
Горный журнал Казахстана №3’ 2026

54 Обогащение полезных ископаемых
Код МРНТИ 52.45.17

T. Kumykova, G. Nurshaiykova, *A. Akylbaeva, T. Malgazhdarov
D. Serikbayev East Kazakhstan Technical University (Ust-Kamenogorsk, Kazakhstan)

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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Ашық тәсілмен өндіру кезінде көпсортты кендердің сапалық біртектілігін тұрақтандыру қағидаттары
Андатпа. Минералдық құрамы күрделі кен орындарын өнеркәсіптік игеру тәжірибесін талдау шикізат қорларын пайдалану тиімділігін арттыру үшін құры-

лымы күрделі кендерді өндіру технологиясын жетілдіру қажеттігін көрсетеді. Құрылымы күрделі полиметалл кен орындарын ашық әдіспен игеру кезінде кен 
түрлері мен сорттарының сапасын орташаландыру бойынша жүргізілген эксперименттік зерттеулердің нәтижелері келтірілген. Авторлар кенді байыту кезіндегі 
бөлу процесін ескеретін, Ханкок пен Годен-Келлсалл тәсілдеріне негізделген кешенді тиімділік критерийін ұсынды. Бұл критерийді пайдалану көп сортты 
кендерді жекелей немесе араластырып өндіру кезінде олардың сапалық біртектілігін басқаруға мүмкіндік береді. Байытылуы қиын және аралас қорсын-мырыш 
кендерінің шихтасын флотациялық байыту кезінде металдардың концентраттарға шығу тәуелділіктері анықталды.

Түйінді создер: көп сұрыпты кендер, күрделі құрылымды полиметалл кен орындары, басқарылатын селективті өндіру, сапаны орташалау, аралас қорға-
сын-мырыш кендері.

Принципы стабилизации качественной однородности многосортных руд при их открытой добыче
Аннотация. Анализ опыта промышленного освоения месторождений сложного минерального состава свидетельствует, что для повышения эффективности 

использования запасов сырья требуется совершенствование технологии разработки сложноструктурных руд. Приведены результаты экспериментальных ис-
следований усреднения качества типов и сортов руд при открытой разработке сложноструктурных полиметаллических месторождений. Авторами предложен 
комплексный критерий эффективности на базе подходов Ханкока и Годена-Келлсалла, учитывающий разделительный процесс при обогащении руд. Использо-
вание данного критерия позволяет управлять качественной однородностью многосортных руд при их добыче раздельно или в смеси. Установлены зависимости 
извлечения металлов в концентраты при флотационном обогащении шихты труднообогатимых и смешанных свинцово-цинковых руд. 

Ключевые слова: многосортные руды, сложноструктурные полиметаллические месторождения, управляемая селективная добыча, усреднение качества, 
смешанные свинцово-цинковые руды.

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.  

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 (τk ) 

criterion is a measure for evaluating quality in separation pro-
cesses based on the yield of beneficiation products [9]. The 
Hancock (Е) criterion allows for a quantitative assessment of 
ore mass quality based on three parameters simultaneously: 
the metal content in the feed ore (𝛼), the concentrate yield (𝛾), 
and the content of the useful component (𝛽) [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.

γ/α = ε, metal recovery is considered. 
Тhe product of the Hancock and Gaudin-Kelsall criteria:

	 𝑬𝑬𝑬𝑬 ∙ ττₖ = εε ∙ ββ ∙
(ββ− 𝜶𝜶𝜶𝜶))
(𝟏𝟏𝟏𝟏 − 𝜶𝜶𝜶𝜶))

 .	 (1)

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

The symbol ξ can replace E∙τk, 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: 

For lead :	  𝐸𝐸𝐸𝐸 = 𝟏𝟏𝟏𝟏.𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓 ∙
𝟎𝟎𝟎𝟎.𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖𝟖 − 𝜶𝜶𝜶𝜶
𝟏𝟏𝟏𝟏 − 𝜶𝜶𝜶𝜶

                  

	 ττₖ = 𝟔𝟔𝟔𝟔.𝟒𝟒𝟒𝟒𝟔𝟔𝟔𝟔𝟒𝟒𝟒𝟒 ∙
𝟏𝟏𝟏𝟏 − 𝜶𝜶𝜶𝜶
𝜶𝜶𝜶𝜶

 .	 (2)

For zinc:             𝐄𝐄𝐄𝐄 = 𝟏𝟏𝟏𝟏.𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 ∙
𝟎𝟎𝟎𝟎.𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟏𝟏𝟏𝟏 − 𝛂𝛂𝛂𝛂
𝟏𝟏𝟏𝟏 − 𝛂𝛂𝛂𝛂

 

	 ττₖ = 𝟐𝟐𝟐𝟐.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 ∙
𝟏𝟏𝟏𝟏 − 𝛂𝛂𝛂𝛂
𝛂𝛂𝛂𝛂

.  	 (3)

Taking the β = const, we can find the maxim possible re-
covery, in this case:

For lead:	 ξξ𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑→→𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 �𝟕𝟕𝟕𝟕.𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 ∙
𝟎𝟎𝟎𝟎.𝟖𝟖𝟖𝟖𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 − 𝜶𝜶𝜶𝜶𝜶𝜶𝜶𝜶𝜶𝜶𝜶𝜶

𝜶𝜶𝜶𝜶𝑷𝑷𝑷𝑷𝒑𝒑𝒑𝒑
�. 	 (4)

For zinc:	 ξξᴢₙ→→𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 �𝟑𝟑𝟑𝟑.𝟎𝟎𝟎𝟎𝟑𝟑𝟑𝟑𝟎𝟎𝟎𝟎 ∙
𝟎𝟎𝟎𝟎.𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔 −  𝜶𝜶𝜶𝜶𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁

𝜶𝜶𝜶𝜶𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁
�. 	 (5)

The comprehensive quality indicator ξ 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:      

	 𝑬𝑬𝑬𝑬ʹ ∙ ττₖ𝟏𝟏𝟏𝟏 = 𝑬𝑬𝑬𝑬𝟏𝟏𝟏𝟏 ∙
ττₖ𝟏𝟏𝟏𝟏

𝑬𝑬𝑬𝑬𝟐𝟐𝟐𝟐
∙ ττₖ𝟐𝟐𝟐𝟐, 	 (6)

where E1∙ τk
1 represents the criterion values for the actual met-

al content in the technological ore grade α, the expected recov-
ery ε, and the concentrate quality β; moreover,

	 𝑬𝑬𝑬𝑬𝟏𝟏𝟏𝟏 ∙ ττₖ𝟏𝟏𝟏𝟏 = Ɛ ∙ 𝜷𝜷𝜷𝜷 ∙
𝜷𝜷𝜷𝜷 − 𝜶𝜶𝜶𝜶
𝟏𝟏𝟏𝟏 − 𝜶𝜶𝜶𝜶

, 	 (7)

where E2 ∙τk
2  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 αpb = 
86.6%; for sphalerite αzn = 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:

	 𝑰𝑰𝑰𝑰 = {{ + 𝜶𝜶𝜶𝜶 ∙ ∆𝑬𝑬𝑬𝑬′ ∙ ττₖ′;−𝜶𝜶𝜶𝜶 ∙ ∆𝑬𝑬𝑬𝑬′ ∙ ττₖ′}, 	 (8)

the optimal blending ratios of ore grades are calculated. More-
over, the value of the degree of averaging for the concentrate k3 
in the averaged volume, found by the formula, is determined.

	 ττₖ𝟑𝟑𝟑𝟑 = 𝜸𝜸𝜸𝜸 ∙ 𝜷𝜷𝜷𝜷 ∙
𝜷𝜷𝜷𝜷 − 𝜶𝜶𝜶𝜶
𝟏𝟏𝟏𝟏 − 𝜶𝜶𝜶𝜶

, 	 (9)

should be greater than the minimum value of the degree of 
separation τk

mi 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: 

	 ττₖ𝟑𝟑𝟑𝟑 ≥ ττₖ𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎. 	 (10)

When calculating the blending ratios using the variation 
rang

𝑰𝑰𝑰𝑰 = {{ + 𝜶𝜶𝜶𝜶 ∙ ∆𝑬𝑬𝑬𝑬′ ∙ ττₖ′;−𝜶𝜶𝜶𝜶 ∙ ∆𝑬𝑬𝑬𝑬′ ∙ ττ𝒌𝒌𝒌𝒌′  ,

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 Q2/Q1 
of the averaged ore grades is to find the values of the ore grade 
fractions:

	 𝑸𝑸𝑸𝑸𝟐𝟐𝟐𝟐 𝑸𝑸𝑸𝑸𝟏𝟏𝟏𝟏⁄ =
𝜶𝜶𝜶𝜶𝟏𝟏𝟏𝟏(εε𝟏𝟏𝟏𝟏 − εε𝟐𝟐𝟐𝟐)

𝜶𝜶𝜶𝜶𝟐𝟐𝟐𝟐
˙(εε𝟑𝟑𝟑𝟑 − εε𝟐𝟐𝟐𝟐), 	 (11)

where Q2/Q1 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  αα1 and 
αα2 and extractions εε1 и εε2; εε3 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 Q2 ∙P(mx

1)/Q1 ∙P(mx
2 )  

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 µm. 
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, 

Обогащение полезных ископаемых
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contain fi ne-grained pyrite, galena, and sphalerite, resulting in 
poor benefi ciation performance (Figure 1).

Figure 1. Dependence of lead and zinc extraction into 
concentrates on the content of fi ne-grained sulfi de: 1 – 
extraction of lead, n = 96; 2 – extraction of zinc, n = 75.

Сурет 1. Қорғасын мен мырыштың концентраттарға 
алынуының жұқа түйіршікті сульфидтердің 

құрамына тәуелділігі: 1 – қорғасын алу, N = 96; 2 – 
мырыш алу, n = 75.

Рис. 1. Зависимость извлечения свинца и цинка 
в концентраты от содержания тонкозернистых 

сульфидов: 1 – извлечение свинца, n = 96; 2 – извлечение 
цинка, n = 75.

The primary conclusion derived from analyzing the ampli-
tude of quality fl uctuations 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  infl uence  of  these  parameters 
necessitates grade-based averaging by mixing higher-quality 
ores with lower-quality ones. 

An  analysis  of  the  benefi ciation  potential  based  on  the 
dispersion  analysis  of  Zhairem  ore  benefi ciation  products 
has shown that the majority of metal losses occur in the fi ne-
grained fraction (-20 µm) (Figure 2).

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

Diagrams (Figure 3) confi rm a signifi cant diff erence in met-
al recovery between the «sandy» (+20 µm) and slime (-20 µm) 
fractions. This explains the instability of benefi ciation perfor-
mance,  decreased  selectivity,  lower  concentrate  quality,  and 
increased metal losses in diff erent 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.

Обогащение полезных ископаемых

Figure 2. Curves of the dispersed analysis of the products 
of enrichment of lead-zinc ores: 1 – mixed lead-zinc ores; 

2 – tailings.
Сурет 2. Қорғасын-мырыш кендерін байыту 

өнімдерінің дисперстік талдау қисықтары: 1 – аралас 
қорғасын-мырыш кендері; 2 – қалдықтар.

Рис. 2. Кривые дисперсного анализа продуктов 
обогащения свинцово-цинковых руд: 1 – смешанные 

свинцово-цинковые руды; 2 – хвосты.

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 effi  ciency of mining complex polymetallic depos-
its. To ensure the quality homogeneity of the ore fl ow 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 eff ective approach is the proposed method based on 
a  comprehensive  benefi ciation  effi  ciency  criterion. We  have 
designated it as such because this indicator is a product of the 
Hancock effi  ciency 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  confi rmation  that  quantitative  separation  effi  -
ciency is directly dependent on the particle size distribution. 
High effi  ciency is achieved in the «sand» fraction (+20 μm), 
whereas the «slime» portion signifi cantly reduces the overall 
value of the criterion.

It  has  been  experimentally  established  that  a  dilution  in-
crement  of  10%  signifi cantly  aff ects  selectivity.  When  the 
ore-to-waste ratio falls below 7:3, the benefi ciation indicators 
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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: 1 – 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).

Сурет 4. Қорғасынның концентраттарға шығарылуы 
мен қорғасын концентраттарының сапасының 

шихта құрамындағы байытуға қиын және жеңіл 
байытылатын қорғасын-мырыш кендерінің үлес 

қатынасына тәуелділігі: 1 – шығарылу; 2 – концентрат 
сапасы; 3 – байыту қалдықтарындағы жоғалтулар 

(алымында – байытуға қиын кендердің көлемі, 
бөлімінде – жеңіл байытылатын кендердің көлемі).

Рис. 4. Зависимость извлечения свинца в концентраты 
и качества свинцовых концентратов от шихтовочных 

соотношений трудно- и легкообогатимых сортов 
свинцово-цинковых руд в шихте: 1 – извлечение; 2 – 

качество концентрата; 3 – потери в хвостах обогащения 
(в числителе объемы труднообогатимых, в знаменателе – 

легкообогатимых руд).

Figure. 3. Dependence of the extraction of metals into 
concentrates on their content in the sand and slurry 

fractions of ore grinding: 1 – sulfi de lead-zinc ores; 2 – 
mixed lead-zinc ores.

Сурет 3. Металдардың концентраттарға шығару 
дәрежесінің олардың кенді ұнтақтау кезіндегі 

құмды және шламды фракциялардағы мөлшеріне 
тәуелділігі: 1 – сульфидті қорғасын-мырыш кендері; 2 – 

аралас қорғасын-мырыш кендері.
Рис. 3. Зависимость извлечения металлов в 
концентраты от их содержания в песковой и 

шламовой фракциях помола руды: 1 – сульфидные 
свинцово-цинковые руды; 2 – смешанные свинцово-

цинковые руды.

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 µm.

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.

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  benefi cia-
tion effi  ciency in conditions of complex deposit structures.
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