCTBE ciy4aeB HUMeeT
MECTO npsMasi MeTamopdu3anus, To eCTh Nepexoa OT KapOOHATHOTO KJlacca K cynbdar-
Homy. Ha yuacTke peku Bble I. KpacHomapa npoucxonuT oOpaTHblii poliece Bo3pacTa-
HUSI JOMMHUPOBaHMS THAPOKApOOHATOB, YTO, CKOPEE BCEro, CBs3aHo ¢ BiausHUEeM Kpac-
HOJApCKOT0 BOIOXPaHWINLIA.

4. Tlpouecc metamop(du3aluu PEYHBIX BOJ B CTOPOHY JIOMHUHUPOBAaHUS CylIb(aToB
MOXET CTaTh MPUUUHON (POPMUPOBAHUS TMIPOXUMHUYECKUX AaHOMAJIMH B BOJIE IO JJAHHO-
MY KOMIIOHEHTY.

Pe3ynbTarhl IpoBEIEHHBIX UCCIEIOBAHUI MOTYT OBITh B JaJIbHEHIIIEM HCIIOIb30BaHbI
IpU U3YyYEHUH THJIPOJIIOTO-THIPOXUMHUECKUX 0COOEHHOCTEH (PyHKIIMOHUPOBAHUS ped-
HBIX cucTeM B Oacceiine KyOaHu, JUIst OLIEHKH MOCIEACTBUN X035 CTBEHHON AeATeNbHO-
CTHM Ha BOAOCOOpE, YTO MO3BOJMUT MOBBICUTh HHPOPMATUBHOCTh OLIEHKH KaueCTBA BOJIBI
pek Oacceiina KyGanu ¢ yueToM pernoHajibHbIX 0COOCHHOCTEH HOHHOTO COCTaBa BOJIbI U
BO3MOXKHBIX TEHACHLUI €ro TpaHC(OpMaIUH.
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OBbEKTbI TEOAOTMYECKOTO HOCAEAMSI
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3.A. TonokoHHukoBal.

Kyb6aHckun rocyfapcTBeHHbIN YHUBEPCUTET,
Poccus, 350040, r. KpacHogap, yn. Ctaspononbckas, 149,
e-mail: zzalatoi@yandex.ru

Cratbs noctynuna: 21.05.2025, gopaborara: 30.07.2025, npursta k ny6mmkavmm: 01.08.2025

Pestome: AkTyanbHocTb pa6oTbl. B XXI Beke 06beKTbI reosiornyeckoro Hacneams (OFH wnun reocaitsl) no-
BCEMECTHO CTa/ln paccMaTpuBaThbCs Kak OCHOBA reoflorMyeckoro Typuama. focnegHuin 06beauHseT B cebe no-
3HaBaTENbHbIN, 3KONIOrMYECKMIA, HAyYHbI, PEKPEALMOHHBIA N aKTUBHbIA BUAbI Typu3ma. 370 OAMH M3 cnoco60B
peLleHns NpobseMbl COXpaHeHUst NPUPOAHBIX 6OraTCTB B YCIOBUAX aHTPOMOrEHHOr0 [aBeHus, 4T0 0CO6EHHO
akTyanbHo Ans Kypoptos HOra Poccun. Llenb nccnepoBanna - cpaBHUTESbHbIA FEOKOHCEPBALMOHHbIA aHann3
Hanbosee aTTPakTUBHbIX Y4aCTKOB HepHOMOPCKOro nobepexbs. [ns AOCTUXKEHUS LieIn pellanuch [Be 3afaqu:
a) CPaBHUTENbHbIA aHanM3 reocaiiToB B OKPECTHOCTSAX FOPOAOB-KYpopTOB AHanbl, leneHmxuka, r. HoBopoc-
cuiicka, 6) 060CHOBaHMe reoTypucTudeckom 3Hasumoctit OMH B paioHe X. beTTbl. Togo6Has paboTa 3Ha4u-
Ma Ans 3apoXeHus U CTaHOBSIEHUS OpPraH30BaHHOMO re0sornyecKoro Typuama, MakTMYeck He pa3BuToro B
KpacHopapckom kpae P®. MeTtoabl. PaboTa 6a3upyetcs Ha NNYHbIX NOMEBbIX HabntoaeHusX, oTodukcalny,
KONNEKLMAX 0Caf04HbIX FOPHbIX MOPOA, AAHHbIX U3 IUTEPATYPHbIX UCTOYHUKOB. [N 06CYyKAEHUS NMONYYEHHbIX
pe3ynbTaToB UCMOSIb30BAH KOMMNEKCHBINA NOAX0A, 0CHOBAHHbIA HA ONIUCATENIbHON METOANKE 1 afanTUPOBAHHOM
SWOT-aHnanu3e. Pesynbtatbl. B peaynsrate uccnefoBaHns qrinleBbiX OTAOXEHWA OT . AHanbl 40 X. BeTTbl
BONb 6eperoBoi IMHWUKM HYepHoro Mopsi paccmoTpeHbl OTH cemu TUNOB reosiormyeckoro Hacneaus: CTpyKTypHo-
reonornyeckoro, cTpaturpadynyeckoro, reoMopdonorunieckoro, rnaponoro-rnaporeosiornyeckoro, ceanMeH-
TalMOHHOrO, Naneoreorpau4yeckoro 1 HeOTEKTOHMYECKOro. MpoaHann3npoBaHbl Fe0TYPUCTUYECKIE OCOOEHHO-
CTU M3BECTHbIX reocainToB — ckanbl Mapyc, «@nuwu», 03. Abpay, 03. JlMaH4KK, KOTOPbIE ABAAIOTCS NpUMepamm
Kak reomopdonorunyeckoro (ckanbl Mapyc), Tak 1 KOMMAEKCHOrO TMNOB reoHacneams. [TokazaHo, 4T0 OKPECTHO-
cTv beTTbl 06M1aaal0T CPeaHUM (PernoHanbHbIM) reoTypucTudeckum noteHumanom cpean OFH YepHomopckoro
no6epexbs Cesepo-3anaaHoro Kaekasa. peanaraemblit OIH BKNtOYaeT CTPYKTYPHO-TEONOMNYECKUIA, CTpaTU-
rpaconyeckmnil, reoMoposIorniecknii, CeAMMEHTaLNOHHbIIA, Naneoreorpacuyeckuii i HeOTEKTOHUYECKIIA TUMbI.
BobiBofbl. [poBeAeH aHann3 Hambosee UHTEPECHbIX Y4aCTKOB HYePHOMOPCKOro nobepexxbs 0T ropofa-KypopTa
AHanbl Ao xyTopa beTTbl B Ka4eCTBE re0CanToB, NOTEHLMANTbHO NPUBSIEKATESIbHbIX AN reoTypucToB. feHepanu-
30BaHHbIA BETTUHCKNIA reocaiiT OTNIMYAETCS KOMNAKTHBIM pacnonoXeHnem, pasHoo6pasHbIM KOMMIEKCOM reo-
NOTNYECKNX JOCTONPUMEYaTeNbHOCTENA, TUNUYHLIX 4115 (hANLWEBO hopmaLmm, KpYrnorofgnyHON AOCTYNHOCTbIO
11 Pa3BUTOI MHDPACTPYKTYPOI.

Kntovesbie cnosa: reoHacneame, donuw, CeBepo-3anaHblin KaBkas, betta, Men, naneoreH, reoTypusm.

bnaropapHocTu: Vccrie0BaHne BbIMOHEHO Mpy hUHAHCOBOV NoAAEPXKe KyOaHCKOro Hay4Horo (hoHja B
pamkax npoekta Ne H-24.1/1.
Ona uutupoBaHusa: TonokoHHukoBa 3.A. OObLEKTbI Tre0nOrN4ecKoro Hacneaus Ha “YepHOMOPCKOM

nobepexoe KpacHogapckoro kpas. feosmorusi u reogmsuka FHra Poccun. 2025. 15(3): 187-198. DOI:
10.46698/VNGC.2025.97.20.001
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Abstract: Relevance. Objects of geological heritage were widely considered as the bases for geological
tourism in the XX century. It combines cognitive, ecological, scientific, recreational and active types of tourism.
This is one of the ways to solve the problem of preserving natural resources in the conditions of anthropogenic
pressure, which is especially important for resorts of the South of Russia. Aim of the research — comparative
geoconservative analysis of the most attractive areas of the Black Sea coast. Two tasks were solved for achieve
the aim: a) comparative analysis of geosites in the vicinity of resort cities Anapa, Gelendzhik, and Novorossijsk;
b) substantiation of the geotouristic significance of geosites in Betta area. This work is important for the emergence
and formation of organized geological tourism, which was not really developed in the Krasnodar Krai of the Russian
Federation. Methods. The study is based on the personal field observations, photo fixation, collections of sedimen-
tary rock, data from literary sources. An integrated approach based on a descriptive methodology and an adapted
SWOT-analysis was used for discuss the results obtained. Results. Seven types of geoheritage has been established
after result of the study of the flysch deposits from Anapa to Betta along coast line of Black Sea. There are structural-
geological, stratigraphical, geomorphological, hydrological-hydrogeological, sedimentation, paleogeographical and
neotectonical types. The geotouristic features of known geoheritage objects — Parus scaur, “Flyshes”, Abrau lake
and Limanchik lake, which are examples as geomorphological (Parus scaur) as complex types of geoheritage. It
is shown that the territory of Betta and its surroundings has medium geotouristic potential among geosites of the
Black Sea coast of the North-Western Caucasus. The proposed geosite includes structural-geological, stratigraphi-
cal, geomorphological, sedimentation, paleogeographical and neotectonical types. Conclusions. The analysis of the
most interesting areas from the Black Sea coast was carried out as geosites, which will be potentially attractive for
geotourists. The generalized Betta geosite is different a compact location, diverse complex of geological landmarks,
which are typical for flysch formation, year-round accessibility, and developed infrastructure.

Keywords: geoheritage, flysch, North-Western Caucasus, Betta, Cretaceous, Paleogene, geotourism.
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BeseaeHre

B xonne XX croneTus BBILIENT B CBET MEPBBIM (hefepasibHbId MepeueHb YHUKAIIb-
HBIX Te0JIOTHYeCcKuX 00beKTOB [[eonornyeckue naMsaTHUKH ..., 1998]. [lns Teppuropun
KpacHonmapckoro xpasi B HEM KpaTKO ONHKCHIBATINCH T€OMOP(OIOTHUECKHUE MaMATHUKU
npupoasl (Harmpumep, I'yamckoe ymiense, bonbmas Asumickas nemiepa, BOAONaAbl Ha
p. Teme6c) nnu xommuiekcHble (MbIc JKenesHslil Por, rpsi3eBoil ByakaH AXTaHU30BCKast
comnka). Pacmmpennas nnpopmanus no u30paHHBIM T'€0JIOTHYECKUM aMiaTHUKaM Yep-
HOMOPCKOTO MOOEpeXbsi MpUBEIEHA B IyTEBOAUTENAX SKCKypcuil [Adanackes, 1992;
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JIpiruna, 2006; bapaGomkun u ap., 2012] unu craresax [Py6an, 2014; Ruban, 2021].
B XXI Beke 00bekThI reonornyeckoro Hacienus (OI'H mwnu reocaiiTel) mOBCEMECTHO CTa-
JIM PacCMaTpPUBATHCS KaK OCHOBA reoJIorHuecKoro Typusma [Hanpumep, Kubalikova et al.,
2022; Chlachula, Mychko, 2023; Yashalova, Ruban, 2024]. [Tocnennuii o0benuHseT B
ceOe ANIeMEeHThI M03HABATEIbHOI0, SKOJOIMYECKOr0, HAyYHOI0, pEKPEalluOHHOIO U aK-
TUBHOT'O BUJIOB TypU3Ma, SBJISISICh OIHUM M3 CIIOCOOOB PelIeHHs TPOOIeMbl COXPAHEHUS
MPUPOAHBIX OOraTCTB B YCIOBUSAX COBPEMEHHOIO aHTPOIIOTEHHOTO JaBJIEHUS. DTO 0OCO-
OeHHO akTyasbHO Juig KypopToB FOra Poccuu.

Lenb paGoThl — CpaBHUTEIBbHBIN F€OKOHCEPBAIIMOHHBIN aHAIN3 Haubosee aTTpaKkTHB-
HBIX yudacTkoB UepHomopckoro nobdepexnsi Ceepo-3anaanoro Kaskaza. [loctmxenue
LIEJIM BKJIIOYAJIO PEIICHHUE JBYX 3a/1a4: a) CPAaBHUTEIbHBIN aHaJIN3 Fe0CaiTOB B OKPECTHO-
CTSX TOpOJOB-KypopTOB AHarmbl, I enenmkuka, . HoBopoccuiicka, B) 000CHOBaHUE Teo-
Typuctuueckoit 3Haunmoctu OI'H B paiione x. bertol. Ilogo6Has pabora 3HauMMa a1t
3apOXKJICHHUS] M CTAHOBIICHHUS] OPTaHU30BAHHOTO I'€OJIOTHYECKOTO Typu3Ma, (pakTHUYeCKH
He pa3Butoro B KpacHomapckom kpae PO.

[eoAOTMYECKNN OHEPK

W3yueHHas TeppuTOpUSs CI0KEHA BEPXHEMEIOBBIMU U HI)KHEIAJIEO0r€HOBBIMH OPO-
namu GIUIIEeBOH (hopMaInnu, MEPEKPHITHIMUA Y€TBEPTHUYHBIMU OTIAOKEHUsAMHE (puc. 1). Ux
o0pa3oBaHMEe MPOUCXOIIIIO B AJILITUICKHIA ATal (OPMUPOBAHHS OPOTEHA, 3aJI0KHBILIETO-
Csl B [1aJ1€030€ U U3MEHSIOLIET0Cs 1O CUX IOP.

37200’ 38°00' Jlerenpa / Legend
°00' F HMKHUI Ment /
s m lower Cretaceous
BepxHHUii men /

upper Cretaceous

HIDKHHH najneorex /
lower Paleogene

HEOTeH-aHTPOIOreH /
Neogene-Quaternary

&
O [

* reocaiitbl /geosites

— IPaHULIA MEXKTY TEKTOHHYECKHMH

cTpykTypamu / boundary between
tectonic strustures

I 3anaano-Kybanckuii kpaeBoii nporu6 /

West-Kuban marginal trough

11 Kepuencko-Tamanckuii nonepeunsiii nporut /
| Kerch-Taman transverse trough

11 ceBepHoe kpbLio Ceepo-3anaanoro Kaskasa /
north wing of North-Western Caucasus

KPYIIHBIE Pa3phIBHbIC HAPYLICHHUs /
major disjunctive dislocations

E KpyIHbIE (MIEKCYPHO-PA3/IOMHbIE

30ubI / major flexure-fault zones

44°30'

Black Sea

0 10 km

Puc. 1. Pacnonoocenue 2eocaiimos (ocnoeéa no Mapununy, Pacysemaesy, [2008] ¢ usmenenusamu):
1 — bonvwou Ympuw, 2 — Aopay, 3 — Jlumanuux u FOxcnas O3epeeska,
4 — «@nuwuy, 5 — ckana Iapyc, 6 — bemma /

Fig. 1. Location of geosites (base by Marinin, Rasctvetaev, 2008 with changes):
1 — Bolshoj Utrish, 2 — Abrau, 3 — Limanchik and Southern Ozereevka, 4 — “Flysches”,
5 — Parus scaur, 6 — Betta

K xoHIiy Me3030s Ha ceBepHOi mepudepun okeana Heoreruc cyuiecTBoBanu ByI-
KaHUYECKHe M OCTPOBHBbIE Ayru. OHU pa3lessif MEJIKOBOJIHbIE KapOOHATHBIE OCAIKU
Ckudcekoii mmardopmsel (ro’kHON OKpauHbl JlaBpa3zuu) u 3aayroseie 6acceiitnsl bonbiie-
KaBKa3CKOro okpauHHOro Mops [Adanacees, 2004; bonbmioit Kagkas ..., 2007]. Ha mpo-
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TSHDKEHUH MEJIOBOTO IEPHO/Ia MAacChl 00JI0OMOYHOIO MaTepuaa NepuoANYECKH MOCTyIalu
B aKBaTOPHIO, HAaKaIuMBasch B 3anaaHo-Kaskasckom n Bocrouno-KaBkasckom umie-
BbIX OacceitHax [[lanoB, 2013]. OCHOBHBIMH HCTOYHHKAMH CHOCa SIBISJIACH OCTPOB-
Has cyllla U 3aKaBKa3CKUI cpeauHHbIA MaccuB. K KOHIy 30lLl€Ha IPOU30LUIO 3aKPbITHE
(ynIIeBBIX 3a/lyTOBBIX MOPCKUX OacceiiHOB. 3eMHasi Kopa IMojBepraiach MHTCHCUBHBIM
CKJIa{4aTO-HaABUTOBBIM edopmarusaM. @opMupoBaHUe TOPHOTO COOpYXeHus bombio-
ro KaBka3a Ha NpOTsSKEHUHU HEOTE€Ha—aHTPOIIOTEHA CBA3aHO C MPOABMKEHUEM ApaBHii-
CKOM T1aTOpMbl B CEBEpPHOM HaIpaBlIeHUH, KOTu3ueil EBpa3uiickoil mimmThl 1 MEIKUX
KOHTHHEHTAIbHBIX OJI0KOB pacnasiieiics [onnsansl [bonbmioii KaBkas ..., 2007; [1aHos,
2013]. I'my6oxoBoaHbIe yuacTkn HeoTeTnca 3BOIIOIMOHMPOBAIH JI0 COBPEMEHHBIX aKBa-
Topuil YepHOro U A30BCKOTO MOPEH.

B npenenax u3yueHHoi GeperoBoit 30HbI OOHAXKAIOTCS KaMITAHCKUE, MAaaCTPUXTCKUE
U JIaTCKUE UMKIWYHbIE Toumu. OrpaHUYEHHOE pPaclpOCTPAHEHHE HUMEKT TYpPOH-
KOHBSIKCKUE (HaTyxalickasi CBUTAa) M CAHTOHCKHE (TEHHMOXCKas CBHUTA) OTJIOXKEHUS B
BUJIE MEpresiel, U3BECTHSKOB, IECUAHUKOB, AJIEBPOJIUTOB C JIMH3AMM KOHITIOMEPATOB
u rpasenutoB [JIbirmHa, 2006]. Kammanckue Meprenu, W3BECTHSIKH, MECYAHUKU U
aJIEBPOJIMTHI COOTBETCTBYIOT aXEsSHCKOM, MeHalckol, OeAMHOBCKOM M KyHMKOBCKOM
cBuUTaM. MaacCTpUXT CJI0’KEH U3BECTHSIKAMHU, MEPIeIIsIMU, [TECYaHUKAMMU, C TOJYMHEHHBIM
3HaU€HUEeM IJIMH M TPaBeNUTOB 00IIeil MoIIHOCThIO Oonee 2 KM (CBUTHI MBbICXaKo,
JMXTEPOBCKasi, BACUIIbLEBCKasi M CHEr'ypoBcKasi ). Jlarckue uIieBble TOIIHN TPEICTABICHbI
NecyaHUKaMM, apriujUIMTaMd, B MEHbILIEH CTEeNeHM IIMHAMU M aHKepUTaMH oOIiei
MouHocThio 6onee 1 kM (cBuThl CyKko, HaBarupckasi, Kajgouickas/aHanckas u Luue).
TypoH-CaHTOHCKHME OTJIOKEHUS TOHKOPUTMHUYHBIE (MOmHOCTH putmMoB 0,1-1,5 ™),
KaMIIaH-AaTCKUe — KPYITHOPUTMUYHbIE (MOITHOCTh pUuTMOB 0,5-2,5 M). Bo3pact MecTHBIX
cTparurpaduyeckux noapaszaeiaeHuil obocHoBan popamunudepamu [[ocynapcTBeHHas
..., 2021a, 20216]. MakpodayHuCTHUECKHE OCTATKU MPAKTUUECKU OTCYTCTBYIOT, IIUPO-
KO pacrnpocTpaHeHbl uxHogoccunuu. [lecku, necyaHuku, IMHbL, TPaBHU, ranbKH, KOH-
IJIOMEpAThI MIEHCTOLEHOBBIX MOPCKUX Teppac YepHOro Mopsl HECOMIACHO JIeXKaT Ha Ia-
JIEOLEHOBBIX 0TIOXEeHUAX [HecMesHoB u n1p., 2021]. Ha paccMarpuBaeMoit 1ionjaiy Bbl-
JieNieHbl M03/IHeYayJMHCKasl, KpUHULIKasl (peBHEIBKCUHCKAs), MIIacKas (y3yHIapcKas)
Y HOBOZBKCHHCKAasl TEpPpPachl C PErMOHAJIbHBIMU MAPAaCTPATOTUIIAMU B OKPECTHOCTSX L.
I'enenmkuka.

MeToabl NCCAEAOBOHUS

Cratps Oa3upyeTrcs Ha JIMYHBIX HAOMIOACHHSIX, TIOJEBBIX padOTax U aHAIHM3E OMyOIn-
KOBaHHBIX HCTOYHHMKOB. J[aHHBIE 00pab0TaHbl KOMIIEKCHBIM TOXO/IOM C HCIIOIb30BaHHU-
eM cpaBauTeNbHOTO U SWOT ananuzoB. Meroauka SWOT cocpenoroueHa Ha KOMIUIEKC-
HOi1 onieHke OI'H, BO3MOXHOCTH BOBJICUEHHS UX B T€OTYPU3M KOHKPETHOW TEPPUTOPUU
C Y4E€TOM KyJbTYpbI, TPAIUIUN, UCTOPUH, OHOpa3HOOOpa3usl, CyllecTBytomel nHppa-
CTPYKTYphL. B coBpemenHbIx padorax [Hanmpumep, Mero et al., 2018; Herrera-Franco et
al., 2020; Ruban et al., 2022] na 6aze SWOT onpenensercs HayuHasi, oOpazoBareiabHas
U T€OTYpUCTHUYECKAs! LIEHHOCTh T€0CANTOB MO POy MOKa3aTeslel, KaKIbli U3 KOTOPBIX
o0aaeT KOHKPETHBIM BecoM. OHAKO €MHOE MHEHHE O MEepevHe MoKas3areiield U Bece
Ka)/I0r0 U3 HUX OTCYTCTBYeT. B HacTosiel padboTe reoTypuCTHUECKHM MOTEHIIHAI T€0-
CalToOB ompenensiics Ha ocHOBe 15 kputepues (cM. OOCykaeHUE), KAKIBIA U3 KOTOPBIX
orienuBancs ot 0 (oTcyTCTByeT) M0 5 (MakcuManbHOE MPUCYTCTBUE). B utore Haxomu-
nack o61as 3HaduMocTh (B — Beicokast, C — cpennsis, H — Huzkas) mis kaxaoro OI'H B
MacimTabe KpacHomapckoro kpas.
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Pe3yAbTaThI

UepaoMmopckre Oepera or AHambl 10 bertsl — yepenoBanne KudoB u 1wispkei. [lo-
ayoctpoB AOpay, pazaenstoumii Ananckyto u Llemecckyro (HoBopoccuiickyro) OyXTbl —
O/IVH U3 HanOoJiee TeKTOHNYECKA M CEHCMUUECKH aKTHBHBIX YYaCTKOB MOOEPEXbs, C Hau-
BBICIIIEH TUTOTHOCTBIO OTOJI3HEN Ha eIMHUILy ruiona . CaMbie KpyITHBIE OITOI3HEBBIE Tea
MPUYPOYEHBI K 30HE YTPHIICKOTO pa3ioMa B Mpeesiax 3armoBeaHuKa «YTpuim» [Kpurkas
u np., 2017; Mupontok, Monos, 2019]. Onu o6pasyror reocaiit bombimoro Ypumia ¢ de-
TBIPbMSI TUTIAaMU TeoHaceaus (Tadm. 1). CuiIbHO pacuieHEHHBIH perbed ToIyocTpoBa — pe-
3YIIBTaT «CIVIAXKUBAHKSD) SK30T€HHBIMU MTPOLIECCAMH TTOCIIEACTBHI HEOHOKPATHBIX BOCKMH—
NecATHOATBHBIX 3emiieTpsiceHuid. [loampyxuBannue pedHoi MommHbI AOpay 00yCIOBHIIO
(hopMHpOBaHUE OJHOMMEHHOTO 03€pa; CHOC OOJOMOYHBIX MacC B MOpPE — MBICOB Y TpHII,
VY TpHIIOK, aKKyMyJISITUBHOTO Oepera B ¢. bonbioit YTpui; koneGanust ypoBHS MOPSI — CH-
creMbl TMaHoB [Kpurikast u ap., 2017]. [TomrMoO OTOI3HEBOTO POUCXOXKACHUS 03. AOpay
paccMarpuBaeTcs Kak penukT YepHoMmopcekoro Oacceiina. [eonacnenme o3epa mpeacTaBieHo
THAPOTEOIOTMIECKUM, CTPYKTYPHO-T€OJIOTHYECKUM U Tasieoreorpadrdeckum tamnamu [Ieo-
JIOTUYECKUE TTAMSTHUKY ..., 1998; Bapabomkun u np., 2012; Ruban, 2021]. B 4 kM toxHee
pacronoxeHo 03. JInman4uk, oraeneHHoe ot YepHoro Mopst 6apoM. ITO HAITMOHAIBHBIH Teo-
CalT ¢ ceMblo THIaMu reoHacnenus (tadm. 1) [Ruban, 2021]. B ero okpecTHOCTSIX 00HApYXe-
HBI MUXHO(OCCHITNH, MEXaHOTITU(]EI, BBIJIETICH OTTOPHBIN pa3pe3 IMXTEPOBCKOI cBUTHI [ PyOaH,
2014; bapabomxkuH, bapabdomkun, 2015]. O6a o3epa umeroT ctarychl perroHaTbHBIX OOITT
(https://www.uooptkk.ru). B paiione c. FOxnas O3epeeBka crenana eIUHCTBEHHAS HAXOJI-
Ka JIByCTBOpPYATOro MoJuttocka [AnekceeB u ap., 2018]. M3-3a Onuzocty pacrnonoxeHus 03.
AOpay, 03. JImmaruuk u ¢. FOxxHas O3epeeBKa paCCMOTPEHBI KaK eIUHBIN reocaiT (Tadm. 1).

Tabnuya 1/ Table 1

XapakTepHbie 0CO0€HHOCTH PACCMOTPEHHBIX Te0CcaiToB /
Characteristic features of described geosites

Teocaiit / Geosite Boabmoii | Abpay, IumaH4HK, «®aumm», | berra

Yrpum / | FOxuasa O3epeeBka | ckaja Ilapyc |/ Betta
Bol’shoj / Abrau, Limanchik, | / «Flysches»,

XapakTepucTHKA Utrish Southern Ozereevka | Parus scaur

/ Characteristic Tun reonacyenus / Type of geoheritage

I'eomopdonornueckuii / + + + +

Geomorphological

CTpl}rKTypHo—reonoqueCKHﬁ / Structural- + + + +

geological

CemnMmenTanmoHHbIi / Sedimentation + + + +

Haneoreorpa%nqecmﬁ / + + + +

Paleogeographical

Crparurpaduyeckuii / Stratigraphical + +

I'uaponoro-ruporeosorudeckuit / +

Hydrologic-hydrogeological

HeorexTonnuecknii / Neotectonical + + +
®opma / Form

EcrectBenHoe oOHaxxenue / Nature + + + +

outcrop

Junamuaeckuit o0bekt / Dynamic object + +

Typucrnueckas uHppacrpykrypa / Tourist infrastructure

OobmecTBeHHbIN TpaHcmopt / Public + + + +

transport

MapiupyTs! 1 ttonanku / Routes and + + +

platforms

Ocwuamenne / Equipment +
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B 10 km roro-BoctouHnee I'eneHmkrKa U3BECTEH re0JOrMYECKUN NaMATHUK « DUy
o01el mpoTHKEHHOCTHIO0 0KoJo 11 kM [[eomornueckue namMsaTHUKY ..., 1998; bapabor-
KMH U Jp., 2012]. Cornacno (https://www.uooptkk.ru) ¢ 2024 r. BBeZieH B COCTaB MaMsT-
HUKa TPUPOABI «J[PKaHXOTCKHI1 00p COCHBI MUITYHICKOW». Ha mpoTshkeHun 3 KM BIOJb
OeperoBoil TUHUM OT c. JIMBHOMOpPCKOE NMPOUCXOAMT CMEHA KAMITAHCKUX OTIOKEHHH
HEpacuJECHEHHbIMU TypOH-caHTOHCKUMHU. [lepen c. [»KaHXOT MO TEKTOHMYECKOMY Hapy-
HICHUIO MPOCIJIEKUBACTCS KOHTAKT ¢ HaBarupckoil cBUTOM nanus [[ocynapcTBeHHas. ..,
20216]. B paiione c. [[)xaHXOT BCTpeyaroTcs kinactuueckue naiiku. Jlanee no ckamsl [1a-
pYyC 4epenyIOTCS IECYAHUKH, AJIEBPOJIUTHI, ITTUHBI CBUT CyKKO, HABarupCKOM, KaI0IICKOU
u [ume. J{ns «Dnunieit» xapakrepHa cMEeHa OOIICKaBKAa3CKOTO CEBEPO-3aIaHOro mpo-
CTHUpaHMs MOPOJ BIUIOTh JI0 FOr0-3aMaJHOTO, Bapualus yrioB najaenus ot 15° go 75°. I1o
nopojam HaONIOJAOTCS CKJIaa4arble U Pa3pbIBHBIE JUCIIOKALMU, BCTPEUAIOTCS Pa3HOO-
6pazuble uxuodoccuuu [bapabomkun u ap., 2012; bapabomkun, bapadomkun, 2015].
B nenom, OI'H xommuiekcHoro tuma (Tadsm. 1).

Ckana Ilapyc (xoopaunatrel 44°26°18.93"" N, 38°11'04.21"'E) — naMsTHUK IpUpo-
161 reomopdonorudeckoro tumna (https://www.uooptkk.ru). IIpssmoyronbHbIN TIeCHaHBIH
octaner 25x20x1 M CTOUT B BOJIe IEPIICHAUKYIISIPHO OeperoBoii muHuU. OH 00pa3oBascs
B pe3ylibTare u30upaTeNbHO abpa3uy U BhIBETPUBAHUS (PIUIIEBBIX TOMII CBUTHI [{uie
[/Ieiruna, 2006].

B 48 xM or l'enenmkuka, Ha MPOTSHKEHMU 2 KM CeBepo-3amafHee ycTbs p. berra
oOHakaroTCs masneoneHoBbie Toamu (cBUThl Cykko W HaBarupckas). [lo momomniBe mec-
YaHWKOB HABarUPCKON CBHUTHI paclpocTpaHeHsl Thalassinoides isp. (puc. 2]1), sx30miu-
(b1 B Bune BoTHOBBIX 3HaKoB (puc. 2E). [lecuanunku xapakTepusyroTcsi rpaJalliOHHOM,
KOCOM, KOHBOJIIOTHOM CIIOMCTOCTBIO. HMKHEnmaseoreHoBble TONIIM MECTAMM JUCIO-
nuposanel. Harmpumep, B 600 M 3amagnee ycrbsa p. berra (koopaunarsr 44°22°08.29"
N, 38°23711.76"'E) xpynHasi cuHkIMHaIbHas ckiuanka (puc. 2b). Ckiiagka HakJIOHHAas,
aCMMMETpPHUYHasl, F0KHOE KPBLJIO MOJIOT0e, CEBEPHOE — CyOBEpTHKAIBbHOE (Yroi MaaeHHs
85°) ¢ onpokuHyThIM 3asieranueM mnopoa [JIeiruna, 2006; bapabomkun u ap., 2012].
B paiione menu KynerypHoit Ha Gepery mpociaeXuBaeTcs TeI0 OMOI3HS.

Oro-Boctounee ycthsi p. beTra maneoneHoBbIi GIUIn CMEHSIETCSI MaaCTPUXTCKHUM.
I'panunia Mena-naneoneHa NepeKkpoITa KOJUTIOBUAILHO-EIIOBUATIBHBIMU OTI0KEHUSIMU U
4aCTUYHO 3a/iepHoBaHa. HopmaslbHOE 3ajeranue clioeB CHETYPOBCKOM CBUTHI HApyILIEHO
(nekcypamu, CKJIaJJKaMu WU Pa3pbIBHBIMU HAPYIIEHUSIMHU C MaJION aMIUIUTY0U cMellle-
HUsL. BeTpeuaroTest KanbLIMTOBBIE MPOCTIONWKH, 3epKaia CKoIbkeHus. B paiione ['omy0oii
JIaryHbl CHETYPOBCKHE CIIOM HEOJHOKPATHO MEHSIIOT XapakTep 3aieraHus (MOHOKIMHAIIb-
HBII/TOPU30HTAJIBHBIN ), a TAK)KE HECOTJIACHO MEPEKPHIBAIOTCS KOHITIOMEpAaTaMH 1 TIeCKa-
MU KpUHHIKOH (TieiicTonieHoBoi) Mopckoit Teppacsl (puc. 2A). I1o mojomise miactos
MECYaHUKOB U BHYTPU U3BECTKOBBIX MPOCIOEB BeTpeuaroTes uxHodocecnnuu. Hanbonee
pacnpoctpanensl Ophiomorpha isp. (puc. 2I'), Skolithos isp. (puc. 2K), Fucusopsis isp.,
Chondprites isp. IxHokoMIutekchl beTThl cxoHbI ¢ nxHOKOMIUIeKcaMu KOsxHOM O3epeeB-
ku, «Dmutrein». Uxaohoccummm 3HauuMBbl T TTAJIe0TeorpaduaeCKUX, MaIe0dKOIOTHYe-
CKHMX PEKOHCTPYKLHUMU, pacuieHeHus pa3pe3oB [Mukynai, J[ponos, 2006].

berra nmpearaercss Kak KpyIIOTOAMYHO JTOCTYIHBIM KOMIUIEKCHBIM reocaiT (Taln.
1). YHUKaIBbHOCTH 3aK/II0YaeTCsl B 00HA)KEHHOCTH (IIUILEBBIX TOJII, H3MEHEHHBIX HEOT-
€KTOHUYECKUMH MPOLECCAMH, BBIBETPUBAHUEM U MTOBEPXHOCTHBIMU BOJAMH B YCIIOBHU-
SIX TyMHJHOro Kiaumara. Bnons noporu Kpununa—berra (B paiione KynerypHoil mienn)
pacrojaraercsi peruoHaIbHBIN MapacTpaTOTUN y3yHIapCKOM (TIagcKoit) MOPCKOM Tep-
pachl (cpeanuii tuteiicronieH) [JIerunaa, 2006; HecmestHoB u np., 2021].
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MO HOKIHHATLHOE 3ajleraHue
_ — |Kmug/Cliff = Monoclinal bedding

-

BepriKanbHOE 3aJieraHue
Vertical bedding

Puc. 2. l'eomypucmuueckue obvekmol okpecmuocmeti x. bemmut:

A —yenosoe u cmpamuepaguueckoe necoanacue mexcoy CHe2ypoSCKoll C8UMON U KPUHUYKOU meppacol
(koopounamor 44°22°32.87°" N, 38°24'40.85"'E); b — usmernenue 3anie2anus niacmos naieoyeHosoco
Gnuwa (8 600 m 3anadnee ycmos p. bemma),; B — cunkiunanvhas ckiaoka,

I" — nogepxnocms 6uomypbuposantozo necuanura (npeumywecmeenno Ophiomorpha isp.),
maacmpuxm, cnezyposckas ceuma, J{ — Thalassinoides isp., naneoyen, nasaeupcrkas ceuma;

E — pabb meuenus na nooowge cnos necuanuxd, Oanull, Ha8a2upcKas Ceumda,

K — Skolithos isp., maacmpuxm, cHe2yposckas ceuma /

Fig. 2. Geotourist objects from neighborhood of Betta: A — angular and stratigraphical discordance
between Snegurovsk suite and Krinitsa terrace (coordinates 44°22°32.87"" N, 38°24°40.85"'E);

b — change in the nature of layers, Paleocene flysch (600 m west of the mouth of Betta); B — syncline fold;
I" — surface of bioturbated sandstone (predominantly Ophiomorpha isp.), Maastrichtian,
Snegurovsk suite; /[ — Thalassinoides isp., Paleocene, Navagir suite; E — ripple marks on the bottom
of the sanstone bed, Danian, Navagir suite; K — Skolithos isp., Maastrichtian, Snegurovsk suite

O6cyxaeHne

[Ipu nBM>XeHUH BIOIB O€PEroBOi TMHUU OT AHAIBI 0 BeTThI MOKHO TTO3HAKOMHUTHCS
¢ OI'H, npencTaBistommuMu CeMb TUTIOB TeoHaceaus (Tabm. 1). Bce onu 1eMoHCTpHUpyIOT
(nuieBble OTIIOKEHUS, HAKOMUBIIMECS Ha AHe okeaHa HeoTetuca Ha pyGeke Me30305—
KaiftHO03051. OOBEKTHI €CTECTBEHHOTO MPOUCXOKICHHS, ITOIBEP)KEHBI aKTUBHOM adpa3uu,
9PO3UU TPABUTALMOHHOTO U BOJHOTO TeHe3uca. [locneacTBusi akTUBHOCTH 3K30T€HHBIX
MIPOLIECCOB BBIPAKEHBI MPOMOMHAMHU, MPOIIOBHAIBHBIMU U KOJUTIOBUAJIBHBIMU KOHYCa-
MH, OMOJI3HAMHU, Kindamu, 6eHuamMu. Bece reocaliTel TATOTEIOT K KYpOPTHBIM TOpojiaM,
OTJIMYAsICh CTETCHBIO Pa3BUTHUS WHPPACTPYKTYPHI (OTCYTCTBHEM/HaMHMUUeM achanbTu-
POBAaHHBIX JOPOT, TYPUCTUUYECKUX TPOII, MECT pa3MelleHus, CBsI3u U 1p.). [IpoBeneHHbIH
CpaBHUTEIBHBIN aHamu3 (Tabi. 2) moKa3aji CpeIHUN TeOTYPUCTUICCKHUM MOTSHITHAT — Y
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Bonboro Yrpuma, «®numiei» u ckansl [lapyc, beTtsl, Boicokuii — 03. AGpay BMecTe C
IOxHoi#1 O3epeeBkoil 1 03. JIuMaHuuK.

Tabnuya 2 / Table 2

CpaBHenue reocaiitoB Uepunomopckoro nodepesxnsi SWOT-anaauzom /
Comparison of geosites of the Black Sea coast by SWOT-analysis

= g o )
E = = E ~ E
22 2,323 288 | £
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Teocaiit / Geosite =5 | EE8=E¢ EE 2 ~
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n/n e .= 9 g~28| & g-: > =
K it / Criteri 22 S =17 = =
purepuii / Criterion 25 | & QPO | ¥E2 2
8 | & 5 =
2] < < ¥
Hayunas uennocts / Scientific value
1 |3HauMMOCTb 1/ TEOJOTHYECKHX MCCIIEIOBAHMH, 4 5 3 4
penkocts / Significance for geological researches,
rarity
2 |KonuuecTBo THIOB (reopaznoodpasue) / Number of 3 5 3 5
types (geodiversity)
3 | Crenenp HayuHOCTH (pa3HOOOpa3He r€OTOIHUECKUX 3 5 3 4
ngoueqcma u snenuil) / Degree of scientific
(diversity of geological processes and phenomenon)
4 | VHEKQJIBHOCTD 0011ast (HaIlMOHAIbHBIH, 2 5 2 3
perHoHaNbHBIN MM TOKaNIbHBIH panr) / Total
uniqueness (national, regional or local grade)
5 | Texymee cocrosuue (crenens aerpaganuu) / Current 1 3 1 2
status (degree of degradation)
6 |T'eoxoncepsarms / Geoconservation 1 1 0 0
O6pa3oBarenbHas nenHocts / Edicational value
7 | /Jlna uHTEpHpeTanuu HEOOXOMUMBL 2 3 2 3
npodeccuoHanbuble 3Hanus / Professional
knowledge is necessary for interpretation
8 | Kommuectso oOpasoparenbHbIX TeMaTtHk / Number of | 3 5 3 4
educational topics
9 | OOyuenue, NPOCBEILECHHE WK CIIELUATU3HPOBAHHASL 4 5 4 5
npakruka / Leaning, education and specialized
practice
10 | Yenosust nabmonenus / Conditions of observation 3 4 3 4
TeotypucTuyeckas 3HaunMocthb / Geotourist value
11 | Typuctuueckas HHQPaCTPyKTypa U JOTUCTHKA, 3 5 3 4
JocrynHocts / Tourist infrastructure, logistics and
availability
12 | ATTpakTUBHOCTb, OKPYKarOII1e TPUPOHBIE U/ 5 5 5 5
UM aHTPONOreHHble TanamadTel / Attractiveness,
surrounding natural and/or anthropogenic landscapes
13 | Acconmanus ¢ IpyruMu OPUPOIHBIMU O0BEKTaMu/ 3 5 3 5
ABneHuAMH / Association with other natural objects/
manifestation
14 | Bo3moxkHOCTB akTHBHOTO oT/bIXa / Possibility of 2 2 3 3
active recreation
15 | Ya3BuMocTs, anTponoreHHas Harpyska / Weakness, 5 5 3 4
anthropogenic press
Bcero ornocurensHo k 75 / Total relatively to 75 45 63 41 55
O6mas 3HauMMOCTh B MaciuTabe KpacHogapckoro kpas / C/ B/ C/ C/
Total value in scale of the Krasnodar krai Middle High Middle | Middle
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B kauectBe HenocrarkoB bonpmoro Yrpuma, «Oaumen» u ckaisl [lapyc MoxxHO OT-
METHUTb OTPAHWYEHHBIA TPAHCHOPTHBIA JOCTYI U pa3MelleHHue Ha caMoM oObekTe (y3-
Kasi mpuOpeskHas 30Ha, 0OpbhIBUCThIE Oepera 6e3 000pyI0BaHHBIX CITyCKOB, IJIOTHAs 3a-
CTpOMKa MM IpeBECHasl PAaCTUTEILHOCTH). B 3anoBennuke «bonbiioit Ypumn Begercs
MIPOCBETUTEIbCKAS €CTECTBEHHOHAYyUHas! AEATEIbHOCTb, pa3paboTaHbl SKOJIOIMYECKHUE
MapuipyThel. Hanonnenue ux reojoruyeckoil MHGopMmalyed npuBiedyeT U reoTypucToB.
[IpeumymiectBoM beTThl siBNseTCs reopazHooOpasue, OTCYTCTBHE MPUPOAOOXPAHHOIO
peknMa, pa3BuTas UH(PACTPYKTypa, HAIMIHEe 00pa30BaTENbHBIX OOBEKTOB (S3BIKOBOI
narepsp, yueOHbIi nosurod Kyol'y).

IIpumMepoM yCIenHOro MEHEI)KMEHTa B JJEMOHCTPAIMH T'€0JOTMYECKUX OObEKTOB,
00pa30BaHHBIX, KaK M KaBKA3CKHE, B allbIIUHCKYIO CKIaA4aTOCTh MOXET CIYXHUTh POC-
cuiickuii reonapk «Yanopusi». B Ucnanckux ITupenesx ¢yHxkunonupyer rinoOanbHbIH
reonapk bakckoro nmo6epexbs. OHON U3 €ro IIaBHBIX MPUMEUATEIbHOCTEH SIBISIOTCS
MapuIpyThl 0 (IIMIIEBBIM OTIOKEHUSIM MEN—TaIeOreéHOBOTO BO3PACTa Ha MPOTKEHUN
13 kM Bronb O6epera buckaiickoro 3anmuBa. MnTterpamus OI'H B cymectBytortyto unppa-
CTPYKTYpY OyIeT 3HaYMMa JUIs COXPAHEeHUsI YHUKAJIBHBIX TPUPOJHBIX 00bekTOB KpacHo-
napckoro kpasi. Ha paspesax ¢imieBoit ¢popmaniui MOKHO POBOAUTE MPOQeCcCHOHAIb-
HbIE 3aHATHS, HAYYHO-IIONYJSPHBIE MApLIPYThl U MPOCBETUTEIBCKUE IKCKypcuu. [lns
pa3BUTHS T€OTypU3Ma B pernoHe HeoOxoauma pazpaboTka MH()OPMAIMOHHONW OCHOBBI
CrielMaIucTaMi Ha 6a3e eIMHOr0 BU3UT-LIEHTPA MM My3€s €CTeCTBEHHOW HCTOPHUHU C
Y4€TOM MUPOBOTO U POCCUICKOTO OIbITa B TEOKOHCEPBALUH.

BbiBOADI

IIpoBeneHHBIN aHAIN3 CEMU IEOCAaTOB Ha YEPHOMOPCKOM MOOEpEexkbe MOKa3al UX
Pa3IMYHYIO IPUBJIEKATENBHOCTD JUIsl Te0TypucToB. CpeqHUI Te0TypUCTUYECKUI TOTEH-
[HaJl YCTaHOBIEH M bonbimoro Yrpuma, «®numen» coBMecTHO co ckanou Ilapye,
Bertsl, BeicOKHiT — 03. AOpay BMecte ¢ FOxHo# O3epeeBkoii u 03. Jlnmanuuk. [Ipemio-
KEHHbIN beTTHHCKMI reocaliT OTiIM4aeTcs pa3sHoOOpa3HbIM KOMILJIEKCOM T'€0JIOTHYECKUX
JOCTONIPUMEYATEIbHOCTEH, TUITMYHBIX I (IUIIeBol (opMannu, KpyrJIorTOAMYHON J0-
CTYIHOCTBIO U Pa3BUTON MHPPACTPYKTYypoil. Ero pernonanbHas eHHOCTH MPECTaBIIe-
Ha TeOMOP(}OIOTHUECKUM, CTPYKTYPHO-T€OJIOTHIECKUM, CENMEHTAIMOHHBIM, Iajeore-
orpa)u4ecKuM, CTpaTUrpahUIeCKUM U HEOTEKTOHUYECKUM TUTIAMH T€OHACTIeTUSI.
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Pe3tome: PaccmoTpeHbl BONpockl ontuMm3auun akonornn PCO-AnaHusa 3a CYeT COBEPLUEHCTBOBAHMSA
TEXHONOrMK YTUAN3ALMM TEXHOTEHHbIX PECYPCOB, HAKOMMEHHbIX B XPaHUAMLLAX XBOCTOB 060ralleHns 3a
rofbl aKcnayarauum MectopoxaeHunit CagoHCKON reonornyeckoi NpoBuHLUM. AKTYanbHOCTb UCCEA0BaHMS
onpenenseTcs He06X0AUMOCTbIO 0CNabneHNs BPeLHOMO BANSHMA FTOPHOr0 NPOU3BOACTBA HA OKPYXAHLLYHO
cpeny. Metopbl: 0606LLeHNe, CUCTEMATU3ALMNSA, SKCNEPUMEHT, MOLENMPOBAHNE, TEXHUKO-3KOHOMUYECKME
pacyeTbl N MHXEHePHOe NporHo3upoBaHue. Pesynbrathbl. [lpuBeaeHa cnpaBka 06 UCTOPUN NPOMbILLIIEHHON
pa3paboTKn PyAHbIX MECTOPOXKAEHWUI Fe0NOrMYECKON NPOBUHLMW C AeTaNn3aunen CBEAEHNA O TEXHOTEHHbIX
pecypcax B XpaHuUnunLLax XBoCToB nepepaboTku pyd. [okaszaHo, 4To NpensTcTBUEM ANS YTUAU3aLMm 0TX0L0B
FOPHOro MPOKU3BOACTBA ABMAETCA HEMONHOE W3BNEYEHNEe METansoB, B CBA3M C YeM XBOCTbI MPeACTaBAAOT
c060ii MaTepmanbHy0 LIEHHOCTb, ABNASCL FeHepaTopamMn XUMIUYECKOr0 3arps3HeHMs 9KOCUCTEM OKPYXato-
e cpeabl. 0606LLeHbI CBEAEHNS 0 NPOLYKTAX nepepaboTKu pyn 1 NpuUBeLeHbl MOAENN ANg onpenesieHns
3K0MOro-3KOHOMMYECKOW Lie/1ec000pa3HOCTM BOBNEYEHMS B NPOW3BOACTBO OMEPTBEHHbIX pecypcos. Pe-
KOMEHA0BAHO ONTUMWU3UPOBAHHOE MO KPUTEPUID 3PAEKTUBHOCTM N3BNEYEHNS METanIo0B 060pyaoBaHue, B
0CHOBE KOTOPOrO NEeXUT (PeHOMeH akTuBaLumM BelecTBa NpunoxeHnem aHeprum. OTMe4eHa BO3MOXHOCTb
MOBbILEHNS 3 EKTUBHOCTU OXPaHbl Cpefibl YMEHbLUEHNEM KONUYeCcTBa PasyboXXmBatoLLNX MUHEpanoBs B
pyae, 470 06ecneynBaeTca 3aKNaakom BbIpaboTaHHOTO MPOCTPAHCTBA CMECAMMW HA OCHOBE OTXOAOB nepe-
paboTKM 1 XBOCTAMM BblLLeNa4yMBaHns B Hefpax. [pecTaBiieHbl pe3ynbTaThl Bblle/la4nBaHNA CBUHLA U LINH-
Ka 13 cynb@uaHbix pyn Kakagyp-XaHUKoMCKOro MectopoxaeHus. OnpegenieHo, 4T0 UCnofib30BaHKe HOBOW
TEXHONOrMK A06bIYN pyL HAMHOIO 3KOHOMUYHee 6a30BOro BapuaHTa. [peacTaBnieHbl pe3ynbraTbl pacyeTa
(P EeKTUBHOCT NPUMEHEHMS 0TX00B AN U3rOTOBNIEHMA TBEPAEIOLWNX CMeceil 0JHOBPEMEHHO PYyAHMKA K
J0JIOMUTOBOr0 Kapbepa. MoaennpoBaHuem yCTaHOBMIEHO, YTO KOMOMHIUPOBAHHAN TEXHONIOMNS 3KOHOMUYHEe
6a30BOW TEXHOMOTNN.

KnioueBble cnoBa: TeXHOTEHHbIE PECYPChbl, TOPHOE NPOU3BOLCTBO, OKPYXatoLlas Cpeja, XBOCTbl Nepepa-
60TKM, yTUNN3aLMS, BblLLENa41BaHIE, TEXHONOMNA.
IOnsa uutuposaunus: lonuk B.W. WtepaunonHoe mMoJenuposaHue TeXHONOTWUIA pa3paboTKu MecTopoXze-

HUA GaflOHCKOI reosiorn4eckomn npoBuHLMN. feonorus n reogpmsuka Hora Poceun. 2025. 15(3): 199-210. DOI:
10.46698/VNC.2025.73.38.002
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Abstract: The issues of optimizing the ecology of the Republic of North Ossetia—Alania due to the improvement
of technology for the utilization of anthropogenic resources accumulated in the enrichment tailings during the
years of operation of the deposits of the Sadon geological province are considered. The relevance of the study
is determined by the need to reduce the harmful effects of mining on the environment. Methods: generalization,
systematization, experiment, modeling, technical and economic calculations and engineering forecasting. Results.
A reference on the history of industrial development of ore deposits in the geological province is provided,
detailing information on anthropogenic resources in ore processing tailings storages. It is shown that an obstacle
to the disposal of mining waste is the incomplete extraction of metals, and therefore tailings are of material value,
being generators of chemical pollution of environmental ecosystems. Information on processed products from
ores is summarized and models are presented to determine the ecological and economic feasibility of involving
dead resources in production. An equipment optimized according to the criterion of metal extraction efficiency
is recommended, which is based on the phenomenon of activation of matter by the application of energy. The
possibility of increasing the effectiveness of environmental protection by reducing the amount of diluting minerals
in the ore is noted, which is ensured by laying the exhausted space with mixtures based on processing waste
and leaching tailings in the subsurface. The results of lead and zinc leaching from sulfide ores of the Kakadur-
Khanikom deposit are presented. The results of the calculation of the efficiency of waste application for the
manufacture of hardening mixtures of a mine and a dolomite quarry at the same time are presented. Modeling has
established that the combined technology is more economical than the basic technology.

Keywords: anthropogenic resources, mining, environment, tailings processing, recycling, leaching, technology.
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BeseapeHve

Pecniy6nuka CeBepnast OceTusi-AnaHus pacioyiaraeT TeXHOTEHHBIMHU pecypcamu, 00-
Pa30BaHHBIMU B pe3yJIbTaTe MPEABIAYIIEH AeITeIbHOCTH. B oTBanax DnekrpormHka, [1o-
ocemauta u CCLK ckormmmock 6osee 10 MITH TOHH OTXO/IOB.

OCHOBHO# TPUYNHON HAKOILJICHHSI XBOCTOB OOOTAIIEHUS SBISETCS TO, YTO BO3MOYKHO-
CTH COBPEMEHHBIX TEXHOJIOTHH HE TIO3BOJISIIOT M3BJICKATh TMOJIE3HBIC KOMIIOHEHTHI TTOJTHO-
cteio [[omuk, 2022; Bloodworth, Gunn, 2012; Kamenernkuii u ap., 2012; Pereira et al., 2022].

AKTYyaJbHOCTB MCCIICIOBAaHUI JAaHHOTO HAIPaBJICHHUS YBEIUYMBACTCS B CBSI3U C pac-
nosiokeHrneM CaJIoHCKOTO T€0JIOTMYECKOTO Y3JIa B CHCTEME CEBEPHOTO CKJIOHA bombImo-
ro KaBkasza B CJIOXKHBIX F€OIMHAMUYECKUX ycloBUsX [HoTyaeB u ap., 2021; Aauramos,
KOnenkos, 2021; baryrun u np., 2021; Cpanosa, 2022; bypasuesa u ap., 2023, 2024a, 06;
KiroeB u ap., 2024]. YyeT 3TUX yCIOBUN MOBBIIIAET AKTyaIbHOCTh y4eTa MOTECHIUATIb-
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HBIX PUCKOB TPHU Pa3pabOTKe MECTOPOXKICHHM, 0COOEHHO, TOJ3eMHBIM criocobom [JIs-
HIeHKO U Jip., 2020; My3aeB u ap., 2022; I'onuk, Bypazuesa, 2023; Kynukosa u ap., 2023;
Banues u ap., 2023; Lei, Gao, 2019].

Pemennto paccMaTpuBaeMoil mpobiaemMbl criocoOCcTBYeT pa3paboTka HOBBIX TEXHOJO-
TH, KOTOpPbIE B KOMOMHAIIMU C TPATUIIMOHHBIME CHIKAIOT HAMPSHKEHHOCTH YKOJOTHYe-
ckoii ooctanoBku B pernone PCO—Ananus u ap. [Brigida et al., 2023; Ma et al., 2024;
Komamenko, 2015; Lakshmanan et al., 2016]. MccnenoBanusi JaHHOTO HampaBICHUS
TOPHOTO JieNia OCYIIECTBISIFOTCS C UCTIOJIB30BAaHHEM COBPEMEHHBIX METO/IOB U CIIOCOO0B
[Tomuk u np., 2018; Peibak u ap., 2022; Konrap-Cropron, Kosanbsckuit, 2023; Tonuk,
Bypnzuesa, 2024; Zaalishvili et al., 2016; ®omenxko u np., 2025].

Leab cTaTrbm — ONTUMU3AIMSA SKOHOMUKU M HKOJIOTUM PETHOHA 32 CUET COBEPILCH-
CTBOBAHUS TEXHOJOTUU YTHUIIM3ALNUN TEXHOTEHHBIX PECYPCOB.

MeToabl

O00011IeH1E, CUCTEMATU3AlIMS, aHAIN3, MATEMATHYECKOE U DKOHOMHUYECKOE MOJIEIH-
pOBaHHE, YIKCTICPUMEHT ¥ 00pabOTKa JAHHBIX C aHAIM30M PE3yJIbTaTOB.

Pe3yAbTaThI

DKOJI0ro-3KOHOMHUYECKast 11e7ecO00pa3sHOCTh BOBICUEHHS B MPOU3BOACTBO XBOCTOB
o0orareHus:
9=P-3,
rae J — 3KkoHOMUuYecKuit A dexT, pyo.:
P — cTOMMOCTD MOTy4YE€HHOM TOBAPHOU MPOAYKIHH, PYO.;
3 — 3arparsl, pyo.
Pe3ynbprarsl BOBIEUEHHUS XBOCTOB 00OTAIlIEHUsI B TPOU3BOACTBO:

R=A41I],
e A — IpOW3BOJCTBEHHAS] MOLTHOCTh MIPEANPHUSATHS B t-OM TONY, €/1./TO,
I — 1eHHOCTh MPOU3BEACHHOTIO B t-OM rOZly CyMMapHOIo MpoyKTa, pyo./ex.

Cxema n3BII€UEHHS METAJIOB U3 KHUJIKMX XBOCTOB MPUBEJCHA HAa PUCYHKE 1.
—>

Puc. 1. H3eneuenue memannos uz scuokux xeocmog: 1 — ceyemumens,; 2 — HAKONUmMens,
3 — anexmpoxumuyeckuli akmueamop, 4 — omcmounux, 5 — Helimpanuzamop;
6 — anexmpoouanruzamop, 7 — snekmpoauszep, 8 — omcmounux /
Fig. 1. Extraction of metals from liquid tailings: 1 — thickener, 2 — accumulator; 3 — electrochemical
activator; 4 — sump, 5 — neutralizer; 6 — electrodialyzer, 7 — electrolyzer; 8 — sump
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Cxema U3BIICUCHHUS MCTAIIJIOB B AC3UHTCTPATOPEC C MEXaHOXMMHMYECKON aKTHUBallMEeH

JlaHa Ha PUCYHKC 2.
] i ' _
[ %l s
) = | . . ’ -I' “r i

]
| |

| ¥
! |

3 4

Puc. 2. Cxema sbiuyenauusanus Xx60cmos 6 0e3unmezpamope:
1 — munepanvi; 2 — pacmeop peazenmos; 3 — npoOYKYUOHHbLIL pAcmeop, 4 — emopuunsie Xeocmol /

Fig. 2. Schematic diagram of tailings leaching in a disintegrator:
1 — minerals; 2 — reagent solution; 3 — production solution; 4 — secondary tailings

Cxema mpUMEHEHUs JeMETaNTU3UPOBAHHBIX XBOCTOB OOOTAICHUSI AJIi U3TOTOBIIE-
HUsI OCTOHHBIX CMecel TpUBecHa Ha PUCYHKE 3.

3

Puc. 3. Cxema xomnnexcrou akmusayuu meepoerowux cmeceli: 1 — OyHkep yemenma,
2 — unepmuvie sanonHumenu,; 3 — gaxcyugue 00baskiu, 4 — oesunmezpamop, 5 — euOpomenrbHUYd,
6 — akmusuposanuas 600a, 7 — Kouegetiep, 8 — cmecumenv, 9 — omnpagxa /
Fig. 3. Schematic diagram of the comprehensive activation of hardening mixtures: 1 — cement silo,;
2 —inert fillers, 3 — binding additives, 4 — disintegrator, 5 — vibrating mill;
6 — activated water; 7 — conveyor,; 8 — mixer, 9 — dispatch

[TokazaTenu anpTepHATUBHBIX TEXHOJOTUI mpu oTpadoTke cyabhuaHbix pyn Kaka-
nyp-XaHUKOMCKOTO MECTOPOXK/IEHHUSI TPUBEIEHBI B Tabmuue 1.
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Tabnuya 1/ Table 1

CpaBHHTe/IbHbIE YKOHOMHYECKHE TMOKA3aTeTU TeXHOJIOT Ui /
Comparative economic indicators of technologies

TMoxa3areu / SHauenus / TexHosoruu/ Technologies
Indicators Values Basosas / Basic Hosasi / New
KanuransHsle 3arpartsl, pyo. /T /
Capital expenditures, rub. /t 17,2 14,1 3,0
8KCHHyaTaHHOHHBIe 3arparsl, pyo. /1 / 0,69 0,65 0,22
perating costs, , rub. /t

Pyne1 B mepepabotke, ThiC. T/TOX / 240 240 300
Ores in processing, thousand t/year
ConeprxaHue METaJIOB B pyae, % / 35 55 ~1
The content of metals in the ore, % > >
W3Bneuenne metana, % / *
Metal extraction, % 7> 20 7>

Hcnonp3oBanre HOBOW TEXHOJIOTHH JOOBIYH Py XapaKTEPU3YETCs JIyUIIUMH TTOKa3a-
TEJISIMU TI0 CPAaBHEHUIO C 0a30BBIM BapHAHTOM.
Ha nepBom 3Tamne UTEpallMOHHOTO MCCIEAOBAaHUS MPUMEHSINA TBEPACIOIINE CMECH

6a3oBoro cocrana (Tabi. 2).

Tabnuya 2 / Table 2

IMoka3zarenun KOMOMHMPOBAHHOI TexHoorum (3tam 1) /
Indicators of combined technology (stage 1)

MMoxa3zaresn /

Enununb! n3mepennsi/

Texunosoruu / Technologies

Indicators Units of measurement | Basopas / Basic Hogasi / New
Pazy6oxuBanue / Dissuading % 30 10
ITorepu / Losses % 20 0
Jlo6b1ua ropHBIMH paboTamu / % 100 200
Mining operations
BbInyck KOHIIEHTPATOB: CBUHIIOBBIX

LIUHKOBBIX / T/ron / T/year 7000 10500
Production of concentrates: lead T/ron / T/year 10000 15500

zinc

O0pa3oBaHO XBOCTOB / Teic. T/ 800 )
Formed by tails Thousand tons
[TonyueHo CBUHIIOBBIX KOHIIEHTPATOB /
Lead concentrates were obtained T/ron / T/year ) 440
[MonyueHo MUHKOBBIX KOHIIEHTPATOB /
Zinc concentrates were obtained T/ron / T/year ) 680
CTOMMOCTbH KOHLIEHTPATOB / Teic. py0. / _ 19608
The cost of concentrates Thousand rubles
CTOMMOCTB TOBapOB M3 OTXOJIOB / Teic. py0. / _ 344
The cost of goods from waste Thousand rubles
CTOMMOCTb IIPOYUX METALIOB / Teic. pyO. ) 638
The cost of other metals Thousand rubles
CTOMMOCTh aKTUBHPOBAHHOMN BOJIBI / Teic. py6. / ) 344
The cost of activated water Thousand rubles
Bcero momyTHO# npoxyKituu / Teic. py0. / ) 20984
Total associated products Thousand rubles
Pesynbrarhl MpUMEHCHHS TEXHOIOT A/ Teic. py6./rox / 12900 33884
Results of the technology application Thousand rubles/year
DKOHOMHS Ha TOIOBOH 00BEM / Teic. py0./Tox / ) 20984
Annual volume savings Thousand rubles/year
Dxonomus / Savings % - 160
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Ha BTOPOM 3Tale HCCJIeIOBAaHUM JTOJIOMMTHI AKTUBUPOBAJIN B I_I_Ia]I)OBOI‘/’I MCJIBHUIIC, a
BBICCBKH XBOCTOB 06OFaH_ICHI/I$I HCIIOJIB30BaJIM KAaK 3aIllOJIHUTCIIb (Ta6.]1. 3)

Tabnuya 3 / Table 3

IMoka3zarenn KOMOMHMPOBAHHO TexHoa0rum (3Tam 2) /
Indicators of combined technology (stage 2)

TexunoJiorum /
Ioxa3zaresn / Exununs usmepenmust/ Technologies
Indicators Units of measurement [ po.0oo o7 Hopasi /
Basic New
Pasy6oxwuBanue / Dissuading % 30 10
[Torepu / Losses % 20 5
JloObIya MeTaJIIIOB TOPHBIMU paboTaMu / o 100 115
Mining of metals 0
BblITyCK KOHLIEHTPATOB: CBUHILIOBBIX Tonu/rox
LIMHKOBBIX / Toun/rox, 7000 8500
Production of concentrates: lead Tons/year 10000 11500
zine Tons/year
CTOMMOCTB KOHIICHTPATOB: CBHHIIOBBIX Py6./1
IIUHKOBBIX / Py6./T 954,6 954,6
The cost of concentrates: lead Rub./t 619,2 619,2
zinc Rub./t
JIONOJIHUTENBEHO CBUHIIOBBIX KOHIIGHTPATOB / Toun/ron ) 300
Additional lead concentrates Tons/year
JIOMONHUTENBHO [IMHKOBBIX KOHIIEHTPATOB / Toun/ron ) 600
Additional zinc concentrates Tons/year
CTOMMOCTh KOHIICHTPATOB U3 XBOCTOB / Teic. py0. / ) 638
The cost of concentrates from tailings Thousand rubles
CTOMMOCTD CTPOUTEIIBHBIX MaTepHaioB / Teic. py0. / . 1032
Cost of building materials Thousand rubles
Bcero croumocTh npoykToB / Teic. py0. / . 2377
Total cost of products Thousand rubles
PesyipTarhl MpUMEHEHHS TEXHOIOTHI Terc. py6. ron /
Technology application results Thousand rubles a year 12874,2 15251,2
DKOHOMUS Ha TO0BON 00BEM / Teic. py0. ronm / ) 2377
Annual volume savings Thousand rubles a year
OxkoHomus / Savings % - 20

TexHOMOTHS ¢ 3a0JIHEHNEM BBIPAOOTaHHOTO MMPOCTPAHCTBA TBEPACIOIIMMHU CMECIMHU
oKazaslach SKOHOMHUYHee 06a30Boii TexHoioruu Ha 20 %.

Ha tpeTtbem 3Tane cpaBHUBAIOTCSA TEXHOJIOTMM C yTUIM3aluel orxon0B Cal0HCKOro
CLK n bocHHICKOTO TOJIOMUTOBOTO Kapbepa B paMKax €AMHOM cucteMsl (Tadm. 4).

Tabnuya 4/ Table 4

IMoka3zaren KOMOMHMPOBAHHOI TexHoorum (3Tam 3) /
Indicators of combined technology (stage 3)

IMoka3aresu /

Exnnuubl u3mepenust /

TexHonoruu /
Technologies

Indicators Units of measurement
ba3oBas/ Basic HoBas/ New
Pazy6okuBanue / Dissuading % 30 10
[orepu / Losses % 20 5
Jlo6srya meTayuioB / Metal mining % 100 115
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BbInyck KOHIIEHTPATOB: CBUHIIOBBIX Tomm/rox
/ HHHKOBBIX Tonu/ron 7000 8500
. . Tons/year 10000 11500
Production of concentrates: 1;;212 Tons/year
Ilena KOHLIEHTPATOB:  CBMHIIOBBIX Py0./T
IUHKOBBIX / Py0./T 954,6 954,6
The price of concentrates: of lead Rub./t 619,2 619,2
zinc Rub./t
[Ipon3BoauTENBHOCTH IO TOPHOM 3
T
Rock mass productivity Y
O0BeM 00pa3yeMbIX MyCTOT B rox / T 3
; BIC. M>/TOx /
;l;élsrvolume of voids formed per Thousand m?/year 220 190
[Tosny4yeHO KOHLIEHTPATOB:
CBHUHIIOBBIX Tonn/ron
Touu/Tox - 300
LIMHKOBBIX / Tons/year - 600
Concentrates obtained: lead Tons/year
zine
KoniienTparos u3 nepepaboTku
XBOCTOB / Teic. pyO. ) 688
Concentrates from tailings Thousand rubles
processing
CTOMMOCTb CTPOHUTEIBHBIX
Teic. py0. /
Marepuaos / - 2832
Cost of building materials Thousand rubles
Bcero ctouMocTh POIYKTOB
yrumusanmn / Total cost of Thglﬁlsi{n%yfﬁtfl es - 4177
recycling products
Pesynbrarhl HCTIONB30BAHMUS
TexHonorHi/ Thobic. pyo, froa/ 12874 17051
Technology usage results Y
DKOHOMHS Ha TOIOBON 00BEM / Teic. py0./rox / . 4177
Annual volume savings Thousand rubles /year
DKoHOMUS Ha | TOHHY KOHIIEHTpaTa
. Thgﬁls(;n%yfﬁ‘tﬁles . 208.9
Savings per 1 ton of concentrate
Dxonomus / Savings % - 32

Ilocne pe3uHTErpaTtopa OTMEYaeTcs CHUKEHHE TOHKOCTH IIOMOJA U YAEIbHOM IO-
BepxHocTH ppakiun menee 0,1 mm.
O dexTUBHOCTH KOMOMHUPOBAHUS BO3MOKHOCTEHN pyAHHUKA U Kapbepa WIUTFOCTPUPY-

ercs B Tabmiure 5.

Tabnuya 5 / Table 5

¢ PekTHBHOCTH KOOPAUHALMH PA0OTHI PYIHHKA H Kapbepa /

The effectiveness of mine and quarry coordination

TToxasarenu / Indicators

Enununs! usmepeHust/

Texnonorun / Technologies

Units of measurement | Basopas /Basic | Hosas /New
W3Biekaemasi HEHHOCTH PyJIbI / Teic. py0./rox /
Recoverable value of ore Thousand rubles/year 12874,2 17051
Beixon MeTauia B KOHIIEHTpar / Tonn/ToHH /
Metal output to concentrate Tons/tons 0,168 0,271
3arparbl Ha MOJICPHU3ALINIO TEXHOIOTHUH/ MuH py0. / 26.8 142.07
Technology upgrade costs Million rubles ’ ’
[Tpu6sLTs HA 06BEM JOOBIYH / MuH py0. / ) 4177
Profit on production volume Million rubles
VYnenbHas mpUObLTE / Py0./Tonn / ) 208.9
Unit profit Rub/ton )
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Tunuzanusi TEXHOIOTUN Pa3pabOTKU MECTOPOKACHUI IO MPU3HAKY MCIOIb30BaHUS
OTXOJIOB TIpUBe/IcHa B Ta0nuiie 6.
Tabnuya 6 / Table 6

Tunuzauus texnonoruii / Technology typing

. Cocrosinue 3eMJIU
Tunsl TeXHOTOTHIi / Hpuznakn / Hcnoan3zoBanue / /Th
. . . e state of the
Types of technologies Signs Using
earth
C obpymenuem mopox / [ToBbIIEHHOE VYBenuuenue Jerpananus 3emenb
With the collapse of rocks pasyOokuBaHue pyn/ | pa3yOOKHWBaHHS U B 30HE BJIMSIHUS
Increased dilution of BBIXOJIa XBOCTOB ropHeix pador / Land
ores / Increasing the degradation in the
separation and exit mining area
of tails
C 3aknankoit BeipabotanHoro | CHUXeHHE Hcnone3oBanue CHIKEHHE TEMIIOB
npocTpaHcTsa / pa3yOoXKuBaHUS U OTXOJIOB B COCTaBe Jerpaaanuu /
With a bookmark of the BBIX0JIa XBOCTOB / 3aKJIaaKh / Reducing the rate of
developed space Reduced tail The use of waste degradation
separation and stroke | products as part of
masonry
C ucronp30BaHMEeM XBOCTOB | PanukanbHoe YnpasieHnue Bnusiaue npu
BBIIIETIaYNBAHUS / CHIKEHHE 00beMa COCTOSTHUEM HapyIICHUH
Using leaching needles xBocToB / Radical MacCHUBOB / peKUMOB/
reduction of tail Array state The impact of regime
volume management violations
KomMOuHMpOBaHHEIC / B 3aBucumoctu Hcnonb3oBanue Bnusinue npu
Combined 0T 00BEeMOB OTXOJIOB B HApYyIICHAH PEXKIMa /
KOMOWHHMPOBaHUS / 3aBHCHMOCTH OT Influence in case of
Depending on Tuna / regime violation
the volume of the Using moves
combination depending on the
type
BbiBOADI

1. Ouenka 3¢ deKTUBHOCTH (DYHKIIMOHHUPOBAHUS TOPHOTO TIPEATIPHUSITHS TOJKHA TIPO-
U3BOJUTHCS TI0 CYMME PE3yJIbTAaTOB AEATSILHOCTH MPEIIPHUATHS C YIETOM IPOU3BOJICTBA
TOBapHOH MPOIYKIINH, HCIIOIB30BAHUS OTXOJIOB, BEICBOOOXKICHHS 3eMEJIh M COIIHATbHO-
IKOJIOTUIECKUX TIOCIICICTBUIA.

2. DKOIIOr0-3KOHOMHYECKasi 3PHEKTUBHOCTh HOBBIX TEXHOJIOTUH 3aBUCUT OT UX COOT-
BETCTBHS KPUTEPHAM dP(HEKTHBHOCTH JOOBIUN U TTEPEPaOOTKH.
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Pestome: AKTyanbHOCTb paboTbl. 3arpsisHeHne BOJHbIX PECYPCOB TSHXKENbIMU MeTanaamMn B pailoHax rop-
HOMPOMBbILLAIEHHON AesTeNIbHOCTI 0CTAETCA OJHOI U3 HaMbosee OCTPbIX AKOMOrNYeCcKux npobnem tora Poccun.
[N MUHUMU3AUUM PUCKOB MUTpaLnK TOKCUKAHTOB B TMAPOCCEPY NPUMEHSIOTCS NPUPOAHbIE COPOLMOHHbBIE
martepuanbl, Cpean KOTOPbIX LEONNTbI BbIAENAOTCS BbICOKO JOCTYMHOCTbIO U CENEKTUBHOCTbIO. BaxHOi 3a-
Jia4eli CTaHOBUTCA pa3paboTka Hepas3pyLLAKLLIMX METO0B OLEHKN 90 (heKTUBHOCTI TaknX 6apbepoB B pearnbHbIX
ycnosusx akcnnyatauuu. Lienb ncenepgoBanns. 3kcnepuMeHTanbHo 060CHOBaTh 9G)(heKTUBHOCTD LIEONTUTCOAEP-
Xalmx 6apbepoB Ans 3alnTbl BOAHLIX PECYPCOB rOPHOMPOMbILLAEHHbIX TEPPUTOPWIA U NPOAEMOHCTPUPOBATD
BO3MOXHOCTW NPUMEHEHNS reodU3NHeCcKNX MeTo0B A1si MOHUTOPUHIA X COCTOSIHWSA. MeTofbl uccnefoBaHus.
B naHHoi paboTe 6bin NpoBeAEH KOMMNEKC N1a60PaTOPHBIX 1 NOMEBbIX UCMbITAHWIA C UCMONTb30BAHNEM NPUPOA-
HOro KnuHonTunonuta u3 3anagHoro Mpukacnus. Ha onbITHOM NONUIOHE NPUMEHANUCH ANEKTPOTOMOrpaduns,
reopagap 1 ceiicMoakyCTU4ecKne U3MepeHus, CUHXPOHU3NPOBAHHbIE C aHANM30M (OMNLTPATOB U PU3NKO-XN-
MWYECKMX CBOMCTB 06pa3LoB. [JONOMHWUTENbHO BHEApeHA aBTOMATM3MPOBAHHAS CTaHLWUS TENeMETPUHecKoro
KOHTPOSS BNAXXHOCTM M YAENbHOMO CONPOTUBEHNS B PEXIME peanbHOro BpeMeHn. PesynbTatbl. B pesynbrarte
NPOBEJEHHbIX UCCef0BaHNA YCTAHOBNEHO, YTO LIEONMTCOAEPKALLMe 6apbepbl 06ECNEYNBAOT CHIKEHNE KOH-
LIeHTpaumii THKENbIX MeTanioB Ao 77,8-92,3 %, a koaduuueHT addeKTBHOMO UCNOb30BaHNA COPOLINOH-
Horo pecypca gocturaet 0,59. Neodomanyeckne MeTofbl BbISIBUMN BbICOKYIO YYBCTBUTESIbHOCTb K U3MEHEHUAM
CTPYKTYPbI U FMAPOreoOXMMUYECKMX napamMeTpoB 6apbepa, BKNOYAs CHUKEHUE YAEnbHOr0 CONpPOTUBIEHUS K
pH, POCT NAOTHOCTU 1 NEPECTPOIIKY MIUHEPanbHOR CTPYKTYPbI. VIHTerpauns nonesbiX N aHANUTUYECKUX JaHHbIX
nokasana, 4to NpeanoXeHHbl NOAX0 NO3BOASET ONEPATUBHO AMArHOCTNPOBATH 30HbI NMEPEerpy3kn 1 NpPorHo-
31poBaTh Aerpagaunio 6apbepHOi PYHKLMK, Y4TO AenaeT ero nepcrekTUBHbIM WHCTPYMEHTOM 3KOMOrM4ecKom
3alLNTbl BOAHbIX 06LEKTOB.
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Abstract: Relevance. Water contamination by heavy metals in mining areas remains one of the most critical
environmental problems in the Russian South. To minimize the risks of pollutant migration into the hydrosphere,
natural sorbent materials are applied, among which zeolites are notable for their availability and selectivity. An
important challenge is the development of non-destructive methods for assessing the efficiency of such barriers
under real operating conditions. Aim. The study aims to experimentally substantiate the efficiency of zeolite-
containing barriers for protecting water resources in mining territories and to demonstrate the applicability of
geophysical methods for monitoring their condition. Methods. A set of laboratory and field tests was carried out
using natural clinoptilolite from the Eastern Pre-Caspian region. At the experimental site, electrical resistivity
tomography, ground-penetrating radar, and seismic-acoustic measurements were applied in combination with
filtrate analysis and physico-chemical characterization of samples. In addition, an automated telemetric station
was deployed to control moisture and resistivity parameters in real time. Results. The findings show that zeolite-
containing barriers reduce heavy metal concentrations by 77.8-92.3%, with an effective sorption resource
utilization coefficient of 0.59. Geophysical methods demonstrated high sensitivity to changes in barrier structure
and hydrogeochemical parameters, including decreasing resistivity and pH, increasing density, and mineral
structure transformation. Integration of field and analytical data confirmed that the proposed approach enables
timely diagnostics of overloaded zones and forecasting of barrier degradation. This makes it a promising tool for
ensuring the environmental protection of water resources in mining regions.
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BeseapeHre

OnHOI M3 KJIIOYEBBIX KOJOTHUECKHUX MPOOIeM, C KOTOPOH CErojHsl CTaJIKHUBAETCs
MHUPOBOE COOOIIECTBO, SBISETCS 3arpsi3HEHHE BOAHBIX PECYpPCOB B pailoHaX MHTEHCHB-
HOW TPOMBINUICHHONW AESTEIbHOCTH, OCOOCHHO B PETHOHAX TOPHOJOOBIBAIOIIECH MHpO-
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MbllIeHHOCTH [PeyToBa u ap., 2021, 2025; 3akpyTkus u 1p., 2022; 3akpyTkuH, Pemier-
HsK, 2023; Hypees u np., 2022; Mup3oeBa u 1p., 2024; Yepkamus u ap., 2024]. 13-3a
MOCTOSIHHOTO BO3JIEHCTBUS HA TUApPOCc(hEpy cO CTOPOHBI OTXOJOB MPOU3BO/ICTBA, CTOKOB
Y MHOUIBTPAIIMOHHBIX BOJ], HACBHIIIEHHBIX TSDKEIBIMUA METAJIaMU, PAAUOHYKIHIAMU U
JIPYTUMU TOKCUYHBIMU COCMHEHUSIMU, HAOMIOAAaeTCs Jerpajains dYKOCUCTEM, YXY/IIIe-
HHE KaueCTBa MUThEBOM BO/IBI U POCT FKOJIOTMUECKUX PUCKOB JIJIsl HACEJICHUSI. DTa CUTYa-
LM aKTyaJibHA KaK I Pa3BUBAIOIIMXCS CTPaH, TaK U JUIS IPOMBIIIJICHHO Pa3BUTHIX pe-
THOHOB, MTOCKOJIbKY SKOHOMHUYECKOE Pa3BUTHE HE BCEI/a CONMPOBOXKIAECTCS BHEAPEHUEM
3¢ (HEeKTUBHBIX TEXHOJIOTHI OXPAHBI OKPY>KAIOIIEH Cpebl.

Cpenu npeIoKeHHBIX HayYHBIM COOOIIECTBOM pPELIEHUI 0c000e MECTO 3aHUMAIOT
TEXHOJIOTUH, HAMPABIECHHBIE HA JIOKAJM3ALMIO U CHUKEHUE MUTPAIUU 3arps3HUTENCH B
OKpyXxarolyto cpeny. OJHUM U3 TaKUX MOAXOJOB SBIISETCS CO3JaHUE T€OXMMHUYECKUX
OapbepoB, CIOCOOHBIX aaCcOpOMPOBaTh, YAEPKUBATh WM TPAHC(HOPMUPOBATH BPEIHBIC
COEIMHEHMUS, IPEXK]IC YEM OHH, TOCTUTHYT BOJHBIX 00BEKTOB. B 3TOM CBSA3M MIMPOKO HUC-
CIEIYIOTCSI U MPUMEHSIOTCS MaTepuaibl MPUPOAHOTO MPOUCXOXKICHUS, 00nanaronme
BBICOKOM COPOIIMOHHON CIIOCOOHOCTHIO M XUMHUYECKON CTOMKOCTBIO — HAIpUMep, Mpu-
poaHbIe 1eonuThl. brarogaps cBoeit MUKPOTIOPUCTOM CTPYKTYpe, HOHOOOMEHHBIM CBOM-
CTBaM U CEJIEKTUBHOCTH 110 OTHOIIEHHUIO K KATUOHAM TSXKEJbIX METAIIIOB U PAAMOHYKJIIU-
JIOB, IICOJIMTHI PACCMATPHUBAIOTCS KaK MEPCIEKTUBHBIE COPOSHTHI ISl CO3aHUs (PHUIIb-
TPALIMOHHBIX 3aBeC U 0apbepoB B cUCTeMax 3alliuThl BoJ [Sprynskyy et al., 2006; Wang,
Peng, 2010; FOcynos u ap., 2025].

CoBpeMeHHbIE HCCIIEIOBAaHUS MOKa3alld, YTO HEOTUTCOAepKaIIue Topoasl dPdek-
THUBHO TIOTJIONIAIOT Takue 31eMeHThl, kak Cs*, Pb?", Cd**, Zn*", Hg*>" u Sr**, a Takxe op-
TaHUYECKHE U HEOPTraHMYECKHE 3arpsi3HUTEINN, BKIIIOYas aMMUaK, JUOKCU cepbl, (hop-
Manbaerua u ¢ppeonsl [Alpat et al., 2008; Lin et al., 2014; Meshko et al., 2001]. I[Tpu aTom
UX MPUPOAHOE MPOUCXOXKIEHUE U OTHOCUTEIbHAS IOCTYTHOCTh AEJIAI0T UX SKOHOMUYE-
CKH 11eJ1IecO00pa3HbIM KOMIIOHEHTOM MPU PeaIU3aliy SKOJIOTHYECKUX MMPOEKTOB Ha rop-
HOTIPOMBILIIEHHBIX TeppuTopusx [Malekian et al., 2011]. Onnako 3¢pdexTuBHOCTD Ta-
KHX 0apbepoB BO MHOTOM 3aBUCHUT OT (PU3MUECKHUX U XUMHUYECKHX CBOMCTB KOHKPETHBIX
MOPO/JI, CTENIEHU UX oOoramieHuss 1 Moau(pUKaILlMKY, a TAKXkKe OT YCIOBHM IKCIUTyaTalluy,
BKJIIOYAsl THAPOTEOJIOTHYECKUE MapaMeTpbl U XUMH3M 3arps3HEHHBIX Boj [Inglezakis,
Grigoropoulou, 2004; Oren, Kaya, 2006].

Kaxk noxazano B crarbe [XarbkoBa u p., 2021], oqHUM U3 HapaBIEHUI MOBBIIEHUS
3¢ (EeKTUBHOCTH LIEOUTOB SBISIETCS UX MpeABapUTeIbHast 00paboTKa C UCMOIB30BAaHUEM
HaIlpaBJIEHHBIX YHEPTETUYECKUX BO3IECUCTBUI — yIIbTPa3ByKa, yCKOPEHHBIX AIEKTPOHOB,
MAarHUTHOM M 3J€KTPOCTATUUECKOW cenapanuu. ITU METOAbl MO3BOJIAIOT 3HAYUTEIHHO
MOBBICUTH YHCTOTY IIEOJIUTOBOTO KOHIIEHTpara (10 96-99%), nnrencuduumpoBars 1o-
HOOOMEHHBIE MPOLIECCHl U YAYUIINTh MEXaHUYECKUE XapaKkTepucTuku nopoj [Kumar et
al., 2012]. Tak:xe moAYEPKUBAETCSI, YTO TEXHOJIOTUYECKOE COBEPIIIEHCTBOBAHKE TIO3BOJIS-
eT 3¢ (HEeKTUBHO UCIIONIB30BaTh HE TOJBKO IEJIEBbIe KOMIIOHEHThI, HO U BTOPHYHBIE TIPO-
TYKTBl OOOTAIeHUs — B CTPOUTENBCTBE, PEKYAbTUBALIMN U JIPYTUX HANPABICHUSIX, TEM
CaMBbIM TIOBBIIIAs PECYPCHYIO dPPEKTUBHOCTh M CHIIKASI SKOJOTHYECKYIO HArpy3Ky OT
camux TexHonorui nepepadotku [Li et al., 2020; Alam et al., 2020; Milyutin et al., 2020;
IOcynos u np., 2022, 2023].

HecMoTps Ha BBICOKYIO MOTEHIIMIO [IEOTUTCOACPKAIIUX OaphEePOB, B OOIBIINHCTBE
ciy4aeB d3pGEKTUBHOCTh UX (DYHKIITMOHUPOBAHUS OLEHUBAETCS 1a00paTOPHBIMU METO/Ia-
MU WJIA HA OCHOBE ONBITHO-ITPOMBIIUIEHHBIX JaHHBIX. OJJHAKO B YCIOBUSIX PEAIbHON 3KC-
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IuTyaTaluy, 0COOEHHO Ha MAacCIITaOHbIX TOPHOIIPOMBIIIIJIEHHBIX 00BEKTaX, KpailHe BasKHO
UMETb ONEPATUBHBIC U HEHAPYIIAIOLIME METO/IbI KOHTPOJIS COCTOSIHUS TaKUX OapbepoB
u 3¢ dexTuBHOCTH UX paboThl. IMEHHO 3/1eCh BO3HHUKAET MOTPEOHOCTh B UCIIOJIb30Ba-
HUM reo(hU3MYeCKUX METOA0B OLICHKH, KOTOPBIE MO3BOJISIIOT HEMHBA3UBHO OTCIIE)KHUBATh
U3MEHEHUs (PUIBTPALIMOHHO-EMKOCTHBIX CBOMCTB, BIQ)KHOCTHOTO PEXHUMA U IMHAMMKH
3arpsI3HAOLIMX BELECTB B MaccuBe nopoas! [ Yekyn, 2019; lNonuk, bypnasuesa, 2023].

I'eopusnueckre TEXHOIOTHH, TAKUE KaK AIEKTPOTOMOTpadusi, reopajapHble UCCIIE10-
BaHMsI, CEIICMOaKyCTHUECKHE U IEKTPOMArHUTHBIE METO/IbI, 00J1aJal0T BEICOKUM paspe-
IIEHUEM U YyBCTBUTEIBHOCTBIO K U3MEHEHHSIM B CTPYKTYpE M COCTaBe OapbepHBIX CPe/l.
WX npuMeHeHne Mo3BOJIsIET HE TOJIBKO KApTUPOBATh MPOCTPAHCTBEHHOE MOJIOXKEHUE 11e-
OJIUTCOJIEpKAIUX OapbepOB, HO U BBISBIATH 30HBI UX JETpajaluu, HEJOCTaTOUHON rep-
METHUYHOCTH WJIM MEPEHACHIIEHUs COPOIMOHHBIMU areHTaMu. bojee Toro, uHTErpamnus
reo(U3n4eCcKUX JaHHBIX C THIPOre€OXUMHUYECKUM MOJICTUPOBAHUEM MOXKET 00eCIeunTh
KOMIUIEKCHYO OLIEHKY 3(()EeKTUBHOCTH 3alIUThI BOAHBIX 0OBEKTOB U ITPOrHO3 TOBEICHUS
CUCTEMBI B YCIOBMIX M3MEHSAMOLIENCS TeXxHOreHHo! Harpysku [IlaBienko, 2000; FOcy-
noB, 1985; Wang et al., 2016].

AKTyanbHOCTh IPUMEHEHUS T€0(PU3NIECKUX METOJIOB OLEHKH YPPEKTUBHOCTH 11€0-
JAUTCOAEpKAIUX OapbepoB 00YCIOBIEHA HE TOJILKO HEOOX0IMMOCTBIO Iiepexosa K boee
YCTOMYMBBIM U HAYKOEMKHUM IOJIXO/1aM B OXpaHe OKPY>Karollel cpesbl, HO U OTpeOHO-
CThIO B CHWKEHUU 3aTpaT Ha DKCIUTyaTallMOHHBI MOHUTOPHHI, ITOBBIIIEHUH J10CTOBEp-
HOCTH JIJAaHHBIX M Pa3pabOTKe MPOTOKOJIOB ONepaTuBHOIO pearupoBanus. Ha ¢one pacry-
KX TPeOOBAaHUI K IKOJIOTHYECKOM 6€301aCHOCTH TOPHOIIPOMBIIIICHHBIX MPEANPUATUH,
UHTErpanys reopu3n4ecKuX 1 MUHEParIoro-TeXHOJIOIMYECKUX MOAX0/10B MpeJICTaBIIsAeT-
cs1 0COOCHHO NepcreKTUBHON. Takast CHHepryus MO3BOJIUT HE TOJIBKO MOBBICUTH 3(Pdek-
TUBHOCTb (DYHKIIHOHUPOBAHHUS 0ApPbEePOB, HO U PaCIIUPUTH 00IACTH PUMEHEHUS 11e0JIU-
TOB B CCTE€Me OXpaHbl BOIHBIX pecypcoB [Thakare, Jana, 2015].

B roxHbIX perrmoHax Poccuum npoGnema 3arps3HEHUs] BOAHBIX PECYPCOB CTOUT OCO-
6eHHO ocTpo. ['opHonpombIenHsle npeanpustus CesepHoro KaBkaza u 3amaaHoro
[Ipukacnius GopMHUPYIOT 3HAUUTEIbHBIE OOBEMBI CTOUHBIX U MH(PUIBTPALIMOHHBIX BO/,
conepxkammx Tsokéneie metamisl (Pb?, Cd**, Zn?") u npyrue TOKCUYHBIE KOMIIOHEHTHI
[Motsi et al., 2009]. CnoxHble THIPOre€0JOrHUECKUE YCIOBUS TOPHBIX TEPPUTOPHUNA yCH-
JMBAIOT PUCK PACIIPOCTPAHEHUS 3arpsA3HUTENCH B TPYHTOBBIE M NOBEPXHOCTHBIE BOBI.
B 3Tux ycioBusix MCIoOIb30BaHNE MPUPOAHBIX LIEOTUTCOAEPKAIIUX MOPO Kak copOLu-
OHHBIX 0apbEpOB UMEET BaXKHOE PETHOHAIBbHOE 3HAYCHME, a BHEIPEHHE METO/0B Ieo-
(pU3MYeCKOro MOHUTOPUHTA IO3BOJISIET aJaTUPOBATh PELICHUs K CHelM(UKe FOKHBIX
IIPOMBIIIEHHBIX palioHOB Poccuu.

Heablo HacTosiel padoOThI SBISIETCS SKCIEPUMEHTAIIbHOE U reoduznyeckoe 000-
CHOBaHHE Y(PPEKTUBHOCTH NPUMEHEHHUS ILIEONUTCOAEPKAIIUX OapbepoB JUIs 3alIUTHI
BOJIHBIX PECYpPCOB FOPHOIPOMBIIIJIEHHBIX TEPPUTOPHIA, @ TAKIKE OLEHKA BO3MOKHOCTEMN
UCIIOJIb30BaHMUsI METOJ0B Te0(pU3MUECKOro MOHUTOPHHIA JJIi KOHTPOJSI UX COCTOSTHMS
U aJCcOpOIMOHHONW aKTMBHOCTH B PEaJbHBIX YCIOBHAX JKcIutyatanuu [Razmakhnin,
Khatkova, 2019].

MeTtoAbl U MOTEPUAADI

B pamkax naHHOH paboThl OblIa peann30BaHa MHOTOCTYIIEHYAaTas 3KCIIepUMEHTAIIb-
Hasi IpOTrpaMMa, HalpaBJICHHAs HA KOMIUIEKCHYIO OIEHKY 3((EKTHBHOCTH LEOIUTCO-
JieprKamx 0apbepoB /sl 3alIMThI BOAHBIX PECYPCOB HA TOPHONPOMBIIIIEHHBIX TEPPU-



Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reopuanka fOra Poccnt - 215

Topusix. MccnenoBanue BKIIIOYAIO Kak JIaOOpaTOpHbIE, TaK U MOJIEBbIE ATAIlbl, a TAKXKe
CUHXPOHHOE NMpPUMEHEHHE re0QU3NUECKUX METONO0B KOHTPOJSI B YCIOBUSIX PEaAlbHOTO
BoZ000MeHa. Ocob0e BHUMaHKE YAESII0Ch Hepa3pyaoIuM TEXHOIOTHSIM JUAarHOCTH-
KM COCTOSIHHSI COPOLIMOHHOTO MAacCHBa M €r0 HACHIIEHHOCTH 3arps3HAIOIIMMU KOMIIO-
HEHTaMH.

Ha nepBom sTamne ObuT OpraHn30BaH MOJIUTOHHBINA HKCIIEPUMEHT € MOCTPOCHUEM Oa-
PbEPHOI CUCTEMBI U3 MPUPOIHOTO KIWHONTHIIONUTA, JOOBITOTO U3 MaJeOreHOBBIX 1I€0-
JUTCONEpKAIKUX KOMIUTeKcoB 3amannoro Ilpukacrnus. bapeep Obl1 pazmemnién Ha 1io-
maaKe pasmepom 55 x 65 m ¢ nryobunoit go 1,4 wm. [lnst peructpanuu reopu3ndecKux
XapaKTEePUCTUK MPUMEHSIIACh YCTaHOBKA diekTporoMorpaduu « IPT-4Py» npousBonacTea
3A0 HIIIT «I'eoJlaitn» (Poccus), paborarormias B auama3one 4actoT 10 1 kI'11, ¢ 4eThIpéx-
TOYEYHOU KOH(DUTYpaIUel MeKTPOIOB U TITyOUHOU 30HAMpOBaHMs 10 2 M. M3MepeHus
MPOBOAMIHUCH € 1m1arom 0,5 M 1o JIMHUM U pa3perieHueM 5 MB npu 6a30Bo# MOrpenHocT!
MeHee 3%.

JlononHuTeNnbHO Mcnoib30Banack reopanapHas cucrema «GSSI SIR-3000» ¢ anten-
Ho wactortoii 300 MI', oOecrieunBaromas MpocTpaHCTBEHHOE pazpemieHue a0 0,1 m.
HccnenoBanus mpoBOIUIUCH MpU cKopocTH nepememienus 0,5 m/c, ¢ dukcamnueit otpa-
KEHHBIX CUTHAJIOB Ha myOuHe 10 1,5 M. B Xome skcrepuMenTa perucTpupoBaiuCh Ia-
paMeTphl CHrHala, aMIUTUTYa, BPEMEHHas 3a/iepkKka u popMa BOJHBI, YTO MO3BOJISIO
BBISIBJISITH IUAJIEKTPUUECKUE HEOAHOPOAHOCTH M HAKOIJIEHUE 3arps3HUTENCH.

CelicMOaKyCTUYECKHE H3MEPEHMS] OCYIIECTBISUINCh C IMPUMEHEHHEM KOMILIEKCa
«CAK-M» (nmpoussoactea UT'ul" CO PAH), paGotaromiero B pexumMe MOBEPXHOCTHBIX U
00BeMHBIX BOJIH B yacToTHOM nuarnazone 10-2000 I'. Mctounuk BO30yXaeHUS — yaap-
HBIM MasTHUKOBBII reHeparop, MPUEM OCYLIECTBIISUICSA C MCIOIb30BAHUEM IbE303JIEK-
TPUYECKUX JaTYMKOB. JlaHHBIE 00pabaThIBAIUCh C HOMOIILIO POTPAMMHOI0O KOMILJIEKCA
«SeisView», MO3BOJISIFOIIETO CTPOUTH CKOPOCTHBIE MOJIEH U BBLACIATH aHOMAIHMHU IIJI0T-
HOCTH.

JlaGoparopHblii OJIOK BKJIFOYAJ aHaIW3 (UIBTPATOB A0 U IMOCIE MPOXOXKACHUS Ye-
pe3 Gapwep ¢ ucnosb3oBanreM crekrpodoromerpa «Photometer PF-12Plus» (Macherey-
Nagel, I'epmanus), ¢ npenenom ooHapykerus 10 0,001 mr/n. Takke mpUMEHSIIHCH METO-
16l uddepeHmaibHo-TepMuueckoro ananusa (ycranoska «Paulik—Paulik—Erdey») s
orpesieNIeHUs] U3MEHEHUI MUHEPAJIbHOM CTPYKTYPBI, @ TNIOTHOCTh 00Pa30B U3MepsIach
Ha aBTOMAaTHM3MPOBaHHBIX TrHiapocrarndeckux Becax «RADWAG PS.X2». Bce mpoObl
aHAJIM3UPOBAINCH B TPEXKPATHOM MOBTOPHOCTH € PACUETOM CPEHETO apUPMETHUECKOTO
Y CTaHJapTHOTO OTKJIOHEHUS.

JIisi OLIEHKM pacrpesieNieHus] 3arps3HUTeNIe U COPOLMOHHOTO pecypca HCIOJb-
30BaJlach MOJIeNIb MaccoBOro OajiaHca, OCHOBAaHHAs Ha JAHHBIX O PAacXofe BOAbI
(Q = 5,3 M*/cyT), KOHIIEHTpaMSIX U 00bEMaxX aKTUBHOM 30HBI. B mmimoTHOM (hasze Ha-
OroNeHnid MPUMEHSUIACh aBTOMATHU3MPOBaHHAs reo(u3nvecKas CTaHIHS C (QyHKIUEH
TEJIEMETPUH, BKIIIOYAIOIAsl YeThlpe MIeKTpoja u naruuku BiaxHoctn «ECH20 STE»
(METER Group, CIIIA) ¢ Tounoctbio 10 0,045 m3/M?. 310 obecrieunBano cOop u mepe-
Jlayy JAaHHBIX B p€aJbHOM BpeMEeHU Kaxkible 60 MUHYT, UTO MO3BOJISIIO ONEPATUBHO OT-
CJIeKMBATh U3MEHEHMS B PACIpE/IeICHUH 3arps3HUTENEH U CTeNEeHHU 3arpy3ku Oapbepa.
Takum o6pa3zom, npuMeHEHHAsE METOJMKA 00eceunia KOMIJIEKCHBIA M BBICOKOTOUHBII
KOHTPOJIb 32 (PYHKIIMOHUPOBAHUEM IIEOIUTCOJEPKAIIETO Oapbepa B YCIOBUSX, IPHOIIHU-
KEHHBIX K DKCILTYyaTAIMOHHBIM.
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Pe3yAbTaThI

Hamu Obut0 MpOBEACHO SKCIIEPUMEHTANIbHOE HccienoBaHne dPGEeKTUBHOCTH I1I€0-
JUTCOAEPKAIUX OApHEPOB, MOCTPOCHHBIX HA OCHOBE KJIMHOITHIIONNUTA, JOOBIBAEMOIO
U3 MAJIEOrCHOBBIX [IEOTUTCOACPKAIINUX KOMIUIEKCOB 3anaaHoro [lpukacnus (BOCTOUHBII
CesepHnbrii KaBkaz). 3To MecTopokieHre ObUIO 0TOOPAHO B CBS3H C BBICOKUM COJIEpIKa-
HUEM MUHepasia — B auamna3one 18-92 % B ornoxenusix KaBkaza. OcHOBHOM 3amaueit
UCCJIEJIOBAHUS CTalla HECTPYKTYpHAasl OLIEHKa CTPYKTYPhl U COPOIIMOHHON aKTUBHOCTHU
0apbepoB ¢ MPUMEHEHNEM Te0(PU3NIECKUX METOIOB: ANEKTpoTOMOorpaduu, reopaaapa u
CEHCMOaKyCTUYECKUX HU3MEPEHHM, CUHXPOHU3UPOBAHHBIX C JIA0OPATOPHBIM aHAIU30M
(uabTPaTOB U U3MEpPEHUEM (PUZUKO-XUMUUECKUX CBOMCTB 00pa3IioB.

DKcTepuMeHTaIbHAas TUTONIAaAKa ObljIa OpraHM30BaHa Ha y4acTKe pa3MepoM 55 X 65 M,
¢ myOWHOM yCTaHOBKH 3aBechl 10 1,4 M. DinekTpoTroMorpadusi mpoaeMOHCTPUpPOBaIa
3HAYUTEIHHBIC KOHTPACTHI YACIBLHOTO CONPOTUBIICHHUS: Ha Iepudepun Oapbepa 3HAYCHUS
coctaBisiin 92—120 Owm-M, ToTAa KaK B IEHTPAIbHOM 30HE (PMKCUPOBATIOCH MAJACHHUE 10
12—-19 OM'M. DT U3MEHEHHUsI COTTACyIOTCS C HACBIILIEHUEM LICOJIUTOBOM CPEJIbl BJIaroi
Y PACTBOPEHHBIMU COJISIMH C BHICOKOM KOHLUEHTpAMEN HOHOB TXKEIBIX METAJIJIOB.

Jannbie reopanapa (antenna 300 MI'1) mo3BosuiIu BEISIBUTH OTPAXKAIOIIUE TOPU3OH-
ThI TUHEWHON KoHurypauuu ¢ juHou 0,45-0,95 m; aMIuinTyaa curHaia B HAaChIIIEH-
HOM 30HE CHIKajach mouTH Ha 15 nb. Takas quHaMuKa oTpakaeT HAKOIIJIEHHE COPOUPO-
BaHHOI'O MaTepHalia U MOBBIIICHUE AUAJIEKTPUUECKON HEOJHOPOIHOCTH KaK BHYTPH, TaK
Y Ha TIOBEPXHOCTHU Oapbepa.

JlaGopatopHblii aHanu3 (UIBTPATOB BBISBUJ 3HAYUTEIbHOE CHUKEHHE KOHLEHTpa-
UK TSHKETBIX MeTauioB: Zn*" —Ha 77,8 %, Pb** —Ha 92,3 %, Cd*" — Ha 86,5 %. ®unann-
HbIe KOHLIeHTpanuu coctaBuwin: 0,029 mr/n Zn** (ucxomno 0,130 mr/m), 0,0053 mr/n Pb?*
(ucxomno 0,065 mr/i), 0,0024 mr/n Cd** (ucxomuo 0,017 mr/m). D1u 3HaueHuUs1 odecneuu-
BAaIOT MPEBBIIIEHNE CTAHIAPTHBIX HOPMATUBOB 10 KauecTBy Bozabl B Poccuu u EC Gomnee
yeMm B 3—4 paza (tabm. 1).

Tabnuya 1/ Table 1

CHHKeHNe KOHIEHTPAINH TSKEIBIX MeTAJIOB MOcJe MPOX0K/ICHHSA
eoIUTCoep Kamero 6apbepa /
Reduction in heavy metal concentration after passing through
a zeolite-containing barrier

Hown 3arpsasuurens /
Pollutant ion

Konnenrpanus Ha
BXOj1€, MT/J1 /
Input concentration,

Konuenrpanust Ha
BBIXOIE, MI/J1 /
Output concentration,

¢ dekTHBHOCTH
yaajenus, % /
Removal efficiency, %

mg/l mg/l
Zn?* 0,130 0,029 77,8
Pb* 0,065 0,0053 92,3
Cd> 0,017 0,0024 86,5

Ha ocHoBaHMM TPEXMEPHOT0 MOJEIUPOBAHUS pacnpeeneHuss GU3NUEeCKUX napame-
TPOB OBLIO PACCUUTAHO, UTO OOBbEM aKTUBHOW 30HBI HACKIIIEHUS cocTaBisieT 35,7 m* u3
o6mero o0béma 110,3 M? Gapbepa, 4TO COOTBETCTBYET NPUOMU3UTENHHO 32,3 % 3arpy3ku
copbuuonHoro pecypca. Ilpu stom ko3 dunuent punsrpannu mMarepuana BapbUpoBas-
cs B auamnasone 0,90-1,18 m/cyT.
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Uepes nsaTh MECAIIEB IKCIUTyaTalliy AIEKTPOTOMOorpadus mokasana yBeITU4eHHUE 30H
¢ Hu3kuM conpotusieHuem (<20 Owm-Mm) Ha 22,7 %. BaxxHo, 4TO 3TH M3MEHEHUs CO-
MIPOBOXKIATHCH JIOKATbHBIM CHUXkeHueM pH ¢unbsrpata: ¢ 7,2 1o 6,0, yTo yka3piBaeT Ha
HAKOIIJICHUE KATHOHOB TSHKENBIX METAJIOB U TIOCIECOPOIIMOHHBIE U3MEHEHHUS KUCITOTHO-
1IeJI0UHOTO OanaHca.

W3mepeHus: MIOTHOCTH IEOJTMTOBOM MaccChl Mokazanu pocT oT 1,54 mo 1,69 r/em?®
(+9,7 %), uTO MOATBEPKIAET HACHIIIICHHE MaTEepHalia U yMEPEHHOE U3MEHEHHE TTOPOBO-
ro npocrtpanctsa. uddepeHnnaabHO-TEpMUYECKUNA aHAIU3 00pa3IoB 3adUKCHPOBAT
CHMKEHHUE TeMIIEPaTyphl 3HI0TepMUYecKoro nuka ¢ 342 1o 329 °C, yto cuuraercst map-
KEepPOM M3MEHEHUS] MUHEPATbHOM CTPYKTYphI BCIICACTBUE HACHIIIEHUs KaTHOHaMu Pb*" 1
Cd*" (Tabum. 2).

Tabnuya 2 / Table 2

N3meHeHune pu3nyecKUX MapaMeTpoB Ie0JIUTOBOr0 faphepa B Mpollecce IKCILIyaTanuu/
Change in the physical parameters of the zeolite barrier during operation

Mapamernp / Parameter HavaabHoe 3Hauenue | Yepes S mecsineB / | U3menenue /

P P / Initial value After 5 months Change
VYnenbHOE conporusienne (HenTp), Om-m / _ o
Specific resistance (center), Ohmem 19,5 13,6 30,3 %
pH ¢mmsrpara / pH of filtrate 7,2 6,0 -1,2

N 3

HJ‘IOT.HOCTL L[EOTUTOBOM MaCCSLI, r/em® / 1,54 1,69 9.7 %
Density of zeolite mass, g/cm
Temneparypa sunospdexra, °C / a0
Temperature of endoeffect, °C 342 329 13°C

Ha ocHOBaHMM COBOKYITHOCTH SKCIIEPUMEHTAIbHBIX JAHHBIX MOYKHO BBIIEIHUTD JTUa-
Ma30HbI SKCIUTyaTal[MOHHBIX 3HAYE€HUI, BBIXO/ 32 MpEeAesbl KOTOPhIX yKa3bIBAaeT Ha IO-
Tepro 3(h(HeKTUBHOCTU LeOTIUTCOepkKaliero o6apbepa. IIpu MIOTHOCTH MaccuBa BBILIE
~1,70 r/cm® 1 yneabHOM conpoTHBIEHUH HIKE 12 OM'M QUKCHpYETCs pe3Koe CHUKEHUE
COpPOLIMOHHON aKTUBHOCTH U POCT BEPOATHOCTH JeTpajaliuy 0apbepHOil GyHKIUU. DTH
KPUTHUYECKUE 3HAYECHUS SIBIISIOTCS OPUEHTHPOBOUHBIMU M OTPAXKAIOT CIIEU(PHUKY YCIO-
Buil 3ananHoro IIpukacnus, OHAKO OHU MOTYT CIYXKHTh SKCIUTyaTallMOHHBIM OPHEHTH-
POM IIpH OLIEHKE pecypca Oapbepa.

C nmomo1ipi0 MOJIENT MacCOBOTO OajaHca M JaHHBIX MO pacxoay Boabl Q = 5,3 M*/cyT,
ObUIO OILIEHEHO, YTO K03(pduLMeHT F3PPEKTUBHOTO HCIOIB30BaHUS COPOIMOHHOIO pe-
cypca pocturaer 0,59, 4To yKka3bplBaeT Ha BBICOKYIO COPOIMOHHYIO OTnauy Oe3 mpen-
BapuTelbHOW Moaudukanuu. [lomyueHHble TaHHbIE UMEIOT TPUKIIAJHOE 3HAaUEHUE IS
tora Poccun, rie QyHKIMOHUPYIOT KpyIHbIEe TOpHOAOObIBatoImre kiuactepsl (CeBepHbIi
KaBka3, 3ananusiii [Ipukacnuit). B 3THX pernoHax BbICOKasi MUHEpaIU3aLus MO3EMHBIX
BOJ] U HaJIM4Me TKENBIX METAJIOB B CTOKAX CO3JAI0T O0COOYI0 HAarpy3Ky Ha SKOCHUCTe-
MblL. [TpoBen€HHBIE SKCTIEPUMEHTBI MOKA3al, YTO Te0PU3NUECKUe METO/IbI TO3BOJISIOT
OTIEPATUBHO BBIABIIATH 30HBI MEPETPY3KU IIEOIUTOBBIX 0aphepOB U MPOTHO3UPOBATH UX
JIeTpajaluio, YT0 0COOEHHO BaXKHO JJIsl PETMOHOB C BHICOKOW AMHAMHUKOI BOIOOOMEHA.

B ¢da3ze muinoTHOro MOHMTOpPUHra BHEIpEHAa aBTOMATHU3UpPOBAHHAs reo(pu3nuecKas
CTaHLUSA, OCHALIEHHAS YeTBHIPbMs JIEKTPOJaMM M JaTYMKaMU BIaKHOCTH, oOecreunBa-
IOLLAs1 U3MEPEHMSI YIENBHOIO CONIPOTUBIIEHHUSI C TOTPEIIHOCTEIO MeHee 2,8 % U BIIaXKHO-
CTH ¢ TOYHOCTHIO 710 0,045 M*/M?. ExxeuacHast mepeaya JaHHBIX 1103BOJISIA OTIEPATUBHO
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BBISBIISITH MEPETPYKEHHbIE YYaCTKH, YTO 00ECIEeUNBAET BO3ZMOXXHOCTh CBOEBPEMEHHOM
pereHepanuy Wid YaCTUYHOU 3aMeHbl Oapbepa.

Cuneprust 1a00paTOPHBIX M MOJIEBBIX JaHHBIX MPOAEMOHCTPUPOBAJA, YTO Oapbepsbl
Ha OCHOBE KIMHONTHJIOINTA U3 LEOIUTCoAepKalmx nopos 3anaaHoro [Ipukacnus s¢-
(exTUBHO (PyHKIIMOHUPYIOT ITPH OCTOSHHON Harpyske 10 6,2 M*/cyT nputoka Bojibl. Ko-
3G GUIMEHTH! yajaeHus TSHKENBIX METAJUIOB IpeBbIIaoT 85%, a KOppesLMOHHbIN aHa-
JIM3 MO0Ka3all MPSIMYI0 3aBUCUMOCTb MEXAY IJIOTHOCTBIO, CONPOTUBICHUEM U CTEIIEHBIO
HacbleHus: kKoapuiueHt koppessiuuu r = 0,85 (p < 0,01) Mexay cOnpoTUBICHUEM U
IUIOTHOCTHIO, U T = —0,78 Mexkay conpoTuBieHneM U pH, 4To 103BOJISIET MPOTHO3UPOBATh
HACBIILIEHUE U THIPOXUMHUUYECKUE MapaMeTpbl 0€3 XMMUYECKUX U3MEPEHHH.

ANTopUTM KOPPEISLIUOHHOTO aHaJIN3a, UCTI0JIb30BaHHbIH B padoTe, BKIIF0YAJI HECKOIIb-
KO II0CJIEZI0BATEIIbHBIX 3TAINOB: MPEABAPUTENBHYIO0 HOPMAIN3ALMIO JaHHBIX, IOCTPOEHUE
MaTpHIIbl TapHBIX KOPPENLUil, MPOBEPKY CTATUCTUYECKOW 3HAYMMOCTH KO3(duiineH-
ToB (p < 0,01) M MHTepHpeTALMIO MOJIYYEHHBIX 3aBUCUMOCTEH B (PU3MKO-XUMHUYECKOM
KOHTeKcTe. J[aHHBIN OAXO0J HE OIPAaHUYMBAETCA TOJIBKO NTapaMeTpaMu CONPOTHUBIIECHUS,
IUIOTHOCTH U pH: OH MOKET OBbITh PAaCIIMPEH HA HHBIE XapaKTEPUCTUKHU MpoLecca — Kodd-
(GuIMeHT GuIbTpalu, CKOPOCTh BOIOOOMEHA, TEMIIEPATYPy U MUHEPAIU3ALUI0 CPEbI.
3TO MO3BOJISIET UCTIOIB30BATh MPEIOKEHHYIO METOJUKY Il KOMIUIEKCHOTO MHOTO(aK-
TOPHOI'O aHAJIN3a HKCILTYaTallMOHHOTO COCTOSIHUS Oapbepa.

Wtoru uccienoBanus JeMOHCTPUPYIOT BBICOKYIO 3 (EKTUBHOCTh U HAIEKHOCTh I'€0-
(u3nYeCcKOi OLIEHKN COCTOSIHUSA 1IEOJIMTCOAEPIKAIMX OaphepoB B peajibHOM MaciuTale.
l'eopusnueckre mMeroapl 00ECHEUMBAIOT CBOCBPEMEHHOE BBISIBICHHE 30H CHIKEHHOMN
COpPOLIMOHHON aKTUBHOCTH M MPEAINOJIAraeMbIX yrpo3 JAerpajanuu. JTo, BMECTe C aHa-
AU30M (UIBTPATOB U MYHHUIMIIAIBHBIMHU MPOTOKOJIAMHM, CO31AET HAAEKHYIO OCHOBY JIJIst
BHEPEHUS IKOJIOTMYECKH YCTOWYMBOM 3aIUThl BOAHBIX PECYPCOB B TOPHOIPOMBIIILIEH-
HbIX 30Hax Poccun n KaBkasa.

CPABHUTEABHBIN OHOAM3 MOAYYEHHbIX PE3YALTATOB

Pesynbrarsl reopu3nUECKUX M aHATUTUIECKUX MUCCIICOBAaHHN, TPOBENEHHBIX HA Oa-
PBEPHBIX CHCTEMaX M3 LIEOJIUTCOAEpKAIUX Mopoa 3anaaHoro Ilpukacnus, mo3BosstoT
BBIJICJIUTH PSIJI yCTOWYMBBIX 3aKOHOMEPHOCTEH, CBUIETEIILCTBYIOIINX O BBICOKOM (P deK-
TUBHOCTH MHTETPAINU Te0(PU3MUECKUX METOIOB B CUCTEMY OIICHKH 3aIIUTHOW (DYHKIIUU
9THX OapbepoB. OJHUM U3 KITIOYEBBIX MOKa3aTenel, 3aUKCUPOBAaHHBIX B X0J1€ HAOIIO-
JICHUH, CTaJlo MOCIe10BaTeIbHOE CHUKEHUE Y/I€TIbHOTO COMPOTUBIIEHUS B LIEHTPAJIbHOMN
yactu Oapwepa — ¢ 19,5 1o 13,6 OM'M 3a nATHMECSUYHBIN MEepUOJ HKCIUTyaTalluu, YTO
YKa3bIBaE€T Ha MPOTrPECCUPYIOIIEE HACHIIIEHNE TOPOBOIO MPOCTPAHCTBA MOHAMH 3arpsi3-
HUTEJICH U POCT IEKTPOIIPOBOJHOCTH cpenbl. [Ipu aToM HabmrogaeTcst yCTOHYMBEIA Tpa-
IUeHT Mexay nepudepueii (6onee 90 OM M) U sApOM COpPOLIUH, YTO CBUIETEILCTBYET O
HanpaBJIeHHON (HIBTPAIIMK U JIOKATU3AIMH MTOTOKA B TIPEIeiaX aKTUBHOM 30HBI.

3HaunTeNbHOE CHIDKEHUE 3HaueHui pH ¢unbrpara B 30He HackimeHus (¢ 7,2 1o 6,0)
HOATBEP)KAAET HAJIUYUE MHTEHCUBHOIO MOHOOOMEHHOIO MPOILECCa, COMPOBOXKAAEMO-
ro BeICBOOOXKIeHHEM MOHOB H+ B pesynbrare copOuun TsHKENBIX MeTaiuioB. [lpu atom
3a(pUKCUpOBaHHOE YBEIMUYEHHE IIOTHOCTH IEONMTOBOM Maccel ¢ 1,54 no 1,69 r/cm?
HOATBEPKAACT HAKOIIJIEHHE KATHOHOB B MUKPOIIOPOBOM ITPOCTPAHCTBE MUHEPAJIOB U Ya-
CTHUYHYIO NIEPECTPONKY BHYTpEHHEH CTPYKTypbl. CHHKEHHE TeMIEpaTypbl SHA0TEPMHU-
4ecKoro nuka nectpykmuu ¢ 342 mo 329 °C, 3apukcupoBanHoe npu ATA, uaTeprpern-
pyeTCsi Kak CIe/ICTBIE HOHHON MOTU(HUKAIIMN CTPYKTYPHI KIMHONTHIIONUTA, aHATIOTUIHO



Geology and Geophysics of Russian South 15(3) 2025 ['eonorvs n reopuanka fOra Poccnt - 219

HabOmomaeMoit panee B paborax [Milyutin et al., 2020], rme aHaTOTHYHBIN CABUT COCTa-
Bui 11-12 °C npu Haceimenuu Pb2+ u Zn2+.

[lo cpaBHEHHIO C JAHHBIMM AHAJIOTUYHBIX UCCIEIOBAHUN, B YaCTHOCTHU, MIPOBEAEH-
HbeIX B lleHTpanpHOl ApmeHun (MectopoxaeHue Jlycaxyp), rae 3QpPeKTUBHOCTh yaa-
nenust Pb2+ nocrurana 84,5%, B Hamem ciydae oHa coctaBuia 92,3%, uro Ha 7,8%
BBIIIIE. DTO MOXKET OBITh CBS3aHO KaK C JIyYIleH MOPUCTON CTPYKTYpPOMl KaBKa3CKUX Iie-
OJIUTOB MAaJICOTEHOBOTO KOMILJIEKCA, TaK U ¢ OOJBIIIEH KOHIIEHTpallMel KIMHONTUIIOINTA
(mo 92%), obecneunBatoleii 60ee BHICOKYI0 HOHOOOMEHHYIO €MKOCTh. AHAIOTUYHAs
TEHACHIIUS TpociexuBaercsa u no uony Cd2+, rae 3¢(hekTUBHOCTD yajaeHus B UCCIie-
noBaHusix [YekyH, 2019] ne npessimana §1,2%, Torga Kak B HalIMX OMNbITaX JOCTUTalia
86,5% npu MeHbIIuX 00bEMax (hUIBTpaTa, YTO YKA3bIBACT HA MOTEHIMAIBHYIO IPUMEHH-
MOCTb 3TUX 0aphepOB JaKE B YCIOBUSIX BBICOKOM HATPYy3KH.

Koa¢ppunment >pQpekTuBHOrO HCHOIB30BaHUS COPOLMOHHOIO pecypca, paBHBIN
0,59, cornacyercs ¢ pe3yapTaramu, peACTaBICHHBIMU B UCCIIEIOBaHUU [ XaTbKOBa U Jp.,
2021], rae nmpu 1abopaToOpHBIX YCIOBUSIX OH Bapbuposaics ot 0,52 1o 0,61 B 3aBucumo-
CTH OT MOP(HOJIIOTUN ¥ MUHEPATIOTUYECKOTO cOCTaBa 1eonuta. Takum oOpa3oM, mpume-
HeHue 6apbepoB, OCHOBAHHBIX Ha Mopojaax 3amaaHoro [Ipukacnus, mo3BossIieT 10CTUTATh
COTMOCTaBUMOI cOpOIMOHHOM 3(pPexTUBHOCTH MpHU O0Jee ATUTENBHBIX MEPHOAAX IKC-
TUTyaTally U B yCIOBUAX 0oJiee arpeCCUBHOTO XUMHUYECKOTO COCTaBa BOJ.

[ToBbIllIEeHHAs YYBCTBUTEIBHOCTD DJEKTPOTOMOTpaduu K M3MEHEHHUSIM BIQXKHOCTH U
cosiecosiepkaHus B Tesie Oapbepa MOATBEPXk/I€HA BEICOKON KOppesiuel MexXy conpo-
TUBJICHHEM U MJIOTHOCTHIO (1 = 0,85), a Takke Mexay conporusieHuem u pH (r =—0,78),
YTO MO3BOJISET UCIIOIB30BATh 3TOT METO/I HE TOJILKO KaK KapTorpaduueckuii HHCTPYMEHT,
HO ¥ KaK WHAMKATOP HACBIIEHUSI COPOIIMOHHOM CTPYKTYphI. [lomydeHHbIe 3aBUCUMOCTH
cornacyrotes ¢ BeiBogamu [ Thakare, Jana, 2015], koTopbie yka3piBajal Ha BOZMOXKHOCTb
HEMpPsIMOW OIEHKU CTETNEHU 3arpy3K HOHOOOMEHHOM CTPYKTYPBI LIEOJIUTA MO Teodu3u-
YECKUM JaHHBIM.

CpaBHUTENBHBIN aHATU3 TeopaJapHbIX MTPOdUIICH, MOMTyUYEeHHBIX B XOA€ SIKCIIEPUMEH-
Ta, TAaK)KE BBISIBIJI XapaKTEPHYIO 3aKOHOMEPHOCTh: HAaUOObIIasi OTEePs] aMILUIUTYABI OT-
paxxénnoro curHania (10 15 n1b) dbukcupoBangach B T€X ke 30HaX, IJe HAOMIOIAIOCh MaK-
CUMAaJIbHOE CHIDKEHUE CONMPOTHBIICHUS U pH, 4TO yKa3bIBaeT Ha KOMIUIEKCHBIN 3(dexT
HACBIICHUS. DTU JaHHbIE MOJITBEPKAAIOT MPUMEHUMOCTh T'eopajapa Kak MeTojaa Jio-
KaJlbHOTO 30HAMPOBAaHMSI 30H Nieperpy3ku. [1pu 3Tom riryOrHa oTpakarouux rOpU30HTOB
(0,45-0,95 M) cOOTBETCTBYET BEpXHEMY CJIOI0 HUHTCHCUBHOW COPOIIMHU, YTO MOITBEPIK/Ia-
eTCsl TaKXKe pe3ysbTaraMu pooooTdopa.

BakxHbIM 371€MEHTOM MCCIIEIOBAaHUS CTaJIa BO3MOKHOCTh aBTOMaTU3UPOBAHHOTO MO-
HUTOPHUHTA. YCTAHOBJIEHHAs! CUCTEMa IPOAEMOHCTPUPOBAJa BBICOKYIO HA/IEKHOCTh MPU
JUITNTENIHOM 1MKJIe HaOmoneHul, pUuKkcupyst H3MeHeHHs ¢ TOUHOCThIO 110 2,8% 1o co-
npotusiaeHuto u 0,045 m*/m* no BnaxxHocTH. Takoil ypoBeHb UyBCTBUTEIBHOCTH MO3BO-
JISIET CBOEBPEMEHHO UACHTU(DHUIIMPOBATH JIETpaJaliio 0apbepHO PYHKIIMU, YTO OCOOCH-
HO aKTyaJbHO B YCJIIOBUSAX CE30HHBIX KOJeOaHUN ypOBHS I'PYHTOBBIX BOJ U MIEPEMEHHOM
XUMHYECKOi Harpy3ku. Ha ocHOBe aHanm3a JaHHBIX MOHUTOPUHTA OBUTH YCTaHOBJICHBI
CyTOYHbIE (MIYKTyalluu COTPOTUBIICHHUs B peaenax 3,6—4,1% B 3aBUCUMOCTH OT UHTEH-
CHUBHOCTHU MTPUTOKA BOJABI U TEMIIEPATYPHBIX U3MEHEHHUH, UTO B 1aJIbHEUILIEM MOKET JIEUb
B OCHOBY IIPOTHOCTUYECKON MOJIEH JeTrpajaliu.

JIoTIOTHUTENBHO OBLIO BBISIBIICHO, UTO MIPH YBEIMYEHUH CPEeTHEN CKOPOCTH (PHUIIBTpa-
uu ¢ 0,90 mo 1,18 M/cyT MpOUCXOIUT HE TOJBKO yBeNWYeHHEe 00bEMa aKTUBHOM 30HBI
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(c 31,2 no 35,7 M*), HO M YCKOPEHHOE HachllleHne copOeHTa, uTo TpedyeT Oojee yacToit
pereHepanmy WiM nepesarpy3ku mMarepuaia. ITo COIIacyercsi ¢ paCUeTHbIMM JIaHHBIMU
10 MaccOBOMY OajlaHCy, COITIACHO KOTOPBIM yBeJlndeHue Bopooomena Ha 0,1 m/cyT co-
KpalaeT CpoK CIIy>kObI Oapbepa B CpeHEM Ha 18 CyTOK IpH MPOYUX PABHBIX YCIOBHUSX.

BaxxHO mopuepKHyTh, YTO MMEHHO Teo(u3nyecKasi COCTABISIONIAs HCCIECIOBAHUS
MO3BOJIMJIA KOJMYECTBEHHO OLICHUTh 3()(EKTUBHOCTh 0apbepOB U BHIIBUTH 3aKOHOMEP-
HOCTHU U3MEHEHHUS UX COCTOSIHUS B pealibHOM BpEMEHHU. B oTinuue ot TpaJuiiMOHHbIX XU-
MHKO-aHAJIUTHYECKHX METOJI0B, Te0(PHU3NUECKUI MOHUTOPUHT 00eCreuynBaeT HeMpephIB-
HOCTh HAONIOZICHUH M BO3MOXKHOCTb NPOTHO3UPOBAHMS JIerpajaluil (GUIbTPALIHOHHBIX
3aBec. 11 TOPHONIPOMBILIIEHHBIX TEPPUTOPU 1ora Poccun 3T0 OTKpBIBAaeT MEPCIEKTU-
BY CO3/IaHUSI HHTEIPUPOBAHHBIX CUCTEM HKOJIOTHYECKOM 0€301MacHOCTH, OCHOBAHHBIX Ha
KOMOMHAIMH JIOKAJIbHBIX COPOLIMOHHBIX TEXHOJIOTUI U AUCTAHIIMOHHOTO KOHTPOJISL.

Takum 00pa3om, pe3ysbTaThl UCCIIEA0BAHUS MO3BOJISIOT CAEIaTh BBIBOA O BBHICOKOM
COIVIACOBAHHOCTH I'e0(U3NUYECKUX M XUMHKO-aHAIUTHUYECKUX MHIUKATOPOB 3P (HEKTHB-
HOCTH LleoTHUTCcoepkKamux 6apbepoB. COBOKYITHOCTb JaHHBIX MOATBEPKAAET UX IPUMe-
HUMOCTh KaK B CTAllHOHAPHBIX, TAK U B MOOMJIbHBIX CUCTEMAaX OUYUCTKHU CTOKOB. ['eodu-
3UYECKUE METOJIbI, MPEKIE BCEro MIeKTpoToMorpadus U reopajgap, Noka3ajiu BEICOKYIO
BOCIIPOU3BOIUMOCTb U YYBCTBUTEIIBHOCTh K KJIFOYEBBIM ITapaMeTpaM COCTOSHUS Oapbe-
pa. OHM MOT'YT OBITH MCITOJIb30BAHBI HE TOJIBKO [Tl AMArHOCTUKH, HO U JUIs ONIEPAaTUBHO-
r'0 MPOrHO3UPOBaHUS 3PPEKTUBHOCTH OapbepHOM (PYHKIINMHU B YCIOBHUSIX TMHAMHYECKOTO
BOJI00OOMEHA. DTO OTKPBIBACT MEPCIEKTUBbI Pa3pab0OTKH MHTEIPUPOBAHHBIX CUCTEM MO-
HUTOPUHTA U YIIPABJICHNS HA OCHOBE JIAHHBIX T€O(PU3UKH B COUETAHUU C XUMUYECKHUMHU U
TEPMUYECKMMHU TapaMeTpaMi MUHEPAJIOB.

BbiBOADI

ITpoBenéHHOE KOMILIEKCHOE MCCIIEIOBAHUE MIPOIEMOHCTPHPOBAIIO BBICOKYIO 3(hhek-
TUBHOCTbh NPUMEHEHUS 1IEOJIUTCOAEPKAMX 0apbepoB, OCHOBAHHBIX Ha KIMHOIITHIIO-
JUTOBBIX nopojax 3amajgHoro [Ipukacnus, 1uist 3alIUTHl BOAHBIX PECYPCOB B YCIIOBUSX
TOPHONPOMBIIIJIEHHBIX TeppUTOpUM. llomydeHHbIE NaHHBIE MOATBEPAWIIN, YTO TaKHE
Oapbepbl CIOCOOHBI HE TOJNBKO CYIIECTBEHHO CHIYKATh KOHIICHTPAIIMHA MOHOB TSHKEIBIX
METaJUIOB B MH(MIBTPAIMOHHBIX IMOTOKAX, HO U COXPAHATH CTA0MIbHBIC THAPOTEOXUMHU-
YECKUE XapaKTEePUCTHKH B TEUEHHUE JUIMTEIBHOTO MEeproja dKCIuTyaranun. [ eodusnde-
CKHE€ METO/Ibl, IPUMEHEHHBIE B paMKax pabOThl, NOKa3aIl BbICOKYIO YyBCTBUTEIBHOCTh
K U3MEHEHHSIM (PH3UKO-XUMHUYECKOTO COCTOSHUS OaphepHON CpelIbl, YTO TIO3BOJIMIIO He-
VWHBAa3UBHO U CBOEBPEMEHHO OTCIICKMBATH MPOLECC €€ HACBIIEHUS 3arpA3HUTEISIMU U
POTHO3MPOBATH CHUKEHNE COPOIIMOHHON aKTHBHOCTH.

Pesynerarhbl snekrpoToMorpaduu M reopasapHbIX U3MEPEHUH MPOAEMOHCTPHUPOBAIN
XOpOILIee COIIACOBAHME C JAHHBIMM XMMHUYECKOTO aHAIM3a U IapamMeTpamMu (pUIbTpaIii,
YTO YKa3bIBa€T HAa BO3MO)KHOCTb MX MHTEIPALMU B CUCTEMBI [IOCTOSHHOTO MOHUTOPHHTA.
Bruo ycranoBieHo, uTo Ha (hOHE MOBBIIICHUS TIOTHOCTH [IEOJIMTOBOM MAcCCHhl M TIOHMKE-
s pH QuibTpara mpoucxoasT U3MEHEHHUSI B YIEIBHOM CONPOTHBICHUH, OTPAYKAFOIINE
yBeJIM4eHUE 00bEMa aKTUBHOM 30HbI cOpOLIMU. BbICOKUIT ypOBEHB KOPPEIALIUN MEKITY ITH-
MH TIapaMeTpaMH TTOTBEPKAALT, 4TO re0PH3MIECKIE HHANKATOPBI MOTYT OBITh HCIIOIB30-
BaHbI KaK HAJEKHBIE KPUTEPUH OLIEHKH 3arpy3KH M 3PPEKTUBHOCTH OAPbEPHON CHCTEMBI.

ABTOMaTH3MpOBaHHAs reo(U3NIECKast CTAaHIMsI, BHEAPEHHAS HA 3aBEPILAIOIIEM JTa-
ne, obecneumia NOCTOSHHBIA COOP JTAaHHBIX C BBICOKOH TOYHOCTBIO U CTaOMIIBHOCTBIO,
YTO ITO3BOJIMJIO ONIEPATUBHO BBISBIIATH 30HBI IIEPErPY3KU U NOTCHIMAIBHON JIerpalalliy
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Marepuaina. Takol Moxxo[ OTKPhIBAET BOZMOXXHOCTH JUIsl CO3J[aHUSI MHTEIJICKTYalIbHBIX
CHCTEM YIIPaBJIEHUs IKCILTyaTanueil 0apbepoB, OCHOBAHHBIX HA PeaJbHOM BPEMEHH.

Koappunmentsl ynanenuss TsDkEIbIX MeTamioB pocturanu 92,3 % (Pb*"), 86,5 %
(Cd*) u 77,8 % (Zn*>"), npu 3ToM K03((UIMEHT F3PPEKTUBHOTO UCIONB30BaHUs COpPO-
uoHHoro pecypca cocraBui 0,59. O0bEM aKTUBHON 30HBI, yU4acTBYIOIIEH B copOLuHy,
cocranisil okoiio 32 % ot obuero o6béma 6aprepa. TemneparypHble CIABUTH 3HA0I(]-
(eKTOB U POCT MJIOTHOCTHU LEOINUTA NOATBEPIMIN CTPYKTYPHbIE H3MEHEHUS BCIIEICTBHE
HAKOIUICHUS 3arpsi3HUTeNeH. YieabHOe COPOTUBIEHHE CHIXKaIoCch Ha 30 % B IIeHTpasib-
HOM 30He, a nokaszarenu pH ymeHnbmanucey Ha 1,2 €AMHUIBL, YTO COIIacyeTCsl ¢ MpoLec-
COM HMOHHOTO oOMeHa. BakHO OTMETHUTh YHHBEPCAIBHOCTh MPEIJIOKEHHON METOIUKH.
bnaropapst ananTMBHOCTH MapaMeTpoB reopU3NIeCKOro MOHUTOPHUHTa (ITyOMHA 30H/1U-
pOBaHMsI, YACTOTHBIH AMAana3oH reopaiapa, MI0THOCTh ANEKTPOAHOM CeTKH) pa3paboTaH-
HBIA TOJIXOJ] MOXET OBbITh MacCHITA0OMPOBAH M MPUMEHEH JUIs OLEHKU 3(P(PEKTUBHOCTH
LEOIUTCOACPKAIUX OapbepOB B Pa3IMUHBIX THAPOreOIOTHYecKuX yciaoBusax — ot Ce-
BepHoro Kaska3za u 3anaHoro [Ipukacnus 1o Ypana u 3abaiikanbs. D10 fgenaeT MeTou-
Ky TEpPCHEKTUBHOM JUIsl IIUPOKOTO BHEAPEHUS B CUCTEMY 3KOJIOTHUECKON O€30MacHOCTH
TOPHOINIPOMBILIEHHBIX TEPPUTOPHIL.

Takum 06pa3oM, HccieqoBaHUE TOKA3aJI0, YTO UCHOIb30BAHUE LIEOIUTCOACPIKALIIX
6apbepoB Ha OCHOBE KIMHONTUIONUTA 3anagHoro [Ipukacnus obecrneunBaeT 3G HeKTHB-
HOE CHIDKEHHE KOHLIEHTPALIH TSHKETBIX METAIJIOB B MH(WIBTPALIMOHHBIX TOTOKaxX: Pb*" —
10 92,3%, Cd** — no 86,5%, Zn** — no 77,8%. I'eopuzndeckne MeTo b1 (IIMEKTPOTOMOTpa-
¢us u reopasiap) NpoAEMOHCTPUPOBAIH BBICOKYIO UyBCTBUTEIBHOCTh K H3MEHEHHUIO CO-
CTOSIHMA Oapbepa U MO3BOJIMIIM MPOTHO3UPOBATH €TI0 JIErpaIalluio MO CHUKEHUIO yAeib-
HOTO COIPOTHUBIEHUS, U3MeHeHHI0O pH U pocTy mioTHOCTH 11eoauToBOM Macchl. Coue-
TaHHE reo(pU3NIECKOr0o MOHUTOPUHIA M XUMHUKO-aHATUTHYECKUX U3MEpEeHH obecreun-
BaeT KOMIUJICKCHYIO CUCTEMY JAMAarHOCTHKH, aKTyallbHYIO JJIs ycinoBui tora Poccun, rae
9KOJIOTUYECKasl YCTOHYHNBOCTh TOPHOIPOMBIIIICHHBIX TEPPUTOPUIM HANPSIMYIO 3aBUCUT
oT 3(p(peKTUBHOCTH JIOKAIBHBIX OAPbEPHBIX TEXHOJIOTHH.
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Pe3tome: AKTyanbHOCTb paboTbl. [Maponornyeckas u reoMmopdonornyeckas 3Ha4nMoCTb CPeAHNX U ManbIX
peK HEeA00LEHBABTCS NCCNEA0BATENSAMM, XOTA UMEHHO 3TI BOAHbIE 3KOCUCTEMbI MEIOT BbICOKYH YA3BMMOCTb
11 NOJIBEPXKEHbI HEOOPATUMON TEXHOTEHHON TpaHcdopmauuu. OAHUM U3 KIHYEBbIX (DaKTOPOB TpaHCopMaLn
CPEOHMX U Marnbix CTEMHbIX pek Ha KOre Poccum IBNAETCS 3aperynnpoBaHHOCTb CTOKA, Bbl3BaHHAs MACCOBbIM
COOpYXXEeHWEM NAoTWH. [lo cux nop reomMopdonornyeckum npuaHakam Aerpajauiie CTEMHbIX PeK YAensnoch
HeJoCTaTo4YHOe BHUMaHWe. Lienb ncenefoBanna — oLeHUTL NOCAEACTBMS BO3BEEHME BOLOMOANOPHBIX COOPY-
XKEHUIN Ha XapakTepHbIX pekax BocToyHoro lMpuas3osbs (peku Kupnunu u MoHypa) B acnekTe paspyLleHus u
MoTepy LENOCTHOCTN PEYHBIX CUCTEM. IETOUHMKN faHHbIX — MaTepuasibl BO3MYLLHOMO TA36PHOr0 CKAHMPOBaHMS,
npoBefieHHoro B Mione—asrycte 2019 r. BAonb pycen pek. Mnowaab cbeMk — 1333 KM2, NNOTHOCTL TOYEK Na-
3ePHbIX 0TpaXeHuit — 15-20 Touek/m2. MeTtogpbl. MocTpoeHnto AeTanbHON LdpoBoit Mogenu penbeda (LIMP)
C NPOCTPAHCTBEHHbIM pa3pelleHnem 1 M npeallecTBOBana Knaccudgukaums TO4eK Nas3epHbIX OTpaxeHuid. [Ans
aHanm3a parMeHTaLmMmn PeYHbIX Pycen MPUMEHSNCS NPOA0NbHbIA NPOdUb U JaHHbIE BEKTOPWU3ALNM PYCIIOBbIX
BogoemoB. Mopdhonorus noBepxXHOCTU C BbIJENEHNEM 3NIEMEHTOB PeYHbIX AOMWUH aHanW3MpoBanach MHCTPY-
MeHTamn reomopcpomeTpui. PesynbTatbl. [1poaonbHbIE NPOGMAN UMEOT hOpPMY CTYMeHelh Mexay BOLOMOA-
MOPHbIMI COOPYXXeHMSMN. Tak, B pycne Kupnunm Ha y4acTKe NPOTSHKEHHOCTbI0 217 KM pacnonoxeHo 82 nepero-
PaXKMNBAKOLLMX COOPYXKEHUS; CyXue yyacTKu pycen (Bcero 11) 3aHumatot 2,9 km. CymmapHas nioLyaab BOA0EMOB,
06pa30BaHHbIX MOAMNOPOM OT MEPeropaxuBatoLLMX COOpYyXeHni B pycne Knpnunu, coctasnset 3862 ra npu
cpefHen nnowaan npyna 55 ra. O6HapyxeHo 13 y4acTkoB ¢ nnowlaabto npyaos 1352 ra, rae noanop paseH 0
M. BbiBogbl. PacyneHeHne eanHoro pycna Ha oparMeHTbl, pa3feneHHble MIOTUHAMM, MPUBOAMT K paanKabHOIA
NepecTpoiike KoMMeKca reoMoponorniecknx NpoLEeCccoB B PEYHOI CUCTEME CO CHYDKEHUEM MOPOAMHAMY-
YeCKOM aKTWBHOCTM PYCMOBOr0 NOTOKA. PeYHble CCTEMbI MPe06pa3oBaHbl B LieMb NOAMEHHbIX BOJOEMOB, 4TO
YKa3bIBaeT Ha Nepexof] KO BTOPUYHOI CTPYKTYPHO-(PYHKLIMOHANBHON OpraHn3auui.

KntoueBble cnoBa: peyHble cuctembl, BocToyHoe [Mpra3osbe, neperopaxusaroLne BOLONOANOPHbIE CO-
OpY>XeHns, BO3AYLLHOE N1a3epHOe CKaHMPOBaHKe, LMdpoBas MoAesb penbeda, TEXHOreHHOe pa3pyLLeHie, BTO-
pU4Has CTPyKTypa.
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Abstract: Relevance. The hydrological and geomorphological significance of medium and small rivers
is underestimated by researchers, although these aquatic ecosystems are highly vulnerable and subject to
irreversible technogenic transformation. One of the key factors in the transformation of medium and small steppe
rivers in the South of Russia is the regulation of runoff caused by the mass construction of dams. Until now,
insufficient attention has been paid to the geomorphological signs of degradation of steppe rivers. The aim is to
assess the consequences of the construction of water-retaining structures on typical rivers of the Eastern Azov
region (the Kirpili and Ponura rivers) in terms of destruction and loss of integrity of river systems. Data sources
— materials of airborne laser scanning conducted in July-August 2019 (low-water period) along river beds. The
survey area is 1333 km?, the density of laser reflection points was 15-20 points/m?. Methods. The construction
of a detailed digital elevation model (DEM) with a spatial resolution of 1 m was preceded by the classification
of laser reflection points. A longitudinal profile and channel water body vectorization data were used to analyze
the fragmentation of river channels. The surface morphology with the identification of river valley elements was
analyzed using geomorphometric tools. Results. The constructed longitudinal profiles have the form of steps
between the water-retaining structures. Thus, in the Kirpili riverbed, on a section with a length of 217 km, there
are 82 damming structures; dry sections of the riverbed (11 in total) occupy 2.9 km. The total area of water bodies
formed by the backwater from the damming structures in the Kirpili riverbed is 3862 hectares with an average
pond area of 55 hectares. 13 sections with a pond area of 1352 hectares were found, where the backwater is 0 m.
Conclusions. The division of a single channel into fragments separated by dams leads to a radical restructuring of
the complex of geomorphological processes in the river system with a decrease in the morphodynamic activity
of the channel flow. River systems have been transformed into a chain of floodplain reservoirs, which indicates a
transition to a secondary structural and functional organization.

Keywords: river systems, Eastern Azov region, damming water-retaining structures, airborne laser scanning,
digital elevation model, technologenic destruction, secondary structure.
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BesepeHve

TexHoreHHass aKTUBHOCTh B PEYHBIX OacceiiHax MMeeT pa3iuyHble (OPMBI, MPOSB-
JSIOUIMECs B pa3HOOOPA3HbIX U pa3HOMACIITAOHBIX BO3JAEHCTBUIX Ha SKOCUCTEMBI PEK.
Pexu B crenHoit 30He FOra Poccum, moBceMecTHO npeAcTaBIeHHOM arpoyianamadTaMu,
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BOBJICUCHBI B LIEJIBIN sl reOMOP(OIOrHYECKUX, SKOJIOIMUECKUX MTPOLIECCOB, B COBOKYII-
HOCTH IPUBOASAIIMX K HAPYLIEHUIO UX CTPYKTYpHOW opraHuzauuu. Cpeau OCHOBHBIX
9KOJIOTUYECKUX YIpO3 JJIsl IPECHOBOAHBIX 3KOCUCTEM BBIIEISAIOT HAPYLIEHUE BOAHOIO
peKuMa, Ype3MEpHYI0 KCIUTyaTallio, IBTPOQHUpPOBaHUE, 3arps3HEHUE BOJI, 3aCOPEHUE,
MHBa3MM 4ykepoHbIX BuaoB [Cysnanesa, [opronosa, 2014; Dudgeon et al., 2006]. Kuro-
4yeBbIMHM (DAKTOpaMU TpaHCPOPMAIMK MPECHOBOAHBIX SKOCHCTEM BBICTYIAIOT CTPOU-
TENbCTBO TUAPOTEXHUUECKUX COOPYKEHUIN, U3MEHEHUE PEKMMA PEK U CHU)KEHUE YPOB-
HSl BECEHHHUX TOJIOBO/IMH, CIIpsIMIIEHHE pycell, 00BalOBaHUE MOWM, CEJTbCKOE X035 CTBO,
peKpeanysi, BCeJIEHUE YyKEpOAHbIX BUAOB [bammHckuil u ap., 2024]. IlpumenuTensHo
K CTENHBIX pekaM Ha Teppuropun KpacHomapckoro kpas, comtacHo [Penoposa u ap.,
2010; IToropenos u ap., 2023, 2024], k ¢axropam TpaHchopMauu cieayeT 100aBUTh
(parMeHTaIMI0 PEYHBIX PyCell BCIEACTBUE CTPOUTEILCTBA MIEPETOPAKHUBAIOLIUX COOPY-
KEHHUH, N3MEHEHUS JKUJKOTO M TBEPIOTO CTOKA, XO34MCTBEHHOE OCBOEHUE MMOMMEHHBIX
U IIpWIErarolux K noMam teppuropuil. Muorue pexu Ha fOre Poccun yrparunu cno-
coOHOCTh K camoouuiieHuio [/poBoBo3osa, [lanenko, 2019; Koconamnos u ap., 2017;
Hukanopos u np., 2012].

Pexu Boctounoro IIpra3oBbsi OTHOCATCS K KJIACCy CPEIHMUX U MajbIX PEK, I'MIPO-
JIOTUYECKask U IKOJIOTMUYECKAs 3HAUMMOCTb KOTOPBIX 3a4acTyI0 HEIOOLIEHUBAETCS UCCIIE-
noBatensiMH. Tak, BHICOKass HHTEHCUBHOCTh MHOT'MX IPOLIECCOB B HEOOJBIINX BOIHBIX
9KOCUCTEMaX IMO3BOJISICT UM UIpaTh HEOXKHMJAHHO OFPOMHYIO POJIb B INI0OAJIBHBIX OHO-
reoxumuueckux nukiax [Downing, 2010]. I umeHHO Masnble peKH BCIIEICTBUE BBICOKOM
YSA3BUMOCTH IOJBEpraioTcs HeoOpaTuMoil TpaHchopMaluy, BIUIOTh 0 MCUE3HOBEHUS
[Bekmuna u ap., 2022].

Tpanchopmanus pek Boctounoro Ilpua3zoBbst uMeeT BEKOBYIO UCTOPHUIO — C Havasa
OCBOEHHSI CTEIHBIX 3€Mejb, HO HHTEHCUBHOCTh TpaHCchopMaluu (Jerpajalum) comnpsi-
KEHa C XapaKTepoM XO3SHCTBEHHOW JesTenbHOCTH. HavanbHblil epuoa Tpancdopma-
uu pek (XIX Bek — nepBast mojioBMHa XX BeKa) XapaKTepHU30BaJICsl SKCTEHCUBHOM pac-
namkoi BojocOopoB u ypbanuzauueil. /s nocnenyroiero neprosa (Bropasi HojxoBUHA
XX Beka) XxapakTepHbl MaCCOBBIE COOPYKEHHUSI OCTOSHHBIX BOJOMOANOPHBIX THAPOTEX-
HUueckux coopyxenuit — ['TC (rmnoTuH, 1aM0) U yBeTUUEHHUE 3aperyTUpOBAaHHOCTH I10-
BepxHOCcTHOrO ctoka. CornacHo [CysnaneBa, ['oproHoBa, 2015] npu Hanmu4uuu B CTpyK-
TYPHO-(QYHKIIMOHAIBHOM OpraHM3alMy BOJAHOM IKOCHUCTEMbI TEXHOTEHHBIX 3JIEMEHTOB
OHa y)Ke Mpe/CTaBIsgeT co00i MPUPOAHO-TEXHOTCHHYIO cucTeMy. Bo Bropoii nmonoBuHe
XX Beka OblT 3aIlylIeH MEXaHU3M TEXHOT'€HHOMU Jierpalaliii PeYHON CeTH — CHU)KEHUS
€€ BOJIOXO3SIMICTBEHHOI'O NOTEHIMala U KaueCTB PEK, MPEACTABISAIOIMUX LIEHHOCTDb JUIS
yesoBeka. [Ipouece nerpaganyy cornpoBoX1aics 3auJICHUEM PEYHBIX PYCEIl, YCUIIEHHBIM
NOCTYIUIEHUEM 3arpsA3HSIOLINX BEIIECTB, COKPALEHUEM PEUHOM CETH U OTMUPAHUEM BO-
JIOTOKOB B BepX0BbsiX pek [[loropenos u ap., 2023, 2024; Cycnos, 2015].

Henemnuit nepuon (nepsast yetBepTh X XI B.) oTpaxaert, 1o HaleMy MHEHHIO, I10-
BCEMECTHOE MPeoOpa30BaHNE PEUHBIX CUCTEM B XOJ€ MX pacwyieHeHHs, (parMeHTaILH
C IEePeXoioM K CTPYKTYPHO-(QYHKIIMOHAIBHOM OpraHu3aluy, KOTOPYIO CelyeT Ha3BaTh
emopuunoil. I1pyu pacuieHEHNU PEeKHU €CTECTBEHHOE PaBHOBECHE B BEILIECTBEHHOM Oa-
JaHCE B CUCTEME «BOJIOCOOP — MOMMa — PyCIIO» U «3PO3HUs — TPAHCIIOPT — AKKYMYJISILIHS
OKa3bIBACTCsSl HAPYIICHHBIM, BbI3bIBas NPU 3TOM LEMNb JKOJOTMYECKUX IOCIIEICTBUM,
BKJIIOUAs paJAMKAIbHYIO IEPeCcTPOiKy reoMop(oornueckux mpoueccoB.

B nacrosmen craree BIEpBbIE 110 MarepuanaM BbICOKOTOUHOM LIMP, moctpoenHomn
aBTOpaMH, MOJIETUPOBAHUS PyCell U COOTBETCTBYIOHIMX (opM penbeda paccMOTPEHBI
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MIOCJIECTBUS TEXHOT€HHBIX BO3JIEHCTBUI Ha peku crenHoi 30Hb! FOra Poccun, nmpu xo-
TOPBIX PEKU KAaK DIKOCUCTEMBI YTPauUMBAIOT CBOKO LIEJIOCTHOCTD, IEPEXO/Isl KO BTOPUYHOMN
opranusanuu. AHaiausupyemble pednble cucteMmbl Kupnunu u [lonypa orpaxaror npo-
1eccsl TpaHchopMaluu, CBOMCTBEHHBIE B 11€710M pekaM Bocrounoro [Ipua3oBsbsi.

OO6beKT NCCAeAOBOHUN

Pexun Kupninnm u [ToHypa ¢ ruAposIorn4ecKkoi U dKOJIOrMYECKON IMO3UIUM IIPEICTaB-
JSIFOT cO00 TUIMYHBIE PEYHBIE CUCTEMBI CTEITHOM 30HBI KpacHomapckoro kpas (puc. 1).
HernyOoxue peunsie nonuabl Kupnunm u [ToHypbl TpakTHYECKH HE HAPYIIAIOT TUIOCKOM
¢dopmbl Kybano-ITprazoBckoii HISMEHHOCTH, TIPEACTABICHHONW HA TOBEPXHOCTH TOJIIA-
MU JICCCOBH/IHBIX CYTJIMHKOB U cyrieceld. B ommuune ot 6osee KpymHbIX pek BocTtogHoro
[Ipuazoss (Es, beiicyr), Bnagaroomux B IMMaHbl A30BCKOTO MOPsl, UCCIIEAYEMBIE PEKU
IIpY BECbMa HU3KUX CPEIHUX YKIIOHAX HE JOHOCAT BOLY 10 A30BCKOro Mopsi. B HuxkHEM
tedeHur Kuprnninu n [IoHypa neperopokeHsl MpUpyCiIOBbIMHA BajlaMU PYKaBOB I1AJIEO-
nensTbl KyGanu u, BeienacTeue c(hOpMHUPOBAHHOTO BaJaMH MONOPA, 00pa3yIoT INMaHbI
(6oI10Ta), IPUMBIKAIOIIHNE K JICTBTOBBIM 00IACTSIM.
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Puc. 1. Pacnonoowcenue pex Kupnunu u Ionypur na meppumopuu Kpacrnodapcroeo kpasi.
3anuexoii nokazamvl yuacmku adpocvemMil /

Fig. 1. Location of the Kirpili and Ponura rivers in the Krasnodar region.
The areas of aerial photography are shown in shaded areas

Pexa Kuprm jmmsoii 202 kM umeeT wiomans 6acceitna 2650 km?; [lonypa npu
amHe 97 KM uMeeT Tuiomans 6acceitna 1460 km? [JIypwe, ITanos, 2021; Pecypcsr ...,
1973]. eiicTByromue miomaan 6acceiHoB, T.e. Ha KOTOPBIX MPOUCXOAUT (POPMHUPOBA-
HHE PEYHOTO CTOKA, paBHBI COOTBETCTBEHHO 577 1 179 xm? [Cycnos, 2015], uto B 5...8
pa3 MeHblIe miomaan 6acceitHoB. KoagduimeHT ctoka ¢ AecTBYIOMICH TUIOIIAIU, OT-
pakaroImui IO CTOKa OT arMOc(hepHBIX ocaakoB, coctaniser 0,48 mis Kupnumu u
0,31 nmst [ToHypBI, UTO MOKAa3bIBAET HE3HAUYNUTEIFHOE YYaCTHE 0CAKOB B (JOPMUPOBAHUH
PEYHOTO CTOKA, 0COOEHHO B MEKEHHBIN TIEPUO/I.
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HernyOoxum (npeumyiiectseHHo 0,2—1,5 M) pekam CBONCTBEHHbI U3BUIIUCTHIE pyCIia
(puc. 1), 3apocuime Bi1aroito0UBON PaCTUTEIBHOCTBIO, U OTCYTCTBUE NONMBI. TeueHue
HaOII01aeTCsl B IEPUOJ BECEHHETO MOJIOBO/IbS, B OCTAJIbHOE BPEeMs IIPAKTUYECKH OTCYT-
CTBYET, YeMy CIOCOOCTBYIOT MHOTOUUCIIEHHbBIE IUIOTHHBI, HE UMEIOILIUE, KaK MPaBUIIo,
PETYIUPYIOLIMX BOJONPOITYCKHBIX COOPYKEHUH.

MeToAbl NCCAEAOBOHNI

B kxauecTBe MCXOIHBIX JaHHBIX MCIOJIb30BAHbI MaTepUaibl BO3AYLIHOTO JA3€PHOIO
CKaHMPOBAaHUS U MUPPOBOU adpOPOTOCHEMKH, MPOBEAEHHBIX B Hioae—aBrycte 2019 r.
OtmeTuM, 4TO Ha Tepputropuu Poccun BO3ayIIHOE JIa3€pHOE CKAaHMPOBAHUE BIIEPBbHIE
NPUMEHEHO JUTSl UCCIIE0OBAaHMS TEXHOTEHHOW TpaHchopmamu pycen B Macmrade ped-
HBIX cucTeM. CpenHss TIOTHOCTh TOYEK JIa3epHBIX OTpaxeHni coctaBmia 15-20 Touek/
M2, T'panuisl aspoporocheMku peunbix qoiuH [Torypsl u Kuprnumu B rpanuiax Kpac-
HOJIAPCKOT0 Kpasi IPUBEJCHBI HA PUCYHKE 1; CBEIEHUS O IUIOIIAAU U JaTax MPOBEICHUS
paboT ykazaHsl B Tabmuie 1.

Tabnuya 1/ Table 1

JlaTbl IpoBeeHus U IVIOIIAIN A3POCheMKH /
Dates and areas of aerial photography

Y4yacTok cheMKH / ILtomans, km?/ Jarbl npoBenenust /
Survey area Area, km? Dates of the survey
Homuna p. Kuprim / 867.9 22-23.07.2019, 11.08.2019
Kirpili River valley
Homata p. [oypet / 465.0 21.07.2019, 11.08.2019
Ponura River valley
Bceero / Total 1332.9 -

Jly1s mocTpoeHus: MpoIoJIbHBIX Tpoduiel mpoBeaeHa 00padoTKa JaHHBIX Ja3epHON
JIOKAIlMY, 3aKJIIOYaBIIAsics, IIaBHBIM O0pa3oM, B KJIACCH(PUKAIMU HCXOJHOTO MAacCH-
Ba Touek JazepHbix orpakeHuil (TJIO). IlpenBapurenbHO OCylIeCTBIEHA pEryaspHu3a-
st maccuBa TJIO nHa 6moku ¢ pazmepom stueiiku 250 M. MTHCTpyMeHTaMH MPOrpaMMBbl
Terrasolid BeieeHbI clieAytoIne Kiacchl GU3NYECKON MOBEPXHOCTH: 3eMJIs, BOJA, pac-
TUTENIBHOCTD, TOPOXKHOE MOKPBITHE, HKelle3Hast JOopOora, THIPOTEXHUYECKHUE COOPYKEHUSI.
Ha cnenyromiem stane o0paOOTKH JaHHBIX BHITMIOJIHEHA OIIEHKA Ka4eCcTBa KJIaCcCU(pUKAIIUU
MyTeM MOCTPOEHUS U(PPOBOI MOJEIH CO CBETOTEHEBOM OTMBIBKOM M0 KasKI0My U3 0110~
KOB perynsipHoi ceTku. CBETOTeHeBasi OTMBIBKA ABISETCS HAIEKHBIM CIIOCOOOM BBISB-
JIeHHsI OMIMOOK KIacCU(UKAIIUU C MOCTIEAYIONINM UX «PyYHBIM» ycTpaHneHueM. [Ipouc-
XOJKJIEHUE OIIMOOK B OONBIIIMHCTBE CIy4aeB CBSI3aHO C OCOOCHHOCTSMHU BEPTUKATHHOTO
pa3opoca TJIO npu oTpaskeHUN OT OBEPXHOCTU PACTUTEILHOCTH, TOKPHIBAIOICH 3HA-
YUTENBHYI0 YaCTh PEYHBIX PyCel U MOiM.

[TocTpoenue npoaonabHBIX Mpoduieil — KIaccuYeckuid U1 BechbMa MH(GOPMATHUBHBIN
IpHUeM B THAPOJIOTUH, TPUMEHSEMBbIH JJI aHallu3a TUAPOIIOTUYECKUX, THIPABINYECKUX
1 TeOMOP(OJTOTUUECKUX XapaKTEPUCTHK pek [Makapesud, Spotos, 2019; denoposa u
ap., 2010; Knighton, 1998; Schumm, 1977]. IIpodwis npencrapiser coOoit M3MEHEHHE
OTMETOK JIHa ¥ BOJHON MOBEPXHOCTHU BAOJb pycJa.

OcHOBOH A7 IOCTPOCHHSI U ANMPOKCUMAIMH JTUHHUI MPOJOIBHBIX Mpoduiiel mo-
CIIy’KHJi1a TOBEPXHOCTH 1 poBoii Moaenu penbeda (LIMP), noxyyennast mo Bcem Bbije-
JICHHBIM KJIacCaM MOBEPXHOCTH, UCKITI0YAsi pAaCTUTEIbHOCTD. THIT MOTy4YeHHONH MOAENH —
pacTpoBoe M300pakeHHe C MPOCTPAHCTBEHHBIM paspelieHneM 1 M, JOCTaTOYHBIM IS
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peleHus OCTAaBICHHBIX 3a/1a4 B YaCTH JeU(GPUPOBAHUS THIPOTEXHUYECKUX COOPYHKE-
Huil (I'TC) u Mop¢onoruueckoro aHanausza pycia. BeiOop nosnoxxkeHus TMHAU Npoduist
U BEeKTOpH3alus npyaos, oopasoBanHbix ['TC, npoBeaeHsl ¢ y4eToOM JAaHHBIX HU(PPOBOI
aspoorocbreMk (opTodoromansl). Ock NPOAOIBEHOTO MPOGUIISA TP 3aTOINIEHHOM pYyC-
Jie IPOBOJMIIACH 110 CPEeHEH JIMHUU MpYy/a.

®opmel penbeda BbIJEIEHBI C TPUMEHEHHEM HHAEKCa MaKCUMaIbHOM pa3HOCTU OT
cpeaneit BeicoTsl (MaxDifferenceFromMean) B mporpammuom npoaykre WhiteboxTools
[Lindsay et al., 2015]. Ha ocnoBe nomy4enssix BeanunH MaxDifferenceFromMean xo-
POLIO pacro3HaTCst MOP(POIOTUYECKUE JIEMEHThI UCCIIEAYEMBIX PEUHBIX JOJIMH: pycla,
CKJIOHBI, IOMIMEHHBIE TEPPACHI, OPOBKH YCTYTIOB.

Pe3yAbTaTbl 1 OB6CYXKAESHME

[TpononpHbIi pod s p. Kupmnuim mocTpoeH Ajis pyciia Ha BCEM €ro MPOTSDKEHUH, a
uMeHHO — oT noc. KOxubIit Yerb-JlabuHckoro paiioHa (ucTok pekn) 1o c. [Ipuropomnoe
[Ipumopcko-AxTapckoro pailoHa, Ijie peuHas CUCTEMA TEPSIET CBOU IPU3HAKU, TEPEXOs
B Oonoto (mnasan). JnuHa npodwmis — 216,7 kv, nagenue — 71 m. [TockonbKy mpoduib
noctpoeH 1o [IMP BBICOKOTO MpOCTPaHCTBEHHOIO pa3pelleHus, IJIMHA €0 IIPEBBIIIACT
yYKa3aHHYIO Bbllle JUIMHY peku. Cyxue Ha MOMEHT ChbeMKH YYaCTKH pycell B KOJIMYECTBE
11 o01melt mpoTsSHKEHHOCTHIO 2,9 KM PUYPOUYCHBI K BEPXOBBSIM PEKH HA yUaCTKe MPOQHIIs
BbIllIe cTaHu1bl Kupnunbsckoit (puc. 2, puc. 3). OctaBiiyrocs 10JIMHY PEKU 3aHUMAET 1ie-
MOYKa MpyA0B, OTYECTINBO BBIPAXKEHHAS B TPOJOIBLHOM MO Ui B BUJE CTyIICHEH (pucC. 2).
[Ipu 3TOM UHKCIIO NPYAOB, CyAs MO NPOPUIIIO, paBHOE KOJIUYECTBY CTyNeHEH (ycTynoB),
Ha HCCIIEyEMOM YYacTKe pyciia coCTaBisieT 71, KOIMUeCTBO NEPEropakuBaroIUX CO-
opyxenuii — 82. Takum 00pa3oM, cpeqHee pacCTOSTHHE MEXIY MEeperopaKMBarOIIMH
COOPY>KEHUSMH PaBHO 2,6 KM.

Kupruneckas / Kirpilskaya IpogombHBE npodHIE /
Longitudinal Profile
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Puc. 2. @axmuueckuil u 60CCManoBIeHHbLIL NPOOOTbHble npoguiu p. Kupnunu.
1 — cyxue yuacmxu pycaa /
Fig. 2. Actual and reconstructed longitudinal profile of the Kirpili River.
1 —dry sections of the riverbed
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Puc. 3. Cyxue yuacmxu pycen Ilonyput (a, 6) u Kupnuau (s, 2). Opmoghomonaan 23.07.2019 (a).
Crumox Maxar Technologies 26.11.2021 (8). Hnoexc MaxDifferenceFromMean no LIMP
(0amul aspocvemxu 23.07.2019 (6) u 11.08.2019 (2)) /

Fig. 3. Dry sections of the Ponury (a, b) and Kirpili (c, d) riverbeds. Orthophotomap 07/23/2019 (a).
Maxar Technologies image 11/26/2021 (c). MaxDifferenceFromMean index based on DEM
(aerial photography dates 07/23/2019 (b) and 08/11/2019 (d))

daxTHuecKast reoMeTpHsl yCTyooopasHoro npouis (puc. 2) yka3blBaeT Ha OTCYT-
CTBHE 3HAUMMOTI'0 YKJIOHA BOJHOM MOBEPXHOCTH Yy NMPYAOB, 3aKjIt0oueHHbIX Mexay [ TC;
MHaue roBOpsi, TEUEHUE, KaK MPOSBICHUE PEUHBIX CBOMCTB U, OHOBPEMEHHO, ITOKa3a-
T€Jb JTMHEHHBIX BOJHO-IPO3HOHHBIX MPOLECCOB, HE BHIPAXKEHO HAa BCEM MPOTSKEHUU
pycia ¢ UCKyCCTBEHHBIM CTyNeH4aThIM npoduieM. [1o 1aHHBIM Ipo10JIbHOTO TPOdUIL
paccunTaHbl OTMETKH ypesa BoAsl y ['TC, BeanunHbI oanopa v mionaau npyaos, Ko-
TOpBIE BHECEHBI B CO3aHHYI0 0a3y naHHbIX. @parMeHT 0a3bl JaHHBIX MPEACTABIEH B
tabymie 2. [Tnomanu npynoB n3amenstores B npenenax 0,15-49,2 ra. O6mas miomais
BOJIOEMOB, CO3aHHBIX MOAIIOPOM OT Neperopaxusaroimux pycio p. Kupnunu I'TC, co-
crasisieT 3861,6 ra npu cpegneit momanu npyaa 55,1 ra (ta6in. 3). CpenHsis BeIuduHa
noxnopa — 0,92 M, makcumanbHast — 3,89 M, npu 3ToM 3apUKCUPOBaHO 13 y4acTKOB,
rae nomanop paseH 0 M, ¢ cymMmapHO# Tutomaabio mpynoB 1351,6 ra (35 % ot obmieit
IJIOLIA/IM MIPYZIOB) B HccaeayeMoM pycie Kupnuiu.



Geology and Geophysics of Russian South

15 (3) 2025

['eonorus u reoguanka fOra Poccim

233

Tabnuya 2 / Table 2

XapaKTepuCTHKYU BOAONOAMOPHBIX THAPOTEXHNYECKUX COOPYKEHM it
4 00pa30BaHHBIX UMH NPYA0B B pycie p. Kupnuan (pparmenT 6a3bl JaHHBIX) /
Characteristics of water-retaining hydraulic structures and ponds formed by them
in the bed of the river Kirpili (database fragment)

Homep I'TC u npyna / AGconroTHas Jara cbemMkn Bennuunna ILnomanb
Dam and pond BBICOTA, M / / Date of nojamnopa, m / npyna, ra /
number Absolute height, m measurement | Affluent value, m | Pond area, ha
4K 65.5 - 4.27
5K 64.02 1.48 8.52
6K 61.35 2.67 0.76
7K 61.35 0 18.41
8K 60.23 1.12 14.95
9K 58.96 11.08.2019 1.27 3.65
10K 57.79 1.17 5.73
11K 55.18 2.61 16.96
12K 53.88 1.3 5.55
13K 52.14 1.74 4.93
69K 9.51 0.01 438.07
70K 6.87 2.64 4.89
71K 6.43 0.44 1.48
72K 6.29 0.14 9.10
73K 5.85 0.44 32.45
74K 5.74 22.07.2019 0.11 386.94
75K 2.9 2.84 42.23
76K 2.9 0 61.97
77K 2.9 0 492.33
78K 2.9 0 432.04
80K 1.19 1.71 317.18
Tabnuya 3 / Table 3

O0001eHHbIE XaPAKTEPUCTUKH NePeropaKuBaAKIIMX TMIAPOTEXHMYECKUX COOPYKeHUit
U 00pa30BaHHBIX HMH NPYAOB B pyciax pek Kupnuau u Illonypsi /
Generalized characteristics of the damming hydraulic structures and the ponds
formed by them in the beds of the Kirpili and Ponura rivers

KomuuectBo I'TC,
00pa3ylommx npyasI /
Number of dams
forming ponds

Xapakrepucruka /
Characteristic

Beauuuna noanopa,
M / Backup value, m

Inomwans npyaa,
ra/ Pond area, ha

pexa Kupnuiu / Kirpili River

71

Munnmansaas /

Minimum 0 0.15
MaKcm/{aanaﬂ/ 3.89 4923
Maximum
Cpennsist / Average 0.92 55.1
CymMa / Sum - 3861.6
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pexa Ilonypa / Ponura River
MunanManbHas /
Minimum 0 0.81
MaxcumanbHas /
34 Maximum 3.22 99.8
Cpennsist / Average 0.74 28.3
Cymma / Sum - 960.5

BoccTaHoBneHue yCIOBHOTO €CTECTBEHHOTO IMPOAOJIBLHOTO MPOQMIIsS OCYIIECTBIIS-
JIOCh MOCPEACTBOM €T0 MPOBEACHUS Yepe3 TOUKU HIKHUX OpOBOK ycTynoB. Kak BuIum
(puc. 2), BOCCTaHOBIIEHHBIN MPOAONIBHBIN Mpoduis p. Kupnuim umeer xapakTepHyro BO-
THYTYIO (hOpMY, OTHOCHUTCS K THUITY BBIpaOOTaHHBIX, OJTM3KUX K pAaBHOBECHOMY. DTO yKa-
3bIBaeT Ha COATAHCUPOBAHHOCTH APO3UH U AKKYMYJISIIIUHM B TIEPUOJ, TIPEIIIECTBOBABIINI
MacCcOBOMY CTPOUTENBCTBY IUIOTHUH B pycie Kupnuim.

[Ipononeublit poduis p. [ToHypsl MOCTpOEH HA y4yacTke TedeHus p. 2-s1 [lonypa
HIDKE IiepeceueHus ¢ aBrofoporoit A-136 1o BnajeHus B OCHOBHYIO peKy ¥ BHM3 110 [1o-
Hypckoro nuMaHa. [locieqauii mpeacrariser co0ol BOAOEM, 3apOCIIHA TYCTONH BOIHO-
OOJIOTHOM PacTUTENBHOCTHIO, T.€. TWaBHU. lnuHa npodwuis paBHa 78,8 KM, majgeHue —
53 M (puc. 4). Cyxue ydyacTKy pycel B KOJIMYecTBe 7 0011ei mpoTsskeHHOCThIO 10 10,0 kM
IPUYPOUYEHBI K yJacTKaM BbILIE U HUKe cTaHulbl HoBoTuTapoBckoil (puc. 2, 4).

ITpoaossHbri npoduis /
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Restored

45

35
1

Bsicota, M BC /
Elevation, m Baltic vertical datum

Kamuunnackas / Kalininskaya

15
1

0 10 20 30 40 50 60 70 80
Paccroanne, kM / Distance, km

/ upper cpeaHee Teuenne / middle HHKHee TeueHHe /

) reaches reaches lower reaches

Puc. 4. @axmuueckuii u 6occmanogienuvlil npodoivHole npodunu p. Ilonypol.

1 — cyxue yuacmxu pycaa /
Fig. 4. Actual and reconstructed longitudinal profile of the Ponury River.
1 —dry sections of the riverbed

Pycno p. [Tonypsl 3aHUMAET 1I€TIOYKa MPYIOB, BEIPAKEHHAS B TPOIOILHOM MPOoQuIie
yCTyIaMu, 3aKTFOUEHHBIMA MEXKTY MEPETOPAKUBAIOIIIMH BOJOMOIIIOPHBIMUA COOPYKE-
HusiMU. TakoBbIX HacuuThiBaeTcs 34. OO01as momaab MPya0B Ha UCCIEAYEMOM yUaCTKE
coctapisier — 1088,6 ra. Imeercst 10 yuactkoB ¢ BenumunHou noamnopa menee 0,02 M,
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3aHMMAIOIUX CyMMapHy!o miomanb 256 ra — 27 % ot nnowmaau Beex npynos. CpenHee
paccrosinne Mexy I'TC 3neck paBHO 2,3 kM. OOwias miomaibs BOIOEMOB, CO3AaHHBIX
noanopoM ot I'TC, neperopaxusaromux pycio p. Ilonypsl, Ha nepuoj CbeMKH COCTaB-
aset 960,5 ra npu cpenHeil miomanu npyaa 28,3 ra B unrepsaie ot 0,81 no 99,8 ra
(tabmn. 3). Cpennss BenuurHa nojanopa pasHa 0,74 M, MakcumainbHas — 3,22 M.

IIeperopaxxuBaroiiye BOAOIIOAIIOPHBIE COOPY>KEHUS OKa3bIBAIOT OIIPEEIISIIOIIEE BIIN-
SIHUE Ha XUJKUH CTOK U CTOK HaHOCOB, PYCJIOBBIE MPOLECCHI U APYTHUE CBOMCTBA pEK,
KOPEHHBIM 00pa3oM HM3MeHss1 MOpP(OJIOrHYECKOe CTPOSHHUE PyCel U MoiM, 0COOCHHO Ha
paBHUHHBIX pekax [Makapesuy, SIporos, 2019]. CTpouTenbCTBO MIOTHHBI O€3 BOJOIPO-
IIYCKHOT'O COOPY>KE€HUS BBI3BIBAET HCKYCCTBEHHOE IOBBILIICHUE 0a3uca 3p031H pPyCI0BOTO
notoka. PacuneHenue equHOro pycia Ha (parMeHThl, pa3JesieHHbIE TUIOTUHAMU, MPH-
BOJMUT K (POPMUPOBAHMIO JIOKAJIBHBIX MPOdUIEH, OTpaXKaloIUX MPUHIUIINAIBHO UHBIE
PYCIOBBIE NPOLIECCHI, CBOWCTBEHHBIE BOJHBIM CUCTEMAaM HM3ILETO NOPsAKa — MaJIbIM BO-
JOXpaHUIUIaM (puc. 5).
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Puc. 5. Jloxanvnuie npodonvHuvle npoghunu na yyacmxax meuenus pex Ionypul (a, 6) u Kupnunu (8, 2).
TIpounu 6, 2 coomeemcmayom 6epxHUM Y4aCmKam pycei

Fig. 5. Local longitudinal profiles in sections of the Ponura (a, b) and Kirpili (c, d) rivers.
Profiles b, d correspond to the upper sections of the riverbeds

[Ipu noBslilieHNH 6a3uca HIPO3UH, HEAOCTATKE MIPEIETBHOIO YKIOHA HAa YYacTKe pyciia
MPOTSHKEHHOCTHIO0 2—3 KM, HU3KOM 3PO3MOHHOM CITOCOOHOCTH MOTOKA U YXYAIIEHUU YC-
JIOBUY TpaHCIIOPTa MPOUCXOIUT KPUTUUECKOE 3aMEIJICHUE JIBIKEHUS JIOHHBIX HAHOCOB.
[Ipu 3TOM, Cynst IO IPOAOIBHBIM TPODHUIISIM, TOHHBIE HAHOCKI, CITIOCOOHBI MTOCTETICHHO
CTOJI3aTh B CTOPOHY IUIOTHHBI, TOBCEMECTHO 00pasysi cBoeoOpa3HbIe yCTynbl. B mporec-
ce JierpaJalii U CHIKEHUS TPAHCTIOPTHOM JIEATETLHOCTH MPOIECCHl DPO3UH U TPAH3UTA
3aTyXaloT, MPOLECC aKKyMYJISIIUHA (3arJICHHsT) CTAHOBUTCS MTPE00IIaJaroIInM.

[Ipu3HakoM HapyIIeHHs IETOCTHOCTH PEUHON CUCTEMBI SIBISIETCS €€ (hparMeHTaIus
IIPU CTPOUTEILCTBE B PyClieé TEXHOTEHHBIX OapbepoB. DdparMeHTanuss HEU30€KHO MpH-
BOJUT K 1) TOSIBIICHUIO BHYTPH PEYHON CHUCTEMBI HOBBIX CTPYKTYp HHU3IIETO TOPSKa,
2) mepecTporKe CUCTEMBI — MEPEXOAY KO BTOPUYHOM CTPYKType, 3) MmepecTpoiike reo-
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MOP(HOIIOTUYECKHUX MPOIIECCOB — OT MPOIIECCOB B MAKPOCHUCTEME (peuHasi CUCTEMa) K J10-
MUHUPYIOIINM TpolieccaM B Me3ocucTeMax (Ipy/sl) C MPUHIUIHAIBHO Pa3HBIMH JIeH-
CTBYIOIIMMU BEILIECTBEHHO-YHEPTeTHUECKUMH MexaHu3MaMu. Hapsany c¢ mepectpoiikoit
MPOIECCOB, BBI3BAHHBIX MTyOMHHOM SPO3HE, OTMETUM MEPECTPOIKY MPOIIECCOB TIAHO-
BOi1 fedopmanuu pycen. Takue pycrnoBsie AeopMaiiii BO3SMOKHBI TOJILKO BO BPEMS BbI-
COKHX mosnoBoaui. Pexam crenmHoii 30Hb1 KpacHogapckoro kpasi B yCJIOBUSX €CTECTBEH-
HO HBOJIIOIIMU CBOMCTBEHHO CBOOOIHOE U OTpaHUYCHHOE MeaHipupoBanue (puc. 1) npu
OTCYTCTBHUH (haKTOPOB, MPEMATCTBYIOIIUX MEPEMEILEHUIO pycia B miaHe. B HacTosmmit
NepUoJl MEaHAPUPOBAHUIO TPETIATCTBYIOT PAIMKaIbHO U3MEHUBIINECS YCIOBUS PYCIIO-
BBIX MIPOIIECCOB, OTPAHMYMBAIOIIUE PA3MbIB OEPETOB U TPAHCIIOPT HAHOCOB BJOJb pyca.
B otHomeHnn reoMoponornueckux mporeccoB, y4acTBYIOIINX B MIPeoOpa3oBaHUuN
AQHAM3UPYEMbBIX PEUHBIX CHCTEM, YMECTHO, Ha HAlll B3IIIA/l, TIOHSTUE HEYRPABNAEMO20
2eomopghonozuueckozo mexnozenesa. Texyuyo cTauio TEXHOTEHHOH JIerpalaliiy ped-
HBIX CHCTEM C THUAPOJIOTUYECKUX M reoMOP(OIIOTMYECKUX TMO3UIIMNA CIeTyeT OXapakTe-
pHU30BaTh Kak OIM3KYyIO K Koiarcy. KosiancoM cuuTaeTcst moTepsi SKOCUCTEMON CBOUX
KITIOUYEBBIX aOMOTHUYECKHX U OMOTHMYECKHX OCOOEHHOCTEH, HECIIOCOOHOCTh MOMIEPIKH-
BaTh XapakTEepHYIO OUOTY U TpaHC(OpMalKs B MPUHITUIHAIBHO JPYTOH TUI SKOCHCTEMBI
[Keith et al., 2015]. ITo maenuro [Newton, 2021], kommarnc — 3T0 pe3Koe U3MEHEHHE KO-
CUCTEMBI, COTIPOBOXK/AOIIEECS MOTEpel SKOCUCTEMHBIX (YHKIMA C HEBO3MOXKHOCTBIO
CaMOCTOSITEILHOTO BOCCTAHOBIJICHHUS B TEUEHHE KAK MUHUMYM JIECSTH JIET.

BbiBOADI

[Ipononeuble mpodmmm pex Kupnumu u [ToHypbl IMEIOT CTyIEHYaTO-IIPEPBAHHYIO
¢dopmy, oTpaxasi yepeaoBaHue (HParMeHTOB pyces, U30JIUPOBAHHBIX BOJOIIOIIIOPHBIMH
TUIPOTEXHUUYECKUMH coopykeHusiMU. Bricokas minotHocTs I'TC Ha nccnemyeMbix pe-
Kax (B cpeaHem uepes 2,3—2,6 KM) MpuBesia K KPUTUUECKOMY CHUIKEHHUIO SHEPTUU PyC-
JIOBOTO TOTOKa M MOP(HOTMHAMUYECKON aKTHMBHOCTH PYCJIOBBIX MPOIECCOB, BKIIOUYAs
DTyOMHHYIO ¥ OOKOBYIO 3PO3HIO, U, KaK CIIE/ICTBUE, HCYE3HOBEHHUIO B THAPOJIOTHYECKOM
NOHMMAaHUU CaMUX PycCel Ha 3HAUNUTEIbHOM MPOTSHKEHUN pek. TakuM 00pa3oM, pedyHble
CUCTEMBI TPaHC(OPMUPOBAHBI B COBOKYITHOCTh MaJIbIX IIOWMEHHBIX BOJOEMOB, YTPaTHUB
CBOM SKOCUCTEMHbIE PyHKINU. DaKTUUECKH Takasi TpaHC(OpMaIUs O3HAYAET MEPEXO K
HOBOH (BTOPUYHOM) CTPYKTYPHO-(DYHKIIMOHAJILHOW OpraHU3aluy.

[IpeanocelikaMu pa3pyLeHus UCCIELYEMbIX PEYHBIX CUCTEM MOCIIYKWIHA: YMEHbIIIE-
HUE CKOPOCTH BOJHO-IPO3UOHHBIX IIPOLECCOB U 00BEMOB TPAHCIIOPTHOM J1€ATEIBHOCTH B
MaciTabe peyHOW CHUCTEMbl, U3MEHEHHE MHTEHCUBHOCTHU ITOTOKOB BELIECTBA U SHEPTUU
(Ha MakpOypoOBHE — IOSIBJIEHME HEJOCTaTKa BEIECTBA U DHEPIUU B PEUHOU cHCTEME).
I'maBHBINA pe3ynbTaT MOAOOHON TEXHOTCHHOW TpaHC(OpMAIK peK — MpPEeKpameHHne UxX
(YHKIMOHUPOBAHUS KaK IEIOCTHBIX PEYHBIX CHCTEM, YTO, IO CYIIECTBY, COOTBETCTBYET
IPEICTaBIECHUAM 00 MCUE3HOBEHNHU WM KOJUIAIICE CUCTEM IIPU OTCYTCTBUM B HACTOAIIEE
BpeMs PECYpPCOB JUIS UX Je(pparMEeHTAIlMHA U BOCCTAaHOBJICHUSI.
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Pestome: AKTyanbHOCTb paboTbl. BHeapeHne aBTOMATU3UPOBAHHBLIX TEXHOMOMMIA W NPUMEHEHWE WC-
KYCCTBEHHOI0 MHTENNEeKTa NpM UHTEPMpeTaLmn reoformyecknx 1 neTpogmanyecknx AaHHbIX NO3BONSET Cy-
LLIeCTBEHHO MOBLICUTb TOYHOCTb U HAAEXHOCTb OLEHKM 3anacoB HeTM W rasa, a TakxKe ONTUMU3UPOBATHL
npouecchl pa3Befiki U pa3paboTKn MecTopoxaeHuin. Co3faHne TpeXMepHbIX MOZIeNell Ha 0CHOBE MaLLUHHO
MHTepnpeTauum fanHblx MAC, nabopaToOpHbIX aHaNM30B (DAKTUHECKOro MaTepuana 1 ceiicMopasBeKy Takux
CNTOXHbIX Fe0/I0rMYecKnX CUCTEM, KaK anb6-anTCcKue oTNoXeHns Tepcko-CyHXXeHCKOM 061acTi, XapakTepu-
3YHOLIMXCS BbICOKOWM CIOXXHOCTbIO CTPOEHNUS W HEOLHOPOAHOCTbIO CBOMCTB MOPOA, NO3BOAAET 60Siee NOAHO
PAcKpbITb UX CTPYKTYPHbIE N KONNIEKTOPCKIE 0COBEHHOCTU, YTO ABASETCS BECbMA aKTyanbHbIM AnS pernoHa
C MECTOPOX[EeHUAMU Ha CTafuu MCTOLLEHNS pa3BefaHHbIX 3anacos. Llenb pa6oTbl. 3akioyaercs B paspa-
60TKe 1 BHEAPEHWN aBTOMATWU3WPOBAHHOI, MHOTOM(AKTOPHOA METOAUKM MHTeprnpeTaLuy reonoro-reogu-
314eCKON NHG OPMALIMK C UCMONb30BAHMEM COBPEMEHHbIX TEXHOMOMMIA MALUHHOMO 06Y4eHNs, HePOHHbIX
CeTel N TPEXMEPHOro MOAENIMPOBAHUS, YYUTbIBAS CTPYKTYPHO-MUHEPATIOrNYECKYI0 HEOLHOPOAHOCTb NOPOA
U NX PUNLTPALIMOHHO-eMKOCTHbIE cBOCTBA. MeTofbl uccnegoBaHui. KOMNeKCHbI NOAX0A, BKNOYAOLLNIA
VHTErpaLnio COBPEMEHHbIX METOA0B MaLLUHHOIO 06y4eHUs N reouHEOPMALMOHHBIX TeXHONOMNA. OCHOBHbIE
MeTOfbl M noaxoabl 6yayT pasaeneHbl Ha Tpu aTana; 1. OundpoBka n 06paboTka apXUBHbIX AaHHbIX MO KEPHY,
MG, ncnbiTaHnam CkBaXuH. ®opmnpoBaHune eanHoi LncpoBoi 6a3bl AaHHbIX. BblaeneHne NUTOTUNOB U UX
Koppenaumsa ¢ aaHHbiMu MAC. 2. ABToMaTn3npoBaHHas uHtepnpetauus MG n KepHa: UCNONb30BaHNE TEXHO-
norun ESKS-TABC B 0 Gintel ¢ npumeHeHnem HeMPOCETEBbIX aNnrOPUTMOB 5 NEPeNHTEPNpPeTaLnmn AaHHbIX.
[puMeHeHne MaLlWMHHOrO 06y4eHnsa ans Knaccudukaumm Konnektopos. 3. MeToamnka reoiorm4eckoro moge-
nnpoBaHmsa 3D: nocTpoeHMe NpeBapUTENbHbBIX KOPPENALMOHHON 1 NeTPon3ndeckux Mmoaenei. Pesynbrartbl
uccnepoBanuin. opmuposaHne basbl AaHHbIX PacLUMPEHHON N0 COCTaBY MHTEPNPETMPOBAHHOM re0noro-reo-
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Abstract: Relevance. The implementation of automated technologies and artificial intelligence in the in-
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gas reserve estimates, as well as optimizes exploration and development processes. The creation of 3D models
based on machine interpretation of well logging data, laboratory analysis of actual material, and seismic surveys
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by highly complex structures and heterogeneous rock properties, allows for a more complete understanding of
their structural and reservoir properties, which is highly relevant for a region with fields in the depletion stage
of proven reserves. Aim. The study aims to develop and implement an automated, multifactor methodology for
interpreting geological and geophysical information using modern machine learning, neural networks, and 3D
modeling technologies, accounting for structural-mineralogical heterogeneity and filtration-capacity properties
of rocks. Methods. A comprehensive approach integrating modern machine learning and geoinformation tech-
nologies. The methodology is divided into three stages: 1. Digitization and processing of archival core, well-
logging, and well-testing data to create a unified digital database. Lithotype identification and correlation with
well-logging data; 2. Automated well-logging and core interpretation using ESKS-TABC technology in Gintel
software with neural network algorithms for data reinterpretation. Machine learning for reservoir classification;
3. 3D geological modeling: development of preliminary correlation and petrophysical models. Results. A com-
prehensive database integrating interpreted geological and geophysical data across entire reservoir intervals,
processed using ESKS-TABC technology. This database will serve as the foundation for lithological-facial geo-
logical modeling, incorporating neural network technologies for interwell property prediction.
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BeseapeHre

MeToauKy KOMIBIOTEPHOTO TPEXMEPHOTO F€0JI0TUYECKOTO MOIETUPOBAHUS OTHUM U3
NEePBBIX NPeI0KUIT KaHaAcKkuil yueHbli CaliMoH Xoynausr B 1994 roxy. OtoT Meron nan
HAuaJi0 BBIPAXKEHUIO PE3yIbTATOB I'€0JIOFMUECKUX HcciieqoBaHuil B 3D-Monensx, nocine
Yero TEXHOJIOTHUsl TPEXMEPHOIO Ie0JIOTMUECKOTO MOAEIUPOBAHUS CTalla CTPEMUTEIBHO
pa3BHUBATLCS M COBEPIICHCTBOBaThCS. Ha ceromnsimiuuii neHs nudpoBoe MoaenupoBa-
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HUE 3aJIe)Kel U B 11€JI0M MECTOPOXKICHUH MOYyYHIIO IIMPOKOE pacpoCTpaHEHUE B MUpPE
[Simon, 1994; Han et al., 2023].

TpaauioHHO pe3yNbTaThl FE0IOTHYECKUX UCCIEIOBAaHUN OTOOpa)karoTcs Ha JBYX-
MEpPHBIX aHAJIOTOBBIX KapTax, TAKUX KaK Ieosoro-reopu3nyeckue paspesbl CKBaKUH,
re0JIOTHYECKHe MPOQYUITH, TUTOJIOTMYECKUE KOJIOHKU U CTPYKTYpHbIE KapThl. KoHuenus
TPEXMEPHBIX MOJIEJICH OCHOBBIBACTCS HA MPOEKIMH XapaKTEPUCTUK F€0IOTHYECKHX Ted,
IUIACTOB, CTPYKTYpP U penibeda Ha IIOCKOCTh B TPEXMEPHOM HPOCTPAHCTBE, MIPU ITOM
BO)XHO COXPAHHUTh MPOCTPAHCTBEHHYIO MH(popManuio 0e3 uckaxxkeHuil. C npuMeHeHH-
€M TEXHOJIOTUH LHU(POBOTO TPEXMEPHOIO MOAEIMPOBAHUS U BU3YaIHU3aLUU BO3MOKHO
co3JaTh U MPEJICTaBUTh IeOJIOrHMYecKUe Tejaa U OOy I'e0JIOTHYECKYI0 Cpely B Tpex
n3MepeHusx 1no ocsiM X, Y, Z. I1o3ToMy TeXHOJIOTHsI TPEXMEPHOTO re0JI0rHYeCcKOro Mo-
JIeTUPOBaHNs BHOCUT CYLIECTBEHHBIH BKJIAJ B TEOPUIO M MPAKTHUKY METOJOB IMOJIyye-
HUS, XpaHEeHUs1, 00pabOTKH M 0TOOpaKeHUs Te0J0rMYecKuX AaHHBIX. [Ipumepom Takoit
MIPAKTUKKA MOXKET ciykuTh padora “3D Geological Modeling and Its Application under
Complex Geological Conditions” rpymnmsl aBTopoB u3 Kuras [I'enepanenko u ap., 2024].

Pabounii npouecc co3nanus 3D reosornueckoi MOieIM BKIKOYAeT B ce0sl B OCHOB-
HOM CTPYKTYpHO€ MOJAEIMPOBAHUE M MOJAETUpPOBaHUE CBOMCTB. CTPyKTypHas MOAENb
BKJIIOUAeT B ce0s MOAETMPOBAHUE KapKaca pa3iioMOB, CO3JaHHE CTPYKTYpHOH Mopenu
BBINOJIHSIETCS B MOJyJe, Ha3biBaeMoM «Jlu3aiinep reonorum». T-Navigator — 310 yHU-
KaJbHas KOHIENUUs pa3padoraHHas B koMmnaHuu Pok ®dnoy JlnHamMuKc, B KOTOpOH pas-
JIOMBI B MOJZIETIM UCHOJB3YIOTCSl B KQYECTBE OCHOBBI JUIS CO3/IaHUSI TPEXMEPHOU CETKH,
TOPU30HTOB, a TAKXKe MPOLIECCOB MOAETMPOBAHNUS 30HATBHOCTH U CIOMCTOCTH [Mrnnma-
HOB, 2022]. Ilpouecc MOAEIMPOBAHUS CBOMCTB BBIMOJIHACTCS Ul onpeaeseHus (anuit
KOJUIEKTOpa M MeTPO(YU3NIECKUX CBOMCTB (IMIMHUCTOCTH), HACBIILIEHHOCTH (HE(Th, ra3),
oOmeit 1 3((eKTUBHON MOPUCTOCTH, U3BJICUEHHBIX U3 UMEIOIIUXCS NeTPOPU3NUECKUX
aHAJIM30B CKBAXKUH B CTPYKTYpHOM Monenu. 3D reonoruyeckast MoJiesib IOMOTaeT B pa3-
paboTKe MECTOpPOXIEHUS, OLIEHUBACT YIVIEBOAOPOIHBIN IMOTEHIMAT U ONTUMH3UPYET
N00bIYy Ha u3ydyaeMoil Tepputopuu. OHa Takke MOXKET ObITh MCIIOJIb30BaHa Ui Mpo-
THO3UPOBaHMs (POPMBI U pa3Mepa KOJUIEKTOpa, JaTepajabHON HENPEPhIBHOCTH U CTETIEHU
B3aMMOCBSI3aHHOCTH IUIaCTa, a TAaKXKe ero BHYTpeHHell HeopHopomHocTu [AdaHaches,
2005; Abu-Hashish et al., 2019].

Ha »Tane pa3paboTKu reolorn4eckix MoJesiell MeCTOPOXKICHUN MMOJIE3HBIX NCKOMa-
eMbIX (DOPMYITHUPYIOTCS KJIFOUEBbIE Fe0JIOTNYEeCKHE MPUHLUIIBI MOICTMPOBAHUS, CIIOCO0-
CTBYIOIIIME BOCIIPOM3BEICHUIO MAKCUMAJIbHO PEAIbHON CTPYKTYPbI T€0JIOTHUECKOr0 Mac-
CHBa U AMHAMUKH MepeMelnieHns HedTerazoBbix (iron10B B nopojax. Pemenue qanHoi
3aJ]a4l OCHOBBIBAETCS Ha INyOOKOM M BCECTOPOHHEM aHalu3e reopU3nuecKux 1 MeTpo-
($u3MYeCcKNX XapaKTepUCTUK U3y4yaeMOro KOMIUIEKca Mopoj. B aToM KoHTeKcTe mpume-
HSIOTCS1 0000I1IEHHBIE JaHHbIE T€0JI0r0-reo(hu3ndecKoil THPOPMAIIH, a TAKIKE OCYIIIECT-
BJISIETCS J€TaJIbHbIN aHAIN3 TPAHYJIOMETPUUYECKUX U NeTPO(PU3NUECKUX CBOMCTB MOPO/I,
OTIpeICJIEHHBIX B XO/I€ JJA0OPATOPHBIX UCCIIEJOBAHUM 00pa31ioB KepHA, 0OTOOPAHHOTO €111e
BO BpeMsi OypeHUs! CKBaXXUH. DTH acleKThl CIIOCOOCTBYIOT 00Jiee MOJIHOMY HOHUMAHHUIO
T'€0JIOTUYECKOTO CTPOCHMS U JJUHAMUKHU (DIIFOU]IOB, YTO, B CBOIKO OY€pe/lb, IIO3BOJISET OIl-
TUMM3UPOBATh Tpolecchl pa3zpaboTku MmectopokiaeHuit [Mankhemthong et al., 2020;
Sircar et al., 2021; Shao et al., 2021].

I'maBHOW 0COOEHHOCTBIO M3Yy4aeMOT0 MECTOPOXKICHHUS, KOTOpasi MPHUAAET aKTyaslb-
HOCTb T€ME UCCIIeIOBaHUs, BUTUTCS TO, YTO MECTOPOXKIEHUE HAXOAUTCS B MOCTOSTHHOM
U JUIMTEJIBHOM HKCILTyaTalliy U SIBJISETCS OTHUM U3 CTapeHIINX MPOMBILIUIEHHO pa3zpada-
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TBIBAEMBIX MECTOPOXICHUI B MHpE, a MepBas MPOMbIIIICHHAs He()Th U3 HIDKHET0 Meja
u3yyaemoii odnactu Obliia nojydeHa emie B Hayase 70-x rogoB XX Beka. A Ha 01.01.2019
roCy/lapCTBEHHBIM 0aJaHCOM 3aIlacoB MOJIE3HBIX McKomaeMbIX (HedTh) B YeueHckoii Pe-
cnyonuke yureHsl 22 mectopoxaeHus (18 HedrsaHbix, 3 razoHedTsHbIX U 1 HedTera-
30KOH/IGHCATHOE) C pa30ypeHHBIMU TEXHOJOIMYECKMMH H3BJIECKAEMBIMU 3aracaMu Ha
pa3pabarbsiBaeMbIX MecTOpoXkaeHusAX kaT. A+B1 — 9,000 miiH T, Ha pa3BeAbIBAEMbIX KaT.
C1— 1,467 muH 1, Bcero (kat. A+B1+C1) — 10,467 mnH 1. Ha MecTOposkaeHUAX, KOTOpPbIE
HaXO/ATCS B IaHHBI MOMEHT B pa3paboTKe He OOHAPYKEHO Hepa30ypeHHBIX U3BIIEKae-
MBIX 3aracoB He(pTu kareropuu B2, B TO BpeMs Kak pa3BefaHHble 3anachl kareropuu C2
COCTaBJISIOT MopsiaKa 2,65 MuuioHa ToHH. [IpombliieHHas He(Tera3oHOCHOCTh Oblia
YCTAHOBJICHA B HEOI'€HOBBIX M MEJOBBIX OTIOXKEHUsX. B pacnpeneneHHoM ¢GoHIe Henp
3aperucTpupoBaHsbl 3anackl kareropun A+B1 B o6beme 8,604 MuminoHna TOHH, U Kare-
ropun C1 — okomno 0,17 MUITHOHA TOHH, YTO cocTaBiseT 95,6% oT obmero oobema pasz-
pabarbiBaeMbIx 1 11,5% 0T pa3BenanHbIX 3anacoB pecnyonuku [bauaesa, [laykaes, 2024;
aykaes, bauaesa, 2021].

B Takux ycnoBusx, A noBbleHUs 3 (HEKTUBHOCTH pa3paboOTKH, IepecyeTa u Bo3-
MOKHOH NEepEeOolIeHKHU 3aracoB YIIeBOJIOPOJOB HEOOXOMMO JIETATbHOE YTOUHEHHE 0CO-
OEeHHOCTEH re0JI0rMYeCKOTr0 CTPOSHHSI CCIIEAYeMOro 00bEeKTa, aHAJIN3 HEOJHOPOAHOCTH
IIPOAYKTUBHBIX OTJIOKEHUI Ha PA3JIMYHBIX MECTOPOXKIeHUsAX. 1 kak uror — yrounenue
KOJJISKTOPCKMX CBOWCTB M 3allacOB YIJIEBOJOPOIOB MyTeM co3aHus U(poBoil Moaenu
U3y4aeMoro o0beKTa Mo KOMILJIEKCY I'e0JIoro-reopu3nyeckux 1 nerpou3ndeckux J1aH-
HbIX. Takum 00pa3om, BriepBble HA HUKHEMEIOBBIX MECTOPOXKICHUAX Tepcko-CyHkeH-
ckoit He(rerazoHocHoit odnactu (TCHO) Oynet o00cHOBaHa 11e51€c000pa3HOCTh pUMe-
HEHMS arnmapara TPeXMEpPHOTo JUTOJIOr0-(PannaibHOTro IeoJ0rHueCcKOro MOASINPOBaAHUS
Ha Mo3/1Hel cTaanu pa3paboTKU ATUTEIBHO pa3padaTbIBA€MbIX MECTOPOXKACHUI Ha MPH-
Mepe HUKHEMEIIOBBIX OTIIOKEHUN CTapOrpO3HEHCKOIO MECTOPOXKICHUS.

Leab ucciegoBanus — Ha IPUMEpPE HUKHEMEJIOBBIX OTIOKEHHI 000CHOBATh METO-
JIMKY TPEXMEPHOTO JIUTOJO0r0-(PaluasbHOro reoJIorn4eckoro MoIeIMpPOBaHus I AeTa-
JM3alUKd 0COOEHHOCTEH Te0JIOrMUECKOro CTPOCHUS PEe3epBYapoB, YTOUHEHHS UX 100bIU-
HBIX CBOWCTB M OLIEHKHM MX pecypcHOW 0a3bl Ha MO3AHEH CTaauu pa3paboTku. 3agaya
— MOCTPOCHHUE TI'€0JIOTHYECKOM MOjeIn HIKHEMeNoBol HedTerazoBoi 3anexu Crapo-
I'PO3HEHCKOTO MECTOPOXJIEHHS Ha OCHOBE MHTETpalMM JaHHBIX KapoTa)ka CKBa)KHH,
71a00paTOPHOTrO aHAIM3a KEePHA, CEHCMUYECKUX JaHHBIX C JaHHBIMH APYTHX (POHIOBBIX
MarepuasoB JUIsl JETalbHOM XapaKTEpUCTUKU KOJUIEKTOPOB M Pa3pabOTKH YIIEBOMO-
POZIHOTO MOTEHIMAIAa YKa3aHHOTO MecTopoxaeHus. Hacrosias pabora npu3BaHa cTaTh
NepBOii cTaTbell B cepuu MyOaMKaluii Ha TeMY JMTOJIOrO-(pannuaibHOTo reoJorn4eckoro
MOJICTUPOBAHUS HUKHEMENOBOM, anb0-antckoi 3anexu TCHO.

MeToANKA NCCAeAOBOHNI

B HacTos1ee BpeMs, B reoJOrnYecKoi oTpaciu, npu o0paboTke U MHTEpIpeTalun
JTAHHBIX KapoTaXka CKBAXKMH JIO0 CHUX MOpP MCIOJb3YETCS] TEXHOJIOTUS «PYUHOW» MHTEp-
IpeTaluy — 3TO Py4dHasi TEXHOJIOT U BbIIECJIEHUS IJIACTOB, CHATHS 3HAYEHUHN U SKCIEepT-
HOT'O ONPEEICHMSI IUTOJIOTUN U HACBHIIIEHHUS (T.€. CIIELMAIUCT caM MPUHUMAET 00 3TOM
peLieHus).

TpaauuroHHast TEXHOJIOTHS UHTEPIPETAaLUU OEpeT CBOE HaYaJlo C TOTO BPEMEHH, KOT-
na reopU3NIECKHe UCCIIeIOBAHUS PETUCTPUPOBAINCH B aHAJIOTOBON (JOpMe M HHTEpIpe-
Talysl OCYILECTBIISIACH C TOMOIIIBIO OJIPYYHOI0 MaTeEMAaTHYECKOro HHCTpyMeHTa. U kak
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CJIEICTBUE, MAPaMETPBhI IJ1acTa ONpPEeSsUINCh N0 Haubosee NPOCTHIM YPaBHEHUSIM, O
KOTOPBIM MOXKHO OBIJIO OCYIECTBUTH PacyEThl BPYUHYIO.

B 70-x romax mpouuioro Beka, HAUMHAIOT Pa3BUBATbCsS TEXHOJIOIMHM aBTOMATU3HUPO-
BaHHOU mHTepnperanuu. Torga 9BM Obumn 6e3 rpadguiaecknx MOHUTOPOB | 3a1aHUE HE-
00xonuMo ObUTO GopMHUPOBATH C TOMOIIBIO TTephokapT. C MOSBICHHEM KOMITBIOTEPOB C
rpaMUecKUM I0JIb30BATEILCKUM HUHTEPEcOM «pyudHasy TpaJuLMOHHAsE TEXHOJIOTHUs
Obu1a epeHeceHa ¢ OyMa)KHOTO IUIaHIIeTa Ha KoMIibroTep. Ho 3To Tonbko mo3BOMINIIO pe-
HIUTH MPOOJIeMy YI10OCTBa MHTEPIIPETALINU, HO HE COBEPILICHCTBOBAHUS METOIUK OIpe-
JICJICHUsI CBOMCTB TOPHBIX MOPOJ U TeXHOorui uaTepnperanuu [Hu et al., 2025; Illari-
onov et al., 2022].

Takyro TEXHOJOTHIO MOKHO Ha3BaTh KOMIbIOTEPU3MPOBAHHON WIIU 110JTyaBTOMaTH4e-
CKOH, HO OHa He SIBJII€TCS] aBTOMAaTU3UPOBAHHOM.

B ocHOBe ke M3y4eHMsI TEPPUTEHHBIX TOPHBIX NOPOJ JIEKUT U3YyUEHHE CTPYKTYPHO-
MHUHEPAJIOTUYECKOTO CTPOECHUSI, KOTOPOE CIIY’)KUT MHCTPYMEHTOM [UIsl BOCCTAHOBJIIECHUS
KapTUHBI T€0JIOTHYECKON HEOTHOPOIHOCTH TOPOJI TIPH TOCTPOSHUH JIUTOJIOTO-(parraib-
HOW Ie0JIOTUYECKON MOJIEIH 3aJIEKEN YIIIEBOJOPOIOB.

Jannsie [ IC oTpaxaioT B UHTETPUPOBAHHOM BHjI€ (DU3UYECKHUE CBOMCTBA MOPOJI, a
yepe3 HUX NeTpo(hu3nyecKue XapaKTepUCTUKH MTOPOIbI.

I'maBeHCTBYOILYIO pOJib B MH(POPMATUBHOCTH MHTepripeTauuu AaHHeIx [ IC urpaer
neTpoQu3nuecKas Mojieib.

Tonbko Tpu yclioBUM MpUMEHEeHHUs yrimyOneHHoi uHTeprperanuu aaHHbx [UC Bo3-
MOYKHO pELICHHUE 3a/1a4y MOJIrOTOBKU UH(OpMAIIUHU JIJISl TE0JIOTMYECKOT0 MOAETUPOBAHUSI.

Texnomorust ESKS-TABC 06a3upyercss Ha KoMOWHAIMu 0000IIEHHBIX TEeTpodu3un-
YECKUX CBSI3€H M AJIEMEHTOB CTOXACTUYECKOTO MOAX0/1a, YTO OTIMYaeT €€ OT Tpaaulu-
OHHBIX METOAMK, UCIIOJIB3YIOUINX UCKIFOUUTEIBHO UHIMBUYaIbHbIE 3aBUCUMOCTH IS
KOHKPETHBIX CTpaTurpaduiyeckiux o0beKToB. B mporecce pa3paboTKu MeCTOpOXKACHUI
BCE TEPEUUCIICHHBIE (PAKTOPhI U3MEHSIOTCS, YTO MPUBOAUT K MU3MEHEHHIO (PU3MUECKUX
CBOMCTB nopo. /laHHbIe KapoTaka B TaKOM Cllyyae CJeyeT paccMaTpuBarh Kak 3a(uk-
CHUPOBAHHBIE B MOMEHT ITPOBE/ICHUS KapOTa)ka COCTOSTHUSI (PU3NYECKUX CBOMCTB OPOJBI.
Onu HecyT B cebe Kak CTaTMUECKYI0 MH(OpMAIMIO O CTPYKTYpPHO-MHUHEPAIOTNYECKOM
CTPOEHUU TOPOJI, TAK U JUHAMUYECKYI0 HH(OpMaIHio — (hu3ndeckue cBOCTBa MOpo/,
takue kak Ko, Ks.cs, Knp, KB (Kur) u npyrue.

Metonuka TABC, ¢yHKOHOHUpYIOMIAas TOJ YNPaBICHUEM SKCIIEPTHON CUCTEMBI
ESKS, peanusyer mecuaHo-aJeBpUTO-IIMHUCTYIO MOJIENIb MOPOJbl U YUMTHIBAET ITH
CJIOJKHBIE B3aUMOCBs3M. E€ MHTENIEKTyallbHbIN aIrOPUTM ONUPAETCS Ha 000OIICHHbIE
neTpodu3nuecKue MOEIH, pa3paboTaHHbIe ¢ YYETOM 3aKOHOMEPHOCTEHN U3MEHEHUsI ajl-
COpPOLIMOHHBIX, (PU3NYECKUX U (PUIBTPALIMOHHO-EMKOCTHBIX CBOMCTB rOpHBIX mopox. Ta-
KUM 00pa3oM, MpUMEHEHHE NeTPOYU3NIECKUX MOJIEIeH, 00eCTIeUnBaIOIINX KOPPEKTHBIH
y4eT afCOpOIMOHHBIX SBICHUH B (POPMHUPOBAHUM (PU3NIECKUX CBOMCTB MOPOJ, SIBIISETCS
HEO0OXOUMBIM yCIIOBUEM J10CTOBEpHOM MHTepnpeTanuu JaHHbIX ['MC. OcobeHHOCThIO
metoauku TABC sBisieTcs onpenenaeHue HEnNpePbIBHOTO MO pa3pe3y pacIIMPEeHHOTo Ha-
60pa mapamMeTpoB, BKIIIOUAIOIIET0 EMKOCTh KATHOHHOTO 0OMeHa, JA0JII0 CB3aHHOW BOABI,
TPEXKOMIIOHEHTHYIO CTPYKTYPHO-MHUHEPAIOTUYECKYI0 MOJENb, (Pa30Bble MPOHUIIAEMO-
CTH, MAacCOBBIE 10U OOBOIHEHHOCTH MPOAYKIIUH, MEXaHUYECKUE U CKOPOCTHBIE CBOIi-
CTBa MOPOJ, JABJICHUS U TEOPETUUECKHUE KPUBBIE KApOTaXkKa.

JIoCTOBEpPHOCTh PE3yJabTaTOB MOATBEP)KIAAETCSI COMOCTABICHUEM C JAHHBIMHU HC-
CJIEIOBaHUM KepHA U COBNAJACHUEM (PAKTUUECKUX U TEOPETUUYECKUX KPUBBIX KapoTaxKa.
Taxolt pacmmpeHHbli HabOp MapamMeTpoB MO3BOISAET (HOPMUPOBATH PENIPE3CHTATUBHBIE
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BBIOOPKHU U1l MALIMHHOTO OOYyYEHUs, COOTBETCTBYIOIIUE TPEOOBAHUSAM MOJIHOM Mpe-
CTaBUTEJIBHOCTHU 3HAHUN 00 M3yyaeMoM oObekTe. B oTimune oT cTaHzapTHOrO perpec-
CHOHHOI'O aHaJIu3a, IPUMEHAEMOTO B TPAaJULMOHHBIX METOJIMKAX, JaHHBIN MOAX0A CO-
XpaHseT BCIO MOJHOTY MH(OPMAIMH, YTO KPUTHYECKH BaXKHO JJISi TOCTPOCHUS TOUHBIX
IIPOrHO3HBIX MOZEJEN B YCIOBHUSAX M3MEHSIOLIMXCS CBOMCTB IOPOJ B IpOLiECCE paspa-
OOTKH MECTOPOXKACHUH.

JUig co3naHust TpEXMEPHOM IeoJI0rM4ecKoi MOJENH anTckoro sipyca Craporpo3HeH-
CKOT'O MECTOPOXK/IEHUS, SABJISIOLIETOCS Ha CETOJHSAIIHUN 1I€Hb OCHOBHBIM ITPOAYKTUBHBIM
TOPU30HTOM 3TOTO MECTOPOXKACHUS, OyAyT HMCHOJIB30BAaHBI PE3yJbTaThl Ja0OPATOPHBIX
UCCIICIOBAaHUI KEPHOB, MOJyYEHHBIX B Pa3HbIA MEpPUOA UCCIENOBAaHUSA, pa3pabOTKU U
9KCIUTyaTalluy 3aJIekKH, TaKXKe Marepuasbl yrryoneHHol uHtepnperauun aaHHbix [TMC
u3 32 CKBa)KuH, NPOOYPEHHBIX Ha HUPKHEMEIOBOM TOPU30HT 110 utomaan CTaporpo3HeH-
CKOT'O MECTOPOX/IEHUS M KOTOpble OyIyT Takxke 00paboTaHbl U MEPEUHTEPIPETUPOBAHBI
no texnonoruu ESKS-TABC [93upbaes, 2021].

B Hacrosieil xe paboTe HCHOIb30BaHbl PE3yIbTaThl KOMIUIEKCHOM MHTEpHpeTanun
nanHbIX [IC o yetbipém ckBakuHaM CTaporpo3HEHCKOTO MECTOpOXKAeHHUs (puc. 4)
B IIpejiesiax TPyIIbl aJbOCKUX U alTCKHUX IUIACTOB, B 3374l KOTOPOM BXOJMIIN: aHAIIN3
neTpopU3NUECKUX 3aKOHOMEPHOCTEH M3MEHEHMs KOJJIEKTOPCKUX U (UIBTPALIMOHHBIX
CBOICTB IIOPOJI B pa3pese; ajanTanus TeXHoIoruu. KomiuiekcHas HHTepIpeTanus: onpe-
JefieHrne OOBEMHOM CTPYKTYPHO-MUHEPATOrMYECKOH MOJIENU MOPOAbI; ONpeseeHue
¢uronanbHON MOJIENH; BBIZIENICHHE KOJUIEKTOPOB U OIpe/esieHHe UX (pUiIbTpalioHHO-
€MKOCTHBIX CBOMCTB.

HcxoaHbIMH SBIISIOTCS TaHHBIE TIO CKBaXKMHAM 00bEKTa UCCIIEIOBaHUS B BUJIE MaTe-
puasnoB reopuznvecKux ucciaenoBannii ckBaxkuH (qaHHbx ['MIC) B oundpoBaHHOM BHJE
(las-(aiinbr), TaHHBIE IO pe3yJIbTaTaM UCCIIE0BaHNS KEpHA 3aHECEHHBIX aBTOPOM B (haiin
Excel u B Bujie TEKCTOBBIX OTYETOB, UHKIMHOMETPUH U PE3YJIbTATOB UCIIBITAHUH.

HccnenoBanus kepHa, 0TOOPAHHOTO M3 CKBaXXHH, BBIIOJIHEHBI MO CTAHJAPTHBIM U
pacIIMPEHHBIM METOIUKAM.

O06paboTka 1 KoMIUIeKcHast uHTepnpetanus faHHbIX ['MIC BbINOIHEHA B IPOTpaMM-
HOM oOecneuennu “Gintel” ¢ npumeHeHuem TexHonoruid uarepnperamuun ESKS-TABC
[AdanackeB u ap., 2009].

Jns cozmanus Oosiee MOJNHOW M JIeTaJM3UPOBAHHOM KapTHHBI MOATBEPIKJIAIOIIEH
YHHUKaJIbHbIE T€0JIOTHUECKHE OCOOCHHOCTH U METPOPHU3UUECKHE XAPAKTEPUCTUKU HC-
CJIelyeMbIX OTJIOKEHHH, a TaKKe JJIsl IOTOJIHUTEILHOIO 000CHOBAHUS JOCTOBEPHOCTH
U TIPUMEHUMOCTH METOJMKH MOTYT OBbITh NpPHBIICUEHB! JAHHbIE MCCIIEOBAHUM KEPHOB
u marepuansl 'MC cocennux He(TerazoHOCHBIX MECTOPOXKACHUH, TaKMX Kak XasH-
KoproBckoe, DnpaapoBckoe, a Takke IpyTuX MECTOPOXKICHNUN HUYKHETO MEa.

Pe3yAbTaTbl U OBCYXKAESHME

Craporpo3HeHCKoe Ta30HePTIHOE MECTOPOXKICHIE HAXOAUTCS B Tipeaenax [ po3HeH-
ckoro xpe0OTa B 30He mepenoBbIx XpedToB Bocrounoro IlpeakaBkaspsi Ha TEPPUTOPHH
Bucaurosckoro (CraponpoMbIciioBCKUi) paiioHa I I'po3nbiii UeueHckoi PecrnyOnuku.
HccnenoBanus B 001aCTH T€0JIOTHUECKOTO cTpoeHHst CTaporpo3HEHCKOTO pailOHa HauaB-
IIMECs: BCKOPE T0CJIE OCHOBAHUS KPETIOCTH MTPUBEIIH K TOMY, uTO yke B 1893 roay nepBas
ckBakrHa Ne -1 u3 Il mnacra kaparanckoro ropusonta ¢ niyouHsl 134 M nana nepByro
NPOMBIIUICHHYIO HeTh. Ha ceroqHsmHmii 1eHb, OTHUM U3 OCHOBHBIX 0OBEKTOB pa3pa-
OOTKHM MECTOPOXK/ICHUS SBIISICTCS HIKHEMenoBas 3aiexsb [ Kepumos u ap., 2013].
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B nocneanue ronpl OTeNbHBIE CKBAXXHHBI HaYalld OOBOAHATHCSA. BripaboTaHHOCTH
anb0-anTcKo 3anexu CTaporpo3HEeHCKOro MECTOPOXKICHHA 110 cocTostHuio Ha 1.01.2008 .
110 JaHHBIM M3 ClIpaBOuYHMKA cocTaBuiia 72 % [Kepumos u ap., 2010]. Ha ceronusnumii
JIeHb I10 pa3HbIM UCTOYHHKAM BbIPaOOTaHHOCTh HHKHEMEIOBOM 3anexxu CTaporpo3HeH-
CKOT'O MECTOPOXAECHHUA cocTaBisieT 92-98 %.

TeppurenHsie mOpo/b! anbO-anTCKOro sipyca Me3ozoiickux omioxkenuit TCHO cnoxe-
HbI TUIIMYHBIMHU KBapLEBO-I10JI€BOILIATOBBIMU 00pa30BaHUSAMH, CTPYKTYPHO-MUHEPAJIOT U~
YEeCKHUI COCTaB KOTOPBIX 3HAYUTEIILHO U3MEHUYMB KaK 110 ITyOMHE, TaK U MO MPOCTHPAHUIO.
Kpussle Ha pucyHke 1 mocTpoeHHbIE IO pe3ysbTaraM I'PaHyI0METPUUECKOTO aHAIU3a Kep-
HOB M3 U3y4aeMOro o0ObeKTa B CUCTEME aBTOMAaTHU3MPOBAHHOM 00pabOTKU M MHTeprpeTa-
LIUM IaHHBIX reopu3nyeckux uccienaoBanuii Gintel wumocTpupyroT pacipeaeneHue Gppax-
LIMOHHOTO COCTaBa aJib0-anTCKUX Mmopox Ha CTaporpo3HEHCKOM MECTOPOXKICHUH, BCETO
aHaJIM3y M MalIMHHOM 00paboTKe MOABEPIIUCH OoJiee IBYXCOT 3HAYEHHM, ONpeaeIeHHBIX
10 KEpHY. A 00beMHOE COOTHOILICHHE (PPAKIIMOHHOTO COCTaBa CKeJeTa OPO/ B OTIOKEHHU-
SIX BBIIIOJIHEHO B BUJIE TPEYTOJILHOW AMArpaMMbl U IIPEJCTABICHO HA PUCYHKE 2.

1o xpuBBbIM puCyHKa | 1 pacnon0KeHNIO TOYEK Ha TPEYTOIbHOM IMarpaMMe pUCYHKa 2,
MOYXHO OTMETHUTB BBICOKOE COZIEp’KaHHEe aJeBPUTOBOM (ppakiiu, KOTopast epeMeriasa ¢
necyaHoi (paxuueii ¢ muHaMu. CTPYKTYPHBII KapKac MopoJ| CJIOKEeH IecyaHo, aies-
PUTOBON M TIIMHUCTOM (PaKIUAMHU, CBA3aHHBIMU KapOOHATHBIM 1IEMEHTOM, O0JIOMKaMHU
MEPBUYHBIX TIOPOJ, & TAKXKE MPUMECIMU APYTHX MUHEpasoB. OCHOBHBIM MTOPO000pasy-
IOLIMM KOMIIOHEHTOM II€CYaHUKOB U AJIEBPOJIUTOB SIBJISETCS KBapIL.

ITopuctocTh anbO-anTCKUX KOJIJIEKTOPOB M3y4yaeMoOro o0beKTa BapbUpPYyeTCs JMIIb B
nuanazone 5—20%, MpoHUIIaeMOCTb CTPYKTYypHOTO Kapkaca — 1 m/l, a 3anmagHocubupcko-
ro HedTerazoHocHoro peruona — 10—40% u nponunaemocts 10 1000 m/] pu cpenneit
nryoune 3aneranus 3000 M (puc. 3). OT0T pakTop sABISAETCS HEKOTOPOH YHUKAIBHOCTHIO
M3y4aeMbIX KOJUIEKTOPOB, TaK KaK 10 Pe3yJIbTaTaM UCIIBITAHUN JaHHbIE KOJJIEKTOpA OKa-
3a1uch BbIcOKoJeOuTOBBIMU [CMONBAHNHOBA, 1977; IlIHypMman u ap., 1989].

Silt fraction
60 N/n AnespuToBas dpakuvs

40

’\/\ ® *
&(\ Sand fraction Clay fraction

Mecyanas dpakums nuHucTas pakums

20 40 60 80 Color scale: rock porosity Phi, viv
Fraction abundance, % Liset ToueK - NOPUCTOCTL NOpob! Kn, n.e.
Copepranue thpakumm B nopope, %
0 0.05 0.1 0.15 0.2

Puc. 1. I'papuku pacnpedenenusn ppaxyuii anbo-anmcxkux Puc. 2. Pacnpedenenue ¢ppakyuontnoco

nopoo Ha Cmapoepo3HeHckom mecmopodicoeruu: 1 — cocmasa anbo-anmcKux nopoo,
anespumosasn gpaxyus, no pe3yrvmamam 1abopamopHo20
2 — necuanas gppakyus, 3 — enunucmasn gpaxyus, aHanu3a KepHos /
4 — kapoonamnas gpaxyus / Fig. 2. Distribution of fractional
Fig. 1.Graphs of distribution of fractions of Alb-Aptian composition of Alb-Aptian rocks,
rocks at Starogroznenskoye deposit: based on the results of laboratory

1 —silt, 2 — sand, 3 — clay, 4 — carbonate cores analysis
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Fig. 3. Petrophysical patterns of clayey siltstones. Variation of porosity and permeability as a function
of rock depth (Comparative for fields of Western Siberia and Tersko-Sunzhenskaya oil
and gas bearing region)

Eme omHO#t 0COOGHHOCTBIO MENIOBBIX OTIOKeHUH Tepcko-CyH)XKeHCKoW HedTeras3o-
HOCHOM OOJIaCTH MO CPAaBHEHUIO C aHAJIOTUYHBIMU OTJIOKEHUSIMHU B IPYTUX He(Teraso-
HOCHBIX paiioHax, Hanpumep, 3anagHo-Cuoupckoi HeTerazoHOCHOW TPOBUHITUH, SBJISI-
€TCS TO UTO, IPOIYKTUBHBIE OTIOKEHUS HUKHETO MeJla Ha MECTOPOXKICHUSX 3aJIeTaloT B
IIUPOKOM Juanaszone ryouH ot 2150 1o 5130 M, 3HaYUTEIBHOE U3MEHEHHE IITyOUHBI 3a-
JIeraHusl U3y4aeMbIX IJ1aCTOB HAOIIONAeTCs Jake OT CKBKUHBI K CKBKMHE B TIpEesiax
OJTHOTO MECTOPOXKACHHsI. B HEKOTOPBIX clydasix 3TH U3MEHEHUS JOCTUTAIOT JIeCATKOB, a
MHOTTIa ¥ cOTeH MeTpoB. Ha pucyHke 4 nmoka3zanbl pparMeHThI JIUTOJIOTO-T€0IOTUYECKUX
pa3pe3oB, pa3paboTaHHbIE HA OCHOBAHUU JAHHBIX, IOJYYEHHBIX M3 YEThIPEX CKBAKUH,
npoOypEeHHBIX B HIDKHEM Melle MecTopokaeHus: CraporposneHckoe. CTpyKTypHO-MU-
HEpaJOTMYEeCKUE MOJIETH, pacCUUTaHHbIe ¢ ucrnoiab3oBaHueM meronauku ESKS- TABC
nporpaMMHoro komruiekca Gintel s kKax a0l U3 UCCIIEyeMbIX CKBa)KWH, HATIATHO Jie-
MOHCTPUPYIOT Bapualuu (GpakIMOHHOTO COCTaBa MOPOJ] B OKOJIOCKBAKUHHOM 30HE. DTH
MOJIENIH TIO3BOJISIOT ITy0sKe MOHSATH MPOCTPAHCTBEHHOE pacIlipe/ie]IeHHe U U3MEHUYUBOCTh
JUTOJIOTMYECKHUX XapaKTEPUCTHUK, YTO SBISIETCS KIIFOYEBBIM aCIIEKTOM ISl 1ajbHeHIIero
aHaJM3a reoJIOTUYECKUX MTPOLIECCOB U OLIEHKU PECYPCHOTO MOTEHIINAIA MECTOPOKICHHUSI.
U xak BuHO U3 pUCyHKa 4, KpOBJIA allTCKOTO MPOAYKTUBHOTO T1acTa B CkBakuHe Ne709
pacIoyioKeHa HUXKeE MOJIOIIBBI TOTO )K€ Iutacta B ckBaxkuHe Ne712 mpumepHo Ha 50 me-
TPOB. DTO HAIVISIIHO IEMOHCTPUPYET, HACKOIBKO CIOKHBIMU T€0JIOTUYECKUMHU YCIIOBHUS-
MU XapaKTepu3yeTcs 3ajieraHie 00beKTa UCCIIE0BaHUs B JaHHOW padoTe.



Geology and Geophysics of Russian South 15(3) 2025 [‘eonorvs n reopuanka lOra Poccn - 247

Well 712

4450 Cks. 712

4500

1l

4550 Well 720

Cka. 720
I

o
s

4600
Well 709

Cks. 709

4650

Well 701

4700 Cks. 701

12

4750

Absolute depth, m
AbGcomoTHas ryouHa, M

4800

4850

4900

4950

5000

Lottt e e e e e e el

5020

Puc. 4. Illpumep numonocuueckux paspe3os HusicHemenogulx omaodicenuit Cmapocpo3nencko2o
MeCmopodHcOenUs NOCMPOEeHHbIX Ha ocHose unmepnpemayuu 0annvlx I M C HeCKOMbKUX CKEANCUH NO
memoouxe TABC: I11 — none epanuy niacma, 112 — odvemnas mooens nopoowt, 113 — grroudanvras

Mooenb nopoowi; 1 — anespum, 2 — kanvyum, 3 — necuanux, 4 — enuna, 5 — nIomHsll RPOCIOL,

6 — sooa+tuegpmo, 7 — negpmo /

Fig. 4. Example of lithological sections of Lower Cretaceous sediments of Starogroznenskoye field
constructed on the basis of interpretation of well logging data from several wells using TABC technique:
111 — reservoir boundary field, 112 — volumetric rock model, 113 — fluid rock model; 1 — siltstone,

2 — calcite, 3 — sandstone, 4 — clay, 5 — dense interlayer, 6 — water+oil, 7 — oil

Tak kak yacTe mop HedTerazocoaepsKallel Iopoabl 3aHATa CBSI3aHHON U OABHKHON
BOJIO, a HAJIMYMe U 00bEM CBSI3aHHOM BOJIBI 3aBHCUT OT BCEX COCTABIISIOLINX CTPYKTYp-
HOTO KapKaca IOpO/ibl, 0O4€Hb BaXKHO YUUTHIBATh JaHHBIN TapaMETp MPU UHTEPIPETALIUH.

B Texnonorun TABC nns noacuera kod¢duiieHTa cBI3aHHON BOIbI IPUMEHSIETCS
MOJIeJb, KOTOpasi 3alUChIBaeTCs POPMYIION:
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1
K

8.C8

- K ‘K +b-K,» (1)
I
©Q, +9,)

rae: f, =+/C, /(1+/C,) — nOHHas aKTMBHOCTh MHHEPATH30BAHHOTO PACTBOPA BHYTPH
mopoBoro mpocrpancTea, C,, T/,

Q) ¥ ¢ — SMIIUPUYECKUE KOHCTAHTBHI, OIIpe/iesiieMble ITPH aIalTalluy MOJIENHN K peallb-
HBIM TIOPOAM;

b — k03 GUIHMEHT, ONpeNESIOMUI JOTI0 MOJEKYIIPHO CBSI3aHHOM BOJBI, 00YCIOB-
JICHHYIO aJIeBPUTOBBIM KOMIIOHEHTOM B CKeJIeTe TOPOJIbl, 00bEMHOE CO/lepKaHHe KOTO-
poro paBHo K,,.

B ¢opmyrne (1) 3Hauenune O, MOXKHO 3aMEHUThH Ha BEJIMYUHY TJIMHHCTOCTH TIOPOIBI

K

2

noJcTaBIsist 3HaYyeHus B popmyny O, =K,,-0,, -6, .

Ha pucynke 5 npuBeneHa 3aBUCUMOCTh CBSI3aHHOW BOJIBI OT KOA(()HUIIMEHTOB MOPH-
CTOCTH ¥ TIPOHUIIAEMOCTH, TpaduKH TIOCTPOCHHI, a) 1O Pe3yJbTaram JJ1abopaTopHOTO HC-
CJIeIOBAHUS KEPHOBOTO MarepHuaia u 0) — HHTeprpeTanuu naHHbix komiuiekca ['MC u3
CKBa)KMH M3y4aeMOTO MECTOPOXACHUS U JJIs yI00CTBa aHaIM3a HAHECEHBl TeOpeTHYe-
CKHE KPUBBIE BEJIMUWH 3apsiaa mopoBbix kaHaaoB O, ot 0 mo 0,3 mons/1. Pacnionoxenune
To4eK, Mexay JuHUsIMH 3apsiia 0 u 0,3 MOJIB/T COOTBETCTBYET ITIMHAM M3y4aeMOTo pa3-
pe3a. Kak Bumno, mokaszanwus no nanHbiM ['MIC (rpaduku (6)) COOTBETCTBYIOT ITOKa3aHU-
SIM KEpHOBBIX JaHHBIX (rpadukw (a)), 4TO MOATBEPKIAET IPUMEHUMOCTE Mojen# (1) s
pacuera OCTaTOYHOM BOAOHACHIIIEHHOCTH B aJIb0-aNTCKUX KoJuiekTopax CTaporpo3HeH-
ckoro mectopokaenus. s o6paborku u maTepnperanuu gaHHbX [MC Takux mopon
TPaJULIMOHHBIE TEXHOJIOTUH «JIByXKOMIIOHEHTHON» WJIU elle 0oJiee MPOCTON «OAHOKOM-
HOHEHTHOI» MOAENIEN HE NOIXOIIT.
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Puc. 5. 3asucumocmyo cesazannoli 60061 om KOIPhuyueHmos nopucmocmu u NPOHUYAeMoCmu
anvo-anmcekux omaoxcenut TCHO paccuumannasn no mooenu K, .,; a) no 0anuvim 1a00pamoproco
aHanusa Kepwa, 6) no pesyniomamam unmepnpemayuu oannvix I UC /

Fig. 5. Dependence of bound water on porosity and permeability coefficients of the Alb-Aptian sediments

of the Tersko-Sunzhenskaya oil-and-gas bearing area, calculated by model (1): a) based on laboratory
core analysis data, b) based on the results of GIS data interpretation
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Mertoauka TABC >xe onucheIBaeT NECUYAHO-AJICBPUTO-TIIMHUCTYO MOJCJIb ITOPOJbI, B
OCHOBC MHTCJJICKTYAJIbHOI'O aJITOPHUTMaA KOTOpOfI Jexar O606H.I€HHLI€ HeTpO(I)I/IL’sI/I‘-IeCKI/Ie
MOJCIIN, pa3pa60TaHHLIe Ha OCHOBC HeTpO(I)I/I3I/ILICCKOFO MOJICIUPOBaHUA U BBISIBJICHHBIX
BaKOHOMepHOCTeﬁ N3MCHCHHUA a,Z[COp6I_II/IOHHI:>IX, (I)I/I?»I/I‘{eCKI/IX n (I)I/IJ'ILTpaI_II/IOHHO-éM—
KOCTHBIX CBOMCTB TOPHBIX TOPOA U 3aBUCUMOCTH UX OT CTPYKTYPHO-MHUHCPAJIOTNYICCKO-
TOo CTPOCHUSA U (pJ'IIOI/I)laJ'IBHOFO HaCBbIIICHUA C y‘léTOM MUHCPAJIN3al U IJIaCTOBOM BOJHbI,
TEMIICPATYpPhI U JaBJICHUA B YCIIOBUAX 3aJICTaHUSA ITOPOA.

BbiBOADI

Bcero Ha HuKHeMenoBble OTIOXKEHUS 10 CTapOrpoO3HEHCKOMY MECTOPOXKIACHUIO
npoOypeHno 30 ckBaxuH, 9 U3 KOTOPBIX TOUCKOBBIE, 4 — pa3Be/louHble U 17 3KcruryaTa-
IIMOHHBIX CKBaXMH. Ha HacTOAIMit MOMEHT aBTOpaMU UCCIIEIOBAHMS IPOBEACH Pl pa-
00T 10 U3y4aeMoi Teme, 3T0 0030p, BRIOOPKA, BEIKOIIMPOBKA M OIU(POBKA HEKOTOPHIX
AQHAJIOTOBBIX MAaTEPHAJIOB. DTO KapOTaKHbIE JTUATPAMMBI U3 TISTH CKBXKUH U3y4aeMOTO
MECTOPOXKACHUS M TOPSIKA TSATH CKBAXHH MPUIIETAIONUX MECTOPOXKICHUH, CBEACHUS
O TIPOBEJICHHBIX B Pa3HbIC TO/BI MCCIEIOBAHUSIX U3 OTUYETOB TEMAaTHUYECKHX MapTUH H
Hay4YHBIX TPYTII, KOMITBIOTEpHas 00paboTKa pe3yabTaToB JaOOPaTOPHOTO aHAIN3a Kep-
Ha (cM. puc. 1). Brimonnena mepemHTepipeTanusi BCEro KOMIUIEKCa onu(pOBaHHBIX
reopu3nyYeCcKuX JaHHBIX C YBS3KON UX C pe3yJbTaTaMu JabopaTOPHOTO aHan3a KEPHOB
0 YKa3aHHOU BBINIE TEXHOIOTHUU U MeToauke (puc. 2). B cucreme Gintel co3nana 6aza
JTAHHBIX 110 U3y4aeMOMY pailoHy, KOTOpas BKJIIOYAET B ce0st KAPOTAXKHBIC JaHHbBIE, JTaH-
HbIe 00pabOTKH M HHTEPIIPETAIINH PE3YIBTATOB KAPOTAXKA, PE3yJAbTAaThl Ja00OPATOPHOTO
aHaIM3a KepHA, 3aKJIF0YEHUS TI0 CKBa)KMHAM U UMEIOIIUECS CBEICHHS TI0 UCIIBITAHUSM
CKBaXXWH. B manmpHeiinmiem 6a3a JaHHBIX OyJeT MOMONHSATHCS AJIS MCIIONB30BAHUS 11O
TeMe uccienoBaHus. Takke mo pe3ynbraraM oOpaOOTKU MMEIOIIMXCS JTAHHBIX Ipel-
JIO)KEHBI U 00OCHOBAHBI ETPOPUIMUSCKUE MO TTO KEPHOBBIM JIaHHBIM [D3upOacB
u ap., 2024].

Jlnist manbHEHIIero aHain3a M BRIABICHHUS METPO(PU3MIECKUX 3aKOHOMEPHOCTEH, KO-
TOPBIE OTIPENENAIOT KOJUIEKTOPCKUE CBOWCTBA U (DMIIBTPAIIMOHHBIE XapaKTEPUCTHKH T10-
PO anTCKOW 3aJIeKH HCCIENYEeMOT0 MECTOPOXKACHUS, OyaeT chopMyarpoBaHa 3aada
110 COBEPIICHCTBOBAHUIO TEXHOJIOTUN M3YYEHHUS TE€OJTOTMYECKON HEOJHOPOIHOCTH ITUX
oOpa3oBaHmii. B 1ensx pemeHus mocTaBIeHHBIX TeOJIOTUYSCKUX 3aj1ad MpeIoKEeHHAS
METOJIMKA MHTEPIPETAINN TAHHBIX Te0()U3MIECKUX HCCIEJOBAaHUI TTO3BOIUT MOTYYHUTh
HEO0OXOTMMYIO HCXOIHYI0 HH(OPMALIHIO:

1. IlpoBenenme TUTOIOTO-(PanruaIbHON KOPPEISIIH Pa3pe30B CKBAXKUH.

2. Brigenenue B pa3pese reoJorn4ecKux Tel C pa3IudHbIM CTPYKTYPHO-MHHEPATIOTH-
YECKUM COCTaBOM, C(HOPMHUPOBABIIUXCS B PA3HBIX YCIOBHUIX OCAIKOHAKOTUICHUSI.

3. Jleranu3upoBaHHOE OIPEIEICHHUE JTUTOJIOTMH IOPOJ] C YUETOM UX CTPYKTYpPHO-MHU-
HEePAJTOTUYECKUX XapAKTEPUCTHUK.

4. BbIsIBIIEHHE T€0JIOTUIECKOM HEOAHOPOTHOCTH HE(PTEHACHIIIIEHHBIX TOJIIII.

5. OneHka ypoBHsI HE(DTEHACHIILIEHHOCTH IIOPOJI B pa3pese.

6. OmnpesiesnieHne MOACUYETHBIX MAPaMETPOB.

7. YTOYHEHHE TEOJIOTUYECKHX TI'paHUIl] 00bEeKTOB pa3paboTku [AdanackeB u np.,
2021].

Hcnonp3oBanue JUTONOTO-(haadbHOW MOJETH TO3BOJIIET IPUMEHUTh HOBBIH Me-
TOJMYECKOHN MOAXO/ K HCCIEIOBAHHUIO MPOCTPAHCTBEHHOIO paclpeaeiieHusl YIIeBOIO-
POJIOB: YCTaHOBUTBH CTPYKTYpy 3amacoB. OHa B CBOIO O4epeab JaeT NPEACTaBIECHUE O
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KaueCTBE 3aI1acOB U BBIpaXKaeTcs B pacueTe 00beMOB yIIIEBOJOPOAOB B IOPOJAX Pa3HOTO
JMTOJIOTHUECKOTO COCTaBa U (PMIIBTPALIOHHO-EMKOCTHBIX CBOWCTB.

TpexmepHas nuToN0rO-(haruanpHas reojgorndeckas Mojielb CTaHeT WH(POPMALIMOH-
HOW 0a30il mpu BBIJENECHUM CIA0OMPOHUIIAEMBIX HE(TEHACHIIIEHHBIX O0BEKTOB allb0-
anTcKkoro spyca. B mporecce TpeXMEpHOro reoJIOrHYecKOro MOJEIUPOBAHUS allbo-
amTCKOrO sipyca INIaHUPYETCsl PEan30BaTh CIEAYIOLIUE 3TAIIbI:

1) ®opMupoBaHHe CTPYKTYPHOTO Kapkaca MOJEIN MECTOPOKICHHUS B TPEXMEPHOMH
ceTke ¢ maroMm 1mo ocsMm X u Y B nuanazone ot 50 1o 100 M, a Taxke 1o ocu TyOHHbI (Z)
¢ marom 0,5 m.

2) Co3nanue 3D-ky00B, OTpakaroliX KOMIIOHEHThI CTPYKTYPHO-MHHEPAJIOTHUECKON
MOJIEIIH MTOPOJI, BKITFOUAs JI0JII0 CBSI3aHHOM BOJIBI M a0COTIOTHYIO TPOHUIIAEMOCTb, Ha OC-
HOBE MHTEPIPETALNHU IaHHBIX Fe0(U3NIECKUX HCCIEIOBAHUI CKBAYKUH.

3) Pa3pabotka 3D uHIEKCHBIX TApaMETPOB JIUTOJIOTHH U KOJUIEKTOPOB C TPUMEHEHHU-
€M JIMarHOCTUYECKUX KPUTEPHEB U CUCTEM KiIacCU(UKALIMU TEPPUTEHHBIX OPOJ, OCHO-
BaHHBIX Ha (PPAKIIMOHHOM COCTaBE, JTUTOJOTUH U IOPUCTOCTH.

4) IlpoBeneHue aHaiaM3a JUTOIOrO-(halmansbHOrO0 CTPOCHUSI MACCHBA TIOPOJL C BbIJE-
JIEHHMEM Y4aCTKOB, COCTOSILIMX U3 IECYAHUKOB, AJIEBPOJIUTOB U TIMH.

5) MonenupoBanue He(Tera3oHaChIICHUS KOJUIEKTOPOB Ha OTIEJIBHBIX y4YacTKax
anb0-anTCKOM 3ajexu He()TH U ra3a, OCHOBBIBASCh HA OIICHKAaX He(Tera3oHaChIIEHHO-
CTH, PACCUYMTAHHBIX MO JAHHBIM Ie0(U3NUYECKUX HCCIIEAOBAaHUN B Mpeesax pa3pe3oB
CKBa)XXMH, a Taioke 3D-nmapamerpax J0iM CBSI3aHHOHM BOJIBI (B 30HAaX MPEebHOTO razo-
HaCBILIEHUS) U ¢ y4eToM 3D-napaMeTpoB JUTOJIOTMH U KOJUIEKTOPOB, BKJIKOUAsl PACUET
3D-unnekca noBUKHBIX (IIFOUIOB HA OCHOBE OOOOIIEHHBIX TaHHbIX.

6) Omnpenenenne CTPYKTYpbl HAYaJIbHBIX I'€OJIOTHYECKUX 3aMacoB — pacHpeaeeHue
00beMOB He(DTH B 3aJI€KH C yUETOM M3MEHEHHH (PpakIMOHHOIO COCTaBa, a TaKXe eM-
KOCTHOMW U (pUIIBTPALIMOHHOM HEOTHOPOJHOCTH OPOJ B pa3zpese [AdanacweB u ap., 2021;
Thistiakov et al., 2024].

ITocne uudpoBoit 006pabOTKM JaHHBIX JIAOOPATOPHBIX MCCIEJOBAHUM KepHa, MX
oln(ppOBKH, aHAIN3A U MEepeuHTepIperanuu ¢ ucnoinszoBanueM ['MIC no TexHosoruu
ESKS-TABC «Gintel» Obl10 MpoBe€HO JETaIbHOE YTOUHEHHE I'€0JIOTHYECKOrO CTPO-
€HUSl HWKHEMEJIOBBIX TEPPUTCHHBIX OTIOXKEHHH CTaporpO3HEHCKOTO MECTOPOKICHHS
JUISL YETBIPEX CKBaXXMH. DTO MO3BOJIMIIO ONPEACIIUTh KIFOUEBble 0COOEHHOCTH I'e0JIOTHU-
4eCKOM CTPYKTYphI U CPOPMYIMPOBATH TPEOOBAHUS K YPOBHIO HHTEPIPETALIMH TaHHBIX
I'IC n MmopenupoBaHusl.

Ananu3 QUIBTPAIMOHHO-eMKOCTHBIX XapaKTEPUCTHK BBIIEICHHBIX IeOJOTHYeCKUX
00BEKTOB JJa€T BO3MOXKHOCTD:

— BBIJIEJISITh OT/IEJIbHBIE T€0JIOTUYECKUE TEIIA;

— MCCIIEI0BAaTh HEOJHOPOIHOCTH B CTPYKTYpE U (MIIOUTHBIX CBOMCTBAX;

— OLIEHUBATh 3aI1achl U BBISABIATH HOBBIE IEPCIIEKTUBHBIE 30HBI.

ITocne macmrabHOM oM POBKU U 0OpAaOOTKH JaHHBIX IO BCEMY MECTOPOXKICHUIO U
CO3/1aHUs 3aKOHUYEHHOM MOJIEIIH 3aJI€KU 110 MPeAIaraéMoil METOIMKe U IpuemMam, Ha oc-
HOBE TOJIyYE€HHBIX JJAHHBIX MOXKHO OyZeT peKOMEH/I0BaTh Hanbosiee MoIxos1ne TeEXHO-
JIOTUHM JlabHeen pa3paboTku, nepdopanuu 1 Bo3AeHCTBHs Ha TuacTsl. HanexHocTh
9TUX PELIEHUI HANPSAMYIO 3aBUCUT OT JE€TAJIbHOCTU COBMECTHOI'O aHAJIN3a 3allacoB U Ie-
0JIOTO-TIPOMBICIIOBBIX JIaHHBIX, HAKOIUICHHBIX B IIPOIIECCE Pa3pabOTKH MECTOPOXKICHHSL.

Pa3zpa®oTaHHbIi aJITOPUTM aBTOMATU3MPOBAHHON MHTEPIPETALUU C MPUMEHECHHEM
MAaIIMHHOTO 00Y4YeHHUsI U HEWPOHHBIX CETeH MO3BOJIUT HIMPOKO MCIIOJIb30BATh MOJTyUYeH-
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HbI€ PE3YJIbTaThl, HABBIKU Ul MOCTPOEHHS HA €€ OCHOBE TPEXMEPHOW JINTONOro-(haru-
aJIbHOM Ie0JIOTMYECKON MOJIEIIN.

Briepsble i anb6-antckux otiaokeHuil Tepcko-CyHykeHcko# obnactu OyneT npes-
JOXeHO JnTonoro-anuansHoe 3D-moznenrpoBanue Ha 6a3ze KOMIUIEKCHOW METOJIUKH,
coyeTaroulel MalMHHOEe 00y4YeHHe, HelpoceTeBble aIrOPUTMBI MPH MEpEenHTEpIpeTa-
1M (POHAOBBIX CKBRXMHHBIX M TMOJIEBBIX JaHHbIX. HOBM3HA 3akitodaeTcsi B CO3/1aHUM
QJITOPUTMOB, MUHUMHU3UPYIOIIUX CYOBEKTUBHOCTD IPU MHTEPIIPETALIUHN U 00€CIIeUYNBatO-
IIMX BOCIIPOU3BOIMMOCTb PE3YJIBTATOB MO3BOJISIOLIMX CO3/1aTh OOBEMHYIO CTPYKTYPHO-
MHUHEPAJIOTHYECKYI0 U (PIIONIaIbHYIO MOETIH OO/,
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NHOOPMALMS ANST ABTOPOB

B xypnane «l'eonorust u reodusuxa KOra Poccun» myOnuKyroTcs OpUTrHHalIbHbIE
CTaThU TEOPETUYECKOTO M METOJUYECKOrO XapakTepa I10 BONPOCAaM IeolOoruu, reodu-
3UKHM U T€OXMMHUHU, Pe3ybTaTbl U3y4YEHUsS] COCTaBa U CTPOCHMs KOPbl U MAHTHM 3€MJIH,
nporeccoB GOpMUPOBAHUS U OOIIKX 3aKOHOMEPHOCTEH pa3MeIleHUs MOJIE3HbIX NCKOTIa-
€MBIX, a TAaKXKe Pe3yJabTaThl pa3pabOTKU M MPUMEHEHHS T€0JI0r0-Te0(hU3nIeCKuX MeTo-
JI0B UX BbIABICHHS. TemaTuka jKkypHana COOTBETCTBYET CIEAYIOUIMM OONaCTsIM 3HaHUI
o aeicTBytomeit Homenkinarype BAK: 1.6.1 O6mas u pernonansHas reosorus. ['eorek-
TOHHMKA ¥ TeouHaMuKa; 1.6.4 Munepanorus, Kpuctamiorpadus. ' eoxumusi, reoXumMude-
CKHE METOJIbI IOMCKOB TOJIE3HBIX HCKonaeMbIX; 1.6.6 ['maporeonorus; 1.6.9 I'eodusuka;
1.6.10 TI'eonorus, MOMCKU U pa3BeAKa TBEPAbIX IMOJE3HBIX MCKOIAEMbIX, MUHEPATCHHUS;
1.6.11 T'eonorust, MOUCKH, pa3BeaKa W SKCIUTyaTalnusi HEPTAHBIX M Ta30BbIX MECTOPOXK-
nenuit; 1.6.12 ®dusnueckas reorpadus u 6uoreorpadus, reorpadus MoYB U reOXUMUS
nanqmagTos; 1.6.20 I'eoundopmaruka, kaprorpadus; 1.6.21 I'eoskonorus; 2.8.6 I'eo-
MEXaHMKa, pa3pylLIeHne TOPHBIX [TOPO, PyJHUYHAs a3pOra3olMHaMMKa U TOpHasl TEIUIO-
¢dusuka; 2.8.8 [€0TeXHOIOTHSA, TOPHBIC MAIIIMHBI, a TAKKE CMEKHBIM HAYYHBIM HaIlpaB-
JICHUSIM.

Jnist paboT pernoHaIbHOTO XapakTepa MPeInoYTeHHe OTAAETCS CTAaThsIM, PACKphIBa-
IOLMM PA3JIMYHBIE BOIPOCHI reojorudeckoro crpoenus fOra Poccun m npuineraromumx
TEPPUTOPUIL.

B cootBercTBUM ¢ rpafanueit HayK, IPUHATON B MEXAyHAPOIAHBIX CUCTEMAX LIUTUPO-
Banus Scopus u Web of Science ctatbu 1151 myOnukamnuu B xypHajie «leomorus u reo-
¢uznka FOra Poccnmy npuHUMAIOTCS TIO CIIEAYIONIMM OTPACIISIM U TPYIIIaM HayK:

1. Earth and Planetary Sciences (Hayku o 3emiie U IVIaHeTapHbIe HAYKH);

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

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

— CTaThM C U3JI0)KEHUEM HOBBIX HAay4HBIX Pe3yJbTaToB, 00beMoM He Oonee 10 mamm-
HOIIMCHBIX CTPAHULL, BKJIOYAsl WILTOCTPALUK U TaOJINLBL;

— KpaTKue COOOIIeHUs, CoieprKalne HHHOPMAIIHIO O BaKHBIX pe3yJbTraTax Mpe/Ba-
PUTETBHBIX HCCIe0BaHUM, 00beMOM 3—5 cTpaHuI (3TH MaTepualibl BIOCIEICTBUN MO-
I'YT UCIIOJIb30BaThCs B TEKCTE IOJIHOM CTAaThN);

— 0030pBI MeYaTHbIX paboT MO aKTyaJIbHBIM I'€0JIONO-re0(pHU3MUECKUM U IKOJIOruye-
ckuM mpodiiemam FOra Poccun u mpuiteraromux Tepputopuii, oobemom 20—25 cTpaHuil
110 3aKa3y pelaKluu.

Bce paboThl TOMKHBI COOTBETCTBOBATh TEMATHKe KypHana. [lpegocraBieHHbIe py-
KOMMCH MPOXOAST ATAlbl PEIBAPUTEIBLHOTO U UTOTOBOTO PELIEH3UPOBAHUS, U B CIy4yae
HEOOXOIMMOCTH, HaNpaBiSIIOTCS aBTOpaM Ha UCIpaBICHUE U A0paboTKy. Pykomucu B
KypHase MmyOIUKyOTCsl Ha PyCCKOM JH00 aHIIMHCKOM sI3bIKaxX, pe3ioMe (aHHOTAIMK) Ha
PYCCKOM M aHIIUICKOM si3bIKaX. JKypHan MyOiaMKyeT HCKIIOUUTEIbHO OpPUTHMHAJIbHBIC
CTaThbU. ABTOp HECET MOJIHYIO OTBETCTBEHHOCTD 33 COONIOZEHNE ITOro TpeboBanus. Py-
KOIMCH, HE MPUHATHIE K OIyOIMKOBaHUIO, aBTOpaM HE BO3BpallatoTcs. Pegakius Takxke
HE BO3BpalllaeT IpHUChbUIaeMble MaTepHualibl. Penakius ocTaBisieT 3a coOOl MpaBo IMpo-
U3BOAMTH COKpALIEHUE U PENAKTOPCKYIO MPABKy TE€KCTa cTarbu. VcrpaBiieHUs B TEKCTE
U WJUTIOCTPALIUSAX aBTOPBI MOT'YT BHOCUTh TOJIBKO Ha CTAJMM MOATOTOBKM CTaTbu K Ha-
60py. Hecobmonenne npaBui ohopMiIeHUs! PyKOIIMCH NIPUBEAET K OTKJIOHEHHIO CTAThHU.
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[TyGnukanus 6ecnatHa /Ui aBTOPOB CTaTel, HAMMCAHHBIX MO 3aKa3y PedaKIMH, U AJs
acniupaHToB. [lepeneyarka 10MycKaeTCs TONBKO € pa3pelieHus peJakiuy U ¢ 00s3aTesb-
HOM ccbuIKoi Ha XypHaun «I'eonorus u reopusuka FOra Poccuny.

NHCTPYKLMS AASI OBTOPOB

[Tpuem MaTepuanoB K pacCCMOTPEHUIO OCYIIECTBISIETCS TIOCPEICTBOM JIEKTPOHHOTO
cepsuca https://www.geosouth.ru niam o moure Ha aapec MzmarensctBa: 362002, Poc-
cus, . Bnanukaskas, yin. MapkoBa 93a, penakius xxypHana «l eonorust u reodpusuka FOra
Poccuny.

B penaxiyro HeoOX0AMMO MPETOCTABUTH CIIEAYIONINE MATEPUAIIbL:

— cTaThs (CTPYKTYpY U IpaBuiia opOpMIICHHUS CM. HIKE);

— Ha OT/ICTILHOM CTpaHUIIe: CBEJICHHS 00 aBTOpax, CoAepiKalie GaMuInio, UM, OTYe-
CTBO, YUEHYIO CTETICHb, 3BaHNE, HA3BAHNE OPTaHNU3ALINH, CITy>KEOHBIN 1 JOMAITHUN aipec
u TenehoHbl, e-mail 1 ykazaHue, ¢ KEM U3 aBTOPOB IPEANIOYTHTEIHHEE BECTH IIEPETIHCKY;

— HampaBJIEHUE OT OPTaHU3aLUH, €CIIU MPEJOCTABISIEMbIE MaTepUAIIbI SBISIOTCS pe-
3yJBTATOM Pa0OTHI, BEITIOJIHEHHOH B 3TOW OpraHU3alMK; B HAIIPABJICHUH CIIEAYET YKa3aTh
Ha3BaHHE PyOPHKH KypHaa;

— DKCIIEPTHOE 3aKJIFOYEHUE WITU JIPYTOH TOKYMEHT, pa3penIaloniiii onyoJInKoBaHHE B
OTKPBITON TI€YaTH, YTBEP)KIACHHBIC PYKOBOAMTEIEM OPTraHU3aIMH U 3aBEpEHHbIE TepOo-
BOI1 1evarbto (IIPeICTaBISIIOT TOJBKO aBTOphl U3 Poccun).

Ecnm MaTepuanisl moatoTCs MOCPEACTBOM IEKTPOHHOTO CEpBUCA, OyMa)kKHBIE IK3EM-
IUIIPBI PYKOIIMCH B PENAKIMIO MPEIOCTABIATh He TpeOyercs. [lpu oHnaifH peructpanuu
HEOOXOMMO PYKOBOJICTBOBATHCSI MOLIATOBEIMH MHCTPYKLMSIMHU IO 3arpyske (ailsios.
[Tpu oTnpaBKe MaTepuaIoB MOYTON HEOOXOAMMO MPUIOKUTH ABa OYMasKHBIX dK3EMILIs-
pa cTaThy, MOAMMCAHHBIX BCEMHU aBTOpaMu. [1oAroTOBICHHBINH B COOTBETCTBUH C OOIIUMHU
TEXHUYECKUMH TPEOOBAHUSMU TEKCT IEYATACTCS HA OTHOM CTOpoHE Jincta hopmara A4.
Pesrome (aHHOTaNMA) C TPUBEICHHBIM B Hauajle Ha3BaHUEM, aBTOpaMu, UX addunranneit
neyaTaeTcsl Ha OTAeNnbHOM Jucte. [loanucn K pucyHKam TakkKe MPeIoCTaBISIOTCS OT-
nenpHO. Kaxknas Tabnuia u puCyHOK JOJDKHBI OBITH HareyaTaHbl Ha OTAEIHHOM JIHCTE.
BHu3y cTpaHUIBI ¢ WILTIOCTpAMel HEOOXOMMO yKa3aTh HOMEp pHUCyHKa. Taxke HeoO-
XOJIUMO TIPHIIOKHUTH SJICKTPOHHBIM BapUaHT Ha JIFOOOM MOPTaTHBHOM HAKOIMTENE HIIHU T10
COITIACOBAHHMIO C PEAAKIIMEH HAIIPABUTh COOTBETCTBYIOIIME MaTEPHAIbI 10 JICKTPOHHOM
noure.

[MpaBMAQ ODOPMAEHMST CTATLU

Ha mepBoii ctpanuiie momKHBI ObITh yKa3aHbl: YJIK; Ha3BaHue cTaThi Ha PyCCKOM
A3bIKE (CTPOYHBIMU OyKBaMHU C KalUTaJIW3allel HauadbHOU OyKBBI TOJIBKO IIEPBOTO CJI0-
Ba B IMPEIJIOKEHUH U UMEH COOCTBEHHBIX, 0€3 KaBBbIYEK, MEPEHOCHI HE JOIMYyCKAaIOTCH,
TOYKa B KOHIIE HE CTaBUTCSI, MOIYEPKUBAHHE HE UCIIONb3YeTCs ), Kerb 20 MoIyKUPHBIH,
BbIPAaBHHUBAHUE IO IEHTPY; MHULIKAJIBI U (paMIIIUK aBTOPOB (Kemib 14 moayKUpPHBIH, BbI-
paBHUBaHUE TI0 LIEHTPY), Ha3BaHHUE YUPEKJIEHUS, TIOYTOBBIN aapec, ropoi, CTpaHa Mpe-
CTaBJISIIOIIMX PYKOIKCH JUIsl OMyONMKOBaHMs. YKa3aTh e-mail A mepenucku U OTBeT-
CTBEHHOTO aBTOpA.

Pestome (anHoTarms) nomwkHa ObITh 00beMoM 250-300 croB. B Hell He pexoMeHTy-
€TCSl UCIONIb30BaTh (hOPMYJIbl M CCHUIKM Ha JUTeparypy. Eciau pykomnuch momaercs Ha
PYCCKOM $I3bIKE, TO Pe3foMe (aHHOTAIWs) JODKHA OBITH MPOIyOIUPOBaHA HAa AaHTITUHCKOM
C yKa3aHHEM Ha3BaHUS CTaThH, (haMUJIMI U MHUIIMAJIOB aBTOPOB Ha ATHX si3bIKax. Ecmu
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PYKOIIUCH MOJAETCs Ha AaHIJIMHCKOM $I3bIKE, HEOOXOIMMO MPUBECTH TaKXke pe3tome (aH-
HOTAIMI0) Ha pycckoM. Pe3tome (aHHOTanums) nedaraercs mpudTtom Times New Roman
(12 xernb). B koHIle pe3tome (aHHOTAIMU) 00S3aTENBHO YKA3bIBAIOTCS KIIFOYEBBIC CIIOBA
(5-8), kOTOpBIE OTPAXKAIOT TEMATUKY CTAThU.

bnaropapnoctu/Acknowledgements. B aTom paszaene ciienyetr ynoMuHath JrOAeH, KO-
TOpBIE MIOMOTaJIN NPH padoTe HaJl CTaThei; NCTOUHUKU (PMHAHCUPOBAHMUS.

TekcT crarbu Habupaercs mpudrom Times New Roman pazmepom 14 nrt uepes oau-
HapHBIA MHTEpBaj, BbIpaBHUBaHUE MO (hopmary. [loa3aronoBok — mpudT KypCcUBHBIH,
BBIpaBHUBAHUE T10 JIEBOMY Kpato. [Ipu HamucaHuM cTaTbyU MCHONB3YIOTCS OOLIETPUHS-
ThI€ TEPMUHBI, €TUHUILIBI U3MEPEHUS U YCIOBHBIE 0003HAUEHMsI, €TUHOOOpa3HbIE M0 BCei
crarse. PacmmdpoBka Bcex MCIOIb3yEeMbIX aBTOpaMH 0003HAYCHUN JJaeTCsl IPU IEPBOM
ynoTpebiaeHnn B TeKcTe. BykBbl JIaTHHCKOTO ayipaBUTa HAOMPAIOTCS KYpCHBOM, OYKBBI
rpeudeckoro andasura — npsmMbIM mpudTomM. Maremarnyeckue cuMBoisl lim, 1g, In, arg,
const, sin, cos, min, max M T.I. HaOuparoTcs NpsAMbIM mpUPTOoM. CUMBOJI HE JOJKEH
CJINBAThCS C HAJICUMBOJIBHBIM 3JIEMEHTOM B XMMHUecKux aneMeHTax (H,O) u equannax
usmepenuii (MBT1/cm?) — nipsimbiM (00bIuHbIM) prdTOoM. He crieayer cMemmBarh ofu-
HAKOBBIE 110 HAIMCAHUIO OYKBBI JIATUHHCKOTO, TPEYECKOT0 M PYCCKOTO aj(aBUTOB, UCTIOIb-
30BaTh coOCTBeHHBIE Makpochl. bykBol [uJ, viiv,eulLhun,qu g, Vu U, O (6yksa)
1 0 (Hysb) JOJKHBI pa3IMyaThes M0 HaYepTaHUI0. Mex 1y HH(POBbIM 3HAYCHUEM BEJIU-
YHHBI U €€ Pa3MEPHOCTBIO CIIelyeT CTaBUTh 3HAK Hepa3pbIBHOTrO nmpoodena. [lepeHocs! B
cyioBax 0o He ynorpebnsaTh. He ncronb3oBarh B TekcTe i GOpPMATUPOBAHUS 3HAKH
npo6ena. PopMyIibl CO3IAIOTCS ¢ MOMOILBI0 BCTPOEHHOTO penakropa Gpopmyin Microsoft
Equation ¢ Hymepanueil B KpymiibIx ckoOKkax — (2), BBIPaBHUBAIOTCS MO MPAaBOMY Kparo,
pacimudpoBka Bcex 0603HaueHHi (OykB) B popMyrnax gaercs B MOPSAIKE YIIOMUHAHUS B
¢dopmyne. Bo nzbexxanue HeaopasyMeHUH U OMIMOOK pelaKlys PEeKOMEHAYET aBTOpam
HCIOJB30BaTh B (popMynax OyKBbI JIATHHCKOTO, IPEUECKOro U JIpyTuX (He pycCKUX) anda-
BUTOB; IIpU Habope hopMys1 HEOOXOIUMO COOIIOCTH pa3Mepsl 10 yMoruaHuio. bonbiime
(dopmynel HeoOXoMMO pa30uBaTh Ha OTAEIbHbIE (pparmMeHThl. PparMeHTsl (HOopMyIl MO
BO3MO)KHOCTH JIOJDKHBI OBITh HE3aBUCUMBI (IIPU HCHOJIb30BAaHUHM (POPMYIBHOTO PEAaK-
TOpa Ka)k/1asl CTpOKa — OT/eNbHbIN 00bekT). Hymepanuio u o BO3MOXXHOCTH 3HAKHU Tpe-
MUHAHUS CIIEIyeT CTaBUTh OTAEIBHO OT (hOPMYII OOBIYHBIM TEKCTOM. TaOJuIIbl, PUCYHKH,
¢ororpaduu pazmMeIarTcs BHYTPU TEKCTA M UMEIOT CKBO3HYIO HyMEpAIMIO MO CTaThe U
coOcTBeHHbIE 3aroyioBku. Ha3Banus Bcex pucyHKoB, (hororpaduii u Tabiui NpuBOAATCS
Ha pycckoM s3bike 11 kerem, KypcuBoM. Bece Haamucu Ha pycCKOM sI3bIKE€ HA PUCYHKAx
U B Tabnuiax ayOonupyroTcs Ha anmuiickuid. Hymepanust 0003HaueHui Ha pUCyHKax Jia-
€TCsl [0 MOPSAKY HOMEPOB I10 YaCOBOW CTpEJIKE MM CBEpXYy BHU3. PucyHkH HeoOXonumo
110 BO3MOXXHOCTH BBINIOJHATH B BEKTOPHOM (hopmare, sxenatensHo B nporpamme Corel
Draw unm aHanorax o cleayroIlMM IIpaBUJaM: IIMPHUHA pUCYHKa He Ooiee 16,5 cw;
TOJIMHA JIMHUM: OCHOBHBIX — 1 IT, BcomorarenbHbiXx — 0,5 nT; ans 0603HaueHU B
noje pucyHka ucnonpzoBarh mpudt Times New Roman pasmepom — 9 nt. BekropHbie
PHUCYHKH 3alMChIBAIOTCS B OTAEIbHbBIC (Paiiibl JOKyMEHTOB. DOTOCHUMKH JIOJKHBI OBITh
KOHTPACTHBIMU U BBIIIOJHEHHBIMU Ha MaToOBOW Oymare. OTckaHMpOBaHHbIE (oTorpaduu
3anuchiBatoTcs B ¢aitnel B popmare TIFF, JPEG. CkanupoBars n3o0pakeHue ciaeayeT C
paszpemenuem 300 dpi a1 KOHTPACTHBIX 4epHO-0enbIx pucyHkoB 1 600 dpi — s momy-
TOHOBBIX. [{BeTHBIE MIUTIOCTpALIMU JIOMYCKAOTCS IO COIIACOBaHUIO ¢ peaakuuei. O60-
3HAUEHUsI, TEPMUHBI, WJUTFOCTPATUBHBIA Marepuai, CIUCOK JUTEPATYpPhl JOJIKHBI COOT-
BeTcTBOBaTh AciicTByromum ['OCTam.
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IlepeueHp nuTEpaTypHBIX UCTOYHHKOB MPHUBOAUTCS OOLIMM CIIMCKOM B KOHIE CTa-
ThH (Harvard Style). Cnincok cocrapisiercs no andaButy, cHadaia CleaytoT HCTOUHUKU
Ha PYCCKOM, 3aTeM — Ha aHIIuicKoM. JluTeparypa nomkHa ObITh 0OpMIIEHA COINIACHO
I'OCT P 7.0.5-2008. OTCbUIKM Ha JIUTEPATYPY B TEKCTE MPUBOJATCS B KBaAPATHBIX CKOO-
KaX B CTPOKY C TEKCTOM JOKyMeHTa. ECIM CChUIKY MPUBOAAT HA JTIOKYMEHT, CO3/JaHHBIH
OZIHUM, JIByMsl WJIM TPEMsI aBTOPAMH B OTCBUIKE YKa3bIBAIOT (PaMUIIMIO IEPBOTO aBTOpa U
COKpalleHue «u ap.» («et al.» 1ist JOKyMEHTOB, Ha SI3bIKaX, MPUMEHSIONIUX JAaTHHCKYIO
rpaduKy); €Clid aBTOPbI HE YKa3aHbl — YKa3bIBaIOT Ha3BaHHUE JIOKYMEHTA; JaJiee yKa3blBa-
0T IO/l U3/1aHUS U TIPU HEOOXOAMMOCTH CBEICHUS JOTIOJHSIIOT yKa3aHueM cTpaHuil. Cae-
JICHUS B OTCBUIKE Pa3/IeIIIoT 3aniTol. Eciu oTchlIKa COAepKUT CBECHUS O HECKOJIBKUX
CCBUIKAX, IPYIIIBI CBEICHUH Pa3elisitoT 3HAKOM TOUKa C 3ansaToi. B oTchuike qomyckaert-
Csl COKpallaTh JUIMHHBIE 3aIy1aBus, 0003Hayasi OMyCKaeMble CJI0Ba MHOTOTOYHMEM C IPO-
6€eJ10M 10 1 TIoCsIe 3TOro MPEINMCAHHOTO 3HAKA.

AApec peaAaKUUn:

Poccus, PCO-Ananus, 362002, r. Bmagukaskas, yn. MapkoBa 93a, ['eodusmue-
ckuit uactuTyT BHL] PAH, Penakmms sxypuana «l'eomorust u reopusuka FOra Poccumy.
Ten: 8 (8672) 76-19-28; dhakc: 8 (8672) 76-40-56, e-mail: southgeo@mail.ru

INFORMATION FOR AUTHORS

The journal «Geology and Geophysics of Russian South» 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 meth-
ods 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,
exploration and exploitation of oil and gas fields; 1.6.12 Physical geography and biogeog-
raphy, soil geography and landscape geochemistry; 1.6.20 Geoinformatics, cartographys;
1.6.21 Geoecology; 2.8.6 Geomechanics, rock destruction, mine aerogasdynamics and
mining thermal physics; 2.8.8 Geotechnology, mining machines and related scientific
directions.

For works of a regional nature, preference is given to articles that reveal the various
issues of the geological structure of the South of Russia and adjacent territories.

According to the gradation of Sciences accepted in the international citation systems
Scopus and Web of Science articles for publication in the journal “Geology and Geo-
physics of the South of Russia” are accepted by the following branches and groups of
Sciences:

1. Earth and Planetary Sciences;

2. Environmental Science.

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;
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— 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 ab-
stracts in Russian and in English as well. The journal publishes only the original articles.
The author is fully responsible for the requirement. The manuscripts are not returned to
the authors in case of being rejected in publication. The editor also does not return the
materials sent. The editor has a right to make reductions and corrections of the article
text. All corrections in the text and figures can be done by the authors only at the stage of
the typesetting preparations. The infringement of the manuscript submission guidelines
will lead to the article rejection. The publication is free of charge for authors of papers
written by request of the publisher, and for graduate students. Reprinting is allowed only
with the editorship permission with the obligatory references to the journal «Geology and
Geophysics of Russian Southy.

Instructions for the authors

Acceptance of materials for consideration is carried out through the electronic service
https://www.geosouth.ru or by mail to the Publisher address: 93a, Markova Street,
Vladikavkaz, Russia 362002, Geophysical Institute of VSC RAS, the editorial office of
the journal «Geology and Geophysics of Russian Southy.

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.
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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 (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 in-
formation in 2 lines in the same sequence in English. The abstracts are also published in
the journal site (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 mathemati-
cal 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,0) 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 I and J, v and v, e and 1, 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 figure meaning and its dimension. The hyphen is not used; the gap
character also mustn’t 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 in 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 letters 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 enumera-
tion and punctuation marks should be put into an ordinary text separately from the for-
mulas. The tables, pictures and photos are placed inside the text and must have a through
numeration along the text and 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 com-
puter form, preferably in Corel Draw or compatible program using the following rules: a
picture width — not more than 16.5 cm, a line thickness: the main — 1 pt, auxiliary — 0,5 pt;
for the symbols in the picture area — «Times New Romany 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
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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 cor-
respond 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. Refer-
ences to 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 prescribed sign.
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93a, Markova Str., Vladikavkaz, Russia 362002, Geophysical Institute of VSC
RAS, the editorial office of the journal «Geology and Geophysics of Russian Southy.
Phone +7 (8672) 76-19-28; fax: +7 (8672) 76 40 56, e-mail: southgeo@mail.ru
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