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Studies of the extraction of nickel and cobalt from magnetic
enrichment tailings
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Abstract. The problem of processing stale tailings is a global one, and the main task is the extraction of economically valu-
able metals. In Kazakhstan, the market for the extraction of nickel and cobalt from stale tailings is practically undeveloped. In
addition, the need for nickel and cobalt increases annually due to the high demand for nickel-cobalt batteries for the manufac-
ture of electric vehicles, special alloys and others. Pyrite concentrate containing nickel-cobalt from Sokolovsko-Sarbaisky
mining and processing plant is a valuable source of extraction of a number of valuable non-ferrous metals such as iron, nickel,
cobalt, etc. The purpose of the study is to study the optimal conditions for the extraction of nickel and cobalt from thermally
decomposed pyrite concentrate of the Sokolovsko-Sarbaisky mining and processing plant using sulfuric acid solutions. Ther-
modynamic analysis of oxidation reactions of the main components of pyrite concentrate showed that thermal decomposition
of higher sulfides of iron, nickel and cobalt produced a series of non-stoichiometric lower sulfides Fegs77S, FeS, Fe.Ss, FesSs;
NisS2, Ni3Ss and CoSgs9, CoS, respectively. The Pourbaix diagrams of Ni-S-H,0, Co-S-H20 and Fe-S-H,0 systems show that
sulfuric acid leaching of cobalt and nickel from thermally decomposed pyrite concentrate is possible at pHO0 - 1.5and E >- 0.5
V. Leaching of non-stoichiometric FeS-Fe;Sg low iron sulfides is possible at pH 0 - 4.0 and E > 0 V. Studies to determine the
optimum conditions of leaching of thermally treated pyrite concentrates found that for the extraction of nickel and cobalt effec-
tive concentration of sulfuric acid is 100 g/dm?3, the leaching time is 120 minutes and temperature of 100°C and the maximum
recovery of metals is 86.71% and 93.01%, respectively. Increasing the acid concentration, duration and temperature leads to
complete dissolution of iron. A combined method for processing stale pyrite tailings can be used to process similar raw materi-
als.

Keywords: leaching, nickel, cobalt, degree of extraction, sulfuric acid, acidity of the medium.

1. BBenenue Kpome 3T0T0, B XBOCTaX M TEXHOT'€HHOM CHIPBE, TIPOU3BO-
JUMBIX I[eﬁCTByIOIHI/IMI/I METAJIITYPrU4CCKUMU TIPCATTPUATHUA-
MU CTpaHbI TEPAKOTCA 3HAYUTCILHOC UX KOJIMYECCTBO, HAIpHU-
Mep, Tombko B CoxomnoBcko-Capbaiickom I'OK (manee -
CCITIO) tepsiercst 6osee 7 ThICSY TOHH HUKENSI ¥ 14 ThICSY
TOHH KoOaJibTa B rojl. Kak OblJI0 OTMEUEHO HCCIeJoBaTesIMU
Ounnaaann, ABctpanuu [3, 4] comepkaHue HUKENS B XBO-
CTax HIKE, YeM B JOOBIBACMBIX B HACTOSINEE BPEMS CYJIb-
(GUIHBIX pyAax, OHO aHAJIOTHYHO COACPKAHUSIM JIATSPUTHBIX
pya. [ToaTromy Takoe ChIpbe MOXHO paccMaTpuUBaTh KaK HHU3-
KOCOPTHBIH MYJIBTUMHHEPAIIBHBIN pecypc OyAyIero, a He Kak
OTXOJl M DKOJIOTHYECKHMH ymepO OT mnepepaObOTKH HHKEI,
Gornee Toro npu pa3padoTke 3PPEeKTUBHON TEXHOIOTHH TIepe-
pabOTKH U3 HUX MOYKHO IOJY9HUTh 3HAYUTEIBHYIO BBITOAY.
[Mpsimasi mepepaboTKa HUKEIbKOOAIBTCOIEPIKALMX DY/,
IIPOMIIPOIYKTOB, OTXOAOB HPEAIPUATHA NUPOMETAIIIyprude-
CKUMU TIiporieccaMu dPGEKTUBHA TOJBKO MPH COACPKAaHUH B
HuX Oonee 1% Hukens u kobanbta. JKenesocoaepKaiiue Cu-
JIUKATHBIC PYABI C HU3KAM COJICPIKAaHHEM IIEJICBBIX METAILIOB B
OCHOBHOM  IIepepadaThIBAIOTCS  THAPOMETAILTYPIHICCKUMHE
TexHoiorusMu. OJHAKO, IUPOKOMY NPUMEHEHHIO THIPOME-
TAUTYPrUYeCKUX TEXHOJIOTHI MPEISTCTBYET OONBIINE WHBE-
CTHIIUI B WHQPACTPYKTYPY PYIHOTO MECTOPOKICHUS, BEICO-
Kasi CTOMMOCTh PEarcHTOB M HEBBICOKOE HM3BIICUCHHE IICHHBIX

Huxkens 1 k06anpT 0071a1aI0T YHUKAIBHBIMU CBOWCTBAMH
Y 3a TOCJIeTHUE 5 JIeT HaOII0AaeTcss POCT Crpoca Ha KoOambT
Ha 70% u Ha HUKens Ha 40%.

Bricokuii cipoc Ha HHUKENb W KOOAJbT CBSA3aHBI MPEKIE
BCETO ¢ TPeOOBAaHMSIMHU U HYXKIAMH Pa3BUTHUS KOJIOTHMYECKU
YHCTBIX TEXHOJIOTHH U PEIICHUH, U KaK CIIECTBUE C OBICTPHIM
Pa3BUTHEM OTpaciid MO MPOU3BOJCTBY 3JIEKTPOIIPOBOIHUKOB,
CHEIUANIBHBIX CIUIABOB, 3JIEKTPOMOOWIICH H CETEBBIX TEXHOIIO-
ruit [1-2].

ChIphEBEIMU UCTOYHUKAME HUKEIS M KOOAIbTa SBISFOTCS
CyNb(UIHBIC W JATEPUTHBIE PY/bI, OJHAKO IOCIEIHUE H3-3a
CIIO)KHOCTH HX TIepepabOTKM JI0 CHUX IOp HE BOBJECYCHBI B
npou3Bo/icTBO B Kazaxcrane.

JIOTIOTHUTETEHBIM HCTOYHUKOM 3THX METAJIIOB SIBIISTIOTCS
XBOCTBbl JEMCTBYIOIUUX IpeanpusTHil. PBIHOK u3BIEUCHUS
K0OaJIbTa M HUKEIS B PECIYOIINKE TaKKe U3 JIEKAIBIX XBOCTOB
MPaKTHYECKN HE Pa3BUT.

Ha ceropnsmzuii 1eHb XBOCTBI MAarHUTHOH cemapaiuy,
coziep Kalie [eNblii psif LEeHHBIX KOMIOHEHTOB (KOOAJbT,
HHKEJIb, Me/lb, OJ1aropoiHbIe METAJUIBI | JIp.) HE repepadaThl-
BAlOTCA, a CKIAJUPYIOTCA B XBOCTOXPAHWIMIIAX, 3aHUMAro-
X OOJBIIHNE IJIOIIAIN CEIbCKOX03STHCTBEHHBIX YTOIUH.
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METAIOB W3 pPyA. BO3MOXHOCTH mepepaOOTKH CIIOKHBIX
HU3KOCOPTHBIX HUKEJIEBBIX JIATEPUTHBIX Py M MaTEePUAJIOB C
MOMOMIBIO KYYHOT'O BBIIIETaYMBaHNUS OUCHb OTPAaHUYEHA H3-3a
TPYZAHOCTH PACTBOPEHHs] OKUCICHHBIX HMKENEBBIX MHHEpa-
JIOB, TaK KaK OHH TPEICTABIAIOT COOO0W OKCHUABI U CYNb(MHIBI
CJIO)KHOTO MHHEPAJIOTHUecKOro COCTaBa M COAEpKaT HU3KHE
COoZIepKaHMsl HUKEsI W KoOallbTa, a TaKKe TPyJHOpa3pelIn-
MBIX T'€OTEXHHYECKHX M T'HPOJOIMYECKHX IIPOOIEM, TakuxX
Kak IUI0Xas MOPHUCTOCTh, MMPOHHUIIAEMOCTh Ky4eil U CTPYKTYp-
Has CTaOMIBHOCTB.

Jis mepepalboTKH HUKEIBKOOATBTCOACPIKAIINX YITOPHBIX
PYA, TPOMIPOAYKTOB, OTXOHOB IPHUMEHSIOTCS Pa3JIHIHbIC
METONIBI TepepaboTKH, a WMEHHO aTMOC(epHOE KHCIOTHOE
BhIlenaunBanue [5-10], KUCIIOTHOE BbIlIETAYUBAHUE O]
naBieHueM kuciopopaa [11, 12], mienoyHoe BbllIeTauyuBaHue
[13, 14], elmenavyuBanue ¢ 100ABKOIM Pa3TUYHBIX OKUCIIUTE-
Jeit u mobaBok [15, 16].

JlateputHble MuHepansl 60siee BHICOKOTO KadecTBa Iepe-
pabaThIBalOTCs NPOMBIIIICHHBIM ITyTEM C OMOLIBIO ITHUPO- U
THIPOMETAJUTYPTHICCKIX METOIOB, BEIOOp 3aBHCHT OT XH-
MHYECKOTO ¥ MHHEPaJIOTHYECKOTO COCTaBa MAaTepHajoB.
[Mupomerammyprudeckue MeETOIBI TEPEpaOOTKH HCIIONB3Y-
FOTCS IS PyO € coaepkaHueM HuKkens Beime 1.5 (mac.%).
Pyner nogsepratorcst 06paboTKe ¢ MOMOIMIBIO0 OMPEACTICHHBIX
SHEPrOEMKHUX MPOIIECCOB, TAKMX KaK CYIIKA, MPOKaINBaHUE,
00HT, BBICOKOTEMIIEpaTypHOE BOCCTAHOBICHHE U IIJIaBKa, a
B ClIy4ae THJIPOMETaUTyprHYecKUX METOJOB AJs 00paboTKu
PYId C ILENbI0 BBIETAYMBAHUS METAJJIOB MCHOJIB3YIOTCA
MUHEpaJIbHbIE KHUCJIOThI, HEOPraHWYECKHEe U OpraHHYecKue
PacTBOPUTENTH UM UX COYCTAHUS.

Jus mepepabOTKH HHUKEIBKOOATBTCOACPIKAIINX TPOM-
MPOAYKTOB U CYIb(PHUIHBIX OTXOJ0B IMPOU3BOJCTB d(H(HEKTHB-
HO TIPOBOJHWTH KOMOWHHPOBAHHBIC TEXHOJOTHH, KOTOpHIC
BKITIOYAIOT CTAUH IPEIBAPUTEIHHOTO OOXKUTA, BBIIICIAYH-
BaHUS U CEJICKTHBHOTO W3BJICYCHUS C JalbHEHIIUM paduHu-
pOBaHMEM METAJUIOB WM uX coequHenuit [17, 18]. Hapsay c
STHMHU NPOBECHBI MHOTOYHCIICHHBIE UCCIIEI0OBAHUS TI0 Tiepe-
paboTKe MUPUTHBIX M NMUPPOTHHOBBIX KOHIIEHTPAaTOB B AB-
ctpanuu, OunmstHauM, Kanane. Hanpumep, Ha TOpHOZO0OBI-
BaromeM npeanpustuu B Candepu, Onrtapno, Kanamga s
nepepaboTKH MUPHUTHBIX XBOCTOB C COAEP)KAaHHEM HUKENI U
KoOabTa MCIOJIB30BAHbI IIPOLECCHI MATHUTHOW cenapanuu u
OWOBBIIIETAYNBAHNE C PA3IHMYHBIMHU KYJIBTYpaMH OaKTepHii.
B pesympTare MarHUTHOTO OOOTAIICHUS TOBBIIICHO COIEP-
JKaHWE HUKENS B CHIPHE; COJCPHKAHUE HUKENS B MarHUTHOM
¢pakuy (3HAYUTENFHO 00OTAalIEeHHON MHPPOTHHOM) OBUIO
npuMepHo Ha 50% BbIIIe, YeM B HeMarHuTHOH (pakuunu. [1pu
OMOJIOrMYECKOM BBINIEIAYMBAHUN COOTBETCTBEHHO IIPH TEM-
neparype > 40°C ¢ npogomkutenbHOCThIO 10 mHel npu pH -
1-3 cremeHp BBIMENAYMBAHUS HUKENS W KOOAJIbTa MOBBICH-
muck oT 80 10 90% u ot 70 mo 80%. CxopocTs pacTBOPEHUS
HUKEJS 3HAYUTENbHO YBEIWYNBAJIOCH MIPY HANWIUN CMEIIaH-
HOM KyJBTYPHI )K€JI€30- U CEPOOKHCITIONNX OakTepuii [19].

AGcomoTHOE OOJIBIIMHCTBO MPOLIECCOB BhIIIEIAYHBAHHS
Cynb(UIHBIX MaTepHaJoOB OCHOBAaHO HA OKHCJIEHUM HOHA
cepsl WM /0 3JIEMEHTHOTO COCTOSIHHUS, WIH JI0 Cyinb(ar-
MOHa. B HEKOTOPBIX Ciydasx BO3MOXKHO 0Opa3oBaHUE CYJIb-
(ar-moHa, MoJIUTHOHATA M APYrHX coenuHeHuid. OOpa3oBa-
HHE CEpPOBOJOPOJa BO3MOXKHO JIMIIb IPU NPUMEHEHUU KOH-
[EHTPHPOBAHHBIX KHCIIOT.

Hawmryumme pe3ynbraTsl Ipu mepepaboTKe MUPUTCOICP-
JKAIUX MAaTepHaNIoOB OCTUTAIOTCS KOMOWHHPOBAHHBIMU
TEXHOJIOTHSMH, B Hadajle KOTOPBIX HCIIONB3YETCS aKTHBH-

pyromas o0paboTKa, METOABl KOTOPOW KJIACCH(PUIIUPYIOTCS
clenyrommM o0pa3oM: MeXaHW4eckas o0paboTKa: TOHKOE
U3MeNbYeHHE, AMCHEPrUpOBAaHUE, AKTHBALMOHHOE H3MeENb-
YeHHe; THIpOMETaIyprudeckas o0paboTka: YacTHYHOE
BOCCTaHOBJIEHHE, 00pabOTKa KPENKHUMHU KHUCIOTaMH, YaCcTHY-
HOE OKHCJICHHE MOHAMH MEIH WIIH JKeJe3a; IEKTPOXHUMHUYe-
cKkas 00paboTKa: YaCTUYHOE aHOJHOE OKHCIICHHUE; TepMHUYe-
ckas 0oOpaboTKa: IIaBKa, OOKHI B Bakyyme, B atmocdepe
WHEPTHBIX U HEOKHCIIAIOMMX Ta30B, OOKHI B BOCCTAHOBH-
TENBHON aTMoc(epe, BOCCTAHOBICHHUE CIEKAHUEM C MEIBIO
WA KeNe30M, CyIb(QUINpOBaHHE AIIEMEHTHOW Cepoi, da-
CTHYHBI OKWCIHUTENBHBIH OOXWI, Cyib(aTu3npyromuit
00KUT, 00KHUT-CIIEKaHHE-TINIABKA C COIOM M IOTAIIIOM.

OyHaKO BO MHOTHX CIIy4asix IIPOCTOI 00XHUT pyA He aeT
OKUAaeMBIX pe3yibTaToB. MccnenoBaHusIMU MOKa3aHO, YTO
BBICOKOTEMIIEpAaTypHasi Cynb(haTH3alys OKUCICHHBIX pPYA
pu pacxojie cepHoil kucnotel 0.7 r Ha 1 T pyasl IpU TeMIIe-
parype cynbbatuzanuu 420°C mpUBEIO K YBEIUYCHHUIO H3-
BicucHUs HUKelss U cocraBwio 80-82%. B mepepabotke
HukeneBblX pya [20] mpeanaraercss COBEPIIECHHO HOBBIN
MOIXOA ISl TepepaboTku: mocie mmpoimsa mpu 600°C
(IpomyKTaMu KOTOPOTO SIBISIOTCS OKCHUABI C 00pa3oBaHUEM
mmrHeNbHBIX Qa3 NiAl,Os u MgAl,O4) mpoBoauTCst a30THO-
KHCIIOTHOE BhINIeNaunBanue noj nasieaneMm (HPAL) ¢ mo-
JIy4eHHeM ocrtaTka, conxepxaruit, % 15.8 Ni, 1.9 Co u 0.19
Sc. [21]. HenoctatkaMu sIBJISIOTCS BBICOKMH pacxoj cepHOU
KHCJIOTHI, IPUMEHEHHE arpecCHUBHBIX PEareHTOB U JOpPOTro-
CTOSIIIUX 000PYTOBaHHM.

Kak nokazan 0030p uccieqoBaHMi, B HACTOSIEE BpeMs
OTCYTCTBYIOT JlaHHbIE IO TepepaboTKe aHAJOTMYHBIX HHU-
KeJIbKoOaIbTCOAepIKamx MaTepraoB kak orxoasl CCI'TIO
W Ha CETONHAILIHWH JICHb HE CYIIECTBYET ONTHMalIbHOHM Me-
TOJMKH HIepepabOTKH.

Bmecre ¢ stum mnonydennsle npu CCITIO nuputHO-
KOOQJIbTOBBIC KOHIIGHTpPAThl M3-32 CIJIOXXHOCTH COCTaB HE
MO3BOJISIIOT IIPUMEHATh CTaHIAPTHBIC TEXHOJOTHMH Ul WX
KOMIUIEKCHOH mepepaboTku. Taxast mpobiema oOycnaBiuBa-
€T He0OXOUMOCTh MPOBENCHUS UCCIIEIOBAaHUN U pa3padoT-
KU 3G PEKTHBHON KOMOMHUPOBAHHOIN TEXHOJIOTHMH H3BJIEYe-
HUS JKeJie3a, HUKEJs W KoOalbTa M3 XBOCTOB, COAEpKAIIUN
IIEHHbIE METAJUIbI KAK HUKEJIb U KOOANbT.

OCHOBHO# 11€JIbI0 JIaHHOM HCCIIEN0BaTENbCKONW paboThI
SIBISIETCS N3yYEHNE ONTUMAJIBHBIX YCIOBHH BBINIETauNBaHUS
MPOJYKTOB OOKHra HHKEIbKOOAIbTCOAEPKAIIMX MHUPUTHBIX
xBocTtoB CCITIO.

2. MaTepuaJsl 1 METOIBI

2.1 UcxoaHble MaTepHaJibl M PeareHThl

B xauecTBe MCXOHOTO MaTeprasia HCIOJIH30BAIUCH XBO-
ctel MarHuTHOU cenapanuu CCI'TIO, nomyueHHsle mpu Ie-
pepaboTke Cyab()UIHO-MarHETUTOBBIX PYA M COAEp Kallie B
CBOEM COCTaBe CyJIb(UIBI JKejle3a, HUKENs, KoOalbTa U JIpy-
T'He IPUMECH (Jjajiee — MUPUTHBIN KOHLICHTPAT).

Jlnis BBILIENIauMBaHUST — TEPMUYECKH 00pabOTaHHBIN M-
PUTHBIA KOHIICHTPAT, CepHasl KUCIIOTa KOHIIEHTparui 25-
175 r/am®.

2.1.2 Meroanl aHaIM3a

Jl1st KauecTBEHHO-KOJIMYECTBEHHOTO aHalN3a MCXOAHBIX
TBEPIBIX MPOO M PACTBOPOB HCIIOJH30BAIA XUMHUYCCKUIA,
PEHTreHO(a30BbIil M aTOMHO-a0COPOLMOHHBIA METOIBI aHa-
nm3a.
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Pentrenodas3oBblii aHaN3 MPOBOAMWINA Ha JU(PPAKTOMET-
pe D8 Advance (BRUKER) o Metoy mopoiika ¢ HCIoJib-
30BaHUEM OT(MIBTPOBAHHOTO MEIHOTO WJIM KOOAJIbTOBOTO
u3TydeHus npu HanpsoxeHuu 40 kB u cuine Toka — 30 MA.

Pacuer TepmMoauHaMuuUecKuX Mokas3aTenel mporecca o0-
sura ¥ a"aaus cucreM «Ni-S-HO», «Co-S-HO» u «Fe-S-
H20» BeImosnHeHs! ¢ nmomotupto nporpamMmel Outotec HSC
Chemistry. Bemuuuny pH BOAHBIX PacTBOPOB H3MEPSUIA C
nomouipto pH-metpa mapku pH—-150MII co cranzapTHbIMU
3NEKTPOJAMHU.

2.2 MeToanKa 005KHra ¥ BbILIeJIaYUBAHUA

JUis moBbIIIEHUs MOKa3aTessl Mpolecca BhIeTaunBaHUsL
MPOBOJIMIIUCH TIPOLECCHI 110 OOXKUTY HMCXOJHBIX HPOO XBO-
ctoB CCI'TIO. OGXuT THPUTHOTO KOHIICHTPATa IIPOBOIUICS
B II€YN KHILIIETO CIIOS ¢ KHCIOPOIHBIM IyThEM C COAEpIKa-
HueM 15% xucnopona, npu temmneparype 650-700°C B Tede-
Hue 1 gaca.

[Ipomecc BhIIENaYNBaHHUS NPOBOIMICS B CTEKJITHHOM
peakTope MOMEIIEHHBIM B TepMocTaT. CKOpOCTh BpPAIICHUS
MEIIAJKH MPU BBILIIETAYUBAHUM MOJAEPKUBAIACH TTOCTOSH-
HO W Obw1 paBeH 500 o6/mMuH. HaBecka MUPHUTHON Orapku
Maccoii 40 rpaMMoOB 3arpyxaiach B KOJIOy W 3aMBajiach
pacTBOPOM CEpPHOM KHUCIOTHI 3aJJaHHON KOHLIeHTpauuu. [l
BBIIIEJIAYMBAHUS HCIIOIB30BAIUCH PACTBOPHI CEPHOM KHCIIO-
THI KOHLIEHTpauuii ot 25 1o 175 r/nm3. Temnepatypa Bblie-
JaunBaHus BapbupoBanack oT 20 no 120°C, nponomKuTenb-
HOCTh OT 15 mo 240 MHUHYT, COOTHOLIEHUE TBEPAOH U XKHI-
Kol (a3 OBLT paBeH MUHIMAJBHBIM U cocTaBmi 1:2. Temme-
parypa HOAJepKHBaNach aBTOMaTW4eckH. IIpomomkureins-
HOCTbH OIIBITOB OTCUMTHIBAJIACh C MOMEHTa JOCTI)KEHHS 3a-
JlaHHOW Temneparypbl. [0 OKOHUAaHUM 3KCIEpUMEHTa II0
BBILIEIAYMBAHUIO TBepAas (a3a OTAeIsUIach OT JKHIKOU
da3sl unbTpoBanneM. CojepikaHue Keje3a, HUKENsI U KO-
6ampTa B PacTBOpE OMNPEACISUINCH TUTPUMETPUYECKHM U
CHEKTPOMETPUIECKUM METO/aM aHaJIH3a.

3. Pe3ynbTaThl U 06cy:KI€HHE

3.1 TepmoaunaMuvecKuii aHAJIU3 MpoLecca 00KUra

[lpy  BBINOJIHEHWH  TEPMOJMHAMHUYECKOIO  aHaiIM3a
BO3MOXHBIX  peaKklMid  JUCCOLMHPYIOIIEro  o0xwura
marepuanoB mnpu Temneparypax 273K u 950 K, O6buio
yCTaHOBIIEHO, 4TO mpu obxwure FeS; B mnpucyrcTBuu
OTPaHMYEHHOTO  KOJMYECTBA  KHUCJIOpOJa  BO3MOXKHO
nporekanne peakiuu (1-2) ¢ obpasoBaHuMeM CyIb(QUIOB
JKele3a pasImIHoro cocrtaBa: FeogrrS, FeS, Fe Ss, FesSs.
CrpyKTypHO HECTEXUOMETPHUECKHUE HMUPPOTHHBI
HPE/ICTABISIOT cOOOH TPOMIIMT C HEJOCTAaTKOM JKele3a B ero
KPUCTAJUTMYECKON  pemieTke ¥ ONMCHIBAIOTCA — O0mIer
tdopmynoit Fel-xS. B 3aBucumocTH OT cooTHomenus Fe:S
CBOMCTBA HECTEXHOMETPHUUECKUX MTUPPOTUHOB U3MEHSIIOTCSL.

Cynb¢huapl HUKES U KoOaIbTa Mo peaknusM 4 u 5 MOryT
nepeiitn B C0Spg9 1 COS, mo peakiusim 6-7 — aucyabdu
aukenst nepexomut B NisS; m NizSs, mo peakmusm 8-10
MpoucXoauT Tpanchopmammst cynbpumoB kobanpTa U
HHUKEIsl BHYTPHM OOJNAacTH TOMOTeHHOCTH. PaccumraHHbIe
3HaueHMs1 >Heprun ['mbOca MOATBEPKIaET O BO3MOXKHOCTH
NpOTEKaHus JaHHBIX peakuunii (tadbmmua 1). Cymsuisl Ko-
6anpra no peakuusm 4 u 5 moryt nepeiiti B C0Spge 1 CoOS,
1o peakuusam 6-7 — aucynbdua Hukens nepexoaut B NisSy u
NizSs, mo peakiusam 8-9 mpoucxoauT Tpancdopmarus Cyib-
(buIoB HUKEIST BHYTPU 007aCTH TOMOT€HHOCTH.

Tabnuuya 1. Tepmoounamuueckuii ananu3 peakyui ooxicuza
0mxo0006

Ne Xumuueckasi peakuus AG, Rante
600°C 650°C 700°C

1. | FeS;+1/20,=1/2Fe;S3+1/2S0, | -143.165 -143.189 @ -143.091
2. | FeSy+6/70,=1/7Fe;Sg+6/7SO, | -235.778 @ -238.369 @ -240.948
3. FesSgtO,=7FeS+S0, -302.494 = -307.656 = -312.899
4. | Co0S,+0,=C0S+S0, -267.651 = -268.978 @ -270.291
5. | Co0S;+1.110,=C0Spg+1.11SO, = -294.809 @ -295.919 @ -297.010
6.  NiS;+2/30,=1/3NisS,+2/3SO, | -182.808 -183.844 | -184.921
7. | NiS;+4/30,=1/3Ni3S,+4/3SO, | -359.682 -361.853 @ -364.041
8. | Ni3S4+0,=3NiS+SO; -272.456 | -273.333 | -274.070
9. | NiS+1/30,=1/3Ni3S,+1/3S0, -86.055 -86.897 -87.763

Paccunrannble 3HaueHus sHepruu ['mbOca B mHTEpBaie
temreparypsl 600-700°C TOATBEPKIAIOT O BO3MOXKHOCTHU
MIPOTEKAHUS JaHHBIX PEaKIUil CAMOIPOU3BONIBHO.

Takum 00pa3oM, Ha OCHOBE TEPMOAMHAMUYECKOTO aHa-
JIM3a MOKHO 3aKIIIOYHUTh, YTO IPU TEPMHUUYECKOM PA3I0KEHUN
BBICIINX CYTb(UIO0B JKele3a, HUKEIsI 1 KoOanbTa oOpasyeTcs
Psi HECTEXHOMETPUUYECKHUX HU3IINX CYIb(QHIOB.

3.2 TepmoauHaMUYecKMii aHAJIN3 poLecca BbIleIaYu-
BaHMsA

JIn1s IpOTrHO3UPOBAHUS TTOBEJCHUS METAIIIOB NIPH CEPHO-
KHCJIOTHOM BBIIIENAYMBaHUN MOCTPOEHBI Anarpammsl I1yp63
cucreM Ni-S-H,0, Co-S-H,0 u Fe-S-H,0.

Amnanus cucremsl Ni-S-H;O (pucyHok 1, a) mokasbiBaer,
YTO B CHCTEME IPHCYTCTBYIOT KOHAEHCHPOBaHHBIC (ha3bl
NiHoes, NisSz, NiS, Ni, NiO-OH. B untepBasie -0.51
B < Eh <-0.2 B HHKeJIb HAXOAUTCS B YMCTOM BHJIE U B BUJIE
cynbpumoB NiS, NiszS;. Huwxe Eh<-051 B - o6miacts
ycrorunBocTr NiHggs.

C yBennuenueM TmoTeHuanta B cucreme Eh>-0.24 B
Cyab(QUIBI HUKEIS PACTBOPSIOTCS C 0Opa3OBaHHUEM HOHOB
Hukens (+2) B uaTepBaie pH ot 0 mo 8.2. C yBenmueHHEM
pH B cucteme ot 8.2 u Gonee B cucteMe 00pa3yroTCsl HOHBI
ruapokcuioB Hukenst takue, kak NiIOH*, Ni(OH)s". B cuib-
HoIEenouHoi cpene pH > 8.3 o6pasyercs anuon (NiO2)Z.

B cucreme Co-S-H>O (pucyHnok 1, 6) xoHmeHCHpOBaH-
HeiMu  ¢azamu  sBistotest Co, C0Sz33, C0gSg, Co(OH)y,
C0304 u Co(OH)s. Cynbhuasl kobaibTa YCTONYUBBI B HWH-
tepaiie -1.00 B >Eh >-0.00 B mpu Bcex 3mHaueHwmsix pH.
[MoBwimenue norennuana ot 0 1o 1.5 mpuBOIUT K pacTBOpe-
HUIO CylbPUIOB W 00pa30BaHUIO THAPOKCOKOMITIEKCHBIX
coenunenuii kobanbra Tuma (Co,0H)*, (CoOH)*, Co(OH),.
IMepexo/ kobGabTa B pacTBOP B BHJIE IPOCTOro katuona Co?*
BO3MOXXHO TOJIKO B CHJIBKHUCIIOTHOH OOJNAacCTH M BBICOKHX
3HaYCHHUAX NoTeHuuana: B obnactu Eh > 1.5 u B unreppaie
pH 0-1.

CoBmecTHBIE paccMoTpeHue auarpammbl Co-S-HO, Ni-
S-H>0 no3BonseT crenars BBIBOA, YTO BO3MOXHBIMHU YCIIO-
BUSIMH CEJIEKTHBHOTO IepeBojia MeTauioB u3 MeS B BuIe
Ni?* u Co?* B pactBop sBnstorcs: pH 0-1.5 u okucIUTEND-
weii norennuan E = -0.5 B u Boie.

TepmonuraMudecknii aHanu3 quarpamm [Typ6s cuctemsr
Fe-S-H20 mpu temneparypax 25 u 100°C moka3siBaroT, 4TO
CHCTEME MOTYT OBITh CIIEIyIOIINe KOHACHCHPOBAHHBIC (Da3bl:
FeO-OH (pucynok 2 a) u Fe,O3 (pucyHox 2 0).
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Pucynox 1. Tuazpammot Iypos cucmem a) Ni-S-H20; 6) Co-
S-H:20

BrlmenaunBanre BBICOKOCEPHUCTHIX MHUPPOTHHOB BO3-
MOJKHO TIPH ITOBBIIICHHOM 3HAYEHWH KHUCIOTHOCTH M OKHC-
JUTEIHHOM TOTCHIMANIE B CUCTEME, TaK KaK CYIb(UIBI XKe-
Jie3a ¢ YBEITMYECHUEM COJICPIKaHUS B HAX CEPhl YBEITHINBAIOT
CBOIO XHMHYECKYIO YCTOHYHBOCTD.

Kak BUIHO W3 NMaHHBIX, NPUBEAEHHBIX Ha PHCYHKE 2,
KUCJIOTHOE OE30KUCIIMTENILHOE PAaCcCTBOPEHUE TPOWJINTA BO3-
MoxHO Tipu pH paBHOM 4, a BbIleIa4MBaHHE C OKHCICHUEM
cepbl BO3MOXXHO MPU OKHCIIUTEIbHO-BOCCTAHOBUTEIHHOM
noteHuuaie cucrembl pasHoM + 0.0 B. B To xe Bpewmsi, kuc-
JOTHOE pacTBopeHue nuppotuHa (FerSg) BO3MOXKHO JIHIIB
npu pH pasHom 0-2.0, OKMCIHUTENBHBII MOTEHIMAN OoJiee -
0.4 B, a U1 OKUCIIEHHSI Cepbl MUPPOTHHA TpeOyeTCs co3aaTh
OKHCIUTEIBHEIN oTeHIman B cucreMe Oomnee 0.1 B.

BrimenaunBanue cynbdumoB skenesa or FeS mo FerSg
MOJKET MPOTEKaTh KaK B OC30KUCIUTEIBHBIX, TAK U B OKHC-
JIMTEBHBIX YCIOBHAX (PUCYHOK 2) 1o peakuusim (1-7):

FeS + 2H* = Fe?* + H,S, @
FeS - 2e = Fe?* +S°, 2
Fe;Sg + 7H* = 7TFe?* + 7TH,S + S°, 3)
FesSg - 14e = 7Fe?* +8S°, 4)
FesSs + 16H* + 2e = 7Fe?* + 8H,S, (5)
FersS - 2(1-x)e = (1 — X)Fe?* + S°, (6)

FeixS + 2H* + 2xe = (1 — x)Fe?* + HS. @)

1 (Volts) Fe - S - H20 - System at 25.00 C
20 y y y y y y y y y y y y y

15 1
Fe(+3a) FeO*OH

05

Fe(+2a)
0.0

-05 | 1

HFe20(-a)

H20

C:\HS C5\EpH\FES 25.1EP pH

Eh (Volts) Fe - S - H20 - System at 100.00 C
20 T

15 Fe203

1.0 1

05 1

Fe(+2a)

HFe20(-a)

H20

C:\HSC5\EpH\FeS100.iep pH

Pucynok 2. luazpamma «nomenyuan — pHy cucmemvr Fe-S-
H20 a) npu 25°C; 6) npu 100°C

Takum 06pazom, TepMOAMHAMUYECKUH aHAIN3 AUATpaMM
IMyp6o cucremsr Fe-S-HyO, BiaMsHUS KHCIOTHOCTH |
OKHCJINTEIBHOTO MOTEHIIMANA CUCTEMBI MO3BOJIIOT CHENIaTh
BBIBOJI O BO3MOXHOCTH  CEJIEKTHMBHOTO  PacTBOPEHMS
Cynb(hUI0B XKeje3a U3 CMECH CyJIb(QHUI0B HHUKENs, KoOalbTa
W Kele3a, M BO3MOXKHOCTH CEJICKTHMBHOTO OCaXICHMS
Cynb(UI0B HUKEIS U KOOaIbTa U3 KEJIE3UCTHIX PaCTBOPOB.

3.3 Bausinue pa3iM4HbIX IApaMeTPOB Ha pacTBOpPeHHEe
METAI0B TEPMHYECKH PA3JI0KEeHHOT0 MMPUTHOTO KOH-
LeHTpaTa

B kayecTBe MCXOIHBIX MaTepUalOB MCIOJB30BaJICS Tep-
MUYECKH Pa3JIOKEHHBI NMUPUTHBIA KOHLEHTPAT, MOIY4eH-
HeIM 13 XBocToB MMC AO «CCI'TIO». XuMHu4YecKuii aHaJIu3
MUPUTHBIX OTapKoB (Ta0imie 2) MmoKa3ad, 4TO OCHOBHBIM
KOMITIOHEHTOM Orapka SIBJISIETCS KeJle30, COJIEpPIKaHUuEe HUKe-
J1g 1 kobanbra HU3KkKMe U cocraBiasaioT 0.1% u 0.21% coort-
BETCTBEHHO.

Tabnuya 2. Xumuueckuii cocmag oz2apka, ROAY4EeHHbLI npU
mepmuueckol 00pabomke RUPUMHBIX KOHUEHMPAMo8 npu
650°C

Conepxanue, Macc. %

Hpomyxr Fe Co Ni Cu | Si0; | AlLOs3 | mp.
Tepmuyecku
PAsIOACEMEIN | 584 021 010 015 406 078 359
TTUPUTHBIN
KOHLIEHTpaT
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Kak moka3pIBaloT pe3yJabTaThl XUMHYECKOTO aHaIn3a CO-
Jep)kaHHue JKelle3a BBICOKOEe M cocTaBisieT 58.4%, a comep-
»anue Hukens u kobaipra — 0.10 u 0.21% cooTBETCTBEHHO.
[Ipoba mocie ucTupaHusi MOABEPrasiaCh CEPHOKHCIOTHOMY
BBILIEIaYHBAHHIO.

3.4 Pe3yabTaThl BhllIeIaYMBAHUS

B KkadecTBe BBINIENAYNBAIONINX PEATCHTOB HHUKEIHKO-
GanpTCoAEpIKAINX MaTEPHAIOB MOKHO IPUMEHHUTH CEPHYIO,
COJISIHYIO, a30THYIO U Apyrue KuciaoTsl. OQHaKo, Cpeau Beex
CEpHOKHCIIOTHOE BBIIIENAYMBAHUE SBISIETCS OJHUM U3
HanOoyee paclpoCTpaHEHHBIX METO/OB BBIIIEIAYUBAHUS,
KOTOpOE OTJIMYAeTCs] BHICOKOH 3((EeKTUBHOCTBIO, KOTOPOE
obecrieuynBaeT BHICOKYIO CKOPOCTBIO M TIOJIHOTY M3BJICUCHHMS
MeTaioB. Ha pe3ybTaThl BBIEIAUMBAHNS BIUSIOT MHOTHE
(haKTOPBI KaK KOHIIEHTPALHS pacTBOPA, MPOJIOKHTEIFHOCTD
BBIIIEIAYNBAHNSA, TEMIEpaTypa, KPYHMHOCTh TBEpAOH (a3bl,
cootHomrenne T u XK n MHOTHE ApyTrHEe QaKkTOpPHI.

BrimenaunBanne 000KEHHOTO KOHLIEHTpaTa MpPOBOIH-
JIOCh B aTMOC(EPHBIX YCIOBHSIX C M3YUYCHHEM BIMSHHSA KOH-
LEHTpalliid CEpHON KHUCIOTBI, TEMIIEPaTyphl U IPOIOIIKHU-
TEJIBHOCTH.

3.4.1 Bausinne xonmentpamuu H2SO4

KonneHnTpanus cepHOW KUCIOTHL, HAYIIEH Ha pacTBOpe-
HUe, Oblla MpHHATA B WHTepBane 25-125 r/mM® ucxoas u3
yCIOBHH PabOTBI B 3aMKHYTOM IHKIE C BO3MOXKHOCTBIO
pereHepaiu PaCTBOPUTEIIS, a TAKXKE MOJYUYCHUS HAUMEHb-
X 00BEMOB PAaCTBOPOB. BEIlenaunBanue 1eIeBBIX METa-
JIOB TIPOBOJTHIIOCH TI0 OMTUCAHHOM BBIIIIEC METOTUKE.

Pe3ynbraThl BBIINICTAYMBAHNUS TCPMHUCCKH Pa3JI0KECHHO-
ro MAPHUTHOTO KOHIICHTPAaTa PacTBOPAaMHU KHCIIOT C KOHIICH-
Tpauueii 25-175 r/am® OpeacTaBieHbl B pUCYHKE 3.

100 n
90 + -*(~'———77—
80

70 /

‘/(
60
50 / —4—Fe
40 ,/ —\-Ni
30 'j Co
20
10

0+ T T T T T T T T "

25 50 60 70 80 9 100 110 125 150 175
KoHneHTpanug KACIOTHI, I/

%E

PlleHOK 3. 3asucumocmo uzeneuenus memasios u3 ocapka
Om KOHuenmpauuu cepuoﬁ Kucinomol

Kak mokaspIBarOT pe3yibTaThl BEHIMICTAYHBAHUS C TTOBBI-
IIEHUEM KOHILIEHTpallMX KHUCJIOThl CTENEeHb W3BJCUEHHUS lie-
JICBBIX METAJUIOB TMOBEImacTcs. M3Bneuenne Fe mo cpaBHe-
auto ¢ Ni 1 CO HEBBICOKOE, NP MOBBIIIEHHH KOHIEHTPALIMH
KUCIOTHI OT 25 mo 175 r/am® cTenenp M3BIICUSHUS MOBbINIA-
ercst ¢ 39.13 mo 64.4%; npu nanpHEHIIEM MOBBIMICHHHA KOH-
[EHTPAIUX KUCIIOTHI CTETIEHb U3BJICUCHUS Kejle3a He yYBeJr-
4UBaeTCs TONBKO HA 2%.

IIpu NoBbIIEHUH KOHUEHTPALUMU KUCIOTHL OT 25 1o 175
r/mm® crerenp m3Biedenuss Ni msmensercs ot 59.56 1o
86.71%, npu mnobimeHnn koHneHTpanuun H>SOs4 crenens
HU3BJICYCHHUS HE MEHICTCS.

IIpu KoHLEHTpaUuH KHUCIOTHI 25 r/mm° He MIPOUCXOIUT
pactBopenue Co. C moBbllIEeHHEM KOHLEHTpauuud ot 50 1o
150 r/am3 crenens u3snedenus: CO nossimaercst ot 32.48 no

93.01%, nanmpHEWIEe MOBBIMICHHE KOHIICHTPAIIMH KHUCIOTHI
HE TIPUBEIIO K YBEJINUCHUIO CTETICHHN U3BIICUCHHSL.

TakuM 00pa3oM, Ha OCHOBE 3KCIECPHUMEHTAIBHBIX JaH-
HBIX MOXHO C/I€JIaTh BBIBOJ, YTO MOBBIIIEHHE KOHI[CHTPAIIMH
KHCJIOTBHI MIPUBOJMT K MHTEHCHMBHOMY pacTBOpeHHio Fe, ko-
TOpBI B JanbHelieM OyIeT HEraTHBHO BJIMSATH HA CEJCK-
TUBHOE pasjelieHne KobaibTa W HHUKeds. [losTomy omTH-
MaJIbHOM KOHIIEHTpAIlMel CepHON KHCIOTHI Oblia BhIOpaHa
xoHuenTpanus 100 r/qm®,

3.4.2 Bausinue NpoAoJIKUTEeIbHOCTH

BrnusiHue MpoOAOIKUTEIBHOCTH BBINICIAYMBAHUS HAa pac-
TBOPUMOCTh TOKa3aHO Ha pucyHke 4. Kak moka3seiBaroT pe-
3yJBTaThl TPOBEJCHHBIX HCCJICIOBAHUU IOBBIIICHUE TIPO-
JTOIDKUATENFHOCTH BBIIIETaYnBanus oT 5 1o 240 MuHyT Ona-
TOTBOPHO BIHUSIET HAa BBIIICIAYMBAHKUE IKeje3a, HHUKEIs U
KoOaJIbTa.

100

30
= 60
B 40,91 45,52
34,01

t <

40 8 ;’/

7.5 15 30 60 120 240
Bpems BpIIeIAYAEAHAS, MEH

Pucynok 4. 3asucumocmo uzeneuenus memanios u3 nupum-
HO20 02apKa 0m RPOOOIIHCUM ENILHOCHU GbLULEIAYUEAH S

[Ipu n3ydeHNH BIVMSIHAS MPOJOIDKUTEIBHOCTH HaOIroMa-
€TCsI HEKOTOpOE OIEPEeKCHHE PACTBOPEHHS HUKEISI M KO-
6anpra. Hanbonee moyiHOe pacTBOpEHHUE IENIEBBIX METAIOB
KOHLIEHTpaTa HAOJIOAeTCsl NP IMPOJOJDKUTEIBHOCTH BbI-
nieauyMBaHug 2 4yaca u Oonee. B HauanbHOM mepuone, npu
TMOBBIIICHUN TMPOAOJLKUTEIBHOCTH BbIMICITIAYUBAHUA OT 75
10 60 MHUHYT pacTBOpEHHE Xelle3a WAET MEIJEHHO W €ro
CTEITIeHb M3BJICUCHU HaxoAuTcs B mpenenax 28.91-45.52%,
NMpH TPOJOIDKUTEIBHOCTH Iporecca Oonee 60 MHUHYT
HaOIroTaeTCs Pe3KUi pOCT CKOPOCTH PACTBOPCHHUS KeJe3a.

Ha ocHOBe NOJy4YeHHBIX NAHHBIX BBISBICHO, YTO OITH-
MaJBHOW TPOIODKUTEIHFHOCTRIO BBIIICTAYNBAHUS TIPOIYK-
TOB 00wura siBisieTcst 120 MUHYT.

3.4.3 BiausiHue TemMneparypbl

N3yyanoch BIMsAHUE TeMIEpaTyphl Ha MPOLECC BhILIENA-
gyuBaHus. KonmdaectBo pactBoputens Obuio B3sTo 100 r/mm?,
MPOJOJDKUTEIPHOCTD BBINICIAYABAHUS ObLIa MPUHATA PaB-
HOM 2 yacam. Pe3ynbTaThl Hcciael0BaHUIN NpeCTaBIeHbl Ha
pucyHke 5. I3 mOJIy4eHHBIX pe3yJIbTaTOB CIEAYET OTMETHUTD,
9TO TEPMHUYECKH PA3JIOKCHHBI MUPHUTHBIM KOHIICHTPAT
pasnaraercsi CpaBHUTEIHHO JIETKO.
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Pucynox 5. 3asucumocmov pacmeopenus memannog u3 nu-
PUMHO020 02aPKA OM meMnepanypol
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Hawnbonee momHOe pacTBOpeHHME HHUKENs W KoOalbTa U3
orapka IMUPUTHOTO KOHIIEHTpaTa JOCTHIraeTcs MpH TeMIepa-
type 100°C. Habnronaercst HeKOTopasi pa3HUIA B CKOPOCTAX
BBIIIENAYNBAHNS HUKEIS, KoOanbTa u xene3a. I1pu mosbime-
HuH Temrepatypsl oT 20 mo 100°C crenmeHb pacTBOpEHHS
BCEX METaJUIOB MNOBhIIIaeTcs. Hambonee mosHoe pacTBope-
HHEe HHKeNs W Kobampra mporekaer mpu 100°C, cremeHb
M3BJICUCHHUS MeTaioB coctaBisieT: 91.49% Co u 93.01% Ni.
JanbHeiinee NOBBIIEHHE TEMIIEpaTypbl IIPUBOAUT K PE3KO-
My YBEIHUYCHHIO CTETICHW HM3BIICYCHHUS jkemeza oT 64.46 no
94.23%, Torma Kak CTENEHb M3BJICUECHHUS HUKES U KoOalbTa
noBsImatoTes Tonbko Ha 0.2-0.6%. Ha ocHOBe mosy4eHHBIX
JaHHBIX ONTHUMAJBHOW TEMIEpaTypod BBIIIETaYMBaAHUS
MOJKHO cuuTath Temreparypy 100-110°C.

B pesynbrare cepHOKUCIIOTHOTO BBILIEIAYMBAHHS HCCIIE-
AYEMOro orapka B OINTHUMAaJIbHBIX YCJIOBUAX: KOHICHTpALUA
kucinoTel — 100 1/1, mpomomxkutensHOCTH 120 MUHYT, TeM-
nepatype — 100°C 6buT mOSTyueH MPOIYKTUBHBIN PacTBOp C
OOJIBIIUM COJIEpI)KaHHUEM JKelle3a, COCTaB KOTOPOro MPUBEJICH
B Tabmure 3.

Tabnuya 3. Xumuueckuii cocmag npoOyKmueHoz0 pacmeopa

HaumenoBanue Conepixanue, /1 W3zBneuenue, %
MpOJyKTa Co Ni Fe Co Ni Fe
Konnenrpat 048 045 18781 9149 @ 93.01 @644

ITpu u36BITKE pacTBOPUTES CBBINIE 5% OT TEOPETHYECKU
HEOOXOANMOT0 KOJIIMYECTBA U NPH MPOAOIDKUTEIBHOCTH 240
MHUHYT MPOUCXOIUT MPAKTUYECKH IOJTHOE Pa3NIOKEHUE Tep-
MHUYECKH Pa3JIOKEHHOTO MUPUTHOTO KOHIIEHTpATa, MpHUeM,
YBEJIMYCHUE KOJIWYECTBA PACTBOPUTENS BIMSET HA H3BJICUeE-
HHE HUKeNsA. BplmenaunBaHie TEPMUYECKH Pa3I0KECHHOTO
KOHLIEHTpaTa He TpeOyeT OObIINX M30BITKOB PAaCTBOPUTEIIS,
TeM Ooree, eCli MPOU3BOANTH HE NMEPUOANIECKOE OJHOCTA-
JIMHHOE, 8 TPOTHBOTOYHOE HETPEPHIBHOE BHIIIEIaYBaHUE.

Takum 00pa3oM, HA OCHOBAHUM NPOBEICHHBIX HCCIIEHO-
BaHMH OIpENEeNICHbl YCIOBUS IPOIecca OJHOCTAJUHHOTO
BBIIIETAYNBAHUSA TEPMHUIECKH PA3JIOKECHHOTO INHPUTHOTO
KOoHIIeHTpaTa — Temmepatypa 100-110°C; npomomkuTensHO-
cTH 2 4aca, u30bITOK pacTtBoputeins 4-5%. PactBopsl mocie
BBIIEIAYMBAHMA  cofepkar okoio 187 r/mm®  xenesa,
0.5 r/nm® Hukens u 0.47 r/am® kobanbTa. IIpu JaHHBIX yclo-
BUSIX U3BJICYECHHE B PACTBOP COCTaBIsACT, %: HuKemst — 93.01,
ko0anbTa — 91.49, sxenesa — 64.4.

3.5. YkpynHeHHBIE HCCTeT0OBAHUS

Ha ocHOBe NONyuYeHHBIX pE3YNbTATOB HCCIECIOBaHUN
mpeanaraeTcs — Clexyomas — TEXHOJOTHYecKas — cXema
nepepaboTKu IIUPUTHBIX HUKETbKOOAIBTCOIEPIKALITIX
nupuTHBIX XBocToB CCITIO (pucyHOK 6) ¢ HCTIONB30BaHUEM
MPOLIECCOB 00XKMTa U THAPOMETAIUTYPTUIECKOH ITepepaboTKH
orapka C MCIOJIb30BaHUEM IIPOILIECCOB, KaK BBIIIEIAYUBAHUE,
XMUMHYECKOE OCAXKIICHNE W )KUAKOCTHAST AKCTPAKIIHSL.

IMupuTHEIii konuenTpaT CCI'TIO

|
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IIpu  obxwure pu  TeMIIepaType 700°C c
MPOJIOJDKUTENBTHIO 1 Yac oOpa3yeTcs MUppOTHHI3HPOBAHHBIN
MOPOAYKT, KOTOPBIA  IOJBEPracTCcs  CECPHOKUCIOTHOMY
BBHIIIIETIAUMBAHUIO B TeueHue 120 MUHYT, B HWHTepBale
temneparyp 80-100°C. Ilpu BbIlIeNaYMBaHUU C WU30BITKOM
KUCJIOTHI TOJYYCH MPOJIYKTUBHBIA PACTBOP C CONEPIKAHHEM
Chnii, Cco mo 0.5 /11, Cre = 190 r/m1, pH = 2.

YKpYIHECHHBIC HWCIBITAHUSA MPEIaracMoi TEXHOJOTHH
MOKa3all, YTO B KadecTBE WCXOMHOTO CHIPhS MOTYT
WCITIONB30BAaThCSI MUPUTHBIN KOHIIGHTPAaT H  HEKOTOpHIE
MPOMIIPOTYKTE METAJUTypTrHYecKOTO MpPOM3BOACTBa. Ilpum
BBIIIENIAYMBAaHUN Orapka MUPHUTHOTO KOHIIGHTpaTa CEepHOU
KHCJIOTOH B PacTBOP CEIEKTHBHO H3BJIEKAIOTCS JKeie30 (1o
190 r/nm®), muken» u xobamst (mo 0.5 r/mm®). XKeneso
OoCaxaeTcs B BHUAC THIPOKCHAA U M3 KOTOPOTO MOXKHO
U3BIIEKATh YUCTBIN MOPOILIOK Fe0s.
Hukenbko0anpTcomepKamuil  pacTBOP IMOCIAC OYUCTKA OT
JKelle3a TMOCTYMaeT B Y3€d JKHIKOCTHOW 3KCTPAaKIHH, TIC
JIOCTUTAeTCs CEJICKTHBHOE Pa3/ieiicHue KoOaabTa U HUKEIS C
MOJMYYCHHEM YHCTBIX pPAacTBOPOB CyNb(})aTOB HHUKENS U
KoOaJTbTa.

4., BeIBOABI

Jns mepepaboTky HUKENBKOOATBTCOAEP)KAIIUX KOHIICH-
TPaTOB, MOTYYACMbIX NPH OOOTAIEHNH XBOCTOB MArHUTHOH
cemapamuu CCITIO mpuemiieM KOMOWHHPOBAaHHBIA CHOCOO
nepepabOTKH, BKIIOYAIOIIUA IPEABAPUTENbHBIH O00XKUT U
BBIIIEJIAYMBAHUE [IEHHBIX KOMIIOHEHTOB.

TepMoauHaMHUYECKUI aHAIN3 [T0KA3all:

- IpH YCIOBHSX TepMuueckoil obpadotku (600-700°C)
BO3MOXKHO 00pa30oBaHHE HHU3KOCEPHHUCTHIX COEAMHEHHH Ke-
Je3a MIMPOKOTO CIIEKTPa COCTABOB, a TAKXKe CYIb(UI0B KO-
0aybTa M HAKEJS TIEPEMEHHOT0 COCTaBa.

- 0 BO3MOXHOCTH B uHTepBajue pH 0-8 cepHOKUCIOTHOTO
pacTBOpeHHs HUKeENs M KoOaibTa U3 CMECH CYJIb(UIIOB HU-
KeJIs, KoOanbTa 1 JKelle3a BXOASAIINX B COCTaB U3 Orapka.

HccnenoBaHusAMH  CEpPHOKMCIIOTHOTO — BBIIIETIaYMBAHUS
OrapKOB yCTaHOBJIEHO, YTO TPH BHIIIETAYUBAHUH B PACTBOP
MePeXoAAT MOHBI XKeJle3a, HUKels, KoOanbTa U ONTUMAaNbHBI-
MH YCIOBUSMH SBJISIOTCS: KOHIEHTpamus KuciaoTsl 100
r/nm3, Temneparypa 100°C u cootHomenus T:)K=1:2, npo-
JIOJDKUTENLHOCTD  BhIIeNnaunBaHus 120 MUHYT, CTENeHb
W3BJICUCHHS METAJUIOB NP TAKUX YCIOBHUAX COCTaBIAET, %o:
Hukens — 93.01; xobanet — 91.49; xene3o — 64.46. Ilomy-
YEeHHBIH B pE3yJIbTaTe BBINIECIAUUBAHUS TIOJY4YEH IIPOAYK-
THBHBIA pacTBOp cocraBa, r/am®: 187 r/mv® xkemeso, 0.50
HuKenb, 0.47 r/mm°e,

Pazpaborana TexHoyOrHUYeCKas cxema IepepaboTKu IH-
PUTHBIX KOHLIEHTPATOB C BBIAEICHHEM >Keie3a, HUKENs W
KoOanpTa B BHAE OTICIBHBIX IIPOAYKTOB C IPHMEHEHHEM
MPOIIECCOB TEPMUIECKOTO OOXKHra MUPUTHOTO KOHIIEHTpATa,
BBIIIENIAYNBAHUSI M CEJIEKTHBHOTO pAa3JefieHHs METaJUIOB
MPOIIECCAaMH OCAXKACHUS U KHUIKOCTHONW IKCTPAKITHH.

References

[1] Yue, L., Zhouliang, T., Yuming, L., Changlong, L., Peipei, H.,
Jingyi, L. (2024). Past, present and future of high-nickel materi-
als. Nano Energy, (119), 2211-2855.
https://doi.org/10.1016/j.nanoen.2023.109070

[2] Giridhar, G., Ajoy, K. P. (2023). Recent developments in nickel-
based superalloys for gas turbine applications: Review. Journal
of  Alloys and Compounds, (963), 0925-8388.
https://doi.org/10.1016/j.jallcom.2023.171128

[3] Norgate, T., Jahanshahi, S. (2009). Low Grade Ores —Smelt,
Leach or Concentrate? Minerals Engineering, (23), 65-73.
https://doi.org/10.1016/j.mineng.2009.10.002

[4] Edgar, P., Arthur, B., Asim, T. (2011). Nickeliferous pyrrhotite —
“Waste or resource?”. Minerals Engineering, 24(7), 625-637.
https://doi.org/10.1016/j.mineng.2010.10.004

[5] McDonald, R.G., Whittington, B.I. (2008). Atmospheric acid
leaching of nickel laterites review part I. Sulphuric acid technol-
ogies. Hydrometallurgy, 91), 35-55.
https://doi.org/10.1016/j.hydromet.2007.11.009

[6] Gavrilov, A.S., Krasheninin, A.G., Krasheninin, A.G., Petrova
S.A., Reutov, D.S. (2022). Extraction of Nickel from Oxidized
Nickel Ores by Heap Leaching. Metallurgist, 66(5-6), 593 — 604.
https://doi.org/10.1007/s11015-022-01364-5

[7] Jennifer, M.C., Ataollah, N., William, S., Jonas, A-M. (2016).
Atmospheric acid leaching mechanisms and kinetics and rheo-
logical studies of a low grade saprolitic nickel laterite ore. Hy-
drometallurgy, (160), 26-37.
https://doi.org/10.1016/j.hydromet.2015.11.004

[8] Luo, W., Feng, Q., Ou, L., Zhang, G., Chen, Y. (2010). Kinetics
of saprolitic laterite leaching by sulphuric acid at atmospheric
pressure. Minerals Engineering, 23(6), 458-462.
https://doi.org/10.1016/j.mineng.2009.10.006

[9] Xuheng, L., Jiahao, H., Zhongwei, Z., Xingyu, C., Jiang-
tao, L., Lihua, H. (2023). Nickel leaching kinetics of high-
grade nickel matte with sulfuric acid under atmospheric
pressure. Hydrometallurgy, (215), 105987.
https://doi.org/10.1016/j.hydromet.2022.105987

[10] Van, Sc. F., Eksteen, J., Petersen, J., Thyse, E., Akdogan, G.
(2011). An experimental evaluation of the leaching kinetics of
PGM-containing Ni-Cu—Fe-S Peirce Smith converter matte, un-
der atmospheric leach conditions. Minerals Engineering, (24),
524-534. https://doi.org/10.1016/].mineng.2010.10.012

[11] Kaya, S., Topkaya, Y.A. (2011). High pressure acid leaching of a
refractory lateritic nickel ore. Mineral Engineering, (24), 1188-
1197. https://doi.org/10.1016/j.mineng.2011.05.004

[12] Saykova, S.V., Panteleeva, M.V., Saykova, D.I. (2019). Cation
exchange processing of buruktal oxidized nickel ore autoclave
solutions September. Tsvetnye Metally, 9).
https://doi.org/10.17580/tsm.2019.09.02

[13] Elsayed, O., Zixian, D., Huan, L., Jacques, E. (2023). Selective
extraction of nickel and cobalt from disseminated sulfide flota-
tion cleaner tailings using alkaline glycine-ammonia leaching so-
lutions, Minerals Engineering, (204), 108418.
https://doi.org/10.1016/j.mineng.2023.108418

[14] Elsayed, O., Huan, L., Zixian, D., Jacques, E. (2023). Selective
extraction of Ni and Co from a pyrrhotite-rich flotation slime using
an alkaline glycine-based leach system. Minerals Engineering,
(203), 108330. https://doi.org/10.1016/j.mineng.2023.108330

[15] Anna, Szymczycha-M. (2011). Kinetics of Mo, Ni, V and Al
leaching from a spent hydrodesulphurization catalyst in a solu-
tion containing oxalic acid and hydrogen peroxide. Journal of
Hazardous Materials, 186(2-3), 2157-2161.
https://doi.org/10.1016/j.jhazmat.2010.11.120

[16] Chuan-lin, F., Bin-chuan, L., Yan, F., Xiu-jing, Z. (2010). Kinet-
ics of acid-oxygen leaching of low-sulfur Ni-Cu matte at atmos-
pheric pressure. Transactions of Nonferrous Metals Society of
China, 20, 6, 1166-1170.  https://doi.org/10.1016/S1003-
6326(09)60273-9

[17] Ivanov, N.S., Malimbayev, M.S., Abilmagzhanov, A.Z.,
Kholkin, O.S. Adelbayev, l.Ye. (2022). Processing of oxi-
dized nickel ores using sintering, roasting and leaching pro-
Cesses. Mineral Engineering, (181), 107498.
https://doi.org/10.1016/j.mineng.2022.107498

[18] Yongwei, W., Xuejie, C., Mengjun, C., Wenging, Q., Junwei,
Han. (2023). Effective extraction of nickel and cobalt from
sintered nickel alloy via reduction roasting and leaching.
Minerals Engineering, (203), 108336.
https://doi.org/10.1016/j.mineng.2023.108336



https://doi.org/10.1016/j.nanoen.2023.109070
https://doi.org/10.1016/j.jallcom.2023.171128
https://doi.org/10.1016/j.mineng.2009.10.002
https://doi.org/10.1016/j.mineng.2009.10.002
https://doi.org/10.1016/j.mineng.2010.10.004
https://doi.org/10.1016/j.mineng.2010.10.004
https://doi.org/10.1016/j.hydromet.2007.11.009
https://doi.org/10.1016/j.hydromet.2007.11.009
https://doi.org/10.1007/s11015-022-01364-5
https://doi.org/10.1016/j.hydromet.2015.11.004
https://doi.org/10.1016/j.hydromet.2015.11.004
https://doi.org/10.1016/j.mineng.2009.10.006
https://doi.org/10.1016/j.mineng.2009.10.006
https://doi.org/10.1016/j.hydromet.2022.105987
https://doi.org/10.1016/j.mineng.2010.10.012
https://doi.org/10.1016/j.mineng.2011.05.004
http://dx.doi.org/10.17580/tsm.2019.09.02
https://doi.org/10.1016/j.mineng.2023.108418
https://doi.org/10.1016/j.mineng.2023.108418
https://doi.org/10.1016/j.mineng.2023.108330
https://doi.org/10.1016/j.jhazmat.2010.11.120
https://doi.org/10.1016/j.jhazmat.2010.11.120
https://doi.org/10.1016/S1003-6326(09)60273-9
https://doi.org/10.1016/S1003-6326(09)60273-9
https://doi.org/10.1016/j.mineng.2022.107498
https://doi.org/10.1016/j.mineng.2022.107498
https://doi.org/10.1016/j.mineng.2023.108336

K. Mamyrbayeva et al. (2024). Engineering Journal of Satbayev University, 146(5), 1-9

[19] Rory, A. C., Rolando, L., Yves, Th.t, Lucie, M., W. Douglas, G. [21] Wang, C., Yonggianga, C. (2022). Crystallization and pyrolysis

(2021). Stirred-tank bioleaching of nickel and cobalt from pyr- of nitric acid pressure leach liquor of limonitic laterite and sepa-
rhotite-rich tailings from Sudbury, Ontario. Hydrometallurgy, ration of valuable metals. Separation and Purification Technolo-
(204), 105592. https://doi.org/10.1016/j.hydromet.2021.105592 gy, (301), 121987. https://doi.org/10.1016/j.seppur.2022.121987
[20] Kolmachikhina, O.B., Lobanov, V.G., Polygalov, S.E., Ma- [22] Chepushtanova, T.A., Mamyrbaeva, K.K., Luganov, V.A., Mish-
kovskaya O.Yu. (2021). Use of thermochemistry methods when ra, Brajendra. (2012). Mechanism of nonoxidizing and oxidative
processing oxidized nickel ores. Tsvetnye Metally, (8), 33-38. pyrrhotite leaching. Minerals and Metallurgical Processing,
https://doi.org/10.17580/tsm.2021.08.05 (29), 159-164. https://doi.org/10.1007/BF03402254

MarsuTrTi 0aMbITY KAJJABIKTAPLIHAH HUKEJIb MEH KOOAJBTTHI 00JIiI
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Angarna. Marautti G6alBITy KalABIKTapAbl OHICY Moceleci oTe ipi alIeMIiK Mocene OOJbIN TaOBUTagbl JKOHE OJaH
SKOHOMUKAIBIK KYHABI METalgapAbl eHAipy O0acTsl MiHIeT Ooibin TaObutanbl. KasakcraHma OalibITy KalABIKTaphIHAH HHUKEIHh
MeH KOoOanbTTHI 06N HapBIFHI iC JKy3iHAe HaMbIMaraH. bipak bpUT callblH HUKETh MEH KOOAJIhTKA JIETCH KAKETTUTIK HAKEIh-
KOOaJbTTHI OaTapesuiapra, HIEKTPOMOOIIIBACD, apHABI KOPHITIIATap XKoHE T.0. jkacay VIIiH JKOFaphl CYpPaHBICKa OalIaHBICTHI
aptein keneni. CokonoB-CapriOaii Tay-kKeH 0aiibITy KOMOMHATHIHBIH HUKEIb-KOOAIBTTHI MUPUT KOHIICHTPATHI TEMIip, HUKEIb,
K0OaJbT XoHE T.0. CHAKTHI OipKaTap Oaraibl TYCTI MEeTaIIapAbl ATyIBIH KYHIBI K631 OOJBII Ta0bUIagbl. 3epTTEYIiH MaKCcaThl —
KYKIPT KBIIIKBUIBI epiTiHAiNepiH nainanana oTeipsin, CoxonoB-CappiOail 0alibITy KOMOWHATBIHBIH TEPMUSIIBIK OHJIEITECH
MUPUT KOHIICHTPAThIHAH HHUKEIb MEH KOOAIBTTHI 06N ayIblH OHTAWJIBI MIAPTTAPBIH 3epTTEy OONBIN TaObUIABL [IHMpUT
KOHIICHTPATBIHBIH HET13Ti KOMIOHCHTTEPIHIH TOTBHIFY PeaKIMsIAPbIHBIH TEPMOAUMHAMHKAIIBIK TAJIaybl )KOFAPhl TEMIp, HUKEIb
JKOHE KOOANBT CyNbQUATEPIHIH TEPMUSIIBIK bIIBIpaybIHaa colikecinine FeggrrS, FeS, FeySs, FerSs; NisSy, NisSs xkone C0Sg sg,
CoS CcTeXHOMETPHSUIBIK eMec TOMEHTI cynbOUATEpaiH Kartapbl Ty3uieTinin kepcerti. Ni-S-H»0, Co-S-H;O xone Fe-S-H,O
kydenepinin [lyp6s aumarpammanapsl TEPMHSJIBIK BUIBIPAFaH MUPUT KOHICHTPATHIHAH KOOAJIbT MEH HHUKEIbII KYKIPT
KBIIIKBUTBIMEH maiimanay pH 0 — 1.5 sxone E > - 0.5 B ke3inge MyMKiH ekeHAIriH kepceTeni. FeS-FerSg cTexmuoMeTpusitbik
eMec TeMeHri TeMip cymbduarepin maiimamay pH 0 — 4.0 xome E >0 B ke3inme MyMKiH OONATHIHIBIFBI KOPCETINII.
TepMUAIBIK ©HAEITeH MHPHUT KOHIICHTPATTapBhIH IIaliMalay[IblH OHTAMIIBI JKaFHaiJapblH aHBIKTay OOWBIHINA 3epTTEYiep
HUKEJb MEH KOOAIBTTHI 06N ay YIIiH KYKIpT KBIIIKBUTBIHBIH THIMII KOHICHTpanusce! 6okt 100 r/mM3, maiiManay yakbIThI
120 munyt, Temnepatypa 100-110°C GonateiHBI aHBIKTANAR. OCBIHAAN KaFgaia HAKENb JKOHE KOOATbTTHIH MaKCHMAJJIbI
Oeminyi comikecinme 93.01% xone 91.49% kypanmpl. KBIIIKBIT KOHICHTPANMACHIH, IIaiMagay Y3aKThIFbIH JKOHE
TeMIlepaTypaHbl apTThIpy TEMIpIiH TOJIBIK epyiHe OKeli. ¥Kcac IIHMKI3aTThl OHJEY VIIIH JKaJFaH MUPUT KYHPBIKTApbIH
OHJICY/IH apaiac diCiH KoygaHyra O6ojansl. Hukenb-koOaabTKypaMIbl €CKIpreH MUPHUT KaJIAbIKTApbIH OHIACYAIH Kypamaac
QMiCiH OCBI IIMKI3aTKa YKCAcTap bl OHICY YIIIiH KOJAaHyFa 00JIaIbl.

Hezizzi co30ep. watimanay, Hukeawb, KOOAIbLM, IKCMPAKYUsL 0apedrceci, KyKipm KbluKblibl, OPINAHBIY KbIUKbLIObIbL.

HcchaenoBanue n3BJeYCHUA HUKEJIA U KO0AJILTA U3 XBOCTOB
MATHUTHOIO 000TaIleHus

K.K. Mameip6aesal, A.H. Kyangpsikosal, T.A. Uenymranosal, E.C. Mepku6aes®”, M. Bpaxenpa?

1Sathayev University, Amvamot, Kazaxcman
2Bycmepckuii nonumexnuveckuii uncmumym, Bycmep, CIILA

*Aemop ons koppecnondenyuu: y.merkibayev@satbayev.university

AnHortanus. [IpodsaeMa nepepabOTKH JIeKAIBIX XBOCTOB SIBJIICTCS MUPOBOM, M OCHOBHAsI 33[a4ya — 3TO M3BJICYCHUE KO-
HOMHUYECKH IIEHHBIX MeTa/uToB. B KazaxcraHe phIHOK M3BJICUCHUS HUKENS M KOOAIbTa M3 JIEKAIBIX XBOCTOB MPAKTHYECKH HE
pa3BUT. A OTPEOHOCTH B HUKEJIE W KOOAIbTE €KErOJHO BO3PACTACT B CBSI3H C BBHICOKHM CIIPOCOM Ha HHKEIh-KOOAILTOBBIC
Gatapen U1 M3TOTOBIICHUS IIEKTPOMOOWIIECH, CIIEIMAIbHBIX CIUIABOB W Apyrue. [TupuTHBIN KOHIEHTpAT, COAEp)Kaluii HHU-
kenb-k00ansT CokonoBcko-Capbarickoro I'TIO siBisieTcst IEHHBIM UCTOYHUKOM M3BJICUSHUS Psia IIEHHBIX [IBETHBIX METAIIJIOB,
TaKMX Kak >KeJe30, HUKeNb, KOOAIbT 1 np. Llenpio uccaeaoBanus sIBUIIACh U3ydeHUE ONTUMAIBHBIX YCIOBUN M3BJICUCHUS HH-
KeJsl U KoOallbTa M3 TEPMUYCCKU PA3I0KECHHOTO MUPUTHOTO KoHIeHTpaTta CokonoBcko-Capbaiickoro ['TIO pacTBopamu cep-
HOU KHCJIOTHI. TepMOIUHAMUYECKUN aHATU3 PEAaKIMi OKUCIICHHSI OCHOBHBIX KOMIIOHEHTOB IMMPUTHOTO KOHIICHTpATa MOKa3all,
9TO MPU TSPMUYECKOM Pa3JIOKCHHUU BBICIINX CYJIb(MUIOB Kele3a, HUKEIs U KoOaabTa 00pa3yercs psiJi HECTEXHOMETPHUSCKUX
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HM3mKX cynbhunoB FeogrrS, FeS, FesSs, FerSg; NisSz, NisSs u CoSpge, CoS coorBercTBenno. [uarpammsl ITyp6s cucrem Ni-
S-H20, Co-S-H>0 1 Fe-S-H>0O moxa3pIBaioT, 9YTO CEpHOKUCIOTHOE BHIMICTaYUBAaHUE KOOAIBTa U HUKEIS U3 TEPMHUECKH Pa3-
JI0)KEHHOT'O TUPUTHOTO KOHIIEHTpata Bo3MokHO mpu pH 0 — 1.5 u E > - 0.5 B. BrlmenaunBanue HeCTEXHOMETPHUUECKUX HU3-
mux cynbpuaos xkenesa FeS-Fe7Sg BosmoxxHo pu pH 0 — 4.0 u E > 0 B. MccnenoBaHusiMu 10 ONPE/ICIICHUIO ONTUMAIIBHBIX
YCJIOBUHM BBILIEIAYMBAHUS TEPMUYECKH 00padOTaHHBIX TMPUTHBIX KOHIIEHTPATOB YCTAHOBIICHO, YTO JUISl M3BJICUYCHUS HUKEIIS U
kobanbTa 3 PEKTUBHON KOHIEHTpaluel cepHol kucnothl seisercs 100 r/am3, npogomkuensnocts 120 MUHYT M Temrepa-
Typa 100°C u npu 3TOM MakcHUMalbHOE HU3BJICUeHHE MeTaoB cocTaBisieT 86.71% u 93.01% coorBercTBeHHO. IloBBIIICHNE
KOHIEHTPAMX KUCIIOTHI, IPOJIODKUTEIFHOCTH U TEMIIEPATyphl MPUBOMT K MOBBIILICHUIO PACTBOPEHUS JKelle3a U3 CyIb(uaoB.
KomOuHMpOBaHHEIHA CIIOCO0 NepepaldOTKH JeKaIBIX MUPUTHBIX XBOCTOB MOKET OBITh IPUMEHEH IS IepepaboTKH aHaJOT Y-
HOTO CBIPBSL.
Knrouegvie cnosa: sviyenauusanue, Hukenb, KoOaibm, cmenens U3eieueHus, CepHas KUCI0ma, KUCI0MHOCHb CPeobl.
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Hydrochemical processing of fine kaolinite fraction of high-siliceous
bauxite with preliminary chemical activation
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Abstract. For processing of low-quality bauxite, it is impossible to use the most simple and economical Bayer hydroalkali
method. In spite of the fact that there are various hydrochemical methods allowing to use substandard alumina-containing raw
materials the problem of technology improvement is actual. In this work we investigated the possibility of processing kaolinite
fraction of bauxite by hydrochemical method, by improving it through preliminary chemical activation and use of active form
of calcium oxide during leaching in high-modulus recycled aluminate solution. The developed technology allows to extract
aluminum into solution with high efficiency, to regenerate recycled leaching solutions and to obtain waste sludge suitable for
construction. Preliminary chemical activation of fine crystalline fraction by thermochemical treatment in sodium hydrogen
carbonate solution at elevated pressure allowed to transform the initial phase composition, eliminate the kaolinite phase, which
is difficult to detect by hydrochemical method. The developed method of obtaining the active form of calcium oxide by CaO
quenching in Na SO, solution at elevated temperature and pressure made it possible to carry out hydrochemical stripping of
fine crystalline fraction in one stage. The conducted studies have shown the possibility of effective processing of kaolinite
fraction of gibbsite-kaolinite bauxite by hydrochemical method by leaching in high-modulus aluminate solution with addition
of active form of calcium oxide, after changing the initial phase composition by the method of preliminary chemical activation
in sodium hydrogen carbonate solution.

Keywords: bauxite, kaolinite, dowsonite, chemical activation, hydrochemistry, sodium hydrogen carbonate, fraction, trans-
formation, calcium oxide.

1. Beenenue B pesynbrate MEXaHMYECKOTO — IPaBUTAIMOHHOTO ¥ XHMH-
YECKOro 00oTaleHuss HU3KOKauyeCTBEHHbIE OOKCHUTHI MIEPEBOIAT
B KaTETOpHIO, IPUTOHYIO AT MepepaboTku 1o criocoly baite-
pa. BolieneHHast, MeJIKOUCIIepCHast KAOIMHUTOBAsE (ppakiyst He
nepepadaThIBACTCs U TO/IBEPraeTcs 3aXOPOHEHHUIO, U3-3a OTCYT-
cTBUs 9P PEKTUBHON TEXHOJIOTUH €€ TIepepadOTKH.

AHanu3 Hay4HO — TEXHUYECKOH MH(pOpMAIUH T0KA3bIBaET,
YTO W3BJICUECHUE ATIOMHHUS U3 KAOJHHUTOBON (pakmuy OOK-
CHTa HEBO3MOKHO OOBIYHBIM IMICJIOYHBIM T'MJPOMETaLTYpIH-
YECKUM CIIOCOOOM, TaK KaK KaoJWH SIBISIETCS XUMHYECKHH
CTOWKNM coeZlMHeHHeM. B Hactosiiee BpeMs mpu nepepador-
K€ KAOJIMHUTOBBIX Pyl MPEUMYIIIECTBEHHO OPUEHTHPYIOTCS Ha
UCIIOJNB30BaHUE KHCIIOTHBIX CIOCOOOB, HEIOCTATKOM, KOTO-
PBIX ABIIACTCA HeOGXO]lI/IMOCTL HCTIOJIb30BaHUA JOPOroCTOsA-
IIer0, KOPPO3HMOHHOCTOIKOr0 0bopynoBanwus [3, 10, 11].

[Ipn wmCcTONB30BaHWM MIETOYHBIX METOAOB IEpPepabOTKH
KaOJIMHUTOBBIX PYI JJIA IOBBIMICHUSA peaKHHOHHOﬁ CII0c00-
HOCTH KAOJIMHUTA TPOBOASAT IPEABAPUTEIILHYIO OIEpalnio,
CBs3aHHYI0O C TpaHchopmarmeld (a3oBOro cocraBa ITyTeM
TEepMHUYECKOH 00pabOTKM — METO/IOM CIIeKaHUs, /I NpeBpa-
IIEHNSI KAaoJIMHA B METAKaoJIMH, M3 KOTOPOTO JIErKO MOYHO
BBIILENOUNUTh MHO3eM [12-18]. HemoctaTkoM TepMHUYECKOi
TpaHchOpMaLMK KAOJIMHUTOBBIX Py SIBJSIETCS BBICOKast SHEP-
TOEMKOCTb IIpoIiecca.

B Kazaxcrane oTCyTCTBYIOT BBICOKOKaueCTBEHHbIE OOKCH-
ThbI, YTO BBI3BIBACT HeOGXO)II/IMOCTB HCII0JIB30BAaTh B HACTOA-
mee Bpemst, Ha [laBmomapckom amomunaneBoM 3aBoxe (ITA3)

[Ipon3BOACTBO aTIOMHUHUS TIPEACTABISIET COOOW OCHOBY
BEIYIIMX CEKTOPOB NMPOMBIILIEHHOCTH M 00ECIe4YnBaeT CTa-
OWITBHBIN pOCT JTF000Y HAIMOHAIBLHOW dKOHOMHKH [1]. OmHa-
KO, MHOTHE paiiOHbl MHpa HMEIOT OrPaHUYCHHBIC 3arachl
KaueCTBEHHBIX OOKCHTOB, IPUIO/HBIX JUIS IIEpepabOTKH TIPOo-
cTbiM U 3¢ deKTHBHBIM criocoboMm Baiiepa, mo3ToMy B MpOH3-
BOJICTBO BOBJICKAIOTCSl HU3KOKa4ECTBEHHOE aIIOMHHHICO/IEp-
JKallee ChIpbe, YTO TpedyeT pa3pabOTKH HOBBIX TEXHOJIOTHYE-
CKHX pelenuii [2-4].

His sddexTrBHON TmMepepaOdoTKH  HU3KOKAYeCTBEHHBIX
rHOOCHT — KaOJMHUTOBBIX O0oKcuTOB KpacHoropckoro mecro-
poxneHus TpeOyercst CTajuiiHOe oOoraiieHne ¢ rpaBHTalH-
OHHBIM OTIEJICHHEM HemnepepadaTbiBaeMOl  KaOJTUHUTOBOU
Gbpakimit ¥ XUMHYECKOM YAAJICHUH 4YacTH HU30BITOUYHOTO
KpeMHe3eMa. [ mOOCUT — KaOTMHHUTOBBIE OOKCHTHI COAEpIKaT
50-60% raMHKCTON KaOJIMHUTOBOM (paKivu, KOTOpast MPUBO-
JIUT K BBICOKUM 3aTparam IpH JOObIMH OOKCHTOBOTO CHIPbS,
€ro U3MeITbUCHUsI U TPABUTAIIMOHHOM 00O0TralleHHH.

HawnbGonee mpocThM M JieIIeBBIM CIIOCOOOM TepepaboTKu
OokcHTOB sBIsIETCS crioco0 baifepa, omHaKo I HEero tpedyeT-
sl OOKCHTBI C BBICOKUM KPEMHHEBBIM MOJIyJIEM (OTpeienseTcst
OTHOILIEHHEM OKCH/a aJIFOMHHUS K OKCHAy KpeMmHus) >7 [5].
HuskokayecTBeHHbIE OOKCUTBI MIMEIOT KPEMHUEBBIN MOYJIb 3-
4 ¥ Mo3TOMY NEpBOHAYAIIBHO UX TIOJIBEPTalOT MEXaHNYECKOMY
1 XUMHYECKOMY OOOTaIlIEHHIO B HECKOJIBKO CTauii [5-8].
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AO «Amomunnii KazaxcTana» B pOU3BOACTBE IO TOCIEIO-
BaTelbHOMY crioco0y baiiep-cnexanme Goxcutsl KpacHorop-
CKOTO MECTOPOIKIICHUSI, KOTOPBIE OTIMYAIOTCS HU3KUM KpeM-
HHEBBIM MOJyJIEM. BOKCHTBI moBEpratoT npeaBapuTeIbHOMY
00OTaICHUIO C OTAEICHUEM TIIMHUCTOM KaOJIMHUTOBOM (hpak-
1y [S]. I'nuancras ¢pakims He nepepadaThiBaeTCs U SBISET-
Csl OTXOZIOM, B TO K€ BpeMs €€ nepepadoTKa MOXKET CIIYXKHTh
MCTOYHUKOM TIOJYYESHHUS! JIOTIOJHUTEIHLHOIO KOJIMYECTBa TIIU-
HO3eMa W OBITh MCTOYHHKOM CHIPBS IJII BOCTPEOOBaHHOMN
CHJTMKATHOHM TMPOAYKIMA. DTO OOCTOATEIECTBO ITO3BOIMIO OB
YBEINYUTH 00BEM TIIMHO3EMHOTO Npon3BozacTa [1A3a, moBeI-
CUTh €r0 PEHTA0ETBHOCTh W PALMOHAIBHO HCIIOIB30BATh
HPHPOIHBIE PECYPCHI.

st pa3paboTkn 3pheKTHBHOM TEXHOIOTUH, EpepaboTKU
KaOoJMHNATOBOH (pakuun GokxcutoB KpacHoropckoro mecro-
poxneHus B paboTe MpPOBEAEHBI HUCCIIEAO0BAHHS TEXHOJIOTHU
BKJIIOYAOLIEH IIPUMEHEHUE METO/A NPEIBAPUTEIIBHON XUMMU-
YyecKoi AKTUBAlUM I IIEJIOYHOT'O BCKPBITUA C }106aBHeHI/IeM
AKTUBHOM (hOPMBI OKCH/Ia KaJIbLIUSI M PEreHepaliii pacTBOPOB
BBIIIE/IAYMBAHNS TTO3BOJIIIOIINX OCYIIECTBISITE THAPOXUMH-
YECKYI0 MepepadoTKy C IOJIydeHHEM IIMHO3eMa M CHIIMKAT-
HOW POIYKIUH.

2. MaTepuajibl 4 METOABI

PeHTreHO(IyopeCeHTHBII  aHaNM3 ~ OCYIUECTBISUIM  HA
CrieKTpoMeTpe ¢ BOIHOBOM auctiepcueit Venus 200 PANalyical
B.V. (PANalyical B.V., Tonnauust).

XUMHYECKU aHaIU3 00pa3IioB BHIMOJIHEH HAa ONTHYECKOM

SMHUCCHOHHOM CIEKTPOMETpe C WHIYKTHMBHO — CBS3aHHOI
wrazmoit Optima 2000 DV (CIL A, PerkinElmer).
PentrenodaszoBplii  aHamM3 MPOBEAEH Ha  ammapare

BRUKERD8 ADVANCE nHa MeqHOM H3Ty4eHUH TIPH YCKOPSI-
foleM HarpspkeHnu 36 kBT, Toke 25 mA.

MuxpodoTorpadun OBUTH CHENaHBI HA PACTPOBOM HI3KO-
BaKyyMHOM 3JIEKTPOHHOM MHKPOCKOIIE C TEPMOAMHUCCHOHHBIM
karozioM (LaBg) JSM-6610LV dupmbr «JEOL.

Xumuueckyro aktuBaiuo MK® npoBoauiy, myTeM TepMo-
xumudeckoi o0pabotku [19] B pactBope, comepikaruem 120
r/mvm® NaHCO3 npu temnepatype 200°C 1 IPOIOIKUTENLHO-
cTbt0 60-180 MUHYT.

I'mppoxmmuueckoe BelmenaunBanne MK® mocne xummde-
CKOIi aKTUBAIMH MPOBOJMIIH C JI00aBIEHUEM aKTHBHOW (hOPMBI
OKCHJa Kaublus B BBICOKOMOIYJIBHOM pactBope (BMP)
cocTaBa, TI/mM°: Na;O 245.0; NaOw 11.4; AlOs 13.43;
ox = 30, mpu temneparype 240°C, npoJomKUTENbHOCTH 4 Yaca
u otHoutennn JK:T = 4:1 u otrotennn CaO/SiO, = 1.5.

AXTHBHYIO (OpMYy OKCHIia KBS TOTOBHJIM COTJIACHO
Ppa3paboTaHHOTO crocoba IMyTeM TOTyYEeHHsT MEJIKOUCTIEPCHO-
TO TOpOIIKA TalleHOW HM3BECTH B pacTBope, cojepxarieM 20
r/mm® Na;SO4 ipu Temneparype 200°C 1 IpOAOIHKUTEIBHOCTH
2 uyaca [20]. CuHTE3 TpeXKajblMEBOTO T'HAPOATIOMHUHATA
(TKT'A) npoBoanmu mipu temreparype 100°C B Teuenue 4 ga-
coB, nipu nobasneHun CaO OT CTEXMOMETPHUYECKOTO KOJIHYe-
CTBa 100-120% TUISt MOy YCHUS COETMHEHHS
3CaO-A|203-6H20.

Paznoxenne TKI'A mpoBogumy cornacHo TexHonoruu [21]
B comoBoM pactBope mpu KoHneHTpamuu NaO — 140-
160 r/nv®,  Temmeparype  180°C,  NPOJOIKUTENBHOCTH
BbllllesTaunBaHuss 90 MUHYT B aBTOK/IAaBE M OTHOLICHHH
KT = 4:1. KpucTaimoonTnuecKiid aHaiun3 clieal ¢ HOMOLIBIO
MMMEPCHOHHOIO METOJa Ha MHKpOCcKome Mapku Leica DM
2500 P.
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Pasmep wacTuil OTBaJBHOTO IUIaMa ONpEIENeH Ha
anammsatope  Photocor  Compact.  [Ins  storo  Gbuia
NPUTOTOBJIEHA BOJHAs cycreHuws (koHueHtpamus — 0.005
r/cm)®. O6pasen usMepsics mociae 3 MUHYTHI IIepeMEIIHBAHIS
MarHuTHOW Memtanko npu odopore 200 06/MuH. MUKpOTBEp-
JIOCTh TOPOIIKA OTBAJBHOTO IHTaMa OMpE/eeHa C MOMOIIBIO
Mmukpotsepaomepa « [ IMT-3M».

Pacuer usBneuenust Al;O3 u SiO; B pacTBOp NPOBOIMIIN TIO
dopmye:

P C

ucx " “Mucx

P -C

KOH KOH

100- -%

@)

Oy — KAYCTUYECKUH MOJYJIB;

Usi - KDEMHHEBBI MO/YJIb;

«y — KayCTHUecKas IeJI0Yb;

«6 — KapOOHATHAasl IIENI0Yb;

o6 — OOIIIast MEIOYHOCTb.

Kayctudeckuii Momymp omnpenesnsyii W3 OTHOIICHHMS
1.645'N8.20/A|203

KpemaneBsiii Moxynb (Lisi) mMpoO, ONpenessuIn U3 OTHO-
mrenus Al03/SiOs.

3. Pe3ysabTaThl 1 00Cy:KIeHHE

VcxonHbIM CBIpEM MJIsI UCCIIEJOBAaHUN CIIY)KHUJT MEJIKO-
qucnepcHast ¢pakiust (MK®) rudOcuT-KaoNIMHUTOBBIX OOK-
cutoB KpacHoropckoro mectopoxaenus Pecryonmkn Kazax-
CTaH, BBIJIEJICHHAs [IPY TPAaBUTALIOHHOM 00OTaIlleHUH.

Xumuueckuii cocraB MK®, macc. %: Al,O3 38.8; SiO;
19.6; Fe,O3 16.96; CaO 1.45; Na,O 0.187; MgO 0.26; K,O
0.06; TiO2 3.2; . 19.24; puSi 1.98.

Pentrenodazoperii cocraB MK® Gokcurta mpeicTaBiIeH Ha

pucyHke 1.

T4,836428

431874 A4,36445 A
5A

Counts Coupled TwoTheta/Theta
7,17829 A
330587 AN
3,30659 A
3,17800 A
12,69234 A
2,51534 A
2,45020 A
2,38442 A
*12,04735 A
1,99414 A
~~11,83942 A
1,7495

i
o !
P
<

et o)

Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1,540602Theta
B Gibbsite AOH)3 47,5%
[l Hematite Fe203 18,2%
M Kaolinite-1A AI2Si205(0H)M 13,6%
Titanium oxide TiO2 7,7%
MQuartz $i02 13,0%

Pucynoxk 1. Penmeenozpamma MK®

Mukpodororpadhuss U 3IIEKTPOHHO-MHKPOCKOITHYCCKUI
ananu3 MK® npencrasieH Ha pucyHkax 2, 3.

OCHOBOI1 TEXHOJOTMH THUAPOXUMHYECKOH IepepadoTKH
MEJIKOAHCIICPCHON KAOJNUHUTOBOW (DPAaKIMU SBISIETCS TIPE-
BapUTCIbHAA XUMHUYCCKas aKTUBALWA W BBIIICIAYMBAHUC B
BBICOKOMOYJIFHOM IIesIouHOM pactBope (BMP) ¢ nobGagie-
HUEM aKTUBHOH (GOpMBI OKCHIa Kalblius (pUCYHOK 4).
Tpynanocts mepepadotkn MK® cBsizaHa ¢ conepikaHueM
XUMHUYECKH CTOMKOM (pa3bl KAOJIMHHUTA.
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Pucynox 3. Mukpogpomozpapusa u 321eKmMpPOHHO-MUKPOCKO-

nuueckuii ananuz MK® x500

Kaonuuurcomepikaiiee ChIpbe IMepepadaThiBalOT JHOO
KHCJIOTHBIMH METO/IaMH, JINOO CIIeKaHWEeM, KOTOpbIe TpeOyeT
JIOPOTOCTOIOIIEr0 000PYIOBAHUS NI SHEPTO3aTPATHBI.

B mpoBeneHHbIX wuccnenoBaHUSAX I 3(QQeKTHBHOM
rugpoxuMuueckor  mepepabotkn  MK®  mcmonbs3oBaHa
MIpeABapHuTeNbHAs XUMUYECKasl aKTHBAIMS, LEJIbI0 KOTOPOM
SIBIISIETCSl TpaHC(OPMaIHs MCXOIHOTo (ha30BOIO COCTaBa C
MOTY4EHHEM JIETKOPACTBOPUMBIX AJIFOMOCOEpKaNuX (as.

Xummnueckyro aktuBanuio MK® mpoBoanmnm coriacHO
crioco0y [22], myTeM TepMOXUMHYECKO# 00pabOTKH B aBTO-
knaBe B pactBope NaHCOs; mnpu Temneparype 200°C
(Tabmuma 1). DKcmepuMeHTaJbHO YCTaHOBIIEHO, YTO C
YMEHBIIEHHEM TEMIIEPaTypbl MPOAOHKUTEIBHOCTD MPOLIEC-
coB (azoBoii TpaHchopmanmn MK®D npu akTuBanuu 3Hauu-
TEJILHO YBEJIMYHMBACTCS, A MOBBIIICHUE TEMIEPATyphl BBIIIE
200°C He mpHMBOIUT K 3HAYUTEIEHOMY COKPALICHUIO MPO-
JIOJDKUTEIILHOCTH.

CornacHo NOJIy4EeHHBIM JaHHBIM B pe3yjbTare XUMH-
YECKOH aKTUBALMM MCYE3AI0T MCXOJHBIC AIFOMOCOJEpIKaIe
(a3er THOOCHT W KaONMHUT C OOpa30BaHWEM [ayCOHHWTA,
THAPOAITIOMOCHIIMKATA HATPHs 1 OeMuUTa.

MK® Cco:
¥ v

| Xumunyeckasn aktmeauus |

PacTteop AKTMBMPOBaHHbBIN
NaHCO: MK® Ca(OH): axt
¥
‘ ABTOKNaBHOE I ‘
Bblllenaynsaqme Stopardi
BbCOKOMQAYNbHLIA
Wnam B oTBan ANKOMUHATHBIA pacreop
pacTsop
v
[ Cutes TKTA |
] 1
TKrA [ YnapvBaHve J
— |
| PaanoxeHve |
AnNOMUHATHbI Oca jox CaCos
CO: pacTeop
| KapboHusauus |
CopoBblii pacTeop Muapokena
L anoMuHna
(AI(OH)s)
| KanbuyuHauvs
FnuHosem Al:O:
Pucynok 4. I'uopoxumuueckan  nepepabomxka MK®D ¢

npeosapumenvHoll XuMuuecKol akmuesayueil

Taonuua 1.Daszosviii cocmae MK® ¢ 3asucumocmu om

npodonmcumeﬂbnocmu Xumuueckou aKmueauuu

12

Coaepxanue a3 MK® B 3aBHCMOCTH OT

HaumeHoBanue da3 MIPOJOKHTEIbHOCTH, MUH

HCX 30 60 90 120 180
T'u66cut 475 408 | 31.2
Kaonuaur-1A 13.6 34.9 45.1
T'ematur 18.2 18.2 18.2 5.3 5.1 5.0
AHaraz 7.7 6.1 5.5 4.2 2.3 1.9
Ksapig 13.0
Jayconut 742 | 737 @ 443
I'mapoamomocyikat 143 169 417
HATpPHUsI
Bemur 2.0 2.0 7.1
ITonHoe HCUYE3HOBCHUEC FI/I66CI/ITa u KaOJIMHUTa
MNpoUuCXoauT apu MMPOAOJLKUTCIIBHOCTH 90 MUHYT,

JAbHEHINee yBeTMYeHIEe IPOIOJDKATEIFHOCTH MPUBOIUT K
YMCHBIICHUIO COACP)KAaHUS [ayCOHHTA W YBEIMICHHUIO
coniepxaHus (a3bl THAPOKAPOOATFOMOCHIUKATA HATPHUSL.

IlepBoHauanbHOE yBETHMUEHHE COJEPYKAHMSA KAOJIMHHTA
NPU OPOJIOIDKUTENILHOCTH aKTHBALMK 10 60 h MUHYT MOXHO
OOBSICHUTH, U3MEHEHHEM CTPYKTYPBI €r0 PEHTTeHOaMOP(HO
YacTH, KOTOpas W3HAYAIbHO HE OMNpEeNeImiach METOAOM
peHTreHo¢a3zoBoro aHanm3a. Hcuesnosenne hazsr
KaoJIMHUTA B JJaJbHEHIIIEM NMPOUCXOIUT 38 CHET XUMUYECKOU
PEaKIMK C paCTBOPOM THIPOKapOOHATa HATPUS.

XuMu3M nponecca xumuueckod akrtuBauuun MKD ¢
HCYC3HOBCHHEM (ha3 THOOCHTA W KAOIMHHUTA OTPAXKAIOT
YpaBHEHUS:

Al>,03-3H,0+2NaHCO3=2NaAICO3(0OH),+2H,0 2

3A|203'25i02(OH)2+6NaH C0O3+4Si0,=

3(N3.20'A1203'23i02'H20)+6C02+3H20 (3)
XAMU3M nporuecca XUMHYCCKON aKTHBAIlUHA

MOATBEPIKIACTCA PEHTTeHO()a30BbIM aHATIM30M (PHUCYHOK 5).
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Pucynok 5. Penmzenozpamma MK® nocne xumuueckoii ak-
mueayuu npu npodondxcumenvnocmu 90 munym

[Tocne nmpenBapuTeIbHON XMMHMUYECKOW aKTHBAalUUU THA-
poxumuyeckoe BelenaunBanue MK® mposogmiu 8 BMP ¢
nIo0aBIIeHUEM aKTHBHOW (OPMBI OKCHIA KaJbIHA. B pe3yin-
TaTe BbIILEIAUYMBAHUS MONYYHIN OTBaJIbHBIN mam u CMP.
Uzsneuenue Al,O3 B pactBop cocraBuiio 89.5%.

Xumudeckuit coctae CMP, r/nm®: Na2Oxy 250.1; NazOxs
11.2; Al,03 —38.09; SiO, 0.1; ax = 10.8.

XUMHUYECKHH cOCTaB OTBAJILHOrO muiama, mac. %: Al,Os
5.74; SiO; 18.9; Fe;03 10.3; CaO 28.35; Na,O 1.1; TiO2 4.0
nia. 31.61.

Penrrenoga3zoBbrii cocTaB
MIPEJICTaBJICH Ha PUCYHKE 6.

OTBAJIBHOTO

niamMa

g
g E
|
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2 5 s
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El -
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1313164

0

20 30 40 S0 60 70
Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1,540602Theta
mate CaCO3 27,6%

n Ca3AI2(SiO4)(OH)8 51,1%
m HydrogenSilicate NaCaHSiO4 21,3%

Pucyuox 6. Peumzeuozpajwua OmMeaibHO20 wiama

XuMHU3M Tporiecca THAPOXUMUIESCKOTO BBIIMICTAunBAHUS
MK® B BMP c¢ noGaBneHreM akTUBHOW (HDOPMBI OKCHIA
KambIUsl, yYUTBIBas  Pe3yJbTaThl  PEHTTreHO(ha30BOro
aHaJIM3a, MOYKHO BBIPA3UTh YPaBHEHUSMU:

NaAICO;(OH), +Ca(OH), — NaAl(OH), +CaCO;  (4)

2Na20 . A|203 . S|02 . 4H20 + 7Ca(OH )2 e
2NaAl(OH), +2Ca0-Si0, +3Ca0- Al,05 -Si0, -4H,0 (5)
+Nay,0-2Ca0 - 25i0 ,-H,0

Coennnenne NaCaHSiOs B amOMHHATHOM pPacTBOpE B
npucyrctBun  Ca(OH), pasmaraercss ¢ oOpazoBaHHEM
karouta [23]. B pesynprare BhmmenaunBanus MK®
COCTOSIIEN TOCIEe XMMHYECKON aKTHBALMM U3 JJayCOHUTa U
THIPOATIOMOCHIINKATA HATPHs HOJIyYEeH allOMHUHAT HaTpUs,
KOTOPBII TIEPEXOAUT B ILNEJIOYHOH pacTBOp M OTBaJbHBIN
I1aM coJIeprKalyi JIBYXKaJIbLIUEBBIH CHUJIUKAT,
IIOMHHHUEBBIA THAPOTPaHAT, KATOUT M KAJIBLHT.

CMP mnepepabotamu mo crmocoOy cuateza TKI'A u ero
pas3ioXeHus: B COJOBOM pacTBope XHMH3M TMpolecca
cunre3a TKI'A onmuckIBacTCs ypaBHCHUEM

Na,O-Al,03+3Ca(OH),=3CAO-Al;03-6H,0+2NaOH  (6)

IIpu comoBom pasnoxenun TKI'A B cucteme mpoucxo-
JIUT pEaKLys:

3Ca0-Al0s6H,0+Na;COs=3CaCOs+2NaAl(OH)s  (7)

Uzeneuenne Al;O3 B TKI'A coctaBuno 70.5%, npu aTom
O TOJYYEHHOTO pacTBopa pas3iokeHus coctaBmin 29.5%.
ITocne ymapku pacTBOp MOKET OBITh HCIIONB30BAaH B Kaue-
cTBe 000poTHOTO pacTBopa BMP mist BeImenadunBaHUs HO-
BOM mopIiy miama (pUCYHOK 4).

Xumuueckuit coctaB TKI'A, mace. (%): AlOs - 24.5;
CaO - 50.3, m.m — 25.2.

Penrtrenogaszoseiii coctaB TKI'A mpezcraBien Ha pu-
cynke 7. IlpoBeneHbl (U3MKO-XUMHYCCKHE HCCIICIOBAHUS
CBOMCTB OTBalbHOro nuIamMa BblmenaduBaHus MK
KOTOPBIIl SIBJISETCS CUJIMKATHBIM TPOTYKTOM TEXHOJOTHU
(pucynok 4). Penrtrenoha3oBslit cocTaB OTBalIbHOTO MITAMA
MIPE/ICTABIICH HA PUCYHKE 8.

Counte Coupled TwoTheta/Theta
0
T

Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1,540602Theta

Pucynok 7. Penmzenozpamma TKT'A

700

<

506733 A
4,66905 A
3,655569 A
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3,09755 A
12,77320A
2,69600 A
"2,26766 A
2,01592 A

0
6,32744 A
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Counts Coupled TwoTheta/Theta
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Coupled TwoTheta/Theta 2Theta (Coupled TwoTheta/Theta) WL=1,540602Theta

M Andradite, syn Ca3Fe2(5i1.58Ti1.42012) 64.6%
B Grossular, syn Ca3A12(Si04)1.25(0H)7 35.4%

PucyHox 8. Peumzenozpamma OMEAIbHO20 ui1ama

Kpucrannoontuueckuii
IpeJCTaBIECH Ha PUCYHKE 9.

OTBaJIbHBIN MIJJAM COCTOMT M3 JIMHHOIPH3MATUYECKUX
KpPHCTaUIOB TeMHOro useta pazmepom 0.1-0.15 Mm u kpun-
TOKPUCTAJUINYECKON CMECU BCEX MUHEPANIOB, B BUAE MEIKUX
KpYTOB.

Muxkpodororpaduu OTBaJIBHOTO IILIaMa MPEACTaBICH Ha
pucynkax 10-13.

aHajiu3  OTBAJIBHOI'O0  MIjiamMa
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Pucynok 9. Omeansvuutii winram, x 200
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Chemical formula  ms% mol% Sigma  Net Kratio Line
o] 54.47 69.16 0.19 1377241 0.2132769 K
Na 11.38 10.06 0.10 1066973 0.0691107 K
Si 16.03 11.60 0.07 2833618 0.1298134 K
Ca 18.12 9.18 0.11 2568828 0.2054109 K
Total 100.00 100.00
120002
<
100§ N
7 | £ & 3
@ ¥
i 8.0 | EAN T |
X 60 5 g
-g 3 e
3 " ¥
g 4o £ g
20 F
00 T
0.00 1.00 2#0 00 400 500 600 700 800 0 10.00
keV/
Chemical formula  ms% mol% Sigma  Net Kratio  Line
[e] 56.48 69.80 0.18 1522330 0.2353913 K
Na 12.38 10.84 0.10 1206570 0.0780355 K
4 Si 15.02 10.76 0.07 2736585 0.1251801 K
—— Ca 17.13 8.60 0.12 2526244 0.2017027 K
20.0KkV COMPO  NOR WD 11.2 Total 100.00 100.00

Pucynox 12. Omeansvuwit wnam, x 1000

14
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Pucynox 13. Omeansvuwit winam, x 2000

JuarpamMma w3MepeHHs pa3Mepa YacTHI[ OTBAaJIbHOTO
[u1ama TpeNCcTaBlieH Ha pucyHke 14 u B tabmume 2. Io pe-
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(o} 48.67 69.49 0.22 2724721 0.1324922 K
Mg 0.51 0.48 0.07 175599 0.0022998 K
Al 469 397 0.07 2045105 0.0268983 K
Si 7.07 5.75 0.07 3329419 0.0478940 K
Ca 26.81 15.28 0.10 110703990.2779624 K
Ti 1.39 0.66 0.14 388558 0.0113513 K
Fe 9.55 391 0.24 1674454 0.0832996 K
Cu 0.74 027 0.49 77359  0.0062832 K
0.20 0.64 47857  0.0048042 K

100.00

100.00

Tabnuya 2. H3mepenue pazmepa uacmuy, 0meanbHo20 wiiama
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Pucynox 14. /luazpamma uzmepenus pazmepa wacmuy o0meaibHO20 Wnama
4. BuiBOABI

B xone sKcmepHMEHTaNbHBIX MCCIEIOBAHMH ITOPOIIKA
OTBAJIBHOTO MIJJaMa yCTaHOBJICHBI CIIEIYIOIINE TEXHOJIOTH-
YeCKHe XapaKTEePUCTHKU:

- yJleNbHas TIOBEPXHOCTB, 35.0 M2/T;

- CpeIHMI MacCOBBIH pa3Mep YacTHI] — KPHUITOKPHUCTAI-
audeckasl yacth B konuuectBe 59.7% paszmepom 166.3 HM u
JUIMHHOIIpU3MAaTH4eCKUe KpucTamwibl B komuuectBe 40.3%
pasmepom 1-10% am (0.1-0.15 mm);

- motHocTh 1ipu 20°C, 2.9 r/em?;

- HacwIHOM Bec 0.98 r/cm;

- MUKPOTBEpJOCTS 110 mikane Mooca 5.8;

- BET TEMHO — KOPHYHEBBIN;

- KOHCHCTEHLUSI — TOHKO IMCHEPCHBIH, MSTKHH, JIETKO
MaXKyIIUHCS TOPOILIOK.

W3 pernmamentupyemeix 'OCTom 30108-94 (MmaTepuans
W M3IENUsT CTPOUTENbHBIC) TOJBKO COJEp)KaHHE >Kele3a B
OTBAJILHOM IUIaME MPEBBIIACT JONYCTUMBIH YpOBEHb, TO
€CTh MOJYYCHHBIH CHJIMKATHBIA HPOIYKT MOXKET OBITh HC-
MI0JIb30BaH BO BCEX BHIAX CTPOUTEIHCTBA

15

KaomuunToByto ¢pakuuio ru00CHT-KaOIMHUTOBBIX OOK-
CUTOB BO3MOXHO IepepadoTaTh THAPOXUMHIECKAM CIIOCOOOM
ITyTeM BBIIIECIAYUBAHNS B BBICOKOMOAYJIBFHOM aIFOMHHATHOM
pactBope ¢ J00aBIICHHEM aKTHBHOW (POPMBI OKCHIA KaJbIIU,
NocJie M3MEHEHHs MCXOAHOro (ha30BOro COCTaBa METOJOM
MPEABAPUTEIBHON XMMHUUYCCKON aKTHUBALIMH B PAacTBOPE TH-
pokapbonara Hatpus. Wssneuenne Al,Os; B pactBop 1m0
pa3paboTaHHOM TexHOJOrHU coctaBmio 89.5%.

B pesynbraTte XMMUYecKoil akTUBAallMU MPHU TEMIIEPAType
120°C u npomonkuTeIbHOCTH 180 MUHYT MPOM30IILIA TPAHC-
dopmamust  ¢a3zoBoro cocraBa: ucyesnn (aszpl THOOCHTA,
KaoJMHUTA M KBapIlla B3aMEH KOTOPBIX 00pa3oBaiuch (ha3sl
JTAYCOHWTA U TUIPOATTFOMOCHIINKATA HATPHSL.

Pa3paboTan croco6 moayveHust akTHBHON (POpMBI OKCHIIA
Kanpus, Bkmoyvaromuii ramenue CaO B pactBope NarSO.
TIPY MTOBBIIICHHOW TEMIEPaType U JaBICHUH.

IIposenens (U3UKO-XUMHIECKHE
OTBAIIFHOTO IIAMa  BBIIICIAYUBAHUSL

HCCIIeIOBAHMS
MK®  kortopsrit
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SBIISIETCS CHJIMKATHBIM IIPOJYKTOM TEXHOJIOTUH, KOTOPBIH
cormacHo ['OCTa 30108-94 (maTtepuanbl u HW3IETUS CTPOH-
TEJIbHBIE) MOXKET OBITh HCIIOJIB30BaH BO BCEX BHAAX CTPOH-
TEJIbCTBA.

(DHHaHCl/IPOBaHI/le

PabGora BeimonHeHa mpu (¢uHaHCOBOH moanepxke KH
MOH PK 1o IPaHTOBOMY (bMHAaHCHPOBAHHUIO
NeAP14869208.
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Anparna. TemeH camanbl OOKCUTTEpAl KaiiTa eHney yiniH baiiepaiH eH KapamaibiM jkoHe YHEMI THAPOCUITIIIK dJiciH
KOoJJlaHy MYMKiH eMec. KypamplHIa afOMUHHMEA Oap MIMKI3aTThl KOJIaHYFa MYMKIHAIK O€peTiH OpTYpJi THAPOXWMFSIIBIK
omictep Oap ekeHiHe KapamacTaH, TEXHOJIOTHSHBI SKETUIHIpYy Macerneci e3eKTi Oonbim TaObutambl. JKyMbIcTa OOKCHUTTIH
KAaOJNIMHUT ()PAKIMSACHIH AJBIH-aJIa XUMHSUIBIK OCICCHIIPYMEH THIPOXUMUSUIBIK OIICIICH KaWTa ©HJACY MYMKIHIIT JKOHE
JKOFaphl MOJYJIbJIl aWHAIBIMIBI AIOMUHHIA CPITIHAICIHAC CINTUICY Ke3iHJC KajblMH OKCHAIHIH OCJCeHMl TYPiH KOJIaHy
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APKBUIBI KETUIAIPY apKbUIBI 3ePTTENIi. O3IPJICHTCH TEXHOJIOTHS aTIOMUHUNII epiTiHmire >KOFaphl THIMAUIIKIICH IIBIFapyFa,
KaliTa ®HICNTEH CUITIIEY epiTiHAUIEpiH KalIbIHA KENTipyre KoHe KYPBUIBICKA >KapaMIbl YHIHII MUIAMBIH alyFa MYMKIHIIK
Oepeni. XKorapbl KpICbIMJa HaTPHi T'MIPOKapOOHATHIHBIH EPITIHAICIHAE TEPMOXUMHUSUIBIK OHJIEY apKbLIbl YCaK KpUCTaJIbI
(pakUusHBIH aj/iblH ajla XUMISUIBIK OenceHnipyl Oacramkbl (a3asiblk KypamJibl ©3repTyre, KUbIH KaOJNHMHHUT (ha3achlH
THUIPOXUMUSUIBIK JKOJIMEH alllBUTYBIH JKOKOFa MYMKIHIIK Oepi. XKoraper Temmneparypa MeH KpickiMaa Na SOs epiTiHaiciHaeri
CaO-Hbl coHMipY apKblIbl KaJIbIHUNA OKCHAIHIH OEJICeH/I TYPIH aJlyJblH 93IpJICHIeH 9Jici YCaK KpUCTaJIbAbI (GpakuusHbI Oip
caThlja THAPOXUMHMSIBIK allyFa MYMKiHIIK Oepai. JKypriziiren 3eprreynep rmOOCHT-KAONUHUT OOKCHTTEPIHIH KAOJUHUT
(pakuusChIH HAaTPUH THAPOKApOOHATHI EPITIHAICIHIE aNJblH ajlla XUMHSUIBIK OelceHnipy ojiciMeH Oacramkpl (azaibik
KypaMBIH ©3TepTKCHHEH KEWiH KalbLUil OKCHAiHIH OeJCeHIl TYpiH KOCHII, >KOFapbhl MOIYJbII ANMIOMUHHUHN epiTiHIiciHIe
nraiiManay apKpUTbl THAPOXUMUSUIBIK TOCIIMEH THIMII 60H/Iey MYMKIHIIITiH KOPCETTi.

Hezizzi co30ep: Ookcum, KaonuHum, OayCoOHUm, XUMUAILIK OelceHOIpy, 2uOpOXUMUs, Hampul euopoxapbonamsl, paxyus,
mparncgopmayus, Karoyuii OKCUOi.

I'mapoxumuyeckasi nepepadoTka MeJKOAUCIEPCHON KAOJIUHUTOBOM
(ppakuum BHICOKOKPEMHHUCTOT0 OOKCHUTA C MPeABAPUTEIbLHOM
XHUMHUYECKOH aKTHUBAIUEH
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Annoranus. /[ nepepaboTKH HU3KOKa4eCTBEHHBIX OOKCHTOB HEBO3MOXKHO HCIIOJIb30BaHHE HanOoJiee MPOCTOro M IKO-
HOMHUYHOTO THIPOIIEIOYHOTO crocoda baiiepa. HecMoTpst Ha TO, YTO, CYIIECTBYIOT PAa3JIMYHBIC THIPOXUMHUCCKUE CITOCOOBI
TMO3BOJISIIOIIME HCIIOJIb30BaTh HEKOHJMIIMOHHOE TIIMHO3EMCOJEepIKalllee ChIphe MPOoOJIeMa COBEpIICHCTBOBAHHS TEXHOJIOTHIM
ABJISIETCA aKTyaslbHOH. B paboTe uccienoBaHa BO3MOKHOCTh MEpepadOTKH KAOJUHUTOBOW (ppakiuy OOKCHTa T'HMIPOXHMHUYE-
CKUM CIIOCOOOM, ITyTEM €ro COBEPIICHCTBOBAHHUZ 3a CHET MPOBEJCHUS NMPEIBAPUTEIbHON XUMUYECKOW aKTUBALIMK U HCIIOJIb-
30BaHUs AKTUBHOM (POPMBI OKCHA KaJbLMs IPH BbINIEIaYUBAHUH B BHICOKOMOIYJIbHOM 00OPOTHOM QJIFOMHUHATHOM PacTBOpE.
PazpaboTaHHas TEXHOIOTHS MO3BOJISIET C BHICOKON 3((PEKTUBHOCTHIO U3BJIEKATh AJIFOMUHHUH B pacTBOpP, pereHepupoBars 000-
POTHBIE PacTBOPHI BBIIEIAYNBAHMS W MTOTy4aTh OTBAJIBHBIM IIIaM TPUTOAHBINA ISl CTpOUTENbCTBA. [IpeaBapurenbHas XUMH-
YyecKasi aKTHBAIMS MEIKOKPHCHUTAIUTMYECKON (pakiuy ImyTeM TepMOXHMHYECKOH 0OpabOTKHM B pacTBOpE THIpOKapOOHaTa
HaTpys TP MOBBIIIEHHOM JaBJICHUH MO3BOJIMIIO TPaHC(HOPMHPOBATh UCXOIHBIN (Da30BbIA COCTAB, YCTPAHUTH TPYIHOBCKPHI-
BaeMYIO THJIPOXUMHUYECKUM crlocoOoM ¢aszy kaonmHuTa. PazpaboTaHHBIH croco0 mosydeHus: akTHBHOM (opMBI OKCHIA Kallb-
s MetosioM ramenus CaO B pactBope Na;SO4 py MOBBIIIIEHHBIX TEMIEpPAaType U AaBICHUH ITO3BOJIMII OCYIIECTBUTH THAPO-
XUMHYECKOE BCKPBITHE MEJIKOKPCUTAIIMYECKON (pakuuu B OTHY cTanuio. [IpoBeneHHbIE HCCIEAOBAaHMS MTOKAa3ald BO3MOXK-
HOCTb 3()(EeKTUBHOMN nepepaboTKN KaOJMHUTOBOM (pakii rTHOOCUT-KAOJTUHUTOBBIX OOKCUTOB I'MIPOXHUMHUYECKHM CIIOCOOOM
MyTeM BBILIEJIaYMBaHNs B BHICOKOMOJYJIbHOM QJIFOMHHATHOM PacTBOpE ¢ A00aBIEHHEM aKTHBHON (OPMbI OKCHJA KaJbLus,
MocJIe U3MEHEHHUSI HCXOIHOTO (Pa30BOro cocTaBa METOJOM NPEIBAPUTENFHON XUMHUECKOW aKTHBALMU B PACTBOPE THIPOKap-
GoHaTa HaTpHsL.

Knrouegvie cnosa: 6oxcum, xaonunum, 0ayCoHUm, XumMuieckdas akmueayus, SUOpoOXuMUs, euopokapoonam Hampus, Qpax-
yus, mpancopmayus, OKCUO Karbyusi.
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Electron microscopy of non-monocrystalline magnetron sputtered
silicon thin films containing fibrous nanosilicon
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Abstract. The article examines the features of the microstructure of a new type of silicon film, based on a previously un-
studied form of nanosilicon, obtained by magnetron sputtering. Microstructural analysis was carried out using a Jeol JSM-
6490LA scanning electron microscope, a JEM2100 transmission electron microscope, and a Ntegra atomic force microscope
(AFM) Therma. Raman spectroscopic analysis of silicon films was carried out on a Horiba system Jobin — Yvon HR800UV
(France). It has been established that the new form of nanosilicon under the studied conditions for obtaining silicon films is
represented by fibers with a diameter of 10 to 150 nm. From a microstructural point of view, a silicon film, when a significant
proportion of a new type of nanosilicon is formed in the film composition, acquires a porous cellular structure resulting from
the interweaving of silicon nanofibers. The cells have an elongated oval shape with a width and length of about 1 and 3 pm,
respectively. The obtained microphotographs are compared with similar data obtained when creating thin silicon films, which
contain various polymorphic modifications of silicon in order to further classify the visual display of polymorphism and non-
ideality of silicon nanostructures.

Keywords: fibrous nanosilicon, electron microscopy, non- ideality, non-monocrystallinity, magnetron sputtering, amor-

phous silicon, crystalline silicon, film.

1. Introduction

Traditional monocrystalline manufacturing methods are
showing their limits, as evidenced by the slowing rate of tran-
sistor size reduction and the limited efficiency of crystalline
solar cells [1-3]. To further improve the characteristics of
functional elements, it is necessary to look for new approaches
to creating nanostructures [4-6]. Modern advances in micro-
and nanoelectronics demonstrate that the use of non-
monocrystalline materials can lead to a breakthrough in the
development of unique devices [7-8]. The absence of single
crystallinity and the presence of various defects in the atomic
lattice expand the properties of materials, providing them with
new functions, such as flexibility and uniformity over large
areas. In addition, non-monocrystalline silicon, including
amorphous, micro- and nanocrystalline, opens up ways to
reduce the cost of semiconductor device production [6]. The
use of nanostructured silicon is in demand from the point of
view of creating wide-gap materials, for example, silicon car-
bide, and expanding the spectrum closer to the ultraviolet
range. The use of amorphous silicon increases the band gap
and broadens the absorption spectrum. In addition, the influ-
ence of the energy levels of defect centers and dopant impuri-
ties can significantly improve the spectral dependences, both
in the visible and in the infrared (IR) range, which in total will
significantly increase the absorption band of photovoltaic
structures [3, 12-14].

One of the most important characteristics of semiconductor
structures is their optical spectral dependencies. The study of
these dependencies makes it possible to identify ways to in-
crease the mobility of charge carriers in thin-film transistors,
charge-coupled devices and the efficiency of photoconverting
elements [3, 4, 6]. This largely explains the widespread use of
spectral methods for analyzing thin film structures in produc-
tion conditions to assess the quality of the finished product.
Such methods include Raman spectroscopy, diffractometry, IR
spectroscopy and others. However, spectral methods often do
not always make it possible to consider all the features of the
obtained material. For example, for the technological proper-
ties of thin films, the types of geometric forms of polymorphic
modifications of silicon, the relative position, the degree of
localization of various forms, etc. are often important. There
are many ways to produce thin films. Depending on the chosen
method and deposition conditions, a number of features of the
structure of the film and its constituent elements may differ in
the presence of similar results of spectral analysis. In this re-
gard, there is a need for direct visual study of thin films using
various types of electron and atomic force microscopy, accu-
mulation and classification of the resulting varieties of micro
and nanostructures that arise during the formation of thin
films. In this article, we summarize the experience that has
previously been accumulated with respect to the microscopic
analysis of non-monocrystalline silicon structures, and also
present a new, previously unknown form of a silicon thin film
component that can be identified as a type of nanosilicon.
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One of the options for a visual description of nanosilicon is
the statement that this polymorphic structure has a spherical
shape with a diameter of 3-10 nm [12]. The same data are pro-
vided from other sources regarding the size of silicon nano-
spheres - 3.5-20 nm [13]. However, the authors did not provide
the corresponding microphotographs. This statement is partially
supported by the microphotograph shown in Figure 1, obtained
by transmission microscopy, as well as the microphotograph
shown in Figure 2, obtained by atomic force microscopy.

Figure 1. Micrograph of the atomic structure of single-
crystalline, microcrystalline and amorphous silicon obtained
using high-resolution transmission electron microscopy
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2uym

Figure 2. Micrograph of nanosilicon obtained using atomic
force microscopy [15]

The film shown in Figure 1 was obtained by thermocatalyt-
ic chemical deposition (hot-wire chemical vapor deposition -
HWCVD) when using a mixture of silane and hydrogen as
precursors [14]. However, this image is difficult to accept as
an image of nanoparticles. Judging by the scale here, we see
some features of the atomic lattices of silicon, and not individ-
ual nanoparticles that have their own interface, limiting the
collection of a certain set of silicon atoms. Even if we accept
that we are observing nanoparticles, it should be noted that
their sizes, judging from the image scale (about 0.1-0.3 nm),
are much smaller than the sizes mentioned by the authors
mentioned above [12, 13].

The film shown in Figure 2 was also obtained by the
HWCVD method. The authors emphasize that this result was
obtained as a result of strong dilution of silane with hydrogen
(up to 95-98%). In this figure we also see spherical particles,
but their size is much larger (about 100 nm) than the authors
say [12, 13] and much larger than the authors say [14].
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Another type of thin silicon film is amorphous films ob-
tained in argon hydrogen plasma by magnetron sputtering.
Films of amorphous and amorphous hydrogenated silicon (a- Si
and a-Si:H) were obtained on magnetron installations of the type
URM 3.279.014 and URM 3.279.026 (USSR) at a pressure in
the working chamber of 10 -10% Pa, voltage and target current
—500-650 V and 1.5-2 A, respectively [16]. The deposition rate
was 0.1-0.4 pm/min, and the gas discharge current was 40 mA.
The gas mixture in the magnetron chamber included argon and
hydrogen. Films of amorphous and amorphous hydrogenated
silicon were formed at different relative concentrations of hy-
drogen (0-60%), which were defined as the ratio of the partial
pressure of hydrogen to the pressure of a mixture of argon and
hydrogen. As substrates for the films under study, dielectrics
(glass-ceramic substrates based on glass ceramics), semiconduc-
tors (p- and n-type crystalline silicon wafers, in order to create
phase heterostructures - amorphous-crystalline material and
conductors (based on brass, titanium, silver, beryllium bronze,
aluminum foil) were used. Micrographs of this type of film are
presented in Figure 3 [16].

20.00kV_ x5.00k

10pm | WD=13.2mm 20.00kV x5.00k

Figure 3. Defects on a-Si:H films: at a hydrogen content in
plasma of 30% (a) and 50% (b) [16]

It is very difficult to compare previously discussed
nanostructures (Figure 1-2) and amorphous structure (Figure
3). On the one hand, we can say that the amorphous structure
is homogeneous and does not contain any signs of isolated
micro or nano-sized particles with their own interface, with
the exception of individual particles with characteristic signs
of a crystalline nature 1-3 microns in size. However, it is
quite possible that if we enlarge the images in Figure 3 to the
level of Figure 2, we will see the same spherical particles
with sizes of about 100 nm, which are not visible at the cur-
rent magnification. In this regard, it is difficult to consider
the visual difference between the nanocrystalline phase and
the amorphous silicon phase as proven.

There are also microscopic studies of various
polymorphic structures of a non-filmic nature. Powders not
attached to a substrate are easier to study, because there is no
problem with the ability to observe the features of the
structures located inside the film. Nanocrystalline silicon
powder was obtained by high-temperature plasma-chemical
synthesis. Water was used as a coolant and argon as a buffer
gas. The starting material was silicon, crushed into
microcrystalline powder with particle sizes of tens of
micrometers [17, 18].

Figure 4 shows micrographs of the surface structure of
powder nanosilicon (pwSi) obtained in this way. These
photographs allow you to evaluate the shape and size of
microparticles of the powder material. As can be seen from
the figure, the powder is characterized by microcrystals and
tubular structures [1, 7, 18].
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Figure 4. Microparticles (a) and microtubes (b) of powdered
silicon at magnification using an electron microscope [17, 18, 19]

Figure 4 shows that powdered silicon has individual mi-
croparticles, and their complex branched surface relief is
visible. Both individual microtubes and their clusters are
present. Microparticles are also observed near the surface of
tubular structures. However, Figure 4 does not allow nano-
crystallites to be seen. In this regard, high-magnification
electron microscopy was also used, as shown in Figure 5
[19]. The spherical particles shown in Figures 1 and 2 are
also not visible in Figure 5. The authors note that the powder
consists of silicon microparticles with a large number of
nanocrystallites on their surface. Figure 5 (c) shows that the
silicon microparticle has a porous, loose spongy structure;
however, it is quite difficult to talk about the presence of
nanocrystallites at this magnification. And only after an even
greater magnification of the image of the same particle, the
presence of nanocrystallites becomes obvious. With the
magnification shown in Figure 6, we can confidently say that
the material is represented by spherical nanocrystallites with
a diameter of about 100-150 nm, i.e. the result of microscopy
of silicon powder coincided with the result of microscopy of
silicon film, presented here in Figure 2. According to the
authors, the electron diffraction pattern presented in Figure 6
(b) is a set of concentric circles (rings), which proves the
micro-nanocrystalline structure of the substance.

In general, it should be noted that despite the key im-
portance of silicon films in modern science and production in
the fields of electronics, photovoltaics, electrical energy
storage, etc., information about the features of the micro and
nanostructure of these films is very contradictory. Theoreti-
cal studies on this issue often do not agree with practical data
obtained by various microscopy methods. Meanwhile, the
lack of classified data on this matter greatly complicates the
targeted optimization of the technical properties of silicon
films. This article is devoted to this problem.
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Figure 5. The surfaces of particles shown in Figure 4 at a
higher magnification: microparticles (a), microtubes (b), micro-
particles with nanocrystallites on the surface (c) [19]

Figure 6. Nanocrystallites on the surface of powdered silicon
particles, shown in Figure 5 (c) at high magnification (a) and its
electron diffraction pattern (b) [19]
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2. Materials and methods

For microscopic examination, several types of silicon
nanofilms were synthesized under various technological
conditions of magnetron sputtering using the Caroline D12C
system. Silicon crystals grown by the Czochralski method
using commercial high-purity silicon of SoG-Si grade 6-7N
were used as targets for magnetron sputtering. The substrate
was copper foil 0.5 mm thick. The thickness of the silicon
film was 300-400 nm.

Microstructural analysis was carried out using three types
of equipment. By comparing the obtained parallel micro-
graphs, we selected those that most qualitatively demonstrat-
ed the features of the micro and nanostructure of silicon
films. Microscopy equipment used:

1. Electronic transmission microscope JEM 2100. Magni-
fication of the microscope from 50 to 1 500 000 times allows
you to fully study the atomic crystal structure of the material,
including the morphology and characteristics of the crystal
structure, characteristics of the type and distribution of vari-
ous defects in the crystal structure (grain boundaries, stack-
ing faults, dislocations, various combinations of point defects
), as well as carry out a chemical analysis of particles and
various inclusions released in alloys (including gas bubbles,
voids), and study the domain structure;

2. Scanning electron microscope JEOL JSM-6490LA,
used to determine chemical elements, microanalysis to de-
termine the elemental composition of the sample, as well as
to determine the thickness of the resulting silicon films;

3. Atomic force microscope (AFM) Ntegra Therma.
AFM is a modern method for studying surfaces and surface
properties.

The polymorphism of silicon films was clarified using
Raman spectroscopy. Raman spectroscopic analysis was
carried out on a Horiba brand system Jobin-Yvon HR800UV
(France). An argon-cadmium laser with a wavelength of 315
nm was used as the excitation source. The laser power on the
sample was ~25 mW for Ar / Cd. The holographic diffraction
grating had 2200 lines/mm for a 315 nm laser and was fo-
cused onto a CCD detector. The lens was Olympus 412 UV
for Ar /Cd. The measurements were carried out in the range
from 0 to 3200 cm™*. No filter was used to reduce the radia-
tion entering the detector from the samples.

3. Results and discussion

All thin silicon films that were obtained during the study
under various conditions of magnetron sputtering can be
divided into two main types. For each sample, several paral-
lel microscopic observations were carried out at several dif-
ferent points along the entire surface of the film. This test
showed the uniformity of the morphology of the entire sur-
face of each type of film, which indicates the advantage of
magnetron sputtering technology over the CVD method in
terms of ensuring film uniformity. According to the available
literature data, films produced by CVD are extremely hetero-
geneous in terms of polymorphism [12]. Figure 7 shows
micrographs of the first type of silicon film.

A preliminary examination of the microphotographs
shows that the structure of the first type of silicon film is
visually represented by crystalline and amorphous silicon in
approximately comparable proportions with a predominance
of the amorphous component.
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Figure 7. Micrograph of the surface of a silicon film of the
first type (a combination of amorphous and crystalline silicon) at
magnification: (a) x1000; (b) x5000; (c) x30000

Figure 8 shows photographs of the second type of silicon
film at different magnifications. Comparison of photographs in
Figures 7 and 8 shows a fundamental change in the structure
of the silicon film. Visually, one can see the appearance of a
nanosilicon structure that has not previously been found in the
literature. Unlike the spherical particles that we observed pre-
viously, the new nanosilicon structure has the form of inter-
twined fibers with a diameter of 10 to 150 nm. One could
assume that this form has common features with the already
known form of microtubes, presented in Figure 4. However,
unlike new silicon nanofibers, microtubes have a rigid shape,
which does not provide the possibility of interlacing, and their
diameter is much larger - from 5 to 10 pm. From a microstruc-
tural point of view, the new type of silicon film acquires a
porous cellular structure resulting from the interweaving of
silicon nanofibers. The cells have an elongated oval shape with
a width and length of about 1 and 3 pum, respectively.
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Figure 8. Micrograph of the surface of a second type of silicon film (a new type of fibrous nanosilicon) at magnification: (a) x1000;

(b) x5000; (c) x10000; (d) x30000

Comparing the conditions under which silicon films were
obtained, it can be tentatively assumed that the emergence of
a new type of silicon nanofilm is associated with an increase
in pressure during magnetron sputtering, which leads to the
appearance of a nanosilicon phase against the background of
a reduction in the amorphous and, to a greater extent, crystal-
line phases. However, with a simultaneous increase in the
specific power at the target and the pressure in the working
chamber, the proportions of the amorphous and nanocrystal-
line phases of silicon decrease due to an increase in the pro-
portion of the crystalline phase.

In addition, a significant increase in the fraction of nano-
silicon from 45.6 to 64.0% may be associated with an in-
crease in the voltage pulse frequency applied to the target.
Avrbitrary variation of the magnetron sputtering parameters
indicated above leads to ambiguous changes in the ratio of
polymorphic forms of silicon in the film. From this, we can
conclude that there are some optimal values of these parame-
ters and they can be detected basing on mathematical model-
ing of multifactorial dependence. This requires additional
experiments, which will be carried out in the future.
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4. Conclusions

In the process of microscopic examination of magnetron
sputtering products - silicon films, a previously unknown
polymorphic modification - fibrous nanosilicon was identi-
fied, and the result of obtaining crystalline silicon was repro-
duced. The new silicon film obtained under experimental
conditions acquires a porous cellular structure resulting from
the interweaving of silicon nanofibers with a diameter of 10
to 150 nm. The cells have an elongated oval shape with a
width and length of about 1 and 3 pm, respectively. This
form is fundamentally different from the previously de-
scribed form of nanosilicon as spherical particles with a
diameter of about 100 nm. It has been established that the
greatest influence on increasing the proportion of new nano-
silicon in the film composition is exerted by an increase in
the pressure in the working chamber and the frequency of
voltage pulses on the target.

An increase in the specific power at the target leads to a
reduction in the proportion of the amorphous phase and an
increase in the crystalline phase, but this indicator does not
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affect the increase in the proportion of nanocrystalline sili-
con. Increasing the pressure in the working chamber and the
voltage frequency helps to increase the proportion of nanosil-
icon. However, there is probably a limit to these parameters,
beyond which a further increase in their values reduces the
share of nanosilicon.

Additional experiments are needed to identify more accu-
rate optimal values of magnetron sputtering parameters and
to test the resulting silicon films as anodes of lithium-ion
batteries. Parallel microscopic measurements showed the
uniformity of the polymorphic composition of both types of
films, which confirms the advantages of magnetron sputter-
ing technology over the CVD method.
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TaJImbIKTHI HAHO KPEMHHMH 0ap MAarHeTPOHABI IIAIIBIPATHIIFAaH
MOHOKPHCTAJIbI eMeC KPEeMHHUIII KYKa Ka0BIKIIAJAPABIH 3JIeKTPOH/bI
MHUKPOCKOIHUSACHI
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Anaarna. Makanaga MarHeTpOHB! OYpKY apKbUIBI aJIbIHFAaH HAHO KPEeMHHUIAIH OYpBIH 3epTTEIMETEH TYpiHe HeTi3[eNTeH
KPeMHHUH TUIEHKACHIHBIH JKaHa TYPiHIH MHUKPOKYPBUIBIMBIHBIH €PEeKIICTIKTepi KapacTHIPbUIagsl. MHUKPOKYPBUIBIM/BIK TalIlay
JEOL JSM-6490LA pacTpJbIK 3JIEKTPOHIBI MUKPOCKOMbIHAA, JEM2100 37eKTpOHIBI TPAHCMHUCCHSIIBIK MUKPOCKOIIBIH/IA JKOHE
Ntegra Therma aTomMabIK KymTik MUKpockomnbiaaa (AFM) skyprisingi. Kpemuuii mieHkanapsiHblH PaMaH CIIEKTPOCKOTHSUTBIK
tanmaysl Horiba system Jobin — Yvon HR800UV (®@panmms) mapkaibl Kxy#ecinme kyprizinmi. KpemHuil 1ureHkamapbiH
AIyAbIH 3EPTTEIrCH JKargalblHIa HAHO KPEMHHUIIH »xaHa Typi muamerpi 10-mam 150 HM-re ACHiHTI TaNIIBIKTAPMEH
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YCHIHBUIATBIHBI aHBIKTAIAbl. MHUKPOKYPBUIBIMABIK TYPFBINAH ajfaHAa, KPEMHHH IUICHKAChl HAHO KPEMHHH TaJIBIKTAPBIHBIH
0ip-OipimMeH apanacysl HOTH)KECIH/E Maiia O0OJaThIH KEYEeKTi JKacyIIaiblK KypbUTbIMFa ue Oomaapl. JKacymanapablH eHi MeH
Y3BIHABIFBI ColikeciHIIe 1 jxoHe 3 MKM 00JaThIH Y3apThUIFaH CONAKIIa MilliHi 6ap. ANbIHFaH MUKporpadTap moauMophU3MHIH
BU3yalbl KapTachblH opi Kapal J>KIKTE€y JKoHe KPEeMHHHIIH HAHO KypBUIBIMIApbIHBIH HICAJIBIFBIH €Mec, KypaMbIHJa
KPEeMHHMUAIH opTYpil MoauMop(dThl MOAM(HUKALMsIIapsl 0ap JKYKa KPeMHHUH IUIEHKallapblH jkacay Ke3iHJe ajJblHFaH yKcac
JIEpEKTEpPMEH CaJbICTBIPbUIA/BL. 3epTTey OapbhIChIHIA aJbIHFAaH KEYEKTi KYPbUIBIMBI 0ap HAaHO eJIeMJi KpEeMHUH aHOITapbl
LIB 3apsiatay nponecisie JUTH3alnusFa Te3ipeK YIIbIPaiIbl )koHe IIMKI apKbUIBI a3 bIIIPAUTBIHBI aHBIKTAJI/IbI.

Hezizzi co30ep: manuiblkmel HAHOCUTUKOH, INEKMPOHObLI MUKPOCKONUA, UOEANObIIbIK eMec, MOHOKPUCMANObLIbIK eMec,
MACHEMPOHOBIK WAWBIPAY, AMOPPMbL KpeMHULL, KPUCTHANObl KpeMHUll, KaObiKua.

DJIEKTPOHHASI MHKPOCKOINNS He MOHOKPHCTALINYECKHX TOHKHX
KPEMHHUEBbIX IVIEHOK MATHETPOHHOI'0 HANIBLIICHUS, COXEPKALIUX
BOJIOKHMCTbI HAHOKPEMHUH

K. Tony6aes!, B. Kaytuxos?, H. 306mun'", I'. Jlaupbekosa®, C. Kabuena®, Puan-Taxa An-Kacax6ex®
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AHHOTanus. B craTbe paccMOTpeHB 0COOCHHOCTH MHKPOCTPYKTYPhI HOBOTO THIIa KDEMHHEBOW TUIEHKH, Ha Oa3e paHee HE
M3y9IEeHHOH (POPMBI HAHO KPEMHUSI, TIOJIydEHHBIX METOJJOM MAarHETPOHHOTO HamblICHUS. MHUKPOCTPYKTYPHBIN aHAIIN3 IIPOBO-
T Ha pacTPOBOM 3IIEKTPOHHOM MHUKpockore Jeol JSM-6490LA, snexTpoHHOM mpocBednBatonieM Mukpockone JEM2100 u
aToMHO-criioBoM Mukpockorme (ACM) Ntegra Therma. PamaHOBCKHI CHEKTPOCKONMUYECKUH aHAN3 KPEMHHEBHIX IDIEHOK
npoBoIics Ha cucteme Mapku Horiba Jobin—Yvon HR800UV (®pantms). YcraHOBICHO, 9TO HOBast opMa HAHO KPESMHHUS B
M3y9ICHHBIX YCIOBHSX IOJIydCHUS] KPEMHHUEBBIX IUIEHOK MpEACTaBIeHa BOJOKHaMHU auameTpoM oT 10 mo 150 mm. C Mukpo-
CTPYKTYPHOM TOUKH 3pEHUS IJIEHKA KPEMHHS IPU (POPMUPOBAHUM 3HAUUTEIBHON J0JIM HAHO KPEMHHSI HOBOTO THIIA B COCTaBE
TUIEHKU NMPHOOPETAET MOPUCTYIO STUCUCTYIO CTPYKTYPY, BO3HUKAIOIIYIO B Pe3yNbTaTe MEepPeIUIeTeHNUsI HAHO BOJIOKOH KPEMHHUS.
Slueiiku UMEIOT BBITSIHYTYIO OBIBHYIO (DOPMY LIMPHHOW M JUIMHO# okoyio 1 1 3 MKM cooTBeTcTBeHHO. [loyueHHbIe MUKpO-
(oTorpadun conocTaBieHs! C AHATOTUIHBIMU JAHHBIMH, ITOJTyY€HHBIMH IIPH CO3/IaHIMHM TOHKUX KPEMHHEBBIX IUIEHOK, KOTOPHIE
MMEIOT B CBOEM COCTaBe pa3jIM4Hble NOIMMOpPQHBIE MOAM(DUKAIINN KPEMHHUS C LEbI0 TanbHelIed KiaccuuKaluy BU3yab-
HOTO OTOOpaXkeHus mosMMop(hu3Ma U He UACAILHOCTH HAHO CTPYKTYp KpeMHus. [IperonokuTenbHO, BBISBICHHBIE B XOJE
MCCIIEZIOBaHNS HAaHO pa3MepHbIe KPEMHHEBBIE aHOABI C IOPUCTOW CTPYKTYpoi OynyT OblcTpee MoaBepraThes IUTHPOBAHUIO B
npouecce 3apsiiku LIB n MeHbIe OyayT pa3pymarscs B pe3yibTaTe HIUKINPOBAHUSL.

Knrouegvle cnosa: 6010KHUCTbIIL HAHO KPEMHUL, INEKMPOHHASL MUKPOCKONUS, He U0ebHOCMb, He MOHOKPUCMALTUYHOCMD,
MazHempOHHOe HanblLIeHue, aMOPQHbIL KPEMHUU, KPUCMALIUYECKUT KPeMHUU, NIEHKA .
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Abstract. A technology for bacterial iron oxidation in the process of in-situ leaching of uranium has been developed and
proposed for industrial use. The technology was validated by the results of pilot tests conducted at a uranium deposit in Ka-
zakhstan over a period of 12 months. The aim of the study was to develop a technology for bacterial iron oxidation in the pro-
cess of in-situ uranium leaching using a new type of flow bioreactor. Two biotechnological installations with bioreactors of 20
m? volume were created and installed in 40-foot containers. The bioreactors, equipped with piping, air compressors, a pumping
station, and control and measuring instruments, were installed at the geotechnical site and connected to the main in-situ urani-
um leaching system through wells. The installations had a productivity of over 150,000 m3/year for the leaching solution. After
passing through the bioreactors, the redox potential of the solution increased from 360 mV to 430-450 mV in flow mode. The
concentration of ferric iron increased from 0.1 g/L to 1.5 g/L and higher. The bacterial iron oxidation process was carried out
at a solution temperature of 10 to 12°C (optimal temperature — 25-35°C), which allowed eliminating the costs of heating the
solution. The test results showed an increase in uranium content in the productive solution by 10-20% after the leaching solu-
tion passed through the ore-bearing layer for 1 month. This confirmed the prospects for using this technology for in-situ well
uranium leaching. The economic costs of using the technology are 6-8 times lower compared to using chemical oxidants such
as hydrogen peroxide. The obtained industrial results open new prospects for the application of biotechnological methods for
in-situ well leaching of uranium and other metals for the first time.

Keywords: uranium, in-situ leaching, in-situ, bioleaching, ferrous iron, ferric iron, nanoparticles, iron-oxidizing bacteria.
1. BBegenue TEXHOJIOTUH B MPOM3BOJCTBE JIEKAPCTBEHHBIX IpenapaToB
WIHM THIEBBIX MPOAYKTOB. DTO CBS3aHO C CYIIECTBEHHOU
HECOJHOPOAHOCTHIO COCTaBa pyAbl U HAJIUYUEM TEXHOJIOTH-
4eCKHX (aKTOPOB, KOTOPBIE OKA3BIBAIOT 3HAUYUTENIFHOE BIIH-
sHHe Ha mporecc. Heo0X0auMO yUIUTHIBATh CIOXKHYIO MPH-
poay pyAHOIO TeJjid, a4 TaAKKE TO, YTO MaTCpUal MCHACTCA HE
TOJIBKO B pa3HbIX 6J'IOI(aX, HO W BHYTPHU OAHOI'O U TOI'O K€
OJ10Ka.

Hcrons30BaHWe TEXHOJIOTHH TIOM3€MHOTO CKBAXXHHHOTO
insitu BermenaunBanus ypana (MCJI) 3HaYMTETBHO pa3Bu-
JIOCH B MHpE 32 MOCIeaHue Aecstuierus. Yenex Kasaxcrana
B 100BIYe ypaHa Oa3zupyercs Ha 3ToH TexHosoruu (6onee 20
TBICSIY TOHH ypaHa B rox). CHIKeHre LeHbI Ha ypaH TpeOyeT
BHEJIPCHHUS TEXHOJIOTHH, HAINPABJICHHBIX HA YMCHBIICHHE
CTOMMOCTH JOOBIYM U MepepabOTKH ypaHa, a TakKe MHTEH-

CU(DHKAIIHIO MTPOIIECCOB.

OmHAM W3 TOAXOAOB SBISETCS TNPHMEHEHHE OaKTepu-
ANBHOTO BBIIICTAYMBAHUA C WCIOJIH30BAHUEM OaKTEPHid,
OKHCIISAIONINX JKeNe30, Takux kak A. ferrooxidans, xoropoe
10 OCHOBHBIM TE€XHOJIOTHYECKHUM TOKa3aTeNIsIM COOTBETCTBY-
€T peXuMaM, MPUMEHSIEMBIM JIJISl TIOA3EMHOTO CKBRKHHHOTO
insitu BeIETAUMBaHUS ypaHa. BBUTM IPEANPUHATHI HEOIHO-
KpaTHBIE TIOMBITKH MCIIOIh30BaHMUS OMOBBINIEITAYUBAHUS JIIIS
ypaHa, 0JTHAKO 3TH METObl HE TIOTYYHIH HTUPOKOTO PACIIPO-
cTpaHeHus. OTHOKpATHBIC IMOJaYH OaKTEPHAIBHOTO PACTBO-
pa He JaBalH HYXHOTO pe3yiabTaTa, OCOOCHHO YUYUTHIBAS,
YTO B MPOIECCE MOA3EMHOr0 CKBaXHHHOTO INSitU BbImesa-
YUBAHUS ypaHa PacTBOP MPOXOJUT Yepe3 PYNOHOCHBIM Cioi
B teueHue 20-30 nmHei. YcnoBHs IS SKH3HEACATEIHLHOCTH
OakTepuii B PYJOHOCHOM CJIO€ HE IMO3BOJSUIA MM DPa3MHO-
XKaThCsI M TIPOSIBIISATH CBOIO aKTUBHOCTb.

[IpruMeHeHne OHOTEOTEXHOJIOTHII B TOPHOAOOBIBArOIIEH
MPAKTUKE 3HAYUTETHLHO OTINYAETCS OT MCIOJL30BaHUS OHO-

© 2024. E. Bektay, G. Turysbekova, B. Shiderin, M. Bektayev
erbekta@gmail.com; ipgauhartas@gmail.com; shbaur@mail.ru; mabekta@gmail.com

1.1. Xumus npounecca Bo3AeiicTBHS 0aKTEPHATHHOTO
OKHCJICHHU JKej1e3a

Xumus mpoliiecca BO3JEHCTBUS ONKCaHA JIOCTATOYHO IO-
IpoOHO B nuTepaType. TpexBalleHTHOE XKele30, 00pa3yrolle-
ecsl B pe3yJibTaTe OKUCIICHUS JIBYXBAJCHTHOTO jKeje3a Oak-
TEpUsAMHM, BBICTYIIAET B POJIM OKUCIUTEINS AJI TETPABAJICHT-
HOT'O ypaHa:

UO2 + Fe2(S04) 3 — U02S04 + 2 FeSO4 )

O6pa3yfomeec>1 B XOZ€ OKHUCJICHUA ypaHa ABYXBAaJICHTHOC
KEJIE30 3aTEM IMOBTOPHO OKUCIACTCA THOHHBIMHA 6aKTepI/I$[MI/I
(mampumep, A. ferrooxidans):

2FeSO4 + H2S04 + 1/202 = Fe2(S04)3 + H20 ©

Taroke BO3MOXKHO MPSIMOE OKHCIICHHE ypaHa OakTepusmMu
(TIpsAMOY MEXaHU3M):

2U02 + 02 +2 H2S504 — 2 UO2504 +2 H20 (3)
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BakTtepun, crmocoOuble okuciATh xene3zo (1), Opum
BIIEpBEIC OOHAPYXKEHBI B KHUCIBIX BOJAX YTOJBHBIX IIaXT
CIIIA, a 3aTeM — B KHCIBIX BOJIaX MEIHOIO Kapbepa BUHIK-
xem (CILA) [1, 2]. [o3mHee momoOHbIC OakTepuu ObBUIH
HalijieHbl Ha pyaHuke Puo Tunto B Ucnanum, roe Menp BbI-
menauuBaercs yxe okoso 300 ner. Ha teppuropun Poccun
Takue OaKTepUH BCTPECUYAIOTCS, HAMIPUMEP, B KUCIBIX IIAXT-
HBIX BOJAX CyJIb(UIHBIX MECTOPOXKICHWHA Ypana, Antas u
Komnbckoro mosryoctposa [3].

Bo Bpemsi MUKpOOHOJIOTHYECKOTO BBIMICTAYNBAHUS OaK-
TEPUN OKHUCIIAIOT CyIb(GUIHBIE MUHEPANbI, YTO TPUBOIUT K
00pa30BaHUI0O WOHOB TPEXBAJICHTHOTO Xejie3a M CEepHOU
KHACJIOTH B BOgHOW (pase — Habopa peareHTOB, Omaromaps
OKHCJINTEIbHO-BOCCTAHOBUTEIBHBIM ~ PEAKLUsIM, KOTOpBIE
okucmsiior U(IV) u obpasyror pactopumbriii U(VI). Drta
TpaHcdopmanus, 00yCIOBIICHHAs XUMUYECKOH aKTHBHOCTBIO
MHKpPOOPIaHU3MOB, JIEKHUT B OCHOBE OMOMETAILTYPrHYECKOT0
nporecca, KOTOPbIi SKOHOMUYECKH OMpaBjiaH A OeHBIX U
BHEOATAHCOBBIX PYA M XBOCTOB YpPaHOBOTO INPOH3BOJACTBA
(T.e. B TeX cirydasx, Koraa CTaHIAPTHHIN IpoIecc He TIpUMe-
aum) [1-3].

[lepBrie nccmenoBaHMs, KOTOPHIE MONTBEPIMIN BO3ZMOXK-
HOCTh KOMMEpIHATU3AIH OaKTepPHaIbHOTO BHIIICITaYNBa-
HHUS ypaHa U3 OCTHOTO CHIPbS, OBUTH MPOBEACHBI B Hadalle
1950-x rogoB. B 1952-1953 rogax B Ypxeiipuka (I[loptyra-
JHUs) Hayaloch IPOMBIIIJICHHOE HCIONB30BaHHE BEpCUU
9TOr0 Ipolecca B BUJEC Ky4HOTO BBINICTaYHBaHKS C IIPUMe-
HEHHEM JKelle300Kucsronmx Oakrepuit A. ferrooxidans [4,
5]. Tlo3xe mporecc ObUT peanu3oBaH Ha PyIHUKE DIIHOT-
Jleiik (Kanana) ¢ ucrosp30BaHUEM PacTBOpPa CEPHOM KHCIO-
Tel U cyibdara xeme3za (I1) B kauectBe OakTepmanbHOM
cpensl [6, 7].

B xome skcmoryaTanmuu 3THX NPENNpUATHH OBLIO ycTa-
HOBJICHO, YTO OJHUM W3 OCHOBHBEIX (DAKTOPOB, OTPEACIISIO-
muX SPQPEKTHBHOCTh OaKTEPHAIbHOTO BHINICITAYHBAHUS
ypaHa, SBISIETCS COJACpKaHHMe MUpUTa B pyne. PasmoxeHne
3TOT0 MHHEpaja HE TOJIBKO CIIOCOOCTBYET MOCTYIUIEHUIO
OKHCJIUTENSI U KOMILJIEKCOOOPAa3yIOIIero areHTa B 30Hy peak-
IIUH, HO U TeHepHupyeT Teruto. [loaToMy pynbl U3 MECTOPOXK-
nenuii Bocrounoit Kananpl, Tie mUPUT CBA3aH C ypaHOM,
ynoOHsl g nepepabotku. Ecnu mupura B pyne HemocTa-
TOYHO, €T0 MOYKHO JT00aBUTH [8].

Eme ogarM BaKHBIM (PaKTOPOM SBIIIETCS XapaKTep MU-
Hepaln3allii ypaHa, TaK KaK ero OKCHIBL, (Gocdartsl, Cyib-
(daTel ¥ KapOOHATHI JIETKO PACTBOPSIOTCS, B TO BpeMs Kak
CUIIMKATHBIC ()OPMBI CIIO’)KHO WIJIM BOBCE HE MOJIAFOTCS BHI-
mienavuBanuo [9]. [lokazaTenu OHOBBIIETAYNBAHUS TAKKE
3aBUCAT OT T'€HE3MCa MECTOPOKAEHHS, KOTOPBIH ONpeernseT
THI U MUHEPAIOTHYECKUE XapaKTEPHUCTHKH IOPOI000pasy-
OIKUX MUHEpanoB. Eciu 3TH mopoasl MMEIOT MLIEJIOYHON
COCTaB, 3TO MOXKET NPHUBECTH K OCAXKICHUIO BEIIECTB, YTO
CHIDKaeT (MIBTPALMOHHYIO CIIOCOOHOCTH PYIHOTO CIIOS,
yepe3 KOTOPBIM IPOCAaYMBAETCsl PacTBOP, W CIOCOOCTBYET
00pa30BaHMIO M30JIMPOBAHHBIX YYacTKOB. B To ke Bpems
HAIIMYHE KUCIBIX TOPOJ] CHIDKACT PACXOM KUCIOTHI, KOTOpas
B MCHBIICH CTCICHHM B3aMMOJACHUCTBYET C MHHEPAIbHBIMU
npumecsimu [9, 10].

Eme ogHuM BakHBIM (haKTOPOM SBIIICTCS KOJMYECTBO
MUTATCIBHBIX BEIIECTB (HOOABISEMBIX HCKYCCTBEHHO WIIU
M3BIIEKAEMBIX M3 MUHEPAJIOB), TOCTATOYHOE JJIsI pocTa Oak-
TepUaJbHON KyJbTYypbl. B WacTHOCTH, pacrnpocTpaHEHHBIM
TEXHOJIOTHYECKAM METOIIOM SIBIISIETCS I00OaBIeHHE a30Ta B
porecc OMOOKUCIICHHS B BUJE Cyib(paTa aMMOHHUS B peak-
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topel [11]. A. ferrooxidans ycroiiunBa K MOHaM METAJLIOB,
TaKUM KaK XpOM, MeJlb, INHK, HUKEIIb, TOPUH, ypaH U PTYTh.
B T0 e Bpems HanM4yKe HEKOTOPBIX METAJUIOB U OpraHuye-
CKUX COEJIMHEHUH B OKpy’KaromeW cpexe (Hampumep, dKC-
TPakKThl IpUOOB) MOXKET OJIOKMPOBAThH MPOLECC OKHCICHUS
MHPUTA 3THUM TUIIOM Gakrepwuii [4, 9].

Temneparypa siBIS€TCS NapaMeTpoM, OINPEICIISIOLINM
pasHoOOpa3ue MHKPOOHONOTMYCCKHX — momyismid  [12].
Hanbonee moaxoasdmuMu AL UCCIECNOBAaHMN M IMPOMBIII-
JICHHOTO TPHMEHEHUs OKa3aJliCh yMEPEHHO TepMO(IIbHBIC
0aKTepuH, OKHUCIIIOIINE JKEIE30 U Cepy, U3HAYAIBHO BbIJIE-
JICHHBIC U3 MIaXTHBIX BOJ M FOPSYMX MCTOYHHMKOB, paboTaro-
mue npu temmeparype 30-40 °C [13-15]. B aroii Temmepa-
TYpHO# 30He HanboJiee BaXHBIMA MHUKPOOPTaHM3MaMH, 01
XOISIIIMMHE JUTs1 iINSItU BBIleTIaYMBaHuUs ypaHa U3 XBOCTOXpa-
HWINILI, SBJSIFOTCS TI'paMOTpHLATEIbHBIE OaKTepuH: cepo-
okucisromue Acidithiobacillus ferrooxidans, Acidithiobacil-
lus thiooxidans, Acidithiobacillus caldus u sxenesooxucis-
forue Leptospirillum ferrooxidans u Leptospirillum ferriphi-
lum [11].

Juns nonynsinuu A. ferrooxidans ontuManbHbie 3HAYCHUS
pH mHaxomsrcs B mmamazoHe 1,5-3, oqHAKO MPHW 3HAYHUTENb-
HOM COJICp)KaHUM TUPUTA B PYAE 3TO 3HAYCHHUE MOXKET CHU-
kKatbesd o 1 mwmm paxe Hmke [9]. Menee anmmomisHBIC
6akrepun rpymnsl Thiobacillus, takue kak Thermithiobacil-
lus tepidarius, T. aquaesulis, T. denitrificans, T. thioparus,
MmoryT 3a 10 gmeit cuusuth PH 1o 3uauenmii 1,4-1,6 [16].
OTBajbl TOPHOAOOBIBAIOIINX MPEANPHUATHH C HU3KUM CO-
JIep)KaHUEM Cepbl W BBICOKHUM COJEpP)KaHUEM XJIOPUIOB,
MMEIoIe UCXoaHoe 3HaueHue PH 9, mpeactaBisioT coboi
cpeny Ans (yHKIMOHMPOBAHMS MOMysinuK Oakrepuit A.
ferrooxidans [17]; Te e GakTepuu aKTHBHBI B JIPEHAXKHBIX
pactBopax npu pH = 7,2 [18].

Bo Bcex nporeccax BBIIIETAYMBAHKS C YIaCTHEM allUI0-
(GUIBHBIX OaKTepHii Ba)KHBIM ITapaMeTPOM SIBJISICTCS CTEIICHB
HACBIIIEHUs] PACTBOPA WM ITyJIBIIEI KUCIOPOAOM. B ycioBu-
SIX NPUHYANTEIBHOTO MepeMeNINBaHus TaJieHue KOHICHTpa-
uu kucnoponaa umwxe 0,5-1,0 mr/am® BBI3BIBAET OCTAHOBKY
nporecca. bplIo Moka3aHO, 4TO HCIOJB30BAHUE IPHHYIH-
TENIBHOM adpaiuu (pacxoj, Bo3ayxa 8 T/T TBEpIOro Bellle-
CTBa, KO3 GUIMEHT UCTIOIB30BaHUs Kuciaopoaa 25 %) 3Ha-
YUTENILHO COKpAllaeT BpeMsl BbILIEIaYMBaHHUs MPU KYYHOM
OakTepuaabHOM BBIIIEIAYNBAHUN PYA Ha HECKOJBKHX Me-
CTOpOXKIeHUsX ABcTpasuu [19].

[Tpu 3TOM momynsnus a3poOHbIX OakTepuit A. ferrooxi-
dans crmocobHa pacTH Ha MOBEPXHOCTH BOCCTAHOBIICHHBIX
HEOPraHMYECKHX CEPOCOEPXKAIINX MHUHEPAIOB 0e3 KHCIIO-
POZa, UCIOJIB3Ys TPEXBAJICHTHOE JKEJIe30 B Ka4eCTBE aKIell-
Topa 3nekTpoHoB [20]. HemocTtaTok yriekmciaoro rasa ocra-
HaBJIMBAeT POCT aBTOTPO(MHBIX OaKTEpHH W MOXKET pPEe3KO
CHHM3UTh CKOPOCTh M TOJIHOTY MX B3aUMOJEHCTBUS C CYJIb-
¢bunHEIME MEHEpaTamu [21].

KommiekcHoe uccinenoBanue pya mectopoxaeHuit Ka-
Hajael M VcnaHuw, re ypaH SBISETCS 4acTbhio KO(WHHTA,
YpaHMHHTa W JAPYTUX MHHEPAJOB, MO3BOJIHJIO yCTAaHOBHTH,
YTO HA PAcXoJ KUCIOTH (MEHBLIMH, YeM IIPH CTaHIapTHOM
BBIIIEIaYMBAHUN) BIHMSAET HE TOJHKO MCXOIHOE COJEpKAaHUE
MUPUTA, HO U €r0 COOTHOIIEHUE C XaIbKONMUPUTOM [6, 22].
Psn wccnenoBaHui Tak)ke yCTaHOBWIJI ONTHUMAJbHBIE Mapa-
MmeTpsl npouecca (pH, Temmeparypa n BpeMs mepeMeInBa-
Hus) [3].

BaxxHBIM MOMEHTOM CTalo0 OOHapy)KeHHUE KOJOHUH
adpOOHBIX W aHA’POOHBIX OaKTEPH B OTBANaX JABYX HEMEII-
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KHX 3aBOJI0B, conepxkammx 0,05 % ypana u ot 0,5 mo 7 %
kapOonaToB [23]. Pe3ympTaThl MCCIENOBaHHUA 3THX OTBAJIOB
mokasaiy, 4yTo Ha riyoune 1,5-2,0 M 6onee 99 % Bcex Kyib-
Typ Obuth mpeacTaBieHbl  Oaktepusimua  Thiobacillus
ferrooxidans (A. ferrooxidans) [23]. Takxe Obul0 OGHApY-
JKEHO MPUCYTCTBUE OAKTEpHii, BOCCTaHABIMBAIOIINX CEPY, B
ypaHCOJepKallMX IIaXTHBIX BOJAX Ha psjie OpasuiIbCKUX
npeanpusTui [24].

Ha npennpusatun B Kanage Rio Algom 6511 mpoTtectupo-
BaH MpONECC MEPHOANYECKOTO OPOIICHUS CTCH OYMCTHBIX
3200€B KHCIIOTHBIMH IIaXTHBIMH BOJAMH; B DPE3YJIbTAaTEC B
1964-1965 romax OBUIO IOIOJHHUTEIBHO HM3BJIECYEHO OKOJIO
57 tonH ypaHa. B Hactosmee Bpems Ha Rio Algom mcmosns-
3yeTcsl TEXHOJIOTUSI KyYHOTO OaKTepHaIbHOTO BBIIIENAYNBA-
HHS ypaHa.

C 1969 rona na dadpuke Agnew Lake B Kanane nposo-
JUITCSL MICTIBITaHUSI OaKTEpHAIbHOTO BBIIIEIAUYMBAHUS ypaHa
U3 PYAHOH MAacchl B OYHMCTHBIX 3a00sX. Uepe3 BoceMb Mecs-
1eB KoHTakTa ¢ 50 TOHHaMH py/bl U3BJICYEHUE ypaHa B pac-
TBOp cocTaBuio 57 %. B HacTosmiee Bpems 3TOT mpolecc
UCTIONB3YeTCs B MPOMBIIUICHHOM Maciirade.

C 1984 rona Ha ¢abpuke Denison B Kanage Obum mpo-
TECTUPOBaHBl TPH BapuaHTa IIOJ3EMHOTO BBIIICTAYMBAHIA
ypaHa ¢ wucnojb3oBanuem Oaxtepuit A. ferrooxidans: wuc-
M0JIb30BAaHUE ILIECTH KOJOHH aAuaMeTpoM 0,6 M U BBICOTOH 3
M (¢ 0o0IIMM 00BEMOM 3arpyKECHHOH pyIsl 9 TOHH), OpoIIe-
HHE OYMCTHBIX 3a00€B W HUX IOJHOE 3aTOIUIeHHE (Tocie
B3PBIBHOTO OTroJieHUs1 pynsl) [25]. B mocnennem BapuaHTe
pacTBOp HACBIIIAICS KHCIOPOJOM, U IPU HEOOXOAMMOCTH
Jo0aBIIsyICS MUTATEeIbHBIN 31meMeHT (15-20 mr/am® docdop-
HoW kumciotel). Ha ¢abpuke Denison HEKOTOpBIE pyIHBIC
Tela COJEp)KaT MECTHble YYacTKH (Iuaba3oBbIe IalKn),
KOTOpBIC MOABEPIIINCH XJIOPUTU3ALMHU, YTO 3aTPYAHSUIO 00-
paboTKy 4 MIJIJIMOHOB TOHH PYJIBl C MCIOJIb30BaHUEM CTaH-
JApTHOT'O THAPOMETAJUTyPTUYECKOTo Ipoliecca. McnbITaHus
KOJIOHHOTO BapHaHTa IO/A3EMHOT0 OaKTepHaIbHOTO BBIIIE-
JaYMBaHUs XJOPUTH3UPOBAHHOW DYl MOKA3aJd BO3MOXK-
HocTh m3BsedeHus 1o 70 % ypana. [IpucyrcTBue amaTtura B
STOW pyJe YAOBIETBOPSIO MOTPEOHOCTh OakTepuil B muTa-
TENBHBIX BemecTBax. B Tewenme 1988 roma ¢ momomisio
MO3EMHOr0 BBIIIEIAYMBAHHS HA 3TOM 3aBOJIE ObUIO HM3BIIE-
4yeHo okoJio 300 ToHH ypaHa (CTeNeHb W3BIICYESHHS COCTABH-
1a 69-86 %) npu 3aTparax cBbIIe 25 MHJUIMOHOB JIOJUIApOB
[10, 25]. C 1988 roxa, korma 90 OYUCTHBIX 3a00€B HAXOJIH-
JMCh Ha Pa3HBIX CTaJUsIX T'OTOBHOCTH, 3TOT Ipoluecc OblIT
3aIyIIeH B KOMMEPUYECKYIO 3KCIUTyaTaluio.

[pyrue mnpuMmepsl TPOMBINIIEHHOTO — HCIIOJIB30BaHUS
OMOBBIIIETAYMBAHUS ypaHa BKJIIOYAIOT 3aBOJIBI, HCIOJbB3Y-
formme KydHslid meron (Pureiipa B bpasmmmu, Pedinmxkep B
Ascrpamnu, Crennoropckuii 3aBox B Kaszaxcrame m Cen-
IIeep Bo @panmum) u ckBaxuHHBIA MeTo (Omummuk-dam u
besepnu B ABcTpanumn) [8, 9, 26, 27]. Onnako uaGOpMAaITUsI
0 JaHHBIX TPOEKTax IpeJCTaBlieHa B CXKaTOM BHJIE, U B
HacTosIIIee BPeMsl TEXHOJIOT WS, TI0-BUANMOMY, HE HCIOJb3Y-
ercs. CymlecTBYIOT JaHHbBIE, YTO OWOBBINIENAYMBAHUE HC-
nonbe3yercst B Kurae aist u3BneyeHnst ypaHa M3 XBOCTOXpa-
ag [28-30].

W3 nanHOTO aHanm3a ciexyeT, 4TO NMpUMEHEeHHe OakTe-
PpHAJIBHOTO OKUCIICHHUS JKelle3a M OMOTEXHOJIOIMYECKUX Me-
TOJOB JIJIsI TTOJ3€MHOTO INSitU BBIIIEIAYUBAHNS ypaHa Orpa-
HUYEHO, U OTCYTCTBYIOT IpUMEphI dPPEKTUBHOM OpTraHn3a-
IIH 3TOTO TPOIiecca.
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1.2. YpaHoBoe MecTOpOKIeHHE

Cemmzbaiickoe MectopokaeHue B Kazaxctane wumeer
CIIOKHYTO TEOJIOTHYECKYIO CTPYKTYPY ¢ TryouHoi okono 100
M. DKCIUTyaTaus pyIHHUKA XapaKTePU3yeTCs BBICOKHM pac-
XOJJOM CEpPHOM KHCIIOTHI H3-3a CJIO)KHOTO BEIECTBEHHOTO
cocraBa pynsl. Ilporecc BeImenadunBaHUs HA MECTOPOKIC-
Hun Cemm30aii OTIMYAeTCs OTHOCHTENBHO BBICOKHM COJIEp-
JKaHWEM IBYXBAJCHTHOTO JKEJIe3a B PacTBOpPAxX BEHIMIEIAYH-
BaHMs (10 3 1/11), @ HAKOIUIEHHE COJIEH B PacTBOPE JOCTUTaeT
20-30 r/m.

[TpoGnema moBeIIIEHHs 3aTpaT Ha MPOU3BOJCTBO IPH OT-
HOCHTEJIBHO BBICOKOM COZEPXKaHHH jKelle3a TpeOoBaja MHHO-
BAallMOHHBIX IIOJXOJ0B I CHIDKEHHS IPOU3BOACTBEHHBIX
pacxomoB. XWMHYECKHH OKHCIHUTENh (IIEPEKHCh BOJOPOA)
YCIICITHO HCIIONB3yeTCs, OIHAKO €r0 MPHUMEHEHHE OTpaHuye-
HO BBICOKOI CTOMMOCTBIO XMMHKATOB. AJBTCPHATHBON SIBIIS-
eTcsi OaKTepHaldbHOE OKHCIICHHE Keje3a, MPHU KOTOPOM KO-
HEYHBIM OKHCIIHTENIEM SIBIIICTCS KUCIOPOJ BO3IyXa, a OakTe-
pUH BBICTYNIAIOT B KAa4eCTBE KaTalu3aTopa mporecca. beuro
MPOBEJICHO 3HAYHMTENHHOE KOJIMYECTBO JIA0OPATOPHBIX HCCIIe-
JIOBaHWi, B35THI MPOOBI U3 HACOCHBIX M MHBEKIIMOHHBIX CKBa-
*uH. Hamre crienpanbHOe McciieoBaHKue T0Ka3ano, 4To Oak-
TEpPHHU, OKUCIIOLINE KENe30, PUCYTCTBYIOT NOBCEMECTHO.

JlaGopaTopHble WCCIEAOBaHUS TOATBEPAWIA MPUMEHHU-
MOCTh 0aKTEepHabHOTO OKHCIICHHS JKeje3a JUIS yCHIICHHS
OKHCITUTEIHHO-BOCCTAHOBUTEIBHOTO TpoIlecca pacTBopa MU
TIpeBpalleHus IBYXBAJICHTHOTO JKelie3a B TPEXBAJICHTHOC B
CYIIECTBYIOIINX CHCTEMaX BHINIENaunBaHus pynHuKa. Ox-
HAKO OCTaBaJICS OTKPBITBIM BOIIPOC O TOM, KaK OaKTepHaib-
HOE OKWCJICHHE JKeje3a IMOBIHUACT Ha COIepKaHWe ypaHa B
MPOJYyKTUBHOM PacTBOpE.

[Tepexoj oT 1a0OPATOPHBIX MCCIIEAOBAHUIT K MMUIOTHOMY
MPOM3BOJICTBY M TOCJEIYIOLIEMY MPOMBILIUICHHOMY ITpUMe-
HEHHUIO CBs3aH C PAJoM (DaKTOPOB, KOTOPbIE TPYAHO MOje-
JIMPOBaTh B JJaOOPATOPHBIX YCIOBUSIX:

1. CoctaB pacTBOpOB BBIIIECIAYMBAHUSI OTIUYAETCS OT
MOJICIEHBIX COCTAaBOB, HCIIOJB3yEeMBIX IS BBIPALIMBAHUS
OakTepwii, TIIABHBIM 00pa30M 3HAYUTEIBHBIM COJNICPIKAHHEM
couteit (Jio 25 r/m).

2. Conmepxxanne Fe?' xeme3a He mpeBbImacT 3 T/11, Toraa
KaK B MOJICNMPYEMBIX YCIOBHSAX OHO MOXeT AocTurath 10
r/n. OTHOCHUTENBFHO HHU3KOE COJIEpXKAHWE JBYXBaJCHTHOTO
JKeJiesa B pacTBope TpebyeT 0ojiee TOHKOW HACTPOUKU TeX-
HOJIOTHH € Y4eToM (hakTOpoB MacmTada.

3. Temneparypa pactBopa (10-14°C) 3HaUUTENBHO OTIIH-
gaeTcsi OT onTuMainbHOH (25-35°C). 3aTtpaTsl Ha Harpes
3HAYMTENBHO BBIIIE TOTEHIIUATBHOTO 3 (PeKTa 0T HCIoIb30-
BaHMsI PacTBopa MpH oObeMax MOTOKA BBIIEIAYHBAIOIIETO
pactBopa (2000 m3/4). ITonbITKN JOBECTH TEMIIEpaTypy pac-
TBOpa 0 ONTUMAJBbHOW st OakTepuil mortpedoBamu Ob
3aTpar, CPaBHUMBIX CO CTOMMOCTBIO TOTOBOTO MPOAYKTA.

4. YcnoBus 3KcIuTyaTalud OMOpPEaKTOPOB B IMPOTOYHOM
PEeKHME OTIMYAIOTCS OT MOJENBHBIX J1a0OpaTOPHBIX YCIIO-
BHii, Iake €CJIM COCTaB PacTBOPOB COBIAALT.

5. IIponomKUTENbHOCTh NPOXOXKIEHUS PAaCTBOPOB BBI-
menaguBanusg (Oonee 20 mHEH) yepe3 PyAOHOCHBIN CiIOi U
pazHooOpa3ue PU3NIECKUX U XUMHUUECKHUX IMPOIECCOB, MPO-
MCXOJSIIUX B PYJIOHOCHOM CJIO€.

OCHOBHOM MPOOJIEMOH TIpH peasn3aluy MPOEKTa TaKOTo
Macmtaba SBISIETCSI YCTaHOBJICHHE CBSI3M MeEXIy padoroi
yCcTaHOBOK OakrepuasibHOro okucienusi xenesa (BOX) u
YBEJIMYCHUEM COZEPKaHUS ypaHa B IIPOAYKTHBHOM pacTBOpE
[31]. MoaenupoBaHUE CIOXKHBIX MPOLECCOB, MPOUCXOASLIUX
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B PYAOHOCHOM CIIO€, 3aTPYAHSETCS M3MEHYHMBOCTHIO BeIIe-
CTBEHHOTO COCTaBa PYJOHOCHOTO CJIOS M €0 M3MEHCHHSIMHU
MO Mepe NPOXOKAEHHS pacTBOpa 4epe3 pyIHbBIH cllol Ha
riryoune 20-35 M u Gonee, B 3aBUCUMOCTH OT MECTOPOIXK/Ie-
HUA (Ha HEKOTOPBIX MecTopoxeHus1x 6osee 700 m). AHanus
pe3yJIbTaToOB HCIOJIB30BaHUs MEPEKHCH BOJOPOAa (XUMHUUE-
CKOTrO OKHciuTens) Ha pynHuke CemMu30ail MO3BOJIMI BbI-
JIBUHYTH P MPEIIOI0KECHUN O TOM, YTO aKTUBHPOBAHHBIN
pacTBOp BHIIICTAYNBAHUS [TOCTIE OaKTEPUATFHOTO OKUCICHUS
xKernesa B OH.

AHanu3 pe3yiabTaTOB MCIOIB30BAHUS MEPEKUCH BOJOPO-
Ja (XMMIYECKOro OKUCIUTENs) Ha pynHuke Cemms0ail mos-
BOJIJI BBIABUHYTH PS/ MPEIIIONOKEHIH O TOM, 9TO aKTHBH-
POBaHHBIN PacTBOP BHIIIENAYMBAHMS [10CITE OAKTEPHAIBLHOTO
OKHCJICHHS KeJle3a B OHMOopeakTopax IMOBJIMSACT Ha COAEpIKa-
HHE ypaHa B IIPOMBIBOYHOM kuakoctu.lccnenoBanus, mpo-
BCJICHHBIC PAa3JIMYHBIMU CIICNUATIUCTAMHU U HaMH B Ha60pa—
TOPHBIX YCJIOBUAX, MOKa3ajld MECPCHEKTUBLI HMCIOJIB30BAHUA
0aKkTepuaJIbHOTO OKUCICHUS JKele3a, IPU KOTOPOM CKOPOCTh
OKWCIICHHS YpaHa YBEIMYUBACTCS B HECKOJBKO pa3. B Takoit
CUTYaIlU{ TOJBKO MPSMBIC HCIBITAHHUS HAa OTACIHHOM ydacT-
K€ TMO3BOJIIOT MOHATh W U3YyYUTh BIUSHHE OaKTEPHAIBLHOTO
OKWCTICHHS JKelle3a Ha COIepIKaHWE ypaHa B MPOAYKTHBHOM
pacTBOpe W OIPENEeNUTh HEPCHEKTHBEI ATOH TEXHOIJIOTHH.
OO0BeMBI 1O1aBaeMOT0 PACcTBOpA ISl BBINICTAYUBAHUS CO-
cTaBiIsIoT B cpeaHeM oT 30 mo 50 m*/4 mis otaensHOTO GI10-
Ka MecToposkaeHHs. Heo0xoumMo ObLI0 MPOBECTH HIOTHBIC
UCIIBITAHUSI HAa OTAEJBHOW YCTaHOBKE C PacxXoJOM pacTBOpa
6onee 20 M3/, 4TO B TOZI0BOM BBIPAYKEHUH COCTaBJISIET OoJiee
150 TeIcs M*/TO.

JIJIs OTICHKH TIPOMBIIUICHHOTO MIPUMEHEHHS TEXHOJIOTHH
OakTepuanpHOTO OKMcieHus xkeneza (BOX) Ha ypaHoBOM
MECTOpPOXKACHHN OblTa pa3paboTaHa TeOoTeXHOJOTHYecKas
MOJIeTIb, OCHOBaHHAsi Ha MAaTPHYHBIX OamaHcaxX. Pacuers
JUISE ypaHOBOTO MecTopoxaeHuss Cemu30ail moka3and cie-
Iyroree:

a) O0beM aKTHBHOTO PacTBOpa, MCHOIH3YyeMOro B ITHp-
KyJSIIMM Ha 9TOM MECTOPOX/IEHHWHM MNpHU II0J1aue pacTBopa
2000 m3/4, cocraBisier okoJi0 800 Teicsy — 1 MuIIHoHAa M3 B
roJi, TPy ITOM Uepe3 PYMOHOCHBIA CJION mpoxomuT mno 14
MUJJIMOHOB M* pacTBOpa.

b) [Ipu cpeaHel TOMMMHE PYAOHOCHOTO CJIOSt 0K0Jio 10 M
u Hammunu okono 1000 (dakruueckn mo 1031) ckBaxwH,
paboTarommx Ha PacCTOSHUM 25 M Apyr oT npyra, oOpada-
THIBa€TCSI OKOJIO 6-8 MUJUIMOHOB M? PYJOHOCHOIO CJOSl B
9TOM IOJ3€MHOM peakTope. ITo o0muii 00beM «I1013eMHO-
rO PeaKTopa» AJsl MO3eMHOTO INSItU BhIlENaYnBaHUs ypaHa
Ha 3TOM MECTOPOXKIECHHH.

¢) Mectopoxaenne pa3jeneHo Ha OJI0KH, KOTOpPhIe Hax0-
JATCA Ha Pa3HbIX CTAAUAX: KHUCIOTU3alWHU, AaKTUBHOI'O WA
IMaCCUBHOT'O0 BBIMICTIAYUMBAHNA, B 3aBUCHUMOCTHU OT II€pUOAa
pa3pabotku Oi0ka. B HacTosmee BpeMs MCIONB3yeTCS OKO-
70 30 Takux OJIOKOB, T/Ie YCTAaHOBJICHO NWHAMHYECKOE PaB-
HOBECHE.

d) Mecropoxnenne Cemusbaii npeacrasiser coboil co-
BOKYITHOCTh OTHOCHUTEIFHO HE3aBUCUMBIX 30 IOJ3EMHBIX
peaKkTopoB, KaXIbli M3 KOTOPBIX 00palaThIBaeT pyHOHOC-
HBIA cioit o0beMoM oxoio 200-300 Teicsa M* B TOX, TpH
9TOM KaXIbIi OJIOK CONIEPKUT B cpeaHeM okoi10 30 Thicsy M>
pacTBOpa BHIIETAYNBAHHS.

e) [Ipu TakoM moaxoze MccieayeMoe YpaHOBOE MECTOPOK-
JICHUE COOTBETCTBYET TOPHOJOOBIBAIOIIEMY MPEINIPUATHIO C
00BeMOM TIepepaboTKH 1-2 MUIITMOHA TOHH PY/IBI B TOI.
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2. MaTepuaJbl H METObI

Jlns TecTHpOBaHMS HCIIONB30BAINCH JIBE YCTAHOBKH C
KOMITpeccopHO# craniuei (1o 500 mM?/4 kaxxiast) 1 HACOCHOU
CTaHIMEH ¢ MPOU3BOAUTENBHOCTEIO 10 40 M*/4. [IpoTrounsie
ouopeaktopsl oobemMoM 20 M* oOecrieyuBamu CBOOOIHBIN
MOTOK PacTBOpa C MHHHMMAJbHBIM BBIHOCOM OakTepHwil u3
Ouopeaktopa Oyaronmapsi KOHCTPYKLUHH 00OpYZOBaHUSL.
HacocHast craHunus ¢ 4acTOTHBIM IpeoOpa3oBaTeleM U
HAKONWTENFHBIM PE3EpByapoM obecreunBaia IMojady pac-
TBOpa B OCHOBHYIO CeTh ITOJ IaBieHHeM Ooinee 8 Gap. [locme
O6MOpPEaKTOPOB AKTHBUPOBAHHBIM PACTBOP BBIIIETAYNBAHHS
MOZIABAJICS B HAarHETaTENbHBIE CKBAXWHBI. V3MepeHnms co-
JIep)KaHus JKele3a B pacTBOpe, CepHOM KucioTsl, pH, okuc-
JIMTENILHO-BOCCTAHOBUTEIILHBIX ITOKa3aTeNiell U comepKaHus
ypaHa B NPOAYKTHBHOM pacTBOPE HPOBOJWIUCH INAXTHOM
naboparopueld B Tekyuiem pexume. llogadya pacTBopa B
OGHOpeakTopsl PeryIrpoBajach KpaHAMHU Ha OCHOBE JAHHBIX
NIEKTPOMAarHUTHBIX pacxogoMepoB Tuma «Omega». Pazpa-
60TKa MPOEKTa YCTAaHOBKMU M €€ MOHTaX OBLIN BBITOJHEHBI
uccnenoBarenbckoit  mabopatopueit  «buol eoTexnomorus
30JI0Ta, ypaHa W TOJMMETAUIMYECKuX pya» (YHHUBeEpcHTET
Carmaesa).

[TpenBapuTenpHOE HAKOIUICHHE OHOMAcChl OCYIIECTBIIS-
nock Ha cpene CumpBectpa-JIsarMiopa. Hakomnennyto 6uo-
Maccy OJHOKpAaTHO 3arpyxamu B OuopeakTopsl. B Teuenme
Mecsla OnomMacca HakaluIMBaJlach B OMOpeaKTopax B peKUMe
KyJIbTHBUpOBaHUs. HakomieHue OMoMacchl NMPOBOAMIOCH B
pexxuMe OapboTaka ¢ mojaueil Bo3ayXa KOMIIPECCOPOM.
PactBop mnepuoanueckd OOHOBISUICS IO Mepe Iepexoiaa
JIByXBaJIGHTHOTO JKeJle3a B TPeXBaJIEHTHOE cocTostHUe. Exe-
JTHEBHBIC M3MEpPEHHs MPOBOIWINCH B XUMHYECKOH Jabopa-
TOPHH IIaXThI.

Tectrl mpoBoaunucsk B 2018-2019 rogax. PactBop noja-
BAJICSI Ha JIBE€ YCTAaHOBKH 110/1 KOZOBBIMH Ha3zBaHusmu BOI-1
u BOI-2 (OakreprnanbHOE OKHCICHHE Keje3a) C 00beMOM
mofgaun 15 m*/4 kpyrnocyrogno. C utons 2019 roma Tonpko
ycranoBka BOI-1 pabGotasa B mpoTodHoM pexume. Yepes
JIBe Hellelin 00e yCTaHOBKHM ObUIH 3amyiieHsl BMecTe. O0mmumit
00BeM pacTBOpa, MOJaBaeMOro Ha yCTaHOBKY, cocTaBisi 30
M*/4. JlonoNHUTENbHAS M0Jlauya CEPHOM KHCIOTHI HE MPOH3-
BOJINJIACK.

O0BeM aKTHBHPOBAaHHOTO pPACTBOpA BHINIEIAYHBAHUS,
MOZIaBaeMOT'0 Ha YCTaHOBKH, cocTaBisul 30 M*/4, mpu 3TOM
o0mmuii 00beM 1MoJIauM pacTBOpa B HarHETATEIbHBIE CKBAXKHU-
HBl gocturan 40 m*/4. CMelmMBaHNe aKTHBHPOBAaHHOI'O pac-
TBOpa BBIILEJIAYNBAHUS W BOJHOTO PACTBOPa HECKOJIBKO
CHMXXAJIO OKHCIIMTEILHO-BOCCTAHOBHUTEINILHBIM TOKa3aTeb
pacTBOpa M coJiep)KaHHE TPEXBAJICHTHOT'O JKeJie3a B PacTBO-
pe. JlaHHBIE O coMepKAHNH IEJIEBOTO METaJlIa B MPOTYKTHB-
HOM PacTBOpE OINPEEIISUINCE B OOBIYHOM PEXHMME HEeTOCpea-
CTBEHHO COTpyIHHMKaMu maxTel Cemuz0aii [32].

3. Pe3yabTaThl U 00Cy:KI€HHE

Ha rpaduke mpencraBieHs! JaHHBIE O COIEPKAHUHU ypaHa
B MPOAYKTUBHOM pacTBope ¢ Hadana 2018 roga. Crpenxamu
yKa3aHO BpeMs 3allycka YyCTaHOBOK IOJa4H aKTHBHPOBAaHHO-
ro pacTBOpa BbllenaunBaHusa. ConepixaHue CepHON KUCIOTHI
B pacTBOpe I BHINIENAYMBAHHUSA COCTaBIsLIO 3,5-4,5 T/1.
HcnpiTannss mpoBonwiuch 0e3  JOMOJHHUTENbHOW IMOJayuu
kucnotel. Habmroaercs siBHast TEHICHLMS K CHW)KEHHIO CO-
Jep)KaHWs ypaHa [0 Hadama paboTel ycrtaHoBOK. [locie
BKJIIOUCHUS] BTOPOM YCTAaHOBKM M JOCTIDKEHUs momadu 30
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M3*/d TIPOMCXOJUT YCTOWYUBBIA POCT COACpKAHHS ypaHa B
MPOIYKTHBHOM pPacTBOpPE, YTO ITO3BOJIWJIO HPEIOJIOKHTH,
YTO UCTIBITAHUS JOCTUTIIN CBOEH MOCTAaBICHHOM LEH.

YuuteiBasi, 4TO BpeMs PeaKkMy CHCTEMBbI Ha BO3JICHCTBHE
MOJM(UIMPOBAHHOTO PAcTBOPA BBIIIEIAYMBAHUS COCTABIIS-
er He MeHee 20 jHEW, MOXKHO OTMETUTb, YTO yBEIHYEHHE
COJIep’KaHusl ypaHa B IPOJYKTHBHOM pacTBOPE IPOU3OLLIO
nocJie 3amycka OHo-ycTaHOBOK. JIJisl OT/AENBHBIX CKBRKUH Ha
6moke poct cocrasuin Oonee 50 %, cpenHee 3HaueHWE IO
6moxy 6b110 10-20 %.

HcnpiTanusg npoBoAWIHCE 0e3 M0OaBIICHHUS] CEpHON KHC-
JOTHI. YCIOBHSA, IIPU KOTOPBIX MPOUCXOAMT OaKTephaIbHOE
OKHCJICHHE JKE€JIe3a, COOTBETCTBYIOT YCIIOBHSAM IOJ3E€MHOTO
insitu BbIIIETaYMBaHKsI ypaHa 110 COJECP)KAHHIO CEPHOM KHUC-
J0ThI B pactBope (0T 3 r/n go 25 r/m), ypossuio pH (1,5-2,5),
OKHCIIUTEIbHO-BOCCTAHOBUTEIbHOMY NoTeHnuany (360 MB u
BBIIIIE), TEMIEpaType U APYTUM TEXHOJOTHMYECKUM MapameT-
paM. MoOunpHOEe UCIOHEHHE OMO-YCTaHOBOK B KOHTEIiHe-
pax Mo3BOJIET TepeMeliarh 000pyAoBaHue Ha MPOOIeMHbBIE
ONOKM T pelleHHs JIOKaJIbHBIX 3anad. [lomydeHHbIE naH-
HBIC TO3BOJIWUIM OTPENEIUTh HECKOJIbKO BAPHAHTOB IIPO-
MBIIIIEHHOTO BHEIPEHHs TEXHOJIOTMH Ha pynHuke. Ha oc-
HOBE TIPOBEJCHHBIX HCIBITAaHWH OBLIO PENICHO HPOBECTH
JOTIOTHUTENBHBIC HCCIE0BaHMS C JOOaBIEHHEM «cBOOOI-
HOH» CEepHON KHCIIOTHI, YTO YIYYIIHT paboTy OHOpeakTopoB
B paCTBOpax BbIIICIa4YBaAHUA. HUcneiTanus MMpOBOANTINCE B
CJIOXKHBIX NPHUPOAHBIX YCJIOBUAX, IMPU ITOM TEMIIEpaTypa
BO3ayxa 3uMoi nocturana -40°C.

4. BLIBOADI

1. IIpoBeneHs! nccienoBaHUs Ha OJHOM U3 OJIOKOB ypa-
HOBOTO MECTOPOXKAEHHUS C MPOMBIIUICHHBIMH O0OBbEMaMH
MOTOKA PacTBOPOB BhILIETaunBaHuA. VccienoBaHus moKasa-
7Y BIMSTHUE OKUCIICHNS Kene3a mramMamu A. ferrooxidans B
MPOTOYHBIX OMOpEaKkTopax Ha COAEp’KaHWE ypaHa B ITPOIYyK-
TUBHOM pAacTBOpPE, HECMOTPSI Ha CIIOXHBIH BEIIECTBEHHbIH
COCTaB PYAHOTO Tesa. YCpeIHEHHbIE IOKa3aTeNld CoaepKa-
HHUS ypaHa B MPOAYKTHBHOM PacTBOpE 3a TOJ I JTaHHOTO
6510Ka MOATBEPAMIIN 3TOT 3P DHEKT.

2. OKHCIUTENBbHO-BOCCTAHOBUTENBHBIN NOTEHIMAT pac-
TBOpa yBenuumics ¢ 360 mB g0 430-450 MB B mpoTouHOM
peXuMe Tocie IPOXOXKAECHUS PacTBOpA BHIIIETAYMBAHUS
yepe3 O6uopeakTopsl. Conep:kaHHe TPEXBAJIECHTHOTO JKelie3a
Bo3pocio ¢ 0,1 v/i 1o 1,5 1/ u BeImIE.

3. IIpouecc OakTepHalIbHOTO OKHCIIEHHS JKelle3a B pac-
TBOpE NPOMCXOAMI IpU Temmeparype pacrtsopa 10-12°C
(ontumanbHas Temrepatypa cocraisier 25-35°C), yTo 1mos-
BOJIMJIO M30€KaTh 3aTpar Ha MOA0TPEB pacTBOpa.

4. Pe3ynbTaThl WCHBITAaHWH MOKa3aln yBEIMYEHHE CO-
JIep)KaHMsl ypaHa B IPOIYKTHBHOM pactBope Ha 10-20 %
MOCJIe TIPOXOXKIEHHSI PAacTBOpA BHIMIETAYUBAHMA 4Yepe3 py-
JIOHOCHBIH CIIOM.

5. OrmepanmoHHBIE 3aTpaThl NPH WCIOIG30BaHUM HPOTOU-
HBIX OMOpEaKkTOpOB OKa3aJHCh B 6-8 pa3 HIDKe, YeM IIpU HC-
TI0JIb30BAaHUH XMMHYECKHUX OKHUCIIUTENEH (IIEPeKHCH BOJIOpPO/Ia).

6. IIpoMbIIIIEHHbIE UCTIBITAHMS TTOATBEPAMIN TTIOTCHIIHA
JTAHHOM TEXHOJIOTHH, a TaKKe JIaHHbBIE, MOJy4eHHbIE B J1a0o-
paropuu. VcrbiTaHnsi TO3BOJIMIIM OTIPE/ICITUTh TEXHOJIOTHYE-
CKME TapameTpbl Ul peajHu3alliy IPOMBIIIIEHHOW Ouno-
YCTaHOBKH JuIsi 00pabOTKM Bcero ooObeMa pacTBOpa BbILIEa-
YMBAHUS HAa PYAHUKE M YCTAHOBUTH TEXHOJIOTHYECKHE TpeOo-
BaHUS K 000PYA0BaHMIO JUIS TPOMBIIIIICHHOTO IPUMEHEHHS.
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Ypauasbl xkepacTbl IAUMAaJIay TEXHOJOTMVIAPBIHAA TeMIPIiH
0aKTePUAJIBIK TOTHIFYbIH OHEPKICINTIK KOJIAHY

E. Bekrait, I'. TypbicOekoBa, b. H_II/II[epHH*, M. BekraeB
Satbayev University, Arvameoi, Kazaxcman
*Koppecnonoenyus ywin asmop: shbaur@mail.ru

Anparna. Kasakcraniarsl ypaH KeH OpHbIHZAA 12 ail OOibI Kypri3iireH MUJIOTTHIK CHIHAKTApIbIH HOTIIKEJEpIMEH pac-
Tanfa” Jkep acTel (insitu) ypaHmel maiimanay MpoIeciHae TeMipAi OaKTepHSUIBIK TOTBHIKTBIPY TEXHOJIOTHACHI O3ipIICHIIL,
OHEPKACINTIK KOJIaHyFa YCHIHBUIIBL. 3epTTEYAiH MaKcaThl — XaHa TUITI aFbIHABI OHOpeaKTOpiIap/ sl aiianaHa OTEIPHII, Kep
acTHI «insitu» ypaH[IHI MaiManay MpoueciHae TeMipai OaKTePHsUIBIK TOTHIKTHIPY TEXHOJOTHACHH 93ipiey 00iabl. ChIABIMIbI-
761Fl 20 M3 eKi OMOTEXHOJIOTHAIBIK KOHIBIPFBI KYpbUIbll, 40 GyTTHIK KOHTEHHepepre OpHATHULABL. | €0TeXHOIOTHSIBIK 0-
JWTOHFa KOWBIIFaH OMOpeakTopiap KYObIp XyiHeciMeH, aya KOMIIPECCOpJIapbIMEH, COPFhI CTaHIMACBIMEH QHE Oakbliay-
eJIIey KypajaaapbIMeH >kalOJbIKTaJIbIN, YHFBIMATIAP apKbUIbl YPaH/IBI JKep acThl MIalmalnay sKyleciHe KOChULIbl. KOHABIPFEI-
JapJiblH OHIMALIIr maiimManay epitiHgici yuin xbpuibiHa 150 000 m3-nen actbl. EpiTinai OnopeakTopiapliaH 6 TKeHHEH KeiiH,
TOTBIFY-KaJIbIHA KenTipy noteHuansl 360 MB-Tan 430-450 MB-ka neiiin apTTel. Y BaneHTTi TeMipaig memepi 0,1 r/n-nen
1,5 r/n xoHe oaH xoFapbl JeHreire aeitin ecti. TeMipai OakTepusuIbIK TOTHIKTBIPY Mpoleci epitinai Temneparypacsl 10-12°C
Ke3iHze Kyprizingi (oHTaiabl Temneparypa — 25-35°C), Oyi1 epiTiHIIHI JKbUIBITYFa KETETiH IIBIFBIHIAPABI OONAbIpMayFa
MYMKiH[IK Oepai. ChIHAK HOTHKEJIEPI IIaiimMaiay epiTiHici ypaH KabaTeiHaH Oip aif 00ibl ©TKEHHEH KEeWiH OHIM/II epiTiHIiAer
ypan memuepiHiy 10-20% apTKaHbIH KOpPCETTi. ByJl TEXHOJOTUSIHBIH JXep acThl YHFBIMAJIbI INsitu ypaHzbl IaiiManay yIiiH
MIepPCTIEKTUBANIBI €KEeHIH pacTabl. TeXHOIOTUSHbI KOJIaHy IbIH SKOHOMHKAJIBIK IIBIFBIHIAPEl XUMUSUTBIK TOTHIKTBIPFBIIITAPIBL,
MBICAJIbI, CYTET1 acKbIH TOTBHIFBIH MaliianaHy IIBIFBIHAApbIHAH 6-8 ece TOMEeH. AJIBIHFAH @HEPKICINTIK HOTHXKEIEp ajFanl per
OMOTEXHOJIOTHSUIBIK 9ICTEP/AI Kep acThl YHFBIMAJIBI insitu ypaH/s! )koHe 6acKa ja MeTaap/pl MaiManay YIIiH KoJIIaHyIbIH
JKaHa MYMKIHJIKTepiH aIIThl.

Hezizei co30ep: ypan, scep acmol waimanay, insitu, 6UOWauManay, exi 6aieHmmi memip, yus aieHmmi memip, HaHo0o-
wiekmep, memip momvlKmuipebiue Gaxmepusaiap.

HpOMbII[IJIeHHOC HUCIIOJIB30BaHUCE 63KTepHaJIbHOFO OKHCJICHHUA KeJie3a
B TEXHOJOI'MAX MOA3CMHOI0 BbIIICIATHBAHUA YpaHa

E. Bekrait, I'. TypeicOekoBa, b. U_[I/I;[epI/IH*, M. bekraes
Satbayev University, Arvamoi, Kazaxcman
*Aemop ons koppecnonoenyuu: shbaur@mail.ru

AnnHoTanus. Pa3paboTana u mpeiokeHa sl IPOMBIIUICHHOTO HCIOJIb30BAHUS TEXHOJIOTUS OAKTEPHAIHHOTO OKHCICHHUS
JKele3a B IpoIiecce moa3eMHOro (insitu) BhIIeNaunBaHus ypaHa. TeXHOJIOTHs ObLIa MOATBEPKACHA PE3yIbTaTaMH MHJIOTHBIX
WCTIIBITAHWH Ha YpaHOBOM MecTopokaeHnn B Kazaxcrane B TeueHue 12 Mecsues. Llenbio uccnenoBanus SBisiach pa3paboTka
TEXHOJIOTHH 0aKTepHAIFHOTO OKUCIICHIS JKeJle3a B MPOoIIecce MOA3EMHOTO «insituy» BRIMIETAYNBAHMS YpaHa C UCIOIb30BaHUEM
HOBOTO THITa MPOTOYHBIX OMOPEaKkTOpOB. BTN CO3/MaHbl IBE OMOTEXHOJIOTHYECKHIE YCTAHOBKHU ¢ OMopeakTopamMu oobeMom 20

30
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M3, ycraHoBiieHHbIe B 40-QyTOBBIX KOHTeHHepax. BropeakTophl, OCHAIICHHBIE OOBS3KOW, BO3AYIIHBIMH KOMIIPECCOpPAMH,
HACOCHOH CTaHIMEH W KOHTPOJIBHO-N3MEPHUTENBHOHN anmaparypoil, ObIIM yCTaHOBIECHBI Ha T€OTEXHOJIOTHYECKOM MOJINTOHE U
MOJKJIIOUEHBl K OCHOBHOI cHCTeMe MOJ3eMHOrO BBIIIEIauMBaHUs ypaHa uepe3 CKBaXHHbI. IIpoM3BOAUTENBHOCTh YCTaHOBOK
cocraBuia 6onee 150 000 m*/rox s BBIENIAUYMBAIOLIETO pacTBopa. [locie MpoxoskaeHHs pacTBopa 4epe3 OHOpeakTopBl,
OKHCIIUTEIbHO-BOCCTAHOBUTENIBHBIN NOTEHIMAN pacTBopa yBenuuuics ¢ 360 MmB no 430-450 mB B nmporounom pexume. Co-
Jiepr)KaHKue TPEXBaJIEHTHOTO JKelne3a yBennumioch ¢ 0,1 r/m mo 1,5 r/n u Beime. IIporecc 6akTeprnanbHOTO OKHUCIICHHS JKele3a
TPOBOJTUIICS TIpU TeMIiepatype pactBopa ot 10 g0 12°C (ontumanbHas temneparypa — 25-35°C), 94To MO3BOJIHIIO UCKITFOUUTH
3aTpaThl Ha HarpeB pacTBopa. Pe3ynbTaThl HCHIBITAHUH MOKA3AJIM YBEIMYEHUE CO/IEPKAHUS ypaHa B MPOJLYKTUBHOM PacTBOpeE
Ha 10-20 % mocine mpoXoKAEHHS BBIIENAUYNBAIONIET0 PACTBOPA Yepe3 PyIJOHOCHBIN ci10if B TeueHue 1 mecsna. OTo moaTBep-
JMJIO TEPCTIEKTHBHOCTh MCIOIb30BaHUS AaHHOM TEXHOJOTHH JUIA MOJ3EMHOTO CKB)XKMHHOTO INsitu BBIMIETAYMBAHUS ypaHa.
OKOHOMHUYECKHE 3aTPaThl HA IPUMEHEHHUE TEXHOJIOTHH B 6-8 pa3 HI)KEe MO CPaBHEHUIO C HCHOIB30BAHNEM XUMUYECKUX OKHC-
JWTENEH, TAKUX KaK MEPOKCUA Bojopoaa. [omydeHHbIe IPOMBIIUICHHBIE Pe3yIbTaThl BIIEPBLIE OTKPHIBAIOT HOBBIC IEPCHIEKTH-
BBI JJIs1 IPUMEHEHNST OMOTEXHOJIIOTHYECKAX METOJOB TTOJ3EMHOTO CKBR)KMHHOTO insitu BBIIIETAYNBAHUSA ypaHa U JIPYTUX Me-
TaJIJIOB.
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Hoe Jicene30, HaHoYacmuysl, 6axmepuu, OKUCIAIOUUE Jcene30.
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Abstract. The study and identification of regularities of geological and paleogeographic development of Central Kazakh-
stan in the Cenozoic is fundamentally important for understanding the geological processes of Eurasia as a whole, as they were
reflected in the marine and continental landscapes of the adjacent regions of Western Kazakhstan, Central Asia and Western
Siberia. Practically from the beginning of the Cenozoic, a continental mode of sedimentation was established here, with land-
scapes of denudation plains and low highlands. Organic remains make it possible to dissect the Cenozoic continental strata and
reconstruct the stages of landscape development from typically tropical and subtropical in the Paleocene and Eocene to steppe
and savannah landscapes by the beginning of the Quaternary. The Goose Flight fauna locality is a stratotype of the Pliocene
Pavlodar Formation. It is one of the largest localities of Miocene Hipparion fauna of Eurasia, located in the north-eastern part
of Central Kazakhstan, on the Irtysh River, within the city limits of Pavlodar. The location «Goose flight» is comparable to
such widely known localities of Hipparion fauna as Taralyk-Cher and Kholu (Russia, Tuva), Baode fauna in Shansi province
in China, Grebeniki and Berislavsky in Ukraine, Taraclia in Moldova. The locality needs protection and defence as it is de-
stroyed due to erosion of the banks of the Irtysh River and uncontrolled sampling. The article provides a description of the
Pavlodar Formation sediments, its geological and palynological characteristics, as well as the history of the study of the Goose
Flight locality, the most complete list of fossils, gives their environmental characteristics and concludes on the conditions of
accumulation of the Pavlodar Formation strata.

Keywords: Hipparion fauna, Pavlodar Formation, Late Miocene, paleogeography, Central Kazakhstan.

1. Introduction smaller quantities, and the Quaternary ones are still un-
known. Particularly well represented are the Oligocene and
Early Miocene deposits, which contain rich paleontological
material, on the basis of which the relative age of the de-
posits was determined and the past paleogeographic condi-
tions were reconstructed. At a later time, the accumulation
of sediments with remains of flora and fauna occurred
much less frequently and more fragmentarily, which is
associated both with a change in the type of vegetation
(from mixed-deciduous forests in the Paleogene to steppes
and deserts of the Quaternary), and with the general aridiza-
tion of the climate and changing sedimentation conditions.

Late Neogene deposits, reflecting the initial stage of deser-
tification of the territory of Kazakhstan, are widely represented
in Central and North-Eastern Kazakhstan and are classified as
the Pavlodar Suite. Its age is established as late Miocene. The
stratotype of the Pavlodar Suite are sediments with a complex
of classical hipparion fauna, exposed on the right bank of the
Irtysh River, within the city of Pavlodar area (north-eastern
part of Central Kazakhstan). One of the largest in Eurasia sites
of hipparion fauna titled «Goose Passage» is located here, on
the cliff of the floodplain terrace (Figure 1).

The site needs due protection and guarding, as it is being
destroyed by the erosion of the Irtysh River banks and by
uncontrolled sampling.

The study and identification of patterns of geological and
paleogeographic development of Central Kazakhstan in the
Cenozoic is fundamentally important for understanding the
geological processes of Eurasia as a whole, since they were
reflected in the marine and continental landscapes of the adja-
cent regions, being a connecting link and one of the main
sources of sedimentary material removal. Practically from the
beginning of the Cenozoic, a largely continental sedimentation
regime had established here, forming the landscapes of denu-
dation plains and low highlands.

The study of organic remains allowed reconstructing the
changes in the geological situation, climate and biological
diversity in Cenozoic times, as well as tracing the stages of
landscape development from typically tropical and subtropical
in the Paleocene and Eocene, to steppe and savanna by the
beginning of the Quaternary. The study of the remains of Ce-
nozoic flora and fauna is of great importance for the division
and correlation of continental sediments. At the same time,
each site adds new data to the mosaic reconstruction picture of
the past environment.

Currently, on the territory of Central Kazakhstan, main-
ly in its western part, a large number of sites of leaf flora
(imprints) and fauna of Oligocene vertebrates have been
identified. The macroorganic Miocene sites occur in much
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Figure 1. The location of the «Goose Passage» hipparion fau-
na site

Analysis of the compositional features of the «Goose Pas-
sage» fauna, as well as of the lithological, sedimentological
and palynological characteristics of the host sediments, ena-
bles to reconstruct the paleoecological environment of the time
of accumulation of these strata, the stages of development of
the Neogene climate of Central Kazakhstan and replenish the
paleobiogeographic materials.

2. Materials and methods

The proposed article rests on the paleontological materials
previously obtained by B.U. Baishashov, as well as on data
acquired during the study of numerous paleontological collec-
tions of different years at the «Goose Passage» site and stored
mainly in the funds of the Institute of Zoology at the RK MES,
as well as in the Pavlodar City Museum and the Paleontologi-
cal Museum at the Russian Academy of Sciences (Moscow).
For paleontological study, the taxonomic affiliation of the
material was determined by measuring and comparing distinc-
tive features with previously described reference samples.

Methodology consists in itinerary studies of the right bank
of the Irtysh River, a layer-by-layer description of the section.
The bones of vertebrates are deposited in red-brown clays with
interlayers of greenish-brown dense sandy clays, in places
turning into dense sandy loam. During field work, samples
were taken for palynological analysis. Because of the site’s
location in the city park, the samples were taken out not from
the cleared section, but from small clearings. For palynological
analysis, samples were taken from the layers containing verte-
brate bones and from the underlying and overlying sediments.

Also, materials acquired during the 2022-2023 field studies
were utilised in the article in order to study sections of red-
colored late Miocene clays commonly spread in Central, East-
ern and South-Eastern Kazakhstan.

Palynological analysis of the samples was carried out in the
palynological laboratory of the K.I. Satpayev Institute of Geo-
logical Sciences (Almaty), using generally accepted chemical
processing techniques [40]. The method provides for the follow-
ing sequence of work: 1) samples are treated with a 10% HCI
solution to remove carbonates; 2) the samples are treated with a
5% solution of NasP,07 H,0 to free them from clay particles,
then are washed in distilled water; 3) the resulting sediment was
centrifuged in a solution of heavy liquid [K2(Cdl4)] with a
specific gravity of 2.25-2.4 to separate the mineral and organic
fractions. The macerate was treated with HF to remove silicate
minerals. The resulting macerate was placed for storage in test
tubes with glycerin. The macerate was not subject of sieving.
The collection of palynological preparations is stored in the
laboratory of Mesozoic and Cenozoic geology of the K.1. Satpa-
yev Institute of Geological Sciences.

The study of palynomorphs was carried out with the Axio-
starplus optical microscope (CarlZeiss) at a working magnifi-
cation of X400 and x600. isolated from the red sediments were
few amounts of palynomorphs, therefore all encountered spec-
imens were counted: spores and pollen of plants, green algae,
and fungi. Plant spores and pollen were identified to genus or
family (in case of poor preservation).

2.1. The site study history and its current state

The study of this section has a history of more than a cen-
tury [24]. In 1928, Yu.A. Orlov, on the territory of the city of
Pavlodar, discovered one of the largest sites of the hipparion
fauna of Eurasia, later called «Goose Passage». In 1929-1930,
during excavations, employees of the Paleontological Institute
of the USSR Academy of Sciences (now the A.A. Borisyak
Paleontological Institute of the Russian Academy of Sciences)
collected several thousand bone remains of vertebrates [35-
39]. A special exhibition was created in the Paleontological
Museum of the USSR, occupying a separate room, where the
collected skeletons of hipparions, rhinoceroses and other ani-
mals were placed.

Since 1950s, the excavations were carried out by paleontolo-
gists of the Institute of Zoology at the Kazakh SSR Academy of
Sciences, however, the found representative materials were
scanty. In 1976, B.U. Baishashov, an employee of the Institute of
Zoology, organized a special expedition and large excavations
(Figures 2, 3, 4) using machinery. As a result, for the first time,
more than 10 skulls of the rhinoceros Chiloteria alone and many
bones of other mammals were obtained in the form of monoliths.
This material allowed identifying distinctive features and describ-
ing a new species for science - Chilotherium orlovi Bayshashov,
1982 [5]. Most often in these deposits are the bones of hipparions,
extinct equine mammals. They were widespread in the Miocene,
and therefore the fauna was called hipparionic.

Figure 2. The bone-bed clearing at the «Goose Passage» site,
1976 (the B.U. Baishashov archive)

Figure 3. Excavation in progress, 1976 (the B.U. Baishashov
archive)
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Figure 4. B.U. Baishashov at the opening of bones and prepa-
ration of the monolith, 1976 (the B.U. Baishashov archive)

As a result of many years of research by specialists from
Russia and Kazakhstan (B.U. Baishashov, F.A. Tleuberdina,
V.V. Lavrov, L.L. Gaiduchenko and many others), more than
60 species of vertebrates of the hipparion fauna were identified
at the «Goose Passage» site.

The question of the need for protection (geoconservation)
of the «Goose Passage» site has been repeatedly raised by the
scientific community since the mid-1950s. On December 7,
1971, the site of the hipparion fauna «Goose Passage» was
declared a natural monument of republican significance and
taken under state protection. In 1979, the Institute of Zoology
of the Academy of Sciences of the Kazakh SSR and the Cen-
tral Council of the Kazakh Society for Nature Conservation
took the initiative to create the «Open Air Museum — «Goose
Passage» to preserve this natural monument as a national
treasure of the Republic of Kazakhstan, which represents a
prototype of the fauna of African savannas with a variety of
representatives of the ancient animal world.

In 1988, a decree was issued prohibiting spontaneous ex-
cavations on the territory of the «Goose Passage» natural
monument without the appropriate permission.

In 2002, in the course of joint work carried out by employ-
ees of the Institute of Zoology (Almaty) and the Toraigyrov
Pavlodar State University (Pavlodar), a number of measures
were proposed to preserve this unique site [8].

Figure 5. The «Goose Passage» site. General view at present

To this day, the monument, despite repeated excavations,
is far from being exhausted. Every year, after the Irtysh river
floods and the collapse of the coastline caused by spring
floods, a bone-bearing horizon is getting exposed here. Cur-
rently, for scientific purposes, quite a large amount of material
has been acquired to the collections of the Paleontological
Institute of the Russian Academy of Sciences (Moscow) and
the Institute of Zoology of the Ministry of Education and Sci-
ence of the Republic of Kazakhstan (Almaty) and there is no

34

need to conduct new excavations. Scientific processing of
available material, showing the importance of this unique site
in reconstructing the landscape and climatic conditions of the
past, is going on [10]. Despite the adopted statutory measures,
actually the natural monument «Goose Passage» remain ne-
glected and left to deteriorate.

3. Results and discussion

3.1. Geological description of the section

The Pavlodar Formation (N1.2 pv) was identified in 1951
by V.V. Lavrov. The stratotype is described from deposits of
the «Goose Passage» site, with the remains of a hipparion
fauna. The age is determined by the vertebrate fauna and
spore-pollen complexes as in the Upper Miocene - Lower
Pliocene, Messinian-Zanclean stages.

The formation sections in the area are quite similar and
are represented by lithologically homogeneous clays of
brownish tints. They lie under Quaternary sediments of dif-
ferent ages. They are often separated from the underlying
formations by a basal interval represented by sandy clays
with gravel and pebbles. The thickness of the formation is
30-40 m.

Deposits of the Pavlodar formation are widespread and
correlate with the sequence of the same name in the West
Siberian Plain and Turgai [29]: it overlies the Aral
(Kalkaman) (Bayshashov et al., 2015) formation and has a
two-member structure, where sands lie at the base, above
clay. The most typical rocks are red-brown clays. It is a car-
bonate formation with abundant marl nodules and interbeds.
The deposits are saturated with fine-silty carbonates and also
include calcareous-marly and, less commonly, gypsum nod-
ules ranging in size from 3 to 7 cm. Sand in clays is noted
both in a dispersed form and in the form of interlayers and
lenses. Sandy-gravel deposits with pebbles often occur at the
base of the formation. The paleontological characteristics are
also similar, with common main species of animals and pol-
len of herbaceous plants, with a slight admixture of pollen of
tree forms.

The Pavlodar Suite section. Compiled by B.U. Baishash-
ov upon the 2022 filed work.

According to the European stratigraphic scale, this is the
Turolian fauna of the late Miocene.

Middle-Upper Miocene. Serravalian - Messinian stages.
Kalkaman Suite (N;23kl). It is represented by green gypsum-
bearing clays of montmorillonite-hydromica composition,
containing large druses of gypsum, interlayers of marls, dark
gray clays, sands, and silts (40 m). The age is based on the
vertebrate fauna in the adjacent area (along the Irtysh River).

Upper Miocene - Lower Pliocene. Messinian - Zanklian
stages. The Pavlodar Suite (N1 pv) is represented by depos-
its of different genesis, dominated by red-brown and green
clays with interlayers of sand, loam, sand and gravel materi-
al, and characterized by calcareous-marly nodules (20-30 m).
The age of the formation is established based on the mammal
fauna.

Upper Pliocene. Piacenza Stage. The Irtysh Suite (N2?irt)
is represented by bluish and brownish silty clays with sand
interlayers (50 m). Irtysh Suite in outcrop near the village
Lebyazhy along the river Irtysh and contains a fauna of
mammals, freshwater mollusks and ostracods, which allows
parallelizing it with the Bitekey Suite of the upper Neogene

[4].
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of the interval where the main bone-bearing
horizon (bones of large animals), is more
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oblique, wavy-horizontal layering,
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Light green, greasy clay strata with interlayers
of white lumpy limestone and dark humusized
lenses falling below the water's edge.

Figure 6. The section of the Pavlodar Suite according to
[Zykin, 1982]

Figure 8. The «Goose Passage». Bones along with the rock
material are exposed and washed away from the cliff wall

3.2. Palynological study

Clays of the Pavlodar suite contain single grains of pollen
of xerophytic plants, and only small quantities of tree pollen
are present: Betulasp., Alnussp., Corylussp., Pinusstrobus,
R.sibirica.

In the lower part of the section (palynocomplex 1, 2), en-
countered were pollen of the oak Quercussp., hornbeam
Carpinussp., hazel Corylussp., and the pollen of herbaceous
forms is characterized by the dominance of pollen of cereals
and wormwood.

The upper part of the section (palynocomplex 3) contains
mainly pollen of herbaceous plants: wormwood, goosefoot
and grasses, which indicates the development of treeless
steppe landscapes on watersheds.

Palynocomplex 1:

Arboreal pollen 4-16%: Pinus, Betula, Ulmus, Alnus,
single Carpinus, Quercus, Salix.

Herbaceous: 83-96%: pollen dominated by Poaceae
(78%), Chenopodiaceae, Artemisia.

Palynocomplex2:

Arboreal ones make up 21-47% of all pollen forms en-
countered: a relative increase in the proportion of Pinus (50-
80% of all arboreal ones), Betula (12-38%) and Picea, Cory-
lus, Alnus, Quercus are also present.

Herbaceous species make up 53-79%: Artemisia and
Chenopodiaceae predominate, forbs are represented by pol-
len of Asteraceae and cereals of Poaceae.

Palynocomplex3:

Arboreal ones make up 2-10%, mainly Pinus and Betula
pollen.

Herbaceous-shrubs dominate in the spectra -95-100%,
Artemisia predominates among them (80%) and also present
are Chenopodiaceae, Asteraceae, Poaceae.

The composition of pollen and spores indicates the de-
velopment of xerophilic vegetation and the existence of
floodplain temperate-deciduous forests in river beds. These
are probably elements preserved from earlier, heat-loving
floras of the «Turgai ecological type», which became wide-
spread in the late Oligocene-early Miocene and are well
studied from leaf prints from the sites of Turgai, Central and
Eastern Kazakhstan: Tortmola, Shintuzsky, Tortmola, Ak-
mola, Nausha, Kenkous, Altyn-Shokysu, Kumsuat, Kintyk-
che, Ashutas, etc. [Popova at all 2018, 2019, Nigmatova,
1998].

In the palynospectra of the Eocene-Oligocene deposits of
the Takyrsor, Shintuzsay, Nausha, Erzhilansai sites (Turgai
trough, Aquitanian), pollen grains of chenopods, amaran-
thaceae, wormwood, cereals and ephedra were found in small
quantities (Abuzyarova, 1954, oral communication by Nig-
matova S.A.), which also suggests that small steppe areas
could have existed on the watersheds even in the Paleogene,
which in the late Miocene, due to aridization, significantly
expanded the area, displacing moisture- and heat-loving
species.

5.3. Fauna analysis

The entire complex of widespread hipparion fauna has
been established at the «Goose Passage» site. This fauna is
special by the presence of sea pinnipeds Semantormacrurus
[37-39] and turtles Chelodoniidae [33]. This is explained by
the fact that the ancestral Irtysh river in the Miocene may
have been connected to the sea.
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By composition, the vast majority of large mammals are
inhabitants of forest-steppe areas: giraffes Samotheriumir-
tyshense [18], Sivatheriumsp., Palaeotragusasiaticus [18-
19]; deer Cervavitusorlov Flerov, 1950, Tragocerusir-
tyshense, T. frolovi, [1]; gazelles Gazelladorcadoides
Schlosser (Dmitrieva, 1974), G. deperdita, Procapreolus sp.;
mastodons Mastodonsp. [37-39] and inhabitants of coastal
areas the rhinoceroses Chilotherium orlovi (Baishashov,
1993). Steppe forms are represented by long-legged hippari-
ons Hipparion longipes [20, 22] classifies the hipparion H.
elegans as an inhabitant of forest-steppe areas. Carnivores
are represented by the typical companions of the hipparion
fauna: hyenas Hyaenictitheriumvenator, Ictitheriumhippari-
onum, l.robustum, Crocutaeximia; Machairodusirtyschensis
the saber-toothed tiger, mustelids Plesiogulocf. crassa Teil-
hard, Martespaleosinensis Zdansky. Collections of institutes
in different countries contain fragmented materials, which
prevents from accurate counting of specimen and bones of
large vertebrates. Only collections of the Institute of Zoology
at the RK MES preserve more than a thousand samples of
bone remains.

Among small vertebrates, amphibians and rodents pre-
dominate. All previously known fragments of toad bones
from this site, according to N.V. [21], belong to one species,
Mongolian Bufo raddei. Out of this, K.I. Iskakova defined
lizards, shakes, and frogs; G.D. Hisarova identified fish Li-

ciopterca sp., Perca sp.; freshwater turtles Sakya sp. [48];
and birds Struthiochersonensis, Sushkina pliocaena [45].

By species, P.F. Savinova 1959, 1960 and 1976 (1988)
and L.A. Tyutkova (2003, 2005), established the presence of
the following rodents: Clirinaegen.?, Ruscinomyinaegen.?,
Microtoscoptes praetermissus Schaub, 1934, Spermophilus
cf. orientalis Qiu, 1991, Sinocricetus zdanskyi Schaub, 1930,
Nannocricetus mongolicus Schaub, 1934, Sicista bagajevi
Savinov, 1970, Lophocricetus vinogradovi Savinov, 1970, L.
afanasievi Savinov, 1970, Paralactaga (=Proalactaga) vari-
ans Savinov, 1970, Brachiscirtetes robustus Savinov, 1970,
Scirtodipus kazakhstanica Savinov, 1970, S. kalbica
Savinov, 1970, Rhinoceromys savinovi Tyutkova, 2005.
Lagomorphs Proochotonacf. eximia Chomenko, 1914.

The species composition of small mammals also indicates
the forest-steppe landscape of the region. Some of them:
shrews Similisorex orlovi, Crocidura pavlodarica, possibly
hamster-like animals Microtoscoptes sibiricus, etc. are inhab-
itants of river floodplains. There are also forest inhabitants:
squirrels Eutamias sp., Myoxinae gen. indet. According to
[44], the composition of the goosepassagean microtherio-
complex is dominated by hamsteriformes (54%), followed by
jerboas Lophocricetus (14.5%), Proalactaga (8.5%),
Scirtodipus (7.3%). Modern creepers and jerboas of Kazakh-
stan mainly inhabit steppe areas, but in the past, their ances-
tors could well have lived in the forest-steppe zone.

Table 1. The systematic composition of the hipparion fauna at the «Goose Passage» site

Class Subclass Order Suborder
OSTEICHT  ACTINOPT PERCIDA PERCOIDEI
HYES ERYGII (perciformes) (perciformes)
(bony fish) (ray-finned)
AMPHIBI ANURA (tail-less) PROCOELA
A (amphib- (procoelous)
ians)
OPISTHOCOEL
A (opistho-
coelous)
DIPLASIOCOEL
A (diplasio-
coelae)
REPTILIA TESTUDIN CHELONIA (sea
(reptiles) ATA (testu- turtles)
dinata)
LEPIDOSA LACERTILIA (liz- SCINCOMORP
URIA (scaly) ards) HA
IGUANIA (igua-
niformes)
OPHIDIA (snakes) Colubroideafam.
indet.
AVES STRUTHIONIFORME
(birds) SLATHAM, 1790

(ostriches)
ACCIPITRIFORMES
SAVIGNY, 1809
(diurnal predators)

36

Family Subfamily Genus Species Habitat
Percidae Perca Perca sp. Water
Bonaparte, Linnaeus,
1831 1758
Bufonidae Bufo Buforaddei Am-
Fitzinger. Laurenti, Strauch, phibi-
1826 1768 1876 ous
Bombin-
idaeFitzinger.
1826
Bombinidae
gen. indet.
Pelobati-
daeBruch,
1861
Pelobatidae-
gen. indet.
Ranidae
Linnaeus,
1758
Ranidae gen.
indet.
Platysternidae Sakya Sakua sp. Water
Gray, 1870 Bogachev,
1960
Lacertidae
Fitzinger,
1826
Lacertidae
gen. indet.
Agamidae
Gray,1827
Agamidaegen.
indet.
Struthionidae Stuthio Struthio sp.
Vicords,1825 Linnae-
us,1758
Falconidae Sushkinia Sushkinia Forest-
Anonymou, Tugarinov, pliocaena steppe
1820 1935 Tugarinov,
1935



B.U. Baishashov et al. (2024). Engineering Journal of Satbayev University, 146(5), 32-44

GALLIFORMES
TEMMINCK,1820
(chicken)

RALLIFORMES
REICHENBACH, 1849
(rails)

PASSERIFORMES
LINNAEUS, 1758
(passerines)

MAMMAL INSECTIVORA
IA (mam- BOWDICH, 1821
mals) (insectivore)

RODENTIA
BOWDICH,1812
(rodents)

GRUES
BONAPARTE,
1854 (cranes)

Gallidae
Illiger, 1811

Ergilornithi-
dae Kozloa,
1960

Motacillidae
Vigors, 1825

Emberizidae
gen.indet.
Alaudidae
gen. indet.
Soricidae

Fischer
vonWald-
heim, 1817

Crocidurini
Stirton, 1930

Erinaceidae
Fischer
vonWald-
heim, 1817
Cricetidae
Fischer
vonWald-
heim, 1817

Sciuridae
Gray, 1821

Gliridae

Thomas, 1807

Dipodidae
Waterhouse,
1842

Mi-
crotinaeCope,
1891

XerinaeOshorn,
1910

MarmotinaePo-
cock, 1923

Glirinae
(=Mioxinae)
Thomas, 1807
Glirinaegen.
indet.
Sminthinae
Murray, 1866

Lophocriceti-
naeSavinov,
1970

AllactaginaeVi-
nogradov, 1925

DipodinaeVi-
nogradov, 1925

Palaeoper-
dix Milne-
Edwards,
1871
Amphipel-
argus
Lydekke,
1891
Anthus
Bechstein,
1805

Similisorex

Crocidura
Wagler,
1832

Schizoga-
lerix
Engesser,
1980
Microto-
scoptes
Schaub,
1934

Spermoph-
ilus
Brandt,
1852
Tamias
Illiger,
1811

Sicista
Gray, 1827

Lophocri-
cetus
Schlosser,
1924

Paralactaga
Young,
1927

Brachiscir-
tetes
Schaub,
1934

Scirtodipus
Savinov,
1970

Palaeoper-
dix sp.

Amphipel-
argus sp.

An-
thusseductus
, Kurochkin,

1985

Anthussp.

Similisorex-
orlovi,
Stogov et
Savinov,
1965
Crocidura
pavlodarica
Stogov et
Savinov,
1965
Schzogaler-
ix sp.

Microto-
scoptes
praetermis-
sus Schaub,
1934
Spermophi-
lus cf.
Orientalis
Qiu, 1991
Tamias
(Eutamias)
sp.

Sicista
bagajevi
Savinov,

1970
Lophocrice-
tus vinogra-

dovi
Savinov,

1970
Lophocrice-

tus afana-
sievi
Savinov,

1970
Paralactaga
(=Proalactag

a) varians
(Savinov,
1970)
Brachiscir-
tetes ro-
bustus
Savinov,

1970

Scirtodipus
kazakh-
stanica
Savinov,
1970

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe
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LAGOMORPHA
BRANDT, 1855
(Lagomorpha)

CARNIVORA
BOWDICH, 1821
(carnivores)

PERISSODACTYLA
OWEN, 1848 (peris-
sodactyls)

CERATOMORPHA
WOOD, 1937

ARTIODACTYLA
OWEN, 1848 (artio-
dactyls)

FISSIPEDIA
BLUMENBACH
, 1791 (true
carnivores)

HIPPOMORPHA

Tachyo-
ryctoididae
Schaub, 1958

Lagomyidae
Lilljeberg,
1866

Mustelidae
Swainson,
1835

Hyaenidae
Gray, 1869

Felidae Gray,
1821

Equidae Gray,

WOOD, 1937 1821
Rhinoce-
rotidae Owen,
1845

RUMINANTIAS  Cervidae

COPOLI, 1777 Gray, 1821

(ruminants)

Girafidae
Gray, 1821
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Lagomyin-
aeLilljeberg,
1866

MustelinaegGill,
1872

HyaeninaeMi-
vart, 1882

Ictitheriinae-
Touessart, 1897

Machairodon-
tinaeGill, 1872

Acera-
theriinaeDoll,
1885

Rhinoceroti-
naeOwen, 1845

CervinaeBaird,
1857

Obo-
coileinaePococ,
1923

Palaeotragi-
naePilgrim,
1911

Rhinoce-
romys
Tyutkova,
2005

Proochoto-
na
Khomen-
ko, 1914

Martes
Frisch,
1775

Plesiogula
Zdansky,
1924

Crocuta
Kaup,
1828

Ictitherium
Wagner,
1848

Hyaenic-
titherium

Machairo-
dus Kaup,
1883

Hipparion
de Chris-
tol, 1832

Chilotheri-
um Ring-
strom,
1924

Sinotheri-
um Rhig-
strom,

1922
Cervavitus
Flerov,
1950
Procapreo-
lus
Schlosser,
1924
Palaeotra-
gus
Gaudry,
1861
Samotheri-
um F.
Major,
1888

Scirtodipus
kalbica
Savinov,
1970
Rhinocero-
mys
savinovi, Ty
utkova,
2005
Proo-
chotonacf.
Eximia
Chomenko,
1914
Martes
paleosinen-
sis Zdansky,
1925 ?
Plesiogula
cf. Crassa
Teilh. De
Chard.,
1945
Crocuta
(=Percrocut
a) eximia
Roth et
Wagn.,
1855
Ictitherium
hipparionum
Gervais
1846
Ictitherium
robustum
Gervais,
1850
Hyaenic-
titherium
venator
Machairo-
dus ir-
tyschensis
Orlov, 1936
Hipparion
longipes
Gromova,
1952
Hipparion
elegans
Gromova,
1952
Chilotheri-
um  orlovi
(=schlosseri
) Bayshash-
ov, 1982
Sinotherium
sp.

Cervavitus
orlovi
Flerov, 1950
Procapreo-
lus sp.

Palaeotragus
asiaticus
Godina,
1975?
Samotheri-
um ir-
tyshense
Godina,
1962

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe
Forest-

steppe

Steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe

Forest-
steppe
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PROBOSCIDEA ELEPHANTOID

ILLIGER, 1811 EA OSBORN
(proboscidian) 1921
PINNIPEDIA

(pinnipeds)

In regard to species, about 60% of the vertebrate fauna of
the «Goose Passage» relate to the forest-steppe zone, 17% to
aquatic and amphibians, 9% to the steppe, 8% to inhabitants
of coastal areas, 6% to inhabitants of forests.

Forest-steppe
M Coastal
M Forest

B Aquatic and amphibian
Steppe

Figure 9. Ratios of major species by ecological habitat zones

Hipparions are one of the forms of horses, linking small
Eocene inhabitants of wetland forests (with four toes on the
forelimbs and three toes on the hind limbs (Hyracotherium))
to modern steppen, single-toed forms (Equus. Hipparions);
they lived during the second half of the Miocene to the sec-
ond half of the Pliocene, when a change happened in land-
scapes from warm-temperate forest zones to arid forest-
steppe and steppe zones. [20] divides hipparions into two
ecological types: one lived in a more forested landscape with
moist soil, soft and succulent vegetation, and the other lived
under more xerophilic conditions.
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Sivatheriina- Sivatheri- Sivatherium  Forest-
eZittel, 1893 um Fal-  sp. steppe
coner et
Cautley,
1835
Bovidae BovinaegGill, Tragocerus  Tragocerus Forest-
Gray, 1821 1872 Gaudry, irtyshense steppe
1861 Abdrach-
manova,
1974
Tragocerus
frolovi M.
Pavlova,
1913
Mi- Miotragoce-
otragoce- rus cf.
rus  Stro- pannoniae,
mer, 1928 Kretzoi,
1941
Antilop- Gazella Gazella Forest-
inaeBaird, 1857  Blainville, dorcadoides  steppe
1816 Schlosser,
1903
Gazella
deperdita
Gervais,
1848
Hippotragi-
naeBrooke,
1876
Hippotraginae-
gen. indet.
Mastodonti- Mastodon Mastodon Forest-
dae  Girard, G.Cuvier, sp. steppe
1852 1806
Semantoridae Semantor Semantor Marine
Orlov, 1931 Orlov, marcrurus water
1931 Orlov, 1931

The second most numerous vertebrates after Hipparion at
the «Goose Passage» are Rhinoceros Chiloteria. Accounting
for known distinctive features of the Chinise Chiloteri-
umanderssoni and the Ukrainian Grebeniki and Berislava
Chilotherium schlosseri, Ch. sarmaticum, this species of
rhinoceros was described as Chilotherium orlovi [5], named
so after the discoverer of this site, Yu.A. Orlov.

Ringstrom T. [42], describing rhinoceroses of the genus
Chiloterium, considered them to be inhabitants of steppe
biotopes, pointing to development of hypsodont teeth, the
position of incisors in the lower jaw and the elongation of
middle fingers relative to the lateral ones. According to E.I.
Belyaeva [15], Chilotherium, like other short-legged rhinoc-
eroses, lived in low-lying, wet and swampy places. V.I.
Gromova (Gromova 1954) noted some features of conver-
gence in the structure of limbs of chilotheriums and swamp
rhinoceroses (wide shoulder blade, shortened limbs, widened
and inactive hands and feet, etc.). E.L. Korotkevich (1970)
allowed the existence of some later forms in steppe zones,
and Sarmatian chilotherium, in her opinion, lived in coastal
wooded-swampy biotopes. Hypsodontism of their teeth could
have developed due to the grinding of hard marsh vegetation.

B.U. Baishashov, based on structural features of the skel-
eton of Ch. Orlovi believes that they lived in low-lying,
coastal areas with abundant vegetation and, apparently, spent
most of their time in shallow bodies of water. Perhaps this, to
some extent, served as their protection from predators. Being
in low, swampy places or water bodies, Chilotherium fed on
abundant coastal plants and therefore did not need to tilt its
head down much. Short limbs also contributed to this.
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By size and some signs of evolutionary development, all
chilotheria can be divided into groups:

— the small form (Ch. sarmaticum) - with weakly molar-
ized, relatively narrow high teeth, less adapted to coastal
areas, known from Sarmatian deposits of the Berislav site in
Ukraine;

—the middle form (Ch. anderssoni and Ch.schlosseri)
with well-molarized front molars, adapted to living in coastal
areas, known from the Maeotic deposits of the Shanxi site of
China and the Maeotic deposits of south-eastern Europe;

—the large form (Ch. orlovi) with relatively wide, more
molarized front molars, with a long and wide symphysis,
more adapted to the coastal, aquatic habitats, from Pavlodar.

Figure 10. The skeleton of a hipparion in the paleontological
museum of Almaty

Figure 11. The skeleton of a chylotherium rhinoceros (Ch. or-
lovi) in the paleontological museum of Almaty

Another group of Pavlodar rhinoceros, Sinotherium
(Ringstrom, 1922), is poorly studied, because their remains
are extremely rare. These rhinoceroses were the ancestors
of steppe Elasmotheriums, probably still in the stage of
transition from wet forest-steppe to steppe biotopes. They
were first described in China, from the Maeotic site of
Shanxi. So far, only minor fragments of bones of the post-
cranial skeleton have been found in the «Goose Passage».
Much better material in the form of a fragment of the skull
and some bones of the limbs was discovered in Kazakhstan
from the deposits of the Karabulak Suite of the Zaisan de-
pression, Kalmakpai site [6, 9], which belongs to another,
later species.

Analysis of the data shows that the classic hipparion fau-
na of Pavlodar, reflecting the heyday of its biodevelopment
and distribution, belongs to the upper part of the MN 12
biozone and the beginning of the MN 13 biozone. It should
be noted that according to V.S. Zazhigin et al. (2002),
«Goose Passage» rodents show an age of MN 12.
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The Pavlodar fauna correlates with the Kalmakpai fauna
(Karabulak Suite) at the Kalmakpai site (Eastern Kazakhstan,
Lake Zaisan). However, the Kalmakpai fauna (Karabulak) is
younger than that of Pavlodar. The fauna of the Karabulak
Suite with a late Hipparine faunal complex belongs to the
end of the MN 13 biozone and the first half of the MN 14
biozone.
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Figure 12. Stratigraphic distribution of the hipparion fauna at
«Goose Passage» and Kalmakpai sites

The probable gap in absolute age between these two de-
posits of hipparionic faunas is 1-1.5 million years.

Thus, analysis of data on the oryctocenosis of the hippar-
ion fauna of the «Goose Passage» site shows that at the end
of the Miocene this territory had a vast forest-steppe zone,
rich in vegetation, with lake-river sites.

4. Conclusions

The Miocene (23.0-5.3 million years) marked the last pe-
riod of warm climate at the planetary level. The warm cli-
mate and abundance of precipitation on the territory of Eura-
sia in the Lower-Middle Miocene favoured development of
forests, extremely diverse and rich in taxonomic composition
(Popova at all 2018, Florent Rivals at all, 2024, N. V. Zelen-
kov et al., 2022), with domination of deciduous trees: vari-
ous types of walnut, elm and beech; evergreen plants (myrtle,
laurel, magnolia), lianas were widespread, and preserved
among conifers were taxodiaceae (Kornilova, 1966, Nigma-
tova, 1998). Such flora is known in the literature as the
warm-temperate flora of the Turgai ecological type. The Late
Oligocene-Early Miocene was characterized by the develop-
ment of the indricotherium (Turgai) fauna. It was studied for
the first time in the territory of the Turgai trough by A.A.
Borisyak (1915), who described the hornless rhinoceros
Indricotherium from this area, typical of the Turgai fauna.
One of the main elements of the Turgai fauna were odd-toed
ungulates, chalicotherium, some rodents, and predators;
among artiodactyls, the pig-like Entelodon, Anthrocoterium,
swamp (aminodont) rhinoceroses, as well as tapiroids. In
addition, the indricotherium fauna included insectivores,
predators, ancient lagomorphs, rodents and others. Among
the artiodactyls there were representatives of Cetancodon-
tamorpha (anthracotherium and entelodons), as well as primi-
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tive ruminants - short-legged (Lophiomeryx) and long-
legged (Prodremotherium) deer. In addition to mammals, the
Turgai fauna included birds, turtles, fish, insects and mol-
lusks. The vast space inhabited by this fauna was heteroge-
neous in composition.

Later, the warm-temperate flora of the Turgai ecological
type gave way to the more xerophytic, «Mediterraneany,
flora of the Kushuk site [Kornilova, 1964], with predomi-
nance of narrow-leaved forms. As noted by V.S. Kornilova,
flowering plants, with few exceptions, are represented by
deciduous small-leaved forms, modern analogues of which
now live in Western Asia and the Mediterranean.

In the early Miocene, a radical restructuring of the mam-
mal fauna occurred. Within the Turgai trough, the so-called
gomphotherian fauna developed, its remains were first col-
lected in the Kushuk site. This is so far the only site charac-
terized by rhinoceroses - Aceratherium deperetiBoriss., Bra-
chiopoterium aurelianensevar. gailitiBoriss., in addition, the
earliest large proboscideans for Eurasia were established
here: mastodons MastadonatavusBoriss., serridentinusBoriss.
etBel.

In the late Miocene (~10-9 million years ago), the zone
of continuous forests was divided into separate massifs,
gradually decreasing in size. Forest broad-leaved vegetation
gradually retreated from the plains to mountainous areas, and
into the wide valleys of numerous rivers, losing the most
vulnerable heat-loving elements. In the central and western
parts of the territory, lakes (often salty) and quickly drying
oxbow lakes were preserved, facilitating the survival of re-
mains of the flora and fauna.

In the open spaces between river valleys, sparse woods
were replaced by dry savannas.

In the temperate latitudes of continental Eurasia in the
late Miocene, due to the degradation of broad-leaved woods,
steppe associations formed with wormwood-grass vegeta-
tion. In Central Europe, in the south of Eastern Europe, in
Kazakhstan, Mongolia, began the «process of great steppeza-
tion» [34], the reason for this was the neotectonic activation
of the earth’s crust at the Paleogene-Neogene boundary (23
million years ago), «expressed in the general uplift of the
continent and the formation of modern mountain systems.
The consequence of these processes is a powerful regression
of the Paleogene epicontinental seas, orographic isolation
and a sharp increase in the continental climate of the interior
regions of Eurasia» [1]. At the same time, the forest-steppe
zone became isolated as a transitional type. As aridization
intensified, semi-deserts and deserts with saxaul, ephedra,
etc. appeared in temperate latitudes.

The diversity of landscapes has contributed to the emer-
gence of different ecological niches for herbivores and preda-
tory mammals.

In the second half of the Miocene, valley and lowland
forests transformed from subtropical swamps into broad-
leaved forests. At the same time, in the interfluve spaces,
open forest gives way to savanna-steppe, first meadow and
then dry. Landscapes are becoming increasingly open, with
grassy cover, which favors the existence of ungulates. In the
forest-steppes and steppes of Eurasia, the anchitherium fauna
(genus Anchitherium - a small horse with three-toed limbs)
developed, which has ecological differences in the arid and
humid regions of Eurasia. In addition, this included a variety
of rhinoceroses, mastodons, tragulids, muntjac deer, pig-like
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animals, gazelles, large chalicotheriids, rodents, and turtles
(Bazhanov, 1955).

In Central Kazakhstan, Mongolia, and China, it included
a variety of forest and forest-steppe animals: muntjac deer,
mastodons, gazelles and rodents, which enabled V.S. Ba-
zhanov to identify a more xerophilous variant of the anchit-
erium fauna into a special «muntjac complex that lived in a
forest-steppe landscape [16].

In Kazakhstan, remains of vertebrate anchiterium fauna
are known in Torgai, Central Kazakhstan, North-Eastern
Ustyurt on the coast of the Aral Sea, in the Pavlodar Irtysh
region, in the Zaisan depression.

The direct trans-Mediterranean contact between Europe
and Africa, which appeared in the mid-Miocene, facilitated
widespread animal migration. From Africa come elephants,
mastodons, giraffes, hippos, and hyenas. The emergence of
open landscapes in Beringia, until that time exclusively for-
ested, determines the wide migration routes of the steppe
fauna of Asia and America. From America come herbivorous
(that is, not leaf-eating) horses, felines, and canine predators,
and from Asia - bulls and antelopes.

Communities of forest mammals of the anchiterian fauna
were gradually replaced by animals adapted to life in open
spaces. It also contains giraffes, rhinoceroses, mastodons,
deer, antelopes, gazelles, ostriches, numerous rodents and
true predators: saber-toothed tigers (mahairods), bears, hye-
nas, oth. By the end of the Tortonian age (~7.2 million years
ago), on the territory of Central Kazakhstan, an ecosystem is
being formed that is most similar to the ecosystem of the
modern African savanna.

In the late Miocene and early Pliocene, the next phase of
rapid cooling and continentalization of the climate begins.
Geobotanical zoning becomes even more contrasting and
complex. At the end of the Miocene, due to the onset of a
drier climate, almost universal development of steppe vegeta-
tion is observed; vast spaces covered in the Paleogene and in
the first half of the Neogene by subtropical forests take on
the character of steppes and forest-steppes, the area of the
latter also increases and due to the increase in land mass due
to the partial liberation of continents from the seas that cov-
ered them.

Due to the general advance of the steppe into forests,
the living conditions of some of its inhabitants are deterio-
rating, some of whom are dying out, others are migrating,
following the remnants of forest flora in river valleys and
into the mountains. At the same time, thanks to the strong
development of herbaceous vegetation, the ungulate fauna
that inhabited the steppes and forest-steppes quickly flour-
ishes and widely spreads, and the hipparion fauna starts to
blossom.

The largest sites of hipparion fauna amaze with the ac-
cumulation of some animals: giraffes, rhinoceroses, hippar-
ions. In Kazakhstan, such sites include, in addition to
«Goose Passage», the Tulkisai ravine in Torgai near the
city of Arkalyk, the Kalmakpai mountains in the Zaisan
region, on the shore of Lake Karabastuz in the Semipala-
tinsk’s Irtysh region, in the Almaty region near the village
of Saty (the Bota-Moinak pass) and in the Esekartkan ra-
vine in the Tekes depression. However, in regard to number
of species and abundance of bone remains, the fauna of
«Goose Passage» is the most representative.
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Figure 13. The diagram of the distribution of the hipparion
fauna sites in Eurasia

The climate of the late Pliocene had, preserved to this
day, the characteristic features of a continental climate,
which was determined by the position of Kazakhstan within
the Eurasian continent.

In most of the territory of modern Kazakhstan, a mild
monsoon climate developed and there were open, mostly flat,
shallow-hill spaces with the participation of cereals in the
northern part (savanna type), with deciduous forests of elm,
poplar, willow, linden, walnut, and oak in the floodplains of
numerous rivers and with the dominance in the southern part
and on the watersheds of wormwood, goosefoot, cereals,
fruit and nut groves in the river valleys [3]. Only in the very
south did low mountains rise, covered with pine and spruce
trees and fruit forests in the foothills.

The open savannah spaces were inhabited by the Au-
vergne mastodon, the southern forest elephant, Stenon's one-
toed horse (later the Sanmien horse), gazelles, goitered ga-
zelles, giant camels and Prebactrian camels, as well as o0s-
triches of the genus Struthio. The wooded interfluves were
inhabited by the southern elephant (the Ili faunal complex,
analogous to the Khaprovsky one) [17].

Thus, the study of the hipparion fauna of the «Goose Mi-
gration» allows reconstructing the development of forest-
steppe and steppe landscapes of the temperate zone, com-
plementing the holistic picture of the development of the arid
climate of Eurasia. This is an important geological and pale-
ontological site, comparable to such well-known sites of
hipparion fauna as Taralyk-Cher and Kholu (Russia, Tuva),
the Baode fauna in Shanxi Province in China, Grebeniki and
Berislavsky in Ukraine, Chobruchi, Tudorovo, Taraclia in
Moldova [27, 28, 49].
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Opraabik KazakcTaHHBIH CONTYCTIK-MIbIFBIC O0Jirinaeri (Kasrym
OTKeJIi allMarbl) COHFbI HEOT'eH JJYIPiHiH majeoreorpausiiabIK
PEKOHCTPYKIHUSCHI
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Angarna. Opransik KazakcTaHHBIH KalHO30H JoYipiHJIETI TeOJOTHSIIBIK JKOHE IMaieorcorpadusulbK TaMYBIHBIH 3aHIIbI-
JBIKTApBIH 3ePTTEy MEH aHBIKTay Eypa3HsHBIH I'e0IOTHIIBIK IPOLIECTEPIiH TYCIHY YIIiH 6T MaHBI3bI, 6MTKEeHI OYI mporecTep
Bateic Kazakcran, Opraneik A3us sxone bateic CiipaiH kepiisiec allMakTapbIHAAFbI TCHI3 )KOHE KYPIBIKTHIK JIaHAIadTTapaa
KepiHic TankaH. KaiiHo30i noyipiHiH OackiHaH O6acTan MyH/a IIOTiHAUIEPAIH KOHTHHEHTTIK PeXUMi KaJIBIIITAChII, JASHY AL
JKa3bIKTAPBl MCH ajlaca TayJbl aiMaKTapAblH JaHAmAapTTapsl 0ackiM Oomabl. OpraHUKaIbIK KaJJBIKTap KaWHO30M HQYipiHIH
KYPIBIKTHIK, KaOaTTapbIH JKIKTEI, aJICOleH MEH J0IEH Ke3eHICPiHAeT TPOIHUKAJIBIK XKOHE CYOTPOIHKAIBIK JaHAmadTTapaaH
Oactam TOPTTIK MOyipIiH OachIHAAFBl Jalia JKOHE CaBaHHA JaHMMAPTTapblHA ACHIHTT KE3CHIEPIiH JaMybIH KalTa KaJIlblHa
KenTipyre MyMkiHmik Oepeni. Kasrym eTkeni ¢dayHackl OpHBI — TUIMOTICH Ke3eHiHiH [TaBmomap GopMarusiChIHBIH CTPATOTHIII
Oonpi TaObuIampl. Onm Optanblk KazakcTaHHBIH CONTYCTIK-IIbIFbIC Oemirinae, Eptic e3eninme, IlaBiomap KalaChIHBIH
ayMarblHJIa OpHanackaH FEypasusjgarbl MHOIEH Ke3eHiHiH THNIMapuoH (ayHachIHBIH €H ipi OpBIHAApBIHBIH  Oipi.
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«Kasrym eTkeni» opubl Pecelinin Tysa aiimarsiagarel Tapansik-Uep xone Xoury, Kerraineie [1laHbCH TPpOBUHITUSCHIHIAFBI
Baom> ¢aynacel, YkpamnansiH ['peOenukm >xoHe bepucnmaBckuii, coHpaif-ak MomnmoBanbiH Tapakius CHAKTH KEHiHEH
TaHbIMaJI THINApUOH (hayHaChl OPBIHAAPbIMEH CajbICTBIpYFa Oonajabl. Bysl opblH KOpraybl KaXeT ereai, oiTkeHi on Epric
©3CHIHIH KaFaJlaybIHbIH 3PO3HUSCH] JKoHE 0aKbUIayChI3 VI XKHHAY caiiapblHaH Oy3puryaa. Makanana [1aBnogap gpopmanusicer
HIOTiHIUIEPIHIH CHIATTaMachl, OJNAP/bIH T'eOJIOTHSUIBIK KOHE MajIMHOJIOTHSUIBIK epeKLIeNiKkTepi, conpai-ak Kasrym etkerni
OPHBIH 3€pTTEy TapHXbl, Ka30a KalIbIKTapBIHBIH €H TOJBIK Ti3iMi, OJNap/blH SKOJOTHSUIBIK CUMAaTTamMajiapbl Oepiieai »KoHe
[MaBnonap gopmanmsicel KabaTTapbIHBIH )XUHATY JKarAaiiapbl Typasbl KOPBITHIHIBUIAP JKacalFaH.
Hezizzi co30ep: cunnapuonowi gpayna, Ilaenooap gopmayuscei, xew muoyen, naneozeocpaghus, Opmanvix Kazaxcman.

IHaseoreorpapuueckasi peKOHCTPYKIUSA MO3IHEN0 HEOTEHA B CeBEPo-
BocTOo4HOI Yactu Llenrpanbunoro Kazaxcrana (mecro «I'ycuHbIH
nepexon»)
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AHHOTanus. V3ydeHne U BBISBICHHE 3aKOHOMEPHOCTEH I'eOJIOTHYECKOTo U Taneoreorpaduieckoro passutus LleHTpans-
Horo Ka3zaxcTtana B KaifHO30e mMeeT (hyHIaMEHTaIbHOE 3HaUeHHE ISl IOHMMAaHMS Te0JIOTHYECKHX IporeccoB EBpasun B me-
JIOM, TIOCKOJIbKY OHM HAallUTM OTPa)KeHWE B MOPCKHX M KOHTHHEHTAJIbHBIX JIaHAMA(TaX MPUICTAIOINX PETHOHOB 3amaHoTo
Kazaxctana, LlentpansHoii A3un u 3anagnoit Cubupu. [IpakTHueckn ¢ Hayana KafHO30s 3/1eCh YCTAHOBHUJICS KOHTHHECHTANb-
HBII PEKUM 0CaJAKOHAKOIIICHUS ¢ aHAIIAa(TaMH ICHYIAIMOHHBIX PAaBHUH W HU3KHUX BO3BBIIMIEHHOCTEH. OpraHndecKue ocrar-
KU TIO3BOJISIIOT PAaCWICHUTh KOHTHHEHTAIBHBIE OTJIOKEHHUS KalfHO3051 U PEKOHCTPYHUPOBATH ITAIBl PA3BUTHA JaHAMAPTOB - OT
TUIIMYHO TPONHUYECKHX M CYOTPONMYECKUX B IajeoleHe U J0LeHe A0 CTEIHBIX U CaBaHHBIX JIAaHAIIA(QTOB K Hayayly 4YeTBep-
TUYHOro nepuoaa. PayHuctudeckass MECTHOCTb «I'yCHHBIN Iepeser» sIBISETCS CTPaTOTUIIOM IutMoueHoBoi IlaBnogapckoit
¢dopmaru. OTO OAHO W3 KPYIHEHIIMX MECTOHAXOXKICHUI TMINapHOHOBOW (ayHbl MUOLEeHa EBpa3uu, pacrojoXeHHOE B
ceBepo-BocTouHON yacTu LlenTpansHoro Kasaxcrana, Ha pexe Mpteim, B depte ropoaa IlaBmomap. MectHOCTh «I'ycuHBIN
MepeneT» COMOCTaBUMa C TaKMMH IIHPOKO M3BECTHBIMHU MECTOHAXOXKACHUSIMH THIIApHOHOBOH (ayHbl, Kak Tapaisik-Uep u
Xony (Poccus, TeiBa), ¢ayna baond B mpoBunumu lanbcu (Kurait), I'pedenuku u BepucnaBckuii (Ykpauna), Tapaxius
(MonnoBa). OT0 MECTOHAXOXKIECHUE HY>KAAaeTCsl B OXpaHe, TaK Kak pa3pylIaeTcs n3-3a 3po3un OeperoB MpTeiia 1 HEKOHTPO-
mMpyeMoro orbopa oOpasnoB. B cratee mpuBojsTcs onucanue omioxkenuil [laBnogapekoit Gpopmanny, UX reoIorndecKre u
MaJIMHOJIOTHYECKUE XapaKTEPUCTHKH, a TAKKE UCTOPHS U3yUEHUsI MECTOHAXOXAeH!S «[ yCHHBIN mepeneTy», Hanboee ITOJTHBIH
nepedeHb (payHbl, UX SKOJOTHYECKHE XapaKTEPUCTUKH U CICJIAHbI BBIBOJBI 00 YCIIOBUSX HaKOIUICHHS OTIOXeHHH [laBmonap-
CKO¥ (hopMarmu.

Knrouesvie cnosa: cunnapuonosas gayua, Ilasnooapckas popmayus, nozonuil muoyen, naieozeoepagus, Llenmpanvhoiil
Kazaxcman.
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Assessment of spectral indices variations in areas with favourable
hydromeliorative conditions of the Maktaaral irrigation massif
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Abstract. Space technologies, which provide the capability for remote sensing of the Earth, including monitoring of vege-
tation conditions, are now an integral part of agricultural monitoring. One of the main tools for monitoring studies is the imag-
ing equipment of the Landsat spacecraft. Optical-electronic satellite imaging is performed in different spectral bands. The
Landsat series of satellites has a long time series of archived data with a reference accuracy of medium spatial resolution. This
paper proposes an integrated approach using remote sensing and GIS techniques to study the influence of hydrogeological
conditions of irrigated massifs on crop yields. Landsat-8 space images for the period 2013-2021 were used as remote sensing
data to study the influence of soil salinity, groundwater level and salinity on raw cotton yields in the Mactaaral irrigation array
plots of Turkestan Province. To assess the influence of these factors, spectral vegetation indices, salinity indices and water
indices were calculated and analysed. The index images obtained made it possible to identify differences in raw cotton yields
in plots with favourable ameliorative conditions. Using spectral vegetation indices, it was possible to identify zones with the
most active cotton growth, as well as areas with low yields, which may be related to soil salinity and insufficient groundwater
levels. High soil salinity and high groundwater salinity negatively affect the yield of raw cotton. Thus, the analysis of spectral
vegetation indices, salinity indices and water indices makes it possible to determine more precisely the factors affecting crop
yields and to take the necessary measures to increase yields in areas with unfavourable conditions.Crime determination aspects
in the Far East Federal region are discovered considering socioeconomic situation, complex of negative demographic and so-
cio-economic factors that lead to significant decrease of gainfully employed population and relevance of labor migration. The
research objective is to uncover the problems of drug abuse crime in the Far East Federal Region. Objectives: to study and
analyze the statistics of demographic and migration processes in this region, to show the consequences of violating migration
rules, their impact on increasing the rate of drug abuse crime.

Keywords: Maktaaral irrigation array, hydromeliorative conditions, remote sensing data, GIS-technologies, cotton, index
images, vegetation indices, water indices, salinity index.

1. Beenenue M0YB, CO3JAIOT OJIATONPHATHBIE YCIOBHUS JJISI BBIPAIIMBAHU
TaKHX BaXHBIX CEJILCKOXO3SHCTBEHHBIX KYJbTYp, KaK XJIOMYaT-
HHK, OBOIIHBIE U 0axueBble KyIbTyphl. OJHAKO 3TH NpeuMyIlie-
CTBa TEPSAIOT CBOI 3HAYMMOCTh, Korja JeQHULHUT BiIard B
KOPHEOOMTaeMOM CJIO€ BOCHOJIHSETCS 3a CUeT OPOILICHUS, YTO
NPUBOANT K IOABEMY YPOBHS TPYHTOBBIX BOJ| M 3aCOJICHHIO
nouB. B pe3ysbrarte yXyamaeTcs Ka4ecTBO OpOIIaeMbIX 3eMellb
W CHIDKaeTcsl ypoxaitHocTh. Jlaske mpu ciaboM ypoBHE 3acolie-
HUS TIOTEPH ypOXKasi JIOCTHTAIOT JBAAIlaTH IPOLEHTOB, a Ha
CHJIBHO 3aCOJIEHHBIX [IOYBAX OHU COCTABIISIOT 10 BOCHBMUIECATH
MPOLIEHTOB [2].

s MakraapanbCckoro pailoHa B COOTBETCTBUM C KJIACCH-
¢uxarmeii kmmara no cucreme Kermen-Ieirepa, cBoiicTBeH
«CyOTpPOTIMYECKHA CyXOH KIIMMAaTy», KOTOPBIA YacTO Ha3bIBAIOT
«CPEeTM3EMHOMOPCKIMY [3].

OCOOCHHOCTBIO KJIMMAaTa SIBISIETCS OOWIHE CONHEYHOTO
CBETA U TeIlIa — YMCIIO YaCOB COJTHEYHOTO CHSHHS COCTAaBIISIET B
cpenHeM 2800-2900 3a ron, cyMMapHBI HPUTOK CONHEYHOH
pamnanmn 160-165 kxan/cm? (6.5-6.7 T [lx/m?).

VccnenoBanue rHAPOre0IOTHYECKUX YCTIOBHH OpOITaeMbIX
MAacCHBOB C HCIONB30BAaHWEM METOJIOB JHCTAHIIMOHHOTO 30H-
nmupoBanus 3emin ([[33) B MakraapaibCcKOM MaccuBe OpoIlie-
HUSI SIBJISIETCS BEChbMA aKTyallbHBIM.

Makraapanbckuii MaccuB TypkecTaHCKO# oOnacTi 00BeK-
TOM HCCIICJOBAHUS BBHIOPaH KaK OCHOBHOHM XJIOMKOCEIOIIU
peruon IOxHoro Kazaxcrana. Xiomok sBise€TCS OJHOM U3
BOKHEHMIINX CEJILCKOXO3SHCTBEHHBIX KYJIBTYpP, LIMPOKO HC-
MOJIb3YETCSl B TEKCTHIILHOM MPOMBIIUIEHHOCTH. Y POKaHOCTD
XJIOTIKA HaNpsIMyl0 3aBUCUT OT KayecTBa IOYBBIL, YPOBHS M
MUHEpaJIHM3allii TPYHTOBBIX BOJ, a TaKke JAPYTuX (HakTopos,
KOTOpBIE MOTYT OKa3bIBATh BIMSHHUE HA POCT U Pa3BUTHE pacTe-
HUL. B CBSI3M ¢ 9THM, BaYKHO TIPOBOJIUTH MOHUTOPUHT U aHAJIN3
OCHOBHBIX TIapaMeTPOB, YTOOBI OLIEHWTh W TPOTHO3HPOBATH
ypoxaitHoCTh Xi10mKa [1].

IIpuponHo-KMUMaTHYECKHE U XO3SHUCTBEHHBIE YCIIOBHUS
MakraapaiabCKOro MacCHBa, OTIHYAOIIMECsS OOMINEM COJTHEY-
HOT'O CBETa, TeIlla U BBICOKUM MOTEHIMAIBHBIM IJI0A0POIHEM
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CpenuerosoBasi Temreparypa Bo3ayxa MO JaHHbIM MHOTO-
JIETHUX HaOIFONICHWI B TIpeesiaX OIMMCBIBAEMOrO paioHa co-
crarisier +13.7°C. Haubornee HuU3Kas Temrieparypa HabromaeT-
cst B siuBape (-12.4°C), a nanbonee Bbicokas B mioie (+30.2°C)
(pucynok 1).

T
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Pucynok 1. I'pagux uzmenenus memnepamypot 8030yxa
memeocmanyuu Kemuroaii 3a nepuoo 2000-2020 ze.

T'o10BOE KOJIMYECTBO OCAAKOB Ha TEPPUTOPHHU KOJIEOIET-
cs oT 175 no 425 mm. Pacnpenenenue ocajkoB MO ce30HAM
CJICYIOIIEe: BECHA SBJSICTCSA CAMBIM BIQKHBIM IEPHOIOM,
Ha KOTOpbIA mpuxomutcs Oonee 40% TOTOBBIX OCAJKOB,;
3uMO BeInagaer 25-35%; ocenbto — 15-20%; u merom —
Bcero 5-10%. HMcnapsemocTs B paccMaTpuBaeMoM paiioHe
npessimaet 1200 mu B rog, umu 12 000 m%/ra [4-6].

Ha pucynke 2 moka3aHa KpuBasi 00€CHEYCHHOCTH KOJIU-
yecTBa aTMOC(EPHBIX OCAIKOB 3a roj X M0 METEOCTAHIIUU
r.XKerpi0aii, a Takke MOJIMHOMHAIBHBIN TPEH/I, HAWITYUIIUM
CIOCOOOM anmpOKCUMHPYIOIINE OMBITHYIO BbIOOpKY. Obec-
MEYCHHOCTh TOJIOBOT0 KOJIMYECTBA OCAIKOB PACCUUTHIBAIACH
no gopmyse Ueroaaesa:

~m-03
n+0.4

P 100 %, M

rae M — MOPSAKOBBIA HOMEp aHAM3UPYEMBIX BEIUYH,
PACTIONIOKEHHBIX B MOPSIKE YOBIBaHUS, N — 00bEM aHAIN3H-
pyemoii BeiGopku (N = 83).
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700 o
600

500 y = -1E-06X*+ 0.0003X*- 0.0311X* + 1.4145X? - 30.876X + 602.16
a0 R?=0.9621

300
200 |
] R N
0 : : : : P, %
0 20 40 60 80 100

Pucynok 2. I'pagux obecneuennocmu cymmapnuvix 20006bix
ammocghepnvix o0caokos no memeocmanyuu 2. Kemviboaii 3a
MHO20J1emMH UL REPUOO HAONI0OeH Ul

ITokazarenu BIa)XHOCTH BO3/yXa B TE€UEHHUE T'0Jla CUIHHO
n3MeHstoTes. CpemHsiss aOCONMIOTHAs BIAXXHOCTh BO3yXa
cocraBisier 8.3 MO, TOrga Kak OTHOCHTEIbHAs BJIA)KHOCTh
BapbupyeTcs oT 79% B depaine g0 42% B utone.

BeTpoBoil pexuM I0BOJIBHO YCTOMUYUBBINA B TEUEHHE I'O-
na. [Ipeobnanaromiee HampaBJIeHUE BETPOB, IOTO-BOCTOYHOE.
CpenHeromoBasi CKOPOCTh BeTpa cocTaBiseT 1.9 M/c Ha 3a-
majie u 2.5 M/c Ha BOCTOKE.

CHEXHBII TIOKPOB B PETMOHE HECTaOWIIEH C MPOJOIIKHU-
TeNbHOCThIO B 30-45 mgHel, a B OTIAEIbHBIC TOJIBI OH MOXKET
OTCYTCTBOBATh BOBCE. BeceHHHE 3aMOPO3KH 3aKaHIMBAIOTCS
JocTaTouyHo paHo. Knumar paiioHa OTIWYaeTCs KapKUM
JIETOM C HU3KOH BJIA)KHOCTBIO, MaJIBIM KOJIHYECTBOM OCAIKOB
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1 BBICOKOH HCIapseMOCThI0. J{Jisl 1moTy4deHus BBICOKHX YpO-
JKaeB HEOOXOJMMO OpOIIEHHE, KOTOPOE NODKHO HE TOJIBKO
BOCIOJIHATh HEJOCTAaTOK BJIard B IOYBE, HO M CIIOCOOCTBO-
BaTh CO3/IaHMIO OJIATONPHUATHOTO MUKPOKJIMMATA Ha XJIOIIKO-
BBIX MOJIAX.

Bes tepputopus usydaeMoro paiioHa MOKpBITa aKKyMYy-
JSTUBHBIMH (OpMamMH penbeda U BKIIOYAeT TPH KOMIUIEKCA
PEUHBIX Teppac: HU3KHE, CPEIHUE U BBICOKHE.

EctecTBeHHBIE BOJOTOKM IIpeACTaBICHBI pekoit Cripra-
pBsl — oxHOM M3 KpymHeHmHX pek CpemHeid A3nu, KoTopas
obpasyetcsa npu cnusiaun pek Hapem u Kapa-Zlapes. Crip-
Japbsi MPOTEKaeT HA CEBEPO-BOCTOKE, BIOJb BOCTOYHOMH
rpaHunbl MaKTaapaabCKOTO paioHa, U IMeeT OOIIYIO JITHHY
2137 kM. MakcuManbHasi CKOPOCTb TEUEHUS PEKH JTOCTUTAET
1.65 m/c, B cpennem — 0.9-1.2 m/c. I'myOuna pexu Bapbupy-
ercst oT 3.7 10 6.0 M, a mmpuHa pycia kojxeonercs ot 160 1o
300 M (ruppomnoct Kok-Bymnax) [7].

ChIpIappHHCKas CHHEKJIN3a, C TeOJOTMYECKOH TOYKH
3pEeHUs], SBJISIETCS ME30KallHO30MCKOW  IIaT(hOpMEHHOM
CTPYKTYpOI IEpBOTO MOPAIKA, PAcIOI0XEHHOW Ha TeTepo-
TeHHOM 3mumnaneo3oiickom ¢ynnamenre. IlmardopmeHHBINH
YEeXOJI UMEET CII0KHOE CTPOSHHE M HCTOPHIO (POPMHUPOBAHUS,
B Pa3BUTHH KOTOPOTO BBIACISAIOTCS TPU CTAANU: PIT-FOpCKasi,
MEI-TIAJICOT€HOBAs M OJIMTOIICH-UYETBEPTUIHASL.

TekToHMKa palfoHa XapaKTEpU3YETCs PACIIONOKCHHEM B
npenenax TamkeHTckod ['onogHocTernckoid BmaguHbl. Bra-
JIUHAa OrpaHUYeHa Ha ceBepe MaHCypaTUHCKON aHTUKIMHA-
JIbl0, HA 3amaze — HKHOM YacTero J[kaycyMKyM-benbckoil
AHTUKIIMHAJIBHOM 30HBI, Ha tore — TypkectaHckoil u Hypa-
TUHCKOW aHTUKIIMHAISIMH, a Ha BOCTOke — KypaMHHCKOH,
Kezpumnypa-Akramckoil 1 Yram-Kapskanraycckoil meraas-
TUKJIAHAISAMH [7].

I'eomoponoruss nccnexyeMoro pardoHa OTHOCHTEIIBHO
MPOCTA M XapaKTepH3yeTCs aKKyMYJSTUBHBIM THIIOM pelbe-
da. Best teppuropust 3aHATa (HOpMAMM AKKYMYJISITHBHOTO
penbeda, NPEACTABICHHBIMH TPEMSI KOMIUICKCAMH DPEYHBIX
Teppac: HU3KUMH, CPETHUMH U BHICOKUMH.

B ruaporeonornueckoM IiaHe paioH pacIoyIokKeH B 0TO-
BoCcTOUHOW 4acTu ChIpIapbUHCKOTO OacceifHa, KOTOPBIN
BKJIIOYAET KaK HamopHbIe, TaKk W Oe3HAIOpHbIC IUIACTOBbBIE
MOJ3eMHBIE BOABL, M HAXOAWTCS B Tnpexaenax [ omomHo-
CTEICKOH JIeNpeccuy, BXoJslel B coctaB IIpuraikeHTckoro
Gacceiina [7].

KoHTHHEHTaNBHBIH KJIMMAT paiioHa IPUBOJUT K OCHOBHO-
My TNONIOJHEHUIO 3aM1acoB MOJ3EMHBIX BOJ BOZOHOCHBIX TOpH-
30HTOB U KOMILIEKCOB B OCCHHE-3UMHHMH IEpHOJ, KOraa
HaOJI0AeTCs MAKCHMAIbHOE KOIHYECTBO OCAIKOB [7].

HckyccTBeHHast C€Tb OPOCUTENBHBIX KaHAJIOB, OXBAaTbIBa-
omas TeppuTopuio ['0JI0MHON cTemnu, TOMOJHUTENBHO CIIO-
COOCTBYeT TIOTIOJTHEHHUIO 3aIllacoB ITOJ3EMHBIX BOJ BEPXHHUX
TOPHU30HTOB 32 CUeT (PUIBTPAIHOHHBIX TIOTEPh BOIBL. [7].

Opomenne 3emens B MakTaapansckoM paiione Typxe-
CcTaHCKO# obnacTu ocymiectBisiercs depe3 kaHan MK «Jlo-
CTBIK», KOTOPBIA Oeper Boxy n3 pekn Ceiprapesi B Pecry0-
ke Y36ekucraH. Kanan umeer obmyro jumHy 113 kM, U3
KOTOpbIX 49 KM pacrnonoxeHsl Ha Teppuropun Kasaxcrana.
B nauane xanana pacxox Boasl coctaBiser 230 m3/cek, a Ha
ydacTke, nepecekaromieM rpanuny KaszaxcraHa, yMeHbIIaeT-
cst 1o 120 m3/cek. [y opolIeHHs MCHONIB3YIOTCSI BHYTPHUXO-
3SIMCTBEHHBIC OPOCHUTEIIH MIEPBOTO Mopsiaka, Takue kak K-20,
K-21, K-22, K-24 u K-26, ¢ x03dduimeHToM M0Jae3HOr0
nerictBust ot 0.85 mo 0.87. MuHepanu3aiust BOJIbI HE TIpe-
BeimaeT 1.0 I/ B TedeHNne BEreTalMoHHOTO Meproaa. XUMH-
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YeCKU COCTaB BOIBI — CyJb()aTHO-THAPOKAPOOHATHEIH, YTO
JleNnaeT ee MOAXOASIIEN NIl OPOLIEHUs CEbCKOX03SMCTBEH-
HBIX KyJbTyp [7].

CornacHo wuccnenoBanusiM, Merons! /33 addexTrBHBI
JUISL OLIEHKHM YPO>KaHOCTH XJIOMMYAaTHHKA, OLIEHKH YS3BUMO-
cTH OOTrapHBIX U MaXOTHBIX 3e€MeJlb K 3acyXaM, OLCHKH 00b-
e€Ma TalblX BOJ KaK HMCTOYHHKA MNHTaHMUS PEK, H3YyUCHHs
YYacTKOB OCYIIEHHOTO MOPCKOT'O JIHA JUIS 3aKJIaJKH PacTH-
TENBHOCTH, KapTHPOBAaHUS, aHAJIM3a W BELIBICHUS 3a0po-
IIEHHBIX CEIbCKOXO3SMCTBEHHBIX YTOAWH, OIEHKH ITOTped-
HOCTH B OPOCHUTEIIFHOW BOJIE [UIS CO3TAHUS KapT 3eMIICTIONb-
30BaHMs, a TaKXKe JJIS CO3JaHWs aBTOMATH3UPOBAHHOM CH-
CTEMBI KAPTHPOBAHUS OPOIIAEMBIX TEPPUTOPHIA.

JucraHunoHHble MeTOABl 30HAUpoBaHusA 3emiun (/133)
AKTHBHO HCIIOJB3YIOTCS B THAPOTEOJIOTHMYECKHX M MEINO-
PaTHBHBIX HCCIICIOBAaHMAX, a TAK)KE€ B W3YYEHUH T€OJIOTH-
YECKOM M TMJPOreosorudeckoil cpeasl. MHTErpanus 3tux
METOZOB C Ha3eMHBIMH HAOJIOJACHUSMH Ha KIIOYEBbIX
y4acTKaX CYLIECTBEHHO YBEJIMYMBAECT MX TOYHOCTb U TIIy-
ouny anammsa. C momonisio ['MIC u 133 MoxHO 3 eKTHB-
HO aHAIM3MPOBATh PA3HOOOPA3HBIC ACIEKTHI THIPOJIOTHH U
THUAPOTEONIOTHH, TaKWe KaK TeOJIOTHYCCKUEC W IIOYBCHHBIC
XapaKTepUCTHKH, (POPMBI penbeda, NPEeHaXKHBIE CHCTEMBI,
PaCTHTEIHHOCTh, BOJHBIC PECYPCHI, TMHEAMEHTHI, TCOJIOTH-
YeCKHEe CTPYKTYpPHI, aHTPOIIOTEHHBIE OOBEKTHI, BOJOEMEI U
HAaCEIEHHBIE TYHKTBHI.

MeToapl AMCTAaHIIMOHHOTO 30HIUpoBaHus 3emin ([33)
MO3BOJISIIOT MOJIy4aTh MH(QOPMAIMIO O COCTOSHHUHU IMOYBHI U
pacTeHuil ¢ MOMOLIBIO CITyTHUKOB M OECIMJIOTHBIX JIeTa-
TeNbHBIX anmapaToB [8]. B maHHO#N paGoTe HCIMONIb30BaHBI
MYJIBTHCIICKTPAIbHBIC JaHHBIE C KOCMHYECKOTO armapara
Landsat-8. Opuum u3 3(QQEKTUBHBIX METOJIOB aHAIN3a
CIIYTHHKOBBIX JaHHBIX SBIISETCS MaTeMaTHdeckoe mpeoOpa-
30BaHHE CIIEKTPAJbHBIX KAHAJOB B pa3IMYHBIC WHICKCHBIC
n300paxkeHus. lVcmonp30BaHWE MaHHBIX JTHUCTAHIIHOHHOTO
sonaupoBanus 3emin ([I33) B couetaHnH ¢ aHATU30M CIIEK-
TpalbHBIX BETeTAlOHHBIX WH/IEKCOB, NH/IEKCOB 3aCOJICHUS 1
BOJIHBIX HHJIEKCOB IO3BOJIIET OLIEHHUTb, KaK 3aCOJEHHOCTh
MOYB, YPOBEHb 1 MUHEpAIM3aIsl PYHTOBBIX BOJ| BIHSIOT Ha
YPOXKaWHOCTh CHIPIOBOTO XJIOMKA HA Y4acTKax C Pa3HBIMH
MEJMOPATUBHBIMH YCIIOBHSAMH, KaK ONaronpusTHBIMU, TaK U
KPUTHYECKUMHU.

Lenpo JaHHOTO WCCIEIOBAHUS SIBISICTCS W3YYCHHE pe-
THOHAJBHBIX OCOOCHHOCTEH THIPOMEIHOPATUBHBIX YCIIO-
BUIl MakTaapajabcKoro MaccuBa OpolleHHs (pHUCYHOK 3) u
BBISIBJICHHE YYaCTKOB C OJaronpuATHBIMH MEIHOpPaTHBHbI-
MH YCJIOBUSIMHM, OIIEHKa BIIMSHHUS 3aCOJICHHOCTH IIOYB,
YPOBHS M MHUHEPAJIHM3alUU TPYHTOBBIX BOJ] HA yPOXKaHHOCTh
XJIOTIKA ChIpI[Aa HAa Y4acTKaX C MEJIHOPATUBHBIMH YCIIOBHSI-
MU, C MCHOJIb30BAHUEM OINTHUKO-3JIEKTPOHHBIX AaHHbIX [[33
u 'MC-TexHONOTHH.

Juiss mocTvkeHHs TOCTaBICHHOM IeM NpOBeIeH KOC-
MHUYECKUII MOHUTOPHHI Y4aCTKOB C Pa3IMYHBIMH MEJHOpa-
TUBHBIMH YCJIOBUSIMH. B KauecTBe MCXOIHBIX NAaHHBIX 00-
paboTaHbl KOCMOCHHMKH, Ha OCHOBE KOTOPBIX PACCUHTAHBI
crekTpaibHble BereranuoHHble uHAEKCH (VI), nHmeKcH
3aconenust (SI) u Bonubie unaekcsl (WI), npoBeneH ananus
ux Bapuauuil ¢ npuMmenenueM ['MC-texHonoruil u uHTEp-
IpeTanys HOJTYYEeHHBIX JaHHBIX.

MeTonpl TUCTAaHIMOHHOTO 30HAMPOBAHHS aKTHBHO HC-
MOJIB3YIOTCS B TII00AIBHOM MPaKTHUKE UPPHUTAIUN U MEIHO-
paunn. B 6ase mammeix Web of Science mnpexcrasieno
6omee 4000 HayyHBIX TyOJIMKAMA Ha TEMY NPUMEHECHHS
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JI33 B 9THX 00JaCTAX, OXBATHIBAIONIUX KaK TEOPETHUCCKUE
HCCIE0BAHUSA, TaK U NMpaKTUYECKUE NpuMeHeHus. Benymu-
MU CTpaHaMHM IO KoJHuecTBy myOnukanuit ssistorcs CILIA,
I'epmanus, Ucnanus, Uaans u Kuraii. HabnromaeTcst sBHBbII
poct umHTepeca k merogam [I33 B ruapomMennopaTUBHBIX
WCCIIEIOBAaHUIX, YTO MOMYEPKHBACT UX 3HAYUTENBHBIM IO-
TEHUHMaN [JIsl pelIeHHs COBPEMEHHBIX 3a/ad B CEJIbCKOM
XO3sIIICTBE U yNPaBICHUH BOJHBIMU PECYPCAMHU.
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Pucynok 3. Kapma aomunucmpamugenoix cpanuy paionos u
cenbeKkux okpyz2oe Makmaapansckozo maccuea opowienus

ITo Teme mpumeneHus MeToz0B /133 B opomaeMoM 3eM-
nenenun Ha Teppuropun Kaszaxcrana, B 6aze Web of science
nmeroTea 18 omyOMMKOBaHHBIX TPyaoB. V3 HUX OCHOBHEBIE
TPYIBl MPUXOAATCS C yyacTueM ydeHbix u3 ['epmanun, Ka-
3axcrana, CIIJA, Kuras n AHTIMu.

MeToapl IUCTAaHIMOHHOTO 30HAMPOBAHUS (PPEKTUBHBI
Ipy pallOHUPOBAHUN arpOKIMMAaTHYECKUX 30H [9], kapTHpo-
BaHWU KYJIBTYp Ha opolraemMbix MaccuBax [10], onpenenenun
CoJIepKaHNsl XMMHUECKHX 3JIEMEHTOB B 1ouse [11], nmporuo-
3upoBaHuK ypoxaitHoctu [12], 6oprbe ¢ Bpemuremsimu [13],
OIIEHKE BOJIHOTO cTpecca pacTeHuid [14] u apyrux mccieso-
BaHMSX.

2. MaTepuaJibl 1 METOIbI

HcxonHble MaTepuansl — KapTorpaduaeckuii MaTepuat
Ha3eMHOTO OO0CJeI0BaHMs, CIIyTHUKOBHIE NaHHBIE U Me-
TeOJaHHble TEPPUTOPHUU HCcliefoBaHUN. B kauecTBe naH-
HbIX /133 Mcnonp30BaH IONTOBPEMEHHBIN PsIi apXUBHBIX
6e3001auHBIX MYJIbTHCIIEKTPAIBHBIX M300pakeHHil cpen-
Hero paspemenus Landsat-8 u Sentinel-2, Tepputopun
MakTraapanbCKoro paloHa 3a BEreTallUOHHBIA HEPHOJ C
2013 mo 2021 roxasl. Kaprorpadguuecknii MaTepuan BKIIO-
gaeT Habop KapT ypoBHeH rpyHTOBBIX Bon (YI'B), xapt
MHHEpaJIn3anuy rpyHToBEIX Box (MI'B) u kapt 30coneHus
oYB HccleayemMoit teppuropun (pucynok 4) [15]. U3
apXuBa METCOHAONIONEHUI HCIONb30BAHBI JAHHBIE I10
OcCajIkaM W TeMIIepaType Bo3ayxa B peruoHe [2].
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Pucynoxk 4. Ouugpposannvie xapmot YI'B, MI'B u 3aconenus noue Makmaapansckozo maccueéa opouwtenusn ¢ 20132 no 2021z

B nonomnenne x onudpoBKEe NaHHBIX MEIHOPATHBHOTO
MOHHUTOPHHTa OBUIN pa3pabOTaHbl BEKTOPHBIE KApThl OPOIIIa-
eMBIX 3EMellb B HCClieyeMoM MaccuBe. [l BbIneneHus
moJiell MCTOJIb30Banbl nanueie Sentinel-2 ¢ mpoctpaHcTBEH-
HBIM paszpeuieHueM 10 M Ha nukcens. 1 Tydiiero Belaese-
HUSI TPaHUIl OTAENBHBIX ToJiel co3naHbl RGB-koMno3uTsl
(R=b8 (6mmxuuii unbpakpacusiit); G=h4 (kpacusrii); B=b2
(cuHMH KaHall)) C aKIEHTUPOBaHHEM Ha WH(paKpacHbIN
KaHaJl, KOTOpbId MH(pOPMAaTHBEH JUIsl JETEKTUPOBAaHUS pac-
TUTEJBHOTO ITOKPOBa (PUCYHOK 5).
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Pucynok 5. Oyughposxa zpanuy noneii opoutaemuvix 3emens
Maxkmaapansckozo maccusa ¢ UCRONB306AHUEM CHYMHUKOGBIX
oannvix: a) ucnonvsoseanue RGB-komnozumos; 6) ampuoymue-
Hble OaHHble 8eKMOPHBIX NOJiell; 8) GU3YANU3AUUS 6EKHOPHBIX
noneii ¢ 3d u 2d eudax
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Topsinka 3000 BEeKTOPHBIX MOJEH C TEOMETPHUCCKON HH-
(dopmanmeii U aTpUOYTHUBHBIMU JaHHBIMH COJCPIKHT CO3/IaH-
HBIA RN ¢aiin, BKIFOYas MPOCTPAHCTBEHHBIC XapaKTepH-
CTUKHM (IUIOINagb, MEPUMETP) M HaHHBIC BBIPAIINBAEMBIX
KYJBTYP.

Ananu3z udpoBBIX KapT, cOo3IaHHBIX 3a nepuox ¢ 2013
1o 2021 rox, MO3BOJIMII ONPEEIUTh YYACTKU C OJIaronpusT-
HBIMH MEITHOPATUBHBIME YCIOBHAMHE (PHCYHOK 6).
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Pucynok 6. Memoouka évidenenus yuacmioe ¢ éaazonpuam-
HBIMU  METUOPAMUGHBIMU  YCTIOGUAMU  OPOWIACMBIX  3eMeNb
Maxmaapansckozo maccusa

OTH y4acTKH XapaKTepU3yIOTCs TEM, YTO B TCUCHHE BeTe-
TaUoHHbIX NepuojoB ¢ 2013 nmo 2021 roas! ypoBeHb IpyH-
TOBBIX BOJ| OCTaBaJICSl HIDKE 2 METPOB, MHHEpaIM3aIUs
TPYHTOBBIX BOJl HE IpeBbINIaia 3 I/J, a CTENeHb 3aCOJICHUS
noy4B ObuIa HIKE cpenHei. OOIast IIoaah TAKUX YIaCTKOB
He nipeBbimaet 4200 ra.

Ilocne ompeneneHust y4acTKOB ¢ ONTHMAJIBHBIMH MEJIHO-
PATHBHBIMH YCIIOBUSMH OblIa IIPOBEJEHA COPTUPOBKA TAHHBIX
0 XJIONKOBBIX HOJISIX B 3TUX 30HaX. [Ipx 5TOM OCHOBHBIM KpH-
TepreM ObUIO pa3MeIleHHE IIEHTPOB OTAENBHBIX XJIOIMKOBBIX
HoJiel B Mpe/ienax COOTBETCTBYIOIIMX MOJUIOHOB (Shp) kak ¢
KPUTHYECKHMH, TaK U C OJIArONPHATHBIMH MEJMOPAaTUBHBIMHU
ycioBusMH. B pesysbrare 3TOro aHaimsa B 30Hax ¢ Onaro-
NPUATHBIMH MEJIMOPAaTHBHBIMU YCJIOBUSIMU OBIIIM MaeHTU(H-
IIUPOBAHBI CEMBJECAT XJIOTMKOBBIX IMOJIEH, OOIIeH MIIOIIabI0
He Oomee 2100 ra.

YroObl yBenH4IUTh HHPOPMATHBHOCTH JaHHbIX J[33, ObLin
BBITIOJIHEHBI ~ CIICKTPAIBHBIC MPEOOPa30OBaHMSA  HMCXOJHBIX
CIyTHUKOBBIX  HM300pakenuit.  OOpaboTka  CHYTHHUKO#
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UHGOpPManny,  CO3JAaHME  CIEKTPAIbHBIX  HMHAEKCHBIX
n300pakeHNH W MOHHUTOPHHI HM3MEHEHHH Ha TEPPUTOPHH
UCCIICIOBAHUSI  OCYILECTBILUINCH B JIMIEH3NOHHOM
nporpammHoM obecniedennn ArcGIS u Geomatica 2016.
Omnupasice Ha MHUPOBOW OINBIT NMPUMEHEHMS! JAHHBIX /-
CTAHLIIMOHHOTO 3OHAWPOBAHMS 3eMJIM, JUISl OIpelesIeHUs
HanOojee MHPOPMATHBHBIX MHICKCOB B YCIOBHAX KpUTHYE-
CKOTO ¥ OJIaronpusITHOrO MEIHOPATHBHOIO COCTOSIHUS Mak-
TaapaJbCKOTO MAacCHBa OPOIICHUS OBUIM BBHIOPAHBI CIIEHYIO-
mye TomyJsipHble BereTammoHable mHACKCE: NDVI, SAVI,
GEMI, ARVI, IPVI, MTVI, TDVI, Boxnusie namexcsl: NDWI,

MNDWI, urnexc 3aconennss NDSI. lanabple mHOEKCH pac-
CYMTAHHI 110 (POpMYyIIaM, yKa3aHHBIM B Ta0mure 1.

Taonuya 1. @opmynsl cneKmpaibHbvIX UHOEKCO8

Bun Hcto
HaumenoBanue nanexca | dopmyna
HHJEKCa YHUK
Normalised Difference NDvi = NIR-R [16]
VI (Hopmanu3oBaHHBI " NIR+R
PasHocrHbii Bereraru-
Berera | onnblit UHaekc)
mronH | Soil quusted VI (Hoq-“ SAVI = 1+ 1) (NIR-R) [17]
bI€ BEHHBIN BEreTallMOHHBINA (NIR+R+L)
HHIEKC = HHIEKC) rae: L =[0;1]
Bl
Glob- . GEMI — (1025, - R=0129) | [18]
al Environmental Monito 1-R
ring Index ([no6anpueiii | TAC:
HWHJIEKC MOHUTOPHUHIA _ 2(NIR2 - R2)+1.5NIR+0.5R
OKPYKaIOILEH CpelIbl) NIR+R+05
Atmospherically re- NIR =Rb [19]
sistant VI ARVI = =-—=
o NIR + Rb
(AT™MOChepoyCTOHIUBEI - Rb=Red
1t BeretannoHHbIH re: RD=Re :a
Hrpexc) (R -Blue), a=0.5
Infrared Percentage VI NIR [20]
(UudpakpacHblii MHIEKC IPVI = NIR+R
BEreTaliy B MPOIEHTAX)
Modified Triangular VI MTVI =12[L.2(NIR-G)- | [21]
(MoauduuupoBaHHbIi 2.5(R-G)]
TPEYTOJIBHBIN BereTaly-
OHHBIH HHIIEKC)
Transformed Difference (NIR-R) [22]
VI (Ilpeobpa3oBaHHBII TOvi=15 INIR?
p P, NIR“ +R+0.5
Pa3HOCTHBIN BereTau-
OHHBIH HHIIEKC)
Normal- NDwi = VIR —SWIR; [23]
Bomusr | ised Difference Water - NIR+SWIR;
e Index (Hopmanu3oBan-
HHAEKC  HbIA PasHocTHeI Boj-
bL HbII HIEKC)
Modified Normalised G- SWIR; [24]
; MNDWI = ———=
Difference Water Indeux G+ SWIR,
(MonudunupoBaHHbII
HOPMaJIN30BaHHBII
Pa3HOCTHBIH BOJHBIN
HHEKC)
Normal- NDSI — SWIR; — SWIR, [25]
Wunex  ised Difference Salinity "~ SWIR, +SWIR,

C
3acoJie
HUA

Index (HopmasnmzoBasn-
HBIH Pa3HOCTHBIN HH-
JIEKC 3aCOJICHHUS )

3. Pe3ynbTaThl U 00Cy:K1eHHE

Jlis aHanmm3a yposkaifHOCTH XJIOTIKA Ha ydacTKax ¢ Ouaro-
NPHUATHBIMU M KPUTUYECKUMH YCIIOBUSIMU B MakTaapaibCKoM
paifoHe BBITOIHEHBI CIIEIYIOIINE BHBI PadoT:

OnundpoBaHbl KapThl 3acOeHHUS TOYB MakTaapaibCKOTro
MacCHBa OpPOIICHMS, KapThl 3aJETAHUSI YPOBHS T'PYHTOBBIX
BOJI, MUHEpaIU3alluu IPYHTOBBIX Bog 3a 2013-2021 rogs!.
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Pa3paboTaHsl METOTMKY BBIIEIEHUS yYaCTKOB C OCOOBI-
MU MENHOPATUBHBIMH YCIOBUSMH U IOJIEH B IpeAenax 3THX
yuactkoB. OrmpejeneHsl Kputepuu BblOOpa naHHbIX [133,
BBINIOJIHEHBI TIOUCK, 3arpy3ka u o00paboTKa apXHMBHBIX
CIyTHHKOBBIX JIaHHBIX CPEIHETO pa3pelIeHus.

Mo pmanseiM  JI33  ommdpoBaHel TpaHUNBl  MOJEH
OopoIIaeMbIX 3eMesb MaccuBa uccienoBaHusa. Co3maHHBIN
mein-gaiin BkmodaeT 2970 BEKTOPHBIX HOJICH U IeTaIbHbIC
XapaKTEPUCTHKH Ka)XI0TO MOJIS.

Amnanms M3MEHEHHI BEreTallOHHOT O HHJIEKCa
XJIOTIKOBBIX TOJIEH 3a TIEpHOJ HAOIIOACHHUS IEMOHCTPUPYET,
YTO  YYaCTKH C  ONTUMAIbHBIMH  MENHOPAaTHBHBIMH
YCIOBUSIMH TOKa3plBatoT 3HaueHuss NDVI, kotopesie B
CpeJHEeM Ha JBEHaJlaTh MPOIEHTOB BHIIIE IO CPAaBHEHUIO C
ydJacTKaMM, T/A€ YyclIoBHA KpuThueckue. IIpum 3ToM,
CpeqHecyTO4Has TeMIlepaTypa BO3[yXa U CpeIHEMECSUHbIe
0CaJIkKl B BETETAIIMOHHBIN MEpUOJ] MMEIOT claldylo CBs3b C
nugexcom NDVI (pucyHok 7).
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Pucynok 7. CpasnumenvHulil 2paguk OUHAMUKU CREKMPAlb-
Hozo unoexca NDVI xnonkoevix noneit, na yuacmkax c onazo-
APUAMHBIMU U KPDUMUYECKUMU METUOPAMUGCHBIMU YC0BUAMU C
2013z no 2021 .

AHanu3 naHHEIX Mo wHACKCY 3aconeHust NDSI s ximomn-
KOBBIX TIOJIC B MEPHOJ HAOJIOACHMS MOKa3bIBACT, YTO HA
y4acTKaX ¢ ONTUMAJIbHBIMHU YCIOBUSAMH 3TOT MHICKC B CpE/-
HEM Ha JICSITh IMPOIICHTOB, YEM Ha y4acTKaxX ¢ HeOJarompu-
STHBIMH YCJIOBHsIMA. [IpH 3TOM, CpeaHecyTOuYHasl TemIepa-
Typa U CPEIHEMECSYHbIC OCAIKHd B BETCTALIMOHHBIA MEPUOJ
HUMEIOT ¢1abyo ¢Bsi3b ¢ ypoBHeM NDSI (pucyHok 8).
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Pucynox 8. Cpasnumensuutit 2pagpuk OuHamMuKu CReKmpas-
Hozo undexca NDSI xnonkoevlx noneii na yuacmkax ¢
OnazonpuamueimMu U KPUMUYECKUMU  METUOPAMUGHBIMU
yenosuamu ¢ 20132 no 2021 2.

Nugexc NDSI mokazan cnabyioo CBs3b € KapTo
MOYBEHHOTO 3aCOJICHHS, CO3JaHHOH Ha OCHOBE MaHHBIX
MOJIEBBIX W J1abopaTOpHBIX wmccienoBanuili. Ero Huskas
nHPOPMATUBHOCTh B  JIAHHOH BBIOOpKE CBfi3aHAa C
WHTEHCUBHOM CEIbCKOXO3UCTBEHHONM W MEJIMOPAaTUBHOMU
JIeSITEJIbHOCTBIO B pailoHe, BKIIOYas 00pabOTKy 3€MJIH, POCT
BCXOJIOB, BETETALUIO U IPOMBIBKY COJIEH.
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AHanmu3 wu3MeHeHHs BoxHoro wuHIekca NDWI Ha
XJIOIIKOBBIX TIONISIX B TIEPHOJ HAONMIONCHHS IIOKa3al, d9To
3HAYECHUSA NDWI Ha  yYacTKax ¢ XOpOLIUMU
MEIMOPATUBHBIMU YCJIOBUSMU B CPEIHEM HA IIECTh IPOLCH-
TOB HW)KE, YeM Ha TEPPUTOPUSX C KPUTUYECKUMU
ycinoBusMu. CpeqHecyTOuHble TeMIEepaTypsl BO3AyXa U
CPEIHEMECSAYHBIE OCaJKU B TEUEHUE BETE€TallUOHHOIO

[EepUOAA MPAKTUUECKU HE KOPPENUPYIOT ¢ uHAekcoM NDWI
(pucyHoK 9).
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Pucynox 9. Cpasnumensuvlii.  2papuk  OuHamMuUKuU
cnekmpanvhoz2o unoexca NDWI xnonkogvix noneit, Ha yuacmkax
¢ 0nazonpuamHLIMU U KPUMUYECKUMU MeTUOPAMUGHBLMU
yenosuamu ¢ 20132 no 2021 2.

AHanu3 BereTallMOHHBIX WHAEKCOB Ha ydacTKax ¢ Oiaro-
MPUATHBIMU THAPOTCONIOTHICCKIMH YCIOBUSIMHE ITOKa3bIBACT
3HAYUTENIbHBIA POCT 3HAYEHUU HWHJEKCOB, B YaCTHOCTH
NDVI mnoxaseiBaer poct Ha 10-12%, 4TO COOTBETCTBYET
quanasony 0.12-0.19, ysenmnuenue SAVI nHa 8-10%, naer
3gayeHus B guanaszone or 0.12 go 0.28; ARVI noxassiBaer
poct Ha 7-10%, co 3Hadenuwssmu B guanazone 0.1-1.15.
GEMI yBenmumics Ha 3-5%, momaB B muamaszon ot 0.09 mo
0.1. IPVI Takxe mokassiBaeT pocT Ha 3-5%, cO 3HAUCHUSIMH
B nuanazone ot 0.05 go 0.1. MTVI mokassiBaeT poct Ha 12-
15%, co 3nauenusmu B nuamaszone ot 0.09 mo 0.4. Hakowner,
TDVI mnoka3eiBaer poct Ha 12-15%, momaB B AWamazoH OT
0.09 mo 0.21.

I'paduk nunamuku SAVI 3a BereTanmoHHBIH HEPHO.
MOKAa3bIBAET TPU KIIOUEBHIX BPEMEHHBIX JdTama CO3pPEBaHUS
pactutenbHOCTH. [lepBblii ATan 0XBaThIBAET NEPUO]] C KOHLIA
MapTa 0 KOHIIa Masi, KOTJla MPOXOJAT MOCEBHbIE PabOThI,
HAUMHAETCSl paHHEe CO3PEBaHHE CEMSH U MOSBISIOTCS
BCcxonpl. B atoT mepmon wnHimeke SAVI nemoHCTpupyeT
yCTOHYMBBIA pocT. BTopoi 3Tan - ¢ KOHIIa MIOHS JJO KOHIIa
aBrycTa - XapaKTepU3yeTcss aKTHBHBIM CO3pEBaHHEM
XJIOIMYaTHUKAa, W B O3TO BpEMs HHACKC BereTaluu
nproOperaeT mapadoImIecKyo GopMy C MHKOM B CEpeIHHE
aBrycta. TpeTuil 3Tam JJIUTCS CO BTOPOM JIEKAJbl CEHTAOPS
JI0 Havaja HOsOps W CBs3aH co cOopoM ypoxkas. JlaHHBIE
Landsat-8 ¢ 2013 1o 2021 rox moaGHPaInuCh ¢ YIETOM STHX
BPEMEHHBIX (ha3 CO3peBaHMs PACTEHHH.

Ha tepputopun MaxkraapaibCKOoro mMaccuBa OpPOIIEHUS
HamOosee MHPOPMATUBHBIMH BETE€TAIMOHHBIMU WHIEKCAMHU
okasaimucs NDVI ¢ rogoBsIM JHana3oHOM HM3MEHEHHH I10-
panka 40 mpouentoB u SAVI ¢ auama3oHoM copoka HSTH
nporieHToB. HawMmeHsIIyl0o WHQOPMATHBHOCTh ITOKAa3aJd
nagekcel IPVI u GEMI, ¢ guamazoHamMu W3MEHEHUH B
teuenue roga 20% u 10% cooTBETCTBEHHO.

Taxke npoBeZieHa OLEHKA KOPPESIMHU BEreTallMOHHBIX
WHJICKCHBIX HW300paXXCHUH C METCONAHHBIMHU, BKIFOYAs
CPEIHECYTOUYHYIO TeMIIepaTypy BO3AyXa U CPEIHEMECIIHYIO
CYMMBI OCaJIKOB.

50

[TomyueHHBIE pe3ynbTaThl MOKAa3alHd, YTO CHEKTPaIbHBIC
MHJICKCHI W MX BapHALMH OTPaXKalOT 3aCOJEHHOCTH MOYBBHI,
YPOBEHb U MUHEpPAIH3alHsi TPYHTOBBIX BOJI, KOTOPBIE B CBOIO
ouepeqb OKa3blBAIOT 3HAUUTENIBHOE BIUSHHE Ha ypoxKaii-
HOCTh XJIONKa. B 94acTHOCTH, BBICOKHE 3HAUYEHUS HHIEKCOB
3aCOJICHUS U HU3KHE 3HAUEHUS BOJHBIX MHAEKCOB KOppPETH-
PYIOT ¢ yMeHblIIeHueM ypoxkaiiHoctu. [Ipu aTom Gnaromnpu-
ATHBIC MEJHOPAaTUBHBIC YCIIOBHSI CIIOCOOCTBYIOT YBeJIHYe-
HHUIO YPOXKalHOCTH Jake MPH HAJIMYUH BBICOKMX 3HAYCHHH
3aCOJIEHHOCTH.

4, BeiBoaBI

CrekTpansHble Beretaionnsie uHmekchl SAVI (Soil-
Adjusted Vegetation Index) u NDVI (Normalized Difference
Vegetation Index) siBnsttorcst Gonee MHMOPMATUBHBIMH, YeM
octanbhbie uHAekcl (GEMI, ARVI, IPVI, MTVI, TDVI) B
OyaronpUATHBIX MEJIHOPATUBHBIX YCIIOBHUSAX
MakTtaapajbCKOro MaccHBa OpOIICHHS. DTO CBS3aHO C TEM,
gyto SAVI u NDVI oTHOcsaTcs k Haubojee IIHPOKO
UCTIONB3YyEMBIM U TIPOBEPEHHBIM MHAEKCAMH U OLEHKH
BEreTallii Ha OCHOBE JAHHBIX CIYTHHKOBOTO 30HIMPOBAHUS
3emi. SAVI yuutbiBaeT KOpPpEKUUIO HAJIWMYMS [MOYBEHHOI'O
¢oHa, 4TO NENaeT ero Ooyiee TOUYHBIM B YCIIOBHSAX C BHICOKHM
conepxkanueM mnouBel Wid Boabl. NDVI, B cBoro ouepens,
OCHOBAH Ha Pa3INYUK MEXIY MOTJIOMECHHBIM M OTPa’KCHHBIM
CBETOM PACTEHHSIMH, YTO MO3BOJIIET OOJIee TOYHO ONPENCTHTD
CTeNeHb UX 3eJieHoro oxsata. Takum obpasom SAVI u NDVI
obecrieunBaloT HamOojee WH(GOPMATHUBHBIC JaHHBIE O
COCTOSSHMM BeTeTalliM, TaK KaK YYUTHIBAIOT Ppa3IUYHbIC
CBOMCTBA PaCTUTEIHHOTO MIOKPOBA M OKPYXKAIOIIEH CpeIbl.

BererannonHble MHIEKCHI Ha  XJIONMKOBBIX  MOJIX,
PacroJIOKEHHBIX B 30HAX C XOPOIIMMH MEIHOPATHBHBIMHU
YCIIOBHMSIMM, TIOKa3bIBAalOT Oojiee BBICOKHME 3HAYEHMS II0
CPaBHEHMIO C TIOMIMH B KPHUTHYECKUX YCJIOBUSX. OTH
pasnuuusl B TIOKa3aTeNsX CBUJETENBCTBYIOT O TOM, YTO
YPOXKaiHOCTh XJIONIKA-ChIpIa Ha MOJSX C ONaronpusTHHIMA
YCIOBUSIMHM Kak MUHMMYM Ha 10% BBIIIIE, 4eM Ha y4acTKax C
HEeONMaronpuATHBIME METHOPATUBHBIMU YCIOBUSAMH. Takum
0o0pa3oM, B YCIOBUSX KpPUTHYECKHX U OJaronpuATHBIX
MEIHOPATHBHBIX  YCIOBHM  BETETAI[MOHHBIE  WHJAEKCHI
OTPaXalOT M3MEHEHMS B PACTUTEIBHOCTH M MH(POPMATHBHBI
NpU TPUHATHN PEIICHWH IO YNpPaBICHUIO 3eMIIeICTHEM U
OpOIIEHHEM XJIOTIKOBBIX MOJIEH.

Wupexc 3aconenuss NDSI (Normalized Difference Soil
Index) B KpUTHYECKMX M OJAarONPHUATHBIX METHOPATHBHBIX
ycInoBUsIX MakTaapaabCKOro MaccuBa OpOIIEHUS HE HMEET
JUHEIHOM 3aBUCHMOCTH C IIOJIEBBIMHM JAHHBIMHM COJEBOU
cbeMKU Mo4yB. OTCYTICTBHE BBICOKOW KOPPENSIMU MEXITy
unjekcoM 3acosneHus NDSI u noneBsIMH TaHHBIMU COJNEBOM
ChEMKH MOXET OBITh cBsi3aHO ¢ TeM, 4ro NDSI otpaxaer
TOJIBKO TTOBEPXHOCTHBIE YPOBHHU 3aCOJIEHHS, B TO BpPeMs Kak
T0JIeBasi ChEMKa YUUTHIBAET U OoJiee TITyOOKHe CIIOH TIOYBEL, a
TaKKe Ipyrue (HhaKkTOphl, BIUSIONINE Ha 3aCOICHHE.

Ha momnsix ¢ onTrMansHBIMHA METTHOPATHBHBIME YCIOBHAMHU
3naueHuss NDSI B cpennem Ha 18% Hmke mo CpaBHEHHUIO ¢
y4acTKaMH, TJ€ YCIOBUS KPUTHUYECKHE. OTO IMOTYEPKUBAET
Ba)XKHOCTb BKIIOUEHMs MHJekca 3aconeHuss NDSI B ananus
YpOXKaMHOCTH XJIOMNKA, TaK Kak OH IIO3BOJISIET OLICHUTH
YPOBEHb TIOBEPXHOCTHOTO 3acCOJICHHUS M €ro BIMSHHE Ha
pacreHusl. NDSI mno3BonsieT BBISIBUTH  YYacTKH C
TOBBIIICHHBIM ~ 3aCOJIEHHEM, KOTOpBIE MOTYT OKa3bIBATh
HETaTHBHOE BO3JCHCTBHE HA Pa3BUTHE XJIONKOBBIX PACTECHHIA.
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Takum o6Opasom, NDSI Moxer ObITh HCIOJIB30BAH IS
ONTHMHU3ALMU MEPONPHUATHHA MO MEIHOPALUHN U yIy4IIEHUIO
YCIIOBUI! BBIpAIIIBAaHUs XJIOMUATHUKA.

Jnst aHanm3a BOJBI M BIAXKHOCTH NO JaHHBIM Landsat-8
ucnone3zoBanuck uugekcsl NDWI (Normalized Difference
Water Index) 1 MNDWI (Modified Normalized Difference
Water Index). Ormerum, yro MNDWI yuursiBaer Taxke
BIMSHHE BJIXXKHOCTH II04BBI, B TO Bpems kak NDWI
CKOHIICHTPUPOBAaH MCKIIOUUTENBHO Ha Boje. l3meHeHms
HOpPMaJIM30BAHHOT'O Pa3HOCTHOrO BoLHOro MHAekca NDWI B
TEYEHHUE T0J[a UMEIOT OOJBIIYI0 aMIUTUTYAY MO CPAaBHEHHIO C
nHaekcom  MNDWI. Ha ywactkax ¢ onTtumajibHBIMU
MEIMOPAaTUBHBIMU YCIIOBUSIMHM 3HA4Y€HHsS BOJHBIX HHIEKCOB
NDWI u MNDWI 3ameTHO HMXE, 4€M Ha Yy4acTKax C
HEOJIaroNpHUATHBIMY YCIIOBUSIMU, pa3HuIa jocturaer 15-25%.

Koppemnsiiuss MeTeoqaHHBIX, BKIIOUasi CPEIHECYTOUHYIO
TeMIIepaTypy BO3/AyXa U CPeTHEMECSYHYIO0 CYMMY OCaJKOB, CO
3HAUYEHUAMHU MHIEKCHBIX H300pakeHHH (MHIEKCOB BereTanuy,
MHJIEKCAa 3aCOJICHHs, BOJHOIO HHIAEKCA) B BETETAI[MOHHBIN
HEPHUOJ 0Ka3anach HU3KOM.

Takum oOpa3om, ncnonp3oBaHue NaHHBIX /133 u aHanms
CTIEKTPAIBHBIX ~ MHJICKCHBIX  HM300paXEHHH  IMO3BOJSET
OLICHUTh  BIMSHHE 3AaCOJICHHOCTH IIOYB, YpPOBHI U
MUHEpalu3aliud TPYHTOBBIX BOJ Ha YPOXKaWHOCTh XJIOIKA,
YTO B CBOIO OYepeb IO3BOISIET pa3paboraTh dGPEKTUBHbIC
MEpbl MO YIYUYIICHUIO YCIOBUM BBIpallUBaHUS KyJIbTYPHI U
MOBBILICHUIO YPOKAaHHOCTH.

JanpHeliliue uccienoBaHUss B 3TOM 00JacTH  MOTYT
MOMOYb Pa3BUTh HOBBIC METOJ(bI MOHUTOPHUHTA U YIPaBICHUS
THIPOMENHOPATUBHBIMHU IPOIIECCAMHU B CEIIBCKOM X034HCTBE.

DuHAHCHUPOBAHHE

Pabora mnpoommmace B pamkax LHTII «Pecypcor
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MakraapaJj cyapy MacCUBiHIiH I'HIIPOMEJINOPATUBTIK KAFIAUBIHBIH
KOJIAWJIbI AaMAKTAPAArbl CIIEKTPJIK KOPCETKIMITEP/IiH 63repyiH
Oarajiay

K.O.Onnaceiros!”, JI.B.1llaraposa?, M.M.Myparosa!

LY. M. Axmeocagpun amvindazvl Iudpozeonoaus sxcane 2eodxonoaus uncmumymst, Aimamot, Kazaxcmar
2Peceii Foutoim axademuscor Cibip 6onimueciniy Ombbr 2ol1b1Mu Opmanviebinbly Paouogusuka scone Quukanvlk 31eKmponuKa uHCHunty-
mut, Omck, Peceil

*Koppecnonoenyus ywin aemop: zhuldyzbek.onlasynov@mail.ru

Angarna. Kazipri yakpITTa FapbIITHIK TEXHOJIOTHSJIAP ayBUIIAPYaITBIIBIK MOHUTOPWHTIHIH Kypamzuac Oediri 0ok
TaOBUTAABI, OJap KEepHAi KAIIBIKTHIKTaH 30HATAYABI, OHBIH IMIHE OCIMIIKTEPAiH Kail-KyHiH OaKpUIayIsl KAMTaMachl3 €Tei.
MOHHUTOPHHTTIK 3epTTEYNepaiH HETi3ri KypanaapbelHelH Oipi Landsat Fapein anmapaTbIHBIH OciiHeney »XaOIbpIKTaphl OOJBIT
tabbutansl. ONTUKAJBIK-3JICKTPOHABIK CIYTHHUKTIK OCifHeNey apTypili CIeKTpIIiK JHana3oHIapa Kysere acsippiraasl. Landsat
CIIYTHUKTEPIHIH CEepHsIChl OpTamla KEeHICTIKTIK pPYKCATTBIH OSTaJOHIABIK NI 0ap TapuxW JEepeKTepIiH y3aK Mep3iMai
cepusicbiHa We. byn Makanmana jkepai KallbIKTBIKTaH 30HATAY SIICTepiH oHE CyapMallbl ajKanTapAblH THAPOTrEOJIOTUSUIBIK,
JKaFaiapbelHbIH aybUl MIApyallbUIBIFbl OHIMIHE acepiH 3epTreyre apHamraH ['AJK TexHONOrHsIapblH KAMTHTBIH KEIEH/I
TOCiN ychiHbUIFaH. TypkicTaH oOJbICHIHAarbl MakTaapasl cyapy MAacCHBiHIH ayJaHAapblHIa TONBIPAKTBHIH TY3BUIBIFBI, JKEp
acThl CYJIApBIHBIH JICHICHI MEH MHUHEpAIIaHYBIHBIH IIMTTI MakTa eHiMiHe ocepiH 3eprrey yuria 2013-2021 sxeuigap
apanbiFeiHOarel  Landsat-8 CHOYTHHKTIK cypeTTepi KalIbIKTBIKTaH 30HATAy JepekTepi peTiHae mnaigananbuiasl. Ochl
(haxTOpIapIBIH ocepiH OaFanay YIIiH ©CIMIIKTEPAiH CHEKTPIIK KOPCETKIMITepPi, TY3ABUTBIK KOPCETKIIITEpPl XKoHE Cy WHACKCTEPi
SCEeNTeNIl, TajNaHFaH. AJIBIHFAaH HMHACKCTIK CYpeTTep MENHOpAaTHBTIK JKaFgalbl KONalyipl aiiMakTapOarbl IOUTTI MakTa
IIBIFBIMIBUIBIFBIHBIH afbIPMAIIBUTBIFBIH aHBIKTAyFa MYMKIHIIK Oepmi. OCIMIIK KaMBUIFBICBIHBIH CIEKTPIIK KOPCETKIMITEPiH
naiiianasa OTHIPBI, MaKTa ©CiMi eH OeJICeHI alMaKTapIbl aHBIKTayFa, COHAM-aK TOMBIPAKTHIH COPTAHIAHYbl MEH JKep aCThI
CYJapBIHBIH JKETKLTIKCI3 ACHreHiHe OaiIaHbICTHI OOIYBI MYMKIH ©HIMIUIITT TOMEH aliMaKTapAbl aHBIKTayFa MYMKIHIIK Oepi.
TonbIpakThIH TY3IBUIBIFBIHBIH JKOFaphl OOJYBI KOHE JKep acThl CYJIapBIHBIH XKOFAphl MUHEPaJIaHybl IIUTTI MaKTaHbIH OHIMIHE
Kepi ocepiH Turizeni. Ocbuiaiilna, OCIMAIKTEPIH CHEKTPJIK KOPCETKIITEPiH, TY3/BUIBIK KOPCETKIITEPIH JXoHE CYy
KOPCETKIIITEPIH Tajgay aybll IapyallblIbIFel JaKbUIIAPBIHBIH OHIMIUIITIHE 9cep eTeTiH (akTopiap/pl ASJTIpeK aHbIKTayFa
JKOHE KoJaiichl3 xarnaitnapsl 0ap skepiepie eHIMAUIIKTI apTThIPy YLIIH KaKETTi mapanap/bl Kadbliiayra MyMKIiHIIK Oepei.

Hezizei co30ep: Maxmaapan cyapy maccugi, OpeHaxcoblk dHcazoatnap, Kauvlikmvikman souomay oepexmepi, I'AXK
MEXHONOUANAPYI, MAKMA, UHOEKCMIK cypemmep, OCIMOIK HCAMBLILICOIHbIY KOpCcemKiwmepi, ¢y uHoekcmepi, my30bLiblK
UHOEKCI.

Onenka Bapuanuii CeKTPaJbHbIX HHIEKCOB HA Y4aCTKAX €
0JIaronpPUSAATHLIMM THAPOMEJIMOPATUBHBIMH YCJIOBUAMMU
MakTaapajabCcKOro MacCuBa OpoLIeHUst

K. A.Onnaceinos!”, JI.B.1laraposa?, M.M.Myparosa!

lI/lﬂcmumym euopozeonoauu u 2eodxonoauu um Y.M. Axmeocagpuna, Anmamol, Kazaxcman
2Uncmumym paduogusuxu u gusuueckoti snexkmponuxu OMckozo Hayunozo yenmpa Cubupckozo omoenenus Poccutickotl akademuu Hayx,
Owmck, Poccus
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AHHOTaIIHS[. B HacCTOAIMEC BPEMA KOCMHUYCCKUE TEXHOJIOTUN - HCOThEMIIEMAA 4aCTh CEJIbCKOXO03I1CTBEHHOTO MOHHUTOPHUH-
ra, IPEeIOCTABISIFOT BO3MOKHOCTh MPOBOJAUTH JAWCTAHIIMOHHOE 30HIMPOBAHUE 3€MIIHM, B TOM YHCJIC MOHHUTOPUHT COCTOSHHS
pacturenbHOCTH. OHUM U3 OCHOBHBIX HHCTPYMEHTOB JIJIsl MOHHTOPUHIOBBIX UCCIICIOBAHUN SBISETCS ChEMOYHAS alliaparypa
KocMH4eckoro ammapara Landsat. OnTHKO-3IIEKTPOHHAST CITyTHHKOBAsI ChEMKa OCYIIECTBIISICTCS B PA3JIMYHBIX CIIEKTPATBHBIX
muamazoHax. Cepus cryTHUKOB Landsat mMeeT IUIMTENBbHBIA BPEMEHHOH psi apXUBHBIX JAHHBIX C 3TATOHHOH TOYHOCTBHIO
CPEIHEro MPOCTPAHCTBEHHOTO pa3pelieHus. B TaHHOH cTaThe MPemioKeH KOMILICKCHBIN TOAXO0]], BKIFOYAIOIMUI B ce0s METO-
JIbI IUCTaHIIMOHHOTO 30HAupoBaHus 3emin U [MC-TexHOMOTHH I M3YYCHUS BIHMSHUS THAPOTCONIOTHICCKUAX YCIOBHIA OpO-
IIAEMBIX MACCHBOB HAa YPOXXAMHOCTH CENBCKOXO3SMCTBEHHBIX KyNbTyp. B kadectBe mamubeix /33 mcmonb30Baimuch KOCMO-
caumkn Landsat-8 3a mepuon ¢ 2013 mo 2021 roas! 1y U3y4eHHS BIUSHUS 3aCOJIEHHOCTH TOYB, YPOBHS M MHHEPATH3AINH
TPYHTOBBIX BOJI HA YPOXKAHHOCTB XJIOTKA CBIPIa Ha ydacTkaXx MakTaapaibCKOT0 MaccuBa oporieHus TypKecTaHCKOH 00JacTH.
Jis oneHKH BAMAHUS 3THX (PAKTOPOB OBUTM PAacCUMTAHBI M MPOAHATU3UPOBAHBI CIIEKTPAJIBHBIC BETETAIIMOHHBIC WHACKCHI,
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MHJICKCHI 3aCOJICHHS M BOAHBIC HHACKCHI. [10ydeHHbBIC HHACKCHBIC N300PaKCHHsI TO3BOJIMIIN BBISBUTH PA3IHUUs B yPOIKaHHO-
CTH XJIOTIKA ChIPI[A Ha YYacTKax ¢ OJAronpusTHBIMUA MEIHOPATHBHBIMU YCIOBHAMH. C MOMOIIBIO CIIEKTPAIbHBIX BEreTalnoH-
HBIX WHJICKCOB Y/IaJI0Ch OTPEACIUTh 30HBI C HAaUOOJIee aKTUBHBIM POCTOM XJIOIKA, & TAKXKE BBIIBUTH YYaCTKH C HU3KOH ypo-
JKAHOCTBIO, YTO MOXKET OBITh CBSA3aHO C 3aCOJICHHMEM IOYB M HEJIOCTATOYHBIM YPOBHEM TPYHTOBBIX BOJ. BBICOKHI ypoBeHB
3aCOJICHHOCTH TOYB M BBICOKAs MHUHCPATH3alUs TPYHTOBBIX BOJ HETATHBHO CKAa3bIBAIOTCS HA YPOXKAWHOCTH XJIOIMKA CHIPIIA.
Takum 00pa3oM, aHATU3 CHCKTPAIHHBIX BETCTAIIMOHHBIX WHJICKCOB, WHICKCOB 3aCOJICHHS W BOJHBIX WHJICKCOB IO3BOJISICT
OoJiee TOYHO OMPENeUTh (PAaKTOPHI, BIUSIOIINEC HA YPOXKANHOCTD CEIbCKOXO3SMCTBEHHBIX KYJIbTYP U MPHUHATH HEOOXOUMBIC
MEPBI JUIS TIOBBIIICHHS YPOXKAHHOCTU HA y4acTKax ¢ HEOJArOMPHUITHBIMU YCIOBUSIMH.

Knrwouesvie crosa: Maxmaapansckuii maccus opowienus, 2uopomeiuopamushvie yciosus, oannvie /{33, U C-mexnonocuu,
XJIONOK, UHOEKCHble U300padceHUsl, 6e2emayuOHHble UHOEKCbl, B00Hble UHOEKCbl, UHOEKC 3ACOIeHUS.
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Abstract. The article deals with the results of dynamic interpretation of 3D CDPM seismic data in combination with log-
ging data. The authors were faced with the task of comparing the results of pre-stack seismic inversion and neural learning
technology in the conditions of the Arykty gas condensate field. The reason for this was the low seismic knowledge of the
studied area, the fairly good predicted prospects for oil and gas content in the region, and the need to study the criteria for
selecting a particular dynamic interpretation procedure. In this regard, an attempt was made to consider the structure and oil
and gas content of the Arykty gas condensate field from the point of view of a comparative analysis between pre-stack inver-
sion, which is currently actively used in the geological exploration industry within the framework of a standard interpretation
graph, and neural machine learning. Justification for the relevance of the studies performed is availability of new wells and
updated logging data, the ability to update and to compare the results of synchronous pre-stack inversion, and the ability to test
neural learning algorithms. The conducted studies make it possible to identify criteria for the preferential use of machine learn-
ing in the conditions of the Arykty field, to take a fresh look at the features of the internal structure of the rocks that make up
the productive part of the section, and to demonstrate physically the advantages of machine learning results in comparison with
pre-stack seismic inversion.

Keywords: Arykty gas condensate field, Shu-Sarysu sedimentary basin, dynamic interpretation, neural networks, pre-stack

seismic inversion.

1. Introduction

The economy of Kazakhstan still depends on the develop-
ment of the mineral resources complex. At the same time, one
should consider that the search and exploration of mineral
resources is carried out in complicated conditions of increasing
the depth of studies aimed at detecting complex reservoirs and
missed intervals. The depletion and water content of most oil
and gas fields in Kazakhstan play their role, too. But the needs
of the present-day economy for hydrocarbon raw materials are
indisputable, and work to replenish oil and gas reserves must
continue. Traditionally, the Caspian, Mangyshlak and the other
sedimentary basins are considered potential zones with high
prospects for oil and gas. For example, in 2023, the largest
volume of gas production occurred in the Atyrau region (11.5
billion cubic meters of gas). The West Kazakhstan region was
in the second place (9.3 billion cubic meters of gas). The top
three for gas in liquid or gaseous state is completed by the
Aktobe region, and in natural gas by the Mangistau region.

However, the available geological and geophysical data of
the oil and gas bearing areas of Southern Kazakhstan (the Shu-
Sarysu, the Ili, and the Balkhash sedimentary basins) show
that it is necessary to reconsider and to carry out a serious
revision of ideas about the prospects of these territories[1]. For
example, the Shu-Sarysu gas-bearing region includes the
Ucharal and Muyunkum gas-bearing districts. The region gas

prospects were proven by the discovery of the first Pridorozh-
noe gas field in 1971, and by 1986, eight gas fields had already
been identified. The Pridorozhnoe, the Amangeldy and the
Arykty fields are the most significant of them.

Based on the results of more than 40 years of exploration
work, the Shu-Sarysu basin has a very complex geological
structure, a tense geodynamic history. The degree of geologi-
cal and geophysical knowledge of the Shu Sarysu basin territo-
ry does not allow giving a reasonable assessment of its genera-
tion capabilities in relation to hydrocarbons. The proximity of
the Shu-Sarysu basin to a number of large cities and industrial
centers of Central and Southern Kazakhstan will make it an
ideal source of Kazakh gas supplies if sufficient reserves are
discovered [2].

1.1. Relevance

The relevance of the presented research is justified by
several factors. Firstly, the draft Roadmap for increasing
commercial gas volumes provides for launching several
fields of the QazagGaz national company. Active work is
underway at the Anabay field that is located in the Moyyn-
kum district of the Zhambyl region. Its commissioning is
planned for the third quarter of 2023. The Pridorozhnoye
field that is located in the Sozak district of the Turkestan
region, also has high gas prospects. Here, at the end of 2024,
construction and mounting work of an integrated gas treat-
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ment plant (GTP) begins. Secondly, according to geologists,
the Shu-Sarysu, Mangyshlak and Zaisan sedimentary basins
can provide the basis for global leadership in the field of
sustainable energy development.

Thirdly, the studied area is characterized by rather low
geophysical knowledge. In particular, the structure of Arykty
was first identified in 1967 by the inflection of layers on
seismic profile 5-67. Through the Ili geophysical expedition,
the structure was confirmed and studied in detail in 1970 by
the network of search seismic profiles. Seismic profiling in
the work area traced reflecting horizons Il (base of the Lower
Permian salt-bearing strata), 111 (base of the Visean car-
bonates), IV (base of the Famennian). Only reflecting horizon
111 is regionally consistent throughout the entire area of the
Shu-Sarysu depression, while the rest ones are traced uncer-
tainly and are studied rather poorly. Deep prospecting wells
confirmed the structural plan as a whole and established a
relative error in making the structural plan up to 50 m in the
southern part of the structure, on the basis of which a reinter-
pretation of seismic survey materials was carried out. It did
not note any fundamental changes in the structure along the
roof of the structure. in 2008, detailed seismic exploration
work of CDPM 2D was carried out by the Kazakh Geophysi-
cal Company LLP, as a result of which the geological struc-
ture in the area was clarified and structural maps were con-
structed for the target reflecting horizons. The inherited nature
of the territory development and the Late Hercynian time of
formation of local structures were confirmed with recommen-
dations for continued study of the Sultankuduk, Kashkynbay
and Kashkynbay Western, Zharkum, Kumyrly and Koskuduk,
Arykty and Anabay structures. The field seismic surveys of
CDPM 3D were carried out only in 2016 by the GEOKOM
LTD; the processing and interpretation of these materials was
carried out by the Professional Geo Solutions Kazakhstan
LLP in 2017. Thus, at the present stage, the field is character-
ized by rather low knowledge [1].

Fourthly, according to statistical calculations by special-
ists, the potential of the Shu-Sarysu basin is quite high.
However, their reliability requires confirmation through a
significant amount of complex geophysical work with delin-
eation of local objects and oil and gas exploration drilling
within them [2].

Finally, since the level of production of the Amangeldy
field does not ensure full utilization of the gas processing
facility, the Amangeldy Gas LLP subsoil user made the deci-
sion on additional exploration and commissioning of gas
fields that are small in size, and reserves that are located in
close proximity to the Amangeldy field. Such a field can be
considered the Arykty gas condensate field that is located
within the Moyynkum district of the Zhambyl region of the
Republic of Kazakhstan, 170 km north of the city of Taraz. It
was discovered and then opened in 1971. The field was stud-
ied in detail by CDPM 2D seismic exploration and its indus-
trial gas content is confined to the Lower Visean and Tour-
naisian stages of the Carboniferous and terrigenous deposits
of the salt-bearing Permian of the Muyunkum depression.
Studying the gas content of the Permian deposits was carried
out by structural prospecting, and of the Lower Carbonifer-
ous deposits by deep prospecting drilling. The deposits are
strata domed, tectonically shielded. The Upper Devonian and
Lower Permian reservoirs are represented by sandstones with
10-18% porosity, the Lower Carboniferous (Visean-
Serpukhovian) ones are represented by fractured limestones
with porosity of up to 4%, the extraction and study of which
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in modern conditions is the focus of the operator’s efforts.
The stock and published literature states that the Arykty gas
field is confined to a brachyanticlinal structure of a very
simple isometric shape complicated by faults (Figure 1, a).

Figure 1. Structural map (a) of the top of the Lower Visean
deposits and the result of seismic data inversion (b) superimposed
on the structural map

However, the observed well flow rates allow drawing some
conclusions about the non-anticlinal model of the field [1].
Among the 8 deep exploration wells, gas inflows with flow
rates from 10 to 70 thousand m3/day (from the Lower Visean
horizon) were obtained in wells 1, 6, and non-industrial in-
flows were obtained in wells 2, 7. In the interval from 2016 to
2020, a weak gas influx was obtained from well 101 that is
located in the dome of the structure. CDPM 3D seismic sur-
veys carried out in 2017 proved the optimal structural condi-
tions for the location of well 101 (Figure 1, a), which, howev-
er, was not confirmed by the results of dynamic analysis of
seismic amplitudes (Figure 1, b). Quite high production vol-
umes were shown by drilling wells 102 and 103 that were laid
according to the results of seismic studies (Figure 2), while it
should be noted that well 102 is located on the periphery of the
structure. Further drilling of several wells did not produce
significant flow rates. With such drilling results, it is obvious
that for the Arykty field, alongside with the structural factor,
the facies distribution factor in the Lower Visean interval is no
less decisive, which makes it possible to characterize confi-
dently the deposits as non-anticlinal type traps [1].
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Figure 2. Seismic section along the well line. Wells with dif-
ferent initial flow rates are shown in red

The purpose of the presented study is to predict hydro-
carbon deposits in terrigenous reservoirs associated with
non-anticlinal traps based on reprocessing and reinterpreta-
tion of CDPM 3D seismic data.

The purpose was achieved by solving the following tasks:

1) analyzing the features of the reprocessing graph in the
conditions of the Arykty field;

2) studying the results of the analysis of elastic properties
at the level of the Serpukhov and Lower Visean reservoirs
based on pre-stack seismic inversion;

3) comparative analysis of the technology for predicting
reservoir properties from seismic data based on linear and
nonlinear prediction algorithms.

The basis for reprocessing and reinterpretation of the
2017 CDPM 3D seismic data was a high level of interference
of various natures and a low signal-to-noise ratio. To solve
these problems, there was used the Professional Geo Solu-
tions Kazakhstan LLP software package with special proce-
dures. A comprehensive analysis of testing results and care-
ful selection of parameters made it possible to select the
optimal sequence of the procedures used, which helped im-
proving the quality of the final results and solving the tasks
assigned to processors. Here there are considered some fea-
tures of the selected processing graph.

1. Noise attenuation. Low-frequency interference waves
were effectively suppressed by 3D procedures, linear noise
with the use of an FK filter, interference waves and random
residual noise with the use of the Omnis procedure in a cas-
cade version. Through extensive testing, as well as applica-
tion of the results to data from both the cross-matching,
CDPM and global removal domains, extensive attribute
analysis, and ongoing quality control, noise was successfully
suppressed.

2. The processes that consider the effect of surface condi-
tions. To perform more effectively the noise analysis and
multiple wave suppression, such procedures as surface-
consistent amplitude balancing (Scscale), amplitude scalars,
and deconvolution with different prediction intervals for the
upper target part of the data were widely used.

Since the work area is characterized by a complex geolog-
ical structure, four stages of speed analysis were performed in
the studied area. At the fourth stage, automatic high-density
velocity picking was used, which made it possible to obtain a
velocity function and to improve the quality of horizon trac-
ing. The analysis of kinematic corrections was carried out
over the area using the own software package, which made it
possible to select the most optimal speeds and to obtain a
standard speed cube. Thanks to four stages of the speed anal-
ysis, the final kinematic corrections introduced resulted in flat
boundaries in the CDPM region, and ensured the construction
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of an optimal image in the stacking region. A separate issue is
that of correcting residual statics. The adoption of the optimal
version for entering static corrections made it possible to
improve the quality of horizon traceability.

3. Improved representation of all the single waves and
identification of low-amplitude faults and other tectonic
disturbances. Isotropic pre-stack time migration with true
amplitude preservation using curved ray paths in travel time
calculations (TAPSTM) was used.

4. Interpolation in the CDPM area filled the “holes” and
qualitatively improved the data. This type of interpolation
made it possible to formulate full-fledged regular removal
plans.

5. Q-compensation. The use of phase Q-compensation
(before deconvolution) ensured that a wide spectrum of the
signal was obtained.

In addition to temporary processing, seismic data from
the Arykty site were processed using the GMDS technology.
The depth-velocity model was formed on the basis of seismic
velocities, tomography algorithms with calibration to the
velocity data available for that year in wells 8 and G-4.

Thus, special surface-matched procedures in addition to
various amplitude scalars and spectral balancing allowed for
improved dynamics and data quality.

The authors of the article would like to dwell on some
procedures for the dynamic interpretation of seismic data,
since their results are quite interesting from the point of view
of the stated purpose of the study. Synchronous pre-stack
inversion was updated to provide the comparative analysis
based on new well data, as this process produced results
related to longitudinal and transverse impedances, which are
directly related to the physical properties of the medium. The
2017-time cube was used as the source database.

All the present-day seismic inversion techniques use
momentum estimated from seismic data. The expected shape
of the seismic pulse can significantly affect the result of
seismic inversion and the subsequent assessment of the res-
ervoir properties. The resulting pulse is used to estimate
seismic reflection coefficients during the seismic inversion
process [3]. Since the amount of well data was limited, a
stable pulse was obtained based on a series of statistical
pulses dependent on offsets (angles) extracted from the angle
sums. When calculating the pulses for each angular sum,
decreasing the amplitudes with distance (angle) was consid-
ered. In general, the obtained pulses allowed obtaining good
correlation coefficients.

It is known that seismic data is characterized by limita-
tions in frequency band, which leads to decreasing the seis-
mic resolution of the record and quality, therefore, to limit
the results of inversion outside the seismic frequency band, a
low-frequency component is added to the data. To expand
the frequency range, log data (longitudinal component of
sonic logging), pre-stack time or depth migration rates, or
regional gradient are used. First, the log curves are processed
and edited to ensure an appropriate relationship between the
impedance curves and the desired properties. Then the curves
are converted to the time domain, filtered to fit the seismic
frequency band, corrected for wellbore effects, balanced and
quality classified.

Although many geological structures can have similar
acoustic impedance characteristics, few geological for-
mations have the same combination of acoustic and shear
impedance properties to enhance interpretation. In this case,
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the strategy is simple and formed by the experience of using
inversion results in similar geological conditions: decreasing
the longitudinal impedance within a homogeneous formation
can correspond to improving the reservoir properties, and in
the best case is a sign of hydrocarbon saturation.

In addition to acoustic impedance, shear impedance can
be obtained by using the pre-stack seismic resolution inver-
sion procedure. The inversion algorithm first estimates se-
quences of incident angle-dependent longitudinal wave re-
flection coefficients for the input partial sums. These are then
used in the full Zoeppritz equation (or the Aki-Richards type
approximation) to determine the reflection coefficients for
non-zero angles over a limited frequency band [4]. These are
then mixed with their low frequency counterparts taken from
the model. The approximate result is then improved by per-
forming a final inversion with respect to longitudinal imped-
ance, transverse/shear impedance and density, subject to
various constraints controlled by the interpreters. As a result
of synchronous inversion, cubes of longitudinal and trans-
verse impedances are obtained.

For the Lower Visean reservoir, longitudinal impedance
can be considered a good indicator, but the section contains
coals that are characterized by lower values. Therefore, a
more complicated parameter to calculate but at the same time
more informative, is the Vp/Vs ratio (Figure 3). It should be
noted that the superimposing between the properties of clays
and sandstones is equal to the standard deviation, i.e. the
superimposing is significant.

Cisr

Civ ‘ 7

Carbonates, clays, sandstone, coals

Figure 3. Result of analyzing elastic properties at the level of
the Serpukhovian and the Lower Visean reservoirs

As part of these studies, a neural machine learning proce-
dure was carried out. The basic element of classical neural
networks is the mathematical neuron [5-6], the formula of
which can be expressed as a nonlinear transformation of a
weighted sum of input signals using an activation function,
as shown in equation (1):

y=f(ZLoxw) ()

where n is the amount of neuron inputs, x; is the value of
the neuron input signals w; is weight coefficients, f() is the
nonlinear activation function, y is the neuron output value.

A schematic representation of a classical neuron is pre-
sented in Figure 4, a.
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The transformation function of input signals fi(xi) is spec-
ified as a numerical construction in the form of a table (ar-
ray) of pairs: the argument value is the function value.

N w”
X, - Input neurons
Wp- weight coefficients (synapses)
Y - neuron output value

a)

The result of GIS > ‘a
data interpretation
[ ]

neural network

Zy
(
seismic data '

seismic attributes

prediction of lithology
and elastic properties

\((J§
§

b)

Figure 4. Explanations on the use of neural machine learn-
ing: a) schematic representation of a classical neuron; b) predic-
tion of lithological and elastic properties using the Kolmogorov
proprietary neural networks

To train such neural networks, the technology is used that
has been developed on the basis of mathematical techniques
set forth in the Kolmogorov theorem using hybrid stochastic
optimization methods to increase the probability of finding
the global minimum of the objective function.

The neural network learning scheme for predicting the
target parameter is presented in Figure 4, b. For learning, an
array of pairs is determined: a reference well-seismic field in
a given window around the forecast point in the center of this
window (Figure 4, a). Such an array is determined for each
point located in the wellbore with known pore pressure val-
ues. The step along the wellbore should not be less than the
measurement interval of the seismic cube. If the cube has a
time scale, then the well must also be time referenced.

To predict lithological and elastic properties, one or more
seismic cubes can be used in the form of total and angular
sums or in the form of some attributes, including the results
of inversion transformations [5-6]. For the studied interval of
the Lower Carboniferous deposits, the cubes of porosity,
longitudinal impedance, transverse impedance and their ratio
were calculated (Figure 5). They were selected based on the
results of petroelastic logging analysis, when it was conclud-
ed that the ratio of longitudinal and transverse impedances
was related to saturation and conditionally to well produc-
tion.
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Figure 5. Examples of neural network learning results at well points. The Vp/Vs parameter

For the subsequent comprehensive analysis, a comparison
was made of the target characteristics (petroelastic properties
and porosity) calculated with the use of the synchronous
inversion algorithm and neural network forecasting algo-
rithms [7-8], on the basis of which it was found that the re-
sults of neural network learning have a number of advantages
in terms of accuracy and resolution (Figure 6).
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Figure 6. Comparing the PIMP, Vp/Vs and porosity parame-
ters calculated by the synchronous inversion algorithm (red curve)
and machine learning algorithms (blue curve) with real original
logging curves
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Thus, for the comprehensive analysis, the results of neu-
ral network learning were selected that not only had better
convergence in the absolute values of logging curves but also
had greater resolution (Figure 7, a-d).

Figure 7. Summary sections along the line of wells: (a) -
summary section of longitudinal impedance along the line of
wells (pre-stack synchronous inversion algorithm); (b) — summary
section of longitudinal impedance along the line of wells (neuron
learning algorithmm); (c) — summary section of the Vp/Vs ratio
along the line of wells (synchronous inversion algorithm); (d) -
summary section of the Vp/Vs ratio along the line of wells (neu-
ron learning algorithm). In wells, color represents the ratio Vp/Vs
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4. Conclusions

The studies carried out made it possible to identify a
number of shortcomings in performing inversion forecast
constructions in the process of comprehensive interpretation
of seismic data and measurement data in wells. All of them
are mainly associated with the presence of nonlinearity in the
connection of the seismic field with the predicted parameters
calculated in the wells.

1. A nonlinear distortion of the seismic signal associated
with the complexity of the upper part of the section and the
presence of distorting objects and factors (for example, salt
structures, fault zones, steeply dipping structures, layers with
increased absorption of seismic waves or with strong reflec-
tive properties, etc.).

2. The absence of theoretical developments on inversion
constructions under conditions of nonlinear distortions in
seismic fields.

3. The presence of complex nonlinear relationships be-
tween the distribution of seismic fields and elastic, filtration-
capacitance and lithofacies parameters in wells.

Considering these effects of seismic nonlinearity in clas-
sical inversion technologies is the main factor in the better
resolution of neural networks.

In addition, the proprietary technology used has the abil-
ity of neural network construction of a low-frequency model
based on a structural model and well data. This construction
is performed simultaneously with the use of seismic data to
predict well data. This also greatly improves resolution com-
pared to classical inversion, where the low-frequency model
often accounts for 90% of the re of the result.
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ChbIBBIKTBIK KJHE ChI3BIKTBIK eMeC 00J15Kay aJIropuTMaepine
HeTI3/1eJITeH CeCMHUKAJIBIK AepeKTep 00MbIHIIA KOJUIEKTOPJIAPABIH
KaCHeTTePiH 00J15Kay TEXHOJOTHACHIH CAJBICTHIPMAJIbI TAJIAY
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Anparnma. Maxkanana kaporax nepekrepiMer 6ipre MOI'T (skaymbl TepeHIIK HYKTeciHiH onicremeci) 3D ceficMuKaibIk
JIepeKTepiH JMHAMMKAIBIK HWHTEpIpETALMsIay HOTWKENEpl KapacThlpblUiaJbl. ABTOpPJIApIblH alIbIHAA ApBIKTBH Ta3
KOHJICHCATTHI KEH OPHBI JKaFJalbIHAa HEHPOHABIK OKBITY TEXHOJIOTHSCHI MEH )KMHAKTAJIFaHFa JICHiH CEHCMUKAIIBIK HHBEPCHUS
HOTIDKEIIEPiH CANBICTRIPY MIiHIETI TYpasl. byFraH 3epTTey aiiMarbIHBIH TOMEH CEHCMUKAIBIK 3epTTENyi XKoHe aliMaKThIH MyHal
MeH ra3fblH OoJDKaMIbl MEpCHEKTHBAJAPHl KOHE IHMHAMUKAIBIK WHTEPIPETAlusHBIH Oenrim Oip mporexypachlH TaHOAY
KPUTEpHUITICpiH 3epTTey KaXKeTTiNiri Heri3 Oommpl. OchiFaH OalaHBICTBI Ka3ipri yaKpITTa T'€OJIOTHSUIBIK Oapiiay cajachlHIa
CTaHIApPTTHl HWHTEpOpeTanys Tpauri MeH HEHPOHIBIK MAIIMHANBIK OKBITY MIeHOepiHne OelceHIi KOJNIaHBUIATHIH
KMHAKTAJFaHFa JICHIHT1 HHBEPCHUS apachIHAAFHl CAIBICTHIPMAIIBI TAJIAAY TYPFBICEIHAH APBIKTHI Ta3 KOHACHCATHl KEH OPHBIHBIH
KYPBUIBIMBI MEH MYHaii-ra3[bUIbIFBIH KapacThIpyFa opeKeT »xacayabl. JKypriziireH 3epTreyiepiid e3eKTUITiHIH Heriznemeci
JKaHa YHFbIMaJap/IblH KoHE 3aMaHayd KapoTax JIepeKTepiHiH O0ybl, CHHXPOH/Ibl HHBEPCHS HOTHKEJIEPIH )KUHAKTayFa JIeHiH
JKaHAPTY KSHE CANBICTHIPY MYMKIHIIr, HEHPOHABIK OKBITY aJITOPUTMJEPIH ChIHAKTAH ©TKI3y MYMKIHIIrT OOJIBIN TaObUIa/IbI.
XKyprizinren 3eprreynep ApBIKTBI K€H OPHBI JKarAaiblH/Ia MaIIMHAIBIK OKBITYJbI 0AachIM MaijajaHy KpUTEpHIIEpiH Oein
KepceTyre, KUMaHblH ©HIMII OeJiriH KypaWTbIH Tay >KbIHBICTApBIHBIH IIIKI KYpPBUIBIMBIHBIH EpEKIIeNiKTepiHe »KaHa
KO3KapaclieH KapayFa, )KWHaKTalFaHra JeHIH CeliCMUKAaJbIK HHBEPCHSIMEH CANIBICTBHIPFaH/1a MallIMHAIIBIK OKBITY HOTHKEJIEPiHiH
APTHIKIIBUIBIKTAPEIH (PU3UKAJBIK TYPFRIIAH KOPCEeTyre MyMKIHIIK Oepi.

Hezizzi co30ep: Apvikmul 2a3 konoencammul ken oprul, LLy-Capwicy weciHoi 6accelini, OUHAMUKATBIK UHMepnpemayus,
HeUpPOHObIK JHcellinep, HCUHAKMANRAHRA OeUine] CeUCMUKAbIK UHBEPCUS.
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CpaBHUTEJBHBIN AHAJIN3 TEXHOJOTHU NMPOTHO3MPOBAHMS CBOWCTB
KOJUIEKTOPOB 10 CeiCMUYeCKUM JAHHBIM HA OCHOBE JIMHECHHbIX U
HEJIMHENHbIX AJITOPUTMOB NPeEACKAZAHUA
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AHHOTanus. B cTatbe paccMaTpHUBarOTCs Pe3yNbTaThl JMHAMUYECKOW WHTEpIIpeTannu ceiicmuueckux nqaHasix MOI'T 3D
B KOMIUIEKCE C KaPOTAXKHBIMU JaHHBIMH. [lepe]; aBTopaMu CTosuia 3a/a4a CPABHEHHUS Pe3yJIbTATOB CEHCMHUUYECKOI HHBEPCUU
JI0 CYMMHPOBaHUS ¥ TEXHOJIOTMU HEHPOHHOTO OOYYEHHUS B YCIOBHSAX Ta30KOHJICHCATHOIO MECTOPOXIeHHs ApBIKTEL. OCHOBA-
HUEM STOMY IOCITYKWJIA U HU3Kas CeiicMUYecKasi I3y4eHHOCTh pailOHA UCCIICIOBAHUMN, U JIOCTATOYHO XOPOIIUE IPOTHO3HUPYeE-
MBbI€ MEPCIICKTUBBI HE(PTEra30HOCHOCTH PETHOHA, M HEOOXOIUMOCTh U3yUCHHS KPUTEPHUEB BHIOOPA TOM WIIM MHOW MPOLEAYPHI
JMUHAMUYECKON WHTeprpeTanuu. B 3Toil CBsi3u ObLIa MpEANPHHATA MOMBITKA PACCMOTPETh CTPOCHHE M HE(PTEra30HOCHOCTH
ra30KOH/ICHCATHOTO MECTOPOXKICHUST APBIKTHI C TOYKH 3PCHHS CPABHUTEIHLHOTO aHAU3a MEKAY MHBEPCHEH J0 CYMMHPOBa-
HUS, KOTOpasi Ha JaHHBIA MOMCHT B I'€OJIOTOPa3BEOYHON OTpPACIIM aKTUBHO HUCIOJB3YETCS B paMKaX CTaHAApTHOTO rpada
MHTEPIPETALUH, 1 HSUPOHHOTO MaIIMHHOTO 00y4eHust. OO0CHOBaHHEM aKTYalIbHOCTH BBIIIOJIHEHHBIX UCCIACIOBAHHUN SIBISICTCS
HaJIM4YKMe HOBBIX CKBXXHUH M COBPEMEHHBIX JAHHBIX KapPOTaxa, BO3MOYKHOCTh OOHOBIICHHUS M CPABHEHUSI PE3YJIbTATOB CHHXPOH-
HOW MHBEPCHHU IO CYMMHPOBAHUSI, BO3MOXKHOCTh anpoOaluy alropuTMOB HEHPOHHOTO 00y4eHus. [IpoBe/ieHHbIE HCCIIeI0Ba-
HUSI TIO3BOJIMIIH BBIJICTUTh KPUTEPUH MMPEUMYIIECTBEHHOTO UCIOIb30BAHUSI MAIIMHHOTO OOYYEHHS B YCIOBUSIX MECTOPOXK/Ie-
HUSI APBIKTBI, TI0-HOBOMY B3TIISIHYTh HAa OCOOCHHOCTH BHYTPEHHETO CTPOCHHUS MOPOJI, CIAraoIInX MPOAYKTUBHYIO YacTh pa3-
pe3a, GpuznuecKu mokasaTh MPEUMYIIECTBA PE3yIbTATOB MAIIUHHOIO OOYUYCHHUSI B CPABHEHHH C CEHCMUYECKOW MHBEpCHEH 10
CYMMHUPOBaHHSL.

Knruesoie cnosa: cazoxondencamuoe mecmoposicoenue Apvikmeot, LLy-Capwicyiickuii 0cadounslii 6accetit, OUHamMuyeckas
unmepnpemayusl, HeUpOHHble Cemu, CelCMUIecKas UHBEPCUsi 00 CYMMUPOBAHUA.
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Abstract. The geological structure of low-viscosity oil reservoirs, represented by carbonate collectors in the Ferghana re-
gion of Uzbekistan, is characterized by a wide range of variations in geological and physical factors as well as in the parame-
ters of implemented development systems. Based on the refinement of parameters characterizing reservoir structure, geological
heterogeneity, and the reservoir properties of productive layers, as well as the results of developing fields in the late stage of
exploitation, a geological-statistical model has been developed using the method of multifactorial correlation and regression
analysis. This model allows for the qualitative and quantitative assessment of the influence of geological and technological
factors on the oil recovery factor for carbonate reservoirs in the Ferghana region. The study demonstrates the dominant influ-
ence of geological factors on the oil recovery factor, while among technological factors, only the well spacing density shows
significant impact. The developed geological-statistical model for the oil recovery factor is recommended for use in justifying
geological and technical measures to optimize the development systems of these fields.

Keywords: deposit, layer, factor, heterogeneity, viscosity, development, correlation, statistics, analysis, model, coefficient,

recovery.

1. BBenenue

B Hacrosiee BpeMs B IIEJSIX TTOBBILECHUS KO PHUITHEHTA
W3BJICYCHHS T'€OJIOTHYECKUX 3aracoB HE()TH Ha MECTOPOXK-
JEHUAX TPUMEHSIOTCA PA3JIMYHBIE I'€0JI0TO-TEXHUYECKHE
MEpOIPUSATHS, HAIpaBICHHbIE Ha YBEJIMYCHUs JeOUTOB
CKB&)XUH, TEMIIOB 0TOOpa HEe(TH, CHM)KEHHIO OOBOIHEHHO-
CTH 100BIBaeMOi poayKuuK. D(HHEKTUBHOCTD MPOBOAUMBIX
reosioro-texuuueckux Mepomnpusataii (I'TM) B ycroBmsx
IIMPOKOTO M3MEHEHUS T€OJOTMYECKOT0 CTPOCHUS 3alexei,
HEOTHOPOHOCTH NPOJYKTUBHBIX IIJIACTOB, CBOWCTB ILIACTO-
BBIX (IIONIOB U PEaTM30BaHHBIX B HUX CHCTEM pa3paboTKh
pasnuuHa. B 3THX yCIOBMSX M3ydeHHE W OLICHKA CTENEHH
BIIMSTHUSL TEOJIOTUYECKUX M TEXHOJOTMYECKMX (akTOpOB Ha
ko3 Punment nzsneuenus Heptu (KUH) spnsercs omHol u3
nyteid ¢ obocHoBanHOro npuMeHeHus ['TM n moBblmeHMs
uX 3QPEKTUBHOCTH.

B mupe ocoboe BHMMaHWE YAEISIETCS COBEPIICHCTBOBA-
HHUIO PEaJM30BaHHBIX Ha JUINTENFHO pa3pabaTHIBAEMBIX Me-
CTOPOXKJICHHUAX CHCTEM Pa3pabOTKH, T.K. B HACTOSIIEE BpEeMs
B CpPEJHEM B MPOAYKTHBHBIX IUIACTaX OCTAIOTCA HEU3JICUCH-
HBIMHU Oostee 60% HavyaIbHBIX TEOJIOTHYECKUX 3amacoB. Oco-
OeHHO BOCTPEOOBaHHBIMH SIBIISIIOTCS PE3YJIbTaThl HCCIENO0-
BaHMH 10 000OLIEHUIO OTBITA Pa3pabOTKH JUIMTEIHHO pa3pa-
0aTbIBAEMBIX MECTOPOXKAECHHH. Pe3ynpTaThl 3THX HCCIEno-
BaHMH MO3BOJIAIOT YCTAaHOBUTH NPUYMHBI BEICOKOH (HHM3KOIN)
3¢ dexTHBHOCTH pa3paboTku 3anexeid u obocHoBats ['TM
o nossimenno KUH [1-5].

© 2024. A.Kh. Agzamov, N.N. Sultanov, E.I. Juraev, S.A. Agzamova
nodir.sultonov.90@gmail.com

2. MaTepuaJsl 1 METOIBI

['eomorudeckoe cTpoeHUEe MECTOPOKICHNN DepraHcKoro
peruoHa (OP) V3b6ekuctana, u 0COOCHHOCTH MX pa3pabOTKU
paccMOTpeHbl Bo MHOTHX paborax. [lompoOHee ommcanue
MapaMeTpoB Teosioro-(pu3MYecKuX YCIOBUI U pealn30BaH-
HBIX CHCTEM pa3paboTKu MpUBeIeHBI B paborax [6-12].

O/HAaKO MBI COYJIM HEOOXOJMMBIM IPHUBECTH KPaTKYIO
XapaKTEepUCTUKY TeosIoro-(pu3MYecKuX YCIOBHH U peain3o-
BaHHBIX CHCTeM pa3paboTku MecTopoxaeHni PP 3axmoga-
IOMICHCS B CIICIYIOIIEM.

B crpoennn OP yuacTBYIOT HEOTCHOBBIE, ITAJICOTCHOBBIE,
Me3030¥ckue (Mel, opa) u malieo3oiickie oTioxeHus. O0-
IIasi TOJIIWHA OCAJI0YHOrO MOKPOBA B IIEHTPAIBHBIX YACTSIX
BIAJUHKI cocTaBnseT 6onee 10.0-12.0-10° m, B mpubopTOBOL
2.5-4.0-10%u Goee.

XapakTepHasi 0COOEHHOCTh pacIpeeNeHns 3alexen yr-
JICBOJIOPOIOB-3HAYNTEIbHOE HAapacTaHWe ra30HOCHOCTH BHH3
no paspesy. Ecnu OTJ0XKeHHs HEoreHa W IMajieoreHa B OcC-
HOBHOM HE()TEHOCHBI, a CKOIIJICHUsI CBOOOIHOTO ra3a cBsi3a-
HBI C Ta30BbIMH IIIANIKAMHU W CIAHHYHBIMH Ta30BBIMHU 3ajic-
’KaMH, TO B MEJIOBBIX M IOPCKHX OTJIOKCHHSIX Pa3BHTHI Ipe-
HUMYIIECTBEHHO Ta30BBIC M T'a30KOH/ICHCATHBIC 3AJICXKH.

B paspese maneoreHa BBIAEISCTCA O BOCBMH IPOJIYK-
TUBHBIX IIACTOB, U3 Kotophix tactel V, VI, VII, VIII, IX
MpeJCTaBICHE KapOOHATHBIMU MMOpPOJaMH (HM3BECTHSIKU U
JooMUTHI). HedTu maneoreHOBBIX OTIOKEHUH B OCHOBHOM
nerkue (826-884 xr/m®), wmanocepructeie (0.05-0.75%),
napapunucteie (1.4-10.1%), BBICOKOCMOJMCTRIC (CHIIMKAre-
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neBbix cmour 5.29-30.2). Bs3kocTh miaacToBeIX He(TEH He-
oonbmias — 1.2-6.6 mIla-c, HayanpHas ra30HACKIIEHHOCTH OT
2-5 1o 100-150 m3/1.

3anexku HEPTH MPUYPOUCHBI K Y3KHM ACHMMETPUYHBIM
cknajakam, juiiHa kotopbix (10-15)-10% M, mmpuna He mpe-
pbimaet (2-3)-10%M, yruel nagenus miactos 20-30° u Gonee.
W3BecTHbIe 3aexu HEQTH U Ta3a OTHOCATCS B OCHOBHOM K
IUIACTOBO-CBOIOBOMY Tumy. OnHAKO B pe3yiabTaTe HHTCH-
CHUBHOM TEKTOHHYECKOM NEATEIBHOCTH IO CTENEHU OCIOX-
HEHHOCTH WX HApYyHOICHWSIMHU Cpeau HHUX HaOJIOJaloTCs U
TEKTOHHYECKH SKpaHupoBaHHbIC 3anexu ([lanBanTramickoe,
Anmmxanckoe, Xomkaabaackoe W Jp. MECTOPOKICHUS).
Jluromornueckue SKpaHUPOBAHHBIE 3aJIEKH B PETHOHE pac-
MPOCTPAHEHBI OTPAHUYCHHO.

IIpoayKkTUBHBIC OTIOXKECHUS PACCMATPUBACMBIX OOBEKTOB
HCOJTHOPOJIHBI, MM TPUCYIIH CJIOUCTAsl, 30HAJIbHAs HEOIHO-
POTHOCTh U HEpaBHOMEPHAS TPCIIHHOBATOCTD.

IToutm  Bce  MECTOPOXICHHS  MHOTOILIACTOBBIC.
Hawnbounbiiee uucno 3anexell oTKpuITo B paspese CeBepo-
Coxckoro, HxHO-AIAMBIIIMKCKOTO, AHIMKAHCKOIO H
[TanBaHTaICKOTO MECTOPOXKICHUHN. 3ayeku He(hTH XapaKTe-
PU3YIOTCS HE3HAUUTEIbHOW BBICOTOM, MaJIOM pa3zHULEH
MEXIy HadalbHBIM IDIACTOBBIM [aBIICHHEM M IaBICHHEM
HACHIIICHNUS HE(PTH Ta30M.

IIpu pazpaboTke mcciaeqyeMBIX 3aiexeidl HeTH He3aBHU-
CHMO OT THIIa KOJUISKTOPOB, B CBSI3M C UX HEOOJBLION IiTy-
OMHOH CONOCTaBUMBIMH pa3zMepamu (3amacamu  HedTH),
ObUTM pCaM30BaHbl MPAKTHYCCKH OJMHAKOBBIC CHCTEMBI
pa3paboTku. Beiaenstorest cieayome 0CoOOEHHOCTH peau-
30BaHHBIX CHCTEM:

- pa30ypHBaHHE 3aJeKeH OTHOCUTEIBHO TUIOTHOW CETKOM
CKBa)XVH, pa3MEIICHHBIX [0 TPEYTOIBHON CXeMe;

- COBMECTHAsI dKCIDTyaTalus 3aiexeit ropu3oHToB V+VI,
VIl u VIl HeKOTOPBIX MECTOPOKICHHIA;

- SKCIDTyaTalus 3aJIe)Kei B Ha4aJbHBIN IMEepHoJa Ha ecTe-
CTBCHHOM PEXHME C IOCIECIYIOIIUM HCIIONB30BAHHEM Da3-
JIMYHBIX CHUCTEM 3aBOJIHEHHUS (3aJeXKH C OTHOCHUTEIBHO He-
OonpIIMMH 3amacamMu paspadaThIBalOTCs 0e3 MoanepKaHus
TUIACTOBOTO JIABJICHHUS).

W3-3a 6IM3KMX 3HAYEHHH HA4YaJbHOTO IUIACTOBOTO JIaB-
JieHUsT He(PTSHBIX 3aJIe)KEH U MABJICHUS HACBIIICHUS HedTH
ra3oM, a TaKKe MO3JHEro MPUMEHEHUs! 3aBOJHEHUs, MaJIOi
AKTUBHOCTH KOHTYPHBIX BOJ, KOTOPBIC dYalle BCETO CyIIe-
CTBCHHOTO BIIMSIHHS Ha IPOIECC Pa3padOTKU HE OKa3bIBAIIH,
MOJABJISIONIAsT YacTh He(TIHBIX 3aJekKel IpeHHpoBajach B
HAYAIBHOW CTaIuu pa3padOTKH B PEXKUME PaCTBOPECHHOTO
rasa.

B HacTosiiee BpeMs Bce paccMaTpHBaeMbie OOBEKTHI
HaXOJATCSI Ha YETBEPTOU CTaIuu pa3pabOTKH, I KOTOPOH
XapakTepHBl HU3KHE TeMIbl oTOopa HedTu-menee 2.0% ot
HAYaIbHBIX U3BJICKACMBIX 3aI1aCOB, BBICOKAst OOBOJHEHHOCTh
JOOBIBAEMOM MPOAYKIMHM M 3HAYMTEIBHOC MMAICHUS I1IaCTO-
BOTO JaBJICHHUS, HECMOTPS Ha PEATU3AI[MI0 MEPOTIPHUATHH 110
€ro MOJICP>KAaHUI0 U OTHOCUTEIIFHO HHU3KUE 3HAYCHUS K03(D-
¢unnenra n3piaedeHust HedTH.

Hocrturayteie Bemmuuabsl KMMH B CBs3u ¢ HaXoXIeHUEM
00BEKTOB B 3aBEpINAIONICH CTamuu pa3paboTKu (B 4acTH U3
HUX pa3paboTKa yXe MPUOCTAHOBJICHA M3-3a IOJHOIO 00-
BOJHECHHS JOOBIBAEMON NPOMYKIIMHA CKBKWH) OJM3KH W
CBOMM KOHEYHBIM 3HaueHUSAM. I103TOMy TOCTUTHYTEHIC BENH-
gyuHa KMH namm paccmatpuBaercsi Kak pe3yiabTaT d¢Qek-
TUBHOCTH PEaJI30BaHHOW CHCTEMBI pa3pabOTKH, B YaCTHO-
cTH 3P PEKTUBHOCTH METO/1a 3aBOTHECHHSI.
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B wuccnenoBaHMsX IO yCTAaHOBJICHUIO YIPABIAIOIINX
KHH ¢axTopoB mMUPOKO MUCHOIB3YIOT METOMBI MOCTPOCHUS
CTaTHCTHYECKUX MOJIeNell, Oa3upylomuxcs Ha HNpPUHIUIE
«UEPHOTO ALIMKA» - MOJENH, KOIJla U3BECTHBI TOJBKO BXOJ-
HbI€ U BBIXOJHBIE IIEPEMEHHBIE, a MpOollecC UX B3auMOJei-
CTBHSI ONHUCHIBAETCA IMPOCTHIMU CTAaTUCTUUECKUMH 3aBUCH-
MocTssMU. OCHOBHOE JIONYIEHHE NPU CTaTUCTUYECKOM MO-
JISINPOBAaHUM 3aKJII0UAeTCA B TOM, YTO BBIXOJHBIE MEPEMEH-
HBIE ABISIOTCS CIIy4YalHBIMH BEJIMYMHAMH, TOAYHHAIOMUMHE-
Cs 3aKOHY HOPMAJbHOTO DPACHPEIENCHHs, BEPOSATHOCTHBIN
XapakTep KOTOPBIX OOYCIIOBIICH CITy4aWHBIMH HEKOHTPOJIH-
pyembimu daktopamu [13-15].

B Hactosiiee BpeMs Uil IOJYyYEHUS CTATUCTUYECKON
MOJIETIM IIUPOKO HCHOJIB3YETCS METOA MHOTo(aKkTOpHOTO
PETPECCHOHHOIO aHaiN3a, KOTOPBIN MO3BOJSAET YCTAaHOBUTH
HE TOJBKO KayeCTBEHHOE, HO M KOJMYECTBEHHOE BIIUSHUE
pa3IUuHbBIX (GAKTOPOB HA KOA(PPHUIMESHT N3BICYCHUS HEPTH.

JIJis OLIEHKH CTATHCTUYECKOH CBSI3M HCIOJB3YIOT KO3(-
(HULMEHTBI KOPPEJSIMU, KOTOPBIE BEIYUCIISIIOT 110 hopmyie:

1

Iy = m 1)

N _ _
2z (5 = - Y)
rae fyy -KodQQUIMEHT KOPPENALMH MEXk/y NOKa3aTes-
MU Hpouecca 1 OOJHUM H3 (I)aKTOPOB;
XHu y —MaTEMATUYICCKHUEC OXXUJaHUA,

Gy 1 Gy -mmcnepeny, BBIYHCIEMBIC 110 GOpMyIIam:

Gf =ﬁ2i'11(xi —;()2 , (2)
G)Z/ =(N—1_1)Z ilil(yi -y, 3

JlocToBepHOCTh KO3 GHUIMEHTA KOPPEISIUN OLCHHUBAJICS
KPHUTEPHEM HAJIEIKHOCTH

_ |rxy|

N

rae /N - cpenHekBaapaTHUHOE OTKJIOHEHHE KO3(D(Du-

(4)

Oy

HUCHTA KOppCJIIUN
2
G - 1- Iy
[ =—.
JN

Ilpu xputepuun G, > 2.6c BeposTHOCTBIO 0.95 MOXKHO

()

YTBEPKJaTh BO3MOXKHOCTb CYIIECTBOBAaHHUS JIMHEHHON KOp-
PEISIIIMOHHON CBSI3M MEXIy aHaJIM3UPYEeMBIMH TapaMeTpa-
mu. KoadummeHnTsr Koppemsimy mo3BOJISIOT OIICHUTh MEPY
JIMHEWHOM CTaTUCTUYECKOM CBSA3M MEXJy IMOKa3zaTelsMH U
(akTOpaMu, a TakKe MeXIy caMuMH (pakTopamu. Pesymnpra-
TBI KOPPEIIIMOHHOTO aHaIu3a SBISIOTCS MCXOJHBIM Mate-
pHAIOM JUIS TIOCTPOSHHS IMIUPUIECKUX (GOopMys, Ha3bIBae-
MBIX B CTaTUCTUKE YPaBHUBAHUSIMU PErPECCUU WM MaTeMa-
THYECKUMHU MOJICIISIMU.
JluneitHoe ypaBHEHUE perpeccuu UMeeT BUL:

(6)

rae ag,ay,ay,a83,...a, - K0d(QOUUUEHTH ypaBHEHUS pe-

Yy =ag + X +apXy +agXg +...+ap Xy

rpeccuu, OoNnpeaACIAeMbIC U3 PCHICHUSA CUCTECMbL ypaBHeHI/[ﬁ
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Oylyy, =0y +8lx, Ox, -ty Ox

Oylyy, =aly, +80y, +...t 8y Ox

Oylyx, =8l x Ox +82fx x,Ox, T+ an0x, (7
a ko3¢ puIIeHT
e
8 =Y—2i=18 %, 8

C ucmonp30BaHUEM METOa MHOTO(AKTOPHOTO perpec-
CHOHHOTO aHAJIM3a PEIIArOTCs CIEAYIOIHUE 3a1a4H:

- BBISIBIICHHE (DAKTOPOB, XapaKTEPU3YIOUIUX T'EOJIOTHYE-
CKHE YCIIOBHSl U INapaMeTphl IJIacTa, OKa3bIBAIOI[HEe OCHOB-
Hele BiIusgHue Ha KMH;

- OIIGHKa CTETIeHH BJIMSHUS BBIABICHHBIX (haKTOPOB, KaK
1 hepeHInpOoBaHHO-KaXKA0TO B OTAEIBHOCTH, TaK M MHTeE-
TPaJILHO - B COBOKYITHOCTH;

- OIpelieJieHUe ONTHMAIBHBIX M T'PAaHMYHBIX 3HAYCHHH
(bakxTopoB;

- 000CHOBaHME T€0JIOrO-TEXHHMYECKHX MEpPONPHUATHH MO
yBenmuenuio KMH ¢ ygeToMm reonoro-hpmu3n4eckux yCIOBHHA
3ajIe)Ked M TEKYIEro COCTOSIHUS pa3paboTKu OOBEKTOB.

ITpn sTOM KadecTBE OOBEKTOB HCCICHOBAHMS IOJDKHBI
OBITH BBIOpaHBI HE(TSHBIE 3aJIEKH, KOTOPBIE XapaKTepu3y-
FOTCSA CIIEYIOMAMH YCIOBUAMH (Tabuuma 1):

- HAXOJMTCS B TIO3/IHEH CTauu pa3paboTKH;

- OTJIMYATCS MIMPOKHM UANa30HOM M3MEHEHHS Ie0JIoro-
(bu3nYecKnX NoKa3aTeneH;

- IMEET HEKOTOpHIC OTINYMS B 3JIEMEHTaX TEXHOJIOTHH,
HECMOTpSl Ha €IWHBIA MOJAX0J M OO0IMe NMPUHLMIBI paspa-
0OTKH;

- MMEeT IPEACTaBUTEIbHbIA Ie0JIOro-IIPOMBICIIOBEIH Ma-
TepHa;

- NPUYPOUEHBI K Pa3IUYHBIM CTPaTUTpa(UUYECKUM MO-
pa3zieNeHHAM.

Tabnuya 1. I'eonozo- npomwviciogsle haKmopol, UCNOILIOGAHHbIE O NOYUEHUA 2€01020-cmamucmuyeckoil mooenu KUH o6vek-
moe, npeocmagieHHbIX KapOOHAMHBIMU KOJIIEKMOPAMU C MAIOGA3KOI HembIo

Bsizkocts
o . IIpouu- HedTH B
Ne MecropoxaeHue POLYKTHBHBIH LaeMOCTb, IJIACTOBBIX
TOPU3OHT A
MKM YCIIOBHSIX,
mlla-c
1 Xomxaaban VII 0.16 2.05
2 3anaHsid VAV 0.061 2.7
[TanBanTar
3 Anjmxan VIHI 0.05 3.2
4 Anjmxan Vv 0.352 1.2
5 HOncu V+VI 0.293 2.35
AaMBIIIIK
6 HOmetii VIl 0.393 14
AaMBIIIIK
7 Xaptym Vil 0.061 42
8 ITamBanTaII Vi 0.35 1.3
9 TTanBanTarn VI 0.38 1.2
10 Anjmxan VIHI 0.35 1.2
11 = BocTouHBIN aBBal V+VI 0.13 3
12 Xaptym VI 0.15 2.7
13 Bocrounsrit VI 0.03 4.7
Xaptym
14 Teprauu \Y 0.017 6.6
15 Hawmanran Vv 0.03 4.2
16 Xomxkaaban V 0.05 4.8
17 CeBepHblii cox VI 0.16 4.66
18 ABBan V+VI 0.05 5.5
19 3anajmbii VIHI+IX 0.16 26
ITamBanTaI
20 TTanBanTam V+VI 0.16 2
21 Xomxaaban VII 0.135 2
3. Pe3ynbTaThl U 00Cy:KI€HHE
I[lo pesympTaTamM pacyeTOB HCXOAHBIX T'€0JIOTO-

MPOMBICIIOBBIX JaHHBIX (Tabnuma 1), Mo BBIICTIPUBEACH-
HOMY QJITOPUTMY, COCTaBJICHA KOPPEISIIIMOHHAS MAaTPHIA B
npuBeneHHas B Tabnune 2. Kak Bumno u3 Tadmuns 2 KUH
HUMEET TOCTATOYHO BBICOKHE KOPPEIIAIUOHHbIC CBSI3U C

Taonuya 2. Koppenayuonnas mampuya

DakTopsl 1

Cpenuuit =~ Komnencauus
Koadduuuent Tnornocts Temm oTOOopa KH- Kospmmerrr
CEeTKH H3BJICYCHHS
MECYaHUCTOCTH, orbopa KOCTH 3aKad-
CKBaXUH, o HedTH, T0IH
JIOJIH €1 SKUJIKOCTH, KO BOJIbI,
ra/cKB o el
o JIOJIN €1,

0.48 3.2 2.88 1.153 0.375
0.35 4.7 1.65 2.161 0.277
0.4 4.3 4.68 0.82 0.274
0.64 2.1 3.81 0.743 0623
0.53 3.9 0.96 3.011 0.418
0.69 2 1.24 3.011 0.69
0.42 7.8 1.41 0 0.176
0.62 1.1 2.27 0.9 0.662

1 1.3 5.72 0.9 0.687

1 1.7 4.18 0.82 0.62
0.35 5 0.9 0 0.289
0.32 4.4 0.98 0 0.391
0.32 5.7 2.48 0 0.177
0.25 18 0.19 0 0.08
0.4 14 1.06 0 0.209
0.4 4.8 0.79 0.575 0.2
0.53 3.7 2.93 1.159 0.422
0.44 4.2 131 0 0.234
0.68 35 3.07 0.966 0.475
0.64 2 1.99 1.026 0.476
0.57 2.1 211 1.564 0.476

q)I/IJ'[I)TpaHI/IOHHO'eMKOCTHBIMI/I CBOﬁCTBaMH KOHHeKTOpOB

KoadduuueHTs! Koppemsium

(K-0.7445), HeomHOPOAHOCTBIO IIPOJYKTUBHBIX IUIACTOB
(K;-0.8437) u BsazkocThio maactoBoit Hedtr (py-0.8693), a
U3 TEXHOJOTMYECKHX (PAKTOPOB TOJIBKO C IUIOTHOCTBHIO
cetku ckBaxud (S-0.7199).

Cpennue

MoKa3aTesn KUH K i . S Tx Ky 3HAYEHUS HAucnepens
K1H 1 0.7445 -0.8693 0.8437 -0.7199 0.5337 0.2373 0.392 0.1871
K 0.7445 1 0 0 0 0 0 0.167 0.1304
i -0.8693 0 1 0 0 0 0 3.0 1.5784
K, 0.8437 0 0 1 0 0 0 0.52 0.2037
S -0.7199 0 0 0 1 0 4.7 41324
Ty 0.5337 0 0 0 0 1 0 2.22 1.4425
K 0.2373 0 0 0 0 0 1 0.895 0.9194

*
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ITo maHHBIM TaOJHIBI 2 COCTaBICHA CHCTEMA YpPaBHEHUMA
(6) u (7), U3 KOTOPBIX OMpeIeNeHbl KOAX(P(QHUINEHTHl CTaTH-
CTUYECKOU MOJIEIH:

a9=0.0759; a;=1.0683; a»,=-0.1031; a3=0.7752; as=-0.0326;
a5=0.0693; ag=0.0483.

I'eonoro-cratuctnueckas monaenr KMH g1 o0BnekToB
OP VY306ekucraHa, MPeICTaBICHHBIX KApOOHATHBIMH KOJUICK-
TOpaMH, OIICHIBACTCS CICIYIONIM MHOTO(PAKTOPHBIM ypaB-
HEHHEM:

KMH=0.0759+1.0683-K-0.1031p,+1.7752 K-
0.0326-S+0.0693- T»+0.0483-K

HeobOxonnmo oTMeTnTh, 94TO paHee B paborax [16-17] mo
pe3yabpraTaM MHOTO(aKTOPHOTO KOPPEISLHOHHOTO aHaIN3a
OBLIH ITOJIYYCHBI CICAYIONINE YPaBHEHUSL:

KNH=0.2001+0.6062-T -

0.1749-S+0.0977K,+0.0593h,+0.5433-K-0.275 1 s 9)
KUH=0.1748+0.0694T,-0.0137-S+0.2902-K-
0.015-11,+0.2548 K, (10)

rae Ty —temm oTOopa HeTH B IPOIICHTAX OT HAYAIbHBIX
W3BJICKACMBIX 3aI1aCOB;

hu- a3 dextuBHas HeDTEHACHIIICHHAS TONIIMHA [LIACTA.

I'eonoro-craructiaeckue monxenu (9) u (10) He mory4n-
T MIHPOKOTO NPUMEHEHHS, T.K. |y 3aBUCUT OT IPOCKTHOM
BenmmurHbl KMH ¥ ipy commocTaBUMBIX TEOJIOTHYECKUX 3alla-
caxX TIPUBOIWT K HEMOCTOBHIM 3HAUCHHSM, a B ypaBHCHHU
(10) HeTr mapamMeTpa XapaKTEepH3YIOLIEH CHCTEMBI 3aBOIHE-
HHUSL.

UucneHHble 9KCIIEPUMEHTHI IIPOBEACHHON 110 CO3JaHHOU
reosioro-cratuctuueckoit mogenu KMH (8) moxassiBaet, uto
B 3aBUCHMOCTH OT COYETaHHs BXOASALIMX B HEro (hakTopos,
UMHUTHPYIOIIEE Pa3IMIHbIC TeOJIOr0-(PH3UIECKUE YCIOBUSI U
cucteMsl pa3paboTku BenmmunHa KWH m3meHsieTcs B 00Jb-
mmwmx npenenax ot 0.1 mo 0.8, uro moaTBepxAaeTCs QakTHde-
CKUMH JaHHBIMH JUIUTENFHO 3KCIDTYaTHPYEMBIX OOBEKTOB
®P, mpeacTaBiIeHHBIX KAPOOHATHBIMU KOJUIEKTOPAMH.

, = "+"14,37%
1= "-"24,91%
K="+"32,48%
S="12,35%
K= "+"3,49%
T,= "+"'12,40%
] m) @3 =54 m5 w6

Pucynok 1. [lona enuanua zeonozo-pusuyeckux u mexHono-
2uyecKkux (hakmopoe Ha eenuyuny KolIpuyuenma uzeneuenus
Hegpmu: -K — cpeonas nponuyaemocms; -pn — 64A3KOCMb NAACMO-
6ot negpmu; -Kn — korgppuyuenm necuanucmocmu; -S — naom-
Hocmb cemku ckéaxcun; -Tye — cpeOnuii memn omoopa Hcuoko-
cmu; Ki— Komnencayus omoopa y3cudKocmu 3aKaukoil 600bl; «-+»
— paxmopul, ysenuuusarouyue KUH; «-» — ghaxmopui, cruxicaro-
wue KHH

OHCHK& JO0JIM BJIMAHHUA I'COJIOTHUYCCKUX KW TCXHOJIOTHYC-
CKHX (baKTOpOB Ha BCJIMNYUHY KI/IH, pacCYUTAaHHBIX AJI UX
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CpelmHUX 3HAYEHWH TOKazaTelield TOKa3bIBaeT, 4To dPdek-
TUBHOCTh pa3pabOTKA OOBEKTOB IPENCTABICHHBIX KapOo-
HAaTHBIMH KOJIJIEKTOpPAaMH BO MHOTOM 3aBHCHUT OT T'€0JIOro-
¢dusudeckux ycnoBuii-71.76%, mpu STOM MOAABISIOIIAM
SBJISIETCS BIWSIHHUSL T€OJIOTHYECKOH HEOIHOPOJHOCTH IpO-
JOYKTHBHBIX Iu1actoB-32.48% (pucyHok 1).

W3 texHosornyeckux (GakTopoB Hanboiee BECOMBIM SIB-
nsercs BiusHue Ha KHWH IIOTHOCTH CETKM CKBaXKWH-
12.35%. Huskue Bennunnsl Bausaua Ha KMH xomnencamum
oTOOpa KUIAKOCTH 3aKa4KOW BOABI M TemIla oTOOpa KHIKO-
CTH TMOJTBEPXKAACT pe3yibTarhl aHanmu3a 3(GeKTHBHOCTH
3aBogHeHus. Ha 00bekTax aHan3a MpUMEeHEHHE 3aBOAHCHHUS
Ha TIO3THEH cTaauy pa3padOTKH OKa3aloch Marod(PQeKTHB-
HOW ¥ MO3TOMY OCHOBHBIM HampasiieHueM mnoBsienns KMH
JOJDKHBI OBITh MEPOIPHUATHS MO YIUIOTHCHHIO IUIOTHOCTH
CETKU CKBXKHH.
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KapOoHaTThl KOLIEKTOPJIAPAAFbI TOMEH TYTKBIPJIbI MYHANABI AJ1y
KO3 PUIHEHTIHE re0JTOrHAJIBIK KOHE TEXHOJIOTUAJIBIK (PaKkTOpJIapAbIH
JcepiH Oarasiay
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Anpatna. ©30exctaHHbIH PepraHa aliMarblHIa KapOOHATTHI KOJJIEKTOPIIAPMEH YCHIHBUIFAaH TOMEH TYTKBIPJIbI MyHal KeH
OPBIHJIAPBIHBIH TEOJOTHSUIBIK KYPBUIBIMBI  T€OJIOTHSIIBIK-(DM3UKANBIK  (DaKTOPIApIBbIH JKOHE JKY3€re achlpbUIFaH HUTepy
JKYHENepiHiH mapaMeTpIiepiHiH KeH ayKbIMBIMEH cumaTTaiansl. KabaTTapAbiH KypBUTBIMBIH, T€OJOTHSIIBIK SPTEKTLIITIH JKOHE
OHIM/I KabaTTap/pIH KOJUIEKTOPJIBIK KAaCHETTEPiH CHIATTAaMTBIH IapaMeTpiiep/i HaKThIIay, COHMAA-aK WUrepy HOTHXKENepiH
(kemreHai maiganaHy Ke3eHIHIEr) Tajaay Heri3iHae KOm(paKTOpbl KOPPESIIUSIBIK JKOHE PErPeCCUSUIBIK Talaay 9ICiH KOJI-
JlaHA OTBIPBIN, T'€OJIOTHSJIBIK-CTATUCTUKANBIK MOJENb JKacal[bl. Byl MOJEIb TeOoNOTHSIIBIK JKOHE TEXHOJIOTHSIIBIK
(axTopiapplH KapOOHATTHl JKbIHBICTaplaH TypaThiH DepraHa aiiMarblHBIH MYHail any Kod(hQHUIMEHTIHE CamnaliblK JKOHE
CaHJIBIK 9CEepiH aHBIKTayFa MYMKIHJIIK Oepeai. 3epTTey HoTHKeNepi MyHai any ko3 (UIMEeHTIHe reoJIOTHSIIBIK (aKTOpIapablH
0achIM acepiH KepceTce, TEXHOJIOTHSIBIK (pakTopiap/AbIH illiHIe YHFbIMaIapAblH OPHANIACY THIFBI3/BIFBI FAHA eIIeyIli acepre ue
eKEeHIH aHBIKTa/Ibl. AJIBIHFAaH MyHail ainy KOA(MQHIMUECHTIHIH TIe0JOTHsUIBIK-CTATUCTUKAIBIK MOJENIH KEH OPBIHIAPBIH HUIrepy
JKYHeepiH XKeTinaipyre apHajFaH reoJIoTHsUIbIK-TeX HUKAJIBIK Iapajap/bl Heri3Aey YIIiH KOJIIaHy YChIHBIIa b
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AnHoTanus. [IpuBeieHBI 0COOCHHOCTH TEOJIOTMIECKOTO CTPOCHHS 0OBEKTOB MAJIOBI3KUX He(TeH, MpeCcTaBICHHBIX Kap-
OOHATHBIMH KoJUIeKTOpamu, Depranckoro peruoHa Y30CKUCTaHA, XapaKTCPUIYIOIIUXCS IIMPOKUM ITUANa30HOM H3MCHEHUS
reosoro-pusndeckux (hakToOpoB U MapaMeTPOB PEATM30BAHHBIX CHCTEM pa3paboTku. Ha ocHOBe yTOYHEHHs mapaMeTpoB Xa-
PaKTEPU3YIOUNX CTPOCHHS 3aJIeKEH, Te0IOTHIeCKO HEOTHOPOAHOCTH U KOJUIEKTOPCKIX CBOWCTB MPOAYKTHBHBIX ILIACTOB, a
TaKXKe Pe3yJIbTaTOB pa3padOTKN OOBEKTOB, HAXOAALINXCS B TO3AHEN cTaany dKciuryaranui. C IpUMEHEHHEM METO/1a MHOTO-
(hakTOPHOTO KOPPETSIMOHHOTO M PETPECCHOHHOT0 aHAJM3a CO3JaHO T€0JIOT0-CTATUCTHIECKas MOEIIh, TO3BOJISAIONIEE yCTaHO-
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BUT KaYECTBEHHOE M KOJMYECTBEHHOE BIMSHUE TEOJIOTHYECKUX M TEXHOJIOTHYECKHX (PaKTOpoB HA KOI(PQPUIMEHT U3BJICUCHUS
HeTH U3 00BeKTOB Depranckoro pernoHa Y30eKHCTaHa, MPENCTaBICHHBIX KapOOHATHRIMHU mopoaamu. IlokasaHo, mogaBisi-
IoIIee BIMSHUE Te0J0OTHYeCKUX (PaKTOPOB Ha KOIPPHUIUCHT M3BJICUCHHS HEPTH, a N3 TEXHOJOTHYECKUX TOJIBKO CYIIECTBEHHOE
BJIMSTHUE TUIOTHOCTH CETKU CKBaKHMH. [lodyueHHas reosoro-craThucTHyeckas Mojenb kKoddduimeHTa usBiedeHus HeTu pe-
KOMEHJIOBAaHO MCIIOJIb30BaTh MPU OOOCHOBAHHMHU T'€0JIOTO-TEXHUYECKHX MEPOIPUSITHH MO COBEPIICHCTBOBAHHIO pealM30BaH-
HBIX CHCTEM pa3padoTKH OOBEKTOB.
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