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Abstract

Deposits of non-ferrous, precious, and rare metals are predominantly complex-structured. Such bench blocks
consist of economic and subeconomic ore. The boundary between the two types is defined by a cut-off ore
grade. The numerical value of the ore grade in the subeconomic portion of a block determines the thickness of
material that can potentially be admixed with shipped economic ore. Controlled admixing enables complete
recovery of minerals from stopes while maintaining concentrate quality. For this purpose, exploration
borehole data from five copper and gold deposits in Kazakhstan with complex structures were analyzed. Based
on borehole data, trend equations were derived to describe ore grade variation in the subeconomic part of
a block. A software tool was developed to automate the calculation of trend lines and their equations. Using
this program, new dependencies were obtained for determining the ore grade in the shipped ore (). For the
first time in mining science, a method has been substantiated for the complete recovery of economic ore from
complex-structured bench blocks, based on admixing a controlled portion of subeconomic ore. This approach
increases total ore extraction and improves valuable component recovery to concentrate. The potential
increase in recovered components from shipped ore may reach 10-15% of total production.

Keywords

complex-structured bench blocks, ore grade, economic ore, subeconomic ore, admixed subeconomic ore layers,
trend line, complete ore recovery, Kazakhstan

Financing

This article was prepared as part of the project funded by the Ministry of Science and Higher Education of
the Republic of Kazakhstan, 2023/AP19676591: Development of innovative technologies for the complete
extraction of disparate conditioned ores from complex blocks of ledges.

For citation

Rakishev B.R., Edil’baev A.I., Orynbay A.A., Ibyrkhanov T.S. Variation of ore grades in the boundary zone of
subeconomic ore. Mining Science and Technology (Russia). 2025;10(4):205-220. https://doi.org//10.17073/2500-
0632-2025-04-395

PA3PABOTKA MECTOPOXXOEHWUN NOJIE3HbIX UCKOMAEMBbIX
Hay4Has cTaTbs

U3meHeHne colepXXaHus Noe3HbiIX KOMINMOHEHTOB
B ﬂpMKOHTaKTHOI‘;I 30He HeKOHAMLUUOHHDbIX pyAa

B.P. Pakuies! , A.A. Enunb6aes? , A.A. OpbiaGaii’-3 >, T.C. U6bIpXaHOB!
! Kazaxckuti HauuoHa sHbLil uccnedosamesnsckuti mexHuueckuti yuusepcumem umenu K. M. Camnaesa,
2. Anmamet, Pecnybnuka Kaszaxcman
2 TOO «IopHoe 610po», 2. Aimamet, Pecnybauka Kazaxcmau
3 AimMamuHcKuli yHueepcumem 3Hepzemuxu u cesasu umenu I'ymapbexa Jaykeesa,
2. Aimamet, Pecnyonuxka Kazaxcman
< a.orynbay@aues.kz

AHHOTaUuA
MecTopOoXXaeHMsT Pyl LBETHBIX, 6IaTOPOIHBIX M PeJKUX META/VIOB B OCHOBHOM SIBJISIIOTCSI CJIOXKHOCTPYK-
TYPHBIMU. DTU OJIOKU COCTOSAT U3 6ATAaHCOBBIX (KOHAUIIMOHHBIX) U HEOATAHCOBBIX (HEKOHAUIIMOHHBIX) PY,

B (popmate ycTyIioB. 'paHUIIBI MEXIY ABYMS TUIIAMM P/l YCTAHABIMBAIOTCSI HEKOTOPBIM ITpeIe/IbHbIM 3HA-
yeHuem nosnesHoro kommnoHeHTa (I1K) B pyne. UncneHnHoe 3HaueHme copepskanusi [1IK B HEKOHOAMLIMOHHO
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yacTty 6JI0Ka MpefonpeaesseT ¢JIoji BO3MOKHOTO MPMMeIIBaHMS HEKOTOPOIL 10/IM 3a6aIaHCOBBIX PY/I K OT-
rpykaeMbIM KOHAMIIMOHHBIM pyaaM. [IpyMeniBaHeM MOXHO JOCTUTHYTb IOJHOTO M3BAeUeHUs MoJie3-
HbIX MICKOTIA€MbIX 13 3a60€B U MTOyuYeHMsI KOHIIeHTpaTa Tpe6yeMoro KauecTBa. B aTux 1ensx 6buin mpoaHa-
JMM3UPOBaHbI JaHHbIE M0 Pa3BeOYHBIM CKBRXXMHAM ST MeIHOPYAHBIX U 30JI0TOPYAHBIX MECTOPOKIeHUIA
KasaxcTtaHa CO CI0)KHO-CTPYKTYPHBIM cTpoeHueM. [1o JaHHBIM pa3Beqo4YHbIX CKBaXKMH OIpeze/eHbl ypaB-
HEHUS TPEHI OB M3MeHEHMS COIEePKaHMS Pybl B HEKOHAMIIMOHHOI YacTu 6y10Ka. PazpaboraHa rnmporpamma
JIJIST aBTOMaTM3aly pacyeTa JMHUIL TPeHA0B U uX ypaBHeHuii. C ee UCIIOAb30BaHMEM ITOTyUeHbl HOBbIE
3aBUCUMMOCTH [JIs1 onpenmenenus comepskanus ITK B oTrpyskaemoii pyzae o. B TopHOit Hayke BriepBbie 060-
CHOBaH HOBBI METOZ, TIOJTHOTO U3BJI€YeHUSI KOHOUIIMOHHBIX DY, U3 CJIOKHOCTPYKTYPHBIX OIIOKOB YCTYIIOB,
OCHOBAHHbII Ha MPMMEIIVMBaHUM ONpeIeeHHOro 06beMa HeKOHIMIMOHHBIX pyad. Takoii moaxo[ croco6-
CTBYET YBEIMYEHUIO 001ero 06beMa M3BAEKAEMOIi PYIbl M MOBBIIIEHMIO BbIXO/A MOJE3HbIX KOMIIOHEHTOB
B KOHIIEHTPAT. [IpMPOCT M3BJIEUeHHBIX KOMIIOHEHTOB M3 OTTPYKAaeMO¥i pyabl MOKeT mocturatb 10—-15 % ot
o061ero o6bema Ipou3BOACTBA.

KnioueBble cnoea

C/IO’)KHOCTPYKTYPHbBIE 6JIOKI/[ YCTYIIOB, COoaep>XaHMe I10/JI€e3HbIX KOMIIOHEHTOB, KOHAMIIMOHHDbIE PYAbl, HEKOH-
JULVMOHHbBIE PYObI, IIPMMeIIMBaeMbI€ C/IOM HEKOHAMIUMOHHBIX DY, TMHMA TPpEeHad, ITOJTHOE M3BJI€UEeHMEe Py,
Kasaxcran

®duHaHcupoBaHue

CraTbsi IOATOTOBJIEHA B paMKaX IMPOeKTa, GQMHAHCHMPYeMOT0 MUHNMCTEPCTBOM HAayK! U BbICIIETO 06pa30BaHMS
Pecniy6nuku Kaszaxcran 2023/AP19676591 «Pa3paboTka MHHOBAIIMOHHBIX TEXHOIOTUI TTOJTHOTO U3BJIEUEHNS
pa3pO3HEHHbBIX KOHAVIIMOHHBIX DY/ U3 CJIOKHOCTPYKTYPHBIX OIOKOB YCTYTIOBY.
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Introduction

The overwhelming majority of deposits of
non-ferrous, precious, and rare metals in Kazakhstan,
as well as in other parts of the world, are characte-
rized by complex structural organization [1-3]. Such
deposits display a range of distinctive features: diver-
sity of ore body morphology, significant variability in
geometric parameters, intricate spatial distribution
within the host rock mass, heterogeneity in the dis-
tribution of valuable components, and pronounced
contrasts in the physical and mechanical properties
of host rocks [4-6]. Together, these geological factors
define the complexity of deposit sections with hete-
rogeneous structure [7, 8]. Importantly, such deposits
account for 60-90% of non-ferrous metal production
in the CIS, while technologically unavoidable ope-
rational ore losses may reach 20-35% of total out-
put [6, 9, 10].

Analysis shows that the main factors contribu-
ting to increased ore losses and dilution in open-pit
mining of complex-structured deposits are:

- insufficient knowledge of the geological and
morphological features of structurally heterogeneous
bench blocks;

— mismatch between the applied mining techno-
logies for excavation and haulage operations and the
actual geological conditions of ore occurrence, both in
situ and after drilling, blasting, and extraction.

Addressing these challenges requires the deve-
lopment of fundamentally new methods for assessing

ore grades in boundary zones between economic and
subeconomic ore. The adoption of such approaches
would markedly improve the accuracy of quantitative
and qualitative assessment of mined material and
provide more effective control over ore losses and di-
lution. This line of research is highly relevant for the
modern mining industry, yet a review of earlier stu-
dies shows that it has not been sufficiently addressed
in the literature.

A comprehensive solution calls for a systems ap-
proach that integrates:

— advanced digital technologies and information

systems;

- conventional methods for evaluating ore
quality;

—reliable data on deposit geology and mor-
phology.

Only such an integrative approach can ensure the
required accuracy in assessing the quality of mined
ore at every stage of deposit development.

As shown in [6, 9], the combined influence of
mining-technical factors, geological structure, and
mineral composition of a deposit determines not only
the choice of mining method, but also ore prepara-
tion and beneficiation technologies. Ore losses and
dilution, the primary negative factors reducing ore
quality, largely depend on the adjustment of oper-
ational sampling methods, preliminary delineation
of ore bodies, and strict compliance with boundaries
during stoping operations [10]. Moreover, identi-
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fying types of complex-structured bench blocks, de-
termining the ore saturation coefficient, and quanti-
fying the structural complexity index serve as objec-
tive criteria for evaluating recovery [11]. Analytical
relationships for calculating the grade of valuable
components in shipped ore (o) have also been pro-
posed to substantiate complete extraction of ore
from complex-structured bench blocks [12]. At the
same time, particular attention should be given to
evaluating and regulating the extraction of boundary
zones, analyzing the influence of complex ore body
geometries, and characterizing the morphology of
these zones [13].

As previously substantiated, the most effective
solution combines traditional research methods with
advanced digital technologies. In recent years, com-
puter modeling of deposit geology and the spatial dis-
tribution of ore bodies has become increasingly com-
mon in specialized studies. This is carried out using
modern geological and mining information systems
(GMIS), specialized software platforms for three-di-
mensional modeling and deposit analysis.

Of particular interest are studies in which the
application of GMIS has led to the development
and successful testing of innovative methods for
assessing ore grades and quality parameters. For
example, [5] describes the use of block modeling
techniques that allow accurate determination of the
spatial distribution of valuable components within
ore bodies. This approach offers fundamentally new
opportunities for analyzing deposit morphology and
predicting ore grades. The block modeling meth-
odology enables reliable zoning of technological
ore types and grade categories within the open-pit
space. Another method involves geometrical mo-
deling of quality parameters in titanomagnetite de-
posits to construct wireframe models of ore bodies
within closed outlines of mine workings, thereby
distinguishing technological ore types [14]. Further-
more, it has been demonstrated that the delineation
of geological domains with complex morphologies,
together with quantitative evaluation of associated
uncertainty, can be achieved through geostatistical
modeling [15]. Boundary delineation methods based
on these models may be used to refine and extend ore
grade prediction techniques in boundary zones. Ear-
lier research also proposed a neural-network-based
method for delineating lithological differences for
3D modeling of ore bodies and host rocks, improving
both the quality and speed of geological data process-
ing at all stages of deposit development [16]. Howe-
ver, despite the clear advantages of modern com-
puter models, limitations remain [17]. In particular,
block models often lack precision in delineating ore
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bodies and may fail to accurately distinguish be-
tween economic and subeconomic ore.

The use of GMIS extends beyond deposit and ore
body modeling; it is also an integral tool for ore flow
quality management and monitoring. Studies [18, 19]
highlight the importance of obtaining reliable data
and forecasting ore grades across different parts of
mined bench blocks for effective ore flow manage-
ment based on a combination of segregation and
blending principles. This approach has enabled a sta-
ble feed composition and optimal ore parameters
for the beneficiation of low-grade apatite-nephe-
line ores [18] and copper—porphyry ores [19]. It has
also been shown that determining ore grades at the
boundaries and beyond the delineated limits of ore
bodies is a critical task influencing both the quantity
and quality of shipped ore. Enhancing the efficiency
of mining and processing operations requires auto-
mated integration of extraction and beneficiation
cycles, supported by information systems capable of
handling tasks ranging from ore grade forecasting to
real-time monitoring of ore flow quality and tonnage
throughout the production process [20].

The reviewed studies highlight the importance of
determining ore grades in boundary zones of subeco-
nomic ore, in shipped ore, and in addressing ore los-
ses and dilution during extraction. At the same time,
determining ore grades in boundary zones requires
targeted research aimed at maximizing recovery of
economic ore through the selective incorporation of
subeconomic material.

Objective: To establish variations in ore grades
within the boundary zones of subeconomic ore based
on borehole samples from several deposits of non-fer-
rous, precious, and rare metals in Kazakhstan.

Tasks:

1. To identify patterns of variation in valuable
component grades with increasing distance from the
boundary of economic ore at the Koktas-Sharykty,
Kaskyrkazgan, Yuzhny-Mointy, and Naiman-Zhal de-
posits.

2. To determine the thickness of the admixed sub-
economic ore layer in the boundary zone that ensures
the required ore grades in shipped ore.

3. To establish new regularities in ore grades in
shipped ore that guarantee production of concentrate
of the required quality.

By controlling the thickness of the admixed sub-
economic ore layer within limits that maintain the
required ore quality for delivery to the concentrator,
it is possible to reduce losses and increase the overall
recovery of valuable minerals. To provide a scientific
and technical basis for this concept, several real de-
posits in Kazakhstan are examined.
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1. Selected deposits of non-ferrous, precious,
and rare metals in Kazakhstan

1.1. The Yuzhny-Mointy area is located within
the Northern Pribalkhash region, at the intersection
of three major tectonic structures of regional scale:
the Tokrau synclinorium, the Kyzyl-Esp anticlinal
zone, and the Western Balkhash synclinorium. The
territory is characterized by an exceptionally com-
plex fold-block geological structure. A distinctive
feature of the area is the combination of extensive
zones of intensely deformed Riphean formations
with localized occurrences of younger sedimentary
strata belonging to the Silurian, Devonian, and Per-
mian periods.

The geological structure of the area is complicated
by numerous intrusive bodies, dominated by granitoid
massifs of varying size and morphology. The prima-
ry bedding of the rocks is substantially disrupted by
a well-developed system of tectonic faults, including
both large regional faults of different orientations
and numerous small-displacement faults. Collectively,
these factors form a characteristic mosaic geological
pattern across the study area.

Exploration and prospecting conducted in recent
years have revealed important features of gold mine-
ralization distribution. Studies have shown that nearly
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all identified vein zones and ore bodies are marked by
extensive primary dispersion halos of gold. The sur-
face width of these halos and their down-dip extent (at
a cut-off grade of > 0.01 g/t) in most cases exceed the
length of the existing mine workings. This indicates
that none of the trenches or boreholes completed so
far has intersected the entire zone of low-grade gold
mineralization.

Within the studied sites, economically signifi-
cant ore bodies have been delineated, with thicknes-
ses ranging from 0.1 to 14 m. Gold grades in individu-
al samples vary widely - from 0.5 to 126.9 g/t — while

average block grades across the deposit range from
1.38 to 9.73 g/t [21]. These results demonstrate the
presence of promising areas with economic gold min-
eralization within the Yuzhny-Mointy area.

1.2. At the Koktas-Sharykty deposit, ore bo-
dies with pronounced copper mineralization have
been identified and studied in detail. A distinctive
feature of their spatial position is their association
with contact zones between coarse clastic sedimen-
tary rocks of Givetian—-Frasnian age and a subvol-
canic massif of andesite porphyrites. Mineralization
occurs both in the immediate vicinity of the contact
and directly within the contact zone of these geo-
logical formations.
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The ore bodies display a wide range of morpho-
logical characteristics. Lenticular and tabular forms
are most common, although irregularly shaped bo-
dies also occur (Fig. 1). A distinctive feature is the
presence of numerous swellings and pinch-outs, re-
flecting the complex conditions under which the ore
bodies formed. The spatial position of the minera-
lized zones is variable — they may be located either
within the porphyrite massif or in the surrounding
terrigenous rocks, composed mainly of conglome-
rates and, to a lesser extent, sandstones.

The exposed ore bodies are relatively small, with
dimensions ranging from 10x2 to 160x120 m. Their
spatial distribution is marked by the clustering of
closely spaced bodies into four well-defined ore zones.
All of these zones share a consistent northwest orien-
tation (300-320°), which corresponds to the strike of
both the andesite porphyrite body and the enclosing
Givetian-Frasnian sedimentary rocks [22].

Detailed characteristics of the ore zones

First (southernmost) ore zone: Consists of two
ore bodies measuring 10x2 m and 130x5-30 m. The
first body lies directly within the bed of the Sharyk-
ty River. The second has a complex morphology,
branching at its southeastern end where it gradually
pinches out, while on the northwestern flank it dips
beneath modern unconsolidated sediments.

Second ore zone: Located 60—70 m northeast of
the first. It comprises five relatively small ore bodies
that form a distinct chain about 120 m long. The lar-
gest body in this zone measures 50x10 m.

Third ore zone: Situated 40-50 m northeast of
the second. Here, all ore bodies occur exclusively
within the andesite—porphyrite massif. The zone is
characterized by a discontinuous arrangement of bo-
dies forming a chain with a total length of 440 m.
The largest body reaches 120x20 m.

Fourth ore zone: Found 90-100 m northeast of the
third. It includes two ore bodies measuring 160x15 m
and 60x10 m. This is the northeasternmost of all the
identified mineralized zones.

1.3. The Kaskyrkazgan copper-molybdenum
deposit belongs to the Kaskyrkazgan group, which
also includes the Kepcham and Kenkuduk porphyry
copper deposits. Deposits of the Kaskyrkazgan group
are located in the central part of the Tokrau intrusive—
tectonic zone, characterized by a complex structure,
with mineralization concentrated in the apical por-
tion of a granite-porphyry stock enriched in xeno-
liths of host rocks.

In terms of composition, the ores at these depo-
sits are complex copper—-molybdenum types, divided
into oxidized and primary sulfide zones.
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The oxidized ores are poorly developed, exten-
ding to depths of up to 20 m and only rarely to 45 m.
The main minerals are bornite, chalcocite, limo-
nite, hematite, malachite, azurite, chrysocolla, cu-
prite, goethite, and hydrogoethite. Greater impor-
tance, however, is attached to the transition zone of
mixed ores.

Copper-molybdenum mineralization is of dis-
seminated—veinlet type within a granodiorite massif,
typically associated with contacts containing xen-
oliths of sedimentary rocks and quartz porphyrites.
Copper mineralization occurs mainly in disseminated
form, whereas molybdenum mineralization is large-
ly veinlet-type. The correlation between copper and
molybdenum is weak: molybdenite veinlets often cut
across zones of disseminated copper mineralization
and in some cases extend well beyond them.

Overall, the deposit is marked by highly complex
mineralization patterns. Ore intervals are usually
interbedded with barren layers, with irregular thick-
nesses ranging from tens of meters to mere decim-
eters (Fig. 2). The disseminated mineralization is
generally not massive but appears pockety, produc-
ing a “checkerboard” pattern in cross-sections — even
between adjacent boreholes on the same exploration
line. Dissemination of ore minerals observed in one
borehole may be absent in the next, even at a distance
of only 20-50 m, or may shift vertically either upward
or downward [23].

1.4. The Naiman-Zhal ore field formed dur-
ing the Cambrian—-Ordovician in an island-arc sys-
tem developed on oceanic crust. The host rocks
are represented by a basalt-terrigenous-siliceous
formation corresponding to the initial stage of vol-
canic activity in the region. This formation is gene-
tically associated with volcanogenic massive sulfide
(VMS) polymetallic deposits containing gold and
silver, most prominently expressed in the Maikain
ore field, which serves as a reference example of this
deposit type.

The geological structure of the Naiman-Zhal de-
posit, covering an area of 2.0 x 0.8 km, is dominated
by volcanic and volcanogenic-sedimentary (volcanic-
lastic) rocks of the Lower and Middle Ordovician. Ter-
rigenous and chemical sediments play a subordinate
role, while subvolcanic and intrusive complexes are
distinctly minor in the stratigraphic section.

Within the Naiman-Zhal deposit, mineralized
zones are distinguished, within which the ore bo-
dies themselves are localized. These zones can be
identified in surface workings and boreholes by their
characteristic material composition and specific
structural-textural features. However, delineating
economically significant ore bodies with established
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cut-off grades for gold (e.g., 0.5 g/t) requires detailed
sampling (Fig. 3). The central parts of the ore bodies,
enriched in gold and silver, are clearly recognizable
by visual features, both in oxidized and semi-oxidized
ores as well as in primary gold-bearing ores [24].

All of the examined deposits are characterized by
complex structural organization. Bench blocks rep-
resent intricate combinations of ore bodies and host
rocks (subeconomic ore) that differ in:

- configuration;

- size range;

- physical-technical properties;

— geological characteristics.
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A distinctive feature of these deposits is the ab-
sence of visually discernible boundaries between
economic and subeconomic ore, which makes their
boundaries probabilistic in nature. A significant
drawback is the lack of real-time information on the
distribution of valuable components within different
parts of a mined block. However, this problem can be
addressed through integrated analysis of exploration
borehole data. Applying regression analysis methods
makes it possible to establish patterns in the variation
of ore grades in the boundary zones of subeconomic
ore, thereby significantly improving the effectiveness
of exploration work.

[+

?~Y s

Fig. 2. Geological and resource estimation cross-section of the Kaskyrkazgan deposit

Fig. 3. Geological and resource estimation cross-section along profile 2+25 of the Naiman-Zhal deposit
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Fig. 4. Schematic representation of exploration boreholes
and ore zones at the deposits: a — Koktas-Sharykty;
b — Yuzhny-Mointy; 2 - exploration borehole; 4 — ore body

Table 1
Exploration borehole data from the Koktas-Sharykty
(a), Kaskyrkazgan (b), and Yuzhny-Mointy (c) deposits

Ra

Deposit Is)::tt;i (1::1’ :&l’;/}’t Si?lnllart))lrigf)lljé? lsgtfn;lt)llf
> m m
SP-5-155 0.0309 | 253 254 1
SP-5-156 0.5738 | 254 255 1
SP-5-157 3.2414 | 255 256 1
SP-5-158 1.0086 | 256 257 1
SP-5-159 3.1540 | 257 258 1
SP-5-160 2.3665 | 258 259 1
SP-5-161 3.0334 | 259 260 1
SP-5-162 2.4180 260 261 1
SP-5-163 1.5263 | 261 262 1
a SP-5-164 0.5374 | 262 263 1
SP-5-165 0.8430 | 263 264 1
SP-5-166 2.5454 | 264 265 1
SP-5-167 2.8711 265 266 1
SP-5-168 1.6061 266 267 1
SP-5-169 1.0772 | 267 268 1
SP-5-170 1.2598 | 268 269 1
SP-5-171 1.4031 269 270.4 14
SP-5-172 0.3113 | 270.4 | 272 1.6
SP-5-173 0.0662 | 272 273 1
KAS 201372 | 0.155 714 | 724 1
KAS 201373 | 0.309 72.4 | 734 1
b KAS 201374 | 0.766 73.4 | 744 1
KAS 201375 | 0.248 744 | 754 1
KAS 201376 | 0.027 754 | 764 1
UMP35b/55 0.09 51 52 1
UMP35b/56 0.35 52 52.6 0.6
UMP35b/57 0.48 52.6 53.2 0.6
UMP35b/58 0.28 53.2 54 0.8
¢ UMP35b/59 | 0. | 54 | 548 | 08
UMP35b/60 0.49 54.8 | 554 0.6
UMP35b/61 0.24 554 | 564 1
UMP35b/62 0.05 56.4 | 574 1
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For a more detailed investigation of valuable
component distribution, the following approaches are
recommended:

— statistical analysis of sampling data;

— development of regression models for metal
distribution;

— assessment of spatial grade variability;

- identification of patterns in ore quality varia-
tion within boundary zones.

These studies can substantially enhance the reli-
ability of predictive estimates and support optimiza-
tion of the mining process.

2. Analytical determination
of ore grades in the boundary zones
of subeconomic ore

This analysis is based on data from geologi-
cal boreholes (Fig. 4). Exploration borehole results
from the Koktas-Sharykty, Kaskyrkazgan, and Yuzh-
ny-Mointy deposits are summarized in Table 1. These
data make it possible to identify patterns of grade
variation within the subeconomic portion of a bench
block and to more accurately establish trend lines for
valuable component distribution beyond the bounda-
ries of economic ore.

The procedure for constructing a trend line and
determining its equation involves several steps.
First, select two consecutive points within the ore
body with known ore grades and one point in the
adjacent subeconomic ore zone with an established
grade (see Fig. 4). Distances between these points
are measured from core samples obtained in explo-
ration or production boreholes. The coordinate sys-
tem is then aligned so that its origin coincides with
the first point of the trend line inside the ore body
(Fig. 5, a, b). The selected points are connected by
a smooth curve. The first segment of the curve (up
to the economic ore boundary) reflects ore grade
variation within the economic ore, while the second
segment describes ore grade variation in the subeco-
nomic portion of the block. The resulting trend line
is expressed by the exponential equation:

y' =A-e¥, (1)

where y' is the ore grade at a given interval, A and k
are coefficients to be determined, and x’ is the dis-
tance from the first borehole point to the interval un-
der consideration, m.

To determine the coefficients A and k, equa-
tion (1) is linearized by applying natural logarithms:

Iny'= InA+kx', Y'=C+kx/, (2)

where Iny’ = Y, InA = C represent the intercept terms
of the linear equation.
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The values of C and k are obtained using linear
regression, which minimizes the sum of squared devi-
ations between observed and estimated values:

E= i(Y/—(kX{ +0)), (3)

where E is the sum of squared deviations, n is the
number of data points, and x/ is the abscissa of the
i-th point.

The coefficients k and C are then calculated as:

NN DN
k _ i=1

i=1 i=1

ni(xi’)2 —[ix{}

)

4)
S Y-k
_ i=1 i=1 .

n

C

Once k and C are determined, coefficient A can be
derived, completing the exponential dependence.

To determine the ore grade (y) in the subeconomic
portion of the block, it is necessary to use the segment
of the overall trend line corresponding to this zone.
To isolate this segment, the origin of a new coordinate
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system must be aligned with the boundary of the ore
body (Fig. 5, c, d), then:

y:A'ek()H—?»):A'ekk'ekx, yZA"ekX, (5)

where A is the distance from the origin of the initial
coordinate system to the ore body boundary, and
A’ = ¥ is the trend line coefficient in the subecono-
mic zone (Fig. 6).

Equation (5) can thus be used to compute ore
grades (y) within the subeconomic ore zone. For auto-
mated calculations, a program was developed to plot
the dependence of ore grade on distance within the
boundary zone and determine the coefficients of the
exponential equation. The program was written in C#
using the Visual Studio 2022 environment (see Fig. 6).
To use the program, a *.csv file containing borehole
or production drill data for the area of interest (see
Table 1) must be uploaded. By pressing the “Plot
Data” button, the regression analysis is executed as
described above. As shown in Fig. 6, two tables are
produced with the trend curve coefficients for the left
and right boundaries, presented both in the primary
coordinate system (left) and in the transformed coor-
dinate system (right). The graphs below display the
grade variation curves for the left and right ore body
boundaries in both coordinate systems.

V', %A

1.0+
0.9+
0.8+

0.7
0.6-\
0.5

0.4 \

0.3 ‘\

o S —
l

Y, %
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Fig. 5. General trend lines of ore grades in the boundary zones of economic and subeconomic ore based on exploration
borehole KAS 2013 72-76 at the Kaskyrkazgan deposit: a - right boundary of the ore body; b — left boundary of the ore body;
trend lines in the subeconomic zone: ¢ - right flank; d - left flank
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3. Technological justification for complete ore
recovery from complex-structured blocks
with inclusion of a subeconomic ore layer

Achieving complete ore recovery from com-
plex-structured blocks with minimal losses and dilu-
tion requires consideration of several key beneficia-
tion indicators:

- concentrate grade (B);

— tailings grade (5);

— average ore grade in the feed (a);

- concentrate yield (y,);

- tailings yield (y,);

- recovery to concentrate (e );

— recovery to tailings (g,).

These indicators are usually determined experi-
mentally in laboratory and pilot-scale tests [25-27].
For theoretical calculations, however, mathematical
relationships derived in our previous studies [25] can
be applied:

M, a-38 M, B-a
M, s M, pos
[ [ (6)
e MB a3 M5 B-a3d
¢ Ma B-5a ° Mo B-8 a

Since the masses of the feed ore (M,), concentrate
(M), and tailings (M,) can be measured with high

f Plot Data
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accuracy, the recoveries and beneficiation product
yields can likewise be calculated precisely using the
formulas given in (6).

The relationship between valuable component
recovery and product yields is expressed by the fol-
lowing equations:

5
g =Y, —-
a

(7

8c :ycg’

Principles of delineating economic ore

When tackling this problem, particular atten-
tion should be paid to the methodology for deli-
neating the boundaries of economic ore. This proce-
dure is based on determining the minimum cut-off
grade of the valuable component in ore (o) that is
both technologically and economically justified. Ore
volumes with ore grades below this threshold (< o)
are classified as subeconomic and regarded as part
of the host rock.

Research has shown that ore grades decrease
gradually with distance from the ore body bounda-
ry. In the boundary zone of subeconomic ore directly
adjacent to the economic ore, the grade corresponds
to the cut-off value [12]. With increasing distance
from this boundary, the average ore grade of the total
mined ore mass (a') declines.

Part
Left

Coefficienta
|26312

Coefficient b
|-1.4509

Formula Average Ore C

|y = 2631237 ¢[1.3476

Part
Left

Coefficient b
|-14500

Coefficient a Formula

|0.2582

Average Ore C
|y = 0258197 ¢[1.3476

Right [o5123 [-0.5804 [y=051232+¢[13476

|
|

Right [o.153 [-05804 [y = 015302~ ¢[1.3476

Ore Content in the near-contour zone

Ore Content

0.5 1

1.5 2

Distance

0,24

0,14 IOTN

Ore Content beyond the boundary

~
~..

Distance

Fig. 6. Program interface for calculating ore grade equations in the boundary zone of subeconomic ore
(Coefficient a = A")
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Fig. 7. Schematic for determining ore grade in the shipped ore:
- economic ore; - subeconomic ore

To quantify this process in two-dimensional rep-
resentation (Fig. 7), the following equation is applied:

_S,ca+S -a”
T s, +8, ®

where S, is the area of economic ore, m?; S is the
area of the admixed subeconomic ore layer, m?, and
o is the ore grade in the admixed subeconomic ore.

These mathematical relationships make it possi-
ble to:

— delineate economic ore bodies more precisely;

- calculate optimal mining parameters;

— design algorithms that minimize ore losses;

- reduce ore dilution;

- substantiate the economic feasibility of extrac-
ting boundary zones.

This methodology is especially relevant for com-
plex-structured deposits with indistinct ore body

!
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boundaries, where conventional delineation ap-
proaches often prove inadequate.

To calculate the grade o” =y in the admixed layer
of subeconomic ore, equation (5) is applied, giving:

//_1[’ _1[' 1 kx _A’ kx
o —?ly(x)dx_?!;Ae dx_ﬁ(e -, )

where t' is the thickness of the admixed subeconomic
ore layer. The calculated values of o.” are presented in
Tables 2 and 3.

To determine the ore grade in the shipped ore, the
following algorithm is applied:

1. Define the complex-structured bench block un-
der investigation.

2. Compile ore grade data for the boundary zones
of economic and subeconomic ore based on samples
from exploration or production boreholes.

3. Input the boundary zone grade data into the
developed software, which calculates the coefficients
A’, k for the exponential dependence (5) describing
grade variation in subeconomic ore.

4. Using the calculated coefficients, determine
the ore grade in the admixed subeconomic ore layer
according to dependence (9).

5. Substitute the calculated o” value into
equation (8) to obtain the ore grade of the total
shipped ore.

For practical verification of the proposed algo-
rithm, three scenarios of integrated ore extraction were
examined in detail. Each scenario involved combined
mining of economic ore with adjoining layers of sub-
economic mineralization within complex-structured
blocks. The ore bodies considered varied substantially
in thickness, from 4 to 30 m, which allowed assessment
of the algorithm’s performance under diverse geologi-
cal conditions.

Data for the Kaskyrkazgan copper deposit (a) and the Koktas-Sharykty area (b) fable
pepo | Orcloty | Auesgcoregmude | ooty | R e
eposit No. in the orf body, thickness, A k >
o, % m 0-0.3 0-0.7 0-1.0
1 0.30 13.7 0.10 -1.15 0.085 0.069 0.059
2 0.33 9.8 0.19 -0.74 0.170 0.148 0.134
a 3 0.35 6.5 0.23 -0.32 0.219 0.206 0.197
4 0.39 6.8 0.20 -0.65 0.182 0.161 0.147
5 0.43 6 0.19 -1.00 0.164 0.137 0.120
1 0.30 16.5 0.13 -0.50 0.121 0.110 0.102
2 0.38 13.5 0.11 -0.46 0.103 0.094 0.088
b 3 0.53 6 0.18 -1.94 0.136 0.098 0.079
4 0.74 13 0.21 -0.78 0.187 0.162 0.146
5 0.97 8.37 0.15 -1.34 0.124 0.097 0.083
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Study parameters for copper ores:

Scenario 1: admixed subeconomic ore layer thick-
ness (t')= 0.3 m; the ore grade in the admixed layer (o.")
varied within the range 0.008-0.02.

Scenario 2: t' = 0.7 m; o” = 0.034-0.101.

Scenario 3:t = 1.0 m; o” = 0.059-0.197.

Study parameters for gold-bearing ores:

Scenario 1: ' = 0.3 m; o” = 0.008-0.028.

Scenario 2: ' = 0.7 m; o” = 0.033-0.13.

Scenario 3:t' = 1.0 m; o" = 0.054-0.236.

Ore quality and beneficiation product characte-
ristics:

Feed ore grades: copper ores o, = 0.3-1.0%;
gold-bearing ores o, = 0.00005-0.0002% (0.5-2.0 g/t).
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Concentrate grades: copper concentrate
Bey = 20.0%; gold-bearing concentrate B,, = 0.04%
(40.0 g/t).

Tailings grades: copper ores 3., = 0.06%; gold-
bearing ores &,,=0.00001% (0.1 g/t).

Experimental results

The calculated ore grades in the shipped ore
and their recoveries to concentrates for copper and
gold-bearing ores are summarized in Tables 4 and 5,
respectively. Relative deviations of these indicators
are analyzed in Tables 6 and 7, providing an assess-
ment of the algorithm’s stability under different ini-
tial conditions.

Data for the Yuzhny-Mointy gold-bearing area (a) and the Naimanjal deposit (b) fables
pepou | Orcbody | Apemseorsemie | orebory | O et e
eposit No. in the orf body, thickness, A k ’
o, % m 0-0.3 0-0.7 0-1.0
1 0.30 6.4 0.15 -1.25 0.125 0.100 0.086
2 0.35 16.2 0.12 -1.87 0.092 0.067 0.054
a 3 0.43 5.1 0.13 -1.39 0.106 0.083 0.070
4 0.48 6.5 0.12 -1.06 0.103 0.085 0.074
5 0.65 10.9 0.36 -0.91 0.315 0.266 0.236
1 0.31 9.9 0.10 -0.45 0.094 0.086 0.081
2 0.47 4 0.18 -2.19 0.132 0.092 0.073
b 3 0.67 12 0.20 -0.84 0.177 0.151 0.135
4 0.76 30 0.20 -0.80 0.178 0.153 0.138
5 1.00 6 0.30 -1.25 0.250 0.200 0.171
Table 4

Ore grades in shipped ore and their recovery to concentrate at different thicknesses of admixed subeconomic ore
layers in the Kaskyrkazgan deposit (a) and the Koktas-Sharykty area (b)

Scenarios
Deposit Initial I I 111
o €, o €, o g, o g,
0.30 80.24 0.291 79.62 0.279 78.72 0.270 78.03
0.33 82.06 0.321 81.54 0.307 80.72 0.297 80.04
a 0.35 83.11 0.339 82.54 0.324 81.72 0.314 81.12
0.39 84.87 0.373 84.16 0.351 83.14 0.334 82.29
0.43 86.31 0.406 85.47 0.375 84.27 0.355 83.34
0.30 80.24 0.294 79.80 0.285 79.18 0.278 78.67
0.33 84.46 0.368 83.96 0.353 83.26 0.343 82.74
b 0.35 88.95 0.493 88.10 0.447 86.83 0.415 85.79
0.39 92.17 0.716 91.89 0.684 91.50 0.661 91.20
0.43 94.10 0.913 93.71 0.844 93.17 0.798 92.76
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The findings demonstrate the effectiveness of the
proposed approach to mining complex-structured ore
blocks, ensuring:

— higher recovery of valuable minerals;

- controlled incorporation of subeconomic ore
into production;

- opportunities for optimizing process para-
meters;
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—reduction of valuable component losses;

—reduced dilution of the mined ore mass.

The validation results confirm the versatility of
the developed algorithm across different ore types
and a wide range of geological conditions.

As shown by the data in Tables 4 and 5, there is
a clear dependence of the ore grade in the shipped
ore mass on two Kkey factors. First, there is a direct

Ore grades in shipped ore and their recovery to concentrate at different thicknesses fables
of admixed subeconomic ore layers in the Yuzhny-Mointy area (a) and the Naimanjal deposit (b)
Scenarios
Deposit Initial I II 111
o b o €, o N o 8
0.3 80.24 0.285 79.15 0.263 77.45 0.248 76.02
0.35 83.11 0.341 82.63 0.327 81.92 0.317 81.33
a 0.43 86.31 0.396 85.11 0.356 83.39 0.329 82.03
0.48 87.76 0.448 86.88 0.410 85.63 0.385 84.67
0.65 91.04 0.633 90.80 0.610 90.44 0.593 90.14
0.31 80.89 0.298 80.08 0.278 78.66 0.266 77.65
0.47 87.50 0.426 86.17 0.359 83.54 0.324 81.74
b 0.67 91.32 0.646 90.99 0.610 90.43 0.586 90.03
0.76 92.38 0.749 92.26 0.731 92.07 0.719 91.93
1 94.28 0.931 93.84 0.824 93.00 0.765 9.43
Table 6 Table 7

Relative deviations of the studied indicators
from the required values at different thicknesses

Relative deviations of the studied indicators
from the required values at different thicknesses

of admixed subeconomic ore layers
in the Kaskyrkazgan deposit (a)
and the Koktas-Sharykty area (b)

of admixed subeconomic ore layers
in the Yuzhny-Mointy area (a)
and the Naimanjal deposit (b)

I I III I II III
Deposit Deposit
Aa’ Ag, Aa’ Ag, Aa’ Ag, Ao’ Ag, Ao’ Ag, Aa’ Ag,
3.02 | 0.78 | 7.05 1.90 | 994 | 2.76 514 | 1.36 | 12.21 | 3.48 | 17.38 | 5.26
2.77 | 0.63 | 6.88 | 1.64 | 10.00 | 2.47 2.68 | 0.57 | 6.44 | 1.42 | 9.34 | 2.13
a 321 | 0.69 | 744 | 1.66 | 10.35 | 2.39 a 7.89 1.39 | 17.23 | 3.38 | 23.38 | 4.95
4.38 | 0.83 | 10.07 | 2.04 | 14.32 | 3.04 6.59 | 1.01 | 14.53 | 243 | 19.76 | 3.52
564 | 097 | 12.68 | 2.35 | 17.50 | 3.44 2.56 | 027 | 6.15 | 0.67 | 884 | 0.99
2.14 | 0.55 | 5.01 1.32 | 7.24 | 1.95 4.00 | 1.00 | 10.28 | 2.75 | 14.29 | 4.00
3.06 | 0.59 | 7.05 1.42 | 9.81 | 2.04 9.39 | 1.52 | 23.59 | 4.52 | 31.00 | 6.57
b 691 | 095 | 1570 | 2.38 | 21.75 | 3.55 b 352 | 0.36 | 8.99 | 097 | 12.57 | 141
331 | 0.30 | 7.58 | 0.72 | 10.67 | 1.05 149 | 0.13 | 3.79 | 0.34 | 537 | 0.49
589 | 0.41 | 13.04 | 099 | 17.74 | 142 691 | 047 | 1759 | 1.36 | 23.50 | 1.96
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correlation between the ore grade in economic ore
and its concentration in the shipped material. Sec-
ond, an inverse relationship is observed with respect
to the distance from the ore body boundary: as the
distance from the boundary of economic minerali-
zation increases, the ore grade consistently decrea-
ses. This relationship is equally characteristic of
both copper and gold-bearing ores, and it is evident
in all the extraction scenarios considered. It is note-
worthy that a similar trend, though somewhat less
pronounced, is also observed in the recovery of cop-
per and gold to concentrate. In this case, however,
the amplitude of variations is much smaller, indica-
ting the relatively stable nature of the beneficia-
tion process.

For a more detailed assessment of how these
changes affect the final technological outcome -
namely, the recovery of the valuable component to
concentrate — a comparative analysis of deviations
across all three scenarios is required. Such an ap-
proach makes it possible to:

- determine the sensitivity of the technological
process to variations in the initial ore grade;

- assess the influence of distance from the ore
body boundary on beneficiation efficiency;

- define mining parameters for each ore type;

- evaluate the stability of processing equipment
performance under changing conditions;

— develop corrective measures to minimize the
negative effects of the identified factors.

According to the data presented in Tables 6 and
7, clear patterns can be observed in the variation of
ore grades in shipped ore.

For copper ores, the maximum relative deviation
does not exceed 6% in Scenario I, increases to 16% in
Scenario II, and reaches 22% in Scenario III.

For gold-bearing ores, the maximum deviation
is 10% in Scenario I, rises to 24% in Scenario II, and
reaches 31% in Scenario III.

Analysis of valuable component recovery to con-
centrate reveals a clear trend.

For copper ores, deviations range from 0.3 to
0.97% in Scenario I, from 0.72 to 2.38% in Scenar-
io II, and from 1.05 to 3.55% in Scenario III.

For gold-bearing ores, deviations range from
0.13 to 1.52% in Scenario I, from 0.34 to 4.52% in
Scenario II, and from 0.49 to 6.57% in Scenario III.

All observed deviations in recovery remain with-
in technologically acceptable limits, confirming the
effectiveness of the proposed method.

The application of new technological solutions
for recovering economic ore from complex-struc-
tured blocks with partial inclusion of subeconomic
ore makes it possible to:
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—ensure the required quality of shipped ore
mass;

- significantly increase the volume of extracted
raw material;

—enhance the overall efficiency of deposit ex-
ploitation.

The implementation of this new technology for
mining complex-structured blocks results in the fol-
lowing:

—a portion of subeconomic ore previously con-
sidered as diluting waste is reclassified as recovera-
ble reserves;

—the volume of extracted ore mass increases
substantially;

—the percentage recovery of valuable compo-
nents to the final concentrate improves.

4. Economic impact
Under actual production conditions at a copper
open-pit mine with an annual ore output of 6-7 Mt,
an average copper grade of 0.45%, and complex-struc-
tured blocks accounting for 50-60% of the total, the
additional recovery of valuable components may
reach 10-15% of overall production.
Thus, the proposed technology delivers a signifi-
cant technological and economic impact while main-
taining the required quality of the mined ore mass.

Conclusion

1.Based on analysis of exploration borehole
data from five copper and gold-bearing ore deposits
in Kazakhstan (Kaskyrkazgan, Koktas-Sharykty, Yu-
zhny-Mointy, Naiman-Zhal, and others), regularities
in the variation of ore grades in the boundary zones
of subeconomic ore have been established. It was
determined that these grades follow an exponential
relationship of the form y = A’-e® with parameters
varying as follows: for copper ores, A’ = 0.10-0.23,
k=-0.32—-1.94, for gold-bearing ores, A’ = 0.10-0.36,
k=-0.45--2.19.

2.An automated software tool was developed in
C# within the Visual Studio 2022 environment to cal-
culate exponential trend equations, determine coeffi-
cients A’ and k, and forecast ore grades in the admixed
subeconomic ore layer.

3.Using this software, calculations were per-
formed to determine grades in the shipped ore (a)
when admixing subeconomic ore layers of varying
thickness (¢’ = 0.3, 0.7, and 1.0 m). It was shown that
for copper ores, o' varied from 0.406 to 0.270%, with
recovery to concentrate ¢, decreasing from 94.10 to
78.03%; for gold-bearing ores, o’ varied from 0.931
to 0.248 r/T, with recovery to concentrate ¢, decrea-
sing from 94.28 t076.02%.
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4. In the first case of admixing a 0.3 m subeco-
nomic ore layer, relative deviations in ore grade of
shipped ore were 2.14-6.91% for copper ores and
1.49-9.39% for gold-bearing ores. The corresponding
deviations in recovery to concentrate were 0.3-0.97%
for copper and 0.13-1.52% for gold, all within accep-
table technological limits.

5.The proposed approach for complete reco-
very of economic ore through controlled admixing
of boundary subeconomic material ensures the re-
quired quality of shipped ore while increasing ex-
tractable reserves. This has been confirmed by calcu-
lations for admixed layers of varying thickness.

6. For the first time in mining science, the theo-
retical feasibility of reclassifying part of the diluting
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subeconomic ore into recoverable reserves has been
substantiated. This leads to an increase in shipped
ore tonnage and recovery of valuable components
to concentrate without compromising concentrate
quality.

The results obtained are of considerable prac-
tical significance. In the case of an open-pit mine
with an annual ore production of 6-7 Mt, an aver-
age copper grade of 0.45%, and complex-structured
blocks accounting for 50-60% of total production,
additional copper recovery may reach 10-15% of
overall output. In monetary terms, this corresponds
to an additional annual profit of approximately USD
15.3 million, assuming a market copper price of USD
8,500 per ton.
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