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®UNIbTPALIMHO-EMHICHI BIACTUBOCTI KAPBOHATHUX NOPIAQ
rHIQAUHUIBCbKOIro HA®TOrA30KOHAEHCATHOIO POOAOBULLA
FMWHCBbKO-CONMOXIBCbKOIO rA30KOHAEHCATHOIMO PAUOHY

(MpedcmaeneHo YneHom pedakyiliHoi konezii 0-pom 2eos. HayK, npod., YyneH-kop. HAHY M.I. Opsitokom)

B c Ty n. BuceimneHo pe3ynbmamu eu3HavyeHHs hinbmpayiliHo-eMHiCHUX napamempie kapb6oHamHux Nopio eepxHLO20 Kap-
60Hy HiduHyiecbko020 Haghmozaa3okoHdeHcamHoz20 podosuuja nuHcbko-ConoxiecbKo20 2a30KOHOEHCamHOo20 palioHy 3 MeMoro

KOMIM/IEKCHO20 aHani3ly ix ¢izu4yHux enacmusocmed.

Me To0pau. BukoHaHO Kopomkuli nempozpagiyHull onuc eanHsikie. BusHa4eHO 06'eMHy 2ycmuHy cyxux 3pa3kie (2ycmuHa

CcKesiema) WJIisiXOM 38aXKy8aHHsI ma eUuMiprogaHHs iX 2eoMempuY4yHuUx po3mipie. [si eusHa4yeHHs1 HacCU4eHOCMmi 2acoM 3pas3kie 3a-
cmocoeyeaecsi Memoo 2idpocmamuy4yHo20 38axKyeaHHsi. KoegpiyieHm eidkpumoi nopucmocmi susHayaecsi 2a3080/1OMeMpPUYHUM
cnocobomM ma memodom 2iGpocmamuyHO20 38a)KyeaHHs1 32i0HO i3 cmaHdapmHoro memooukoro. Kaninspomempu4Hi docnidxeHHs
BUKOHY8aJIUCS WIISIXOM UeHmpudgbyayeaHHs1 3pa3Kie.

PesynbTaTu. JocnidxeHo maki ¢hinbmpayiliHo-eMHicHi xapakmepucmuku 3pa3kie nopio, sik koegiuyieHm eidkpumoi ma
eghekmueHoi nopucmocmi, koeghiyieHm 3anuwKoeo20 HaghmoHacu4YeHHsI ma KoeiuieHm nNPoOHUKHOCMI.

HaeedeHo mexi 3MiH ma cepedHi 3Ha4eHHs1 hinbmpayiliHo-eMHiCHUX napamempie docidxeHux nopid. BukoHaHo oyiHKy cmpy-
Kmypu nmycmomHo20 npocmopy nopid ma ix aHani3 Ha OCHoei KaninspoMempuyHux 00c/1i0)KeHb CITOCO60M yeHmpugyayeaHHs.

BucHoBKku. 3a donomozoro KopesnsyiliHo2o aHanizy ecmaHoesieHo psid KopessiyiliHux 3anexHocmel Mix ¢inbsmpayiliHo-
€MHiCHUMU napamempamu AociidxeHux nopid — 2ycmuHoro, koegiyieHmomM nopucmocmi, koegiyiecHmom egpekmueHoi nopuc-
mocmi ma koegpiyieHmMomM 3an1uwKkoeo20 8000HACUYEHHSI, @ MaKOX MiX KoeghiyieHmamu nopucmocmi, U3Ha4YeHUMU 8 ammMmocgbe-
PHUX ma nnacmosux ymosax. Li 3anexHocmi Moxxyms 6ymu eukopucmati npu inmeprnpemayii daHux 2eogizudHux docnidxeHb
ceepdnosuH ma MmodesoeaHHi hinbmpayiliHo-eMHiCHUX Napamempie yuw,inbHeHuUXx nopio-Kosekmopie.

Kno4yoBi cnoBa: eanHsku, 2ycmuHa, koegiyieHmu rnopucmocmi, MPOHUKHOCMI ma 3a/lulWKo8020 HaghmoOHaCU4EeHHS],
pinbmpauiliHo-eMHicHi napamempu, KopesisiyiltiHi 3anexHocmi.

BeTtyn

MocmaHoeka npo6nemu. Moknaay BYIMEBOAHIB B Kap-
OoHaTHWMX KomekTopax nocigalTb ocobnvee Micue cepen
nkepen BuaobyTKy HadTh Ta rasy. BoHn YacTto npeacTtaeneHi
CnabKoNPOHMKHUMU, HU3BKOMOPUCTUMM TPCbKUMW NOPOAAMU
(Muxannos Ta iH., 2014a,6; 2018; Muxainos, KapneHko, &
Orap, 2015). HasBHiCTb kapOoOHaTHMX MOKMNaAiB BYrMeBOAHIB
BCTa@HOBJIEHO B 6araTbox perioHax CBiTy, B TOMY Yncni B [JHin-
poBcbko-[oHeubkin 3anaguHi (003) (YkpaiHa). KapGoHaTHi
Nopoan B HU3LI perioHiB MICTATb 3HAYHY KiflbKiCTb OpraHik i
MOXYTb CIyryBaTu sik MaTepUMHCBKUMK MOpoaaMK, Tak i Korne-
KTopamu rady. HoBiTHi TexHonorii BuaoOyTKy rasy Ha OCHOBI
rigpopo3pmBy Mnacta 3MiHUAWM CTaBMNeHHA 4O UMX Bigkragis.
3 GaraTux opraHikolo kapboHaTHMX nopig MoxHa oGyBaTu
ra3 y Benukux obcsirax i 3 €KOHOMIYHO MPUMAHSTHOK Mpu
HUHILLHIX YMOBax cobiBapTiCTto.

Kap6oHaTHi koneKkTopu 3a LLinoK HM3KOK 03HaK Bigpi3Hs-
HOTbCA Bif TEPUreHHUX nopig TpaguuinHMX poaoBuL, HadhTH

Ta rasy. [Ins kapboHaTHWX KOMEKTOPIB XapakTepHe perio-
HarnbHe MOLUMPEHHS.

Mpu BMBYEHHI kapOOHaATHMX KOMEKTOPIB BaXIuBY Poslb
BigirpatoTb reodianyHi Ta NeTpodi3nyHi AOCHIAKEHHS, a Ta-
KOXX MaTeMaTuyHe MOJEI0BaHHSA, Ha OCHOBI SIKMX BU3HaYa-
HTbCA (PiNbTpaUiNHO-EMHICHI napameTpu Ana nigpaxyHKy
3anaciB BYrneBOAHIB.

Y cTaTTi BUCBITNEHO (hinbTpauinHO-eMHICHI napameTpu
kapboHaTHUX nopig, NpeacTaBneHnX MiKpUTO-CNapuToBUMM
Ta A0OMOMITU30BaHNMU NiLLAHUCTUMW BanHsAKaMu BEPXHbOIO
kapOoHy MHigUHUIBCbKOro HaTOra3soKkoOHAEHCATHOrO poao-
BuLa MuHcbKo-ConoxiBCbKOro ra30kOHAEHCATHOrO pamoHy
(TKP). XapaktepucTuka netpodisanyHmMx BNacTMBoCcTeN LnxX
nopig € OAHMM i3 BaXTMBUX 3aco0biB OLIHKM HAdTOrasoBoro
noTeHLiany nepcrnekTMBHUX TOBLY, KapOOHATHUX KONEKTOpIB,
O 3YMOBIIOE aKTyamnbHICTb iX METPOI3NYHOrO BUBYEHHS
LLIOA0 NepPCrNeKTUBHOCTI pO3pobKu.

© Buxsa Ceprin, OHuyk Biktop, OHuwyk [Mutpo, OHuwyk IBaH, LLlabaTypa OnekcaHap, 2025
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AHaniz nyb6nikauili 3a memoro docnidxeHb. Bu-
BYEHHIO (hisn4HMX BNACTUBOCTEN Nnopia HadTorasonepcnek-
TMBHMX palioHiB YKpaiHM npucBsiieHa HuM3ka nybnikauin
(Bmxkea Ta iH., 2020, 2022 a, 6, 2024; Vyzhva et al., 2025;
Kapnenko, O., bawkipos, & KapneHko, |, 2014; KapneHko, O.,
Mwuxannos, & Kapnenko, l., 2015; Macnos, Onuwyk, &
LvHkapenrko, 2017; Muxannos Ta iH., 2014 a, 6; 2018; Mu-
xawnnos, KapneHko, & Orap, 2015; HectepeHko, 2010; Op-
nok & TMawkesny, 2011, Opniok, & [OpykapeHko, 2018;
MawkeBuy, Opniok, & Jlebeap, 2014; Orlyuk et al., 2018;
luras et. al., 2023; Pubanka, & KapneHko, 2016; Cobonb, &
KapneHko, 2021; CtapocTteHko, & Pycakos, 2015; degopu-
LWKWH Ta iH., 2018) Ta 6araTbox iHWKX aBTopIB. MNeTpodi3nyHi
napameTpu nopig MalTb BaXIMBe 3HAYEHHSA A58 OLiHKK 1X
KOMNEKTOPCbKNX BrlaCTUBOCTEN 3a AaHUMMU CBEPANOBUHHUX
€NeKTPOMETPUYHUX Ta aKyCTUYHUX AOCHiOXEHb, TOMY iX na-
GopaTopHUM [OCNIMKEHHAM MPUAINAETLCA 3Ha4YHa yBara.
BoaHouvac netpodisnyHi napameTpu nopig i kopensauinHi 3a-
NEXHOCTI MK HAMW MatoTb AOCUTb BUPaXKeHWN iHAMBIAyarb-
HWUIA XapaKTep CTOCOBHO KOXHOI AiNsHkM gocnimkeHb. OTxe,
nabopaTtopHe BM3HAYEHHS LIMX BMacTMBOCTEN Ta BCTaHOB-
NEHHS BiANOBIOHNX KOPENALMHNX 3B'A3KIB MiDK HUMMW ANS KO-
XHOI nepcnekTMBHOI nnowi noTpebyloTb BUKOHaHHA K
oKpemMux AocnigXeHb, Tak i OKpemMoro nyoGniyHoro BUCBIT-
NeHHSA X pesynbTarTis.

BudineHHs1 Hepo3e'sA3aHUX paHiwe 4YacmuH 3a2alib-
Hoi npobriemu. Ha cy4acHomy eTani npobnema nowykis 1a
BMBYEHHA KapbOOHaTHWX )Kepen BYINeBOAHIB Ha Teputopii
YkpaiHu € Haa3BMYarHO akTyarnbHO, 3Ba)XKatoun Ha cuTya-
L0 3 eHeproHociaMn y CBiTi. TOMY BUBYEHHS NeTpodi3ny-
HWX BIacTMBOCTEN TFipCbKMX MOpiA 3 METOK  OLHKM
NepcnekTUBHOCTI FeONoriYHNX CTPYKTYP Ta KOMMIEKCiB Ha
BYIMEBOAHI Ma€E BaXnvBe 3HAYeHHs. FAK BXe 3a3Hayanocs,
neTpodi3anyHi BNacTMBOCTI Nopia HeobXigHi ons iHTepnpeTa-
Uil maTepianiB reodi3anyHNX 4ocnigKeHb CBEPANOBWH, a Ta-
KOX Mpu ouiHUi NapamMeTpiB rigpopo3puey nnacra.

Hes3Baxatoum Ha 3HauYHy KinbKiCTb BiANOBigHUX nybnika-
uin, ons kKapOoHaTHMX Nopig NPakTUYHO BIACYTHI AaHi ix na-
OopaTopHUX  INbTPaLIMHO-EMHICHUX  OOCHigKEeHb Ta
KOpEensuifHNX 3anexHocTen Mk inbTpauinHo-eMHICHMM
napameTpamu Ans KOHKpeTHUX nnowy, i ytBopeHb. Cnig Bia-
3HaYWTK, WO NeTpodi3anyHi AocnigKeHHs Oynu cnpsMOoBaHi
nepeBaXHO Ha BMBYEHHSI TEPUTEHHMX NOPIL-KONEKTOPIB i Ha
AaHoMmy eTani neTpodi3nyHi napameTpu kapboHaTHUX nopig
cnabKo BMBYEHI.

MeTorw paHux gocnigpxeHb Byna ouiHka neTpodisany-
HUX napameTpiB kapboHATHMX MNOpiA-KONEeKTopiB Bepx-
HbOro kap6oHy [HigMHLiBCbKOro HadpTorasokoHaeHcaTHOro
poposuwa MuHcbko-Conoxisecbkoro NKP sik OCHOBM KOM-
NIEKCHOro aHanisy ix isn4yHnx BNacTUBOCTEN.

BcTaHoBREHO, WO KOpensLinHi 3B's3KM MiXX EMHICHO-inb-
TpauilHAMU napameTpamu i OaHMMU CBEPAMOBUHHMX Ta
NoNbOBUX reodi3NYHNX METOAIB € 4OCUTb CKNagHUMM i NoT-
pebytoTb peTenbHOro BuMBYeHHS. Komnnekc nabopaTtopHux
neTpodi3nNYHMX JOCNIOKEHb € OCHOBOK Arsi BUSHAYEHHS LIMX
3B'AskiB. [aHi, oTpumaHi B pe3ynbTtaTti nabopaTopHux Aocni-
[PKEHb MPO 3MiHWU IYCTUHU Nopia, iX MMTOMOrO eneKTPUYHOro
0nopy, LWBMAKOCTI MOLUMPEHHS MPYXXHUX XBUMb Y HUX Ta iX KO-
pensuinHi 38'A3kK i3 inbTpalinHO-EMHICHUMKW NapaMeTpamm
BMKOPUCTOBYIOTbCH ANS iHTepnpeTauii pe3ynbTaTiB enekTpo-
METPUYHUX | aKyCTUYHMX METOZAIB AOCHiMKEHb CBEPANOBUH,
NonbOBOI ENEKTPOPO3BIAKM | CENCMOPO3BIAKM.

MeToau

ExkcnepumenmanbHi nempogizuyHi OoCnioKeHHsI.
Y HaykoBo-gocnigHii nabtopatopii (HAJT) TeopeTnyHoi i
npuknagHoi reogisukn HHI "lHctutyT reonorii" KHY imeHi
Tapaca LUeByeHka BUKOHAHO KOMMMEKC MNETPOMI3NUYHMX

ISSN 1728-3817

OOCTiXeHb, L0 BKMNIOYaB BU3HAYEHHS: T'YCTUHM Nopig; Bia-
KpUTOi Ta eEeKTUBHOI NOPUCTOCTI, CTPYKTYpPU KaninsgpHoro
NpoCTOpY, MPOHUKHOCTI B aTMOCEPHUX i NNacToBUX yMo-
Bax. Yci nabopatopHi AOCMiMHKEHHS BUKOHYBanuCb Bifno-
BiJHO 4O YNHHNX HOPMATUBHUX JOKYMEHTIB.

Y cTatTi HaBegeHo pes3ynbTaTh KOMMIEKCHUX OOCHi-
PKeHb (PiNbTpauiNnHO-EMHICHMX BrlacTMBOCTEMN Konekuii i3
44 3pa3skiB kapboHaTHMX Mopig BEPXHbOro kapboHy MHignH-
LiBCbKOro HagTorasokoHAeHcaTHOro poaosuLla [MMuHCLKO-
Conoxiscbkoro [KP. [ocnigxeHi nopoaun npeacTtaBneHi
MiKPUTO-CNapUTOBMMM Ta JOSNIOMITU3OBAHUMM NiLLL@HNUCTUMMU
BanHskamu i3 ceepanosuH 250, 278, 280 (iHTepsan rmubuH
1760-1900 m).

3a maTepianamu neTporpadivyHnx AocniakeHb BCTAHOB-
NEHO, LLIO BULLIE iHTEpBany 3ansratoTb TOHKOKpUCTaniyHi (cna-
puTOBI) Ta NenitomopdHi (MikpuToBi) cnabogonoMiTU30BaHi
BanHsikW, SIKi BKIOYAOTb ManonoTYXXHi NpOLUapky niaHuc-
TUX Y1 aneBponiTUCTUX BanHsKiB, abo HECOPTOBAHMX MiCKO-
BuWKiB. KinbKiCTb Ta po3mip TepureHHoro martepiany MiHnuea,
OKpeMi 3epHa gocsaratTb po3mipy rpyboro ncamitoBoro, a ne-
NITOMOPMHMIN KBapL, € HEBIA'EMHOKO CKIMaZoBOK MIKPUTOBMX
BiAMiH (y T. 4. i B cnapuTax), Ae BiH acoLjO€ i3 MMUHUCTO
(cmekTTOBOW) CKNAgoBO. TONOBHUMW O3HaKaMK BKazaHUX
BiOMiH € 3abapBneHHs1 OKpeMuX LLapiB Ta MPOLLAPKIB, sike
CNpUYMHEHe BMICTOM Y HUX CMEKTUTOBOI CKNafoBOi 3eneHy-
BaTOro Konbopy. BuginswoTbca cipi, iHoai 3nerka Gypysari
cnapuTti, 3eneHyBaTo-Cipi MIKpUTO-CNapuTy, 3ereHi MiKkpuTr
Ta ix cBiTno-cipi, mamxe 6ini BiamiHn. Lapn Ta npowapku
XapaKTepu3ylTbCsl HenapanensHMMM, XBUNSICTUMW, XMapo-
nodioHMMM Ta NiH30NoAiIBHUMM OOMENKEHHAMMN.

HWXHIO YacTuMHY JOCniaxeHoro iHTepBany cknagatoTb
[JOJIOMITU30BaHiI MilLlaHUCTi BanHSAKU, B AKX BacHe JOMNOMIT
pa3om i3 TepUreHHow dpakuieto cknagae 3epHUCTY Macy,
IO LUEMEHTYETbCA MIKPUTOBUM KapOOHATOM i3 FMMHUCTO
PEYOBMHOI, A€ AiNAHKM i3 6a3anbHUM TUMOM UeMeHTaLji
BMiWwytoTb Ao 60 % kpucTtanis gonomity. lHoai B nopogax
TpannaAwTbCa NAAMU HadpTL.

Mopoau, Wo onucyloTbCsl, XapaKTepuayrTbCs HasiBHi-
CTI0O Mixx3epHoBux nop po3mipom 0,01-0,03 mm, Wo yacto
HEe CMoMy4alnTbca MK coB0t0. X BHYTPILLIHSA NOBEPXHS i KO-
HTYPM NiANOPSIAKOBaHI YACNEHHUM rpaHsiM pomboeapis, Lo
He 3pocnucs Mk coboto. [Jocutb crnabka NPOHUKHICTL pis-
HWX BiAMiH BanHsKy NoB'A3YETbCA 3 HASIBHICTIO NaBYTWMHHOI
CUCTEMUN MIDK3EPHOBUX TPILWMWH, SKi OY)XXE€ 4acTO BUMOBHHO-
H0TbCA aMOPHO MMIMHUCTOK KOMOIAOrEHHOK PEYOBUHOL,
abo TEKTOHIYHUX TPILLMH, SIKi YACTKOBO BUMOBHEHI Nepesia-
KnageHnMm MikpoTom, abo KipoukamMu KanbLuTy.

Bigknagu dopmyBanucs, HaniMoBipHille, B cepeaHbor-
NWBUHHIA YacTuHI Wwenbdy, Ae OcCigaB NMaHKTOH, Npo Lo
cBia4aTb GIOMOPMHI peLUTKM, SKi CknagaTb OCHOBY Nepekx-
pucTaniaoBaHuUX CNapuMToBMX Ta MIKPUT-CNApUTOBUX BiOMIH.
B obnacTtb hopMyBaHHsSI TOHKO3EPHMUCTUX BIOMOPHMX Kap-
BOoHaTHMX OcafKiB NepioanYHO NOTPaNNsAB TEPUreHHUA He-
copToBaHui  MaTepian  (MOXNIMBO  WITOpMiTH), abo
nepeHeceHnn NPUAOHHUMW TedigMu, AKi NpUBHOCWUAM B
6inbLu rNMMBOKOBOAHI AINSAHKM pa3oM i3 TEpUreHHNM matepi-
anom dparmeHTn cnabo KOHCOMiAoBaHNX (MOXNMBO BOAO-
pocTaAMM)  CMEKTUTOBMX  Kipoyok. Ocagkum  HOCATb
TPaHCrPECUBHWI XapaKTep: 3HU3Y Yropy no po3pisy crnocre-
piraeTbCs 3MEeHLUEHHS MOTY>XHOCTI Ta KiNbKOCTi TEPUreHHUX
npotuapkis. BigmiveHi TekcTypu onnuBaHHa ocagkis opmy-
Barnucs B CepeuHi nnacra 3a paxyHOK HEOLHOPIAHOrO NiTo-
CTaTUYHOrO TWCKY Ha AiareHeTW4Hin ctagii  nicnsa
hopMyBaHHS KpucTaniB Ta MiKpOKOHKpeLin cyneadigis. [o-
nomitm3adis mana BmbipkoBuin xapaktep. Bora GinbL iHTe-
HCMBHO npoxoAwnna no 6iomopdHUx peluTkax, MiHiMansHO —
no KanbuUMTOBOMY MiKpuUTY. HarimoBipHiwe, gonomiTnsadis
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BanHskiB BigOyBanacsa Ha enireHeTWYHin ctagii nicrna (abo
nig Yac) opMyBaHHs KriBaXKHOI TpilmHyBaTocTi. MpoTe go-
[ATKOBOI MOPUCTOCTI B Ui AiNsHUiI po3pi3y HE BUMHUKIO, Y
3B'A3KY i3 MOXNUBMM 3ariKOBYBaHHSAM NOP Ta TPILLUMH CMEK-
TUTOM Ta neniToMopHNUM kapboHaToM.

3a knacudikauieto [JaxHoBa Ui nopoau HanexaTtb A0
Il knacy konekrtopis (JdaxHos, 1975).

O6'eMHa rycTvHa [ocCnigXeHux nopia y Cyxomy CTaHi
BM3HAYanachb LUMAXOM 3BaXyBaHHA Ta BUMIPIOBaHHS reo-
METPUYHMX PO3MIpIB creLjianbHMX NTabopaTopHUX 3paskiB LnIiH-
OpvyHOi  cpopmmn, a B HacudeHOMy CTaHi (HacuyyBanucs
Mogenmto HadhT! — racoM) — 3aCTOCOBYBAaBCS METOZ, rapocTaTn-
YHOrO 3BaXKyBaHHSA 332 CTAHOAPTHOK METOAMKOK MonepeaHbo
HacuyeHux 3paskiB (JopTmaH, 1992 a, 6; Tiab, & Donaldson,
2015). [ina BU3Ha4YeHHs Barn 3paskis BUKOPUCTOBYBaNMCL LMd-
posi aHaniTuyHi Barm WPS 360/c/2 (TouHicTs +0,001 ).

KoediuieHT BigKpWUTOI MOPUCTOCTI BU3HAYaBCHA ra3oBO0-
METPUYHUM CNocoboM 3a JONOMOro cneLiansHo po3pobne-
HOi YCTaHOBKM Ta METOAOM T[ipOCTaTUYHOIO 3BaXKyBaHHS
3rigHO i3 cTaHgapTHO MeToamkow. CepeaHs BigHOCHA MOXM-
©Oka BU3Ha4eHb koediuieHTa nopucTocTi ctaHoBuna 1,1 %.

KaninapomeTpuyHi AoCnifKeHHs BWKOHYBanucs LUNS-
XOM UEeHTpudyryBaHHA 3paskiB nopig 3a [AOonomoroto
ueHTpudyrn OC-6M (Pyabko, 2005). ObepToBa WBMAKICTb

poTopa ueHTpudyrm 3miHioBanace Big 1000 go 6000 06/xB
i3 kpokom 1000 06/xB, NpU LIbOMY TUCK BUTICHEHHS 3MiHIOBa-
Bca Big 0,03 go 1 Mla.

PesynbTaTtn

AHani3 daHux nabopamopHux AocnidxeHb. Y cTaTTi
BUCBITINIEHO Pe3yrnbTaTh BUKOHAHUX KOMMMEKCHUX nabopa-
TOPHUX  JOCNIMKEHb, BU3HAYEHO  (PiNbTPaLiNHO-EMHICHI
napameTpu kapboHaTHMX NOpPiL BEPXHLOrO KapOoHy MHignH-
LiBCbKOro HagpTorasokoHaeHcaTHOro pogosuwa MMuHcbko-
Conoxiecbkoro 'KP. BigomocTi npo mexi 3miH Ta cepefHi
3HaYeHHs1 NeTPOi3NYHNX NapameTpiB NOPid, 3anexHO Bif iX
niTonorii, HaBeAeHO Y BiANOBIAHMX TabNMUSX.

lNycmuna. 3a pesynbTatamu NabopaTopHUX BU3HAYEHb ry-
CTVIHM BCTaHOBIEHO, LU0 Lie napameTp AN Cyxux BanHsAkiB
aMiHloeTbes Bif 2212 kr/m® oo 2600 kr/m® 3a cepeaHbOoro 3Ha-
ueHHs 2414 kr/m3. FycTuHa nopig, HacuyeHUX racom (Mogernsio
HadbTn), Bapitoe B Mexax Big 2400 kr/m® no 2654 kr/me 3a cepe-
[OHLOTO 3HaueHHst 2543 kr/me. YsBHa MiHeparoriyHa ryctuHa
[OCNiMKEeHNX BanHsKIB 3MIHIOETLCA Bif, 2747 0o 2828 krim® 3a
cepeaHboro 3HaueHHs 2800 Kr/mS. LLUMPpOKi Mexi 3MiHW rycTuHN
cBigyaTb NPO MIHMMBICTb SK TEKCTYpU Ta CTPYKTYpW Aocnigxe-
HWX nopig, Tak i BnacHe ix nopucrocTi (Tabn. 1).

Ta6bnuys 1
Mexi 3MiH i cepeaHi 3Ha4YeHHSA rYCTMHHUX NapameTpiB nopig
n 3HayeHHs F'ycTtuHa (cyxi), l'ycTuHa (Hacuu. racom), | YsiBHa ryctuHa miHepanoriyHa,

opoaa 3 3 3
napameTpa Kr/m Kr/m Kr/m

MikpuTo-cnaputosi MiH. 2212 2400 2747
Ta JONIOMITM30BaHi MaKC. 2600 2654 2828
niLLaHNCTI BanHAKK cep. 2414 2543 2800

TMopucmicms. MopucTicTb — BRNacTMBICTb NOPOAN BMi-
wysaTn dnioign (HadTy, ras i sogy). Lie saxnmeun napa-
MeTp NMOPOAM, O BU3HAYAE EMHICTb KonekTopa. Buainsiotb
3aranbHy, BiOKpUTY Ta edekTMBHY nopucTicTb (JopTmaH,
1992 a, 6; Tiab, & Donaldson, 2015). KoediuieHT nopwuc-
TOCTi — OOWH i3 rONoOBHMX NEeTPOdIi3NYHUX NapameTpiB, LLO
XapakTepuaye nyCTOTHUI NpocTip nopoau. Lia BnactusicTb
nopoay Bu3Havae ob'emM KOXHOro Tuny droigy, Wo BMmilla-
eTbca y nopogi. OkpiM TOro, BaXKNMBUMKU BNAcTUBOCTAMW MO-
pia-KonekTopiB € CTPyKTypa iX NyCTOTHOro NpOCTOpy Ta BMICT
3anu1LWIKOBOI BOAM (3aNneXHO Bif KamninspHOro TUCKY), @ Takox
3BMBUCTICTb NMOPOBMX KaHariB. JlTabopaTopHi BU3HAYEHHST LX
napamMeTpiB AalTb 3MOry oTpumaTy iHdopmadilo Npo kartare-
HETWYHI i giareHeTMYHI NpouecK Ta NPo MexaHi3mu, SKi gisnm
nig Yac TpaHCNopTYBaHHA W BiAKNaAeHHs 0cagoBoro mMatepi-
any, ywinsHeHHa n gedopmadii ocagkis (Tiab, & Donaldson,
2015). 3a cTpyKTypOto NOpoay BidyarnbHO Ha AKICHOMY PiBHi MO-
XKHa OLHUTU CTYNiHb ii MOPUCTOCTI.

BigomocTi npo mexi 3MiH Ta cepefHi 3Ha4eHHsA koediLi-
€HTa MOPUCTOCTI Mopia, 3anexHo Big X Buay, HaBedeHo
y Tabn. 2.

3HaueHHs KoedqilieHTa BiAKPUTOI MOPUCTOCTI BamHsIKiB,
BM3HAYEHOro ra3oBONOMETPUYHMM CMOCOBOM, 3MiHIOOTHCS
ansa gocnigxenux nopig Big 0,076 go 0,216 3a oro cepea-
Hboro 3HayeHHs 0,154. KoedpiuieHT BigkpuTOi MOPUCTOCTI

nopig, BU3HAYEHWI rapOCTaTUYHUM METOAOM LUMSIXOM Ha-
CMYeHHs racom (Mogennto HadTn), amiHoeTbes Bia 0,049 no
0,184 3a noro cepefHLOro 3Ha4yeHHs 0,128.

3a koedpiuieHToM BigkpuToi nopuctocTi (daxHos, 1975)
pocnigxeHi nopogn Hanexatb o -V knacis konekTopis
(nopucrTicTb BapitoeTbest Big cepeaHboi — 93 % 3paskiB go
HM3bKOi — 7 % 3paskiB).

B pesynbTaTi aHanisy nabopaTopHMX AaHWX BCTAHOBMEHO
KOpensauinHy 3anexHicTb MK KoedilieHTaMn NopuUCTOCTi JOC-
NiMKeHNX nopig, BU3HAYEHUMU ra3oBOSIOMETPUYHUM CrOCO-
OOM i METOOOM HAaCWYEHHs1 racoM, LLO OMUCYETLCS MiHINHO
dyHKLiEHO:

knNact = 0,87392-Knrs - 0,00661, npu R? = 0,846;
ne Knre, Knrac — koedilieHT BiOKpWUTOT NOPUCTOCTI, BU3HA-
YeHi rasoBONIOMETPUYHMM crnocoboMm Ta rigpocTaTUyHUM
MeToAOM BiAMNOBIAHO, LUNAXOM Hacu4yeHHsi racoM. [padpik
Liel 3anexHoCTi HaBegeHo Ha puc. 1.

AHani3 nabopaTopH/X JaHUX TAKOX [AaB 3MOry BCTaHO-
BUTW KOPEMAUiNHY 3anexHiCTb MiXK ryCTUHOI OOCHiaAXeHUX
nopig (o) Ta ix koediuieHToM nopncTocTi (Knrac), Sika onucy-
€TbCS NiHINHOIO (PyHKUi€EO:

Knrac =-0,0001-6 + 0,3274, npu R?=0,736.
padhik OTpUMaHOI KOpensuifHOI 3aneXHocTi HaBeAeHO
Ha puc. 2.

Ta6nuuysa 2

Mexi 3MiH i cepeaHi 3Ha4YeHHs1 EMHICHUX NapameTpiB nopig

Mopoaa 3HayeHHs KoediiieHT BigkpuTOoi nopucrocrTi, k, KoedpidieHT edhekTUBHOI
napameTtpa Hacu4. a3oTom Hacu4. racom NopMUCTOCTi, Kq
MikpuTo-cnapuTosi MiH. 0,076 0,049 0,005
Ta 4ONOMITM30BaHI MakKc. 0,216 0,184 0,119
NiLL@HUCTI BanHsikun cep. 0,154 0,128 0,042
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: v =0,87392x - 0,00661
R2=0,84390
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3

Koeiniear nopuctocTi, (Ky 1)

Puc. 1. 3anexHicTb Mix KoediLlieHTamMK BiAKPUTOI NOPUCTOCTi, BUSHA4YEHUMU Fra30BONOMETPUYHUM cnoco6om (K rs)
i MeTtogom HacuueHHs racom NaCl (kg rac)

20,21
0,19
0,17 .
0,15
0,13
0,11
0,09
0,07

KoedimieHT mOPUCTOCTI

y = -0,00046x + 1,30008
R?=10.83800

0,05

2400 2450

2500 2550 2600

T'ycTuna, Kr/m®

Puc. 2. 3anexHicTb koediuieHTa BigkpuToi nopuctocTi nopiA (K, rac), BUSHA4€HOro METOA0M HaCUUYEHHS racom, Bifi FyCTUHMU (o)

Cmpykmypa nycmomudoeo rnpocmopy nopid. CTpyk-
Typa nyCTOTHOrO MPOCTOPY OCaA0BWX MOPiA 3HAYHOK MipOI0
BU3HAYaETLCA POPMOIO 1 OKaTaHICTIO 3epeH, iX po3Mipamu,
COPTYBaHHSIM, OPIEHTYBAHHSM | TUNOM YNaKOBKW, @ TAKOX Xi-
MiyHUM cknagom (OoptmaH, 1992 a, 6; Tiab, & Donaldson,
2015). CtpykTypa nycTOTHOro NpocTopy nopif y neTpodian-
YHii NnabopaTopii BU3Ha4Yanacb cnocobom LeHTpudyrysaH-
HsIM iX 3pa3skiB 3a gornomoroto ueHTpudyrn OC-6M. 3aBasku
aHanisy kpueux kaningpHoro Tucky (KKT), oTpumaHux 3a

pesynbTaTamu LeHTPUdYryBaHHs, BU3Ha4YeHOo KoedilieHTn
3anvLLIKOBOrO BoAoOHacuyeHHs (Kss) Ta CTPYKTYpy MnycToT-
HOro NPOCTOPY AOCHiAXeHUX BanHsaKiB. BigoMocTi npo cTpy-
KTYpY MNYyCTOTHOrO MPOCTOPY i KOewiuieHTU 3anuLiKOBOro
HadpToHacM4eHHs HaBeaeHo B Tabn. 3.

Onsa npuknagy Ha puc. 3a Ta 36 HaBeaeHO TUNOBI KPUBI
KaninspHoro TUCKy AochigXeHuX nopia 3 pisHumMu dinbTpa-
LUiNHUMK BNACTUBOCTSIMM.

Tabnuys 3

Mexi 3MiH i cepeaiHi 3Ha4YEHHA NapamMeTpiB NYCTOTHOro NPOCTOpY nopia

MNopona 3HaueHHs BwmicTt nop, % KoediuieHT 3anuwkoBoro
poA napameTpa HagKaninspHi KaninspHi cybkaninsipHi HachToHacuyeHHs, kis
MikpuTo-CcnapuToBi MiH. 25 71 44,2 0,442
Ta A0NOMITU30BaHI MakKc. 33,2 36,7 90,0 0,900
MiLLAHUCTI BaMHAKM cep. 7,9 18,4 73,6 0,736
10 210
=) A
- 0.0 -
g £ 09
g 08 £
E E
g 0,7 § 0,8
306 g
=) 07
£05 g Y
5 0.4 5 0,6
203 2
0.2 205
o & 0
0.0 0.2 0.4 0,6 0.8 0,0 02 0.4 0.6 0.8
Tuck BuTicHeHHS, MIla Tuck BuTicHenHs, MIla
a 6

Puc. 3. TunoBi KpuBi kaninApHOro TUCKy:
a — BarHsku 3 nigsuLeHUMK inbTpauinHumm Bnactusoctamu (k,=0,166; kn=1,215 dom?),
6 — BarHsKM 3 HU3bKUMM inbTpauinHumu BnactusocTamu (k,=0,11; k,,=0,051 dpm?)
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3a gonomoror aHanidy kpumx kaninspHoro Tucky (KKT)
BCTAHOBMNEHO, WO KoediuieHT 3anuwkoBoro HadToHacu-
YEeHHS JOoCnigXeHUX BanHsikiB 3miHtoeTbea Bia 0,442 no 0,9
3a oro cepefHboro 3HayeHHs 0,736 (Tabn. 3).

BcTaHoBneHo kopensuinHy 3anexHiCTb M KoedilieHToM
3anunwkoBoro HadToHacMyeHHs (Ksu) i koedilieHToM nopuc-
TocTi nopiA (Kn,rac), ika OMUCYETLCH MOMNIHOMOM 2 MOPSAAKY:

ko = —31,91802 - k2 ,.+3,50346-k; roc + 0,79735,
npu R? = 0,826.

["padbik uiel 3anexHoCcTi HaBeaeHO Ha puc. 4.

KoediuieHT edekTnBHOI nopucTocTi knep (TAbN. 2), BU-
3Ha4YeHUNn 3 BUKOPUCTAHHAM KoeddilieHTa 3anuLIKOBOro

ﬁ" 0,7

o O O O O

KoediiieHT 3amunmeoBoro
HaTOHACHTIEH]
[ SRR IR

HadbToHacn4yeHHs1, 3miHeTbes Big 0,005 oo 0,119 (cepenHe
3HayeHHs 0,042).

AHani3 oTpumMaHux faHux AaB 3MOry TakoXX BCTAHOBUTU
KOpenauiiHy 3anexHiCTb MK KoeqilieHTaMu NOpPUCTOCTI
(Knrac) i edbekTnBHOI nopucTocTi (Knep). Mpadik uiei 3anex-
HOCTi (p1C. 5) ONUCYETLCA EKCNOHEHLianbHO MYHKLIED:

ky.e=0,00282.e1996113 ¥ unrac, py R = 0,855.

BcTaHoBneHa kopensiuinHa 3anexHicTb MiX koedilieH-
Tamu edpektuBHOi nopucTtocTi (Knep) | MOpUcTOCTI nopia
(Kn,rac) Ma€ NiHINHWIA XapakTep:

Knep = -0,191-ks4+0,1752, mpu R? = 0,975.
padik uiel 3anexxHoCTi HaBeaeHO Ha puc. 6.

v =-31,91802x* + 3,50346x +0,797353
R2=10,82565

0,00 0,05

H

0,10 0,15 0,20

KoedimienT mopaeToCTi, Ky 10
Puc. 4. 3anexHicTb KoediuieHTa 3anuwkoBoro HadhToHacuyeHHs (k) Big koedilieHTa nopuctocTi nopig (Kn rac)

0,14 ¥=0,00282e1996113x
0,12 2=1(,85514

3 0.1
£ 0,08
0,06
0,04
0,02

k,

KoedimieHT edexTUBHOT
MOPHCTOCTI.

0
0,00 0,05

H

0,10 0,15 0,20

KoedimierT mopuctocTi, k; rye
Puc. 5. 3anexHicTb koediuieHTa 3anuwkoBoro HacdToHacu4veHHs (ki) Bia koediuieHTa nopuctocTi nopia (K rac)

0,14
0,12
0.1

-0.,06

kn <

0,04

f=}
(S}

IMOPHCTOCT1
(=)

0

y=-0,191x +0,1752
2=0,9753

1

|
0,08 -
o
|

|

|

0

Koedirient edexTHBHOT

0.2

0,6 0.8 1

KoedimmienT sammmxoBoro HagToHACHIEHH, k.,
Puc. 6. 3anexHicTb koediuieHTa echekTBHOI NnopuctocTi nopif, (Kn.p) BiA koedilieHTa 3anuiwkoBoro HadToHacnyeHHsA (Ksg)

3a pesynbTatamu KaninapomeTpuyHUX JOCTiAXEHb BU-
KOHaHO OLLiHKY CTPYKTYpW NyCTOTHOro NPOCTOPY A0CHiAXe-
HWUX MopiA 3a diameTpoMm Kaninapis. Posnogin nycTtoTHoro
npocTopy nopia Ha cybkaninsapHi (giameTp <0,2 MKM), Kani-
napHi (giametp 0,2-3 MkM) Ta HagkaninapHi (giameTtp
3-100 mkm) nopu (HectepeHko, 2010) HaBegeHo B
Tabn. 3. Cnig BiAg3HaunTK, WO cybkaninapHi nopu yvacTi y
dinbTpauii dnwigiB He OepyTb i 3a3Buyail 3anoOBHEHI
3anuLKOBOK BOAOK. HaToMicTb, pnroian 3ocepenKeHi B

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

HaJKaninapHUX i KaninsapHUX MOPOBMX KaHamnax, MOXyTb
6paTn yyacTb y hinbTpauinHux npouecax. Y pesynbraTari
nabopaTopHUX KaninApoMeTPUYHNX AOCHiAKEHb BCTAHOB-
NeHo, WO NopoBUin NPOCTIP AOCHIMKEHWX NOpig Mae HacTy-
NHY CTPYKTYPY: BMICT HagKaninsapHUxX nop 3MiHIETbLCA Bif,
2,5 0o 33,2 % 3a cepeaHbOro 3HaveHHs 7,9 %; BMmicT Kani-
nsapHMX nop — Bia 7,1 0o 36,7 % 3a cepeqHbOro 3Ha4YeHHS
18,4 %; BmicT cybkaninsapHux nop — Big 44,2 no 90 % 3a
cepeaHboro 3HaveHHs 73,6 %.
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B 1 C HU K KuiBcbkoro HauioHarnbHOro yHisepcurety imeHi Tapaca LlleBueHka

Takum YMHOM, 3a CTPYKTYPOK MYCTOTHOrO MNpOCTOpy
pocnigpkeHi BanHsiku 30e06inbworo MatoTe cepefiHi EMHICHI
napameTpu.

lpoHukHicmb. BnacTtuBicTb FipCbKUX Mopig, Wo xapak-
Tepuaye iXHI0 34aTHICTb NpornyckaTn dnoian, HasuBaeTbCs
X NpoHuKHicTio. BoHa B13Hauvae WBMAKICTb pyxy dntoigis y
nopogi, a oTxe, i TexHonorito ix BUAobyTKy. MPOHMKHICTL No-
pif, KOHTPOMKETBLCA PO3MIPOM 3€PeH MOPOAMK, iX hopmoto Ta
NPOCTOPOBMM PO3MNOAINOM 32 po3MipamMu, a TakoX IXHbOH
YNakoBKO, CTyNEeHeM FMMHUCTOCTI, KoHconigauii N uemeH-
Tauii. 3MiHM NPOHUKHOCTI MOXHa MPOrHO3yBaTW, BUXOAAYM i3
3MiH po3Mipy 1 hopMn YaCTMHOK, a TaKoX PO3MoAiny nycTo-
THUX KaHaniB y nopopfi. Ha NpOHMKHICTb TakoX CyTTEBO
BMIIMBAE TWMN MMUHMCTOrO abo iHLWOro LeMeHTyBarnbLHOro ma-
Tepiany Mix nillaHnmy 3epHamu, ocobnueo y pasi npucyT-
HocTi Boawn. [eski rMWHWUCTI  MiHepanu, 3o0Kpema
MOHTMOPWIOHIT i CMEKTUT, po30yxatoTb y BOAi | MOXYTb Ya-
CTKOBO abo MOBHICTIO 3akynopitoBaTVW MYyCTOTHWIA NPOCTip
(Tiab, & Donaldson, 2015).

OTxe, 34aTHICTb Nopoan nponyckatn Yepes cebe drnto-
iAM xapakTepmsyeTbCs KOediLiEHTOM NPOHUKHOCTI Knp. Y BU-
nagky, konu nopoga Ha 100 % HacuyeHa ogHuM croigom
(dbaszor0), Takum sk ra3, HadhTta abo Boaa, HasnBaeTbCs ab-
COMOTHO NPOHUKHICTIO AN AaHoro dntoigy. Y pasi npucy-
THOCTI y nopogai 6inblue ogHoro cnigy, NPOHWUKHICTL ANs
KOXHOTO 3 HUX € (pa30Boto, NP LLbOMY KOediliEHTN NPOHUK-
HOCTi Knpr, Knpn, Knps XapakTepusyoTb edeKkTUBHY (a3oBy
NPOHUKHICTb Ans ra3dy, Had T 1 BOAM BiANOBIAHO. Y npoueci
pyXy No NyCTOTHUX KaHanax nNnacToBi onoian B3aEMoiloTb
Mix coBot0, ranbMyo4M oavH OOHOro, TOMY CyMa edekTmB-
HOT MPOHMKHOCTI BCiX TPbOX (a3 3aBxaM MeHLwa Big abco-
NIOTHOT NPOHMKHOCTI.

3a nitepatypHMMu gaHUMK, NPOHUKHICTb NOPIA-KOMNeKTo-
piB HadpTn i rasy 3miHOeTbCA B fAianasoHi Big 0,1 go
1000 pm?, iHkonu i Ginblue. Knac kornektopa 3ymoOBniO-
€TbCS MOro NMPOHVWKHICTIO, WO MOAINSAETLCA Ha: HU3bKY — Kip
<1 om?, 3a00BiNbHY — knp=1-10 bM?, cepeaHio — knp=10—
50 pm?, BUCOKY — Kknp=50-250 chM? i [Lyxe BUCOKY —
knp>250 dom? (Tiab, & Donaldson, 2015). Mopoau, wo ma-
t0Tb MPOHUKHICTL, HUXYY 1 (oM, BBAXKaIOTLCS YLLiNbHEHUMU.
Husbka npoHWKHICTL BRacTMBa anesBporiTam, aprinitam,
YWiNbHEHNM ra3oHOCHUM MiCKOBMKaM Ta MaTpuLi BanHsKiB.

[75)
"]

5

%

[SEI )
3

—
[ ]

—
[=]

0.5

=1
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Mpomucnosa po3pobka razoHOCHUX YLLiNbHEHMX NOpig MO-
XNMBa LUMSAXOM 3aCTOCYBaHHsSI TEXHOMOri iHTeHcudikauii
NPOAYKTMBHUX TOBLL, TakMX SiK KUCIOTHa obpobka Ta rigpo-
pospuB nnacta. Lli 3axogn cyTTeBO nigBWLLYIOTH MPOHUK-
HICTb YLUINbHEHWX MOopi4 i AalTb 3MOry BeCTU BUOOOYTOK
BYINEBOAHIB i3 NOPiA-KONEKTOPIB, SKi paHille BBaXanucs He-
KOHANLINHUMMW.

KoedilieHT NPOHUKHOCTI AOCNIAXEHNX BanHSKIB BU3HA-
YaBCcsl METOAOM CTaLioHapHOI inbTpauii a3oTy 3a Aonomo-
roro  creujansHo po3pobneHoi ycTtaHoBkn. CepeaHs
BigHOCHa noxubka BM3HaYeHb KoediuieHTa MNPOHUKHOCTI
ctaHoBuna 2,5 %. Y tabn. 4 HaBefeHoO Mexi 3MiH | cepefHi
3HaYeHHs KoedilieHTa MPOHMKHOCTI AOCHIIKEHUX BanHSKIB.

Tabnuys 4
MeXxi 3MiH i cepeaHi 3Ha4eHHSA NPOHUKHOCTi Nopia
Mopopa 3HaueHHA KoedpiuieHT
napameTpa | NMPOHWUKHOCTi Knp, PM?
MikpuTo-CcnapuTosi MiH. 0,039
Ta JONOMITU3OBaHI MakKC. 2,638
MiLL@HUCTI BaMHAKM cep. 0,315

3aBOsakmM aHanisy pesynbTaTiB NlabopaTopHMX [ocHi-
KeHb KoedilieHTa NPOHUKHOCTI Nopia BCTAHOBMEHO, LWO
Leit napameTp 3MmiHoeTbea Big 0,039 dm? go 2,638 dm? 3a
roro cepenHboro 3HadeHHs 0,315 pm?. 3a knacudgikauieto
nopig 3rigHo 3 ix NpoHukHicTio (JdaxHos, 1975) gocnigxeHi
nopoau Hanexatb 4o: |V knacy konekTopiB (MPOHNKHICTb HU-
3bka, knp = 1-10 dom?) — 5 % 3paskis Ta V knacy Konektopis
(NPOHUKHICTbL AyKe HM3bKa, knp<1 pm?) — 95 % 3paskis.

AHani3 oTpuMaHux JaHux faB 3MOry BCTAHOBUTU KOPEns-
LifHY 3aneXxHiCTb Mixx koediLlieHTOM NPOHUKHOCTI (Knp) | koedi-
uieHTom edektmBHOi  mopucTocTi  (Knep). [padiik  Uiei
3anexHoCTi (pUC. 7) ONNCYETLCS EKCMOHEHLanbHOK (OyHKLIE

knp=0,00282'919'96113*"'9‘1’

BcTaHoBneHo kopensuiiHy 3anexHicTe Mk koedilieH-
TamMu 3anuWKoOBOro HadToHacuyeHHst (Ksi) i MPOHWMKHOCTI
(knp) NopiAa:

keu = -0,11256-In(knp)+0,48781, npu R* = 0,841.
padik uiel 3anexHocTi onucyeTbest norapndMivyHo yHK-
uieto (puc. 8).

v = 0,0303538:64006
R?=0,90494

KoeilieHT POHUKHOCT, (>

0 002 004

0,06

008 0,1 012 014

Koegiment epexTnBroi MOPHETOCTI, Ky o
Puc 7. 3anexHicTb koediuieHTa npoHukHOCTI (Kqp) BiA KoediuienTa ecbekTnBHOI nopuctocTi nopia (Kneq)

KoeditieHT 3aTHIIKOBOTO
Ha(TOHACHHEeH

y =-0,11256In(x) +0,48781

R2=0,84070

0,0

>

0,5

, 1,0

1.5 2.0 2,5 3.0

>

KoedirienT mporukHOCTI, hm?
Puc. 8. 3anexHicTb KoediuieHTa 3anuwkoBoro HachToHacuveHHs (Kq.q) BiA koediLieHTa npoHukHocTi (Kqp) nopia
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Ouckycifa i BACHOBKMU

JTaBopaTopHi gocnigpkeHHs NeTpodi3nyHMX BracTUBOC-
Ten BanHSAKIB € akTyanbHUMM LWOAO0 OUiHKM HadTOrasoBoro
noTeHLiany NepcnekTUBHMX TOBL,. Y Ui CTaTTi BUCBITNIEHO
pe3ynbtatn nabopaTopHUX [OOCHIMKEHb KONEKTOPCbKMX
BNacTuBOCTelN kapboHaTHMX Mopig BEPXHBOro KapOoHy [MHi-
OWHUIBCBKOrO HapTorasokoHgeHcaTHOro pogosuwia MnuH-
cbko-CornoxiBcbKoro KP. Locnigpxeni nopoam
npeacTaBreHi MikpuTo-cCnapuToBMMN Ta AOSIOMITU30BAHMMM
NiLaHUCTUMN BanHAKaMu.

BukoHaHoO komnnekc neTpodi3anyHmMx gocnimpkeHb inb-
TpaUiiHO-EMHICHUX NapaMeTpiB, a came.

1. BusHayeHo, Lo 06'eMHa ryCTMHa CyXux BarnHsKiB 3MiHIO-
€Tbea Big 2212 go 2600 kr/m® (cepeaHe 2414 kr/m3),. Mopoaow,
Hacu4eHi racom (Mogernb HadTh), MatTb rycTuHy Big 2400 oo
2654 kr/m® (cepenHe 2543 kr/m3). YaBHa miHepanoriyHa ryc-
TVUHa BarnHaKiB 3MiHIOETLCA Big 2747 o 2828 ki/m® (cepenHe
2800 kr/m3). MiHNMBICTb SIK MiHeparnbHOTo cKrady AOCTIOKEHNX

2. BcTaHOBMEHO, WO KoedilieHT NOpUCTOCTI BanHAKIB,
BU3HAYEHUI ra30BOSIIOMETPUYHMM CNOCOBOM, 3MIHIETLCS
Big 0,076 oo 0,216 (cepeaHe 0,154). MeTogom rigpoctaTu-
YHOro 3BaXKyBaHHHA BU3HAYEHO, LLIO KOeIiLiEHT BiAKpUTOI No-
puctocTi 3miHeTbea 0,049 no 0,184 (cepegHe 0,128). 3a
KoediLieHTOM BigKPUTOI MOPUCTOCTI AOCNI4XEHI NOpoAn Ha-
nexartb go -1V knacis konekTopis (NOPUCTICTb Big cepea-
HbOT — 93 % 3pa3skiB 40 HU3bKOI — 7 % 3paskiB).

KoedilieHT edeKTUBHOI NOPUCTOCTI BanHsKiB 3MiHHO-
etbesa Big 0,005 oo 0,119 (cepenHe 0,046).

3. BusHayeHnn koedillieHT 3anuLLKOBOro HadpTtoHacu-
YeHHsa gocnigpkeHux nopig 3MmiHeTbes Big 0,442 po 0,9
(cepeaHe 0,736).

4. BuaHayeHa LUMSIXOM KaninapomeTpU4HMUX 4OCTiaKeHb
METOLOM LIeHTpUyryBaHHsi, CTpyKTypa KaninsipHoro npoc-
TOpy OoCnigXeHnX BanHAKIiB Taka: BMICT HagKaningapHux nop
3miHeTbes: Big 2,5 no 33,2 % (cepenHe 7,9 %); BMICT Kani-
nsipHux nop — Big 7,1 pno 36,7 % (cepenHe 18,4 %), BMIiCT
cybkaninapHux nop — Big 44,2 0o 90 % (cepenHe 73,6 %).
3a CTPYKTYpO NMyCTOTHOrO MPOCTOPY AOCHIAXKEHI BanHAKM
30e6inbloro MaloTb cepeaHi EMHICHI napameTpu.

5. B pesynbTtati nabopaTtopHux gocnimkeHb koedilieHTa
NPOHMKHOCTI MOPi4 BCTAHOBIEHO, O Len napameTp 3MiHo-
eTbes Big 0,039 no 2,638 dom? (cepeaHe 0,315 dpm?). 3a 3Ha-
YeHHsIMK KoedoillieHTa NPOHWKHOCTI OOChigKeHi nopoan Oo:
IV knacy konekTopiB (NMPOHUKHICTb HU3bka) — 5 % 3paskiB Ta
V Knacy KornekTopis (MPOHUKHICTb Ayxe Hu3bka) — 95 % 3paskis.

TakuM YMHOM, OOCHIOXKEHI BaMnHAKN MaloTb NepeBaXHO
cepefHi EMHICHI napameTpu Ta HU3bKI | Ay>Ke HU3bKi inbT-
pauiiHi BNacTUBOCTI 3a BMHATKOM OKpeMux 3paskiB. Cnig,
Bi3HAUNTK, WO po3pobka TakMX KONEKTOpPIiB HEMOXIMBa
0e3 3acTocyBaHHA MeTOAIB iHTeHcUdikauii nnacTa.

3a [OnoOMOrol KopensuinHOro aHanisy BCTaHOBIIEHO
PSA  eMMipUYHMX  3anexHoCTenm MK  inbTpauiiHo-
EMHICHUMU MapaMeTpamu JOCHiIAXEHNX Nopia — rycTUHOM,
KoediuieHTamu BigKpuUTOi Ta e(PeKTUBHOI NOPUCTOCTI, 3anu-
LLIKOBOrO HadhTOHACWMYEHHsI Ta NPOHUKHOCTI. Lli 3anexHocTi
MOXyTb OyTW BMKOpUCTaHI Npu iHTepnpeTadii gaHux reodi-
3UYHUX JOCTiAXEeHb CBEPASIOBUH Ta MOAEMOBaHHI dinbTpa-
LiHO-EMHICHUX NMapaMeTpiB BanHsKiB BEPXHbOro KapOOHy
mMuHcbko-Conoxieebkoro NKP Ta cymixkHMX nnoLw.

BHecok aBTopiB: Cepriii Buxsa — KoHUenTyanisauisi, MeTogo-
noris, aHani3 i ob6pobka naHnx; Biktop OHULLYK — MeTofonoris, aHa-
ni3 i obpobka agaHuxX, HanMcaHHS (opuriHanbHa YepHeTKa, nepernsag
i peparyBaHHs); IBaH OHuwyk — aHani3 i 06pobka gaHux, Banigauis
OaHunx, HanvcaHHsi (opuriHanbHa 4YepHeTka); OMuTpo OHMLyK —
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nabopaTtopHi BUMiptoBaHHS, aHani3 i 06pobka AaHunx, hopmanbHui
aHanis; OnekcaHgp LWabaTtypa — nporpamHe 3abe3neyeHHs, aHani3
i 0bpobka AaHux, hopmarnbHU aHanis.

MNoAasikn. ABTOPM BUCMOBMIOTbL LUMPY NOASAKY CT. nabopaHTy
LlymaHy B.C. 3a noro akTuBHy y4acTb Ta BUCOKUIA npodpecioHaniam
y MigroToBLUi 3pa3kiB i nrabopaTopHMX AOCHIAKEHHSX.

Dxepena diHaHCyBaHHA. Po60Ty BMKOHaAHO B pamkax OepX-
GromxeTHoi Temm Ne24BM049-01, wo ciHaHCyeTbCS NpOrpamoro Ha-
ykoBux gocrnigxkeHb MOH YkpaiHu.
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RESERVOIR PROPERTIES OF CARBON ROCKS OF THE HNIDYNTSIVSKE OIL AND GAS CONDENSATE DEPOSIT
OF THE GLYNSKO-SOLOKHIV GAS CONDENSATE FIELD

Background. The paper concerns the results of reservoir properties determination of carbon rocks of the Hnidyntsivske oil and gas
condensate deposit of the Glynsko-Solokhiv gas condensate field with the purpose of looking into comprehensive analysis of their physical features.

Methods. A brief petrographic description of limestones was performed. The bulk density of dry rock samples (matrix density of the rock) is
determined by weighing and measuring their geometric dimensions. Hydrostatic weighing method was applied to the rock samples saturated with
kerosene. The open porosity coefficient was determined by the gas volumetric method and the method of hydrostatic weighing according to the
standard methodology. Capillarometric studies were performed by centrifugation of rock samples.

R e s ults. Such reservoir features of rock samples as open porosity coefficient and effective porosity coefficient, residual oil saturation factor
and permeability coefficient were researched.

The limits of variation and mean values of the reservoir properties of the studied rocks are given. The capillarometric studies by the method of
centrifugation helped to understand the structure of the void space of rocks.

Conclusions. The correlation analysis was applied to establish a number of correlations between the reservoir parameters of the studied
rocks — density, open porosity coefficient, effective porosity coefficient and residual water saturation factor, as well as between the porosity
coefficients measured in atmospheric and reservoir conditions. These correlations can be used for the interpretation of well logging data and modeling
of reservoir parameters of consolidated reservoir rocks.

Keywords: limestones, density, porosity coefficient, permeability coefficient, residual oil saturation factor, correlation relationships, reser-
voir properties.
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STUDY OF SEDIMENT GENESIS BASED ON BOREHOLE LOGGING DATA AND EVALUATION
OF THE RELATIONSHIP BETWEEN SEDIMENT GENESIS AND RESERVOIR PROPERTIES

(MpedcmaeneHo YneHom pedakyiliHol konezii 0-pom 2eon. Hayk, npog. O.M. KaprneHkom)

Background. The Bulla-Deniz field is one of the most promising from the point of view of oil and gas content in the South
Caspian Trough. It is located in the northern part of the Baku Archipelago. Despite the fact that the Bulla-Deniz field, characterized
by deep wells, has been in operation since 1975, it has not yet been fully explored. Its geological structure has been studied on the
basis of complex geophysical exploration works, structural mapping, exploration drilling and production material. The wells have
penetrated the sediments of the Productive Series (PS) only up to the upper part of the Kirmaky Suite. Deposits of the Sub-Kirmaky
and Qala Suites have not been penetrated in the field area. Oil and gas content within the Bulla-Deniz field is confined to horizons
V, VIl and Vil of the PS. VIl horizon, according to Apsheron stratigraphic scheme, corresponds to the Upper Kirmaky Sandy
complex and is represented by two sandy-silty strata in the bottom and top parts. Horizon VIl corresponds to the Fasila Suite and
is composed predominantly of sandstones. The V horizon (in accordance with the Apsheron section corresponds to horizons VIlI-IX) is
represented by alternation of thick layers of sand, sandstone and clay.

Such major issues as assessment of sedimentation conditions and genesis of the rocks forming these horizons, as well as
establishing the relationship between the genetic origin of rocks and their reservoir properties, remain relevant at present.

One of the most urgent goals today is to conduct geophysical research related to oil and gas field prospecting and exploration
using more advanced methods and introducing new technologies. It allows to determine the internal structure of oil and gas bearing
structures and oil-bearing horizons with greater accuracy on the basis of field geophysics data.

Methods. Due to intensification of prospecting and exploration works aimed at identification of oil and gas bearing
formations and horizons of Productive Series, there is need to apply modern methodological and interpretative approaches —
tectonic, eustatic, stratigraphic and genetic analyses — as an alternative to expensive drilling. From this point of view, determination
of sedimentation conditions of horizons and reservoir complexes of the Productive Series is important for a targeted search for oil
and gas deposits not associated with anticlinal traps, identification of stratigraphic, lithologic, paleogeomorphologic, epigenetic
and other hard-to-recognize traps, as well as for assessment of oil and gas bearing prospects of the studied region and analysis of
the distribution of potentially interesting objects within sedimentary basins.

On the other hand, there is a definite relationship between the lithological and mineralogical composition of rocks and their
reservoir properties, which ultimately manifests itself in the petrophysical characteristics of reservoir rocks. For this reason, the
study of the relationship between the genesis of sediments of the productive strata and their reservoir properties makes it possible
to predict the patterns of distribution of sandy material over the area, as well as to draw conclusions about the nature of the
development of porous and permeable zones. This, in turn, has important scientific and practical significance for assessing the
nature of changes in the reservoir properties of sedimentary rocks.

It is from this point of view that the article proposes a rational approach to identifying the relationship between the genetic
origin of sediments and reservoir properties of rocks on the basis of quantitative interpretation of complex well data using the
"quantitative model of log facies". Horizons V, VIl and VIII of the Productive Series of the Bulla-Deniz field were considered as the
object of the research. The results of the research are presented and analyzed from the point of view of assessing the genesis of
sediments and their influence on the filtration-capacitance properties of rocks.

Results. Using a quantitative log facies model, lithofacies interpretation of well sections X1, X2, X3, X4 and X5 of the
conditional area of the Bulla-Deniz field was carried out. During the analysis alluvial stream facies, bars, coastal-beach and shelf
(coastal-marine) formations were identified. The relationship between the genetic origin of sedimentary rocks and their reservoir
properties was established. The results showed that the physical properties of the studied rocks are directly related to their genesis.
Histograms reflecting changes in average relative sandiness and porosity, as well as variation in the thickness of stream facies,
bars and beach deposits along the sections of the studied wells were also constructed.

Conclusions.Acomprehensive lithofacies and seismic facies analysis was carried out for the Bulla-Deniz field using data
from wells X1-X5 and seismic profiles. Facies of stream, bar, coastal-beach, and shelf origin were identified. A clear relationship
was established between the genetic origin of sediments and their reservoir properties, particularly in stream and bar facies, where
effective porosity and sand body thickness show strong correlation. In contrast, coastal-beach facies exhibit chaotic variation,
lacking such correlation. Additionally, seismic facies analysis within the Lower Pliocene interval revealed fluvial, marine, and mixed
sedimentation environments, indicating a complex depositional history in the study area.

Keywords: facies composition, stream, bar, coastal-beach environment, reservoir properties.

Background

The South Caspian Trough is a regional depression with
a complex geological and tectonic structure, active
geodynamic processes and is characterized by high
seismicity and widespread development of mud volcanoes.
According to gravimagnetic, seismic and electrical studies,
the thickness of the sedimentary cover within the trough
exceeds 25km and is divided into blocks by regional
tectonic faults.
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The South Caspian Trough (SCT) is extremely rich in
hydrocarbon resources. Over the last 25 years Azeri,
Gunashli, Chirag, Bahar, Bulla-Deniz, Shahdeniz, Umid,
Babek, Apsheron, Karabakh and other fields have been
discovered here. The conducted geological and geophysical
studies allow us to forecast the presence of significant oil
and gas reserves also in the promising structures of the
region. In the near future there are very encouraging
prospects for discovery of rich oil and gas deposits in deeper
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horizons of the South Caspian Trough (Khalilova, & Seyidov,
2023; Ahmedov, & Khalilova, 2024).

Since most of the identified oil and gas fields within the
South Caspian Trough are associated with terrigenous
deposits, successful discovery of new deposits depends
largely on determining the genesis of these terrigenous
formations. Establishing the conditions of sedimentation in
the terrigenous strata allows us, first of all, to predict the
distribution patterns of sand bodies, to reach conclusions
about their morphology, as well as to study the development
patterns of porous-permeable strata (Kerimova et al., 2024;
Kerimova, & Samadzadeh, 2023; Samadzadeh, 2023).

Determination of rock genesis and analysis of reservoir
properties by area are important for both assessment and
clarification of oil and gas content of the territory. In this
connection, the study of the relationship between the
genesis of the sediments of the productive strata and their
reservoir characteristics contributes to the identification of
patterns of distribution of sandy material, as well as the
formation of ideas about the nature of porous and permeable
intervals in the section (Seidov et al., 2024; Akhmedov, &
Aghayeva, 2022).

The Bulla-Deniz field, located in the northern part of the
Baku Archipelago, was chosen as the object of study
(Fig. 1). From the tectonic point of view, the structure is
elongated in the northwest-southeast direction, its length is
about 27 km and width is about 8 km. The main object of
field development are horizons V, VII, VIl of the Productive
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Gas-condonstate fiolds
Gas bolds
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Series, as well as clay deposits of the Upper Kirmaky
Subhorizon (Pogorelova, & Abdulla-zada, 2024).

At the Bulla-Deniz field, oil and gas content is confined to
horizons V, VIl and VIl of the Productive Series. Horizon VIII,
according to Apsheron dissection, corresponds to the Upper
Kirmaky Sandy complex. Two sandy-siltstone beds are
distinguished in the bottom and top parts of the horizon.
Horizon VIl (corresponding to the Fasila Suite according to the
Apsheron section) is composed mainly of sandstones (about
70 %) and has an average thickness of 94 meters. In the
section it is divided into two objects — Vllupper and Vlliower, with
thicknesses of 47 m and 25 m, accordingly. These objects are
separated by an interbed clay interval with a thickness of
about 22 m. Horizon V (in accordance with the Apsheron
partitioning corresponds to horizons VIII-IX) is represented by
alternating thick layers of sand, sandstone and clay. Sands
and sandstones are characterized by fine and fine grain size
and contain carbonate material. The total thickness of the
horizon is 129 meters. Within the horizon there are two objects —
Vupper @and Viower, 21 m and 30 m thick respectively, between
which there is a 21-meter thick clay interbed. Within the field,
oil-and-gas bearing capacity has been identified in these
horizons of the Productive Series. However, in the
southwestern section of the structure these horizons have not
been penetrated in wells, and, accordingly, their oil and gas
content remains unknown. No commercial oil and gas
deposits were recorded above the V horizon in the geological
section of the field (Salmanov et al., 2023).

Fig. 1. Oil, gas and gas condensate fields of the Baku Archipelago overview diagram

It is well known that oil and gas reservoir forecasting is
largely based on facies analysis of rock formation
conditions. In this connection, the reconstruction of
conditions of deposit accumulation in the Productive Series
by the method of logging facies in the study area remains
relevant (Nasibova et al., 2024).

The purpose of this paper aims to study the genetic
origin of sediments of horizons V (according to Balakhany
Suite lithostratigraphy — horizons VIII-IX), VII horizon
(Fasila Suite) and VIII horizon (Upper Kirmaky Sandy
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complex) of the Productive Series of the Bulla-Deniz field,
selected as the object under study. The relationship
between the genetic origin of sediments and their reservoir
properties is also analyzed, with a comparative analysis of
these horizons. In addition, the objective is to construct
three-dimensional spatial models showing the variation of
the following parameters for horizons V, VIl and VIII over
the study area: stream facies, bar and coastal-beach
conditions, sandiness, effective porosity, estimated
resistivity and volumetric clay content.
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Methods

The Bulla-Deniz fold is complicated by longitudinal and
transverse tectonic faults and is dissected into a number of
distinct blocks. In the northeastern flank there are 6
transverse faults, which divide it into 6 tectonic blocks. Two
transverse faults are recorded in the southwestern flank,
resulting in its subdivision into 3 blocks. Taking into account
that the Bulla-Deniz field is a complex oil and gas bearing
zone with numerous tectonic faults, each of the identified
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blocks can be considered as a potential oil and gas trap. In
this regard, the article uses integrated logging data from five
wells located along one geological profile within the Bulla-
Deniz field (Fig. 2) (Kerimova, & Samadli, 2024).

Based on the results of quantitative interpretation of
complex data for each well, the method of "quantitative
logging facies model" was applied, which allowed us to study
the conditions of sedimentation and facies origin of deposits
of horizons and formation complexes within the study area.
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Fig. 2. Stratigraphic referencing of seismic horizons in the Bulla-Deniz field

Based on the results of quantitative interpretation of
complex well data, the values of effective porosity and
volumetric clay content of the formations were determined
and histograms of their changes by depth were constructed.
Histograms of effective porosity and volumetric clay content
variation by depth were used to analyze and interpret the
genetic origin of sediments (Fig. 3).

Results

As can be seen from the figure, in well X1 (conventionally
accepted) of the Bulla-Deniz field, the genetic origin of
sediments varies by depth (from top to bottom) as follows: In
the 5650-5700 m depth interval, a facies of bar origin is
identified; In the interval 5700-5713 m — a facies of coastal-
beach conditions; In the interval 5713-5829 m a successive
change of facies of stream, coastal-beach zone and bar is
traced; In the 5829-6100 m interval, there is an alternation
of stream, bar, coastal-beach zone, shelf and again coastal-
beach facies. This facies succession reflects the dynamics
of sedimentation and indicates a complex sedimentary
history within the study area.

In the conditional well X2 in the depth interval 5568—
5742 m, a sequential change of facies (from top to bottom) is
observed in the following order: bar — stream — stream —
coastal-beach zone — stream — bar — stream — bar. In the
interval 5742-6018 m, alternation of facies of bar, coastal-
beach, shelf, coastal-beach and again shelf origin is recorded.
In the deeper interval — 6018-6346 m — the sequence of facies
is traced: stream — coastal-beach zone — bar — coastal-beach
zone — shelf — coastal-beach zone. As for conditional well X3,
in the interval 5080-5164 m there is an alternation of facies of
coastal-beach and bar origin, in the interval 5164-5555 m —
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facies of coastal-beach zone prevail, in the interval 5555—
5626 m — facies of bar origin, and in the interval 5626-5900 m
the facies of coastal-beach genesis prevail again. This facies
variability reflects the complex morphodynamics of the
sedimentary environment within the Bulla-Deniz field and
indicates the alternation of different sedimentary settings within
one stratigraphic section.

According to the results of interpretation of conditional well
X4, the facies sequence in the section is as follows: In the
interval 4832-4909 m from top to bottom there is an
alternation of facies: coastal-beach zone — stream — coastal-
beach zone — stream — coastal-beach zone — stream. In the
interval 4909-5146 m, a change of facies is recorded: bar —
coastal-beach zone — bar — coastal-beach zone. In the interval
5146-5388 m the sequence: stream — coastal-beach zone —
stream — coastal-beach zone is recorded. In the interval
5388-5669 m the sequence: bar — coastal-beach zone — bar
— coastal-beach zone — stream — coastal-beach zone is
observed. In the interval 5669-5849 m the following facies
alternation is observed: bar — stream — coastal-beach zone —
stream. Such a detailed facies interpretation indicates a
complex sedimentary environment characterized by frequent
change of facies environments (bar bodies, streams, beach
and shelf zones), which directly affects the variability of
reservoir properties of rocks within the section.

According to the results of interpretation of the section of
conditional well X5, the facies composition of sediments at
depth (from top to bottom) changes as follows: In the interval
5016-5166 m, a successive facies change is observed: shelf
(coastal) environment — coastal-beach zone — bar formation.
In the 5106-5387 m interval, the following alternation is
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traced: stream — coastal-beach zone — stream — bar — stream.
In the interval 5387-5610 m, facies of shelf zone, coastal-
beach zone and bar formation are recorded. In the 5610—
5944 m interval, a facies sequence is observed: stream —
coastal-beach zone — stream — coastal-beach zone. Such

facies change indicates alternation of conditions with different
hydrodynamic activity and energy of sedimentation, which has
a significant impact on the lithology of rocks, their porosity-
permeability properties and, accordingly, on the prospects of
oil and gas bearing within this area.
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As part of this research, the following parameters were
calculated for each well section in intervals where stream,
bar, and coastal-beach facies were identified: mean value of
effective porosity of the formations (Kpormean), average
thickness of sandy (Hqy.qve.) and clayey (Hsgna.ave.) beds,
relative thickness of sandy bodies (Hreisand). For each of
these parameters, graphs of variation by well were plotted.
For this purpose, within each well section, in the intervals of
distribution of stream, bar, coastal-beach and shelf facies,
the reservoir thickness within the total reservoir thickness
(H1) was calculated using the following formula (1):

H = (Hclay.ave. + Hsand.ave)/2 (1)
here H; — thickness of the reservoir part by horizon;
Hciay.ave— average thickness of clay layers; Hygng.ave—
average thickness of sandy strata.
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v
Fig. 3. Lithofacies analysis of rocks from wells located on the research profile of the Bulla-Deniz field
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Using formula (2), the relative reservoir capacity by
horizon was estimated for stream facies, bars, and coastal-
beach conditions:

Hyer = Hy/H; (2)
here Hrel. — relative reservoir thickness, H, — thickness of the
reservoir part within the formation, H; — total thickness of the
reservoir within the selected interval (Kerimova, Aliyev 2022;
Kerimova, Khalilova, 2020).

Using formula (3) for each well section, they were
calculated separately: mean value of effective porosity of
formations (Kpormean), relative thickness of sand bodies by
horizon (Hrelsand) in intervals where stream, bar, and coastal-
beach facies were identified. The results of these
calculations are summarized in Tab. 1.

Hrersana = 1 — Hyep, (3)
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Table 1

Estimation of parameters Hrel.sand, Hstream and Kpor.mean on facies origin of sediments of horizons V, VIl and VIl
of the Productive Series of the Bulla-Deniz field

Well Stream origin facies Bar origin facies Coastal-beach origin facies
Ne Hrel.sand, m | Kpor.mean Hbar Hrel.sand, m |Kpor.mean| Hbar Hrel.sand,m | Kpor.mean Hbar
X1 0,632 0,248 97,16 0.489 0.169 28.6 0.633 0,175 70,5
X2 0.545 0.202 55.84 0.554 0.205 22.23 0.563 0.215 93
X3 0.582 0.183 12.66 0.615 0.197 29 0.544 0.186 233
X4 0.612 0.182 75.58 0.496 0.185 89.23 0.586 0.189 33.55
X5 0.534 0.215 180.7 0.537 0.203 120.4 0.622 0.180 109.6

Note: On the basis of the data in Tab. 1, the corresponding graphs reflecting the peculiarities of the parameters variation by wells located
on the studied geological profile were constructed (Fig. 4, Fig. 5, Fig. 6).

Based on the comparative analysis of the curves of
change of parameters Hrelsand, Hstream and Kpor.mean along the
studied profile, the following was established: From well X1
towards well X2, there is a general decrease in all three
parameters: thickness of the facies of stream origin
decreases from 97.16 m to 55.84 m, the relative thickness
of sand bodies decreases from 0.532 to 0.545, mean
effective porosity decreases from 24.8 % to 20.2 %. In the
direction from well X2 to X3: stream facies thickness
decreases to 12.6 m, the mean effective porosity decreases
to Kpor.mean=18.3 %, in contrast, the relative thickness of sand
bodies increases t0 Hrelsand=0.582 m. In the interval from
well X3 to X4: the thickness of the facies of stream genesis
increases again and reaches Hstream=75.58 m, the mean
effective porosity continues to decrease to Kpor.mean=18.2 %,
relative thickness of sand bodies increases to
Hrelsand=0.612 m. These changes indicate the variability of
sedimentation conditions and reservoir properties along the
profile, which indicates the complex facies and lithologic
heterogeneity of the studied area of the Bulla-Deniz field.

The section of conditional well X5 shows a significant
increase in the thickness of the stream facies, which reaches
180.9 m. At the same time: mean effective porosity is
Kpormean=21.5 %, relative thickness of sand bodies
decreases and makes Hrel.sand=0.534 m.

When considering all three curves separately, we can
conclude that for facies of stream origin, the curves Hrel.sand
and Kpormean generally follow each other along the profile.
This indicates that there is a certain regularity in the variation
of these parameters along the profile. Thus, it can be stated
that the change in the relative thickness of the sand reservoir
(Hrersand) along the profile is, to a large extent, equivalent to
the change in the thickness of the stream facies. In other
words, the thicker the stream facies, the higher the
proportion of sandy material and, consequently, the higher
the effective porosity is (Fig. 4). This relationship confirms
the importance of facies analysis in predicting reservoir
properties and indicates a direct relationship between the
genetic type of sediments and their reservoir potential.
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Fig. 4. Comparative plot of variation of Kyor.mean, Hrel.sand @aNd Hsiream parameters along the profile for the stream origin facies
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Fig. 5. Histogram of the distribution of parameters Hieisand, Kpor.mean @nd Hsiream across wells for the stream origin facies

The growth of Kpormean (Mean effective porosity) may
indicate the compaction of rocks under the action of gravity,
as well as the heterogeneity of reservoirs. Analyzing all three
curves separately, we can conclude that for the stream
facies, the plots of Hreisand (relative sand reservoir thickness)
and Kpor.mean plotted along the profile are mutually correlated
and follow a similar trend. This indicates that there is a
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consistent pattern between the sandiness of rocks and their
filtration-capacity properties within the stream sediments.
Histograms of the distribution of parameters Hhrei.sand,
Hstream and Kpor.mean across wells were constructed (Fig. 5).
Similar studies were also used to determine the intervals of
distribution of bar and coastal-beach facies in deposits of V, VII
and VIII horizons of the Productive Series for each well section
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along the selected profile. The following parameters were
calculated for each interval where these facies were identified:
mean value of effective porosity (Kpormean), facies thickness
(respectively Hvar — for bars and Hcoasts. — for coastal-beach
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deposits), relative thickness of sand bodies (Hre.sand). On the
basis of these data, plots of parameter variation along the profile
(Figs. 6 and 7), histograms of parameters distribution along
wells (Figs. 8 and 9) were plotted.
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Based on the comparative analysis of the graphs of
variation of parameters Hrel.sand, Hbar and Kpor.mean along the
profile in the intervals where bar facies are identified, the
following was established (Fig. 6): In the direction from well
X1 to X2, there is an increase in the values of mean effective
porosity (Kpormean) and relative thickness of sand bodies
(Hrelsand), while the thickness of the bar facies itself (Hbar)

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

decreases. This indicates that the relative reservoir capacity
varies with the combination of effective porosity and facies
thickness. From X2 to X3, the bar facies thickness increases
slightly, but the effective porosity decreases to
Kpormean=19.7 %, while Hreisand continues to increase,
reaching 0.615 m. Further along the profile from X3 to X4,
the thickness of the bar facies continues to increase and
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reaches Hbar=89.23 m. However, a decrease in both
effective porosity (Kpormean=18.5 %) and relative thickness of
sand bodies (Hrel.sand=0.495 m) is observed in this interval.

In the section of conditional well X5 the mean value of
effective porosity and relative thickness of sand bodies in
comparison with well X4 increased and amounted,
respectively: Kpormean=20.3 %, Hrel.sand=0.537 m. The growth
of Kpormean Value is explained, first of all, by compaction of
rocks under the action of gravity and heterogeneity of
reservoirs. Analyzing all three graphs separately, we can
conclude that for the bar facies of the profile, the curves
describing Hrel.sand and Kpormean generally follow the same
trend. This indicates that there is a definite regularity
between the parameters reflecting the filtration-capacitance
properties of the rocks. In well X5, the thickness of the bar
facies also reached the maximum value — Hbar=120.4 m.
Analysis of Figure 7 shows: the highest value of mean
effective porosity (Kpor.mean=20.5 %) was recorded in well X2,
the minimum value (Kpor.mean=16.9 %) is in well X1. In terms
of bar facies thickness: the maximum is in well X5
(Hbar=120.4 m), the minimum is in well X1 (Hbar=28.6 m).
Relative thickness of sand bodies (Hrelsand): the maximum
value is observed in X3 (Hrelsand=0.615 m), the minimum is
at X1 (Hrel.sand=0.489 m)

Based on the comparative analysis of the graphs of
variation of the parameters Hrelsand, Hcoastb. and Kpor.mean
along the profile in the intervals where facies of coastal-
beach origin were identified, the following was established
(Fig. 8). In the direction from well X1 to X2, there is a
decrease in the value of relative thickness of sand bodies
(Hrersand), While the mean effective porosity (Kpormean) and
facies thickness (Hcoastb.) increase. This indicates that the
change in relative reservoir capacity in this interval is a
function of the combination of porosity and total facies
thickness. In the interval from X2 to X3, the thickness of the
coastal-beach facies slightly increases, but the effective
porosity decreases t0 Kpormean=18.6 % and Hrelsand also
decreases to 0.544 m. In the interval from X3 to X4, the
thickness of the coastal-beach facies decreases to
Heoastv.=53.55 m, while the effective porosity slightly
increases to Kpormean=18.9 %, and the relative thickness of
sand bodies also increases, reaching Hrel.sand=0.586 m.

In the section of the conditional well X5, compared to X4,
there is observed: decrease in average effective porosity to
Kpormean=18 %, increase in the relative thickness of sand
bodies to Hrelsand=0.622 m. At first sight, this may seem
paradoxical, but the decrease in porosity may be due to
compaction of rocks under gravity, and the increase in
sandiness may be due to greater thickness of sand beds or
their better sorting and stability along the section. Thus, an
increase in Kpor.mean Values in other sections may indicate the
expansion of pore space and relative homogeneity of
reservoirs, while in this case we observe the opposite trend.
It follows that there is a definite but indirect dependence
between Kpormean and Hrelsand parameters — the character of
their change can be both coordinated and multidirectional,
depending on sedimentation conditions, lithology and
textural properties of rocks. In addition, the relative thickness
of the sandy reservoir (Hrelsand) varies naturally with the total
thickness of the layer, which indicates the importance of
taking stratigraphic thickness into account when interpreting
reservoir properties.

Analysis of Fig. 9 shows the following key patterns for
intervals with coastal-beach facies: the mean effective
porosity (Kpor.mean) reaches its highest value in well X2 at
21.5 %, and the lowest value in well X1 — 17.5%. The
thickness of the coastal-beach facies reaches its maximum
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in well X3 — Hcoastb.=233 M, and the minimum in well X4 —
Hcoastb.=38,55 M. The relative thickness of sand bodies
(Hrersand) shows the highest value in well X1 — 0.633 m, and
the lowest value in well X3 — 0.544 m.

Based on the well and seismic data, isopach maps (equal
thickness of deposits) and seismofacial maps were also
compiled for the interval between the Lower Kirmaky Suite and
horizon VII of the Productive Series (Figs. 10 and 11).
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Fig. 10. Map of equal thicknesses (isopach)

for the interval between the Lower Kirmaky Suite
and horizon VII of the Productive Series

As can be seen from Figure 10, on the isopach map for
horizon VII of the Productive Series, the thickness of the studied
interval varies within 500—900 m. The most pronounced pattern
is a decrease in sediment thickness from the south-
western (SW) part of the area toward the north-east (NE). At the
same time, localized increases in thickness are observed in the
area of wells No. 29, No. 33 and No. 52, which may be related
to tectonic or sedimentary features such as localized troughs or
zones of enhanced sedimentation.

As can be seen from Fig. 11, three seismic facies were
identified on the seismic facies map for the study interval: SF1,
SF2, and SF4. SF1 corresponds to shelf conditions of
sedimentation, where stable, relatively uniform seismic
reflections are observed. SF2 is characterized by low amplitude,
which is probably related to changes in the lithological
composition of rocks or variability in sedimentation conditions
(e.g., transitional environments between the shelf and coastal
zone). SF4 represents a facies formed under conditions of high-
energy sedimentation, which is reflected in sharper, more
contrasting seismic responses. All identified seismic facies were
traced over the area on the basis of the seismic facies map, which
allows us to conclude about facies zonality and dynamics of
sedimentation processes within the studied interval.

The transition from one facies to another may be associated
with changes in depositional conditions and a variety of
lithologic compositions of rocks. As a result of such facies and
lithologic transitions within the studied interval, an increase in
sandiness toward the north-eastern (NE) part of the study area
is observed. This may indicate the displacement of zones of
more intense sedimentation or the stream of detrital material
from active feeding sources in this direction.
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Fig. 11. Seismic facies map for the interval between the Lower Kirmaky Suite and horizon VII of the Productive Series

Discussion and conclusions

A lithofacies analysis of sedimentary rocks from sections
of conventionally accepted wells X1, X2, X3, X4 and X5 in
the Bulla-Deniz field was performed using a quantitative
logging facies model. As a result of the analysis, facies of
stream, bar, coastal-beach and shelf origin were identified.

The relationship between the genetic origin of sediments
of horizons V, VIl and VIII of the Productive Series of the
Bulla-Deniz field and their reservoir properties has been
studied. According to the results of the research it was found
that physical properties of rocks directly depend on the
conditions of their formation and genetic type.

a) According to the graph of variation in the values of
the parameters Hrel.sand, Hstream and Kpor.mean for the facies of
stream origin along the studied profile, it can be seen that
the curves Hrelsand and Kpor.mean generally repeat each other.
This, in turn, indicates that there is a definite relationship
between the relative thickness of sand beds and effective
porosity. It was found that the value of the relative thickness
of sand beds varies in proportion to the total thickness of the
sedimentary complex belonging to the same facies and the
effective porosity of the corresponding bed. Thus, the higher
the porosity and thickness of the facies, the greater the
specific thickness of sand reservoirs, which emphasizes the
importance of a comprehensive assessment of lithofacies
parameters in predicting reservoir properties.

b) For the facies of bar origin along the studied profile
there is a general trend of increasing values of Kpor.mean
(mean effective porosity) in all wells. However, the analysis
shows that the Hrei.sand (relative sand reservoir capacity) and
Hoar (bar facies capacity) curves generally follow each other.

c) In facies of coastal-beach origin, there is no clear
pattern between the parameters Hrelsand, Hcoastb. and
Kpormean. Changes in these parameters are chaotic and
independent of each other, indicating that there is no stable
relationship between facies thickness, sandiness and
effective porosity under these conditions.

For horizons V, VII and VIl of the Productive Series of
the Bulla-Deniz field, histograms were constructed to show
the variation in the following parameters by wells: facies of
stream, bar and coastal-beach origin, relative sandiness
(Hrersand), mean effective porosity (Kpor.mean)-
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Based on the dynamic and kinematic characteristics of the
seismic wave field observed on time sections, three seismic
facies (SF1, SF2, and SF4) were identified within the deposits
of the Lower Pliocene — in the interval from the Lower Kirmaky
Suite (LKS) to horizon VII. As a result of the seismic facies
analysis, sedimentation conditions were studied, which
allowed us to conclude about the diversity of genesis of
deposits of the Lower Pliocene complex within the study area.
The sediments were found to be of fluvial, marine and mixed
origin, indicating a change of sedimentation environments
during the geologic history of the section formation.

Author's contribution: Kifayet Kerimova writing,
investigation, methodology, formal analysis, conceptualization, data
curation, supervision; Lala Khalilova - investigation, writing,
visualization, data curation, formal analysis, supervision.
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BMUBYEHHA NrEHE3NUCY OCAOOBUX MOPIA
3A JAHAMU KAPOTAXY CBEPANNOBUH TA OLIIHKA B3AEMO3B'A3KY
MDK FTEHE3UCOM OCALIB | KOJIEKTOPCbKUMN BNACTUBOCTAMU

B c Ty n. Podosuwe Bynna-fleHis € o0HuM i3 HalinepcnekmueHiwux u,08o0 HagpmozaaszoHocHocmi y lliedeHHokacnilicbkoMy npoauHi. BoHo po3-
mawoseaHe 8 nieHi4Hili YacmuHi bakuHcbko20 apxinenazy. Hezsaxaro4u Ha me, ujo podosuuie Bynna-fleHis, sike po3kpume 2nubokumu ceepdsnosu-
Hamu, ekcrnnyamyemscsi 3 1975 poKy, eoHo we He 6yno noeHicmio eueyeHe. Mozo zeonoziyHa 6ydosa docnidwyeanacsi Ha OCHO8I KOMIEKCY
2eogpizuyHUXx Memodie, CMPyKMypHO20 KapmyeaHHsl, NowykKoeoao 6ypiHHs ma Mmamepianie i3 audobymky. CeepdnosuHu npoliwnu nuwe Ao eepx-
HbOI yacmuHu KipmaKkuHckKoi ceimu e mexax IMpodykmueHoi mosuyi (IT). Bidknadu IMidkipMakuHcbKoi ma anuHckKoi ceum He 6ynu po3Kpumi e
Mmexax podosuuja. HagpmozazoHocHicmb podosuwa Bynna-eriz npuypoyeHa do 2opuzoHmie V, VIl ma VIl I1T. Mopusoum VI, 32i0Ho 3 AnwepoH-
CbKO cmpamuzpagidiHoro cxeMoro, gidnosidae BepxHbOKipMaKUHCBLKOMY niwyaHoMy KoMriekcy U npedcmaeneHuli deoma wapamu niuaHo-anee-
pumoesux eioknadie y HUXHil i eepxHili yacmuHax. Fopu3oHnm VIl sionosidae ceumi Pacina i nepesaxHo cknadaecmbcsi 3 nickosukie. FopusoHm V
(eidnoeioHo do AnwepoHcbKko20 po3pi3y — 2opuszonmu VIlI-IX) npedcmaeneHull YepayeaHHsIM MOMYXXHUX wapie nicKy, nickoeauka ma 2/uHu.

Taki eaxuiuei numarHsi, sik ouyiHka yMo8 ocaOKOHaKOMU4YeHHs1 ma 2eHe3ucy rnopio, wo ¢hopmMyoms Ui 20pU30HMU, @ MAKOX 8CMAaHOBIIEHHS 38 'I3KY MiX
2eHeMuYHUM roX00XKeHHSIM opid i iX KOJIEKMOPCLKUMU 8/1acCMu8oCcmsIMU, 3a/1UIaOMbCS aKMyalbHUMU.

OO0HuM i3 Halibinbw akmyanbHuUXx 3ae80aHb € NPosedeHHs1 2e0Pi3udHuUX AocnidxeHb, M08 'A3aHUX 3 MOWYKOM i po3eidkoto Haghmosux i 2azosux
podoeuw i3 euKopucmaHHsIM 6inbw cyvyacHux memodie i enpoeadxeHHsIM HO8UX mexHosogil. Lle dae 3mo2y 3 6inbWoOr MOYHicMI0 eusHadumu
eHympiwHio 6ydoey Haghmoz2a3oHOCHUX CMPYKMYyp i HaghMOHOCHUX 20PU30HMIi8 Ha OCHOBI MoIbo8uUX 2e0ghi3UYHUX BaHuXx.

Me T o A n.Y 383Ky 3 akmusizayicto nowykosux i po3eidyeanbHux pobim, cripsiMogaHux Ha 8usi8JIEHHS1 HaghmMo2a30HOCHUX YME8OPEHb i 20pu-
30Hmie [MpodykmueHoi moeuwji, suHUKna nompeba y 3acmocyeaHHi cy4yacHux Mmemodosio2idyHux i iHmepnpemayiliHux nidxodie — mekmoHi4Ho20,
eecmamuyHo20, cmpamuzpaghiyHo20 ma 2eHemu4HO20 aHasi3ie — sk albmepHamueu Aopo2oMy 6ypiHHI0. 3 Yb020 NM02/10510y 8AXKIIUSUM € 8U3Ha-
YeHHs1 yMoe 0cadKOHaKOMuYyeHHsI 20pU3oHmie i konekmopcbkux kommnekcie T onsA yinecnpssimoeaHo20 nowyky noknadie, He NMoe'sI3aHUX 3 aHMUK-
NiHanbHUMU nacmkamu, ideHmudpikauii cmpamuepaghidyHux, nimosnoziyHux, namneo2eoMopgosio2iYHUX, ericeHemuYyHUX ma JHWuUXx CKIaodHo
po3ni3HaeaHuUx Macmok, a makox Os1s1 oyiHKU Haghmo2a30HOCHO20 MomeHuyiany pe2ioHy ma aHanizy nowupeHHs1 nepcrnekmueHux o6'ekmie y Mexax
ocadoeux 6aceliHis.

3 iHwoz20 60Ky, icHye neeHuli 38'A30K MiX N1imoso2o-MiHepano2iyHuUM ckn1adom nopiad i ix KoseKmMopcbKUMU 8rracmueocmsimMu, Wo e KiHyeeomy
nidcymKy nposienisiembcsi y nempoghi3uyHUX xapakmepucmuKax KosieKmopcbKux nopid. Came momy docnideHHs1 83a€M0O38'A3Ky MiX 2eHe3ucom
eidknadie npodykmueHoi moewi ma ix KorlekmopcbKUMU eslacmueocmsiMu 8a€e 3Mo2y NMPO2HO3yeamu 3aKOHOMIPHOCMI MOWUPEeHHs1 NiyaHo20 Ma-
mepiany Ha mepumopii, a makox po6umu 8UCHOBKU NP0 XapaKmep po38UMKy Mopucmux i IPOHUKHUX 30H. L|e, y ceoto yepay, Mae saxsuee HayKoee
ma npakmu4He 3Ha4eHHs 07151 OYiHKU MiHIIU8OCMi KOJIeKMopCchbKUX eracmueocmeli ocadogux nopio.

3 ybo20 noansdy y cmammi 3anpornoHo8aHo pauyioHanbHull nioxi0 0o eusiesIeHHS 383Ky MiX 2eHemuYHUM MoxodXeHHsIM sidknadie i Kosek-
mopcbKUMU enlacmueocmsiMu rnopid Ha OCHO8I KinbKicHOI iHmepnpemayii KoMniaekcHUX 0aHuUx Kapomaxy ceepOsio8uH 3a 0OMOMO20t0 "KirlbKiCHOT
moderi noz-ghayil”. sk 06'ekm docnidxeHHs1 po3anssHymo 2opusonmu V, VIl ma VIl [podykmueHoi moeuwji podoeuwa bynna-feHi3. Peaynbmamu
docnidxeHHs1 HagedeHoO Ui NpoaHasizoeaHo w000 ouiHKuU 2eHe3ucy eidknadie ma ix ennuey Ha inbmpayiliHo-eMHiCHi enacmusocmi rnopio.

Pe3ynbTaTtu. 3adonomozor KinbkicHoi noz2-ghayianbHoi modeni npoeedeHo nimosnozo-ghayianbHy iHmepnpemauito po3pisie ceepdnoeuH
X1, X2, X3, X4 ma X5 ymoeHoi dinsiHku podoesuwa bynna-feHi3. Y npoueci aHanizy sudineHo ¢hauyii antogianbHUX NOMOKie, MinuH, npubepexHo-
nnspkHi ma wenbgoei (MopchbKi) ymeopeHHs. BcmaHoeneHo 83aeM036 130K MiXK 2eHemu4YHUM MOX00XXeHHSIM ocadoeux nopid i ix korekmopcbKUMuU
enacmueocmsimu. Peaynomamu noka3anu, wo ¢hi3uyHi enacmueocmi docnidxyeaHux nopid 6esznocepedHbLO nos'sizaHi 3 ixHiM 2eHe3zucom. Kpim
moeo, no6ydoeaHo 2icmozpamu, wo eidobpaxaroms 3MiHU cepedHboi 8iGHOCHOI niwjaHocmi Ui mopucmocmi, a makoxXx eapiayii moewuHu gayiii
nomockie, MinuH i nnspkHUXx eidknadie no po3pisax AdocidxyesaHux ceepOsIO8UH.

B ucHoBEKuU. [I[poeedeHo komnnekcHull nimonozo-ghayianbHul i celicMo-ghayianbHuli aHaniz dns podosuwa bynna-[leHis Ha ocHoei daHux
ceepdnoeuH X1-X5 ma celicmidyHux npogpinie. BudineHo ¢payii nomokie, MinuH npubepexHo-nnsHkHo20 i wenbgo8020 NoxodxeHHsi. BcmaHoeneHo
4imkulii 38 'A30K Mi)Xk 2eHeMUYHUM MOX00XeHHSIM ocadie i Ix KorlekmopcbKUMU 8rlacmueocmsiMu, ocobiueo y ¢payisix nomokie i MinuH, de egpekmueHa
nopucmicmse i moswuHa niwiaHuUx min marome MicHUl KopensayitiHull 38'a30K. Hamomicmb npu6epexHo-nnsukHi hauii deMoHCcmpyromb Xxaomu4Hy
eapiamueHicmb 6e3 makoi kopensiyii. Kpim mozo, celicmo-ghayianbHuli aHani3 y Mexax HUXHbOIioyeHo8020 iHmepeasny susieus ¢hsro8ianbHi, MOp-
ChbKi Ui 3miwaHi cepedoeuuja ocaOKOHaKOMNUYeHHs, Wo ceid4yums nNpo cknadHy icmopiro ocadkoHaKonu4yeHHs1 8 AocidKyesaHOMY pPalioHi.

KnoyoBi cnoBa: ¢gayianbHuli cknad, nomik, minuHa, npubepexxHo-nnspKHe cepedosuuye, KOJIEKMOPChKi enacmueocmi.
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DETERMINATION OF HYDROTHERMAL ALTERATION STAGES
OF AGHYOKHUSH GROUP AND MEREH DEPOSITS (LESSER CAUCASUS)
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Background. Aghyokhush Group deposits are located on a morphogenetic junction of the volcano-tectonic-related fault
systems of the Lesser Caucasus. The referred fault systems mostly consist of fault groups, sub-meridional faults, and north-sloping
syn-volcanic, tectonic fault systems and thrusts directed from northwest to southeast. The geological structure of the Chovdar ore
area is where, the Aghyokhush group and Mereh deposits are located on complex Middle and Upper Jurassic magmatic,
metamorphic, and sedimentary rocks. The mineral assemblages and alteration zones observed in the Aghyokhush group and Mereh
ore deposits are considered indicators for explaining the formation mechanism of mineralization.

Methods. To be able to understand structural controls on ore mineralization, geological mapping, and chip sampling was
done by AzerGold CJS's geologists. As a result, predictions were made on the location, lithological compound, alteration
characteristics, size, and grade of potential ore bodies. Consequently, to examine the form and shape, the grade of potential
orebody diamond drilling was carried out on a site, and core material from each drill hole was logged and sampled during the
explanatory process.

Results. The mineral assemblages and alteration zones observed in the Aghyokhush group and Mereh ore deposits are
considered indicators for explaining the formation mechanism of mineralization. Tectonic discontinuities resulted in crushing and
brecciation, which led to hydrothermally altered joints, planes, and ore mineralization over the discontinuities, which also,
infrequently resulted in fault planes along the faults. Widespread rhyolite and rhyolite-dacite rocks in the ore field are mainly
volcanogenic-sedimentary and volcanic, also, in some interval’s subvolcanic facies. Mineralization phases caused alteration of the
rock facies within deposits. Hydrothermal zoning was observed within altered rocks, that gradually changed from the margins to
the center. The minerals identified are pyrite, chalcopyrite, pyrrhotite (rarely), marcasite, siderite, barite, quartz (vein and veinlets),
vuggy silica, chalcedony, malachite, azurite, hematite, limonite, goethite, kaolinite, alunite, chlorite, epidote, calcite 2M mica, and
sericite in Aghyohkhush group and Mereh deposits. As a result of the research, it is thought that the mentioned deposits are formed
by the hydrothermal alteration of medium to felsic composed volcanic and subvolcanic rock facies, as a satellite deposits that are
associated with Chovdar epithermal gold deposit.

Conclusions. Discovered deposits are formed by the hydrothermal alteration of medium to felsic-composed volcanic and
subvolcanic rock facies, as satellite deposits that are spatially and temporally associated with the Chovdar epithermal gold deposit.
Deposits are formed by hydrothermal processes which lead to intermediate to high-sulfidation alteration characteristics on
lithological units within the ore area. The mentioned alteration styles and structural controls that led to the discovery of deposits
will be implemented in future exploration works that are going to be carried out on a Chovdar ore area.

Keywords: Aghyokhush group and Mereh ore deposits, Lesser Caucasus, hydrothermal alteration, intermediate to high-
sulfidation porphyry-related epithermal deposits.

Background

By the end of the 20th and the beginning of the 21st
centuries, ideas on ore-controlling processes, metallogenic
settings and the genesis of epithermal gold deposits of the
Southern Caucasus have dramatically altered. Firstly, ideas
that suggested illustrated somehow simultaneously, only
controlled by faults, also, separate products of various ore-
forming processes. Today ideas support that, the deposits
are related by a common origin and separated from the
magmatic bodies through faults and represent some unique
factors such as alteration halos, mineral paragenesis and
tectonic controlled by faults.

Exploration for low, intermediate, and high sulfidation
epithermal gold deposits, detecting their general features,
and developing contemporary methodology for their
prospecting and exploration in the Lesser Caucasus were
extremely important for improving the resources and
discovery of new epithermal Au deposits such as
Aghyokhush-1, 2, 3, and Mereh deposit (Arribas, 1995;
Hedenquist, 2000; Goldfarb, Groves, & Gardoll, 2001; Payot
et al., 2005; John et al., 2018; Wang et al., 2019, etc.).
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All the deposits are controlled by faults. Only Au grades
reach economically significant grades. Ag only can be mined
within Au orebody, as gold mineralization is weakly
associated with Ag. Ore mineralization that occurs within
unaltered parts of deposits is strongly followed by
disseminated and veinlet pyrite mineralization, also,
chalcopyrite is abundant within the orebody. The economical
cutoff grade for Au mineralization is considered to be
0.3 ppm and the ore material planned to be carried to the
main Chovdar plant for processing.

Exploration work that is carried out through the Chovdar
ore area, is firstly based on only geochemical sampling of
the hydrothermally altered prospects. Also, during the time
and energy-consuming sampling process, all the lithological
units were representatively sampled to detect mineralization
prospects. By obtaining some Au grades, we considered
creating a geochemical anomaly map for the area.
Investigation of all of the hydrothermal alteration styles that
occur within and as halos corresponding to the anomalies
that illustrate higher-grade Au mineralization was done
during the exploration process. Such exploration process for
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Au mineralization actively applied on exploratory work done
within last years. As a result, collected data such as
alteration styles and their correspondence to the Au
mineralization, also using characteristics of alteration stages
as an indicative factor throughout the exploration work
carried in the region, resulted in detecting of new Au
mineralization prospects such as Peyedere, Chaikend,
Nerimanli and so on.

Methods

Geological setting. Lokh-Kharabakh zone Middle
Jurassic-Cretaceous lIsland zone of global extent. This
metallogenic belt covers territories of Armenia, Azerbaijan,
Georgia, and it is covered by Cenozoic (Early Quaternary)
andesite-basaltic nappes, and continues to Turkey and
beyond. The modern metallogenic model of above mentioned
zone is investigated by an international team of Swiss,
Georgian, Armenian, and Azeri geologists (Mederer et al.,
2013; Richards, 2015; Moritz et al., 2016).

Dashkasan ore district located in Lokh-Kharabakh
metallogenic belt, is situated nearly 54 km southwest of
Ganja, the second-largest city in Azerbaijan. Dashkasan
region is known as one of the oldest mining industry cities of

Azerbaijan and houses different geological processes
representing epithermal, magmatic-sulfide, skarn, and other
distinctive types of mineralization. The magmatism of the
region occurred in two main phases, Lower Cretaceous and
Upper Jurassic (Fig. 1). The rocks that formed during the
mentioned periods such as Lower Bajocian were composed
of basaltic-andesites and andesites, in contrast, rocks that
were generated by Upper Bajocian aged volcanism were
composed as dacite-rhyolitic or rhyolitic formations. Also,
mentioned formations are sometimes cross-cut, covered, or
dislocated by andesitic lava, tuffs, tuff-breccias, subvolcanic
diabase dykes and bodies, tuff-conglomerates, tuff-breccias,
tuff-sandstones and diorite to granodiorite porphyries
produced during The Bathonian volcanism. The Upper
Jurassic aged formations are mostly andesite lavas and tuff-
sedimentary formations, tuff-breccias, tuff-sandstones, tuff-
conglomerates, and fresh or marbled limestones. Intrusions
that took most of the ore-forming processes that occurred
during the Upper Jurassic — Lower Cretaceous are
composed of aphanitic gabbros, gabbro-diorites, and diorite
to granite intrusive or subvolcanic bodies.
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Fig. 1. Structural map of the Lesser Caucasus

The geology of the region is strongly complex due to the
different characterized morphogenetic volcano-tectonic
structures and fault systems. Faults, that are parallel
directed such as Dashalti, and Chovdar deposits, are
located upstream of the Danayeri River with vertical strike
angles that are characterized by brecciations due to the
slickensided surfaces and narrow hydrothermal alterations.

ISSN 1728-3817

Barite veinlets are mainly connected to the mentioned fault
systems. Geological and geotectonic investigation of the
northern sides of the Chovdar mineralization area showed
that the borderline for the local hydrothermal alteration
zones is faults with lesser amplitudes.The above mentioned
parallel directed faults are characterized by coulisse-shaped
close occurrence and 75-85-degree dip angles.
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Aghyokhush group and Mereh deposits are situated in
the Dashkesan district of Azerbaijan, within a Caucasian
segment of the Tethyan metallogenic belt, one of the world's
major metallic provinces, that consists of many sectors. The
geodynamic evolution of the Caucasian segment of the
Tethys metallogenic belt was observed with the subduction
and collision of Arabia and Gondwana-derived microplates
with the Eurasia plate (Moritz, & Baker, 2019, Sosson,
Rolland, & Mdller, 2019). The mentioned deposits are
located in the Lok-Karabakh belt of the Lesser Caucasus
metallogenic province. From the Jurassic to the
approximately end of the Cretaceous the Lok-Karabagh belt
of the Lesser Caucasus belonged to a relatively continuous
magmatic arc. Ore deposition formed during the Jurassic to
Cretaceous subduction-related magmatism occurs mainly in
porphyry Cu-Mo, epithermal Au-Cu, skarn deposit, also

Location of deposits
(Aghyokhus b g1 oup and Marehy .

S

Mineralization. Petrological and mineralogical
determinations were made from drill core and surface
samples to identify mineral paragenesis and lithological
characteristics of ore bodies and wall rock. The
mineralization area generally consists of the Bajocian and
the Bathonian aged intermediate to felsic volcanic rocks
that typically occur as andesitic, dacitic, and rhyolitic
composition. The composition of Middle Jurassic rocks is
typically Lower Bajocian aged and composed from
basaltic-andesites, also, the Upper Bajocian aged dacite-
rhyolite rocks. Due to the intensive metasomatic
processes, sometimes we are unable to differentiate rocks
that are composed differently. Mentioned behavior mainly
occurs between dacitic and rhyolitic rocks. Sometimes
relict structures of rocks are used to detect lithofacies of
volcanics. In some areas, rock units are cross-cut and
complicated by various dykes and subvolcanic bodies
(Musayev, Huseynov, & Naghiyev, 2020). Unlike the
Aghyokhush deposits, the subvolcanic body of the quartz-
diorite porphyries bounds the northern to north-western
part of the Mereh deposit. Quartz-diorite-composed rock is
typically unaltered and does not constrain any ore-
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Fig. 2. Location of Aghyokhush group and Mereh deposi

discretely spread in polymetallic (Pb, Zn) mineralization
areas. They are typically distributed in discrete areas and
ore districts along the magmatic belt and deposited spatially
and temporally connected to the gabbro-diorite to
granodiorite compounded intrusive and subvolcanic bodies.

The main ore-controlled structure known as Sadax-
Narchala-Pirinyal started from the Cobalt mine and continued
towards the east-northern direction of Aghyokhush group
deposits until crossed with the Hachagaya-Peyedere-Nuzgar
fault system (Fig. 2). The mentioned structure lies parallel to the
Chovdar deposit and restricts the deposit's volcanic structures
in the east-southern direction. Right in this part mentioned fault
system branches out are likely in swarm-bundle form, by
crossing the Narchala deposit and covering the Aghyokhush
group deposits.

containing mineralization. Some intervals of the diorite
porphyries are cross-cut by quartz-carbonate veinlets and
rarely contain visible disseminated marcasite also
infrequently (rarely) pyrite mineralization. On rock wall
contact quartz-diorites are slightly altered by the propylitic
alteration, with the presence of chlorite mineralization. All
the deposits constrain Au mineralization within the orebody
which is mainly composed of hydrothermally altered
rhyolite, rhyolite-dacitic, and slightly dacitic volcanic and
subvolcanic series.

Mineralisation Aghyokhush-1 deposit mainly argillic to
advanced argillic from surface to deeper horizons with the
presence of kaolinite, alunite (infrequent), dickite (rarely),
and pyrophyllite within the residual and vuggy silica, also
strong silicification of rhyodacite and rhyolitic volcanic
(Musayev, Huseynov, & Naghiyev, 2020). Due to
weathering, sulfide minerals are not common and
overprinted by Fe oxide and hydroxides in the ore body. Ore
mineral assemblages follow Au mineralization within
alteration compounded limonite, and infrequent hematite.
Gangue minerals such as calcite and gypsum are
uncommon within the orebody. Barite mineralization is



~26 ~

B 1 C H U K KuiBcbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LlleBueHka

common and increases respectively with Au mineralization.
Barite mineralization shows up as veinlets that fill cracks and
fissures and also form mineral aggregates within the cavities
of vuggy silica (Naghiyev et al., 2021).

Aghyokhush-2 deposit is mostly known for its advanced
argillic to the argillic alteration from deeper horizons to
surface with the presence of kaolinite, alunite, within the
residual and vuggy silica, also strong silicification of
rhyodacite and rhyolitic volcanic. Secondary quartzites
(residual, vuggy silica) take up a significant part of the ore
body. Due to the weathering, sulfide minerals are not
common and are overprinted by mostly Fe oxides in the ore
body. In contrast ore mineral assemblages that follow Au
mineralization in the Aghyokhush-2 mostly hematite, are
compared to limonite in the Aghyokhush-1. Also, gangue
minerals such as calcite, and gypsum are not common within
the orebody. However, barite is common and increases
respectively to Au mineralization. Barite mineralization in
Aghyokhush-2 is logged more frequently than in
Aghyokhush-1 and shows as veinlets that fill cracks and
fissures and also form mineral aggregates within the cavities
of silicic alteration.

Mineral assemblages of the Aghyokhush-3 deposit
showing the silicic (mostly) character of the ore body must
be noticed, and alteration changes respectively from the
surface to the middle of the orebody, with the presence of
halloysite and kaolinite, sericite (rare). The ore body was
made up by strongly silicified rhyodacitic and rhyolitic
volcanic rocks. Compared to the Aghyokhush-2 deposit, In
Aghyokhush-3 vuggy silica is uncommon, silicification
mostly occurs as residual silica, chalcedony particles within
the brecciated rock mass, and silicified intervals. Sulfide
minerals such as disseminated pyrite are detected within ore
mass. Also, ore mineral assemblages that follow Au
mineralization are mostly limonite and hematite
approximately in ~3/1 ratio. Gangue minerals such as
calcite, and gypsum are detected rarely and not common
within the orebody. Barite mineralization was noticed logged
only in a few intervals.

Mineralization of the Mereh deposit is characterized as
phyllic to silicic (mostly) from surface to center of the orebody
with presence of 2M mica (rare), kaolinite, and sericite, with
strong silicification of rhyodacite, rhyolitic volcanic rocks.
Compared to Aghyokhush-2-3 deposits, In Mereh
silicification mostly occurs partly vuggy silica, residual silica,
strongly silicification of the rock mass, and chalcedony
breccias within hydrothermally brecciated intervals of the ore
body. Sulfide minerals such as disseminated and veinlet
pyrite, rarely chalcopyrite are detected within ore mass.
Also, ore mineral assemblages that follow Au mineralization
are mostly disseminated, veinlets (infrequent) pyrite,
limonite, and hematite within the weathered zone. Gangue
minerals such as calcite, and gypsum are detected rarely
and not common within the orebody. Barite mineralization is
uncommon and not logged.

Ephithermal enviroments of Aghyokhush group and
Mereh deposits. It is obvious that deposits with various
textures and mineral assemblages refer to different stages
of epithermal environments, also, mineral associations, and
fluid inclusions that record temperature and pressure. The
maximum temperature recorded in an epithermal
environment is about 300°C, although most of the deposits
form in a temperature interval from 160° to 270 °C
(Hedenquist, Arribas, & Gonzalez-Urien, 2000). Hydrostatic
pressure limits the maximum temperature by the vapor
pressure of boiling water at a given depth. As there is the
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strongest evidence that boiling is common within epithermal
deposits, the temperature interval mentioned above
corresponds to a depth range of about 50 to 700 m below
the paleowater table, respectively (Sillitoe, 1999). The
reason for mineral deposition in the epithermal environment
is variation in the composition of fluids due to the fast change
of thermobaric parameters within the epithermal
environment, from deeper horizons to the surface. Also,
intensive changes in temperature and pressure parameters
cause boiling, which is the reason for the precipitation of
bisulfite-complexed metals such as gold. Boiling and the
immediate rapid temperature drop also result in numerous
related features, such as gangue mineral deposition such as
calcite, barite, adularia, gypsum veinlets, kaolinite, alunite,
sericite, also, mineralization of quartz with various structures
and textures, and so on. Formation of steam-heated waters
and hot springs that create alteration halos and lithographs
such as chalcedony and/or opaline blankets, alunite-kaolinite,
silica sinter, and so on (Hedenquist, Arribas, & Gonzalez-
Urien, 2000).

As mentioned above main alteration style of the
Aghyokhush-1 and 2 deposits is strongly argillitic to
advanced argillitic, with the presence of kaolinite, alunite,
vuggy silica, and pyrophyllite. Barit aggregates are abundant
within the ore body and are associated mainly with vuggy
silica. Deposits separated each other with andesitic to
andesite-dacitic volcanics. Ore bodies were completely
oxidized and sulfide minerals in the Aghyokhush-1 deposit
changed mostly iron hydroxides as limonite (with the
presence of goethite) and weakly distinguishable hematite.
Whereas, in the Aghyokhush-2 deposit complete oxidization
occurs with abundant presence of hematite with rare
limonitisation. There is a weak correlation of Au with As, Sb,
and Hg in deposits that are all oxide, suggesting some
secondary mobility of this suite of elements. Barite is an
insoluble gangue mineral that commonly accompanies high-
sulfidation sulfide mineralization, and it remains even after
the complete oxidation of sulfides. The presence of vuggy
quartz, kaolinite, and alunite, and their occasional
association with barite enable us to characterize the
epithermal environment of both deposits as high-
temperature acid-sulfate composition, high-sulfidation
epithermal deposits (Fig. 3 A, B).

The main alteration style of the Aghyokhush-3 deposit is
mostly silicic and phyllic with the presence of kaolinite,
sericite (rarely), and halloysite. Barit aggregates are not
common and not logged in drill cores. Deposits are located
in north-western side of the same morphogenetic volcano-
tectonic fault system of the Aghyokhush-1 and 2 deposits
and cross-cut faults with lesser amplitude. Ore body almost
oxidized and sulfide minerals in the Aghyokhush-3 deposit
changed mostly iron hydroxides as limonite and hematite.
Hematite mineralization is less abundant than limonite.
Pyrite minerals were detected within unchanged chalcedony
particles that were observed in hydrothermally brecciated
intervals that were cemented with clay minerals or late
silicification. The presence of kaolinite, halloysite sericite
(rarely) and silicic alteration enable us to characterize the
epithermal environment of the deposit as shallow depth
intermediate to late high-sulfidation epithermal deposit. The
presence of sericite and absence of alunite and barite
enable us to predict that the mineralization on the
Aghyokhush-3 deposit results in a relatively less pH and
lower temperature environment than Aghyokhush-1 and 2
deposits (Fig. 3 C).
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Fig. 3. (A) Repres

entative core samples from the orebody of the Aghyokhush-1 deposit.

The presence of vuggy silica kaolinite within the orebody indicates high pressure and highly acidic fluids that precipitated gold
grades as argillic to advanced argillic alteration HS deposit. (B) Typical core samples from the orebody of the Aghyokhush-2
deposit. Hydrothermal alteration dominated by vuggy and residual silica that is associated with kaolinite and alunite indicates
low pH, and high temperature advanced argillitic (strongly) HS epithermal deposit. (C) Core samples from the Aghyokhush-3
deposit that illustrate weathered, crushed and fractured, strongly altered, kaolinized volcanic rock with the presence of halloysite
and residual silica also silicified breccias specify deposit as HS epithermal deposit (relatively shallow deep, low temperature).
(D) Representative core samples from the Mereh deposit with the presence of silicification, chalcedony fragments,
silicified breccias, sericite, and hydrothermal brecciation within the orebody indicate high-pressure and high-temperature fluids
that show characteristics of greater deep high-sulfidation epithermal deposit

Alteration style on the Mereh deposit is characterized as
silicic to phillic altered, with the presence of 2M mica (rarely),
kaolinite, sericite, residual silica (some intervals with vuggy
quartz), chalcedony fragments within hydrothermal
brecciated intervals. Barit aggregates were not detected on
the drill core and outcrop samples. The deposit is located in
north-western side of the Quytul-Narimanli-Aghyokhush
fault system. The north-western part of the deposit is
bordered with quartz-diorite subvolcanic rocks. The ore body
itself is partly weathered and contains sulfide minerals such
as pyrite, and chalcopyrite (rarely). Weathering changed
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sulfide minerals to limonite and hematite. Marcasite is not
common and only observed on quartz-diorite rocks, within
slightly chloritized intervals and without any correlation with
Au mineralization. Silicification is strong within orebody,
kaolinite, and sericite mineralization is common. All above
mentioned factors enable us to characterize the epithermal
environment of the deposit intermediate to high-sulfidation
epithermal deposit (Fig. 3 D).

Discussion and conclusions

The Aghyokhush-1, 2, 3, and Mereh gold deposit located
in the Dashkesan ore district belongs to the Lok-Karabakh
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metallogenic belt and is tectonically situated in the subduction-
related zone in the Lesser Caucasus region. Region
characterized it is multi-stage volcano-plutonic activity periods
that caused the formation of Chovdar, Aghyokhush, Mereh
epithermal, and other porphyry-epithermal, skarn deposits in
the Lok-Karabakh metallogenic district.

The main ore minerals observed in the research area are
limonite, hematite, pyrite, and chalcopyrite. In a region scale
deposit is surrounded by mineral assemblages of propylitic
alteration (chlorite-sericite-epidote). Barite, which is a
gangue mineral in high sulfidation deposits, indicates an end
member of the epithermal processes in the region and
commonly fills up the fault systems as veinlets. Also, it is
insoluble and remains in the system, when all sulfides are
weathered and oxidized. The hydrothermal alteration zones
identified in Aghyokhush-1,2 deposits are argillic to
advanced argillic, and in the Aghyokhush-3 and Mereh
deposits phyllic to silicic.

In general, as a result of the given data above, in the
region rocks that contain ore mineralization are called the
altered rhyolites and secondary quartzites. Phyllic,
advanced argillic, and argillitic alterations are observed in
secondary quartzites and a significant part of the ore
mineralization is observed within mentioned zones.
Hydrothermal alteration is considered as high-sulfidation
moderate to acidic 22 pH (presence of alunite) below the
paleosurface water table to 150-300 meters (presence of
residual silica, vuggy quartz) in Aghyokhush-2 and 1 deposit
(Hedenquist etal.,, 1996). In the Aghyokhush-3 deposit
hydrothermal alteration is considered as intermediate to
high-sulfidation, but less acidic compared to Aghyokhush-1
and 2. Logged 2M mica (rarely), kaolinite, sericite, and
pyrophyllite (rarely), enables us to consider the hydrothermal
alteration of Mereh deposit at greater depth (approximately
~500 meters), high temperature, intermediate to high-
sulfidation epithermal deposit.

By using the mentioned factors such as alteration halos
and rock facies that are strongly related to mineralization,
and ore-controlled fault systems new Au mineralization
prospects were detected and are currently under
investigation stage. Formerly in the region, the main factors
for exploration processes considered even or both faults and
alteration characteristics, while, exploration work that was
done by our team considered taking into account firstly
alteration characteristics as a vector, faults as a ore
controlling factors, and lithofacial characteristics of the
rocks. For instance, by taking into account all the mentioned
factors, exploration work that was done in the region,
Narimanli, and Peyedere mineralization areas were
discovered. Alteration style of the Narimanly Au area is
strongly similar to the Mereh deposit and characterized as
silicic to phillic altered, kaolinite, sericite, residual silica
(some intervals with vuggy quartz), chalcedony fragments
within hydrothermal brecciated intervals. Relict fragments of
unaltered rocks illustrate rhyolitic to rhyolitic volcanics. The
alteration style of the Chaikend Au area is silicic and phyllic
with the presence of kaolinite, sericite (rarely), and
halloysite. Due to the alteration of the rocks facial belonging
of the rocks was identified by unaltered parts and fragments,
and again, Au containing altered orebody mostly belong to
either rhyolitic or rhyodacitic compounded volcanic.

As a result, all the data given above, which illustrate the
style of mineralization, alteration halos, and rock facies that
are strongly related to mineralization can be complex
methods for the exploration of new potential Au and Cu
porphyry deposits. However, the unresolved part of the
question is the investigation of the temperature, and
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pressure, and, detailed mineralogical, fluid inclusion, and
petrographic analyses will provide more precise information
about the deposits. As formerly stated, porphyry and
epithermal deposits are reported separately, also, without
any attention to the potential genetic relation between them
(Ghaderi, Narges, & Mina, 2018; Kuscu, Tosdal, &
Gencalioglu-Kuscu, 2019, etc.). However, Sillitoe outlined a
genetic unity of porphyry copper and epithermal gold
mineralization (Sillitoe, 2000).

As mentioned above, the studying of the P/T conditions,
investigation ore mineralogy, fluid inclusion, isotope and
petrographic analyses must be done to establish
comprehensive exploration strategy and methodology, that,
can lead to discovery of several porphyry copper and high
sulfidation epithermal gold deposits in region.
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BU3HAYEHHS CTALI,IV_I_ rAPOTEPMANbLHOIO 3MIHEHHA POOOBMULL
AMMOXYLUCBKOI I'PYNN TA MEPEX (MAJTUU KABKA3)

B ¢ Ty n. Podoeuuwa epynu Aziioxyw po3mauwogaHi Ha Mopgo2eHemu4HOMYy CMUKY eyJIKaHO-MeKMOHiYHUX cucmem po3siomie Manozo Kaeka3sy.
32adaHi cucmemu po3sioMie nepesaxxHo ck1adarombcs 3 2pyn po3sioMie, cybmMepudioHaslbHUX PO3JIOMi8 ma cucmeM CUHO-8YIKaHiYHUX, MeKMOHiY-
HUX po3sioMie i3 nieHIYHUM HaxuJsloM i Hacyeie, cnpsiMogaHux i3 nigHi4yHo20 3axody Ha niedeHHul cxio. MeonoziyHa cmpykmypa pyOHo20 paloHy
Yoedap, de posmawoeaHi podosuwa 2pynu Aziioxyw ma Mepex, cknadeHa cknaGHUMU Ma2Mamu4HUMU, MemamopgiYHUMU ma ocadoeumMu NMopo-
damu cepedHbOi ma eepxHbOI topu. MiHepanbHi acoyiayii ma 3o0Hu 3MiHU, w0 cnocmepizarombcsi 8 pyoOHuUX podosuwax epynu Aztioxyw ma Mepex,
po32nsidarombcs sIK iHOuKkamopu O1si NOsICHeHHSI MexaHi3My ymeopeHHs MiHepanizauii.

Me ToAawW. [na po3ymiHHa cmpykmypHo20 KOHmMposto pyOdHoi miHepanizayii ceonozu AzerGold CJS sukoHanu 2eosnozi4yHe kapmyeaHHsI ma
wnixoee onpobyeaHHsi. B pesynbmami 3po6seHo npoz2Ho3u wj0do0 po3maulyeaHHs, jlimosoziyHo20 cknady, xapaKkmepucmuk 3MiHuU, po3mipy ma
emicmy nomeHyiliHux pyOHux min. BidnoeioHo, Onsi sus4eHHs ¢popmMu ma po3mMipy, emicmy nomeHryiliHux pyGHux min Ha dinsiHyi nposedeHo anma-
3He 6YpiHHSI, a KepHOBUL Mamepias 3 KOXHOI ceepdniosuHU 3a00KyMeHmMoeaHo ma eidiépaHo nid yac po3eidyeasbHO20 Npoyecy.

P e 3ynbTaTu.MiHepanbHi acoyiayii ma 30HU 3mMiHu, Wjo cnocmepizatombcs 8 pyoOHuUx podosuuwiax epynu Aztioxyw ma Mepex, po3ansidarombcs
sIK iHOukamopu Ons1 NOsSICHEHHsT MexaHi3My ymeopeHHs1 MiHepanisauyii. TekmoHiyHi po3pueu npu3eenu do ApobreHHs1 ma 6pekyiayii, wo cnpu4YuUHUIO
2idpomepmarnbHO 3MiHeHi mMpiWuHU, NIowUHU ma pyoOHy MiHeparnizayiro Had po3pusamu, W0 MakKox, Heyacmo, nNpu3eodus1o A0 MIOUW,UH PO3JIOMi8 y3-
doex possnomie. LLlupoko po3noecrodxeHi pionimoei ma pionim-dayumoei nopodu e pyGHOMy Nnori € nepesaxxHo 8y/IkaHo2eHHO-ocadoeuMU ma eyJsiKa-
HiYHUMU, @ makox, e desikux iHmepeanax, cybsynkaHidHUMU ¢hayiamu. da3u MiHepaniszayii cnpu4duHunu 3MiHy 2ipcbkux ¢hauyili ycepeduHi podosuwy.
ridpomepmansHa 30HanbLHicmb ciocmepizanacsi @ 3MiHeHUx nopodax, sika nocmynoeo 3miHroeanacs eid kpaie 0o yeHmpy. BusieneHi miHepanu: nipum,
Xxanbkonipum, nipomuH (pidko), Mapkazum, cudepum, 6apum, Keapy, (Kusu ma nPoXusKu), nopucmuli KpeMHe3eM, xanyedoH, Manaxim, azypum, 2ema-
mum, niMoHim, 2bomum, Kaoninim, anyHim, xnopum, enidom, kanbyum, cioda 2M ma cepuyum y podosuwax 2pynu Aztioxyw ma Mepex. B pesynbmami
docnidxeHb 8gaxxaembcsl, ujo 32adaHi podosuwa ymeopeHi 2idpomepmMasibHOIO 3MIHOI 8yJIKaHIYHUX Ma cy68yrKaHiYHUX 2ipcbKux ¢hayili cepedHb020
ma kucnozo cknady, sk camenimHi podosuwa, noe'sa3aHi 3 enimepmManbHUM 30710mopyOHUM podosuujem Yoeodap.

B u c H o B k u. BusieneHi podoeuuja ymeopeHi 2idpomepmMasnibHOO 3MiHOI 8yJIKaHIYHUX ma cybeynkaHidYHUX 2ipcbKux ¢hayili eid cepedHb020
do Kucsoz20 cknady, ik camenimri podosuwa, MPOCMOPO8O Ma MuUM4Yacoeo noe's3aHi 3 enimepmanbHUM 30/10mopydHumM podosuwem Yoedap.
Podoeuuja ymeopeHi 2idpomepmanbHUMuU npoyecamu, wo npu3eodsms Ao xapakmepucmuk 3MiHU 8i0 NpomixHo20 Ao eucokocynbgioHo2o0 muny
Ha nlimosoziyHux 0OUHUUSIX y MeXax pyOHo20 palioHy. 32adaHi pesynbmamu docnidxeHb, ujo npuseenu 0o sidkpumms podosuuwy, 6ydyms 3acmo-
coeaHi 8 MalibymHix po3eidyeanbHux pobomax, siki nqpoeodumumymscsi 8 pyOHomy patlioHi Yoedap.

Knio4yoBi cnoBa: podosuua Azlioxywcskoi epynu ma Mepex, Manuii Kaska3s, 2iopomepmMasnibHe 3MiHeHHS, MPOMiXHi Ao eucokocynbgio-
Hux nopgipoei enimepmanbHi podosuwia.

ABTOpM 3aABNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniaxeHHs; y 36opi, aHanisi un
iHTepnpeTaLii AaHWX; y HaNUCaHHI pykonucy; B pilLeHHi npo nybnikaLito pe3ynbTaris.

The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses or interpretation
of data; in the writing of the manuscript; in the decision to publish the results.

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)



~ 30 ~ B 1 C H U K KuiBcbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LlleBueHka

YOK 553.041
DOI: http://doi.org/10.17721/1728-2713.110.04

Bonoaumup MUXAMIIOB, a-p reon. Hayk, npod.

ORCID ID: 0000-0002-1837-9739

e-mail: vladvam@gmail.com

KuiBcbkui HauioHanbHUM yHiBepcuteT iMeHi Tapaca LleByeHka, KuiB, YkpaiHa

Makcum PEBA, kaHa. reon. Hayk, Aou,.

ORCID ID: 0000-0003-1141-093X

e-mail: Reva_max@ukr.net

KuiBcbkui HauioHanbHUM yHiBepcuteT iMeHi Tapaca LeByeHka, KuiB, YkpaiHa

NEPCNEKTUBU BUOOBYTKY NITIIO B YKPAIHI

(MpedcmaeneHo YyneHom pedakyiliHoi Konezii 3-pom 2eosn. Hayk, npog. LLIHoKkosum C.€.)

B c Ty n. Po3ansHymo nepcnekmueu po3po6ku simiesux podoeuw; e YKkpaiHi, uy0 3yMoeJsieHi monumom cy4acHoi npomucrio-
eocmi Ha nimiili ma nimiesy cupoeuHy. lTpo6nema 3abe3neyeHHs1 nimieM ocobsiueo 20cmpo cmoimb 05151 po3suHymux KpaiH €C,
de eiH Ha 100 % 3a6e3neyyembcsi imnopmom i CLUA, de yacmka imnopmy csizae 50 %. [ns YkpaiHu 3a6e3neyeHHs1 nimiem € Hao-
38uyaliHO akmyaJslbHUM NuMmMaHHsIM, 4epe3 npobsieMu e eHepzemuyi ma po3bydoey cucmem Hakonu4yeHHs i nepedayi anbmepHa-
mueHoI estfeKmpoeHepaii.

MeTonawu. B po6omi eukopucmaHo memodu 36opy ma aHasnizy ¢hpoHdie, Memoou nopieHsIHHsI ma aHasnoeil.

Pe3ynbTaTu. HagedeHo cmamucmuky u,0do eaudobymky simito y ceimi ujodo oyiHeHux 3anacis. Lis1 inghopmauyisi nokasye,
w0 ocHogHi Oxxepena Jlimiesoi cupoesuHu y ceimi npuypo4eHi o ponu conoHux o3ep Yuni, Bonieil, MeHwi 3a 06'emamu dxepena
noe'sizaHi 3 neemamumamu. B YkpaiHi e 80-90-x pokax eusieunu kinbka podosuw s1imito, noe'sizaHux iz neemamumamu: Llleg4yeH-
kiecbke ([JoHeuybka obnacms), Kpyma Banka (3anopisbka o6nacms), [Monoxiecbke i CmaHkyeamcbke (finsiHka o6pa) (Kiposo-
e2padcbka obnacms). Pydu LlleeyeHkiecbko20 podosuwia i dinsinku Kpyma Banka cknadeHi nepeeaxHo crnodymMeHoM, W0 3yMO8JI0€e
documsb npocmuli cnocobi ix 36aza4yeHHs1, ase podosuuia po3mawoeaHi Ha HerniOKOHMPObHIll Mepumopii, Wo YHEeMOX/IUesHe
ix po3pobky. Pydu lNonoxiecbko2o podoesuua ckiadeHi nepeeaxHo nemasnimom, a CmaHKyeamcbKko20 — nemasnimom i cnodyme-
HOM, W0 ycK1adHE MexHoJ102ilo ix 36a2ayeHHs1. Ha CmaHKkysamcbkomy podoeuuwi oyiHeHo NPo2HO3Hi pecypcu pyb6idito, yesito,
manmany, Hiobiro, 6epunito ma onoea, w,o nideuuwye io2o iHeecmuuyiliHy npueabnueicms. lNepedbayaembcs, W0 NepcrekmMue-
HUM pecypcom Jlimito e YkpaiHi Moxxymb 6ymu cynymHi nnacmoei eodu (CI1B) Hagpmoeux i 2azoeux podoeuw;. OcmaHHiM Yyacom
yeli pecypc Habysae nonynsipHocmi y ceimi, ockinbku y CIMB 6azambox podosuuy 8yarneeo0Hie ecmaHoes1eHo nideuujeHi KoHye-
Hmpauii nimito, py6idiro, yesiro, liody, 6pomy ma 6opy. Beaxxaembcsi, ujo onmumasnbHa KOHUeHmpauisa nimiro y CI1B mae 6ymu He
meHw sik 100 m2/n, ane doceid po3pobku desikux podosul, MOKa3ye eKOHOMiYHY OoyinbHicmb eusy4eHHs1 simito i3 Cl1B 3a KoHye-
Hmpauit 20-30 m2/n. Y ClB desikux Haghmoza3oeux podoeuw, YkpaiHu 3aghikcoeaHo emicmu Ao 10-23 ma/n, oOHaKk cucmeMHUX
docnidxeHb 3 Yb020 NUMaHHs He npoeodusiocsi, moMy Hadamu 06'eKmueHy OUiHKY Ub020 pecypcy Hapa3si Hemoxinuseo. Lje 3ymo-
as1r0e nompeby npoeedeHHs1 demasibHO20 8UBYEHHS CYNMYyMHix niacmoeux 800 Haghmoza3oeux pezioHie YkpaiHu.

B u cHoBKkwU. B YkpaiHi icHye 6azamo npobsiem i3 eudo6ymkom nimito, ockinbku podoeuuwsa docums cnabo eueyeHi ma ic-
Hyromb npobreMu 3 2e0J1020-eKOHOMI4YHOH0 ix ouiHkoro. [fpome ceped KopiHHUX podosuw imito 8 YkpaiHu Hallbinbwy iHeecmu-
yitiny npusabnueicme Mmae lonoxiecbke podoesuuje nemanimosux pyd. Takox docums MepcrneKmusHUM pecypcom Osisi nimiesoi
CUPOBUHU € CynymHbo-f1acmosi eodu Haghmoaa3oeux podosuuy.

KnwuyoBi cnoBa: podosuuwe, nimil, cynymHi nnacmoei eodu, 2e0s1020-eKOHOMi4Ha OUjiHKa.

Bctyn

MocmaHoeka npo6nemu. JiTii HANEXUTb A0 KPUTUYHOI
CVPOBMHM Y BCiX MPOMUCIIOBO PO3BMHEHUX KpaiHax CBITY, 30-
kpema kpaiin €C Ha 100 % 3anexaTb Big Moro iMnopTy, a
CLUA —Ha 50 %. Lle nos'a3aHo 3 piskiM 3pOCTaHHAM OO Cro-
XUBaHHS, Hacamnepeg Ans BMpobHMUTBA NiTieBMXx GaTapen.
Tak, skwo y 2014 p. cBiToBe CnoXuBaHHA niTito Oyno
31,4 nc. T, To y 2024 p. — Bxe 117,4 Tuc. 1. BignosigHo 3po-
cna i uiHa niTito: axkwo B 2012—2020 pp. BOHa konueanacs
6nuabko 8-12 Tuc. $/1, To B 2022 p. pgocarna 78 Tuc. $/T.

cTabinisyBanacs Ha pieHi 40-50 Tuc. $/T. TM He MeHLL, 3po-
3yMifnolo € komepuiiHa NpuBabnMBICTbL LLOro MeTany ans
Oyab AKOI kpaiHn. ToMy NUTaHHA NPO MOXIMBUIA BUOOOYTOK
niTito Ha TepeHax YkpaiHu € Haa3Bm4anHo aktyansHum (MiHe-
panbHi pecypeu..., 2020; MNpo 3aTBepakeHHs. .., 2024).

AHani3z ocmaHHix docnidxeHn i ny6nikayit. Bnaoby-
TOK NiTit0 Yy CBITi NOCTINHO 3pocTae, Tak, AKwo y 2015 p. BiH
cTaHoBuB 62 587 T, T0 B 2022 p. BiH BXe A0CAr NO3Ha4Kn
345 829 1. Ha noyaTtky 20-X pokiB LbOro CToniTTa MOro Bu-
[obyTok 3gincHioBanu 11 kpaiH (tabn. 1).

Micna uboro, npaBda, BOHAa [AeLWO 3HM3WNAcA | HUHI
Ta6bnuys 1
CaiToBuI BUaobyTok i 3anacwu nitito (Mineral Commodity..., 2023; World Mining..., 2021, 2024)
KpaiHa BupobyTtok, T 3anacw, Pecypcu,

2015 2016 2017 2018 2019 2022 TMC. T MIH T
ABcTpanis 24 140 29 640 98 260 114 920 103 000 149 800 2 800 6,3
Yuni 22 500 31 240 32 520 38 850 47 770 110 350 8 600 9,0
Kutai 4 350 6 000 14 700 15 300 16 600 57 900 1000 4,5
ApreHTuHa 7 860 12 200 12 360 13 810 13 670 14 210 1700 17,0
3imbabee 1405 2030 1850 3160 2 650 3540 230 0,54
Bpasunist 308 440 533 600 2 390 7 863 95 0,4
CLUA 1820 1800 1420 1500 1400 1640 630 6,8
MopTyranis 204 307 604 914 710 210 60 0,25
Bonigist 0 10 20 10 160 250 H/3B 21,0
Pocis 0 0 0 0 0 46 H/3B H/3B
Hirepis 0 0 0 50 50 20 H/3B H/3B
KaHaga 0 0 66 8 750 1200 0 370 1,7
Hawmibis 0 0 0 600 0 0 H/3B 0,009
Bcboro 62 587 83 667 162 333 198 464 189 600 345 829 17 000 80

© Muxainoe Bonogumup, Pesa Makcum, 2025
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ICHye nBa ronoBHUX AXXepena niTito: ue, no-neplue, pona
coneHux o3ep Yuni, bonigii Ta iHWKX KpaiH, a Nno gpyre —
pigkicHoMmeTaniyHi nermatuTn, Bigomi B ABctpanii, CLUA, Ka-
Hagi Towo. be3cyMHiBHO, HAMBUTIQHILLIMM [XXepenom NiTito €
pona coneHux o3ep, Ae cobiBapTicTb Noro BMOoBYTKy € Mi-
HiManbHO, a TEXHONOTiT BUNYYEeHHS OCTaTHBO PO3pOobeHi
(Marcinov et al., 2023). OgHak y 6aratbox kpaiHax Bugoby-
TOK NiTit0 3AINCHIOETBCS TAKOX 3 FPaHITHUX NerMaTuTie, TUM
OinbL, Wo, KpiM NiTito, BOHX YacTO MICTSATb NiABULLEHI BMi-
CTU TaHTany, Hiobito, pybiaito, uesito, onosa, 6epwunito. Kpim
LUX IKepen, y CBIiTi ANCKYTYETbCA NUTaHHSA BUAOOYTKY NiTito
i3 CYMyTHIX NracToBMX Bog HahTOBUX POOOBULL, i MOXIMBUX
TexHonorin Takoro BuaobyTky (Marcinov etal., 2023;
Murodjon et al., 2020).

LLlo crocyeTtbea Ykpainu, TyT we B 80-Ti — 90-Ti poku MUHY-
1noro cToniTTs Byno BUSABMEHO KiNbka pOAOBULL, MITIEBMX Nerma-
TUTIB, LLIO A€ 3MOry CTaBUTW NUTaHHS NPO BNacHWn BuaobyTok
niTito. Lli pogosuwa i nermaTtuToBi Nons, 3 SKMMn BOHW MOB's-
3aHi, AOCTaTHLO LUMPOKO BUCBITIIEHI B reOroriyHin nirepatypi
(BakapxwueB u gp., 2000; binoyc, CnobogsH, & MapdeHtok,
2024; BosHsk Ta iH., 2000; Maneukvn, 3apuukuin, & KHs3es,
1987; Epemenko u ap., 1996; IsaHoB Ta iH., 2000; IcakoB, & Bo-
6po., 2000; Cykay Ta iH., 2021). Okpemi poboTH NpUCBAYEHI
nepcnekTMeam po3pobku NNacToBux BoA HAadTOras3oBmx pavio-
HIB i pogoBuL K mkepena nogy i 6pomy (BaHaypiHa Ta iH.,
2014; Kyumannd, bpuHass, & LLiemensos, 2018).

YacmuHu 3azanbHoi npobnemu, siki He 6ynu po3se's-
3aHi paHiwe. OgHak peanbHOi reosioro-eKOHOMIYHOI OLHKM
LUMX POAOBMLL HE HaAABaroCh i 3an1LAETbCA HEBIAOMUM, UK
Oyne BMOoobGyTOK MiTik0 3 HUX €KOHOMIYHO AouinbHUM. Kpim
TOrO, MalXe HiXTO He CTaBUB NUTaHHSA NepCrneKkTUB BUO00yTKy
B YKpaiHi niTito i3 CynyTHIX NNacToBuX BOf HadpTorasosmx po-
OOBWULL, e, 3a HaLUMMKW JaHMMKI, CNOCTEPIraeTbCs MOro niaBu-
weHun Bmict (PeBa, 2016, 2019; Yomko, Peea, & [OuHsik,
2016; Reva, & Chomko, 2018).

Memoro cmammi € 06'ekTMBHA OLiHKa NepCrnekTMB BUOO-
OyTKy niTito B YKpaiHi K i3 KOPIHHWUX J)Kepen, TaK i i3 CynyTHIX
nnacToBMx Bo4 HagpTOrasoBMX POOOBULL, OLLiHKa IHBECTULN-
HOI NpuBabnMBOCTI KOHKPETHMX 06'eKTIB NiTIEBOI MiHepani3a-
Lji i 3aranbHOro CTaHy BUBYEHOCTI Liei npobnemun B YKpaiHi.

MeTtoau

KopiHHi podoesuwa nimiro YkpaiHu. B YkpaiHi Bigomo
4OTUPW POAOBMLLA NiTilO, MOB'A3aHI 3 pigkicCHOMeTanivYHUMKN
rpaHiTHUMK NermaTMTamm paHHbOro JoKeMopito, ski 0bniko-
BYlOTbCA B [lepkaBHoMYy OanaHci 3anacis: LLleB4eHkKiBCbke
(OoHeubka obnacTk), Kpyta Banka (3anopisbka obnactb),
Monoxiecbke i CtaHkyBaTtchke (HinaHka Oobpa) (Kiposo-
rpaacbka 0bnacTb), a TakoX Kirbka NpOosiBIB Y LieHTPanbHin
YacTuHi YkpaiHcekoro wuta (JiunHasekun, Hagis, >KosTtopi-
yeHcbkuii, KomeHaaHTCcbkui Ta iH.). Po3rnsHemo ix 3 nor-
nsiay iHBeCTULinHOT NpnBabnmBoCTi.

PesynbTaTtn

LlleeyeHkiecbke podosuuje CNoLyMEHOBUX pyn BifK-
pvnny 1982 p. BoHo npeacTaBneHe psaom pyaHuX Tiny Xu-
NbHIN cucTemi cybmepuaioHanbHOro MpOCTAraHHdA, ABa 3
AKMX € FTONMOBHUMW i BMiLLYIOTb NMPaKTUYHO BCi 3anacu miTito.
Ix cepenHs ToBwmHa carae 40 m, gosxuHa 600—700 M, BOHM
cknageHi kBapu-anbbiT-cnogyMeHoBUM (3 MiKpPOKNiHOM Ta
neTaniTom) arperaToM BHYTPILLUHIX 30H NEermMaTUTOBMX Tifl.
CnogymeH y HboMy yTBOptoe 6noku po3mipom 8—10 cm, ne-
Tanit — gpibHo3epHUCTI rHi3ga poamipom oo 5-20 cm. BmicT
okcuay niTito y cepeaHbomy ctaHoBuTb 1,22 %, noHag 95 %
3anaciB MoB'dA3aHi 3i CMNOAYMEHOM, IO 3YMOBIIHE MOXIU-
BiCTb 3aCTOCYBaHHSA 3Ha4YHO MOLUMPEHUX TexHonorii 3bara-
YyeHHsA. KpiMm Toro, B pyAax BCTAHOBIEHO NiABULLEHWUIA BMICT
Rb, Cs, Ta, Nb, Be, Sn, ki MOXyTb po3rnsgatvcst sik CynyTHi

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

KOMMOHeHTW. 3anacu niTieBux pyn poaoBULLA 3aTBEpaXEHi
npotokonom [IK3 CPCP Ne 10525 Big 28.10.1988 p. y «inb-
kocTi (Tuc.T) 3a karteropiamu: C1528, C21574,5,
C2n6 163,8, Bcboro — 2 266,3 Tuc. 1. Kpim Toro, Lmm e npo-
TOKOIOM 3aTBepXKeHi 3anacu TUTaHy, Hiobito, 6epunito (3a-
KpuTi AaHi), a Takox keBapuy — 4863,6 Tuc. 7 i crrogn —
527,2 Tuc. T; nepesatBepaxeHi npotokornom [K3 Ykpainu
Ne 4152 Big 02.11.2017 (BigomocTi 3akpuTi). Ockinebku pogo-
BULLE pO3TalloOBaHe Ha HEMIAKOHTPObHIN TepuTopii, 06ro-
BOpPOBATM NOTO iHBECTULiNHY NpMBabNMBICTL HE MA€E CEHCY.

Ainsxnka Kpyma Banka, sinkputa y 1975 p., npeacras-
rneHa TpbOMa PyAHUMM 30HaMU KBapLu-anb0iToBux 3i cnogy-
MEHOM MnermMaTuToBuX Tif, y akux BmicT Li2O carae 0,008—
6,55 %; Ta20s5 — 0,001-0,268 %; Nb20s — 0,001-0,036 %;
Rb20 - 0,001-0,395 %; Cz20 — 0,001-0,129 %; P3E — oo
0,009 %. Ha ginaHui nonepeaHbo 3a kateropismu C1 i C2 ni-
[paxoBaHO 3anacu pyn TaHTany, Hiobito, niTito (3akpuTa iH-
dopmauis), a TakoX 3anacuM  KOHUEHTpaTiB, ki
YTBOPKOOTLCA Mig Yac 36arayeHHs pigkicHomMeTaniyHnx pya:
nonboBOro wnaty y kinekocti 809,8 Tuc. T, kBapuy —
582,6 tuc. T, cntogn — 205,1 Tuc. T . dinAHka po3TalloBaHa
Ha HenigKOHTPONbHIN TepUTOPIi, L0 3yMOBIIOE HeaKTyarb-
HICTb OUIHKM Ti iHBECTULiHOT NpuBabnmBOCTi.

lMonoxiecbke podosuwie NeTaniToBUx pya npencraeneHe
TPbOMa KpyTOCMaAHMMW PYOHUMW Tinamu B nerMatutax obns-
MyBaHHs1 KopcyHb-HoBoMmpropoacbkkoro niyToHa (puc. 1).

lMepwe pygHe TiNO NPOCTEXEHO 3a NPOCTAraHHAM Ha
550 m, 3a nagiHHaM — Ha 800 m, horo cepeHa ToBLmHa 60 M,
cepepHiv BMmicT Li2O 1,25 %; opyre npocTexxeHo 3a npocTs-
raHHsiM Ha 350 m, 3a nagiHHam — Ha 400 m, noro ToBLUMHA 13—
75 m, cepegHin BmicT Li2O 1,21 %; TpeTe Mae 3Ha4YHO MEHLLi
napameTpu. PygHi Tina cknageHi netanitom (27,6-36,2 %),
ansbitom (26,3-28,0 %), neptuToBMM Kaniwnatom (19,1-
20,9 %), kBapuom (15,8-21,7 %), 3pioka cnogymeHom (0o
2 %). MNeTaniT NpeacTaBneHWn ApiGHO3EPHUCTUMKU MOHOMI-
HepanbHUMK CKynYeHHAMK po3mipom o 10-20 cm i poscig-
HAMM  APIOHMMWM  BKIIOYEHHSIMM Y MIKPOKMiH-KBapL-
ansbitoBomy MaTtpukci. BmicT Li2O B netaniTi KonusaeTbcs
Big 4,0 no 4,8 %, y cnogymeHi — Big 6,7 go 7,1 % (Bo3sHsik
Ta iH., 2000); cepegHin BmicT Li2O B netanitosin pyai —
1,10 % (EpemeHko n ap., 1996).

BipomocTi npo 3anacv pogoBuLLa € 3aKpUTMMMU, LLO YCKIa-
[OHIOE He3anexHy reorioro-eKOHOMIYHY OLJHKY pOAOBMLLA.
MeToom ekcnepTHOI OLHKM 3@ aHarorieto 3 NogibHMMM poao-
BMLLAMMW CBiTy MOXHa OUIHUTU KOro pecypcy npubnmnsHo
B 60-65mnHT pyam ta 700-800 Tmc. T Li2O (Mykhailov,
Hrinchenko, & Malyuk, 2022); iHBecTuLjiiHy npuBabnuBicTb
pOLOBULLA BU3HAYEHO SIK CepeHIo (3a eKCNepTHOK OLHKO
65 6anis no 100-6anbHin wkani) (Muxannos, 2023). Ha Buao-
OyBaHHA neTanitToBmx nitieBMx pya pogosuwa TOB "YkpniTii-
BMOoOyBaHHA" BuAaHO creuianbHUiA go3ein Ne 6195 Big
03 kBiTHA 2017 p., gincHun o 03 keiTHS 2037 p.

lMpobnema nonsrae B MiHepanbHOMY cKnagi niTieBUX
pya, SKki NpeAcTaBneHi Make BUKITIOYHO neTanitoM, y Ton
yac, konu dnoTauiviHi TexHonorii 36ara’yeHHsi NnpuaHa4veHi
nepeBaxHo Ang cnogymeHy. To6To noTpibHa po3pobka oco-
6nmBmx TexHonori 36aravyeHHsa neTaniToBux pya.

CmaHkyeamcbke podoeuuie (GinsiHka [Jo6pa) cnony-
MeH-neTaniToBux pya Bigkpunu y 1989 p. BoHo npeacTas-
neHe gsoma pygonpossamu — CTtaHkyBaTcbkuMm i Hagia B
KipoBorpapachbkin obnacri, y 3axifHi 30BHILLHIN 30HI JInnHs-
3bKOro rpaHiTHOro Kynosny. BoHu nos'a3aHi i3 cepieto KpyTo-
crnagHuX nermaTuToBUX Tin'y 3oHi 3aBToBLKM A0 140—150 m,
Yy LEHTpanbHin YacTuHi AKOT i 30cepempKeHi HaWnOTYXXHiLLi
pyaHi Tina (puc. 2).
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Puc. 1. CxemaTtuyHa reonorivyHa kapTa (A) Ta po3pi3 (B) NonoxiBcbkoro pogosuuia (EpemeHko u gp., 1996):
1 — ocaposBi Bigknagm Yyoxna; 2 — nerMaToifHi rpaHiTu 3 yboroto niTieBoo MiHepanisaui€to;
3 — nermaTtuTk 3 BaraToto NiTieBol MiHepanisauieto (neTanitn); 4 — rpaHiTn; 5 — mirmaTuTK; 6 — rHency; 7 — po3nomm

Puc. 2. CxemaTunyHa reonoridyHa kapTa (A) Ta po3pi3s (Bb) CtaHkyBaTcbkoro pogoBulia (EpemeHko un ap., 1996):
1 — ocagoBi Bigknagm Yoxna; 2 — nermatuTi 3 6araToro niTiEBOK MiHeparnisauieto;
3 — nermatutun 3 BigHOMO NiTieBOIO MiHepanisauieto; 4 — rpaHiTh; 5 — MmirmaTuT; 6 — nNipokceHiTh; 7 — rHency; 8 — amgpibonitu; 9 — posnomm

BwmicT Li2O B okpemunx pyaHux Tinax konveaetbes Big 0,345 TEXHONOTIt0 30arayeHHs pya Yepes noTpedy CeneKkTMBHOMO BU-
00 2,23 %, y cepeaHbomy csrae 1,26 %. Pyau komnnekcHi: ne- Ny4YeHHs CnogyMEeHOBOrO | NeTaniToBOro KOHLUEHTpaTIB.
TanitoBi (32 %), cnogymeHosi (28 %), cnogymeH-neTaniToBi Banacw i pecypcy niTieBUX pya 3aTBEPMKEHO MPOTOKONamm
(17 %) i netaniT-cnogymeHoBi (23 %), WO YCKNagHe OK3 Ne 4211-CK Big 15.12.2017 i Ne 4461-[1CK Bin 08.08.2018
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3a kaTteropieto C2 (3akpuTi AaHi, cepegHin BmicT Li2O 1,34 %),
P1—-1218135171 (cepepHin BMICT Li2O 1,37 %),
P2 — 70634,5 1 (cepeaHini BMmicT Li2O 1,43 %), a Takox pecy-
pcu Tazx03 — 4745471, Nb2Os — 8238,471, Rb20s —
104074,0 T, BeO — 22081,5T, SnO2 — 4456,5 1, CsO2 —
7971,4 T (IHBecTMUiNHMM aTnac..., 2021).

3aBAskn KOMMNMEKCHOCTI pya POAOBULLA MOro iHBECTW-
LiiHy NpuBabnmMBICTb BU3HAYEHO SIK BUCOKY (74 6anu no 100-
GanbHin wkani) (Muxannos, 2023), ane 3 aHanidy pesynbTa-
TiB onpobyBaHHA pyaHWX Tin, HaBegeHux Ha odiliiHoMy
canti [lepxreoHagpa (IHBecTuuinHni atnac. .., 2021) BuHuKa-
I0Tb CYMHIBU LLOAO IXHIX MapamMeTpiB, 30Kpema CTOCOBHO CyT-
TEBOrO 3aBULLIEHHSI TOBLUMHU PYOHUX Tif, WO MOXe 3Ha4HO
3MEHLINTU 3aranbHy OLiHKY 3anaciB pogoBuLla i Moro iHBec-
TUUiVHOT NpnBabnueocTi. Lle Takox 3yMOBMOE HEOOXIAHICTb
nepernsgy NepBUHHOrO PakTUYHOro MaTepiany i LWoao iHWnX
pigkiCHOMeTasniYHMX poAOBULL, YKpaiHu.

Jlimit y cynymHix nnacmosux eodax Haghmoza3o-
eux podoesuuwy. MutaHHsa BuaobyTky niTito 3 CMNB HadTora-
30BUX POOOBULL, PO3POOKU TEXHOIOriA MOro BUIYYEHHS i3
LUUX BOA, BX€e ANCKYTYETbCS Y CBITOBI HAyKOBIW niTepatypi,
a Ha peskmx poposuwax CLIA Bxe posnoyascs HOro

pocnigHyubko-npomucnosuii BugobyTtok (Marcinov et al.,
2023; Murodjon et al., 2020). OcTaHHiM Yacom nocTae nu-
TaHHSA MOXITMBOCTI Takoro BuaobyTky niTito 3 CINB HadTora-
30BUX pogosuLy, Ykpainu (PeBa, 2016, 2019; Yomko, PeBa,
& AunnHsk, 2016).

TeopeTU4yHUM MigrPYHTAM LbOrO MUTAHHA € NPUCYT-
HicTb niTito B CINB HadpTorasosux pogosuul. [loBeaeHo, Lo
nnacToBi BOAW NPUCYTHi B NepeBaxHin BinbLwocTti HadTo-
ra3oBUX poOAOBULL, A€ MOXYyTb 3alMmaTtv pi3Hy Mo3uito
LWoAO0 MPOAYKTUBHUX NNacTiB, 3aBASKKM YOMY BUAINSOTb
CINB KOHTYpHi (KparnoBi), NigoLWOoBHi, MPOMiXHi, BEPXHi, HU-
XHi, amiwaHi (puc. 3). BuainsawTb sk cyTo BOOOHOCHI nna-
CTW, TakK i 3B'A3aHy (3anuLLKOBY, NMOXOBaHy) BOAY Y CKnagi
NPOAYKTUBHMX Nopia. BMiCT oCTaHHbOT MOXe konvBaTUcs B
LUMPOKMX Mexax, ane HamnyacTiwe cdarae 20-30 % Big o6-
cary konektopa. LinHicte CI1B sk CMpOBMHWM AN BWny-
YeHHS MiTilo nongarae we B ToMy, LWO 1T LinecnpsMoBaHo He
noTpibHo BMOobyBaTn, a BOHa € MOXiAHMM KOMMOHEHTOM
B1AoOyTKy HadTh i rasy. O6'em BugobyToi BOAM Ha OESKUX
pogoBuLLiax YkpaiHn ctaHoBuTb noHag 90 % Big 3aranb-
Horo 06'emy BMaobGyToro dnoigy.

mMirpoBaHa

HadpTa \

Puc. 3. Mnacroei BOAM HapTOra3zoBMX pOoaoOBULL

(https://ukraine-oss.com/suputno-plastovi-vody-u-naftogazovij-galuzi-problema-chy-rishennya/)

3 aHanizy HasiBHUX OaHux wopno Bmicty nitito B CMNB
poOOOBMLL BYrneBOAHIB HAa(PTOra3soHOCHNX perioHiB YkpaiHu
BUMMMBAE ABa HaWBaXNUBILLI BUCHOBKM. [lo-nepLue, BU3Ha-
YyeHHs niTito B ClMNB HadTOrazosmx poaosuLL, NPOBOAUIOCS
crnopaguyHo, B IBHO HEAOCTATHIN KiNbKOCTi AN 06'eKTUBHOT
OLiHKW Oro BMICTY Y BoAax BCiX YM OinbLIOCTi poAoBULL, BY-
rneBogHiB. o apyre, NpakTU4YHO y BCix Npobax, Ae 34iACHI0-
Banocsl Take BU3HAYEHHs, (DIKCYETbCA NiABULLIEHUA BMICT
niTito B KiNbKOCTAX Big, nepLumx mr/n o 10-20 mr/n (tabn. 2).
Taki BMiCTW RiTil0O HE CTAHOBNATbL MPOMWCIIOBOIO iHTEPECY,
Xoya 1 cBig4aTb npo 1oro npucyTHicTb y ClNB geskux ykpa-
THCBbKMX pOAOBMULL,.

Kpim niTito, y npoaHanidoBaHux npobax Big3HavaeTbCs
nigsuLieHni BMIicT noay, 6pomy, 6opy, pybiaito, uesito. Ocob-
nvBO 3BepTae Ha cebe yBary yparaHHui BMIiCT py0igito i Lie-
sitlo B ClNB KynauyuxiHcbkoro popoBuuia, sike, 3a YMOBM
NigTBEPAXEHHS UMX pe3ynbraTiB, MoXe OyTu mxepenom
CYMyTHbLOro BMA0BYTKY LIMX eNeMEHTIB.

3a matepianamn (Knapik, Rotko, & Marszatek, 2023)
HancnpuaATNMBiWa Ana BuAoOYTKY KOHUEHTpauis niTiio B

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

po3conax mae 6yt He MeHL sk 100 Mr/n, Xo4 B AESIKMX NPO-
AYKTUBHMX HadhTorasoBmx popmadisx i panoHax BOHa onyc-
KaeTbca 0o 28-57 mr/n (tabn. 3).

I3 umMKn matepianamu 36iraloTbCsl OCHIMKEHHST KaHAACh-
koi komnaHii Volt Lithium 3 ycniluHOro BunyYeHHs niTito i3 co-
NbOBUX PO3YMHIB 3 MOro KoHUeHTpauieto Big 34 go 120 mr/n
METOAOM [04aBaHHs O PO3COJy BMCOKOCENEKTUBHOI abcop-
Oytoyoi MoneKynu, sika yroentoBana niTil i WBuaKo Bigainsna
noro Big Bogu (News — Volt Lithium Corp, 2023).

3p0o3yMino, Wo YnM BULLLE@ KOHLEHTpaUia niTito, TUM Jo-
LinbHiLLMM € 1noro BuaobyTok. Ane 3 aHanisy HasiBHUX MaTe-
pianis BMNNMBaE BWCHOBOK MPO HEPIBHOMIPHMI po3nogin
niTito B ClNB HadTorazoBmx nnowy. Tak, Ha NepCneKTUBHNX
nnowax Pecny6nikv OarectaH BmicT nitito B ClNB konuBea-
€TbCS NepeBaXxHo Big 22 ao 57 mr/n i Tinbkn Ha ogHik Tapy-
MiBCbKin  nnow,i carae  196-200 mr/n.  MiHimanbHa
NPOMMCIOBa KOHLEHTpaLia MiTilo Ha UMX poaoBuMLlax BCTa-
HoBneHa y kinbkocTi 10 mMr/n. Ha HadTorazoHocHUx nrotyax
OpeHbyp3abkoi obnacTi BMmicT niTito B ClNB KonueaeTbes Big
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10,5 po 660 mr/n; Hencko-BoTyOuHcbkoi nnowi (IpkyTcbka
obnactb) — Big 30 go 105 mr/n.

[OnoBHUMK MeToAaMu BUNYYEHHsT MiTil0 3 po3coniB €:
ranypriyHuii 3 6araTocTagiiHMM BUMapOBYBaHHSAM; MeMOpaH-
HWI; eKCTPaKLiNHUIA; cOpOLiHOrO BUIyYEHHS 32 4OMOMOrOH
abcopbyounx pevoBWH, HaMpuKnag rigpokeuay arntoMiHito,
gk dopmye 3 nitiem cnonyku  LiCl-2Al(OH)3-nH20
(Karuppasamy et al., 2024; Liu et al., 2023).

OTxe, B baratbox BuMNagkax BCTAHOBMEHO AOLNbHICTb
BUKOPUCTAHHSA CynyTHIX NNacToBUX BOA4 HadpTOrasoBuX po-
[OBUL SIK MAPOMIHEPANbHOT CUPOBUHM AN BUAOOYTKY NiTito
Ta iHWKX KOMNOHEHTIB. Lle € niacTasoto Ang geTanbHOro Bu-
BYeHHs1 ClB HadpTorasosunx pogosuLy YkpaiHu 3 METOKO iX
OLiHKM SIK rigpoMiHepanbHOi cupoBuHK. MokK Wo cucrtema-
TUYHUX OOCHiMKeHb 3 LUbOro MUTaHHA He NMpoBoAWIOCH, a
HasiBHUX MarTepianis fBHO HeJoCTaTHbO Ansi 06'€éKTUBHOI

OLHKM IX NOTeHLUiany Sk Axepena niTito Ta iHWWX enemMeHTiB.

Tabnuys 2
KoHueHTpauii XiMiYHMX eneMeHTiB B CynyTHiX NJacTOBMX Bogax Aesikux pogosuw, mr/n (Atnac..., 1998)
PogoBuue | ropmsont | J Br | B | K | NH S, Li Rb | Cs
CxigHun HI'P
B-20 10,58 157,2 12,35 715 104,4 680 10 8 -
JlunosogonuHcbke HIK B-22 37,36 173,2 18,52 2417 198,5 800 12 6 -
B-26 9,52 149,2 12,35 425 93,6 780 18 4 0,3
PomeHcbke H - 49,31 0,62 0,07 49,1 0,84 - 0,06 - -
WaTpasnHeske H B-26 8,46 131,9 9,88 1900 H/3B 750 19 1,35 0,3
T 8,46 113,2 - - H/3B 750 19 1,35 0,3
B-16 7,47 141,94 16,48 78387,8 | 133,42 | H/3B H/3B 17541,1 | 154348,6
Kynauuxiscske HIK B-17 4,72 32,41 21,66 38428,3 | 107,99 | H/3B H/3B 15430,8 93029,8
B-21 10,17 22,68 8,68 19267,6 | 29,39 | H/3B H/3B 8874,9 44493,8
T 7,62 136,9 16,57 65437,8 | 121,5 | H/3B H/3B 27888,0 | 158640,2
Bepesiackke K C-5 9,56 72,04 26,38 41,25 123,15 - - - -
B-166 15,82 81,06 59,33 - 118,19 | 1520 12,0 1,0 0,1
Kamnarcske HIK B-158 6,35 103,9 9,88 980 100,8 | 415 15,1 2,3 0,47
B-19H 10,58 108,6 12,35 990 108,0 700 16,25 1,3 0,55
B-198 8,0 181,0 12,3 H/3B H/3B H/3B 0,99 0,39 0,010
AHppisiiscbke MK B-19H 10,5 129,2 12,0 448 H/3B 604 20,0 6,0 0,025
B-20-21 8,0 142,0 11,2 396 H/3B 340 18,0 6,0 H/3B
B-15 6,35 105,2 12,35 600 74 422 10,0 1,4 0,28
B-17¢ 23,0 143,9 12,35 1000 104 232 23,0 1,6 0,39
B-17H 12,7 227,8 18,52 900 108 270 11,3 0,6 0,05
Bacuniscbke HI'K B-188 9,5 188,0 18,60 575 77 368 13,9 0,9 0,35
B-198 15,5 163,6 39,28 H/3B 209 H/3B H/3B H/3B H/3B
B-20 7,2 107,0 22,00 H/3B 153 580 5,95 0,3 0,3
T-1 6,4 53,3 H/3B 1000 H/3B H/3B H/3B H/3B H/3B
PygiBcbKo- B-20 4,23 90,58 H/3B H/3B H/3B 360 6,45 0,5 0,15
YepBoHo3aBoacbke MK T-3 2,112 73,26 H/3B H/3B H/3B 930 8,4 0,47 0,3
YyTiecbke K A-6-8 42,0 683,0 14,60 H/3B 183,0 | H/3B 3,9 2,07 H/3B
HoBoceniscbke K B-12 2,07 97,9 7,0 24932,2 36,8 [3458 | 2,79 0,90 H/3B
J1aBpeHTiiBCbke I C-17 2,5 H/3B H/3B 17,0 15,0 H/3B 1,9 H/3B H/3B
3axigHum HI'P
BwxomnsiHcbke I - 20-42 20-120 10-80 10-210 | 60-80 4-5 0,7-1,0 0,1-0,15
Migniciscbke H MJ1-1 19,47 209,0 111,36 365 21,4 6,5 0,75 0,6
n-2 4,23 11,22 - 737,5 10.0 | 10,20 | 5,10 0,47 0,38
Pvebko-Komaniacoke 0-3 4,11 6,35 3,1 198,3 10,0 5,40 0,21 0,18 0,13
Y P 0-4 5,50 7,48 18,6 46,7 1,67 4,10 0,12 0,20 0,15
0-5 1,09 13,40 - 858,2 10,0 3,16 9,85 0,43 0,20

lMpumimka. Pe3ynbtaTty aHanisy Bmicty K, Rb, Cs y Bogax KynaumxiHcbkoro HI'K popoBuLa BUKNUKaOTL CyMHIBM | NOTPeOYOTL NepeBipKu.
Popgosuwa: H — HadTOoBI; I" — rasosi; K — rasokoHgeHcaTHi; HI'K — HadpTorasokoHaeHcaTHi. H/3B — aHani3 He NPOBOAMBCS

Ta6nuuysa 3
KoHueHTpauii XiMmiYyHMX eneMeHTiB B CynyTHiX NiacTtoBux Bogax aeskux pogosuly csiTy (Knapik, Rotko, & Marszatek, 2023)
®opwmawis, porosmiLe Na* | K" [ ca® [Mg*] cI- [so.~ | Li*t | sr* | Br
’ rin mr/n

Qianjiang Formation of the Jianghan Basin, China, sample QJ50 85.8 [1.44| 1.24 |10.24| 132.9 | 4.62 119 - 371
Qianjiang Formation of the Jianghan Basin, China, sample QJ52 124.1 [2.62| 0.66 |0.09] 191.7 | 4.30 | 150 - 583
Qianjiang Formation of the Jianghan Basin, China, sample QJ16 101.8 [4.03| 3.32 |0.26| 172.1 | 0.39 80 263 400
Smackover Formation, field Kerlin, county Columbia, sample 140 714 18.34|45.70 [2.97] 196.1 | 0.55 | 445 | 2980 | 5850
Smackover Formation, field Pine Tree, county Columbia, sample 199 63.0 [3.02| 39.80 [2.12| 201.5| 0.18 277 | 2760 | 5640
Smackover Formation, field Yantis, county Wood, sample 226 75.4 |7.43|26.90 [4.51]192.0| 0.20 | 505 | 2670 | 3080
Carboniferous formation in west Poland 53.0 |3.06| 36.00 |2.53| 165.0 | 2.09 81 2347 -
Leduc Formation, Alberta, Canada, sample D-31 61.0 [3.90| 22.80 [2.00| 145.0 | 0.22 140 660 436
Swan Hills Formation, Alberta, Canada, sample RCAH37-576B 69.6 |4.60| 24.37 [2.25| 147.4 | 0.21 118 845 462
Wolfcamp Shale-tight oil, USA 45.1 |0.90| 2.77 [0.38]| 75.4 | 0.65 28 421 639
Bakken-tight oil, USA 91.7 |5.31][17.00 |1.34| 177.8 | 0.76 57 1450 | 874
Marcellus Formation, USA 43.7 |0.87|18.95 [1.67]| 116.1 | 0.05 | 127 | 3693 | 1126
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Ouckycifa i BACHOBKMU

1. AHani3 akTUYHOro CTaHy pedyert Nokasye, Lo Npo-
©nema BnacHoro Bnao0yTky niTito B YkpaiHi HabaraTo ckna-
OHilWa, HK Ue 3By4dTb B OpaBypHMX pevax [eskux
[ocnigHuvkiB | MOXXHOBNaAUiB, i noTpebye yBaru, petensHoro
BMBYEHHSA | NpoBeAeHHs AeTanbHUX AocnigxeHs. Mo cyTi,
BOHa Biga3epkanioe 3aranbHUM CTaH reonorii B YKpaiHi, skin
ocTaHHi 15 pokiB He NpuainaAnocsa AOCTonHa yBara.

2. 3 KOpiHHMX poAOoBULL NiTil0 YKpaiHKW, NOB'si3aHKX 3 rpa-
HITHUMU NermaTuTamu, HanobinbLLy iHBECTULIHY NpuBabnu-
BicTb Mae [lonoxiBCbke poAoBuULLEe neTaniToBux pya y
KipoBorpapacbkin obnacti 3a yMoBM po3pobku TexHonorii ix
36araveHHs. CneujianbHuiA A03BIN Ha Po3pobKy LibOro poao-
BuLa mae TOB "YkpniTiiBugobysaHHsA".

3. Y nogansLuomy ans 06'eKTMBHOI OLiHKM iHBECTULINHOT
npvBabnuBOCTi pogoBULL, PIAKICHUX MeTaniB YKpaiHu peko-
MEHIYETbCA NPOBEAEHHS AeTarbHOro aHanidy nepBUHHUX
MaTepianis 3 nepeiHTepnpeTauieto iX pesynbTaTis.

4. MNoTtpebye peTenbHUX JOCNIOKEHb TAKOX MOXITUBICTb
BUMYYEHHS MNITito i3 CyNyTHIX NnacToBmx BOA HadTorasoBmx
pogoBwuLl. Ha xanb, CMCTEMHUX JOCTiAXeHb Uiei npobnemu
B YKpaiHi He MPOBOAMIIOCS, € TiNbKU MOOAVHOKI BUMAOKV BU-
3HaYeHHs BMICTY TNiTil0 Yy BOAAX OKPEMUX POAOBULL, HATU
Ta rasy, fki ceigyaTtb Npo HasiBHiCTb niTito y Cl1B, ane B He-
[OCTaTHIX A4Nsi N(POMUCIIOBOT PO3pO0KH KinbkocTsax. Tomy pe-
KOMeHAOy€eTbCA NpoBeAeHHS MacoBux onpobysaHb CIB 3
aHanisaoM Ha BMICT MiTil0 Ta iHWKWX pigKiCHUX MeTanis, 30K-
pema pybigito i uesito.

5. PeanbHin oujiHLUi pogoBuLL, KOPUCHUX KONANWUH 3HA4YHO
3aBaXa€ pyouMeHTapHa, Le 3 pagsHCbKUX 4aciB, 3aKkpu-
TiCTb iHOPMALii, SKa ax HiSK He CpUSE 3any4eHHIo iHBeC-
TULN B ripHUY0400yBHNUIA CeKTOp YKpaiHu.

BHecok aBTOpiB: Bonogummp Muxannos — koHuUenTyanisadis,
aHani3, HanucaHHs (opuriHanbHa YepHeTka); Makcum PeBa — aHa-
ni3, Banigawis AaHux, HaNnUcaHHs (Nepernsag i peaaryBaHHs).
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PROSPECTS OF LITHIUM EXTRACTION IN UKRAINE

Background. The paper examines the prospects for the development of lithium deposits, which are determined by the demand of modern
industry for lithium and lithium raw materials. The supply of lithium is particularly acute for developed countries, for example, the EU is 100 % and the
USA is 50 % supplied by imports of lithium raw materials. For Ukraine, lithium supply is an extremely urgent issue, caused by problems in the energy
sector and the development of alternative electricity storage and transmission systems.

Methods. The work used methods of collecting and analyzing funds, methods of comparison and analogies.

R e s ults. The authors provide statistics on lithium production in the world relative to estimated reserves. Statistical data show that the main
sources of lithium raw materials in the world are confined to the brine of salt lakes in Chile and Bolivia, and smaller in volume are sources associated
with pegmatites. Lithium deposits in Ukraine were discovered in the 80s-90s, they are associated with pegmatites: Shevchenkivske (Donetsk region),
Kruta Balka (Zaporizhzhya region), Polokhivske and Stankuvatske (Kirovohrad region). The ore at the Shevchenkivske deposit and the ore at the Kruta
Balka area are mainly represented by spodumene, which makes ore processing quite simple. These deposits are located in uncontrolled territory,
which makes their development impossible. The ores of the Polokhivske deposit are composed mainly of petalite, and those of the Stankuvatske
deposit are composed mainly of petalite and spodumene, which complicates the technology of ore processing. The authors noted that the Stankuvat
deposit has greater investment attractiveness due to the estimated forecast resources of rubidium, cesium, tantalum, niobium, beryllium and tin. The
article describes another promising lithium resource in Ukraine, this is produced water oil and gas fields (OGPW). Recently, this resource has been
gaining popularity among researchers, as it has increased concentrations of lithium, rubidium, cesium, iodine, bromine and boron. Compared to brine
from salt lakes, the concentrations of lithium in the OGPW are lower, but the advantage is that they do not require capital investments in their extrac-
tion. According to the currently available extraction technologies, it is believed that the optimal concentration of lithium in water should be 100 mg/L,
the development of some deposits shows economic feasibility at concentrations of 20-30 mg/L. In the produced water of some oil and gas fields of
Ukraine, lithium contents of up to 10-23 mg/L have been recorded, but it is impossible to give an objective assessment of this type of resource due
to the lack of systematic research. This necessitates the need for a detailed study of the produced water of the oil and gas regions of Ukraine.

Conclusions.InUkraine, there are many problems with lithium production, since the deposits are poorly studied, there are also problems
with their geological and economic assessment. However, among the indigenous lithium deposits in Ukraine, the Polokhiv deposit of petalite ores
has the greatest investment attractiveness. Also, a promising resource for lithium raw materials is the OGPW.

Keywords: deposit, lithium, produced waters, geological and economic assessment.
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JITONOrIYHI OCOBNMNBOCTI HU3bKOMPOHUKHUX
HA®TOrA30OHACUYEHUX NMOPIA-KOJIEKTOPIB ¥ PO3PI31 HEOFEHOBUX BIAKNAQIB
HA NMPUKNAAI BYLIBCbKOINO rA3oBoro pOAOBMLLA

(MpedcmaeneHo yneHom pedakyiliHoi konezii 0-pom 2eosn. Hayk, npog. B.A. Muxaiinoeum)

BcTyn. JocnidxeHo npobnemy HU3bKOMOpUCMUX i HU3LKONPOHUKHUX Mopid-Konekmopie, ujo xapakmepHe Ossi noknadie
ayanesodHie y HeozeHosux gidknadax 308HiWHbLOI 30HU [Mepedkapnamcbko20 npoa2uHy. Husbka egpekmueHicmbs mpaduyitiHux
memodie oyiHKu 2azoHacu4eHocmi ma npodyKmueHocmi yux nopid cmeoproe 3HayHi nepewKkodu Os1s1 IX OCBOEHHSI, W0 sUMa2aec
3acmocyeaHHs Hoeux nidxodie.

M e T o A u. [JocnidxeHHs1 npoeodusiock Ha OCHO8I aHani3y kepHo8020 Mamepiarny, 8idi6paHO20 3 MPOAYKMUBHUX 20PU30HMI8
Byuyiecbko20 2a3oe020 podosuuja. Byno eukoHaHo demanbHuli nempogi3uyHuUll aHani3, 8KIOYarYU OYIHKY meKcmypHuUX ma
cmpykmypHux ocobniueocmeli Nopid, a Makox xapakmepucmuky nopucmocmi ma npoHukHocmi. Bukopucmoeyeanucsi memoou
Hacu4eHHs 3pa3kKie ¢hapbHUKaMu, MIKpOCKoMisi ma 2paHysiloMempuyHul aHani3.

Pe3ynbTaTu.BcmaHoeneHo, wjo Hu3bKornopucmi nopodu-KosieKmopu Maromb 3HaYyHUl eniue mekcmypu, cmpykmypu ma
MiHepanbHO20 cknady Ha ixHi ¢hinbmpauyiliHo-eMHicHi enacmueocmi. OcCHoeHUM murnom rnopucmocmi € cybkaninsipHa, sika 3abes-
neyye obmexxeHy NMPOHUKHICMb. AHani3 3pa3kie rnokasae, Wj0 Yacmka egheKmueHo20 Mopoe8o20 NMPocmopy, sika 6epe y4acmb y
ginbmpauii, € Husbkor (MeHw sk 40 % y 3a2anbHili cmpykmypi eidkpumozo npocmopy). OCHo8HUMU NMPOGYKMUBHUMU 20PU30H-
mamu € niwaHo-2s1uHUcmi eidknadu HUXHLoOawaechbKol ceimu.

BwucHoBku. [JocnioxeHHss nidmeepdusno, wo Onsi inmeHcugikayii su0obymky 2a3y 3 HU3bKOMOpUcCMuUx nopio NnompiéHo
3acmocosyeamu MemooOu XiMiYHO20 ensiuey, maki sik KucsiomHi 06po6Ku, siKi Crpusiromb CMEOPEHHI0 38 'I3HUX KaHarie y nopo-
eomy npocmopi. OmpumaHi pe3ysibmamu Mmaromsb fIpPaKmu4He 3Ha4yeHHs 011 onmumi3ayii po3pobku 2azoeux 2opusoHmie lNeped-
KaprnamcbKo20 Npo2uHy ma MoXymb 6ymu eukopucmadi npu rnnaHyeaHHi po3eidyeanbHux i ekcrislyamauitiHux po6im.

Knwo4yoBi cnoBa: 30eHiwHsi 30Ha lMepedkapnamcbKo20 Npo2uHy, nopoda-Kosiekmop, KepH, gppakyil, ncamimu, ey2s1e800Hi.

BeTtyn

lMocmaHoeka npo6nemu. Npobnema HU3LKONOPUCTUX,
HU3bKONPOHMKHNX NOPIA-KONEKTOPIB akTyanbHa Ans nokna-
AiB BYrneBoaHiB. BipoBagXeHHsA CydacHUX TEXHOSOTIN iHTe-
Hcudpikauii BuaobyTKy Ta MOBHOTU BUITYYEHHS BYINEBOAHIB
i3 Haap — Le Wnsaxy 36inbleHHs KoedilieHTa BUNyyYeHHs BY-
rMeBOJHIB, SKi MOB'A3YI0Tb 3 HU3LKOMOPUCTUMW MopoaaMu-
konektopamu, npn Kn<10-12 % (Opnos, OmenbyeHko, &
Jloktes, 2012). OcTaHHi MalTb 3HaYHE NOLIMPEHHA B Had-
TOra3oHOCHUX perioHax CBiTy, ane TpMBanui yac 6ynu nosa
yBarow, OCKiNbk/ 3a peHTabenbHICTI0O OCBOEHHSA 30cepe-
[PKEHUX Y HUX PeCcypciB He MOMNN KOHKYpyBaTu 3 Tpaguuin-
HAMM MOpOAamMu-KoreKktopamu. Yneplle HU3bKOMOPUCTI
nopoau-konekTopu novanu ocsotoBatn y CLUA, konun 6ynu
BUSIBNEHI 3HaYHi 3a 3anacamu noknagu rasy "LeHTpanbHo-
6aceiHOBOro" TUMNy B LLINbHUX MICKOBMKAxX ME3030MCbKOro
Biky CkenacTux rip, a noTimM i B naneo3oncebkunx 6acemnHax IMi-
BHiYHOamepuKaHcbKoi nnatdopmu. Moknaam rasy "ueHTpa-
nbHobacenHoBOro" TUMy MOXyTb OyTW BIOKPUTI Takox Yy
3axigHomMy HaTOorasaoHOCHOMY perioHi YkpaiHu. 3a noLyko-
BMMM KPUTEPISIMU, LLIO BUKOPUCTOBYIOTL reonorn CLUA, BoHu
NPOrHO3ylOTbCS B MEXax LieHTpanbHoi YacTuHu KpykeHuLb-
KOi 3anaguHu, e niwaHo-rmMUHUCTI Bigknaan MioLeHOBOro
BiKy nepeTBopeHi Ao cTagii katareHe3y MKs. Y mexax noka-
NbHUX 00'EKTIB HU3BKOMOPUCTi MOPOAN BUMOBHIOKTE OKPEMI
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CTPYKTYPHi enemMeHTV podoBwLL, — NacTu, NPOLUapKy, NiH3n —
i B Pi3HNX MPOCTOPOBUX CMIBBIAHOLLIEHHSIX MOXYTb KOHTaKTY-
BaTW 3 BUCOKOMOPUCTUMM.

AHaniz dxepen ma nimepamypu. Ha cy4acHomy eTani
MOLLYKOBO-PO3BiAyBarbHUX poBiT Ha ras icHytoui metoam [AC
He JaloTb 3MOM OAHO3HAYHO AiarHOCTyBaTh Ta OBrpyHTyBaTh
XapaKkTep HaCW4eHHs MOpiA-KONMEeKTOpiB Y TOHKOLLapyBaToOMy
NiLL@HO-TMMHUCTOMY PO3pi3i 30BHILLHLOT 30HM [NepeakapnaTch-
koro nporuHy (Atnac pogosuL, HadT i ragdy YkpaiHu, 1998).
KepH 3asBuyanm He BigbupaeTbCcs NOBHOKO Mipoto, a npobu
lwnamy He [OOCNIOXYIOTbCA HanexHnuMm 4mHom (Kpyncbkui,
2014). B pesynbTaTi 3a3Ha4€HOro okpeMi NOTyXHi niLaHo-ane-
BpuTOBI ToBLi (30—250 M) HWKHBOCApMaTChKUX BigKnaziB He-
OreHy 3anuwaloTbCA He BMBYEHVMW Ha npegmeT X
rasoHacu4eHHs i OLHKM MOXIMBUX pe3epBiB NPUPOCTY 3anacis
Ta pJogaTkoBoro BWAODYTKy rasdy, OCKifbkM iHTepBanm
rMUBWH 3 HEBU3HAYEHVM XapaKTepoM HaCU4eHHS He BUNpo6o-
BYHOTbCH Ha NPOAYKTUBHICTb. Y pedynbTaTi Lporo B Mepeakap-
natTi Oyno nponywieHo 6Garato MPOMUCIIOBMX TA30HOCHMX
iHTepBanis y niwaHo-rmuHMCTMX nadkax (bonko, & Konogiw,
1995). MeToan4Hi NUTaHHsi OCHIOXKEHHS NOPiA-KONeKTopis By~
KnafeHi B Haykosin nitepaTypi (Kpyncekui Ta iH., 2014), ane
BOHW He MOXyTb OyTW 3acTocoBaHi AN [OCHimKEeHHS Npob
Lwnamy i noTpebytoTb NOAANbLLOrO HAayKOBO-METOANYHOMO A0-
cnipkeHHs Ta ypockoHaneHHs (Opurant, 2001; Kpyncekui,
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2011). Cnig, Bia3HauMTW, LLIO HU3LKOMOPWCTI MOPOAN-KOTIEKTOPYU
CKIagaroTb 3HAYHY YacTUHY po3pisiB HATOra3oHOCHMX perio-
HiB Ykpainu (Konogin, 2004; MagyH 1a iH., 2011).

B.O. ®degnwmnH (PepgmwmH, 2005) BkasyBaB Ha npo-
6remMy HU3bKOMOPUCTMX, HU3bKOMPOHWUKHMX MOPiA-KONEKTo-
piB ONS rasoBux MOKNafiB, Haronowywyn Ha ToMmy, LWO
BYIMEBOAHEBUIA ra3 iCTOTHO PYXOMILLMIA 3a HadTY, a Pi3HULS
B po3mipi Ta 6ygoBi MoOnekyn gae nomy 3mMory nepemiiaTuncs
Mo nNnacTy Yepes3 Nopu 3Ha4YHO MEHLLOro AaiameTpa. Y Kpyke-
HULbKIN 3anagvHi NOKNaam rasy noB'a3aHi nepeBaXHO 3 TOHKO-
LapyBaTUMN HU3bKOMOPUCTUMK MOPOAAMMU-KONIEKTOPaMK, SiKi
MaloTb perioHarnbHe NOLUMPEHHS, 30Kkpema Ha XigHOBULBKOMY,
MuHaHcbkomy, CagkoBuubkoMy, 3anyxaHcbkomy, bByuiscb-
KOMY pOOOBULLAX Ta Ha NEPCMNEKTUBHMX MOLLAX, i BOHW MO-
XyTb B6yT nepegymoBoto AN 36iMbLUEHHS rasoBigAakyoro
o6'eMy NPOAYKTUBHUX NNacTiB BusBNeHnx pogosuLy (Jloktes,
JlokteB, & Mpyuanuyk, 2023). OCHOBHUMW NPOAYKTUBHUMM TO-
PV30HTaMU € MNiLL@HO-TNIMHUCTI FOPU3OHTN HWKHBOIO capmary,
AKi BMILLYIOTb NMPOMUCIIOBI NOKNaau rady Ha XigHOBULBbKOMY,
CapkoBuupbkomy, MuHSHCEKOMY Ta 3anyxaHCbKOMY rasoBuX
ponosuiax (Opnos, OmenbyeHko, & JlokTtes, 2012).

PesynbTtatn BunpobysaHHsa ceepanosunHn Ne 201-3any-
XaHwu, B AKii 3 MiICKOBMKIB kapnarTito (koedilieHT NopucTocCTi
14 %) oTpMmaHo 3MiLLaHy NPOAyKLto: ra3, KoHAeHcaT, HadTa,
CBiAYMNU Npo X NepcrneKkTUBHICTb B Mexax KpykeHuubKol
3anaguHu.

K0.3. Kpyncekun (Kpyncbkuia, 2001) npuainsie ysary ToH-
KollapyBaTM nopoAaM-KonekTopam Yy MilaHo-rUHUCTIN
TOBLUi HeoreHy 30BHiLWHbLOT 30HM NepeakapnaTcbkoro npo-
rvHy. BiH 3BepHyB yBary Ha Te, WO B iHTepBanax rmmHUCTUX
nopig mMaike 3aBxay MOXyTb OyTu NpoLuapkuy nilaHnx no-
piA-KOMNEKTOpIB, B SKMX MOXHa OYiKyBaTW HasiBHICTb MIiKpO-
noknagis ragy. [lymaemo, wo i3 umm Tpeba noroguTtuch,
OCKINbKW Lie NigTBEPAXYETLCS pe3ynbTaTamy Halux Aochi-
KeHb Ha GaraTbox nnoilax 30BHiWHbLOT 30HKU [Nepeakap-
naTtcbkoro nporvHy (Mmuxaimnos Ta iH., 2021).

MipTBEpMKEHHAM HAssIBHOCTI MOKIaAiB BYrNEBOAHIB Y Kpew-
[OBO-ManeoreHoBMX Bigknagax YkpaiHcbkux Kapnat € pesyrb-
TaTh JOCTiOKEHHS opraHiyHoi peyoBuHM (KonTtyH, 2000).

lMocmaroeka 3aedaHHsA. Ha cborogHi AOCNiAXEHHS HU-
3bKOMOPUCTUX i HU3bKOMPOHWKHUX MOPIA-KONEKTOPIB € KMto-
YOBMM 3aBAaHHAM BMBYEHHS Ta PO3pPOOKN BYrneBOOHEBMX
noknaais y HeoreHoBuXx Bigknagax 30BHiLHbOI 30HM Nepea-
KapnaTcbKoro nporvHy. AKTyanbHIiCTb 3aBAaHHsi BU3HaYa-
€TbCsl MOTpebo y BMPOBaAXeHHi CyyYacHUX MeToaiB
iHTeHcudpikauii BuoobyTKy rasy 3 Takmx nopif, a Takox y po-
3po6Li METOAMK OLLIHKM ra30HAaCUYEHOCTi Ta NPOAYKTUBHOCTI
KONEeKTOpiB HeoreHoBUX Biaknagis. Hegoniku iCHyH4YMX

MeTOAiB reoisnyHmMx gocnimpkeHb CBEPLANIOBMH i HegocTa-
THE OOCNIMXEeHHSI KEPHOBOIO Marepiany yCKnagHoTbL BU-
SABMEHHA NEepCrnekTUBHMUX Ta30HOCHUX iHTepBaniB i iX
po3pobky. 3aBOAaHHAM CTaTTi € aHani3 NiTonoriYHMx ocobnu-
BOCTEWN HU3bKOMPOHMKHNX NOpig-KonekTopis byuiBcbKkoro ra-
30BOr0 poAoBMLLA, BU3HAYEHHS iXHbOI OYA0BU, MOPUCTOCTI
Ta pekoMeHaauii Wwoao iHTeHcudikauii BugobyTky rasy.

MeTtoaun

[ocnigXeHHs NpoBOAMIIOCH Ha OCHOBI aHanisy KepHo-
BOro Mmarepiany, BigibpaHoro 3 nNpoOyKTMBHUX TOPU3OHTIB
Byuiscbkoro razosoro pogosuila. byno BMkoHaHo aeTtanb-
HUI NeTPOdIi3NYHUI aHani3, BKMOYaYmM OLIHKY TEKCTYPHUX
Ta CTPYKTYpHMX 0COBNMBOCTEN NOpia, a TakoX XxapakTepuc-
TUKY MOPWUCTOCTI Ta MPOHUKHOCTI. BukopuctoByBanucs me-
TOAM HacUYeHHsi 3paskiB ¢apbHukamm, Mikpockonis Ta
rpaHyrnoMeTpU4HUN aHanis.

Pesynbtatn

Buknad ocHosHo20 mamepiany. Ha npuknagi Byuisck-
KOro ra3oBOro poAOBMLLA PO3IMSIHEMO OOCHMKEHI NITONOriYHi
0COBNMBOCTI HU3LKOMPOHWKHUX, LLINbHWUX NOPIA-KONEKTOPIB Ha
B3ipUsIX BigibpaHoOro kepHOBOro mMarepiany 3 ropu3oHTIB HUX-
HbOAALLIABCHKOI CBiTU HEOreHy, SIKi € MOTEHLIMHO ra3oHacuye-
HUMUK | 3 HUX MOXIMBO BuaoOyBaTh ByrneBofHi. Pogosuiie
posTalloBaHe B LieHTparnbHii YacTuHi KpykeHWLbKOT 3anaguHn
30BHILHBOI 30HM lNMepeakapnaTcbKoro NPorvHy i Mexye 3 Xia-
HOBMLBKMM Fa30BMM pPOAOBMLLEM 3 MIBAEHHOrO 3axody, Ha
SKOMY NPOOYKTUBHUMM BiOKNaAamMmn € ropu3OHTM BEPXHbOOA-
wascbkoi B-12-13 Ta HWxHboAaLaBckkoi niaceitv HO-1-5-7-
9. 3a cknagom BOHM ABNSKOTb COBOM MITOMOMYHI NaYkn 3 pUT-
MiYHUM NepeLlapyBaHHAM MiICKOBUKIB 3 rMHaMMK, aprinitamu Ta
anesponitamu. byuiBcbke rasoBe pogoBuvlle BIOKPUTO B
2009 p. 3a pesynbTataMmm BUNpobyBaHHS NOLLYKOBOi CBEPASIO-
BuHU Ne 2-ByLiBcbKa i3 HKHbOAALLABCHKOT NACBITA, FOPU3OHT
HO-3, 3 ne6itom rasy 4,10 Tuc. m3/aoby, Ha waibi & 3,02 mm.

Y nowykoBini cBepanoBuHi Ne 1-ByuiBcbka, ropu3oHT
HO-12 kepH npeacTaBreHUn TOHKOPUTMIYHUM nepeLuapy-
BaHHAM ABOX LiNbHUX i CyNbdian3oBaHuX BigMiH 3 Byrnedi-
KOBaHUMW  POCIMHHUMMK  peluTKamu: aneBponiCKOBUKIB
OPiBHO3epHUCTMX 3i CNOAMCTO-KapbOHATHUM LIEMEHTOM |
aneBponiTUCTUX MMUHUCTO-CNIOANCTO-TiIAPOCIIOANCTUX apri-
niTiB (puc. 1). Konip aprinitis 6ypysato-cipun. Bypui BigTi-
HOK 3YMOBIEHUA OKUCHEHHAM MipuTy i ByrnedikoBaHUX
POCINMHHMX peLlToK (cnpaBa 4YopHe). TekcTypa pUTMIYHO-
WwapysaTa. ToBLMHa WapiB Big 4acToKk MM A0 1-2 MM, 3pi-
[Ka 3ycTpiyaemo Lapwv 3aBTOBLIKM A0 4 mMm. CTpyKTypa api-
OHO-ncamiToBO-aneBpuToBa. TpILUMHM, O3HAKM BUOUMOIT
NMOPUCTOCTi Ta HAsIBHICTb BYrNEBOAHIB HE CMOCTEPIratoTbCs.

2,0 cm

Puc. 1. KepH nowykoBoi cBepanosuHu Ne 1-Byuiscbka. Flopusont HO-12
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B posBsigyBanbHi cBepanosuHi Ne7-byuiBcbka BigibpaHo
TPV 3pas3ku KEpHY 3 Pi3HUX ropu3oHTiB. KepH 3 ropmsoHty HI-3,
npeacTaBneHn HEPUTMIYHMM XBUIMACTMM MNepeluapyBaH-
HSIM KpYMHO-ApiGHOYNamMKOBMX aneBporiTiB Ta aprinitiB 3i
CNOANCTO-KanNbLUUTOBUM LIEMEHTOM, KparnenbHo-niH3onoai-
H6HMMK gomiwkamu BiTymoigis i cynbdigis, rmaykoHiTom Ta 3
SICKPaBO BUPaXEHOK KOHTPacTHO-LLApPYBaTO MiXK3epHO-
BOI NPOHMKHICTIO (puc. 2). Konip nopogm cipuii 3i cnabo
nposiBneHMmMu 6yprmu nnssmMamu. TeKCTypa LinbHa, HepUT-
MiYHO LWapysaTa. ToBLLMHA LWapiB i NpoLlapkKiB — Bi 4aCTOK
MM o 1-2wmm. CTpykTypa aneeBpuToBa [0 arneBpo-

nenitosoi. ¥ nopoai cnocTepiraetbca nnsiMucTa OpibHo-
BkpanneHa cynbdiamsadis (bypi nnamun) Ta nowapose pos-
TawyBaHHs  GiTymoigHOT pedoBuMHU  (4YopHe). O3Haku
TPILLMHYBATOCTI Ta BidyarnbHO MOMITHOI MOPUCTOCTI BiACYTHiI.
KoediuieHT niwaHucTocTi ctaHoBuTb 80 %.

MopucTicTb Nopoaun BU3HaYanach LUNAXOM HaCUYEHHS ii
hapBHMKOM 3eneHOoro Konbopy i nokasaHa Ha (puc. 3) y Bu-
rnsagi CTUMi30BaHOI KOMOHKM NOpoAM 3aBTOBLUKM 25 MM.
Y uih nopoai NPOHUKHICTL 3abe3neyyeTbCs MiXK3ePHOBUMUN
cybkaninapHMMM i YacTKOBO KaninspHUMM NoOpamMMm.

Puc. 2. KepH po3BigyBanbHoi cBepanosuHu Ne 7-byuiscbka. FlopusonT HA-3

Puc. 3. 3pasok p03p3y po3BigyBa
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lMopopa npeacTaBneHa HEPUTMIYHMM XBUMACTUM nepe-
LapyBaHHAM KpYNHO-ApibHOYNamMKOBMX KBapLOBUX aneBpo-
NiTiB Ta aprinitis 3i CAAUCTO-KANbLUUTOBUM LIEMEHTOM,
KpanenbHOo-NiH3onoAibHMM BMicToM GiTymoifiB i cynbdiais,
rNayKoHITOM Ta 3 SAICKPaBO BUMPaXEHOI KOHTPaCTHO-LIapyBa-
TO MiXK3EPHOBOI NPOHMKHICTIO (puc. 4). [leTanizosaHo dpa-
rMEHT KOMOHKM, NPeACcTaBneHoi Ha (puc. 3), KM incTpye
KOHTPaCTHO-MOLLIApOBE HAaCWMYEeHHs Nopoau i, BiAnNOBIAHO,
MDK3EPHOBUIA TWUM MOPUCTOCTI, HANBINbLL KPYMHi KaninspHi i
HaakaninapHi nopu y nopopj BiacyTHi. Noka3aHo y napanenb-
HMX (3niBa) i cxpelyeHux (cnpaBa) HIKOMAX CTUIMI30BaHy Mik-
POKOIOHKY MOPOAW 3aBBULLIKM 25 MM, SiKa iNCTpyeE Liapysary
OynoBY, KOHTPACTHO-LLIAPYBATY MiXK3E€PHOBY NPOHUKHICTb (3€-
NEeHVN Konip), noLapoBe HAaCUYEHHS MiH30MOAIGHUMN YTBO-
peHHamu 6iTymoigis. Miwanuctictb carae 80 %, Knp=5,3 m[,
Kn=23 %. MNMpoHUKHIiCTb Yy Ll nopogi 3abe3nevyeHa cybkanins-
PHUMM | YACTKOBO KaninsapHuMu nopamu. MikpoTekcTypa TOH-
KolwapyBaTa, 3yMOBIiEHa  MepellapyBaHHAM  KPYMHO-
[OpibHOaneBpUTOBOI Ta aneBpo-apriniToBoi BiamiH. CTpykTypa
aneBponiTy HeogHopigHa KpynHo-gpibHoynamkoBa. ObkaTta-
HICTb ynamkiB BiACYTHs, ANst YacTWMHM 3 HUX cnabka. PosTa-
WYBaHHA YyNamKiB  HEBMOPSAKOBaHE | HepiBHOMIpHe.
CoprtoBaHicTb cepegHs. Cepep ynamkoBux MiHepanis AOMi-
Hy€ KBapL, KpiM HbOro, B HE3HaYHil KiNbKOCTi NPUCYTHI 3epHa
nnarioknasy, MIKpoKniHy, KBapuMTOnogibHWX nopig i rpyaku
neniToMopdHOro KanbuuTy eninconoaioHoi popmun. LiemeHT
npeacTaBneHUn BUTATHYTMMM | 4edOpMOBaHUMK NycKamu

Pu-c. 4, 3p36K po3pisy psip.yBaano'l' CBepAHOIBVIHVI Ne 7-ByuiBcbka. I'opuon'r H-3. iKoni X

» s
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Puc. 5. 3pasok pogpi;y posBip.yEaanoi cspp.névaM Ne .-Byi.l,iBCbKa. I'opﬁ:;on'r 11-3. Hikoni Il

cnoamn i TOHKO-APIBHOKPUCTaNIYHMM KanbUUTOM. Y Ui maci
iHKONW 3ycTpiYaemMo Wwnam i 4eTpuT payHu Ta okpemi 3epHa
rnaykoHity. B aneBpoaprinitax KinbKiCTb LEeMeHTy 3HayHO
Ginblua, HiX B aneBponitax, TyT e 3pOCTa€ KiMbKiCTb CIito-
ANcTrX nycok. Tun uemeHTauii: B anesporitax nowmnpeHnn
NNiBKOBWUA, KOHTAKTOBWUI i AOTUKY, B anespoaprinitax — 3a-
MKHYTU abo BiAKPUTUIA NOPOBUN.

Cepen MiHepaniB giareHeTUMYHOro etany cnig Bifg3Ha-
YUTU MipUT, KM YTBOPIOE APIOHI BKpanneHHs, cnabo Buao-
BXeHi dopmu i 3a3Buyam acoditoe 3 6GiTymoigamu.
PosTtallyBaHHS ocTaHHIX nignopsakoBaHe 3ararnbHiin Mikpo-
WwapyBsaTocTi. BoHM yTBOPIOIOTL BKPAMMEHHS i YacTille XBu-
nenodibHi niH3n. lMepesaxHo GiTymoign 3ocepemkeHi Ha
MeXi ABOX BigMiH abo X B Mexax aneBpoapriniTis.

KinbKiCHW BMICT KOMNOHEHTIB Y LIit nopogi: ynamku KBa-
puy 50 %, uemeHTy 15 %, niputy — 2 %, Gitymoigis — 6 %,
BigKpWTa NOPUCTICTb 3adpikcoBaHa LUMSIXOM HacuYeHHs Gap-
BHUKOM 23 %, ynamku iHWnx mMiHepanis o 4 %.

Lnip mopoau (pwvc. 5) npeacTaBneHWn HEPUTMIYHUM
XBUINSACTUM  NepellapyBaHHAM  KPYMNHO-A4pPiGHOYNnamMKOBMX

KBapLIOBMX aneBporniTiB Ta aneBporiTOBMX apriniTiB 3i Cnto-
ONCTO-KanbLUTOBUM LIEMEHTOM, KpanenbHO-MiH30No4iGHNM
BMiCTOM GiTymOigiB i cynbdigiB, rmaykoHiTOM Ta 3 ACKpaBo
BUPaXXEHOK KOHTPACTHO-LUAPYBATO MiXK3€PHOBOK MPOHMU-
KHicTt0. [lokasaHO geTanbHO CyuinbHUIA NOLWapoBO-KOHTpa-
CTHUA MDK3EPHOBUMA TUM MNPOHUMKHEHHS (CUHIA  Konip).
Y mexax 6ypux AinstHOK NPOHWKHICTb BiACYTHSI.

el e O

’



FEONOris. 3(110)/2025

~41 ~

Y ropusoHTi HO-4 kepH NpeacTaBneHun HenpaBUsbHO-
PUTMiIYHMM NepeLlapyBaHHAM aneBponiCKOBUKIB ApiGHO3ep-
HAUCTUX Ta aneBpOSiTUCTUX apriniTiB, NiPUTU30BAHMX,
rMayKoHITBMICHUX CrOANCTO-KapboHaTHUM (KanbLMTOBUM)
LEMEHTOM i BKpanmneHHs MW Ta MiH30MoaibHNMK YTBOPEH-
HAMKM GiTyMOIfIB, 3 KOMIpYacTO-LlapyBaTol MPOHUKHICTIO
(puc. 6). CopTOBaHICTb HU3bKa, OCKINbKW MPUCYTHI ynamku
TpbOX TWMIB po3mipHocTi: go 0,05 mm; 0,05 mm—0,1 mMm;
0,1 MM—0,15 MM. ApriniToBi NpoLLapKX Biapi3HATLCS 3pOC-
TaHHAM KiNbKOCTI Criioau y cknagi uemeHTy Ta 6inbwmum o6'-
€EMOM LEMEHTY, B HUX NepeBaxawTb APiOHi apriniTosi
ynamku. Tun uemeHTaui B TakMx npoLlapkax BigkpuTun Ta
3aKpUTO-NOPUCTUIA. TPILLMHM Ta Nopu BidyanbHO He cnocTe-
piratoTbcsl. BigMiHHICTb LibOro TMNY NOpoau Bif NONepeaHbOl
nonarae B TakOMY: MOLLUAPOBO-KOHTPACTHUIA XapakTtep

Ha puc. 7 y wnici cnoctepiraloTbca HENPaBUNbHOPUTMI-
YHi NepelLapyBaHHS aneBpomniCKOBUKIB APiOHO3epHNCTUX Ta
anesponiTUCTUX apriniTisB NiPUTU30BaHUX NAyKOHITOBMIC-
HUX, 3i CNIOANCTO-KapOoHATHNUM (KanbLUUTOBUM) LLEMEHTOM i
BKpanneHHsIMU Ta NiH30MoAibHNnMK yTBOPEHHAMU BiTyMOi-
[iB, 3 KOMipYacTo-LLUapyBaTol NPOHUKHICTIO. MNokasaHo y na-
panenbHUX (3niBa) i cxpelweHnx (cnpaBa) Hikonsax
CTUMi30BaHy MIKPOKOSIOHKY MOPOAW 3aBBULLKM 8 MM, sika
intocTpye wapysaty 6yAoBy, KOMipyacTo-LuapyBaTy Mi3ep-
HOBY MPOHWKHICTb (3eneHniA Konip), noluapoBe HacUYeHHs
niH3onodibHMu  yTBOpEeHHAMK BiTymoigis. liwaHMCTiCTb
csarae 60 %, Knp=0,007 M, Kn=11,4 %. OTxXe, NPOHUKHICTb 3

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

Puc. 6. KepH po3BigyBanbHoi cBepanosuHu Ne 7-5yuiBCbKa. FopusonT HO-4

HaCWYeHHs, a BiAMNOBIAHO i MOPUCTICTb BMABNSAE nepexig 4o
noLIapoBO-KOMIpYacToro, Ae nopsia 3 OKPeEMMMM Hacuye-
HAMK  apOHMKOM  MiKpoLLIapy 3MIHIOITLCA  NISIMUCTO-
KOMIpYacTUM pUCYHKOM HacuyeHHs. Lle ackpaBo npointocT-
pOBaHO Ha CTUMI30BaHiN KONoHLj (puc. 7).

AbcontoTHa rasonpoHukHicTb Knp=0,007 m[, Bigkputa
nopucTicte Kn=11,4 % (HecTtepeHko, 2010). 3 ornsaay Ha Te,
IO HaaKaninsapHi nopu (po3mip GinbLue 5 Mkm) nig MiKpocko-
nomMm He BusiBNeHi, a Knp € 3HMKalo4e manum, MOXHa BBa-
XaTn, WO iCHyl4Ye MNOoLIapOBO-KOMIpYaCTe HAaCUYEeHHs, a
BiAMOBIAHO i MiX3epHOBa MOPUCTICTb (BUSABMEHA LUMSXOM
HacuyeHHs nopoan 6GapBHMKOM) NPAKTUYHO Y MOBHOMY
o6'emi 3abe3neyyeTbcsa cybkaninspHumu nopamu. MiwaHuc-
TicTb cArae npmubnusHo 60 %.

Puc. 7. Po3pis KpHa psai.qBanm CBepAOBMHM _° 7-ByuiBcbka. Fouso'r HAO-4

OrNsiAy Ha BiACYTHICTb HagkaninapHUX MOp Y Ui nopogi
WwBKALWe 3a Bce 3abe3nevyeHa cybkaninapHumu i nuwe yac-
TKOBO KaninspHUMU nopamu.

Y wnidpax (puc. 8, 9) cnoctepiratoTbCA HENPABUIBLHOPUT-
MiYHi NepeLuapyBaHHs aneBponiCKOBUKIB ApibHO3epHUCTYX Ta
anesponiTMCTUX aprinitiB NiPUTU3OBaHNX TNayKOHITBMICHUX,
3i cnogncTo-kapboHaTHUM (KanbLUTOBKM) LLEMEHTOM i BKpar-
NEHHsIMK Ta NiH30MOoAIBHMMY YTBOPEHHSIMK GiTymoigiB, 3 KOMi-
pyacTo-LiapyBaTol MPOHMKHICTI0. OCcoBNMBOCTI BHYTPILLHBOI
OyO0BM MOPOAMN Ha LibOMY PUCYHKY MOKa3yTb KOMipYacTWi Xa-
paKTep Hacu4eHHs | AeTanidytoTb KOMOHKY (puc. 7). Bypi AinsHkun
MOKa3ytoTb BiACYTHICTb HACUYEHHS.
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’ 1 o
yuiBcbka. lopusont HO-4. Hikoni Il

Ha puc. 10 y wnici cnocrepiratoTbcst HeNpaBUNbLHOPUT-
MiYHi NnepeLuapyBaHHs aneBpOniCKOBUKIB APiOGHO3ePHUCTMX
Ta aneBponiTMCTUX apriniTis NipUTU3OBaHUX rMayKOHITOBMI-
CHWX, 3i CNoanCTo-kapboHaTHNM (KanbLMTOBUM) LLEMEHTOM
i BKpanneHHamun Ta NiH3onoAibHNMK yTBOPEHHAMM BiTymoi-
[iB, 3 KOMip4acTo-LiapyBaTol NPOHUKHICTI0. OcobnmeocTi
noLlapoBoi BKpanneHo-niH3onoAibHoi nokanisauii 6iTymoi-
[iB, MPUCYTHICTb NipUTy pa3om 3 6iTymoigamu i xapakTep Ha-
CMYEHHs nopoan (HacuyeHHs 3eneHnM  BGapBHUKOM)
rnokasaHo y Bigbutomy cBiTni.

KepH ropusonty HA-7 npeactaBneHnii MacuBHUM rnayko-
HITOBMICH/M aneBpuTOBUM CepeaHbo-APiGHO3EPHUCTUM niC-
KOBMKOM HEeCcopToBaHUM 3 KapOoHaTHUM MMiBKOBO-MOPOBUM
KanbLMTOBMM LIEMEHTOM 3 JOMILLKOO CIoAM Ta LeMeHTauieto
KOHTaKTOBOro Tuny i 4otuky (puc. 11). Konip nopogu cnabo-
3eneHyBaTo-Cipuii, TekcTypa macusHa. CTpykTypa anespo-
ncamiToBa, LLeMeHT KapboHaTHWI (KanbLMTOBWIA).

IMig mikpockonom kepH y wnidpax (puc. 12—14) mae Heoa-
HOPIAHY CTPYKTYpY, Pi3HOYNamKOBY, aneBpUTOBO-CepeaHbO-
ApibHoncamiToBy. Ynamkv npeacTaBneHi nepeBaxHo KBap-
LOM, KBapuuTonogibHNMMK YTBOPEHHSAMMU, OKPEMUMM rpya-
KaMu neniToMopHOro KanbuuTy.

LiemeHT kanbUMTOBMIW 3 AOMIIKAMW AETPUTY i wnamy
dayHICTUYHMX peLwToK. Y cknagi LeMeHTy NPUCYTHI 3epHa
rnaykoHiTy. MipuT NpUCYTHIN Y HE3HAYHIN KiNbKOCTi Y BUrNAai
ayxe ApibHMX BKpanmneHb. Tak caMo y He3HauHil KinbKocTi
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NPUCYTHs opraHiyHa peyoBuHa B6iTymoigHoro Tuny. [iareHe-
TWUYHI NepeTBOPEHHSA NPOABUNUCH Y BUrNAAI cnabkoi niputu-
3auii, YTBOPEHHSA [NaykoHITY i 3aranbHOro YLinlbHEHHS
nopoau. KinbkicHO-MiHepanbHWI cknag nopoan Takvn: yna-
Mku 73 %, uemeHT 17 %, iHwa opraHiyHa 6iTymoigHa peyo-
BMHa 00 2 %, nopoBuit nNpocTip noHag 6 %, iHwWi MiHepanu
mMeHwe 2 %.

ABcontoTHa razonpoHukHicTb Knp=0,09 m[, Bigkputa nopu-
ctictb Kn=6,4 %. 3 ornsigy Ha BU3HayeHy CTPYKTYpy NOpPOBOro
npocTopy (pvc. 12) BUOHO, L0 Ha YacTKy cybkaninspHWx nop
(pagiyc, meHwnM 3a 0,2 MKM), siKi 3aNOBHEHI 3arMLLKOBOI BO-
[oto i yqacTi y dinbTpauii He 6epyTb, npunagae 60 %, yacTka
KaninspHux nop, siki YacTkoBO H6epyTb yyacTb y dinbTpaLii (pa-
aiyc 0,2-5 mkm) ctaHoBuTb 33 %; pewTy 3aranbHoro ob'emy
CKMapjatoTb HagKaninsapHi nopu 3 pagiycoM noHag 5 Mkm, ixHst
yacTka B 3aransHoMy 06'emi noposoro npoctopy — 7 %. Miwa-
HUCTICTb carae NpakTuyHo 10 %.

Mpumatoum Te, Wo y cybkaninapHux nopax nwoig He-
pyxomui, a cinbTpadia dnoigy Moxe Biabysatucs nuie 3
y4acTIo YacCTKM KaninsapHUX Ta BCiX HagKkaninsgpHux nop, Ao-
XOOUMO BUCHOBKY, LUO 4YacTka Bigkputoro (ecpektnsHoOro)
NMopoBOro MpoCTOpy, sika peanbHo 6epe y4yacTb y QinbTpa-
uii, 0yane caratu nuwe 40 % y 3aranbHin CTPYKTYpi BigKpu-
TOro MOPOBOro NPocTopy. 3BiACK, SKLLO BigKpUTa MOPUCTICTb
Ons gaHoro 3paska gopiBHoE 6,4 %, edbeKTUBHUIA MOPOBUIA
npocTip 6yae ctaHoBUTK He BinbLu Ak 2,56 %.
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Puc. 10. Po3pi3 po3BiayBanbHoi CBepOBVIHVI Ne 7-By|.|Bcba. Fopusont HO-4

Puc. 11. KepH po3BiayBanbHoi cBepanoBuHu Ne 7 -Byuiscbka. FopusoHT HA-7

AbcorntoTHa rasonpoHuKHICTL Knp=0,09 M[, BigkpuTa no-
puctictb Kn=6,4 %. 3 ornagy Ha BU3Ha4YeHy CTPYKTypy nopo-
BOro npocTopy (puc. 12) BUAHO, WO Ha YacTKy cyOkaninspHux
nop (pagiyc, meHwwui 3a 0,2 MKM), SIKi 3aMOBHEHI 3aNULLKOBOIO
BOAOM0 i yyacTi y cpinbTpauii He 6epyTb, Nnpunagae 60 %, vyac-
TKa KaninspHUX nop, siki YacTkoBo 6epyTb yyacTb y dinbTpauii
(papiyc 0,2-5 mkm) ctaHoBUTL 33 %; peLuTy 3aranbHoro 06'-
€My CKragaroTb HaaKaninapHi nopun 3 pagiycoMm noHag 5 Mkm,
iXHS YyacTka B 3aranbHomy o6'eMi noposoro npoctopy — 7 %.
MiwanucTicTb carae npaktuyHo 10 %.
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Mpumatoum Te, Wo y cybkaninapHux nopax cnoig He-
pyxomuiA, a dinbTpauis droigy Moxe BigbdyBaTucs nuile 3
y4yacTo YacTKM KaninsapHUMX Ta BCiX HagKaninspHMx nop, fo-
XOOUMO BUCHOBKY, LUO YacTka BigKputoro (epekTnsBHOro)
NMOPOBOro MPOCTOPY, fika pearnbHO 6epe yvacTb y dinbTpa-
uii, 6yge caratu nuwe 40 % y 3aranbHii CTPYKTYpi BiOKpu-
TOro MOPOBOro NPOCTopy. 3BiACK, SKLLO BigKpUTa MOPUCTICTb
ONa gaHoro 3paska gopiBHIoE 6,4 %, edbekTUBHUIA NOpPOBUIA
npocTip 6yne ctaHoBUTY He BinbLu Ak 2,56 %.
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i

Puc. 13. Po3pi3 po3BigyBanbHoi caepnos

Y posBigyBanbHin ceepanosuHi Ne 8-byLiBcbka B Mexax
ropusoHTy HO-15 BigibpaHo aBa 3pa3sku kepHy. KepH npea-
CTaBMnNeHWU XBUMACTOLLIAPYBATUM HENPaBUITbHOPUTMIYHUM
nepeluapyBaHHsIM aneBpOniCKOBUKIB APiOHO3epHUCTUX Ta
aneBponiTMCTUX aprinitTis i3 KanbUMTOBUM LIEMEHTOM
(puc. 15). Konip nopogu cipun 3i crnabkum 3eneHyBaTMm
/BiATIHKOM, Y pasi HasiBHOCTI dparmeHTiB aprinity Oinblwoi
TOBLUMHK KOTip 3MIHIOETLCS Ha YOPHWUIA. TeKkcTypa Henpasu-
NbHOPUTMIYHA XBUNACTOWwapyBaTa. 3MiHa TEKCTYpPHOro pu-
CyHKa  lapyBaTOCTi  Bigobpaxae  3MiHY  pexumy
ocagkoHarpoMagxkeHHsa. CTpykTypa HeopHopigHa, nolua-
poOBO MiHNMBA Yy LWapax MopiA BigNoBiAHOro cknagy: neni-
ToBa abo aneBpo-ncamiToBa. BisyanbHo TpilimH i nop He
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0,5 mm

nHu Ne 7-ByuiBcbka ropu3oHT HA-7. Hikoni X

cnocTtepiranocs. He BUKMIOYEHO, LLIO YOPHWUIA KOMip CUMBOSI-
3y€ NPUCYTHICTb OPraHi4YHOi Ta MUHUCTOI peyoBuH. lianmc-
TiCTb LbOro 3paska kepHa cTaHoBUTb NpmubnusHo 50 %.

3pa3sok kepHy 3 ropusoHty HO-15 (puc. 16), npeacras-
NeHni nepeluapyBaHHSAM aneBponiTUCTUX cepeaHbo-Apio-
HO3EPHUCTMX MICKOBUKIB Ta aneBponiTiB 3 KanbuMTOBUM (3
[OOMILLKOIO Croau) LLeMEHTOM i 3 BKpanneHHAMN NipuTy, rma-
YKOHITYy Ta ByrnedikoBaHux pewwtok B 060x BigMiHax. Konip
nopoaun cipuii i3 3eneHyBaTo-CMHIOBAaTUM Crabkum BigTiH-
koM. TekcTypa HesacHoLlapyBaTa, 3yMOBIieHa HEPUTMIYHUM
nepeluapyBaHHsaM nickoBuka i anesponita. CTpykTypa
aneBpo-ncamitoBa. Bugumi TpiwmHM Ta NopoBui NpPOCTIp
He crnocTepiratTbCs.
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Puc. 15. KepH po3BinyBanbHoi cBepanoBuHu Ne 8-ByuiBcbka. MNopusont HO-15

IMig mikpockonom (puc. 17) y wnidgi cnoctepiranacs He-
SICHa LiapyBaTa TeKCTypa, 3yMOBMeHa 3MiHOI LWapiB nicko-
BMKa Ta anesponity. CTpykTypa B LUMX NOPOAHMX BigMiHax
BiANOBIAHO cepeaHbO-ApibHOMCcamiToBa Ta aneBpuTOBA.
Ynamknm MICTATb Taki MiHepanu: KBapu, XanuenoH, Keap-
LUMTW, NOMbOBI WNatW. TpyU OCTaHHI MiHepanu NpPUCYTHI B
OyXe He3HauHin KinbkocTi. LiemeHT nopoBui, npeactasne-
HUI KanbUWUTOM (NepeBaKae), HE3HAYHOHO KiNbKICTIO CNoam
Ta rigpocnoancTuMm hopMamu, Lo po3BMBaKOTLCH MO MMuU-
HUCTUX MiHepanax. KinbkicHo-MiHepanbHW cknag: ynamku
70 %, uemeHT 25 %, BigkpuTa nopucTicTb 3,6 %, iHWIi MiHe-
panu 1,4 % (nipuT, ByrnedikoBaHa opraHika Towo). AB6co-
noTHa raszonpoHukHicTb Knp=0,03 MM, BigkpuTa nopucTicTb
Kn=3,6 %. 3 ornsay Ha BU3Ha4YeHy CTPYKTYpy NOPOBOro Npo-
CTOpYy BMOHO, LIO Ha 4acTKy cyOkaninsapHux nop (pagiyc,
MeHWwni 3a 0,2 MKM), SKi 3aMOBHEHI 3aNULLKOBOK BOAOHO i
yyacTi y dinbTpauii He 6epyTb, Nnpunagae 72 %, YacTka ka-
NiNsipHUX Nop, siKi YacTkoBo 6epyTb yvacTb y pinbTpauii (pa-
aiyc 0,2-5 mkm) ctaHoBUTb 19 %, peLluTy 3aranbHoro o6'emy
cknagalTb HagkaninapHi nopu 3 pagiycoMm noHag 5 MKkwm,
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IXH$1 YacTka B 3aranbHoMy 06'emi noposoro npoctopy — 9 %.
MiwaHucTicTb carae npaktnyHo 100 %.

Mpuiimatoum Te, Wo y cybkaninapHux nopax dntoig Hepy-
XOMUiA, a dinbTpauist ontoigy moxe Bigbysatuncs nue 3 yva-
CTIO YaCTKM KaninspHWX Ta BCIX HAaAKaninspH1X nop, JOXOAMMO
BMCHOBKY, LU0 4acTka BigKpuTOro (edeKTVBHOro) NMopoBOro
npocTopy, sika peanbHo 6epe yyacTb y dinbTpadii, 6yae cra-
HOBUTK nuLLe 28 % y 3aranbHil CTPYKTYpi BiAKPUTOro NOPOBOTO
npocTopy. 3BiAcK, SKWO BigKpMTa NOPUCTICTb AN LOTro 3pa-
3ka fopiBHoE 3,6 %, edheKTMBHMIA NOpPOBWMIA NpocTip Oyae cTa-
HOBUTK He Ginbwe 1 %. Bugynmoro HacmueHHs capbHukom
nopoau He Bigdynock. Lie o3Havae, Wwo edekTMBHUIA NOPOBUIA
NPOCTIp Y LbOMY 3pa3Ky NPaKTU4HO BiACYTHIN.

Y wnigi (puc. 18) cnoctepiraioTbca nepelLapyBaHHA
aneBponiTUCTUX CepeaHbO-APIOHO3EPHUCTUX NICKOBMKIB Ta
aneBporiTiB 3 KanbLUMTOBUM LLEMEHTOM Ta 3 BKpanieHHAMU
nipuTy, rMayKoHIiTy i ByrnedikoBaHNX pewTok B 060X BigMi-
Hax, noraHy BiACOPTOBAaHICTb Ta BIACYTHICTb BNOPSAKOBa-
HOro  po3TallyBaHHSA  ynaMkKiB, CyUifNbHY  LUiNbHICTb,
BiICYTHICTb OiNsIHOK, A& Mir NpOHMKaT GapBHUK.
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Puc. 16. KepH po3BigayBanbHoi cBepanoBuHu Ne 8-ByuiBcbka. Nlopusont HO-15

[ns iHTeHcudikauil NpunnueiB rady 3 HWU3bKOMOPUCTUX
NiLLLIAHO-TIMHUCTMX NOpI4-KoNeKTopiB NOTPiGHO BpaTh Ao yBaru
iXHIO BHYTpIiLLHIO Oyd0BYy (CTPYKTYpY Ta TEKCTypy), MiHeparnb-
HWUW CKIaj, KinbKiCHE CriBBiAHOLLEHHSI OCHOBHUX KOMIMOHEHTIB
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W

Puc. 8. Po3spis posaip,yaaan'l' CBepANoBUHU Ne 8-by

0,5 mm

BCbKa. FopusonT HA-15. Hikoni X

nopoau (ynamkie Ta LIEMEHTY), rpaHynoMeTpUYHUI cknag Ta
CTyniHb COPTOBAHOCTI YyramkiB, iXHi0 obkaTaHicTb (Hectepe-
HKko, 2010). BkasaHi xapakTepucTukv GinbLUOo abo MEHLLIOK
Mipoto  6e3nocepedHbO  BMNMBAOTb  HA  KOMEKTOPCbKi
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BMACTMBOCTI NOpig Ta MOXIMBICTL ab0 HEMOXIMBICTb MOKpa-
LLIEHHS unx BnactuBocTen. Mo3nTnBHUMK hakTopamu, ski 3y-
MOBJITIOKTb BUCOKi KONEKTOPCBKI BNACTUBOCTI, €: 1) BiACYTHICTb
MiHepaniB, CXUIbHUX 40 HabyxaHHs (NepeayciMm TakvMu € rnu-
HUCTI MiHepanu, cepef HUX MakcumanbHe HabyxaHHs xapak-
TepHe ans MiHepanis rpynu MOHTMOPWIOHITY:
MOHTMOPWIOHIT, CanoHiT, 6eraenit); 2) KanbLUMTOBUIA cKknag,
LEeMeHTY i CTyniHb MOro KpuctaniyHocTi (nenitomopdHi Bia-
MiHV PO3YMHSIIOTLCA BaXK4e, HiXK KpcTaniyHi); 3) BUCOKWI CTy-
niHb COPTOBAHOCTI (ideanbHU BapiaHT — poO3Mip 3epeH
3MIHIOETBCA B MEXax OAHOro rpaHyrnoMEeTPUYHOro Kracy);
nopoBui abo 6asanbHO-NMOPOBUIA TUM LLEMEHTY.

Ouckycis i BUCHOBKMU

3Baxatoum Ha BULLEBKasaHe, Cnig BiA3Ha4YUTW, WO MOo-
NiNWeHHs KiNbKICHOI XapaKkTepucTUKM NpUnnuBy rasy cnig
o4ikyBaTU B TUX nopogax, Ae 3epHa matoTb Kpally obkaTa-
HIiCTb Ta PiBHOMIpHE MOLLUMPEHHS LeMEeHTY MiXK HUMW i nicns
Ail KUCNOTN MOXEMO OTpUMaTU PIBHOCMPSIMOBaHUN PO3BU-
TOK MYCTOT i CMOMYYHNX KaHanis Mk HUMW. [locnigKeHHs ni-
TOMOFMYHMX  XapaKTEPUCTUK  HU3BbKOMPOHUKHUX  Mopia-
konekTopiB ByuiBcbkoro rasoBoro pogosuiia niaTBepAvno
3HAYHUA BNNUB TEKCTYpW, CTPYKTYpU Ta MiHepanbHOro
cknagy nopig Ha ixHi inbTpauinHO-EMHICHI BRacTUBOCTI.
BcTaHoBneHo, Lo rasonpoHUKHICTL 3abe3neuyeTbcs nepe-
Ba)XKHO CyOKaninapHUMu i KaninsapHUMK nopamu, a Bigkputa
NOPUCTICTb Y OINbLUOCTI JOCMIAXEHMX 3pa3KiB € HU3bKOH.
BusiBneHo, wo niaBuLLeHHS edpeKTUBHOCTI BUOOOYTKY MOX-
nveBe 3a ymMOBMW MOMIMWeEHHA i3NKO-XiMIYHUX XapakTepuc-
TUK LEMEHTY i 3aCTOCyBaHHA METOAIB KUCIOTHOrO BrSIMBY
ONSA CTBOPEHHS 3B'A3HUX KaHamnis y MopoBOMY MPOCTOPI.
OTpuMaHi pesynbTatv MalTb NPaKTUYHY 3HAYYLWICTb Ans
onTMMI3aLii Po3poBKN HN3LKOMOPUCTUX FrA30BUX FTOPUSOHTIB
MepenkapnaTCbKOro NPOrMHy Ta MOXyTb OyTWM BUKOPUCTaHI
npuv NNaHyBaHHi po3BigyBanbHUX i eKcnnyaTauinHux pobiT.

BHecok aBTopiB: Banepii OmenbyeHKo — KOoHUenTyanisadis,
meTtogonorisi; Oner Octaw — aHani3 i 06pobka faHunx, MeTogonoris,
HanucaHHs; TeTsHa KanuHin — koHuenTyanisadis, nporpamHe 3a-
6e3neyeHHs, popMarnbHUn aHanis.
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LITHOLOGIC FEATURES OF LOW PERMEABLE OIL AND GAS SATURATED RESERVOIR ROCKS
IN THE NEOGENE SEDIMENTS THICKNESS IN BUTSIVSKE GAS FIELD AS AN ANALOG

Background. The article investigates the problem of low-porosity and low-permeability reservoir rocks, which are relevant for hydrocarbon
deposits in the Neogene sediments of the Outer Zone of the Precarpathian Trough. The low efficiency of traditional methods for assessing the gas
saturation and productivity of these rocks creates significant obstacles to their development, which requires the use of new approaches.

Methods. The study was conducted on the basis of the analysis of core material taken from the productive horizons of the Butsivske gas
field. A detailed petrophysical analysis was performed, including the assessment of the textural and structural features of the rocks, their mineral
composition, as well as the characteristics of porosity and permeability. The methods of saturation of samples with dyes, microscopy and granulo-
metric analysis were used.

Results. It was established that low-porosity reservoir rocks have a significant influence on texture, structure and mineral composition of
their filtration and capacity properties. The main type of porosity is subcapillary, which provides limited permeability. Analysis of the samples showed
that the proportion of effective pore space involved in filtration is low (less than 40 % in the total open space structure). The main productive horizons
are sandy-clayey deposits of the Lower Dashava formation.

Conclusions. The study confirmed that it is necessary to apply chemical treatment methods, such as acid treatments, which contribute to
the creation of connected channels in the pore space to intensify gas production from low-porosity rocks. The results obtained have practical signif-
icance for optimizing the development of gas horizons in the Precarpathian trough and can be used in planning exploration and exploitation works.

Keywords : Outer zone of Precarpathian depression, reservoir-rock, core, fractions, psamits, hydrocarbons.
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THEORETICAL AND EXPERIMENTAL PREREQUISITES FOR DIRECT FORECAST
OF HYDROCARBONS BASED ON SEISMIC EXPLORATION DATA
(CASE STUDY THE SOUTH CASPIAN AND OTHER BASINS)

(lMpedcmaeneHo YneHoM pedakuyiliHoi konezii 3-pom 2eon. Hayk I".[. JlicHum)

Background. The petrophysical properties of the sedimentary rocks (porosity, permeability, elastic-plastic and acoustic

properties, etc.) have been well studied and the results have been sufficiently widely used in the interpretation of geophysical data.
Experimental studies completed in recent years as well as intensive technology improvements in data processing and interpretation
of seismic data allowed us to explore also the problem of fluid control of petrophysical properties of rocks, which serves as a basis
for developing a method of directly forecasting oil and gas accumulations in sedimentary basins. it is recommended to use a direct
seismic method for predicting the productivity of the section in combination with gas-geochemical survey. The aim is to minimize
the risk of hydrocarbon exploration in the deepwater part of the South Caspian.

Methods. Based on an analysis of worldwide experience and the results of experimental studies in the South Caspian Basin
(SCB), the direct seismic methods substantiate the high efficiency of direct forecasting of hydrocarbon accumulations in the
sedimentary section.

Results. The analysis of direct determination of hydrocarbons using seismic data in other basins, as well as the results of
developmental and experimental validation of proposed methodology, allows us to state its sufficient applicability in the geological
conditions of SCB.

However, considering high economic and technological risks of drilling in the deep part of SCB (development of abnormally
high pressures, high cost of exploration wells, which exceeds $100 million), and attempting to minimize them, it would be beneficial
to integrate the seismic method with other direct methods, especially with gas-geochemical surveying.

Conclusions. The natural exposure of oil and gas on the surface are of great significance to the hydrocarbon exploration
since it directly points to the existence of hydrocarbons in sedimentary basins. In the deepwater part of the basin, the presence
and nature of oil and gas shows one of the few tools available to assess the prospects of undrilled area. The emergence of new
analytical capabilities in recent years allows us to record a very low concentration of migratory gases and increases the efficiency

of detection of even low-contrast hydrocarbon anomalies (Elias et al., 2004).

Keywords: sedimentary section, hydrocarbon accumulations, direct forecast, seismic survey, South Caspian Basin.

Background

The history of development and modern geological
position of SCB resulted in the formation of a unique oil and
gas basin characterized by intense, still-present physical
and chemical processes in the rock-fluid system. Qil and gas
presence in SCB is associated mainly with sediments of
Lower Pliocene-Productive  Suite (PS). Hydrocarbon
resources identified here are unevenly distributed and
mainly related to anticline structures of flange units of
Cheyrankechmez — South Absheron trough located in the
northern part of the SCB. The results of integrated
geological-geophysical research and exploration data have
shown the existence of exceptionally favorable geological
conditions for the generation, migration, and formation of
hydrocarbon (HC) accumulations in this part of the basin:

o the high rate of subsiding and sedimentation in the
Pliocene-Quaternary time, their large thickness;

e presence in the section of sediments rich in organic
matter (OM) and favorable temperature conditions for their
transformation into hydrocarbons;

e a favorable combination of time of generation,
migration and the formation of HC traps;
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e existence of geologic conditions for the subvertical
migration of HCs;

o presence of intraformational and regional seal.

All these led to commercial oil and gas saturation in
almost all structures in this part of the basin. In connection
with this, technology to detect these oil and gas
accumulations, based solely on the anticline theory of their
formation, was very simplified (identification of seismic
structures, followed by drilling exploratory wells), but it was
also very effective.

Application of this technology in the south and in the
deep part of SCB proved to be ineffective due to the change
in the geological conditions of generation, migration of
hydrocarbons, formation and preservation of their
accumulations. Taking into account the high cost of
exploration drilling in the deep part of SCB (the cost of one
exploration well is more than $75-100 million dollars), the
introduction of technologies that could reduce the economic
and technological risk of finding hydrocarbons would be very
relevant. One of these ways would be using, along with
traditional methods, methods of direct diagnosis of
hydrocarbon accumulations based on seismic data (possibly
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in combination with direct gas-geochemical methods). An
established fact of changing of the phase of hydrocarbon
state from the flank to its deep parts and forecast of the
existence here of mostly gas/gas-condensate fields is the
favorable factor for the direct diagnosis of HCs in the deep
part of SCB.

Methods

Seismic methods have played and continue to play a
leading role in the search for hydrocarbons in reservoirs.
Advances in the past were based on the detection of traps that
could contain hydrocarbons (e.g., anticlines, lenses, tectonic
disturbances, serving as the screen on the way of
hydrocarbons migration, and reefs). The effect of the pore
fluids properties in the seismic field was extensively explored
only since the era of detection of the "bright spots" in the early
1970s (Sheriff, 1975), reflecting the content of hydrocarbons
in the reservoir. For this reason, various research centers
around the world have started laboratory and experimental-
methodological studies to explore seismic properties of rocks
saturated with various fluids (water, oil, gas) (Elliot, & Wiley,
1975; Batzl, & Wang, 1992; Sinartio, 2002, etc.).

For example, a series of laboratory experiments on wave
velocities in two different samples of quartz sandstones of
Berea formation (Ohio, USA) — saturated with water, air, and
light and heavy oil, depending respectively on the pressure
and temperature — was conducted by Z.Wang and
colleagues (Wang etal., 1990). The experimental results
showed that the velocity of wave propagation depending on
temperature changes in the rock samples saturated with
heavy oil is different from the same sample saturated with
water or light oil. However, the most obvious differences
between the values of seismic parameters were noted
between the rocks saturated with gas and liquid — values of
Vp/Vs (the ratio of compressional and shear velocities) and
Poisson's ratio in the gas-saturated rocks are always
comparatively lower.

A significant decrease in the velocity of seismic waves
and change of other seismic parameters in the presence of
gas in the rock was observed by other researchers (Batzle
et al., 2004; Barton, 2007; Goloshubin et al., 2002).

As suggested by G.J. Blackburn (1986), even a small
amount of gas is sufficient to create the necessary contrast

in the value of the impedance in comparison with water-
or oil-containing sandstone.

As an example, fig. 1 shows the trend of the change of
the reflection coefficient curves for the model of the reservoir
saturated with gas and saline water (Batzle et al., 2004).
Their difference is obvious. However, it should be noted that
sometimes the gas-saturated water can be a false indicator
of hydrocarbons (Han, & Batzle, 2004). In general, it is
believed that pore fluid affects Vp more than Vs (Mavko
et al., 2005; Alvarez, 2007).
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Fig. 1. The reflection coefficients for models of the reservoir
containing certain amounts of gas (green),
and only saline water (red) (Batzle et al., 2004)

The influence of gas on the seismic parameters was also
found during a series of laboratory experiments covering the
injection of COz2 in the rock-reservoirs (Xue, & Ohsumi, 2004),
which showed a significant decrease in P-wave velocity (from
6.1 % to 10.6 %) (Harris et al., 2006) and changes in transit
time and amplitude of the reflected waves (Daley et al., 2007).
The capabilities of seismic data for the diagnosis of gas is
illustrated by the results of monitoring CO2 injection at
Weyburn field in Canada (White, 2004) and in an aquifer at
the Sleipner area in Norway (Chadwick et al., 2007) (Fig. 2).

The values of Vp impedance measured in a thick soft-sand
interval of well in the North Sea, the upper part of which is gas-
saturated and the lower — oil- and water-saturated, were
examined based on porosity and gas saturation (Fig. 3).
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Fig. 2. Seismic monitoring of CO2 injection in an aquifer at Sleipner storage, the central North Sea (Chadwick et al., 2007)
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Fig. 3. Impedance versus porosity is a thick soft-sand interval
color-coded by gas saturation. The presence of gas
in the pore space produces a strong decrease in the impedance.
The rest of interval is filled with oil and water
(Walls, & Dvorkin, 2005)

The presence of the gas in this well causes dramatic
reduction of the impedance due to the strong difference
between the bulk modulus of gas (about 0.08 GPa in this
example), oil (about 0.8 GPa), and water (about 2.8 GPa)
(Walls, & Dvorkin, 2005).

The influence of pore fluids on seismic properties of
rocks, identified in laboratory and field experiments, formed
the basis for development of methods for direct detection of
hydrocarbons from seismic data, which have been tested in
various basins of the world (Alvarez, 2007; Shikhaliyev,
2005; Blom, & Bacon, 2009 and others). This became
technically possible due to progress made in recent years in
improving the quality of acquired seismic data and the
tremendous progress in their processing and interpretation.

The term of direct diagnosis of hydrocarbons started to
be used in seismic exploration more than 50 years ago. In
the past 20 years, extensive experiments have been
conducted to measure the abnormal attenuation and velocity
dispersion (AVD method) of seismic waves in the oil and gas
fields, using borehole and surface data. These experiments
confirmed the changes in the noted parameters of
hydrocarbon-saturated sediments. AVD method was
successfully applied in various parts of Russia, China,
Vietnam, and Latin America, with the exception of the
northern Caucasus, where the abnormal attenuation was
caused by the water, heavily saturated with carbon dioxide
(Rapoport et al., 2004).

At present, the most widely used method for prediction of
gas in the reservoir is AVO method (Amplitude Variation with
Offset), which is basically an improved version of the method
of "bright spots" (Batzle et al., 2004 and others). At the same
time, it's established that the Class 3 AVO anomaly better
reflects the gas saturation of sediments (Hilterman, 2003).

However, there is the opinion that the method of AVO is
not sufficiently effective at greater depths. For example,
many wells drilled offshore Gulf of Mexico in the AVO
anomalies detected only non-commercial gas accumulation
(the so-called problem of "fizz-water" — gas-saturated water)
(Walls et al., 2006).

According to Simmons and Backus (1994), the use of
converted waves has the greater potential for differentiating
lithology of rocks and fluids saturating them than the method
of AVO (Fig. 4).

Application of a universal interpretation system in the
offshore hydrocarbon exploration, which combines the
methods of determining the amplitudes and spectra of
seismic signals (Millahn et al., 1979), has shown the clear
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correlation between high-amplitude anomalies and gas
zones. The authors believe this can be used in combination
with other data, which will reduce the cost of exploration and
increase the rate of success.
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Fig. 4. The combination of shear (pVs) and compressional
(pVp) impedances for differentiating lithology of rocks and
their saturation with various fluids (Simmons, & Backus, 1994)

An example of seismic data analysis from offshore of the
Netherlands (Permian/Triassic deposits) (Bloml and Bacon,
2009) shows the presence of clear direct hydrocarbon
indicators, which were used to assess the prospects of
undrilled areas and forecast the expected type of
hydrocarbons. Types of hydrocarbons, expected in each
prospective area, were predicted on the basis of comparison
of early results of simulation and actual seismic
observations. Success of exploratory drilling as a result of
this approach has been improved. All three recently drilled
exploration wells found hydrocarbons in areas previously
assessed as promising.

An example of Ay-Pim oil field in Western Siberia shows
that amplitude, which depends on frequency, and phase
reflection properties can be used for detection and control of
thin layers of oil-saturated beds and delineation of oil-water
contact (Goloshubin et al., 2002) (Fig. 5).

The attenuation coefficient of seismic data is a good tool to
identify gas reservoirs (Walls etal., 2003, 2006, etc.). The
experimental results in the Gulf of Mexico on more than 90 wells
drilled in 20 areas, showed the effectiveness of direct prediction
of oil and gas reservoirs (tally of seismic data with the results of
drilling was more than 90 %) (Walls et al., 2003).

The 3D seismic prediction of potential oil and gas zones
with the results of drilling was observed in western China (Hu
et al., 2005).

According to statistics based on drilling of 65 wells at 6
oil fields in China with total depth (TD) at depths of more than
5 km, the success of the direct diagnosis from the seismic
method was 73 % (Hu et al., 2005).

It's established (Klimentos, 1995) that in the sandstones
saturated with liquid fluid attenuation of the S-wave is
approximately the same as P-waves, whereas in the gas-
saturated intervals the P-wave attenuation is much stronger
than the attenuation of the S-wave (Fig. 6).

Methodical basis of research in SCB

In this research a methodology, technology and software
package "REZAYR" for integrated data processing and
interpretation of seismic and well-log data was used
(Shikaliyev et al., 1994; Shikhaliyev, 2005).

This technology is based on the implementation of
mathematical methods of analysis and interpretation of seismic
data executed in an interactive way and enables us, as a result
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of an iterative process, to clarify or determine such important
geological and geophysical characteristics of the 2D section as:
stratigraphic boundaries; values of formation velocities and
trace velocities; the values of effective porosity and bulk clay

4008 40215
I A

6

volume; the average value of grain diameter and the
delimitation of lithofacies boundaries; construction of
geoacoustic and effective geological models of section; and
prediction of reservoir properties and their productivity.
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Fig. 5. Low-frequency processed reflection data for Ay-Pim oil field in Western Siberia (Goloshubin et al., 2002)
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Fig. 6. The P-wave and S-wave attenuation in liquid-saturated sandstone and gas-saturated intervals (Klimentos, 1995)

The method does not require a priori knowledge of the
velocity characteristics of the section, but its effectiveness
increases significantly when acoustic logging data, vertical
seismic profiling, and well-velocity survey data are available.

A synthetic seismogram, built from these data, is
compared with the real seismic traces at the stake of the
profile, where the well is located (Fig. 7).

The integrated process of tying synthetic and real
seismic trace continues until the maximum degree of
matching is achieved. Based on similar elements of these
seismic traces, velocities are determined and used for
depth-time conversion of well-log data and tying them back
to seismic section.

After this, we construct an effective model of the section
and determine predicted values of formation velocities,
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which are based on the correlation of pseudosonic log
velocities with the true velocities in the same intervals, i.e.
within the effective model (Fig.8). The values of the
pseudosonic log should be defined with maximum reliability.

During the comparison, the differences in the values of
velocities are revealed, their natures are determined, and
changes are made accordingly.

Subsequently, using a variety of known functional
relationships (Wyllie etal., 1958; Dakhnov, 1982) of
petrophysical models as well as the instantaneous dynamic
parameters of the wave field, seismic sections are
transformed into sections with different petrophysical
parameters, based on which reservoir properties of
formations are predicted and, if possible, their productivity
is determined.
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Fig. 8. Building of an effective model from well-log data:
a — well-log data; b — synthetic trace; c — seismic trace; d — effective model; e — interval of predicted parameters

Obtained distribution of petrophysical parameters allows
us to estimate the total volume of reservoirs in the section,
which, on the one hand, is the necessary information for
estimation of volume and hydrocarbon reserves of the
reservoir, and, on the other hand, is necessary to assess
their productivity.

Productivity prediction is solved by different methods.
For example, the usual approach to determine the
productivity of reservoir is based on the parameters obtained
by data analysis from identical areas or from theoretical
considerations taking into account a given petrophysical
model of the productive reservoir and aquifer (Dakhnov,
1982). Another approach implements a simplified version of
the method of pattern recognition in an n-dimensional space.
These two approaches, complementing each other, allow us
to estimate a zone of ambiguity in the area of oil-water
contact. A feature of the methodology is that the well log and
seismic data are not interpreted separately, but in the same
interpretational cycle.

Results

Studies on the direct diagnosis of oil and gas in SCB
included developing methodology and a software package
for seismic data interpretation and its pilot testing on a large
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gas-condensate field Shah Deniz, and two prospective
offshore structures: Yalama-Samur and Absheron (Fig. 9).

Analyzed seismic profiles were obtained by 2D and 3D
seismic surveys. Let's examine the results of this
methodology using the example of the Shah-Deniz area (see
Fig. 9) with the established commercial oil and gas deposits.

Shah Deniz is a shelf gas condensate structure discovered
in 1999. It is situated in the Azerbaijan sector of the Caspian
Sea, 70 km south-east of Baku. The water depth in the field is
from 50 to 650 m. The gas-bearing area is about 860 km?>.
Production from the first well, with TD of 6500 m and drilled with
a stationary production platform at a water depth of 105 m,
started on December 15, 2006, with an output of 5.6 million
cubic meters of gas per day from Productive series (PS). PS is
the main reservoir in SCB and accounts for more than 90 % of
current hydrocarbon production.

To study the Shah-Deniz, we used the time section of
one of the 3D profiles. The quality of the section is high
enough and reflects well the main elements of the geological
elements of the section (Fig. 10). The interpretation of the
data included identification of seismic horizons
corresponding to various suites of PS.
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An integrated interpretation of seismic and well data
using the above methodology has allowed us to get a more
detailed estimation of petrophysical parameters (velocity,
porosity, sand/clay content, etc.) of deposits and to predict
the main productive areas in the studied profile (see Fig. 10).
These areas belong to the "Pereriva" suite of the PS.
Comparison of the projected areas with the location of actual
productive zones, identified by the exploration well, showed
their satisfactory agreement (see Fig. 10).

The good correlation of seismic data with data obtained
from the drilling of Shah Deniz served as a good precondition
for the extensive introduction of the developed methodology
for prediction of hydrocarbon zones in SCB structures with
not-yet-clarified prospects, such as the Yalama-Samur,
Umid, Absheron and et. al.(see Fig. 9). The results of direct
diagnosis of the productivity of the Yalama-Samur structure
are described below.

The Yalama-Samur structure is located on the border of
Russian and Azerbaijan sectors of the Caspian, representing a
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geological uplift perspective for oil and gas. The first exploratory
appraisal well drilled on this structure (block D-222) was
unproductive. Studies on the direct diagnosis of hydrocarbons
in this block were conducted on the 2D profile, crossing the area
in sublatitudinal direction (Fig. 11).

The peculiarity of the task of evaluating the petrophysical
characteristics in this case was the fact that the well was
located at a considerable distance from the analyzed section
(about 30 km) and, despite the relative calm of the
geological environment, its characteristics were difficult to
use correctly.

However, available information on the structure was
sufficient to assess velocity characteristics of deposits, and
some volumetric parameters of rocks. Based on this, the
seismic section was transformed into a parametric section of
formation velocities (Fig. 11), and then sections of
distribution values of the coefficients of effective porosity and
sand were compiled.
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Based on comprehensive analysis of seismic data
interpretation results, in combination with other geological
and geochemical data, the conclusion was made that the
structure is not of commercial interest (Guliyev et al., 2007).
Nevertheless, the second exploration well was drilled and
turned out to be also unproductive, thus confirming results
from seismic data prediction.

Discussion and conclusions

It is important to note that there have been attempts to apply
this integrated method (Schumaker et al., 1999). Thus the use of
geochemical method in integration with the results of 3D seismic
in Canada has increased the success rate of drilling to 71 %,
while the success of using only seismic data was approximately
34 %. In South America, the integration of the two methods
provided a 95 % success rate of drilling and reduced the cost of
exploration to 43 % (Schumaker et al., 1999).

V. Gabela et al. also believes that a good precondition for a
substantial increase in the success rate of finding hydrocarbons
can be achieved through the integration of seismic data with
direct near-surface gas-geochemical methods. As a proof, he

Fig. 11. A fragment of time section (left) and formation velocities of Yalama-Samur structure (right)

......

presented the analysis of the results from 196 wells drilled
within vicinity of the geochemical anomalies. It was found that,
in 92 % of cases, the drilling within the positive geochemical
anomalies revealed the presence of commercial accumulations
of hydrocarbons, while the wells drilled within the limits of
negative anomalies turned out to be unproductive in 95 % of
cases (Gabela et al., 2003).

It should be noted that in Azerbaijan the surface gas-
geochemical exploration have been conducted on the
industrial scale, both onshore and offshore. The analysis of
the results showed that the effectiveness of positive
prediction here is 75-87 %, while the success of negative
prediction reaches 95-100 % (Feyzullayev et al., 2008).

An example is a local process of sub-vertical
hydrocarbon discharge above the south-eastern subsidence
of the Bahar petroleum bearing structure (Bahar-2 area) in
the South Caspian, which formed anomalous concentrations
of methane and the sum of its homologues in the bottom
layers (depths up to 100 m) (Fig. 12).
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Fig. 12. South Caspian. Distribution of methane (a) and the sum of methane homologues (b)
in the bottom layers (to a depth of 100 m) of the Bahar-2 area

The above-mentioned serves as a convincing basis for
recommending the combination of direct seismic and gas-
geochemical methods for the exploration in the central part
of the deep part of SCB.
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TEOPETUYHI TA EKCNMEPUMEHTAINBbHI NEPEAYMOBU NMPAMOIo NPOrHO3yBAHHA
BYrNEBOAHIB HA OCHOBI JAHUX CEACMOPO3BIAKM
(HA NPUKNAAI NIBAEHHO-KACMINCbKOIO TA IHIUMX BACEUHIB)

B c Ty n. [lempogizu4Hi enacmueocmi ocadosux nopid (mopucmicms, NPOHUKHICMb, MPYXXHO-NJacmMuY4Hi ma akycmuy4Hi enacmueocmi moujo)
6ynu dobpe susyeHi, a pesynbmamu Aocumb WUPOKO 8UKOpUCMOBY8anuch Npu iHmepnpemauii 2eogizuyHux 0aHux. EkcnepumeHmanbHi 0o-
cnidxeHHs1, NposedeHi ocmaHHIMU pokaMu, a MaKoX iHmeHcueHe 8G0CKOHasIeHHs1 mexHos02ili 06pobku ma iHmepnpemauii celicMi4Hux 0aHux 003-
eoslunu Ham makox docnidumu npobrnemy KoHmposo ¢aridaMmu nempogizudHux enacmueocmeli Mopid, wo cry2ye ocHO8OH Ol PO3PO6KU
MemoQdy npsiMo20 nNpo2Ho3yeaHHs1 noknadie Hagpmu ma 2a3y e ocadoeux 6aceliHax. PekoMeHOyembcsi sukopucmosyeamu npsmuli celicMiyHuli me-
mod Ons1 npo2Ho3ye8aHHs1 NPOAYKMUEHOCMI po3pi3y 8 NoedHaHHIi 3 2a302€0XiMiYHOIO 3UOMKOIO.

Mema. Minimizyeamu pu3uk po3eioku eyarnieeo0Hie y 21u6okoeodHili yacmuHi lliedeHHoz2o Kacniro.

MeToAawn. Ha ocHosi aHani3y ceimoeozo doceidy ma pe3ynbmamie ekcriepumeHmanbHux docnioxeHb y [lie0eHHokacnilicbkomy 6aceliHi (IMKB)
06rpyHMo8aHo 8UCOKY eheKmuHicmb MPsSIMO20 MPo2HO3y8aHHs1 Nokadie eya1eeo0Hie 8 0ca0080MY PO3pi3i 3a AOMOMO20H0 NPSMUX celicMiYyHUX Mmemodis.

Pe3ynbTaTu. AHani3 npsAMo20 eu3Ha4eHHs 8yarieao0Hie 3a dornomozoro celicMidyHUX AaHux e iHwux 6aceliHax, a makox pe3ynbmamu po-
3po6Ku ma ekcriepuMeHma’sbHOI nepeesipku 3anponoHosaHoi Memodosiozii do3eosnsiromb cmeepdxysamu npo if docmamHio 3acmocosHicmsb y 2eo-
noziyHux ymoeax lMKb.

OOHak, epaxoeyro4u 8UCOKi eKOHOMIYHi ma MmexHOosI02i4Hi pu3uku 6ypiHHs y 2nu6okoeoOHiIl YacmuHi KB (po3eumok aHOMaslbHO 8UCOKUX
muckie, eucoka eapmicmb po3eidyeanbHux ceepdnoeuH, wjo nepeeuwye $100 MnH), ma Hamazaroyuch ix MiHimisyeamu, 6yno 6 euzioHo iHme-
2pysamu celicMi4HuUli Memod@ 3 iHWuMu nNPsIMuMu Memoodamu, ocobs1ueo 3 2a302€0XiMi4HOI 3UOMKOHO.

BucHoBku. [MpupodHi euxodu Haghmu ma 2a3y Ha NoeepxHI0 Malomb 8esluke 3Ha4YeHHs Ol po3eidku eyareea00Hi8, OCKiNlbKU 80HU MPSMO
8Ka3ylomb Ha iCHyeaHHs1 eyasiego0Hie 8 ocadosux baceliHax. Y 2n1u60koe8odHili YacmuHi 6aceliHy HasieHicmb ma xapakmep Haghmozaa3onposisie €
00HUM i3 He6azambox docmynHux iHcmpymMeHmie Onsi oyiHKU nepcrekmue Hepo3bypeHoi dinsiHku. lMosiea HosUX aHanNiMUYHUX MOXnueocmel
ocmaHHiMu pokamu do3eorisie ghikcyeamu Jdyxe HU3bKY KOHUeHmpauito micpayiliHux 2azie ma nideuwye egpekmueHicme ausiesieHHs1 Hagimb HU3b-
KOKOHmMpacmHux eyarieeo0Heaux aHomanil (Elias et al., 2004).

Knio4yoBi cnoBa:ocadosuli po3pi3, eyanesodHesi noknadu, npsimuli Npo2Ho3, celicMopo3eioka, liedeHHokacnilicbkuli 6acelH.

ABTOpM 3a8BNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniaxeHHs; y 36opi, aHanisi un
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INTEGRATED REASSESSMENT OF HYDROCARBON POTENTIAL
IN THE ABSHERON-BANK AND DARWIN BANK FIELDS,
OF THE ABSHERON-PREBALKHAN STRUCTURAL THRESHOLD

(lMpedcmaeneHo YneHomM pedakyiliHoi kosnezii 3-pom 2eosn. Hayk, doy. O.B. LLlabamyporo)

Background. The South Caspian Basin represents an exceptional geodynamic province distinguished by its extraordinary
sedimentary accumulation and active petroleum systems, positioning it among the foremost hydrocarbon-bearing regions globally.
Encircled by collisional orogenic belts, the basin has accommodated over 25 kilometers of sedimentary infill, more than
10 kilometers of which have been rapidly deposited within the last six million years. This accelerated subsidence and burial, under
anomalously low geothermal gradients, has facilitated ongoing hydrocarbon generation at depths exceeding 8-12 kilometers.
Regionally extensive anticlinal structures, interpreted as buckle folds developed above a basal detachment surface, have been
delineated through the interpretation of regional-scale 2D seismic datasets. The convergence of an actively generating petroleum
system, vast undrilled structural closures, and a regulatory framework conducive to foreign investment has elevated the basin's
profile within the global energy sector.

Within this tectonically complex setting, the Absheron-Prebalkhan structural zone constitutes a principal hydrocarbon
province, encompassing several strategically significant fields, notably the Absheron-Bank and Darwin Bank fields. This
investigation offers a rigorous, data-integrated evaluation of their hydrocarbon prospectivity, synthesizing multi-decadal
exploration, production records, and subsurface geoscientific data. The Absheron-Bank field, discovered in 1951 some 25 km north
of Pirallahi Island in shallow Caspian waters, and the Darwin Bank field, delineated in 1950 and sharing structural continuity with
neighboring anticlinal trends, serve as focal points of this assessment.

Methods. Geological and geophysical analyses were conducted to evaluate reservoir properties, including stratigraphic
correlations, reservoir pressures, and production performance. Core lithology and seismic data were integrated with petrophysical
parameters — such as porosity, permeability, and fluid saturations — to characterize productive horizons (e.g., Kirmaki and Kala suites).

Results. The results underscore substantial hydrocarbon accumulations within Lower Pliocene strata of the Productive
Series. The Absheron-Bank field possesses estimated initial reserves (B+C1+C2 categories) of 6.3 million tonnes of crude oil and
over 2.5 billion cubic meters of both dissolved and free gas. As of January 2022, 74 wells have been drilled, yielding 495.8 thousand
tonnes of oil and approximately 1.2 billion cubic meters of gas — representing a 39.4 % recovery of extractable oil reserves.

Conversely, the Darwin Bank field, developed through 776 wells, has produced approximately 17.9 million tonnes of oil and
1.4 billion cubic meters of dissolved gas, with nearly 80 % of extractable reserves already recovered. Current development efforts
are situated in the terminal phase of the field's productive lifecycle, where diminishing well productivity and infrastructure
obsolescence pose persistent operational challenges.

Conclusions. This study advocates for the continued implementation of reservoir pressure maintenance strategies,
enhanced oil recovery (EOR) techniques, and the optimization of water injection regimes to prolong field productivity. Furthermore,
it highlights the necessity of sustained geological, petrophysical, and hydrodynamic monitoring to inform adaptive field
management strategies — particularly within mature, offshore domains of the South Caspian petroleum province.

Keywords: South Caspian Basin, Absheron-Prebalkhan tectonic zone, hydrocarbon prospectivity, offshore oil and gas
fields, reservoir characterization, Productive Series, enhanced oil recovery (EOR).

Background

The South Caspian Basin is traditionally regarded as one
of the deepest sedimentary depressions within the
geodynamically active Mediterranean—Alpine mobile belt
(Fig. 1). In terms of its fundamental geological attributes, it is
comparable to the Black Sea and Aegean Sea basins;
however, it exhibits a set of unique features that distinguish
it from other analogous tectonic structures (Pogorelova,
2019; Mikhailov, 2017).

Foremost among these is the pronounced thinning of the
oceanic-type crust in the central part of the basin. According
to geophysical data, the depth to the Mohorovici¢
discontinuity beneath the South Caspian seafloor does not
exceed 22-28 km. In adjacent areas — particularly near the
shelf escarpments and the Absheron-Prebalkhan structural
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threshold — this boundary plunges to depths of 30-35 km.
It is noteworthy, however, that the prevailing view concerning
the ubiquitous absence of a "granitic layer" — a seismic
velocity layer characterized by values of 6.0-6.3 km/s — is
challenged by several researchers, giving rise to ongoing
scholarly debate (Khalilova, & Seyidov, 2023).

Secondly, the basin is marked by an extraordinarily thick
sedimentary cover, reaching its maximum accumulation in
the central sector. Integrated evidence from marine seismic
surveys, offshore drilling, and geological mapping of
adjacent Azerbaijani and Turkmenian territories suggests
that the South Caspian Basin has accumulated high amount
of sedimentary influx (Abdulla-zada, & Vakhably, 2021;
Huseynov, 2003). Its exceptional sedimentary thickness,
tectonic complexity, and ongoing hydrocarbon generation at
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extreme depths render it a subject of continued scientific
interest and industrial investment (Kerimov etal., 2015).
Surrounded by collisional orogenic belts, the basin has
accumulated more than 25 kilometers of sedimentary fill, of
which over 10 kilometers were deposited during the last six
million years. This rapid subsidence, accompanied by
anomalously low geothermal gradients, has created unique
conditions wherein hydrocarbons continue to be actively
generated at depths exceeding 8-12 kilometers (Alizade
et al., 2018; Aliyeva, 2004). Structurally, the basin is defined
by large-scale anticlinal folds, interpreted as buckle
structures detached from a regional décollement zone,
which serve as primary traps for oil and gas accumulations.

These geological attributes have collectively positioned the
-20 o

South Caspian Basin at the forefront of global hydrocarbon
exploration (Javanshir etal., 2015; Bagirov, Minzverg, &
Kondrushkin, 1975). Within this sequence, stratigraphic
units of Paleogene, Neogene, and Quaternary age can be
clearly delineated, the specific characteristics of which will
be addressed in subsequent sections.

The third defining feature is the remarkable concordance
between the present-day bathymetry of the basin and the
distribution of sediment thickness. The uppermost boundary
of the sedimentary fill is overlain directly by a water column
exceeding 1km in depth, thereby creating a unique,

uninterrupted stratigraphic-hydrological continuum
(Kerimova, 2023; Abbasov, & Guliyev, 2003).
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Fig.. 1. Location map.of the SCB within the central segment of Mediterrahean—AIpine mobile belt..

PB: Polish Basin; PCar: Pre-Carpathian basins; BS: Black Sea; DD: Dniepr-Donets basin; PCas: Precaspian basin;
Ncau: North Caucasus basins; SC: South Caspian basin; MoB: Moroccan basins;
AAB: Algerian Atlas basins; TB: Tunisian basins; ArB: Arabian basin

Nevertheless, the South Caspian Basin is not solely
defined by these primary attributes. It also exhibits a range
of tectonic and morphostructural peculiarities that set it apart
from other basins within the Alpine-Mediterranean orogenic
system. Of particular significance is the dominance of
meridionally oriented structural elements formed during the
most recent tectonic phase of basin evolution. These
features stand in stark contrast — both spatially and
morphologically — to the older, longitudinal tectonic
frameworks aligned with the Caucasian trend. Notably,
Pliocene deposits within the basin and adjacent regions rest
unconformably — with pronounced angular and azimuthal
discordance — upon stratigraphically older formations of
various ages associated with the Alpine fold belt as well as
the younger Scythian and Turan platforms (Abdulla-zada, &
Vakhably, 2021; Pogorelova, 2019).

In addition to this distinctly superimposed tectonic
architecture, the South Caspian Basin displays a zone-like,
concentric structural pattern, most vividly expressed in the
regional gravitational field. This pattern is traceable at
multiple depth levels through the configuration of seismic

ISSN 1728-3817

discontinuities and the behavior of reflection boundaries
(Menshov, 2021; Kerimov et al., 2015).

Situated within this exceptional basin, the Absheron-
Prebalkhan tectonic zone forms a prominent structural
corridor extending across the western margin of the Caspian
Sea. This zone hosts several offshore fields of strategic
significance, with the Absheron-Bank and Darwin Bank
fields representing two of the most productive and
extensively studied accumulation (Fig.2). The tectonic
architecture of this region is dominated by NW-SE-trending
brachyanticlinal folds, often complicated by faulting, and
lateral facies variability — factors which have played a crucial
role in the entrapment and preservation of hydrocarbons.

The Absheron-Bank field was discovered in 1951 during
exploratory operations aimed at delineating structural highs in the
shallow marine shelf zone north of Pirallahi Island. Located at the
intersection of multiple anticlinal trends — including the Gosha-
Dash, Gilavar, and Darwin structures — the field has since
become a benchmark for evaluating Neogene petroleum
systems in the region. Early production commenced following the
discovery of natural gas in 1954 from the Kala formation, followed
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by the identification of oil-bearing intervals in 1965 within the
Kirmaki suite. Detailed stratigraphic and structural studies have
demonstrated that the productive intervals in Absheron-Bank are
mainly confined to the lower subdivisions of the Productive
Series, characterized by alternating sandstone, siltstone, and
claystone units, which exhibit favorable reservoir properties and
are closely associated with active source rocks (Aliyeva, 2004).
In parallel, the Darwin Bank field, discovered in 1950 and
fully located offshore, lies approximately 6 kilometers
northeast of Pirallahi Island and is considered a structural
and genetic continuation of the Absheron-Bank — Pirallahi —
Gurgan-Deniz trend. Geological exploration has shown that
the Darwin structure is underlain by a thick accumulation of
Pliocene sediments of the Productive Series, within which
the Kirmaki and underlying Prekirmaki formations form the
principal reservoir units (Abdulla-zada, & Vakhably, 2021;
Aliyeva, 2021). These formations, with total thicknesses
exceeding 1900 meters, have been penetrated by hundreds
of wells, enabling comprehensive characterization of their
porosity, permeability, and saturation regimes (Kerimov,
Sharifov, & Zeynalova, 2023). The field has undergone
multiple stages of development, including secondary
recovery efforts such as water injection, and is currently in
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the late phase of production, with diminishing returns due to
reservoir depletion and declining pressure support.

Despite decades of production, substantial hydrocarbon
volumes remain unrecovered in both fields, necessitating a re-
evaluation of their potential using updated geological,
geophysical, and engineering methodologies. Reservoir
modeling, petrophysical reinterpretation, and field performance
analyses are essential to understanding the remaining reserves
and optimizing recovery. Moreover, the operational challenges
posed by offshore infrastructure degradation, complex well
conditions, and fluctuating water cuts require adaptive
strategies grounded in high-resolution subsurface data.

This study aims to deliver a comprehensive reassessment
of the hydrocarbon potential of the Absheron-Bank and Darwin
Bank fields through the integration of historical production data,
reserve audits, reservoir characteristics, and development
dynamics. By correlating geological structures with production
history and petrophysical parameters, the research seeks to
identify untapped potential within mature zones and guide
future field development strategies. The findings are not only
relevant for enhancing recovery in these specific fields but also
offer valuable insights applicable to other structurally analogous
accumulations across the South Caspian offshore region.
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Flg. 2. Location map of Absheron-Bank and Darwin bank fields (Javadova, 2024)

Relevance of the study

The South Caspian Basin, as one of the most actively
subsiding sedimentary basins globally, continues to serve as
a natural laboratory for investigating complex petroleum
systems. The Absheron-Prebalkhan tectonic zone, hosting
the Absheron-Bank and Darwin Bank fields, offers a rare
opportunity to examine reservoir behavior within mature
offshore fields undergoing advanced depletion stages. This
study is particularly relevant in the context of transitioning
legacy fields into modern production systems by integrating
geological, petrophysical, and engineering data.

Moreover, the methodological framework employed —
comprising stratigraphic correlation, volumetric reserve
reassessment, and performance diagnostics — serves as a
model applicable to other geologically analogous offshore
fields undergoing late-stage development.
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Scientific novelty

1. The study introduces an advanced integrative
methodology for re-evaluating mature offshore fields by
synthesizing over seven decades of geological,
petrophysical, seismic, and production data — constituting
the most comprehensive reassessment to date of the
Absheron-Bank and Darwin Bank fields.

2. The application of comparative basin analysis with
analogs such as the Nile Delta and Gulf of Suez
demonstrates the  geodynamic and  operational
transferability of the workflow, affirming its relevance for
petroleum provinces sharing characteristics such as rapid
burial, overpressure, and structural compartmentalization.

3. The study advances a predictive conceptual
framework that integrates legacy EOR interventions
(e.g., pressure maintenance, dual-lateral drilling) with
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modern reservoir management strategies, offering
replicable guidelines for field redevelopment across
analogous tectono-stratigraphic settings.

Methods

The present study is based on a comprehensive analysis
of geological, geophysical, and production datasets
collected from the Absheron-Bank and Darwin Bank oil and
gas fields, both located within the Absheron—Prebalkhan
tectonic zone of the South Caspian Basin. The
methodological approach integrates historical exploration
results with modern reservoir evaluation techniques to
provide a refined assessment of hydrocarbon potential,
reserve dynamics, and field performance.

A total of 74 wells from the Absheron-Bank field and
776 wells from the Darwin Bank field were analyzed to
assess spatial distribution of hydrocarbon-bearing horizons,
reservoir continuity, and production performance. These
wells include exploration, development, and injection wells
drilled over several decades. Structural maps, cross-
sections, and borehole stratigraphic logs were used to define
reservoir geometry and structural closure. The primary
productive intervals include the Kirmaki suite and Kala suite
in the Absheron-Bank field, and the Kirmaki, Prekirmaki, and
Lower Productive Serie's suites in the Darwin Bank field
(Yolchuyeva et al., 2024).

Hydrocarbon reserves were assessed using volumetric
methods and categorized in accordance with the B+C1+C2
classification system for the Absheron-Bank field, and
A+B+C1+C2 for the Darwin Bank field. Initial balance
reserves and recoverable reserves were calculated for both
oil and gas phases. Residual reserves and cumulative
production were also evaluated to assess the degree of
resource depletion.

Field production history was reviewed through the analysis
of cumulative oil, gas, and water production data. Time series
analysis of annual production rates was performed to evaluate
field performance, productivity decline trends, and reservoir
drive mechanisms. Current recovery factors, water cut levels,
and well performance indicators were compared across
development stages and geological blocks.

By combining multidisciplinary datasets and long-term
operational experience, this study applies a systems-based
approach to reassess the hydrocarbon potential and
remaining productive life of two mature yet strategically
important offshore fields in the South Caspian Basin.

Structural-tectonic setting and Stratigraphy

The Absheron-Bank field is situated on a well-defined
anticlinal structure measuring approximately 10 km in length
and 2.5 km in width. It lies within the convergence zone of
several significant structural axes, including the Gosha-
Dash, Gilavar, and Darwin anticlines. The field's geometry
reflects a combination of tectonic folding and localized
faulting, forming effective traps for both oil and gas (Kerimov
et al., 2015; Khalilov, 2012). The shallow water depth of 2—
20 meters across the field area has facilitated exploration
and early-stage development.

The Darwin Bank field is located northeast of Pirallahi
Island, in the shallow offshore zone of the Caspian Sea, at
water depths ranging from 10 to 25 meters. It forms a
structural continuation of the Absheron-Bank — Pirallahi —
Gurgan-Deniz anticlinal system and shares a similar tectonic
evolution. The Darwin Bank fold represents a
brachyanticline trending in a submeridional direction,
characterized in its southern sector by a markedly steep
south-southwestern limb and a comparatively gentle north-
northeastern flank. Within the northern segment of the
structure, both limbs and the northern pericline exhibit a
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discernible flattening, resulting in a meridionally oriented,
arcuate uplift whose convexity is directed westward. The
structure is complicated by local tectonic disturbances,
particularly in the crestal zones, which have influenced fluid
migration and reservoir compartmentalization. This intricate
fold morphology is indicative of the evolving geodynamic
regime within the paraxial zone of the eastern-southeastern
plunge of the Greater Caucasus. It further reflects the
influence of pronounced tectonic stresses, predominantly of
a compressional nature (Pogorelova, 2019).

The regional tectonic evolution of the area, driven by
compressional stresses associated with the collision of the
Arabian and Eurasian plates, has promoted vertical and
lateral movements that shaped the present-day fold-and-
thrust architecture.

The Darwin Bank and Absheron-Bank fields, located
within the shallow-water sector of the South Caspian Basin,
are typified by a thick succession of Cenozoic sediments,
reflecting the region's complex tectonostratigraphic
evolution. These fields lie within a zone of intense Neogene—
Quaternary sedimentation and tectonic deformation, where
hydrocarbon entrapment is predominantly controlled by
anticlinal folding and fault-related structures.
Stratigraphically, the sedimentary cover encompasses a
complete section from the Paleogene—Neogene transition to
the Quaternary, with the Pliocene Productive Series serving
as the principal reservoir unit.

Results

The analysis of production data, geological structure,
and reservoir properties from the Absheron-Bank and
Darwin Bank fields provides critical insight into their current
status, untapped potential, and broader relevance to
hydrocarbon systems in the South Caspian Basin.

According to the B+C1+C2 classification system, the
initial balance reserves of the Absheron-Bank field are
estimated at 6.291 million tons of oil, 240 million m*® of
dissolved gas, and 2,327 million m® of free gas (Fig. 3). Of
these, the recoverable reserves (Fig. 4) comprise 1.258 million
tons of ail, 177 million m? of dissolved gas, and 2,013 million m?
of free gas, primarily associated with the Kirmaki suite
(oil-bearing) and the Gala suite (gas-bearing) (Abbasov, &
Guliyev, 2003; Bagirov, Minzverg, & Kondrushkin, 1975).

Production of crude oil and liquid began to rise steadily in
the early 1970s, with notable fluctuations in the 1980s and
1990s. A sharp increase is observed post-2000, peaking
between 2005 and 2008, after which oil output gradually
declines. The total produced liquid exhibits a similar trend, with
a prominent peak slightly above 50 million m? around 2007.

Free gas production shows a continuous upward trend
starting from the mid-1980s, with a pronounced surge after
1998, reaching its maximum between 2007 and 2012.
Following this period, free gas output demonstrates a
consistent decline. In contrast, associated gas volumes
(green line) remain comparatively low throughout the entire
operational history, with minimal contribution to the overall
gas output.

Overall, the production profile reflects a typical life cycle
trend: an initial build-up phase, a plateau of maximum output
during the 2000s, followed by a decline phase likely due to
reservoir depletion and reduced well productivity (Fig. 5).

By January 1, 2022, 74 wells had been drilled, yielding
495.8 thousand tons of oil, 1,195.2 million m® of gas, and
239.3 thousand m? of formation water, amounting to 39.4 %
depletion of recoverable oil reserves (Fig. 6).

Remaining reserves stand at 5.795 million tons of oil and
219.6 millionm®* of dissolved gas, with recoverable
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quantities at 762.2 thousand tons of oil and 156.6 million m?
of dissolved gas (Fig. 7).

Despite the field's strategic location and early promise, it
currently operates only five production wells, with much of
its infrastructure either decommissioned or inactive.
Geological and technical complications have resulted in the
abandonment of 40 wells, and others are categorized as
preserved, damaged, or under monitoring.
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Petrophysical analysis reveals the Kirmaki suite has
porosity values between 10.5 % and 33.5 %, permeability of
0.086 mD, and oil saturation up to 80 %. The Gala suite,
although gas-prone, also demonstrates good porosity (~22—
23 %) but slightly lower permeability. These reservoir
attributes, combined with significant residual reserves,
underscore the field's potential for recovery enhancement
(Table 1).
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Fig. 5. Annual production indicators of the Absheron-Bank field
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Fig. 7. Remaining recoverable reserves of the Absheron-Bank field (B+C1+C2 category)

Table 1
Summarized the geological and physical parameters of the main production zones of the Absheron-Bank field
Reservoir Clay Carbonate Porosity Permeability Oil ] Ef.fective Reservoir Reservoir
Suite Content Content (%) (mkm?) Saturation Thickness | Temperature | Pressure
(%) (%) (%) (m) (°C) (MPa)
Kirmaki suite 48 28 10.5-33.5 0.086 64-80 16.7 25-32 5.5-9.4
Gala suite 48 28 22-23 0.052 67-80 19.7 45.5 19.7

The production decline and infrastructural degradation
reflect both reservoir complexity and operational limitations.
Structurally, the field occupies a brachyanticlinal fold
intersected by faults and characterized by lateral facies
variability, which introduces compartmentalization and
challenges efficient drainage. The shallow offshore setting
facilitated early development, but the aging infrastructure
and low productivity of remaining wells now demand a
transition to selective well re-entry and enhanced oil
recovery (EOR) strategies.

Discovered in 1950, the Darwin Bank field has
undergone extensive drilling, with 776 wells having been
completed as of 2022. Cumulative production has reached
17.93 million tons of oil and 1.43 billion m? of dissolved gas.
Water injection totaling 18.74 million m® was carried out until
1984 to support pressure maintenance.

The principal productive intervals include the Upper and
Lower Kirmaki suites (KSupper subdivided into KS-1, KS-2,
KS-3, KSiower — KS-4, KS-5) and the Prekirmaki suite, all of
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which demonstrate favorable reservoir properties. Porosity
values range from 24 % to 28 %, with permeability up to
300 mD — particularly in the Prekirmaki unit. Oil saturation
exceeds 75 % in some horizons, confirming the reservoir's
high-quality characteristics. These formations collectively
represent over 5.948 million tons of remaining recoverable
oil reserves under categories A+B+C1+C2 (Fig. 8, 9).

As of January 1, 2022, a total of 776 wells had been drilled
in the Darwin Bank field. These wells have cumulatively
produced approximately 17,934.7 thousand tons of oil and
1,426.7 million cubic meters of dissolved gas. Additionally,
7,281.3 thousand cubic meters of water have been produced,
while 18,738.2 thousand cubic meters of water have been
injected into the reservoir for pressure maintenance.

Despite the field's mature status, 79.8 % of the
recoverable reserves under A+B+C1 have already been
extracted, with current production sustained by 167 active
wells. Average daily oil production per well is 2.7 tons, with
a water cut of 17.5 %. The current recovery factor is 0.26,
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compared to an estimated ultimate recovery of 0.33,
indicating potential for further exploitation through
modernized development strategies (Fig. 10).

The remaining balance reserves of the field, under
categories A+B+C1+C2, are currently estimated at 55,371.3
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thousand tons of oil and 1,363.7 million cubic meters of
dissolved gas (Fig. 12). The remaining recoverable reserves
are assessed at 5,948.3 thousand tons of oil and
353.5 million cubic meters of dissolved gas (Fig. 11).
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Fig. 8. The initial balance reserves in the Darwin Bank field under categories A+B+C1+C2

12000

100001

8000

6000

Volume

4000

2000

Lowe’
Rese

EEm Oil (thousand tons)
EEm Dissolved Gas (million m?)

\Qoa\ @k

e Pva‘K“maK\

rvoir Horizons

Fig. 9. The initial recoverable reserves in the Darwin Bank field under categories A+B+C1+C2
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Fig. 10. Cumulative Production by Horizon in the Darwin Bank Field
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Fig. 11. Remaining Recoverable Reserves by Horizon in the Darwin Bank Field (Categories A+B+C1+C2)
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Fig. 12. Remaining Balance Reserves by Horizon in the Darwin Bank Field (Categories A+B+C1+C2)

As of 2022, the Darwin Bank field maintained an operational
well stock comprising 182 wells, of which 167 wells were
actively producing, while 15 wells were classified as inactive. A
total of 517 wells have been decommissioned over the field's
operational history due to a combination of geological and
technical factors: 35 wells were abandoned for unfavorable
geological conditions, 439 wells due to technical failures, and
43 wells were cancelled following post-drilling evaluations. In
addition, 3 wells are currently under conservation, 20 wells are
being monitored for integrity or potential re-entry, and 52 wells
remain out of service due to extensive damage to hydro-
technical infrastructure.

Field-level data indicate that the average daily oil
production per well is approximately 2.7 tons, with an
average liquid production rate of 4.0 tons per well. These
relatively modest values are indicative of the field's
advanced production maturity and reservoir energy
depletion, further compounded by infrastructure aging.

The development of the Darwin Bank field commenced in
1950, reaching peak performance metrics by 1964, after which
production entered a phase of gradual decline. Currently, the
field is considered to be in Stage IV of development,
characteristic of late-life fields with declining production rates
and increasing operational challenges. A notable rejuvenation
phase began in 2009, marked by the commissioning of new
offshore platforms (Nos. 660, 670, 720, 740, and 620). This
initiative led to the drilling and completion of 90 additional wells,
significantly improving production efficiency and extending the
field's productive capacity.
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Nevertheless, deterioration of offshore platforms and
associated hydro-technical infrastructure has periodically
disrupted field operations. In response, a series of major repair
and rehabilitation efforts have been undertaken. Since 2014, 12
wells previously rendered non-operational due to structural
damage have been successfully restored, while in 2020, three
wells were reactivated using dual-lateral drilling techniques,
reflecting the application of modern well engineering to improve
reservoir access and drainage efficiency.

Despite ongoing operational constraints related to marine
logistics and seasonal weather conditions, hydrodynamic and
geophysical monitoring programs remain active, facilitating
real-time assessment of reservoir conditions and supporting
informed decision-making for field management.

To mitigate declining reservoir pressure, a water
injection program was initiated in 1955 using wells Nos. 37,
38, 39, and 41. Over the course of the program, 56 injection
wells were drilled and operated, targeting multiple reservoir
intervals. However, declining injection efficiency led to the
program's suspension in 1984. During its active period, a
total of approximately 18.74 million cubic meters of water
were injected into the reservoir system (Fig. 13), contributing
to improved displacement efficiency and temporary
stabilization of oil output.

To identify the causes of production decline and enhance
oil recovery in the Darwin Bank oil field, a series of geological
interventions are being carried out. These efforts require a
comprehensive understanding of the physical properties of
the reservoir, including porosity, permeability, and
hydrocarbon saturation, as well as the physicochemical
characteristics of the reservoir fluids and gases (Table 2).
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Table 2
Summarized the geological and physical parameters of the main production zones of the Darwin Bank field
Reservoir Clay Carbonate Porosit Permeabilit Oil Effective Reservoir Reservoir
Horizon Content Content (%) Y (mD) Y| sSaturation | Thickness Temperature Pressure
(%) (%) > (%) (m) (°C) (MPa)

Upper Kirmaki
(KSupper) 30.7 10.3 24-26 240 72-75 16.3 32 9
Lower Kirmaki
(KSiouer) 31.3 8.8 26 235 75 10.3 34 9.5
Pre-Kirmaki
(PKS) 24.6 9.0 26-28 300 75-78 13.7 36 11

The Darwin Bank structure forms part of a meridionally
aligned, arcuate uplift, with a steeply dipping southern limb
and a gently inclined northern flank. This geometry reflects
the impact of compressional stresses associated with the
broader Arabian — Eurasian collision zone. Local tectonic
disturbances, especially in crestal zones, have created
reservoir compartmentalization, influencing pressure
regimes and recovery efficiency.

Since 2009, new offshore platforms and 90 additional wells
have significantly enhanced field performance. Dual — lateral
drilling and the rehabilitation of wells with previously damaged
infrastructure have restored production capacity. Nevertheless,
logistical limitations, aging platforms, and diminishing pressure
support highlight the need for a systematic redevelopment
strategy focused on targeted EOR, structural modeling, and
real-time reservoir monitoring.

The results from both fields underscore the importance
of structural configuration and facies architecture in
controlling hydrocarbon entrapment and recovery in the
South Caspian Basin. The influence of fold-thrust tectonics,
inherited structural trends, and meridional reactivation
patterns have resulted in reservoirs with variable
compartmentalization and uneven saturation distribution.

The continued existence of significant remaining reserves,
particularly in the Darwin Bank field, highlights the limitations
of traditional development practices and the need for updated
approaches. This includes the application of reservoir
simulation, 3D seismic reinterpretation, and modern EOR
methods tailored to specific reservoir conditions.

These fields serve as valuable analogs for structurally
similar accumulations in the region. Their production history
and evolving development challenges offer important
lessons for the management of mature fields across the
Caspian Sea and other tectonically active offshore basins.
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In conclusion, the combined results and interpretation of
this study reaffirm the strategic relevance of both the
Absheron-Bank and Darwin Bank fields. Through integrated
geological reassessment, reservoir modeling, and
infrastructure modernization, their productive life can be
extended, and recovery maximized in alignment with
contemporary energy strategies.

Comparative basin analysis

The hydrocarbon systems of the Absheron-Bank and
Darwin Bank fields share several geological and operational
characteristics with other mature offshore accumulations,
both within the South Caspian Basin and in structurally and
tectonically analogous basins globally. Comparative
analysis enhances the broader applicability of this study and
supports the refinement of development strategies in similar
geological settings.

Within the South Caspian Basin, the Guneshli and Bulla-
Deniz fields serve as prominent analogs. Like Absheron-
Bank and Darwin Bank, these fields are located on
compressional anticlinal structures formed during the
Neogene-Quaternary tectonic phase and are associated
with the prolific Productive Series (Middle Pliocene). The
Guneshli field, Azerbaijan's most productive offshore field,
exhibits similar challenges, including heterogeneous
reservoirs, declining pressure, high water cuts, and aging
infrastructure (Alizade etal., 2018). Secondary recovery
methods such as water and gas injection, coupled with
horizontal well drilling, have been applied with mixed
success — lessons directly transferable to the continued
development of the Darwin Bank field.

The Bulla-Deniz field, predominantly gas-bearing and
also hosted within a brachyanticlinal structure, further
reinforces the value of tectonically controlled traps and
overpressured clay sequences as key elements of South
Caspian petroleum systems (Khalilov, 2012). Reservoir
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compartmentalization and crestal faulting observed at Bulla-
Deniz mirror structural complications are documented at
Darwin Bank, emphasizing the need for high-resolution
seismic imaging and stratigraphic modeling to inform well
placement and pressure management.

Beyond the Caspian region, structural and stratigraphic
parallels can be drawn with the Nile Delta Basin (Eastern
Mediterranean) and the Gulf of Suez (northeast Africa). In
the Nile Delta (Fig. 14), Neogene deltaic sequences
deposited in rapidly subsiding settings overlie mobile shale
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and salt layers, forming anticlinal and faulted traps with
strong stratigraphic control (Dolson etal.,, 2001). The
combination of overpressured systems, complex sediment
architecture, and compartmentalized reservoirs resembles
the geological configuration of the South Caspian's offshore
fields. Technological applications such as 3D seismic
inversion, dynamic reservoir modeling, and geosteering in
the Nile Delta have enabled more effective exploitation of
deep and compartmentalized reservoirs, offering a model for
potential adoption in Azerbaijan's offshore sector.
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Fig. 14. Map of the Nile Delta and the Nile River Basin ((delta images were formed by authors with SRTM open source at:
https://srtm.csi.cgiar.org/)

Similarly, the Gulf of Suez (Fig. 15), a mature rift basin,
exhibits a long production history from faulted anticlinal traps
formed by extensional tectonics, with Miocene and pre-
Miocene reservoirs. Despite tectonic divergence in origin,
the Suez Basin shares operational challenges with the South
infrastructure,
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encroachment, and enhanced oil recovery demands. EOR
practices employed in the Gulf of Suez — such as steam
flooding, surfactant-polymer injection, and infill horizontal
drilling — can inform potential interventions in the late-stage
development of the Absheron-Bank and Darwin Bank fields
(Said et al., 2014; El Diasty, & El Beialy, 2015).

32°6'E 33"[9' E

29°42'N

Fig. 15. A generalized structural map of the Gulf of Suez rift (Isaac, & Abu El Ata, 2023)
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Overall, the comparative analysis underscores the value
of cross-basin knowledge transfer. Lessons from analogous
fields — both regional and global — highlight the importance
of adaptive field management strategies grounded in
integrated geoscientific and engineering approaches.

Discussion and conclusions

This comprehensive reassessment of the Absheron-Bank
and Darwin Bank oil fields within the South Caspian Basin
highlights the complex interplay of tectonic structure,
stratigraphy, and reservoir dynamics that govern hydrocarbon
accumulation and recovery in this geologically unique region.
Both fields, situated within the Absheron—Prebalkhan tectonic
corridor, are characterized by thick Neogene successions,
well-developed brachyanticlinal structures, and highly
heterogeneous reservoir properties shaped by prolonged
compressional tectonics and rapid sedimentation.

The Absheron-Bank field, with its relatively modest scale
and limited drilling infrastructure, has yielded a total of 495.8
thousand tons of oil and 1,195.2 million cubic meters of
natural gas since discovery. Approximately 39.4 % of the
recoverable oil reserves have been produced, with current
field operations constrained by aging infrastructure and
limited active well stock. The Kirmaki and Gala suites remain
the principal productive units, characterized by moderate
porosity and permeability, and still contain significant
residual reserves that may be amenable to enhanced
recovery techniques.

In contrast, the Darwin Bank field exhibits a substantially
larger resource base and development history, with
cumulative production reaching nearly 18 million tons of oil
and over 1.4 billion cubic meters of dissolved gas. Despite
entering the final stage of its production life cycle, the field
retains approximately 5.95 million tons of recoverable oil and
over 353 million cubic meters of dissolved gas. The primary
productive horizons — Prekirmaki, Kirmaki (upper and lower),
and Gala suites — demonstrate favorable reservoir
parameters, including high porosity (up to 28 %) and
permeability (up to 300 mD), particularly in the Prekirmaki
unit. However, field performance continues to be challenged
by structural compartmentalization, water encroachment,
and infrastructure degradation.

The methodology and interpretative framework
developed in this study extend beyond the immediate scope
of the South Caspian region. The integration of historical
production records, reservoir diagnostics, and tectono-
stratigraphic interpretation can be adapted for other mature
offshore fields located in structurally complex and
tectonically active basins. Examples include the Nile Delta,
Gulf of Suez, and parts of the Gulf of Mexico, where
analogous compressional regimes, rapid sedimentation, and
compartmentalized reservoirs exist. Therefore, the results of
this study can contribute to broader global practices in
revitalizing mature hydrocarbon assets under similar
geological and operational constraints.

In conclusion, the combined results and interpretation of
this study reaffirm the strategic relevance of both the
Absheron-Bank and Darwin Bank fields. Through integrated
geological reassessment, reservoir modeling, and
infrastructure modernization, their productive life can be
extended, and recovery maximized in alignment with
contemporary energy strategies.
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KOMMJIEKCHA NEPEOLIHKA BYIMEBOOHEBOIO NOTEHUIAIY POOOBULL AMLWWEPOH BAHKA
TA OAPBIH BAHKA HA ANWUEPOHCbBKO-NPUBAJNIXAHCbKOMY CTPYKTYPHOMY MNMOPO3I

B cTyn. [liedeHHokacnilicbkuli 6aceliH € 8UHSIMKOBOIH 2e00UHaMi4HON MPOBiHYie, W0 8uUpPi3HIEMbCSI Had38u4YalHOK MOMYyXHicmio
ocadoeoz20 Yyoxs1a ma akmueHUMU Haghmo2a3oHOCHUMU cucmemamu, wjo dae 3Mo2y eiOHecmu Uio2o 00 NpoeidHUX HaghMOHOCHUX pezioHie ceimy.
OmoyeHull KoniziliHuMu opo2eHHUMU nosicamu, 6aceliH akyMytoeae noHaod 25 kM ocadosux rnopio, 3 sikux noHad 10 km 6ys10 gidknadeHo NMPomsi2om
ocmaHHix wecmu MinblioHie pokie. Taka iHmeHcueHa cy6cidaHuyisi Ui 3aHypeHHs1 eidbyeanucsi 3a YyMO8 aHOMaslbHO HU3bKO20 2e0mepMi4HO20
epadieHma, w0 crnpusiio mpusaryoMy ¢HopMysaHHIO eyareeo00Hi8 Ha anubuHax noHad 8-12 kM. PezioHanbHO MOwUpPeHi aHMUKNiHaNbHI
cmpykmypu, iHmepnpemoeaHi sik cknad4Yacmi 32uUHU, ymeopeHi Had 6a3asibHOI M/IOWUHON eidpuey, eusie/leHO 3ae0sIKU pez2ioHanbHIil 2D-
celicmopo3eidyi. lMoedHaHHs aKmueHoi 2eHepauii eyaneeodHie, HasiBHOCMI eslUKUX HEeOCBOEHUX CMPYKMYPHUX Macmok i crnpusmaueo2o
iHeecmuyjilino2o cepedoesuuja nideuulye cmpameziyHe 3Ha4yeHHs1 6aceliHy e 27106a51bHOMY eHep2emu4YHOMY CEeKmopi.

Y mexax uiei mekmoHi4HO cknadHoi 30HU AnwepoHcbKko-lped6anxaHcbKuli cmpyKmypHuUll nopiz € o0HIi€ 3 KII0408UX Haghmo2a3oHOCHUX
npoeiHyili, uy0 oxonsroe HU3KY cmpame2i4yHO 8axyiueux podosul, 30kpema podosuuja AnwepoHcbko20 6aHKy ma baHky [fapeiHa. Lje docnidxeHHs
npedcmasensie uinicHy, iHmezaposaHy 3 0aHUMU OUiHKY IXHbO20 8y2/71e800HE8020 MomeHyiasy Ha ocHoei 6azamopiyHux po3eidok, icmopuy4yHux
noka3Hukie eudo6ymky ma 2eoHaykoeux AaHux npo Hadpa. Podoesuwe AnwepoHcbKko20 6aHKy gidkpumo y 1951 p. 3a 25 kM Ha nieHiy eid ocmpoesa
Mipannaxu, a podosuwe baHky [lapsiHa — y 1950 p.; o6udea maromb MeKMOHI4YHY CrIOPiOHeHicMb 3 Npune2uMU aHMUKiHanbHUMU cmpyKkmypamu
ma € yeHmpanbHUMU 06'eKmamMu yb020 aHanisy.

MeToAawv. [ns oyiHKku xapakmepucmuK Kosiekmopie fnpoeedeHO 2e051020-2e0(hi3udHi OOCIiOKeHHsl, WO ekKrYanu cmpamuzpagiyHy
Kopensyito, aHani3 nnacmosux muckie ma npodykmueHocmi. [laHi kepHoeo20 Mamepiany ma celicMopo38idKu iHmezpysanucsi 3 nempogisudHUMU
napaMempamu — fopucmicmio, MPOHUKHICMIO, Hacu4YeHHSIM ¢boidamMu — 3 Memoro xapakmepucmuka NpPoOyKMUEHUX 20PU3OHMie (30kpema,
KipMaKuHCbKO20 ma Ka/luHCbKO20 sipycis).

Pe3ynbTarTtu. Peaynbmamu eka3yromb Ha HasieHicmb 3Ha4YHUX CKYn4YeHb ey2/1ee00Hie y HUXHbonnioyeHoeux eidknadax MpodykmueHoi
cepii. [loyamkoei 3anacu podosuuja AnwepoHcbko20 6aHKy 3a kamezopissmu B+C1+C2 ouiHtorombesi y 6,3 MiiH m Hagpmu ma noHad 2,5 mnpo m*
PO34YuHeHo20 U einbHo20 2a3y. CmaHoOM Ha ciyeHb 2022 p. npobypeHo 74 ceepdnoeuHu, siki 3a6esneqyunu eudobymok 495,8 muc. m Hagpmu ma
6nu3sbko 1,2 Mmnpd m?® 2a3y, ujo cmaHosums 39,4 % eid oyiHeHuUx suny4eHux 3anacie Hagpmu.

Podoesuuje Banky [apeiHa, po3pobka siko2o 3dilicHroeanacsi 4epe3 776 ceepdnoeuH, O0ano 6nusbko 17,9 MnH m Hagpmu ma 1,4 Mapo m*
PO34YUHEHO20 2a3y, Npu Ybomy 6yo suny4eHo matixe 80 % npo2Ho308aHUX eusly4yeHux 3anacie. [lomo4Hi po6omu 30cepedxeHo Ha 3agepwasibHOMy
emani npodykmueHo20 YuKkiy podoeuuwja, Kosu criocmepicaembcsi 3HUXEHHS1 O0ebimie ma 3HoweHicmb iHghpacmpykmypu, w0 cmeoproe
ekcrnyamauitiHi mpyoHouwi.

B 1 c H 0 B Kk u. [JocnioxeHHs nidkpecsitoe HeobxiOHicmb NodanbW o020 enpo8adeHHs1 3axodie NiOGmpPuUMKU N1acmoeo20 MUCKY, 3acimocyeaHHs
memodie nidsuwyeHHs1 HagpmoeunyyeHHss (EOR) ma onmumi3ayii pexxumie 3akayyeaHHsi eoOu 3 Memoro NPOOOEXEeHHSI MepMiHy egekmueHoi
ekcrinyamauii podosuw. Takox Hazo/mowyembcCsi Ha eaxueocmi 6e3nepepeHO20 2e0s102i4HO20, nempogizuyHo20 ma 2idpoduHaMi4Ho20
MOHiImopuHay 9ns peani3ayii adanmueHoz20 ynpaesniHHs po3pobkoro, ocobnueo e yMoeax 3pinux wenbgoeux o6'ckmie [liedeHHokacnilicbKoi
Haghmo2a30HOCHOI NPosiHYii.

Knwo4yoBi cnoBa: [liedeHHokacnilickkuli 6aceliH, AnwepoHcbko-llped6anxaHcbka MeEKMOHIYHa 30Ha, Haghmozasoeuli momeHyian,
wenbgoei podosuwia, xapakmepucmuka kosiekmopis, [I[podykmueHa cepisi, nidsuwieHHs1 HagpmoesusyveHHsi (EOR).

ABTOpM 3a8BNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniaxeHHs; y 36opi, aHanisi un
iHTepnpeTauii AaHWX; y HanMCcaHHi pyKonucy; B pilleHHi Npo nybnikauito pesynbTarTis.
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HYDROCARBON PATTERNS ACROSS TIME AND STRUCTURE:
A MULTI-METHOD STUDY OF THE BAKU ARCHIPELAGO PETROLEUM SYSTEMS

(lMMpedcmaeneHo YneHoM pedakyiliHoi kosezii 0-pom 2eos. Hayk, npog. B.A. Muxalinoeum)

Background. The Baku Archipelago, situated within the western offshore margin of the South Caspian Basin, represents
one of the most prolific hydrocarbon-bearing regions in Azerbaijan. Its tectonic continuity with the Southern Gobustan and Lower
Kura Depression zones, coupled with the unique geological evolution of the South Caspian megadepression, has led to the
formation of complex oil, gas, and gas-condensate systems within the Lower Pliocene Productive Series (PS). Despite decades of
exploration and development, the mechanisms controlling the spatial distribution, migration pathways, and compositional
variations of hydrocarbons across this region remain the subject of scientific debate.

Methods. This study integrates a comprehensive suite of geological, geochemical, and geophysical data from multiple
fields, including Duvanni-deniz, Sangachal-deniz, Bulla Island, Bulla-deniz, and Garasu. Analytical methods included gas
chromatography for light and heavy hydrocarbon fractions, elemental analysis, hydrochemical classification of formation waters,
and the calculation of geochemical indices such as n/isoalkane ratios, 2(nC;3-nC,5)/2(nC;—nC3y), and Z(iC;3-iC15)/2(iC14-iC>3).
Structural and stratigraphic interpretations were supported by seismic data and well logs.

Results. The study identifies two distinct genetic groups of oils within the archipelago, corresponding to the southwestern
and northeastern limbs of major structures. Hydrocarbon composition is shown to correlate with burial depth, structural position,
and the mineralogical characteristics of surrounding formations. Vertical hydrochemical inversions, characterized by ultra-alkaline,
low-mineralized waters underlying more mineralized strata, suggest significant upward migration of deep fluids. Increasing
methane content and decreasing concentrations of methane homologs with depth, combined with rising gas dryness, support the
concept of thermally driven compositional differentiation. Additionally, biodegradation signatures in high-molecular-weight
fractions provide evidence of post-accumulation alteration.

Conclusions. The findings highlight the dominant role of vertical migration and secondary geochemical processes —
including catagenesis, phase separation, and biodegradation — in shaping the present-day distribution and composition of
hydrocarbon fluids in the Baku Archipelago. The strong alignment between fluid composition, structural setting, and reservoir
properties underscores the necessity of integrated basin modeling approaches for future exploration. These insights offer a refined
framework for predicting hydrocarbon type and quality in untested segments of the Productive Series and deeper stratigraphic
units of the South Caspian Basin.

Keywords: South Caspian Basin, Baku Archipelago, hydrocarbon migration, gas-condensate systems, geochemistry,

n-alkanes, isoprenoids, catagenesis, biodegradation, vertical transport, Productive Series.

Background

The South Caspian Basin (SCB) is one of the world's
most geodynamically active and hydrocarbon-rich regions.
As the deepest and most sediment-filled segment of the
broader Caspian depression, it forms a major petroleum
province within the Alpine-Himalayan orogenic belt
(Pogorelova, 2019; Mikhailov, 2017; Glumov et al., 2004).
The basin's unique geotectonic evolution — characterized by
rapid subsidence, overpressured clay sequences, and salt
tectonics — has resulted in the accumulation of exceptionally
thick sedimentary sequences, primarily of Neogene -
Quaternary age, and the development of prolific petroleum
systems (Javanshir et al., 2015).

Situated along the western margin of the SCB, the Baku
Archipelago represents a southeastern offshore extension of
the tectonic zones of Southern Gobustan and the Lower
Kura Depression. This structural ensemble consists of a
chain of submerged and partially emergent anticlines, fault
blocks, and mud volcano systems, forming one of the most
intensively explored oil- and gas-producing areas in
Azerbaijan and the entire Caspian region (Aliyeva, 2021;
Kerimov etal.,, 2015). Fields such as Duvanni-deniz,
Sangachal-deniz, Bulla Island, Bulla-deniz, and Garasu
Island have been the focus of sustained hydrocarbon
exploration and production since the mid-20th century
(Kerimov, Sharifov, & Zeynalova, 2023).

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

The principal petroleum-bearing interval in the Baku
Archipelago is the Lower Pliocene Productive Series (PS), a
thick sedimentary succession composed of alternating
sandstones, siltstones, and claystones (Aliyeva, 2004).
Reservoir quality is variable across the V, VII, and VIII horizons,
which host most of the discovered accumulations (Katz et al.,
2000). These strata are overlain and interbedded with
regionally extensive sealing clay-rich intervals, creating
favorable conditions for stratigraphic and structural
entrapment. The underlying Prekirmaki (PK) Suite also
contributes to the vertical fluid system, influencing migration
and pressure regimes (Pashayev, Shahbazov, & Karimzada,
2024; Kerimova, 2023).

Hydrocarbon accumulations within the archipelago
display significant lateral and vertical heterogeneity in terms
of fluid composition, saturation, and phase behavior. This
variability reflects a complex interplay between structural
evolution, burial history, and secondary alteration processes
such as catagenesis, biodegradation, and phase separation
(Mammadov, 2010). Of particular interest are the geochemical
signatures preserved in gas, oil, and condensate samples,
including variations in n-alkane and isoprenoid distributions,
carbon number profiles, and molecular markers indicative of
source rock maturity and migration pathways (Petrov, 1974).

In recent years, increased attention has been devoted to
deciphering the mechanisms of hydrocarbon migration in the

© Mammadov Huseynaga, Abdulla-Zada Murad, 2025
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Baku Archipelago, particularly the relative roles of vertical
versus lateral transport and the influence of abnormal pressure
regimes and hydrochemical inversions (Mustaev, 2017;
Abrams, & Narimanov, 1997). Understanding these processes
is critical for reliable prediction of fluid phase, composition, and
distribution in both existing and unexplored structures.

This study aims to characterize the geochemical and phase
behavior of hydrocarbon systems across the Baku Archipelago

—————| ™,

through an integrated analysis of flud composition,
stratigraphy, and structural framework. The findings offer new
insights into the genetic classification of hydrocarbons, the
evolution of petroleum systems, and the mechanisms that
control the spatial architecture of oil and gas accumulations in
the South Caspian Basin (Javanshir et al., 2015) (Fig. 1).

ﬂhflnlml

3000 0

Fig. 1. A. The structural map of the Fasila suite within the South Caspian Basin (SCB) illustrates the pronounced relief of SCB
anticlines, with the elevation change from syncline to the crest of the structure exceeding 3 kilometers. B. The sedimentation rate
from the Pleistocene epoch to the present is depicted in meters per million years within the SCB, highlighting significant
disparities in sedimentation rates between synclines and the crests of structures (According to Javanshir et al., 2015)

In Baku Archipelago industrial deposits were discovered
in the VIII horizon of the Balakhkhany suite, the Fasila suite,
and the Postkirmaky sandy suite. Deposits of the stratal type
are associated mainly with crestal tectonically shielded
deposits. A characteristic feature of the oil and gas content
of the Productive Serie section is the regular replacement of
oil deposits with gas and gas condensate deposits in the
direction of the regional immersion of layers.

ISSN 1728-3817

The Sangachal-deniz — Duvanny-deniz — Khara-Zira —
Bulla-deniz anticline belt is located within the northern part of
the Baku Archipelago oil and gas region. A characteristic
feature of the tectonic structure of the anticline belt is the
presence of large longitudinal faults in the axial parts of the
structures. Foci of mud volcanic activity are often associated
with longitudinal faults. Numerous transverse faults divide the
structures into separate tectonic blocks (Alizade et al., 2018).



FEONOrIA. 3(110)/2025

~ 71 ~

Methods

This study integrates geological, geochemical, and
geophysical datasets obtained from multiple hydrocarbon fields
within the Baku Archipelago, a region located on the western
flank of the South Caspian Basin. The investigation focused
primarily on the Lower Pliocene interval of the Productive
Series (PS), including the V, VII, and VIl stratigraphic horizons,
as well as the underlying Prekirmaki (PK) Suite.

Field data were derived from exploratory and production
wells at Duvanni-deniz, Sangachal-deniz, Bulla Island,
Bulla-deniz, and Garasu Island, covering both the
northeastern and southwestern flanks of key structural
features (Alizade etal., 2018). Core samples, fluid
inclusions, and well logs were utilized for lithostratigraphic
correlation and the delineation of reservoir and seal facies
(Yusubov, & Guliev, 2015).

Formation waters were analyzed from multiple
stratigraphic levels to determine their ionic composition and
total salinity. Classification into Ca-Cl, Mg-Cl, Na-CI-Ca, Na-
SO,, and Na-HCO; types was based on standard
hydrochemical ratios, with measurements expressed in
milliequivalents per 100 grams of water).

Gas samples were collected from V, VII, and VI
horizons as well as from the PK Suite. Gas composition was
determined using gas chromatography, focusing on
methane, methane homologs (C,—C,), nitrogen, carbon
dioxide, and helium. Dryness coefficients and pressure
gradients (P_res) were calculated to assess vertical and
lateral migration trends (Mammadov, 2010; 2015).

Oil and condensate samples were subjected to detailed
compositional analysis. Light hydrocarbon fractions (Cs—Csg)
were separated by fractional distillation and analyzed by gas

cyclohexanes to cyclopentanes, and mono-/di-/tri-
substituted isoalkanes were determined following the
methodology of Chakhmakhchev (1979). Elemental
analyses (C, H, S, N, O) were conducted according to ASTM
standards, and nickel-porphyrin complexes were quantified
spectrophotometrically (Ashumov, 1961).

Heavier hydrocarbon fractions (C;,—C5,) were analyzed
for n-alkane distribution, odd/even carbon number ratios,
and isoprenoid content. The geochemical indices
2(nC13—NnC;,5)/Z(nC12—NnCsy), 2(iC13—iC25)/Z(NC12—nC3y),
and X(iC13—iCy6)/2(iC1s—iCz3) were used to infer thermal
maturity, catagenetic alteration, and migration pathways.
Biodegradation patterns were evaluated by identifying
selective depletion of low-boiling n-alkanes and isoprenoids.

Structural and hydrodynamic features were interpreted
using seismic data and well correlations (Ganbarova et al.,
2024). Particular attention was paid to hypsometric changes
in structural elements over time, regional folding trends, and
the presence of abnormally high formation pressures
(AHFP), which were inferred from well test data and mud
volcano activity (Nasibova et al., 2024; Mustaev, 2017).

Characteristics of formation waters. A downward
decrease in mineralization is observed across the stratigraphic
column. Formation waters of the Surakhany Suite are classified
as belonging to the chlorocalcium (Ca—Cl) and
chloromagnesium (Mg—Cl) types, characterized by elevated
mineralization levels (137—-165 mgeg/L per 100 g of water).

Waters of the V horizon are transitional — from alkaline to
hard types — and correspond to a mixed chlorosodium-
calcium (Na-Cl-Ca) type, with total mineralization ranging
from 48.4 to 82.6 mgeq/L per 100 g of water.

chromatography. Ratios of n-alkanes to isoalkanes,
Table 1
Chemical Composition of Formation Waters in Lower Pliocene Deposits

Parameter Prekirmaki suite Postkirmaki sandy suite VIl horizon V horizon
Number of analyses 18 35 380 70
Total mineralization, g/dm? 16.5 18.8 19.7 20.1
Specific gravity at 20°C 1.0127 1.0136 1.0148 1.0156
CI~, mgeq/L per 100 g water 18.1 23.7 27.04 30.66
S0,*", mgeq/L per 100 g water 4.67 3.66 1.50 2.35
HSO;~, mgeq/L per 100 g water 1.94 1.41 2.40 0.45
CO3*", mgeg/L per 100 g water 0.40 0.47 0.72 0.10
RCOO", mgeq/L per 100 g water 1.30 1.1 0.50 0.30
Ca**, mgeq/L per 100 g water 0.19 0.80 0.40 2.31
Mg?*, mgeg/L per 100 g water 0.14 0.34 0.29 0.82
Na*+K*, mgeg/L per 100 g water 24.96 29.30 31.90 30.65
>(A+K), mequiv per 100 g water 51.70 60.79 64.75 67.64
Palmer water classes — S, % 88.08 90.02 88.16 90.63
S, % - - - 6.96
Az, % 8.48 6.38 10.38 -
A, % 3.44 3.60 1.46 2.4
rNa*/rClI~ 1.38 1.24 1.18 1.00
(rNa*—rCI")/rSO,*" 1.47 1.53 3.24 0.00
rSO,*/(rClI"+rSO4*) 0.20 0.13 0.05 0.07

Waters from the VIl horizon, on the southwestern limbs of
the Sangachal-deniz, Duvanni-deniz, and Bulla structures, are
of the Mg-Cl, Ca-Cl, and bicarbonate-sodium (Na-HCO3) types.
On the northeastern limbs of these same uplifts, a clear trend is
observed: chloride and alkali-metal-rich waters show
decreasing mineralization in the southeastward direction, while
bicarbonate concentrations increase. This pattern reflects a
gradual transition in water types from Ca-Cl and sulfate-sodium
(Na-SO,) to predominantly bicarbonate-sodium (Na-HCOs).
Overall, within the northeastern limbs of the VII horizon,
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formation waters are predominantly of the Na-HCO; type, with
mineralization in the range of 60—65 mgeq/L per 100 g of water.

Formation waters of the VIII horizon are also classified
primarily as Na-HCO; type, with mineralization varying
between 35.9 and 89.8 mgeq/L per 100 g of water, though
instances of Na-SO, water types are also recorded.
Formation waters of the Prekirmaki (PK) Suite are classified
as belonging to the bicarbonate-sodium (Na-HCOs) type, yet
exhibit even lower mineralization levels, ranging between
35.6 and 48.0 mgeq/L per 100 g of water.
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Across the Baku Archipelago fields — and likewise in
other accumulations situated along the western and eastern
flanks of the South Caspian Basin — a consistent vertical
trend is observed: formation water salinity systematically
decreases downward through the stratigraphic succession
of Lower Pliocene deposits (Table 1).

Gas composition and zoning

The gaseous phase of hydrocarbon accumulations in the
Baku Archipelago is composed almost entirely (97—99 %) of
hydrocarbons.

In gases from the V horizon, methane content varies
between 91.56 % and 96.51 %, showing a general increase
from Duvanni-deniz towards Bulla Island.

The gases of the VII horizon display a wider range of
compositional variability: methane ranges from 91.84 % to
94.06 %, methane homologs from 5.10% to 7.50 %,
nitrogen from 0.36 % to 2.11 %, carbon dioxide from 0.38 %
to 1.20 %, and helium from 0.00050 % to 0.00056 %. As a
rule, the abundance of individual hydrocarbons declines with
increasing molecular weight. Within the Sangachal-deniz
and Duvanni-deniz fields, a decrease in methane content is
observed down the dip of the reservoir (Johnson et al.,
2010). Regionally, in the southeastward direction, methane
content decreases from Sangachal-deniz to Duvanni-deniz,
then increases again toward Bulla Island. In contrast, the
concentration of methane homologs declines from Duvanni-
deniz both northwestward (toward Sangachal-deniz) and
southeastward (toward Bulla).

In the VIII horizon, compositional fluctuations are
relatively minor: methane ranges from 93.28 % to 95.28 %,
methane homologs from 4.10 % to 5.70 %, and CO, from
0.16 % to 0.60 %.

Gases of the PK Suite in the Duvanni-deniz area consist
predominantly of methane (97.62 %), with homologs
comprising 2.18 % and carbon dioxide 0.20 %. In contrast,
gases from the Bulla-deniz field contain 91.63 % to 93.11 %
methane, 4.04 % to 5.85 % ethane, and 0.16 % to 0.48 %
carbon dioxide. With increasing reservoir depth, there is a
consistent rise in the proportion of higher molecular weight
liquid hydrocarbon vapors, ranging from pentane to heptane.
This stratigraphic deepening — along with a trend toward
increased gas saturation — correlates with a progressive rise
in methane concentration, accompanied by a steady decline
in both methane homologs and CO, content.

Gases released by hydrocarbon-bearing mud volcanoes
on Duvanni and Bulla Islands exhibit methane
concentrations between 93.35% and 94.11 %, with
methane homologs comprising 4.19 % to 5.01 %.

Chemical and physical properties of oils and
condensates

The oils of the Baku Archipelago are compositionally
diverse, reflecting their varied reservoir settings, structural
positions, and burial depths. These oils also demonstrate
significant differences associated with specific tectonic blocks.

According to their molecular composition, the oils and
condensates of the archipelago can be categorized into
Type A' and A? (Petrov, 1974), corresponding to the
methanic and naphtheno-methanic types, respectively.

Overall, two principal oil groups are distinguished across
the studied fields:

Group | includes oils from the southwestern limb of the Bulla
and Garasu structures. These oils are characterized by
relatively high densities (0.935-0.961 g/cm®) and elevated
concentrations  of  high-molecular-weight  heteroatomic
compounds — namely resins (22-28 %) and asphaltenes (14—
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17 %) —a pattern attributed to the relative accumulation of these
heavy fractions following the loss of lighter hydrocarbons.

Group Il comprises oils from the northeastern limbs of
the Sangachal-deniz, Duvanni-deniz, Bulla Island, and
Bulla-deniz structures.

It has been established that within the northeastern limbs
of the Sangachal-deniz and Bulla structures, the density of
VIl-horizon oils increases from the crest and flanks of the
folds toward their periclines. This pattern of gravitational
differentiation — though varying in clarity — is also observed
within most tectonic blocks of the Duvanni-deniz area.

Regionally, oil density first increases from Sangachal-
deniz (0.870 g/cm?®) to Duvanni-deniz (0.882 g/cm?), then
decreases toward Bulla Island (0.871 g/cm?). Along with the
direction of regional structural deepening, a general
decrease is observed in the concentrations of paraffins,
resins, and asphaltenes, although the trends exhibit local
irregularities and are not always directly tied to changes in
density. Resin content varies within a broad range (6 % to
18-25%), while asphaltene content fluctuates from 0.2—
0.7 % up to 1.4—4.6 %.

It is suggested that the absence of consistent
compositional trends in oils is primarily governed by the
properties of the Upper Pliocene—Quaternary regional fluid
seal during the primary and secondary stages of reservoir
formation and reformation.

The studied oils are generally low in sulfur, with
contents ranging from 0.124 % to 0.270 %. Ash content
varies from 0.0032 % to 0.3624 %, while the concentration
of nickel-porphyrin complexes ranges from 0.33 to 1.09 mg
per 100 g of oil.

The elemental composition of oils from the VII horizon is
characterized by the following average contents (wt.%):
carbon — 86.80 %, hydrogen — 12.45 %, sulfur — 0.25 %,
nitrogen — 0.15 %, and oxygen — 0.30 % (Ashumov, 1961).

The light fraction of these oils (initial boiling point: 150 °C) is
distinguished by a low content of aromatic hydrocarbons
(ranging from 11.37 % to 17.32 %), while the relative
abundance of naphthenic (34.92-47.84 %) and methanic
(40.56—49.35 %) hydrocarbons is nearly equivalent.

In the deasphalted fractions of oils from the VII horizon
at the Sangachal-deniz field, a down-dip decrease in the
number of naphthenic cycles (Kn/Ko ratio dropping from
0.93 to 0.70) is observed, accompanied by an increase in
the proportion of aromatic rings (Ka/Ko increasing from
0.07 to 0.30). The aliphaticity index (Cm/Ca+Cn) also rises
from the structurally elevated part of the reservoir to its
deeper segments, ranging from 1.12 to 1.54. A similar trend
is noted in the Duvanni-deniz field, where increasing burial
depth within the VIl horizon corresponds to a reduction in the
Kn/Ko ratio (from 0.86 to 0.74), a growth in the Ka/Ko ratio
(from 0.14 to 0.26), and an enhancement in aliphaticity
(Cm/Ca+Cn rising from 1.10 to 1.21). Along the regional
structural plunge traced by the profile Kyanyazdag —
Sangachal-deniz — Duvanni-deniz — Bulla Island, the number
of naphthenic rings varies as follows: 1.48 — 1.36 — 1.42
— 0.74, while the corresponding aromatic ring indices are:
0.42 — 0.49 — 0.44 — 0.58.

It has been firmly established that oil density, molecular
weight, and condensate yield exhibit a direct correlation with
burial depth. As stratigraphic depth increases, so do both
density and the extent of the boiling range. These trends are
interpreted as a consequence of rising reservoir
temperatures and pressures at greater depths, leading to the
dissolution of increasingly heavier hydrocarbon molecules in



FEONOrIA. 3(110)/2025

~73 ~

the gas phase. Consequently, deeper-sourced condensates
tend to display higher densities and broader boiling intervals.

Geochemical indicators: alkanes, isoprenoids,
maturity indices

The distribution of n-alkanes in the C,,—C;, fraction
provides further insight into the classification of oils across
the studied areas. Two principal groups are identified:

Group | — Oils from the southwestern limbs of the Bulla and
Garasu structures (e.g., well 542 and well 25), where the peak
concentrations of individual hydrocarbons are shifted toward
the mid- and high-molecular-weight range (Fig. 2).

Group Il — Oils from the northeastern limbs of the
Sangachal-deniz, Duvanni-deniz, Bulla Island, and Bulla-
deniz structures.

With increasing burial depth of the VII horizon — and
accordingly, with stratigraphic deepening — the total content
of n-alkanes rises. In the Duvanni-deniz area, marked
differences are observed in the distribution pattern and peak
position of n-alkane concentrations, along with a progressive
southeastward decline in the odd-to-even carbon number
ratios. The observed leveling of odd/even ratios in high-

molecular-weight n-alkanes within VII-horizon oils has been
attributed to the onset of destructive transformation
reactions during migration (Mekhtiev, & Mamedov, 1977).
Across the studied oils and condensates, odd/even ratios
vary within a narrow range of 1.01-1.10.

The distribution of isoprenoid hydrocarbons in oils and
condensates of the Baku Archipelago is predominantly
unimodal in character (Fig. 3). All studied samples exhibit a
well-defined maximum at pristane (iC4¢), while a minimum is
consistently observed in the iC;, component (C,,, 6,10-
trimethylundecane).

The total content of isoprenoid hydrocarbons in the
C13—C46 range within oils and condensates varies between
1.43 % and 5.39 % across the examined areas.

With increasing burial depth of the VII horizon, a distinct
geochemical trend is observed: the overall concentration of
isoprenoid hydrocarbons, as well as the ratio Z(iCi3—
iC,5)/Z(nC1,—nC3q), systematically decreases. In contrast,
the ratio X(iCy3—iC16)/Z(iC1s—iC,3) exhibits a marked
increase (Mekhtiev, & Mamedov, 1978).
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Fig. 2. Distribution diagram of n-alkanes in crude oils
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Fig. 3. Distribution diagram of isoprenoid hydrocarbons in crude oils (A, B, C) and condensates (D, E)

Gasoline fractions and isomeric composition

Within the gasoline fractions (initial boiling point: 150 °C),
the relative contents of methanic and naphthenic
hydrocarbons vary within the ranges of 48.13-52.70 % and
47.30-51.87 %, respectively. These proportions result in a
narrowly constrained alkane/naphthene ratio, fluctuating
between 0.92 and 1.11.

Methanic hydrocarbons are notably dominated by
isoalkanes. The n-alkane/isoalkane ratio remains below
unity (0.56-0.60); however, a distinct upward trend in this
ratio is observed with increasing stratigraphic depth,
progressing from the V to the VIII horizon.

Naphthenic hydrocarbons are composed primarily of
cyclohexane derivatives (33.46-36.46 %) and cyclopentane
derivatives (11.88-16.41 %).

The structural composition of the gasoline fractions also
reveals a consistent predominance of isomers bearing a
methyl group at the second carbon atom in hydrocarbons

with even-numbered chains — notably C4 and Cg
(i.e., 2MP>3MP; 2MNP>3MNP). Conversely, for odd-
numbered hydrocarbons such as C,, the reverse

relationship holds (2MP<3MP).
Across the Sangachal-deniz, Duvanni-deniz, Bulla
Island, and Bulla-deniz fields, a pronounced enrichment of
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gasoline fractions (boiling points 150-200 °C) in methanic
hydrocarbons and arenes is observed, correlating with
increasing hypsometric and stratigraphic depth of the V and
VIl horizon reservoirs. This enrichment is attributed to
thermocatalytic transformation of high-molecular-weight
naphthenic, aromatic, and naphtheno-aromatic
hydrocarbons (Duppenbecker et al., 2009).

The influence of catagenesis on the hydrocarbon
composition of the de-gasoline oil fractions was evaluated
based on changes in the total content of n-alkanes and
isoprenoid hydrocarbons within individual accumulations (V,
VII, and VIII horizons), as well as along the stratigraphic
column. Special attention was given to variations in the
geochemical indices 2(nC;3—nC;5)/Z(nC1,—nC3,) and
2(iC13—iCy6)/Z(iC1g—-iC33). In all cases, increasing burial
depth (and associated temperatures) is accompanied by a
systematic rise in the overall content of n-alkanes and the
2(iC13—iC46)/2(iC1g—-iC;3) ratio, along with a concurrent
decline in the abundance of isoprenoids and the Z(iC;5—
iC25)/Z(nC1,—nC3) ratio.

Evidence of biodegradation is discernible within the high-
molecular-weight fraction (C;,—Cso) of oils from the
southwestern limbs of the Bulla and Garasu structures. This
process appears to primarily target the destruction of low-
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boiling n-alkanes, followed — though to a lesser extent — by
the alteration of isoprenoid hydrocarbons (Fig. 2, 3).

The observed patterns in the variation of several
parameters within the de-gasoline fractions of crude oils and
condensates provide additional insight into the processes of
hydrocarbon migration and accumulation. It has been

established that, across the studied areas, there is a
consistent upward increase in the ratio of low-molecular-
weight n-alkanes and isoprenoid hydrocarbons to higher-
molecular-weight compounds along the direction of
hydrocarbon migration (Table 2).

Table 2
Specific features of the individual composition of the non-gasoline fraction of crude oils and condensates
from hydrocarbon accumulations in the Baku Archipelago across different horizons
Duvanny-deniz — Bulla Island Bulla-deniz
Indicators \" \" Vil Vil \" Vil
(Oil) (Condensate) (Oil) (Condensate) (Condensate) (Condensate)
Z(nC12—nC45)/Z(NC4—nCyo) 1.69-1.76 3.20 0.56-1.14 1.14-1.54 1.50 1.25
2(nC16—NC49)/Z(NC2o—nC23) 1.01-1.19 2.95 0.85-1.07 1.34-1.95 1.90 1.26
Z(iC15—iC15)/Z(iC21—iCys5) 1.69-2.45 5.37 1.02-1.34 2.954.13 2.72 1.12
These transformations are most likely the result of Vertical and lateral facies transitions, tectonic

compositional differentiation occurring during the vertical
migration of gas-oil (GNS) and gas-condensate (GCS)
systems. This differentiation arises from a combination of
chromatographic effects and the progressive reduction of
pressure and temperature along the migration pathway.

From these observations, several key conclusions can
be drawn:

1. The hydrochemical inversion identified in formation
waters is interpreted as the result of mixing between
sedimentary waters and deeply sourced, ultra-alkaline
waters. The latter ascend through faults and eruptive
conduits associated with mud volcanoes, and are
geochemically foreign to the productive reservoir sequence.

2. The composition and physical properties of gases
vary both vertically within individual petroleum systems and
laterally along the regional structural plunge of equivalent
stratigraphic units.

3. The observed variability in oil characteristics across
the region is attributed primarily to secondary natural
processes, including catagenesis, hypergenesis, and
compositional differentiation during migration.

Results

The formation of hydrocarbon accumulations in the Baku
Archipelago is characterized by a strong influence of vertical
migration processes, which is supported by the presence of
hydrochemical inversion. Oil accumulations are generally
confined to strongly deformed anticlines, while gas-
condensate accumulations are located in deeper, less
deformed structural blocks. This spatial distribution reflects
not only tectonic control but also the role of regional clay
seals, pressure, and temperature gradients.

Overpressures and the injection of ultrabasic waters into
the productive formation suggest a significant vertical fluid
flow. The alignment between water chemistry and
accumulation zones (e.g., alkaline waters in Horizons VII
and VIII) further confirms the migration pattern.

Comparative analyses of hydrocarbon composition -
particularly light hydrocarbon fractions and biomarker distributions
— indicate a unified genetic type of oils and condensates across
fields. Ratios of nfisoalkanes and cyclohexanes/cyclopentanes, as
well as methyl-branched isomer distributions, show consistent
patterns supporting a common origin.

Catagenetic trends, such as increasing n-alkanes,
decreasing isoprenoids, and increasing maturity indices with
depth, reveal the thermal evolution of hydrocarbons and
support regional maturation models. Biodegradation effects,
especially in high-molecular-weight fractions, are observed
in southwest structures and appear to have selectively
impacted low-boiling n-alkanes and isoprenoids.
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compartmentalization, and cap rock integrity appear to
control hydrocarbon phase differentiation — i.e., the shift
from oil to gas-condensate systems with increasing burial
depth. Regional zoning within Horizon VIl from Kyanazdag
to Bulla Island supports this trend, which cannot be fully
explained by differential entrapment alone.

Geochemical markers, including dry gas ratios and
formation pressure data, exhibit bidirectional trends away from
the Duvanny-deniz area, implying possible upward migration
from deeper Meso-Cenozoic sources. The similarity between
gases in mud volcanoes and adjacent reservoirs supports deep
vertical migration as the dominant process.

Genetic analysis and comparative characteristics

The study also touches briefly on the comparative
characterization of oils and condensates, as well as possible
causes of secondary compositional alterations.

To evaluate compositional variability in oils and
condensates from the V and VII horizons, we employed a
set of parameters related to light hydrocarbons as proposed
by Chakhmakhchev (1979):

1. The ratio of n-alkanes to isoalkanes in the C5, C6, C7,
and C8 fractions.

2. The ratio of cyclohexanes to cyclopentanes in the C6,
C7, and C8 fractions.

3. The relative abundance of tri-, di-, and mono-
substituted isoalkanes.

4. Homologous concentration series of cyclanes and
alkanes with equivalent molecular weights.

The comparative values derived from these indicators
are presented in Fig. 4.

It is well established that structurally and genetically
similar oils exhibit a consistent order of decreasing
abundance among individual hydrocarbons (Petrov et al.,
1967). Our samples also follow this pattern. For instance, in
the hexane series: n—-C6>2MP>3MP>2,3DMB; in the
heptane series: n—-C7>3MP>2MP>2,3DMP>2,4DMP>3,3P>
>2,2DMP>3,3DMP; and in the cyclopentane series (C7):
1,2DMCP(trans)>1,3DMCP(cis)=1,1DMCP>3CP>1,3DMCP
(trans)>1,2DMCP(trans).

The studied hydrocarbons are represented by mono-, di-
and tri-substituted isomers. Among them, mono-substituted
isomers dominate, followed by di-substituted and then tri-
and poly-substituted alkanes. The mono-/di-substituted ratio
ranges from 1.91 to 2.81 and shows a clear increasing trend
with stratigraphic depth.

These findings support the conclusion that the oils and
condensates from the studied areas share a common
genetic origin. This inference is further corroborated by the
congruent curve shapes in the graphical representations of



~76 ~

B 1 C HU K KuiBcbkoro HauioHarnbHOro yHisepcurety imeHi Tapaca LlleBueHka

nlisoalkane and cyclohexane/cyclopentane ratios across the
C5-C8 hydrocarbon fractions (Fig. 4). The close similarity in

09 A - n-alkanes / isoalkanes ratio in C5-C8 fractions
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calculated values between oils and condensates (1.4-1.6)
reinforces this conclusion.
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Fig. 4. Graphs showing the ratios of n-alkanes to isoalkanes (a) and cyclohexanes to cyclopentanes (b)
in hydrocarbon fractions Cs, C¢, C7, and Cg

Discussion and conclusions

The comprehensive geological and geochemical study of
hydrocarbon accumulations in the Baku Archipelago reveals
that their formation and spatial distribution are governed by
a combination of tectonic architecture, lithological
heterogeneity, vertical fluid migration, and the maturity of
organic matter. Hydrocarbon fluids found in various fields
and stratigraphic levels exhibit distinct yet genetically related
compositions, indicating a common source and similar
thermal evolution.

Key findings include the vertical geochemical zoning of
reservoir fluids, evident transitions from oil to gas-
condensate systems with increasing depth, and
hydrochemical inversion patterns in formation waters that
support the model of upward hydrocarbon migration. The
correlation between the chemical composition of gases, oils,
and waters, alongside the presence of ultrabasic waters and
overpressures in deeper intervals, further confirms the
dominant role of vertical migration processes.

Analyses of light hydrocarbon fractions, biomarker
indices, and alkane/isoprenoid ratios show consistent
catagenetic trends and minimal lateral compositional
variability, indicating basin-scale controls on hydrocarbon
generation and accumulation. The observed biodegradation
effects are spatially restricted and primarily impact low-
molecular-weight components.

These results not only enhance the understanding of
petroleum systems in the Baku Archipelago but also provide
predictive tools for identifying new prospective zones within
the South Caspian Basin. Integration of tectonic,
stratigraphic, and geochemical data is essential for
optimizing exploration and development strategies in this
structurally complex and hydrocarbon-rich offshore region.
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riaPOBYIMELEBI NTAPAOUTMU YACY TA CTPYKTYPU:
BATATOMETOAHE AOCNIAXXEHHA HA®TOA30BUX CUCTEM BAKMHCBbKOIO APXIMNENATIY

BcTyn. bBakuHcbkuli apxinenae, po3mawoseaHuli y 3axiOHili wenbgoeili 30Hi [liedeHHOKacnilickko2o 6aceliHy, € OOHUM i3
HalinpodykmueHiwux Haghmoza3oHOCHUX pezioHie Aszep6aiidxaHy. Mozo mekmoHiuna GesnepepeHicmb i3 30Hamu [liedeHHozo Mo6ycmany ma
HuxHboi KropiHcbkoi 3anaduHu, a makox yHikanbHa 2eosnozidyHa esontoyisi [liedeHHokacnilicbkkoi Me2agnaduHu 3ymosusu ¢hopmMyeaHHs1 CKiadHux
Hagpmoeux, 2a3oeux ma 2a3okoHOeHcamHux cucmem y mexax HwxHbonnioyeHoeoi [podykmueHoi moewi. Hezeaxaro4u Ha Oecssmunimms
docnidxeHb i po3pobku, MexaHi3Mu rMpPocmopogoz20 po3nodiny, MiepayiliHux wnsxie i eapiayili cknady eyaneeodHie? y Ubomy pezioHi doci
3anuwaromscsi npedMemomM Haykoeol QUCKYCil.

MeToAawu. Y docnidxeHHi noedHaHO wupokoMacwmabHi 2eonoziyHi, 2eoxiMi4Hi ma 2eogpizu4Hi 0aHi 3 psidy podosuw, eknroqaroyu [lyeaHHi-
OeHi3, CaHza4yan-0eHi3, ocmpie Bynna, Bynna-deHiz ma lapacy. AHanimu4Hi Memodu oxon/roeasnu 2a3oey xpomamozpadpiro Onsi 1e2Kux i aXKux
¢pakyili eyaneeodHie, enemMeHmHuull aHania, 2i0poxiMi4yHy kKnacugbikayiro nnacmoeux 600 i o64ucrieHHs1 2eoximiyHux iHOekcie, 30kpemMa
cniesidHoweHb n/isoankarie, £(nC413-nCz5)/Z(NC412—nC3p) ma X(iC43—iC14)/Z(iC15~iC23). CmpykmypHo-cmpamuepadhidHi iHmepnpemayii 6asysanuce Ha
celicMiYHUX GaHux i KapomaxxHux 00CJ1iO)KeHHSIX c8epOsI0O8UH.

Pe3ynbTaTtu. Y Mexax apxinenazy euokpemsieHo dei 2eHemu4yHo €iOMiHHIi 2pynu Haghm, noe'a3aHi 3 nieOeHHO-3axiOHUM i NigHi4YHO-CXiIOHUM
Kpunamu 2os108HuUx cmpykmyp. Cknad eyaneeodHie gusiesisic Kopessauyito 3 2/IluGUHOI0 3aHYPEeHHS!, CMPYKMYPHUM [OJIOXEHHSIM ma MiHepano2iyHumMu
ocob1ueocmsiMu Ha@Ko/TUWHIX nopid. BepmukanbHi 2idpoximivHi iHeepcil, wjo xapakmepu3syromscsl ysmpanyxXHUMu ciabomiHepanizoeaHuMu eo0amu
nio 6inbw MiHepanizogaHUMU wapamu, ceidyamb MPO 3HaYyHy 6UCXIOHY Mizpauyiro 2nubUHHUX d¢rtoidie. 3pocmaHHs emicmy MemaHy i 3HUXEHHS
KOHYyeHmpauii (iozo 2omorsozie i3 a2nubuHoro, nopsi@ 3i 3pocmaHHsM 2a3080i cyxocmi, nidmeepdxyromb KOHUeNuito MmepMidyHO 3yMOBJIEHO20
gppakyitiHo2o po3dineHHs. Kpim mozo, o3Haku 6iodezpadauii y eaxkux ¢pakuyisx eyaneeodHie ceid4ame npo nocmakymynsiyitiHi 3miHu.

BucHoBku. OmpumaHi pezynsmamu nidKpecntoroms rnepesaxHy posib 8epmuKanibHOI Migpayil ma emopuHHuUX 2eoximMiyHux npouyecie —
KamazeHe3y, ¢hazoeoz2o po3dineHHss ma 6iodezpadauii — y ¢popmyeaHHi cydacHo20 po3nodiny U cknady eyaneeodHeeux ¢hnroidie BbakuHcbKO20
apxinenazy. Yimka eidnoeioHicmb Mix cknadom ¢pnroidie, cmpykmypHUMU yMo8aMu ma ejlacmueocmsiMu KosieKmopie eka3ye Ha HeobxiOHicmb
iHmezpoeaHo20 6aceliHo8020 Modesnto8aHHs Ans MalibymHix nowykoeux po6im. OmpumaHi daHi aromb 3M0O2y ymoYyHUMU NPo2Ho3u wj,odo muny i
sikocmi eyaneeodHie y HeoyiHeHux dinsiHkax MpodykmueHoi mosuw,i ma enubwux cmpamuzpadgiyHux komnnekcie llie0eHHoKkacnilicbko2o 6aceliHy.

Knwo4yoBi cnoga: [lliedeHHokacnilicbkuli 6aceliiH; BakuHcbKuli apxinenaz; Mizpayisi eyaneeodHie; 2a30KkoHOeHcamHi cucmemu; 2eoximisi;
n-ankaHu; i3onpeHoiou; kamazeHes; 6iodezpadayisi; sepmukanbHuli mpaHcrnopm; [podykmueHa mosuwja.

ABTOpM 3a8BNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniakeHHs:; y 36opi, aHanisi un
iHTepnpeTauii AaHWX; y HanMCcaHHi pyKonucy; B pilleHHi Npo nybnikauito pesynbTarTis.
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APPLICATION OF A NEW CLASS OF NANOCOMPOSITES
IN THE ECOLOGICAL MANAGEMENT OF FORMATION WATERS
AT THE BIBIHEYBAT OIL AND GAS FIELD
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Background. A new utilization technology has been developed to ensure the rational reuse of toxic formation waters
extracted from the oil fields of Bibiheybat OGPD in secondary technological processes and to restore ecological balance. The study
presents a comparative analysis of the environmental impact mechanisms of nanocomposites N-1, N-2, and N-4.

Methods. Formation water samples collected from the receiving reservoirs of the Bibiheybat OGPD oil fields were treated
with various nanocomposites to evaluate their effects. Additionally, oil samples taken from the surface of formation water were
analyzed for changes in rheological parameters, and the primary contaminant-mechanical impurities were treated using

nanocomposites from the N-series.

Results. The proposed new utilization technology has proven to be both ecologically and economically efficient in
increasing the effectiveness of reusing formation water in secondary technological processes and minimizing its environmental
impact. Without requiring the installation of new facilities in old oil fields, a closed-loop water supply system can be established
using either N-2 or N-4 nanocomposites, depending on geological conditions.

Conclusions. According to the research findings, nanocomposites N-2 and N-4 alter the type of formation water,
converting it from "acidic" to "alkaline”. These composites also enhance the rheological properties of oil. Within the framework of
environmental safety standards, a closed-loop, zero-waste water supply system utilizing nanocomposites N-2 or N-4 is proposed
as an eco-technological scheme for preparing formation water to meet required conditions.

Keywords: formation water, toxic components, environment, utilization technology, nanocomposite.

Background

Purpose of the Work. The purpose of this work is to
substantiate the development of environmentally safe
technologies to optimize the disposal of formation waters
that are harmful to environmental objects and unsuitable for
use in technological processes.

Global climate change has made environmental protection
and pollution control measures a primary focus worldwide in
recent years. It is no coincidence that the President of the
Republic of Azerbaijan declared 2024 as the "Year of Solidarity
for a Green World", bringing to the forefront the implementation
of environmental remediation measures across various sectors
in the country. Since the oil industry remains a priority in our
current stage of economic development, adherence to
environmental norms and rules in the improvement of
technological approaches plays a crucial role in forming a
healthy lifestyle and living environment.

Produced waters affect all environmental objects —
hydrosphere, atmosphere, and lithosphere through techno-
physical impacts (Lee at al., 2005; Mammadova, 2022;
Neff, 2002; Steinar, al., 2017; Sunda, 2012). Globally, the
demand for oil and gas production increases the harmful
environmental impacts of formation waters. Industries
generating large volumes of waste should be replaced by
"green" technologies that reduce the impact of pollutants
arising from the use of technologies not meeting
environmental safety standards. By using the
environmentally safe potential of innovative technologies
for neutralizing waste, complex-action chemical reagents,
sorbents, membranes, and catalysts can be employed
(Mammadova, 2023; Boysen, Boysen, & Larson, 2011;
Al-Mohammad, Al-Kaabi, & Mohammad, 2019).

The volume and chemical composition of formation
waters produced from oil fields vary both between different
fields and over different stages of exploitation of the same
field (Al-Mohammad, Al-Kaabi, & Mohammad, 2019;
Mehmood, Khan, & Muneer, R. 2016). According to
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projections, this ratio will increase by 2025, raising the
demand for new technologies in the reuse of produced water
(Fig. 1) (Al-Mohammad, Al-Kaabi, & Mohammad, 2019;
Boysen, Boysen, & Larson, 2011; Mammadova, 2023;
Miller, 2006).

The composition of formation waters includes dangerous
pollutants such as oil and oil products, chemicals, acids,
alkalis, surfactants, as well as solid mineral (Mammadova,
2022; 2023; Murvatov, Mammadov, & Mammadov, 2014).
Formation waters affect all areas of the environment —
including the hydrosphere, atmosphere, and lithosphere —
through technophysical impact. They degrade the qualitative
characteristics of natural components. During operations on
offshore oil and gas platforms, formation water discharged
into the aquatic environment becomes a source of
polyaromatic hydrocarbons. Hazardous substances such as
alkylphenols and aromatic hydrocarbons accumulate in
benthic communities and are toxic to aquatic organisms,
potentially entering and circulating through the food chain.
These toxic components also impair the reproductive
functions of marine microfauna. Additionally, they can destroy
genetic biomarkers in benthic communities and significantly
affect oxygen consumption in water (Beyer at al., 2020).

Formation waters are adsorbed by soil infiltrate into
groundwater and alter its physicochemical properties —
including salinity, alkalinity, water-air balance, and the
carbon-nitrogen ratio. The negative impact of mineralized
water on soil cover is more intense than that of oil and
petroleum products. As a result of technogenic processes,
elemental migration occurs in the soil (Kovaleva, Trofimov,
& Cheng, 2020; Mengxue, 2020).

Thus, formation water alters the state of ecosystems it
enters and leads to the degradation of biocenoses. Formation
waters with high salt concentrations have adverse effects on
soil and vegetation. Due to the high concentrations of dissolved
salts (primarily sodium chloride, NaCl), the soil becomes saline.
The chloride content is toxic to many biological species. Sodium

© Mammadova Nazila, 2025
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acts as a natural dispersant, affecting the swelling and
absorption capacity of the soil, contributing to salinization, and
ultimately causing the destruction of vegetation. Although
swollen soil may retain its natural structure, once disintegration
occurs, its structure is lost. This loss of structure impedes the

60|
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Production (Million Barrels per Day)

20

infiltration and movement of water through the soil, increasing
the potential for erosion. Furthermore, the salts in formation
waters disrupt the ability of plants to absorb water and nutrients
(Kovaleva, Trofimov, & Cheng, 2020; Mengxue, 2020).

Oil Production (million barrels per day)
—— Water Production (million barrels per day)

2000 2005 2010

2015 2020 2025
Year

Fig. 1. Global oil and water production

Formation water disposal is carried out in very limited cases
(Andreev, 2003). In the Bibiheybat OGPD, there is no special
procedure for treating formation waters. After basic preliminary
treatment, these waters can be used to restore reservoir
pressure in oil field water-flooding systems or as a source for
washing out underground salt layers (Sunda, 2012; Steinar, at
al., 2017). Depending on the intended use, formation waters
must be treated to meet the required standards (Abdulaziz,
Hatem, & Mahdi, 2021; Al-Mohammad, Al-Kaabi, &
Mohammad, 2019). Currently, for water injected to maintain
reservoir pressure, the technical and environmental
requirements are as follows (Ganotskaya, 2015):

e the water should not contain large amounts of
mechanical impurities, iron, oil or oil products;

e to prevent corrosion, it should not contain H2S or
carbonic acid;

e it should not contain organic pollutants (bacteria and
algae);

e it should be chemically inert with respect to the
formation fluids.

In secondary technological processes, the water is used
to displace oil from reservoir collectors to the bottom of the
well. For this purpose, the water must be purified from
insoluble salts and other compounds such as algae and
microorganisms that may form under reservoir conditions, in
order to prevent a reduction in the injectivity of injection
wells. (Mammadova, 2024; Murvatov, Usubaliyev, &
Mammadova, 2022). Additionally, the water used in
technological processes should not produce foam, should
not cause scale formation in pump-compressor pipes and
equipment, and should not corrode metal. Given that the
development of a new "zero-waste" civilization involves
highly multifunctional nanotechnology, the application of
nanostructured systems in preparing the composition of
formation waters to required conditions in closed water
supply systems is of great theoretical and practical interest.

In general, the inability to condition formation waters to
the required standards means that as the pressure of the
water injected into injection and disposal wells increases,
those waters — harmful to the natural environment around
the wells come to the surface around the wells. Fig. 2 shows
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that the extremely old state of the existing communication
lines and inadequate treatment of the formation water cause
major problems in water injection and acceptance (lichenko,
2000; Silin, & Magadova, 2013). For example, various geo-
ecological risks can arise during the water-flooding process,
so the utilization wells technology must be designed taking
into account the geotechnical conditions of the field
(Murvatov, Mammadov, & Mammadov, 2014; Murvatov,
Usubaliyev, & Mammadova, 2022).

i Y :
Fig. 2. Griffon formation in layer water utilization wells

Because the utilization of formation waters containing
toxic components is not universally achievable, their
treatment requires substantial capital and specific
technological conditions (Abdulaziz, Hatem, & Mahdi, 2021;
Ganotskaya, 2015; Igunnu, & Chen, 2012; Mammadova,
2023; Munirasu, Abu, & Banat, 2016). Waters used for
restoring reservoir pressure in oil fields are disposed of using
open and closed treatment facilities. In open-type water
treatment technology, regardless of the water's content,
pressure, or gas saturation, formation waters and
atmospheric runoff waters are treated in a single stream and
then injected together into water injection wells. However,
contact of these waters with atmospheric oxygen increases
the corrosive activity of the water.
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Methods

Study Area

One of the oil-gas-condensate fields on the Absheron
Peninsula is the Bibiheybat field. The field is located on the
coast of the Caspian Sea, 3—4 km south of the capital (Baku).
Its geological structure includes the Absheron, Akchagil, and
Productive Series deposits. In some parts of the field, the
deposits are transgressively overlain by Ancient Caspian and
Modern epoch sediments consisting of carbonate sandy clays
and pebbly conglomerates. The Productive Series sediments
consist of a highly irregular alternation of clay and sand layers,
with a total thickness of about 1950 m. The Bibiheybat oil field
has an asymmetric brachy-anticlinal structure, measuring 6 km
in length, 3.5km in width, and 1100 m in height, oriented
northwest—southeast.

In order to clarify the situation, samples were taken from the
produced waters and oils of the study area. Physico-chemical
analysis of the water was carried out according to standards
GOST 4011-72,  GOST R 52407-2005,  GOST 4192-82,
GOST 4245-72, GOST 4388-72, GOST 4389-72,
GOST 18164-72,  GOST 18876-73,  GOST R 51211-98,
ISO 6060:1989, and Standard Methods 5210B.

The density and kinematic viscosity of oil samples were
determined using an Anton Paar SVM 1001 viscometer. The
dynamic viscosity of oil was measured using an Anton Paar

MCR 302 rheometer. Mechanical impurities were
determined according to ASTM D473. The resin content was
determined according to ASTM D381. Water content was
determined according to ASTM D4006-16 (E1).

Results

Experimental Part

Utilizing formation waters with nanotechnologies at the
atomic-molecular level and developing the mechanism of
their impact on the well bottom zone are set as urgent tasks.
For this purpose, taking into account the geological and
technological conditions, we have selected and presented in
Tab.1 the component content of certain N-series
nanocomposites used in the treatment of produced
formation waters (co-produced with oil) to increase their
efficiency in secondary technological processes.

A 250 ml formation water sample was taken from the
formation water collection station of the Bibiheybat oil and gas
field. We added 7.5 ml of 1.0 % composite mixtures of BAF-1
and BAF-2 nanostructured polycrystalline powders — obtained
by treating a kerosene fraction with an alkaline waste (KFAW)
and an alkaline-treated diesel fraction waste (ADFW) — to this
sample, and performed physico-chemical analyses.
Additionally, using ADFW together with 0.5 % aluminum
nanoparticles, a nanocomposite was prepared and tested.

Table 1
Component content of the compositions according to conventional names
Name Component content of the compositions
N-1 KFAW + (BAF-1+BAF-2)

N-2

ADFW + (BAF-1+BAF-2)

N-4

ADFW + 0.5% Al (40-60 nm)

A formation water sample taken from the field's water
disposal facility was treated by adding 7.5 ml each of the N-1,
N-2, and N-4 nanocomposites, and physico-chemical
analyses were carried out on the water.

As seen in Tab. 2, the addition of the N-1 nanocomposite
led to a slight decrease in HCO;™ and Na*+K* ions, and a
slight increase in Ca%* and Mg?* ions, resulting in a reduction
in the CI™ ion content. The total mineralization of the water
sample decreased by 2.84 g/l, but its hardness increased by
2.15 mg-eq/l. According to Tab. 2, the addition of the N-2
nanocomposite to the formation water increased the CO3*~
and HCO;™ ions, while a decrease in Na*+K* ions was

observed. Although Ca?* and Mg?*" ions increased, a
decrease in the CI™ ion content was recorded. Comparative
analysis shows that the effect of the new N-1 and N-2
nanocomposites on the formation water samples led to
certain positive changes in water characteristics in the first case,
but the hardness increased significantly (by 2.15 mg-eq/l),
i.e. the water shifted from soft to moderately hard. In the
second case, the mineralization of the formation water
sample decreased markedly (by 3.74 g/l) and, although its
hardness increased slightly (by 1.59 mg-eq/l), its type
changed to alkaline.

Table 2
The effect of N-series nanocomposites on the chemical indicators of formation water (mg/l)
Composition | Additive volume, ml Chemical composition content of formation water, mg/l Type of water
’ CO3- | HCO3- | Na++K+ Cl- Ca2+ Mg2+

N-1 0 - 1.2695 | 2.9904 2.3844 1.1222 1.1419 CaCl2

7.5 - 1.2599 | 2.999 2.2972 1.0211 1.1497 CaCl2
N-2 0 - 1.2695 | 2.3844 2.9913 1.1222 1.1419 CaCl2

7.5 1.147 | 1.2887 | 2.1972 2.779 1.1269 1.1448 | Alkaline water
N-4 0 1.32 | 3.26 58.36 58.75 2.01 3.96 CaCl2

7.5 1.82 | 3.82 59.52 57.69 1.38 2.43 Alkaline water

Furthermore, the chemical composition of a high-
viscosity formation water sample (100 ml) changed from a
hard water to an alkaline water after the addition of the N-4
nanocomposite.

Thus, based on the comparative experimental research
results, the N-2 and N-4 nanocomposites — which improve
the effectiveness of the water type for technological
processes — changed the type of aggressive formation
waters, converting a hard water into an alkaline water. The
nanocomposites reduced the Ca%* and Mg?* divalent cations
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held on the surface of negatively charged clay particles in
the oil, replacing them with Na* ions. This created an
opportunity to use the synergistic effect obtained from the
application of N-2 and N-4 nanocomposites in the water-
flooding method.

Continuing the research, nanocomposites were added to
the oil sample taken from the surface of formation waters of
Bibiheybat OGPD, and the obtained results were
systematized in the Tab. 3.
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Table 3

(50 °C) with the addition of N nanocomposites to the oil sample taken
from the formation water surface of the Bibiheybat OGPD

Ne Indicators As usual N-1 N-2 N-4
1 Specific gravity of oil, kg/cm?® 915.0 915.0 915.0 915.0
2 Mechanical mixtures, % 26.67 6.67 3.33 25
3 Resin, % 0 0 0 0

4 Water separated from oil, % 0.03 0.16 0.27 0.04
5 Pure oil in the sample, % 73.30 93.17 96.4 74.69
6 Kinematic viscosity, sSt 27.10 12.1 3.2 21.45
7 Dynamic viscosity, sPz 26.67 11.99 3.14 21.41

Although no resin was detected in the composition of the
oil, the kinematic viscosity of the sample was calculated at
27.1 sSt, and the dynamic viscosity at 26.27 sPz. However,
after the addition of the N-1 nanocomposite, the amount of
mechanical impurities decreased up to 4 times, the
kinematic viscosity reduced to 15 sSt, and the dynamic
viscosity to 14.282 sPz. Along with this, the amount of water
separated from the oil increased by 5.3 times, and the
volume of pure oil increased by 19.87 %.

When the N-2 nanocomposite was added to the same
sample, the physical-chemical indicators were monitored.
An increase was observed in the amount of mechanical
impurities, kinematic and dynamic viscosity, the amount of
separated water, and pure oil. This can be explained by the

120

more effective impact of the N-2 nanocomposite on the oil
components collected from the water surface.

As seen from the table, with the addition of 60 ml of N-4
nanocomposite to the oil sample collected from the surface
of formation waters, the mechanical impurities in the oil
decreased from 26.67 ml to 25 ml, and an increase in the
volume of water separated from the oil was observed — from
0.03 to 0.04. At the same time, both kinematic and dynamic
viscosity significantly decreased.

The systematized experimental results obtained by
affecting the oil sample collected from the surface of
formation waters at the reservoir of formation water intake
(RFWI) of Bibiheybat OGPD with new N-series
nanocomposites are presented in Fig. 3.
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Fig. 3. The results obtained from variable indicators by adding N nanocompositions
to the oil sample collected from the water surface from "Bibiheybat OGPD"

Thus, according to the results of the impact of
nanocomposites on mechanical impurities — which are the
main pollutants in formation waters 30ml of N-4
nanocomposite was added to 13 g of mechanical impurities
taken from the Bibiheybat OGPD, and the resulting mixture
was filtered after 3 days. After filtration, 4 g of mechanical
impurity remained. In the second case, 30 ml of N-2
nanocomposite was added to another 13 g of mechanical
impurities, and after 3 days the mixture was filtered again,
4g of impurities remained. Finally, 30ml of N-1
nanocomposite was added to a third 13 g mechanical
impurity sample. After 3 days and subsequent filtration, 6 g
of impurities were found to remain.

As aresult, it is evident that nanocomposites N-2 and N-4 are
more effective in reducing (dissolving) mechanical impuirities.

Discussion and conclusions

As of 01.01.2023, 29 production horizons are being
exploited in the field. Until the present period, a total of 3829
wells have been drilled at the Bibiheybat OGPD. The
number of wells currently in operation is 491, 44 wells are
pending liquidation, 54 are inactive, 40 are in the water
injection, 10 are absorbing wells, and 3155 have been
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liquidated. Of the liquidated wells 2326 were closed due to
geological reasons, and 829 due to technical reasons. The
daily production at the field is presented in the Tab. 4.

As seen in the Tab. 4, the wells at the Bibiheybat field
are highly watered, and the large volumes of produced water
are treated only through mechanical methods. Considering
that mechanical methods cannot completely remove all
impurities from formation water (Abdulaziz, Hatem, & Mahdi,
2021; Al-Mohammad, Al-Kaabi, & Mohammad, 2019;
Igunnu, & Chen, 2012; Murvatov, Usubaliyev, &
Mammadova, 2022), this leads to frequent blockages and
leaks in pipelines and collectors (Murvatov, Usubaliyev, &
Mammadova, 2022). Various complex-composition systems
are used (taking into account the field's geotechnical
parameters) to condition the physico-chemical properties of
formation waters for technological processes (Murvatov,
Usubaliyev, & Mammadova, 2022). If the physico-chemical
properties of such systems are not compatible with the
characteristics of the well-reservoir system, the efficiency of
the implemented technological operations and processes
will not be at the required level.
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Table 4
Daily production at the Bibiheybat OGPD
Average daily production
Ne Well Ne Oil, tig Water, t/g Gas, m3/g Water %
1 3884 0.7 5 107 88
2 2496 0.1 1 36 91
3 3657 1.1 5.5 89 83
4 3676 1.4 15 107 91
5 3864 1.3 5.8 107 82
6 3872 1.1 6.7 107 86
7 3833 0.6 3 10 83
8 2565 1.3 11 89 89
9 2766 1.4 7.1 89 84
10 3817 0.1 1 35 9
11 3824 0.6 3 4 83
12 3838 0.5 3 3 86
13 2597 1 10 89 91
14 3882 0.6 6.7 180 92
15 3885 2.3 21.7 214 90
16 3479 0.8 6 250 88
17 3480 3.7 13.3 250 78
18 2732 1.1 8.6 89 89
19 3825 1.5 2.5 42 63
20 3835 1.9 2.5 18 57
21 3849 0.8 3 6 79
22 3855 1.3 2 27 61
23 3891 0.7 3 11 81
24 3837 0.2 0.5 11 71
25 3474 4 1.5 3 27
26 3477 21 7.6 214 78
27 3478 0.8 5 250 86
28 3679 1.1 9.3 180 89
29 3476 4 16 180 80
30 3860 1.1 15 107 93
31 3862 1.3 15 107 92
32 3485 1.3 15 89 92
33 3815 2.5 10 107 80
34 3868 1.8 3 4 63
Total 34 46.1 244.3 32.11

Hydrogeochemical systems are known to be dynamic. A
technology for utilizing formation waters with various
nanocomposites to mobilize oil in reservoir conditions can
ensure the rational use of resources (Bera, Mandal, &
Belhaj, 2017; Cheraghian, & Hendraningrat, 2016;
Cheraghian, Khalilinezhad, & Kamari, 2014; Shahbazov,
Bagirov, & Aliyev, 2018). Nanocomposites help reduce
surface tension at the interface, improve the wetting ability
of rocks, and increase permeability. They also cause
increased layer leaching and flow rate due to reduced
adhesion and capillary forces. Consequently, at lower
surface tension values, layer fluid deformation is easier, and
less work is required to displace oil droplets from collectors,
which increases their movement speed within the layer.
Through interaction, the nanocomposite aids in breaking
down the oil film covering the rock surface (Bera, Mandal, &
Belhaj, 2017; Cheraghian, & Hendraningrat, 2016;
Cheraghian, Khalilinezhad, & Kamari, 2014; Shahbazov,
Bagirov, & Aliyev, 2018).

As seen in the Tab. 3, oil displacement with nanocomposite-
treated water is explained by its effect on the oil's rheological
properties. Heavy hydrocarbons in oil, such as asphaltenes,
resins, and paraffin deposits, contribute to the formation
of structure and high viscosity in abnormal oils. The
nanocomposite-based technology we developed for the
utilization and reuse of formation waters in technological
processes weakens the interaction between these structure-
forming components of oil by adsorbing them. As a result, the
physicochemical properties of the formation fluid improve.
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Currently, there is quite a lot of classification of natural
waters by chemical composition, but few have become
widespread. The most commonly used in oil and gas
hydrogeology are the classifications of R.Palmer and
V. A. Sulin. Based on this, we characterized the water
samples of these deposits according to these classifications.

According to the classification of waters, according to
V. A. Sulin, these waters are divided into four genetic groups:

o sodium-sulfate (SS);

e sodium-bicarbonate waters (SB);

e calcium-chloride waters (CC);

e magnesium-chloride waters (MC).

According to Palmer, classes are distinguished by the
ratio of the sums of metal and acid ions. R. Palmer identifies
salt characteristics. The first salinity is due to salts of bases
and strong acids. The second salinity is determined by salts
of alkaline earth metals and strong acids. The first alkalinity
is due to alkali metal salts and salts of weak acids. The
second alkalinity is the presence of salts of alkaline earth
metals and weak acids. As seen in the Tab.5,
hydrogeochemical analysis of water samples taken from the
Bibiheybat field in 2022—2024, the produced waters are
mainly of the calcium chloride type and are of high viscosity.
As depth increases in the reservoir, the degree of water
mineralization gradually decreases; however, according to
V. A. Sulin's classification, these waters are "hard" — being
of the magnesium chloride and calcium chloride types.
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Table §
Physical properties of formation waters from the Bibiheybat OGPD
(2022-2024)

Well Ne Depth, m Density, kg/m® | Mineralization, mg/l s, Accordlngst: Palmer's clai\s:flcatlon A,
3855 1743 1010.6 20781 53.36 0 45.07 1.57
2837 527 1077.0 115047 88.48 10.62 0 0.90
3420 579 1072.6 108406 90.99 8.17 0 0.84
3496 443 1075.9 111353 83.70 15.37 0.00 0.92
3461 734 1061.7 94357 94.39 3.16 0 2.45
3753 490 1083.1 121067 84.70 14.69 0 0.61
557 463 1070.8 97738 85.46 13.44 0 1.10
924 467 1076.5 106253 86.43 12.91 0 0.66
3820 757 1045.2 64370 92.44 4.23 0.3 3.33
3868 1807 1016.7 28894 76.32 0 20.54 3.14
3890 1643 1036.0 56940 93.94 0 4.37 1.69

2023
519 527 1030.4 45919 89.49 7.30 0 3.22
3227 631 1072.7 104633 90.33 8.43 0 1.24
3479 1716 1035.8 54192 89.87 7.29 0 2.84
3480 1744 1015.4 25967 84.60 0 7.08 8.32
3864 1780 1024 .1 37705 82.92 0 15.70 1.38
3305 676 1074.5 104620 89.46 9.54 0 1.00
548 504 1088.3 123393 89.57 9.83 0 0.59
796 908 1050.9 80066 90.30 0 6.93 2.78
1182 574 1065.7 93825 88.02 10.80 0 1.18
3310 544 1065.4 94368 88.04 10.97 0 0.98
3350 518 1080.2 109260 89.28 10.07 0 0.65
2024
1118 279 1074.4 101711 81.85 17.28 0 0.87
3162 1233 1026.2 40190 85.75 0 13.93 0.32
3287 294 1083.7 113546 82.67 16.73 0 0.60
3461 734 1060.7 85108 94.44 3.46 0 2.1
3476 1693 1017.6 16065 51.62 0 47.12 1.26
3761 471 1036.4 51937 89.00 6.52 0 4.48
548 504 1087.7 128921 83.02 16.46 0 0.53
1167 228 1068.1 101192 90.70 7.90 0 1.40
3321 247 1058.3 86690 85.18 13.24 0 1.58
1264 743 1058.9 85997 81.34 17.66 0 1.00
3282 493 1083.6 114313 83.80 15.50 0 0.71

As seen from Tab. 6, the presence of both acidic and alkaline
conditions in the field, and the mixing of these waters in settling
tanks, combined with their considerable aggressiveness, cause
the equipment and pipes used in water injection to fail quickly. In
such cases, the ecological balance is disrupted.

According to the 2022—2024 hydrogeochemical analysis
results, the formation waters are primarily calcium chloride
type with high salinity and viscosity. With increasing depth,
the water's mineralization tends to decrease, but by
V. A. Sulin's classification they remain "hard" waters of
magnesium chloride and calcium chloride types. The data in
Tab. 5, also indicate that in 2022 the field's produced waters
included both sodium bicarbonate type and calcium chloride
type waters, while deeper wells yielded a magnesium
chloride type water. By 2024, after interventions and
treatment, the water types from new or treated wells shifted
mostly to calcium chloride or became alkaline in character.

Since oil is retained in the oil reservoir environment by
capillary forces, a reduction in these forces leads to
increased oil production. This is achieved by reducing rock
wettability and the interfacial surface tension between the
formation fluid and the rock surface (Bera, Mandal, & Belhaj,
2017; Cheraghian, & Hendraningrat, 2016; Cheraghian,
Khalilinezhad, & Kamari, 2014; Shahbazov, Bagirov, &
Aliyev, 2018; Murvatov, Usubaliyev, & Mammadova, 2022).

The formation waters extracted from the Bibiheybat
OGPD have been classified according to their physical and
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chemical composition using various approaches. It has been
shown that at the IV stage of field development, production
and well injectivity have decreased, the amount of extracted
water has increased, and as a result, the environmental
landscape has been damaged, leading to inevitable
ecological complications.

Since the disposal of formation waters containing toxic
components is not universal, their treatment requires
substantial capital investment and specific technological
conditions. There is no standardized procedure for the
treatment of formation waters in the oil industry. However, in
order to displace oil from reservoir collectors to the bottom
of the well and to avoid reducing the injectivity of injection
wells, the water must be purified from insoluble salts and
other compounds such as algae and microorganisms that
may form under reservoir conditions.

Water intended for reuse in secondary technological
processes must not cause foaming, must not form scale in
pump-compressor pipes and equipment, and must not
induce corrosion in metal components.

At the Bibiheybat OGPD, most of the mining
infrastructure and hydraulic engineering facilities created for
the management of formation waters are technically
outdated and in an unserviceable condition. The inability to
properly condition formation water makes its reuse in
technological processes a source of various geoecological
risks to the surrounding environment.
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Table 6
Chemical composition of formation waters from the Bibiheybat OGPD (2022-2024)
Chemical composition of formation water, mg/| Type of water
WellNe | Depth, m Na'+K* | Ca;’ Mg." [ cr [ HCO,+COZ? ()(I.A. Sulin)

2022
3855 1743 5766.61 48.10 19.44 4818.85 5294.80 NaHCO;
2837 527 40310.72 1895.52 1623.04 69594.66 704.36 CaCl,
3420 579 38807.15 2145.20 729.37 65188.34 559.90 CaCl,
3496 443 37074.19 3098.59 1934.47 67643.98 716.55 CaCl,
3461 734 34452.11 1019.23 463.96 54884.58 1593.61 CaCl,
3753 490 40784.51 3725.86 1632.23 73771.02 510.14 CaCl,
557 463 32996.56 2565.12 1409.40 58858.82 563.64 CaCl,
924 467 36332.01 3687.36 777.60 64366.07 495.32 CaCl,
3820 757 23061.25 480.96 704.70 37173.99 1690.92 MgCl,
3868 1807 9068 48.10 126.36 11014.52 3989.40 NaHCO3
3890 1643 20985 215.49 60.09 30910.10 2546.49 NaHCO;

2023
519 527 16054 601.20 631.80 26763.54 1285.88 CaCl,
3227 631 36943.00 2164.32 777.60 62258.92 544.12 CaCl,
3479 1716 18771 881.76 583.20 31282.06 814.96 CaCl,
3480 1744 8106.20 440.88 121.50 11414.14 2208.20 NaHCO;
3864 1780 13141.26 285.76 97.20 17031.34 5061.00 NaHCO;
3305 676 36700.95 2885.76 534.60 62604.80 527.04 CaCl,
548 504 43471.86 4408.80 523.00 74364.82 495.32 CaCl,
796 908 28992.23 320.64 243.00 41505.95 6758.80 NaHCO;
1182 574 32452.96 2565.12 777.60 56163.17 636.84 CaCl,
3310 544 38312.90 4008.00 631.80 56378.91 204.96 CaCl,
3350 518 38312.90 4008.00 291.60 65717.75 397.72 CaCl,

2024
1118 279 33188.37 3206.40 1944.00 61956.69 597.80 CaCl,
3162 1233 14277.01 16.03 14.58 18931.21 4377.30 NaHCO;
3287 294 37312.99 4408.80 1458.00 68820.53 451.40 CaCl,
3461 734 31235.08 801.60 486.00 49909.56 1285.88 CaCl,
3476 1693 4313.02 16.03 19.44 3475.78 3835.90 NaHCO;
3761 471 17857.50 641.28 778.60 29544.16 1847.08 MgCl,
548 504 42718.15 4328.64 1992.60 78900.30 544.12 CaCl,
1167 228 35884.10 2004.00 729.00 60131.06 799.10 CaCl,
3321 247 29077.16 2304.00 1458.00 51789.18 771.04 CaCl,
1264 743 28070.05 2404.80 1944.00 52663.19 915.00 CaCl,
3282 493 38060.04 3607.20 1701.00 69515.68 439.20 CaCl,

As a result, rapid contamination of the bottom zone of
injection wells and a significant decrease in permeability are
frequently observed. Consequently, the reduced injectivity of
these wells leads to increased pressure in the injection
communications, the formation of surface leaks (griphons),
the spread of formation water into surrounding areas, and
contamination of open water bodies.

The currently available methods for treating formation
water are either too costly or fail to achieve sufficient
purification efficiency. Moreover, they require the installation
of large-scale auxiliary facilities at the oil fields, such as
reagent storage systems, sludge (waste) reservoirs, and
other supporting infrastructure.

At the Bibiheybat OGPD, the mechanical method applied
for water treatment is not considered effective in removing
oil, petroleum products, and dissolved elements from the
water composition.

In addition, many chemical treatment methods, which
are often expensive, result in the generation of hazardous
waste, the disposal of which becomes another critical issue.

From this perspective, the application of nanostructured
systems in the preparation of formation water to meet
conditioning standards within closed-loop water supply systems
presents significant theoretical and practical interest.

Based on the research, there's a need to improve the
existing technology for restoring the formation-well system
in injection wells at the Bibiheybat OGPD to treat formation
waters, and to increase the oil recovery factor. Research
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studies indicate that treating formation waters with small-
sized metal nanoparticle-based compositions should also
change the collector properties of the formation as these
particles penetrate the pore boundaries. This is because
compositions made from Al nanoparticles change the
rheological parameters of oil and positively affect its
movement in formation conditions (Mammadova, 2023;
Shahbazov, Bagirov, & Aliyev, 2018).

Thus, to increase the efficiency of produced waters in
secondary technological processes, we developed the
technological scheme for treating them with N-2 and N-4
nanocomposites and returning them to the formations in a
closed water cycle at the field is shown in Fig. 4.

Based on a comparative analysis of the research, it was
shown that the N-2 and N-4 nanocomposites change the
type of the formation water: aggressive "hard" water was
converted into alkaline water. Additionally, the divalent Ca?*
and Mg?*" cations retained on the surface of negatively
charged clay particles in the oil were reduced and replaced
by Na* ions. This enabled the removal of oil molecules from
the rock pores and created the opportunity to use the
synergistic effect obtained from the application of N-2 and
N-4 nanocomposites in the water-flooding method.

As a result of treating oil samples (taken from the
Bibiheybat OGPD) with N-2 and N-4 nanocomposites, it was
determined that the amount of mechanical impurities in the
oil decreased and the kinematic and dynamic viscosity of the
oil were significantly reduced.
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Within the framework of environmental safety
regulations, a zero-waste closed water supply system is
proposed for conditioning formation waters to required
standards. The eco-technological scheme of this system,

which involves treating formation waters with N-2 or N-4
nanocomposites, has been developed and demonstrated
(Fig. 4) as an effective solution for environmentally safe
reuse of formation water.
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Fig. 4. Technological scheme for recirculation of formation waters
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AszepbanaaHCLKUI AepXxaBHUI yHiBepcuTeT HadTu Ta npommucnoBocTi, Baky, Asep6anaxaH

3ACTOCYBAHHA HOBOI'O KITACY HAHOKOMMNO3UTIB .
B EKOJIOIN4YHOMY YIMPABJIIHHI MJIACTOBUMU BOOAMU HA HA®TOIA30BOMY POAOBULLI BIBI-EUBAT

B c Ty n. Po3pobneHo Hogy mexHonogzito ymusnizayii 0Ons 3abesneq4eHHs1 payioHasibHO20 M08IMOPHO20 8UKOPUCIMAaHHSI mokcu-
YHUX nnacmoeux 800, eudobymux 3 Hagpmoeux podosuu; HIBY "Bibixelibam", y emopuUHHUX MeXHOJI02i4HUX Mpoyecax ma Ons 8iOHO8IEHHS €KOo-
nozi4Hoz2o 6anaHcy. [locnidxeHHs1 npedcmaensie nopieHANbLHUU aHai3 MexaHi3Mie ekosio2iyHo20 ennuey HaHokommno3zumie N-1, N-2 ma N-4.

Me T o av. 3pa3ku nnacmoeoi 8odu, 8idibpaHi 3 npulimanbHux pe3epsyapie Hagpmoasux podosuu, HFBY "Bi6ixelibam”, o6pobnsinu pizHuMu
HaHoKomro3umamu 01151 oyiHKu ixHbo20 ennuey. [lJodamkoeo npoaHasnizoeaHo 3pa3ku Haghmu, e3ssmi 3 noeepxHi nnacmoeoi eodu, w000 3MiH peo-
Js102i4HUX Napamempie, a OCHO8HUU 3abpydHIo8ay — MexaHi4Hi doMiwKu —o6po61eHoo 3a doromMo20t0 HaHoKomMno3umie cepii N.

Pe3ynbTaTu. 3anponoHosaHa Hoea mexHosio2isi ymunizayii eusieunacs sik eKos102i4HO, mak i eEKOHOMi4YHO eghekmueHoo Onsi Nid8UW,EeHHS
eghekmusHOCMi MOBMOPHO20 8UKOPUCMAHHS NMacmoeoi 800U y 8MOPUHHUX MEXHOJI02iYHUX Npoyecax ma MiHiMi3ayii if ennuey Ha HaeKoUWHE
cepedoeuuje. bez Heo6xiOHOCcMi ecmaHoesieHHsI Hoeux 06'ckmie Ha cmapux Hagpmoeux podosuuwsax Moxe 6ymu cmeopeHa 3aMKHyma cucmema
eodornocmayaHHs1 3 eUKopucmaHHsIM HaHokommno3umie N-2 a6o N-4, 3anexHo eid 2eosio2iyHuUX yMos8.

BuncHoBku. 32i0H0 3 pesynbmamamu 0ocnioeHHs, HaHokomnozumu N-2 ma N-4 3miHloromb mun nnacmoesoi 8odu, nepemeoproroyu ii 3
"Kucnoi” Ha "nyxHy". Lji komnozumu makox noninwyroms peosio2iyHi enacmueocmi Hagpmu. Y pamkax cmaHdapmie ekosio2iyHoOi 6e3rneKku nponoHy-
embcs1 3aMKHyma, 6e38idxo0Ha cucmema eodornocmayaHHs1 3 BUKOpUCMaHHsAM HaHokommno3umie N-2 a6o N-4 sik ekono2o-mexHosio2iyHa cxema nio-
2omoeku niacmoeoi 8odu 0o HeobxiOHUX ymoe.

Knw4yoBi cnoBa: ninacmosa eoda, MoOKCU4YHi KOMIOHEHMU, HABKOJTUWHE cepedosuwie, MexHOJ102iA ymuni3auyii, HaHoKkomno3sum.
ABTOpM 3aaBNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniaxeHHs:; y 36opi, aHanisi un
iHTepnpeTauii AaHWX; y HanMCcaHHi pyKonucy; B pilleHHi Npo nybnikauito pesynbTarTis.
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'KuiBcbKkuii HauioHanbHUM yHiBepcuTeT imeHi Tapaca LLleBueHka, Kuis, YkpaiHa
2OTEK HacpToras

FEOXIMIYHO-NETPO®I3NYHA OLLIHKA
AITONOrIYHOI TA KOJNIEKTOPCbKOI MIHNTUBOCTI KEPHY CBEPAJIOBUH
HA NMPUKNAAI PYHOBLWMHCbKOI HA®TOMFA30OHOCHOI oLyl
AHINPOBCbKO-AOHELbKOI 3ANAAVWHMU (NMONEPEAHI PE3YJIbTATH)

(MpedcmaeneHo YneHom pedakuyiliHoi konezii 3-pom 2eos. Hayk, npog. O.M. KapneHkom)

B cTyn. [ns peanbHux po3pizie ceepdnoeuH PyHoeswuHcbKoi Haghmoaa3oHocHoi niowi JHinpoecsko-fJoHeybkKoi 3anaduHu
(443), siki Micmamb npodykmueHi 20pU30HMU, BUKOHAHO KOMII/IeKCHe nempogizu4Ho-2eoxiMiyHe AocidXeHHs1 penpe3eHmamu-
8HoI cepil 3pa3kie kepHa (n=79). Mema po6omu — nepesipka MoxJiugocmi NoeHoUiHHOI iHmezpauii lio2o pesynbmamie 3 aHUMuU
2eoghizuyHo20 docnidxeHHs1 ceepdnosuH ([C) dnsi nideuwieHHs1 eghekmueHOCMi iHMepnpemayii 2eos1020-2eo0¢hizuyHUX OaHuXx.

MeTonaw. Ons ecix 3pa3kie kepHa nicns ix yHighikoeaHoi nidzomoeku ma nonepedHL020 NempozpaghiyHo20 eU8YEHHsI 8U-
3Ha4yeHO nempogi3uyHi Nnapamempu, 8 momy qucini pinbmpayiliHo-eMHicHi ennacmueocmi (nopucmicmsb, MPOHUKHiCMB) NOPIOd, a
makoX KOHUeHmpauyisi 8 HUX 8cix 20/108HUX KOMITOHeHMie ma Halieaxnueiwux mikpoenemenmie (WDXRF, EDXRF). Pesaynomamu
8U3HayeHb 06'c¢OHaHO e eAuHUl Nnempoghi3udHO-2e0XiMi4HuUll 6aHK OaHUX.

Pe3ynbTaTun. 3a emicmom 205108HUX enleMeHmMie po3paxoeaHo emicm keapyoeoezo (Qtz), anuHucmoezo (CLAY), kap6oHa-
mHozo (CARB), opzaHi4Ho20 (ORG) komnoHeHmie nopid ma KinbKicHO oxapakmepu308aHo Jlimosozito po3pisie. Ha npuknadi cipku
npodeMoOHCMPOBaHO MOXJugicmb 8UOifIeHHs1 JIOKasIbHUX 2e0XiMiYHUX aHoManil, siki € iHOukamopaMu nnacmie 3 Npurn/iueom Ha-
¢pmu. BcmaHoesneHo cmiliki kopensiyiliHi 38'A3ku MiX iHCmpyMeHmMasnbHO 8U3Ha4YeHO rnopucmicmro i abCosTFOMHO MPOHUKHiI-
cmio, eMicmom modesibHUX koMrnoHeHmie Qtz, CLAY ma koegpiyiecHmom (K,0 + Na,0 + Al,03 + Ti0,)/LOI, Aki 3Ha4YHO noninweHi
3a pe3ynibmamamu 8UKOPUCMaHHS HelipOHHUX MEPEX.

BucHoBku. llidmeepdxeHo edpekmueHicmb 2eoximivHUx memodie (elemental geochemistry) y eapiaHmax docnioxeHHs
KepHy ma wnamy ceepdrnioguH ("2eoximiyHull kapomax") Ons1 enesHeHo2o (6e3 iHhopmayiliHux empam i aUKPUBJIEHb) MOWUPEHHS
pe3sysibmamie npssMo2o "Mo4YK08020" 8U8YEHHS (hinbmpauyiliHo-eMHICHUX ma iHWuUXx napamempie 3pa3kie KepHy e iHmepeanax
io2o0 ei06opy Ha eecb po3pi3 ceepdsiosUHU OJisi MOBHOYiIHHOI iHmezpayii 3 daHumu [JC, docsi2HeHHs1 MaKkcuMasibHO 0OHO3Ha4YHOI
KinbKicHoi iHmepnpemauii ecix daHux ma nompe6 "nid3emHoi Hasizayil" (geosteering) npu 6ypiHHi. [lidmeepdxeHo doyinbHicmb
8UKOPUCMAaHHS HelUPOHHUX Mepex OJisi NideuUW,eHHs1 MOYHOCMI 8U3Ha4YeHHs1 (hinbmpayiliHo-eMHiCHUX eflacmueocmeli 3 e UKOpuU-
CcmaHHsIM nempoi3uyHuUX i 2e0xiMiYHUX OaHUX.

Knwo4yoBi cnoBa: nempogizuyHi napamempu, enemeHmHuli cknad, KinbkicHa nimonoezis, 2eoxiMmiyHuli kKapomax ceepo-
J108UH, 8yan1e800Hi, [JHinpoeckko-[JoHeybka 3anaduHa.

Bctyn

EdektnBHa iHTepnpeTauis gaHMx ceMcMopOo3BiakM Ta na-
pamMeTpu4HOro BypiHHS, 4OCTOBIPHA OLLiHKa NepCrneKTVB noTe-
HUiMHO HadpTOrasoHOCHMX nnoLw, i nigpaxyHoK 3anaciB
BYITNEBOAHEBOI CUPOBMHM NOTPEOYIOTH AeTanbHOro cTpaTur-
padivyHOro Ta MiTOMNOrYHOro PO34neHyBaHHA PO3pisiB i3 Ha-
OiNHUM  BU3HAYEHHSAM  NeTpopianyHnX napameTpiB  yCix
niTotvnie i, 0cobnmeo, iNbTpaLinHO-EMHICHMX BNacTMBOC-
Tel nopia-konekTopi. 3a3Buyarn 6a30t0 4N LUbOro CryrytoTb
pesynbTaTy iHTepnpeTauii AaHNX reodisnyHOro A0CNioKEHHs
ceepanosuH (FTOC), a aaHi npsimoro neTpodisnyHoro Ta nito-
NOriYHOTO BUBYEHHSI 3PaskiB KEepHY BUKOPUCTOBYHOTbCS K
"BHYTPILLHI CcTaHgapT" ANs YTOYHEHHs pesynbTaTiB Ta

0BrpYHTYBaHHS iX NOLUMPEHHS Ha BECb po3pi3. [nsa uboro iH-
TepBanu Ta AeTanbHiCTb Biabopy Takux 3paskiB, B igeani,
NOBWHHI XapakTepuayBaTu BCi MPUHLMMOBO BaXIMBI ANs iHTe-
pripeTauii YacTyHK po3pidy. Ane Ha NpakTuL HAasBHUIA KEPHO-
BWM MaTepian [fganeko He 3aBXAM penpeseHTaTMBHO
nepekpmBae HaBiTb NOTEHLINHO NEPCNEKTUBHI iHTepBanu, ki
BUAINAOTbCA 3a gaHumu TAC. 3ayBaxumo, WO Take CTaHo-
BULLLE XapaKTepHe He Tinbkun ang QinsHokK 3i ctapum oHA0M
CBEepAIOBYH, ane 1 Ans HOBUX TEPUTOPIN, OCKINbK1 cam Bia-
Oip KepHa NNaHyeTbCs 3@ aHasOorieto i3 CyciaHIMKU NoLamu,
a MOXIMBOCTI onepaTuBHOI KopekLii Biabopy B npoueci by-
PiHHS OOMEXEHi 3 TEXHIYHMX MPUYUH.
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Takvm YMHOM, peanbHa cuTyauis BiOPI3HSAETLCA B inea-
NbHOI (MOBHE NEepPeKpPUTTS PO3pidy CBEPANOBUHM AaHUMU 5K
NpsAMUX NETPOMI3UYHNX/MITONONYHMX OOCNioKEHb 3a Kep-
HOM, Tak i pesynbTatamu [[AC), WO HEMUHYYE 3HWXKYE AOCTO-
BIpHICTb KiHUEBMX pesynbTaTiB. To6To iCHye He po3B'AsaHa
NOBHICTIO 3a2asibHa npobrema, sika NoNsrae y BiACYTHOCTI
npocToi, ane egeKT1BHOI TexHoNorii BNeBHeHoro (6e3 BTpaT
i BUKPMBIEHb) NOLUMPEHHS pe3yrnbTaTiB NPsSMoro "To4KoBoro"
OOCNiMKEHHS 3pa3kiB KepHa B iHTepBarnax Moro Bigbopy Ha
BECb pO3pi3 CBEPANOBMHN AN NOBHOLHHOI iHTerpadii 3 [OC
Ta JOCAMHEHHA MaKCMMarbHO OOHO3HAYHOI KiflbKiCHOT iHTep-
npeTauii Bcix gaHux. MNpupoaHo, Wo BaXnNmBoK BUMOTOK 0
Takoi TEXHOMOrii € N MOXNUBICTb OAepPXaTn pesynbTati na-
panenbHOo 3 peanisauieto TpaguuiiHoro komnnekcy [AC abo
HaBiTb Oro BunNepegxaydn. Ha cborogHi AouUinbHO BUAINUTK
Taki yacmuHu 3a2anbHoi npobaemu, siKi NianaratTb Nocri-
[OBHOMY BupiLleHHo: (1) obrpyHTyBaHHsA BUOOpyY 3acaf not-
pibHOI TexHonorii, (2) NiaTBEpAXKEHHSI NpaBOMIpHOCTI BUGOPY
LLNIAXOM MOro MINOTHOrO TecTyBaHHS, (3) po3pobka TexHomno-
rii Ta il anpobauisi.

IOns yacmuHu (1) 3a2anbHoOi NPo6s1eMu Ha CbOroAHi
€ nuwe ofgHe Ta (hakTMYHO Ge3anbTepHaTMBHE PilleHHS,
SKe MOMNArae y po3LMPEHOMY BMKOPUCTAHHI FeoXiMiYHMX
MEeTOAIB y BapiaHTax AOCNIAXEHHSI KepHa Ta Lunamy cBep-
anosuH ("reoximiyHun kapotax"). Lle piweHHst 6a3yeTbcs
Ha pesynbTaTax YUCINEHHMX TEOXiMIYHUX Ta i30TOMHO-
reoxiMiyHMxX gocnigXeHb, BUKOHaHUX 3a OCTaHHi OinbLL HiX
40 pokiB y ranysi xemoctpaturpadii (Berger, & Vincent,
1981; Chemostratigraphy..., 2019; Brookfield et al., 2020;
Ramkumar, Nagarajan, & Santosh, 2021 Towo). barato B
YoMy BOHM Ge3nocepeaHbO OPIEHTOBaHI came Ha po3rnsa
NPVKNagHNX acnekTiB L€l YacTuHM npobnemu, BKYaoum
OLiHKY KinbKiCHOI MiHepanorii/niTonorii Ta KOneKTOpCbKMX
BMacTUBOCTEN nopia 3a ix enemeHTHUM cknagom (Herron,
1986; Herron, & Herron, 1998; Harvey et al., 1998; Hupp, &
Donovan, 2018; Cosme et al., 2025 Towo). Bpaxosyroyu
cydYacHe 3HayqyHe MOWUPEHHS, yHigepcalibHicmb, 8iOHOCHO
HegernuKy eapmicmb ma weudKul po38umoK obradHaHHS
0na peHmaeHoghr1lyopecuyeHmMHO20 efIeMEeHMHO20 aHarlizy
(X-ray fluorescence — XRF), B ToMy 4ncni noro MoGinbHNX
("py4Hnx") BapiaHTiB (handheld energy dispersive X-ray
fluorescence spectrometers — hhEDXRF (pXRF, HHXRF
abo EDXRF), came uel reoximiyHuiA HanpsiMok (BMKOpUC-
TaHHS PO3MOoAiny rofloBHMX Ta MiKPOENEMEHTIB 3 BU3HAYEH-
HsIM TX KOHLUeHTpauin Ha 6asi XRF) Bxe 3apa3 BNeBHEHO
3aliMae NpiopuTETHY NO3ULiK0 Ta Mae BCi LWaHcK 36eperTtu i
Ha poery nepcnektuBy (Jarvie et al., 2007; Rowe, Hughes,
& Robinson, 2012; Martin, 2019; Martin, & Carr,
2020 Towo). 3ayBaxkMmo, L0 USA No3uuis Moxe OyTu cyT-
TEBO NMOCUIeHa 3a yMOBW KOHTPOrbHOro ("ToukoBoro") oono-
BHEHHSI MOXNMBOCTAMMW, SIKi HafdalTb HabaraTo AOpOoXi
CcMCTEMW aBTOMATM30BaHOIO MiHeparnoro-neTporpagiyHoro
BMBYEHHSA 3pa3skiB KepHa i wnamy (QEMSCAN, MLA ToLo)
(Blannin et al., 2021; Jiang, 2012 ToL0).

Y uin cTaTTi Ha NpuKNagai peanbHUX po3pisis CBEPAOBUH
PyHoBLMHCBLKOT HadhTorazoHocHoi nnowi O03, ski mictaTte
NPOAYKTUBHI TOPU3OHTK, PO3MMAAAETLCS YacmuHa (2) 3aza-
nbHOT npo6nemu. ToMy Mema po6omu nonsrana y nigT-
BEPOKEHHI NpaBuMbHOCTI BUBOPY reoximiyHnx 3acobiB sk
OCHOBW TEXHOMOTii, WO 0B6roBoptOETLCS, LUNAXOM X NiNOT-
HOro TecTyBaHHs1. 3aedaHHsIM po6omu G6yno: (1) penpese-
HTaTVBHe onpobyBaHHA KepHa; (2) Moro KoMmmMnekcHa
nigrotoBka (npenapadia 3paskis/mpob); (3) niTonoriyHi,
neTpogi3nyHi Ta reoxiMmivHi (aHaniTM4Hi) [OCNIOXKEHHS;
(4) cTBopeHHs neTpodi3anyHO-reoxiMmiyHoro 6HaHKy OaHuX,
wo o6'egHye BClo oaepxaHy iHdopmaLito; (5) TectoBui po-
3paxyHOK  KinbkicHOI  miTonorii  po3pisiB, BWAINEHHS

ISSN 1728-3817

reoxiMiYyHMX aHomarnin i ouiHKa MOXITMBOCTI BU3HAYEHHS
PiNbTPAUIMHO-EMHICHUX (KONEKTOPCLKUX) NapameTpiB nopia,
3a reoxiMmiyHMMun gaHnmu; (6) BU3HaYEHHSA NEePCNEeKTUB BUKO-
pUCTaHHA HEMPOHHMX MEPEX AN KOMNINEKCHOI iHTepnpeTa-
uil  gaHmx. BukoHaHHS nepeniyeHux 3aBOaHb aBToOpPWU
po3rnsfatoTb Y KOHTEKCTI NiArOTOBKN A0 PO3B'A3aHHS cdop-
MYynbOBaHoOI BULLEe YacmuHu (3) 3a2zanbHoi npobnemu.

06'ekm OocnidxeHHs. PaioH pocnigxeHb HanexuTb
00 ocboBoi YactuHu O3 (Atnac ..., 1984 Towo) Ta po3ta-
LLOBYETLCA B MeXax ii LLeHTpanbHOro Ta HanbinbLw 3aHype-
HOro cermeHta 3 noTyxHum (9-11 kM) ocagoBum
KOMMMNEKCOM, SIKUN CKNageHUA yTBOPEHHAMWU Naneo3oncb-
KOi, Me3030MCbKOi Ta KanHo3oWcbkoi epateM. OCHOBHUMM
CTPYKTYPHMMMW enemeHTaMmu € rmuboki 3anaguHu (BracHe
3aHypeHa YactuHa J[3) Ta no3uTuBHI BanonogibHi cTpyk-
Typu (OniwHsAHCbKkO-MaTBiiBCbka CTPYKTypa, PYHOBLUMHCBHKE
nigHATTA Ta 3axigHa yYactnHa KouybGeiBcbko-PosnaluHiBCh-
KOro Bary), YTBOPEHi COMSAHMM TEKTOHOreHe3oM. Y Mexax
panoHy gocnimpxkeHb (Bignosigae MuHCbKO-CONoXiBCbKOMY
Ta MauwiBcbko-LLebenmHcbkomMy HadhTOrasaoHOCHUM pawno-
HaMm i3 LWinbHICTIO Hepo3BigaHWx pecypciB ByrnesBoHiB 10—
50 TuC. T/KM?) NOKNaau BYrNIEBOAHIB BUSIBMEHO B LUMPOKOMY
cTpaTurpadiyHoMy iHTepBani — Big HOPCbKUX OO TypHeNCh-
KMX yTBOpEHb (aiana3oH rmubuH Big 430 go 6300 m).

BnacHe PyHoBLlWMHCBKa nnoLla npuypovyeHa 4O O4HOM-
MEHHOrO NIOHATTS, AKe NO Bigknagax HWXKHbOTO i cepea-
HbOro  kapboHy €  By3bkolo  OpaxiaHTukniHanmo
CyOLIMPOTHOrO NPOCTAraHHs po3mipom 6,0x1,5 kM, sika npo-
pBaHa congHum WTOKOM. [MiBOeHHE KPWUMO MIQHATTSA KpyTe,
niBHiYHe — nonore. PYHOBLUMHCLKUA CONSHUW LUTOK Hane-
XWUTb 00 TUNY 3aKpUTUX NepeaBepXHbONEePMCbKMX, Fpubono-
fi6HMX.  OCHOBHI  enemeHTW  CTPYKTYpW  YCKNagHeHi
pi3HOHanNpPaBneHo CUCTEMOIO MOPYLUEHb, cepen AKX ne-
peBaxatTb CKMAM 3 NiBHIYHO-CXiAHUM NagiHHAM. 3a cercmi-
YHUMKU AaHumu (2D) MUHYNMX pOKIB Ta 3a pesynbTaTaMmu
napameTpuyHoro OypiHHS Ha AiNsHUi cxigHOi nepukmniHani
PYHOBLUMHCBKOrO MIAHATTA MPOCTEXYETLCH TEKTOHIYHUMN
BY30/1, YCKNaAHEHU MiXGITOKOBO CKIMafKok.

[MpoayKTMBHI ropn3oHT 3ansraTb Ha rmubuHax 300—
5500 m. lMoknagu ByrneBoAHIB MOB'A3aHi 3 NracToBMMK Ta
KOMBIHOBaHMMW MNITOMNOrMYHO | TEKTOHIYHO eKpaHoBaHUMK Na-
ctkamu. Konektopamu € TepureHHi i kapboHaTHi nopogu.
MepcnekTBu HadhTOra3oHOCHOCTI NOB'A3YI0TLCS 3 BiAKIagamu
HIDKHBOMEPMCBKOTO, BEPXHBbOKaM 'SHOBYTINIbHOMO, CepeaHbO-
KaM'siHOBYFIfNIbHOIO i HWXHbOKaM'SiHOBYFiNbHOMO KOMMIEKCIB,
NPOAYKTUBHICTb SKMX NIATBEPPKEHO HA CYCIAHIX ra30KOHAEH-
CaTHUX i HAaTOra3oKOHAEHCATHMX POAOBULLAX.

3a pesynbTaTaMyM KOMIMIEKCHUX Feoforo-reodisnyHmx
pobiT, nowykoBoro i po3BigyBanbHOrO OYypiHHS B Mexax
nrowi BigKPUTO TpM poJoBuLla BYrNeBOAHIB: PyHOBLUMH-
cbke raszoBe, CxigHOPYHOBLLMHCBKE ra3oBe i pogosuLle Aka-
nemika Lnaka HadToBe. 3a AaHvmun [epkaBHOi Cryxou
reonorii i Hagp Ykpainu, Ha pogoBuLli Akagemika LLinaka 06-
nikoBaHi 3anacu HadTn kaTteropii C2 cTaHOBNATH
2730 Ttuc. T, kateropii C3 — 2006 T1C. T Ta NEPCNEKTUBHI pe-
cypcu rasy kateropii C3 — 1640 mnH mM3; Ha PyHOBLUMHCH-
KOMYy pOAOBMLLi 3anmacu BinNbHOro rady karteropii C2 —
507 mnH m® Ta kateropii C3 — 483 mnH m3; Ha CxigHOpyHOB-
LLIMHCBKOMY pOOBMULLI 3anacu BinbHOro rasy kareropii C2 —
349 mnH M3,

Y poboTi gocnigaXeHo penpeseHTaTUBHI parMeHTn po-
3pisiB ceepanosuH Ne 100, 101 Ta 110, siki npeacTaBneHi sk
TEPUreHHUMU, Tak i kKapboHaTHUMK NopoJamMm i MiCTSITb ro-
PV30HTU 3 NiIATBEPIXKEHOI NPOAYKTUBHICTIO. 3aranbHuii 06-
car onpobyBaHHs cTaHoBMB 287 3paskiB. [MOBHUI KOMNNEKC
reoximiyHux i neTpopisnyHNX napameTpis BU3Ha4YaBCa Ans
79 3paskis.
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MeTtoau

llidecomoeka 3pa3kie (nNpo6). Bci 3paskn kepHa
macoto 0,5-1,0 kr migrotoBneHo Oo nabopaTopHux [ochi-
[pKeHb 3a yHidhikoBaHOO cxeMoto, AKa nepegbavana BUroToB-
NeHHs npenapartiB  (UMniHAPIB) ANA BUMMIPIOBaHHA NeTpo-
isnyHNX NapameTpis, neTporpadivHNX LLNIKIB i reoXiMiYHMX
nopotukoBux nNpob (<50 mkm) i 3abe3nevyBana ix penpeseHTa-
TUBHICTb Ta B3aEMHY 3iCTaBHICTb pe3ynbTaTiB JOCNiIKEHb.

lMempozpaghiyHi AocnidxeHHs. [MpoBogunucb
3a CTaHOApTHMMWU METOAMKaMU 3 BUKOPUCTaHHSAM MONsApu-
3auiHux mikpockonie MOJIAM PIM1 ta MOJIAM P311.

lMempogizu4yHi docnidxeHHs. BukoHyBanuce 3a
CTaHOapTHUMK MeToauKaMu B aTMOCepHNX ymoBax i ymo-
Bax, IO MoAenioTb nnacTtosi. BusHayanuce Taki napame-
TpU: MOPUCTICTb, BMMipsiHa B aTmocdepi asoTta (¢n),
NOPUCTICTb NPY HAaCUYEHHI NIACTOBUM PO34YMHOM (¢L), NPO-
HUKHICTb (K). Pe3ynbTaTtn gocnigxeHb 4OCTaTHBO MOBHO BU-
cBiTneHi B nybnikauisx (bespogHa, & Buxea, 2019; Buxea
Ta iH., 2019; Buxsa Ta iH., 2018).

AHanimu4Hi docnidxeHHsA. [ANsA BCiX reoxiMiyHnx
npo6 meTogom peHTreHo-cryopecLeHTHoro aHanisy (XRF)
B XBWUIMbOBO- Ta eHeprogucrepcinHomy BapiaHTax (WDXRF
Ta EDXRF) Ha peHTreHiBcbkux crnektpomeTtpax CPM-25,
CEP-01 (ElvaX-Mini / ElvaX-Light) Ta P®C-P[ Bu3Ha4yeHO
KOHLeHTpaLii BCix ronosHux Ta mikpoenemeHtis SiOz, TiOz,
Al203, Fe203"°t! MnO, MgO, CaO, Naz0, K20, P20s, S, Cl,
H20r, LOI, Ni, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Zr, Nb, Pb, Th,
U, Ba, La, Ce, Pr, Nd (Fe203"%? — 3aranbHe 3ani3o y gopmi
Fe203, H20" Ta LOI — BTpat Macu npu npoxaprloBaHHi Bia-
noeigHo npu 110 Ta 1100 °C). Mexa BusiBneHHsi (DL): 0,0n-
0,n wt% Ta n-nx10 ppm Ans ronoBHUX OKCUAIB Ta MiKpoere-
MeHTIB BignoBigHO. AHaniTuyHa noxmbka (20): <10 BigH.%
ans koHueHTpadin 210xDL. KoHTponb skocTi (Bunagkosa Ta
cucTemMatuyHa NoxXmbkM) aHaniTMYHUX BU3HAYeHb Ta op-
MyBaHHS KiHLeBOro 6aHKy AaHuX 34ilcHIOBanochb 3a MeTo-
Ankamu, ki oxapaktepusoBaHi B poboTtax (Lazareva et al.,
2019a; 2019b; Lazareva et al., 2025).

Bci nabopaTtopHi gocnigxeHHst BUKOHaHo B LieHTpi kone-
KTUBHOIO KOPWCTYBaHHsi HaykoBMM obnapHaHHs "Cy4acHi
TexHornorii  gocnimpkeHHsa pedyoBuHM 3emni i CoHs4HoI

b 40
30 4

Si0,=52 wt%
Al,O; = 24 wi% F

CLAY

25 A

£ 20 25
H
S 20
3 154
15
10
10
51 5
Qiz
org 0 0
CARB 0 10 20 30 40 50 60 70 80 90 100
(+AC) SI0,, wt%

AlLO;, wt% (only for Kin)

cuctemn" (LUKKHO CTOP) Ha 6a3si MeTpodisnyHoi nabopa-
Topii i JlaGopaTopii PEHTreHIBCbKMX | MIKPOCKOMIYHNX
pocrimpkeHb  MiHepanbHoi  peyoBuHM  (X-RayMicroLab)
HHI "IHcTuTyT reonorii”. 38eaeHi pedynbtaTv 4OCNiAKeHb Ha-
BefieHo B enektpoHHoMy [logaTtky (Appendix A, Table S1).

PesynbTaTtn

Kinbkichna nimonozis po3pizie. Po3paxyHok
KinbKicHOro miHepanbHoro cknagy (quantitative mineralogy)
Ta BW3HAYEHHSA KINbKICHWUX MITOMOrMYHUX XapakTepUCTUK
(quantitative lithology) ocagoBux nopig 3a ix enemMeHTHUM
CKINaloM € CKNagHUM 3aBOaHHAM, BUPILLEHHKO SKOrO MpuUc-
BsiyeHo 6e3niy pobit (Herron, 1986; Herron, & Herron, 1998;
Harvey et al., 1998; Hupp, & Donovan, 2018 Towo). OgHak
3anponoHOBaHi anropyTMN Ha NMpaKTULL Janeko He 3aBXau
3abe3neyyoTb OAHO3HAYHI Ta AOCTOBIpHIi pe3ynbTaTty, Lo
MOSICHIOETLCS MEePEeBaXXHO CKNaAHOI Ta NEPEMIHHOK XiMiy-
HOIO KOMMO3WLi€0 MiHepaniB rpynu rmMuH (NnepegyciMm MOHT-
MOPWIOHITY Ta iniTy), ski € OOOB'A3KOBMM i 3HaYyLLUM
KOMMOHEHTOM 0CafoBUX YTBOPEHb, @ TAKOX CKragHoLLamu
ii NpsAIMOro BM3Ha4YeHHS HaBiTb 3acobamy enekTpPoOHHO-30H-
poBoro MikpoaHanidy (EPMA). Tomy Ha cborogHi 36epira-
€TbCS aKTyanbHICTb NofanbLUMX PO3poOOK.

Tak, y Ui pobGoTi 3acTocoBaHO OpwriHaNbLHUIA Migxig
(Shnyukov et al., 2021 Towo), AKMI MONArae y BUKOPUCTaHHI re-
HepanizoBaHOI YOTMPUKOMIMOHEHTHOI MoAeni (puc. 1), Lo one-
py€e TakMMu MPOBIOHUMW KOMMOHEHTaMM 0CafoBUX YTBOPEHb:
Qtz (kBapuoswuit), CLAY (rmunnctun), CARB (kap6oHaTHuiA),
ORG (opraHiyHuin). JopaTkosi komnoHeHTH (AC), siki NpUCYTHI
He 3aBXaW | B HEBEMUKMX KOHLIEHTPALAX, Hanpuknag, ranit, re-
TUT, MIPWT, TiNC, aHrgpUT TOLLO, PO3rNsaaalnTbCs | po3paxoBy-
IoTbCA  Okpemo. Mopgenb npu3HadeHa AN BUPILLEHHS
byHOaMeHTanbHNX 3aBAaHb, 3B'A3aHUX 3 OLLIHKOK penpeseH-
TaTUBHOCTI BENMKOOG'EMHOrO onpobyBaHHS TEPUrEHHWX BiaK-
nagie pi3HOMAHITHOIO MOXOMXKEHHs  (GontoBiornsuiansbHMX,
anioBianbHNX, AenbTOBKX, NPUBEpPeXHO-MOPCHKMX, Lenbdo-
LIMPKOH-MOHaUMTOBUX AETPUTOBMX MOMNYMsiLi, CNPsiMOBaHOMO
Ha MOAENOBaHHS €BOSHOLii BEPXHBOI KOHTUHEHTAarbHOI 3€MHOT
kopu (Shnyukov et al., 2019 ToLLo).

60
CLAY = Mnt + lll £ Kin + Gt
CARB = Cal + Dol + Sd

AC = Additional Components

(Gt Pyetc,) 50

Phanerczoic sedimentary rocks
and modern sediments (n=852)

Y
o

Dol ® @ Studied rocks (n=78) 3.;
o a
© 30Q
S o
20
°
®
° ° o ® 10
Sd ® oo 0 __° atz
St e i g
org 0 10 20 30 40 50 \ 60 70 80 90 100

(+AC) CLAY QSSWR. Si0,, Wt%

RAC & PIRAC

Puc. 1. 3ictaBneHHs BmicTy ronoBHux okcuais (Al.O;, Ca0, SiO,) B gocnigxeHUxX 3pa3kax
3 KOMNO3MLi€EI Pi3HOMaHITHUX haHEPO30MCBLKUX OCaf0BUX NOPIA, a TaKOX CyYacHUX antoBianbHUX,
[enbTOBUX | MOPCbKUX (Lenb(oBuUX i MMGOKOBOAHMX) BigKnaaiB
y pamMKax reHeparni3oBaHOi YOTUPUKOMIMOHEHTHOI fiTonoriyHoi moaeni (Shnyukov et al., 2021)
MopaenbHi komnoHeHTU cknaay nopia: Qtz = keapuosuii, CLAY = rnuHuctuin, CARB = kapboHaTHuin, ORG = opraHiduHui,
AC = gopgaTkoBi KOMMOHEHTW (raniT, reTWT, NipuWT, TiNCc, aHrigpuT TOLO).
CepepHiv cknag MiHepanis rpynu rmvH: Mnt = MOHTMOPUNOHIT, /Il = iniT, Glt = rnaykoHiT, Kin = KaomiHiT,
Chl = xnopuT (NpUpoAHi Bapiauii cknagy nokasaHo nraHkamu).
TeopeTnuHun cknag kapbonaris: Cal = kanbumuTt, Dol = gonomit, Sd = cugepur.
OuiHku cknagy Hanbnvkymx NpupoAHunx aHanoris komnoHeHta CLAY: WRAC = World River Average Clay (Bayon et al., 2015),
ASSWR = Average Suspended Sediment in World Rivers (Viers et al., 2009),
PIRAC = Peninsular Indian River Average Clay (Babu et al., 2020)
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Take cnpsiMyBaHHS Ta reHepanisauis NpoBigHMX KOMMO-
HeHTIB Bigpa3y 3yMOBMIOIOTb OOMEXEHICTb 3aCTOCYBaHHS
mMogzeni nuile BigknagaMmu/nopoaamu, LWo YTBOPUIUCH YHa-
cnifgok AeHyaauii BENMKUX OiNstHOK 3eMHOIT KOpu, CKnageHmx
MaKCMManbHO LUMPOKUM PO3MAITTAM ripcbkux nopig. O6os'-
S13KOBOI YMOBOIO € iX rMunboke BMBITPIOBaHHS Ta NOBHE nepe-
TBOPEHHSA BCiX MEPBUHHMX MOPOAOTBIPHUX MiHepanis (3a
BMHATKOM KBapLy) Ha MiHepanu rpynu rimH. OgHak Ui obme-
)KEHHS1 KOMMEHCYITLCS TUM, LLIO CaMe B Takux yMOBax peari-
3yETbCA NPUPOAHE penpe3eHTaTMBHe ONpobyBaHHSA BCiX
neTpoTMniB obnacTi ApeHaKy 3 MaKCUMarbHUM NPOSABIEH-
HSIM He TinNbKn ocagoBol AudepeHdiaLii, ane n edekTy romo-
reHisauii mobinisoBaHoi kopoBoi pevoBuHM (Shnyukov et al.,
2019), akun 3abesneydye popmyBaHHA eHEKTUBHO OcepeHe-
Horo komnoHeHTa CLAY — cyMilli nepeBaxxHO Cknagy MOHT-
MOPWUIIOHIT + iNiT £ KaoniHiT  (puc. 1). CrtabinbHiCTb  1MOro
XiMiYHOI KOMMoO3uUil Ta ogepXaHa I1i peaniCTMyHa OujiHKa
(SiO2=52; Al203=24 wt%) came 11 BiOKpUBaE MOXIMBICTb
pO3paxyHKy BMICTY BCiX MOAEIbHNX KOMMOHEHTIB B 0Cai0BUX
nopopaax 3a ix enemeHTHUM cknagom (Shnyukov et al., 2021).
Lis moxnmBicTb HeoQHOPa30BO NiATBEpAXEHa anpobaLieto sk
paHHiX, Tak i 6inbLl PO3BMHEHMX BEPCI MOAENi Ta Ppo3paxyH-
koBux npoueayp (Shnyukov etal., 2001; Shnyukov etal.,
2002; Lazareva et al., 2018; Vyzhva et al., 2021).

[JocniaxeHi kapboH-nepmo-Tpiacosi ocagosi nopoau CBepPA-
nosuH Ne 100, 101 Ta 110 3a nitonoro-gadianbHMMKM 03Ha-
Kamu (psau:  aprinith — anesBponiTM — NICKOBUKN —
BaMnHWCTI NICKOBUKN — BarHAKW, Mepreni — ruHu — MicKu),
reonoro-CTPYKTYpHoOlO i naneoreorpadivyHoo  nosuuieto
(ueHTpanbHa 4actuHa [3) Ta oxepenomMm nocravyaHHs Te-
pureHHoro Mmatepiany (NPUMHaNMHI oAHa BenuvKa AinsHka
BEPXHbOI KOHTUHEHTamNbHOI KOpN — YKPaiHCbKUI LWWT) Uin-
KOM yKNnafalTbCs B OOMEXEHHS pO3risiHyTOT YHOTUPMKOMINO-
HEHTHOI Mmogeni, a 3a XxiMiyHow komnosuuielo [obpe
Y3rogXyTbCsa 3 NITOMOMYHO 3yMOBIEHUMW 3aKOHOMIPHOC-
TAMKU 3MiHW BMICTYy ronoBHux okcuais (SiOz, Al203, CaO) B
Pi3HOMaHITHUX (PaHepPO30MCbKNX OCaZoBUX Nopogax Ta cy-
YacHMX antoBianbHKX, AeNbTOBUX | MOPCLKMX Bigknagax, sKi
cknagatoTb ii cpakTonoriyHy ocHoBy (puc. 1). Lle nigTBep-
[KY€E KOPEKTHICTb 3aCTOCYBaHHS MoAenNi AN OfepXXaHHs Ki-
NBKICHOT NITONOrYHOT XapaKTepMUCTUKN AOCNIAKEHNX 3pasKiB
KepHa Ta BignoBigHWX iHTepBanis CBEpPAIOBYH.

PesynbTtaT pospaxyHky 3a HaBegeHuMmun B poboOTi
(Shnyukov et al., 2021) npoueaypamy npeacTaBneHo Ha
puc. 2. Ak 6auynmmo, po3paxoBaHa niTonoris po3pisy, ska 4o-
Ope y3roaxXyeTbCca 3 JaHUMU NOMNepeHbO NPoBeAEHUX Tpa-
OUUiMHNX neTporpadivyHnX AoCnigXeHb, Ha BiAMIHY Big HUX
Mae reHepanisoBaHui, CNpoLleHu surnag. Ane ue cnpo-
LEeHHS € ONTUMarnbHUM, OCKINbKN HE NPU3BOAUTbL OO0 MPUH-
LMNoBMX iHOPMAaLNHUX BUKPUBIEHbL i BTpaT i MOBHICTIO
KOMMNEHCYETLCA KiNbKICHAM XapakTepom gaHux (quantitative
lithology), Lo 3abesneyye npocTe KopensuinHe 3icTaBneHHs
6e3nocepenHb0 3 pesynbTatamu neTpodisanyHnx aocni-
mxeHb Ta FAC. [Jo Toro > BUKOPUCTaHHS GinbLU pO3BUHEHUX
BEpCi YOTUPUKOMMOHEHTHOI MoAeni Ta po3paxyHKOBUX
npoueayp, siki po3pobnsTbCa HUHI, 34aTHE 3HAYHO NiaBU-
LWNTK NITONOriYHY iHPOPMATMBHICTb pe3ynbTaTiB 3a paxy-
HOK AeTanisauii Ta ouiHkM BMICTy KapboHaTiB, 40AaTKOBMX
komnoHeHTiB (AC) ToLlo.

FeoximMiyHi aHomanii. Ana gocnigxeHoro po3apisy
3adpikcoBaHO TpU SIBHI NokarnbHi aHoManii BMICTYy Cipku, SKi
NpuGNN3HO OHAKOBI 32 CBOEI BUCOKOK KOHTPACTHICTIO Ta,
O4eBUHO, 3B'A3aHi 3 Mirpadieto ByrneBoaHiB (puc. 2). BoHu
AeTtanizoBaHi WNaxoM AudpepeHLiauii BHECKY Pi3HUX MiHe-
panbHUX ¢hopm enemeHTa: cynbdartHa cipka ouiHeHa fK
BMICT S, 3B'Aa3aHoi 3 CaO y dopwmi rincy Ta/abo aHrigputy, a
cynbdigHa — K il HAANULWOK, He 3abe3neyeHnit HassBHUM
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CaO. Cyma koHueHTpauii o6ox dopMm S Bignosigae ii 3ara-
NbHOMY BMICTY.

Ak BUOHO 3 puc. 2, Ui aHoManii BignoBigaTb HASBHUM
NpoayKTMBHUM ropu3oHTam -6, -78 Ta -7H, ane, 3a cTabi-
NbHO HEBENVKOi MOPUCTOCTI MO BCbOMY PO3pidy, CKNagHUM
YMHOM CMiBBIAHOCATLCS 3 abOCOMIOTHOK NPOHMKHICTIO NOPIA,
— BMCOKi 3HaYeHHS LibOro napameTpa XxapakTepHi BUKITHOYHO
Ansi ropu3oHTiB -78 Ta -7H, — Nnpyv4omMy npunnue HadTH
3achikcoBaHO nule B ocTaHHboMY Bunagky. OcobnueicTio
reoxiMiyHoi aHomarnii ropusoHTy -7H € HeBenuKnin BHECOK
cynbdigHOT Cipku B il aMnniTyay NOpiBHAHO 3 aHOManiaMu
ropusoHTiB -6 Ta [-78 (puc. 2). lNMpunmatoun, WO iHTEHCMB-
HICTb PO3BWUTKY Cynb@igHOI MiHepanisauii 3yMOBMETHCS
TpMBanicTio NepeBa)XaHHA BiAHOBHUX YMOB, Li AaHi MOXYTb
OyTn 06epexHo IHTEPNPETOBaHI SK CBIAYEHHS OOCUTL OOB-
roi mirpadii no ropusoHtax -6 Ta -78 came HadTh, Aka no-
Tim Gyna 3amilleHa uupkynsidielo nig3emHux BoAa. Lle
npu3Beno Ao Po3BUTKY CynbdaTHOI MiHepani3adii B nycToT-
HOMY MpPOCTOPi Ta 3aKOHOMIPHOTO 3HMXKEHHS MPOHMKHOCTI
nopig, Npu4omy y BUNAaAKy ropu3oHTy -6 Take 3HUXKEHHS
Habyno pagukanbHoro xapakrepy. Ons ropnsoHty -7H no-
CnigoBHICTb nogi Oyna npoTunexHot, ToOTo nig3eMHi
BOAW BiAHOCHO HeAaBHO Oynu 3amilleHi HadTo, MPOo Lo 1
CBiauMTb 11 3adhikcCoOBaHMIN NPUNIUB.

HaBegeHa iHTepnpeTauis notpebye 4oaaTkoBoro obrpyH-
TyBaHHS Ta NigTBEpAKEHHS iHWnMK npuknagamu. OgHak Bxe
HWHI MOXHa KOHCTaTyBaTH, LLO PO3rMsHYTUI BUNagoK AEMOH-
CTPYE MOXIUBICTb BUAINEHHS NOKarNbHUX reoXiMiYH1X aHoMa-
nin, AKi € iHAMKaTopaMm ropu3oHTIB 3 MOXIVBMAM MPUMIIMBOM
HadTn. 3ayBaxumo, Lo Baromi, 04HaK Aarneko He MOBHICTIO
BM3HAYeHi NepCnekTMBU Mae BMKOPWUCTaHHS MiKpOENneMeHT-
HOro cKragy nopia Anst BUpiLeHHst nogibHnx 3aaaHb. OgHak
X 3'AcyBaHHS BMMarae 3acToCyBaHHS crneuianbHUX MeToauK
AN NpeumsinHoro BpaxyBaHHSA poHOBMX YMOB Ta iaeHTUdI-
KaLii cnabkux reoxiMiyHMX aHoManin, siki KomnneMeHTapHi BU-
KOPUCTaHIN YOTMPUKOMIMOHEHTHIN NiTONorivyHin mModeni Ta
HeoO4HOPa3oBO pa3oM 3 Heto anpobosaHi (Shnyukov et al.,
2001; 2002; Lazareva et al., 2018; Shnyukov et al., 2021;
Vyzhva et al., 2021).

®inbmpayiliHo-eMHIiCHI (konekmopchbKi)
napamempu nopid (®EI). MpocTnn KopensauiiHni
aHani3 (Tabn. 1) gae amory NnpunycTUTH, LLLO KONEKTOPChKi
napameTpu JOCrifXeHuX nopig, Hacamnepen niCKOBUKIB,
KOHTPONIOETLCHA 3HAYHOK MIPOIO iX MiHEpPaNbHUM CKNaaoM.

Lle niaTBepaKyeTbCA i BCTAHOBNEHMMUW KOPENALIMHUMMN
3a5eXHOCTAMU NPOHUKHOCTI Bi BMICTY MOAENbHUX KOMMO-
HeHTiB Qtz Ta CLAY (puc. 3), a TakoX NopucTocTi Bif 3Ha-
YeHb Oinbl cKkNagHWX nonienemMeHTHUX koedilieHTiB
(Hanpuknag puc. 4). OgHak noAibHi perpecinHi 3anexHocTi
AOCTOBIPHI NK1LLE B OKpeMMX NiTONOriYHnxX rpynax abo iHte-
pBanax CBepAnoBuH. B ymoBax arperoBaHoi BUGIPKM iXHS
e eKTMBHICTb AN MPOrHO3Y KONEKTOPCLKNX NapameTpiB Mo-
piA 3Ha4HO NOripLy€ETLCA.

MoninweHHs cuTyauii MoXnNuBe 3a YMOBU 3anyyeHHst 4O
po3rnsay LUMPOKOro nepeniky MiKpoernemMeHTiB 3 KOHTpacT-
HUMW BrAcTMBOCTSIMM Ta NOBEAIHKOK Ha BCiX eTanax nito-
reHesy. Lle nae amory o4ikyBaTtu ix BUCOKY e(DEKTUBHICTb K
enemeHTiB-iHguKaTopiB dauianbHMX YMOB HAKOMUYEHHS Ta
noaanbLUIoro fja- Ta KatareHe3y ocafoBux yTBopeHb. OgHak
peanisauisi NOTeHUiNHOI iIHPOPMATUBHOCTI MiKpOENeMEHTIB
notpebye NpoBeAeHHsT cneujianbHOT Nporpamm AoChioKeHb
3 BUKOPWCTAHHAM Y T. Y. METOAUK NPELM3IAHOrO po3paxyHKy
OHOBUX YMOB, AKi 06roBopeHi BuLLEe ANs BANAAKy iAeHTUu-
dhikauii cnabkmx aHomanin sk iHGUKaTopiB MOTEHLINHO Had-
TOra3oHOCHWX FOPU3OHTIB pO3pi3y.
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Metpodianyni napameTpu

S, wt%

BmicT, wt%

300 | I-78 (3209,1-3232,5 m)

250 4

-7H (3252,2-3270,9m)
200 —

B nopucTicTe B NPOHUKHICTE
150 4

100 -

-6 (3137,9-3160,0m)

50 4

Mpunnue HacpTH
6 1 M1 3256,4-3264,.9m

D 3aranbha S
B CynedparHa S
mCynoohigHa S

CLAY

CARB+ORG

CB. N2100 CB. N2101 — CeepanoesuHa N2110 2957,6-3315,3 m (CE-P1)—'
514,7-1082,2 m 735,5-891,6m
(T+-Tz3) (T+-Tz3) rnnéuna

Puc. 2. KinbkicHa niTonoris nopig (3Hu3y), po3paxoBaHa 3rigHO 3 YOTUPMKOMMNOHEHTHO Mogennto (Shnyukov et al., 2021 Towo),

a TakoX npuknapg 3adikcoBaHMX reoxiMiyHMX aHoManin cipku (nocepeauHi) Ta Bapiauii BA3BHaYeHUX 3Ha4YeHb
neTpodi3nyHNX napameTpiB (3BepXy) ANA AocnigxeHnXx iHTepsanis po3pi3y cB. Ne 100, N2 101 Ta Ne 110

Lkana rmu6uH — ymoBHa. -6, '-78 Ta '-7H — ropM30oHTM (4N OCTaHHLOroO 3adikcoBaHo Npunme HagTu). Ans ce. 110 B iHTepBani
NPOAYKTUBHUX FOPU3OHTIB Y Cknafi Mopia NPUCYTHIN TakoxX ynaMKoBuiA Nnarioknas y koHueHTpauisx 10-15 wt% (cnopagunyHo — o 40 wt%)

KoedpiuieHTn kopensauii Mix XimiYHMM cknagom (BMiCT ronoBHUX KOMMNOHEHTiB/eneMeHTiB, wt%)

Ta6bnuuys 1

i (pinbTpaUinHO-eMHICHUMUK NapamMeTpamMu (MOPUCTICTb Ta NPOHUKHICTbL) AOCHiMKEHUX Nopia 3i cBepANoBUH PYHOBLUMHCBLKOI NOLL

; o % on % K, MO
3minna 1 2 3 1 2 3 1 2 3
S0, 0,16 0,60 0,96 0,28 0,60 1,00 0,29 0,33 0,48
TiO, 0,95 0,18 0,80 0,73 0,12 0,66 0,72 0,02 0,27
AlLO, 0,74 -0,09 0,75 -0,96 0,11 0,56 0,96 -0,42 0,43
Fe,0,° 0,18 -0,31 0,24 0,59 -0,37 0,02 0,60 -0,38 0,87
MnO 0,21 20,79 -0,99 0,23 -0,78 -0,94 0,25 0,23 0,19
MgO 0,18 -0,64 -0,99 0,59 -0,71 -0,97 0,60 -0,40 10,28
Ca0 0,99 20,80 20,99 0,85 -0,78 20,93 0,84 20,13 0,17
Na,O ~0,89 0,002 0,90 20,61 0,05 0,95 -0,60 0,14 0,45
K.0 0,98 0,005 0,91 20,81 0,02 0,77 20,80 -0,06 0,15
P,0s 20,29 -0,30 -0,99 0,15 20,23 -0,99 0,16 -0,06 0,41
S 0,16 20,12 0,63 0,28 20,01 0,70 0,29 0,39 0,33
Cl 0,43 0,26 0,86 0,00 0,16 0,97 0,01 -0,33 0,68
H,0 0,33 0,19 0,27 -0,70 0,00 0,51 0,71 -0,33 0,94
LOI 0,43 -0,80 -0,98 0,00 -0,82 -0,98 0,01 0,26 0,37

lMpumimku: 1 = BanHUCTI NICKOBUKW, 2 = NICKOBUKW Pi3HO3E€PHUCTI, 3 = aprinitv, anesponiti. CTaTMCTUYHO 3HauyLLi koediluieHTV Kopens-
Uil BUAINEHIO YEPBOHUM XUPHUM LLPUTOM.
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Puc. 3. 3anexHicTb abcontoTHOI npoHukHocTi (N) Bia po3paxoBaHOro BMicTy MoAenbHUX KOMMOHEHTIB Qtz
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Puc. 4. PerpeciiHa 3anexHicTb Mix nopucTicTio (BuMipsiHa B atMmocdepi N) Ta MynbTUnnikaTUBHMM BiiHOLIEHHAM
(K,0 + Na,0 + Al,05 + Ti0,)/LOI Ha npuknagi nickoBukiB PyHOBLUMHCBKOI nnoLwi

Kpim TOro, ons OOCArHEHHs HadiHUX perpecin aBTopu
NPOMOHYIOTb BMKOPUCTOBYBAaTW Binbll rmmnboki iHTenekTya-
NbHi MeToaM aHanisy, 3o0Kkpema HelpoHHI Mepexi. IxHs. aaa-
THICTb MaHinynoBaTh Pi3HOPIOHMMMW BXiOHMW [aHUMKU 3
YCNiXOM BMKOPUCTOBYIOTLCS AN 3a4a4 perpecii, knacudika-
uii, knacTepmaadii.

Moxnueicmb eukopucmaHHs HeUPOHHUX
Mepex Ons iHmepnpemauii daHux. OuiHka MOX-
nuBocTi 3aincHioBaTy nporHo3 EB Ta BcTaHoBMIOBaTH Ha-
PTOrasonpoayKTMBHUA NOTEHUian TOBL, 3a [AONOMOro
reoxiMmivH1X gaHux nonsras y NOCMiAOBHIN nepesipui Habo-
piB BXiAHWX AaHNX HENPOHHO Mepexeto ANS.

3aBOaHHs perpecii Yepes HEMPOHHI MepeXi CTOCyHTbCA
BCTAHOBIEHHS 3B'A3KY pPSAY BXiAHMX 3MiHHUX i3 HAOOPOM Li-
NbOBUX 3MIHHUX.

AK BXiAHI AaHi Y HEMPOHHY Mepexy BHOCUMUCS BMICTU
ronoBHMx komnoHeHTiB (Big SiO2 Ao LOI), MikpoenemeHTHUI
cknag (sig Ni go Nd), pospaxoBaHuii BMICT Cipku y cynbda-
THIN | cynbdigHin popmax, a TakoX eneMeHTHi i NeTpoximi-
YHi BiQHOLWIEHHs, KkoedilieHT Ta iHaekcn (Tabn. 2).
[pynyBaHHA BXigHMX OaHWX 34iACHIOBANiocs 3a BMICTOM
KOMMOHEHTIB MOAENbHOI MiHepanbHoi (N'ATb KaTeropin) Ta
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niTonoriYHoi HanexHocTi (4 rpynwu). MporHo3HMMK NokasHu-
KaMu BUCTynanu nopucTicTb, BUMipsiHa No asoTy (o), opu-
CTiCTb Y HacM4eHux 3paskax (¢/) Ta NPOHUKHICTL (k).Basosa
DYHKLIA, SiKa perynioe 38'a30K MiXX BXIGHUMMU | BUXIGHUMM fa-
HUMWK, HEBiJOMa anpiopi, i TOMy 3B'A30K "BXig—LUinb" perynio-
€TbCS anpokcumaTopom (06paHO HEMPOHHOK MEPEXKEID).
li HaBYaHHs nMonsrae B OTpUMaHHi BaroBuUx (yHKLiN, 3a
SAKMMM NOMINLWYETHCA 3B'A30K BXIQHUX Ta BUXIOHUX 3MiHHUX.

Helipomepexi MmatoTb dhyHKLUIT akTMBaLil, ki nepeTBopto-
I0Tb BXiOHI cMrHanu Big HEMpPOHIB MonepeaHbLOoro PiBHS 3a
[0MOMOroto NMEBHOI MaTEMaTUYHOT PYHKLIT. ABTOPY BUKOPU-
cTanu pisHi il BUAMW, 3anexHo Big TUNy BXiAHWX AaHuX. Y BU-
nagky, Konu BXxigHi curHanu B3arani He NepeTBOPTLCH,
BMKOpUCTOBYBanacb  yHKUia  igeHTudikauii  Identity
(10 Henpomepex i3 62 BUKOHAHUX), LLIO O3HA4aE, WO BOHMU
o6'egHyBanucs y 3BaxxeHy Cymy Ta nepeganvcst HeipoHam
Yy BEPXHi Wapu HeMpoHHOT Mepexi 6e3 nepeTBopeHb. Ons
6aratowapoBoro nepuentpoHy MLP BukopucToByBanach
dyHkuia tanh (20/62), a Takox i iHWI yHKUIT, Hanpuknag,
norictuyHa curmonogibHa Logistic (20/62) Ta eKCrnoHeH-
uinHa Exponential (12/62).
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Ta6nuuysa 2

Tunu BXigHUX AaHUX HENPOHHOI Mepexi ANS
Ans 3agav perpecii inbTpauiinHo-eMHiCHUX BNacTUBOCTeln nopia PyHOBLUMHCLKOI nnowi

"ONoBHI KOMMOHEHTHU

(1 —14): SiO; TiO2 Al,03 Fe,03 MnO MgO CaO Na;O K;0 P,0s S Cl H,O" LOI

BesnepepBHi AaHi

MikpoenemeHTHUI cknag

(1-19): CuZn GaAsBrRb SrY Zr Nb Pb Th U Ba La Ce Pr Nd

BesnepepsHi AaHi

Po3paxyHkoBi doopmu cipku

(1) cipka cynbdaTtHa, (2) cipka cynbdigHa

BesnepepsHi AaHi

EnemeHTHI iHaekcn
(7) MI3=(TiO,+Al,0;3+Fe,03+K,0)

(1) MgO+Fe,03, (2) FelMn, (3) K:O/Al,05, (4) Na,O/K:0,
(5) MI1=(Al,05+Fe,05+Na,0+K,0)/LOI, (6) MI2=1/(S+Na,0+K;0),

BesnepepsHi aaHi

flironoris (nir.) (4) aprinitn, anesponitu

(1) rmuHu, (2) nickoBuku kapboHaTHI, (3) nickoBUKK, rpaBeniTH, KOHIrIoMepaTu,

KaTteropianbHi aaHi

MogenbHa miHepanoris

(1) Qtz, (2) CLAY, (3) CARB, (4) ORG, (5) AC

BesnepepsHi AaHi

AnNropuTM HaBYaHHA BUKOPUCTOBYBaB MOLUMPEHUN
iTepaTuBHUA MeTOA4 4uMcrnoBOi onTumisauii Broyden—
Fletcher—Goldfarb—Shanno (BFGS) i3 pi3HuM uncnom ite-
pauin, Big 0 oo 551.

AHania vyytnusocTi (Sensitivity analysis) B ANS 3a3Buyaii
HaneXuTb 4O OLiHKN BaXKNTMBOCTI MPeANKTOPIB Y BiANOBIAHWUX
(nigirHaHnx) Mmogensix.

[MokasHukn TOro, Hackinbkv [obpe Henpomepexa Ha-
BYEHa NPOrHo3yBaTW OaHi, npeacTtasneHo B Tabn. 3, B skin

HaBeAEeHO OL|iHKM KOPEeNbOBaHOCTI MPOrHO3HUX BENNYUH i BXi-
OHUX faHux BUBIpku-yuutens. MoBHICTIO HaBYeHa HEMPOHHA
mMepexa Moxe OyTu ByKopucTaHa AN1si NPOrHo3yBaHHA Oyab-
AKUX He3aneXHmx JaHuX 3i 3MiHHUMU, SIKi MatoTb 3iCTaBHUN
Jiana3oH MiHMMBOCTI BiAHOCHO AaHWX, 32 IKUM BUKOHYBanocs
HaBYaHHS. JINCTIHI HANGINbL ePEKTUBHNX HEMPOHHUX MEPEX
(BraineHo HaniBxupHUM y Tabn. 3) HaBeaeHO B €MNeKTPOH-
Homy [logatky (Appendix B). MNpuegHanuii pann moxHa no-
BTOPHO PO3ropHyTu 3a gonomoroto C/C++.

Ta6nuuysa 3
EdrekTMBHICTb NPOrHo3yBaHHA HEMPOHHMMU Mepexamm PinbTpauinHO-eMHICHUX BNacTUBOCTEN Ha npuknaai nopia PyHoBLWMWHCL-
Kol nnowi
INiTonorisn | MoaenbHa MiHepanoris
MNpeaukTop Pezpecanm
()% (] K ()% (] K
"0NOBHi KOMMOHEHTK - 0,891 - 0’8.93 - 0,967 0,845 - 9,94 - 0,989
nit. [ ALOs | CaO [ nit. [ SiO, [ Cl [ nit.| S [ALOs | CI [KO] TiO, [K,O[CI] TiO, | S [ CLAY | Fe,05
Y 0,004 0,494 0,961 0,590 0,995 0,999
P nit.| As | Sr [nit.] zr JU[nit.]Th] Nb [zn] Y [CLAY| Zn [YJCLAY|[La] U [ 2zn
Po3paxyHKosi 0,420 0,323 0,584 0,638 0,910 0,945
dopmu cipku
MgO+Fe,03 0,619 0,345 0,534 0,454 0,620 0,845
Fe/Mn 0,692 0,360 0,146 0,773 0,621 0,845
K20/Al,03 0,458 0,309 0,479 0,450 0,939 0,958
Na,0/K,0 0,398 0,243 0,122 0,446 0,733 0,991
MI1 0,679 0,289 0,394 0,400 0,691 0,887
MI2 0,528 0,294 0,442 0,603 0,725 0,800
MI3 0,715 0,297 0,418 0,530 0,590 0,825

TMpumimku: YepBOHNUM XUPHUM LLPUATOM BUAINMEHO OLHKU epeKTUBHOCTI HEMPOMEPEXKEBOI perpecii; Ans NpeauKTopHUX rpyn "onoBHi
KoMnoHeHTn" Ta "MikpoenemeHTU" (HaBe4EHO O3HAKK, L0 MaloTb HAMBULL 3HAYEHHS B aHani3i Yy TAMBOCTI).

EdbekTnBHICTb BUKOPUCTaHHS HEMPOMEpPEX ANA Po3B'a-
3aHHSA perpeciiHuxX 3afad 3Ha4yHOK MIpOK 3anexuTb Big
AKOCTi BXiOHUX OaHWX. BUMKOPUCTaHHA Takmx KaTeropuayo-
YMX 3MIHHUKX, SK BigHECEHHS 0 "NMPMPOAHOro" NiTonoriYHoro
TUNY, BUSBMAETLCA MEHLI €DEKTUBHUM, HIXK NPU 3anyyveHHi
pesynbTaTiB KiSIbKICHOr0 MiHepanoriYHoro MoentoBaHHA
(4epes napameTpu rpyn quantitative mineralogy Ta
quantitative lithology) (tabn. 3).

BmicT netporeHHux okcuaiBs Moxe OyTv KOPUCHUM Ans
nporHo3dy PEC i3 rpynyBaHHAM AaHWX 5K 3a NITOMNOMYHOLO Ha-
NEXHICTIO, TaK i 3a MOAENbHOK MiHepariorieto, BogHo4ac npu-
pofda Takux perpecin pisHa, Ha L0 BKa3ylTb Pi3Hi O3HAKOBI
aHcambni. AKTMBHa ponb anoMocunikaTiB Ta kapboHaTiB
(Al203, SiO2, Ca0) Ta Tun niTonorii Bkasye Ha BNAMB MiHepa-
NbHOro ckeneTy i BTOPUHHOI MiHepanorii Ha popMyBaHHS ny-
CTOTHOrO MPOCTOPY B OKPEMUX NITONOrYHKX rpynax nopig. Y
TOW e Yac Mpw rpynyBaHHi 3a MOAEMNbLHOK MiHepanorieto
NPOrHO3 NOPUCTOCTI | MPOHUKHOCTI HEMPOMEpPEXamMmn CTBOPIOE
MOXXIUBICTb BUNYKIiLLE NOKa3aTu BNSVMB BracHe MMUHUCTOCTI.
3miHa nopucTtocTi TyT Byae 3anexatv nepeaycim Big BMICTY
K20 (koMMNOHeHTa, L0 MOB'A3aHWUIA i3 BMICTOM TMIMHUCTUX Mi-
Hepani), TiO2 Ta Fe203 (03HaK, Lo BUABNSAOTb 3pinicTb oca-
niB abo cTyniHb BMBITPIOBaHHS nopig) Ta xnopy (KOMMOHEHT
AC). LikaBo, WO NpoBigHMM perpecaHToM Yy MOAENtoBaHHi
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NPOHMKHOCTI B 000X NiaBMGIpKax BUSBMSIETLCA Cipka, MOX-
NMBO BM3HAYaKun HasiBHICTb TakMX BTOPUHHNUX MiHepaniB, SK
rinc Ta aHrigpuT, SKi, 9K BiGOMO, CUMNBbHO 3HWXKYHOTb 3B'A3HICTb
i CNOMyYeHICTb NOp | TUM CaMUM MPOHUKHICTb.

HanvacrTiwe cepen XiMiYHUX enemeHTIB-NpeanKTopis,
SKi HaWTIiCHiWe NoB'A3aHi i3 PEB, TpannseTbCs UMHK, iTpin,
ypaH, TOopiu, SKi pi3HOK Mipoto YyTnmBi, 0cobnmMBo ypaH, 4o
3MiH 6aTMMeTpUYHKX ifTa dauianbHMX 06CTaHOBOK ceanme-
HTOreHesy.

KonusaHHs cniBeigHoLWeHb hopM Cipkm (CynbdaTtHoi/cy-
nbigHoT) Ta 3anisa (ABO- | TPUBANEHTHOIO) TPAKTYETLCA 5K
Oe3nocepeHin iHOuKaTop penokc-ymMoB ceanmeHTauii. Ha-
ABHICTb Cynb@daTHOI CipK1 B HOpMarnbHKX (He B €BanopuTo-
BMX) OCafoBMX MNOpoAax MOXe BUCTynaTW iHOMKaTOpOM
OKMCHIOBanNbHOI hasn — reoxiMivyHmx auin HeCnpuUATIMBUX
Ans 3bepexeHHs opraHivyHoi pevoBuHW. HaTomicTb i3 3poc-
TaHHSAM aHOKCIl, 3a HasiBHOCTI peakUiiHOro 3anisa, 3pocTtae
nipuTu3auia 3anisa, To06T0 3pocTae BMICT CynbdigHOI CipKu.
AK Hacnigok — HaKoMMYeHHs cynbmigHoI Cipkn B ocagi, ma-
PKY€E BaXKIUBUI reornoriyHnii npowuec — 3anobiraHHa aepob-
HOMY OKMCHEHHIO OpraHiyHOl Pe4YOBUHM | 3pOCTaHHS PiBHS il
docunisauii. Hanpuknag, cnigyBaHHsA 3a OKUCHUM MOTEHLi-
anoM TuMy KeporeHy [OOCTOBIpHO MoOkasaHo Yy npaui
(Karpenko et al., 2025).
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MigBuweHHss cymn okeuaie (MgO+Fe203) npusBoantb
00 36inblueHHs cTyneHs 6itymiHo3HocTi OP, oTxe Moxe Tex
BMCTYNaTu MapKepoM eBKCUHHUX chaLlin ceaMMeHTOoreHesy.

EnemeHTHMI Moaynb Fe/Mn yyTnveuiz 4o 3miH dauianb-
HMX YMOB, LL|O 3MEHLUYETLCS i3 36inbLEeHHAM rMnbuHu cean-
MeHTOreHesy; Hanpuknaz i3 nepexoaoMm Bia LenbgoBuX
dauin oo nenariyHux, TMM caMMM nepeaarydy 3MmiHy K Ximi-
YHUKX, TaK i AUHaMiYHMX chauin.

MoenHaHHa nyxHoro mopynsa (Na20/Kz20) i kanieBoro
moaynsa (K20/Al203) Hece reHeTUYHy iHdbopMaLiio Npo pos-
noain Kanito i antomiHito cepen, NopogoTBIPHUX MiHepanis.

Ouckycifa i BACHOBKMU

MpoBegeHa po6GoTa npoAeMOHCTpyBana [AouUinbHICTb
KOMMMEKCYBaHHSA NeTPOi3nYHNX i FeoXiMidHMX AOCNiOKEeHb
3i CTBOPEHHAM pe3ynbTylounx ob'egHaHux GaHkiB AaHuX.
BukopucTaHHsa nonepeaHboro BapiaHTa Takoro 6aHky, cgo-
pPMOBaHOro Ans BMBYEHMX iHTepBaniB cBepAnoBuH PyHoB-
wmHebkoi nnowi A03, nae amory 3pobuTtn Taki BUCHOBKM:

(1) OpepxaHi faHi WoOo enemMeHTHOro cknagy 3paskis
KepHa 003BONUM po3paxyBaTu NiToNorito pospisy, sika rpy-
HTYETbCH Ha paHille 3anponoHOBaHI YOTUPUKOMMNOHEHTHIN
niTonorivHin Mogeni, Aobpe y3roaxyetbcsa 3 TpaguuinHumm
netporpadiyHUMN SaHUMKN Ta, Ha BiAMIHY BiA HUX, Mae€ on-
TMManbHO CNPOLLEHNIA, ane KinbkiCHUIM XxapakTtep, Lo 3abes-
neyye ©OeanocepefHe 3iCTaBneHHA 3 pesynbTaTamu
netpoisanyHmnx gocnigxeHs Ta FAC.

(2) Ha npuknagi S npogeMoHCTPOBaHO MOXMMBICTb BU-
OiNeHHs nokanbHUX reoXiMiyHMX aHomManin, aKi € iHguKaTo-
pamu iHTepBaniB 3 npunnmeoM HadTh. 3'AcyBaHHS
NepcrneKkTyB BUKOPUCTAHHSA MIKPOENEeMEHTHOro cknagy no-
pid Ans po3B'A3aHHA NoAibHMX 3agjad BuUMarae 3acTocy-
BaHHA  cheuianbHUX  MeToOuK  Ans  NpPeuu3inHOro
BpaxyBaHHs ()OHOBMX YMOB, iaeHTudikauii cnabkmnx reoximi-
YHUX aHOManin Ta OLiHKK iX iIH(OPMaTUBHOCTI.

(3) BcTaHoBRNEHI CTilKi KOpensLiviHi 3B'A3KM MiX iHCTPY-
MEHTaNbHO BU3HAYEHOI MOPUCTICTIO | aGCONIOTHOO NPOHK-
KHICTIO Ta BMICTOM MoenbHUX KoMnoHeHTiB Qtz, CLAY i
3HaAYEeHHAMU BinblU CKNagHUX reoxiMivyHMx koedilieHTis, a
TaKoX MOXINMBOCTI, iKi HAAa€e BUKOPUCTaHHSA HEMPOHHMX Me-
pex, CTBOPHE NepedymMoBM pPO3POOKM HaAiMHUX MEeTOOMK
OLiHKM DiNbTPaLiHO-EMHICHNX NapameTpiB NopiA-KOneKTo-
piB 3a reoXiMiYHUMKN JaHUMW.

(4) BcTaHoBNEHO, WO HelpoMepexi MOoXyTb e(EKTUBHO
nporHo3yBat ®EB 3a reoxiMiyHUMK JaHUMK 32 YMOBM Mone-
peaHbOoro ix rpynyBaHHs. HavnpogyKTBHILLMM € rpyrnyBaHHs
3a MOAENbLHOK MiHepanorieto (y n'atn kateropiax). Moninwye
3PYYHICTb NMPOrHO3Y BMKOPUCTAHHS He nuwie 6aratoo3HakoBUx
HabopiB BXigHWMX AaHMX (FOSTOBHI KOMMOHEHTW, MIKPOENEMEHT-
HWW cknag), ane i 3any4YeHHs Pi3HNX eNeMEHTHNX BiHOLLEHD,
MynbTUMNIKaTUBHUX iHOEKCIB (Hanpvknag, 3anponoHosaHi MI1 —
MI3) Ta po3paxyHKoBUX hopM CipKM.

Takum YMHOM, ofepxaHi pe3ynbTaTu, ki aBTOpU poa3r-
nsaaTb K nonepeaHi, NigTBEPAXXY0Tb paLioHanbHICTb BU-
Oopy Ta edeKTMBHICTb reoxiMmiyHux 3acobis  ans
pO3B'A3aHHS OCTaHHBOI 4acTVHU COPMYNbOBaHOI BULLE
3a2anbHoi Npobnemu, a came Ansi po3pobku edpeKTUBHOI
TEXHOJOTii BNEBHEHOIO MOLUMPEHHS pe3ynbTaTiB NpsiMOro
"To4koBOro" NeTpoisaNYHOro Ta reoxiMmidHOro SOCniLKeHHN
3paskiB kepHa B iHTepBanax 1oro Biabopy Ha Becb po3pi3
CBEPANOBUMHM ANS NOBHOUiHHOI iHTerpauii 3 I'OC Tta gocsr-
HEHHS1 MakCMMarbHO O4HO3HAYHOI KifbKICHOI iHTepnpeTauii
BCix AaHux. Haronocumo, o 060B'A3K0BO YMOBOIO i ycri-
LLHOCTI € 3iCTaBHICTb pe3ynbTaTiB iHTepnpeTauii reoxXiMiyHnx
[aHuX, OTPMMaHKX AN KepHa Ta Wwnamy, Wo Mae JOAaTKOBI
nepcrneKkTMBU pearnisauii y BUrnsiai BUnepeaxarnbHoro reoxi-
MIYHOrO  KapoTaxy, SKWMW  NOTeHUiMHO  3abesnedvye
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edekTMBHY NOTOYHY "nia3emHy Hasirauitlo" (geosteering)
NpVUHaNMHI Npu BypiHHI KyLLOBUX CBEPAIOBUH.

3ayBaxuMo, L0 po3pobka Takoi TEXHOMOTIi € BaXXMMBUM
Ta aKTyanbHM NodanbsLWnM 3aBaaHHaM. Mloro noBHOMAaCLL-
TabHe BWKOHAHHA BMMarae cTBopeHHst ansa O0OB Ta iHwmx
akTyanbHux HadTorasoHocHux perioHiB (BonuHo-Moginns,
MpuyopHOMOpChKa 3anaguHa TOLLO) KOMMAaKTHOI cucTemu
iaeanisaoBaHMX ONOPHWX PO3Pi3iB BiAMOBIAHOrO cTpaTurpa-
(hiyHOro AianasoHy, siKi CKOMMOHOBAaHI 32 paxyHOK HasiBHWX
CBEpANOBMH Ta 3abesneveHi, KpiM MOBHOLIHHUX pesynbTa-
TiB [AC, penpe3eHTaTBHUM KEPHOBMM MaTepianom, a 3a
MOXNMBOCTI — 1 npobamu wnamy. KombiHoBaHe neTpoian-
YHO-reoxiMiYHe BUBYEHHSA UUX PO3pisiB Crnig nNpoBoAnTM B
MaKcMMarnbHO NMOBHMX obcdArax 3a yHichikoBaHo MeToau-
KO0, nonepeaHbo BianpaLboBaHOK Ha "NinoTHMX" npukna-
Aax, nofibHMx 0o NpeAcTaBneHoro B Wi poboTi, WNsXoMm
nornubneHoi iHTepnpeTauii BXe HasBHWX AaHuX, 3a MoT-
pebu OONOBHEHUX OO ONTUMANBLHOMO PiBHS.

BHecok aBTopiB: Ceprii Buxsa — KoHUenTyani3auisi, MeTogo-
norig, HanucaHHa (opuriHanbHa YepHeTKa, nepernag i pepary-
BaHHS); IBaH Madwmy — Banigauia gaHux, dopmanbHW aHanis;
AHgpin [oxuk — Banigauis gaHmx, dopmaneHui aHania; OnekcaHap
LLlabaTypa — obuncneHHsi, dopmanbHUiA aHania, HanucaHHs (opwuri-
HarnbHa YepHeTKa, nepernsg i pegaryBaHHsi); Ceprit LLIHokoB — me-
Togonoris,  Banigauis, opmanbHuMn  aHanis,  HanucaHHs
(opvriHanbHa YepHeTKa, nepernsag i pefaryBaHHs).

Noasku. AsTopy BasiuHi A.M. OmenbyeHko, A.B. Bupiumno,
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GEOCHEMICAL AND PETROPHYSICAL ASSESSMENT
OF LITHOLOGICAL VARIABILITY AND RESERVOIR PROPERTIES OF WELLS CORE:
RUNOVSHCHYNA OIL AND GAS FIELD OF THE DNIPRO-DONETSK BASIN AS AN EXAMPLE (PRELIMINARY RESULTS)

Background. A comprehensive petrophysical and geochemical study of a representative series of core samples (n=79) was performed for
real well sections of the Runovshchyna oil and gas area of the Dnieper-Donets Basin containing productive horizons. The aim of the work was to test
the possibility of full integration of geochemical methods with geophysical well logging data to improve the efficiency of data interpretation.

Methods. Asetof petrophysical parameters (including porosity and permeability of rocks), as well as the content of major and trace elements
(WDXRF, EDXRF) were determined for all core samples after their uniform preparation and preliminary petrographic study. Obtained analytical results

were used to create a combined petrophysical and geochemical data bank.

Results. The created database allowed to calculate the contents of quartz (Qtz), clays (CLAY), carbonates (CARB) and organic matter (ORG)
in rocks based on the content of the main elements and on the previously proposed 4-component lithological model. It also allowed to characterize
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the quantitative lithology of the section within the studied intervals and to show the possibility of identifying local geochemical sulfur anomalies that
are indicators of oil-bearing intervals. It was proposed to establish a stable correlation between instrumentally determined porosity and permeability
and the content of model components Qtz, CLAY and the coefficient (K,0 + Na,0 + Al,03 + Ti0,)/LOI and to confirm the possibility of using neural
networks to interpret the data.

Conclusions. There is effectiveness of geochemical methods (elemental geochemistry) in the variants of studying the core and cuttings of
wells ("geochemical log”) for confident (without information losses and distortions) distribution of the results of direct "point” study of filtration and
capacitance parameters of core samples in the intervals of its selection to the entire well section for full integration with the data of the well logging,
achievement of the most unambiguous quantitative interpretation of all data and the needs of geosteering during drilling. The expediency of using neural
networks to improve the accuracy of determining filtration and capacitance properties using petrophysical and geochemical data is confirmed.

Keywords: petrophysical parameters, elemental composition, quantitative lithology, geochemical well logging, hydrocarbons, Dnieper-
Donetsk Basin.
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UTILIZING GIS, GPS, REMOTE SENSING,
AND Al IN THE STUDY OF SOIL CHARACTERISTICS

(MpedcmaeneHo YneHom pedakuyiliHoi konezii 3-pom 2eos. Hayk, cm. docnioHukom O.l. MeHbwogum)

Background. Modern agriculture faces numerous challenges associated with climate change, economic factors, and
increasing demands for production efficiency. The implementation of advanced technologies, particularly Geographic Information
Systems (GIS), Remote Sensing (RS), Global Navigation Satellite Systems (GNSS/GPS), and Artificial Intelligence (Al), allows for
the optimization of agrotechnical processes and improved productivity in precision farming.

Methods. This study examines the application methods of GIS, GPS, RS, and Al in precision agriculture. It employs the
analysis of satellite and aerial imagery, spatial modelling techniques, geostatistics, and machine learning for yield prediction and
optimization of management decisions. Additionally, the use of sensor systems for field data collection and their integration into
digital agricultural platforms is analysed.

Results. The study implemented a comprehensive model for assessing soil characteristics by combining GIS, GPS, remote
sensing, and artificial intelligence methods. The results confirmed the effectiveness of using digital maps and satellite images for spatial
interpolation of soil parameters (such as potassium, moisture, and humus content), yield mapping, and real-time crop monitoring. GPS
navigation ensured high accuracy in machinery positioning and soil sampling, while machine learning algorithms (particularly LAl-based
models and Random Forest) demonstrated yield prediction accuracy above 80 %. A crop rotation model built using Python libraries
enabled the development of an optimal five-year rotation plan, considering soil types, climatic conditions, and potential yield. Variability
maps and zoning results served as the basis for scenario-based field management at the enterprise level.

Conclusions. The integration of GIS, GPS, RS, and Al into agricultural practices significantly enhances the accuracy of
soil analysis and the efficiency of agroprocess management. The developed model enables the automation of decision-making
processes based on large volumes of spatial and field data, contributing to cost reduction, increased productivity, and preservation
of soil fertility. The implementation experience in the Kyiv region has demonstrated its practical applicability and potential for
scaling within the framework of modern precision agriculture.

Keywords : geographic information systems (GIS), remote sensing (RS), global navigation satellite systems (GNSS/GPS),
artificial intelligence (Al), precision agriculture (PA), geoinformation technologies (GIT), APSIM (Agricultural Production Systems
Simulator), DSSAT (Decision Support System for Agrotechnology Transfer).

Background

In the current context of global climate change, soil
degradation, and the growing need to intensify agricultural
production while adhering to principles of sustainable
development, the use of high-precision technologies in soil
cover research is gaining relevance. One of the most effective
approaches is the integration of Geographic Information
Systems (GIS), GPS navigation, Remote Sensing (RS), and
Avrtificial Intelligence (Al) into the comprehensive study of the
spatial variability of soil characteristics.

Recent studies confirm that the integration of these
technologies significantly improves the accuracy of
agroecosystem monitoring and management. In particular,
the use of high-resolution satellite imagery and deep
learning has proven highly effective in modeling soil
moisture under various climatic conditions (Hassan-

Esfahani et al., 2021). The combination of GIS with GPS and
RS data enables the creation of highly accurate maps of
fertility, moisture levels, pH, and other soil indicators, which
are critical for planning agrotechnical operations. The
integration of satellite data and machine learning has
achieved up to 92 % accuracy in predicting the spatial
variability of soil organic matter (Ahmad, Khan, & Ali, 2022).

Additionally, Al algorithms-especially deep neural
networks-allow the analysis of large volumes of agricultural
data, revealing patterns and forecasting changes in soil
conditions over time and space. Integrating Al into
agricultural models is a key stage in the digital
transformation of agriculture (Wang et al., 2023).

In the Ukrainian context, the urgency of applying such
technologies is rising against the backdrop of declining soil
fertility, increasing climate risks, and the need to optimize
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resource use. As highlighted in literature, the integration of
digital technologies into agriculture forms the basis for
making effective decisions in the management of soil and
agricultural resources (Burliai, & Okhrymenko, 2021).

Moreover, modern GIS systems not only accumulate
data on soil properties but also visualize them spatially,
significantly simplifying the decision-making process at
various levels. The use of interactive maps combined with
predictive models enables the evaluation of the agricultural
potential of land under different climate change scenarios
(Shrestha, & Pradhanang, 2022).

For instance, as of 2024, the average cost of analyzing
a single soil sample in Ukrainian agricultural laboratories
ranged from 1500 to 2500 UAH. For fields larger than 300
hectares, it is typically necessary to analyze between 30 and
80 samples (depending on the sampling grid), amounting to
between 45,000 and 200,000 UAH. Therefore, interpolation
and geostatistical methods enable the estimation of spatial
distribution parameters using fewer field measurements-i.e.,
with larger sampling grids-while maintaining high prediction
accuracy. The application of such methods significantly
improves resource management, reduces costs, and
minimizes environmental impact.

GIS is the core tool for data processing, analysis, and
management used in precision agriculture. It ensures the
effective integration of spatial and digital data, assisting
farmers in optimizing production processes and making well-
grounded management decisions. However, GIS alone does
not guarantee efficient agro-territorial management. It must
be embedded into agronomic platforms that collect, store,
and interpret information from diverse sources, model
scenarios, and provide a solid basis for sound decision-
making. The concept of active information-implying real-time
data updates from multiple sources has already become
standard practice in modern precision farming. This includes
the use of high-resolution satellite images, data from
unmanned aerial vehicles (drones), and information from loT
sensors placed in fields. Agricultural platforms are built on a
modular architecture, where functions such as land bank
management, field mapping, task planning, real-time work
monitoring and analysis, weather tracking, document
automation, logistics, and even product sales are all
integrated into a single digital system. Currently, the most
popular agro-platforms in Ukraine are Agrilab, Soft. Farm,

Fig. 1. Unmann;e-d ﬁérvesfer by Couniry Garden
(China presented the operation of..., n.d.)

The Stout Smart Cultivator uses machine vision and
artificial intelligence to mechanically cultivate and weed fields
with precision blades (Smart Cultivator Stout, n.d.). Blue River
Technology has developed the See & Spray system, which
leverages computer vision and Al to detect weeds and apply
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Forland, and OneSaoil (Fig. 3) (Precision Farming and Agro
IT Solutions, n.d.). Recent research also emphasizes the
role of precise soil modeling in adapting to climate change.
For instance, the combination of remote sensing, deep
learning, and big data analytics is the foundation of effective
soil mapping in regions with high spatial variability (Morales,
Zhang, & Wang, 2023).

Special attention should be given to machine learning
tools that enable the creation of automated systems for real-
time soil condition assessment. Classification algorithms can
be used to identify soil types and predict their erosion
susceptibility with an accuracy exceeding 90 % (Singh,
Sharma, & Kumar, 2021).

It is worth noting that digital tools not only enhance
agricultural productivity but also play a vital role in
environmental protection. Reducing ecological pressure,
optimizing the use of fertilizers and pesticides, and
preserving biodiversity are all made possible through
precision agricultural technologies. The use of GIS and Al

enables the integration of soil research into a
comprehensive sustainable land use strategy.
Modern precision agriculture actively integrates

innovative technologies for crop and soil monitoring-form,
ground-based sensors and drones to satellite systems. By
employing LiDAR, fluorescence spectroscopy, thermal
imaging, and Al, farmers gain accurate data for optimizing
fertilization, irrigation, and yield prediction. This promotes
increased agricultural efficiency, reduced costs, and
minimized environmental impact.

A successful example of Al integration in agriculture is
John Deere, whose farming equipment is equipped with Al
systems that autonomously determine the appropriate
quantity of seeds and fertilizers, as well as the techniques
for their application in soil. Companies such as John Deere
and CNH Industrial are developing tractors and combines
harvesters with Al components, including autopilot systems
and precision control for field operations. These
technologies are successfully implemented in many

countries, including the USA, Germany, and Australia. The
world's first unmanned grain harvester (Fig.1) and
autonomous tractor developed for precision farming were
introduced in China in 2021 by the Chinese company
Country Garden (Fig. 2).

R M Sy
BN T S RESF - -3
Fig. 2. Autonomous tractor developed for the needs of

precision agriculture in China

(China presented the operation of..., n.d.)

herbicides with pinpoint accuracy, significantly reducing
chemical usage (Blue River Technology, n.d.). CropX offers a
solution for real-time soil moisture monitoring using sensors
and Al algorithms, allowing for optimized irrigation
management (Agronomic Farm Management System, n.d.).
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Al integration enables drones to autonomously plan flight
paths while avoiding obstacles, enhancing both safety and
operational efficiency. The application of swarm technology
makes it possible for multiple spraying drones to work
collaboratively in an automated manner. Additionally, Al
enhances target identification, allowing drones to more
accurately recognize and classify objects, thereby improving
the precision of monitoring and resource application (Zhang,
& Kovacs, 2020).

Artificial intelligence (Al) is rapidly being integrated into
various sectors, and agriculture is no exception. In the
context of precision farming, Al offers innovative solutions to
increase efficiency, productivity, and sustainability in
agricultural production. It is projected that the global Al in
agriculture market will grow from USD 2.08 billion in 2024 to
USD 5.76 billion by 2029, reflecting a compound annual
growth rate (CAGR) of 22.55 % over the period 2024-2029
(Filippov, 2024).

Thus, studying the specific applications of GIS, GPS, RS,
and Al in soil characteristic analysis holds significant
theoretical and practical value for the development of
precision agriculture, crop rotation forecasting, yield
improvement, and environmental conservation. The
integrated use of spatial analysis, digital mapping, satellite
technologies, and machine learning models opens new
frontiers for the efficient management of land resources.

Methods

One of the main objectives of precision agriculture
addressed through GIS is the identification of zones with
varying productivity potential within a single field. This
enables the application of site-specific management
strategies, allowing farmers to optimize resource use,
minimize costs, and increase yields through a differentiated
approach to fertilization, irrigation, soil treatment, and other
agronomic practices (Brovarets, 2018).
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Fig. 3. Ukrainian agro-platform OneSoil (OneSoil, n.d.) '

The Global Positioning System (GPS) is a U.S.-based
radio navigation satellite system used to determine the
location of stationary and mobile objects in three global
coordinates: longitude, latitude, and altitude, with an
accuracy of several tens of meters (Tsyhanenko, 2015). In
addition to GPS, there exist other Global Navigation Satellite
Systems (GNSS), such as Galileo (EU), BeiDou (China),
and QZSS (Japan). GNSS receivers do not rely on electronic
components that may change their parameters over time,

P b T FLFYHTY

which ensures consistently accurate positioning without the
need for frequent calibration.

Remote Sensing (RS) plays a crucial role in the
development of precision agriculture by providing timely
spatiotemporal information on the condition of agricultural
land. Thanks to modern satellite and aerial imagery, farmers
gain access to detailed data on crops, soil characteristics,
and climatic conditions, enhancing the efficiency of
agricultural process management (Fig. 4).
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Fig. 4. Brightness of soils of typical low-humus and degraded light loamy chernozems (a) (author's own development);
spectral brightness curves of main soil types:
1 — sierozem; 2 — sod-podzolic; 3 — dark chestnut; 4 — dark gray forest; 5 — chernozem (b) (Zatserkovnyi, 2018)
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Unlike vegetation, bare soil reflects radiation based on
its physical and chemical properties. The key factors
determining the spectral characteristics of soil include the
provided below (Zatserkovnyi, 2018).

In most agricultural fields, both bare soil and vegetation
are present simultaneously. This creates mixed spectral
signals, which can complicate the accurate interpretation of
data, as the reflected light contains information from both the
plants and the soil. To isolate the information specific to
vegetation cover, specialized mathematical and algorithmic
methods are used (Zatserkovnyi, 2018).

Modern remote sensing (RS) technologies have
significantly expanded the range of parameters that can be
analysed to improve the efficiency of precision agriculture. In
addition to traditional indicators, such as biomass, plant stress
(detecting signs of disease, pests, or nutrient deficiency), and
growth rate modern RS methods allow for the assessment of:

¢ soil and air moisture (via microwave scanning — radio
waves with wavelengths from 1 cm to 1 m);

e surface temperature (using thermal infrared and
microwave radiation);

e ozone concentration in the atmosphere (which
influences the photosynthetic activity of plants);

o chlorophyll levels (visa hyperspectral scanning).

e Soil electrical conductivity (sensor equipment
evaluates soil structure and moisture content).

Application of Al in Precision Agriculture (Colback, 2025):

e crop monitoring: The use of high-resolution drones and
satellite imagery enables real-time imaging of fields. Computer

vision systems powered by artificial intelligence can detect early
signs of disease, pests, or other stress factors in plants, allowing
for prompt intervention and control.

e yield prediction: Al models can forecast crop yields
based on historical data, weather conditions, and other
influencing factors. This helps farmers plan harvest logistics
and marketing strategies.

e resource optimization: Al analyses data on soll
moisture, weather forecasts, and crop health to determine
optimal timing and dosage for irrigation, fertilization, and
pesticide application.

e autonomous machinery: The development of
autonomous tractors and robotic systems controlled by Al
allows for the automation of tasks such as sowing, spraying,
and harvesting, reducing the need for manual labour and
increasing operational accuracy (Colback, 2025).

A team of scientists and engineers at EOS Data
Analytics (EOSDA) has developed effective methods for
crop yield estimation using remote sensing and machine
learning models, particularly LAl assimilation. The company
conducted a vyield prediction for a large Ukrainian
agroholding, achieving over 80 % accuracy in the green-
labelled areas (EOS Data Analytics, n.d.).

The same algorithm was applied in 2020 to estimate crop
yields for a Canadian agricultural company, with the data
presented in Tab. 1.

These specialists worked on implementing a hybrid
approach that combines biophysical and statistical models
to achieve high-precision yield forecasting.

Table 1

Crop yield estimates for a Canadian agricultural company in 2020

(EOS Data Analytics, n.d.)

Crop Modelled yield, tons per field Actual yield, tons per field
Canola 40.19 39.00
Corn 119.14 110.00
Oats 125.03 125.00
Winter rye 64.39 75.00
Confectionery sunflower 2063.60 1800.00
Annual sunflower 1834.19 1800.00
Wheat 61.73 65.00

Within the scope of the study, an integrated methodology
was applied to develop an optimal crop rotation plan by
combining machine learning capabilities with the principles of
physiological modelling of crop growth. The foundation of this
methodology was based on principles like those used in APSIM
(Agricultural Production Systems Simulator) and DSSAT
(Decision Support System for Agrotechnology Transfer)-
agronomic simulators capable of modelling crop growth
dynamics while accounting for climatic conditions, soil
properties, and agricultural practices (Confalonieri et al., 2010).

The machine learning logic embedded in the algorithm
follows key agronomic crop rotation rules:

o the possibility of growing the same crop on the same
plot for two consecutive years is excluded to prevent soil
exhaustion.

e crops with higher potential yield are prioritized in the
initial years of planning — this reflects the adaptive strategies
embedded in DSSAT-based models.

¢ local soil and climatic conditions, such as temperature
regimes, precipitation levels, and soil characteristics are
incorporated into the calculations.

Based on these principles, the model automatically
generates a five-year crop rotation plan, selecting optimal
crop combinations to ensure stable yields and maintain soil
fertility. An important component of the model is the

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

assimilation of the Leaf Area Index (LAI) — a biophysical
indicator of crop condition, which can also be calculated from
remote sensing data (e.g., Sentinel-2). LAl is integrated into
the forecasting system to refine yield predictions. For this,
data assimilation algorithms are applied, particularly the
Ensemble Kalman Filter (EnKF). This algorithm continuously
updates its system state estimates by combining model
predictions with newly obtained observations, reducing the
influence of noise. It fuses LAl observations with internal
model variables, thereby improving model accuracy
(Hassan-Esfahani et al., 2021).

This approach ensures flexibility and adaptability of the
system to spatial and temporal changes in growing
conditions, allowing agricultural producers to optimize the
planning of agronomic operations, increase productivity, and
simultaneously maintain ecological balance in soil systems.

The application of these methods to a large Ukrainian
agroholding has demonstrated their effectiveness and
practical value in the agribusiness sector.

Results

One of the key tools in precision agriculture is the use of
GPS technology, whose core applications include:

e farm planning: Information gathered from various
satellite sources and georeferenced via GPS can be
integrated to develop field management strategies, including
fertilizer application, soil treatment, and harvesting.
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o field mapping.

¢ soil sampling: GPS enables the precise identification of
soil sampling locations, ensuring more accurate analysis of
soil fertility and condition (Fig. 5).

e navigation of agricultural machinery: GPS guidance
allows tractors, harvesters, and other equipment to operate
in the field with high precision, minimizing overlaps and skips
during operations, thereby reducing fuel consumption.

e crop monitoring: With GPS, it is possible to track crop
development in different areas of a field, enabling timely detection
of problem zones and implementation of corrective measures.

e variable-rate application of fertilizers and pesticides:
Integration of GPS with variable-rate technology allows
precise dosing of fertilizers and pesticides based on the

Fig. 5. Locations and routes of soil sampling
with GPS referencing

The yield data were obtained from a combine harvester
owned by the agricultural enterprise "Kernel", located near
the village of Beryzka, within the Varva Territorial
Community of Pryluky District, Chernihiv Region. The
machinery was equipped with a yield monitoring system and
GPS navigation, which allowed for recording the yield at
each point of the field during harvesting. Based on these
spatially referenced point values, a yield map was created
using spatial interpolation methods in a GIS environment
(Fig. 6). The map shows the spatial distribution of corn grain
yield for a 309.6 hectare field in 2020.The highest yield
values, reaching 11.3—14.4 tons per hectare (dark green
areas), are observed locally in the central part of the field,
likely near zones with better water availability due to terrain
depressions or higher soil fertility. Most of the field is covered
by areas with average yield (7.8—-11.2 t/ha), indicating stable
agri-production conditions without major constraints.
Meanwhile, the lowest yields (2.89-6.14 t/ha), shown in red
and dark orange, are mostly concentrated along the field's
perimeter, particularly in the north and east. This may
indicate the presence of adverse factors such as soil
compaction, erosion, moisture or nutrient deficiency, or
inconsistent machinery operation. Thanks to digital
technologies and big data analysis, farmers can make well-
informed decisions about optimizing tillage, fertilization, crop
protection, and irrigation.

The visualization of data in map format greatly enhances
the understanding of spatial patterns, particularly the
relationships between natural factors and crop performance.
In Figure 7, the left image shows the grid of soil sampling
points with indicated levels of available potassium in each
cell. The right image illustrates the spatial modelling result of
potassium content, generated using the Inverse Distance
Weighting (IDW) interpolation method, which creates a
continuous surface from discrete measurements. The IDW
interpolation method assumes that values at any unknown
location depend on nearby known values, with closer points
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needs of specific field zones, reducing input costs and
environmental impact.

o yield mapping: During harvest, GPS-enabled functions in
combine harvesters allow for the creation of yield maps,
visualizing the productivity of different field areas. This helps
identify causes of yield variability and supports the development
of strategies to improve future efficiency (Fig. 6).

e operation under low visibility: GPS navigation ensures
accurate machinery operation even under challenging
weather conditions or at night, expanding the window for
fieldwork and increasing productivity.

Fig. 6. Yield map (cartogram) of the field

exerting a stronger influence than distant ones. In this
method, the unknown value is calculated as a weighted
average of neighbouring points, where weights are inversely
proportional to the distance. This approach enables the
construction of a continuous surface from a limited number
of spatial samples, as shown in the map. An analysis of the
available potassium distribution in the soil for 2020 reveals
significant spatial heterogeneity. Most of the field area is
characterized by elevated (81-120 mg/kg) and high (121-
150 mg/kg) potassium content. Zones with very high levels
(>181 mg/kg) are localized in the northeastern part of the
field (marked in purple). In contrast, the lowest values (less
than 100 mg/kg) are recorded in the southeastern sector and
in some central areas, indicating the need for localized
potassium fertilization adjustment. The obtained data can be
used to create task maps for variable-rate potassium
fertilizer application (Zatserkovnyi, & Vorokh, 2024).

However, graphical interpretation alone is not sufficient, as
it does not allow determining whether the observed
relationships are statistically significant or merely due to random
factors or measurement errors. When using classical
interpolation  methods, such as Inverse Distance
Weighting (IDW), it is assumed that the predicted value at an
unknown point is determined solely by the values at known
points, with distance being the primary influence factor.
However, this approach may lack accuracy, as the spatial
distribution of measured characteristics may depend not only
on distance but also on other factors. For example, soil moisture
content may vary not just with proximity but also due to terrain,
soil type, or hydrological conditions. Furthermore, some
parameters may exhibit a distinct spatial trend, such as a
gradual increase or decrease in nutrient concentration
(e.g., nitrogen) in a certain direction across the field.

Accounting for such patterns is only possible using
geostatistical analysis methods, particularly kriging, which
evaluates spatial autocorrelation and builds more accurate
models of spatial variability.
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Fig. 7. Cartogram of available potassium distribution in soil, created using the IDW interpolation method

Thanks to accurate monitoring and management
powered by Al, farmers will be able to achieve higher crop
yields from their fields. Al-driven optimization of fertilizer,
water, and pesticide use will help reduce costs and minimize
negative environmental impact. Big data analysis performed
by artificial intelligence will enable farmers to make informed
decisions based on real-time indicators and Al-generated
recommendations.

The subject of this study is LLC "FK LTD", an agricultural
enterprise located in the urban-type settlement of Volodarka,

Bilotserkivskyi District, Kyiv Region. The company's primary
activities include the cultivation of grain crops, legumes, and
oilseed crops. In addition, the enterprise grows corn, wheat,
sunflower, and soybeans.

The land plots owned or operated by the company are
located near Volodarka and in surrounding villages within
the Volodarka Territorial Community (Fig. 8.). Some of
the plots are leased, while others are owned directly by
the enterprise.

Al

Fig. 8. Part of the land plots owned by the'enterprise on the outskirts of the urban-type settlement of Volodarka

To adapt the digital model to the real operating conditions
of LLC "FKLTD", a flexible solution was developed based on
the Python programming language, utilizing specialized
libraries for handling large volumes of numerical and tabular
data. This approach enabled the personalization of the model,
considering the specific features of the company's land bank,
including  soil  types, agrochemical characteristics,
meteorological conditions, and the range of cultivated crops.
The input data included information on soil types, their
agrochemical composition, average crop yields, and the
climatic features of the region. All this information was
systematized and presented in a tabular format for further
analysis and integration into the model.

The next step involved developing an algorithm capable
of automatically generating a crop rotation plan based on
predefined constraints and criteria. For this purpose, Python
was used along with the Pandas and NumPy libraries,
enabling the processing of large datasets. The model
incorporated key agronomic rotation rules, among which a
central principle was the avoidance of growing the same
crop on the same plot for two consecutive years. It also
considered the need for alternating crops that have different
impacts on soil fertility and prioritizing crops with higher yield
potential at the initial stages of planning.

After configuring the algorithm, a series of simulations
were conducted, during which the model generated several
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crop rotation options for a five-year period. Each proposed
scenario was evaluated based on the balance of crop types,
compliance with agrotechnical requirements, and forecasted
yield indicators. The optimal variant was selected-combining
grain, legume, and oilseed crops-ensuring the alternation of
depleting and soil-enriching crops.

In the model, the first year was allocated to corn, a crop with
high vyield potential, laying the foundation for economic
profitability but requiring careful planning for subsequent crops
due to its significant impact on soil. The second-year proposed
wheat, a less demanding crop that helps compensate for soil
load. The third year included barley, providing additional
balance to the rotation. The fourth year was designated for
soybeans, enriching the soil with nitrogen and restoring its
fertility. The fifth year concluded with sunflowers, completing the
rotation cycle with different crop types.

The resulting crop rotation plan was analyzed and
compared with average yield indicators across Ukraine,
allowing the evaluation of the model's forecast accuracy.
The discrepancies between the predicted and actual yields
were minor, indicating high model accuracy. At the same
time, alternative scenarios were tested, giving the enterprise
multiple flexible options for final decision-making.

Thus, the developed crop rotation modeling scenario not
only considered local soil and climatic conditions but also
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enabled the creation of an adaptive rotation strategy aimed at
increasing yield and maintaining soil fertility in the long term.
The predominant soil types in the area are typical
medium-humus and low-humus chernozems on loess
deposits, occupying about 80 % of the territory. These soils

contain 3-5 % humus, and the depth of the humus horizon
exceeds 80 cm. They are most favorable for the cultivation
of sugar beets, winter wheat, barley, forage, and vegetable
crops. Generalized soil data are presented in Tab. 2.

Table 2

Information on the soil cover of the settlement

Code of the_agro-productlon Name of the agro-production soil group
soil group
19e Sod-podzolic and podzolic-sod soils with surface gleying, medium loamy
29d Light gray and gray podzolized soils, medium loamy
52b Typical low humus chernozems (sandy loam) and their complexes with solonetzic variants
54d Typical medium humus chernozems, light loamy
54e Typical medium humus chernozems, medium loamy

The average monthly temperatures in winter (January—
February) are around —6 °C, and in summer (July) about
+19.4 °C. In certain years and months, deviations from the
average annual and monthly temperatures may occur. The
absolute minimum recorded in the region was —-35 °C, and
the maximum was +37 °C.

The annual precipitation amounts to 525 mm, with about
150 days of precipitation per year. The highest precipitation
occurs in summer, averaging 205 mm, while the lowest is in
winter — 90 mm on average. The climograph is shown in Fig. 9.
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Fig. 9. Climograph of the Volodarka Territorial Community

The terrain is mostly flat, with minor elevation differences
across the area. There are exposures of crystalline rocks,
particularly granite. The surface slope trends from west to
east. The company cultivates the following crops: wheat,
barley, corn, sunflower, and soybeans.

The goal of crop rotation is to increase yields. Based on
soil data, climate conditions, and the types of cultivated
crops, it is possible to plan a five-year rotation to improve
productivity and maintain soil fertility.

The model was developed in the Python environment
using the Pandas and NumPly libraries, which are commonly
used in Al model training. Pandas enable manipulation of
tabular data-for example, the content of chemical
components and humus in soils can be represented in table
format. NumPy is used to process large data arrays.

We start by importing the libraries. As a first step, we
define the list of crops and enter estimated yield values in
conditional units, since real data was not available (Fig. 10).

The "plan rotation" function allows the creation of a crop
rotation plan, with the duration set to five years (Fig. 11).
Additionally, several rules are introduced for training the
model, for example, crops must not repeat for two
consecutive years, and crops with the highest expected yield
are given priority in the initial years.

At the end of the code, the return function is set to output
the crop rotation plan. The results of the model are then
analyzed. We run the model and receive the following crop
rotation recommendation (Fig. 12.).

The expected yield results closely match the average
yield indicators of these crops in Ukraine (Tab. 3). However,
it should be noted that the accuracy and volume of input data
can be improved, which would further enhance the precision
of the model.

Overall, the model performed well, except for wheat in
year 4. It would have been better to include soybean instead.
To avoid this, the rule prioritizing high-yield crops could be
improved. Returning the model can generate alternative
crop rotations (Fig. 13).

Analysis of crop rotations based on commonly accepted
crop rotation rules Tab. 4.

'3y ONLINE PYTHON BETA

&= B O C

mainpy |+
1 import pandas as pd
2 import numpy as np
3

¢ o &

4 # flani npo BpoxaiHicTb KynbTyp (B YMOBHMX OAMHMUAX, HA OCHOBL ICTOPHUHMX AanmMX)

5+ crop_data = {

'KyneTypa': ['Coa', "Muewwua’, 'Kykypyaza', 'fAumine’, 'Cowaweuk'],
‘BpowaduicTs': [2.5, 4.0, 6.5, 3.8, 2.8], # cepeani noxazuuku BpoxainocTi

}
18
11 # Creopensn DataFrame
12 df = pd.DataFrame(crop_data)

6

7

8 ‘36aravenHna rpywty (asor)': [1, @, -1, 8, -2] # yMoBHMA BNAME H3 FPYHT (1 - NO3WTHEHMA, -1 - BUCHANEHHA)
9

Fig. 10. Code snippet with input data
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# oyHkuiAa onA mMopgenweEaHHA cieosmiHM Ha kineka pokie
def plan_rotation(years=5):
rotation_plan = []

last_crop_index = -1 # IHOMKaTop nonepenHbol KynbTypH

for year in range(years):
# YMOBHWIA BUBip kynbTypu nnA makcumisauii spowaiHocTi 1 poTpumanHAa potauiil
it last crop_index == -1:
chosen_crop = df.iloc[np.argmax(df[ ' BpoxainicTs'])] # ewbip nouaTkoBol KynsTypW = HaABMWOW BpoxaiHicTw
else:
# 3miHa kyAbTYpM, wWob YHUKHYTWM ofHakoBol KynbTypu nocnins
potential crops = df[df.index != last crop_index]
chosen_crop = potential crops.sample(1).iloc[©] # Bunagkoewii Bubip, wob 3abesneunTn poTauiw

Fig. 11. Code snippet with rules for training the dataset

< ONLINE PYTHON BETA

= B8 D C € o =
main,py +

FER else: -
24 # 3MiNa KynbTypu, WoD YHHEHYTH OAHAKOBOI KyALTYpW nocnine

25 potential_crops - df[df.index |- last_crop_index]

26 chosen_crop potential_crops.samplef1).iloc[®] # sunagxosui euwbip, wob zabeancuwtu portauiw

27

28 # flonaBamua Ao nnawy potauii

29 rotation_plan.append(chosen_crop[ "Kynutypa®])

30 last_crop_index df.index[df[ "KynasTypa®] chosen_crop[ "KyneTypa® ]1][@] # owoBacHan ingexcy

11

32 print(f"Pix {year + 1}: {chosen_crop[ KynbTypa ]} (Ouikysana epoxainicTe: {chosen_crop[ BpomarnicTe’]} T/ra)™)

33

34 return rotation_plan

35

16 # Bunue dyHkuil ana naavybsakia cisoamivu Wa 5 poxis

17 rotation_plan plan_rotation(s)

| o* share | Command Line Arguments

B pix 1: Kysypyadsa (Owixynawa mpoadwicte: 6.5 T/ra) =
A Pix 2: Nuewnuyn (Owixynawa oposafuicTe: 2.0 v/ra)
Pix 3: Ausminve (Ouinysava spomafiuicTe: 3.8 v/ra)
X pioa: (o AuicTn: 4.0 v/ra)
. Pix 5: € (Omi icTe: 2.8 v/ra)
P
** Process exited - Return Code: O **
Pross Enter to exit terminal o
Fig. 12. Model testing and validation
Table 3
Comparison of yield indicators
Crop Expected yield at LLC "FK LTD", t/ha Average yield in Ukraine, t/ha
Corn 6.5 7.0
Wheat 4.0 4.0
Barley 3.8 3.5
Sunflower 2.8 2.3
Soybean 2.5 2.2
L Pik 1: Kyxypyasa (Owixysawa epoxaiwicte: 6.5 7/ra) L] Pik 1: Kykypyasa (Ouikysawa epoxaitnicTe: 6.5 T/ra)
& Pix 2: Mwewnun (Ouikysana spoxaiiHicTe: 4.0 T/ra) & Pix 2: Con (Ouixysana spoxaimicTs: 2.5 T/ra)
o Pik 3: Coa (Ouikyeawa epoxaimicte: 2.5 7/ra) Pik 3: Cowsuwnmk (Ouikyeawa spoxaitwicte: 2.8 1/ra)
Pik 4: Aumine (Ouikysawa epoxaiiwicTe: 3.8 v/ra) & Pik 4: flumins (Ovikysana epoxaiiicTe: 3.8 T/ra)
>~ Pix 5: NMuewnun (Owikysawa epoxadinicte: 4.0 1/ra) >_ Pik 5: Coa (Ovikyeawa epoxaiimicTe: 2.5 1/ra)
P "
** process exited - Return Code: @ ** ** Process exited - Return Code: @ **
Press Enter to exit terminal Press Enter to exit terminal
Fig. 13. Alternative crop rotation plans
Table 4

Commonly accepted crop rotation rules (crop rotation)

Crop characteristics in rotation Year of rotation / crop
A high-.y.ielld crop thgt depleteg the S(.)ill..The selection is based on the model rule [ Year 1: Corn ]
of prioritizing high-yield crops in the initial years
Does not deplete the soil and is a good choice to follow corn [ Year 2: Wheat ]
A satisfactory option after wheat, if nitrogen levels remain adequate [ Year 3 Barley ]
Growing cereals for several consecutive years may lead to soil depletion [ Year 4: Wheat
Loosens the soil and creates a break in the cereal crop cycle [Year 5: Sunflower
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Thus, the proposed crop rotation forecasting model has
demonstrated strong results and can be used by the
enterprise to optimize costs, increase yields, and preserve
nutrients in the soil.

Despite its clear advantages, the implementation of Al in
agriculture faces several challenges:

* high implementation costs: Al technologies and related
equipment can be expensive, making them inaccessible for
small farms.

e lack of technical training: Farmers often lack the
knowledge and skills needed to operate new technologies.

e infrastructure issues: In remote areas, there may be no
access to high-speed internet, which is essential for
processing large datasets.

e incomplete or inaccurate data: Al systems require high-
quality data to function effectively; poor or incomplete data
may lead to incorrect results.

e integration complexity: Implementing Al often requires
adaptation or replacement of existing equipment and
software systems.

In the future, further integration of Al with other
technologies, such as the Internet of Things (loT), blockchain,
and quantum computing is expected to create fully automated
farms. Key directions for development include:

e expansion of loT-based farm management systems:
Integrating Al into soil sensors, weather stations, and
automated irrigation and fertilization systems will not only
provide a continuous flow of data but also allow for real-time
adaptation of agronomic decisions.

o use of blockchain technologies will ensure transparent
documentation, which is especially important for quality
control and supply chain traceability of agricultural products.

« Intelligent software platforms will be capable of making
independent decisions on fieldwork, optimizing processes,
and even autonomously operating agricultural machinery.

Discussion and conclusions

The research conducted confirmed that the synergistic
application of GIS, GPS, remote sensing (RS), and artificial
intelligence (Al) provides a new level of precision in
analyzing soil characteristics and making agrotechnical
decisions within precision agriculture systems. The
implemented model enabled not only the integration of large
volumes of spatial and field data, but also the automation of
agricultural management processes.

One of the key outcomes was the high effectiveness of
using satellite imagery and digital maps for spatial analysis
of soil parameters-particularly potassium, moisture, and
humus content, which lays the foundation for an adaptive
approach to agribusiness management. GPS navigation
significantly improved the accuracy of equipment positioning
and soil sampling locations, minimizing resource losses and
ensuring stability in agri-production processes.

The integration of machine learning, particularly Random
Forest models and LAI assimilation, made it possible to
achieve yield prediction accuracy above 80 %, representing
a major step toward scientifically grounded production
strategy planning. The crop rotation model, developed using
Python and the Pandas and NumPy libraries, was
successfully adapted to the local soil and climatic conditions
of the agricultural enterprise, demonstrating its flexibility and
practical value.

The results confirmed that implementing such digital
solutions contributes to cost reduction, increased productivity,
and preservation of soil fertility, which are essential for the
sustainable development of the agricultural sector. The
experience of testing the model under conditions in the Kyiv
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region demonstrated the scalability potential of the proposed
model for other regions and agricultural systems.

In conclusion, the comprehensive implementation of
GIS, GPS, RS, and Al creates a foundation for the
development of automated decision support systems that
ensure not only high efficiency of agricultural processes but
also promote the ecological stability of agro-landscapes.

Authors' contribution: Vitalii Zatserkovnyi — conceptualization,
formal analysis, methodology, review and editing; Viktor Vorokh —
conceptualization, methodology; Olga Hloba — formal analysis, data
treating; Tetiana Mironchuk — revision and editing, Liudmyla Plichko —
review of publications, revision and editing.
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1KuiBCbKMI HauioHanbHUI yHiBepcuTeT iMeHi Tapaca LLeBueHka (KuiB, YkpaiHa)

OCOBJIUBOCTI 3ACTOCYBAHHA TIC, GPS, A33 TA LI
B JOCHIOXEHHI FPYHTOBUX XAPAKTEPUCTUK

B ¢ Ty n. CyyacHe cinbcbke 20cnodapcmeo HapaxaembCs Ha YUCJIeHHI 8UK/IUKU, M08 's3aHi 3 KniMamu4YHUMU 3MiHaMu, eKOHOMiYHUMU ¢hakmo-
paMu ma 3pocmar4umu eumoz2amu 3o egpekmueHocmi supobHuymea. BnpoeadxeHHs1 nepedosux mexHosoz2ili, 30kpeMa 2eoiHghopmayiliHux cuc-
mewm (TIC), ducmaHyiliHo2o 30HOyeaHHs1 3emni ([33), anob6anbHux HagieayiliHux cynymHukosux cucmem (GPS) ma wmyyHozo iHmenekmy (L), dae
3Mo2y onmumizyeamu azpomexHi4Hi npoyecu ma nideuuwumu npodyKmueHicms y npeyusiliHomy 3emnepobcmei.

MeToAawn.Y pobomi posansHymo memodu 3acmocysaHHsi I'IC, GPS, ]33 ma LIl y mo4Homy 3emnepob6cmei. BukopucmaHo aHani3z cynymHu-
Kosux ma aepoghomo3Himkie, Memodu npocmoposo20 Modenno8aHHs, 260CMamuUCMuKy, MalluHHe HagYyaHHs OJis1 NPO2HO3y8aHHs epoxaliHocmi ma
onmumi3ayii ynpaeniHcbKux piweHb. Takox docidXeHo 8 UKOPUCMaHHSI CEeHCOPHUX cucmem 05l 36opy nonbosux daHux ma ix iHmezpauii y yugposi
nnamgopmu azposupobHUymea.

Pe3ynbTaTtu.Y xodi docnidxeHHs peanizoeaHO KOMMIEKCHY MOOeIb OYiHKU I'PyHMOo8UX Xxapakmepucmuk Ha ocHogi noedHaHHs 'IC, GPS,
ducmaHuyiiliHo2o 30HdyeaHHs1 ma Memodie wmy4yHo20 iHmenekmy. Pesynsmamu niomeepdunu egpekmueHicmb euKopucmaHHs1 yugpoeux Kkapm i
cynymHukosux 3HiMkKie Onsi npocmopoeoi iHmepnonsyii napamempis rpynmy (emicm kanito, eonoau, 2ymycy), nobydoeu kapm epoxaliHocmi ma
MOHiImopuHay nocieie y peanbHomy 4aci. BukopucmanHs GPS-Haegi2ayii 3a6e3neyuso euCoOKy moyYyHicmb No3uyioHyeaHHsI mexHiku U Mosboeo20
eidbopy npob6, a annzopummu MawUHHO20 Hag4YaHHs (30kpema, Mmodeni Ha ocHoei LAl ma Random Forest) nokasanu moyHicmb npo2Ho3y epoxxaliHo-
cmi noHad 80 %. [To6ydosaHa modesb cig03MiHU i3 3any4yeHHsM 6i6niomek Python dana 3mMoa2y cghopmyeamu onmumanbHUll N'amupidyHUl nnaH
pomauii Kynbmyp 3 ypaxyeaHHsIM murie rpyHmis, KniMamu4Hux ymoe i nomeHyiliHoi epoxailiHocmi. Kapmu eapiabenbHocmi ma pe3ysismamu 30Hy-
8aHHs cmaJu 0CHO80I0 OJ151 CUeHapHO20 ynpasJliHHA rnoJieM Ha pieHi azpapHo20 nidnpueMcmea.

B u c Ho Bk u.IHmeepayis IC, GPS, []33 ma wmy4Ho20 iHmenekmy e azpapHy nNpakKmuKy cymmeeo nideuujye mo4yHicms aHanisy rpyHmoeux
Xapakmepucmuk i egpekmueHicmb ynpassiHHs azponpoyecamu. [To6ydosaHa modesnb 0ae 3M02y aemomMamu3ysamu npoyecu NPuiHAMms piweHb
Ha ocHoei 8esluko20 06csi2y MPocmMopoe8ux i Nosbosux AaHuX, CPUsSIE 3HWKEHHIO sumpam, nideuweHHI0 8poxaliHocmi ma 36epexeHHo podoyocmi
rpyHmis. [Joceio enposadxeHHsi moderni 8 ymosax Kuiecbkoi obnacmi 3aceioqus ii npakmuyHy npudamHicms i nomeHyian do macwmabyeaHHs 8
paMkax cy4acHO20 moYyHo20 3emiaepob6ecmea.

Knio4yoBi cnoBa: 2eoiHgpopmayiliHi cucmemu (IFIC), ducmaHyiiiHe 3oHdyeaHHs1 3emni ([33), anobanbHi HaeizayiliHi cynymuukoei
cucmemu (GPS) ma wmyyHui inmenexkm (LUI), npeyu3sitine 3emnepo6cmeo (I13), 2eoinghopmauitini mexHonozii (FIT), APSIM (Agricultural Production
Systems Simulator), DSSAT (Decision Support System for Agrotechnology Transfer).

ABTOpM 3aaBNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniaxeHHs:; y 36opi, aHanisi un
iHTepnpeTauii AaHWX; y HanMcaHHi pyKonucy; B pilleHHi Npo nybnikauito pesynbTarTis.
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FIRST EXPERIENCE IN USING SATELLITE DATA
FOR MONITORING THE HYDRO-FLUID REGIME OF LOKBATAN VOLCANO
IN THE ASSESSMENT OF SEISMIC EVENT RISKS IN THE REGION

(lMMpedcmaeneHo 4YneHoM pedakuyiliHoi Kosezii 3-pomM 2eos1. HayK, cm. HayK. cnigepo6. O.J1. llleeyeHkOoM ma 3-pom 2eo2p. HayK,
npod. 4.0. JlaweHkom)

Background. Mud volcanoes are unique natural structures affecting the environment by continuous emissions of gas-liquid
fluids, mud breccia and mudflows. Despite extensive research and a substantial dataset on mud volcanism, the understanding of
the fluid dynamics and hydrogeological processes associated with these systems remains a subject of ongoing debate. Globally,
there are more than 2,500 mud volcanoes distributed across 42 countries (Aliyev et al., 2015), highlighting their widespread
occurrence.

Azerbaijan represents a unique region for the study of contemporary mud volcanism, hosting more than 350 mud volcanoes
within a relatively small territory. Among them, the Lokbatan mud volcano is the most active, with 28 recorded eruptions. In this
context, a comprehensive approach to studying the activity of mud volcanoes, including satellite monitoring, is highly relevant.

Methods. The study employed remote sensing techniques to analyze the hydro-fluid regime of the Lokbatan mud volcano.
Specifically, satellite imagery was used to calculate a moisture index for the volcano field. For the first time, this index was remotely
measured, enabling assessment of surface moisture dynamics as a proxy for fluid migration and subsurface activity.

Results. The satellite-derived moisture index showed clear correlations with mud volcanic activity. Observations indicate
that variations in the moisture index correspond to shifts in the fluid regime of the volcano, reflecting possible underground fluid
migration or pressure changes prior to eruptions.

Conclusions. The study demonstrates the potential of satellite-based monitoring in assessing the hydro-fluid regime of
active mud volcanoes. The approach provides an effective, low-cost alternative to field-based observations and can support early
warning systems for seismic or eruptive events. These findings contribute to the development of preventive strategies for managing

geological hazards in seismically active regions.

Keywords: Mud volcano, satellite images, fluids, NDWI, monitoring.

Background

In the modern world, an integrated approach to solving
challenges in Earth sciences is highly demanded and widely
applicable. Today, satellite imagery, drone surveys, and
other remote sensing technologies are increasingly used for
data collection, analysis, and interpretation. By using
modern technologies, the time and effort required to obtain
such data are significantly reduced, making previously
inaccessible research sites available without excessive risks
or additional costs. In this study, satellite monitoring was
applied for the first time to measure the moisture index at
Lokbatan mud volcano.

The object of the research is the Lokbatan mud volcano,
located 17 km southwest of Baku (Fig. 1). This choice is
justified by the specific geological structure of the volcano,
its eruption activity, proximity to the urban agglomeration,
and spatial connection with the oil field.

Analysis of Previous Studies

Mud volcanoes of the Absheron Peninsula in Azerbaijan
have a long history of study. The main research efforts have been
conducted in connection with oil and gas exploration. Significant
contributions in this field have been made by F.Dadashev,
A. Yakubov, Ad. Aliyev, |. Guliyev, A. Feyzullayev, D. Guseynov,
A. Mazzini, M. Schmidt, G. Etiope, and others. Their publications
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have examined in detail the morphology and genesis of mud
volcanoes, the relationship between mud volcanism and
hydrocarbon occurrences, the estimation of combustible gas
volumes released during eruptions, and the physical-
mathematical modeling of mud volcanoes.

In recent years, some researchers have begun to
consider mud volcanoes as one of the major natural sources
of greenhouse gas emissions into the atmosphere.
Accordingly, several studies have focused on the role of mud
volcanism in climate change processes. It is also worth
noting that one of the modern and promising directions today
is the use of satellite technologies, particularly data from the
Sentinel mission, for remote monitoring of mud volcano
activity. For example, NDWI was effectively used to analyze
the spread of the Sidoarjo mudflow (Indonesia) (Wicaksono
and Isa, 2022). Additionally, a number of monographs and
color atlases have been published aimed at popularizing
knowledge about mud volcanoes and promoting geological
tourism in the country (Aliyev et al., 2015; Aliyev, Guliyev, &
Rahmanov, 2019; hnyukov, 2006).

Objective of the Study

The aim of this study is to explore the potential of using
satellite data for monitoring mud volcanic activity on the
Absheron Peninsula of Azerbaijan, using the most active
volcano, Lokbatan, as a case study.

© Huseynov Arif, Nesterovskyi Viktor, Huseynova Ayten, 2025
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Fig. 1. (a, b) Location of the Lokb.

atan mud volcano (a, b

)? (source.: Googl Maps);

(c) aerial photograph of the general view (c) ? (photo by A.R. Huseynov); (d) view of the crater field (d)?
(photo by V. Shukyurov)

Methods

To study the fluid regime of the Lokbatan volcano,
satellite monitoring was applied using the Normalized
Difference Water Index (NDWI) based on Sentinel-2 satellite
data. The methodology consisted of several stages:
collection and calibration of satellite images, calculation of
NDWI for assessing water bodies and soil moisture, analysis
of time series from 2017 to 2023, mapping of changes (using
Google Earth), and data interpretation. NDWI values greater
than 0 indicate wet soil, while values below 0 represent dry
areas. The resulting data were presented in KMZ format and
used for analyzing the dynamics of fluid processes on the
volcano. The extracted NDWI values for the volcano were
plotted on a graph, which allowed for the visualization of
changes in the water regime.

Main Material Presentation and Its Analysis

The Lokbatan mud volcano in relief represents a small
dome with two peaks and an absolute elevation of 86
meters. The base of the mud volcano structure measures

2.5 km by 2.3 km, covering an area of 5.75 km?2. Structurally,
the mud volcano is situated on the crest of an asymmetrical
brachyanticline of latitudinal orientation, which extends and
connects with the Akhtarma-Puta and Gushkhana
brachyanticlines, forming a unified Lokbatan—Puta—
Gushkhana anticline zone Besides Lokbatan, the mud
volcanoes of Akhtarma-Puta and Gushkhana are also
located here (Yakubov, Kastryulin, & Dzhavadov, 1976a;
Yakubov, Aliyev, & Rakhmanov, 1976b).

In 1927, the Lokbatan hydrocarbon field was discovered
near the mud volcano, and by 1933, it began development
with an initial oil production rate of about 20,000 tons per
day. The exploration well No. 45, drilled 1.5 km from the
volcano's crater in the mudfield, proved the feasibility of
drilling in areas complicated by mud volcanism.

The field contains several productive horizons, which is
penetrated by a central channel. At present, the Lokbatan oil
field is in the final stage of development.

.
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Fig. 2. The schematic map of the Lokbatan oil field location (Zhemeriev, 1958, Martynova et al., 2022)

The Lokbatan anticline is composed of Pliocene-
Quaternary deposits and is associated with a major
longitudinal fault, which displaces strata of the same age by
300-350 meters. On the outside, the volcano is protected
from erosion by a ridge of Absheron limestone and
sandstones of the productive strata.
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A particularly interesting fact about the Lokbatan mud
volcano is the absence of a typical mud cone field, as well as
the lack of small gryphons and salsas within its crater area,
which are commonly observed at other mud volcanoes. In
most volcanoes, during the inactive stage, water, liquid mud,
and gas are usually released through these gryphons and
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salsas. However, in the case of Lokbatan, the volcano's
surface remains dry. A similar phenomenon is observed in
only one other known case — the largest volcano of the Kerch
Peninsula, Dzhau-Tepe — which also lacks a gryphon-salsa
developmental stage (Shnyukov, 2006).

The main crater of the Lokbatan volcano formed after
the eruption of 1887 and represents a subsidence caldera
of oval shape with a diameter of 25 meters. The area
covered by mud-volcanic material is about 424 hectares,
and the average thickness of the erupted deposits reaches
60 meters. The elongated flow of mud-volcanic deposits,

observed in Fig. 1, extends 700 meters and has a western
direction.

According to seismic studies, the Lokbatan mud volcano
has a two-chamber structure (Kadirov, & Mukhtarov, 2004;
Aliyev etal., 2013; Rashidov, Khasaeva, & Guseynov,
2016). The first, upper chamber is located at a depth of 1.5—
2 km and lies within the deposits of the Quaternary system,
while the second chamber is located in Neogene deposits at
a depth of 4-6 km. The second chamber has periodic
connections with productive oil-bearing horizons (Fig. 3)
(Rashidov, Khasaeva, & Huseynov, 2016; Alizade, 2007).
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Fig. 3. Geological cross-section (a) (Aliyev et al., 2015) and concept'u; model of the internal structure (b)
of the Lokbatan mud volcano (Rashidov, Khasayeva, & Huseynov, 2016)

Field observations have shown that during an active
eruption, the volcano ejects a large volume of a gas mixture
(methane, carbon dioxide), steam, water, liquid mud, and
breccia, forming a distinctive fountain reaching several hundred
meters in height (Aliyev et al., 2013). The photo (Fig. 6) shows
several moments of the volcano's eruption in 2012. Initially,
there was an emission of steam and gas, followed by
spontaneous ignition, and then the eruption of mud and breccia.
Methane was the main gas component released during the
eruption — accounting for 90-95 %. The carbon dioxide content
reached 3-5%. Nitrogen and hydrogen sulfide were also
recorded in small amounts (Fig. 4). The gas sampled during the
eruption on September 20, 2012, for isotopic analysis indicated
a thermogenic origin of methane (5'*CCHs=~—48%o.) (Farber,
Schmidt, & Feyzullayev, 2015).

The erupted liquid mud contains rock fragments of
various sizes. Together with clay, they form what is known

Phase composition of gases released by Lokbatan volcano

Carbon dioxide
Nitrogen

Hydrogen sulfi

90.0%

Methane

as "mud breccia". Often, large rock fragments separate from
the main mass during an eruption and scatter in different
directions above the fountain, resembling volcanic "bombs".
These fragments are composed of oil-bearing sandstones
and combustible shales from the productive Eocene-Miocene
age. The clay matrix of the erupted mud mainly consists of
kaolinite and hydrosmectite. The smectite content in the mud
does not exceed 5-15%. The Eocene-age combustible
shales are enriched with organic matter significantly more
(31.7 %) compared to Miocene shales (16.9 %). These shales
generate gaseous and liquid hydrocarbons. The sandstone
fragments from the eruptions are heavily impregnated with oil
(Fig. 5) (Guliyev et al., 2017).

The oil is heavy, naphthene-aromatic, with a high
concentration of resins (up to 20 %) and asphaltenes (up to
10 %). The content of oil fractions is up to 50 % (Guliyev
et al., 2017).
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Fig. 4. Component composition of gases from the Lokbatan mud volcano (a); Gas data from hydrocarbon reservoirs collected
from various fields and mud volcanoes in Azerbaijan (b) (Farber, Schmidt, & Feyzullayev, 2015)
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Fig. 5 Oil-bearing sandstone and combustible shale in the mud breccia of the Lokbatan mud volcano (Aliyev et al., 2015)

Fig. 6. Sequential moments of the Lokbatan mud volcano eruption in 2012 (Aliyev et al., 2013):
a) beginning of the eruption phase, eruption of breccia and steam; b) increase in intensity of breccia and steam eruption;
c) ignition of the intermediate focus; d, e) ignition of the entire gas eruption column

The Lokbatan deposit is a multi-layered structure, with
productive horizons that are significantly isolated from one
another, which is reflected in the composition of hydrocarbon
from different depths.

For a long time, it was believed that the central eruptive
channel of the mud volcano, by piercing all the productive
horizons from bottom to top, connected them into a single
unit, averaged the composition of hydrocarbons, and
contributed to the rapid depletion of reserves through this
channel. However, this hypothesis has not been confirmed
for this volcano. Hydrocarbon emissions occur only during
the active phase of eruptions, and between eruptions, the
volcano does not release hydrocarbons.

This suggests that the productive horizons, divided into
two wings, become isolated from the eruptive channel after
the active phase by impermeable clayey rocks that prevent
the hydrocarbons from migrating. For the same reason, no
water is emitted from the volcano between cycles of active
eruption, meaning it remains "dry". When the pressure in the
productive horizons reaches an anomalous value, the clay
plug is breached, and the entire water-gas-mud-oil mixture
rises through the central channel.

Seismic events in the region likely contribute to the
creation of a brief impulse that increases the pressure on the
reservoir.

The first documented eruption of the Lokbatan mud
volcano was in 1828 (Gamba, 1828). Periods of increased
activity include eruptions occurring with small intervals of 2
to 5 years, from 1915 to 1941, during which 8 eruptions were
recorded. Periods of decreased activity included the period
from 1828 to 1900, with only 5 eruptions (Aliyev, Guliyev, &
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Rahmanov, 2019). Currently, we are observing another
period of increased mud volcanic activity. The most recent
eruption was recorded in September 2024 (Fig. 7).

The water index of the Lokbatan volcano, like many
others, had not been investigated before.

The idea occurred during the annual international
summer school on "Mud Volcanism and Hydrocarbon
Systems", which has been held since 2018 in Baku. We
noticed the observable "dryness" of the mud flow and the
absence of salsas emmisions, which made the Lokbatan
volcano stand out among others.

For satellite monitoring of the fluid (water) regime of the
volcano, the Sentinel-2 satellite was selected in combination
with the NDWI (Normalized Difference Water Index). This
index was first proposed by McFeeters in 1996 to detect
surface water in wetland environments and measure the area
of open water surfaces (McFeeters, 1996). Thus, the NDWI is
used to identify water bodies and assess soil moisture based
on multispectral satellite imagery (Gao, 1996).

Recent studies have expanded the application of NDWI in
mud volcano research, demonstrating its effectiveness for
surface water and fluid regime monitoring. For example,
investigated land cover characteristics of the Kesongo Mud
Volcano Complex on Java Island, Indonesia, using harmonized
Sentinel-2A MSI imagery to analyze surface features and
provide visual interpretation of the fluid regime (Harbowo, &
Sitinjak, 2025). Similarly, NDWI was successfully applied to
predict the extent of the Sidoarjo mud flow, highlighting the
method's potential for monitoring mud volcanic activity and
associated hazards (Wicaksono, & Isa, 2022).
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Lokbatan Mud Volcano Eruption Intervals (1829-2024)

Years Since Previous Eruption
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Fig. 7. Dynamics of Eruptions of Lokbatan Mud Volcano (Aliyev, Guliyev, & Rahmanov, 2019)
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Fig. 8. Morphological Features of the Lokbatan Mud Volcano Based on Google Earth Data:

a) — Across the Crater Field and b) — Along the "Tongues" of Breccia Outflows

In light of these developments, the current study not only
utilizes Sentinel-2 data combined with NDWI but also aims
to synthesize previous research experiences, emphasizing
the novelty and applicability of this integrated methodology
for assessing the fluid dynamics of mud volcanoes in the
Absheron region. This approach offers a promising tool for
enhanced remote monitoring, risk assessment, and early
warning of mud volcanic and seismic hazards.

Despite the fact that initially for NDWI calculations it was
supposed to use images obtained only from the Landsat
Multispectral Scanner (MSS) satellite, it is worth noting that
this method also worked well when using images from other
satellites when there was a need for such an assessment
(McFeeters, 1996; Chowdary etal., 2008; Environmental
Protection Agency, 2005; Murray, 2012; Panigrahy, 2012;
US Geological Survey..., 2013).

The NDWI is calculated using the following formula (1):

_ (Band 2-Band 4)
NDWI = (Band 2+Band 4)’ ™

where Band 2 represents green light reflectance at the
TOA (Top of Atmosphere) level, and Band 4 corresponds to
near-infrared (NIR) reflectance. According to McFeeters
(1996), NDWI values greater than zero are assumed to indicate
the presence of water surfaces, while values less than or equal
to zero generally correspond to non-water surfaces.
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Thus, NDWI values range from -1 to 1, where higher
index values are typically associated with water bodies or, in
our case, areas with moist soil, whereas lower values
indicate dry, non-water surfaces. It should be noted that data
obtained from the Sentinel-2 satellite in open access reflect
the spectral characteristics of the Earth's surface and require
additional analytical processing, as well as integration with
other data sources for comprehensive interpretation.

To analyze the dynamics of the fluid (water) regime of
the Lokbatan mud volcano during the 2017-2023 period,
which included two recorded eruptions, a satellite monitoring
approach was applied. The use of satellite data enabled a
detailed investigation of surface changes in the volcano
area. The action algorithm included several key steps:
1) collection of satellite images and their calibration;
2) identification of fluid processes; 3) time series analysis;
4) mapping of changes; 5) interpretation of the obtained data
and formulation of conclusions.

During processing, the NDWI formula was applied to the
acquired multispectral satellite images. As a result, a KMZ
file was generated, representing NDWI values for the
researched area (Fig. 9). Then, NDWI values were extracted
from image pixels along profile A-A (through the crater).
These values were then plotted on a time-series graph
showing the distribution of NDWI over time (Fig. 10).
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Fig. 9. Map of the Moisture Index Distribution at the Lokbatan Mud Volcano for the 2022:

a) Satellite image of the Lokbatan mud volcano, b) map of moisture Index (NDWI) distribution for the Lokbatan area
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Results

During the aforementioned period, a comprehensive set
of monitoring activities was carried out for the Lokbatan mud
volcano. According to satellite data, the analysis of the
moisture index of the mud volcanic cover, influenced by
various factors including geological activity and climate
changes, revealed the following trends and factors:

e Climate factor — the moisture of the mud volcanic
cover positively correlates with seasonal and climatic
changes.

o Earthquakes and geodynamic activity — recorded
earthquakes, especially in 2020, 2021 and 2022, probably
have an influence on moisture and may be predictors of
changes in the geodynamic conditions, as well as
sometimes preceding volcanic activity.

e Anomalies in the moisture index - sudden
changes in moisture, anomalous peaks, and stable values
during certain periods can serve as indicators of potential
risks of volcanic activity.

» Forecasting volcanic activity — before the eruption
in August 2022, anomalies in the water regime of the mud
volcano were observed in February. This could serve as an
indicator for predicting paroxysmal events.

In 2017, the NDWI values in the Lokbatan mud volcano
and its surroundings had significant fluctuations, from
minimum to maximum values. In 2017, the humidity index
values in the volcano and its surroundings had significant
fluctuations, from minimum to maximum values, which was
the result of several factors at once — seasonal fluctuations,
which were most pronounced in the summer, and volcanic
activity, which manifested itself in the form of the 25th
eruption, which led to a sharp increase in the moisture index.
By autumn, NDWI values reached a minimum value.
However, by the end of the year, a gradual increase in NDWI
values was observed, especially in the central (crater) part
of the Lokbatan mud volcano.

In 2018, the humidity index values also showed
considerable fluctuations; however, the overall trend indicated
a gradual increase, most likely due to climatic factors (seasonal
variations) as well as hydrogeological processes.

At the beginning of 2079, NDWI values remained
relatively stable, butin May, a sharp drop to -1 was recorded.
By summer, the index had risen slightly to -0.78, only to
decline again in winter, reaching a minimum value of -0.96.

At the beginning of 2020, an increase in NDWI values
was observed, followed by a decline during the spring
period. The summer season was characterized by relatively
stable NDWI values. However, by October, a sharp increase
to -1 was recorded, followed by a return to minimum values
in December. It is also worth noting that on February 15, an
earthquake with a magnitude of 4.6 was recorded near the
mud volcano at a depth of approximately 30 km, which may
have influenced the overall NDWI trend for 2020.

Throughout 2021, fluctuations in NDWI values were
recorded at the Lokbatan mud volcano. In early February,
the NDWI value was -0.45, but from March to May, it
dropped to -0.65. Additionally, earthquakes with magnitudes
of 4.1 and 5.0 were recorded in August and November,
respectively, which undoubtedly affected the geodynamic
activity in the region.

It is noteworthy that in December, NDWI values in the
southwestern part of the Lokbatan mud volcano reached -
0.94, in the central (crater) part -1, and in the mudflow
"tongue" area -0.55.

In 2022, on August 11, the Republican Seismological
Service Center recorded an eruption of the Lokbatan mud
volcano that lasted 5 minutes and 12 seconds (E=0.6x107),
along with two earthquakes: one in February with a
magnitude of 4.2 at a depth of 56 km, and another in August
with the same magnitude at a depth of 62 km. These events,
to some extent, were reflected in the NDWI values. The
NDWI values for the first half of 2022 remained relatively
stable at -0.76. However, a sharp spike in NDWI values was
observed in the crater area in February, reaching -1.

The year 2023 was characterized by relatively stable
NDWI values. However, an increase in NDWI values up to -1
was observed in the crater area at the beginning of the year.

The anomalies in NDWI values observed in the middle
and end of the year in the crater area may be due to some
volcanic activity or seasonal environmental changes.
According to the data collected for 2023, the average NDWI
value for the crater area was -0.81, with a maximum value
of -1 and a minimum of -0.57.

Based on the accumulated satellite data on NDWI for the
Lokbatan mud volcano, its variations, and observed trends
during the 2017-2023 period, a statistical forecast can be made
regarding the expected behavior of NDWI values for the coming
years. Using linear variation, we attempted to make such a
forecast for the period from 2024 to 2030 (Fig. 11).
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Fig. 11. Assessment of probable variations in the moisture index until 2030
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The accuracy of the estimated data can be judged by the
calculations for 2024, where the actual values almost
coincide with the predicted ones. At the beginning of 2024,
the high-probability trend shows fluctuations, then begins to
rise in June, reaching a peak by the end of the year. An
anomaly stands out in late June — early July, where a sharp
increase in value occurs. The average value rises sharply
from -0.39 to 0.07. In 2025, the high-probability trend
fluctuates between 0.26 and 0.77 from January to June, with
a sharp increase in June-July. An anomaly in October—
November, expressed by growth, also stands out.

The graph titled "Assessment of probable changes in the
moisture index until 2030" presents two main forecast
components:

Q) The blue line represents the historical values of the
moisture index, collected over the period from 2017 to 2024.

@) The orange line shows the forecast, calculated using
time series models such as Prophet, which take into account
both trends and seasonal components. This forecast is
based on historical data up to 2024 and extrapolates it into
the future until 2030. The methodology assumes the
continuation of current trends and seasonal patterns. The
"forecast" has a broader uncertainty range, as it includes all
possible scenarios — both favorable and unfavorable —
without filtering by probability. This makes it suitable for
assessing the overall range of moisture index fluctuations,
assuming external factors remain unchanged.

() The yellow line represents the high probability forecast
— the most likely scenario of future development, derived from
a confidence interval (typically 95 %). It can be constructed
using Bayesian or ensemble modeling methods, where the
result reflects an average trajectory (e.g., the median) across
multiple simulations. Unlike the full forecast, this component
focuses on the statistically dominant scenario, excluding
extreme variations. Thus, the "high probability forecast" reflects
an optimistic yet realistic vector of potential changes in the
moisture index, given the current trends.

Discussion and conclusions

Monitoring the Lokbatan mud volcanic activity using
satellite data has shown positive results and can be
effectively applied in future comprehensive studies of mud
volcanism dynamics.

The fluid regime of the Lokbatan mud volcano during the
study period was influenced by both geodynamic and
climatic factors, which was reflected in variations of the
moisture index.

The behavior of the moisture index under climatic
influence differs from that caused by geodynamic factors
by the "smoothness" of value changes and its clear
seasonal dependence. In contrast, geodynamic factors
tend to be associated with more abrupt "spikes" in the
humidity index values, standing out against the general
background — for example:

o Earthquakes can affect internal hydrodynamic processes
within the mud volcano, leading to fluctuations in the moisture
index (as observed with earthquakes in 2020, 2021, and 2022
within a 100 km radius of the Lokbatan mud volcano).

e Sudden changes in the moisture index on the mud
volcano can be considered an additional mechanism for
assessing potential upcoming volcanic activity (as
demonstrated in the 2022 data analysis).

In conclusion, the interconnection between geological
processes, climatic factors, and seismic activity represents
a complex and demanding process that requires extensive
data analysis and systematic monitoring. This approach is
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essential for effectively responding to both actual and
potential risks associated with mud volcanoes.

Therefore, analyzing changes in the water regime of mud
volcanoes based on satellite data — using the Lokbatan mud
volcano as an example — can serve as an additional tool for
anticipating future paroxysms. Satellite moisture analysis
provides crucial insights into the dynamics of volcanic
processes, contributing to the development of monitoring
and forecasting systems for volcanic activity. However,
further and more detailed studies are necessary.

Authors' contributions: Arif Huseynov — conceptualization,
methodology, software, formal analysis, data validation, writing
(original draft). Viktor Nesterovskyi — writing (review and editing);
Ayten Huseynova — data validation, writing (original draft).
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NEPLUMA fOCBIA BUKOPUCTAHHA CYNYTHUKOBUX OAHUX
AN MOHITOPUHI'Y BOAHO-®NIOIAHOIO PEXXUMY BYINIKAHA NOKBEATAH
NPU OUIHLI PU3UKIB CEMCMIYHUX NMOAIN Y PETOHI

B cTyn. MpsA3boei 8ynkaHu € akmueHUMU NPUPOGHUMU CMPYKmMypaMu, W0 ensiuearoms Ha HaeKo/uwHe cepedosuuye wisixom 6esnepepeHuUx
eukudie 2a3opiOuHHuUX ¢hnroidie, 2psizboeoi 6pekyil ma epsA3bo8ux nomokie. Monpu wupoki docnidxeHHss ma 3Ha4yHuUll Macue GaHux npo 2psi3bosull
eyJikaHi3M, po3yMiHHs OuHamiku ¢hrroidie ma 2idpozeosioz2ivHuUX nNpoyecie, Moe'a3aHuXx i3 yuMuU cucmemamu, 3auwWaemscsi npedMemom nocmitiHux
duckycil. HuHi Hanivyembcsi noHad 2500 2psi3bosux eysKaHie, po3mawosaHux y 42 kpaiHax ceimy, uyo nidkpecstoe ix anobanbHe MOWUPEHHS.

Tepumopis Azepb6alidxaHy — yHikanbHuUli pe2ioH Ans AocniOKeHHs1 cy4acHO20 2psi3b08020 8yJiKaHi3My. Ha io2o nopieHsIHO Heeesnukili mepumo-
pii poamawoeaHo noHad 350 epsi3bosux synkKaHie. [ps3bosull synkaH Jlok6amaH ceped HUX € HallakmueHiwuM. Ha HbomMy 3apeecmpoeaHo 28 akmu-
eHux nodili 3 eueepxeHHsIM 8eJIUKOI Kinbkocmi Mamepiany, 3 HUM roe's3aHe Hagpmoee podosuuje i celicMidHi nodii. ¥ ybomMy kKoHmMekcmi
KoMnnekcHuli nidxid Ao eue4YeHHs1 aKMuUeHOCMi 2psA3b0BUX 8YJIKaHI8, 8KJIFO4Yal0YU CYynymHUKosuli MOHIMOpPUH2, € Ha03euYaliHO aKmyaslbHUM.

MeToAawn. Y po6bomieukopucmaHo Mmemodu ducmaHyiliHo2o 30HOy8aHHs1 Onisl aHasli3y 800HO-(hI0IOHO20 PeXUMy 2psi3bo8o2o 8yrkaHa Jlok-
6amakH, ¢hikcauii akmueHux ¢ha3 i mowyky KopensuiliHux 3e'a3kie. 3okpemMa, cynymHukoei 3HiMKu 3acmocoeaHo 05151 po3paxyHKy iHOekcy eoso2ocmi
y Mexax epsi3esysikaHi4YHO20 nosisi, wio nepioduyHo 3MiHemMbcs. Bnepwe yel iH0ekc sumipsiHo ducmanuyiliHo, wjo 0aso 3Mo2y ouyiHumu AuHamiKy
rnoesepxHeaoi 80/102U SIK MOKa3HUK Migpayil ¢hnroidie ma nidnosepxHeeoi akmusHocmi.

PesynbTaTtun. OmpumaHuili 3a donomMo20t0 cynymHuka iHOeKkc 8osio2ocmi rnokasae 4imki kopensyii 3 akmueHicmio 2psi308020 8YyJIKaHa.
CrnocmepexeHHs1 8Ka3ylomb Ha me, wo eapiayii iHdekcy eonozocmi eionoeidaroms 3mMiHaMm y ¢pri0iOHOMY pexxumi 2psizesysiKaHIYHOi cmpykmypu,
sidobpaxaroyu Moxnusy niozeMHy Mizpauyiro gprroidie abo 3mMiHU mucKy neped ¢ha3oro 8UBEPIKEHHS.

BucHoBku. focnidxeHHss deMOHCcmMpye nomeHyiana cyrnymHUKO8020 MOHIMOPUH2y 8 OUiHYi 800HO-(/IFOIOHO20 peXuMy iHWUX aKMU8HUX
2psA3bosux eysKaHie. Ljeli nioxio moxe 3abe3neyumu eghekmusHy, HeAopoay anbmepHamusy MoJib08UM CIMOCMePEXEHHSIM i 1abopamopHUM O0cCJi-
OXeHHsIM | Hadae Moxxnusicmb Nidmpumyeamu cucmemMu paHHbO20 rnonepedxxeHHs1 NPo celicMiyHi Nodii Yu eueepikeHHs1. Y nodanbwomMy ompumaHuii
doceid MoXHa peasizyeamu npu po3pobuyi npeeeHMuU8HUX cmpameeill ynpassiHHs 2e0/102iYHUMU npoyecaMu 8 celicMiYHO aKmuU8HUX pe2ioHax.

Kno4yoBi cnoBa:2psasbosul eynkaH JlokbamaH, cynymHukoei 3Himku, ¢pnroiou, NDWI, MoHimopuHa.
ABTOpM 3a8BNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniaxeHHs; y 36opi, aHanisi un
iHTepnpeTaLii AaHWX; y HaNUCaHHI pykonucy; B pilLeHHi npo nybnikaLilo pe3ynbTaris.
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METHODOLOGY FOR THE AUTOMATED DETECTION
OF ANOMALOUS GEOSPATIAL ZONES IN SATELLITE IMAGERY USING STATISTICAL
ANALYSIS AND A CUSTOM QGIS PLUGIN

(MpedcmaeneHo yneHom pedakyiliHoi konezii 0-pom 2eozp. Hayk, npod. .0. JlaweHkKom)

Background. This article presents a methodology for the automated detection of anomalous geospatial zones,
implemented as a plugin for the QGIS geographic information system. The developed tool enhances the efficiency of spatial
analysis and enables the rapid identification of areas with potential changes for monitoring natural and anthropogenic processes.

Methods. The proposed approach is based on thresholding and statistical analysis of satellite imagery within the QGIS
environment. The plugin provides interactive adjustment of image processing parameters and automatically detects geodynamic
anomalies, which are then vectorized and delivered to the user for further analysis. The algorithm utilizes Python libraries (NumPy, SciPy,
GDAL, PyQt, QGIS API) to handle various types of satellite data and applies standard deviation-based criteria to identify anomalous areas.

Results. The testing of the plugin developed by the authors confirmed its effectiveness in processing satellite imagery
types such as InSAR, thermal infrared (TIR), and NDWI-based images. The plugin successfully identified areas of vertical
displacement of the Earth's surface, detected thermal anomalies, and delineated regions with moisture deficits. This approach
substantially improves the accuracy of geospatial analysis.

Conclusions. The developed plugin is an effective tool for the automated monitoring of changes in the Earth's surface
and the assessment of hydrogeological conditions. Its integration within the QGIS environment enables the efficient adjustment of
analysis parameters and the generation of results in vector data format. Plugin testing confirmed its practical value and revealed
potential directions for further improvement, particularly regarding the separate processing of positive and negative displacement
values to enhance the accuracy of anomaly interpretation.

Keywords: automated detection, geospatial zones, QGIS plugin, satellite imagery, geodynamic anomalies, spatial analysis.

Background

In the modern, rapidly changing world, various types of
emergencies increasingly arise, including natural disasters,
military conflicts, and man-made accidents. In such
situations, rapid response is critically important, as it
involves assessing the situation and making optimal or
efficient decisions to mitigate negative consequences.
However, the process of territorial assessment is often time-
consuming and complex due to the large volume of data that
must be processed, as well as the lack of effective tools for
timely data collection and analysis.

Contemporary methods for analyzing satellite imagery play
a key role in monitoring environmental changes, assessing
anthropogenic impacts, and detecting geodynamic processes.
Nonetheless, traditional approaches such as visual
interpretation and manual digitization have significant limitations
when dealing with large-scale areas or vast datasets. Their
effectiveness is often compromised by the subjectivity of
interpretation, dependence on the operator's qualifications,
and the difficulty of reproducing results, which complicates
long-term analysis and automated change mapping.
Therefore, new tools capable of automating these processes
and enhancing the accuracy of outcomes are needed to

overcome these challenges and ensure timely analysis
(Tempa, & Aryal, 2022).

Under these circumstances, the availability of a
comprehensive tool capable of conducting rapid and
accurate analysis of satellite images to detect destruction
and assess the overall condition of affected areas becomes
essential (MASAI Project, n.d.). Such tools represent a vital
component for improving emergency response efficiency.
The automation of satellite image analysis through the use
of Geographic Information Systems (GIS) helps to minimize
the shortcomings of traditional methods by standardizing the
detection of anomalous zones that emerge as a result of
image processing (Janz etal., 2021). In particular,
geostatistical algorithms facilitate more accurate anomaly
recognition, reduce the impact of data noise, and enhance
overall analysis efficiency. The integration of such solutions
into the QGIS environment opens new opportunities for
automated monitoring of surface changes, especially in the
context of hydrogeological condition assessments and the
analysis of anthropogenic impacts (lvanik et al., 2022).

This study presents a custom-developed plugin for the
QGIS software that enables the identification of anomalous
zones derived from satellite image processing — namely,

© Hudak Vasyl, Marhes Serhii, Zatserkovnyi Vitalii, De Donatis Mauro, 2025

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)



~118 ~

B 1 C HM K KuniBcbkoro HauioHanbHoOro yHiBepcurtety imeHi Tapaca LWleBuyeHka

areas that deviate from background values and indicate
changes or anomalies within the studied region. A key
feature of the plugin developed by the authors is its
applicability to various types of satellite data. Specifically,
the study demonstrates the use of the plugin with INSAR
images, thermal infrared (TIR) imagery, and optical indices
derived from multispectral images (e.g., NDWI in the green
and near-infrared (NIR) bands). The plugin is lightweight and
user-friendly, requiring no additional pre-processing or
complex computations. The user simply uploads an image,
defines parameters for extracting polygons with anomalous
values, and the plugin automatically performs the analysis
and generates results. The plugin is freely available under
an open-access license at https://github.com/rnrhs/
autocountour_qgis_plugin (Marhes, 2025), ensuring its
broad accessibility to researchers and professionals working
in the fields of remote sensing and geospatial technologies.
Its open-source nature also allows for easy modification,
extension of functionality, and integration into diverse
analytical workflows, which is a crucial aspect for supporting
both scientific research and applied engineering practices.
The primary objective of the developed plugin is the
automated detection of anomalous zones that exceed

Initialize Select Raster

Plugin

predefined threshold values, separating them from the main
data array that does not meet the anomaly criteria. The
threshold serves as a criterion for identifying deviations from the
average or statistically expected values, enabling the extraction
of geospatial objects with abnormal displacements or other
parameters that warrant further analysis.

Methods

The algorithm governing user interaction with the plugin
interface comprises a series of sequential steps designed to
enable efficient processing of satellite imagery and the detection
of zones with potential geodynamic anomalies (Fig. 1).

The image processing workflow within the developed
plugin begins with its launch in the QGIS environment. Prior
to this, the plugin must be installed following the official QGIS
guidelines (QGIS Project, 2024). Subsequently, the user
selects the raster image to be processed and adjusts the
sensitivity parameters to configure anomaly detection
settings. As the user modifies the sensitivity threshold,
corresponding changes are dynamically visualized on the
map, allowing threshold values to be fine-tuned through
iterative selection to enhance the accuracy of anomaly
detection. The final output is generated in the form of vector
data, which is well-suited for further spatial analysis.

Set Generate

Anomaly
Threshold Geometries

Fig. 1. Schematic representation of the sequence of user-side operations

The proposed QGIS plugin algorithm, grounded in
statistical analysis and geoinformation approaches,
facilitates the effective identification of anomalies in raster
data by employing threshold-based and statistical
techniques for the automated detection of anomalous
regions in satellte imagery, followed by automatic
vectorization of the results. The core principle of the
algorithm is the assumption that anomalous values can be
identified as deviations from the average statistical level,
defined within a specified threshold coefficient.

Threshold analysis is based on determining a value
beyond which the data are considered anomalous (Folini,
Lenzi, & Biraghi, 2022). The threshold can be set manually
or computed adaptively depending on the data distribution.
Although this method is relatively straightforward to
implement, it requires appropriate threshold selection to
avoid false positives. The main stages of the threshold
analysis include:

e noise removal and interpolation of missing values;

o determination of the threshold value — which can be
specified by the user or automatically calculated (e.g., as a
percentage of the maximum deviation or based on a
histogram of data distribution);

» application of the threshold criterion — comparing each
pixel to the threshold and highlighting zones exceeding this
level, followed by contour smoothing;

o filtering of spurious regions.

Statistical analysis is employed to identify areas that
significantly deviate from the average level of values. One
common approach involves the use of standard deviation to
detect anomalies:

x|x>p+ko, (1)
where u denotes the mean value, o the standard deviation,
and k a coefficient defining the anomaly level.
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This method accounts for statistical properties of the data
distribution, thereby improving detection accuracy (Folini,
Lenzi, & Biraghi, 2022).

Numerous statistical methods for anomaly detection are
based on conventional statistical thresholds, classifying
anomalies into weak (approximately 5 %) and strong
(approximately 0.3 %) categories. These classifications rely
on standard deviation metrics and the assumption of normal
distribution (Cleveland, 1993; Zhukov, 2008; Meng et al.,
2017), and form the basis for data classification. These
principles underpin the proposed plugin algorithm for
detecting anomalous zones in satellite imagery.

The algorithm is implemented in the QGIS plugin using
several Python libraries:

o NumPy — for efficient statistical computations and array
processing;

e SciPy — for mathematical analysis and spatial filtering
techniques;

o GDAL - for handling geospatial data and raster image
processing.

In addition to these statistical analysis libraries, the
developed plugin also utilizes a number of other Python
packages to ensure full functionality and seamless
integration with QGIS. Notably, components from the PyQt
library are imported to construct the graphical user interface
for parameter configuration (QSettings), translations
(QTranslator), core functionality (QCoreApplication), icon
management (Qlcon), and dialog windows (QAction).

For spatial data handling, the plugin uses QGIS libraries such
as QgsProject, QgsRasterLayer, and QgsVectorLayer for
managing projects and layers, QgsRasterBandStats for
computing statistics, and QgsMessagel.og for message logging.
Additionally, the GDAL, OGR, and OSR libraries support the
manipulation of raster and vector data, while NumPy provides the
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computational backend. The plugin also integrates resources
from an external file (resources.py) and implements a dialog
window to facilitate user interaction (Fig. 2).

All raster and vector data processed within the system
adhere to a unified coordinate reference system, which is
essential for accurate integration and geospatial analysis. To
ensure consistency, the plugin retrieves the coordinate
system and projection information of the selected raster
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layer. Initially, the active raster layer is identified via the map
layer control element (mMapLayerComboBox). The data
source path of the selected layer is then obtained, and the
corresponding raster file is opened using the GDAL library.
The GetProjection() method is employed to extract the
layer's projection description in Well-Known Text (WKT)
format, which enables precise identification of the spatial
parameters and coordinate system of the data.
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Fig. 2. User interaction dialog in the developed plugin

A detailed breakdown of the AutoContour plugin's
functionality is provided to elucidate its underlying principles
by separating it into distinct logical modules.

Plugin Initialization

The initialization process of the AutoContour plugin
involves the import of essential libraries, including PyQt, the
QGIS API, GDAL, OGR, and NumPy. At this stage, a
reference to the QGIS interface is stored, enabling access
to data and the ability to manage map layers. The plugin
directory is also defined, and localization is configured based
on the user's system settings. Variables are declared to
store the paths of temporary raster and vector files that are
generated and processed throughout the algorithm's
execution. This design enhances the plugin's modularity and
performance within the QGIS environment, while also
preventing unnecessary file accumulation.

Graphical Interface and QGIS Integration

The integration of the plugin with the QGIS graphical
interface is achieved through its registration in the software
menu and the addition of the corresponding tools to the
toolbar. This process is implemented using the initGui()
method, which creates control elements such as buttons and
menus, providing the user with access to the plugin's
functionalities. The main element is the action (QAction),
which is added to the toolbar and the 'Raster' menu, enabling
the execution of the automatic contouring algorithm from the
graphical interface. The plugin also supports the dynamic
loading of localized resources, ensuring the correct display of
interface elements according to the user's language settings.

For proper management of the plugin's operation, a
mechanism for unloading is provided through the unload()
method, which is responsible for clearing the interface and
removing the corresponding menu items and buttons from
the toolbar. User interaction with the algorithm is facilitated
through the AutocountourDialog window, which allows the
user to set processing parameters, such as the
segmentation threshold. The window supports interactive
adjustment of parameters, enabling real-time control over
the analysis results. Thus, the developed architecture
ensures flexible integration of the plugin into the QGIS
environment and facilitates its use for spatial data analysis.
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Raster Data Processing

The algorithm for processing raster data is based on their
mathematical representation as a discrete two-dimensional
function (Kotsiubivska, & Tymoshenko, 2019):

R!ZZ—)R, R(l,j) = Tij» (2)
where R (i.j) is the pixel value at position (i.j), rij is the pixel
intensity (e.g., reflectance, spectral brightness in a certain
wavelength range, or another parameter).

The statistical analysis of the raster image begins with
the calculation of its key characteristics, such as the average
brightness value. The average brightness value for the entire
raster image is calculated using the formula:

W= T, (3)
where M and N correspond to the dimensions of the raster
image (rows and columns, respectively), and the product
MxN defines the total number of pixels in the image.

The average value defines the background of the image,
enabling the identification of local deviations.

The standard deviation is determined using the formula:

o= /%ziNzl(li—mz. (4)

This parameter indicates the variability of brightness and is
critical for the subsequent identification of anomalous zones.

Anomalous zones are identified using a statistical
criterion based on deviations from the mean value to detect
anomalous values in the case of a normal distribution of a
random variable. This approach is widely used in the
processing of satellite images and geospatial data analysis
(Gavade, & Rajpurohit, 2021). According to this approach,
values of the random variable that fall outside the range

|+ ko, (5)
where p is the expected value, o is the standard deviation,
and k is the anomaly coefficient, are considered potentially
anomalous.

In this context, for raster data processing, this rule allows
for the identification of areas where the intensity values
significantly differ from the mean level, which may indicate
the presence of natural or anthropogenic anomalies (Folini,
Lenzi, & Biraghi, 2022). This method is based on the
assumption of a Gaussian distribution of pixel intensity, which
is typical for many natural phenomena and remote sensing of
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the Earth (Hytla etal., 2009). Thus, the determination of
anomalous zones is described by the formula:
I; = p+ko. (6)

This allows for the identification of regions where the
values substantially exceed the background level. The
approach relies on the assumption of a normal distribution
of pixel intensities, which is typical for natural processes and
satellite data.

Raster image binarization involves obtaining a mask
M(i.j), which is converted into a new raster file, where
1 corresponds to anomalous zones and 0 to the normal
background:

. 255, ifM(i,j) =1,
Mbin(lr]) - { 0, lfM(l,]) =0. (7)

This mask allows for the visualization of anomalous
areas and their storage in a standard format, such as
GeoTIFF. At this stage, the projection and coordinate
system of the input raster are assigned to the resulting mask.

Vectorization and Processing of Anomalous Zones

The process of vectorizing anomalous zones in a raster
image is based on the gdal.Polygonize() algorithm, a
function in the GDAL library that converts pixel regions with
identical values into a set of closed polygons.
Mathematically, this process can be represented as the
construction of the set

P = (A}, (8)
where 4; denotes individual regions formed by connected
pixels with the same intensity value, and N represents the
total number of identified anomalous zones.

Vectorization allows the conversion of a discrete
representation of spatial data into a more suitable form for
further analysis, ensuring effective processing and storage
of information in geospatial vector formats such as Shapefile
or GeoJSON.

The vectorization algorithm consists of several key
stages. The first stage employs a scan-line algorithm, which
identifies the boundaries of anomalous objects through the
sequential scanning of the raster image. Next, the connected
components of each object are determined and grouped into
closed contours based on the topological properties of pixel
connections. The final stage involves saving the resulting
contours in vector form, enabling further spatial analysis,
such as the calculation of geometric characteristics, the
determination of the area and perimeter of anomalous
zones, and integration with other geospatial data. This
approach ensures high analysis accuracy and enables the
automation of the anomaly identification process in satellite
images and other geospatial data.

Upon completion of the polygonization stage, the
obtained vector objects undergo filtering to eliminate

User Block

* Plugin Initialization

* Raster Selection

» Sensitivity Adjustment

Raster Block
« Input Raster Reading

potential artifacts or noise that may have been generated
during the analysis. The primary criterion for identifying such
artifacts is the area of the polygon, which is determined using
Gauss's formula (Gavade, & Rajpurohit, 2021):

S = % | 271 ()41 — X17) |, 9
where S; is the area of the polygon, x;, y; are the coordinates
of its vertices, and n is the number of vertices of the polygon.

Among all identified anomalous zones, the polygon with
the largest area is selected, as it is most likely to be an
artifact or noise formation. If its area significantly exceeds
the average area of other objects, it is removed from further
analysis. The remaining polygons are preserved for further
processing and interpretation, enhancing the accuracy and
reliability of the geospatial analysis results.

The final step is to save the resulting vector objects as a
new layer in Shapefile format.

Temporary File Management

During the operation of the plugin, temporary files are
automatically created and managed, including the generation of
directories for storing intermediate raster and vector data. This
process may increase memory load and impact data
processing performance. To ensure optimal use of system
resources, all temporary files are automatically deleted either
after their utilization is complete or upon the closure of QGIS.
This approach helps prevent the accumulation of redundant
data, enhances disk space efficiency, and minimizes memory
usage, which is particularly critical when processing large
volumes of geospatial data.

The aforementioned data processing sequence on the
system side relies on active modules for raster and vector
data that are executed each time user-defined parameters
are modified (Fig.3). These parameters include the
selection of the raster layer and the specification of a
sensitivity threshold (Jain, Duin, & Mao, 2000). The defined
sensitivity threshold determines the subset of data that

satisfies the following expression:
rastergrrqy—W

. >0, (10)
where the expression considers only positive values, as the
modulus (interpreted by the system as the abs function)
denotes the absolute value function. Here, rasteraray refers
to the data matrix, p is the mean of the matrix, o is the
standard deviation, and 6 is the sensitivity coefficient
(threshold). The computed results are immediately made
available to the user in the form of polygons representing
anomalous values within the data array.

Thus, each change in user parameters ftriggers a
processing cycle of raster and vector modules in sequence,
enabling the visual evaluation of anomalous values based
on the specified threshold.

» Mask Creation Based on the Specified Threshold
« Raster File Generation

Vector Block

* Polygonization
« Vector File Generation

Fig. 3. Schematic representation of the sequence of processes executed on the system side
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Results

The results produced by the developed plugin (Fig. 4)
were analyzed based on three types of satellite imagery:
INSAR images for detecting vertical surface displacements,
thermal infrared (TIR) images for determining land surface
temperature (LST), and multispectral images in the green
and near-infrared (NIR) spectral bands used to calculate the

Normalized Difference Water Index (NDWI). The automated
analysis of these imagery types using the plugin significantly
simplifies the interpretation of spatial data, thereby
enhancing research efficiency and supporting timely
decision-making in the fields of environmental monitoring
and land management.

Negrsng prrrsmrare.  Timton iy Ol A

& relnera % D Oferees 13- e I ]

Komarars| #0001 %100 B et 194 -

Fig. 4. General view of the developed plugin in QGIS software

Case 1: InSAR Imagery Analysis

The modern development of engineering infrastructure and
urban areas is accompanied by substantial anthropogenic
pressure on the Earth's surface. Construction of bridges, dams,
underground utilities, and high-rise structures disturbs the
natural equilibrium, potentially leading to vertical displacements
of the Earth's crust, localized deformations, or even
catastrophic failures (Kril, 2017). Accordingly, monitoring such
processes is critically important for ensuring infrastructure
safety and sustainable development.

The analysis of Sentinel-1 satellite imagery using the
Differential Interferometric Synthetic Aperture Radar (D-
INSAR) method serves as a powerful tool for detecting
vertical surface displacements, particularly in urbanized
environments (Minh, Hanssen, & Rocca, 2020). This method
enables the detection of even minor topographic changes
with high precision, making it indispensable for assessing
geodynamic processes, risk forecasting, and informed
decision-making in urban planning and engineering geology.
The application of D-INSAR is especially relevant in zones of
active construction, seismically hazardous areas, regions of
underground resource extraction, and locations prone to
subsidence or landslides (Kruglov, Hudak, & Kruhlov, 2025).
The use of Sentinel-1 radar imagery facilitates the
observation of displacement dynamics over time and the
identification of long-term deformation trends.

In this case, the plugin was supplied with an InSAR
satellite image of the city of Kharkiv (Fig. 5a), processed
using the D-InSAR technique. After processing, the plugin
automatically identified anomalous values indicating the
presence of surface changes within the study area. These
anomalies may correspond to vertical crustal deformations
caused by either natural or anthropogenic factors. The
resulting output provides a visualization of elevation
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changes, enabling detailed examination of geodynamic
processes in the region and further analysis of zones
exhibiting anomalous displacements (Fig. 5b). The
statistical characteristics derived from the processed INSAR
imagery demonstrate significant variability in surface
displacement values (Table 1). The largest anomalous area
(polygon ID 193) shows a minimum displacement of —
0.11 m, a maximum of —0.05 m, and an average of —0.07 m.
Such negative values may indicate ground subsidence.
Other significant polygons, such as ID 205 and ID 400,
exhibit similar average values, pointing to the existence of
subsiding areas in the region. The range of values in most
cases does not exceed 0.03 m, indicating the localized
nature of the detected changes.

Displacements with positive values (e.g., polygons
ID 799, 632, and 596) indicate uplift of the Earth's surface.
For instance, polygon ID 632 demonstrates a minimum
value of 0.05 m, a maximum of 0.08 m, and a mean value of
0.05m. Such values may reflect specific geodynamic
processes, including ground uplift or deformation driven by
anthropogenic or natural factors. In all cases, the standard
deviation remains relatively low (0.01-0.004 m), confirming
the uniformity of changes within each identified polygon.
Overall, the resulting characteristics allow for a quantitative
assessment of the extent of surface changes and facilitate
the identification of zones requiring continued monitoring.

Thus, the automation of D-InSAR data analysis within
QGIS significantly enhances the efficiency of deformation
monitoring while ensuring a more objective, reproducible,
and scalable approach to assessing geodynamic processes
across various territories. This enables timely detection of
potentially hazardous zones, which is especially important
for areas undergoing intensive urban development or those
with complex engineering and geological conditions.
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Fig. 5. Input image processed using the D-InSAR method (a); detected anomalous zones of vertical displacement (b)

Table 1
Polygon ID Area, m? Min Max Mean Standart deviation Range Sum of squares
193 1536244 -0,11 -0,05 -0,07 0,01 0,05 1,87
205 169109 -0,09 -0,05 -0,07 0,01 0,03 0,1
799 147380 0,05 0,07 0,05 0,01 0,03 0,08
400 131831 -0,08 -0,05 -0,07 0,01 0,03 0,09
632 93853 0,05 0,08 0,05 0,01 0,03 0,05
82 66415 -0,08 -0,05 -0,06 0,01 0,03 0,03
369 60226 -0,09 -0,05 -0,07 0,01 0,03 0,07
596 59012 0,05 0,08 0,06 0,01 0,03 0,05
308 49301 -0,08 -0,05 -0,06 0,004 0,02 0,02
840 42160 0,05 0,07 0,06 0,01 0,03 0,02
269 41401 -0,08 -0,05 -0,06 0,004 0,02 0,02
506 40645 -0,08 -0,05 -0,06 0,004 0,02 0,01

Case 2: Landsat 8/9 (Thermal Infrared Sensor)

Satellite imagery acquired via the Thermal Infrared
Sensor (TIRS) onboard Landsat 8/9 satellites serves as a
critical data source for monitoring temperature variations on
the Earth's surface. This is particularly relevant in the context
of climate change, as such data enable the identification of
warming trends, overheating in urbanized areas, and
fluctuations in soil moisture (Lischenko, Pazynych, &
Filipovych, 2017; Filipovych, & Shevchuk, 2018).

Thermal sensor data, especially from TIRS, are
employed for the monitoring of geothermal resources,
detection of elevated temperatures in zones of volcanic
activity, and analysis of terrain changes related to geological
displacements and ground deformation. Furthermore, these
data are valuable for assessing the ecological state of
landscapes — particularly in areas affected by mining —
where surface temperature shifts may indicate land
degradation. Thermal imagery is also instrumental in
detecting and forecasting exogenous processes such as
erosion or landslides, as well as in evaluating anthropogenic
impacts and pollution caused by human activities (Vivaldi
et al., 2022). Additionally, thermal data contribute to climate
change modeling and the analysis of urbanization effects,
especially in detecting urban heat islands.

The analysis of Land Surface Temperature (LST) using the
developed plugin includes the application of criteria for
detecting minor anomalies, comprising no more than 5 % of the
total dataset. The input image (Fig. 6a) is an atmospherically
corrected Landsat product representing LST in degrees Celsius
for the year 2020. The study area is located in the central part
of Kyiv Oblast and is characterized by extensive agricultural
land use, which has a notable environmental impact on
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surrounding ecosystems — particularly the Supiy River — and
features a clearly defined urban heat island in the city of
Yahotyn, Kyiv Oblast, Ukraine.

The input thermal image (Fig.6a) has the following
characteristics: maximum temperature of 32.79 °C, mean
temperature of 23.08 °C, minimum temperature of 14.07 °C,
temperature range of 18.72 °C, and a standard deviation of
3.37 °C. Based on these metrics, 182 anomalous polygons
were identified, each containing values that meet the predefined
anomaly criteria. In total, the number of pixels with anomalous
values amounts to 21.62 out of 455.60 (4.75 %).

The analyzed image exhibits a distinct spatial
heterogeneity in thermal conditions, reflecting the complex
interaction of natural and anthropogenic factors. The
maximum recorded temperature is 32.79°C, the minimum is
14.07 °C, and the mean value is 23.08 °C, with a temperature
range of 18.72°C and a standard deviation of 3.37 °C
(Tab. 2). In total, 182 anomalous figures were identified,
occupying 21.62 pixels out of 455.60, representing 4.75 % of
the total image area. All anomalous areas were classified into
two categories: low-temperature anomalies (ranging from
14.06 °C to 16.33 °C), primarily associated with reservoirs
and water bodies, and high-temperature anomalies (ranging
from 29.45 °C to 32.79 °C), typical for dry open surfaces such
as farmland and urban areas.

This thermal segmentation is also evident in the
detailed analysis of selected features: for example, ID 159
and 88 show average temperatures of 14.81 °C and
15.37 °C, respectively, characteristic of moist or aquatic
surfaces, whereas areas such as ID 109, 160, and 139
display elevated mean values above 30 °C, corresponding
to dry open territories or urban zones. The variation in
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standard deviation within the range of 0.27-0.71 °C
indicates differing levels of temperature uniformity across
individual geospatial objects. Large spatial structures, such
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as ID 159, exhibit stable temperature gradients, which are
crucial for the comprehensive analysis of landscape
thermal conditions (Fig. 6b).
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Fig. 6. Input LST image (a); detected anomalous zones of high and low temperature (b)

Table 2
Polygon ID Area, m? Min Max Mean Standart deviation Range Sum of squares

159 7453792 14,07 16,33 14,81 0,4 2,27 1344,38

88 3057343 14,49 16,33 15,37 0,38 1,85 492,43

109 1260731 29,83 32,79 30,76 0,65 2,96 581,46

26 683546 29,83 31,43 30,23 0,33 1,6 83,48

160 624957 29,83 32,47 30,68 0,71 2,64 345,52

17 454758 29,83 31,3 30,26 0,28 1,47 40,33

139 434077 29,83 31,96 30,5 0,44 2,13 93,28

102 433149 29,83 31,09 30,34 0,32 1,27 48

126 355727 29,83 31,21 30,25 0,35 1,38 48,54

79 329596 29,83 31,97 30,56 0,41 2,14 62,27

51 326010 29,83 31,49 30,24 0,38 1,66 50,99

113 285461 29,83 31,71 30,73 0,41 1,88 53,64

The application of the developed plugin significantly
enhanced the efficiency of detecting geospatial objects with
anomalous thermal characteristics based on user-defined
criteria, thereby ensuring higher accuracy and timeliness in
surface temperature monitoring. The obtained results can
serve as a robust analytical foundation for forecasting
climate trends, assessing ecological risks, and planning the
rational use of land resources.

Case 3: Normalized Indices from Multispectral Imagery

As in the previously discussed cases, anomalous values
help to identify the most affected zones characterized by
specific index responses. In this instance, the Normalized
Difference Water Index (NDWI) was used to detect surface
water bodies (McFeeters, 1996); however, the use of other
indices — such as NDVI, NDSI, NDDI, among others — can
be beneficial for a wide range of thematic applications.

The area under investigation is located near the city of
Yahotyn in Kyiv Oblast (Fig. 7a), along the Supiy River
(Ukraine), which is known to experience periodic suffosion-
induced subsidence (Marhes, 2024). The study of such
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physical processes in this region is of high relevance, as they
are widespread on the left bank of the Dnipro River and exert
a negative impact on agricultural productivity. NDWI was
specifically selected due to its sensitivity to moisture
accumulation in microdepressions formed by subsidence
(Trofymenko et al., 2024).

NDWI values were derived from a PlanetScope satellite
image (Planet Team, 2025), revealing predominantly dry or
minimally moist areas with only limited evidence of water
presence. Using the developed plugin, it was possible to
visualize local terrain depressions — particularly bowl-
shaped formations — where moisture accumulation was
detected (Fig. 7b). In some instances, weakly expressed
forms of linear erosion were also observed, further indicating
irregularities in the surface hydrological regime. NDWI,
which is responsive to the moisture content of vegetation
and open water bodies, yielded uniformly negative values
across the sample, ranging from —-0.72 to -0.37. This
confirms the predominance of dry soils or vegetation lacking
free surface water.
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Fig. 7. Input NDWI image (a); Detected anomalous (critical) zones in the image (b)

Analysis of the statistical data (Table 3) reveals a degree
of heterogeneity across the studied areas. The largest zone
is represented by object ID 580, covering 35,057 pixels, with
an average NDWI value of -0.5 and a relatively narrow
range (0.2), indicating a relatively homogeneous moisture
condition. In contrast, object ID 4294 is characterized by the
highest standard deviation (0.07) and a broader range

(0.31), likely due to the presence of varying surface types or
local hydrological contrasts. Other zones, particularly those
with an area below 2,500 pixels (e.g., ID 6228), display
stable NDWI values with minimal dispersion, which is typical
for small, homogeneous micro-landscapes. The dominance
of negative NDWI values across the dataset further confirms
the prevalence of arid or low-moisture microenvironments.

Table 3
Polygon ID Area, m? Min Max Mean Standart deviation Range Sum of squares
580 35057 -0,6 -0,41 -0,5 0,02 0,2 1,3
4294 15426 -0,72 -0,42 -0,54 0,07 0,31 7,47
7362 4007 -0,43 -0,38 -0,41 0,01 0,05 0,05
2375 3836 -0,54 -0,43 -0,49 0,01 0,11 0,08
2636 3710 -0,55 -0,42 -0,49 0,01 0,13 0,06
6457 3071 -0,64 -0,47 -0,53 0,05 0,17 0,8
7820 2756 -0,43 -0,39 -0,42 0,01 0,04 0,03
7170 2630 -0,43 -0,39 -0,42 0,01 0,04 0,02
8608 2467 -0,43 -0,39 -0,42 0,01 0,04 0,02
6217 2062 -0,43 -0,38 -0,42 0,01 0,05 0,02
8962 2044 -0,43 -0,37 -0,41 0,01 0,06 0,03
6228 2008 -0,48 -0,39 -0,42 0,01 0,09 0,02

The statistical analysis of NDWI values indicates an

overall low moisture content throughout the entire study
area. These data may be used to identify drought-prone
zones, track seasonal fluctuations in moisture regimes, or
compare with other indices such as NDVI or NDBI. The most
analytically valuable areas are those exhibiting high
variability, which may serve as indicators of local
environmental changes or anthropogenic impacts.

Discussion and conclusions

The development of effective methods for analyzing
satellite imagery represents a key challenge in monitoring
both natural and anthropogenic environmental changes. The
proposed approach to automated anomaly detection is
grounded in the application of statistical methods, enabling
high accuracy and processing speed.

Traditional approaches to image analysis typically rely
on visual interpretation and manual digitization of anomalous
zones. However, this method is time-consuming, particularly
when dealing with large datasets containing numerous
anomalies. Manual identification becomes increasingly
difficult over extensive or densely built-up areas. Moreover,
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the results of such analysis often depend on the researcher's
expertise and subjective interpretation, introducing potential
error. The lack of a standardized algorithm further
complicates reproducibility, which is critical for long-term
environmental monitoring. Visual methods also fall short in
handling large volumes of spatial data and accounting for
spatial deformation patterns.

Given these limitations, the development of a plugin for
QGIS that automates the identification of anomalous
displacement zones is a timely and relevant solution.
Automation allows for the standardization of analytical
procedures, increased anomaly detection accuracy, and
significant time savings. The integration of machine learning
algorithms and geostatistical methods within the plugin
enhances the precision of anomaly recognition and helps
reduce data noise. Moreover, coupling the plugin with other
geoinformation modules facilitates comprehensive analysis
of interactions between surface deformations and
influencing factors such as hydrogeological conditions or
anthropogenic pressure.

The developed QGIS plugin streamlines satellite image
analysis and greatly simplifies the identification of anomalous
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zones. lts core functionality includes the use of threshold and
statistical analysis methods to detect changes in geospatial
data, contributing to more objective assessments and
standardized outcomes. In addition, the plugin supports various
types of satellite imagery — including INSAR, thermal infrared,
and normalized index data — making it a versatile tool for a
broad spectrum of researchers.

The algorithmic implementation is based on Python
libraries such as NumPy, SciPy, and GDAL, which enable
complex analytical computations to be seamlessly
integrated into the QGIS environment. The use of
thresholding and standard deviation calculations permits
adaptive parameter tuning for anomaly detection, thereby
reducing the likelihood of false positives.

Practical testing of the plugin has demonstrated its
effectiveness in the context of automated surface change
monitoring and hydrogeological assessment. Thanks to its
intuitive graphical interface, users can easily configure
analysis parameters and obtain results in the form of vector
data, ready for further processing.

The testing process also generated ideas for future
improvements. In particular, it was suggested to implement
separate processing of positive and negative index or
displacement values. This approach allows for consideration
of the differing nature of physical processes or phenomena
that produce anomalies of opposite signs — for example,
ground subsidence versus surface uplift caused by
anthropogenic or natural factors. Segregating these zones
would enhance the accuracy of interpretation and improve
decision-making based on the analytical results.

In summary, the developed plugin is an efficient tool for
remote sensing research. It reduces the time required for
satellite image analysis, increases accuracy, and
standardizes approaches to environmental change
assessment. Its integration into QGIS opens new avenues
for geoinformation analysis, representing a promising
direction for advancing monitoring methods for both natural
and anthropogenic processes.

Authors' contribution: Vasyl Hudak — methodology, writing
(review and editing), databases and data analysis, methodology; Serhii
Marhes — conceptualization, data validation, graphic materials, writing
(original draft); Vitalii Zatserkovnyi — formal analysis, revising of the
manuscript, Mauro De Donatis — revision and editing.

Sources of funding. This research was conducted within the
framework of the state-funded project "Integrated Models and
Forecasting of Natural and Military Geohazards and Assessment of
Their Impact on Critical Infrastructure" (State Registration
No. 25BP049-01(M)).

References

Cleveland, W. S. (1993). Visualizing data. Hobart Press. https://www.hobartpress.
com/visualizing-data

Filipovych, V., & Shevchuk, R. (2018). Satellite technology for determining
the heat load on the city in summer and ways to overcome it through green
planning. [Preprint]. https://doi.org/10.13140/RG.2.2.17113.08807

Folini, A., Lenzi, E., & Biraghi, C. A. (2022). Cluster analysis: A comprehensive
and versatile QGIS plugin for pattern recognition in geospatial data.
International Archives of Photogrammetry, Remote Sensing and Spatial
Information Sciences, XLVIlI-4/W1-2022, 151-157. https://doi.org/10.5194/
isprs-archives-XLVIlI-4-W1-2022-151-2022

Gavade, A. B., & Rajpurohit, V. S. (2021). Systematic analysis of satellite
image-based land cover classification techniques: literature review and
challenges. International Journal of Computers and Applications, 43(6), 514-523.
https://doi.org/10.1080/1206212X.2019.1573946

ISSN 1728-2713 (Print), ISSN 2079-9063 (Online)

Hytla, P. C., Hardie, R. C., Eismann, M. T., & Meola, J. (2009). Anomaly
detection in hyperspectral imagery: Comparison of methods using diurnal and
seasonal data. Journal of Applied Remote Sensing, 3(1), 033546.

Ivanik, O., Menshov, O., Bondar, K., Vyzhva, S., Khomenko, R., Hadiatska, K.,
Kravchenko, D., & Tustanovska, L. (2022). Integrated approach to modelling
and assessing the landslide hazards at the regional and local scale in Kyiv
urbanized area, Ukraine. Modeling Earth Systems and Environment.
https://doi.org/10.1007/s40808-022-01447-x

Jain, A, Duin, R., & Mao, J. (2000). Statistical pattern recognition: A review.
IEEE Transactions on Pattem Analysis and Machine Intelligence, 22(1), 4-37.
https://doi.org/10.1109/34.824819

Janz, A., Jakimow, B., van der Linden, S., Thiel, F., & Dierkes, H. (2021).
AVHYAS: A free and open-source QGIS plugin for advanced hyperspectral
image analysis. In 2021 International Conference on Emerging Techniques in
Computational Intelligence (ICETCI). |EEE. https://doi.org/10.1109/ICETCI
51973.2021.9574057

Kotsiubivska, K., & Tymoshenko, V. (2019). Mathematical methods of
image processing. Digital Platform Information Technologies in Sociocultural
Sphere, 2(1), 41-54. [in Ukrainian]. [KoutobiBcbka, K., & Tumoluenko, B.
(2019). MatemaTunyHi MeToan 06pobkn 306paxeHb. Lughposa ninamgpopma.
IHpopmauiliHi - mexHonoeil 6 couiokynbmypHili cpepi, 2(1), 41-54].
https://doi.org/10.31866/2617-796x.2.1.2019.175653

Kril, T. (2017). Causes of some hazardous engineering geological
processes on urban territories. In E3S Web of Conferences (Vol. 24). EDP
Sciences. https://doi.org/10.1051/e3sconf/20172401009

Kruglov, O., Hudak, V., & Kruhlov, B. (2025, April). Exploring D-InSAR
Technology for Monitoring Soil Erosion: Case Study in Kharkiv Region. Paper
presented at the 18th International Conference Monitoring of Geological
Processes and Ecological Condition of the Environment, European
Association of Geoscientists & Engineers.

Lischenko, L., Pazynych, N., & Filipovych, V. (2017). Satellite monitoring
of landslide development in the Pridnieprovska zone of Kyiv. Ukrainian Journal
of Remote Sensing, 15, 111-120 [in Ukrainian]. [MliweHko, I1., Ma3nHny, H., &
®ininosny, B. (2017). CynyTHUKOBMA  MOHITOPUHI  PO3BWUTKY 3CYBIB Yy
MpuoHinposebkii  30HI M.  KueBa.  YkpaiHCbKkull  XypHan OucmaHuitiHo2o
30HOy8aHHS, 15, 111-120]. https://doi.org/10.36023/ujrs.2017.15.111

Marhes, S. (2024). Satellite geoecological analysis of the peat-swamp
system of the Supii River. Ideas and Innovations in Earth Sciences, 24, 74-75.
https://doi.org/10.30836/igs.iies.2024.34

Marhes, S. (2025). Autocountour QGIS Plugin (Version 1.0) [Computer
software]. GitHub. https://github.com/rnrhs/autocountour_qgis_plugin

MASAI Project. (n.d.). MASAI: Pioneering damage assessment through Al
and satellite technology. Retrieved July 8, 2025, from https://masai-
project.eu/masai-pioneering-damage-assessment-through-ai-and-satellite-
technology/

McFeeters, S. K. (1996). The use of the Normalized Difference Water Index
(NDWI) in the delineation of open water features. International Journal of Remote
Sensing, 17(7), 1425-1432. https://doi.org/10.1080/01431169608948714

Meng, C., Wang, Y., Zhang, X., Mandal, A., Zhong, W., & Ma, P. (2017).
Effective statistical methods for big data analytics. In Handbook of research
on applied cybernetics and systems science (pp. 280-299). IGI Global.

Minh, D. H. T., Hanssen, R., & Rocca, F. (2020). Radar interferometry:
20 years of development in time series techniques and future perspectives.
Remote Sensing, 12(9), 1364. https://doi.org/10.3390/rs12091364

Planet Team. (2025). PlanetScope NDWI image 20241024_090954 85 _
250a_3B_AnalyticMS_SR_8b_harmonized_clip. Planet  Labs PBC.
https://www.planet.com/nextgenplanetscope/

QGIS Project. (2024). Fetching plugins. QGIS Documentation.
https://docs.qgis.org/3.40/en/docs/training_manual/qgis_plugins/fetching_
plugins.html

Tempa, K., & Aryal, K. R. (2022). Semi-automatic classification for rapid
delineation of the geohazard-prone areas using Sentinel-2 satellite imagery.
SN Applied Sciences, 4(1), 141. https://doi.org/10.1007/s42452-022-05028-6

Trofymenko, P., Tomchenko, O., Poralo, R., Zatserkovnyi, V., & Stakhiv, I.
(2024). Remote identification of micro-depression relief forms and soil cover
areas of agro-landscapes in the Polissya region of Ukraine with signs of
hydromorphism. Bulletin of Taras Shevchenko National University of Kyiv.
Geology, 1(104), 98—106. https://doi.org/10.17721/1728-2713.104.12

Vivaldi, V., Bordoni, M., Mineo, S., Crozi, M., Pappalardo, G., & Meisina,
C. (2022). Airborne combined photogrammetry—infrared thermography
applied to landslide remote monitoring. Landslides, 20(2), 547-560.
https://doi.org/10.1007/s10346-022-01970-z

Zhukov, M. N. (2008). Mathematical statistics and processing of geological
data. Vyshcha Shkola [in Ukrainian]. PKykos, M. H. (2008). MamemamuyHa
cmamucmuka ma obpobka 2eonoeidHux daHux. Buwwa wkona).

OTpumaHo pepakuiet xypHany / Received: 26.02.25
NMpopeueHszoBaHo / Revised: 19.03.25
CxBaneHo po apyky / Accepted: 30.06.25



~126 ~ B 1 C H U K KuiBcbkoro HauioHanbHoro yHisepcurety imeHi Tapaca LlleBueHka

Bacunb FYOAK!', acn.
ORCID ID: 0009-0002-7333-0409
e-mail: gudak_vasyl@knu.ua

Ceprii MAPIEC?, acn.
ORCID ID: 0009-0004-2942-9406
e-mail: sergemarhes@gmail.com

Bitaniit SALLEPKOBHUWN", o-p TexH. Hayk, npod.
ORCID ID: 0009-0003-5187-6125
e-mail: vitalii.zatserkovnyi@knu.ua

Maypo OE JOHATIC?, kaHA. reon. Hayk, Aow,.
ORCID ID: 0000-0002-9721-1095
e-mail: mauro.dedonatis@uniurb.it

1KuiBCcbkMi HaLioHanNbHUIA YHiBepcuTeT iMeHi Tapaca LLleBueHka, KuiB, YkpaiHa
2lleHTp aepOKOCMiYHUX AochimKeHb 3eMni IHCTUTYTY reonoriyHUX Hayk,
HauioHanbHa akagemisi Hayk YkpaiHu, KuiB, YkpaiHa

3yniBepcuteT Yp6iHo "Kapna Bo", Yp6iHo, ITanis

METOAOJIOTA ABTOMATU3O0BAHOIO BUABJTIEHHA AHOMAJIbHMX TEONPOCTOPOBUX 30H
HA CYNYTHUKOBUX 3HIMKAX I3 BUKOPUCTAHHAM
CTATUCTUYHOI O AHANI3Y TA CMEUIANI3BOBAHOIO MNATIHA Ond QGIS

B cTyn. lpedcmasneHo memodonozito aemomMamu308aH020 8UsI8JIEHHS1 aHOMalIbHUX 2€0IPOCIMOPO8UX 30H, peasizosaHy y euansdi nnaziHa
ans eeoiHghopmayitiHoi cucmemu QGIS. Po3pobneHuli iHcmpymenm nideuuiye egpekmueHicmb npocmopoeoz0 aHanily ma 3abesnevyye weuodky ide-
Hmudgbikayiro mepumopiii 3 nomeHyiliHumMu 3mMiHamu O711 MOHIMOpPUH2y NPUPOOGHUX | MEeXHO2eHHUX Npoyecie.

Me Toawun. 3anponoHosaHull nidxid 6azyembcsi Ha UKOPUCMaHHI IOPO208020 Ma CMamuUCMUYHO_20 aHasli3y CynymHUKosuXx 3HiMKie y cepe-
doesuwi QGIS. MnaziH 3a6e3neyye iHmepakmueHe HanawmyeaHHs napaMmempie 06pobku 306paxkeHb ma agsmomamu4Ho eusiesisie 2e00uUHaMiyHi aHo-
Mmanii, siki nicns eekmopu3ayii Hadalombcsi Kopucmyeaydy O Nodanbwo20 aHanizy. Anzopumm sukopucmosye 6i6niomeku Python (NumPy, SciPy,
GDAL, PyQt, QGIS API) onsi 06po6ku pi3Hux munie cynymHukoeux 0aHux i 3acmocoeye Kkpumepii Ha ocHoei cmaHOapmHo20 eidxuneHHs1 Ons eusie-
JIeHHS1 aHOMaJslbHUX QisIsIHOK.

Pe3ynbTaTtu. TecmyeaHHs1 po3pobrieHO20 aemopamu niaziHa niomeepaduro lio2o eghekmueHicms nid 4ac 06po6Ku cynymHUKo8ux 3HiMKie
munie INSAR, mennosux iHppayepesoHux (TIR) ma 3Himkie Ha ocHosi iHdekcy NDWI. lMnaziH ycniwHo ideHmudpikyeae 30HU 8epmuKanbHUX 3MiWjeHb
3eMHOi noeepxHi, susieue memmnepamypHi aHomasii ma okpecnue obnacmi 3 degpiyumom eonoau. Takuli Nidxi0 cymmeeo nokpawye moyHicms 2eo-
iHgpopmayitiHo20 aHanisy.

B ucHoBEkKuU. Po3pobneHulii nnaziH € epekmueHUM iHcmpymeHmom 0sis1 aemomamu308aHo020 MOHIMOPUH2y 3MiH 3eMHOI MoeepxHi ma oyiHKu
2idpozeosioziyHux ymoe. Mozo inmezpauis e cepedosuwsi QGIS dae 3Mo2y onepamueHO Hasawmoeyeamu napaMempu aHanisy ma ompumyeamu
pesynbmamu y ¢ghopmami eekmopHux 0aHux. TecmyeaHHs nnaziHa niomeepdusio io2o NpPaKkmMu4Hy UiHHicmMb i eusieusio NnomeHuyiliHi Hanpsimu Ans
nodanbwoz20 800CKOHaeHHsI, 30KpeMa w000 po30inbHOi 06pobku dodamHux i 8id'eMHUX 3HaYeHb 3MiujeHb Os1 NideUWeHHs1 moYyHocmi iHmepnpe-
mauyii aHomanid.

Knio4yoBi cnoBa: aegmomamu3oeaHe eusie/ieHHsI, 2e01pocmopoesi 30Hu, nnazid QGIS, cynymHukoei 306paxeHHs1, 2e00uHaMi4Hi aHoManii,
npocmoposuli aHari3.

ABTOpPU 3asiBNSIIOTb NPO BiACYTHICTb KOHNIKTY iHTepeciB. CnoHcopu He Bpanu yvacTi B po3pobreHHi focnimpkeHHs; y 36opi, aHanisi um
iHTepnpeTauii AaHWX; y HanMcaHHi pyKonucy; B pilleHHi Npo nybnikauito pesynbTarTis.
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METHODS TO DETECT EXPLOSIVE HAZARDS IN AGRICULTURAL AREAS

(MpedcmaeneHo yneHom pedakyiliHoi konezii 0-pom 2eosn. Hayk, cm. docnidHukom O.l. MeHbwosum)

Background. Contamination of agricultural land with explosive ordnance (EO) following the war unleashed by the Russian
Federation poses a significant threat to the life and health of farmers and hinders the restoration of agricultural activities. Detection
and neutralization of EO is a complex and dangerous process that requires a comprehensive approach.

This article examines the main types of landmines found in Ukraine, outlines the main revealing factors of explosive ordnance,
analyzes existing methods and technologies for detecting EO on agricultural land, and evaluates their advantages and
disadvantages.

Results. The application of UAVs in humanitarian demining demonstrates significant potential for risk reduction and
accelerated clearance of affected territories from explosive ordnance. Specifically, aerial photography and thermal imaging
scanning via UAVs prove effective for the initial inspection of extensive areas and the identification of potentially hazardous zones.
The application of metal detectors and geophysical methods allows for the optimization of further efforts.

The integration of geographic information systems (GIS) with artificial intelligence (Al) offers a promising auxiliary approach.
By leveraging satellite imagery and machine learning, Al can analyze extensive datasets to detect and classify changes in land
resources resulting from military actions. Besides, it plays a crucial role in rapid and accurate monitoring of affected territories.

Based on the test plots in the Kyiv and Kharkiv regions, this study demonstrates the practical application of Earth remote
sensing data, GIS spatial analysis, and machine learning for EO detection on agricultural lands.

Conclusions. Traditional methods of mine detection and disposal are labour-intensive, dangerous, and often ineffective.
Applying a combination of diverse EO detection methods (metal detectors, mechanical methods, geophysical methods, biophysical
methods, UAVs with aerial photography and thermal imaging scanning, and other sensors) and integrating modern technologies (remote
sensing tools and artificial intelligence) allows for achieving maximum survey efficiency and increasing safety. Each method has its

advantages and limitations, and combining them promotes compensating for the shortcomings of individual methods.

Keywords: danger explosives, Russo-Ukrainian War, mine contamination, agricultural territories.

Background

Mine contamination of territories is one of the most
serious problems following armed conflicts. Mines and other
explosive ordnance (EO) pose a significant threat to the
civilian population, hinder economic development, and
complicate humanitarian operations.

Due to the Russo-Ukrainian war, which actually began in
2014 and subsequently developed into a full-scale
aggression in February 2022, Ukraine has become the most
mined country in the world. The number of landmines and
other explosive ordnance contaminating new territories has
significantly increased including agricultural regions in the
north, east, and south of the country. In August 2022 alone
during the period of intense hostilities, the Russian army

fired between 40,000 and 60,000 shells at Ukraine almost
daily. Fortunately, some of them did not explode and
remained in the ground carrying an invisible but deadly
legacy and an extremely high threat to the lives of the
population. According to various estimates, up to 20 % of the
fired ammunition failed and continues to fail to detonate
(Miroshnychenko, 2023). Furthermore, while occupying
territories for some time, Russian aggressors deliberately
mined forests and agricultural fields.

Ukraine suffers from contamination by mines and
explosive objects. In terms of the area of mined land, the UN
classifies Ukraine as one of the most heavily mined
countries. The scale of mining surpasses countries where
military conflicts used to last for decades. According to
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D. Shmyhal, the Prime Minister of Ukraine, the area of mined
land in Ukraine as of September 2023, according to
preliminary estimates, is approximately 174,000 km?
including maritime areas, which is about 30 % of the
country's territory (Fig. 1).
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1. Map of mine contamination in Ukraine as of November 03.11.2024

Of these — over 67,000 km? are contaminated with
explosive ordnance (EO). Approximately 5 million people
live near dangerous zones. EO can cause and does cause
casualties including severe injuries and death to a significant
number of people, especially among civilians and children.
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(The Ukrainian Association..., 2024)

This significantly limits the possibilities for movement
through such territories and their use in active farming.

The vast majority of mined territories are agricultural
lands (chernozem soils). According to the Ministry of
Defence, as of March 2025, 52,089 hectares of agricultural
land were contaminated with mines and explosive remnants
of war (Semeniuk, 2025).

Problem Statement. The detection of EO in Ukraine is
a very pressing issue, the resolution of which will ensure the
life and safety of the population and the ability to use their
territories; however, this requires the application of effective
and reliable methods. Currently, about 470 hectares of
agricultural land in the country are mined, which makes it
completely impossible to conduct agricultural activities.
According to the Ukrainian Agribusiness Club assessment,
each year of downtime for these lands costs the country's
economy up to 800 million USD. Additionally, 6 million
hectares are under temporary occupation, which will also
require inspection after liberation (Miroshnychenko, 2023).

Traditional methods of mine detection and disposal are
labor-intensive, dangerous, and often ineffective. To date,
none of the existing demining methods provides a 100 %
guarantee of territory clearance. The focus of the Spring
Innovation Contest is on the remote recognition and
neutralization of the territories contaminated with explosive
substances, otherwise known as remote demining operations.

The integration of modern technologies, such as remote
sensing (RS) data and artificial intelligence (Al), offers new
approaches to monitoring and detecting minefields,
increasing the efficiency and safety of these processes.

The purpose of this study is to analyze existing methods
and technologies for detecting EO on agricultural land,
evaluate their advantages and disadvantages, as well as the
prospects for the development of these methods and
technologies.

The process of detecting, demining, and removing EO is
associated with a number of problems, which are detailed in
Fig. 2.

PROBLEMS ARISING DURING THE PROCESS OF DETECTION, DEMINING, AND REMOVAL OF EO

Loss (absence) of maps
and other information about EO locations
The lack of information regarding EO is not always
meticulously recorded. Even when maps are available,
they can only serve as a guide due to inherent uncertainty.
In some cases, EO is deployed chaotically via drops
from aircraft and drones

Long term persistence of explosive
ordnance hazards
The high sensitivity of EO to
detonation over time presents a great
danger to people

Lack of precise information regarding
the quantity and types of mines laid
There are hundreds of types of landmines,
which can have metal, plastic, wooden,
and other casings

Change in EO location in the soil due to climatic factors

and the influence of time
Natural disasters (floods, earthquakes, sandstorms, etc.)
can shift mines and unexploded ordnance or cover markers
indicating mined areas. Soil type can also pose a problem
for the detection and neutralization of landmines

High cost of demining
Demining 1 km? of territory is
estimated to cost $3 million

Fig. 2. Problems in EO detection, demining, and removal

Demining of fields does not guarantee a quick return to
agricultural activities on these lands for farmers. The surface still

ISSN 1728-3817

needs to be levelled and recultivated, soil fertility to be
restored, etc. (Miroshnychenko, 2023). This significantly
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weakens the state of food security within the country and the
share of its agricultural production and sales on global markets.

Explosive Ordnance (EO) encompasses industrial-grade
explosive materials, improvised explosive devices, and
ammunition containing explosive substances, as well as
biological and chemical substances (Mine Safety, 2025).
This category comprises items such as artillery and rocket
projectiles, warheads of missiles and torpedoes, cartridges
for military small arms, grenades, aerial and depth bombs,

anti-personnel blast mines and fragmentation mines, booby
traps, engineering and naval mines, demolition charges,
anti-tank guided missiles, remotely controlled anti-tank
mines, cluster bombs, and submunitions. These also include
electrical explosive devices and other assembled items
equipped with explosive substances intended for firing from
firearms or causing an explosion. Some of them are
represented in Fig. 3.

According to the Ministry of Defence of Ukraine, as a
result of detonations of mines and other EO just in the period
2014-2019, 833 civilians were affected, of whom 269 died,
and the rest suffered injuries of varying severity and
mutilations. Every tenth victim was a child (Ministry of
Defence of Ukraine, 2019). Explosive ordnance does not
distinguish between soldiers and civilians or children.

Demining efforts in these territories currently involve
collaboration between the military, domestic specialists and
scientists, and foreign experts for explosive ordnance
detection and neutralization. Ukraine closely cooperates
with various international organizations — the UN, OSCE,
NATO, the Geneva International Centre for Humanitarian
Demining (GICHD), demining centres in Denmark, France,
Croatia, Estonia, and several others. The global community
has not remained indifferent to Ukraine's problems. The
USA, Canada, Great Britain, Denmark, Norway, Estonia,
Austria, Poland, Japan, Switzerland, Sweden, Slovakia, and
other countries provide both financial assistance and
vehicles, equipment to search for explosive ordnance, gear,
and protective equipment. Furthermore, they are training
Ukrainian military personnel in advanced technologies for
demining and ordnance disposal.

The detection of explosive ordnance on agricultural lands is
a complex task that requires consideration of several factors
directly impacting the effectiveness of search operations.
Understanding these factors is critically important for ensuring
the safety and success of demining operations.

The detection of EO is influenced by:

e physical and chemical properties of the soil (Density,
moisture, and composition of the soil determine the
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Fig. 3. Examples of EO in the territory and waters of Ukraine
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penetration of electromagnetic and other waves and signals
used in detection methods);

e morphological characteristics and condition of EO (The
depth of burial, size, degree of corrosion, deformation, and
fragmentation of explosive ordnance affect signal strength
complicating their identification.);

e meteorological conditions (Weather conditions and
extreme temperatures hamper search operations and can
affect equipment performance.);

e vegetation (Tall and dense vegetation cover can
obstruct access to the territory; seasonal changes in
vegetation conceal previously visible EO).

The inherent complexity of demining is increased by the
wide variety of mines used. Currently, over 700 types of EO
which have been developed, are manufactured, and are
employed (Neroba, 2019; Hutsul, Tkach, & Khobzei, 2024).

Based on their intended purpose, mines are divided into
anti-personnel and anti-tank (Bhuiyan, & Nath, 2006). The
types of anti-tank mines are presented in Tab. 1.

Each landmine consists of three components:

1. a casing (which can be metal, wooden, plastic, or a
combination thereof);

2. an explosive charge (TNT, RDX, a mixture of RDX
with TNT, Tetryl, or other explosive substances);

3. an initiator / fuse (pressure sensor, electronic, or any
other type of sensor).

Landmines can be classified by their construction and
intended purpose. By construction, landmines are divided
into three categories: blast mines, bounding mines (like the
Bouncing Betty), and fragmentation mines.
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Table 1

Types of anti-tank mines

Name

Appearance

Specifications

TM-62M Anti-Tank Mine

Material: Metal. Weight: 9.5 — 10 kg.

Explosive weight (TNT, TGA, MS): 7.5 -8 kg.
Diameter: 32 cm. Height with MVSh-62: 12.8 cm.
Height without MVSh-62: 10.2 cm.

Sensor diameter: 9 cm.

Sensitivity: 200 — 500 kg

TM-62P Anti-Tank
(Anti-Track) Mine

Material: Plastic. Weight: 9.0 — 11 kg.

Explosive weight (TNT, TGA, MS): 7.5 — 8 kg.

Diameter: 34 cm. Height with MV-62: 12.8 cm.

Height without MVSh-62: 33.0 cm.

Sensor diameter: 12 cm.

Sensitivity: 200 — 500 kg.

Detection: Not detectable by metal detectors. Can be detected by
radio-frequency mine detectors, sniffers, or search dogs

TM-62P2 Anti-Tank
(Anti-Track) Mine

Material: AG-4V plastic. Weight: 9.35 — 10 kg.
Explosive weight (TNT, TGA, MS): 6.5 -7 kg.
Diameter: 32 cm. Height with MV-62: 12.8 cm.
Height without MVSh-62: 33.0 cm.

Sensor diameter: 12.5 cm.

Sensitivity: 80 — 750 kg.

Hard to detect with metal detectors

TM-62P3 Anti-Tank
(Anti-Track) Mine

Material: Polyethylene. Weight: 7.5 — 8 kg.
Explosive weight (TNT, TGA, MS): 6.5 - 7.2 kg.
Diameter: 32 cm. Height with MV-62: 12.8 cm.
Height without MVSh-62: 33.0 cm.

Sensor diameter: 12.5 cm.

Sensitivity: 120 — 750 kg.

Hard to detect with metal detectors

TM-62B Anti-Tank
(Anti-Track) Mine

Material: No casing. Reinforced outer layer of explosive used as body.
Weight: 8.6 kg.

Explosive weight (TNT, TGA, MS): 8 kg.

Diameter: 31.5 cm. Height with MV-62: 12.8 cm.

Height without MVSh-62: 33.0 cm.

Sensor diameter: 12.5 cm.

Sensitivity: 120 — 750 kg.

Hard to detect with metal detectors

TM-62T Anti-Track
Blast Mine

Material: Capron

Weight: 8.3 - 9 kg

Explosive charge weight (TNT, TGA, MS): 7.0—- 7.9 kg
Diameter: 32 cm

Height with MV-62 fuse: 12.8 cm

Sensor diameter: 12.5 cm

Sensitivity: 120 — 750 kg

Detection: Hard to detect with metal detectors

TM-62D Anti-tank Mine

Body material: Wood

Weight: 11.3—- 12 kg

Explosive charge weight (TNT, MS): 5.8 — 11 kg
Length: 34 cm

Width: 29 cm

Height with MV-62 fuse: 12.8 cm

Sensor diameter: 12.5cm

Sensitivity: 120 — 750 kg

Detection: Hard to detect with metal detectors

Blast mines are buried close to the soil surface and are
triggered by pressure (when driven over or stepped on, or
when handled / damaged). For pressure-activated mines to
detonate, typically 5 to 16 kg of pressure is required. The
main purpose of these mines is to destroy an object in the
immediate vicinity, for example, a person's foot or leg. A
blast mine is designed to shatter the target object into
fragments, causing secondary damage — amputation or
infection (Abujarad, 2007).

Bounding mines are usually buried with only a small part
of the initiator protruding from the ground. Upon activation,
the initiator sets off a propelling charge that launches the
mine approximately 1 meter into the air aiming to cause
injury to a person's head and chest (Abujarad, 2007).
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At present, numerous means, technologies, and devices
for detecting EO are known. The application of a particular
device depends on many factors, one of which may be the
type of casing, the type of explosive ordnance, the depth of
burial, the quantity, the presence of natural and artificial
obstacles, etc. The general algorithm for the EO detection
process is presented in Fig. 4.

To clear EO from the affected territories, various
demining methodologies are used worldwide, including
manual demining, the use of metal detectors, trained dogs
or rats, drones, robots, and specialized demining machines.
The choice of methodology depends on the type and
quantity of mines, the geography of the mined territory,
available resources, and technologies.
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The classification of EO detection methods according to data
from Mentus, Jasko, and Saprykin (2024) is presented in Fig. 5.

The choice of methods depends on the demining
conditions, the type of mine casing, the explosive substance,

can be mechanical, acoustic, optical, electromagnetic,
nuclear, biological one, etc.

A characterization of mechanical methods (manual and
mechanized) for the detection and neutralization of EO is

the soil where

they are located, etc. The detector (sensor) presented in Tab. 2.

Capturing the
signature of an
explosive object by

Signal (image)
processing to place
the received data
suitable for detecting
explosive objects

Confirming explosive
object presence
sensor

Taking action for
safety and
neutralization

Fig. 4. Stages of the explosives detection process
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Fig. 5. Methods for the detection and identification of potentially explosive objects

Table 2

Characteristics of EO detection and neutralization methods

Method Description

Safety and Effectiveness

Manual methods. A person using probes (prodders) performs a search and
demining. Probes are included with army mine detectors. The detectors
themselves are divided into many types and differ in the method of searching for
explosive devices (metal detectors, thermal imagers, chemical, radiation,
acoustic mine detectors) (Velichko, 2023)

Although dangerous for humans
and time-consuming, in some cases
this may be the only option,
especially in complex or hard-to-
reach terrains

Mechanized methods are based on mechanical search followed by
neutralization of EO that involves the use of special armoured vehicles. To
improve quality, combined systems are used (e.g., cultivator and flail). Various
tools, search systems, navigation, remote control, etc. are installed on
multifunctional platforms. Disadvantages: high equipment cost and operational
expenses, environmental consequences. Technical characteristics: weight — up
to 23 tons; clearing width — 2.75 m; clearing depth — up to 350 mm; clearing
speed — up to 2.3 km/h; demining productivity — up to 30,000 m%day; fuel
consumption — 40-50 L/h; remote control distance — up to 1000 m

Safe, fast, and effective for
demining mines, improvised
explosive devices (IEDs), cluster

munitions with explosive content up
to 15kg, and over large areas.
Cannot always be used, e.g. steep
slopes over 35°, or the areas with
numerous natural obstacles

Seismic and acoustic methods stem from the difference in seismo-acoustic
signals reflected from the searched object in the audible and infrasound
frequency ranges. These methods allow detecting inhomogeneities in the
medium that arise between the material of the searched object and the
surrounding environment

Optical and visual methods. Optical and visual methods for detecting
explosive ordnance draw on the use of light waves and images to identify
objects. They include the use of special devices, such as optical instruments,
lasers, or thermal imagers, which enable spotting the objects by their physical
properties, contrast, or anomalies in the environment (vegetation color, soil,
micro relief). Advantages: simplicity, accessibility, non-requirement of complex
equipment, territorial universality and machine learning use (Popov, et al.,
2022). LiDAR technology creates three-dimensional surface models permitting
the identification of anomalies that may indicate the presence of dangerous
objects, such as mines or improvised explosive devices

Depend on the human factor,
experience,  attentiveness, and
qualifications of the specialist.
Support the exposure of only EO
found on the surface, while being
indispensable for detecting threats at
a distance or in visually accessible
places. Methods are effective with
aerial photography (recognition by
geometric outline), but dangerous for
humans (in case of visual search).

LiDAR scanning is safe; allows for
scanning large areas; is capable of
detecting both metal and non-metal
objects, and is independent of
climatic conditions or time of the day

Thermal methods rely on the ability of the objects to emit or absorb heat and
create a temperature contrast with the surrounding environment. The main
disadvantages include a significant number of interferences caused by the
heterogeneity of the topsoil layer and vegetation, the presence of a large time
gap during the day (up to 6-8 hours) in the absence of contrast, and a high cost
of thermal imaging equipment

They facilitate scanning large areas
at a safe distance minimizing risk to
humans, with being effective for
detecting objects in darkness. The
latter depends on the material of the
explosive ordnance
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Ending Tab. 2

Method Description

Safety and Effectiveness

detectors (Sieber, 1995)

Biophysical methods employ technical means to analyze biophysical
signals. Biophysical methods (biosensors) depend on the possibility of direct
sensing of explosive compounds (Habit, 2007) and also include the help of living
creatures (dogs, rodents, bees, some types of plants and bacteria) capable of
sensing odours and chemical traces of explosive substances (Hutsul, Tkach, &
Khobzei, 2024; Rebuilding lives through mine clearance, 2024). One of the most
effective sensors for detecting landmines is dogs. They can be trained and
precisely taught to find the scent of any explosive filler, casing material, or
container buried in the ground up to 60 cm deep. The sensitivity of dogs to mine-
related substances is estimated to be 10,000 times higher than that of artificial

One animal can survey an area the
size of a tennis court in 30 minutes.
(Implied safety advantage for the
operator compared to manual
methods)

depth of 5 cm (at positive temperatures)

Gas analytical and chemical methods are grounded on detecting gaseous
? \ vapours from the slow decomposition or evaporation of the explosive substance

5 (EO usually contains from several tens of grams to kilograms of explosive).
Detection is carried out using chemical, mass-spectrometric, and other methods.
A gas analytical detector is capable of identifying molecules characteristic of
explosives in the air (e.g., searching for TNT or nitro-glycerine vapours). The
chemical method involves the use of reagents or special test systems that
change colour or other properties upon contact with certain hazardous explosive
chemical compounds. The concentration of explosive vapours reaches 107"—
1078 g/L near the soil surface above the location of an anti-tank mine buried at a

Methods are characterized by high
accuracy, but may require specific
equipment and conditions for their
implementation

external electric or magnetic field.

components of explosive devices.

structure and density

Electromagnetic methods operate via the use of electromagnetic waves to
identify materials with different physical properties by detecting distortions of an

Electrical Resistivity Tomography (ERT) method runs on the principle of
measuring the electrical properties of the medium, such as conductivity or
resistance. It is used to detect small objects in the soil by creating an external
electric field in the studied area and analyzing field changes caused by
inhomogeneities in the material or structure of the soil.

Metal detectors are the most common example. They work on the principle of
detecting changes in the electromagnetic field caused by the metallic

Induction methods employ inductive sensors to measure the electromagnetic
response of objects and identify potentially dangerous ones among them.

Radio wave method is built around detecting differences in dielectric
permittivity between the object (EO) and the soil. Ground Penetrating Radar
(GPR) methods use radio waves to scan the soil and detect hidden objects. | ice, etc.), and provide detection
These systems allow detecting explosives through the analysis of material

Methods are quite accurate and
applied both in open areas and in urban
conditions. They provide effective
detection even at significant depths and
in any natural environments. Magnetic
methods prove effective for detecting
ferromagnetic objects in any natural
environments, while being unable to
identify plastic and wooden EO or
substances with dielectric properties.
Radio wave methods can detect
non-metal objects, are independent of
weather conditons and  lighting.
Searches are operative in natural
environments (soil, vegetation, water,

of engineering mines at depths up
to 10 cm

In practice, no single method is universal or 100 %
effective; only their combination allows for increased
demining efficiency.

One promising direction to search for and neutralize EO
is the development of demining robots (sapper robots),
which can be used in conjunction with UAVs to improve the
efficiency of mine search and neutralization. Such robots
can operate in complex terrain conditions, as well as over
large areas.

To detect EO, it is necessary to know their demasking
features (tell-tale signs), which are determined by a number
of factors:

a)presence of explosive substance;

b)discovery of a metal concentrated locally (even so-

called "non-metallic" mines contain up to 0.1g of
aluminium);

c)characteristic shape of the EO (mine, shell, bomb,
missile, etc.);

d)inhomogeneities in the environment (disturbance of
the soil surface, road surface, building wall, changes in
vegetation colour or snow cover, etc.);

e)existence of the objects unfamiliar or uncharacteristic
of the area;

f) prominence of certain sounds coming from the object
(ticking clock, signals at intervals) or flashing indicator on the
object;

g)appearance of power sources on or near the
mechanism (batteries, accumulators, etc.);
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h)manifestation of tripwires or wires extending a long
distance from the mechanism;

i) discovery of an object left in an unusual place for it;

j) occurrence of plastic bottles (trash) and other items.

A mine is primarily demasked by three factors:

e presence of a concentrated mass of explosives;

e characteristic mine construction (shape,
material, etc.);

o disruption of the homogeneity of the surrounding
background (vegetation colour, soil density, etc.).

Application of Unmanned Aerial Vehicles (UAVs)

The use of UAVs opens new possibilities for detecting
EO and significantly reduces risks in dangerous situations
saving human lives. The United Nations has recognized
UAVs as a real tool in mine action. Currently, UAVs are the
most promising technology.

To solve demining tasks, various types of sensors are
installed on UAVs (Cherednychenko, et al., 2023), such as:

¢ hyperspectral remote sensing cameras for detecting
changes in vegetation cover caused by the presence of
mines;

e infrared (thermal) cameras for identifying temperature
anomalies associated with EO;

e radar locators to search for EO (Ground Penetrating
Radar — GPR);

e mobile metal detectors that allow remote scanning of
the Earth's surface;

e magnetometers.

casing
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Improving demining methods involves integrating
various technologies into a unified system. The use of
artificial  intelligence and  geographic information
technologies allows for the creation of minefield maps based
on the analysis of satellite images and data from UAVs.
Furthermore, the development of autonomous demining
systems that can operate without direct human involvement
is a promising direction.

UAVs promote a rapid and effective survey of large
territories and obtaining of high-quality data that can be used
for detecting and identifying EO.

UAVs equipped with high-resolution cameras are
capable of performing aerial photography from various
altitudes and angles. This enables obtaining orthophotos
and 3D models of the terrain which can be analyzed in detail.
Experienced analysts can detect visual signs of EO
presence, namely:

o changes in relief caused by explosions even if partially
covered by vegetation;

e atypical depressions, mounds, or other changes in
landforms that may indicate the presence of buried EO;

e damage to vegetation, changes in its colour or
structure, which may result from explosions or falling
ordnance;

e parts of EO located on the soil surface that can be
detected on aerial photographs.

UAVs equipped with thermal cameras are capable of
detecting temperature anomalies on the soil surface that
may be related to the presence of EO (owing to thermal
conductivity different from the surrounding soil).

Combining aerial photography and thermal scanning
enables obtaining a comprehensive picture of the territory
characteristics significantly increasing the probability of
detecting EO. The obtained data can be used to create mine
hazard maps, plan demining operations, and evaluate the
effectiveness of conducted measures.

Table 3

Comparative analysis of EO detection methods

Detection Methods Detection Effectiveness Survey Speed Cost and Availability Safety of Application
Visual Inspection Low (only surface objects) High (rapid Low (minimal costs) High (remote survey)
overview)

Metal Detectors Medium (depends on soil

type and depth)

Medium (depends
on territory size)

Medium (includes cost of
equipment and training)

Medium (requires
qualified specialists)

Geophysical Methods
(magnetic survey)

High (detection of metal
objects at depth)

Medium (depends
on territory size)

High (includes cost of
equipment and data analysis)

Medium (requires
qualified specialists)

GPR Survey (Ground
Penetrating Radar)

High (detection of metal
and non-metal objects)

Low (requires
detailed scanning)

High (includes cost of
equipment and data analysis)

Medium (requires
qualified specialists)

UAV (aerial Medium (detection of High (rapid survey of Medium (includes cost of High (remote survey)
photography) visual signs) large territories) equipment and data analysis)
UAV (thermal imaging Medium (detection of High (rapid survey of | High (includes cost of thermal High (remote survey)
survey) thermal anomalies) large territories) imaging equipment)

Application of Geographic Information Systems
(GIS) and Artificial Intelligence

Geographic Information Systems (GIS) play a significant
role in researching the impact of military actions, providing tools
for data analysis, visualizaton and modelling, event
documentation, assessing the scale of infrastructure
destruction consequences, environmental impact, and recovery
planning. GIS technologies provide a multidimensional
approach to analyzing the impact of military conflicts allowing
for more informed decision-making.

There is a growing number of trials combining GIS
methods with geostatistical methods for modelling mine risks
to supplement data on demining activities (Alegria, et al.,
2017). GIS are used to create risk maps that delineate high-
danger zones requiring priority demining (Hutsul, Tkach, &
Khobzei, 2024). The use of information management can
enhance the safety and effectiveness of mine action. Mine
action involves collecting large amounts of data from various
sources and data required for different processing steps.
High spatial resolution satellite images (up to 1 m) are useful
for working in minefields as they do not require
interpretation. Images with spatial resolution up to 10-30 m
are useful as regional maps for team planning.

Using high spatial resolution satellite imagery data and
computer vision algorithms, it is possible to automatically
identify and analyze damage to land plots, infrastructure,
forests, agricultural lands, and even residential areas. Such
algorithms can learn to recognize specific signs of combat
impact: explosion craters, destroyed buildings, lost or damaged
vegetation cover, and other traces of destructive influence.
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A growing trend today is the combination of GIS and
machine learning, which involves training algorithms based
on input data and optimizing their performance over time.
Neural networks are effective for detecting landmines due to
their ability to process large volumes of data, recognize
complex patterns, and adapt to diverse environmental
conditions. Due to neural networks, the process of landmine
detection has undergone significant changes as they provide
effective tools for pattern recognition and classification.

Practical aspects of detecting EO on agricultural lands

The presence of EO on agricultural lands poses a
serious threat to the life and health of farmers working in
these areas. A sudden explosion can lead to numerous
injuries including traumas and fatalities. Furthermore, the
mine hazard complicates agricultural work negatively
affecting the region's economy.

Study Object Ne 1. For the study, agricultural lands
located in the vicinity of the city of Izium (Fig. 6a), Kharkiv
Oblast, were selected. This territory suffered significant
destruction during the Russian occupation, which lasted
from April 2022 until September 10, 2022. The city of Izium,
being a strategically important point, was at the epicenter of
active hostilities involving artillery, aviation, mining, and
other types of weapon, which led to a large-scale
contamination of the territory with EO. Despite the city's
liberation, the threat of mine danger remains extremely high,
especially on agricultural lands (Fig. 6b), where areas are
mined with anti-personnel and anti-tank mines. Besides,
there is a likelihood of remnants of unexploded artillery
shells, cluster munitions, mines, aerial bombs, improvised
explosive devices, etc.
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Fig. 6. Study objects of agricultural lands:
a) Plot 1: territory of agricultural lands of Izium city; b) Plot 2: agricultural lands of the Hostomel community territory

The city of Izium is located on the banks of the Siverskyi
Donets River. The M03 and P79 highways and a railway
pass through the city. The city is surrounded by very dense
forests interspersed with numerous hills and steppe
ploughed plots. The territory's relief is varied, from flat areas
to hills and ravines, which complicates demining operations.
Absolute elevation marks range from 57 m to 183 m.

Surveying the selected territory

Preparatory stage. To begin operation, it is necessary to
familiarize oneself with the geological conditions of the study
area, create a plan with images of the search zone, and plot the
movement trajectory. Zones can be divided into squares with
corresponding values by applying a grid to the map. An
example of zoning for surveying the territory is shown in Fig. 7.

1] 2 3]4 (5 |6 |7 |8 |9 |10

1/273Jals s |7 [8 9w

Fig. 7. Zoning scheme for the study of agricultural lands in
the territory of Izium city (Kharkiv Oblast) for detecting
explosive devices

Using such a map, sappers can document in which
square EO was found and what it is. For example, EO
found / not found in square C-7.

Aerial photography and results processing. A UAV
equipped with a high-resolution camera performs a fly-over
of the territory conducting surveys from different altitudes
and angles. A schematic representation of the UAV route to
be used for aerial photography of the area is presented in
Fig. 8. Scanning is carried out along established routes with
zone overlap to ensure full coverage of the territory. Upon
detecting metal objects, sappers identify those using
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additional tools. The obtained aerial photographs are
processed using specialized software to create orthophotos
and 3D models of the terrain. Afterward, the resulting images
are carefully studied to identify visual signs of EO presence
(craters, traces of explosions, relief anomalies, changes in
vegetation, etc.).

Based on the analysis of satellite images and UAV data
using artificial intelligence and geographic information
technologies, maps of minefields can be created.

Image analysis using geographic information systems
(GIS) and machine learning methods. First, image
preprocessing is carried out, which includes correcting
distortions, adjusting brightness, and enhancing contrast.
Next, characteristic objects are extracted, which involves
applying computer vision algorithms to search for circular or
elliptical depressions on the surface (Fig. 9).

In the next stage, craters are classified using artificial neural
networks or other recognition methods to separate them from
natural formations such as ravines, depressions, or water bodies.

A key aspect of the study is the analysis of the spatial
distribution of craters. A high density of such objects in a limited
area may indicate intensive mining or artillery shelling. Using
ArcGIS tools or other geographic information programs, one can
identify clusters of craters that may indicate minefields, assess the
probability of unexploded ordnance presence based on the uneven
distribution of explosions, and build risk maps for further
demining of territories.

Visual analysis using metal detectors involves a
thorough inspection of the territory by qualified specialists to
detect any signs that may indicate the presence of EO.
Sappers equipped with pulse induction metal detectors
carefully scan areas identified as potentially hazardous
based on aerial photography and thermal scanning results.

This methodology is used in the military sphere to assess
danger in deoccupied territories, in agriculture to minimize
risks during soil cultivation, and in humanitarian demining
missions. The use of UAVs significantly speeds up the
process of surveying territories and reduces risks for
sappers (Molochko et al., 2021).

Study Object Ne 2. Within the scope of the agricultural
land study, the territory of the Hostomel community, which is
located in the Bucha district of Kyiv Oblast, was selected.
The territory is characterized by flat relief. The soil cover
mainly consists of sod-podzolic and chernozem-meadow
soils, which is favourable for agriculture (Fig. 6 B). Within the
Hostomel community, there are significant areas of arable
land, meadows, and pastures used for growing grain,
vegetables, and fodder crops. Following the hostilities in the
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Hostomel territory, there arose a need for a detailed analysis

of agricultural lands.

A field near the outskirts of the Hostomel settlement was
chosen as a test site, where shell craters could be identified

Frame width

Frame length

Transverse
overlap

Longitudial
overlap

position @ point

Shooting

on an image from 2022. Subsequently, an unsupervised
classification was performed (Fig. 10 a) and potentially
hazardous areas were identified (Fig. 10 b).

Transverse

Frame

=== Flight route =] projection

Fig. 8. UAV movement route for performing aerial photography of the area

Fig. 9. Example of identifying craters on agricultural lands based on an ohophoto

a)

b)

Fig. 10. Unsupervised classification findings:
a) identification of 10 classes and b) identification of hazardous areas

The conducted image classification using ArcGIS Pro
tools is an effective method for the automated detection of
shell craters on agricultural lands. Using unsupervised
classification allows for rapid segmentation of the territory
and identification of potential destruction zones. The use of
GIS analysis facilitates not only identifying individual craters
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but also determining patterns in their location, which can
help predict high-risk zones.

To locate the most dangerous zones with a high
probability of unexploded ordnance, craters are marked on
the image as point features (Fig. 11).
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of craters on a satellite image

The application of buffer zones is an effective tool for
spatial analysis allowing for the determination of potentially
hazardous territories around shell craters. Defining zones of
different radii helps assess the level of risk in a specific area,
considering possible fragment dispersion and the probability
of unexploded ordnance presence. Next, a map of buffer
zones around craters with shells was constructed with the
following buffer zone radii (Fig. 12):

e minimum zone (~ 5 m) — the immediate location of the
crater, useful for precise explosion localization;

e medium zone (30 m) — the zone of possible fragment
dispersion for most artillery shells (122 mm, 152 mm, 155 mm);

e maximum zone (100 m) — a potentially hazardous zone
for large munitions or cluster shells.

= 5 mzone (oraber sitz)
= 30 m (area of Tagmentation fram a projectiie)
100 m {cluster munitions Impact zone)

ars 3 o 035 os

Fig. 12. Construction of buffer zones around craters

By optimizing both UAVs and sappers, this map can help
in developing the routes for demining.

Results

Results Analysis and Effectiveness Evaluation. The
analysis of the obtained results and the evaluation of the
effectiveness of the applied methods is a necessary stage
after completing a survey of agricultural lands. This stage is
critically important for determining the degree of territory
clearance and providing recommendations for its further
use. Data obtained by different methods are correlated to
confirm the presence of EO.

Survey of agricultural land territory

1. Data analysis using a complex of methods. Aerial
photography and thermal scanning. Orthophotos and 3D
models of the terrain are analyzed to detect visual signs of EO
(craters, traces of explosions, relief anomalies). Thermal
images are analyzed to detect temperature anomalies that may
indicate the presence of buried EO. Detected anomalies are
correlated with the data obtained by other methods.
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Metal detectors. Data obtained from the metal detectors
are analyzed to determine the location and type of metal
objects. Detected metal objects are correlated with the data
obtained by other methods.

Geophysical methods (magnetometric survey). Data
from magnetometric surveys are analyzed to determine the
location and size of metal objects at depth. Detected
magnetic field anomalies are correlated with the data
obtained by other methods.

Biophysical methods (service dogs). Data obtained from
canine teams are analyzed to determine locations suspected
of containing explosive substances. These data are
correlated with the data obtained by other methods.

2. Data correlation and verification. Data obtained by
different methods are correlated to confirm the presence of
EO. Anomalies confirmed by multiple methods are identified
as priorities for further verification. Data verification is carried
out through visual inspection and the use of additional tools.

3. Determination of type, quantity, and location of EO.
Based on data analysis, the type, quantity, and location of
detected EO are determined. A mine hazard map is created
indicating detected EO and hazardous zones.

4. Evaluation of the effectiveness of applied methods.
The speed of survey, detection accuracy, and cost of each
method are assessed. The advantages and disadvantages
of each method under the conditions of the specific study
object are determined. The effectiveness of combining
different methods is evaluated. The time spent on the survey
is assessed.

5. Analysis of identified problems and shortcomings.
There are problems encountered during the research
(weather conditions, technical malfunctions, and human
factor). Shortcomings in the planning and organization of
operations are identified. Recommendations for improving
the demining process in the future are developed.

Discussion and conclusions

Contamination of agricultural land with EO as a result of the
war unleashed by the Russian Federation poses a significant
threat to the life and health of farmers and hinders the
restoration of agricultural activities. Detection and neutralization
of EO is a complex and dangerous process requiring a
comprehensive approach. Applying a combination of different
detection methods (UAVs with aerial photography and thermal
scanning and other sensors, metal detectors, geophysical
methods, service dogs) combined with GIS allows achieving
maximum survey efficiency. Each method has its advantages
and limitations, while combining them compensates for the
shortcomings of individual methods.

The use of UAVs in humanitarian demining has a great
potential for reducing risks and accelerating the process of
clearing territories from explosive ordnance. Aerial
photography and thermal scanning using UAVs are effective
for the initial inspection of large territories and identifying
potentially dangerous zones. This allows optimizing
subsequent operations using metal detectors and
geophysical methods. The development of geographic
information systems combined with artificial intelligence
technology is also complementary and promising. Using
satellite imagery and machine learning technologies,
artificial intelligence can analyze large datasets to detect and
classify changes in the structure of land resources caused
by military actions and play a key role in the operational and
accurate monitoring of affected territories.

The conducted research confirms the effectiveness of a
comprehensive approach to detecting EO on agricultural lands.
The research results can be used for planning and conducting
demining work in other territories contaminated with EO.
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Demining

1KuiBcbkMi HaLioHanNbHUI YHiBepcuTeT iMeHi Tapaca LLleBuyeHka, KuiB, YkpaiHa

2yniBepcuteT Yp6iHo Kapno Bo, Yp6iHo, ITanis

METOAN BUABNEHHA BUBYXOHEBE3MNEYHUX AINAHOK
OnA JOCNIAXEHHA ClNIbCbKOrOCNMOAOAPCbKUX TEPUTOPIU

BcTyn. 3a6pydHeHHs1 3eMesib CinbCcbko20cn0dapcbKo20 Npu3Ha4YyeHHs subyxoHebesneyHumu npedmemamu (BHI1) eHacnidok eiliHu, po3e'si-
3aHoi P® cmeoproe 3Ha4yHy 3a2po3y 0n1s1 )xummsi ma 300poe’st acpapiie, a makox nepewkoo)ae eiOH08JIEHHIO CilbCbKO20CcnodapchbKoi distsibHOCMi.
BusienneHHs1 ma 3Hew ko eHHs1 BHIT € cknadHum ma He6e3ne4HUM Npoyecom, o 8UMa2a€e KOMIMIEKCHO20 nidxody.

Po3ansitHymo ocHo8Hi munu Ha3eMHUX MiH, w0 mpannstomscs 8 YkpaiHi. HaeedeHo ocHOBHi OemacKysanbHi ¢hakmopu subyxoHebe3ne4Hux
npedmemis, npoeedeHo aHani3 icHyro4yux memodie i mexHosnoeili eusieneHHs1 BHI Ha 3emnsix cinbcbko2ocnodapcbKo20 NMpu3Ha4eHHs, OYiHeHo ix

nepeeaz2u ma HedorliKu.
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Pe3ynbTaTtu. TpaduyiliHi Memodu eusiefieHHs1 ma 3HeWKOOXeHHs1 MiH € mpydomicmkumu, He6e3neyHUMU ma 4acmo HeegheKmueHUMU.
3acmocyesaHHs1 koM6iHayil pi3Hux memodie eusieneHHsi BHIT (memanodemekmopu, mexaHiyHi Memoou, 2eogisu4Hi memodu, 6iogpizuyni, BIJTA 3
aepoghomo3siioMKoro i mensiogisiliHuM ckaHyeaHHIM ma iHWwuMu damyukaMu) ma iHmezpauyisi cy4yacHuUx mexHoJsogil (3acobu ducmaHyiliHo20 30H-
dyeaHHS i wmyyHul iHmenekm) dae 3mMoay docsiamu MakcumasnbHoi egpekmusHocmi o6cmexxeHHsi ma nidsuwumu 6e3neky. KoxeH memod mae ceoi
nepeesaz2u ma o6MexeHHs, a ix kom6iHyeaHHs1 00380JIsie KOMIeHcysamu HedoJliKu okpemux Memodie.

HaeedeHo npuknadu npakmu4yHo20 3acmocyeaHHs eusieneHHsi BHIT 3a donomozoro daHux ducmaHyiliHo2o 30HAy8aHHs 3emni, iHcmpymMeHmie
npocmopoeozo aHanizy NC ma MawuHHO20 Hag4YaHHs OJs1 aHani3y cinbcbko2ocnodapchkux y2idb Ha npuknadi mecmoeux dinsAHoK y Kuiecbkiii ma
Xapkiecbkili obrnacmsix.

BucHoBku. BukopucmaHHsi BI1JIA e 2ymaHimapHOoMy po3MiHyeaHHi Mae eenukuli nomeHyian Ons 3MeHWeHHs] Pu3uKie ma rMpucKopPeHHs
npoyecy oyuw,eHHs1 mepumopili 8i0 subyxoHebe3sneyHux npedmemis. Aepoghomo3silioMmka ma menogisiliHe CkaHyeaHHs1 3 aukopucmaHHsm BI1J1A €
eghekmueHUMU 0151 NeP8UHHO20 0271510y 8eIUKUX mepumopili ma eusiesieHHs1 NomeHyiliHo He6e3neyHux 30H. Lje 0ae 3mMo2y onmumizyeamu noda-
nbwi po6omu 3 suKopucmaHHsIM Memasiodemekmopie i 2eogizuyHUXx memodie. Pozeumok 2eoiHghopmayiliHux cucmeM y noeOHaHHIi 3 mexHosogzieto
wmy4Ho20 iHmeneKkmy € makox OOMoOMiXXKHUM ma nepcrekmusHuUM. Bukopucmosyroyu cynymHukosi 306paxxeHHs1 i mexHoso2ii MawuHHO20 Hase-
YaHHS, wmy4Huli iHmenekm 30ameH aHasizyeamu eesluki Macueu OaHux Ol eusiesieHHs i knacudikayii 3MiH y cmpykmypi 3eMenbHuUx pecypcie,
crnpuYyuHeHux eilicbkosumu disiMu i eidizpasamu K/1H0408Y POJib 8 OfepamueHoOMYy ma MOYHOMY MOHIMOPUHay nocmpaxoanux mepumopid.

Knio4yoBi cnoBa: subyxoHebesne4yHi npedmemu, pocilicbko-yKpaiHcbKa 8iliHa, MiHHe 3abpyOHeHHs1, CinbcbKo2ocnodapchbki mepumopi.

ABTOpM 3aaBNSAOTb NPO BiACYTHICTb KOHMNIKTY iHTepeciB. CnoHcopu He Gpanu y4yacTi B po3pobneHHi gocniaxeHHs; y 36opi, aHanisi un
iHTepnpeTauii AaHWX; y HanMcaHHi pyKonucy; B pilleHHi Npo nybnikauito pe3ynbTarTis.
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