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PRINCIPLES OF QUALITY UNIFORMITY
STABILIZATION OF MULTI-GRADE ORES IN
THEIR OPEN-PIT MINING

Abstract. An analysis of industrial development experience in deposits with complex mineral compositions indicates that improving the efficiency of raw material
resource utilization requires the advancement of mining technologies for complex-structure ores. This paper presents the results of experimental research on the quality
averaging of ore types and grades during the open-pit mining of complex polymetallic deposits. The authors propose a comprehensive efficiency criterion based on the
Hancock and Gaudin-Kelsall approaches, which accounts for the separation process during ore beneficiation. The application of this criterion enables the management of
quality homogeneity for multi-grade ores when extracted separately or as a blend. Furthermore, dependencies have been established for metal recovery into concentrates
during the flotation of refractory and mixed lead-zinc ore blends.
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AIIBIK TICIIMEH OHIIPY Ke3iH/le KONCOPTTHI KeHIePAiH canajbIK OipTeKTIIIrH TYpaKTaAaHABIPY KAaFUAAaTTaApPbI

Annarna. MuHepanblK Kypambl KYp/eii KeH OpbIHIaPbIH OHEPKICINTIK Urepy TKIpHOeCciH Tajay IHKi3aT KOpJIaphlH MaiaanaHy THIMAUTICIH apTThIPY YIIIH Kypbl-
JIBIMBI KYp/ieTi KeHACPAi OH/ipy TEXHOIOTHSICHIH KETIAIPY KaXeTTiriH kepcereai. KypbulbIMbl Kyp/iei MOIMMETALT KeH OPBIHIAPBIH AllIbIK JAICIICH Urepy Ke3iHae KeH
TYpJIEpi MEH COPTTAPBIHBIH CANAChIH OPTALIAIaHBIPY OOMBIHILIA XKYPTi3iIreH SKCIEePUMEHTTIK 3epTTeYIepIiH HOTIKEIePi KeTipinreH. ABTopiap KeHai 6alibITy Kesinzaeri
Geury mporecin eckeperin, XaHkok reH Iojxen-Kemicann Tocinjaepine Heri3aenren KemeH i THIMIUTK KpUTepUiin YCbIHABL. Byl kpuTepmiini naiijanany Ker COpTTBI
KEHJIeP/Ii )KeKeNeil HeMece apaiacThIPbII OHIIPY Ke3iH/Ie ONap/IblH canaiblk OipTeKTiLTiriH 6ackapyFa MyMKiHAiK Oepeai. bailbIThUTy bl KUBIH KOHE apajiac KOPChIH-MbIPBILI
KeH/ICPiHIH IIMXTAChIH (IOTALHSIIBIK OaiibITy Ke3iHe MeTa1ap/ibIH KOHLIEHTPATTAPFa LIBIFY TOYENIAINIKTep] aHbIKTAIIBI.

Tyitinoi cozoep: kon cypbinmol keHoep, Kypoeii KYpbliblMObl NOIUMEMALT KeH OPbIHOAPbL, OACKAPLLIAMbLH CeNeKMUusmi oHOIpY, Canambl OPmMawaldy, apaidac Kopad-
CbIH-MbIPbIUL KEeHOEPI.

HpuHUMNBI cCTA0MIU3ALNH KAYeCTBEHHOI 0ITHOPOJAHOCTH MHOTOCOPTHBIX PYA NIPH MX OTKPBITOM 100bIYe

AHHOTaHl/lﬂ. AHanu3 omneita TIPOMBIIIIJICHHOTO OCBOCHUS MCCTOpO)KZ[CHHfI CJIOJKHOTO MHUHEPAJIBHOI'O COCTaBa CBUACTCIBCTBYCT, YTO IS ITOBBIIIICHUA BQ)Q)CKTI/IBHOCTI/I
HCIIOJIB30BaHUs 3aI1aCcOB CBIPb Tpe6yCTC$l COBEPIICHCTBOBAHUE TEXHOJIOTHH pa3pa60TKn CIIO)KHOCTPYKTYPHBIX PYI. anBeI[eHL] Ppe3yNIbTaThl SKCIICPUMEHTAJIBHBIX HC-
CJIC/IOBaHUI yCPEIHEHUsI KauecTBa THUIIOB U COPTOB DY/ MPHU OTKPBITOH pa3padOTKe CIOKHOCTPYKTYPHBIX HOJMMETAUIMYECKUX MECTOPOXKACHUH. ABTOpAMHU HPETIOKEH
KOMILJIEKCHBIN Kputepuii addexTuBHOCTH Ha Oase moaxonoB Xankoka u ['ogena-Kescamna, yauThIBalOUMi pa3ienTelbHbIH polecc npu oboramiernu pya. Mcmomnb3o-
BaHUEC JAaHHOTO KPUTECPH MTO3BOJIACT YIIPABIATH KaueCTBEHHOM OOHOPOAHOCTHIO MHOT'OCOPTHBIX PYI IIPHU UX Z[OﬁI)I‘-IC pasfeabHO UK B CMECH. ‘VcTaHOBIEHBI 3aBUCUMOCTH
HU3BJICYCHHUA METAJUIOB B KOHIEHTPATBI ITPU (l)I]OTaI.H/IOHHOM 060FaH_leHPH/l IOUXTHI prI[HOO6OFaTHMbIX ¥ CMEIIAHHBIX CBUHIIOBO-IIMHKOBBIX PYI.

Knrwouesvie cnosa: MHO20COpmMHblIE pyabl, CIIOHCHOCMPYKMYPHble noauMemaiiudecKkue ]HECmOpODIC()@HMﬂ, ynpaeisiemas celeKmueHas ()06bl‘{d, ycpe()HeHue Kadecmed,

CMeuaHHble C6UHY0B0-YUHKOBbIE py()bl.

Introduction

The primary requirements for the quality of ore feed sup-
plied to beneficiation include uniformity in component con-
tent, particle size, moisture, etc., i.e., a set of properties. One
of the key tasks of an open-pit mine is to ensure quality for-
mation and parameter stabilization over accounting periods —
shifts, days, and weeks. Rapid fluctuations and inconsistencies
in quality characteristics hinder adaptation, underscoring the
importance of maintaining a stable ore flow quality [1, 2, 3].

Ore quality encompasses a set of natural and technologi-
cal properties determining enrichability and economic value.
Various methodological approaches are applied to stabilize ore
mass quality, including [4, 5, 6, 7]:

» Controlled selective mining through a combination of
technical solutions and organizational measures.

* Quality averaging of different ore grades through special-
ized measures ensuring uniform composition based on techno-
logically significant parameters, such as chemical and miner-
alogical composition, grain size distribution, and the presence
of valuable or harmful impurities. To establish an effective
averaging scheme, optimal batch ratios in the charge, trans-
port flow optimization, and ore mass stacking sequence must
be investigated through experimental studies on intra-grade
and inter-grade quality averaging.

The outlined tasks were addressed using representative
technological samples of Zhairem ores, employing methodol-
ogies and practical recommendations from experts in the field
[8].The ores, both separately and in mixtures, were enriched
using flotation schemes with and without desliming in the flo-
tation laboratory of VNIItsvetmet.
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Materials and methods

Experimental research methods were employed to substan-
tiate the stabilizing quality indicator for ores from complex
Atasuy-type polymetallic deposits. The Gaudin-Kelsall (z;
criterion is a measure for evaluating quality in separation pro-
cesses based on the yield of beneficiation products [9]. The
Hancock (E) criterion allows for a quantitative assessment of
ore mass quality based on three parameters simultaneously:
the metal content in the feed ore («), the concentrate yield (y),
and the content of the useful component (f) [10]. The choice
of a comprehensive efficiency criterion — defined as the prod-
uct of the Hancock index and the Gaudin-Kelsall criterion —
is justified by its ability to simultaneously account for both
the qualitative recovery of the useful component and the mass
yield of the concentrate. This multiplicative approach provides
a more rigorous mathematical sensitivity to fluctuations in the
slime fraction, which is critical for the complex polymetallic
ores of the Zhairem type.

wa = g, metal recovery is considered.

The product of the Hancock and Gaudin-Kelsall criteria:

RN il 7 1
ETk—Eﬂ(l_a) ()

Thus, represents an unambiguous quantitative assessment
of the flotation activity of the valuable component.

The symbol & can replace E-z,, simplifying the notation.
This is a quality criterion, which we have named the compre-
hensive indicator of ore mass beneficiation potential during
the extraction of multi-grade ores.
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The maximum possible values of the Hancock and God-
den-Kelsall criteria are ensured at stoichiometric metal con-
tents in the ore:
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Taking the f# = const, we can find the maxim possible re-
covery, in this case:
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The comprehensive quality indicator ¢ enables controlled
ore extraction, as it allows for the evaluation of technological
parameters of ores with various compositions. According to
this criterion, the quality of a technological ore grade is ex-
pressed as relative fractions of the maximum possible theoret-
ical values. Calculations are performed for each metal using
the formula:

Tkl

E"Tk1=E1'ﬁ'Tk2, (6)
where E;- 7,/ represents the criterion values for the actual met-
al content in the technological ore grade a, the expected recov-
ery &, and the concentrate quality #; moreover,

p—«a

1-ao

Ey-al=¢€-B- (7)

where E,t,? is the maximum criterion value, determined from
expression (7) at the metal content, assuming 100% recovery
and an ideal concentrate quality corresponding to the theoret-
ical metal content in the extracted mineral: for galena a,, =
86.6%; for sphalerite a_,= 67.1%.

In practice, for averaging quality based on the mean values
calculated by formula (6), the planned (weighted average) value
is determined for the entire set of grades involved in the mining
and processing process according to the development direction of
mining operations. Then, based on the maximum possible values
of quality fluctuation within the interval found by the formula:

I={+a AE'-5/;—a AE' -1}, o)

the optimal blending ratios of ore grades are calculated. More-
over, the value of the degree of averaging for the concentrate ,°
in the averaged volume, found by the formula, is determined.

p—a
1-ao

Tk3=)"ﬂ' ")

should be greater than the minimum value of the degree of
separation 7, calculated at the minimum allowable metal
content in the concentrate according to the applicable State
Standard standards for concentrates. The analytical expression
of this limitation is as follows:

73 > gMmin, (10)

When calculating the blending ratios using the variation
rang

I={+a AE' - 5/;—a-AE'- 7,

the maximum possible deviation in the quality of the mix-
ture for one metal is taken into account, since, in general, the
averaging indicator values (6) for the extracted metals differ.
A simplified method for calculating the blending ratios Q,/Q,
of the averaged ore grades is to find the values of the ore grade
fractions:

a (& — &)

Q:/Q, = o2 (&3 — &), (1)
where Q/Q, is the fractional ratio of the worst and best qual-
ity ore grades to be blended — expressed as a percentage or
fraction of a unit, with corresponding metal contents oa; and
aa, and extractions &g, u €&,; €&; is the planned extraction, ex-
pressed as a percentage.

If the ratio of volumes of averaged ore grades in blocks is
established, the calculations should be conducted taking into ac-
count the reliability of geological reserves Q,-P(m,)/Q, P(m?)
in accordance with the detail and stage of the site exploration.

Experimental studies of grade averaging based on calcu-
lation formulas (6), (9), and (11) were conducted on small-
scale technological samples, represented by rich lead-zinc
crystalline-granular ores from quarry No. 2, +297 m level, of
the Western Zhayrem deposit, blended with fractions of gale-
na and sphalerite — sample No. 3; difficult-to-beneficiate ores
with a lead extraction of 50.9% into the commercial product
with a metal content of 13.74% — sample No. 2; and «condi-
tionally balanced» lead-zinc ores with a conditional zinc con-
tent below the minimum industrial standard but higher than the
cutoff content.

To establish the limits of possible metal extraction reduc-
tion during the operational management of mining operations,
we investigated the impact of dilution on the quality of lead-
zinc ores. The ore was diluted sequentially in steps of 10%
from a ratio of ore to waste rock of 9:1 to 1:9.

Results and discussion

Experimental results demonstrated that all. Zhairem ore
grades exhibit fine-grained sulfide dissemination, making
beneficiation challenging due to incomplete mineral liber-
ation, even with ultra-fine grinding to 98% passing 74 um.
Additionally, increased slime generation negatively impacted
concentrate quality. Different natural ore types exhibit varying
beneficiation characteristics. Hydrothermal-sedimentary ores,
characterized by unevenly layered textures, abundant globu-
lar sulfide formations, and an overall aleuropelitic structure,
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contain fine-grained pyrite, galena, and sphalerite, resulting in
poor beneficiation performance (Figure 1).

Extraction of metals into concentrates, %

0 10 20 30 40 50
The zinc content in the class is 0.01 mm, %
0 10 20 30 40 50

The lead content in the class 1s 0.06 mm, %

Figure 1. Dependence of lead and zinc extraction into
concentrates on the content of fine-grained sulfide: / —
extraction of lead, n = 96, 2 — extraction of zinc, n = 75.
Cyper 1. KopracblH MeH MBIPBIIITHIH KOHIICHTPATTAPFA
AJIBIHYBIHBIH KYKa TYHipmIikTi cyabduarepain
KYPaMbIHA TdyeJiiri: / — kopzacvin any, N = 96, 2 —
Mulpblud any, n = 735.
Puc. 1. 3aBucHMOCTD NM3BJI€YEeHHUS CBHUHIIA M IIMHKA
B KOHIIEHTPATHI OT CO/IEPKAHUS TOHKO3ePHUCTHIX
cyab®uIoB: ! — uzeneuenue ceunya, n = 96; 2 — uzenevenue
yunka, n = 735.

The primary conclusion derived from analyzing the ampli-
tude of quality fluctuations in Zhairem lead-zinc ores and their
material composition characteristics is that none of the listed
composition parameters can be considered the main criterion
for averaging. The combined influence of these parameters
necessitates grade-based averaging by mixing higher-quality
ores with lower-quality ones.

An analysis of the beneficiation potential based on the
dispersion analysis of Zhairem ore beneficiation products
has shown that the majority of metal losses occur in the fine-
grained fraction (-20 um) (Figure 2).

The distribution curves of lead and zinc in flotation tail-
ings exhibit distinct peaks at the -10 pm or -20 um size frac-
tions, depending on similar peaks in the metal distribution
within the flotation feed, except for a peak at the +74 pm
fraction, from which lead and zinc are recovered at approx-
imately 96%.

Diagrams (Figure 3) confirm a significant difference in met-
al recovery between the «sandy» (+20 pm) and slime (-20 pm)
fractions. This explains the instability of beneficiation perfor-
mance, decreased selectivity, lower concentrate quality, and
increased metal losses in different concentrates as the propor-
tion of metals in the slime fraction increases.

The resulting experimental data (Figure 4) prove the reduc-
tion in lead and zinc extraction following a linear law, which
allows the following conclusion: when calculating the blend-
ing ratios of averaged ore grades, a correction factor for the
degree of dilution should be introduced for each separately
mined grade to stabilize quality.
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Figure 2. Curves of the dispersed analysis of the products
of enrichment of lead-zinc ores: / — mixed lead-zinc ores;
2 — tailings.

Cyper 2. KopracbIH-MBbIpBIII KeHAEPiH 0aiibITy
OHiM/IepiHiH THcHepCeTiK Taaaay KUChIKTapbl: [ — apanac
KOpP2aCbIH-MbIpbli KeHoepi, 2 — Kanovlkmap.

Puc. 2. KpuBble 1MCIepPCHOro aHAIN32 NPOIYKTOB
o0orameHusi CBHHIIOBO-IIMHKOBBIX PYA: [ — cumeuiantvle
CBUHYOBO-YUHKOBBIE PYObL, 2 — XBOCHIbL.

Thus, the primary stabilizing indicator of ore quality for
stratiform polymetallic deposits of the Zhairem type is the
metal content in the slimes fraction, which determines the
overall metal recovery. This leads to a crucial conclusion re-
garding the efficiency of mining complex polymetallic depos-
its. To ensure the quality homogeneity of the ore flow in terms
of metal content when mining multi-grade ores under quality
management protocols, it is necessary to standardize the metal
content in the slimes fractions of the extracted ore grades. This
objective can be achieved through various methods. However,
the most effective approach is the proposed method based on
a comprehensive beneficiation efficiency criterion. We have
designated it as such because this indicator is a product of the
Hancock efficiency index, well-known in the theory of sepa-
ration processes, and the degree of separation by concentrate,
also known as the Goden-Kelsall criterion.

The application of the Hancock criterion has provided
mathematical confirmation that quantitative separation effi-
ciency is directly dependent on the particle size distribution.
High efficiency is achieved in the «sand» fraction (+20 um),
whereas the «slime» portion significantly reduces the overall
value of the criterion.

It has been experimentally established that a dilution in-
crement of 10% significantly affects selectivity. When the
ore-to-waste ratio falls below 7:3, the beneficiation indicators



Oboraterte oMe3HbIX MCKOMAEMBIX

90

sands +20 microns

Extraction of lead and zinc, %

15 3.0 a5 60 Zn
Lead and zinc content,%

Figure. 3. Dependence of the extraction of metals into
concentrates on their content in the sand and slurry
fractions of ore grinding: / — sulfide lead-zinc ores; 2 —
mixed lead-zinc ores.

Cyper 3. MeTaiaapablH KOHUEHTPATTAPFA WIbIFAPy
JdpesKeciHiH oJIapAbIH KeH/1i YHTaKTay Ke3iHaeri
KYM/bI KoHe IJIaM/bl (ppaKkuusijIapAarbl MoJIepiHe
TAYeJAiIiri: [ — cynbpuomi Kopzacwvin-mouipuvliiu kenoepi; 2 —
apanac KopaculH-mulpbiil KeHOepi.

Puc. 3. 3aBucumocTh U3BJICYCHHS METAJLIOB B
KOHIIEHTPATHI OT UX CO/IeP:KAHHUS B MEeCKOBOI 1
IIJIAMOBOI GPaKIHUAX MOMOJIA PYAbL: [ — cyib@uonbie
CBUHYOBO-YUHKOBbLE PYObL, 2 — CMeuldntble CEUHYOB0-
YuHkogwle pyool.

become unstable. To stabilize concentrate quality, operational
management of the blending process (based on formulas 6, 9,
and 11) is required to ensure minimum slime formation during
the averaging process.

Conclusions

Summarizing the theoretical aspects of the issue and the
results of experimental studies conducted on small-scale tech-
nological samples of lead-zinc ores from the Zhairem group of
polymetallic deposits, the following conclusions can be drawn.

The primary stabilizing indicator of ore quality for Ata-
suy-type stratiform deposits is the metal content in the slime
fraction of mineral grains smaller than 20 um.

The quality of the blend of averaged ore grades directly
depends on the quality of the source components and follows
a linear relationship. Furthermore, blending low-grade ores
with high-grade ones predictably deteriorates the overall tech-
nological performance.
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Figure 4. Dependence of lead extraction into concentrates
and the quality of lead concentrates on the charge ratios
of hard- and easy-to-enrich grades of lead-zinc ores in the
charge: [ — extraction; 2 — concentrate quality; 3 — losses in
the tailings of enrichment (in the numerator the volumes of
hard-to-enrich, in the denominator — easily-enriched ores).
Cypert 4. KoprachbIHHBIH KOHICHTPATTAPFA IIBLIFAPbLTYbI
MeH KOPFAChIH KOHIIEHTPATTAPBIHBIH CANACKIHbIH
IIMXTA KYPAMBbIHAAFbl 0albITYFa KUBIH sKOHE JKeHil
0alBITHUIATBIH KOPFACBIH-MbIPBILI KeHAEPiHiH yJjec
KATBIHACBIHA TIYeJAIIri: / — wwieapwiny, 2 — konyenmpam
canacwl; 3 — daublmy KaiOblKmMAapblHOAEbl HCOLANMYIAD
(anvlmbiHOa — batiblmyea KuvlH KeHOepOiH KeJieMi,
b6MIMIHOE — JiCeHin OALIMbLIAMBIH KeHOEPOIH KOeMi).
Puc. 4. 3aBucumMocTh U3BJIeYeHHSI CBUHIA B KOHIIEHTPATHI
U Ka4ecTBa CBUHIIOBBIX KOHIEHTPATOB OT IIMXTOBOYHBIX
COOTHOLIIEHUI TPYAHO- U JIETKOOOOTaTUMBIX COPTOB
CBHHIIOBO-IIMHKOBBIX Py B IIUXTe: [ — usgieuenue, 2 —
Kauecmeo Konyenmpama, 3 — nomepu 8 X6ocmax 00oeaujenus
(8 uucnumene 0b6vembl MPYOHOOOOLAMUMDIX, 8 3HAMEHAMeNe —
N1€2K00002amumblx pyo).

The proposed evaluation method, based on a comprehen-
sive criterion (the product of the Hancock and Gaudin-Kelsall
criteria), provides the most accurate prediction of beneficia-
tion efficiency in conditions of complex deposit structures.
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