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Uccneposanme BNMaHusa 6moreHHoro paKropa
Ha aKKyMYynSiLLUIO peAKo3eMesibHbIX 3/IeMEHTOB
B MOpoAaX TOMTOPCKOro KoMriekca (ikyrtus)
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AHHoTauus. NpoBefeHo nccnegoBaHne obpasLa Nopoa U Pyg YHVKanbHoro Tom-
TOPCKOTO peflko3eMeNlbHO-H1OO/EBOro MECTOPOXAEHMSA METOAAMI CKaHMPYIOLLEeN
3/71eKTPOHHON MWKPOCKOMMUU N SHEProAUCNepPCUOHHON PEHTTEHOBCKOW CMEKTPO-
ckonuun. PaHee BbiCKa3biBanMcb OOOCHOBAHHbIE MPEANONOKEHNSA, YTO BbICOKME
cofepKaHua pefKo3eMesibHbIX /IEMEHTOB B pyAax TOMTOPCKOro MecTopoXKaeHus
chopMupoBanuch B pesynbTaTe XKU3HeLeATeIbHOCTU MUKPOOPraHU3MOB U cneum-
drYecKX Pr3NKO-XMMUYECKUNX YCIIOBUI X 0OUTaHWA. A NoATBEPKAEHMA AaH-
HOV runoTe3bl NPoBeAeHO 6GaKTepuanbHO-MaNeoHTONIOrMYeckoe uccnefoBaHme
nopofbl 3 rETMTOBOro ropn3oHTa (MHT. 58,0-58,1 M) ckBaxkuHbI 2 (yuyacTok bypaH-
HbIl). B pe3ynbTtaTte B mopope 06HapyXeHbl CKOMMEHMA MUKPODOCCUIbHBIX OCTaT-
KOB Pa3fiNyHbIX MOPQOSOrmin, KOHLEHTPUPYIOWNX PefilKO3eMeslbHble 3JIEMEHTDI.
MprBeaeHbl onncaHua mopdonorny 06HapyXeHHbIX MUKpodoccunuii, onpeaene-
Hbl KaK NPOKaproTMYecKune, Tak 1 SykapuoTtnyeckre ¢opmbl. iccnepoBaHue noka-
3aJ10, UTO B MapraHeL-Kene3Ho-OKCMAHON Nopofe KOHLEHTPMPOBaH/e pefKo3e-
MeJIbHbIX 3/1EMEHTOB MPOUCXOAUT UCKITIOUUTENIBHO B MUKPOGDOCCUIIbHBIX OCTaTKax
C 3aMeLLlEHNEM OPraHNYeckoro BeLecTBa MMHepanaMmn rpynnbl naoMborymmuTa
npu ¢occunuzauun. B n3yyeHHol mopoge YCTaHOBNEHO, UTO MMUKPOOPTraHW3Mbl
aKKyMyJIMpOBanu npexpe BCero Lepuii U naHTaH, B MEHbLUEN CTeneHn — npaseo-
AVM 1 HEOAMM, NPUYEM KaueCTBEHHbI COCTaB pPeAKO3eMeSIbHbIX S1eMEHTOB CBA3aH
C MOPONOrNYeCcKMM TUMNOM GOCCUNN3UPOBAHHBIX MUKPOOPTraHN3MOB.
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Abstract. The authors analyzed a sample of an ore rock from the unique Tomtor
REE-Nb ore deposit, using scanning electron microscopy and energy-dispersive
X-ray spectroscopy. A high rare earth element (REE) potential of the rocks should
have been previously related to microorganisms’ activity and specific physical
and chemical conditions of their habitat. To confirm the hypothesis, the authors
conducted a bacterial and paleontological study of the goethite horizon (int.
58.0-58.1 m) rock sample from the borehole 2 (Buranny site). The findings
revealed microfossil remains of various morphologies in the rock sample, which
correspond with rare earth element accumulation zones. The results described
morphology of the discovered microfossils and identified both prokaryotic and
eukaryotic forms. The study demonstrated that in the manganese iron oxide
rock rare earth element accumulation occurs exclusively in microfossil remains,
with the fossilization process involving replacement of the organic matter
with plumbogummite-group minerals. It was determined that, during their
lifetime, microorganisms in the studied sample primarily accumulated cerium
and lanthanum, and to a lesser extent, praseodymium and neodymium, provided
that the qualitative composition of rare earth elements relates to the fossilized
microorganisms’ morphological type.

BBEAEHUE

ToMTOpCKUI KOMMJIEKC (MaccvB) YNbTPAOCHOBHbIX
LLIEeNIOYHbIX MOPOA KapOOHATUTOB — KPYMHENLLNIA Cpean
N3BECTHbIX KaPOOHATUTOBbIX MAacCUBOB (OKOJO 250 KM?).
OH yHVKaneH Kak Nno 3amnacam, Tak 1 Mo KOHLEeHTpaumam
CKaHAWS, UTTPUA, HNObWA, peIKO3eMeNbHbIX S/IEMEHTOB
(nmpoxnop-moHauuT-antomodocdaTtHbIX pya), a Takxke
Xenesa, TUTaHa, BaHagmsa, docdopa, KOMNAEKCHbIX pya.
MaccuB pacnonoxeH B ApKTuuyeckon 3oHe Pecny6nu-
Kn Caxa (AkyTus), BoctouHee AHabapcKoro nogHATUA,
Ha nepeceyeHnr OCEBON 30Hbl YIXKMHCKOrO NOAHATMA
n Monogo-lNonnranckoro ByAKaHO-MIYTOHNYECKOrO
nosca. TOMTOPCKMIA KOMMIEKC UMEET KOJTbLIEBYIO CTPYK-
TYPY U CNOXeH B nepudeprnyeckoii 30He 6MOTUTOBLIMY,
BUOTUT-NMUPOKCEHOBLIMU 11 HEDENMHOBBIMU CUEHUTaMU,
UARONUT-MenbTeNnrnTaMm C TpybKamm 1 fakamm namnpo-
$V1pPOoB, a B LeHTpanbHON YaCcTy — MUKPOKNH-CIIIOAN-
CTbIMM MOPOJaMU M KapboHaTUTamMu, Cpeam KOTOpbIX
BbIAENATCA «pyaHble» 1 «be3pyaHble» Pa3HOBUAHOCTM.
YHukanbHo 6oratble Sc-Y-Nb-P32 ToHKocnoucTtbie
pyabl (Tak Ha3blBaeMbll «BEPXHUN PYAHbIA ropu-
30HT») nNpepacTaBnAlT cobor cTpaTndULMPOBaHHbIE

80

MiacToBble TeNna, 3ajeraLwme, Kak CUMTaeTcd, BO BMa-
[AVHAX Ha Kope BbIBETPMBaHUSA MO KapbOoHaTHbIM NMOpo-
[JaM, Ha W3MeHEeHHbIX KapboHaTWTax WIn mopopax
CULEPUTOBOrO rOpun3oHTa (AHTKH 1 gp., 1990; TonctoB
n ap., 1999; Tonctos n ap., 2020). Ana 3Tux pya xapak-
TepHa BbICOKasA [AWCNEPCHOCTb MUHEpanoB 1 arpe-
ratoe — fo 90 % martepuana CNOXeHO YacTuuamum
MeHee 10 MKM. Mopenb ¢opmupoBaHus (reHesuc)
6oratbix pyn TOMTOPCKOrO MeCTOpOXAEeHWA OCTaeTcA
ONCKYCCMOHHOWN: MaBHYO POJSib B HeW OTBOAAT pas-
NINYHBIM NpoLeccaMm — MarMaTMyeckomy, 0CafouHOMY,
rmapoTepPManbHO-0CaA0YHOMY, BYJIKAHOT€HHO-0CaA0u-
HOMY mnn GroreHHo-ocagoyHomMy. Bonpoc BToprnyHoro
npeobpa3oBaHNA Py TaKKe OKOHUYATENIbHO He peLUeH:
nm6o popmMrpPOBaHME MPOUCXOANIO B OKUCIIUTENIbHOM
06cTaHOBKe, NMM60 nop AeNCTBUEM BOCCTAaHOBJIEHHbIX
60S1I0THBIX PAaCTBOPOB, NPOCAYMBAIOLLNXCA U3 3aerato-
LLMX BbILle YrNIeHOCHbIX OT/IOXeHWI. ABTOPbI Mofaraior,
YTO PYAOHOCHblEe Nopoabl TOMTOPCKOro MecTopoKae-
HMA chopmmpoBanncb B pesynbTaTe rugpoTepmasb-
HO-0CaJOMHOrO MpoLecca B yC/IOBUAX GUOreHHO 06y-
C/TOBJIEHHOTO KOHLIEHTPUPOBaHMA pPefKo3eMeNbHbIX
snemeHTOB (Banee — P33) (JlTazapea u gp., 2015).
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K HacTosileMy BpemeHn onybinKoBaH psag nccne-
[IOBaHW, MOCBALWEHHbIX BAUSHMIO OGUOreHHoro ¢ak-
Topa Ha akkymynaumio P33 B nopopax TOMTOPCKOro
Komnekca. B cTaTbsix npuBeaeHbl: AaHHbIE O MUHe-
Panoro-reoXMMmnYeckx 0CobeHHOCTAX Mopon 1 pyx;
JaHHble 06 n3oTonHom cocTase (§'3C, §'80) KapboHa-
TOB, KOTOPbIE YKa3bIBalOT Ha Ba>KHYIO POJib GUOreHHOro
¢dakTopa B pOpMMPOBAHNN MUHEPANOB TOMTOPCKOIO
KoMmnekca; onvcaHa mopdonorma MUKpopoCccunbHbIx
OCTaTKOB (BK/IOYAIOWMNX METAHOreHHblE, METaHOTPO-
¢dHble 1 poToTpodHbIE HGakTepuu, npoTeobakTepun
1 UnaHobaKTepun), o6HapyKeHHbIX B UCCNefoBaHHbIX
nopopax; MokasaHa CBA3b MeXAy PYLOHOCHOCTbIO
NMopoa 1 NpoLeccaMu Xn3HegesTeNbHOCTM MUKPOOP-
raHusmos (JJobpeLos u ap., 2021; XKeranno n gp., 2021;
Mmyp n ap., 1994; MoHomapuyk n ap. 2020; Moroz
et al,, 2021; Zhmodik et al., 2019, 2024a, 2024b).

MATEPUAJIbl U METO[bI

Hanbonee nonHbI paspes, xapakTepusyowui
pa3Hoobpa3ne 1 NOCiefoBaTENbHOCTb W3MEHEHWI
nopog TOMTOPCKOrO KOMMJIeKCca, BCKPbIT CKB. 6151,
NPoOypPEHHO B 0XKHOW YacTu yyacTKa bypaHHbIii. Pas-
pe3 npepcTaBfeH B cnegyouwem Buge (CHM3Y BBepX):
KanbLWTOBble «pyAHble» KapboHaTUTbl — BMOTUT-MU-
KPOKNMHOBbIE MOPOAbl — XIOPUT-GPaHKONUTOBbIE
obpasoBaHna — Mn-Fe-rugpoKcugHblin (rETUTOBBIN)
FTOPU3OHT — HWXXHWI PYAHbIA FOPU3OHT — cuaepu-
TOBbIVi FOPU3OHT (43 M) — BEPXHWI PYAHbIN FOPU3OHT
(nupoxnop-moHauuT-anioMmopochaTHble pyAabl), KOTO-
pble NepeKpbIBaOTCA KOHTUHEHTaNbHbIMU YIEHOCHbI-
MM OTNOXKEHMAMU MepMcKoro Bospacta. OpaHkonu-
TOBbIN, FETUTOBbIN, CUAEPUTOBbIN U BEPXHNA PYAHBIN
FOPU30OHTbI TPAAULMOHHO PacCMaTPMBAIOTCA Kak Npo-
¢dunb BbiBeTpMBaHUA (JlanuH n gp., 2011).

MeTogamun cKaHMpyloLwen SNeKTPOHHON MUKPOCKO-
nun (COM) n 3HeprogMcnepCcUoOHHON PEHTIEHOBCKOMN
cnekTpockonuu (3AC-aHanu3) nccnepoBaH obpasel no-
poapl (T-224-23) 13 réTMTOBOrO FOPU30HTa, BCKPbLITOrO
ckB. 2, NpobypeHHoM B 1995 I. B LieHTPanbHOM YacTu
ceBepHoro ¢naHra yyactka bypaHHbIi maccea TomTop
(puc. 1). MNopopa npefcTaBneHa PbiXbIM MaTEPUANIOM
6ypO-KOPUYHEBOTO LiBETA C BbICOKUMU COAEpKaHWsA-
mmn TiO,, Al,Os, FeOyo, MNO, P,0s, BaO (tabn. 1). Cyaa
no cogepxaHmam Nb,Os (0,26 mac. %) v P33 (1,18 mac. %;
No AaHHbIM CMEKTPOMETPUM C NHAYKTUBHO CBA3AHHOW
nnasmMol U aTOMHO-afiCOPOLMOHHON CMeKTPOMETPUN
(MCN-AAC) — 1,78 mac. %), obpasel, MOXHO OTHECTU

K 6efHbIM TETUTOBbLIM HUOOWIN-pefKo3eMeNbHBIM Py-
Jam. MviHeparnbHbIi COCTaB NOPOAbl NpeacTaBneH rétu-
TOM, MMAPOKCMAAMY MapraHLa, a Takxe NoguYMHEHHbIMU
KonmyectBaMmn KaonuHuta, Nb-copepxkaliero pyTtuna,
MWUHepanoB rpynnbl naombéorymmmta (Bayliss et al,
2010) (ropcenkcut, roaunT, GNOPEHCUT, KpaHOANnT)
1 pennktoB Mn-copepikallero cngepura.

Mpenapatbl (CKOMbI NOpPoAbI) GblIN N3yYeHbl METO-
[JOM CKaHVpyIoLLeln S1eKTPOHHOMN MUKPOCKONUN Ha Npu-
6ope Tescan VEGA 3 C TepMO3MUCCMOHHBIM KaTOLOM
B OOGbeAUHEHHOM WHCTUTYTE SAEPHbIX WUCCNefoBa-
HUN. Ncnonb3oBanacb cuctema dDJJC-aHanu3a Oxford
Instruments plc ¢ NoNyNPOBOAHUKOBLIM AETEKTOPOM
PEHTreHOBCKOro m3nyyeHma X-Act n nporpammHbim
obecneueHvem Aztec 3.2 SP1. CnepyeT yunTbiBaTb,
yTo U3-3a penbePpHOCTU U HEeroMOreHHOCTU MOBEpPX-
HOCTM 00pa3uoB YAanoCb BbIMOSHWTL JNUWb Kaye-
CTBEHHbIN N NPUBNUKEHHO-KONMYECTBEHHDBIN aHanu3
XVIMMYECKOro COCTaBa MMHEPANoB U GpOCCUNN3NPOBaAH-
HbIX 0Opa3oBaHMiA, MOITOMY CYMMbl BECOBbIX COLEpPXKa-
HWIA 3N1eMeHTOB B Tabnuvuax npriBedeHbl B nepecyete
Ha 100 %. WccnepoBanu cBeXme BHYTPEHHME CKO-
Nbl nopoAbl, MPeABapPUTENbHO HarblfeHHbIe 30J10-
TOM (8,2 HM), UTO NO3BONANO C AOCTAaTOYHO BbICOKMM
KauyeCcTBOM BbIABNATb pacnpefesnieHnsa 1 copepXaHus
penKo3eMesibHbIX 3/1IeMEHTOB. B nepBom npunbnvxeHmum
30Ha reHepauuun peHTreHoBCKOro usnyyenma (ot 0,1
[0 5 MKM) 3aBMCUT OT MJIOTHOCTU MaTepuana obpasua
N ycKopsAwlLwWero HanpsxeHna. N1osTomy B HEKOTOPbIX
cnyyasax AnA yTOUHEHUA KayeCTBEHHOro cocTaBa Mes-
KX 06BEKTOB YCKOPAIOLLEE HANPsKeHVEe BapbUpOBa-
nocb B gmnanasoHe ot 10 go 30 kB.

PeHTreHodnoopecueHTHbIN aHanu3 (POA) xumunue-
CKOro cocTaBa MOPOAb! BbIMOSIHEH Ha CreKTpomeTpe
ARL-9900XP (ThermoFisher Scientific) ¢ ncnonb3oBa-
Huem nporpammbl QuantAS (LUKIM UM CO PAH, aHanu-
TuKk H.T. KapmaHoBa). lMNpenapatbl gna aHanmM3a roto-
BUJIA MyTEM CMy1aBiieHnsa nNpobbl ¢ GIlOCOM Ha OCHOBe
cmecn TeTpabopata M metabopata NnuTMA B COOT-
HoweHun 1:9. Mpenenbl OOGHapPY)KEHUsI 3IEMEHTOB
coctaBunn 0,001-0,1 mac. %. CopepxaHne 31eMeHTOB
oT K no U onpegensnn metogom POA-CU, peanuso-
BaHHbIM Ha CTaHUWMX 3f1IeMeHTHoro aHanwusa BIIM-3
(pexkum yckoputena 2 3B, TOK YCKOPEHHbIX 3neKTpo-
HoB 100 MA) B CMOMPCKOM LIEHTPE CMHXPOTPOHHOIO
nsnyuyeHna MAD CO PAH (aHanuTuk 0. . Konmoropos).
CopepxaHua P33, Nb 1 conyTCTBYIOWMX 31EMEHTOB
onpeaensAny no cneyuanbHo pa3paboTaHHOM MeToanKe
Ha aTOMHO-3MUCCUOHHOM CNEKTPOMETPE C UHAYKTMBHO
cBAzaHHon nnasmon IRIS Advantage (Thermo Jarrell

Ta6nuuya 1

Xumuueckuii coctaB o6pasua T-224-23 u3 réTUTOBOro ropu3oHTa CKBaXnHbl [2 TOMTOpPCKOro Komnnekca

Table 1. Chemical composition of the goethite horizon sample T-224-23 from the Tomtor complex borehole I'2

Si0, Ti0, Al,0, FeOy MnO MgO @0 Na,0 K,0 P,0s nnn
4,36 2,93 11,44 35,38 3,66 0,57 2,86 0,00 0,44 7,00 2411
Ba0 V,05 NiO Nb,05 Ce0, Sr0 n0 La,0, Y,05 0 Pr,03
3,81 0,04 0,05 0,26 0,58 1,41 0,27 0,43 0,1 0,01 0,06
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Ash, CLWA) B UKM MHOrosnemeHTHbIX 1 M3OTOMHbIX
nccnegosaHuin CO PAH (Capebir-oon v gp., 2020). Kanu-
6poBKY OCYLLECTBAAAN C MPUMEHEHMEM BOAHbIX pac-
TBOPOB 3/IEMEHTOB C aTTECTOBAaHHbIMK COAEPKAHNAMMN.
OTHOCUTENbHAA NOrPELIHOCTb aHaNn3a He NpPeBbILIAeT
15 %. KoHTponb TouHOCTM onpegeneHna P33 metogom
NCM-A3C nposogunn € MCNONb3OBaHWEM OTpacie-
BbIX CTAHAAPTHbIX ob6pasuoB OCO 250-91 (HOC-23,
pyaa pepkosemenbHas, BUMC, Poccua), OCO 755-16
(VIMS039RzO, pyga Huobuir-peakosemenbHas, BUMC,
Poccusa), OCO 758-16 (VIMS042RzO, pyna H1obuin-peg-
ko3zemenbHasa, BUMC, Poccus).

PE3YJNIbTATbl N OBCYXAEHWUE

[MaBHas uenb NCCNefoBaHNA — COOTHECEHNE yyacT-
KOB, 06OraweHHbIX pPeAKo3eMeSibHbIMU 3f1eMeHTaMMu,
N CKOMJIEHNA MUKPOPOCCUAbHBIX OCTaTKOB B P33-Hu-
06veBON pyae réTNTOBOrO FOPU3OHTA TOMTOPCKOIO
KoMnekca.

HanHHble [1C-aHann3a cBMAETENbCTBYIOT, YTO OCHOB-
HbIM MMHEPasioM WUCCNefOBaHHOW Mopoabl SBNAETCA
rmgpookcng xenesa (rétut); NPUCYTCTBYIOT MMAPOKCU-
Abl MapraHua, KaonuHUT, HMobuncogepxalmim pyTmun
(Nb-TiO,), MuHepanbl (TBepgble pacTBOpPbLI) rPymMmbl
nniomborymmuTa (Bayliss et al., 2010) (ropceikcurt,
roAuunT, GNOPEHCUT, KPaHAAINT), a TaKXe PenunKTbl,
B OOMbLWNHCTBE ClyyaeB M3MeHeHHble, Mn-copepia-
wero cmpepwuta, chaneputa. B nopoge yacto BcTpe-
YaloTCA NPOMEXYTOUHbIE PAa3HOBUAHOCTY antomodoc-
¢daToB rpynnbl NAOMOOrymmunTa (ropcenkenT-roaunT—
dnopeHcnT-KpaHaannuT), nmetowme 6akrtepromopod-
HbIl BUA,.

bakTepuanbHble  MUKpPOGOCCUIbHBIE  OCTaTKM
(pnc. 2-7)  mopdonormyeckn UHTEPNPETUPYIOTCA
Kak 6auunnononobHole ¢opmbl (ANAMHOM 1-5 MKM)
(pnc. 2), Ha KoTOpble MPUXOAMTCA OCHOBHaA Macca
HaxoAoK (obHapyxuBaloTcA B OONMbLIOM KOnmMyecTse
B MUKPOTPELYMHAX); KOKKoMAHble ¢opmbl (puc. 3,
Tabn. 2, 3) (~3-5 MKM) — Kak OAMHOYHbIE, TaK 1 B Fpym-
nax; Jexnbl (puc.4), mewkoBugHble ¢opmbl (puc. 5,
Tabn. 4) c 6yropkamu 1 oTpocTkamu. Yactb MuHepanb-
HOWM MaTpuLbl MNOKPbITa GOCCMAN3NPOBAHHBLIM FINKO-
Kannkcom (pmc. 6, Tabn. 3). O6HapyKeHbl TakxKe Masble
(~0,5 MmKMm) 6aumnnonopobHble popmbl C 6osiee BbICO-
Kum copepxaHmem P33 (puc. 7, Tabn. 5).

Mo pesynbratam JC-aHanu3a MOXKHO 3aKOUNTb,
YyTo MecTa akkymynauum P33 coBnagaloT C 30Hamu
0OHapyXeHnss MOpPdONIOrMYECKN PaCcno3HaABaEMbIX
MUKPODOCCUIIBHBIX OCTAaTKOB U IMIMKOKANMKCa (3a pea-
KUM nCKnoyeHnem). MrnHepanbHaa matpuua, BMella-
lowasa Mnkpodoccunmm, npepcTaBneHa CUaepuToMm,
Mn-copepxawum cugepmutom M réETUTOM; 3HAYUMbIX
cofilepxaHnii P33 B Hell He OBHapPYXKeHO (M NX KOH-
LeHTpauumn HaxopATca HuKe npegena obHapyxeHus).
Bo Bcex ycTaHOBEHHbIX MUKPOGOCCUNNAX B MpoLecce
doccnnmnsaumm opraHmKa bbina 3amelleHa MUHepanamm
rpynmnbl NIoMoorymmumTa.

Hetektnpyemble P33 npefcTtaBnieHbl naHTaHOMAAMU:
Ce, La, Nd, Pr. OctanbHble P33 B uccnegoaHHoMm obpas-
Lie He BbliBNEeHbl. OTHOCUTENIbHO KayeCTBEHHOMO COAEp-
»KaHna P32 MOXHO chenaTtb BbIBOZ, UTO LiepuiA coaep-
XKUTCA BO BCeX OOHApYKeHHbIX MUKpodoccMnumax; 3aya-
CTYI0 eMy COMyTCTBYeT flaHTaH (BMNpoYeM, BO3MOXHO,
B TeX C/lyyanXx, rae oH He obHapy»eH, 3To 06ycnoBneHO
He[OCTaTOUYHONW UYyBCTBUTENIbHOCTbIO aHanu3a). Heo-
OVM 1 Npa3eofum BCTPEYaloTCA 3HAUUTENIbHO pexe.

Puc. 1. CxemaTnuyeckas reonormyeckas Kapta AOOPCKNX 06pa3oBaHUi LeHTpanbHOI YacTi TOMTOPCKOro MeCcTOpOXAeHUs

1 — KOHTMHEHTabHble 0CaflouHble MEPMCKME OTIOXKEHNA; 2 — KapOoHaTWTOBble Bpekuny; 3 — KapbOoHATUTLI PeAKOMETaNbHbIE;
4 — aHKepUT-LIaMO3UTOBbIE MOPO[bI; 5 — KapboHaTUTHl GOCHOPHO-pefKOMETaNIbHbIE (MONUMMUHEPANbHbIE), 6 — anaTUT-MUKPO-
KNUH-CNtoANCTble nopofbl; 7 — KapboHaTUThl 6e3pyaHble (KanbLUTOBblE ¥ JONOMUT-KanbUMTOBbIE);, 8 — KanbUWUT-MUKPOKVH-CII0-
ANCTble MOpOoAbl; 9 — KamadopuTsl; 10 — WENOYHO-YNBTPAOCHOBHbBIE MOPOAbI ANbHEWUT-TUHIYaUTOBOW CepUM (aNbHEWTbI, MUKPUTHI,
TUHryauTsl U ap.); 11 — wWenoyHsle 1 HedenMHOBbIE CUEHNUTH; 12 — donaonuTel — HebenH-NMMPOKCEHUTOBBIE MOPOAbLI PAAa
AKYNUPAHIUT-YPTUT; 13 — reonorvdyeckre rpaHnLbl U 14 — TeKTOHWYECKME HapylWeHnsa: d — JOCTOBepHble, b — Mnpeanonaraemble
1 norpebeHHble; 15 — npobypeHHble CKBaxMHbE: a — [0 1985 T, b — 36enAaxcKon reonoropassefoyHoON NapTMen Ha MOMCKOBO-
oueHoYHol ctaamn B 1985-1990 T, ¢ — Ha CTaauM pa3Beakn No obbekTy bypaHHbIi B 1991-1994 rr; 16 — KOHTYpbI Y4aCTKOB
CeBepHbi, BypaHHbin 1 KOxHbIN; 17 — pacnonoxexune cka. [2

McTouHnk: no Tonctosy v ap. (1998)°

Fig. 1. Schematic geological map of the Pre-Jurassic formations in the central part of the Tomtor ore deposit

1 — Permian continental sedimentary deposits; 2 — carbonatite breccias; 3 — rare metal carbonatites; 4 — ankerite-chamosite
rocks; 5 — phosphorus rare metal (polymineral) carbonatites; 6 — apatite-microcline-micaceous rocks; 7 — barren carbonatites
(calcite and dolomite-calcite); 8 — calcite-microcline-micaceous rocks; 9 — kamaphorites; 10 — alkaline-ultramafic rocks of the al-
noite-tinguaite series (alndite, picrite, tinguaite, etc); 17 — alkaline and nepheline syenites; 12 — foidolites — nepheline-pyroxenite
rocks of the jacupirangite-urtite series; 13 — geological boundaries and 74 — tectonic faults: a — established, b — inferred and
buried; 15 — boreholes drilled: a — before 1985, b — Ebelyakh geological exploration party at the appraisal stage in 1985-1990,
¢ — at the exploration stage of the Buranny object in 1991-1994; 16 — outlines of the Severny, Buranny, and Yuzhny sites;
17 — borehole 72 location

Source: from Tolstov et al. (1998)™

“Tonctos A. B, Lipibynbckas T. E., TyHuH A. T1. OTueT 0 pe3ynbTatax NpeABapuTeNbHON pa3BeAKn 6oraTbix pyA yuacTka BypaHHbIi pefko3emenbHOro
mMecTopoxaeHua Tomtop 3a 1990-1997 rr. ¢ noAcYeTOM 3anacoB Mo cocToAHuo Ha 01.01.1998 r., n. Ainxan, 1998 r. // TYIN «CaxareouHdopm».
N2 19329.

“Tolstov A. V., Tsybulskaya T. E., Gunin A. P. (1998). Report on the preliminary rich ore exploration results at the Buranny site, the Tomtor rare earth
deposit for 1990-1997, with reserves calculated as of 01.01.1998, Aykhal settlement. GUP “Sakhageoinform” No. 19329.
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WD: 9.81 mm View field: 56.8 um VEGA3 TESCAI
SEM HV: 25.0 kV Date(m/dly): 12/08/24
Det: SE, BSE photo-4E LRB JINR

Puc. 2. MHOXecTBeHHble 6auunnonopobHbie popmbl (3aMeLieHe MOHALUTOM)

306pakeHne B SE (cnesa) v BSE (cnpaBa) netektopax. SE — [eTeKTopbl BTOPUUHBIX 3NeKTPOHOB, BSE — aetekTopbl 06paTHO pac-
CeAHHbIX NeKTPOHOB

Fig. 2. Multiple bacilliforms (replacement with monazite)

Image in SE (left) and BSE (right) detectors. SE — secondary electron detectors, BSE — backscattered electron detectors

Puc. 3. KpynHble KOKKovgHble popmbli ¢ 6yrpucToii noBepx-
HOCTbIO (BO3MOXHO, C/IMMNLUMECA MaJible KOKKonAaHble/6a-
unnnonofo6Hble $opmbl), 3amelleHHble MUHepanamm
(TBepAbIMM pacTBOpamu) rpynnbl riloM6orymmuta (rop-
CEeNKCUT-TOALNT—-GNOPEHCUT) PaCNOIOKEHHbIE Ha M3Me-
HEHHbIX yyacTKax cupepuTta. Pagom — KapTta pacnpepe-
neHna uepusa

Fig. 3. Large coccoid forms with a tuberous surface (pos-
sibly adherent small coccoid/bacilliforms), replaced with
plumbogummite-group minerals (solid solutions) (gorcei-
xite-goyazite-florencite) located on altered areas of side-
rite. Ce-distribution map is attached

Tabnuya 2
Xumunueckuii cocta (mac. %) KOKKOMAHbIX popm (cnekTp 1) n oKpyxatowieil nopoabl (cnekTpbl 2—4) ana puc. 3
Table 2. Chemical composition (wt. %) of coccoid forms (spectrum 1) and surrounding rock (spectra 2—4) for fig. 3

Homep cnektpa | C 0 Na Al Si P K (a Ti Mn Fe In Sr Ba La Ce Nd
1 59,4 1048 | 13,9 9,08 0,88 0,36 | 391 2,95 157110911191 0,45
2 15,2 | 56,2 0,36 0,26 0,49 | 27,5
3 16,9 | 58,7 0,73 | 1,09 019 0,1 | 052054 | 213
4 17 | 58,4 0,53 | 0,67 | 0,18 | 0,11 012 | 054|223 0,18
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Puc. 4. Mukpodoccunum pasnuuHbix mopponornyeckmx TMnos

Yexon (a), cdepurueckan dpopma ¢ byropuatoit NOBEPXHOCTBIO (b), IMNKOKANMKC (C), 3aMeLieHHble MHepanamm rpynnbl mnoMooryMmmmTa
(TBepAble PacTBOPbI): KPaHAANIUT-TOPCENKCUT-TOMALUUT-GIOPEHCHT, Ha M3MEHEHHOW NMOBEPXHOCTU cuaepuTa. Homepammn oTmedeHbl
COOTBETCTBYIOLLME CNEKTPLI 13 Tabn. 3. PAQOM — KapTa pacnpefeneHua uepus

Fig. 4. Microfossils of various morphological types

Sheath (a), spherical shape with a tuberous surface (b), glycocalyx (c), replaced with the plumbogummite-group minerals (solid
solutions): crandallite-gorceixite-goyazite-florencite located on altered areas of siderite. The numbers correspond to the spectra
in table 3. Ce-distribution map is attached

Tabnuuya 3
Xumunueckuin coctas (mac. %) BbigeneHHbIX obnacreii ana puc. 4
Table 3. Chemical composition (wt. %) of the selected areas for fig. 4
Homep cnexTpa C 0 Al Si P G Ti Mn Fe Sr Ba La Ce Nd
1 12,1 | 454 0,4 0,3 09 40,9
2 118 | 472 | 6,26 08 3,43 0,5 18 0,8 23,3 14 2,1 0,6
3 54,2 | 16,6 12,2 3,3 1,62 3,6 2,2 2,2 3 1,2
4 53,9 | 15,6 11,2 2,6 0,3 4,54 3,4 3 1,9 2,6 1
5 58,7 | 15,8 11,3 2,6 1,52 43 2,7 09 1,7 0,6
6 123 | 542 | 3,64 2,05 0,3 0,7 25,1 04 14
7 55,5 | 11,5 7,46 0,8 0,4 15,9 18 5,9 0,9
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Puc. 5. bakTepuanbHble MUKPOdOCCMIIbHbIE OCTaTKN pasnnyHoii mopdonorum

Cnesa — MelKoBMAHAA GOPMA C LWAPOBUAHBIM OTPOCTKOM M ByropKamm Ha MOBEpPXHOCTH (CMEKTpP a); cnpasa — byropuatas dopma
C LWMNACTOM NOBEPXHOCTBIO (CNeKTp b); cBepxy — obLiee none 0630pa. Homepamm OTMeUeHbl COOTBETCTBYIOLME CMIEKTPbI 13 Tabn. 4

Fig. 5. Bacterial microfossil remains of various morphology

Left — saccular form with a bud and tubercles on the surface (spectrum a); right — tuberculate form with a spiny surface (spec-
trum b); top — general field of view. The numbers correspond to the spectra in table 4

Tabnuuya 4
Xumuueckuii coctaB (mac. %) BbigeneHHbIX o6nacreit ansa puc. 5
Table 4. Chemical composition (wt. %) of the selected areas for fig. 5

Homep cnekTpa C 0 Mg Al Si P K (a Ti Mn Fe In Sr Ba La Ce Nd
1 51,6 13,2 92102 | 18 06 | 12 16 | 1,2 | 25 5 14
2 4561 04 | 61| 25|31 |05 1|05 14 | 37,2 2,7
3 104 | 455 461112 ({3903 | 28] 22|09 (241] 05 | 1,22 2,6
4 30,8 5,5 34|02 1 2,4 | 521 4,7
5 12,7 | 54,7 3,48 1,8 0,3 0,7 | 252 1,2
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WD: 6.11 mm View field: 172 pym VEGA3 TESCAN
SEM HV: 25.0 KV | Date(m/dly): 04/06/25 50 ym
Det: SE 72_3 D_E_all LRB JINR

50 um 50 pm 50 um 50 um

Ce Lol Fe Koul

Mn Kot Al Kou1

50 um 50 pm 50 um 50 um
Puc. 6. MuHepann3oBaHHbI IMNKOKaNMKC Ha MOBEPXHOCTUN M3MeHeHHOro Mn-cupiepyTta n KapTbl pacnpefeneHns NeMeHToB
BnaHa yeTkaa nokanusauma pefKo3emesNibHbIX 31eMEHTOB UCKMIOUYMTENBHO B 00NACTAX, MOKPbITbIX GOCCUANINPOBAHHBIM MIMKOKANMNK-
COM, NPEeACTaBEHHbIM TBEPALIM PACTBOPOM: KPaHAAUT-TOPCeNKCUT-TONALUT-GIOPeHCUT
Fig. 6. Mineralized glycocalyx on the surface of the altered Mn-siderite and element distribution maps

Clear localization of rare earth elements is exclusively visible in areas covered by fossilized glycocalyx represented by the solid
solution of crandallite-gorceixite-goyazite-florencite
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SE-petekTop BSE-pgeTekTOp

" STrIa-.

CeLal

1 e
WD: 5.02 mm View field: 20.9 ym | VEGA3 TESCAN
SEMHV: 25.0kV  Date(m/dly): 04/11/25 5 um
Det: SE 72.3 B _H_s59 LRB JINR

Puc. 7. Mukpononoctb, 3anofiHeHHaA cKorieHneM $GpocCcUNM3npoBaHHbIX Manbix 6auunnonopobHbix ¢opm (~0,5 MKm),
XapaKTePU3YIOLNXCA BbICOKUM COAep)KaHNEM pefKo3eMeslbHbIX /1IEMEHTOB U 3aMeLLeHHbIX MOoHaLuToM. M306pakeHne
B SE n BSE petekropax

Cnpasa cHM3y — MaclwTabrpoBaHHOe n3obpaxeHve (B SE v BSE peTekTopax); CneBa CHW3Y — KapTa pacrnpefeneHns no Lepwio.
YacTb nopopbl BOKPYr MOKPbITa MUHEPANM30BaHHbIM TMKOKaIMKCOM

Fig. 7. Microcavity filled with numerous fossilized small bacilliforms (~0.5 um) characterized by high rare earth element
content and replaced by monazite. Image in SE and BSE detectors

Bottom right — tonal image; bottom left — Ce-distribution map. Mineralized glycocalyx partially covers the surrounding rock

Tabnuuya 5
Xumuueckuii coctaB (mac. %) manbix 6auunnonofo6Hbix popm ansa puc. 7
Table 5. Chemical composition (wt. %) of small bacilliforms for fig. 7
0 Al P €] Fe Sr Ba La Ce Pr Nd
39,2 1,7 8,4 0,4 15,9 0,8 1,6 7,6 18,2 1,9 4,5
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MNpocnexnBaetcA  onpepeneHHaa  Koppenauus
MEXJY KayecTBeHHbIM coctaBom P33 u mopdono-
rmyeckum Tunom. B uactHocTW, 6auunnonono6Hble
$OopMbl 3aMeLLialoTCA MOHALUTOM, UMEKOT MaKCMMalb-
Hble cogepxaHua P33 (B cymme 6onee 32 mac. %)
N OTHOCUTESIbHO BbICOKMe 3HauyeHua Ce/la = 2,4 un
Ce/Nd = 4,0. KokkongHble, cpepmryeckue, WapoBUaHble
M MELKOBUAHbIE POPMbI MUKPODOCCUNNI, A TaKxKe
FMUKOKAJIMKC 3aMeLLaTca MUHepanamm rpynmnbl niaom-
60rymmunTa, KOTOpble NPefCTaBAT COO0M NMPOMEXY-
TOYHble Pa3HOBUAHOCTM (TBEpAble PAcTBOPbLI) KpaH-
LannuT-ropcenkcnT-ronaunT-GnopeHCMToBOro cocTaBa
1 nmetoT 6onee HU3KMe KoHLeHTpaumm P33 (oT nepBbix
Jo pecatm mac. %) u otHoweHuna Ce/la (1,4-2,0),
Ce/Nd (2,5-3,6). Bo3moXHO, 3TM 06bACHAETCA Bapma-
TUBHOCTb pacnpepeneHna P33, oTmeueHHasa B 6onee
paHHUX nccnegoBaHuax (NlanvH n ap., 2016).

Hanbonee BepoATHbIM MexaHM3MOM Grocopbuun
P32 ABnAeTca gocTaTouyHO GbicTpoe nornouieHre P33
U3 PaCcTBOPOB KJleTKaMun HGaKTepuid 3a CUET XEMOCOP-
6unn (Kasak n gp., 2018). B cootBeTcTBUU C pe3ynb-
TaTammn uccneposaHuin (Takahashi et al.,, 2005, 2007)
MOXHO MPEeAMnonoXuTb, Yto copbuma P33 mumkpoop-
raHM3mamm cBssaHa ¢ docdaTcofepxawymm coeau-
HEHUAMN MUKPOOHbBIX KJETOK, TaKuMu Kak ¢docdartbl,
nonundocdatbl, HyKNenHoBbIe KUCNOThI, pochonunual,
docdopunmposaHHble nonmcaxapuabl. MNocne copbunn
6aKTepun MOTyT BblAenATb GepMeHTbI UNn TpaHchepa-
3bl, KOTOPbIE CMOCOOCTBYIOT YaCTUYHOMY V3BJIEYEHMIO
P33 13 KNeToUHbIX CTEHOK 1 HaMpaBnAloT JaNbHenwune
npoueccbl copbummn-gecopbummn P33. TpaHcdepasbl
Takke 005afalT CNnocobHOCTbIO Mepemellatb ¢GyHK-
LMOHasbHble FPynnbl OT OJHOW MONEKYNbl K ApPYrown,
B 4yacTHOCTM docdaTHble rpynnbl MeXay COoeaunHe-
HUAMK, M Takum oO6pa3oM perynmpoBaTbh npoLecc
copbumu. Mo-BugmMmomy, He ClyvyaliHO BCe BbIABNEH-
Hble B N3yYyeHHoWN pyae TOMTOPCKOro MecTopoXxaeHus
doccnnmnsmpoBaHHble 6riomopdHble akkymynaumm P33
npeacTaeneHbl pocdatamm (MoHauuUT) nnm aniomodoc-
¢dbaTamu (TBepAbIMU PAaCTBOPAMM FONALUT-FOPCENKCUT-
dnopeHCUT-KpaHaanuT).

3AKJTIOYEHUE

[laHHoe unccnegoBaHue GaKTONOTMYECKN MOKa3sbl-
BaeT, UTO Mpu OMpeAeNieHHbIX (UNKO-XUMUYECKUX
YCIIOBUAX OCaXKAeHVEe U aKKyMynsiLMa pepko3emesib-
HbIX 3/1IEMEHTOB CBSfi3aHbl C XXN3HEAeATeSIbHOCTbIO
MUKPOOPraHW3MoB. B 4acTHOCTM, 3amelyeHune cupe-
pyTa TMAPOKCUZAAMU »Kefle3a U MapraHua, Kotopoe
MOIJIO NMPOUNCXOANTb B MpoLeccax HU3KoTemnepaTtyp-
HOTrO MMAPOTEPMASIBHOIO U SK30TE€HHOTO N3MEHEHUS
nopofbl, COMPOBOXAANOCb MacCOBbIM MOABIEHNEM
MMWKPOOPraHN3MOB—KOHLEHTPATOPOB pefKo3emMesb-
HbIX 3JIEMEHTOB. YCTaHOB/IEHO, UTO eC PYAOHOCHas
nopofa He Obina 3acefieHa MMKPOOBUOTON, TO peaKo3e-
MEeJIbHble 3/IEMEHTbI B HEl IN6GO He 06HApYXMBaloTCH,
NM6O WX KOHUEHTPAUUWU HUXe NpenenoB 4yBCTBU-
TENIbHOCTVM  3HEProAnCNepPCUOHHON PEHTFeHOBCKOM
cnekTpockonuu. BbisiBfieHa KoppenAuus KauyecTBeH-
HOro COCTaBa PEeAKO3eMESNIbHbIX 3/IEMEHTOB C MOp-
donornyeckum Tnom muKpodoccunuin. Tak, masble

6auunnnonofobHble GopMbl 3aMELLAIOTCA MOHALMTOM
1 copepkaT HanborbLLee KONMYECTBO PeaKo3eMesbHbIX
anemeHTOB (B cymme 6onee 32 mac. %). KokkougHble,
chepuueckme, WapoBUAHbIE U MeLLKOBUAHbIE GOPMbI
MUKPODOCCUNNIA, A TaKKe GOCCUNN3NPOBAHHBIN MMKO-
KanvKC 3aMeLLalTca MruHepanamu rpynnbl naomoorym-
MWTa, KOTOPble NPEACTABAOT COO0 MPOMEXYTOUHblE
Pa3HOBUAHOCTY KPAHAANINT-TOPCENKCUT-TONALMT-GIIOo-
PEHCUTOBOrO COCTaBa Ha WU3MEHEHHOW MOBEPXHOCTU
cupeputa 1 MMeloT 6osiee HU3KME KOHLEeHTpauumn
N COOTHOLUEHUA pefKO3eMESIbHbIX 3JIEMEHTOB.

MpoBeaeHHble bakTepuanbHO-NANEOHTONOIMYECKNE
nccnefoBaHUA Nopop TOMTOPCKOro Kommnnekca (Pec-
nybnuka Caxa (IKyTus)) cBUAETENbCTBYIOT, UTO MUKPO-
OpraHM3Mbl UrpaloT BaXkHYIO Pofib B KOHLEHTPUPOBa-
HUN peaKo3eMeNbHbIX 3/1IEMEHTOB B HU3KOTEMMepa-
TYPHbIX MMAPOTEPMANbHbIX 1 3K30re€HHbIX Mpoueccax,
B xofe KOTopbix $OpMUPOBaNNCb YHMKaNbHbIE NO 3a-
nacam n cogepXaHuaM pyabl BEPXHEro pyaHoro ropu-
30HTa. [onyyeHHble AaHHbIe MOTYT ObITb NCMOJIb30Ba-
Hbl NpY pa3paboTke BUOTEXHONOIMMYECKUX NPOLECCOB
KOHLEHTPUPOBAHMA 1 Pa3feneHna pegko3emMenbHbIX
SN1eMEHTOB, @ TaKXKe YUYTeHbl NPU NONCKaxX MeCTOPOXKae-
HWUI CTpaTermyeckoro cblipbs. MpriMeHeHne buonornye-
CKMX MPOLIeCCOB, He OKa3blBaloWMUX OTpULATENIbHOMO
BIIMAHMSA Ha SKOMOMMYeCKyo 00CTaHOBKY, MpeacTaBnaer
coboli NprBneKaTenbHylo CTpaTernio Ans n3BneyeHns
penKo3eMesbHbIX S1EMEHTOB U3 PYA, YUUTbIBAA Cenek-
TMBHOCTb NX KOHLIEHTPUPOBaHMA MUKPOOPraHNU3MaMMu,
yCTaHOBNeHHyt0 B nocnegHue rogbl (Castillo et al.,
2022).
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