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Hoporue konneru!

OCeHHWI HOMEp HaLLEro XypHana He HapylaeT CROXWBLUMXCS
TpaguuMin B pa3HOCTOPOHHEM OCBELLEHUM Hay4HbIX npobnem reono-
MK, KOTOPbIE KacalTcs Kak pernoHoB Cubupu, Tak u conpegenbHbIX
3apybexHbIX CTpaH, B AaHHOM cnyyae Kutas. Mbl npogonxaem ny6-
NUKaLMIO cTaTe Ha aHrMACKOM SA3blKe, CYLLECTBEHHO paclumMpss TeM
caMbIM KPYr NOCTOSHHbIX YMTaTENEN XypHana.

o4 Hasad Halla pegakuust nognucana cornawexHne o6 obmeHe
Hay4YHbIMWU CTaTbMWU OTKPLITOTO AOCTYNa C pefakuuen XypHana
Earth Science Frontiers Kutanckoro reonormyeckoro yHMBepcuteTa
B [eknHe, KOTOpbIN 3aHMMaeT NepBoe MeCTO B HALMOHANbHOM PENTUHIEe eCTECTBEHHO-HAYYHbIX XYyp-
HanoB Kutas v Bxogut B 1-2 Q nHgekca LMTMpoBaHus Scopus.

B aTOM HOMepe XypHana nybmKyeTcs ABe CTaTbi HALLMX KUTAUCKMX KoNner B 0bMeH Ha aBe cTa-
T COTPYAHMKOB VIPKYTCKOrO HaLMOHaNbLHOro UCCNEA0BaTENbCKOrO TEXHUYECKOrO YHMBEpcuTeTa. B
OLHOMN U3 HUX 0BCYyXaaeTcs KaHO30MCKas TEKTOHMYECKas 9BOMOLUMS U AuHamuka KOxHoro Tuberta, B
APYron paccmaTpuBaloTCs BOMPOCHI FTEOXMMUYECKOrO pacnpeaeneHmns aneMeHToB B noysax Kntas —
Yype3Bbl4ANHO BaXHbI MOKa3aTeNb AN NMoucka MECTOPOXAEHMWIA MoNne3HbIX uckonaemblX. CtaTtbum,
npeaocCTaBneHHbIE A5 KUTANCKOro XypHana POCCUMCKUMU YYEHBIMU, NOCBSILLEHbI Npobnemam reo-
NOrMK LBETHbIX KamHen CMbUpckoro permoHa.

Mol 6yaem pagbl, €Cnu Halwy NOCTOSIHHBIE U HOBbIE aBTOPbI B AanbHELeM NpeACcTaBsAT Ham CBOU
CTaTbW Ha aHrMUNCKOM A3blke Ans Nofo6HOro obmMeHa. ATUM warom Bbl He TONBKO nocodencTeyeTe
MOBLILLEHMWIO NPECTMXKA HALLEro XypHarna, Ho B NePBY0 O4EPEAb CYLLECTBEHHO NOAHUMUTE COBCTBEH-
HbIN MHAEKC UUTUpOBaHUS bnarofapsa uHTepecy MexayHapoaHON Hay4YHOW 06 LWEeCTBEHHOCTH K BaLLMM
HOBbLIM MAESIM U pe3ynbTaTam UCCNeaoBaHUN.

Penakuus Hawero xypHana noctosiHHO paboTaeT Haj NOBbILWEHWEM KayecTBa KaXaoro Bbinycka.
Mol 6narogapum Bcex, KTO y4acTBOBan B NpoLEecce NOAroTOBKM O4EPEAHOr0 HOMEpaA XypHana, Xaem
oT Bac rnybokux Hay4yHbIx cTaTen u byaem Bcerga pagbl AanbHeWWeMy COTpYaHUYECTBY.

Nobaukasa Panca MouceeBHa,
rmaBHbIN pefakTop

288 | KonoHka rnaBHoro pegakTopa
| Chief Editor’s Column
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Dear colleagues!

The present issue of the journal follows the established tradition in a diverse coverage of the re-
search issues of geology concerning both Siberian regions and the adjacent countries, in this case,
China. We go on publishing articles in English, thus essentially widening the circle of our regular readers.

Last year, the Editorial Board of the journal signed the agreement on the exchange of open access
scientific papers with the Editorial Board of the journal “Earth Science Frontiers” of China University of
Geosciences, Beijing. The latter university is in the first place of the national rating of Chinese natural
scientific journals and is included in 1-2 Q of the Scopus citation index.

The present issue includes two articles submitted by our Chinese colleagues within the framework
of the agreement. One of the papers considers the Cenozoic tectonic evolution and dynamics of the
Southern Tibet. The other one deals with the geochemical distribution of elements in the soils of China,
an extremely important characteristic in prospecting for mineral deposits. The two articles submitted
to the Chinese journal by Irkutsk National Research Technical University concern the geology of the
gemstones of the Siberian region.

The authors are welcome to submit papers in English within the framework of this exchange agree-
ment. Thus, you enhance the prestige of the journal and, more significantly, increase your citation
index thanks to the rising interest of the world scientific audience in your new ideas and research
results.

The Editorial Board of the journal is constantly working on increasing the quality of each issue. We
are thankful to all who participated in the current issue publication. We are open to further cooperation
and look forward to receiving deep scientific papers.

Raisa Moiseevna Lobatskaya,
Editor-in-Chief

KonoHka rnaeHoro peaaktopa | 289
Chief Editor's Column |




Hayku o 3emne u Hegpononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online) \)
Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

OpuruHanbHas ctatbs / Original article m
YK 553.463

DOI: http://dx.doi.org/10.21285/2686-9993-2020-43-3-290-306

2020;43(3):290-306 I

MuHepanbHbIX COCTaB M YCNoBUA hopmMupoBaHus pya
UHKypckoro BonbpamoBOro MecTopoXXaeHus
(DxmaunHckoe pyaHoe none, lOro-3anagHoe 3abankanbe)

© N.B. OamauHoBa?, b.6. amanHos®
ab[eonoeuyeckuli uHemumym CO PAH, e. YnaH-Y03, Poccus

Pe3rome: Lienbio nccnenoBaHuin ABNSNOCh YyTOHHEHWE MUHEPANbHOrO COCTaBa U onpeaeneHue ycnosuin hopmMmMpoBaHus
KBapL-rtobHepUTOBbIX NMPOXMUIKOB VHKYpCKOro BONb(hpaMoBOro LLITOKBEPKOBOTO MECTOPOXAEHUS [KMAMHCKOTO pyAHOro
nons (KOro-3anagHoe 3abaiikanbe). ABTopamu GbINO NPOBEAEHO MUHEPANOro-neTporpaduyeckoe onucaHue pyaHbIX
KBapL-rtobHEPUTOBBIX NMPOXMUIKOB, @ Takke 3NEKTPOHHO-MUKPOCKOMMYECKUE UCCNIEA0BAHNS MUHEparbHbIX accoLmaLuit,
TepMobaporeoxnMn4eckme NCCNeaoBaHMs, BKIOYALOLLME KPMO-TEPMOMETPUIO, CNEKTPOCKONIIO KOMOMHALIMOHHOIO pacce-
SHWS CBETa UHAMBUAYaNbHbIX (roMaHbIX BKNOYEHUI B KBapLe, dntoopuTe, robHepuTe 1 MyckoBuTe. MNpoBeaeHHbIe My-
Heparnoro-netporpauyeckne NCCNefOBaHMs NO3BOMNMIIN YTOYHUTL MUHEPASIbHBIA COCTaB pya VIHKypcKoro mectopoxzae-
HUS, ONpeaenuTb NocneaoBaTeNbHOCTL (POPMUPOBAHNS MUHEPATTbHBLIX NapareHe3ncoB. TepmMobaporeoXuMUYecKmm uc-
CrefOBaHNSIMM YCTAHOBIEHO, YTO PYAOOTNOXEHNE LU0 C MOHWKEHWEM TeMNepaTypbl N3 OTHOCUTENBHO CriaboconeHbIX
(~5,7-14,6 macc. % akBMBaneHTa xropuaa HaTpus) FOMOreHHbBIX PacTBOPOB, B COJIEBOM COCTaBe KOTOpPbIX Mpeobnaganm
X10pMAabl Kanbums ¢ NPUMECAMU XNOPUAOB HATpUs, Kanus U marHus. B rasoson dhase BKIOYEHWI MOEHTUDULMPOBAHDI
YrNeKUCnbIA ra3 U a3oT. YCTaHOBMEHbl Kak MWHUMYM [BE CTaguv MUHepanoobpasoBaHWs: BbICOKOTEMMepaTypHas
(2300 °C) n HuskoTemnepaTtypHas (2200-300 °C). lNpoBeaeHHbIE CCNEAOBAHNS NO3BOSIUIIN KQYECTBEHHO OLEHUTD XUMM-
YecKuii cocTaB pyaoobpasytolwyx pacTBOPOB. YCTAHOBIIEHO, YTO OAHUM U3 TNaBHbIX PAKTOPOB OCaXAeHWs rtobHepuTa
SIBNSIETCS CHUXEHME TemnepaTypbl.

Knroyeenie cnoea: [xuguHckoe pygHoe none, HKypckoe LUTOKBEPKOBOE MECTOPOXAeHMe, BOoNMbgpam, (riongHble
BKIMIOYEHNS, pyLoobpasytoLme pacTBopbl

BnazodapHocmu: ViccnenoBaHus NpoBeAeHbl C UCTONb3oBaHMeM 0060pynoBaHuMs LieHTpa KonnekTMBHOMO Nonb30BaHMs
«AHaNUTUYECKUN LEHTP MUHEPANOro-reOXUMUYECKMX U M30TOMHBIX UccnenoBaHuit eonornyeckoro uHcTutyta CO PAH»
(r. YnaH-Yga). Pabota BbinonHeHa B pamkax 6rogxeTHoro npoekta Meonormyeckoro nHctutyta CO PAH Ne AAAA-A16-
116122110027-2 npu YacTu4HOW mHaHcoBoM noaaepxke rpaHta POOU Ne 18-45-030002p_a.

Unpopmayusi o cmamee: noctynuna B pegakumio 07 mas 2020 r.; noctynuna nocrne peLeH3npoBaHus 1 JopaboTku
30 utons 2020 r.; npuHsTa K ny6nukauum 02 ceHtsabps 2020 r.

Ans yumuposanus: JamanHosa J1.6., JamanHos b.5. MuHepanbHbIi cocTas 1 ycnosust hopMupoBaHus pya MHkypckoro
BonbpamoBoro mectopoxaeHus (xuanHckoe pyaHoe none, KOro-3anagHoe 3abankanse). Hayku o 3emne u Hedpo-
nonb3oeaHue. 2020. T. 43. Ne 3. C. 290-306. https://doi.org/10.21285/2686-9993-2020-43-3-290-306

Mineral composition and formation conditions
of the Inkur tungsten deposit ores
(Dzhidinsky ore field, South-Western Transbaikalia)

© Lyudmila B. Damdinova?, Bulat B. Damdinov®
a-9Geological Institute, Siberian Branch of the Russian Academy of Sciences, Ulan-Ude, Russia

Abstract: The aim of the study is to clarify the mineral composition and determine the conditions of the formation of the
quartz-hubnerite veins of the Inkur stockwork tungsten deposit (the Dzhidinsky ore field, South-Western Transbaikalia).
The research methods include a mineralogical and petrographic description of the ore quartz-hubnerite veins; an electron
microprobe analysis of the mineral associations; thermometry, cryometry, and Raman spectroscopy of the individual fluid
inclusions in quartz, fluorite, hubnerite, and muscovite. The mineralogical and petrographic studies has made it possible to
clarify the mineral composition of the Inkur deposit ores and determine the mineral paragenesis formation sequence. The
fluid inclusion studies have established that the ore deposition was occurring in the relatively low-salinity (~5.7-14.6 wt. %
eg. NaCl) homogeneous solutions due to a decrease of the temperature. The study of the salt composition of the solutions
has identified Ca chloride as a prevailing component, with NaCl, KCI, and MgCl as admixtures. COz and N2 have been
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identified in the gas phase of inclusions. Two stages of mineral formation have been defined: high-temperature (2300 °C)
and low-temperature (22.00-300 °C). The conducted studies allow qualitative estimation of the chemical composition
of the ore-forming solutions. It has been established that one of the main factors of the hubnerite deposition is a temperature
factor.

Keywords: Dzhidinsky ore field, Inkur stockwork deposit, tungsten, fluid inclusions, ore-forming solutions
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BeeaeHue

Ha tepputopum KOro-3anagHoro 3abarkanbs
U3BECTHbI BOMbd)paM-MONMOaEHOBbIE  MEeCTO-
poxaeHus [KUOMHCKOrO pyaHOro nons, Xapak-
TEPU3YIOLErocs BbICOKOW KOHLEHTpauuen opy-
JEeHeHna Ha Hebonbwow nnowaan. B cocras
PYAHOrO NOMs BXOAAT KPYMNHbIE NPOMBbILLNEHHbIE
MecTopoxaeHus: lNepsomanckoe, MHKypckoe u
XONTOCOHCKOE. ATO YHUKanbHbIEe reonornyeckme
00BbeKTbl M KpynHenwme B Poccum MCTOYUHMKK
Bonbgpama n monubaeHa. B kayecTBe npumec-
HbIX B pydax NpUCYTCTBYET Takke 1 psg ApYrux
MOMe3HbIX KOMMOHEHTOB: ©epunnuin, KagMmuw,
CBMHel, UWHK, 30noTo u ap. lMpedwectBeHHU-
KaMK yCTaHOBMEHO, YTO BCE TPU MECTOPOXAEHNS
[>KnanHCKOro pyaHOro nonst reHeTuyecku CBs-
3aHbl C €4NHOW rPaHUTOUAHOW UHTPY3unen. dop-
MMUPOBaHME LUTOKBEPKOBOW BONbMpam-mMonuno-
[EHOBOWN MUHepanu3aLlmm npoucxoamno B Teve-
HWEe HeCKOMNbKUX rmapoTepMarbHbIX 3Tano., pas-
LENEHHbIX BO BPEMEHW NepuojamMu WHTPY3WB-
Horo marmatuama. CuuTaeTcs, 4YTO CHavana
cchopmupoBanca  MONUOOEHOBLIA  LUTOKBEPK
(MepBomaiickoe MeCTOpPOXAEHME), NO3KE — NPO-
XUIKN ¢ MonubaeHoBo-bepunnueBort MyUHepa-
nusaumen, 3atem — LUTOKBEPK rtobHeputcoaep-
Xawmx npoxunkos (MHKypckoe MecTopoxae-
HUe) n KkBapu-robHepUTOBbIE KMIbl XONTOCOH-
ckoro mectopoxgeHust. OgHako ecnu nocnego-
BaTeSIbHOCTb 0OpasoBaHUA 3TUX MECTOpOXAe-
HUK OblNa onpeaeneHa npu reonoro-pas3Benoy-
HbIX M 3KCnfyaTaumoHHbIX paboTax, TO coBpe-
MeHHas MHgopmaumns 0 MUHepasibHOM CoCTaBe
U yCrnoBUsSX (DOPMMPOBAHUSA KaXaoro U3 Bbife-
NEHHbIX TUMOB OPYAEHEHNS NPAKTUYECKU OTCYT-
cTByeT. B 0cobeHHOCTM 3TO KacaeTcs cocTaBa
rnapoTepmarsbHbIX OnonLoB M TakMx napamert-

POB PYAOOTNOXEHUS, KaK AaBNeHne 1 Temnepa-
Typa. MuHepanorua pya 6bina udyyeHa paHee
[OCTaTOYHO [eTanbHO, HO B CBA3M C OTCYT-
CTBMEM Ha TOT MOMeEHT (60-70-e rr. XX B.) npe-
LIM3MOHHBIX METOA0B MUKpOaHanu3a He Bce Mu-
HeparnbHble (a3bl OblfIv 4OCTOBEPHO ANArHOCTM-
poBaHbl. B uenom ans monubaeH-sBonbppamo-
BbIX MECTOPOXAEHUN (PU3NKO-XMMUYECKME YCIOo-
BUS POPMMPOBAHMS [0 CUX MOP HE MccrnenoBa-
NNCb [OCTaTOMHO AeTanbHO, YToObl BbISBMSATH
pasnnyns PU3NKO-XMMUYECKUX NapameTpoB py-
noobpasyowmnx nomuaos, Npyu y4actum KoTto-
pbIX hopmupyeTcs BonbgpamoBas U Monubae-
HOBasi MUHepanusauus. Ycnosus opmupoBa-
HUWS M COCTaB pacTBOPOB, (hopmupoBaBsLLKX [ep-
BOManckoe MonubaeHOBOE MECTOPOXAEHWE,
cyuTarLeecs caMbiM paHHUM B psgy 06beKToB
[XnauHckoro pygHoro nons, 6binM M3yuyeHbl
HaMmu paHee [1]. Takxke Obl YTOYHEH M30TOMHbIN
BO3pacT MONMBAEHOBOro OpyaeHeHuUs u onpeae-
NEeHbl KOHLeHTpaUmMy MeTansos B pyaoobpasyto-
LMX pacTBOpax.

B oaHHOM uccnefgoBaHumM paccmaTtpuBaeTcs
WNHKkypckoe BONb(pamMoBOoe MECTOPOXIAEHME.
OHo siBnsieTcs Hambonee KpynHbIM MECTOPOXae-
HUem Bonb@pama B Poccuu 1 OTHOCUTCSH K LWITO-
KBEPKOBOMY reosioro-npoMbiLLieHHoMY Tuny. 1o
3anacaMm v cogepxaHuio Tpuokcuaa Bonbgpama
B pyfdax WHKypckoe MecTopoxaeHue conocta-
BMMO C Hanbonee KpynHbIMU MECTOPOXAEHNSAMM
Mupa XemepgoH (Benukobputanus), ManH-Kpuk
(CWA) v Yupyp-Laran (MoHronus) [2]. Liensto
UccnenoBaHuii ABNSETCH YTOYHEHWE MUHEpanb-
HOro cocTtaBsa W onpefeneHue ycrnosun opMmu-
pOBaHUS KBapL-rtOOHEPUTOBBLIX MPOXMNKOB, 06-
pasyoLmx VIHKYpCKUM LITOKBEPK.
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MeToabl uccnegoBaHus

Ana peleHns MUHepanormyecknux u neTpo-
rpacunyeckmx 3agay nNpUMEHANUCb MeToabl On-
TUYECKOW MUKPOCKOMUM C MCMOSIb30BaHUEM Mo-
napusaumoHHoro mukpockona OLYMPUS BX-51
C undposon cotokamepon MicroPublisher 3.3
RTV. Xummnyeckuin coctaB MuHepasnos onpege-
neH B [eonormyeckom uHctuTyTe CO PAH
(r. YnaH-Yga) aHanutukom E.B. Xogbipeson u
KaHOM4ATOM Teonoro-MUHEPanormyecknx Hayk
C.B. KaHakuHbIM npy NOMOLLUM CKaHMPYIOLLEro
3MeKTpoHHoro  mukpockona LEO-1430VP ¢
9Hepro-gucnepcuoHHeiM cnektpomeTpoM INCA
Energy 350.

OnongHble BKMoYeHus (PB) B mMuHepanax
nccnegoBanucb MeTogaMm TEPMOMETPUN, KPUO-
MEeTpuK, BOSIIOMOMETPUM U CMEKTPOCKONUM KOM-
BrHaumoHHoro paccesHus cseta (KP-cnektpo-
ckonuu). [ns onpegeneHus temnepatyp obLyen
rOMOreHu3aumu, Temnepartyp 3BTEKTUKM U NNaB-
neHns nbda BOAHbIX PacTBOPOB, TemnepaTyp
pacTBOPEHUs [oYepHUX a3 M roMoreHusaumm
CKUKEHHbBIX ra30B MCMONb3oBanacb MUKpPOTEp-
mokamepa THMSG-600 ¢mpmbl Linkam ¢ grana-
30HOM M3MepeHun TemnepaTyp oT -196 fo
+600 °C. CraHgapTHas annapaTypHas owubka
n3mepeHui coctasnset +0,1 B oTpuuaTensHOM U
+5 °C B nonoxutenbHon obnactn temneparyp.
MpnbnusnTenbHy OLEHKY COAEepXaHUs conen
BO BKIIKOYEHMSIX HAXO4MNMM MO TemnepaType
nna.feHns nbAa, MCNonb3ys ABYXKOMMOHEHT-
Hyto BogHo-conesyto cuctemy (NaCl-H20) yepes
aKBMBaneHT xnopuaa Hatpus [3]. Mpeobnapato-
Las conb B BOAHOM pacTBOPE BKMKYEHMI onpe-
[ensnack nNo TeMnepartype 3BTEKTUKM, XapakTe-
puU3ytoLLieit BOAHO-CONEBYI cuctemy [4].

CocrtaB rasoBon hasbl MHAMBKUAYaNbHbIX OB
onpegeneH metogom KP-cnektpockonun B WH-
CTUTYTE reonormm n MuHepanorum nmexnu B.C.
Cobonesa CO PAH (r. HoBocubupck) Ha ofHo-
kaHanbHoMm KP-cnektpomeTtpe LabRamHR 800
C MONynpoOBOAHMKOBLIM  AeTekTopoM  Horiba
Scientific Symphony Il n koHboKanbHbLIM MUKPO-
ckonom Olympus BX-41. B kayecTBe B030yxzaa-
tOLLEro MCMonb30BaHO M3My4YeHWe aproHoBOro
nasepa CVI Melles Girot ¢ gnuHou BonHbI 514 HM
1 BbIXxoAHOW MowHocTbio 30-50 MBT.

O6BbeKkTbl uccnenoBaHuaA
LxuduHckoe pydHoe none. [xuguHckoe
pyaHoe none npeactaenset cobon npumep
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KPYMHOro KOMMNAEKCHOro MonubaeH-Bonbdpamo-
BOrO opyaeHeHusi. Ha oTHocuTenbHO Hebonb-
IOV NAOLLaAM 30eChb PacnOSOXeHbl TPY KPYNHbIX
mecTtopoxaeHust. Paspabotka  [IxuamHCKoro
py4HOro nons HaymHanacb B 1934 r. ctaparens-
CKUMW apTENsSMU C O4HOBPEMEHHBIM CTPOUTENb-
CTBOM 0OBHEKTOB rOpHO-000raTUTENBLHOIO NPOU3-
BoactBa. Co BpemeH Benukon OTeyecTBEHHON
BOMHbI M Ao 1973 r. kombuHaT paspabaTbiBan
NepBomaickoe monnbaeHOBOE M XONTOCOHCKOE
BonbgpamoBoe MectopoxaeHus. C 1974 r. cbl-
pbeBYl0 6a3y CoCcTaBnsaloT ABa BONbHPaMOBbIX
MECTOPOXAEHUS — XUIbHOE (XONTOCOH) W LUTO-
kBepkoBoe (MHKyp), oTpabaTbiBaemble noasem-
HbiIM (LIAXTHbIM) W MOBEPXHOCTHbIM (Kapbe-
pom) cnocobamn  COOTBETCTBEHHO. [eonorus
[@HHOrO pPydHOro Mons usyyanacb MHOTMMM
uccnegosatenamu: M.B. becoson [5], IN./. He-
netoeeim u gp. [6], E.H. CmonsHckum [7],
B.W. UrHaToBuyem [2, 8, 9], E.lN. ManuHoBCKM
[10], O.0. Ontoesbim [11, 12], E.E. BatypuHoi,
.C. Punnom [13], WN.B. TopaneHko n ap. [14],
A.H. OucraHosoi [15], MM.KO0. XomaHoBuYEM,
O.K. CmupHoBon [16, 17], N.B. YepHblweson u
ap. [18], &.I. Pendom, E.[l. Baxeesbim [19, 20],
M.M. Mosunantuc [21, 22], K.3. CTenbMayoHKoM
[23, 24] n Tak panee.

[XnavHckoe pygHoe none pacrnonoXeHo B
toro-BoCcTo4HOM YacTu 3anagHoro 3abankanbs, B
npegenax OAHOMMEHHOW 30HbI Naneosous, B
HacToslee Bpems npeacTaBnsaowen cobon
CIMIOXHO MOCTPOEHHYK MOKPOBHO-CKNag4aTyro
obnactb, reonormyeckass CTPyKTypa KOTOPOW
onpegensieTcs Aucnokauusamy - nosgHenaneo-
30MCKOro atana co 3Ha4YnTernbHOW CABUIOBOW CO-
cTaBnsawLlen. B reonornyeckom ctpoeHun xu-
OVHCKOTO PYAHOr0 Monsi MPUHUMAOT yvacTue
XOXIOPTOBCKas 0CafoyHO-ahpy3mBHasa CBUTA,
MOZOHKYIIbCKWIA ONOPUTOBLIA MacCuMB M MHOTO-
(hasHas N'ymxmpckas rpaHUToMaHas UHTPY3US.

Uepes LeHTpanbHyl 4acTb pyAHOro nons
npoxogut  [XMOMHCKUA  rNyOMHHBLIA  pasnom,
MMerLWwmn cybMmepuamoHansHoe npocTMpaHue.
OH TpaccupyeTcs 30HaMu MenaHxa u bnactomm-
NoHWTU3auumM obuen mowHocTblo 600-1000 m,
BKIOYAKOLLMMU HEDONbLINE NIMH30BUAHBIE KPY-
Tonagawwme Tena M3MEHEHHbIX rnepbasnToB
LLAKMPCKOro KOMMNneKca.

XoXtopTOBCKas CBUTA 3aHMMAET BOCTOYHYHO
4yacTb [aHHOrO PYAHOro MOMs M CroXeHa
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necyaHvkamu, CraHuamu, U3BECTHSAKaMK, a Takke
BYNKaHWTaM1 OCHOBHOTO M CPELHErO COCTaBa.

MoZOHKYNbCKUIA MHTPY3NB ABRSeTCS par-
MEHTOM  KpPYnMHOr0O  MaccuBa,  BbITSHYTOrO
B CeBepo-3anajHOM HanpasfieHuW, KOTOpbIi,
B CBOI0 04epefb, crnaraeTcsi KBapLeBbIMM ONOPU-
Tamu [16].

B npenenax KoHTakTa naneo3omckunx keapLe-
BbIX AnopuTtoB MOOOHKYNbCKOro Maccuea ¢ ag-
(py3MBHO-0CaO04HbIMK TOMLWamu copmmupoBa-
nace ['ymxupckas UHTPpY3usl, C KOTOPOW TpaguLm-
OHHO CBf3blBaeTCH 06pasoBaHWe MHoroaTan-
HOrO  KOMMMEKCHOro  monubaeH-pegkome-
TansbHO-BONMb(PAMOBOrO  OPYAEHEHUs  pac-
cmaTpmBaemoro pyaHoro nons. VHTpysus npea-
CTaBfieHa Ha MNOBEPXHOCTM MHOrOYUCIIEHHBIMM
[fankaMy NpeuMMyLLeCTBEHHO KMCMOro coctaBa

2020;43(3):290-306

n lepBOManCKUM LUTOKOM TpPaHUT-NopupoB
(puc. 1). Cpegn nopopg [avMKoBOro KoMmnekca
BbIAENATCA [Oalikn CepbiX CUEHWUTOB, CepbiX
KBapLEBbLIX CUEHUT-NOPUPOB, KEPCAHTUTOB, BO-
CTOHMTOB ¥ rpaHnUT-NopcmpoB. HebonbLuoe pac-
NPOCTpaHeHWe xapakTepHO ANS CepbiX KBapLe-
BbIX CUEHWUT-MOP(UPOB W CUEHUTOB, 3HAYW-
TENbHO YCTynakwT MM MO KONMWYECTBY KepcaH-
TUTBl, GOCTOHWUTBI M rpaHUT-nopdupbl. [anku
NMelT ceBepo-3anafHoe, CcyblumpoTHoe, ce-
BEPO-BOCTOYHOE 1 CyOMepuanoHansHoe NnpocTu-
paHve npu yrnax nageHus ot 30° n 6onee. Pexe
oTMevarTca cybropusoHTansHble Tena. Mpu ne-
peCeYeHNsIX pPas3HOBO3PACTHbIX [aek OTMeva-
0TCH COPOCOBbLIE NEPEMELLEHNS MasbIX amniin-
Ty, He NpeBbILIakoLLMe NepBble MeTpbl.

1

2 Il
Nlse =7 N3

B
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s
(W10

—TT

Z22112 <113 14

Puc. 1. Cxemamuyeckasi 2eonoauyeckasi kapma [xuduHcko20 pydHoeo nossi (no B.U. Uenamoesuyy, 1975):

1 — xoxtopmosckasi cauma: a¢ghgby3usni; 2 — ModoHKynbCcKul Maccus: duopumal, keapyeable AUOPUMBI;

3 — lNepsomatickuli Maccus: epaHuUM-nopeupbl; 4 — FOPKUHCKUL epaHUMHbIL Maccus; 5 — cepble CUEHUMBI;
6 — daliku epaHUM-nopgupos; 7 — datiku 6ocmoHUMos; 8 — Mukpoduopumsi; 9 — fMnazuospaHUMeI;

10 — [uduHckuli enybuHHbit pasdnom; 11 — keapy-monub0eHumosbie xuibl; 12 — [Nepgomatickuli Monub0eHo8bIl

wmoksepk; 13 — MHKypckul 8onbghpamosbili WmokeepK; 14 — keapu-cyrbghudHO-2106HepuUMo8abie Xusbi

Fig. 1. Schematic geological map of the Dzhidinsky ore field (Vladimir I. Ignatovich, 1975):
1 — Khokhyurt suite: effusives; 2 — Modonkul massif: diorites, quartz diorites;
3 — Pervomaisky massif: granite-porphyres; 4 — Gorkinsky granitoid massif; 5 — gray syenites;
6 — dykes of granite porphyry; 7 — dikes of bostonites; 8 — microdiorites; 9 — plagiogranites;
10 — Dzhidinsky deep fault; 11 — quartz-molybdenite veins; 12 — Pervomaisky molybdenum stockwork;
13 — Inkur tungsten stockwork; 14 — quartz-sulfide-hubnerite veins
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Onpepensiowyto ponb B pasMeLLEHNN opy-
LEHEHNS Cbifpann MeCTHble pasnombl CybLuu-
POTHOrO, CeBepo-3anafHoro, CeBepo-BOCTOY-
HOro 1 cybmepnanoHanbHOro NPoOCTUPaHuUs, Ko-
TOpble HacneayloT HanpaseHns bonee paHHUX
paspbIBOB, TPACCUPYIOLMUXCA B BYSIKAHUTaxX Te-
namu runepbasunToB, a B KBapLEBbIX AUOpUTax —
30HaMn 6nNacTOMUIOHUTU3ALMN U MeTacoMa-
TO3a, Jankamu. [nsg pynoBmeLLarowmx pasno-
MOB, ABNSIOLMXCS 3NIeMEHTaMU pernoHanbHON
CeTW TPEeLMHOBATOCTH, XapakKTepHbl Masioam-
nnuTygHble cbpocoBble nepemelyeHns. OHu,
B CBOK 04epefb, TPaccupytoTcs 30HaMm Bpekym-
poOBaHWA U MEeTacoMaTUYECKUX W3MEHEHUN
nopog.

[epBOMaNCKUA LITOK rPaHUT-NOPUPOB SB-
NAEeTcs cambIM KpYMHbIM BbIXOAOM [y4KUpCKOn
WHTPY3UW Ha noBepxHOCTb. [lnowaab Bbixoda
[NepBomManckoro MaccuBa Ha [LHEBHYH MOBEpX-
HocTb coctaBnseT 0,35 km2. Mo gaHHbIM Gypo-
BbIX U reogmamyeckmx pabot, lNepBomanckum
maccuB npefcraenseT cobon nakkonutoobpas-
HOe Teno C MHOTOYUCIIEHHbIMU anodusamu, Ko-
TOPOE BbITSHYTO B CeBepO-3anagHOM Hanpasne-
HUM W NOTPYyXaeTCs Ha Hro-BOCTOK COrfacHo
kpoBne MopoHKynbckoro mMaccusa. B anukans-
HOWN €ro YacT! OTMEYaTCA KCEHONUTLI FPAHUTOB
¥ rPaHOCMEHNTOB, 3aneratLux rnybxe, a Takxe
KCEHOMUTbI KPOBIW, CBMAETENBLCTBYIOLLME O He-
6onbLuon rnybuHe apo3vOHHOTO cpes3a MmaccuBa.

MpeLwecTBEHHUKaMK YCTAHOBIEHO, YTO BCE
TP MecTopoxaeHus  [DKMOUHCKOro  pyAHOro
Mons reHeTUYeCKn CBA3aHbl C eaunHon ymxup-
CKOW rpaHuTomgHon uHTpy3uen [19, 20 n gp.].
dopMupoBaHme LUTOKBEPKOBOW MONNOAEH-BOMb-
bpamoBOM MUHEpanM3aumMm NPOUCXOLUNIO0 B Te-
YeHMe HEeCKONMbKMX rMapoTepMarnbHbIX 3Tanos,
pasgeneHHbIX BO BPEMEHM nepuogamu UHTpY-
31BHOro MarmaTtuama. MuHepanusauus kaxgoro
nocneaywLlero ruapoTepMarnbHOro atana umeeT
cneunduyeckyto pyaHyto Harpysky, Hacnegys B
TO Xe BpeMsl HEKOTOpble YepTbl NpeabliayLero.
CHavana cdopmupoBancs  MonMbaeHOBbIN
wrokeepk (MepBomarnckoe MeCTOPOXAEHME),
no3xe — MPOXWUIKN C MonubaeH-bepunnueson
MUHepanu3aumen, 3aTem — LUTOKBEPK rtobHeput-
cogepxaLymx Npoxunkos (MHKypckoe MECTOPOX-
LEeHVE) 1 KBapu-rtobHeputoBble Xunbl (Xon-
TOCOHCKOE MECTOPOXAEHME).
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MonubaeHoBOe OpyAEeHEHWE MPUYPOYEHO K
anukanbHoM 4Yactu [lepBomancKkoro LUTOKa,
BONb(PaMOBOE — K MHOTOYMCIIEHHbIM KBapLie-
BbIM XWnam 3anagHoW 4acTW PyaHOro nons
(XonTocoHCKOEe MeCcTOpOXOEeHWEe) U K LUTOKBEp-
kaMm B LeHTpanbHOM 4YacTu (MIHKYpCKWiA LuTO-
kBepK). B »xunbHom none ussectHo 6onee 200
XWUIN CPESHEro U KpyToro nafeHns; pasmepbl npo-
MbILUSIEHHBIX W1 NO NPOCTUPAHWIO U NagEeHWIo
konebnTCa B LUMPOKMX Npegenax npu MOLHO-
CTW OT JecATbIX gonen 4o 3—4 M, B pasfyBax —
no 15 m.

lNocnegHue M30TOMHO-rEOXPOHOMOrMYECcKMe
[laHHble O BO3pacTe LMPKOHOB (12412 MnH nerT)
U3 rpaHuT-nopdupos [lepBoOManCKoOro LUTOKa,
myckosuta (127,6+1,5 mnH net) n monnbaeHuTa
(118,5£1,6 n 122,4+1 MrH neT) U3 pyAHbIX 30H
lNepBomanckoro MonmMbaeHOBOro MeCTopoXae-
HUA CBWMOETENbCTBYT O FEHETUYECKOW CBS3N
NpoLeccoB rpaHMToobpa3oBaHna U MonmMbaeHo-
BOr0 pyaooTNoXeHus Ha pybexe 119-128 mnH
net Hasag [1].

[eonozuyeckoe cmpoeHue UHKypckoz20 Mme-
cmopox0eHusi. WHKypcKoe LUTOKBEPKOBOE Me-
CTOpOXAeHMe BONb(pPamMoBLIX pya pacnono-
XEHO B 7 KM K Oro-BOCTOKY OT T. 3aKameHcka
pecnybnuku bypsatus. [JetanbHasa passeaka me-
cTopoxaeHus nposoamnack B 1967 r. reonoramu
M.H. Xynyryposeim 1 C.C. TeHTunosbiM Ans
YTBEPXKAEHWUS MPOMbILLSIEHHbIX 3anacoB. OHO
paspabaTbiBanocb OTKPbITEIM  criocobom ¢
1973 r. 1 BCKPbLITO HA NMOBEPXHOCTU OLHOUMEH-
HbIM KapbepoMm (puc. 2, a).

MecTtopoxaeHue obpamnseT [NepBoMainckum
MaccuB rpaHuUT-nopupoB B hopme nosykonbLa
C l0ro-3anagHow, 3anagHoi u cesepo-3anagHoi
CTOPOH (CM. puc. 1). PyaHble npoxunku, obpasy-
loLLMe LUTOKBEPK, 3aneratT B KBapLEBbIX ANOPK-
Tax MOZOHKYNbCKOrO MaccuBa U YaCTMYHO — B
MeTamMopP(M30BaHHbIX  OCAf0YHO-BYIIKAHOIEH-
HbIX MOPOAAX XOXPTOBCKOM CBUTHI. LLITOKBEpPK
npotsarueaetcsa npubnuantensHo Ha 2500 m npu
wupuHe 800-850 M u pa3segaH Ha rnybuHy
470-500 m.

CnoxHasi cTpykTypa VIHKypCKOro LUTOKBEpPKa
oOycrnoBneHa HanuyMeM  paspbiBHbIX  30H
PasNMYHOrO MPOUCXOXAEHUS W Bo3pacta [16].
OcHoBHOe 3HayeHne B Oonbluei Yactu LWTO-
KBEpPKA NPUHAONEXUT KPYTONaZalowWwmm NMHEN-
HbIM 30HaM CyBLUMPOTHOrO M cybmepuanoHanb-
HOro NPOCTUPaHMS.
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Ha nokanusaumio BonbppamoBon MuHepa-
nusauum Kpome onpeaenstowmx CTPYKTYPHbIX
(bakTOpOB BNAMAIOT NUTOSOrO-NeTporpaguyeckne
0CcOoBEHHOCTY BMeLLaoLWwmx nopod. Hanpumep, B
30He 9K30KOHTaKTa MOJOHKYNbCKOro MmaccuBa
KBapLeEBbIX AMOPWUTOB, HACLILLEHHON KCeHOonu-
Tamn MeTaByJIKaHUTOB XOXIOPTOBCKOW CBUTI, OT-
MeyaeTCs YyrHeTeHWe NMUHEWHbIX LTOKBEPKOBbIX
30H [16]. MNonoras kpoenst MogoHKYIbCKOro Mac-
CVBa, CMOXEHHasi MeTaBynKaHWTamu, Cnocob-
CTBYET pasBUTUIO B MOPOAax MaccuBa paspbis-
HbIX HapYLLUEHWI, 0BYCMOBMBLUMX KOHLEHTPALIMIO
KaK LUTOKBEPKOBOrO M XWUNbHO-MPOXMUIIKOBOIO
opydeHeHus, Tak U BOSb(PaMOBO-PYAHBIX XKU5
XONTOCOHCKOTO MECTOPOXAEHNS.

[JeTtanbHble CTPYKTYpHblE uccrnenoBaHns VH-
KypCKOro LUTOKBEPKA BbISBUIM paguanbHO-KOH-
LIEHTPUYECKYIO CTPYKTYPY MECTOPOXAEHUS, CBS-
3aHHyl0 C obpasoBaHWEM KpYMHOro CBOLOBOIO
MOAHATMS B KBapueBbIX AuopuTax nog gen-
CTBMEM BEPTUKAIbHbIX HaMpPsKeHWH, B YacCTHO-
CTW [aBfieHW MarmaTU4eCKnx Macc co CTOPOHBI
rnybuHHBIX YacTew npegnonaraemoro oyara. B
3TUX YCINOBUSX OLHOBPEMEHHO pacKpbiBanucChb
paguanbHble W KOHLEHTpUYECKne TpeLMHbl, B
KOTOpPbIX OTNnaranucb pyaHble U XUnbHble MUHE-
panbl [16].

Pe3ynbTatbl uccnegoBaHum

MunepanbHbili cocmag Keapu-2tobHepumo-
8bIX npoxusnkos. Pyapl VNHKypckoro Mectopox-
LEHVS NpeacTaBneHbl MHOrOYMCNEHHBIMU KBap-
LeBbIMU (pUC. 2, C—€) U KBapL-MyCKOBUTOBbLIMM
(puc. 2, f) xunamm n Npoxunkamu ¢ pygHoul Mu-
Hepanu3aumen, ryctas ceTb KOTOpbIX obycnas-
nueaeT obpa3oBaHue LUTOKBEPKOBOrO OpyaeHe-
HUA (puc. 2, b). Bce NpoXxunku xapakTepuayTcs
HanuMunem pasgyBoOB U NEPEXMMOB MOLLHOCTW.
[pOMbILLINEHHOE OPYAEHEHME B LUTOKBEPKE pac-
npefeneHo BecbMa HepaBHOMepHo. Hambonee
oboralleHHble rOOHEPUTOM y4acTku (CM. puc. 2,
d,e) oTMeyYalTCa Ha HXXHOM U CEBEPHOM hnaH-
rax, a Ans LeHTpasnbHOW YacTh XapakTepHO OT-
HocuTenbHO cnaboe opyaeHeHwue (CM. puc. 2, C).
Kpome 3Toro, y4acTku C NOBbILLEHHLIM COAEpXa-
HMeM BOSfb()paMmnTa NPOCTPAHCTBEHHO TATOTEHT
K pasgyBaMm MNPOXUIKOB, YTO OTMeYanocb U
npeaLecTBeHHuKkamm [9].

Bonblias yacTb BONbPaMOHOCHbIX MPOXMII-
KOB MMeeT MOLWHOCTb 1-3 cM (cM. puc. 2, c-f),
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NPOTSHXKEHHOCTb MPOXWIKOB, Kak npasuio, [o-
CTUraeT nepBbiX MeTPOB. [paHuULbl NPOXWUIKOB C
BMeLLaloLWMMU MopoaamMmn JOCTAaTOMHO peskue.
Hanuivme wmuHepanoB (MmyckosuT, rtobHepuT),
PacTYLLMX OT CTEHOK MPOXMUIIKOB K LleHTpanbHbIM
yactsam (cMm. puc. 2, e,f), a Takke peskocTb rpa-
HUL, NPOXWIKOB C BMELL AWMy nopogamm CBu-
LETENbCTBYIOT O TOM, YTO NPOXWUNKM hopMmMpo-
Banucb NyTeM BbINOMHEHNS.

BMmeLuatowme nopoabl B 9K30KOHTaKTax pya-
HbIX NPOXWIKOB MHTEHCUBHO NMpeBpaLLleHbl B be-
pes3nTbl, npuyem GepesnTusaumm NoABEPXKEHDI
Kak rpaHMToMabl, Tak U MeTanecyaHukn BynkaHo-
reHHO-0Ca04HOM TONMLLM, a TakKe AankoBble 00-
pa3oBaHus. bepe3nTbl 1 BepesnTU3MpoBaHHbIe
nopoabl 06pasyloT Xuno- unu NuH3006pasHbIe
Tena ¢ HeYeTKUMK rpaHnLamu, UMELT pa3mepbl
OT NepBbIX CAaHTUMETPOB A0 MEPBLIX AECATKOB
MeTpOoB Mo MolHocTu [16]. bepesnTtnsayms Bbl-
paxaeTcs B MNOSIBNEHWM KBapL-MyCKOBUTOBOW
accouuauum ¢ nMpuTom, kapboHaTom v dnoopu-
TOM, 3aMelLLatoLLel NepBUYHbIE MOPOALI, NpUYem
C yaaneHuem OT NPOXMIIKOB CTeneHb bepesntu-
3auum CHKaeTcs (CM. puc. 2, b,c).

MwuHepanbHbIA COCTaB MPOXMWIIKOB MOKa3aH
B Tabn. 1. OCHOBHbIE XUbHblE MUHEparbl Npea-
CTaBfeHbl KBapLEeM, MyCKOBUTOM, PIHOOPUTOM U
peakum 6epunnom.

MaBHbIi MMHepan — kBapy, (~50-90 %) — siB-
NSeTCA CKBO3HBIM MUHEpPasioM, TO ecTb obpasy-
€TCS Ha BCEX CTagusx MuHepanoobpasoBaHus
OT paHHew K No3aHen.

Myckosut (~5-30 %) nmeeT 3eneHoBaTyio
OKpacKy 1 NpenMyLLeCTBEHHO NPUYPOYEH K 3anb-
6aHA0BbIM YaCTSAM MPOXUMKOB (CM. puc. 2, f), kak
npaBwuno, pacteT NeEPNeHANKYNSPHO OT CTEHOK K
LLeHTpanbHbIM YacTsiM, KpOMe 3TOro BCTpedya-
loTca 1 Bonee pedkne YeLyWkn MyCKOBUTA B
LLeHTpasbHbIX YacTsax npoxunkoB. OTmevaeTcs,
4TO B MasioMOLHbIX (1 CM) NPOXUMKax «npu-
3anbbaHgoBbIY OTHOCUTENBHO KPYMHOYeLLYi-
4aTbli MYCKOBUT BCTPEYAETCH Yalle W Konuye-
CTBEHHO ero 6onble (cM. puc. 2, f), Torga kak B
OTHOCWUTENbHO MOLLHbIX NPOXMIKax (22-3 cM)
MYCKOBWT B OTOPOYKax OTMEYaeTcsi B MEHbLUNX
konuyecTBax (CM. puc. 2, c—e).

®nrooput (£2-10 %) pacnpocTpaHeH BeCbMa
HEPaABHOMEPHO W cnaraeT, Kak npaBsuio, arpe-
ratbl HeGONbLIMX Pa3MepPoB N OTAENbHbIE 3epHa
HenpasuibHON hOpMbl CPEaM 3epeH KBapLa.
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Puc. 2. ®omoepacghuu Kapbepa, wmokeepka u pyOHbIX MPOXUIJIKO8
UHKypcKo20 eosibhpaM0o8020 MECMOPOKOEHUST:
a — MHKypckul Kapbep; b — wmokeepkogoe opydeHeHue 8 cmeHKe MIHKypCKoeo Kapbepa;

C — Keapuyesble NPOXUIKU ¢ peOKuMu 3epHamu 2tobHepuma; d — 6o2ambili 2106HepUMoM Keapuesbill MPOXUIOK
(obpasey eonozuyecko20 Myses bypsmckoeo Hay4yHo20 ueHmpa CO PAH); e — nonuposaHHasi nnacmuHa
Keapu-2t0bHepumMo8o20 NPoXuska ¢ Myckogumom 8 omopoykax; f — keapuesbili npoxusiok, 06o2awjeHHbIl

Myckosumom 8 3annbbaHdoebIx Yacmsix ¢ pedkumu Kpucmannamu erobHepuma, oomo nnacmuHbl
[HnuHa macwmabHol nuHelku — 1 cm
Fig. 2. Photos of the quarry, stockwork and ore veinlets of the Inkur tungsten deposit:
a — Inkur quarry; b — stockwork mineralization in the wall of the Inkur quarry;
€ — quartz streaks with rare grains of hubnerite; d — quartz vein rich in hubnerite
(a sample of the Geological Museum of the Buryat Scientific Center, SB RAS); e — a polished plate
of quartz-hubnerite vein with muscovite in the rims; f — quartz vein, enriched with muscovite
in the selvage parts with rare crystals of hubnerite, photo of the polished plate
The length of the scale baris 1 cm

Bepunn (£1-2 %) BcTpeyaeTcs B Buae eam-
HUYHbIX 3epeH B KBapLEBbIX NPOXWUIKAX KaK aK-
LleccopHas (pasa.

PacnpegeneHve pyoHon MuHepanusauuu B
NPOXMWIIKax KpanHe HepaBHOMEPHOE, OT (haKTu-
yeckn 6e3pydHbiXx 00 ObOraweHHbIX pyAHbIMU
MuHepanamu (8o ~40-50 %) yyacTkos.

[MaBHbI pyaHbIA  MUHEpan npeacTaBfieH
MapraHueBon pa3HOBUAHOCTbIO BOMbgpamuta —
robHEpUTOM — C codepxaHWem MapraHua —
16,9-17,5 macc. %, Fe — <0,59 macc. %. obHe-

pUT, KaK npaBuno, obpasyeT KpucTansbl BbITSHY-
TOW LuecToBaToON Unun crtonbyaton opmMbl (CMm.
puc. 2, d,e; puc. 3, a) kpacHoBaTo-6yporo LBeTa,
yyacTkamy pacTywme OT CTEHOK MPOXWUIKOB,
nnbo  CKONMEHUs KpUCTansioB HenpaBWIIbHON
opmel. Pexxe riobHepuT BCTpeyaeTcs B BUAE OT-
[ENbHbIX 3epeH HenpasuIbHOW (POPMbI.

LLIMpoko pa3BuTbl HAa MECTOPOXAEHUN CYIb-
huaHble MUHepanbl, cpean KOTopbIX npeobna-
[AK0T NUPUT, chanepuT, raneHuT 1 XxanbKonupur
(puc. 3).
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Tabnuua 1. MMHepanbHbIW COCTaB KBapL-rloOHEpPUTOBLIX MPOXUITKOB
Table 1. Mineral composition of quartz-hubnerite veinlets

Accoumauus

MwuHepan

maBHblE

Ksapu: SiO2

AunbHble MUHepansl

BropocTteneHHble

®nooput: CaF
MyckoBuT: KAI2[AISiz010](OH)2

[maBHblE

MobHeput: MNWO4
Mupwut: FeS:
Xanekonuput: CuFeS;

PyaHble muHepansl

BTopocTteneHHble

Ccpaneput: ZnS
lanexut: PbS
Tetpaagput: CusShSs
AlknHnT: PbCUBIS3
Monnbaenut: MoS:
Kaccuteput: SnO2
Weenut: CaWO4

Pepnkune

leccut: AgzTe
BopHuT: CusFeS,
Bepunn: Al[Bes(SisO1s)]

BropwyHble MuHepans!

AHrnesut: PbhSO4

KosennuH: CuS

MupUT NpucyTCTBYET B [ABYX reHepaumsix,
pasnuyatomxcs no mopgonoruu. Muput nep-
BOWM reHepaLnmn BCTpeYaeTcs B BUAE MHTEHCUBHO
KOPPOAMPOBAHHLIX 3epeH, 3amellaeMblx Bonee
NO34HMMW MUHEpPanammn — raneHuToMm, canepu-
TOM, Breknon pygon u ap. (cMm. puc. 3, b,c). MNu-
pUT BTOPOW reHepauuu NpucyTcTByeT B hopme
KyBuyeckux KpucTannos B accouuauum ¢ TetTpa-
agputom (cMm. puc. 3, e).

Xanbkonuput BCTpeYaeTcs B TECHbIX cpacTa-
HUAX C raneHUuToM U cdaneputom, TaKke npu-
CYTCTBYET B BUAE OTOPOYEK MO KpasiM 3epeH TeT-
pasgpwuTa (M. puc. 3, e).

[aneHuT XxapakTepusyeTcs Hanuymem npu-
mecen cepebpa u BUCMYTa, codepaHus KOTo-
pblX OOCTUraloT BbICOKMX KOHLEHTpauun: Ao
6.69 macc. % — cepebpo, 8o 6,69 macc. % — Buc-
MYT, 4TO NO3BONSET OTHECTU €ro K cepebpo-Buc-
MYT-COepXalleMy raneHuTy.

Ccbaneput npakTM4eckn He COAEPKUT B
CBOEM COCTaBe XXefnesa, B KayecTBe Npumecu
yctaHoBneH nuwb kagmuia (0,49-0,96 macc. %).
B canepute oTmevaloTcs equHUYHbIE BKITHOYE-
HUS MESIKUX KPUCTanoB Kaccutepura.

B BnOe eauHuMYHbIX 3epeH B pydax npucyT-
CTBYET BOPHMT.

MonnbaeHuT oTMe4aeTcs B BUAE OAUHOYHBIX
MEMNKMX YellyeK B KpaeBbIX YaCTAX MPOXMUIKOB B
arperaTax MycKkoBuTa 1 kBapua. Takxe Ha bonee

rnyboKMX rOPU3OHTaxX B MNPOXWNKax npeaLle-
CTBEHHUKaMW OTMeYanucb Yelymnku monubae-
HUTa, 0bpasyloLime MEenKyK BKPanneHHOCTb B
MUKPOKITMHOBBIX ¥ MYCKOBWUTOBbLIX Npu3ansbaH-
[OBbIX 0TOpoYkax. Cymtaercsi, YTo 370 NepeoT-
NOXEHHbIN MONMBAEHUT 13 Bonee paHHWUX MO-
nubaeHuTcoaepxalmx kBapL-ansbutoBbIx Npo-
xunkos [10, 11].

Hapsgy ¢ monubaeHMTom oTMevancs u wee-
NUT — KaK Ha paHHeW, Tak 1 Ha bonee no3gHe
CTaguv Npy 3ameLL.eHnn KpUCTannos riobHepuTa.

Cynboconu B 6onbLUen CTeneHn npeacTas-
NEeHbl TETPA3APUTOM U aNKUHUTOM. ANKUHUT npe-
MMYLLLECTBEHHO CraraeT BblAeneHns Henpasunb-
HOW (hOpMbI B 3epHax raneHuta (cm. puc. 3, d.f,
6enbin NyHKTUP).

TeTpasagput obpasyeT OTHOCUTENbHO Kpyn-
Hble arperaTtbl HenpaBUNbHOW (OPMbI  (CM.
puc. 3, €) nMbo OTAENbHbIE 3EepHA M3OMETPUY-
Hon chopmbl (cM. puc. 3, ). CpenHee copepxa-
HWe cypbMbl B TeTpaagpute — 20,65, Mblwbsika —
5,64 macc. %, kpome TOro, B €ro COCTaBe NpucyT-
CTBYIOT: xenes3o — 0,62, umHk — 7,30, cepebpo —
0,74 macc. %, B HEKOTOPbIX 3epHaX 0BHapPYXeHbI
npumecn BucmyTa (go 1,59 macc. %). B Buge
MHOFOYUCNEHHBIX MUKPOBKMIOYEHWIA B TETpasj-
puTe NpuUCyTCTBYET Tennypua cepebpa — reccut
(cm. puc. 3, g, 6enbiii NyHKTUP).

leonorusa, nouckn u passegka MeCTOpO)KHeHVIﬁ nosie3HbIX UCKOoNaeMbIX | 297

Geology, Prospecting and Exploration of Mineral Deposits


http://webmineral.com/data/Hubnerite.shtml
http://webmineral.com/data/Hubnerite.shtml

Hayku o 3emne n Hegpononb3oBanue / ISSN 2686-9993 (print), 2686-7931 (online)
Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

2020;43(3):290-306 I

Terpaappwr

Puc. 3. Mopghonozausi u e3aumoomHowieHusi pyOHbIX MUHEPaoe 8 Keapy-2106HepumoebIX NMPoXusKax
UHKypckozo mecmopoxdeHusi (pomoepacpuu aHwnugos):

a — cKomn/eHus wecmosamaix Kpucmarnnos atobHepuma; b — cpacmanus 2robHepuma, cghanepuma,
alikuHuma u nupuma; ¢ — mecHble cpacmaHus cghanepuma u 2aneHuma; d — ebideneHusi alkuHuma (besnbil nyHKMup)
8 36pHe eanleHUMa; € — agpeeambl mempasdpuma 8 cpacmaHuu C Keapuem U MeIKUMU 3epHaMu XanbKonupuma
u nupuma; f — alikuHum (6enbil NyHKMUp) 8 3epHe 2aneHuUma Ha KoHmakme co cghasepumom u mempasadpumom;
g — 3epHo poseHbepauma(?) (cmpesnku) 8 mempasdpume, 8 MyHKMuUpPe roka3aHbl MUKPOBKIIYEHUS 2eccuma
(cbomo 8 obpamHo-paccesiHHbIX 3r1eKmpoHax); h — npoxunok KoeennuHa 6 mempaadpume
Ke — keapu; lNu — nupum; an — eaneHum,; Xan — xanskonupum; C¢h — cchanepum; Alk — alikuHUmMm
Hnura macwmabHol nuxelku — 0,5 mm, Ha gpomo g — 200 mkm, Ha pomo h — 0,1 mMm
Fig. 3. Morphology and relationship of the ore minerals in the quartz-hubnerite veins
of the Inkurskoe deposit (photos of polished sections):

a — clusters of columnar hubnerite crystals; b — intergrowths of hubnerite, sphalerite, aikinite and pyrite;
¢ — close intergrowths of sphalerite and galena; d — aikinite deposition (white dashed line) in galena grain;

e — aggregates of tetrahedrite in the intergrowth with quartz and small grains of chalcopyrite and pyrite;

f — aikinite (white dotted line) in the galena grain in contact with sphalerite and tetrahedrite;

g — rosenbergite grain(?) (arrows) in tetrahedrite, the dotted line shows the microinclusions of hessite
(photo in backscattered electrons); h — veins of covellite in tetrahedrite
Ke — quartz; lu — pyrite; lan — galena; Xan — chalcopyrite; C¢b — sphalerite; Adik — Aikinit
The scale bar is 0.5 mm long; in photo g, 200 microns; in photo h, 0.1 mm
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B TeTpasgpute B 0OHOM yyacTke MOeHTUgm-
LMpOBaH peakunin HeobbIYHbI MUHEpan 13 knacca
ranoreHngoB — ruapodtopus anoMuHms, no co-
craBy 6nm3skuit poseH6epruty (AlF[Fo,s5(H20)o0,5]4:
‘H20) (cm. puc. 3, g), KoTopbin 06pasyeT 3epHa He-
NpaBuIbHON (YOPMbI C OKPYITbIMW O4EPTaHUSMM.

Cynboconu obpasytoT COBMECTHbIE Napare-
HeTMYeckMe accoumaumm ¢ cynbduaamun — rane-
HUTOM, chanepuToM, XxanbKonupuTom, nuputom i,
4TO NO3BONSET caenaTb BbIBOL O CUHXPOHHOCTH
(POPMUPOBAHNS 3TUX MUHEPASIOB.

K BTOPMYHbIM MWUHEpanam OTHOCATCS aHrne-
31T 1 KoBennuH (cm. puc. 3, h), 3anonHsawoLme
ManoMOLLHble NO34HWE TPELLMHBI.

Takxke npefwecTBeHHWKaMK ObiNU UOEHTU-
uuMpoBaHbl Takue MuHepanbl, Kak Tonas
(Al2[SiO4](F,0H)2), nuHacTpemnt (PbsCusBizS1s),
xammapuT (Pb2Cu2BisaSo), cynbdoBUcMyTUT meau
un cepebpa [25] n pegkue Tennypuabl cepebpa un
30moTa (NeTUMT, FeCCUT U CUNbBaHUT) B accoLma-
LMK C CAMOPOAHbLIM 30/10TOM.

Ha ocHoBe neTtporpacuyeckux HabnogeHun
W OaHHbIX 3MEKTPOHHOW MUKPOCKOMWUM YCTaHOB-
neHa cxemaTuyHas obuwas nocrnegosaTenb-
HOCTb OTNOXEHMWS XMUIbHbIX U PYAHBIX MUHEpPa-
NoB B MPOXWIIKax, koTopas npeacTaBrieHa Ha
puc. 4.

Tepmobapozaeoxumuyeckue uccredo8aHusl.
[HaHHble 06 ycnoBusx hOpMUPOBaHKS 1 COCTaBe
pygoobpasytowux pacTBOpoB BOMb(PaMOBOro
opyaeHeHnst VIHKypcKoro MECTOPOXAEHUS NOMy-
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YyeHbl B pesynbTate u3dydenus ®B u3 kBapua,
cntoopuTa 1 robHepuTa, a Takke MyckoBuTa U3
KBapL-rtobHEePUTOBbLIX NPOXWUMKOB. B 3aTUX MUHe-
panax HaingeHbl BKNOYEHNS ¢ Hanbornee npuroa-
HbIMW pa3Mepamu Ans U3y4eHus metogamu Tep-
MOMETPUM 1 KpnomeTpuun. B 3epHax kBapua, Kak
NpaBuo, JOMUHUPYIOT BTOPUYHBIE BKITOYEHWS,
KOTOPbIE 3ane4yMBaloT MHOTOYUCIIEHHbIE Tpe-
WuHbI (puc. 5, a). O4yeHb peako B KBapLe BCTpe-
4alTCa OTAENbHbIE NEepBUYHblE ABYX(a3oBble
BKMIOYEHMS (XKMAKOCTb + ra3) pasmepom B cpes-
Hem oT 10 go 25 MkM (puc. 5, b,d—f) unu rpynnel
NepBUYHBIX BKMKOYEHUN (puC. 5, C), yaaneHHble
OT 3aneyYeHHbIX TPELLMH U LNeindoB BTOPUYHBIX
BKIIOYEHWI.

B peakux 3epHax cntooputa Takke obHapy-
XeHbl nepBuyHble ®B, Kak npaBuo, O4MHOYHbIE
(pasmepom ~15-25 MKM), KOTOpbIE YacTo (Kpome
rasoBon hasbl M BOAHOIO pacTBopa) coaepxar
O4YeHb MENKYH TeMHYI0 a3y (puc. 5, g,h,i) Heuns-
BECTHOro CocTaBa.

Kpome atoro, B kpuctannax rtobHeputa ot-
MEYaloTC MHOMOYUCIEHHbIE BKMHOYEHUS, KaK
npaBuno, rasosble (puc. 5, j). B HekoTopbIx 3ep-
Hax OOHapyXeHbl OYeHb peaKMe OAMHOYHbIE
ABYyX(a3oBble (KWOKOCTb + ra3) BKMHOYEHUS
(puc. 5, k) HebonbLUNX pa3MepoB (~7—12 MKM).

B myckoBuTe HangeHbl €AUHWYHbIE Tpynnbl
O4YeHb MENKMX ABYX(asoBbIX (KMAKOCTb + ras)
®B, noxoxux Ha nepBuyHble (puc. 5, 1) pasme-
pom <10 MKM.
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» [loznuaa
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[tofHepuT

leaenuT

Nupwut

Cihaneput

AANbKONUEWT

[aneduT

Tetpasgput

AREMHIT

MonnbgeduT —

kaccuteput

leccur

Koeennwu

AMrnesur

Bepunn

Puc. 4. [TocnedoeamenibHOCMb MUHepanoobpa3osaHus 8 PyOHbIX MPOoXusikax MHKypCKo20 WmokeepkKa
Fig. 4. Mineral formation sequence in the ore veins of the Inkur stockwork
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Puc. 5. llepeuyHble 20M0O2eHHbIe (hrIOUOHbIE BK/THOYEHUST
u3 Kkeapy-2t06HepuUMoskbIX NMPOXKuUIKoe UHKYPCKO20 MecmopoXAeHus:

a — 3epHO Ksapua C «Uernoykamu» emopuyHbixX kmoYeHul; b—f — nepsuyrbie dsyxghaosnie (hrroudHbIe
BKIIIOYEHUSI 8 3epHaX K8apya, g—i — NePBUYHbIE BKITIOYEHUS C MESIKUMU MeMHbIMU (haszamu 80 ¢hrloopume;
| — epyrnna 2a308bix (rOUOHbIX BKTIOYEHUU 8 3epHe 2tobHepuma; K — nepsuyHoe 00uHoYHoe 08yx¢hasoeoe

¢brroudHoe gkmoYeHue 8 erbHepume; | — epynna menxkux ¢rmouOHbIX 8KTKOYEHUU 8 MycKosume
[nuHa macwmabHol nuHelku Ha ¢pomo a — 100 mkm, Ha pomo b—| — 10 Mkm
Fig. 5. Primary homogeneous fluid inclusions
from quartz-hubnerite veinlets of Inkurskoe deposit:

a — quartz grain with "chains" of secondary inclusions; b—f — primary two-phase fluid inclusions in quartz grains;
g-i — primary inclusions with small dark phases in fluorite; j — group of gas inclusions in the hubnerite grain;
k — primary single two-phase inclusion in hubnerite; | — group of small fluid inclusions in muscovite
The scale bar in photo a is 100 microns; in photos b—I, 10 microns

-

MoyTy BCe BKMOYEHMS OTHOCATCS K PB romo- MHTepBaJ'I TeMmnepartyp romoreHmsaunn mn3y-
FeHHOro 3axeaTta, KakK npaBuno, ana HUX Xapak- YEHHbIX NEePBUYHbIX BKIMOYEHUA B XKUITbHOM
TEPHO OTCYTCTBUE TBEPAObIX (ba3 3a UCKI4Ye- KBapue n3 KBale,-I'I-06HepVITOBbIX MPOXWJTKOB Ba-

HWEM 3epeH dntoopuTa. pbupyeT o1 343 go 195 °C (cm. Tabn. 2; puc. 6).
PesynbTaTbl TEpMOMETPUYECKOrO M KpUOMET-  Temnepatypbl 3BTEKTVKM B GOMbLUMHCTBE BKIHO-
puyeckoro ndyyenns B obobuieHbl B Tabn. 2. YeHU 13 KBapua MeHsTCs oT ~-52 0o -49,2 °C,
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Tabnuua 2. O6wasa Tabnuua pe3ynbTaToOB MMKPOTEPMOMETPUYECKMX MCCNEeA0BaHUIA

(#)HI'OVIAHI:IX BKIIIOUYEHUN B MUHepanax MHKprKOI’O MeCTOopoOXAaeHus

Table 2. Summary table of microthermometric studies of fluid inclusions
in the minerals of the Inkur deposit

2020;43(3):290-306

ConeHocTtb
MwuHepan- 0 o 0 o 3KBMBaneHTa Tun coneBoii
XO351H To.°C Ton nesa, °C Toom, °C Tonmo pas, “C xnopuaa Hatpua,|  cuctemsi [4]
macc. % [4]
52...-50...-49.2 Cé‘;'; “_1?3'_2;.%0
Keapy  [2195...343 | -4,2...-10,6 | (-23,4...-23 — yckopeHue - 6,7-14,6 C;CI_HZOZ
TasHMA N1bA3) NaCl-KCI-H;0
-55 ...-49 184 CacCl.-NaCl-H20
Onooput | 2195...265| -7...-3,8 | (-24...-23,2 — yckopeHue 18.7“ 6,2-10,5 CaCl-H:0
TasHWUs Nbaa) NaCl-KCI-H20
MobHeput | 2245...278 | -3,2...-3,1 - - 5,1-5,3 -
Myckosut | 2167...202 -3,5 — — 57 —

lpumeyaHue. T, —Temnepatypa roMoreHn3auny, Toymoa— TEMNEPATYPa NNaBNeHNs Nbaa, Tsem— TEMNEPATYPA SBTEKTUKY,
T me pas— TEMNEPATYPA NNABNEHNS TBepAbIX has; NPoYepK — napameTp He onpeaeneH.
Note. T, — homogenization temperature, Tn, m0a— iCe melting temperature, T,em — eutectic temperature, Tnpme pas— Solid

phase melting temperature; dash — parameter is not defined.

crnenoBaTenbHO, [MaBHbIE COMEBblE CUCTEMBI
npeactasnedbl:  CaCl-MgClz-H20, CaClz-KCl-
H20 n CaCl-Hz20. B HekoTopbIX BKMHOYEHUSAX OT-
MeyaeTcs YCKOpPeHWe TasiHuA Nbaa B Avana3oHe
Temnepatyp ~-23,4...-23 °C, 4T0 MOXeT cBuae-
TenbcTtBoBaTb 0 npumecax NaCl-KCl-H20. Tewm-
nepatypbl nnaenexns noaa —-4,2...-10,6 °C, co-
OTBETCTBEHHO, COMEHOCTb MEHsNacbL B Avana-
30He ~6,7-14,6 macc. % akBMBaneHTa xnopuaa
HaTpuS.

oMoreHu3auus BKMOYEHUN U3 3epeH hrtoo-
puTa NpoucxoAguna npu OTHOCUTENbHO Gonee

100 150 200

HU3knx Temneparypax 195...265 °C (cm. puc. 6).
PactBopeHune mernkux TBepabix a3 Habnioga-
nocb npu Temnepatypax 184-187 °C. Temnepa-
Typbl 3BTEKTMKM 6NM3KK ¢ TemnepaTtypamu ®B 13
kBapua ~-55...-49 °C c ycKopeHueM TasHus
nega npu ~-24...-23,2°C, COOTBETCTBEHHO,
rnaeHble conesble cuctembl Te xe: CaClz-NaCl-
H20, CaCl-H20 n NaCl-KCI-H20.

WHTepBan Temnepatyp romoreHnsaumm ®B u3
rtobHepuTa, onpeaeneHHbIN N0 HECKOMbKUM BKITHO-
yeHuam, bonee y3ok — 245...278 °C (cMm. Tabn. 2).
N3-3a HebonbLlMX pasmepoB TOMbKO B AByx ®B

LT I O

250 300 350 400

Temnepatypa, °C

Puc. 6. l'ucmozpamma pacnpedeneHusi meMnepamyp 20Mo2eHu3ayuu hroUGHbIX KIHYeHUl
U3 pyOHbIX NPOXUSIKO8 MHKYPCKO20 MECMOPOXEHUST:
1 — er0bHepum; 2 — cpnroopum; 3 — K8apy
Fig. 6. Homogenization temperature distribution histogram for the fluid inclusions
(ore veinlets of the Inkur deposit):
1 — hubnerite; 2 — fluorite; 3 — quartz
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ydanocb onpefenutb TemnepaTypbl NnaBneHus
nega ~-3,2...-3,1 °C, 4Tt0 COOTBETCTBYET Ccone-
HocTn ~5,1-5,3 macc. % a3kBuBaneHTa xmnopuaa
HaTpuS.

Kpome aTOro, B ABYX BKIMOYEHUSX U3 MYCKO-
BUTa y4anocb onpeaenuTb Temnepartypbl roMo-
reHmsauum 167 n 202 °C, a Takke npubnusu-
TENbHO OLEHUTb CONEHOCTb ~5,7 macc. % 3KBU-
BaneHTta xnopuga Hatpus. MyckoBuT — U3 LeH-
TpanbHOM 4acTU MPOXWIKa, MO3ITOMY, CKopee
Bcero, siBnsetca 6onee no3gHum, Yem Oonee
PaHHUN MYCKOBWT M3 npu3ancbaHOoBOBbIX Ya-
cTen.

Ha pwuc. 6 nokasaHa ructorpamMmma pacnpege-
neHus Temneparyp romoreHunsaumn ®B u3 pas-
HbIX MUHepasnoB. TemnepaTtypbl roMoreHusauum
XapaktepusytoTca GumopanbHeIM pacnpegene-
HMem. Beblgensetcs npeobnagatowas rpynna
BKITIOYEHUM C MAKCUMYMOM OMnpeaeneHni B uH-
TepBane 225-275 °C. YacTb BKMOYEHWUIN romore-
HU3MpyeTcs Npu Gonee BbICOKUX TemnepaTypax,
MofanbHoe 3HayeHWe TemnepaTypbl B 3TOM
rpynne ®B cootBetcTBYeT wuHTepBany 300-
325 °C.

B coctaBe rasoBov (asbl BKMHOYEHUA W3
KBapua py4HbIX NPOXUIKOB MO AaHHbIM KP-crek-
TPOCKOMUU ~ MOEHTUPULMPOBAHBLI  YINEKUCIbIV
ras, B HekoTopblx ®B oTmeyvaeTcss HebonbLIOK
nuK asora.

B eauHWYHbIX 3epHax KBapLa B Nnpefenax oj-
HOWN 30HbI poCTa 3epHa 0BHapyXeHbl O4eHb Men-
Kue (£2—4 MKM) nepBUYHblE CUHTEHETUYHbIE CY-
LLLleCTBEHHO-BOAHbIE U CYLLECTBEHHO-ra3oBble
BKNIOYEHMS. B cBSI3W C 0Y4eHb MenkuMu pasme-
paMu TakuX BKITOYEHWIA NOMYYUTb OCTOBEPHbIE
[aHHble He yganocb. [lpucytctBue Takux B
CBUAETENLCTBYET O PEAKUX Nepuodax retepore-
HU3auuu (BckunaHumusa) pygoobpasytolero pac-
TBOpA.

O6cyxaeHue pe3ynbTaToB

MtoBHepuT, BONblIAs YacTb KOTOPOro, cyas
no uanoMopduamy, OTIOXKMNACh B Ha4amnbHbIN
nepuoad MuHepanoobpasyoLiero npowecca, sB-
NSIeTCs rMaBHbIM PyAHbIM MUHepanoM WHKyp-
ckoro mectopoxaeHus. OgHako Kpome robHe-
puTa Ha MEeCTOPOXAEHWU NPUCYTCTBYET A0OCTa-
TOYHO GONbLWOE KONUYECTBO PYAHLIX MUHEpa-
noB. B obuwen cnoxHocT gnarHocTupoBaHo 6o-
nee 20 MuHepanbHbIX BMOOB. Bnepsble B pyaax
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YCT@HOBSIEH PeaKkui HeOObIYHbIN MUHEepan u3
Knacca ranoreHuaoB — rugpodTopug antoMmUH1S,
no coctaBy 6nu3kuin poseHbepruty. Mcxoaa us
XMMWUYECKOTO COCTaBa MWUHepasioB, craratoLimx
PYOHble MPOXMUIIKA, MOXHO Ka4YeCTBEHHO oOLle-
HUTb 3NIeMEHTHbI COCTaB  pyaoobpasytoLmx
pacTBOpPOB. [MNaBHLIMU XUMbHLIMW MUHEPAaMm
ABNATCA KBapL, PnoOpUT, MyCKOBUT, YTO rOBO-
pUT O HanWyuM B COCTaBe MUHepanoobpasyto-
KX (PIOUOOB TaKUX 3NIEMEHTOB, KaK KpeMHUI,
Kanui, aniloMuHUin, gTop, Kanbumii. Coctas ac-
couuaumn pyaHbix MuHepanos (robHeEpUT, Cynb-
duabl, cynboconn n gp.) cBUAETENLCTBYET O
HanMMuuM B pyaoobpasytolmnx pacTBopax Takmx
3rIeMeHTOB, KaK Bonb(pam, MapraHeL, cepa, xe-
neso, Medb, CBUHEL, UMHK, BUCMYT, Gepunnun,
0noBo, cepebpo, Tennyp, MonMbaEH.

Takum obpasom, B cocTaBe MUHepanoobpa-
3YIOLLMX rMapoTepManbHbIX pacTBOPOB NPUCYT-
CTBYET 3HAYUTESIbHOE KOMMYECTBO PYyAHbLIX ane-
MEHTOB, NPU 3TOM B pPyAax KOSIMYECTBEHHO npe-
obnagaet robHepuT. ITO MOXET BbITb CBA3AHO
nunbo € BLICOKUM cofepxaHnem Bonbpama oT-
HOCUTESIbHO ApYruX 9SIEMEHTOB B pacTBopax,
nbo co  cneunduueckumn  PU3NKO-XMMUYe-
CKUMMK nNapameTpamMu, 6naronpusaTHeIMU UMEHHO
LS OTNOXeHWs robHepuTa MO CPaBHEHUID C
APYrMMU MUHEpanamMm, Npu 6In3KNX KOHLEHTpa-
UMAX pasHblX pyaoobpasylowmx 311eMeHTOB B
NepBUYHOM pacTBoOpe.

Pesynbtatbl nccnegoBaHusa ®B nokasanu,
YTO MMWHUMAsbHbIE TemnepaTypbl OTIOXEHUS
kBapua — ~195-343 °C, npuyemM yCTaHOBMEHbI
[BE rpynMnbl BKIOYEHWIA (CM. puc. 6). BonbLunH-
CTBO ONpefeneHnin NnonagarT B HU3KOTEMNEpa-
TypHbI nHTepBan 200-275 °C. B 1o xe Bpems B
OTHOCUTENBHO BbICOKOTEMMepaTypHOU obnacTtu
Ha rucTorpamme pacnpefeneHus Temnepartyp
romMoreHmsauum Takxke gukcupyetcs cnabo npo-
SIBMEHHbIA MakcumyM B uHTepsane 300-325 °C.
Takoe pacnpegeneHne CBUAETENLCTBYET O
HanMuum OByx reHepaumn ®B, npoucxoxaeHue
KOTOpbIX 0BYCNOBNEHO, NO-BUAUMOMY, X 3axBa-
TOM B Xx04e (POPMMPOBAHUSA Pa3HbIX reHepaumii
KBapLa — BbICOKOTEMMNEPATYPHON 1 HU3KOTEMME-
patypHon. Temnepatypbl romoreHudauun ®B B
rrobHepuTe BapbMPYOT B WHTepBane ~245-
278 °C v COOTBETCTBYIOT HU3KOTEMMNEPATYPHON
rpynne ®B B kBapue. B 3TOT e OTHOCUTENLHO
HU3KOTEMNEPATYpHbLIN MHTEpBan nonagawt OB
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u3 gontooputa — 195-265 °C, xoTs bonbLuas YacTb
onpegeneHMn nonagaet B wuHTepsan 195-
225 °C. W HakoHeL, MUHMManbHbIMKU Temnepary-
paMu romoreHusaumn xapakrepusytrca ©B u3
nosagHero myckosmuta (167-202 °C).

Takoe pacnpefeneHve Temnepartyp romore-
Hu3auum ®B cBMaEeTENLCTBYET O CyLLEeCTBOBA-
HUM KaK MWHUMYM [BYX CTagud MUHepaso-
obpa3oBaHus — BbiCOKOTemnepaTtypHon (6onee
300 °C), rae otnarancs paHHun KeapL, M OTHOCW-
TenbHO HU3KkoTemnepatypHon (200-300 °C), raoe
NPOUCXOAMNSIO  OTINOXEHWE MO3OHEro Keapua,
rtobHepuTa u nooputa. CnegosaTensHO, OTNO-
XEHWE MVUHepanoB B NPOXWMKAX LU0 C NOHWXe-
HMeM TemnepaTtypbl. 1o gaHHbIM B.b. HaymoBa
[26], GonbWMHCTBO onpedeneHwii Temneparyp
romoreHusaummn ®B 13 Bonbgpamuta u Wweenuta
npmxogutcs Ha uHtepsan 200-400 °C ¢ makcu-
mymom B 200-300 °C. Bénblias Yactb onpege-
NEHUN CONEHOCTU PacTBOPOB Ha MeCTOpoXae-
HUAX BONb(paMa NPUXOAUTCS Ha 3HAYEHUS Me-
Hee 10 macc. % 9KBMBaneHTa xnopuga HaTpus
(~60 %).

Pynoo6pasytowme dnronabl NHKypckoro me-
CTOPOXAEHUS XapaKTepU30BanuCb roOMOreHHbIM
arperatHbiM COCTOSIHUEM, YMEPEHHOW KOHLEH-
Tpauuewn conewn, NPUCYTCTBUEM B ra3oBon hase
YrMeKMCnoro rasa u asoTta, XNopuaHbIM cocTa-
BOM (xnopugbl  Kanbuus, MarHus, Kanus,
HaTpwWsl), B TO Xe BpeMsl Hanuuune topcogepxa-
WMX MWHepanoB CBUAETENbCTBYET O MPUCYT-
CTBUM coeauHeHuit hTopa B cocTaee hnounaa.
CornacHo wuccnegosavusam  ®.I. Pencda wu
E.[. baxeeBa [19], mecTopoXaeHus [KuanH-
CKOro pyAHOro nons copMupoBaHbl Cylue-
CTBEHHO (PTOPUAHBIMU rMApPOTEPManbHbLIMK pac-
TBOpPaMM.

[Mockonbky B pyaax o6HapyXeHbl EAUHUYHbIE
3epHa KBapLa C CUHreHETUYHbLIMM CYLLIECTBEHHO-
BOAHbIMU U CyLLleCTBeHHO-ras3oBbiMn ®B, npea-
nonaraeTcs, YTO B X04e PYAOOTNOXEHNS Bbinn
peakne nepvogbl BCKMnaHus pacteopos. Kpome
aToro, 60sbLWoe KONMYECTBO ra3oBblX BKMOYE-
HUN B rtobHEPUTE rOBOPUT O TOM, YTO €ro OTNOo-
XEHWe, CKopee BCEro, MpoMCcxXoauno npu y4actmm
razoBou ¢pasbl.

[MaBHbIMK hakTOpamMu ocaxaeHuss robHe-
puTa 13 rnapoTepManbHbIX PacCTBOPOB SBMSAIOTCS
M3MEHEHME LLENOYHOCTU-KUCIIOTHOCTU, CHUXEHNE
Temnepatypbl 1 coneHocT. OJHaKo B LLEeIoYHON

2020;43(3):290-306

rmapoTepmarnbHOi cpege ero pacTBOPUMMOCTb
HEYYBCTBUTENbHA K TeMnepaTtype W CONEHOCTM
pacTBOpa, TOrAa Kak CHWDKEeHWe TemnepaTypbl
CnocobCTBYET OCaXaeHuo robHeputa M3 Kuc-
nbIX pacTBopoB [27, 28]. Bbicokoe coaepxaHue
MYCKOBWT@ B COCTaBe MNPOXWIKOB CBUAETENb-
CTBYET O MOBbLILIEHHOMN KUCIIOTHOCTW pacTBOPOB,
thopmmpoBaBLLMX NPOXMIKKM VIHKypCcKOro LwTo-
kBepka. Mo gaHHbIM MCTOYHMKA [28], B KMUCMbIX
pacTBopax pacTBOPMMOCTb MtobHepuTa Bbilwe
pacTBopumocTu hepbepuTa npakTUyecku Ha no-
PSAOK, YTO OO BACHSET OTNOXEHNE BONbpama B
dopme robHepuTta. CnenoBaTenbHO, pellato-
MM haKTOpPOM OCaxaeHUs pya sABWUNOCh nage-
HMWe TemnepaTypbl, OOYCNOBNEHHOE OCTbIBa-
HMEeM pacTBOPOB.

3akntoyeHue

[MaBHbIM PYyAHBIM MWHEPanoM LUTOKBEPKO-
BOro MIHKypCKOro MeCTOpoXaeHus SBNsSeTcs rob-
HepuT. B kayecTBe BTOPOCTEMEHHLIX U PeaKux
NPUCYTCTBYIOT CreayoLwme MrHepanbHble BUabl:
cynbGuabl (MMPUT, XanbKOMUPUT, raneHnT, cda-
neput, MONUOAEHUT, KOBENSMH), Cynbgoconu
(QVKMHKUT, TETPAdAPUT), TENNypUabl (reccuT), OK-
cuapl (kaccutepuT) U po3eHbeprut(?). MMasHbIN
XUNbHbIW MUHepan npeacTaeneH keapuem. B
pONM BTOPUYHBIX MUHEPASIOB MPUCYTCTBYIOT KO-
BENNNH W aHrnesnt. YCTaHOBNeHa nocnefosa-
TENbHOCTb OTNOXEHWUS MWHEPANoB B PYOHbIX
npoxunkax. MvuHepanornyeckve nccnefoBaHus
NO3BOMUMN KAYECTBEHHO OLEHUTb XMMMWYECKUI
coCTaB pynoobpasytolmnx pacTtBopos, rae npu-
CYTCTBOBaNM KPEMHWWA, Kanui, annioMUHURA,
dTop, Kanbumn, Bonsdpam, MapraHew, cepa, xe-
neso, mefb, CBMHEL, UWHK, BUCMYT, Gepunnun,
0roBo, cepebpo, Tennyp, MonnbaeH.

PacnpegeneHvwe TemnepaTtyp romoreHu3sa-
LMW nNpegnonaraeTt Hanuuue AByX CTaguii MUHe-
panoobpa3oBaHMsi — BbICOKOTEMMNEPATYypPHOW
(2300 °C), roe otnarancs paHHUM KBapL, U HW3-
koTemnepaTtypHomn (2200-300 °C), rae npoucxo-
AMNO OTNOXeHMe No34HEro KBapua, rrobHepura u
tntooputa. OTNOXEHNE MUHEPANOB B MPOXWUN-
Kax LMo C NOHWXEHWEM TemnepaTypbl U3 OTHO-
CUTENbHO CrnaboConeHbIX FOMOreHHbIX PacTBO-
poB (C coneHocTbio ~5,7-14,6 macc. % 9KBMBa-
NeHTa Xnopuaa HaTpus) ¢ peakuMu nepuogamm
reTeporeHunsaumun. B rasoBon hase BKMHOYEHUN
MOEHTUULMPOBAHbI YIMEKUCHbIN ra3 u asoT.
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B conesom cocTtaBe pacTBOPOB MPUCYTCTBYHOT
Xnopuabl KanbuuMs C NPUMECAMMU  XIOPWAOB
HaTpWs, Kanusa u mariusa. Hanuuve B pygax mMu-
Hepanos, Goratblx TOpOM (CpnOOPUT, MYCKO-
BUT, TONas, po3eHbeprut(?)), cBUOETENLCTBYET O
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TOM, YTO B pacTBOpax KpoMe XnopuaoB NpucyT-
cTBOBaNM v propmabl. [MaBHbIM hakTOpoM oca-
XoeHus robHeputa U3 rMapoTepMarnbHbIX pac-
TBOPOB SBMNSETCA CHIWKEHWE TemnepaTypbl, 06y-
CINOBIIEHHOE OCTbIBaHMEM PacTBOPOB.
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Discussion on the Cenozoic tectonic evolution
and dynamics of southern Tibet*
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Abstract: Opening-closing tectonics is a new idea for exploring the global tectonics, which holds that every tectonic move-
ment of all materials and geological bodies on earth is characterized by opening and closing. The opening-closing tectonic
view can be used to explain some geological phenomena developing in continents which cannot be reasonably explained
by the theory of plate tectonics. Based on the available basic geological data and combining with the opening-closing view,
we analyzed the divisions and characteristics of tectonic units in South Tibet, and propose that Tibet can be divided into
gravitational detachment and detachment fault zones, which are superimposed thrust fault zones and reconstructed normal
fault zones, respectively. Although the mainstream opinion believed that the Tibetan Plateau is formed by collision-com-
pression orogenesis, field investigation revealed the existence of the Rongbu Temple normal fault in the 1970s. We con-
sider that the Rongbu Temple normal fault and the Main Central Thrust were formed earlier than the South Tibet detach-
ment fault, and the former two faults constitute the two boundaries of the southern Tibet extrusion structure. The South
Tibet detachment fault partially superimposes on the Main Central Thrust and manifests a relatively high angle in following
the Rongbu Temple normal fault north of the Chomolangma. We suggest that the three fault systems are the products of
different periods and tectonic backgrounds. The tectonic units, such as klippes and windows identified by previous re-
searchers in southern Tibet, belong to thrust fault system but usually have no obvious extrusion or thrust characteristics;
however, they are characterized by missing strata columns as younger strata overlapping the older ones. These klippes
and windows should be the results of later gravitational decollement and must be characterized as extensions and slips,
respectively. Based on opening-closing theory, we suggest that since the Cenozoic the study area had undergone multi-
stage development, which can be divided into the oceanic crust expansion (opening) and subduction (closing) and the
continental collision (closing) and intracontinental extension (opening) stages. Geothermal energy from the deep earth,
gravitational potential energy from the earth’s interior, and additional stress energy from tectonic movements, all played a
key role in the multistage tectonic evolutionary process.
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reonormyeckux Ten Ha 3emne — 310 pesynbTaT YepeayoLMXCs ABMKEHWUI OTKPLITUS U 3aKpbITUS. TEKTOHUYECKUA B3rnaa

" The article was provided by the Earth Science Frontiers journal within the framework of the agreement between the
editorial boards of Irkutsk National Research Technical University (Irkutsk, Russia) and China University of Geosciences
(Beijing, China) on the exchange of open access scientific papers.

"CraTbsi Obina npegocTaBneHa pefakumen xxypHana Earth Science Frontiers B pamkax cornailesus Mexay peaakumsmm
MpKyTCKOro HaLMOHaNbHOrO MCCnedoBaTeNIbckoro TeXHWYeckoro yHusepcuteta (r. Mpkytck, Poccus) n Kutaiickoro
reonornyeckoro yHueepcuteta (r. MekuH, Kutain) 06 o6meHe Hay4yHbIMK CTATbSIMM OTKPLITOrO 4OCTyNa.

reOHOI'VIﬂ, MOUCKM N pa3Begka MeCTOpO)K.quVIVI NOoNe3HbIX NCKOMAaeMbIX | 307
Geology, Prospecting and Exploration of Mineral Deposits |



http://dx.doi.org/10.21285/2686-9993-2020-43-3-307-324
https://doi.org/10.21285/2686-9993-2020-43-3-307-324

2020:43(3):307-324 | Hayku o 3eMJ1e_ ¥ Heppononb3oBanue / ISSN 2686-9993 (pr_int), 2686-7931 (onl?ne) \)

| Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)
Ha OTKPbITME-3aKPbITUE MOXET ObITh UCMOML30BaH AN 06bSACHEHNS HEKOTOPbIX FE0NOMMYECKUX SBIIEHWI, pa3BMBaloLLMXCA
Ha KOHTWHEHTaXx, KOTOpble He MOTyT BbiTb OAHO3HAYHO 0O BACHEHBI TEOPUEN TEKTOHMKM MNNT. OCHOBBIBASICh HA JOCTYMHbIX
recnornyecknx AaHHbIX U OnNmMpasiCb Ha KOHLEMLMIO OTKPbITUS-3aKpbITUSA, aBTOPbI NpOaHanNU3MpoBanu ctpaturpaduyeckue
noapasfeneHuns u TEKTOHMYeckne eguHuubl KOxHoro Tubeta u npeanoxuny pasgenutb 3Ty TEPPUTOPUIO Ha PasfoOMHbIE
30Hbl rPaBUTaLMOHHOMO OTPbIBA U Pa3NOMHbIe 30HbI TEKTOHMYECKOrO OTPbIBA, KOTOPbIE HAKNaabIBaKTCA Apyr Ha Apyra.
HecmoTps Ha LWMpOKO pacnpocTpaHeHHOE MHEHME O TOM, YTo TubeTckoe Haropbe 06pa3oBaHO OPOreHE30M CTONMKHOBE-
HUSA-CKaTKsl, MoneBble UCCNedoBaHNs BbISBUNM CyLLECTBOBaHWe HopMarbHoro cbpoca xpama Xyuoy B 1970-x rr. Mbl
cynTaeM, YTo HopMasbHbI cOpoc xpama YKyHOy W MaBHbIN LeHTpanbHbIA HaaBWr BbIT CPOPMMPOBaHBI paHbLUe, YeM
pasnom KOxHoro Tnbeta, a nepeble ABa pa3noma npeacTaBnaT cobon ABe rpaHNLbl SKCTPY3MOHHOW CTPYKTYPbI KOXHOro
Tubeta. Pasnom HOxHoro TubeTta 4acTMUHO HaknagpiBaeTcs Ha [NaBHbIA LEHTPanbHbIA HAABUI U, UMESt OTHOCUTESbHO
6onbLuUoN yron, crneayeT 3a HopManbHbIM chpocom xpama XKyHOy k ceBepy OT [>komonyHrMbl. Mel npegnonaraem, 4to Tpu
CUCTEMbI Pa3IOMOB SIBMAKTCA NPOAYKTaMU pasHblX NEPUOLOB U pa3HbIX TEKTOHUYECKMX NPOLIECCOB. TEKTOHMYecKue ean-
HULbI, TAKME Kak KNuMbl 1 OKHA, AEHTUMLMPOBAHHbIE NpeablayLumMmn uccnegosatensamu B KOxHom Tubete, npuHaane-
XaT K cMcTemMe HagBWUroB, HO OObIYHO HE MMEIOT SBHbIX XapaKTEPUCTUK CKATUS U HABUraHus, B TO e BPEMS OHU Xapak-
Tepu3ylTCs OTCYTCTBUEM CTpaTUdMKaLMK NNacToB, NOCKONbKy Bonee monogble nnacTbl NepekpbiBalT bonee crapble.
OTW KNuNbl M OKHa, CKOpee BCero, ABNSATCS pe3ynbTaToM 60nee No3aHero rpaBMTaLMOHHOTO HANOXEHWS U [OIHKHBI ObITb
0XapaKTEPW30BaHbI Kak yAMHEHWE 1 NpOoCKarib3biBaHWE COOTBETCTBEHHO. OCHOBBLIBASICH HA TEOPUM OTKPbITUS-3aKPbITHS,
Mbl MpegnonaraeM, YTo HayMHas C KanHO30s uccregyemas obnactb npeteprena MHOrosTanHoe pasBuTHE, KOTOpOe
MOXHO pa3fenuTb Ha MocrnefoBaTeslbHoe paclumpeHue (packpbiThe) U cybayKumio (3aKpbiTE) OkeaHMYeckow Kopbl, a
Takke criefyloLllme 3a HAMM 3Tanbl KOHTUHEHTANbHOW KOMMW3uKM (3aKpbiTUe) U BHYTPUKOHTUHEHTANbHOTO pacLUMpEeHUs
(packpbiTve). leoTepmarnbHas 3Heprus U rpaBUTaLMOHHas NOTEHUManbHas 3Heprus u3 Heap 3emnu, a Takke OOMOMHU-
TernbHas SHEPrUs HaNPSHKEHUS OT TEKTOHWYECKUX ABMXKEHWUIA — BCE 3TO ChIrpasio KMYeBY0 pofib B MHOMOCTYNEHYaToOM
TEKTOHMYECKOM 3BOMIOLMOHHOM npoLecce.

Kniodeenle crnoea: HOxHbI TUBET, reonormyeckme CTPYKTYpbl, KailHO30iCcKas TEKTOHMYECKAs SBOMOLWS, TEKTOHMKA OT-
KPbITUS-3aKPbITUS

BnazodapHocmu: ABTopbl 6narogapat npodeccopoe Mao CsionuH v YkaH Li3aMuH 3a BAOXHOBNSOLWME 06CYKAEHMs
1 GorbLUY0 NOMOLLb MPU HaNUCaHWK 3TO cTaTbu. ABTOPLI Takxke GriaroaapHbl PeLEH3eHTaM 3a LieHHbIe KOMMEHTapuu,
CMnocoBCTBOBABLUME YNYYLIEHWNIO KAYECTBA PYKOMUCH.

Unpopmayusi o cmamee: noctynuna B pegakumto 01 mons 2020 r.; nocTynuna nocrne peueH3MpoBaHns U opaboTku
03 aBrycta 2020 r.; npuHsaTa k nydnukauum 01 ceHtsabps 2020 r.

Ana yumuposanusi: Jito Jamukb, AH BaxaHb, [0 TeuH, XKy LizaHtao, CioH AiimuHb. O6CyxaeHne KanHO30MCKOW TEKTO-
HUYeckomn aBonoLmmn u auHamukn KOxxHoro Tubeta. Hayku o 3emne u HedpononbesosaHue. 2020. T. 43. Ne 3. C. 307-324.
https://doi.org/10.21285/2686-9993-2020-43-3-307-324

Background

The "opening-closing tectonics" hypothesis is
pioneered jointly by academicians Huang Jiging,
Zhang Wenyou and Ma Xingyuan and other
young scholars in the 1970s [1, 2]. Before that,
the plate tectonics theory, based on marine geo-
logical survey data, had proposed a geological
tectonic evolutionary model which advanced ge-
ology into a new era of lithosphere dynamics re-
search. However, the overly idealized plate mo-
tion model encountered a series of problems in
the study of continental geology. Experimental
studies have proven that the continental litho-
sphere is not a simple rigid plate and the detach-
ment and relative movements between various
interlayers of the continental lithosphere are very
common and strong. The asthenosphere that the
continental lithosphere drifts on is also uneven.
Expansion between continental blocks does not
always form oceans but "limited ocean basins".
The cracking and aggregation of continental

blocks in the geologic periods are multi-cycled,
and there are also many types of orogeny move-
ments inside the continents. Natural phenomena
such as these cannot be explained by plate tec-
tonics. The opening-closing tectonics, on the
other hand, is a link connecting various earth
movements and all geological disciplines, there-
fore, it can better explain some of these intracon-
tinental tectonic phenomena.

The view of opening-closing tectonics empha-
sizes that the basic form of all earth's materials
and movements is opening and closing. The
opening and closing movements can be seen as
approaching (opposite movement) and separa-
tion (reverse movement) in the horizontal direc-
tion, while contracting (centripetal movement)
and expansion (centrifugal movement) in the ver-
tical direction. The two are unified, that is, the
opening movement (expansion) on the vertical
is contemporaneous with opening (separation)
on the horizontal, and the closing movement
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(contraction) on the vertical corresponds to clos-
ing (approaching) on the horizontal; at the same
time, the vertical (centrifugal) movement is
strongly open (separation) in the horizontal direc-
tion, and vice versa. In this way, the opening and
closing tectonics view unifies the vertical and hor-
izontal movements as well as the deep and shal-
low structures of the earth into an organic whole.
Opening and closing exist in a unified geological
body. The two are interdependent, opposite and
interconvertable. The spatiotemporal position of
the transition point (area) of opening and closing
movements has both theoretical and practical
significance. The most intensive material ex-
change, tectonic movement, and magmatic activ-
ity occur at the transition point (area) where most
orogenic belts concentrates. Meanwhile, the tran-
sition point (area) possesses the most abun-
dance of various mineral resources and also fre-
quent geological disasters such as earthquakes,
volcanoes, mudslides and landslides.

In this paper, we compare the previously de-
termined geological structure of the Chomo-
langma region in southern Tibet with traditional
integrated geological maps based on the open-
ing-closing tectonic view. We concur that alt-
hough the interpretation of several basic geolog-
ical phenomena in the Himalayan orogenic belt in
southern Tibet is still controversial, opening-clos-
ing tectonics can reasonably explain the Ceno-
zoic tectonic evolution process in this region. We
hope this paper will draw attention of other re-
searchers to opening-closing tectonics and offer
their valuable thoughts on this subject.

Division of tectonic units
in southern Tibet

The southern part of the Qinghai-Xizang Plat-
eau is generally composed of extensional detach-
ment and compressional nappe structural zones,
where a series of parallel thrust fault zones de-
veloped. Lying from north to south are the Gang-
dese magmatic arc zone (GDS), the Tethys Him-
alayan tectonic zone (THM), the Great Himalayan
tectonic zone (GHM), the Lasser Himalayan tec-
tonic zone (LHM), and the sub-Himalaya tectonic

| 2020;43(3):307-324

zone (SHM) (Siwalik Foreland Basin Sedimen-
tary Belt). The respective boundaries between
them are the India-Yarlung-Tsangpo suture zone
(IYSZ), the South Tibet detachment system
(STDS), the Main Central Thrust (MCT), the Main
Boundary Thrust (MBT), and the Main Frontal
Thrust (MFT) (Fig. 1)12. Based on previous stud-
les, and using the opening-closing tectonic view
in combination with the dynamic tectonic unit di-
visional method, we summarize in this paper the
geological structures, characteristics of tectonic
units, and tectonic boundary attributes of the
southern Tibetan Plateau.

The Main Central Thrust (MCT) was first pro-
posed by Heim and Gansse [3] who believed that
folding develops extensively on the MCT, and a
set of older metamorphic rocks reverse gently
overlapping the steeply dipping younger lime-
stone. Although the MCT integrally serves as the
boundary between GHM and LHM, some GHM
rock formation units surrounded by the MCT are
within the LHM (Figs. 2 and 3). As Harrison et al.
[4] pointed out that not all shear planes are sim-
ultaneously active in shear zones. Therefore, the
MCT position, as the main convergence point,
has also changed over time in shear zones.

Arita [7]found abrupt changes in lithology and
metamorphic grades in the MCT shear zone un-
der a Leforte designated MCT fault [8]. Therefore,
Arita named the MCT fault as MCT-I (or lower
MCT) and the Leforte designated MCT fault as
MCT-II (upper MCT) [8]. Consequently, later
scholars often draw two MCTs in the geological
map of the plateau (Fig. 4). There are three gen-
eral views on the MCT: first, it has some branch-
ing characteristics, i.e., the main fault plane is
straight with high-angle dipping but branching
faults are undulating (Fig. 2); second, it has un-
dulating characteristics as a whole (Fig. 3); and
third, it can be divided into two faults developed
in different periods (Fig. 4).

The South Tibet Detachment System (STDS),
located between the Tethys Himalayan and High
Himalayan tectonic zones, has been well defined
by geological scholars [10, 11] and widely stud-
ied. It runs parallel to the Himalayan range for more

1Pan G.T., Ding J., Yao D.S. Geological map of the Qinghai-Xizang (Tibet) Plateau and adjacent areas. Chengdu: Chengdu

Cartographic Publishing House, 2004.

2Ren J.S.. Niu B.G., Wang J., et al. 1:5 million international geological map of Asia. Beijing: Geology Publishing House,

2013.
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Fig. 1. Tectonic sketch map of southern Tibet (modified from)3*:
1 — Holocene; 2 — Cenozoic; 3 — Paleocene; 4 — Cretaceous; 5 — Mesozoic; 6 — Carboniferous-Permian (Cap 3);
7 — Pre Devonian (Cap 2); 8 — Late Proterozoic — Cambrian (Cap 1); 9 — Late Proterozoic (Cap 1);
10 — Mesoproterozoic (Basement); 11 — Ophiolitic melange; 12 — Diorite; 13 — Neogene feldspar granite;
14 - Neogene granite; 15 — Paleogene granodiorite; 16 — Paleogene granite; 17 — Ordovician feldspar;
18 — Ordovician granite; 19 — Neoproterozoic granite; 20 — Proterozoic granite; 21 — Normal fault;
22 — Unidentified fault; 23 — Strike-slip fault; 24 — Thrust fault; 25 — Detachment fault; 26 — Normal fault
superimposed and reconstructed by detachment fault; 27 — Thrust fault superimposed and reconstructed
by detachment fault; 28 — Hidden thrust fault; 29 — Hidden detachment fault; 30 — Gangdise tectonic zone;
31 - Yarlung-Tsangpo suture zone; 32 — Tethys Himalayan tectonic zone; 33 — Great Himalayan tectonic zone;
34 — Lasser Himalayan tectonic zone; 35 — Sub Himalayan tectonic zone; 36 — Main Boundary Thrust;
37 — Main Central Thrust; 38 — South Tibet detachment system; 39 — Dingri-Gangba thrust fault;
40 - Zhada-Qiongduojiang thrust fault; 41 — South Yarlung-Tsangpo river thrust fault
Puc. 1. TekmoHuyeckasi cxeMamuyeckasi kapma FOxHozo Tu6ema (c usmeHeHusmu)>*:

1 - 2onoyeH; 2 — kaliHo30U; 3 — neneoueH; 4 — mes; 5 — me3030U; 6 — KaMeHHOY20/bHO-NepMcKull nepuod (mokpos 3);
7 — paHHul 0e8oH (rokpoe 2); 8 — mo3dHul npomepo3oti — kembpuli (mokpos 1); 9 — mo3dHul npomepo3oli (Mokpos 1);
10 — cpedHuti npomeposol (pyHOameHm); 11 — ogpuonumossili MenaHx; 12 — duopum,; 13 — HeoeeHo8bIU
ronesowinamosbliti epaHum; 14 — HeoaeHo8bIl epaHum; 15 — naneozeHosbil epaHoduopum; 16 — naneoeeHosbIl
epaHum; 17 — opdosukckutli nonegol wnam, 18 — opdosukckul epaHum; 19 — Heornpomepo3ouckul epaHum;
20 — npomepo3sotickull epaHum; 21 — cbpoc; 22 — HeudeHmuuyuposaHHsbIli pasnom; 23 — cosue; 24 — Hadsue;
25 — demaymeHm; 26 — HopMarsbHbIl C6POC, HaNOXEHHbIU U PEKOHCMPYUpO8aHHbIL Mo pa3nomMy 0emaymeHma;
27 — Hadsue, HanoXeHHbIU U PEKOHCMPYUPOBaHHBIU; 28 — cKpbimbit Hadgue; 29 — CKpbimbili demaymeHm,;

30 — mekmoHuyeckas 3oHa [aHz2duce; 31 — cymypHasi 30Ha ApnyHe-LlaHeno; 32 — lumanalickasi mekmoHuYeckas
30Ha Temuca; 33 — Benukasi 2umanatickass mekmoHU4eckasi 30Ha, 34 — mekmoHuyeckasi 30Ha Manbix umanaes;
35 — Cybeumanatickass mekmoHu4eckasi 30Ha; 36 — [naeHbIl noepaHuyHbIl Haosue; 37 — [nasHbIl yeHmpansHbil
Hadsue; 38 — OxHo-Tubemckas cucmema demaymeHma; 39 — Hadsue TuHepu-lamba;

40 — Hadsue [i3aH0a-LtoHOoy3siH; 41 — Hadsue peku KOxHas SpnyHe-LaHerno

. MBT MFT
Tibetan Zone STDS Z#Greater 0
Himalayan Zong
= HST Subhzimalayan 20 ’g
one v
HST Lesser Himalayan 7:!;_
Zone MOHO 40 S
60

Fig. 2. Generalized cross section of the Himalayan margin of the Tibetan Plateau (adapted from [5]):
HST - Himalayan Sole Thrust; MCT — Main Central Thrust; MBT — Main Boundary Thrust;
MFT — Main Frontal Thrust; STDS — South Tibet detachment system
Puc. 2. 0606weHHbIl pa3pe3 sumanalickoli okpauHbl Tubemcko20 nnamo (Mo Mamepuasam ucmoyHuka [5]):
HST — nadsue nodowsesl [umanaes; MCT — [naeHbili ueHmpanbHbil Hadsuz; MBT — [1agHbil nozpaHuYyHbIl Hadsue;
MFT — maeHbil ppoHmarnbHbil Hadsue; STDS — rxHo-mubemckas cucmema 0emaymeHma

3Pan G.T., Ding J., Yao D.S. Geological map of the Qinghai-Xizang (Tibet) Plateau and adjacent areas. Chengdu: Chengdu
Cartographic Publishing House, 2004.

4Ren J.S.. Niu B.G., Wang J., et al. 1:5 million international geological map of Asia. Beijing: Geology Publishing House,
2013.
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Fig. 3. Cross section of the Himalayan orogen (adapted from [6]):
MHT, MCT, MBT and MFT — see Fig. 2; IYSZ - India-Yarlung-Tsangpo suture zone;
GDS - Gangdise tectonic belt
Puc. 3. Pa3pe3 2umanaiicko2o opozeHa (no mamepuasaM ucmoyHuka [6]):
MHT, MCT, MBT u MFT — cm. puc. 2; IYSZ — cymypHasi 30Ha MHOus-SpnyHe-LlaHeno;
GDS — mekmoHuyeckul nosic aHaduce
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Fig. 4. Tectonic evolutionary pattern of South Tibet (adapted from [9]):
1 — North Himalayandomes; 2 — Tethys sedimentary rock series; 3 — Upper Himalayan crystalline sequence;
4 — Lower Himalayan crystalline sequence; 5 — Lesser Himalayan structural belt;
6 — Siwalik sedimentary rock series; 7 — Miocene molasse; 8 — Gangdese batholith; 9 — Ophiolite
YTS - Yarlung-Tsangpo suture zone; GCT — Great Counter Thrust
Puc. 4. TekmoHuyeckas modesib 38onmoyuu KOxHo2o Tubema (no mamepuanam ucmoyHuka [9]):
1 — CesepHbie Mumanau; 2 — cepuu ocadoyHbix nopod Temuca; 3 — kpucmannu4yeckass monwa BepxHux umanaes;
4 — kpucmannuyeckas monuwja HuxHux umanaes; 5 — cmpykmypHbili nosic Maneix 'umanaes;
6 — ocadoyHbie Mopodsl cepuu cusarnuk; 7 — MuoueHosas monacca, 8 — eaHadesutickuli bamonum; 9 — ogouonumel
YTS - cymypHas 30Ha fApnyHe-Lianeno; GCT — Hadsue bonbuwio2o KoHmypa

shear sense A= past <= present

than 2000 km. The STDS is several kilometers
wide and consists of some near-parallel brittle
faults or ductile shear zones with complex move-
ment patterns, such as alternate northward and
southward movements [12-15]. The earlier stud-
ies have suggested that the STDS is nearly par-
allel to the MCT and develops between the High
Himalayan range and the Laguigangri thermo-up-
lifting extensional zone. We believe the STDS de-
taches along the unconformity between the base-
ment and the caprock and is surrounded by slip
surfaces on both the south and north sides of the
Chomolangma. The STDS develops not only be-
tween the high Himalayan tectonic belt and the
Laguigangri thermo-uplifting extensional zone,
but also in the low Himalayan tectonic belt on the
south side of the Everest, and generally distrib-
utes between the MCT and the normal fault on
the north side of the Laguigangri thermo-uplifting
extensional zone. Due to undulation on the hori-
zontal plane and denudation of some sections,
the footwall of the basement-detachment fault
can be seen from the surface.
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The Main Boundary Thrust (MBT), also pro-
posed by Heim and Gansser [3], is defined as a
thrust fault that pushes the Lasser Himalayan
over the sub-Himalayan Cenozoic sedimentary
sequences (Figs. 2, 3 and 4). The inferred age of
the MBT in the central Himalayas starts at 11 Ma
based on sedimentary rate change [16], and it is
still considered active after 5 Ma evidenced by
the coarse-grained clastic deposits added to the
Himalayan foreland basin on the MBT's hanging
wall [17]. It can be seen in Fig. 1 that the patrtial
Cenozoic stratum exposes above the MBT with
the MBT and MCT largely coincidental in the mid-
dle section. One may consider that the MBT es-
tablished previously is not continuous distributed
in the EW direction, and the so-called MBT may
be other faults.

The Main Frontal Thrust (MFT) was consid-
ered by Gansser as the thrust fault developing
between the Neogene Siwalik Group and Quater-
nary sediments of the Indo-Ganghe Basin [18].
Figure 1, however, shows no strict boundary be-
tween the two sediments, so we believe the MFT
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cannot be seen but a hidden fault in most areas.
The MFT fault in Nepal causes overlaying of the
two sediments, a sign of the fault's intensive ac-
tivity in the Holocene [19].

The Main Himalayan Thrust (MHT) is not vis-
ible in the shallow crust, and scholars regarded it
as a fault in the deep crust, formed by merging
the three thrust faults (MCT, MBT, MFT) in South
Tibet. Schelling and Arita [20] unified these three
major Himalayan faults in eastern Nepal, South
Himalaya into a low-angle fault and named it the
Main Detachment Fault (MDT). But, the later re-
sults of the INDEPTH seismic reflection profiling
in Southern Tibet showed that the tectonic sur-
face lies deep in the crust of the North Himalayan
tectonic zone [21]. Therefore, it is believed that
the MHT only exits deep in the earth’s crust, but
it should still be represented by the three parallel
thrust faults on the Earth's surface (Figs. 3 and 4).

Discussion of several basic
geological problems in southern Tibet
Southern Tibet has relatively harsh natural
conditions and quite complicated geological
structure. Although a large number of experts and
scholars have done research in the area, many
controversial issues remains. In this paper, we
shall discuss the following representative issues.

Klippe, sliding peak and the MCT in southern
Tibet. Around the Himalayan arc top on both
sides of the mountain summit, it occurs large
scale juxtapositions of independent younger and
older stratum blocks. Some researchers named
this type of stratum overlay as klippe. But it is well
known to all that the basic difference between
klippe and sliding peak is their formation settings.
That is to say the two tectonic units, klippe and
window, are formed in a compressed system,
while sliding peak and sliding window are formed
in an extensional system (Table). Klippe and win-
dow are the two important structural units of the
nappe tectonic system. The nappe tectonic sys-
tem is defined in this paper as the platy or flaky
mat-like blocks that undergo large-scale dis-
placement under the compressed system, and
can be divided into the folding and thrust nappe
types. Generally speaking, klippe often outcrops
while window develops in the frontal and trailing
edges of the thrust nappe tectonic system, re-
spectively. The sliding peak and sliding window

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

are the two important structural units of the slip
tectonic system, which is defined in this paper as
the platy or flaky sheet-like blocks that experi-
ence large-scale displacement under the exten-
sional system. It can be divided into the exten-
sional and gravitational slip types. We believe the
Laguigangri and Kangma metamorphic core
complexes, in a series of metamorphic core com-
plex belts in northern South Tibet, are the prod-
ucts of extensional slipping [22], whereas the pre-
viously defined klippes and windows in the south-
ern South Tibet should be the products of gravi-
tational slipping.

Due to multilevel slipping, a rather complex
phenomenon of summit strata stacking occur in
southern Tibet, where the higher situated stratum
at the mountain peak experiences greater slip-
ping displacement. Thus one can see Carbonif-
erous and Permian strata slipping above the
basement of the Indian Craton, and Ordovician
limestone strata slipping above Cambrian-Upper
Proterozoic strata. As a result, the stratum col-
umn in this kind of slipping area becomes signifi-
cantly thinner due to extensional and thinning ac-
tions. However, some scholars believed that the
independent geological bodies bounded by the
STDS in southern Tibet are klippes, and they
pointed out that the klippes extend over 100 km
from their northernmost outcrop toward the MCT
[23]. Many other scholars also believe that these
thinned independent geological bodies are
klippes or windows formed by thrust compres-
sion.

We believe the movement of the detachment
fault system may lead to the missing of Ordovi-
cian-Carboniferous strata in the Lasser Himala-
yan tectonic zone. Without sliding between the
basement and caprock, the basement will uplift
and occasionally with sliding peak on the base-
ment’s uplifting. The sliding peak and sliding win-
dow usually develop in the protruding region of
the Himalayan arc. If they developed on the two
sides of the Himalayan arc or occasionally on the
basement’s uplifting, they must have been
formed by gravitational slip tectonics after the
southern Tibet uplifting to a certain height.

The Rongbu Temple high-angle normal fault
and STDS. In southern Tibet, a high-angle nor-
mal fault lies parallel to the South Tibet detach-
ment system (STDS). This normal fault, however,
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Differences between sliding and nappe structures
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Nappe (Klippe)

Slip (Sliding Peak)

Extensional slip

Gravitational slip

Tectonic system

Compression system

Extensional system

Gravitational action
in the background
of uplifting

Fault combination

Thrust faults

Normal faults

Mainly are overturned

The down limb

Characteristics recumbent folds with is inverted limb Both characteristics
of folds thinned and pull-off and well preserved such as the frontal
inverted limbs edge is more like
: Upright long axis with Opposite to the a nappe structure,
Tectonic ' usually is upright ellipsoid is flat ellipsoid is characterized
deformation Old stratum overthrows . by a extensional
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former, strata missing

Deformed structures

Horizontal thinning,
vertical thicken

Horizontal stretching,
vertical thinning

Deformation
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Compression-shortened

Obvious extensional
deformation

Weak extensional
deformation

is often ignored or outrightly classified as part of
the STDS by scholars. Butin fact, the faultis quite
different from the STDS. For example, on the
northern slope of the Chomulangma, the fault
clearly extends into the Rongbu Temple area and
is a trailing-edge structure of the early extruded
structure, whereas the South Tibet detachment
fault is clearly formed later. As early as 1974,
while conducting scientific investigation in Tibet,
Guo Tieying et al. discovered a large-scale nor-
mal fault in southern Tibet, and they explicitly pro-
posed the name Rongbu Temple normal fault. Af-
ter returning from Tibet, Guo was asked by Ma
Xingyuan to write an article to report this discov-
ery, as Ma thought of the Rongbu Temple normal
fault a very important manifestation of exten-
sional structures. But Guo never wrote this article
due to busy schedules. Later on, while research-
ing in the Ali area in western Tibet, Guo saw a
high-angle normal fault extending E-W in south-
ern Ali, and he believed this normal fault was the
westward extension of the Rongbu Temple nor-
mal fault as shown in Fig. 1. We believe the active
period of the Rongbu Temple normal fault could
have started as early as before the Neogene. The
activity of the normal fault controlled the distribu-
tion and output of the later Himalayan granite plu-
ton. After pluton cooling (about 12-17 Ma),
the STDS was formed by extensional tectonic

movement occurred in southern Tibet. In the
Rongbu Temple and Chomulangma areas, it can
be seen clearly that the STDS traces the early
Rongbu Temple normal fault with a dip of more
than thirty-five degrees, while in other areas the
STDS extends with a dip of no more than twenty
degrees beneath the Tibetan zone.

The cross-section of the Chomolangma area
consists of four parts (Fig. 5, b). The 1% part is
lower Ordovician limestone containing many ver-
tical joints developing near-horizontally on the
Chomolangma summit. The 2" part at the bottom
of lower Ordovician limestone overlaps Sinian-
Cambrian clastic rocks with a type of ductile
shear zone as the boundary. Some mylonites de-
velop in the ductile shear zone, indicating the
presence of extensional ductile shear zones. Be-
cause of the light-yellow limestone composition,
some scholars call the 2" part the “yellow stra-
tum”, which develops in the middle of the Chomo-
langma with intralayer rheological characteristics.
Under the yellow stratum is the 3" part composed
of Neoproterozoic-Cambrian clastic rocks such
as shallow metamorphic and unmetamorphosed
sedimentary rocks. Between the 3™ and 4™ parts
is a low dipping detachment consisting of strongly
metamorphic crystalline rock series, including
Middle-Neoproterozoic schist, gneiss, plagio-
clase amphibole and Miocene granulite.
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Chonolangmn

Fig. 5. A close view of the Chomolangma in 1974 (a)
and geological sketch profile of the Chomolangma (b)
Puc. 5. Bud Ha [J)xomonyHamy e6nu3u e 1974 2. (a)
u 2eosnoeuyeckuli cxemamu4deckul paspes [xomonyHamei (b)

Multilevel extensional detachment faults can
be seen in the Chomolangma area or elsewhere
in southern Tibet. As shown in Fig. 6, an exten-
sional slip fault develops between Upper Protero-
zoic-Cambrian and Upper-Middle Proterozoic
strata; a second one develops between Early
Paleozoic (Ordovician) and Upper Proterozoic-
Cambrian strata, reconstructing the angular un-
conformity between the Ordovician and Precam-
brian representing the Pan-African movement;
and a third one develops between Permian or De-
vonian and Silurian or Ordovician strata.

From the above description, we can make the
following inferences. The Rongbu Temple normal
fault paired with the MCT to form so called “horse
structures” during the intercontinental collision.
The uneven movements of the “horse structures”,
due to different thrust velocities and amplitudes
and varying degrees of severe weathering and
erosion, led to the formation of two extruded tec-
tonic belts, with very different topography to the
surrounding landforms in southern Tibetan Plat-
eau, where the extensional sliding tectonic belts
developed in a later stage. The STDS is formed

87|”E

28°N

Chomglangma

28'N

87°E

Fig. 6. Sketch map of the Chomolangma area:

1 — glacial covered area; 2 — Quaternary sediments; 3 — Permian sediments; 4 — Devonian-Carboniferous
sediments; 5 — Silurian-Devonian sediments; 6 — Ordovician sediments; 7 — Upper Proterozoic-Cambrian
sediments; 8 — Upper-Middle Proterozoic sediments; 9 — Neogene granite; 10 — fault or snow-covered fault
Puc. 6. Cxemamuyeckasi kapma palioHa [J)KOMOJlyH2MbI:

1 — obnacmb 1eOHUKOB020 MOKPO8a; 2 — YemB8EePMUYHbLIE OMIIOXEHUS; 3 — MEePMCKUE OMITOXEHUST;

4 — omnoxeHus degoHa — kapboHa; 5 — omioxeHus cunypa — 0egoHa; 6 — omnoxeHus op0o8UKa;

7 — 0MII0XeHUs1 8epXHEE0 MPOMEPO30s — KeMbpUs; 8 — OMIIOXEHUSI 8EPXHEE0 — CPEOHE20 NPOMePO30s;
9 — epaHumebl HeozeHa; 10 — pa3siom unu pasnom, nepeKkpbimeili CHe2oM
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in an extensional environment created by ex-
treme compression; and the appearance of leu-
cogranite indicates the STDS movement in an ex-
tensional setting. The STDS is huge and complex
with three common detachment planes. The larg-
est plane separates the basement (Pt2-3) and
caprocks of the Tibetan Plateau. The second one
lies between Upper Proterozoic-Cambrian and
Ordovician or Silurian strata. And the third one
separates Ordovician and Devonian or Carbonif-
erous strata. Because the STDS has detachment
properties in the deep and slip-off characteristics
in the shallow, it may be characterized more pre-
cisely as a detachment-slip system. The STDS is
particularly developed around the Himalayan arc
top with huge sliding displacement, where Car-
boniferous sliding stratum slides onto the base-
ment of the Indian craton, and the sliding body
(sliding surface) steps down as it makes contacts
with the Rongbu Temple normal fault. Therefore,
we suggest that the Rongbu Temple normal fault
and the STDS are two faults of different ages and
they overlap the Himalaya arc top (Fig. 1).

The following can be inferred from the above
analysis:

1. The Rongbu Temple normal fault truly ex-
ists. It pairs with the MCT in the early stage to form
two boundaries of lateral extruded structures

| 2020;43(3):307-324

enriched with “horse structures” in southern Tibet
(Fig. 7). The extrusion can be modeled by numer-
ical simulation [24]. This lateral extruded struc-
ture is formed after the collision between the In-
dian and Asian-Eurasian plates, as the smaller
Indian plate suddenly stopped to cause N-S com-
pression of the bigger Asian-Eurasian plate.

2. After the lateral extruded structural is
formed, the STDS became active because of the
N-S extension. The STDS has a gentle dip angle
across southern Tibet and a high dip angle locally
in the northern Chomolangma in tracking with the
early Rongbu Temple normal fault (Fig. 7). The
detachment fault system, the Rongbu Temple
normal fault and the thrust faults are the struc-
tures of different properties and formation ages.

The Laguigangri metamorphic core complex,
STDS and MCT. In South Tibet, the Kangma, Sa-
kya, Laguigangri and Yalaxiangbo Domes form a
near W-E trending metamorphic core complex
chain consisting of a core, a middle section with
ductile rheology and cap rocks. Precambrian
rocks (deformed granite and meta-sedimentary
rocks) with high metamorphism and deformation
make up the core, inside which develops multi-
stage emplacement granites. The middle section
is made up of low dip angle detachment faults
(with ductile rheology), separating the core and

' k

Fig. 7. Cross-section of the Chomolangma area (a); finite element modeling of the vertical extrusion
of the Higher Himalayan Zone (adapted from [24]) (b):
YTSZ - Yarlung-Tsangpo suture zone; LTZ — Laguigangri tectonic zone;
RNF — Rongbu Temple normal fault; HHZ — High Himalayan tectonic zone;
STDS, MCT; MBT and MFT - see Fig. 2.

Puc. 7. Pa3pe3s e palioHe [)xoMonyHaMbl (2); ModenuposaHue eepmukaibHbIX 3Kcmpy3uli
30HbI BepxHux Numanaee MemodoM KOHEeYHbIX 371eMeHMos8 (Mo Mamepuasam ucmoyHuka [24]) (b):
YTSZ - cymypHas 30Ha ApnyHe-LlaHeno; LTZ — mekmoHu4eckas 30Ha JlagylicaHxu,

RNF — c6poc xpama XKyHby;, HHZ — mekmoHuyeckas 30Ha Bbicokux umanaes;

STDS, MCT; MBT and MFT - ¢cm. puc. 2.
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cap rocks. These detachment faults, distributed
in an arc shape and must be a part of the STDS,
develop undulately between the basement and
cap rocks. Because of the late stage fast uplifting
and denudation, these detachment faults are not
seen in some locations including the northern
High Himalayan and northern Tethys Himalayan.
Xu et al. [6] also considered the detachment fault,
developed between the basement and cap rocks
of the Laguigangri metmophic dome, a part of the
northward extension of the STDS and formed
during 20-16 Ma. They argued that the cap rocks
are the shallow metamorphic or unmetamorphic
Tethys sequences, consisting of many kind of
rocks including Ordovician marble and schist,
Carboniferous marble, crystalline limestone,
speckled slate, Permian arenaceous slate and
gravel slate, metamorphic quartz sandstone, very
low grade metamorphic Triassic fauxite, etc.
These arc-shaped detachment faults should be
part of the STDS developing in the detachment
system with S-N undulating waves between the
metamorphic basement and sedimentary (shal-
low metamorphic) cap-rock [22, 25].

Some scholars believed that the High Hima-
layan structural zone (HHZ), bounded by the
STDS and MCT, is a vertical extrusion. However,
the Laguigangri metamorphic core complex and
STDS are the products of extensional structural
setting, while the MCT is of compressional set-
ting. According to the numerical modeling analy-
sis, the STDS and MCT never merged but define
respectively the top and the bottom of a channel
flow of low-viscosity lower crust expulsed from
beneath the Tibetan Plateau [26]. Furthermore,
we consider the two fault systems formed in dif-
ferent periods by different mechanisms. So we
believe that the South Tibet detachment system
couldn’t pair with the MCT to form HHZ. Accom-
panied by Miocene granite magma activity, the
Laguigangri metamorphic core complex should
be formed at the same time as the STDS, and
both are the products of the N-S trending thermal
uplifting extension in southern Tibet.

Division and characteristics
of Cenozoic multistage evolution
The formation of the Qinghai-Tibet Plateau is
an important geological event in the Earth's evo-
lutionary history. Many scholars have put forth

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

many ideas to explain the genesis of the plateau,
including the intracontinental subduction model,
oblique slice thickening-lateral extrusional es-
cape model, bidirectional subduction with multi-
ple driving model, tunnel flow (channel flow)
model, wedge-shaped extrusion model, longitudi-
nal extension model, lithosphere-mantle delami-
nation model, gravitational expansion and col-
lapse model, and so on. Although these models
can offer some explanations, we believe a better
explanation can come from the opening-closing
view, that is, the plateau is formed by the opening
and closing of different parts of the earth at differ-
ent stages, or to say, by the coupling effects of
opening and closing.

We believe the formation of the Himalayas
and the rise of the Mt Everest are related to the
disappearance of the Neo-Tethys Ocean, once
located between the Indian and Asian-Eurasian
Plates in the Mesozoic-Cenozoic, as a result of
continuous collision and extrusion of the two
plates and their extension and detachment after
orogeny. And all these events are caused by
crustal movements at different stages contempo-
raneous with multiform movements (repeated
horizontal-vertical movements) and multisystem
(extrusion-extension) transformation. Based on
regional geological surveys and combining with
previous research results, we consider the plat-
eau experienced two evolutionary cycles of open-
ing and closing from the formation of the Neo-Te-
thys Ocean to the rising of the Chomolangma to
its current height after the intracontinental colli-
sion. After the Tethys ocean opening, the plateau
began a strong opening-closing transitional pro-
cess. The evolutionary process can generally be
divided into different opening-closing cycles,
manifested by different systems such as oceanic
expansion (opening) and crustal sinking (conver-
sion), intercontinental collision and compression
(closing), intracontinental relaxation-collapse and
extensional detachment (conversion), and sliding
with thermo-uplifting and uplifting of the entire
plateau (opening). In this complex and multistage
evolutionary process, thermal energy (thermal
matters) in the deep earth plays an important role
as in the plateau uplifting process, such that mol-
ten mantle material continues to move upwards
and migrates horizontally on different geo-
spheres multiple times. That is to say, the hot
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material experiences multiple vertical to horizon-
tal transitions when it moves from the deep to the
shallow part of the earth; and such movements
can cause opening-closing transitions at different
layers and spheres of the earth [27, 28].

The intercontinental collision (closing) stage
(55-30 Ma). The formation process of the ex-
truded structure in southern Tibet occurred in the
closing stage of the Cenozoic. During this stage,
the Neo-Tethys crust had disappeared; and the
Indian continent, south of the Tethys ocean, be-
gan to collide with the Asian-Eurasian continent
north of the Tethys ocean. Here we believe that
the Indian continent at that time was quite smaller
than the Eurasia continent, and because of its rel-
atively light weight and therefore rather fast drift-
ing speed, it became separated from the south-
ern Gondwana. After the collision, the Indian con-
tinent developed many arc-shaped southward
compressional thrusts due to extreme N-S com-
pression; at the same time, the Himalayan area
developed several lateral extrusions with “horse
structures” related to corresponding magmatic
activity. The bottom of the extrusions — a con-
verging area of a series of arc-shaped thrust
faults and high dip angle normal faults — should
be in the middle crust at a depth of about 30-40
km. The wedge-shaped Chomolangma extrusion
with large extusion range and higher rising
speed, gradually rose highest above the entire
extrusion, while the HHZ-MCT extrusion reached
its highest elevation and became the sliding Peak
One. Due to tectonic stress in the middle and
lower crust and gravitational potential energy, the
southern Tibet and eastern (ES) and western
(WS) syntaxes experienced increasing pressure
and strain rate, so resulted in local transient high
pressure. Under this condition, eclogite was
formed during an ultra-high pressure metamor-
phic event.

Here, we believe that before the Miocene, the
Chomolangma, the highest point on the topogra-
phy map nowadays, was not the highest place
but second to the HHZ south of the Chomo-
langma. Later, because of differential uplifting-
descending movements of the two extrusions and
northward sliding of the small dip angle exten-
sional fault in southern Chomolangma, as well as
isostatic adjustment, the Chomolangma came
into being the highest place on earth, replacing
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the High Himalaya Zone. Since then, affected by
severe weathering and erosion, the once uplifting
zone - the sliding Peak One (the High Himalaya
vertical extrusion in southern Chomolangma),
and the once slope caused by slippage (the
missed STDS in the High Himalayan vertical ex-
trusion), are not visible on the Earth's surface to-
day. In fact, residual STDS still remains on the
Chooyu mountain and Mount Everest. For exam-
ple, the detachment fault beneath the “yellow
zone” on top of the Mount Everest is just the re-
sidual STDS. But because it develops on such
high elevation and covered by nowadays topo-
graphic features, it could not be seen by many
scholars except mountaineers. Hence, this phe-
nomenon is not acknowledged by some experts
and scholars.

Intracontinental relaxation-collapse and ex-
tension-detachment (transition) stage (20-7 Ma).
The interior and southern part of the Qinghai-Ti-
bet Plateau began to stretch and relax accompa-
nied by the upwelling of thermal fluid, causing
new asthenospheric thermal uplifting. At the
same time, the thickened lower crust softened
thermally and the middle crust gathered a large
number of thermal masses. So the transition
stage is defined as the tectonic system in south-
ern Tibet switching from compression (closing) to
extension types (opening), followed by horizontal
extensive detachment marked by ductile shear
formation. It happened outside the early extru-
sions and the sliding Peak TWO was formed. In
addition, the main detachment and sliding planes
are formed with a large amount of magmatic em-
placement, causing the wide distribution of the
New Himalayan leucogranite dykes in the Hima-
laya orogeny [29, 30]. Abundant kinematic indi-
cators are well developed in deformed leucogran-
ites (granitic mylonites) and gneiss on both mi-
croscopic and outcropping scales (e.g., S-C fab-
rics, asymmetric rotational porphyroclasts, min-
eral-stretching lineation, dislocation of quartz,
and domino structures, mica-fish fabrics, asym-
metric mylonitic folds and small scale normal
faults), indicating a top-to-north movement of
multistage, multilayer ductile shear zones [31]. In-
volving a series of slippary structures in southern
Tibet, the Qinghai-Tibet Plateau began to rise as
a whole. At last, a series of N-S trending normal
faults formed in the interior of the plateau while
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the periphery of the plateau experienced outward
thrust, activating some of the early thrust faults.

Sliding thermal fluid rising and the plateau
overall rapid uplifting (open) stage (Since 7 Ma).
In the late Miocene after the delamination and
thinning of the southern Tibet lithosphere, large
amounts of thermal fluids surged (vertical open-
ing) from the asthenosphere, then isostatic ad-
justment happened and intra-continent began to
slip (horizontal opening). The entire Qinghai-Ti-
bet Plateau rose (open) quickly by the coopera-
tion of mantle thermal flow and climate [32, 33].
Consequently, the periphery of the plateau expe-
rienced compression while the internal part expe-
rienced violent extension. This phenomenon was
described as a "flowering bun" by Professor Guo
Tieying in the early 1980s.

Overall, the upwelling of the mantle thermal
fluid, the multistage multisystem crustal exten-
sion (thrust) and isostatic adjustment created the
present tectonic landforms of the Everest and its
surrounding areas. Due to Cenozoic detachment
deformation on the north and south sides of the
Everest, some basins exhibit overlaying of
younger strata over the older ones; and some
heat-releasing structures, such as hot springs,
appear in the N-S trending grabens caused by
the N-S direction thermal upwelling. So the nor-
mal fault on the north side of the Everest is a gi-
gantic regional fault, which controls the distribu-
tion and output of magmatite in the formation of
the Laguigangri and Everest thermal domes.
Thus it can be certain that the magmatic and nor-
mal fault activities in this region were contempo-
raneous.

Fission track analysis reveals that the final
cooling and exposing events in the high Himala-
yas mainly occurred since 7-5 Ma [34-37]. The
Himalayan ES and WS syntaxes show a dramatic
cooling and denudation history since 3 Ma,
whereas the western tectonic nodule had an av-
erage delamination rate of 4.5 mm/a since 10 Ma,
with at least 14 km materials eroded since 1 Ma
[38]. Low-temperature studies show that the av-
erage erosion rate in the Nanga Bawa area was
as high as 3.6 mm/a since 5 Ma [39]. Our apatite
and zircon fission track analysis of the Dinggye
leucogranite reveals that the cooling and erosion
rates were 18.421 °C/Ma and 0.526 mm/a, re-
spectively, in the Himalayan region since 5.7 Ma
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[36]. Other studies have shown that in the Lasser
Himalayan crystalline belt of Sutlej, India the den-
udation rate was 1.8 mm/a since the Pliocene
epoch [40], and the Zada Basin began to sag at
5.1 Ma [41] and the submarine fan deposits in the
Bay of Bengal saw increased deposition rate at
about 5 Ma [42].

In the North Himalayan tectonic belt, tectonic
activities since 3.6 Ma are mainly characterized
by the formation of a series of near N-S graben
associated thermal anomalies, while the near W-
E fault structures are relatively inactive. The vio-
lent tectonic uplifting, and increase in geomorphic
contrast since 3.6 Ma, are characterized by the
widespread occurrence of molasses accumula-
tion in the foothills, and by a significant increase
of sedimentary rate in the basin. The sediment of
the Siwalik Group in the Ganges Plain in southern
Himalayas is obviously thickened with conglom-
erate deposits at about 3.6 Ma, when a series of
near N-S graben-type basins along the northern
Himalayas converted into coarse clastic con-
glomerate deposits, such as the Gomba con-
glomerate in the Gyron basin. The Asian mon-
soon strengthened again in the 3.6-2.6 Ma time
interval [43]. The Gyron basin began to deposit
the Gomba conglomerate at 2.4 Mattill 1.7 Ma as
the basin shrank and ended its deposition [44]. In
the southern foothills of the Himalayas, macro-
conglomerate covered the Siwalik Group, while
the Kashmir basin began to form in the north-
western foothills of the Himalayas [45]. Ding Lin
et al. studied the fission track thermochronology
of the Gangdese magma [46] in the periphery of
the ES syntax of the Himalayan, and concluded
that the ES syntax has a strong uplifting since
3.4 Ma and the High Himalayan tectonic belt has
a strong uplifting and erosion since 3.6 Ma. Sys-
tematic zircon and apatite fission track analyses
of the High Himalayan crystalline sequences all
showed a good linear relationship between age
and elevation, suggesting significantly acceler-
ated cooling and denudation since 3.6 Ma.

Under the gravitational force, the sliding Peak
One, the then highest peak in south of the Cho-
mulangmo, underwent extensive gravitational
collapse with southward and northward extension
slipping; as a result, the Chomulangmo became
the highest peak in the Pliocene epoch. What's
more, the sliding Peak Two (in the Chomulangmo
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area) underwent southward- and northward-di-
rected detachments after that time, causing a
large-scale stratum column thinning at the Ever-
est summit. Thermal materials surged upward
from the middle-lower crust, forming thermal
anomalies such as hot springs in the N-S gra-
bens. The tectonic and climatic factors [47] jointly
restricted fast uplifting and exhumation on the
southern slope of the Himalayas as well as for-
mation of an abnormally high altitude Himalayan
main ridge. The dual effects of extension and
strong erosion caused by the climate have led to
the formation of abnormally high-altitude moun-
tain ranges around the peripheral plateau. After
that, the strengthening of the monsoons caused
the final formation of the peripheral mountain sys-
tems and mountain-basin coupling structures. To
sum up, the upwelling of mantle thermal fluids,
the crustal multistage and multisystem extension
(thrust) and isostatic adjustment jointly create the
current tectonic features of the Chomulangma
and its surrounding areas.

A deeper understanding of opening-closing
orogenic process requires us to concentrate our
efforts more on the detailed geological record for
evidence of persistent process than on the tem-
poral evolution of geological structures and land-
forms. We must also examine the internal differ-
ences between the opening-closing view and the
plate tectonic theory.
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Conclusions

In this contribution, we use the opening-clos-
ing tectonic view to analyze several basic geolog-
ical phenomena in southern Tibet and obtain
some new ideas different from the plate tectonic
theory. We then further analyze the Cenozoic
evolutionary process of opening-closing in South
Tibet and obtain the following main insights:

1. The Rongbu Temple normal fault, the MCT
and other thrust faults form a lateral extrusion
structure in southern Tibet. The South Tibet de-
tachment system (STDS), the Rongbu Temple
normal fault and the MCT are the products of dif-
ferent times and systems.

2. The klippes and windows in southern Tibet,
identified by previous researchers, are formed
later in an extensional setting, rather than a thrust
compression setting, and belongs to the slip sys-
tem.

3. The evolutionary process of southern Tibet
can be divided into five different stages charac-
terized as opening-opening-closing-opening-
opening. Thermal energy and gravitational poten-
tial energy in the deep earth played a key role
during this opening-closing evolutionary process.
Several vertical switching movements occurred
accompanied by the deep thermal matter migra-
tion from the interior to the exterior of the Earth.
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BnusHue pasmepoB yCTaHOBKM Ha NposiBieHUe
HM3KOYaCTOTHOM AUCNEPCUN INTIEKTPOMArHUTHbIX CBOUCTB
3eMInU B U3MepeHuUaX Ha akBaTopusax ¢ rnyouHon ao 100 m

© E.B. AreeHkoB?, A.A. CutHukos®, E.H. BogHeBa°®
afHcmumym Hegpmeza3o8oU 2eonoauu u eeogusuku um. A.A. Tpogpumyka CO PAH, 2. Hosocubupck, Poccusi
bO0O0 «Cubupckas 2eohusuyeckas Hay4HO-npou3sodcmeeHHas KomnaHus», e. Mipkymek, Poccusi
¢JlumHonoauyeckuti uHemumym CO PAH, e. Upkymck, Poccus

Pe3stome: Lienb ganHomn pabotsl 3aknoyanace B UNMIOCTPaLMK BAUSHUS pa3MepoB YCTAHOBKW Ha NPOSIBNEHNE HU3KOYa-
CTOTHOW AMCNepcun anNeKTPOMarHUTHBIX CBOWCTB re0NOrMYeckol cpeabl B M3MEPEHUSIX MEPEXOLHOIO MPOoLecca aNeKTpu-
YECKUMW NTMHWSIMU B OCEBOM 0ONAcTM UCTOYHMKA Ha akeatopusx ¢ rmybuHon He 6onee 100 M. B xope uccnegoBaHus
NpoaHanuanpoBaHO U3MEHEHWE CUrHana NepexogHoro NpoLecca, KOHEYHON Pa3HOCTU CUrHana NepexofHoro npoLecca u
TpaHcOpMaHTbI (OTHOLLEHWS STUX BEMUYMH) B 3aBUCUMOCTY OT ANMUHbI UCTOYHUKA — FOPU30HTaNbHON 3a3eMIEHHON 31eK-
Tpuyeckon nuuum (AB) ot 50 o 2000 M, ANKHBLI MPUEMHUKA — TPEXINEKTPOAHON anekTpuyeckon nuHum (MON) ot 50 go
2000 M, a TaKKe paccTosHua mexay ux ueHtpamm (pasHoca) ot 100 go 4000 m. [NpoBefeHo cpaBHEHWE yKa3aHHbIX BENW-
YMH OT NPOBOZASILLEN W NPOBOAALLEN NONAPU3YIOLLENCS MOLENN ANS O4MHAKOBbIX YCTAHOBOK, HAXOASALMXCS HA OOMHAKO-
BbIX rnybuHax. 3a3emMneHHas anekTpuieckas NMUHUSA HaXOAUTCA BHYTPU NPOBOASLLEN Cpeabl C NPOBOASLLMM MONSPU3Yio-
LLMMCS ocHoBaHWeM. [poBoasLLas cpega accoummpyeTces ¢ TONLWen MOPCKOM BoAbl B LuenbdoBbix 0bnactax ¢ rmybuHamm
mops go 100 m. MpoBoasee nonspuayloLLeecs OCHOBaHNE — 3TO reonormyeckas cpega (3emns), nepekpbitas cnoem
BOAbI. Y4YeT nonspu3yeMocT OCHOBaHUS OCYLLECTBMIEH BBEAEHWEM YaCTOTHO 3aBMCUMOTO YOENbHOro 3MeKTPUYECKoro
ConpoTMBIEeHUs nocpeacTsom opmynbl Koyna — Koyna. BeinonHeHHbIe pacyeTbl NOKa3biBaloT NPOSIBNEHNE Pa3nnyHbIX
COCTaBMAOLLMX NEPEXOAHOMO NPOLECCa, CBA3AHHbLIX CO CTAHOBMEHMEM 3NEKTPOMArHUTHOO NOMs U C NPOSIBIIEHNEM HU3-
KOYACTOTHOWN OMCMEPCUMN SIEKTPOMArHUTHBIX CBOWCTB 3€MJIM, BbI3BAaHHOM KaK rasibBAaHUYECKUM, TaK I BUXPEBLIM TOKOM.
OTu coCcTaBnALLME NO-Pa3HOMY NPOSIBIIATCA HA YCTAHOBKAX C PasHbIMW pa3MepamMy NUTaoLel 1 NPUEMHBIX TMHUIA Y
pasHoca. Ha ocHOBaHUM pacyeToB MOXHO YTBEPXAATb: HA Pa3HbiX MO pa3MepamM YCTaHOBKaX, MOrPY>KEHHbIX B BOAHbI
cnow, npu ero mowHoctn 100 M Ha BpeMeHHOM AuanasoHe oT 1 Mc 4o 16 ¢ npocnexuBaeTcs 3aBUCUMOCTb Xapaktepa
curHana oT rnybuHbl NOrpyXeHust Ans «Manblx» YCTaHoBOK ¢ nuHuen AB 50 n 100 M 1 OTCYTCTBME TakoW 3aBUCMMOCTM
ANs 0CTanbHbIX YCTAHOBOK, MCMOMb30BaBLUMXCS NpK pacyeTax, ¢ nuHuren AB 250, 500, 1000 1 2000 m.

Knioueenle cnoea: Wwenbd, cTaHOBIIEHUE NOMS, raNbBaHUYECKM Bbi3BaHHas NONAPU3aLs, MHAYKLUMOHHO Bbi3BaHHas Mo-
nApu3auus, nepexofdHbiii npouecc, hopmyna Koyna — Koyna, akanbHas reoanekTpuka

Unpopmayusi o cmamebe: noctynuna B pegakumio 07 mas 2020 r.; nocTynuna nocne peLueH3npoBaHus 1 JopaboTku
09 umtoHs 2020 r.; npuHaTa Kk ny6nukauum 05 uonsa 2020 r.

Ana yumuposanusi: AreexkoB E.B., CutHukoB A.A., BogHeBa E.H. BnusHue pasmepoB ycTaHOBKM Ha mposiBReHue
HU3KOYaCTOTHOW AMCNEPCUN AMEKTPOMArHUTHbIX CBOWCTB 3€MSIM B U3MEPEHMSX Ha akBaTopusix ¢ rnybuHon go 100 m.
Hayku o 3emnie u HedporonbsosaHue. 2020. T. 43. Ne 3. C. 325-338. https://doi.org/10.21285/2686-9993-2020-43-3-325-338

Influence of the probe dimensions on the display
of the low-frequency dispersion of the earth’s electromagnetic
properties for measure-ments in marine waters up to 100 m deep

© Evgeny V. Ageenkov?, Aleksandr A. Sitnikov®, Elena N. Vodneva®
aTrofimuk Institute of Petroleum Geology and Geophysics, Siberian Branch
of the Russian Academy of Sciences, Novosibirsk, Russia
bLLC “Siberian Geophysical Research and Production Company”, Irkutsk, Russia
“Limnological Institute, Siberian Branch of the Russian Academy of Sciences, Irkutsk, Russia

Abstract: The purpose of the study is to show the effect of the probe dimensions on the display of the low-frequency
dispersion of the geological formations’ electromagnetic properties in transient measurements by electric lines in the axial
area of the source for the water areas up to 100 m deep. The study analyzes the change in the transient signal, the finite
difference, and the transform (the ratio of the above two) as a function of the length of the source (a horizontal grounded
electric line (AB) 50 to 2,000 m), the receiver (a three-electrode electric line (MON) 50 to 2,000 m), and the distance
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between their centers (spacing) 100 to 4,000 m. The values obtained from the conductive and conductive polarizing models
are compared for the identical probes installed at the same depth. The grounded electric line is located within the conduct-
ing medium with a conductive polarizable base. The conducting medium is associated with the seawater thickness in the
marine shelves up to 100 m deep. The conductive polarizable base is a geological environment (earth) covered with a
layer of water. The polarizability of the base is registered by introducing frequency-dependent electrical resistivity by the
Cole-Cole formula. The calculations show the display of different transient components associated with the transient
buildup and the earth’s low-dispersion properties caused by both galvanic and eddy currents. These components manifest
themselves differently for the probes with different dimensions of the source line, receiving line, and spacing. Based on the
calculations, it can be argued that in the time range from 1 ms to 16 s, at the probes that have different dimensions and
are immersed in the water layer up to 100 m thick, the signal changes depending on the immersion depth for “small”
installations (AB of 50 and 100 m), while there is no such dependence for the rest of the probes used in the calculations
(AB of 250, 500, 1,000, and 2,000 m).

Keywords: shelf, transient electromagnetic method, galvanic induced polarization, inductive induced polarization, Cole-
Cole model, aquatic electromagnetic
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BBepeHue

3HaunTenNbHbIe TEPPUTOPUM LWenbga Halewn
CTpaHbl (puc. 1) nepekpbITbl MOPEM ryBMHOM 0
100 m?* [1]. Tam cocpeaoTo4EHbI NONE3HbIE UCKO-
naemble, Haxoa4ALWMECS Ha NPOLOIMKEHUN KOHTM-
HEHTaNbHbIX MPOBUHLWIN CKOMMEHNS PECYPCOB.

OTnnumna  MOpcKOW  anekTpopassedkn OT
HA3eMHOWN CBSA3aHbl CO Cneumpuyeckum Bnns-
HUEeM Cnosi MOPCKON BOAbI, @ 3NIeKTpopa3Besouy-
Hble UCCNEef0BaHNS Ha akBaTOPUAX NPOBOASATCA
ONS W3YYEHWUS  3MNEKTPOMAarHUTHbIX CBOWCTB
reonornyeckon cpefpbl, Haxoaswencs nog Ton-
wen sodbl [2]. [MoMCKOBLIN MHTEPEC BbI3blBAET

= —_ ~_%pogka mzhia g

Konruuentansusii mweinbd, CKIOH H MOAHEM X

M3y4eHWe npOBOAAMX W MONAPU3ALNOHHBIX
CBOWCTB reosiormyeckmnx OTIOXEHMNA.

AkBarnbHas anekTpopa3Befka Hayana pas-
BuBaTbcs B 1930-e rr. ¢ MeTo40B MOCTOSHHOrO
Toka [3]. B nepunoa ¢ 1950-x no 1970-e rr. B Co-
BeTckoM Cotose bbinn pa3paboTaHbl OCHOBbI Me-
TOOUKA U TEXHWKM PasfnyHbIX MOAMGMKaLWIA
MOPCKOW 3MeKTpopasBedkn C UCKYCCTBEHHbIMM
NCTOYHMKAMK ToKa (MeTond HEenpepbIBHbIX Au-
NONbHO-OCEBbIX 30HAMPOBaHWUN [3], MeToq He-
NPepbIBHOrO NPOUNMPOBaHNS, METOA 30HANPO-
BaHUW CTAHOBMEHWEM MAarHUTHOro Nons, MeTos
Bbl3BaHHOW nonsipusauum (BI1)), npu npoBegeHun

R
Le4

Puc. 1. Cxemamu4eckoe npedcmaesieHue KOHMUHeHMasnbHO20 wenbga e pesbeghe MOPCKO20 OHa
Fig. 1. Schematic representation of the continental shelf in a seabed relief

L ®usnyeckass reorpadusi MaTEPUKOB M OKeaHOB: y4ebHWK Ans reorpadMyeckmx creumanbHOCTEN YHUBEPCUTETOB /
nog obw. pea. A.M. Psbunkosa. M.: Beiclias wkona, 1988. 588 c.
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M3MEPEHMNIA Ha NOCTOSIHHOM TOKE TaKXe MUCMornb-
30BasfiMCb YCTAHOBKU, U3MEPUTENbHbIE M MUTAKD-
LLMe 3MeKTPoabl KOTOPbIX pasMeLlanucb Ha He
(OOHHbIe ycTaHOoBKM) [4, 5]).

3a pybexom Obin pa3paboTaH u cenvac uc-
MoMb3yeTcs MOPCKON MarHUTOMETPUYECKUN Me-
TOZ COMpOTMBIIEHMW (aHrn.: magnetometric off-
shore electrical sounding method) [6, 7]. B Hem
NPUMEHSIOTCA CTauMOHapHble AOHHblE MpUeM-
HUKW, COCTOSILLME U3 ABYX-TPEX OPTOrOHAsbHbIX
[,ATYMKOB MarHMTHOro Nons.

B 1960-1970-e rr. B CoBeTtckom Coto3e Ha
Kacnuiickom mope [8] n 3a pybexom cTtana pas-
BMBaTbCA annapaTtypa U MeToauka M3MepeHun
€CTECTBEHHOrO 3N1eKTPOMarHUTHOro nNons 3emnu —
MOPCKOW MarHuMToTENNYPUYECKUA METOA C UC-
NonNb30BaHWEM [OHHbIX WU3MEPUTENbHbIX CTaH-
umii. C MCnonb3oBaHMEM M3MEPEHUN 3TUX Xe
cTaHumin B Hayane 80-x rr. HaYanu paspabartbl-
BaTbCH AMCTAHLUMOHHbIE YaCTOTHbIE 30HAMPOBA-
HUS UNKU reoOMeTpUYecKne YacToTHble 30HAUPO-
BaHWSA B Y3KOM AManasoHe 4acToT U LUMPOKOM
AMana3oHe pa3HoCoB C ByKCMpyeMbIM 3nekTpu-
YecKMM WUCTOYHMKOM [9-13] (aHrn.:. seabed
logging u control source electromagnetic).

C koHua 1970-x n go 1990-x rr. B MO
«CeBmopreonorus» (r. JIeHUHrpag) MHTEHCUBHO
pa3BuBancs MOpCKOM annapaTHO-MEeTOANYECKUI
3neKTpopasBeoYHbIN KOMMINEKC 30HANPOBAHNS
CTaHOBMNEHWEM Mons ¢ ByKCMpyembiMU JIMHEN-
HbIMW AUNOSIAMU 415 U3YYEeHWs NPOBOAUMOCTU U
BM [14-17].

C 2000 r. Ha 6ase HaszemHoro audgepeHuu-
anbHO-HOPMUPOBAHHOTO MeToda 3nekTpopas-
Beakm [18, 19] nog pykosoacTeom [1.10. Jlerengo
(Aryn «Cubupckas reogmanyeckas Hay4Ho-npo-
n3BoacTBeHHas komnaHusy, GIrYIT «MpkyTck-
reomsnkay) ctana paspabatbiBaTbCsa U UCMOMb-
30BaTbCA €ro HagBogHas MoguduKaums — ak-
BanbHbI A depeHunanbHO-HOPMUPOBAHHbBIN
meToq anektpopassegku [20], a no3gHee, B
koHue 2000-x rr., — akBanbHbI guddepeHun-
anbHO-HOPMMPOBAHHLI METOZ 3NeKTpopa3Beaku
Cc nogsogHon bykcupyemon cuctemon [21].

OnucbiBaeMoe uccnefoBaHve NpodoskaeT
Temy, NOAHATYI0 B paHee u3daHHbIX nybrmka-
umsx [22-28]. Ha ocHOBe 4MCNEHHOro akcnepu-
MeHTa bbINo NokasaHo NoBEAEHNE perncTpupye-
MOro cUrHana nepexofHoro npouecca, obycnos-
NEHHOro Andy3nen BUXPEBOro Toka U NPosiB-

2020;43(3):325-338

NeHWeM TOKOB rafibBaHUYeckn W MHOYKLMOHHO
Bbl3BaHHOW nonspudauun (BMT n BMN). Beinu
paccMOTpeHbl YCrnoBusa cywmn [22-25] n akeato-
pum [26].

PacueTbl, coenaHHble Ons YCNOBUW CyLUW,
no3Bonuny 06bACHUTL 0COBEHHOCTN NOBEAEHNS
curHana nepexogHoro npouecca ans anekTpuye-
CKOW YCTaHOBKM, HaXOAsLLEencs Ha NOBEPXHOCTH
npoBoasLien nonsgpusytowencs semnu. Npuse-
LEM UX HUXeE.

1. ManbBaHWYeCcKn 3a3eMIeHHas NMUHNUS B UM-
NySIbCHOM peXxuMe NpPonyckaHUs Toka B NPOBO-
Asilien 3emne Bo3GYX4aeT MHAYKTUBHLIN nepe-
xoaHbin npouecc, BINI n BMA. Bo Bpems Toko-
BOrO MMNynbca B NONApu3ytoLencsa cpeae npo-
TeKalT pasfinyHble MpoLecchl pasgeneHus 3a-
psgos. Nocne npekpalleHns aToro BO34eNCTBms
Ha4YMHalTC obpaTHble penakcauuoHHbIe MNpo-
LLeCChbl, NPOSBASIOLLMECS KaK 3MEKTPOMArHUTHbIN
CUrHan, perucTpupyemblit uUsmepuTesnieMm CoB-
MECTHO C 9SIeKTPOMarHUTHbIM CUrHasnoMm, CBs-
3aHHbIM C Audhdysnen BUXPEBLIX TOKOB BHYTPb
npoBoasLien 3emnu. Buxpesble TOKW, pacnpo-
CTpaHsoLWMecs BHYTPY NONSApU3ytoLencs cpeapl,
Takxe WHOYUMPYIT Npouecchl pasgeneHus 3a-
PSAO0B, KOTOPbIE Nocrne ux ocnabnexus, a 3atem
W 3aTyxaHWus CTaHOBATCS 0bOpaTHbIMKU penakca-
LMOHHBIMK NpoLeccamn, Takke MNPOABSIOLLM-
MUCS KaK JOMOMHUTENbHBIN 3N1EKTPOMarHUTHbIN
CUrHan, perucTpupyemeblii UsMepuTenem.

2. CurHan, pernctpupyemMbin  3a3eMeHHOM
3NEeKTPUYECKON NINHMEN, COQEPXKUT MHAYKTUBHYIO
M NONAPU3ALMOHHYI0 COCTaBNSAOLLY0, BO3OYX-
[aeMylo KaK ranbBaHUYECKUM, Tak U BUXPEBbLIM
TOKOM. B curHane nonsipusauuoHHON cocTaBns-
lOLEeNn BO3MOXHO NPOSIBIIEHNE HECKOSbKUX pe-
NaKCcaUMOHHBIX MPOLLECCOB Pa3fnMyHoOM NpUpoabI.
HecMoTps Ha CNOXHOCTb PerncTpupyemoro cur-
Hana, UMEHHO 3a3eMIIEHHAs JIMHMS Yalle MuC-
nonb3yetca Ans usyyenus Bl1, Tak kak nnot-
HOCTb rafibBaHNYECKNX TOKOB, «3apshKatoLymx»
3eMmio, BbiLle NIIOTHOCTU BUXPEBbLIX TOKOB HE3a-
3eMJIEHHOr0 MCTOYHMKA, a BPeEMS BO3OENCTBUS
onpegensieTcs NPoAOMKUTENBHOCTHIO TOKOBOTO
MMMynbCa, a He NPOAOMKUTENBHOCTLIO Nepexoa-
HOro npouecca, Kak Ans WMHOYKTUBHOTO MCTOM-
HUKa.

3. dhhekTnBHan rnybuHa, ¢ KOTOPOW peru-
CTpUpYeTCca OTKMMK 3eMSI OCEBOW YCTAHOBKOW,
3aBMCUT OT pa3HoCa — pPacCTOsHUA Mexay

leonorusa, nouckn u passegka MECTOPO)KHBHVIﬁ nosie3HbIX UCKOoNaeMbIX | 07

Geology, Prospecting and Exploration of Mineral Deposits



2020;43(3):325-338 |

WCTOYHUKOM W NpuemHuKoMm. Noatomy Ha 65ms-
KOM pacCTosiHuM (Ha ManblX pasHocax) riyouH-
HOCTb MCCrefjoBaHUsA MOCTOSIHHbIM TOKOM He-
Bonbluas, a Ha NUHUW, 3a3eMNEHHON B OCEBOM
30He UCTOYHWKA, NMONSpU3aLms, Bbi3BaHHas BUX-
PEBbLIM TOKOM, MPOSIBINAETCA B BUAE CMEHbI 3HaKa
CuUrHana nepexopgHoro npouecca. Npu yaanexum
NPUEMHMKa OT UCTOYHKKA B OCEBOW 30He (yBEnu-
YyeHun pasHoca) yeenuumeaeTcs adeKkTMBHas
rny6uHa, ¢ KOTOpoW NOCTynaeT OTKIWK NOCTOSH-
HOrO TOKa, W Ha CXOXeM BPeMeHHOM [JuanasoHe
BnusiHwe Bl ymeHbLiaeTcs.

4. ina WCTOYHMKA 3a3eMfieHHas MUHWUS B
oceBon 30He BlU nposBnsieTcs B CMeHe 3Haka
curhana AU(t), a ans TpexanekTpogHow uaMepu-
TeSIbHON YCTaHOBKW — B CMEHe 3Haka KOHEYHOM

pasHOCTM CurHana nepexogHoro npouecca
A2U(t) 1 ux oTHOLIEHMS — TpaHcdopmaHTbl P1(t)
[18, 19].

bbino nogyepkHyTo, yto Bl BO3OyxaaeTcs
BUXPEBLIM WIN rafibBaHUYECKUM TOKOM, HO Mpu-
poaa curdana BIMW v BINI" oanHakoBa — anekTpo-
(PU3nNYeCcKMe, aNEKTPOXMMUYECKNE N INEKTPOKM-
HETUYECKME penakcaunoHHbIE NPOLECCHI B MHO-
ropasHon reTeporeHHoW reosiorm4eckon cpeae.

Ans ycnosun aksatopun [26—-28] paccmatpu-
Banacb Mogenb ABYXCMOWHOrO MONynpocTpaH-
CTBa, rae nepBbln CNOV — NPOBOASLLAN HEeMnons-
pusytoLlascs cpeada (Mopckasi Boga), B €ro OCHO-
BaHWM — NPOBOASLLAA NONSAPU3YHOLLAsCS cpeda —
3emns.

B paborte [26] ycTaHOBKa, NpuHATas ans pac-
4yeToB, NpeAcTasnana u3 cebs UCTOYHMK — 3a-
3EMIEHHYI0 ANEKTPUYECKYIO NIUHMIO — U PsAf, U3-
MepuTenen — 0CEBbIX TPEXINEKTPOAHbIX 3a3eM-
NEHHbIX NUHWIA, yOANSOLWWUXCS OT UCTOYHUKA (ee
MOXHO onucatb cnegyrowmm obpasom: A 1000 B
150 M1 150 M2 150 Ms 150 M4 150 Ms 150 Ms
150 M7 150 Ms 150 Mg). PacuyeTbl nepexofHoro
npouecca NpoBOAMIMCL OO BpemeHu 16 ¢ ans
Heckonbkux mogenen ¢ rnybuHamm mopsa 100,
500 n 1000 m. Ans kaxgon mogenu yctaHoBKa
pacnonaranacb ropM3oHTanbHO Ha NOBEPXHOCTY
BOAbI, HA AiHE W B cepeanHe BOAHON TONLWM.

/icnonb3oBaHune B UCCreAOBaHMM MHOropas-
HOCHOW YCTaHOBKW 1 MOAENEN C PasHbIMM rnybu-
HaMU MOpS NO3BOSMNO CAENaTb BaXHble Bbl-
BOAbI, @ UMEHHO:

1. CurHan Ha u3MepuTENbHbIX  NIUHUSAX
npeTepneBaeT 3HAYUTENbHbIE W3MEHEHWUS MpU

| Hayku o 3emne u Hegpononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online) \_)
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ydaneHun oT UCTOYHWUKA WU NPU U3MEHEHWUWN TOS-
LWWHBI, OTAENAWEN YCTaHOBKY OT MOMSAPU3YH0-
Leiics cpedbl, NocneaHee NpomMcxoaut nubo npu
NOrPYy>XEHUN YCTAHOBKM, NIMBO NpW yBENUYEHUM
rnybuHbI akBaToOpPUK.

2. CurHan Bl nposBnsieTcs Ha BpeMeHax u3-
mepeHun oo 16 ¢ npu rnyduHe mops 100, 500 u
1000 m. lMpu pacnonoxeHnn yCTaHOBKW B BEPX-
HEN 4acTW BOLHOrO Cfost Npyu MOLLHOCTM BOAbI
500 1 1000 m, TO eCTb NpU 3HAYUTENBHON TOS-
WKNHe HenonspuaytoLllencs tonwm, curdan Bl
nposienseTcsa kak BIW, cBa3aHHas ¢ BUXPEBbLIM
Tokom. [Mpu rny6buHe mops 100 M 1 NpUAOHHOM
nonoxeHun yctaHoBku Bl nposBnserca Kak
BIl, To ecTb nonspusauus, ceAsaHHas C ranb-
BaHW4ecknuMm TOokoM. OfHaKo pasHble cnocobbl
B030yxxaeHus npoueccos BI1 B reonornyeckon
cpefe Mo3BOMAKT M3yyaTb O4HW U Te Xe reo-
anekTpuyeckue (NonspusaLnoHHbIE) XxapakTepu-
CTUKM.

BmecTe ¢ Tem nccnefoBaHue nokasano, 4To
HeobxoauMo yrnybneHHoe n3yyYeHne N3MeHeHN
curHana nepexogHoro npouecca AnNs Kaxaon
rnybuHbl MOPSt NPU pasHbIX YCNOBUSX M3Mepe-
HUA (reoMeTpuM yCTaHOBKW, POPMbl MMMNYIbC-
HOro BO34ENCTBUS U NPOSOSIKUTENBHOCTU peru-
cTpauum curHana).

B pabotax [27, 28] uncneHHO uccnenosa-
NOCb NPOSIBNEHNE HU3KOYACTOTHOW AMCnepcum
reonornyeckon cpeapbl (curHana BI1) Ha akBaTo-
pun ¢ rnybuHon mopsa 100 M gns yctaHoBkn A
500 B 500 M 500 O 500 N, Haxoasiwencs Ha pas-
HbIX rnybuHax ot 0 go 100 m, a Takxke npu pas-
HOW MPOOOMKMUTENIbHOCTU BO3BYXKAOLWErO UM-
nynbCa W BPEMEHW M3MEPEHUS NepexoaHoro
npouecca.

Pasnuyne nposiBreHns 3nekTpoMarHUTHbIX
CUrHaNoOB Pa3HOro MPOUCXOXOEHUs (CTaHOBMe-
Hus, B n BlW) cBA3aHo ¢ n3meHeHnem pac-
npegeneHus BHyTPU Uccnegyemon cpedbl nnoT-
HOCTW TOKOB, C KOTOPbIMUW CBSI3aHbl 9TW CUrHansbl,
BO BpeMs MpoTeKaHWUs NepexofHoro npoiecca.
3TN pasnmuns BUOHbI B pacCYnTbIBAEMbIX BEMU-
ynmHax: curHane nepexogHoro npouecca AU(t),
KOHEYHON Pa3HOCTU CUrHana nepexogHoro npo-
uecca A2U(t) n TpaHcdopmanTe P1(t). Ans pas-
HbIX MO FrEOMETPUYECKUM XapaKTepPUCTUKaM ycTa-
HOBOK MepexofHbln mpouecc 6yaeT npoTekatb
no-pasHomy. Llenb aToro u npeabliaywmx ncene-
[0BaHWN — MoKasaTb, OT KaKWX XapaKTepucTuk
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CUCTEMbl W3MEPEHU (FEOMETPUS YCTaHOBKM,
NPOLOMKNUTENBHOCTL UMMYNbCa U BpeMsi U3Me-
PEHWsI NepexoAHOro NpoLecca) 3aBuUCUT NposiB-
neHue B 00LLeM curHane nepexoAHoro npouecca
curHarna, CBsi3aHHOTO C HU3KOYacTOTHO Aucnep-
CMell 3MeKTPOMArHUTHLIX CBOICTB reonoruye-
CKMX 0DpasoBaHWii, @ Takxe WCMONb30BaTh pe-
3ynbTaTbl MUCCNEOOBaHUIA NPU NPaKTUYECKUX N3~
MEPEHUSIX Ha aKBATOPUSX.

Marepumanbl U MeToabl UCCneaOBaHUSA

B ocHoBe nccrnegoBaHus nexar pesynbTaTtbl
peLleHns nNpsMon 3afavn OT OLHOMEPHOMN Mpo-
BOASILLEN Mnonspusylowenca cpeabl ansa ropu-
30HTaNbHON 3MEeKTPUYECKOW KOMMOHEHTbl He-
YCTaHOBMBLUErOCH  3fIEKTPOMArHUTHOro  Mons.
ABTOpamMn MCNonb30Banca MeToq JIMHENHOW
bunbTpaunm pelweHns 3agadn dneKTpOMarHuT-
HOro ctaHoBrneHus [17]. Mpu pacyetax nepBoHa-
YyanbHO BbIYMCASNACh YacTOTHAs XapakTepu-
CTMKa CUrHana B LUMPOKOM AuanasoHe 4acToT,
3aTem nytem npeobpasoBaHus ®Oypbe nonyya-
NoCb peLleHne BO BpemeHHon obnactu. Bl
cpedbl yudTblBanacb 4acTOTHO — 3aBUCHUMbIM
yOenbHbIM  3NIEKTPUYECKAM  COMPOTMBIEHWNEM
(Y3C) no chopmyne Koyna — Koyna (1)

p(w) = po (1 - L), (1)
1+(iwt)¢

roe po — YOC Ha noctositHHOM Toke, Om-M;
n — KO3(PPULMEHT NoNspmu3yemocTui, Jonu eq.;
T — MNOCTOSIHHAs BPEMEHM, C; C — NOKa3aTenb CTe-
neHu, 6.p.; w — Kpyroeas yactoTa, L.

[ns yncneHHoro akcnepumeHta 6bina Bbl-
BpaHa npocTtas cpefa — ABYXCMNOMHOE Nonynpo-
CTPaHCTBO. BOAHbIV Crov XOpoLo NPOBOASALLNNA,

Tabnuua 1. Mogenb npoBoasLien cpeabl
Table 1. Model of the conducting medium

2020;43(3):325-338

¢ YOC 0,25 Om-M, Henonapuaytowmiics. MNposo-
aswas reonornyeckas cpega — ¢ YOC 1,5 Om-m,
CBOWCTBEHHbLIM MOPCKUM ocagkam. [lonspusye-
MOCTb [€ONorM4eckon cpefbl W3MeHsnacb W
6bina 3agaHa 0 unun 15 %. MowHocTb BOAbI CO-
craensna 100 m (tabn. 11 2).

PacyeTbl curHana nepexogHoro npotecca
AU(t), KOHEYHOW Pa3HOCTU CUrHaNa NepexoaHoro
npouecca A2U(t) n TpaHcdopmaHTsl P1(t) npoBe-
[EeHbl ANs psga ycTaHoBOK (puc. 2): AB — 50 M,
MO — 25 m, ON — 25 m, paccTosiHue Mexay LeH-
TpaMn UCTOYHMKA U n3ameputenibHon NuHun MN
r— 100 m; AB — 100 m, MO - 50 m, ON — 50 m,
r—200 m; AB —250 m, MO — 150 m, ON — 125 m,
r—500 m; AB —500 M, MO — 250 m, ON — 250 m,
r — 1000 m; AB — 1000 v, MO - 500 m, ON -
500 m, r — 2000 m; AB — 2000 m, MO — 1000 m,
ON — 1000 m, r — 1000 m. PacuyeTbl Benu4uH
AU(t), A%U(t) u P1(t) npoBeaeHbl Npy pasnuyHbIX
rnybuHax pacnonoXeHWs UCTOYHMKA W MpPUEM-
HUKa. YCTaHOBKa pasmMeLlanacb ropu3oHTanbHO
Ha rnybunax 0, 50 n 100 m.

MNepexoaHbIv NPOLECC Ha MHTepBarne BpeMEH
oT 1 Mc go 16 ¢ paccuuTtbiBanca nocne 6ecko-
HEYHOro MMMynbca Toka (MMNynbC BO3OYXAae-
HUA — yHKUMA XeBucanTa).

Pe3ynbTaTthl MccnegoBaHus
n Ux obcyxaeHue
Ona HarngagHoro nosiCHEHUs NOBEAEHUs!
9N1EKTPOMArHUTHOTO MOMS, CO34AHHOTO pasnny-
HbIMM N0 pa3Mepam UCTOYHMKaMW, U CUrHana ne-
PEXOAHOro NpoLecca, PErMCTpMpyeEMOro pasHbIMM
yCTaHOBKamu, pacCMOTPUM rpadoukn curHana ne-
pexofHoro npouecca AU(t), KOHEYHON Pa3HOCTH

Crioi YaenbsHoe anekTpuyeckoe KoacppuumeHt MoLuHoCcTb
conpoTvenexue p, OM'Mm nonspusyemoctu n, % cnosi h, m
1 0,25 0 100
2 1,5 0 ©
Tabnuua 2. Mogenb npoBoAsLien cpeabl C NONAPU3YIOLWUMCA OCHOBaHNEM
Table 2. Model of the conducting medium with a polarizable base
Crioi YaenbHoe anekTpuyeckoe KoadpdpmumeHt [MocTosiHHaAA [MokasaTtenb MoluHocTb
conpoTuenexue p, OMMm nonsapusyemoct 1, % BPEMEHWN T, C | CTeneHm ¢, 6.p. cnosih, m
1 0,25 0 - - 100
2 15 15 1 0.5 ©
2MorunatoB B.C. ImnynbcHas anektpopasseaka y4eb. nocobue. Hosocubupck: Uaa-so HIY, 2014. 182 c.
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Puc. 2. CxeMblI a5ilekmpuyecKux ycmaHo80K, UCnosib308a8WUXCS NIpu pacyemax
Fig. 2. Diagrams of electrical probes used in the calculations

curHana nepexoaHoro npouecca A2U(t), TpaHc-
bopmaHTbl P1(t) # pasHoCTU TpaHCOpMaHT
AGPL(t) ons ycTaHOBOK, HaXO4sLMXCS Ha no-
BEPXHOCTU BOAHOW TONLWW, B €€ cepeaunHe U Ha
[HE aKBaTOPUK.

Benununna ASPL(t) (2) nokasbiBaeT pasHOCTb
TpaHccopmaHT P1(t) BO Bpemsi nepexogHoro
npouecca Ans NpoBOASALLEN MOZENN U ANs Npo-
BOASLLEN NONAPU3YIOLLENCS MoAenu, paccyu-
TaHHbIX AN OAUHAKOBbIX YCOBU:

AS6P1(t) = P1oy,(t) — P1ysy,(0), (2)
roe Plow(t) — curHan TpaHcdopmaHTel P1(t) BO
BPEMS NepPexo4Horo npouecca Ans NpoBOAsLLEN
mogdenu; Plisw(t) — curHan TpaHcpOpMaHThl
P1(t) BO BpeMs nepexogHoro npouecca ans npo-
BOASLLEN NONAPU3YIOLLENCA MOAENN.

OnucaHve  pesynbTatoB  WUCCriegoBaHWs
Ha4YyHeM C pacyeToB ANA YCTaHOBOK, pacnoso-
XEHHbIX B CEpEANHE BOOHOrO Cros — Ha rnybuHe
50 m.

Pasnnune nosegeHus curHana nepexogHoro
npouecca AN  MCNOMb30BaHHbIX YCTaHOBOK
MOXHO OOBbSACHUTb, ONMUPasiCb Ha OLLEHKY adhek-
TUBHOW NY6UHbI NPOHUKHOBEHUSI MOCTOSIHHOIO
Toka B npoBogsien cpeae. OHa u3meHseTcst
¢ 1/4 go 1/10 AnuHbI UCTOYHUKAS, 1 ANA CUNBHO

NpoBOAALMX cpeq (KakoBOW ABMNAETCA MOpCKas
BOAA) 3Ta BENMYMHA NpUbnMKaeTcs K MEHbLIMM
3Ha4eHunsIM. B mopckon BoAe OCHOBHas MnnoT-
HOCTb ranbBaHMYECKOTO TOKa COCpegoTOoveHa
BOKPYr MCTOYHMKA B (hOPME, HAaNnOMUHAIOLLEN 31-
nvncoua BpalleHns ¢ ManbiIM paguycom, npu-
MepHO paBHbIM 1/10 ANUHBI NUTAIOLWEN NINHUK.
Mpu rny6uHe mopst 100 M MCTOYHMKIN OSIVHON
2000 1 1000 m BO Bpems nponyckaHWs Toka Co-
30at0T BOKpYr cebss obnacte OCHOBHOW MMOTHO-
CTM ranbBaHW4eCcKoro Toka ¢ MakCMMarnbHbIM pa-
OVYCOM B LIeHTpanbHOW Y4acTu NIMHUK — nopsaka
200 1 100 m cooTBETCTBEHHO. [[@nbBaHUYECKMiA
TOK BbICOKOW MNOTHOCTM ByAeT TeUb He TONbKO B
BOAE, HO M B reoniormyeckon cpefe, Bbi3biBas
npoLieccol pasgeneHns 3apsaos. [locne BbIkMo-
YeHus UMnynbca pacnpefeneHve anekTpomar-
HUTHOrO Mons, CO34aHHOE B CTaLMOHApPHOM CO-
CTOSIHUW, HEeKoTopoe Bpemsi BydeT noadepxu-
BaTbCA Bnarogaps SBNeHn0 camonHgykumu. Mo-
cne ocnabneHns MarHUTHOro Nons, NPOTUBOAEN-
CTBYIOLLErO W3MEHEHWUSIM, HAYHETCH WHTEHCUB-
HbIi NPoOLEeCcC CTaHOBREHWs nonsa (pwc. 3, a,b),
COMPOBOXOAIOLLMNCS ANEKTPOMArHUTHBIM CUrHa-
NOM, penakcauusi reonorndeckon cpegpl dyaer
TakKe COMPOBOXAATbCA  3NEKTPOMAarHUTHbIM

3MateeeB b.K. Onektpopasseaka: yuebHuk ans ctyaeHToB. M.: Hegpa, 1990. 368 c.
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curHanom BII. [lo BpeMeHW HeCKOMNbKUX CekyHa
obWun curHan nepexogHoro npouecca bypet
rnaBHbIM 06pa3om onpeaensaTbCa CUrHanom cra-
HOBNeHUs, 3aTeM — curHanom Bl U3meHeHne
NnpeBanupoBaHns OLHOW COCTaBNSAOLWEN nepe-
XO[HOro npouecca Haf [pyron OTMeyaeTcs
B MUHUMYyMe TpaHcdopmaHTel P1(t) (puc. 3, c).
MaBHbIM 06pa3oM OHO CBA3AHO C U3MEHEHWEM
MPOCTPAHCTBEHHOW HEOOHOPOAHOCTM TOKOB U
Nnepexoaom OT NPOCTPaHCTBEHHOW HeoHOpOa-
HOCTW, ONpPeaensieMon BUXPEBLIM TOKOM, K NPO-
CTPaHCTBEHHOW HEOAQHOPOAHOCTU, Onpeaense-
mown Tokom BT
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[ns ycTaHoBOK C UCTOYHMKOM AnivHON 500 u
250 M nepexogHbIN NPOLECC MPOXOAUT CXOXMe
cTaguv, BpemMs nepexoga, korga npoCcTpaH-
CTBEHHOE pacnpefeneHne TOKOB B cpefe Hauu-
HaeT onpepenatbcsa Tokamu B, oTmevaetcs
paHee 1 c.

Ans yctaHoBku ¢ gnuHon nctoyHuka 100 m
oTMeyaeTcs oTnmyme curHana A2U(t) ot aHarno-
FMYHBIX CUTHANoB Ha GonbluMX ycTaHOBKax. Ha
BpeMeHu okoso 200 MC 0TMeYaeTcs CMeHa 3Haka
curHana (cm. puc. 3, b), uto oTpaxaetcs B cMeHe
3Haka TpaHcgopMmaHTbl P1(t) (cMm. puc. 3, ¢).
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Puc. 3. Pacuembi 0ns1 ycmaHO80K, Haxoodsiujuxcsl 8 cepeduHe eoGHol monwu npu 2ny6uHe mops 100 m,
0ns npoeodsiujeli Modesnu ¢ NpoeodsawWUM NoAsPU3YHUUMCS] OCHOB8aHUEM
(MOHKUMU cepbIMU JIUHUSIMU NOKa3aHbl cU2Hasbl 05151 nposodswel Modenu):
a — cueHan nepexo0Hoz2o npouecca AU(t); b — koHe4YHas pasHocmb cu2Hana nepexodHoeo npouyecca A2U(t);
¢ — mpaHcghopmarma P1(t); d — pazHocmb mpaHcgpopmanm ASP1(t)
Fig. 3. Calculations for the probes submerged at a depth of 50 m, with the water layer thickness of 100 m,
for the conductive model with a conductive polarizable base
(thin gray lines show the signals for the conductive model):
a — transient signals AU(t); b — transient difference signals A2U(t);
¢ — transform P1(t); d — transform difference ASP1(t)
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MHTepecHO M3MEHEHWE CurHana nepexog-
Horo npouecca ans ycraHoskn A 50 B 50 M 25 O
25 N: curHan nepexogHoro npouecca AU(t) us-
MEeHSIeT CBOK MONMAPHOCTb Ha BpemeHu 1 ¢ (cwm.
puc. 3, a). Takoro acppekra He oTMevaeTca ans
LpYrux yCTaHOBOK HAa BPEMEHHOM WHTepBarne [0
16 c. Ewe Ha bonee paHHeM BpeEMEHN MeHsieTCA
3Hak A2U(t) — nopsigka 70 mc (cm. puc. 3, b).

[ns ycTaHOBKM C OSIMHOM MCTOYHMKA S50 M
abpekTBHAsA rnybrvHa NPOHWKHOBEHWS MOCTO-
SIHHOTO TOKa B CWUNbHO NPOBOAsLLEN cpede —
OKOMO 5 M, MO3TOMY UCTOYHUK TakoW OJSIMHbI He
CO3[a€eT 3HaYMTESIbHYI0 NIOTHOCTb ranbBaHu4e-
CKOro TOKa B reonormyeckon cpege. Bo Bpems
MEPEXOQHOr0 npoLecca OCHOBHas MIOTHOCTb
BUXPEBOro Toka AnddyHaMpyeT cHavana B Boa-
HOW TosLe, a 3aTeM B reonornyeckon cpege. B
nocnegHen BosHukaeT B, cBA3aHHas He C ranb-
BaHWYECKUM, @ C BUXPEBLIM TOKOM, KOTOpasi Npo-
SIBNSETCA Ha U3MepUTene Kak dneKTpOMarHuT-
HblA CWUrHaM MNPOTUBOMOSIOXHOrO 3Haka. Peru-
cTpaumio curHana BIW, umetowero npoTuBono-
NOXHYH OTHOCUTENBHO 3HaKa CUrHana uMnynbca
MONSAPHOCTb, OTMEYatoT Npu paboTe € UHAYKTUB-
HbIMW yCTaHOBKaMW. pUCYTCTBME CMEHbI 3HaKa
Ha OOMbLWMX yCTaHOBKax npu rnybuHe mops
okonno 1000 m oTMevanocb B M3MEpPEHUsIX ak-
BanbHbIM AndepeHLmanbsHO-HOPMUPOBaAHHBIM
METOOOM 3MEKTPOPa3BEAKM.

Ha ocHoBaHwuu rpacmkos P1(t) (cm. puc. 3, ¢)
n ASPL(t) (puc. 3, d) Takke MOXHO mpeanosno-
XWUTb, YTO ANS re03NeKTPUYECKNX YCIOBUIA, Npu-
HATBIX B pacyeTax, B cUrHane, permctpupyemMmom
yctaHoskov A 100 B 100 M 50 O 50 N, nosene-
Husa BMI n Bl komneHcupytoT apyr Apyra, 10
€CTb CUrHanbl, cBsi3aHHble ¢ Tokamu Bl n BN,
MackupytoT Apyr apyra v curHan Bl ctaHoBuTCA
3aByanupoBaHHbIM. [1pn U3MEHEHUSIX reoanek-
TPUYECKMX YCINOBWIA UNK rNyOuHBI MOpS CUTYa-
LUMS MOXET M3MEHUTbCS M NPUBECTM K Hemnpa-
BUMbHOW MHTEpRpeTaumMmn pe3ynbTaTtoB U3Mepe-
HWUI. YCNOBHO MOXHO CKa3aTb, YTO ANS AaHHbIX
re0aneKTPUYECKUX YCIOBUIA MPUMEHEHNE TaKOM
YCTaHOBKM HeLenecoobpasHo.

Bua curHanos gns yCTaHOBOK, pacronoXeH-
HbIX Ha MOBEPXHOCTU Mops (puC. 4), BO MHOTOM
NOBTOPSIET pacyeTbl AN YCTaHOBOK, MOrpyXeH-
HbIX B cepefnHy BogHoW Tonwu. MoxHO oTMe-
TWUTb, YTO CMeHa 3Haka AU(t) ans yctaHoBku ¢ AB
50 m nponcxoauT Ha 6onee paHHUX BpeMeHax —
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¢ 1 ¢ nepemewaetca Ha 300 mc. Bospacrtaet u
aMmnnutyga oTpuuaTesibHbIX  3HaveHund. [ns
A2U(t) Takne n3MeHeHUst He npoucxoadT. Takue
M3MEHEHUs MpPOSBNATCA B TpaHCdOpMaHTe
P1(t) B npucyTCTBMM TOYKM pa3pbiBa rpaduka
(cm. puc. 4, ¢). YBenumumBaeTcs amniautyga oT-
puLaTenbHbIX 3HadYeHnid A2U(t) Ans ycTaHOBKM C
AB 100 m, yTo nposiensieTcsa B P1(t) B BUAE pesko
BO3pacTatoLLMX OTpULaTeSIbHbIX 3HAYEHUI.

PacuyeTbl, caenaHHble 4ns ycTaHoBOK, pacno-
NOXEHHbIX Ha [He akBaTopuM — Ha rnybuHe
100 m (puc. 5), nokasblBatoT, 4TO Npu 3arnybne-
HUW YCTAHOBKM B NPUAOHHYIO YacTb ranbBaHuye-
CKUVA TOK NPOHUKAET B reosIornyeckyto cpeay ans
BCEX YCTAaHOBOK (13 pacCMOTPEHHbIX). B curHane
NnepexodHoro npouecca NPUCYTCTBYET CUrHan
WHAYKTUBHOIO cTaHoBneHus v curHan BT, Cur-
Han Bl B paccmatpvBaeMoM guanasoHe Bpe-
MEHW HEe 0TMeYaeTCs HU Ha OOHON YCTaHOBKeE.

CpaBHeHue pasnuumin curHanos AdP1(t) ans
pa3HbIX YCTAHOBOK U pa3HbIX rmyBuH nx norpyxe-
HUS JaeT MHGopMaLMo O BKNagde B TpaHcgop-
mMaHTy P1(t) coctaensiowein, csasaHHon ¢ Bl
reonornyeckou cpedbl. Bl nobon npupoasl, Bo3-
HUKatoLLLel Noa, BO3AEeNCTBUEM ranbBaHNYECKOro
UNW BUXPEBOIO TOKA MM 3TUX TOKOB COBMECTHO.
MNpu npeobnagaHum B curHane Bl ata Benu-
ynmHa OypeT oTpuuatenbHoi (cMm. puc. 3,d K
4, d), npu npeobnagaruu BINI — nonoxutensHow
(cm. puc. 5, d).

3akntoyeHue

PacyeTbl curHanoB nepexogHoro nmpoiecca
AU(t), KOHEYHOW Pa3HOCTU CUrHaNa NEPEXOAHOr0
npouecca A’U(t) n TpaHcopmaHTel P1(t) Ha
pasHbIX MO pa3Mepam yCTaHOBKaX, NOrPy»eHHbIX
B BOAHbIN cnown npu ero mowHocTn 100 m, noka-
3anu CUMbHYH 3aBUCUMOCTb XapakTepa curHana
OT rNy6uHbI NOTPYXEHNUsA ANA «ManbiX» YCTaHO-
Bok (C AB 50 1 100 m) 1 oTCyTCTBME TaKkon 3aBu-
CUMOCTM Ans npounx yctaHosok (¢ AB 250, 500,
1000 1 2000 m).

CvrHan nepexogHoro mnpouecca CBs3aH C
BMXPEBbIM TOKOM, TokoMm Bl n BINW, n atu cur-
Hanbl NO-pasHOMY MPOSBASKOTCA Ha WU3Mepu-
TenbHbIX JINHUAX, pa3MeLLeHHbIX B 0CEBOW 0bna-
CTW 3a3eMIIEHHON 3MEKTPUYECKON NUHUK. 3Has
3T0, MOXHO NPeAnoNOXuTb, YTO Pas3nuyns B pe-
FMCTPUPYEMOM CUrHane BO MHOrOM OBBACHS-
0TCA 3 EKTMBHON TMYOUHON NMPOHWUKHOBEHWMS
ranbBaHNYeCKOro Toka BO BpeEMS UMMySibCa.
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Puc. 4. Pacuembi 05151 ycmaHO80K, Hax00siWjUXCcsl Ha NoeepxHocmu e00HOU monauju
npu anybuHe mopsi 100 M, Ansi nposodsiuieli Modesiu ¢ NPO8OGAWUM MOSAPU3YHOUUMCST OCHO8aHUEM
(MOHKUMU cepbIMU JTUHUSIMU NOKa3aHbl cU2Hasbl 05151 nposodswel Modenu):
a — cueHan nepexodHozo npoyecca AU(t); b — koHeyHasi pasHocmb cuzHana nepexodHoezo npoyecca A2U(t);
¢ — mpaHcghopmarma P1(t); d — pasHocmb mpaHcgopmanm ASP1(t)
Fig. 4. Calculations for the probes submerged at a depth of 0 m,
with the water layer thickness of 100 m, for the conductive model with a conductive polarizable base
(thin gray lines show the signals for the conductive model):
a — transient signals AU(t); b — transient difference signals A2U(t);
¢ — transform P1(t); d — transform difference ASP1(t)

Ha yctaHoske A 50 B 50 M 25 O 25 N B 3a-
BUCUMOCTM OT rnyBuHbI NOrPYXEHNSI PErMCTPUPY-
eTcsa curHan BIM, ceszanHbin ¢ BN (ans rny6buH
0 n 50 m) n c BII (ans goHHoM ycTtaHoBKKM). Cxo-
Xaa cutyauus HabngaeTtcs Ans ycTtaHoBkM A
100 B 100 M 50 O 50 N. MoxHO npeanonoxuTb,
YTO ANS 3TUX YCTAHOBOK HA OMPEAENneHHON rny-
BvHe norpyxeHus coctaensiowme curHana Br,
CBSI3@aHHbIE C ranbBaHWYECKUM W BUXPEBLIM TO-
koM, OyayT KOMNeHcUpoBaTb ApYr Apyra. Takue
rnyBuHbI MOXHO Ha3BaTb HEONTUMANbHLIMU ANS
U3y4YeHNss NONAPU3ALMOHHBIX CBOMCTB reonorun-

4yeckow cpefbl B pacCcMaTpuBaeMblX re03fekTpu-
yeckmx ycnosusax. [na ycraHosku ¢ AB 100 m
B3auMHas KomneHcauus curHanos Bl n Bl
Habntogaetcsa ans rnyouH, 6nmskux k 50 m.

[ns ocTaBwuMxcs W3 paccMaTpyuBaeMbIX
ycTtaHoBok curHan Bl npeobnagaet Hag curHa-
nom Bl gns no6on rmybuHbl NOrpyXeHus oT
MOBEPXHOCTWM BOAHOrO Crosi A0 AHa. Pasnuune
CUTHamNoB, PErMCTPUPYEMbIX 3TUMI YCTAHOBKaMMK,
3aKn4YaeTcs BO BPEMEHU NPOSBNEHUS CUMrHana
BIMI. lMpu yBenuyeHun pa3mepoB YCTaHOBKM
(rmaBHbIM 06pa3om pas3Hoca) Bpems, korga
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Puc. 5. Pacuemsbi 05151 ycmaHO80K, Haxo0siujuxcsi Ha OHe akeamopuu npu aiy6uxe mopsi 100 m,
0ns npoeodsiujeli Modesnu ¢ NPoeodsaW UM NOASAPU3YHOUUMCST OCHOB8aHUEM
(MOHKUMU cepbIMU JIUHUSIMU NTOKa3aHbl cu2Hasbl 05151 npoeodsawel Modesnu):
a — cueHan nepexo0Hozo0 npouecca AU(t); b — koHe4YHas pasHocmb cueHana nepexodHoeo npouecca A2U(t);
¢ — mpaHcghopmarma P1(t); d — pasHocmb mpaHcgpopmanm ASP1(t)
Fig. 5. Calculations for the probes submerged at a depth of 100 m, with the water layer thickness 100 m,

for the conductive model with a conductive polarizable base
(thin gray lines show the signals for the conductive model):

a — transient signals AU(t); b — transient difference signals A2U(t);

¢ — transform P1(t); d — transform difference ASP1(t)

CUrHan CTaHOBMEHWS CTAHOBMTCA NO aMnauTyae
MeHblwe curHana BIl, cosuraetca Ha Gonee
nosgHee. JTOT MOMEHT MOKa3blBaeT MNPUCYT-
CTBME MUHUMYMa Ha TpaHcdopmaHTe P1(t) ne-
pen Hayanom BOCXOAsILLEeN BETBW 3TOW TpaHC-
opmaHTel. [Ins yctaHoBkn A 250 B 250 M 125
O 125 N 310 Bpems — 300 Mc, Ans ycTaHOBKK A
500 B 500 M 250 O 250 N — 1 ¢, Ans yctaHOBKM
A 1000 B 1000 M 500 O 500 N — 3 ¢, ans ycta-
HoBkn A 2000 B 2000 M 1000 O 1000 N - 10 c.

Bo Bpems umnynbca Toka B OKPY»KatoLLMX NCTOY-
HUK Cpefax YCTaHaBMMBAETCS CTaLMOHapHOE
none nOCTOSIHHOTO Toka. [locne BbIKIYEHUS
TOKa yCTaHOBYBLLEECS pacnpeaeneHne aneKkTpo-
MarHUTHOrO MOns B TeYEHWEe HEKOTOPOro Bpe-
MEHWN NOAAEPKMBAETCA MArHUTHLIM MONeM ca-
MOVHAYKUMKM, a 3aTeM B NpoBoAsLiei cpeae
Ha4YMHaeTcs nepexodHbIn npouecc. o mepe yaa-
NEeHUs OT UCTOYHMKA W BEIMYMHBI NPOBOAMMOCTH
cpedbl CTaUMOHApHOE COCTOSHUE CMeHseTcs

leonorus, noMcku u passegka MeCTOpO)KHeHVIVI noJie3HbIX UCKOoNaeMbIX

334 I

Geology, Prospecting and Exploration of Mineral Deposits



\) AreenkoB E.B., CutHukoB A.A., BogHeBa E.H. Bnusinne pa3zmepoB yCTaHOBKM Ha NPOSIBNEHME. .. |
Ageenkov E.V., Sitnikov A.A., Vodneva E.N. Influence of the probe dimensions on the display...

nepexogHbiM MNPOLECCOM C 3adepXKon: 4em
[anbLie OT UCTOYHKKA, TEM NO3JHEe, Yem cpea
Bonee nposogsLas, TeM no3gHee. ATO MOXHO
HabnogaTb N0 NPOAOMKUTENBHOCTU aCUMNTOTK-
yeckol BeTBM Ha rpadmkax AU(t), A2U(t) n P1(t),
HaYMHaOLLENCa C paHHUX BPeMeH U Ansiencs
[0 Havana W3MEHEeHU CUrHanoB, CBA3AHHbIX C
Ha4yanoMm nepexogHoro npouecca. Bo Bpems
HEro nepBoHayanbHO OOnbLWY amMnNAnMTyay
MMeeT curHarsn, cBAsaHHbIN ¢ anddysnen Buxpe-
BOrO TOKa BHYTPW MPOBOASLIEN Cpefbl, 3aTeM
Gonblyo amnnutygy npuobpetaeT curHan,
CBSA3aHHbIN C ranbBaHWYECKUM WM BUXPEBLIM
TOKOM.

CoenaHHble pacyeTbl Mnokasanu, 4T0 And
«bonbwmx» yctaHoBok (c AB 1000 n 2000 m u
pasHocom 2000 1 4000 m) grnanasoH npeobnaga-
HUs curHana Bl — camble no3gHue BpeMeHa
ot 3 8o 16 cm ot 10 o 16 c. OH orpaHMyeH npo-

| 2020:43(3):325-338

LOIMKMTENbHBIM 3hEKTOM CaMOUHAYKLMKU mar-
HUTHOrO NoNs, NoaAepXuBaroLLUM pacnpegene-
H1e 3NeKTPOMarHUTHOro noss, B TOM Yucne B 06-
nacTu uamepuTens, CroxvBLLIEecs B CTaluuoHap-
HOM COCTOSIHMMW. [1Ns 3TUX YCTaHOBOK Takas cu-
Tyaumsi Habnogaetcs npu nobon rnybuHe no-
rpyxenus ot 0 go 100 m. OgHako npu ymeHbLue-
HUM pa3Hoca Bpemsi npeobnagaHus curHana
BIMI" cmecTnTCAa Ha Bonee paHHMe 3HaveHus [23,
25, 26], a M3yyeHue Takmnx ycTaHOBOK NnoTpedyeT
AOMNONHUTENBHOIO YUCMEHHOTO UCCNefoBaHus.

YctaHosku ¢ AB 250 1 500 M MOXHO cuutaTtb
ONTUMasnbHLIMU AN OaHHbIX re03NeKTPUYeCKuX
YCIOBUI B TakoW NOCTaHOBKE 3afayn, Tak Kak
Bpems npeobnaganus curdana Bl HaumHaeTcs
oTHocuTenbHO paHo — ¢ 300 mc unun ¢ 1 ¢. K tomy
Xe 3TO He 3aBWUCWUT OT rMNy6uHbI MorpyxeHus
YCTaHOBKM, KaK Ans MEHbLUMX MO pa3Mepy ycTa-
HOBOK.
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Mpobnembl ucnonb3oBaHUA 00NEr4YeHHOro UemMeHTa
ANA KpenneHus HedhTerasoBbIX CKBaXWUH M NYTU UX peLUeHUs

© H.A. Byrnosg?, J1.A. Bytakosa®, M.B. BoyapHMKOB®

aClpkymcekul HayuoHanbHbIU uccriedosamesibCKull mexHudeckuli yHugepcumem, 2. Mipkymck, Poccusi

Pe3rome: B naHHoOM cTaTbe npuBedeHbl pe3ynbTaTthl Nogdbopa peuenTypbl TaMMOHaXHOro pacTBopa U3 LeMeHTa, He Co-
OTBETCTBYIOLLErO CTaHAAPTY Ka4yecTBa, AN LEMEHTUPOBAHUS BEPXHEN YacCTW KOMOHHbI NMpW CTPOUTENbCTBE HEPTAHON
ckBaxuHbl. O6bekTOoM uccneaoBaHus sensancsa uemeHT mapku MUT [11-06 5-50 TOCT 1581-96. B uemeHT BBOAMMAUCH J0-
0aBku, KOTOpblE, COrMAacHO NUTEpaType, CNoCcoOHbI YNyYlMTh €ro TEXHONOTMYECKUE NoKasaTeNn: XMOpUCTbIA KamnbLumi
(CaClz), xnopucrtbiii Hatpui (NaCl), xnopuctei marHuin (MgClz), runc (CaS04-2H20), mpamopHas kpowika (MK-100), Muk-
pokpemHesem (MK-65, MK-85), kaycTuyeckas u kanbumHupoBaHHas cogbl (NaOH n Na2COs), a Takke nonimaHMoHHas Len-
nionosa Bbicokon u Huskon Baskoctu (MALL BB n MAL HB). Onpepenanuce cnepytoLime TEXHONOrMYeckne nokasartenu:
MIOTHOCTb PacTBOpa, PacTEKaeMOCTb LIEMEHTHOTO TeCTa, BOQOOTAESNIEHNE, 3aryCTeBaHUEe pacTBopa, Npeaesbl MPOYHOCTY
TaMMOHaXHOTO KaMHs Npu u3rnbe n cxatum. MiccneoBaHNs NPOBOAUMMCH C Y4ETOM OTEYECTBEHHBIX Y MEXAYHAPOLHBIX
CTaHOapToB. PesynbTaTthl UCMbITAHWIA Nokasanu, Yto npumeHeHue pobaeok NaCl, MgClz, CaCl,, Easy SET, MK-100 u
CaS04'2H20 ynyywaeT BOJOOTAENEHNE LEMEHTHOMO pacTBopa W NPOYHOCTHbLIE XapaKTEPUCTUKM LLEMEHTHOTO kKamHs. Oa-
HaKo peareHTbl, NpeaHa3HaveHHbIe Asi CHkeHnst BogooTtaenerus (MAL HB, MAL, BB, Na.COs, NaOH, MK-65 1 MK-85)
CYLLECTBEHHO CHIWDKAKOT MPOYHOCTHbIE XapaKTEPUCTUKM LIEMEHTHOTO kamHsl. KpenneHue KOMOHHbI BbILEYNOMSHYTHIM
LIeMEHTOM BO3MOXHO C NpUMeHeHueM cnepytowmx peareHTto: CaClz B konuuecTse 2 %, NaCl B konuuectse 1,2 %, MgClz
B konnyectee 1 %, a Takke ynpoyHstowero peareHta Easy SET B konuyectse 1 % OT Macchbl LEeMEHTa.

Knroveeble crnoea: TaMNOHAXHbIN pacTtBop, 06neryeHHbI LEMEHT, LUemMeHTpoBaHune, MninoTHOCTb, BOAOOTAENEHNUE,
MPOYHOCTb, n3rnb, cxatue, pacTekaemMoCTb
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Unpopmayusi o cmamebe: noctynuna B pegakumio 21 mas 2020 r.; noctynuna nocne peueH3npoBaHus 1 gopaboTku
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Problems of the use of lightweight cement
in oil and gas well fixing and possible solutions

© Nikolai A. Buglov?, Lyubov A. Butakova®, Mikhail V. Bocharnikov®
a=|rkutsk National Research Technical University, Irkutsk, Russia

Abstract: The article presents the results of the selection of the grouting mortar made out of the cement that does not
comply with the state standard (GOST) for cementing the upper part of the column during the construction of an oil well.
The object of study was the cement grade PCT Ill-ob 5-50 GOST 1581-96. The study used the additives that, according
to the literary sources, are able to enhance the cement technological parameters. The additives were calcium chloride
(CaCly), sodium chloride, magnesium chloride (MgClz), gypsum (CaSO4-2H20), marble chips (MK-100), silica fume
(MK-65, MK-85), caustic soda (NaOH) and calcined soda (Na2COs), as well as high and low viscosity polyanionic cellulose.
The following technological parameters were determined: the mortar density, the mortar paste spreadability, water sepa-
ration, the thickening of the mortar, the ultimate bending and ultimate compression strength of the cement stone. The study
was conducted taking into account the domestic and international standards. The test results show that the use of the
agents such as NaCl, MgClz, CaClz, Easy SET, MK-100, and CaS0O4'2H20 enhances the water separation of the mortar
and the strength properties of the cement stone. However, the agents used to improve water separation (low viscosity
polyanionic cellulose, high viscosity polyanionic cellulose, Na2COs, MK-65, and MK-85) significantly reduce the strength
properties of the cement stone. The columns can be fixed with the above mentioned cement using agents such as CaClz
(2 % of the cement mass), NaCl (1.2 %), MgClz(1 %), and the hardening agent Easy SET (1 % of the cement mass).

Keywords: grouting mortar, lightweight cement, cementing, density, water separation, strength, bending, compression,
spreadability
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BeeaeHue

Havano npuMeHeHus LeMeHTOB npu CTpou-
TeNbCTBE CKBAXWH MNPUHATO OTCYATLIBATL C
1903 r. Bpy4Hyto NpUroTOBMEHHbIE LLEMEHTbI Ye-
pe3 XenoHKW 3an1Banmnch 3a KONoHHY obcagHbIX
Tpy6. Pa3bypmBaHne LeMeHTHOro ctakaHa npo-
ncxoamno Yepes aBoe CyTok TBepaeHus [1]. B
npoLecce YCNOXHEHUS NMPOBOAKA CKBAXKWUH TeEX-
HOMOMMM WX CTPOUTENbCTBA 3BOMIOLIMOHUPO-
Banu, a LEMEHTMPOBaAHUE ceivac yxe urpaet
BaXHYI0 pOfb MpW CTPOUTENbCTBE CKBaXMUH. B
HaWW OHW B npoLecce LeMeHTUPOBaHUS yyacT-
ByeT 6onblloe  KOMWYECTBO  TEXHUYECKUX
YCTPOUCTB, a BpeMsi OXWAAHUA 3aTBepAeBaHWs
LleMeHTa COKPaTUIOCh 4O MUHUMASIbHbIX 3HaYe-
HUA. TeM He MeHee, LLleMeHTUPOBaHUe He Bceraa
CTOWUT CYMTATb KayecTBeHHbIM? [2, 3].

MNpaBuna 6e30nacHOCTN B HEGITSHOM M ra3o-
BOM NPOMBILLMEHHOCTY NOAPA3yMeBatoT Kpense-
HWe HanpaBneHns U KOHAYKTOpa [0 YCTbA, a Tex-
HUYECKUX U 3KCMyaTaUMOHHbBIX KOMOHH HedTS-
HbIX CKBaXWH — Ha 150 M, ra3oBbIx — Ha 500 M
Bolwe 6Galwmaka npedblgylwen KOMOHHbI, HO B
HacTosLee BpeMS AN CHUKEHUS BEPOSTHOCTM
MEXKOMOHHbIX [AaBNEHWUN, Kak npasuno, 6ypo-
Bble U CEPBUCHbIE KOMMAHWN OCYLLECTBASAIOT Lie-
MEHTUPOBAHME KOMOHH [0 YCTbS CKBAXWHbI.

B uenax WUCKMYeHns BEpPOSATHOCTU MMApo-
paspbiBa NAactoB MNpu nogbeme LEMEHTa Ha
BonbLUy0 BLICOTY NPUMEHSIOT CTyneHYaToe Le-
MEHTUPOBaHMWE UK LEMEHTUPOBAHNE KOMOHHbI C
MCMOSIb30BaHWEM Nayek pacTBopa pa3HOM MnoT-
HoCcTW. [1Na KpenneHns BepXHEN YacTu TeXHUYe-
CKMX K 3KCNfyaTaUMOHHbIX KOMOHH NPUMEHSIOT
LLeMeHTHble PacTBOPbl CHWXEHHOW MMOTHOCTK
[4, 5]. Wwnpokoe pacnpocTpaHeHne B AaHHbIX

YCrOBUSAX NOMYYnnn obneryeHHble pacTBOpbl Ha
OCHOBE MOPTNAHALEMEHTOB, NPEeAYCMOTPEHHbIX
FOCT 1581-96 «[MopTnaHaUEMEHTbI TaMMNOHaX-
Hble. TexHudyeckue ycnoeusi»®. CoBpemeHHas
NPOMBbILLIEHHOCTb Npeanaraet 6onbLWon accop-
TUMEHT 0BneryeHHbIX LEMEHTOB, rae B KayecTse
obnervarowen fobaBkn MUCNONb3YHT U3NYe-
CKMe HanosIHMTenNu, nyuLuoSiaHoBble HamnoSHK-
Tenu, XMMUYeCKne HanosTHUTENM 1 rasbl, Knaccu-
4ecKoW peLenTypon BCE XEe CYMTaeTCs CMeCb
nopTnaHauemMeHTa ¢ riMHONOPOLLKOM (OTHOCAT K
dunanyeckum HanonHuTensm)*. Mpmemsl, ncnonb-
3yeMble A1 CHUKEHUS MIIOTHOCTW TaMNOHAXHOTO
mMaTtepuana v pacTBopa, yxyALarT ero TeXHOmMo-
rmyeckne nokasatenu [6, 7]. CyLuecTBEHHO 3TO
CKka3blBaeTCs Ha CEAMMEHTALIMOHHON YCTONYNBO-
CTW pacTBOpa ¥ NPOYHOCTHbLIX XapakTepucTukax
TaMMNOHaXHOro KaMHsl, a crnefoBaTesibHO, M Ha
KayecTBe n3onauuu nnacTos® [8].

Kpome ykasaHHbIX Bbille (PAKTOPOB CTOUT
YUUTbIBaTb NPOSOIMKUTENBHOCTD M YCNOBUS Xpa-
HEHWs MaTepuana [0 €ero WCMnonb30BaHuS,
FOPHO-re0norMyeckne yCcrnoBmst NPOBOAKN CKBa-
XVH 1 BpeMs OXnaaHusa 3aTBepAEeHNs LieMeHTa.

O61beKkT uccnegoBaHus

«VIHCTPYKLMS MO KPEenneHnto HepTSHbIX U ra-
30BbIX CKBaXWH»® [omyckaeT npuMeHeHue Kak
TaMMNOHaXHbIX MaTepuarnoB 3aBOACKOTO Mpou3-
BOACTBA, Tak U CMeCeN, NPUroTOBMEHHBIX HeMo-
CPEeACTBEHHO Ha BypoBOR, Npy 9TOM BCE TaMmo-
HaXHble MaTepuarsbl 4OSKHbI NOABEPraTbCs KOH-
TPOI0 HAa COOTBETCTBME UX TEXHUYECKUM Tpebo-
BaHWSIM roCyjapCTBEHHOrO CTaH4apTa, oTpacne-
BOro CTaHgapTa unu TexHu4eckux ycnosun [9].

1 PasaHoB A.A. SHuuknoneaust no 6yposeiM pacteopamM. OpeHbypr: JleTonunck, 2005. 664 c.
2Mwutyenn P. CnpaBouHUK UHxeHepa-HedTaHuKa. T. Il. MnxuHupuHr 6ypenuns / nep. ¢ anrn. nog pea. A.l'. Warposckoro,
C.0O. boposgunHa. Wxesck: 3a-8o UHCTUTYTa KOMNbIOTEPHBIX ccnenosaHuid, 2014. 1064 c.
3TOCT 1581-96. MopTnaHaueMeHTbl TamnoHaxHble. TexHudeckne ycnosus. Beep. 01.10.1998. M.: MunzemcTpo,

rynunr, 1998.

4 PagaHoB A.A. SHuuknoneaus no 6yposeiM pacteopam. OpeHbypr: lletonunck, 2005. 664 c.

5 Mutyenn P. CnpaBoyHuKk UHxeHepa-HedTsHuka. T. |l. MHxuHupuHr 6ypenns / nep. ¢ aHrn. nog pea. A.l'. LWaTtpoeckoro,
C.0. boposaunHa. MxeBck: N3n-Bo MHCTUTYTa KOMNbIOTEPHBIX UccnegoBanuii, 2014, 1064 c.

6P[] 39-00147001-767-2000. VHCTpyKLMs MO KpenneHuto HedTsHbIX U ra3oBbix ckBaxvH. Beea. 01.08.2000.
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TexHnueckne nokasartenu Ans TaMmnoHaXHbIX
maTtepuanos, Bbinyckaemblx no MOCT 1581-96,
npveeaeHbl B Tabn. 1.

B OoaHHOM rocygapCTBEHHOM CTaHgapTe He
npeabsasnsercs TpeboBaHWin K LemMeHTam Tuna
[ll no pactekaemoctun, ogHako B FOCT 26798.1-
96 «LlemeHTbl TamnoHaxHble. MeToabl UcnbITa-
HWiA»’ nogGop OTHOLUEHUS BOAbI UM LieMeHTa
OnNpefenseTcs Ha OCHOBE 3HAYeHUs pacTekae-
MOCTW, KOTOPOE [OOSHKHO HaxoauTbCA B UHTEp-
Bane 180-220 mwm.

[Mpy HECOOTBETCTBMWM OQHOrO WNKN HECKOSb-
KX nokasaTtenemn pactBopa TexHu4eckum tpebo-
BaHWSM COOTBETCTBYHLLErO CTaHaapTa ero npu-
MEHeHWe paspellaeTcs Mo pesynbTatam nog-
Bopa peuenTtypbl ANS KOHKPETHOW CKBaXWHbI,
ecnu CBOMCTBa pacTBOpa M KaMHS COOTBET-
CTBYIOT TpeboBaHuUAM, NpefcTaBneHHbIM B «/H-
CTPYKUMM MO KPenneHuto HeTAHbIX U ra3oBbIX
CKBaXuH» (Tabn. 2).

Bpemsa 3arycteBaHMsi TaMMOHaXHOro pac-
TBOpa, onpeaenseMoe npyu AMHaMUYEeCcKUx Tem-
nepaTypax U OaBfieHusX, OOSMKHO MpeBblwaTh
Bpems LeMeHTMpoBaHus Ha 25 %, HO He MeHee
yeM Ha 30 1 He Bonee Yyem Ha 90 MUH.

Buglov N.A., Butakova L.A., Bocharnikov M.V. Problems of the use of lightweight cement... |
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B cnyyae HecooTBeTCTBUSA pacTBopa (KaMHs)
[aHHbIM TpebOoBaHNAM TaMNOHAXHbI MaTepuan
0TOpakoBbIBAETCS M MCNONb3yeTca Ans Opyrux
Lenen.

Bxon B HedTsAHyt0 OTpacnb WMHOCTPaHHbIX
CEPBUCHbIX KOMMaHMWA 3acTaBnsieT MNpPOM3BOA-
CTBO BHEAPSATb U UHTErpMpOBaThb B MPOMbILLIIEH-
HOCTb MOMMMO OTEYECTBEHHbIX Takke W 3apy-
BexHble cTaHgapTel. Tak, npu nogbope peuen-
Typ CTanu yaensate 6onblue BHUMaHWS npegeny
NPOYHOCTM LeMeHTa npu cxaTtuu. CTtaHgapr,
pa3paboTaHHbI  AMEPUKAHCKMM  MHCTUTYTOM
HedTn (aHrn.. American Petroleum Institute,
APIl), nogpasymeBaeT, YTO LEMEHT MOXET Cyu-
TaTbCA Pu3nyeckum 6GapbepHbIM  3IEMEHTOM
TONbKO TOrga, Korga OH AOCTUI MUHMMAIIbHOM
MPOYHOCTU Ha cxaTue B 50 hyHTOB Ha KBagpaT-
Hblv groim (0,35 MIMa), namepeHHon B yCNOBUSX
MOLENMPYEMOro AaBfeHus U TemnepaTypbl (B
npegenax nabopatopHoro obopynoBaHus) B ca-
MOW BEPXHEN 30He NOTOKa, NpK 3TOM onpeaene-
HWe 4aHHOro NoKasaTens MOXeT NPOM3BOAUTLCS
Kak mpy NOMOLLY MEeXaHWYeCcKoro paspyLlueHus,
Tak U C NOMOLLbID 3BYKOBOrO aHanu3aTopa Le-
MEHTa.

Tabnuua 1. Tpe6oBaHUA K HPUINMKO-XMMUYECKMM NOKA3aTENAM LIeMEHTOB,

cootBeTcTBYOWMX TOCT 1581-96 «MopTnaHAuemMeHTbl TaMNOHaXHbIe. TeXHM4ecKue ycnoBus»
Table 1. Requirements for physical-chemical parameters of the cements

meeting GOST 1581-96 «Well portland cements. Specifications”

HanmeHoBaHue nokasatens

Ons Temnepatyp 15-50 °C

Ons Temnepatyp 51-150 °C

MpoyHocTb Npu n3rmbe B Bo3pacTte AByx cyTok, MMa 0,7 1
BopooToenenue, Mn 75 7,5
Bpems 3arycteBaHus fo koHcucteHuum 30 Be, MuH He meHee 90

Tabnuua 2. OcHoBHbIe Tpe6oBaHUA K PU3NKO-XMMUYECKMM NOKa3aTensiM peLenTyp LeMeHTOoB
cornacHo P[] 39-00147001-767-2000 «MHCTpYKLUMA NO KpenneHN0 HePTAHbIX M ra30BbIX CKBaXWUH»
Table 2. Basic requirements for the physical-chemical parameters of the cement formulations
according to RD 39-00147001-767-2000 “Regulation on fixing oil and gas wells”

HaumeHoBaHue nokasartens 3HauyeHune
MpoYHOCTL NpK M3rMbe No UCTEYEHUN BPEMEHN OXUAAHWS 3aTBepAeHNs LiemeHTa, MIa 0,5
PacTtekaemoctb, MM 160-220
Bopootnenexue, %:
— BEpPTUKanbHbIE CKBaXWHbI U HAKIMOHHbIE CKBAXWHbI C YIMOM HaknoHa Ao 10°%; He Gonee 2,5
— HaKIIOHHbIE CKBaXWHbI C YoM HaknoHa ot 10° go 45°%; He 6onee 1
— HaKIMOHHbIE CKBaXMHbI C YINOM HaknoHa 6onee 45° n ropmsoHTanbHble CKBaXWHbI 0

"TOCT 26798.1-96. LlemeHTbl TamnoHaxHble. MeTodbl ucnbitanui. Been. 01.10.1998. M.: MunsemcTpoin Poccuu,

rynunr, 1998.
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[MpOYHOCTL OBMNErvyeHHbIX LEMEHTOB Npu Te-
CTMPOBaHWM Ha COOTBETCTBME CTaHAapTaM Kave-
cTBa onpegensertca yepes 48 4 TBepaAeHUs U
0YeHb YaCTO HAXOAMUTCH Y HUXHEW rpaHnLbl npe-
fena. B uensx CHWKeHUs CTOMMOCTU CTPOUTENb-
CTBa CKBaXMWHbl BypoBble NPeanpusaTUS COKpa-
LaloT BpeMs OxuaaHue 3aTBepAeHUs LEMEHTa,
YTO TaKxXe BedeT K CHUXKEHMIO NPOYHOCTHLIX Xa-
PaKTEPUCTUK KaMHS.

MeToabl uccnegoBaHusA

B JlabopaToputo 6ypoBbIx pacTBOpPOB U Kpen-
NEeHNs CKBaxWH Kaeapbl HedTerasoBoro gena
MpKyTCKOrO  HaUMOHanbHOro uccnegoBaTenb-
CKOro TEXHUYECKOro yHuBepcuteTa Obin ocTaB-
NEeH TaMnoHaxHbIN LemeHT mapku MNUT 111-06 5-
50 NOCT 1581-96, He COOTBETCTBYIOLIMM CTaH-
[apTy KayecTBa, ANs ONpefeneHnst BO3MOXHO-
CTU ero NPUMEHEHWS NpU LEeMEHTUPOBAHWUN KO-
NOHHbI B YCNOBUSAX, MPMBEAEHHbIX B Tabn. 3.

Mpyv nogbope peuenTypbl TamMMNOHAXHOMO
pactBopa no craHgaptam APl pekomeHayeTcs
onpeaensTb NAOTHOCTb C MOMOLLBID PblYaXHbIX
BECOB, W3MepsIlOWMX MNIIOTHOCTb PacTBOPOB,
HaxoAsLWwmxcsa nog Aasnexnunem. lNytem nosbiwe-
HUA OaBneHWs B EMKOCTU C UCMbITYyeMbIM pac-
TBOPOM MpW MOMOLLM CheumnanbHoro wnpuua
06bem BOBMeYeHHOro B 0bpaseL, Bo3gyxa MoxXeT
ObITb 3HAUMTENBHO YMEHbLUEH, YTO MOBbILAET
TOYHOCTb M3MEPEHUI.

OnpepeneHve pacTekaemoCT TaMMoOHax-
HOr0 pacTBOpa OCYLEeCTBANOCL B COOTBET-
cteumn ¢ FOCT 26798.1-96 Ha npubope «KoHyc
AsHUW» AzepbangxaHckoro HehTAHOrO Hay4Ho-
nccnenoBaTenbCckoro MHCTUTYTa uM. B. Kyinbbl-
wesa (Poccus).

BogooTtaeneHne TamnoHaxHOro pacTteopa
ocyLiecTBnanock Takxke B cootsetcTaunm ¢ FOCT

Tabnuua 3. YcnoBuA LeMeHTUPOBaHUA KOJNTIOHHbI
Table 3. Column cementing conditions

| Hayku o 3emne u Hegpononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online) \)
Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

26798.1-96 npn NOMOLLYM ABYX MEPHBbIX LUMUHAPOB
no 250 mn, mepHoro uunuHgpa 20 Mn, NMNeTKu.

MNpegen NpPOYHOCTU TaMMOHAXHOTO KaMHS
onpegensancs Ha ruapaenMYeckom npecce Ans
ucnbiTaHns obpas3uoB Ha MNPOYHOCTb (OMPMBI
Matest (Mtanus). JaHHbin npubop npeaHasHa-
YyeH Ans onpeneneHuns npegena NpoyYHocTn 06-
pa3LoB LIEMEHTHOrO kaMHsl npu usrmbe u / vnu
oKaTuM nocne MX BblOEPXKKM B CrneuuanbHbIX
hopmax B yCnoBusIX, UMUTUPYIOLLMX YCNOBWUS
ckBaxuHbl. OH NO3BONAET COXPaHUTb pe3yrb-
TaTbl UCMbITAHUN Ha 3NIEKTPOHHOM HOcuTene, a
Takxe NpeacTaBuUTb MHGOpPMaUMo B pacneva-
TaHHOM Buze.

CeOVMEHTALMOHHYI0  YCTOMYMBOCTb  MOBbI-
LIatoT BBOAOM BbICOKOAMUCNEPCHbIX 406aBOK, KO-
TOpble CNOcobHbI CBA3bIBaTbL Gonbliuee Konude-
CTBO BOAbl CBOEW MOBEPXHOCTLIO, HA MpPaKTUKe
NPUMEHSIOT LUMPOKUIA CMUCOK XUMUYECKUX pea-
FEHTOB, K KOTOPbIM OTHOCSATCS rMNaH, BUHHO-Ka-
MEHHas KMCnoTa, KaycTuyeckas copa, [MuHa,
NPOU3BOAHbIE LIeNMION03bl, MUKPOKPEMHE3EM [2,
8], xnopuabl coneii, MpamopHas kpouuka® [5, 8,
10, 1] wm T. 4.

[Npu npoBedeHUM ONUCAHHOIO UCCRefoBaHNs
nepBbIMU ObINN UCTbITaHbI PeareHTbl, UMELLM-
ecs Ha 6ypoBOW: NONMaHWOHHas Lennonosa Bbl-
cokoit n Huskow Baskoctu (MAL, BB u MAL HB),
kaycTmyeckas W KanbUWHWPOBaHHas  CoApbl
(NaOH 1 Na2COs), xnopugbl HaTpus, KanbLus u
marHusa (NaCl, CaClz, MgClz), a Takke «Bogono-
TpebnatLwme» peareHTbl, NPUMEHEHNE KOTOPbIX
NOBbILLAET MPOYHOCTHLIE XapaKTEPUCTUKU Lie-
MEHTHOrO KamHsl. B gaHHon pabote MpamopHasi
kpoLlka obo3Havaetcs kak MK-100, MMKpoKkpem-
He3eM ¢ cogepxaHnem SiO2 He meHee 65 % —
MK-65, MukpokpeMHesem ¢ cogepxaHunem SiO2
He MeHee 85 % — MK-85 [10-17].

HaumeHoBaHue TeXHONOMMYECKON XxapakTepuUCTUKK 3HaueHune
MnaHMpyemas nnoTHOCTb pacTBopa, Kr/m® 1500
Temnepatypa B MECTe HaXOXAEHWUS Nayku AaHHOro LemenTa, °C 22
'wapoanMHaMuyeckoe JaBneHue, atM. 20
Bpemsi BbINOMHEHWS paboT No LLIeMEHTUPOBAHMIO, Y 3
Bpems oxuaaHvs 3aTtBepaeHns LeMEHTa, Y 24

8 Mutyenn P. CnpaBovHUK UHxeHepa-HedTaHuka. T. Il. MHxuHupuHr 6ypenus / nep. ¢ aHrn. nog pea. A.l. LWaTposckoro,
C.0O. bopo3sauHa. WxeBck: N3a-8o MHCTUTYTa KOMNBIOTEPHBIX UccnefoBaHuit, 2014. 1064 c.
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Pe3ynbTathl MccnegoBaHusa
n nx obecyxpaeHune

PesynbTaTbl TECTMPOBAHUS YNCTOTO LIEMEHT-
HOro pacTBOpa npeacTaBneHbl B Tabn. 4. 113 Tab-
NI BUOHO, YTO Y LIEMEHTHOro pacTBopa CrnuLu-
KOM BbICOKM 3HaYeHWsi BOLOOTAENEHNS, pacTeka-
€MOCTMN, BPEMEHM 3arycTeBaHusi. Y LeMeHTHOro
KaMHsl, NPUrOTOBNEHHOTO M3 3TOTO PacTBOpa,
CIMULLKOM HU3KME NPOYHOCTHbBIE NOKa3aTenu.

Buglov N.A., Butakova L.A., Bocharnikov M.V. Problems of the use of lightweight cement...
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NepBooyepeaHon 3agayven BbiNo CHUXEHME
BOAOOTAENEHMS LEMEHTHOro pacTtBopa, Ans
3TuX uenen 6binm ncnonsaosatsl MALL HB, MAL|
BB, Na2COs, NaOH. PesynbTaTbl npuMeHeHus
3Tnx 4obaBoK NpmBeAeHbI B Tabn. 5.

PesynbTaTbl UCMLITAHUIA MO CHKEHWIO BOLO-
otaeneHnss obneryeHHoro LEMEHTHOro pac-
TBOpa rpadu4eckn npeacTasneHbl Ha puc. 1.

Tabnuua 4. Pesynbtatbl TectupoBaHua uementa MUT 1l-06 5-50
Table 4. Testing results for cement PCT Ill-ob 5-50

Bogo- MHOTHOCTE Pacreka- Bpems 3arycTeBaHus MpoyHoCTb MpoyHoCTb
oTaenexue, oM? * | eMocCTb, TamnoOHaXXHOro pacTeopa yepes 24 4, Mla yepe3 48 4, MlMa
M MM [0 koHeucTeHumn 30 Be, MuH N3rnb Cxatne | U3mb | Cxatue
11,35 15 >250 >400 0,07 0,69 0,3 1,68
Tabnuua 5. NMpumeHeHne AO06aBOK, CHUXAOLWMX BOQOOTAENEHUE LLIeMEHTHOro TecTa
M NOBbILWAKOLWMUX MPOYHOCTb LIeMEHTHOro KaMHA
Table 5. The use of the additives that reduce the water separation of the cement paste
and increase the strength of the cement stone
KoHueHTpauus BogooTneneHue MnotHoCTb Mpourocre Mpourocre
[ob6aska o ' ' Jom? : yepes 24 4, MlMa yepe3 48 4, MlMa
b M ricm
Mam6 | Cxatve | Wsmb6 | Cxatve
PeareHTbl, UMeKOLLIMECS Ha KyCTOBOWN NoLaake
MALl HB 0,3 5,7 15 - - 0,4 0,7
MALl BB 0,3 7 15 - - 0,65 14
Na2COs 1 1 15 0,06 - 0,63 13
NaOH 1 12,5 15 - - 1,08 2,3
PeareHThl, NpUMEHEHME KOTOPbIX NOBLILIAET KAYECTBO LIEMEHTHOrO KaMHsi (pacTBopa)
1 6 15 0,32 0,49 0,62 1,05
CaS04:2H20 2 3 1,51 0,28 0,47 0,33 0,91
3 1,6 1,51 0,23 0,4 0,41 0,73
1 8,7 15 0,42 0,68 0,68 1,93
MK-100 2 8 15 0,44 0,77 - 1,6
3 8 1,51 0,63 0,71 0,47 1,31
1 13 15 0,54 1,04 0,56 19
CaCl, 2 4,2 1,51 0,68 1,12 0,37 1,53
3 11 1,51 0,63 0,83 0,08 1,39
1 55 15 0,59 1,2 0,99 2,14
NaCl 2 5 1,51 0,78 1,56 0,1 2,54
3 11 1,51 0,01 1,24 0,61 2,18
1 3 15 0,51 0,72 0,64 1,39
MgCl2 2 6 15 0,45 0,6 0,65 0,96
3 4 1,51 0,44 0,78 0,57 1,18
2 10 15 - - 0,2 15
MK-65 2 10 151 . . 0,58 12
2 10 15 - - 0,69 1,33
MK-85 4 7.5 1,51 - - 0,58 1,1
YnpoyHstowun peareHT «[paHyna»
1 8 15 0,52 0,89 0,42 1,43
Easy SET 2 8 15 0,44 0,85 0,49 1,24
3 8 15 0,41 0,98 0,53 1,32
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Puc. 1. 3asucumocmb sodoomdeneHus yemeuma mapku IMUYT Ill-06 5-50 om dobaeku:
1 — yucmsili; 2 — CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCly;
8 — AL HB; 9 — 1AL| BB; 10 — Na,CQOg3; 11 — NaOH
Fig. 1. The relationship between the water separation (type PCT Ill-r 5-50) and the additive:
1 - pure; 2 - CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCly;
8 — PAC HB; 9 — PAC BB; 10 — Na,COs; 11 — NaOH

BellecTtBa, NNOTHOCTb KOTOPLIX COCTaBnseT
6onee 2000 kr/cm®, yaanocb BBOAUTb TONbKO B
konun4yecTtBe He bonee 3 %, Tak Kak AanbHelwee
yBENUYEHMe KOHLIEHTpaLWN peareHToB HeraTue-
HbIM 0Opa3oM MOBMMSIET HA NMOTHOCTb Tammo-
HaXHOro pacTteopa. B atom cnyvyae npuaetcs
BHOBb YBeNn4uMBaTb BOAOLEMEHTHOE OTHOLLE-
HUe, 4To eLle Bonee yxyawWwunT CUTyaLMIO.

[ns NoBbILWEHNS MPOYHOCTHBIX XapakTepu-
CTUK BbIn NpoTECTUPOBaH psa 4obaBoK, Npume-

Mpegen nposwHooTA
npy marube, Mla

HEHWe KOTOpPbIX CNOCOBHO CHU3WTL BOgoOTAENE-
HWe pacTeBopa. B 3TOM OTHOLEHWN Okasanocb
LENCTBEHHBIM NPUMEHEHNE 3OMPOB LIENSTIONO3bI.
Na2COs cHu3mna BogooTAeneHe pacTBopoB A0
1 mn, a BoT npumeHeHne NaOH He okasarno nono-
XUTENbHOrO appekTa Ha AaHHbIN NoKa3aTeslb.
Bce npeactaBneHHble peareHTbl (puc. 2)
NOBLILLAKT MPOYHOCTb NpU M3rnbe LeMeHTHOro
KaMHs1, HO NO pesynbTatam UCMbITAHUNA TOMbKO
CaClz B konnyectBe 1, 2, 3 %, NaCl B konnyecTse

[ B
uz

m3

= O h e

Oobaexa, %

Puc. 2. 3asucumocmb npedena npoYyHocmu npu us2ube yepes 24 4
uyemeHma mapku MUT Ill-06 5-50 om dobaeku:
1 — yuemsil; 2 — CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCl,
Fig. 2. The relationship between the ultimate bending strength (after 24 hours)
of the cement PCT Ill-r 5-50 and the additive:
1 - pure; 2 — CaS04-2H,0; 3 - MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCl,

344 I

Pa3Befka u pa3pa60TKa MeCTOPO)K.quVIVI noJie3HbIX UCKoNaeMbIX

Exploration and Development of Mineral Deposits



ByrnoB H.A., BytakoBa J1.A., BoyapHukoB M.B. Mpo6nembl NCNONb30BaHUS 06NErYeHHOrO. .. |

.

1, 2%, MgClz B konunyectBe 1% wu Easy SET
B KonuyectBe 1 % OT Macchl LemMeHTa npumMe-
HUMbI ANS LEMEHTUPOBAHWNSA KOMOHHbI B AaHHbIX
YCIOBUSIX.

Mpeaen NnpoYHOCTM Npu n3rnbe n cxaTum ob-
pa3uoB LemeHTta ¢ gobaskamm MAL HB n MAL|
BB B konunyectBe 0,3 %, Na2COs B Konmyectse
1 %, NaOH B konudyectse 1 % OT Macchl LLleMeHTa,
MK-65 n MK-85 yepes ogHu cyTku onpegenuTb
HE yganocb B CBSA3W C ManbiMU 3HAYEHUSIMU.
Bpems 3arycteBaHus pacTBOpOB BCex peLenTyp
A0 koHcucteHumn 30 Be npesbiwaet 300 MUH.
Hayvano cxsaTtbiBaHUS pacTBOPOB BCeX peLenTyp
npesbiwaeTt 8 4. 3HayeHus npegena nNPOYHOCTH
Ha cxaTtue rpadmyeckn nsobpaxeHsl Ha puc. 3.

TpeboBaHMs K LLEeMEHTHOMY KaMHIO MO NpoY-
HOCTW NPU CXaTuK B OTEYECTBEHHOW NPaKTUKe He
npeabasnsoTca®. Mo ctaHaapTy APl 3HauyeHue
MPOYHOCTM MPU CXaTUW LIEMEHTHOrO KaMHs nos-
BOMSIeT cunTaTh ero GapbepHbIM 3MEMEHTOM K
paspeLlaeT npogommxaTtb paboTbl B CKBaXMHe.
MNpumenenne CaS04-2H20 HeraTuBHbIM 0Opa-
30M CKa3blBaeTCH Ha 3Ha4YeHUN JaHHOro nokasa-
Tens, HO UCNONb30BaHUe ero Ans LeMeHTUpoBa-
HUS BO3MOXHO. Bce octanbHble o6aBku noBbl-
AT NPOYHOCTb KAMHS.

Ha puc. 4, 5 npefcraeneHsbl pesynbTaTtbl UC-
MbITaHWA MPOYHOCTM Npu u3rnbe n cxatum o6-

Buglov N.A., Butakova L.A., Bocharnikov M.V. Problems of the use of lightweight cement... |
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pasLoB LIeMEHTHOro kaMmHs nocne 48 4 TBepae-
Hus. L3 rpadpkoB BUOHO, YTO 3HAYEHMNE NPOYHO-
CTW KamHs npu n3rnbe ¢ npumerHexmnem MALL HB
n MK-65 B konunyectee 2 % OT mMacchbl LLleMeHTa
HE JOCTUraeT npefenbHbIX 3HAYEHWUN Jaxe ve-
pe3 48 u tBepaenus. MNALl BB, Na2COs, NaOH,
MK-65 B konunuectse 4 %, MK-85 B konnyecTse 2
n 4 % oT Macchl LeMeHTa AoCTUraeT MUHUManb-
HbIX 3HAYEHWU TONbLKO Yepes 48 u.

3aknio4yeHue

PesynbTtaTbl Tpex Hedesb UccneaoBaHum no-
Kasanu, YTo KpensieHne KONOHH AaHHbIM LieMeH-
TOM BO3MOXHO, HO C MPUMEHEHNEM B KayecTBe
pobasok CaClz B konnyecTBe 2 %, NaCl B konu-
vyectBe 1,2 %, MgCl2 B konuuectBe 1% oOT
Macchl LeMeHTa no napaMeTpam BOAOOTAene-
HUSI TAMMOHAXHOTO pacTBOpPa U MPOYHOCTHLIM
XapakTepucTukam. Takke BO3MOXHO MpPUMEHE-
HWe ynpoyHsowero areHta Easy SET, Ho ¢ go-
MONMHUTENbHLIMU UCTILITAHUAMW MO  CHWDKEHWIO
BOJOOTAENEHUS.

3HayeHnss No nokasaTensam 3arycreBaHus
TAMMNOHAXHOrO pacTBopa A0 KOHCUCTEHLMK
30 Bc npesbiwatot 300 MyH, BBOA, BCEX BblLle-
ykasaHHbIX 400aBOK BMAMMbIX Pe3ynbTaToB He
pan. CHumXeHue 3HayeHus pacTekaemocTu ao
250 MM TakXe He BbISIBNEHO.
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Puc. 3. 3asucumocms npedena npoYHOCMU NpuU cXamuu 4Yepe3 24 4
uemenma mapku IUT Ill-06 5-50 om do6asku:

1 — yuemsil; 2 — CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCl,; 6 — NaCl; 7 — MgCl,
Fig. 3. The relationship between the ultimate compression strength (after 24 hours)
of the cement PCT Ill-r 5-50 and the additive:

1 - pure; 2 — CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCl,

9Mwutyenn P. CnpaBoyHuK UHxeHepa-HedTaHuka. T. |l. MHxuHupuHr 6ypenuns / nep. ¢ aHrn. nog ped. A.l. Watposckoro,
C.0. boposaunHa. MxeBck: N3n-Bo MHCTUTYTa KOMNbIOTEPHBIX UccnegoBanuii, 2014, 1064 c.
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Puc. 4. 3asucumocmb npedena npoYyHocmu npu uszube yepes 48 4
uyemeHma mapku IUT Ill-06 5-50 om dobaeku:
1 — yucmeili; 2 — CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCl,
Fig. 4. The relationship between the ultimate bending strength (after 48 hours)
of the cement PCT Ill-ob 5-50 and the additive:
1 - pure; 2 — CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCl,

3 —

Em o

c

-+

52 "

c =

5 2 "2

g§ 3
4
&
7

NoGaska, %

Puc. 5. 3asucumocmsb npedesia nPoYHOCMU NPU cXXamuu Yepe3 48 4
uemenma mapku MUT Ill-06 5-50 om dobasku:

1 — yuemsil; 2 — CaS04-2H.0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCl,
Fig. 5. The relationship between the ultimate compression strength (after 48 hours)
of the cement type PCT lll-ob 5-50 and the additive:

1 - pure; 2 — CaS04-2H,0; 3 — MK-100; 4 — Easy SET; 5 — CaCly; 6 — NaCl; 7 — MgCl,

MpumeHeHne B kayecTBe  fobaBoK  BecbMa Benuko. Kpome pekomeHpaumi no npu-
CaS04:2H20, MK-100 »n NaCl, CaCl2, MgCl2  MEHeHW0 XUMWYECKUX peareHTOB PEeKOMEHZO-
NOBbLILIAET XMMWUYECKYD aKTUBHOCTb LieMeHTa  BaHO 06paTWTb BHUMAaHWE Ha CPOKM W YCIoBWUSI
Ha NepBbIE U Ha BTOPbIE CYTKN TBEPAEHWS, TEM  XpaHEHUs MaTepuana.

HEe MeHee KONM4YecTBO OTOpaKOBaHHbLIX TECTOB
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BnusHue oco6eHHOCTEN reonorM4eckoro CTpoeHus
BepxHe4YoOHCKOro HedhTera3oKoHAEHCAaTHOrO MeCTOPOXAEHUSA
Ha cucTemy ero pa3paboTKu U IKcnnyaTtauum

© J1.A. Panaukasn?
3 IpKymcKul HayuoHasbHbIl uccrnedosamenbeKkuli mexHuveckul yHusepcumem, 2. ipkymck, Poccus

Pestome: Llenbio nccnenoBaHns ABNSeTCA aHanua 3aBUCMMOCTU MexXdy YTOUYHEHUEM CIOXHOCTW reonormyeckoro cTpoe-
HUS BepxHEYOHCKOro HedhTerasoKOHAEHCATHOTO MECTOPOXAEHNUS U KOPPEKTUPOBKOW NnaHoB ero paspaboTku. B pabote
UCMONb30BaHbl AaHHbIE OMbITHO-NPOMbILNEHHON akcnnyaTaumm OAO «BepxHeyoHckHedTeras» no pa3BefoyHbIM U 3KC-
nnyaTaunoHHbIM CKBaXWHaM, pe3ynbTaThl reousndeckux paboT 1 matepuansl MCCrneaoBaHuii, onybnmkoBaHHbIE B OT-
KpbITOM nevaTtu. BepxHeuyoHCcKkoe MECTOPOXAEHNE UMEET YHUKANbHOE MO CHIOXKHOCTU reonornyeckoe CTpOeHme, Yto oby-
CINOBMNEHO COYETAHWEM TEKTOHUYECKMX HapYLUEHUI, CONMPOBOXAABLUMXCA BHEAPEHMEM TPanmnoB, BbICOKOW MUHepanusa-
LiMen NnacToBbIX BOA, PE3KOW U3MEHUYMBOCTLIO (OMNbTPALMOHHO-EMKOCTHBIX CBOMCTB MPOAYKTUBHBIX FOPU3OHTOB MO NMo-
Laaum n paspesy u3-3a HeBblAEPKaHHOCTW MUTONOIMYECKOrO COCTaBa KOMMEKTOPOB, UX 3aCONOHEHNS M MOJTHOTO BbIKMUHN-
BaHus. Cuctema paspaboTku nioboro MecTopoXaeH!s AOMKHA YYMTbIBATE 0COOEHHOCTU €r0 CTPYKTYPHO-TEKTOHNYECKOTO,
nUTONOro-ghaLmarnbHOro CTPOEHUS U OTBEYATb KOHKPETHBIM TEXHUKO-IKOHOMUYECKUM TPeGOoBaHMAM, NPEAbABASEMbIM K
OypeHwto 1 akcnnyaTaumm ckBaxuH. CNoXHOCTb CTPOeHMst BepxHEYOHCKOrO MECTOPOXAEHWS ANKTYET 0CoB0 TLaTeNbHbIN
BbIOOp cucTeMbl pa3paboTku, KOTOpasi 3akOHOMEPHO U3MEHSIETCS MO Mepe U3y4eHUst 0CODEHHOCTEN CTPOEHUSI MECTOPOX-
AeHus. Tak, Ha nepBbIx 3Tanax paspaboTkn MeCTOPOXAeHUs Obin NPEAIoKeH NPOEKT OYPEeHNst BEPTUKANbHBIX CKBaXKMH,
KOTOpbIi BCKOPE CMEHWIICS MPOEKTOM OYpEHWSt HaKMOHHO-TOPU30HTamNbHbIX CKBaXMH C pacyeToM [BYX BapWaHTOB.
Mo npoekTy OMbITHO-NPOMBILLIIEHHOW 3KCnnyaTauum BepxHevyoHCKOro HedgTera3okoHAEHCATHOrO MECTOPOXKAEHUS
OAOQO «BepxHeuoHckHebTeras» ans Hanbonee passegaHHbix 3anexen | n Il GrnokoB BEPXHEUOHCKOrO ropu3oHTa Obinu
pa3paboTaHbl [jBa BapuaHTa PaBHOMEPHbIX CETOK HAKMOHHO-HANPaBnEeHHbIX U TOPU3OHTANbHbLIX CKBAXWH C MNOLLaAHbIM
3aBOAHEHNEM. B cBsi3n ¢ pa3BuTbIMK NpoLeccamMmm BTOPUMYHOTO 3aCOSIOHEHWS KOMNNEKTOPOB UCMONb30BaHMe MeToaa 3a-
BOAHEHNS noTpeboBano usyyeHus coctaBa NNacToBbiX BoA. [peanoxeHHbl nnaH GypeHnst ¢ npuMeHeHneM 3ab0nHOro
[BUratens v ramMma-kapoTaxa He obecneymBan NPOBOAKY CTBOMNOB No Hambonee NPoAYKTMBHBIM yYacTkaM nnacra, BCrnea-
CTBME Yero Aebutbl HEKOTOPLIX HAaKMOHHO-HAMNPaBNEHHbLIX U FTOPU3OHTANBHBLIX CKBAXWH OKa3anuchb HEAOCTATOYHO BbICO-
kumu. C Lenbto yBenuueHus acpdekTuBHoCTM BypeHuns cneuuanucTel genaptameHTa 6yposeix pabot OAO «BepxHe4oHCk-
HedTeras» COBMECTHO CO cCrneuuanuctamy fenaptameHTa Mo reonorMu u pas3paboTke MECTOPOXAEHUA KOMMaHWK
Schlumberger npeanoXunu HoBYH METOAMKY, MO3BONSIOLLYIO NOBLICUTL 3(EKTUBHOCTL BYpEHMS 3a CHET UCMOb30Ba-
HUSI POTOPHO-YNPaBNSEMON CUCTEMBI, KapoTaxa BO BpeMsi OypeHusi u reoHaBuraumm. Takum obpasom, cuctema paspa-
60TKM BepxHEYOHCKOro MECTOPOXAEHNS UBMEHANACH NO MEPE YTOYHEHNSI 0CODEHHOCTEN re0sIorMYECKOro CTPOEHHNS, aHu-
30TPONUM PUNBTPALIMOHHO-EMKOCTHBIX CBOWCTB M TOSLUMH NPOAYKTUBHBLIX TOPM3OHTOB MO NMoLWaamn 1 paspesy, ux 3aco-
NMOHEHMS 1 NOJSTHOTO BbIKIIMHUBAHWS, COCTaBa NMacToBbIX BOA.

Knroyeenie cnoea: CI/I6VIpCKaﬂ nnaT(bopma, BerHerHCKOG MeCTOpPOXAEeHNe, TEKTOHWKA, pa3nombl, Tpannbl, NPOAYK-
TUBHbIE TOPU30HTbI, 3aCONTOHEHME, NNacToBble BOAbl, CUCTEMbI pa3pa60TKV|, HaKITOHHO-HanpaBeHHblE N TOPN3OHTalbHbIE
CKBa>XWHbI

Unpopmayusi o cmamebe: noctynuna B pegakumto 17 mons 2020 r.; nocTynuna nocre peueH3vpoBaHus U fopaboTku
30 utons 2020 r.; npuHsTa K ny6nmkaumm 31 aerycta 2020 r.

Ans yumupoeaHus: Panaukast [1.A. BnusiHne ocobeHHOCTEN reonorm4eckoro CTpoeHns BepxHeUuoHCkoro Hedterasoko-
HOEHCATHOrO MECTOPOXAEHMS Ha CUCTEMY ero pa3paboTku u akennyaTaumn. Hayku o 3emre u Hedpornonb3osarue. 2020.
T.43. Ne 3. C. 350-363. https://doi.org/10.21285/2686-9993-2020-43-3-350-363

The features of the geological structure
of the Verkhnechonsky oil and gas condensate field
and their influence on the field development and operation system

© Larisa A. Rapatskaya®
3lrkutsk National Research Technical University, Irkutsk, Russia

Abstract: The study aims to analyze the relationship between the redetermination of the complexity of the geological
structure of the Verkhnechonsky oil and gas condensate field and the schedule adjustment of the field development plans.
The paper uses the data on the exploration and production wells obtained from the pilot operation of JSC Verkhne-
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chonskneftegaz, the geophysical work results, and the research materials publicly available in the press. The geological
structure of the Verhnechonskoye oil and gas condensate field is unique in its complexity. This is due to the following
factors: a combination of tectonic disturbances accompanied by the intrusion of traps; high mineralization of the reservoir
water; sharp variability of the filtration and reservoir properties of the producing horizons by area and section due to the
unevenness of the lithological composition of the reservoirs, their salinization and complete pinch-out. The development
system of any field should take into account the peculiarities of the field’s tectonic and lithological-facies structure, and
meet specific technical and economic requirements for drilling and operating wells. The complexity of the field structure
requires a thorough selection of a development system that inevitably changes as the features of the field structure are
studied, e.g. vertical drilling suggested at the initial stage of the filed development was shortly after replaced with inclined-
horizontal drilling with the calculation of two options. Within the pilot operation project of the Verkhnechonsky field,
JSC Verkhnechonskneftegaz has developed two variants of uniform grids of directional and horizontal wells with pattern
flooding for the most explored deposits of the Verkhnechonsky horizon of blocks | and Il. Because of the intensive pro-
cesses of the reservoirs’ secondary salinization, the flooding method required a study of the reservoir water composition.
However, the proposed drilling plan using a downhole engine and gamma-ray logging could not ensure the wellbores
ducting through the most productive sections of the horizon, therefore, the flow rates of some directional and horizontal
wells were not high enough. To increase the drilling efficiency, the specialists of the Drilling Department (JSC Verhne-
chonskneftegaz), together with the Department of Geology and Field Development (Schlumberger Ltd.), proposed a new
methodology that increases the drilling efficiency by using a rotary-controlled system, logging-while-drilling, and geosteer-
ing. Thus, the development system of the Verkhnechonsky oils and gas condensate field was changing in the process of
specifying the field’s geological structure, anisotropy reservoir properties, and the thickness of the producing horizons in
size and cut, their salinization and pinch-out, and the composition of the reservoir waters.

Keywords: Verkhnechonsky oil and gas condensate field, tectonics, traps, producing horizons, reservoir, salinization,
reservoir waters, development systems

Information about the article: received June 17, 2020; revised July 30, 2020; accepted August 31, 2020.
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BBepeHue

BepxHeyoHckoe — HedbTerasokoHZeHcaTHoe
mectopoxaeHune (BUYHITKM) obuwen nnowanbto
2,4 TbIC. KM? SIBNISIETCA KpYNHenLWnmM B MpkyTckom
obnactn 1 BTOPbIM MO BESIMYMHE HA BOCTOKE
Poccumn. OtHocutca BYHIKM k BocTtouHo-Cyr-
[AMHCKOMY HedhTerasoHOCHOMY y4vacTky Hencko-
BoTyobuHckon  HedTerazoHocHon — obnactu
JleHo-TyHrycckon HeTerasoHOCHOW MPOBWH-
umn. B reoCTpykTypHOM OTHOLLEHUN MECTOPOX-
LiEHVNEe MpPUYPOYEHO K CeBepo-3anagHon nepu-
knuHanu YoHo-lenegynckoro nogHATUS B npe-
penax npuceogoBon Yactu Hencko-BoTyobuH-
CKOW aHTeKNu3bl N CBA3AHO CO CMOXHO NOCTPO-
€HHOWN CTPYKTYPOW pasmepom 65x45 Km.

Matepuanbl u metoabl
uccnegoBaHus

BYHIKM - yHukanbHOe mecTopoxaeHue no
CTEMEHWN CMOXHOCTW reofIorMyeckoro CTPOEHMSI.
970 00YCNOBMEHO COYETAHMEM TEKTOHWUYECKMX
HapyLEHWA, COMPOBOXAABLUUXCS BHEOPEHUEM
TpannoB, BbICOKON MUHEpanusaumen nnacToBbIX
BO, PE3KOW M3MEHYMBOCTBLIO (PUNbTPALMOHHO-
eMKOCTHbIX cBoncTB (PEC) npodyKTUBHBLIX ropu-
30HTOB MO NSOWAAM W pa3pesy KU3-3a HeBbIAEp-

Pa3Begka u pa3pa60TKa MeCTOPO)K.quVIVI noJie3HbIX UCKoNaeMbIX |

)X@HHOCTW NUTOSIOIMYECKOrO COCTaBa KOMJeKTo-
POB, WX 3aCONMOHEHUS U MOSTHOTO BbIKIIMHWBAHUSA
[1-3].

Kpome TOro, 3anexwu npoayKTMBHbLIX FOPU30H-
TOB OTNNYAKOTCA PasnnyHbIM (Pa30BbIM COCTOS-
HUEM W, NO-BUOMMOMY, NPEACTaBMAST eAuHY0
nongognHammnyeckyto cuctemy Hedpterazoob-
pasoBaHusl, B OCHOBE KOTOPOM NEXUT NpeacTas-
NeHne O edWHCTBE Tpuadbl: ovar reHepauuu,
NyTW MUrPaLMKU 1 30HBI aKKYMYNSaLWUKU YrieBoao-
pofoB [4]. TeKTOHWYeckne pasnombl PasvyHOM
KMHEMaTUKM U MacwTtabos, obpasymoLmne Crnox-
Hyt0 cucteMy ONOKOB, OKasblBalOT Hemnocpea-
CTBEHHOE BO3[ENCTBME HA OHTOreHe3 yrieBoao-
POOOB 4Yepe3 CTPYKTYPHbIW, BELLECTBEHHLIN U
dnroMgoaMHaMUYeCcKMn KOHTPOnb, KOTOPbIA 3a-
KOHOMEPHO W3MEHSeTCa BO BPEMEHU M MNpo-
cTpaHcTBe. 1o AaHHbIM CEeMCMOopa3sBedOYHbIX
paboT, paspbiBHble HAPYLWEHUS OCMOXHSOT
CTPYKTYPHbIE NfiaHbl NOBEPXHOCTU (PyHAAMEHTa
1 0Cago4HOro Yexna. YacTtb U3 HUX Npocnexusa-
€TCS TOSIbKO B MOACOSIEBOW U CONEBON 06NacTsax
paspesa, gpyras YacTb 3aTparMBaeT BeCb pa3pes.

Camasi onuTtenbHas akTMBM3aumMs pasrfiomoB,
kak oTmedvaet J1.A. Bapbiwes [1], npowna B
NnepMo-TpracoBoe Bpems W OT/iMyanacb Macco-
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BbIM BHELPEHVWEM TPannoBblX WHTPY3un [5, 6.
Cpeaun BblOeNeHHbIX pPaspbiBHbIX  HapyLUEHWi
Hanbornee BLICOKUMW aMMAUTyZaMu CMeLLeHNs
otnunyatotcs MoruHcko-TleHckuin pasnom, Bepx-
HEYOHCKO-TanakaHCKuii 1 YCOnbCKun rpabeHbl
(puc. 1). Hanbonee kpynHbIi pa3nom cyoLImMpoT-
HOro npocTupaHns — MoruHcko-fleHckun — nepe-
CekaeT BCe MECTOpOXAeHue, pasfensas ero Ha
«UeHTpanbHbIN» CeBepo-3anagHblii U ceBepo-

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

<V
BOCTOYHbI OMOKW, COMPOBOXOAETCS BHELAPEH!-
MW Aaek TpanmnoB 1 He3HA4YUTENbHbIMK NO NPOTH-
XEHHOCTM OnepstoLLMMU pasfiomamu (cM. puc. 1).
Pasnomsl, orpaHvuuBaloLliMe cesepo-3anagHoe
OKOHYaHMe BepxHe4YoHCKo-TanakaHcKoro rpa-
BeHa, paccekaloLlero ceBepo-BOCTOYHYK 4acTb
MECTOPOXAEHMS, UMEIOT BEPTUKaNbHOE CMeLle-

HWe no nopodam gyHaamenTa go 100 m, no Tep-
PUreHHOMY KOMMeKCy BeHaa — okono 20 M.

M350 25
L

| ‘1 l%/h

0 25 50 75 100 kv

v v //
v 2 - 5

|.- - |3 ,\"""”J 6

Puc. 1. Cxemamu4eckasi meKmoHu4eckasi Kapma pa3sioMoe U pa3/ioMHbIx 6/10k08
BepxHeyoHCcK020 Heghme2a30KOHOEHCamMHO20 MecmopoX0eHUs:

1-3 — cmpykmypHble smaxu: 1 — HuxHenaneo3olckul, 2 — eepxHenaneo3olicko-mpuacosbii
(nagosas u UHMpy3ueHas cybhayusi), 3 — topckull; 4 — pa3nombl, 8bIXO0ALWUE HA MOBEPXHOCMb!
a — ycmaHoeneHHbie; b — npednonazaemeie; 5 — dono3dHenaneo3olickue pas3nombi hyH0ameHma;
6 — usoaurica no nogepxHocmu hyHdameHma u ee abconomuas oOmMemka, M;
Pumckumu yugppamu |-IX 0603HaqeHbI pasnomHbie 60Ku
Fig. 1. Schematic tectonic map of the faults and fault blocks of the Verkhnechonsky field:
1-3 —structural levels: 1 — Lower Paleozoic, 2 — Upper Paleozoic-Trias
(lava and intrusion subdacies), 3 — Jurassic; 4 — outcropping faults:

a — established; b — prospective; 5 — Pre-Late Paleozoic bed faults;

6 — isohypse on the bed surface and its absolute depth mark, m
Roman figures I-IX designate the fault blocks
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lNpouecc BHeEAPEHWS TPaNMoB CRYXUT NPUYK-
HOM BTOPUYHOTO 3aCONOHEHNUS TePPUrEHHbIX KO-
nekTopoB. AHanu3 pesynbTaToB UCCMefoBaHuUs
KepHa MokKasbiBaeT, YTO 3aCONOHEHUI0 noaBepr-
NUCb BCE NUTOSOMMYECKNE pasHOCTU NPOAYKTUB-
Horo pa3pe3a. HanbonbLas cTeneHb 3acofnoHe-
HUA XapakTepHa ANa KPYNHO3EpPHUCTbIX Nopof,
umeromnx Haunyywme ®EC: rpaBUNHBIX KOHTIIO-
MepaToB U KPYNMHO3EPHUCTbIX NeCYaHWKOB.

dakTopamu BTOPUYHOrO ranutoobpa3oBaHus
MOINU CRYyXWTb [JaBfeHne 1 Temnepatypa npu
BHEAPEHUN TPanmnoBblX WHTPY3WiA, BbI3BaBLUMX
TENnnoBOM MacconepeHoc ranuta MNoa3eMHbIMU
pacconamy 13 BbllLENeXalnx CONEHOCHLIX OT-
noxenun [7]. MNpucyTtcTBre ranuta B NOPOBOM
NPOCTPaHCTBE — OHA W3 rMaBHbIX NPUYKH Heoa-
HOPOOHOCTM KOMNEKTOPCKMX CBOWCTB nnacra, no-
CKOMNbKY ero BO3MOXHOE Mocreaytoliee BbiMbl-
BaHWe MPUBOAMUT K MOBbLILEHMIO MNOPUCTOCTM
B 2-2,5 pa3a 1 yBenumyeHuo NpoHNLaeMocTu B
COTHW pas.

Mo pesynbTatam uccnegosanun A.B. Xo-
MEHKO, B Y3KMX 3K30KOHTAKTOBbIX 30HaX Temne-
paTypbl HarpeBaHWs 0CafoYHbIX NMOPOA, NOA, BO3-
pencteuem Tpannos gocturanu 700 °C, nocte-
NEHHO YMEHbLLIASACh N0 Mepe yaaneHus oT UHTPY-

Yerb-Kyrckuin 1

Yerb-Kyrckuin 2

BY4+2

+ + + +
+ + + +

Dynpament

[peobpakeHckuni
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31Ba, NpUYeM rpagueHT nafeHus Temneparypsbl
3aBMCUT OT MOLLHOCTU MHTPY3nBa U TEPMOAMUHA-
MWUYECKMX MapaMeTpoB 0cao4HbIx nopos [7].

BYHIKM sBnseTcs MHOrosanexHslM MecTo-
POXOEHUEM C 3anexamu CTPYKTYPHO-NUTONOrn-
4eckoro Tuna, a3femMeHTamu cTpaTturpaduye-
CKOrO W IMTONOMMYECKOro BbIKIIMHUBAHWS U TeK-
TOHWUYECKOro akpaHupoBaHus [8]. OTHOCKMTENbHO
HECnoXHas MOpPMOCTPYKTypa 3anexen AUKTY-
eTcs pacnpefenieHMeM KOnSeKTopoB U HeKor-
NEeKTOPOB U, Kak NPaBuIo, 3aBUCUT He TOSIbKO OT
NUTONOrMYECKOro coctaBa MocnefHuX, HoO U OT
CyLLEeCTBOBaHWS OTAENbHbIX B1I0KOB 3anexen.

B paspese ocagoyHon Tonwm BYHIM BbisiB-
neH psg NPOAYKTUBHBIX FOPU3OHTOB, UMEHLLIMX
pernoHansHoe pacrnpocTpaHeHWe ¢ AoKa3aHHOM
HE()TEra30HOCHOCTbID: BEPXHEYOHCKUIA, Npeob-
PaXEHCKNIA, YCTb-KYTCKNA 1 OCUHCKWI (puC. 2).

NpomblwneHHas HeghTerasaoHOCHOCTb MECTO-
POXOEHUS CBA3aHA C NecYaHWKamy BEPXHEYOH-
ckoro ropusoHTa (nnactbel BY1, BY2, BY1+2) Tep-
PUrEHHOrO KOMMJIeKca HUKHEMOTCKON NOACBUTLI
BeHAda, KapboHaTamu npeobpaKeHCKOro ropu-
30HTa CpeAHEeMOTCKON NOACBUTLI BEHAA U OCUH-
CKUM TOPWU3OHTOM YCONbCKOW CBWUTbI HWXHEro
kembpus.

-950 m

-1220 m

T S S
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Puc. 2. [lpodykmuseHbie (yeneeble) 20pU3OHMbI
BepxHeyoHcko20 Heghme2a30KOHOAeHCamMHO20 MeCMOPOXOeHUS:
1 — Hekonnekmopsl; 2 — conb, 3 — KapboHamel; 4 — meppu2eHHbIE OMIIOXEHUS;
5 — 30Ha 3aconioHeHus necyaHuka,; 6 — 8epPXHEYOHCKUL 20pU30OHM
Fig. 2. Producing (target) horizons of the Verkhnechonsky field:
1 - non-collectors; 2 — salt; 3 — carbonates; 4 — terrigenous sediments;
5 — sandstone salinization zone; 6 — Verkhnechonsky horizon

Pa3Befka u pa3paboTka MecTopoXAeHU! None3HbIX UCKoNaeMbIX | 353

Exploration and Development of Mineral Deposits



2020;43(3):350-363 |

OCWHCKMI TOPU3OHT — nadka kapBoHaTHbIX
nopoa B HWKHEN YacTU YCONMbCKOW CBWTHI, CMO-
XEHHbIX BOLOPOCNEBLIMI, OPraHOreHHbLIMU W3-
BECTHSIKAMU 1 ONOMUTaMM, NPOCOSMM 3aCONo-
HEHHbIX nopod n consmu. OH xapakTepusyetcs
LUIMPOKMM NNOLaAHbIM PacnpoCTpaHEHNEM C 13-
MEHEHMEM MOLLHOCTY C t0ro-BOCTOKA Ha CEBEpO-
3anag ot 41 0o 54 M. 3heKTBHAA MOLLHOCTb
ero konebnetcsa ot 0 go 21 M, B 3anexu — ot 6
£0 17 m. OTKpbITas NOPUCTOCTb COCTaBNSET 6—
16 %, npoHuyaemocTtb gocturaet 160 mA4. Tun
KonnekTopa — TPELYMHHO-MNOPOBLIA. 3anexb
OCMHCKOro ropu3oHTa — ra3oBas, nnacrosas, nu-
TOSMOTMYECKN 3KPaHUPOBaHHAs CO BCEX CTOPOH
HENPOHMLLIAEMbIMY MOPOAAMM.

YCTb-KYTCKMA FOPU3OHT, U3 KOTOPOro B OT-
AENbHbBIX CKBaXMHaX NONyYeHbl NPUTOKK YrNeBo-
A0pOAO0B, OTHOCUTCS K MOTEHUManbHO MpOayK-
TUBHbIM. Ero ocobGeHHOCTbI0 SIBNSieTCA BecbMma
HU3Kas NPOHMULLAEMOCTb HETEHOCHBLIX OTNOXe-
HUA W LUMPOKOE pacnpoCTpaHeHWe nocTceau-
MEHTaLMOHHbIX NPOLECCOB, (POPMUPYIOLLNX He-
ofgHopogHoctb PEC. Mopu30HT 3aneraeT Ha pas-
NNYHBIX rNy6uHax Ha nopoaax NnpeobpaxeHCKoro
rOpM30HTa U NepeKpbIBAETCS KEMOPUINCKUMU OT-
NOXEHWSIMWU OCUMHCKOrO rOPM30HTa, Ero TonLMHa
BapbupyeT oT 28 go 77,63 M. B coctase ropu-
30HTa BblAeneHbl ABa nnacTa: BepxHun — YKi u
HWKHUIA — YK2.

Mnact YKi crnoxeH nepekpucTaniv3oBaH-
HbIMA  PENIMKTOBO-OPraHOTEHHbIMU U 3EPHU-
CTbIMM gonomutamn. APEKTUBHbIE TOSNLMHBI
BapbupytoT 0T 0,7 8o 18,4 m. Konnekrop — HU3Ko-
W CpeaHeeMKuin, ¢ OTAeNbHbIMU TOHKUMU Mpo-
CMOsSIMU NOPOA — BbICOKOEMKMIA, C MOPUCTOCTLIO
6-13,1 %, pexe 16,3-19,7 %, rasonpoHnLaemo-
ctbio 0,1-63,1-10° mkm?, peoko 134,8-471,7-
-103 Mkm?. CpepgHeapudMeTYeckue 3HaYeHUs
nopucTocTn Huskne — 1,1-8,5 %, rasonpoHuuae-
MOCTH 0,1-1,98-10° mMkm?. dnromaoynopom
BEPXHEro nnacra SBNSIOTCA ranoreHHo-kap6o-
HaTHble OTMOXEHUs YCONMbCKOW cBuTbI. [lepe-
MblYKa, BbINOMHSAOLWAA ponb drromgoynopa Ans
HWXHErO YCTb-KYTCKOro nnacra, npeAcTaBneHa B
OCHOBHOM [0IOMUTAHIMAPUTOBLIMMW U @aHTUAPUT-
AONOMUTOBBLIMW MOPOAAMM, AONIOMUTAMMU TIINHK-
CTbIMW, pexe aprunmTamu.

MnacT YK2 cnoxeH 4onoMutamu pefiukToBo-
OpraHoreHHbIMK, BOOOPOCIIEBLIMUA, PEXE XEMO-
FEHHbIMW W OpraHoreHHo-06moMoYHbIMKU. BeTpe-
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4alTCA KaBEpPHO3HO-NOpUCTble pasHocTh. Ka-
BEPHbI M MOPbI 3aMnOfIHEHbI FanUTOM, aHrMapu-
TOM, pexe OHW nponuTaHbl HedTblo. Konnektop
nnacta YKz — HU3Ko- 1 cpeHeemKuiA ¢ NopucTo-
CTbto A0 6-15 %, ra3onpoHMLAEMOCTbI0 [0
6-59,3:103MKM?, B eOUHUYHBIX Cny4Yasx [do
135-815-10° Mkm?. OdhheKTUBHbIE TOMLIMHBLI —
0-14,4 m.

MpeobpaxeHCKUn rOPU3OHT MpeacTaBieH
MOHOJIMTHON NayvKoW cepbixX TPELMHOBATLIX [40-
NOMUTOB OPraHOreHHoro, 06I0MOYHOT0 U XemMo-
FeHHOro reHesuca, MUHUCTBIX B KPOBMEe U MO-
[0LLIBE, YaCTUYHO 3aCONIOHEHHBIX, C HU3KOW No-
PUCTOCTBIO M MPOHULAEeMOCTbi. MOLLHOCTb ro-
PpU30HTa M3MeHsieTcs oT 15,5 oo 22 m, Mol-
HOCTb KonnekTopa — 4o 17 m. 3anexbs npeobpa-
XEHCKOro ropusoHTa — HedTsaHas, nnactoBas,
CTPYKTYPHO-nuTON0rMYyeckas, Boicoton 4o 90 m
B LieHTpanbHoM 6roke n go 30 M B ceBepo-3a-
nagHOM U CeBepo-BOCTOYMHOM BGrokax. Ha tore,
3anage M 4YaCTUYHO Ha CeBepe 3arnexb OrpaHu-
YeHa NWHWEN 3aMeLLeHWUs KOnsekTopa MnoT-
HbIMW MOPOAAMU, B CEBEPO-BOCTOYHOM Broke —
nonoxeHuwem BogoHedTsaHOro koHtakta (BHK)
Ha abcontoTHOM oTMETKe -1256 M, B ceBepo-3a-
nagHoM 6roke — rMNCoOMETPUYECKUM YPOBHEM
BHK Ha abcontotHom oTmeTke -1208 m. Ha Bo-
CTOKE LeHTpanbHoro 6rioka rpaHuua 3anexwu
noka He ycTaHoBreHa. [TopucTocTb Konnektopa
Ha 3anexwu coctasnsier 6,5-17 %, npoHuuae-
mocTb — 0,18-22 m[.

Mokpblwka NpeobpaXeHCKOro ropu3oHTa
CIOXeHa B OCHOBHOM IMMHUCTBIMU LONOMUTaMM
TONWMHOM A0 3 M, MEepeKpbITbIMA TOHKOCIIOU-
CTbIMU 4OSIOMUTAMM C NPOCNOSMU LONIOMUTO-aH-
TMOPUTOB U FMUHUCTBIX OONIOMUTOB TOMLLMHOW
Ao 60 m. Konnektopckue CBOWCTBA MMMHUCTBIX
[LONTOMWUTOB HU3KWE: NMOPUCTOCTb COCTaBNseT 3—
7 %, NpOHML@eMOCTb OTCYTCTBYeT. HagexHOCTb
MOKPBILLKA MOBbILLAET COYETAHWE IMHUCTBLIX J0-
NOMUTOB C CynbgaTHO-KapboHaTHLIMM NOPOLAMM.

OCHOBHOW MHTEPEC Kak 0O bEKT NPOMBILLIEH-
HOW aKcnnyaTauuu, rae cocpegotodeHo 82 % us-
BfieKaeMblX 3arnacoB MECTOPOXAEHUS, B TOM
yucne 72 % 3anacoB kateropun Ci, npeacrtas-
NnseT BEPXHEYOHCKUN FOPU3OHT, OTNNYaIOLWMNIACS
pe3kon hauuanbHON HEOAHOPOAHOCTLIO NPOAYK-
TUBHbIX NMacToB. BepXHEYOHCKUN rOpU3OHT 3a-
neraeT Ha OTHOCWUTENbHO HebosnbLwon rnybuHe
N XapakTepusyeTcs HebOMbLOW MOLHOCTHIO —
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meHee 10 M. M3-3a OTNOXEHWUN MUHEpanbHbIX
COnen KONMMeKTop Heo4HOPOAEH MO MpOoHULae-
MOCTW, NO3TOMY ero 3hpekTMBHaa HepTeHachI-
LLileHHast MOLLHOCTb eLle 6onblue cokpallaeTcs u
coctaBnseT Bcero 3 M. [OpU3OHT CroXeH Teppu-
FEHHbIMW OTNOXEHUSIMW, B OCHOBHOM MNecYaHm-
KaMu, 1 COCTOUT M3 [BYX MNacToB: BEPXHEro —
BY1 (unn B10 B cooTBETCTBUM C pErMOHanbHOM
UHAeKcaumen) n HuxHero — BY2 (unm B13) — ton-
WwuHon 2,2-26 n 5,5-20,2 M COOTBETCTBEHHO.
[nacTtel pasgeneHbl MNepemblYKOn, Cryxallen
MOKPBILLKOA — aneBpuUTO-apruiiiMTOBON Maykomn
TonwmHon 1,4-24 M, KoTOpass 3aKOHOMEPHO
YyMeHbLUAeTCqd B CEBepO-3anagHoM Hanpasse-
HUM 1 NONHOCTLIO BbIKMUHUBAETCS MPU CANSHUN
nnactos BY1 n BY2.

Ons 6onee HageXHOro BblAeNeHNs KOMnek-
TOPOB U onpeaeneHns aPeKTUBHbIX TOMLLMH
pa3paboTynkn BBENU OOMOMHUTENbHbIE KpUTe-
pun, nossonswLme anddepeHumpoBaTtb IUTo-
noro-cTpaTurpaduyecknin paspes Ha npocrnou
aprunnuToB M necyaHukoB. [ns aTtonm uenu
Hambonee WH(OPMATVUBHBIM OKa3anca MeTof
aKyCTUYeCKOro KapoTaxa, Onpefenstolni uH-
TepBanbHOE BpPeMsi NPOXOXAEHWUS NPOLOSIbHON
BOMHbI MO nopode (Bpems npobera BOSHbI Ha
eauHuLy AnuHel) At, mkc/m [9]. MnacTbl aprunnu-
TOB B pa3pe3e CKBaXMH OObIYHO BblAENATCH
Hanbonee BbICOKUMW 3HAYEHUAMU WHTEPBasb-
HOro BpemeHu (Bbie 260 MKC/M), BbICOKONOPK-
CTble NNacTbl NecYaHWKOB TaKXe XapaKTepuay-
0TCS BbICOKUMM 3Ha4YeHusamu At. Mnactbl BY1 n
BY2 npegctaBnsoT e4uHy0 rMapoaMHAMUYECKN
CBSI3aHHYI0 CUCTEMY, YTO [aeT OCHOBaHWe npu
paspaboTke paccmaTpuBaTh 06a nnacrta B Kave-
CTBE eAnHOro obbekTa.

3anexb nnacta BY2 (unn B13) — HedbTAHaSs,
B CeBepo-3anagHom 6rnoke — rasoHedTsHas,
nnacToBasi, CTPYKTYPHO-NUTONOrMYyeckas, Bbl-
coTa ee JoCTuraet 22 M, YBENUUNBASACH B LiEH-
TpanbHoM 6noke go 65 M, B TOM yncne BbicoTa
razoBou Lwanku coctasnset 12 m. Cyas no nono-
xeHuto BHK B ceBepo-3anagHom 611oke no cpas-
HEHWUIO C CEBEPO-BOCTOYHBIM, 3aneXb MO JIMHUN
pasnoma onyueHa Ha 32 m. C tora, 3anaga u Bo-
CTOKa OHa OrpaHu4yeHa NUTONOrMYecKUM 3Kpa-
HOM HEenpOHMLAEMbIX NECYAHWKOB UMN KOHTPO-
NUpYeTCs UX NOMHbLIM BbIKIIMHUBAHUEM.

3anexb nnacta BY1 — cTpykTypHO-nutonoru-
yeckasi, nnacToBasi, rasoHed)TaHas B LeHTparnb-
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HOM Onoke, HedTAHAs B CeBepo-3anagHOM
Grnoke v ra3okoHAeHcaTHasi B CEBEPO-BOCTOYHOM
6noke. B ueHTpansHOM 6noke 3anexb pasge-
NeHa Tomuwen HeNnpPOHMLUAeMbIX NeCYaHWKOB Ha
[BE 4acTu — 3anagHy 1 BOCTOYHYIO, B KaXaoW
M3 KOTOPbIX pacnonoxeHa rasoeas Llwanka. B
pasHbIX YacTax LEeHTpanbHoro 6noka, cyas no
NONMOXeHUo rasoHedTaHoro koHTakta (MHK),
KOTOPbIA HaxoguTcs Ha abCoMTHOM OTMETKE
-1243 m B 3anagHon Yactu n -1215 m B BOCTOY-
HOWM YacTu 6110Ka, 3anexb onyLleHa Ha 28 M. Bbl-
cOoTa 3anexu cocTaBnsaeT 56 m, B Tom yncne 21 m
ra3oBOM YacTuW, U MEHSIETCS B pasHblX Briokax ot
9 no 40 m. paHuuamn 3anexu cnyxaT fUHUK
BbIKNHWBAHWS KOMNEKTOpa Ha BOCTOKE, Kre K
3anage. QhdeKTUBHOCTb HedTe- U ra3oHachl-
LLIEHNS1 Pe3KO MEHSIETCS B 3aBUCUMOCTU OT U3Me-
HEHMS NOPUCTOCTU N NPOHULAEMOCTIN KOMMEKTOo-
POB MPOOYKTUBHOTO BEPXHEYOHCKOr0 roOpu3oHTa
(BY1+2) (puc. 3, 4).

Monoxenusa MK n BHK, ycraHoBneHHble Mo
[AHHbIM WUCMbITAHUA CKBAaXWH, ANS OTAENbHbIX
3anexemn BEPXHEYOHCKOrO ropu3oHTa COOTBET-
CTBEHHO M3MeHstoTcs oT -1215 00 -1260,5 M n oT
-1254 po -1283 m. PasgeneHune nnacToB Ha raso-
1 HebTeHacbILLEeHHbIE MPOMU3BOAMIIOCH MO UX Me-
CTOMONOXEHMO OTHOCUTENIbHO YCTaHOBMEHHbIX
MHK (Tabnuua).

B HacTosilee BpemMsi Ha MECTOPOXAEHWK
BbisIBNIeHO 18 3anexen HedT W rasa, M3 HUX
10 — B necyaHmKkax BepPXHEYOHCKOro ropu3oHTa,
4 — B gonomutax npeobpakeHCKoro ropu3oHTa
n 4 — B KapboHaTax OCMHCKOro ropn3oHTa.

Pasnuumne B ha3oBbIX COCTOSIHUSIX 3anexen,
00yCrnoBMEHHOE TEKTOHOrMAPOTEPMAsIbHON aK-
TBM3aumen, TpebyeT AOMNOMHUTENbHBIX UCCe-
[0BaHWN, Tak Kak B 30HaX rMyO6UHHbIX pa3fiomoB
HedTera3oHoCHbIX BaccenHoB HabnogaeTcs
pe3Kkoe HECOOTBETCTBME rpaHuUL, MeXay rpagauu-
SIMM KaTareHe3a opraH1M4ecKoro BeLLecTsa u cTa-
OnSMU n3meHeHns nopog [10].

Cuctema paspaboTtku noboro mecrtopoxae-
HUSI OMMKHA Y4nUTbIBaTb OCOBEHHOCTU €ro CTPYK-
TYPHO-TEKTOHMYECKOrO, NUTONOro-aumnansHoro
CTPOEHUSA N O0TBEYATb KOHKPETHBbIM TEXHUKO-3KO-
HOMMYECKMM TpeboBaHMAM, NpeabsBnseMbIM K
BypeHuto 1 akcnyaTaummn ckBaxuH. B cBsasu co
CNOXHOCTbIO reonorunyeckoro ctpoeHus BYHIM
B npoLiecce ero pa3padboTku Npu BblAENEHNM JKC-
nyaTaunoHHbIX 0OBEKTOB cregyeT onupaTbes
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Puc. 3. Kapma a¢hgpekmueHbix HeghmeHacbiuweHHbIX MONWUH
npoAdyKmMueHo20 8epPXHEYOHCKO20 20pu3oHma (B4.+2)
Fig. 3 Map of effective oil-saturated thicknesses
of the producing Verkhnechonsky horizon (VCHu+2)

Net/Gross

Puc. 4. Kapma aghghekmugHbIX 2a30HaCbIWEHHbIX MOAWUH
npoAdyKmMueHO20 8ePXHEYOHCKO20 20pu3oHma (B4.+2)
Fig. 4. Map of effective gas-saturated thicknesses
of the producing Verkhnechonsky horizon (VCHu+2)
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Tunbl 3anexen

Types of deposits
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5 PaioH " a3oHedTaHOM MpUHATLIN ra3oHedTAHON
MOK Mnact Tun 3anexu nNo HackILLEeHUIo
CKBaXMH KOHTaKT, M KOHTaKT Ans 6noka, m
BY: 23.29 HedTaHas - -
| BY: 37.42 HedTaHas ¢ ra3oBon Lwankow -1215 -1215
BY: 23.29 HedTaHas - -
BY1+2 32.52 HedTsaHas ¢ ra3oBo Lwankom -1236 -
BY: 38.41 HedtsaHas ¢ ra3oBoi Lwankom -1244 -1240
BY: 34 HedTaHas ¢ rasoBon Lwankown -1238 -
I BY: 61 HedTaHas ¢ rasoBon Lwankown -1227 -
BY: 68.116 HedTaHas - -
BY: 34.123 HedTaHas - -
BY1+2 12.54 HedTaHas ¢ rasoBon Lwankown -1244 -
I BY1+2 55 HedTaHas ¢ rasoBon Lwankown -1241 -
[\ BY1+2 900 HedTaHas ¢ rasoBoWn Luankow -1248 -
V BY1+2 87.66 HedTaHas ¢ rasoBon Lwankown -1253 -
VI BY1+2 122.78.114 HedTaHas ¢ rasoBon Lwankown -1261 -
IX BY, 31 [a30Bas 3anexb - -

lpumeyaHue. * — BCe 3anexw NMacToBble, MUTONOMMYECKN Y TEKTOHNYECKW 3KPaHUPOBaHHbIE.
Note. * — all deposits are bedded and lithologically and tectonically screened.

Ha cnepgytowme ocobeHHOCTU reonoro-usnye-
CKUX XapaKTEPUCTUK:

— BnoKoBOE CTPOEHWE MeCTOpOXaeHUs (CM.
puc. 1);

— B3auMOpacnosioKeHne MPOAYKTUBHBIX [O-
PU3OHTOB MO pa3pesy;

— HanMuuMe HagexHblX NOTHBIX pasfenos
(NOKPbILEK) Mexay NPOAYKTUBHBLIMUA TOPU3OH-
Tamu;

— TUMbI KOMNJSIEKTOPOB, WX NIUTONOro-husnye-
CKME XapaKTepUCTUKK,

— COCTaB NNacToBbIX BOA NPOAYKTUBHbIX FO-
PU3OHTOB;

— (pas3oBbIN COCTaB hrIOUAOB B 3anexax.

Mpu paspaboTke MECTOPOXAEHUS YrNeBOdO-
POAOB OOHON 13 OCHOBHbIX 3aay SBNSETCS Bbl-
6op cucTembl PacnofiOKeHUs CKBaXWH M Nops-
A0K pa3paboTkm NPOAYKTUBHbIX FOpU30oHTOB [11].
o mepe n3yyeHust N yTOYHEHUS OCOBEHHOCTEN
CINOXHOro reonornyeckoro ctpoeHns BYHMM me-
HAMUCb NfaHbl U MeToAbl ero paspaboTku. Ha
HaYanbHbIX 3Tanax paspaboTka Benacb ¢ NOMO-
b0 BepTMKanbHbIX CKBaXMWH, HO MO MpUYMHE
mManon 3MMEKTUBHON MOLLHOCTA OCHOBHOIO
NPOOYKTUBHOIO BEPXHEYOHCKOrO rOpu3oHTa OHW
HE OTIMYanMCh BbICOKON NPOAYKTUBHOCTBIO.

B 2007 r. ¢ y4eTOM CMOXHOCTWU TEKTOHUYeE-
ckoro 6nokosoro ctpoeHunss BYHIM, konuyecTea

OAO «BepxHeyoHckHedTeras» 6bin npeanoxeH
HOBLIV NNaH paspaboTkn MECTOPOXAEHMS. ITOT
nnaH npegycmatpusan bypeHve He BepTUKanb-
HbIX, @ HAKITOHHO-HaMpPaBIEHHbIX U FOPU3OHTarb-
HbIX CKBaXWH C OTX0AOM OT BepTukanu 500-
1000 M 1 ropu3oHTanbHbIM 3akaH4YMBaHWEM [0
1 KM B KaxdOM OTAENIbHOM TEKTOHUYECKOM
Brnoke Npu HanMuum XOPOLLUX ISKPAHUPYHOLLMX
CBOWVICTB TEKTOHUYECKNX HapYyLUEHWA, pa3fensito-
WMX 3T 6noku. MNpn 3HAYUTENBHON aHU3OTPO-
UM nnacta Haunyywmnm SBRSEeTCS NONoXeHue
CTBOSIA@ FOPU3OHTANbHON CKBaXWHbI NOCepeanHe
MexXay KpoBnem W nogoWBOW NPOAYKTUBHOTO
nnacra.

B 3onax MH3 Hauny4wmnm aBnseTcs nonoxe-
H1e Bnuxe K NOAOLIBE NPU OTCYTCTBUM BOOOHE-
TAHOM 30HbI.

BnaronpuaTHeIMKM hakTopamn NpUMEHEeHUs
Takom cUCTEMbl pa3paboTKM ropu3oHTasbHbIMM
CKBaXXMHaMV SBMSATCS:

— NPOAYKTUBHbIE NNAACTbl Manon TOMWMHbI
(mo 10 m);

— HU3Kasi CTEMEHb pacynieHeHHoCTn (MeHee
3-5);

— HU3KUN KO3 PULMEHT MOCNONHON aHK30-
Tponuu (MeHee 5-10);

— BbICOKas CTeneHb KoapduumeHTa necya-
Huctoctu (MeHee 0,5);

M NWHEVHbIX Pa3MepoB 3anexen, BTOPUYHON — HU3KOMPOHMLIAEMbIE  KONMeKTopbl (4o
3aCONIOHEHHOCTW U aHW30Tponuu konnektopoB 0,05 MKM?).
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o NpOeKTy OMbITHO-NPOMBILLIIEHHOW 3KCNIY-
atauum BYHTKM OAQO «BepxHeyoHCckHedTeras»
ANs Havbonee pasBefaHHbIX 3anexen BepxHe-
4oHckoro ropusoHTta (BY1) | u Il 6nokoB Gbinn
pa3paboTaHbl [Ba BapuaHTa paBHOMEPHbIX Ce-
TOK HaKNOHHO-HaMpaBneHHbIX W rOPU3OHTanb-
HbIX CKBaXXWH C NSOWaAHbIM 3aBOAHEHNEM:

—1-" BapuaHT — pasMeLLeHne CKBaXMWH MO
7-TOYEYHOW CeTKe C PacCTOSAHUAMMU MeXAy CKBa-
*uHamu 500 M 1 nnoTHocTblo 0,7 KM?/CKB. C BO3-
MOXHbIM NOCNeaylWwmMM YNIOTHEHNEM CETKM
(puc. 5, a);

— 2-N BapMaHT — pa3sMelLeHne CKBaXWH No
7-TOYEYHON CeTKe C PacCTOSHUSAMU MeXAay CKBa-
XuHamm 1100 m (pmc. 5, b).

[naH pa3MeLleHns nNo peakon ceTke ¢ pac-
CTOSIHMEM Mexay ckBaxkuHamu 1100 M no3sonun
LeTanu3npoBaTb CTPOEHUe NPOAYKTUBHbIX Nna-
CTOB BEPXHEYOHCKOrO ropuU30HTa, YTOYHWUTL rpa-
HULbI 30H 3aMeLLEeHNs U BbIKMUHUBAHUS Teppu-
FEHHbIX N1aCTOB-KOMNSIEKTOPOB.

ECTecTBEHHbI pexum MOXeT obecneuntb
apdekTMBHBIA NpoLiecc pa3paboTku B TOM Chy-
yae, ecnu nnowagp 3anexu Hebonblwas — Me-
Hee 10 KM?, a JONs HENPEPLIBHON YacTy NPOIYK-
TUBHOTO Nnacra — He MeHee 75 gonen nnowagn.
Otum kputepuam BYHIM He cooTBeTCTBYET:
nnowanbe MectopoxaeHus no 6asmcHomy npo-
AYKTUBHOMY TOPWU3OHTY cocTaBnsieT 1500 km?,

| Hayku o 3emne u Hegpononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online) \)
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a 3anexm OTHOCATCA K NUTONMOrMYECKN U TEKTO-
HUYECKN 9KpaHWPOBaHHbIM TUNam. Kpome TOro,
HabniogaeTcs xopolas coobLaeMoCcTb 3anexm
C 3aKOHTYpHOM 06nacTblo HedpTerasoHachILWeH-
HocTW. [loaTOoMy OCHOBHas pfobblva HedTH
[OIMKHA NPOBOANTLCA rMaBHbIM 06pa3om npu pe-
XUMe BbITECHEHUSI He(PTU BOOOMN.

N3-3a HEA(P(PEKTUBHOCTM €CTECTBEHHbIX pe-
XUMOB pa3paboTKM OCHOBHbIM METOAOM BbITEC-
HEHWS YrNeBOAOPOAOB B Ka4eCTBE CUCTEMBI NOA-
[EPXaHMs NNAcTOBOro AaBneHus npeanaraetcs
MEeTO[ 3aKOHTYPHOro 3aBoAHEeHMs. Ho ecnu oc-
HOBHas Jobbl4a ByaeT BecTUCh rnmaBHbIM 0bpa-
30M MNpU pexume BbITECHEHUA HedTU BOLOW,
nepBooYeEpPEHON NpobemMon CTaHyT npoLecchl
BTOPUYHOrO 3aCONIOHEHUS] KOMMEKTOPOB, 4TO
HaxoauTca B MPSIMOM 3aBMCMMOCTW OT COCTaBa
XWOKOCTW, 3aKayMBaemMoW B MPOAYKTUBHbIV
nnact [12, 13]. Boga ans 3aBogHeHWs OOMmKHA
COOTBETCTBOBATL AEWCTBYIOLLEMY OTpacneBoMy
ctaHgapty OCT 39-225-88 «Boga ans 3aBogHe-
HUS HEe(PTSAHbIX MnacToB. TpeboBaHMs K Kave-
CTBY».

3aconoHeHne NopoBOro NPOCTPaHCTBa — 3TO
BTOPWUYHbLIN NPOLIECC, KOTOPLIN aKTUBU3NPYETCSH
npyv BO30OHOBNAOLWENCS TEKTOHUMYECKON Aes-
TenbHocTU. Kpome TOro, 3aconoHeHne nop Mo-
XET MPOUCXOANTb HE TOMbKO MPU U3MEHEHMU
TemnepaTtypbl ¥ AaBreHus (XOTS 3TO SABNSETCS

Ll

Puc. 5. PaameujeHue ckgaxuH rno eapuanmy 1 (a) u 2 (b):
1 — nuHUU 3¢hhekmuBHbIX MOMWUH; 2 — 2paHuUbl TUYEH3UOHHO20 yyacmka; 3 — passiombl;
4 — HaeHemamerbHble CK8aXUHbI;, 5 — A0bbisarUUe CK8aXUHbI;
6, 7 — pasHuya 8 pacCcmosiHUU Mex0y CK8aXuHamu
Fig. 5. Location of wells in options 1 (a) and 2 (b):
1 — effective thickness lines; 2 — license block boundaries; 3 — faults;
4 —injection wells; 5 — producers; 6, 7 — distance between the wells
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OCHOBHOW NPUYMHON), HO U B NpoLiecce CMeLle-
HWS MNACTOBbIX BOA pPa3HOro coctasa npu Hapy-
LWeHUN napumanbHOro paBHOBECUS CodepKaHus
conewn B Cuiy Kakmx-nubo npuymH. 3acosoHeHVE
KONSEKTOPOB B MPOAYKTUBHBLIX M BO3MOXHO Mpo-
AYKTUBHbIX NiacTax ABNSAETCH BaXHENLWUM hak-
TOPOM, OMnpeaensiowmnM nokanusaumio yrieso-
LOPOAHBIX CKOMNSIEHNA, METOAUKY NMOUCKOBO-pas-
BEOOYHbIX paboT M UX reonoro-3kKOHOMUYECKY0
apdekTmBHOCTL [14]. B cBA3M C BTOPUYHLIM 3a-
NONHEHNeM NOPOBOro NPOCTPaHCTBA TeppUreH-
HOro KONJeKTopa ranuToM, pexe aHrMapuTom U
kapboHaTOM B MPOAYKTUBHbLIX FOPU3OHTAX Mpu-
CYTCTBYIOT LENMUKKW, NULIEHHble YOOBMETBOPU-
TenbHbIx EC.

Mpoueccbl BTOPUYHOrO 3aCOSIOHEHUS KOI-
nektopos nnactos BY1 n BY2 usyyanuce B.C.
BorganoBbiM, B.A. KaunHbim, B.W. PbixkoBbIM K
Apyrumn uccnegosatensamu. lNpuMeHeHne me-
To4a 3aBOAHEHUS OUKTYET XecTkue TpeboBaHus
K COCTaBYy XWOKOCTW, 3akauMBaemoi B NpoayK-
TUBHbIA MnacT. B TO e BpeMs KOMNMeKTopbl
BYHIM noaBepkeHbl npoueccam BTOPUYHOIO
3aCOMOHEHNSA, YTO ABMAETCA OOHOW U3 BaXKHEN-
WMX NPUYMH, ONpeaenstowmnx nokanmsaumto yr-
nesogopoaos. Metof 3aBOAHEHUS MOXET npu-
BECTM K paCTBOPEHMIO KPUCTANNNYECKOro ranurta
B MOPOBOM NPOCTPAHCTBE KONSIEKTOPOB, PE3KOMY
YBENNYEHUID MX 3MEKTUBHON MNOPUCTOCTU W
MPOHMLIAEMOCTH U, KaK CNEACTBUE, K UBMEHEHMIO
COMEeBOro coctaea nnacToBbIx Bog [19].

Kpome TOro, passutme npoLeccoB BTOPWY-
HOrO 3aCONOHEHUS KOMNSEKTOPOB NPOAYKTUBHbBIX
FOPM30OHTOB NPUBOAUT K 06pa30BaHWIO LIESMKOB C
Huskumn OEC. BnusHme npoueccoB pactBope-
HUA ranuTa Ha OWHAMUKY BbITECHEHUS HedTu
BOAOW M3yyanocb B TaTapCKOM Hay4HO-uccre-

35 2 —
30 e — ,Elo —e
~—— MNocne
25 1
20

15
i i
0 5 10 15 20 25 30

MopucTocTs, %
a

2020;43(3):350-363

[0BaTENbCKOM U MPOEKTHOM MHCTUTYTE HedTu
(r. Byrynbma), ans yero nposogunucb nabopa-
TOPHblE UCCNEA0BaHUA Ha HACbIMHbLIX NOPUCTBIX
cpefdax. AHanua nonyvyeHHbIX pe3ynbTaToB Aan
OCHOBaHWe Ans creylowmx BbIBOAOB: 3acono-
HEHWe NopPOoJ 3HAYUTENBHO YMEHbLUAeT Koaddu-
LIMEHT BbITECHEHUSA HE(OTU BOAOW MO CPaBHEHUIO
¢ 6ecconesbiMy nopucTbiMu cpegamu. Mpu 20—
30 %-Mm cofepxaHuu ranuta Ko3aMULMEHT Bbl-
TeCHeHus cHxaeTcs B 1,5 pasa; npu 50 %-m co-
AEepXaHun — B 2—6 pa3 no cpaBHeHuMto ¢ Hecco-
neBbIMU CpefamMu.

Tak Kak nofconesble TOMWM B HedTeraso-
HOCHbIX Kkomnnekcax tora Cubupckon nnat-
dopMbl He cogepxaT NepBUYHBLIX COMen, KOTo-
pble MOrfn Obl CYXUTb MOCTaBLUMKOM ranuTa B
pacconbl, NPUYNHON 3aCOSNOHEHUS MOro ObITb
TEnnoBoe BO34eNCTBME TPannos, CNpPOBOLMPO-
BaBLLEe KOHBEKTWBHbIV NepeHoC ranuTa noasem-
HbIMW pacconaMu M3 BblleNexallnx ConeHoc-
HbIX OTNoXeHun [15]. BTOT npouecc Ha cero-
OHAWHUA  OeHb cTabunusupoBancsd, a npu
BCKpbITUM 1aeT 0bpaTHbIN Npouecc U3-3a pasHo-
CTW Hanopos. lNpucyTcTBue ranuta B NOPOBOM
NPOCTPaHCTBE — [NaBHAs NpWUYMHa HeoQHOPOA-
HOCTU KONJSIEKTOPCKMX CBOWCTB nnacrta, no-
CKOMbKY €ero BbIMblBaHWe U3 06pa3LoB KepHa
NPMBOAMT K MOBbLILEHUIO NOPUCTOCTM B 2-2,5
pas3a 1 K YBEMUYEHUIO NPOHULAEMOCTU B COTHU
pas [16]. JaHHble, HarnaaHO AeMOHCTpUpYoLme
MacwTab npouecca 3aconoHeHUs NPOJYKTUB-
HbIX FOPM3OHTOB, NPUBEAEHbLI HA puC. 6.

CywecTByerT elle ogHa npobnema npu bype-
HUW CKBaXXWMH B MOLL{HbIX COMEBBIX TOMLLAX — (PIIko-
ngoynopax: bypeHvne Hepeako OCNOXHAETCH U3-
3a BbICOKOHAMNOPHbIX (DOHTAHOB BHYTPUCONEBLIX
paccosoB, OTMYALLMXCS BLICOKMMU febutamm
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Puc. 6. F'ucmoepammsbl nopucmocmu (a) u npoHuyaemocmu (b) do u nocse ommbieku kepHa om conu [16]
Fig. 6. Histograms of porosity (a) and permeability (b) before and after washing the salt off the core [16]
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Ao 7000 m3/cyT. ¢ aHOMarnbHO BbICOKMMM NNacTo-
BbIMW AABMEHNSIMI U BBICOKON MUHEpanu3aunen
panbl 6onee 500 Kr/M3, NpenMyLLECTBEHHO XMO-
PUAHO-KANbLWEBOTO M  MarH1eBO-KanbLMeBoro
coctaBa [17-19]. MnactoBble BoAblI Mpeobpa-
XEHCKOT0, BEPXHEYOHCKOrO rOPM3OHTOB XapakTe-
PU3YIOTCS BbICOKOW MUHEpanuaauuei, 4to 6bino
YCTAQHOBMEHO MPU WCCMEAOBaHMM WX COCTaBa,
(PM3MKO-XMMUYECKMX CBOMUCTB M XapakTtepa B3au-
MOZEWCTBMS C BMELLaLWMMK nopogamu (Bogo-
pacTBOPMMBbIMIA MUHeEpanaMu B nnacte-Konsek-
TOpe, MWHUCTBIM LemeHToM). B coneBom co-
cTaBe Bog npeobnagalT Xxnopuabl Kanbuus
(CaClz), narpua (NacCl), marauna (MgClz), kanus
(KCl).  CopepxaHne cynbcatoB  Kanbuus
(CaSO0a4), bukapboHatos HaTpus (NaHCO3) 3Ha-
yntenbHo meHbLue. Mpuuem gonsa CaClz n NaCl
B 06LemM coneBoM coctase 3aHumaeT 85-95 %.
Mo npeobnapanunio B coctae CaClz unu NaCl
BbIAENATCS ABa TUNa NacToBbIX BOA;

— XNOpWAHO-KanbLmMeBble C BbICOKUM COAep-
xaHuem CaClz (19-26 %) n 6onee HU3KUM co-
pepxanmem NaCl (0,1-6,1 %);

— XNOPWAHO-HATpUEBLIE C BbICOKUM COAEp-
xaHnem NacCl (8,7-18,3 %) n bonee HU3KUM CO-
pnepxanuem CaClz (3,9-13,9 %).

Pe3ynbTaTtbl uccnegoBaHus
1 ux obcyxpeHue

HakonneHve cBefdeHud O reonormyeckom
ctpoeHun BYHIKM u yTouHeHne ero ocobeHHo-
CTe NPUBENM K 3aKOHOMEPHBIM U3MEHEHUSIM CU-
cTeMbl ero paspabotku. Tak, HOBas MeToauKa
komnaHun Schlumberger 3ameHunna ncnonsb3osa-
HWe 3aboiHOro ApuraTtens Ha MCnonb3oBaHWe
POTOPHO-YNPaBfseMON CUCTEMbI, MEHANUCb U
MeToAbl 3aBoAHEHMs. PekomeHayeMble meToabl
3aBogHeHus TpeboBanu 0cobo nogpobHbIX UC-
CregoBaHuiA NO U3YYEHUIO NTUTONOTMYECKMUX OCO-
BeHHOCTEN NMPOOYKTUBHONO BEPXHEYOHCKOrO ro-
PU30HTa U COCTaBa BOA, NMPUMEHEHSIeMbIX AJ1S
3aBOJHEHUS NpU aKcnyaTauuu.

Mpu nccnenoBaHum BbINO YCTAHOBIIEHO, YTO
B conecofepxalumx nopogax koapuuneHT Bbl-
TECHEHMs1 HedTW BOAOM NO CPaBHEHUIO C BeCCO-
NeBbIMM  NOPUCTBIMU  Cpedamy  YMeHbLLaeTCs.
Tak, npn 20-30 %-m coaepxaHum conu koaddu-
LMEHT BbITECHEHUS CHWKaeTcsa B 1,5 pasa; npu
50 %-m coaepxaHum conu — B 2—6 pa3s no cpae-
HeHwuto ¢ 6ecconesbiMn cpegamu. [Mpy npumeHe-
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HUM NS 3aBOAHEHWUS BbICOKOMUHEPANU30BaH-
HbIX (NacTOBbIX) BOA KONMUYECTBO BhiLLeNavnBa-
emMoro ranuta ymeHbliaetcs B 10 n 6onee pas, a
BbllLieNlaunBaHne aHrmapuaa UcknvaeTcs non-
HOCTbIO. [lOABWXHOCTL MPECcHOM BOAbI Nocrne
unbTpaumm ee B Konmuyectee 7-10 obbvemos
nop Yepes nopucTele cpedbl ¢ cogepxaHvem 10—
50 % conu yBenuymusaetcs ot 3,4 go 118 pa3 no
CPaBHEHWIO C NOABWXHOCTLIO BOAbI B MOPUCTOW
cpene, He cogepxallen conn. CnegoBaTenbHO,
3 heKTUBHOCTb 3aBOAHEHUS CONECOoAepPXaLlmx
nopoza 3aBUCUT OT CTEMEHM 3anofTHEHUs Nop Co-
Nblo, OT KO3hPULMEHTA 3aCONTOHEHHOCTUN NOPOL,
MO TOMLLMHE 1 OT BbillienavynBaoLlen cnocobHo-
CTW peareHToB.

B cBA3u ¢ 3TMM ans 3aBogHeHus paspabatbl-
BAEMOro ropusoHTa peKoMeHAyeTCs NPUMEHSATb
BoAbl, B6nu3kne nNo coctaBy, YTO MMEET LEenblii
pSia NPENMYLLECTB:

— OHM COBMECTVMbI C NNACTOBbIMW BOZAMM
NPOAYKTUBHBIX OTNOXEHWUN;

— He BbllLenaynBaloT BO4OPaCTBOPUMbIE MU-
Hepanbl (ranuT 1 aHrnapur).

Hanbonee 6nusku no xummyeckomy cocTtaBy
K NIacToBbIM BOAAM NPOAYKTUBHbIX FOPU3OHTOB
nnacToBble BoAbl 6€bCKON CBUTLI (aTOBCKOMO U
XPUCTOPOPOBCKOr0 rOPM30HTOB). ATW NnacTo-
Bble BOAbl M MOTyT OblTb MCMONb30BaHbI ANS 3a-
BOOHEHWS.

HedTb n nnactoBble BoAbl nnacto BY1 n
BY2 BepxHEYOHCKOro ropm3oHTa no CBOMM CBOW-
CTBaM M COCTaBY UAEHTUYHBI. [TnacTbl, no-Buau-
MOMY, rMapOAMHAMUYECKN CBA3aHbl B Npegenax
6nokoB, YTO OaeT OCHOBaHWE paccmaTpuBaTb
oba nnacra B Ka4eCTBe €4UHOr0 JKCMNyaTaLoOH-
HOro obbekTa.

Konnektopbl npeobpaxeHCKoro ropuaoHTa
npeacTaBfieHbl TPELMHOBATEIMU  LONOMUTAMK,
[MAHUCTBIMW B KPOBME M NOAOLUBE, YaCTUYHO 3a-
COMOHEHHbIMU, C NpoHULaemMocTblo 0,18-22 m[,
a KOMneKTopbl nnacrta BepXHEYOHCKOro ropu-
30HTa - KBapLeBbIMY NeCYaHUKamu C NPOHMLae-
mocTbto 4o 700 mJ. OHM MOryT CyLLECTBEHHO OT-
nnyaTbCs Mo NPOAYKTUBHOCTM, NNacTOBOMY AaB-
NEHNI0 B npolecce nx pas3paboTku u, crnegosa-
TenbHO, MO cnocobam akcnnayaTauun CKBaXuH,
CKOPOCTM BbIpabOTKM 3anacoB HedhTU U U3MEHE-
HUIO 06BOAHEHHOCTY NpoayKumn. Moatomy 06b-
eAVHATb Takue nnacTbl B OAWH 0OBEKT paspa-
60TKM OKa3bIBaeTCA HelenecoobpasHbIM.
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MpeacTaBneHHbIN paHHee nnaH BypeHus ¢
NnpMMeHeHWeM 3abonHOro ABuraTens M ramma-
kapoTaxa He obecneuuBan NpPoBOAKY CTBOSIOB
no Hanbonee NpPOAYKTUBHEIM y4acTkam nnacra,
W nNo3TOMy [ebutbl HEKOTOPbIX HAaKIOHHO-
HanNpaBMEHHbIX N FOPU3OHTaNbHbIX CKBaXWH OKa-
3anucb HeQOCTaTOYHO BbICOKMMU. C Lienbto yBe-
nuyenns apdekTMBHOCTM BypeHus cneuuanu-
CTbl AenapTameHTa 6yposbix pabot OAQO «Bepx-
HEYOHCKHedhTeras» COBMECTHO CO cneuwanu-
cTaMu genapTaMmeHTa no reonorum u paspabotke
MeCTOpOXaeHUn komnaHun Schlumberger npea-
NOXWNW HOBYKD METOLOSIONNI0, MO3BOSIAOLLYIO
MOBbLICUTb APMEKTUBHOCTL BYpeHUs 3a CHET UC-
NonNb30BaHWUS POTOPHO-YNPaBNSAEeMOn CUCTEMBI,
kapoTaxa BO Bpemsi BypeHus u reoHaBuraumu.
Takoe coyeTaHuWe TEXHOMOrMih POTOPHO-YNpaB-
NSIEMON CUCTEMbI U KapoTaxa BO Bpems bypeHuns
[aeT BO3MOXHOCTb obecneyeHns Heobxoanmoro
KOHTPONSA TPaEeKTOPUW CKBAXWHbI W MOMyYeHns
BaXXHOW MHGOPMaUuM 0 reousnyecknx ceow-
CTBax NOPOA, a NPUMEHEHNE reOHaBMralum npu-
BedeT K YBeSIMYeHWo NpPOOYKTUBHOCTU KaXow
CKBaXuHbl 6onee Yem B ABa pasa [20].

Kpome Toro, komnaHuen Schlumberger cos-
MECTHO C THOMEHCKUM HE(ITAHBIM HaYYHbIM LiEH-
Tpom B 2021 r. nnaHmpyeTcs 6ypeHne onbiTHOro
KycTa ans uenen nogaepxaHus NnactoBoro aae-
NEeHNss C TECTUPOBAHMEM TEXHOMOMMW 3aKayvku
rasa. B TexHonorum 3akaH4mMBaHWsi paccmaTtpu-
BaeTcs OypeHue Tropu3OHTaNbHbIX CKBaXWH C
ANVHON ropusoHTansHoro yyactka 1000 m m npo-
BefeHneM 9-ctaguinHoro rugpopaspeliBa nnacTa,
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a TaKkke MHOro3abomnHbIX CKBaXWH € obLuen npo-
xoakov 6onee 6000 m.

Takxe B TeYeHue crneayowmx aByx net nna-
HUPYeTCS peanusauusi HeKOTOPbIX BaXHbIX W3-
MEHEHUW, KoTopble Oblnn Bbl HEBO3MOXHbI 6e3
MCNOSIb30BAHUSA TEXHOMOMMM POTOPHO-YNpaBnse-
MOW CUCTEMBI:

— YBENUYyeHne AnuHbI CKBaXMUHbI MO CTBOMY
cebiwe 3600 m;

— NUNOTHbIN NPOEKT BypeHns CKBaXuH ¢ 6onb-
UMM OTX04OM OT BepTukanu (Ha 1500 M ropm3oH-
TanbHOWM CKBaXWHbI — 152,4 MM 0TX0f, cekuum);

— COKpaLLEeHNe Yyncna KycToB nyTeM yBenuye-
HWS OTXOAa CTBOSIOB CKBaXWH OT BEPTMKAIW.

Kak nogyepkmBatoT cneumanuctbl, HECMOTPS
Ha TO, YTO paHee TEXHOMOrMM POTOPHO-yNpaBns-
€MOV CMCTEMbI M KapoTaxa BO BpeMsl OypeHus
npegHasHavanucb Ans AOPOrocTosWwero Mop-
CKOro BypeHusi, OHM oKa3anu CBOK 3KOHOMUYeE-
CKYI0 9P eKTUBHOCTb M Ha HA3EMHbIX MPOEKTaXx.

3aKknio4yeHue

3 BbllLECKA3aHHOrO MOXHO CAenaTtb BbIBOJ
0 TOM, YTO NO Mepe YTOYHeHUs 0CcobeHHOCTen
CNOXHOro reonormnyeckoro ctpoeHns BYUHITKM,
n3yyeHust aHmsotponun ®EC 1 ToNWMH Npoayk-
TUBHbIX TOPM30OHTOB MO paspesy, CTEMNEHMN KX 3a-
CONIOHEHMS], NOMHOro BbIKMMHWBAHUS, COCTaBa U
MWUHEpanu3auuyn nNnacToBbIX BO4 M3MEHSNACh M
COBEpLLEHCTBOBANAChL cucTema paspaboTkm me-
CTOPOXAEHUA C LENbK paLMOHaNbHOrO CoKpa-
LLEeHNs CPOKOB OypeHus 1 yBenuyeHus nokasa-
Tens MakCMmarnbHON KOHEYHOW HedTeoTAaYM.
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duUnbTpaLMOHHO-eMKOCTHLIE CBOMCTBA OypoBoOro wnama
No AaHHbLIM A8EePHO-MarHUTHOW Pe30HAHCHOM perlakcomMeTpuun
N ONINEKTPUYECKOWN CMEeKTPOCKONUU

© A.A. Me3un?, M.W. LLlymckaiite®, B.H. Fnunckux®, H.A. Fonukos?, E.C. YepHoBa®
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Pestome: Llenb onncaHHOro nccnegoBaHus 3aknovanach B pacLUMpeHn BO3MOXHOCTEN NPUMEHEHUS METOLO0B SAEPHO-
MarHUTHOWM PE30HAHCHON PenakcoMeTpum 1 OUINEKTPUYECKONA CEKTPOMETPUM Ha MPUMEPE COBMECTHOW MHTEpnpeTauum
[aHHbBIX 3TUX METOZOB ANs ONepaTUBHOIO MOMyYeHUs AOMNONMHUTENBHON NeTPOPU3N4ECKon MHGhopMaLMm 0 CBOWCTBaX U
CTPYKTYpe MOPOBOro nNpoctpaHcTea BypoBoro wnaMa. AKTyansHOCTb paboTbl 06ycnoBneHa Tem, YTo AaHHbIe, NonyYeH-
Hble Ha BypoBOM LUMame Npu NOMOLLM KOMMIIEKCa 3TUX METOA0B, MOTYT UCMONb30BaTLCA B Ka4eCTBe ONOPHOI (Ha4arnbHoON)
VHgOpMaLMK Npu UHTepnpeTaLmnm JaHHbIX reotUsNYeCcKUX NCCNEAOBaHNI CKBaXWH [0 NPOBEAEHUS AeTallbHbIX NeTpo-
thusmnyecknx nccnegoBaHUn KepHa UnW NpW ero oTCYTCTBUW B MHTepBane otbopa. OBbekToM WCCneaoBaHUs CRYKUH
06pasubl BypoBoro Lnama ¢ MectopoxaeHuii 3anagHo-Cubnpckon HedTera3oHOCHON NPOBUHLUMM Ha NpeaMeT onpede-
neHna nx MUNbTPaLMOHHO-EMKOCTHBIX CBOMCTB MPW HACbILLEHNW pasHbIMK driongamy Metogamn UMMYILCHON SAEepHO-
MarHUTHOWM pEe30HAHCHON PEeNakCoOMETPUM N ANINEKTPUYECKON CNEKTPOMETPUN. B pamkax aKkcnepuMeHTarbHbIX nccnemo-
BaHWW BbINOMHEHbI SAEPHO-MarHUTHbIE PE30HAHCHbIE 3MepeHnst 06pasLoB KepHa pasHOM CTENeHN QMCKpeTM3aLmm ans
onpegeneHns ux PunbTPaLUOHHO-EMKOCTHBIX CBOWCTB B 3aBUCUMOCTM OT CTENEHW n3MenbyeHus. [lokasaHo, YTo pesynb-
TaTbl HE 3aBUCAT OT Pa3MEPHOCTM YacTuL, namepsiemoro obpasua n cornacyrTcs ¢ pesynbTatamMmu CTaHAAPTHbLIX NeTpo-
pu3nyecknx nccnefoBaHwin. YCTaHOBEHbI 3aBUCUMOCTM NOPUCTOCTM OT TUMNA Hackiwatowero gnovga. Ha ocHose fak-
HbIX METo4a AN3NEKTPUYECKOW CNEKTPOCKONUM ONPEAESIEHO 3HaYeHNe KOMMNMIEKCHON AM3NEKTPUYECKON NPOHNLaeMOoCTH
06pa3sLoB, KOTOPOE NOKa3bIBAET, Kak M3MEHSETCS CTENeHb HaCbILLEHUs B 3aBUCUMOCTM OT oritomaa v YTo NPOUCXOANT B
nopoBOM npocTpaHcTBe. COBMECTHAA MHTEpPrpeTauny pesynbTaToB AaHHbLIX 3TUX ABYX METOAOB MO3BOMSET NOMyYUThb
AOMOSHUTENbHY0 UHOPMaLWo 0 PUNbTPaLMOHHO-eMKOCTHBIX CBOMCTBAX 6ypOBOro LwiiaMa 1 UCMonb30BaTh ee B kave-
CTBE anpuopHon MHMOpMaLMK 0 CBOWCTBAX NnacTa-Konnexkropa.

Knroyesnie crosa: BypoBoii wnam, KOMMMeKcHas AManekTpuyeckas NpoHWMLAEMOoCTb, penakcauuoHHble XapakTepu-
CTUKM, PUINBTPALIMOHHO-EMKOCTHBIE CBOWCTBA, AAEPHO-MarHUTHLIA PE30HaHC

Unpopmayusi o cmamebe: noctynuna B pegakumto 06 mons 2020 r.; noctynuna nocne peLeHsnpoBaHns 1 gopaboTku
03 aerycra 2020 r.; npuHaTa k nybnukauuv 01 ceHtabps 2020 r.
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Reservoir properties of drill cutting
by the nuclear magnetic resonance relaxometry
and dielectric spectroscopy data

© Andrey A. Mezin?, Mariya Y. Shumskayte®, Vyacheslav N. Glinskikh®,

Nikita A. GolikovY, Elena S. Chernova®
a=0Trofimuk Institute of Petroleum Geology and Geophysics,
Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
®Novosibirsk National Research State University, Novosibirsk, Russia

Abstract: The purpose of the study is to extend the use of nuclear magnetic resonance relaxometry and dielectric spec-
trometry methods. This is realized through a complex interpretation of the data by the above methods to timely provide
additional petrophysical information about the drill cuttings pore space properties and structure. The relevance of the study
is that the data on the drill cuttings obtained by the NMR method can be used as prior information in the logging data
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interpretation before a detailed petrophysical study of the core sample or in case of the core absence in the sampling
interval. The objects of study are the drill cuttings samples from the fields of the West Siberian oil-and-gas province.
The samples are saturated with different fluids, and their reservoir properties are determined by the nuclear magnetic
resonance and dielectric spectrometry methods. As part of the experimental research, nuclear magnetic resonance inves-
tigations of the core samples of different discretization degrees have been carried out to determine the reservoir properties
of the samples depending on the degree of their particle size reduction. It has been shown that the obtained results do not
depend on the particle size of the measured sample and are consistent with the results of the standard petrophysical
studies. The relationship between the porosity and the saturating fluid type has been established. Based on the data
obtained by the dielectric spectroscopy method, the study has determined the value of the complex dielectric constant that
shows how the degree of saturation changes depending on the fluid, and what happens in the pore space. The complex
interpretation of the results obtained by the two methods provides additional information on the drill cuttings reservoir
properties that can be used as a priori information on the formation properties.

Keywords: drill cuttings, complex dielectric constant, relaxation characteristics, reservoir properties, nuclear magnetic
resonance
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BBepeHue

AnepHbid MarHUTHBIR  pe3oHaHc (AMP) -
MOLLHbIN OU3NYECKUN APPEKT, LUMPOKO NUCNOSb-
3YIOLWMNCS B pa3nuyHbIX 06nacTax Hay4YHbIX KUC-
CnefoBaHUA Ona U3yYeHUst CBOMCTB, CTPYKTYpbl
n coctosiHusa Bellectsa. Metog AMP Ha cero-
OHSLWHWIA OEHb YCMELWHO NpUMeHseTCs B Kpyn-
HEWLWNX HedTErasoBbIX KOMMAHUAX U BedyLimX
Hay4HbIX nabopatopusx Mupa Ons UsyyeHus
(PUNbTPaALMOHHO-EMKOCTHBIX U U3NKO-XMMUYe-
CKMX CBOMCTB FOPHbIX NOPOA W HACbILLAKOLWMX UX
cnongos. NonynspHbIM CTaHOBUTCSH KOMMMEK-
cuposaHue metoga AMP ¢ meTogamu, otnuyato-
WMMUCA pa3HOM YyBCTBUTESIBHOCTBIO K Onpese-
NEHHbIM XapaKTepucTukam nopoabl W nnacro-
BOro bfiouaa, Y4To No3BOMAET NOYYUTb 4OMNOS-
HUTENbHYI WMHGOPMaUMo 006 u3ydyaemom 006-
pasLe npy COBMECTHON UHTEpNpeTaLumn pesysib-
TaToB. K Takum MeTogaM MOXHO OTHeCTU Au-
ANEeKTPUYECKYD cnekTpockonuio. Mpu n3yyYeHun
(pnongoHACKILLEHHON TOPHOM NOpOAbl 3HAYM-
TENbHY pornb B hOPMUPOBAHUM OUINEKTPUYE-
ckon npoHuuaemocTm (OMM) urpatoT nonspusauy-
OHHble MPOLECCHI, NPOUCXOAALLME Ha rpaHuue
nopoabl ¥ dnwovaa. PenakcaunoHHble npo-
LlecChl, AENCTBYIOLLME HA ATUX NOBEPXHOCTSAX, B
3HaYUTENbHOW Mepe ONpeaenstoT U saepHo-Mar-
HUTHbIE CBOMCTBA M3y4YaeMbIX MOPOLA,.

Mpu paspaboTke HePTAHbLIX U ra3oBbiX Me-
CTOPOXOEHUN CaMOW BaXHOW WHopMaumen o
nnacTe-KOnNmeKkTope SBMATCA AaHHble O ero
(bunbTpaLMOHHO-eMKOCTHbIX cBomncTBax (PEC),
[eTanbHblA  aHanM3  KOTOPbIX  MNPOBOAMTCH

B nabopaTopHbIX YCNoBusiX Ha obpasuax KkepHa.
[locToBEPHOCTb W NPEeACTaBUTENbHOCTL MONy-
YeHHON neTpogu3nyeckon UHpopMaLuM 3aBu-
CUT OT KayecTBa 0TOBPaHHOrO KEPHOBOrO Mate-
puana. Ha uHTepBanax nnacra-konnekropa 6e3s
otbopa KepHa HeobxoauMMyl MHoOpMauul o
®EC moryT gatb nccnenoBaHusi, NpoBeAeHHbIe
Ha 6ypoBom Lwname. OgHUM 13 METOAOB onepa-
T1BHOrO M3yyeHnss PEC Byposoro wnama ssns-
€TCs SAepHO-MarHMTHasi pe3oHaHCHast penakco-
meTpusa (AMP-penakcomeTpus), KoTopasi Xo-
POLLIO 3apekomeHaoBana ceds npu n3yyYeHum ne-
Tpoghmamnyecknx napameTpoB obpasLoB nopoa-
KONMMEKTOPOB NPOM3BONbHOW (hOpMbl U pasmepa
[1-7].

PaboTbl MHOrMx wuccnegoBaTenen nocBs-
LeHbl M3YYeHW0 BO3MOXHOCTM OnpedesieHuns
®EC 6yposoro wsama, B TOM Yucse no AaHHbIM
meTtoga AMP. lNetpodpusnyeckne AMP-uccne-
[0BaHUsa OypOoBOro Lnama CnoXHbl No ABYM Npu-
yuHam. Bo-nepBbix, ManeHbkue 06MOMKM Mo-
POAbl AAKT OYeHb cnabbli CUrHan W, COOTBET-
CTBEHHO, HU3KOE OTHOLLEHWE CurHan / wym, Bo-
BTOPLIX, NpoLeaypa NoAroToBkM Npob He No3Bo-
nsieT gocTtatoyHo 6GbicTpo obpabaTtbiBaTh pe-
3ynbTaThl M nonyyatb AdaHHble. C NOMOLLbHO
AMP-uccnenosaHnn GypoBoro Lwwnama Teppu-
FeHHbIX NOPOA MOXHO BOCMOMHUTL NOTEPH MET-
pohM3N4ECKON MHPOPMAaLMU NpU UHTepnpeTa-
UMM OaHHbIX reoU3NYeCcKUX UCCrnefoBaHUM
ckBaxuH (FNC), koTopas BO3HWKAeT BCreacTBue
TOro, 4T0 NeTpodmanyeckas Mogenb co3gaeTcs
N0 MHTErpMpoBaHHbIM MapameTpam obbekTa no
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BCeW Nnowiaaun 3aneraHus nnacta u He y4uTbl-
BaeT HEOHOPOJHOCTb OTNOXEHWI [8—11].

TexHonorns M BO3MOXHocT meTtoga AMP
NO3BONSIOT UCMOMb30BaTb OypoBOW LWMaM He
TOSIbKO AJ151 ONepaTUBHOIO peLleHus reonornye-
CKuX 3agad B npouecce bypeHus, HO 1 ans BoC-
MOSIHEHUS NOTEPb NETPOMUINYECKON MHGOPMa-
UMM Ona nnactos, npobypeHHbix 6e3 oTbopa
kepHa. AP MEKTUBHOCTb MCMONb30BaHNS MeToAa
AMP gns uccnenoBaHus Wwnama onpegensercs
TeMm, YTO pe3ynbTaTbl USMEPEHUIA B 3TOM Cnyyae
MPaKTUYECKN HEe 3aBUCAT OT POPMbI U pa3mMepoB
nccnegyembix obpasuos [12].

LLnpokoe pacnpoctpaHeHne metogos AMP
A1 U3MEPEHWUI B OTKPLITOM CTBOMNE CKBaXWHbI
(S4epHbIN MarHUTHBIN KapoTax) U aAna nabopa-
TOPHOTO WCCNELOBaHUS KepHa MNpWBENO K MC-
MOMb30BaHMWI0 3TOr0 METOAA U 4151 BOCCTAHOBE-
HUS  3HAYeHW MNOPUCTOCTU KONMEKTOPOB MO
wnamy [1]. Peaynbtar conoctaBneHnst 3Ha4eHus
NOPUCTOCTW, ONpedesieHHOro C MOMOLLb0 Me-
Toga AMP-penakcomeTpumn Ha obpasuax bypo-
BOrO LWfaMa, CO 3Ha4YeHWEM MOPUCTOCTH, MOMY-
YEHHbIM TPagWUMOHHBIMW METOAAMMU Ha KepHe,
[0Ka3blBaeT  BO3MOXHOCTb  MCMOSIb30BaHUA
AMP-nopuctocTu wnama Ans BOCCTaHOBIIEHUS
®EC nopogabl. [JoctonHctBo meTtoga AMP co-
CTOWUT B TOM, YTO, MOMUMO onpeaeneHns obuyei
NOpPWUCTOCTW, WHTEpnpeTauus pacnpeneneHns
BPEMeH MNOomnepeyHoi penakcaumn MOMHOCTbIO
BOAOHACbILLEHHbIX OBNOMKOB [aeT BO3MOX-
HOCTb OLEHUTb 3EKTUBHYIO MOPUCTOCTL U
pacnpegeneHue nop no pasmepam. B npouecce
OypeHust NOMCKOBBLIX U Pa3BefOYHbIX CKBaXMH,
rAe valle BCero OTCyTCTBYET neTpodusnyeckas
6asa, faHHble, NONyYeHHbIE HENOCPEACTBEHHO
Ha ckBaxuHe wmetogom AMP-penakcomeTpum,
MOXHO 1CNonb30BaTh 415 0ONepaTUBHOrO NeTpo-
usmyeckoro obecneyeHns  MHTepnpeTauumn
AaHHblx TNC. Tem He MeHee faxe B HEKOTOPbIX
KPYMHBIX KOMMAHWUAX, 3aHUMAIOLMXCA reonoro-
TEXHOSOMMYECKUMUN UCCNEeNOBaHUAMM, ITOT Me-
TOA B KAYeCTBe CTaHOAPTHOrO NokKa He NPUMEHS-
ercs.

OcobeHHOCT  OWM3MEKTPUYECKUX  CBOWCTB
HedTeHacbIleHHOro  wnama  obycnoBeHsbl
HanMunem aacopOUMOHHBIX NMEHOK HA rpaHuLe
pasgena a3, obpa3oBaHHbIX, Kak MpaBwno,
U3 BbICOKOMONEKYNSAPHBIX MOMNSAPHbLIX COEAUHe-
HUN YrNeBoAopodoB — CMOM U acanbTeHOB.
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AZcopbunOHHbIE NMEHKN Ha MOBEPXHOCTU rpa-
HYN FrOpPHbIX MOPOA, ¥ Kanenb BOAbl YBENUYNBAKOT
LM3neKTpuyeckme ceoncTea Bcen cuctemsl [13].
HekoTopble aBTOpbI M3yyanu npouecckl 0bpa3o-
BaHWS W BNUSHWA Ha OMANEKTpUYeckue napa-
METpPbl CUCTEMbI pa3pyLlleHns agcopbunoHHON
NAeHKW HepTU Ha rpaHuuax pasgena «Boga —
He(Tb» [14]. Mpn aTOM 3Ha4YeHMe pearnbHON Ya-
cTn KomnnekcHon [N pacteT Bo Bpems obpaso-
BaHWsi aacopOLMOHHON NMEHKN U He yBEeNNYnBa-
€TCSA C POCTOM TOMLLMHBI NIeHKN [15].

B pabotax [16, 17] onucaHo npoBeaeHne ma-
TemaTU4yeckoro MoaenupoBaHusa obpasuos rop-
HbIX Nopog Keapua u kanbuuta. belav noctpo-
eHbl Mogenu 3asucumocTtu [l obpasua ot nopu-
CTOCTM W HacblLLeHns BOAoW. PesynbTatel Moae-
NUPOBaHKSA NoKasanu, YTo Npy HacbIeHun ob-
pa3yoB Bbiwe 20 % ans keapua u 30 % ons
kanbuuTa 3HadeHve [T nuHenHo pacTteT c yBe-
NMYEHneM NopuUCTOCTU K KonmyecTa Boabl. Of-
HaKO Npw HacbiweHun meHble 20 % ans keapua
3HayeHue [ He 3aBMCUT OT U3MEHEHUN Nopu-
CTOCTU W CTENEHW HacblWeHns. A Npu KOHLEH-
Tpaumm meHblue 30 % ana KanbuuTa 3HavyeHue
Al ymeHbluaeTcs npu yBenMYeHnn nopucTocTu
1 (PUKCUPOBAHHOM 3HAYEHWUWN 40NN BOAbI.

Takum obpasom, uenblo paboTbl siBNSETCA
paclwmpeHne BO3MOXHOCTEN NPUMEHEHNS METO-
pos AMP-penakcomeTpum 1 OUINEKTPUYECKON
CMEKTPOMETPUM Ha NPUMEPE COBMECTHOW MHTEP-
npeTauun AaHHbIX 3TUX METOAO0B A8 OnepaTuB-
HOro NOMNyYeHUs AOMNOMHUTENIbHOW MEeTPodusn-
4yeckow MHGopmaLuM 0 CBOMCTBAX M CTPYKType
NOPOBOro NpocTpaHcTBa BypoBoro wnama.

O61bekT u meToabl
nccnenoBaHus

O6bekToM WMCCnegoBaHWsl HacTosiwen pa-
60TbI cryxunu obpasubl 6ypoBoro wnama ¢ Me-
cTopoxaeHun 3anagHo-Cubupckon Hedpteraso-
HOCHOM MPOBMHLMX Ha NpeameT onpeaeneHus
nx ®EC metogamm nmnynscHon AMP-penakco-
METPUM N ANINEKTPUYECKOW CNEKTPOMETPUM NPK
HaCbILLEHWN pasHbIMK bnongaMm.

ABTOpamu BbINOMHEHO 3KCMEPUMEHTaNbHOE
n3yyeHne csonicte 10 obpasuoB 6OypoBoro
wnama c rnybux 2480-3100 m. B tabn. 1 npuse-
LEHO NUTOSOTMYECKOE ONMUCaHWe UCCReRyeMbIX
obpasuos.
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Tabnuua 1. lluTonornyeckoe onmcaHue obpasLoB LWnama
Table 1. Lithological description of the drill cuttings samples

Howmep ny6uHa, m Onuncanue
obpasua
1 2480 lNecok cpeaHe- U MENKO3epHUCTbIN, 0BIOMKM aneBponnTa, HeGoMbLIOE KOIMYECTBO
MVHbI B BUAE B3BECK
2 2580 [Necok cpefHe- U MENKo3epHUCTbIN, 0bnomkn anesponuta (30-40 %), rnuHa ToHeT
3 2680 OO6noMKM aprnnuTa rmUHUCTOrO HeMpPOYHbIE (PacTUPAaOTCS B MNbifb)
4 2714 [ecok Menko3epHUCTbIN, 06110MKM anesponuTta, obnomku aprunnurta (10-15 %)
5 2800 O6nomku anesponuta, obnomku aprunauta (40 %), ruHa B BUAE B3BECH
6 2850 O6nomku aprunnuta, obnomkm anesponuta (50 %), rmvHa B BUae B3BeCH
7 2900
8 2950 0
9 3000 O6nomku aprunnuta, obnomkn anesponuta (40 %), rnvHa B BUAE B3BECH
10 3100

Namepenuna auanektpudeckmx n AMP-xapak-
TEPUCTUK NPOBOAMNMCH Ha creayroLLmx obpasuax:

— HEeU3MEHEHHbIV LMaM, HacbILEHHbIA nna-
CTOBbIM (ponAOoM M punbTpaTom BypoBOro pac-
TBOPA;

— Lu1aM nocne XonoAHOW 3KCTpaKLuum Xopo-
thopmowm;

— LWUSaM, HACbILLEHHbI KEPOCUHOM.

Takasa nocnegoBaTefnibHOCTb NO3BONMMA U3Y-
YuTb BNUSIHWE Ha auanekTpuyeckne n AMP-xa-
PAKTEPUCTUKM HacbILWaowero dniouga u oue-
HUTb OTKPbITYK NOPUCTOCTL NYTEM B3BELLMBAHUSA
06pa3yoB nocrne BbICYLUMBAHWUSA W MOCIEe Hacbl-
LLEHUSI KEPOCUHOM.

AMP-n3mepenuns nposogatca Ha AMP-pe-
nakcometpe MCT-05 c pabouenr dacTtoTOM
2,2 M"Y 1 mHAyKUuMen marHUTHOro nons 55 mT.

CHavana n3amepeHusi NpoBOAMNNCL Ha HEN3-
MeHeHHbIX obpasuax. [Mpobbl nomelanucs B em-
kocTb o6bemom 20 cm3, B3BelUMBanuChb, 3aTem
BbINONHANUCL AunanekTpudeckne n AMP-usme-
peHusi. AHaNoOrMyHble M3MepeHNs ObinnM NOBTO-
PEeHbl MOCMne XONoAHOW 3KCTpakuuu xnopodop-
MOM, BbICYLUVMBAHWSA LUNamMa B MeYn B TeYeHue
8 4 npu Temnepatype 105 °C n nocne Hacbiwe-
HMSt 06pa3sL OB KEPOCUHOM.

Ha aTane onpeaeneHns 3Ha4eHUn KOMNeKkc-
Hov [N nccnepyembii obpasel nomewiancs B
9KCMEPUMEHTANbHYIO SYENKY B BUAE MNSIOCKOro
KOHAEHcaTopa C AMaMeTPOM 3NEKTPOAOB 28 MM
U paccTosHMeM Mexgy anektpodamu 10 mm.
flyeiika nogknyanacb nposodamu K n3mepse-
MOMY Mpnbopy (M3MepUTENo KOMMIIEKCHOTO UM-
negaHca LCR-78105G npoussogcTea kKoMmnaHum
GW Instek ¢ gnanasoHom pabounx yactot 0,02—
5000 kl'y). MNocne nonyyeHus 3HaYeHWM KOMMO-
HEHT umnedaHca Obinu paccyMTaHbl 3HAYEHUS

€MKOCTM NyCTOW S4ENKM, @ NOCNE U SYENKn ¢ 06-
pasuoM. o nonyyeHHbIM gaHHbIM BbINo onpeae-
neHo 3HadveHue [T Ha cooTBeTCTBYyOLEN Ya-
ctote [18, 19].

Pe3ynbTaTbl 3KCNepPUMEHTaNbHbIX
nccneaoBaHuM U Ux obcyxaeHue

®usuyeckoe modenuposaHue. [ns nogTeep-
XOEHWUS NPaBOMOYHOCTU WCMNOMb30BaHWUS [AaH-
HbIX AMP, nony4yeHHbIX Ha LWname, B Ka4yecTse
HavanbHOW NeTpoduU3M4eckorn MHGPOPMaLnmM o
nnacTe-KonmnekTope Obinu NpUHATL MccneaoBa-
HUA 06pasLoB KepHa, BbIMOMHEHHbIE HA Pa3HbIX
cTagusx Aauckpetnsaumn. CHavana obpaseu
KepHa HacbIWancsa MuHepanu3oBaHHOW BOOW
(6 r/n) non BakyyMOM B TeueHue 48 4, BbINOMHS-
nocb AMP-usmepeHve. 3atem obpasel akky-
paTHO packanbiBancs nononam, nomelancs B
€MKOCTb C BOAOW Ha 4ac, NWLLHAS Bfara ¢ no-
BEPXHOCTU yhansanacb € NOMOLbI (PUNbLTPO-
BanbHon Gymaru n cHoBa nposogmnocb AMP-u3-
mepeHue. [lanee kaxgas yacTb CHOBa packanbl-
Banacb nononam. MNocne paspyweHus obpasLos
00nOMKM NpocenBannucb Yepes CUTO pasmMepom
1 MM gns n3basneHus OT Mbinun, 3aTeM — Yepes
CUTO pa3Mepom 2 MM NS MofyyYeHUs pakuum
1-2 mm. bonee kpynHble 061oMku fobaensanmce
K 0TCesiHHON (hpakummn. Bece AMP-akcnepuMeHTbl
NPOBOAWNWUCE MPWU OQMHAKOBbLIX NapameTpax,
4TOObI Y4eCTb BKa4 OT NOP OAHOr0 pasmepa.

Ha kaxgom atane peructpupoBanach penak-
CauMOoHHaa KpuBas, KoTopas rnocne matemaru-
yeckon obpaboTku nepesoaunacb B pacnpege-
NEeHne No BpemMeHaMm MNomnepeyHon penakcaumu
T2 (puc. 1), cooTBETCTBYIOLLEE pacnpeneneHnto
nop no pasmepam MOMHOCTbIO hnongoHaCkI-
LLleHHOW nopoabl.
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Puc. 1. Cnekmpsi no epemeHam T, HacbliWeHHO20 obpa3ua KepHa
8 3agucumocmu om cmeneHu Auckpemu3ayuu
LuckpemHoe cocmosiHue obpasua: 1-1;2-1/2;3-1/4;4-1/8;5 - 1/16; 6 — 1/132; 7 — 1/64
Fig. 1. T2 spectra of saturated core sample as a function of discretization degree
Discrete state of the sample: 1 -1;2-1/2;3-1/4;4-1/8;5-1/16; 6 — 1/32; 7 — 1/64

Ha pucyHke BUOHO, YTO C U3MEHEHUEM pas3-
MEPHOCTM CMEKTPbl N0 BpemMeHaM T2 MEHSTCS
He3HauuTenbHO. AMNNTYAA CMEKTPOB U3MEHS-
eTcs Ha 1-5 % c yBenun4eHnem CTeneHun guckpe-
TU3auwmK, Npy 3TOM pasHULa aMnnnTya CNeKTPoB
ncxopgHoro obpasua KepHa U ero OUCKPETHOro
coctosiHuss 1/64 coctaBnseT 11 %. BeposaTHo,
3TO CBSAI3aHO C YBENMUYEHWNEM YAENIbHOW NOBEPX-
HOCTU obpasua, koTopas yaepxusaeT bonbluee
KONMM4YecTBO CBSAi3aHHOW BoAbl. 3meHeHne am-
MNUTYAbl TaKKe MOXET BbITb CBA3AHO C TEM, YTO
Ha MOBEPXHOCTM MENMKMX 4YacTuL ocTaeTcs
nneHka BoAbl, KoTopas He ybupaetcsa unbTpo-
BanbHON Gymaron.

o aTuM Xe npuynHam HabnopalTcs U He-
KOTOpble OTNMYMsi B napameTpax obpasuoB Ha
pa3HoOW CTaaun AMCKPeTU3aumMm — NopucTocTb U
cpegHee norapugmMmuyeckoe BpeMEHMN nonepey-
HOM penakcaumn T2'M HesHauuTenbHO yBENUYK-
BatoTcs. [lonsa KanunnsapHo-CBS3aHHOro (ononga
MEHSIETCA HE3HaYUTENbHO, TOrAa Kak Aons CBO-
6ogHoro coniomaa CTaHOBUTCS MEHbLUE, a MMUHK-
CTO-CBSAI3aHHOro — bonbLue.

OTOT (PU3NYECKMIA IKCNEPUMEHT NOKA3bIBAET,
yto metog AMP-penakcomeTpum MOXET yCreLHo
npumeHsTbca npu usyvyeHun SEC Byposoro
Lama 1 No3BonseT UCNONb30BaTh MNOMYYEHHYH
MHpOPMaLMIO B Ka4eCTBEe HayanbHbIX AaHHbIX O
CBOMCTBAXx nnacra-Kkonnekropa.

3KcnepumeHmarbHble 510epHO-Ma2HUMHbIe
PE30HaHCHbIe U Auanekmpuyeckue uccrnedosa-
Hus obpa3uoe wrnama. Kak yxe rosopunocb
Bbille, oObekToM uccnegosanusa ctanu 10 ob-
pasyoB Oyporo wnama C pasHbiX rnyouH
(cm. Tabn. 1), Ha KOTOPbIX NOOYEPEaHO NPOBOAM-
nuce AMP 1 guanektpuyeckme nccrneaoBaHusl.
OcHoBHble AMP-xapaktepuctuku (AMP-nopu-
cTocTb M T2'M) ucxogHoro wnama, HacbILeHHOro
CMECbI0 nnactoBoro ¢rromaa u bypoBoro pac-
TBOpa, npeactasneHbl B Tabn. 2. 3 Tabnuupl
BUAHO, YTO KOI(PMLMEHT NOPUCTOCTUN MEHSIETCSH
oT 14 po 23 % co cpegHuM 3HadeHnem 17,3 %.
CpegnHee Bpems nonepeyHon penakcaumm MeHs-
eTcsa o1 8 4o 20 Mc co cpeaHnm 3HadeHnem 12,8 mc.

Ha puc. 2 npeactaeneHbl CNEKTPbI N0 BpeMe-
HaM T2 UCXOAHOro Wwnama. BuaHo, 4to cnekTpsl
OTNNYAKTCA Kak MO LUMPUHE, TaK U MO aMniu-
TyZe, YTO roOBOPUT O pasHoii fone dnonga B 06-
pasuax 1 pasHom CTENEHN HacklweHus. cnonb-
3ya CTaHOapTHble BpemeHa oTcedku [20] ans
pasgeneHns rMHUCTO- U KanunnsipHO-CBSA3aH-
Horo chnongos (3 Mc), a Takke KanunnspHo-CBS-
3aHHoro 1 ceoboaHoro gnongos (33 Mc), MOXHO
caenaTtb BbIBOZ, YTO B Mccrnedyembix obpasuax
wnama 6onbwas Yactb nonga HaxoauTca B
KanunnsipHO-CBA3aHHOM cocTosiHuK. C yBenuye-
HUeM rnyOVHbI YBENUYMBAETCA OONS MMUHUCTO-
CBSI3aHHOrO (boMaa N YyMeHbLUAETCs 4ONS CBO-
6ogHoro dnovaa, CnekTpbl cMmellarTcs B 00-
nacTb KOPOTKMX BPEMEH penakcauum.
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Tabnuua 2. UcxopHble napameTpbl 6ypoBOro wnama

Table 2. Initial parameters of drill cuttings

Homep h, M m, Ky, % ToM, mc FFI, % BVI, % CBW, %
obpasua
1 2480 475917 2218 15,2 292 59,7 111
2 2580 47,1232 22,62 19,9 39,1 52,5 8.4
3 2680 38,9229 18,29 17 325 58,1 9.4
4 2714 43,5759 154 10,8 19,3 63,8 16,9
5 2800 38,8566 13,98 16,3 31,3 58,7 10
6 2850 41,6932 15,1 11,2 227 60,5 16,9
7 2900 45,3793 18,12 10,9 18 66,4 15,6
8 2950 42,2841 15,59 8,9 132 66,9 19,9
9 3000 46,2395 18,6 10,6 18,8 65,4 15,9
10 3100 43,6207 17,92 96 1438 65,9 19,3

MpumeyaHue: h — rnybuHa; m — macca; K, — AMP-nopuctoctb; T:*M — cpefHee norapugmmyeckoe Bpemsi NonepeyHol
penakcaumu; FFI — gons ceobogHoro cntomaa; BVI — gons kanunnspHo-ces3aHHoro dntomaa; CBW — gonst rmmHucTo-

CBA3aHHOro ¢)n+0|/|p,a.

Note: h — depth; m — mass; K; — NMR porosity; T>*M — average logarithmic time of transverse relaxation; FFI — free fluid
fraction; BVI — capillary-associated fluid fractions; CBW — clay-associated fluid fraction.

LS n B = ¥

-

Fed

=

OTHocuTENsHAR amnnuTyaa, %
(%]

Bpems nonepevHoi penakcauuM, Mo

—1

—1
6 7

—3

— 4 —5
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Puc. 2. Cnekmpbi no epemeHam rnonepeyHol penakcayuu 6ypoeozo wisiama 0o aKcmpakyuu
Inybuna: 1 — 2480 m; 2 — 2580 m; 3 — 2680 m; 4 — 2714 m; 5 — 2800 m;
6 — 2850 m; 7 — 2900 m; 8 — 2950 m; 9 — 3000 m; 10 — 3100 m
Fig. 2. Transverse relaxation time spectra of drill cuttings before extraction
Depth: 1 -2,480 m; 2 -2,580 m; 3-2,680 m; 4 — 2,714 m; 5 - 2,800 m;
6-2,850m; 7 -2,900 m; 8 = 2,950 m; 9 — 3,000 m; 10 — 3,100 m

XonogHas akcTpakums 6ypoBoro Liiama xmno-
pocbopMOM nokasana, Yto nenuToBas gpakums
NEerko BbIMblBaeTCA U3 Wnama. MecyaHucTble 06-
pasLbl «0TMbIBAKOTCA» Nocne 1-2 NPOMbIBOK [0
COCTOSIHMA  «YUCTbIX» MECYMHOK C 3anaxom
HedTv. AneBpuToBble 06pasLbl «OTMbIBAOTCS»
TONbKO nocne 3—4 NPOMbIBOK, MPW 3TOM YacTULbl
KpYMnHble, TEMHOro UBeTa C pPe3kuM 3anaxom
HedpTn. CnekTpbl N0 BpeMeHaM nonepeyHoun pe-
nakcaumm nokasbiBalT U3MeHeHue Koahpuum-
€HTa NOPUCTOCTU U NepepacnpeaeneHme nycToT-

Pa3Begka u paspaGOTKa MeCTOPO)KHEHVIVI noJie3HbIX UCKoNaeMbIX |

HOro NPOCTPaHCTBa BYpPOBOro LWama Ha Kaxaom
aTane aKkcTpakuum (tabn. 3, puc. 3).

Ha rpacukax BWOHO, YTO CNEKTP UCXOAHOrO
obpasua xapakTepuayeTcsa HambonbLen amnnu-
TyZO0W, TO eCTb B 0bpasue cogepxutcsa Hanbonb-
Lee Konu4ecTBo onomaa, KOTopbI 3aHUMAET He
TONBbKO MOPbl, HO U KaHambl, UX COEAUHSIOLME.
XonogHas aKCTpakums XnopogopMom ¢ nocre-
Aylowen cywkon obpasua conpoBoxaaeTcs
yMmeHblueHneM amnmutyabl, AMP-nopuctoctu
W yBENUYEHWeM auanasoHa BpemeH T2. CnekTtp
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Tabnuua 3. 3HavyeHus koadduumeHTa nopucTocTn 6ypoBoOro wnama

Ha pa3HbIX 3Tanax 3IKCTPaKuMn U HacCblLlLeHUA, %

Table 3. Drill cuttings porosity ratio at different stages of extraction and saturation, %

Bun Homep obGpasua
obpasua 1 2 3 4 5 6 7 8 9 10
NcxoaHbin 22,18 22,62 18,29 15,4 13,98 15,1 18,12 15,59 18,6 17,92
MpoMbITbIN 1,23 2,57 1,99 1,18 0,88 0,49 0,87 2,34 0,85 1,1
HachblLLeHHBbI 21,7 24,74 12,62 18,03 17,11 23,81 15,48 16,16 21,02 25,66
0,008
& 0,006 / \
5 0,008
g / \
= 0,004
=
= 0,003 / \ =
i 0,002 / /){ \\
_:—"_'-H-F
| s | | \ :\\ ;
06 G &0 600 G000

Bpema nonepedHol penakcaumm, Mo

—1

—_2

—3

Puc. 3. Cnekmpbl no epemeHam nonepeyYyHol pesiakcayuu 6ypoeozo wnama
Ha pa3HbIX 3marnax aKcmpakyuu U HacbIWeHusi
Bud obpasua: 1 — Ne 3 ucxodHbil; 2 — Ne 3 npombimeil; 3 — Ne 3 HacbiweHHbIl
Fig. 3. Transverse relaxation time spectra of drill cuttings
at different stages of extraction and saturation
Sample type: 1 — Ne 3initial; 2 — Ne 3 washed; 3 — Ne 3 saturated

CYXOro LufiaMa UMeeT He3HAYMTESNbHY aMniun-
Tyay W O4YeHb KOpPOTKME BPEMEHa MnonepevHomn
penakcauun, XxapakTepusylowme OCTaTOuHbIN
IMUHUCTO-CBA3aHHbIN - oritong.  [Mocnepyroulee
HacblweHne BypoBOro LwnamMa KepocuHoOM npu-
BOAMT K USMEHEHWIO BPEMEH pernakcaumm n ecte-
CTBEHHOMY yBenu4eHuo amnnutyabl u AMP-no-
PUCTOCTW, MOCKONbLKY 3anonHaeTcs Bce 0cB0bO-
AMBLUEECA MOCne NPOMbIBKM XNOpod)OpMOM ny-
CTOTHOE MpPOCTPaHCTBO. OUEHEHHbIE 3HAYEHMS
MOPUCTOCTM HEM3MEHEHHOro Wnama 1 Lnama,
HacCblLLEHHOro  KepoCWMHOM, cornacylTcs. B
KEPOCMHOHACLILEHHbIX  obpasuax  BypoBoro
wnama 6onblwas Yactb nonga HaxoguTca B
CBOOOJHOM COCTOSIHUW, TNIMHUCTO-CBA3AHHOIO
dnionga HesHaumTenbHoe KonM4ecTBo. Belwe-
onucaHHble Ha npumepe obpasua Ne 3 3aKoHo-
MEPHOCTW aHanorMyHbl 4ns Bcex obpasuos Kos-
neKunn.

o pesynbTaTtaM OWANEKTPUYECKUX U3Mepe-
HUA UMEeM 3aBWUCUMOCTW, OTODpaxeHHble Ha
puc. 4. Mo rpadpukam BMAHO, 4YTO 3HaYeHus Al
nocre HacblLLEeHNs KEPOCUHOM NPEBLILLAIOT 3Ha-
yenune [l wnama B Ha4yanbHOM COCTOSIHUMU, Ca-
Mble HU3KME 3Ha4YeHUs — y NPOMbITOrO Lfiama.
Mocne xonogHOW 3KCTpakuuMM XrnopogopMoMm
4acTb CMecy nnactoBoro ¢nonga u Gyposoro
pacTBopa BbIMbIBAETCS M3 NOPOBOr0 NPOCTPaH-
CTBa 3a MCKIOYEHMEM OYEeHb MENKUX U 3aKpbl-
TbIX NOp — B pe3ynbTaTe Habngaem HeHyneBow
curHan ot npombiToro obpasua. [ y HacklweH-
HOro KepocuHoM obpasLa NPMMEpPHO B [iBa pasa
Bbllle, YeM y HeTeHacblweHHoro. BeposTHo,
3TO CBSI3aHO C Pa3HOW CTEMEHbK HACbILLEHUS
ramMa Ha pasHblX 3Tanax HacbiweHus. Mocne
NPOMBbIBKM 0CBOBOXAaeTcs Gonbluas vactb ny-
CTOTHOrO NPOCTPAHCTBA, KOTOPYK 3aTeM W 3a-
NOMNHSAET KEPOCWH, YTO NPUBOAMUT K YBEMUYEHUIO
3HaveHun 1.
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Puc. 4. 3asucumocmsb delicmeumenbHol Yacmu duanekmpuyeckoll NpPoHuUyaemocmu 6ypoeo2o wiiama
om Yacmombl Ha pa3HbIX 3manax 3Kcmpakyuu U HacbIlWeHust
Bud obpasya: 1 — Ucxo0HbIl; 2 — MPOoMbIMbIl; 3 — HaChILEHHbIU
Fig. 4. Real part of the drill cuttings dielectric constant as a function of the frequency
at different stages of extraction and saturation
Sample type: 1 —initial; 2 — washed; 3 — saturated

o faHHbIM MeTogoB AMP-penakcomeTpumn n
ANANEKTPUYECKON CMEKTPOCKONUM BMOHO pac-
npegenexve dbnonga B NOPOBOM NPOCTPAHCTBE
obpasua Wwnama kak Ha 3tane Xono4HOW 3JKC-
TPaKUMKM XNopohopMOM, TaK MU NPU HACbILLEHUN
kepocuHoM. [ocne akcTpakumm niong BbiMbIBa-
€TCS C MOBEPXHOCTW 3EPEH NOPOAbl U M3 NOPO-
BOr0 NPOCTPAHCTBA, YTO NPUBOAUT K YMEHbLLE-
Huto amnnuTyabl AMP-curHana v 3Hadenunsa Af1,
a Takke CMelLeHnio B 0bnacTb manbiXx BPEMEH
nonepeyvHon penakcauuun. CooTBETCTBEHHO, NpK
HacblweHn ocsoboauBlueecs NOpPoBOe Mpo-
CTPaHCTBO 3aMnOHAETCS KEPOCMHOM, YTO NPUBO-
AuT K pocTy amnnntyasl AMP-curHana v 3Have-
Hua A, JononHuWTenbHoe CMmeLleHune crekTpa
AMP-curHana B obnactb 00nbLINX BPEMEH pe-
nakcaummn xapakTepusyeT yBenuyeHune Konuye-
cTBa hntomaa B NOPOBOM NPOCTPAHCTBE. Takum
obpasom, metogbl AMP-penakcomeTpum n gu-
3NEeKTPUYECKON CMEKTPOMETPUMN  COrMacyoTCs,
YTO [JOKa3blBAeT BO3MOXHOCTb COBMECTHOIO
MPUMEHEHNS 3TUX OBYX METOLOB MPU U3yYeHUM
®EC nopofa-KonnekTopos Ha npumepe 6ypoBoro
wnama.

3aknoueHue

B pesynbTaTe nposeaeHHbix AMP-uccnego-
BaHWI 06pa3LioB KepHa pa3HON CTENEHN auckpe-
T3auum asTopamu onpegenexsl ux PEC. ObHa-
pyeHo, 4yto ®EC He 3aBUCAT OT CTEMNEHM U3-
MesfibyeHns obpasua 1 HagexHoO onpeaensTcs
metogom AMP-penakcomeTpum. 3T0 NO3BONSET
co3faTb OCHOBY NETPOGM3NYECKON MHTEPNpETa-
umn ganHbix MMC Ha yyacTkax 6e3 BeliHOCA Kep-
HoBOro matepuana. o pesynstatam AMP u gu-
ANeKTpUYeCcKnx mamepeHuin 6ypoBoro Linama c
mecTopoxaeHun 3anagHo-Cnbupckon HedTera-
30HOCHOW MPOBUHLMWM ONpefeneHbl ero OCHOB-
Hble MeTpodM3nYeckne xapakTepucTukn, Takue
Kak KO3(O(PULMEHT NOPUCTOCTU, CTENEHb CBA3AH-
HoCTU bnomnaa, gonsa csobogHoro nonaa, ns-
MEHEeHWe CTPYKTYpPbl MOPOBOr0 NPOCTPAHCTBA Ha
pa3HbIX dTanax aKCTpakuum n HacbiweHus. Cos-
MEeCTHas MHTepnpeTauumn pesynbTaToB ABYX pac-
CMOTPEHHbIX MeTO40B NO3BOSSAET NONYYUThb [0-
NonHUTENbHY MHpopmaumio o PEC Gyposoro
Wwrama 1 Mcnonb3oBaTb €e B JalbHENLWEM KakK
anpuopHY MHOpMaLMI0 O CBOWCTBaxX nnacTa-
KonnekTopa.
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reshapes the distribution patterns of chemical elements in top soil; biogeochemical processes drive the evolutionary trends
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JnureHeTnyeckasa reoxummyeckaas guHamMmumKa
U ABMXYLIME MeXaHM3Mbl 3aKOHOMEPHOCTeN pacnpeneneHuns
XUMHUYeckux anemeHToB B nouBax KOra-3anagHoro Kutas*

© XaHcuHb Y32, Munb MaH®, YyanbayH Yxao®, Bait XaHb, XynsaHb BaH®,
LisonuHb BaH', ®aHb AHY, Dyryit Uxan", YsHBaHb BaH', O3t o),
AnyH Yxoy¥, Wunum Tax', Ko NMu™, Ka AR", Yx3H AH,

CsaomaH YanP, UsbiBaHb YaHbY, Xya YxaH', YyHbxy Mo
aPlIHCMUMym 2e0hu3u4ECKUX U 280XUMUYECKUX Uccedo8aHul
Kumatickol akademuu 2eonoauyeckux Hayk, 2. JlaHghaH, Kumal

bKumalickuli eeonoauyeckuli yHusepcumem (lekuH), 2. MNekuH, Kumali

4HOHBbHaHbCKUL uHcmumym [eonoauyeckol cyx6sbl, 2. KyHbmuH, Kumal
'ChivyaHbCKasi 2eonoauyeckas cryxba, 2. YaHdy, Kumal
S[eonoeuyeckas crnyxba yuuxoy, e. lytsH, Kumad

Pestome: [NoBepxHOCTb 3eMnu npeacTaBnsieT coboi CroxXHYH CMCTEMY, BKIHOYALOLLYI0 B3aMOAENCTBME MHOTVX e KOM-
MOHEHTOB, B TOM YWCIE TOp, PeK, NecoB, CENbCKOXO3ANCTBEHHbIX Yroauii, 03ep U Tpas. BaaumopelicTBue u B3anMHas
obpaTtHasi CBS3b XMMMWYECKMX 3IIEMEHTOB B NMOBEPXHOCTHOM Crioe 3eMni MOXET MPUBECTU K UBMEHEHUSIM B CTPYKType
pacrnpeneneHns XAMUYECKUX aNieMeHToB. B 3ToM MccnenoBaHuy aBTopbl OLEHUN MeXaHU3MbI 11 B3aMOENCTBUS, onpe-
JenstoLLme xapakTep pacnpeaesieHnst MakpoaieMeHTOB, NPOBUOTUKOB, raNoreHoB W TSHXKENLIX MeTanoB B noysax Koro-
3anapHoro Kutas, Ha ocHOBE CUCTEMaTUYECKOro reoOXMMMYECKOro UccrneaoBaHmns kayectsa 3emnu B macwtade 1:250000.
PesynbTtaTbl NoKa3anu, 4To MCXOAHLIA MaTepuar onpeaensieT eCTECTBEHHOE COCTOSIHNE XMMUYECKNX 3NEMEHTOB 3eMellb-
HbIX PECYpCOB. NUreHeTMYecKas reoxuMmiyeckasi AMHaMnKa MeHsIeT XxapakTep pacnpeaesieHnst XMMUYECKUX S1IEMEHTOB
B BEPXHEM Croe NoYBbl, BUOreoXMMu4ecKke NpoLLECCH ONPEAENSIOT 3BOMOLMOHHbIE TEHOEHLMM KadecTBa 3eMnu, a ges-
TeNbHOCTb YenoBeKa, Takas kak Aobblya NonesHbIX MCKOMAeMblX, HapyLlaeT eCTeCTBEHHYIO SBOIOLMOHHYI0 CXeMy pac-
npeaeneHus XMMUYeckux anemeHToB. CosgaHve Teopumn anNUreHeTUYECKON reOXMMUYECKON IMHaMUKN NO3BONSET NOCTPO-
UTb OCHOBY AJ151 NOHUMAaHWS NOBEPXHOCTHOIO CNost 3eMIW W NPOABUraTh MHHOBALMOHHBIE TEXHONOMU A1 BCECTOPOHHErO
rEOXMMMYECKOTO MCCNeJ0BaHUS PECYPCOB 3€MHOM KOPbI.

Knroyeenbie croga: anureHeTMYeCKas reoxMmmyeckas AMHaMmka, ABUXKYLLME MEXaHWN3MbI, 3aKOHOMEPHOCTM pacnpeaene-
HWSA 3anemeHToB B no4Bax, KOro-3anagHbii Kutan

BnazodapHocmu: B npouecce peanusauun npoekta bonee cra uccrnepoBaTenen U COTPYAHUKOB W3 reonornyeckux
cnyx6 nposuHUM KOHbHAHB, ChivyaHb 1 M'ynYxoy NpuHUManu yyactue B nonesbix paboTtax. bonee ABaguat yyeHbIx
n3 LeHTtpansHon nabopatopum UHCTUTYTa reomanyecknx n reoXMMn4eckux nccnegosaquin Kutamckon akagemum reo-
MOrnyecknx Hayk Bbinv MPUBMNEYEHbI K aHanm3y 1 TecTupoBaHuio cobpaHHbIx 06pa3uos. ABTopbl xoTenu bbl nobnaroga-
pUTb BCEX Y4ACTHUKOB 3a UX BKNag B 3Ty pabory.

Unpopmayusi o cmamee: MNoctynuna B pegakumto 08 mons 2020 r.; noctynuna nocne peLeH3npoBaHns u gopaboTku
10 asrycra 2020 r.; npuHsaTa k nybnukaumm 04 centabps 2020 r.

Ana yumuposaHusi: YaH XaHcuHb, MaH MuHb, Yxao YyaHbayH, XaHb Ban, Ban XynsHb, BaH Lsonuee [ gp.]. Snurexe-
TUYECKas reoXMMMYecKas AMHaMUKa U OBUXKYLLME MEXaHU3Mbl 3aKOHOMEPHOCTEN pacnpefeneHns XMMUYECKUX aneMeH-
ToB B noysax Ora-3anagHoro Kutas. Hayku o 3emne u Hedpononb3ogaHue. 2020. T. 43. Ne 3. C. 375-417.
https://doi.org/10.21285/2686-9993-2020-43-3-375-417

Background

Epigenetic geochemical dynamics explores
the driving mechanisms, dynamic processes, and
fractionation mechanisms of the distribution, allo-
cation, migration and evolution of chemical ele-
ments and isotopes in surface rocks, water bod-
ies, soils, organisms, atmosphere and other me-
dia or layers of the Earth. The Earth’s surface is
a complex system composed of various interact-

ing components, such as mountains, water bod-
les, forests, farmlands, lakes and grasslands.
This system controls and regulates the natural
habitat and maintains the resources required to
sustain life on Earth [1]. The pedosphere is the
key interface, at which the lithosphere, hydro-
sphere, biosphere and atmosphere interact. It
plays an important role in the redistribution of el-
ements, and is also an essential interface for

*Cratbs Gblna npegocTaBneHa pedakumen xypHana Earth Science Frontiers B pamkax cornalieHust Mexxay pedakuusimm
MpKyTCKOro HaLMOHaNbHOrO MCCnedoBaTeNbckoro TeXHWYeckoro yHusepcuteta (r. Mpkytck, Poccus) n Kutaiickoro
reonornyeckoro yHusepcuteta (r. MekuH, Kutain) 06 obmeHe Hay4yHbIMU CTaTbsIMU OTKPLITOrO 4OCTYNa.
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supporting economic and social developments
[2]. Presently, the Earth is facing a serious envi-
ronmental crisis in history. This has caused dys-
function in the Earth’s surface layer and led to
major changes in the global environment on
which human survival depends. Understanding
the behavior of chemical elements within the
physical, chemical and biological processes of
the Earth’s surface, along with human-environ-
mental interactions, has inevitably become a hot
topic in exploratory geochemistry. Research in
this area can reveal the driving mechanisms be-
hind changes in the content and macroscopic dis-
tribution of elements in soil, thereby provide sci-
entific solutions for the rational exploitation and
utilization of natural resources.

In this study, we analyzed the mountainous
regions near several cities including Zhaotong
City in Yunnan Province, Bijie City in Guizhou
Province, and Yibin and Luzhou Cities in Sichuan
Province, and examined the driving mechanisms
of chemical elemental distribution in soil.

Geographical and geological settings
The study area is located at the junction of
Yunnan, Guizhou and Sichuan Provinces (102-

Cheng Hangxin, Peng Min, Zhao Chuandong, et al. Epigenetic geochemical dynamics... |
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107° E and 25-30° N). The geographical environ-
ment of the area is complex, with different climate
types co-existing at different elevations, and with
significant regional variations. In the last 45
years, the average annual precipitation of the
area was 1,885 mm, while temperature, precipi-
tation and evaporation are increasing [3, 4].

The study area mainly consists of mountains
and valleys, showing strong down-cutting and
Karst landforms. The terrain slopes northwards,
as behind elevation lowers gradually from the
southwest to the northeast by a difference of
greater than 3,400 m (Fig. 1). Farmlands, forests
and grasslands accounted for 48.8 %, 41.4 %
and 5.2 % of the total area of the region, respec-
tively, and they represent the major land-use
types in the region (Fig. 2).

All strata in the area have different degrees of
exposure, where carbonate rocks, such as lime-
stone and dolomite, from various periods, are
widely distributed. Basalt, carbonate and sedi-
mentary clastic rocks are the main parent materi-
als of the regional soil (Fig. 3).

Lead (PDb), zinc (Zn) and silver (Ag) constitute
the area's dominant mineral resources formed in
the Devonian and Permian periods. The ores are
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usually present in carbonaceous strata, compris-
ing interbedded dolomite, dolomitic limestone,
limestone and marl in the area. The area also fea-
tures paragenetic or associated non-ferrous, rare
and precious metal elements such as copper
(Cu), iron (Fe), silver, gallium (Ga), cadmium (Cd)
and germanium (Ge) [5, 6].

Basalt, carbonate and Pb-Zn-Ag deposits are
mainly distributed in the mid- and high-elevation
mountainous areas above 1,000 m (Fig. 3). The
Emeishan large igneous province (LIP) resulted
from a mantle-plume melting event spanning less
than 1 Ma at approximately 259 Ma [7]. Spatially,
Emeishan basalt is mainly distributed in Yunnan,
Sichuan and Guizhou Provinces along the west-
ern margin of the Yangtze Craton. This region ex-
tends to Guangxi and Chongging in the east and
is bordered by the Ailaoshan — Red River fault to
the west and the Longmenshan - Xiaojing River
fault to the northwest. As it is near the Sanjiang
tectonic belt, the Emeishan LIP’s complex

geological history includes strong deformation
and destructive events that resulted in approxi-
mately 0.25-108 km? exposed area. The basalt in
the study area is located within the continental rift
system in the Emeishan basalt zone [8], where
the exposed area covered approximately 8,867
km? (Fig. 3) or approximately 10.46 % of the total
study region; while the exposed carbonate rocks
covered 20,934 km? or approximately 24.70 % of
the study area.

The Geochemical Atlas of China®? and
the Geochemical Survey Report of Chinese
Farmland?® clear show abnormal enrichment of
metal elements in the soil and stream sediments
in the Emeishan basalt and the southwestern car-
bonate areas. These areas have high metallic el-
emental contents relative to elsewhere in China.

Therefore, it is essential to study the epige-
netic geochemical processes in these areas and
the impact of Pb and Zn mining activities on
the regional elemental distribution. The findings

1Xie X., Ren T., Sun H. Geochemical atlas of China. Beijing: Geological Publishing House, 2012. 120 p.
2Xie X., Cheng Z., Zhang L., et al. Geochemical atlas of 76 elements in Southwest China. Beijing: Geological Publishing

House, 2008. 219 p.

3China Geological Survey. Geochemical survey report on China’s cultivated land (2015).

Available from:

http://www.cgs.gov.cn/upload/201506/20150626/gdbg.pdf [Accessed 25 June 2015].
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can facilitate the advancements of the theories of
epigenetic geochemical dynamics, as well as de-
velopment of geochemical surveys and monitor-
ing systems for land resources, and applications
of exploratory geochemistry in natural resource
management.

Data sources

The data used in this study were obtained
through tests in accordance with the “Multi-Pur-
pose Regional Geochemical Survey” specifica-
tions (1:250,000) (DZ/T 0258-2014)*. The sam-
pling depths of the top and deep soil samples
were 0-20 cm and 150-180 cm, respectively.
The samples were analyzed in the Central Labor-
atory of the Institute of Geophysical and Geo-
chemical Exploration, Chinese Academy of Geo-
logical Sciences. The tested elements and indi-
cators included Ag, As, Au, B, Ba, Be, Bi, Br, Cd,
Ce, Cl, Co, Cr, Cu, F, Ga, Ge, Hg, I, La, Li, Mn,
Mo, N, Nb, Ni, P, Pb, Rb, S, Sb, Sc, Se, Sn, Sr,

Th, Ti, TI, U, V, W, Y, Zn, Zr, SiO2, Al203, TFe20s,
MgO, Ca0, Naz0, K20, TC, organic carbon (Corg)
and pH. The schemes for analysis and quality
control used in this study are as described in the
references [9]. A quality assessment of the data,
analyzed according to the prescribed proce-
dures, showed that the data are reliable and
passed the acceptance and database audits.

Mechanisms driving the macroscopic
distribution of major elements

During complex physical and chemical weath-
ering processes, soil parent materials can form
in-situ residual soil. Alluvial and proluvial soils
may also appear in downstream areas due to
transportation and sedimentation processes
when slopes and rivers are present. Deep soil is
less affected by industrial and agricultural activi-
ties, in which elemental distribution is mainly con-
trolled geologically. Typically, when there is no
significant impact from human activities, the

4Ministry of Land and Resources of the People's Republic of China. Code for multi-target regional geochemical surveys
(1:250000) (DZ/T 0258-2014). Beijing: China Standard Press, 2015. 43 p.
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elemental distribution patterns of the top soil re-
flects that of the deep soil. However, owing to the
extensive and frequent contacts between the top
soil and atmosphere, water bodies, organisms or
human beings, the elemental distribution patterns
in soil can be considerably modified. Emeishan
basalt and carbonate rocks are the two most
common soil parent materials in the study area.
The dynamic processes of surface erosion, trans-
portation and sedimentation, caused by marked
elevation changes and biogeochemical effects of
extensive forests, are a starting point for charac-
terizing the mechanisms driving the macroscopic
distribution of elements in this region.

Main  weathering and soil formation
processes of basalt and carbonate rocks.
Emeishan basalt is mainly composed of basic
plagioclase and pyroxene minerals with some
olivine, amphibole and biotite. In an epigenetic
environment, the physical weathering processes
drive basic feldspar (Na[AlSizOg]-Ca[Al2Si20g))
to fracture along the cleavage planes. Further,
the chemical weathering processes cause basic
feldspar decomposition, i.e., basic feldspar —
hydromica + K* Na*, Ca** — kaolinite
(montmorillonite) + SiO2 — opal + gibbsite, leading
to loss of K*, Na*, Ca?* and H2SiO4. Olivine (Mg,
Fe)2Si04) and pyroxene (Ca(Mg,Fe,Al)[Si,Al]20s)
are unstable Fe and Mg minerals that are highly
susceptible to weathering. During weathering
and soil formation, especially under the action
of carbonic acid, Ca?*, Mg®* and Fe?* ions are
first separated to form bicarbonates during
decomposition, then dissolved in water and
carried away. Under oxidation, the low-valent iron

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

in these minerals is oxidized to high-valent iron,
orming hydrous iron oxides. These minerals
remain in-situ to form red-, brown-, and hazel-
colored soils.

The main mineral component of carbonate
rocks is calcium carbonate. Under the long-term
action of CO2-rich rainwater, calcium carbonate
undergoes chemical dissolution (CaCOs + H20 +
CO2 — Ca?" + 2HCOs3). Overall, 90 % of Ca?*,
Mg?*and other dissolved substances are lost due
to water transportation. The remaining materials
that are insoluble in acids, such as quartz, feld-
spar, clay and Fe and Al oxides, remain on the
surface to form soil. Therefore, the time used by
the carbonate rock parent materials to form soil is
up to 10 times that used by other parent materials
[10, 11].

Basalt is located in the continental rift system
in the Emeishan basalt area. Compared to its par-
ent rock, the soil that basalt forms was rich in Al
and Fe but depleted in Ca, Mg, Na, K and Si (Ta-
ble 1). During soil formation from carbonate par-
ent materials, approximately 96 % of Ca and
52 % of Mg were lost, whereas Fe, Al, Si, K and
Na were enriched by 164, 5.5, 4, 16 and 2.9
times, respectively (Table 2).

Mechanisms driving the macroscopic distri-
bution of Fe and Al. The above-mentioned enrich-
ment and depletion characteristics of major ele-
ments during soil formation have been clearly
verified through their spatial distributions. The
deep and top soils above the basalt and lime-
stone parent materials were considerably en-
riched in Fe and Al, indicating significant control
by soil parent materials over the distributions

Table 1. Chemical compositions of major elements in Emeishan basalt and soil
Tabnuua 1. XuMmnyeckum coctaB OCHOBHbIX 3JIEMEHTOB B AMelLLaHCKMX 6a3anbTax U novsax

Statistics . wo/ %
SiO2 Al203 | TFe203 MgO CaO Na.0O K20
Number of samples 859 859 859 859 859 859
Minimum 27.83 6.48 0.32 0.09 0.06 0.09
Maximum 67.47 25.39 31.41 8.73 14.04 3.2 3.5
Mean 42.17 17.16 17.4 1.14 0.73 0.39 1.08
Median 41.6 17.56 17.97 1.01 0.52 0.29 1.04
Standard deviation 6.43 2.28 3.26 0.6 0.94 0.35 0.36
Average chemical composition
of the Emeishan basalt (n = 416)* 50.03 13.89 14.06 5.17 8.45 2.84 1.33
Soil / Rock 0.84 1.24 1.24 0.22 0.09 0.14 0.81
Note. * — see reference [8].
lpumeyaHue. * — cM. UCTOYHUK [8].
leoakonorus
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Table 2. Chemical compositions of major elements in carbonate rocks and soil
Tabnuua 2. XuMMnY4eCKMin cCOCTaB OCHOBHbIX 3/1IEMEHTOB B Kap60oHaTHbIX MopoAax M noyBax
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Sampling Statistics we/ %
medium SiO2 Al203 TFe203 MgO CaO Na20 K20
Number of samples 34 34 34 34 34 34 34
Minimum 9.75 1.9 0.01 0.03 0.1 0.02 0.01
Carbonate Maximum 96.21 4.66 0.43 7.23 55.39 0.06 1.31
Mean 16.13 2.62 0.05 0.93 48.33 0.04 0.06
Median 10.03 2.49 0.01 0.37 52.19 0.04 0.01
Standard deviation 20.34 0.48 0.1 1.43 12.89 0.01 0.23
Number 495 495 495 495 495 495 495
of samples
Minimum 30.72 5.88 1.79 0.13 0.12 0.05 0.17
Soil Maximum 87.18 26.76 24.48 1.33 22.13 0.73 3.99
Mean 64.34 14.36 7.54 0.45 1.99 0.12 1.01
Median 63.99 14.24 6.81 0.43 0.37 0.09 0.78
Standard deviation 12.68 4.3 3.82 0.2 3.9 0.09 0.7
Soil / Rock 3.99 5.47 164.3 0.48 0.04 2.87 16.01
of Fe and Al (Figs. 4 and 5). Furthermore, Fe and Mechanisms  driving the macroscopic

Al contents in soil increased with elevation
(Fig. 6), suggesting that during soil formation, Fe
and Al did not substantially migrate from high
elevations to the base of mountains. Therefore,
the high Fe and Al contents in soil were the result
of secondary enrichment due to parent material
weathering.

The top soil is in direct contact with the atmos-
phere and biosphere and affected by industrial
and agricultural activities. During soil formation,
the soluble base cations in the top soil are more
likely to be washed away, resulting in lower pH
(5.82) than the deep soil (6.04). Additionally, irre-
spective of ground cover types (farmlands, for-
ests, grasslands, etc.), the root system of vege-
tation is mainly concentrated at a shallow depth
of tens of centimeters. Moreover, the root and mi-
crobial growth activities of crops can produce
large guantities of organic acids, adding to the al-
ready highest levels of acid rain in China the
study area receives. In acidic environments, Fe?*
and Fe3* are formed during the weathering of Fe
rich ferromagnesian minerals. The migration ca-
pacity of Fe?* is much greater than that of Fe®*,
and exchangeable Al is more likely to enter the
soil solution and migrates with water. Together,
these factors were suggested as the main mech-
anism driving the lowering of TFe203 and Al203
concentrations in the top solil, in this case, by
4.6 % and 4.9 %, respectively (Fig. 6), compared
to the top soil.

lFeoakonorus

distributions of Na, K, Ca, Mg and Si, and pH.
Because Na, K, Ca and Mg are soluble in water,
these elements are prone to being washed away
and can easily enter the epigenetic environment
during weathering and soil formation. The levels
of some elements such as Ca, Na (Fig. 7), K and
Mg (not shown) in the top and deep soils
increased rapidly with decreasing elevations
(Fig. 7), suggesting that these elements mainly
entered the surface water system and migrated
from high- to low-elevation areas under the action
of hydrodynamic forces.

Owing to their different geochemical proper-
ties, the above-mentioned elements have signifi-
cantly different migration and transportation path-
ways after entering the epigenetic environment.
Although Na and K have similar geochemical
properties, the hydration energy of Na (indicating
how closely the ions are surrounded by water
molecules) is greater than that of K. A larger hy-
dration energy means the ion is more difficult to
be adsorbed. Therefore, in an epigenetic environ-
ment, Na is more likely to migrate with water,
whereas K is more easily adsorbed by clay min-
erals or colloids. This is also the main reason Na
was concentrated near the lowest terrain along
the Yangtze River (Fig. 8, a), whereas K only oc-
curred in low concentrations in the same area
(Fig. 8, b).
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The solubilities of sodium chloride and so-
dium hydroxide at room temperature were 36
g/NaCl and 109 g/NaOH in 100 g water, respec-
tively, while that of calcium bicarbonate was 16.6
g/CaHCOs3in 100 g water. These compounds ap-
peared mainly in the forms of Ca?*, Cl, Na* and
OH- in natural water. As temperature rises, Ca%*
precipitates before Na?*. All Na, K, Ca and Mg
were lost and enter into the water system during
weathering and soil formation. However, due to
solubility differences, Ca?* and Na*, Ca and Mg
(not shown) were mainly concentrated in the soils
along both sides of the tributary systems, e.g, the
Jinsha and Chishui Rivers, by the action of hydro-
dynamics (Fig. 9, a). Contrarily, Na migrated over
a long distance and concentrated within the

lowest-lying areas near the Yangtze River (Fig. 8, a).
Potassium (K*), Na*, Ca%", Mg?* and other
basic ions can all neutralize H* and prevent and
regulate the acidification of water bodies and soil.
Weathering and soil formation of the widely dis-
tributed basalt and carbonate rocks provide suffi-
cient basic ions, such as K*, Na*, Ca?* and Mg?*,
to the surface water for buffering acidity and
maintaining moderately alkaline conditions in the
soils along both sides of the water systems. Fig-
ure 9, b shows that soils on both sides of the
Yangtze River tributaries, including the Jinsha,
Hengjiang, Nanguang and Chishui Rivers, were
moderately alkaline. These regions overlap pre-
cisely with the Ca rich areas, a clear indication of
H* neutralization by Ca?* and other basic ions.
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The insoluble materials formed via weather-
ing and soil formation from carbonate rocks
mainly include extremely fine-grained quartz,
feldspar and clay [10, 11]. The study area has
abundant annual rainfall, and the terrain exhibits

rapidly as elevation decreases (Fig. 10), indicat-
ing that, under the action of epigenetic hydrody-
namics, insoluble minerals, such as quartz and
feldspar, migrated along the water system and
deposited in the lower-lying terrain in the Le-
shan - Yibin — Luzhou area (Fig. 11).

strong undercutting. Silicone content increased

4000
i o
3000 <><>
<> <> o F
£ | 8"1); X
= * %
k) £
5
E 2000 <§
w <,
oK,
i Ok &
%
1000 i
| OS%
& Top soil < Deep soil "é>
0 T I T I T I T I T I T
44,00 48.00 52.00 56.00 60.00 64.00 68.00
w(Si0,) /%

Fig. 10. Plot of SiO2 content in top and deep soils
vs. elevation in the Zhaotong - Bijie — Yibin — Luzhou — Leshan area
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Mechanism driving the macroscopic distri-
bution of Corg, N, S and P. According to the
procedures of the National Land Quality
Geochemical Survey, we analyzed the levels
of 52 elements, pH and Corg®. Thirty-five of
the elements participate in biogeochemical
processes and have clear biological effects. They
included Na, K, Be, Mg, Ca, V, Cr, Mo, W, U, Mn,
Fe, Co, Ni, Cu, Ag, Zn, Cd, Hg, B, Al, TI, C, Si,
Sn, Pb, N, P, As, Sb, S, Se, F, Cl and | [12]. In
particular, C, N, P and S were the main elements
involved in the biogeochemical cycle.

In the study area, the Corg, N, S and P con-
tents in the top soil were significantly greater than
in the deep soil. As elevation increases, the
elemental contents in both soils gradually in-
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creased. The absolute increase of the four ele-
ments in the top soils of the mid- and high-eleva-
tion mountainous areas above 2,000 m were sig-
nificantly greater than that of the low-elevation ar-
eas (Fig. 12). In the major agricultural production
region, the top soil was only slightly enriched in
all four elements. Organic carbon (Fig. 13), N
(Fig. 14), S and P (not shown) were significantly
enriched in the top soils of the Zhaotong — Bijie
forest and grassland areas above 2,000 m.
Carbohydrates, lipids, proteins and nucleic
acids are the four basic substances essential for
life; and C, O, H, N, P and S are the major ele-
ments required for the synthesis of these basic
substances. In the biogeochemical process of
plant growth, C and N are mainly involved in the
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Fig. 12. Plot of Corg (a), N (b), P (c) and S (d) contents in the top and deep soils
vs. elevation in the Zhaotong - Bijie — Yibin — Luzhou - Leshan area
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5Ministry of Land and Resources of the People's Republic of China. Code for multi-target regional geochemical surveys
(1:250000) (DZ/T 0258-2014). Beijing: China Standard Press, 2015. 43 p.
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Fig. 13. Distribution pattern of Corg in the top (0-20 cm) (a) and deep (150-180 cm) (b) soils

of the Zhaotong — Bijie — Yibin — Luzhou — Leshan area
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synthesis of carbohydrates and lipids, while S
and P are needed to synthesize proteins and nu-
cleic acids. Thus, the C/N ratio remains fixed in
the plant body (C:N = 15). The functions of C, N,
S and P render them to follow nearly identical
evolutionary patterns in plant production. Alt-
hough a large amount of chemical fertilizers
(mainly nitrogen fertilizers) have been used in ag-
ricultural production in China in the last 30 years
[13], analyses clearly demonstrate that Corg, N,
S and P enrichment in the top soils of the
Zhaotong — Bijie — Yibin — Luzhou — Leshan area
is driven by the biogeochemical processes of for-
est and grassland ecosystems. Despite minor cu-
mulation of Corg, N, S and P in the top soils of the
Yibin — Luzhou — Leshan agricultural area, the ac-
cumulation effects attributed to intensive agricul-
tural activities are significantly smaller than those
naturally occurring in forest and grassland eco-
systems.

Mechanism driving the macroscopic
distribution of Cl, Br and |

The CI, Brand | concentrations in the top soils
of the study area were 23.3 %, 51.1 % and
23.5 %, respectively, higher than that in the deep
soil; however, the F content was slightly lower in
the top soil (-2.8 %).

The combined analyses of elevation varia-
tions and the F, Cl, Br and | contents in the top
and deep soils showed that the F content was ba-
sically the same at different elevations, but high-
est at around 1,500 m above sea level, indicating
that F does not change significantly with elevation
in an epigenetic environment (Fig. 15, a). Hence,
F concentrations showed consistent spatial distri-
bution patterns in both soils (not shown). Moreo-
ver, F rich areas coincided with the carbonate rich
areas. Fluorine distribution is mainly controlled by
the carbonate parent materials.

Fluorine, CI, Br and | are halogen elements
known by their high chemical reactivity. Chlorine
often exists as a monovalent anion (Cl") as well
as CI(V) and CI(VII) species in the natural envi-
ronment. Chlorine released during soil formation
is mostly in water-soluble form and eventually mi-
grates into the ocean along with water. Therefore,
the Cl contents in marine sediments or sedimen-
tary rocks are relatively high. We found that Cl,
Br and | levels in the top soil were all significantly
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higher than in the deep soil. However, chlorine
content increased with decreasing elevation
(Fig. 15, b), indicating Cl migration from medium
and high elevations to the low hilly areas,
whereas Br and | contents increased with in-
creasing elevation (Fig. 15, c,d).

The Cl distribution pattern showed that it had
significantly enriched the top soils on both sides
of the Yangtze River and in the Pd-Zn-Ag deposit
in the Leshan — Yibin — Luzhou area (Fig. 16),
consistent with extensive distribution of CI rich
carbonate rocks in the study area. Chlorine re-
leased during weathering and soil formation is
concentrated along both sides of the Yangtze
River, due to the action of hydrodynamic forces,
and forms an ionic compound with Na. This is the
primary reason we detected abnormally high lev-
els of Cl and Na (Fig. 8, a) on both sides of the
Yangtze River.

The CI anomaly region between the Luoze
and Xiaochang Rivers is near a Pd-Zn-Ag mine
cluster (Fig. 3). A study on the mineral composi-
tion of the deposits found that chlorargyrite exists
in the oxidation zone of the large Pb-Zn-Ag de-
posits in Yinchangpo, Guizhou Province [14]. The
high ClI content in chlorargyrite (24.7 %) sug-
gested that natural weathering and mining activi-
ties might have driven the high degree of Cl en-
richment in the deposits.

Due to the impact of the parent materials, the
deep soil above the basalt and carbonate source
rocks were generally enriched in Br and |
(Figs. 17, b and 18, b). In the top soil, especially
in mid-alpine forests with basalt parent materials,
Br and | exhibited distinct cumulative distribution
patterns (Figs. 17, a and 18, a).

In the natural environment, Br and | contents
in the soil are usually much higher than in the par-
ent rocks. According to classical geochemical
theories, soil Br and | are believed to mainly come
from the atmosphere [15], while atmospheric Br
and | originate from ocean evaporation [16]. We
found the soil contents of both elements gradually
increased with increasing elevation, especially
above 2,000 m, indicating high mountain block-
age and abundant rainfall are the main reasons
for the high Br and I soil contents. Bromine and |
in the natural environment mainly exist as com-
pounds. Alpine terrain and precipitation scouring
can enable iodine compounds to enter water
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systems and flow into the ocean. However, the
increasing Br and | contents in the top soil of the
Zhaotong — Bijie alpine valley and low Br and |
contents in the soils along the Yangtze River
(Fig. 15, c¢,d), clearly indicated that Br and | do
not exist as water-soluble compounds in soil.

A literature review suggests that sediments
rich in organic matter are strongly enriched with
iodine; such relationship can be used to deter-
mine iodine-holding ability of soils [17]. Indeed,
we found positive linear correlation between Corg
and Br (R? = 0.92) or | (R2 = 0.88) in the top soil
of the study area, confirming Br and | enrich-
ments via strong adsorption (Fig. 19). The Corg
contents in mid- and high-elevation alpine forests
and grasslands (Fig. 13, a) closely aligned spa-
tially with Br and | enrichments, thus further sug-
gested that Br and | mainly occur in their ad-
sorbed form. lodine is restricted to the medium
and high elevation areas due to soil organic

matter adsorption, making it difficult to enter the
piedmont basin. This is also the main reason for the
local iodine deficiency in the piedmont basin [18].

Mechanisms driving the macroscopic
distribution of heavy metals

Heavy metals are metal elements with a den-
sity of 4.5 g/cm?® or more. Of the 60 naturally oc-
curring metal elements with atomic numbers from
23 (V) to 92 (U), fifty-four have a density greater
than 4.5 g/cm?. The following 10 metals are clas-
sified as heavy metals in industrial applications:
Cu, Pb, Zn, Sn, Ni, Co, Sbh, Hg, Cd and Bi. Be-
cause arsenic has a toxicity similar to that of
heavy metals and a density of 5.73 g/cm?, it is
also included as a heavy metal when it occurs in
the environment. According to the characteristics
of the parent materials in the study area, we se-
lected Pb, Zn, Cd, Ag, Cu, Ni, Co, Tiand V for our
investigation and discussion.
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Fig. 16. Chlorine distribution pattern in the top (0-20 cm) soil
of the Zhaotong - Bijie — Yibin — Luzhou - Leshan area
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Lead, Zn, Cd and Ag. The study area is rich
in Pb, Zn and Ag resources. Currently, more than
400 Pb-Zn deposits have been discovered,
including 5 large and 14 medium-size deposits.
There are 14 silver deposits (including one large
and three medium-size deposits). Lead, Zn and
Ag deposits are mainly distributed in the Yiliang —
Hezhang, Huize — Weining and Butuo — Qiaojia
mine-cluster areas. Presently, there are more
than 120 Pb, Zn and Ag mines, among which 42
are in operation and the rest suspended or
closed.

The distributions of Pb, Zn, Ag and Cd
showed that the concentration centers of Pb (Fig.
20), Zn (Fig. 21), Ag (Fig. 22) and Cd (Fig. 23) in
both top and deep soils were strictly controlled by
the distributions of Pb, Zn and Ag deposits in the
Pb-Zn-Ag mine clusters. Comparison of Pb, Zn,
Ag and Cd levels in both soils revealed clear cu-
mulative distribution patterns for all elements re-
gardless of their absolute contents. Additionally,
regional Pb, Zn, Ag and Cd peaks occurred in the
top soils of the Weining — Hezhang area in Gui-
zhou Province.
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Our analyses showed that the cumulation
patterns of Pb, Zn, Ag and Cd in the top soils
changed with elevation. Lead, Zn and Cd con-
tents peaked at the same elevation as the Pb, Zn
and Ag deposits (Fig. 24, a—c), with decreasing
Ag content as elevation declines (Fig. 24, d).
Compared to deep soil, concentrations of Pb, Zn,
Ag and Cd in the top soil were higher by 29.8 %,
6.8 %, 18.9 % and 169 %, respectively. The dif-
ference was more than three orders of magni-
tude. For Cd, its contents in the top soil were
142 %, 235 % and 102 % higher than in the deep
soil at elevations below 1,800 m, 1,800-2,700 m
and above 2,700 m, respectively. For Zn, mean-
while, 2,400 m was the point of division: at below
2,400 m, the Zn content in the top soil was 6-
18 % higher than in the deep soil, and the differ-
ence grew as elevation decreases. At above
2,400 m, the differences were further reduced
and even became negative at above 2,800 m.
The changes in Pb and Ag concentrations in the
top soil, however, were significantly different from
those for Zn and Cd. As elevation decreases, Pb
and Ag contents in the top soil became increas-
ingly similar to that in the deep soil.
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In certain geographical areas, the epigenetic
geochemical behavior of elements are mainly de-
pended on their geochemical properties and or-
ganic matters, pH and clay minerals in the top
soil. A partial analysis of correlations between Pd,
Zn, Ag or Cd levels in soils and organic matter or
pH indicated that, the main driver of the geo-
chemical behavior of Ag and Pb in an epigenetic
environment is organic carbon, while that for Zn
and Cd is pH (Table 3). Because Ag can be
strongly adsorbed and fixed by organic matter in
epigenetic environments, while Zn has relatively
high solubility in acidic environments, Ag enrich-
ment (Figs. 22, a and 24, d) and Zn depletion
(Figs. 21, a and 24, b) were noted in the top soils
of alpine meadows and forests.

The magnitude of increasing Pb and Cd con-
tents in the top and deep soils at the elevation of
the deposits was significantly larger than that in
other areas (Fig. 24, a,c). Also, we observed Cd,
Pb, Zn and Ag pollution in some regions. It sug-
gests extreme levels of human disturbance, in-
cluding mining and metal extraction, at the eleva-
tion of the deposits. A detailed literature review
suggested that the Hezhang — Weining region
was once (over 300 years ago) a center for indig-
enous zinc smelting activities, in addition to the
large-, medium-, and small-size Pb and Zn mines
such as Tiangiao (Zhugongtang), Wuliping,
Shaojiwan, Yadu and Zhushachang mines that
are currently in operation or closed. The slag
formed during mining has been spread through-
out the region [19, 20] and is the main source of

Cd, Pb, Zn and Ag pollution (Fig. 25). In a survey
of Cd contents in corn in the above-mentioned ar-
eas found that 12.1 % of the investigated corn
had Pb and Cd contents higher than the allowa-
ble amounts [21]. Such finding is rare in corn-
growing areas nationwide.

Copper, Ni, Co, Ti and V. The Emeishan LIP
is generally considered to be the product of a
mantle-plume event [22, 23] and characterized by
high Cu, Ni, Co, Cr, Ti and V contents. In the
southwestern part of the study region, areas with
high Cu, Ni, Co, Cr, Ti and V contents in the top
and deep soils overlap with the Emeishan basalt
area, and the same holds true for the carbonate
area in the southeastern part of the study region.
This indicates that the spatial distributions of Cu,
Ni, Co, Cr, Ti and V are mainly controlled by the
Emeishan basalt and carbonate rock parent ma-
terials (Figs. 26-31). We showed in a statistical
analysis that the average relative change rates of
Cu, Ni, Co, Cr, Ti and V contents in the top soll,
with respect to that in the deep soil (defined as
(content in the top soil — content in the deep soil) /
content in the deep soil) x 100) were -5.9 %,
-5.31 %, -6.09 %, -6.52 %, -4.8 % and -2.58 %,
respectively, demonstrating that the concentra-
tions of these elements were all slightly lower in
the top soil. In a correlation analysis comparing
elevation with elemental content, we showed that
the rates of Co and Ni loss in the top soil in-
creased with increasing elevation (Fig. 32, a,b).
The average rates of change of Cu, Cr, Ti
and V contents in the top soil at different
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elevations were relatively consistent (Fig. 32,
c—f), indicating the change of top soil contents of
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these five elements is essentially controlled by
the same factors throughout the region.
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Fig. 24. Plot of Pb (a), Zn (b), Cd (c) and Ag (d) contents in the top and deep soils

vs. elevation in the Zhaotong - Bijie — Yibin — Luzhou - Leshan area

Puc. 24. 'pagpuk codepxaHus Pb (a), Zn (b), Cd (c) u Ag (d) e eepxHux u 2ny6okux no4eax
8 3agucumocmu om a1y6uHbI e patioHe YxaomyH — Buyse — N6uHb — Jlyuxoy — JlawaHb

Table 3. Partial correlation analysis of Pb, Zn, Ag and Cd

with respect to Corgand pH in soils of the Zhaotong - Bijie - Yibin — Leshan — Luzhou area
Tabnuua 3. YacTu4HbIN KOPPENALMOHHLIN aHanu3 coaepxaHuin Pb, Zn, Ag n Cd
B COOTBETCTBMM C copepkaHuem Coq M pH B nouBax panoHa “hkaotyH — buyse — U6uHb — Jlyuxoy — JlawaHb

Element Test parameters pH (constant Corg) Corg (constant pH)
Correlation 0.055 0.817
Ag Significance (two-tailed) 0.784 0
df 25 25
Correlation -0.593 -0.323
Cd Significance (two-tailed) 0.001 0.101
df 25 25
Correlation -0.08 0.655
Pb Significance (two-tailed) 0.692 0
df 25 25
Correlation -0.583 -0.257
Zn Significance (two-tailed) 0.001 0.195
df 25 25
leoakonorus |
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Fig. 25. Geochemical map of the Weining — Hezhang area, showing the locations
of Zn smelting slag (adapted from [19]) and Cd (a) and Pb (b) contents in the top soils
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The analysis of driving factors of elemental
content (Table 4) demonstrated that, the partial
correlation coefficients of Cu, Ni, Co, Cr, Tiand V
with respect to pH, were greater than those to or-
ganic carbon. This suggests that the loss of these
elements in epigenetic environments is mainly
driven by pH.

Conclusions and implications
Our study on driving mechanisms of the mac-
roscopic distribution of elements in the top and
deep soils of the Zhaotong - Bijie — Yibin —
Luzhou - Leshan region clearly showed the

following: the geological environment determines
the natural concentrations of chemical elements
in soil; epigenetic geochemical processes re-
shape the microscopic distribution of elements in
the top soil; biogeochemical processes drive the
evolution of land quality; intensive human activi-
ties (such as mining) have disruptive impact on
the natural evolution of elemental distribution. A
better understanding of the dynamic geochemical
processes on the Earth’s surface can help to
develop a theoretical framework, within which
we can study the regional ecology formed
through the interactions of topography, hydrology
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Fig. 32. Relative change rate (Ri) of Co (a), Ni (b), Cu (c), Cr (d), V (e) and Ti (f)
contents in the top soil compared to that in the deep soil at different elevations
in the Zhaotong - Bijie — Yibin — Luzhou — Leshan area
Ri = ((content in the top soil - content in the deep soil) / content in the deep soil) x 100)
Puc. 32. OmHocumenbHas ckopocmb u3meHeHus (Ri) codepxaHus Co (a), Ni (b), Cu (c), Cr (d), V (e) u Ti (f)
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Ri = ((co0epxaHue anemeHma 8 8epxXHuxX roygax - codepxaHue anemeHma
8 2nybokux rnoygax / codepxaHue anemeHma e armybokux rnoygax) x 100)

and land cover. Such framework has the potential
for comprehensively integrating different scien-
tific theories of Earth’s systems. To study the
physical, chemical and biodynamic processes on
the Earth’s surface, a new comprehensive survey
and monitoring system for mountains, water bod-
ies, forests, farmlands and grasslands is re-
quired. This system could help us determine the
current natural resource usage, land quality, eco-
logical quality and natural evolution patterns, and

lFeoakonorus

assess land quality and future trends, so as to
provide guidance for spatial planning and man-
agement nationwide.

China is a vast country with complex and di-
verse geographical landscapes [24]. In this study,
we only analyzed the southwestern area charac-
terized by mountains and gorges, and primarily
revealed the mechanisms driving the macro-
scopic distribution of elements in the regional
soils. Similar studies should be conducted in
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Table 4. Results of partial correlation analysis of Cu, Ni, Co, Ti and V

with respect to pH and Cog in soil in the Zhaotong - Bijie - Yibin — Luzhou - Leshan area
Tabnuua 4. Pe3ynbTaThl YaCTUYHOIO KOppensumMoHHoro aHanusa Cu, Ni, Co, TinV

no otHoweHuo K pH u Corg B NOYBax B paioHe YxaoTyH — buuse — MouHb — Jlywkoy — JlawaHb

Element Test parameter pH (constant Corg) Carg (constant pH)
Correlation -0.841 0.407
Cu Significance (two-tailed) 0 0.035
df 25 25
Correlation -0.588 -0.337
Ni Significance (two-tailed) 0.001 0.086
df 25 25
Correlation -0.741 -0.504
Co Significance (two-tailed) 0 0.007
df 25 25
Correlation -0.58 -0.303
Cr Significance (two-tailed) 0.002 0.124
df 25 25
Correlation -0.847 0.403
Ti Significance (two-tailed) 0 0.037
df 25 25
Correlation -0.769 0.272
\Y Significance (two-tailed) 0 0.169
df 25 25

future to analyze a variety of landscapes, includ-
ing forests and swampy landscapes, humid and
semi-humid low mountains, semi-arid hilly land-
scapes, alpine lakes in hilly landscapes, arid and
semi-arid or humid and semi-humid alpine moun-
tains, arid Gobi relict mountains, karst areas, al-
luvial plains, and colluvial deposits in the Gobi de-
sert. Such studies would represent considerable
advances in epigenetic geochemical dynamics
and help us to establish a solid foundation for the
development of scientific theories of the Earth’s
systems [25, 26].

Currently, surveys on the quantity, quality and
ecological status of various natural resources in
China are disconnected rather than combined in
a single system. Presently, the Ministry of Natural
Resources is responsible for all natural resource
assets. It formulates land use regulations and

conducts ecological protection and restoration.
However, a comprehensive survey and monitor-
ing system, integrating the quantity, quality and
ecological conditions of all natural resources
based on their various transport patterns, re-
mains to be developed. Moreover, chemical ele-
ments are the basic components of natural re-
sources. For example, our findings on the epige-
netic geochemical dynamic processes and mu-
tual interactions of resources components, in the
southwestern mountain and gorge regions, sug-
gest that changes in chemical elemental contents
in the environment are extremely sensitive indi-
cators of environmental changes. Hence, we rec-
ommend that the chemical compositions of natu-
ral resources should also be included in the pro-
cedures during the development of future survey
and monitoring systems.
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Pe3ynbTaTbl y4e6HO-NPOU3BOACTBEHHOW MPAKTUKN CTYAEHTOB
UHcTuTyTa Hepgpononb3oBaHusa UPKYTCKOro HaLuMoHanbHOro
nccrneaoBaTeNibCKOro TexHm4yeckoro yHusepcuteta (Poccus)
B HankuHckom YHuBepcutete (Kutan) (6-21 ceHtabpsa 2019 r.)

© M.A. BanTteeBa?, A.O. YcTioxaHuH®, M.U. CanpbikuHa®,
U.A. Apowyk?, 0.C. Macnukos®, K.K. KoTyH', K.B. BabyeBa?,
A.A. Cemunet", 10.E. M'mpeHko', B.B. Tumawesal/, C.M. Co6onesak,

FOHuxaHb YxaH', J1.U. Ayauna™, P.M. Nlo6aukasn”, A.A. BoiTHOK®
akm-olinkymeKuli HayuoHanbHbIl ucciedogamenbckuli mexHudeckuli yHugepcumem, 2. Mpkymck, Poccusi
'HaHkuHckull yHusepcumem, 2. HankuH, Kumati

Pe3tome: B cTaTbe n3noxeHa CTpykTypa v NpeacTaBneHsl pesynbtatel y4ebHO-Npon3BOACTBEHHOW NPAKTUKN CTYAEHTOB
WHcTuTyTa Heppononb3oBaHns VpkyTCKOro HaLMOHanbHOro NccnegoBaTenbCckoro TEXHMYeCkoro yHmsepenteta (Poceus)
B HaHkuHckom yHuBepcutete (Kutai), npoxoavsLuen B nepuog ¢ 6 no 21 ceHtabps 2019 r. Llens paboTel 3akniovanach
B OMMCaHUW UCCnegoBaHuin, NPOBOAMBLLKXCS Ha TeppuTopun BocTouHoro Kntas B paiioHe r. HaHkvwH nog pykoBoACTBOM
npocpeccopa FOHwxaHb YxaH. OCHOBHOE BHYMaHWE B Xo4e NOMeBbiX MapLIpyTOB Bbl0 HANpaBneHo Ha U3yyYeHne reo-
NOro-CTPYKTYPHbIX U reorpaduyecknx ocobenHocTen FOxHo-Kutaiickoro 6mnoka, 3HakoMCTBO C BEAYLUMMM 3HOO- U 3K30-
reHHbIMM MpoLieccamMun Ha 3Toin Tepputopun. MNpyu aHanu3e apxvBHbLIX U IUTEPaTYpPHbIX MCTOYHMKOB, 0600LeHnn MaTe-
puanoB noneBbiX HABMIOAEHWA NONyYeHbl CBEAEHUSA O TEKTOHMKE W MarMaTusMe panoHa, 06 ycnosusx hopMMpoBaHUS
TepMarbHbIX UCTOYHMKOB NOA3EMHbIX BOA TaHbLUaHb, O NPUYMHAX NPOSIBAIEHWS BYNIKAHW3Ma U APYTUX re0ANHaMUYECKNX
npoLeccax Ha uccnegyemon Tepputopumn, 06 0COBGEHHOCTSX MMAPOIIONMYECKOro pexuma p. PyuyHbL3SH.

Knroyesnbie cnoea: BocTouHbin Kntai, KOxHo-Knutaickuin 6nok, 3HAoreHHbIe NpoLEecehl, 3K30reHHble NpoLecchl, reono-
rmyeckas npaktuka, HaHkuH

Unpopmayusi o cmambe: noctynuna B pegakumio 06 cespans 2020 r.; nocTynuna nocne peLeH3npoBaHus 1 gopa-
6otkm 11 mapta 2020 r.; npuHsaTa k nybnukaumm 18 anpens 2020 r.

Ana yumupoeanus: Banteesa M.A., YctioxanuH A.O., CanpbikuHa M.W., Apowyk U.A., Macnukos O.C., KoeTyH K.K.
[ pp.]. PesynbtaThl y4ebGHO-NPOM3BOACTBEHHOW NPaKTUKM CTyAeHTOB WHCTUTYTa Hegpononb3oBaHus WpkyTckoro
HaLMOHanNbLHOTO MCCefoBaTenbCckoro TexHuyeckoro yHusepcuteta (Poccus) B HaHkuHckom YhuepcuteTe (Kutan)
(6-21 centsibpsa 2019 r.). Hayku o 3emne u Hedponons3oeaHue. 2020. T. 43. Ne 3. C. 418-435.
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Results of the students’ field study
(Institute of Subsoil Use, Irkutsk National Research
Technical University, Russia) at Nanjing University (China),
September 6-21, 2019
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Abstract: The article presents the structure and results of the students’ field study program (Institute of Subsoil Use,
Irkutsk National Research Technical University, Russia) that took place at Nanjing University (China) in the period Sep-
tember 6-21, 2019. The purpose of the work was to describe the investigations conducted under Professor Yongzhan
Zhang in the area of Nanjing, Eastern China. The focus of the field routes was on the study of the geological-structural
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and geographical features of the South China block as well as on learning the major endo- and exogenous processes in
the area. The analysis of the archive and literary sources and the compilation of the filed observation material has pro-
vided data on the tectonics and magmatism of the study area, the conditions of the formation of the Tangshan under-
ground hydrothermal sources, the causes of the volcanism and other geodynamic processes, and the peculiarities of the
hydrological regime of the Fuchunjiang River.
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BeeaeHue

B cooTtBeTCTBUM C [OrOBOPOM O COTPYAHM-
yectBe Mexay MpKyTCKUM HauUMOHanbHbIM MC-
cnefoBaTeNlbCKUM  TEXHUYECKUM  YHUBEpCUTe-
ToMm (MPHUTY) (Poccust) n HaHKMHCKUM yHU-
Bepcutetom (Kutam) B 2018 r. Bbinm Havatbl
MHOronpogunbHbIe 3KCNEAULMOHHbIE UCCREeno-
BaHUS B paMKax npoekta «bankan — xemyyxu-
Ha Mupa». B nccnegoBaHusX npuHUManu yya-
CTMe KuTalckue npenogaBaTeny W CTyOEHTHI,
pabotamn pykosogunu neparorn UPHUTY wn
MpkyTCKOro rocyaapCTBeHHOro yHmsepcuteTa. B
2019 r. BnepBble coCTOANACL OTBETHAs Nnoesaka
CTyAeHTOB WIHCTMUTYTa Hepgponons3oBaHus WP-
HUTY B HaHKWHCKWA YHMBEPCUTET U 3KCneau-
LIMOHHbIE paboTbl B BOCTOYMHOM YacTu Kntas nog
PYKOBOACTBOM KMTaWCKMX npodeccopos. Llens-
MW W 3agaqaMu OaHHOW NOE3[KM U NpOBELEH-
HbIX B pamKax Hee WCCnegoBaHWi ABNAMNUCH:
3HAKOMCTBO C KYfbTYpPOW, UCTOPUEN N CUCTEMON
obpa3oBaHMsi  CTpaHbl; M3y4yeHWe reosoro-
CTPYKTYPHbIX OCOBEHHOCTEN U BegyLuMx reogu-
HaMM4Yecknx MpoLeccoB Ha Tepputopun Bo-
cTouHoro Kutas.

O6bekTbl UccneaoBaHUA

BocTouHbiM Knutaem HasbiBaeTcs reorpadom-
yeckas obnacTb, KOTOpas OXBaTbiBaeT BOCTOY-
Hyto npubpexHyto 3oHy Kutainckon HapogHon
Pecnybnukn. OHa BkntoyaeT B cebs WecTb Npo-
BUHUMI, a Takke MyHuumunanutet B r. Lanxan.
lopog HaHkmH — ppeBHsa cTonuua Kwutas,
Ha3BaHue ropoga B bykBanoHoOM nepesoge 060-
3HavaeT «tokHasa ctonuuay. OH HaYMHaeT CBOK
ncToputo ¢ 472 r. 0o H. 3. 1 AABNSIETCH OAHUM U3
ApEeBHEeNLWNX ropogos, pacrnosnioxXeH B BOCTOY-
HOW 4YacTu cTpaHbl, B 260 KM K ceBepo-3anapgy
oT laHxas B HWXHEM TeyeHun p. HAHU3bIL.

B HacToswee BpeMs HaHkuH aBnsetcs cronu-
Lien nposuHuuK LissHcy. Ha Tepputopum ropoga
pacnonaraetcs HaHKUHCKUA YHUBEPCUTET, BXO-
OAWMA B YUCMO NATWU CaMbIX MPECTWKHBIX YHU-
BepcuTeToB Kntas.

CoBpeMeHHbIN 3Tan B UCTOPUW YHUBEPCUTE-
Ta Havanca nocne ob6pasoBaHus KuTamnckon
HapogHon Pecnybnukn. C 1950 r. oH cTtan Ho-
CUTb aKkTyanbHOe Ha CErogHSALHWIA JeHb Ha3Ba-
HWe — HaHKMHCKMI YHUBEPCUTET, B CBA3MN C 3TUM
[AaTOW OCHOBaHWSA YHMBEpCUTETa CYMTaeTcs
1952 r. 310 MOLLHOE BbiCcLIEe y4ebHOe 3aBeae-
HWe, cocTosiee M3 28 BbICLIMX LIKON M nog-
LepxuBatoLLlee HayyHble CBA3W C Gonee yem
100 yyebHbIMK 3aBeeHUAMMN APYrnX CTPaH.

lpynna ctyaeHtoB WPHWUTY pabotana Ha
6a3e HaHkuHCkoro yHmBepcuteta B nepuog c 7
no 20 ceHtsbpsa 2019 r. VccnepoBaHua npoBo-
AMNnCb B TeyeHne 14 gHen no BecbMa pasHo-
obpasHon nporpamme (puc. 1) n oxBaTbiBanu
L,0BOMNBbHO OBLWMPHYI0 TEPPUTOPUIO (pUC. 2).

C 7 no 9 ceHTAbpsa rpynna no3Hakomunach
CO CTPYKTYpOW M Kamnycom yHusepcuteTa, 10—
17 ceHTsbps GbiNM NpoBeAeHbl NONEBbIE WC-
CrnefoBaHus, MPeuMyLLECTBEHHO B  [JONUHe
p. AHU3bI, 18-29 ceHTAOps nponaeHsl MapLupy-
Tbl B panoHe r. HaHkuH, 19 ceHTs6psa Ha 6ase
yHMBEpCUTETa NpeacTaBneHbl uHarnbHble 0-
Knagbl POCCUWACKMX CTYAEHTOB Ha aHrfMNCKOM
A3bIKE.

Pabota Havanacb C FneKUMOHHOrO Kypca
npodgeccopoB HaHKMHCKOrO yHUBEpcUTETa WU
3HaKOMCTBa C reonormen U reomoponormen
pernoHa. bbinn npeacraBneHs:

—nekumnst Ne 1 goktopa LLaosaHb JTio «leo-
nornyeckuii 0630p r. HaHknH v npunerarowmx K
Hemy TeppuTopuin»?!;

1Liu S. Geological setting of Nanjing and adjacent areas. Nanjing: Nanjing University, 2019. 46 p.
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8-9 cenTabpr 2019

(ropog HaHEMH W Er0 OKPECTHOCTH)
» LlEpEMOHUA CTRDHITHA

» Jlekuun

w hiyaed ¥ ropAYME MCTOUHKEM

s [0pa L3bILauHELESHE
(MypmypHar ropa)

» ACTDOHOMWYECKAA COCEPERTOPNA
10-11 centabpa 2019
(MPOEWHUMA AHBXOH)

» [0pb XyaHwaHs (HENTHE ropw)

16 cenTabpa 2019

(ropogckon okpyr Cyymoy)

» [TELUNE SKCRYPCHH MO QPEBHEMY
ropody HEoywkyad (yean KyHblaHs)
» Can Cydsoy

15 centabpa 2019
(ropoackol oEpyr Y'eu)

» [EHAYA NANEc30n — ME303cR
= Meweps WaHasyaHEs.
KapCTOBRIE NEWEPE

» CTAHUMR MOHWTOpUHNE 0aepa Tanxy
» [pEHL KaH&N HoWbH

1T cenTabpa 2019
{ropog HaHewH)
» [TopT “BKaHbL3AH

14 centabpa 2019
(ropogcron orpyr Xywkoy)
» [1pUNKE HE peke DYYYHBYIAH

18 cenTabpa 2019
(ropog HaHEWH)
» BynkaHweeckl naps NMyxe

19 cenTabpa 2019
{HEHKMHCKMH YHHEEPCHTET,
ropog Hankwn)

* LlepeMOHUA S8EDHTHA

® 1EMTE OTYETOR

12 cenTRbpa 2019

[yesq CHHMH, NPOEMHLRA AHBXOR)
» [opa Unose

13 centrBpa 2019
(ve3n YyHbaHb, NPOBMHLUMA “HEIUIAH)
» Ozepo Usneaaony

{032p0 THICAYM OCTPOEDB)

R

Puc. 1. [lpoepamma pabomsi 3kcneduyuu (cxema aemopos)
Fig. 1. Expedition program (scheme by authors)
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Puc. 2. Mapwpym akcneduyuoHHbIX ucciedosaHull (cxema aemopoe):
1 — 2. HaHKuH; 2 — 20pbl XyaHwaHb, 3 — eopa LjutoHs; 4 — sodoxpaHunuwe LisHbdaxoy,
5 — 2. XaHuxoy, 6 — 2opodckoli okpye Yeu, 7 — eopodckol okpya Cyuxoy
Fig. 2. Expedition route (scheme by authors):
1 — Nanjing, 2 — Huanshan mountains, 3 — Qiyun mountain, 4 — Qiandahou lake,
5 — Hangzhou, 6 — Wuxi, 7 — Suzhou

—nekums Ne 2 npodpeccopa AH [atoaHb BoctoyHas yactb Kutag B TeKTOHMYECKOM
«HeoTekTOHMYeCKNe  OBWXEHWUS, konebaHma  nnaHe npuypodeHa kK KOxHo-Kutaiickomy 6roky,
YPOBHSI MOPS, aHTPOMOreHHas OesATeNbHOCTb U KOTOPbIM COCTOUT M3 MaccmBoB AHU3bl U KaTa-
UX BNUSIHUE Ha reomMopgosornyeckmne npoueccsl  3unckoro [1]. HaHkvH 1 npunerawowme K Hemy

B AenbTe p. AHU3bI»Z. TEPPUTOPUM JIOKANU3YIOTCH B HIDKHEN 4YacTu
MNoneBble nccneaoBaHMs NPOBOAMINCL NMPe-  MaccuBa AHU3bI.

MMYLLLECTBEHHO B AenbTe p. AHU3bI, NPOBUHLU- Ha TeppuTOpMn LUMPOKO pPasBUTbl SHLOMEH-

ax LiasHemn, AHbxow, YxaussH (cMm. puc. 2). Hble MPOLECChI, BKMKYaOWMEe MOLLHbIE 30HbI

2Yang D. Neo-tectonic movement, sea-level changes, human activities and impacts to the geomorphological processes
in the Yangtze river delta, School of Geography & Ocean Sciences, Nanjing University, 2019. 16 p.
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KaMHO30MCKOro BYNKaHW3Ma, C 4acTbl KOTOPbIX
POCCUNCKMM CTyAeHTaMm Obina npegoctaBneHa
BO3MOXHOCTb 03HAaKOMUTLCS.

OCHOBHbIMW MPUYMHAMKU Pa3BUTMS BYJIKa-
HU3Ma Ha UCCneayeMon TeppuTopun SBMSAIOTCS
konnuana Wugunckon u EBpasuiAckod nNnut u
cybaykuma TuxookeaHckon n EBpasuninckon naut
(puc. 3).

F 1
= 2 N\
A3 \\

| 2020;43(3):418-435

OpgHum  un3 0ObEeKkToB uccnegoBaHun B
OKPEeCTHOCTAX . HaHkuH 6bin  BynKaHU4ECKUN
napk Jlyxe (puc. 4). Jlyxe — 310 obnactb, rge
BYJKaHbl MHTEHCWBHO M3BEPranucb B Nepuog c
9,35 go 10 mnH net Hasag. Hanbonee KpynHble
BYNKaHU4eckue CTPYKTypbl — BaHwaHb, JIuHry-
aHwWwaHb, N'ybawaHb, MNynyanwwaHs.

‘Mmucncmn

Puc. 3. Cxema dsuxeHusi numocgepHbix naum [2]:
1 — pugpmosas donuHa; 2 — c0su208bill pa3riom; 3 — Hadsue
Fig. 3. Pattern of lithospheric plates motion [2]:
1 - rift valley; 2 — shift fault; 3 — overthrust

Puc. 4. OduH u3 synkaHoe e napke Jlyxe (¢pomo aemopos)
Fig. 4. The Luhe volcano (photo by authors)
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B xopme nonesbix nccneaosaHun obbekTamm
HabnaeHns Takke CTanu ropHble COOPYXEHNS
L3blu3blHbluaHb, XyaHlwaHb, LuoHb, koTopble
npuHagnexaT oporeHHoMy nosicy AHL3bI (puc. 5).

lopa LasblusuHbluanb ([TypnypHast ropa),
NnpMMbIKaKLWasa K BOCTOKY K WCTOpPUYECKOMY
LeHTpy HaHkuHa (puc. 6), crnoxeHa ckanbHbIMM
NecYaHbIMU N TAMHUCTBIMU OTIIOKEHUAMM HOp-
ckoro nepuoga. [oOpHOe CoopyxeHue 3aHuMaeT
obwy nnowaas B 31 kM2, MuHMManbHas Bbl-
cota Hag yposHeM Mops — 30 M, Makcumarnb-

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

Has — 448,2 M. B xoge maplipyTta npoussoau-
nocb onucaHwe OBBLEKTOB M (HUKCMPOBANUCh
3amepbl 31eMEHTOB 3arneraHust NopoA Ha Tou-
kax HabntogeHus.

lopbl XyaHwaHb (XKénTtble ropbl) B NPOBMH-
umn AHbxoW (puc. 7) B COBOKYMHOCTM C npure-
ralowumm TepputopusMmn  obpasytoT 3anoseg-
HbIA Mapk nnowaabio 154 kM. Tepputopus xa-
paKTepu3yeTcs pPe3Kon PacUNEHEHHOCTbI pe-
nbeda: abCconTHble OTMETKU BapbUpylOT OT
500 no 1864 M Hap ypoBHEM MOpS.

? A
ijin Shan

HaHKWH

XyaHWwaHb

gyun Mountain Scenic Area Ticket Office

Puc. 5. OpoeeHHbIll 8ynkaHuUYeckul nosic (pUCyHOK aemopoe ¢ Ucrosib308aHUeM
cepsuca «Google lTnanema 3emns» 8 Kayecmee OCHOBhbI)
Fig. 5. Zijinshan orogenic belt (figure by authors, made using
Google Earth service as a basis)

Puc. 6. lNopa L3biy3uHbwaHs (lypnypHas 2opa) (pomo u3 omkpbimo2o uHmepHem-ucmoYyHukKa)
Fig. 6. Zijinshan Mountain (photo from an open Internet source)
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iy y

Puc. 7. lNopbi XyaHwaHb (dKénmble 2opbi) (homo aemopos)
Fig. 7. Huangshan Mountain (photo by authors)

B topckom nepuoge Ha TeppuTopun Npom3o-
MO BHEAPEeHMe MarMbl rpaHUTHOrO cocTasa W
WHTEHCMBHOE BO3AblIMaHue. [lanee npoucxoaun
MHOTOCTaAMNHLIA ~ NPOLECC  BbIBETPUBAHMS
BEPXHEN YaCTU 3E€MHOM KOPbl U WMHTPY3UBHbIX
Ten, B pesynbrarte yero obpas3oBanuch rpaHuT-
Hble OCTaHUbl (CM. puC. 7).

C Havana 4eTBEepTMYHOrO nepuopa B pe-
3ynbTate NpepbiBUCTOr0 NOAHATUS ChopMUpo-
Banocb TpW YPOBHS 3PO3MOHHbLIX NOBEPXHOCTEN.
NepBbli ypOBEHb BbLIAENSETCA HA BblCOTax
1865-1500 m, BTOpOM YpOBEHb COOTBETCTBYET
otmeTkaMm 1200-1500 m, TpeTU YypOBEHb — HU-
xe 1200 m (puc. 8).
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Puc. 8. leonozo-2eomopghonoaudeckull pa3pe3 Maccuea XyaHwaHb C yKazaHUeM PacrosioxeHust
monoepaghudeckux 06ekmos u naseozpaghuyeckux u 0eHyO0ayUuoHHbIX nogepxHocmel [3]:
| — epaHumei; Il — cunutickas cucmema; Ill — epaHoduopumei

1 — HUXHSS Yacmb 3PO3UliHOU nosepxHocmu, 2

— HUXHSI Yyacmb OeHydauyuoHHOU noeepxHocmu

Fig. 8. Geological-geomorphological section of Huangshan mountain indicating the location

of topographic features and paleog

raphic and denudation surfaces [3]:

| — granites; Il — Sinian system; Il — granodiorites
1 - lower part of the erosion surface; 2 — lower part of the denudation surface
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Cnepytolmm 06BEKTOM UCCMELOBaHNS CTan
MNuk JloToca, pacnonoxeHHbl B XKENTLIX ropax.
JT0 camasl BbICOKas TOYKa Ha WCCneayemom
nnowaamn ¢ abconoTHOM oTMeTKon 1865 m.

HemanoBaXHbIM MYHKTOM 3KCNeULMOHHON
nporpammbl Gbina ropa UuoHb. 3T0 Hauwmo-
HalbHbIA FOPHbLIA NapK, PacroNOXeEHHbIN B yes-
fe CloHWH B NpoBMHUMM AHbXOW. ['Opa n3BecTHa
KaK Of4Ha M3 YeTblpex CBSALLEHHbIX rop B Aao-
cusame Kurtaq. Cnaratowime ee nopogsl npeg-
CTaBneHbl W3BECTKOBbIM MNECYAHMKOM, W3BECT-
KOBbIM aneBpOSIUTOM, aneBpUTOBbIM M3BECTHS-
KOM C MNPOCNOSIMA KOHINIOMEPATOB MESI0BOro
BO3pacTa, BO3JEUCTBME MPOLECCOB BbIBETPYU-
BaHWs, AeHyaauum n abpasum Ha KOTopble Npo-
NCXOOWNO KpaiHe HepaBHOMEPHO, YTO MPUBENO
K 0Opa3oBaHM0 OCTAHLIOB, €CTECTBEHHbIX MO-
CTOB, netuep (puc. 9) [4].

OuepegHbiM 0OBEKTOM MUCCNEQOBaHUs CTa-
NN TOpsiYMe UCTOYHMKM TaHbluaHb, Takke pac-
MOSIOKEHHbIE B OKPECTHOCTAX I. HaHKMH. Bbixo-
Abl NOA3eMHbIX BOA 34eCb NPUYpPOYEHbI K TEKTO-
HUYECKUM HapYLUEHUAM, OPUEHTMPOBAHHLIM B
CeBepo-BOCTOMHOM, CeBepo-3anagHoM U cyb-
LUMPOTHOM HanpasneHusix. Temnepartypa ropsi-
YMX UCTOYHMKOB TaHblwaHb — 53-65 °C. MuHe-
panu3aums — 1,5-2 r/n, xapakTepHO OTHOCK-
TENbHO BLICOKOE COAepKaHue CynbgaToB Kanb-
UMs M MarHus, a Takke pagoHa (go 159-201
3MaH), qTopa, CTPOHUMS, TOpUs U asoTa, He-

- TR W R,
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BonbLioe KONMMYEeCTBO OKcuAa yrnepoga W Kuc-
nopoga.

[MTaHne noaseMHbIX BOA4 NPOMCXOOMT 3a
CYeT aTMOCepHbIX OCafKoB, @ WCTOYHMKaMMU
Tenna ABNATCA MaHTUAHBLIA TENOBOW NOTOK U
paguoreHHoe Temnsno Me3030MCKOro rpaHUTHOrO
Tena, Temnepartypa NOA3EMHbIX BOA YBenuyu-
BaeTcs C rnybumHON NPOHWKHOBEHWS 30H pas-
PbIBHbIX HapyLleHnn (rnybuHa rugpoTepmMarnb-
HOM UumpKynsauum — 3 km) (puc. 10).

Boabl ropsyMx MCTOYHWMKOB MCMONb3YHOTCA
B CNa-LieHTpax.

Ha psge npedblgywinx TOYeK CTYOEHTH
O3HAKOMUNWCH C LUMPOKO Pa3BMTbLIMK NpoLec-
camu usnyeckoro BbiBeTpuBaHus. Cneayto-
was Touka HabniogeHus — newepa LWaHgpkyaHb
(puc. 11) — aBnseTcs pe3ynbTaToM XMMUYECKO-
o BbIBETPUBAHMSA, CBSA3AHHOIO C BhllLlesiaynBa-
HMeMm kapboHaTHbIX NOpPOA.

aHaKyaHb pacnonoxeHa Ha toro-zanage
yesna WcuH. OHa npeactaensieT cobon yeTbl-
PEXYPOBHEBYK KapCToByl0 newiepy. BoicoTa
newep Bapbupyet ot 1,5 go 30 m, kaxgas nme-
€T CBOM 0COBEHHOCTM.

BepxHuit 3an newyepbl MMeeT nnowagb OKo-
no 1000 m?, gnuHy 70 M, WinpuHy 30 M U BbICOTY
30 m. TemnepaTypa ero crtabunbHa u cocTaB-
nset 23 °C, 4to 0OYCrOBNEHO CTPYKTYpOW
OCTaHLOB, NPenATCTBYIOLLEA KOHBEKLWN BO3aY-
Xa Mexay CpeaHUM 1 BEPXHMUM 3anoM neLepsl.

Puc. 9. Peaynbmambi ebieempueaHusi 20pHbIX Nopod maccuea LjuroHbwaHb (¢homo aemopos)
Fig. 9. Results of rock weathering, Qiyun Shan Mountain (photo by authors)
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Puc. 10. PecypcHoe u mennoeoe numaHue 20psiYux UCMOYHUKO8 TaHbWaHb:
1 — 8bIx00 UCMOYHUKa N003eMHbIX 800; 2 — HanpasneHuUe O8UXEHUS MOMOKO8 No03eMHbIX 8003
Fig. 10. Feed and discharge mode of Tangshan hot springs:
1 - underground source outlet; 2 — direction of the underground water streams?®

Puc. 11. O0uH u3 3an0e newepsbi LLlaHOXyaHb (homo aemopoe)
Fig. 11. Shanjuan Cave (photo by authors)

[NaBHbIM BXxO4 B MeLlepy HaxoguTcs Ha
cpedHeM ypoBHe. Ha 3aToM xe ypoBHe Habnto-
paetcs  6Gonbluoe  KONMYECTBO CTanakTWUTOB,
cTanarMMToB W CTanarHaToB, 0bpa3oBaBLUMXCS
B pe3ynbTaTe XMMUYECKOro BbIBETPMBAHUSA, He-
KOTOpble M3 HWUX YKpalleHbl CTUXaMu W POChu-
CAMW, OTHOCALLMMUCS K nepuody npaBreHus
anHactum N1 n Ta.

lNewepa HWXHero ypoBHSA Ha3blBaeTcs «Bo-
ponagHoi». OHa umeeT anvHy 180 M, WnpuHy
18 M un BbicoTy 22 M. CHapyxu newiepsl Haxo-

anTcs HebonbLLOW BoAgonaa BbiICOTOM 6 M, Boaa
KOTOPOro WMH(UMLTPYeTCs nod 3emno u dop-
MUPYET NOA3EMHYIO PEKY.

«BogsiHas newiepa» — 3TO KapCTOBbIN TOH-
Henb co 120-mMeTpoBOV MOA3EMHOW PEKOW rny-
BuHon okono 4 M. MNyTb N0 HEN MOXHO NPOUTH
TONMbKO Ha nogke. BeicoTa newepbl OT NOBEPX-
HOCTMW BOAbl He npeBbiaeT 1,5-2 m.

OpraHu3saTtopbl akcneauuum Boibpanv Bpemst
ANs TOro, YTobbl CTYAEHTLI MOMMM CTaTb CBUAe-
TENAMU YHUKANbHOTO MNPUPOAHOrO SABMEHUS —

%Mo matepmanam: Liu S. Geological setting of Nanjing and adjacent areas. Nanjing: Nanjing University, 2019. 46 p.
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MPUIIMBHOWM BOMHbI (M1 6opa) Ha p. PyuyHbL3SH.
Bop obpa3yetcs BO Bpemsi npunuea, Koraa no-
cTynawowe B LWMPOKUA 3anuB Maccbl BOAbI
HarHeTalTCs B CY)XEHHOE YCTbe, A€ OHW KOH-
LleHTpupytoTcs, 0bpasyst BOMHOBOM (PpOHT. B
HEKOTOpbIX Cryvasx 3a (PPOHTOM CReayT ogHa
WNU HECKOMbKO OOMHOYHbIX BOSH. M3-3a Heop-
HOPOOHOCTW PEYHOro [AHa NpWNMBHAasa BOJSIHA
nmeeT s-o6pasHyto hopmy (puc. 12).

CaM e npunvB BbI3bIBAETCA TEM, YTO B 3TH
AaHn ConHue, NlyHa n 3emnsa pacnonaratloTcs Ha
OLHOWN NPSMOW U CyMMapHas cuna npuTsHKeHns
LBYX CBETUN YyCWUNMBaeT MPWUNNBHYK MOLb.
BonHa moxeT gocturate 9 M, 0gHaKo akcneaw-

P
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LLMOHHOMY COCTaBy MOBE3MI0 MEHbLUE: BbICOTA
BOSHbI Bbina okono 30-40 cm (puc. 13).

Cnepytowmin 06bekT — 03. LisHbgaoxy (Ose-
PO ThbICS4M OCTPOBOB) — UCKYCCTBEHHOE 03€PO B
NPOBUHLUMKN YX3aL3sH, nosiBuBleecs B 1959 .
rnocne CTPOMUTENbCTBA rMAPO3NEKTPOCTAHLMUM Ha
p. CuHbaHb (puc. 14).

Boabl 03. LiaHbgaoxy 3aTonunum 4actb rop-
HOW CUCTEMbI, BEPLUMHbI KOTOPOW B HacTosLlee
BpEMS W npeactaensaT cobon octposa (puc.
15), obwee mx konuyectso pocturaet 1078.
Mnowagb osepa — 600 kmM?, o6bem BOAbI —
18 kM3, cymmapHas nnolaab OCTPOBOB — OKO-
no 86 km2.

SHENDANGZHEN
S 41 |
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T

~Zhuxiaollsland
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/
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Puc. 12. lpunueHas 8onHa Ha p. ®y4yHbY3siH, 2. XaH4Yxo0y (¢homo u3 omkpbIMo20 UHMepPHem-UucmMo4YHUKa)
Fig. 12. Tidal bore on the Fuchunjiang River, Hangzhou (photo from an open Internet source)

Puc. 13. NpunueHas eonHa 14 cenmsbps 2019 2. (hpomo aemopos)
Fig. 13. Tidal bore, September 14, 2019 (photo by authors)
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Puc. 14. O3epo Lsinbdaxoy (O3epo mbicsiyu ocmpoeoe) (homo aemopos)
Fig. 14. Qiandao Lake (photo by authors)
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Puc. 15. Pa3pe3 o3epa LisHb0axoy (pucyHok aesmopa M.A. Baumeegoll):
28 M — cpelHss enybuHa osepa; 120 M — MakcuMarbHas 21ybuHa o3epa;
108 M — cpedHee npesbileHUe N08ePXHOCMU 0CMpPo8os Had ype3om 800kl
Fig. 15. Profile of Lake Qiandao (figure by the author Marina A. Vanteeva):
28 m — average depth of the lake; 120 m — maximum depth of the lake;
108 m — average elevation of the islands’ surface above the water’s edge

3HAYMTENBHYIO PONb B Pas3BUTMK IKOCUCTE-
Mbl PermoHa urpaeT AesTenbHOCTb Yenoseka. B
CBS3M C pabOTON MHOMOYUCIEHHBIX XMMUYECKNX
M NPOM3BOACTBEHHbLIX MPeanpuaTMA B BOAe
03. Tanxy (puc. 16) 3HAYMTENbHO YBEMUYMIIOCH
cogepxaHue asota W ocdopa, uU3-3a 4Yero
HaunHas ¢ 1980-x rr. NPOM30LLIIO WKpOoKoe pac-
npocTtpaHeHne umaHobakTepuir. K koHuy 1990-
X IT. uBeTeHune Microcystis ctano perynspHbiM
neTHUM cbeHomeHoM. LinaHobaktepumn Microcysti
saeruginosa BblAeNsAT TOKCUHbI, KOTOpble MO-
ryT MNOBPeduTb MeYeHb, KULIEYHbIA TPakT W

Pe3ynbTaThbl NoneBbIX nccnefoBaHUM

HepBHyto cuctemy. B mae 2007 r. macutabHoe
uBeTeHne Microcystis nopasuno cuctemy BOAO-
CHabxeHna ropoacKkoro okpyra Ycu Ha ceBep-
HoM Gepery o3epa, B pesynbTaTe Yero Ha Hefe-
nio 6onee ABYX MWISIMOHOB YENOBEK OCTaNUCh
6e3 nuTbeson BoAb! [5].

Ctypentol MPHUTY nocetunu naboparto-
puto, pabOTHUKM KOTOPOW NPOU3BOASAT MOHUTO-
PUHT XMMUYECKOro M BMonornveckoro cocTaBoB
Bo4 03. TanWxy W npoBOAAT McclegoBaHus
C Uenblo 0YMCTKM 03epa OT LuaHobakTepwui
(puc. 17).
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Puc. 16. O3epo Talixy*

Fig. 16. Taihu Lake*

Puc. 17. MNonuzoH nabopamopuu MoHumMopuHaa o3epa Talixy (¢pomo aemopos)
Fig. 17. Monitoring laboratory, Taihu lake (photo by authors)

Bo Bpems akcneguuumn Takke 66110 yaeneHo
BHMMaHWe 1 WUCTOPMKO-KYNbTYpHLIM OObeKTam:
Hanpumep, Obin MoceleH HauMoHanbHbIN My-
3ei-reonapk ®aHwwaHb TaHwaHb (puc. 18), akc-
no3vLMM KOTOPOro MOCBSILLEHbI KaK reosioruu,
Tak u aHTtpononorun. Myseir 3aHumaet 15 ra.
OH Haxogutca B 40 kmunomeTpax K BOCTOKY OT
HaHkuHa, Hepaneko OT BCEMUPHO 3HAYUMBbIX
apXxeonornyecknx MNaMsATHUKOB, TakuX Kak mne-
wepbl HaHkuH Xyny («venosek-o6esbsHay), 06-
HapyeHHble B 1993 1. B newepax coxpaHunmcb

4Zhu G. Taihu Laboratory for Lake Ecosystem Research. 2019.

OKaMeHenocTn u4enoseka, xusliero 160 ThbiC.
net Hasag.

Ha BepwwuHe [NypnypHon ropsl pacnonara-
etcsa obcepsatopus LisbiuauHblaHb (puc. 19),
COOpYXXeHHas B ceHTsbpe 1934 r. n asmBLwascs
nepBbiM  yYypexaeHueM AN npoBefeHus Co-
BPEMEHHbIX aCTPOHOMUYECKUX UCCRELOBaHNI B
Kutae. B My3ee, pacnonoxeHHOM Ha TeppuTo-
pun obcepBaTopun, BbLICTABMEHbI CTapPUHHbLIE
KUTaMCKMe acTpoHOMUYECKMe npubopsl.

Pe3ynbTaThbl NnoneBbIX nccnegoBaHUn
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Puc. 18. HayuoHanbHbIl my3eli-eeonapk ®aHwaHb TaHWaHb
(9pomo u3 omkpbIMo20 UHMePHeM-UCMOYHUKaA)
Fig. 18. Fangshan Tangshan National Museum-Geopark
(photo from an open Internet source)

Puc. 19. 3kcnoHam o6cepeamopuu L3biy3uHbwaHb (homo aemopoe)
Fig. 19. Zijinshan Observatory (photo by authors)

Takxke npu obcepatopum Ha [lypnypHou
rope B 2015 1. 6bIn OTKPLIT My3ell METEOPUTOB.
OcHoBaHWe My3esi METEOPUTOB MpPeasIoKEHO
Cioem Benbsio, rnaBHbIM y4eHbiM 13 Jlabopato-
pun HEBGECHOM XMMWUM WU NfaHEeTapHOW HayKw.
OT0 nepBbIi My3en Takoro poaa B Kutae. B my-
3ee UMeKTCS TpW BbICTABOYHbLIX 3ana, B KOTO-
pbIX NpeacTaBneHbl hoTorpadum HebecHbIX Ten
U METEOPUTOB U MOSHblE U TOYHbIE AAHHbIE O
HUX. 30ecb xe Haxoaatca 6onee 30 yHuKanb-
HbIX MeTeopuTtoB M3 Kutas, LBeuun, ApreHtu-
Hbl, Adpuku, Poccumn n gpyrux ctpad. B mysee
TaKkKe NpeacTaBneHbl YKpaLleHWs, U3roToBreH-

Pe3ynbTaThbl NoneBbIX nccnefoBaHUM

Hbl€ C MCMNONb30BaHMEM BCTABOK U3 METEOPUTOB
(puc. 20).

MNonesble MapLIPyTbl 3aBEPLUNAIUCL MOCe-
LeHnem kutamckoro caga Cywkoy M BOAHOrO
ropofka “xoyuxyaH.

Cyuxoy (puc. 21) — cambin 6onbluon U ca-
Mbl 13BeCTHbIM cag Kutas, npuHagnexasLumn
ObIBLIEMY YMHOBHUKY 1 N03TY BaH CAHbY3HS U
PACKMHYBLUMICA NOYTU Ha S ra B OAHOMMEHHOM
ropoackom okpyre. OH BHeceH B CMMCOK Bce-
MUPHOro KynbTypHoro Hacnegus HKOHECKO.
Cap Cywxoy cywecTByeT CO BPeMeH AMHACTUM
HOaHb, 3aTo uenas dmnocodckas KoHuenuus,
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Puc. 20. 3kcnoHambl My3esi Memeopumoes (¢homo aemopos)
Fig. 20. Exhibits of the Meteorite Museum (photo by authors)

B KOTOPOW BCE NPOAYMaHO 40 Menoyen, OH Bbin
BOCMET MO3TaMn U XYAOXHWKaMW B CBOMX He-
TNEHHbIX NPOM3BeAeHUsX, NoCce MHOTOKpaTHbIX
nepectpoek B 1949 r. pasgpobneHHblie 4acTu
caga Obinu, HakoHel, oObeauHeHbl, 1 K 1952 T.
ero 06nuk 6bin BOCCTAHOBIEH.

UxoywkyaH — ApeBHUA TOPOAOK Ha BOJE,
Ha3BaHHbIN BocToyHOM BeHeumen u pacnono-
XeHHbI B ye3de KyHbluaHb ropoAckoro okpyra
Cyuwxoy. OH n3BecTEH CBOMM [APEBHWUM Kyflb-
TYPHbIM Hacneguem, XOpoLIO COXPaHUBLUMMUCS
CTapUHHBIMU XUMbIMXA  AOMaMU WU MECTHbIMM
Tpaguumsimu n obbldasimu. B ropoge npoxusaeTt
OKOIO ThiCAYM ceMeN, BONbLUNHCTBO AOMOB Obl-

N0 NOCTPOEHO BO BpeMs MpaBfeHusi QUHACTUIA
MuH 1 LnH. IMEHHO 3TK CTapuHHble 34aHus,
NPEeKpacHO COXpaHMBLUMECS A0 CEroaHsILLHEro
[HS, npuBnekatoT TypuctoB. B 1998 r. ropoa
BOLUEN B CMUCOK UCTOPMKO-KYNbTYPHOrO Hacne-
ansa KOHECKO.

Pe3ynbTathl uccnegoBaHun
B 3aBeplieHne akcneguumm 19 ceHTAOps
2019 r. ctygeHtTamu ObiNO NpeacTaBneHo Tpu
oTYeTa Ha aHrnuMnckom asbike. OHW nernu B oc-
HOBY [OKMafoB ANs KoHgepeHuun «rowm-
ckne 4yteHns-2019», a TaKkKe COOTBETCTBYHOLLMX
crarten.

Puc. 21. Cad Cy4xoy (dpomo aemopos)

Fig. 21. Suzhou Garden (photo by authors)
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3aknoueHue

akcneamums B r. HaHKMH — yHMKanbHas BO3-
MOXHOCTb Ha NpakThKe NO3HAKOMUTLCA C UCTO-
PUYECKUM HacneaMeM OfHOW W3 [ApeBHEeMWwmX
KynbTyp, C reofiormyeckon UCTopuen TeppuTo-
pUK, PacnonoXeHHON B pa3BUBAKOLLEMCS B TeEK-
TOHMYECKOM OTHOLLEHWUWN PETUOHE, C €€ reonoro-
CTPYKTYPHbIMI OCOBEHHOCTAMM, SHAOTEHHBIMU U
9K30reHHbIMU  Fe0sIorMYyeckuMmn  npoLieccamu.
HayyHoe MexgyHapogHoe COTpyAHWYEeCTBO,

| 2020;43(3):418-435

0COBEHHO BO BpeMsi MOUTUYECKU HecTabunb-
HOW CUTyauumn, KpanHe BaxHO. ABTOpPbI JaHHOM
cTaTb Kak CTYAEHTbl, 3aHMMaroLlmecs uccne-
[0BaTENbCKON AEATENBHOCTHIO B 06nacTu reo-
noruun, NO3HaKOMUNUCL ¢ 3apybexHbIMU Konse-
raMm u npuobpenu OnNbIT MexayHapoaHOro
NPogecCMoHanbHOro 0bLLeHUs, Nony4unu Bo3-
MOXHOCTb BECTW Hay4HbI Auanor, nosyyatb
KOHCYNbTaLUN MHOCTPAHHbLIX YYEHBIX.
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The correlation analysis between ant mounds
and plant resource in Olkhon region
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Abstract: Olkhon region in East Siberia has abundant and unique vegetation and animal resource for its peculiar geo-
graphic location, including ants. Ant, recognized as ecosystem engineers, has an important role in ecosystem. In order to
investigate the ecological role of mound-building ants in this region, we focused our attention on the correlation between
the distribution of ant mounds and plant species. Five quadrats (5 m x 5 m) were set up in this region, each of which was
then divided into twenty-five quadrats (1 m x 1 m). We collected the location of every Black Bog Ant (Formica candida)
mound, the number and biomass of various plants in every small quadrat. Using matrices, we tested the distribution pattern
of ant mound randomly. The correlation between plants and ant mound pattern was tested by correlation analysis and
regression analysis. The result showed that the spatial distribution of ant mound was random. We also found that Artemisia
frigida, Carexduriuscula and Oxytropis sylvesfris had a significant linear relationship with the spatial distribution of ant
mound (P < 0.05), suggesting that the spatial distribution of ant mound was dependent on the spatial distribution of some
plants. The underlying mechanism was further studied. We attributed this correlation to the feeding habits and foraging
strategies of Black Bog Ant and tissue structure of these three plants. Our study figured out the interaction between Black
Bog Ant and plant resource in Olkhon region, laying down the foundation for future study on the co-evolution of plant and
animal resource in this unique ecosystem.

Keywords: ant mounds, spatial distribution pattern, plant biodiversity, correlation analysis, Olkhon region
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KoppenauMoHHbIn aHanu3 Mexay pasmMelleHneM MypaBeMHUKOB
U pacTuTenbHbIMU pecypcamu B ONIbXOHCKOM peruoHe

© Cron Ban?, LuHcu Xy®, BanuxaH KyHS, YanbaH Yxan?, Lanb Li3a®, KDaHb YaH', Bai [aH9,

A.B. Nnwtea", B.I". LUuneHkoB', YxyHuto N, CUH3IOHL TAHBLY
a-gikHankuHcKul yHUsepcumem, e. HaHkuH, Kumali
hiipkymckuli eocyOapecmeeHHbiIll yHUsepcumem, . Mipkymcek, Poccust

Pe3tome: OnbXOHCKWIA PErMOH Kak yacTb BoctouHon Cubupu obnagaet 6oraTblMu M yHUKamNbHbIMW PacTUTENbHBIMU
W XMBOTHBIMU pecypcammn Gnarogapsi cneuududeckomy reorpacmyeckoMy nonoxexuo. MypaBsbu, B CBOKW 04epeb,
SIBNAIOTCS BaXHOW COCTABHOW YaCTb 3KOCUCTEMbI M UTPatoT B HEM BaXKHYHO porib. B Liensx nccnegoBaHus aKONOrMyYecko
pOnu MypaBbeB-CTPOMTENEI B 3TOM PEMOHE aBTOPbI JaHHOI CTaTbu 0OpaTUY BHAMAHWE Ha KOPPENSALMIO MEXay pac-
MONOXEHWEM MYpPaBEWHUKOB 1 BAAMM pacTeHwii. B paiioHe nccnegoBauuin 6einmn BeibpaHbl NsSTe NPODOHbLIX nnowaaen
(5 m x 5 m), kaxxgast U3 KoTopbIx 3aTeM Obina pasgeneHa Ha ABaguate NsTb kBagpaTos (1 M x 1 m). OTMevanocb mecTo-
HaxoXaeHne Kaxagoro MypaseliHuka, CoopykeHHoro Formica candida, konmyecTso, BUOOBOW cOCTaB M Guomacca pasnuy-
HbIX pacTeHW’ B Kaxgom manom ksagpate. C Mcnonb3oBaHMeM MaTpuL, criyvaiiHbiM 06pa3om TecTupoBanach KapTuHa
pacnpefeneHus MypasenHukoB. Koppenauuio Mexagy pacTeHnsMy 1 pacnofioXXeHNeM Hachkinel MypaBbeB NMPOBEPSM C
MOMOLLIbIO KOPPENsSLMOHHOMO M PErpeCCMOHHOTO aHanusa. PesynbTart nokasan, YTo MpoCTPaHCTBEHHOE pacrnpeneneHue
MypaBeWHUKOB OKa3anoch cnyyanHbiM. Takke Obino obHapyxeHo, YTo pacteHus Artemisia frigida, Carex duriuscula un
Oxytropis sylvestris ©menu 3Ha4yUTENbHYIO JIMHENHYIO CBS3b C MPOCTPAHCTBEHHBIM pacnpefeneHneM MypaBeiHUKOB
(P < 0,05), npeagnonaraeTcs, YTO NMPOCTPAHCTBEHHOE pacnpefeneHne MypaBelHWKOB 3aBMCUT OT MPOCTPAHCTBEHHOTO
pacnpefeneHnss HeKOTOpbIX pacTeHWid. ABTOPbI CBA3aNMW 3Ty KOPPENsAUMIO C MPUBLIYKAMU NUTAHUS U CTpaTernsimm
CTapeHust YepHoro 6OMOTHOrO MypaBbs, @ TakKe CO CTPYKTYPOW TKaHeW ykasaHHbIX TPEX BUOOB pacTeHuid. [poBeaeHHoe
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nccnegoBaHne BbISIBANO B3aMMOAEeCTBre Mexay MypaBbeM N HEKOTOPbIMU BUOAAMU paCTeHVIVI B OnbXOHCKOM pernoHe u
MOXeT SBNSATbCA OCHOBOW A1S 6y,EI,yLIJ,I/IX MCCneaoBaHnin COBMECTHON 3BOMIOLNM pacTuTenbHbIX N XNBOTHbLIX peCypCoB B

3TON YHMKASIbHON 3KOCUCTEME.

Knroyeenie cnosa: MypaBelHUKW, NPOCTPAHCTBEHHOE pacnpocTpaHeHue, bruopasHoobpasne pacTeHU, KOPPEnsaLMOH-

HbI aHanwu3, MNpuonbxoHbe

Ungpopmayusi o cmamee: noctynuna B pegakumio 25 nions 2020 r.; noctynuna nocrne peueH3MpoBaHns u opaboTku

30 wions 2020 r.; npuHsaTa K nybnukaumm 21 asrycta 2020 r.

Ans yumupoearusi: Ban Cion, Xy LiuHem, KyH BaiuwkaH, YxaH YsHbsH, Li3s LWaHb, YaH FOaHb [ ap]. KoppensunoHHbIi
aHanu3 Mexay pasmelleHMemM MypaBerHUKOB M pacTuTenbHbIMKU pecypcamu B ONbXOHCKOM pervoHe. Hayku o 3emne
u Hedpononb3osarue. 2020. T. 43. Ne 3. C. 436-446. https://doi.org/10.21285/2686-9993-2020-43-3-436-446

Introduction

Olkhon region, located on the western shore
of Lake Baikal in East Siberia, has a combined
climate pattern of continental climate and mari-
time climate due to the huge water body of Lake
Baikal. Its unique climate pattern and topography
nurture rich biological resources, including some
endemic species. A total of 118 families and 494
genera of vascular plants have been recorded in
this area. Among them, Asteraceae, Poaceae,
and Cyperaceae are the main families, and they
account for 51 % of genera and 59 % of species.
Animal resources are also abundant, with more
than 1,600 aquatic animal species.

Among commonly spotted animals, ant, the
highly socialized hymenopteran, is recognized as
one of the most important arthropods in the soil
who plays a vital role in ecosystem. The foraging
behavior of ants plays an important role in the
food web and energy cycle. It changes the flow of
matter and energy - organic matter is buried
deeper, small particles are brought to the surface,
soil porosity is increased, moisture is dispersed
and gas is released [1, 2]. The ant mounds sur-
face is also rich in C, N and other elements [3].
These physical and chemical changes will affect
the soil microenvironment and nutrient cycling,
and then affect the structure of plant resources.
Studies have proven that ants have formed a
symbiotic relationship with many plants in a long-
term evolution process [4]. For example, ants can
help spread plant seeds and to some extent af-
fect the community structure of some temperate
forests [4]. On the other hand, plants provide food
and habitat for ants. The reciprocal relationship
between the ants and plants not only facilitates
the restoration of natural communities, but also
promotes their evolution. For these reasons, in-
ternational studies have used ants as a biological
indicator to detect environmental and biodiversity
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changes [5, 6]. However, the current research on
ants mainly focuses on taxonomy, fauna and bi-
odiversity [7]. Studies on other aspects, espe-
cially the correlation between their mound-build-
ing activities and plants are still very few.

Meanwhile, the spatial distribution pattern of
insect populations is an important property of the
population [8]. The spatial pattern of the popula-
tion shows the distribution of individual in the hor-
izontal space, which is the combinational result of
the population characteristics, interspecies rela-
tionships, and environmental conditions [9]. It
also reflects the population dynamics and com-
munity succession trend [10]. Therefore, the spa-
tial distribution pattern of ant mounds is a good
indicator of ant mound-building activity.

In this study, we investigated the spatial dis-
tribution pattern of Black Bog Ant (Formica can-
dida), the dominant ant species in Olkhon region,
and the distribution structure of plant resources.
We set up a correlation model for the distribution
of Black Bog Ant mounds and plants to explore
their interaction.

Material and methods

The investigation was conducted on five
5mx5m grassland at Chernorud Camp,
Olkhon. Each quadrat was dividedinto1 m x 1 m
quadrats. Location of ant mounds, along with the
quantities and biomass of plant species were rec-
orded. Biomass was calculated based on the av-
erage weight of 3 individuals after air drying.

We used the K function with the spatstat lan-
guage pack of the statistic software R (3.5.2) to
study the spatial distribution of the ant mounds
[11, 12]. K function was put forward by Ripley
[13]:
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A represents the area of the quadrat, n repre-
sents the number of the ant mound in the quad-
rat, uj represents the distance between the ant
mound i and j, and wj represents weighting,
which is used to eliminate the Edge Effect. No-
ticeably, when uj <r, I(uj) = 1, and when u; >,
Ir(uij) = O.

We used Monte Carlo method with R (3.5.2)
to generate the upper and lower envelop curve at
random [14]. The number of the data point was
the same with the observation point. If K(r) falls
between two envelop curves, the ant mound re-
signs to random distribution. If it is over the upper
envelop curve, the ant mound resigns to clumped
distribution. If it falls below the lower envelop
curve, the ant mound resigns to uniform distribu-
tion [15].

Correlation analysis uses the Nonparametric
tests to test significant difference between distri-
butions of two population. In this experiment, the
analysis was done by applying Spearman Analy-
sis whose function is shown below [16].

_ Tie (=D yi=y)
[0 I iy

Lm function with R 3.5.2 was applied for the
multiple regression analysis. Full regression
model of the total biomass of all collected plants
against the number of the ant mound in quadrats
was established. The variance inflation factor
(VIF) was used to determine collinearity. We de-
fined multicollinearity when VIF > 5. Stepwise re-
gression was done by applying Step function for
preliminary screening for variables and modeling
with those candidates according to Akaike infor-
mation criterion (AIC). Afterwards multiple re-
gression model of the total biomass of the col-
lected plants and the ant mound was established
by the total biomass of each plant species. This
model identified the plant species that have
greater effect on the ant mound distribution in
the overall environment and their corresponding
effect.

Results
Figure 1 presents 188 F.candida mounds, in-
cluding 20 from quadrat a, 17 from quadrat b, 40
from quadrat ¢, 35 from quadrat d and 76 from
quadrat e.
According to the result of the K Function
(Fig. 2), Kobs values (the actual value of K(r))

Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

of quadrat 1-3, 5 lie inside the envelope, so the
ant mounds in these four quadrats are randomly
distributed on the scale of 0-1.2 m. The result of
quadrat 4 displays a different result. Ant mounds
are clustered on the scale of 0-1 m, but resign to
random distribution on a broader scale.

We identified 25 plant species at Chernorud
Camp and yielded the biomass of each plants.
Based on the biomass, we conducted correlation
analysis by Spearman (Table 1). The results
show that the biomass of Artemisia frigida (os =
0.442, P =0.038), Carex duriuscula (p10=-0.367,
P =0.029) and Oxytropis sylvestris (p19 = -0.287,
P = 0.031) have significant correlation with the
distribution of ant mounds. The biomass of Arte-
misia frigida is positively correlated with ant
mounds, while the biomass of the other two
plants, Carex duriuscula and Oxytropis sylvestris
has negative correlation individually. The result
suggests extensive interaction between these
three plants and ant mounds.

Shannon-Wiener biodiversity index and
Simpson biodiversity index were selected as indi-
cators of plant biodiversity to correlate with ant
mounds on different scales. On the small scale
(1 m x 1 m), the correlation coefficient of Shan-
non-Wiener biodiversity index (ps-w) is 0.157 (P =
0.08) and that of Simpson biodiversity index
(osimpson) is 0.165 (P = 0.067). Although the P val-
ues are all greater than 0.05, we still suppose that
the spatial distribution of ant mounds and plant
biodiversity tend to have a positive correlation.

When the scale comes to 5m x 5m, the P
values are greater than 0.1 (Table. 2), suggesting
that the spatial distribution of ant mounds has no
correlation with plant biodiversity.

To exclude the influence of the possible cor-
relations between variables, we further con-
ducted the multiple regression analysis. We iden-
tified plant species that have multicollinearity, and
chose the smallest model which contained the bi-
omass of 8 plant species as independent varia-
bles by the stepwise regression (Table. 3). The
output of the model after stepwise regression
show that the distribution of ant mounds is posi-
tively correlated with the biomass of O.spinosa,
C.daurica, A.commutata and A.frigida, while
Is negatively correlated with the biomass of
P.ambigua, C.squarrosa, O.sylvestris and C.dur-
iuscula.
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Comparing the standard coefficients with Y =1.829+0.019X 0.spinosat0.179X
each plants, A.frigida (P = 0.031), O.sylvestris c.daurica-0.063X p.ambigua-0.703X
(P = 0018) and C.duriuscula (P = 0001) have C_squarrosa+0.047x A_commutata+o.060x
significant influence on the distribution of ant Adfrigida0.062X 0 sywvestris-0.063X ¢ duriuscula
mounds. The result is consistent with that ob-
tained from the correlation analysis. Discussion

The output of the model can be concluded as In this study, by collecting the relevant data
following: of plants and ant mound in Olkhon, we tried to

PesynbTaThbl NONeBbIX UCCNEA0BaHMiA |
Results of Field Studies |

439



2020;43(3):436-446 |

1 | —1
= 2
e 3
= 4 o
T I o
=
= --‘_""""'_'_/-F 2
00 02 04 06 08 10 12
Scale, m
f
ey |— 1
[ 2
=+ 3 : 7
= 3 7
e o s
= ‘_‘__-_/"f_ﬂ
_'_/_'_H_’_,_.-o-.u-"'
o o e ; . : Il
D0 02 04 D6 08 LD 12
Scale, m
wd | — 1 |
5 ;
e 4 =
< f,,/./
(]
o
— __F,z”j ]

= e g
2

0.0 0.2 0.4 0.0 0.8 1.0 1
Scale, m

| Hayku o 3emne u Hegpononb3oBaHue / ISSN 2686-9993 (print), 2686-7931 (online) \)
Earth sciences and subsoil use / ISSN 2686-9993 (print), 2686-7931 (online)

E = S
s

1R1] 0.2 04 (0.6 .5 1.0 l

Scale, m
o
eq [—1 o
v 2 /f'_/
3 g
=7 |4 A
L i e
.a—/ i
=] —ia
-
_ -
- — d
0.0 0.2 0.4 0.6 L] 1.0 1.2
Scale, m

Fig. 2. Test result of the K Function on the basis of the ant mound coordinates:
1-K,,s(r), the observation value; 2 — K, ., (1), the theoretical value;
3 - K,;(r), the upper envelope; 4 - K,, (r), the lower envelope
Puc. 2. Pe3aynbmam npoeepku no hyHkuuu K Ha 0CHO8e pacnosioKeHust
MypaeeliHUKO8 Ha nsimu nPo6HbIX MOYKax:
1-K,,(r), 8 pesynbmame HabnodeHuss; 2 — K, (1), mMeopemuyeckoe 3Ha4yeHue;
3 — Ky,; (1), eepxHsis kpusasi; 4 — Ky, (r), HUXHSS Kpugasi

establish the correlation model of plant quantity
and biomass and ant mound distribution. The re-
sults showed that on the scale of 5 m x 5 m, the
mound distributions of the bright black ant in
quadrat 1-3 and 5 were random, and that in
quadrat 4 was clustered. Generally speaking, the
spatial distribution pattern of ant mound will
change with a series of ecological factors includ-
ing vegetation and soil conditions. When the sur-
face environment and soil environment are more
conducive to the nest settlement of ants, the ag-
gregation degree of ant mound will increase, and
more tend to cluster distribution [7]. However, the
point pattern analysis method we chose ignored
the environmental heterogeneity, so the cluster
distribution of ant nest in quadrat 4 was probably
due to its favorable geographical location for the
settlement of bright black ants.

Ants, as the most widely distributed species
and quantitative social insects on the earth, are
socially ordered and efficient in foraging. To ac-
quire the efficiency, ants adjust their foraging
strategies and nesting positions to the resource
distribution. Supposing the distribution of plants
is greatly affected by environmental factors such
as water and soil, the distribution of ant mounds
in turn may be more affected by food resources.
Thus, we hypothesized that the distribution of ant
mounds is related to the distribution of plants spe-
cies. In this survey, we found that plant biodiver-
sity or most of the plant species had little impact
on ant mound, with an almost no significant rela-
tionship. However, the total biomass of Artemisia
frigida, Carex duriuscula and Oxytropis sylvestris
had a more significant correlation with the num-
bers of nearby ant mounds.
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Table 1. Correlation analysis of plant biomass and the distribution of ant mounds

Tabnuua 1. KoppenAumMoHHbI aHanu3 mexay uomaccomn pacteHum
U pacnpegeneHuem MypaBeiHUKOB

2020;43(3):436-446

Plant N Plant biomass in each quadrat, g Correlation
D Scientific name coefficient p P value
1 2 3 4 5
1 Agropyron cristatum 79.2 2.4 9.6 36 228.6 0.206 0.304
2 Allium ramosum 0 0 0 0 37.1 0.384 0.86
3 Allium schoenoprasum 0 0 0.9 0 0 -0.014 0.92
4 Allium tenuissimum 0 0 0 1.1 0 0.008 0.785
5 Artemisia commutata 149.6 58.3 138.6 80.3 0 -0.072 0.066
6 Artemisia frigida 0 0 0 0 433.6 0.442 0.038
7 Aster alpinus 67.5 1925 220 2475 0 -0.123 0.967
8 Bupleurum scorzonerifolium 121.8 151.2 56.7 178.5 3.2 -0.206 0.585
9 Caragana pygmaea 0 0 0 0 17.4 0.256 0.377
10 Carexduriuscula 269.5 21.7 60.9 128.8 0 -0.367 0.029
11 Carum carvi 15 9 22.5 15 0 0.025 0.669
12 Cleistogenes squarrosa 0 0 0 0 15 0.243 0.162
13 Cymbaria daurica 0 0 0 0 69.6 0.382 0.108
14 Eremogone meyeri 379.5 21 432 175.5 152 0.074 0.902
15 Filifolium sibiricum 46.5 1.1 15 3 0 -0.248 0.733
16 Iris ruthenica 2.4 0.6 1.8 3.6 0 -0.085 0.733
17 Koeleria macrantha 0 0 0 0 10 0.402 0.731
18 Orostachys spinosa 208.8 72 180 122.4 2.8 -0.003 0.256
19 Oxytropis sylvestris 190.9 243.8 197.8 46 0 -0.287 0.031
20 Potentilla bifurca 0 0 0 0 31.5 0.265 0.94
21 Potentilla tanacetifolia 2.2 2 0 1.1 0 -0.08 0.846
22 Ptilotrichum sibiricum 11.9 0.3 0.1 6.4 5.8 0.146 0.543
23 Pulsatilla ambigua 130.5 109.5 124.5 85.5 0 -0.281 0.219
24 Sanguisorba officinalis 70.3 3.7 85.1 0 0 -0.075 0.448
25 Thymus serpillum 33 78.1 85.8 23.1 0 -0.146 0.583

Table 2. Correlation analysis between plant biodiversity index and ant mounds on scale of 5mx 5m
Tabnuua 2. KoppensiuMoHHbLIN aHann3 mexay MHAEKCOM 6uopasHoo6pasunsa pacTeHum
1 MypaBelHUKaMu B Maclutabe 5 M x 5 m

Plant biodiversity Quadrat number Corre_la_uon P value
1 5 3 7 5 coefficient
Shannon-Wiener 2.162 2.207 2.174 2.271 1.973 -0.8 0.107
Simpson 0.841 0.87 0.847 0.871 0.825 -0.68 0.21
Table 3. Coefficients of regression model (R?=0.358)
Ta6bnuua 3. KoadppmumeHTbl perpeccuoHHoit mogenu (R?= 0,358)
Modeling Regrggsion Staf‘d‘?‘rd Stan.dgrd T value P value
coefficients deviation coefficient
Constant 1.829 0.306 — 5.984 0
O.spinosa 0.019 0.013 0.114 1.481 0.141
C.daurica 0.179 0.115 0.219 1.563 0.121
P.ambigua -0.063 0.039 -0.125 -1.605 0.111
C.squarrosa -0.703 0.386 -0.154 -1.822 0.071
A.commutata 0.047 0.025 0.174 1.906 0.059
A.frigida 0.06 0.027 0.392 2.179 0.031
0.sylvestris -0.062 0.026 -0.238 -2.396 0.018
C.duriuscula -0.063 0.018 -0.297 -3.403 0.001
Pe3ynbTaThbl NoNeBbIX UCCRefoBaHUmI I 441
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Among them, the biomass of Artemisia frigida
was positively related to the number of ant
mounds. We suggested three possible reasons.
First, the special properties of Artemisia frigida
make it more attractive to more insects [17],
providing sufficient food source for the bright
black ant. Second, the root structure of Artemisia
frigida stabilizes the rhizosphere soil ecosystem
[18] which may be suitable for ants’ living. Third,
there may be a mutually beneficial relationship
between Artemisia frigida and the bright black
ant. The seed surface of some plants is covered
with a nutritional part that attracts ants — oleo-
some [4]. Artemisia frigida may also provide nu-
trition for ants through other specific structures.
Ants will in return protect the plants in the way of
preventing or reducing from feeding and destruc-
tion of plants by other herbivores except honey-
dew insects. Such properties of Artemisia frigida
may explain for the fact that the number of ant
mounds was positively correlated with the total bi-
omass of Artemisia frigida [19].

In addition, the individual total biomass of
Carex duriuscula and Oxytropis sylvestris was
negatively related to the number of ant mounds
nearby. This phenomenon could be explained by
the unfavorable properties of these two plants in
forming a reciprocal symbiosis relationship with
the bright black ant. According to the existing re-
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search, the bright black ant has reached nutri-
tional symbiosis with Homoptera. The ants collect
nectar from Homoptera, which is the nutrients ex-
creted by Homoptera [20]. However, the covering
villi of Oxytropis sylvestris which help resist in-
sects and low temperature can reduce palatabil-
ity [21]. Meanwhile Oxytropis sylvestris contains
a variety of toxic alkaloids [22], making it not at-
tractive to Homoptera insects. Therefore, this
could be the reason for the finding that the nest
distribution of bright black ants was individually
negatively related to these two plants.

Conclusion

There is little research on the relationship be-
tween the spatial pattern of ant mound and
plants. Thus, our research provides a different re-
search idea for the interaction of animals and
plants. Future research can increase the amount
or coverage of quadrats or cover more plant spe-
cies. Considering scale effect[23], it is necessary
to investigate the spatial pattern distribution of ant
nest on different scales, given this study is only
based on the scale of 5 m x 5 m. Given that more
information is obtained and considered, we could
make one step further to build a bond between
biological resources and tectonic motion, thus in-
vestigating how the unique ecosystem Baikal
Lake evolved.
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YBaxaemble aBTOpbI!

TpeboBaHus K 0HOPMINEHNIO HAYYHbIX CTaTEN, U3NOXEHHbIE HIKE, pa3paboTaHbl peaakumen xyp-
Hana gns Toro, YTobbl NoMoyb Bam npegoctaBuTb Bce HeObXoauMble Ans nyGnukauum ceeaeHuns
n3bexatb Hanbonee pacnpoCTpaHeHHbIX OLUNOOK.

1. HayuHbI )ypHan «Hayku o 3emne 1 Hegpononb3oBaHWey» NpUHUMaET K Nybrukaumum HayyHble
maTepuansl B BUAe cTaTen no crneayowmum TeMaTukam:

— reonorn4yeckoe CTpoeHNe MECTOPOXAEHMWIA NONE3HbIX MCKONAeMbIX;

— TEKTOHUKA MECTOPOXAEHW, pyOHbIX Y3N0B, paioHOB;

— MUHEPanorus 1 reOXMmmst MECTOPOXAEHUI NOME3HbIX MCKONAeMbIX;

— reHeTnyeckne nNpobnembl HOPMUPOBAHUS MECTOPOXAEHWIA MONE3HBIX UCKOMAeMbIX U APYruX
reonornyeckmx 06 bLEKTOB;

— MUHepareHus (MeTannoreHuns): pyaHole 30Hbl, PaloHbl, Nosica, MeTannoreHn4eckune KapTol;

— MeToabl 1 METOAMKMN NMOUCKOB U Pa3BeaKkn MECTOPOXOEHMWIA NOSE3HbIX UCKOMAEMBIX;

— 3KOHOMMYecKas OLleHKa MEeCTOPOXOEHWUA MOSIe3HbIX MCKOMaeMblX, NpaBOBble OCHOBbI HEApPO-
MoNb30BaHus;

— (OU3MKO-TeonorMyeckne MoOAENN MECTOPOXOEHNI NOME3HBIX UCKOMAEMBIX;

— reOMHOPMaLMOHHbIE TEXHOMOMMM B Haykax 0 3emne;

— TEXHOMNOrNsA U TEXHUKA ropHO-BypoBbIX paboT;

— TEXHOMNOINA 1 TEXHWUKA pa3paboTKM MECTOPOXKAEHMIA NONE3HbLIX UCKONAEMbIX;

— TexHonorus oboraweHuns n nepepaboTkn MUHEPANbHOTO Chipbs;

— reMMOJIOrnst 1 TEXHONOTUS XyA0XEeCTBEHHON 06paboTKM MUHEPANOB M FOPHbIX NOPOA;

— rMApPOreosniorms U HXeHepHas reonorus;

— 6€30nNacHOCTb XN3HEAEATENBHOCTU B FOPHO-TEONOrMYECKON OTpacnu;

— reoaKosorms.

2. MNpuopuTeTHbIMK ANa nybnukaumnm aBNSOTCS CTaTbi B 0611acTU MEXOUCUUNIIMHAPHBIX U MyIb-
TUANCUMNIMHAPHBIX UCCed0BaHUIA, a Takke pesdynbTaTtel paboT ¢ UCNONb30BaHWEM LUGPOBLIX TEX-
HOMOMUN.

3. CTaTbM NpUHMMAIOTCS Ha PYCCKOM, @HIMIMNCKOM, KUTACKOM M MOHTIOSTbCKOM $3blKax OT aBTOPOB,
paboTatoLmMX B POCCUICKMX 1 MHOCTPAHHLIX By3aX, akageMUYeCcKUX 1 OTPacneBbIX HAay4YHO-UCCneno-
BaTENbCKMX MHCTUTYTAX, a@ TakKe NPOU3BOACTBEHHbLIX FOPHO-TEONOMMYECKUX OpraHn3aLusXx.

4. CTaTbsi CONPOBOXAAETCA:

— 3MEKTPOHHBLIMU BEPCUSIMU BCEX JOKYMEHTOB (CKaH), B TOM Yucne:

aBTOPCKOro 3asiBNEHMs, 3anofHEHHOrO 1 NOANNCAHHOTO BCEMI COABTOPaMK CTaTbU;

aBTOPCKOro 40roBopa;

aKTa 3KCMNepPTHOro 3aKMOYEeHUs1 0 BO3MOXHOCTU OTKPLITOW NyOMKaumm matepuanos;

cBefeHunii 060 BCEX aBTOPaXx Ha PYCCKOM W aHINUNCKOM SA3blkax C yKa3aHWeM Ha3BaHus By3a, op-
raHusauuy, yupexaeHus, 4OMKHOCTU U CTPYKTYPHOro nogapasfeneHunsl, Hanmuyms y4eHON CTEeneHu,
Y4€HOro 3BaHus, NOYTOBOrO M 3MEKTPOHHOrO aApecoB Kax4oro aBTopa craTby;

— LUBETHLIMW MOPTPETHLIMU (hoTOrpadmsiMin aBTOPOB Ha CBETIIOM OHE (Ae0BOW CTUIb) B XOPO-
wem kavectse B gpopmate *.JPEG;

— M0 XenaHuo aBTopa B CTaTbe MOryT ObiTb YKa3aHbl ero Npogunu B CUCTEMAX LUTUPOBAHUS U
npyrve ceegenus (npodunu B PUHL, ORCID, Scopus, B Apyrix cuctemMax LUTUPOBaHWS, MOXHO
NpeaoCcTaBUTb CCbINKY Ha NNYHYI0 CTpaHULy B IHTEpHeTe, BKMoYas CTpaHuLbl B COLMAnbHbBIX CETSX).

Obpauwaem Bawe sHUMaHuUe, 4mo 8cs nepeyucieHHas ebile UHgopmayus nybaukyemcs 8 xyp-
Harne 8 omkpbimom docmyre!

5. CTaTbM NPMHMMAIOTCA OTBETCTBEHHBLIM CEKpeTapeM B aNeKTPOHHOM Buae B hopmaTte Microsoft
Word ans Windows no anektpoHHon noute nzn@istu.edu. Wpudpt — Times New Roman, pa3mep
wpugta — 12 (cTpoku Yepes 1 uHTepBsan), nepeHoc CnoB — aBToOMaTUYeCckMi. lNapameTpbl CTpaHULbI:
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OTCTYNbI CBEPXY W CHKU3Y — 2,5 CM, creBa 1 cnpasa — 2 cM, ab3auHbii otcTyn — 0,6 CM, OpMeHTauUmMs
CTPaHULbl — KHUXHAS.

6. Obbem TekcTa — ot 10000 3HakoB, BKMYas Npobenbl, UNNCTPALMNOHHbLIA MaTepuan — oo 6
PUCYHKOB.

7. CTatby [OMKHbI OblTb CTPYKTYPUPOBaHbI M BbINOMHEHLI MO MEXAYHapOAHOMY CTaHOapTy
IMRAD. Crtpyktypa crateu: uHgekc Y[K, Ha3BaHvwe cTtaTbu, hamunus, ums, OTYECTBO aBTOPOB,
Ha3BaHWe yypexaeHus, rae BoinonHeHa paboTa, aHHOTaUMS U KIOYEBbIE CII0Ba Ha S3blke OpuriHana
(pyccKOM / KUTANCKOM / MOHIONBbCKOM) W aHTIIMACKOM A3blKax, BBeAEeHMe, Lenb UCCnefoBaHus, maTe-
puan n MeTofbl UCCneoBaHus, pesdynbTaTthl UCCNeoBaHNUSA U UX 06CyXOeHWe, BbIBOAL! UNK 3aKnio-
yeHwue, bubnuorpadmyeckunii cnucok u references, KpUTEPUM aBTOPCTBA, KOH(NUKT MHTEPECOB U CBE-
[eHns 06 aBTopax (BCS MHGOpMaLWs nNpefocTaBnseTcs OgHUM (hainoM, Ha3BaHHbIM CreayoLUM
obpasom: @amunus nepeoeo asmopa — llepebie mpu-4embipe crio8a HazgaHus.doc).

8. PexomeHgyemasn anuHa Ha3aHus ctaten — o 100 3HakoB ¢ npobenamu. HaseaHue ctatbu
LOMMKHO ObITb NMULIEHO COoKpalleHun, abbpeBmaTyp, onuchbiBaTb CoAepXaHue CTaTby TOYHO U KOH-
KPETHO, NPU 3TOM OHO [OMKHO BblTb 4OCTAaTOMHO ANMHHBIM, YTOOLI OQHO3HAYHO BbIPA3nTb FNaBHYHO
Uaer cTaTbh, U KOPOTKUM HACTOMBKO, YTOOLI HWM O4HO COBO Hesnb3s ObINo BeIbpocuTs 6e3 notepu
cMbIcna.

9. AHHOTaLMS OOMKHA OTpaxaTb OCHOBHYK MAet CTaTbW, NOCKOMbKY AN 60MbLUMHCTBA YuTaTte-
nen oHa SBNSETCS MaBHbIM UCTOYHUKOM MHPOPMaLMK O NpeacTaBneHHoM uccnegosaHun. O6bem
aHHoTauuu — 1500-2000 3HakoB, NpuMepHas CTPyKTypa: Lenb, MeToabl, npeameT, OObekT 1 pesynb-
TaTbl UCCNEfoBaHuUs, BbIBOAbI. He cneayeT ccbinatbes Ha Tabnuupbl 1 / N pUCYHKK, NpUBEAEHHbIE B
OCHOBHOM B TEKCTE CTaTbl, a TakKe UCNONb30BaHHYIO NUTepaTypy, MOCKOMNbKY aHHOTaLumM Takxke ny6-
NUKYIOTCS OTAENBHO OT cTaTbu. He ucnonb3yite B aHHOTaLMM CoKpalleHns, abbpesuaTtypbl, a Takxe
bopmyrnibl, Tak Kak aHHOTauMK B 6onbLIMHCTBE 6a3 faHHbIX, HaunHaa ¢ PUHLL, nybnukyrotes B dop-
mare, UCKNYatoLLem otobpaxeHue hopmyi.

KntoyeBble crnoBa AOMKHbI OTpaxaTb CyTb MUCCegoBaHus, cnocobctBoBath paboTe NMOUCKOBbLIX
cuUCTEM, NO KONMYecTByY He npeBblwaTb 10 eanHUL, CnoBocoYeTaHus — He 6onee 3 eamHuL,

10. ®opmynbl B TEKCTE AOSMKHbI ObITb HabpaHbl B cneunansHOM pegaktope opmyn. Bee akennu-
Kauum anemeHToB opMys Heo6X0AMMO Takxke BbINMOMHATL B peaaktope hopmyr.

11. Tabnuupbl AOMKHBLI coaepxaTb TONMbKO HeobxoauMMble AaHHblE M NpeacTaBnsATb cobon 0606-
LLieHHbIe 1 CTaTUCTUYEeCKM 0bpaboTaHHble MaTepmarnsl C ykazaHneM 0603HaYeHns nepeMeHHbIX. Kax-
fas Tabnuua cHabxaetcs 3aronioskom. dopmat Tabnuy — KHWKHBLIA, HanpaeneHue WwpudTa — no ro-
PU3OHTanNM.

12. I'padhmueckne matepuarssl K ctatbe (PUCYHKM U hoTorpadmmn) NpeacTaBnsaoTCca B MUHUMASb-
HOM KonmyecTBe (He bonee 6 eanHML) M 4OMKHbI ObITb BbINOHEHLI B COOTBETCTBUM C TPEOOBAHMSAMM
K reonormyeckon rpacuke. BeibmpaeTtcs maclutab, npurogHeli 4N TMPaXWPOBaHUS, a pa3Mep — He
bonee 170%245 mM. [padmyeckne matepuasnsl OMKHbI AONYCKaTb NepemeLleHne B TeKCTe U BO3-
MOXHOCTb M3MEHEHUS pa3MepoB. Kax bl pucyHOK CONMPOBOXAAETCA HAAMUCAMU B coepaTenbHOou
4acTu U NOAPUCYHOYHOW MOAMNUCHIO, B KOTOPOW NpeacTaBnseTcs 00bACHEHNE BCEX Er0 3NIEMEHTOB.
Ha3BaHusa pUCYHKOB 1 NOAPUCYHOUHBIE MOANMUCY AOMKHBI ObITb MAKCUMasbHO KpaTkue, OCHOBHAs MH-
hopmaums NpeaocTaBnseTcs B TEKCTE.

13. Ccbinkn Ha nuTepaTypHble NCTOYHUKM NPUBOASATCA B KBaApaTHbIX Ckobkax B nopsigke Bo3pac-
TaHus. bubnuorpaduyeckuit cncok opMupyeTcs No Mepe YNOMUHAHKS UCTOYHMKOB B TekcTe. Pe-
KOMeHAyeMoe KONMYEeCTBO MCTOYHMKOB B Brubnunorpaduyeckom cnmcke — He MeHee 20, 13 HUX He Me-
Hee 5 CCbINIOK Ha CTaTby U3 MHOCTPAHHbIX XXypHanoB. [pyn 3ToM camouUTUPOBaHUE aBTOpa He OOMKHO
npesbiwath 25 % ot 0bLero KonnyectTsa CTOYHMKOB 1 MNOMHOCTLIO UCKIOYAETCS CaMOLUTUPOBaHWE
XypHana. He gonyckaroTcs CCbINKM Ha 3aKOHbI, roCy4apCTBEHHbIE CTaHAapThl, MOMOXEHUs, Auccep-
Taumu 1 aBTopedepartsl, y4ebHUKN 1 y4ebHble Nocobus, CNpaBOYHMKM, COBAPK M 3HLMKIIONEANUM, a
Takke reonornyeckue kapTbl. [Mpn HeobxoanMocTH obpalleHnst K 3TUM UCTOYHMKAM CCbISIKY Ha HUX
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crnegyet pasMellaTb B NOACTPOYHOM CHOCKe. PefakumoHHas Konnerns pekomeHayeT B crvcke nute-
paTypbl CChINATLCS Ha CTaTby U3 XYPHANOB, BXOASALLMX B MeXayHapoaHble 6a3bl AaHHbIX No rinobans-
HbIM MHAEeKcaM umTupoBaHus (Scopus, Web of Science un gpyrue).

14. Cnucok nuTepatypbl COCTaBnseTca B ABYX BapuaHTax. B Gubnuorpaduyeckom onvcaHum cta-
Tb¥ HEOOXOAUMO YKa3blBaTb BCeX aBTOPOB. [epBbin BapuaHT (6ubnuorpaduyeckuii cnmcok) obopm-
nseTcsa Ha Asblke uctovHuka B cootsetcteumn ¢ FOCT P 7.0.5 2008. BTtopown BapuaHT (references)
ohopMnISeTCs B BUAE TpaHCnuUTepauum pycckoro TeKCTa B NaTUHULY C NepeBOAOM Ha aHITUACKUN
A3bIK U CRYXUT ANS OTCNEXMBAHWUS LMTUPYEMOCTU aBTOPOB. [NpuMepbl 0hOPMNEHNS UCTOYHUKOB B
Cr1cKax MOXHO MOCMOTPETL Ha HaLleM caWTe B pa3aene «TpeboBaHus K cTaTbsMy.

15. MNpu nogaye ctatby aBTOpaMU NPELOCTABNSAOTCA HA aHIMWICKOM A3blke crneaylolime ane-
MeHTbl paboTbl: Ha3BaHWe CTaTbu, CBeleHns 06 aBTopax, aHHOTaums, KIYeBble crnosa, bnarogap-
HOCTW, Ha3BaHUa Tabnuy 1 NOAPUCYHOYHbIE nognucy, Gubnuorpadms.

16. ABTOpbI CTaTen JOMKHbI NpuaepxunBaTbCcs 0653aHHOCTEN, NPeayCMOTPEHHbIX «PeaakLnoH-
HOM NOSIUTUKON XypHanay.

17. Pepakums octaenseT 3a cobomn NnpaBo OTKMNOHATL CTaTby, He OTBeYaloLme yka3aHHbIM Tpebo-
BaHuaM. ocTynatowme B pegakumio MaTepuansl BO3BpaTy He noasexar.

18. Pepakuus octaBnsieT 3a coboi NpaBo Ha Hay4YHOe W NUTepaTypHOE peaakTMpOBaHWE CTaTen
C NOCNeAyLLIMM COornacoBaHNeM C aBTopamu.

19. MNpeacraBneHHble CTaTbu NPOXOASAT NPOBEPKY HA HanMyve 3aMCTBOBaHUN.

20. YKypHan BbinycKkaeTcs ¢ Nepmoan4HOCTbI0 4 HoMepa B rog,.

BHumaHue! MNyb6nukauua craten aBnseTcsa 6ecnnaTHom.

Mbi npuanawaem Bac k yyacmuro 8 Hawem rpoekme 8 kayecmee asmopos, peknamodamenel u
yumamernedu.
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MuHepanoro-TexHonorn4yeckue Tunbl pya
TomuHcKkoro mectopoxaeHua meau (KOxHbin Ypan)

© E.M. Kypuesckas?, M.B. AAxHoP, A.E. CeHuYeHKO"
aCHUUlN « TexHonozuu obozawieHus1 MUHepanbHO20 Chipbsi», 2. Mipkymck, Poccus
bpkymckuli HayuoHanbHbIl uccnedogamenbCKuli mexHudeckuli yHugepcumem, 2. Mpkymcek, Poccusi

Pestome: Llenb. Llenb gaHHoro nccnefoBaHns 3aknioyaetcs B U3yYeHUN TEXHOTOMMYECKUX TMNOB pya TOMUHCKOTO Me-
CTOPOXAEHNUS Medu, a TaKkke MUHepanbHOro CoCTaBa BMeELLAloLWMX NOpPoa M pyAd Kaxaoro U3 Tpex TUMOB, BbISBIIEHUM
MUHEPanorniecknx n CTPYKTYPHO-TEKCTYPHBLIX OCOBEHHOCTEN PyA, BbIBIIEHNM B3aMMOCBA3M M3MEHEHUS PyAHON MUHepa-
nu3auumn u cteneHn metamopduama ans kaxgoro Tuna pya. Meroabl. PygHele Tena ToMUHCKOTO MefHO-NMoOpd1poBoro
MECTOPOXAEHWS, 3aneratLve B ANopuTax v KBapLeBbiX ANopuTax, NpeacTaBnsioT CO60M NPOXWIKOBbIE N MPOXMITKOBO -
BKpanmeHHbIE CKOMMeHNs B 30Hax Apobnexns. Ha MecTopoXXaeHny LIMPOKO Pa3BUTbl METACOMATUTLI KBapL -CEPULIMTOBOW
opmaumu. NsyyeHne TMnoB pya NpoOBOAUNOCH C MCMONMb30BaHWEM MUKpOckonoB. PedynbTathbl. B pesynbTate BblaeneHo
TPW reonoro-TeXHONOIMYEeCKUX TUna pya B npepenax TOMUHCKOTrO MecTopoxzaeHus. NepBbii TUN NpeacTaBlieH nepeuy-
HbIMK CynbMUOHLIMM pyAamMu, KoTopble HabnoaaTea B cpegHeM Huxe rnybuHbl 50-55 M. Mo coctaBy 3TO XIOpUT-My-
CKOBUT-KBapLeBble mMeTacomaTtuTbl. Bmelaowme nopoabl npeacTaBneHbl CEPULMUTUIUPOBAHHBIMU, XTOPUTU3UPOBAH-
HbIMM 1 kapboHaTU3NPOBaHHbLIMK AnopuTamu. B coctase pya npeobnagatot xanbkonmput u nnpuT. MNpakTuyecku Bcsa Meab
COAEpPXKUTCA B Xanbkonupute. BTopon Tun — 370 pyaHbIE 30HbI BTOPUYHOTO Cynb(UAHOro oboraleHus. 3ToT TUM COXKEH
NepPBUYHLIMUA 1 BTOPUYHBIMK Cynbdugamu meaun. Bce nopogbl aprunnmanpoBaHHble 1 npeactaBneHbl MetacomaTutamu
pasnuyHoro coctasa. Bce Buabl nopog HecyT B cebe pyaHyto MuHepanuaaumio. K TpeTbemy Trny OTHOCATCS OKUCTIEHHbIE
pyabl, KOTOpble 06pasytoT 30HY OKUCMEHNS MecTOpoXaeHus. OHM OensaTcs Ha TPYU NOATUNA: TMUHUCTbIE, TMUHNCTO-LEeb-
HUCTbIE 1 WeBHUCTbIe pyabl. [MMHWUCTBIE Pyabl 3aneratoT B CaMbIX BEPXHUX YACTAX KOPbI BbIBETPUBAHNS, MMUHUCTO-LE6-
HWUCTble PyAbl CriaraloT LeHTpanbHylo ee 4acTb, a pyabl B LWEeBHUCTbIX 06pa3oBaHNAX OTMEUEHbI B HUXKHWUX FOPU3OHTAX.
lMNpencTaBneHo neTporpaduyeckoe onucaHne Kaxaoro U3 TUnoB. BoisiBNEHbl MUHepanornieckne u CTPYKTYPHO-TEKCTYp-
Hble ocobeHHOCTH pya. B pesynbTraTte usyyeHus netporpadmyeckoro cocTaBa Kagoro Tuna pya yCTaHoBMIEHa pasnuyHas
cTeneHbL meTamopdu3ma 1 BCreCTBME 3TOr0 — U3MEHeHWe pyaHOW MUHepanu3auun. BeiBoabl. [TpocnexunsaeTcs Bnus-
He MeTacoMaTUYECKUX NPOLECCOB, U3MEHUBLLIUX CTPOEHWE N MUHEParbHbIA cocTaB pya. [Ans nepsBoro Tuna pyasl Xxapak-
TEPHO Hanu4ue NepBUYHbLIX NOPOL — AMOPUTOB C HACKILLEHHON CyNb(UAHON BKPANIEHHOCTBIO U C HE3HAYNTENbHBIMU Me-
TacoMaTUyeckuMn U3MeHeHnsmMn. B 3oHe BTOpMYHOro oboralieHnsi nopodbl NpeTepnenyt MHTEHCUBHOE MeTacomaTuye-
cKkoe n3meHeHme. Nopoabl 3TON 30HbI HACKILLEHbI TMAPOKCUAAMM xenesa. [ns 30HbI UHTEHCUBHOTO BbIBETPUBAHUS Xapak-
TEepHbl FMWHUCTBIE U XITOPUTU3NPOBAaHHbIE NOPOAbI. PydHas MuHepanu3auns npeacTaBieHa WCKMHYUTENBHO OKWUCHEH-
HblMK MuHepanamu. Cynbduabl e4uHWYHbL. Pasnnyms B MMHEpanbHOM COCTaBe TPex TUMOB Py BNMAOT Ha BblIbop cro-
coboB nepepaboTku pyabl B npeaenax TOMUHCKOrO MECTOPOXAEHNS.

Knroueeble cnoea: TOMUHCKOE MECTOPOXAEHWE, MeHO-NOPPUPOBOE OpyLAEHEHUe, MeTaMopn3M, TEXHOMOrNYeckue
TUNbI pyA

BnazodapHocmu:

Mineralogical and technological types
of Tominskoye deposit copper ores (Southern Ural)

© Elena M. Kurchevskaya?, Marina V. Yakhno?, Arkady Y. Senchenko®
acNIPI TOMS (Scientific Research and Design Institute “Technologies of Minerals Separation”), Irkutsk, Russia
blrkutsk National Research Technical University, Irkutsk, Russia

Abstract: Purpose. The purpose of the article is investigation of the technological types of Tominskoe copper deposit
ores; examination of the mineral composition of the host rocks and ores of each of the three types; identification of miner-
alogical and structural-textural features of ores, research of the relationship of mineralization and metamorphism intensity
alteration for each type of ore. Methods. Ore bodies of the Tominskoye porphyry copper deposit occurring in the diorites
and quartz diorites are veinlet and porphyry-stringer clusters in crush zones. The deposit is characterized with the predom-
inant metasomatic rocks of quartz-sericite formation. Results. Three geological and technological ore types are distin-
guished within the Tominskoye field. The first type is represented by primary sulfide ores, which occur on average lower
than 50-55 m depth. By composition they are chlorite-muscovite-quartz metasomatic rocks. The host rocks are repre-
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sented by sericitized, chloritized and carbonated diorites. Chalcopyrite and pyrite are predominant elements in ore compo-
sition. Chalcopyrite contains carbonated diorites. Chalcopyrite and pyrite are predominant elements in ore composition.
Chalcopyrite contains almost all of the copper. The second type includes the ore zones of secondary sulfide concentration.
This type is composed of primary and secondary copper sulfides. All the rocks are dirty argillaceous and are represented
by metasomatic rocks of different composition. All types of rocks feature ore mineralization. The third type covers oxidized
ores, which form the oxidation zone of the deposit. They are divided into three subtypes: clay, claydetrital and detrital ores.
Clay ores occur in the uppermost parts of the crust of weathering. Clay-detrital ores compose its central part, while ores in
detrital formations have been found in the lower horizons. Each of the type is given a petrographic description. Mineralogical
and structural-textural features of ores are identified. The study of the petrographic composition of each type of ores
showed a varying degree of metamorphism that resulted in changes in ore mineralization. Conclusions. The influence of
metasomatic processes is indicated. The last have changed the structure and mineral composition of ores. The presence
of primary rocks — diorites with saturated sulfide impregnation and insignificant metasomatic alterations is typical for the
first type of ore. The rocks in the zone of secondary concentration have undergone intense metasomatic alteration. These
rocks are saturated with iron hydroxides. The presence of clay and chloritized rocks characterize the zone of intense
weathering. Ore mineralization is represented exclusively by oxidized minerals. Sulfides are rare. Variations in the mineral
composition of the three types of ores influence the choice of ore processing methods at Tominskoye ore deposit.
Keywords: Tominskoye field, porphyry copper mineralization, metamorphism, technological ore types
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