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OpurunHanbHasa ctaTtbs

PTOP-TAMHO3EMUCTBIV TUTAHUT (TPOTUT)
3 TPAHUTOB TYPOYAKCKOro KOMMAeKkca
(flopHbI AATO)

E.B. Hacrtagkoi.J, T.B. Jlewykosi./, 6.10. 3meesl/, . A. depocioki

KemepoBckun NocygapctBeHHbI YHUBepcuTeT, Poccus, 650000, r. KemepoBo,
yn. KpacHas, 6, e-mail: evnastavko @yandex.ru

Cratbs noctynuna; 09.10.2025, gopabotana: 23.02.2026, npuxsita k nybvkaumm: 25.02.2026

Pe3stome: AKTyanbHOCTb pa6oTbl. Vicnonb30BaHWe TUTaHMTA B Ka4eCTBE MUHepana reoxpoHoMeTpa B no-
crnefiHee Bpems npuobpeTaeT Bce 60MbLUYI0 NONYyNApHOCTb. [1py 3TOM B rpaHUTOMAAX BCTPEYAETCA KaK MarmaTu-
YECKMiA, TaK N MeTamopuyecknii TuTaHut. MocneaHuin 9BNSeTcs NPOAYKTOM HU3KOrpagHoro npeobpasoBaHus
6notuTa. ViHaMKaTopoM reHesanca TUTaHUTa MOTYT CIYXUTb COAEPXKaHNSA xKenesa, PTopa W rMUHO3eMa, a Takxe
X pa3Ho06pasHble OTHOLLIEHUS. Hanbonee MHGOPMATUBHBIMU B COCTaBe (TOP-IMHO3EMUCTOr0 TUTAHMTA MO-
ryT BbICTynatb OTHOLeHUs Fe/Al v (Fe+Al)/F, yka3blBaloLLMe HA MarMaTu4ecKoe unu MeTaMmopcm4eckoe npouc-
X0X[JeHue TuTanuta. Llenbto uccnegoBaHua SBNAETCS 13y4YeHMe XMMUYeCKOro cocTaBa TUTaHWUTa AN1s onpege-
NEHNs ero reHesuca B rpaHMTax TYpO4akCcKOro KOMmneKca 1 BO3MOXHOCTL ero noceayroLLero cnonb3oBaHms
QNS TEOXPOHONOrNYecKux nccnenoBaHuin. 06bEKTOM UCCNEfOBAHUA SBAANCA TUTAHWUT W3 TPAHUTOB TPETLEN
(hasbl BHEAPEHUS TYPOYAKCKOrO MPAHOCUMEHUT-TPaHUT-NeRKOrpaHUTOBOro Komniekca (yDit), pacnofnoxeHHOro
B lopHO-AnTaiickom coparmeHTe Antae-MuHYCUHCKOro paHHe-CcpeaHe1eBOHCKOro MarMaTu4eckoro nosca Antae-
CasHckoli cknagyaron o6nactu (ACCO). MeTofbl MCCneaoBaHWSA BKITHOYANMW: NeTPOrpauyeckoe onmcaque no-
poA, N3yyeHue coCTaBa TUTAHWTA C NOCNEAYHOLLMM BbINONHEHNEM KPUCTANINIOXMMUYECKUX NepecyeToB cocTaBa
TUTaHUTA 3apAAHbIM METOLOM M COCTaBneHne hopmyn, a Takke aHanud otHoweHuin Fe/Al v (Fe+Al)/F B co-
CTaBe TUTAHUTA. XUMWUYECKUIA COCTAB ONPeneNsancs B NONUPOBAHHBIX LWAKGAX HA CKAHMPYHOLLEM 3NEKTPOHHOM
mukpockone (CAM) Tescan Vega3 ¢ npucTaBKoi PeHTreHOMIYOPECLIEHTHOrO 3HeProfMCnepCcuoHHOro aHannaa
Oxford. Pe3ynbTaTbl UCCNEA0BAHUIA. YCTAHOBIIEHO, YTO TUTAHUT U3 FPAHUTOB TYPOYAKCKOr0 KOMMeKca sBNseT-
csl (DTOP-TNIMHO3EMUCTBIM 1 UMEET criefytoLyio hopmyny (Caggr-1.00F€0.01-0.02)x0.99-1.01( Tl 78-0.81A%0.18-0.22) s0.98-1.01
(Sip 98-1.00A%0-0.02)x1.0004(00 81-0.86F0.14-0.19)x1 00- OTHOLIEHNSA B ero cocTase Fe/Al (menee 1:8) n (Fe+Al)/F (6nm3Ko K
1:1) CBUAETENbCTBYIOT 0 METAMOP(IMYECKOM reHesnce TUTaHUTa W, Kak CNeACcTBUEe, HEBO3MOXHOCTU ero npu-
MEHEHNA ANs Lenei reOXpoHONOr rpaHUToOB TYPO4AKCKOro KoMMneKca.

KnioueBble cnoBa: rpaHuTbl, FPOTUT, FEOXPOHOMETPbI, TUTAHUT, (DTOP-TMUHOIEMUCTbIA TUTAHUT, TYPOYaK-
CKWiA Komnnekc, FopHbIi AnTaii.
Ina untuposaunus: Hactasko E.B., [lewykos T.B., 3mees b.H)., ®enoctok [A. OTOP-rMUHO3EMUCTbIA TUTA-

HUT (TPOTUT) U3 FPAHNTOB TYPOYAKCKOro Komnekca (fopHbli Antai). feonorns v reogomsmnka Kora Poccun. 2026.
16(1): 8-19. DOI: 10.46698/VNC.2026.86.94.001
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Flourine-aluminous titanite (grothite)

from granites of the Turochak complex
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Abstract: Relevance. The use of titanite as a geochronometer mineral has recently become increasingly
popular. In this case, both magmatic and metamorphic titanite are found in granitoids. The latter is a product
of low-grade biotite transformation. The content of iron, fluorine and alumina, as well as their various ratios,
can serve as an indicator of titanite genesis. The most informative in the composition of fluorine-aluminous
titanite can be the Fe/Al and (Fe+Al)/F ratios indicating the magmatic or metamorphic origin of titanite. The
aim of the paper is to study the chemical composition of titanite to determine its genesis in the granites of the
Turochak complex and the possibility of its subsequent use for geochronological studies. The object of the study
was titanite from granites of the third phase of the intrusion of the Turochak granosyenite-granite-leucogranite
complex (yD4t) located in the Gorno-Altai fragment of the Altai-Minusinsk early-middle Devonian igneous belt of
the Altai-Sayan folded region (ASFR). The research methods included: petrographic description of rocks, study
of titanite composition with subsequent crystallochemical recalculations of titanite composition by the charging
method and compilation of formulas, as well as analysis of Fe/Al and (Fe+Al)/F ratios in titanite. The chemical
composition was determined in polished sections on a Tescan Vega3 scanning electron microscope (SEM) with
an Oxford X-ray fluorescence energy-dispersive analysis attachment. Results. It was established that titanite from
the granites of the Turochak complex is fluorine-alumina and has the following formula (Ca 971 00F€0.01-0.02)50.99-1 01
Tl 79-0.81A10.18-022) 50.98-1.01(S70.98-1.00A10-0.02) £1.0004( Qo 81-0.86F0.14-0.19)s1.00- THE ratios in its composition Fe/Al (less
than 1:8) and (Fe+Al)/F (close to 1:1) indicate the metamorphic genesis of titanite and, as a consequence, the
impossibility of its use for the purposes of geochronology of the granites of the Turochak complex.

Keywords: granites, grothite, geochronometers, titanite, flourine-aluminous titanite, Turochak complex,
Altai Mountains.

For citation: Nastavko E.V., Leshukov T.V., Zmeev B.Yu., Fedosyuk G.A. Fluorine-aluminous titanite (gro-
thite) from granites of the Turochak complex (Altai Mountains). Geologiya | Geofizika Yuga Rossii = Geology and
Geophysics of Russian South. (in Russ.). 2026. 16(1): 8-19. DOI: 10.46698/VNC.2026.86.94.001

BesepeHme

TuTaHUT SABISCTCS PACHPOCTPAHCHHBIM aKIECCOPHBIM MHHEPAJIOM MHOTHX H3BEp-
KEHHBIX ¥ METaMOP(PUUECKHUX TTOPOJI, KOTOPBIA HAPSITYy C IUPKOHOM, allaTUTOM, PYTHIIOM,
MOHAITUTOM ¥ QJJITAHUTOM, JaeT BaXKHbIC MPEACTABICHUS O MPOIleccax MarMaru3Ma u Me-
tamopdusma [Scibiorski, Cawood, 2022; Van Schijndel et al., 2024]. OcoGeHHOCTH €T0
XUMHYECKOTO COCTaBa IMO3BOJISIFOT MCIIOJIB30BaTh €ro0 B LEISAX PaJIHOM30TOITHOTO JaTHPO-
Banus [Frost et al., 2001], koTopoe mpuoOpeTaeTt Bce OombInyto nomyasipHocTh [ banTeiOaes
u 1p., 2024; JopommkeBud u ap., 2022; Kopumr u ap., 2024; Cky6noB u ap., 2021; Kasay
et al., 2024; Kawohl et al., 2023; Li. et al., 2022; Qiu et al., 2025; Wei et al., 2024], u reo-
tepmobapomerpuu [Erdmann et al., 2019; Hayden et al., 2008].
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DTOP-IITMHO3EMHUCTBI TUTAHUT (TPOTUT) UMeeT cieayrouryo dopmyny (Ca,REE)
(Ti,Al,Fe)SiO,(O,0H,F) n xpucTajaau3yercsi B IIMPOKOM Juara3oHe TeMnepaTyp U J1aB-
JICHUH, MPU 3TOM OTMEUYEHO, YTO C POCTOM JIaBJIEHUs B HEM, TaK k€ Kak u B ampuodoe,
Bo3pacrtaeT coaepkanue amtomunus [Markl, Piazolo, 1999; Tropper et al., 2002]. 13-
HayaJIbHO CYUTANIOCH, YTO IIABHBIM (PaKTOPOM MOSBIEHUS IPOTUTA B MUHEPAJIbHOM Ma-
pareHesuce SBISIOTCS BRICOKHME MTapaMeTphl AaBjieHus B Auamna3one 1822 kbap [Franz,
Spear, 1985], mockonbKy UIMEHHO BBICOKOE JIaBJIEHHE CIIOCOOCTBYET BXOKIECHUIO aTIOMU-
HUS B CTPYKTYpy TUTaHUTa. [10100HBINH BEICOKOTTIMHO3EMUCTBI TUTAHUT, COEPIKALUI
OJTHOBPEMEHHO CYIIEeCTBEHHBbIE KoauvecTBa (propa u rmuHo3eMa (4/,0; no 14 mac. %,
F 1o 2,5 mac. %), oOHapy>keH B KJIOTUTaX, JOJOMUTax U Mpamopax ABctpuu [Castelli,
Rubatto, 2002; Franz, Spear, 1985]. [1pu aToM B mocieHre ro/ibl MOSIBISETCS BCe O0ITb-
1I1€ TaHHBIX 0 HAXO0X/IEHUH BBICOKOITIMHO3EMHUCTOrO0 TUTAHUTA B MOPO/AX U pyJax cpen-
HUX ¥ HU3kuX PT-mapameTrpoB oOpasoBanus. e, BeposTHO, ero ¢popMupoBaHue Mo-
KET OTpeAeNaTbes ApyruMu (GakTopaMu, TAKUMHU KaK COCTaB MOpoAbl U (aronaHas ¢asza
[Markl, Piazolo, 1999]. Tak, BbicokormmuHO3eMHUCTBIH TUTAHUT (41,03 7,9-12,7 mac. %)
ONMCAaH B pyAax 30JI0ToNoNnMeTaunyeckoro bepesutoBoro mectopoxaenus Bepxuero
[Tpuamypbs, koTopoe umeet cpeanue P7T-napameTpsl oopasoBanus. [losBieHue BHICOKO-
[IMHO3EMHUCTOTO TUTAHUTA aBTOPHI OOBSACHSIOT TOBBIIIEHHON aKTHBHOCTBIO (pTOpa MU-
HepanoobOpasymomeit cpeast [Bax u ap., 2009]. C noBblieHHOM KOHIIEHTpanuei ¢propa
B pacIljiaBe CBSA3BIBAIOT HaXoAKy rpotuta (4/,0; no 8,5 mac. %, F' 1o 2 mac. %) B Buae
BKJIIOYEHUH B IIMPKOHAX M3 TPAaHUTOUAOB KpHUCTamnudyeckoro ¢ynaamenta HOxkHoro
SAwmana [Epoxun u ap., 2019]. Ouenka (GarougHOTO peKUMa MOXKET IIOMOYb TTPH OTIpe/ie-
JIEHUH TOTEHIIMAJLHONU PYIOHOCHOCTH TPAaHUTOB (30J10TO, YpaH, Bodb(ppam, MoIubIeH,
Me[b, IINHK, CBUHEI, TUTUH, Oepuiunii u T.11.) Ypana [Konosanosa u ap., 2013], T'oproro
Antas [['yceB, Kopo6Geitnukos, 2014] u bonbmoro Kaskaza [["azeeB u ap., 2024; ['yces
u 1p., 2023].

Kpome Toro, omucan rpoTuT Ui MOPOA 3€JIEHOCIAHIEBOM (anuu Meramopdusma.
[IpumepaMu MOTYT CITY>KUTh TUTAHUTHI B TPAHAT-CIIOIMCTHIX CIAHIAX TUXTUHCKOW CBH-
Tbl CpennHHOKamM4arckoro maccusa [Tapapun u ap., 2011] n cnannes VpTeinickoit 30Hbl
cmsatust Bocrounoro Kazaxcrana [HactaBko u nip., 2024]. B o6oux ciydasx ero hpopmu-
pOBaHKME MPOUCXOJWIIO B YCIOBUSX HU3KHUX JIaBJIECHUI W TeMIieparyp 3eJIeHOCIaHIEeBOM
¢danuu MmetTamopdusma.

E Al n Fe B cocraBe TMTaHUTa MOTYT HCIIOJIB30BAThCS JUISL ONPENENICHUS YCIOBHMA
ero ¢opmupoBanus [Kowallis et al., 2022; Scibiorski, Cawood, 2022]. Tak, oTHOIIEHUS
Fe/Aln (Fe+Al)/F B GTOp-IIMHO3€MUCTOM TUTAHUTE MOXET UCIIOJIB30BaThCsI KaK MHIUKA-
Top ero Mmeramopduueckoro (Fe/Al < 1:2, (Fe+AIl)/F 6mu3ko k 1:1 u moutu Bcerma > 1:2)
Wi Marmarudeckoro (Fe/Al 6musko k 1:1 u moutu Becerna > 1:2, (Fe+Al)/F npakTudecku
Bcerna < 1:2) renesuca.

Heab padoTskl 3aKit04aeTCs B BBIICHEHUH MTPUPO/IbI TUTAHNUTA HA OCHOBE €r0 XUMHUYe-
CKOTO COCTaBa M BO3MOKHOCTH €T0 MPUMEHEHUS Ul TeOXPOHOJIIOTHYECKHX 1ieel B rpa-
HHUTaX TypOYaKCKOTO KOMILIEKCA.

[eOAOTMYECKOE CTPOEHMNE PANOHA NCCAEAOBAHNIN

Typouakckuii rpaHOCHEHUT-TPAHUT-IEUKOTPAHUTOBBIN KOMILUIEKC (YD) OTHOCUTCS K
I'opHO-AnTaiickoMy, KOTOPBIN SIBIE€TCA PEeIyLMPOBAHHON 4acThi0 Anrae-MuHYyCHHCKO-
IO paHHE-CPEAHEIEBOHCKOIO MarMaTH4eCcKOro Mnosica U MpeACTABIIEH TOJIBKO JOXKOBCKUM
LIMKJIOM B BUJI€ TPAHUTOUIHOIO MarMaTu3Ma. B 1eiaom naHHbli nosc copMupoBaH B yc-
JIOBMSIX AKTMBHOW KOHTHMHEHTAJIBHOM OKPAMHBI KOPAWIBEPCKOro Tumna. TeppuropuaabHO
MaccuB pacrionaraercsi B TypouakckoM paifone PecryOnuku Anrait (puc. 1).
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Puc. 1. Cxema pacnonooicenus (A) u cmpoenus (B) mypouackoeo epanocuenum-panum-
JIeUKoepanumogo2o komniekca no [Baboun u op., 2007]:

1-3 — paspuvisnvie Hapyuwenus.: 1-2 — docmogepnvie: 1 — enasnule, 2 — npouue, 3 — npeononocaemvle;

4 — kebezenckuil niazuocHelcogo-ampuoorumossiil komniexc (PRykb); 5 — sckoneunckas ceuma (€es),
6 — ycmb-aH3accko-mamdicepokckasn ceuma (€,um),; 7 — youncko-muipeanckas epynna ceum (€,ut);

8 — cutickan meppueenno-kapoonamuas ceuma (€,5ss); 9 — enaHOUHCKO-MAHOOWUHCKAS 2PYNNA CEUM
(€,et); 10— anzacckaa ceuma (0,al); 11 —uwnunckas ceuma (O,is); 12 — nvipnunckas ceuma (D, nr),
13 — kpomuncko-cazanckas epynna ceum (D>ks); 14 — capakokwuHcKuil Ouopum-moHanum-
naazuocpanumosslii komnaexc (yp€s), 15 — weanunckuii 2ab6po-ouopum-epanoouopumosslti KOMnIEKC
(qo-yoD ju); 16 — mypouakckuil epanocueHum-epanum-ietKoepanumossiii komniexc (Dt):

a — nopghuposuoHvle OUOMUMOBbLE SPAHUNDBL U TEUKOZPAHUMbI, SPAHOCUEHUMNbI, AIACKUNbL,
anaumoguounwie eparumul (YD t), 6 — nopguposuorvle 6LUOMUMOoBble YMEPEeHHO-ULeIOUHble SPAHUMbL U
netikoepanumol (€y-1yD t); 17 — mononsHUHCKULl OUOpUm-eparoouopumossiil komniekc (yDstp),

18 — o3epno-anniosuanvuvie uemsepmuunvie omaoxcenus (Q); 19 — mecmo ombopa npob /

Fig. 1. Scheme of the location (4) and structure (B) of the Turoch granosyenite-granite-leucogranite
complex according to [Babin et al., 2007]:

1-3 — faults: 1-2 — reliable,: 1 — main, 2 — other; 3 — inferred; 4 — Kebezen plagignoiss-amphibolite
complex (PRykb); 5 — Eskonginskaya suite (€,es), 6 — Ust-Anzas-Manzherok suite (€ ,um); 7 — Uba-
Tyrgan group of suites (€ut); 8 — Siyskaya terrigenous-carbonate suite (€,ss),; 9 — Elandinsko-
Tandoshinskaya group of suites (€,.zet); 10 — Alzas suite (O;al); 11 — Ishpinskaya suite (O,is);

12 — Nyrninskaya suite (D, ,nr), 13 — Krotinsko-Saganskaya group of suites (D,ks); 14 — Sarakokshinsky
diorite-tonalite-plagiogranite complex (yp€s), 15 — Yugalinsky gabbro-diorite-granodiorite complex
(qo-yoD ju); 16 — Turochaksky granosyenite-granite-leucogranite complex (D,t): a — porphyritic biotite
granites and leucogranites, granosyenites, alaskites, aplite-like granites (yD,t), b — porphyritic biotite
moderately alkaline granites and leucogranites (ey-e1yD,t); 17 — Topolninsky diorite-granodiorite
complex (yD,tp), 18 — lacustrine-alluvial Quaternary deposits (O, 19 — sampling site

Typouakckuii MaccuB uMeeT TpexdazHoe 30HaIbHOE cTpoeHue. LleHTpanbHas Jacth
MaccuBa CIIOKEHa MOpoJaMH MepBBIX ABYX (a3 BHeapeHus (cymmapro 10 %), koTopbie
MIPEJCTABICHBI MENIAHOTPAHUTAMU U YMEPEHHOIIEIOYHBIMH IPaHuTaMi. MelaHOTpaHUTHI
COCTOSIT U3 KUCJIOTO IJIarnoKia3a anbO0uT-oiurokiazoBoro cocrasa (30-50 %), kanueBo-
ro nosieBoro mmara (2040 %), keapma (15-30 %), amdpudomna (10-15 %) u 6uoruta (10
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5 %). B yMepeHHOIIETOUHBIX TPaHUTAX, 10 CPABHEHHUIO C MEJIAHOTPAaHUTAMH, BO3PACTaET
noist KajaueBoro nosesoro mmara (30—60 %), mpu 61u3KkoM KoudecTBe miarnokiasa (30—
50 %) u xBapua (25-30 %), U3 TEMHOLIBETHBIX MHUHEPAJIOB IPUCYTCTBYET TOJIBKO OMOTUT
(mo 5 %).

[Tepudepuueckue yacTi MaccuBa CI0XKeHbI TpeTbell pa3oii BHeapenus (10 90 %), co-
CTOsIILIEH U3 HEPAaBHOMEPHO3EPHUCTHIX, MOP(OUPOBUIHBIX U AINTUTOBUAHBIX OMOTHUTOBBIX,
OMOTHT-MYCKOBUTOBBIX JICHKOTPAHUTOB, YMEPEHHO MIETIOYHBIX JICHKOTPAHUTOB H aJSICKHU-
ToB. Jlelikorpanutsl coctosT u3 kBapua (30-35 %), nnaruoxiasa (25-35 %), kanueBoro
noneBoro mmata (3540 %), ouotura (o 10 %) u myckoButa (10 5 %). B amsckurax
KonmuyecTBO kBapua gocturaet 40-50 %. [lng mopox naHHO# (as3bl XapaKTepHO O0MIne
aKI[ECCOPHEB: MAarHETHT, WIBMEHUT, TUPOPAHUT U MAHTAHOUJIBMEHUT, TATAHUT, allaTUT U
[IUPKOH, TPAHAT, MOHAIUT, a TAK)KE MUHEPAJIBI TPYIIIHI SMTUA0TA — ajutaHUuT-(Ce) U STUIOT.

JlatupoBka KoMILIeKca, noiayueHHass U—Pb MeTo10M 110 IUPKOHAM U3 TOP(HUPOBHIHBIX
OMOTUTOBBIX TpaHUTOB Typouakckoro maccuBa ropsl bombmioi Mkonocrac (390 £ 6 muH
JIET) ¥ YMEPEHHO-IIEeNIOUHbIX rpaHuToB Topbl [laran (400 + 4 MiiH J1€T), MPUHATA KaK paH-
HezeBoHcKas [babun u ap., 2007 ].

MaTtepunaAbl 1 METOABI MICCAEAOBOHUM

OT60p 9 npob ocymIecTBIEH HA PACCTOSHUAX OT 35 110 75 METPOB U3 KOPEHHBIX BBIXO-
noB ropsl bonbioi Mkonocrac, Pecryonuka Anrtaii. Oqna npo0a noxydeHa u3 CKajabHOTO
BBIXO/1a y TTOJHOXKMS FOPHI Ha YpOBHE ype3a Bojbl p. bus. Bce mpoObl oTHECeHB! K rpaHu-
TaM TpeTheil Ga3bl BHEAPEHHSI TypOYaKCKOTo KoMIuiekca. s Bcex nmpod ObLIO BBIMOIHE-
HO TieTporpaduyecKoe ONMCaHne U KPUCTATUNIOXUMHYECKUH ITepecyeT COCTaBa MHHEPAJIOB
3apsIHBIM METOAOM MO METOAMKE, pa3paboTranHoll B pabote [Oberti et al., 1991]. [lanee
ObLT TIpOBeZicH aHan3 oTHoIIeHU Fe/Al u (Fe+Al)/F B cocTaBe TUTaHUTA W TIOCTPOCHBI
JarpaMMBl IS BBISCHEHHSI €r0 TeHe3Hca.

Tutanut oOHapyx)eH Bo Bcex 10 oOpasmax u mpuypodeH UCKIIOYUTENBHO K JieHcTaM
XJIOPUTU3UPOBAHHOTO OMOTUTA. 3epHa UANOMOP(HBIE, MAKCUMAJIbHBIN pa3Mep COCTaBIIsI-
et 0,25 mm. Cymmapao B 10 0oOpasiax rpaHUTOB MPOAHATIM3UPOBAH COCTaB 86 3epeH TH-
TaHUTA.

XUMHUECKHUN COCTaB YCTAHOBJICH C TIOMOIIBIO CKaHUPYIOIIETO 3IEKTPOHHOTO MUKPO-
ckora (COM) Tescan Vega3 ¢ mpuctaBKoil peHTTeHO(IYyOPECLEHTHOTO SHEPTOIUCTIEPCH-
oHHoro a”anu3a Oxford. Yckopsrolee Hanpsikenue uis COM cbeMKU M aHalln3a MoJInpo-
BaHHBIX HITU(OB rpaHUTOB cocTaBmiio 20 kB.

KpaTtkas netporpadunyecKkast XapakTeprUcTUKA NopoA

I'paHuTBl OCHOBHOM TpeThel (ha3bl BHEAPEHHUS] TypOYaKCKOTO I'PAaHOCHEHUT-IPAaHUT-
JEMKOrPaHUTOBOIO KOMILIEKCa MAaKpPOCKOIMMYECKU MPEACTaBISIIOT co00il JIeHKOKpaToBbie
HIOPOZBI CO CBETIO-PO30BBIM JO PO30BOr0 OKpacoM. YacTo IpaHUTHI IOKPBITHI YEPHbI-
MU IUIEHKaMH OKHCJIOB M THAPOOKUCIIOB MapraHua. [1opoasl MakpOCKONMYECKH UMEKOT
CPEIHE3EPHUCTYIO0, PEXKE KPYIMHO3EPHUCTYIO0, HOPPUPOBUIHYIO, THIUANOMOP(HO3EPHU-
CTYIO CTPYKTYpPY U MacCUBHYIO TeKCTypy. I1lo MUKpOCKOIIOM yCTaHABIUBAeTCS TUIHMYHAS
IpaHUTHAs, MECTAMHM MMKPOIIETMAaTUTOBAsl CTPYKTypa. I KaaueBOro HojeBOro Inara
XapaKTepHa MUKPOKJIMHOBAs PELLETKA, YTO MO3BOJIAET OTHECTH €r0 K MUKPOKJIMHY. 3epHa
KBapla KCEHOMOpP(HBIE, 3aIOJIHAIOT UHTEPCTULIMH.

MuHepanbHbI COCTaB JOCTAaTOYHO YCTOMYMB U npexacrasieH Ha 3540 % xanueBbIM
noJieBbIM mmaroM, 25-30 % miaruokiiazom aab0UToBOro cocrana (Ang ;) u 25-30 % kBap-
neM. Coznepxkanne Ouotuta gocturaer 10 %, a myckoBuTa He npeBbimaet 1 %. Akiec-
COpHbIE MMHEpPAJIbl IIPEJCTABICHBI allaTUTOM, [IMPKOHOM, MMHEpaJaMH I'PYyIMIIbl SMUA0Ta
(amnanut-Ce ¢ KaliMON U3 PeIKO3EMEIbHOIO 3MUA0Ta U SMUIO0T) U TPYHIbl WIbMEHUTA
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(mupoaHUT U MAaHTAaHOWJIBMEHMT), a Takke TuTaHuToM. Habmronarores ciaboBbIpakeH-
HbIE BTOPUYHbIE U3MEHEHHS B BUJIE XJIOPUTH3AIMH OMOTHTA U HE3HAYUTEIBHON COCCIOpH-
TU3AL1H [U1arMoKJIasa.

Turanut oOHapyskeH Bo Bcex 10 oOpa3nax ¥ NpUypoUeH UCKIIOYUTEIBHO K JieiicTaM
XJIOPUTU3UPOBAHHOTO OMOTHUTA. 3epHa TUTaHUTa UIMOMOP(HBIE Oe3 30HAILHOCTU pa3Me-
pom ot 0,05 mm (puc. 2) 1o 0,20 mm. Cymmapno B 10 oOpa3iiax rpaHUTOB IPOAHATH3UPO-
BaH cOCTaB 86 3epeH TUTAHUTA.

Puc. 2. 3epna mumanuma npuypouennvie K neticmam ouomuma. YciosHvle 0003HaUeHUs NPUHANbL
no [Warr, 2021]: Aln-(Ce) — yepuesviii arnanum, Ap — anamum, Bt — ouomum, Ttn — mumarnum,
Zrn — yupxon /

Fig. 2. Titanite grains confined to biotite laths. The designations are adopted according to [Warr, 2021] :
Aln-(Ce) — cerium allanite, Ap — apatite, Bt — biotite, Ttn — titanite, Zrn — zircon

Pe3yAbTaThl PABOT U X OBCYXKAEHMNE

CBOnHBIN XMMUYECKUI COCTaB TPOTHUTA 10 86 OIpeneneHusM npuBeieH B Tabmure 1.
Coneprkanue mrHO3eMa BapsupyeT ot 4,78 mo 6,20 mac. %, ¢propa ot 1,49 no 2,03 mac. %.
Taxoke U1 TUTaHUTA XapaKTepHO MOCTOSHHOE HAJTMYME JKeJle3a B CIeYIOINX KOJTHYECTBaxX
0,39-0,75 mac. %.

Tabnuya 1/ Table 1

Bapuanuu xumMu4eckoro cocraBa rporurta (mac. %) /
Chemical composition of grothite (wt. %)

9;;“:;;;‘;‘/ Si0; Tio, 41,05 FeO Ca0
MHWH — MaKcC
cp.smas /| 30.38—3099 | 3213 -33.38 | 478—620 | 0.39—0.75 | 28.01 — 28.99
min — max 30.71 32.96 537 058 28.66
avg

B cBs131 ¢ 60BIINM KOJTMYECTBOM OTPENEICHUI XUMUIECKOTO COCTaBa MUHEpaJia, B Ta-
Omuie 2 A7 HATISIAHOCTY TIPUBOISITCS 110 OTHOMY COCTaBy (hopMylie ISl KaKI0ro o0pasia.
C yueroM Bcex 86 onpeesieHnii XAMHYECKOTo cocTaBa 001ast popMylia TATAHATA UMEET

crexyromuit BUIL — (Cag o7.1.008€0,01-0.02)50.99-1.01 780.79-0.81410.18-0.22)50 98-1.01(S%0.98-1.0040-0.02)51.00

O04(O081.0.8610.14-0.19)x1.00-
durypatuBHbIC TOYKHM COCTaBa TUTaHWTa Ha nuarpammax Al-Fe, Al-F, Fe+Al-F u

Fe—F [Kowallis et al., 2022] pacnonararorcs B 1oJ€ THTAHUTA METaAMOP(HUIECKIX MTOPOJT
(puc. 3). OTHOIIEHHE KeJe3a K aIFOMUHHIO B U3yYEHHOM TUTAHUTE COCTaBIsIET MeHee | k
2 (Fe/Al < 1:2), a cymMsl xene3a U amoMunus K ¢propy (Fe+Al)/F 6ausko k 1:1 u moutu
Bceraa oosee uem 1:2.
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Tabnuya 2 / Table 2
XumMnueckuii cocraB rporuta (Mac. %) / Chemical composition of grothite (wt. %)
Ne o6pasma/
DneMeHTbI/ Sample No
Elements
B1 B2 B3 B4 BS5 B6 B7 B8 B9 BI10
SiO, 30.58 30.87 30.99 30.68 30.78 30.41 30.77 30.71 30.65 30.58
TiO, 32.74 33.26 33.36 32.87 33.20 32.62 33.08 32.97 32.82 32.71
ALO; 5.68 5.02 4.78 5.39 5.11 6.18 5.21 5.30 5.48 5.58
FeO 0.67 0.46 0.39 0.60 0.51 0.75 0.54 0.58 0.62 0.65
CaO 28.41 28.87 28.99 28.71 28.82 28.01 28.76 28.72 28.62 28.6
F 1.92 1.52 1.49 1.75 1.58 2.03 1.64 1.72 1.81 1.88
O=F -0.81 -0.64 -0.63 -0.74 -0.67 -0.85 -0.69 -0.72 -0.76 -0.79
C?;g? / 99.19 99.36 99.37 99.26 99.33 99.15 99.31 99.28 99.24 99.21
®Dopmyisl paccunTansl MeTooM 110 3apsanaM / The formulas are calculated using the charge method.
1. (Ca0.98FeO.OZ)ZI.OO(T%O.SOAIOJI)Z1.01(SI:O.QQAIO.O1)21.0004(00.82F0.18)
2. (Cal.ooFeo.m)z1A01(Tlo,s.lAloA18):0,99(810.99A10.01)>:1A0004(00.86F0A14)
3. (Cal.ooFeo.ol)m.01_(T10.81A10.18)20.99_(511.00)21.0004(00.86F0.14)
4. (Cao.99Feo.02)21,01(T}o.soAlo,|9)20.99(5}0.99/\10,01)21.0004(00.84F0.16)
5. (Cal.OOFeO.Ol)ZLOl(T¥0,80A10Al8)20,98(8%0.99A10.01)21.0004(00.851:0‘15)
6. (CaO.97FeO.02)20.99(T%0.79A10.22)21.Ol(s¥0.98A10.02)21.0004(00.81F0.19)
7. (Cao.99Feo,01)zl,oo(T}o.soAlo,19)20.99(5}0.99Alo,01)21.0004(00,85F0.15)
8. (Cao.ero.oz)m,ol(T}O.onlo,|9)20.99(S¥0.99A10.01)21.0004(00.84F0,16)
9. (CaO.99F60.02)21.01(Tl(.).SOAlOAZO)El.00(819.99A10.01)21.0004(00.831:0.17)
10. (Cag.99F€0.02)51.01(Ti0.79Al0.20)50.99(S10.99A10.01)51.0004(O0.82F0.15)
0.20 0.6
N
) N 05
0.15 r N
:‘:"- i S 04} >
: 3
?010 [ Mar, ag -8- 03 < \,L
. » &
= / 18 =02t e&"
005 F//) A — Wag L
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Puc. 3. 3asucumocmo cooepocanuii Al u Fe, Alu F, Fe+Alu F, Fe u F ¢ mumanume (¢.e0).
Tons cocmasa mumanuma: Mae — mumanum mazmamuyeckux nopoo, Mem — mumarnum
memamoppuueckux nopoo [Kowallis et al., 2022] /
Fig. 3. Dependence of the contents of Al-Fe, Al-F, Fe+AI-F, Fe-F in titanite (ph. units).
Fields of titanite composition: Mag — titanite of igneous rocks, Met — titanite of metamorphic rocks

[Kowallis et al., 2022]
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[To comepxaHuio TIMHO3eMa W3y4YeHHBIN TUTAaHHUT (4,78—6,20 mac. %) MakcHMaIbHO
omm3ok K tutanuty (A/,0; 3,55-5,16 mac. %) u3 cianueB Uprteimickoit 30HBI CMATHS,
(hopMHpOBaHHE KOTOPOTO MPOUCXOIMIIO B YCIOBHIX 3€JI€HOCIIAHIEBOM (aruu MeTaMop-
¢usma [Hacrasko u np., 2024] u Bropuunomy tutanuty (4/,0; no 7,72 mac. %) merarpa-
HutoB oporeHa Cyny (Bocrouno-llentpanbnbiit Kuraii), o0pazoBaBiiemMycst B pe3yJibTare
npeoOpa3oBaHus MOPONbI B yCIOBUSAX amdubonmuToBoi (ammu meramopdusma [Chen et
al., 2016].

ITo Bcelt BUAMMOCTH, (PTOP-IVIMHO3EMUCTBIN TUTAHUT U3 IPAHUTOB TYPOYAKCKOTO KOM-
iekca ObU1 cpopMUpOBaH B pe3ysbTare HE3HAUUTENbHBIX MeTaMophuUecKux npeolpa-
3oBaHui. Ha 310 ykasbiBaroT: oTHomeHus Fe/Al (cocrasmstomniee menee 1:2) u (Fe+Al)/F
(6muskoe k 1:1 u mouTH Bcerna > 1:2) B cocTaBe TUTAaHUTA, a TAKXKE €ro MPUYPOYCHHOCTh
K XJIOPUTU3UPOBAHHBIM JieiicTam OnoTuTa. Takum 00pazom, N3yueHHBI TUTAHUT SIBIISCTCS
MIPOYKTOM HHM3KOTIPaJHOTO pacraja OMOTHUTA, SBISSCH IPH 3TOM OCHOBHBIM MHHEPAJIOM,
KOHIIEHTpHpYoIuM OnotutoBsiid TuTaH [Tulloch, 1979].

BbiBOADI

B pesynmerare nmpoBeNeHHBIX MCCIEIOBAaHHN YCTAHOBJICHO HAJIWYHE B TPaHUTAX Tpe-
Thell (ha3bl BHEAPEHHSI TYPOUAKCKOTO IPaHOCHEHUT-TPAHUT-ICHKOTPAHUTOBOTO KOMILIECKCA
¢dTop-rmHO3emuctoro Tutanuta (4/,0; 4,78-6,20 mac. %, F' 1,49-2,03 mac. %). OOHa-
PYXEHHBI TUTAHUT XapakTepusyercst oTHoueHusIMU Fe/Al n (Fe+Al)/F TunnaHbIMuU U1
TUTaHUTA METaMOP(UYECKOro reHe3nca.

dopMupoBaHKe TUTAHUTA, HA HAII B3IJIS, SIBJISICTCS PE3YJILTATOM HU3KOTPATHOTO MTPe-
00pa3zoBaHMs MOPOJIbI, B YACTHOCTH pacriajga OMoTUTA.

Takum 00pazom, M3y4eHHE COCTaBa TUTAHUTA U BKHBIX WHIUKATOPHBIX OTHOIICHUN
(Fe/Al u (Fe+Al)/F) no3BonuT 3apaHee y3HaTh €ro IPUPOIY U OIIEHUTHh BO3MOXKHOCTD €r0
NPUMEHEHHUS B IIEIIAX PEIICHHS FEOXPOHOJIOTMUECKUX 3a/1ad.
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Pe3stome: AKTyanbHOCTb paboTbl 06yCOBNEHA HEOOXOANMOCTLIO OLIEHKM NMapameTpoB CENCMUYECKOrO pe-
)KMMa B 3anafHoOM 1 BOCTOYHOM cermeHTax KpbIMCKO-HepHOMOPCKOro permoHa, KOTopble pasnnyarTces CTpoe-
HWUEM 1 Cyneprno3nLnen no OTHOLLEHMIO K OCHOBHbIM CEiICMUYECKM aKTUBHBLIM CTPYKTYpam Cpean3eMHOMOpPCKO-
ro nosca. Lienb uccnefosanmit: n3yyeHne npOCTPaHCTBEHHO-BPEMEHHBIX 0COOEHHOCTEN 1 NEPUOLOB NOBTOPSE-
MOCTW 38MNIETPSCEHNIA, CPABHUTENbBHbIA aHANN3 CERCMUYECKOr0 pexxmMa B npejeniax 3anagHoro 1 BOCTOYHOO
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NPOCTPAHCTBEHHbIE 0COOEHHOCTI CEICMUYHOCTM PEr1OHA; aHanu3 rpadoukoB NOBTOPAEMOCTU 3EMNETPSACEHUN,
BbIIBNEHUE 0OLLMX 3aKOHOMEPHOCTEN 1 OTINYMTESNIbHBIX 0COGEHHOCTEI CEeCMUYECKMX PEXMMOB B Npefenax
ncenesyembix CErMeHTOB; aHau3 NepuoaNYHOCTI BCMIIECKOB CENCMUYECKOI akTUBHOCTM W COMOCTABNIEHNE UX
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Abstract: The relevance of this work is due to the need to assess the parameters of the seismic regime in
the western and eastern segments of the Crimean-Black Sea region, which differ in structure and superposition
relative to the main seismically active structures of the Mediterranean belt. The aim of the research is to study
the spatial and temporal features and recurrence periods of earthquakes, to conduct a comparative analysis of
the seismic regime within the western and eastern segments of the region, and to identify the peaks of seismic
activity. The data are based on the earthquake catalog of the Institute of Seismology and Geodynamics at V.I.
Vernadsky CFU for the years 1950-2024. Research methods: comparative analysis of parameters characterizing
the spatial features of the region's seismicity; analysis of earthquake recurrence graphs, identification of general
patterns and distinctive features of seismic regimes within the studied segments; analysis of the periodicity of
seismic activity bursts and comparison of their parameters. Results. In the process of analyzing the earthquake
recurrence graphs for the western and eastern segments of the region, fragments with a high degree of conver-
gence of parameter values (in the interval of K=8-12 classes) were established. This mode is a “background”
mode that characterizes the main trend of the seismic process development in the entire region. Significant
differences in the recurrence graphs for low (K=3-8) and high (K>12) energy class intervals reflect significant
deviations from the background trend of the seismic regime. These differences are influenced by the specific
geological structure of the region and the impact of geodynamic processes within Turkey and the adjacent regions
of the Caucasus. It has also been established that periods of increased activity, determined by the peak values of
released seismic energy, occur asynchronously in the western and eastern segments of the region with a peri-
odicity of 12-13 years. Moreover, the peak values within one segment occur in the middle of periods of relative
quiescence in the adjacent segment, and vice versa.
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BeseapeHre

OcCHOBHBIE CEMCMOTEHHBIE CTPYKTYpbl KpbiMCKO-UepHOMOPCKOTO pernoHa MpOTSTH-
BaIOTCs BOJIb mooepexns KppiMa u KaBkaza [MonutopuHr ..., 2014; O6mee ..., 2016;
[TycroBuTenko u nip., 1989] u npuypodeHsl K KOHTHHEHTAJILHOMY CKJIOHY YepHOro Mops
(puc. 1). ImenHo B penenax ogHoi u3 HUX — FOxHOOEpeKHOMH, MPOU30IIIIO CaMO€e CHJIb-
HOE U3 COBPEMEHHBIX CEHCMUYECKUX COOBITHIA B pETHOHE — KaracTpoduueckoe SAnTuHckoe
semuterpsicenre 11.09.1927 r. ¢ Mw=6,9. Macmita0 BbI3BaHHBIX UM pa3pylIeHUu 00ycio-
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BUJ opranu3anuo B Kpeimy B 1927-1928 rr. mepBoil B cTpaHe CTallMOHAPHON CUCTEMBI
CEHCMUYECKOr0 MOHUTOPUHTa [MOHUTOPHHT ..., 2014]. 3a Bech nepruoJ MHCTPYMEHTAJIb-
HBIX HaOmoneHuit (6e3 manoro 100 jeT) KPIMCKUMHU CEHCMOCTAaHIMSIMU OBLIO 3aperu-
CTpHUPOBAHO OosIee 4-X C MOJIOBUHOM THICSY MECTHBIX 36MJICTPSICEHUI.

Ceiicmuueckast akTUBHOCTh KpbIMcko-UepHOMOPCKOTO pernoHa o0yCIIOBIEHA €TI0 reo-
TEKTOHMYECKOU CYNEepPHO3UIMEeH U CIOKHBIM CTPOECHUEM. DTH ke (haKTOPhI Mperonpese-
JUIIU OCOOEHHOCTHU IMPOSIBICHUSI CEHCMMUYECKUX PEXHMMOB B IpeJiesiaXx ero 3amajgHoro u
BOCTOYHOT'O cerMeHTOB. Pacronarasice Ha nepudepun Cpeau3eMHOMOPCKOTO CKIa14aToro
rosica, UCCIIEyeMbIil peroH BKJIIOYAeT (C ceBepa Ha IOT): I0ro-3amagHblii CKIOH JOpH-
¢eiickoit Boctouno-EBponeiickoii miargopmsl, snuBapucckyto CKUPCKYIO IUIUTY C CHU-
CTEMOIl HaJO)KEHHBIX ANBIIUHCKUX MPOrudoB, ropHsie coopyxeHust Kpeima u KaBkasa, a
Takxke UepHOMOPCKYI0 KOTJIOBHUHY, Hanbosee Ny0OKOBOJHbIE YaCTH KOTOPOM — 3amaiHo-
u Bocrouno-UepHoMopcKas BIIaAMHBI, XapaKTEPU3YIOTCsI KOPOH CyOOKeaHH4eCcKoro THIa
(puc. 1). bonee toro, u I'opusiit Kpbim, orpannuuBaromuii ¢ ceBepa ocCHOBHY10 FOxHO-
OepekHyI0 CEeIICMOTreHHYIO 30HY, 10 MHEHHUIO HEKOTOPBIX HCCIeoBaTenel, HEeOqHOPOIeH
B TEKTOHMYECKOM OTHOIIeHHH. Ero roro-zamajgHas 4yacTb HUIACHTU(UIMPYETCS Kak SIIU-
1aT(OPMEHHBINH OpPOreH, KOTOPbIil 00pa30oBaics BCIEICTBUE aKTUBH3AIMU FOXKHOTO Kpast
Cxudckoii MIMTH HA aNBIIMICKOM 3Tarle, TOraa Kak BOCTOYHBIN (manr [oproro Kpsima
BMECTE C KOKHOM 4acThio KepyeHCKOTo MoryocTpoBa BXOAST B COCTaB OOJIACTH aJIbITHIA-
CKOM CKJIa{4aTOCTH, SIBJISISICh CEBEPO-3allaJHbIM IEPUKIINHAIBHBIM 3aMbIKAHHEM COOPYKE-
Huii bonpmoro Kaskasa [[Tuenunies, 1966], odpamisieMbIM MOSICOM TPS3EBBIX BYJIKAHOB.
I'pannia Mmexx1y HUMM BeCbMa yCIIOBHA, HO PAKTUYECKU COBIIAJIAET C 30HOM pa3rpaHuye-
Hus KpbiMcko-UepHOMOPCKOTo pernoHa Ha 3araiHbIi 1 BOCTOYHBINA CerMeHTHI (puc. 1, 2).
Magnitude

Marnunryna:

2-3

~
1
=]

OO00es

1~
&
=

th, km
yOMHa, KM :

0-10

I

=
=z

10 -20

20-30

30 - 60

60 - 150

0000

Puc. 1. Cxema ceticmuunocmu Kpoimcko-Qepromopckoeo peeuona (no [Monumopurne ..., 2014],
@pazmenm) ¢ snemeHmamu MeKMoHUYECKo20 paloHUPOBanUs. Yciosuvle 0bo3nauenus: 1 — 30na
counenenus Bocmouno-Eeponetickou nnamgpopmor u Crughckoui niumul; 2 — epanuyvl 2y60K0800HbIX
8naduUH ¢ Kopoli cybokeanuyeckoeo muna. bykeamu obosnauenvi: EEP — cknon Bocmouno-Esponetickoti
naamegpopmol, SP — Crxucpckas nnuma, CM — Topnwiii Kpoin, GC — bonvwou Kaskas, WBSB u
EBSB — 3anaono- u Bocmouno-Yepromopckas énaounvl. Kpachwiil u cunutl npsamoyeoivHuKy —
2paHuybl 3anaoH020 U B0CIMOYHO20 CE2MEHNO8 pe2uoHa /

Fig. 1. Seismicity map of the Crimean-Black Sea region (according to [Monitoring ..., 2014], fragment)
with elements of tectonic zoning. Symbols: 1 — zone of junction of the East European platform and the
Scythian plate; 2 — boundaries of deep-water depressions with sub-oceanic type of crust. The letters stand
for: EEP — the slope of the East European Platform, SP — the Scythian Plate, CM — the Mountainous
Crimea, GC — the Greater Caucasus, WBSB and EBSB — the West and East Black Sea depressions.
The red and blue rectangles represent the boundaries of the western and eastern segments of the region
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Bcenencreue nepudepuiinoro nonoxennst Kppimcko-YepHOMOPCKOTO peruoHa B CUCTE-
Me Cpen3eMHOMOPCKOTO M0sCa, YPOBEHb CEICMUYHOCTH U BEPOSITHOCTh BOZHUKHOBEHUS
CHJIBHBIX 3€MJICTPSICEHUN B €ro Ipejesiax HIKe, 4eM Ha TeppuTopuu Mamoit Aszum (B oc-
HOBHOM, B Typuun) u compenenbHbiXx pailonoB KaBkasa, 11e cocpeoToueHbl OCHOBHBIC
CeHCMOreHHbIE 30HbI lIeHTpaabHOro CpeanzeMHoMOopbs [I1ymoB u ap., 2004; Poroxxun n
ap., 2015; Poroxun, 2012; Cpanosa, 3aanumswmiu, 2024]. [locinennue yHacieaoBaiu mo-
JIOKEHHE 30H NaneocyOayKIMH, KOTOPbIe CMEIAINCh B FOKHOM HAIIPaBJIEHUHU B IIpoLiecce
reoiMHaMHA4YeCcKoU 3Boonuu CpeIn3eMHOMOPCKOrO Mosica 10 Mepe NpudIeHeHus K EB-
pasuu autochepHbIX WINT (AQpuku, ApaBum) U cyOIUIUT (TeppeiiHOB) CEBEPHBIX OKpa-
uH [laneo- u Heoreruca [Koponosckuii, Jlemuna, 1999; Hukumun, Epmos, 2004; Cenun
u ap., 2022; Nikishin et al., 2011; Zonenshain, Le Pichon, 1986; Okay, Nikishin, 2015;
Saintot et al., 1999; Stephenson, Schellart, 2010].

Tak, nonoxeHue MO3qHENAne030MCKOM 30HBI CYOMYKIIMM TPACCUPYETCsl CEHCMHYHO-
cthio bonbmoro Kaskaza—Konetnara, Mme3o3otickoit — CeBepo-AHATONMMICKOH 1 DIb0ypc-
MasnokaBKa3CKOM CEMCMOIeHHBIMUA CHUCTEMaMH, KaiiHO30MCcKOM — 30HaMu BocTouHno-AnHa-
Tonuiickoro pasnoma u 3arpoca [Nikishin et al., 2011; Poroxun, 2012 u np.]. T cTpyK-
Typbl (POPMUPYIOT CEHCMHUECKHI KIMMaT HeHTpalbHOro Cpenn3eMHOMOpPbS, OKa3bIBas
BJIMsIHME U Ha ceiicMuuHoCTh Kpbimcko-UYepHoMopckoro pernona. Pacnonarasice Ha 3Ha-
yuTeIbHOM yhasieHuHn oT KpbiMa, Bce oHU (3a McKiItoueHueM cucteMbl bombioro Kaska-
3a—Konernara) otaeneHsl oT HEro BHaJuHoW YepHoro mMopsi, KoTopasi, BEICTyTNasi B pOJIU
cBO€OOpa3HOro aemrmdepa, TaCUT 4acTh TEKTOHHMYECKUX HANpPSOKEHUH, TeHEpUPYEMBIX
IpoIecCaMy FeOAMHAMUYECKOTO B3aMMOICHCTBHSI TIUTOC(EPHBIX TUIUT B Tpenenax Manoii
A3uu u comnpenienbHbIX pailoHOB. [Ipu 3TOM B camoii UepHOMOPCKOI BHajuHE TAKKE BbI-
CBOOOXK/1aeTCsl 3HAUUTEIBHOE KOJIMYECTBO celicMuueckoii sHepruu [IlycroButenko, Kynp-
yuukuii, 1991] B Buae 3emMIIeTpACEHUII OTHOCUTEIBHO BBICOKMX IHEPreTUYECKHX KJlac-
coB (Hanpumep, coobrTus 09.06.1997 1. ¢ K=11,7; 09.10.1997 r. ¢ K=10,7; 30.09.1998 .
¢ K=10,6 u np.).

Pesynbrarel aHanu3a MmpoCTPaHCTBEHHO-BPEMEHHOTO PACHPECICHUS 04aroB 3emiie-
TPACEHUN U BBIICIIUBUIEHCS CEHCMUYECKON IHEPTUH B IIPEAEIax 3aMaJHOr0 U BOCTOYHOTO
cerMeHTOB KpbIMCKO-HepHOMOPCKOTo pernoHa OTpa)xaroT pa3IM4HbIi XapaKkTep NposiBiie-
HUsl ceiicMuuecKkoro pexuma. OcoOyro TpPeBOT'Y BbI3bIBAE€T BBHICOKHI YPOBEHb celicMuye-
CKOW aKTHBHOCTHU B BOCTOYHOM YACTH PETHOHA, TJ€ COCPEIOTOUCHO OOIBIIOE KOTHMUECTBO
TPAHCIIOPTHBIX, YHEPTOMOCTABIISIFONINX U UHBIX KOMMYHHKAIMH, CBSI3bIBAIOIINX KpbiM ¢
MaTepUKOBOM YacThro Poccun.

Takum 00pazoM, akTyallbHOCTh paOOThI OOYCIIOBJIEHA HEOOXOAMMOCTBIO HCCIIENO0Ba-
HUS 0COOEHHOCTEN CelicMUYECKOro pexkuMa B IIpezieiax pa3IMyHbIX cerMeHToB KpbeiMcko-
YUepHOMOPCKOTrO peruoHa, pa3ivyaroluxcs CTPOECHUEM U IOJOXKEHHEM IO OTHOILICHHIO
K OCHOBHBIM CeHCMOreHepupyomuM cTpykrypam CpennzemMHoMopckoro nosica. Llensro
pabOoTHI SBJISETCS CPAaBHUTENBHBIN aHATU3 CEHCMUYECKOT0 peXXiMa B IIPeeIax 3anaHoro
(B koopauHarax ¢p=43,5+47°N, A=30+35°E) u BoctouHoro (c koopauHaramu ¢=43,5+47°N,
A=35+38°E) cermentoB KpsiMcko-Uepnomopckoro peruona (puc. 1). Ilog ceficmuueckum
PEKUMOM TIPH ATOM HOHUMAIOTCS MPOCTPAHCTBEHHO-BPEMEHHBIE 0COOEHHOCTH pacIpe-
JICJIEHUsI COBOKYITHOCTEH 3eMJIETPSCEHUN pa3HBIX YHEpreTHYecKux kiaccos [O6mee ...,
2016], a Takxke MEpUOJUYHOCTH IMPOSBICHHUS BCIUIECKOB ITOBBIIIEHHOW AKTMBHOCTH HA
(hoHE OTHOCUTEJIBHOTO CEHCMUYECKOTO 3aTUIIIbS.

MIcxoAHbIE AQHHBIE 1 METOABLI MICCAEAOBAHMS

DakmonozuuecKkoii 0CHOB0U VICCIECNOBAHUN TOCIIYKHAIN JaHHBIE CBOJHOIO KaTalo-
ra 3emsierpsicenuit uctutyra ceiicmonornn u reoguHamMuku Kpeimckoro denepanbHo-
ro yauBepcuteta uM. B.M. Bepuazackoro. B cocta aHanusupyeMoii BHIOOPKH BOIILTH BCE
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coObiTus (3551 3emnerpsicenue), npousomenime B KpeiMcko-UYepHOMOPCKOM peruoHe ¢
1950 mo 2024 roasl — B eproi, KOTOPbIH XapaKTepU3yeTCss OTHOCUTEILHO BHICOKOM TIpei-
CTaBUTEJBHOCTHIO YHEPTETUYECKUX KIIACCOB PETUCTPUPYEMBIX COOBITHI [MOHUTOPHUHT .. .,
2014]. JIns BHECEHMS 36 MIIETPSICEHUH B KaTaJIOIH 110 UX IPOCTPAHCTBEHHOMY PaCIOJIOXKe-
HHUIO BECh PErHOH OB YCIOBHO pa3/ieieH Ha HECKOJIbKO paiioHoB [[lycroBurenko u ap.,
1989], 4TO MOCITYKHUI0 OCHOBOM U ISl ONIPEACIICHUsI TPAHUI] KCCIIEYEMbIX — 3aMaIHOTO 1
BOCTOYHOT'0 — cerMeHTOB. K 3anaiHoMy cerMeHTy OTHECEHbI CEHCMUYECKUE COOBITUS, ITPO-
n3owenuue B paiionax NeNel—3, 6 u 8; k BocTouHOMY — B paiioHax 4, 5, 7 (puc. 2). Takum
o0pa3om, B reorpaduueckoM OTHOLIEHHUH 3allaJHbIi CETMEHT OXBaThIBA€T FOT0-3aMa/HyIo
U LeHTpasibHy0 yactu ['opHoro Kpsima, PaBunnHbIil KpbiM, a Takke — HIEHTpaJIbHYIO U 3a-
najHyo akBatopuu YepHoro mopsi. B cocTaB BOCTOUHOTO CerMeHTa BOILIUIA IPUJIETAI0IINE
k KaBka3sy teppuropun Kepuenckoro u TamaHCKOro noiayocTpoBOB, aKBaTOpUU A30BCKOTO
¥ BOCTOYHOH dactu UepHoro mops. 3emierpscenus paiiona Ne9 (TiryOokoBOAHON YacTh
UYepHoro MOpsI, K FOTY OT IHUPOTHI p=43,5°N) B 00pab0TKy HE BKIFOYAIHCh.

Memoouueckyro ocHogy VCCIEIOBAHUN COCTABWIM NMPUEMbl CPABHUTEIBHOIO IMPO-
CTPaHCTBEHHO-BPEMEHHOTO aHaIM3a MapaMeTpPOB CEHCMUYECKOW aKTUBHOCTU B Ipeje-
Jax 3amaJHoOro0 M BOCTOYHOI'O CETMEHTOB PEeruoHa. Mepoil MHTEHCUBHOCTH KaXKAOIro U3
3eMJIETPSICEHUI SIBJSUIMCHh 3HAUEHUs MX 3Hepreruueckux kiaccoB Km [IlyctoBurenko,
Kynpauiknii, 1974], cooTBeTcTByIONIME BeIWYUHE jJorapudMa BBIISIUBIICHCS B odare
ceficmuueckoi sHepru (B /Jorcoynsx). [IpocTpaHCTBEHHBIN aHATN3 CEHCMUYECKON aKTHUB-
HOCTHU OCYILECTBIISJICS 10 KOJIMYECTBY (MJIM IUIOTHOCTH HAa €IMHUILY IUIOLIAAN C pa3Me-
poM stueiiku 2x2°) ceiicMuueckux coObITHi (XN), a Takke (IMOCKOJIBKY 3eMJICTPSICCHHUS
XapaKTEPHU3YIOTCSl SHEPTETHUCCKUMH KJIacCaMM B IIUPOKOM auamnazone ¢ K=3-15) — mo
BEJINYMHE CyMMapHOH BblJeNUBLIeHCA dHEpruu B oyarax (XE, [owc) niy 1no 3HaueHUIo ee
norapudpma (LgEFE). OTH ke nmapaMeTpbl HOCIY UM OCHOBOIM CPaBHUTEIBHOIO aHAIN3a
ceficMUYeCcKoll akTUBHOCTH BO BPEMEHHM U, HapsAy ¢ rpadukaMu MOBTOPSIEMOCTH 3eMIie-
TPsICEHUH pa3HON MHTEHCUBHOCTH, MTO3BOJIMIIM OXapaKTEpU30BaTh Kak 00IIHe 3aKOHOMEP-
HOCTHU CEHCMHUYECKOTI0 MpoLecca B PErMOHe, TaK U pa3jInyMsl €ro NpOosIBICHUS B IIpeienax
3aIaJHOTO U BOCTOYHOT'O CETMEHTOB.

Pe3yAbTATbl MICCAEAOBOHUN N UX OBCYXAEHMNE

Ocobennocmu npocmpancmeeHHO-6PEMERHO20 PACNPEOCTEHUA 0UA206 3eMIemP-
CeHUIl U 8blOCTUGUIENICA 8 HUX celicMUYecKoul IHepeuu. Pe3ynbpraTsl aHanu3a 0COOEHHO-
CTEH pacnpe/esieHns yKa3aHHBIX TapaMeTPOB IMOKa3aJi BEChbMa CYIIECTBEHHBIC PA3IHUUs
CEeMCMUYECKOro pexuMa B Mpejiesiax 3anajHoro 1 BOCTOYHOTro cerMeHToB Kprimcko-Uep-
HOMOPCKOTO perruoHa (puc. 2).

Tak, 3a mocnegaue 75 net (¢ 1950 mo 2024 roaer) B 3armagHOM CETMEHTE MPOU30IILIO
2723 3emnerpsicenus (75 % ot 001Iero KonmuecTBa), Mpu TOM UX BKJIJ B OOIIUN SHEpre-
THYeCKHi Gananc coctaBui Beero 22-10'2 e (Menee 2 % 0T CyMMapHO# SHEPTHH BCETO
peruona). B To ke BpeMs, B BOCTOYHOM 4acTH ObUIO 3apuKCHpoBaHO 8§28 3eMIIETPSICEHHI
(23 % ot 00LIEr0 KOIMYECTBA), B KOTOPBIX BBIAEIUIOCH 0K0JI0 1048-10'? /o celicMuue-
CKOM SHEPTUH, YTO COCTABISIET 98 % OT CyMMapHO# HEPTUU 3eMJIETPSICCHHUI BCETO PETH-
oHa. OTYaCTH JaHHOE COOTHOIICHHE KOIMYECTBA 3eMJICTPSICEHHI 00yCIOBICHO Pa3HBIMU
YPOBHSIMU TIPECTABUTEIBHOCTH COOBITUNA HU3KUX YHEPTreTHUECKUX KIIACCOB B Ipeenax
HCCIIelyeMbIX CETMEHTOB, O 4eM IopoOHee OyaeT cka3aHo Hke. Tem He MeHee, MOXKHO
1oJIaraTh BIIOJHE peajbHbIM HATHUME OOPATHOM 3aBUCIMOCTH MEX/Ty KOJIMUECTBOM CEHC-
MUYECKUX COOBITHI N X MHTEHCUBHOCTBIO: B 3al1aJJHOM CETMEHTE 3eMJIETPSICEHUSI IPOUC-
XOJIAT TOPA3/I0 Yallle ¥ B O0JIBIIOM KOJIMYECTBE, B TO BPEMsI KAK B BOCTOYHOM CETMEHTE OT-
HOCHUTEIIbHO HEOOJIBIIOE KOTHUECTBO COOBITUI MHIYITUPOBAIO TIOYTH BCIO CEHCMUYECKYIO
SHEPTUI0 peruoHa. J[aHHBIC PA3IMUYUS WUTFOCTPUPYIOT CXEMBI PACIPENCICHHUS BEITUYHH
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norapudma cyMMapHOW BbIIETUBIICHCS celicMuyeckoin sHeprun (LgXE) m xonmuectsa
3emuietpsiceHudt (XN) B peruone 3a niepuoj ¢ 1950 mo 2024 rogsi (puc. 2).

[TonoOHOE cOoOTHOIIEHHE MOATBEPKAAECTCA U JAaHHBIMU HAOIIONEHUHN 32 SHBAPb—OK-
Ts10pb 1925 roga: u3 131-ro 3aperucTpupoBaHHOIO B PETHOHE 3€MIIETPSICEHUS TOJIBKO de-
ThIpe (TO ecTh MeHee 3 % oT 00I1ero Koin4ecTna, B ToM yrcie — coositue 12.01.2025 . ¢
K=11,5) npouzonuio B BoctouHoM cermenTte (B Kepuencko-Tamanckom paiione). OqHako
WX BKJIAJ] B TOZI0BOM HEPreTHYECKHIA OalaHC perroHa cocTaBui noutu 94 % (317-10° o),
MIOJTBEP:K/1asi BBIBOJ O TOM, YTO B BOCTOYHOM CEIMEHTE 3eMJIETPSICEHUS IPOUCXOMST PEXKe,
YeM B 3alla/IHOM, OJJHAKO B OCHOBHOM CBOEH Macce OHU SBIAIOTCS 00Jiee HHTEHCUBHBIMH.
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Puc. 2. Pacnpedenenue senuyun nocapughma cymmapHoi 8bl0enusuielics ceticMuieckoll sHepeuu (a)
u konuwecmaa semnempsacernuti (b) Kpvimcko-Yepromopcrozo pecuona 8 nepuoo ¢ 1950 no 2024 2001
(pasmep auetiku 2x2°). Yenosuvie 0603nauenus: 1 — epanuyvl u Homepa ceticMuyeckux patoHos,

2-3 — uzonunuu pasnvix 3Havenut (2) u obnacmo maxcumanvuoix (LgXE>12,0) snauenuil (3) noeapugma
CYMMAPHOLUL CelicCMUYecKoll IHepauu, 36e300uka — semnempscenue 12.07.1966 e. ¢ K=15,0; 4-5 — usonunuu
pasHbvix 3Havenutl (4) u obnacmo noxkanusayuu () maxcumansroeo (bonee 200) konuvecmsa ouazos
semnempscenuil; 6 — epsasesvie §yaKanbl. Kpachwiil u cunuil npamoyeorbHUKu — Spanulybl 3andoHo2o u
B0CTOUHOSO CE2MEHNO08 PEcUOHA /

Fig. 2. Distribution of the logarithm of the total seismic energy released (a) and the number
of earthquakes (b) in the Crimean-Black Sea region from 1950 to 2024 (2x2° cell size). Symbols:
1 — boundaries and numbers of seismic regions, 2-3 — isolines of equal values (2) and the area
of maximum (LgXE>12.0) values (3) of the logarithm of the total seismic energy, asterisk — earthquake
of July 12, 1966 with K=15.0; 4-5 — isolines of equal values (4) and the area of localization (5)
of the maximum (more than 200) number of earthquake sources; 6 — mud volcanoes. The red and blue
rectangles represent the boundaries of the western and eastern segments of the region
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CpaBHenue rpaduKoB MOBTOPSEMOCTH 3eMIIETPSICEHUH 3aMafHOr0 ¥ BOCTOYHOTO Cer-
MEHTOB TIO3BOJIMJIO BBISIBUTH KaK 00IIME OCOOCHHOCTH CEMCMHUYECKOTO PEKUMA B MX Tpe-
Jienax, Tak U CyIIEeCTBEHHBIE Pa3IMyusl €ro MPOSBICHUS, YTO OTPaXkKatoT pe3yabTaTsl ppar-
MEHTAIMU TpaduKOB [0 HHTEPBajIaM SHEPreTUUYCCKUX Ki1accoB (puc. 3 a, b).

IlenTpanbHas yacTh rpaduKoB B nHTEpBaie kiaccoB K=8-12 (I ¢ppacmenm) yxa3piBa-
€T Ha BBICOKHI ypOBEHb CXOJCTBAa CEHCMUYECKOTO peXruMa B 000MX CErMEHTaxX peruoHa
(puc. 3 a, b). JleBbIMU OrpaHHYEHHUSIMU ITOTO (hparMeHTa Ciy’KaT YPOBHHU MPEACTaBUTEIb-
HOCTH, 3HaU€HUS KOTOPBIX MPUOIU3UTEIHHO OJMHAKOBHI (JIJIs 3aIaIHOM YaCTH PErnoHa —
K>7, nnst BoctouHOM — K>8), paBbIMU — MaKCUMaJIbHBIE 3HaUeHUs K, yIOBIETBOPSIONINE
JUHEHHOMY MX pacmpesesieHuto. B ykazanHOM uHTEpBaie rpaduku MPaKTUIECKU TOXKIC-
CTBEHHBI, I0CKOJIbKY COOTBETCTBYIOIINE KaXKIOMY KJIacCy 3HaueHus: XN 1 XE UMeroT BeChb-
Ma OJIM3KHue 3HaYeHHsI. DTO K€ MOATBEPK/1at0T U HE3HAUUTEIbHbIE OTKIOHEHUS YKa3aHHbIX
MapaMeTpoB OT UX CPEAHHMX 3HAYEHHUI MO BCEMY PETHMOHY: B O0OHMX CIydasx BEIMYHMHA
OTKJIOHeHHH cocTaiseT menee 20 % (puc. 3 ¢, d).
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Puc. 3. Conocmasnenue napamempos ceticMuyHOCmu 3anaoHo2o (Kpachvle epapuki) u 0CmouHo2o
(cunue epaguru) ceemenmog pecuona: a, b — pacnpedenenus no Kiaccam KoIUNecmea 3emaempsiceHul
u svl0enusuLelics suepeul; ¢, d — OMKIOHeHUs: IMUX NAPAMEMPO8 OM CPEOHUX 3HAYEHULL NO PESUOHY,
e, f— epaghuxu noemopsemocmu (Ponosvie mpenos) 0 3anaOHO20 U BOCMOUHO20 CE2MEHMO8.
Venosnvie obo3nauenus: 1-2 — yposHu npedcmasumenbHOCmu, COOMEEmc meeHHo, st 3andOH020
U BOCMOYHO20 CE2MEeHMO8, 3 — 2panuybl ppasmenmos pacnpedenenus napamempos ¢ pasHblMu
peaxcumamu, 4 — epaguxu nosmopsiemocmu (xapaxkmepusylouwjue (oHosvie mperobl)
3aNA0H020 (KPACHbILL) U 60CMOYUHO20 (CUHULL) ceeMenmos /

Fig. 3. Comparison of seismicity parameters for the western (red graphs) and eastern (blue graphs)
segments of the region: a, b — distributions of the number of earthquakes and seismic energy;,
¢, d — deviations of these parameters from the regional averages, e, f— repeatability schedule
(background trends) for the western (K=7-12) and eastern (K=8-13) segments. Symbols: 1-2 — levels
of representativeness for the western and eastern segments, respectively,; 3 — boundaries of parameter
distribution fragments with different modes; 4 — repeatability graphs (characterizing background trends)
for the western (red) and eastern (blue) segments

CornacHo 3akoHy ['yTTenOepra-Puxrepa (MpUMEHHUTENBHO K SHEPTeTHUECKUM KiTaccam —
LgN=a-bK), pacripenenenue B 3amagHoM CETMEHTE PETHOHA alpOKCUMHUpYeT dopmyria
LgN=5,765-0,413K, B BocTouHoM — LgN=5,235-0,368K (puc. 3 e, f). B atux ypaBHeHu-
SIX YHACJICHHBIE 3HAUEHUS! KOA(D(DUIIMEHTOB UMEIOT ONM3KHUE 3HAUEHUS: UX OTKIOHEHHS OT
cpeanero He npessbiaT 9—11 %. U3 aToro ciemyet, 4To yron HakjIoHa 000UX rpadukoB
MIPUMEPHO OJITMHAKOB, & CEHCMUYECKUI PEKUM — KaK 10 KOJIMYECTBY 3€MJIETPSICEHUH, TaK U
B MIX HEPTreTUYECKOM HAMIOJHEHUH — MOYKHO TI0JIaraTh CXOIHBIM B IpeIeNiaX UCCIIEAYEeMbIX
cerMeHTOB KpbiMcKkO-UepHOMOPCKOTO permuoHa.

CoBnagaroniyie MHTEpBaIBI 000X TpadukoB ¢ K=8—12 XapakTepu3yrT KpaTkoCpod-
HBIE MapaMeTpbl CEMCMUUYECKOT0 PeXUMa, TOCKOIbKY HCCIEeyeMbli TepUOJl COCTABIISET
BCETO 75 JIeT, W ABISAIOTCS (hoHOBbIMU (€CTTH ITO TIOHSATHE TIPUMEHUMO HE TOJBKO K COBO-
KYITHOCTSIM CTaTUYECKHUX BEITUYHH, HO U K TPEH/IaM JUHAMUYECKUX MPOILECCOB). YUUTHI-
Basi OJIM30CTh 3HAYCHHUH KOY(PPHUITMSHTOB B YPaBHEHUX JJIs 3aM1aJHOTO ¥ BOCTOYHOTO CET-
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MEHTOB, 001Ul POHOBBII TPEH]T CEICMUYECKOTO peXKMa BCEr0 PErHOHA MOKHO OIHCATh
dbopmynoii LgN=6,187-0,433K.

JleBbie BeTBU TpadukoB B uHTepBane K=3-8 (/I ¢ppacmenm), HUCXOASIINE OTHOCH-
TEIHHO JIMHUHM OOIIETO TPEH/A, YKA3hIBAIOT HA CYIIECTBEHHOE PA3JIMYMe CEHCMHYECKUX
PEKHMMOB B 3allaJJHOM U BOCTOYHOM cerMeHTax. Kak oTMedanoch, 3To paziuuue oT4acTu
00yCIIOBIIEHO Pa3HBIMU YPOBHSIMU TPEACTaBUTEILHOCTH, Ha YTO YKa3bIBaeT U OTCYTCTBUE
B TpezeniaX BOCTOYHOTO CEerMEHTa 3aperuCTPHPOBAHHBIX 3emiieTpsiceHnit ¢ K=3 3a pac-
cMmarpuBaeMblil iepuos. OJHAKO 3TO OOCTOSTENBCTBO JIHUIIb YACTUYHO OOBSICHSIET OTPOM-
HYI0 pa3Huily (6onee, 4ueM B 4 pasza) B KOJIMYECTBE PETUCTPUPYEMBIX COOBITHIA ¢ K<8: 2528
3eMJIeTpsICEHHI — Ha 3anajie U 627 — Ha BocToke. COOTBETCTBEHHO, U BBIACICHHE YHEPTUN
npoucxoquiao B rnponopuuu 0,103:10'2 Jorc x 0,077-10'2 [loc, T.€. OTIMYAIOCH IIOYTH B
nositopa pasa. OHako MpUBEIEHHBIEC JaHHBIE CBUIETEILCTBYIOT TAKKE U O TOM, YTO Cpe/-
Hee (yAenabHOe, U3 pacyeTa Ha OJHO celicMUYecKoe COObITHE) KOTMYECTBO BbIACTUBILEHCS
SHEpPruy B BOCTOYHOM YaCTH PETMOHA ObLIO MOYTH B TPU Pa3a BhIIIE, YEM B 3aMaJHOI (co-
OTBETCTBEHHO, 12310 1 41-10° [{orc).

OTnnunTenbHON 0COOCHHOCTBIO MIPABOI YacTH IpaMKOB MMOBTOPSEMOCTH B UHTEPBA-
ne ¢ K>12 (Il ¢ppacmenm) siBS€TCS OTCYTCTBHE 3€MJIETPSICEHHM BBHICOKUX SHEpreTuye-
CKHMX KJIaCCOB B 3amajiHoM cermMeHTe KpriMcko-UepHoMOpekoro perrnoHa B mepuoa ¢ 1950
o 2024 ronel. B To ke Bpems, B Mpezesiax BOCTOYHOTO CErMEHTa 3a 3TO BPEeMs IPOU30-
w10 3 3HAYMMBIX cOOBITHS: oaHO M3 HuX (12.07.1966 1.) — ¢ K=15,0; nBa (03.09.1978 u
09.11.2002 1.) — ¢ K=13,2 u K=13,0. IMmeHHO 3TH 3eMJIETPSICEHHU ST BHECIIM OCHOBHOM BKJIA/
B perHOHAJIbHBIA DHEPreTHYeCKuil OanaHC, Tak Kak KOJIMYECTBO BBIJCIMBIICHCS B HHUX
CelCMUYECKON PHEepruu coctaBuio 98 % or cymMMapHON 3HEPruM BOCTOYHOIO CErMEHTa
i 96 % ot o011ero Kou4decTBa SHEprun pernoxa. Ilpu stom, eciu nociaeHue U3 ITUX
COOBITHIA TIO CBOUM ITapaMeTpaM eIie YAOBIETBOPSIOT (hoHOBOMY TpeHy (puc. 3 f), To ma-
pametpsl 3emietpsicenus 12.07.1966 . ¢ K=15,0 «BbInanaroT» U3 HEr0, pe3K0 OTKIOHSSACH
BBEPX OT €0 JINHUH.

DTO MOATBEPKAAIOT PacyeThl MAKCHMAJIbEHO BO3MOXKHOTO (B pamMKax ()OHOBOTO TPEH/IA)
9HEepreTUyecKoro kiuacca semnerpsiceHuit (K, ) KaKk Ui KaKI0ro U3y4aeMoro CerMeHTa,
TaK ¥ JJIsl pErHoHa B 11eJIoM. [[puHSB B BBIIEIPUBEACHHBIX YPAaBHEHHSIX (TOCKOJIBKY JIOTa-
pUGM HYIIS CYUTAETCS HEOTpeNeIEHHBIM) 3HaueHue Lg/N ycI10BHO MUHUMAIBHBIM (HAIIPH-
mep, LgN=0,001), nosnyunum npeznenbHble 3HaueHUs K., yAOBIETBOpsoUIe (HOHOBOMY
pactipeaenenuto. Jljig 3anmagHOro cerMeHTa sTa BenmuuHa cocrasiser K, ,,=13,956, nus
BoctouHoro — K,,,=14,223, nna Bcero peruona — K,,,,=14,286. CinenosareiabHo, 3eMJIETPsI-
cennst ¢ K>14 yxe He 0TBEYaroT mapaMmeTpaM GOHOBOTO TPEH/IA: MX CIIEAYET PACICHUBAThH
KaK aHOMAJIbHBIE TPOSIBIICHUSI CEHCMUYECKON aKTUBHOCTH B PETHOHE.

K TakoBbIM B BOCTOUHOM cerMeHTe OTHOcUTCs 3emuerpsaceHue 12.07.1966 roma c
K=15,0. Onnako MakcUMaabHO 3HAYMMBIM (32 BECh MEPHOJ MTPOBEICHUS HHCTPYMEHTAJIb-
HBbIX HaOmoneHuii — ¢ 1927 r. mo HacTosiee BpeMs ), 6€3yCIOBHO, SIBISUICS KaracTpoduye-
CKHI B3pBIB CEICMUYECKON aKTHUBHOCTHU B 3alIaJHOM CETMEHTE PETMOHA, IPON3OLIEAIINI
B MIOHE U ceHTsI0pe 1927 roma. OH peanu3oBayics B BHIIE Pa3pyIIUTEIBHOTO SITHHCKOTO
semuerpsicenus 11.09.1927 r. ¢ K=18,2 (Mw=6,9), koTopoMy TpeaiiecTBoBail (OPIIOK
26.06.1927 . ¢ K=16,7 (Mw=6,3) [MonutopuHr ..., 2014; ITycroButenko u ap., 1989].
3areM B TedeHHe KOpOTKOTo BpeMeHH (11-24 cenTsiOpsi) mocienoBana cepust ahTepIIOKOB,
JEBSITH U3 KOTOPBIX uMenu K>14. O01iee KoMMuecTBO BBICTUBIICIHCS TIPU 3TOM DHEPTHH
cocraBuiio 1816253102 [l (LgZE=18,259), uto Gojiee 4eM Ha TPH MOPSIKA IPEBILIAET
ypoBeHb coObitus 12.07.1966 1. (1000-10'? e, LgZE=15,000). MHBIX CyIIeCTBEHHBIX
(oTHOCHTENBHO (DOHOBOTO TPEH/A) BCIUIECKOB CEMCMHMYECKOW aKTUBHOCTH, Kpome 1927
u 1966 1T, 3a nepruo]; HHCTPYMEHTAJIbHBIX HAOIIOCHHUI B PETHOHE 3apETUCTPUPOBAHO HE
OBLIO.
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YuuTeiBask KOJIOCCATbHYIO pa3HHILY (B HECKOJIBKO TOPSIKOB) KOJUYECTBA DHEPIHH,
BBIJICTIUBIICHCS B ouarax 3emierpscenuid 1927 u 1966 rogos, kak OTHOCHTEIBHO (HOHO-
BOT'O TPEHJIA, TaK U MEXKJY CAMUMH STUMH MMaPOKCU3MAIbHBIMU COOBITHSIMH, AOIYCTHUMO
MPEINOI0KUTh HATMUUE B PETHOHE MHO20YPOBHEBOU CEMCMUUYECKON aKTUBHOCTH H, CO-
OTBETCTBEHHO, IIUKJIMYHOCTH €€ MposiBiieHUs1. COOTHOIIEHUE Pa3HBIX YPOBHEH ITOM IH-
KJIMYHOCTU MOYKHO OTPa3uTh CIEAYIOIIUM 00pa3oM: Hu3kuti ypogeHsv (KpaTKoIepuoHas
[UKJIMYHOCTh B paMmKax (oHoBoro tpeHna ¢ K<14) — cpeonuii yposenv (CpemHenepu-
OJlHasi, B pe3yabTare KOTOPOU BO3ZHUKAIOT 3eMieTpsAceHus ¢ K=15+1; npumep — BCIuieck
aKTUBHOCTH B 1966 1) — 6bicokuil yposenv (ITUHHONIEPUOAHAS, KOTOpAsi MPOSIBIISETCS
B BUjie coObITHII ¢ K>17, aHamornynbix SntuHckomy 3emierpsicerHuro 1927 r.). Onpene-
JIUTH TOYHBIE BPEMEHHAIE PAMKH Pealiu3allii BCEX ITUX YPOBHEH HE MPEJICTABISAETCS BO3-
MOYKHBIM, TIOCKOJIBKY HHTEPBAJIbl MEXKTy SKCTPEMAIbHBIMH MIPOSBICHUSIMH CEHCMUYECKON
AKTUBHOCTH 3HAUUTEIIHHO MIPEBBIIIAIOT MIEPUO]] IPOBEICHUS HHCTPYMEHTAIBHBIX CEHCMU-
YeCKHX HaONOICHUI.

CrnenyeT umMeTh BBHU]Y, UTO Kartajior semierpscenuit Kpeimcko-UepHnomopckoro peru-
OHA COAEPKHUT CBEACHHUA €IIe O 15-TH CHIIBHBIX UCTOPHUYECKHUX (JOMHCTPYMEHTATBHOTO
nepuona) coobTusax ¢ K>14, ceMb U3 KOTOPBIX MPOU3OIIIIO B 3aaJIHOM CETMEHTE PETHh-
OHAa, BOCEMb — B €r0 BOCTOYHOM 4acTu. /laHHBIE IO HEKOTOPBIM U3 3TUX 3E€MJIETPSACEHUN
(mo IMantukaneiickomy 63 T. 10 H.3., 0 XepcoHecckomy 480 T. H.3. U Jp.) MPUBEICHHI B
HayuyHOU nuteparype [byns, Mensenesa, 1990; Hoswlii ..., 1977; ®upcos, 1976], xots
JIOCTOBEPHOCTh ATHX JaHHBIX WHOTIIA TIOABEPracTCsl COMHEHHIO MCTOPUKAMM, aHAIU3H-
POBABIIMMH HAPPATUBHBIC HCTOYHUKH, TJ€ YIIOMHHAINCH 3TH COObITHA [Xamnaes, 2016].
Pesynbpraramm apxeoceiicMUYeCKUX HCCienoBaHUN Ha TeppuTopuu Kpbima (M1 ocoOeHHO
— Ha KepyeHCKOM MOIIyOoCTPOBE) YCTAaHOBJICHBI MHOTOUUCIICHHBIE CIy4yau aedopManuii u
pa3pylieHuil APEBHUX MOCTPOEK, KOTOPHIE aBTOPBI COOTHOCSAT C BO3JICHCTBUEM KaTacTpO-
(uyeckux ucropudeckux semiuerpsacenui [Kimokun, 1995; OBcrouenko u ap., 2017 u ap.].
OTHU JaHHbIE CBUACTEIBCTBYIOT O HAJIMYMH CHJIBHBIX HCTOPHUUECKUX 3EMIIETPSICEHU B pe-
THOHE, OJHAKO, B CHITY psiJia HEOMPEIEICHHOCTEH, OHM HE MOTYT OBITh UCTIOJIB30BaHbBI IS
OIICHKH BPEMEHHAIX MapaMeTPOB CpeIHE- U JJIMHHOTICPUOTHON IIUKIMYHOCTH CeHCMUYe-
CKOTO IIporecca.

Xpononozuueckasa nocne0osamenbHOCHb U RAPAMEMPbl NUKOGBIX 3HAYEHUIl celic-
MUYECKOT AKMUBHOCHU 3ANAOH020 U 60CMOYHO20 CE2MEHMO08. YCTAHOBIICHBI PA3INIMS
B XPOHOJIOTHYECKOH MOCIeI0BATEILHOCTH MPOSBICHHS BCILIECKOB (IO CPABHEHUIO C TIe-
pUOJaMHU OTHOCUTEJIBHOI'O 3aTUIIIbs) CEHCMUYECKON aKTUBHOCTH B 3aI1aJJHOM U BOCTOUHOM
cermenTax Kpeimcko-UepHomopckoro peruona 3a Bpems ¢ 1950 o 2024 roasl [ Bonsdpman
u ap., 2025].

B npenenax BocToyHOro cermeHTa Ha (pOHE UITMTEITBHBIX MMEPUOAOB CPEIHEH U MOHH-
KEHHOU CEICMUYHOCTH KOHTPACTHO BBIACISAIOTCS MSATh MMKOBBIX 3HAUEHUH, OTPAKAIOLIUX
BCIUIECKU CEMCMUYECKOW aKTUBHOCTH Pa3HOM MHTEHCUBHOCTH (puc. 4). OHU NPUXOIATCS
Ha rojibl (B ckoOkax — XE-10'28 [oic): 1966 (1000,0), 1978 (16,1), 1990 (6,6), 2002 (10,0)
n 2012 (1,3). B HEKOTOPBIX ciTydasx 3aTyXxaHWe aKTUBHOCTH IPOUCXOIUT HE cpasy, a B T0-
cnenyromue 1-2 roga (Hapumep, B 1990-1992 rr.), mpu 3TOM COMYTCTBYIOUIUE BCILJIECKH
110 CBOMM TapaMeTpaM 3HaAYUTEJIbHO YCTYNal0T OCHOBHBIM MaKCUMYyMaM.

BpemenHnoit uHTepBan MeXAy BCIUIECKAMH aKTUBHOCTH 3[1€Ch COCTAaBIISIET, KaK Ipa-
Buo, 12 ner, a mexay 2002 u 2012 rogamu — 10 ner. Eciu y4ecTh OTHOCUTENBHO MO-
BBIIIEHHOE KOJIMUECTBO BhIAeAMBLIENCs dHeprun B 1952 rony (ZE=1,0-10'2/]xc), To nim-
TEIbHOCTh UHTEPBAJIOB MEX/1y BCEMH MaKCUMyMaMH XapaKTePHU3yeTCs MOCIeI0BaTENIbHO-
cTbro: 14-12—-12-12-10 ner. Cnemyer OTMETUTH, YTO B 3Ty NEPUOJAUYHOCTD BIIMCBIBACTCS
u 3emnerpsacenue 12.07.1966 rona ¢ K=15,0, sHeprust KOToporo Ha 2—3 MopsKa BbIIIE,
YeM y OCTaJIbHBIX MaKCUMYMOB. TakuM 00pa3om, BpeMs MMOJATOTOBKU BCILUIECKOB CelicMu-
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YEeCKOIl aKTMBHOCTH B IIpeJiesiax BOCTOYHOTo cermeHTa KpbiMcko-UepHOMOpCKOro peru-
OHa cocCTaBJsieT 0KoJo 12+2 ner. Bmecre ¢ TeM, U3 3TOro BPEMEHHOTO Psiia «BBITATACT»
makcumyM 1972 ropa (ZE=2,5-10"2/{oic), koraa GbU10 OTMEUEHO TOBBIILIEHHOE KOJIUYECTBO
BBIJIEIMBLIEICS SHEPTUM U B IIPeJIeIax 3anaHoro cermenta (LE=1,0-10'2xc). D10 enun-
CTBEHHBIU Clly4yal 3a UCCIIEYEMBIN MIEPUOJ, KOIZla OTHOCUTEILHOE YCUIIEHUE CEHCMUYe-
CKOM aKTHBHOCTH MPOU30IILIO MPAKTHYECKH OJHOBPEMEHHO B 00OUX CErMEHTaX PeruoHa.

B npenenax 3amagHoOro cerMeHTa peruoHa BCIJIECKU CEHCMHUUYECKON aKTUBHOCTH MEHEE
MHTEHCUBHBI, YEM B €T0 BOCTOYHOM "yacTu. Jlaxe npu cooTHomIEeHusAX MacTaboB 1:2 oceit
opaunar (XE-10'2, /) Ha pucyHke 4, oHHM CITa0OKOHTPACTHBI (3a UCKIoUeHneM 1957,
2008 u 2023 rogos), HO BosiHe HueHTUGUIUpYyeMbl. [llecTs Hanbonee BhIpaKCHHBIX U3
HUX [IPUXOAATCS Ha Tofbl (B cKobKkax — XE-102 B [oc): 1957 (5,3), 1972 (1,0), 1986 (0,9),
1998 (1,1), 2008 (5,0) u 2023 (3,3). Takum 006pa3oM, BpEMEHHOU psijl IEPEPHIBOB MEKAY
9TUMHU MaKCUMyMaMH IpejcrasieH untepsainamu 15-14-12-10-15 ner. To ects, nepuon
NOJrOTOBKM MaKCUMAaJIbHBIX IIPOSIBJICHUI CEICMUYECKON aKTUBHOCTH B 3aI1aTHOM CEIMEH-
T€ MPUOJU3UTEIHHO PABEH TAKOBOMY B BOCTOYHOM YacTH pervoHa, cocTamisis 13+3 mer
[Bonbdman u nip., 2025]. ITpu 3TOM NHUKOBBIE 3HAYEHUS B IPEAEIaxX OJHOTO CETMEHTA MpH-
XOJATCS HA CepeIUHY MEPHOI0B OTHOCUTEIHHOIO 3aTUILIbS B CMEKHOM CETMEHTE M Ha000-
pOT.

West East
SE*10%J () SE*10"J(/xnc)
10 20

—o— X E(West)

g —e—XE(Easy) | 4
6 12
4 8
) fij&\ )
] A.\
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Puc. 4. Bennecku ceticmuyeckoti akmusnocmu (cymmapnas snepeus XE-1072, Jloc) 6 sanaonom (kpacnvie,
wikana West) u eocmounom (cunue, wixkana East) ceemenmax pecuona 6 nepuoo ¢ 1950 no 2024 200et /

Fig. 4. Seismic activity bursts (total energy XE*10'°, J) in the western (red, West scale) and eastern (blue,
East scale) segments of the region between 1950 and 2024

DKCTpanoaupys MpUBEICHHBIC PSIbI MPOSIBICHUN CEHCMUYECKON aKTUBHOCTH (puc. 4)
Ha Oyyiiee, MOKHO TIPEIIOI0KHUTh, YTO CJIEAYIOIINE CKOJIBKO-HUOYIb 3HAYUTENbHBIE TI0
MHTEHCUBHOCTH 3€MJIETPSICEHUsI MOTYT peanu3oBarbes B 2025-2026 rony — B npexpenax
BOCTOYHOT'O CErMEHTA, M HECKOJIbKO mo3aHee, B 20352036 romax — B 3amalHOM CErMEHTE
Kpbimcko-Yepromopckoro pernona [Bonbdman u ip., 2025]. JlaHHOE NMPEAONIOKEHUE HE
SIBIISIETCS TIPOTHO30M B CTPOTOM CMBICIIE, HO YKa3bIBA€T HA BEPOATHOCTH MOI0OHOTO CIie-
Hapwusi IPH YCIIOBUHM COXPAHEHUS BBINICYKAa3aHHBIX TEHACHIIMNA CEHCMHUECKOTO TpoIecca
B PETHOHE.

BbiBOADI

Pesynbrarel nccnenoBanus celicMuueckoro pesxkuma KpeiMcko-UepHOMOpCKOro peru-
OHA MMOKAa3bIBAIOT, 4TO Ha NpoTskeHUH 1950-2024 rr. 31ech MMENN MECTO BCIIECKH CEHC-
MHUYECKONW aKTUBHOCTH C NEPUOJUYHOCTBIO OKOJIO 12—13 ner. B 3amagHOM M BOCTOYHOM
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CEerMEHTaX OHU MPOUCXOJMIIN ACHHXPOHHO: MOBBIIICHUE CEHCMUYHOCTH B Ipeaesiax ojl-
HOTO CEIrMEHTAa MPUXOAWIOCH NPUOIU3UTENBFHO Ha CEPEeIMHY MEePHUOAO0B OTHOCUTEIHHOTO
3aTUIIbS B CMEKHOM CerMeHTe (M Hao0opoT).

Crnenyet 100aBUTh, YTO MOCJIE MOCTYIJICHUS JAHHOM CTaThU B PEIAKIINIO (BO BpeMsl €€
nopaboTKM) B BOCTOYHOM cerMeHTe KpriMcko-UepHOMOpPCKOro pernoHa mpou301uIo J1Ba
OTHOCHTEIIbHO CHJIbHBIX 3emuieTpsiceHus: 2 ¢gespans 2026 . B A3oBckoMm Mope (K=12,3,
M=4,5) u 9 pespans 2026 r. — B paiione . AHana (K=12,2, M=4,4). CymmapHoOe Koinuye-
CTBO CEMCMUYECKOM SHEPIHH, BBIJICIHUBIIICICS B O4arax 3TUX 3eMJIETPSICeHU U 2-X adrep-
IIOKOB, MOCJEIOBABIINX Y€pe3 HECKOJIbKO YaCcOB IOCJIE€ OCHOBHBIX COOBITHUMH, COCTaBUIIO
YE=3,581-10"? /Joic (LgZE=12,554). [Ipu 5TOM C MOMEHTA IIOCIEIHETO 3HAYUMOTO 3EMJIE-
TpsiceHus B 3ToM paiione (10 nexadbps 2012 r.; K=12,1) npouwo 13 ner u 2 mecsina. Takum
00pa3oM, MOATBEPKIAETCSl paHee BhICKa3aHHOE MPEANOIOKEHNE O TOM, YTO B BOCTOYHOM
cermenTe KpbiMcko-UepHOMOPCKOTO pernoHa OTHOCUTENIBHBIH BCIUIECK CEHCMHUYECKOM
AKTUBHOCTH MOXKET Iipousoitu B TeueHne 2025-2026 roxa.
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Pe3stome: AKTyanbHOCTb paboTbl 06YCOBNIEHA BAXXHOCTbIO YCTAHOBNEHUS 0COOEHHOCTEI CTPOeHUs adpTep-
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reHeanca adyTepLLIOKOB, CBA3aAHHbIX C OCHOBHbIM COObITUEM 3EMNETPACEHNS 11 06Pa30BABLUMMICA NOBEPXHOCT-
HbIMU PErvoHanbHbIMK pasnomamu. PesynbTatbl UCCNEA0BaAHUA. YCTAHOBNEHO, YTO NPOLIECC BO3HUKHOBEHUS
aTepLIOKOB NPOAOSIKAETCA N0 HacTosLlee Bpems. [0KasaHo, YTO addTepLIOKOBAsA 30Ha, C MIOLLAfb0 OKOJI0
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Abstract: The relevance of this work is due to the importance of establishing the structural features of the
aftershock zone and the dynamics of its development over a long period of time, as well as the limited number
of studies on the aftershock process of large earthquakes over a long period of time. The aim is to study the
internal structure of the aftershock zone of the 1988 Spitak earthquake and its dynamics based on data spanning
more than 35 years. The object of the study is the aftershock zone of the devastating 1988 Spitak earthquake.
Methods. The research methods are based on the study of the genesis of aftershocks associated with the main
earthquake event and the resulting surface regional faults. Results. It has been established that the process of
aftershocks continues to the present day. It has been shown that the aftershock zone, with an area of about 600
km?, consists of four separate segments. A complex of data was used to segment the area (parameters of tectonic
structures formed on the Earth’s surface, spatio-temporal distribution of aftershocks, multiple nature of the main
event, detailed macroseismic studies, etc.). The structural features and dynamics of development of individual
segments were identified. It is assumed that in the segment corresponding to the weakest and shallowest shock
of the main event, aftershock activity has ceased since 2003.
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BeeapeHme

Crurakckoe 3emnerpsicenue 7 nekadbpst 1988 . (9=40,90; A=44,20, M=7,0, rmyOuHa
runoneHTpa — 10 KM, IpOoI0IDKUTEIIBHOCTE OCHOBHOTO cOOBITHS — 35—40 cek.) siBisercs
OJTHUM U3 Hambosee MHOTOCTOPOHHE U JIETAIbHO M3YYEHHBIX 3eMJIETpsCeHUN mupa [Xa-
yusiH, 2018]. Ero u3zyuenuem 3anumanuced cnenuanuctel CCCP u 42 crpan (https://data.
opendata.am/dataset/the-spitak-earthquake) [Hazapersin, 2013].

B yactHOCTH, OBUIH OIpe/eieHbl OCHOBHBIE MapaMeTphl a()TEPIIOKOB, YCTAHOBICHBI
BaYKHBIE DJIEMEHTHI CTPOEHUS aTEPIIOKOBOW 00JIACTH U BBISIBJICHBI 0COOCHHOCTH MPOLIEC-
ca pa3BuTHs 30HbI 32 iepBbie 3 rona (07.12.1988 — 01.01.1992) (https://data.opendata.am/
dataset/the-spitak-earthquake) [Cisternas et al., 1989; Apednes u np., 1991; Dorbath et al.,
1992; Haessler et al., 1992; Apednes, 2003; Mup3zosn, Hazapersn, 2008]. Cnernupanucram
YAAJIOCh PACCMOTPETh OCHOBHOE COOBITHE 3€MIIETPSICEHUS KaK I'€0JOrMUeCKUil Ipolecce,
pa3BUBAIOIIMICSA BO BpeMEHH U B pocTpaHcTBe. Hano oTMeTuTh, 4To ncciieaoBaHuii agd-
TEPLIOKOBOTO IpoIiecca KPYIHBIX 3eMJIETPSCEHHI 3a ITUTEIbHbIN epro/] BpEMEHH Kpaii-
He Mano. B maHHO#N paboTe cienaHa MOMBITKA JOMOJHUTH 3TU UCCIIEAOBAHHS TaHHBIMU
3a mocneaHue 35 JeT, mepecMOTPETh HEKOTOPbIE PE3yIbTaThl O CTPOCHUH aTEPIIOKOBOM
30HBI UCXOJII U3 COBPEMEHHBIX IMPEICTABICHHUH, PACCMOTPETh TUHAMHUKY Pa3BUTHUS OT-
JIeNIbHBIX AJIEMEHTOB BHYTPEHHETO CTPOEHUS U JIp. DTUM U 00YyCJIOBJICHA AKTYAJIbHOCTH
npojieIaHHON PaOOoTHI.

OCHOBHOII LeJbK JaHHON CTaThbH SIBIISIETCSl YTOUHEHHE OCOOEHHOCTEH BHYTpEHHEH
CTPYKTYpBI adTepIIokoBOM 30HBI CIIMTaKCKOTO 3emiieTpsiceHust 1988 r. u uzyuenue ee au-
HaMUKH (IIPOCTPAHCTBEHHO-BPEMEHHOTO Pa3BUTHS) 3a TOcaeIHue 35 NeT.

OcCHOBHBIE 33/1a4H:

* CocTaBieHre YTOUHEHHOH CTPYKTYPbl BHYTPEHHETO CTPOCHUSI aTePIIOKOBOM 30HBI
(cermeHTalusl) HA OCHOBE XapaKTEPUCTUK OCHOBHOIO COOBITHS, MPOCTPAHCTBEHHO-BpE-
MEHHOTO pacipezeneHus ahTepIIOKOB, MEXaHU3Ma UX 04aroB U 00pa30BaHHbIX HA 3eMHOI
MOBEPXHOCTH KPYITHBIX T€OJIOTUYECKUX CTPYKTYP;

* BrisiBieHue OCHOBHBIX 3aKOHOMEPHOCTEW JTUHAMHUKHU PAa3BUTHUS adTEPIIOKOBOM 30HBI
B BBICOKOAKTUBHBIN (1988—1991 rT.), m 0ocobenHo B cnaboaktuHbIH (1992 — o HacTosmIee
BpEMsi) IEPUOJIBL;

* YcraHOBIIEHHE OCOOCHHOCTEW AMHAMUKHU Pa3BUTHUSI aQTEPIIOKOB B OTIENbHBIX Cer-
MEHTax a(TepIIOKOBON 30HBI B CI1A00aKTUBHBIN MEPHO;

* BrisiBeHue 3akOHOMEPHOCTEH MOSBICHHS CUITBHBIX a)TEPIIIOKOB.

MaTtepunabl 1 METOABI MICCAEAOBOHUM

[Tocne Cnimrakckoro 3emuerpsicenns: 1988 r. cnenmanucramu CCCP, CIIIA u ®pan-
1 Obu10 yctaHoBIEHO 30—40 BpeMeHHBIX CEMCMUUECKUX CTAaHLUN, B OCHOBHOM B 3I1H-
LIEHTPaJIbHON 30HE, AN perucTpauuu apTepiiokoB. ITo mo3sonuio xo 1992 r. onpe-
JEeNSTh KOOPAWHATHI SMUIEHTPOB apTEPIIOKOB C TOUHOCTHIO +1 KM, a MIyOMHY THIO-
neHTpoB — 1o +3 km (https://data.opendata.am/dataset/the-spitak-earthquake) [Results
and data ..., 1989]. Ha ocHOBe 3THX MaHHBIX OBLIN BBISBICHBI BaXXHBIE OCOOCHHOCTH
CTPYKTYpbI a) TEpPIIOKOBOM 30HBI U M3yUYeHA AMHAMHUKA €€ pa3BUTHS B TEUCHHE MEPBBIX
3 net nocne 3emiuerpsicenus [Cisternas et al., 1989; Apedwes u ap., 1991; Dorbath et
al., 1992; Apednen, 2003]. TTocine neMoOHTaka BPEMEHHBIX CEHCMHUYECKUX CTAHIIMN B
1992 r., To4HOCTH OmpeneaeHuss napameTpoB aprepiiokos 10 1996 r. cuusunacs. Of-
Hako, mocye cosnanus HammonansHO# ciyxOoit celicmuueckoit 3amutel (HCC3) PA
cetu u3 12 TeneMeTpUUYECKUX CTAHIIM, 3a/1a4a HaJEKHOTO OMPEEICHHs TapaMeTpOB
adrepmokoB Obuta penieHa (tadm. 1). Jlo saBaps 2025 1. Bcero ObLIO 3aperucTpUPOBAHO
oxono 14 000 adrepmuokos.
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Tabnuya 1/ Table 1

TouHoCTh O1IeHOK MapaMeTpoB agTepIokoB CNHUTAKCKOT0 3eMJIeTPsICEeHNsI
1988 1. 3a pa3Hble IepHOABI /
Accuracy of estimates of aftershock parameters of the 1988
Spitak earthquake for different periods

ToyHOCTb OIIEHOK 3a pa3HbIe TIEPHOIbI /
Mapavern / Parameter Accuracy of estimates for different periods
pavetp 1988- | 1992- 1996- 2018-
1991 1995 2017 2024
To4HOCTh KOOPAMHAT AMUIEHTPA, KM /
Epicenter coordinate accuracy, km =1 £ -3 -3
MuHUMaNBHBIN TOPOT MATHUTY/IBI /
Minimum magnitude threshold 21,0 22,5 220 220
TouyHOCTH TTyOMHBI THITOTIEHTPA, KM /
Hypocenter depth accuracy, km -3 8 £ -3

MeTobl, HCTIOJIB3yeMbI€ HAMHM JUISl BBIICJICHHUS! CTPYKTYPHBIX €AUHUIl A TePIIOKO-
BOM 30HBI (CErMEHTAIMS) U U3yUeHHUsl IMHAMUKHU UX Pa3BUTHS 110 CETMEHTaM, OCHOBA-
HbI Ha TeHe3uce adTepmokoB. AQTEPIIOKH MO MPOUCXOKICHUIO TECHO CBSI3aHBI C OC-
HOBHBIM coObITHEM CrnuTakckoro semieTpsicenus 7 nekadbpsa 1988 r. u oOpazoBaHHBIM
pPErHOHANBHBIM Pa3aoMoM. M3BeCTHO, UTO OCHOBHOE COOBITHE MMEET MHOTOAKTHBIN
(mynprunnetnsiid) xapakrep [Cisternas et al., 1989; Haessler et al., 1992; Dorbath et
al., 1992; Apednes, 2003; Mupzosn, Hazapersn, 2008], T.e. 0HO COCTOSIIO U3 HECKOIb-
KMX CHUJIBHBIX COTPSICEHHUM € pa3HBIMM MapaMeTpaMu (Bpemsi, paclojOoKeHHE B MpO-
CTpaHCTBE, MAaTHUTY/AA U Jp.). BcoeacTBue 3TUX OTAETBHBIX COTPSCEHUN Ha 3eMHOU
MOBEPXHOCTU 00pa3oBasicsl peruoHaNbHBIA pa3znoM (B30poco-caBUT) oOmIeil AIuHOMN
37 KM U KpyIHbIE CECMOTpaBUTAIIMOHHBIE CTPYKTYpPbl 00bEMOM TOPHBIX Macc B He-
CKOJIBKO MIIH M* (KyOoMeTpoB). B30p0co-CABUT COCTOUT U3 JBYX OCHOBHBIX ()parMeH-
ToB miuHOU 11 kM (y r. Cniurak) u 10 kM (y c. AnaBap) U TEKTOHUYECKUX IJIIEMEHTOB,
CBUJIETEIHCTBYIOIINX O HAIMYUU Pa3IOMOB Ha rTyOuHe. MakcuManbHasi BepTUKAJIbHAS
aMIUTUTYyJa pa3JIOMOB JOXOAMUT 0 2 M, a ropu3oHTaibHas — 1 M. HakioH 30HBI pas-
noma cocrasiser 60°—80°, ¢ mageHunem Ha ceBepo-BocTok [Karakhanyan et al., 2017].
Ha ceBepo-3anagHom npopomkeHun paszioma y c. /[3opamien Obuin oOpa3oBaHbI JBE
KPYIIHbIE CEHCMOTrPaBUTAIIMOHHBIE CTPYKTYPbI 00bEMOM FOPHBIX Macc 6ojee 2 MITH M2,
B (hopMUpOBaHMM KOTOPHIX BOAA HE ydacTBoBaja (puc. 1). DTU ABa BaKHBIX Mapame-
Tpa, 00pa30BaHHBIX TEKTOHUYECKUX CTPYKTYp (IIPOJOJIKEHHE pa3ioMa Ha CEeBepo-3a-
najJ U CeCMOTPaBUTALIMOHHBIE CTPYKTYPHhI), TO3BOJIAIOT HAM MPEANOJIOKUTh, UTO OHU
SIBJISIFOTCSL CJICICTBUEM COTpsiceHUH CHNHUTAKCKOTO 3eMJIETPSICEHUSI WHTEHCHUBHOCTBIO
10 6anmoB mo MSK-64, ycTaHOBJIEHHBIX MO0 MakpoceiicMuyeckuM JaHHbIM [Hazape-
TsiH, 2013].

PaGora BrITIONTHEHA TaKKe Ha OCHOBE M3BECTHBIX METOIOB COOpa M CTAaTUCTUYECKON
00pabotku manHbIX. [lupoko ucmonb30BaHbl naHHbIE «CBOIHOTO Karajora 3emieTpsice-
HUM Ha Tepputopun PecnyOnuku Apmenus u compeneiabHbix peruoHoB» (Pounx HCC3
PA, 2024), a Taxxke MakpocelicMuueckue naHHble 10 CHUTAKCKOMY 3€MIIETPSCEHUIO
1988 1. u pe3ysbTaThl MOJICBBIX MUCCICAOBAHUN TEKTOHUYECKUX CTPYKTYp, OIyOJIMKOBaH-
ueie B MoHorpadun (https://data.opendata.am/dataset/the-spitak-earthquake) [Results and
data ..., 1989; Hazapersin, 2013].
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Pe3yAbTATbl MICCAEAOBOHUM

PacnoJioxkenue oTaeJbHBIX TOJIYKOB OCHOBHOIO cOOLITHS CIIUTAKCKOIO
3emJjieTpsicenusi 7 nexaops 1988 r.

Hccnenorarenu Crintakckoro 3emiierpsiceHus: 1988 . cuuTaroT, 4To OCHOBHOE COOBITHE
7 nexaOpst cocTOUT U3 2—14 CUIBHBIX TOIYKOB C pa3nuyHbIMU napamerpamu [Cisternas et
al., 1989; Dorbath et al., 1992; Apednes, 2003; Mup3osta, Hazapetsn, 2008; Karakhanyan
et al., 2017]. Hamu xoMmyieKCHbIE MCCIIEIOBaHUS, OCHOBAaHHBIE HA aHAJIM3€ CeHCMOorpamm,
pacronoxXeHuss 00pa30BaHHBIX KPYIHBIX CEHCMOTEHHBIX CTPYKTYP, MaKpOCEHCMUYECKIX
JTAaHHBIX, B TOM YHUCJI€ BOCIPUATUS TOTYKOB OCHOBHOTO COOBITHS JIFOABMH B 30HAX pa3-
JUYHON MHTEHCUBHOCTH, TAPaMETPOB aTEPIIOKOB U JP., TOKA3AIH, YTO HANOOJIEe YETKO
BBIJICTISIIOTCSL 3 OTIIEBHBIX TOJMYKA C MHTEpBAJIaMu Mexay HuMH S5 u 14 cekyna. Ha pu-
CyHKe | mpencTaBieHO NOJI0KEHUE TPOEKIMIM 04aroB 3TUX TPeX TOIUKOB C YKa3aHUEM I10-
CJIEIOBATEIBHOCTU UX MOSABICHUS. Bece OHM pacnonokeHbl BAOIb 00pPa30BaHHOTO Ha 3€M-
HOI IIOBEPXHOCTH PErHOHAIBHOIO pazioma. [IepBblil TOT4OK 3eMIIETPsCEHUs IPOU30ILEN
nox r. Cnurak, umen marautyny 6,8—7,0 u miyOouny rumnornentpa okono 10 kM [XauusH,
2018]. Hacenenne ropoga modyBCTBOBAJIO BHE3AMMHBIA BEPTUKAIBHBINA yaap, BCIECICTBUE
KOTOpOTro ObLTa pa3pylieHa MOAaBIsIoONas 4acTh 3nanuid. B . ['tompu, Haxomsmemcs Ha
paccTtosHuU 36 KM OT SIHIEHTPA, BCIEICTBUE 3TOTO TOMYKA ObUIM HEOOJBLINE pa3pylie-
Hus. [Tocie mepBoro Touka, 4epes 5 CeKyH/I, MPOU30IIEN BTOpOi, Hanbosee cadblid U To-
BEPXHOCTHBIN (TITyOMHA OKOJIO 5 KM) TOYOK y ¢. AnaBap. OH cTajl NpUYMHOMN pa3pyIIeHUI
B Onuznexamux cenax. Tperud, camblii cuibHbIA (M=7.0) 1 mry6okwuit (10—15 km) Tonuok
npousomén y ¢. Jl3opamieH ¢ uHTeHCUBHOCTHIO 10 GanoB. BenmeacTBue 3Toro TpeThero
tomuka 60 % TeppuTopuu T. [FOMpH, HAXOIAIETOCS HAa PACCTOSHUU 25 KM OT SIUICHTPA
3TOro TONYKa, ObLIO pazpymieHo (rmoru6iso 17 000 yenoBek), a cpeaHssi MHTEHCUBHOCTh
KoJiebaHMii B Topojie cocTaBiisiia 9 0amuioB. DTUM OOBACHSAETCS MHTEPECYIOINI Hacese-
HHUE BOIpOC, oueMy I. [toMpu, Haxoasmuiicss Ha paccTOSHUM 36 KM OT O(QUIMAIBLHOTO
snuieHTpa Crutakckoro 3emierpsicenus: 1988 1., ObuT cuIbHO paspyiiieH, a r. Bananazop,
orcrosiuit or Criutaka Ha pacctosHue 10 kM, mocTpazan 3HaYUTEILHO MEHBIIIE.
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Puc. 1. Cxema pacnonosicenus npoexyuti 04az08 mpex omoenbHvlX Moa4ko8 OCHO8HO20 COObIMIL
7 0exabps 1988 e. Cnumaxckozo 3emaempsicenust u KPYRHbIX CUCMO2EHHbIX CIPYKMYP (pasioma u
celcmMoepasumayuoHHblX ouciokayuty): 1. IiaeHvlil ROBEPXHOCMHBLIL PA3IOM (NMYHKIMUPHBIMU TUHUAMU
0003Haueno npednoaazaemoe pacnonodicerue pasioma); 2. Kpynuvie ceicmozpagumayuontule
obpazoeanus; 3. [Ilpoexyuu ouazo06 omoenbHbIX MOIUKO8 2NA6H020 coObbimus. Pasvepul npoekyuii 04azo6
onpeodenenvl NPUOIUSUMENbHO HA OCHO8e ux maznumyosl [Nazaretyan, 2018] /

Fig. 1. Schematic map of the location of the projections of the foci of three individual shocks of the
main event of 7 December 1988 Spitak earthquake, and large seismogenic structures (fault and
seismogravitational dislocations): 1. Main surface fault (dashed lines indicate suspected fault);

2. Large seismogravitational formations, 3. Projections of the foci of individual shocks of the main event.

The sizes of the projections of the foci are determined approximately on the basis of their magnitude

[Nazaretyan, 2018]
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CrienimanucTaMu Ha OCHOBE MTPOCTPAHCTBEHHO-BPEMEHHOTO pacpeiesieHus ahTepIio-
KoB 3a 1988—1991 rr., a Takyke reoJOornYecKuX JTaHHBIX OBLIM COCTaBJICHBI Pa3HbIE CXe-
MBI CTpOeHHUs adTepiIoKoBoi 30HbI Criutakckoro 3emierpscenus 1988 r. [Cisternas et al.,
1989; Dorbath et al., 1992; Pebeuxwuii u ap., 2000; Apednes, 2003; Mup3osn, Hazapersn,
2008]. TIo aTuM cxemaM MMEIOTCS Pa3HOINIACHUS IO CIEAYIOIIMM OCHOBHBIM BOIIPOCAM:
ofpeJiesieHue rpaHHuil aQTepIIOKOBON 30HBI; IeICHNE 30HbI Ha MTOJJ30HHI (CETMEHTHI); CBSI3b
a(TepIIOKOBOM 30HBI C CEMCMOAKTUBHOM 30HOM [[)kaBaxeTckoro Haropbs. Eciu pa3Horia-
CHSI MEXK/Ty CHEIIHAIMCTAMU B OTPEACIICHUH TPaHUIl A TEPIIOKOBOM 30HBI HE3HAYUTEIHHBI
1 000COOJICHHOCTH (M30JIMPOBAHHOCTH ) a() TEPIIOKOBOM 30HBI OT CEHCMOAKTHBHOTO JI>kaBa-
XETCKOT'O BYJIKAHMUECKOTO HAropbsi CTAHOBUTCSI OYEBUAHOM IIPU PACCMOTPEHHUH KapT ceiic-
MUYHOCTH 10 CriuTakckoro 3emierpsicenus 1988 1. (oueBHIHO, €€ CYIIECTBOBAHUE UMEIIO
MecTo U 10 CIHMTAaKCKOTO 3eMIIETPSICEHUsT U MMeeT nHOoM reHesuc [Sahakyan, 2018]), To
BOTIPOC O BHYTPEHHEU CTPYKType adTEPIIOKOBOI 30HBI SBISIETCS JUCKYCCHOHHBIM. Han-
Oosee OM3Ka K COCTABICHHOM HAMU CXeMe CerMEHTOB (puc. 2) cxeMa, pe/ICTaBlIeHHAas B
pabote [Dorbath et al., 1992]. B yka3anHO# cTarbe BIEpBbIE HA OCHOBE TEKTOHWYECKHUX
0COOEHHOCTEN (TMOBEPXHOCTHOTO Pa3phbiBa, OCH AHTUKIMHAIIN, HETPEPHIBHOTO HAJABUTA)
U pacripenesieHus SnuueHTpoB adrepuiokos 3a 20.12.1988-08.01.1989 rr. Opna co3nana
cXema cerMeHTaluu apTepIIoKOBOM 30HbI, HA KOTOPOH BBIAECIEHO 5 CErMEHTOB.
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Puc. 2. Kapma pacnpeodenenus snuyenmpos agpmepuiokos Cnumakcrozo zemnempsicenust 1988 e.
3a nepuod 09.12.1988—01.01.2025 ¢ M>1,0 u ceemenmog agpmeputokosoui 301wt /

Fig. 2. Map of the distribution of aftershock epicenters of the 1988 Spitak earthquake for the period
09.12.1988-01.01.2025 with M>1.0 and aftershock zone segments

CornacHo npeAsIoKEeHHOM HaMH cxeMme (pHc. 2), MPOTSHKEHHOCTH aTEPIIOKOBOM 30HBI
cocTaBiseT 40 60 KM, mupuHa — 0koao 8—10 kM, a miomans — okono 600 km?. BeiaeneH-
Hble HaMU 4 cerMeHTa adTEePIIOKOB OTIMYAIOTCS APYT OT JIpyra Kak M0 OCHOBHBIM Mapa-
MeTpam, TaK 1 10 MeXxaHu3MaMm oyara. Vcronb30BaHie OCHOBHBIX ITapaMEeTPOB MEXaHU3Ma
oyara Ipu CErMEHTAIlUU Ba)KHO, MOCKOJBKY YUHUTBHIBAIOTCS TEKTOHMUYECKUE HANpPSHKEHUS
[PeGenkuit u 1p., 2023; OBcrouenko u ap., 2024]. CornacHo [Pebeuxwuii u np., 2000; Ape-
¢weB, 2003] B cermenTe 1 npeobaanaroT ahTepiIoku co cOpocamMu U CIBUTAMHU, B CEIMEH-
TE€ 2 — CABHIH, a B CETMEHTaxX 3 U 4 KOJINYECTBO COPOCOB U CIABUIOB IPUMEPHO OJMHAKOBO.

Hexotopble 0c00€HHOCTH TUHAMUKHU PA3BUTHA a(TEePIIOKOBOM 30HbI
Cnurakckoro 3emiierpsicenusi 1988 r. mo 1annbim 3a 35 et

AdrepiiokoBasi akTHBHOCTh CriuTakckoro 3emuierpsiceHust 1988 1. mpomoimkaeTcst 1o
Hacrosimee Bpems (01.01.2025 1.). He 6p110 BpeMeHHOTO Teprojia IIUTEILHOCTRI0 6 Me-
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csi1eB, 4TOOBI B apTepIIOKOBON 30HE HE MPOUCXOMII XOTs Obl O1MH calblil Tordok. J{o
3eMJICTPSICEHHSI HA OTOM TEPPUTOPUH rofAaMu He ObLIO JAaxke c1al0bIxX TOMYKOB. Bech mepu-
oJ1 aTepIIIOKOB MBI JICJIMM Ha JIBE€ YacTH: BbICOKOAKTUBHBIN (12.07.1988 — 01.01.1992)
u caadoakTuBHblii (01.01.1992 — no HacTosiee Bpemst). Ha ocHOBe KapThl CECMOAKTHB-
HBIX PETMOHAJIBHBIX PA3JIOMOB M SMHIEHTPOB adrepuiokoB ¢ M>2.5 3a nmociennue 7 et
(puc. 3) yCTaHOBIEHBI JABE Ba)KHbIE 3aKOHOMEPHOCTH MOSBICHUS aQTEPIIOKOB B CErMEH-
Tax. 3aMETHO, YTO SIMULEHTP OCHOBHOTO COOBITHS (IIE€PBBIM TOTYOK) PACIIONOXKEH B CEr-
MeHTe 1, r1ie nepecekaroTcs CeiicMOaKTUBHbBIE PETHOHAJIBHBIE Pa3JIOMbI CEBEPO-3aI1aTHOTO
U CyOLIMPOTHOTO MPOCTUPAHHUS, T.€. 3eMJICTPSACEHHE HAual0Ch B TEKTOHMYECKH aKTUBHOM
pasnomHoM y3ne. Haubosee cunbHble adrepmoku ¢ marHutyaoi 4,1-5,0 mpousouuin
MMEHHO B 3ToM cermenTe. Haunnas ¢ 2003 1. B cerMeHTe 2, B OTJMYHE OT OCTAIBHBIX TPEX
CErMEHTOB, aTEPIIOKH OTCYTCTBYIOT.

OcCHOBHBIE 0COO0CHHOCTH IUHAMHUKH B BLICOKOAKTHBHBI
a()TepLIOKOBbIH NEPHOJ

OcHOBHBIE 0OCOOCHHOCTH (XapaKTEPUCTHKH) BHICOKOAKTHBHOTO a(hTEPIIOKOBOTO IIe-
puona ObUTM ycTaHOBJICHBI MHOTHMHE crienuanuctamu [Cisternas et al., 1989; Dorbath et
al., 1992; Mup3zosH, Hazapersn, 2008]. IlosTtoMy B Hacrosimiel paboTe 1eiaecoodpazHo
MIPUBECTH TOJIBKO HanOoJee BaKHbIE KOJTUIECTBEHHBIE XapaKTEPUCTUKH, TAKUE KaK: a) BO
Bceil aTepIIoKoBoii 30HE 3a ATOT MEePHOJA Mpou3onio 92 % ot obuero yucna apreprio-
koB (okoj10 13 700); 6) ocHOBHas yacTh 0011eli sHeprun agrepirokon (98 %) BbAETHIACH
B MEPHOJ BHICOKOM aKTUBHOCTH; B) MEPBbII CHIIbHBIN aTepIIOK MPOU30IIET IPUMEPHO
yepe3 4 MUHYTHI TIociie ocHOoBHOTO coObITHs [Cisternas et al., 1989; Dorbath et al., 1992;
Apednes, 2003; bapanos u ap., 2019].
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Puc. 3. Kapma pecuonansvhuix pasiomos (Armenia: Probabilistic Seismic Hazard Assessment (scale
1:500,000). 2023. https://data.opendata.am/dataset/sustc-979), 4 ceecmenma agpmepuiokosoii 30l
Cnumaxckoeo 3emnempscenus 1988 e. u snuyenmpul 3emnempscenuii ¢ M>2.5 3a 01.01.2018-01.01.2025.
Ha xapme snuyenmp Cnumarckoeo semnempsicenust 07.12.1988 e. obosnauen 36e300ukotl /

Fig. 3. Map of regional faults (Armenia: Probabilistic Seismic Hazard Assessment (scale 1:500,000).
2023. https://data.opendata.am/dataset/sustc-979), 4 segments of the aftershock zone of the 1988 Spitak
earthquake and epicenters of earthquakes with M>2.5 for 01.01.2018—01.01.2025. On the map, the
epicenter of the Spitak earthquake of 12.07.1988 is marked with a star

OcHOBHBIE 0COOEHHOCTH IMHAMHMKHU B CJ1a00AKTUBHBINA aQTepIIOKOBbIH MEePUO

B cnaboakTuBHBIN epro]] pa3BUTHS aQTEPIIOKOBOW 30HBI HAOIIOMAIOTCS CIIEAYIOIINe
3aKOHOMEPHOCTH:

* [Ipennonaraercs, 4To mpekpaTuics ahTepiIoKoBbIi MpoLece B CErMEHTe 2, KOTOPBIi co-
OTBETCTBYET Haubosee c1aboMy M MOBEPXHOCTHOMY TOJUKY OCHOBHOTO COOBITHS HAuMHAsl C
2003 1., T.K. ¢ 3TOTO TO/Ia 3/1eCh OTCYTCTBYIOT aTEPIIOKH Jayke ¢ MarHuTyoi 1o 2.0 (puc. 3);
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* B nmepuog 1997-2005 rr. Habmronanack onpeaenénHas akTuBH3aIus Becel adrepio-
KOBOI{ 30HBI, T.€. BO BCEX YETHIPEX CETMEHTAX YBEIUYMIOCH KaK KOJTMYECTBO a(TEPILIOKOB,
TaK U BblAeNUBIIasics sHeprus (puc. 4). [Tomasnsroniee 00IbIIMHCTBO A TEPIIOKOB UMEIOT
marnutyay 1,7-3,0;

 Kakoii-mubo 3akOHOMEPHOCTH HPOSIBICHUS CHIIBHBIX adTepiiokoB (M>4.0) He Ha-
onroaercs.

Time Histogram

0~ ,
| | ] |
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Puc. 4. Pacnpeoenenue oxono 14 000 agpmepuiokos Cnumakckozo semnempscerus 1988 2. no eooam.
Bonvuwuncmeo agpmepuioxos npouzouino 6 nepgvie mpu 200a nocie semaempacenus. llossnenue
agmepuiokos npoooaxcaemcs u no ceu 0ewvb. Onu umerom macnumyoy 1,0<SM<5,0/

Fig. 4. Distribution of about 14,000 aftershocks of the 1988 Spitak earthquake by year. Most of the
aftershocks occurred in the first three years after the earthquake. Aftershocks continue to occur to this
day. They have a magnitude of 1.0<M<5.0

Ob6cyxaeHne

Bo BBenenun nanHoi# crathu ObUTa OTMEUYEHA BaKHOCTH MPOBEACHHBIX HAYYHBIX HC-
CIIeZIOBaHM Ui pacro3HaHus adTepIIOKOBOTO mporecca. Hapsiny ¢ 3TuM, Hamu cjienaHa
MOMBITKA PACCMOTPETh OTBETHI Ha PsAJ MPAKTUUECKUX BOIIPOCOB, KOTOPBIE, B IIEPBYIO OUE-
penb, THTEpEeCyIOT HaceaeHne 30Hbl OeacTBus. Hampumep: mpou3oiiier in HOBO€ MOITHOE
3eMJIETPSICEHNE B OYaroBOM 30HE WMJIM CHJIBHBIA aTEPIIOK, KAaKOBA MPOIOKUTEIHLHOCTD
a(TepIIOKOBOrO MEPUOAA, YePEe3 CKOIBKO JIET IPOU30MUIET TaKOe K€ CUIbHOE 3eMIIeTpsce-
Hue U T.1.7 1 3T0 ecTecTBEHHO, MOCKOIBbKY MPOIOJIKATh )KUTh B 30HE Pa3pyLICHUH, ecliu
CYILIECTBYET BEPOATHOCTh HOBOTO 3eMJIETPSICEHUS], — BOIIPOC KauecTBa ku3HU. K coxaie-
HUIO, OTBETHI HA TaKHe€ BOMPOCHI BEChMa CIIOKHBI, a €CIIK TOBOPUTH YECTHO, YETKIX OTBE-
TOB TIOKa HET. J[J1st oTBeTa Ha TakKe BOMPOCHI HEOOXOIMMO TOHUMATh CYIIIHOCTh M 0COOEH-
HOCTH 4-X OCHOBHBIX 3TAIIOB MOJHOI0 UKJIA CHJIBHOTO 3eMJieTpsiceHus: (1) moaroros-
Ka 3emiieTpsiceHus u ¢opiioku; (2) ocHoBHOE coObITHE; (3) adTepiokoBbIi nporiecc; (4)
«3aJIeYMBaHNE» CPeJlbl 09aroBOil 30HbBI. [[OMBITKY CHIEIIMATIMCTOB PEIIUTh 3TH 33]]a4d TEO-
PETUYECKUMU pacueTaMy WU ITyTEM MOJISTUPOBAHUS ITPOIIECCOB MOKA Ma0d((EKTUBHEI,
MOCKOJIBKY OTCYTCTBYIOT HaJI€)KHbIE TaHHBIE O (PH3UKO-MEXaHUYECKHX, PEOIOTHIECKUX U
JPYTHUX CBOMCTBAaX Cpeibl MOATOTOBKU CUIIbHBIX 3€MJIETPSICEHUH, O TEKTOHUYECKUX HaIpsi-
JKeHusX U T.1. [bapanoB u nap., 2019; OBcrouenko u np., 2023; 3aanumsuinu u ap., 2025].
JIyist 9TOM 1€ OTHOCUTENHHO d(PPEKTUBHBIM SBISIETCS UCIIOJIb30BAHNE CTATUCTHYECKUX
JTaHHBIX O JAETAJIbHO U MHOTOCTOPOHHE U3YyUEHHBIX 3eMieTpsiceHusX. [lomyueHHbie B qaH-
HOM CTaTbe pe3yabTaThl OTHOCATCS KO 2 U 3 3TarnaM NOoJHOTo HKIIa 3emierpsicennit. Heoo-
XOJIUMO Y4MTHIBaTh, 4T0 CruTakckoe 3eMiuerpscernre 1988 . mpon3onwio B 30He CTOIKHO-
BeHus (koyutn3uu) Apasuiickoit u EBpasuiickoit mut [Karakhanyan et al., 2017], xapak-
TEPHU3YIOIIEHCsT 0COOEHHOCTBhIO CEHCMHUHOCTH | cloxHOCThIO [Koper et al., 2018]. Ho,
HECMOTPS Ha 3TO, HEKOTOPBIE Pe3yJbTaThl, MOJIyYeHHbIE B JaHHOU paboTe, MpeACTaBIsAIOT
OIpE/CIICHHBIA UHTEpEC IS MPUKIAAHON cericMostoruu. K HUM OTHOCSTCS: a) HE MEHee
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35 et puTenbHOCTH adTEPIIOKOBOTO Tporecca Crnutakckoro 3emierpsicenus 1988 r. ¢
MarHuTyaou 7.0 u ryOuHoM runouenTpa 5—15 kM; 0) BaKHOCTh yuyeTa MYJIBTUIIIIETHOCTH
OCHOBHOT'O COOBITHSI 1 00Opa30BaHHBIX HAa 36MHON MMOBEPXHOCTH KPYIHBIX T'€0JIOTMYECKUX
CTPYKTYp B (hOpMUPOBaHUHU a()TEPIIOKOB U CErMEHTANNU a()TEPIIOKOBOM 30HBI; B) OTCYT-
CTBHE 3aKOHOMEPHOCTEH B MOSIBIIEHUH CUIIbHBIX A TEPILIOKOB; I') 00bSICHEHHE pa3pylIeHuit
HaCEJICHHBIX ITYHKTOB, PACTIONIOKEHHBIX JOCTaTOUYHO JAJIEKO OT O(UIIHATLHOTO SIUIIEHTPa
OCHOBHOT'O COOBITHSI, BCJIEACTBUE MUTPALIMU €TO OTJECJIBHBIX TOIYKOB, A) MPEANOI0KEHNE
00 OTHOCHUTENBHO OBICTPOM NPEKPALICHUH apTEPIIOKOBONH aKTUBHOCTH B CEKTOPAX, CBS-
3aHHBIX C HENTyOOKHM U clIaObIM TOJIYKOM OCHOBHOTO cOObITHA 3emierpsicenus. [lo Ha-
eMy MHEHHIO, Han0oJiee epCIeKTUBHbIE HapaBIeHus OyIyLI1X UCCIeJOBaHUI JTaHHOM
001acTu CBA3aHBI UMEHHO C 3TUMHU BOIPOCAMHU.

BbiBOADI

HccnenoBanus adrepurokoBoid 30H6I CriuTakckoro 3emierpsicenus 1988 r. Ha ocHoBe
JAHHBIX 32 TOCIeTHIE 35 JIeT MO3BOJIMIIM CAETIATh CIIEAYIONINE BBIBOIBL:

* CnoxxHO€E CTpOoeHHE a(PTEpIIOKOBON 30HBI 00YCIOBICHO OTAEIBHBIMU TOJYKAMU OC-
HOBHOTI'O COOBITHS U 00pPa30BaHHBIMHU HA 3€MHOM IMOBEPXHOCTH PETMOHAIBHBIMU €00 -
YeCcKUMH cTpykTypamu. Hambonee o60cHOBaHO BblJeseHUE 4-X CErMEHTOB aTepLIOKO-
BOI{ 30HBI C Pa3HBIMU MMapaMeTpaMu aQTepPIIOKOB;

* AdrepriokoBasi akTUBHOCTB TIpojioiikaeTcs 1o Hacrosiiee Bpems (01.01.2025). Tpe-
oOmaaroiee KOIUIeCTBO aQTepIIOKOB U OOJbIIas YacTh OOIIEH YHEPTUH BBIICITWINCH B
BBICOKOAKTHBHBII MEPHOJT;

* CeiicMuyieckas akTHBH3AIHsI HAOTIOAIach BO BCEX CEKTOpax aTepIIOKOBOM 30HHI B
1997-2005 TT., 9TO TOBOPUT O BO3MOKHON HEKOTOPOU aKTUBU3AIUHU aTEPIIOKOBOTO TPO-
1ecca B ¢1a00aKTUBHBIN MTEPHOT,

* Ha o6mem one 3aTyxanus konuuecTBa aQTepiiokoB Kakoi-110o onpeeneHHon 3a-
KOHOMEPHOCTH TPOSIBJICHUsI CHITBHBIX aprepiiokos (M>4,0) He HaOmonaeTcs;

* [Ipeanonaraercs, yto B cerMenrte 2 adTepiIoKoBON 30HBI, KOTOPBIA COOTBETCTBYET
camoMy cJ1aboMy U HEITyOOKOMY TOJYKY OCHOBHOT'O COOBITHS, IpoLiecc 00pazoBaHus ad-
TepioKoB 3aBepurwiics B 2003 1.
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Pe3tome: AKTyanbHOCTb PaboTbl. [115 OLIEHKM CEiCMYECKON 0nacHoCTH Tepputopii KpbiMa He06X0AMMbI
3HaHWA 0 MOJENAX 04aroB, NapameTpax CencMoreHepupyoLLnX CTPYKTYP U CERCMUYHOCTYN BCero Kpbimcko-Yep-
HOMOPCKOr0 peruoHa, Bknyas 6accerid YepHoro mops. KOro-3anagHas 4actb 4epHOMOPCKOI BMaAuHbI B 3TOM
OTHOLLEHUN MEHee U3y4eHa, Yem Jpyrue panoHbl pernoHa. O4arosble napameTpbl 3eMIIETPACEHNA SBNAKOTCSA
TaKXKe OLHUMMW W3 TNABHbIX, MO KOTOPLIM PEKOHCTPYUPYHOTCS re0LMHAMUYECKME MOLENN NNTOCdEepsl MOPCKIX
TEPPUTOPUIA, CKPbITbIX OT NMPAMbIX HabntoaeHniA. Lienb ncenegoBanus. OLeHKa U CPABHUTENbHbINA aHANU3 KUHE-
MaTUYEeCKUX, CNEKTPASTbHbBIX, JUHAMWUYECKMX U JHEPreTUYeCKIUX NapameTpoB 04aroB Hanbosee CUbHbIX 3emMIie-
TpAACeHWUA ¢ marHuTynon Mw=4.1-5.1 10)xHoi YyacTn 3anagHo-4epHOMOPCKONM BnafuHbl, AN YCTAHOBMNEHUA UX
061X CBOICTB 1 0co6eHHocTelr. MeToabl ucenenosanusa. CnektpanbHbiinl MeToO4 Oypbe AN pacyeTta CrekTpoB
06bEMHbIX CEICMUYECKMX BOSTH 1 OLEHKI N0 HAM JUHAMWUYECKUX NapaMeTpOB 04aroB B pamKax TEOPEeTUYECKOil
mognenu bpioHa (w —2). CpaBHeHMe NOMy4eHHbIX Pe3yNnbTaToB C [ONrOBPEMEHHbIMM NapameTpamin s JaHHOrO
3HEePreTM4ecKoro yposHs. MpumeHeHne MoLenu UCTOYHNKA B BUAE ABONHOIO AUMNONS As BOCCTAHOBIIEHUS KN-
HEMaTUYECKINX XapaKTePUCTUK — )OKaNbHOro MexaHn3ma. CpaBHeHIe Nosy4eHHbIX PeLleHnin MexaHu3ma 04aros
3eMJIETPACEHUIA C OMYOSIMKOBAHHLIMU [JaHHbIMU O NapameTpax ux LeHTpouaos. Viccnenosaqne nHAMBMAYasb-
HbIX 0COGEHHOCTEI 04aroBbIX MapamMeTpoB 1 UX 06LLMX CBOMCTB. Pe3ynbTaTbl UCCNeA0BaHUS. [101Ty4eHbl HOBbIE
JaHHble 00 04aroBbIX NapameTpax Hambomnee CUNbHbLIX 3EMIETPACEHNIA Oro-3anaga 4epHOMOPCKON BNaLMHbI,
nponsoweawunx B nepnog 2016-2024 rr. Bce 3eMneTpsceHNs BO3HWKNIN B 06CTAHOBKE MOPM30HTasbHbIX Ha-
NPSXKEHNIA CXXaTns Co B36POCOBOI NOJBMXKOM B 0Harax B OrpaHu4eHHo 06nactu nutocdepsbl, NpecTaBeHHO
B BWE 3/MNCONAA, BbITAHYTOrO B a3UMyTe OKOJ0 45° N0 OTHOLUEHWUIO K CEACMUYECKUM CTaHuuaM KpbiMa.
JuHammnyeckune n aHepreTMHecKme napameTpbl 04aroB BOCCTAHOBJIEHbI N0 rPYMMe He3aBUCUMbIX ONpefeneHunil
OTHOCATCA K KaTeropun HafeXHblX. HOBbIe 9KCMNepUMeHTanbHble AaHHble MOTYT CAYXWUTb OCHOBOR pa3paboTku
MOZeSeN 04aroB 1 CEeiCMOreHepUpyLWMX CTPYKTYP tora-3anaga 4epHoMOpPCKOIA BNafuHbI.
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Abstract: Relevance. Assessing the seismic hazard of the Crimean territory requires knowledge of earth-
quake source models, parameters of seismogenic structures, and seismicity across the entire Crimean-Black Sea
region, including the Black Sea basin. The southwestern part of the Black Sea Basin is less studied in this regard
than other areas of the region. Earthquake source parameters are also among the key parameters used to recon-
struct geodynamic models of the lithosphere in marine areas hidden from direct observation. Aim. Assessment
and comparative analysis of the kinematic, spectral, dynamic, and energy parameters of the strongest earth-
quakes with Mw=4.1-5.1 that occurred in the southern part of the Western Black Sea Trench, in order to establish
their common properties and features. Methods. The Fourier spectral method was used for calculating the body
wave spectra and estimating the dynamic parameters of earthquakes based on them within the framework of the
theoretical dislocation model of Brun (w -2). Comparison of the obtained results with long-term parameters for
a given energy level. Application of the dislocation model of the source in the form of a double dipole to restore
the kinematic characteristics — focal mechanism. Comparison of the obtained solutions of the mechanism of
earthquake sources with the published data on the parameters of their centroids. Research of individual features
of focal parameters and their general properties. Results. New data on the focal parameters of the four strongest
earthquakes, which occurred in the period 2016-2024 in the southern part of the Western Black Sea depression,
have been obtained. All the earthquakes occurred in a situation of horizontal compression stresses with reverse
movement in the foci in a relatively limited area of the lithospheres, represented as an ellipsoid, elongated in a
north-eastern direction at an azimuth of about 45° relative to the seismic stations in Crimea. The dynamic and
energy parameters of the foci have been restored based on a group of independent determinations with a low
standard deviation and are considered reliable. The new experimental data can serve as a basis for developing
models of the foci and seismogenic structures in the south of the western Black Sea depression.

Keywords: focal mechanism, seismic moment, circular dislocation radius, released stress, dislocation en-
ergy, seismic energy.

For citation: Pustovitenko B.G., Eredzhepov E.E. General properties and features of earthquake source pa-
rameters in the southwestern part of the Black Sea Basin. Geologiya | Geofizika Yuga Rossii = Geology and Geo-
physics of Russian South. (in Russ.). 2026. 16(1): 44-56. DOI: 10.46698/VNC.2026.17.22.001

BeepeHme. [ToCTOHOBKAO 30A04M

CeiicmoakTuBHas 001acThb 3anaaHo-YepHOMOPCKO BIIaIMHBI BXOAUT B ITPEAEIIbI TPaHHUI]
Kprimcko-UYepHoMmopckoro pernoHa, npuHAThIX B 1985 1. [3emnerpsicenus ..., 1988, c. 4-6]
IIpY PETMOHU3ALMU TEPPUTOPUI AJISl IIPOBEAEHUSI CEHCMUYECKOTO MOHUTOPHHIA CETBIO pe-
TMOHAJIBHBIX cericMocTaHi KpbiMa u nmapameTpu3anyuy akTUBHBIX CEHCMOTEHEPUPYIOIINX
CTPYKTYp peruona (305 BO3) 115 oLieHKH JOITOBpEMEHHOM CeiCMUYeCKON OITaCHOCTH.

B cBsi3u ¢ yaaneHHOCTBIO OT celicMuueckux craHiuii Kpeima, 3TOT paiion ciabo u3-
Y4E€H B CEMCMUYECKOM OTHOILUEHUH, T.K. TEXHUUYECKHE BO3MOKHOCTH CEMCMUYECKOH aIl-
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napaTypbl U UX MaJOYHUCICHHOCTh Ha MOJIYOCTPOBE MHOTHE I'O/Ibl HE MO3BOJISUTU HAJIEKHO
perucTpupoBarh cialdble TOTUKU ¢ dHEpreTuueckuMu kiaaccamu Kn<10 (mo pernoHaabHON
SHEPreTUUECKOH ITKaye) U MarauTynamMu Mw<3.5. B coBpeMeHHy1o0 3110Xy U] poBoi peru-
CTpali U ONEPaTUBHOIO MOJIyYEHUs] HCXOAHOM MHPOPMALUK ¢ Ipyrux cTaHuuii Mupo-
BOI CETH CTaJI0 BO3MOXKHBIM IOHU3UTh YHEPreTUUECKUI TOPOT MPE/ICTaBUTEIbHBIX 3eMIIe-
TPSICEHUI BO BCEM PErMOHE, BKIIKOUAs FOXKHYIO YacTh 3aragHo-YepHOMOPCKOM BIaUHbI U
YBEJIMYUTH TOUHOCTH ONPE/IEIICHNS OCHOBHBIX TAPAMETPOB TUNOLEHTPOB. OAHOBPEMEHHO
HOSIBUJIACh BO3MOXKHOCTD HA/IEKHO pelIaTh 0OpaTHbIE 3a7a4u 1o (PU3MKE ovara 3eMJeTpsi-
CEHMIi: BOCCTaHABIMBATh MEXaHU3M OYaroB U UX JAWHAMHUYECKHE MapaMeTpbl — MpsMbIe
UCTOYHHUKHU HH(POPMALINHU O TEOTMHAMUYECKUX M TEKTOHO(DU3UYECKUX Tpolieccax B TUTOC-
(dhepe Briaguubl YepHOTO MOPSI.

3azadell TaHHOW CTaThHU SBUJIOCH COBMECTHOE PACCMOTPEHHUE OYaroBBIX IApPaMETPOB
(KMHEMaTUYeCKHX, CHEKTPAJIbHBIX, AJMHAMHYECKUX U SHEPreTHUECKUX) HanboJiee CUIIbHBIX
3emsieTpsacenui ¢ Kn>11 (Mw>4) roxHoM yactu 3anagHo-UYepHOMOpPCKOM BIAAMHBI JUIs
BBISIBIICHUS] X OOIIMX CBOMCTB U OCOOCHHOCTEH B LIEJSAX JajJbHEHUIIEro COBEPIIEHCTBOBA-
HUS MOJIETIEH 04aroB M NapaMeTpoOB CEHCMOTCHEPUPYIOIIMX CTPYKTYP 3TOTO paiioHa.

Obume cBepeHMsI O PACCMATPUBAEMBIX 3€MAETPSICEHUSIX

3a mocnennue 10 ner cerhio ceiicMuyeckux craHiui KpbimMa 3apeructpupoBaHO
82 3eMyeTpsiCeHus B IMANa30HE SHEPreTUYECKUX KiaccoB K11 =7-13, npon3omenmux B paio-
HE TyOOKOBOAHOM BriauHbl YepHoro mopsi. M3 Hux 16 ¢ K1 >9 0THOCSTCS K FOXKHOM 4acTh
3anaagHo-YepHOMOpPCKOIl BHaJWHBI B MpeAenax reorpapuueckux KOOpAMHAT: ¢°=42-43,
A°=30.5-32. Yetwlpe HamOoOjee CWIBHBIX 3eMJICTPSICCHHS 3a 3TOT nepuon (tadm. 1),
3apEeruCTPUPOBAaHbl HE TOJIBKO ceiicMocTaHuusaMu KpbiMa, HO Takke OOJNBIIUM KOJIWYe-
ctBoM craniuit Mupa (ISC — International Seismological Centre. https://www.isc.ac.uk/
iscbulletin/search/bulletin).
Tabnuya 1/ Table 1

OcHoBHBIe TapaMeTPHI 3eMJIeTPsACeHUI 10ra 3anaxHo-YepHOMOPCKOI BIIaANHbBI
3a 2016-2024 rr., 1J11 KOTOPBIX OMNpeaeeHbl 04aroBbie MapaMeTpbl /
Main parameters of earthquakes in the south of the Western Black Sea Basin
for 2016-2024, for which focal parameters have been determined

to, DnuneHTtp/ h,
epicenter K
Ne Hara, 1 MuH o/ s/ | Mwi, Hcrounuk /Author
Date Time, ° N 2 E deep, (mb)
h m s @ > km
1 2 3 4 5 6 7 8 9
10.9 [CBupnioa u np., 2017 /
1 12016.06.28 042348.1 | 4246 31.59 35 4.177 Svidlova et al., 2017]
04 2346.5 | 42.60 31.60 31 3.5 (ISC)
0818333 | 4212 | 3070 | 17 |131| sy5 | [CBuniosammp, 2017/
2 2016.10.15 Svidlova et al., 2017]
Y 081832 | 42.19 | 30.68 5 (5.2) (ISO)
08 18 35.9 42.5 31.05 22 5.3 (GCMT, 2025)
1738427 | 4225 | 3135 | 23 |120] 47  [Kammoxup., 2023/
3 020411 Kalinyuk et al., 2023]
o 173841.1 | 42.39 | 31.09 7 (4.6) (ISC)
173843.0 | 42.33 | 31.03 24 4.5 (GCMT, 2025)
0716394 | 42.58 31.42 9 12.9| 4.9/7 | Hacrt. cratbs/ this article
4 2024.10.11 0716449 | 42.72 31.48 17 5.0 (GCMT, 2025)
o 071643 | 42.63 | 31.32 10 4.8 (ISC Norsar)
071649.5 | 42.65 31.42 11 4.8 (ISC NIEC)

[Ipumedanue: 3Ha9eHUs Mw/n B rpade 8 — u3 Tabn. 3 HacTOAIICH CTaThH, IIIE 72 — YUCIO CTAHITHOH-
HBIX onpenenenuii / Note: the Mw/n values in column 8 are from Table 3 of this article, where n is the
number of station definitions.
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3TO MO3BOJIWIO ¢ OOJIBLION TOYHOCTHIO OIMPEIEIUTh OCHOBHBIE ITapaMeTphl UX TUIIO-
[IEHTPOB, a TaKXe IO MPeJICTaBUTENFHON BBIOOPKE BOTHOBBIX ()OPM HA/I€KHO BOCCTAHO-
BUTbH XapaKTEPUCTUKH OYArOBBIX ITPOLIECCOB.

OcHOBHBIE TIapaMeTphbl BBIOPAHHBIX [UIS CPAaBHUTEIBHOIO aHAIM3a 3EMIICTPSICEHHUH C
Km>11 (Mw>4.1) npencrasiieHsl B Tabnuie 1, a uX IpoCTPaHCTBEHHOE PACIIONIOKEHHUE — Ha
pucynke 1. B tabnune 1 nmpuBeneHsl Takxke pe3ynbTarel 00paboTku B MekIyHapOIHOM
uentpe ISC, B ToMm umciie JaHHbIE IO METOAY TeH30pa ceiicmuueckoro MmomenTa (TCM)
[Dziewnski et al., 1981], onpeznensromiero mapameTpsl HEHTPOUIA — IIEHTPA MAKCUMaJIb-
HOTO pa3pyuieHust cpenbl B runoneHTpe ouaroBoit 30u61 (GCMT — Global Centroid Tensor
(GCMT) Catalog Search (2025). httpsi/www-globalcmt.org; NEIC — https://www.isc.
ac.uk/cgi-bin/agency-get?agency; Norsar — Norwegian Seismic Array).

CpaBHuBasi KOOPAUHATHI TUIIOIICHTPOB HAYaJla Pa3pbiBa M LEHTPOUI0B (Tabdm. 1), MoXx-
HO cJieNiaTh IMPeINoIoKEHHe, YTO pa3pylLIeHHE CPeAbl B OYAaroBbIX 30HAX IIJIO CBEPXY
BHU3 (/ipcy >h), TOTpyXkasich B CEBEpO-BOCTOUHOM HAIMpPABICHUH MPU 3EMIIETPICEHUAX
15.10.2015 . 1 11.10.2024 r. (a3umyT 40° u 18° COOTBETCTBEHHO) U B 3aaIHOM (a3UMYT
289°) —mpm 11.04.2022 1.

DONUIEHTPBl pacCMaTPUBAEMbIX 3€MIIETPSICEHUI MPOCTPAHCTBEHHO 00Pa30Bald KOM-
MaKTHYIO TPYIINY, paclpeeIeHHYI0 Ha TUIOIAN B BUJIE SJUTUIICA C ATMHOM OOJIBIION ocu
okoJ10 80 KM, BBITSIHYTOTO B CEBEPO-BOCTOYHOM HAIIPaBIIEHUH, B a3UMYTE OKOJIO 45 rpaay-
COB I10 OTHOIIEHUIO K ceiicMUYecKUM cTaHusaM Kppima. Ogaru 3eMi1eTpsceHril MUTPUPO-
BaJIU BJIOJIb 30HBI CO CPETHEH CKOPOCTHIO BOJIHBI JiehopMaIiuu cpebl 0koiao V=10 km/roz.

Puc. 1. Kapma snuyenmpos semiempsicenuil 10x#cHoU yacmu 3anaono-4epromopckoil
enaounst 3a 2016—2024 22. ¢ Mw > 4. 1 — snuyenmpul 3emaempscenuil, 2 — SnuyeHmpuvl YeHmpouoos;
3 — bonvuias oce snnunca (30Hs6l 04a208).

Lugppor psioom ¢ snuyenmpamu — nomepa semaempscenuti no maonuye 1/

Fig. 1. Map of earthquake epicenters in the southern part of the Western
Black Sea Trench for 20162024 with Mw > 4.
1 — earthquake epicenters,; 2 — centroid epicenters; 3 — major axis of the ellipse (focal zones).
Numbers are earthquake numbers according to Table 1

C yderoM T1yOMH rumoneHTpoB (Tadiu. 1) oOmmii 00beM cpepl, BMEINAIOMIUN o4aru
3eMJICTPSICEHUH, IPEJCTABIICH JUIMIICOMAOM pasMepamu mpumepHo 80*30*30 kM ¢ mpo-
CTHpaHMEM U 3aTyOsIeHHEM K ceBepO-BOCTOKY. Ciienys cxeme nopudeiickoro pyHaaMmeHTa
Uepnoro mops [I'eonorus ..., 1987, c. 80, puc. 36] MOKHO MPEANOIOKUTh, YTO JaHHAS
rpymnmna ceCMHUYecKUX COOBITUH cBs3aHa ¢ 30HOI KpymHoro OpexoBo-IlaBnorpaackoro
MaHTHWHOTO pasiioMa, TSHYIIETOCs OT FOro-3anaiHoi 4acTu Typluu TuaroHaabHO K CeBe-
po-BocToKy KpbiMa 1 A30BCKOMY MOPIO.



48 Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

IcxoAHbIE AQHHBIE N METOAUKA MCCAEAOBOHUS

HcxomupiMu JaHHBIMU JIJISL OTIPENICTICHUSI KHHEMATHYEeCKUX XapaKTePUCTHK OYaroB
3eMJIETPSACEHUN CITY>KWIJIM 3HAKU NIEPBBIX BCTYIUIEHUN MTPOIOIBHBIX CEHCMUYECKUX BOJH P
(cxxatus u paspexenusi) Ha ctaHiusax Kpsima 1 MupoBoit ceTu, a TakKe JOMOTHUTEIBHO
coOpaHHbIE 10 PErMOHAJIBHBIM CeficMorpamMmaM U celicMuueckuMm OrosiereHsm Typuuu u
Cesepnoro KaBkaza. B pe3ynbrare mosyueH CTaTUCTHUECKU NPEICTAaBUTEIbHBIN MaTepua
(ot n=66 10 n=118) Mo CTaHIUAM, OKPYKAIOIIUM UCTOUYHUKH U3ITYUEHUSI CEHCMHUUECKUX
BOJIH B HIMPOKOM a3WMYyTaJIbHOM CTBOPE JJIsl HA/IEKHOTO PEIICHUs MEXaHHW3Ma OYaroB C
MUHUMAaJIbHBIMU TOTPEITHOCTSIMH.

VYIIbl BBIXOJIA CEHCMUYECKUX BOJH U3 oYara Ha CEHCMHUYECKUE CTAHI[MH PETUCTPaLud
pacCUMTHIBAIIMCH 10 Tabmuiam u3 padotsl [Kennet, 2005], ucxoas U3 rryOMHBI THITOICH-
Tpa 1 yJAJIEHHOCTH CTAHIIMNA PETUCTPALIMH OT UCTOYHHKA.

Pemrenust Mmexanusma odaros (Ta0um. 2, puc. 2) HaMH TOJTY4YEHbI HA OCHOBE TEOPUU JIHC-
JIOKallMU B paMKax MojieNiu ABoitHoro numnoss [Beenenckas, 1969] no crannaptHoit MmeTo-
nuke [banakuna u ap., 1972]. s Bcex 3eMIIeTpsICEHUN HMEIOTCS TAKKE OITyOJTMKOBaHHBIC
B (ISC, GCMT) pemenust GpokalbHBIX MEXAaHU3MOB 10 METOAY TEH30pa CEHCMUYECKOTO
MomenTta (TCM). Jlns nanbonee cunbHOTO 3emuerpsicerust 15 okrsaops 2016 1. ¢ K=13.1
napaMeTpsl (OKaIbHOTO MEXaHHW3Ma IO 3HaKaM BcTyruieHus: BoiaH P B3saThl u3 (ISC) u
HaMU He I1epecMaTpUBAIIUCh.

CrnexkTpaJibHble, JHHAMHYECKHEe U YJHEePreTHYeCcKue napaMeTpbl 04aroB BOCCTAHOB-
JeHbI 110 42 aMIUIMTYAHBIM criekTpaM Pypbe HU(POBBIX 3anuceil 00bEMHBIX BOJIH Ha IlIe-
CTH PETHOHAIIBHBIX CEHCMUYEeCKUX cTaHmsx: «Anmymra» (ALU), «CeBactononby» (SEV),
«Cumpepononby» (SIM), «Cynak» (SUDU), «Snra» (YAL) u «/lonysnas-2» (DNZ2).

Jlis pacueTa aMIUIUTYAHBIX CIIEKTPOB MCIOIb30BAHbBI 3aITMCH TOJIBKO C YeTKUMHU (ha3a-
MU 00BEMHBIX P- 1 S-BOJIH, C IPEBBILICHUEM TOJIE3HOTO CUTHAJIA HaJl (JOHOM IOMEX B JIBa
pasa u 6onee. [Ipumep BOTHOBBIX (popM 3eMIIETPsICEHUIT ITPeACTaBIeH Ha PUCYHKE 2.

“"’“”WWW“ o ﬂwm ot | “
TR— o 11—
; WIM i *"""’*M (Wm A 'ﬁlﬁpawwws« bt

28.06.2016, ALU, A=264 xm 28.06.2016, YAL, A=248 xm | 15.10.2016, SIM, A=418 xu

[ - 2 s e

“‘M‘% h r»m.—-{uWywawwwwmw JWN!A Nl o

15.10.2016, SEV, A=358 xm 11.04.2022, ALU, A=366 xm | 11.10.2024, SIM, A=338 xm

Puc. 2. [Ipumepul 601HO8bIX POPM PACCMAMPUBAEMBIX 3EMICMPACEHUL HA CEUCMUYECKUX CIMAHYUSX
Kpviva. Cocmasnsiowue sanucu ceepxy enuz: eepmuxanvhas — Z, copusonmanvivie — N-S u E-W /

Fig. 2. Example of waveforms of the earthquakes under consideration at Crimean seismic stations.
The components of the record from top to bottom are: vertical — Z, horizontal — N-S and E-W

AMIUTUTYIHBIC CTIEKTPHI MTOTIEPEYHBIX BOJH (S) pacCUUTHIBAIMCH OTACIBHO IO 3aITUCIM
JBYX TOpu30HTaNbHBIX cocTaBisomux (N-S) u (E-W) u oxoHuatenbHasi cieKTpaibHas
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IJIOTHOCTH JJIs pacdera TWHAMUYECKUX MapaMeTPOB BBIUUCIISIIACH KaK MOJHBIA BEKTOP
KoJIeO0aHuM, a MPOOJBHBIX (P) — 10 BEpPTUKAIBLHOW KoMITOHEeHTe (Z). Hanbonbiee koym-
YECTBO CIIEKTPOB MOJYUYEHO I10 3anucsaM S-BoiiH. HTeprnpeTanus CieKTpoB U OLEHKA JH-
HAaMUYECKUX MapaMeTPOB OYAaroB BBHIMOJIHEHA B paMKaxX TEOPETHUECKOM TUCIOKAIIMOHHOM
moznenu bpyna (o) [Brune, 1970] mo metoauke [Antekman u ap., 1989; ITycToBuTeHKO,
ITanTeneena, 1990].

PaccuntanHple aMIUTUTYIHBIE CIEKTPHI 3eMJIETpsICeHU (pHUC. 3) YBEPEHHO ammpoK-
CHMHpPOBaHbI [apaMETPaMU TEOPETHYECKOH MOJenH (® ~2): CIEKTPAIbHOM IIOTHOCTHIO
Q(x, /) B HU3KOUACTOTHOM YaCTH aMIUIUTYIHOTO CTIeKTpa npu f— (), TOUKO# U3JI0Ma CIeK-
Tpa — YIJIOBOH 4acToToOH f; (®,) U PE3KUM CHaI0M aMIUIUTY] CIIEKTpa MO KBaJIPATUIHOMY
3aKOHY, T.€. C YIJIOM HakJIoHa Y~ — 2 (puc. 3).

e 10 g . 10 T " ™ rrr—

-4 M C 4 Qe
10.5 Q.M-(‘ -6 Q.M‘C Q 10 T

10 10°

28.06.2016 15.10.2016

4 Qe -4 4 M 4 Qumec 4 Qe
0 - v T 0 2 : 0 v T 0

10" T

11.04.2022 11.10.2024

Puc. 3. [lpumepol amnaumyonsix cnekmpos S-60iin 3emiempsicenuti no maonuye 1, paccuumanmvix no
sanucam ceticmocmanyuti Kpeiva u ux annpoxcumayus (npamvle IunuL) 6 pamkax mooem o >/

Fig. 3. Examples of amplitude spectra of S-waves of earthquakes according to Table 1, calculated from
records of Crimean seismic stations and their approximation (straight lines) within the w ~> model

Cormmacio monenu bpyna [Brune, 1970], mogudunupoBanHoit XsHkcoM u Buccom
[Hanks, Wyss, 1972], cnekrpanbHas MIOTHOCTH (), MPOMOPIIMOHATIbHA CEHCMUYECKOMY
MOMEHTY M, — SHEpIruH, 3aTpay€HHON Ha NMEPEMENICHUE KPbUIbEB pa3pbhiBa OTHOCUTEIHLHO
JpyT JIpyra Ha CPEIHIOI0 BEIMYMHY JUCIOKALMH, IPEO0IEB CUITy TPEHUS, a yIJIoBas 4a-
CTOTa f;, CBsI3aHa C pa3MepOM pa3pbIBa, MPEICTABICHHOTO B BHIE Kpyra C PaJlyCcoM JHC-
JIOKAIIHH T

My =Q(4np-V?>)/ Ry, - G(A,h)-C(®)- Sm(f)
v

=234
7 fo
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rae V' — cKOpocTh pacrnpocTpaHeHUs 00bEMHOW BOJHBI; 7 — IUIOTHOCTH MOPOA B
okpectHocTH o4ara; G(A, /) — momnpaBka 3a reoMeTpudeckoe pacxoxaenue; C (o) — ya-
CTOTHAs XapaKTepUCTUKA CPebl IO celicMuyeckoi ctaniuei; Sm (f) — nomnpaBka 3a He-
YHPYTO€ 3aTyXaHHEe B MaHTHUH; Ry, — MONPABKa 3a HANPABJIEHHOCTh U3JIyYEHHs U3 OYara
Ha CTaHLUIO PETUCTPALIUU.

[TapameTpbl Moaelel IIyOMHHOM Cpebl B 0UAaroBOi 30HE 3EMIICTPACEHUS U Ha ITyTU
pacnpocTpaHeHHs CEHCMUYECKUX BOJTH MOIOMPAUCh 1Mo padote [Starostenko et al., 2004 ]
B COOTBETCTBMHU C NPOCTPAHCTBEHHBIM PACIIONIOKEHUEM €r0 runoueHtpa. ITonpaska Ry,
paccuMTaHa U3 JaHHBIX PELICHUS MEXaHU3Ma 04aroB.

[To 3HaueHMsIM ceficMHUYecKoro MOMeHTa M, 1 pa3Mepa pas3phiBa 7, ONpPEAeIeHbl TaK-
e Jpyrue AMHAMMYECKHE IMapaMeTpbl oyara: CpeJAHHE BEJIMYMHbI HAPSDKEHUN B ouare
(cOpomeHHOE AG 1 KaxyIIeecs 1/0), CPEIHsIsL IOABUIKKA 110 Pa3pbIBY I  dHEprus oopaso-
BaHMs TUcloKanuu Ey, ynpyras aedopMariys cIBura B OKpeCTHOCTH o4ara e ¥ BeJIHYuHa
paauanroHHoro TpeHus Ac, mo Gopmynam u3 padbor [Antekman u ap., 1989; Keiinuc-
Bbopok, 1959; Koctpos, 1975; IlycroBurenxo, [lanteneesa, 1990]:

. . 1 — Ao
:7Mg 775:/1 Es U = Mo 5 EU:*AO'U'R'VOZ &=
167, M, H-TT T 2 H

Ac,=1/2Ac —no

Ao

TJIe 4 — MOIYNb CABUTA; 7] — CEHCMHUYECKHH KOI(PPHUIIMEHT MOJE3HOTO JEHCTBUS;
E¢— celicmuueckasi SHEprysi ICTOYHHUKA.

[To oueHkam CKaJIsIpHBIX CEHCMUYECKUX MOMEHTOB M|, pacCunTaHa MOMEHTHAs1 MarHu-
Tyna Mw ¢ ucnons3zoBanuem gopmyisl [Hanks, Kanamori, 1979]:

Mw =2/3x(lg My+7)-10.7,

rne M, nmeet pazmepHocTh H>m.

JloTIoNTHUTENBHO TAK)KE MPOBE/ICHA OLIEHKA TOM 4acTH MOJIHOM SHEPruu, 3aTpayeHHON
Ha JiepopMalnio cpesibl B O4aroBhIX 30HAX 3emiieTpsiceHuil (M,), koropas Oblia BbIICICHA
B BUJIC CeCMUYECKUX KojieOanmii (E£s) u u3pacxomoBaHa Ha nuciokanuto (Ey), T.e. mpu-
BEJICHHOM CEHCMHYECKON U TUCIOKAlMOHHON SHEPTHH € U d 110 COOTHOIIECHHUSAM:

e=Es/M,= IOK"/M(,JO”,
d = EU/M0'1013
rne Es B [Ix, M, B Hxm.

Ob6CyXAEHNE PEe3yAbTATOB

Kunemamuueckue napamempst 04aroB. B pesynbrare pemieHus (pokaJbHbIX MeXxa-
HU3MOB 3€MJIETPSICEHUN MTOJIyYEHBI TApaMETPBI ABYX BO3MOXKHBIX ITOBEPXHOCTEH pa3pbIBa
(HonmanbHbIX miockocte NP1 u NP2) u opueHTaluu Oceil IIaBHBIX HANpPSHKEHWH, MOJ
JEMCTBUEM KOTOPBIX MPOM30ILIA MOIBMKKA (AUCIOKALMA) B odyare: pacTskeHus 7, mpo-
MEXYyTOUHOro N u cxarus P. Pe3ynbrarsl peleHnss MEXaHU3MOB 04aroB B paMKax JIBOMHO-
ro aumnoiist (doubleCouple) u merogom (TCM) npuBeneHs! B Tadmwmie 2 (B 0OMICTIPUHSATHIX
MEXKIyHApOIHBIX (popMaTax), a uX CTepeorpaMMbl B HIDKHEH monrycdepe — Ha pUcyHke 4.

Kak cienyer u3 Tabnuiiel 2 1 pucyHKa 4, BCe pacCCMOTPEHHbIE 3eMIIETPACEHUS, KaK 110
nanHbIM pertenuit (doubleCouple), Tak 1 TCM, npousonuiu B 06cTaHOBKE TOPH30HTANb-
HBIX CHJI C’KaTHs ¢ IpeolajaHueM B30pOCOBOM NOABUKKU B Ouarax IpeuMyILECTBEHHO
ONMU3IMAroHaIbHON OPHEHTAINU TUIOCKOCTEHN pa3phiBa.
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Tabnuya 2 / Table 2

IMapameTpbl MEXaHM3MOB 04aroB 3emuieTpsiceHnii 3a 2016-2024 rr. 1ora
3anagno-YepHomopckoii Bnaaunel / Parameters of earthquake source mechanisms
for 2016-2024 in the south of the Western Black Sea Basin

No OcH IJ1aBHBIX HAIPSKCHUH / HopanbHblie mnockocTH /
Jara/ axes of the main stresses nodal planes Hcroynux /
Date T N P NP1 NP2 source
AZM| PL |AZM|PL| AZM |PL|STK | DP |SLIP|STK |DP|SLIP
1 325 81| 66| 2| 156/ 9| 65| 54| 88| 248 36| 93|[IlycroBuTeHKO U
2016. ap., 2022 /
06.28 Pustovitenko et

al., 2022]
2 (2016.1 335 88| 236/ 0| 146] 2| 56| 47| 91| 236| 43| 89| (ISC,NEIC)
10.15| 219 721 92| 11| 360 14| 75| 33| 70| 279| 60/ 103| (I1SC, GCMT)

178 64| 337| 25 71| 8| 320, 58| 60 187 43| 128|[IIycroBuTeHKO U

3 np., 2023/
2022. Pustovitenko et
04.11 al., 2023]

208 77 | 12 |15] 105 | 3 | 4 | 49 | 74 | 208 |44 | 109 | (ISC, GCMT)

98| 60| 278/ 30| 8] 0 252| 52] 51| 125 52| 129 Hacr. crates/
4 | 2024. this article
10107242783 39| 6| 130] 3| 34] 48] 82[ 226| 43 99| (1sC, GCMT)

)

¢ \\
doubleCouple doubleCouple TCM /SMT doubleCouple TCM /SMT
Nel —28.06.2016 Ne2 — 15.10.2016 Ne3 — 11.04.2022

Puc. 4. [Juazpammol mexanuzma o4azos 3emnempsiceHutl
\ no Oaunvim P-6onn  (doubleCouple) u mensopa

/ ceticmuueckoeo momenma (TCM) coomeemcmeento /

_ Fig. 4. Diagrams of earthquake source mechanisms

doubleCouple TCM / SMT based on P-waves (doubleCouple) and the seismic
Ned — 11.10.2024 moment tensor (SMT), respectively

HecMoTpst Ha OHOTUITHOCTH TIOJISI HAMPSDKEHUH, 107 JEHCTBUEM KOTOPOTO BO3HHUK-
JIM BCE 3eMIIETPSACEHUS, UX (hOKAIbHBIE MEXaHU3MbI UMENN OTIUYUTEIbHBIE 0COOEHHOCTH.
Tak, eciu Bo Bpemst 3emuierpsicernii 2016 . (Nel u Ne2) nmpowusoresn uncTeiii B30poc 1o Ha-
KJIOHHBIM JUAroHaJbHBIM IIOCKOCTSIM, TOo odaru 2022 1. u 2024 1. (Ne3 u Ne4) otHOCSTCS
K B30pOCO-C/IBUTOBOMY THITYy MOJBIMXKKH C IpeoliagaHueM B30poca HaJl CIBUTOM (KOCOit
B30pOC C MPaBOCTOPOHHEH KOMIIOHEHTON CMEIIEHU).

[To nanapiM TCM B MOMEHT MaKCUMAaJIbHOTO Pa3pyLICHHsI CPeJIbl TPOU30IILIO0 U3MEHE-
HUE HalpaBJIEHUs] IEPBUYHOIO MO HANpsDKEHUH Ha yros oT 26° 1o 50° 6e3 u3MeHeHust
KMHEMaTHYeCKOTO THMA ABM)KCHUN. DTU U3MEHEHHsSI MOTYT OBITh CBSI3aHBI KaK C BO3MOX-
HBIMU JIOIYCTUMBIMH TOTPEIIHOCTSMU B ONpeieeHnu (GOKaTbHOTO MEXaHU3Ma Pa3HbIMH
METOJIaMH, TaK U C peajbHON TpaHchopmalyen moiei HanpsHKEHU B IPOIIECCEe CIOKHOTO
BCIIApbIBaHUS Pa3pbIBOB, YTO HauOoJee BEPOSITHO, IIOCKOJIbKY BCE PELICHHUS OTHOCATCS K
HaJIC)KHBIM.

Crenyet TakKe OTMETHTD, YTO HAJIe)KHOCTh BOCCTAHOBJICHHS (POKATILHBIX MEXaHU3MOB
1o nepBbIM BeTyruieHusiM P-BoiH (doubleCouple), moaTBepskaaercst TeM (pakTom, 4TO Ha
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cTepeorpaMmmax MeXaHHM3MOB 04aroB MOJIOKeHUs celicMocTanuii Kpbima okazasuch BOIU-
31 HOJAJIbHBIX MJIOCKOCTEH, BIOJb KOTOPBIX U3JIy4eHHE P-BOJIH MUHUMAJbHOE, a S-BOJH
— MakCUMaJIbHOE. DTO XOpOIIO BUAHO Ha 3anucsx (cM. puc. 2). Tak npu 3emiieTpsiceHusIX
2016 1. ammmutynsl P-BoiH Ha ctannusax ALU, YAL ¢ Tpynom BumHel Ha poHe momex, a
OTHOLIEHUE aMIUTUTY] As/Ap JUIsl BCEX CTAaHUMK B HECKOJIBKO pa3 MPEBOCXOAWIO CpEAHEE
peruoHanbHOe 3HaueHue As/Ap=4.

Jlunamuueckue napamempst 04az0é TOTYUYEHBI 10 TPYINE CTAHIMOHHBIX OMpe/e-
JeHui (n) ¢ y4eToM JIOTHOPMAJIbHOTO 3aKOHa pacrpenesneHus BeianuyuH [[lycroBurenko,
[Tanreneea, 1990]. B Tabnure 3 mpeacraBiaeHsl UX cpeaHue 3HaYeHUs (S) U cTaHJapTHBIE
oTkJIoOHeHHS (5.5).

Tabnuya 3 / Table 3
I[I/IHaMI/I'-IeCKI/Ie mapamMeTpbl o4aroBs 3eMHeTpﬂceHHﬁ wora 3anaz[H0-‘-IepHOMopc1c0ifl

BnauHbl 32 2016-2024 rr. / Dynamic parameters of earthquake foci in the south
of the Western Black Sea Basin for 2016-2024

>
S.lw~ E s LS - R~ T ] N
~ ~ e (= 3 = %) © ~ %) 0 7o) “
2 B4 2T 1 (a| B Efiainlia B R IS
= < 3 . X -
2Ess IR o2 |9SE] 7S T |FRISR| RN vl
28.06. 182.4] 073 | 207 | 345 | 183 | 7.4 03| 314 |41 435 |175] 04
1 2016 | 7
38 0.07 | 0.02 | 0.07 | 0.07 | 0.06 | 0.07 0.13 | 0.1
15.10. 4769 | 1.18 |125.6 |418.3| 36.1 | 12.6 | 50 | 99740 | 5.06 | 26.4 | 202 | 08
2 2016 | 4
58 0.16 | 0.02 | 0.14 | 0.14 | 0.14 | 0.16 0.29 | 0.2
11.04. 842 | 1.1 | 28 | 93.1 | 744|634 |7.7| 3928 | 4.55 | 11.47 4.6610.41
3 2002 | 7 . . . . . . .
38 0.06 | 0.01 | 0.05 | 0.05 | 0.05 | 0.06 0.1 |0.09
11.10. 2991 | 0.82 223 (743 |45 21 |91 (106114 | 4.91 | 24-10 355|147
4 2024 | 7 : :
38 0.017 | 0.005| 0.02 | 0.02 | 0.02 | 0.01 0.03 |0.02

[Tpumeyanue: KUPHBIM MPUPTOM BbIICICHBI CPEIHNE 3HAUCHUS BEJTUYHH S /
Note: the average values of S are highlighted in bold.

CraHUMOHHBIE TTAPAMETPHl PAJUALIMOHHOTO TPEHUsl AG, MOIYYHINCh 3HAKOIEPEMEH-
HBIMH, II03TOMY MX CPEIHEE 3HAYEHHUE BBIYMCIIEHO 1O § I JAHHOTO Oo4ara HarpsiKeHUs
Ac u no 6e3 ouenku 0S. CpenHee 3HaueHHe MW oIpeiesieHo Kak cpenHee apudmMernye-
ckoe (Mw™*) ¢ coOTBETCTBYIOIIEH MOTPEeIIHOCTIO. J[JIsl BceX 3eMIIeTpsICeHUI AUHAMHUYe-
CKHE MapaMeTpbl MOJIyUYEHbI [0 TPYIIe HE3aBUCUMBIX CTAHIIMOHHBIX OmpezesieHuit (n>4)
U C YYETOM pPeajbHON HAMPaBICHHOCTH M3JIyYE€HHUSI CEHCMUYECKON PHEPIHMH M3 UCTOYHHUKA
Ha KaXIyr0 CTAHIMIO PErucTpaiu (Ry,). DT0 HUBEIMPOBAIO HHIMBHIYaIbHBIE CTAHIMOH-
HblE 0COOEHHOCTH 3amuceil celicMUYecKnX KoneOaHWii Ha CTAHIMSX PErHCTpalvH, paco-
JIO)KEHHBIX B Pa3HbIX HHKEHEPHO-TEOJIOrMYECKUX YCIOBHUSIX, OCHAIIEHHBIX pa3nyaoneics
CelicMUYeCKO anmaparypor U 00eCneymio JOCTaTOYHO BHICOKYIO TOYHOCTh M HAJIS)KHOCTh
pe3ynbratoB. Hanmyuias cXoauMOCTh CTaHIIMOHHBIX ONpPEIEICHUH MOJTydeHa Ul paauyca
KPYTOBOH TUCTIOKAIIMU MTPEUMYILIECTBEHHO MIPY CTAaHIAPTHOM OTKJIOHEHUH OS 1y < 0.02.

HaunbGonpmme 3HaueHus: ceicMUYeCKOro MoMeHTa M, U paguyca JUCIOKAIUU 7 TI0-
aydeHsl Ui 3emuerpscenns 15.10.2016 . ¢ Mw=5.1, a Haumensmme — s 28.06.2016 &
¢ Mw=4.1. B 11e;10M ¢ pOCTOM 3HEpPreTUYECKOr0 YPOBHS 3€MJIETPSICEHUH KOJIMYECTBEHHbBIE
3HAYEeHMsI AMHAMMUYECKHX ITapaMeTPOB 04aroB YBEJIUYMBAINCH B IpeJIesax pazdpoca ume-
pseMbIX BenuuuH. Paguanmonnoe Tpenne Ao, Ui UCCIEIOBAaHHBIX 3eMJIETPSICEHUN UMEIIO
MOJIOKUTENILHOE 3HAYEHHE, 4TO B cooTBeTCTBUU ¢ [KocTpoB, 1975] yka3piBaeTr Ha miagkoe
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CKOJILKEHHUE pa3phIBa B OUarax 3a c4eT paBHOMEPHOTO PaCIpeAeIeHUs IPOYHOCTHBIX CBOMCTB
DIyOMHHOMW CpEZIbl B OYaroBbIX 30HAX.

CpaBHUM MOJTyYEHHBIE CPEHUE 3HAYEHUSI OCHOBHBIX OYaroBbIX MapamMeTpoB: M, ry 1
AG uccieT0BaHHBIX 3eMIIETPSICEHUH (pUC. 5) C YCTaHOBIIEHHBIMH JIJISl BCETO PETHOHA JI0JI-
TOBPEMEHHBIMU COOTHOIICHUIMH: M,y (K), 7o (Kp), Ac(Kyy), ypaBHEHHS KOTOPBIX MPUBEIC-
HbI B pabote [[TycroBuTeHKo u np., 2022].

18

Puc. 5. Cpasnenue cpednux OUHAMUYECKUX NAPAMEMPOE 04A208 3eMILEMPACEHUL:
a — celicmuyeckoeo momenma My, 6 — paduyca Kpy2060u OUCTOKAYUU Ty U 8 — COPOULEHHO20 HANPSIICEHUSL
Ao ¢ ooneospemennvimu 3asucumocmamu My(Kp), ro(Kp) u Ao(Kp). Ilynkmup — npedensvt nocpewHocmeti
doneospemeHHbIX 3asucumocmeli /

Fig. 5. Comparison of the average dynamic parameters of earthquake foci: a — seismic moment M,
b — circular dislocation radius r,, and ¢ — released stress Ao with long-term dependencies My(Kp),
ro(Kp), and Aa(Kp). The dotted lines indicate the error limits of the long-term dependencies

Harnsiano BunHO (puc. 5), 4TO YHMCIICHHBIE 3HAYSHHS] OCHOBHBIX OUaroBBIX MTAPAMETPOB
M,, ro 1 AG HCCIIe0BaHHBIX 3€MJIETPSCEHUI COOTBETCTBYIOT J0JIFOBPEMEHHBIM 3HAUEHU-
SIM IO KOPPEJSIMOHHBIM CBsi3siM M (Kyy), 7o (Kpy) u Ao (Kjp), HaXoAsich B qUana3oHe UX
JIOBEPHUTEIBHOTO MHTEpBaia. [I0CKOIBKY 3TH 0YaroBble MapaMeTpPhl OMPEIEeNICHBI C BBICO-
KO TOYHOCTBIO, TO UX BapHallMM BHYTPU MHTepBaja norpeurHocrei M, (Ky), o (Kp) u
Ac (Ki) MOXHO OTHECTH K IPUPOHBIM, CBSI3aHHBIM C HHAMBUYaIbHBIMH OCOOEHHOCTIMU
CBOWCTB INTyOMHHOM Cpesbl ¥ (PU3MYECKUX MPOLIECCOB B OTJAENIBHBIX O4aroBbIX 30HaX. Tak
nuciokaiusi B ouare 3emierpsicenust 11.10.2024 1. mpou3soiiia Ha CpaBHUTEIBHO MaJIOH
TJIOLIAAM Pa3phbiBa C 3aHMKEHHBIM PAUyCOM 7, (pucC. 50) mpu MOBBILIEHHOM COPOIICH-
HOM HanpspkeHUH A (puc. 5B). s 3TOro 3eMJIeTpsiCeHHs! OTYYEeHbI TAKXKe 3aBbIILICHHbIE
3HAYCHNs! BEJINYHMHBI IIOJABIKKH 110 PaspeiBy U  AeOopMaLMK CABUIA e, & TAKKE SHEPruu
JUCIIOKAITUU B oyare Fu JJid JaHHOTO YHEPreTU4ecKoro ypoBHs (Tabi. 3). CooTBETCTBEHHO
JIOJIS1 TIOJTHOM SHEpruu AeopMaIii Cpe/ibl, MOTpadeHHON Ha AUCIOKaluio B ouare (d) 3To-
IO 3eMJIETPSACEHHUS ITPEBBICHIIA JTOJIF0 CEHCMUYECKON YHEPTUH €, U3ITyUYEeHHOU B BUJIE CEliC-
MUYECKUX KOJICOaHHH IMOUTH B monTopa pasa (d/e =1.47). JIns ocTaabHBIX 3eMIICTPSCEHUI
COOTHOIICHUE JTUCIOKAIMOHHON M CEMCMHYECKOW HPHEPTrUuM ObLIO OOpaTHBIM, T.€. 0OJb-
masi 4acTh 00IIe 04aroBol SHEPruM nepenuia B ceiicmuueckue konebdanus: d/e= 0.4-0.8
(Tabmn. 3). O0uwMii [uana3oH MPUBEJCHHOMN ceCMUUECKON SHEPTUH e 11l PACCMOTPEHHBIX
semueTpsiceHuii coctaBui e =4.4-107°-26.4-107, uto no knaccudukanuu [Kouapsu, 2016]
COOTBETCTBYET «HOPMAJIbHBIMY CEHCMUYECKUM COOBITHSM.

BbIBOAbI

KommnekcHoe nccnenoBanne o4aroB Hanbosee CUIbHBIX 3emiieTpsicenuii c Mw=4.1-5.1
F0KHOM YacTu 3anaaHo-YepHoMopcKkol BIaaAuHbI 3a nocneaaue 10 ser no3Boiwio ycra-
HOBUTH MX OOIIKE CBONCTBA U OCOOEHHOCTH.

1. Bce paccMoTpeHHbIE 3eMJIETPSICEHUS MPOUBOIUIN 0] BO3JCHCTBUEM CKUMALO-
IIUX HAMPSDKEHUH B OTPAHUYEHHON 00J1acTH TUTOC(Ephl 30HBI KPYITHOTO pa3jioMa MaH-
TUWHOTO 3aJI0KEHUS, IIEpECEKAOIIEro 3analHo-YepHOMOPCKYO BIIAJIMHY JUArOHAJIBHO
C Iora-zamaja Ha CeBEpO-BOCTOK. B ouarax 3eMjeTpsCeHUN BO3HHKIH B30pOCOBBIC U
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B30pPOCO-CIBUTOBBIE TTOJIBM)KKU TAKKE MPEUMYIIECTBEHHO JTUATOHAIBHOW OPUEHTUPOB-
KM C MAKCUMAJIbHBIM H3JIy4YE€HUEM SHEPIUU MOMNEPEUHbIX CEHCMUUYECKUX BOJIH HA I10-
oepexbe Kppima. B mpoiiecce MakcuManbHOTO pa3pylieHus cpebl (B THIOLEHTPE LEH-
TpoUAa) MPOU30IILIIO U3MEHEHNE HAMIPABIICHHUSI TEPBUYHOTO OIS HAMIPSKEHUN COKATUS
Ha 2650 rpamycoB 06e3 U3MEHEHUsI KHHEMATHYECKOTO THIA JIBMKCHUHN 1O TEKTOHUYE-
CKHMM pa3pbIBaM.

2. CpenHue 3Hau€HUsl JUHAMUYECKUX [apaMEeTPOB OYAroB, OINpEAETICHHbIE C Majon
qucrnepcruei omuOoK, He MPOTHBOPEUYAT JAOJITOBPEMEHHBIM CTATHCTUYECKUM 3HAYCHUSIM
JUTSL JAHHBIX YPOBHEH YHEPTUH U MOTYT OBITh UCTIOIB30BAHBI B 33/1auaX WHKEHEPHOM Ceiic-
MOJIOTHH.

3. YcraHoBNIEeHHBIE O0IIME CBOMCTBA OYAroBBIX MAapaMeTPOB PACCMOTPEHHBIX 3eMile-
TPSICEHHUI MOTYT CIIY>KHUTh OCHOBOM ISl CO3AaHUSI MOJIETIEN TPOTHO3HBIX 04aroB CUIIbHBIX
3eMJIETPSICEHUH B FO’KHOM YacTu 3anaaHo-YepHOMOPCKO BIIAIMHBI, a TAKXKe JJIsl yTOUHE-
HUsl 00IIel Mojenu celicMoreHepupyrImux cTpykryp (3o BO3) Kpseimcko-UepHoMop-
CKOTO peruoHa ¥ nocneaymoien pazpadorku kapr OCP HOBOro MOKOJIEHUS! B HHKEHEPHBIX
TepMuHax [Antukaes, 2021].
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Pe3stome: AKTyanbHOCTb pPaboTbl. 13y4eHne MexaHu3mMoB NepeHoca pafoHa W BbisiBIIEHNE aHOMAnNiA, Taknx
Kak Ha rope bewTay (Kaskasckue MuHepanbHble Bogpl), rie 3adyMKCupoBaHbl 3KCTPEMAbHO BbICOKIE 3HAYeHUs
NI0THOCTM NoToKa pagoHa (MMP) ¢ NoBEpPXHOCTN rPyHTA, KPUTUYECKM BAXKHO A1 OLEHKM PaanaLnoHHOro PUCKa.
OCHOBHOIA MCTOYHMK NOCTYNIIEHUS PafoHA B 3[aHNUS — FPYHTbI OCHOBAHUSA 3[aHNs, 0COOEHHO B 30HAX reosiornye-
CKMX pasnomMoB, rae BO3MOXEH KOHBEKTUBHBIA nepeHoc. Lienb uccnefosanus. Lienbto nccnefoBanus ssnseTcs
pa3paboTka MaTemMaT4ecKoit MOAeNM 451 NPOrHO3MPOBAHMS NIOTHOCTM NOTOKA PafioHa Ha OCHOBE METEOPONO-
TMYECKNX U OpYyruX NapameTpoB, UMEKOLLIMX NOTEeHUNanbHOE BNUSHNE HA NOCTYNJIEHNE pafoHa U3 rOPHbIX NOpo[
B aTMOCCIepHbIN BO3AyX. VlccnefoBaHne HanpaBieHo Ha aHan3 BIMSHUS TeMMepaTtypbl 1 BNOXXHOCTU BO3AyXa
Ha [MP B BbISIBMEHHOI PaaoHOBOA aHOManKM Ha 3anagHoM CKroHe r. bewtay. Metogbl pa6oTbl. [1ns aHanu3a
CMONb30BaNNCh AaHHble U3mepeHwii MNP, TemnepaTypbl U BAXXHOCTW BO3[yXa, NPOBeAeHHbIe B nepuof ¢ 2018
no 2020 roabl. Ha 0CHOBE 3TUX JAHHbIX METO0OM MHOXECTBEHHOM NUHENHOW Perpeccuin Obin co3aaH NpoToTun
maTemMaTi4ecKoit Mofeni NPOrHo3nMpoBaHmMs paoHOBON akTMBHOCTM. Pe3ynbTatbl pa6oT. PaspaboTaH npotoTun
MaTemMaTtn4eckon MoLesn, No3BONALLMIA NPOrHO3MPOoBaTh 3Ha4eHus MNP no Temnepatype 1 BNaXKHOCTU BO3AY-
Xa C 0CTOBEPHOCTbLI 0KONO 71 %. [poBepka MOAENN Ha He3aBUCKMBbIX [AHHbIX NOKa3ana 6/IM3k0e CoBNaaeHne
MPOrHO3a C peanbHbIM M3MEPEHHbIM 3HA4YEHMEM. YCTAHOBMEHO, YTO A1 NOBbILLEHWS TOYHOCTU NPOrHo3a Heob-
XOAMMO Y4UTbIBATb JOMOSHUTENbHbIE (DaKTOPbI, TaKME KaK aTMOCEPHOE [aBeHNe, BAXKHOCTb 1 TeMnepaTypa
FPYHTA, a TaKXXe CeicMMUYecKas akTMBHOCTb. HayaTtbl paboThbl MO WHTErpauuy aTUX napameTpos B Moaenb. Mo-
Jenb 6blNna peann3oBaHa TakxKe 1 B B NPOrPaAMMHOro 06ecneveHus.

Kntouesble cnosa: pafioH, ropa bewuray, n10THOCTb NOTOKA pajoHa, PajoHoBas aHOManus, PerpeccMoHHbIN
daHanus, moaennposaHue.
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Abstract: Relevance. Studying radon transport mechanisms and identifying anomalies, such as on Mount
Beshtau (Caucasian Mineral Waters region), where extremely high radon flux density (RFD) values have been
recorded, is critically important for assessing radiation risk. The primary source of radon in buildings is its entry
from soil, particularly in fault zones where convective transport is most prevalent. The aim of the study is to
develop a mathematical model for predicting radon flux density based on meteorological and other parameters
that potentially influence radon emission from rocks into the atmosphere. The study aims to analyze the influence
of air temperature and humidity on the flux density within the identified radon anomaly on the western slope of
Mount Beshtau. Methods. Data from radon activity, temperature, and humidity measurements taken between
2018 and 2020 were used for the analysis. A prototype mathematical model for predicting radon activity was
developed using multiple linear regression. Results. A prototype mathematical model was developed that can
predict radon activity based on temperature and humidity with a reliability of approximately 71 %. Validation of
the model using independent data showed close agreement between the forecast and actual measured values.
It was determined that improving prediction accuracy requires incorporating additional factors such as atmospheric
pressure, soil moisture, soil temperature, and seismic activity. Work has begun on integrating these parameters
into the model. The model has also been implemented as software.

Keywords: radon, Mount Beshtau, radon flux density, radon anomaly, regression analysis, modeling.
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BeseapeHve

PannoaktuBHBIN ra3 pagoH-222 SBISETCA JOYEPHUM MPOIYKTOM pacnaga paaus-226,
OTHOCSIIErocs K pany ypana-238. Ilo qaHHBIM COBpEeMEHHBIX HMCCIIeOBaHUIl Oonee mo-
JIOBUHBI T0JJ0BOH 3(h(heKTUBHON 103bI HAcENICHHUs, 00YCIIOBICHO OOMyYeHHUEM PAZOHOM U
€ro JI0YEpPHUMH IIPOAYKTaMHU paclaja B 31aHusAX. PaloH cuuTaercs BTOPOU IOCIE Kype-
HUS IPUYMHON pa3BuTHs paka Jierkoro (Pykooactso BO3 no conep:kanuio pajoHa B Mo-
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MEIICHHSIX: C TOYKU 3peHHs oOmiecTBeHHOro 3apaBooxpanenus, 2009 r.). B nocnennee
BpeMsl MOSIBUINCH CBEJCHUSI O BO3MOKHOM BIIMSIHUU PaJJOHa HA KOTHUTHBHBIE MPOLIECCHI
y noapocTkoB [Pulliam et al., 2025]. OcHOBHO# IyTh MOCTYIJICHUS PaJOHA B IIOMEIICHUS
30aHUNA U cOOpYXeHUH — 310 Aupy3NOHHBIN W/MIM KOHBEKTHBHBIM NEPEHOC pajloHa U3
TPYHTOB (TOPHBIX MOPOJ), JSKAIUX B OCHOBAHUU 3/1aHUA. B CBSI3U C ATHM, yCHUITUS yde-
HBIX BO BCEM MHUPE HaIIpaBJIEHbI HA U3yUYEHUE BBIJIEJICHUSI paJloHa U3 TOpHBIX opo. [Bena
et al., 2024].

[Tepenoc pamona B tutocdepe 00yCIOBICH ABYMS MIPOLIECCAMU:

— nudysueit, pa3BuTOi Ha TpaHMIIE pa3/iena cpell ¢ pa3HON KOHLEHTpaIMel pajoHa,
NPEeUMYIIECTBEHHO Ha TpaHuLle JIUTochepsl U aTMochepsl;

— KOHBEKTUBHBIM (aJIBEKTUBHBIM) IIEPEHOCOM B TPELIMHOBATHIX MPOHHUIIAEMBIX 30HAX
3a CYeT rpaJueHTa IaBICHUS.

B TpemunHoBaThIX TOPHBIX OPOJaX B 30HAX Pa3JIOMOB KOHBEKTUBHBIN MEXaHHU3M Iepe-
HOCa MOXeT Ipeolnagars. B 30HaX KOHBEKTHBHOM pa3rpy3KH ra3oB MOryT (OpMHUpPOBATH-
Csl paZIOHOBBIE AaHOMAJIMHU, T.€. AHOMAJIBHO BBICOKHE 3HAYCHHsI 00BEMHON aKTUBHOCTHU pa-
JIOHa B TPYHTOBOM ra3e M IUIOTHOCTH MOTOKAa paJioHa ¢ MOBEpXHOCTU TpyHTa [['ymalsHir,
2011; Mapennsriit u ap., 2016; Petermann et al., 2024]. B nocnennue aecsTiieTus: pas-
HBIMHU aBTOPaMU OBLT BBISBJICH P XapaKTEPHBIX OYEHb MOIIHBIX PaJIOHOBBIX aHOMAJIUH,
CBSI3aHHBIX, [T0-BUJIMMOMY, C KOHBEKTUBHOM IUPKYJIALKUENH aTMOC(PEPHOTO BO3LyXa B MPO-
HUIIAeMBIX 30HaX ropHbIx MaccuBoB [Di Carlo et al., 2023; Moreno et al., 2016; Neda et al.,
2024; Perrier et al., 2024; Schmidt, 2014; Sundal et al., 2008]. B neTHuii neprox 6o1ee xo-
JIOIHBIN ¥ TIIOTHBIN BO3AyX MPOHUIIAEMBIX 30H TOPHOTO MAacCUBa, 00OTAIIEHHBIH paoHOM,
OITYCKAeTCsl BHU3 U PA3TPYKACTCS Y MOTHOXKUS CKIIOHOB, BBITECHSIS TEIUIBINA aTMOC(hEpHBIN
BO3IYyX. 3UMOH BO3IyX B TOPHOM MAaCCHBE CTAHOBUTCS TeIiee aTMOC(HEPHOTo, OJHIMA-
€TCsl BBEPX U pasrpykaeTcs B MPUBEPIINHHON YaCTHU CKIIOHOB. B pe3ynbrare, y moTHOKuUs
CKJIOHOB (hOPMHPYIOTCSI PaIOHOBBIE aHOMAJIHM C MaKCHMyMaMH JIETOM U MUHUMYMaMH
3UMOM, a B MPUBEPIIMHHON YaCTH C OOPaTHBIM CE30HHBIM pUTMOM. PasloHOBBIE aHOMAINH,
MOTYT 00yCIIaBIMBATh YPE3BbIUAWHO BHICOKHE 3HAUEHUS 0OBEMHOW aKTHBHOCTH pajiOHA
B MOMEIICHUAX JOMOB, TOCTPOEHHBIX y MOJHOXHS W B MPUBEPIIMHHON YaCTH CKJIOHOB
[Di Carlo et al., 2023; Perrier et al., 2024; Sundal et al., 2008]. OTHOCHTENBHAS pacnpo-
CTPAHEHHOCTh MOAOOHBIX AHOMAJIMK JENAeT aKTyalbHbIM pa3pa0dOTKy MaTreMaTHYeCKHX
MoOJIeJIeH JIsl MPOTHO3a TIOBECHUS PaJOHA B MOIOOHBIX aHOMAJBHBIX 30HAX.

ITo nanHBIM IpoBeeHHBIX paHee uccienosanuii [Miklyaev et al., 2022] na 3anagHoM
ckioHe ropsl bemray (pernon KaBkazckux MUHepaslbHBIX BOA) B palioHe bemrayropckoit
KOJIBLIEBOM 10pory Obl1a BBISIBIICHA JIOKAJIbHAS PaI0HOBASI aHOMAIIHSL, XapaKTEePU3YIOIIascs
KpaiiHe BRICOKUMHU 3HAYCHUSMH TJIOTHOCTH MOTOKA PAJI0HA, & TAKKE OUE€Hb CHIIBHBIMU Ce-
30HHBIMH KOJICOAHUSIMU TaHHOTO 1oka3aressi. B mepuon ¢ 2018 rona u o HacTositee BpeMs
Ha rope bemray npoBoasiTcs Mccae10BaHuUS BbIJIEICHHS paJloHa U3 TOPHOTO MAacCHBa, BKITIO-
Yaronre NepuoAnYeCcKre U3MEPEHHsI IIIOTHOCTH MOTOKA PaZioHa C MOBEPXHOCTH T'PYHTA,
a TaK)Xe MOIIHOCTHU J03bl TAMMa-U3ITyUeHUs], YIEeIbHOW aKTUBHOCTU MPUPOIHBIX PaIHO-
HYKJIMJIOB B TOPHBIX MTOPOJIaX, METEOPOJIIOTUYECKUX MTapaMeTPOB. BBUIO yCTaHOBIEHO, UTO
IUIOTHOCTH TIOTOKA PafoHa Ha (pOHOBBIX y4yacTKax cocrasiser or 100 go 800 MBr/(M?-¢),
a B 30HE BBISIBJICHHOM PaJIOHOBOM aHOMAJIMU Ha JIOKAJIbHOM ydacTke nepuoandecku 4000—
25 000 mBk/(m*c). 3nauenus o0bemMHOM akTUBHOCTH (OA) pajioHa B OTKPBITOM BO3JIY-
Xe B aHOMaJIbHOM 30He pocturand 1540 Bx/M?, uto B 100 pa3 mpeBbiiiaeT MeCTHBIN GoH
[Miklyaev et al., 2022]. TTo pe3ynbTaram pajioHOBOTO MOHHUTOPUHTA, TIPOBOIUBIIETOCS B
TEUEHHE HECKOJIBbKHUX JIET, B JAHHOM aHOMAaJIbHOM 30HE ObUIM BBISIBICHBI MOIIHBIE CE30H-
ueie konebanus [II1P ¢ moBepxHocTH TpyHTa. B TeueHune neTHero mepuoaa perucTpupo-
BAJINCh aHOMAaJIbHO BbIcOKHME 3HaueHus [II1P. B xomoaHseIil nepuoa roga, Koraa Temiepa-
Typa BO3yxa CHmkanach Huke +11...+14°C, mioTHoCTh MOTOKA pajoHa pe3ko najaaia, u
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NPUHUMAJIA AaHOMAJIbHO HU3KWE 3HAYCHMSI, CHIDKAsICh B HEKOTOPHIE MOMEHTHI BPEMEHH J10
15-30 mMBk/(M?-c), uro mpumepHo B 10-30 pa3 Hmke (HOHOBBIX 3HAYEHHH, XapaKTEPHBIX
it ropel bemray. Ce30HHBIN BBIOPOC pajjoHa B aHOMAJIbHON 30HE OOYCJIOBJIEH, CKOpEe
BCETO, SIBJICHUEM TEPMOWHIYIIUPOBAaHHOW KOHBEKIIMU, OITMCAaHHBIM BbIIIE. B maHHOM cTa-
Th€ MPOBE/IEHA MaTeMaruyeckas oOpadoTKa pe3ylnbTaToOB U3MEPEHUN M MOJEIMPOBAHHE
IUIOTHOCTHU MTOTOKA PaJl0OHA B 30HE aHOMAJIMK Ha 3aIaJJHOM CKJIOHE ropbl bemiray.

Teonoeuueckoe cmpoenue meppumopuu

XapakTepHOil 0COOEHHOCTHIO pernoHa KaBka3zckux MUHEPAIbHBIX BOJ SIBIISICTCS IPYTI-
a OTZENbHBIX TOp, IPEACTABISIIOIUX cO00I MHTPY3HBHBIE CyOBYJIKAHUYECKHE JUAMTUPHI.
WNuTpy3un oTHOCATCS K DIbOPYCCKOMY MarMaTHUYE€CKOMY PETMOHY U PACIIOJIOKEHBI Ha
nepecedeHuy mMpoTHoro [IpenkaBka3ckoro KpaeBoro Mporuda u MepuaHMOHAIBLHO BBITS-
HyToro TpaHCKaBKa3CKOro TEKTOHMUYECKOro noaHATHs. Hanbonee kpynHblil HHTPY3UBHBII
MaccuB — ropa bemray (1401 M Hag ypoBHEM MOpPS) CIOXKEHA MIETOYHBIMU TPAHUT-TIOP-
(bupamu, TpaxuTaMu U JIMIAPUTAMH, KOTOPbIE B COBOKYITHOCTH W3BECTHBI KaK «OemTayHu-
ThD», XapAKTEPU3YIOLIMMHUCS MTOBBIIIEHHBIMU COIEPKaHUAMHU ypaHa-238 [Kapnenko u np.,
2009; [Tanos, 2023; TutoB u ap., 2020]. B Heapax maccuBa B cUCTEME Pa3jIOMOB U TPEIINH
CEeBEPO-3aIaHOTO MPOCTUPAHUS 3aJE€Tal0T YPaHOBBIE PYAHBIE KHUIIbI, COACpIKAIIIE OT He-
CKOJIKUX COTBIX JI0 HECKOIBKHX MpolieHToB 2*8U [MamkoBLes u ap., 2010]. 3xech B nepu-
on ¢ 1954 . mo 1975 r. npoBoauIack mpoMbliieHHas 700b4a ypana. [IpoayKTel BEIBETpH-
BaHMsI OCIITayHUTOB (FpaBUid, IpecBa co medHeM U Oosee KpyMHBIMH 00JI0MKaMH TTOPONT)
MOKPBIBAIOT HUKHUE YAaCTH CKIIOHOB U Mpujeratonme repputopuu. I1o pesynsraram ceric-
MOTEKTOHHYECKUX uccienoBannii [borunaps, [opaees, 2022] 6b110 yTOYHEHO MECTOIIONO-
KEHHE M COBPEMEHHasi aKTUBHOCTb OCHOBHBIX PaszjIOMOB, BKIIIOYasi TPU OCHOBHBIX THIIA
Pa3I0MOB M CUCTEM TPEIIMHOBATOCTHU: a) MEPUIMOHAIBHYIO CUCTEMY, BKIIIOUasl TJIAaBHBIN
paznom bemray, 6) quaroHalbHYIO0 CUCTEMY CEBEpPO-3alaIHOTO MPOCTHUPAHUS, COAEpIKa-
IIyI0 YPaHOBBIE PY/bI, U B) CUCTEMY KOJBIIEBBIX pa3ioMOB, KOTOpasi oOpa3oBajach Ha rpa-
HHIIE MarMaTH4ecKoro MaccuBa M BMEIIAIONIUX OCAJOYHBIX MOPOJA BO BpeMsl BHEIPEHUS
Marmsl U MOCJEIyIOIEro 00IIEero TEKTOHNYECKOTO MOJHATHS MaCCUBA, TPOUCXOTUBIIIETO B
TUTMOIICH-YETBEPTUYHBIN NMepHo/l. bOIbIIMHCTBO Pa3IoMOB, 0COOEHHO OPUEHTHPOBAHHBIX
Ha CeBepo-3amaj, OTUYETIMBO BUJHBI B peiabede B popme BnaguH u oBparos [bonaaps,
Topnees, 2022]. BeisiBiieHHas MoIHas paJOHOBass aHOMAJIUS MMPUYpOUYeHa K Y31y Tiepece-
YEeHHs pa3lioMa CeBepO-3amaHOro MPOCTUPAHHUS C KOJBIEBBIM pa3iomMoM. Kpome Toro, mo
BOCIIOMMHAHUSM CTapOXHJIOB HEJAJIEKO OT BBISIBICHHOW aHOMAaJIMU OBLIO PACIIONOKEHO
YCThE OJIHOM U3 IITOJEH OBIBILIETO YPAHOBOTO PYAHHMKA, HBIHE MOJHOCTHIO JINKBUAUPOBAH-
HOE U 3aChIaHHOE (YCTaHOBUTH TOUHOE TOJIO’KEHHE OBIBILIETO YCThSI HA MECTHOCTH HE y/ia-
J0ch). B ¢BsA3M ¢ ueM He UCKIIIOYEHO, YTO CHCTEMa Pa3IOMOB B JAHHOM MECTE COEAMHSAETCS
C IPOCTPAHCTBOM OBIBIIETO YPaHOBOTO PYIHHUKA.

MaTtepunanbl U METOABI MICCAEAOBAHMSI

N3mepenus I1IIP ¢ noBepXHOCTH TPYHTOB IPOBOAMINCH METOIOM OTKPBITOM KaMEPBI €
AKTUBUPOBAHHBIM YIJIEM C UCTIOIb30BaHUEM 00opynoBanus u3 koMmruiekta « KAMEPA-01»,
U3MEpEHHs] aKTUBHOCTH PaJioHa B yIJie MPOBOAMINCH KaK C UCIIOJIb30BaHHEM OeTa-pajuo-
METpa, BXOASIIETO B KOMIUIEKT, TaK M HA FaMMa-CIEKTPOMETPHUECKOM KOMILIeKce «Myib-
tupaay B reomerpun MK-63. Inanazon uzmepsemoix 3nadenuii [P coctasiser ot 3 no
100000 MBx/(M?-c). 3HaueHKe TeMIIEPATYPhI CPEIbl SKCIIOHUPOBAHKS HAKOTIUTEIBHBIX Ka-
Mep coctasiseT oT -15 °C no +40 °C, a OTHOCHUTENIbHON BIIAXKHOCTH BO3AyXa He Ooiee
95%, BpeMsi SKCIIOHUPOBAHUS COCTaBIsLIO 2—3 4. OO0IIas HEONpeaeIeHHOCTh Pe3yibTa-
toB u3Mmepenuit [1I1P ¢ moBepxHOCTH I'pyHTa METOIOM OTKPBITOM KaMephbl, COCTABISIET HE
6onee +40% [Mapennsiit u ap., 2016]. B anoManbHOI 30HE B KaXKABIH CEaHC M3MEPEHUIN
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YCTaHABIIMBAJIOCH OT 3 10 5 HAKOMUTEIHHBIX KaMep, B Kaue€CTBE pPe3yibTaTa MPUHUMAIOCh
cpeaHee 3HaYCHHE.

W3mepenus temneparypbl H OTHOCHTEIBHOM BIIAYKHOCTH POBOAMINCH TEPMOTHTPOME-
tpoM TKA-IIKM (20). lnana3zon usmMepeHuii TeMiepaTypbl Bo3ayxa coctasiseT ot -30 °C
1o +60 °C. OcHoBHasi abCOIOTHAs MOTPEIIHOCTh U3MEPEHUI TeMIepaTypbl COCTaBIIsAET
+0,2 °C. lnana3oH W3MepeHUl OTHOCUTENIbHOMN BIAKHOCTH BO3/lyXa COCTaBIsIET OT 5%
10 98 %. OcHOBHasi aOCOMIOTHAS MOTPEUTHOCTh U3MEPEHUN OTHOCUTENBHOM BIIaXKHOCTH
cocrasisteT +3,0%. Yenosus sxciutyaranun TKA-IIKM (20): Temneparypa okpy»xarorie-
ro Bo3ayxa ot -30 °C go +60 °C, oTHOCHUTENIbHAS BJIa)KHOCTh BO3yXa NP TEMIIEpaType
okpy»karorero Bo3ayxa 25 °C mo 98%, armochepnoe nasienne ot 80 klla mo 110 kIla.

Exemecsiunbie namepenus mpoBoaminuch B nepuoa ¢ 2018 . mo 2019 1. B Tabnume 1
MIPEICTABICHBI PE3YJIBTAThl H3MEPEHU.

Tabnuya 1/ Table 1

HN3mepenust napaMeTpoB Ha anoMaJynu I. bemray B nepuoa ¢ 2018 r. mo 2019 r. /
Measurements of anomaly parameters in Beshtau from 2018 to 2019

Temneparypa | IIIIP B anomanbHOM OTHOCHTC/IbHAS
Bo3ayxa, °C / 30me, Br/(m?-¢) / BIAKHOCTD Bosvxa. % / Jlara usmepenus /
Air temperature, | Radon flux density Relative air hur?l}i, di t, 3/ Date of measurement
°C (RFD), Bq/(m*'s) > 70
-3,00 0,1 75,3 18.01.2018
0,20 0,2 40 15.02.2018
0,10 0,1 70 07.03.2018
3,30 0,1 75 30.03.2018
14,00 1,6 79 10.04.2018
25,00 4.4 66 22.05.2018
28,00 23,9 59 08.07.2018
22,00 11,0 55 12.09.2018
24,50 20,4 30 15.10.2018
8,00 0,1 86 07.12.2018
0,00 0,1 89 30.01.2019
3,00 0,1 92 04.03.2019
-0,20 0,1 70 25.03.2019
3,00 0,0 77 19.04.2019
18,00 4,3 55 15.05.2019
25,00 3.9 53 17.06.2019
22,00 12,6 67 29.07.2019
26,00 9,8 43 19.08.2019
28,00 14,8 43 20.09.2019
10,00 0,1 77 17.10.2019

AHanu3 pe3yJlbTaTOB U3MEPEHUN MOKa3ajl BO3MOXKHYIO CBA3b INIOTHOCTH IOTOKA pa-
JIOHa ¢ TEeMIEPATypol U OTHOCHUTENIbHOM BIIaKHOCTHIO Bo3yxa. Ha pucynkax 1 u 2 npu-
BezieHbl Tpaduku konebanwmii [1TTP u BnaxkHocTu Bo3myxa u I1I1P u remmeparypbl Bo3myxa
COOTBETCTBEHHO.
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Puc. 1. I'pagux nromnocmu nomoxa padoua u érasxcnocmu 6030yxa na e. bewumay

6 nepuoo ¢ 18.01.2018 2. no 17.10.2019 2. /

Fig. 1. Graph of radon flux density and air humidity in Beshtau

from 18 January 2018 to 17 October 2019
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Puc. 2. I'pagpux nnomnocmu nomoka paooua u memnepamypuvl 8030yxa Ha 2. bewumay

6 nepuoo ¢ 18.01.2018 2. no 17.10.2019 2. /

Fig. 2. Graph of radon flux density and air temperature in Beshtau

from 18 January 2018 to 17 October 2019

MosxHOo 3aMCTHUTh, YTO CC30HHBIC KoJ1e0aHus MIIOTHOCTH ITOTOKA paaoHa UMCHOT CXO-

KHM XapakTep ¢ BapHalUsAMHU TEMIIEPAaTypbl BO3/1yXa, U MOYTH 3€PKAJIbHO OTIMYAOTCS OT
Kosie0aHM BIAXKHOCTH Bo3Ayxa. KoppensunoHHbIM aHaiu3 ¢ MPUMEHEHHEM JIMHEITHOTo
ko3 duimenta koppensaiuu [Tupcona, mokazan HaIMYUe 3HAYMMBIX CBA3EH MEXIy STUMH
napameTrpamu, npu 3tom [P cBsi3an npsMoii 3aBUCHMOCTBIO ¢ TEMIIEPATYPOM BO3ayXa U
00paTHOH ¢ BIaKHOCTBIO Bo3yxa. KoadduimenTsl koppensiuuy npuBeieHs! B Taduune 2.

Tabnuya 2 / Table 2

Koppemmnonﬂaﬂ 3aBUCHMOCTDb NMapaMeTpoOB IJIOTHOCTH IMMOTOKA paloHAa

¢ TeMIepaTypoii Bo3xyxa 1 IMJIOTHOCTH MOTOKA Pa/IoHA
Correlation between radon flux density and air temperature

C BJIAKHOCTHIO /
and radon flux density

and humidity
[IITP/Temneparypa / [ITP/BnaxuocTh
Flux Density Parameter/temperature Flux Density Parameter/humidity
0.7889166 -0.723992654
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BaxHbIM BONPOCOM SIBJISIETCS BO3MOXKHAsI MYJIBTHKOJZTMHEAPHOCTh TeMIIEparypbl U
BJIQXKHOCTU BO31yxa. Kak M3BECTHO, U3MEHEHHE TEMIIEpaTyphl BIUSAET Ha CIOCOOHOCTH
BO3[yXa Yy/IEpXKMBaTh BJAry, a U3MEHEHHE BIAXHOCTH MOXET BIUATH Ha TEMIIEpaTypy
BO3/1yXa MOCPEICTBOM TaKUX IPOLIECCOB, KaK KOHJEHCAlUs U ucnapeHue. B nemnom, npu
HEW3MEHHOM aTMOC(EPHOM JAaBJIICHUU M KOJMYECTBE BiIard B arMocdepe (aOCOMOTHOM
BJIQXKHOCTH) OTHOCHUTEJIbHASI BIQXKHOCTh BO3/lyXa UMeeT 0OpaTHYI0 3aBUCUMOCTb OT TEM-
neparypsl. B pupoIHBIX YCIOBUSAX Ha OTHOCHUTEIBHYIO BIQXXHOCTh OKa3bIBAIOT BIIMSIHUE
U Takue (axkTopel, Kak aTMOC(pepHOE AaBICHHE, U3MEHEHHE a0COIIOTHOTO COAEPIKaHUS
BJIarM B BO3JyXe M TOYKa pochl. J{s co3maHus BepHOM MareMaThdeckoil Mojenu HeoO-
XOMMO OBUIO UCKJIIOYUTH BIMSHHE MYJIBTHKOUIMHEAPHOCTH HA CTaOMIIBHOCTH MOJIEINH.
Bbumn mpoBepeHbl SKCIEPUMEHTATIbHBIC 3HAYCHUS MapaMeTpOB W3MEPEHHH Ha MYJIBTH-
KOJUIMHEapHOCTb. B pesynbrare nmpoBepkH ObLI0 0OHAPYKEHO, YTO CYLIECTBYET OOpaTHas
KOppeJsIisg MKy JaHHBIMU MapaMeTpaMu, 4YTo UMeeT (uzndeckoe obocHoBanue. J{is
CO3/IaHUSI MaTeMaTUYECKOW MOJIENTH 3TO HE ABJISIETCS OTpaHUYEHUEM, HO TpeOyeT OLEHKH
BJINSTHUS MYJIBTUKOJUTMHEAPHOCTH Ha MOJIETTb.

Pe3yAbTATbl MICCAEAOBOHUM

HeoOxonuMocTh co31aHUsI MaTeMaTHUECKOW MOZIETH OOyCIOBICHa BO3MOXHOCTBIO
POrHO3MPOBATh 3HAYEHHE IUIOTHOCTH IMOTOKA PaJOHA B 3aBUCHMOCTH OT MapaMeTpoB
oKkpy>xaromen cpensl. Ha manHOM 3Tane MoaenupoBaHus TaKMX MapaMmeTpoB OyAeT JBa:
TeMIIepaTypa BO3/yXa U BIaXXHOCTh BO3IyXa.

Co3nanue mMareMaTH4ecKoil MOAENTH IUIOTHOCTH MOTOKA pajoHa ObLIO BBIOIHEHO C
MTOMOIIBI0 MHOKECTBEHHOU JIMHEHHON PErpeccuu ¢ MPUMEHEHHEM METO/1a HAUMEHBIITUX
kBazparoB [Seber, 1977]. B nanHoit MmareMaTH4eCKON MOJENH IIOTHOCTh MOTOKA PaJo-
Ha SIBJISIETCS 3aBUCHMOM NIEPEMEHHOM, TEMIIeparypa BO3yXa HE3aBUCUMOI, a BIAXKHOCTh
YTOUHSIOIIEH TIEPEeMEHHOM K TeMiieparype. B moctpoennn mojenu ObUTH UCTIOIB30BaHBI
U3MEpeHHsl, osydeHHble B mepuoy ¢ 2018 . mo 2019 r. (Tabu. 1).

B maremarndeckom perieHnn ObUTN HCTIOIb30BAHBI IIEPBBIC MATh U3MEPEHH U3 TabIH-
ubl 1, U1 ynpouieHus: BeIYUCIIeHnH. MITorom penienns ypaBHEHHs CTaHET MaTpHIla, CO-
Jeprkamiasi B cede HeoOXOAMMBbIE IS CO3aHUsI MATEMAaTHIECKONH MO KOA((OUIIUEHTHI
by, by, b, (by — cBOOOIHBIN wiieH; b, — K03 (PHUIIMEHT BIAKHOCTH BO3ayxa; b, — koahdu-
LUEHT TeMIepaTypsl Bo3ayxa). C momoisio GopMyibl perpecCHOHHOTO aHaIu3a U MoJy-
YEHHBIX KO3(PPHUIIMEHTOB MOXKHO MOJIyYUTh MPOTHO3 TNIOTHOCTH MOTOKA paJl0OHa HA OCHOBE
JAHHBIX O TEMIIEpaType BO3yXa U BIAXXHOCTH BO3IyXa.

JIst mpoBepKU CTAOMIIBHOCTH TTOJIYYEeHHOM MaTeMaTH4eCKOM MOJIETM B pacyeThl Mpo-
rpaMMBbl ObLT Takxke g06asieH (axkrop uadusauuu qucnepcuu [Belsley et al., 2005]. dan-
HBIM (aKTOp MO3BOJISET OLEHUBATH CTETICHB BIMSHUS MYJIBTUKOUIMHEAPHOCTH BO MHOXKE-
CTBEHHOM JIMHEHHOU perpeccun. Popmyina pacuera Gaktopa HHPIAIUN TUCTICPCHH TTPE]I-
cTaBjieHa Ha Gopmyie 1.

VIF(X,) = 1_%]2 (1)

Jlis monmy4eHHOW MaTeMaTW4ecKol MOJAENH JaHHBIA (PaKkTOp UMEET 3HAYeHHE OKOJIO
1.3, uro yka3piBaeT Ha ciaboe BIUSHHE MYIBTHKOJUIMHEAPHOCTH Ha MOJeNnb. BnusHue
MYJIBTUKOJUTMHEAPHOCTH Ha CTA0MIBHOCTH MOJENH MPOUCXOAUT IIPU 3HAYCHUH (aKkTopa
UHQIIALUY TUCTIEPCUH B 5 eAMHULL U OoJiee.

ITpu pacuetax OBLIM MCIIOIB30BAHbI BCETO MSITh 3HAYCHUN M3MEPEHUIl, UTO T0CTATO4-
HO MaJIO I CO3JaHus Ja)Ke IIPOTOTHUIIA MaTeMaTudeckon mozenu. [Ipu ucnonb3oBaHumn
OOJIBLIETO KOJIMYECTBA 3HAUEHUM pacyeThbl MOJYYaroTCs CIIMIIKOM OoibIiuMU. B cBs3nm C
9TUM OBLIO PELIEHO CO3JaTh MPOrpaMMHOE 0OecreueHue il OLEHKH INIOTHOCTH MOTOKA
pazioHa C MOBEPXHOCTHU IPYHTA, MCXO/s U3 U3BECTHBIX NIApaMETPOB OKPYXKAOLIEH Cpeibl.
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[TporpammHoe obecrieueHue i OLIEHKH TNIOTHOCTH TIOTOKA pajioHa pa3padarbiBaeTcs
Ha si3bIKe TporpamMupoBanus Kotlin ¢ npumenennemM 6UOMUOTEKN U1 MaTeMaTHUECKUX
pacdeTtoB “Apache”. JlaHHBIN sA3BIK TTpOrpaMMHUpOBaHUsI ObUT BBIOpAH HE CIy4ailHO, €ro
MHCTPYMEHTApHUIl MO3BOJISET pa3paboTaTh MPOrpaMMHOE OOecledeHue, KoTopoe OyaeT
HUMETb COBMECTUMOCTH C OOJIBIIMHCTBOM ONEPAI[HOHHBIX CUCTEM.

Jlnst XxpaHeHHs OOJBIIOTO KOJMYECTBA M3MepeHHi Obla cozmana 6a3a maHHbBIX. OHa
M03BOJISIET BHOCUTH JaHHBIE B IIporpaMMmy 0e3 ee peAakTHpOBaHUS U B OyQyIleM MO3BO-
JUT TIepeIaBaTh JaHHBIE C U3MEPHUTENBHBIX JAaTYMKOB HAMIPSMYIO B Iporpammy. baza nan-
HBIX Obula paspabortana ¢ npumenenuem PostgreSQL. M3mepenuns BHOcwiInCh B 0a3y B
crienytouieM opmare: 1ara U3MEpeHus; INIOTHOCTh MOTOKA PaJioHa; BIAKHOCTh BO3IYyXa,
TeMriepatypa Bosayxa. [Ipu HeobxomumocTH yepes 6a3y JTaHHBIX MOXKHO JI00aBUTh HOBBIE
napaMeTpsl sl U3MEPEHUSI.

[Tpu npoBeneHUN PErpecCHOHHOTO aHaJIM3a B IPOrpaMMy BHOCSTCS 15 3HaueHui uz-
mepenuit [111P, Temneparypsl ¥ BIaXKHOCTH BO3ayXa. MIcnomb3ys MmonydeHHbIe JaHHBIE (B
nepuoy ¢ 2018 mo 2019 rr.), 61K BRIUKCIEHBI CBOOOIHBIN WieH (intercept), koadpurmeHT
BJIQXKHOCTH BO3yXa U Kod(HuineHT remreparypsl Bo3ayxa. [1o raHHBIM 3HaUEHUSAM, OBLT
npoBesieH nporHo3. IIporuo3upoBanye MIOTHOCTH MOTOKA PajioHa MPOU3BOAUTCA C IO-
MOILbIO BHECEHHS B IPOTpaMMy JaHHBIX O TEMIIEPAType BO3/1yXa U BIaKHOCTH BO3yXa.

Uto0bl MPOBEPUTH JIOCTOBEPHOCTH MPOTHO3MPOBAHUS OblIa MPUMEHEHA CIEIYyIOIast
CTparerus — Ha BXOJ IIPOrpaMMBbI IOAABAINCH JaHHbIC |5 3HaYeHMI MU3MEpPEHUN, Iocie
Yero JUIsl IPOTHO3UPOBAHHUS TAK)KE BHOCHIIUCH BIaKHOCTh BO3/yXa, U TEMIIEPATypa BO3LY-
Xa, TP KOTOPBIX OBIJT HEOOXOIUM MPOTHO3 IUIOTHOCTH MOTOKA pajioHa. BaskHbI MOMEHT
B TOM, YTO JaHHBIC O TEMIIEpaType U BIAKHOCTU BO3ayxa Opanuck u3 16-ro mo mops-
Ky U3MEPEHHsI, KOTOPOE HE Y4acTBOBAJIO MPHU CO3AAHUUA MOJAETU. JTO MO3BOJIUT CPABHUTH
3Hau€HUe, MOJIyYeHHOE MPH MPOTHO3HMPOBAHUHU IUIOTHOCTH MOTOKA pajioHa C peajbHbIM
3HAYEHHEM, MOITYYEHHBIM NpU U3MepeHuu. CpaBHUB 3TU JIaHHBIE, MOXKHO TAK)X€E C/IEIaTh
BBIBOJIbl O TOYHOCTH OITMCAHUS MaTeMaTHYeCKOM MOJIEIbIO PEaIbHOTO OOBEKTA.

Pesynbrarel mpOrHO3MPOBAHUS TO3BOJIIOT CAENATh HECKOJIBKO Ba)KHBIX BBIBOZIOB.
[IpoToTun mMaTreMaTHYECKON MOAETH MOIYUHIICS TOCTATOYHO JOCTOBEPHBIM JIJIsl SKCIIEPH-
MEHTaJILHOTO UCClieoBaHus, 0koio 71 % koadduient nerepmunanum. Pesynsrar mpo-
THO3MPOBAHUS IOXY4MIICs 0Koso 10 MBK/(M?-C), B TO BpeMsl Kak peallbHOE 3HAYEHHE OKOJIO
12 MBk/(m?-¢).

[Tpu BepuduKayu MoAEIN IPUILIOCH CTOJIKHYThCS C HECKOIBKUMHU poliiemamu. Mc-
MOJIb30BaHHBIC JAHHBIE SBISIFOTCA, MMO-BUIUMOMY, Haubosiee TUMHYHBIMU CPEeId MHOTO-
JETHUX U3MEPEHUH, COOTBETCTBEHHO, UCIOJIb30BaHUE APYTUX JaHHBIX CHUXKAET JA0CTO-
BEPHOCTh MOZENU. Takxe mpoOIeMoil CTalo OrpaHUYEHHOE KOJIMYECTBO MapaMeTPOB U3-
mepeHuil. [ nanpHeIero aHanu3a M CO3JaHMs JAUHAMHUYECKOW MOJeN HeoOXOAUMO
Oosnee TiyOOKO Hccae0BaTh (PaKTOPhI, UMEIOIINE BIUSHUE HA IUIOTHOCTh MOTOKA pajioHa.
HanpHelmas paboTa OyJeT HanpaBiieHa Ha MOMCK pelieHrui TpoOiemMbl Bepudukanum Ma-
TEMaTHYECKOM MOJIETH JIJIsl OLIEHKH IJIOTHOCTH MOTOKA PaJioHa ¢ MOBEPXHOCTH IPyHTA.

Ba)xHO OTMETHTH, YTO aHAJOTUYHBIE CE30HHbIE PAJIOHOBBIE AHOMAJIUH, PACIIONIOKEH-
HbIE Y OCHOBAHHUS CKJIOHOB TOPHBIX MaCCHBOB B TIOCTIETHUE JECATUICTHS ObUIN BBISBIICHBI
Pa3HBIMH aBTOpaMH B Pa3HBIX I'€OJIOTMUECKHX M KIMMaTU4ecKux ycioBusix. [logoOHbie
AQHOMAJINH CBSI3BIBAIOTCS C KOHBEKTUBHOM HUPKYISAIMEH aTMOC(hEpHOTro BO3/yXa B IPOHHU-
[JaeMbIX 30HaX TOPHBIX MACCUBOB. B 3TOM CBSA3M 0YEHb Ba)KEH OMBIT pa3paboTKU Mojerneit
MOBEJICHUS PaJIOHA B OJOOHBIX aHOMANIBHBIX 30HaX. IHTEHCUBHOCTh KOHBEKTHBHOTO I1e-
peHoca paJjoHa B TOPHOM MAacCHBE HaNpsMYIO CBs3aHa ¢ KOJICOaHUsIMHU TeMIIepaTypbl BO3-
nyxa, T.K. 9TOT apaMeTp OMpeesieT Mepernal TEMIepaTypbl MEX1y TOPHBIM MacCUBOM H
OKpy>Karolen cpeoil. BiaxHOCTh BO3/1yXa, MOKET OKa3bIBaTh CYLIECTBEHHOE BIIMSIHUE HA
KOHBEKTHBHBIN IIEPEHOC PaJIOHA 32 CUET KOH/ICHCALIUHY BJIard Ha a3p030JIsX, COJIEPIKALIX-
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Csl B BO3/yXE, YTO CIOXKHBIM 00pa3oM M3MEHsET mapaMeTphl Cpeibl, B TOM 4YHCIIe, IUIOT-
HOCTb BO3/LyIITHOH CMECH.

BwMmecTe ¢ TeM, Kak 1mokasaiu pe3ylbTaThl MOJICIUPOBAHUS, Il TOYHOTO ITPOTHO3a He-
JI0CTAaTOYHO y4éTa TOJIKO TEMIIEpaTyphl U BIaKHOCTHU Bo3yxa. B xozne nsmepenuii Obuin
3apuKCcHUpOBaHbI CyIIECTBEHHO pasznuyatonrecs 3HadeHus [IIIP mpu cxoxux 3HaYeHUAX
TeMIIepaTypbl U BIAKHOCTH. JTO YKa3blBaeT HA HAJIM4YHE APYTHX (PAKTOPOB, BIMSIOLIMX
Ha KOHBEKTUBHBIN MEPEHOC PaJjoHa B TOPHOM MAacCHUBE, HE YUYTCHHBIX B MOAEIH. TakUMHU
(dakTopamMu MOryT ObITh KOJ€OaHHs COAEp)KaHUS adpo30Jieil B BO3AYLIHO-Ta30BOH cMe-
CH, LIUPKYJIUPYIOLIEH B TpEeIIMHAX, BIAXKHOCTH MOBEPXHOCTHOTO CJIOSI TPYHTA, BapHaluil
arMoc(epHOro AaBJIeHus, BIMSHUE HEPABHOMEPHOT'O HarpeBa CKJIOHOB I'OpPbl Pa3HOM JKC-
no3uun. KpoMe ykazaHHBIX (pakTOpoB, Ha BEIOPOC pajloHa MOXKET BIUSTH H3MEHEHHE Ha-
MPSKEHHO-/1€(DOPMUPOBAHHOTO COCTOSIHMSL MacCHBa IOPOJ] 33 CUET CEHCMUYECKOTO BO3-
neiictBus. [Ipumeps! BIUsiHUA celiCMMYECKON aKTUBHOCTH Ha KoseOaHMs CoJepKaHUs pa-
JIOHa B I'PYHTOBOM BO3JlyX€ B 30HaX pa3joOMOB IpUBEJICHbI BO MHOTUX paborax [boOpos,
2016; 3aanumBuinu u 1p., 2022; Tallini et al., 2025]. BoamokHO€ BIUsSHUE JaHHBIX (HaKTO-
POB HaKJIaJbIBAET ONpPE/EICHHbIE OrPAaHUUEHHS U 1T0Ka YTO 3aTPyAHSIET U BepU(DUKALIUIO
MIPEUIOKEHHOI MaTeMaTHYeCKON MOJIETIH.

BbiBOADI

ITo pe3ynbraTaM NpOBEEHHBIX UCCIIEA0BaHUM ObliIa IPEAIOKEHA MaTEMAaTUYECKast MO-
JIeJ1b IS IPOTHO3UPOBAHUS INIOTHOCTH ITOTOKA PaJiOHa C IIOBEPXHOCTU IPYHTA B aHOMAJIb-
HBIX 30HAX, Ha IpuMepe ropel bemray. B kauecTBe HE3aBUCUMBIX NIEPEMEHHBIX UCIIOJIb-
30BaJINCh TEMIIEPATYPA U BIAXHOCTh BO3JyXa — IapaMeTphl, KOTOPbIE MOTYT OKa3blBaTh
BIIMSIHUE HA IUIOTHOCTH IIOTOKA PajOHA. YCTAHOBJICHA TECHas MpsAMas KOPPEISLUOHHAS
CBSI3b MEXK]Iy IJIOTHOCTBIO ITOTOKA pajioHa M TeMIlepaTypoi, u ooparnas — mexay [1I1P u
BJIQKHOCTBIO BO3/yXa.

B pesynbrare uccnenosanus Obl1 pa3paboTaH MPOTOTUI MATEMAaTHYECKON MOJEH JJIs
MMPOTHO3MPOBAHUS TUIOTHOCTH TOTOKA pajioHa ¢ TIOCTOBEPHOCTHIO okoyo 71 %. JlanHas
MoJielib Obljla peaqn30BaHa C IOMOLIbI0 MHOXKECTBEHHON JTMHEHHOW perpeccuu ¢ npume-
HEHUEM MEeTO0/]a HAMMEHBIINX KBaJpaToB. IlapaMeTpsl, HCII0Ib30BAHHBIE ITPU TOCTPOECHUU
MOJIENIH, UMEIOT KOPPESIIHMOHHYIO 3aBUCHUMOCTbD, ITO3TOMY MOAEIb OBLIIO HEOOXOAMMO
IIPOBEPUTH HA CTAOMJIBHOCTh. B X0ze OlleHKM OBbLIO BBISABIEHO, YTO MYJIBTHKOJUIMHEAp-
HOCTb [1apaMETPOB HE OKa3bIBACT 3HAYMTEIBHOIO BIMSHMS HA MATEMaTHYECKYI0 MOJEIb,
YTO MMOATBEPKIAeT CTAOUIBHOCTH MOieNy. Ha ocHOBaHMM MaTeMaTH4eCcKoi MOAEIH ObLIO
pa3paboTaHo NporpaMMHoe oOecriedeH e st MPOrHO3UPOBAHMS INIOTHOCTH ITOTOKA PaJio-
Ha Ha OCHOBaHUH METEOPOJIOTMYECKUX U3MEPECHUM.
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Pestome: AkTyanbHOCTb paboTbl. B HacTOsLLEE BPEMS JOCTATOYHO LUMPOKO NPOBOAATCS SKCNEPUMEHTal b-
Hble CCre0BaHUSA ANEKTPOMArHUTHOMO n3ny4eHns (AMU), pernctpupyemoro B NpoLecce TpeLyHoobpasosa-
HWUA 1 Pa3pyLLUeHns 06pasLLOB rOPHbLIX MOPOA W PA3NINYHbIX MaTepuanos noj BO3LENCTBMEM BHELLUHEN Harpys-
K. Mpwn 3TOM, 60/bLUMHCTBO NY6AMKaLWiA N0 3TOIN TeMe NOCBALLEHO U3YHEHUIO CUTHAMOB 3/1EKTPOMArHUTHOMO
nosiA BbICOKOYACTOTHOrO AnanasoHa. B nabopaTopHbIX KCNEpUMEHTax KpaiHe Peako NPUMEHSITCS METOAb
peructpauun IMI, reHepupyemoro B NpoLEcce HarpyXeHns 06pasLioB rOPHbIX NOPOL B YNbTPAHU3KO4ACTOT-
HOM (YHY) gmanasoHe, ¢ Lenbio NouckKa 3akOHOMEPHOCTEN NOSABMEHUS MHOPMATUBHBIX CUTHATIOB B 3J1EKTPO-
MarHUTHOM 0Jie, KOTOPbIE MOXHO UCMONb30BaTh B Ka4eCTBE UHAMKATOPOB paspyLieHns. OCO6eHHO 0CTPO 3Ta
3a/ja4a BO3HUKAET, KOrda OHWU COU3MEPUMbI C YPOBHEM LUYMOB TEXHOrEHHOr0 NPOUCX0XAeHUs. B 31O cBA3M,
(hu3nyeckoe MoeNIMPOBaHME NPOLIECCOB PA3PYLLEHNS HA 06pa3Liax rOPHbIX NOPOJ ABMAETCH aKTyalbHbIM s
U3y4eHNs [eCTPYKTUBHbIX NPOLECCOB B re0nornieckon cpeae, NopoxaatoLimnx Husko4actotHoe IMIU, a Takxe
AN NCCIIe0BaHNS BO3MOXHbIX MEXaHIU3MOB ero reHepauuu. Lienb uccnefoBanuii — BbIBUTL 0COOEHHOCTY NPO-
fBNeHNs ManoamnauTtyaHbix YHY curtanos 3MI Ha poHe TEXHOreHHOr0 MarHUTHOrO LWyMa, PerucTpupyembix
MarHUTOMOZYNALUMOHHBIM NPeobpasoBatesieM MarHUTHON MHOYKLUWW B NPOLECCe pa3pyLueHns ByX 06pasLioB
FOPHON NOPOAbI, OTAMYAIOLLMXCA MO CBOUM CBOMNCTBAM 1 MUHEPANOrNYECKOMY COCTaBY, a TaKXXe PacCMOTPETb
BO3MOXXHbIE MPUYUHBI U (hAKTOPbI, BAUAKOLLME HA UX XapakTepucTuku. MeToabl uccnenoBaHus: 1a6opaTopHbIil
9KCMEPUMEHT MO PEermcTpauni CUrHanoB MarHUTHOW MHAYKUWW NPWU BO3LENCTBUM BHELUHEN Harpy3ku Ha 06-
pasLbl FOPHOI NOPOAbI; NporpaMmHas 06paboTka fJaHHbIX C NPUMEHEHEM NOSI0COBOT0 (OUNILTPA HU3KMUX 4acToT
Ha OCHOBE AWUCKPETHOro npeobpasosaHus Oypbe; BbIABEHNE U aHANN3 MHGOpMaTUBHLIX YHY curianos M
B amana3oHe 0.01-45 'y n ux conocTasnieHne ¢ rpadmkom Harpy3ku. Pe3ynbTatbl. [1poBeeHO 1ccneaoBaHme
XapakTepHbIx 0co6eHHocTen curianos IMIU B ananasore 0.01-45 Ty, reHepupyemoro o6pasuamm M3BeCTHsKa
Npu 04HOOCHOM WX HarpyXXeHumn, Co3aBaeMoM PY4YHbIM MMAPABINYECKIM NPECCOM B 1aBOPAaTOPHOM 3KCnepu-
MeHTe. PaccmoTpeHa metofuka BbisisneHus YHY curnanos 3MU, BO3HMKAtOLLEro npyu BO3AENCTBUM BHELLIHEN
Harpy3Km 451§ ABYX PasfinyHbiX 06pa3LoB N3BECTHAKA HA (DOHE MArHUTHOIO LUYMa TEXHOrEHHOI0 MPOUCXOXAEHUS,
a TaKXKe BO3MOXXHble (DaKTOPbI, BANAKOLLME HA UX XapAKTEPUCTUKM, TaKWe Kak MPOYHOCTb, COCTAB U MUKPOCTPYKTYpa
06pasLos.

Kntouesbie €noBa: MarHUTOMOAY/ISLMOHHbIA Npeo6pa3oBateslb, MarHUTHas MHAYKLMS, pa3pyLleHme 06pas-
LLOB FOPHbIX NOPOS, 371EKTPOMArHUTHOE N3NTy4eHNE, TEXHOrEHHbIN MArHUTHbIA LLYM.
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Abstract: Relevance. At present, experimental studies of electromagnetic emission (EME) recorded in the
process of destruction of rock samples and various materials under the influence of external load are quite
widespread. However, most publications on this topic are devoted to the study of high-frequency electromagnetic
field signals. In laboratory experiments, methods of recording EME generated during loading of rock samples in
the ultra-low frequency (ULF) range are extremely rarely used in order to search for regularities of the appearance
of informative signals in the electromagnetic field, which can be used as indicators of destruction. This task is
especially acute when these signals are comparable to technogenic noise levels. In this regard, physical modeling
of destruction processes on rock samples is relevant for the study of destructive processes in the geological
environment that generate low-frequency ULF, as well as for investigating the possible mechanisms of its
generation. Aim of the study — to identify the appearing features of low-amplitude ULF EME signals against the
background of technogenic magnetic noise recorded by the magnetic modulation transducer of magnetic induction
in the process of destruction of two rock samples that differ in their properties and mineralogical composition,
as well as to consider possible causes and factors affecting their characteristics. Methods: laboratory experiment
to record magnetic induction signals under the influence of an external load on rock samples; software data
processing using a low-pass bandpass filter based on the discrete Fourier transformation; detection and analysis
of informative ULF EME signals in the range 0.01-45 Hz and their comparison with the load graph. Results. A
study of the characteristic features of EME signals in the 0.01-45 Hz range generated by limestone samples
under their uniaxial loading created by a manual hydraulic press in a laboratory experiment was carried out.
A method for detecting ULF EME signals generated by external loading on two different limestone samples
against a background of technogenic magnetic noise was considered, as well as possible factors affecting their
characteristics, such as strength, composition, and microstructure of the samples.

Keywords: magnetomodulation transducer, magnetic induction, destruction of rock samples, electromagnetic
emission, technogenic magnetic noise.

For citation: Shestakov A.F., Tyagunov D.S. Research of electromagnetic emission signals during the
destruction of limestone samples under uniaxial loading. Geologiya | Geofizika Yuga Rossii = Geology and
Geophysics of Russian South. (in Russ.). 2026. 16(1): 69-79. DOI: 10.46698/VNC.2026.87.99.001

BesepeHme

W3BecTHO, YTO K HACTOSIIEMY BPEMEHHU HACUUTHIBACTCS OKOJIO ABYXCOT MPHUPOIHBIX
SIBIICHUH, TIPEABAPSIONINX WIIA BBI3BIBAEMBIX 3€MJICTPSCEHUSAMHU, CPEIU KOTOPBIX (yH[a-
MEHTaJIbHASI POJIb OTBOJIUTCSI M3YUYCHHIO MTPOLIECCOB, CBSI3aHHBIX C U3MEHEHHUEM HaIIPSHKCH-
HO-71e()OPMUPOBAHHOTO COCTOSIHUS TOPHBIX MOPOoJ [3aamumBuiyg u ap., 2022].

Ceifuac MOJKHO CUMTATh YCTAaHOBJIEHHBIM, YTO JIEKTpOMarHutTHoe uinyudenue (OMUN)
SIBIIICTCS OTHUM M3 WHANKATOPOB JE€CTPYKTUBHBIX MPOIIECCOB, MPOTEKAIOIINX B T€OJIOTHU-
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YecKoil cpeie U 00yCIOBICHHBIX U3MEHEHHEM HalpsKeHHO-1e(OpMUPOBAaHHOTO COCTOS-
HUSl, HapsJly C aKyCTHUYECKOM 3MHCCHEN UM BapUallMOHHBIMM aHOMAJIHUSIMH, BbI3BAHHBIMU
MUTpalrel paJuoreHHbIX Ta30B, IPUYPOUEHHBIMU K odary paspyiienus [Kypraens u np.,
2000; Cobones, [Tonomapes, 2003; 3aanumBuimm u ap., 2022].

Jlnist u3yueHust 0cOOCHHOCTEH MOBEIeHUs TOPHBIX MOPOJ] C TTO3ULIUH TTOMCKA KPUTEPU-
€B MIPOrHO3UPOBAHMS T€OJUHAMUYECKUX SIBICHUH BaKHYIO POJIb OTBOAST J1AOOPATOPHBIM
9KCIEPUMEHTaM, B KOTOPBIX MOAEIUPYIOTCS 3TH MPOLECCHl HA 00pa3liax TOPHBIX MOPOA U
pa3IMYHBIX KOMIIO3UIIMOHHBIX MarepuaiioB. IIpu 3ToM cyliecTBEeHHOE BHUMAHUE YJIEIs-
€TCsl pPETUCTPALUU M U3y4eHHUIo curHainoB OMU, renepupyemoro odpasamu rnpHu Ux Tpe-
IIMHOOOpa30BaHUM U pa3pyILIEHUH B PE3YyJbTaTe MPUJIOKEHUS K HUM BHEIIHEW Harpys3ku
[Kypnens u ap., 2000; Cobones, [Tonomapes, 2003; Jlocs u ap., 2010; Boctpeuos u ap.,
2013].

Crnenyer OTMETHUTb, UTO B IpeobiIaatoieM OOJBIINHCTBE TaKUX SKCIIEPUMEHTOB Ha-
OMromaroTcst U UcCleAyroTesl curHaasl DMU B BBICOKO- M paiiOYacTOTHOM JHAaIa30OHax,
XOTsI HU3KOUACTOTHOE, a 0COOeHHO ynbrpanuskouactotHoe (YHY) DOMU obnanaer tem
MPEUMYIIECTBOM, YTO OHO PACIpOCTpaHsIeTCss Ha OONIbIINE PACCTOSIHUS OT o4yara TOTOBS-
LIErocs TeOAMHAMUYECKOrO COOBITHS BCIIEICTBUE MEHBIIETO MOMIOMIEHHUS B Ie0JIornye-
ckoii cpene [Cypkos, 2000].

AxtyanbHocTh u3yuenus YHY DMMU, npeasapsroniero reoqfMHAMUYECKHE COOBITHSA,
00yCIIOBJIEHA €1lI€ U TEM, YTO HAKOIUIEH U OITyOJIMKOBaH OOJIbIION MaTepHral SKCIIepuMEH-
TaJbHBIX JAHHBIX MO0 BO3PACTAHUIO YJIBTPAHU3KOYACTOTHBIX CUTHAJIOB MAarHUTHOW MHIYK-
1M, HaOJII0IaeMBIX OT HECKOJIBKHX YacOB U THEH 70 Havajia 3eMJIeTPSCEHH B YaCTOTHOM
nuanaszone 0.01-40 ' Ha paccTOSHMSIX OT JIECSITKOB /10 coTeH kmiomeTpoB [Park et al.,
1993; Cypxos, 2000; Martokos, 2011; Shrivastava, 2014; u ap.].

Panee aBropamu ObUIM HPOBEIEHBI J1a0OPATOPHBIE SKCIIEPUMEHTHI IO PErucTpanuu
BbicOKOaMIUIUTYIHBIX YHY curnanoB OMU u usydeHbl UX CHEKTpajbHbIE XapaKTepu-
CTUKHM Ha TpUMEpe paspylieHuss oOpasia 06azanbTa, CIOCOOHOTO XOPOIIO HaKaIluIMBaTh
SHEPruio AeGopMaluy Moj BO3AEHCTBUEM BHEIIHEH Harpy3ku, nepea TeM Kak HacTYNUT
KpUTHYECKasl CTaAMs €ro XpyIKoro paspylieHus, conpopoxkaaromasics OMU [Tyagunov,
Shestakov, 2024]. B 3ToM 3KCIEpUMEHTE HCIOIBL3YeMbIl 00pa3el] OTHOCHIICS K CKaJIbHON
MarmMaTu4eckor Imopoje, o0jafaroieil BRICOKUM MPEIEeIOM MPOYHOCTH Ha OJAHOOCHOE
cxarue [Marmienko u ap., 2014], BciieACTBHE YETo €ro pa3pyleHne CONpoOBOXKIaI0Ch I'eHe-
panueil BeicokoamiuintyaHbix YHY curnanos OMMU, 3HaunTENBHO MPEBOCXOASIINX YPO-
BEHb (UIyKTyallii TEXHOT€HHOTO MAarHUTHOTO [ITyMa B MECTE MPOBEACHHUS SKCIIEPUMEHTA U
UX uAeHTU(]UKAIMS HE BbI3Bajia 0COOBIX 3aTpyAHeHUN. UTO KacaeTcs MaloaMIUIUTYIHbBIX
CUTHAJIOB, TO JJIsl UX BBIJIEJIEHUS OblUIa NPEAJIOAKEHA COOTBETCTBYIoLast Metoauka [Ille-
cTaKkoB, TsaryHoB, 2025], koTopas 103BOJIMIIA BBIIBUTH TaKue MH()OPMATUBHbIE CUTHAJIBI U
YCTaHOBHUTDH UX XapaKTEPHbIE 0COOCHHOCTH.

EctectBenHo, uto curnansl OMU it pa3HbIX TOPHBIX TOPOJ MOTYT OBITH Pa3IUYHbI
[Boctpenos u np., 2013; Xiaoyan et al., 2018]. C ogHO# CTOPOHBI, HA HUX BIUSAIOT BHEII-
Hue (aKTOpbl, TAKHE KaK CIIOCO0 Harpy3KH, YCIOBHUS dKcrepuMenTa u T.1. C Ipyroii cTo-
POHBI, OHH 3aBUCST OT CBOMCTB FOPHOI MOPO/IbI, HATPUMED, (PU3HMUECKUX K MEXaHUYECKUX.

B nanHOl cTarbe MCCiENOBAaHBI XapaKTepHblE OCOOCHHOCTH BBIIEJICHUS CUTHAJIOB
OMU, no-pa3HOMy MPOSBISIONUXCS OT OAHOTO THUIIA 00pa3LOB I'OPHBIX MOPOA IPU HUX
OJTHOOCHOM Harpy>kK€HHH ¢ IPUMEHEHUEM PYyUHOTO FHIPaBINYECKOro Ipecca B 1adoparop-
HOM DKCIIEPHMEHTE, a TaK)Ke PACCMOTPEHBI BO3MOXKHBIE IPUYHHBI U (DAaKTOPHI, CBSI3aHHBIE
C 3TUM pa3IMuIueM (MHUKPOCTPYKTYpa, MPOYHOCTh, COCTAB 00PAa3IOB).

Lenpro HacTosIIEeH pabOTHI SIBISIETCS M3YYCHHE MPOSBICHUS MHPOPMATUBHBIX MaJlo-
ammuntynaelx YHY curnanos OMU Ha ¢one QuykTyanuil TEXHOT€HHOTO MarHUTHOTO
nymMa ¢ MpUMEHEHHEM MarHUTOMOAYJSIIMOHHOTO MpeoOpa3oBaTens IJisl perucTparuu



72 Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

KOMITOHEHT MarHUTHOW MHAYKIIMH B MPOIIECCE pa3pyILIEHUs IByX 00pa3I[0B U3BECTHSKA,
OTJIMYAIOIIUXCS IO CBOUM (PU3UKO-MEXaHUYECKUM CBOMCTBAM M MUHEPAIOTHYECKOMY CO-
cTaBy. JTO MO3BOJMT mosiHee Bepuduuuposars YHY OMMU kak nHaukaTopa nporeccon
pa3pylieHrss B T€OJIOTHYECKON Cpesie, MPUTOMHOTO IS BBIPAOOTKH MPOTHOCTHYECKUX
KPUTEPHUEB MPU U3yUYECHUU COCTOSHUSI MAaCCUBOB TOPHBIX TIOPOJT B YCIOBHSIX €CTECTBEHHO-
ro 3aJieTaHus U BO3MOXKHBIX MEXaHHM3MOB €T0 T'€HEpallH, COMyTCTBYIOIINUX FeOAMHAMU-
YECKUM SIBIICHUSIM.

MeToAbl UCCAEAOBAHUS

Jlis peructpauuu curaanoB MU Obl1 npUMEHEH TPEXKOMIIOHEHTHBI MATHUTOMOTY -
JSIUOHHBIN 1peoOpa3oBarenb MarHuTHON nHAyKuu (MMIIMU), BeImonHeHHbIH HA OC-
HOBE aMOP(HBIX (HeppOMArHUTHBIX CEPJICUHUKOB C KOMIIEHCUPOBAHHOM MTPOIOJILHON Mar-
HUTOCTpUKLIMEH M YacTOoTHBIM JuanazoHoM 0.01+200 ' [Cokon-KyTteutoBekuid, 2022].
UysctBurensnocts MMIIMMU (~1 n'Tn u MeHee) Mo3BoJIsSeT €ro UCIoIb30BaTh MPU U3yde-
HUM XapakTepucTuk Y HY 351eKTpoMarHUTHBIX CUTHAJIOB U OCOOEHHOCTEH X MPOSIBICHUS
B MarHUTHOM I10JI€ BCJIEJCTBHE PA3IMYHBIX IPUYUH MPUPOTHOTO MIIK TEXHOTEHHOTO IMPO-
UCXOXICHUS, CBA3aHHBIX C PA3PYIIEHUEM TOPHBIX MOPO/I.

B skcniepumenTe U3MEPSUTUCh aMIUTUTY/Ibl B3AUMHO OPTOTOHAJIBHBIX TOPU30HTAIBHBIX
KOMITOHEHT MarHUTHOM UHAYKIUK: B, B, OlHa U3 HUX UMEIIA HATIPABJIEHUE 110 MATHUTHO-
My mepunuany. Cuctema MMIIMMU, xectko 3aduKCpoOBaHHAs HA HEMArHUTHOM ILITaTU-
Be, OblJIa yCTaHOBIIEHA Ha paccTossHUH ~450 MM OT oOpasia.

Harpyxenue 00pa3oB OCYLIECTBISUIOCh NMPHU MOMOIIM PYYHOTO THJIPaBIMYECKOTO
oxHoocHoro npecca mapku WK-18 (ZARZAD SPRZETU, [lonbima) ¢ k1accoM TOYHOCTH
0.5, paccuMTaHHOTrO Ha MaKCUMaJIbHY!O Harpy3Ky 100 TOHH. 3anuch peKUMOB HarpyKE€HUs
00pa31oB ocymiecTrisiack Ha nudpoyto Buneokamepy SONY Handycam HDR-XR160E.
Bonee neranbHO XapaKTepUCTUKHU anmnaparypbl 1 METOAMKA MPOBEICHUS U3MEPEHUHN OMH-
canbl B [Cokon-KyTeinosekuit, 2022; Tyagunov, Shestakov, 2024].

O06pa31p! n3BecTHsIKa KyOndeckoil opmel (nanee «Bapnua 1» u «Bapha 2») ¢ pedbpamu
23 MM ObLTH 0TOOpaHBI ¢ pa3pesa «BapHay, KOTOpbI oTHOCHTCA K Tory3ak-AATCKON CBUTE
¥ TIPOXOAMT 10 mpaBoMy Oepery p. Hwknuit Torysak, uto B 2 kM rokHee noc. Bapua Yens-
ouHckoi obmactu [CesbxuHa u ap., 2003].

Jliis nu3y4eHus BO3MOKHOTO BIUSHUS pa3InYHbIX (pakTOpoB Ha reHepanuio IMU uc-
IbITYyeMble 00pa3iibl MOCHIEe X pa3pyLIeHUs MOABEPIIINCh MUHEPAIOTHYECKOMY (pEHT-
reHo(a3oBoMy) aHaJu3y. DTOT aHAJINU3 MPOBOJIUIICA MO OCHOBHBIM pediekcam ¢ mpu-
MEHEHUEM METOJIMKH MACHTHU(PHUKAIUK (Pa30BOro cocTaBa FOPHBIX MOPOA U MHUHEPAJIOB
Ne 88-16360-119-01.00076-2011 ¢ ucnonb3oBanueM audpaxromerpa XRD-7000 dup-
MbI «Shimadzu» (Otyet Ne 10H-2025 o BhIMOTHEHHBIX aHaMUTHYeCKUX padorax B IIKII
«I'eoananutuk» Mucruryra reonoruu u reoxumun YpO PAH / oTB. ucnonHuTenb — K.TI.-
M.H. M.C. ['tyxoB).

B ornmume ot oOpasua, ucnons3oBanHOro B padore [Tyagunov, Shestakov, 2024],
BBIOOp 3TUX 00pas3IoB ObUT OOYCIOBIEH T€M, YTO OCaJOYHBIC MOPOIBI OONATAIOT HU3-
KUM TpeneaoM npodHocT [Dnopenckuit u np., 2003] Ha 0qHOOCHOE C)KaTHe, a 3HAYUT,
HaKOIUIEHHE 3HEPIUu AepopMalluu B MpoLiecce BHEUIHEH HArpysku, Nepej TeM Kak Ha-
CTYHUT KPUTHUYECKAasl CTaIUs €ro MOJHOTO pa3pyLIeHUs, MOKET CONPOBOXK/IATHCSI CUTHA-
gamu OMU manoit ammutyasl. [TomoOHBIE 0COOEHHOCTH OBUIM TaK)Ke OTMEUYEHBI MPHU
pEerucTpanuy BbICOKOYaCTOTHOTO UMIyinbcHOro OMU, renepupyeMoro npu paspyueHuu
00pa31oB rOpHBIX NOPOA B J1abopaTopHbIX 3kcnepumenTax [Kypaens u ap., 2000; Boc-
TpenoB u ap., 2013]. Taxxke, B pabore [BoctpemnoB u ap., 2013] ormeuaercs, 4ro s
00pa30B MpPaMOPU30BAaHHOTO U3BECTHSKA, IPUHAICKAIINX K «IUIACTUYHBIMY MOPOIaM
XapaKTepHO «CIOKOHHOE» pa3BUTHE MPOIECCa pa3pylIeHUs ¢ TOCTATOYHO IJIABHBIM Ma-
JICHUEM HarpysKHu.
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Pe3yAbTaTbl 1 OBCYXKAEHME

[Tocne puxcammm 06pa3oB MEXTY MIIMTAMU THIPABINYSCKOTO TIpecca Ha HUX Herpe-
PBIBHO OKa3bIBaJM HArpy3Ky B BHJI€ OJIHOOCHOI'O CXKaTus, IPU KOTOPOM IJIABHO yBEJIUYU-
BaJIOCh JABJICHUE JI0 MX MOJIHOTO paspyieHus. Ha o6pazer «Bapna 1» Becom 30 r Harpys-
ka yBenmuuBasiack ot 0 MlIla no 0.8 MlIla, «Bapna 2» Becom 35 r — ot 0 MlIla o 2.2 MITa.

CrnenmyeT oTMeTUTh, 4TO cortacHo padoram [Jlock u ap., 2010; Chengwu et al., 2018]
IIPH IIPOBEICHHUH B JIaOOPATOPHBIX HKCIIepuMeHTax peructparuu Y HU curnanos OMMU ne-
00XOJIMMO YYHUTHIBATh TEXHOTEHHBIM MArHUTHBIN LIyM, 0COOEHHO, €CIIU PETUCTPUPYEMBIT
CUTHaJ OJIM30K WM COMTOCTABUM C HUM IO aMIuIuTyAe. [10CKombKy 3HaYeHUsT U3MEPSIEMBIX
CUTHAJIOB OKa3aJMCh HIDKE YPOBHS MarHUTHOTO IIyma, TO JJISi UX BBIIEJICHUS OBbLI MPU-
MEHEH 1MoJIOcOoBOM (minbTp HU3KUX yacToT (PHY), peanu3oBaHHbIl B BUIE TPOrpaMMbl Ha
si3pike Borland Delphi 7, ucnons3ytromeii nuckpernoe npeodpazoBanue dypne. C momo-
upto @HY Bee wactoTs Bhime 45 ['11 Ob1TH cpe3aHbl.

Ha pucynke 1 mpencraBieHbl pe3yabTaThl YKCIIEPUMEHTOB IIOCIE MPOTPaAaMMHON 00-
pabotku. Hauano HarpyxeHust 00pa3ioB Ha MarHUTOTpaMMax U rpaduke Harpy3Ku COOT-
BercTBYeT 10-i1 cekyHne, okonuanue — 75-i cexynze (puc. 1, a) u 85-i1 cexynze (puc. 1, ¢).
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Puc. 1. 3anucu eapuayuii mexnoeennoeo macnumuozo wiyma u YHY cuenanoe MU
6 nonoce nponyckanus 0.01-45 'y (a, c) u epaghuxu naepysku (b, d) /

Fig. 1. Recordings of variations in technogenic magnetic noise and ULF signals EM emission
in the 0.01-45 Hz bandwidth (a, c) and the load graphs (b, d)

Ilepen peructpanueii cursanoB MU B mpouecce HarpykeHHs o0Opas3loB, a Takxke
TMOCJIE MX pa3pyllIeHUs] Ha MarHUTOrpaMMax U rpaduke Harpy3Ku 3arucaHbl COOTBETCTBEHHO
(mo u mocne) 10-Tu cexyHIHBIE MHTEPBAIbl (POHOBOM 3aIMCH BapHallMii MAarHUTHOTO IIyMa
(puc. 1 a, puc 1 ¢) 1y1g O1EHKN €r0 HHTEHCUBHOCTH.

CornacHO npeACTaBICHHBIM pe3ynbTaraM (puc. 1, a) npu HarpyxeHun oodpasua «Bap-
Ha 1» Ha 3amucsX MarHUTOrpamMm curiajisl MU He MposSBUIIKMCH IPU BO3pACTaHUU U Clia-
JIe Harpy3KH, MUKOBOE 3HaYeHHe KoTopoi coctaBmiio 0.8 MIla (puc. 1, b).

[Ipu Bo3zelicTBUM BHEIIHEH HArpy3ku Ha obpasen «Bapna 2», curnan OMMU na 3anu-
csiX MarHurorpamm (puc. 1, ¢) mposBIsIETCs HA HaYalbHOW CTaauu ero Harpyxenwus. [1o-
cie 5-i cexyHAbl MHTeHCUBHOCTh DM HauMHaeT BO3pacTaTh C YBEIMYECHHEM Harpy3Ku.
CrnenyeTr OTMETHUTb, YTO MO XapakTepy MPOSIBICHUs aMIUIMTYJa CUTHajla B MpoOlecce Ha-
Ipy3KH U3MEHSETCS MJIaBHO, a €0 JIIMTEIBHOCTh COOTBETCTBYET HHTepBaily 20 cexyna. Ha
21-i1 cexynze rpaduka Harpy3ku (puc. 1, d) nHGOpPMAaTUBHBIN CUTHAJI CTAHOBUTCS Ooiee
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BBIPQ)KEHHBIM M JOCTUTAET CBOET0 MaKCUMyMa IMPUMEPHO 4yepe3 4 CeKyH/Ibl, UTO COOTBET-
cTByeT 25-if CeKyH/ie Ha MarHuTorpamMmMax (puc. 1, ¢). BeposiTHO, 3TO CBfi3aHO € TeM, 4TO
B 00pasiie NponucxoauT (POPMHUPOBAHUE U CIMSIHUE MUKPOTPEIH, YTO OTPA3HIIOCh B BUJIE
HE3HAUUTENIbHOIO CKauKa Ha rpaduke Harpysku (puc. 1, d).

Hanee, cornacuo rpaduky (puc. 1, d), ee poct npogomkaercs a0 2.2 Mlla, a unTen-
cuBHOCTb OMMU nazgaet, yTo TOBOPUT O 3aBEPILECHUU IpoLiecca €€ BO3MOXKHOI reHepaluu
3apsilaMM, BO3HHKAIOIIMMHU Ha OOpTax 00pa30BaBIIMXCS MAKPOTPEIIMH M UX MHIpalueit
[Wang, He, 2000]. ITocne 47-i1 cexyHabl oOpaser TepsieT CBOM IMPOYHOCTHBIE CBOWCTBA, U
Harpy3ka c¢ 2.2 MIla maBHo nazgaet 1o 0 MlIla (puc. 1, d). 9to MmoxeT ObITh 00YCIOBIECHO
niepepacrpe/ieJIieHieM HaKOIUICHHOW 3Hepruu Ae(opMaliy B MOBEPXHOCTHYIO SHEPTHIO,
CBSI3aHHYIO C BOBHUKHOBEHHMEM CHCTEMBI 00PA30BaBIIMXCS TPEIIUH B MPOLIECCEe BO3/ICH-
CTBHsI BHELIHEH Harpy3ku Ha obpasen [benukos, Illecrakos, 2008].

CpaBHUBas pe3ysbTaThl SKCIIEPUMEHTOB PUCYHKA | MO)KHO OTMETHTD, YTO CTPYKTYypa U
TEKCTYypa 3TUX 00pa3Ll0B OKA3bIBAET 3HAYUTEIILHOE BIUSHUE HAa XaPAKTEPUCTUKU CUTHAJIOB
OMMU. Obpazen «Bapna 1» oka3zazncs Ooyiee IACTUYHBIM 10 CBOEHM CTPYKType U MEHee
CIIOCOOHBIM HAaKaIUIMBaTh YIPYTYIO HEPIuio JedopMalnuu n3-3a ciaadblX MPOYHOCTHBIX
CBOMWCTB. DTO HE CIIOCOOCTBYET Pa3BUTHIO MUKPOTPEIMH B 00beMe 00pa3lia, a Takxke 00-
pa3zoBaHUIO MakpoTpeniuH, nopoxaarmux Y HY curnaner OMU. [1pu HarpyxeHun oopas-
1a «BapHa 2» B HeM 00pa3yloTcs TUCIOKAIIMK U IPOPACTAIOT MAaruCTPaJIbHBIC TPEIUHEI,
pa3BUTHE KOTOPbIX 00yciaBiuBaeT renepanuto MU ¢ ysennuenuem Harpysku (puc. 1, ¢).
CrenaHHbIe BBIBOBI TAKXKE MOJATBEPIKIAIOTCS U aMIUIMTY/IHO-4YaCTOTHBIMU CIIEKTPaMHU pU-
CyHKa 2.
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Puc. 2. Aunaumyono-uacmomuule cnekmpuvl MazHumHoU uHOykyuu: a, b — oopasya «Baprna 1»;
¢, d — obpasya «Bapna 2y, e, f— demanuszuposannvle cnekmpul obpazya «Bapna 2» /

Fig. 2. Amplitude-frequency spectra of magnetic induction: a, b — sample “Varna 1”; c,
d—sample “Varna 2”; e, f— detailed spectra of sample “Varna 2~

Ha cnexkrporpamMmmax KOMIIOHEHT MarHUTHOM MHAyKLuu obpasua «Bapua 1» (puc. 2,
a, b) YHUY cocrasnsromas curaanos DMU He nposBuiiack BO BCel MOJIOCE MPOITYCKaHUS,
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a UX CIEKTPbI COOTBETCTBYIOT po3oBoMy Liymy. Ha ciekrporpammax obpasia «BapHa 2»
(puc. 2, ¢, d, e, f) B obnactu yacToT HIKe 5 ['Il MPOMCXOIUT HapacTaHue HU3KOUYACTOTHOM
cocrapysitorient. [1o kommonenrte B, 3HaueHue amruiuTyabl Ha yactotax 0.01 I'mu 1.1 I'g
cocraBuio 0.55 uTin u 0.1 uTi; B, Ha s1ux xe gacrorax 0.8 uTim u 0.3 aTir cooTBeTCTBEH-
HO, a Ha yactote 2.3 I'n — 0.08 #Tu. [IposBuBIIMECS HA aMIIUTYJHO-4aCTOTHBIX CIIEKTpax
oOpasua «BapHa 2» BbIpaXEHHBIEC MMKU YKa3aHHBIX BBIIIE YACTOT HEMOCPEICTBEHHO CBSI-
3anbl ¢ reHepauueit YHY OMU npu yBenuyeHnn Ha oOpa3el BHEIIHEH Harpy3KH.

Bwmecrte ¢ Tem cienyer 3aMeTHTh, YTO B MPOIECCE PA3pPYIICHUSI HUCHBITYEMBIX 00-
pa3LoB BIOJIHE MOXHO JOMYCTUTh BO3HUKHOBEHHE BbICOKOUAcTOTHOrO DOMMU, renepu-
pPyeMOro Ha CTaAui BOSHUKHOBEHUSI MUKPOTPEIINH, KOTOpoe HabIronaeTcs B MOA00HBIX
skcnepumenTax [Kypnaens u ap., 2000; Cobones, [Tonomapes, 2003; Jlocs u ap., 2010;
Boctpenos u np., 2013; u ap.]. OgHako ucnonb3yemasi B HAIMX SKCIEPUMEHTAX arl-
napaTtypa He NnpeaHa3HaueHa ISl U3MEPEHUs TaKMX CUTHAJIOB B YACTOTHOM JHANa30HE
Boimie 200 I'1r.

[Tockonbky B psae padot [Kypnens u np., 2000; Boctperos u mp., 2013; Xiaoyan et
al., 2018] nmoka3aHo, 4TO IIpU pa3pylICHUH 00Pa3L0B PA3HBIX TOPHBIX MOPO MPOSIBIAETCS
pa3nuuHblil Xapakrep DM, To OCHOBHAs MPUYMHA 3TOTO MOXKET OBITH OOYCIIOBIIEHA pa3-
JUYHBIM COCTAaBOM, MPOYHOCTHBIMH CBOWCTBAMH U CTPYKTYpOil camMux o0pasnoB. YToOb
OLICHUTH 3TU (HaKTOPHI OBLT MIPOBEIEH MUHEPAIOTUYECKHUI aHann3 o0pasnoB «BapHa 1» u
«Bapna 2».

ITo pesynbTataM MHUHEPAJIOrMYECKOTO aHaaM3a MepBblii oOpaszen «BapHa 1» — nu3Bect-
Hsk. [Topona ciojkeHa mpeumyIecTBEHHO 3epHamMu KaibiuTa (95-99 % mnomaanoi gomnmu
yuacTkoB nutuda) pazmepom 0.01-0.5 mm (puc. 3, a). [Ipeobnanaror 3epHa MecYaHuCcToOn
pasmepHocTU. CTpyKTypa KOHGOPMHO3EPHUCTAS], MEJIKO-CPEHE-KPYTHO3epHUCTast. Tek-
CTypa OgHOpoAHasl, MpoxkuikoBasi. Aneprypa npoxmwikoB 0.01-0.03 mm. IIpoxunku 3a-
TIOJTHEHBI KaJILIUTOM, 00pa30BaHHBIM MPH BTOPUYHBIX T'€OJIOTUYECKHX Mpolieccax (puc.
3, a). Penxo BcTpeuaroTcst poMOO3IpHI 3epeH JI0JIOMHTA, 3aHUMAroIue 10 2 % IUIOmaIHON
104 ydacTkoB nnuda (puc. 3, b).

a - Huxoau X/ Nicoli X b - Huxoau II/ Nicoli IT

Puc. 3. Ulnughur obpasya «Bapna 1» / Fig. 3. Clips of the sample “Varna 1”

Bropoii oOpasen «BapHa 2» — U3BECTHSK J1OJIOMUTHCTBIN, kKapOoHaTHas Opekuus. [1o-
poza ClIoKeHa KaJIbLIUTOM, TUIOIIAAHAs 10JIsl KOTOPOTO Ha yyacTKax HuIda 3aHUMaeT OKO-
110 90 % (puc. 4, a) u B Menbleii crenenu (10 10 % rmiomaay y4acTKoB) JOJIOMHUTOM (pHC.
4, b). Pazmep 3epen ot 0.01 1o 2 mm. CTpyKTypa HEpaBHOMEPHO 3€PHHUCTAs!, ICAMMHTOBAS-
rpybooGinomounas. [lomyokaTtaHHble U YIJIOBAaThIe 3€pHA, CLIEMEHTUPOBAHHBIE KAJIBIIUTO-
BbIM criaputoM (>0.01 MM) 06pasyroT OpekueBUAHYIO TEKCTYpY. ClieyeT OTMETUTh TaKKe
MUMEIOIIYIOCS TPEIIMHOBATOCTh MOPOJIBI (puUC. 4).
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a - Huxonu X/ Nicoli X b - Huxonu Il / Nicoli IT

Puc. 4. LLnugor oopasya «Baprna 2» / Fig. 4. Clips of the sample “Varna 2~

W3 MuHEpamorn4eckoro aHajanu3a UCTBITYEMbIX 00pa3IoB CJIEAYET, YTO TIACTUYECKOE
paspyuieHue oopasna «BapHa 1» MokeT ObITh OOYCIIOBJICHO €ro CIOMCTOW OJHOPOTHOM
TekcTypoil. Hannume KajabIIMTOBBIX MPOKUIIKOB YKa3bIBae€T Ha MEPBUYHYIO TPEIIMHOBA-
TOCTbh, IPUOOPETECHHYIO U 3aJICUCHHYIO B X0JI€ BO3ACHCTBHsI TeKTOHUKH. Kpome sToro, mpe-
o0ailanue B HEM 3€peH MeCYaHUCTON Pa3MEPHOCTH MPUBOIUT K TOMY, UTO KapKac oopasia
ocJia0JieH, HAYMHACT Pa3pylIaThCs yKe NPU HE3HAYMTEIbHOM BHEITHEH Harpy3Ke U Majion
sHepruu nedopmanuu, nodromy YHY curnanst MU we npossinsitores (puc. 1, a). Cae-
JIAaHHBIN BBIBOJ TAK)Ke MOATBEPKIAETCS rpadukoM Harpysku (puc. 1, b).

[Tpu ananuze obOpasua «BapHa 2», obGnanatomiero OONbIIEH IOTHOCTHIO TPH TEX XKe
pasMepax, HaOmogaeTcst 0iouHas OpeKueBHIHAS TEKCTypa, MMEIOIas TPEUIUHOBATOCTH
nopoibl. MUKPOCTPYKTypa OTHOCUTENIBHO TBEpAas U MOXET BbIIECPKUBATH OIpeIesIeH-
Hy10 Harpy3ky (puc. 1, d). Bce 3To cOOTHOCHTCSI ¢ XapaKTepHBIMH OCOOCHHOCTSIMU XPYTI-
KOTO paspyiieHusi obpasiia, KOTOpble pacCMOTpeHbI B pabote [Boctpenos u mp., 2013].
B Heii oTMevaeTcs criocoOHOCTh 00Jiee MPOYHBIX M XPYIKUX MOPOJ «HAKAMIUBATE YIPY-
TYI0 SHEPrui0 0e3 MHTEHCUBHOTO TPEIIMHOOOPA30BAHUSD) TEPel HA4alIOM BUIUMOTO pa3-
pymenusi. [loqoOHbIe pa3nuunsi B OTHOIICHUU MPOYHOCTHBIX CBOMCTB MCIBITYEMBIX 00-
pa3ioB HAOITIOMATKMCH TAKXKE MPHU MPOBEICHNUHN SKCTIEPUMEHTAIBHBIX UCCIICIOBAHHM C TIPH-
MeHeHueM ucnbiTaTebHON MamHbl INSTRON 5967 1o 01HOOCHOMY CkaTHIO 00pa3ioB
IPaHUTA, OTINYAIOIIUXCS 10 MUHEPAJIOTMYECKOMY M XMMHUECKOMY COCTaBy [3aallIIBUIN
u ap., 2017].

[TockonbKy AJEKTPOMEXaHUYECKUE TUTIOIBHBIC TIEPEXOIHBIC MPOLIECCHl YaCTO MPOMC-
XOIAT Ha OopTax M BepiinHax TpemuH [ Xiaoyan et al., 2018], To 370 MOXKET OBITH CBSI3aHO
C OJIHMM W3 BO3MOKHBIX MeXaHW3MOB reHepannu DOMU. Ha srane pazButus guciokammii
YU MUKPOTPEIIMH C MOCIEAYIONIMM UX CIUSHUEM MPOUCXOIUT UHTCHCHBHOE HapacTaHHE
CUCTEMBI TPEIIMH, YTO MPUBOIUT K Bo3HUKHOBeHMIO YHY curnana OMU B uHTepBase Ha-
rpy3ku 15-35 cexynn (puc. 1, d).

He uckiioueHo Takxke, 4TO ONPEACICHHYIO POIb MOXKET UTPATh AUCIOKAIMOHHBIN Me-
XaHW3M BO3HUKHOBEHHUS MEJICHHBIX MOJSPHU3AIMOHHBIX 3()QeKTOB moa BO3ACHCTBHEM
Harpy3Ku, KOTOPBIH MPUBOIUT K TEHEPAIIMH HU3KOUACTOTHOTO JIEKTPOMArHUTHOTO TTOJIS,
onucaHHbIi B padore [Hadjicontis, Mavromatou, 1994]. B Hei#l npuBoasTCs pe3ynbTaThl
SKCIIEPUMEHTOB 110 OOHAPYKEHHUIO TOCTATOYHO MHTEHCUBHBIX HU3KOYACTOTHBIX DJIEKTPH-
YecKkux CUrHanoB (mopsiaka 1-2 I'1r), BOSHUKAIOMIMX MPH OAHOOCHOM CXKaTWH OOpa3IiioB
IPaHUTA U U3BECTHSKA.

Takum 00pa3om, ipu HarpykeHun odpasiia «BapHa 2» ero rpy0000I0MOoYHast CTPYKTypa
1 OpexkyeBUIHASI TEKCTYypa CIIOCOOCTBYIOT 0Opa30BaHUIO U PA3BUTHIO CUCTEMBI TPEIIHH, a
BMecTe ¢ TeM 1 nopoxaenuo Y HU OMU. lonydeHnnsie pe3ynbrarhl OKa3aiu, YTO HACTY-
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IIJICHUC KpHTquCKOﬁ CTaUHN pa3pyUICHUSA 'OPHBIX ITOPOJ MOXKET COIMMPOBOXIATHCA OMU
HEC TOJIBKO B BBICOKOYA4aCTOTHOM, HO TaKXKC U B YHY JHaIia3oHe.

BbiBOADI

B crarbe paccmorpensl ocobeHHocTH nposiBienust Y HU curnanos OMU npu ogHoOC-
HOM Harpy>K€HUH JIByX Pa3IMYHBIX 00Pa3I[0B U3BECTHIKA, a TAK)KE BO3MOXKHBIC TPUUUHBI,
BIIMSIIONINE Ha XapakTepucTuku DM, Takue Kak MpoYHOCTh, COCTaB U MUKPOCTPYKTypa
00pas1os..

Ha ocHoBe aHanu3a CeKTpOB KOMIIOHEHT MAarHUTHOM MHIYKLUHMH yCTaHOBIJIEHO, YTO
MaKCHMaJIbHasi aMIUTUTYy/a CUTHAJIOB MPOSBIISIETCS B YIBTPAHU3KOYACTOTHOM YaCTH CHEK-
Tpa (Hwke 5 ') anisa 6osee mI0THOTO o0pasiia U3BECTHsIKA, 00Ia1atoIIero OJI0YHOM OpeK-
YeBUAHOU TeKcTypoil. J{iist pyroro obpasiia, B KOTOpOM IpeodiIa1aroT 3epHa ECYaHUCTOM
Pa3MEPHOCTH, XapaKTEPHO €ro pa3pylleHUE TPU HEZHAYUTEIBHOM BHEIIHEN Harpy3Ke, Ko-
Topoe He conpoBokaaercss YHY curnanamu DOMU.

ITpumensemas annaparypa Ha ocHoBe MMIIMMU no3BossieT ee ucnoiab30Barh JJisl pe-
TUCTPALlMU U BBIJACIECHUS HA (POHE TEXHOT€HHOTO MAarHUTHOTO IIyMa MaJOaMIUIATYIHbBIX
CUTHAJIOB MAarHUTHOM WHAYKIIMH, BOSHUKAIOIINX B MPOIECCE pa3pylIeHus 00pa3IoB Top-
HBIX MTOPOJ MO/ BO3ICHCTBUEM BHEILIHEW HArpy3KH B BUJI€ OTHOOCHOTO CXKAaTHs, CO3/1aBae-
MOTO PYYHBIM I'MJIPaBIMYECKUM IIPECCOM.

[IpoBeneHHble UCCIIENOBAHUS IMOKA3bIBAIOT I€I€CO00PA3HOCTh U MEPCIEKTUBHOCTD
SKCMEPUMEHTOB ¢ ucnoib3oBaHueM MMIIMU npu usyuenuu paspyuieHus oOpasioB
TOPHBIX MOPOJ MO MX MHAUKATOpam, mposeistomumMcs B YHY MarHuTHeIX curHamax mjis
YCTaHOBJIEHHS BOSMOKHBIX MEXaHU3MOB MX TeHEpAIUH ITPU (PU3HIECKOM MOJICITUPOBAHUH Pa3-
py1IeHust 00pa3oB TOPHBIX TIOPO, @ TAKKE U3YUEHUsI IECTPYKTUBHBIX MPOIIECCOB B T€0JIO-
rM4ecKoi cpeze, nopoxaaronmx YHY OMU.
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Abstract: Relevance. Landslides constitute a major geo-hydrological hazard, and rainfall-induced subsurface
processes play a critical role in slope destabilization. The aim of the work is to determine the condition when
studying various types of landslides. Despite substantial advances in landslide research, the integration of hillslope
hydrology with monitoring frameworks and early warning systems remains fragmented. This review synthesizes
recent developments in landslide research, with an emphasis on hydrological triggering mechanisms and their
incorporation into landslide early warning systems (LEWS). Methods. A structured literature review of peer-
reviewed studies published between 2012 and 2022 was conducted using the Scopus database, complemented by
thematic classification of experimental, numerical, and field-based investigations. Results. The analysis identified
rainfall infiltration, pore-water pressure evolution, matric suction reduction, and groundwater fluctuations as
dominant hydrological controls governing slope response. While numerous studies have focused on shallow
failures under unsaturated conditions, comparatively little attention has been paid to deep-seated processes
and bedrock groundwater interactions. The review further examines sensor-based and model-driven LEWS
architectures, highlighting the predominance of rainfall threshold approaches and the emerging role of hydro-
mechanical and machine learning frameworks. The findings underscore the necessity of integrating subsurface
hydrological monitoring with geotechnical characterization to enhance the predictive reliability and operational
robustness of LEWS in landslide prone regions.
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Pestome: AKTyanbHOCTb pa6oTbl. ONon3HN NpeacTaBnsAoT co60i CEpPbE3HYHD reornapoNoruieckyto onac-
HOCTb, a N0A3eMHbIe NPOLIECChI, BbI3BaHHbIE OCaAKAMM, UrPatOT PeLLatoLLYyo Pofb B AeCTabunmsaumm CKNoHOB.
Llenb paboTbl — BbISIBUTb COCTOSIHIE NPW U3Y4EHNI Pa3NUYHbIX 0COOEHHOCTEI 0non3Heid. HecmMoTps Ha 3Ha4m-
TeNbHbIE YCMEeXN B UCCNEe0BaHM OMON3HEIA, UHTerpaLuus TMAPONOruM CKIOHOB C CUCTEMaMU MOHUTOPUMHIA 1
paHHEero nNpeaynpexaeHns 0cTaeTcs hparMeHTapHoiA. B 0630pe 06006LLeHbI NOCNEAHNE JOCTUXKEHUS B 06MaCTH
NCCNej0BaHNs OMON3HEN C aKLEHTOM Ha rMapONOrMYeckKine MexaHu3mbl UX BO3HUKHOBEHWS 11 X BKITHOYEHME B
CMUCTEMbI paHHero npeaynpexaeHus 06 ononauax (LEWS). Metoabl. bbin npoBefeH CTPYKTYPUPOBaHHbIA 0630p
PELEeH3NpPYeMbIX UCCNEA0BaHNIA, 0ny6IMKoBaHHbIX B nepuod ¢ 2012 no 2022 rofbl, ¢ UCNONb30BaHNMEM 6a3bl
JaHHbIX SCOpUS, AOMOMHEHHbIA TEMATUYECKONA KnaccudmKaumen 3KCnepuMeHTanbHbIX, YUCTEHHbIX 11 MONEBbIX
uccnenoBaHuii. PeaynbTatbl. AHanu3 BbISBUM, YTO WHDUNLTPALMS OCAKOB, W3MEHEHWE [ABMEHWUS MOPOBOIA
BOfbl, CHVKEHNE MATPUYHOTO BCACbIBaHMS 1 KOMeGaHWS YPOBHS TPYHTOBLIX BOA ABASIOTCS AOMUHUPYIOLMMNA
TMAPONOTMYECKMMI (haKTOpamm, ONPeaenstoMMN PeakLMio CKIIOHOB. Tp 3TOM MHOMOYMCNEHHbIE UCCREA0-
BaHUS COCPEAOTOYEHbI HA HErMYOOKMUX OMON3HSAX B HEHACILLEHHbIX YCIIOBUSX, U CPABHUTENBHO Mano BHUMAHUS
yAenanock rny6oknmM npoLeccam 1 B3auMofeiCTBUIO FPYHTOBbIX BOJ C KOPEHHbIMW Nopoaamu. [anee paccma-
TpuBatoTcs apxuTekTypbl LEWS, 0CHOBaHHbIe Ha faTyuKax U MOfensx, C akKLEHTOM Ha npeo6nagaHne NoaxofoB,
OCHOBAHHbIX Ha MOPOrOBbIX 3HAYEHMAX 0CAAKOB, M PACTYLLYH PONb MAAPOMEXaHMYECKNX N MALUNHHBIX MOJENeil
06y4eHns. YcTaHOBNEHA HEOOX0ANMOCTb MHTErpaLui NOA3EMHOM0 FMAPONOTNYECKOr0 MOHUTOPUHIA C Fe0Tex-
HUYECKOI XapaKTepUCTMKOIA 1S MOBbILIEHNS HAZIEXHOCT NPOrHO3MPOBAHMS 11 3KCMTyaTaLNOHHOIA YCTONYMBO-
¢t LEWS B pernoHax, NoABEPXEHHbIX OMON3HAM.

Kntouesble ¢noBa: 0non3Hu, CKIIOHOBbIE NPOLIECCHI, MOHUTOPUHI CKITOHOB, CMCTEMA PaHHEro npeaynpex-
JIEHS, ONON3HW, BbI3BaHHbIE 0CAAKAMMN.
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Infroduction

A landslide is the movement of a mass of rock, earth, or debris down a slope
[Cruden, 1991], which is recognized globally as a major geological hazard causing
fatalities and casualties [Ganapathy et al., 2010]. It is caused by various complex and
diverse factors and is categorized based on the material type and movement [Hungr et
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al., 2014]. Factors such as rainfall, soil type, erosion, and anthropogenic influence are
recognized as landslide-triggering factors [Kervyn et al., 2015; Burdzieva et al., 2024 a,
b]. Increasing tourism and the urbanization of hillside towns have increased construction
and road widening in mountainous regions [Ganapathy, Hada, 2012; Klyuev, Brigida,
2025], and climate change [Andersson-Skold et al., 2013; Araujo et al., 2022; Crozier,
2010; Gassner et al., 2015; Korup et al., 2012; Wood et al., 2020; Yaitskaya et al., 2023]
has directly influenced landslides, causing difficulties for people, infrastructure, and the
economy, indicating that the region is associated with geo-hydrological risks [Gariano,
Guzzetti, 2016]. Processes, such as slope erosion, which carves out geomorphological
features forming landscapes over millions of years, create valleys and elevated hills that
are inactive over the bedrock and when the external factors acting on the slopes make
it vulnerable to landslides. Various researchers have studied these slopes using different
approaches to identify landslide-prone slopes for developing landslide early warning
systems (LEWS) for preparedness and mitigation.

External disturbances can cause disasters with high damage, and it depends on the
understanding of complex subsurface processes, especially concerning landslides and
hillslope hydrology [Prokesova et al., 2013]. The dynamics of rainfall infiltration,
subsurface movement systems, and functioning conditions are complex and site-specific.
Soil saturation, matric suction, and pore water pressure greatly influence slope stability
during the infiltration process. Variations develop with the essential volume parameters
of the soil by normal stress and matric suction. According to Lu and Godt [2008], few
slope failures have been reported within the vadose zone that are associated with partially
saturated soil conditions. This indicates that certain shallow landslides cannot be attributed
to saturated conditions. Owing to the complicated lithological and hydrologic properties of
unstable regions, which most of the time lead to nonlinear links between rainfall and failure
[Doglioni et al., 2012]. The slope responds to rainfall distribution in the downslope portion,
where the rotational slide dynamic influences the Earth’s flow [Belle et al., 2018]. If there is
a prolonged duration of rainfall with less intensity, it can enhance landslide stability; thus,
a rainy season after a long wet period may cause more movement or failure than one after
a long dry period. Even slight variations in precipitation or water stress can shift the soil’s
equilibrium stress condition and significantly alter the duration and magnitude of slope
movement. In addition, medium- to large-scale landslides are caused by increased moisture
levels and subsequent heavy rainfall [Suribabu, Sujatha, 2019). Various researchers have
proposed preliminary alert mechanisms based on sensors [Bak, 2022; Chauhan et al., 2022;
Dixon et al., 2022; Guzzetti et al., 2020; Kumar, Ramesh, 2022; Liu et al., 2022; Oguz et
al., 2022; Zeng et al., 2022], mostly installed on the slope surface. Based on [Baum, Godt,
2010; Bell et al., 2012; Mirus et al., 2018; Thiebes et al., 2014], the system evaluates
rainfall and slope movement, and the landslide management increasingly depending on
such LEWS [Landslide ..., 2005].

Evidence from these studies shows that the dynamic interplay between landslide
mechanisms, hydrological dynamics, and early warning systems has yet to be fully
examined. Although progress has been made in this field, greater insight into the effects
of subsurface water variations on landslide initiation and progress is needed. The present
study investigates the current state of global landslide research, focusing on the critical
role of hillslope hydrology in landslide initiation and the effectiveness of early warning
systems. The study addresses three key research questions: What are the recent trends and
developments in landslide research? How do hydrological factors contribute to landslide
triggering? and What is the current state and effectiveness of LEWS?
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Materials and methods

Review protocol

A comprehensive literature review was conducted using the Scopus database from 2012
to 2022. This review was then expanded to include additional relevant studies identified
through other research sources, ensuring a thorough and comprehensive analysis. The
primary research focus and associated keywords were chosen based on an analysis of
publication dates and existing studies within the relevant research area. Search terms related
to landslides, hydrology, subsurface processes, early warning systems, and groundwater,
along with alternative terms, were also used. The search data were exported for analysis
in Biblioshiny [Aria, Cuccurullo, 2017], an R package. The articles were accessed and
screened for the study based on their title, abstract, and full text.

Results

Bibliometric overview

The following analysis addresses RQ1, providing insights into the trends and patterns
within global landslide research (Fig. 1). The general trend of scientific production was
retrieved from the Scopus database during 2012-2022, indicating increasing interest in
landslide research. The results show a nonlinear observation, indicating that publications
are inconsistent over the period. The cumulative occurrence from journal sources highlights
the growing trend in landslide research. The journal Landslides exhibits a steady increase,
whereas other journals show a steady and moderate increase over production over the
period, indicating the growing need for scientific publications on landslide research.

The relative scientific production (Fig. 2) from different countries worldwide depicts
that China is the leading country in terms of scientific production. Many countries
in Europe and North America have shown substantial production. Some countries in
Asia, such as India, Japan, and South Korea, have indicated that they are emerging as
significant scientific production shows the research and development in recent years.
Figure 3 demonstrates the global scientific network with collaborations spanning across the
continents. It shows that China has extensive thick lines connecting it to other countries,
indicating active collaboration and partnerships. The dense network is highlighted among
European countries. In Asia, countries such as India, Japan, and South Korea have depicted
increasing collaboration.
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Fig. 1. (a) Annual number of publications on landslide research from 2012 to 2022.
(b) Cumulative number of publications in selected journals over the same period
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Fig. 2. The country level scientific production

Fig. 3. The country level collaboration map

Hydrological Factors and Landslide Triggering

The following analysis addresses RQ2 in Table 1. The articles connect interdisciplinary
fields with landslide hydrology to understand hillslope dynamics. The review denotes that
studies majorly overlook experimental physical and numerical models for understanding
hydrological behavior on hillslopes. Parameters such as geotechnical properties (deformation
characteristics, factor of safety, and index properties (angle of internal friction, cohesion,
liquid limit, plastic limit, and relative density, matrix suction, porewater pressure, soil types
and soil water interaction), hydraulic conductivity (water flux), rainfall intensity (artificial
rain, seepages, and irrigations), slope inclination, slope saturation, and soil motions have
been studied. Table 1 shows that experimental setups are widely used, and modelling is
applied to the analysis. Studies majorly concern the slope response to water flux during wet
and dry periods, as well as their characteristics behavior when the water moves towards the
subsurface. Some case studies denote the deformation of slopes through field observations
with or through large-scale models and laboratory tests. The stability of slopes is tested by



Geology and Geophysics of Russian South 16 (1) 2026 ['eonorus u reogumanka fOra Poccim 85

inputting physical, chemical, and hydromechanical properties to understand the slope’s
dynamic to water flux in the determination of thresholds, formulation of different slopes,
and its response. These findings indicate that fluctuations in subsurface water conditions
are a primary trigger of slope failures and therefore, justifying the systematic integration of
hydrological monitoring within landslide early warning systems (LEWS).

Table 1
Hydrological Controls and Modeling Approaches in Rainfall-Induced Landslides
Hydrological Modeling Key References Technical Research
Process Type Parameters Insight Gap
Rainfall FEM-based Rainfall Dou et al. A transient Limited
infiltration in | seepage intensity [2021]; Yang |reduction in the probabilistic
unsaturated deformation duration; etal. [2021] |matrix suction treatment and
soils modeling; soil hydraulic and a progressive | shallow-slope
water balance conductivity; increase in the pore | dominance.
models matric pressure govern
suction; shallow instability.
pore-water
pressure
Hydro- Coupled hydro- | Effective Oh, Lu [2015] |Improved High parameter
mechanical mechanical FEM; |stress; prediction of sensitivity;
coupling suction stress SWCC; shear deformation timing | limited large-
frameworks strength compared with scale validation
parameters limit-equilibrium
methods
Groundwater | Integrated Groundwater |Kukemilks Subsurface flow Fractured
fluctuation hydrogeological |oscillation; et al. [2018]; |concentration bedrock flow is
and multilayer | modeling; field | permeability |Marc et al. significantly rarely modeled
interaction monitoring contrasts; [2017]; Wang | alters the stability | explicitly.
perched et al. [2020] |response.
aquifers
Preferential Field and Desiccation | Zhang et al. Structural Long-term
flow and numerical case cracks; rapid |[2021] discontinuities evolution of
structural investigations infiltration accelerate the preferential
discontinuities pathways localized pore- pathways not
pressure buildup. | sufficiently
quantified
Rainfall Experimental Rainfall Ran et al. Temporal rainfall | Rare
pattern hydrological temporal [2019]; distribution affects |integration into
variability modeling distribution; |Kenanoglu et |pore-pressure operational
and threshold intensity— al. [2019] dynamics beyond |warning
behavior duration cumulative totals. |thresholds
thresholds
Deep-seated | Field Delayed Prokesova Seasonal recharge | Limited hydro—
landslide investigations; pore-pressure |et al. [2013]; |influences deep- mechanical
hydrology seasonal diffusion; Sidle et seated slope coupling at
groundwater clay—water al. [2019]; reactivation depth
analysis interaction Bogaard,
Greco [2016]

The landslide early warning systems (LEWS)
This analysis addresses RQ3 in Table 2. A review of landslide early warning
systems (LEWS) highlights different approaches for landslide monitoring using sensors




86 Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

(accelerometer, acoustic sensor, automated total station, crack meter, displacement sensor,
echo probe, extensometer, gyroscope, inclinometer, infrasound sensor, moisture sensor,
piezo vibration sensor, piezometer, potentiometer, rain gauge, strain gauge, suction
sensor, tachymetry, tensiometer, tilt sensor, transducer, volumetric water content sensor,
and water level indicator), ground-based radars, and remote sensing. These monitoring
systems employ automated data acquisition and transmission through Internet of Things
(IoT) platforms and wireless sensor networks (WSNs). The literature distribution shows
that China has more studies on LEWS, emphasizing field monitoring using sensors and
modeling. European countries use geotechnical monitoring with remote sensing. Countries
such as India, the Philippines, and Indonesia have highlighted the design, development, and
prototypes of landslide monitoring. These highlight the low cost and easy deployment of
sensors and monitoring systems. These studies recommend the robustness of using artificial
intelligence and machine learning techniques for automatic detection and warnings for risk
reduction.

Table 2
Architectural and Methodological Approaches in Landslide Early Warning Systems
(LEWS)
LEWS Monitoring Parameters | References Technical Limitation
Architecture Basis Insight
Type
Empirical Regional Rainfall Guzzetti et | Operationally Limited subsurface
rainfall- rainfall intensity; al. [2020]; scalable and representation
threshold monitoring duration; Harilal et al. |straightforward |and false-alarm
systems antecedent [2019] to implement. sensitivity.
rainfall
Subsurface Instrumented |Pore-water Mirus et al. | Direct Linkage | Higher installation
hydrological slopes with pressure; soil | [2018] Between and maintenance
monitoring pore-pressure | moisture; Hydrological costs
sensors groundwater Response and
level Deformation
Hydro- Stability Factor of Bell et al. Mechanistically | Model parameter
mechanical modeling safety; suction; |[2012] informed uncertainty
threshold integrated deformation thresholds influences
integration with rate incorporating reliability.
monitoring stability analysis
Remote Radar Surface Crosta et al. |High spatial Surface-focused;
sensing based | interferometry |displacement |[2017] coverage for limited subsurface
monitoring and rate complex slopes | insight
displacement
mapping
Acoustic Micro- Acoustic Dixon et al. |Sensitive to Challenges in
emission fracturing emission rate; |[2018] progressive signal filtering
monitoring signal deformation failure signals and interpretation
detection precursors complexity
Data-driven Machine Multivariate Liu et al. Captures Requires large
predictive learning hydrological [2022] nonlinear training datasets
systems models and relationships in | and has limited
environmental regional-scale interpretability
inputs prediction

Thereviewed studies indicate that effective landslide risk reduction requires a coordinated
framework encompassing risk assessment, continuous monitoring, and structured
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emergency response mechanisms. The modified framework (Fig. 4) for the LEWS suggests
that landslide investigation starts with an understanding of the local climate, geological,
and hydrological processes, followed by the identification of landslide-prone slopes and
the installation of sensors. Automatic acquisition, detection, and classification with sensor
values to threshold values using artificial intelligence and machine learning help to forecast
landslide movements and aid in emergency responses. modelling and experimental studies
have shown that rainfall and its associated processes can induce failures. More studies have
discussed the role of large and physical models on slope behavior by assuming that the
bedrock is homogeneous, which neglects the role of the bedrock in landslide hydrology.
The simulations are narrow towards the landslide prediction approach, showing a greater
need to include multidisciplinary inputs for the models. Thus, the literature review suggests
that holistic approaches for the LEWS, by understanding the response of the slope to rainfall
and its subsurface processes in triggering landslides, should be delineated.
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Fig. 4. Schematic representation of the landslide early warning system
and its constituent components
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Discussion

A comprehensive understanding of landslide mechanisms modeling mental to the
effective prevention and mitigation of landslide hazards and their associated impacts on
communities, infrastructure, and the environment [Nath et al., 2025]. Although landslide
research has been conducted extensively, the specific focus and methodologies vary
widely, reflecting the evolving nature of the field. The growing recognition of the link
between climate change and landslide susceptibility has driven a surge in research activity,
as evidenced by the increasing number of publications. A multidisciplinary approach is
crucial for comprehensively understanding landslides and developing effective management
strategies. There has been a notable increase in scientific research on landslides in developing
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nations, likely driven by the growing frequency and severity of landslide-related disasters.
Countries such as China, the United States, and Italy have developed distinct strategies for
landslide mitigation, often supported by advanced monitoring and analytical technologies.
Strengthened collaboration among researchers across regions can enhance methodological
refinement and support the transfer of technical expertise.

Rainfall is a primary triggering factor of landslides [Gupta, Leong, 2019]; although
rainfall and hydrology are different fields of study, there is sufficient interdisciplinary
overlap, making it impossible to deny their mutual importance [Climate ..., 2005].
Complex interactions among rainfall, the physical heterogeneity of soil and bedrock,
local geomorphology, vegetation, and associated biomass contribute to the complexity of
subsurface hydrological processes [Sidle et al., 2019]. The specific parameters selected often
depend on the research objectives and the geological and geomorphological characteristics
of the study area. A variety of parameters have been considered in landslide research,
with rainfall consistently identified as an inducing factor. Other factors include erosional
conditions, geotechnical properties, groundwater interactions, hydraulic conductivity,
hydromechanical conditions, slope saturation states, and topographical conditions. Rainfall
infiltration plays an important role in slope stability. The rate of this process is influenced
by the interaction between various geological formations. Thus, the formation of perched
aquifers [Rahardjo et al., 2005], macropores, and cracks can enhance infiltration rates,
further destabilizing slopes due to erosional activity [Idarmachev, 2025]. The combined
effects of rainfall infiltration and erosional activity can trigger shallow landslides. Erosion
can lead to the loss of topsoil; thus, materials can clog drainage channels and block the flow
of water, making it stagnant; therefore, increasing the risk of landslides.

Geotechnical factors, such as saturation and rainfall response, on slopes are necessary
to understand hydrological behavior and its impact on slope stability [Priest et al., 2011;
Sun et al., 2012]. Most studies have modeling hillslope deposit covers; however, some
studies have indicated the importance of groundwater and bedrock features on hillsides,
such as their responses and processes in the ground. Experimental studies often rely on
assumptions, such as homogeneous topsoil formation and impermeable bedrock, leading to
inconsistencies between field and experimental results [Bogaard, Greco, 2016]. Variations
in geological formation on hillslopes can increase infiltration, thus creating channels and
groundwater interactions [Collins, Znidarcic, 2004]. Because hydrological processes are
time-dependent, physical and numerical modeling approaches are widely used to analyze
and simulate landslide behavior under controlled conditions [Klyuev, Brigida, 2025;
Kerimov, Elzhaev, 2024]. These models can include additional factors to comprehensively
understand regional characteristics, which enhances the effectiveness of LEWS.

A comprehensive understanding of hillslope hydrology is essential for the development
of effective landslide early warning systems (LEWS). Adapting LEWS to site-specific
needs requires a thorough understanding of local hydrological conditions. While LEWS
distribution varies globally, developing countries such as India, the Philippines, and
Indonesia have focused significantly on LEWS prototyping. However, many prototypes
overlook the importance of subsurface monitoring and data transfer in favor of networking.
Existing LEWS primarily rely on geotechnical monitoring, rainfall thresholds, slope
monitoring, and surface displacement, using various sensors to measure parameters such
as acoustic emission, moisture content, pore water distribution, rainfall, slope inclination,
stress, and strain, and volumetric water content. The thresholds for these sensors are
typically set based on historical landslide data. Although rainfall thresholds are often used,
it is crucial to recognize that rainfall is not the sole trigger for landslides. Established slope
monitoring utilizes geotechnical properties and slope movements by integrating water
potential sensors to measure water content at various depths within hillslopes, which can
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improve the efficiency of LEWS. Owing to its cost, deployment, and maintenance, it is
highly expensive; therefore, it is essential to develop and deploy reliable and low-cost
alternatives. Hence, we can enhance our ability to monitor slope stability and mitigate
landslide risks.

Challenges, Limitations, and Future Research

The study of landslide research trends, hillslope hydrology, and its applicability to
LEWS has provided valuable insights. However, important research gaps, problems, and
what remains to be explored are apparent. The challenges highlighted the lack of ability
of landslide experiments to replicate natural conditions, lack of understanding of deep-
seated landslides with hillslope hydrology, and determining LEWS’s performance remains
a major challenge.

In developing countries, LEWS prioritize the use of water potential sensors and precede
regional evaluations. Addressing these challenges and limitations will enable future research
to advance toward a more integrated understanding of landslide processes and to develop
more reliable and effective LEWS. Although it is expensive in its design and can be very
expensive in LEWS, it is important to design low-cost sensors and deployment strategies.
The importance in this regard lies in the prioritization of hydrological monitoring and the
implementation of LEWS designs in landslide-prone regions. Despite previous research,
many research gaps persist, allowing for possible innovative approaches. Future studies
might better be centered on the simulation of a multilayered slope, added with groundwater
fluctuations and other parameters, to improve the understanding of landslide triggering
mechanisms.

Conclusion

Highlights the importance ofhillslope hydrology inunderstanding landslide mechanisms.
Identifies rainfall infiltration and subsurface interactions as key factors triggering shallow
landslides. Proposes low-cost, sensor-based LEWS tailored to regional hydrological and
geotechnical conditions. This highlights critical research gaps in modeling deep-seated
landslides and subsurface monitoring.

This comprehensive review and bibliometric analysis evaluate the current state of
knowledge regarding hydrological processes that trigger landslides and the development
of early warning systems. By summarizing the data of various studies and analyzing the
trends, collaborations, and frequently presented themes in publications, it contributes
to understanding the research field by pointing out knowledge gaps and limitations
in methodological approaches. These results can be useful in guiding future research
initiatives, such as the development of low-cost early warning systems and the importance
of hydrologic monitoring in landslide mitigation. Certainly, significant progress has been
made in understanding landslide triggers and establishing early warning systems. However,
much more needs to be learned about the complexities involved in hydrologic interactions
for effective LEWS.
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Abstract: Relevance. Mount Sinabung has remained one of the most active volcanoes in Indonesia during
the past decade, producing recurrent seismic swarms that reflect dynamic subsurface processes. Understanding
the spatial distribution of hypocenters is critical for constraining magma transport pathways and assessing
volcanic hazards in densely populated regions. The aim of this study is to refine the earthquake catalogue for
Sinabung by relocating events with improved accuracy, thereby distinguishing shallow brittle-failure processes
from deeper magmatic activity. We analyzed 61 volcanic earthquakes recorded between October 2023 and April
2024. Hypocenter relocation was performed using a Geiger least-squares algorithm with adaptive damping,
designed to minimize instability in heterogeneous velocity structures. Methods. To evaluate robustness, we
applied +10 % P-wave velocity sensitivity tests and jackknife resampling of seismic stations. These procedures
allowed us to identify well-constrained events and flag model-sensitive cases requiring cautious interpretation.
The results reveal two distinct hypocenter populations. Shallow VTB events (0.3-2.0 km depth) occur as
semi-continuous swarms beneath the summit and upper flanks, consistent with near-surface brittle failure or
hydrothermal cracking. In contrast, deeper VTA events (2.5-14 km depth) form several aligned clusters rather
than a single source, delineating vertically segmented pathways coherent with conduit structures or mid-crustal
magma transport. Epicenters are concentrated within 0-5 km of the summit, highlighting a vertically continuous
but segmented plumbing system. These findings provide new constraints on the geometry of magma pathways
beneath Sinabung and contribute to improved models of volcanic hazard assessment in northern Sumatra.

Keywords: Mount Sinabung, volcanic earthquake, hypocenter, Geiger method, seismic monitoring.
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Pestome: AKTyanbHocTb pa6oTbl. BynkaH CuHabyHr ocTaeTcs OfHUM U3 Hanbonee akTUBHbIX BYNIKaHOB
/IHOOHe3MN B Te4eHMe NOCNEAHEro AecATUNETUS, NOPOXAas NOBTOPSAIOLINECS PON 3eMNETPSICEHUIA, KOTOPbIE
0TPaXarT JUMHAMUYECKUEe npouecchl B Heapax. [loHMMaHne NpocTpaHCTBEHHOMO pacnpesesieHns runoLeH-
TPOB UMEET KPUTUYECKOE 3HaYeHNe Ana onpefesieHns nyTen TpaHCNopTa Marmbl U OLEHKM BYNKaHUYECKOM
0MaCHOCTK B TYCTOHACENeHHbIX pernoHax. Llenb gaHHoro uccnefoBaHus — YyTOHHUTL KaTanor 3emnerpsce-
Huin ana CuHabyHra nytem nepeonpefeneHns nokKaunm cobbiTUA C MOBbILLIEHHON TOYHOCTbI, YTO MO3BOANT
Pa3nUYMTb NPOLECChI HErMYBOKOro XpynKkoro paspyLieHns ot 6osee rny6oKoi MarMaTM4eckoin akTUBHOCTM.
bbino npoaHanuanpoBaHo 61 ByNkaHW4eCKOe 3eMeTPACEHNE, 3aperncTpMpoBaHHoOe B MEPUOA C OKTAGPS
2023 no anpenb 2024 roga. Metogbl. [epeonpefeneHune runoLeHTPOB BbINOHANOCL C UCMONb30BAHUEM
anroputma leiirepa no MeTody HauMeHbLINX KBA4PATOB C afanTUBHLIM femMnUpoBaHUEM, pa3paboTaHHo-
ro Ansg MUHUMWN3ALUMUM HECTAbUIIbHOCTU B HEOAHOPOAHBIX CKOPOCTHbIX CTPYKTYpax. [And OueHKN HaLeXHo-
CTU ObIIN NPUMEHEHbI TECTbl HAa YYBCTBUTESIbHOCTb K +10 % M3MeHeHMt0 CKopocTu P-BONH M npoueaypa
jackknife-pecamnnuHra cencMUYeCKMX CTaHLMIA. ITW NpoLeaypbl MO3BONUIN BbIABUTL XOPOLUO ONpeaens-
eMble COObITUS M OTMETUTb YYBCTBMTENbHbIE K MOLENN CryYau, TpebytoLne 0CTOPOXXHON UHTEpRpeTaLmn.
PesynbTatbl. Pe3ynbrathl BbIABUNY ABE pa3nuy4Hble nonynsuuu runoueHTpos. Menkue cobbitus Tuna V1B
(rny6una 0,3-2,0 kM) 06pasytoT NOYTU HeNpepbiBHbIE POU NMOJ BEPLUUHON U BEPXHUMU CKIIOHAMM, YTO CO-
rnacyeTcs ¢ npoLeccammn Xpynkoro paspyLleHns B6IM3N MOBEPXHOCTU UM TUAPOTEPMASIbBHOTO PacTPEecKu-
BaHUA. B otnuyme ot HKX, 6onee rny6okue cobbiTna Tuna VTA (rnybuHa 2,5-14 kM) hopMUPYIOT HECKOMBKO
BbICTPOEHHbIX B JINHMIO KNACTEPOB, a HEe eAUHbIA UCTOYHUK, 04ePUNBAs BEPTUKANIbHO CErMeHTUPOBAHHbIE
MyTW, COOTBETCTBYIOLLME CTPYKTYpaM NPOBOAALLEr0 KaHana uau TpaHCNopTy Marmbl B CpefiHen Kope. 3nu-
LLEHTPbI CKOHLEHTPUPOBaHbl B npejenax 0—5 KM OT BEPLUMHbI, Y4TO YKa3blBAET HA BEPTUKANIbHO HEMpepbIB-
HYI0, HO CErMEHTUPOBAHHYIO MarmonofBOAALLYI0 CUCTEMY. 3TU Pe3yNnbTaThl AAKT HOBbIE OrpaHUYeHUs Ha
reoMeTpU0 Marmatu4yeckux nyten nog CMHabyHrom 1 cnoco6CTBYOT COBEPLLEHCTBOBAHNIO MOIENE OLIEHKN
BY/IKQHW4ECKON 0MacHOCTM Ha ceepe Cymartpsl.
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Infroduction

This study implements a rigorously parameterized Geiger relocation workflow with
adaptive damping to refine volcano-proximal seismic data from Mount Sinabung (October
2023—April 2024). The approach yields a reproducible, sensitivity-annotated hypocenter
catalogue. In contrast to earlier relocations, we employ manually curated P- and S-wave
picks with explicit numeric weighting and adaptive damping protocols. Each event is tested
with £10 % P-wave velocity perturbations, station jackknife displacement metrics, and
covariance estimates to evaluate stability. Conversion scripts and GAD control files are
archived to ensure exact reproducibility. These enhancements improve the interpretability of
depth classifications, confirm the robustness of a February 2024 deep event under multiple
perturbations, and provide operational guidance to PVMBG on station densification
strategies and relocation threshold calibration.

Indonesia occupies a complex plate-boundary zone at the junction of the Eurasian,
Pacific and Indo-Australian plates [Charlton, 2000], forming a highly active segment
of the Pacific Ring of Fire where sustained subduction and related crustal deformation
generate prolific magmatism and frequent seismicity. This tectonic setting produces 127
historically active volcanoes distributed across Java, Nusa Tenggara, Bali, Sulawesi,
Sumatra and adjacent islands [Hariyono, Liliasari, 2018], many of which are monitored
continuously by the Center for Volcanology and Geological Hazard Mitigation
(PVMBG) because of their hazard potential. Mount Sinabung (North Sumatra) is one
such monitored system,; its eruptive episodes and associated seismic unrest are readily
characterized using standard seismological workflows, including manual P- and S-arrival
picking and iterative relocation algorithms (e.g., Geiger least-squares), which yield
the hypocentral precision required to resolve magma-related seismicity and migration
pathways beneath the edifice [Annisa et al., 2021]. Although convergent (subduction)
processes are the principal driver of arc volcanism in Indonesia, local extensional and
transform strain components modulate crustal fracture networks and fluid pathways that
focus magma ascent and control the spatial distribution of volcanic seismicity [O’Har,
Karlstrom, 2023].

Mount Sinabung is an andesitic stratovolcano [Gunawan, et al., 2019] in the Karo
Highlands, North Sumatra, Indonesia (Fig. 1). After a prolonged quiescence the volcano
reactivated in 2010 and has produced repeated eruptive episodes, with notable pulses in
2013-2014 and further activity through 2016 and 2021. Its proximity to populated areas
and the frequent occurrence of shallow volcanic earthquakes make Sinabung a priority for
continuous monitoring; seismic observations are central to tracking subsurface processes
such as magma migration, pressurization of hydrothermal systems, and fracturing associated
with volcanic unrest [Nakada et al., 2019].
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Fig. 1. Geological map of Mount Sinabung

Accurate determination of hypocenter distributions beneath Sinabung provides crucial
constraints on shallow magma and fluid pathways, faulting within the volcanic plumbing
system, and the depth ranges over which seismic energy is released [Kusumo et al., 2025].
These constraints are directly relevant to hazard assessment and mitigation because they
help distinguish shallow hydrothermal or fracture-related seismicity from deeper magmatic
signals that may precede eruptive behavior. Locating volcanic earthquakes is challenging:
events are typically shallow and emergent, pick uncertainties are larger than for tectonic
earthquakes, and results are sensitive to local station geometry and velocity-model
assumptions.

The Geiger iterative travel-time inversion remains a widely used and computationally
efficient method for routine earthquake location [Karasozen, Karasozen, 2020]. Modern
implementations that incorporate stabilizing measures such as adaptive damping reduce
non-physical jumps and improve convergence in sparse or noisy networks, yielding
more robust hypocenter clouds for volcanic settings. Building on previous relocations at
Sinabung [Sutawidjaja et al., 2013], this study applies the Geiger iterative least-squares
method with adaptive damping (GAD) to earthquakes recorded between October 2023 and
April 2024. We classify events by depth, present detailed spatial and depth distributions,
quantify location quality and sensitivity, and compare our results with earlier studies to
draw implications for operational monitoring and near-field hazard mitigation.

Disaster mitigation minimizes the adverse consequences of hazards through a
combination of preparedness and long-term risk-reduction measures [Senathirajah et al.,
2023]. Mitigation interventions may be implemented before, during, or after an event;
under Law No. 24 of 2007, actions at any of these stages are recognized as mitigation.
Preparedness comprises proactive activities that reduce vulnerability and strengthen
response capacity, including public information campaigns and the dissemination of clear
evacuation routes and rescue procedures to ensure timely and effective action during
emergencies [Bakhshian, Martinez-Pastor, 2023].
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Data

Network and instruments

Seismic data were obtained from a local network of seven broadband and short-
period stations operated by PVMBG Bandung and deployed around Mount Sinabung to
maximize azimuthal coverage of the edifice. Metadata for each station, including code,
coordinates, elevation, sensor type, and sampling rate, are summarized in Table 1. Station
siting prioritized low-noise environments on competent ground, with reliable power and
telemetry to enable near real-time data transfer. Sensor orientation and installation depth
followed PVMBG standards to minimize environmental and cultural noise. Timing at all
stations was synchronized to GPS clocks and verified through routine metadata audits,
ensuring sub-millisecond accuracy required for robust travel-time based location and
relocation analyses.

Table 1
Station code, latitude, longitude, elevation, sensor type, and sampling rate

Station Name/ Latitude | Longitude | Elevation Sensor tvpe Sampling rate

code ©N) (°E) (m) yp (Hz)
S%ﬁnalu 3.1700 | 98.3920 1200 Broadband (STS-2) 100
Lau Kawar 3.1805 | 98.3850 950 Short-period (2 Hz) 100
LKW . . ort-perio Z
ggﬁber 3.1580 | 98.4015 1350 Broadband (CMG-3T) 100
Sibayak .
SBY 3.1900 | 98.4100 1100 Short-period (1 Hz) 100
Mardinding 31625 | 983760 900 | Broadband (Trillium 120) 100
MDD
Kebayaken 31755 | 984055 | 1400 | Short-period (2 Hz) 200
KBY
SarangGarang | 31500 | 983890 | 1000 | Broadband (STS-2) 100

Recording instrumentation comprised a mix of broadband sensors (for low-frequency
energy and waveform completeness) and high-gain short-period sensors (for improved
signal-to-noise on emergent volcanic phases), digitized at sampling rates listed in Table 1.
Before relocation, continuous records were visually inspected and subjected to automated
quality control: instrument response removal, bandpass filtering tailored to expected P-
and S-phase frequency content, and manual or semi automatic pick review to flag low-
quality or ambiguous arrivals. We quantified station sensitivity and azimuthal coverage,
and we evaluated network performance metrics (detection completeness, pick residual
distributions) to inform data weighting and damping choices in the Geiger iterative
inversion, following best practice recommendations for optimizing hypocenter resolution
in small, volcano-focused networks.

Recording period and picks

Continuous waveform records from 1 October 2023 to 30 April 2024 were inspected in
Swarm to compile a high-quality arrival dataset. Traces were reviewed station-by-station
with variable time windows to capture both isolated and clustered events, while spectral
and time-domain displays aided identification of emergent phases and suppression of
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coherent noise. Narrow-band filtering (1-10 Hz for short-period volcanic phases; 0.5-5 Hz
for broadband low-frequency signals) ensured consistent phase recognition across the
network.

P and S arrival times were picked manually to maximise consistency and to avoid
systematic bias introduced by automatic pickers in low signal-to-noise situations [Katoh
et al., 2025]. Each pick record includes the station code, phase identifier (P or S), UTC
pick time, and a discrete pick-quality flag. Pick quality was assigned on a three-tier scale:
high (clear first arrival, uncertainty <0.02 s), medium (moderately emergent or low SNR,
uncertainty 0.02-0.1 s), and low (ambiguous or strongly emergent, uncertainty >0.1 s).
Picks flagged as low quality were retained in the master file for completeness but down-
weighted in subsequent inversion and sensitivity analyses.

Arrival picks were exported from Swarm as Arrival.dat and converted to the Geiger
adaptive damping (GAD) input format using a reproducible conversion script. The conversion
step verified station codes against the metadata table, standardized time stamps to ISO-
8601 UTC, and propagated the pick-quality flags into the GAD weighting scheme. Prior to
inversion, we performed a final quality control pass that removed obvious outliers, corrected
inconsistent station polarity or phase labels, and ensured that each event had a minimum
of four high- or medium-quality picks. This conservative selection protocol underpins the
robustness and interpretability of the relocated hypocenter catalogue [Bourne et al., 2014].

Inclusion criteria and quality control

Events were selected for relocation only when they satisfied the Geiger adaptive
damping minimum pick requirements [Nakamichi et al., 2014], specifically a minimum
of three independent P picks and the network’s baseline total-pick threshold. Initial GAD
solutions returning root-mean-square travel-time residuals greater than 0.20 s were flagged
for manual review and repicking; repicking prioritized improving high-quality P arrivals,
adding clear S picks where possible, and reconciling mislabelled or time-shifted arrivals.
When repicking failed to reduce residuals below the acceptance threshold, the event was
excluded from the relocated catalogue.

Quality control followed an explicit and reproducible workflow. Automated checks
verified station-code consistency with the metadata table, removed duplicate or implausible
picks, and enforced minimum azimuthal coverage to ensure stable location geometry.
Manual inspection then evaluated pick coherency across the network and applied discrete
quality flags to derive per-pick weights for the GAD inversion. Final solutions were retained
only when they achieved RMS < 0.20 s and met secondary diagnostics, including realistic
depth bounds, acceptable formal location uncertainties, and the absence of gross travel-
time outliers in the residual distribution.

Robustness and sensitivity of the retained catalogue were assessed through jackknife
and bootstrap resampling, velocity model perturbations, and propagation of pick-quality
weights to derive realistic uncertainty estimates for hypocenters. The final vetted catalogue,
with associated quality metrics, is provided in Table S3 to ensure transparency and enable
reuse in hazard and process studies.

Data provenance and availability

Raw seismic waveforms analyzed in this study are owned by the Center for Volcanology
and Geological Hazard Mitigation (PVMBG) and subject to PVMBG’s data-sharing policy.
Processed products — including arrival lists, GAD input/output files, relocated hypocenter
catalogue, pick-quality flags, and metadata tables — are provided as Supplementary
Material. Full data packages and reproducible scripts are archived and available from the
corresponding author or directly from PVMBG upon request, subject to PVMBG’s access
conditions.
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Methods

Seismic wave types and properties

Seismic waves are elastic disturbances that propagate through Earth materials and
generate time-varying strain and particle motion [Yang, 2014]. These disturbances result
from an interaction between the initiating force and the medium’s elastic restoring stresses,
producing oscillatory motion that can be decomposed into longitudinal (compressional) and
transverse (shear) components. Many seismic phases are combinations of these fundamental
modes, each with distinct propagation speed, attenuation behaviour, frequency content, and
implications for observed ground motion at the surface.

Body waves travel through Earth’s interior and carry information about subsurface
structure [Zhang, 2016]. Primary (P) waves are compressional, with particle motion parallel
to wave propagation; they travel fastest and are the first arriving phase at seismic stations.
Secondary (S) waves are shear, with particle motion perpendicular to propagation; they
do not travel through fluids and therefore provide complementary constraints on rigidity
and the presence of melts or fluids [Shayakhmetov et al., 2023]. Relative arrival times and
amplitude decay of P and S phases are primary observables for hypocentre determination
and local velocity-model calibration.

Surface waves propagate along the Earth’s free surface and typically dominate ground
motion at longer periods and larger epicentral distances [Bowden, Tsai, 2017]. Rayleigh
waves involve retrograde elliptical particle motion in the vertical plane and sample both
near-surface compressional and shear properties, making them sensitive to crustal shear-
wave structure [Marghany, 2021]. Love waves are horizontally polarized shear waves
trapped near the surface and are especially sensitive to lateral and vertical contrasts in shear
velocity [Zhang et al., 2021]. Surface-wave dispersion and attenuation provide independent
constraints on shallow structure that complement body-wave location analyses.

Volcanic versus tectonic seismicity and classification

Earthquakes can be broadly classified by their causative mechanisms into tectonic
and volcanic events [Van Der et al., 2022]. Tectonic earthquakes arise from brittle failure
on faults driven by regional stress fields, whereas volcanic earthquakes are primarily
driven by transient processes related to magmatic and hydrothermal systems: magma
ascent, pressurization and depressurization of fluid phases, fracturing induced by volatile
exsolution, and conduit or dome collapse. Volcanic seismicity commonly exhibits emergent
onsets, low signal-to-noise ratios, and a prevalence of shallow focal depths, all of which
complicate phase picking and location [Manzo et al., 2024].

Volcanic earthquakes are often categorised by their waveform and spectral characteristics
into families such as deep volcanic, shallow volcanic, hybrid, low-frequency (LP), volcano-
tectonic (VT), tremor, and long-period (LP) events. Deep volcanic events typically
originate beneath the edifice at depths greater than a few kilometres and are commonly
associated with magma movement at depth, whereas shallow volcanic events occur within
the uppermost crust (commonly within ~0—2 km beneath the surface) and frequently reflect
near-surface fracturing or hydrothermal interactions [Kulhanek, 2002]. Hybrid events
combine impulsive high-frequency and emergent low-frequency energy and often indicate
fluid-rock interactions. Continuous tremor and LP signals are generally associated with
resonant or sustained fluid flow in conduits or hydrothermal fractures; their presence and
spectral content are key indicators of changes in pressurization and flow regimes.

An earthquake’s hypocentre (focus) is its subsurface point of origin where rupture or
the source process initiates [Jain, 2014]; the epicentre is the surface projection directly
above the hypocentre [Lomax et al., 2009]. Depth classification is a standard descriptor



100  Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

for seismic catalogues and is important for discriminating physical processes and hazard
implications. For global tectonic contexts, depth classes are commonly defined as shallow
(<70 km), intermediate (70-300 km), and deep (> 300 km), although volcanic-site studies
typically use much finer, site-specific depth ranges to separate near-surface (0—2 km),
shallow crustal (2-10 km), and deeper crustal sources depending on the local geology and
the instrument network resolution.

Clear and consistent definitions of depth classes, combined with robust uncertainty
estimates on depth and horizontal location, are essential when interpreting seismicity
beneath volcanoes. Because volcanic events are frequently shallow and emergent,
quantifying formal location uncertainties, sensitivity to the velocity model, and station
coverage is critical for reliable source discrimination and for translating hypocentre patterns
into physical interpretations of magma and fluid migration.

Geiger method and adaptive damping

The Geiger method locates earthquake hypocenters by iteratively minimizing misfit be-
tween observed and theoretical travel times using a least-squares update [Luo et al., 2023].
Input requirements comprise station coordinates, P and S arrival times, and a trial veloc-
ity model. Each iteration linearizes the travel-time problem about the current hypocenter
and origin-time estimate and computes corrective updates to reduce travel-time residuals,
thereby closing the gap between observed and calculated arrival times.

For an observation 11 the travel-time residual I'; the difference between the observed ar-
rival time T,y ; the calculated travel time f4). ; for the current model. Linearizing {..¢ ;
with respect to small perturbations in origin time and hypocentre coordinates yields the
standard Gauss—Newton form. In compact notation, the residual is expressed as

where, AX, AY.AZ are coordinate corrections and At is the origin-time correction. The
partial derivatives 9t/ axj form the Jacobian matrix G and are evaluated using ray-path
geometry for the adopted velocity model. These derivatives quantify the sensitivity of each
pick to changes in hypocentre and origin time and are central to computing robust updates
[Brocher, 2008].

The linearized svstem is written as & Am = d, where Am is the vector of parameter
updates (Ax, Ay, Az, At) and d contains the travel-time residuals. To stabilise inversion in
the presence of limited azimuthal coverage, emergent phases, or velocity-model uncertainty,
the system is solved in damped least-squares form:

(GTG + AI) Am = GTd,

where. AA is the damping parameter and | is the identity matrix. Adantive damping
adjusts AA between iterations to balance fit and model stability: reducing AA when updates
yield consistent residual reductions and increasing AA when updates produce non-physical
parameter jumps. This Geiger adaptive damping (GAD) approach improves convergence

and yields more stable hypocentre clouds in sparse or noisy volcanic networks [Lienert
etal., 1986].

Implementation and convergence criteria

Practical implementation requires careful weighting of picks according to quality,
per-pick uncertainties, and station geometry. We propagate pick weights into the normal
equations by multiplying each row of G and corresponding residual by the square root
of the weight. Iterations proceed until both the maximum parameter update |Am| and
the RMS residual change fall below predefined tolerances or until a maximum number of
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iterations is reached. Post-inversion diagnostics include residual histograms, azimuthal gap
checks, formal covariance estimates derived from (GTG 4 AI)~1, and sensitivity tests that
perturb the velocity model or omit individual stations to assess robustness [Diaz, 2016].

Time-frequency transforms such as the S-transform are used to characterise signal
content, guide manual picking, and separate overlapping phases prior to location. The
S-transform provides a time-localized spectral representation that preserves phase
information and scales adaptively with frequency, improving identification of emergent P
and S onsets in noisy volcanic records. Reliable picks informed by time-frequency analysis
reduce systematic errors in G and d, thereby improving the fidelity and interpretability of
GAD relocations [Zhang, 2016].

Results

Event counts and classification

Between 01 October 2023 and 30 April 2024 we relocated and vetted 61 volcanic
earthquakes that satisfied the GAD inclusion and quality criteria. Events were classified
by focal depth into two operational categories chosen to reflect processes relevant to
Sinabung monitoring: VTB (shallow volcanic-tectonic), depth < 2.0 km, and VTA (deep
volcanic-tectonic), depth > 2.0 km. These thresholds were selected to separate near-surface
fracturing and hydrothermal interactions from deeper magmatic or plumbing-related
sources, consistent with local structural interpretations and the network’s vertical resolution
(Table 2).

Table 2
Velocity model, resolution tests, and justification
Layer Vp Vs r:ge()litl:::‘()ln ) Sensitivity
(top—bottom km) (km s) | (kms™) (AZ, km) (depth shift for £10% VP, km)
0.00-0.50 2.00 1.15 0.2 +0.05
0.50-2.00 2.40 1.38 0.3 +0.10
2.00-5.00 3.50 2.02 0.6 +0.25
5.00-15.00 4.50 2.60 1.0 +0.50
>15.00 5.70 330 C;S(g;;’i‘r’lrt) >£1.0

Monthly counts and basic summary statistics are presented in Table 3. Across the study
interval we identify 34 VTA and 27 VTB events. Temporal behaviour shows that VTA
events dominated the early part of the record, while VTB proportions increased during
months with elevated near-summit activity; this partitioning suggests alternating periods
of deeper source activity and intensified shallow fracturing. We quantified month-to-month
variability using Poisson confidence intervals on counts and tested for non-stationarity with
a simple y2 test comparing observed monthly counts against a homogeneous Poisson null
model; significance and p-values.

Table 3
Classification of earthquake events that occurred on Mount Sinabung
No Dates Amounts Types of Earthquakes
1 October 2023 6 Deep Earthquake
7 Shallow earthquake
2 November 2023 2 Deep Earthquake
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6 Shallow earthquake
3 December 2023 6 Deep Earthquake
3 Shallow earthquake
4 January 2024 6 Deep Earthquake
8 Shallow earthquake
5 February 2024 4 Deep Earthquake
1 Shallow earthquake
6 March 2024 4 Deep Earthquake
0 Shallow earthquake
7 April 2024 6 Deep Earthquake
2 Shallow earthquake

Each event entry in the catalogue includes event time, geographic coordinates, depth,
RMS, number of picks, and formal uncertainty estimates derived from the damped
covariance matrix and from station jackknife tests. Classification robustness was assessed
by: (1) propagating depth uncertainties to evaluate the fraction of events with depth
overlap across the 2.0 km threshold, and (2) performing velocity-model perturbation tests
(£10% VP) to bound systematic depth shifts. Where depth uncertainty caused ambiguous
classification, events were flagged in the catalogue and treated separately in aggregated
statistics. Reporting these metrics ensures that interpretations linking depth classes to
physical processes explicitly account for the limits of the local network and velocity model.

Event catalogue and location quality

The complete relocated event catalogue is provided in Table 4 and contains UTC origin
time, latitude, longitude, depth (km), RMS residual (s), number of picks, pick-quality
summary, and formal uncertainty estimates for each entry. Table 4 also lists diagnostic
fields used in quality assessment, including azimuthal gap, minimum and maximum station
distances, and the per-event covariance trace so readers can reproduce selection thresholds
and perform independent filtering.

Accepted locations satisfy a conservative quality threshold of RMS < 0.20 s. Events
failing to meet this threshold after repicking were excluded from the final catalogue. The
typical number of picks per retained event ranged from 4 to 12; events recorded on larger
station subsets systematically display lower RMS, reduced formal covariance, and smaller
confidence ellipses in horizontal position. To preserve transparency we report both the
unweighted and weighted RMS values and provide per-pick weights in the Supplementary
files so users may reweight or rerun inversions as required.

Depth sensitivity varies systematically with focal depth and network geometry.
Shallow events (-2 km) show relatively stable depth estimates with smaller formal
vertical uncertainties under the adopted layered 1-D model, while deeper events exhibit
larger vertical shifts under modest velocity perturbations and larger covariance in z. We
quantify this behaviour in S3 by reporting the vertical variance and by providing results
from +£10 % VP perturbation tests and station jackknife runs for each event. For events
with depth uncertainties that overlap the VITB/VTA classification threshold, entries are
flagged and users are cautioned when attributing physical processes to those particular
depths.

Post-processing diagnostics accompany each catalogue entry. These include residual
histograms, per-station residual summaries, and azimuthal-coverage metrics that identify
events with potentially biased solutions (for example, high azimuthal gap or strongly unequal
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station distribution). We include guidance in the README on how to apply additional
selection criteria (e.g., minimum number of high-quality picks, maximum azimuthal gap)
to produce subsets tailored to specific analyses, such as focal-mechanism studies or fine-
scale migration mapping.

Table 4

Relocated event catalogue

Event ID UTC origin Latit | Long | Depth | RMS | Num | Pick- | Covari | Azimu
time ude | itude | (km) (s) | berof | qualit | ance thal
°N) | (°E) picks y trace | gap (°)
sum (km?)
mary
EVT 0001 2023-10- 3.17 | 983 | 045 012 | 8 6H,2 | 0.0021 | 84
03T02:14:12.34 | 12 928 M
57
EVT 0002 2023-10- 3.16 | 983 | 2.35 0.15 | 6 4H,2 | 0.0087 | 96
07T11:05:47.12 | 98 940 M
0Z
EVT_0003 2023-10- 3.17 | 983 | 1.10 0.09 | 10 8H,2 | 0.0013 | 72
15T18:23:09.98 | 45 906 M
77
EVT 0004 2023-11- 3.16 | 98.3 | 3.80 0.18 | 7 5H,2 | 0.0154 | 140
01T04:56:33.21 | 69 972 M
0Z
EVT 0005 2023-11- 3.17 | 983 | 0.20 0.11 | 9 7H,2 | 0.0010 | 60
20T21:42:02.00 | 20 899 M
47
EVT 0006 2023-12- 3.17 | 98.3 | 2.90 0.16 | 5 3H,2 | 0.0106 | 110
05T13:09:58.46 | 04 956 M
0Z
EVT 0007 2023-12- 3.17 | 983 | 0.85 0.07 | 12 10H, | 0.0009 | 48
18T07:34:21.88 | 58 883 2M
97
EVT 0008 2024-01- 3.16 | 98.4 | 4.50 020 | 6 4H,2 | 0.0217 | 160
09T00:11:44.51 | 85 001 M
27
EVT 0009 2024-02- 3.17 | 983 | 1.75 0.13 | 8 6H,2 | 0.0038 | 82
02T15:28:30.33 | 33 915 M
3Z
EVT 0010 2024-02- 3.16 | 983 | 2.05 0.14 | 7 SH,2 | 0.0075 | 98

Notes:

* Pick-quality summary: H = high quality pick; M = medium quality pick; L = low quality pick.
 Covariance trace reports the trace of the parameter covariance submatrix for spatial coordinates
(proxy for combined location uncertainty); units in km?.

» Azimuthal gap is the largest back-azimuthal gap in degrees for stations used in the solution.

Spatial distribution and Cross-sections

Epicentres are tightly clustered around the volcanic edifice, with the majority of events
occurring within a radial distance of approximately 0—5 km from the summit (Fig. 2). The
plan-view pattern shows a primary concentration on the upper flank and a secondary, more
diffuse cluster extending downslope to the north-west, consistent with shallow fracturing
and conduit-proximal stress release. Station coverage and topographic shadowing are
reported in Table 2 and were considered when interpreting lateral density variations to
avoid over-interpreting apparent gaps caused by network geometry.
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Fig. 2. Distribution of epicenters for October 2023-April 2024 on Mount Sinabung

Orthogonal cross-sections oriented west-east and south-north (Fig. 3a, 3b) delineate
two vertically distinct hypocentre populations. Shallow VTB events are concentrated
between ~0.3 and 2.0 km depth, forming tight, semi-continuous swarms beneath the
summit and upper flanks. Their distribution is consistent with near-surface brittle failure or
hydrothermal cracking within the edifice. In contrast, deeper VTA events define a separate
cluster population between ~2.5 and 14 km depth, spatially coherent with deeper conduit
structures or mid-crustal magma-transport pathways. Rather than a single point source, the
deep population is resolved into several aligned clusters, suggesting vertical segmentation
of the plumbing system or the presence of multiple focal zones.
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Fig. 3. Distribution of hypocentres recorded between October 2023 and April 2024,
shown in orthogonal cross-sections: south—north (a) and west—east (b)

The deepest relocated event in the catalogue occurred in February 2024 at an estimated
depth of ~14 km: this event is reported with its full uncertainty metrics in Table 3 and was
robust to +10 % VP perturbation tests and station jackknife runs. Although deeper events
exhibit larger formal vertical uncertainties, the February event remained classified as VTA
under all sensitivity tests and indicates magmatic or deep crustal processes active beneath
the edifice during the study period.

The depth histogram (Fig. 4) exhibits a clear bimodal distribution that matches the
operational VTB (shallow) and VTA (deep) classifications. This bimodality supports a two-
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tier source model in which shallow, summit-proximal fracturing and deeper, plumbing-
related processes operate concurrently but at distinct depths. We quantify the separation
by reporting the kernel-density estimate and the fraction of events with overlapping 2
km threshold uncertainty in Table 3; these metrics indicate that the bimodal signature is
robust to plausible velocity-model and pick-uncertainty perturbations. Together, plan-view
clustering and cross-sectional segmentation provide a consistent structural framework for
interpreting magma and fluid migration beneath the volcano.
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Fig. 4. Distribution of the depth histogram/for October 2023-April 2024

Sensitivity test outcomes

Perturbing the adopted VP model by +£10 % yields depth shifts that scale with focal
depth: shallow VTB events show shifts typically < 1 km, whereas the deepest VTA events
can shift by up to ~1-3 km under these perturbations. Jackknife tests that systematically
remove single stations reveal that horizontal location sensitivity increases markedly for
events with poor azimuthal coverage; events recorded by six or more stations remain robust,
exhibiting only minor positional changes in both horizontal and vertical components.
Complementary synthetic experiments and interval-velocity sensitivity analyses indicate
that VP/VS and layer thickness trade-offs primarily control vertical resolution and that
shallow layers are generally better constrained by the local network than deeper crustal
layers.

These outcomes justify the operational depth classification and the conservative
quality thresholds applied to the catalogue: events with depth shifts or jackknife-induced
relocations that cross the 2.0 km classification boundary are flagged and excluded from
denth-sensitive process interpretations. We report per-event sensitivity metrics (£10 %
VP depth shifts, jackknife displacement statistics, and formal covariance traces) in Table
2 so that readers can independently assess which events are robust for plumbing-system
inference and which require cautious interpretation.

Discussion

Seismotectonic interpretation and implications

Hypocenter clustering beneath the summit and vertically coherent alignments indicate
a segmented magmatic plumbing system at Sinabung. Shallow VTB events (<2 km) reflect
brittle failure in a pressurized near-surface hydrothermal or conduit environment, whereas
deeper VTA events (to ~14 km) delineate fracture networks accommodating magma ascent
and stress transfer. The bimodal depth distribution highlights multi-stage storage and
intermittent transfer, with phases of deep activity potentially presaging shallow fracturing,
enhanced degassing, and elevated eruption probability if pathways become connected.
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Local network geometry and velocity-model trade-offs constrain vertical resolution
and introduce systematic depth uncertainty; events crossing classification thresholds under
+10 % VP perturbations or jackknife relocations are therefore interpreted with caution.
Strengthening the seismotectonic framework will require denser upper-flank arrays, joint
seismic—geodetic inversions, finite-frequency depth refinement, and continuous spectral
monitoring to better discriminate brittle failure, fluid resonance, and magmatic intrusion.

Comparison with previous studies

Our relocated hypocenter distribution reproduces the shallow- to mid-crustal bands
reported in earlier studies (2016, 2021), with a clear bimodal pattern of shallow VTB
events (<2 km) and deeper VTA events extending several kilometres into the mid-crust.
The emergence of deeper VTA activity in February 2024 suggests episodic stress-state
changes not evident in earlier periods. Absolute depths remain sensitive to the adopted 1-D
velocity model and station geometry; =10 % VP perturbations and jackknife tests reveal
systematic shifts of up to several kilometres for the deepest events. We therefore regard
these deepest locations as robust indicators of deep-seated activity but emphasize caution
in assigning precise values. Targeted dense-array deployments and joint seismic-geodetic
inversions are needed to confirm and refine these depths.

Method limitations and monitoring implications

The principal limitations are the 1-D velocity model and incomplete azimuthal coverage.
Geiger linearization presumes small perturbations and depends on initial guesses and travel-
time accuracy; adaptive damping stabilizes inversions but cannot eliminate systematic biases.
Consequently, depth estimates — especially for the deepest VTA events — carry uncertainties
of several kilometres under plausible VP perturbations. Covariance and jackknife diagnostics
identify which events are robust and which are model-sensitive. To reduce bias and improve
depth fidelity, we recommend tomographic or full-waveform inversion using dense local data
and incorporating surface-wave and receiver-function constraints.

The relocated hypocenter patterns and monthly event rates have direct operational
value for PVMBG. Strategic station densification along NW—SE and NE-SW transects will
reduce azimuthal gaps and halve horizontal uncertainties. Routine automated relocations
with updated velocity models, accompanied by per-event sensitivity metrics, should be
integrated with deformation, gas-flux, and visual observations to detect coupled signals
preceding transitions from deep activity to shallow unrest. These measures will strengthen
eruption forecasting and provide clearer, evidence-based triggers for alert-level decisions.

Conclusions

Sixty-one volcanic earthquakes were located beneath Mount Sinabung (Oct 2023—Apr
2024): 34 deep VTA events at 2.5—14 km and 27 shallow VTB events at 0.3-2 km.

Epicenters cluster within ~0—5 km of the summit; cross-sections reveal vertically
continuous hypocentre pathways consistent with magma-related processes.

Location quality was controlled by RMS thresholding and repicking; sensitivity tests
show greater depth uncertainty for deep events due to velocity-model trade-offs.

Recommendations: densify the seismic network to improve azimuthal coverage; refine
velocity models via tomography or full-waveform inversion; maintain routine hypocentre
relocations to strengthen monitoring and hazard mitigation.

Data availability

Arrival picks (Arrival.dat), station metadata (station.dat), velocity model (Table S2),
GAD outputs (Result.dat), and plotting scripts are available from PVMBG Bandung upon
reasonable request subject to their data-sharing policy.
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Abstract: Relevance. Otman-Bozdag is one of the most active and potentially hazardous mud volcanoes
of the Absheron Peninsula, capable of producing large-scale emissions of breccia, gases, and thermal en-
ergy. Until recently, the absence of continuous seismic monitoring limited detailed analysis of subsurface
processes and eruption dynamics. The installation of a modern digital seismic network in 2022 within an
international project enabled real-time monitoring of mud volcanic activity. Aim. This study aims to investi-
gate the seismic and geodynamic features of the Otman-Bozdag mud volcano, identify stages of its activity,
and assess its connection with deep tectonic structures of the South Caspian Basin. Methods. The study is
based on historical eruption data and continuous seismic records from 35 Kinemetrics and 12 Nanometrics
stations. Seismic monitoring was conducted using SeisComP5 to detect local seismicity, identify P- and S-
waves, estimate source depth, timing, and energy parameters. Stress regime variations were analyzed using
the Lode-Nadai coefficient, complemented by satellite-based mapping of breccia redistribution. Results.
The results indicate that the Otman-Bozdag mud volcano operates as a multi-level fluid discharge system
controlled by deep-seated faults of the South Caspian Basin. Variations in the Lode—Nadai coefficient reflect
transitions from stable to unstable stress states, coinciding with periods of volcanic activation. Seismic data
allow precise determination of eruption onset, source depth, duration of individual stages, and total released
energy.

Keywords: mud volcano, Otman-Bozdag, seismic monitoring, Nanometrics, breccia, fluid dynamics, Lode—
Nadai coefficient.

For citation: Yetirmishli G.J., Kazimova S.E. Study of the activity dynamics of the Otman-Bozdag mud vol-

cano. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of Russian South. (in Russ.). 2026. 16(1):
109-120. DOI: 10.46698/VNC.2026.11.67.001


https://geosouth.ru/article/view/1382/1131
https://orcid.org/0000-0002-0542-2443
https://orcid.org/0000-0002-3013-7361

110  Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

FEOTPAGKS

VIOK 551.435.2
DOI: 10.46698/VNC.2026.11.67.001

OpuruHanbHas cTaTbs

lccAe AOBOHME AMHOMUKA QKTUBHOCTW MOSI3EBOIO
BYAKQHQO OTMQOH-bo3aar

r.Jx. Etmpmuwnull, C.9. Kaaumosai.

HauunoHnanbHas Akagemusa Hayk Asep6angxaHa, PecnybnukaHckuii LieHTp
Celicmonorudeckor Cnyx6ebl, Pecnyonuka AsepbanmpkaH, AZ1001, r. baky,
yn. I'. [xaenga, 123, e-mail: sabina.k@mail.ru

Crarbs noctynuna; 21.11.2025, sopabotana: 16.03.2026, npursita k ny6avkatmu: 19.03.2026

Pe3stome: AKTyanbHocTb pabotbl. OTMaH-bo3aar — 0anH 13 Hanbosnee akTUBHBIX 1 NOTEHLMANTBHO ONACHBIX
rPA3EBbIX BYNKAHOB AMLLEPOHCKOrO NMonyoCTPOBa, CMOCOGHbIA NPOU3BOAUTL MACLUTA6HbIE BbIOPOCHI OpeK4uu,
rasos 1 TennaoBon 3Heprun. [10 HeJaBHEro BPEMeHW OTCYTCTBUE HEMPEpPbIBHOTO CENCMUYECKOr0 MOHUTOPUHIA
OrpaHn41Bano AetanbHbIn aHaIu3 NOA3EMHbIX NPOLECCOB W AMHAMUKN U3BEPXXEHUIA. YCTAaHOBKA COBPEMEHHON
undopoBoi ceincMuyeckoi cetn B 2022 rogy B pamkax MexyHapOAHOro NpoekTa no3sosusia OCyLLecTBNATh
MOHWUTOPUHT rPSA3eBOI BYIIKAHUYECKOI aKTUBHOCTU B PEXIME peasibHoro Bpemenu. Lienbko aaHHoro nccnegosa-
HUS ABNISIETCA N3YYeHNE CENCMUYECKINX M Fre0aMHAMUYeCKMX 0CO6EHHOCTEN rpsizeBoro BynkaHa OtmaH-bosaar,
BbISIBNEHME CTAANIA ero akTMBHOCTM M OLEHKA ero CBA3M C ryOMHHbIMW TEKTOHMYECKMMU CTPYKTypamu Hx-
Ho-Kacnuiickoro 6acceiiHa. MeToauka uccnefaoBaHns 0CHOBaHA Ha UCTOPUYECKUX AAHHBIX 00 U3BEPXKEHUSAX U
HenpepbIBHbIX CeicMuyecknx 3anncsax ¢ 35 ctaHumii Kinemetrics n 12 ctanunin Nanometrics. Ceiicmuyecknii
MOHMTOPMHI NPOBOAMNCA C 1cnonb3oBaHneM SeisComP5 ans 06HapyXeHNs NOKANbHON CEACMUYHOCTI, MAEH-
TMmKaumm P- n S-BOMH, OUEHKM rNy6uHbI 04ara, BPEMEHI BO3HUKHOBEHUS 1 3HEPreTUYeCKNX NapameTpoB.
Bapmaumn pexuma HanpsKeHun aHanu3upoBanucb C UCMonb30BaHWeM KoadduumeHTa Jloge-Hagaw, gonon-
HEHHOTO CMYTHUKOBbLIM KapTUPOBaHWeM nepepacnpejenesus 6pekynn. PesynbTaTbl NOKa3bIBaOT, 4TO IPA3EBON
BynkaH OTmaH-bo3gar yHKUMOHMPYET Kak MHOrOYPOBHEBAs CUCTEMA Pa3rpy3ku qoIlOMA0B, KOHTPONMpyemas
rny6uHHbIMU pa3nomamin HKxHo-Kacnniickoro 6acceitHa. Bapuauuu koadbcbuumenTa Jloge-Hagan otpaxaior
nepexofbl OT CTA6UNbHBIX K HECTABUITbHbIM COCTOSHUAM HaNPSXXeHWI, COBNAAAKOLLIE C Neproamiu BynKkaHuye-
CKOIA aKTMBHOCTW. CeMcMMYecKne AaHHble NO3BOMAIOT TOYHO ONPEAENATL HA4aN0 U3BEPXKEHUS, MTyOuHY o4ara,
NPOAOMKUTENbHOCTb OTAENbHbIX CTaAUA U 06LLYI0 BbICBOOGOXAEHHYIO 3HEPTUIO.

KnioueBble cnoBa: rpssesoil BynkaH, OtmaH-bospar, ceiicMuyecknit MoHuTopuHr, Nanometrics, 6pekyus,
hntonpoanHamuka, Koadpuument Jloge-Hapau.

Ona uutuposanua: Etvpmuwnn k., Kazumosa C.3. lccneaoBaHne AWHAMWUKK aKTUBHOCTU rpsi3e-
Boro BynkaHa Otmau-bospar. feonorus n reogpmaunka tOra Poccun. 2026. 16(1): 109-120. DOI: 10.46698/
VNC.2026.11.67.001

Infroduction

Azerbaijan is one of the world’s unique and exemplary regions for the development of
mud volcanism. Of the approximately 2,500 mud volcanoes known on the planet, more than
350 are located on the land of Eastern Azerbaijan and in the adjacent Caspian Sea area (Fig. 1).
All main types of mud-volcanic manifestations are represented here — active, extinct,
buried, submarine, island, as well as sites with intense hydrocarbon seepage. The annual
activity of mud volcanoes in the country ranges from 3—5 to 10 or more eruptions during
years of heightened seismic activity, averaging 7—12 events per year. Over the past two
centuries—since 1810—and during the last 25 years of monitoring on 94 volcanoes, a total of
443 eruptions have been recorded [Rahmanov, 1987; Aliyev et al., 2009; Ustyugov, Ershov,
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2019]. Most of these episodes were synchronized with earthquakes which, considering
their magnitude, hypocentral depth, and distance to the volcano, often acted as a “trigger
mechanism” for the activation of mud-volcanic processes.

Studies of the geochemical and mineralogical characteristics of sedimentary rocks
in Eastern Azerbaijan demonstrate the important role of geochemical indicators in
reconstructing sedimentation conditions and identifying the sources of terrigenous material.
The analysis of mud volcano breccias carried out in the study by [Baloglanov, 2023]
revealed regular patterns in the distribution of chemical elements and their relationship
with sedimentation processes and deep sources of material. Geological and geochemical
investigations of mud volcano breccias in the eastern part of the region also show that
their composition reflects the structural features of the sedimentary cover and the tectonic
activity of oil- and gas-bearing structures [Baloglanov, Babayev, 2023]. Additional data on
mineralogical and geochemical proxies of Miocene sediments indicate the complex origin
of the sedimentary material and suggest a relationship between the sources and various
lithological complexes, which is important for interpreting the formation conditions of
hydrocarbon-bearing basins in Eastern Azerbaijan [Yolchuyeva et al., 2025].

However, an eruption occurs only when the volcano itself is in a state of energetic
readiness to release [Aliyev, Bayramov, 2008; Ahmedbeyli, 1975]. Of particular interest
is the high concentration of active volcanoes with regular eruptions. Among them are
the widely known Lokbatan (29 eruptions) and Keyreki (19) on the Absheron Peninsula,
Shikhzarly (26) in Gobustan, Gushchu (15) in the Shamakhi district, and Khare-Zirya
(13) in the northern part of the Baku archipelago [Aliyev, Yetirmishli, 2021]. Each mud-
volcano eruption provides new information, a “message” about the processes occurring
in the subsurface. Unfortunately, due to the short duration of mud-volcanic eruptions, it
is almost never possible to observe and follow the entire mechanism from start to finish.
Usually, geologists learn about it with some delay, and in the case of remote volcanoes,
observations occur after the eruption has ended. How the process unfolds is often recorded
mainly from eyewitness accounts.

A s/st. B mud-volcanoes

Fig. 1. Diagram of the distribution of mud volcanoes in Azerbaijan and the southern
Caspian region
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Thanks to the high-resolution capabilities of digital seismic equipment produced by
Kinemetrics (USA), the Republican Center of the Seismic Service under ANAS has been
able since 2003 to record and analyze mud-volcano eruptions, determining the time and
duration, number of phases, hypocentral depth (vent), and eruption energy [Kazimova et
al., 2016]. In 2022, within the framework of an international project, the Republican Center
installed an additional 22 Nanometrics seismic stations (Canada) in Azerbaijan. For the
first time in the world, 12 of these stations were deployed in the Absheron and Gobustan
regions to study mud-volcano dynamics, and a dedicated monitoring group was established
to track mud-volcanic activity.

The installation of high-sensitivity seismometers and GPS stations near mud volcanoes
allows for monitoring microseismic activity and crustal deformations before and after
eruptions. Such networks help identify correlations between volcanic eruptions and tectonic
shocks. For example, analysis of digital records from volcanic stations several hours before
the Lokbatan mud-volcano eruption on 11 August 2022 showed that the eruption did not
occur instantaneously, but rather involved a preparatory phase [Yetirmishli, Kazimova,
2023]. Thus, the activation of the mud volcano started several hours prior to the eruption.

Given the high concentration and diversity of mud-volcanic manifestations, particular
interest is focused on the Otman-Bozdag volcano, which is one of the most dynamic
and well-studied mud-volcanic structures of Southern Absheron. Its activity, including
major historical and recent eruptions, makes it a representative model for analyzing mud-
volcanism mechanisms, highlighting the relevance of the present study.

Research Methodology

As noted above, in 2022, within the framework of an international project, the network
of high-precision digital seismic stations in Azerbaijan was significantly expanded. The
Republican Center of the Seismic Service installed an additional 22 Nanometrics stations
(Canada), enhancing both the sensitivity of detection and the accuracy of localizing seismic
events of various origins. A distinctive feature of the project was the first-ever deployment
worldwide of a specialized system for studying mud-volcano dynamics: 12 stations were
installed in the Absheron and Gobustan regions, where the highest concentration of active
mud volcanoes is observed.

These stations formed a unified local network aimed at detailed monitoring of mud-
volcanic activity. Data processing and analysis are performed using the SeisComP5
software package, adapted for real-time monitoring and automatic event classification.
The system algorithms allow for the detection of anomalous signals characteristic of mud
volcanoes, which differ from tectonic earthquakes in spectrum, amplitude-time structure,
and duration.

The data-processing methodology consists of several sequential stages. At the first stage,
events are automatically detected, and the first arrivals of P- and S-waves are identified.
Then, hypocentral parameters are refined: the coordinates and approximate location of the
mud-volcano vent are determined using data from nearby stations with minimal error. For
each event, the exact eruption onset time and duration are recorded, which is particularly
important for studying eruption dynamics and energy release.

The next stage involves analysis of seismic signal shapes, spectral content, and phase
structure. The number of phases, signal energy, and temporal characteristics are used to
classify eruption types and assess the magnitude of the process. Event energy is additionally
calculated, allowing comparisons between eruptions and identification of temporal trends.

To understand the formation mechanism of mud eruptions and assess potential volcanic
activity, we analyzed the evolution of the stress state around the volcano using the Lode—



Geology and Geophysics of Russian South 16 (1) 2026 ['eonorvs n reopuanka fOra Poccmt - 113

Nadai parameter. In seismology, this parameter is applied when reconstructing the stress
tensor from focal mechanism data. The Lode—Nadai parameter (uo) characterizes the type
of stress state, reflecting the relationship between the three principal deviatoric stresses at
a fixed maximum shear stress [Babayev et al., 2019]. Since the calculations exclude the
spherical component of the tensor, the parameter characterizes only the deviatoric state
associated with material deformation. Its value is defined as po = (20, — 6, — 03)/(5, —
03), ranging from —1 to +1. po = +1 corresponds to a near-biaxial tension state (o, = o),
uo =—1 corresponds to biaxial compression (o, = 03), and po = 0 corresponds to pure shear.
In the international literature, the related parameter ® = (6, — 03)/(0; — 03) is often used,
which is connected to the Lode—Nadai parameter by po =1 — 20.

Mud Volcano Otman-Bozdag

The Otman-Bozdag mud volcano is located 60 km from Baku, between the villages
of Sangachal and Gobustan, and approximately 5 km west of the Karadag station of the
Azerbaijan Railway. It represents one of the most characteristic and well-studied features
of the Absheron mud-volcanic province. Morphologically, the volcano has the shape of a
truncated cone, typical for ancient and repeatedly reactivated mud-volcanic edifices. The
absolute height of the crater exceeds 400 m above sea level, emphasizing the substantial
scale of the volcanic structure (Fig. 2). The steep slopes of the volcano are dissected by a
system of radially diverging small erosion gullies, reflecting both the prolonged influence
of surface runoff and the lithological composition of erupted materials [Golubyatnikov,
1913; Yakubov, 1976].

The crater shape of Otman-Bozdag is a representative example of a mud-volcanic
caldera. It is characterized by steep and high inner walls formed due to repeated collapse
phases and subsidence of the central part following degassing and fluid outflow. The
central area of the crater is lowered, consistent with models of subsidence of mud-volcano
chamber roofs. Seven concentric ledges are observed on the crater floor, reflecting the
staged evolution of crater morphology and likely associated with alternating periods of
activity and relative quiescence [Suleymanov, Pashaly, 1953].
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Fig. 2. Topographic model of the Otman-Bozdag mud volcano
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The crater, measuring approximately 500 x 400 m, is partially filled with mud-volcanic
breccias and clayey masses on the side of the stream channel, while its opposite part is
overlain by hill deposits. On the crater surface, a cluster of closely spaced mud cones is
localized-active point-like vents that periodically erupt liquid mud, formation waters, and
gas. Although the gas volumes are small, their constancy indicates ongoing migration of
deep fluids and confirms that the volcano remains active [ Yakubov, 1976]. The area of the
cone cluster reaches approximately 60 m, reflecting the compactness of the active central
vent.

During intense mud-volcano eruptions, breccia ejections form powerful fan-shaped
or tongue-shaped flows, which can extend hundreds of meters in width and more than a
kilometer in length. The thickness of such flows typically reaches 10—-12 m, and in some
cases exceeds these values. These deposits often cover significant areas, as observed at the
Inchabel and Dashmardan volcanoes, where breccia coverage reaches 37.7 and 31.9 km?,
respectively, with an average thickness of about 100 m. The figure shows tongue-shaped
breccia flows of the Otman-Bozdag volcano in 2004, 2017, and 2018.

The eruption products consist of clayey mass containing fragments of rocks of various
ages. Breccia from the cones includes materials from the productive layer, diatomite
deposits, as well as older stratigraphic horizons, confirming the involvement of deep fluid-
retentive complexes in eruption formation. The uplift of these rocks to the surface reflects
the activity of vertical fault-fracture zones, along which degassing and pressure release
occur.

To the west, north, and east, Otman-Bozdag is bordered by Absheron limestones, as
well as inclined limestones containing mollusk shells. These formations dip toward the
volcano, consistent with regional folding patterns and indicating the presence of favorable
structural traps for fluid migration.

Some studies suggest that the volcano is formed within a synclinal structure, as
similar forms are observed at other regional volcanoes. However, geological data from
the surrounding area, including the orientation of sedimentary layers and main structural
elements, indicate that Otman-Bozdag is associated with anticlinal uplifts. Its central vent
aligns with the axis of the Karadag anticline and lies within its tectonically disrupted zone,
reflecting a direct link between mud-volcanic activity and fault-controlled pathways for
deep fluid release [Yusubov et al., 2019].

No surface oil manifestations are observed within the volcanic area. However,
subsurface layers indicate continued directed migration of hydrocarbon fluids, suggesting
ongoing deep fluid migration. The proximity of the Karadag oil field confirms the potential
involvement of regional hydrocarbon-bearing horizons in the volcano’s fluid supply.

Despite the absence of surface oil emissions, considering the significant hydrocarbon
reserves in the lower parts of the productive layer in neighboring areas of the Gabristan
zone and the favorable local geological conditions, the presence of oil-bearing horizons
within the studied valley is likely. This underscores the need for further geological and
geophysical studies aimed at clarifying fluid migration pathways, the depth of feeding
channels, and the role of regional tectonics in sustaining volcanic activity.

Chronology of Eruptions of the Otman-Bozdag Mud Volcano

The Otman-Bozdag mud volcano has repeatedly demonstrated powerful activity over
the past two centuries. The first documented eruption occurred on February 3, 1854,
when the explosion ejected breccia up to 20 meters high, forming a deposit covering
approximately 1,000 hectares with a thickness of up to 2 meters and a total volume of about
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20 million cubic meters. In the evening of November 23, 1904, a strong explosive eruption
was observed, accompanied by gas release and a flame reaching 100 meters. The eruption
occurred in three phases; the crater was cut by cracks up to 1.2 km long and 0.7 m wide,
while the breccia flow extended 3 km in length and 1.75 km in width, covering an area of
250 hectares [Golubyatnikov, 1913].

On January 31, 1922, at 18:25, an eruption lasting 25 minutes occurred, producing a
flash and a cloud of black smoke. The flame reached over 500 meters, but the emission of
new breccia was minimal: most of the mass movement resulted from cracking of old flows
and their displacement from the crater center to the periphery. In the autumn of 1951, the
breccia cover occupied an area of about 7 hectares, with thickness varying from 0.5-1
meter at the periphery to 45 meters in the center, giving a total volume of 182,000 cubic
meters. Linear cracks with amplitudes of 1-2 meters were recorded in the crater zone, and
scattered eruption products on the surface indicated local combustion [Kovalevsky, 1922].

On October 1, 1965, at 12:50, an eruption lasted 2.5 hours, accompanied by underground
rumbling, explosions, and emission of gas and breccia [Kerimov et al., 1966; Buniat-Zade,
Gorin, 1974]. Flames exceeded 100 meters, forming a mushroom-shaped cloud of white
smoke. The breccia deposit, 220 meters in diameter, covered 4 hectares with a thickness
of 1-2 meters and a total volume of 52,500 cubic meters. Concentric and radial cracks up
to 600 meters long, 3 meters deep, and 0.4—0.5 meters in displacement amplitude were
observed.

In the spring of 1985, gas ignition and a breccia eruption with a thickness of 1 meter
over 2 hectares (diameter ~160 meters) were observed. Fracturing zones formed within the
crater, and one of the cracks reached 400 meters in length in the near-latitudinal direction.
On December 12, 1994, at 17:45, a 40-minute eruption occurred, accompanied by gas
ignition and formation of a breccia cover measuring 240 x 210 meters (5 hectares) with a
thickness of 0.5-2 meters and a volume of 63,000 cubic meters. Three major cracks were
recorded, each 450 meters long, over 3 meters deep, and 2 meters wide.

On June 21, 2004, in the evening, underground rumbling, explosions, and breccia
ejection to a height of 20-25 meters were observed. The volume of breccia ejected by the
volcano was 52 m*® with a thickness of 0.4—1.8 meters, covering an area of 4.3 hectares
within a crater field measuring 240 x 195 meters.

On February 6, 2017, the Otman-Bozdag volcano erupted explosively in two stages. The
first stage lasted 3 minutes 23 seconds with a source depth of 3 km, and the second stage
lasted 5 minutes at the same depth. During the second stage, a fire column rose 270-300
meters above the crater. Deep cracks appeared near the crater. This was the 9th registered
eruption of the Otman-Bozdag volcano, the previous one having occurred in 2004. During
the survey, several deep cracks were discovered near the crater, some up to 6 meters wide
and 4 km long. In addition to fire and smoke, the volcano emitted a large amount of mud,
covering an area of 12 hectares. The eruption was recorded by 8 digital seismic stations:
Gobu, Ali-Bayramly, Gobustan, Gala, Altyagach, Pirgulu, Siyazan, and Khinalyg.

On September 23, 2018, the volcano erupted again after a one-year pause. The first
event occurred at approximately 08:53, and the second at 09:58. Flame heights reached
200-300 meters. Following the eruption, numerous cracks up to 40 meters deep formed in
the surrounding area (Fig. 3).

On October 11, 2025, at 08:27 local time, another eruption of Otman-Bozdag occurred
in the Karadag was district, was recorded in three phases. The first phase started at 08:27
and lasted 10 minutes, the second from 08:39 to 08:51 (12 minutes), and the third from
09:02 to 09:06 (4 minutes) (Fig. 4). The source depth reached 4 kilometers, and the total
energy released was 2.19 x 107 J. The eruption was accompanied by a fire column.
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Fig. 3. Maps of mud-volcanic breccia flows of Otman-Bozdag in 2017, 2018, and 2025,
constructed based on Google Earth Pro data
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Fig. 4. Waveform record of the Otman-Bozdag mud volcano eruption in 2025
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Throughout the 19th—20th centuries, similar volcanic activity was recorded on the
nearby Gil Island, with eruptions observed in 1810, 1859, 1860, 1895, 1896, 1913, 1926,
1937, 1960, and 1962.

Analysis of Otman-Bozdag eruptions over the past 170 years shows pronounced
irregular periodicity. Intervals between events range from 3—4 years to 3040 years,
indicating no regular cycle and a dependence on complex deep-fluid processes. The longest
pause (33 years) occurred between the 1922 and 1951 eruptions, while the shortest—around
3 years—was recorded between 2017 and 2018, reflecting an overall increase in activity in
the 21st century.

Comparison of normalized eruption intensity indicators—fountain height, deposit area,
and breccia volume-highlights key events reflecting the volcano’s evolving dynamics. The
1854 eruption stands out as an absolute extreme: its deposit, covering ~1000 ha with a
breccia volume of ~20 million m?®, far exceeds all subsequent events. The coincidence of
maxima in area and volume underscores the exceptional power of this event on a geological
scale.

In terms of gas emission and visual effects, the 1922 eruption is notable, producing a
flaming column over 500 m—the highest recorded. Despite a relatively small new breccia
volume, this event represents a phase of extreme degassing of deep fluids.

The second half of the 20th century shows a trend of reduced eruption scales; however,
the 1965, 1985, and 1994 events still exhibited marked fracturing, underground rumbling,
and intense gas release. Although integrated parameters decreased, the volcano retained
high structural mobility, indicating continued activity of the feeding system.

In the 21st century, a new phase of enhanced dynamics is observed. The 2004 eruption,
though small (~52 m?), exhibited significant seismoacoustic expression. The most intense
modern events occurred in 2017, 2018, and 2025, reflecting a trend toward more frequent
and stronger eruptions.

Spatial-temporal variations of the Lode-Nadai
coefficient in the Otman-Bozdag mud volcano region
(2004-2025)

The maps presented illustrate the spatial-temporal variations of the Lode—Nadai coef-
ficient in the Otman-Bozdag mud volcano region for 2004, 2017, 2018, and 2025 (Fig. 5).
The coefficient values reflect changes in the type of deviatoric stress state, ranging from
dominant extension (negative values, cool tones) to predominant compression (positive
values, warm tones).

In 2004, the area around the volcano was characterized by a pronounced dominance
of extensional stresses, manifested as a large zone of negative pg values to the south and
southwest of the volcano. By 2017, the stress field had redistributed: local compression
zones formed to the north and northeast of Otman-Bozdag, possibly indicating a shift in the
local tectonic regime or a response to recent seismodynamic processes.

In 2018, the stress field showed further strengthening of areas with positive coefficient
values, especially in the northern part of the region, while the zone of negative values
persisted in the south but had shifted. This reflects a transition from a predominantly exten-
sional stress regime to a mixed or even compressional type in certain areas.

By 2025, negative coefficient values again dominated the central and southern parts of
the region, yet new local compression zones appeared, demonstrating the high temporal
variability of the deviatoric stress field in the area.
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Fig. 5. Evolution of the Lode—Nadai coefficient field around the Otman-Bozdag mud volcano
Jor 2004, 2017, 2018, and 2025

The observed variations of the Lode—Nadai coefficient indicate a highly dynamic local
stress regime around the mud volcano. The redistribution of deviatoric stresses may be
linked both to regional tectonic processes and to periods of volcanic activation, changes in
pore pressure, or local responses of the sedimentary cover to deep geodynamic processes.

Discussion of Results

The Azerbaijani mud-volcanic province, with the world’s largest concentration of active
and diverse mud volcanoes, represents a unique natural laboratory for studying deep fluid-
dynamic processes. The high frequency of eruptions, coupled with their close relationship
to regional seismicity, provides exceptional observational opportunities [Yunuslu, 2024;
Ivanov et al., 2019; Etiope, Milkov, 2004; Wright, Burgess, 1992; Svensen et al., 2009].

The deployment of high-sensitivity digital seismic stations (Kinemetrics and
Nanometrics), along with the creation of the world’s first specialized mud-volcano
monitoring network, has enabled the detailed analysis of eruption preparation and
development dynamics. The data confirm that mud-volcanic processes exhibit a pre-
activation phase lasting from several minutes to a few hours.

Morphological features of the Otman-Bozdag mud volcano—including its well-
developed caldera, concentric terraces, and radial fracture system—clearly indicate multiple
phases of activity, accompanied by repeated cycles of degassing, collapse, and deep fluid
discharge.

Geological and structural evidence shows that Otman-Bozdag formed not within a
synclinal depression, as previously thought, but along an anticlinal uplift of the Karadag
structure, intersected by deep faults. This confirms the direct link between mud-volcanism
and tectonic channels of reservoir pressure release.

The chemical and lithological composition of breccias, containing fragments of
stratigraphic complexes of various ages—from the productive layer to diatomite and older
horizons—indicates the involvement of a multi-level system of impermeable layers and
deep fluid reservoirs in eruption formation.
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The chronology of Otman-Bozdag eruptions over the past 170 years demonstrates
the cyclicity and periodicity of volcanic activity, including both major explosive and
relatively minor events. Eruption energetics, ejecta volumes, and fracture parameters vary
significantly, reflecting the dynamic pressure regime in the feeding system.

Analysis of the Lode—Nadai coefficient shows that an inhomogeneous deviatoric stress
state develops around the volcano, changing over time and correlating with eruption
periods. This parameter can therefore serve as an additional indicator of mud-volcanic pre-
activation.

The spatial association of the volcano with hydrocarbon migration zones and the
proximity of oil and gas-bearing horizons in the Karadag area suggest a possible role of
hydrocarbon fluids in feeding the system, highlighting the need for further deep geophysical
studies.

This study confirms that Otman-Bozdag serves as a representative natural model
of the mud-volcanic process in Southern Absheron. Its comprehensive investigation—
including seismic monitoring, morphometric analysis, geological mapping, and stress-
field assessment—significantly advances the understanding of mud-volcano formation
mechanisms and evolution in Azerbaijan.

Conclusion

The Azerbaijani mud-volcanic province represents a unique natural laboratory for
studying deep fluid-dynamic processes. Its high eruption frequency and strong connection
to regional seismicity make it an invaluable observational site. The use of digital seismic
stations (Kinemetrics and Nanometrics) enabled, for the first time, detailed analysis of
eruption preparation and development, revealing pre-activation phases lasting from several
minutes to a few hours.

Eruptions of Otman-Bozdag depend on the stress—strain state of the crust and the
volcano’s energetic readiness, highlighting the nonlinear interaction between tectonics
and the fluid system. The volcano’s morphology and the composition of breccias indicate
multiple cycles of degassing and the involvement of multi-level fluid reservoirs.

Geological and structural data confirm the volcano’s connection to deep faults of
the Karadag structure, while analysis of the Lode—Nadai coefficient shows a correlation
between deviatoric stress and periods of volcanic activity. The spatial association with oil
and gas-bearing zones suggests a possible role of hydrocarbon fluids in the feeding system.

Otman-Bozdag serves as a representative model of the mud-volcanic process in
Southern Absheron, and its comprehensive study significantly enhances the understanding
of the mechanisms governing the formation and evolution of mud volcanoes in Azerbaijan.
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Abstract: A comprehensive analysis of the seismic conditions, tectonic structure, and hydrocarbon potential
of the Khara-Zira, Sangachal-Deniz, and Duvanny-Deniz structural zones in the southwestern sector of the
Caspian Sea remains a significant geological challenge. This assessment, based on modern geophysical data, is
essential for improving the understanding of the region’s structural framework and resource potential. The aim of
the study was to investigate the geodynamic characteristics, morphological structure of sedimentary complexes,
and the hydrocarbon potential of above named structural zones. Research methods included analyzing new data
obtained using seismic logging, vertical seismic profiling (SL-VSP), and the common depth point (CDP) methods.
Mapping of the main structures — Khara-Zira, Duvanny-Deniz, and Sangachal-Deniz — based on 2D seismic data
and numerous seismic profiles covering the study area. Tectonic deformations and fault systems complicating
these structures were also analyzed, taking into account the location, trajectory, and amplitude of longitudinal and
transverse faults. These data allowed us to assess the influence of tectonics on the geodynamic evolution of the
region. Results. Based on seismic velocity parameters, averaged vertical traveltime curves (hodographs) were
constructed, which were used as a reliable basis for converting dynamic time dependency into depth sections.
Furthermore, the morphological features of the Productive Suits and deeper sedimentary complexes were
refined, including the contours of synclinal and periclinal zones, strike zones of tectonic faults, and the geological
characteristics of structural elements. It was shown that a reliable interpretation of the structural-tectonic setting
and velocity models provides a trustable basis for hydrocarbon exploration in these areas. Summarizing the
obtained results, the final conclusion is that the hydrocarbon potential of the productive series and deeper layers
is estimated to be considerable.
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Pe3tome: KoMN/IEKCHbI aHanM3 CecMOoreosiorn4eckux yCnoBuil, TEKTOHUYECKOrO CTPOEHUS U NMEPCNEKTUB
YrMeBOA0POAOCOAEPXKAHNS CTPYKTYPHbIX 30H Xapa-3upa, GaHrayanbl-mope 1 [lyBaHHbI-MOpPE, pacrnonoMXeHHbIX
B tOr0-3anagHomM CekTope Kacnumckoro mops, NPOBELEHHbIN HA OCHOBE COBPEMEHHbIX re0thM3NYecKuxX LaH-
HbIX, 0CTAeTCA OAHON 13 aKTyaNbHbIX re0siornyeckmx 3agad. Lienb uccnegoBanns — n3y4eHue reofHamMmyecKkmx
XapaKTepucTuK, Mopd osornieckon CTPYKTYPbl 0CAA04HbIX KOMMIIEKCOB U YINMEBOAOPOAHOr0 NoTeHuMana pac-
CMaTpUBaeMbIX CTPYKTYPHbIX 30H. MeTofbl uccnegosanus. [IpoaHann3npoBaHbl HOBbIE [aHHbIE, MONYYEHHbIE
C MOMOLLbHO CelicMOKapoTaxa, BEPTUKAIIbHOTO CeMcMMYeckoro npodmnuposatus (SL-VSP) n metofa obuieil
rny6uHHOA To4kM (MOIT). B 0CHOBY KapTMpOBaHMS MMaBHbIX CTPYKTYP: Xapa-3upa, JyBaHHbl-mope 1 CaHrada-
NbI-MOPE ObINU NONOXEHbI 2D CeNCMUYECKINE JaHHbIE U MHOTOYNCNEHHbIE CEIICMUYECKMEe NPOUN, 0XBaTbiBa-
foLLMe uccneayemyto Tepputopuio. Takxxe 6bIn1 NPOAHANM3NPOBaHbI TEKTOHUYECKIUE AePOpMALN U CUCTEMbI
pasfioMOB, OCNOXHAOLLNE 3TU CTPYKTYPbI, C Y4ETOM MECTOMONOXEHUS, TPAEKTOPUN 1 aMNANUTYAbI NMPOA0bHbIX
1 NOMNEPEeYHbIX TEKTOHMYECKNX Pa3NOMOB. 3TV AAHHbIE MO3BONWAN OLEHUTb BIMSHUE TEKTOHUKM Ha reoanHa-
MWYECKY0 3BOJIIOLMIO paioHa. PesynbTathl. Ha 0CHOBE napameTpoB CEMCMUYECKON CKOPOCTU, BbINK NOCTPO-
eHbl YCPeAHEeHHbIe BEPTUKaNbHbIE roforpadsl, KOTOPbIE UCMONb30BANINCH B KA4€CTBE HAZEXHON OCHOBLI AN
npeobpa3oBaHns OUHAMUYECKUX BPEMEHHbIX Pa3pe3oB B rNyOuHHbIE pa3pesbl. Kpome T0ro, 6biM YTOYHEHDI
mopdonoruyeckme ocobeHHocTn MNpoayKTBHONA Tonwm u 6onee rny6oKMX 0Cao4HbIX KOMMIEKCOB, BKITHOYas
KOHTYPbI CUHKNUHANBHBIX W MEPUKITMHATIbHBIX 30H, 30H NPOCTUPAHUA TEKTOHUYECKUX PA3NOMOB W reosioruye-
CKME XapaKTepUCTUKN CTPYKTYPHbLIX 3NeMeHTOB. [10Ka3aHo, 4TO HaZeXxHas UHTeprnpeTauus CTPYKTYpPHO-TEKTO-
HUYECKOI 0OCTAHOBKU 1 CKOPOCTHbIX MOZEer 06ecnevnBaeT HafexHY0 OCHOBY 19 Pa3BeaKu yrnesojopofoB
B 3TUX pailoHax. Takum 06pa3om, U3 BCEX OMUCAHHbIX [eTaNieil MOXXHO CAeNaTh BbIBOA O A0CTATOYHO BbICOKOM
YrnesoAoPOLHOM NOTeHLMane NPOAYKTUBHO TOMLLM W NOACTUNAKOLMX FTOPU3OHTOB.

Kntouesbie €noBa: CeiiCMUYECKIA KapoTax, BEPTUKANbHbIN roforpad, cencMmuyeckas CKopocTHas MoLeNb,
pasnombl.
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Infroduction

The study area is located in the southeastern extension of the Utelgi—Kanizadag—Khara-
Zira anticlinal zone of the Sangachal-Sea uplift. This anticlinal zone is separated from the
Kanizadag structure by a shallow saddle where sediments of the Akchagyl stage have ac-
cumulated. In the crest of the fold, sediments of the Productive Series (PS) are observed,
while on the flanks and in the southeastern pericline, Akchagyl and Absheron sediments
are present. Quaternary sediments overlie the distant northeastern flank of the structure
[Abdullayev et al., 2024; Abbasov, 2004; Alizadeh et al., 2024].

An integrated comparative analysis of newly acquired geological and geophysical data,
coupled with advanced structural modeling, provides substantial scientific and practical
value. This approach facilitates the expansion of existing production areas, the identifica-
tion of new oil- and gas-bearing prospects, and the delineation of productive zones within
deeper stratigraphic intervals.

At present, conducting such research is considered a highly relevant and significant
scientific direction.

The objective of this study is to construct velocity models based on seismic-logging and
Vertical Seismic Profiling (VSP) data from wells drilled in the research area — Sangachal-
Deniz-124, Sangachal-Deniz-440, Khara-Zira-568, and Well No. 578 of the 8 March field.
The study also involves analyzing the results of VSP surveys conducted in these wells and
refining the geological and tectonic structure of the area using data obtained from Common
Depth Point (CDP) seismic exploration. Ultimately, the goal is to provide an accurate as-
sessment of the hydrocarbon prospectivity of the studied structures.

The Sangachal-Deniz fold has an asymmetrical brachyanticlinal structure with a north-
west-southeast (NE-SE) trend within of South Caspean Basin (SCB). The structure
is asymmetrical in both the transverse and longitudinal directions. The south-west (SW)
flank of the fold (20-30°) is less inclined than the north-east (NE) flank (35-45°). The dip
angles on the flanks decrease with depth, and in the VII horizon of the PL the dip angle of
the layers decreases to 15-20°.

The Sangachal-Deniz brachyanticline, that was drilled here according to the data of the
wells, is complicated by three main longitudinal faults (Report. Azerbaijan SSR, 1963—
1964, SP 1/63, 2/63. Goberman, K. I.). These faults are traced stepwise and sequentially,
where the northeastern block is lowered relative to the southwestern block. The ampli-
tude of displacements along the tectonic fault varies between 100-200 m. As the depth
increases, these faults approach each other and in the lower levels of the Productive layer
(PL) sedimentary complex, in the upper part of the Miocene, they merge into a single fault
[Alizadeh et al., 2024; Babeshko et al., 2025; Chernov et al., 2020; Ding et al., 2023].

The northeastern flank of the fold is divided into tectonic blocks by six transverse and
two relatively small-scale longitudinal faults. The displacement amplitude between these
blocks varies from 40—50 m to 100-200 m. The arch part of the fold and the southwestern
flank are complicated by two main transverse faults. These faults separate the northwestern
periclinal of the fold from the main part, directing it from the northeast to the southwest
(Study of sandy horizons and evaluation of oil and gas prospectivity in the Sangachal-sea
— Babek uplift zone (including 8 March and Alet-sea fields) (Final Report. KMAIB. Baku.
2014. 494 p. / Guliyev Z.1., Shirinova S.A., et al.). As a result, the southeastern block has
subsided relative to the northwestern block, each with an amplitude of 50-200 m. It is
assumed that these transverse faults die out on the flanks before reaching the axis of the
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synclines. The southeastern periclinal of the fold is twice as short as the northwestern peri-
clinal [Chernov et al., 2020; Di Toro et al., 2011; Ding et al., 2023].

The short southeast periclinal, where the Sangachal-Deniz structure meets the Duvan-
ni-Deniz structure, is also complicated by transverse tectonic faults. The Duvanni-Deniz
uplift lies southeast of the Sangachal-Deniz uplift and is separated from it by a slight com-
pression of the strata. The small saddle located between the structures is complicated by
transverse faults [Yusubov, Guliyev, 2015; Di Toro et al., 2011; Babeshko et al., 2025].
Here the direction of the layers is partially inclined and the convex side is directed to the
northeast. The axis of the Duvanni-Deniz fold turns southeast towards the Khara-Zira is-
land.

Tectonically, the Duvanni uplift is an asymmetric anticlinal fold, the northeastern flank
has a dip angle of 25-30°, and the southwestern flank has a dip angle of 20-25°. Thorugh
the seabedin the arch of the fold and in the northwestern periclinal PL sediments, and in the
southeastern periclinal — upper Pliocene Quaternary sediments are observed. The south-
eastern periclinal extension is four times longer than the northwestern periclinal, and the
structure dips towards the island of Khara-Zira (Report Marine Seismic Party, No. 23/84,
No. 2/84. Baku, 1985/Anuesa A.K.).

The arch part of the fold is complicated by longitudinal tectonic faults associated with
Zanbil Island, Khara-Zira Island and Abikh mud volcanoes.The central longitudinal fault
in the Sangachal-Daniz uplift merges with the northern part of the Zanbil Island uplift in
the southeast, and is then followed by only two faults to the southeast. As a result of these
faults, the central block has descended in the form of a graben (Report. Marine Seismic
Party, No. 23/84, No. 2/84. Baku, 1985/AnueBa A.K.).

The displacement amplitude of the central block increases to 100—120 m in the south-
western flank of the structure and up to 1500 m in the northeastern part. Then, towards
the southeast from the transverse fault, the central block has risen in the form of a horst
by 1300 m relative to the southwestern flank and 400 m relative to the northeastern flank
[Babeshko et al., 2025; Di Toro et al., 2011; Ding et al., 2023] (Study of sandy horizons and
evaluation of oil and gas prospectivity in the Sangachal-sea — Babek uplift zone (including
8 March and Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. / Guliyev Z.1.,
Shirinova S.A. et al.).

The two main longitudinal faults converge with increasing depth and probably merge
into a single fault in the underlying sediments [Abdullayev et al., 2024; Chernov et al.,
2020]. Another arcuate longitudinal fault with a displacement amplitude of 300 m is ob-
served on the northeastern flank of the structure, which caused the lowering of the north-
eastern block. In addition, the northeastern flank of the structure is complicated by several
small transverse fractures with an amplitude of 40-50 m. These faults gave a blocky struc-
ture to the northeastern flank of the fold.

Structural outcrop is observed on all horizons of the PL on the far northeastern flank
of the Duvanni fold. It increases the probability of the formation of saddle-type structural
structures in the sediments below the PL within the Jeyrankechmez depression [Abdul-
layev et al., 2024; Hasanov et al., 2022, 2023; Iskenderov et al., 2017] (Study of sandy
horizons and evaluation of oil and gas prospectivity in the Sangachal-sea — Babek uplift
zone (including 8 March and Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. /
Guliyev Z.1., Shirinova S.A. et al.).

The Duvanni-Deniz Fold has a more complex geological and tectonic structure com-
pared to neighboring structures. Its central part is complicated by large transverse and lon-
gitudinal tectonic faults, large mud volcano and graben-type dislocations (Study of sandy
horizons and evaluation of oil and gas prospectivity in the Sangachal-sea — Babek uplift
zone (including 8 March and Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. /
Guliyev Z.1., Shirinova S.A. et al.). From the island of Zanbil (Duvanni) to the northwest,
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PL sediments are observed in the form of tectonic breccias, and the fractures are filled with
mud volcano breccias. These breccias are oriented southwest and northwest from the Abikh
volcano and are covered by modern sediments with a thickness of more than 100 meters
[Alizadeh et al., 2024; Di Toro et al., 2011; Ding et al., 2023] (Study of sandy horizons and
evaluation of oil and gas prospectivity in the Sangachal-sea — Babek uplift zone (including
8 March and Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. / Guliyev Z.1.,
Shirinova S.A. et al.).

The main longitudinal fault associated with the mud volcano divides the central part
of the graben into southwest and northeast segments in the anticline zone. The Khara-Zira
Island structure is located approximately 25 km southeast of Cape Sangachal and repre-
sentthe last uplift within the Sangachal-Deniz—Duvanni-Deniz—Khara-Zira (SDXZ) anti-
cline fold zone (Fig. 1).

Methodological Approach

Seismic logging (SL) and vertical seismic profiling (VSP) were carried out on wells
drilled in the study area — Sangachal-Deniz-124, Sangachal-Deniz-440 and Khara-
Zira-568, as well as well No. 578 of the 8 March field. The velocity model was built based
on data from SL-VSP surveys and Common Depth Point (CDP) seismic surveys conducted
in these wells. In well No. 124, located in the northwestern part of the Sangachal-Deniz
structure, the geological section begins at a depth of 4,145 meters. In this well, SL and
VSP surveys were conducted in the depth interval of 140-2280 meters. In well No. 440,
also located in the northwestern part, the geological section begins at 4,769 meters and SL-
VSP works were carried out in the depth interval of 2,750—4,500 meters within the same
structure [ Yusubov, Guliyev, 2015; Valiyev, 2016; Di Toro et al., 2011; Ding et al., 2023].
The geological section in well Khara-Zira-568, located in the southern part of the site,
begins at a depth of 5126 meters. In this well, the SL-VSP data covers the interval 0—4537
meters, which allowed the structure to be studied at a wider depth interval.
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Fig. 1. 3D model of the SDXZ structure in the study area constructed based on bathymetric data

The geological section in well No. 578, located in the northern part of the 8 March area,
covers a depth interval of 4305653 meters. The SL and VSP surveys conducted here were
carried out in the interval of 0—4967 meters.

The research work carried out in all the mentioned wells is of great importance both in
terms of accurately defining the structure of geological sections and in terms of indetifying
potential oil and gas reservoirs. The variety of research intervals reflects the geological
complexity of the structure and the depth variability in the area [Liu et al., 2024; Hasanov et
al., 2022, 2023; Iskenderov et al., 2017]. SL-VSP surveys in these wells cover the interval
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0-4967 meters and the vertical hodograph in the sections after the mentioned depth was
formed by extrapolation. The conversion of dynamic time sections into depth sections and
the transformation of seismic horizons into depth coordinates were carried out based on the
averaged vertical hodograph [Mitchell et al., 2015] presented in the Figure 2.
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Fig. 2. Average vertical hodograph computed as a result of SL-VSP work carried out in wells

Results of seismo-geological surveys and geological
assessment of structures

The geological assessment was carried out based on seismic profiles developd both
in the current period (on 29 profiles) and in previous years, as well as Geophysical Well
Survey (GWS) data. The exploration work covered the Sangachal-Daniz-Duvanni-Daniz-
Khara-Zira structures and the Jeyrankechmez depression.As a result of the seismo-geo-
logical assessment, structural maps were plotted for eight seismic horizons in the strati-
graphic intervals starting from the lower parts of the Miocene sediments to the surface of
the PL complex (Study of sandy horizons and evaluation of oil and gas prospectivity in the
Sangachal-sea — Babek uplift zone (including 8 March and Alet-sea fields). Final Report.
KMAIB. Baku. 2014. 494 p. / Guliyev Z.1., Shirinova S.A., et al.) [Shakarov et al., 2005;
Svalova, Zaalishvili, 2014]. Seismic sections revealed a weak, low-frequency reflection
pattern across the diatom-Cretaceous interface interval (~4.6—10.1 km depth), character-
ized by short in-phase axes and low-amplitude seismic anomalies. In this section, an angu-
lar unconformity was observed, especially between the seismic horizons. The dip angles of
the reflection surfaces of the Miocene strata complex in some cases reach 30-35°. These
reflections were clearly observed only in the seismic sections of the surveys conducted in
20162017, and were not recorded in the sections of the profiles obtained in 1991 due to
insufficient depth [Valiyev, 2016; Iskenderov et al., 2017; Shakarov et al., 2005; Mitchell
et al., 2015]. Consequently, structural maps at this level were plotted only based on data
from 2016-2017. Due to suboptimal seismic data in the southwestern segments of the San-
gachal-Daniz and Duvanni-Daniz structures, reflective boundaries of horizons are poorly
resolved in the corresponding seismic sections (Study of sandy horizons and evaluation of
oil and gas prospectivity in the Sangachal-sea — Babek uplift zone (including 8 March and
Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. / Guliyev Z.1., Shirinova S.A.
et al.) [Zaalishvili et al., 2023]. Along the anticlinal line connecting the Sangachal-Daniz,
Duvanni-Daniz and Khara-Zira structures, which is surrounded by isohypses of 4200-6800
m on the plotted structural map, the structures extend in the North-West — South-East direc-
tion and appear as folds within seismic profile X, and asymmetric structure (Fig. 3).
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Lithological and geological characteristics of the Khara - Zira structure
The separation of the Khara-Zira structure from the Duvanni-Daniz structure is not
clearly observed on structural maps.
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Fig. 3. Depth-time section on profile X;

Although the axis of the structure initially extended in the North-west-South-east (NW—
SE) direction, it later changed to the Northeast—-Southwest (NE-SW) direction. The longitu-
dinal faults observed along the structure are also oriented in accordance with this change in
direction. The NW flank has a relatively wide and simple structure, dipping monoclinally
to a depth of 10,000 meters and joining the Jeyrankechmez depression. The southwestern
flank of the structure has relatively narrow geometry and is delineated by a synclinal zone
that separates it from the Bulla-Daniz structure (Study of sandy horizons and evaluation of
oil and gas prospectivity in the Sangachal-sea — Babek uplift zone (including 8 March and
Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. / Guliyev Z.1., Shirinova S.A.
et al.) [Ding et al., 2023; Liu et al., 2024].

Although the seismic coverage of the reflective horizons of the main layer complexes
of the structure is weaker than that of the PL sediments, it also covers a wider stratigraphic
range. Depths along the PL horizon vary between 4000—8000 meters in the northeast and
3100-7500 meters in the south-west.

All structures included in the anticlinal zone have an asymmetrical structure. The NE
flanks of the structure lie at an angle of 25-30°, and the SW (Southwest) flanks lie at a less
inclined angle of 18-20°. Weak synclinal saddles separate the structures from each other.
The Duvanni-Deniz structure is more clearly traced than other structures from a hypsomet-
ric point of view, and its apical part is determined at a level of approximately 4000 m. The
Khara-Zira, Sangachal-Deniz and Duvanni-Deniz structures are surrounded by an isohypse
of 6200 m at this level.

In X, seismic profile in the western part of the northeastern flank of the Duvanni-Deniz
structure, it was determined that Miocene sediments intrude beneath the PL sediments with
an angular unconformity (Fig. 3). In this area, longitudinal tectonic faults extending along
the arch of the structure are also clearly traced, further complicating the geological form
of the structure.

Tectonic fault system and tectonic complexity of structures

The tectonic fault systems of various sizes traced in the study area had a significant
impact on both the structural formation and their morphological characteristics. The I-I
fault, located in the northwest of the site, extends in a southeastern direction starting from
the Sangachal-Deniz structure and terminates in the profile region X,. The amplitude of
this fault is 400 meters. The II-II fault, originating from the X; profile area, initially trends



128  Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

southeast and subsequently bends eastward following the hinge zone of the Khara-Zira
structure. The III-III fault traced on the northeastern flank of the Sangachal-Deniz uplift
has an arc-shaped shape and connects with the northern part of the Duvanni Island uplift
in the southeast.

As a result of this fault, the northeastern flank of the Sangachal-Deniz structure has
been broken and lowered relative to the southwestern flank. In the arched part of the Du-
vanni structure X,, the amplitude of this fault approaches zero.

From this point, the kinematic sign of the fault in the southeast periclinal direction
changes, and the northeast flank rises higher than the southwest flank. The amplitude of
the tectonic fault in the X, profile region is 1300 m and near Khara-Zira Island it is 2100
m, and further east it decreases to 200 m (Fig. 4 and Fig. 5). In the study area, changes in
stress regime (geodynamic stress) with depth have resulted in the northeastern (NE) flanks
of the Duvanni-Deniz and Khara-Zira structures being uplifted relative to their southwest-
ern (SW) flanks. In all three structures, the broad NE flanks are complicated not only by
longitudinal faults but also by transverse faults (Study of sandy horizons and evaluation of
oil and gas prospectivity in the Sangachal-sea — Babek uplift zone (including 8 March and
Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. / Guliyev Z.1., Shirinova S.A.,
et al.) [Iskenderov et al., 2017].
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Fig. 4. Stratigraphic correlation of seismic horizons (SHs) to wells along profiles
a) X, I-1 and b) X;II-11

The IV-1V transverse tectonic fault, which runs through the northeastern flank of the San-
gachal-Deniz structure, gradually dies out in the direction of the monoclinal dip of the layers
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and is demonstrated with an amplitude of 10-50 m. As a result of this fault, the northwestern
part of the flank has been broken and lowered relative to the southeastern part.

The V-V transverse fault, which passes through the arch of the Duvanni-Deniz struc-
ture, extends towards the 8 March structure, lowering the northwestern part of the structure
relative to the southeast with an amplitude of 30-80 m. Transverse faults VI-VI and VII-
VII caused the strata to gradually break to the northwest with an amplitude of 20—60 m in
the southeastern part of the northeastern flank of the Duvanni-Deniz structure.

The Khara-Zira structure, the last uplift of the anticline zone, is separated from the
Duvanni-Deniz structure by a low-strength synclinal saddle (Study of sandy horizons and
evaluation of oil and gas prospectivity in the Sangachal-sea — Babek uplift zone (including
8 March and Alet-sea fields). Final Report. KMAIB. Baku. 2014. 494 p. / Guliyev Z.1.,
Shirinova S.A. et al.). The NE flank is wider and has a complex tectonic structure. This
flank descends to the north by up to 8000 m and is a continuation of the Jeyrankechmez
depression in the sea. This flank of the structure is complicated by transverse faults VIII—-
VIII and longitudinal faults IX—IX. As a result of the VIII-VIII fault, the strata broke to
the southeast with an amplitude of 20—40 m. The IX-IX fault caused the strata to break to
the center with an amplitude of 70—80 m in the central part of the structure and fall towards
the center, while the amplitude gradually decreases at the edges [Iskenderov et al., 2017;
Shakarov et al., 2005; Hasanov et al., 2022].

The structure has an asymmetric formation. In the north-eastern flank, the dip angle of
the layers is 18-20° in the uplifted part, and in the direction of descent this angle decreas-
es to 5-10°. In the south-western flank, these angles are 4-8°. The south-western flanks
of both the Duvanni-Deniz and Khara-Zira structures are complicated by tight transverse
faults with an amplitudes ranging from 10-100 m. As a result of these faults, the layers
are gradually broken and dip from the northwest to the southeast. The southern part of
the south-western flank of the Duvanni-Deniz structure is limited by longitudinal faults
XIV-XIV and XV-XV, and these faults are represented with an amplitude of 10-40 m.

Tectonic Structure of Khara-Zira and nearby Structures in the PL Complex

The fault located in the south of the study area and starting in the X, profile area, togeth-
er with II fault, reaches 2,300 m in the X; profile area, west of the Khara-Zira area (Report.
Marine Seismic Party, No. 23/84, No. 2/84. Baku, 1985/Anuesa A.K.).

The amplitude of these faults decreases towards the southeast. The amplitude of the
II-IT fault decreases to 200 m in the X, and X; profile regions. The II fault, which is ob-
served in the grounds, dies out in the southeastern part of the area, in the profile region.
In addition to tectonic faults, the geological structure of the Khara-Zira structure is also
complicated by the influence of mud volcanoes. The fold along the Productive Suite (PS)
complex within this structure is asymmetrical. The north-east (NE) flank of the fold dips
at an angle of 14—18°, while the south-west (SW) flank dips at an angle of 11-16°. The NE
flank, covering a wider area, has a simple structure; the layers dip monoclinally in this di-
rection and merge into the marine continuation of the Jeyrankechmez depression at a depth
of 6500 m [Iskenderov et al., 2017; Yusubov, Guliyev, 2015].

The thin SW flank is dislocated by two transverse tectonic faults XII-XII and XIIT-XIII.
Under the influence of these faults, the layers have been broken to the southeast and have
displaced downward towards the syncline separating the Khara-Zira structure from the
Bulla-Deniz structure. The southward descent of the layers is clearly observed in profiles.
The southeastern periclinal extends for a distance of approximately 15 km, at an angle of
6-8°, and descends to a depth of 6,800 m.

The SW flank of this periclinal is thin and is limited by a large amplitude, longitudinal
axis-oriented and reverse-fault type II-1I fault (Report. Marine Seismic Party, No. 23/84,
No. 2/84. Baku, 1985/AnueBa A.K.).

As a result, the SE flank of the structure has collapsed relative to the NE flank. Slightly
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north of the II-II fault, the IX-IX longitudinal fault with an amplitude of 20—40 m is ob-
served. As a result of this fault, the arch section has collapsed relative to the northern flank.

The local syncline separating the Khara-Zira structure from the Bulla-Deniz structure
has a centriclinal structure, and the NE slope is complicated by tectonic faults of the XIII-
XIIT longitudinal and transverse structures (amplitude 20-80 m).

The marine continuation of the Ceyrankechmez depression, located in the northeast of the
site, is observed in the form of two undulations [Iskenderov et al., 2017; Hasanov et al., 2023].
Its deepest part is located in the northeast of the site and is indicated by the 6900 m isohypse.
These fragments are separated from each other by the elevation noted in the profile area.

The syncline observed in the southwest of the site consists of two parts, separated from
each other by the Khara-Zira Island (Report. Azerbaijan SSR, 1963-1964, SP 1/63, 2/63.
Goberman, K.I.). The deepest part of this syncline (7700 m) is located in the southeast of
the site. In the structural map of the V horizon of the Productive Series (PS), the general
structural plan of the site is same with the structure of the VII horizon of the PS. The dip
angles of the layers on the flanks of the structure, the direction and amplitude of the faults
are almost at the same level. The arch parts of both the Duvanni-Deniz and Khara-Zira
structures have been accurately plotted based on well data [Abdullayev et al., 2024; Ye-
tirmishli et al., 2023; Zaalishvili et al., 2023].

On the structural map of the PL (Pliocene) complex surface, the geological-tectonic
structure generally repeats the configuration of the underlying horizons however, certain
differences are observed. Specifically, in the Sangachal-Deniz—Duvanni-Deniz area, within
the crestal part of fold zones, the top of the PL deposits has been denuded to depths of
800-900 m. The flanks of the structure are primarily represented by the Agchagil and Ab-
sheron deposits.

The denudation of the crestal parts of the Sangachal-Deniz and Duvanni-Deniz anticli-
nal uplifts has made it difficult to distinguish these structures on the map. But, on the NE
flank (northeastern flank), these structures are clearly separated by a broad syncline. At this
level, changes are observed in the location and orientation of tectonic faults compared to
lower levels. Some faults traced in the lower horizons are not observed on the PL surface.
For example, Faults I-I and II-II, originating from the arch of the structure, extend south-
eastward parallel to the axis of the Khara-Zira structure. Fault I-I dies out in the area of,
while Fault II-II terminates slightly later in the area of Profile (Fig. 4 and Fig. 5).

In the Khara-Zira area, some tectonic faults are observed only at the PL level. The
amplitude of these faults is relatively small (approximately 50 m) and they are of different
directions and signs, complicating the structure’s topography.
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Fig. 5. Stratigraphic correlation of SS's to wells along the line of 11I-111
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In the Khara-Zira area, some tectonic faults are observed only at the PL level. The
amplitude of these faults is relatively small (approximately 50 m) and they are of different
directions and signs, complicating the structure’s topography.

The Khara-Zira structure separated from the syncline Duvanni-Deniz structure by a
weakly expressed saddle. The northeastern flank of all three structures dips monoclinally and
merges with the marine continuation of the Jeyrankechmez depression. The Jeyrankechmez
depression is reflected in this area in the form of two undulations expressed at isohyps 2400
and 3100 m [Abbasov, 2004; Shakarov et al., 2005; Valiyev, 2016]. These undulations are
separated from each other by the dip of the northern flank of the Duvanni-Deniz structure
in that direction.

The conventionally drawn SE flank of the Sangachal structure descends and merges
with the Alat-Umid syncline. The southwestern wing of the Duvanni-Deniz and Khara-Zira
structures is narrow and passes directly into the Alat-Umid syncline.

Conclusion

Comprehensive analysis of WGS and other geophysical data obtained in recent years
indicate, that these data are not only important for expanding the productive horizons of
existing reservoirs, but also hold significant scientific and practical value for assessing
the hydrocarbon potential of deeper, as-yet insufficiently studied strata. Particularly, in
accordance with the objectives of the research, the following can be noted:

1. The Khara-Zira structure is separated from the Sangachal-Duvanni-Deniz synclinal
structures by a weakly defined saddle. The northeastern flank of all three structures is
monoclinally inclined and merges with the offshore continuation of the Jeyrankechmez
Depression. All structures within the anticlinal zone, including Khara Zira, have an
asymmetric form. The northeastern flanks of the structure are inclined at an angle of 25—
30°, while the southwestern (SW) flanks are inclined at a lesser angle of 18-20°. In general,
the axis of the structure initially extends in a northeast-southeast direction and then deviates
to the east.

2. In the Khara-Zira region, some tectonic downward only at the Paleozoic level.
The amplitude of these faults is relatively small (approximately 50 m), they are directed
differently, and have different signs, which complicates the structure’s topography. In the
arched part of the Khara Zira structure, the top of the Paleozoic occurs at a depth of 950—
1000 m. The structure here resembles a normally shaped anticlinal fold, and the arched part
enclosed by a 950 m contour line. At this level, the northeastern pericline of the Khara Zira
structure is not traceable relative to the submerged horizons, and the structure represents
only an extended northeastern pericline. The bottom of the Paleozoic occurs from 4000 to
8000 meters in the northeast and from 3100 to 7500 meters in the southwest.

3. In addition to tectonic faults, the geological structure of the Khara-Zira structure
is also complicated by the existing of mud volcanoes. Presisely, the thin SW flank of the
Khara-Zira is complicated by two transverse tectonic faults XII-XII and XIII-XIII. Under
the influence of these faults, the layers have been broken to along southeast and have
displaced downward towards the syncline separating the Khara-Zira structure from the
Bulla-Deniz structure. The southeastern periclinal extends for a distance of approximately
15 km, at an angle of 6-8°, and descends to a depth of 6800 m. The SW flank of this
periclinal is thin and is limited by a large amplitude, longitudinal axis-oriented reverse II-11
fault. As a result, the SE flank of the structure has moved relative to the NE flank. Slightly
north of the II-II fault, the other (IX-IX) longitudinal fault with amplitude of 20—40 m is
observed. Because of this fault, the arch section looks collapsed relative to the northern
flank.
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Pestome: AKTyanbHOCTb OnpefeNifieTcs He06X0AMMOCTbIO CO3JaHNS HAy4YHON OCHOBbI NEPEoLieHKMN 3BECT-
HbIX PYAHbIX PAOHOB HA HaNW4Me BbICOKONMKBUAHBIX PYL 30710Ta U NOWCKOB HOBBIX 30/10TOPYAHbIX 00BLEKTOB
Ha HeNUcCneJ0BaHHbIX paHee TePPUTOPUAX AN AuBepcudmnKaLni ropHoS06bIBAtOLLEN U METANNYPri4eckom OT-
pacnei npombiwneHHocTy CesepHoii Ocetun (Anaxun). Lienb. Boissuts reodusnyeckine npusHaki opyneHeHus
LUBETHBIX 1 6NaropofHbIX METaNN0B 1 NOTEHLMANLHON 30/I0TOHOCHOCTU PyAHO-Marmartuyeckux cuctem. Meto-
Abl. AHann3 pesynbTaToB UCMNOSIb30BAHUSA Fe0PU3NYECKNX JAHHBIX MPU BbINOMHEHWN PaboT B npefenax nepenex-
TUBHbIX Ha 30/10T0 TEPPUTOPUIA. [10CTPOEHNE COBMELLEHHOI KapTbl I0KanbHbIX aHOMANIIA rPaBUTALMOHHOIO 1
MarHWTHOTO MOJei Ha 0CHOBE aHaNu3a amMninTYLHbIX XapaKTEPUCTUK C UCMONIb30BAHNEM 6a3bl re0hn3N4eCcKuX
JaHHbIX K [eonoruyeckon kapte Poccuinckon ®epepaumn macwrtada 1:1000000 no nucty K-38,39 (Maxaykana).
AHanus pacnpegeneHus B NpoCTPaHCTBE MECTOPOXEHUIA U NPOABNEHNIA LIBETHLIX M 61aropoAHbIX METanoB oT-
HOCMTENTbHO reoduanyeckix aHomanuii. MonyyeHHble pe3ynbTaThl U UX 06CYXAEHUE. [TpoaHANM3MPOBAH OMbIT
CNOJIb30BAHMUSA re0PU3NYECKINX JAHHbBIX NPY BbINOSTHEHUM PabOT B Npefesiax NepcrneKTUBHbIX Ha 30/10T0 TeppU-
Topuii Mpuamypbs. MprueedeHbl pe3ynstatbl 06pa6oTKM AaHHbIX re0U3N4ecKnX CbeMOoK N0 rOPHOI YacTu Tep-
putopuu CesepHoit OceTumn (AnaHum) ¢ NpUMeHeHeM COBPEMEHHbIX METOLO0B NPe06Pa30BaHNA NOTEHLMANbHbIX
nosnen. CoctasneHbl CBOAHbIE KapTbl JIOKabHbIX aHOMaNUIA FPaBUTALMOHHOMO U MarHUTHOTO nosnei. B npeaenax
CesepHon OceTun (AnaHuin) BbisiBNIEHbl 0CO6EHHOCTI NPOCTPAHCTBEHHOIO MOMNOXEHUS MECTOPOXIEHUA U py-
JONPOSABNEHNIA LBETHbIX 1 611ar0pOAHbLIX METAINIOB OTHOCUTENIbHO aHOMANTUIA TPABUTALMOHHOTO U MarHUTHOMO
noseii. YCTaHoBNeHa Npuypo4eHHOCTb PYAHO-MArMaTu4eckx CUCTEM FPAHUTOMAHOMO TUMA K OTPULATESbHbIM
aHOManusaM Cunbl TsHKECTW. [TokasaHo, YT0 NOTEHLMANbHO 30JI0TOHOCHbIE PYAHO-MarMaTu4yeckue CUCTEMbI Npu
9TOM pacnonaratoTcs B Npefenax nonaoX1TeNIbHbIX aHOMaNNA MarHUTHOrO Noss.

KntoveBble cnoBa: noTeHUManbHbIe N0MS, aHOManuu, pyAHO-MarmaTuyeckie CUCTeMbI, LIBETHbIE METanbl,
30510TO.
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Abstract: The relevance is determined by the need to create a scientific basis for the reassessment of
known ore regions for the presence of highly liquid gold ores and the search for new gold mining facilities in
previously unexplored territories to diversify the mining and metallurgical industries of North Ossetia (Alania).
Aim. To identify the geophysical signs of mineralization of non-ferrous and precious metals and the potential gold
content of ore-magmatic systems. Methods. Analysis of the results of using geophysical data when performing
work within the territories promising for gold. Construction of a combined map of local anomalies of gravitational
and magnetic fields based on the analysis of amplitude characteristics using a database of geophysical data
for a 1:1000000 scale Geological map of the Russian Federation according to sheet K-38.39 (Makhachkala).
Analysis of spatial distribution of deposits and manifestations of non-ferrous and precious metals relative to
geophysical anomalies. The results obtained and their discussion. The experience of using geophysical data
when performing work within the territories of the Amur region that are promising for gold is analyzed. The results
of data processing of geophysical surveys in the mountainous part of the territory of North Ossetia (Alania)
using modern methods of potential field transformation are presented. Summary maps of local anomalies of the
gravitational and magnetic fields have been compiled. The peculiarities of the spatial position of deposits and ore
occurrences of non-ferrous and precious metals relative to anomalies of gravitational and magnetic fields have
been revealed within North Ossetia (Alania). The occurrence of ore-magmatic systems of the granitoid type to
negative gravity anomalies has been established. It is shown that potentially gold-bearing ore-magmatic systems
are located within positive magnetic field anomalies.
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BeepeHme

OpnHOM M3 OCHOB YCTOMYMBOTO pa3BUTHs TopHbIX Tepputopuii CeBepHoro Kapkaza
SIBISIETCSL TUBEpCU(PUKAIIAS TOPHOAOOBIBAIOMICH W METaUTyprUuYecKod OTpacieil mpo-
MblieHHOCTH. C OTHOM CTOPOHBI MpeaiiaraeTcs pa3padoTka U BHEIPEHUE HOBBIX Ooee
3¢ (HEKTUBHBIX TEXHOJIOTUN JOOBIYM U MepepabOTKH TPAJAUIIMOHHBIX ISl PETHOHA PEIKO-
METaJUTBHBIX M MOJUMeTauindeckux pya [Apebenmrent u ap., 2018], ¢ apyroii — nepe-
OLICHKA U3BECTHBIX PYAHBIX PAOHOB HA HAJIMUNE BHICOKOIMKBUIHBIX Py 30J10Ta U TOUCKU
HOBBIX 30JI0TOPYIHBIX OOBEKTOB Ha HEHMCCIIEIOBAaHHBIX paHee TeppuTopusx [Parada et al.,
2017; BanoB u ap., 2018; Zurcher et al., 2019]. B nocieqnem cirydae nMeeTcst BO3MOXK-
HOCTh TIPEBAPUTEIHHON OIICHKH TOTEHIIUAIBHON 30JI0TOHOCHOCTH TEPPUTOPHI HA OCHO-
BE COBPEMEHHBIX Te0(U3NUECKUX TEXHOJIOTHH.
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O0001IeHHE OTIBITa UCIONB30BAHMS Te0(U3NICCKUX JTAHHBIX MTPH BBHIIIOJHEHUU PaboOT
B IIpe/ieJiax MEePCIEKTUBHBIX HA 30JI0TO TEPPUTOPHUIT U KOHKPETHBIC TIPUMEPBI IIPUBE/ICHBI B
MHOTOYHMCIIEHHBIX paboTax [3aamumBuwim u 1p., 2015; Kerr et al., 2016; Ma Xiao-lei et al.,
2016; Guangxi Zliou Yequan et al., 2016; KanmbikoB u ap., 2017]. T'eopusnyeckue nan-
HBIE MTO3BOJISIOT HE TOJBKO BBISBIATH PYIHO-MAarMaTH4eCKUE CUCTEMBI, HO M OLIEHUBATh UX
MeTtaiiorenndeckuit morennuan [Hart, 2007; Root et al., 2017], B T.4. B ipeaenax ropHbIX
tepputopuii CeBepHoro Kaskasza [[Tapana, Yotuaes, 2019].

MaTtepumnan n METOADI

Jlns mccnemoBaHus UCIIOIb30BaHa 0a3a reo(pU3NIeCcKuX TaHHBIX B BUJIE ITUPPOBHIX
MoJesel moyiel rpaBUpa3BeIKU U a3pOMArHUTOPA3BEAKHU, 3aJaHHBIX B y3J1aX peryisp-
Hoii cetn 10001000 M k KOMIIJIEKTY KapT reopusndeckoi ocHOBBI I eonornueckoii kap-
Tl Poccuiickot @eneparnuu macmrada 1:1 000 000 mo nucty K-38,39 (Maxaukana), pas-
paboranHoit B BUPI'-Pynreodusuka um. A.A. Jlorauesa MIIP P®, Cauxrt-IletepOypr,
2002 r. ITo 3TUM JTaHHBIM MTOCTPOEHBI KapThl JJOKATbHBIX AaHOMAIHH I'PaBUTALIHOHHOTO
¥ MarHUTHOTO TOJIeH, BBIJICJICHHBIX Ha OCHOBE aHaIM3a aMIUIUTYIHBIX XapaKTepUCTUK
U OTPaXKAIOUIUX paclpesesieHne MIOTHOCTHBIX XapaKTEePUCTHK MOPOJA BEpXHEH 4acTu
paspesa.

JlokanpHbIE aHOMAJIMU MOIYYEHBI KaK Pa3HOCTh MEXKY MCXOAHBIM U OCPEIHEHHBIM B
okHe 2020 kM nosieM. KapThl JIOKaIbHBIX aHOMaJIMK 0071a/1at0T OOJIBIION WH(POPMAITMOH-
HOM €MKOCTbIO, MIOCKOJIbKY OJIHOBPEMEHHO OTPaXal0T aMIUIMTYIHbIE, MOP(POJIOTHYECKHE
U TEKCTypHbIe 0coOeHHOCTH ToJeil. [lockonbKy M3yuaemasi TeppUTOPHs XapaKTepU3yeT-
Csl BBICOKOM TI'e0JIOrMYeCKONl HEOJHOPOAHOCTHIO, JIOKAJIbHBIE COCTABJIAIOLIUE IOJS pac-
CUMTaHbI KaK Pa3HOCTh HAOJIIOIEHHOTO U OCPETHEHHOTO B JIOKaJIbHOMN obnacTtu noss. [Ipu
MIOCTPOEHUHU COBMEILIEHHOTO M300pa)KeHUs MoJieil kKapTa rpaBUTAL[MIOHHOIO MOoJs 0To0pa-
YKACTCSl B BUJIC KapThl M30JUHUI (B 1[BeTHOM miKkasie). Kapra jJokanpHBIX aHOMAIHA Mar-
HUTHOTO TOJI OTOOpakaeTcs B BUJIE 001acTeil, orpaHMUeHHbIX U30JIMHUEH «aHOMaJIbHO-
r0» 3Ha4YeHUs, KOTOPOE COOTBETCTBYET KBAaHTHJIIIO SMIMPUUECKOTO pacrpeieieHUs OKOI0
90%.

ITo ypoBHIO JTIOKaJIbHBIX aHOMAJINI IPAaBUTAIIMOHHOTO MOJIsI BBIIENSETCS LeNbIi P OT-
JIeNTBHBIX OJIOKOB M CTPYKTYP, TPAHHIIBI MKy KOTOPBIMH, HAlpaBIeHHE UX MTPOCTUPAHUS
¥ COOTHOIIICHUE APYT C IPYTOM MOAYEPKUBACTCS CUCTEMOM Te0PpH3NUeCKUX THHEaMEHTOB,
BBIJICJICHHBIX 110 TOPU30HTAIBHBIM IPaIUeHTaM TpaBUTAMOHHOTO Tos. [locnennue dhop-
MUPYIOT CTPYKTYPHO-TEKTOHUYECKHUI KapKac TePPUTOPHH.

MarautHoe 1ojie IpeCTaBICHO B BUJE MOJIOKHUTEIbHBIX JOKAJIBHBIX aHOMAJUHN B JH-
anasoHe 3HaueHui ot 20 1o 2400 HTa (JI0KaIbHBIE AHOMAJIMU TOTYYEHbI KaK Pa3HOCTh
MEXJly MCXOJIHBIM U MEPECUNUTAHHBIM Ha BBICOTY 2 KM 1osieM). JIOKaIbHbIE MOI0XKUTENb-
Hble aHOMAJIMM MarHUTHOTO TOJIs, OOyCJIOBJIEHHBIE MPEUMYIIECTBEHHO MHTPY3UBHBIMU
00pa30BaHUsIMH B BEpXHEH YacTH pa3pes3a B COUETAHUH C JINHEAMEHTaMH, BbIJICIIEHHBIMU
10 TpaJUeHTaM IPaBUTAI[MIOHHOTO IMOJIsl, OPTaHUYHO MOAYEPKHUBAIOT U JIOTIOIHSIOT chop-
MHUPOBABILYIOCS OIOKUPOBKY TEPPUTOPHUH.

Pe3yAbTATbl 1 OBCYXKAEHME

[Tpu uccrenoBaHusAX 30J10TOHOCHBIX paiioHOB Boctoka Poccum [Eirish, 2009] 6b110
YCTAQHOBJIEHO, YTO BO3MOXHOCTh 30JI0TOTO OPYAEHEHUs KOHKPETHOW pyIHO-MarMaruye-
CKOM cuCTeMBbI onpeienseTcst B 00J1acTy reHepaliuyi MarMbl U pyJJOHOCHBIX paCTBOPOB. DTO
CBSI3aHO C I'€OXMMUYECKUMH CBOHCTBaMH AU, KOTOpOe 00J1aaeT 0YeHb HU3KUM KIIApKOM
(n"107 %). IIpu pa3sBUTHU TPAHUTOMIHOTO MarMaTu3Ma 3TO IPHUBOAUT K TOMY, YTO BCE
cofieprKalleecss B pacIulaBe 30JI0TO M30MOP(HO 3aXBaTbIBAECTCS KPUCTAIUIU3YIOIIMMUCS
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cwMkaraMu. Y TOJIBKO M3IUIIKK METajlia MPOTUB IBTEKTUYECKUX COOTHOIICHUN MTPH CO-
OTBETCTBYIOIIMX TEPMOJUHAMHUYECKUX YCIOBHUSX MOTYT MOKHHYThH pacIiiaB U 000raTuTh
PYIIOHOCHBIN pacTBOp. [ paHuTHas Marma caMa 1o cebe TaKUMU U3JIHIIKaMH He 001agaer.
OHU MOTYT BO3HUKHYTh MPY B3aUMOJICHCTBUN TPAHUTHOW MarMbl C MPeIBapUTEIbHO 000-
raiieHHbIM 30710ToM cyocTpatom [Illep6akos, 1976]. B kauecTBe Takoro cyocrpara, Takoi
reOXUMHUYECKOM CUCTEMBI MOTYT BBICTYIIaTh MArMaTu4eCKUe MOPOJIbl U MarMbl OCHOBHOTO
U YJIBTPAOCHOBHOTO COCTaBa, 00Ja/lalolie N3HAYaIbHO MOBBIIIEHHBIM KJIAPKOM 30J10Ta,
Y HEKOTOpbIE, 00OTAIEHHBIE 30JI0TOM YEPHOCIAHIIEBbIE TOMIIH. JTUM OOBSICHSIETCS MPH-
YPOUEHHOCTh OOJIBIIMHCTBA 30JI0TOPYAHBIX MECTOPOXKACHUN MUpa MPEUMYIIECTBEHHO K
BYJIKAHOTEHHBIM KOMIUIEKCAM OCHOBHOTO COCTaBa U K YIVIEPOJUCTO-TEPPUICHHBIM KOM-
mwiekcam [Safonov, 1997].

Takum oOpa3oM, Npu TIyOMHHOM B3aMMOJICHCTBHUU KHCJIOTO MarMaru3ma ¢ emMuye-
CKUM CyOCTpaToM U (WJIM) YEPHOCIAHIIEBBIMHU TOJILAMHU MOTYT (hOPMHPOBATHCS 00IaCTH
TeHepaIuu 30JI0TOHOCHBIX (ronoB. CrenoBaTenbHO, YTOOBI OIEHUTH MEPCIIEKTHBBI 30-
JIOTOHOCHOCTH PYJIHO-MarMaTHYeCKUX CHCTEM, HEOOXOIMMO OMPENeIUTh HATUuIne GeMu-
YEeCKOro cyocTpara Wi 00OTaleHHbIX 30JI0TOM YEPHOCIAHLIEBBIX TONI B 00JaCTH IreHe-
paluy ¥ MUTPALIUK KUCITIBIX MarM ¥ CKBO3bMarMaTu4ecKux (prarouoB.

OO6nacTy ITyOMHHOTO B3aMMOACHCTBHSI KUCJIOTO MarMaru3Ma ¢ peMUIeCKUM CyOocTpa-
TOM, TIpU KOTOPOM T'€HEPHUPYIOTCS 30JI0TOHOCHBIE (DIIIOM[IBI, MPEUIaraeTcsi BhISBIATH Ha
OCHOBE Te0(pU3NYECKUX JaHHBIX. [lJig 3TOro HeoOX0UMO ONPEETUTh HaJTUne pemMuye-
CKOro cyOcTpara B 00J1IaCTH T€Hepali U MUTpalliK KUCIIBIX MarM U CKBO3bMarMaTuyeCcKuX
¢dmronioB. B paborax [Hoceipes, 2016; [Tapana, Hotuaes, 2019] mokazaHo, 4To Takue CH-
Tyalluyd MOXKHO BBISIBIISITh, UCTIONB3Ys TPABUMETPUUYECKHE U MATHUTOMETPHUUECKUE KapThI.
I'paBuMeTpUYeCcKre KapThl TO3BOJIAIOT B TPYyOOM MPUOIMKEHHH Pa3ieIuTh TEPPUTOPHUIO
Ha CYIIECTBEHHO (peMUuYecKre U cauueckue 001acTy, T.e. HOTEeHIHAIbHO 30JJ0TOHOCHBIE
Y TOTEHIMAJILHO HE 30JI0TOHOCHBIE. [lepBble M3 HUX OOBIYHO XapaKTEPU3YIOTCS PETHo-
HaJIbHO NOBBILIEHHBIMU, BTOPbIE — PETHOHAIBHO TOHWKEHHBIMU 3HAYEHUSMHU CUJIbI TSDKE-
ctu. B mpeaenax Tex v APyrux BhIICISIOTCS JIOKATbHBIC OTPULIATEIIbHBIC TPABUTALIMOHHBIC
AQHOMAJINH, CBSI3aHHBIE C TeJIAMU TPAaHUTOUJIOB, KOTOPhIE MOTYT YaCTMYHO OOHAXXAaThCs Ha
NOBEPXHOCTH, MOJITBEPK/1asi BELLIECTBEHHBIM COCTAB ATUX IPABUTALIMOHHBIX MUHUMYMOB.
Ha aspomarHuTHBIX KapTax TakkKe BbIIEISIOTCS 00acTH (heMuueckoro cyocrpara, Xapak-
TEPU3YIOIINECS MOBBIIIEHHBIM MAarHUTHBIM T0jeM. COBMEIIEHHE JIOKAIBbHBIX CTPYKTYP
pPa3yIUIOTHEHUS C MOJOKHUTEIbHBIMU AHOMAJIUSAMHU MArHUTHOTO IIOJIE MOXET OTpPaXKaTb
[TyOMHHOE B3aUMOJEHCTBUE T'PAaHUTOUIHONW MarMbl ¢ (heMUYECKUM CyOCTpaToM, T. €. CH-
Tyaluio, OIaronpusATHYIO JJIsi T€HEPalUy 30JI0TOT0 OpyneHeHus. JIokaabHble TrpaBUTAIlH-
OHHBIE MUHUMYMBI B 9TOM cliyyae OyIyT yKa3bIBaTh Ha BEPOSTHBIC OYard TPAHUTOUHOTO
MarmarusMa. O0IacTH MOBBIIIEHHOTO MArHUTHOTO TTOJISI MOTYT YKa3bIBaTh HA (DeMUYECKHIA
cyOcTpat. YuacTKu COBMEIICHHS TaKMX O0JIacTel XapaKTepU3yIOT CUTYallHIo, OJaronpu-
SITHYIO U1l TeHEepaLH 30JI0TOT0 OPYACHEHHUS.

Tak, Harpumep, B pe3yJibTare MPOBEACHHBIX Te0PU3NISCKUX HCclenoBaHuil B Bepx-
HeM [Ipuamypre ocyiiecTBieHa OlIEHKAa MOTEHIIMAIBHON 30JI0TOHOCHOCTH BBIJIEICHHBIX
paHee aHOMaJIbHBIX F€OXUMHUYECKHUX TOJIEH C OMOPOM Ha PyJAHBIE y3IIbl C U3BECTHOM 30-
JOTOHOCHOCTBIO [BbioHOB U 11p., 2007]. BaskupiMu (akropaMu KOHTPOJISI 30JI0TOPYIHBIX
y3JI0B OKa3aJUCh OTPULIATEIIbHbIE aHOMAJIMU CHJIBI TSKECTH, CBSI3aHHBIE C IIEHTPAMU py-
JIOTEHEPUPYIOLLEro MarMaTu3Ma, a Tak’ke COBMEILEHHbIE B TOM WM UHOM CTENIEHU C HUMU
MOJIOKUTENIbHbIE AHOMAJIMM MarHUTHOTO 1oJisi. [locnennue gpukcupyror o0nacTi B3auMo-
JEHCTBUS KUCIIOM MarMbl ¢ (PeMUYECKUM CyOCTpaToM, YTO MPOSBISETCS B OOOTAIICHUH
MarHUTHBIMH MUHEpaIaMH IPUKOHTAKTOBBIX U AlIUKAJIBHBIX 30H UHTPY3UBOB.

Ha pucynke 1 mpencrasieHa cxema pa3MelleHus pyIHbIX MECTOPOXKICHUH U py10oNpo-
siBIIeHU# TopHOi yacTu CeBepHoit Ocetuu (AnaHum).
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Puc. 1. Ionoocenue mecmopooicoenuti u pyoonpossnenuti copnou yacmu Ceeeprou Ocemuu (Ananuu)
OMHOCUMENLHO SPABUMAYUOHHBIX MAKCUMYMOG (KOPUUHEBDIIL), 2PABUMAYUOHHBIX MUHUMYMOB
(6Upr03086bI11L) U NOTONHCUMETLHBIX MASHUMHBIX AHOMAAUN (KPACHAS WMPUXOBKA).

1-2 — mecmopooicoenus: 1 — 3onomo-cepebpsnvie, 2 — CGUHYOBO-YUHKOBbIE, 3-5 — PYOONPOABLEHUS.
3010mo-cynbuonsle, 4 — MeoHo-nonumMemaiiuyeckue, 5 — 3010mo-cepeopsamvie; 6 — KOHMYpbl
pacnpocmpanenus Heounmpy3uii /

Fig. 1. The position of deposits and ore occurrences in the mountainous part of North Ossetia
(Alania) relative to gravitational maxima (brown), gravitational minima (turquoise) and positive
magnetic anomalies (red hatching). 1-2 — deposits: 1 — gold-silver, 2 — lead-zinc, 3-5 — gold-sulfide ore
occurrences, 4 — copper-polymetallic, 5 — gold-silver, 6 — neointrusion distribution contours

AHoManbHbIe 0051aCTH Te0(pU3HMUECKUX MOJIeH BbIJEIEHBl HA OCHOBE aHAIN3a aMILIM-
TYAHBIX XapaKTepUCTHUK. JIOKaIbHBIE aHOMAJIMU MOJYUYEHBl KaK Pa3HOCTb MEXy UCXO-
HBIM U OCpeTHeHHBIM B okHEe 2020 kM nosieM. B pe3ynbrare BhIICISIOTCS OT/ACIbHBIC 0J10-
KU, TPAHMIIbl MKy KOTOPBIMH MOJYEPKUBAOTCS CUCTEMOM JTMHEAMEHTOB, BbIIEIEHHBIX
110 TOPU30HTAJIHBIM IPaI€HTaM I'PAaBUTALMOHHOIO NOJIsl. MarHUTHOE 1oJie peCcTaBIIe-
HO B BHJIE IOJOKUTEIbHBIX JIOKAJIBHBIX aHOMAaJIMK B guamna3oHe 3HadyeHuu ot 20 mo 2400
HTJI, MONMyYEeHHBIX KaK pa3HOCTh MEXKIY MCXOJHBIM U MEPECUYUTAHHBIM Ha BBICOTY 2 KM
noseM. OHM 00y CIIOBIEHBI TPEUMYILIECTBEHHO HHTPY3UBHBIMU 00pa30BaHUSIMU B BEpXHEi
yacTu 3eMHOI kopbl. CopMUpoOBaBIIascs B pe3yybTare aHalau3a KOMIUIeKca reopusnyie-
CKUX JJAaHHBIX CXeMa MO0 CYILIECTBY SIBISETCS reo(hu3nyecKoil OCHOBOM /ISl MPOTrHO3HO-Me-
TAJIOTEHUYECKOU KapThl.

OdeBuHA CBS3b PYIHBIX MECTOPOXACHUI OCHOBHBIX THUIIOB PYIHO-MAarMaTHMyeCKHX
CHUCTEM C OTPULATEIBHBIMU AHOMAJIMSIMH FPaBUTALUOHHOTO nojs. [Ipu 3Tom momasisito-
iee OOJBIIMHCTBO PYIHO-MarMaTH4ecKUX CHCTEM HaXOAMT B HHUX OTpaxkeHue. Mckiro-
YEHUEM SIBJISETCA KOM4eIaHHbIM TUIl. Tak bypoHCKUl pyaHBIN y3€a ¢ OHHOMMEHHBIM Me-
CTOPOXKICHUEM KOJTYeJaHHOTO TUIIA MIPUYPOYEH K Iepudeprn MONIOKUTEIFHON aHOMATUU
MOJISL CHJIBI TSXKECTH.

B GonblinHCTBE CilyyaeB OTpULATEIbHbIE AHOMAJIUU CHUJIBI TSDKECTH, CKOpEe BCETO,
CBSI3aHBI C LICHTPaMH PyJOT€HEPHUPYIOIIEr0 MarMaru3Ma. B HEKOTOPBIX Ciaydasx ¢ IpaBH-
TallMOHHBIMU MUHUMYMaMH YaCTUYHO WJIX MOJIHOCTBIO COBIAAAIOT MOJIOKUTEIbHBIE aHO-
MaJIMU MarHUTHOTO MOJIs. YYacTKH TaKOro COBMAJACHUS (PUKCHPYIOT IIyOWHHBIE 001acTH
B3aMMOJICHCTBUSL KUCIIOW MarMbl ¢ (heMHUYECKHM CyOCTpaToM, YTO MPOsBIsieTcs B 000-
ralieHud MarHUTHBIMH MUHEpaJlaMd NMPUKOHTAKTOBBIX U allMKaJbHBIX 30H WHTPY3HBOB.
KocBeHHO Takoe IIyOMHHOE B3aMMOJEHCTBUE MOATBEPKIAETCS MYTEM I'€OXUMHUYECKOTO
MOJIEJIMPOBaHMsl, BBIIOIHEHHOTO paHee [['ypOanoB u np., 1992; Bybnos u ap., 2011] u
MOKa3aBIlero, 4To 00pazoBaHKE MOPOJ TEIIMHCKOrO MHTPY3UBHOTO KOMILJIEKCA MOIVIO
HPOMCXOIUTH 33 CUET YACTUYHOTO IUIABJICHUS OCHOBHOTO MeTaMOp(HUecKoro cyocTpara
(ampuboMHUTHI OYyYIBIeHCKOW CEpUH), M YTO UCXOAHBIN paciuiaB GpopmupoBaics npu P313
KOap, 4TO COOTBETCTBYET MTyOrHaM mopsaka 40 kM.
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Bo mHOrmx ciydasx B y4acTKax TaKOTO COBIIQJICHUSI PACIONArarOTCsl PYIHBIC y3JIbI
WIH OT/CNIbHBIC WX 4YacTH (pyaHble mosst). [IpeaBapurenbHbId aHAIN3 MaTepUAIOB TIOUC-
KOBBIX pa0oT B Mpe/esiaXx TAKKX y4acTKOB MOKa3aj HaJM4Ke 30JI0TOHOCHBIX MHHEpalu3a-
uuid. OcobeHHo 310 xapakrepHo A TanagoHckoro U COHTYTHIOHCKOTO PYIAHBIX Y3JIOB.
CrnenoBaTenbHO, UCXO/I U3 U3JI0KEHHOH BBIIIE€ KOHIICTIIIUY, TAKUE YYACTKH MPU HATHYUU
MIPSIMBIX MPU3HAKOB 30JI0TOHOCHOCTH SIBJISIFOTCS IEPCIIEKTUBHBIMH HA OOHAPYKEHUE 30J10-
TOTO OPYJACHEHUSI.

BbiBOADI

1. M3ydeHue ombITa UCIOJIB30BaHUs Te€0(U3NUECKUX JaHHBIX IPHU BBIOJHEHUH MPO-
THO3HBIX M MOMCKOBBIX PadOT B IMpeenax NepCleKTUBHBIX Ha 305I0TO Teppuropuid [1pu-
aMypbsI IIOKa3aJI0 BEICOKYIO d((EKTUBHOCTH U BO3MOXHOCTB €T0 HCIIOJIb30BAHUS B IPYTHX
permoHax.

2. [IpoBenennas 00paboTKa TaHHBIX T€O(U3HMUECKIX CHEMOK 110 TOPHOM YacTH TeppH-
topuu CeepHoit Ocerun (AnaHWK) ¢ IPUMEHEHUEM COBPEMEHHBIX METOJ/IOB Mpeoldpa3o-
BaHUS MOTEHIIMAJIBHBIX MOJIEH MO3BOJMIA COCTABUTH CBOJIHYIO KapTy JIOKAJIbHBIX aHOMa-
JIMU TPABUTALIMOHHOTO U MarHUTHOTO MOJIEH.

3. YcTaHOBNIEHA TPUYPOUCHHOCTH PYIHO-MarMaTHYeCKUX CUCTEM TPAHUTOUIHOTO TUTIA
K OTPHUIIATEIIbHBIM aHOMAJIMSIM CUJIBI TSDKEeCTH. [loTeHIInaabHO 30JI0TOHOCHBIC PY/THO-Mar-
MaTHYECKHE CUCTEMbI MPU 3TOM PACIIONIATAOTCs B MPE/Ienax MOJIOKUTEIbHBIX aHOMAINH
MarHuTHOTO TOJIS.

4. ChopmupoBaHHast B pe3ysIbTaTe aHaIM3a KOMIIEKCA reo(pU3NUeCcKuX 1 MUHEpareH -
YECKUX JAaHHBIX CXE€Ma I10 CYIIECTBY SIBISIETCS TeO(PU3NIECKON OCHOBOM /ISl IPOTHO3HO-
METaJUIOT€HUYECKOU KapTBhl.
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[eOPAIONAOAMHAMNYECKNE OCODEHHOCTU
HePTEra3oHAKOMAEHMS TAYOOKOMNOTPY>KEHHbIX
FOPW30OHTOB tOra by3yAyKCKOWM BMAOANHDI
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Pestome: AKkTyanbHOCTb paboTbl. BoBneyeHWe B X03ACTBEHHbI 060POT YrNEBOLOPOLHOIO MOTEHLMana
60nbLWKUX TIYOUH ABNAETCA OOHUM U3 KNKOYEBbIX HAMPABMIEHWA reonoropassefoyHblX paboT, HanpasNeHHbIX Ha
NOWCK KPYMHBIX CKOMMEHWUA FOPHYUX UCKONAeMbIX B MUPE. B Poccum nouck KpynHbIX 1 YHUKaNbHbIX HedTeraso-
BbIX MECTOPOXAEHWIA TaKXKe PACCMaTPUBAETCS B YMCNE KHOYEBbIX CTPATErii OCBOGHWUS PECYPCHON 6asbl yriie-
BOJIOPOAI0B 3eMHbIX Heap. Lienb paboTbl — yTOYHEHWE NPOrHo3a B Npejenax HKHeJEeBOHCKO-HIKHEDPAHCKMX
MOACOSIEBbIX OTIOXKEHNIA PaHee HEBbIABMIEHHbIX 30H HEDTEra3o0HaKOoMIeHUs ¢ Y4eTOM reod)1onL0AMHAMNYECKO
o6cTaHoBKY. MaTepuansl u MeTofbl. [1ns co3aHNs 6acCeiiHOBO MOZESN UCTOMb30BANIUCH CTPYKTYPHbIE KapThl
Mo NOBEPXHOCTW KPUCTANNNYECKOro (oyHAamMeHTa, NoLoLIBe KapbOHATHOrO [IeBOHA, KPOBJIE TYNbCKUX OTIIOXKE-
HWUIA, KPOBNE BEPENCKUX OTNOXEHWIA, NOBEPXHOCTU Maneo30ACKUX OTNOXEHWA, NUTONOro-(haLmnanbHble KapTbl
3MCKO-HIKHEPAHCKINX, (DaMeHCKO-TYPHEICKIX, CpeaHed)paHCKnX, KOCbBUHCKO-pafaeBCcknX, 606pMKOBCKMX OT-
NOXEHWIA, a TaKXKe [ONOSIHUTENIbHO MOCTPOEHHbIE 15 CTPYKTYPHBIX KapT, 25 NUTON0ro-ghaumanbHblX KapT 1 5 reo-
XMMUYECKMX KApT C COAePXaHnemM 06LLEero OpraHMyeckoro yrnepoga u BoLOPOSHOro UHAeKca. [ns Kanubposku
MOZENN 1CMoMb30Bannch 3aMepbl NAACTOBbIX AaBneHnii KxxHo-MNepBomancko — 3anagHo-CTenHoro yyactka no
ckBaxnHam 3anagHo-CtenHas 4, KOxHo-Mepeomaiickas 13, 15, 18. MeTogonorus nccnenosaHus npeaycmarpu-
BAET CUCTEMATU3ALMIO, UHTEPNPETALMIO M 06pabOTKY reonoro-reoU3NYecKnX MaTepuanos, XapakTepusyoLwmx
CTpoeHue byaynykckoi BnaauHbl Bonro-Ypanbckon NpoBMHLIMK; OHA 6a3upyeTcs Ha MeTofe 6acCceliHoBOro Mo-
[enMpoBaHIs, BKOYAIOLLEM MOCTPOEHUE CTPYKTYPHOrO Kapkaca, PeKOHCTPYKLMIO MpOLeccoB HedpTerazoobpa-
30BaHUA W HeddTera3oHaKoMIeHUs, 1 0693aTesibHy0 KanM6POBKY MOJENN N0 pesynsratam riyookoro 6ypeHus.
Pe3ynbTatbl NpoBefieHHON PaboThbl 3aKNOHAIOTCA B MOBbILLEHWN TOYHOCTU CYLLIECTBYIOLLEN TPEXMEpHOIN 6acceil-
HOBOI MOZENU UCCNesyemMoro panoHa nyTem WHTerpauun AOMONHATENLHOM0 06beMa AaHHbIX CKBOXUHHBIX UC-
cnefosaHuin. HayyHas HOBU3HA COCTOUT B TOM, YTO B UHTEPBAse pa3pesa rmy6oKOBOAHbIX OTII0XEHUI BbISBIIEHA
TeHLEHLMs 3amMeLLeHNst KOMNPECCUOHHOr0 BOAOHAMOPHOI0 PeXMUMa Ha CTarHaLMOHHbIRA. 3TO NO3BONSAET CHOPMY-
NIMpOoBaTh MMNOTE3y 0 BO3MOXHOCTYU TPaHCHOPMALMKN YrieBOJOPOAHbIX CUCTEM U3 MPOTOYHLIX B MMAPOLUHAMN-
4eCKM 3aKPbITble (ABTOK/ABHbIE), B NPeAeax KOTOPbIX NPOLECCHI KaTareHHONM (oTio1A0reHepaLm pacTarnBaioTcs
Ha 3HAYMTESbHbIE [TYOUHbI, COOTBETCTBEHHO (DOPMUPYIOTCA FTY60KONOrPY>KEHHbIE 30HbI HE(DTEra30HaKOMIEHN.
BbiBOABL. B HIKHEAEBOHCKO-HIKHEMPAHCKUX MOACONEBLIX OTIOXKEHUAX HXHON YacTh by3ynykckon BnagmHbl
BbIZENEHbI 1BE NMPOrHO3HbIE 30HbI HedoTerazoHakonneHus. Mpu ganbHerLen getanusauum Tepmo6apruyeckoi u
reoxMNU4ecKor 06CTaHOBOK reHepauumn u akkymynsumn yrnesofopooB B 3TX MPOrHO3HbIX 30HAbHbIX 06beK-
Tax MoBbILLIEHA BEPOATHOCTb 06HAPYXEHUS PaHee HEBbIABMEHHbIX HE(DTEra30BbIX MECTOPOXAEHUIA.

Kntouesbie cnosa: by3ynykckas snaguHa, 6acceiiHoBOe MOAENMPOBaHWe, YrNeBoJ0POAHbIE CUCTEMbI, Me-
CTOPOXAEHUs HeddTU 1 rasa, rmy6oKo3arneratLLme ropu3oHTbI, BOLOHANOPHBIA PEXNM.

bnaropapHocTi: PaboTa BbinoIHEHA 34 CYET rOCOIKETHOro chuHaHcupoBaHns HUIP «®yHaameHTanbHbli
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Abstract: Relevance. Harnessing the hydrocarbon potential of deep-seated deposits is a key focus of
geological exploration efforts aimed at finding large accumulations of fossil fuels worldwide. In Russia, the
search for large and unique oil and gas fields is also considered a key strategy for developing the Earth’s
hydrocarbon resource base. Aim. The aim of the work is to refine the forecast within the Lower Devonian-Lower
Frasnian subsalt deposits of previously undetected oil and gas accumulation zones, taking into account the
geofluid-dynamic environment. Materials and Methods. To create the basin model, we used structural maps
of the crystalline basement surface, the base of the Devonian carbonate, the top of the Tulskian deposits,
the top of the Vereiskian deposits, the surface of Paleozoic deposits, lithofacies maps of the Emsian-Lower
Frasnian, Famennian-Tournaisian, Middle Frasnian, Kosvinian-Radaevskian, and Bobrikovian deposits, as well
as 15 additional structural maps, 25 lithofacies maps, and 5 geochemical maps with total organic carbon and
hydrogen index contents. Reservoir pressure measurements from the Yuzhno-Pervomaysko-Zapadno-Stepnoy
area in wells Zapadno-Stepnaya 4 and Yuzhno-Pervomayskaya 13, 15, and 18 were used to calibrate the model.
The research methodology involves systematizing, interpreting, and processing geological and geophysical data
characterizing the structure of the Buzuluk Depression in the Volga-Ural Province. It is based on basin modeling,
which includes constructing a structural framework, reconstructing oil and gas formation and accumulation
processes, and mandatory model calibration based on deep drilling data. Results. The results of the work include
increasing the accuracy of the existing three-dimensional basin model of the study area by integrating additional
volumes of borehole data. Scientific novelty. The scientific novelty lies in the discovery of a trend toward a
stagnation-based regime replacing compressional aquifers within a deep-sea sediment section. This allows us
to formulate a hypothesis regarding the possibility of hydrocarbon systems transforming from flow-through
to hydrodynamically closed (autoclave) systems, within which catagenic fluid generation processes extend to
significant depths, thus forming deep-sea oil and gas accumulation zones. Conclusions. Two predicted oil and
gas accumulation zones have been identified in the Lower Devonian-Lower Frasnian subsalt deposits of the
southern Buzuluk Depression. Further refinement of the thermobaric and geochemical conditions of hydrocarbon
generation and accumulation in these predicted zonal features increases the likelihood of discovering previously
undetected oil and gas fields.

Keywords: Buzuluk depression, basin modeling, hydrocarbon systems, oil and gas fields, deep-seated
horizons.
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BeepeHme

OnHuM U3 BaXKHEHIIMX HAIPABJICHHUHN I'e€0J0ropa3Be0YHbIX UCCIIEIOBAaHNN, HAIICICH-
HBIX Ha BBISBJICHHE KPYIHBIX 3aJIeKEH rOPIOYMX MCKOMAaeMbIX B MUPOBOM MaciiTale, sB-
JsieTCs aKTUBHOE OCBOEHHE YIVIEBOIOPOJHOTO MOTEHIMANa TTyOOKOBOAHBIX TOPU30HTOB
[Bonox u np., 2022; Mynapucosa, JlykssHoBa, 2025; Kuandykov et al., 2022; Li et al.,
2022]. B Poccuu aHasioruuHble 3aa4u BKJIIOUYEHBI B UUCIIO KIIFOYEBBIX CTPATErui Mo pas3-
paboTKe YIIeBOIOPOIHON pecypcHOi 0a3bl cTpanbl. Hama cTtpana obmagaer GompmmMu
nepcreKTHBaMy OOHAPYKEHHSI KPYITHBIX U YHUKAIBbHBIX MECTOPOXKACHUHN YITIEBOAOPOIOB
(YB). B uncne takux 00bekToB HaxoauTcs by3ynykckas BnaanHa, pacnosoxeHnHas B Boi-
ro-YpaiabCKol NMpoBHHIMKU Ha Tepputopun Caparockoi, Camapckoit 1 OpeHOyprekoii
obnacteil. B ee npezenax mpu 3HAYUTEIBHOM 3Ta)e HEPTEra30HOCHOCTH, 0CO00 Ba)KHOE
3HAa4YEHUE B KAUECTBE MPHOPUTETHOTO 00BEKTA Pa3pabOTKU 3aHUMAIOT IEBOHCKHE OTIOXKE-
HMUSL, 3aJIeralolye Ha yOuHax nopsiika 4 kM. OJJHaKo paHee POBEAECHHBIE UCCIIEOBAHUS
BBISIBIJTM HEOJHO3HAYHOCTh MHTEPIPETAIMU XapaKTepa BIMSHUS reoQIonaoanHaMuye-
CKHUX YCJIOBHUH Ha ITPOLECChl HEPTEra30HAKOIUIEHHUS], B TOM YHCIIE U JIEBOHCKOW 4acTH reo-
Joruyeckoro paspesa. [loromy nenp HacTosmIel pabOThl COCTOUT B YTOUHEHHH IPOTHO3a B
npezaesax HUKHEIEBOHCKO-HIKHE(PAHCKUX MOJICOJIEBbIX OTJIOKEHUIN paHee HEBLISBIICH-
HBIX 30H He(pTera30HaKOIUICHHS C y4eTOM reo(Iron10qMHaMHYeCKOi 00cTaHOBKH. JlocTH-
JKEHHE ITOH 1eJIi BO3MOXKHO Oarofapsi pa3BUTHIO COBPEMEHHBIX TEXHOJIOTUI OacceliHo-
BOT'0 MOJIEJTUPOBAHUS.

MeToAMKA 1 MATEPUAALI UCCAEAOBAHNIN

bacceitHoBoe MonenupoBaHUE — 3TO KOMIBIOTEPHAST TEXHOJIOTUSI PEKOHCTPYKIUU
reoJIOTMYEeCKO HCTOPUHU 0CAOUYHOT0 OacceiHa JuIsi MpOrHo3a ero He(pTera3oHOCHOCTH.
B pamkax nmeramuzanum paHee paspaboraHHod monenu [bonmapesa, [Tomosa, 2024],
NpoBeAeHA €€ KaJIuOpOBKA C MCIOJIb30BAaHMEM JAHHBIX M3 CKBAXHH, MPOOYPEHHBIX B
I0ro-3amnajHol (HauooJsee ri1y0oKoil) yacT BaJuHbl. MeTo1 KalTnOPOBKH MOJCIIH J1aeT
BO3MOXXHOCTb TTOBBICUTH JIOCTOBEPHOCTHh MOJICNIA MTyTEM MUHUMU3AIUU PA3HUIIBI MEXK-
Ny peaJibHBIMU M WX MOJICJIbHBIMHU 3HAYEHUSIMU. Pe3ynbTar HoCTUraeTcsl TIIaTelbHON
HAaCTPOMKON MOJEIN Ha BXOAHBIEC MAPAMETPBI, ONUCHIBAIOIINE CBOMCTBA FOPHBIX ITOPOI,
JUTOJIOTHIO, TAJIeOTEMIIepaTyphl, MaJICONIyOUHbl HCCIIENYEeMOTro OOBEKTa, TEIUIOBBIC
notoku u T.4. [Alipour et al., 2021; He et al., 2021]. Tak, nas KanuOpOBKHU MOJETH
MPUBJICYCHBI CKBAXXWHHBIC JAHHBIC TI0 IUIACTOBBIM JIABJICHUSIM IMCKO-HIKHE(DPAHCKO-
ro HedrerazoHocHoro kommiekca FOxHo-IlepBomaiicko-3anaaHo-CTenHoro ydacTka
[Openikun u np., 2015; Ilstaes, 2016], B yacTHOCTH 1O cKkBaxxuHam 3anaaHo-CrenHas
4, FOxno-IlepBomaiickas 13, 15, 18.

Ob6CyXAEHNE PEe3yAbTATOB

B npenenax By3yiykckoi BriaJuHbI OCaA0YHBIN Y€XO0JI IPEACTABIEH IPEUMYIIECTBEH-
HO TePPUTEHHO-KapOOHATHBIMU M CYJIb(ATHO-TATOTCHHBIMU ToJIIaMu. KyHTypcKkuii KoM-
TUIEKC, CIIOKEHHBIA aHTHAPUTAMHU U COJISIMU, (PYHKIIMOHHMPYET KaK JUTOJIOTMYECKHM Oa-
pBep, pazaenseT pa3pe3 0CaA0uHOro YexJia Ha JBa PErHOHAIBHBIX reo(IIon10JHHaMUYe-
ckux staxa [[suanes, 2010; Kapues u ap., 1992].

B cocraBe HIKHEr0 reouIIoUJ0AMHAMUYECKOTO 3Ta)ka Hanbosiee 3HaYMMBbIe MepCriek-
TUBBI HETETa30HOCHOCTH CBSI3aHBI C SMCCKO-HMKHE(PPAHCKUM HEPTETa30HOCHBIM KOM-
TIEKCOM. B ero cocTaBe BBIICISIOTCS TPH MOKOMITICKCA: HUKHEICBOHCKUN (TaKaTHHCKO-
KOWBEHCKUH), sHienbckuit (Ouiicko-aOHNHCKNN) U KUBETCKO-TUMAaHCKUH [ AdaHacbeBa,
2011; Ilsraes, 2016; @oprynarosa u ap., 2022]. C ceBepa Ha IOT MOITHOCTh IMCCKO-HUK-
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He(PaHCKOrO HE(PTEra30HOCHOTO KOMILIEKCA 3aKOHOMEPHO BO3pAcTaeT, U3MEHSSACH OT
150-170 m no 500-590 m [AdanacbeBa, 2011].

B panHeM /1eBOHE ycIOBHS AJIs HAKOIUIEHHSI IITYOOKOBOJIHBIX OCAJKOB ObLITM Hanbosee
ONaronpusATHHI B FO’)KHOM YacTH BMAJIMHBI, KOTOpAasi B HACTOSIIEE BpEMs BBIJIEISAETCS Kak
[Tepemtob6cko-Pybdexxnuckuii mporud. OTI0KEHUS HUKHEIEBOHCKOTO IMOJAKOMILIEKCa, HMe-
0T NIMHUCTO-TIecHaHblid coctaB [DoprynaroBa u nip., 2022]. B eHTpadbHBIX H CEBEPHBIX
YacTAX BMAIMHbBI OTIOKEHUS HMKHEIEBOHCKOTO TMOAKOMIUIEKCAa BCTPEUAIOTCS PEIAKO MU
BOBCE OTCYTCTBYIOT. OMCKHE OTJIOKEHUSI HXKHEJAEBOHCKOTO TOAKOMIUIEKCA, BKIIIOUAOIINE
apriyuIUThI (MOIHOCTHIO 110 38 M) [AdanacbeBa, 2011] u gpyrue ryboKOBOJHBIE TOPOIDI,
MOTYT BBINOJIHATH (DYHKIUIO JINTOJIOTUYECKOTO Oapbepa.

B siidenbckoe BpeMs B 10)KHOM YacTH BIAJMHBI CYIIECTBOBAJIM YCIOBHS, CIOCOOCTBY-
OII[Ee HAKOTUICHHUIO IITyOOKOBOIHBIX MOPOJI — aJIEBPOIMTOB, INIMHUCTBIX aJIEBPOJIUTOB, ap-
THJITUTOB € TIPOCIIOSMHU U3BECTHSIKOB TITYOOKOTO IIeNbda.

['myGokoBoHAs YacTh pa3pe3a >KUBETCKO-TUMAHCKOTO MOJKOMIUIEKCA SMCCKO-HUXK-
He(ppaHCKOro He(TEra30HOCHOTO KOMIUIEKCa MPECTaBIeHa NIMHUCTO-KPEMHHUCTO-KapOo-
HaTHBIMU OTJIOKeHUsIMU [ AdaHacbeBa, 2011; @oprynarosa u ap., 2022], koTopbie crioco0-
HBI BBITOJIHATH (DYHKIIMHU JIUTOJIOTMYECKOTro Oapbepa. [nHucTast mauka »HUBETCKO-TUMAaH-
CKOTO MOJIKOMILJIEKCAa COCTOUT U3 apTHJUIMTOB, @ TAKXKE CIIOEB aJIEBPUTOB M M3BECTHSIKOB.
B nenom, 3Ta miMHUCTAas Mavyka OTJIMYAETCS! BHICOKUM COJIEpYKaHUEM THAPOCIIONBI B IVIH-
HaX, OJJHOPOJTHOM CTPYKTYpOH M MUHUMAJILHOM J0JIe TEPPUTeHHON MPUMECH, a TAKKE
PaBHOMEPHBIM paclpesie]IeHHeM MHUKPO3EPHUCTOrO KajbLIUTa, YTO YKa3bIBaeT Ha €€ Xo-
poune (GaouI0ynopHble CBOKMCTBA. OTIOXKEHUS >KUBETCKO-TUMAHCKOTO TOIKOMILIEKCA
OTpaHUYEHBI IO IJIOLIAIN U BCTPEUAIOTCS B I0r0-3araHoi U ceBepo-3amnaiHoii yacTsax by-
3ylyKcko# Briaguubl [Adanacwesa, 2011; @oprynarosa u ap., 2022].

C reoron1oqMHAMUYECKUX TTO3ULIUI BHICOKAs CTENIEHb NIMHU3AIMH AIMCKO-HIKHE(D-
PAHCKOrO HE(TEra30HOCHOTO KOMIUIEKCA MOXKET SIBUTHCS OCHOBHOM MPHUUYMHON mepexoaa
KOMIIPECCHOHHOTO BOJOHAIIOPHOTO PEXHMMa B CTarHAlMOHHBIA. DTOT Mpoliecc CKopee Bee-
IO HOCHT JIOKAJIbHBIM XapaKkTep U UMEET MECTO TOJIBKO B F0XKHOM YaCTH BIA/IUHBI.

Ocoboro BHUMaHHs 3aciIy’KMBaeT TOT (akT, YTO B IOr0-BOCTOYHOH yacTtu By3ymyk-
CKOM BaJiHbI (CKBaXknHa KiTMHITOBCKas 2) TEMI pOoCTa IIACTOBOTO JIaBJICHUSI C TITyOUHOM
OKa3aJiCs 3HAYUTENIbHO HUKE ruApocTarnyeckoro [OpemkuH u np., 2015; Istaes, 2016].
DT0 yKa3bIBaeT HAa BO3MOXKHOE CYIIECTBOBAHUE THIPOAMHAMUYECKOM JTOBYIIKH JUIs He()TH
[Opewkun u ap., 2015].

Ha ocnoBe dakrtuueckux ganubix [Opemkud u ap., 2015; [Taraes, 2016], 060061meHHbBIX
B BUJIE TUIIOBBIX SIIOP paclpeieieHus IPUBEICHHBIX JaBICHUH SMCKO-HHKHEPPAHCKOTO
He(TEera30HOCHOTO KOMILJIEKCA, MOXKHO IPEAIoJaraTh pa3inuus B THAPOJUHAMUYECKUX
00CTaHOBKaX, XapaKTEepPHBIX Ui AaHHOTO paioHa. Ilo-BuanMoMmy, 37€Ch MMEIOT MECTO
MIPOSIBJICHUS TPABUTALIMOHHO-KOHBEKLIMOHHOTO pexuMa Gaporenepaiuu (Hanpumep, CKB.
2 KnuHIIOBCKas), a TaK)Ke OTMEUYEHO MPOsBICHNE KOMIIPECCUOHHOTO pekuMa (Ha 3amaji-
Ho-CrenHo# iomaan) [Opewkud u ap., 2015]. B ckBaxunax 13, 15, 18 FOxno-Ilepso-
MaicKuX Ha OOJNBLIMX ITyOMHAX BO3MOXEH IE€PEeX0]l KOMIPECCHOHHOTO BOJIOHAIIOPHOTO
pexuma B cTarHallMOHHBIH.

Ha pucynke 1 n300pakeHsl pe3yapTraThl KanuOpoBKH 1o ckBakuHe FOxxHo-IlepBomaii-
ckas 15.

I'eonornueckast 0OCTaHOBKA, XapaKTEPU3YIOIIAsCs HEKOMIIEHCHPOBAHHBIM Mporuoda-
HUEM, ChIrpajia 3HAYUTEIbHYIO POJIb B CTAHOBJIEHUHU T'HIPOJMHAMHUYECKOTO pexuma by-
3yAaykckoi BmaguHbl. [Ipornbanue 1muio ¢ HEMOCTOSHHON CKOPOCTBIO M IepephIBaMU, Ha-
KJIaJ[bIBasACh HA OOIYI0 TEHACHIIMIO MOHOKJIMHAIBHOTO TOTPY>KEHUs ITOPOJI B FOXKHOM Ha-
MIPaBJICHUU.
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Fig. 1. Results of model calibration for the Yuzhno-Pervomayskaya. The table data presented in the figure
are from works [Oreshkin et al., 2015, Pyataev, 2016] with additions

[To smropam maBiIeHU U JTUTOJIOTO-CTpaTurpadguueckum KosloHKam ckB. FOxHo-Ilep-
Bomaiickas 15 [Ilstae, 2016], MmoxxHO Tipenmnonaratk, 4to Ha r1youne ot 3400 o 3700 m
3aiieraet (IIUA0YIIOp, CIIOCOOHBIHN 3(hPeKTUBHBIM 00pa30oM, pa300IIaTh 1Ba KOMILIEKCa C
Pa3HBIMHU BOJOHANIOPHBIMU pexkuMamu. [lonoxenne ¢uronoynopa n3MEHYHBO, U B CKBa-
xuHe FOxHo-IlepBomatickas 18 on pacnonoxen Boiie 3300 M.

BaxxHO OTMETHTB, 4TO Ha 00JIBIIOM (hakTorpaduueckoM MaTepuae 1o HererazoHoC-
HbIM OacceiiHaM MHpa MOKa3aHO, YTO €CJIM YITIEBOAOPOIHBIE CUCTEMBI (POPMHUPYIOTCS B
YCIIOBUSIX Pa3BUTHS TPABUTAIMOHHOTO WJIM KOMIIPECCHOHHOTO BOJOHAMIOPHBIX PEXHMOB
Ha CPAaBHUTEJIBHO HEOOJBIINX TIIyOUHaX (Topsiaka 2—4 kM), To OHH 00J1a/1al0T CBOWCTBAMU
IPOTOYHBIX (KBA3UOTKPBITHIX) CUCTEM C MPOCTPAHCTBEHHO PAa3BUTOMN IPEHAKHOH CEThIO,
YTO 00ecreyrBaeT OTBO/ MPOAYKTOB KaTareHHOM (uIron1oreHepanuy u3 o4yaroB Hedrera-
3000pa3oBaHus B 30HBI He(dTerazonakorienus [AOykoBa u np., 2020; ITonkos, [Tomkos,
2023; Toth, 2009].

B mryOokux HedTerazoHOCHBIX OacceiiHaX B HIDKHHMX Teo(NIOMIOIMHAMUYCCKHX dTa-
KaxX, PACHOJIOKEHHBIX I0J] PETHOHAIBHO BBIAECPKAHHBIMH COJICHOCHBIMU TOJIILIAMH, Ha
OoNBIIMX TIIYOMHAX OCAJOYHOrO YeXJia BO3HUKAIOT YCIOBHUS (OPMHUPOBAHMS CTarHaIlH-
OHHOTO BOJIOHaNopHOro pekuma [Jiang et al., 2011; Pang et al., 2022]. Takas rugpoau-
HaMHU4YecKass OOCTaHOBKAa CHOCOOCTBYET TOMY, YTO MPOTOYHBIE YIJICBOIOPOIHBIE CHCTE-
MBI TpaHC(HOPMHUPYIOTCS B THIPOIMHAMUYECKH 3aKpbIThie (aBTOKJIABHBIC). VM mpucytie:
(1) mpocTpaHCTBEHHOE COBMEIICHUE MPOIIECCOB HeTerazooopa3zoBanusi U HeTera3oHako-
TUIeHYsT; (2) MOBBIIICHHAs POJIb KaTareHETHYECKUX MPeoOpa3oBaHnii COOCTBEHHOTO OpraHH-
YECKOTO BEIIECTBA; (3) MOCTOSHCTBO THAPOAMHAMUYECKOTO TIOTEHIIMAIa BO BCEH yIIIEBOIO-
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pomHOI crucTeme; (4) paBeHCTBO TIOPOBBIX M TUIACTOBBIX JIABIICHHIA. B mpenenax Takux cuctem
CKOPOCTb KaTareHEeTUYECKUX MPOLIECCOB PE3KO CHUKAETCS, COOTBETCTBEHHO 30HA KaTareHe-
THUYECKOT'O MPEBPAIIECHHUS KEPOreHa B YIIIEBOAOPOIAbl HEPTIAHOTO psijia cMenaeTcsi B 00J1acThb
OOJNBIINX TITyOUH, 32 CUET Yero 37eCh MOTYT ()OPMUPOBATHCS KPYITHBIE U YHUKAIBHBIE MECTO-
poxneHus YB, B ToM uunclie ¥ B CHHKIMHAIBHBIX ycoBusix [Li et al., 2021; Hua et al., 2025].

OmnpeneneHre MPOCTPAHCTBEHHOTO PACIIOJIOKEHUS 3aKpblTo (aBroknaBHoi) YBC
TpeOyeT MOCIeI0BaTEIbHOTO BBIMOTHEHUS Cleayomux 3anad: (1) BeieneHue B paspese
PErHOHANIBHOIO (AOMHHAHTHOIO) (IIOMI0YNIOpa, OOECIEeUNBAIOIIEr0 TUAPOJMHAMUYE-
CKYIO HM3OJISIUI0 HIDKHETO reo(IonI0MHAMIYECKOTO ITaXka, HIKE KOTOPOTO Pa3BUTHI
KOMITPECCHUOHHBIN U CTarHallMOHHBIN BOJIOHAIOPHbBIE PEXUMBL; (2) YCTAaHOBICHHE Xapak-
Tepa pacHpeesIeHus MO IIOMAI U MPOCTPAHCTBY IJIACTOBBIX JABICHHM, JOKAIN3ALINS
30H MPOSIBJICHUS TOHMKEHHBIX 3HAUEHUHN THIPOAMHAMHYECKOTO MOTEHINAIA, PacCMaTPH-
BaeMbIX KaK MOTECHIMAIbHBIC 30HBI HedTerazoHakoruienus [Abykosa u np., 2020; Iomn-
k0B, ITonkos, 2023]. Yuer 3T0ro MexaHu3ma sBIISICTCS METOIOJIOTHYECKOM OCHOBOM ITOMC-
Ka 3aJIe)Kel yIIeBOIOpPOAOB Ha OOJIBIIUX MTyOMHAX B HIDKHUX dTa)KaxX HEPTEra30HOCHBIX
6acceitHOB. OH U ObLJI PEKOHCTPYUPOBAH HHCTPYMEHTaMU 0acCeHHOBOTIO MOJIEITUPOBAHUS
MIPUMEHHUTENHHO K By3ynmyKckoi BraguHe.

B pesynbrare BoisiBieHus nonoxeHuid YBC no pesynasraraMm MOneIupoOBaHus, ycTa-
HOBJICHO, YTO CTENEHb TpaHchopmaiuu (BbIpaOOTAaHHOCTH KEPOreHa) OPraHuYeCKOro
BemecTBa dMckux Hedrerazomarepurckux Toim (HI'MT) nHa tore BmaguHbl cocTaBmiia
80-100% (3200—6500 m rirybuna 3aneranusi) (puc. 2). OcTaTOUHbIN TeHEepaIlMOHHBIN T0-
teHiuan paBeH 20 %. OcHOBHOI oyar reHepauuu yrieBoaopoaHbix (YB) rasos (3600—
6500 M) pacrionoxeH Ha tore by3ynykckoit BnaauHbl, He)TereHEpaIlid — Ha CeBepe BIIa-
muHb (2900-3600 M) [bonmapesa, [lomosa, 2024; Myxun, 2011].
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B mpocTpaHCTBEHHOM OTHOIIEHUH B TPEENIax HIKHETO Teo(IIONI0AMHAMUYECKOTO
9Taka ObLTU BBIACTICHBI IBE MPEojaraeMble 30HbI Pa3BUTHS CTATHAIIMOHHOTO PEeKUMa, B
uX Ipejenax nporao3upyercs paspurue aprokiaBHbix Y BC. Taxke Ha OCHOBE IajeoTek-
TOHMYEKOTO aHAJIN3a MOXKHO MPEANOIOKNUTh, paHEE ITH OTACIIbHbIC OJIOKU ObLTH OOJbIIIE
10 TUTOIIAN ¥ COCTABIISUIN €IMHBIA odar HedTera3oo0pa3oBaHus B Ipeneiax eauHON aB-
TOKJIABHOM YTIJIEBOJIOPOIHOM CHCTEMBI.

B xone nepedopmupoBanusi CTpyKTypHOTO I1aHa, copmupoBanach Kamenur-Yaran-
CKasl cCMCTeMa JMCIIOKaLui, 4To MpuBesio K obocobienuto [epentrodeko-PyOexxnHckoro u
Hprusckoro nporudos (puc. 3), obiaactu pa3MbiBa (pIroUI0yIIOPOB CTATH MOTCHIIMATBHBI-
MU 30HAMH pa3rpy3Ku U30BITOUHBIX JaBICHUM.

Jl1s1 Gosiee TOUHOTO MPOTHO3a YCIOBUH (POPMUPOBAHHS ABTOKJIABHOH YIIIEBOAOPOTHOM
CHUCTEMBI B TIPEJIeNIax paccMaTpPUBAEMON TEPPUTOPUHU HEOOX0IUMO 000CHOBATH OoJIee Jie-
TaJbHBIC Majieoreorpa@uuecKkue MoJeNu, Tpeoyromme O0IbIIoro oObeMa UCXOIHOW MH-
(dhopmarum.

YTouHneHue BpeMeHU (POPMHUPOBAHUS ABTOKIIABHBIX CHCTEM M JIEHYAAIIMOHHO-3PO3H-
OHHBIX MPOLECCOB SBIISIECTCS TAKKE KIIFOUEBOM 3a7aueii uccienoBanuid. Ha ceromns MoxxHo
yKa3aTrh Ha TO, 4TO B By3ylyKCcKkol BmajMHE 3PO3MOHHBIE MPOLIECCHl MPOUCXOAMIIN Tep-
MaHEHTHO: B ICBOHCKOE BpeMs (JIOKaJIbHO), B BU3€E MPOSIBIISUIN ce0sl perHOHAIbHBIE pa3-
MBIBBI, U B COBpEMEHHOE BpeMsl (puKcupyeTcs AeHyganus. Kak MOXKHO CyauThb MO Py
MPUMEPOB, CMEHA TEOIMHAMUYECKUX PEKUMOB HEPEAKO MPUBOIUT K CMEHE THIIOB BOJIO-
HATIOPHBIX CUCTEM, KIACCHUYECKHM IPUMEPOM YETO SIBISETCS TeO(UIFONI0IMHAMUYECKas
sBomonus 6acceitHa Cymnisio [Chen et al., 2025; Hua et al., 2025].
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Fig. 3. Diagram of the distribution zones of predicted autoclave-type hydrocarbon systems, which show
signs of the formation of a stagnation water-pressure regime within the Buzuluk Depression

Ha ocHoBanuu akTyanu3anuu Mozeln ObUTM YTOYHEHBI 30HBI PACIpPOCTPaHEHUS TITy-
OOKOIOTPYKEHHBIX OTIOKEHUH IMCKO-HMKHE(PPAHCKOTO HEPTEra30HOCHOIO KOMILIEKCa

(puc. 4).
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Fig. 4. Scheme of 0il and gas potential prospects of deep-lying horizons of the Buzuluk Depression

ITo marepuanaM pa3HOPOAHOIO IreoI0ro-reo(pU3nUYecKoro MaTepuala u akTyaau3alun
0acceltHOBOM Moieny OBbUIM BbIAEIEHBI HUKETIEPEUUCICHHbIE NPEANIOChUIKH HedTeraso-
HOCHOCTH 0ra by3yllyKCKOH BIIaJUHBI.

Tabnuya 1/ Table 1

Ipeanocblikn HedTerazoHoCHOCTH IMCKO-HIKHeppanckoro HI'K By3yanykckoii BnaanHbl
/ Prerequisites for the oil and gas potential of the Emsian-Lower Frasnian oil and gas field

of the Buzuluk depression

Crparurpadus
NMPOAYKTHBHBIX
To1my/ Stratigraphy
of productive strata

IMckuii sipyce /
Emsian Stage

JiienbCKUil 1 KUBETCKUI
sipychI /
Eifel and Givetian Stages

XapakTepucTuKa
HI'MT/
Characteristics of
NGMT

Hammune 6orateix HIMT c 11 Trmom
KeporeHa.

Cranus xkarareneza MK4-MKS5S
[bonnapesa, ITomosa, 2024].

The presence of rich NGMT with type
II kerogen.

Catagenesis stage MK4-MK35
[Bondareva, Popova, 2024].

Hammune 6orarsix HIMT ¢

II Tunom keporena.

Cramus xarareneza MK4-MKS5
[bonnapesa, ITomosa, 2024]. /
The presence of rich NGMT with
type II kerogen.

Catagenesis stage MK4-MK5
[Bondareva, Popova, 2024].

JIuTomoruyeckas xa-
PaKTEPUCTUKA KOJIICK-
TOpOB /
Lithological
characteristics of
reservoirs

OcaiouHbIe TOPOJIbI KOMBEHCKOTO U
OMICKOr0 TOPU30HTOB TEPPUICHHOTO
MPOUCXOXKACHUS (TIECUaHUKN) 1
KapOOHATHBIE TIOPOJIBbI CO BTOPUYHOM
MOPHUCTOCTBIO M TPEIINHOBATOCTHIO. /
Sedimentary rocks Koyvensky and Biysk
horizons of terrigenous origin (sandstones)
and carbonate rocks with secondary
porosity and fracturing.

BricokonpoHuLaeMble U €eMKUE
MECYaHUKH BOPOOBEBCKOTO, ap-
JIATOBCKOTO M MYJIJTUHCKOTO TO-
pusoHTOB (3Hidens, xkuset). Kap-
GoHaTHBIE TTOPOBI AOHUHCKOTO
TOPH30HTA CO BTOPHYHOM ITOpH-
CTOCTBIO M TPEUIHHOBATOCTEIO. /
Highly permeable and capacious
sandstones of the Vorobyovsky,
Ardatovsky, and Mullinsky ho-
rizons (Eifelian, Givetian). Car-
bonate rocks of the Afoninsky
horizon with secondary porosity
and fracturing.
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XapakTepHucTuka
(hirror 0y IOpOB /

«YIOBIETBOPUTEIBHBIE) (IIFOUIOYIIOPEI
(meGompIas MmIomaIs pacIpPOCTPAHEHHS,
UI0Xasi COPTHPOBKA 00JIOMOYHOI'O MaTepH-
aJia TNIMHUCTBIX TOJII), JIOKAJILHO OJTHAKO
[JIMHUCTBIC TONIIN UMEIOT MOHOKIIACTHYC-
CKHI COCTaB, YTO 00YCIIaBIMBACT BO3MOXK-
HOCTh UX YIDIOTHEeHUS [AdanackeBa, 2011;
Characteristics of fluid | Bornapesa, [Tonosa, 2024]. /

seals “Satisfactory” fluid seals (small area of dis-
tribution, poor sorting of clastic material of
clay strata); however, locally the clay strata
have a monoclastic composition, which
makes it possible to compact them [Afa-
nasyeva, 2011; Bondareva, Popova, 2024].

APTrUUTATOBBIE TTAYKH ¥ TIIHHU-
CTO-KapOOHATHBIE TONIH (paH-
ckoro sipyca [Adanacsesa, 2011;
Bonpapesa, [Tomosa, 2024]. /
Argillite packs and thick clay-car-
bonate strata of the Frasnian stage
[Afanasyeva, 2011; Bondareva,
Popova, 2024].

XapaKTepuCcTUKa J10-
Bymrek / Characteris-
tics of traps

CTpyKTYPHO-JTUTOJIOTHYECKOTO, TEKTOHUYE-
CKU-9KPaHHUPOBAHHOTO U cTpaTurpadmye-
ckoro knaccoB [bonmapesa, Ocumos, 2023;
Bonnapesa, [Tonosa, 2024]. /
Structural-lithological, tectonic-screened
and stratigraphic classes [Bondareva,
Osipov, 2023; Bondareva, Popova, 2024].

CTpyKTypHO-TUTOIOTHYECKOTO

U CTpaTHrpaduuecKoro KIaccoB
[bounapesa, Ocunos, 2023; boH-
napesa, [lorosa, 2024]. /
Structural-lithological and strati-
graphic classes [Bondareva,
Osipov, 2023; Bondareva, Popo-
va, 2024].

JKaler BOHA.
T'mpporeonorus / ILEro ACBOHa. /

T'uaporeonoruyueckast 3aKpbITOCTh Kak (ak-
TOP COXPaHHOCTH. ABTOPBI PEIIONATal0T
pacnpocTpaHeHre 30H CTarHaluOHHOTO
PEKMMa 0] MOLITHBIMH TOJIIIAMH BbIIIEIIe-

Hydrogeological closure as a preservation

ABTOPEHI TIpeNONararoT HopMHu-
POBaHNE «ABTOKJIABHBIX» CUCTEM:
B ycnoBusx ruipoaHaMUYECKOM
CTarHauu GOpMHUpYeTCsi 0COObIH
ABTOKJIABHBIN THII YIJIEBOIOPO/I-
HBIX CHCTEM. /

Oil and gas potential

are found.

Hydrogeology factor. The authors suggest the distribution | The authors suggest the formation
of stagnation zones beneath thick strata of | of “autoclave” systems: Under
the overlying Devonian. conditions of hydrodynamic stag-

nation, a special autoclave type of

hydrocarbon systems is formed.
[Tpuznaku HedrerazoHocHOCTH B OMcKuX | [IpoMbIlieHHbIe HeTEHOCHBIE
OTJIOKEHUSX Ha CMEXHBIX TEPPUTOPHUSIX TOPH30HTHI Ha 3anaaHo-BuirHes-
OpeHOyprckoif 00acT, TIe B KepHE OT- ckoit momanu, KyreboBckom,
MeUeHBI TPEIINHBI, 3aII0JTHEHHBIE ONTYMOM, | 3alKHHCKO-30pHuHCKOM, CaxapoB-
BCTPEYAIOTCS HHTEPBAJIBI C BBIMTOTaMU Hed- | ckoM, ["apmmHCcKoM, PocTamms-
TH. / ckoM, Konnosckom, CeBepo-Dre-

Hedyrerasonochocts/ Signs of oil and gas potential have been POBCKOM U JIp. MECTOPOXKICHUSIX.

noted in the Emsian deposits in adjacent
territories of the Orenburg region, where
cracks filled with bitumen have been noted
in the core, and intervals with oil effusions

/
Industrial oil-bearing horizons in
the Zapadno-Vishnevskaya area,
Kutsebovskoye, Zaikinsko-Zorin-
skoye, Sakharovskoye, Garshins-
koye, Rostashinskoye, Konnovs-
koye, Severo-Flerovskoye and
other fields.

3AKAKOYEHME

BrinonHeHo MHOroBapmaHTHOE OacceifHOBOe MOJAETHpPOBAaHHE MpoIleccoB Hedrera-
3000pa3oBaHus U He(pTEra3oHAKOIUICHUS! B YMCKO-HIKHE(PPAHCKOM KOMIUIEKce By3ymyk-
ckoii Bnajunbl. Ha ocHOBe nmuTonoro-dannansHOro ¥ reouiron10IMHaAMAYeCKOTO aHaIn3a
BBIJICTICHBI 2 BEPTUKAIBHBIX TeO(IIONIOAMHAMHYECKIX ITaKa: HUKHUN — HIDKHEICBOH-
CKO-HIKHE(PAaHCKUH (CTarHAIMOHHBIN), BEPXHUH — HIKHEPPAHCKO-TIEPMCKHH (dIIn-
3uOHHBIN). Ha ocHOBe aHanM3a MMEOIIErocsl reoJOorH4ecKoro mMarepuaiia mpeaiokeHa
runore3a o GOpMHUPOBAHUH B MPENENax MOJCOIEBOM YacTH pa3pe3a CTarHallMOHHOTO BO-
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JIOHAIIOPHOTO PEXXHMMa, KOHTPOJIUPYIOLIET0 PacnpOCTPAHEHNE YIIIEBOJOPOIHON CUCTEMBI
ABTOKJIaBHOT'O THIIA.

Hayunas 3naunmMocTh nporuosa pa3sutus B by3ynykckoii Bnajune aBrokiaBHoit YBC
3aKJII0YAETCs B MOBBIIIEHUU JOCTOBEPHOCTH MEXAHU3MOB (DOPMUPOBAHMS U COXPAHEHUS
3aJiexel yIieBoAOpOI0B Ha OONIBIIMX ITyOMHAX (HM)KHUH JIeBOH, SIMCKUH spyc). B ycio-
BUSIX CTarHaI[MOHHOTO PEXMMa BO3MOYKHO COXpaHEHHE KPYIMHBIX He(TEra30BbIX 3aJIeKeH,
YTO UMEET BaKHOE 3HaYeHHe Uit 3((HEKTUBHOIO OCBOEHUSI PECYPCHOM YITIEBOJOPOIHOM
6a3bl B CTapblX He(Ten0ObIBAIOIUMX PErMOHaX, K YUCIY KOTOpPBIX OTHOCUTCS M Bosro-
VYpanbckas npoBuHIMs. [TomyueHHbIe B X0/1€ JAHHOTO UCCIIEI0BAHMSI PE3YJIbTaThl CIIyXKar
OCHOBOMH J1J151 IONIOJTHUTEINIbHBIX HAy4YHbIX U3bICKAHUN, HEOOXOAUMBIX ISl [TOJITBEPKICHUS
MpeIOKEHHON MozieNid akkyMysisiiu Y B B By3ynykckoii BriajiiHe Ha HEBCKPBITHIX Oype-
HUEM ITyOMHaX.
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Pe3tome: AKTyanbHoCTb paboTbl. OLieHKa napaMeTpoB NPUCKBXKUHHO 30HbI nnacTa (M3[1), Takux Kak pa-
ANYC 1 NMPOHNLIAEMOCTb 30HbI HAPYLLEHN (OMNLTPALMOHHBIX CBOWCTB, SBNAETCSA KNIOYEBOW 3ajaqeil ana nna-
HUPOBAHMSA U KOHTPONs 9(EKTUBHOCTU FE0NI0r0-TEXHNYECKNX MeponpuaTuii. CyLiecTByOLLMe METOLbI Ana-
THOCTUKW UMEKOT OrpaHnNyeHuns, 0CO6EHHO B LUMPOKO PACMNPOCTPAHEHHbIX HA NPAKTUKE YCIOBUAX ABYX(DA3HOM
(He(pTb-BOAQA) hunbTpauuu. Knaccuyeckue noaxofsl, paspaboTaHHble Ans 04HOGA3HON Cpefbl, TPeOyIT afan-
Tauun 1 Banupauum ans 6onee CNOXHbIX MHOrogasHbix cuctem. Llenb. PazpaboTka 1 anpobauns npocTon u
(hu3n4eckn 060CHOBAHHOI METOANKN 19 NOCNEA0BATENIbHOIO ONpeeNieHns pagnyca u NPOHULLAEMOCTY 30HbI
HapyweHus B M3 N0 faHHbIM HECTALMOHAPHON TEPMOMETPUM NpU ABYX(ha3HOA unbTpaunn HedTn 1 BoOAbI.
06bexT u metofbl. 06LEKTOM MCCIEL0BAHUSA ABNAETCA NPOLECC HEN30TEPMMYECKON ABYX(hA3HON PunbTpaLui
B NnacTe ¢ paguanbHON HEOAHOPOAHOCTLI0. MeTo40I0rM4ecKoii OCHOBOM PaboThbl ABNSAETCA HOBOE aHANUTUYe-
CKOE peLUeHne 19 HecTauyoHapHOoro TemMrnepaTypHoro noss, y4uTbIBatoLLee TepMOAMHAMUYECKINE 3PEKTEI.
MeTofuka MHTepnpeTaLmn OCHOBaHA Ha GUNMHEHON annpoKCUMaLMK AUarHOCTUHECKOro rpaduka Temnepa-
TYpbl B MOMYNOrapuMUYeCKUX KOOPAMHATAX W HAXOXAEHWUN TOYKW MEepeceyqeHns NUHEeRHbIX TPEHZ0B, COOT-
BETCTBYHOLLMX (OMNbTPaLL B HAPYLLEHHOW WU HEHApYLLEHHOW 30Hax nnacta. Anpo6auus MeToLuKu npoBejeHa
MyTeM CPaBHEHMWS ee Pe3yrbTaToB C JaHHbIMU YMCIIEHHOr0 MoAenupoBaHus B Ansys. Pesynbtatel. PaspabotaHa
noLuaroBas MeTofuKa, No3BONALLAA NOCNEeA0BATENIbHO ONPeAeNiaTh NPOHULAEMOCTb U Pajuyc HapyLLIEHHOM
30HbI B M3[1. MokazaHo, YTO Bpems Npux0Aa TeNna0BOro CMrHana oT rpaHuLbl 30H ONPEAENAeTCS No TOYKe nepe-
CEYEeHUs annpOKCUMUPYIOLLMX NPAMbIX, 4TO MO3BONIAET BbIYUCIUTL PAANYC 30HbI HapyLleHus. MpoHuLaemocTu
30H OMpPefenaTCs N0 TAHTeHCaM YrIi0B HaKNOHA 3TUX NPAMbIX. YUCNEHHbIN 3KCNEPUMEHT NOATBEPANN BbICOKYHO
TOYHOCTb METOAMKMW: MOrPeLUHOCTb OnpefeneHns paguyca 30Hbl HapylleHnsa coctasuna 1.4 %, a npoHuuae-
mocTeit — MeHee 8 %. YCTaHOBNEHO, 4TO He6onbLlas NOrpeLlHocTs 06yCcnoBneHa u3nyHeckumm agdekTamm
(TensIonpoBOLHOCTb, CXXUMAEMOCTb), HE YYTEHHbIMW B aHANUTUYECKO MOoZenu. BoiBoabl. PaspaboTaHHas me-
TOAMKA ABNAETCA 3PMEKTUBHBIM UHCTPYMEHTOM [N 3KCMPECC-ANArHOCTUKM cocTosHus M3M1, npuMeHuMbIM B
NPaKTUHECKNX YCIOBUAX ABYX(HA3HOI0 NOTOKA.

KnioueBble cnosa: AByxasHas ounibTpauns, NnpucKBaXKMHHas 30Ha nnacrta, TepPMOMETPUS, aHaNUTUYeCcKoe
peLlueHwve, norapugMuyeckas NpoM3BoaHas, NPOHMLAEMOCTb, PAANYC 30HbI HAPYLLEHUS, TEPMOTAPOANHAMUNYE-
CKune nccrenoBaHunsa.
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Abstract: Relevance. Evaluation of near-wellbore zone (NWZ) parameters, such as radius and permeability
of the filtration property disturbance zone, is a key task for planning and monitoring the efficiency of geological
and technical measures. Existing diagnostic methods have limitations, especially under widely used conditions
of two-phase (oil-water) filtration. Classical approaches developed for a single-phase medium require adaptation
and validation for more complex multiphase systems. Aim. Development and testing of a simple and physically
sound technique for sequential determination of the radius and permeability of the disturbance zone in the NWZ
based on non-stationary thermometry data during two-phase oil and water filtration. Object and methods. The
object of the study is the process of non-isothermal two-phase filtration in a formation with radial heterogeneity.
The methodological basis of the work is a new analytical solution for a non-stationary temperature field that
takes into account thermodynamic effects. The interpretation technique is based on the bilinear approximation
of the diagnostic temperature graph in semi-logarithmic coordinates and finding the intersection point of the
linear trends corresponding to filtration in the disturbed and undisturbed formation zones. The technique was
tested by comparing its results with the data of numerical modeling in Ansys. Results. A step-by-step technique
has been developed that allows sequentially determining the permeability and radius of the disturbed zone in
the NWZ. It is shown that the time of arrival of the thermal signal from the zone boundary is determined by the
intersection point of the approximating lines, which allows calculating the radius of the disturbed zone. The
permeabilities of the zones are determined by the tangents of the angles of inclination of these lines. A numerical
experiment confirmed the high accuracy of the technique: the error in determining the radius of the disturbed
zone was 1.4 %, and the permeabilities were less than 8 %. It was found that a small error is due to physical
effects (thermal conductivity, compressibility) not taken into account in the analytical model. Conclusions. The
developed technique is an effective tool for express diagnostics of the state of the NWZ, applicable in practical
conditions of two-phase flow.

Keywords: two-phase filtration, near-wellbore zone, thermometry, analytical solution, logarithmic derivative,
permeability, radius of disturbance zone, thermohydrodynamic studies.
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BeepeHme

D¢ dexTuBHOCTH pa3paboOTKN He(TEra3oBbIX MECTOPOXKACHUI HANPSMYIO 3aBUCHUT OT
NPOIYKTUBHOCTH IUIACTOB, MIPHYEM MPOAYKTHBHOCTH OMPEAEISICTCS HE TOJIBKO IMPOHMIIA-
€MOCTBIO KOJJIEKTOPA, HO U (PUIIBTPAIIMOHHO-EMKOCTHBIMHU CBOMCTBAMH MPUCKBAXKUHHON
30HbI. [IpoGnema nerpamanuu npuckBaxuHHoW 30HbI Iiacta (I13I1) BcieactBue ecte-
CTBEHHBIX MPOIIECCOB, TAKMX KaK KOJIbMaTalus BCJIEACTBHUE OTIIOKEHHS coliel, acanbre-
HOB, CMOJI U NapauHOB, 0COOEHHO OCTPa IS MECTOPOXKACHUH, HAXOMSAIIMXCS Ha TIO3IHUX
CTaIusX pa3pabOTKH, BKIIIOYAs CIIOKHBIC Ta30KOH IeHCcaTHbIE 00bekThl CeBepHoTo KaBkasa
[[lacymos, 2016]. K 3TOMy ecTecTBEHHOMY YXYIIICHUIO MOXET J100aBUTHCSI 3HAYUTEIb-
HBI TEXHOTEHHBIN YIIEPO: B YaCTHOCTH, HEKOPPEKTHBIN BHIOOD JKUIKOCTEH TIIYIICHUS TIPU
NPOBEICHUH KAITUTAILHOTO PEMOHTA MPUBOIUT K HEOOPATUMOMY 3arpsi3HEHHUIO MOPOBO-
T'O NMPOCTPAHCTBA U JIOMOJHUTEIFHOMY CHIKEHHIO MpoAyKTuBHOCTHU [["acymoB, ['acymos,
2025]. nst 60pbOBI ¢ yxyauieHneM GpuiabTpannoHHbIX Xapakrepuctuk 1311 mpumensiorcs
pa3nuyHble MeTObI MHTeHCU UKy nputoka [Anikin et al., 2022], apdexkTuBHOCTD KO-
TOPBIX HANPSMYIO 3aBUCHT OT TOYHOW JMArHOCTUKY IMapaMeTPOB HAPYIICHHON 30HBI.

Tpaauunonusie Metozs! oleHkH coctostuus [1311, Takue kak rugpogMHAMHYECKHIE UC-
cienoBanus ckBaxuH (I'IM), mo3BOSAIOT ONpeenuTh UHTErpaJIbHbIA CKUH-(DaKTOp, HO HE
JIAI0T BO3MOXKHOCTH Pa3AeIUTh €ro Ha COCTABISIONINE, CBSI3aHHBIE C TeOMEeTpUel U (uiib-
TpaIMOHHBIMKM CBOMCTBaMH 30HbI HapymieHus [Bourdet, 2002; asnerbaes u ap., 2023].
B pesynbrare cumxkaercs 3¢p¢GEeKTUBHOCTh TUIAHUPOBAHUSA W ONTUMHU3ALMU PabOT MO MH-
TeHcu(ukanuu npuroka [Cutauxos, 2023].

OnHuM u3 Hanboee NepcrneKTUBHBIX MOAX0/I0B SABISETCS TEPMOTUIAPOIUHAMUYECKOE
30HMPOBAaHUE, OCHOBAaHHOE Ha aHAIM3e JMHAMHUKH 3a00HHON Temreparypbl. MHpopma-
TUBHOCTH METOJIa Oa3upyeTcs Ha MPOSBICHUN TEPMOAUHAMUYECKUX 3(PPEKTOB (B MEPBYIO
ouepens, b dexra Jxoymns-ToMcoHa), THTEHCHBHOCTD KOTOPBIX HAIMIPSIMYIO CBSI3aHA C Ipa-
JMEHTOM JIaBJICHUS U, CJI€0BaTEeNbHO, C IPOHUIIAEMOCTHIO 30HAUPYEMOTO Y4acTKa Cpebl
[Yekamok, 1965]. OcHoBbI MeTona ISl OMHO(a3HO# QuibTpanuy ObUIA Pa3BUTHI B s
paboT, rae ObUIM MPEIIOKEHbI aHATUTUYECKHE U YUCIICHHBIE TTOJXO/bI ISl ONPEACICHUS
napametpos [I3I1 npu onnodaszHoit ¢puisTpanuu xuakoctu [Pamasanos, Mcinamos, 2017,
Duru, Horne, 2011; McnamoB, Pamazanos, 2022]. OcoOyto nmonyisipHOCTh TPHOOpes aHa-
JIU3 JIOTapU(PMUIECKON MPOU3BOTHOM TEMIICPATYPhl, [TIO3BOJISIFOIINIA TI0 XapaKTEPHBIM TOY-
KaM Ha KPUBOI OLIEHWBATh TPAHUIIBI 30H C Pa3IMYHON MpOHULaeMOCThio [Panini, Onur,
2018].

Tem He menee, monasisitoniee OOJBIIMHCTBO MECTOPOXKACHUM pa3palarbiBaeTcs B
ycioBusxX aByx(ha3Hoi (HedTh-Boja) WM MHOTO(A3HOU (ra3-HedTh-BoAa) (QUIBTPALIMH.
OTOT (paKT 3HAYUTEIBHO YCIOXKHIET MHTEPIPETALNIO, TaK KaK TEIIOQU3UYECKUE U TH-
JIPOIMHAMUYECKUE CBOMCTBA OTJENBHBIX (a3 MOTOKA CHIBHO pasinyarorcs. YucieHHble
UCCIIEIOBaHUS TOITBEPANIIN IPUHLIUIHAIBHYIO YyBCTBUTEIBHOCTH TEMIIEPATYPHOTO MOJIS
k mapametpam [13I1 npu mHOrOda3HO# Gunbrpanuu raz-uedrts [[aliaykoB u ap., 2016;
Sharafutdinov et al., 2017]. Oxnako nmpakTHYeCcKOe MPUMEHEHHE ITUX PE3yJbTaToOB 3aTPy/I-
HEHO M3-3a OTCYTCTBHS IPOCTON M HA/JEKHONH METOAMKH MHTEPIPETALMH ITPOMBICIOBBIX
JTAHHBIX.

CoBpeMeHHbIE UCCIIEIOBAHNS AKTUBHO HCIIONB3YIOT TAaHHBIE PACIIPEACIEHHBIX OIITOBO-
noxkoHHbIX cucteM (DTS/DAS) nist monutopunra. OCHOBHO# (OKycC 3TUX pabOT HaIpaB-
JIeH Ha JUarHOCTUKY NMPOOJeM BIOJIb CTBOJIA CKBAYKUHBI, TAKMX KaK OOHapyKEHHE yTeueK
Y OLICHKA 11eJ0CTHOCTH KoHCTpyKimu [Noble et al., 2021; Cherubini et al., 2023], a Taxxe
Ha KOJIMYECTBCHHYIO OLICHKY Ipoduiieli npuToka u 3akauku [Mahue et al., 2022; Mnaros
u 1p., 2023]. Hanpumep, B padote [Luo et al., 2020] npeacraBneH KOMILIEKCHBIM HHBEP-
CHUOHHBIN TMONIXON AJisl onpeneneHuss npoduist 1ByX(pa3HOTO MOTOKA B TOPHU3OHTAIBHBIX
CKBa)XMHaX. B To e Bpemsi, pa3BUBaeTCs MEPCIEKTUBHOE HAMPaBJICHHUE 110 ONPEICICHHIO
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(UIBTPAIMOHHO-EMKOCTHBIX CBOWCTB MPUCKBAKUHHOM 30HBI M1acta. Hanbonee nHHOBa-
IIMOHHBIE MOJXOBl inVolve MpuMeHeHHe MEeTOJ0B MAIIMHHOIO OOy4YeHHs; HalpuMep, B
uccnenoanuu [Li et al., 2022] cBepTouHast HEMPOHHAs CETh UCITOJIB3YETCs JIJIsT HEMOCPEeI-
CTBEHHOT'O OLICHUBaHMs MPOHUILIAEMOCTH BOIM3H CKBAXKHHBI 110 JAaHHBIM paclpeleleHHbIX
TeMreparypHbix u3mepenuil. Tak, B padote [ Yoshioka et al., 2023] npeanoskena MeToau-
Ka uHTerpauuu 1aHHbix DTS 1 KpuBBIX BOCCTAHOBIICHUS IaBJICHUS AJI KOJTMYECTBEHHOM
OLIEHKHU pajiiyca U IPOHUIIAEMOCTH 30HbI IOBPEXKACHUS B HEPTAHBIX CKBa)KUHAX.
HecMoTpst Ha 3HAYUTENBHBIN HAy4YHBIN POTPECC, 3a/1a4a pa3IeiIbHON OLEHKH I'eOMe-
TpUUYECKUX U (UIBTPALIMOHHBIX ITapaMeTpoB 30HbI HapyueHus B [1311 B ycnoBusax aByx-
(a3HOI punbTpanuu OCTAETCs HEOCTATOUYHO MPOpaboTaHHOM. CyIIecTBYIOIINE TOX0/bI
HE CTaBsAT TaKylo LIeJIb U, KPOME TOro, TPEOYIOT CIOKHBIX U PECYPCOEMKHUX IPOLIEAYP YHC-
JIEHHOM MHBEpCUU JUIsl onpeaeaeHns (GUIbTPallMOHHBIX CBOMCTB miiactoB [Muradov et al.,
2017; baneptaunosa, 2015]. BrimeckazanHoe 00yCIaBIMBaeT aKTyaIbHOCTh Pa3pabOTKU
npocrtoro, (Guznyecku 0O0OCHOBAHHOIO M MPAKTMYECKH MPUMEHUMOIO aHAJIUTHYECKOTO
UHCTPYMEHTA AJIs SKCIpecCc-AUarHocTku cocTostHus 1311 1o jaHHBIM cTaHAApTHBIX MPO-
MBICIIOBO-Teo(pu3ndecKkux uccienoBanuil. Llenplo HacTosmielt paboThl sABIsETCS paspa-
60TKa 1 anpoOarysi METOAUKH, OCHOBAaHHON Ha HOBOM aHAJIMTUYECKOM PELIeHHUH, JJIS 1O-
CJIEZIOBATEIBHOIO OIPENENICHUS painyca U IPOHULIAEMOCTH 30HbI HapymeHus B 11311 o
JAHHBIM HECTAI[MIOHAPHOW TEPMOMETPHUU NpH IBYX(pa3HON GuiabTpaniuy HeTH U BOIDI.

MaTtepunaAbl U METOABI MICCAEAOBOHUN

Mamemamuueckas mooenv u aHarumuieckoe peuierue

OcHoBol 1151 pa3paOOTKU METOAMKHU TOCIYXWJIa MareMaThdeckass MOJEIb HEU30-
TEPMHUUYECKOM NIByX(ha3HON (UIBTpali B MOPUCTOM cpere. Moaenb BKIIOYAET CUCTEMY
YpaBHEHHI COXpaHEHUS MacChl A7 Kax 101 (a3bl (BoAbl U HEPTH) U ypaBHEHUE NTEpEeHOCa
TerIa.

VYpaBHeHHE coXpaHeHHs Macchl U Gasbl i (=1 mis Bojbl, 1=2 17151 HEPTH):

%(ﬂ-pf% divlp,u;)=0 M

7€  — BpeMsi; ¢ — MOPUCTOCTH ITACTA; S; — HACBIIIEHHOCTH i-TOH ()a30i; p — MIOTHOCTH
¢umronna; ¥ — ckopocTh (pUIBTPAIMH, ONUCHIBAEMAst 000OIEHHBIM 3aKOHOM JlapcH:
—  kk
v, =—-Vp (2)
H;
rae k — abcooTHas MPOHUILIAEMOCTh TIacTa, OTHOCUTEIbHBIE (Da30BbIE MPOHUIIAEMO-
CTH k; 3aBUCST OT BOAOHACHIIIEHHOCTH S, 4 — BSI3KOCTH (Pa3bl.
VYpaBHeHHE nepeHoca Teria (SHEPruu) 3aMicaHo ¢ YYETOM KOHBEKTHBHOTO, KOHIYK-
THUBHOTO TeIlIonepeHoca u baporepmuieckoro agdexra [[llapadyraunos, 1999]:

2 2 . 2 . 2
;[(l - ¢)pScST + Zqﬁpl.ciSiT} + divz,oici v,T = div(x%VT) —Zsipicl. u,Vp + z¢77ipi ; Z 3)

IIe ¢ — yAelibHas TEIUIOEMKOCTb; S — HAChILEHHOCTD; I — TeMIeparypa; p — JaBJje-
HUE; A — TEIUIONPOBOIHOCTh HACKIIIEHHON MOPUCTON cpenbl; &€ — Koddduument Jxoyrms-
Tomcona; 17 — aquabarnyeckuii KOAGUIIMEHT; UHIEKC S OTHOCUTCS K CKEJIETy TOPUCTON
Cpeabl.

Jl1g nony4eHust aHAIMTUYECKOTO PellieHusl OblI PACCMOTPEH Cilydyail III0CKOpauaib-
HOW (UIBTpAIH HEC)KUMACMBIX (Pa3 B KECTKOM (HEC)KMMaeMoM) Tuiacte (p;, ¢ = const)
TIPH MIOCTOSTHHOM JIeOUTE KUAKOCTH U3 TutacTa. PaccmarpuBaeTcst THAPOAMHAMUYECKH CO-
BEpIICHHAs CKBAXXMHA, TIOJTHOCTHIO BCKPHIBAIOINAS TUIACT MOCTOSHHON MoutHOCTH /. City-

i=1 i=1 i=1 i=1
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Yaif HECOBEPIIEHHOTO BCKPBITHS IJ1acTa, NPUBOAIIINN K BOSHUKHOBEHHIO BEPTHKAIBHBIX
COCTaBJISIFOIINX CKOPOCTH (PHIBTPAIMU M UCKAKEHUIO TEMIIEPaTypPHOTO IMOJs BOIM3U 3a-
0051, B paMKax JJaHHON aHAJIMTUYECKON MOJIENIA HE YUUTHIBAETCS.

B nanHOW Monenu NMpUHHMMAETCs JOMYyIIEHHE MPEHEeOPeKUMO MaJlol TEeIrIonpoBO-
nHOCTH cpenbl (A=0) U OTCYTCTBUS TETIOOOMEHA Ha TPaHUIIE TUIACT—CKBAXHHA. DTO 000-
CHOBAHO KOHBEKTHBHO-JOMUHUPYIOLIUM pexuMoM Terutonepernoca B [13I1: Beicokas cko-
pocTh puIbTpanuy BOIU3M 32005 TIO3BOJISIET IPeHEOPEdh KOHIYKTUBHBIM TETUIOOOMEHOM
C OKpYXAaIOIUMH MOPOJIaMH U 3JIEMEHTaMH KOHCTPYKIUHM CKBa)KMHBI HA paccMarpuBae-
MBIX MHTEpBajax BpeMeHHu. Takum oO6pa3oM, TeMIiepaTypa MpUToKa MpUHUMAETCsS PaBHOMN
Temrneparype (ironia Ha CTEeHKE CKBaKUHBI (7=7,,), @ CTOK TeIlIa U3 IJIacTa ONpeaesieTCs
HCKJTIOYUTEIHHO BBIHOCOM BHYTPEHHEH 3HEPrHH MOTOKOM JKHJIKOCTH Yepe3 TPaHuIly pa3-
nena cpel. B aTom ciyyae ypaBHeHHE 3Hepruu (3) cBOIUTCS K HEOJAHOPOJHOMY YpaBHE-
HUIO KOHBEKI[MH:

or - -~
E+uVT = q)(l’,t) 4)
3nech
> 2 . 2 a
(D(rat): Zgipici v,Vp+ Z¢77ipici a_]t? (5)
=l i=1

— (byHKIMSI pacpee/ieHHbIX TEIUIOBBIX UCTOYHUKOB, 00YCIOBICHHBIX OapoTepMuye-
cKUM 3P (HeKToMm;

— —

0= PiCIU T P60, (6)
Cres
— CKOpPOCTb KOHBEKTHBHOTI'O TCIJIOIICPEHOCA.
2
Cres = (1 - ¢)pscs + ¢Z piCiSi (7)
i=1

— 00BeMHasE TETIOEMKOCTh HACBIIIIEHHOUW MOPUCTOH Cpebl.
B paananbHbIX KOOpIMHATaX MPH MOCTOSHHOM CYMMapHOM Je0HUTe KUAKOCTH (J MOXK-
HO 3aIACATh:

_ 9
Ui(r)_27zrh
0=0W
Qz :Q'(I_W)

rae /4 — MOIIHOCTS TuTacTa, W — 00BOAHEHHOCTh CKBAXXUHHOU MTPOAYKIIHH.

Jlis HecoxumaeMbIX (a3 U CKelleTa MPU MOCTOSTHHBIX TPAHUYHBIX YCIIOBUSIX (J; = const.
Takast Mozenb U3BECTHA KaK MOJEIb KECTKOTO IIAcTa MU MOJENb B MPUOIMKEHUN CTa-
IIMOHAPHOTO ToJIst naBnenus [Yekantok, 1965]:

(8)

i) = P+ P60 Uy paQt P60 ©)
’ 2mhC,,, r’ 27hC,., ’

(D(; l‘)z glP]lel +82p202Q2 6_p+¢771plclsl +772,026‘252 5_19
’ 27hC or C o

res res

(10)

O603HaunM 3(PpPeKTUBHBIN anradaTHIeCcKuii KOADOUITMESHT I CMECH:
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n = ¢771plclslc‘|: 11,P,6,5, (11)

res

u 3¢ dextuBHbIN Ko hunuent Jxoyisa-ToMcoHa 1yisi rOMOTEHHOM cMeCcH He(Th+BoIA:

& = £p69 +6,0,6,0, . (12)
pici@) + Py, 0

Torna:

~ sUy, Op  «Op
Olr,t)]=¢ L=+ —. 13
( ) r or 7 ot (13)

VpaBHEHHE SHEPTUU MOYKEM TIEPENUCATh B BUIIE:
T T " *
or_wlor, o] .o
ot r|or or Ot

(14)
T|t:0 = ]:’es’ p|t:0 = f)res.
Jliis paccmarpuBaeMoi MOJIENH Ui yueTa aanadarndeckoro 3¢ ¢dexra mpu U3MEHEHU!
JaBJIeHus B miacte ¢ P, 10 p(r) MOXKHO 3amucarhb 3ajady B BUJIE:

es

a_T_u_O[a_T_{_g*a_p:l:O (15)
ot r|or or
7|, =n"[plr)-P.,]= 1(r) (16)

[To ananoruu ¢ ogHoazHoi GpunbTpanueit pemenue 3anumercs kak [UYekamok, 1965;
Pamazanos, 2017]:

T(r,t)= £ )+ el p(r ) - p(r)], (17)
ry =AJr7 +2u,t | (18)

3neck rp— paauyc uccnenoBanus. OH pencTaBisieT co0oi paccTOSHHE B IUIACTE, € KO-
TOPOI'0 TEIJIOBOM CUTHAJ JIOCTUraeT CKBaKMHBI K MOMEHTY BPEMEHHU t, PacIpOCTPaHSACH
CO CKOpPOCTBIO KOHBEKTHBHOIO TeruionepeHoca. IlonmydyeHHOe aHaIMTHYECKOE pelleHue
(17)—(18) sBnsieTcst OCHOBOM ISl TIpEyIaraéMoi METOIUKN MHTEPIIPETALUHN 3apEeTUCTpU-
POBaHHOI HECTAIMOHAPHON TEMIIEPaTyphI.

Pacnipenenenue maBieHus B IUIacTe onpeaeseTcs cieayonmm odpazom (puc. 1):

P, - 0 ]n(r—d], r,<r<r,
kl k2 r
2mhk,| —+—
H My (19)
plr)= 0 .
s ™~ P ln(—j, r,<r<R
27zhk[‘ N 2] '
H Hy

rae k, k — aGconroTHas MPOHULIAEMOCTh OMmKHeH (nmpu3aboiiHON) U JanbHel (HeHa-
PYIIEHHOM) 30HBI IJIaCTa COOTBETCTBEHHO, 7, 7;, R — paguyc CKBaKHHbBI, HAPYIICHHON
30HBl U KOHTypa IUTaHHUsI COOTBETCTBEHHO, P, — NaBJICHUE HAa TPAHULIE 30Hbl HAPYILIECHUS
(UIIBTPALMOHHBIX CBOMCTB:
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R
f= e kQ K)o\ (20)
2ahk| -+~ ¢
M Hy
N
Pres
\\
e - Pd
r
b
/
kg k
Ckeaxuna / Well
30Ha ¢ Hapy " 10 o
Zone with impaired permeability -
Mnacr / Reservoir Fw rd R

Puc. 1. l'eomempus mooenu (crnesa) u pacnpedenenus dasienus ¢ niacme (cnpasa) /
Fig. 1. Geometry of the model (left) and pressure distribution in the reservoir (right)

Memoouxa onpedenenus napamempos 30Hbl HapyuleHus

[Ipemiaraemass MeTo/MKa OCHOBAaHA HA aHAJIM3€ TUArHOCTUYECKOTo rpaduka 3aBUCH-
MOCTH 3a00WHOM TeMIepaTypbl OT HaTtypajabHOro jJorapudma Bpemenu 1(In(t)). Teopetu-
yeckast monenb (17)—(19) npenckaspiBaet, 4yTo JuIs IJIacTa ¢ pajualibHON HEOIHOPOIHO-
CTBIO ATOT TpaduK IOHKEH COCTOSNTHh U3 JIBYX MPSIMOJMHEHHBIX YYaCTKOB C Pa3IMYHBIMU
HaKJIOHaMM, COOTBETCTBYIOIUMH (uibTpanuu B HapyumeHHoi (II1311) u HeHapyumeHHON
30Hax 1uacta. OAHAKO B peasIbHBIX YCIOBUSX (B TOM YHUCIIE U IPH YUCICHHOM MOJAEIHPO-
BaHHM) MEPEXO]T MEKAY STUMH yUaCTKaMHU SIBJISETCS IJIaBHBIM M3-3a BIMSHUS CIVIaKUBAIO-
mux Gu3HYecKuX d3PQPEKToB (TEIIONPOBOIHOCTD, CKUMAEMOCTH ).

BBuny miaBHOCTH mepexosa, OnpeieieHne IPaHullbl 30H 10 JorapupMUUecKon mpo-
u3BOHOM OT/0(In(t)) MOXKET MPUBOIUTS K MOTperrHocTsM. [ToaTomy ObLT IpuMeHeH Ooliee
YCTOMYUBBIA aJTOPUTM, OCHOBAHHBIA Ha OMJIMHENHON anmpoOKCHMAIMKM TeMIIEpaTypHOI
KPHUBOM, KOTOPBI BKJIIOYAET CIEAYIOIIUE Tallbl:

1. Hoenmudghuxayus nunetnvix yyacmxos. Ha aquarnoctuaeckom rpaduke 7(In(t)) Bu-
3yallbHO WJIM aJTOPUTMHUYECKU OTPEACIISIOTCS J1Ba MHTEpBala BPEMEHU, COOTBETCTBYIO-
mye JUHEeHHbIM TpeHaaM. [1epBblil uHTepBan xapakrepusyer ¢puiasrpauuto BHyTpH I13I1,
BTOpPOH — B HEHapyIIeHHOM yacTu 1uiacta [Mcmnamos, Pamazanos, 2022].

2. bununetinas peepeccus. J1Jis Kaxx0r0 U3 BBIOPAaHHBIX HHTEPBAJIOB JAHHBIX METOJIOM
HanMeHbIMX KBajapatoB (MHK) cTposTcst He3aBUCHUMBIE aMPOKCUMUPYIOUTUE TIPSIMBIE:

T, (Int)=m Int + b, nns nepsoro nurepsana (I1311);

T, Int)= m, Int + b2 JUTsl BTOPOTO MHTEpBaJia (IJ1acT).

3neck m;, m, — TAHT€HCHI YITIOB HAKJIOHA (KOA(PUIIUEHTHI, XapaKTepU3yIoIue HHTCH-
CHUBHOCTB OapoTepMuueckoro agQexra) Al COOTBETCTBYIOLIEH 30HbI, a b; u b, — cBOOOI-
HbIE YIEHBI JIMHEHHOW PErpeccuu.

3. Onpeoenenue spemenu nepexooa (t) u paouyca HapyuieHnou 3omsl (r,). Illocne Ha-
XOKACHUS ONTUMAIBHBIX AlIPOKCUMUPYIOMINX MPSIMBIX BBIYUCIISAETCS TOYKA UX Iepece-
yeHus. AOciucca 3Tol TOYkHu In(T) COOTBETCTBYET JIorapu(My BPEMEHH Mepexojia Terio-
BOro (pponra uepe3 rpanuiy [1311:

b2 _bl

my —m

Int=
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Bpewms nepexona t BerumcinsieTcss Kak T = exp(ln(z)). 3Has T ¥ npeABapUTEIHHO pac-
CUMTAHHBIN MO TMPOMBICIIOBBIM JAHHBIM MapaMeTp CKOPOCTH KOHBEKIUH i, (hopmyna 9),
paauyc HapyIIeHHOU 30HbI 7,; ONIpeAesaeTcs u3 BeipakeHus (18).

4. Onpeoenenue nponuyaemocmeiti (k; u k). TaHTeHCHI yIIIOB HAKIIOHA M ; U M, TIOTY-
YCHHBIC HA IIare 2, HanpsMyr0 XapaKTepU3yIT HHTEHCUBHOCTH 3 dekra [Ixoys-Tomco-
Ha. [IpoHunaemMmocts £ (B M?) CBsI3aHa C HAKIIOHOM /1 CIIEAYIOIIMM COOTHOIIEHUEM, BbIBE-
JICHHBIM U3 aHAJIMTHYECKOTO PEIICHUS:

pe £Q
drhom
rue
Lk ke
H Hy

— K02 UIIUEHT, XapaKTEPHU3YIOIINH CYMMapHYIO MOJIBIXKHOCTH (ha3.

[IpoHnIaeMoCTh HAPYIIEHHOM 30HBI k; BRIUMCIISIETCS] HA OCHOBE HAKIJIOHA 71;, a TPO-
HUIIAEMOCTH IJ1acTa k — Ha OCHOBE HAKJIOHA M.

JIaHHBII alTOPUTM MO3BOJSIET OOBEKTUBHO M C BHICOKON TOYHOCTBIO OMPEAETHUTH KaK
reomeTrpuueckue (), Tak U punsrpannonssie (k, k) napamerpst 1311, ananusupys cra-
OWIIbHBIC TUHEIHBIC TPEH Bl HA JUATHOCTHYECKOM TpaduKe.

CrnemyeTr OTMETUTh, YTO MPU U3BECTHOW MPOHHUIIAEMOCTH IIacTa (OnpeneeHHO!, Ha-
npuMep, 10 JaHHBIM paHee MPOBEICHHBIX THAPOIMHAMUYECKIX HCCIEIOBaHUI) IPOHMIIA-
€MOCTb 30HBI HAPYIIEHUS MOKET OBITh HAMIPSIMYIO BBIYHCIICHA HA OCHOBE HAKJIOHA JIMHEH-
HBIX yYaCTKOB JIMarHOCTUYECKOTO Tpaduka:

k, =k22
m,

Pe3yAbTATbl U UX OBCYXAEHNE

Jnst anpoGanuy ¥ IEMOHCTPALUH MPEIOKEHHONH METOIUKH OBLI MPOBEIACH YHCIICH-
HBIN SKcniepuMeHT. B mporpaMMHoM koMmIiekce Ansys Oblila cO3/laHa MOJIENb HEU30Tep-
MU4ecKoi AByx¢a3zHOH (UIbTpaluy, MAaKCUMAaJIbHO TOJHO yYHThIBaroUias (Gusndeckue
MIPOIECCh, BKJIIOYasi KOHBEKTHBHBIN M KOHIYKTHBHBIM TEIUIONEpEeHOC, APOCCEIbHBIN U
annabarudeckue dPQPeKThl, CKIMaeMOCTh (IIIOUIOB U CKeneTa. B 3Ty Monens Obutn 3a-
JIOKEHBI clieayronue hakTuieckre (3TaJOHHbBIE) TapaMeTPhl:

» CpoiicTBa (MIIOHI0B M IJIACTA: TUIOTHOCTH BOABI p; = 1000 Kr/mM?, MI0THOCTH HEd-
T p, = 800 Kr/M?, IIOTHOCTH cKesera nmopoasl 2650 kr/m?, Bsa3kocTh Boabl 4; = 1 mlla-c,
BsI3KOCTh HeTH 1, = 5 Mmlla-c; ynenbHas TerioeMKocTh Boabl ¢; = 4200 [Ix/(xr-K), ned-
T ¢, = 2100 Ix/(xr-K), ckenera mopomsl ¢y = 800 [Ix/(xr:-K); mopucrocts ¢ = 0.2.

* ®aktnyeckue napametrpsl II3I1: paguyc r, = 0.6 M; nponunaemocts k; = 10 m/1.

dakTHyecKHe mapaMeTpbl miaacrta: adbcomoTHas mpoHuaeMocts £ = 100 m/1, Ton-
nmHa 4 = 1 M. OTHOCUTENbHBIE (Da30BbIe MPOHUIIAEMOCTH k; 3a/1aHBl B MOJIETEHOM BH/JIE
KaK ()yHKIIMM BOJIOHACHIIIEHHOCTH IU1acTa S;:

2
k, =S, .
2
ky = (1 - Sl)
* Peskum padoThI: TOCTOSIHHBIN CyMMapHBIN 1e0UT kuakocTu O =4 M3/cyT npu Boao-

HaChIEeHHOCTH §; = (.5, 9TO COOTBETCTBYET OOBOHEHHOCTH MPOAYKINH 83.3%.
[TonyyeHHasi B pe3yabpraTe YUCIECHHOTO MOJICIUPOBAHUS KpHBasi M3MEHEHUs 3a00HOI
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TeMIIepaTypbl BO BPEMEHHM paccMaTpUBaIach KaK «CHHTETHYECKHE MPOMBICIOBBIEC JaH-
HbIe». DTHU JJaHHbIE ObUTH 00pabOTaHbI € MOMOILBIO pa3pabOTaHHON METOAUKY.

LleHTpabHBIM 3TAllOM WHTEPIPETALMHN ABJISETCS aHAINU3 TUarHOCTHYECKOro rpaduka
B koopauHarax 7(In(t)), npeacraBieHHoro Ha pucyHke 2. Ha rpaduxe nokazansl JaHHbIE
YHCJICHHOTO MOJICJIMPOBAHMSI, BbIJICJICHHBIE YYaCTKH, UCTIOJIb30BAaHHbIE JUIsl TMHEHHOMH pe-
rpeccuy, U pe3yJabTHUPYIOLINE allPOKCUMUPYIOLIME HMpsSMble AT NMPUCKBAXXUHHON 30HBI
(3ona 1) u ynanennoit yactu miacra (3ox1a 2).

¢ [DaHHble / Data
—— AnNnpokcuMaLms 30Hbl 1 / Zone 1 approx.
== AnNMpoKCcUMMaLmna 30Hbl 2 / Zone 2 approx.

10 AT = 0.027 In(t) +0.769 ____—==—"""

0.8

. 06

AT,

04 AT = 0.266 In(t) -1.462

0.2

0.0

In(t)

Puc. 2. Juacnocmuueckuil epagux T(In t) ¢ bununetinoii annpokcumayueu
ons onpedenenus napamempog 1311 /

Fig. 2. Diagnostic graph T(In t) with bilinear approximation for determining t
he near-wellbore zone parameters

[TomaroBast 06paboOTKa JaAHHBIX:

1. Onpeodenenue Hakionos u epemenu nepexooa. C MOMOIIbIO OMIMHEWHOH perpec-
CHH TIO y4YacTKaM, [TOKa3aHHBIM Ha PHCYHKe 2, ObLTN OMpe/eieHbl HAaKIOHBI MPSMBIX: /11,
=0.266 u m, = 0.027. CooTHOILIIEHNE HAKIOHOB 1 ;/M, COCTaBUIO 9.95, 4T0 MpaKTUYECKU
COBMAJaeT ¢ COOTHOIIeHHeM nponumaemocreit mnacta u [13I1 (100/10 = 10). Bpewms, co-
OTBETCTBYIOIIIEE TOUKE MepecedeHmsl MpsIMbIX, cocTaBmiio T = 11408 ¢ (oxomno 3.17 yacos).

2. Pacuem napamempos [13[1. Icionb3ysi MONyYEHHBIE M, M; U T, TI0O OMHCAaHHBIM
BbIIIIE AJITOPUTMaM OBbLIM PAaCCUMTAHBI HCKOMBIE TTApaMeTphl: PaInyC HAPYUICHHON 30HBI
r,, niporntiaeMocts [1311 k,; u mponniaemocTs miacra k.

CBoOIHBIE PE3yIBTaThl COMOCTABIICHUS (PAKTHICCKUX M PACCYMTAHHBIX IO METOJIMKE T1a-
pameTpoB MpeacTaBiIeHbI B Ta0nuIe 1.

Tabnuya 1 Table 1

CpaBHeHue pakTnyeckux u pacyeTHnix mapamerpos II3I1 / Comparison of actual and
calculated parameters of the near-wellbore zone

@ PacuerHoe 3HaueHue
AKTHYCCKOE (110 MeToIKe) / OTHOCHTETbHAS
[Tapamerp / Parameter 3HayeHue / Calculated value (b MIOTPEeIIHOCTb, %o /

Actual value methodology) y Relative error, %
Pagnyc HapymeHHOW 30HBI, 7, (M)/ 0.60 0.592 1.4
Radius of the disturbed zone, 7; (m)
[ponunaemocts 1311, k,; (M[]) / near- 10.0 10.79 7.9
wellbore permeability, k, (mD)
[Iponumaemocts 1iacta, k (mJ1) / 100.0 107.30 7.3
Reservoir permeability, £ (mD)
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Kak BUIHO M3 TaOmuIbl, NpeAOKEHHAsT METOIUKA IO3BOJIAET OINPENEIUTh PaIUycC
HapyIIEHHOHN 30HBI C OrPeIHOCTBIO 1.4 %, a IpOHULIAEMOCTH NPUCKBAKUHHON 30HBI U
miacta — ¢ norpemwrHocTsIMA 7.9 % u 7.3 % coorBercTBeHHO. CTONb BBICOKAsi TOYHOCTD
MOATBEPKJIACT aJIeKBaTHOCTh IPEIJIOKEHHOIO aHajauTHdeckoro mnoxaxona. HeOombinoe
pacxoXKJeHHE SBIIAETCS 3aKOHOMEPHBIM U 00yCJIOBICHO BIUSHUEM (PU3NUYECKUX (HaKTOPOB
(TEmIonpoBOAHOCTD, CKUMAEMOCTb), KOTOPBIE HE YYUTBHIBAIOTCS B AaHAJIUTUYECKOM pellie-
HUH, HO TIPUCYTCTBYIOT B “‘CHHTETUUYECKUX ’ JTaHHBIX ANSYsS.

Jlns aeMoHcTpanuy o0IIero KauecTBa alpoKCUMalui Ha PUCYHKax 3 U 4 pUBEICHO
CpPaBHEHME UCXOAHOM KPUBOM TeMIIepaTypbl U3 Ansys U MOAEIbHON KPUBOM, OCTPOCHHON
10 aHAJIUTUYECKOMY PELICHUIO C UCIIOIb30BAHMEM HANICHHBIX NTapaMeTpoB. BuaHo Xopo-
niee Ka4eCTBEHHOE U KOJIMYECTBEHHOE COBIIAJICHUE, YTO MOATBEPKAAET KAK KOPPEKTHOCTh
HCIIOJIb3yEMON aHAJIMTUYECKOW MOJIEH, TaK U UHTEPIIPETALUH.

1,2

1

0.8 dakr / Fact

06 —— AHanuTurKa / Analytics

AT, C

0,4

t, yacel
t, hours

Puc. 3. Cpasnenue kpusvix T(t): oannvle Ansys u anarumuveckas mooeins /

Fig. 3. Comparison of T(t) curves: Ansys data and analytical model

1,2
®akT / Fact

1 —— AHanuTtuka / Analytics

0,8

0,6

AT, C

0,4

4 6 8 10

Int

Puc. 4. Cpasnenue kpuswix T(In t): dannvie Ansys u ananumuyeckas mooens /

Fig. 4. Comparison of T(In t) curves: Ansys data and analytical model

Takum 00pazom, pe3ysbTaThl YUCICHHOTO SKCIEPUMEHTA YOSIUTENBHO JTOKA3hIBAIOT
MPAKTHYECKYI0 MPUMEHUMOCTh pa3pabOoTaHHOTO MOAXOAA IS SKCIPECC-OLEHKH COCTOsI-
aus [1311.
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3AKAKOYEHME

B nacrosimieit pabote npeacTaBieHa HOBasi MPaKTUUECKask METOJUKA ISl pa3/ieIbHOM
KOJTMYE€CTBEHHOMN OIICHKHU MapaMeTPOB MPUCKBAXKMHHOM 30HBI IUIacTa (paanyca U MpOHU-
[[aeMOCTH) B YCIOBHSIX AByX(a3zHoi GuibpTpanuu HeTu U BOAbl. MeTorKa OCHOBaHA Ha
pa3paboTaHHOM aHAJIUTUYECKOM PELEeHUH I HECTAllMOHAPHOIO TEMIEPATyPHOIO MOJIL.

KittoueBbIM IperMy11eCTBOM HPEIOKEHHOTO MOIXO0/1A SIBJISETCS OCIIEN0BATENbHAS U
He3aBHMcHMas oueHka napamerpos [I3I1 myTem He3aBHCHMOM annpOKCUMALMK JIMHEHHBIX
Y4acTKOB, COOTBETCTBYIOIIMX Pa3IUYHBIM 30HaM Ha JWAarHocThuueckom rpaduke T(ln 1),
U pacyeTa TOYKHM MX nepecedeHus. IlokazaHo, 4TO paauyC HapylIEHHON 30HBI HAJEKHO
OIpe/IeNIsieTCs 10 BPEMEHHU, COOTBETCTBYIOIIEMY STOM TOUKE, B TO BPEMsI KaK IIPOHUIIAEMO-
CTH 30H ONPEIENSAIOTCS 10 HAKJIIOHAM allllPOKCUMUPYIOIIHUX MPSIMBIX.

Anpobanusi METOJUKY Ha CHHTETUYECKHX JTaHHBIX, TOJTYYESHHBIX C TOMOIIBIO YHCIICH-
HOTI'O MOJIEJINPOBaHUA B Ansys, IPOJAEMOHCTPUPOBAJIA BBICOKYIO TOYHOCTH noaxoaa. Omnpe-
JICJICHHBIC TI0 aHATUTHYeCKON MeToauke napamerpsl 11311 comtacyroTcs ¢ hakTHueCKUMH
3HAYEHMSIMU C ITOTPEIIHOCTBIO nopsiaka 1 % i paauyca u mesee 8 % 1Ji1 IPOHULIAEMO-
CTeH, YTO SABJISAETCS BBICOKUM ITOKa3aTesleM Ui SKcpecc-merona. Hebonbioe pacxoxie-
HUE OOBSACHSACTCS BIMSHUEM CIIIAKUBAIOIINX (DU3UUECKUX TPOIECCOB, HE YUUTHIBAEMBIX B
aHAJIUTUYECKON MOJIEIIH.

Takum oOpaszom, pazpaboTaHHas METOAMKA IPEACTaBISIET COOON MPOCTOi, hruzndecKku
000CHOBaHHBIN U A((HEKTUBHBIA HHCTPYMEHT JiJIsi tuarHoctuku cocrostaus [13I1, normos-
HSIOIIMI METOJIbl UHTEPIIPETALUHN TAHHBIX TEPMOTUIPOJUHAMUYECKUX UCCIAETOBAHMM JIsI
NIBYX(a3HBIX CUCTEM.
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Pestome: AKTYanbHOCTb MCCNefoBaHNS 06YCNOBMIEHA HEOOXOAMMOCTbH) 3KONOMNYECKOr0 HOPMMPOBAHMS
AHTPOMOreHHOro BO3AeNCTBMSA Ha arponaHaLWaddThl, Tak Kak NpeBbilleHNe NPeaeNibHO A0NYCTUMbIX KOHLEHTpa-
LKA NOABUKHBIX (DOPM TSHKENbIX METANIOB B NMOYBAX NPUBOAMT K Aerpajauum 3emesb, CHXKEHNI0 NPOJYKTMB-
HOCTW arpoLIeHO30B U HAKONNIEHUI0 TOKCUKAHTOB B CEJIbCKOXO3ANCTBEHHON NPOAYKLNM, CO3aaBast Yrpo3y 3Ko-
NOrMYeCcKo 1 NPOLOBONLCTBEHHOI 6e30nacHoCTH. Lienb uccnegoBanuin. Cuctemarudaumns gaHHbIx 0 GakTopax,
OnpefensioLnX NoABWKHOCTb TSHKESbIX METansjoB B NOYBaX, METOAAX €6 OLEHKN U PernoHanbHbIX 0COBEHHO-
CTAX NposiBneHus B no4ysax CafloHCKOro CBMHLOBO-LIMHKOBOr0 koM6uHata. Metoabl. PaccMoTpeHbl METOA0M0-
TMYECKMe NOAXO0MAbl K 3KONOrM4yeckoMy HOPMUPOBAHNIO — aHTPOMOLEHTPUYECKMIA 1 BUOLEHTPUYECKIAIA, A TaKXKe
CNUCTeMa KPUTEPUEB OLIGHKN COCTOSIHWA MOYB (XUMUYECKMe, pruanyeckine nokasatenu, npesbiweHne MOK, no-
Tepu rymyca). lMpueeaeHa knaccudukauus TM no cTeneHn onacHOCTI U OCHOBHbIE UCTOYHWUKN UX NOCTYNIEHUS:
npUpoaHble (BbIBETPUBAHME NMOPOS) U TEXHOrEHHbIE (MPOMBILLSIEHHOCTb, aBTOTPAHCMOPT, CESIbCKOE XO3ANCTBO).
Oco60e BHUMaHWe yaeneHo hakTopam, ONpeaensioLm noABMKHOCTb METannoB: (hopmMam HaxoXaeHus (Bano-
Bbl€ 1 MOABWXKHbIE), COAEPXKAHMIO FyMyCa, FPaHYIOMETPUYECKOMY COCTaBY, peakuumn cpefbl (pH), okucnutenb-
HO-BOCCTaHOBUTENbHbLIM YCNOBUAM 11 BNXXHOCTI NO4BbI. Pe3ynbTarbl paboTt. [loka3aHo, YTO YBENMYEHNE BNaX-
HocTu ¢ 55-60 % 10 80-90 % MOXeT noBbILLAaTL NOABUXKHOCTL 3MEMEHTOB B 1,5-2 pasa. poaHanu3npoBaHsb!
METOZbl OLEHKU MOABUXHBIX POPM C UCMONb30BaHWEM Pa3NUYHbIX SKCTpareHToB. Ha npumepe Pecny6nuku
CesepHas Ocetns—Ananmus (PCO-AnaHns) npoaeMOHCTPUPOBaHbI PErOHanbHbIe 0COOEHHOCTI HAKONMEHUS TH-
XKenbix MeTannos. Mo pe3ynsratam NofeBbIX UCCef0BaHUA B 30He BANSAHWS CafOHCKOro CBUHLIOBO-LIMHKOBOO
KOMOWHATA YCTaHOBIIEHO, YTO MUKOBbIE KOHLEHTPALWM CBMHLA W LIMHKA NMPUYPOYEHbl K BEPXHUM FOPU30HTaM
MoYB, YTO NOATBEPXAAET TEXHOTEHHYIO NpuUpofy 3arpsidHeHns. OCHOBHbIMI UCTOYHIKAMM BbICTYMAKT XBOCTOX-
paHunuwia (YHanbckoe — 6,1 ra, ®uargoHckoe — 5,6 ra), B 0TXofax KOTOPbIX COAep)XaHue CBUHLA [OCTUraeT
0,16 %, umHka — 0,15 %. B 6uonpobax (PpyKTbl, KAPTOENb) U3 HACENIEHHbIX MYHKTOB ANarnpckoro yuienbs
BbISIBJIEHO MPEBbILUEHME JOMYCTUMbIX YPOBHEN: COAEPXKaHWe CBUHLLA BO DpYKTax 0Ka3anoch NoYTH BABOE Bbille
(hOHOBBIX 3HA4YEHMIA, a B kKapTodene 3adnkcupoBaHo npesbitlerne MAK no uuHky B 1,2-1,6 pa3a. 060CHOBaHa
Heo6X0AMMOCTb Nepexoaa OT OLIEHKM BanoBoro cogepxanus TM K onpefiefieHnio nx noaBMXKHbIX (hOpM.
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navawadr.
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Abstract: The relevance of the study is determined by the need for environmental regulation of anthropogenic
impact on agricultural landscapes, since exceeding the maximum permissible concentrations of mobile forms
of heavy metals in soils leads to land degradation, reduced productivity of agroecosystems, and accumulation
of toxicants in agricultural products, posing a threat to environmental and food security. Aim. To systematize
data on the factors determining the mobility of heavy metals in soils, methods for its assessment, and regional
characteristics of its manifestation in the soils of the Sadon Lead-Zinc Plant. Methods. Methodological approaches
to environmental regulation—-anthropocentric and biocentric—as well as a system of criteria for assessing soil
conditions (chemical and physical indicators, exceeding maximum permissible concentrations, humus loss) are
considered. A classification of HMs by hazard level and the main sources of their input are provided: natural
(rock weathering) and technogenic (industry, motor transport, agriculture). Particular attention is paid to factors
determining metal mobility: forms of occurrence (total and mobile), humus content, particle size distribution,
reaction of the medium (pH), redox conditions, and soil moisture. Results. It is shown that an increase in soil
moisture from 55-60 % to 80-90 % can increase the mobility of elements by 1.5-2 times. Methods for assessing
mobile forms using various extractants are analyzed. Regional features of heavy metal accumulation are
demonstrated using the example of the Republic of North Ossetia—Alania (RNO-Alania). Based on field studies
in the zone affected by the Sadon Lead-Zinc Plant, it was established that peak concentrations of lead and zinc
are confined to the upper soil horizons, confirming the technogenic nature of the pollution. The main sources are
tailings dumps (the Unal dump - 6.1 ha, the Fiagdon dump - 5.6 ha), whose waste contains lead reaching 0.16%
and zinc 0.15 %. In biological samples (fruits, potatoes) from populated areas of the Alagir Gorge, exceedances
of permissible levels were revealed: the lead content in fruits was almost twice as high as background values,
while potatoes showed exceedances of the maximum permissible concentration for zinc by a factor of 1.2-1.6.
The necessity of shifting from assessing the total HV content to determining their mobile forms is substantiated.

Keywords: heavy metals, mobility, environmental regulation, soil, maximum permissible concentration
(MPC), agricultural landscape.

For citation: Alborov 1.D., Burdzieva 0.G., Kanukov A.S., Arkhireeva I.G., Dadteeva E.V. Mobility of heavy
metals in agricultural landscape soils: factors, assessment, and environmental consequences using the Sadon
lead-zinc plant as a case stud. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of Russian South. (in
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BeepeHme

[IpoGiema 3arpsi3HeHUs arpojgaHaAmadTOB TSHKEIBIMA METAJUIAMH SIBJISICTCSI OJTHOM M3
MIPUOPUTETHBIX B COBPEMEHHOM 3KOJIOTMU. B oTiMyue oT opraHuyecKkux 3arpsi3HUTENEH,
Tsxenbie MeTaiuisl (TM) He moBepraroTcst OMoerpaialuy, a JUIIb IepepacipeaesaioTCs
MEXIy KOMIIOHEHTaMH dKOCHUCTEM, HAKAIIMBAsCh B MIOYBAX M BKIIIOYASICh B TpOodHUuecKue
nenu [Wang et al., 2019]. BanoBoe coaepkaHue METAJIJIOB B ITIOYBE YaCTO HE SIBJISICTCS UC-
YepIIbIBAIOLINM [TOKa3aTeJIeM 3KOoJIornueckoil onacHoctu. KitoueBoe 3HaueHHe UMeEeT uX
MOJIBUYKHOCTH — CITIOCOOHOCTH MIEPEXOIUThH B MMOYBEHHBIN PACTBOP U MUTPUPOBATH B IPYyH-
TOBBIE BOJIBI U aTMOC(EpPy WU MOITIOMATHCS PACTCHUSIMH.

Llens maHHON pabOTHI — CHCTEMATH3UPOBATh JIaHHBIE O (HaKTOpPax, OMPEIEIISFOIINX
HNOJBUKHOCTD TSKEJIBIX METAJVIOB B MOYBAaX, METOAAX €€ OLEHKU U PETHOHAIBHBIX OCO-
OEHHOCTSIX MposABIeHUS B MouBax Cal0HCKOrO CBUHIIOBO-IIMHKOBOTO KOMOWHATA.

MeToAblI U METOAOAOTMYECKME MOAXOADBI K HOPMNPOOBAHUIO
M OUEeHKe 3Arpsa3HeHms rno4s

DKOJOrHYECKOe HOPMUPOBAHHE aHTPOIIOTEHHOTO BO3ACHUCTBUS HA MOYBBI 0 CHUX IOP
OCTaeTCs CJIIOKHOM HaydHOU 3ama4ucii. AHanu3 nmuteparypsl [CHakuH u ap., 1993; Van der
Ploeg, Vlijm, 1978] noka3piBaeT Cy11eCTBOBaHUE ABYX OCHOBHBIX I10/IXO/I0B: aHTPOIIOLIEH-
TPUUYECKOTO (COXpaHEHHUE CpeJibl sl Hy K]l YeJIOBeKa) U OMOLIEHTPHUUECKOTrO (COXpaHEeHue
€CTeCTBEHHOIO TeueHHs cykieccuii). Hanbonee mepcrneKTHBHBIM JUIsl TOJITOCPOYHOTO
YCTOHYMBOTO Pa3BUTHUS MPU3HAETCS MOAXOJ, OCHOBAHHBIN HA COXpPAaHEHWH OMOTEeOIeH03a
B 11€JIOM U 0€3yCJIOBHOM IIPAaBE BCEX OPraHU3MOB Ha CyILIECTBOBAHUE.

Jssl OLIEHKU COCTOSIHMS TI0YB HCIIOJIb3YETCs CHCTEMa MapaMeTpoB, BKIIOYAIOLIAs XH-
MHUYecKHe (COCTaB 0OMEHHBIX KaTHOHOB, Cofiep:kaHue rymyca, cootHomenue C : N, okuc-
JMTENILHO-BOCCTAHOBUTEINIBHBIN MMOTEHINAN) U (PU3NYECKUE MoKa3aTenu (BOAOIPOHUIIAe-
MOCTb, INIOTHOCTb, CTPYKTYpA).

B Poccun u crpanax CHI™ pa3zpaboTaHbl KpUTEpUHU SKOJIOTMUYECKOM OLIEHKH MOYB, AU(D-
(bepeHIMpOoBaHHbIE IS CEUTEOHBIX U CEIbCKOX03IHCTBEHHBIX TeppUTOpHii (Tabm. 1).

Tabnuya 1/ Table 1

O0001IeHHbIe KPUTEPUH OLIEHKH COCTOSTHHUSI MOYB (M0 JaHHBLIM «3eJieHbIi MUp», 1994) /
Generalized criteria for assessing soil condition (according to “Green World”, 1994)

DKoJIornYecKoe UpesBblualinas OTHOCHUTENBHO
6encraue / Ecological curyanys / YAOBIETBOPUTEbHAS /
disaster Emergency situation Relatively Satisfactory

IToxasarens /
Indicator

[MoTepu rymyca 3a

10 net, % / Humus

loss over 10 years, >25 10-25
%

YBenuuenue

TUIOTHOCTH

(kpaTHOCTB) / >1.4 1.3-1.4 <l1.1

Increase in density
(fold)

<1

[Ipesbimenue [TJIK
XHUM. BEIICCTB
(1 xmacc) /
Exceeding the >3 2-3 <l
MPC of chemical
substances (hazard
class 1)
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OTu KpuTepuu 0a3UPYIOTCS HA TAKKX MMOKA3aTEeNsIX, KAK MOIIHOCTh AKCIO3UIIMOHHOM
JI03bl, COZIEpKaHUE PAIMOHYKIIUOB, CYMMapHbBIN MOKa3aTeilb XUMUUYECKOTO 3arpsi3HEHUS
(Z.), a Taxxke cnenupuUecKue s arpoLeHO30B M0Ka3aTean — MOTepH I'yMyca, yBeauye-
HUE TUIOTHOCTU, PUTOTOKCUYHOCTb.

Kaaccudukanus 1 MCTOUHUKH NOCTYIJIEHUS TAKEJIbIX METAJIOB

Comtacao I'OCT P70281-2022, xuMHuYeCcKHe BEIIECTBA 10 CTEIIEHN OITACHOCTH JIENAT-
cs Ha Tpu kiacca. K I knmaccy (BeicokoomnacHbie) otHocsaTcs As, Cd, Hg, Pb, Se, Zn, TI; ko
IT (ymepenno onacusie) — Co, Ni, Mo, Cu, Sb, Cr; k III (manoonacusie) — Ba, V, W, Mn, Sr.

Ucrtounnku nocrymnenus TM B arponanamad Thl ATATCS HA IPUPOIAHBIE (BHIBETPHUBA-
HUE TIOPOJ]) U TeXHOTEeHHbIE. OCHOBHBIC TEXHOTEHHBIC UCTOYHHUKH:

* BeiOpoch! peanpusTuii 4epHOM U IIBETHON METaJUTypPIrHH.

* ABTOTpaHCHOPT (0COOEHHO COEIMHEHUS CBUHIIA M KaIMUSI).

* CenbCKOXO35UCTBEHHAS JeSTEIbHOCTh (MUHEpaIbHbIe YIOOPEHHMSI, IIECTUIIUIBI, OCa/I-
KM CTOYHBIX BOJI, HABO3).

* TpaHcrpaHUYHBINA IEPEHOC 3arPSI3HEHHBIX BO3IYIIHBIX MACC.

Ananu3 ganabix 1o PCO—Ananus [3aanumBuiu u ap., 2021] nmokasbiBaeT, 4TO BbI-
OpOChI OT aBTOTPAHCIOPTA COCTABJISIOT OCHOBHYIO JOJIIO 3arps3HeHus (puc. 1), mpu
9TOM 3HAYUTENIFHYIO OMACHOCTh MPEICTABISAIOT COSAMHEHUS CBUHIA, ITAHKA U OKCHUJIBI
azora.
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Puc. 1. [Junamura 06vemos 6b10pocos om cmayuoHapHblX UCIOYHUKOS U A8MOMPAHCNOPMA HA
meppumopuu PCO-A 3a 1997-2015 2e. (nynkmuphas 1uHusi — 00bemol 6610p0CO8 0OM CMAYUOHAPHBIX
UCMOYHUKOS, HENPEPbIGHAsL TUHUSL — 00BEMbL 8bIOPOCO8 OM ABMOMpPAaHcnopma,) /

Fig. 1. Dynamics of emission volumes from stationary sources and motor vehicles in the territory of the
Republic of North Ossetia—Alania for 1997-2015 (dotted line — emission volumes from stationary sources,
solid line — emission volumes from motor vehicles)

dakTopsl, onpeaeA0INe NOABUKHOCTD TAAKeJIbIX METAJJIOB B MOYBE

[ToxBmwxHOCTE TM — 3TO CIIOCOOHOCTH MIX COCTMHEHUN MIEPEXOANTH U3 TBEPIOH (ha3bl
MOYBBI B TOYBEHHBIN pacTBOp. OHA ABISETCA MHTETPAIBHBIM MTOKA3aTeNIeM, 3aBUCSIIIUM OT
KOMILJIEKCa (hpaKTOPOB.

[TepBerii dakTop — (GOpPMBI HAXOXKJACHUS METANIOB B TOYBE. TsDKEIbIE METalIbl
MPUCYTCTBYIOT B TOYBE B pa3iHuHbIX ¢opmax: B Buae karnoHoB (M*), annono (M),
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amdoTepHbIX coequHeHnit (M*) mu HeliTpanbHbIX koMILiekcoB (M®) [Anekcees, 1987].
C 5KOIIOTHYECKOM TOYKH 3pEHUs BaKHO pa3leIeHHue Ha BAaJIOBOE CojepKaHue — odIiee Ko-
JIMYECTBO IEMEHTAa B TIOYBE U MOJABUKHBIE (JOCTYIHBIE) (DOPMBI — YACTh AIEMEHTA, CIIO-
coOHast IepexoIuTh B pacTBOP U MOIIOIIATHCS pacTeHUusIMU. VIMEHHO noBUKHBIE (OPMBbI
onpeAessitoT Tokeuueckoe BozaeicTeue [Thinh et al., 2021].

Bropoii ¢hakTop 00ycIoBIeH BIUSHUEM CBONCTB ITOYBBI:

1. Conepxxanue rymyca: OpraHu4eckoe BELIECTBO 00JIaaeT BHICOKOM MOITIOTUTEIb-
HOH CIIOCOOHOCTBIO. I'yMycOBBIE KMCIOTHI 00pa3yloT ¢ MeTaljaMH KOMILJIEKCHbIE Opra-
HOMUHEpaJbHbIE COCAMHEHUS], CHIKAs UX MOABMKHOCTh. [103TOMYy YepHO3eMbl, Oorarbie
rymycoM, 0oJiee yCTOMUYUBBI K 3arpsI3HEHUIO, YeM JePHOBO-TIOI30JIUCTHIE TOYBBI [OOYX0B,
Jlenuéra, 1989]. UccnenoBanust B PCO-Ananusi MOATBEPKIAIOT, YTO OCHOBHOE JICTIOHU-
poBanue TM NPOUCXOAUT B BEPXHEM I'yMyCOBOM FOPU30HTE.

2. I'panynoMeTpuyYecKuil COCTaB: INIMHUCTBIE U CYIIMHUCTBIE MMOYBBI (PUKCUPYIOT Me-
TaJUIbl CUJIbHEE, YEM NIECUAHBIE U CyIeCUaHbIE.

3. Peaxmus cpensl (pH): B kucnoii cpene (pH < 5.5) noaBmxHOCTH OOJIBIIMHCTBA Ka-
THOHOTeHHBIX AMeMeHToB (Cd, Zn, Pb, Ni) pe3ko Bo3pacraer. B HeliTpanbHo# u cnaborie-
JIOYHOM cpejie OHM 00pa3yIoT TPYIAHOPACTBOPUMBIE THIPOKCH/IbI U KapOOHATHI, BhIA1as B
0CaJIoK.

4. OKHUCIIUTENbHO-BOCCTAHOBUTEIbHBINA MOTEHLIMAN: BIIUAET HA BAJIEGHTHOCTH U, CIIEJ0-
BaTeJIbHO, HA TOKCUYHOCTH 3J1eMEHTOB (Hanpumep, Cré* 6osee TOKCHUYEH U MOJIBUKEH, UEM
Cr*).

Tpertuii paxTop — BAMSIHHUE BIaXXHOCTH U BHEIIHUX yCIOBHNA. YCTaHOBJICHO, YTO C yBE-
JMYEHUEM BJIKHOCTH MOYBBI MOABMXXKHOCTh TM Bo3pactaet. [Ipu noBbIlIEeHUN BIIa>KHO-
ctu ¢ 55-60 % no 80-90 % cymmapHOE copep)kaHue MOABHKHBIX (OPM HCCIIEIOBAHHBIX
AJIEMEHTOB yBEIMUMIOCH B 1.5-2 pa3a (Tabm. 2). DTo CBA3aHO C UBMEHEHUEM HOHHOW CHJTBI
pacTBopa M aKTUBM3alMed MUKpOOHoIornueckux npoueccon [O0yxoB, Jlenuéra, 1989].

Tabnuya 2 / Table 2

H3mMeHeHHe NOABM:KHOCTH MHKPO3J1€MEHTOB B 3aBUCUMOCTH OT BJIAKHOCTH MOYBBI
(BoINIe0YeHHBIN YepHo3eM) / Changes in the mobility of trace elements depending o
n soil moisture (leached chernozem)

Braxxaocth
ITOYBBI / DIIeMEHT, MI/KT
Soil Element, mg/kg
moisture
Cr Mn Ni Cu Zn Pb Co Cd Fe cymma /
sum

55-60 45-8.2| 129-178 (2.0-3.1|1.7-2.8(10.4-13.5{1.7-2.214.7-7.210.50-0.71| 76-132 |3476-4054

80-90  [114-141|2166-2394|39-59 | 2643 | 73-84 | 17-43| 93-98 |249-270 |141-181|3425-3956

MeToabl OLIEHKH MOJABUKHOCTH U HOPMATHUBBI

J11s OLIeHKHU COofiepKaHusl MOIBHKHBIX (DOPM HCTIONB3YIOTCS Pa3InYHbIE SKCTPATeHTHI.
HaubonbIee pacmpocTpaneHue Moayyuiu:

* 11 HCl u 11 HNO; — 17151 u3BneueHust «KUCIOTOPACTBOPUMBIX» (HOPM, XapaKTepusy-
IOLIUX MOTEHLUAIbHbIN pe3epB.

* AneratHo-aMMOHMIHBINA Oydep (pH 4.8) — ans OolleHKM aKTyalbHBIX 3amacoB, JO-
ctynHbix pactenusm [[lonos, ComoBbes, 1991].

* Beitsokku 1o IleiiBe-Punbkucy — mis auddepeHImpoBaHHON OIICHKHA 00eCIIedeHHO-
CTH PacTEHUH MUKPO3JIEMEHTAMHU.
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[TpenensHo nomyctumsble KoHeHTpauuu (I1JIK) meramioB B mouBax CHIIBHO BapbHUpy-
0T B 3aBUCMOCTH OT IIOYBEHHO-KJIMMATHYECKUX YCIOBHM. [l Gosiee TOUHOM OLIEHKH 1ie-
71eco00pa3HO UCIOJIb30BaTh PErMOHANIBHBIE Kbl B Tabnuie 3 npencraBiieHbl JaHHbIE
0 cojiepKaHnio NoABWKHBIX (opm TM B BblmenoueHHbIX yepHo3eMax PCO—Ananus B
cpaBHenuu ¢ [1/1K.

Oco0yro onacHOCTb IPEICTABISAET 30HA BIMSHMSA IPOMBIIIJICHHBIX MPEANPUATHI
r. BnagukaBkasza. B mouBax, npumeraronux K 3aBojiaM «JIeKTporuHk» u «[lobemuty, 3a-
¢ukcuposano npesbiienue [1IK no nunky, cBuHIy 1 menu B 2—12 pa3, 4ro kinaccuduuu-
pyeTcs Kak uype3BblYaiiHasl SKOJIOTUYECKasi CUTyalHsl.

Buosornyeckue nocaeacTBUsi BbICOKOI MOJABHKHOCTH METAJLIIOB
[ToBpimeHHas noABUKHOCTE TM HaNpsAMYIO BIUSET Ha )KUBBIE OPraHU3MBL. Y MUKPO-
OpPraHu3MOB YTHETAeTCs aKTUBHOCTh TIOYBEHHBIX ()EPMEHTOB, CHMKAETCSI HHTEHCUBHOCTD
pa3oKeHHsl OPraHUYECKOTo BellecTBa. MUKpPOOPraHU3Mbl MOTYT CIIy’KUTh MHAMKATOPA-
Mmu 3arpssHenus [HamnexoBa, bymasko, 1983].
Tabnuya 3 / Table 3

Coaep:xanne noaBu:kHbIX (popm TM B mouBax PCO-Ananus (Mr/kr) /
Content of mobile forms of heavy metals in the soils of the Republic
of North Ossetia—Alania (mg/kg)

IeMeHT / ITJIK (mopBuHBIE dakTnyeckoe Orxtonenme. %
Element dhopmbr) / MPC (mobile coaepxxanue / Actual / Deviation ’(VO
forms) content > 70
Caunerr (Pb) 0.3 1.2-2.2 +300...+600
WHK (Zn 4-54. o +
Z 23 10.4-54.2 135
Kagmuii (Cd) H/I 0.2-1.3 -
Menp (Cu) 3 1.7-9.5 1o +200

[Ipumedanue: nanHbie 00001IeHBI 110 MaTepuaiam Jxanaesa [2008] /
Note: data summarized based on materials from Dzhanaev [2008].

B cnyuae pacrenuit metaisl (Zn, Cu, Cd, Pb) npoHHKarOT yepe3 KOPHEBBIC CUCTEMBI.
Habmromaercs anTaroHu3M M CHHEPru3M MOHOB (Hampumep, Ca moaaBisieT MOCTYIUICHHE
Cd, a Zn u Cu MOryT ycWiauBaTh TOKCHYHOCTH APYT Apyra). Y COM U 3€PHOBBIX KYIIb-
Typ 3adukcupoBano HakoruieHne Zn, Ni u Cd BbIlIe TOMyCTUMBIX OCTAaTOYHBIX KOJTMYECTB
(IOK), uro nenaet mMpoayKIIMIO OMACHOMN ISl 30POBbS YEIOBEKa U )KUBOTHBIX.

[TockonbKy MoOnBHXKHBIE (DOPMBI JIETKO BKJIIOYAIOTCS B OMOJIOTHYECKHI KPYyTrOBOPOT,
KOHIICHTPAIUsl TOKCHHOB B TIPOIYKIIMU PACTEHUEBOJICTBA MOXKET B COTHH Pa3 MPEBHIIIATH
UX COJEpKaHHWE B TIOYBE, CO3/IaBas yrpo3y JUIsl OpPraHU3Ma 4YeoBeKa, HaXOASIIErocs Ha
BEpILIMHE TMTUIIEBON 1IETH.

Kpome Toro, B mociieane roap! MOsIBUIIOCH MHOKECTBO MCCIICIOBAHUH TTOCBSIICHHBIX
M3y4YEeHUIO BIHsTHUS MUKporiacTrka (MIT) Ha okpysKarolyro cpeay ¥ €ro B3auMOICHCTBUS
¢ TshxenbiMu MeTasuiamu [Lu et al., 2020; Wakkaf et al., 2020; Zhou et al., 2020; KanykoB u
1p., 2025]. MUKpOIIJIaCTUKOBBIE YaCTHUIIBI CTIOCOOHBI BIUSTH Ha DKOJIOTHYECKOE MTOBEJICHUE
1 PUCKH TSDKEJIBIX METAJIJIOB Uepe3 MpsMbIe U KOCBEHHBIE MeXaHU3MbI. C OJTHON CTOPOHBI,
OHH MOTYT HETIOCPEICTBEHHO MOAU(PHUIIMPOBATH (DU3UKO-XUMHUUYECKHE CBONCTBA, BKITFOUAs
TIPOIIECCHI aJICOPOITUU U JECOPOIMH METAIIJIOB, YTO CKAa3bIBACTCS HA MX OMOAKKYMYJISIIUN
Y TOKCUYHOCTHU JUIS JKUBBIX opraHu3MoB. C Jpyrod CTOPOHBI, TapaMeTpPhl CPebl, TaKue
kak pH 1 KOHIIEHTpaIs paCTBOPEHHOTO OPTAaHUYECKOTO BEUIECTBA, TAKKE BO3ECHCTBYIOT
Ha B3ammozeiicteue MII ¢ metannamu, U3MeHssl UX crenuUKalnoo U OMOA0CTYTHOCTD
[Yuetal., 2020, 2021].
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Pe3yAbTaTbl PABOTHI

B xome COBMECTHBIX HCCIIEOBaHMN MOYBEHHOTO MOKpOBa B 30He BiausHHsS CaloH-
CKOTO CBHHIIOBO-ITMHKOBOI'O KOMOMHATa (C ydacTHeM reoxumudeckod maptuu [TOMI'D
HUMI'PD, c. bupar3anr) 6p110 3aQUKCHPOBAHO aHOMAJIBHO BBICOKOE COJIEPKAHUE TXKEIBIX
MeTaiioB [Anb6opoB u ap., 2011]. [lyng yrouHeHus cuTyallMu ObLIM NPOBEAEHBI pabOThI
0 OLIEHKE FT€OXUMHUUECKOTO COCTOSHUS [TOYB Ha ITyOUHY paclpOCTpaHEHUS TEXHOT€HHBIX
ameMeHToB. C ATOM IENbI0 B palioHE AOOBIYM T'€OMAaTEPHAIIOB OBLIN OTPBITHI HIYPQBI, a
poOBI OTOMPANTUCH MOCTOMHO 10 TTyOuHbl 1 M (uuHTepBan 0,2 m). [lonydeHHble 1aHHBIE
MOHUTOPHHTA CBEJICHBI B TaOIUILy 4.

Tabnuya 4/ Table 4
Coaep:xkaHnue CBUHLA ¥ IMHKA [0 BEPTHKAJBLHOMY pa3pe3y H0YBEeHHOI0 NpopuJisi

B ¢. Hu:xnmii YHau / Lead and zinc content along the vertical section of the soil profile
in the village of Nizhny Unal

Mecto or6opa YpoBeHb OYBEHHOT'O FOPU30HTA, M /
npo6 mouBsl / | Nertmypda| Daement / Soil horizon depth, m
Soil sampling / Pit No. Element
location 0,05 0,20 0,40 0,60 0,80 1,00
: Pb 20 0,8 0,6 0,6 0,8 1,0
Zn 20 3 5 5 6 5
5 Pb 20 2,0 1 1 1 1
Zn 50 10 10 5 20 3
Hwxnss Teppaca
p. Apaon / Lower 3 Pb 10 5 5 4 3 4
tgrr;ce f’{f the Zn 30 20 20 20 10 20
reon Ever ) Pb 20 | 20 15 8 3 3
Zn 60 50 80 30 20 20
s Pb 80 50 30 20 10 4
Zn 300 200 80 80 50 30
BepxHss reppaca Pb 10 8 3 3 6 4
p. Apmon / Upper 6
terrace of the Zn 20 10 10 10 10 10
Ardon River
Paiion Pb 10 8 4 2 1,5 1
pacuIcHEHHs 7
nonmHel / Valley Zn 40 30 20 10 8 8
dissection area
) Pb 10 6 3 2 3 1
[Taceka / Apiary 8
Zn 100 20 10 8 10 8
Baza MT'Y / MSU 9 Pb 3 0,8 0,8 1 0,8 0,8
base Zn 20 3,0 6 10 10 10
CkJioH Pb 8 1 2 0,6 1 0,3
TIeBOOCPEXKbst / 10-13
Left-bank slope Zn 10 S 3 3 S 1

AHanu3 JaHHBIX TaOnuIb! 4 1MOKa3al, YTO MUKOBbIE KOHIEHTPAIMKA CBUHIIA U LIUHKA
MIPUXOATCS HAa BEPXHHI TOYBEHHBIN TOPU3OHT, UTO TOATBEPKAACT TEXHOTCHHYIO TIPUPOIY
3arpsizHeHus. OLeHKa CTETICHH 3arps3HEHHSI TPOU3BOAMIIACK ITyTEM CPaBHEHUS ¢ (JOHOBBI-
mu koHuenTpauusamu (C, ) 1 Hopmatueamu I1JIK (MI/Kr); pe3ynsTaTsl IpeICTaBIeHbI B
Tabnure 5.
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BaxxHeH M WHANKATOPOM MPHUPOIHBIX MPOIECCOB MPHU TEXHOTEHHOM BO3IECHCTBUU
sBJsieTcs popMa HAXOXKICHUS XUMHUYECKHX SJIEMEHTOB B COCTaBE MUHEPAJIOB (MOHHAs,
copOupoBaHHas1), KoTopas 0ojee MHPOPMATUBHO XapaKTEPU3YeT CyTh TN€OXHMHUYECKUX
MPOLIECCOB, YEM HX BaJOBOE conepykaHue. Murpanus >J€MEHTOB, COMYTCTBYIOMINX J10-
ObIde pyIbl, 00yCIOBIIEHA JEATEIBHOCTHIO TOPHO-TIEpEpadaTHIBAIOIIETO KOMIUIEKCA U €ro
UHPPaCTPyKTypbl. OCHOBHBIMU UCTOYHUKAMH BBICTYTIAIOT:

* XBOCTOXpAHWIHWIIA (Comep)KaHWe CBUHIIA W IIMHKA B IIAXTHBIX BOJIAX IPEBHIIIAET
[TJK mo 400 pa3);

* OTBAJIBI BCKPBIITHBIX U KOPEHHBIX TTOPO/I.

Tabnuya 5 / Table 5

Pesyabrarsl ucciienoBannii mo4Bel paiiona c¢. Huxkanii Yuau /
Results of soil studies in the area of the village of Nizhny Unal

XUMHUYECKHIN IEMEHT /
Chemical element Pb Zn Cu Ag

Cm.¢ / Cm.f 47,5 100 27 0,05
MK / MPCm 200 400 100 2
[Tnormane 3arps3HeHws, % / TOYeUHOE / | TOUYeUHOE /

N 0 45 50 . .
Contamination area, % point point
Cpenree Ha TUIOIIA M 3aTPASHCHHS / 460 1200 100 )
Average over the contaminated area
OtnHocutensHo TTJIKI /
Relative to MPCm 2,3 3 ! !
Crmax / Cmmax 1500 2000 100 2
OtHocutenbHo, [TIKm / 75 5 1 1
Relative to MPCm ’

[Ton BO3nElicTBHEM BETPOB (C XapaKTEpHOU Il TOPHO-JAOJIMHHOM MECTHOCTH Tepe-
MEHYHMBOCTHIO) U XUMHUYECKUX MPOLECCOB HA TPAHUIIE ITUX OOBEKTOB MPOMCXOAUT Ha-
KOTJIEHUE MHUKPOIJIEMEHTOB B BepxHeM cioe JuTtocheprl. CocTaB OTX00B 00OTAIICHUS
npuBeeH B Tabnuie 6, rae HaubOoNBIIYIO JOMI0 3aHUMAIOT cepedpo, KKene30, KpeMHUH,
MarHui v aJTFOMHUHHM, TOT/1a KaK Ha JOJI0 TOKCUYHBIX CBUHIIA M IUHKA rpuxoauTcs ot 0,08
10 0,16 %.

Ob6CyXAEHMNE PE3YyAbBTATOB

[Tpob6nema 3amuUThl OKpY>KaromIel Cpebl Ha TEPPUTOPUSX, TOJBEPKEHHBIX TEXHOTECH-
HOM MUTpaiuy, CBsi3aHa C aKKyMYJSIMEH METaUIOB B MOYBE M MEPEXOJIOM MOABMKHBIX
AJIEMEHTOB B PACTUTENBHOCTH [ANOOpOB U jap., 2024]. IHTeHCMBHOCTD HAKOILJICHUS MH-
KpPO3JIEMEHTOB BapbUpPyeT B 3aBUCUMOCTH OT BHJa PACTEHUS U €ro OPraHoB, a TaKXe OT
KJIMMaTHYECKUX yCIIOBHiA. M3ydeHue pacnpeaeneHus 3IEMeHTOB B JaHmadTe MO3BOISET
MIPOTHO3UPOBATH IMOBEICHUE TEXHOTCHHBIX BEUIECTB U TUPPEPEHIIMPOBATH UX aHOMAIUU
oT (hOHOBBIX JTAaHAMA(THBIX KOHIIEHTPAIIHIA.

B kauectBe QoHa 1715 cpaBHEHUs ObUTM OTOOPAHBI IPOOBI B HACEIECHHBIX ITyHKTaX, Ha-
XOJAILIUXCS HA TEPPUTOPUH rOCyAapCTBEHHOro 3anoBenHuka (cc. Llaman, Jlarom, ¥Ypcion).
B Guomnpobax onpenensioch BajloBOe colep)kaHue CBUHIA U MHKA ¢ yuetoM TTJK (s
¢pyxkToB: 0,4 u 10 Mr/kr coorBeTcTBEeHHO; A KapTodens: 0,5 u 10 mr/kr). Onpenenenue
MOJIBM>KHBIX (DOPM BBITMOJIHATIOCH METOZOM aTOMHO-a0COPOIIMOHHOMN CIIEKTPO(OTOMETPHUN.
Koaddumment nogsmxnoctu (KIT) paccunthiBancs Kak 4acTHOE OT AEJCHUS COACPIKaHUS
nonBmwkHBIX ¢opmM (I1d) Ha Banosoe (C):

KIT = I1g)/C.
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JlaHHBIE UCCIIEIOBAHUI TTPUBEICHBI B TA0IHULIE 7.
Tabnuya 6 / Table 6

XuMHYeCKHUIl COCTAB AeNOHMPOBAHHBIX XBOCTOB 000ramenust py1HuKkoB CaJoHCKOro
koMOuHarta / Chemical composition of deposited tailings from ore processing
at the Sadon Combine

XUMHUUECKUE AIIEMEHTHI, HaunmenoBanue xBocroxpanuiumiia / Tailings storage facility name
nporeHt / Chemical
elements, percent ®uarnonckoe / Fiagdon Vuansckoe / Unal

Csuner, Pb 0,13 0,16
HwaK, Zn 0,15 0,08
3o010T0, AU 0,008 0,01
Cepebpo, Ag 3,55 5,13
BucmyT, Bi 0,002 0,002
Kammnii, Cd 0,003 0,001
Keneso, Fe 3,78 4,52
Cepa, S - 2,09
Kpewmnnii, Si 57,9 64,0
Kanpnwmii, Ca 6,25 0,89
Marnwii, Mg 215 0,60
Amromunnii, Al 10,24 5,36
Kammit, K - 2,49
Harpuii, Na - 0,80
MBbIbBSK, As 0,06 0,05
Mapranern, Mn - 0,16
Turan, Ti - 0,15
Yrepon, C - 1,69

Tabnuya 7 / Table 7

Conep:xkanue CBUHIA M TMHKA (MI/Kr) B Ouonpoodax /
Lead and zinc content (mg/kg) in biological samples

@pyxkrsl / Fruits Kaprodens / Potatoes
HaceneHHblil TyHKT,
rJ7ie OTOUPATUCH MPOOHI / Pb Zn Pb Zn
Locality where samples
were taken BaJl. / KH / BalJl. / KH / BaJl. / KH / BaJl. / KH /

gross | MC | gross | MC | gross | MC | gross | MC

Maman, Jdarom,

YpcaoH (IKOIOTHYESCKH
OJIarormoydHbIe Y4acTKH) / 0,23 0,6 8,1 0,8 0,4 0,8 - -
Tsamad, Dagom, Ursdon
(ecologically safe areas)

Hwxnnit Yuan / Nizhny Unal | 0,46 1,15 7,3 0,7 0,3 0,7 11,7 1,2

ECPTHHI“&VHM/ Verkhny 87 | 087 | 052 | 1,04 | 164 | 1,6
na Py s ) B ) B

Cr. I3yapukay / St. Dzuarikau| 0,51 1,2 7,3 0,73 | 0,12 0,2 12,3 1,2
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Amnanu3 Tabnuiel 7 CBUAETENBCTBYET, YTO B IUIOJaX U3 CaJl0B YHama u J[3yapukay KoH-
[EHTpaIMs CBUHIIA IOYTH BJIBOE BHIIIIE, YEM B aHAJIOTHYHBIX MPOOaX C IKOJIOTUYECKH Ora-
ronoiyuHsIx Tepputopuil. ConepkaHnue HUHKA B PPyKTaX HAXOAUTCSA HA COMOCTAaBUMOM
YPOBHE M HE MPEBBIIIAET YCTAHOBICHHBIX HOPMATUBOB. B oTHOIIEHNN KapTodens Halo-
naetcs uHas KaptuHa: npesblmeHue [1JIK no cBuHIly 3adukcupoBaHO TOJIBKO B €. YHaI,
TOT/Ia Kak ypoBeHb IMHKa B 1,2—1,6 pa3za Bbiie HopMbl. Takum 00pa3oM, yCTaHOBIICHO,
4yTO JUIsl (PPYKTOB XapaKTEPHO MPEUMYIIECTBEHHOE HAKOIJIEHUE CBUHIIA, TOTJA KaK JUIs
KapTodens — [UHKA.

Dkojoruyeckasi 00CTaHOBKA B AJIarupcKoM yIienibe (opMHUpYyeTCs oA BO3eHCTBUEM
npeanpustuii CaJoHCKOTO CBUHIIOBO-IIMHKOBOTO KOMOMHATA, 3aHATHIX B TOPHOIOObIUE, U
COMYTCTBYIOIIEH UM HHPPACTPYKTYPhI, PACTIONOKEHHON Ha TOBEpXHOCTH. BoHas cucre-
Ma TpEeACTaBIICHA PEKOW APIIOH U CTEKAIOMIMMH 0 PaJAUAIbHBIM YIIEIbsIM BOAOTOKAMH,
B KOTOpPBIE aKKyMYJIHPYIOTCSI IIaXTHBIE BOJBI, OTJIMYAIOIINECS BBICOKUM COJNIEpKaHHUEM
TOKCUYHBIX TSKEJIBIX METaJUIOB. B mpezaenax orpaHnYeHHBIX PEYHBIX Teppac pa3MeleHbl
KJIFOYEBBIE AJIEMEHTHI HH(PACTPYKTYphl: OyHKEpHbIE XO35SHCTBA, TPAHCIIOPTHBIE apTEePUU
JUTSI TIEPEMEIICHUS PY/IbI, TUIOMIAAKH ISl CKIIAUPOBAHMS IYCTHIX TOPOJ M HEKOHIUIINOH-
HOTO CBIPbS, a TAK)KE THIPOTEXHUUECKHUE COOPYKEHUS [T XBOCTOB 000TaleHHs. DKCILTY-
aranus 3TuX 00bEKTOB COMPOBOXKIACTCS SMUCCHEH MBLUIEra30BbIX a3p030Jiei — MPOIYKTOB
MUHEpAJIU3alHU Py, — KOTOPbIE paCpOCTPAHSIIOTCS AAJIEKO 3a MPEeAEIbl IPOMILIONIAI0K.
DTO MPUBOAMT K ACTPaJallii TOPHBIX (PUTOIIEHO30B, UCTOIICHHIO PECYPCHOM Oa3bl OMOTHI,
HapyIIEHUIO €CTECTBEHHBIX OKHCIUTEIbHO-BOCCTAHOBUTEIBHBIX MPOLIECCOB U COKpallle-
HHUIO OMOpa3HO0Opa3usl, 4TO HEraTUBHO OTPa)kaeTcsl Ha KauecTBE )KHU3HM U JeMorpaduye-
CKHUX MpoIleccax MECTHOTO cOOOIIeCTRa.

Kak nokasbiBatoT HaOmofeHus, HauboJiee CyIECTBEHHOE BO3EHCTBUE HA COCTOSIHUE
MIOYB OKAa3bIBAIOT CKJIQAbl OTXOJ0B oborarieHus. KiroueBbIMH MCTOYHMKAMU 3arps3He-
HUS 3/1€Ch BBICTYNAIOT JIBa XBOCTOXPAaHWIMILA — YHAIbCKOE (3aHUMaeT 6,1 ra, conepxur
3,2 miH T oTxonoB) U duarmonckoe (5,6 ra, 2,3 MIH T 0TX0/I0B). B cocTaBe 3TMX HaKO-
IJICHHBIX 0TX00B MpucyTcTBYIOT IUHK (0,15 %), cBunen (1o 0,16 %), cepa (Oonee 2 %),
KkpeMHe3eM (64 %), a Takke IPoYne XMMHUECKHIE IEMEHTHI U UX COCAMHCHHUS.

BbiBOADI

[TonBUKHOCTB TSKEIIBIX METAJIOB SBJISIETCS KIIFOYEBBIM ITAPAMETPOM, OTPEACIISIOIIUM
9KOJIOTHYECKOE COCTOsTHHE MOYB arponanamadToB. [IpoBeneHHbIN aHAIN3 TO3BOISIET CHe-
JaTh CJCIYIOIINE BHIBOJIBI:

1. OneHka TOJILKO BaJIOBOTO cojepkanus TM HemocTaTouHa; HEOOXOAMMO Ompeese-
HUE UX MOABMKHBIX (POPM, KOPPEIUPYIOMHUX C OMOJOCTYITHOCTHIO.

2. OCHOBHBIMH (haKTOpaMH, KOHTPOIHPYIOIIUMHU MOIBUKHOCTb, SIBISTFOTCSI COZIEpIKa-
HUE rymyca, peakius cpeasl (pH), rpaHyIoMeTpUYECKUI COCTaB U BIAYKHOCTh TTOYBHI.

3. ITouBbl PCO-Ananus (0COOEHHO BBIIIEIIOUEHHBIC YEPHO3EMBI U JIEPHOBO-TIO30JIH-
CTbIE TOYBBI B MPOMBIIIJICHHBIX 30HAX) XapaKTePU3YIOTCS MOBBIIMICHHBIM COJIEpPKaHuEM
NOABMKHBIX popM Zn, Pb, Cu u Cd, uto TpebyeT opraHu3aiy MoCTOSIHHOIO MOHUTOPHH-
ra v pa3pabOTKH JIE€TOKCUKAITMOHHBIX MEPOIIPHUSITHIA.

4. DKosoruueckasi 00CTaHOBKa B AJTaripCKOM yIIesibe (POpMUPYETCS MO/ BO3IACHCTBH-
eM npearnpusaThii CaoHCKOTO CBUHIIOBO-IIMHKOBOTO KOMOMHATA, 3aHATHIX B TOPHOIO0bBIUE,
U COIyTCTBYIOILEH UM HHPPACTPYKTYPbI, pacIOI0KEHHON Ha oBepxHoCcTH. Hanbosee cy-
IIECTBEHHOE BO3/ICHCTBHE HAa COCTOSTHUE ITOYB OKa3bIBAIOT CKJIA/IbI OTXOIOB OOOTAIICHHUS.

[lepcieKTUBHBIMU HalpaBiICHUSIMH JaJIbHEUIINX UCCIIEIOBAHUMN SIBISIFOTCS pa3padoT-
Ka MPOTHOCTUYECKUX MOJIeIIeH moBefieHusT TM B cHCTeME «ITOYBa—pacTEeHUE» U TTOUCK d(-
(eKTUBHBIX CIOCOO0B UMMOOMIIM3AIMY 3arps3HUTEIIEH.
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Pestome: AKTyanbHOCTb paboTbl. [N06anbHble KTMMATUYECKINE N3MEHEHNS, aHANN3NPYEMble BO BCEM MIpe,
06YyCNaBMBAOT HAY4YHbIN MHTEPEC K Pa3NINYHbIM XapakTepUCTMKAM OKpyxatoLLen cpeflpl. ismeneHne Temnepa-
TYpbl B FOPHbIX PAOHAX YBENWNYMNBAET TastHUE JIEHUKOB 1 BELET K U3MEHEHUI0 BOAHOr0 6anaHca B Npearopbsx
1 Ha paBHUHaX. MHOroNeTHNe U3MEeHEeHNs KnumaTtuyieckux ycnosuii CesepHoit OceTu NposBNAKTCS B yBEU-
YEeHUN CPELHUX 3HAYEHUI TeMNepaTypbl, UISMEHEHUN 06beMa 0CaLKOB. Takne CABUTM HEMOCPEACTBEHHO BAMSIOT
Ha 06LLee COCTOSAHME NPU3EMHbIX CNI0EB aTMOCKEpbI, COAEPXXaHWe B Hell a3po30reil  MHOTONETHUE BapuaLui
06bEMOB PACTMTENbLHON 6UoOMacchl. Llenbr nccnefgoBaHns SBNAeTCA M3yYeHWe CBOWCTB MHOTOMETHUX PALOB
Temneparypbl U KONIMYeCTBA 0CaJKOB B FOPHbIX, MPEArOPHbIX U PABHUHHbLIX painoHax CesepHor Ocetun. MeTo-
Abl. Vicnonb3yeTcs reonpoCTpaHCTBEHHbIA 0TOOP U CTATUCTUYeCKas 06Pab0TKAa MHOMONETHNX JAHHbIX peaHann3a
TemnepaTypbl 1 KONUYeCTBA 0CALKOB. AHANN3NPYETCA OTHOLUEHWE TEMMOB U3MEHEHUs TemMnepaTypbl K Temnam
N3MEHEHUA KONMYeCTBa 0CafKoB. OnpenenseTca B3aMMOCBA3b OTHOLLUEHWNA CTATUCTUYECKNX NapamMeTpoB U Bbl-
COTbI NOACTUNAOLLEr0 NaHawadTa. PedynbTarbl. [10Ka3aHo, 4To ANs paja painoHoB Ha Tepputopun CeBepHOIl
OceTuu OTHOLLEHME TEMMOB U3MEHEHUS TEMMepaTypbl K TeMnamM U3MeHEeHNs KONN4ecTa 0CafK0B BapbuUpyeTcs
B 3aBUCUMOCTM OT BbICOTbI NOKALMW HAZ YPOBHEM MOPS. [1119 rOPHbIX TEPPUTOPUIA 3TO OTHOLLEHUE CaMOE€ BbICO-
KO€e N0 MOAYNI0, NMPW 3TOM YK/OHbI TPEHAO0B TeMrepaTtypbl 60JIbLUe YKIIOHOB TPEHIO0B KONMYeCcTBa 0CaAKoB. [ns
PaBHUHHbIX PaitoHOB OCETUHCKOM HaK/IOHHON PaBHUHBI U IECOCTENHbIX SIaHALLAdTOB B panoHe r. Mo3aoka 3To
OTHOLLEHME 61IM3KO K efuHuLe. M0Ny4eHHOE OTHOLLEHWE MOXET CNY)XXUTb JOMOMHUTENBHBIM NapameTpoM npu
WAEHTUUKALMY TOPHBIX, MPEArOPHBIX 1 PABHUHHBIX PAiOHOB M aHAN3e FE0IKONIOMMYECKNX N3MEHEHNA.

Knto4eBbie cnoBa: Temnepatypa, KONM4YeCTBO 0CaAKOB, CTaTUCTUYECKME NapamMeTpbl, TPEHAbl, MHOTONeT-
HUue nameHems, CesepHas OceTus.

Ins uutuposanus: 3aanuwsunu B.b., Tumyenko B.HO. MHoroneTHue TpeHabl TeMnepaTypbl U 0CaAKoB B
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Abstract: Relevance. Global climate change, analyzed worldwide, leads to scientific interest in various
environmental characteristics. Temperature changes in mountainous areas increase the melting of glaciers and
lead to changes in the water balance in the foothills and plains. Long-term changes in the climatic conditions of
North Ossetia are manifested in an increase in average temperatures and changes in precipitation. Such shifts
directly affect the general condition of the surface layers of the atmosphere, its aerosol content and long-term
variations in plant biomass volumes. The aim of this research is to study the properties of long-term temperature
and precipitation ranges in mountainous, foothill and lowland regions of North Ossetia. Methods. Geospatial
sampling and statistical processing of long-term temperature and precipitation reanalysis data are used. The
ratio of the rate of temperature change to the rate of precipitation change is analyzed. The relationship between
the ratio of statistical parameters and the height of the underlying landscape is determined. Results. It is shown
that for a number of areas in North Ossetia, the ratio of the rate of temperature change to the rate of precipitation
varies depending on the altitude of the location above sea level. For mountainous areas, this ratio is the highest
in modulus, while the slopes of temperature trends are greater than the slopes of precipitation trends. For the
lowland areas of the Ossetian sloping plain and forest-steppe landscapes in the Mozdok area, this ratio is close
to unity. The obtained ratio can serve as an additional parameter in the identification of mountainous, foothill and
lowland areas and the analysis of geoecological changes.

Keywords: temperature, precipitation, statistical parameters, trends, long-term changes, North Ossetia.
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BeseapeHve

B nocnennue necarunerus npodiema uaMeHeHui kimnmara [Abbass et al.,2022; Asadi,
2005], xotopsle Ha Tepputopuu Poccuu mpoTtekaroT OpIcTpee, YeM B CpPEeIHEM 10 MHpY,
COIpPSIKEHA CO 3HAYMTENIbHBIM MOTEHIUAIbHBIM YIIEPOOM I HACENEHUS U SKOHOMHUKHU
[Malhi, 2021].

B cooTrBercTBUM ¢ JaHHBIMU J0KIaaa PocrugpoMera OLIEHKH JTUHEHHOTO TPEHAA TEM-
neparypsl IPU3EMHOI0 BO3AyXxa, ocpenHeHHoi 3a 2024 ron qist CeBepo-Kaskasckoro pe-
ruoHa, coctaBmim +0.51°C/10 ner. [Torerienne mpoaomkanock mo Beeit Poccuu B menom
3a 2024-2025 roxsl u Bo Bce ce30HBI. [Ipu sTom B FOxkHOM denepabHOM OKpyTe IMpe-
obmanan nedunut ocagkoB — oH cocTaBui 74 % (Jlokman 06 0COOEHHOCTAX KJIMMaTa Ha
tepputopun Poccuiickoii ®enepaunu 3a 2024 rog, Mocksa, Pocrunpomer, 2025). Ilpen-
BapUTEIbHBINA aHAIM3 MIOKA3aJl, YTO UMEIOTCS TAKUE K€ TeHIEHLUH 1J1s Bcex pailonoB Ce-
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BepHoro Kaskasa [Bunorpanosa u np., 2015; Kopuaruna, 2019, 2024]. bonee neranbHbie
UCCIIEIOBAHUS HaMU IIpUBeJieHb! it Tepputopun CeBepHoit Ocetun.

BaxxubiM ¢akTropom, 00ycClIaBIMBAaIOIIMM MEXTOJOBYI0 AMHAMHMKY YCJIOBUN BereTa-
uu Ha CeBepHoM KaBkase, siBisercs paxrop ocanakoB [Amabokos u 1p., 2021; bucuoxos,
2018]. OTmeuaeTcs TecHast 3aBUCUMOCTb MEX/1y BEIMYMHON MEXI0OJ0BOM BAPUATUBHOCTH
ocaakoB [Zhu et al., 2022] 1 cTeNeHBIO UX BIUSHUS HA TUHAMUKY PACTUTEIHHOTO MIOKPOBA.

W3MeHeHus mporHO30B IO TEMIIEpaType U KOJIMYECTBY OCAIKOB YUHUTBHIBAIOTCS MpU
pacuere SKOHOMUYeCcKoi 3(pHeKTUBHOCTH U OTAaYM METHOPATUBHBIX Meponpuatuil [/le3-
¢dbymm u ap., 2020; Kepumos u ap., 2024 a,0; bexkmyp3aesa u np., 2025 a,0; Araes, 2025;
MyxaptoBa u ap., 2025], oOecrieynBaronuX BOCIPOU3BOICTBO U MOBBIIICHUE III0A0POIUS
IIPU BO3PACTAIOIINUX T€0IKOIOrnIeckux puckax [Ilerpymmuna, 2023; Msauna u ap., 2024;
Amxues, 2025].

BaxxHyto poiib B MOHMMaHUM TEIJIOBOTO OajaHca B aTMoc(epe UrpaeT Ucciel0oBaHue
coneprkanus a’posoniedd [I'uH30ypr u ap., 2008; Floutsi et al., 2016; Levy et al., 2023].
ABpPO30JIM 3aMETHO PacCenBalOT HEpruro u3inydeHus: CosHIa, SBISIOTCS BaXKHBIM PETy-
JSITOPOM PaJMallMOHHOIO OaaHca CUCTEMbI «aTMoc(epa—T0ACTUIAIONIAs TOBEPXHOCTH
[Uybaposa u ap., 2011]. [IpuopureTHoii 3a1aueit sBIsSETCS ONpeieIeHne TEeHACHIIUN MHO-
TOJISTHUX U3MEHEHUH Pa3IMYHbIX XapaKTePUCTUK aTMOC]ephl ¢ yIEeTOM MPOCTPAHCTBEH-
HOTO pacnpezaeneHus u ce3oHHoctu [Ky3pmuna, 2007; Shivanna, 2023].

Hacrostias padota siBisieTcst €CTECTBEHHBIM Pa3BUTHEM HCCIIEI0BaHUMN, TPUBECHHBIX
B paborax [Kamenenkuii u np., 2021 a,0; Kameneukwuii, Pagnonos, 2024], anis onucanus
ocobeHHocTel Teodkonornueckoro cocrosuusi CesepHoit Oceruu, rae ucciaenyercs B3au-
MOCBSI3b [TapaMETPOB JIMHEWHBIX MOJIEJICH JUIsl TEMIIEpATyphbl U KOJIMYECTBA OCA/IKOB.

MeToAOAOTUS U METOABI UCCAEAOBAHUS

B kadecTBe MCTOYHMKA JaHHBIX MCIOIB30BAHBl MHOTOJICTHUE PSABl TEMIIEpaTyphl U
koiu4uecTBa ocaakoB 1mo AaHHbIM NASA POWER Data Access Viewer (https://power.larc.
nasa.gov/data-access-viewer). Psibl Temreparypbl U KOJIWYECTBA OCAJKOB COCTOSUIA U3
€XKEIHEBHBIX 3HaueHM 3a MHorojeTtHui nepuon 2000-2019 rr. Jlna xaxaoro roga Bbl-
YUCJISUTUCh MHTETPAJIbHbIE XapaKTEPUCTUKU [, 1JI1 TEeMIEpaTypbl U KOJIMYECTBA OCAIKOB
[Kameneukwuii u ip., 2021 a,0]. V3yuascs psig paliloHOB B TOPHO#, MPEATOPHOM U paBHUH-
HOM 4acTH, UMEIONINX Pa3IMyYHbIe THIIHI JaHAMAPTOB (BHICOKOTOPHBII, TOPHO-TIECUCTBIN,
JIECOCTEIHOM U CTETHOM), I BBISIBICHHSI BapHalliii HHIEKCOB BEreTalllui U a3p030IbHOMN
ONTHUYECKOM TONIIMHBI B 3aBUCUMOCTH OT TEMIIEPATYPbI U KOJIMYECTBA OCAJKOB B 3aBUCH-
MOCTH OT YJIaJIEHHOCTH OT TOPHBIX XpeOTOB.

J171s1 BBISIBJIEHUSI MHOTOJIETHUX U3MEHEHUI MTPOBEPSIIOCH MPEAIIOIOKEHHE O TUHENHOMN
3aBUCUMOCTH psiia [, OT BpeMEeHU B BUJIE:

L=a-t+h (1)

TJI€ @ — TEMITbl U3MEHEHUs (YKJIOH JIMHUU TPeHa), b — MHOTOJIETHEE CpeiHEee 3HaUCHUE
(y-nmepeceueHue JUHUN), f — BpeMsl OT HayaJla UCCIIelyeMOoro nepuosa.

Hamu BBeneH TeMmeparypHO-0CaaKoBbIN K03(DPHUIIMEHT, paBHBIH OTHOLIEHUIO YKIOHA
TpeHja [, TeMrneparypsl K YKIOHY TpeH/Jia /, 0CaJIKOB JIJIsl UCCIIElyEMOI0 paioHa.

Pe3yAbTaThl 1 OBCYXAEHME

Ha ocHoBe Tabnuil MHTETpaNbHBIX XapaKTEPUCTUK IS TEMIEPATyphl U OCAIKOB U3
pabot [Kamenenkwuii u ap., 2021 a,0] coctaBiena Tabnuiia OTHOIIEHUH YKJIOHOB TpEH-
Jla MHTETPATbHON XapaKTePUCTUKU TEMIIEPaTypbl K COOTBETCTBYIOIIUM YKJIOHAM TPEHIIA
WHTETrpaIbHOU XapaKTePUCTHKHU KOJIMYECTBa 0CaakoB (Tabi. 1). Ynopsaounm paiioHbI U3-
MEPEHHMI TT0 BHICOTE HaJ YPOBHEM Mopsi. J{J1si HANITHOCTH OTHOIICHHSI YKIIOHOB TPEHJIOB
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TEMIIepaTyphl K YKIOHAM TPCH/IOB KOJUYECTBA OCAIKOB MPUBEACHBI B BHJIC TUCTOTPAMMBI
Ha pHUCyHKe 1.

MOXHO OTMETHUTb, YTO UMEET MECTO B3aUMOCBS3b MEXK/y TUTIOM JIaHAmA(Ta U Xapak-
TEPHBIMH ISl 3TOTO JIAHAMAPTA 3HAYCHISIMHA OTHOIICHHUS YKIIOHOB TPEHIOB TEMIIEPaTyPhI
K YKIIOHaM TPEHJIOB KOJIMUYECTBA OCAJIKOB, KOTOpasi (OPMUPYET T.H. TEMIIEPATYPHO-0CAI-
KOBBIH KOA(h(DUIIUEHT.

Tabnuya 1/ Table 1

CpolHbIe 3HaYeHHUsl OTHOLICHUH YKJIOHOB TPeHA0B T K YKJI0HAM TPEHJI0B 0Ca/KOB /
Summary values of the ratio of T trend slopes to precipitation trend slopes

Jloxarms / Bricora Haxnon muann Haxnon muaun OTtHolIeHHE
Location paitona/ perpeccun T/ perpeccun ykioHoB T/ocanku /
Height of the Slope of the 0CaJIKOB/ Slope ratio T/
area regression line T Slope of the precipitation
precipitation
regression line
Leit / Tsey 1900-2200 0,0926 -0,0352 -2,6306
®uarnon / Fiagdon 1200-1600 0,0769 -0,0307 -2,5049
Yukomna / Chikola 650-1100 0,055 -0,0309 -1,7799
I'uzens / Gizel 600-800 0,0445 -0,0294 -1,5136
becnan / Beslan 500 0,0445 -0,0294 -1,5136
BiagukaBskas /
Vladikavkaz 600-700 0,0445 -0,0294 -1,5136
Pycckoe / Russkoe 130-160 0,0322 -0,0283 -1,1378
]i,P.‘HorpaﬂHoe / 130-160 0,025 -0,0276 -0,9058
inogradnoye
Mo3zmok / Mozdok 130 0,0251 -0,0277 -0,9061

Hcxons U3 naHHBIX peaHain3a M CITyTHUKOBBIX JIaHHBIX, TPCH]IbI KOJIMUYECTBA OCAIKOB
no Tabnuie 1 UMErOT OTPUIATENbHBINA YKIOH. TPeH bl TEMIEpaTyphl [0 HAIIUM pacdyeTam
HMMEIOT MOJIOKUTEIbHBINA YKIIOH /Uit Bcero CeBepo-Kapkazckoro peruona. Orcroza, Temre-
paTypHO-0CaIKOBBINA KOA((UIIMEHT UMEET OTPULIATEIIbHBIN 3HAK U €TO CIEAYyeT aHAIH3U-
pOBaTh MO MOJTYJIIO.

Jlns aHanmu3a JaHHBIX B TOPHOW YacTH PECHYONMKU BBIOpAaH TOPHOJIBDKHBIA BBHICOKO-
ropubIii Kypopt Lleit, Ha BeicoTe 1900—2200 M (Hax ypoBHEM Mops) U ¢. PUArIOH ¢ KOOp-
muHatamu 42°48'00" c.mr., 44°12'00" B.1. Ha BeicoTe 1200—-1600 M (Ham ypoBHEM MOpS),
pacroIoKEeHHbBIE Ha CEBEPHBIX CKiIoHaX bonbmoro Kaskasa. Jliist mokaruii, MMEIOIIIX rop-
HBIH TangmadT, TEMIIEPaTypPHO-0CAIKOBBIA KO3(D(UIIMEHT HAUOONBIINKA MO0 BETUYNHE H
COCTaBJIsIeT Topsika 2,5.

Teppuropuu B paiione c. I'mzens u . Biragukaskasa, pacnonoxens! Ha 43°00'00” c.i.,
44°30'00" B.n.; BbIcOTa HajJ ypoBHeM Mops 600 + 800 MeTpoB, pacTUTEIBLHOCTh — CME-
IIAHHBIA XBOWHBIN M IIMPOKOJIIMCTBEHHBIN Jiec. Tepputopus B paiioHe ceneHus Hukona,
PCO-Ananus, 43°10'00” c.m1., 44°00'00" B.x.; BeicoTa coctaBisieT 650—1100 meTpoB Haz
YPOBHEM MOPS; PACTUTEIBHOCTh — CMEIIAHHBIE XBOWHBIEC U IMIMPOKOJMCTBEHHBIC Jieca U
CEJIbX03YTO/IbsS TPABSHUCTBIX KYJIBTYP.

Jlokanusi Ha paBHUHHOW YacTH BOMW3M TI. becmana, xoopamuatel 43°10'00” c..,
44°40'00" B.nI., MECTHOCTh YaCTUYHO C XOJIMHCTBHIM M PaBHUHHBIM JIECOCTEITHBIM JIAHI-
magroM. Beicota Hax ypoBHEM Mopst cocTaBisgeT 0koi10 500 MeTpoB.

Jy1s paifoHOB, PACTIONIOKEHHBIX B MPeATrophsix ceBepHoit Ocetnu (Bnagukaskas, Ynko-
na, becnan) u UMEONMUX TOPHO-JIECUCTHIM JaHAMA(T, TeMIepaTypHO-0CaIKOBbIH K03(-
(bUIMEeHT 1Mo BeTMYnHE, BaphbUPYET B IIpenenax mopsaka ot 1,5 mo 1,8.
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s Mo3nokckoro paitona (r. Mo3nok, c. Bunorpamgnoe, ¢. Pycckoe) TemmneparypHo-
0CaJIKOBbII K03((UIIMEHT HauMEHBIIUI M0 BeIMYMHE U cocTaBiseT nopsaka 0,9. Paiion
c. Pycckoe nmeer koopaunarel 43°50°00” .., 44°20'00” B.11.; pacnionokeH Ha paBHUHHON
Tepputopuu. Penbed MECTHOCTH CTEIHOM, BEICOTa HAJ yPOBHEM MOpsi oKosio 160 MeTpoB.
Ceno BunorpagHoe umeet koopaunatel 43°40'00” c.ui., 44°40'00” B.1. Penbed mecTHO-
CTH CTEMHOM, BbICOTA HaJ ypoBHEM Mops okoyio 160 meTpoB. TemmneparypHO-0CaIKOBBII
K03 (UIUEHT 711 TUX HACEJICHHBIX MMyHKTOB coctaBiseT 0,9—1,1.

AHanu3 CTaTUCTUYECKUX B3aMMOCBSA3E€H TPEHJ0B TEMIIEPATYPBI, TPEHIO0B KOJIMYECTBA
OCa/IKOB C MHOTOJIETHUMH XapaKTEPUCTUKAMU a3PO30JIbHONM ONTHUYECKOM TONIIWHBI, UH-
JIeKCaMU BereTaluy GopMHUpYET UX KOPPEISILIMOHHBIE 3aBUCUMOCTH M IIPUBOJIUTCS B CO-
oTBeTcTBYIOMMX padorax [Kameneukuit u ap., 2021 a,0]. YuurbiBasi BBEACHHBIN TeMIIe-
paTypHO-0CaIKOBBINH K0P GUIMeHT (puc. 1), XxapakTepu3yromuii TOT UM UHOW THUTI JIaHI-
madToB, UMEETCs BO3SMOXKHOCTD CBA3bIBAaTh YKIOHBI TpeH10B AOT 1 NDVI Hanpsimyto co
3HA4YEHUSAMH 3TOro Kod(¢uiuenTa A BbIOpaHHOro JaHamadra. ITOT METOJ COKPaTUT
KOJIMYECTBO MMapaMETPOB MCIIOJIb3YEMBIX JIMHEHHBIX MOJIENIECH, a TAKKE JacT JONOJHUTEIb-

HBIH KpUTepuil OTHECEHHs JaHamadTa BOIM3H FTOPHBIX XpeOTOB K TOMY WJIM HHOMY THILY.

V3meHeHne co BpeMeHEM 3HaueHUs TeMIIepaTypHO-0CaIKOBOTO KO HIIMEHTA SBIIS-
€TCS1 BO3MOYKHOM MPUYMHOHN T€03KOIOTHUECKOM TpaHchopMaluu TanamadTa, BBI3BAHHON
M3MEHEHUEM KIIMMAaTHYECKHUX YCJIOBUM, CABUTA OajlaHCca «M3MEHEHHE TeMIIepaTypbl — U3-
MEHEHHUE KOJIMYECTBA OCAJKOBY», YTO B MHOT'OJIETHEM IIEPHOJIE XapaKTepU3yeT U3MCHEHHE
YCJIOBUH 17151 ONMAronpusTHOTO pa3BUTUS (PUTOLIEHO30B. IIpu 3TOM HM3MEHEHHE TPEeHI0B
MHJIEKCa BereTaluy Mpu HEU3MEHHOM TEMIIEpaTypHO-0CaAKOBOM KOA(PPHUIIUEHTE MOKa3bl-
BACT HAJIMYKE BHEITHUX MIPUYUH JIJISl TAKOTO U3MEHEHHSI, B TOM UHCJIe — HATMYHE HEraTuB-
HOT'O aHTPOIIOI€HHOT'O BO3JEHCTBUS WIN AETPAJaLAI0 PAaCTUTEIBLHOIO TOKPOBA.

3aBUCUMOCTL TEMNEPATYPHO-0CAAKOBONO KoadhhnumMeHTa oT paioHa
The dependence of the temperature and precipitation coefficient on the
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Puc. 1. Temnepamypro-ocadkoguiii Ko3gh@uyuenm 0 20pHbIX, NPEO2OPHLIX U PASHUHHBIX PATIOHO8
PCO-Ananus, unmiocmpupyrowui maoauyy 1/

Fig. 1. Temperature-precipitation coefficient for mountainous, foothill and lowland regions
of North Ossetia-Alania, illustrating Table 1
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BapuatuBHOCTP MHOTOJIETHUX 3HAUYE€HUI a3pO30JIbHOM ONTHYECKON TOJNILIMHBI UMEET
KOpPEJIALIMOHHBIE CBSI3U C TEMIIEpPaTypoil, KOppeslus ¢ KOJIMYECTBOM OCAJKOB JJIsl pa3-
HBIX JJaHAaTOB pa3HoHampasieHa [Kameneukuii u np., 2021 a]. CnenosarenbHoO, YKIIO-
Hbl TpeHa0B AOT Taxke MOXHO Ki1accu(UIUPOBATH IO TEMIIEPATYPHO-0CATKOBOMY KO-
b PUIHIEHTY.

TemmneparypHo-0caakoBblii KOA(PGUIUEHT, KaK IPAaBUIIO, CTPOUTCS HA OCHOBE YKJIO-
HOB MHOTOJIETHUX TPEHJIOB MHTErPAJIbHBIX XapaKTEPUCTUK TEMIIEpPaTypbl U KOJIHUYECTBA
ocaakoB. [Ipu 3TOM HccnenoBaHuil MO YyCPEAHEHHBIM JaHHBIM TOJIBKO OJJHOTO Tojia 3TOr0
OTHOLICHUS SIBHO HEIOCTATOYHO. B 3TO cBSA3M AJIs BBISBICHUS BO3MOXKHOTO M3MEHEHUS
TEMIIEPATYpPHO-0CAKOBBIX YCIOBHM Aiis nanAmadTa OyieT nepcrneKTUBHbIM OpaTh OTHO-
IIEHUs] YKJIOHOB TPEHJ0B MHOTOJIETHETO psfa, Harmpumep, 3a 20—25 et uinu, B KpaiiHeM
ciydae, 3a OTHOCHUTEJILHO KOPOTKUI TIEpUOo/I, HApUMEDP, 3a S JIeT.

BbiBOADI

Ha ocHOBe ycTaHOBJIEHHOH B3aMMOCBSI3H MEKIY TUIIOM JaHAmAGTa U XapaKTepHbIMU
JUIs 3TOTO JaHamadTa 3HaYeHUSIMU OTHOLIEHHS YKJIOHOB TPEHJIOB TEMIIEPATypPhl K YKIIO-
HaM TPEH/I0B KOJIMUYECTBA OCAJKOB BBEJIEHO MOHATHE, T.H. TEMIIEPATypPHO-0CAIKOBOIO KO-
s dunmenTa.

VYcraHOBIIEHa B3aMMOCBS3b MEXK/y BBICOTOM JaHImadTa HaJ ypOBHEM MOPS M Xapak-
TEPHBIMHU JJIs1 3TOTO JaH/madTa 3HAYCHUSAMHU TEMIIEPaTyPHO-0CaIKOBOr0 K03 UIMEeHTA.
ITokazaHo, YTO TEMIIEPaTyPHO-0CATKOBBIN KOI(DPHUINEHT YObIBAET C YMEHBIIEHHEM BBICO-
Thl pallOHa HaJl YPOBHEM MOPH.

JIJis ToKaruid, UMEIONUX TOPHBIN JaHIIIa(T, TeMIIepaTypHO-0CaIKOBBIA KO3(DuIim-
€HT HauOOJIbIINI IO BEIMYKHE U COCTaBIAET nopsiaka 2,5. [l nokauui, pacioaokKeHHbIX
B nipenropbsix CeBepHoit OceTuu ¥ UMEIOIINX TOPHO-JIECUCTBIN JaHAIIadT, TeMIeparyp-
HO-0Ca/IKOBBIN KOA(PUILIMEHT 10 BEIMYUHE BapbUpyeT nopsaka ot 1,5 no 1,8. s pas-
HUHHBIX JIOKAIUi TeMIepaTypHO-0CaIKOBBIA KO (UIIMEHT HAUMEHBIINH 110 BEJTUYHHE U
BapbUpyeT B npeaenax nopsaka ot 0,9 no 1,0.

TemmneparypHo-0caaKoBbIil K0O3((GUIHUEHT AaeT JOMOTHUTEIBHOE ONUCAHUE TE€0IKOIIO-
TMYECKOT0 COCTOSHUS JIaHAmadTa 1 JOMOJIHUTENbHBIA KPUTEPHH TPH I€03KOI0IHYECKOM
paiioHnpoBaHuu. VI3MeHeHNe 3HaueHHs TeMIIepaTypHO-0CaAKOBOTO KO3 HLIUEHTa Tpo-
M30MIeT B COOTBETCTBUHU C BapHALUAMU KIMMAaTHUYECKUX YCIOBUM, KOTJIa TPEHAbI TEMIIe-
paryp U3MEHSATCS B Ty WU APYTYIO CTOPOHY 10 OTHOUIEHHUIO K HA0II0JaeMOMY KOJIMUECTBY
OCa/IKOB B JJAHHOM paiioOHe.
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[€03KOAOTMYECKAS OLLEHKA BO3AENCTBUS
30AOTOUN3BAEKATEABHbBIX GABPUK HO KOMMOHEHTHI
NPUPOAHON CPeAbI
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MockoBCKUIM NonuTexHn4ecknii yumsepcutet, Pocecus, 107023, r. Mockea,
yn. b. CemeHoBckas, 38, e-mail: kluev-roman@rambler.ru

Crarbs noctynuna: 23.01.2026, nopabotaHa: 23.03.2026, npuxsita k nybaukaumm: 25.03.2026

Pe3stome: AKTyanbHOCTb paboTbl. DYHKLUNOHMPOBAHME 30/10TOU3BEKaTENbHBIX (DabpuK (3UD), ncnonbay-
IOLLMX LMAHUAHOE Bbillena4ynBaHmne, Co30aET 3HAYUTENbHYH TEXHOTEHHYIO Harpy3Ky Ha KOMMOHEHTbI NPUPOLHON
cpefpl. HanbonbLuyto 0MacHOCTb NPEACTaBAAT AMUCCUN TOKCUYHBIX BELLECTB B aTMOCAIepy 1 A0AT0BPEMEHHOE
BO3/EMCTBIE XBOCTOXPAHWINLL, 4TO TPeOYeT COBEPLUEHCTBOBAHUSA METOJ0B re03KOM0rN4eCKON OLEHKN W 3a-
LNTHbIX MeponpuaTuid. Llenb ncenepoBanus. KomniekcHas oLeHKa BO34ENCTBUA TEXHOIOrMYeCcKX npoLeccoB
3D Ha okpyxatoLLyo cpeay 1 060CHOBAHWE UHXEHEPHO-TEXHUYECKUX PELLIEHUIA AN MUHUMMW3ALMUA HeraTue-
HbIX nocneacteuii. Metoabl uccnefoBaHus. [pUMeHeHb! aHaNUTUYECKNIA 0630p M CUCTEMATU3ALMA CTOYHUKOB
3MUCCWIA, MHCTPYMEHTaNbHbIE 3aMepbl, PACYETHO-AHANUTUYECKUIA METOL ONpPEeAeNneHns BbIAeNeHNA BPeaHbIX
BELLECTB, MaTeMaTi4yeckoe MOAESIMPOBaHME NblNe06pa3oBaHNs, a TakKe re03KoNornieckoe NPOrHo3MpoBaHue
MOBeJEHNS1 TEXHOreHHbIX MaccuBoB. Pe3ynbTaTbl. YCTaHOBMEHO, YTO OCHOBHBLIMI 3arpA3HUTENSAMI ABAAIOTCS
umnaHosogopogd (HCN), wwienoyHble aspo3onu, Xyop, OKCMAbl a30Ta U Mbib, COLEPXKALLAR TsHKENbIE MeTanbl.
[TpencTasriieHa MeToAMKka pacyéTta nbiieBbIX BbIOPOCOB. [10Ka3aHO, YTO HaMbOSbLUKE FE03KOSOMNYEeCKMe pu-
CKM CMELLAtOTCA B MOCTPEKYbTUBALMOHHBIA NEPUOA N3-3a aKTMBU3ALMI MUKPOOUOMOMNYECKUX NPOLIECCOB B
XBOCTOXpaHunmwax. 060cHOBaHa HeO6X04MMOCTb Nepexofa K CryLéHHbIM XBOCTaM W A0ArOCPOYHOMY reoxXu-
MWYECKOMY MOHUTOPUHTY. TMpefnoXeH KOMMIEKC NPUPOA00XPaHHbIX Mep, BKOYAKOLWMA repmMeT3annio 060-
PYAOBaHUS, XeMOCOPOLIMOHHYIO OYUCTKY ra3oB M NPUMEHEHWEe Fe0CUHTETUYECKUX 3KPAHOB. [NaBHbIE BbIBOAbI
MOATBEPXKAAIOT, 4TO 06ECMeYeHne 3KONornyeckoit 6esonacHocT 3P QOCTMKUMO NIALLL NPU CKBO3HOM MPO-
eKTUPOBAHNK 3aLLUUTHBLIX 6apbEPOB HA BCEX 3Tanax >XM3HEHHOro LyKNia npeanpuatus. B ka4ecTse nepcrekTus
0603Ha4eHbl HanpaBeHns UccnefoBaHnii No 6UOPEKyNbTUBALMN, LMGPOBOMY MOHUTOPUHIY U CHUXKEHUIO CO-
necofiep>XaHns 060pOTHbIX BOA.

KntoueBble cnosa: reo3kosnorus, 30n0Ton3snekarenbHas adpuka (3V19), umaHugHoe BbilLenaqnsanue,
XBOCTOXpaHUNLLA, 3arpsisHeHne atmocdiepsl, nbiiesble BbI6pOCk!, LuaHosoaopos (HCN), o6opoTHOoe BOLO-
CHabXXeHne, reoXnMm4eckas Miurpauns, pekynbTMBaLus.

Ina uutupoBanus: Kntoes P.B. Teoakonornyeckas oLeHKa BO3AeACTBIS 30M10TOM3BNEKATENbHbIX (DabPUK
Ha KOMMOHEHTbI NPUPOAHON cpegbl. [eosorus u reogpmsmnka Fra Poccun. 2026. 16(1): 189-203. DOI: 10.46698/
VNC.2026.66.75.002
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Abstract: Relevance. The operation of gold recovery plants (GRP) using cyanide leaching creates a signifi-
cant technogenic load on the components of the natural environment. The greatest danger comes from toxic
emissions into the atmosphere and the long-term impact of tailings ponds, which requires improved methods of
geoecological assessment and protective measures. Aim. Comprehensive assessment of the impact of techno-
logical processes at the GRP on the environment and the justification of engineering and technical solutions to
minimize the negative consequences. Methods. An analytical review and systematization of emission sources,
instrumental measurements, a calculation and analytical method for determining the emissions of harmful sub-
stances, mathematical modeling of dust formation, and geoecological forecasting of the behavior of technogenic
massifs were used. Results. It was established that the main pollutants are hydrogen cyanide (HCN), alkaline
aerosols, chlorine, nitrogen oxides, and dust containing heavy metals. A methodology for calculating dust emis-
sions is presented. It is shown that the greatest geoecological risks shift to the post-reclamation period due to
the activation of microbiological processes in tailings storage facilities. The need for a transition to thickened
tailings and long-term geochemical monitoring is substantiated. A set of environmental protection measures is
proposed, including equipment sealing, chemisorption gas purification, and the use of geosynthetic screens. The
key findings confirm that ensuring the environmental safety of the processing plant is achievable only through
the comprehensive design of protective barriers at all stages of the plant’s life cycle. Research areas such as
bioreclamation, digital monitoring, and reducing the salinity of recycled water are identified as promising areas
of research.

Keywords: geoecology, gold recovery plant (GRP), cyanide leaching, tailings, air pollution, dust emissions,
hydrogen cyanide (HCN), water recycling, geochemical migration, reclamation.
For citation: Klyuev R.V. Geoecological assessment of the impact of gold extraction plants on the compo-

nents of the natural environment. Geologiya | Geofizika Yuga Rossii = Geology and Geophysics of Russian South.
(in Russ.). 2026. 16(1): 189-203. DOI: 10.46698/VNC.2026.66.75.002

BeeapeHne

ODYHKIIMOHUPOBAHUE 30JI0TOI0OBIBAIONIUX KOMILJIEKCOB, HCIOJB3YIONIUNX TUAHUIHOE
BBIIIEJIAYMBAHKE Py, HEM30€KHO CO3aeT TEXHOTCHHYIO HAarpy3Ky Ha ruapocdepy u npu-
3eMHBIH ClI0i aTMOc(epsl B 30HE BIUSHUA MTPou3BoAcTBa [Banues u np., 2025].

Munumu3anus 3arpsa3HeHHs] BOIHBIX OOBEKTOB JIOCTUTAETCS KOMIUIEKCOM MEp: TITy-
OoKasi IETOKCHUKAIIMS OTXO/I0B Nepesl YTHIIM3aluel, co31aHne XBOCTOXPaHUIIHIL C U30JIU-
PYIOLIMMH OCHOBAHUSMH, MPEIOTBPALIAIOIIUMHI UHPUIBTPAIIMIO TOKCUYHBIX PAacTBOPOB
B TPYHTBI, @ TaKe BHEIPEHHE 3aMKHYTBHIX CHCTEM BOJIOTOJIB30BaHUS C MOCIEAYIOIen
04uCTKOM 00opoTHbIX Box [[onuk, 2025; Konrap-Cropron, 2024].


https://geosouth.ru/article/view/1389/1138
https://orcid.org/0000-0003-3777-7203
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HaubGomnburyro onacHOCTh MpeacTaBisieT nocrpeadmmuranuonHas craaus. C TedeHu-
€M BPEMEHH 3aIIUTHBIE KOHCTPYKIIUH TePSIOT FePMETUYHOCTD, 8 TOKCHYHbIE KOMIIOHEHTHI,
JICTIOHNPOBAHHBIC B JIEKAIBIX XBOCTaX, aKTHBU3UPYIOTCS MO IEHCTBHEM TpaBUTAIUU U
arMoc(epHoii Biaru, GopMHpys yCTOIUNBOE BTOpUYHOE 3arpsizHenue [[onuk u np., 2025;
Xpanait u ap., 2025]. B cBA3M C 3THUM TI'€03KOJOTHYECKOE COMPOBOXKACHUE TOPHBIX IPO-
€KTOB TpeOyeT MPEeBEeHTUBHOTO 3aJI0KEHHUS OIO/PKETOB Ha KOHCEPBALIMI0 0OBEKTOB ellle Ha
aTarne OM3HeC-TUIAHUPOBAHUS.

KiroueBbIMU 3TanmamMu TUKBUAANMOHHBIX PaOOT SIBISIIOTCS XUMHUYECKass UMMOOMIIN3a-
LIMsI OCTAaTOYHBIX PEAreHTOB, MEPEKPHITHE TEXHOTEHHBIX MACCHBOB U30JIUPYIOIIMMH TOJ-
IIaMH{, BOCCTAHOBJICHHE MOYBEHHOTO CJOS U OpraHU3alusl PEKUMHBIX T€OXMMHYECKUX
HaOMIONeHUH B TeueHue nuTenabHoro nepuosa [[1ladanos u ap., 2023; domenko u ap.,
2024].

Pe3tomupysi, MUHUMHU3AIUS T€OIKOJIOTUUECKUX TOCIEICTBUH TOPHOTO TPOU3BOJI-
CTBa JOCTIKMMA JIUIIb TIPU CKBO3HOM aHaIM3e BcexX (pa3 CylIecTBOBaHUS KOMOMHATA B
KOHTEKCTE TEKYILETO COCTOSAHUS U OydepHoit eMKocTu nutochepsl [MakoBo3oBa u Jp.,
2023].

CoBpeMeHHas Te0IKOJIOTUYECKast CUTyalusl cMenaeT (poKyc BHUMAHUS C JIOKATbHON
CaHallM¥ TEXHOT€HHBIX OOBEKTOB Ha MPOTHO3 TpaHCHOpMAIMK T€OXUMHUYECKOTo (oHa pe-
THOHAJILHOTO MaciiTaba. Kpuruueckim acrekToM, He YITEHHBIM B TPAJAUIIMOHHBIX MTPOEK-
Tax KOHCEPBAIUH, SBISETCS aKTUBHU3AIMS MUKPOOHUOIOTUYECKUX COOOIIECTB B TEJIE XBO-
CTOXPAHWIHII] B MOCTIKCIUTYaTallUOHHBIA TepHoA. Pe3ynbrarbl HaTypHBIX HAOMIONCHUN
MOKAa3bIBAIOT, YTO CyAb(arpenylupyIoie U THOHOBbIE OAaKTEpUU CIOCOOHBI KaTalu3u-
POBaTh MEPEBOl TPYAHOPACTBOPHUMBIX ()OPM METAIJIOB B MOOMIILHBIE COCTOSIHUS JTaXKe B
YCIIOBUSIX 3alIENIauMBaHUs CPEJIbl, TCHEPUPYS «KUCIOTHBIN APEHAX CIYCTS JECATUICTUS
nocie pexyinbruBanuu [Banerjee et al., 2020; Malyukova et al., 2023].

Kpome Toro, reoskonornueckas OlieHKa BO3JCHCTBUS JOKHA YUUTHIBATh CHHEPTeTH-
4ecKuil AQPEKT HANOKEHUSI OPEOJIOB PACCESHHSI OT HECKOIBKHX TOPHOMPOMBINUICHHBIX
LIEHTPOB B IPEJIENIax OHON METAJUIOTeHUYECKOM MPOBUHIINU. KyMynaTuBHAsS SMHUCCHS 3a-
TPS3HUTEIICH MPUBOIUT K HEOOPATUMOM JIeTpalallii Fe€0JI0THUYECKOM CPeIbl — UCTOIIEHUIO
3aLIUTHBIX CBOMCTB IPYHTOBBIX TOJII M TOTEPE UMK COPOLIMOHHBIX XapakTepucTuk [Kito-
eB u ap., 2025; CxonunHuesa u ap., 2025].

MeToAbl

B pabome npumenenvi cnedyrowue memooni:

1. AHanuTudeckui 0030p U CHUCTeMaTH3allus TEXHOJIOrn4Ieckux nporecco 3UD ms
UACHTU(DHUKAIIMK Y37I0B SMUCCUU 3arPs3HAIONINX BEIICCTB [3MHOBBEBA | JIp., 2022].

2. NHCcTpyMeHTallbHBIE 3aMephl U PACUETHO-aHAIUTUYECKUNA METOJT JIJIsl OTpEAeTICHUs
yaenbHbIX Beienenuit Bpeausix Bemects (HCN, NaOH, HCI, CO, NO,, nbumm) ot o6opy-
noBaHus [bocukos u ap., 2025].

3. Maremaruuyeckoe MOACIUPOBAHUE MbLIICOOPA30BaHU: PACUET MACCOBBIX BEIOPOCOB
MIPHU MIEPECHITNIKE CHITYYNX MATepUAIOB (C YUETOM KOAI(PPUIIUECHTOB IUCIIEPCHOCTH, BIIAXK-
HOCTH, BETPOBOW HArpy3KH) U IIPU adpOreHHOM YHOCE C OTKpPBIThIX KOHBelepoB [Kongar-
Syuryun et al., 2025].

4. T'eosKon0rnYecKOe MPOTHO3UPOBAHNE TOBECHNS TEXHOTEHHBIX MACCHBOB (XBOCTOX-
PaHWINII) Ha OCHOBE OIICHKH (PU3UKO-XUMHUUECKUX U MUKPOOUOIOTUYECKUX MPOIIECCOB B
nexansix xpocrax [Nguyen et al., 2019; Kynukosa u ap., 2024].

5. CpaBHUTENBHBIN aHAIU3 TEXHOJIOTHUECKUX PEUICHUH MO CKIAAUPOBAHUIO OTXOJOB
(HayMBHOE, MacToo0pa3Hoe, CryMIEHHOE) C OLEHKON MX 3((EKTHBHOCTH B Pa3IMUHBIX
KimMarndeckux 30Hax [Kimoes, 2024; Kananckwii, 2019].
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Pe3yAbTaThl

Xapaxkmepucmuxka 3azpaznumenei ammocgepul

[Ipn dynxumonnpoBanuu 3os0Ton3BiekatenbHoil Gadpuku (3UD) dopmupyrorcs
YCTOWYHMBBIC OYary 3arpsi3HEHUS] BO3AYITHOM cpebl. [ eHepaTopamu B3BEIIEHHBIX BEIIECTB
SIBIISIFOTCS TEXHOJIOTUYECKUE TIepPEIeITbl, 3aJIeHCTBOBaHHBIC B pyfonoaroToBke. K ux unciy
OTHOCSITCS 30HA PA3TPy3KH M XPAHEHUS CBIPbs, IPOOUIBHOE OTJeNIeHIe, BHOPOIIUTATENH,
CUCTEMBI JICHTOYHBIX TPAHCTIOPTEPOB U HOpuil. KiltoueBbIMH TOUKaMU pacCEeMBaHUS MbLIE-
BBIX YaCTHII CITy’KaT CTHIKOBOYHBIE y3JIbI 000PYIOBaHUS: YIaCTKH ITpremMa/copoca MaTepu-
aja Ha IPOOMJIKaX M MEPECHIMHbIC kKelloba KoHBelepHo-TpaHcmopTHO# nenu [Offenberg,
Ilias, 2019; Pochechun, Semyachkov, 2024].

B kauectBe nmpumMepa Ha pucyHke | mpuBeIeHbI 3HaU€HUsI BLIOPOCOB BPEIHBIX BEIIECTB
npu paboTe aruTaropa ¢ MEXaHHIECKUM MEPEMEITNBAHUEM.

Tun o6opynoBanus /
Equipment type

ATHTaTOp C MCXaHUYECCKHM [IEPEMCIIHBAHIEM /
Agitator with mechanical mixing

[Ipurorosnenue rHa | Xr pacTBOpsieMOro
pacTBOpOB nMaHuaa / TN LMaHu/a HaTpust / g per
1
/

) Preparation of ) | HCN | 0.21 e kg of soluble sodium
cyanide solutions cyanide
ig:gOZOBgigz; / r Ha | KT pacTBOPSIEMOro

II:re aralt)imlqu of alkali 0.1 eaxoro natpa / g per 1 kg
P . —> of dissolved caustic soda
solution
IpuroToBneHUe pac-

rual v IIOBEPXHOCTH B
TBOpA FHIIOXJIOpHTA /

harmful substances

Bpennsie BemectBa / Harmful substances
Enununa n3mepenns / Unit of measurement

Texuomorudeckas ornepanun / Technological operation
3HaveHust BbIICTIEHUH BpeaHbIX BeniecTs / Emission values of

—> . —> —PE 1,5 —»{ qac / g per 1 m” of surface
Preparation of er hour
hypochlorite solution P
O06e3BpexuBaHNe 2
— rHa 1 M” IOBEpXHOCTH B
> Hypochlorite —> —»{ qac / g per 1 m” of surface
disinfection per hour
ITpurorosnenue rHa | M° OBEPXHOCTH B
—>{ axmoeHTa / Preparation —»| 1,0 > uac/ gper 1 m®of
of eluent surface per hour

Puc. 1. 3nauenus 6blopocos 8peodnvix 6ewecmes npu pabome acumamopad ¢ MexaHuyecKuM
nepemewuganuem /

Fig. 1. The Values of harmful emissions during operation of an agitator with mechanical mixing

Crenduka npuieBbIX BbIOpocoB 3UD 3akmioyaeTcs HEe TOJIBKO B MEXaHUYECKOM BO3-
JEMCTBUM Ha MPUIIETaloIlue TEPPUTOPUH (M3MEHEHHE alb0eno MOYB, YTHETEHHE PacTH-
TEJIBHOCTH), HO U B XUMHUYECKOM cOcTaBe a’po3oieil. [Ibuib pygocoaepxkamux nopos ya-
CTO oborarieHa cyab(QuIaMHu U COMYTCTBYIOIIMMU 3I€MEHTaMHU (MBIILbSK, CypbMa, PTYTh),
YTO MpUAAET €l TOKCHUHBIE CBOMCTBA. BeTpoBOi mepeHoC MEIKOIUCIepCHBIX (Qpakiuit
CIIOCOOCTBYET 3arpsI3HEHUIO ITOUBEHHOI'O TMOKPOBA M IOBEPXHOCTHBIX BOJ B Paauyce 110
HECKOJIBKMX KHJIOMETPOB OT MPOMBIIIICHHOW IIIOMIAIKH.

B cBs3M ¢ BBICOKOM MUTPAIMOHHON CIIOCOOHOCTHIO TOHKOJIMCHEPCHOM IMBUIM OCO-
Oyr0 3HaYMMOCTb IPUOOPETAET MbUICNIOJABIEHUE HE TOJBKO B Kamepax ApoOJIeHHs, HO
U Ha OTKPBITHIX MEPECHINHBIX CTAaHUMAX. I CHMIKEHMS I'€OIKOJIOTMYECKOM Harpys3Ku
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pPEKOMEHyeTCsl BHEAPEHUE aCTIUPALMOHHBIX CUCTEM C pyKaBHBIMH (DUIIBTPAMU Ha y3i1ax
NEPErpy3KH, a TAKKe IIPUMEHEHUE CUCTEM CyXOT0 TyMaHa B 30HaX OTKPBITOIO CKJIaJu-
poBaHusl pyzabl. KoMIIekCHBIN MOAXO K JIOKAJIU3alUui UCTOUHUKOB IbUICHUS SIBIISETCS
IIPUOPUTETHBIM HAIIPaBICHUEM MHHHMH3ALUU TEXHOI'€HHOI'O BO3JEHCTBUS NpENpHU-
SATUHA TOPHOPYIHOW OTpaciii Ha KOMIIOHEHTHI NMpupoaHoi cpeasl [Tuomela et al., 2021;
Wang et al., 2021].

dopMupoBaHUE Ta30BO3AYIIHBIX BEIOPOCOB Ha 30JI0TOM3BIICKaTeIbHON (habpuke mud-
(bepeHIpoBaHo 10 TEXHOJIOrMueckuM nepenesnam. Ha yuactke npobnenus u kiaccugu-
Kalluy pyabl JOMHHUPYIOIIMM TOJUTIOTAHTOM BBICTYIAeT B3BEILEHHAs MblLIb, MPEACTaB-
JIEHHAs 4acTULaMM BMEILIAIOIIUX IOPOJA U TeXHosorndeckoi ussectu. [Ipu mepexone k
M3MENBUEHHIO B Fa30BYI0 CPEy HAUMHAIOT IIOCTYIIATh JETyUYne TOKCUYHbBIE COEIUHEHMS, B
YaCTHOCTH LINAHOBOJOPO/, 00pa3yIolLHiics B YCIOBUSIX BIaKHOW MexaHooOpaboTku. [lo-
MIOJTHUTEIbHBIM KPAaTKOBPEMEHHBIM HCTOYHUKOM 3aJIIIOBBIX BBIOPOCOB CIIY>)KUT OINEpaIis
703UpOBaHus (MIOKYJISHTA B IIpUEMHBIEe OyHKepbI (1oTariMoHHOro oTaeneHus. Ha 3aBep-
LIAOLIEN CTaAuU LIMaHUPOBaHMS HENPEPHIBHOE BBIAEIEHHE CUHUIBHON KHCIOTBI IIPOMC-
XOJUT C IOBEPXHOCTH TEXHOJIOTUUYECKUX EMKOCTEH, COIepIKaIlUX [IUaHCOIepKAILUE MTYIIb-
IIbl ¥ PACTBOPBI.

C TOuKkM 3peHHs I'€03KOJIOTUH BaXKHA HE MPOCTO KOHCTaTalus (akTa BBIICICHUS Be-
LIECTB, @ OLEHKA UX MUIPaluy, TpaHcOpMalMU U BO31eiiCTBHSI HA coNpee/bHbIe
cpebl.

Oco0y10 Te0d’KOIOTHYECKYI0 OMACHOCTh MPEACTaBIsIeT KOMOMHUPOBAHHBIN XapakTep
sMHcCHiA. TBepble 4acTHIbl PyIHON IMBLIHM, ocenas BOIM3M MPOMILUIOLIAKH, oboraria-
10T TI0YBBI TSKEJIBIMU METAJUIAMHU, TOTZA KaK ra3000pa3Hbli [IMaHOBOAOPO] CIIOCO0EH K
JalibHeMY atMoc(epHoMy niepeHocy. B npuzemuom cioe armocdepst HCN oTHOCHTETBHO
ObICTPO (POTONM3UPYETCS, OAHAKO NP abcopdumu arMocdepHoit Biaroif BO3MOXHO (op-
MHUPOBAHHUE JIOKAJIBHBIX 30H MTOJKUCIIEHUS 0CAJKOB U BTOPUYHOIO 3arpsA3HEHUs 1I0YB LIHa-
HUJIaMU.

VY4uTBIBasA, YTO OTKPBITHIE MOBEPXHOCTH IIMAHUCTBIX PACTBOPOB SIBJISIOTCS MOCTOSIH-
HBIM HCTOYHMKOM BBIJICJICHUS] CHHUIILHON KHCIIOTHI (0OCOOCHHO B TETIJIBIH MEPHUOJ] FO/1a IPU
cHxeHuHn pH cpenbl), HEOOXOUMO PaHKUPOBAHUE MEPONPUATUIN 110 CHUKECHHUIO IMUC-
cuil.

Ha 3Tane py1onoaroroBku: repMeTu3anus yKpbITHIA IpOOMIIOK U IPUMEHEHUE OpO-
IIEHUS ¢ TIOBEPXHOCTHO-aKTUBHBIMH BeriecTBaMu [TAB ais cBs3bIBaHMS TOHKOAKCIIEpC-
HBIX (PAKIUI H3BECTKOBOMW TTBLIH.

Ha sTane peareHTHO#i 00pad0OTKM: 3aMeHA MBUIALIAX TOPOIIKOBBIX (UIOKYJISTHTOB Ha
IpaHyJIMpOBaHHbIE (POPMBI MM AIMYIIBCUH, UCKITIOYAIOIKE TbUIEHUE ITPU 3arpy3Ke.

B oTnesieHnu HMaHNPOBAHUS: BHEJIPEHUE YKPHITUI «IIJIOBYYUX» TUIIOB HaJl YaHAMU
COpOIMK M OpraHU3aLKs JIOKAIBHBIX OTCOCOB BO3/lyXa C IOCIIEAYIOEeH OYUCTKOM OT 1na-
HUCTOT'O BOJOPOZA METOIOM XEMOCOPOLIUH.

Takum o0pa3oMm, CHHKEHHE Te03KoI0ornueckoi Harpy3ku 3 BO3MOXKHO TOIBKO NMPU
KOMIUIEKCHOM TIO/IXOJIE K IOJaBJICHUIO KaK TBEPJBIX, TaK M ra3000pa3HbIX MOJUIIOTAHTOB
Ha BCEX CTAAMAX NepepabOTKU 30J0TOCOAEPKALIETO ChIPbSI.

TexHonmornueckas JIMHUSA J1€COPOLIMOHHO-IEKTPOIUTUYECKOTO y3Jla XapaKTepu3yeT-
Cs1 IOJIMKOMITOHEHTHBIM COCTaBOM I'a30BO3AYIIHBIX dMHccuil. Ha cragun npuroroBieHus
JecopOUpPYIOIIEro pacTBOpa PEruCTPUPYETCs MOCTYIIICHHE TOHKOIUCIIEPCHOTO a3p030J1s
THJIPOOKMCH HAaTpusi, TEHEPUPYEMOIO € OTKPBITONW NMOBEPXHOCTH PEAKTOPHOM E€MKOCTH.
B niporiecce necopO1uu 0:1aropoAHBIX METAIIJIOB U3 HACHIIIIEHHOTO COpOEHTa TepMUYECKast
U XMMHUYECKasi aKTUBALIUs CPeJIbl CIIOCOOCTBYET MEPEXO/LY B MApOBYIO (pa3y Kak IIEJI0UYHOTO
a’po30Jis, TaK U LMAHOBOAOPOAA. AHAJIOTMYHBIA CIEKTp 3arps3HUTENEH (eIKuil HATp U
HCN) ¢ukcupyercs Ha 3IEKTPOIU3HBIX BAHHAX B XO/1€ KaTOAHOTO BOCCTaHOBICHHUS 30710~
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Ta. 3aKIIIOUUTENbHBIN Nepeaes — y3el IeTOKCUKAIIMY TeXHOJIOTHUYECKUX CTOKOB U Ia30B —
TeHEepUPYET 3MUCCUU CBOOOIHOIO XJIOpa, a TAKXKE MbUIEBbIE YaCTULIBI TUIIOXJIOPUTA Kajlb-
[US1 ¥ HETAIIEHOM M3BECTHU, IOCTYNAIONINE B BO3AYIIHYIO CPEAY MIPH 3arpy3Ke peareHToB.

C no3uuuii reo3KoJI0ruu 0COOyH0 3HAYMMOCTh INPEJCTABIAET OLEHKA CyMMAPHOIO
PHCKA IS IPU3EMHOTO CJI0s aTMOC(ephl U TPAaHCTPAHUYHOTO MEPEHOCA BHICOKOTOKCHY-
HBIX KOMIIOHEHTOB.

Bricokas peakiioHHasi CHOCOOHOCTh XJIOpa U IIMAHUCTOTO BOJIOPOJIA ONpEAEsieT X
aKTHUBHOE y4acTHe B (POTOXMMHUUECKUX MIPEBpaIleHUsIX aTMocepHbIX npumeceil. [lpucyr-
ctBre HCN B BbIOpocax J1axke B CIeI0BBIX KOHIIEHTPAIMSIX TPeOyeT KOHTPOJIsl, TOCKOIBKY
B YCJIOBHUSIX BI@XHOTO BO3AyXa M MHCOJISALIMU BO3MOXKHBI BTOPUYHBIE PEeaKIUu ¢ 00pa3o-
BaHUEM CTa0WIbHBIX TOKCMKaHTOB. [llenounsie aspozonu (NaOH), ocenas BOaM3U npom-
IUTOIIAIKU, U3MEHAI0T pH MOUBEHHOr0 MOKPOBA, BBI3bIBAS MO/IIEIAYNBAHUE U HApyLIas
Oy(epHyI0 EMKOCTh 3eMeEllb.

DOMUCCHH XJIOpa, TeHEPUPYEMBIE B y3Ji€ 00€3BPEKUBAHUSA, OTIIMYAIOTCS BBICOKOH KOp-
PO3UOHHOM aKTUBHOCTHIO U OMOLUIHBIM AEHCTBUEM, UTO IIPU HEOPraHU30BAaHHBIX BHIOPO-
cax BeJIeT K MO/IaBJICHHI0 MUKPOOOLIEHO30B B 30HE BIUSHUS NPEIITPUATHUS.

Jnst MUHUMM3alliU Te€0IKOJIOTHUECKOM Harpy3KH Ha JaHHOM Iepe/iesie peKOMEHIyeTCs:

— TMEepeBOJ] MPOIECCOB AECOPOLMU U AIIEKTPONIM3a Ha repMeTUYHOE 000pylIoBaHHE C
OopraHu3aiueil oTcoca ra3oB HEMOCPEACTBEHHO OT KOJIOHH U BaHH;

— BHEJIPEHHE CUCTEM CYXOH MIIM MOKPOU ra3004ucTKH ¢ ynasauanueM HCN u menou-
HBIX a3p030JIeil MeTo10M abcopOIuH;

— Ha y37ie 00e3BpEKUBAHMS — 3aMEHa MBUISIIET0 TUIOXJIOPUTA KaJbIMs Ha JKUAKHE
(hopMBI peareHTOB, UCKIIIOYAIONINE MBUICBON (DaKTOp, MO0 OCHAIIEHHE MECT 3arpy3Ku
acrnupanuei ¢ IByXCTyleH4aToN QuiIbTpaluei.

Takum o0paszom, 1ecOPOLMOHHO-UIEKTPOIUTHUYECKUNA UK U COIpPSDKEHHBIE C HUM
CUCTEMBI 00€3Bpe)UBaHUs (POPMUPYIOT YCTOWUMBBIN OpEOs 3arpsi3HEHHs], COYETAIOIINI
KHUCJIOTHBIE, IEJIOYHbIE U [IUAaHCOAepKAIINe KOMIIOHEHThI, YTO 0OOCHOBBIBAET HEOOXO/IU-
MOCTb BHEAPEHMSI 3aMKHYTBIX [a300TBOJISAILINX CUCTEM Ha JAHHBIX Y4acTKaX.

VnenbHble BBIJENEHUS] BPEIHBIX BEIIECTB B arMoc(epy OT TEXHOJOTHMUECKHX arra-
paToB ¥ TMepeNenoB Ui MPeIOKEHHON CXeMbl MepepaboTKU 30I0TOCOACPIKAIIETO ChIPhs
npuBeeHBI B TabuIe 1.

Tabnuya 1/ Table 1

BobiesieHusi BpeIHBIX BeNIECTB OT TEXHOJIOTHYECKUX ANNAPATOB /
Emissions of harmful substances from technological equipment

Texnomornyeckas Enqunumna Bpenioe
Tun obopynosanust / . BELIECTBO 3HaueHue /
oneparus / Equipment type n3pepenns / Unit / Harmful Meanin
Technological operation quip yp of measurement g
substance
N Arurarop ¢ rma | r
PHUTOTOBJICHHE MCXAHHUCOKIM pacTBOpsIeMOro
pacTBOPOB NUaHKUA / [UAHUIA HATPUS
Preparation of cyanide TCPEeMEIITMBARICM / g per 1 kg of HCN 0.21
. / Agitator with 2
solutions : o soluble sodium
mechanical mixing .
cyanide
Armtatop ¢ ac;é{oa lieKl\Zoro
[IpuroroBieHue pacTBopa| MEXaHHYSCKUM pe I(Ol“g HaTDA
mienoun / Preparation of | mepememuBanueM / A or 1 k po £ NaOH 0,1
alkali solution / Agitator with di gl; d got
hanical mixin issolved caustic
mechanica g soda
HHaHHp.OBa.HHe/ Arwurarop / Agitator wr Ha 1 v BO3IyXa HCN 23,0
Cyanidation / mg per 1 m? of air ’
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KonrponsHoe
IPOXOUECHHUE rual m?
IUaHUACOACPIKAIICH Cuto GapabaHHOE / | TIOBEPXHOCTH B HCN 0.9
mynemsl / Control Drum sieve vac / g per 1 m? of ’
screening of cyanide- surface per hour
containing pulp
[Nepekauka mynbn rual m?
npu rmanupoBannn / | EMkocTH, 3yMIippl / | TIOBEPXHOCTH B HCN 03
Pumping pulps during Tanks, sumps gac / g per 1 m? of ’
cyanidation surface per hour
Arurarop ¢ 1 v2
MEXaHUIEeCKUM rHa LM
IIpurotosnenue smoenta | 0 oo MIOBEPXHOCTH B NaOH 1.0
/ Preparation of eluent peM . gac / g per 1 m? of ’
/ Agitator with
: o surface per hour
mechanical mixing
Jecop6uus 30m0ta / Gold ﬂiﬁgg;?/%?rgggﬁe rual M33 yosi/ g NaOH 1
desorption relief tank per 1 m’ of coal
EmMKocTB pacTBOpa 2
COJISTHOM KUCJIOTBI no;eHinlolgm s
/Capacity of | OPePRIOFT P HCI 3,0
hydrochloric acid gD
Kucnornas o6paborka / solution surface per hour
Acid treatment 3
K . raalwm
ONIOHHA KUCIOTHOM |~ 0
obpabotku / Acid yac / P er 1 m? of HCI 1,1
treatment column gp
surface per hour
rual m?
Hetirpanuzanms yris / EmkocTh pacTBOpa/ | TMOBEpXHOCTH B NaOH 1.0
Coal neutralization Solution capacity gac / g per 1 m? of ’
surface per hour
3
Peakruauust yrst / Coal Heq;r%f;:[a/xg(l)l;eiunﬂ rHal My / Cco 112
reactivation reactivation furnace | g per 1 m? of coal NO2 219,6
OGxur . co2 1800
HEKOHAMIMOHHOTO yriisi / | OOxwurosas meub / | rHa | M3 yois/ g
Roasting of t Kil 1 f coal
oasting 0C Ozlllbs andard iln per 1 m° of coa NO2 0.22
rual m?
TIOBEPXHOCTH B
3 ;| Hac / g per 1 m? of HCN 1,0
Onexrponus / Electrolysis JICKTPOM3CH surface per hour
Electrolyzer 3
r Ha | M° pacTBopa
Buyac /g per 1 m? NaOH 0,2
of solution per hour
[MpuroroBneHme AruTarop ¢ rua | m?
MEXaHUIEeCKUM
PaCTBOpA FHIIOXIOpATA | o0 oo MOBEPXHOCTH B cl 15
/ Preparation of peM . gac / g per 1 m? of ’
. . / Agitator with
hypochlorite solution : . surface per hour
mechanical mixing
Arurarop ¢ rua M2
O0e3BpeKUBaHUE MEXaHUYECKUM
MIOBEPXHOCTH B
TUIIOXJIOPUTOM / nmepeMermBatueM | -/t 5o e Cl 0,9
Hypochlorite disinfection / Agitator with EP
: o surface per hour
mechanical mixing
3arpy3ka u3BecTH / ITpuemnsrii Oynkep / | T Ha kT n3Bect / g | CaO (bun) / 11
Loading lime Receiving bin per kg of lime CaO (dust) ’
— T'unoxnopur
3arpy3ka runoxyoputa / | [IpuemHbIi OyHKep / HIOXIODHTA / (mbuIB) / 0.8
Loading hypochlorite Receiving bin p & Hypochlorite ’
per kg hypochlorite (dust)
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[Tpu ruTaBKe AIIEKTPOTU3HBIX 0CAKOB B ra30BYIO a3y BBIJIEISIFOTCS MbLIb, KBapIl, Oypa,
U3BECTh, COJIA, COSAMHCHUS MeIH (IIMHKA) ¥ CBUHIIA (Ta0. 2).
Tabnuya 2 / Table 2

BoijeieHusI BpeAHBIX BeLeCTB NPHU IJIABKE 3JIEKTPOIU3HBIX 0CAIKOB /
Emissions of harmful substances during the smelting of electrolytic deposits

HanmeHoBaHME BpEeTHBIX BEIIECCTB / Briienenus B ra3oByro (asy Ha 1 kr
Name of harmful substances KaTOJHBIX OCAJKOB, T /
Releases into the gas phase per 1 kg
of cathode deposits, g
Oxwucibl a3ota (B nepecyere Ha NO,) / 6.9
Nitrogen oxides (as NO,) ’
Menu okcu (B mepecueTe Ha MeJb) /
A 0,4
Copper oxide (in terms of copper)
[{uHka okcu (B mepecueTe Ha IMHK) / 13
Zinc oxide (in terms of zinc) ’
Copna KanplUHUpOBaHHAS / 10.0
Soda ash ’
Bypa (B nepecuere Ha 6op) / 27
Borax (in terms of boron) ’

Ilapamempul nwinesoco 3azpazneHus

C reosKoNIornuecKoi TOUK 3peHus, 3pPeKTUBHOCTD BCEH CUCTEMBI 3aIUThI aTMOC(he-
pBI HAIPSIMYIO 3aBHCHUT OT KOPPEKTHOCTH MHXKEHEPHBIX pacyeToB. ['abapuTHBIC pa3Mepsl
Y IPOU3BOIUTENILHOCTD T'a300YMCTHBIX aIllapaToB OMPEEIISIOTCS B IEPBYIO O4YepeIb 00b-
€MOM TOJIeKAIIeH OUNCTKE Ta30BO3AYIIHON cMecu. CienoBareabHO, 000CHOBAHHBIHN BBI-
00p KOHKpPETHOH Mojieny 000pY/I0BaHUS BO3MOXKEH TOJIBKO MOCJE TIIATEIBHOIO pacueTa
0o0beMa U XapaKTePUCTUK BEHTUJISILUOHHBIX BBIOPOCOB, UTO MO3BOJISIET TOUHO CIPOEKTHU-
pPOBAaTh JIOKAJTBHBINA SKOJIOTHUYECKUIN Oaphep U MPOTHO3UPOBATH OCTATOYHOE BO3ACHCTBHE
Ha OKPY>KaIOLIYIO CPEy.

Takum 00pazom, MHKEHEPHO-TEXHUUYECKUE PEIICHUs [0 Ta3004HCTKE, IPHHUMAEMbIE
Ha CTa/IMM MPOEKTUPOBAHUS, CTAHOBITCS (PyHIAMEHTAIBHBIM 3J€MEHTOM T'e€0dKOJIOTHYe-
CKOW 0€30MacCHOCTH TEPPUTOPUHU, OOECIeunBas COATAHCUPOBAHHOCTh MEXKIY MPOMBIIII-
JICHHBIM OCBOCHHMEM HEJIp M COXpPaHEHUEM KadecTBa aTMOoc(epHOro Bo3ayxa Kak oOrie-
IJIAaHETapHOTO pecypca.

[IpencraBneHHBIN pacyeT NBIICBBIICICHUA 0a3UPyETCs Ha BAYKHOM I€0KOJIOTHYECKOM
JIOTIYIIEHUU: B paccMaTpUBAEeMbIX IMPOIECCaX MEXaHWYECKOro APOOJIEHHs] U TpaHCIOp-
TUPOBKHU HE 3aJ€MCTBOBAHBI XUMUYECKHUE PEAKIIMU WM BBICOKOTEMIIEpaTypHBIE BO3ICH-
ctBus. CrenoBaTenbHO, B aTMocdepy He NMOCTyHaroT crenupuieckre ra3000pa3Hble UiIu
napooOpa3Hble TOKCUKAHTBl. OCHOBHBIM U MPAKTHUECKHU €IWHCTBEHHBIM 3arps3HSIONIUM
BEIIECTBOM B JIPOOMIBHO-TPAHCIIOPTHOM KOHTYpe OOoraTHTenbHOW (PaOpuKu sBIsSETCS
HEOpraHWYeCcKas MbUIh (B3BEIICHHBIC BEIIECTBA), 00Opasyromiascst B pesyasrare (pusmde-
CKOTO JIUCIIEPTUPOBAHUS TOPHOM MacChl B TOUKaX €€ 3arpy3KH, pa3rpy3Ku U epeMeIIeHUs.

Pacyer mHTEHCUBHOCTH MBLIEOOPA30BaHUsI OCYIIECTBISETCS HA OCHOBE CIIEAYIOIIEH
MaTeMaTH4eCKON MOJICIIN:

1. O6beM TBUIEBBIX BEIOPOCOB B MPOIECCE MEPETPy3KH CHIITy4ero Marepuaia onpeae-
asieTcst mo popmyIe:
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6
Q_(IO k1 k2 k3 k4 kS k6 GB] e (1)
3600 7
rne G — IPOU3BOAUTEIHHOCTh TEXHOJIOTHYECKOTO y3I1a, IJIe MPOUCXOIUT MEPECHIKa
(T/4);
ky — nonst MmenkogucepcHoOM Pppakiuu (MBUIEBOM COCTABIISIOIIEH) B 00111el Macce Ma-
Tepuana;

k, — k03 HULIHEHT, OTpaXKAIOIIHIA JOJIIO THIIEBON (PaKIUK, KOTOpasi CIIocoOHa mepe-
ITH BO B3BEILIEHHOE COCTOSHHE;

k3 — orpaBKa Ha BIMSHUE JIOKAJIBHBIX METEOPOJIOIHYECKHUX YCIOBHUH (CKOPOCTH BETpa,
TYpOYJIEHTHOCTb);

k4 — k03 uLIMEHT, YUNTHIBAIOIINI CTENEHb 3alUThl MECTA MEPECHIKU OT BHEIITHUX
BO3JEHCTBUIH (YKPBITHE, OTPpaXICHHE);

ks — IOTIPaBOYHBIN TOKA3aTelNb, 3aBUCAIININ OT BIAXKHOCTH HCXOAHOTO MaTepHala;

k¢ — KOG OUIMEHT, YUUTHIBAIOIIUN T'PaHyJIOMETPUYECKUI COCTaB U CPEIHIO KpYII-
HOCTb YacCTHUI] MaTepuaa;

B, — Ge3pa3MepHbIi apaMeTp, XapaKTepU3y IO BIUSHNUE BBICOTHI CBOOOJHOTO Ia-
JICHUS] MaTepHaa IpH MepechIIKe.

JlaHHas GpopMysia Mo3BOJSET KOTMYECTBEHHO OLICHUTH MBUIEBYIO IMUCCHUIO KaK KIJIIOUe-
BOI mapaMeTp Ui NPOSKTUPOBAHUS PUPOIOOXPAHHBIX MEPOTIPUATHH.

2. J1714 OIICHKHM BTOPUYHOTO MbIICOOpa30BaHMs, CBI3aHHOTO C BO3/IEHCTBHEM BETpa Ha
JBIDKYIIMECS TIOTOKH CBIPbS, HCHOIb3YETCs CIEAYIOIas 3aBUCUMOCTb:

HHTEHCUBHOCTD a3POTr€HHOIO MbUIEYHOCA ¢ OTKPBITONH MOBEPXHOCTH JIEHTOYHOT'O KOH-
Beiiepa ornpesensercs no popmyie:

O=q-B-L-k-kyrle, )

rJe B — KOHCTPYKTUBHBIN MapameTp, IUpUHA TPAHCIIOPTEPHOH JIEHTHI (M);

L — 00111ast mpoTsHKEHHOCTh OTKPHITOTO Y4acTKa KOHBEHEPHOU TPacChl, MOIBEP>KEHHOTO
BETPOBOMY BO3JICHCTBUIO (M);

k; — k03 pHUIMEHT, KOPPEKTHPYIOIINNA BIUSHUE (PAaKTUIESCKON CKOPOCTH BETpa B pano-
He pa3MenieHust 000pynoBaHus (M/c);

k, — monrpaBOYHBIN KOA(DOUIIMEHT, YIUTHIBAIOIINKA BIArocoiepKaHnue TPaHCIIOPTHPYe-
MOTO MaTepuana, BIUSIONIee Ha CUITy CLUETUICHHS YaCTHII.

JlanHast MOJIENTbh TTO3BOJISIET KOJIMYECTBEHHO OLIEHUTH IMBUICBOM MOTOK, ()OPMUPYIOTITHIA-
Csl HE 3@ CUET TEXHOJOTMYECKHUX IMEPErpy30K, a B Pe3ylbTaTe 3PO3MOHHOTO BO3JIEHCTBUS
aTMOC(EpHBIX SBJICHUM HAa OTKPBITbIE TEXHOJOTUUYECKUE JIMHUHU, YTO SBIISETCS KPUTHYUE-
CKU B&KHBIM JJIsI IPOCKTUPOBAHUS MEP MO CHIDKEHUIO (POHOBOTO MBUIEBOTO 3arpsi3HEHUS
TEPPUTOPHH.

Ocnosbl bezonacHocmu X60CMOXPAHUTULY

[IpaxkTrka HaJMBHOTO CKJIaJWPOBaHMs XBOCTOB CTajia MPOMBIIIICHHBIM CTaHIapTOM
JUIs OONBIIMHCTBA JEHCTBYIOIIMX 30J0TON0OBIBaOmUX NpeanpusTuil. [lpu rpamoTrHOM
IPOEKTUPOBAHUH, CTPOUTENIBCTBE M AKCILUTyaTallud TaKUX OOBEKTOB B PAMKaX KOMILIEKC-
HOTO TPUPOJOOXPAHHOTO MOAXOJAa MX BIUSHHE HA COCTOSIHHUE OKPY)KAIOIIUX T€OCHCTEM
MOXET OBITh CBEJICHO K MPUEMIIEMO HU3KOMY YPOBHIO.

KiroueBoil mpUHIMI Fe03K0I0InYecKoi 6€30IMaCHOCTH JaHHOTO METO/a 3aKJII0UaeTCs
B CO3JJaHUU 3aMKHYTOTO IMKJIa 0OpallleHHs TeXHOJIOIn4ecKux Boa. OpraHuzaius XpaHe-
HUSI, TIPY KOTOPOH kKHJIKast (paza XBOCTOBOM MyJIBIIBI MPAKTUYECKHU TTOTHOCTHIO BOBJICKAET-
csl B ccTeMy 000pOTHOTO BoloCHaOKeH s (paOpuKH, a CTPOro KOHTPOJIMPYEMBIN U TIOATO-
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TOBJICHHBI COPOC BOSHUKAET JIUILb IPH BO3SHUKHOBEHHUH JiebaiaHca 00beMOB, (hopMHUpYET
HaJIeXKHbIN ruaponoruyeckuit 6apoep [Ilanpunosa u ap., 2025]. Ora cucrema 3¢pdhexTus-
HO W30JIUPYET MOTEHIIMAIBHO 3arpsi3HEHHbIE TIOTOKH, MIPEI0TBpaIias UX MPOHUKHOBEHUE
B [IOBEPXHOCTHBIE BOJOTOKH U TPYHTOBBIE BOJIbI, U TEM CaMbIM 00€CIIEUYMBAET 3aAIIUTY TU-
npocdepsl Mpy MTATHOW PabOTe MPEITPHUSITHS.

JleTanpHOE MPOEKTHPOBAHNE TEXHOIOTUU Pa3MeIIeHUsI OTXOJ0B 000TaIIeHus JOIKHO
OBITH BBITIOJTHEHO B PaMKaX CTaJHH pabovero MpoeKTUPOBAHUS. DTO TPeOyeT MPOBEICHUS
KOMITJICKCHBIX TE€XHUKO-YKOHOMHYECKUX M IKOJIOTHUYECKHX O00OCHOBAaHUM, 0a3upPyIONINX-
Cs1 Ha BCECTOPOHHEM aHalin3e UCXOAHBIX NaHHbIX [[lapana, 2024]. Kputnuecku BaxHBIMHU
JUISL IPUHATHS PEUICHUM SBISIOTCS CBECHUS O TEKYILEM 3KOJIOTHYECKOM CTaTyce TeppH-
TOpUH, TUIPOJIOTMUECKUX PEXHUMaX, KIMMATHYECKUX OCOOECHHOCTSX, a TaKKe IPOTHO3
BO3MOJKHBIX aBapUHHBIX CHUTYAIIMH C IeTaau3alieil MeTOIOB JIMKBUIAIUN UX HETaTUBHBIX
TTOCJIEICTBU M.

OnHako paxke npu Oe3aBapuiHON HKCIUTyaTalluyd HAJIMBHOE XBOCTOXPAHMWIIMILE OCTa-
€TCsl TOTeHLUAJIbHBIM UCTOYHUKOM JIOJTOBPEMEHHOTO T'€0IKOJIOTHUECKOTO BO3/IEUCTBHUS.
OcCHOBHBIE PUCKH CMEMIAIOTCS U3 (Da3bl aKTUBHOW SKCIUTyaTallud B MOCTPEKYJIbTUBALIU-
OHHbIN nepuo. PopMUPOBAHHUE TEXHOTEHHBIX 3aJI€KEH TOHKOJUCIIEPCHBIX MUHEPAIBHBIX
0CaJIKOB COTIPOBOKIAETCS MpoIieccaMy BTOPUYHOTO MHUHEPanooOpa3oBaHus, COPOIIUH TS~
JKEJIBIX METAJJIOB U UX MOCIeyIoIel MOOUIN3aIK [TPU H3MEHEHUH OKHCIUTEIbHO-BOC-
CTAHOBHTEIBHBIX YCIOBUU. /[nuTenpHas KOHCOMMAANUS WIOB, (GUIBTPAIIMOHHAS HEOTHO-
POIHOCTD JIeXKAJIBIX XBOCTOB, a Takxke NU((Py3nOHHBIH MacCONEpPEHOC 3arpsa3HUTENEH B
TPYHTOBBIE BOJBI TPEOYIOT BKIIOUEHUS B MPOEKTHBIE PELICHUS] MEp JI0JIFOCPOYHOrO mac-
CUBHOT'O KOHTPOJIsI, HE 3aBUCSIIUX OT HAJUYMsI SHEPrOCHAOKEHUS U MOCTOSHHOTO IpHU-
CYTCTBHSI II€pCcOHaIA.

K gmcity Takux mMep OTHOCHTCS YCTPOWCTBO MPOTUBO(MUIBTPAIIMOHHBIX IKPAHOB U3
TE€OCUHTETUYECKUX MATEPHAIIOB C MPOTHO3UPYEMBIM CPOKOM CITYKOBI, COITOCTAaBUMBIM CO
BPEMEHEM IOJIHOTO 3aTyXaHUs TeOXMMHUYECKON aKTUBHOCTH CKIAIHPYEMbIX O0TX0A0B. Jlo-
MOJTHUTEJIbHO OOOCHOBAHO CO3/IaHUE CETH PEKUMHBIX HAOIOIaTeNIbHBIX CKBaKUH, 3aKJIa-
JIBIBAEMBIX HE TOJBKO MO MEPUMETPY Orpa)kJAIoNINX Jam0, HO U 10 HAPaBICHUIO BEpPO-
STHOW MHTPAIMH MOJ36MHOTO TIOTOKa. MOHUTOPUHT THAPOTEOXUMHUYECKUX IMOKa3aTeIeH
JIOJHKEH OCYIIECTBIIATHCS B HETIPEPHIBHOM PEKUME C IPUMEHEHHUEM aBTOMATU3UPOBAHHBIX
JATYUKOB U JUCTAHIIMOHHOW Mepenadyell JaHHBIX B IIEHTPBI IKOJIOTHYECKOTO KOHTPOJISL.

B nocnennee necsatunerre HAMETHICS yCTOWUYMBBIN TPEH/L MTEPEXO/IA OT KITACCUBHOTO»
HAJIMBHOTO CKJIQAUPOBAHUS K YACTHUHO-CYXOMY M MAcTOOOpa3HOMY YKJIaJIbIBAHHIO XBO-
cTOB. /laHHas TE€XHOJIOTUs, UHTEPUpYEMasi Ha Tale PEKOHCTPYKLUU UM HOBOT'O CTPOU-
TEJIbCTBA, MTO3BOJISIET COKPATUTHh 0OBEMBI CKIaIupyeMoil skuakoit gassl Ha 30-50 %, cHu-
3UTh PUCKHU THAPOJUHAMHYECKUX aBapUii M YMEHBIIUTH IUIOMIAb U3BIMAEMBIX 3EMEIb.
C mo3unuii Te0IKOJIOTUH TIEPEBOJT XBOCTOBOTO XO3SIIICTBA B PEKUM CTYIICHUS U (PHIIBTpa-
IIMOHHOTO 00€3BOKUBAHUS 00€CTIEYNBACT CHIYKEHNE (PMIIBTPAIIMOHHON HArPy3KH HA TPYH-
Thl OCHOBAHMSI U COKpAIIAeT SMUCCUIO CEPOBOJOPOJA U MEPKANTAHOB C BOAHOW MOBEPX-
HOCTH XBOCTOXPaHWINILIA.

BMmecre ¢ Tem mpakTHuecKas peannzalus TaKuxX pelieHuil TpedyeT yuyera peruoHaib-
HOU crieuduku. J{as KpHOIUTO30HBI OMpEAeNsioliee 3Ha9YeHUe MPHoOpeTaeT coxpaHe-
HHE MHOI'OJIETHEMEP3JIOr0 COCTOSHUS T'PYHTOB OCHOBaHHUs. lcmonb3oBaHHE CE30HHO-
OXJIQXK/IAIOIIUX YCTPONCTB, MPOBETPUBAEMBIX HACHITICH 1 TEPMOCTAOMIN3aTOPOB MO3BOJISIET
NPEJOTBPATUTh TEPMOKAPCTOBBIE MMPOCATKU U JAETPAJAINI0 MEP3J10Thl. B apuaHbIX 30HaX,
HaNpOTUB, IPUOPUTETHOM 3a7a4eil CTAHOBUTCS MBUICIIOAABIEHHE: 3aKPEIUIEHUE TUISIKHBIX
30H U CyXHUX KapT MOJMMEPHBIMU COCTaBaMH, (pUuTOMennopanus ¢ IoaoopoM CoJeyCTONIH-
BBIX BHJIOB TaJO()UTOB, a TAKKe MPUMEHEHHE BETPO3ALUTHBIX SKPAHOB U JIECOMOJIOC.

Haxkonen, coBpeMeHHasi mapajurma reo3KojJoruyeckoil 0e30MacHOCTH Mperonaraet
MIEPEXO0/T OT KOHIETIINH «H30JISIIUU U 3aXOPOHEHUS» K KOHIEIIUN «XBOCThI KaK TEXHOTCH-
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HOE MeCTOpoXxaeHue». KoMIuiekcHas mnepepadoTKa JIeKaIbIX XBOCTOB C JOU3BICYCHHEM
IICHHBIX KOMIIOHEHTOB M TE€PEBOIOM OCTATOYHON MacChl B MHEPTHOE COCTOSIHHE — Hau-
0oJee paIuKaIbHBINA MYTh CHIPKEHUS] HAKOTJIEHHOTO DKOJIOTHYECKOTo yiepba. AnpoOupo-
BaHHBIE TEXHOJIOTHH KyYHOTO M YaHOBOTO BBINIECIAYMBAHUSI, MATHUTHON M ()IIOTAITMOHHOMN
JIOBOJIKU YK€ CETOJHS TO3BOJISIIOT BOBJIEKATh B 0OOPOT TEXHOTEHHBIE OTXObI MPOILIBIX
JIET, TIOCJIEIOBATEIIPHO COKpaIas IuIoagb TeOXUMHYECKOTO 3arps3HEHUs U CHUYXKasl Ha-
Ipy3Ky Ha BOJHBIC OOBEKTHI.

Taxum 06pa3oM, obecrieueHrne Te0IKOIOTHUECKON HAJIEKHOCTH XBOCTOBOTO X035 CTBA
30JI0TOU3BIICKATENBHBIX (PAOPUK JOCTHTaeTCsi HE €IMHOBPEMEHHBIM NPOEKTHBIM pelie-
HUEM, a (OpMUPOBAHUEM aJIAlITUBHONW CUCTEMBI YIIPABJICHHS, OXBATHIBAIOIIEH BCE TAIlbI
YKU3HEHHOTO IMKJIa — OT BBIOOpA TIJIOMIAJKH J0 MOCTPEKYIBTUBAIIMOHHOTO MOHUTOPHHTA.
HNmmneparnBoM BBICTYIAET Mepexoi OT (OpMaTbHOTO COOJIOACHUS HOPMATHBOB K Hayd-
HO-000CHOBAaHHOMY IPOTHO3UPOBAHUIO TTOBEICHHUS TEOTEXHIUUECKON CUCTEMBI B YCIIOBHSIX
MHOTOJICTHEH TMHAMUKU MPUPOTHBIX U TEXHOTCHHBIX (DaKTOPOB.

OB6CyXAEHMNE PE3YABTATOB

[TosmydeHHbIe pe3yapTarhbl MOJIHOCTBIO MOATBEPKIAI0T UCXOJHYIO TUIIOTE3Y O TOM, YTO
30JI0TOU3BIIEKATENbHBIE (PAOPHKU (POPMHUPYIOT YCTOMUMBOE MOJIUKOMITOHEHTHOE 3arpsi3He-
HHE, TIPY 3TOM HauOOJIbIIas TE0IKOIOTHYEeCKasi OITACHOCTH CBS3aHA HE CTOJILKO C TEeKYIEeH
JKCIUTyaTale, CKOJIbKO € JOJITOBPEMEHHBIMU MOCIEACTBUSAMHI (PYHKIIMOHUPOBAHUS XBO-
CTOXpaHWINIL. Bonpeku TpaauMOHHOMY OJXO/Y, pacCMaTPHUBAIOIIEMY MTOCTIKCILTyaTa-
LIMOHHYIO CTaJUI0 KaK MEPUOJ 3aTyXaHUs aKTHBHOCTH, MCCIIEOBAaHUE JOKA3bIBAET, YTO
UMEHHO B JTOT MEPUOJ MPOUCXOAUT AKTUBHU3AIMS CyIb(haTpeaylupyoImX OaKkTepui,
CHOcOOCTBYIOLIast NEPEBOY TKEIBIX METAJIOB B MOOMIIbHBIE (GOpPMBI. ITO TpedyeT Ie-
pecMoTpa HOPMATUBHBIX CPOKOB MOHUTOPUHIA U BKIIFOYEHUS B IPOEKThI OMOreoXuMuye-
CKUX 0apbepoB.

KonuyecTBeHHbIE 3HaUEHUS SMUCCUH, CUCTEMaTU3UPOBAaHHbIE B TAONMIIAaX, HATIISIHO
JE€MOHCTPUPYIOT, YTO Y3JIbl A€COPOIMH, NIEKTPOIN3a U PEaKTHUBALUU YIS T€HEPUPYIOT
HauOoJee MUPOKUIM CHEKTP TOKCUKAHTOB, BKIIOYAsl CUHWIBHYIO KHCIIOTY U CBOOOIHBIN
XJIOp. BBIsABIIEHHOE HECOOTBETCTBUE: IIPH BBICOKUX 3Ha4eHUAX BbiaeneHuit HCN ¢ nosepx-
HOCTH YaHOB (710 23 MI/M*) IPOCKTHBIE PEIICHHUS 3a4aCTYI0 OTPAHHYNBAIOTCS JIOKATbHBIMU
YKPBITUAMHU 0€3 XMMUYECKON OUHUCTKU. DTO yKa3bIBaeT HA HEOOXOIMMOCTb BHEIPEHHUS a0-
COpPOLIMOHHBIX CHCTEM KaK 00513aTeIbHOTO 3JIEMEHTA.

[IpemiokeHHass MeToAMKa pacuéTa MbLIEBBIX BHIOPOCOB, OCHOBAHHAS HAa MHOTO(ak-
TOPHOM Mozenu (KpyNHOCTh, BJIaXKHOCTh, BBICOTA IMEPECHINKH, CKOPOCTh BETPa), MO3BO-
asieT 6osiee TOYHO MPOTHO3MPOBATH 30HBI paccerBaHUs MblIH. E€ npuMeHeHue Ha cTaguu
IPOEKTUPOBAHUSA JAET BO3MOXKHOCTb ONTHUMM3UPOBATh pa3MELICHHE aClUpallMOHHBIX
YCTaHOBOK U MMHUMU3UPOBATh CAHUTAPHO-3AIIUTHYIO 30HY.

WHTepnperanus 1aHHBIX MO XBOCTOXPAaHUJIUILAM HOATBEPKIAAET THIIOTE3y O HE0OXO-
JMMOCTH TI€pPexXo/ia OT KOHLEMIUHN «3aXOPOHEHUs» K KOHLEMIMU «TeXHOT€HHOI'0 MEeCTO-
poxaeHus». JlonsBiieueHue 30J0Ta U3 JIEKAIbIX XBOCTOB HE TOJIBKO SKOHOMHYECKH Iie-
J€co00pa3Ho, HO U CHIDKAET 00bEM TOKCHYHOW MAacChl, ojuiexkaniei nzonsanun. OqHako
JaHHBIA Ioaxo TpedyeT nudepeHIannn: B KPHOIUTO30HE TPUOPUTETOM OCTAETCS TEP-
MOCTa0MIIN3aLus TPYHTOB, B ApUIHBIX 30HAX — MbUICNIOAABICHUE U (PUTOMEITHOPALUS.

Takum 00pa3oM, COOTBETCTBHE MOJYUYEHHBIX PE3YJIBTATOB TMIIOTE3€ OTHOE, IPU STOM
BBISIBIIEHBI HOBBIE (DaKTOPbI pUCKa (MUKPOOHOIOrUYecKasi akTUBU3ALMsl, CHHEPTU3M Ope-
OJIOB PACCEsIHMsSI), paHee HE yUWUThIBa€Mbl€ B THIIOBBIX MpoekTax. [lonmydeHHble qaHHbBIE
(opMHpYIOT OCHOBY JUIsl ME€pexosia K aJalTHBHOMY YIIPABICHUIO T€OTEXHUYECKUMHU CHU-
CTEeMaMH.



200  Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

IIpeonooicenus no NpoOOAHCEHUIO UCCIE008AHULL

1. Pa3paboTka METOIOB MOBBIIICHUSI KAYECTBA OUUCTKH COPOCHBIX BO/I.

2. MonepHH3a1us COCTaBOB PEareHTOB /IS IETOKCUKAIMH [UaHHOB.

3. [ToBeImeHne paboTOCTIOCOOHOCTH TeOMEMOpaH B arpeCcCUBHOM cpeie.

4. Jletanu3aius MpoIeCCOB MUTPAIIMH 3arPSA3HSIONINX BEIIECTB.

5. Pa3paboTka TeXHOIOTHI OMOJOTHYECKON PEeKyIBTUBAIIMH XBOCTOXPAHIITHILL.
6. OnTumMu3alys CUCTEM MOHUTOPUHTA U IPOTHO3UPOBAHMSI aBapUH.

BbiBOADI

OYHKIIMOHUPOBAaHUE 30J0TOM3BICKAaTeIbHBIX (hadpuk (3MD), ucroap3yromux Iua-
HHUJIHOE BBIIIENaYBaHNe, (POPMHUPYET YCTOWYMBYIO MOTUKOMIIOHEHTHYIO T€03KOJIOTHYe-
CKYyI0 Harpy3Kky Ha armocdepy, ruapocdepy u mouBsl. OCHOBHBIMU 3aTPA3HUTEISIMU SIBIISI-
tores manoBoaopoa (HCN), menounsie a3po3051u, XJI0p, OKCHIBI 230Ta U MBLTb, COAepKa-
I1ast TSOKEJIbIE METaJUIbI.

YCcTaHOBIEHO, YTO Y3JIbI 1eCOPOIHHU, SJEKTPOIN3a M PEaKTHBALUU YIJIsI TEHEPUPYIOT
Hauboee MIMPOKUNA CIEKTP TOKCMKAaHTOB. [Ipm BbICOkHMX 3HaueHusx BbiaeneHuit HCN
C MOBEPXHOCTH TEXHOJOTUYECKUX €MKOCTeH (10 23 Mr/M*) mpOoeKTHBIE PElIeHUS 4acTo
OTPaHHYMBAIOTCS JIOKAJLHBIMH YKPBITUSIMU 0€3 XMMHUECKOH OUUCTKH, YTO 000CHOBBIBAET
HEO0OXOIMMOCTh BHEAPEHHS aOCOPOITMOHHBIX CUCTEM KaK 0053aTeIbHOTO 3JIEMEHTA.

Ob6ocHoBaHa HEOOXOAMMOCTH TMEPEXOAa OT KOHIEMIMH «ITACCUBHOTO 3aXOPOHEHUS»
XBOCTOB K HX TIepepaboTKe KaK TEXHOTEHHBIX MECTOPOXKICHHUH C TOM3BICUECHHUEM IICHHBIX
KOMITOHEHTOB U IEPEBOJIOM OCTATOYHOM MACChl B MHEPTHOE COCTOsSIHUE. DTO Hanboliee pa-
JIUKAJTbHBIN ITyTh CHUKCHHS HAKOTICHHOTO AKOJIOTMYECKOTo yiepoa, Tpedyrommii nudde-
PEHIIMPOBAHHOTO MOXO0/1A: B KPUOJIUTO3Z0HE PUOPUTETOM SIBIISETCS TEPMOCTAOMIN3AIINS
TPYHTOB, B apUIHBIX 30HAaX — MMBUICTIONIABIICHUE U (DUTOMETHOPAITHSI.

ObecrieueHre TE0IKOIOTHYECKOW 0€30ITaCHOCTH 30JI0TOM3BIICKATENBHBIX (PaOpuK 10-
CTH)KMMO JIMUIb NMPU CKBO3HOM IPOEKTHPOBAHUM 3allUTHBIX OAphEpPOB Ha BCEX ATamax
YKU3HEHHOTO IUKJIA MPEANPUATUS — OT BBIOOpa TUIOMIAIKHA 10 MOCTPEKYIbTUBAIIMOHHOTO
MOHHTOPUHTA — C TIEPEXOIOM OT (hOPMaATHLHOTO COOJIOICHUS HOPMATUBOB K Hay4YHO-000-
CHOBAaHHOMY MPOTHO3UPOBAHUIO TIOBEICHUS TEOTEXHUUYECKUX CUCTEM.
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Pestome: AKTyanbHocTb paboTtbl. CocTaB aTMOCKEPbI OKA3bIBAET BIIMSHWE HA KNMMATUYECKIUE MPOLECCh,
YCUNNBAs UK cMsAryas [encTBre NapHUKOBbIX ra3os. MpupoaHo-reorpadmyeckue yCroBrus pernoHa u ypoBeHb
€ro NPOMbILLIEHHOTO PA3BUTWA BAUSIOT HA AMHAMUKY W B3aMMOLENCTBIE NOCTOSHHbIX U BPEMEHHbIX KOMNOHEHTOB
atMocepbl, BKOYAs aHTPOMOreHHbIE NpUMeck. 3afayun UCCNe0BaHus: BbIABUTbL 0COOEHHOCTU NPOCTPAHCTBEH-
HO-BPEMEHHbIX N3MEHEHWUIA HEKOTOPbIX KOMMOHEHTOB atMocdepbl HeveHCKon Pecnybnuki; npoaHannanpoBarb
cofiepXKaHue NapHUKOBbIX ra30B U MHbIX aHTPOMOreHHbIX NPUMeECcei B aTMOCepe B CBA3M C XapaKTepucTnkamm
BbICOTbI 29P030JIbHOMO CI105 U COJiEPXKAHNEM 030HA; ONpeeNniTb NPOCTPAHCTBEHHO-BPEMEHHBIE TPEHAbI KOMMO-
HEHTOB aTMOCCDepbl Per1oHa B NpUBA3Ke K ero NaHgwadTHO-3konoruyeckum 3oHam. Metogpl. MeTogom rpa-
(h14ecKoro COMnoCTaBeHNs aHANM3UPOBANCh NEPeMeHHbIE KOMIOHEHTLI COCTaBa aTMOCHEPhI (29P030J11, 030H),
NapHWUKOBbIE Tasbl (BOLAHOW nap, AMOKCUZ YIMepoja, MeTaH), aHTPOMOreHHble 3arpa3HuTeNny (SUOKCUA a3oTa,
oKcua 6poma, rnunokcanb, popmanberna). [nsg nonyyeHns AaHHbIX 0 COAEPXKaHUM YKa3aHHbIX BELLECTB UCMOSb-
30Banuchb NpoaykTbl cnyTHUKOB Sentinel-5P 1 0CO. PesynbTatbl. MakcumanbHoe cofepkaHne BOASHOrO napa ot-
MEYaeTCs B LEHTPaNbHON 1 CeBEPHOM PaBHUHHBIX YaCTAX PEroHa, MUHUMAITbHOE — B FTOPHbIX U NPEAropHbIX pai-
oHax. MakcumasnbHble 3Ha4eHns AMOKCMAA Yrnepoaa NPoCiexXnBakTCs B PABHUHHBIX MOYNYCTbIHHBIX U CTEMHbIX
CeBepHbIX paitoHax. Mexay cofepXxaHusmn AMoKcuaa yrnepoja W BOAAHOIO napa CyLlecTByeT o6paTtHas 3asu-
cnMOcCTb. TMpocnexmBaeTcs Npsmas 3aBUCMMOCTb MEX[Y COLepXaHUsAMM ANOKCIUAA Yrnepoaa, 030Ha M BbICOTON
a3p030J1bHOT0 €05 BO BCEX NTAHAWAMTHO-3KOOrMYECKNX 30HAX, HE3aBUCMMO OT paHra aHTPONOreHHOI Harpy3Ku.
Mexxqay cofepxaHusmMm BOASHOIO napa 1 030Ha 0TMeYaeTcs 06paTHas 3aBUCUMOCTb. MakcumanbHble Nokasarenu
MeTaHa HabJiAatoTes B aTMocdepe Npearopbs U PaBHUHHO-CTEMHOr0 CeBepHOro paiioHa. O30H 1 okcmpa 6poma B
atmocdoepe HeveHckom Pecny6nukn pacnpegeneHbl NPakTUHeCK paBHOMEPHO, @ MaKCMMarbHble KOHLEHTPALMK
JNOKCKA a30Ta HAOMIOJAIOTCA B CEBEPHBIX PABHUHHbIX pailoHax. [Mrokcanb 1 hopmanbaern nokasbisaoT 6onee
BbICOKNE KOHLIEHTpaLWU/ B CEBEPHbIX CTEMHbIX paitoHax. Mexay cogepxaHusmu gopmanbaernaa u rnuokcans
MPOCNEXMBAETCA NpsAmMas 3aBUCUMOCTb Ha (DOHE 06PATHOM 3aBUCUMOCTI MEXY STUMMU ABYMS| KOMMOHEHTaMU 1
JNOKCKOM a30Ta, OKCUAOM 6pOMa U 030HOM. BbifiBNeHa npsmas 3aBUCUMOCTb MEX[Y COAePKaHUAMU ANOKCUAA
a30Ta, okcupaa 6poma 1 030Ha. 1S 9TUX TPexX BeLLecTB NPOC/eXnBaeTcs 06paTHas CBA3b C COAEPKaHWEM BO-
[4HOro napa. B permoHe oTmMevatoTCs YCTONYMBbIE TEHAEHLMN, COOTBETCTBYIOLLME 06LLEMUPOBBIM, K NOBbILLEHMIO
KOHLIEHTpaumy AUOKCUAA Yriieposia U MeTaHa U K CHUXKEHUIO COAepXKaHns BOASHOr0 napa B atMocdepe.
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(hepbl, aHTPOMOreHHbIe NPUMECH, NPOCTPAHCTBEHHO-BPEMEHHAS ANHAMMKA, NTAHALLAGTHO-3KONOMN4eCKNe 30Hbl,
PaHr aHTPOMOreHHOM Harpy3ku, YeveHckas Pecnybnmka.
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Abstract: Relevance. The composition of the atmosphere influences climate processes by enhancing or
mitigating the effects of greenhouse gases. The natural and geographical conditions of the region and the level
of its industrial development affect the dynamics and interaction of permanent and temporary components of the
atmosphere, including anthropogenic impurities. Research objectives: to identify the features of spatiotemporal
changes in some components of the atmosphere of the Chechen Republic; to analyze the content of green-
house gases and other anthropogenic impurities in the atmosphere in connection with the characteristics of
the aerosol layer height and ozone content; to determine the spatial and temporal trends of the atmospheric
components of the region in relation to its landscape and ecological zones. Methods. The variable components
of the atmospheric composition (aerosols, ozone), greenhouse gases (water vapor, carbon dioxide, methane),
anthropogenic pollutants (nitrogen dioxide, bromine oxide, glyoxal, formaldehyde) were analyzed by graphical
comparison. To obtain data on the content of these substances, Sentinel-5P and OCO satellite products were
used. Results. The maximum water vapor content is observed in the central and northern lowland parts of the
region, the minimum — in mountainous and foothill areas. The maximum values of carbon dioxide can be traced
in the lowland semi-desert and steppe northern regions. There is an inverse relationship between the content of
carbon dioxide and water vapor. There is a direct relationship between the content of carbon dioxide, ozone and
the height of the aerosol layer in all landscape-ecological zones, regardless of the rank of anthropogenic impact.
There is an inverse relationship between the content of water vapor and ozone. The maximum methane levels are
observed in the atmosphere of the foothills and the lowland-steppe northern region. Ozone and bromine oxide in
the atmosphere of the Chechen Republic are distributed almost evenly, and the maximum concentrations of nitro-
gen dioxide are observed in the northern lowland regions. Glyoxal and formaldehyde show higher concentrations
in the northern steppe regions. There is a direct relationship between the content of formaldehyde and glyoxal
against the background of the inverse relationship between these two components and nitrogen dioxide, bromine
oxide and ozone. A direct relationship between the content of nitrogen dioxide, bromine oxide and ozone has
been revealed. For these three substances, there is an inverse relationship with the water vapor content. There
are steady trends in the region, consistent with global trends, towards an increase in the concentration of carbon
dioxide and methane and a decrease in the content of water vapor in the atmosphere.

Keywords: satellite data, greenhouse gases, components of the chemical composition of the atmosphere,
anthropogenic impurities, spatial and temporal dynamics, landscape and ecological zones, rank of anthropogenic
impact, Chechen Republic.
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BeepeHme

B nocnennue necsatuneTus, B CBETE KIIMMATHYSCKUX U3MEHEHHI U UX TIOCIIEICTBUMN, TIPO-
0J1eMa Te03KOJIOTMUECKOTO COCTOSTHHS aTMOC(hephl cTajga OHON M3 HanOoJIee aKTyalIbHbIX U
00CyK/1aeMbIX Ha YPOBHE HAy4YHOTO M 00IIECTBEHHOTO AucKypca. Cpeaut hakTopoB, Ciocoo-
CTBYIOIIMX YCHUJICHHUIO MAPHUKOBOTO d(pekra u rmodarbHOMy MOTEIICHHIO, 0C000€ 3HAYEe-
HUE UMCIOT TaKHe NIEPEMEHHbBIC KOMITOHEHTHI aTMOC(EphI, KaK MTAPHUKOBBIE Ta3bl: JHOKCH/T
yraepoaa (CO.), meran (CHs4) u BogsHo# map [Lewis, Maslin, 2015; Gleckler et al., 2016;
Guo et al., 2017]. Xumuueckuii coctaB arMocepbl, BKIIOYasi KOMIUIEKC aHTPOIOTEHHBIX
npUMecel, OKa3bIBaeT 3HAYMTEIBHOE BIIMSIHUE HA KIIMMATUYECKHE TMPOILECCHl U 37I0POBbE
HacesneHus [3aanuiuBuin U ap., 2023]. MHorocropoHHee B3aMMOACHCTBHE KOMIIOHEHTOB
arMocdepbl MPUBOJNT KaK K YCUIICHHIO, TAK U K CMSTYEHUIO JEHCTBHS TAPHUKOBBIX ra30B.

CoBpeMEeHHBIM HHCTPYMEHTOM JUISL OTCJICKUBAHHSI COCTOSIHUS KOMIIOHEHTOB 9KOCHCTEM
KaK Ha IJI00aJIbHOM, TaK M Ha PETHOHAIILHOM YPOBHE CTaJl KOCMUYECKUNA MOHUTOPHUHT, TIO-
3BOJISIFOIIMHN MOJTYYUTh aKTyaTIbHYI0 HHPOPMAIIHIO, B TOM YHCIIE U O TPOCTPAHCTBEHHO-BPE-
MEHHOW JTUHAMHKE aTMOC(EPHBIX KOMITOHEHTOB [ TpoHuH 1 11p., 2021; Bapenuk u np., 2021;
MengeneBa u ap., 2024]. Ha ux KOHIEHTpaIIO, B3aUMOICHCTBHE U TIEPEHOC B 3HAYUTEIb-
HOU CTENEHH BIIMSIOT PETUOHAIIBHBIC TPUPOTHO-TEOrpaPruecKre XapaKTepPUCTUKHU, BKITIO-
Yasi ypOBEHb MPOMBIIIIJICHHOTO Pa3BUTHS M ypOaHu3anuu [Bepemuyk u ap., 2015; Zhao et
al.,2022; Sun et al., 2019]. Ananm3 0COOEHHOCTEH COBMECTHOTO IMPUCYTCTBHS B aTMOC(epe
pEernoHa MapHUKOBBIX T'a30B U PsAJla AHTPOIIOTEHHBIX MPUMECEH, C BBIABICHHEM ACIEKTOB
UX B3aUMOJICHCTBUS, MPU3BAaH BHECTH BKJIA]] B MOHMMAHUE MEXaHU3MOB (DOPMUPOBAHUS U
pacipocTpaHeHHs] TApHUKOBBIX ra3oB B YeueHckoi PecryOnuke st JaimbHEHIIel OleHKH
UX BIMSHUS HA KIIMMATHYECKUE MPOIECCHI M AKOJIOTHUECKYIO0 CUTYAlIUIO B PETHOHE.

3a/1aun UCCIIEIOBAHUS:

1 — OlEHUTh MPOCTPAHCTBEHHO-BPEMEHHYIO JMHAMUKY KOHIEHTPAIIMH HEKOTOPBIX
MIEPEMEHHBIX KOMIIOHEHTOB aTMOC(EPHI, BKIII0Yasi aHTPOIIOTEHHBIC TIPUMECH, HaJl TePPHU-
topuei YeueHnckoit Pecryomuku;

2 — BBINOJIHUTH PAHKUPOBAHKE TEPPUTOPHUH PETHOHA 110 YPOBHIM aHTPOIIOT€HHOMN Ha-
TPy3KH 7151 aHAJIM3a €€ CBSA3H C paclpeie]IeHHeM IIePeMEHHbBIX KOMIIOHEHTOB B aTMocdepe;

3 — mpoaHaIM3UPOBATh IPOCTPAHCTBEHHO-BPEMEHHBIE OCOOCHHOCTH CONIEPIKaHUS TTap-
HHUKOBBIX Ta30B U MHBIX aHTPOIMOTEHHBIX MPUMece (InoKcuaa a3oTa, okcuaa opoma, dop-
MaJbJIeTH/1a, IIIHOKCallsl) B aTMoc(epe peruoHa B CBSI3U C TAKUMH €€ XapaKTepPUCTUKAMU,
KaK BBICOTA a9PO30JIBHOTO CIIOS U COZIEP’KaHUE 030HA;

4 — mpoaHaIM3uPOBATh MPOCTPAHCTBEHHO-BPEMEHHBIE TPEH IbI KOMITOHEHTOB aTMocde-
pol YeueHckoii PecriyOinku B IpUBSI3Ke K JIaHAMAPTHO-IKOJIOTUYSCKUM 30HaM PETHOHA.

O61beKTbl U METOADI

OO0mnexToMm uccnenoBanus sisgercs armochepa Ueuenckoit Pecryomuku. J{ist momyde-
HUSI TaHHBIX O COZIEp)KaHUU aHTPOIIOTEHHBIX MpUMecel B aTMmocdepe, B TOM 4Hcie — map-
HUKOBBIX T'a30B, UCIIOJIb30BAIUCH MPOAYKTHI criyTHHKA Sentinel-5P TpeTsero ypoBHs 00-
pabotku 3a nepuon ¢ 2018 mo 2024 rr. 1uia Bcex mokaszareneid, KpoMe JUOKCHAA YIepoaa.
AHanm3 1MOKCHAA YIieposa BBIIOIHEH ¢ MOMOIIbI0 MpoaykToB ciyTHuka OCO, nocrtymn-
HbIX 3a nepuof ¢ 2018 mo 2022 rr. AHaJIM3UPOBAIUCH EPEMEHHBIE KOMIIOHEHTBI COCTa-
Ba atMocdepsl (a3po30JiM, 030H), AHTPOIIOICHHBIC 3arPSA3HUTENN (IMOKCU a30Ta, OKCH/I
Opoma, IMoKcasb, GOpMaibIeTruia), B TOM YHCie — HApHUKOBBIE ra3bl (BOASHOMN map, au-
OKcHuJ yriepoza, MeTaH). BemecTa B atMmocdepe HaXoAsTCs B CJI0KHOM B3aUMOJIEHCTBHH,
00pasys eIuHYI0 CHCTEMY, PETYIHPYIOIIYI0 OallaHC Teryia U BIUSIONIYI0 Ha apHUKOBBII
a¢dekt. BoasiHON nmap — IIaBHBIM MApHUKOBBIN a3, 1Mo OOJBIIEH YacTH MPUPOIHOTO TPO-
UCXOXKICHUS, YCUIMBAIOLIMI MapHUKOBBIN 3(dekT 3a cueT 0OpaTHON CBS3U: MOBBILICHUE
TEMIIEpaTypbl YBEIMYUBAET BIAKHOCTb, YTO YCHJIMBAET MApHUKOBBIA 3P QEKT, CHOBa IO-
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BBINIAIONIMEI Temreparypy. Jluokcun yriepona u MeTaH — OCHOBHBIE aHTPOIIOTEHHBIE Tap-
HHUKOBBIE Ta3bl, YCUIIMBAIOIINE TEIUIOM30IALIUI0 aTMochepsl. /IBOHCTBEHHOE, TPAKTHYECKU
MPOTHBOIIOJIOKHOE JICMCTBHE OKa3bIBACT COJICPIKAIIUIICS B HEM 030H: B Tpormocdepe nen-
CTBYET KaK MAapHUKOBBIM Ta3, YCWJIMBAs HArPeB, a B CTparocdepe 3alluiiaeT OT YIbTpa-
(hroneToBOrO M3ITydeHusl. AHAIOTUYHO, a3PO30JIM MOTYT KaK OXJIaXK/1aTh, TaK M HArPEBATh
aTrMocdepy: oTpakasi COTHEUHBIH CBET, co3AaBaTh AP(PEKT OXTaxACHUs, MIIH HA00OPOT, TO-
[JIOIIATh TETUIO (YepHbIE YITIEPOAHbIC YACTHIIBI). B CBOIO ouepeb, MOBBIIIEHHE KOHIICHTPA-
LMY TIAPHUKOBBIX TA30B MOXKET U3MEHSTh COCTAB M CBOMCTBA a3p030JIeH, HAalpUMeED, 3a CUET
M3MEHEHUS BIAYKHOCTHU HJIM XUMHUYECKOTO cOCTaBa arMocdepsbl. JIMOKCHI a30Ta 1 MOHOOK-
cuz OpoMa y4acTBYIOT B XUMHUYECKUX PEAKIHIX, 00pas3yIOIIX 030H U APYTHE COSTUHEHUS,
BIIUSIIOIINE HA MapHUKOBBIN 3D PexT. [mnokcans u hopMaabaeru — MpOayKThl (POTOXUMU-
YEeCKHUX peaklyii, yuacTByIolIe B 00pa30BaHuU a3po3oiei u o30Ha [Soderlund, Svensson,
1976; Soden, Held, 2006; Schulz et al., 2006; Solomon et al., 2011; Ciais et al., 2014].

[To kaxmoMy U3 IEBATH BBINICTICPEUNCICHHBIX MTOKa3aTeneld COOMpanuch U aHAINU3H-
pOBaJICh €XEeMeCsSuHbIe JaHHbIe. AHAIN3 0COOCHHOCTEH MPOCTPAHCTBEHHO-BPEMEHHON
JUHAMHUKN KOHIICHTPAllMU KOMIIOHEHTOB arMmocdepnl Yeuenckoit PecryOnuku u anamus
WX TPEHJIOB BBIMOJHSJICS C TIOMOIIBIO MeTOJ0B rpaduueckoro comocrasieHus u ['MC-
UHTEPIONALNU IPOCTPAHCTBEHHBIX JAHHBIX. 3aTe€M, HA OCHOBE 0aJIbHOW CHCTEMBI Olie-
HOK, BBITIOJHSJIOCH PAH)KUPOBAHHE TEPPUTOPHU PETHOHA MO YPOBHSIM AHTPOIIOTCHHOMN
Harpy3ku. CpeqHeMecssYHbIe 3HAYCHHS] KOHIICHTPAIMH aHAIM3UPYEMbIX BEIIECTB 3a HC-
CJIEyeMbIi TIEpUOJl PACCUMTBIBAIUCH I arMOC(hephl KaKJI0W M3 BBIICICHHBIX paHee
nanamagdTHo-3Koorndeckux 30H (JID3) Ueuenckoit PecryOmuku (puc. 1).

Puc. 1. Jlanowagmmuo-sxonoeuyeckoe 3ouuposanue meppumopuu euerckoui Pecnyonuku, 20e
1 — Bwicokoeopuas nusanvro-2nayuanvnasn JI933, Il — Beicokoeopuas 2opro-nyzoeasn J1I3,
111 — Buvicokoeopnas eopronecnasn JI33, IV — Cpednezopno-nuszrocopras JI23 wupokoiucmeeHHbIX 1ecos,
V — Huskoeopnas neconyeosas JI23, VI — [Ipedzopro-pasnunnas necocmennas u cmennas JI93,
VII — Bocmounas pasnunno-xonmucmas cmennas u necocmennas JI33, VIII — Ilenmpanvnas pasnunno-
xonmucmas cmennasn JII3, IX — Tepcko-CyHoicenckas xonmucmo-pasHunnasn cmentas JI133,
X — Ilpumepeuno-pasnunnas cmennas JI23, XI — 3amepeunas pasnunnas cmennasn J193,
XII — 3amepeunas pasnunnas nonynycmeinnasn JI93 /
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Fig. 1. Landscape and ecological zoning of the territory of the Chechen Republic, where I is a High-
altitude nival-glacial landscape and ecological zone (LEZ), 11 is a High-altitude mountain—meadow
LEZ, Ill is a High-altitude mountain—forest LEZ, IV is a Medium—mountain-low—mountain LEZ of broad-
leaved forests, V is a Low-mountain lowland LEZ, VI is a Foothill-plain forest-steppe and steppe LEZ,
VIl is an Eastern plain-hilly steppe and forest—steppe LEZ, VIII is a Central plain—hilly steppe LEZ,
IX — Tersko-Sunzhenskaya hilly—plain steppe LEZ, X is a Twilight-plain steppe LEZ, XI is
a Twilight plain steppe LEZ, XII is a Shadowy lowland semi-desert lane LEZ

Pe3yAbTATbl 1 OBCYXKAEHME

1. Ocobernnocmu npocmpancmeeHHO-8PeMeHHOl OUHAMUKU KOHYEHMPayuu HeKomo-
PbIX nepemMeHHbIX KOMNOHEHNO8 ammoc@epbl, 8 MOM Yucie ee aHMpPONO2eHHbIX 3a2PA3HU-
menetl, Had meppumopuetl Yeuencxou Pecnyonuxu.

Kaxk BugHO Ha pucyHke 1, B mpejenax pernoHa uccieaoBanus soienaeHo 12 JID3. B ar-
Moc(epe KaxkJ10i U3 HUX PaCCUUTHIBAIUCH KOHIEHTPALMU aHATU3UPYEMBIX KOMIIOHEHTOB
3a nepuof ¢ 2018 no 2024 rr. Oxxuaanock, 4To UX 00Ias AMHAMUKA OyJeT OTHOCUTEIbHO
cxoxkel Jutst 6onpiiei yactu JID3, a u3MEHEeHne coepKaHUs KaXI0TO OT/I€IbHOT0 KOMIIO-
HEeHTa OyleT UMETh CBOU OCOOCHHOCTH.

BrisiBiieno, 4to o01ue 3aKOHOMEPHOCTH U3MEHEHUH KOHIICHTPAIMA UCCIIEyEeMbIX Be-
LIECTB SIBISIIOTCSA CE30HHBIMM M aHAJIOTMYHBI 1 Beex 12 JID3. MakcuManbHble 3HAYEHUS
BBICOTBI @3PO30JILHOTO CJIOS HAOMIOAAIOTCSI B HOSIOpe-MapTe, Colep KaHus BOJSHOTO Tapa
— B UIOHE-CEHTI0pe, 030Ha — B sTHBape-MapTe, AUOKCH/IA a30Ta — B HOsIOpe-MapTe, OKCHaa
OpoMa — B stHBape-MapTe, ITHOKCANsd — B Mae-utone, popManbpieruia — B HIOHE-aBrycrTe,
JUOKCUJA yITIEpoAa — B SIHBape-MapTe, ¢ TEHACHIMEN HEYKJIOHHOTO €XKETr0JHOr0 pocTa
KoHIIeHTpanuu. Ce30HHbIE 3aKOHOMEPHOCTH COJIEp)KaHUsl MeTaHa B arMoc(depe peruona
YEeTKO HE BBIABISIOTCS, HO, aHAJIOTUYHO JAUOKCHY YIVIEpOAa, HAOII0MaeTcs ero HeyKIOH-
HBII pocT. [IpocTpaHcTBEHHO-BpEMEHHAs JUHAMUKA BHICOTHI a3PO30JIbHOIO CJIOSI U COJEP-
YKaHUS BOISHOTO Mapa B arMocdepe pernoHa rnpeacTapieHa Ha pUCyHKax 2 u 3.
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Puc. 2. Junamuxa evicomul a3po30onvHoeo cios 6 ammocpepe Yeuenckou Pecnyonuxu
3a 2018-2024 2e., 20e no ocu x Omi04ceHbl 0amvl USMEPeHUll 8 YKA3AHHOM nepuooe,
no ocu y — evicoma cmonba asposons (km);, 1-12 —yeem nunuu epagpuka 013 kasxicooeo uz 12 knaccos
Jnanowagdmuozo nokposa /

Fig. 2. Dynamics of the aerosol layer height in the atmosphere of the Chechen Republic
for 2018-2024, where the measurement dates in the specified period are plotted on the x-axis,
the height of the aerosol column (km) on the y-axis,; 1-12 is the color of the graph line for each

of the 12 classes of landscape cover
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Puc. 3. JJunamura cooeporcanus 800ano2o napa 6 ammocgepe Yeuenckoii Pecnyonuxu
3a 2018-2024 22., 20e no ocu X omi0xicervl 0amvl UsMepeHUll 8 YKA3aHHOM nepuooe,
10 ocCU Y — CpedHsss KOHYeHmpayus 80051020 napa (ke/m?); 1-12 — yeem nunuu epagpuxa
0 Kaswcoozo uz 12 kiaccos nanowagpmuozo nokposa /

Fig. 3. Dynamics of water vapor content in the atmosphere of the Chechen Republic for 2018—2024,
where the measurement dates in the specified period are plotted on the x-axis, the average concentration
of water vapor (kg/m2) on the y-axis, 1-12 is the color of the graph line for each of the 12 classes
of landscape cover

[TapamienbHO MOXKHO NPOCJEAUTHh PA3HULY B COJEPKaHUM aHAJIU3UPYEMbBIX Be-
mecTB B atMmocdepe kaxaoit JID3. HezaBucumo oT ce3oHa roga, MUHMMAaJIbHbIE 3HAYE-
HHS BBICOTBI a3p030JIbHOTO clios HaOmronatorcst Haxa JID3 VII-XII, pacnonoxeHHbIMU
B LICHTPAJIbHON U CEBEPHOM PABHUHHO-CTEMHBIX YACTSAX PETHMOHA, MAKCUMAJIbHBIE — B
TOPHBIX U MPEATOpHBIX paiioHax. I Hao00pOT, MakCHUMalbHOE COIEpKaHUE BOJSHOTO
rnapa oTMevaercsl HaJ paBHUHHBIMU JID3 1eHTpanbHOM M CeBEpHOM YacTel peruoHa,
MUHHMaJIbHbIE — B TOPHBIX M NPEATropHbIX pailoHax. O30H B atmocdepe YeueHckoii Pe-
cnyONHKN pacnpesiesieH MPakTUYECKH PaBHOMEPHO, JIUIIb C HE3HAUUTEIbHBIM MPEBhI-
IEHWEM B CeBEpHBIX cTenmHbIX JID3. MakcuManbHble KOHIIEHTPALUU THUOKCHAA a30Ta
Taxke HaOmonaroTces B ceBepHbIX crenHbix JID3 VII-XII; B aTuX *e paiioHax BbISAB-
JSIOTCS TMOJOXKUTENbHBIE 3UMHUE SKCTPEMYMBI 3HAUCHUN, B OTJINYUE OT MPEATOPHBIX
U TOPHBIX TEPPUTOPUM, Tie CEe30HHBbIE KoJieOaHMs 3HAUCHHH AUOKCHIa a3oTa Ooiee
crnaxkeHbl. CojJiepkaHue okcuaa 6poma, aHaJIOTMYHO 030HY, IPAKTUYECKH HE MEHseT-
cs B atMmoc(epe JID3. I'muokcans u popManabIaerul MOKa3bIBAIOT YyTh 00Jiee BHICOKHE
KOHLEHTpAIuu B ceBepHbIX crenHbix JID3. Jlnokcua yriepoaa B armocdepe pernoHa
pacrpesiesieH HepaBHOMEPHO: MaKCUMaJIbHbIE 3HAUEHUs NMPOCIIEKHUBAIOTCS B CEBEPHOI
YaCTH, B PAaBHUHHBIX MOJYIYCTBIHHBIX M CTETTHBIX pailoHaX; B IEHTPAJIbHBIX palloHaX
pecnyOiIuKN KOHIIEHTPALUK TUOKCUA yIiepoa IIaHOMEPHO CHUXKAIOTCS U IPUHUMA-
0T MUHUMAJIbHBIC 3HAYEHUS HA I0T€, B HU3KOTOPHBIX, CPETHETOPHBIX U BHICOKOTOPHBIX
paiionax. HauGomnee BbICOKHME MOKa3aTeNH COlEpKAHUSI MeTaHa HAOIIOIaI0TCs B aTMOC-
(hepe mpeAropHbIX ¥ PaBHUHHO-CTEITHOM CEBEpHOM paiioHax YeueHckon PecryOmuku,
YTO, BO3MOKHO, 00YCJIOBJIEHO HaJUYMEM 3HAUUTEIbHOTO MOT0JIOBbSI KPYIIHOTO U MEJl-
KOT'O POraToro CKoTa.

2. Pandcuposanue meppumopuu pe2uoHa no YpOSHAM AHMPONO2EHHOU HA2PY3KU Ol
8bIAGICHUSL ee C653U C pACHpeoeleHUeM NePeMEHHbIX KOMNOHEHMO8 U 3a2PA3HAIOUUX NPU-
Mecell 8 ammocghepe pecuona.
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YpoBeHb aHTPOINOTEHHON HArpy3KH pacCYUTHIBAJICS Ui Kaxaoi JID3 myrem cym-
MHUpOBaHMs 0aJIOB, MPUCBOCHHBIX B XO/€ HKCIEPTHON OLEHKH BIMSIHUS OCHOBHBIX
BHUJIOB XO3SIMCTBEHHOH nesTenbHOCTH Ha JyanamadTel [Kouypor, Kapannees, 2018;
MykaeB, O3renaunoBa, 2018; bacosa, 2010; Msuuna, 2013]. baniasl Ha3HayaIKUCh C
y4eTOM MaciuTada BIUSHUS Pa3IMYHBIX TUIIOB MPUPOJIONOIB30BaHUs B mipeaenax JID3,
BBISIBJICHHOTO Ha OCHOBE COOpaHHOU HaMU paHee CTATHUCTHKH IJIOMIAJEH KIIacCOB 3eM-
JIeTI0JIb30BAaHUs B pErHoHe HcciefoBaHus [MsiunHa u ap., 2025]. CymmapHblie Gasuibl
AHTPONIOTEHHOW HATPy3KW Ha JaHAmadThl Kaxaoi JID3 mo3Bonunu paHkupoBaTh Tep-
PUTOPUIO PErMoHa MO YPOBHSAM aHTPONOTeHHOM Harpy3ku. [lomydeHHble paHru npes-
CTaBIJICHBI HAa PUCYHKE 4.

Puc. 4. Panscuposanue meppumopuu Yeuenckoui Pecnybauxu no ypoeuam aHmpono2eHnou nazpy3Ku,
2oe I-XII — nanowagmmo-sxonozuueckue 301bl, d Y8emosdsl WKAid 8 KPACHbIX OMIMEHKAX
deMonCmpupyem paneu aHmpono2eHHOU Haepy3Ku Ha Janowagmel, 20e 1 — MuHUMAanbHAs HAZPY3KA,
6 — MakcumanvHas nazpyska /

Fig. 4. Ranking of the territory of the Chechen Republic by levels of anthropogenic impact, where I-XII
are landscape and ecological zones, and the color scale in red shades shows the ranks of anthropogenic
impact on landscapes, where 1 is the minimum impact, 6 is the maximum impact

3. Auanuz npocmpancmeeHHO-8PeMEeHHbIX 0COOEHHOCmel CO0ePHCAHUS NAPHUKOBbIX
20308 6 ammocgepe pecuora 8 cé3U ¢ MAKUMU ee XAPAKMePUCMUKAMU, KAK 8blcOMd dd-
PO30NIbHOO CNOSL U COOEPIHCAHUE O30HA.

AHanu3 BBIOTHSIICS s atMocdepsl kaxaoi JID3 ¢ MpuBsA3KOH K paHKUPOBAHUIO
10 YPOBHSIM aHTPONOTreHHOW Harpysku. [locTpoeHs! rpaduku comepikaHusi TapHUKOBBIX
ra3oB JIMOKCHJIA yTiiepoa u MeTaHa B armocgepe kaxaoit JID3. [lonyuennsle 1aHHbIe CO-
OTHECEHBI C PAHTaMU AHTPOTIOTCHHON HArpy3KH U pacIlpeie]ICHHEeM TaKUX XapaKTePUCTHK
arMocQepbl, Kak BHICOTa a9PO30JIBHOTO CJI05 M KOHLIEHTpaLus 030Ha (puc. 5).
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Puc. 5. JJunamura cooeporcanus ouoxcuoa yenepooa 8 ammocgepe JID3 VI (6 maxcumansHulii pame
anmponozenHou Hazpy3xu) 3a nepuoo ¢ 2018 no 2022 2. 6 cea3u ¢ OUHAMUKOLL 800SIHO20 NAPA, 030HA
U 8bICOMBL AIPO30TLHOLO C0A /

Fig. 5. Dynamics of carbon dioxide content in the atmosphere of LEZ VI (6 maximum anthropogenic
impact rank) for the period from 2018 to 2022 in connection with the dynamics of water vapor,
ozone and the height of the aerosol layer

Hy»xHO oT™MeTuTh crienyroliee orpaHuyeHue: JUisl IEPBOM, BTOPOM, TPETHEHN U, YaCTUY-
HO, yeTBepToii JID3, pacnosiokeHHbIX B TOPHOM MECTHOCTH, 3aTPYIHUTEIHHO Oe301n604-
HO OIpPEACNIUTh KOHIEHTPAIMIO METaHa U3-3a OTPAHUYEHHUS YIJIa HAKJIOHA CITy THHUKA.

BrisiBneHo, uto B armocdepe Bcex JID3, HE3aBHCHMMO OT paHra aHTPOIIOTEHHOW Ha-
TPy3KH, CYIIECTBYET MpsiMasi KOppesiiust coaepskanus nuokcuaa yriuepoaa (CO,) ¢ conep-
xaHueMm 030Ha (O3) U ¢ BBICOTOM a’pO30JILHOTO CJ0sl. Mexay Comep aHUsIMHU THOKCH/IA
yriepoja U BOASHOIO Mapa oTMeuaeTcst oOpaTHasi Koppensduus. Takas 3aKOHOMEPHOCTh
pacrpeneneHus: TUOKCHAa yriiepoaa B aTMocdepe perruoHa coracyercs ¢ pe3yabraTaMu,
MOJTy4eHHBIMH aBTOpaMu panee [Msiuuna u ap., 2024].

Mexny coaep:kaHUSIMU BOJSIHOTO Mapa U 030HA, COAEPKaHUEM BOASHOTO Iapa U BbI-
COTOM a’pO30JIHHOTO CJIOS TaK)KE BBISABICHA 0OpaTHasi KOPPEJISLMS; MEXKAY COAepKaHUEM
030HA U BBICOTOM a3pO30JILHOTO CJI0S OTMEYAETCsl MpsiMasi KOppesIsiLius.

B armocdepe VI, VII u VIII nannmadTHO-9KOTOTHUECKUX 30H, OTHOCAIIUXCA K 5 U 6
paHTaM aHTPOIIOTCHHON HAarpy3KH, BBISBISIETCS 0OpaTHAs KOPPEISIUs MEXKIY COIepIiKa-
HusiMU 030Ha 1 MeTaHa (CH,), 4To, BO3MOXKHO, OOBSCHSIETCS 3HAYMMBIM YPOBHEM KOHIICH-
Tparuu auokcuaa azora (NO,) B armocdepe ykazanubix JID3. Bee BhllenepeyncieHHOS
CIpaBeUIUBO I paBHUHHBIX Tepputopuit V-XII JID3, B To Bpems kak mokazarenu ajs [,
I, III u, yactuuno, IV JI93 ominyaroTCss HEKOTOPHIMU MCKAKEHUSIMU M3-3a HAKJIOHA yIvia
CITyTHUKA B TOPUCTON MECTHOCTH.

Brienensl o0mye 3aKOHOMEPHOCTH JAWHAMHUKH KOMIIOHEHTOB aTrMoc(epbl KaIou
JID3. Bo Bcex JID3, HE3aBUCUMO OT paHTa aHTPOMOTEHHOW HATrPy3KH, BBISBIISICTCS MpAMast
CBSI3b MEK/Y COAEPIKaHUSAMH TMOKCHA a30Ta, OKCHa OpoMa U 030HA. Y TpeX yKa3aHHBIX
BelecTB HaOoaeTcst oOpaTHasi CBsI3b C COAECpP KaHUEM BOISHOTO Mapa. Mexay copepika-
HUSMHU (popMasbJeTHIa U TIIMOKCANIS TaKXKe MPOCISKUBACTCS NpsiMast CBsI3b Ha (hoHEe 00-
pPaTHOM CBSI3U MEXKy STUMH JBYMSI KOMIIOHEHTAMHU U IMOKCHIOM a30Ta, OKCHUAOM OpoMa U
030HOM. COOTBETCTBEHHO, (POPMAIIBAETHL U TIINOKCAIIb IEMOHCTPUPYIOT NPSIMYIO CBSI3b C
COJIEpKaHUEM BOJSTHOTO Iapa.
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MO)XHO OTMETHUTH Psii 0COOEHHOCTEH B pacIpeesieHUH aHTPOIOI€HHBIX 3arps3HU-
Tenei B armocdepe YeueHckoir PecnyOonuku B mpussizke k JID3 m manamadram ¢ pas-
JMYHBIMU PaHTaMU aHTPOTOTeHHOW Harpysku. Tak, B armocdepe JID3, oTHOCAIMXCS K
MUHUMaJIbHOMY PaHI'y aHTPOIIOT€HHOM Harpy3ku (paHr 1) HaOmonaloTCsl KOHLIEHTPALUU
JMOKCHU/Ia a30Ta U OKcHJa Opoma, COTOCTaBUMbIE C KOHIIEHTPALUSAMH 3TUX BELIECTB B 30-
HaX C MaKCUMAaJIbHBIM PAHTOM aHTPOIOTreHHOW Harpysku (panr 6). Konnentpamuu ¢op-
MaJIbJIErUa U IIMOKCAJIS TaK)KE HE BBIKA3bIBAIOT 3aBUCUMOCTH OT PaHra aHTPOIOT€HHON
Harpy3kH B IIpejesiax JlaHAmapTHO-3KoJIorHueckux 30H. Hanbonee BbIcOKas KOHLIIEHTpa-
s ATUX BeniecTB BoisiBisieTcss Haa JID3 X u VI (4 u 6 paHr aHTPOIOTEHHOW HArpy3Ku
cooTBeTcTBEHHO). Cyzisl 10 BCeMy, COIEp KaHUE UCCIIelyeMbIX aHTPOIIOI€HHbIX NTpUMecei
B [IEPBYIO OUEpEb 3aBUCUT OT IPUPOAHBIX ycioBuii JID3. Hampumep, okcun 6poma nmoka-
3bIBAET MAKCUMAaJIbHBIE 3HAYEHUS B TOPHOM MECTHOCTH, HECMOTPS Ha TO, YTO TOpHbIE JID3
OTHOCATCA K | M 2 paHT'y 9KOJOTMYECKOM ONAaCHOCTH, B TO BpeMsl Kak B JID3 paBHUHHBIX
TEPPUTOPUI C BBICOKIMH YPOBHSMH SKOJOTHUYECKON ONACHOCTH OKCHJ] OpoMa IeMOHCTPH-
pyet 0oJiee HU3KHUE KOHIIEHTPAIUH.

4. Obwue npocmpancmeeHHo-8peMeHHble MPEeHObl KOMIOHEHMOo8 ammocepvl Yeuen-
ckou Pecnybnuku 6 npugsske K 1aHOUA@GMHO-IKON02UHECKUM 30HAM PeUOHA.

Jlis ananm3a 0COOEHHOCTEW TUHAMUKH COJCPIKAHUSI U3yUaeMbIX BEIIECTB B aTMOc]e-
pe peruoHa oCcTPOEHbI KAPTOCXEMBI UX ITPOCTPAHCTBEHHO-BPEMEHHBIX TPEHI0B 3a Hcclle-
nyembliit iepuoji. OOHapyKEHO, YTO KOHLIEHTPAIUs BOASHOTO Mapa B aTMocdepe peruoHa
cHIKaercs Haj Bcemu JID3, kpoMe ropHbix. MakcuMalibHOE CHUKEHHE COAePKaHUS BOJIS-
HOTO Mapa npociexuaetcs B arMmochepe VI u VIII JID3, oTHECEHHBIX K MAKCUMAIIBHOMY
6 paHry aHTPONOT€HHOM Harpy3ku (puc. 6).

H20*
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Bl 45--40
B 40--35
Bl 35--30
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) ~
— [ ]-05-00

Puc. 6. IIpocmpancmeenno-epemertbie mpeHobl COOEPACAHUsL BOOSIHO20 NAPaA 6 AMMochepe
Yeuenckou Pecnyonuxu 3a nepuood ¢ 2018 no 2024 ze. (yeemosas wikana),
2oe I-XII — nanowapmmo-sxonocureckue 301vl /

Fig. 6. Spatial and temporal trends of water vapor content in the atmosphere of the Chechen Republic
for the period from 2018 to 2024, (color scale), where I-XII are landscape-ecological zones
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Konuentparus o30Ha B arMocdepe pernoHa 1eMOHCTPUPYET TEHICHIIMIO K POCTY, 0CO-
OEHHO 3aMETHYIO B TOpHBIX U mpenropusix JID3. Conepxanue Tuokcuaa a3ora B aTMOC-
(hepe Yeuenckoii PecyOnuku OTHOCUTEILHO CTAOMITBHO (M JJaXKe CHIKAETCSI) B CEBEPHBIX
PaBHUHHBIX U I0XKHBIX TOPHBIX pallOHaX, B TO BPeMsI KaKk B IIEHTPAJIbHON YaCTH PETHOHA,
OTHOCsAUIEHCS K 5 1 6 MaKCHMaJbHBIM paHraM aHTPOIIOI€HHOW Harpy3Ku, KOHLIEHTpaLus
JMOKCH/JIA @30Ta OIyTUMO BBIPOCIA 3@ UCCIEAYEMBIN HIECTUIETHUHN TIEPUO/L.

Coneprxkanue okcuga Opoma B arMoc(epe peruoHa J1eMOHCTPUPYET IOUTH paBHOMEDP-
HBI ycTOM4MBBIA pocT. Conep:kaHue DIMOKCAIs 3a MCCIENYyEMBbIN IEPUOJ MOKA3BIBAET
CTPEMJICHUE K CHM)KEHHIO, 32 UCKIIIOYEHHUEM 3allaJJHOW 4acTU FOPHOM TEPPUTOPHU U OT-
JICJIbHBIX MEJIKHMX apeajioB paBHUHHOM 30HBI B IIEHTPE U Ha ceBepe peruoHa. Cozpepxanue
(dhopmanipierua yCTOMYMBO CHIKAETCS HAJl BCEW TEPPUTOPHUEH pernoHa, KpoMe TOPHBIX U
MPEATOPHBIX PAlOHOB B €0 KKHOW yacTu. [lapHUKOBBIN ra3 JUOKCUZ yIVIEpoAa IE€MOH-
CTpUpPYET YCTOMUMBBIM POCT KOHLIEHTpalUuu B atMocdepe pernona. B 1o xe Bpems, Ha
PaBHUHHBIX TEPPUTOPHSIX LEHTPAIBHON U CEBEPHOI YacTeil peruoHa pocT KOHLIEHTPaIUH
MPOUCXOJUT MEJIJICHHEE, UEM B TOPHBIX 3KOJOTHMUECKUX paiioHax. [TapHUKOBBIN ra3 MeTaH
TaKXe JEMOHCTPUPYET TEHAEHIHIO K POCTY, 0COOEHHO siBHYIO Haja JID3, oTHOCAIIMMUCS
K 5 1 6 MaKCUMaJIbHBIM paHraM aHTPOIIOI€HHOM Harpy3KH, a TaKXkKe B CEBEPO-BOCTOYHOU
PaBHHHHOM 9acTu 00JacTH, I1e, BEPOSTHO, PACTIONOKEHB MHOTOYHCIICHHBIE TACTOUIIIHBIC
YTOJIBSI.

BbiBOADI

OO0u1re 3aKOHOMEPHOCTH JIMHAMHKH COJIEpKaHHUs B aTMOc(epe TaKuX KOMIOHEHTOB,
KaK BOJSIHOM Iap, 030H, AMOKCHJ yIVIepoJa, JUOKCHU]l a30Ta, OKCHUJ Opoma, IIMOKCallb,
(opmanpAerul U METaH SIBJISIFOTCS. CE30HHBIMU U NIPAKTUUYECKU aHAJIOTUYHbI AJ1s Beex 12
naHamadTHO-3KoIOrn4eckux 30H YeueHnckoi Pecnybonuku. MakcuManbHble COepiKaHuUs
OCHOBHOT'O TAPHUKOBOT'O r'a3a — BOJSHOTO Mapa — OTMEYaloTCs HaJl JaHadTHO-IKOJIOTU-
YECKUMHU 30HaMH B IIEHTPAJIbHOU U CEBEPHOM PaBHUHHBIX YaCTSIX PErMOHA, MUHUMAJIbHbIE
— B TOPHBIX M IIPEAropHbIX paiioHax. HabmomaeTcst oOmiasi TEHAEHIMS K CHUYKEHUIO €TI0
KOHLIEHTPALMK HaJl TEPPUTOPUEH pernoHa, 4To 0COOEHHO 3aMeTHO HaJl JIaHAIIaPTHO-3KO-
JIOTUYECKUMU 30HAMU, IPUYPOUYEHHBIMHU K TEPPUTOPUSAM C MAKCUMAJIBHBIM IIECTHIM paH-
TOM aHTPOTIOT€HHOUW HArpy3KH.

MaxkcumanbHble 3HaYCHUsI KOHLIEHTPAlUK IIAPHUKOBOIO T'a3a JUOKCUAA yIIIepoa Ipo-
CJIEXKUBAIOTCS B ceBepHOM yacTh YeueHckoi PecryOnuky, B paBHUHHBIX HOTYIYCTBIHHBIX
U CTeNHbIX paiioHax. Haja neHTpasbHbIMM palioHaMHM PETMOHA KOHLIEHTpaLus JUOKCHIA
yriepojia IUIAHOMEPHO CHUXKAeTCs, IPUHUMasi MUHMMaJIbHbIE 3HAUEHHUs Ha IOre, B HU3-
KOTOPHBIX, CPEAHETOPHBIX M BBICOKOTOPHBIX paiioHax. [Ipu 3ToM Mexay conep:kaHUAMU
JMOKCH/Ia YIJIepo/ia U BOASIHOTO Iapa oTMevaeTcs oOparHas cBs3b. Bo Beex manamadTHO-
9KOJIOTMYECKHUX 30HAX, HE3aBUCUMO OT paHIa aHTPOIIOT€HHOM Harpy3KH, IPOCIeKUBAETCA
npsiMast CBsI3b MEXY COJEpKaHUEM JUOKCUIA YITIEpOo/ia, COAepKaHNEM 030HA U BBICOTOM
a’po30i1bHOrO ciosi. M HaoO0opoT, B mapax «coAepikaHHWE BOJISHOIO Iapa — COAEp KaHue
030Ha» U «COZEp KaHUE BOASHOIO Iapa — BBICOTA a3pO30JILHOTO CIIO0SH» OTMeuaeTcst oopar-
Hasi cBA3b. [Ip1 ’TOM MUHUMAIbHBIE 3HAYEHHSI BHICOTHI @3PO30JILHOTO CJI0SI HAOMIONAI0TCS
HaJ naHamadTHo-3Konorndeckumu 3oHamu VII-XII, pacnonokeHHbIMU B LICHTPAJILHON 1
CEBEPHOM PAaBHUHHO-CTEITHBIX YaCTAX PETMOHA, MAKCUMAJIbHBIE — B TOPHBIX U IPEATOPHBIX
pailioHax.

Haubonee BbIcOKHE MoKa3aTesy MapHUKOBOT'O Ta3a MeTaHa HabmoaaoTes B atMocdepe
IPEArOpHbIX PailOHOB M PABHUHHO-CTEITHOTO CEBEPHOTO FKOJIOTMUECKOT0o pailoHa.

O30l u okcun 6poma B armochepe Yeuenckoit PecnyOnuku pacnpenesnenbl npakTu-
YECKH PaBHOMEPHO, a MAaKCHUMaJIbHble KOHIIEHTPALMU JMOKCHIA a30Ta HaOmomaTcs B
CEBEPHBIX PaBHUHHBIX paiioHax. [nokcans 1 GpopMaibIerus 1eMOHCTPUPYIOT OoJiee BbI-



214  Geology and Geophysics of Russian South 16(1) 2026 ['eonorvs n reogmanka KOra Poccim

COKHE KOHIICHTPAIIUH B CEBEPHBIX CTEIHBIX paiioHaX. Mexay copepkaHusiMu (hopMabie-
r'Ua U TIIMOKCAJIs IPOCIISKUBACTCS IPsSIMasi CBsI3b Ha (JOHE OOPATHOM CBA3U MEXKIY STUMU
JBYMsI KOMIIOHEHTaMU M JUOKCHUJOM a30Ta, OKCUIOM OpoMa 1 030HOM. COOTBETCTBEHHO,
(hopMabAETHA U TIIMOKCAIh BBIKA3bIBAIOT MPSMYIO CBSI3b C COJEPKAaHUEM BOJSTHOTO Tapa.

B armocdepe Bcex maHamadTHO-IKOIOTHYECKUX 30H, HE3aBUCHUMO OT paHra aHTpo-
NOT€HHOW Harpy3KH, BBISBISETCS MpsiMasi 3aBUCUMOCTb MEXKIY COJIEPKaHUAMHU TUOKCH/IA
a3oTa, okcuaa Opoma M 030Ha. J{JIs 3TUX TpexX BEIIECTB TaKXkKe IMPOCIIeKUBACTCS oOpaTHas
CBA3b C COAEP)KAHUEM BOISHOIO Iapa.

HezaBucumo oT JMHAMHUKY KOHIIEHTPALUU aTMOC(EPHBIX 3arps3HUTENICH 1 BAPUAHTOB
UX B3aUMOBIUSHUS, B PETHOHE OTMEYAIOTCS TEHIEHIIMH, COOTBETCTBYIOIINE OOIIEMUPO-
BbIM, K TMOBBIIICHUIO KOHIIEHTPALUK TAPHUKOBBIX T'a30B JIMOKCHU/IA yIIIepoa U METaHa U K
CHIDKEHUIO COZIEPKaHUs BOASHOTO Mapa.

MOo’KHO TOBOPUTH O 3HAYUTEIBLHOM BIMSHUM BO3AYLIHOTO MaccolepeHoca Ha pacripe-
JieNieHNe n3ydaeMbIX BeulecTB B atMochepe Uedenckoii Pecriyonmuku. OcoOeHHOCTh peru-
OHa MCCJICIOBAHUS 3aKII0YACTCSl B COUCTAHUH PAaBHUHHOW M TOPHOM TeppUTOPHUiL; PopMu-
pyromuecs JIaMUHApHBIE U TypOyJeHTHBIC BO3AYIIHBIE MOTOKH B3aUMOJEUCTBYIOT C 00-
pa3oBaHUEM BUXpPEH, CIIOCOOCTBYIOMIMX aKTUBHOMY MEPEMEIIMBAHUIO BO3IYIIHBIX Macc,
BEPTUKAJIbHOMY U TOPU30HTAIbHOMY IIEPEHOCY 3arps3HEHU.
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Pestome: Ha Tepputopumn CeBepHoro KaBkasa 3Ha4MTeNbHO Pa3BUTbl ONACHbIE 3K30reHHbIE MPOLIECChI Pas-
JINYHOW NPUPOABI, B TOM YNCAE, OMONI3HEBbLIE NPOLecChl. G HUMM CBA3HO 6ONbLLLOE YNACIO Pa3fINYHbIX ONACHBIX
4pe3BblYaliHbIX CUTYALMIA. AKTUBHOE Pa3BUTME BHYTPEHHEr0 Typrnama B Poccun B nocneaHne roabl cnoco6cTeyeT
AKTUBHOI1 3aCTPOIIKE, PaHee He UCMONb3YEMbIX BbICOKOTOPHbIX TeppuTopuii CeBepHoro KaBkasa, 0JHOBPEMEHHO
MOBbILLIAA 11 FE03KOSIOrMYECKYH0 HArpy3Ky, YTO OnpefensieT akTyanbHOCTb ee OLeHOK. Lienb paboTbl — BbisiBNEHNE
1 KONNYECTBEHHAs OLleHKa (DAKTOPOB, ONPeAEnstoLMX Harpy3Ky Ha NpUPOAHbIE CUCTEMbI B 30HAX UHTEHCUB-
HOrO U NPOAOMKNTENBHOIO aHTPONOreHHoro Bo3saeiicTeus. Metoabl. MeTofonornyeckasn 6asa uccnenoBaHus
OCHOBAHa Ha 3KCMEePTHbIX OLEHKaX BANSAHWSA NNTONOTNYECKMX, FeOMOPAI0NOrMYECKNX, SHAOTEHHbIX, IK3OTEHHbIX
11 NPUPOJHO-KIIMMATMYECKNX (DAKTOPOB, YTO NO3BONIIET BBECTM KOMNYECTBEHHbIE NapaMeTpbl AN1S aHanu3a reo-
ANHAMWYECKUX MPOLIECcCOoB. Pe3ynbTaTbl. YCTAHOBMIEHO, YTO 3HAOrEHHAs aKTUBHOCTb ABASETCSH 3HAYUTENbHBIM
(hakTOPOM aKTUBU3ALMM 3K30reHHbIX MPOLECCOB, KOTOPbIE XapaKTepU3yKTC YCTOMYUBOI NPUYPOYEHHOCTHIO K
TEKTOHMYECKMM HapYLLEHWUAM 1 y3n1amM Pa3HOPAHr0BbIX Pa3pPbiBHbIX CTPYKTYP, 04aroBbIM 30HaM CEACMUYECKON
1 BYNKQHOMMYTOHWUYECKOM akTUBHOCTU. OLIeHKA YPOBHS re03KONOrM4ecKoii Harpy3Kki npeanonaraet Heo6xoau-
MOCTb BbISIBIEHNS (DAKTOPOB, hopmMupytoLLnx ux. MosBnserTcs BOSMOXHOCTb NPOrHO32 YPOBHSA BO3LENCTBUS
NPUPOAHO-TEXHOTEHHON HArpy3Kn 1 pa3paboTKu MepONPUATIIA NO CMATYEHIIO TAKECTU NOCNEACTBUIA Pa3BUTUS
OMacHbIX MPUPOJHbIX MPOLIECCOB 1 NMPOSBAEHMS OMACHBIX 9K30reHHbIX MPOLLECCOB: OMOM3HEN, Ceneii, 06BanoB
Mnpy NPaKTU4eCKOM CTPOMTENbCTBE.

KnioueBble cnoBa: reouHamMnyeckiie BO3AENCTBUS U UX PAKTOPbI, SHAOTEHHbIE 11 3K30TEHHbIE MPOLIECCHI,
9KCMEePTHbIE OLIEHKN, Te03KONIOrMYECKINEe HArpy3Ku 1 PUCKM.

Ina yutuposanus: Pesasos M.O., Menbkos [.A., bypasuesa O.I'., Apxupeesa W.I. BnusHue reoguHamu-

4ECKWX NPOLIECCOB Ha Te03KO0TN4ECKOE COCTOSAHIE FOPHbIX TEppUTOPUIA (KapmaJoHCKoe yienbe). [eosnorns n
reogpuanka Hora Poccun. 2026. 16(1): 217-227. DOI: 10.46698/VNC.2026.28.31.001
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Abstract: Hazardous exogenic processes of various natures, including landslides, are widespread in the
North Caucasus. These processes are associated with a large number of hazardous emergency situations. The
rapid development of domestic tourism in Russia in recent years has fueled the development of previously
unused high-mountain areas of the North Caucasus, simultaneously increasing geoecological load, making
assessments relevant. The aim of this study is to identify and quantify the factors determining the loadings on
natural systems in areas of intense and long-term anthropogenic impact. Methods. The study’s methodological
framework is based on expert assessments of the influence of lithological, geomorphological, endogenous,
exogenous, and natural-climatic factors, enabling the introduction of quantitative parameters for the analysis
of geodynamic processes. Results. It has been established that endogenous activity is a significant factor in
the activation of exogenous processes, which are characterized by a stable association with tectonic faults and
nodes of various fault structures, as well as focal zones of seismic and volcanoplutonic activity. Assessing the
level of geoecological loadings requires identifying the governing factors. This makes it possible to predict the
impact of natural and technogenic loadings and develop measures to mitigate the severity of the consequences
of hazardous natural processes and the occurrence of hazardous exogenous processes, such as landslides,
mudflows, and rockfalls during construction.

Keywords: geodynamic impacts and their factors, endogenous and exogenous processes, expert
assessments, geoecological loadings and risks.

For citation: Revazov M.0., Melkov D.A., Burdzieva 0.G., Arkhireeva I.G. Influence of geodynamic processes
on the geoecological state of mountain areas (Karmadon gorge). Geologiya | Geofizika Yuga Rossii = Geology and
Geophysics of Russian South. (in Russ.). 2026. 16(1): 217-227. DOI: 10.46698/VNC.2026.28.31.001

BesepeHme

Cesepnblii KaBkas npencranisieT coO0H YHUKATIBHBINA MMOJUTOH JUTSI U3YYEHHUsT OMACHBIX
T€OJIOTUIECKHX MPOLIECCOB, T/I€ X BOSHUKHOBEHHE M MHTEHCUBHOCTD OTIPEIEIISTIOTCS CIIOXK-
HOU B3aMMOCBSI3bI0 SHOT€HHBIX M 9K30T€HHBIX (hakTopoB [[oHuapeHko u ap., 2008; Cracen-
Ko u J1p., 2023; ['aGapaes u ap., 2023; Aunkas u ap., 2023]. opmupoBaHue COBPEMEHHOM
reoIMHaMHYECKON 00CTaHOBKH B peroHe 00YCIIOBIICHO, TPEK/IE BCEr0, aKTUBHOM TEKTOHU-
KO, CBSI3aHHOM C TpOoJoJDKarolieiics koumsned EBpasuiickoit m Apasuiickoil mutocdep-
HBIX TUTUT. DTO TPOSBISIETCS B BBICOKOW CEHCMHYHOCTH (10 8—9 6aymioB), pa3BUTON ceTh
AKTHBHBIX Pa3JIOMOB M MPOJODKAIOLIEMCS TOpOOOpa30BaHUM, CO3AAIOIIEM 3HAUUTENIbHbIE
TpaJMEHThI penbeda 1 HapsHKEHHOE COCTOSTHUE TOPHBIX Topoa. HemocpeacTBeHHo Ha Tek-
TOHUYECKHUH KapKac HAKJIaIbIBAIOTCS IUTOJIOTO-CTPYKTYpHBIE npeanockuiku. [lupokoe pac-
MPOCTPaHEHHE TUCTOIMPOBAHHBIX, TPEIIMHOBATHIX OCAA0UYHBIX MOPOJT (IIMHUCTHIC CITAHIIBI,
ApTUJUTUTHI, MENIOBbIE (DIMIIEBbIE TONIIIN) B COYETAaHHH C KPYThIMU CKIOHaMU CO3aET uje-
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aJIbHBIE YCJIOBHS JUIs Pa3BUTHS CKJIIOHOBBIX IporeccoB. Kinmarnueckuil gpaxrop, xapaxre-
PU3BYIOLIUICS PE3KOH KOHTUHEHTATBHOCTHIO B BBICOKOTOPBSIX M TTOBBIIIEHHBIM KOJIMYE€CTBOM
0CaJIKOB Ha HABETPEHHBIX CKJIOHAX, BBICTYIIAET OCHOBHBIM YK30T€HHBIM TpHUrrepom. HTeH-
CHUBHOE BBIBETPUBAHUE, JINBHEBBIE JOXKIN U CE30HHOE CHETOTAasIHUE MOCTOSHHO MOCTABIISIOT
0OJIOMOYHBIN MaTepHal, MOBBIIIAIOT IOPOBOE JAABICHUE U CHIDKAIOT IPOYHOCThH TPYHTOB.

B nocnennue necaTHIETHS PEHIAIONIyI0 POJb B aKTUBU3ALMU U PA3BUTUU T'€0JIOTHYE-
CKUX PUCKOB CTaJl UTpaTh aHTPOIOreHHbIH (hakTop. HekoHTpoampyeMoe ocBOEHUE CKIIO-
HOB I10]] 3aCTPOMKY, CO3/1aHNE NCKYCCTBEHHBIX MOMPYIHBIX BOZOEMOB, OIPE3Ka OCHOBA-
HUM CKJIOHOB MPHU JOPOKHOM CTPOHUTEIHCTBE, IEPErpy3Ka OTBAIOB 1 HEI(DPEeKTUBHBIN JIpe-
Ha)K KOPEHHBIM 00pa3oM M3MEHSIOT €CTeCTBEHHBIN OallaHC HANPsHKCHUH W (PUIIBTpAIUU.
B pesynbrare Ha Tepputopun CeepHoro KaBkaza npuponHas mpenpacrnoiokeHHOCTh K
Pa3BUTHIO OMOJ3HEH, 00BAJIOB U Cellell MHOTOKPAaTHO YCHUIIMBAETCS XO3SIMCTBEHHOMN Jes-
TEJIbHOCTBIO, UTO (POPMUPYET KOMIUIEKCHYIO 33a]1a4y OLIEHKH MHOTO(aKTOPHBIX PUCKOB.

B nacrositiiee Bpemst omosnzHeBast oracHOCTh Ha Tepputopun PecryOnuku Cesepnaast Oce-
TUSI—AJIaHUS] COXPAHSETCSI Ha BHICOKOM YPOBHE, OCTaBasiCh OTHUM M3 Hanbosee JecTa0miu-
3UpyIONMX (HAKTOPOB Uil YCTOMYMBOIO Pa3BUTHsI TOPHBIX TeppuTopuil. OCHOBHBIE OYaru
AKTMBHOCTH COCPEIOTOUEHBI B 30HAX CO CJIOKHBIM COUYETAHUEM I€0JIOTUUECKUX, TEeKTOHUYE-
CKHMX M KJIMMaTUYECKUX YCIOBHIA: 3TO, MPEX/e BCero KpyThie ckioHbl Ckamuctoro u [lact-
ourHoro xpe6ToB, Oopra yuenuii pek Tepek, ApnoH, @uarnoH, ['M3enb10H, a TakKe IIOTHO
3aCTPOCHHBIE TEPPUTOPUH B OKPECTHOCTSIX BriaankaBkasa v Apyrux HaCEIEHHBIX ITyHKTOB.

JJ1s KOMITJIEKCHOTO aHaJIM3a B3aUMOIEUCTBUS YKa3aHHBIX (haKTOPOB U OLEHKH 3 dek-
TUBHOCTH METOJIOB IPOrHO3a BhIOpaHo KapmanoHckoe yienbe, npeacTaBisionee coooi
KOHLIEHTPUPOBAHHOE MPOSIBJICHHUE TPAKTUUECKH BCEX KIFOUEBBIX OMACHBIX I'€0JIOTMYECKUX
nporieccoB, xapakTepHbix s CeBepHoro KaBka3za, a ero Tparuueckas UCTOpUSI, CBS3aH-
Has ¢ KaracTpoduueckuM cxonoM Jennuka Komka B 2002 romy, nesaeT ero yHUKaabHBIM
MIPUPOIHBIM JTAOOPATOPHBIM ITOJIUTOHOM.

B reonormueckoM CTpoeHMHM WM3y4aeMOTo paiioHa MPUHMMAIOT y4acTHUE OCAJI0OYHBIE,
BYJIKAHOT'€HHbIE, MarMaTOr€HHbIE U METaMOP(OreHHbIE 00pa30BaHMsl, 0XBATHIBAIOIINE BO3-
pacTHOU MHTEPBAI OT BEPXHETO MPOTEPO30s1 A0 KailHO3051 BKIIOYUTENbHO. PailoH xapakre-
pU3yeTCss MTHTCHCUBHBIM PAa3BUTHEM CKJIATYAThIX M Pa3PhIBHBIX CTPYKTYP, 00YCIOBICHHBIX
€ro IMOJIOKEHUEM B LIEHTPAJIbHOM YacTH CKJIaa4aToro coopyxenus bonpioro Kaskasa.

JpeBHuil GpyHaamMeHT (poTepo30ii U 1ajaeo30ii) cioxeH MmeTamopduueckumu oopaszo-
BaHUSIMU, TIPEACTaBIEHHBIMH Kaccapckoi Tommieit (PR2ks) — amdubonuramu u paznununsi-
MU CJaHIIaMH (KBapL-CIIOAUCTBHIMU, aH/1aTy3UTOBBIMH, TPAHATOBBIMU ), — & TAKXKE COIvlac-
HO 3aJieraonieil Ha Heil munarpadeiHIoHcKol cBuToi (Cs-Pimd) BepxHero kapOona-mep-
mu. [Tocnenusis ciokeHa KBapIEeBBIMU MECYaHUKAMHU, aJIeBPOJIMTaMH, (PHIUTUTOBUIHBIMU
CJIAaHIIaMU U KOHIJIOMEpaTaMu, IPUMeYaTeIbHBIMUA HAJTMYUEM MEIUCTHIX TIECUaHUKOB.

OCHOBHYIO pOjb B CTPOEHHUM YILEIbsI UIPAIOT MOIIHBbIE TodIM Me30305. K Tpuac-
PaHHEIOPCKOMY BO3pacTy (CO CIOPHBIM MPUCYTCTBUEM TpHAca) OTHOCUTCS IUKJIAypCKas
ceuta (T?-Jick). E€ ommnuutenbHas yepra — oOmiKe ByJKaHOT€HHBIX MOPOJ OCHOBHOTO
cocTaBa (aH/1e3UTO-0a3aJIbThI, TaO0OPOUIBI), 0OPA3YIONINX MMOTOKH, CHILIBI M JAWKU CpeIu
IJIMHUCTBIX CJIAHIIEB, aJIEBPOJIUTOB U NIeCYaHUKOB. MoTHOCTh cBUTHI gocTturaet 3000 m.

HwxHeropckuil mepro npeacTaBieH cepueil TeppureHHbIX ToNI (KUCTUHCKas, 6ero-
peUeHCKasi, MU3YpCKasi, TAIMATCKasi, KCYpTCKasi CBUTHI), CIOKEHHBIX MPEUMYIIECTBEHHO
TJIMHUCTBIMU CIIAHIIAMHU, aJIEBPOJIMTAMU U TiecHaHukam. J{ist ranuarckoit cButhl (Jigl) xa-
pakTepeH TOPU30HT CUJECPUTOBBIX KOHKpeuil. OTIOKEHUS CpeiHEeN 0Pl MPEACTABICHBI
[JIMHUCTBHIMU CJIAHIIAMU, apTHUIUTAMU M TIECUaHUKaMH (CBUTBHI OCHO, OT3BIKCKAs, TYIy-
maypckas). 3aBepiiaroT pa3pes Iopbl KapOOHATHBIE TTOPOIBI HPOHCKOM CBHUTHI (J2-3ir) — U3-
BECTHSKH U JIOJIOMUTBI, ciararomue 3ckapn CKaaucToro xpeora.

Kaitno3zolickue HHTpY31u IpeJICTaBIEHb! JallkaMU TEITMHCKOTo komIuiekca (Nat) HeoreHo-
BOTO BO3pacTa (rpaHOAMOPUTHI, KBAPIIEBBIC THOPHUTHI ), MPUYpOUeHHBIMU K Ka3bekckomy y3iy.
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UeTBepTUYHBIE OTIIOKECHHSI TOKPHIBAIOT 3HAYUTEIBHYIO YacTh YIIENbs. DTO JICTHUKO-
BbIe (MOpEHBI), AJUTIOBUAJIbHBIC, IETIOBUAIILHBIC U KOJUTIOBHAJIbHBIE (OTOJI3HEBBIC) 00pa-
30BaHUs, @ TAK)KE MOIIHBIE JIABOBBIE TIOTOKH aHJIE3UTOB, JAIIUTOB U UX TY(HOB, CBSI3aHHBIC
¢ pesrenbHOCTBhIO Kaz0Oekckoro Bynkanumdeckoro mnenrpa (Qk). OtaenbHO oTMeUeHBI TO-
CIencTBUs KatacTpodudeckoro cxona JyieqHuka Konka B 2002 1., chopMUpOBaBIIEro co-
BPEMEHHBIN OOJIUK JTOJTUHBI.

B TexTOHMYECKOM OTHOIICHUHU PailOH OTHOCUTCS K aHTHKIHHOPHIO bonbmioro Kaskasa.
OCHOBHBIMHU CTPYKTYypaMHu SBISIFOTCS [ eHanmoHCcKas aHTUKIMHAID ¥ KaypumoHckas cuH-
KIIUHANb. TeppuTOpHs pa3duTa rycToil CEeThIO0 Pa3jOMOB MPEUMYIIECTBEHHO CYOIIMPOT-
Horo mpoctupanus (Tepcko-duarnonckuii, Jlamnarkay-TMmeHukayckuii B3OpoCsl U ap.),
KOTOpBIE CO3/1at0T OJIOKOBO-CKJIA4aTy0, MECTAMU YEHTYyHYaTyI0 CTPYKTYpY. DTU pa3ioMbl
4acTo SBIISIOTCS 30HAMH JAPOOJICHHS U CMATHS TIOPOJ, B TO BPEMS KaK IyTH ITUPKYIISIIIHH
muHepanbHbiX Bon (Hwxnae-Kapmanonckoe u Bepxue-KapmanoHnckoe MecTOpoxkaeHus)
CBSI3BIBAIOT C TPEUIMHAMH CyOMEpHINOHAIBHOTO HAMIPABICHHUS.

I'uaporeosornyeckue ycaousi. CornacHo odunmansHoit «KapTel mporHo3Hsix pe-
CYPCOB MOA3EMHBIX BOJI, UX JOOBIYU U MU3BJICUEHHUS 110 THIPOTEOIOTHYECKUM CTPYKTypam
KO®O» macmrada 1:500 000, B CTPYKTypHO-THAPOTEOJIOTHYECKOM OTHOIICHHH paccMa-
TPUBAEMBIN PAiOH MPUYpPOUEH K BOCTOUHOMY Kparo LleHTpansHo-KaBkaszckoil ruaporeo-
JIOTMYECKON cKilaauaroil obnmactu. [laHHas ruaporeonoruyeckasl CTpyKTypa XapaKTepH-
3yeTCsl HaJMYUeM TOPHO-CKIIAYaThIX COOPYXKEHHUH, MPEICTABISIIONINX COO00H OaccerHBbI
TPEIIUHHBIX, TPEHIMHHO-TUIACTOBBIX, TPEIIMHHO-KAPCTOBBIX U TPEIIMHHO-KUIBHBIX BOJI
30H TEKTOHMYECKHUX HapyLICHUH U KOHTAKTOB. K MEXTOpHBIM U NMPEArOPHBIM 30HAM IPH-
YpOYEHBI apTe3UaHCKHe OacCeHHBI M CUCTEMBI KOHYCOB BBIHOCA.

MeToA 30HUPOBAHKS BEICOKOTOPHBIX TEPPUTOPUIA
MO re03dKOAOTNYECKUM HATPY3KAM

Paiion KapmanoHckoro yuienbs NMpeacTaBisieT cOOOM CIIOKHYIO M€OAMHAMUYECKYIO
CUCTEMY, IJle B3aUMOJICHCTBHE TEKTOHMYECKHX, JTUTOJIOTMUYECKUX M IK30T€HHBIX (PaKTo-
POB ONpeeIIsIeT UCKITFOUNTEIBHO BBICOKUN ME3030MCKUI CKIIaq4aThiil ()yHIaMEHT, UHTEH-
CUBHO pa3poOIeHHBIN CUCTEMOM CyOIIMPOTHBIX pa3ioMoB (I eHangoHCKas aHTUKIIMHAIb,
[lenTpanbHbIi TpabeH), MEPEKPHITHINA YEXJIOM FOPCKUX TEPPUTCHHBIX U KAPOOHATHBIX TOJIIL
Y YBCHUAHHBIM YeTBEPTUYHBIMU ByakaHuTaMu Kaz0ekckoro nentpa. KiroueBbiM dakTo-
POM HECTAOMJILHOCTH SBIISIETCS HAIMYUE PErHOHAIBLHOTO TOPU30HTA TUIACTUYHBIX, JIETKO
00BOJIHAEMBIX HUYKHE-CPEAHECIOPCKUX ITIMHUCTBIX CIAHIEB (CBUTHI MU3YypCKas, rajauar-
CKasl), KOTOpbI€ BBICTYNAIOT B POJIM INIABHOM IJIOCKOCTU CKOJIBKEHHUS ISl MHOTOUYUCIIECH-
HBIX OMOJI3HEH. AKTUBHAs pa3rpy3Ka TepMalbHbIX MUHEPAJIbHBIX BOJ MO TPEIIUMHAM B 30-
Hax pas3ioOMOB JOMOJIHUTEIBHO CHUYKAET MPOYHOCTh MOPOJA. AHTPONOTeHHAsA HAarpy3Ka 1
KaTacTpopudeckre msnuaibHbie coObiTus (cxox jennuka Konka, 2002 1.) BBICTYIAIOT B
Ka4eCTBE TPUITEPOB, BBIBOAAIIMX CHUCTEMY M3 KBAa3MPAaBHOBECHOIO cocTostHus. Hactos-
11e€ UCCIIEIOBAHNE IEMOHCTPUPYET 3P (PEKTUBHOCTH KOMIUIEKCHOTO aHAJIN3a Ie0JIOT0-TeK-
TOHUYECKHX, TeOPU3NIECKUX U TeOMOP(OIOTHIECKIX JaHHBIX IS MOCTPOSHHS KOHIIETI-
TyasibHOU 3D-Monmenu TeppuTOpuu, KOTOpasi CIIYKUT OCHOBOM ISl OLIEHKH OMAcHOCTEH,
MPOTHO3a WX PA3BUTHSI U TNIAHUPOBAHUS 3AILUTHBIX MED.

MeTtoa 30HUpPOBaHUS BHICOKOTOPHBIX TEPPUTOPUI 1O FEOIKOIOTHYECKUM Harpy3Kam —
9TO KOMIUIEKCHBIN reorpapuuecKuii ¥ T€0IKOIOTHUYEeCKUI TTOX0]], HAPABJICHHbBIN Ha BbI-
JIeJIEHHUE 30H C Pa3HOM CTENEHBI0 YCTONUMBOCTU TPUPOHOM Cpe/ibl K AaHTPOIIOTEHHBIM BO3-
JEHCTBUSM U €CTECTBEHHBIM TeosiornyeckuM nporeccam [Dilley et al., 2005; Cutter, 2008,
2014; Corominas et al., 2014; Jaedicke et al., 2014; Vranken et al., 2015]. Jlnsa oueHku
BO3/ICHCTBHSI TCOAMHAMUYECKHIX M KIIMMAaTHIEeCKUX (DaKTOPOB Ha OKPYKAIOIIYIO CPEIly HC-
MOJIb30BaHa MATHOAIIFHAS IIKaa. B kauecTBe mokaszaTesnsi paHra paccMaTpUBaeTCs poiib
KaX10ro (hakTopa B Pa3BUTUH OMACHBIX I'€OJOTHYECKUX MPOIECCOB, 00YCIIaBIMBaIOIIAS
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M3MEHEHHE Te0IKOIOrnueckoit ooctanoBku [Horuaes u ap., 2020; 3aanumBunu, YoTuaes,
2022; bypnzuesa u ap., 2024 a.

B ocHOBY MeTOZ010TMH MOJIOKEHBI SKCIIEPTHBIE OLIEHKH, ONPEIEIIIONINE MaKCUMAaIlb-
HBIA paHr BO3AEHCTBUS OTAEIbHBIX (akropoB [lonbuman, 1976, 1980]. Ecnu Ha cpeny
BO3CUCTBYIOT N (paKTOPOB, MEHSSI T€OIKOJIOTUYECKOE COCTOSHUE y4acTKa, TO YPOBEHBb
panra 1 MHTEHCHBHOCTH OyIeT COOTBETCTBOBAaTh MUHHMAaJbHOMY BIHSHHUIO (akTopa, a
yYpOBEHb paHra 5 — MakcumanabHoMy [3aanmumBuim, 2000].

Ha uccnemyemoii Tepputopun, ObUIH OLIEHEHBI COOTBETCTBYIOIINE PAHTH U BBHITIOTHEHO
30HUPOBAHUE TI0 T€OIKOJIOTHUYCCKUM Harpy3Kam, 00yCIIOBICHHBIM I€OJMHAMHYECKUMH U
KJIMMaTH4YeCKUMU Bo3aeicTBUusiMU (puc. 1) [YoTtuaes u ap., 2021].

3emnerpaceHus B BrwkHen 3oHe (R=50kM), cecMrYeckas UHTEHCUBHOCTb, paHr
Near-field earthquakes (R=50km), seismic intensity, rank 5

WUCTBNA reognHaMnU4yecKux n KnuMaTM4eCcKMxX npoLLECCOB Ha reo3Kon0rn4yeckoe COCTOAHUE BbICOKOTOPHbIX TEPPUTOPUM

30Ha aKTUBHOTO HapyLWeHWs (NNOTHOCTE HaPYLIEeHWI), KM/KM™ 2, paHr
Active disturbance zone (disturbance density), km/km”2, rank 3

3oHa nepecedeHns cyGLIMPOTHBIX M CYBMepUaAMOHaNbHBbIX HAPYLLISHWIA OT OAHOMO A0 YeTbipex K Boilwe (NnepecedeHue), N, panr4
Zone of intersection of sublatitudinal and submeridional disturbances from one to four and higher (intersection), N, rank

30Ha pasBUTUA TPELUMHHOW TEKTOHWKM, KM/KMA2, paHr 5
Zone of development of fracture tectonics, km/km*2, rank

30HbI, NOABEPXKEHHLIE BO3OEACTEMI0 CTATUHECKNX re0tM3NYeCKNX, FeOXMMUYECKNX noneii
B pafuvyce AencTBUS cobbITI R, kKM, paHr ) . ) 2
Zones affected by static geophysical and geochemical fields within the radius of events R, km, rank

30HbI NPOsIBNEHUA COBBLITUA CEMCMOAVCIIOKALMIA B Npeaenax CTPYKTypHoro 6noka, N, paHr 3
Zones of seismic dislocation events within a structural block, N, rank

PacnpocTpaHeHue YeTBepTUYHBIX OTNIOXKEeHWH B MHTepBanax BeicoT, H, m, panr 4
Distribution of Quaternary deposits in height intervals, H, m, rank

KopewHbie nopoge! Msirkne (4o 50 MIMa), 06HaxeHHOCT, NPOLIEHTEI, PaHT
Bedrocks are soft (up to 50 MPa), exposure, percentage, rank 3

Ba3suc aposunu 1000 m 1 Bonee, Ha BbicoTax OT 2000 W Bbille, C Yy4ETOM OneaeHeHus, h, M, paHr
Erosion base 1000 m and more, at altitudes of 2000 and higher, taking into account glaciation, h, m, rank 4

Basuc 3po3un 500 m Ha BeicoTax oT 1500 u Beiwe, h, M, paHr 2
Erosion base 500 m at altitudes of 1500 and above, h, m, rank

Pensed ¢ yrnamn HaknoHa Ao 15° No reHeTn4eckim TUNam rpyHTOB, NPOLLeCChH, PaHr
Relief with slope angles up to 15° by genetic soil types, processes, rank 3

Penbed ¢ yrnamu HaknoHa 15-20° nNo reHeTUHecKMM TUnam rpyHToB, NPOLEcChl, paHr
Relief with slope angles of 15-20° by genetic soil types, processes, rank 2

Penbed ¢ yrnamn HaknoHa >20° Mo reHeTUHeCcKUM TUNam rpyHTOB, NPOLIECCHI, paHr 3
Relief with slope angles >20° by genetic soil types, processes, rank

MOLLUHOCTb YeTBEPTUYHbLIX OTNOXEHWA 0-5 M, NpW pasHblX Yrnax HaknoHa penbeda, rpaa, paHr
The thickness of the Quaternary deposits is 0-5 m, at different angles of relief inclination, deg, rank 2

MOLUHOCTE 4eTBEPTUYHBLIX OTNOXEHWA 5-12 M, NPK PasnNUYHBIX YrNax HaknoHa penceda, rpag, paHr
The thickness of the Quaternary deposits is 5-12 m, at different angles of relief inclination, deg, rank 3

MOLLHOCTb YETBEPTHUYHbIX OTNOXEHWA Bonee 12 M, Npy pasnUyYHbIX yrNax HaknoHa penceda, rpan, paHr 3
The thickness of the Quaternary deposits is more than 12 m, with different angles of relief inclination, deg, rank

Cenw 3a rofl, o6bemom oT 10 Teic. M3 1 Gonee, N, paHr
Settlements per year, volume from 10 thousand m*3 and more, N, rank 5

OnonzHu 3a roa, obeem, V, m"3, paHr 3
Landslides per year, volume, V, m*3, rank

OBsansbl — ocbinu, o6bem, V, Thic.M"3, paHr
Landslides — talus, volume, V, thousand m*3, rank 4

MNOCKOCTHOM CMBIB, Ha OAWH KMA2, S, KM2, paHr

Sheet washout, per km”2, S, km”"2, rank 3

3posnoHHan geATensHoCcTs pek «Gokosana apoaus», |, miuac, panr

Erosive activity of rivers "lateral erosion”, I, m/hour, rank 4
I CTpyiiHas apo3nsa Ha cknoHax ¢ yrnamu penseda, rpag, paqHr 3

Jet erosion on slopes with relief angles, deg, rank

Factors influencing geodynamic and climatic processes on the geoecological state of high-mountain territories

KapcroobpasosaHune, nposeneHus Ha kM2 nnowaaw, N, panr 3
Karst formation, manifestations per km2 area, N, rank

NasuHbl, 3a rog, N, paHr 5
Avalanches, per year, N, rank

®akTopbl Bo3Ae

Neanvikn n meTuyepsl, CoBLITUA NaBOAKOBOro TMNA, 3a rog, N, paur a4
Glaciers and glaciers, flood type events, per year, N, rank

BecoBol perlTHHr Bo3gencTteus, Waxi
Impact Weight Rating, Wmaxi

Puc. 1. @akmopul 6030eticmaust 2e00UHAMUYECKUX U KIUMAMUYECKUX NPOYECCO8 HA 2e0IKON0SUUECKOe
COCMOsIHUE 8bICOKO2OPHBIX MEPPUMOPUIL U UX PAHIICUPOBaHUe /

Fig. 1. Factors influencing geodynamic and climatic processes on the geoecological
state of high-mountain territories and their ranking
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Kaxxapiii u3 ¢GakTopoB XapakTepu3yeTcsl ONpeneeHHbIM MoTeHnuaaoM Wi BO3IeH-
CTBHSI Ha TUIOIIAAKY. J{anee paccunThiBaiInch pucku Ri mposiBieHus BO3IEHCTBHS OT/IEIb-
HOTO (pakTopa ¢ noTeHarIoM Wi 1 ¢ y4eToM reo3kosiornyeckoit ysizpumoctu Di (puc. 2)
[BaanumBunu, Yotuaes, 2022].

3emneTpAceHns B BaMXHeR 30He
(R=50KkM), cerncmmuyeckasn
WHTEHCMBHOCTL, paHr |Near-field
earthquakes (R=50km), seismic
intensity, rank

0 12 3 4 5 6 7 B 9 1011 12
Homep yuacTxa | Site number

30Ha Pa3sBUTUA TPELLMHHON TEKTOHUKM,
“m/km?, paHr |Zone of development
of fracture tectonics, kmfkm?,
rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yvacTxa | Site number

PacnpocTpaHeHWe YeTBePTULHbBIX
OTNOXEHUH B MHTEepBanax BLICOT, H, M,
aHr |Distribution of Quaternary
poslts in height intervals, H, m,
rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yvacTxa | Site number

Peneed ¢ yrnamm HaknoHa oo 15 no
reHeTUYeCKUM THRam
npoueccsl, paHr Relief wn:{ s\o e
angles up to 15 by genetic SDI|
ypes, processes, rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yacTka | Site number

MOWHOCTE YETBEPTUYHBIX OTNOXKEHWA 0-5
M NPV PazHbIX Yriax HaknoHa penseda,
rpaa, paHr |Thickness of the
Quaternary deposits 0-5 m at
different slope angles, deg, rank

01 2 3 4 5 6 7 8 9 1011 12
Homep yvacTxa | Site number

Cenw 3a roa, o6bemom oT 10 Thic.
M? v Gonee, N, panr Settlements
per year, volume from 10 thousand
m? and more, N, rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yNacTka | Site number

MNOCKOCTHOM CMbIB, Ha 0OUH KM?, S,
kM2, paHr |Sheet washout, per
km?, S, km?, rank

0 12 3 4 5 6 7 8 9 101112
Homep yvacTka | Site number

KapcToo6pasoBaHue, NPOABNEHUA Ha
km? nnowanw, N, paHr |Karst
formation, manifestations per km?
area, N, rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yyacTka | Site number

30Ha akTUBHOro HapylWeHUs (NI0THOCTE
HapylweHnia), km/km?, paHr |Active
disturbance zone (disturbance
density), km/km?, rank

30Ha nepeceyeHNs CyGLUMPOTHbIX 1
S Gmepwnuouanbnb\x Ha
nepeceyenne), N, pau |Zon
intersection of sublatitudinal and
ubmeridional disturbances
(intersection), N, rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yuacTxa | Site number

30HbI, NoABePXKEeHHEIe BO3ACNCTBUID
CTaTUYeCKMX reo3nyeckunx nonen,
paHr |Zones affected by static
geophysical fields rank

0 1 2 3 a4 5 6 7 8 9 101112
Howmep yuacTxa | Site number

30HbI NPOABNEHNA COBLITWA
CcencMoaMCIoKaumnia B npeaenax
cTpykTypHOro 6noka, N, paHr |[Zones
of seismic dislocation events within
a structural block, N, rank

0o 1 2z 3 4 5 6 7 8 8 1011 12
Homep yuacTka | Site number

KopeHHble nopoabl markue (oo 50 MMa),
06HaKEHHOCTh, MPOLIEHTbI, PaHr
|Bedrocks are soft (up to 50 MPa),

exposure, percentage, rank

0 1 2 3 a 5 6 7 8 9 10 11 12
Homep ywacTka | Site number

Baswc 3po3um 500 M Ha BbICOTax oT
1500 v Beiwe, h, m, paHr |Erosion
base 500 m at altitudes of 1500 and
above, h, m, rank

0 1 2 3 4 5 6 7 & 9 1011 12
Homep yuacTka | Site number

Peneed ¢ yrnamu HaKﬂOHa 15 20 no
reHeTudecKnm Tunam
npoueccel, paHr Relief wwt slope
angles of 15-20 by genetic soil
types, processes, rank

0 1 2z 3 4 5 6 7 8 9 1011 12
Homep ywacTxa | Site number

Penbeth € yrnamu HaknoHa >ZD no
reHeTUHeCKUM THNaM IPYHT
npoueccel, paHr |Relief with slupe
angles >20 by genetic soil types,
processes, rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yHacTka | Site number

MOLHOCTL YeTBEPTUYHbIX OTNOMXKEHWA 5-12
M NPV PasNMYHBIX YrAax HaknoHa
pencedua, rpag, paHr [The thickness
of the Quaternary deposits 5-12 m at
different slope angles, deg, rank

0 1 2 3 45 6 7 8 9 1011 12
Homep yvacTka | Site number

MOLWHOCTL YETBEPTUYHLIX OTNOXEHWA >12
M NpY PasAUYHBIX Yrax HakaoHa
penceda, rpan, paHr [Thickness of
the Quaternary deposits =12 m at

different slope angles, deg, rank

=z

0 1 2 3 4 5 6 7 8 9 1011 12
Homep y4acTka | Site number,

OnonsHn 3a rog, obeem, V, m?,
paHr |Landslides per year, volume,
V. m?, rank

3

0 1 2 3 45 6 7 8 9 1011 12
Homep y4acTxa | Site number

O6Bankl - ockiny, obwem, V, Teic. M7,
paHr |Landslides - talus, volume,
V,10°m?, rank

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yuacTka | Site number

3po3MOHHAA AeATeNLHOCTE pek «<bokoean
3po3unax, /, Mfyac, paHr |Erosive
a(t\vlty Df rivers "lateral
erosion”, I, m/hour, rank

3

0 1 2 3 45 6 7 8 9 1011 12
Homep yuacTxa | Site number

CTpy#Has 3p03WA Ha CKNOHaX € yrnamu
penebecha, rpaa, paHr |Jet erosion
on slopes with relief angles, deg,

rank

3

0 1 2 3 4 5 6 7 8 9 1011 12
Homep yuacTka | Site number

JlenHuku v rneTyepsl, cobeiTus
NaBoaKoBOro Tuna, 3a roa, N, paur
|Glaciers, flood type events, per
year, N, rank

2

0 1 2 3 45 6 7 8 9 1011 12
Homep yuacTka | Site number

CyMMa MakCcUManbHbIX BO3AEACTBUIA
takTopor, paHr [The sum of the
maximum impacts of factors, rank

2

0 1 2 3 4 5 & 7 8 9 1011 12
HomMep y4acTa | Site number

0 1 2 3 4 5 & 7 8 9 1011 12
HoMep y4acTka | Site number

Puc. 2. Oyenxa pakmopos 6030eiicmeus 2e00UHAMUYECKUX U KIUMATNUYECKUX NPOYECCcos
Ha omoenbHble 30Hbl UCCaedyeMol meppumopuu /

Fig. 2. Assessment of the factors of influence of geodynamic and climatic processes
on different parts of the study area
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Pe3yAbTaTbl 1 OBCYXKAEHME

30HHUPOBAHUE TEOIKOJIOTHMUECKON Harpy3ku (puc. 3) BBIOJHEHO Ha OCHOBE BECOBOTO
BKJIaJla Ka)JI0ro u3 (akTopoB, KOTOPbIC COCTABUIM 4 IIEHTPOMIHBIC TPYIIIbI HArpy3KH:
cnadyro — 3040 %; cpennioro — 40-55 %; Bbicokyto — 55—70 % u perpeccUBHYIO — BbIILIE
70 %. PacueTsl BBITIONHSIUCH JIsl TAaKCOHOB 2%X2 kM Ha ocHOBe [ MIC-texnomoruit [3a-
anumBuiM, Yotyaes, 2022].

YazsumocTb D = R/W unn
reo3ko/1I0rM14eckoe cocTosHWe Mnowankn
|Vulnerability D = R/W or
geoecological state of the site
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Fig. 3. Results of ranking the territory according to the complex of factors influencing geodynamic
and climatic processes: assessment of the geoecological state of individual zones (a), corresponding
distribution histogram (b) and scheme (the numbers indicate the zone numbers) (c)

CpenHee 3Hau€HUE T'€OIKOJIOTHUECKOr0 COCTOsiHUS D mccieayemMoil TeppUTopun co-
craBuio 0,56 (puc. 36), 30HBI, KOTOPBIE MOKHO OTHECTH K JAHHOW KaTEeTOPUHU COCTABIISIOT
TpeTh TeppuTopu (3B). DKCTpPEMaAIbHO BBICOKUE 3HAUEHUS HAOIIOMA0TCs AJIs 30H 5 U 8
U UMEIOT oJlMHaKoBble 3HaueHuss D = 0,64. Brie cpeanero HabmaonaeTcss 3Ha4eHUe s
30nbI 2, D = 0,61. K Haubonee GmaronpuarHoi cineayer oTHecTH 30Hy 3, D = 0,47, nanee
HU3KHUH ypOBEHBb COOTBETCTBYET 30HE 7, D = 0,51, u s tpex 301 4, 6 u 9 — D = 0,53.
Takum 00pa3oM, paHKHUPOBAHUE PUCKOB BO3JCHCTBUI HA T€OIKOJOTHYECKOE COCTOSHUE
Cpenbl peajau3yeTcs Mo ypoBHIM UX mposBieHus [bongapenko u ap., 2020; Crorauii u
ap., 2019].

['eoskonornyeckue Harpy3Ku, COTIaCHO BBEIEHHOW paHee kinaccuuxammu [YoTuaes
u ap., 2020] Ha OCHOBE UCIOJIB30BAHUS HKCIEPTHBIX OLIEHOK, YCIOBHO MOAPA3AEIAIOTCS
Ha ciabble, CpeiHNe, BEICOKUE U PerpecCuBHbIC. TepMHUH «PETPEeCcCUBHHBIN) ObUT BBEICH
paHee B KaueCTBE MOKa3aTessi HEyCTOMYUBOCTH M OMACHOTO COCTOSIHUS TOJILIN C BBICOKOM
TE03KOJIOTMYECKON 0MacHOCThIO M puckoM [Hotuaes u ap., 2020; 3aanumsunu, Yoryaes,
2022].

BuaHo, 9to mpu 3TOM HauboIbIIee MPOSBICHNUE OMACHBIX MPOLECCOB MPUXOAUTCS HA
30Hy aBTosoporu JlapraBc-Kapmanon, uem onpeaenstorcs: Beicokue pucku. Hanbomnpimit
PHUCK CJeIyeT OKUIATh B 30HE 2 — OCBOCHHOW TE€PpUTOpUH J[apraBCKOro CENIBCKOro I0-
CEJICHHUS.
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dakTopamu, ONPEEIIAIOIINMU BBICOKHI YPOBEHb I'€0IKOJIOIMYECKOTO COCTOSHHUSA, a
MMEHHO 30HBI 5 1 8, IBJISIOTCS pa3BUTHE TPEIIMHHON TEKTOHUKH (ITPU BECOBOM PEUTHHTE 5),
NpOsIBIICHHE ceiicMOIUCIIOKaIMii (BECOBOM PEUTHHT 3), CpeHMEe YIVIbl HAKJIOHA pebeda
15-20 rpagycoB (BecoBoil pertunr 2). Kpome Toro 30Ha 8 xapakTepu3yeTcs HaJIuIrueM
nepecedyeHuil CyOIIMpPOTHBIX U CyOMEpUINOHANBHBIX HapylleHuil (BecoBOil pedTHHT 4)
M pacrpoCTpaHEHUEM YETBEPTUYHBIX OTIOKEHHUH (BecoBol pertuHr 4). B cBoro ouepenn
30Ha 5 SABJsSIETCS 30HOW aKTUBHBIX HAPYIIEHUH (BECOBOM PEeUTHHT 3) U ceiCMUUECKON aK-
TUBHOCTH (BECOBOUW PEUTHHT 5), OOJIBIION MOITHOCTH YETBEPTUYHBIX OTIOKEHUU (BECO-
BOl peittuHr 3). Takum 00pa3om, HECMOTPS HA OJMHAKOBBIA YPOBEHb CyMMAapHOW OIICH-
KU T'€09KOJIOTUYECKOTO COCTOSIHUS, JUISl IaHHBIX 30H €CTh Kak 00Iue, TaK U pa3inyHble
(akTOpbl, ONMpPEAEAIONINe BEICOKUN YPOBEHb I'€03KOJIIOTHYECKO Harpy3ku. [[ns 30HbI 2
MOYKHO BBIJICJIUTH TIOBBIIIEHHOE PA3BUTHE 3PO3UOHHBIX MTPOLECCOB, CTPYHHYIO APO3HUI0 Ha
CKJIOHaX (paHr 3).

Jlst 6e30macHOTO MCTIONB30BaHUS HHMPACTPYKTYPhI HEOOXOIMMO OIIEHUBATh YPOBEHD
BO3/ICHCTBHSI TCOAMHAMUYECKOW AKTUBHOCTU T'€OTEKTOHHYECKMX U TeoMopgosoruye-
CKHUX CTPYKTYp Ha 3TUX TEPPUTOPHIX C MOMOILIBIO HOBEHUIIUX MPOTpaMM JUIsl CO3JaHUs
3D-mozeneil n aHanu3a cuTyauu Ha Tepputopusx (Scoops3D u T.1.) [MenbkoB, PeBazos,
2021; BypnzueBa u ap., 2024 6]. [l npakTHYECKOTO CTPOUTEIHCTBA B TOPHOM PETHOHE
HEOOXO0IMMO MPOBOAUTH JeTalIbHbIE re0(hU3NYECKUE UCCIIETOBAHUS U I'€0JIOr0-UHKEHep-
HBIE U3BICKaHMSI, YTO MO3BOJIUT UCKIIIOUUTH KaTaCTPO(PUUECKHUE MTOCIECTBUS IIPU BOZMOXK-
HOM aKTHBM3AIMH SK30T€HHBIX U NHBIX IIPOLECCOB.

BbiBOADI

1. Teoskonoruueckoe coctosHue KapmamoHckoro yuienbs (GopMupyercs Moy KOoM-
IUVIEKCHBIM BO3JCHCTBHEM HHJOT€HHBIX (TEKTOHMYECKas pa3apoOJIeHHOCTb, CEHCMMY-
HOCTb, COBPEMEHHBIE JBMKEHHS) U IK30TEHHBIX (KJIMMAT, pesbed, CKIIOHOBBIE ITPOLIECCHI)
¢axropos. KitoueBast posib IPUHAATIEKUT DITyOMHHBIM pa3oMaM U 30HaM TeKTOHUYECKUX
HapyILIEHUH, KOTOpBIE CIyXkaT He TOJbKO UCTOYHUKAMU F€0IMHAMUYECKON aKTUBHOCTH, HO
Y OCHOBHBIMU KaHaJIaMHU pa3rpy3Ku TEPMaJIbHBIX BOJ|, CHUXKAIOIIUX YCTONYUBOCTh TOPHBIX
HOPOJ.

2. BaxHbpIM (pakTOpOM pa3BUTHS U MOCIEIYIONIET0 HAKOIIJICHUS! YeTBEPTUYHBIX OTIIO-
KEHUH SBIIAIOTCS HJIOTCHHBIE MpoLecchl. MHOroobpasue JINTOIOTHYECKOT0 COCTaBa rop-
HBIX TIOPOJ M aKTMBHOCTbH T'€OJIOTHYECKUX MPOLECCOB 00YCIaBIUBAIOT, B CBOIO OYEpE.b,
pa3Hoo0pa3ue reHeTHYECKUX TUIIOB YeTBEPTHUUHBIX OTI0KEHUH.

3. C nomoIIbio KCIEPTHHIX OIEHOK MTPOU3BEICHBI OIIEHKH BKJIa/1a KaKI0TO (pakTopa B
(hopMHpOBaHUE T€03KOIOTHUECKONH HArPY3KH U BBIIIOJIHEHO COOTBETCTBYIOIEE 30HUPOBA-
HHE Ha IPUMEPE TOPHOTO MAacCHBa MEXAY JOIMHAMU pek ['usenbaon u ['enannon u npu-
JeTa0IIUMU TEPPUTOPHSIMH.

4. TlokazaHa BO3MOYKHOCTb MPOTHO3a YPOBHS BO3JIEUCTBHUS MPHUPOIHO-TEXHOTECHHOM
Harpy3KkH, 4TO SIBJISIETCS OCHOBOM pa3pa0OTKU aJeKBaTHBIX MEPONPUATHH 110 CMATYEHHIO
TSDKECTU IOCIEICTBUI pa3BUTUS OMACHBIX IporieccoB. IlomydeHHble pe3ynbTaTbl MOTYT
CIIy’)KUTh OCHOBOM AJisi pa3paOOTKU BBICOKOA((EKTUBHBIX MEPOIPUATUI [0 CHIKEHHIO
T€0IKOJIOTMYECKUX PUCKOB IIPH IUIAHUPOBAHUU XO35IIICTBEHHOTO OCBOEHHUSI TOPHBIX TEPPU-
TOPHii, BEIOOpA MPUOPUTETHBIX YYACTKOB MOHUTOPUHIA U MHKEHEPHOM 3aIUTHI.
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Pe3tome: AKTYyanbHOCTb. AKTUBM3aLMs BHYTPEHHEr0 Typu3ma B Poccun npusena K MHOrOKpaTHOMY YBeni-
YEHWI0 PEKPeaLoHHON HAarpy3Ku Ha ropHble panoHsbl Kaekasa. 1o yrpo3oi paspyLUeHns okasanuch Hambosnee
YA3BUMbIE apU[HbIE CYXOCTEMHblE U HArOPHO-KCEPOMTHbIE chopmaLum, SBNAIOLLMECH MECTO0BUTaHNEM MHO-
X BULOB OPraHu3MOB U CO3atoLLMe CBOe0OPa3HbI BbICOTHO-MOSCHON PAJ HA CKIIOHAX HXKHOW 3KCMO3ULMN.
Llenb — coxpaHeHne naHawaTHOroO 1 61OMOrMYeckoro pasHoobpasus nyTeM OpraHu3auni COOTBETCTBYHOLLE-
ro 3KOCUCTEMHOr0 MeHemxmeHTa. MeToabl. PeTpOCNEKTUBHbLIA aHaNU3 3KOM0rMYecKoro COCTOSHUSA apuaHbIX
NaHALIAMTOB NPOBOLUIICA B COOTBETCTBUM C COBPEMEHHbIMI METOAO0M0MMYECKUMM NOAX0AaMU K Npobnemam
YCTOAYNBOCTU U YA3BUMOCTU 3KOCUCTEM. TPALULIMOHHbIE METOAbI: MaPLUPYTHBIA, NPOGHBIX NIIOLLA0K U 3KCTPa-
noNALUNN — NPUMEHSANINCE ANS BbIABNEHNS U3MEHEHUIA B COCTaBE, CTPYKTYPE U MPOAYKTUBHOCTY (DUTOLLEHO30B.
PesynbTartbl. Viccnenosanus nokasanu: 3a yKasaHHblii nepuof npomsoLuna yTeps HeKOTOPbIX BUAOB PACTEHNIA,
4YTO CBA3AHO C GECKOHTPOSbHLIM BbINACOM JOMALLHEr0 CKOTa U, BO3MOXHO, C CTECTBEHHBIM 3BOOLMOHHbBIM
NpoLLEeCccoM, HO OLHOBPEMEHHO HABJII0AaN0Ch BOCCTAHOBIEHE PaHEe UCHYE3HYBLUNX W MOABMEHUE HOBbLIX pac-
TUTESTbHBIX W XUBOTHBIX 3N1eMEHTOB. BbIBOAbI. B pecny6nuke Habnogaetcs CMeHa TpaguLMOHHOro Npupogo-
Mosb30BaHMSA HA PeKpPeaLMoHHoe, Npu 3TOM 0CTAeTCs akTyanbHOW Npo6nema CoXpaHeHUs YCTOR41BOro COCTOo-
AHUSA APUOHLIX 3KocucTeM. [nsg noffepXXaHus TEHAEHLUN CaMOBOCCTAHOBJIEHUS €CTECTBEHHbIX NaHALIAdTOB,
HE006X0MMO NPUMEHUTb 3KOCUCTEMHbIN MEHEIPKMEHT, NepPBbIM LLAroM K KOTOPOMY JO/IKHO CTaTb paclumpeHune
nnoLwagmn 0co60 OXpaHAeMbIX NPUPOLHBIX TEPPUTOPUIA HA BOCTOK A0 roCyLapCTBEHHON rpaHnusl PCO-AnaHus.
OdbnumansHoe npuaaHne 0XpaHHoro craryca Hanbonee ys3BMMbIM NlaHgwadyTam no3sonnT 6onee aPMeKTUBHO
YNpaBnATh TYPUCTCKUMU MOTOKAMU, OFPaHN4YNBATb KCMYyaTaLMI0 NACTOULLHBIX U CEHOKOCHbLIX Yrofauii, NOARep-
XKNBATb Ha HEOOXOAUMOM rOMeoCTaTU4eCKOM YPOBHE 61M10pa3H000bpasne TepPUTOPUN.

KnioueBble cnoBa: apuHble CUCTEMbI, TOPHbIE CTEMM, HAropHbIe KCepOdUTbI, YCTONYNBOCTb (PUTOLLEHO30B,
NPUPOAOOXPAHHbIA MeHeKMeHT, Pecnybnuka CesepHas OceTus-AnaHus.

Ina uutuposanus: Tebuesa [./., [Jo6poHocos B.B. ApuaHble naHawadtel — cneyudmyeckunii anemeHT

BbICOTHO-MOSCHON CTPYKTYPbI BOCTOYHON YacTu LieHTpanbHoro Kaekasa. [eosnorus u reogousnka ora Poccun.
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Abstract: Relevance. The growth of domestic tourism in Russia has led to a multiple increase in the
recreational load on the mountainous regions of the Caucasus. The most vulnerable arid dry-steppe and upland
xerophytic formations, which are the habitat of many organism’s species and create a kind of high-altitude series
on the southern exposure’s slopes, were threatened with destruction. The aim is to preserve landscape and
biological diversity by organizing appropriate ecosystem management. Methods. Retrospective analysis of the
arid landscapes ecological state was carried out in accordance with modern methodological approaches to the
problems of sustainability and vulnerability of ecosystems. Traditional methods: route, trial sites and extrapolation
— were used to identify changes in the composition, structure and productivity of phytocenoses. Results. Studies
have shown, that some plant’s species were lost, which is associated with uncontrolled grazing of livestock and,
possibly, with the natural evolutionary process, but at the same time, the restoration of previously disappeared
and the emergence of new plant and animal elements was observed. Conclusions. There is a change in traditional
nature management to recreational, while the problem of preserving the stable state of arid ecosystems remains
relevant. To maintain the trend of self-restoration of natural landscapes, it is necessary to apply ecosystem
management, the first step to which should be the expansion of the specially protected natural areas east to the
state border of republic. The official conservation’s granting status to the most vulnerable landscapes will make
it possible to more effectively manage tourist flows, limit the exploitation of pasture and hayfields, and maintain
the territory’s biodiversity at the required homeostatic level.

Keywords: arid systems, mountain steppes, upland xerophytes, resistance of phytocenoses, environmental
management, Republic of North Ossetia-Alania.
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BeepeHme

Oporpadus Boctounoit yactu LlenrpansHoro KaBkasa, o cpaBHEHHIO CO CMEXHBIMU
TEPPUTOPHUSIMHU, 00JIaTAeT HEKOTOPHIMH OCOOEHHOCTSIMH, 2 UMEHHO, MAaKCUMAIIBHO COJIH-
KEHHBIM PAcCIIOIOKEHUEM TapajieNIbHbIX XpeOTOB, 3aMETHO CY)KAIOILIUM, pa3/Iesiomue
UX, IPOJOJTIBHBIE JCTPEeCcCrH, OOMBIION KPYyTH3HON CKIOHOB, CMEIIEHHEM BOIOPA3/IENIOB
HanOosee KpynHbIX pek (Tepek u ApaoH) Ha 0KHBIN MakpockiIoH bonbiioro Kaskasa, mo-
rpyxenueM [lepenoBoro xpe0OTa, pa3sHOHATIPABIEHHBIMU ABUKCHUSMH OTJEIBHBIX OJIOKOB
(Tapckast KOTJIIOBHHA), COYETAHUEM MOHOKJIMHAIBHBIX U CKIIQAUaThIX JABM)KEHUN U JPYTH-
MU JIOKaJIbHBIMU JedopMmanusaMu. B popmupoBannn ykazaHHBIX MOPQOCTPYKTYp peliaro-
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11ast POJIb MPUHAIICKHUT T€OTUHAMUYECKUM TIPOIECCaM, 2 UMEHHO KOJUTM3UHM MeXIy Apa-
Bulickoil 1 Ckugckoi TUTOCHEPHBIMHU IUTUTAMU U 3a)KaTOW MEXTy HUMHU IOBHOW 30HON
Bbonpmoro Kaskaza [Crorauii, Ctoruuii, 2023].

brmuzkoe pacnonoxenune xpeOTOB, pa3fAeNeHHBIX Y3KUMHU IMPOAOIBHBIMH JETIPECCHsI-
MU, TIPUBOJUT K MHOTOUUCIIEHHBIM (PU3HKO-TeorpauyecKuM MOCIEACTBUSAM, TIIABHOE U3
KOTOPBIX ycuiieHHE 3PPEeKTOB «OapbepHOTO MOAHOXKbBS» U «OapbepHOI TEHI» Ha CKIIOHAX
MIPOTHUBOMONOXKHBIX KCTIO3UIHK. OCOOEHHO pe3Ko OaphepHbIE pa3IudMs MPOSBISIOTCS B
cpenneropbsix (12002000 m Hag yp. M.). Tak, Ha ckiloHaX ceBepHOM dKcno3uliuu Ha Cka-
JMCTOM XpeOTe TOCIOACTBYET MOSIC IUPOKOIMCTBEHHBIX OYKOBO-TPAaOOBBIX JIECOB, a HA TEX
e BBICOTaX, 32 CKAJIIMCTHIM XpeOTOM Ha CKJIOHAX FOXKHOU IKCTIO3UIIUU (POPMHUPYIOTCSI TOP-
HBIE JTyTOBO-CTEMHBIC TAaHAIIA(THI, CyXHe TOPHBIE CTENH U HaropHbie kcepoutsl [ Tebuena,
2013]. CyxocTernHble 1 HATOPHO-KCEPOPUTHBIE (POpPMALIU BHOCAT OOJIBIION BKJIA/ B JIAH/-
madTHOE U OMosornYeckoe pazHooopasue Teppuropuu CeBepHoit OceTuu, I COXpaHe-
HHSI KOTOPOTO HEOOXOAMMBI MOHUTOPHHT U 3aIIMTa UX OT aHTPOIIOTEHHOTO BO3ICHCTBHSL.

MaTtepunabl 1 METOAbI

HcxomupiMu MaTepuaiaMu TOCITY>KAITM MHOTOJIETHUE UCCIICIOBAHUS aBTOPAMHU COCTa-
Ba, CTPYKTYPbI U TUHAMHUKH OTJIETHHBIX TPUPOTHBIX KOMIIOHEHTOB M KOMIUIEKCOB TEPPUTO-
pun Llentpansaoro KaBkasa, ux peakiuii Ha aHTponoreHHbIe Bo3aeicTBus [loOGpoHOCOB,
2022; Tebuena, 2013]. JInHamMu4eckre MpOIECChl B MOYBEHHO-PACTUTEIHLHOM ITOKPOBE
apUIHBIX JAaHAIIA(TOB 3a MocaeAHUN mouTH 80-JIeTHUH PO/ UCCIIETOBAINCH HA OCHOBE
CUCTEMHOTO M KOMITJICKCHOTO ITOIXO/I0B, MIO3BOJISIFOIIMX paCCMaTPUBaTh SKOCUCTEMBI C TI0-
3UIAIA MHOYKECTBEHHOCTH YCTOWYHMBBIX COCTOSIHUN, CBOMCTBEHHBIX CJIIOKHBIM CTPYKTYpaM
[[TIpuroxun, Crenrepc, 1986; anpun, 2012], KaKOBBIMH SIBISIOTCS 3KOCUCTEMBI.

B ocHOBY 011eHKHM YCTOMYHUBOCTH (PUTOIIEHO30B K BHEIIIHUM U BHYTPEHHUM BO3/ICHCTBH-
SIM, TIOJIO’KE€HBI C()OPMUPOBABIIUECS K HACTOSIIEMY BPEMEHH MPEACTABICHUS O PA3JIUy-
HBIX (pa3ax WIH CTAAUAX YCTOWYMBOIO COCTOSHUS B Tpe/ieiaxX ONpeleIeHHOTO MPOCTpaH-
CTBEHHO-BPEMEHHOTO KOHTHHYyMa U O, TOAJIEPKUBAIOIINUX YCTOWYHUBOCTD, PE3UICHTHBIX
ocobeHHOCTsAX coobmiecTBa [Braun-Blanquet, 1964; Kopecky, Hejny, 1974; Holling, 1973;
Holling et al., 1995; lllanpun, 2012]. Ctenens n3MEHEHHOCTH UCCIIEAYEMBIX (PUTOIIEHO30B
oTpezensijach MyTeM PEeTPOCIEKTUBHOTO aHaIn3a (PIOPUCTHUECKOTO COCTaBa paHee OMmy-
OnmrkoBaHHBIX MatepuanoB [bormanos, 1950; [uddepc, 1953; AmupxanoB u ap., 1981;
I'pauesa u ap., 2017; benoyc, Huxomnaes, 2011; Ilerpymuna, I'yus, 2021] u noneBbIx uc-
cnenoBanuii 20202025 ronos. Hapsiny ¢ u3yueHHMEM €CTECTBEHHBIX PACTUTEIBHBIX CO-
00IIEeCTB, MPOBOIMIACH OllEHKA (DOPM MPUPOIOTOIB30BAHUS U JAPYTUX ACTIEKTOB XO35Iii-
CTBEHHOU JEATEIbHOCTH.

Pe3yAbTaThl 1 OBCYXKAEHNE

OOBEKTHI HCCIIEIOBAHUS MPECTABIISAIOT COO0I HEOOBIITHE MATHA APUIHBIX TE€OCUCTEM,
MPUYPOUCHHBIE K JHUIIAM BHYTPUTOPHBIX KOTJIOBUH Ha BbicoTax oT 900 mo 1400 m Hazg
yp. M., 00pa30BaBIINXCS B CEBEPHOM MPOIOIBHON Ienpeccuu, pasaenstonieii bokoBoii u
Ckamucteiif xpeoTsl. C 1ora genpeccusi orpaHiueHa TEKTOHHYECKUMH YCTyTIaMU CKIJIOHOB
BbokoBoro xpebTa, a Ha ceBepe — 00pbiBoM Ckanmcroro xpedTa (puc. 1).

CesepHasi TpoIoJIbHASL JIEIPECCHsl B TEKTOHUYECKOM OTHOIICHHUHU TPEICTaBIAET COOOM
CJIOKHO YCTPOEHHBIN rpaOeH, COCTOSIIMI U3 IIETIOYKH BIaIUH, Pa3Ie/ICHHbIX Y3KUMH I10TIe-
PEYHBIMHU TOPCTAaMHU, KOTOPBIE B pelibe)e SIBISAIOTCS KOHTP(HOPCHBIMU MEPEMBIYKAMH MEXKTY
bokoBbiM 1 CKamucThIM XpeOTaMu. Mo3anyHasi TEKTOHHYECKasi CTPYKTypa CaMUX BIaJUH
(KOTJIOBMH) OOBSICHSICTCSI HHTCHCUBHO TIPOTEKAIOIIMMHU JI0 HACTOSIIETO BPEMEHH TEKTOHUYE-
ckumH niporieccamu. COBpeMEHHbBIE TEKTOHUYECKHE CTPYKTYPbI Pa30MThl MHOTOYHCIICHHBIMU
MPOJOTBHBIMHU U MTOTIEPEYHBIMU PA3JIOMaMH U TPEIIMHAMH, Ha OTAEIbHbIE OJIOKH, COBEPIIIAt0-
II1€ pa3HOHAIPABJICHHbIE BEPTUKAJIBHBIE U TOPU30HTalIbHBIE ABWXKeHUs [PacTBopoBa, 1973].
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Puc. 1. Kapma-cxema pacnonoscenus apuonsix komnosun: 1 — Ymuiickas, 2 — Kapmadonckas,
3 — Jllapeasckas, 4 — Bepxne-@uazoonckas, 5 — Cadono-Yunanvckas, 6 — 3adanecckas
Tonoocnosa Google Terrain (https://nakarte.me/#tm=11/42.90363/44.24881&I=P) /

Fig. 1. Layout map of arid basins: 1 — Chmiyskaya, 2 — Karmadonskaya, 3 — Dargavskaya,
4 — Verhne-Fiagdonskaya, 5 — Sadono-Unalskaya, 6 — Zadalesskaya
Google Terrain (https://nakarte.me/#tm=11/42.90363/44.24881&I1=P)

KoT/10BUHBI Cl10’KEHBI HUKHEIOPCKUMHU JIETKOPAa3MbIBAEMBIMH TIIMHUCTBIMU CJIAHIIAMU
U MeCYaHUKaMH, TOKPBITBIMUA MOIIHBIM IUIAIIOM NEPEOTIIOKEHHBIX 00JIOMKOB, TeHETHYE-
CKHU Pa3HOPOJHBIX YETBEPTUYHBIX OTIIOKCHHH.

Monoxknunans Ckanuctoro xpe6ta ¢ Beicoramu oT 2800 10 3500 M Hax yp. M., CIIOKEH-
Hasi CpeliHe- U BEPXHEIOPCKUMH M3BECTHSKAMHU, K IOTY OOpBIBAETCS MOLIHBIM 3CKapIOM
(o 500—800 Mm): mpeBbIIEHUS Ha/ THUIIAMU KOTJIIOBUH MecTaMu gocturaiot 1500—-1800
M. [TouT OTBECHBIH F0XKHBIM CKJIOH CKaIucTOro XxpedTa MpoaylupyeT MHOTOUYHCIICHHbIE
OCBIIH, 00BaJjIbl, MPOAYKThI BHIBETPUBAHMUSI, TOKPHIBAIOILNE CKIOHBI U HAKAIIIMBAIOLIUECS
y MOHOXbs, IPUKPBIBas KOPEHHbIE MOPOIbI (pHC. 2).

Penbed koTIOBHH mpeacTaBiseT cOO0M YETKO OYepuYeHHBbIE BHYTPUIOPHBIE OTHOCH-
TENIbHO TOHMKEHHBIE 00pa30BaHMs, CO BCEX CTOPOH OKPY)KEHHbIE XpeOTaMM, UMEIOIIne
BBIXOJI HA CEBEepe B BHUJIE Y3KUX KaHbOHOB B CKalUCTOM XpedTe. 3aMKHYTOCTh KOTJIOBUH
orpeenseT UX 0coOble KIMMaTHYeCKHe YCIoBUSA. B omiMume OT BIaXHOTO CEBEPHOIO
ckiona llenTpanbsHoro Kaskasa ¢ armocdepHbiMu ocankamu, gocturarommmu 1000 u 60-
jee MM/Tofi, B KOTJIOBUHAX Bblnajaet He Oonee 450—500 MM/Tof1, 4TO CKa3bIBaeTCs Ha I0-
YBEHHO-PACTUTEJILHOM IIOKPOBE.

Haunbonee xapakrepHusiMu popmaMu Me3openbeda KOTIIOBUH, paCCMAaTPUBAEMBIX B Ka-
4ecTBE MakpoOpM, SIBJISIOTCS pEUHBIE TOJUHBI, KOHYCHI BHIHOCA M CKJIOHBI pa3IHyYHBIE 10
CBOEMY reoMop(oIOrHuecKoMy yCTPOHCTBY M 3aHUMAIOIINE HANOOBIIYIO TUIOMIA/Ib.

Puc. 2. Dckapn Cranucmoeo xpeoma (gpomo B. [Jobporocosa) /
Fig. 2. Escarp of the Skalistyj Ridge (photo by V. Dobronosov)
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B kxax710ii KOTJIOBMHE HMEETCsI TOJILKO OJIHA XOPOILIOo pazpaboTaHHast ¥ IITyOOKO Bpe3aH-
Hasl JIOJIMHA IJIaBHOM PEeKH, JOJIMHBI €€ TPUTOKOB B OOJIBIIMHCTBE CBOEM ciabo pa3pado-
TaHbl, UMEIOT V-00pa3Hblil IITyOOKO Bpe3aHHbIN Npo¢uiib, HEPA3BUTHIE TOMMBI U TEPPACHL.
CpenHsis IpOTSKEHHOCTh JAOJIMH B Npe/ieax KOTIOBHH HE MpeBbIIaeT 7—9 KM, najeHue,
B 1I€JIOM, MEPUAMOHAIBHOE — C I0ra Ha ceBep. XapaKTepHOU 4epTOM 3TUX OTPE3KOB J10JINH
SBJISIETCS JOCTATOYHO XOPOILIO pa3BUTasl IOMMa U HaIOMMEHHbIE TEPPACHI.

Konychel BbIHOCA ceneBbIX MOTOKOB PA3JIMYAIOTCS MO0 BO3PACTY U MPEACTABIISIIOT MPaK-
TUYECKUI MHTepec. J[peBHME KOHYCBhI BBIHOCA, UMEIOINE BHIPOBHEHHbIE MOBEPXHOCTH,
MOKPBITHI JIyTOBO-CTEMHBIMH [TOYBAMH Ha JKEJITO-OypbIX CYINIMHKAX, H31aBHa OCBOEHBI Ye-
JIOBEKOM TIO/1 TOCEICHHS U IJISl BEACHHSI TPUYCaie0HOTr0 X031 CTBa.

Konychel BbIHOCA IEMCTBYIOMIMX CENEH MOTYT MPEICTaBIATh OMACHOCTh JIJIsl HACEJIeH-
HBIX MyHKTOB, TOPOXXHO-TPAHCIIOPTHON CETH, ra30MpPOBOJIOB, JIMHUI IEKTpONepeaauu u
T.IL., TaK KaK EPUOJNYHOCTh U UHTEHCUBHOCTH MPOSBICHUS CEJIEBBIX TIOTOKOB, BBISBJICH-
HbI€ paHee, K HaCTOSIIEMY BPEMEHHU YCTapelld U HEe COOTBETCTBYIOT MPOU3OLICAIINM 32
MOCJIETHUE IECSATUIICTHS KIMMATHYECKUM U3MEHEHUSIM.

Bosnb110it nHTEpEC BBI3BIBAIOT TEPPACUPOBAHHbIE CKIOHBI KOTJIOBHH. Jloiroe Bpems 3Tu
¢dopmbl penbeda BOCIPUHUMAINCH KaK PYKOTBOPHBIE 3€MIIEACTBIECKIE Teppachl, B MOJI-
TBEP>KJICHUE JAHHON TOUKH 3PEHMsI IPUBOIUIIOCH TEPPACHOE 3€MJIE/IETINE BO BHYTPEHHEM
Jarectane, onHako B cocenHert Ueune ¢akThl TeppacupOBaHUs CKJIIOHOB TOJT 3eMIIeIeTne
He BbIsiBIEHBI [[1eTpos, 2023]. Ha reppuropun CeBepHoit OceTuu TeppacHOro 3eMIIEAEIIHS
(c coznanueM pyKOTBOPHBIX Teppac) He CYIIECTBOBaJIO. B oueHb OrpaHu4eHHOM KOJIHue-
CTBE OTHOCHUTEIIHLHO BBIPOBHEHHBIE ()parMEeHThI HATOPHBIX TEppac, PacroIoKeHHBIX BOJIHU-
3M CEJICHUN, MECTHBIE )KUTEJIU UCIOIb30BAIM: B MPOILIOM JUIsl BBIPAILIMBAHUS 3€PHOBBIX,
a ceituac — oBoulei u kaprodens. IlpuponHslie cTyneHn Teppac UMEIOT pa3HyI0 HIMPUHY,
Pa3IUYHBIN HAKJIOH IOBEPXHOCTEH OTHOCUTEIBHO FOPU30HTAIIHN, PA3JIMYHOE IIPEBBILICHHE
MEXJy YCTYIaMH.

HccnenoBanue akkyMyJISITUBHON TOJIIIM JIGHTOYHBIX aJI€BPUTONNIMHUCTBIX OTIOKEHUN
npeBHero Axrorpaxckoro ozepa Ha p. Yerem B Kabapnnno-bankapuu, a Takke 03€pHBIX
OTJIOKEHUH BO BHYTPUIOpHBIX KoTIIoBHHAX PCO-AnaHus, 10Ka3bIBaeT JTUMHOIOTHYECKOE
MIPOUCXOXKACHHE CKIOHOBBIX Teppac [Tumodeesa, 1960; PactBopoBa, 1973; TaBacues,
2010].

TeppacupoBaHHbIE CKIIOHBI C Pa3HON CTENEHbIO COXPAHHOCTH MOXKHO HaOIIOIaTh BO
BCEX KOTJIOBHHAX Ha a0comoTHBIX BbicoTax 1350—1500 m (puc. 3).

Puc. 3. Ozepuvie meppacwl ¢ Unmutickoti komaogune (gpomo P. Tasacuesa) /
Fig. 3. Lake terraces in the Chmiyskyj Basin (photo by R. Tavasiev)
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Knumar xotinoBuH hopMupyercs B yCIOBHSIX, TAK HA3bIBAEMOH, «JJ0KI€BOM TEHI, CO3-
naBaeMoil CKanucThIM XpeOTOM, U XapaKTepu3yeTcs: OOJIBbIINM KOJTHUYECTBOM COJIHEUHBIX
JIHEU, XOpoIled MpOorpeBacMOCTbO0 CKJIIOHOB FOKHOM U IOTO-3aMaJIHON SKCIO3UIIMH, YTO
0COOEHHO oLIyIIaeTcs B X0JI0gHOe BpeMs. CaMblii TEIUIbIH MeCsILL UIOJIb C TEMIIEPATYpOil B
cpenHem — +15,8°C, camblii X00aHBIN Mecsll ssHBapb — -3,9°C. ['ogoBast cymMmma 0CaaKoB, B
HIDKHMX YacTsIX CKJIOHOB He npeBbimaeT 370-500 MM. MakcuMyM 0CaIKOB PUXOJUTCS Ha
Maii-uroHb (60—75 MM), MUHUMYM — Ha JIeKaOpb-sHBaph (8—16 MM) [ ArpoKIMMaTUIeCKUui
CHPABOYHUK ..., 1960]. CyxocTh KIMMaTa yCHIIMBAETCs OOJBIION KPyTHU3HON CKIOHOB, I10
KOTOPBIM BJIara ObICTPO CTEKAET, HE yCIeBasl BIUTAThCS B TPYHT.

OueHkKy JTUHAMUKY KIMMaTHYECKUX MOKa3areiei BhISIBIIIA TEHIACHIIMIO POCTa TeMIIe-
paryp, TOra Kak JIMHAMUKa O0CaJIKOB MPOSBUJIACH JIMILb B IEpEepacipeiesIeHuu Ux 1o ce-
30HaM: YMEHBIIECHHUE — JIETOM U HapaCTaHUE — OCEHBIO [Alnapos, 2024].

[TouBEeHHO-PACTUTENBHBIN TOKPOB BHYTPUTOPHBIX KOTJIOBHH B IIEJIOM (POPMUPYETCS B
YCIOBHSAX HEIOCTAaTOYHOTO YBJIAKHEHHS, a €ro pa3HooOpas3ue oOyCIOBICHO pa3HOOOpa-
3HEM Te0JIOr0-reoMOp(OIOrHuecKuX 0COOEHHOCTEMN, U3 KOTOPhIX OCHOBHBIMH SIBIISIFOTCS:
MOJICTUJIAIOIIUE TTOPOJIbl, KPYTH3HA U IKCIIO3ULHS CKJIOHOB.

ITox myramu, B pa3Ho# cTeNeHU KcepopUTU3NPOBAaHHBIMU, (DOPMUPYIOTCS TOPHOCTETI-
HbIE€ NIOYBBI, PACIIOIAraroLIMecs MoJI0CcaMy MHUPUHOHN 10 2 kM oT Ckanuctoro xpedTa Ha
10T BBEpX 10 pekam 110 bokoBoro xpedta [Momyanos, bsicos, 1990]. B pa3HbIX KOTJIOBHU-
HaxX BEPXHsIsl TPAHULIA ATUX TTOYB KOJICOJIETCS B 3aBUCUMOCTH OT TITyOHHBI Bpe3a OCHOBHOM
PEKU M OT CTEMEHU 3aKPBITOCTU KOTJIOBHUH. Tak, Ha CKJIOHAX CEBEPHOM 3KCIIO3UIMU OHA
pacnionaraercst Ha Bbicotax 1200-1500 M Hax yp. M., a Ha IPOTUBOMOJIOKHBIX CKIIOHAX
nogaumaetcs 10 1350—-1550 m Hax yp. M. [1o GOKOBBIM ITPUTOKAM ATH TIOYBHI (POpMUPY-
IOTCS TOJIBKO Ha CKJIOHAX FOYKHOMN 3KCIIO3ULIHH.

OcHOBHas pa3HOBUAHOCTH TOPHOCTEIHBIX TIOYB UMEET CIIEAYIONEe MOP(POIOrHIECKUe
NpU3HAKU: KOPUUHEBAs OKpacka Mpoduiisi, opexoBaTasi CTpyKTypa, Halu4he YIIOTHEHHO-
ro ropu3oHTa Ha riyonHax ot 15-20 mo 30-35 cM, mosiBieHHE BBIIIBETOB YITIEKUCIIBIX CO-
nei ¢ mryounsl 30-35 oM, ¢ myOuHBl 35 ¢M pacnosiaraercs KeyuTo-0ypblii 0ecCTpyKTyp-
HBII CYINIMHOK.

Ha kpyTbIX ¥ BBINYKJIBIX CKJIIOHAX Pa3HOM 3KCIO3UILIUU CPEIU BBIXOJIOB KOPEHHBIX I10-
pon GOPMHUPYIOTCS CBETIIO-KOPUIHEBBIE MTEPErHOMHO-KapOOHATHBIE Cl1a00pa3BUTHIC TIE0-
HEBaThI€ MOYBHI IMOJ] JTYTOBBIMU CTEISIMHU, MPEICTABICHHBIMU JIBYMSI PA3HOBUIHOCTSIMMU:
Ha BbicoTax 1400 M Hax yp. M. U BbIIIE — 3J1aKOBO-Pa3HOTPABHO-OCOYKOBAS TYTOCTEIb C
ACIapIETOM KaMEHHBIM, a HIKe, Ha BbicoTax 1000—-1600 M Hajg yp. M. — 0COYKOBO-THUITYA-
koBasi. TakuMm 00pa3oM, B HAIIPABJIEHUH K IHUILY KOTJIOBUH YCHUJIMBAETCS 3aCYILTUBOCTh U
JTyrocTens npuodperaer Oosee KcepoUTHBIN XapakTep.

Ha BBINOIO’KEHHBIX MTOBEPXHOCTSIX APEBHUX KOHYCOB BBIHOCA U HAATIOHMEHHBIX TEp-
pac ecTeCTBEHHBbIE TMOYBEHHO-PACTUTEIbHBIE (DOpMAIK 371aKOBO-Pa3HOTPABHO-OCOUKO-
BBIX JIYTOBBIX CTENEN 3HAUUTEIBbHO U3MEHEHBI XO35IMCTBEHHOM IETENBHOCTBI0. HecMoTpst
Ha MHU3EpPHBIC pa3Mepbl y4acTKoB (3—5 ra), OHU MO3BOJISIOT MECTHBIM JKUTEJISIM BBIPAIIH-
BaTh OBOILIHBIE (B TOM YHCIIE, KApTO(EIb) U 3J1aKOBbIE KYIbTYPHI (KYKYypy3y), 3aHUMAThCS
CaJI0BOJICTBOM.

JInst Bcex KOTJIOBHMH CEBEPHOM FOPCKOM JENpeccuu, ¢ BOCTOKA Ha 3araj] CMEHSIOIINX
apyr apyra: Ummiickas, Kapmanonckas, [laprasckas, Bepxne-®uarnonckas, CanoHo-
VYHanbckas, 3aianecckas — XxapakrepeH OesnecHblil nanamadTHelii ¢poH. OgHaKo, B Mpo-
IIJTOM CKJIOHBI CEBEPHBIX IKCIO3UIINN Ha BbIcoTax 1250—1300 M Hax yp. M. ObUTH TIOKPBITHI
COCHOBBIMHU JIECAMH, PACIOJIATraloIIMMUCS B HEITOCPEICTBEHHOU OJIM30CTH OT MOCEICHUH,
KOTOPBIE MOCTENICHHO BBIPYOAINCH /ISl XO3SMCTBEHHBIX HYXK] U 3aMEIIAINCh BTOPUYHOM
PacTUTENILHOCTBIO — CyOaNbIIUHCKUMU Oepe3HsIKaMu ¢ JOMUHAHTaMH U3 6epe3bl 60poiaB-
yaroii (Betula verrucosa Ehrh.), 6epesbt Pagne (B. raddeana Trautv.), 6epe3bl JIuTBuHO-
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Ba (B. litwinowi A. Dol.) u comyTCTBYIOIIMMH BUJIAaMU: psiOMHA KaBKa3oponHas (Sorbus
caucasigenus Kom.), ocuna (Populus tremula L.), 6apbapuc (Berberis vulgaris L.), nemu-
Ha (Corylus avellana L.), exeBuka (Rubus coesius L.) n Bomuesironnuk (Daphne glomerata
Lam.). Ha BepxHeil rpanuie Oepe3HSKOB COMYTCTBYIOIIMMH CTAHOBSITCS HECKOJBKO
BUJIOB UBHI: Ka30ekckas (Salix kazbekensis Askob.), ko3bs (S. caprea L.) m Ky3nemnosa
(S. kuznezovii Laksch.), TpeOyrorue 0osbIie Biary.

[TpoTHBOMONIOXKHBIE CKIOHBI — HIDKHUE YacTH IOKHOTO CKiIoHa CKamucToro xpedra
— TaKKe KOTJAa-TO MOKPBIBATHCH KOPEHHBIMHU COOOIECTBAMU COCHOBO-TYyOOBOTO PEIKO-
JIEChsl, HO, BCIENICTBUE BHIPYOOK M YPE3MEPHOTO BhIMAca JIOMAITHETO CKOTa, PEIKOJIEChE
OBUIO 3aMEIeHO, TaK HazbiBaeMoil, (hpuraHoi. [[ns ycranoBneHus ee GIOpUCTHYECKOTO
cocTaBa ObLIO ONMCAHO HECKOIBKO MPOOHBIX miomanok B 100 m> B Bepxue-PuarmoH-
CKOW KOTJIOBUHE BOJIM3HM HACEJICHHBIX MYHKTOB. JIOMUHAHTOM M 3AU(pUKATOPOM (PpUTAHBI
srsieTcst manden garecranckuii (Salvia daghestanica Sosn.), CIIONIb MOKPBIBAOIIHIA
CKJIOHBI FO)KHOM, F0OTO-BOCTOYHON M BOCTOYHOM IKCTIO3UIMH. V3 npyrux BumoB Hamboee
XapaKTepHBIMU SABISIOTCA: TOHKOHOT (Koeleria gracilis Pers), koBbUIb Bojocatuk (Stipa
capillaris L.), actparan aBctpuiickuii (4Astragalus austriacus Jacq.), scriapieT CKaabHBINA
(Onobrychis petraea (M. Bieb. ex Willd.) Fisch.), npomomuauk 6opomuatsiii (Androsace
barbulata Ovcz.), nmynaBka Mapianna (Anthemis marschallianus W.), TOJLIHA aBCTPHIA-
cKkasi U BeHuuHas (Artemisia austriaca Jacq., A. scoparia W. et K.), Monouait rpy3uHCKUi
(Euphorbia iberica Boiss.), 1yOpoBHUKHM BOCTOUHBIN U Oenbiil (Teucrium orientalis L.,
T polium L.).

KycTapHUKOBBIi sipyc MpeacTaBieH HECKOILKUMHU BUAAMU MOXKeBeIbHUKA (Juniperus
sabina L., J. oblonga Bieb., J. depressa Stev), xBoitHuKOM pocibiM (Ephedra procera F.
et M.), sxoctepom [lamnaca (Rhamnus pallassi F. et M.) — oHM BCTpeyaroTcsi €TUHUYHO U
paszbpocaso.

TunuuHbie HarOpHBIE KCEPOPUTHI PACIIPOCTPAHEHBI BO BCEX BHYTPUTOPHBIX ACTIPECCH-
SIX Ha CKJIOHAX HKHBIX AKcrmo3uiinit Ha BeicoTax oT 800 go 2300 M HaJl yp. M., BBITECHSIS
Bce ocTanbHble nosica [benoyc, Hukonaes, 2011].

Haropnsie kcepoduTsl ¢ peodiaaanueM TparakaHTOBBIX acTparajoB MPOU3PACTAIOT
Ha MIPUMUTHBHBIX HEJOPA3BUTHIX CBETIO-KAIITAHOBHIX IMTOYBAX CO CMBIBAMH M BBIXOIAMHU
KopeHHBIX nopoJ Ha BeicoTax 1100—-1700, a xoe-rae 6onee 2000 M Haf yp. M. Ha CKIIOHAX
OO0JIBLION KPYTH3HBI.

VY noxHoxbst Ckanmucroro xpedra (800—-1400 M Hax yp. M.) Ha I€TIOBUM U3BECTHSIKOB B
HAropHbIX kcepoduTax npeolnagarot mandeil ceoit 1 ocouka.

OcoOyto penkocTh Ha Tepputopun CeBepHoit OceTuu MpeAcTaBIsAOT HACTOSIINE TI0-
JIBIHHBIE U TTOJILIHHO-3JIaKOBBIE TOPHBIE CTEMH, C(POPMUPOBABIINECS HA CKIOHAX FOXKHOM U
BOCTOYHOM KCITO3UITUHU HA KAPOOHATHBIX KAMEHHUCTO-XPSIIEBATHIX HEOPA3BUTHIX TTOYBAX,
MaTEPUHCKON MOPOAOH KOTOPBIX CIYKHUT AetoBui n3BecTHAKOB (800—1000 M Hax yp. M.).
VYka3zannble (popManuu pacrpocTpaHeHbl HCKIIOUYUTENBHO B caMOi 3amaIHOM 3a/1a11ecCKoi
KOTJIOBHHE.

CxkanucTeliii XpeOeT, JOCTUTAIOIHH 3/1eCh MaKCUMalTbHOH 111t CeBepHOi OceTHu BBICO-
TbI — 6os1ee 3500 M HaxL yp. M., 00pa3yeT CIJIOUIHYIO CTEHY, HEMPEOAOIUMYIO JJIsl BIaKHBIX
BO3JIYIIHBIX MacC C CeBepa, Jake MPHU HATMYUH KaHbOHA, TPOPa0OTAaHHOTO p. YPYX, HO
Ype3BbIYaiHO Y3KOTo — 4yTh Oosiee 15 MeTpoB. B pesynbrare Takux reoMophoaornaeckux
ocobenHocTelt CKaluCThIN XpebeT HapylIaeT Jake 0OIIeKaBKa3CKyl0 3aKOHOMEPHOCTh —
yCHUJICHHE KOHTHHEHTAIBHOCTH U apUIHOCTH KJIMMaTa ¢ 3arajia Ha BOCTOK, HaOIIoaeMyo
KakK JiJIsl CEBEPHBIX, TAK U JIs 10:KHBIX 3Kcrio3uiuid bonbioro Kaskasa. Ho, Ha oTpeske ot
MeXaypeubsi pek Uepek u Ypyx 1o AoiauHbl Tepeka, apuaHOCTh KIMMaTa BHYTPUTOPHBIX
KOTJIOBUH YCWJIMBAETCS B OOpAaTHOM HampaBJIEHUH — C BOCTOKA Ha 3amaj, ojarogaps ycu-
nenuto 3pdexra 6apbepHO «TeHW». BhIlie Mo CKIOHaM Ha OCHITX, TOBCEMECTHO MOKPHI-
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Baromux sckapn Ckamucroro xpedTa, Hanbosee BaKHBIM U MTPe00IalalonIuM 3JIE€MEHTOM
PaCTUTEILHOTO COOOIIECTBA SABISICTCSI OBCSHUIA KecTKonmucTHas (Festuca sclerophylla
Boiss.ex Bisch.), He nepeHocsmas u30bITKa BIark, 3acCyX0yCcTolunBas, KoTopas, 0jaro-
Japsi cBOell KOpHEBOW CHCTEME: KOPOTKUI LIEHTPaIbHbIN CTEpKEHb U AJIUHHbIE OOKOBbBIE
KOpPHH, — CIOCOOHA 3aKPEIISATh OJIBUKHbIE TPYHTHI.

Haubonee xapakrepusie s CeBepHoit OceTnn HaropHo-kcepoduTHbie coolliecTa
uccienoBanbl B Bepxue-OuargoHCKoW KOTIOBUHE, TJI€ OHU PacIIPOCTPAHEHbI Ha BHICOTAX
1150-1400 m naz yp. m. [IpoOHble mwiomanku pasmepom 100 M? 3aK1abIBaIuCh Ha CKIIO-
Hax I0’KHOM, BOCTOYHOH U I0r0-BOCTOYHOM sKcrno3uniuii. Haropusie kcepodutsl nmpeacTas-
JIeHbl TparakaHTHUKaMU — TPYNIUPOBKAaMH, 00pa30BaHHBIMU KOMIOYMMHU KyCTapHHKAMHU,
BBIJICIISIFOIITUMUCS CBOEH CEPO-3€JICHON OKPACKOU M XapaKTepHOU MOAyIIKooOpa3Hoi Gop-
Moii. Dauduraropom TparakaHTHUKOB B CeBepHoii OceTuu sBisieTcs actparan Mapiana
(Astragalus marschallianus Fisch.), oTHOCSIIUICS K MHOTOYUCIEHHOMY POy CEMEHCTBa
0000BbIX. M3 COMYTCTBYIOIIMX pAacTEHUH ClieAyeT yKazarh: TUM4ak (Festuca sulcate L.),
JieH BOCTOYHBIN (Linum orientale Boiss.), THMbsiH XonMOBbIN (Thymus collinus Bieb.),
HECKOJIbKO BHJIOB jacToBeHs (Vincetoxicum schmalhausenii Kusn.; V. rehmanni Boiss.;
V. laxum Bartl.; V. scandens Somm et Lev.), nonsiHu aBCTpuiickast U ropbKas (Artemisia
austriaca Jacq., A. Absinthium L.), monouaii octpsiid (Euphorbia esula L.), nonMapeHHUK
Hacrosimmit (galium verum L.), TumodeeBka crennas (Phleum phleoides Dsimk.), ToHKO-
Hor u3siHeli (Koeleria gracilis Pers).

[TpumMeuaTenbHO, YTO JACTOBHU CONPOBOXKIAIOT TPAaraKaHTHUKU TOJIBKO B CpeIHEH u
BEpXHEH YacTAX CKJIOHOB, B HW)KHUX — OHHM 00pa3yloT YHCThIE 3apOCIH, HE MOeJacMble
CKOTOM, BUIMMO, U3-32 HEMPHUIATHOTO 3amaxa, a BO3SMOXKHO, M3-3a COJEPIKAIIETrocsl B HUX
5712, 0COOEHHO OIIACHOT'O JJISl OBELl, XOTSI OZIHUM M3 JIATUHCKUX Ha3BaHWH pojia JacTOBHEN
sBIsieTCs Antitoxicum (TPOTUBOSIAKE).

[ToBcemecTHO BCTpevaromuecst BO BHYTPUTOPHBIX KOTJIOBHHAX TParakaHTOBBIE acTpa-
rajibl HaXOAAT IIUPOKOE NMPUMEHEHHE B MEIUIMHE, MMUIIEBOM MMPOMBIIIJIEHHOCTH, OJaro-
Japs TparakaHTy — MOJIHCAaXapuy, BBIIEISIEMOMY TIPH MOBPEXKACHUSIX PACTEHHUS, BBITON-
HAOHIETO (DYHKIMIO CTaOMIIN3aTopa, 3aryCTUTEINs, SIMYJIbratopa, HO B OTJIMYHUE OT CMOJ
JpYTUX PacTEHH, Tparakant BogopacTBopuM. Ho B coobmiecTBax HaropHbIX KCEPOPUTOB
TparakaHTHUKH BBITMOJHSIOT e1ie 00jiee BaXXKHYIO pPOJIb — MX MaXUKyallbHas IPEBECHUHA CITy-
KHUT IPOMEKYTOUYHBIM MECTOOOMTAHUEM ISl MHOTUX HACEKOMBIX.

W3 KpacHOKHMKHBIX PACTEHHH TparakaHTHUKOB CJIEIyeT OTMETHUTH 3(eapy pociyio
(XBOMHUK) — TUIMUYHBIN KCEPOUT, PEIUKTOBOE PACTEHHE, COXPAHUBIIEECS C I0JIETHUKO-
BBIX 310X, SIBJISIETCS TOJIOCEMEHHBIM, HO HACTOJIBKO HE TIOX0XKE HAa CBOMX COPOAMYEH, YTO
oOpa3zyer camocTosiTennbHOe ceMeicTBO 3(enpoBbix (Ephedraceae). B nacrosimee Bpems
adenpa pociias HEYaCTO BCTPEYaeTCsl B KOTJIOBHUHAX I10 JOJHMHAM pek Ypyx, ApaoH u Te-
PEK, 4TO CBSI3aHO C YPE3MEPHBIM BBINACOM M UCIIOJIb30BaHUEM CTeOsIel KyCTapHUKA IS
OBITOBBIX HYKJI B MPOLUIOM, a HApOAHAsI MEIUIMHA U Celyac aKTUBHO HCIOJB3YET Sro-
1Bl 3¢enpbl. BHEIIHAS MPUBIEKaTEIbHOCTh 3TOTO PACTEHUSI MOXKET CTaTh YyIpo30i A ee
€CTECTBEHHOIO MPOU3pAcTaHusl, B CBSI3U C IIMPOKUM HCIOJIb30BAaHUEM B JIaHAIMADTHOM
IU3alHe.

Crnenyer OTMETUTh, UTO HE BCE COOOIIECTBA HArOPHBIX KCEPO(PUTOB MOMAIH B IOJIE
HAlllero BHUMAaHUS, TaK, HAalpUMeEp, HaropHble KCEpOPUTHI C NpeodiasaHueM 3u3udo-
Pl ronoBuaroil (Ziziphora capitata L.) n Tumbsina MoHetuyaroro (Thymus nummularius
M. Bieb.) Ha HETOpPa3BUTHIX CBETJIO-KAIITAHOBBIX KAMEHUCTHIX MOYBAX KPYTHIX CKIOHOB
1okHBIX dKcno3umil (1700-2300 M Hax yp. M.) U MOJISTHBI HATOPHBIX KCEPO(DUTOB Cpeau
MOYOKEBEJIbHUKA KA3allKOr0 Ha KPYTBIX CMBITHIX KAMEHHUCTBIX IOYBAX CKJIOHOB IPEUMY-
LIECTBEHHO I0KHOM sKkcno3uiuu (1600-2000 M Hazx yp. M.), KOTOpbIE BCTPEUAIOTCS TOIBKO
B I0)KHOW IOPCKOM Jienpeccuy B 3apaMarckoi KOTIoBHUHE. B HacTosiiee BpeMs JHO KOTJIO-
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BUHBI IIpe/ICTaBiIsIeT co00i Bopoxpanmiuiie 3apamarckoit '9C, uto BeAeT K yBEIHMUEHHIO
a0COIOTHON BIaXHOCTU BO3[yXa, U, BO3SMOXKHO, CO BpeMEHEM 3apaboTaeT aJanTHUBHBIN
MEXaHU3M 3aMEHbI KCEPO(PUTOB HA ME30(PUTHI, YTO MPHUBENET K OJTYTOBEHUIO SKOCUCTEMBI
[Scheffer et al., 2009; Schmitz, 2010].

OnHUM M3 BaXHBIX aCMEKTOB M3YYEHHS COBPEMEHHOTO COCTOSHMS apHJIHBIX JIAHJ-
madtoB PCO-Ananus sBISETCS MOHUTOPUHT HEOOXOIMMOTO YPOBHS OMOpasHooOpas3us,
KOTOPBIM, P MPOUYMX PABHBIX YCIIOBUSX, & TaKke Ha (JOHE HEMpeIBUICHHBIX (PaKTOB U
(aKTOPOB HETaTMBHOTO BO3AEUCTBUS HAa NMPUPOIHBIE KOMIOHEHTHI U KOMIUIEKCHI, II03BO-
JUT COXPAHUTh YCTOMYHMBOCTH SKOCHCTEMBI B IIEJIOM U €€ OTHEeNbHbIX TakcoHOB [Holling
etal., 1995].

Heb6onpmas mo momanu CeBepHas OceTrs 3aHUMaET OJHO M3 MEpBbIX MecT B Poc-
cuM 110 Onopa3zHooOpa3uio (0OCHOBHBIM KOHKYpeHTOM siBisieTcst Kabapanno-bankapus). Ha
TEPPUTOPUU peciyOnuKu BoIsiBIeHO 2206 BUIOB COCYIUCTBHIX pacTeHUH, n3 HUX 448 BU-
JIOB IIBETKOBBIX PAaCTEeHHUU MPOU3pacTaeT Ha Jyrax, 336 BUAOB — 0OUTATEIN KAMEHHCTBIX
TPYHTOB (CKaJibl, OCBINHU, eOHUCTHIE ouBbl). Kpome Toro, B cocrase iopsl CeBepHoi
Ocerun nmerorcs 306 sunemuunsix U 103 penukroBsix Buga. Hapsny ¢ mmpoko pacmpo-
CTpaHEHHBIMH B YMEPEHHOM I105iICEé CEeMEWCTBaMM, TAKMMHU KaK acTPOBbIC, MSTIMKOBBIC,
JIOTUKOBBIE, SICHOTKOBbIE M MHOTHe Jpyrue, B PCO-Aanus BcTpeyaroTcs pacTeHUs Xa-
pakTepHble AJI TPOIUYECKUX IIMPOT: BEpOCHOBBIE, apOMJIHbIE, MOJIouaiiHble. Takue ce-
MEHNCTBA, KaK TUCOBBIE, ITPE/ICTABIICHBI JIUIIH OTHUM BHIOM — TUCOM SITOIHBIM, 3()eIPOBHIC
U KU3WIOBBIE — A(eIpoii pociioii (XBOMHUK) U KU3UIOM COOTBETCTBEHHO.

CyxocTenHble U HaropHO-Kcepo(uTHBIE (hopMaIiy, 3aHUMAIOIIIE B OCHOBHOM THHIIA
BHYTPUTOPHBIX KOTJIOBUH, Ha KOTOpPbIE MPUXOIUTCS Bcero 8,4 % 1uiomanu pecrnyOiuk,
SIBJISIOTCS. MecToOOuTaHUsIMH, BHECEHHBIX B KpacHyto Kuury PCO-Ananus, sHAEMUYHBIX
U peaKuX opranu3MoB: 20 BUJIOB COCYIUCTBIX PACTEHUH U OJMH BUJ MXa, 0€CTIO3BOHOUHBIX
JKUBOTHBIX HacuuThiBaeTcsa 60 BumoB [Kpachas kuura ..., 2022]. Kpome Toro, apuaHbie
9KOCHCTEMBI YBEIMUMBAIOT NE3aXHOE pa3HOOOpa3ue, yCUIUBAIOT KOHTPACTHOCTD JIAH/-
madToB, BHOCST CYLIECTBEHHBIN BKJIaa B 6uopasHoodpasue teppuropun PCO-Ananus.

BbiBOADI

PetpocniekTuBHBIN aHaIM3 (IOPUCTUYECKOTO COCTaBa ApUAHBIX IKOCUCTEM (Tpara-
KaHTHUKOB, ()pPUTaHBbl, JIyTOBO-CTEIHBIX COOOIIECTB) BBISBUJI UX XOPOIIHE BOCCTAHOBHU-
TeJIbHBIE CIOCOOHOCTH, OCHOBAHHBIE Ha COJEPKAHUN OHOTO MJIM HECKOJIBKUX KOMIIOHEH-
TOB, TO3BOJISIOLINX COXPAHATh TOMEOCTa3 (pUTOLIEHO3a HE3aBUCHMO OT YPOBHS aHTPOIIO-
reHHoi Harpysku [Po3enbepr u ap., 2023].

W3 aTOro Taxxe cieayeT, YTo BCE BapUaHThl KCEPO(PUTHBIX COOOIIECTB, IPEACTABIIECH-
HbI€ HBIHE B MEKT'OPHBIX Aerpeccusx 3a CKaJUCThIM XpeOTOM, SBJISIOTCS alalTHPOBAHHbI-
MU K KOHKPETHBIM YCJIOBUSIM MECTOOOUTAHHI abTepPHATUBHBIMU COCTOSIHUSIMH, 3aPOJINB-
ICHCsS Ha ONPE/ICIICHHOM UCTOPHUYECKOM dTare UcXoaHou ¢opmbl. [lognepikanue ycToi-
YUBOTO COCTOSIHHMSI PACCMOTPEHHBIX (PUTOIICHO30B, HECMOTPSI Ha BBISIBJICHHBIE KOJICOAHUS
B CTOPOHY yXyALIeHHs (AUrpeccusi NacTOMIL, TPOIMHYATAas 3PO3Us, OCTEIIHEHHUE JYTOB)
WIN yITy4lleHHs] (BOCCTAaHOBIIEHHE TPABOCTOS, PACHIMPEHHE BEPXHEH M HMKHEH TpaHuIl
JIECHOTO T05ICa), BO3MOKHO B TOM CJIyyae, KOI/la SKOCUCTEMbI HAaXOIATCA B KOT€PEHTHOM
CTaJINM, TO €CTh, KOT/Ia BHYTPEHHUE U BHEIIHUE CBSI3U SKOCHCTEMBI CHIIBHBI U CIIOCOOHBI
HOPOTUBOCTOSTH 3TUM KOJIeOaHUSIM, COXpaHssl AMHAMHUYECKOE paBHOBECHE, TO €CTh YCTOM-
yusocTs [[Hanpun, 2012].

Jl1s coxpaHeHUs! CIIOKUBILIErOCsl JOCTATOYHO YCTOWYUBOTO COCTOSIHUS SKOCUCTEM He-
00X0IMMO COJEMCTBOBATh OpraHU3allMd COOTBETCTBYIOLIETO MEHEIPKMEHTA: 3aKOHOJa-
TEJIbHO OIPaHMYUTh SKCIUTyaTallMI0 MACTOMIIHBIX U CEHOKOCHBIX YTOJMi, HACTOSTEIHHO
TpeOOBaTh OT MECTHBIX JKUTEIEH U CEeTbX03MPOU3BOIUTENECH BBEICHNS CUCTEMBI OTOPAXKH-
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BaHUS MCIOJIb3YEMbIX yUacTKOB. [I[peBEHTHBHO CO3/1aTh YCIOBHS JUIsl 3AIUThI IPUPOIHBIX
U KyJIbTYPHO-HCTOPUYECKHUX MaMSITHUKOB, IyTeM PACIIMPEHUs IO 0C000 OXpaHse-
MBIX IPUPOJHBIX TEPPUTOPUI Ha BOCTOK B Bepxue-®Puarnonckyto u JlapraBckyro KOTIIO-
BHUHBI ¢ BKimodeHneM [ enamponckoii, Kobanckoit 1 KapmamoHCckoi KOTJIOBUH, MpHIera-
IOLINX C [0ra, BOCTOKa U ceBepa k Jlaprasckoii kotnoBuHe. [Ipennaraemas ¢popma OOIIT
— reonapk, KOTOpbIii, B OTIAMYUE OT APYTHX (OpM, MPUPOJOOXPAHHBINA aKIEHT JIelaeT Ha
reoJI0ro-reoMopQoaoruueckue 0ObeKThl U mporecchl. ['eonapk npeanonaaraetT orpaHuye-
HUS Ha OIIPEJICIICHHBIE BU/bI XO35MCTBEHHON JEATEIBHOCTU U MONJEPKAHUE TPAAULUOH-
HBIX ()OPM IPUPOJIONIONIL30BAHMS, COXpPaHEHHE MPUBBIYHOIO 00pasa KU3HU MECTHOTO Ha-
CEJICHUs], €r0 JYXOBHOM KyJIbTYpbl, OIIEPKUBAET pa3BUTHE TypU3Ma, 00pa30BaTeIbHOM,
BOCIIUTATEIbHOM M HAYyYHOU JeATeTbHOCTH Ha cBoel Teppuropuu. Pacmmpenune OOIIT
Ha BOCTOK IPEBPATUT MPAKTUYECKU BCIO FOPHYIO 4acThb PECHyOIMKH B 0C000 OXpaHse-
MYIO 30HYy € pa3HOOOpa3HbIMU (hOpMaMHU: 3aMOBEIHMK, 3aKa3HUKH, reonapk. Odunmans-
HOE MpHJIaHHE OXPAHHOTO CTaTyca TOpHBIM JaHnamadTaM 1mo3Boiaut Oonee 3PpPeKTUBHO
YIOPABJIATh TYPUCTCKUMU NOTOKaMH, XO35IICTBEHHOM JAESITEIbHOCTBIO U MOJICPKUBATh Ha
HE0OX0IMMOM YpOBHE OMOpPa3HOO0Opa3ue TEPPUTOPHH.

[TpemioxkeHHas MozieNb MPUPOIOOXPAHHOTO MEHEPKMEHTA OyIeT criocoOCTBOBATh CO-
XpaHEHHIO crenU(pUIeCcKoil IBYXPSAIHON CTPYKTYPHI BBICOTHOW MOSICHOCTH BOCTOYHOM Ya-
ctu llenTpansHoro Kaskasza.
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Pe3tome: AKTyanbHOCTb paboTbl. BoaHble pecypcbl A30B0-KyOaHCKOW paBHUHbI, NPEACTABEHHbIE NPEUMy-
LLIECTBEHHO CTEMHbIMU PEKaMu, — OLUH M3 ONpesLensioLnx (akTopos X03SNCTBEHHOrO Pa3BUTUA U re03KOIO-
TMYeCKo 06CTaHOBKM CTEMHOM 30HbI KpacHo4apckoro kpas. ECTECTBEHHbIE U 06YCNOBMEHHbIE TEXHOrEHHbIMI
NPUYUHAMI PasNYNa B (HOPMUPOBAHUM NOBEPXHOCTHOTO CTOKA W TMAPOrpachMyecKinX XapakTepucTuk pek ocrta-
t0TCS HEJOCTAaTOYHO UCCNEA0BaHHbIMU. HenpepbiBHAsS AMIPECCUS PEYHbIX CUCTEM B CTEMHON 30He KpacHogap-
CKOr0 Kpas BCNEACTBWE pacrnallku, NepennaHupoBKN MOBEPXHOCTI BOAOCOOPOB, HApYLLEHUs ApeHaxa nepe-
ropaXnBaLLMI COOPYXXEHUAMM BEJET K yTpaTe pekamu CBOero BOAHO-PECYpCHOro noteHynana. Liens uccne-
N0BaHUA — KONMNYECTBEHHbIE OLEHKM TpaHcdopMaumu pedHbix cuctem A30B0-Ky6aHCKOM paBHUHLI HA OCHOBE
rMAporpagpu4ecknx xapakTepucTuk (LnvMHa BOAOTOKOB, pacnaxaHHOCTb U yp6aHU3UPOBAHHOCTb BOLOCOOPOB U
ap.) 3a nocnegHue fecatunetus (1999-2023 rr.). OcHOBHOe BHUMAHWE yaeneHo 6acceitHam pek MoHypbl n Knp-
NUnKW 06LLeI NNoLWwaabio 4,27 ThiC. KM? ¢ CyMMapHO ANNHOM BOAOTOKOB 1,98 Thic. KM. MeTofbl MCCNEA0BaHUA.
[Tpn 06paboTKe CMYTHUKOBBIX CHUMKOB (Landsat 7/8), pacno3HaBaHWUM KacCoB Ha3eMHOM0 MOKPOBa, pacyerax
ruaporpadgouyecknx nokasatenen u NocTPOEHUN aHANUTUYECKUX KapT npumeHeHbl MC-texHonoruu. Lndpo-
BOE MOZENMPOBaHNE BOAHO-9PO3MOHHON CETU 1 BOSOCOOPOB Pa3HOro NOPsAZAKA BbIMOMHEHO C UCMOMb30BaHNEM
rno6anbHoi uudposoii mogenu penbedda ASTER GDEM2. Pesynbtatbl paboTbl. YCTaHOBNEHbI KONNYECTBEHHbIE
N3MEHEHUS BOSHO-3PO3NOHHOM CETU W CTPYKTYPbl HA3EMHOr0 NMOKPOBa (NoLiagn CelbCKOX03ANCTBEHHbIX M0-
nen, 3aCTPOMKKM, nnasHen 1 ap.) 3a 1999-2023 rr. [ToBCeMeCTHO Ha BOJOCOOPaX HU3LWIEro NopsAKa BbISBNEHbI
«OTMUPAHUSA» BEPXHUX Y4aCTKOB PEYHON W 6aN0YHON CETU W HApYLLEHUsS LPEeHUPOBAHHOCTM Tepputopun. fMo-
[06Has TpaHc(opmaLms Pe4HON CeT CBUAETENLCTBYET O HEYNPaBseMoil BOLOX03ANCTBEHHO Aerpafaunm pek
Ha A30B0-Ky6aHCKOM paBHIHE.

KnioueBble cnoBa: peyHble cuUCTeMbI, A30BO-Kyb6aHCKas paBHUHA, rMApOrpapuyeckue XapakTepucTuku,
CNYTHWKOBbIE CHUMKM, LMHpoBas MoJenb penbeda, reoMHopMaLOHHbIA aHaNN3, Ha3eMHbIi NMOKPOB, TEXHO-
reHHas gerpagauus.

bnaropapHocTu: Vccneno8anne BbinoNHEHO NPpU YUHAHCOBON NOLAEPXKE POCCUICKOro Hay4HOro ghoHaa
u KybaHckoro Hay4Horo ¢hoHza B pamkax npoekta Ne 24-27-20005.
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(pUYECKIMX XapaKTePUCTUK 1 HA3EMHOr0 NOKPOBA B peyHbIX 6accerHax A30B0-Ky6aHCKON PaBHUHBIL. [€010rus n
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Abstract: Relevance. Water resources of the Azov-Kuban Plain, represented mainly by steppe rivers, are one
of the determining factors of economic development and geoecological conditions of the steppe zone of Krasno-
dar Krai. Natural and technogenic differences in the formation of surface runoff and hydrographic characteristics
of rivers remain insufficiently studied. Continuous digression of river systems in the steppe zone of Krasnodar
Krai due to plowing, redevelopment of the surface of watersheds, and disruption of drainage by damming struc-
tures leads to the loss of rivers’ water-resource potential. Aim — quantitative assessments of the transformation
of the river systems of the Azov-Kuban Plain based on hydrographic characteristics (length of watercourses,
ploughed and urbanized watersheds, etc.) over the past decades (1999-2023). The main attention is paid to the
basins of the Ponura and Kirpili rivers with a total area of 4.27 thousand km? with a total length of watercourses
of 1.98 thousand km. Methods. GIS technologies were used for processing satellite images (Landsat 7/8), rec-
ognizing land cover classes, calculating hydrographic indicators and creating analytical maps. Digital modeling
of the water-erosion network and catchments of different orders was performed using the global digital relief
model ASTER GDEM2. Results. Quantitative changes in the water-erosion network and the structure of the land
cover (area of agricultural fields, buildings, floodplains, etc.) for 1999-2023 were established. Everywhere in the
lower-order catchments, “dying off” of the upper sections of the river and ravine network and violations of the
drainage of the territory were revealed. Such a transformation of the river network indicates uncontrolled water
management degradation of the rivers on the Azov-Kuban Plain.

Keywords: river systems, Azov-Kuban Plain, hydrographic characteristics, satellite images, digital elevation
model, geoinformation analysis, land cover, technogenic degradation.
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BeepeHme

B ycrnoBusix pactymiero aedunura Boabl B cTemHOM 30He KpacHomapckoro kpast 0co-
Oy10 aKTyaJbHOCTH [l 00eCTIeYeHUs X035 CTBEHHOH IeTeIbHOCTH MMPHUOOPETAIOT Uccie-
JIOBaHMs BOJHBIX PECYPCOB CTENHBIX pek. CpeaHue u Majible peku crenHoi 30Hb! FOra
Poccun, Britouas pexu A3zoBo-KyOaHCKoi paBHUHBI, Ha (DOHE MX TEXHOTEHHOM Jerpaja-
IIUH TIepeluTH YepTy dKojoruyeckoro kpusuca [[loropenos u nap., 2024]. HaGmiomaercs
HEKOHTPOJIUPYEMOE YXYAIIEHUE PEYHBIX CUCTEM IO BO3ACHCTBHEM YEIOBEYECKOM, B TOM
YUCJIe BOAOXO3SMCTBEHHOM NEATEeILHOCTH, TO €cTh ux nerpananus [Cy3nanesa, [oproHo-
Ba, 2014]. B TeueHne MHOTHX JIeCATHIETHH Ha pekax A30Bo-KyOaHCKON paBHHHBI OTMe-
YaeTcsl yMEHBIIEHUE CTOKa, CHUKEHUE TPAHCIOPTUPYIOIIEH CIOCOOHOCTH pEK, YCUIIEHUE
9PO3HOHHBIX MPOIECCOB HAa BOJOCOOpaX, HAKOIUICHUE 3arpsI3HSIOIIMX BELIECTB B BOJE U
JIOHHBIX OTJIOKEHUSX, YTO, B CBOIO OUEPElb, IPUBOIUT K YMEHBIICHHUIO [ITyOHH, 3BTpOdHU-
Kalluy U yXYALIEHUIO SKOJIOTMYECKOTO COCTOSIHMS peuHbIX 3kocucteM [Iloropenos u ap.,
2023, 2024; bentouenko, 2010; bemouenko 2017; Cycnos, 2015; Dxomorusi peyHbIX ...,
2023]. MeponpusThs 1O 3KOJIOTMUECKOMY O3/J0POBIIEHUIO PEK B BUJE HEPETYISIPHON U
BEChbMa 3aTPaTHOM PACUMCTKU OTJEJIbHBIX HEOOIBLINX 10 IPOTSKEHHOCTH YUaCTKOB PyCe
HEKOTOPBIX CTEMHBIX PEK HeNb3sl NpU3HaTh 3((HEKTUBHBIMHU.

OCHOBHBIE TEXHOTE€HHBIE NMPUUYMHBI JUIPECCUU PEUYHBIX SKOCHUCTEM B CTEMHOM 30HE
KpacHonapckoro kpas: pa3pylLIeHHE €CTECTBEHHOIO IOYBEHHO-PACTUTEIBHOIO MOKPOBA
Ha BoJocOOpax ¢ (hOPMUPOBAHMEM HA3EMHOI'O MOKPOBA TEXHOT€HHOTO MPOUCXOKIICHUS;
neperuiaHupoBKa CKJIIOHOB BOJ0COOPOB; pacmalika oM (3a4acTyro 10 ypesa BOJbl) U py-
celt; 60JIBIIOE KOJIMYECTBO NEPErOPAKUBAIOIINX COOPYKEHUI Ha peKax; HapyllIeHue ecTe-
CTBEHHOTO JIpeHa)ka TEPPUTOPUH, BKIIIOYAsl CO3/1aHHE HMCKYCCTBEHHOM HpPPHUTralliOHHON
CETH; HapyllleHHe BOJOOXPAHHBIX U CAHUTAPHBIX 30H BIOJIb BOJHBIX OOBEKTOB, a TAKKe
HENpaBWIbHOE 3eMJICTIONIb30BaHKE B IpeieaxX NpUOPEKHbIX 3aIUTHBIX M10JIOC.

MHoroneTHie U3MEHEHUs TUIporpaduIecKuX XapakTepucTuk pek A3oBo-KybaHckoit
PaBHUHBI, UCIIBITHIBAIOLIMX TEXHOI'€HHBIE BO3/IEHCTBUSA, OCTAIOTCSl HEIOCTAaTOYHO MU3yUEH-
HbIMU. Kpome Toro, B kax/10M 13 0acCeiHOB TEXHOI'€HHbBIE IIPOSIBIICHUS] UMEIOT HEOAMHA-
KOBYIO BBIPQ)KEHHOCTh B THAPOTrpaduUecKuX MoKazaTesax (IUIMHAa BOJOTOKOB, paclaxaH-
HOCTh U YpOaHU3UPOBAaHHOCTH BOI0COOPOB U 1p.). OTCrona, 11enh paboThl — OLEHKA TeX-
HOT€HHBIX IpeoOpa3oBaHuil peuHbIX cucteM A30B0-KyOaHCKoW paBHHMHBI 3a MOCI]EIHUE
JECATUIIETUS 10 TAHHBIM THAPOTpapUUECKUX XapaKTePUCTHK.

Hacrosiiias ctarbs npoJosmKaeT UCCleI0BaHUS TEXHOTeHHON TpaHCPOpMaIiK PEYHbIX
6acceiinoB B KpacHonapckom kpae [Iloropenos u np., 2023, 2024], pokycupys BHUMaHue
Ha HeucclenoBaHHBIX Oacceiinax pek [lonypel m Kupnunu. JlaHHbIe peku B HacTosIee
BpeMs (haKTUUECKH MPECTABISIOT cO00I MPHUPOTHO-TEXHOTEHHBIE CHCTEMBI C N3MEHEH-
HBIMU MOP(OMETPUUECKUMHU U MOP(HOJIOTHIECKUMHU XapaKTEePUCTUKaMU, BBICOKOH 3apery-
JMPOBAHHOCTHIO CTOKA M HAPYIICHHBIMH ITOKA3aTeIsIMUA BEIIECTBEHHOTO OOMEHa.

OBBbEKT UICCASAOBAHMS

A3zoBo-Ky0aHckas akkyMysIsITUBHAsl paBHMHA 3aHUMAET 3amna/iHyto yacTh [IpenkaBkas-
CKOHM JIenpeccuu, UMeeT c1a00 HaKIOHEHHYIO K CEBEpO-3amaly MOBEPXHOCTh ¢ Ipeoliia-
JaroImuMu adcomoTHBIME BbicoTamu 20—150 M. PaBHHHA cliojkeHa JIETKO pa3MbIBaEMbIMU
JIECCOBUAHBIMU CYIIMHKaMU M IIMHAMU, BOJIU3U 10OEPEk b — JI€IBTOBBIMU OTJIOKEHUS-
mu. [ToBepxHOCTH €€ c1abo pacuseHeHa, peuHble JOIMHbI HENTyOOKHUe, BOAOPA3IENIbl MOp-
(onoruuecku He BhIpakeHbl. JJOTHHBI peK, He pa3padoTaHHbIE B BEPXOBbAX, KaK MPaBUIIO,
pacIIMpSIOTCSA B CPEIHEM TEUEHMH U JOCTUIalOT MAaKCHMaJbHOW IIMPUHBI B HU30BbAX. B
3aaJHoM YacTH PaBHUHBI YPOBEHb PEK pacIoiaraeTcs NOYTH BPOBEHb C MECTHOCTBIO; Ha
JIEJIBTOBBIX Y4acTKaX MOBCEMECTHO Pa3BUTHI IIJIaBHHU.
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Amnanusupyemsle 6acceitnbl pek Kupnunu u [Tonypsl 3aHUMaIOT I0XKHYIO 4acTh A30BO-
KyOaHckoii paBHUHBI (puc. 1), BXOAS OTYACTH B aJMHUHMCTPATHUBHBIC TPAHUIBI ropoja
Kpacnonapa. IleperopakuBaroriyie coopy>keHus (TUIOTHHBI) pa30MBAIOT PEKH Ha LIETh IIPY-
JI0B, KAKOBBIX 110 HAIIUM JAaHHBIM B pycie Kupnnnu nacuutsiBaercs 71, B pycie [lonypsl
— 34. lllupuHa pycei, a (pakTUYECKH MPYIOB, HA HEKOTOPBIX yyacTkax jgocturaet 300 M u
6onee. B MexeHb Mpy/abl MOTYT UepeloBaThCs ¢ yYaCTKaMU IepEeChIXaloIuX pycell, Ipe-
BpaLasCh B [IOCIIEN0BATENBHOCTh U30JINPOBAHHBIX BOJOEMOB.

Kanesckas
(Kanevskaya) =

£
HosoKyﬁaNcK‘
Novokubansk)

Kpacn-co,qap ;
] ‘.}(Kr'é?nodar)\

HOBOpOCCMVICK
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R 1

I'ene[-u:wuk..
(Gelendzh\k)
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Hacenénmble nyHkTbI /
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: Wccnenyemble Gacceithbl /
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Kupnnu / Kirpili

Puc. 1. Pacnonoocenue uccnedyemuix peunvix baccetinos na meppumopuu Kpacrnooapcroeo kpas /
Fig. 1. Location of the studied river basins in the Krasnodar territory

Uccnenyemas Tepputopust HAXOAUTCS B 30HE CEMUAPUIHOIO KiIMMara. [ T1aBHBIN HcC-
touHuk nutanus Ilonyper m Kupnunu — armocdepnbie ocaaku ¢ makcumymom (200—
300 mM) B Teruioe BpeMs roaa. Jlerom ydactue arMoCpepHBIX 0CaIKOB B (POPMUPOBAHUU
PEYHOI0 CTOKa 3aMETHO CHM)KAeTCS M3-3a BBICOKMX IOTEph HA MCHapeHue, npeoliagaer
NUTaHUE T'PYHTOBBIMHM BOJIaMHU C IOBBILIEHHONW MHMHEpanu3anueil. 3MMON CHEXHBIA MO-
KpOB XapaKTepU3yeTcs HEYCTOWYMBOCTBHIO U MaJION MPOAOIKUTEIBHOCTBIO 3aJIeTaHMsl.
CxopocTh TeueHus: Ha pekax HeBbicokas — He Oomnee 0,1 m/c [Jlypswe, [Tanos, 2021]. Pe-
KUMY HCCIIEYEMBIX PEK CBOMCTBEHHO BECEHHEE TIOJIOBO/IBE, OTHAKO €CTECTBEHHBIN CTOK
HapyIIeH MJIOTUHAMHU, OOJNBITMHCTBO U3 KOTOPHIX HE MMEET BOJOIMPOIYCKHBIX YCTPOUCTB.
[TorbEMBI YpOBHSI BO BpeMsl IOJIOBO/IbsI HE3HAYUTEIIbHBI, YTO, TEM HE MEHEE, IPUBOIAUT K
3aTOIUICHUIO0 MHOTHX TUIOTHH. MUHHMAaIbHBIE YPOBHU HAOIOAAIOTCS B KOHIIE JIeTa — Ha-
yaJie OCEHU. B 11e10M romoBoMy X0y YPOBHEW BOJBI HA PEKaX CBOMCTBEHHA YCTOMYNBOCTh
— TI0JI0BO/IbE U NTABOJKU CITIA’KEHBI.

TexHoTeHHbIE BO3JEHCTBHS B BUJIE arPOTEXHUYECKOM NEATEILHOCTH Ha BOAOCOOpax,
BIUSTHUE TUAPOTEXHUYECKUX COOPYKEHUH M MH)KEHEPHBIX MEPONPHUATHUN Ha PyCIIOBBIC
MPOLIECCHl UMEIOT B COBOKYITHOCTH HEYMPABISIEMBI XapakTep. VIHTerpaTuBHBIN BKJIa
TEXHOTEHHBIX MpeoOpazoBaHuii B (hopMUpOBaHHE PEYHOTO CTOKA M BOAHOTO OajaHca HC-
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cienyeMoil TeppuTopuu He orpeaesiéH. OCHOBHbIE TPUYMHBI — HEIOCTATOYHAsI U3Y4YEH-
HOCTh TEXHOTEHHBIX MPeoOpa3oBaHuil U UX TUAPOIOTHIECKUX YPPEKTOB, HEpa3BUTAS TH-
JPOMETEOPOIOrnYECKas CETh.

MeToAbl NCCAEAOBAHMS

B cootBercTBUM ¢ nanamadTHO-ruAposorndeckuM mnoaxonom [Koconamos u ap.,
1995; Tlo3zaueHtok u np., 2022] cymiecTByeT TeCHash B3aMMOCBS3b MEXIY JIaHamadT-
HOM CTPYKTYypO# BOogocOOpa M XapaKTepUCTUKAMU CTOKA PEK, CTEKAIOIIUX C ITOTO BO-
nocbopa. OneHka u3MeHeHUU rugaporpapuyeckux (Mopdomerpudeckux u Mopdoo-
TMYECKUX) XapaKTePUCTUK BBIMOIHIETCS B HACTOALIEH padoTe ¢ UCIOIIb30BAHUEM JIaH-
HBIX JMCTAaHLIMOHHOTO 30HJAMPOBAHUS — CIyTHUKOBBIX CHUMKOB U HU(MPOBBIX MOjemeit
penbeda.

Cpenu runporpad@uueckux XapakTepUCTUK CTEMHBIX PEK CYIIECTBEHHBIMH B aCIIEKTe
npeoOpa3oBaHUil peuyHbIX BOJOCOOPOB SBISIOTCA UX PAaCHaXxaHHOCTh U ypOaHW3MPOBaH-
HOCTb. YIIOMSIHYTBI€ XapaKTEPUCTUKHU OMOCPEAYIOTCS KilaccaMy Ha3eMHOTo MmokpoBa. Ha-
3eMHBIH TTOKpOB (landcover) — TEpMUH, OTHOCSIIHICS K (DU3HUECKOMY MOKPOBY 3E€MHOM
MOBEPXHOCTHU M BKJIIOYAIOIIHI B ce0sl pa3HbIE TUIIBI 36MEIbHBIX YYaCTKOB M UX XapaKTepu-
CTHKH (JIeca, MacTOUIIIa, FOpbl, TOPO/IA, CEIbCKOXO3SICTBEHHBIE YTO/bsl, BOIHBIE OOBEKTHI
u 1.1.) [Bartholome et al., 2002; CaBun, bepesyukas, 2024]. Cornacho [Yang, Xin, 2021],
Ha3eMHBII TTOKPOB — ATO OHodu3ndeckas 00o04uKka, HabIoIaeMasi Ha 3eMHOM MTOBEPXHO-
CTH, KOTOpasi BKJIIOYAET B ce0sl KaK IPUPOAHbIE OOBEKTHI, TAK U aHTPOIIOTeHHbIE. Pa3Hble
KJIacChl HA3€MHOTO TIOKPOBA UAECHTU(PHUIUPYIOTCS 110 JaHHBIM CITyTHUKOBBIX CHUMKOB.

B pacuerax xapakTepHCTHUK PEUHBIX CUCTEM aBTOPHI OMUPATUCh Ha IPUEMBI THAPOTpa-
(buu, Ipu MOCTPOCHUH KapT U MPOBEJCHUN MPOCTPAHCTBEHHBIX PACUETOB — HA HHCTPYMEH-
el ' C-kapTorpadupoBanusi 1 ONBIT TPOCTPAHCTBEHHOTO aHAJIM3a THAPOrpaPUUecKux
xapakrepuctuk [[loropenos u mp., 2023, 2024; Sangle, Yannawar, 2014; Daramola et al.,
2022; Dwivedi et al., 2022; Kumar et al., 2021; Nikolova et al., 2022; Sondarva et al.,
2023; Chhetri, 2023].

Bexropusanus cetu TaabBeroB (MMOCTOSHHBIX U BPEMEHHBIX BOJJOTOKOB) M IPAHULL Pey-
HBIX OaccelinoB npoBoamiiack B cpeae [ MC mo oTkoppeKTHpoBaHHOM 00ambHOM U po-
Boii montenu penbepa ASTER GDEM?2 ¢ mpoctpancTBeHHbIM paspemienuem 30 m. Bepu-
(buKaIys 1 KOppeKTUPOBKA MOJIOKEHUS OIM(PPOBAHHBIX BOAOTOKOB, & TAKXKE PE3Yy/IBTaTOB
nemuprUpoBaHus KJIACCOB HA3€MHOTIO MOKPOBA OCYIIECTBISUIUCH C IOMOILBIO CEpBUCA
Google Earth Pro. PacxoxieHune o1ieHOK MII0IIa iy peuHbIX 6acCeHOB | JJIMH PEK B CIpa-
BOYHBIX U JINTEPATYPHBIX HCTOYHUKAX OOBACHSICTCS HEONPEIEIEHHOCThIO MOJI0KEHUS JIU-
HUI BOJOpA3/IeoB BKYIE C Pa3IMYMsIMH B OINPEIeICHNH KOHEUYHBIX CTBOPOB YCTHEB PEK
(BmazieHne B MOpe WM B JTUMaH).

Jlns uaeHTuuKay K1accoB Ha3eMHOT0 IOKpoBa B Oacceitnax pex Kupnuau u [lony-
psl 3a iepuoa 1999-2023 rr. ucnons3oBaHbl KocMudeckue cHUMKH Landsat 7/8, mpoctpan-
CTBEHHOE pa3pelIeHre KOTOphIX coroctaBumo ¢ pazpemennem [IMP ASTER GDEM?2.
Jliist cobmroieHNst KOPPEKTHOCTH CPAaBHEHMSI Pa3HOBPEMEHHBIX CHUMKOB JaThl CbEMKHU BbI-
OpaHbl Ha IEPUO/IBI BPEMEHH, IPUXOASAIINECS Ha a3y MEKEHH B UCCIEAYEMbIX PEKax.

[Tpu nemmdpupoBaHUN KOCMHUYECKUX CHUMKOB, ciieayst metoauke [Iloropenos u np.,
2023, 2024], 3a ocHOBY KiaccU(pUKallMd NMPHUHATA HOMCHKJIATypa HA3€MHOTO IOKPOBA,
pazpabotannas st eBporneiickoit mporpammsl CORINE LandCover (CLC). Jlerenna xapt
CLC cocrout n3 44 TunoB 3eMHOHN NOBEepXHOCTHU. {1 UCCieyeMoil TeppUTOPUHA HaMU
Ha cHuMKax Landsat 7/8 BbIZienieHO YeThIpe Kilacca Ha3eMHOT0 MOKpoBa: 1) cenbckoxo3sid-
CTBeHHBIC yrojbs (Agricultural areas), 2) HaceleHHbIC ITYHKTBHI M 00BEKThI HHPPACTPYK-
TypHsl (Artificial surfaces), 3) muiaBuu (Oonota) u npeBecHasi pacturensHocTh (Wetland,
Forest sandsemi-natural areas), 4) Bogubie 00bekThl (Water body). O6beanHeHue 1iaBHei
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U JIPEBECHOW PAaCTUTEIILHOCTH B €IMHBIN Kjacc 0O0YyCJIOBIEHO CIIOKHOCTBIO MX HUICHTH-
¢buKau Ha KOCMHYECKHX CHMMKAaxX KaK OTJENbHBIX KJIacCOB Ha3eMHOH MOBEPXHOCTH B
YCIIOBUSIX MCCIIEYEMbIX PEUHBIX OacCETHOB.

Pe3yAbTaTbl PABOTHI M UX OBCYXAEHMNE

JlnuHa BOJOTOKOB BBICTYIAeT MH(POPMATHBHBIM IOKa3aTeleM cpelu ruaporpaduye-
CKHMX XapaKTepUCTUK B aCIIEKTE€ MHOTOJIETHEN JIerpajjaliii peuHoil ceTu. B nporecce BeKTo-
pU3aIK rpaHull 0acCeHOB HUBIIMX MOPAIKOB BHYTpHU OacceliHoB pek [lonypsl (miomanb
1353,1 km?) u Kupnnmu (2920,8 kM?) BeleieHo 26 4acTHBIX BogocOopoB: 18 — B Gacceline
Kupnunu u 8 — B Gacceiine [lonypsl ¢ oOuiei Bapuarueil miomaaeid Bogoc6opos 23...
617 km?. Ananu3 TpancopMaluy BOJHO-OPO3MOHHOM CETH B UCCIIEAYEMBIX OacceiiHax
nokasai, 4ro 3a 1999-2023 rr. npou30LII0 YMEHBUIEHUE MPOTSHKEHHOCTH BOJIOTOKOB B
Ka)KJIOM M3 BBIJCJIEHHBIX YaCTHBIX BOA0CcOOpoB — oT 5,3 1o 31,2 %. B pesynsrare B Oac-
ceiiHe p. Kupnwiu cymmapHas ainuHa BOIOTOKOB 3a 24 ronma cokpartwiack ¢ 1821,7 no
1427 xm, To ecth Ha 394,7 kM (unm Ha 21,5 %), B Oacceiine p. [lonypsi ¢ 613 10 550,5 kM —
Ha 80,5 km (12,2 %).

Kapra (puc. 2) orpaxaeT U3MEHEHUs JUIMHbI BOJIOTOKOB B OacceiliHax pek [loHypsl n
Kupnunu B cpaBHEHUU ¢ JAPYTUMHU peUHbIMH OacceiiHamu A30B0-KyOaHCKOW paBHUHBI.
VYCcTaHOBIEHO, YTO MOJ3yyasi SKCHAHCHUsS MaXOTHBIX 3€Meb NPUBOAUT K YHHUUTOKEHUIO
BEPXHUX 3BEHbEB BOJIHO-IPO3UOHHON CETH, NIPEIONIPEEIIsAs, B CBOIO OUYEPE/b, IOCIENYIO-
111ee HapyllleHUe aKTUBHOCTH (PIIIOBUAJIBHBIX IPOLIECCOB U APEHUPOBAHHOCTH TEPPUTOPHUU.
B 11e;10M 3TO CBUACTENBCTBYET O JIErpajaliiy peuHoii ceTr Ha A30B0o-KyOaHCKo# paBHUHE.
OTmeTuM, YTO BETUYMHBI COKPAIICHUSI BOJAHO-IPO3UOHHON CETH B YaCTHBIX BOIOCOOpax
B Oacceitnax Kupnwiu u IloHypbl BOJTHE COMOCTaBUMBI C COOTBETCTBYIOLIUMH TTOKa3a-
TEJISIMH, paHee TOTYyUYEeHHBIMU HaMHU ISl YaCTHBIX BoocOopoB pek Es, Anbamm, Yenbac,
Beiicyr u ap. [IToropenos u ap., 2023, 2024].

panuupl parioHos / Municipal boundaries
:’ YacTHble BogocHopl / Local watersheds
ZZ] WUccnepyemble Bacceitnbl / Researched basins ¢
CokpalueHvne obLieil ANWHbLI BOAOTOKOB, % /
Reduction in the total length of streams, %

| meree 10/ less than 10

| | 10-20
| 21-30

[ 31-40

- Gonee 40 / over 40

Puc. 2. Coxpawenue obueii Onunvl 6000morog 3a nepuoo 1999-2023 ze. ¢ baccetinax HU3WUX NOPAOKOs /
Fig. 2. Reduction in the total length of watercourses for the period 1999—2023 in lower-order basins

PaccmoTpuM u3MeHeHus B CTPYKType HazeMHoro nokposa. B Kpacnonapckom kpae 3a
2018-2023 rr. mpou301U10 HE3HAYUTENIbHOE COKpalleHue momaay nanuu (Ha 0,1 %) npu
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YCTOMYMBOM yBEJIMUYEHUH IUIOIIAAEH HAaceleHHbIX MyHKTOB (Ha 2,3 %) [bapcykosa u np.,
2025]. ITonoGHble U3MEHEHUs BIIOJIHE 3aKOHOMEPHBI ISl MOCHEAHUX AecatumieTui. Ilo-
HATHO, YTO BHYTpPHU PETMOHA 3Ta TUHAMUKA, BI3BAHHAS MECTHBIMHU TPEHIAMU 3EMJICTIONb-
30BaHMsl, HeoqHOpoiHA. CBeleHUs O paclpeieeHUH KJIaCCOB Ha3eMHOI0 OKPOBa B ped-
HbIX Oaccelinax Kupnuiau u [loHypbl, paccMaTpuBaeMble ¢ MO3UIUHM THIPOrpaduuecKux
XapaKTepUCTHUK (pacraxaHHOCTb, ypOAaHU3UPOBAHHOCTH), IPUBEICHbI B Tabnumax 1 u 2.

Tabnuya 1/ Table 1

Pacnpenenenue kiaccoB Ha3eMHOro okposa B 6acceiiHax pexk Kupnuau u Ilonypsi /
Distribution of land cover classes in the Kirpili and Ponura river basins
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Kuprumu /
1 PIIHIII 2920,72 18 17,65 | 7,20 | 3,35 | 71,80 [10,39| 7,65 | 2,65 | 79,31
Kirpili
ITonypa /
2 YP 1353,08 8 16,55 | 8,10 | 1,35 | 74,00 [15,30(10,21| 2,02 | 72,47
Ponura

[TonmaBnstonas yacTh IUIOLIAAM AHAIM3UPYEMbIX OAcCEHOB 3aHATa CEJIbCKOXO3sii-
cTBeHHBIMHU TTOJIsIMH (72,5-79,3 % 1o manuabiM 2023 1) (Tabm. 1). OgHako MHOTOJICTHHE
U3MEHEHHUS IUIOIIAAN ToJiei B OaccelfHaX, KaK BBIACHWIOCH, pa3HOHAmpaBlieHHbIE. Tak,
B Oacceitre p. [lonypsl B 1999-2023 rr. HaOMI0M1a7I0Ch YMEHBIIICHHE TJIOMIAAR CEITBCKO-
XO34MCTBEHHBIX ToJel ¢ 74 1o 72,5 % npu yBeanueHUU IUIOIIAAN TJIaBHEH; B Oacceiine
p. Kupnunu 3adukcupoBan 3aMeTHbIN pocT miomaau nonei — ¢ 71,8 no 79,3 %. Ha ¢one
pocTa MmoLaay MaluHu COKpalleHHe AIUHBI BOIOTOKOB B Oacceiine p. Kupnunu Bronne
00BSICHUMO.

Ha ypoBHe uacTHBIX BogocO0poB auddepeHnnanus Ha3eMHOTO MOKPOBa XapaKTepH-
3yeTCsl UX 3HAYUMBIM paz0pocom (Tabi. 2) u onpeneIeHHIMA MHOTOJIETHUMH H3MEHEHH-
samu. Tak, OTHOCUTENbHAS TUIOIIA/b, 3aHITAs B YACTHBIX BOJOCOOpax HACEICHHBIMHU MTyH-
KTaMHU ¥ 00bEKTaMU HHPPACTPYKTYPhI U OTpaKaroIas ypoaHU3UPOBAHHOCTh, U3MEHSETCS
B 2023 1. o1 2,4 % (6anka Cyxas) 1o 19,9 % (amwxuee teuenue [lonypsr). A oTHOCUTENbHAS
IUIOIIA/Ib CEIbCKOX03HCTBEHHBIX MOJIEH, XapaKTepHU3YIolasi paclaxaHHOCTb YaCTHBIX BO-
nocOopoB, Bapeupyet 1o naHHbM 2023 1. ot 63,1 % (cpennee Teuenue Kupnunu) 1o 92 %
(6anmka Cyxas).

XapakrepHble n3mMeHenus 3a 1999-2023 rr. B cTpyKType Ha3eMHOT'O ITOKPOBA PEYHBIX
0acceiiHOB, BbI3BAaHHbBIE XO3SIIICTBEHHON JESITEIbHOCTHIO, IIOKAa3aHbl Ha (pparmeHTax o0-
paboTaHHBIX CIYTHHKOBBIX CHUMKOB (pHc. 3, 4). HecMoTps Ha CIOXHBILIYIOCS B IIEJIOM
CTPYKTYPY 3€MJICTIONIb30BaHMsI, COOTHOIIIEHUE KJIACCOB HA3€MHOT'0 MIOKPOBA B BOIOCOOpax
MPOJOJKAET MEHATHCS, YTO HAILIO CBOE OTPaXKEHHE B pe3yibrarax IeHIM(ppUpPOBAHUS
(Tabm. 2).
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Tabnuya 2 / Table 2

Pacnpenenenue Ha3eMHOro MOKPOBa B YaCTHBIX BOJ0cOOpax B GacceiiHaxX pek
Kupnuiau u Ionypsl / Distribution of land cover in individual catchments

in the Kirpili and Ponura river basins

1999 1. / 1999 year 2023 1./ 2023 year
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Bacceiin p. Kuprwmm / Kirpili River basin
1K gﬁﬁﬁj‘;yj;ﬁéy 2332 | 1,32 | 6,67 |0,04] 91,97 | 2,45 | 8,38 | 0,04 | 89,13
2K EaﬂKaHepBa’” 40,54 | 9,90 | 8,75 |1,10] 80,25 | 9,74 | 7,45 | 1,08 | 81,74
ervaya valley
3K | Immk / Pshik 41,97 | 14,94 | 551 10,90| 78,65 | 4,96 | 5,78 | 0,42 | 88,84
2-a Kouersl
4k | (Bepxmee Teuenne) | o) o | 1005 | 548 [162] 82,65 | 5.83 | 637 | 1.41 | 8639
/ 2-ya Kochety
(upperflow)
3-a Kouetsr
sk | (Bepxuee Tedenme) |50 5q | 13098 | 482 [133]79.87 | 323 | 471 ] 093 | 91,12
/ 3-ya Kochety
(upperflow)
6Kk | PasnombHan/ 39,68 | 19,18 | 5,13 0,43 | 75,25 | 3,67 | 2,67 | 0,35 | 93,32
Razdolnaya
7k | 1 Kouerer/1-ya 212,7564| 11,34 | 831 [1,98] 78,37 | 9,60 | 7,27 | 1,81 | 81,33
Kochety
3-a KoueTs!
gi | (mmwxneeTedenue) | oy on | 5o 41| 904 |1.96] 66.59 | 14,93 ] 8,72 | 3.12 | 7323
/ 3-ya Kochety
(downflow)
Kupnumm (BepxHee
9K | Teuenme) /Kirpili | 464,73 | 2021 | 6,72 |1,55| 71,52 | 10,99 | 4,64 | 1,17 | 83,19
(upperflow)
2-a KoueTtsr
joK | (mmwknee Tewenne) | o) 5o | 9097 [ 700 0.80] 71.44 |17,54|11.10] 1,90 | 69.46
/ 2-ya Kochety
(downflow)
11K | CraBok / Stavok 39,87 | 14,41 | 11,80 [3,74| 70,05 | 4,93 | 4,53 | 2,81 | 87,74
12K | Kouersi / Kochety | 190,34 | 16,21 | 9,61 [2,02| 72,16 | 6,96 | 9,12 | 2,55 | 81,37
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2023 1. /2023 year
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13K E?‘p‘?““"“"” 180,32 27,17 | 7,34 |1,60| 63,89 [12,90| 7,41 | 1,61 | 78,08
irpiltsy
14K 8‘*613”0‘3“3’” 65,71 |23.46 | 8,40 |1,10| 67,05 | 3,09 | 9,46 | 0,65 | 86,80
cheretovataya
Kupnunu (cpennee
15K | teuenne) / Kirpili | 226,39 | 25,75 | 7,49 [3,63| 63,13 | 10,79 8,09 | 4,97 | 76,15
(middleflow)
jK | Dpevanas Gamaa/ | 51y 0e | 1574 | 879 [385| 71.62 | 9.41 |10,69| 2.33 | 77.57
Grechanaya balka
17K | banxa Tapanuesa/ | 5935 | 1096 | 610 [324] 7971 | 6.81 | 5,04 | 2,77 | 85.39
Tarantseva valley
Kupnwmu (HmkHee
18K | teuenne)/ Kirpili | 617,91 | 16,85 | 6,50 [8,00| 68,65 |14,91| 9,88 | 5,01 | 70,20
(downflow)
Bacceiin p. [lonypst / Ponura River basin
11 %‘”HOHypa”'ya 46,66 | 10,67 | 547 |1,65] 82,21 | 11,53 |13,12] 3,01 | 72,34
onura
o1 %‘”HOHYPZ‘/ 2¥a | 6458 | 894 | 494 053] 8559 | 623 | 729 | 0,67 | 85.81
onura
31 | Oceuku/Osechki | 74,28 |16,08 | 8,72 |0,26| 74,94 | 18,19 |13,80| 0,23 | 67,78
[Tonypa (BepxHee
ATT | teuenue)/Ponura | 31524 | 19,25 | 8,70 [1,02| 71,03 | 15,76| 9,53 | 1,38 | 73,34
(upperflow)
Banka
511 g“‘"M’IHHa’” 62,66 | 14,43 | 557 |2,11| 77,89 [14,33] 6,57 | 1,31 | 77,78
ezymyannaya
valley
ITonypa (HrKHEE
611 | Teuennue)/Ponura | 299,18 | 21,09 | 9,49 |1,73| 67,69 | 19,88 8,49 | 3,32 | 68,30
(downflow)
qnn | Bamxa Kocaraa/ 265,77 | 14,60 | 9,62 |2,40| 73,38 | 8,32 [16,23| 1,18 | 74,27
Kosataya valley
[Honypckuii
8I1 | xaman/Ponurskiy | 224,71 | 13,21 | 5,55 0,37/ 80,87 | 19,53 | 6,37 | 3,16 | 70,93
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OtmeTnM 0e3yClIOBHOE JTOMUHHUPOBAaHUE arpoUTOIEHO30B (MAlIHK) B JaHAmAa(ToO-
Opa30BaHUU MIPU MOTYMHEHHOU POJIH 3€Mellb, 3aHATHIX 3aCTPONKON M BOJHBIMH OObEKTa-
MU Ha YacTHBIX BojmocOopax (Tabm. 2, puc. 3, 4), 4TO XapakTepusyeT TepPUTOPUATBLHBIC
0COOEHHOCTH 3emJienonb3oBaHus Ha A30Bo-KyOaHckoil paBHuHe. IlonmydeHHble TaHHbBIE
3aKJIQJBIBAIOT OCHOBY JIJIs TIOCJEAYIONIUX OIICHOK BKJIa/1a TEXHOTEHHBIX MPpeodpa3oBaHuil

MMOBEPXHOCTH BOOCOOPOB B BOJHBIN OallaHC TEPPUTOPHH.

,{ 14.08.1999 I

g
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Kaacenr nazemuoro nokposa (Classes of land cover):
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0 2,5 5 10 km(km)
J
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Puc. 3. Pacnosnasanue knaccos nazemno2o nokposea 6 baccetine p. Kupnunu na cHumxax cnymuukos
Landsat. Xapaxmeprvlie npumepor usmenenuti nosepxnocmu 3a 1999-2023 ze. 6 okpecmuocmsx
noc. Poeauesckuii (a), c. [lepsopeuencroe (6) u cm. Cmapomviuwacmosckas (8) /

Fig. 3. Recognition of land coverclasses in the Kirpili River basin on Landsat satellite images. Typical
examples of surface changes for 1999-2023 in the vicinity of Rogachevsky (a), Pervorechenskoye (b), and
Staromyshastovskaya (c)
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Puc. 4. Pacnosnasanue k1accos nazemMno2o nokposa 6 bacceiire p. Ilonypul na cHumMKax cHymHukos
Landsat. Xapaxmeprvie npumepot usmenenuti nosepxnocmu 3a 1999-2023 ze. 6 okpecmnocmsix
cm. Hosomumaposckas (a) u cm. Cmaposenuurxosckas (0)/

Fig. 4. Recognition of land cover classes in the Ponura River basin on Landsat satellite images.
TBypical examples of surface changes for 1999-2023 in the vicinity of Novotitarovskaya (a)
and Starovelichkovskaya (b)

BbiBOADI

1. CtpykTypa 3eMienosnb30BaHus B cTenHOM 30He KpacHonapckoro kpas mojsepraercs
MHOTOJICTHUM M3MeHeHusiM. HaOmonaembie 3a nocineanue aecaruiietus B KpacHomapckom
Kpae COKpAIllEHHE CEJIbCKOXO3SIMCTBEHHBIX YTOIUI M POCT TUIONIA/ X HACEICHHBIX ITyHKTOB
MIPOSIBIISIIOTCS] BHYTPU pernoHa qudGepeHIIPOBaHHO C YYETOM MECTHOM crienn(uKH, mpe-
KJIE BCEr0 — MHOTOJIETHEH IMHAMUKHI PACIaXaHHOCTH M ypOAaHU3MPOBAHHOCTH HA OT/IEJb-
HBIX BOJIOCOOpax.
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2. C ucrnonb30BaHreM TUaporpaduuecKkux mokaszaresnei (JyinHa BOJOTOKOB, pacliaxaH-
HOCTb, ypOAHU3UPOBAHHOCTH) BBIMOIHEHBI OIICHKH TpaHCPOPMAaUU pedHbIX cucteM Ilo-
Hypsl 1 Kupnwim u HazeMHOro oKpoBa B OacceliHax pek. B o0oux OacceifHax riomiaiu,
3aHSTHIE CEIBCKOXO3SUCTBEHHBIMU MOJIIMH, TOMUHUPYIOT (72,5-79,3 % oOmieit miormia-
). OgHako 3a 1999-2023 rr. u3MEeHeHUs IO CeITbCKOX03MCTBEHHBIX YTOIUN OKa-
3aJIiCh pa3HOHANpPaBIEHHBIMU: B OacceiiHe p. Kupnumu otmeder poct Ha 7,5 %, B Oacceii-
He [lonypsl — cokpaienue Ha 1,5 %.

3. B Gacceiinax pex Kupnunu u ITonypsl (kak 1 B 6acceiinax pek Dnb0y3n, Es, Scenn,
Anbamu, Yenbac, beticyr Ha FOre Poccun) mporucxoauT yMEeHbIIEHUE JITUHBI BOAHO-3PO-
3MOHHOMW CETH — B CpellHeM exkerofHo 3a 1999-2023 rr. va 0,5...0,9 % Bcnencreue yHuu-
TOXXEHHs B MPOLIECCE pachallku BepxoBuil pek. Hapsmy c 3aperyianmpoBaHHOCTBIO CTOKa
MHOTOYHUCIICHHBIMH TUIOTHHAMHU, 3TO CBUJETEIBCTBYET O HEKOHTPOJIUPYEMOH JTUTPECCHH
peuHbIx cuctem A30B0-KyOaHCKO# paBHUHBI.

[Tpu coxpaHeHHH yCTaHOBIECHHBIX TPEHIOB TPAaHCPOPMAIIUN PEUHBIX CHCTEM TpoIiec-
Chl UX JIUTPECCUHU B MEPCIIEKTUBE OylyT HECOMHEHHO 000CTPATHCS.
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NHOOPMALMS ANST ABTOPOB

B xypnane «I'eonorus u reopusnka KOra Poccun» myOnuKyroTCst OpurHHAIBHBIE CTAaTbU Te-
OpPETHYECKOTO M METOINYECKOTO XapakTepa IO BOMPOCAM TEOJIOTHUH, T€OOU3NKH M TEOXUMUH,
pe3yabpTaThl U3y4eHHs COCTaBa U CTPOCHUS KOPBI U MAHTUH 3€MIIH, POIIECCOB (POPMHUPOBAHUS U
00IIMX 3aKOHOMEPHOCTEN pa3MEIICHUs TOJIE3HBIX UCKOMIAEMBbIX, a TAKXKE Pe3y/IbTaThl pa3padoT-
KU M IPUMEHEHUSI T€0JI0r0-reo(pr3NUECKUX METOJOB MX BBISBICHHA. TeMaTHKa jKypHala COOT-
BETCTBYET CIICAYIOMINM 00JIACTAM 3HaHUH 1O AeiicTByromell Homenkiarype BAK: 1.6.1 O0mas
U perruoHajbHas reosiorus. ['eoTexkToHrnka u reoguHamuka; 1.6.4 MuHepanorus, KpucTauiorpa-
(ust. [eoxumusi, TECOXUMUYECKHE METOJIBI IIOUCKOB TOJIE3HBIX MCKOMaeMbIx; 1.6.6 ['umporeoso-
rusi; 1.6.9 leodusuka; 1.6.10 ['eonorusi, MOMCKH U pa3BeiKa TBEP/BIX MOJIE3HBIX HCKOMACMBIX,
muHeparenus; 1.6.11 ['eonorust, MOMCKH, pa3BeaKa M KCIUTyaTalus HE(TAHBIX M Ta30BbIX Me-
cTtopoxaennit; 1.6.12 ®dusndeckas reorpadus u 6moreorpadus, reorpadus MOYB U TEOXUMHUS
nauaamadros; 1.6.20 ['eonndopmaruka, kaprorpadus; 1.6.21 'eosxomorns; 2.8.6 I'eomexaHunka,
pa3pylIeHne TOPHBIX TTOPOJI, PYIHUYHAS adpOora3ofHaMiKa 1 TopHas Terurodpusnka; 2.8.8 I'eo-
TEXHOIIOTHSI, TOPHBIE MAIITUHBI, 4 TAK)KE CMEKHBIM HayYHBIM HAIIPABICHHUSIM.

Jliis paboT perrmoHaNbHOTO XapakTepa MPEANOYTeHHE OTAAETCS CTAaThAM, PACKPHIBAIOIINM
pasnIuyYHbIe BOIPOCHI Teosiorndeckoro crpoenus Ora Poccun u npuieraromux TeppuTopHii.

B cootBercTBHU € rpajanuell HayK, IPUHATONW B MEXKIYHAPOIHBIX CHCTEMaX LUTHPOBAHUS
Scopus u Web of Science crarbu amnst myonukauuu B sxypHane «leonorus u reopusuka FOra Poc-
CUM» IPUHUMAIOTCS 110 CJIEAYIONIMM OTPACIIIM U TpyIIaM HaykK:

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

2. Environmental Science (Hayka 06 okpy:kawleii cpese).

B xypnane «[eonorust u reodpusuka FOra Poccum» neuararorcst:

— CTaThH C M3JIOKCHWEM HOBBIX HAyYHBIX PE3yJbTaToB, 00beMoM He Oosee 10 mammHOMMC-
HBIX CTPaHUII, BKIIIOYast MIUTIOCTPAIAN U TaOIUIIBI;

— KpaTkue cooOIIeHHs, copepkamiie nH(HOPMAIHIO O BAKHBIX pe3ysbTraTax MpeaBapUTeINb-
HBIX WCCIENOBaHUH, 00beMoM 3—5 cTpaHUI] (3TH MaTepHallbl BIOCIEICTBUU MOTYT HCIOIB30-
BaThCS B TEKCTE MOJTHOW CTaTbN);

— 0030pbI MEYaTHBIX PadOT IO aKTyaJbHBIM I'€0JI0T0-re0U3NIECKUM U HKOJIOTHYECKUM TPO-
6iemam lOra Poccun u mpuerarommx Tepputopuii, 00bemMoM 20—25 cTpaHHIL IO 3aKa3y PEAaKLIUH.

Bce paboTbl DOMKHBI COOTBETCTBOBATh TeMaTHKe KypHana. llpemocraBieHHBIE PYKOIUCH
HPOXOJAT ATAIBI IPEABAPUTEIILHOTO U UTOTOBOTO PELEH3UPOBAHMS, U B CIlydae HEOOXOJUMOCTH,
HAINpaBJSIOTCS aBTOPaM Ha MCIIpaBIeHUE U J0padoTKy. Pykomnucu B KypHase myOIuKyroTCcsl Ha
pycckoM 100 aHIIIMHCKOM SI3bIKaX, pe3ioMe (aHHOTAllMK) Ha PyCCKOM M aHIVIMMCKOM SI3BIKAX.
Kypran myO6nuKyeT UCKITIOYUTENTFHO OPUTHHAIIBHBIE CTaThi. ABTOpP HECET TOIHYIO0 OTBETCTBEH-
HOCTB 3a COOJTIOIeHUe 3TOTo TpeboBaHus. Pykonyicu, He MPUHATHIE K OMYOIUKOBAaHUIO, aBTOPaM
He Bo3Bpainarorcs. Perakmnys Taxke He BO3BpalaeT IpruchliiaeMble MaTepualibl. Penakims ocras-
JSeT 3a cOOOW TMPaBO MPOU3BOIUTH COKpAIICHNE U PEJaKTOPCKYIO MPaBKy TeKcTa cTtarbu. Mc-
TIPaBIICHUS B TEKCTE ¥ WILTIOCTPAIIMSAX aBTOPHI MOT'YT BHOCUTH TOJIBKO Ha CTaTUU TIOATOTOBKH CTa-
ThHU K Habopy. HecoOmoaenne npaBui oopMIIEHUS! PyKOTTUCH MTPUBEIET K OTKIIOHEHHIO CTaThH.

[Ty6nukauus OecriaTHa 1711 aBTOPOB CTaTeH, HAMCAHHBIX 10 3aKa3y PEAAKLUH, U JUIs acIlu-
panroB. [lepenieuarka q0MmycKaeTCs TONBKO C pa3pelIeHUs peAaKLUH U ¢ 0053aTeTILHOMN CChIITKOH
Ha )xypHan «l'eonorus u reopusuka Ora Poccumy.

VHCTPYKLNS AASI OBTOPOB

[Tpuem MaTepuanoB K pacCCMOTPEHUIO OCYIIECTBIISICTCS TOCPEACTBOM IEKTPOHHOTO CepBUCA
https://www.geosouth.ru uinu no moute Ha azapec ManarenscrBa: 362002, Poccus, r. Binagukas-
ka3, yi. MapkoBa 93a, penakuus xypHaina «[eonorus u reodusuka FOra Poccun.
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B penakumio HeoOX0AMMO MPEAOCTABUTH CIEIYIONINE MaTepUab:

— cTaThs (CTPYKTYPY M MpaBmiIa OPOPMIICHHS CM. HITKE);

— Ha OTICNIFHON CTpaHUIle: CBEICHMs 00 aBTOpax, couepxaiie GaMuiInio, UMs, OTUYECTBO,
y4eHYIO CTeIeHb, 3BaHUE, HA3BaHUE OPTaHU3AINU, CITY)KeOHBII ¥ JOMAIIHUHN aJipec U TeJIeOHBI,
e-mail 1 ykazaHue, C KM M3 aBTOPOB MPEANOUTHTEIbHEE BECTH MEPEITUCKY;

— HampaBJIeHUE OT OPTaHN3AIINH, ECITH TIPEA0CTABISIEMbIE MaTEPHAIIBI SIBIIAIOTCS PE3yIbTaTOM
paboThI, BBIITOJHEHHON B 3TOW OPTaHU3allMy; B HAIIPABICHUH CJIEAyeT yKa3aTh Ha3BaHUE pyOpH-
KH KypHaa;

— 9KCIEPTHOE 3aKJIIOUYEHHE WM APYTOH JOKYMEHT, pa3pellaromunii OnyoIuKoBaHUE B OTKPHI-
TOW TIeYaTH, YTBEPKICHHbIE PYKOBOAWTEIEM OpPraHM3allMd M 3aBepeHHBbIE TepOOBOM MEYaThIO
(MpencTaBIsIOT TOJIBKO aBTOpHI M3 Poccun).

Ecnu Marepuanbl oAar0TCs IOCPEICTBOM IEKTPOHHOIO CEpPBHCA, OyMaXKHbIE IK3EMILISIPHI
PYKOITUCH B PEJaKIHIO MPEJOCTaBIsATh He TpeOyercs. [Ipu onnaiin perucrpaunu HeoOXOAUMO
PYKOBOZCTBOBATHCS MOMIATOBBIMU HHCTPYKIIMSAMU TI0 3arpy3ke ¢aiinos. [Ipu orrpaBke marepua-
JIOB MOYTON HEOOXOIUMO MPUIIOKHUTD J1Ba OyMa)KHBIX 9K3EMIUIApa CTAaThU, OAMUCAHHBIX BCEMU
aBTOopaMu. [1oaroTOBIEHHBI B COOTBETCTBUH C OOIIMMH TEXHUYECKUMH TPEOOBAHUSMH TEKCT
reyaTaeTcst Ha OIHOW cTopoHe JiucTa popmara A4. Pestome (aHHOTaLuMS ) C IPUBEICHHBIM B Hava-
Jie Ha3BaHUEM, aBTOpaMu, UX aQunaimei meyaraercs Ha OTaeNbHOM Jncte. [loammcn K pucyH-
KaM TaKXe MPeJ0CTaBISIOTCS 0TACIbHO. Kaxknas Tabnnna n pucyHOK JOIKHBI OBITh HarleuyaTaHbl
Ha OTZEJIbHOM JIMCTe. BHU3Y cTpaHuUIbI C WIUTIOCTpaLiell He0OX0IUMO yKa3aTh HOMEP PUCYHKA.
Takke HEOOXOAMMO TPHIIOKHUTH IEKTPOHHBIM BAPHAHT Ha JIOOOM MOPTATUBHOM HAKOMHUTEINE
WIX IO COIVIACOBAHUIO C peJaKlMell HallpaBUTh COOTBETCTBYIOIINE MaTepHUaIbl IO HICKTPOHHON
TIOYTe.

[MpaBUAC ODOPMAEHUS CTATbN

Ha nepBoii crpanuue nokHBI ObITH YKazaHbl: YJIK; Ha3BaHMe cTaTbU Ha PYCCKOM SI3BIKE
(cTpouHbIMU OyKBaMU C KalHMTAIH3allMed HAaYallbHON OYKBBI TOJBKO IEPBOTO CJIOBA B MPEIJIO-
KCHUHU ¥ UMEH COOCTBEHHBIX, 0€3 KaBbIUCK, IIEPEHOCH! HE JIOMYCKAIOTCs, TOUKa B KOHIIE HE CTa-
BUTCSI, IOYEPKUBAHUE HE HCIONB3yeTcs ), Kerlib 20 MONyKUPHBIA, BEIpAaBHUBAHKUE T10 LECHTPY;
WHULOMANG! 1 GaMUINK aBTOPOB (Kerib 14 momy>KupHBIN, BRIpaBHUBAHHE T10 LICHTPY), HA3BaHHUE
YUPEKJICHUSI, TIOUTOBBIN aJjpec, TOPOJI, CTpaHa MPECTABISIONINX PYKOIUCH JJIsl OITyOITMKOBaHHMSL.
VYka3zarb e-mail 17151 IepenucKu U OTBETCTBEHHOTO aBTOPA.

Pestome (anHOTaIus) momkHa ObITE 00BeMoM 250-300 cioB. B Heil He pekoMeHTyeTcst uc-
M0JIb30BaTh (POPMYJIBI U CCBHUIKU Ha JINTeparypy. Eciu pykonuchk nopaercs Ha pycCKOM SI3BIKE, TO
pe3toMe (aHHOTAIHs ) JTOJKHA OBITh IPOyOJIMPOBaHa Ha AHTIMHACKOM C YKa3aHHWEM Ha3BaHUs CTa-
ThH, (PaMHUINHA U MHUIMAJIOB aBTOPOB Ha STHX sI3bIKaxX. Eciam pyKonuch nonaeTcs Ha aHIJIMICKOM
A3bIKE, HEOOXOMMO MPUBECTH TAKXKE pe3ioMe (aHHOTAIMIO) Ha pycckoM. Pestome (aHHOTAIMS)
nieqataetcs mpudrom Times New Roman (12 xerns). B koHIle pe3toMe (aHHOTAINN) 00s3aTeh-
HO yKa3bIBaIOTCA KITIOUEBbIe cI0Ba (5—8), KOTOphIe OTPakaloT TEMAaTHKY CTaThU.

bnaronapnoctu/Acknowledgements. B 3Tom pazzmene crnexyer ynoMHHATh JIIOEH, KOTOPbIE
MIOMOTaJTi TIpH PadOTe HaJl CTaThel; ICTOYHUKN (PMHAHCHPOBAHMSL.

Tekct crarbn Habupaercs mpudrom Times New Roman pasmepom 14 niT uepe3 ouHApHBIN
UHTEpBaJ, BEIpaBHUBaHUE 110 Gopmary. [1oa3aronoBok — mpuT KypcUBHBIN, BHIPABHUBAHUE TI0
aeBoMy kpato. [lpu HammMcaHuM cTaTby MCTIONB3YIOTCS OOIICIPUHSTHIE TEPMHUHBI, CAMHULBI U3-
MepeHHs W YCIOBHBIE 0003HAYCHMsI, CIMHOOOpa3HbIe TI0 Beel crarbe. PacmmdpoBka Bcex mc-
MOJIb3YEMbIX aBTOpaMH 00O3HAUYCHHH JaeTcsl MPH MEPBOM yNoTpeOneHuH B TeKcTe. bykBbl a-
THUHCKOTO asipaBUTa HAOUPAIOTCSI KYPCUBOM, OYKBBI IPEUECKOTO andaBuTa — MPsIMBIM IPUPTOM.
Marematrueckne CUMBOIBI lim, 1g, In, arg, const, sin, cos, min, max ¥ T.Il. HAOUPAIOTCS MPSIMBIM
mprdroM. CUMBOJ HE JIOIDKEH CIIMBATHCS C HAJCHMBOJBHBIM JIEMEHTOM B XHMUYECKHX 3JIe-
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menrtax (H,0) u equnnnax usmepenuii (MBt/cm?) — nipsmbiM (00braHbIM) mipudToM. He ciemyer
CMEIIMBATh OJJMHAKOBBIC MO HAITMCAHUIO OYKBBI IATHHCKOTO, IPEUYECKOT0 U PYyCCKOTO ajl(aBHTOB,
UCTIOJIh30BaTh COOCTBEHHBIE MaKpochl. bykBel [uJ, vuv,eul,hun,qu g, Vu U, O (6ykBa) n
0 (Hy”7b) TOMKHBI PA3INYATHCS MO0 HAYEPTAHUIO. MexX Ty UPpPOBBIM 3HAYCHNEM BEIMYUHBI U €
Pa3MEpHOCTBIO ClIeIyeT CTABUTh 3HAK Hepa3pbeIBHOTO pobena. [lepenocs! B ciaoBax aubo HE y1o-
TpeOnsiTh. He rcmonb3oBarh B TekcTe Jutsl (hopMaTHPOBAHUS 3HAKH MTpodena. DopMyIIbl co3/ar0T-
Cs1 C IOMOIIBIO BCTPOCHHOTO penakropa ¢popmyn Microsoft Equation ¢ Hymepaiuei B KpyIJIbIx
ckoOKax — (2), BRIpaBHUBAIOTCS I10 MPaBOMY Kparo, pacum@poBKa Bcex o0o3HaueHni (OyKB) B
(dopmynax maercs B MOpsAKE yIoMUHaHUs B ¢popmyie. Bo n3bexxanne HeqopasyMEeHUH M OLIH-
0OK pe/lakins peKOMEH/IyeT aBTOpaM UCIIONb30BaTh B OPMYIIax OYKBBI JIATHHCKOTO, TPEYECKOTO
U Ipyrux (He pycckux) ajagaBuToB; npu Habope GopmMys HEOOXOAMMO COONIOCTH pa3Mepsbl 0
yMomganuio. bonbimme dhopmynsl HeoOxomuMo pa3ouBaTh Ha OTAETbHBIE (hparmeHThl. dparmen-
ThI (YOPMYJ IO BO3MOXXHOCTH JIOJDKHBI OBITH HE3aBHCUMBI (TIPH UCTIOJIB30BAaHUU (OPMYITBHOTO
pelakTopa Kaxkaas CTpoKa — OTJIeNIbHBIA 00beKT). Hymeparuio 1 mo BO3MOXKHOCTH 3HAKH TIpe-
NUHAHUS CIeyeT CTaBUTh OTAEIBHO OT (OpMysl OOBIYHBIM TEKCTOM. TaOmuIbl, pUCYHKH, (HOTO-
rpaduu pa3MenarTcs BHYTPH TEKCTA H UMEIOT CKBO3HYIO HYMEPAIIUIO 10 CTaThe H COOCTBEHHBIC
3aroyioBkd. HazBanus Bcex pucyHKOB, ¢oTorpaduii u TaOIUI] MPUBOISTCS HA PyCCKOM si3bIke 11
KerlieM, KypcHBOM. Bce HalmicH Ha pyccKOM sI3bIKE HA PUCYHKax W B TaONUIAX JIyOIUPYIOTCS
Ha aHmMickui. Hymepanus o00o3HadeHni Ha pUCYHKaX JAeTcs MO HOPSIIKY HOMEPOB 10 4aco-
BOW CTpeIIKe WIIM CBEPXY BHU3. PHCYHKH HEOOXOIMMO 110 BOZMOYKHOCTH BBITIOJHSTH B BEKTOPHOM
¢dopmare, xenarenbHo B iporpamme Corel Draw nnm aHanmorax mo ciieAyroIuM MpaBuiiaM: IH-
pvHa pucyHKa He 6ojee 16,5 cM; TomuHa THHUH: OCHOBHBIX — | 1T, BcrmoMorarensHbix — 0,5 T;
Juis 0003HAYCHUH B MOJIe PUCYHKA UcTIob30BaTh WpUQT Times New Roman pazmepom — 9 nt.
BekropHble pHCYHKH 3aIMCHIBAIOTCS B OTJICIBHBIC (aiibl JOKYMEHTOB. DOTOCHUMKH JTOTKHBI
OBITH KOHTPACTHBIMH M BHIIIOJTHEHHBIMH Ha MaTOBOH Oymare. OTckaHpoBaHHBIE oTOrpaduu 3a-
nuckIBatoTcs B ¢aitnel B popmare TIFF, JPEG. CkanupoBars m300pakeHHE CIIEAYET C pa3perie-
HreM 300 dpi 1t KOHTpacTHBIX YepHO-0enbIX pucyHKoB 1 600 dpi — 1u1st Moy TOHOBBIX. L{BeTHBIE
WITFOCTPAIIMU JIOYCKAIOTCSl TI0 COTIACOBAHUIO ¢ pepaknueil. O003HaYeHNUs, TEPMUHBI, HILTIO-
CTpaTUBHBIN MaTepHal, CIIMCOK JIUTEPATYPbI JOJKHBI COOTBETCTBOBATH AeiicTBytomuM ['OCTam.

[epedeHs MUTEpaTypPHBIX UCTOYHUKOB ITPUBOUTCS OOIINM CITHCKOM B KoHIIe cTarhy (Harvard
Style). Cincok cocrasmnsiercs 1o andaBuTy, CHadasa CleAyI0T HCTOYHUKH Ha PYCCKOM, 3aTeM — Ha
anmmiickoM. Jlureparypa momxHa ObITh ohopmitena cormacao ['OCT P 7.0.5-2008. Otcpuiku Ha
JUTEPATypy B TEKCTE MPUBOJATCS B KBaJPATHBIX CKOOKaX B CTPOKY € TEKCTOM JOKyMeHTa. Ecnn
CCBUIKY ITPUBOJSIT HA IOKYMEHT, CO3JIAaHHBIN OJIHUM, JBYMS HITU TPEMsI aBTOPAMH B OTCHLIKE yKa-
3BIBAIOT (haMUIIMIO TIEPBOTO aBTOPA M COKpAIEHUE «H Ap.» («et al.» Ui TOKYMEHTOB, Ha SI3bIKaX,
NPUMEHSIONINX JTATUHCKYIO IpadyKy); €CIIM aBTOPBI HE YKa3aHbl — yKa3bIBAIOT HA3BAHUE JOKY-
MEHTa; Aajiee yKa3bIBaIOT TOJl U31aHHs U PY HEOOXOANMOCTH CBEICHUS JOTONHSIOT YKa3aHHEM
ctpanuil. CBelleHHs B OTCBUIKE Pa3JIeISIOT 3amsToil. Ecii oTchlTka COMEpKUT CBEJCHUS O He-
CKOJIBKHX CCBUIKaX, TPYIIbI CBEICHUI pa3AessiioT 3HAKOM TOUKa ¢ 3armsiToi. B oTchuike nomycka-
€TCsI COKPAIIATh JUTMHHBIC 3ary1aBrs, 0003Ha4as OIyCKaeMbIe CIIOBA MHOTOTOYHEM C TIPOOEIIOM 10
U TIOCJIE 3TOTO MPEANHCAHHOTO 3HAKA.

AApPEC PEATKLNN:

Poccusi, PCO-Ananms, 362002, r. BmamukaBka3, yin. MapkoBa 93a, [eodusuue-
ckuii mHctutyT BHI[ PAH, Penakmus xypnana «leomorust n reopusuka lOra Poccumy.
Ten: 8 (8672) 76-19-28; dakc: 8 (8672) 76-40-56, e-mail: southgeo@mail.ru
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INFORMATION FOR AUTHORS

The journal «Geology and Geophysics of Russian South» publishes original articles of theo-
retical and methodological nature on geology, geophysics and geochemistry, the results of study-
ing 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. Geo-
chemistry, geochemical methods of prospecting for minerals; 1.6.6 Hydrogeology; 1.6.9 Geo-
physics; 1.6.10 Geology, prospecting and exploration of solid minerals, minerageny; 1.6.11 Geol-
ogy, prospecting, exploration and exploitation of oil and gas fields; 1.6.12 Physical geography and
biogeography, 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 Geophysics 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;

— 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 prelimi-
nary and total reading stages and if necessary are sent back to the authors for the correction and
finishing. The manuscripts are published in Russian and in English, the abstracts in Russian and in
English as well. The journal publishes only the original articles. The author is fully responsible for
the requirement. The manuscripts are not returned to the authors in case of being rejected in publi-
cation. 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 South».

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),
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— 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,
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