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Abstract: Introduction. The Lena gold province is one of the largest known gold resources in the world. The history
of its exploration is long, but the genesis of gold mineralization hosted in black shales in the Bodaibo synclinorium still
remains unclear. The studies face the challenge of discovering sources for the useful component and mechanisms of
its redistribution and concentration. This study aims to clarify the time sequence of the ore mineralization in the Cher-
tovo Koryto deposit on the basis of detailed mineralogical and geochemical characteristics of the ore, wallrock meta-
somatites and the Early Proterozoic host black shales, and to assess the applicability of the Sukhoi Log model for clari-
fying the Chertovo Koryto origin.

Geological setting. The Lena gold province is located in the junction area of the Siberian platform and the Baikal
mountain region (Fig. 1). The main element of its geological structure is the Chuya-Tonoda-Nechera anticline. Its axial
segment is marked by horsts composed of the Early Proterozoic rocks with abundant granitoid massifs. The Chertovo
Koryto deposit is located within the Kevakta ore complex at the Tonoda uplift, the largest tectonically disturbed block
between the Kevakta and Amandrak granitoids massifs. The 150 m thick and 1.5 km long ore zone of the Chertovo
Koryto deposit is confined to the hanging wall of the fold-fault zone feathering the Amandrak deep fault (Fig. 2).

Composition. In the ore zone, rocks of the Mikhailovsk Formation include carbonaceous shales of the feldspar-
chlorite-sericite-quartz composition with nest-shaped ore accumulations of the pyrite-quartz composition and quartz
veinlets. In our study, we distinguish five mineral associations resulting from heterochronous processes that sequen-
tially replaced each other:

- The earliest association related with the quartz-muscovite-sericite metasomatism and the removal of REE and
other elements from the rocks and their partial redeposition;

- Metamorphic sulphidization presented by scattered impregnations of pyrrhotite, as evidenced by small lenses of
pyrrhotite, which are considerably elongated (axes up to 0.7 cm long) along the foliation planes (Figs 3, a, b);

- Ore mineralization represented by a superimposed hydrothermal gold association with arsenopyrite (Fig. 3, d);

- Late chalcophilic mineralization formed at the final stage of hydrothermal-metasomatic process (Figs 3, e, f);

- Post-ore silification.

Geochemical characteristics. The geochemical study of rocks and ores from the Chertovo Koryto deposit show
that the rocks of the Mikhailovsk Formation are characterized by higher contents of rock-forming elements, such as
of Al203, Fe203total, MgO, K20, and P20s, in comparison to the PAAS standards [Condie, 1993] and the black shale
standard composition (SChS-1) [Petrov et al, 2004]. A characteristic feature of the ore zone is that the contents of
practically all the oxides, except SiOz, tend to decrease (Table 1). The distribution of rare elements repeats the pattern
established for major elements. The least metamorphosed rocks of the Mikhailovsk Formation have higher contents
(up to three times) of Cu, Mo, Ba, W, As, Pb relative to the values in the PAAS and SChS-1 standards. In the ore zone,
the contents of almost all rare elements are considerably reduced (Table 2). The contents of elements in the side-
rophile group (Co, Ni) are clearly correlated with the ore processes and increased more than twice in the area of met-
amorphic changes. Samples with gold-ore grade contents show the highest concentrations of Co and Ni.

Conclusion. In our opinion, the Chertovo Koryto deposit was formed in five stages, the first two of which were
pre-ore, with ore preparation, and probably considerably distant in time from the main ore-generating event. The
staged formation of the Chertovo Koryto deposit correlates with the basic stages in the tectono-metamorphic history
of the study region and is consistent with the model showing the formation of Sukhoi Log-type deposits [Nemerov,
1989; Buryak, Khmelevskaya, 1997; Large et al., 2007)].

Key words: gold; black shales; model of metamorphic-metasomatic formation; Chertovo Koryto; the Baikal-Patom
Highland (Plateau)

ISSN 2078-502X

Paleogeodynamics




Yu.l. Tarasova et al.: Mineralogical and geochemical evidence...

Recommended by D.P. Gladkochub

[
For citation: Tarasova Yu.l, Sotskaya O.T., Skuzovatov S.Yu., Vanin V.A., Kulikova Z.1, Budyak A.E. 2016.
Mineralogical and geochemical evidence for multi-stage formation of the Chertovo Koryto deposit. Geody-
namics & Tectonophysics 7 (4), 663-677.doi:10.5800/GT-2016-7-4-0227.

MMHEPAJIOTO-TEOXUMHWUYECKUE CBUJIETE/IbCTBA IOJIMCTAJIUHHOCTH
®OPMHUPOBAHHUA MECTOPOXKAEHHUA YEPTOBO KOPBITO

10. U. TapacoBal- 2, O.T. Coukas3, C. 0. Cky3zoBaToB!, B. A. Banun?,
3. . KyaukoBal, A. E. Bygakl 2

L Uncmumym zeoxumuu um. A.Il. Bunoepadoea CO PAH, Hpkymck, Poccusi
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AnHoTanus: BBegeHue. JleHcKkasi 30JI0TOHOCHAsI IPOBUHIUS SIBJISIETCS OJHOM M3 KPYNHENULIMX 110 3aacaM 30J10Ta
BO BceM Mupe. HecMOTps Ha JJIUTE/NIbHYI0 UCTOPHIO paboT Ha AAHHOU TEPPUTOPUH, FEHE3UC MECTOPOXKIEeHUN Au,
MPUYPOUYEHHBIX K YePHOCJAHLEBBIM OTJI0KEHUSAM B0oall6UHCKOT0 CUHKJIUHOPUS, [0 CUX NOP OCTAETCS OTKPBIThIM.
Haubosiee 1UCKYCCHOHHBIMU SIBJSIFOTCSL BONIPOCHI, CBSI3aHHBIE C ONpeJie/IeHUEM HCTOYHMKA T10J1e3HOT0 KOMIIOHEHTA U
BBISIBJIEHEM MeXaHH3Ma ero nepepacrnpesiesieHUs 1 KOHLIeHTpUpoBaHUs. Llenp HacTosimed paGoThl — BhISBJIEHHE
3TanHoCcTH GOPMHUPOBAHUS MecTOpoxAeHUsT YepToBo KOpbhITO Ha OCHOBAaHHWM JleTaJbHONH MHHEPAJIOrO-reoXuMHuye-
CKOM XapaKTepPUCTUKU PYJ, OKOJIOPYJAHbIX METACOMAaTUTOB U BMEIAIOIIUX UX YEPHOC/IAHLEBbIX OT/JI0XXEHUN paHHe-
IPOTEPO30ICKOro BO3PACTa, a TAKXKE OLeHKA MPUMEHNMOCTH CYX0JIOKCKOW MoJiesn JiJ1s OPMHUPOBAHHUS MECTOPOXK-
JIeHUs.

l'eosnornyeckas mo3uuMs. JleHcKasi 30JI0TOHOCHAsI ITPOBHHIMSA NMPUypoYeHa K 30He codsieHeHUss CHOUPCKOH
matdopmel u balikanbckoit ropHo# o6sactu (puc. 1). OAHUM U3 IJIaBHBIX 3JIEMEHTOB I'e0JI0rM4ecKOro CTPOEeHHs
paccmaTtpuBaeMod miowanu sABaseTcd Uyicko-ToHoacko-Heuepckuit aHTUkAMHOpUE. [losi0keHHe oceBOW yacTu
AHTUKJIMHOPHS [TOAYEePKUBAIOT BBICTYIIBI IOPOJ, PAaHHENIPOTEPO30MCKOT0 BO3pacTa, B KOTOPBIX 3HAYUTEIbHbIE ILJIO-
AN 3aHUMAIOT MacCUBBI TpaHUTON0B. MecTopoxkgeHrne YepToBo KopsiTo pacnosioxkeHo B npezenax KeBakTuH-
CKOT'0 PYJTHOTO y3J1a, IPUYyPOYEeHHOTO K TOHOCKOMY MOJHATHUIO U MPEACTABJISIONIET0 COO0H KPYNHBIA HHTEHCUBHO
TEeKTOHUYECKH HapyIIEeHHbIH 0JIOK, 3aK/II0UYeHHBIH Mex/y KeBaKTHHCKMM M AMaH/JJpaKCKMM MacCHBaMH IPaHUTOU-
ZoB. PyiHas 30Ha MeCTOpOX/ieHHSs, MOITHOCThI0 150 M M MPOTSKEHHOCThI0 1.5 KM, MpuypoyeHa K BUCAYEMY OOKY
CKJIa[4aTO-pa3/IOMHOHN 06J1acTH, onepsiouieit AMaH/paKCKUH rJIy6HHHBIN pa3soM (puc. 2).

BenjecTBeHHbIN! COCTaB. B npezesax pyHOH 30HbI MeCTOPOXKAEHUS NOPOJbl MUXalJIOBCKOM CBUTHI NpPeJCTaB-
JIEHbI YTJIepoJCcoJiepKaliiMU CJaHLAMU I0JIeBOIUNAT-XJI0PUT-CEPULUT-KBApPLEBOTO COCTaBa C He30006pa3HbIMU
PYAHBIMHU CKOIJIEHUSIMU MUPUT-KBAPL,EBOr0 COCTaBa M MPOXKUJIKAMU KBapla. YCTAHOBJEHO NATh MUHEpPa/bHbIX ac-
couuanui, copMHUPOBAHHBIX B pe3y/ibTaTe pa3HOBPEMEHHBIX IPOLIECCOB, O3TAHO CMEHSAOUIUX APYT Apyra:

- HauGoJiee paHHsSA accolMalysl CBsi3aHA C KBapIl-MYCKOBUT-CEPULIUTOBBIM METAaCOMAaTO30M U BbIHOCOM P33 u
pAfa APYTrux 31eMEeHTOB U3 IOPOJ, C UX YACTUYHbIM [1epeO0TI0KEHUEM;

- MeTaMopduueckas cyJbpuan3anus npeacTaBjieHa paccessHHON BKPAIJIEHHOCTbIO MUPPOTHHA C 060pa30BaHUEM
MeJIKUX, 3HAYUTEeJbHO BBITIHYTHIX (A0 0.7 ¢M MO AJIMHHOW OCH) BJOJIb paccjJaHLEeBaHHUs JIMH304eK NMUPPOTHHA
(puc. 3, a, b);

- pyAHasi MUHepasau3alus NpecTaBjieHa HaJ0XKeHHOH rHApoTepMabHOM accoyyanyei 3010Ta ¢ apCeHONUPHU-
ToM (puc. 3, d);

- O3 HSS XaJbKOPHUIbHAsE MUHepaan3aLys, 06pa30oBaBIlasics Ha 3aBeplIalolleM 3Tale rIApoTepMasbHO-MeTa-
coMartuyeckoro npouecca (puc. 3, e, f);

- IOCTPY/AHO€E OKBaplieBaHUe.

FeoxMMu4Yeckass XxapaKTepUCTHUKA. B pe3y/ibTaTe reoXMMHUYECKOT0 H3Y4YEHUS MOPOJ U PYJ MeCTOPOXKAEHUS
YepToBo KOpBITO YyCTAaHOBJIEHO, YTO OTJIOXKEHHUSI MUXAHUJIOBCKOU CBUTHI XapaKTEPU3YIOTCS MOBBILIEHHBIMU CO/lepKa-
HUSIMH, OTHOCUTEJbHO cTaHgapToB PAAS [Condie, 1993] u CUC-1 [Petrov et al, 2004], Takux NOpoA006pa3yOIIUX
3seMeHTOB Kak Al203, Fe203061m, MgO0, K20, 1 P20s. XapakTepHo TO, YTO coZiep>kaHue MPAaKTUYECKH BCEX OKCH/IOB B
PYZHOH 30He UMeeT TEH/IeHIUIO K CHIKeHHI0. MckimtouenneM siBiasieTcs SiOz2 (Ta6u. 1). PacnpezneneHue peakux ase-
MEHTOB [IOBTOPSIeT 3aKOHOMEPHOCTD, YCTAHOBJIEHHYIO /IJ11 IeTPOTreHHbIX 3/1eMeHTOB. HanMeHee n3MeHeHHbIe NOPO-
JIbl MUXaHJIOBCKOM CBUTHI XapaKTePHU3YIOTCsI MOBLIIIEHHEM cofiepxkaHus (#o Tpex pas) Cu, Mo, Ba, W, As, Pb oTHOCH-
TesibHO 3HaYeHUH PAAS u CUC-1, B To BpeMs Kak B pyZHOH 30He coZepaHHe IPAaKTUYeCKH BCeX PeIKUX 3J1EMEHTOB
3aMeTHO cHKaeTcs (TabJ. 2). ComepkaHue psfa 31eMeHTOB cuZepoduabHoi rpynnsl (Co, Ni) uMeeT 4eTKy0 KOp-
peJISIUIo C PYAHBIMU NPOIECCaMH, MPOSIBJSAs yBeJUYeHHe B /iBa pa3a U 6oJiee B 30HE OKOJIOPYJHBIX U3MEHEHHH.
MaxkcumanbHble KoHLeHTpanuu Co u Ni oTMedeHbI B po6ax ¢ pyAHBIMU COZEP>KaHUSIMU 30J10Ta.
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BbiBoabl. DopMHpoBaHue MecTOpoxaeHUs1 YepToBO KOPBITO MPOXCXOAMIIO B IIATh 3TANOB, IEPBBIE /1Ba U3 KOTO-
PBIX SIBJASIIOTCS JOPYJAHBIMH, HOCAT PYZAOIOJAIOTOBUTENbHBIA XapaKTep W, BEPOSTHO, 3HAYUTEJIbHO OTOPBAHBI IO
BPEMEHU OT OCHOBHOTO PyJ0pOPMUPYIOLIEr0 COOBITHUS. YCTAaHOBJIEHHAs CTaJAUHHOCTb GOPMUPOBAHUS MECTOPOXK-
feHuid YepToBo KopbITO KOppeaupyeT ¢ OCHOBHBIMU CTaAUSIMU TEKTOHOMETAMOPPUUECKON HCTOPUU PerroHa U Co-
rjacyeTcsl ¢ MoJiesibio GOpMUPOBAHUSI MECTOPOXKAEHUN cyxosioxcKoro Tuna [Nemerov, 1989; Buryak, Khmelevskaya,

1997; Large et al, 2007).

KiroueBble c/10Ba: 30J10TO; YepHbIe CJIaHLlbl; MO EJIb METaMOp(l)OFeHHO-METaCOMaTH‘IeCKOFO d)OpMPIpOBaHI/IH;

YepToBo KopbiTo; balikano-IlaToMckoe Haropbe

1. INTRODUCTION

The potential gold resources of the Lena gold pro-
vince, one of the largest gold provinces of the world,
are currently estimated at several thousands of tonnes.
All gold deposits in this region are black shale hosted
[Buryak, Khmelevskaya, 1997]. Over 90 % of the gold
reserves of the Baikal-Patom Highland are located in
the Khomolkho and Aunakit Formations of the Neopro-
terozic Dal'nyaya Taiga-Zhuya stratigraphic horizon
[Development..., 1998]. The major object of the Lena
gold province is the Sukhoi Log deposit. The concept of
its formation is much debated, and a number of genetic
models has been proposed [Nemerov, 1989; Distler et
al, 1996; Large et al, 2007.; Meffre et al, 2008]. The
model of the metamorphogenic-metasomatic origin of
the black-shale hosted gold mineralization [Buryak,
Khmelevskaya, 1997] is currently most recognized.
This model assumes gold extraction from the initially
siderite-chalcophilic host rocks and refers to a common
source of the veinlet-impregnated and quartz-vein
types of the gold mineralization, which jointly occur in
the ore bodies in Sukhoi Log-type deposits in the
Baikal-Patom Highland. According to the geochrono-
logical studies conducted in the most studied field of
Sukhoi Log, these types of gold mineralization occurred
in significantly distant time intervals dated 447+5 and
321414 Ma, respectively [Laverov et al,, 2007]. The first
dating is consistent with the occurrence of granitoids
in the Mama formation (421+15 Ma, U-Pb dating,
SHRIMP-II) [Zorin et al, 2008], and the second dating
corresponds to the age of the Barguzin formation
composing the Angara-Vitim batholith (330-310 Ma)
[Tsygankov et al, 2007; 2010].

New gold deposits and occurrences have been re-
cently discovered in the Lena province. In terms of
their geological structures and conditions of formation,
these are gold-ore objects of the Sukhoi Log type,
which are either hosted in the Paleoproterozoic black
shales or confined to the contact of black shales and the
overlying sediments of the ancient weathering crust
(Chertovo Koryto, Zheltukta-Mikhailovskoye, Verkhne-

Kevakta, Khadokan, Istanakh and others) [Ivanov, 2014;
Geological Report.., 2014]. The genesis of these new
gold deposits and occurrences and their relations to
specific geological and geodynamic processes are still
highly debatable.

This study aims to clarify the time sequence of the
ore mineralization in the Chertovo Koryto deposit on
the basis of detailed mineralogical and geochemical
characteristics of the ore, wallrock metasomatites and
the Early Proterozoic host black shales, and to assess
the applicability of the Sukhoi Log model for clarifying
the Chertovo Koryto origin.

2. THE GEOLOGICAL SETTING OF THE
CHERTOVO KORYTO DEPOSIT

The Lena gold province is located in the junction
area of the Siberian platform and Baikal mountain
region (Fig. 1). In this province, spatial positions of
the main gold-bearing areas and complexes are con-
trolled by the Chuya-Tonoda-Nechera uplift (Fig. 1)
[Nemerov, 1989; Distler et al, 1996, Buryak, Khme-
levskaya, 1997; Perevalov, Sryvtsev, 2013; Ivanov, 2014;
Yudovskaya et al,, 2016].

The Chertovo Koryto deposit is a part of the Kevakta
ore complex that is promising for gold and uranium
resources. This complex is confined to the Early Pre-
cambrian Formations of the Tonoda uplift composed
mainly of the Paleoproterozoic carbonaceous rocks of
the Kevakta series (Albazinsk and Mikhailovsk For-
mations) and granitoids of the Kevakta complex repre-
sented by S-type Late Karelian-type granites (1846+8
Ma) [Larin et al., 2006].

This deposit is confined to the EW-trending linear
syncline of the second order, which wings dip at angles
of 10-20° [Gold.., 2007]. This deposit is represented
by a 1.5 km long and up to 150 m thick linear ore zone
(Fig. 2) that is controlled by a gently dipping fault
zone complicated by numerous smaller strike-slip
faults, folding zones, fractures and boudinage struc-
tures. The ore zone is confined to the major tectonic
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Fig. 1. Setting of the Chertovo Koryto and Sukhoi Log deposits in the Lena gold province on the eastern margin of the Siberi-
an craton (modified after [Large et al, 2007]). 1 - black-shale hosted gold ore deposits hosted; 2 - main faults (thrusts);
3 - Siberian craton; 4 - Paleoproterozoic passive margins; 5 - Middle and Late Proterozoic accretionary edifices; 6 - Late

Proterozoic and Paleozoic granites.

Puc. 1. CxeMaTH4ecKoe pacnosoxxeHue MectopoxeHus Yeproso KopsiTo [Large et al, 2007] c He3HAYUTEJTbHBIMU U3Me-
HEHUsAMHU. 1 - 30JI0TOpy/JHble MECTOPOXK/eHHsl, IPUYPOYEeHHble K YepHBbIM CJaHLaM; 2 — OCHOBHbIE pa3JioMbl (HaJBUTH);
3 - CubUpCKUH KpaToH; 4 — Na/leonpoTepo30iicKre NacCHBHble OKPAUHbL; 5 — cpeJiHe- U MT03/IHENPOTepO30iCKre aKKpeL -
OHHble 06pa30BaHus; 6 — I034HENPOTEPO30HCKHE U N1a1e030MCKUe T'PAaHUTBHI.

zone composed of the Early Proterozoic Mikhailovsk
host rocks (i.e. the second pack of the upper sub-suite)
that were strongly metasomatically transformed.

The ore zone is a stockwork-type body including a
system of branching and intersecting quartz veins and
veinlets, with the low-sulphide veinlet-impregnated
mineralization of the pyrite-pyrrhotite-arsenopyrite
composition. The quartz veinlets have complex mor-
phology due to their confinement to the various struc-
tural elements and weakened zones impacted by de-
formation processes. Geological boundaries of the cur-
rently known industrial ore body have not been con-
strained yet and are determined with respect to the
cut-off grade of 0.8 gram per tonne, as accepted for
the reserve evaluations. Gold concentrations are
extremely randomly scattered, and intervals of ore and
barren rocks alternate within the ore body [Gold...,
2007]. Evaluated gold reserves of the Chertovo Koryto
deposit in categories C1 u C, amount to 84 tonnes
[Gold..., 2007].

3. ROCK COMPOSITION. BRIEF DESCRIPTION
OF THE HOST ROCKS

Metasedimenaty rocks. In the Chertovo Koryto
deposit, host rock are interbedded metasandstone,
metaaleurolite and metaargillite of the Mikhailovsk
Formation which underwent the regional meta-
morphism mainly at the level of sericite-chlorite sub-
facies of the greenschist and lower epidote-amphibolite
facies, as evidenced by low-temperature-resistant
quartz-albite-sericite-chlorite and quartz-albite-mus-
covite-biotite-amphibole mineral associations. In
the host rocks, pervasive are relict structures of pri-
mary foliation, which is consistent with the limited
low-temperature metamorphism of the primary sedi-
mentary substrate. All the rocks are considerably
schistose and contain carbonaceous material. A dis-
tinctive feature of the Mikhailovsk Formation is the
lack of interlayers composed of sedimentary carbonate
rocks.
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Fig. 2. Schematic geological section across the Chertovo Koryto deposit [Yudovskaya et al, 2016]. 1 - Mikhailovsk Formation
(carbonaceous shale and sandstone); 2 - Albaza formation (terrigenous rocks); 3 - fault.

Puc. 2. CxeMaTU4YeCKUN T'e0JIOTUYECKUI pa3pe3 yepe3 pyAHoe Tesio MecTopoxaeHus Yeptoso Koprito [Yudovskaya et al,
2016]. 1 - oT/0’)KeHUs] MUXaHJIOBCKOW CBUTDI, IPe/CTaBJIeHHbIe KAPOOHATHBIMHU CJAAHI[AMU U MECUaHUKAMU; 2 — OTJIOKEHUS
aJ1I6a3MHCKOM CBUTBI, Ipe/iCTaBJeHHble TepPUTeHHBIMU N10POJjaMH; 3 — Pa3JioM.

In the highest carbon metasedimentary rocks of the
metapelitic composition, contents of Corg range from
1.0 to 2.0 %. A characteristic feature of clay interlayers
of the Mikhailovsk Formation is siderophilic specializa-
tion with evidently increased contents of Au (0.0n gpt)
and As (>100 gpt) relative to more sandy varieties.
Within the ore zone, the Mikhailovsk rocks are signi-
ficantly depleted in carbonaceous material (0.5 %),
with minimum contents of organic material in the
ore bodies and halos of metasomatically altered rocks
(0-0.2 %).

Mineralogical mapping by a QemScan hardware set
shows that the gold quartz veinlets in the ore zone are
always accompanied by quartz-muscovite (sericite)
metasomatic halos near the veins. In the compositions
of metasomatites, constantly present are albite, car-
bonates (siderite and ankerite) and chlorite. In this
case, the metasomatite halo contains fluoro-apatite (up
to 7.5 % fluorine) and tissonite (oxyfluoride of cerium-
lanthanum) in the close association with quartz, seri-
cite and albite, as well as carbonate of light REE (main-

ly cerium-lanthanum-neodymium) and cerium oxide,
that form minute isometric inclusion in the metasoma-
tite matrix. Noticeably less abundant in the metaso-
matites are other silicate and oxide phases (rutile,
magnetite, and baddeleyite), some of which may be
relics of the primary paragenesis of the metasedimen-
tary rocks.

Mineralogy of ores. In the Chertovo Koryto deposit,
the ore mineralization is imposed and developed in
zones of metasomatically transformed rocks. The main
ore mineral is arsenopyrite; widespread are pyrrhotite
and pyrite, and to a lesser extent, galena, chalcopyrite
and sphalerite.

Based on the detailed mineralogical study of the
ores, we distinguish three heterochronous mineral as-
sociations: pyrite-pyrrhotite, pyrite-pyrrhotite-arseno-
pyrite (with placer gold), and galena-sphalerite-chalco-
pyrite.

Pyrite-pyrrhotite association is represented by scat-
tered inclusions of pyrite-I and pyrrhotite-1 (Fig. 3, a,
b). This association is the earliest.

667
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Fig. 3. Sulfide minerals in the ore mineral associations of the Chertovo Koryto deposit.

Pyrite-pyrrhotite association: (a) lenses of metamorphic pyrrhotite in the host black shale; (b) scattered fine pyrite and pyrrhotite in
black shale; pyrite-pyrrhotite-arsenopyrite association: (c) quartz-sulphide veins in black shale; (d) vein-disseminated pyrite-1I, pyrrho-
tite-II and arsenopyrite in quartz aggregate; (e) twins of arsenopyrite with inclusions of pyrrhotite-I; (f) cataclastic arsenopyrite with an
inclusion of galena in association with pyrrhotite-II and pyrite-1I; (g) arsenopyrite in the large joint aggregate of cellular pyrrhotite-1I and
uniform pyrite-II; (h) chalcopyrite developing at the periphery of the aggregate of pyrite-1I and pyrrhotite-II. Images in the reflected light.

Puc. 3. ®opMbl BblJleJIeHUI U XapaKTep B3aUMOOTHOLIEHUH Cy/lbOUIHBIX MUHEPAJIOB B PyAHBIX MUHepPaJbHbIX accolya-
1usAx MecTopoxzaeHus Yeptoso KopsiTo.

[IMpUT-NUPPOTHHOBAsT ACCOLMALUA: d — JUH30BUJHbIE BbleleHUs] MeTaMOpGHUYECKOro MMPPOTHHA BO BMeUIAIIUX YePHbIX CJAAHLAX;
b - paccesiHHble CKOINJIEHUs] TOHKOAMCIEPCHBIX IUPUTA, IUPPOTHUHA B YEPHBIX C/IaHLAX; TUPUT-NUPPOTHUH-apCEHONUPUTOBAs accolua-
LUS: € — KBapL-CyJbQUAHBIN NIPOXUJIOK B YePHBIX CJAHLAX; d — IPOXKUIKOBUAHOe 060co6ieHHe nupuTa-Il, nupporuna-Il u apcenonu-
pUTa B KBaplieBOM arperare; e — ABONHUKU apCeHONUPUTA C BKJIKUYEHUSAMHU NMUPPOTHHA-I; f - KaTak/Ja3WpOBAaHHBIM apCeHONMUPHUT C
BKJIIOYEHHEM TaJleHUTa B acCOLMaLUM ¢ MUPPOoTUHOM-II, nupuTtom-1I; g - BeliesieHHe apceHONUPUTA B KPYITHOM COBMECTHOM arperarte
fYeucToro nuppoTtuHa-I1 1 ogAHOpoAHOro NupHUTa-II; h - XaJIbKONMPUT, pa3BUBaIOIIMICS 0 Nepudepuu arperata nupuTta-Il u nuppoTtu-
Ha-Il. CHUMKU B OTpa:XeHHOM CBeTe.
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Pyrrhotite-1 is earlier and more abundant as compared
with pyrite-1. Pyrrhotite-I and pyrite-I are closely inter-
related and occur in the form of individual lenses ex-
tended along foliation planes of the host rocks (see Fig.
3, a, b). Generally, such aggregates are up to 0.7 mm
long, rarely less than 2 mm or longer.

The chemical composition of pyrrhotite-I is charac-
terized by a varying ratio of Fe and S. The contents of
these elements range from 56.2 to 60.1 wt % and 40.2
to 43.8 wt %, respectively.

Pyrite-1 is represented by abundant idiomorphic sin-
gle cubic grains (up to 0.4 mm) and xenomorphic spli-
ces (up to 5-10 mm). The occurrences of the aggregates
and complexs of pyrite-I follow the rock foliation. The
chemical composition of pyrite-I is quite consistent and
characterized by the stable stoichiometry of Fe and S.

The pyrite-pyrrhotite-arsenopyrite association is
represented by quartz veins with vein-disseminated
aggregates of arsenopyrite, pyrrhotite-II and pyrite-II
(Fig. 3, ¢, d). In the Chertovo Koryto deposit, this asso-
ciation is closely related to the main part of the native
gold occurrences.

Arsenopyrite, the main ore mineral in the Chertovo
Koryto deposit, occurs in carbonaceous metasediments
and at the contact of shales and quartz veinlets (see
Fig. 3, ¢). It is most typically found in the form of lense-
and nest-shaped occurrences, as well as scattered in-
clusions of individual idiomorphic prismatic crystals
and their twins (Fig. 3, e). In the host rocks, arsenopy-
rite is often found in pressure fringes of hydrothermal
quartz. Dimensions of the individual crystals are highly
variable, mainly from 0.02 to 0.1 mm, and reach 1.0 cm
in rare cases. Arsenopyrite aggregates are strongly ca-
taclastic and covered with networks of cracks, along
which pyrrhotite, rarely pyrite and galena, as well as
gold are developed (Fig. 3, f, g). Arsenopyrite shows a
consistent composition, with an almost unchanged
S/As ratio; only a specific admixture of Co is noted,
which amounts to 2 wt % in rare cases.

Pyrite-II and pyrrhotite-1I, that are less common as
compared with arsenopyrite and are later in relation to
it, form complex aggregates. Pyrite-1I is represented by
scattered inclusions of hypidiomorphic cubic grains or
nest-shaped impregnated aggregates. Dimensions of
individual crystals amount to 0.2 mm, and the aggre-
gates are as large as 3.0 cm. The chemical compositions
are quite consistent, with stable contents of Fe (46.9-
47.3 wt %) and S (52.3-53.5 wt %).

Pyrrhotite-II occurs in elongated nest-shaped forms
and individual grains, the size of which varies within
a wide range and reaches 3.0 cm. The chemical com-
position of pyrrhotite-II relative to that of pyrrhotite-I
is characterized by an admixture of Ni (to 0.73 wt %).

The pyrite-pyrrhotite-arsenopyrite association is
overlaid by the later galena-sphalerite-chalcopyrite
association.
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Chalcopyrite is one of the latest ore minerals, as evi-
denced by chalcopyrite fringes, veinlets and inclusions
in arsenopyrite, pyrite-II and pyrrhotite-II (Fig. 3, h).
The chemical composition of chalcopyrite is close to
the average content accepted in the literature.

Galenite occurs in the form of fine inclusions in ar-
senopyrite and rare joint fusions with gold. The X-ray
microstructural analysis method shows submicrons of
placer silver in galenite.

In the studied samples, sphalerite is very rarely ob-
served in the form of single microscopic aggregates in
chalcopyrite and pyrrhotite. An elevated Cd concentra-
tion of Cd (4-7 %) is a characteristic feature of the
composition of sphalerite.

In the Chertovo Koryto deposit, Greenockite-CdS has
been discovered for the first time. In all the studied
samples, greenockite is associated with sphalerite and
chalcopyrite and occurs in elongated drop-shaped
forms as long as a few dozens of microns (Fig. 4). The
composition of the studied greenockite is close theore-
tical, with a specific admixture of Zn. Similar forms
of greenockite were described previously in the Kras-
noe [Palenova, 2015] and Sukhoi Log [Distler et al,
1996] gold fields located in the study region. The pre-
sence of submicron inclusions of greenockite in spha-
lerite may explains the increased content of cadmium
in the latter.

Native gold of the Chertovo Koryto deposit is rep-
resented by allotriomorphic inclusions developing
along the zones wherein large grains of arsenopyrite
together with pyrrhotite-1I and pyrite-II (Fig. 5), more
rarely galena, are subject to cataclasis. In rare cases,
native gold is observed in large (to 1.0 cm) idiomorphic
pyrite crystals. Gold nuggets are mainly isometric,
flattened, branching and irregularly shaped with in-
terstitial-splintery extensions. The gold nuggets are
light yellow and, in rare cases, have a distinctive red-
dish color shade due to a significant admixture of cop-
per.

Chemical compositions of the native gold vary in a
wide range. Admixtures of Ag are common in the native
gold, and its concentrations vary from 8 to 16 wt %.
Much less frequently observed are admixtures of Cu,
reaching 30 wt % in rare cases. In the samples from the
Chertovo Koryto deposit, an average purity of gold in
parts per 1000 (i.e. fineness) amounts to 860-880,
with higher values in quartz veins (900-920) and low-
er values in complex multiphase sulfide aggregates
(780-800).

4.. GEOCHEMICAL CHARACTERISTICS
In the Chertovo Koryto deposit, the Mikhailovsk

host rocks show high contents of Al,03, FeO, MgO, K20
and P;0s relative to the post-Archean shale in PAAS
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Fig. 4. Sphalerite (1) with a drop-shaped occurrence of chalcopyrite (2) and a small inclusion of greenockite (cadmium
blende) (3): a - an image in backscattered electrons; b - Cd distribution map. An X-ray microanalyzer JCXA-733 (JEOL Ltd,

Tokyo, Japan) was used (L.A. Pavlova).

Puc. 4. Chanepurt (1) c kanyieBUAHBIM Bblie/IeHUEM XaJbKONUPUTA (2) U MeJIKUM BKJIKUYEHHEM IPUHOKUTA (3): a - U306-
pakeHMe B 06paTHOpACCesIHHBIX 3JIEKTPOHAX; b — kapTa pacnpefeeHus Cd. 3o06pakeHHs MoJyyeHbl HA peHTTeHOBCKOM
MukpoaHanusatope JCXA-733 (JEOL Ltd, Tokyo, Japan) (JI.A. [TaBsioBa).

[Condie, 1993] and black shale in SChS-1 [Petrov et al,
2004]. In the ore zone, contents of almost all major oxi-
des tend to decrease. The higher content of SiO; in the
ore zone (up to 90 %, Table 1) is due to the fact that all
the elements, without any exception, were significantly
diluted during silicification and quartz-muscovite-
sericite metasomatism. In terms of geochemistry, this
process is evidenced by a sharp negative correlation
between the contents of quarts and other rock-forming

1 UD,uiI‘I
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oxides and trace elements in the samples of rocks af-
fected by the imposed ore process (Table 1).

In the ore zone, average concentrations of the main
components, Au and Ag, amount to 12.5 gpt and 3.5 gpt,
respectively. The analysis of the distribution of trace
elements in the rock and ore samples shows that the
ore-formation process was accompanied by the con-
centration of elements in the ore group (Au, Ag, Co,
Ni, and As) and the removal of lithophilic elements.

Fig. 5. The image in the reflected light [Gold Ore
Deposit..., 2007]. 1 - native gold / gold nuggets; 2 -
arsenopyrite; 3 - large blastogenic sericite-chlorite
aggregate; 4 - pyrrhotite.

Puc. 5. CamopoaHoe 3os0T0 (1) B acconuanuu c
apceHONMUpUTOM (2) B KPYMHOOJ/JAaCTUYECKOM Ce-
PULUT-XJIOPUTOBOM arperaTte (3), KopuuHeBaTOe
3epHO - NUPPOTHUH (4). U306parkeHHe B OTpaKeH-
HoM cBeTe [Gold Ore Deposit..., 2007].
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Table 1.Variations and average contents (wt %) of components in the host rocks and ores sampled

from the Chertovo Koryto deposit

Ta6.uima 1. Bapuanuu u cpeHUE COAEePKaHUS KOMIIOHEHTOB B IOPOJaX U PyAax MeCTOPOXKAeHUs

YeproBo KopsiTo, Mac. %

Components Host rocks mh PR1 (34 estimates) Metasomatic rocks mhPR1 (37 estimates)
SiO2 56.7 73.20
50.3-60.7 61.5-97.5
TiO2 0.87 0.52
0.69-1.23 0.04-0.79
Alz03 20.4 12.40
17.5-31.7 1.10-20.1
Fe203 7.86 5.62
5.24-9.32 3.90-7.10
MgO 2.90 2.04
2.59-3.30 0.14-3.11
Ca0 0.11 0.13
0.06-0.17 0.10-0.21
Naz0 0.30 0.84
0.20-0.90 0.20-1.54
K20 5.52 2.90
4.60-6.60 0.30-5.30

N o t e. RFA estimates (Institute of Geochemistry SB RAS, Irkutsk).

[Ipuw™edaHu e Onpegenenue npoBoauaock Mmetogom POA (UI'X CO PAH).

Samples from the Mikhailovsk Formation show higher
concentrations (up to 3 times) of Cu, Mo, Ba, W, As, and
Pb relative to the PAAS [Condie, 1993] and SChS-1 va-
lues [Petrov et al, 2004], while the contents of practi-
cally all trace elements are markedly reduced in the ore
zone (Table 2). Exceptions are As, Ni and Co. In the ore
zone, concentrations of As are increased by more than
an order of magnitude, and an average content of As
amounts to 1000 gpt in the samples with industrial

gold contents. Contents of Ni and Co also show a clear
relationship of these elements with the ore formation
process - at the transition from the host rocks to the
ore zone, concentrations of Ni and Co are doubled.

In terms of the rare element composition, metase-
dimentary host rocks of the Mikhailovsk Formation are
close to the post-Archean clay shale (Fig. 6, A). The dis-
tribution of rare earth elements is characterized by a
steep slope, from light REE to medium REE, with a

Table 2.Average contents (gpt) of trace elements in host deposits and ores sampled from Chertovo Koryto deposit

Tabau I a 2. CPEAHHE coAepiKaHUuA MUKPO3JIEMEHTOB BO BMEIIAIIHUX OT/IOKEHUAX U B py/i€e MECTOPOKAECHUA

YepToBo KopsiTo, T/T

Elements Host rocks mh PR1 (34 estimates) Metasomatic rocks mhPR1 (37 estimates)
Au 0.02 12.50

Co 6.13 16.46 (23)
Ni 19.51 30.96 (55)
Cu 53.90 13.24

Zn 90.40 65.70

Mo 2.03 0.46

Sb 1.57 1.03

Ba 882 484

Pb 13.68 9.84

As 88 >>>1000
Th 13.04 7.01

U 3.99 2.54

N o t e. ICP-MS estimates (Institute of Geochemistry SB RAS, Irkutsk).

[Ipu™edyatnu e OnpeneneHus npoBoausock Merogom ICP-MS (UI'X CO PAH).
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10000 100
— metasedimentary rocks of the Mikhailovsk formation
metasomatized rocks from the ore zone
1000 PAAS
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=
'g 100 (7))
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8 (72}
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Cs bBaT U Nb Ce Sr_Nd Hf Eu_ Gd Dy HoETmYbLu

K La Pr P Zr Sm T Tb 'Y

Fig. 6. Distribution spectra of REE (4), and multi-element spectra (B) for the host sediments of the Mikhailovsk Formation
and metasomatically altered rocks in the Chertovo Koryto ore zone.

Puc. 6. Cnextpsnl pacnpepesenus REE (A) u My/ibTH3a/IeMeHTHBIEe CEKTPHI (B) A/ BMellalmuxX oTaA0XKeHUH Muxanios-
CKOM CBUTBI U MeTacOMaTH4YeCKH U3MeHEeHHbIX IOPOJ, B PyAHOH 30He MecTopoxaeHus YepToBo KopsiTo.

small negative angle in the area of heavy REE, the La/
Yby ration in the range from 4.8 to 18.4, a clearly mani-
fested negative anomaly of Eu (Eu/Eu* in a range of
0.68-0.74), and a weak (to 0) minimum of cerium
(Ce/Ce* in a range of 0.84-1.02).

Multi-element spectra of the distribution of trace
elements in the host rocks show a more complex pic-
ture, although being similar with respect to PAAS and
differing mainly in the total contents of the trace ele-
ments (Fig. 6, B). The distribution spectra are charac-
terized by minimum concentrations of Sr, maximum
concentrations of P, and variable contents of light REE,
Nb, Ta and Ti. Variations in the contents of light REE,
Nb, Ta and Ti are most likely due to the different con-
tent of accessory phase-concentrators of these ele-
ments. The content of LILE correlates with the concen-
tration of K and may thus be controlled by the concen-
tration of primary muscovite/biotite.

A contrasting pattern is revealed for the trace-
element compositions of the rocks that were, to varying
degrees, metasomaticlly transformed in the zone of
metamorphic changed rocks. In the least altered rocks,
concentrations of rare elements and the general distri-
bution patterns remain practically unchanged (La/Ybwn
in a range of 3.3-7.3, and Eu/Eu* in a range of 0.74-
0.75), and only a more fractionated spectrum is noted,
with reduced contents of the lightest REE (especially
La) and a clear low maximum of Ce (Ce/Ce* from 1.08-
1.13) (Fig. 6). For some of the rare elements, contents
of LILE and K relative to Th and U, as well as light REE,
are considerably reduced, while other rare-element
characteristics (particularly, the content of HFSE and
heavy REE) remain the same.
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Based on results of our geochemical studies of
the rock and ore samples from the Chertovo Koryto
deposit, the following regularities in the behavior
of elements in the ore process are revealed: (1) concen-
trations of trace elements are generally reduced (in
particular, the content of ZREE relative to the host
rocks is reduced up to five times); (2) the rocks and
the ores are depleted in LILE cations (mainly, K, Rb,
and Ba), light REE, and HFSE elements (in particular,
Zr and Hf with significant variations in the content
of Ti).

5. DISCUSSION OF RESULTS

Based on results of the mineralogical-petrographic
and geochemical studies of the host rocks and the ores
sampled from the Chertovo Koryto deposit, the follo-
wing mineral associations resulting from the sequences
of heterochronous processes are revealed:

1. The earliest association is related to the processes
of pre-ore metasomatosis of the metasedimentary
rocks and expressed in the formation of quartz-mus-
covite-sericite veinlets, as well as the extraction and
removal of REE from the host rocks, with the partial
redislocation in the form of tiny inclusions of separate
carbonate and oxide minerals. On the sites showing
metamorphic changes around the quartz-mica veinlets,
no newly formed quartz is observed, in contrast to
the studied ore zone with abundant silicification.
Moreover, samples from frames of the veinlets with
higher contents of gold show significantly decreased
contents of SiO; u Na;O and increased contents of



Al;03, Fe;0s5, K20,Ba, Mo, U, Th, CO2, and REE (see
Tables 1 and 2).

In general, the observed variations in the composi-
tion, which result from metasomatic changes of the
rocks of the Mikhailovsk Formation in the Chertovo
Koryto ore zone, reflect the process of the dissolution
of quartz and feldspar by the carbon-dioxide fluid and
the replacement of the muscovite-sericite mineral as-
semblage with the carbonate material. In the course of
transformations, alkalis were redistributed in favor of a
stronger base of K;0, and Na,;O was considerably re-
moved. Dissolved silicon oxide, jointly with Na, migra-
ted to the lowest pressure zones to form the metaso-
matic silicification halos, and the subsequent ore min-
eralization developed along such halos. The spatial re-
lationship between the zones of metasomatic changes
and the ore associations can be explained by the
fact that these ore associations were more permeable
than the host black shales and, consequently, more apt
for the development of subsequent ore-forming pro-
cesses.

The rear zone of the metasomatic changes shows
depositions of mobile fluid elements (K, Rb, and Ba)
and some other elements (light REE, and HFSE). The
behavior of these elements in fluids is debatable. The
recently published data from simulations and estimates
suggest that these elements can be successfully ex-
tracted from the rock by dissolving the corresponding
accessory phases (monazite) [Wood, Williams-jones
1994; Wood, 2005] and transferred by aggressive car-
bon dioxide fluids with a significant content of fluorine
[Keppler, 1993; Haas et al,, 1995; Gammons et al,, 2002;
Migdisov, Williams-Jones, 2008; Migdisov et al, 2009;
Yudovskaya et al,, 2011; Linnen et al,, 2014].

2. The early sulphide mineralization, that was unre-
lated to the formation of the gold mineralization, de-
veloped in the metasomatically altered rocks. This as-
sociation has no regional distribution and occurs only
within the ore field. Presumably, the pre-mineral sul-
phidization occurred similar to the initial stage of the
formation of the Sukhoi Log deposit [Distler et al.,, 1996;
Large et al, 2007], which, according to [Nemerov et al,
2005], was associated with the catagenetic transfor-
mation of ore-productive carbon strata at the low-
temperature metamorphic phase of the Baikal stage of
folding [Yudovskaya et al, 2011].

3. The ore deposition stage, represented by the as-
sociation of arsenopirite with pyrite-Il and pyrrho-
tite-I1I, was related to the subsequent hydrothermal-
metasomatic processes. The sulphide mineralization of
the ore stage was accompanied by the formation of
quartz-vein-veinlet bodies. Ore minerals are often ac-
companied by pressure rims, which is similar to the
mineralization in other fields of the Bodaibo synclino-
rium. The minerals differ from the pre-ore sulphides in
the high degree of idiomorphism and larger sizes,
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which is characteristic of the hydrothermal-metaso-
matic stage.

Further, admixtures of Co and Ni are revealed in
arsenopyrite and pyrrhotite-II, respectively, as shown
by the detailed study of the chemical compositions of
sulphide in the ore association. It is noteworthy that
the samples with the highest gold contents show the
highest concentrations of Co and Ni. Despite this fact,
contents of Co and Ni are below the PAAS values in the
unaltered sediments and sediments that were subject
to metasomatosis, and the concentration coefficients
are 0.25 and 0.72 for Co, and 0.35 and 0.56 for Ni, re-
spectively. This suggests borrowing of gold and asso-
ciated components from the host rocks, without an in-
volvement of any additional deep sources.

A.V. Chugaev and co-authors conducted the study
focused on isotopic compositions of Pb in sulfides from
the Verninskoye deposit [Chugaev et al, 2014]. Their
results show that the crustal sources of Pb played the
major role in the formation of the mineralization in this
field. By comparing the points of the Pb-isotopic com-
positions in the Verninskoye and Sukhoi Log deposits,
the compositions were found similar, which is indica-
tive of the geochemical similarity of the source mate-
rials that were involved in the formation of these de-
posits. The same research team compared the model
Pb-Pb datings for the Chertovo Koryto and Sukhoi Log
deposits [Chugaev et al,, 2010] and suggested an upper
crust source for the gold mineralization in the studied
fields, without any involvement of substances from
larger depths. In their study, differences in the isotopic
characteristics of the analyzed rocks are explained by
differences in the characteristics of the heterochronous
host rocks that accumulated in different geodynamic
settings. According to [Chernyshev et al, 2009], the
source of Pb in the Bodaibo synclinorium was the terri-
genous-carbonate strata. The potential of the host
black shale strata was thus sufficient for the formation
of the deposits in the Baikal-Patom Highland.

4. The ore-formation stage was completed with the
formation of the galena-sphalerite-chalcopyrite mine-
ral association, most probably, due to the decay of the
hydrothermal process. For the ore-forming process,
changes at that stage were critical - specifically, such
changes were related to the redeposition, consolidation
and refining of the earlier native gold.

The above-mentioned ore associations, including
the formation of the first pyrite-pyrrhotite association
without ore gold, occupy the same area, but are sepa-
rated in time. The later associations overlied the earlier
ones, and the components of the ore and the majority
of both the elements of the rock-forming components
and the trace elements were redistributed and trans-
ported. An important feature of the sulphide minerali-
zation in the studied zone is the repeated occurrence of
the mineral associations, which is determined by the
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oscillating development of tectonic deformations, with
the preferential formation of quartz-sulphide veins and
veinlet inclusions in the areas prepared during the
pre-ore stage.

5. The formation of the Chertovo Koryto deposit was
completed with the formation of post-ore quartz veins
and veinlets that are not auriferous. The post-ore silici-
fication was associated with the repeated redeposition
of gold, which resulted in the higher grade of gold in
the study deposit and higher concentrations of gold in
the above-mentioned veinlets that are observed only in
the places where they intersect the ore zone.

Summarizing our findings concerning the mine-
ralogical, petrographical and geochemical characteris-
tics of the Chertovo Koryto deposit, and comparing
these data with the isotopic study results and the con-
cepts on conditions providing for the redistribution
and removal of REE, we can conclude that the Chertovo
Koryto deposit formed in the host black shales without
an involvement of any additional magma source,
and thus disagree with the conclusion stated in [Ku-
cherenko et al, 2008; Vagina, 2012].
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