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Analytics

The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Sulfide flotation concentrates from the Auminzo-Amantay
deposit are characterized by a complex mineralogical composition, the presence
of carbonaceous matter, the occurrence of gold as nano-scale inclusions. These
features classify the material as refractory gold-bearing feedstock. At present, these
concentrates are processed at Hydrometallurgical Plant No.5 of the Navoi Mining
and Metallurgical Company using conventional cyanidation, where gold recovery
does not exceed 50%. Therefore, the development of effective pre-treatment
technologies to improve gold extraction is highly relevant. Objective. This study
aims to investigate and comparatively evaluate modern processing technologies
for refractory gold ores in order to enhance gold recovery from sulfide flotation
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concentrates of the Auminzo-Amantay deposit. Methods. The mineralogical and
technological properties of the concentrates were examined, modern refractory gold
processing methods were reviewed. A comparative assessment was conducted for
oxygen-slurry treatment, bacterial oxidation (BIOX), oxidative roasting. For each
method, the degree of sulfide mineral decomposition, the effect on carbonaceous
matter, and subsequent gold recovery by cyanidation were evaluated. In addition,
economic efficiency and environmental impacts were analyzed, including energy
consumption, the feasibility of industrial-scale implementation under existing
plant conditions. Results and conclusions. The BIOX process provides a high
degree of sulfide oxidation; however, carbonaceous matter leads to preg-robbing
effects, reducing gold recovery. Oxidative roasting ensures near-complete sulfide
destruction and reduces carbon content, but a portion of gold remains locked
in pyrrhotite in nano-scale forms. Oxygen-slurry treatment achieves ultra-fine
grinding, yet the formation of secondary minerals such as jarosite limits overall
efficiency. Even with these pre-treatment methods, gold recovery did not exceed
70-75%. The main limiting factors are the dual refractory nature of the concentrate,
carbonaceous matter, and submicroscopic gold occurrence. To improve processing
efficiency, integrated flowsheets combining oxidative roasting, carbon deactivation,
and optimized cyanidation parameters are recommended. These approaches can
significantly enhance gold recovery and overall ore processing performance.

Keywords: refractory ores, flotation concentrate, gold, nanogold, cyanidation,
oxidative roasting
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AHHOTauMs. O3exminici. AyMUH30 — AMaHTail KeH OPHBIHBIH CYJIb(UATI
(GoTanMANBIK  KOHIIEHTPATTaphl  KYpAETi MHUHEpPaJOTHSIIBIK — KYpaMbIMEH,
KOMIPTEKT1 3aTTap/blH OOJYBIMEH JKOHE aJIThIHHBIH HAHOOJIIEM]II KOCBIHIbLIAD
TYpiHIE TapalybIMEH CHUNarTajajbl. byl epexmieNnikrep arajfaH INKi3aTThI
0albITybl KHBIH aJTBIHKYpaMJlbl MaTepuaiap caHaTblHA >KaTKbI3aibl. Kasipri
yakbITTa HaBoumii Tay-keH MeTayulyprus KoMOuHaTel KypambiHaarbl M3 -
5 THIPOMETAJUTyPrUsUIBIK 3aybIThIHAA KOHILIEHTPATTApIbl OHJACY JdCTYpIi
LUaHAay OJICIMEH JKy3ere achIpbUIaJbl, MYHNA QITBIHABI ay Kepcerkimi 50
% - nman acmaiinbl. OcblFaH OaIaHBICTHI ANTBIHIBI ally JTOPEXKECIiH apTThIpyFa
OarpITTaIFAaH THIMAI alAblH alla OHJeYy TEXHOJOTHUSIAPBIH d3ipliey ©3eKTi
Macesne Oonbin TalObutanwl. Maxcamel. AyMUH30 - AMaHTaii KeH OpPHBIHBIH
cynbhuari QIOTaNMsIIBIK KOHIEHTpPATTAPbIHAH aNTBIHIBI THIMJI ajy YIIiH
KWbBIH alIbIHATBIH QJITHIH]IBI OHJICY/IIH 3aMaHayd TEXHOJIOTHSIIAPBIH 3EPTTEY JKOHE
OJIApABIH THIMIIITIH CaJdbICTRIPMANIBI Oaramnay. 9dicmepi. 3epTTey OaphICBIHIA
KOHIICHTPATTAP/IbIH MUHEPAIOTHSIIBIK JKOHE TEXHOJIOTHSUIBIK CPEKIICIIKTepi
KapacTBIPBUIBIN, KHWBIH aJBIHATBIH aJTHIHABl OHJACYHAIH 3aMaHayd ofjicTepi
Tanganabl. OTTEKTI-IUTAMIIBIK OHJeYy, OakTepusuiblK TOTHIKTBIpY (BIOX) xone
TOTBIKTHIPFBIII KYHAIPy TEXHOJOTHSUIAPBIHBIH THIMILUIITT CaabICTHIPMABI TYPAC
OaramaHIbl. Op TEXHOJOTHsS OOWBIHINA CYTbPUATI MUHEPATTAPABIH BIABIPAY
JIOpekeci, KOMIPTEKTI 3aTTapFa acepi )KOHe KeHIiHT1 IuaHaay Ke31HJIerl anThIHIbI
almy kepcerkimrepi aHbIKTanabl. COHBIMEH Karap, IPOLECTEpHiH JHEeprus
CBIMBIMJIBUIBIFBI, SKOJIOTHSUIBIK aCIEKTLIepl, PEareHTTIK IIBIFBIHIAPbI JKOHE
OHJIIPICTIK ‘KaFjaiiia eHrily MYMKiHIiKkTepi Oaramaniwl. Homuowenepi meH
KopuimuiHobliapsl. BIOX TeXHOIOTHSACHI KOFaphl Aecyinb(ypuzanust JeHTreniH
KaMTaMachI3 €TeTiHI aHBIKTaJJIbI, allaliia KOMIPTEKTi 3aTTapAbIH 00Ty bl AITHIHHBIH
COpPOIMSIIBIK JKYTBUTYBIHA OKEJNIN, OHBI aldy KOPCETKIMTEpPiH TOMEHACTEII.
TOTBIKTBIPFBIII KYHAIPY CYTbOUATEPIIH TONBIK ACPIiK bIABIpaybIHA BIKIAT €Te/l,
Oipak anTeIHHBIH Oip OeTiri TUPPOTHHIEC HAHOOIIIeM/Ti KYiiae cakTamaasl. OTTeKTi
- IUTAMJIBIK OHJICY KEe31HJIe aca yCaK YHTaKTay JKy3ere acajibl, IereHMEH SIPO3UT
CEKUII eKIHII PETTIK MUHEPAJIIAP/IbIH TY311yl IPOIECTIH THIMIUTITIH IISKTSH/II.
KapacTbIpbliran TeXHOJOTHsIIAP/IbI KOJITAHFAHHBIH ©31H/IC aJIThIH]IbI Ay JICHIek1
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70-75 %-naH acnagpl. 3epTTEy HOTHXKENIEPi KOHIEHTPATTAPIBIH KOCApIbl KHBIH
OalBITBIIATBIH KACUET1, KOMIPTEKTI 3aTTapIbIH O0TybI )KOHE alTHIHHBIH JKaChIPBIH
Tapany (opmaiapbl HEri3ri mekreyn ¢gaxropiap ekeHiH kepceTTi. COHIBIKTaH
QITBIH/IBI ATy TUIMAUITIH apTTRIPY YIIH TOTBHIKTBIPFBIN KYHAIpyIi, KOMIpTEKTi
3arTapAbl OciiTapanTanAbIpyabl )KOHE IMAHAAy HapaMeTplIepiH OHTalIaHIbIPYIbI
KAMTUTBIH KELICHJI TEXHOJOTHSUIBIK cyi0anapasl KOJNAAaHy YCBHIHBLIA[BL.
Y CHIHBUTFAH TOCUIIEp OHIPICTIK THIMIUTIKTI apTTHIPHII, OaFalibl KOMITIOHEHTTEP/ I
KeIIeH Ti UTepy KOPCETKIMTEPiH )KaKcapTyFa MYMKIHAIK Oepei.

Tyiiin ce3aep: KMbIH UrepisieTiH KeHAep, QIOTAUMsIIBIK KOHICHTPAT, ajlThiH,
HAHOAITHIH, TUAHU3ALUS, OKCUITIK KYHIipy
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AHHoOTauus. Axmyanronocmy. CynbuaHble (GIOTAHOHHBIC KOHIIEHTPATHI
MECTOPOXKICHHUS AyMHH30-AMaHTal XapaKTepU3yIoTCs CIIO’KHBIM
MUHEPAJIOTUYECKUM  COCTaBOM, HaJMYHEM  YDJICPOAUCTBIX  BELIECTB U
pacnpocTpaHeHHEeM 30J10Ta BBH/IC HAHOPa3MEPHBIX BKIIOUEHHH, YTOO0YCIIOBIUBACT
X TPHUHAIICKHOCTh K KaTeropud TPYIHOOOOTATHMOTO 30JI0TOCOAEPIKAIIETO
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cepbsi. B Hactosimiee Bpems Ha ruapoMerautyprudeckom 3asope Ne 5 (I'M3-
5) HaBowmiickoro ropHO-METaJUTypTHYECKOTO KOMOWHATa mepepadoTka MaHHBIX
KOHLIEHTPATOB OCYLIECTBIISIETCSI METOAOM TPAJAWLIUOHHOTO IIMAHUPOBAHMS, IPU
KOTOpOMU3BIIeueHue3010TaHeipeBbIaeT50%. BecBsa3ncaTnmakTyanbpHOM3a1auei
aBIsieTcst pa3paboTka 3PpPEeKTUBHBIX TEXHOJIOTHI MPEIBAPUTEIBHON TTOATOTOBKU
CBIPBS, HANPABICHHBIX HA TIOBBINICHWE CTENEHW W3BJICUEHUS 305I0Ta. [[ens.
HccnenoBark U MPOBECTH CPAaBHUTEIBHYIO OIIEHKY 3 (peKTHBHOCTH COBPEMEHHBIX
TEXHOJIOTHH TepepaboTKH TPYAHOM3BIEKAEMOIO 30JI0Ta Ui TOBBILICHUS
CTeTICHW W3BIIEUEHHUsI 30J10Ta W3 CyIb(OHUIHBIX (IOTAMOHHBIX KOHIIEHTPATOB
MECTOPOXKICHUST AYMHH30-AMaHTail. Memoowvl. B xoje uccinenqoBaHus U3y4eHbI
MUHEPAJIIOTHYECKAE U TEeXHOJOTHYECKHE OCOOCHHOCTH KOHIIEHTPATOB, a TaKKe
paccMOTpEeHBI COBPEMEHHBIE METO/IBI TePepaboTKH TPYIHOU3BIEKAEMOTO 30J10Ta.
[IpoBenena cpaBHUTENbHAs ONeHKA S(H(OEKTHBHOCTH KHUCIOPOAHO-IIIIAMOBON
o0paboTku, OakrepuanbHoro okucieHus (BIOX) m oxumcnurenbHOro oOXWra.
Jisi KaKAOH TEXHOJOTHH OIPEeSIINCh CTEleHb paspyleHHs Cylb(UIHBIX
MUHEPAJIOB, BIUSHUE HA YTIEPOANCTOE BEIIECTBO M ITOKA3aTEIH IMOCIETYIOIIEro
W3BJICYCHHS 30JI0Ta METOJIOM [TUAHUPOBAHUs. [IOTIOJHUTENBHO BBITIONHEH aHAN3
SKOHOMHYECKOH d(h(PEKTHBHOCTH M IKOJIOTUYECKUX ACIIEKTOB pacCMaTpUBaEMBbIX
MPOIECCOB, BKIIOUAsi OIEHKY JHEPrOEMKOCTH W TEPCIEKTHB MPOMBIIUIEHHOTO
BHE/IPCHUS HCCIIETYEMBIX TEXHOIOTHH B YCIOBUSX ICHCTBYIOIIETO MPOU3BO/ICTBA.
Peszynomamul u 6vi600vb1. YctanosieHo, uto texHoyorus BIOX oGecreumBaer
BBICOKYIO CTEICHb JeCylb(ypH3alni, OJHAKO HAINYHE YIIEPOJUCTHIX BEIIECTB
BBI3bIBaeT 3(p(PeKT cCOpOIMOHHOTO TOTTIONMEHHS 30JI0Ta, YTO CHIDKAET MOKa3aTeln
ero u3BneueHust. OKUCIUTENBHBI 00KHT CIIOCOOCTBYET MPAKTHYECKH TIOJTHOMY
pa3pyuieHuio CyIb()HUIOB U YMEHBIICHHIO COACPkKAHUS YITIepoia, OJHAKO 4acTh
30JI0Ta COXpaHseTCs B MUPPOTHHE B HaHOpasMepHoil dhopme. [Ipu kuciopomHo-
LIJIAMOBOM 00pabOTKe JOCTHraeTCsi CBEPXTOHKOE H3MEJIBYCHHE KOHLEHTpara,
HO 00pa3oBaHWE BTOPHUYHBIX MHHEPAIOB, TAaKWX KaK SPO3HT, OTPAaHUINBAET
3¢ PeKTHBHOCTL mporecca. Jlaxke NMpu NPUMEHEHWH YKa3aHHBIX TEXHOJIOTHH
u3BneyeHne 3onora He npesblmaetr 70-75%. OcHoBHbIMH  (haKTOpamH,
OTPaHUYMBAIONIMMHU  HM3BJICUCHUE 30JI0Ta, SBISIFOTCS JBOWHAs YIOPHOCTh
KOHLIEHTPATOB, HAINYHE YIIIEPOAUCTHIX BEIIECTB M CKPBITHIE (DOPMBI HAXOKACHUS
3oiota. Jlms moBbImeHUsS A()PEKTUBHOCTH TEPepadOTKH  PEKOMEHIYETCS
MpUMEHEHHE KOMOMHHPOBAHHBIX TEXHOJIOTMYECKUX CXEM, BKIJIIOYAIOIINX
OKHUCIUTEIHHBIN 00KHT, HSUTPAITH3AIHIO YTIIEPOIMCTHIX BEIIECTB M ONTHMH3AIIIO
napaMeTpoB IUaHWPOBaHMs. I[IpelioKeHHBIE TOAXOIbI MO3BOJSIOT TOBBICHTH
TEXHOJIOTHYECKYI0 3PPEKTUBHOCTh U3BIICUCHHUS 30JI0Ta M YIYUIIUTh IMOKA3aTEIH
KOMIUTIEKCHOU TIepepabOTKH PYIHOTO CHIPbSL.

KiroueBbie ciioBa: TpynIHOOOOTaTHMbIE PyAbI, (DIOTALMOHHBIM KOHLEHTPAT,
30JI0TO, HAHO30JIOTO, ITHAHUPOBAHHE, OKUCITUTEIHHBINA 00KHT

Introduction. Mining plays a key role in supplying the country’s economy with
valuable metals such as gold, silver, and others (Hryhoriev et al., 2023a; Hryhoriev
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et al., 2023b; Kuttybayev et al., 2025). One of the main objectives of the mining
industry is not only the efficient extraction of ore (Lutsenko et al., 2023; Zeitinova
et al.,, 2024) but also its high-quality processing to maximize the recovery of
valuable components. In this context, increasing attention is given to complex and
refractory ores, where conventional processing routes fail to ensure sufficient metal
recovery. Of particular importance in this field are flotation concentrates of sulfide
ores, especially from deposits such as Auminzo—Amantai, which are characterized
by a complex and heterogeneous mineralogical composition, fine intergrowths of
valuable and gangue minerals, and the presence of carbon-bearing phases. Despite
significant geological reserves, gold extraction from such ores is associated with a
range of technological and physicochemical challenges (Koroviaka et al., 2023),
necessitating the application of advanced beneficiation and hydrometallurgical
treatment methods.

Flotation concentrates of sulfide ores from the Auminzo—Amantoy deposit
are classified as refractory raw materials, from which gold recovery is extremely
difficult under conventional processing conditions (Sanakulov et al., 2023; Afenya,
1991; Marsden et al., 2006). In standard flotation—hydrometallurgical schemes, the
efficiency of cyanidation does not exceed 50%, which is primarily attributed to the
complex mineralogical structure, the presence of naturally occurring carbonaceous
matter with high sorption activity, and the extremely fine dissemination of gold
within sulfide matrices (La et al., 1994; Ubaldini et al., 1998; Biletskiy et al., 2020).
These factors collectively result in both physical encapsulation and chemical loss
mechanisms during leaching.

To enhance gold recovery, several pretreatment methods have been investigated,
including oxygen-lime treatment, bacterial oxidation (BIOX), and oxidative
roasting. These technologies aim to destroy sulfide matrices and reduce the
negative impact of carbonaceous components. However, even after optimization
of these processing schemes, the overall recovery of the valuable component
remains insufficient for industrial efficiency requirements (Miller et al., 2005;
Wang et al., 2016), highlighting the need for further improvement of integrated
processing strategies.

Materials and methods of research. The phase and structural characterization
of the studied samples was carried out using powder X-ray diffraction (XRD)
analysis with subsequent structure refinement by the Rietveld method, enabling
quantitative phase identification and precise determination of crystallographic
parameters. Microstructural and morphological features of the ore and processed
products were investigated using scanning electron microscopy (SEM), providing
detailed information on mineral associations, particle morphology, and the
distribution of fine-grained phases.

In addition, a comprehensive analysis of solid residues obtained after different
pretreatment techniques was performed, including oxygen—lime treatment (OLT),
BIOX bio-oxidation, and oxidative roasting followed by sorption cyanidation.
These comparative experiments were aimed at evaluating the influence of different
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oxidation regimes on mineral transformation, sulfide breakdown, and gold
liberation efficiency. The methodological approach was supported by previously
established procedures reported in the literature (Hryhoriev et al., 2023a; Liu et
al., 2004; Baltabekova, et al., 2025), ensuring consistency with standard practices
in hydrometallurgical and mineral processing research.

Results. The compositional analysis of the flotation concentrate (Table 1)
indicates that the material is predominantly composed of pyrite, quartz, and
a substantial proportion of silicate minerals, accompanied by a notable content
of amorphous carbonaceous matter (up to 10 wt.%). In addition to these major
phases, minor amounts of accessory minerals are also present, reflecting the
complex and heterogeneous nature of the ore matrix. The coexistence of sulfide
and silicate phases creates a structurally intricate assemblage that complicates
mineral liberation during both comminution and subsequent hydrometallurgical
processing stages.

The presence of this carbonaceous component is particularly significant, as
it is known to exhibit strong preg-robbing behavior by adsorbing gold—cyanide
complexes from solution, thereby reducing overall gold recovery efficiency. Such
behavior has been widely reported in refractory gold ores and is attributed to the high
surface reactivity, micro-porosity, and adsorption capacity of amorphous carbon
phases (Liu et al., 2000; Yang et al., 2002). In addition, the fine dissemination
of carbonaceous matter within sulfide and silicate matrices further enhances its
interaction with dissolved gold species, intensifying losses during cyanidation.

Moreover, the distribution of pyrite as the dominant sulfide mineral suggests
that a significant portion of gold may be structurally or physically associated
with pyrite lattices, either through lattice substitution or micro-inclusions. This
association further contributes to the refractory nature of the material, as it limits
direct exposure of gold to leaching reagents. The combined effect of sulfide
encapsulation and carbonaceous preg-robbing behavior therefore results in a dual
mechanism of gold loss, which significantly constrains metallurgical performance.

Overall, the mineralogical features identified in the flotation concentrate
confirm its classification as a complex double-refractory gold-bearing material,
requiring advanced pre-oxidation or deactivation strategies to mitigate carbon-
related gold adsorption and to enhance subsequent cyanide leaching efficiency.

X-ray phase analysis confirmed the predominance of quartz and pyrite (Fig. 1).

Table 1. Mineralogical structure of the flotation concentrate.

Mineral Content, %

Pyrite 24,1
Quartz 19,2
Muscovite 18,3
Albit 8,9
Chlorite 7
Carbonaceous matter 10,1
Other (anorthite, calcite, etc.) ~12,4
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Figure 1. Powder diffractogram of flotation concentrate.

The results obtained from the investigation of the flotation concentrate clearly
indicate the necessity of efficient liberation of refractory gold from the sulfide
mineral matrix. The mineralogical complexity of the material, combined with the
fine dissemination of gold within sulfide phases, requires advanced pretreatment
strategies capable of breaking down or transforming the host minerals prior to
cyanidation. In particular, the presence of gold locked at the micro- and nanoscale
within pyrite and associated sulfides significantly restricts direct leaching
efficiency, thereby necessitating multistage processing schemes.

Among the available approaches for processing refractory gold ores, bacterial
oxidation has gained considerable attention in recent years, particularly for
sulfide-rich flotation concentrates (Liu et al., 2004; Yang et al., 2002). The
increasing application of this technology is primarily attributed to its high degree
of desulfurization efficiency, environmentally favorable characteristics, and
relatively low operational costs compared to conventional thermal or pressure
oxidation methods (Tributsch, 2001; Biletsky et al., 2019). These advantages
largely compensate for the stringent operational requirements associated with
bio-oxidation, which arise from the need to maintain optimal conditions for
microbial activity, including controlled temperature, pH, redox potential, and
nutrient availability, all of which are essential for sustaining microbial adaptation
and metabolic efficiency. Moreover, bacterial consortia demonstrate selective
oxidation of sulfide minerals, which contributes to the structural weakening of the
ore matrix and enhances subsequent gold exposure during cyanidation.

Figure 2 presents the powder X-ray diffraction pattern of the bio-oxidized
product (bio-cake). The corresponding semi-quantitative mineralogical
composition, obtained through Rietveld refinement of the diffraction data, is
summarized in Table 2. These results provide important insights into the extent
of sulfide transformation, the formation of secondary phases such as jarosite, and
the residual mineral assemblages remaining after bio-oxidation treatment, which
collectively influence downstream gold recovery performance.
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Figure 2. Powder diffractogram of bioke sample.
Table 2. Mineralogical analysis of biokeek sample.
Mineral Contents, %
Pyrite 2.1
Quartz 26,4
Muscovite 21.5
Albit 11.3
Chlorite 10.5
Carbonaceous matter 12,8
Other (anorthite, calcite, etc.) ~15,1

Bio-oxidation of the flotation concentrate achieved a high degree of
desulfurization, exceeding 90%, indicating effective microbial decomposition
of sulfide minerals. However, despite this substantial removal of sulfur-bearing
phases, gold recovery during subsequent sorption cyanidation remained
unsatisfactory. This discrepancy can be attributed primarily to the elevated content
of carbonaceous matter in the resulting bio-cake, which continues to exert a
pronounced preg-robbing effect by adsorbing dissolved gold—cyanide complexes
and thereby reducing the efficiency of gold recovery.

In order to mitigate the adverse influence of carbonaceous material, oxidative
roasting was considered as a further pretreatment step. This approach is aimed at
thermally deactivating or removing reactive carbon phases that are responsible for
gold adsorption losses. Accordingly, roasting experiments were carried out in a
muffle furnace at a temperature range of 500-550°C for a duration of 3 hours, with
the process continued until a constant mass of the calcined residue was achieved,
indicating completion of thermal transformations.

The phase composition of the roasted product was subsequently investigated
by powder X-ray diffraction (XRD). The diffraction pattern obtained is presented
in Figure 3, while the semi-quantitative mineral composition, determined through
Rietveld refinement of the XRD data, is summarized in Table 3. These results
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provide insight into the mineralogical transformations induced by thermal
treatment and the effectiveness of carbon removal under oxidative conditions.
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Figure 3. Powder diffractogram of the roasted sample.
Table 3. Mineralogical analysis of the roasted sample.

Mineral Contents, %
Quartz 36.4
Muscovite 29.0
Albit 13.6
Hematite 3.4
Maghemite 1.0
Carbonaceous matter 0,6
Other (anorthite, calcite, etc.) ~16

The results show that the sulfide minerals have been completely oxidized. The
carbon content is 0.6%, and the carbon is likely in the form of graphite, whose
combustion temperature significantly exceeds the temperature of oxidative
roasting. Iron has been oxidized mainly to hematite, with some iron present in the
form of maghemite. Although oxidative roasting is more costly from an economic
point of view, it ensured a high degree of desulfurization and decarbonization.
Nevertheless, gold recovery in subsequent sorption cyanidation did not exceed
75%. To investigate the reasons for the low gold recovery, the sample was subjected
to additional studies.

Scanning electron microscopy of the roasted sample revealed the presence of
nanoscale gold particles (Fig. 4, Table 4).

As shown in Figure 4, gold particles with sizes of approximately 100 nm and
below were detected within the pyrrhotite matrix. According to spectral analysis,
particularly Spectra 83 and 85, these nanophase inclusions correspond to elemental
gold. In addition, Spectra 83 and 86 were obtained from the host mineral, which
is compositionally consistent with pyrrhotite based on the characteristic sulfur-to-
iron ratio. These observations indicate that a significant portion of gold remains
physically encapsulated within sulfide minerals due to incomplete oxidation of
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iron sulfides during muffle furnace treatment. The periodic mixing conditions
employed during thermal processing are insufficient to ensure uniform oxygen
diffusion and complete sulfide decomposition, resulting in under-oxidized pyrite—
pyrrhotite assemblages and, consequently, the preservation of refractory gold
phases.

Gold
nanoparticles
the size of
~100 nm

Spectrum 84
5
Spectrum 83
+

Spectrum 85 __;
+ Spectrum 86
+

10pm
Figure 4. Gold nanoparticles in pyrrhotite.
Table 4. Content of elements in measurement points.
S Fe Au
Spectrum 83 28,4% 42,8% 28,8%
Spectrum 84 39,2% 60,8% -
Spectrum 85 27,2% 38,2% 34,7%
Spectrum 86 39,4% 60,6% -

The presence of nanoscale gold inclusions strongly suggests that conventional
comminution and roasting techniques alone are inadequate for full liberation of
precious metals from the sulfide matrix. To effectively access and recover such
finely disseminated gold, it is necessary to employ advanced ultrafine grinding
strategies capable of reducing particle size to the submicron or even nanoscale
range, thereby increasing the exposure of encapsulated gold surfaces.

In industrial practice, preliminary size reduction of ore material can be achieved
through controlled blasting operations in open-pit mining, followed by staged
comminution using dry grinding systems such as two-chamber ball mill-separator
circuits. However, to reach the required liberation size for refractory ores, these
conventional methods must be supplemented with specialized ultrafine grinding
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technologies, which provide significantly higher energy input and improved
particle breakage efficiency.

Further experimental investigations were carried out using high-temperature
oxygen—lime treatment (OLT) of flotation concentrates. A distinctive feature of
this process is the pre-treatment of the material to a particle size of approximately
20 um, followed by oxidative leaching in the presence of oxygen and lime at
a temperature of 75-80°C under atmospheric pressure conditions. This regime
promotes the oxidative decomposition of sulfide minerals, enhances permeability
of the mineral matrix, and facilitates the release of encapsulated gold. The
corresponding results obtained after OLT processing of the flotation concentrate
are presented in Figure 5 and Table 5, demonstrating the effectiveness of the
proposed approach in improving sulfide oxidation and gold liberation.
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Figure 5. Powder diffractogram of the flotation concentrate sample after the OLT process.
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Table 5. Mineralogical analysis of the flotation concentrate sample after the OLT process.

Mineral Contents, %
Quartz 18.2
Pyrite 19.0
Muscovite 31.4
Albit 3.8
Chlorite 6.4
Bassanite 0.8
Jarosite 3.9
Gypsum 1.0
Anorthite 1.4
Amorphous part 14.2

After the OLT process, the flotation concentrate still exhibits a relatively high
residual content of pyrite together with significant amounts of carbonaceous matter.
Although partial oxidation of pyrite is evident, the process remains incomplete and
is accompanied by the formation of secondary iron-bearing phases, predominantly
jarosite. The occurrence and accumulation of jarosite are particularly unfavorable
from a metallurgical standpoint, as it contributes to surface passivation of sulfide
minerals, restricts further oxygen diffusion through pore and grain boundaries, and
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thereby inhibits the continuation of pyrite oxidation under the applied treatment
conditions. In addition, the formation of such secondary phases may alter the
surface electrochemical properties of the particles, further reducing their reactivity
in subsequent leaching stages.

Microscopic examination of the treated sample at 1200x magnification
(Figure 6) clearly reveals the presence of finely dispersed carbonaceous material
embedded within the mineral matrix. The majority of this carbon occurs in an
amorphous form, lacking a well-defined crystalline structure and being uniformly
distributed throughout the concentrate at micro- and nanoscale levels. Such
amorphous carbon is highly reactive in hydrometallurgical systems and is widely
recognized for its strong preg-robbing behavior. In particular, it can effectively
and selectively adsorb dissolved gold complexes, especially those formed with
cyanide ions during subsequent leaching stages, due to its high specific surface
area and surface functional activity.

This phenomenon significantly reduces the overall efficiency of gold recovery,
as a portion of the solubilized gold is continuously removed from the pregnant
leach solution and re-adsorbed onto carbon surfaces rather than remaining in
solution for downstream recovery processes such as activated carbon adsorption
or zinc cementation. Consequently, the combined presence of partially oxidized
sulfides, jarosite coatings, and highly reactive carbonaceous matter creates a
complex and dynamically evolving mineralogical environment that continues to
limit the effectiveness of conventional oxidative pretreatment and cyanidation-
based extraction processes, thereby necessitating more advanced integrated
processing strategies.

10 pm

Figure 6. Surface of the sample “Crushed flotation concentrate after the OLT process” at 1200x
magnification, dark particles represent carbon.
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The elevated content of pyrite and carbonaceous matter classifies the flotation
concentrate, even after OLT treatment, as a double-refractory gold-bearing
material. Although ultrafine grinding to a particle size of approximately 20 um
can significantly improve the exposure, liberation, and accessibility of nanoscale
gold by increasing the specific surface area and enhancing the contact between
the leaching solution and mineral phases, this benefit alone remains insufficient
for achieving consistently high gold recovery rates under industrial cyanidation
conditions. In addition, the presence of finely disseminated gold locked within
sulfide matrices, particularly within pyrite and associated gangue minerals, further
limits complete liberation even at advanced degrees of comminution, thereby
maintaining a significant fraction of unrecoverable gold in the solid phase.

At the same time, the carbonaceous matter exerts a critical negative influence
on the overall hydrometallurgical performance of the process. It exhibits a strong
preg - robbing effect, characterized by the competitive adsorption of dissolved
gold—cyanide complexes onto active carbon sites distributed within the ore matrix.
This phenomenon not only reduces the concentration of gold in the pregnant
leach solution but also disrupts the thermodynamic equilibrium of dissolution—
adsorption processes, significantly decreasing the efficiency of downstream
recovery stages such as adsorption onto activated carbon, ion-exchange resins,
or zinc cementation. As a result, a considerable portion of the dissolved gold is
irreversibly transferred to the tailings stream, thereby lowering the overall process
yield.

Furthermore, the interaction between liberated gold species and residual or
partially oxidized sulfide minerals may contribute to secondary encapsulation and
surface passivation effects, which further complicate mass transfer kinetics during
cyanidation. Therefore, despite the mechanical advantages provided by fine and
ultrafine grinding, the overall process efficiency remains strongly constrained by the
chemical reactivity, surface properties, and adsorption behavior of carbonaceous
phases. This confirms that effective processing of such double-refractory ores
requires not only physical liberation strategies but also targeted chemical,
oxidative, or thermal pre-treatment methods aimed at deactivating carbonaceous
matter prior to cyanidation and improving overall gold recoverability.

Comparative results of gold extraction using various methods of its opening
are shown in Table 6.

Table 6. Comparative results of gold extraction.

Processing method Gold extraction, %
Cyanidation only <50
After the OLT process ~65
After biooxidation ~70
After oxidative roasting 72-75
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Conclusion. The flotation concentrates obtained from the Auminz—Amantay
ore field can be classified as double refractory gold ores, exhibiting both physical
encapsulation and chemical refractoriness. Despite the application of advanced
processing technologies such as oxygen-lift leaching (OLT), BIOX bio-oxidation,
and conventional roasting, the overall gold recovery remains limited and typically
does not exceed 75%. This indicates that the current processing routes are
insufficient to fully overcome the complex mineralogical barriers inherent in the
ore.

The primary factors responsible for the low extraction efficiency are associated
with the complex distribution and chemical behavior of gold within the ore matrix.
First, gold predominantly occurs in nanoscale and submicroscopic forms, which
are finely disseminated and structurally enclosed within silicate and sulfide gangue
minerals. Such occurrences significantly restrict reagent accessibility and limit
the effectiveness of both chemical leaching and oxidative pretreatment methods.
Second, the presence of carbonaceous matter leads to a pronounced preg-robbing
effect, whereby dissolved gold complexes are re-adsorbed onto organic carbon
surfaces, resulting in substantial losses during cyanidation. Third, the formation of
secondary oxidation products, including jarosite and bassanite, creates additional
diffusion barriers and passivation layers that hinder the penetration of oxidizing
agents and further suppress gold liberation.

Inordertoenhanceoverall goldrecovery, itisnecessary to develop and implement
integrated and synergistic processing strategies rather than relying on single-stage
treatment schemes. In particular, combined approaches involving controlled
oxidative roasting with prior or simultaneous carbon deactivation are required to
eliminate the preg-robbing capacity of organic matter. This should be followed by
the optimization of cyanidation parameters, including reagent concentration, pH
control, and oxygen supply, to maximize gold dissolution kinetics. Furthermore,
the application of advanced sorption—desorption technologies, such as carbon-in-
leach (CIL) and carbon-in-pulp (CIP) systems, is recommended to improve gold
capture efficiency and minimize losses in solution.

Overall, a multi-stage hybrid processing route that integrates thermal, chemical,
and adsorption-based technologies appears to be the most promising direction for
achieving higher gold recoveries from such complex double refractory ores.
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