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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.
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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
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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, %

0.20
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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

elSSN 2500-0632

https://mst.misis.ru/

Rakishev B. R. et al. Variation of ore grades in the boundary zone of subeconomic ore

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).

elSSN 2500-0632
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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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Abstract

To address the current challenges in oil industry related to modeling a pore space structure in a 3D core
model and evaluating permeability and porosity (“Digital Core”), it is necessary to obtain representative
characteristics of the void space. A similar characteristic is required to solve geotechnical problems related to
modeling and evaluating the strength properties of heterogeneous rocks. In addition, it is also important for
research on capillary processes in porous media. The paper is devoted to the comparative analysis of the values
of porosity of oil and gas reservoir rocks obtained by gas volumetry and X-ray computer tomography methods.
The aim of this work is to develop statistical models for assessing the discrepancy between the porosity factor
K, determined using computer tomography (CT) data and more reliable laboratory petrophysical data for two
lithological rock types: terrigenous and carbonate. The research objectives include: assessing the impact of
lithology on the K, evaluation using various methods (petrophysics and CT); examining and evaluating the
impact of the reservoir rocks porosity factor range on the convergence of the results from these two methods
for different lithological rock types; building statistical models to adjust the K|, values based on CT results
for different lithological rock types. The solution to these problems is based on a detailed statistical analysis
of the studies of terrigenous and carbonates rocks in oil fields in the Perm region. Porosity measurement
was carried out on a AP-608 automated porosimeter-permeameter and a Nikon XT H 225 X-ray tomography
system. The techniques for measuring the volume of pores in samples using the gas volumetry method, image
binarization, and porosity calculation using the X-ray tomography method are described. The results of the
analysis showed that the studied methods give different values of porosity factors depending on the lithology.
For carbonate rocks, a greater correspondence of the porosity factor estimates obtained by different methods
is characteristic that is due to the structural features of the pore space. Significant differences were found for
terrigenous rocks, which are explained by the limited resolution of X-ray tomography. The analysis resulted
in statistical models for evaluating and correcting K|, data obtained by X-ray tomography for terrigenous and
carbonate rocks in various K|, value ranges. The results of the study can be used for petrophysical substantiation
of the permeability and porosity of reservoir rocks in oil and gas fields.

Keywords
porosity, core, terrigenous reservoirs, carbonate reservoirs, petrophysics, X-ray tomography, gas volumetry,
statistical analysis
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AHajormyHasi xapakTepuCTKa TpedyeTcs IJIsT pellieHus 3aJayu TeoMeXaHVKM, CBSI3aHHbIX C MOAEINPOBa-
HMEM U OlIeHKOJ MPOYHOCTHBIX CBOCTB HEOJHOPOAHBIX TOPHBIX Mopoj. Kpome Toro, oHa BaskHa JIJisl MC-
C1eJ0BaHMil KanWJIISIPHBIX IMPOLECCOB B MOPUCTBIX cpenax. CTaThsl MOCBSIeHa CPAaBHUTEIbHOMY aHAIN3Y
3HAUEHUI TOPUCTOCTU TOPOA-KO/UIEKTOPOB He(PTU U rasa, MOJyUYeHHbIX METOJAaMM Ta30BOTIOMETPUU U
PEHTTeHOBCKOJ KOMITbIOTEPHOI ToMorpadumu. 1lesbio paboThI SIBISETCS pa3paboTKa CTaTUCTUUECKUX MO-
Jieneii 17151 OLleHKY pacxoXIeHus onpeneneHus koadouimenta nopucroct K, 1o TaHHBIM KOMITbIOTE€PHOIA
tomorpadum (KT) c 6oee 10CTOBEpPHBIMY AAaHHBIMY JIA00PATOPHON HMeTPOPU3UKM IJISI ABYX JTUTOIOTHYE-
CKMX TUIIOB MOPOJ, — TEPPUTEHHBbIX U KapOOHATHBIX. 3alauy MCCIeIOBaHMs BKIIOYAIOT: OI[€HKY BAUSHUS
JIMTOJIOIMYECKOr0 COCTaBa Mopof Ha oueHKy K, pasHbIMU MeTomamu (netpodusuxa u KT); paccmoTrpeHne
M OLIeHKY BJIMSIHUS IMana3oHa BapbUMPOBaHMS MOPUCTOCTY MOPOJ, KOJIEKTOPOB Ha CXOAMMOCTD pe3y/abTa-
TOB 3TUX JIBYX METOZAOB /ISl pa3HbIX IUTOJOTMYECKUX TUIIOB IIOPO/T; TOCTPOEHME CTATUCTUUECKUX MOJeneit
ILJI1 KOpPeKTUPOBKYU 3HaueHuit K o pesynbratam KT A1 pasHbIX IMTOIOTMYECKUX TUIIOB MOpof,. Penre-
HMe TaHHBIX 3a7aU OCHOBBIBAETCS Ha MPOBEIEHUN AeTaJbHOTO CTATUCTUUECKOTO aHa/IN3a MCC/IeloBaHu
TepPPUTEHHBIX M KApOOHATHBIX MOPO HEeDTSIHBIX MeCTOpOoXKIeHNi [lepMcKoro kpas. VisMmepeHyue mopucTo-
CTY MPOBOAMIOCHh Ha aBTOMAaTU3MPOBAHHOM Mopo3uMeTpe-riepmeameTpe AP-608 u cucrteme peHTreHOB-
ckoit Tomorpadum Nikon XT H 225. OnucaHbl METOOMKYU M3MepeHMs] 06beMOB ITOp 06pa3IioB ra30BOJIIO-
MeTPUUYECKMM MEeTOLOM, GMHapu3aluy 1300pakeHuit 1 pacuera MOPMUCTOCTU IO METOAY PEHTIeHOBCKOIA
ToMorpadun. Pe3ynbTaThl aHa/IM3a MMOKa3aau, UTO M3ydyaeMble METOMbI AAIOT pasauMyaloniecs 3HaYeHUs
K03(bPULIMEHTOB MOPUCTOCTU B 3aBUCUMOCTHU OT JIUTOJIOTUYECKOTO COCTaBa mopo. sl KapOboHaTHBIX 10-
POJl XapaKTepHO O0JIbIliee COOTBETCTBME OLIeHKM KO3GhduIeHTa MOPUCTOCTH, MOJYUEHHbIX Pa3INYHbIMU
MeTOo[laMM, YTO OOYC/IOBJIEHO CTPYKTYPHBIMU OCOOEHHOCTSIMU TIOPOBOTO MPOCTPAHCTBA. B TeppuUreHHBIX
MOpOoJax YCTAHOBJIEHbI 3HAUMTEIbHbIE Pa3/inuus, 06bsICHSIEMbIe OrpaHMUYEHHO! paspeliaolieii crocob-
HOCTBIO PEHTTEHOBCKO TomMorpaduu. ITo uToram aHanam3a IMoJydeHbl CTATUCTUYECKNME MOMEIN JIJI OLeH-
KM M KOPPEKTUPOBKM HAHHBIX K, TIOTyYeHHBIX METOOM DeHTTeHOBCKOJ ToMorpadum sl TeppUreHHbIX
M KapOOHATHBIX MOPOJ, B Pa3/JIMUHBIX IMaria3oHax 3HaueHuit K. Pe3ynbraThl MCCIeqOBaHUS MOTYT GbITh
MCIOJIb30BaHbI MPY METPOPU3NUECKOM OOOCHOBAHUM (QVIIBTPALIMOHHO-€MKOCTHBIX CBOVICTB ITOPO[I-KOJ-
JIEKTOPOB MeCTOPOKAeHMIT HedTH U rasa.

KnioueBble cnoea
TIOPUCTOCTb, KEPH, TEPPUTEHHbIE KOIEKTOPBI, KAPOOHATHBIE KOJUIEKTOPBI, TeTPOdM3MKa, PEHTTEHOBCKAsI TO-
morpadusi, ra30BOMOMeTPUSI, CTATUCTUYECKUIT aHATN3
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Introduction

One of the most important characteristics that al-
low for the estimation of reserves and are taken into
account in the prospecting, exploration, and develop-
ment of oil and gas fields is porosity factor K,,. Despite
the existence of the problem of scaling physical cha-
racteristics between a reservoir and individual sam-
ples [1, 2], the most accessible and reliable methods
of studying are direct laboratory petrophysical testing
of core samples, among which the estimation of a po-
rosity factor is one of the most accurate and reliable.

Over the past two decades, a significant number
of publications with the results of tomographic stu-
dies of a core have appeared. The works of foreign and
domestic researchers provide data for samples of va-
rious sizes and lithology. Thus, the works [3, 4] are
devoted to reviewing the capabilities of the method
in a number of types of geological research, inclu-
ding the study of carbonate reservoir rocks. The
papers [5, 6] are devoted to the study of marine se-
diment cores. Although statistical analysis of the
porosity of terrigenous and carbonate sediments is

carried out in [6], unfortunately, it only applies to
full-size samples, which were the subject of the study.
The papers [7, 8] are also review papers, providing
only general descriptions of the principles of tomog-
raphy and examples of the method's use without sta-
tistical analysis. The paper [9] presents experience
on core porosity research, but due to low resolution,
the authors limit themselves to calculating cavernous
porosity. The authors of [10] compared the results of
porosity measurements obtained by tomography and
gas volumetry with breakage by lithology, but only
14 samples were studied. In addition, for tomogra-
phy, the samples were cut into cylinders with sides of
5-20 mm that significantly affected the results. Thus,
a full statistical comparison of determining the poros-
ity of samples of standard sizes by X-ray tomography
and other methods, taking into account the peculia-
rities of the lithology of the studied reservoirs, has
not been carried out, although some researchers rec-
ognize the need for such a comparison [11].

To address the current challenges in oil industry
related to modeling the pore space structure in a 3D
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core model and evaluating permeability and porosity
(“Digital Core”), it is necessary to obtain a represen-
tative characteristic of a void space. A similar cha-
racteristic is required to solve geotechnical problems
related to modeling and evaluating the strength
properties of heterogeneous rocks. In addition, it is
important for research on capillary processes in po-
rous media.

Laboratory petrophysical studies of core samples
allow to evaluate only a single integral characteristic
of a core sample, comprising the effective porosity
and total porosity of a sample. However, for computer
3D modeling of various processes in a rock core, such
integral values are insufficient that necessitates the
use of non-destructive volumetry methods for resear-
ching core samples, such as X-ray computer tomog-
raphy (CT), which allows for the study of the internal
heterogeneity of core samples in volume. The appli-
cation of CT, despite its modernity and technological
nature, has a number of problems associated with the
method's resolution for evaluating the heterogeneity
of rock in the region of physical small-scale heteroge-
neities (small pores), that is, microporosity.

In order to bring the porosity estimates deter-
mined by different methods to a unified value, the
study included a statistical analysis of the values of
porosity factors obtained from standard laboratory
petrophysical studies of core samples and from the
results of a core CT.

The aim of this work is to develop statistical mo-
dels for assessing the discrepancy between the poro-
sity factor Kp determined using computer tomography
(CT) data and more reliable laboratory petrophysical
data for terrigenous and carbonate rocks. The assess-
ment of this discrepancy will enable the estimation of
the proportion of microporosity in computer 3D core
models based on the CT results. The separate consi-
deration of terrigenous and carbonate rocks is due to
the significant differences in mineralogical compo-
sition, structural-textural features of the sediments,
and pore space structures of these two main litholo-
gical types of sedimentary rocks.

The research objectives include:

— an assessment of the impact of lithology on the
Kp assessment using various methods (petrophysics
and CT);

— an assessment of the influence of the Kp varia-
tion range on the convergence of the results of these
two methods (petrophysics and CT) for different
lithologies;

- building models for adjusting Kp values based
on CT results for different lithologies.

The solution to these problems is based on a de-
tailed statistical analysis.
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Theory

There are two standard methods for determining
porosity factor that are widely used in petrophysics,
which differ in a phase used: determination of poro-
sity by liquid saturation and determination of po-
rosity by gas (gas volumetry). These methods do not
measure the entire pore volume, but only those pores
that are connected to a sample surface and to each
other, which, according to classification [12], consti-
tute effective porosity. The use of liquid or gas allows
them to be filled and the entire volume of these open
and connected pores to be measured with sufficient
accuracy. Of course, there is also a method for measu-
ring total and closed porosity (K, estimation through
mineralogical density), but it is less commonly used
because it requires the destruction of samples [13].

At the same time, in recent years, a relative-
ly new method of studying pore space has become
increasingly widespread in petrophysical research,
computer X-ray tomography. This method allows
the visualization of the pore space inside a sample,
which makes it possible to qualitatively assess the
porosity and establish a relationship between its dis-
tribution and the lithological characteristics of the
sample being studied. However, the main disadvan-
tage of using the X-ray computer tomography me-
thod in a standard petrophysical research complex
is its low resolution. This method can only visualize
pores that are up to a few micrometers in size that
leads to a significant underestimation of the volume
of the pore space, resulting in a porosity factor cal-
culated using the X-ray tomography method being
lower than that measured by standard liquid satura-
tion and gas volumetry methods.

It can be assumed that the degree of closeness
of the porosity factor values calculated using the gas
volumetry-liquid saturation methods and the X-ray
tomography method will depend significantly on the
dominant sizes and quantitative ratios of individual
pore types in a studied core sample: open (effective
porosity) and closed, connected and isolated, large
and small. In the opinion of the authors of this paper,
this will mainly be determined by the samples litho-
logy. Among the types of reservoir rocks studied, the
pore space structure will differ most significantly
between carbonate and terrigenous rocks.

Carbonate reservoirs are known to have an ex-
tremely heterogeneous pore space structure, consis-
ting of intergranular and intragranular pores, cavi-
ties, and fractures. Often in some types of carbonate
reservoirs, for example, in grainstone structural type
of limestones [14], most of the reservoir space can
be represented by large cavities and fractures, which
makes it easily visualizable using X-ray tomography.
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At the same time, the nature of the structure of the
carbonate pore space does not exclude the presence
of a certain proportion of closed pores in a sample,
which may not be detected by gas volumetry and li-
quid saturation methods, which are only capable of
measuring effective (open) porosity. Therefore, it can
be expected that the porosity factors of carbonate
rocks determined by standard methods and by X-ray
tomography may be close in value to each other, but
at the same time be composed of different volumes.

The pore space of terrigenous reservoir rocks is
characterized by greater homogeneity and connec-
tivity due to its predominantly intergranular nature.
Rocks of this composition form granular-type re-
servoirs, closely described by the Slichter model, in
which permeability is determined by porosity and
particle diameter [15]. At the same time, the di-
mensions of individual elements of the void space
in this type of rock are smaller than the resolution
limit of the X-ray tomography method. It should be
noted that, despite the existence of high-resolution
micro- and nanotomography methods, these me-
thods can only be used for separately manufactured
samples of millimeter dimensions, as shown in [16]
that excludes comparison with the determination of
the porosity factor using standard methods carried
out on cylindrical samples with a standard diameter
of 30 or 25 mm.

Thus, this study compares the porosity factors
obtained by different methods on the same stan-
dard-size samples of carbonate and terrigenous rocks.

Research Materials and Techniques

The studied samples of core from the oil fields
of the Perm region were cut from full-size cores into
cylinders with a standard diameter and a height of
30 mm. The samples belonged to two lithologies: ter-
rigenous and carbonate rocks.

The terrigenous samples were mainly represen-
ted by sandstone, silt-rich sandstone composed of
quartz and feldspar-quartz; gray, dark gray, brown,
and brown; fine-grained, medium-fine-grained, and
coarse-grained; of varying degrees of sorting; ortho-
morphic or cemented with clayey, calcite, or ferru-
ginous cement; strong or of medium strength, with
mineral inclusions of mica, ore minerals, and pyrite.

The carbonate samples were represented by lime-
stone, dolomite, and dolomitized limestone light
gray, gray, dark gray; organogenic, detrital, organo-
genic-detrital, lumpy-detrital, lumpy-algal, and algal;
sometimes slightly clayey and clayey; porous, po-
rous-cavernous, and cavernous; strong with frequent
stylolitic joints and cracks sometimes filled with cal-
cite crystals.
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The research involved measuring porosity using
the gas volumetry method (K, %) and X-ray computer
tomography (K, %).

The gas volumetry method was chosen by the
authors for several reasons: firstly, this method is
quite fast (on average, it takes no more than an hour
to measure one sample) and relatively simple, and,
as a result, it is most often used in petrophysical
laboratories; secondly, the use of a chemically
inert gas instead of a liquid allows to reliably exclude
changes in the samples caused, for example, by ac-
cidental violation of the procedure of washing and
drying a sample after the saturation test or chemical
interaction between the liquid and the mineral ma-
trix of a sample.

Porosity measurements were performed on
an AP-608 automated porosimeter-permeameter
(Coretest Systems, USA). The principle of operation
of this unit is based on the method of non-stationary
filtration [17].

The essence of the method lies in measuring
a pore volume using the principle of helium expan-
sion according to Boyle’s law, which states that the
pressure P of any ideal gas multiplied by its volume V
gives a constant value at a constant temperature. In
the context of core analysis, Boyle’s law allows to
determine an unknown volume by the expansion of
a gas with known pressure and temperature values
into an empty space and using the resulting pressure
to calculate the unknown volume. Therefore, kno-
wing P,, P, and V,, it is possible to calculate V:

_BY
|4 P (1)

In a AR-608 porosimeter-permeameter, helium
is pumped in from both ends of a sample. The per-
meability range of samples available for measure-
ment on this unit is from 0.001 mD (rocks with such
permeability are not considered to be reservoirs) to
5000 mD. Accordingly, the porosity measuring range
is from 0.1 to 40%, which also covers the ranges
typical of terrigenous and carbonate reservoirs.

The method of sample preparation and measure-
ment complies with GOST! and involved pre-drying
of samples that were carefully extracted in an al-
cohol-benzene mixture using a drying cabinet. The
drying time and temperature were at least 8 h and
105°C for the carbonate rocks and at least 12 h and
80°C for the terrigenous rocks. After drying, the
samples were cooled in a desiccator, their geometric
characteristics were measured using an electronic

1 GOST 26450.0-85-GOST 26450.2-85. Rocks. Methods
for determining reservoir properties. M.: Standards Publishing
House; 1985. 16 p. (In Russ.)
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caliper, and then the porosity factor was determined
using the AR-608 unit. All measurements were taken
at least five times, and the arithmetic mean was cal-
culated based on the results of all five measurements,
which was the final value for each sample.

The second method analyzed in the paper is
X-ray computer tomography of a core. The method
was developed by A. Cormack and G. Hounsfield [18]
and is based on Radon transformations [19]. The es-
sence of the method lies in creating a series of X-ray
images obtained when X-rays pass through a sam-
ple rotating along a single axis. The resulting X-ray
images are transformed through the inverse trans-
form of the integral of a function of a straight line
perpendicular to a vector that is directed along the
direction of the radiation at a certain distance mea-
sured along it.

In our study, an X-ray inspection system with
a computer tomography function, Nikon XT H 225
(Nikon Metrology, Great Britain) was used for X-ray
tomography. This system consists of a stationary
X-ray source forming a focal spot measuring 3 pm,
a three-position rotating table, and a 2048x1408 pixel
detector with a physical pixel size of 142 pym. The sys-
tem allows studying samples of a standard diameter
of 30 mm with a resolution of up to 20 ym.

Samples were surveyed at a radiation source volt-
ages ranging from 150 to 180 kV, current strengths
ranging from 100 to 150 mA, using a 0.5 mm thick
copper filter, exposure time of 0.5 s, and at least
3000 images. All samples were positioned so that
the resolution of the resulting reconstruction was at
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least 25 ym. Inhomogeneities smaller than 1 voxel
(25 ym) are referred to as microporosity, which, un-
like larger macroporosity, cannot be distinguished
with high accuracy and directly geometrically iden-
tified in a sample. In practice, a number of assump-
tions are made to identify such porosity in samples.
For example, that the micropores are located on the
surface of large pores, or micropores can be loca-
ted in the contact areas of mineral grains, or they
are distributed fairly evenly throughout the volume
of a mineral matrix. However, for all these assump-
tions, it is necessary to estimate the proportion of
this microporosity.

The reconstruction of a 3D image was performed
using proprietary CT Pro 3D software (Nikon Me-
trology, UK), which uses an improved version of one
of the most widely used FDK algorithms [20] for the
reconstruction procedure. The reconstructed images
were processed in the Avizo Fire program (Visualiza-
tion Science Group, France).

The technique for processing the images of the
samples in order to obtain the volume of the pore
space was used as follows. In the initial reconstruc-
tion, a 32-bit black and white three-dimensional im-
age, where the brightest areas correspond to areas of
maximum density (mineral matrix), and the darkest
areas correspond to the void space, a binarization
procedure was performed. The essence of the bina-
rization procedure is that the entire range of gray
shades is divided into two volumes with values of
0 and 1, corresponding to the volumes of pores and
matrix (Fig. 1).

Fig. 1. Distinguishing on a fragment of a black and white image of a rock:
a - reconstructed image of a sample cross-section in shades of gray, proportional to the absorption
of the material (black — does not absorb, white — absorbs); b — distinguishing void space in a black-and-white image of rock
(black - air in pores and around the sample; white — mineral matrix)
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These volumes, in turn, can already be measured
using software tools.

The porosity factor of the sample was calculated
based on tomography data using the standard porosi-
ty calculation formula:

K = Vior 100

P ) ’ 2)
vol

where V, is the volume of the binarized model of

a sample pore space, mm?®; V,, is the volume of the

binarized model of the entire sample space, mmb3.

Findings and Analysis of the Data Obtained

This chapter deals with the statistical analysis of
the porosity factor values obtained by the methods de-
scribed above. Fig. 2 shows a comparison of the porosi-
ty factor values obtained by the gas volumetry method
(K, %) and those obtained by the X-ray tomography
method (K ;, %) for terrigenous and carbonate rocks.

For terrigenous rocks, the average porosity values
for K; and K, are 8.71 and 10.76%, respectively, with
standard deviations of 6.17 and 5.82%.

For carbonate rocks, the average porosity values
for K; and K, are 21.43 and 22.00%, respectively, with
standard deviations of 5.51 and 5.43%.

The analysis of the given correlation fields shows
that the relationships of the values of K, and K for the
studied rocks depend of the values range. For terrige-
nous rocks the values of K, and K, lower than those
for carbonate ones. Comparisons of the average va-
lues of K, and K, for the studied rocks were performed
using Student’s t-test and are presented in Table 1.

35
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Fig. 2. Fields of correlation between K, and K,
for different rocks
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Table 1
Comparison of average values of K, and K,
for different rock types
Mean * standard Criteria

Rock deviation t

K,, % K;, % p
0.866
i + + ==
Terrigenous 10.76+5.82 8.7116.17 0.395
0.431
* * —_—
Carbonate 22.00£5.43 | 21.43+5.51 0.668

It can be seen from here that the average va-
lues of the porosity factors, determined by different
methods, do not statistically differ (the level of sig-
nificance achieved p > 0.05). At the same time, visual
analysis of the fields of correlation between K, and K,
for both terrigenous and carbonate rocks shows that
within the correlation fields, different relationships
are observed depending on the values of K, and K.
Overall, the results of the evaluation of the average
K, and K; are not statistically contradictory to each
other, but require a more detailed examination by the
porosity ranges. At the same time, the average values
obtained by CT method are always lower, despite the
different lithology that indicates the complexity and
some underestimation of K, for microporosity due to
the physical limitations of the CT method.

To determine various relationships between
K, and K;, we subdivided them by lithology and K,
range and arrange the values of K, of the samples in
ascending order, where their number increased by
one (n=3,n=4,n=5,...,n= 733 for carbonate rocks
and n = 13 for terrigenous rocks). The total number
of models considered was determined by the sample
collection amount. For each considered range of va-
lues of K,,, we performed a K, = f(K;) regression ana-
lysis by n values with assessing the paired correla-
tion coefficient r and statistical characteristics of the
regression equation coefficients.

The regression equation is as follows:

K,=b+k-K,, (3)

where K, is porosity factor obtained by the gas vo-
lumetry method, %; K; is porosity factor obtained
by X-ray tomography, %; b is intercept (free term) in
the regression equation; k is slope in the regression
equation.

For carbonate rocks, the regression equation pa-
rameters are given in Table 2.

33 regression equations were built for carbonate
rocks, and the correlation coefficient values r ranged
from 0.892 to 0.975.
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The statistical characteristics of the developed
models were used to build dependencies of the values
of the intercepts of the regression equations and the
slopes for K; on the values of the correlation coeffi-
cients r (Figs. 3-5).

The analysis shows that the relationships between
the studied parameters are of two types: at K, < 24%;
when increasing the range of K, there is a regular de-
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crease in an intercept value; with even greater increase
of K, the value of an intercept changes insignificantly.

The analysis shows that the relationships be-
tween the studied parameters are also of two types:
at K, < 24%, when increasing K, there is a regular in-
crease in the slopes at  ; with even greater increase
of K,, the values of the slopes changes insignificantly,
being in a range of 0.97-0.98.

Table 2
Regression equations for K, dependence on K, (arbonate rocks)

Miales,ss’ | Intercepth | tatintercept | SlopekatKi | tatki | coutfiientr | of significance of rp
10.51-14.35 6.260 2.281 0.515 1.974 0.892 p=0.299
10.51-14.53 5.842 2.889 0.636 3.428 0.924 p=0.076
10.51-15.91 5.842 2.998 0.630 4.754* 0.939 p=0.018
10.51-16.74 4.609 2.666 0.692 5.474* 0.939 p=0.005
10.51-16.74 4.745 3.306* 0.679 6.797* 0.949 p=0.001
10.51-17.98 4.388 3.352* 0.709 8.096* 0.957 p =0.0002
10.51-18.29 4.112 3.369* 0.735 9.242* 0.961 p =0.00004
10.51-18.77 3.773 3.030* 0.765 9.629* 0.959 p<107®
10.51-19.97 3.329 2.675* 0.801 10.329* 0.960 p<10°
10.51-20.10 2.952 2.284* 0.832 10.515* 0.957 p<107
10.51-20.42 2.986 2.550* 0.83 11.864* 0.963 p<1073
10.51-20.53 2.925 2.693* 0.834 13.112*% 0.967 p<107°
10.51-20.96 2.764 1.973 0.855 10.469* 0.945 p<107®
10.51-21.10. 2.629 1.978 0.865 11.325* 0.946 p<107
10.51-21.40 2.705 1.879 0.860 12.262* 0.953 p<107
10.51-21.64 2.705 1.899 0.860 11.979* 0.948 p<1073
10.51-21.72 2.313 1.644 0.895 11.388* 0.940 p<107®
10.51-23.19 1.981 1.419 0.918 11.912* 0.942 p<107®
10.51-23.51 1.787 1.341 0.931 12.815* 0.946 p<107
10.51-23.76 1.614 1.264 0.942 13.705* 0.950 p<107
10.51-23.78 1.456 1.01 0.957 12.402% 0.938 p<1073
10.51-24.71 1.238 1.015 0.968 15.046* 0.954 p<107®
10.51-24.86 1.169 1.008 0.972 16.076* 0.958 p<10°
10.51-25.18 0.989 0.874 0.984 16.894* 0.960 p<107
10.51-25.30 1.076 1.074 0.978 17.877* 0.963 p<107
10.51-25.54 1.437 1.384 0.957 18.349* 0.963 p<1073
10.51-27.02 1.303 1.321 0.964 19.559* 0.966 p<107®
10.51-28.94 1.321 1.387 0.970 20.292* 0.967 p<10°
10.51-29.14 1.385 1.396 0.961 21.476* 0.969 p<107
10.51-30.25 1.585 1.643 0.962 22.080* 0.970 p<1073
10.51-30.27 1.436 1.532 0.961 23.640* 0.973 p<1073
10.51-30.40 1.575 1.541 0.979 24.909* 0.975 p<107®
10.51-31.76 1.419 1.647 0.970 24.639* 0.973 p<107

* — statistically significant values (p < 0.05).
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It can be seen from here that the relationships be-
tween the studied parameters are also of two types:
at K, < 22%, when increasing K, there is an initial
increase in r. At K, < 23%, r decreases. With an even
greater increase in the range of K, the values of the
coefficients increase along a complex trajectory.

The above K, and K I‘, dependency analysis for car-
bonate rocks showed that it seems possible to deter-
mine two boundaries that differentiate the values of
K, into three groups: the first one, when K/, < 16.0%;
the second, at 16.0% < K; < 22.6%; and the third one,
when K, > 22.6%.

The first group is at K, < 16.0%, in which the de-
pendency of K, on Kj is statistically insignificant. At
K, from 16.0 to 22.6%, statistically significant correla-
tions between the studied parameters were observed.
To determine the values of K, from K it is necessary
to make an adjustment using the regression equation
given in Table 4. At K, > 22.6%, it is also necessary
to make an adjustment using the regression equation
given in Table 3.

Thus, the studies conducted showed that the va-
lues of K; obtained by X-ray tomography for car-
bonate rocks, despite the statistical equality of the
mean values, are characterized by different statisti-
cal relationships. At K < 16.0%, there is no signifi-
cant correlation with K. This indicates that different
values of porosity factors are obtained using these
methods. At K, > 16.0%, the values of K, and K, are
statistically interconnected. It should be noted that at
certain intervals of the values, the intercepts values
are statistically significant. This indicates that there
is an adjustment of the values K, by the intercepts of
the regression equations. Therefore, to correctly use
the values of K and K, in carbonate rocks, it is neces-
sary to use the obtained regression equations for the
identified ranges of K,,.

A similar analysis was performed for terrigenous
rocks (Table 4).

11 regression equations were built for terrige-
nous rocks, and r values ranged from 0.806 to 0.937.
The analysis of the intercepts of the regression equa-
tions showed that when K; < 11.75%, the intercepts
changed from negative to positive values. The va-
lues of slope at K, are also characterized by a regular
change from higher values (more than 1) to lower va-
lues (less than 1). Correlation coefficients r trends
are shown in Fig. 6.

The analysis shows that the relationships
between the studied parameters are also of two
types: when K, < 12%, increasing K, causes a chao-
tic change in the values of r; when the K, range in-
creases, there is a regular increase in r values from
0.849 to 0.937.
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Table 3
Regression equations for K, dependence on K, (carbonate rocks)
Range oL Value: intercept atintercept Sopekar | cark | omslation | Adiewbleleel
K;, <16.0% 6.260 2.116 0.514849 1.974 0.892 p=0.299
16.0% < K; <22.6% -0.940 -0.359 1.080430 8.054 0.884 p<10°
K; >22.6% 7.709 3.408 0.766514 8.932 0.942 p<10°
Table 4
Regression equations for K, dependence on K, (terrigenous rocks)
Mibesoh’ | Intercepth | tatintercept| SlopekatX; | tatK, | coumcientt | of significance of rp
0.8-5.6 -10.703 -1.267 7.312 1.579 0.844 p=0.360
0.8-7.1 -9.935 -2.535 6.864 3.528 0.928 p=0.072
0.8-8.7 -6.456 -2.427 5.000 4.324* 0.928 p =0.002
0.8-11.2 -0.248 -0.118 2.091 3.238* 0.850 p=0.032
0.8-11.75 2.166 1.195 1.14 3.053* 0.806 p=0.028
0.8-13.43 2.638 1.698 0.997 3.942% 0.849 p=0.008
0.8-13.60 2.579 1.805 1.004 4.812* 0.876 p=0.0001
0.8-14.88 2.864 2.187* 0.927 5.607* 0.892 p = 0.0005
0.8-15.00 2.887 2.373* 0.92 6.477* 0.907 p=0.0001
0.8-16.8 3.098 2.736* 0.875 7.384* 0.919 p=0.00002
0.8-19.9 3.048 2.923* 0.884 8.943* 0.937 p<103

* — statistically significant values (p < 0.05).
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An analysis of the constructed regression equa-
tions showed that when K; < 7.1%, the dependence
K, on K is statistically insignificant. At K, > 7.1%
a statistically significant regression equation was

obtained:

K,=6.349 + 0.63905K",
at r = 0.964, p = 0.00002.

This indicates that the relationships between K,
and K ; are characterized by the presence of a statisti-

cal relation.

4)

Practical Application
and Areas of Further Research

Thus, the conducted research showed that these
methods do not replace, but complement each other,
as they have different limitations in application. At the
same time, the statistical analysis carried out showed
that the use of both methods gives naturally different,
but statistically related results, which demonstrates
the possibility of their joint application. It is also im-
portant that, when researching samples of different
lithological types of collectors, the methods have dif-
ferent limitations:

1.In the study of carbonate samples, both me-
thods showed statistically significant correlation
coefficients between K, u K; at the values of K, ob-
tained by the gas volumetry method of above 16% that
may be due to larger void sizes.

2. When testing terrigenous samples, porosity
was most accurately determined at porosity factor
values K, more than 7.1% that may be due to poor fil-
ling of intergranular voids with cement or good sor-
ting of the material.

The application of the recommended equations
for the lithologies in different ranges of K, enables an
integral estimation of microporosity as the difference
between the estimation of K, according to the equa-
tion and the values of K obtained based on CT data.
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This is especially true for samples of irregular or
complex shapes, which are not always possible to
fully examine in a petrophysical laboratory. This
integrated assessment of microporosity allows for
a constraint on the total volume of distributable mi-
cropores, which will improve the quality of three-di-
mensional computer models of core and pore space
of reservoir rocks.

The results of the study can be used for petro-
physical substantiation of the permeability and po-
rosity of reservoir rocks in oil and gas fields.

The use of the proposed approach enables im-
proving the quality of 3D models of rock core, which
will ultimately lead to an increase in the accuracy of
various modeling methods related to rock properties,
and will allow for more rational and economically ef-
ficient development of oil and gas fields (or other na-
tural resources).

Further research areas appear to the authors in
the continuation of the tests with an increase in the
number and variety of samples that will enable a re-
finement of the obtained dependencies, as well as in
the consideration of additional standard characteris-
tics of core (values of a residual oil saturation factor,
capillary curves, etc.).

Conclusion
The research carried out convincingly showed
that when using the data on porosity factors ob-
tained by different methods for both carbonate and
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terrigenous rocks, the results obtained should be
comparable.

The results of the assessment of the averages of
K, and K for terrigenous and carbonate rocks are not
statistically contradictory to each other. At the same
time, the average values obtained by the CT method
are always lower, despite the different lithology that
indicates the complexity and some underestimation
of K, for microporosity due to the physical limitations
and other features of the CT method.

The studies carried out showed that the values
of K, obtained by X-ray tomography for carbonate
rocks, when K; < 16.0%, have no statistical relation-
ship with K,. For the values outside this range, the
equations for estimating and adjusting the K, values
were proposed.

An analysis of the constructed regression equa-
tions for terrigenous rocks showed that when
K, < 7.1%, the dependence of K, on K, was statisti-
cally insignificant. For the values outside this range,
the equations for estimating and adjusting the K,
values were proposed.

The application of the recommended equations
for the lithologies by the range of K, allows for an in-
tegral estimation of microporosity as the difference
between the estimate of K, according to the equation
and the values of K, obtained based on CT data. The
proposed approaches make it possible to improve
the quality of 3D models of the pore space structure
of rocks.
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From visual diagnostics to deep learning:
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Abstract

Studying mineralogical composition of ores is a fundamental step in the exploration of new deposits, as it
allows determining the forms in which useful components are found, the processes of ore formation, and the
potential recoverability of valuable elements. The mineral associations, textures, and structures of ores not
only provide key information about the geology of a deposit, but also determine the choice of beneficiation
methods. Despite the development of modern analytical tools and existing solutions for automatic mineral
diagnosis, such as those based on the SEM-EDS method, optical microscopy remains the most accessible
means of quantitative mineralogical analysis. However, it remains labor-intensive and requires highly skilled
specialists. In addition, its visual nature limits the accuracy and reproducibility of results, creating a need for
more effective approaches. One promising area is the automation of ore mineral identification based on images
of polished sections. The aim of the work was to develop and validate a universal segmentation model based
on deep learning. In the course of the research, related problems were also solved, including the creation of an
open LumenStone dataset, the development of color adaptation methods, joint analysis of PPL and XPL images,
panorama construction, and the development of a fast annotation method. The work applied convolutional
neural network architectures, color correction and joint image processing algorithms, as well as an original
sampling method that compensates class imbalance. The proposed segmentation model demonstrated high
accuracy (IoU up to 0.88, PA up to 0.96) for nine minerals. The obtained results confirmed the effectiveness of
integrating deep learning and modern image processing algorithms in mineralogical analysis systems and laid
the foundation for further development of digital methods in automated petrography.

Keywords
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AHHOTauus

V3yueHre MMHEPATbHOTO COCTABA DY/ SIBJSIETCSI OCHOBOIIONATAIONIMM 3TAarlOM MPY pa3BefKe HOBBIX MeCTO-
POKIEHMIA, TTIOCKOJIbKY MMEHHO OHO TIO3BOJISIET ONMPENeNUTb (OPMbl HAXOXKAEHMS MO/Ie3HBIX KOMIIOHEHTOB,

TpoILIecchl PyAo00pa3oBaHUsI M MOTEHIIMATBHYIO M3BJIEKAEMOCTh IIEHHBIX 3/IeMeHTOB. MuHepasbHasl acco-
LManus, TeKCTypbl U CTPYKTYPBI PyZ, He TOJAbKO JAIOT K/Il0YeBble CBeleHMS O reolorMy MecTOPOKIEeHNs, HO
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U OTpeessIIoT BEIOOp MeTONOB oboraineHus. HecMoTpst Ha pasBUTME COBPEMEHHOV aHaIUTUUECKO 6a3bl
Y CyIIECTBYIOIIME PelleHMsT aBTOMATUUECKO IMarHOCTUKM MUHEPaoB, HarpuMep, Ha ocHoBe COM-EDS me-
TOHA, ONTMYECKas MUKPOCKOIMS SIBJISIETCSI CAMbIM JOCTYITHBIM CPEICTBOM KOJIMYECTBEHHOTO MMUHEpalIoru-
yeckoro aHanau3a. OMHAKO OHa OCTAETCsl TPYLOEMKOI U TpebyeT BBICOKOH KBanubUKaLMM CIenyanicTa. A eé
BU3YaJIbHBIN XapaKTep OrPaHNYMBAET TOUHOCTb M BOCIIPOM3BOAVIMOCTb PEe3yabTaTOB, UYTO CO3[AeT HeoOXO-
IVMOCTh B pa3paboTke 6osee 3¢HeKTUBHBIX MOAXOA0B. OMHUM M3 MEePCIEeKTUBHBIX HAIIPABAEHUI SIBJISIETCS
aBTOMaTu3auus UAEHTUDUKAMM PYTHBIX MUHEpANoB 1o (orousobpaxkeHussMm aHuuMdoB. Llenpio paboTh
SIBJISUTACh Pa3paboTKa M BTMAALMS YHUBEPCATbHOV CerMeHTAIMOHHOM MOJeI Ha OCHOBe ITyGOKOro o6y-
yeHus. B mporiecce McciefO0BaHNUS TakKe ObUTM PelleHbl COMYTCTBYIOMINME 3a7aun, BKIOUas GopMupoBaHue
OTKPBITOTO Habopa JaHHBIX LumenStone, pa3paboTKy MeTOOB IIBETOBOI afanTaliy, COBMECTHOTO aHaI13a
PPL- u XPL-u306pakeHuii, MOCTPOEHMS TTAHOPAM U pa3paboTKy MeToza ObICTpOil pasMeTku. B pabore 6buM
TIpMMEeHeHbI CBEPTOUHbIE HEMIPOCeTeBbIe apXUTEKTYPhI, JITOPUTMbI KOPPEKIMHU I[BeTa U COBMECTHOM 0bpa-
60TKM 1306paskeHMIA, a TAKsKe OPUTVHAIBHBIN METO[, CEMILTMPOBAHMST, KOMITEHCUPYIOIMIT A1CcOaIaHC KIacCoB.
[IpenyioxkeHHas1 MOLe/b CerMeHTalMy IIPOLEeMOHCTPUPOBaja BeICOKYI0 TouHOCTh (IoU o 0,88, PA no 0,96) o
IEeBSATU MMHepasiaM. [ToydeHHbIe pe3yIbTaThl MOATBEPAIIN 3PGEKTMBHOCTD MHTErPAlMy TITYGOKOro 06yye-
HUS U COBPEMEHHBIX aJITOPUTMOB 06pabOTKM M300paskeHNit IJ1s1 3a/1a4 MUHePaJIOTM4YeCcKoro aHaIm3a u 3aJo-
SKVUTA OCHOBY JJISI JAJTbHENIIEero pa3BuTus HuGPOBBIX METOIOB B aBTOMAaTU3MPOBAHHO rTeTporpadun.

KnioueBble cnoea
MMHepaorus, MuHeparpadus, uudposas merporpadus, aBToMaTMUECK/e METOAbI aHAIM3a U300paskeHuii,
cerMeHTalysl, IJTy0OOKOoe 00yueHue, I[BETOBas aJarTalysi, TaHOpaMHbIe M300paskeHus

®duHaHcupoBaHue
ViccnemoBaHMe BBITIOJTHEHO 3a cUeT rpaHTa Poccuiickoro HayuHoro dboHzaa (mpoekT N2 24-21-00061).
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Introduction

Studying mineralogical composition of ores is
a fundamental step in the exploration of new depo-
sits, as it allows determining the forms in which use-
ful components are found, the processes of ore for-
mation, and the potential recoverability of valuable
elements. The mineral associations, textures, and
structures of ores not only provide key information
about the geology of a deposit, but also determine
the choice of beneficiation methods.

Despite the development of modern analytical
tools and existing solutions for automatic mine-
ral diagnosis, such as those based on the SEM-EDS
method [1, 2], optical microscopy remains the most
accessible means of quantitative mineralogical
analysis. However, it remains labor-intensive and
requires highly skilled specialists. In addition, its
visual nature limits the accuracy and reproducibi-
lity of results, creating a need for more effective ap-
proaches.

A promising area is the automation of ore mi-
neral identification based on photographs of polished
sections. This approach not only reduces span time,
but also minimizes subjective errors associated with
visual diagnostics and enables the implementation
of accurate statistical analysis methods. The aim of
this work is to describe our experience in develop-
ing a segmentation model for automatic detection
of minerals in photographs of polished sections and

solving a number of related problems that arose du-
ring the research. The paper systematically outlines
the main problems encountered by the authors and
the solutions they propose.

Current state of the problem

The first attempts to create tools for the auto-
matic diagnostics of ore minerals under a micro-
scope were made in the second half of the 20th cen-
tury [3, 4]. At that time, spectrophotometers were
used to measure the color of minerals, in particular,
a mineral type was interpreted based on the absorp-
tion spectra of light in the visible range. Due to its
low accuracy, this method was not widely used. More
advanced methods of automatic mineral identifica-
tion were developed in the second half of the 1990s
and were based on the analysis of photographs of
polished sections under a microscope [5, 6].

Attempts were made to automatically analyze
mineral associations using cluster analysis in order
to find patterns between different objects in photo-
graphs [7]. Special mention should be made of the
attempt by the authors [8] to compile a digital atlas
of all minerals and to identify the minerals them-
selves using a dendrogram based on a digital ques-
tionnaire.

To date, existing classical solutions (without the
use of deep learning) for automatic mineral identifi-
cation can be divided into two main groups:
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1. Based on reflected light intensity in conjunc-
tion with color characteristics expressed in the RGB or
LAB color space [9];

2. Based on statistical principles of color palette
separation to identify minerals in a specific sample
[10-12].

Both approaches have significant limitations.
Methods that use color and reflectivity are unable to
distinguish between minerals with similar optical
properties. Statistical methods, in turn, require recali-
bration for each new geological object, making their
application "situational” and limited. This is well illus-
trated in [12], which shows the features of applying this
principle to separate copper ore into three minerals
and three lithological types at a specific deposit.

It is worth noting that there are also highly spe-
cialized solutions available in the form of extensions
for popular image analysis software packages such as
Fiji/Image]. For example, [13] describes a method for
automatic determining hematite grade, size, and in-
tergrowth types in ore using this software. The prob-
lem with such solutions is that they solve a narrow,
specific problem and lack the necessary level of ver-
satility.

The most effective way to overcome the short-
comings of the classical methods and achieve fun-
damentally better results in the automatic analysis
of such images is to use trainable deep models (e.g.,
convolutional neural networks) that are capable of
extracting complex hierarchical features from im-
ages, taking into account not only local textures
and shapes, but also global relationships between
image fragments. Instead of manually selecting
color and statistical characteristics, such models -
whether traditional convolutional neural networks
(CNN) [13-15], modern transformers with a self-at-
tention mechanism [16], or hybrid architectures
(e.g., Mamba [17]) — learn to identify the distinctive
morphological and structural-textural features of
each mineral.

For instance, convolutional neural networks
were used to detect surface defects and examine poli-
shing quality of metal products [18, 19] and to ana-
lyze carbon distribution in cast iron based on micro-
photographs of rough workpiece surfaces [20]. In [21],
a method is presented for separating hematite and
quartz in iron ore polished sections, with the de-
termining their size classes to optimize the feed for
a processing plant. It is also worth noting a number
of works devoted to the assessment and classification
of the dimensionality of individual mineral indivi-
duals [22, 23], as well as the analysis and typification
of the morphology of intergrowths in a system with
known mineral associations [24, 25]. The segmen-
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tation model proposed in these works achieved 98%
accuracy in predicting iron ore quality and hematite
recoverability, highlighting the potential of deep
models in solving industrial problems.

In [14], the effectiveness of deep convolutional
networks for three-dimensional mineral identifica-
tion and free grain analysis was demonstrated, and
in [26], the authors showed that combined analysis of
optical micrographs using CNN improves the accuracy
of mineral content estimation in charge. In [15], the
authors improved the methods of feature downsam-
pling, classifying rocks more accurately based on po-
lished section images.

It is worth noting that applying modern deep
learning approaches facilitates transition from image
fragment classification [27] to full semantic segmen-
tation, which allows for accurate pixel-level segmen-
tation of images by mineral, see [17, 26] and [14, 28].
At the same time, works [14, 29] demonstrated the fun-
damental feasibility of creating high-quality ore min-
eral segmentation models with high identification ac-
curacy (> 0.8 by to the IoU metric).

The main advantage of using deep trainable neu-
ral networks when working with images of ore sam-
ples is their ability to take into account the context
of an image and adapt to the variability of mineral
associations. Most importantly, it allows reliable dif-
ferentiation even between minerals with very similar
characteristics (pyrite—marcasite, covellite-chalco-
cite, etc.) without the need for permanent recalibra-
tion of the algorithm for new samples, unlike other
computer vision methods. However, there are still
relatively few studies devoted directly to the diag-
nostics of mineral species using such approaches.
Deep learning models can also be used in conjunc-
tion with domain adaptation methods, which allow
the segmentation model to be retrained on “new”
images - taken with different equipment or under
different lighting conditions, and thus maintain
high performance even with significant variations
in input data. Extensive reviews on domain adapta-
tion [14] and examples of successful application in
semantic segmentation of geological and satellite
images [30, 31] confirm that this approach provides
versatility and stability in a wide variety of condi-
tions. The fundamental feature of most deep lear-
ning methods is the need for complete image annota-
tion for training. This is often a very labor-intensive
process, but the use of specialized weak supervision
methods, which appear to the user as annotation the
image with rough strokes (ScribbleSup [32], Scribble-
Seg [33]) or clicks [34], allows in many cases to sig-
nificantly speed up the collection and preparation of
training data.
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To build a reliable system based on deep learning,
the following fundamental problems must be solved,
which are discussed in detail in this paper:

1. Development of neural network methods for
mineral segmentation.

2. Development of adaptive methods for image
calibration and preprocessing.

3. Development of methods for joint processing of
heterogeneous images.

4. Development of a method for creating pano-
ramic images.

5. Development of auxiliary methods for proces-
sing and analyzing images of polished sections.

Research Materials and Techniques

This study used a collection of polished sections
provided by the Department of Geology, Geochemis-
try, and Mineral Resources of the Faculty of Geology
at Lomonosov Moscow State University. A Carl Zeiss
AxioScope 40 polarizing microscope with a Can-
on PowerShot G10 camera was used to obtain ima-
ges of the polished sections. All photos were taken
with a magnification of x50 and have a resolution
of 3396x2547 pixels.

The main drawback of existing solutions that use
deep neural network models in the considered prob-
lems of analyzing photos of polished sections [23, 35],
according to the authors, are the proprietary image
sets used and the proprietary code base, which makes
it impossible to compare the methods being devel-
oped. Therefore, all annotated (indexed) image sets
created as part of the work are presented as a single
open dataset LumenStone!, and the software imple-
mentation of all developed methods is published as a
petroscope? library with open source code for the Py-
thon 3 programming language.

The LumenStone image dataset contains sever-
al subsets focused on solving various image analysis
problems for polished sections. The main subsets are
S1,S2, and S3, which are aimed at the problem of min-
eral segmentation (automatic identification) and are
formed taking into account mineral associations and
mineral properties:

- LumenStone S1 (84 images): complex ores (ga-
lena, sphalerite, chalcopyrite, bornite, fahlore);

— LumenStone S2 (39 images): sulfide cop-
per-nickel ores (pyrrhotite, pentlandite, chalcopyrite);

- LumenStone S3 (35 images): minerals with
strong anisotropic properties (arsenopyrite, covellite).

Pixel masks of the corresponding minerals were
created for all images of the datasets using Super-

! LumenStone Dataset. URL: https://imaging.cs.msu.ru/
en/research/geology/lumenstone

?  GitHub. URL: https://github.com/xubiker/petroscope
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visely and Adobe Photoshop software. The masks
are necessary for training and testing deep learning
models.

It should be noted that due to natural reasons
(frequency of occurrence in nature), the collected set
of images has a significant minerals imbalance (the
percentage ratio is given in Table 1). This fact is an
additional complication for the development of me-
thods for automatic mineral segmentation and must
be taken into account.

The authors also collected additional subsets of
images necessary for solving related problems:

1. LumenStone V1: a special dataset of images
of the same 10 specimens (sections) with different
shooting conditions, designed for developing and
testing color adaptation methods. The images were
obtained using the same equipment with blue and
yellow light filters, as well as using a LOMO Microsys-
tems PLM-215 microscope with a Canon EOS 40D
camera.

2.LumenStone P1: 875 images obtained for
35 polished sections. For each polished section,
25 photographs were taken with 20-30% overlap, in-
tended for creating panoramic microscopic images.

To solve the problem of simultaneous analysis of
anisotropic mineral photographs in PPL and XPL, “ro-
tated” photographs of a single field of view were taken
with the microscope stage rotation increment of 5 and
15° and additionally included in LumenStone S3.

Problems and their solutions
(discussion)

The descriptions of the problems in the field of
image processing and analysis that are to be consi-
dered the complex problem of automatic mineral
identification in microscopic images of polished sec-
tions and the approaches proposed by the authors to
solve these problems are given below.

1. Neural network methods for mineral seg-
mentation. In this work, we consider convolutio-
nal neural networks to solve segmentation problems.
Transformer-based alternatives, although promising,
remain excessively resource-intensive for standard
laboratory conditions [36]. Despite the good genera-
lization ability of convolutional neural networks,
they are quite sensitive to class imbalance in training
dataset [37, 38], which is characteristic of the collect-
ed data (Table 1). Furthermore, neural network meth-
ods cannot be directly applied to high-resolution im-
ages due to hardware limitations. To mitigate these
shortcomings, we proposed a specialized method for
sampling the training dataset during the training
process, which extracts small fragments from images
(patches) and acts as a data balancer.
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Table 1

Distribution of minerals on labeled photographs of polished sections in the LumenStone S1, S2, and S3 sets
for solving segmentation problems (the distribution when divided into training and test datasets is Provided

in square brackets)

Mineral Percentage in set S1 Percentage in set S2 Percentage in the S3 Total percentage
[training, test], % [training, test], % set [training, test], % (S1 +S2 +83), %
Nonmetallic minerals 16.4[12.6. 3.8] 9.8 [8.0. 1.8] 11.4[8.8.2.6] 37.6
Chalcopyrite 2.0[1.1.0.9] 3.1[2.7.04] 0.910.6.0.3] 6
Galena 3.9[3.2.0.8] - 1.1]0.9.0.3] 5
Magnetite - 0.4[0.4.0.1] 0.1[0.1.<0.1] 0.5
Bornite 2.0[1.7.0.3] - 0.5[0.4.0.1] 2.5
Pyrrhotite - 8.91[6.2.2.7] - 8.9
Pyrite 12.9[9.5.3.4] - 1.9[1.5.0.4] 14.8
Pentlandite - 2.4[1.6.0.8] - 2.4
Sphalerite 13.8[10.9. 2.9] - 0.5[0.3.0.2] 14.3
Arsenopyrite - - 3.9[3.0.1.0] 3.9
Tennantite 2.1[1.6.0.5] - - 2.1
Covellite - - 1.81.4.0.3] 1.8
Other (not used) - 0.1 0.1 0.2

The objective of the developed sampling method
is to equalize the distribution of mineral classes fed
into a neural network during training. For each pair
“training image — mineral type”, a matrix containing
the extracted area of a selected mineral at each point
in the case of selecting a patch centered at that point
is calculated. The resulting set of matrices is used as
probability maps when selecting patches for train-
ing. For instance, at each sampling iteration, for the
mineral that is currently the least represented, 1) an
image from the training sample collection is selected
(proportional to the content of this mineral), 2) the
center of the patch is selected in accordance with the
previously calculated probability maps, 3) the patch
is extracted, and 4) the information about the rep-
resentation of minerals in the used data is updated.
With moderate patch sizes (256-384 px), this meth-
od allows for a significant equalization of the distri-
bution of minerals in the LumenStone S1, S2, and S3
sets that has a positive effect on the training speed of
segmentation models and on the final segmentation
quality metrics.

When developing neural network models for
mineral segmentation, we reviewed and investigated
a number of convolutional architectures, ranging from
the traditional UNet [40] and its modification ResUNet
[29] to more modern PSPNet [41] and UPerNet [42].
The advantage of the latter lies in the ability to ana-
lyze images at different scales, correctly identify both
small and very large objects simultaneously, and take

into account local and global context that significant-
ly improves the quality of segmentation based on the
available data.

To evaluate the quality of segmentation in this
work, IoU (Intersection over Union) metric was
used [43]. This is one of the simplest and most com-
mon methods of geometric evaluation of segmentation
when reference labeling is available. The metric takes
values from the range [0, 1], where 1 corresponds to
a complete match between the predicted and reference
labelings (ideal case), and O corresponds to no intersec-
tions between the predicted and reference segmenta-
tion annotation. An IoU value greater than 0.7 is usu-
ally considered satisfactory, although this depends, of
course, on the subject area.

In our case, training the PSPNet neural network
with the ResNet18 encoder on the LumenStone S1
and S2 datasets, together with the class-balanced
sampling method described above, allowed segmen-
ting nine minerals and a generalized class of non-
metallic minerals with very high quality (the aver-
age IoU value on the test set was 0.88). The training
uses a cross-entropy loss function, random augmen-
tations (rotation, slight changes in scale, bright-
ness, and color), an Adam optimizer with an initial
learning rate of 0.001 and a decrease upon reaching
a plateau. The training took approximately 3 hours
using a Nvidia A6000 GPU. An example of applying
the trained mineral segmentation model to an image
from a test set is shown in Fig. 1.
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2. Adaptive methods for image calibration
and preprocessing. One of the main problems en-
countered by the authors when working with prima-
ry data is high sensitivity of segmentation models
to the color palette of images. Differences in color
characteristics between training images and real im-
ages lead to a significant deterioration in the quality
of mineral identification. The color and brightness
characteristics of images are determined by many
factors: microscope parameters, camera settings,
lighting, etc.

A solution to this problem is to use automatic
color correction based on the color difference be-
tween the received image and a known reference
(e.g., [44)).

We proposed the method for correcting color dis-
tortions in [45]. The main idea is to construct a tran-

Il Nonmetallic minerals Chalcopyrite

| Galena
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sition matrix (Color Correction Matrix, CCM) [46]
between the color spaces of a distorted and reference
images (images from the training set are taken as
reference).

The process includes extracting the averaged
colors of minerals and the background using partial
labeling, linearizing colors through gamma correc-
tion (y = 2.2), and calculating the affine transfor-
mation. The minimization problem is solved in LAB
space, using the sum of the squares of color differ-
ences calculated using the CIEDE2000 formula [47]
as a loss function. The work uses a 4x3 matrix with
initial approximation initialization based on the
“white balance” method [46]. The final step is to
transform the distorted image through matrix mul-
tiplication by the previously calculated color correc-
tion matrix.

B Tennantite

B Pyrite Sphalerite

Fig. 1. Example of a polished section image segmentation with the trained PSPNet model:
a - image; b — error map (correctly recognized areas are highlighted in green, segmentation errors are highlighted in red);
¢ - mineral mask (expert annotation); d — model prediction
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The proposed method allows preserving color
differences that are critical for mineral identification
(Fig. 2), while minimizing the influence of lighting
changes and equipment settings. The algorithm sup-
ports two operating modes: an individual correction
for each image and a “calibration” mode for a series
of images, where the correction matrix is calcula-
ted once and applied to the entire group. The me-
thod does not require any prior training, and pro-
cessing a single image takes less than 10 seconds on
an Intel Xeon Gold 6226R CPU.

3. Methods for joint processing of hetero-
geneous images. Many minerals are identified not
only by their color and reflectivity, but also by the
presence or absence of anisotropic properties. An-
isotropy manifests itself in the ability of minerals
to “fade” in doubly polarized light (crossed nicols)
when the optical axes of a mineral coincide with the
direction of the microscope polarizers. This property
is a key to distinguishing minerals with similar re-
flectance and color parameters. For example, pyrite
(isotropic) and marcasite (anisotropic) have similar
optical characteristics but differ in the manifestation
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of anisotropy. Similarly, pyrite and arsenopyrite, al-
though they have slightly different reflectivity and
color, can also be reliably separated based on the
manifestation of anisotropy by arsenopyrite.

We developed a neural network segmentation
method that uses XPL and PPL images as additio-
nal input data for the segmentation neural net-
work to improve the accuracy of mineral segmen-
tation [48]. The key step in this method is to align
images taken at different angles of rotation with
the reference PPL image. For this purpose, SIFT al-
gorithms [49] were used to detect stable key points
in images, and RANSAC algorithm [50] was used to
calculate the affine transformation between ima-
ges based on the found matches. Thus, all images
were referred to a single coordinate system (Fig. 3).
Then XPL images referred to a single coordinate
system were used as additional input channels for
a neural network based on the architecture pro-
posed earlier by the authors [29]. The used hyper-
parameters are described in [29], and the model
training time is approximately 6 hours with the use
of a NVidia A6000 GPU.

GG i

Fig. 2. An example of how the proposed color calibration method works:

a - original image taken with alternative equipment; b — reference image; ¢ - initial image after applying the method

Fig. 3. Alignment of XPL images of arsenopyrite: top row — images of arsenopyrite in different orientations;

bottom row — images of arsenopyrite in different orientations after alignment. Four different orientations out
of 24 are presented for each image with anisotropic minerals
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Fig. 4. Illustration of the developed method for constructing panoramas:
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PN [ Y Y

on the left, several images of the same polished section, taken with overlap; on the right, the constructed panorama

4. Methods for creating panoramic images.
The average polished section area is several square
centimeters, with typical x50 magnification. Under
such conditions, only a small part of a polished sec-
tion, measuring a few square millimeters, is visible in
each photograph. The use of photographs covering
a large area of a sample would allow more accurate
information to be obtained about the distribution
of minerals in a sample and their relative positions,
which would have a positive effect on the quality of
the analysis.

Scanning electron microscopes (SEM) can be
used to obtain large images in geology, but such
equipment is very expensive, structural and textural
features may be lost due to the nature of the method,
and the identification of mineral phases requires ad-
ditional effort. Therefore, like other researchers [51],
we have opted for software stitching series of over-
lapping images into a single panorama.

Currently, there are many examples of software
for automatic stitching disparate photos into a sin-
gle panoramic image. These include Adobe Photo-
shop, Fiji/Image], and many others. However, using
third-party software has a number of disadvantages.
Powerful tools such as Adobe Photoshop can overly
transform a panorama (unnaturally change colors,
remove important details, mistaking them for ar-
tifacts of stitching). Integrating a third-party im-
plementation into own system is tricky and it also
makes it impossible to make the changes needed
to the algorithm to fit the specifics of the problem
you’re trying to solve.

We developed our own algorithm for stitching
photographs into a panoramic image of the surface
of a polished section [52] (Fig. 4). The algorithm con-

sists of two main stages: image alignment and fur-
ther post-processing to improve visual perception.
At the first stage, with the use of calibration images,
geometric distortions of images are corrected using
the Brown-Conrady model [53], and photometric
distortions are corrected using flat field compen-
sation [54]. Then, using the LoFTR neural network
[55], common key points are found in images that
have overlapping areas. These are used to calcu-
late perspective transformations (homographies)
for pairs of adjacent images using RANSAC [50], af-
ter which all images are transformed into the coor-
dinates of a single image (reference image). Finally,
global panorama optimization is performed to mini-
mize the alignment errors. The result of this stage is
a preliminary panorama, a collage. The second stage
involves improving the initial panorama. The diffe-
rences in exposure between images are compensa-
ted. The seams between images are masked by con-
structing the least noticeable seam using the graph-
cut method [56], taking into account the differences
in color and gradients of neighboring pixels. The fi-
nal step is to blend the images near the joints of the
panorama tiles to remove any remaining stitching
artifacts. The LumenStone P1 dataset, compiled for
the panorama construction, was used to test the al-
gorithm. The method does not require prior training,
and the processing speed for a single panorama con-
sisting of 25 images at an Intel Xeon Gold 6226R CPU
is approximately 5 minutes.

5. Additional methods for processing and ana-
lyzing images of polished sections. The application
of deep learning methods for mineral segmentation in
images requires accurate annotation of a large number
of images, which is a labor-intensive process. To sim-
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plify the annotation process and create a segmentation
model capable of recognizing the main ore minerals,
the authors are developing a method of accelerated in-
teractive annotation using superpixel clustering based
on the SLIC [57] and Felzenswalb [58] methods. A geo-
logist roughly annotates minerals with strokes, labeling
entire areas of an image with the label of a particular
mineral based on the scribble data and the superpixel
map. The user adjusts the method's predictions until
the final annotation is obtained. A distinctive feature of
this approach is multi-scale clustering, which allows to
quickly label both large homogeneous areas and small
fragments, automatically breaking large clusters into
smaller ones as needed.

One can also reduce the labor costs of data anno-
tating by extending the training set with partially an-
notated data. The main idea behind this approach is
to highlight areas of uncertainty (lack of confidence)
in the trained segmentation model on images. The
authors suggest highlighting areas of uncertainty in
images [59] using a hyperbolic radius [60] that reduces
the scope of annotation to 5-10% of the original image
(Fig. 5).

The final stage after recognizing and segmenting
all minerals in the images is the statistical analysis
of an image. It is responsible for conducting quan-
titative analysis to assess the areal ratio of mineral
phases and their particle size analysis with separating
fractions by size class for each mineral. This stage is
currently under development.

Findings

The result of the authors' research into the au-
tomatic analysis of microscopic images of geological
polished sections to determine mineral composition
was the creation of an open image dataset called Lu-
menStone and a number of algorithms and methods
that solve the main problems encountered:

1. Neural network methods for mineral seg-
mentation. A convolutional neural network model
for mineral segmentation and a special method for
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sampling training data have been developed, allowing
the existing class imbalance to be neutralized. The ac-
curacy of mineral segmentation according to the IoU
metric was as follows: non-metallic minerals — 0.912,
bornite — 0.938, chalcopyrite — 0.899, galena — 0.905,
magnetite — 0.650, pentlandite — 0.790, pyrrhotite —
0.928, pyrite — 0.964, sphalerite — 0.922, tennantite —
0.882. The overall pixel accuracy (PA) of the segmenta-
tion was 0.96. The differences in mineral identification
results can be explained by the difference in the size of
the training sets used for LumenStone S1 and Lumen-
Stone S2.

2. Adaptive methods for image calibration
and preprocessing. An algorithm has been deve-
loped for adapting images of polished sections ob-
tained under different shooting conditions using par-
tial user annotation. Pixel segmentation accuracy for
distorted images increased from 0.29 (before) to 0.87
after adaptation using annotation covering approxi-
mately 30-35% of the image.

3. Methods for joint processing of heteroge-
neous images. The developed algorithm for seg-
menting anisotropic minerals using additional rota-
ted XPL images improved the quality of anisotropic
mineral segmentation by 3-12%. It has been shown
that the best results can be achieved by using 6 addi-
tional rotated images.

4. Methods for creating panoramic images.
A method for constructing panoramic microscopic
images of polished sections has been developed. The
root mean square error of alignment of panorama
tiles from 25 images was 0.5-0.6 px. The resulting
panoramas have a resolution of 12000x8000 pixels
and can be used for automatic mineral segmentation.
The implemented method does not have the disad-
vantages of less specialized solutions such as Adobe
Photoshop, Fiji, and Panorama Studio.

5. Additional methods for processing and ana-
lyzing images of polished sections. A prototype
method for interactive annotation of polished section
images has been developed, which significantly speeds

Fig. 5. The result of uncertainty area assessment method:
a - original image; b — prediction of segmentation model uncertainty areas; c — areas for manual labeling
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up the process of preparing data for training segmen-
tation models. A method for automatically searching
for areas of uncertainty has also been developed, al-
lowing image annotation to be prioritized and signifi-
cantly reducing the scope of annotations required.

Conclusion

This paper presents the authors’ experience in
developing a set of methods for the automatic anal-
ysis of images of polished sections for the identifi-
cation of ore minerals. The developed segmentation
method based on a convolutional neural network is
capable of identifying nine ore minerals (with correct
distinguishing between ore minerals and non-metal-
lic phases) with an IoU accuracy = 0.88 and PA = 0.96.
The potential of using additional information from
XPL images to increase the accuracy of anisotropic
mineral identification was demonstrated.

The developed methods of interactive annota-
tion and image adaptation significantly accelerate
and improve the training and use of segmentation
models on new data. It is worth noting the method
developed by the authors for obtaining panoramic
images of polished sections, which allows detailed
images of the entire surface of polished sections to
be obtained in high resolution without expensive
equipment. Unlike existing software solutions, this
method does not distort the final panorama that has
a positive effect on the segmentation results. Wor-
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king with large-format images opens up new possi-
bilities for the automatic analysis of images of pol-
ished sections.

The results obtained justify the need for further
development of the area under consideration and
form the basis for the creation of an intelligent quan-
titative assessment system capable not only of iden-
tifying minerals and calculating their areal fractions
and performing particle-size analysis by size class, but
also determining the types of minerals intergrowths.
The implementation of this methodology will open up
new possibilities in digital petrography, enabling fast,
economical, and reproducible mineralogical analysis
on optical microscopes in reflected light. Ultimately,
this will enable the formation of unified criteria for
analyzing the structural and textural characteristics
of mineral associations for genesis comparison of dif-
ferent deposits.

Currently, the authors are integrating most of the
methods and algorithms described in this paper into
their PathScribe software platform [61]. This platform
is a cloud-based client-server solution with cross-plat-
form clients for working with ultra-high-resolution
images and is designed for universal use in both sci-
entific and educational applications. The authors
hope that the ability to work with panoramic images
of polished sections using convenient tools for anno-
tation and fully automatic analysis will be useful for
geologists of various specializations.
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Abstract

The formation of terrain reflects a combination of geological processes, including tectonics, magmatism, and
erosion. A digital terrain model (DTM) is an important tool for solving geological problems, including the
prediction of ore deposits, especially in areas of low exploration maturity. The paper discusses the surface
imprinting of geological processes that form a terrain, and also considers a method of digital terrain model
analysis. The presented method allows identifying specific landforms similar to those formed above known
deposits that makes it possible to add one more prospecting criterion when prospecting for porphyry deposits
and deposits formed under similar conditions. The Aktogai ore field was selected as the object for studying the
terrain above the known deposits. The Aktogai ore field is located in the northeastern part of Near-Balkhash
territory. It includes two major porphyry copper deposits, Aktogai and Aidarly, a small copper deposit Kyzylkia,
as well as a number of copper and polymetallic occurrences of porphyry and vein types associated with the
Koldar granite massif of the “variegated batholith” formation. All objects identified within the Aktogai ore field
were formed under specific structural conditions of ore formation and were affected by erosion processes to
varying degrees. This, in turn, is expressed by the presence of local landforms of these objects on the day sur-
face, which are characterized by different “terrain energy” factors. Analysis of the DTM surface allows not only
to identify local landforms above an ore body and their morphological features, but also to indirectly assess
the erosional truncation of the ore body. Based on morphological characteristics, it is also possible to classify
host rocks lithological units. An assessment of the applicability of the method depending on the characteris-
tics of an ore body and an indirect assessment of the tectonic conditions of deposit formation are provided. It
has been established that large ore deposits (Aktogai, Aidarly, Zapadny Stockwork) manifest themselves in the
terrain as local cauldron subsidences. These zones are characterized by a high degree of textural heterogeneity
and coincide with areas of intense metasomatism. Areas morphologically and spectrally similar to the areas
of known ore bodies have been identified, indicating their potential for further exploration. DTM and textural
analysis methods allow identifying geological and structural features associated with porphyry systems and
serve as an additional tool for predicting new ore bodies/deposits. The integration of morphometric (physio-
graphic) and spectral analysis increases the reliability of the interpretation of geological processes.

Keywords
digital terrain model (DTM), Aktogai ore field, porphyry copper deposit, Koldar massif, textural analysis,
satellite data, ring structures, radial structures
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AHHOTauus

dopmupoBaHIe pebeda OTPaskaeT COBOKYITHOCTD I'e0IOIMUeCKIX ITPOLIECCOB, BKTIOUAst TEKTOHMKY, MarMaTU3M
u aposuio. Lludposast Mmoxesns penbeda (IIMP) siBsieTCS BSKHBIM MHCTPYMEHTOM ITPY PEIIEHNY re€0JIOTUIeCKUX
3a/1a4, BKIIOUast ITPOrHO3UPOBAHME PYIHBIX OOBEKTOB, OCOOEHHO B YCJIOBUSIX HEIOCTATOYHOI Te0I0rUecKoi
MU3YUYeHHOCTU TeppuTopuu. B cTaTbe pacCMOTpPEHO OTpakeHMe Ha MOBEePXHOCTM TeO0JorMuyecKux ITpoIecCoB,
dbopmupylomux penbed, TakKe pacCMOTPEH MeTo[, aHaM3a uudpoBoit mogenu penbeda (LIMP). ITpencraBieH-
HbIi METOJ, [I03BOJISIET BBIAEISITH 0COObIe (OpMBI pebeda, Iogo6HbIE TEM, UTO ObLIV COPMMUPOBAHBI HAJ U3-
BECTHBIMY MECTOPOXKIEHMUSIMM, UTO AT BO3MOKHOCTb JOGABUTD €11le OMH ITOMCKOBbIN MPU3HAK IIPU ITOMCKAX
MOPGMPOBBIX MECTOPOSKIEHMI M MECTOPOSKAEHMIT, 00pa30BaHHBIX B CXOKMX YUIOBUSIX hopMmupoBaHms. O6bek-
TOM 1151 M3yueHus peibeda Ham cOpMIPOBAHHBIMYM MECTOPOKAEHMSIMM ObUTO BbIGPAaHO AKTOraiickoe pygHoe
riosie. AKTOTrajickoe pygHoe 1mojie pacronokeHo B CeBepo-BocrouHom [pubanxaiibe. OHO BK/IIOYAET B cebst 1Ba
KPYITHENIINX MeTHO-TIOP(MUPOBBIX MECTOPOSKIEHMS — AKTOTaii M AJi1ap/ibl, MEJIKOe MeTHOe MEeCTOPOKIeHMe
KbI3bUIKMS, @ TaKKe ps MEeIHbBIX U TOMMMETA/UTMUeCKUX TIPOSIBIeHN T TopdupoBoit 1 XUabHOM dhopmanum,
MIpUypoUeHHBIX K KommapckoMy MacCuMBY I'paHUTOMUIOB (GOPMALIMM «IIECTPBIX OATOIMTOB». Bce 0OBEKTHI, BbI-
SIBJIEHHbIE B TIpefiesiaX AKTOTaiiCKOTO PYIHOTO IT0JIsT, 6bLIM C(OPMMUPOBAHbBI B OMPEAEIeHHbIX CTPYKTYPHBIX yC-
JIOBUSIX PyH006pa30BaHMsI U B pa3HOIi CTEIIEHU 3aTPOHYTHI 3PO3MOHHBIMU TPOIECCaMU. ITO, B CBOIO OUEPE/ib,
BBIPAKEHO HAIMYMEM JIOKAIbHBIX (DOpM penbeda 3TMX 00beKTOB Ha JHEBHON IOBEPXHOCTM, KOTOPbIE XapakK-
TEPU3YIOTCS Pa3IMYHbIMU KO3b ULIMEHTaMU «3HEPTUu penbeda». AHanm3 nosepxHocty [IMP mosBossieT He
TOJIbKO BBIIEIUTDb HaAPYIHbIE JJOKATbHbIE (OPMBI penbeda U ux Mopdorornueckue 0CoOOeHHOCTH, HO U KOC-
BEHHO OLIEHUTb 3PO3MOHHBIN Cpe3 pygHOro oobekra. [1o MopdomornyeckumM Mpu3HakaM Takke MOKHO pas-
JeTTUThb TUTOIOTUYECKME PA3HOCTM BMeIlaloluX Nopof. [laHa olleHKa MPMMEHMMOCTY MeTO[la B 3aBUCUMOCTHU
OT XapaKTepUCTUK 0OBEKTA, ¥ KOCBEHHAS OIIEHKA TEKTOHMYECKOV 00CTaHOBKM (DOPMMPOBAHMSI MECTOPOKAE-
HMiA. YCTAHOBJIEHO, UTO KPYITHbIE PYIHbIE 00BEKThI (AKTOTrai, Aiiapibl, 3aMma HbIi IITOKBEPK) BBIPAXKAIOTCS
B penbede Kak JIOKaJbHbIE TTOHVDKEHMSI KajbIepooOopas3sHoii (GopMbl. DTy 30HBI XapaKTepU3YIOTCS BBICOKOI
CTENeHbI0 TEKCTYPHO HEOTHOPOIHOCTY U COBIAAAIOT C 06/IACTSIMM MHTEHCUBHOTO METaCOMAaTo3a. BblaesieHbl
YJaCTKY, MOPGOIOTMUECK U CIIEKTPATIbHO CXOMHbIE C M3BECTHBIMM PYIHBIMM TeJlaMM, UTO YKa3bIBAET HA UX
MepCHeKTUBHOCTD JJIs1 AambHemmx nmouckos. IMP 1 MeToApl TEKCTYPHOTO aHaIM3a MO3BOJISIIOT BbISIBIISITD re-
OJIOTO-CTPYKTYPHbBIE MPU3HAKU, ACCOLIMUPOBAHHbBIE C TOPMUPOBBIMYU CUCTEMAMM, U CTYKAT TOTIOTHUTETbHBIM
MHCTPYMEHTOM IIpY IIPOTHO3MPOBaHNUM HOBBIX PYIHBIX 06beKTOB. FIHTerpaius MopdhoMeTpUUeckoro 1 CIieK-
TPaJbHOTO aHA/IN3a MOBBIIIAET JOCTOBEPHOCTh MHTEPIIPETALUM F€0IOTUUECKUX ITPOLIECCOB.

KnioueBble cnoBa
undposas momenb penbeda (LIMP), ARTorajickoe pymHoOe Io/ie, MegHO-IopdGupoBoe MecTopoxkaeHme, Komi-
JapCKMii MacCUB, TEKCTYPHbI aHaIN3, CTYTHUKOBbBIE TAHHbBIE, KOJIbIIEBbIE, PATUAIbHBIE CTPYKTYPhI

®duHaHcupoBaHue
IanHas pabota 6bl1a BHITTOTHEHA TPY GUHAHCOBOI MO AepkKKe MUHMCTEPCTBA HAYKM U BhICIIEro 06pa3oBa-
Hus Pecrry6onmmkm Kaszaxcras (rpaHT N2AR 23484205).

BbnaropapHocTu

Bbipaskaem 6;arofapHOCTb BceMy reosiormyeckomy komnektuBy TOO «KAZ Minerals Aktogay» 1 Hermocpe[-
CTBEHHO TaBHOMY reosiory Coduie Aamoroysoc 3a MposIBIIEHHbI MHTEPEeC Y TIOAIEPKKY B TPOBEIEHUM 11€JI0TO
psiia HAyYHO-UCCIE0BATENbCKUX PaboT, pe3yIbTaTOM KOTOPBIX U SIBUJIACH HACTOSIIIAS CTaThs. Takke BhIpaska-
eM 61aroapHOCTh JUPEKTOPY U yupeauTeasM KoMmmanuyu TOO «TeoxXuMaKCIuIopaiiniH» IOpuio AHaToIbeBUYY
Bapabary, Pycrany PadbkaTosuuy MBieBy u rmaBHomy reojiory TOO «KAZ Minerals» Anekcanapy ['puropbeBuay
PaccoxuHy 3a rpodeccroHanbHble KOHCY/IbTAIIY U TIOAIEPXKKY B IIPOBEIEHUM UCC/IEA0BATENbCKUX PAOOT.
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Introduction

The analysis of physiographic structures is neces-
sary for solving many geological problems. A present-
day terrain is usually an indication, manifestation of
several superimposed geological processes. The iden-
tification of individual landforms and analysis of their
relative positions make it possible to establish the fre-
quency of occurring geological processes/phenomena
in a region. Accordingly, specific geological tasks in-
volve identifying individual landforms: this includes
identifying the outlines and structural positions of the
objects under study, their relative location and scale of
manifestation, as well as certain physiographic features,
such as assessing erosion processes, which in turn indi-
cate tectonic changes in the region. In some cases, it is
necessary to distinguish regional terrain, while in oth-
ers, local landforms need to be distinguished. A wealth
of experience has been accumulated in recognizing and
interpreting landforms to reconstruct various geologi-
cal processes [1-3].

With the development of matrix electronic mo-
dels of elevation surfaces and computer technologies,
new opportunities for analysis have emerged [4-6].
Elevation matrices can be constructed using radar
data, through reconstructing the terrain using ste-
reoscopic pair images, or by obtaining elevation data
using GPS and laser technologies. These methods are
often combined and supplemented with information
from various sources [7, 8]. The ability to use both ab-
solute and relative elevation values allows not only
for a qualitative assessment of objects, but also for
a quantitative assessment of certain processes [9, 10].

The aim of this study is to develop a methodology
for interpreting the geomorphological features of the
formation and erosion of porphyry copper deposits
based on a digital terrain model (DTM) and textural
analysis, with the subsequent application of the fin-
dings to identify mineralization prospects using the
Aktogai ore field as a reference example.

The study proposes using terrain parameters as
an additional prospecting criterion for assessing the
tectonic setting, the depth of the erosional trunca-
tion, and the spatial position of ore bodies relative to
daylight surface. The novelty of the study lies in the
integration of DTM analysis, textural characteristics,
and satellite image classification data for a compre-
hensive forecast of metasomatic alteration zones and
potential valuable mineralization.

In performing this study, we set the following
tasks:

- Conducting a geological and structural analy-
sis of the Aktogai ore field and justify its selection as
a reference site for assessing the terrain above por-
phyry deposits;
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- Building and interpreting a digital terrain mo-
del (DTM) based on GeoEye-1 satellite data and
other sources, identifying local depressions and resi-
dual surface;

— Performing textural analysis of the terrain (in-
cluding entropy, skewness, terrain energy, etc.) in
order to identify structural and lithological nonuni-
formities;

— Comparing the results of the terrain analysis
with known areas of metasomatic alteration and ore
stockworks, identifying relationships between terrain
physiography and erosion depth;

- Classifying spectral data to identify lithological
units and secondary mineral halos, comparing with
the results of the terrain analysis;

— Evaluating the informative value of each me-
thod and proposing an integrated approach to predic-
ting prospects with signs of valuable mineralization.

The example below demonstrates the feasibility
of using terrain analysis to solve geological problems.
The study was carried out by the example of the Akto-
gai ore field, located in the Ayagoz district of the East
Kazakhstan region. The basis is finding a background
(regional) surface that simultaneously provides infor-
mation about the regional terrain or relative to which
it is possible to calculate the residual (remaining) sur-
face for distinguishing local surface landforms and
analyzing the textural features of the terrain.

1. Geological position and fundamentals

The Aktogai group of porphyry copper-molybde-
num deposits, Aktogai, Aidarly, and Kyzylkya, are lo-
cated northeast of Balkhash Lake in Eastern Kazakh-
stan, 450 km northeast of Almaty. Together, they
have total resources of more than 3 billion tons of
ore containing more than 10 million tons of copper
and about 60 tons of gold.

There is a considerable interest in studying the
patterns of porphyry mineralization in the Central
Asian region. A body of research conducted in re-
cent years reveals a clear pattern linking minerali-
zation to specific regional structural and tectonic
conditions. Based on the studies reconstructing the
geological conditions in the region [11, 12], patterns
in the distribution of known large porphyry copper
systems in the Asian region were identified [13, 14].

Porphyry-epithermal mineral systems are mainly
considered to form in magmatic arcs (both continen-
tal and oceanic) associated with active continental
margins [15, 16]. The Aktogai ore field located on the
active margin of the Balkhash-Ili volcanic-plutonic
belt of the Kazakh-Mongolian magmatic arc and as-
sociated with the post-collision intrusive complex of
the early Late Paleozoic (Fig. 1) [12] is no exception.
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Fig. 1. Location of the study area on the geological map of the Balkhash-Dzungarian metallogenic province
(modified from Windley et al., 2007)

It is assumed that in all cases, the deposits were
formed at shallow crustal levels: <1.5 km for epither-
mal systems and <6 km for porphyry systems. Due to
their shallow depth, the deposits are subject to rela-
tively rapid erosion and have low conservation poten-
tial that explains why such geologically old (Paleozoic
or older) deposits are rare. Mineralization formed in
porphyry-epithermal mineral systems is usually spa-
tially and temporally associated with intermediate
and felsic subaerial volcanic rocks and corresponding
subvolcanic intrusions.

The ore-forming intrusions of the Aktogai de-
posit were formed in an arc setting 331.4-327.5 mil-
lion years ago as a result of partial melting of the
thickened, eclogitized, and sulfide-rich juvenile lo-
wer crust [17]. The ore-bearing Koldar pluton formed
in an arc setting 366—336 million years ago [18] du-
ring the collision of the Siberian Platform with the
Kazakh continent and the Baltic-Ural block [19]
and during the closure of the Dzungarian-Balkhash
Sea [20]. The Koldar massif is considered to be co-
magmatic with the Keregetas volcanic complex,
which formed in the late Carboniferous period.

The Koldar pluton, covering an area of 75 km?, is
a complex intrusion (Fig. 2) [21]. Three phases can
be distinguished within the Koldar massif: 1 — gab-
bro-diorite, gabbro-diabase, melanocratic diorite,

quartz diorite, granodiorite; 2 - batholith gra-
nite; 3 — porphyritic microgranite, granite-porphy-
ry (probably marginal facies of the intrusion). The
massif is predominantly represented by diorites and
quartz diorites [22].

The three main deposits of the Aktogai ore field
are associated with stock-like granodiorite and pla-
giogranite porphyries intruding the extensive Late
Carboniferous Koldar laccolith-like massif [23], and
with a large xenolith of Carboniferous rocks within
the pluton. When intruding, the ore-forming intru-
sions caused significant hydrothermal alteration.

The cross-sections show layers of Middle-Upper
Carboniferous volcanogenic-sedimentary rocks of
the Keregetas series and Upper Carboniferous-Lower
Permian Koldar series. The former series consists of
andesite with a small amount of rhyolite, sandstone,
and siltstone, while the latter includes sedimentary
rocks, volcanogenic- sedimentary rocks, and a small
amount of felsic tuff [18, 24].

1.1. Aktogai Deposit

The Aktogai deposit is located in the eastern part
of the Central Aktogai Massif. This pluton, a porphyritic
granodiorite body, intruded through the diorite, quartz
diorite, and granodiorite of the Koldar pluton. The por-
phyritic granodiorite is cut by an elongated stock con-
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sisting of ore-bearing granodiorite and plagiogranite
(tonalite) porphyries, accompanied by a series of chim-
ney bodies of explosive breccias with quartz-biotite
and sericite-tourmaline matrices, formed together with
the porphyry intrusion. The magmatic complex's vein
rocks represented by diorite and diabase porphyrites,
quartz and dacite porphyries are not widespread. A spe-
cial group is represented by small bodies and dykes of
fine-grained matrix granodiorite-porphyry and glassy
matrix granodiorite-porphyry, as well as large dyke-like
granite bodies in the Aidarly area [25, 26].

The ore-bearing stockwork is located in the exo-
contact of a porphyry stockwork, forming a cone-
shaped body that tapers downward and transits at
depth into a series of linear west-northwestward min-
eralized zones. On the surface, the ore body has an el-
liptical ring shape, partially exposed to the west, with
a maximum diameter of about 2,500 m and a radial
width of 80 to 530 m [26]. The most recent vein for-

79°50'E 79°52'E 79°54'E 79°56'E

79°58'E
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mations, possibly already Permian, are represented by
post-mineralization diabase and andesite porphyrites.

All rocks in the vicinity of the ore body area, ex-
cept for late mafic dikes, were altered. The barren core
of the cone consists of a siliceous zone composed of
quartz bodies surrounded by a dense network of bar-
ren quartz veinlets and a thin zone of sericite-quartz
alteration. At the margins, the silicified core changes
into a dense zone of early potassium alteration, in-
cluding potassium feldspar and biotite, which sur-
rounds the main ring-shaped ore body. This potas-
sium zone includes several linear intervals, which are
weakly mineralized but heavily altered with feldspar
and surrounded by a wide biotite halo. Phyllic alte-
ration, characterized by the presence of quartz-(car-
bonate)-chlorite-sericite association, manifest itself
in the form of irregular thin linear zones, confined
to the contacts of granodiorite porphyry apophyses
and fracturing zones along the flanks of the ore body.
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Fig. 2. Geological map of the Koldar massif (according to Sergiyko Yu.A. et al., 1980)
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The periphery of the porphyry copper system is sur-
rounded by a large propylite halo containing epi-
dote-amphibole and albite-chlorite-prehnite. The
mineralized system exhibits external zoning from
bornite-chalcopyrite in the center to chalcopyrite-py-
rite and pyrite halo in the outer parts. Copper and mo-
lybdenum overlap each other, while lead-zinc mine-
ralization is limited to carbonatization zones on the
sides of the ore body [27].

1.2. Aidarly deposit

The Aidarly deposit is located approximately
4 km northwest of the Aktogai deposit and lies with-
in the same elongated 8x2 km sulfide alteration zone.
It is concentrated on a small northwestern extension
of ore-bringing granodiorite porphyry, which intru-
ded into the diorite, quartz diorite, and granite pha-
ses of the Koldar pluton. The edge of the granodio-
rite porphyry has steep contacts characterized by nu-
merous apophyses and is accompanied by a series of
northeastward and northwestward fragmented dikes
of the same composition. All these intrusions are cut
through by late quartz diorites and dolerites. Small
chimney breccia bodies in the vicinity of granodiorite
porphyry consist of cemented fragments of minera-
lized rocks [27].

The mineralization is limited by the outer boun-
daries of the stock and the surrounding Koldar plu-
ton and is closely associated with the stock. On the
surface, the ore body is exposed in the form of an
elongated northwestward ring, surrounding slightly
mineralized granodiorite porphyry. Unlike Aktogai,
the ore body resembles a downward-expanding cone
with a barren core occupied by weakly mineralized
granodiorite porphyry and a zone of silicification. The
alteration and mineral zoning are similar to those de-
scribed at Aktogai. The exposed granodiorite porphyry
has undergone minor silicification and sericitization.
At a depth of 600 m, the porphyry has a non-mine-
ralized intensively silicified core with disseminated
anhydrite at its outer edges. At the periphery of the
porphyry system, silicification transits outward into
a potassium alteration zone containing quartz-potas-
sium feldspar-biotite. Higher up in the system, at me-
dium and near-surface depths, a zone of phyllitization
characterized by quartz-sericite-chlorite-carbonate
association with rare tourmalinization is found. In
turn, the potassium zone is surrounded by a wide halo
of propylite alteration.

The Cu-Mo ore stockwork is confined to the ear-
ly potassic zone, where sericitization is evident. Al-
though most aspects of the mineralization and alte-
ration at Aidarly are similar to those described above
for Aktogai, the Aidarly deposit differs in that it has
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a more extensive and better developed zone of poly-
metallic (Pb-Zn) veins and veinlets on the outer mar-
gins. Comparisons show that the Aidarly deposit is
less eroded than the Aktogai.

1.3. Kyzylkiya deposit

The small Kyzylkiya deposit is located 4 km east of
the Aktogai deposit, on the opposite side of the Aidar-
ly deposit (see Fig. 2). At the deposit, Cu-Mo minera-
lization is associated with a small stock of granodio-
rite porphyry intruding into the granodiorites of the
Koldar pluton. Ore bodies are present as en-echelon
zones of chalcocite-bornite-chalcopyrite ores, accom-
panied by uneven Kkalifeldsparization-silicification
and sericitization [27]. The Kyzylkiya ore stockwork is
characterized by lower sulfur content than at Aktogai
and Aidarly, and, accordingly, weak pyritization and
significantly lower amounts of supergene chalcocite
and bornite. In terms of the morphology of ore bo-
dies, the composition and nature of metasomatic al-
teration, the quality of ore mineralization, and their
zoning, the Kyzylkiya deposit is comparable to the
root parts of the Aktogai deposit! that indicates deep
erosion in the eastern part of the ore field.

The specific nature of metasomatic alteration at
the Kyzylkiya deposit is observed. High-temperature
amphibole-epidote facies propylites are developed
in the form of narrow bands in the northwest and
southeast of the stockwork. Medium-temperature
albite-prehnite-chlorite propylites in the form of
a semicircle frame the stockwork north-easterly and
south-easterly?. The biotitization process at the de-
posit is very widespread. Quartz-kalifeldspath meta-
somatites with relics of the original rocks have been
recorded in the south, southwest, and northwest (out-
side the ore stockwork). Slight kalifeldsparization is
observed in the center of the ore stockwork and in the
form of thin zones to the north and east beyond its
boundaries. Quartz-sericite metasomatites are found
only at the southern border of the ore stockwork, ex-
tending slightly beyond its limits. Argillization with-
in the Kyzylkiya stockwork is manifested only in the
southwest in the form of two narrow zones. Tourma-
linization is widely manifested at the deposit, espe-
cially in its southwestern tip. Carbonatization covers
almost the entire stockwork; zeolitization covers its
northern part and is observed in separate patches in
the south®. It should be noted that metasomatism
leading to significant rock destruction (argillization,
sericitization) is not very pronounced here.

I Ivlev R.R. Volumetric geochemical zoning of porphyry
copper systems and its practical significance. [PhD Disserta-
tion]. 1987.

2 Ibid.
5 Ibid.
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The Aktogai and Aidarly deposits are confined
to the Aktogai deep fault zone, while the Kyzylkiya
deposit is confined to the parallel Ikbas fault zone.
The sulfide mineralization total area is 26 km?. It has
a slightly arched shape with the convex side facing
south. The zone extends from west to east for about
14 km, with a width ranging from 1-1.5 to 3-3.5 km.
The apparent polarizability of rocks in the anomalous
zone varies from 4 to 26%.

Less significant IP anomalies are located 1-1.5 km
north of the Aktogai deposit, at the same distance
south of the deposit, and in the extreme southwest.
Some of them correspond to small manifestations of
porphyry copper formation.

1.4. Geological and lithological features affecting
the terrain of porphyry deposits

The surface terrain reflects the tectonic and ero-
sional processes occurring in a region. Assessment of
the nonuniformity of the terrain, its texture, and the
relative differences in erosion truncation, along with
other methods, make it possible to characterize the
features of the region [28, 29].

All porphyry copper deposits in Kazakhstan were
formed more than 200-400 million years ago. Most of
the oldest deposits were denuded as a result of repea-
ted tectonic processes that occurred in the territory
of present-day Kazakhstan. The terrain of preserved
deposits turned out to be in near-surface conditions is
determined not only by their original shape, but also
by the lithological characteristics and wall-rock alte-
ration of the deposits and host rocks.

1.5. Ore control structures

The formation of calderas is often associated
with ore deposits, including porphyry copper, epither-
mal, polymetallic veins, and volcanogenic massive
sulfide deposits [4]. Calderas often form above magma-
tic chambers because the magma inside a chamber is
a large source of heat and magmatic volatiles that drive
hydrothermal systems [30, 31] above magmatic cham-
bers. As a result of heating, the rocks above a magmatic
chamber undergo expansion and deformation, the na-
ture of which depends on the heat source, the isotropy
of the host medium, and the tectonic stresses that ex-
isted during the intrusion of magma into the Earth’s
crust. Subsequent structures are superimposed within
the formed calderas, and despite the fact that over mil-
lions of years the originally formed calderas have been
partially denuded and buried, their influence on the
formation of the denudation terrain remains. In a rela-
tively isotropic environment, radial and annular struc-
tures can be expected to form as magma cools.

Systems of fractures, veins, and breccias are an
inevitable consequence of porphyritic magmatism. As
noted by Tosdal R.M. and Richards J.P. (Tosdal R.M.,
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Richards ].P., 2001), porphyritic intrusions can be
cork-shaped and in some cases associated with both
steeply dipping radial fractures and gentle concentric
fractures reflecting stress conditions dominated by
magma, where the two main horizontal stresses are
almost equal that, in turn, affects the formation of the
terrain above eroded porphyry systems.

Numerous examples of concentric and radial frac-
ture systems are known in Climax-type rhyolite and
porphyry deposits (molybdenum) [4, 32], but such
fracture geometry is not characteristic of porphyry
copper deposits. In conditions of differing horizontal
stresses, subparallel dyke-like porphyry intrusions
are more common [33-35]. Such conditions are more
likely to reflect the stress regime in a remote area.
Tabular veins and fractures ranging in size from cen-
timeters to decimeters are characteristic of high-tem-
perature potassium alteration zones [33, 34], but may
extend to the near-surface fully developed argillitiza-
tion zone. Veins D (with sericite halos) tend to be wi-
der, more continuous, more widely spaced, and more
variable in strike and dip than the earlier higher-tem-
perature tabular veins. In some cases, they are ra-
dial [35, 36]. In some areas, such veins occupy groups
of conjugated faults with minor (from meters to tens
of meters) shear and normal displacements, which are
concentrated on the porphyry hydrothermal system
but can extend several kilometers laterally. The Main
Stage veins in Butte (“Copper City”, Montana, USA)
extend 10 km from east to west and follow two types
of faults that indicate minor compression from east to
west and expansion from north to south [4].

The main structures are formed in the tension
zones. Fracture systems drain ore fluids from magma-
tic source rocks at depth to higher levels of the Earth’s
crust (both epithermal and porphyry), where mineral
deposition occurs, while epithermal fluids evolve dur-
ing upward migration. Permeable fractures form the
geometry of ore stocks. Synmineral structures displace
ore systems. Post-mineral structural shears also affect
the geometry of the ore system and require analysis
during the exploration of displaced ores.

The resulting ore deposits may be located at dif-
ferent levels of the Earth’s crust between a magmatic
chamber and the surface. The most suitable conditions
for the ascent of heated volatile substances to shal-
lower levels of the Earth's crust occur along preferred
permeable zones, such as existing regional structures
(faults) or, more commonly, caldera structures. On the
one hand, tension stresses above magmatic sources,
destruction, and fragmentation of rocks create caul-
dron subsidence landforms; on the other hand, fluids
flow along existing structures resulting in the su-
perimposition of structures and the enlargement of
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existing fractures and faults [1]. Often, most of the
mineralization in calderas is grouped along ring
faults. In nested calderas, ore deposits commonly oc-
cur along the outer ring system. There are examples
of mineralization confined to the inner ring system,
coinciding with an outward-dipping thrust fault [5].

When intense metasomatism and fracturing de-
velop above deposits, more intense weathering of rocks
should be expected and, as a result, the formation of
cauldron subsidence terrain. When denudation reaches
a quartz core or feeding fine-crystalline dikes, the ter-
rain is inverted, and positive landforms are created in
places where more durable rocks outcrop. When stocks
intrude under compression conditions, deformation of
the above-intrusion alteration zones occurs, leading to
the formation of elliptical and more complex denuda-
tion shapes above porphyry copper deposits.

It is quite natural to find cauldron subsidence
structures in the Aktogai ore field, the shape of which
can be compared to the erosional truncation of the
deposits and extrapolated to objects of poor explora-
tion maturity.

1.6. Terrain Energy
It can be assumed that multiphase intrusive com-
plexes have varying strengths and destructibility. In
turn, cuts of varying amplitudes are created in the ter-
rain, which allows the “terrain texture” to be used to
distinguish lithological units and emphasize implicit
landforms [37, 38]. In addition, by removing the re-
gional component of a terrain, it is possible to com-
pare local landforms located at different altitudes.
In his work, Mark [39] describes three elevation
characteristics of a terrain:
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- H - terrain energy (Relief energie) — the value
between the minimum and maximum terrain eleva-
tions in any arbitrarily limited space;

— Ha - available terrain — the vertical distance be-
tween the assumed leveling surface and the surface
connecting adjacent drainage channels;

— Hd - drainage terrain - the vertical distance be-
tween adjacent watersheds and rivers.

In practice, it is often difficult to distinguish be-
tween these three concepts with sufficient accuracy.
The degree of generalization of the sampling of river
networks and watersheds blurs the precise definition
of the term “drainage terrain”. If a watershed coincides
with the leveling surface, then in this case the “drainage
terrain” is equal to the “available terrain”. If we consider
the "terrain energy" in the area between adjacent river
and watershed, then the “terrain energy” will be equal
to the “drainage terrain”. Next, we will discuss “terrain
energy” as a collective term describing the nonunifor-
mity of terrain — its texture — and representing the verti-
cal distance between a watershed and an adjacent river.
In our study, "terrain energy" will be expressed through
the textural analysis of terrain presented below.

2. Techniques

2.1. Digital Terrain Model (DTM)

The digital terrain model (DTM) was obtained by
processing a stereopair of GeoEye-1 satellite data and
is provided by TerraLink (http://www.terralink.kz).

The terrain model was visualized by combining
an elevation matrix colored in a color palette with
a semi-transparent shadow surface matrix superim-
posed on it, obtained by recalculating the elevation
surface (Fig. 3).

80°0'E

46°59'N

46°58'N

46°57'N

'.

Fig. 3. Visualization of the DTM. The surface of the DTM is displayed with a color gradient with a semi-transparent overlay
of a shaded terrain surface
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Fig. 4. Residual terrain surface - the difference between the surface constructed on the basis of local topographic maxima
and the surface based on local minima. The metasomatic alteration areas are outlined

2.2. Construction of the Residual Terrain Surface

The goal is to calculate the difference between the
smoothed upper surface, connecting peaks and ridges,
and the lower surface, connecting river valleys. Howe-
ver, at first glance, the seemingly simple task of finding
a smoothed surface presents certain difficulties. This
immediately rules out the possibility of using stan-
dard mathematical functions such as “Median”, “Low
Pass” filters, Fourier analysis, or polynomials. All of
them provide a regional background, but do not allow
for control of the edge elevation marks. What remains
is the application of a smoothing surface constructed
along the inflection points. That is, it is necessary to
find extreme points, or the second derivative of the
surface, and divide the obtained extreme values ac-
cording to their position in the terrain. This function is
implemented in the ENVI software package.

The algorithm used in the ENVI Topographic
Features module to calculate channels and ridges
was described by Wood*. Another option for selec-
ting boundary elevation marks is possible as a result
of calculating surfaces from a river network created
in ArcMap (ArcScript®) with a specified catchment
threshold. Moreover, to distinguish ridges, it is pos-
sible to use a river network constructed on the basis
of inverted terrain [40].

4 Wood J.D. The geomorphological characterisation of
digital elevation models. [PhD thesis]. University of Leicester,
UK; 1996. 466 p.

5 Galang J. ArcGIS Script #13836 ArcScripts; 2005. URL:
http://arcscripts.esri.com/details.asp?dbid=13836

When selecting peaks, ridges, pits, and valleys,
it is important to select the correct smoothing thre-
shold, i.e., the restriction on the selection of ridges
and river valleys based on their scale characteris-
tics. Elevation interpolation was performed using the
ArcMap software package.

When processing the DTM data, we constructed
smoothing surfaces based on local maxima and local
minima of the terrain (Fig. 4).

As a result, a quantitative assessment of the
elevation difference for the Aktogai ore field was ob-
tained, which can be shown in color. The difference
between the surfaces allows to distinguish local land-
forms and areas that differ in terms of terrain texture
characteristics.

Areas of local depression in the terrain are distin-
guished. Areas of local depression in the terrain were
obtained by subtracting the DTM values from the sur-
face constructed based on local terrain maxima (Fig. 5).

2.3. Textural Analysis of Terrain

Texture is a set of repeating or regular variations
in brightness in local areas of an image. It reflects the
spatial relationships between pixels and can describe
characteristics such as: uniformity; codimension;
smoothness; skewness.

Textural analysis, which is widely used to analyze
geological structures, can be performed using several
methods.

A textural analysis was performed for the DTM,
comparing the statistical dependence of pixel values
in a given filter window. The surfaces of incline, cur-
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vature, local minima and local maxima, as well as
entropy, uniformity, mean value, and skewness of
a histogram were calculated. These methods evalu-
ate texture based on statistical characteristics of an
image: Gray-Level Co-Occurrence Matrix (GLCM).
A matrix is created showing how often a pair of pixels
with specific brightness values occur at a given dis-
tance and angle to each other.

The texture parameters are calculated from this
matrix:

— Energy — a measure of texture uniformity;
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- Contrast - evaluates the differences between
neighboring pixels;

— Correlation — the degree of linear dependence
between adjacent pixels;

- Entropy - characterizes the chaotic nature of
the texture;

- Skewness — characterizes a clearly expressed di-
rection.

For the matrices obtained, classification intervals
were empirically selected and visualized for contrast
in a color palette.

80°0'E 80°2'E 80°4'E

Fig. 5. Display of areas of local depression in the terrain (highlighted in blue)

79°54'E 79°56'E
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46°58'N
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Fig. 6. RGB channel combination: R - incline, G - shaded terrain, and B — root mean square value.
Intrusive complexes and anthropogenic changes are clearly distinguished
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Quartz bodies

NN Sericitization

5 Quartz-sericite metasommatites
E== Kalishpatization is intense

. 22 7] Biotitized and calypatized rocks
24 5] Calisthenicization is moderate
| 27 7771 Biotitized, quartered and albitized

Epidotization and chloritization in tuffs and subvolcanic and...
C>7 Chrysocolla with relics of sulfides and copper-ferruginous...
"1 Chrysocolla malachite with amorphous iron silicate
7 Kupritovaya
#2770 Malachite
7 7 Halo scattering of secondary copper minerals
58 Iron oxides and hydroxides with high copper content

Fig. 7. Uncontrolled classification (a), map of metasomatic alteration at the Aktogai deposit (modification from:
Zhukov et al., 1979) (b), map of supergene mineral associations (modification from: Sergiyko et al., 1980) (c)

Using textural analysis provides the following ad-
vantages: increased accuracy in object classification;
detection of hidden patterns that cannot be identified
by analyzing spectral characteristics alone. Topo-
graphic modeling software in ENVI was used to ana-
lyze the surface terrain.

Combinations of RGB channels allow creating
contrasting differences in terrain caused by litholo-
gical features and geological processes involved in its
formation. Fig. 6 uses the most informative combina-
tion of RGB channels, where R = incline, G = shaded
terrain, and B = root mean square value. The image
clearly shows the lithological differences between
rock types and anthropogenic changes caused by mi-
neral extraction.

Using textural analysis, we achieve the following
advantages: improving the accuracy of object classifi-
cation and discovering hidden patterns that cannot be
identified solely by analyzing spectral characteristics.

2.4. Classification of Spectral Data

The project used various methods to identify an
ore zone, which will be described in a new paper. In this
work, we compare the results obtained from processing
the surface terrain with the results obtained after clas-
sifying spectral data, so we present the methodology of
this method here.

At the first stage, classes were selected based on
objects identified as a result of processing. Thirty-se-
ven classes were identified and used for classification
using several statistical analysis methods. As a result,
some lithological units and zones of secondary mi-
neralization above ore stockworks were identified.

For uncontrolled classification in a small area com-
prising the Aktogai and Aidarly deposits, and Pro-
mezhutochny stockworks, 30 classes were empirically
selected using the K-means algorithm.

For uncontrolled classification, the number of
classes was selected so that areas of known deposits
were revealed. After applying the method, eight clas-
ses were selected that fall within the outline of the
Aktogai deposit. The identified classes were compared
with the map of metasomatic zoning compiled by
Zhukov et al., 1979 (Fig. 7, b) [41], and with the map of
supergene mineralization from the report of Sergiyko
et al., 1980 (Fig. 7, ¢) [42].

With the expansion of the area to the Kyzylkiya
deposit, the number of uncontrolled classes has in-
creased to 35. The classes were converted into a mask
that can be applied to matrices obtained as a result of
other processing stages.

3. Findings and Discussion

In terms of their characteristics, the Aktogai,
Aidarly, and Kyzylkiya deposits and the Zapadny,
Promezhutochny, and Vostochny ore stockworks
share common features that are typical of porphyry
copper-molybdenum deposit system as a whole, and
have their own distinctive features each.

The most informative findings were selected from
all the processed material, and their comparative
analysis with the initial information was performed.

Analysis of the terrain shows that the large Aidarly
and Aktogai deposits and the Zapadny stockwork form
local depressions in the terrain, large calderas compa-
rable to the morphology of partially eroded maars. This
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shape is due to the formation of a system of near-stock-
work fractures and the fact that hydrothermally altered
and fragmented rocks in the center of the structure
are more susceptible to erosion than the surrounding
rocks. The intrusion of numerous dikes along fractures
at the deposit led to the complication of the cauldron
subsidence landforms. The elongated shapes of the Za-
padny stockwork depression and the distortion of the
isometric shapes of the Aidarly and Aktogai deposits
indicate that the deposits were formed under compres-
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sion. This is confirmed by the direction of the dikes,
which develop in two main directions under conditions
of transpression. The deeper erosional truncation of
the Aktogai deposit leads to the flattening of the caul-
dron subsidence landforms, probably due to the equa-
lization of the erodibility of host rocks and ore-bearing
rocks. The image showing the depression in the terrain
clearly shows that the cauldron subsidence landforms
occupy the deposit open pit and extends westward to-
ward the Promezhutochny stockwork.

79°58'E 80°0'E 80°2'E

46°57'N

80°0'E 80°2'E

Fig. 8. Local depressions in the terrain
(the difference between the digital surface model and the surface connecting local minima)
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Fig. 9. DTM and superimposed mask of positive values of skewness of histogram of digital terrain surface values. The outlines
indicate known areas of mineralization showing quartz-sericite-chlorite metasomatic alteration. The arrow indicates a cluster
that spatially coincides with an area promising for further exploration, identified by other methods
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digital terrain surface

The Kyzylkiya deposit and the Vostochny stock-
work have a positive terrain morphology that is pro-
bably due to the fact that the upper part of the deposit
has been eroded and the rock outcrop on the surface is
more resistant to erosion processes.

The Promezhutochny stockwork is expressed
in the terrain as a small local depression and a rise,
which has probably been preserved as a result of par-
tially manifested silicification, the manifestation of
which makes the above-ore horizons more resistant
to erosion.

Local depressions in the terrain (Fig. 8) empha-
size the structure of ore stockworks and reflect, to
some extent, the structure of the Koldar massif. For
instance, in terms of its pattern, the diorite massif dif-
fers from the granodiorite massif. Depressions formed
by the river system differ from those caused by super-
imposed stockworks and accompanying hydrothermal
alteration, which include a greater number of radial
and ring structures. In addition to the well-known ore
stockworks, there are a number of other depressions
similar to those already known.

The most interesting result of the textural analy-
sis is the change in the skewness of the DTM surface
histogram. The result was an image with contrasting
distribution of values and a characteristic pattern of
distinguished areas, most of which coincided with the
zones of metasomatic alteration correlating with de-
pressions in the terrain (Figs. 9, 10).

Conclusions
In the course of processing and analysis, images
were obtained that allowed the identification of tec-
tonic disturbances (faults) and certain lithological

varieties of rocks in the Koldar massif that are not
reflected in existing geological maps of the ore field.
The analysis of images shows that the areas of posi-
tive skewness values coincide with the general outline
of metasomatic alteration developed at known depo-
sits. The areas that stand out most are those where
sericitization is more developed with a formation of
supergene mineralogical association, including chry-
socolla with relics of sulfides and copper-ferrous sili-
cates. This area probably corresponds to the most ful-
ly developed metasomatism.

The areas of positive skewness confirmed the
outlines of the Promezhduyuschiye and Zapadny ore
stockworks and the outlines of the Aidarly deposit.

South of the Aidarly deposit, there is an anoma-
lous cluster of the elevation histogram positive skew-
ness values. The distinguished cluster is located at
the intersection of faults and in a local depression in
the terrain, similar to the location of the Aktogai and
Aidarly deposits.

To identify similar areas, data on local depres-
sions in the terrain were compared with the distri-
bution of pixels of spectral data classes obtained by
uncontrolled classification and characteristic of the
Aktogai deposit outline. The characteristic areas of
local depressions with manifestations of metasoma-
tism may be promising for further exploration for ore
deposits, but it should be noted that local depressions
may also be caused by other geological processes, so
they should be considered in conjunction with other
signs of ore associations (Fig. 11).

When analyzing the terrain, the individual
phases of the intrusive complexes of the Koldar
massif are clearly distinguished (see Figs. 4, 5).
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The Aidarly deposit and the Promezhutochny stock-
work are associated with an intrusion that probably
became exposed at a later time. It is most clearly ex-
pressed in the terrain and has a higher terrain acti-
vity index.

The Aktogai and Kyzylkiya deposits are spatially
associated with an intrusion that has a characteristic
appearance, a more smoothed terrain.

Based on the results of processing and analyzing
satellite data, the characteristics of ore deposits were
summarized according to their degree of distinguish-
ing (Table 1).

The outlines of the terrain nonuniformities at the
Aktogai deposit based on the results of the processing
broadly coincide with the established outlines of hy-
drothermally altered rocks. The areas of quartz-seric-
ite metasomatism especially closely coincide with the
known outlines.
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The outlines of the terrain nonuniformities at the
Aidarly deposit also coincide with the identified areas
of metasomatic alteration of quartz-sericite and pro-
pylite facies. Based on the digital terrain model (DTM)
processing data, the central (axial) part of the depos-
it was distinguished as quasi-isometric in plan view,
while elongated local depressions in the caldera are
indicative of the deposit formation under conditions
of horizontal tectonic compression.

The spatial identification of the Kyzylkiya depo-
sit is poorly expressed in the terrain compared to the
Aktogai and Aidarly deposits and cannot be reliably
distinguished when processing the DTM surface. The
deposit is characterized by small-size spectral anom-
alies distinguished by certain methods of processing.

Promezhutochny ore stockwork cannot be clearly
distinguished based on the analysis of terrain charac-
teristics.

80°2'E

0°2'E

80°0'E 8 80°4'E

Fig. 11. Superimposition of classification results on distinguished areas of local terrain depression (DTM data substrate)

Table 1

Comparative characteristics of ore deposits by degree of distinguishing

No. Ore stockwork

Degree of visualization as a result of satellite data processing

Skewness for DGM

Cauldron subsidence

1 | Aktogai Deposit

Pronounced and coincides with the outlines
of intensely manifested metasomatism

A slight saucer-shaped depression
in the terrain with radial branches

2 | Aidarly deposit

Pronounced and coincides with the outlines
of intensely manifested metasomatism

Distinct, with radial branches

Kyzylkiya deposit Weakly pronounced

Not observed

Promezhutochny ore stockwork Pronounced

Distinct, with radial branches

Zapadny ore stockwork Stands out well

Clearly

(o)W, QU N A

Vostochny ore stockwork Weakly pronounced

Not observed
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The Zapadny stockwork is distinguished at every
stage of satellite data processing and occupies a dis-
tinctly lowered position in the terrain. Its elongated
shape is probably due to its formation under compres-
sion in a north-northwest direction.

The Vostochny ore stockwork cannot be clearly
distinguished.

The description shows that not all stockworks
can have a characteristic terrain shape and, same to
the interpretation of geophysical data, assessing the
terrain shape can contribute to prospecting/explora-
tion, but is not a sufficient indicator for the reliable
identification of ore stockworks.

In the course of processing, the following addi-
tional areas can be identified, which are commeasu-
rable to known ore deposits in terms of their spectral
characteristics and landforms:

1. A zone near the northern margin of the area
at the intersection of the Main Koldar Fault and the
North-Koldar Fault, limited by the Koldar Fault in the
south. The distinguished zone is complicated by hig-
her-order faults radiating outwards from the center
of the manifestation. To some extent, the zone also
manifests itself when using other processing me-
thods. Field observations have revealed a monzonite

elSSN 2500-0632

https://mst.misis.ru/

Seib N. et al. Analysis of a digital terrain model for solving geological problems...

stock, numerous veins and streaks of quartz-epidote
and feldspar mineralization. Chloritization zones, as
well as a strip with manifestation of malachitization
are found here.

2. The zone south of the Aidarly deposit in a local
topographic low at the intersection of the Maly Koldar
Fault and higher-order faults is distinguished by tex-
tural analysis of the DTM data. Zones of intense chlo-
rite-carbonate metasomatism and zones of intense
fracturing are observed here.

The zones of wall-rock alteration were identified
using a combination of methods. Superimposition of
the results enhances the contrast of the wall-rock al-
teration halos, and the areas identified should subse-
quently be compared with the results of geophysical
surveys and a comprehensive geochemical survey.

We recommend analyzing the terrain morpho-
logy as an additional measure. When combined, all
these methods allow for the most successful solu-
tion of forecasting problems: identifying areas that
are similar in their spectral characteristics to known
ore deposits and indirectly assessing their position
relative to the surface. The areas may be promising
for further exploration and should be verified by field
observations.
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Abstract

The Ta Phoi copper deposit, located in the northeastern Phan Si Pan zone, Northwestern Vietnam, is a significant
site of Neoproterozoic Cu mineralization. Its distinct geological characteristics justify its investigations, especially
in comparison to nearby IOCG Sin Quyen deposit. This study is aimed at clarifying the genesis, ore-forming condi-
tions, and fluid evolution of the Ta Phoi deposit through an integrated approach combining geological, petrograp-
hic, geochemical, and isotopic data analysis. The research specifically employs U-Pb dating of sphene, sulfur iso-
tope analysis, and fluid inclusion microthermometry to identify the age, origin, and physicochemical environment
of the mineralization. Sphene U-Pb dating yielded concordant ages of 810.7*4.6 Ma and 819.5%2.0 Ma, indicating
a Neoproterozoic mineralization event temporally linked to regional granodiorite and diorite intrusions. Sulfur
isotope values (5*'S = +2.2 to +3.1%o0) suggest a magmatic origin for ore-forming fluids. Fluid inclusion data detec-
ted fluid temperatures ranging from 163.1°C to 410°C, fluid salinities of 2.1-16.25 wt% NaCl equiv., and formation
pressures of 44-100 MPa at depths of 3.4—6.5 km. These results confirmed that the Ta Phoi deposit formed from
medium- to high-temperature, magmatogene hydrothermal fluids in a subduction-related continental arc setting;
it may represent a porphyry-related skarn or endoskarn system that developed in response to magmatic fluid mi-
gration along lithological contacts and faults. These findings provide new insights into the metallogenic framework
of the Ta Phoi deposit and highlight its potential for further Cu exploration in Northwestern Vietnam.

Keywords
Copper ore, U-Pb dating, sphene, metallogeny, Ta Phoi deposit, North-Western Vietnam
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Feonornyeckue M N30TOMNHbIE OLLEHKH YC/IOBUA 06pa3oBaHue MeAHbIX pyA
B paoHe Ta ®ou, npoBuHuus Jlao Kai, ceBepo-3anagHbiii BbeTHam
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AHHOTaUuA

Mecropoxaenue meay Ta @oii (Ta Phoi), pacmonoskeHHOe B ceBepo-BOCTOUYHOI yacTy 30HbI @aH Cu [TaH Ha ceBe-
po-3amnajie BoeTHaMA, SIBJISIETCST BASKHBIM OOBEKTOM ITPOSIBJIEHNSI HEOITPOTEPO30IICKOI METHO MUHEpaIN3alyi.
Ero omiMunTeIbHbIE Te0JIOTUUECKME XapaKTEPUCTUKY OITPABIbIBAIOT €T0 M3yUYeHYe, 0COGEHHO B COITOCTABIEHUN
¢ 6MM3IEXKAIIM MeCTOpOKIeHeM TuIia Fe-okenaabix Au-Cu ruaporepMaabHbIX MecToposkaenuii (I0CG) CuHb
KyeH (Sin Quyen). Ilesib JTaHHOTO MCCIENOBaHMS — BBIICHUTD T€HE3UC, YCIOBUS PYI00Opa30BaHMs U IBOJIOLNIO
dbmonnoB MectopoxkaeHust Ta Doii ¢ MOMOIIBI0 KOMITIEKCHOTO MTOIX0AA, COYETAIOIIETO aHAINU3 Te0IOTUIECKUX,
nerporpadmveckmx, reOXMMUIECKMX U M30TOMHBIX TaHHbIX. B yacTHOCTH, B MccneqoBaHuy ucronb3ytorcest U-Pb
JaTUpoBaHue ceHa, M30TOIHBIN aHAIMU3 CePbl Y MUKPOTEPMOMETPUS QUIIOMIHBIX BKIIOUEHUIT IJIs1 OTIpefiese-
HUSI BO3PaCTa, TPOUCXOKIEHMS ¥ GU3UKO-XUMUUYECKUX YCIOBUI hopMupoBaHusi MyuHepanu3anyy. Ornpenerne-
Hue Bo3pacta cena U-Pb meTonmoM fano cornacymoumecs: Bo3pactbl 810,7+4,6 muH jieT 1 819,5+2,0 MIH JieT,
YTO YKa3bIBaeT Ha HEOIIPOTEPO30ICKMI1 BO3paCT MMUHepaau3ali, COBMajalomuii ¢ BO3PacTOM PETMOHATbHBIX
I'PAHOAVMOPUTOBBIX U IMOPUTOBBIX MHTPY3UiA. VI30TOIHBIN aHammM3 cepbl (84S = +2,2 mo +3,1%0) yKa3bIBaeT Ha
MarmaTuJecKoe IMpoVCXoxkIeHne pyIooopasyonmx Gmonaos. JJaHHbIe 10 QIIOMIHBIM BKIUEHUSIM MTOKa3aJII,
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yTO TeMIiepaTypa (onaoB Konebanack ot 163,1°C mo 410 °C, coneHocTtb (oo cocrasisiia 2,1-16,25 Bec. %
B skBuBasieHTte NaCl, a rracroBoe nasnenue — 44-100 MITa Ha rybuHe 3,4—6,5 KM. DTU pe3y/IbTaThl IIOATBEPIN-
71, 4TO MecTopoxkaeHye Ta @oii 06pa3oBaIoCch B pe3y/ibTaTe BO3AEMCTBIUSI MArMATOTE€HHbIX ITMIPOTEPMAaTbHbIX
bmouaoB cpemHelt U BHICOKOI TeMITEPATyphbl B CYOAYKIIMOHHBIX YCIOBUSIX KOHTUHEHTAIbHO yTY; OHO MOYKET
MIPECTABIISTH CO007 TOPHUPOBYIO CKAPHOBYIO MY SHIOCKAPHYIO CUCTEMY, KOTOPast chOpMUPOBAIACh B Pe3yiib-
TaTe MUTPALMM MarmMaTUueckux (IougoB BAOJb JIUTOTOTMYECKMX KOHTAKTOB M PAa3jiOMOB. DTU Pe3Y/IbTaThl
JIAI0T HOBOE TIPeICTaB/IeHNE O MeTa/UIOTeHNUecKoii 06cTaHoBKe (hopMupoBaHust MecToposkaenust Ta ot v og-
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YyepKMBAIOT MTOTeHLMa JajibHelllelt pa3Beiki Ha Melb B ceBepo-3aliajHol yacTu BbeTHama.

KnioueBble cnoea

MmenHas pyna, U-Pb ornpenenenne Bospacra, cheH, MeTa/IOTeHMs, MecTOpoxkaeHme Ta ®@oii, ceBepo-3amaf-

HbIl1 BbeTHaM
[Onsa umtupoBaHus

Hung K.T., Dac N.X. Geological and isotopic constraints on the copper ore formation in Ta Phoi area, Lao
Cai province, Northwestern Vietnam. Mining Science and Technology (Russia). 2025;10(3):262-279. https://

doi.org/10.17073/2500-0632-2025-03-386

Introduction

The mineralization process typically occurs over
a wide spatial range and is closely associated with
deformation, metamorphism, faulting, and magmatic
intrusion events during specific tectonic stages. These
processes contribute to the formation of significant
mineral deposits, containing copper (Cu), gold (Au),
lead (Pb), zinc (Zn), and rare earth elements (REE),
along with other associated minerals [1-3].

Lao Cai province located in the Phan Si Pan
zone in northwestern Vietnam has significant mi-
neral resource potential, particularly as for Cu-Au
mineralization, which has been assessed as highly
prospective [4]. Consequently, in 2015, the Vietnam
government approved the establishment of the Lao
Cai copper metallurgical industrial zone, with a pro-
cessing capacity exceeding 10,000 tons of cathode
copper/year. Geological mapping and mineral ex-
ploration conducted along the northeastern margin
of the Phan Si Pan zone have identified several large
copper ore deposits, including the Sin Quyen, Ta
Phoi, and Vi Kem deposits, as well as valuable cop-
per mineralization occurrences such as Nam Chac,
Trinh Tuong, Lung Thang, and Lung Po [5-9]. How-
ever, these studies remain fragmented, lack in-depth
analysis, and have yet to incorporate modern miner-
alization research techniques. In recent years, some
studies on mineralization have focused on copper
deposits in Lao Cai area, first of all, the Sin Quyen de-
posit [10-12]. These investigations have introduced
new perspectives on the nature and formation age of
copper mineralization in the northeastern Phan Si
Pan zone, particularly at the Sin Quyen deposit, re-
vealing the presence of gold and rare earth elements
(REE) alongside copper as major economic commo-
dities [13]. This raises the question of whether depo-
sits with economic significance, similar to Sin Quyen,
exist along the Lung Po-Ta Phoi metallogenic belt.
The Ta Phoi copper deposit within this belt has
been estimated to contain substantial copper re-

serves [14, 15], but its potential for associated gold and
REE mineralization remains uncertain. Furthermore,
the genetic mechanisms of ore formation at Ta Phoi
and Sin Quyen require clarification — do they share
similar mineralization processes and metallogenic pe-
riods? Addressing these questions necessitates com-
prehensive research into the material composition,
formation conditions, spatial distribution, and gene-
sis of the mineralization. Such studies would provide
a scientific basis for more precise mineral exploration
strategies and resource estimation in the region.

The aim of this study is to clarify the geological
and isotopic features of copper ore formation in the
Ta Phoi area through an integrated analysis of field
observations, petrography, and geochemical data.

To achieve this aim, the study was focussed on the
following key tasks:

- characterizing geological setting and lithologi-
cal units that host copper mineralization;

—analyzing petrographic features and mineral
assemblages to interpret alteration patterns and pa-
ragenetic sequences;

- integrating U-Pb sphene geochronology to con-
strain the mineralization formation timing;

- applying sulfur isotope analysis to identify the
source of ore-forming materials;

- conducting fluid inclusion studies to determine
the temperature, salinity, pressure, and depth condi-
tions of ore formation.

The outcomes of this research will enhance the
understanding of metallogenic processes in the re-
gion and provide valuable insights for future mineral
exploration in northwestern Vietnam.

1. Geological setting
Northwestern Vietnam belongs to the South Chi-
na and Indochina blocks (Figs. 1, a, b). These blocks
are integral components in the palaeogeographic re-
construction of the Rodinia supercontinent [16-19].
Several copper deposits, including the Iron Oxide
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Copper-Gold (IOCG) deposits of Sin Quyen, and cop-
per Suoi Thau, Ta Phoi, are located in Northwestern
Vietnam (Fig. 1, ¢).

The Ta Phoi copper deposit is located in the
northwestern Vietnam, which is bordered by the Song
Chay fault to the north and the Song Ma belt to the
south [4]. This region comprises three major tectonic
units: the Phan Si Pan zone, the Song Da rift, and the
Tu Le basin (Fig. 2, a). The Song Darift is an elongated,
northwest-southeast trending structure characteri-
zed by Devonian to Middle Triassic sedimentary-vol-
canic sequences. A prominent feature of this rift is
the well-developed Permian-Triassic alkaline basalts
(~260 Ma), which predominantly occur along the Da
River [24]. These basalts, along with silicic volcanic
rocks, rest atop Early Permian limestone and are sub-
sequently overlain unconformably by Triassic lime-
stone and schist containing coal deposits [25, 26].
Some studies suggest that the Song Da volcanic suite
is linked to the Emeishan plume [27-29]. The Tu Le
Basin is predominantly composed of rhyolite, trachy-
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rhyolite, and trachydacite. Zircon U-Pb dating indi-
cates that the rhyolites in this basin formed during
the Late Permian (262-252 Ma), contemporaneously
with the mafic rocks of the Song Da Rift [30, 31].

The Phan Si Pan zone serves as a tecto-
nic link between two major crustal blocks: the
North Vietnam-South China block and the Indochi-
na block (Fig. 2, b). It is positioned between the Red
River shear zone and the Tu Le basin and is com-
posed primarily of Mesoarchean to Early Paleopro-
terozoic basement rocks, including biotite quartzite,
quartz-biotite-garnet schist, and amphibolite [23, 33].
Paleo-Mesoproterozoic unitsinthe zone consist of bio-
tite schist, two-mica schist, and amphibolite [23, 33].
Precambrian magmatism in the Phan Si Pan zone
is characterized by several granitoid and mafic in-
trusive events, including: Mesoarchean granitoids
(2.9-2.8 Ga) [33-35], Paleoproterozoic granitoids
(1.8-2.2 Ga) [33, 35-37], Paleoproterozoic mafic
dykes (1.8-2.3 Ga) [33], and Neoproterozoic grani-
toids (760-751 Ma) [20, 21, 23, 38].
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Fig. 1. Simplified tectonics map of NW Vietnam and adjoining areas ([20-23] and references therein)
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The Mesoarchean—Paleoproterozoic crystalline
basement is unconformably overlain by Paleozo-
ic-Mesozoic meta-sedimentary and sedimentary se-
quences, which include quartz-sericite-chlorite schist,
quartzite, limestone, and dolomite (see Figs. 2, a, b). In
addition to the Precambrian granitoids, voluminous
A-type granites intruded during the Late Permian—Ear-
ly Triassic, closely associated with the Emeishan man-
tle plume [29-31, 39]. Cenozoic plutons have also been
identified in the region [40, 41].

The Neoproterozoic granitoid intrusions in the
Phan Si Pan zone include the Po Sen, Phin Ngan, and
Lung Thang plutons, along with several smaller bo-
dies and lenses (Fig. 2, b) [42]. These intrusions are
comparable to the widespread Neoproterozoic grani-
toids (~860-740 Ma) in the western and southwestern
Yangtze Block (see Fig. 1) [42-47].

2. Geology of the Ta Phoi deposit

2.1. Stratigraphy and Lithology

The Ta Phoi copper deposit is located in Ta Phoi
area, Lao Cai Province, covering an area of approxi-
mately 4 km?. The deposit occurs in the northeastern
limb of the Hoang Lien Son anticlinorium, within the
Phan Si Pan structural zone. It is primarily composed
of metamorphosed sedimentary suites of the Sin
Quyen Formation, along with small undated intrusive
bodies situated adjacent to the large intrusive mass of
the Po Sen Complex. The deposit is primarily hosted
in metamorphic rocks of the second unit of the Sin
Quyen Formation (PPsq,), which is a key geological
factor closely associated with copper ore formation in
the study area [4, 14].
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The second unit of the Sin Quyen Formation
is widespread in the Ta Phoi area and consists of
quartz-feldspar-biotite schist, metasomatic rocks,
amphibolite lenses, and graphite-bearing quartz-mi-
ca schist. The feldspar-quartz-biotite schist contains
small amount to no graphite, exhibits a brown color,
schistose structure, and lepidoblastic texture. Musco-
vite-sericite minerals (1-8%) are commonly enriched
along orebody margins and fault zones. Accessory
minerals include sphene, apatite, epidote, zoisite, and
ore minerals.

The metasomatic rocks occur as bands in the cen-
tral part of the area, while amphibolite appears as
lenticular bodies within the metasomatic rocks, cha-
racterized by an opaque white color, interbedded with
greenish layers. Amphibolite is commonly found along
the hanging walls of copper ore bodies. The graphi-
te-bearing quartz-mica schist is gray and exhibits
a schistose structure. Copper mineralization is prima-
rily hosted in metasomatic rocks, with lesser occur-
rences in feldspar-quartz-biotite schist. The second
unit has a thickness exceeding 800 m (Figs. 3, a—d).

2.2. Igneous rocks

Granitoid formations of the Po Sen complex and
granodiorite, diorite intrusions are widespread in the
Ta Phoi area, along with the presence of lamprophyre
dikes. Rocks of the Po Sen complex are distributed along
the western and southwestern margins of the area,
mainly represented by phase 2 and phase 3. Phase 2
consists of biotite granite and biotite-hornblende gran-
ite, while Phase 3 is characterized by light-colored dike
rocks, including aplite granite and pegmatitic granite.
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Fig. 2. Geological map of (a) northwestern Vietnam and (b) the Phan Si Pan zone and showing location
of the Ta Phoi deposit (modified after [32])
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Fig. 3. Geological structure and material composition of the Ta Phoi deposit:
a, b — general view of the Ta Phoi valley and mining operations at the TQ.5 ore body (photo from [14]);
¢, d — photomicrographs of rocks in transmitted light (magnification 35x, Nikon microscope): ¢ - felsic schist (feldspar, quartz,
biotite), drill core LK.2/28, depth 89-91 m; d — dark-colored metasomatic rock, drill core LK.1/13, depth 25-27 m (photo by Do Van
Nhuan from [14]); e-h — manifestations of ore mineralization: e, g — disseminated ore in dark-colored metasomatic rock, drill core
LK.1-T.1, depth 109.5-110 m; f, h — disseminated ore in felsic schist, drill core LK.2-T.1, depth 85 m
photo by Ly Quoc Su from [14])

266



https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJIOITMA
2025;10(3):262-279

U-Pb and “°Ar/*Ar dating methods have cla-
rified the thermochronological history of the Po
Sen complex. U-Pb analysis of composite samples
of zircon grains by TIMS yielded an average age of
760+ 25 Ma, clustering on the concordia line, while
twelve SHRIMP U-Pb analyses provided a consist-
ent age of 751+ 7 Ma [38]. Combined with geochem-
ical characteristics, these results indicate that the
Po Sen complex is a Late Proterozoic magmatic
complex.

Granodiorite and diorite rocks (namely Phin
Ngan, Suoi Thau, Lung Thang massifs) are common-
ly found along the margins of ore bodies, with copper
grades ranging from 0.01 to 0.4%. Copper minerali-
zation within the diorite occurs as sparse dissemina-
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tion and micro-veinlets along fractures. These rocks
are gray to light gray, exhibit a massive structure,
and have fine- to medium-grained textures, with lo-
calized weak deformation. Their crosscutting rela-
tionship with the surrounding rocks is unclear.

The absolute age dating results using the zircon
U-Pb method for the granodiorite and diorite intru-
sions yielded ages of 776+ 12 Ma for the Suoi Thau
massif [48], 824 +4 Ma for the Phin Ngan massif [42],
and 803+ 3 Ma for the Lung Thang massif [47]. These
results indicate that the formation of the granodior-
ite and diorite intrusions occurred during the Neo-
proterozoic. Moreover, most studies suggest that
these intrusive bodies were generated in a subduc-
tion-related continental arc setting [42, 47, 48].
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Fig. 4. Geological map of Ta Phoi area showing location of the Ta Phoi deposit (modified after [14])
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Lamprophyre dikes intrude the surrounding
rocks and are characterized by a grayish-green color,
oriented structure, fine-grained texture and pris-
matic-granular texture. These dikes appear to have
little to no association with copper mineralization.

2.3. Tectonics

The Ta Phoi ore deposit is located in the north-
eastern limb of the Po Sen anticline, which exhi-
bits a general monoclinic structure trending north-
west-southeast and dipping to the northeast. Geo-
logical survey data indicate that surface rocks are
strongly deformed, while drill core data reveal that at
depth, both the host rocks and ore bodies maintain
a consistent northeastward dip with dip angles ran-
ging from 60 to 75° [4].

Along the Phoi 1 stream, a northwest-southeast
trending fault, named Lang Phoi 1 Fault (F2), is ob-
served. This fault is a subsidiary structure of the Ta
Phoi Fault. The Lang Phoi 1 Fault cuts through and
displaces rocks of the Sin Quyen Formation as well as
biotite granite of the Po Sen Complex. Additionally,
within the study area, the Ta Xeo 2 — Da Dinh Fault
(F3) is identified. This fault extends along the Da Dinh
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valley to Ta Xeo 2, with a total length of approximate-
ly 2.5 km. The Ta Xeo 2 — Da Dinh Fault displaces
rock formations and intersects northwest-southeast
trending faults [14] (Fig. 4).

2.4. Ore body distribution characteristics

The Ta Phoi copper deposit comprises 15 ore
bodies, including lens-shaped and vein-type bo-
dies. Among them, three large ore bodies (TQ.4, TQ.5,
TQ.6) have been delineated, while the remaining 12
occur as smaller veins and lens-shaped clusters scat-
tered throughout the area or along the margins of
the larger ore bodies (TQ.1, TQ.2, TQ.3a, TQ.4a, TQ.7,
TQ.8, TQ.9a, TQ.9b, TQ.10, TQ.10a, TQ.11, TQ.13)
[14, 15]. These ore bodies dip northeastward at an-
gle ranging from 60° to 85°, with strike length vary-
ing from 300 to 1200 m, thickness ranging from 1.5
to 94.8 m, and depths controlled up to 30—130 m. The
primary ore minerals include chalcopyrite, cubanite,
pyrite, and pyrrhotite, which exhibit irregular dissem-
ination, occurring as isolated grains, clustered aggre-
gates, or small ore pockets. These minerals also form
veins filling microfractures and replacing pre-existing
rock-forming minerals (Figs. 3, 5, Table 1).
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2.5. Ore textures and structures

2.5.1. Types of ores and their properties
Petrographic and reflected light microscope anal-
yses of copper ore samples from the study area reveal
a complex assemblage of primary and secondary ore
minerals. The primary sulfide minerals include chal-
copyrite, bornite, pyrite, pyrrhotite, and cubanite,
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while the secondary minerals such as covellite, chal-
cocite, malachite, and limonite occur as oxidation
products in supergene alteration zones. Gangue min-
erals associated with the copper mineralization main-
ly comprise quartz and carbonate minerals.

Primary ore minerals include chalcopyrite, borni-
te, pyrite, pyrrhotite, cubanite, and magnetite.

Table 1

Morphological characteristics and composition of copper ore bodies in Ta Phoi deposit (after [14, 15])

Ore
body
number

Average
thickness

(m)

Dip
angle

Dip
direction

Morphology
of ore bodies

Length
(m)

Average

grade (%)

copper Ore mineral composition

TQ.1 Vein 442 70° 65° 3.69

Pyrite 2%, chalcopyrite 1%, pyrrhotite 2%, marcasite
in small amount, a arsenopyrite in small amount,
rutin a few grains

0.405

Vein 300 65° 70° 2.00

Pyrite 3%, chalcopyrite in small amount, pyrrhotite

0.447 2%, graphite 1%, ilmenite in small amount

Vein 210 60° 55° 12.05

Pyrite a few grains, chalcopyrite in small amount,
covellite in small amount, graphite in small amount,
ilmenite 1%

0.455

Large lense 580 50° 65° 21.04

Pyrite 1-2%, chalcopyrite 0.5-8%, pyrrhotite
10-55%, cuban-ite in small amount, graphite in
small amount to 3%, covellite in small amount,
molybdenite in small amount, gold 4-9 grains

0.698

Vein 240 50° 65° 10.37

Pyrite 1%, chalcopyrite 8%, cubanite in small amount,
covellite in small amount, mo-lybdenite in small
amount

0.455

Large lense 830 50° 70° 16.56

Pyrite in small amount to 5%, chalcopyrite in small
amount to 8%, pyrrhotite 1-12%, cubanite in very
small amount to 1%, graphite in small amount,
covellite in small amount, hem-atite a few grains

0.638

Large lense 597 60° 75° 16.39

Pyrite in small amount to 5%, chalcopyrite 1-10%,
pyrrhotite in small amount to 8%, cubanite 1-10%,
covellite in small amount to 3%, rutin a few grains,
limonite in small amount to 5%, gold 1-18 grains

0.835

Small lense 418 60° 75° 8.37

Pyrite in small amount to 5%, chalcopyrite 1-10%,
pyrrhotite in small amount to 8%, cubanite 1-10%,
covellite in small amount to 3%, rutile a few grains,
limonite in small amount to 5%

0.691

Vein 270 60° 75° 5.53

Pyrite in small amount, chalco-pyrie 15%, melnikovite
in small amount, cubanite in very small amount to 1%,
covellite 1%, limonite 1%

0.587

Large lense 735 65° 65° 13.61

Pyrrhotite 10-18%, chalcopyrite in small amount to
2%, graphite in small amount to 3%, cubanite in very
small amount, sphene a few grains

0.530

TQ.9b | Large lense 640 60° 60° 9.96

Pyrrhotite in very small amount to 10%, chalcopyrite
0.5-12%, pyrite 2%, arsenopyrite 1%, graphite in small
amount, cubanite very scarce, sphene a few grains,
covellite in small amount, and limonite 0.5%.

0.516

TQ.10 | Small lense 340 50° 70° 11.69

Pyrrhotite in very small amount to 8%, chalcopyrite 1%,

0.568 mag-netite 3%, ilmenite 1-2%

TQ.10a | Small lense 190 50° 70° 13.79

Pyrrhotite 30%, chalcopyrite 4%, graphite 7%, pyrite

0.763 1%, sphalerite in very small amount

TQ.11 Vein 718 60° 65° 4.77

Pyrrhotite 2-6%, chalcopyrite 1%, graphite 2%, sphene

0.674 a few grains, sphalerite in very small amount

TQ.13 Vein 400 65° 70° 3.09

Pyrite in very small amount to 2%, chalcopyrite 1-10%,
graph-ite 1-2%, marcasite in very small amount to 3%,
covellite in small amount, rutile in small amount

0.481
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Chalcopyrite (CuFeS,): The most abundant cop-
per-bearing mineral, occurring as anhedral to subhe-
dral grains with sizes ranging from 0.1 to 2 mm, typi-
cally between 0.1 and 1 mm. Chalcopyrite commonly
exhibits disseminated, vein, and replacement tex-
tures, forming intergrowths with pyrite and pyrrhotite
(Figs. 3, a, b). Under the microscope, chalcopyrite is
characterized by its straw-yellow color with moderate
reflectance.

Bornite (CucFeS,): Occurs as fine-grained dissem-
inations or as replacement rims around chalcopyrite.

50 um

Fig. 6. Primary copper ore mineral assemblage in the Ta Phoi deposit:
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In some samples, bornite is partially replaced by cov-
ellite, indicating secondary enrichment (Figs. 3, n, 0).
It exhibits a distinct purplish-brown to reddish hue
under the microscope.

Pyrite (FeS,): Present as euhedral to subhedral
grains, ranging in size from 0.1 to 2 mm, often for-
ming intergrowths with chalcopyrite. Pyrite is com-
monly replaced by chalcopyrite and bornite along
fractures and grain boundaries (Figs. 3, e, f). Under
reflected light, pyrite appears bright yellow with high
reflectance.

200 i 2 A ]

a, b — disseminated chalcopyrite in a gangue matrix; c, d — syngenetic relationship between chalcopyrite and cubanite; e — chalcopyrite
replacing pyrite; f — disseminated chalcopyrite and pyrite in an ore matrix; g, h, i, j — disseminated chalcopyrite and pyrrhotite
in a gangue matrix; k — euhedral chalcopyrite grains replacing magnetite; I, m — subhedral hematite grains forming clusters within
the rock matrix; n, o, p - bornite replaced by covellite through corrosive processes; g, , s, t — euhedral chalcopyrite and pyrrhotite
disseminated within the rock matrix
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Pyrrhotite (Fe,_,S): Found as anhedral grains up
to 2 mm in size, often occurring in association with
chalcopyrite and cubanite. Pyrrhotite grains exhibit
weak anisotropy and are commonly replaced by la-
ter-stage sulfides (Figs. 3, g, h, i, j).

Cubanite (CuFe,S;): A minor phase in the ore, ap-
pearing as thin lamellar intergrowths within chalco-
pyrite. Cubanite has a darker yellow color with a faint
pinkish tint under the microscope (Figs. 3, c, d).

Magnetite (Fe;0,): Occurs as fine, scattered grains
within the ore, often showing replacement by chalco-
pyrite (Fig. 3, k).

Secondary ore minerals are covellite, chalcocite,
limonite, and malachite.

Covellite (CuS): Originates as a supergene pro-
duct replacing chalcopyrite and bornite, often ap-
pearing as deep blue rims around primary sulfides
(Fig. 3, p).

Chalcocite (Cu,S): Found in small amounts, typi-
cally replacing chalcopyrite in oxidation zones. It ap-
pears as a fine-grained, dark gray mineral with a me-
tallic luster.

Limonite (FeO(OH)-nH,0): It is widespread in
oxidation zones, pseudomorphically replacing py-
rite and chalcopyrite. It is commonly associated with
goethite and hematite.

Malachite [Cu,(OH),CO;]: Occurs as green bot-
ryoidal crusts, often coating surfaces of fractures
and voids within altered host rocks.

The results of mineralogical sample analysis in-
dicate that the Ta Phoi deposit exhibits the following
common ore textures and structures.

Disseminated and clustered structures: These
are the most common structures observed in the ore
bodies, where chalcopyrite, pyrite, pyrrhotite, and cu-
banite are dispersed as fine to medium-grained aggre-
gates in the host rock matrix (Figs. 3, q, 1, s, t). The
distribution of ore minerals is irregular, with forming
clusters of variable sizes within altered host rocks.

Massive structure: Pyrite, pyrrhotite, and chal-
copyrite frequently occur as compact massive aggre-
gates, forming sulfide-rich zones. These zones often
appear as coarse-grained, tightly packed sulfides, re-
placing earlier mineral phases (Figs. 3, c, e).

Vein and stringer structures: Hydrothermal re-
placement and infill processes have resulted in the
formation of sulfide-bearing veins and micro-vein-
lets, composed mainly of chalcopyrite, pyrrhotite,
and minor chalcocite. These veinlets exhibit variable
thicknesses and cut across the host rock, often filling
fractures and microfractures (Fig. 3, t).

Replacement and corrosion structures: Secon-
dary enrichment zones show formation of covel-
lite, chalcocite, limonite, and goethite replacing and
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corroding primary sulfides such as chalcopyrite and
pyrrhotite. These minerals form rims around the pri-
mary sulfides, indicating manifestations of oxidation
and supergene processes (Figs. 3, i, [).

Euhedral to subhedral grain texture: Chalcopyrite
and pyrite frequently exhibit well-developed crystal
faces, indicating crystallization under favorable con-
ditions. This texture is more commonly observed in
primary mineralization zones.

Anhedral grain texture: A prevalent texture in the
sulfide ores, where chalcopyrite, pyrrhotite, and cu-
banite display irregular, intergrown morphologies due
to replacement and overgrowth processes.

Colloform texture: Observed mainly in secondary
minerals such as marcasite, melnikovite, and covel-
lite, forming concentric layers around pre-existing
sulfides. This texture suggests low-temperature hy-
drothermal precipitation.

Residual texture: Early-formed sulfides, such as
pyrite and pyrrhotite, are partially replaced by youn-
ger sulfides like chalcopyrite and bornite, leaving
behind embayed and corroded outlines.

Brecciated and fragmented texture: In faulted
and sheared zones, sulfide minerals appear frag-
mented and cemented by later-stage hydrothermal
minerals, forming breccia-like textures.

2.5.2. Paragenetic sequence

Based on the geological conditions of ore for-
mation, the morphological relationships of mine-
rals within the ore, and their genetic morphological
characteristics, it is possible to identify characte-
ristic mineral associations as well as the ore-for-
ming periods and stages present in the study area.
A summarized mineral associations are provided
in Table 2.

The hydrothermal period consists of three
ore-forming stages. Early stage is dominated by the
formation of disseminated quartz and magnetite with
minor pyrite. Main sulfide stage is characterized by
origination of sulfide minerals, forming a mineral asso-
ciation of pyrite, pyrrhotite, chalcopyrite, and cubanite
alongside quartz. The mineralization occurs predom-
inantly as disseminated grains, with minor develop-
ment in veinlets. Post ore stage represents the princi-
pal phase of copper ore formation. This stage produces
a quartz—chalcopyrite—cubanite association, accompa-
nied by extensive hydrothermal alteration of the host
rocks, including epidotization, actinolitization, tremo-
litization, and chloritization.

The supergene enrichment period consists of
a single ore-forming stage, characterized by covellini-
zation, chalcocitization, and limonitization of prima-
ry ore minerals (see Table 2).
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Table 2

Mineral associations at the Ta Phoi deposit, northwestern Vietnam

Hydrothermal mineralization

Epigenesis

Minerals

Quartz — mag-netite | Quartz — pyrite

Quartz - chalcopy-rite - cubanite

Covelline - chalcocite - limonite

Quartz

Magnetite

Pyrite

Molybdenite

Chalcopyrite

Cubanite

Pyrrhotite

Melnikovite

Chalcocite

Covelline

Goethite

Hydrogoethite

Limonite

m— Main (>5%) m= == Minor (1-5%)

3. Sampling and analytical methods

3.1. Study material and petrography observation

This study used sulfide copper ore samples and as-
sociated gangue minerals, including sphene and quartz,
collected from both surface and subsurface exposures
of the Ta Phoi deposit. Selected samples were pre-
pared as polished sections and observed under optical
microscopy and Scanning Electron Microscopy (SEM)
for mineral identification, textural relationships, and
alteration features of sphene and associated minerals.

3.2. Analytical methods

3.2.1. SEM analysis

SEM study was conducted using an FEI Quan-
ta 200 microscope equipped with an EDS system at
20 kV and 20 nA. Back-scattered electron (BSE) ima-
ging was applied to study zoning, morphology, and
alteration features of sphene. Analyses were per-
formed at the National Key Laboratory, China Univer-
sity of Geosciences (Wuhan).

3.2.2. Fluid inclusion microthermometry

Doubly polished quartz sections (~0.20 mm thick)
were analyzed using a Linkam THMSG 600 heat-
ing-freezing stage mounted on an Olympus BX51
microscope. The fluid inclusion study was focused on
primary, pseudosecondary, and secondary inclusions
based on established classification criteria [49, 50].
Eutectic and melting temperatures were used to es-
timate salinity and fluid density, with calculations
performed using the FLINCOR software. Temperature
accuracy was *0.2°C between -20°C and +20°C.

e e e e ]ocally occurring

3.2.3. Sulfur isotope analysis
Sulfur isotope measurements were conduc-
ted using a Delta V Plus mass spectrometer at the
CNNC Beijing Research Institute of Uranium Geo-
logy. Results are reported in 8%S values relative to
the V-CDT standard, with analytical precision better
than #0.2%o (20).

3.2.4. U-Pb isotope analysis of sphene

U-Pb dating of sphene was conducted at the State
Key Laboratory of Geological Processes and Miner-
al Resources (GPMR), China University of Geoscien-
ces (Wuhan), using an Agilent 7700x ICP-MS system
coupled with a GeoLas 2005 laser-ablation system
equipped with a DUV 193 nm ArF-excimer laser. An-
alytical procedures and data reduction methods fol-
lowed those described by Spandler et al. (2016) [51].
A laser spot size of 32 ym was used for all analyses,
with #3Ca serving as the internal standard isotope, pre-
viously measured by EPMA. NIST SRM610 was used as
a bracketing external standard [51]. The laser fluence
was set at 5 J/cm?, with a repetition rate of 10 Hz, the
parameters optimized to enhance analytical sensitivi-
ty while minimizing elemental fractionation. Calibra-
tion of geochemical and isotopic data was achieved
by performing one measurement of MKED1 and NIST
SRM610 after every three ordinary sample analyses.
The MKED1 reference material originates from the
Elaine Dorothy Cu-Au-REE deposit in the Mount Isa
Inlier, Queensland, Australia. Concordia diagrams and
206ph/238U weighted mean age calculations were gene-
rated using Isoplot/Ex_ver3 [52].
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4. Results and Discussions

4.1. Sulfur isotopic compositions of sulfide minerals

The analytical results of sulfide samples are sum-
marized in Table 3. This study determined the %S
values for five chalcopyrite samples and one pyrite
sample from the Ta Phoi deposit. The sulfur isotope
compositions of these six samples range from +2.2%eo
to +3.1%o, with an average of +2.85%o.

The sulfur isotope analyses of chalcopyrite and
pyrite from the Ta Phoi deposit showed a narrow
range close to 0%o, which is consistent with the
mantle-derived sulfur signature (Fig. 7). This sug-
gests that the source of ore-forming materials in the
Ta Phoi copper deposit was relatively homogeneous
magmatic reservoir.
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4.2. Ore-forming fluids

Analyses of 8 quartz samples associated with cop-
per ore identified 97 fluid inclusions with elliptical,
triangular, or elongated elliptical morphologies. These
inclusions are classified into two types: liquid-va-
por (type I) and CO,-H,O vapor inclusions (type II)
(Table 4). Among them, type I inclusions (from 6
quartz samples) account for 77 inclusions, while type
IT inclusions (from 2 quartz samples) comprise 20 in-
clusions. Microthermometric measurements of the
homogenization temperatures for type I (liquid-va-
por) inclusions range from 163.1 to 375.6°C, with an
average of 256.4°C. The dominant temperature range
was 240-300°C. The freezing point temperatures vary
between -10.5 and -1.0°C, predominantly between
-5.0 and -3.0°C. For type II (CO,-H,0) inclusions,

Sulfur isotope compositions of chalcopyrite and pyrite crystals from ore samples of the Ta Phoi depositTElble ’

No. Sample Location Mineral 84Sy cor 26

1 TP-01 Surface, TQ.4 Chalcopyrite 2.6 0.2

2 TP-02 Surface, TQ.5 Chalcopyrite 2.4 0.2

3 TP-03 Surface, TQ.6 Chalcopyrite 2.2 0.2

4 TP-04 30m below surface, TQ.4 Chalcopyrite 2.9 0.2

5 TP-05 50m below surface, TQ.6 Chalcopyrite 3.1 0.2

6 TP-06 120m below surface, TQ.6 Pyrite 3.9 0.1

Average 2.85
5S%o (CDT)
—EI>0 —4|10 —1|30 —2|0 —‘} 0 0 1|0 2|0 3|0 4|0
Meteorites H This study
MORB

Island-arc basalts+andesites
Volcanic H,S
Volcanic SO,

Granites

Modern seawater

Evaporite deposits

Modern marine sediments |

Fresh water

Fresh water mud-sulfide

Primitive

mantle
/ value

Fig. 7. Natural sulfur isotope reservoirs, showing copper forming material sources in the Ta Phoi deposit (data from [53-59])
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homogenization temperatures range from 250 to
410°C, with an average of 350°C. The dominant tem-
perature range was 330-360°C. The freezing point
temperatures vary from -11.8 to -3.8°C, mostly be-
tween -6.2 and —4.8°C. The salinity of the fluid inclu-
sions ranges from 2.1 to 16.25 wt %, with the majority
falling between 4.0 and 6.6 wt %, and an average of
6.96 wt %. The fluid density ranges from 1.15 to 1.91
g/cm?, with an average of 1.35 g/cm>.

The fluid inclusion analyses indicated that the
measured homogenization temperatures ranged from
163.1°C to 410°C, with a dominant range of 250°C
to 350°C, classifying the ore-forming fluids as medi-
um to relatively high temperature. The salinity val-
ues ranged from 2.1% to 16.25%, indicating a mod-
erate salinity level. The ore-forming pressure varied
between 43.98 and 99.85 MPa, while the formation
depth ranged from 3.39 to 6.45 km, suggesting that
the ore was formed at an intermediate depth.

4.3. Timing of copper mineralization

The U-Pbdatingresults for two samples of sphene
are presented with the corresponding concordia dia-
grams shown in Fig. 8. In sample TP-12, 25 spot ana-
lyses performed on 10 sphene grains yielded con-
cordant U-Pb ages, with a weighted average 2°Pb/2*8U
age of 810.7%4.6 Ma (n = 25, MSWD = 0.82). Similar-
ly, for sample TP-19, 25 spot analyses on 12 sphene
grains produced concordant U-Pb ages, yielding
a weighted average 2°°Pb/?3®U age of 819.5+2.0 Ma
(n=25,MSWD =5.2).
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The U-Pb dating of sphene from the Ta Phoi cop-
per deposit indicates that mineralization occurred be-
tween 810 and 820 Ma (Fig. 8). This age is comparable
to the emplacement age of 860-740 Ma for granodi-
orite and diorite bodies such as the Phin Ngan, Suoi
Thau, and Lung Thang massifs [11, 47, 65]. The spatial
proximity of these intrusions to the Ta Phoi deposit
suggests a genetic link between the copper minerali-
zation and magmatic activity.

4.4. Origin and formation conditions

The Ta Phoi deposit is interpreted as a medium- to
high-temperature hydrothermal-metasomatic deposit
with a magmatic source of ore-forming materials. Cop-
per ores are confined to the contact between the Sin
Quyen Formation and hornblende diorite intrusions.
They are mainly concentrated within altered rocks
(with minor occurrences in quartz-feldspar-biotite
schist) and are associated with a characteristic mineral
association of tremolite-actinolite, albite, and epidote.

Moreover, the spatial proximity of the Neopro-
terozoic Phin Ngan, Suoi Thau, and Lung Thang gra-
nodiorite and diorite massifs to the Ta Phoi deposit
suggests a potential genetic relationship between the
two. This implies that the formation of the Ta Phoi de-
posit may have been influenced by tectonic processes
associated with these magmatic intrusions. Speci-
fically, the Phin Ngan, Suoi Thau, and Lung Thang
massifs, which were formed in a subduction-related
continental arc setting [11, 42, 47], may have played
a crucial role in the mineralization process.

Table 4
CBojiKa MAaHHBIX M0 (GIIOMIHBIM BKIIOUYEHMUSIM Ha MecTopoxkaeaumn Ta doit
Type . T,.icer °C T,, °C Salinity, wt % | Density, g/cm?®| Pressure, MPa | Depth, km
Sample of inclusion L (mean) (mean) NaCl (mean) (mean) (mean) (mean)
TP-1.1 12 -2.9--2.1 290-321 2.1-8.68 1.15-1.54 43.98-95.13 3.46-6.23
: (-2.53) (304.5) (5.19) (1.29) (66.56) (4.76)
TP-1.2 14 -5.2--1.0 | 163,1-372 3.06-14.25 1.16-1.68 44.53-99.85 3.50-6.45
: (-2.95) (335.0) (6.13) (1.31) (68.43) (4.86)
TP-13 15 -10.5--2.3 | 272-375,6 2.42-14.15 1.15-1.59 47.36-94.52 3.67-6.20
: Tvoel (-3.94) (314.24) (7.42) (1.32) (69.70) (4.93)
e
TP-1.4 P 12 -5.0--2.5 240-350 4.63-11.55 1.13-1.51 46.06-93.44 3.39-6.15
) (-3.51) (308.33) (7.31) (1.33) (70.27) (4.94)
TP-L5 15 -5.1--2.5 210-310 6.73-15.16 1.16-1.41 47.65-77.01 3.69-5.35
: (-4.21) (266.67) (9.99) (1.29) (64.18) (4.65)
TP-16 9 -4.2—-1.5 170-285 7.02-16.05 1.18-1.47 49.19-87.55 3.79-5.87
: (-3.16) (230.44) (10.77) (1.31) (66.45) 4.77)
TP-1.7 8 -11.8--3.8 250-410 6.31-16.15 1.19-1.56 50.89-89.41 3.89-5.96
: Tvoe I (-5.81) (333.5) (11.62) (1.35) (69.94) (4.96)
e
TP-1.8 P 12 -10.5--4.0 280-405 7.73-16.25 1.20-1.91 48.34-91.69 3.73-6.07
) (-5.63) (340.58) (11.31) (1.53) (68.10) (4.85)

Note: Salinities and density were calculated using the method proposed by [60, 61]; pressures were calculated using the method
proposed by [62]; depths were estimated using the method proposed by [63,64]; T, — final melting temperature of ice; T, —

homogenization temperature.
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Fig. 8. Concordia diagrams for U-Pb isotopic dating of sphene from the Ta Phoi copper deposit:
a - Sample TP-12 (ore body TQ.4); b — Sample TP-19 (ore body TQ.6)

4.5. Comparison with well-studied porphyry

copper deposits

The sulfur isotopic signatures (+2.2%o to +3.1%o,
average +2.85%o) observed in the Ta Phoi copper de-
posit fall within the typical range for mantle-derived
sulfur, which is commonly reported in porphyry cop-
per systems worldwide [66, 67]. For instance, sulfur
isotopic values between 0%o and +5%o have been do-
cumented in sulfide minerals from porphyry Cu-
Mo deposits in the Andes (e.g., Chuquicamata, El
Teniente) [68], where magmatic sources dominate sul-
fur input. This consistency suggests that the Ta Phoi
deposit, like classic porphyry systems, is also sourced
from a relatively homogeneous magmatic reservoir.

In terms of fluid inclusion characteristics, the ho-
mogenization temperatures (163-410°C, dominant
range 250-350°C) and salinities (2.1-16.25 wt % NaCl
equivalent, averaging ~7 wt %) observed in the Ta Phoi
deposit are comparable to those reported in porphyry
copper systems globally [66-68]. For example, studies
on the Batu Hijau (Indonesia) deposits have recorded
similar fluid inclusion temperature ranges (250-400°C)
and moderate to high salinities (3-16 wt % NaCl), in-
dicative of magmatic-hydrothermal fluids undergoing
phase separation and cooling during ore formation
[69]. The depth estimates of 3.4—-6.5 km at pressures of
up to ~100 MPa in the Ta Phoi also align with typical
porphyry copper deposit formation depths (2—-6 km),
further reinforcing this interpretation.

Additionally, the temporal constraint provided by
U-Pb sphene ages (810-820 Ma) suggests that the Ta
Phoi deposit formed synchronously with nearby Ne-
oproterozoic magmatic intrusions (e.g., Phin Ngan,

Lung Thang, Suoi Thau). This timing of mineraliza-
tion, spatial proximity, and geochemical affinity (e.g.,
sulfur isotope signatures, fluid composition) resem-
ble the temporal and spatial relationships commonly
observed between porphyry copper deposits and their
causative intrusive bodies.

Taken together, the geological, geochemical, and
fluid inclusion evidences from the Ta Phoi deposit
collectively point to a magmatogene-hydrothermal
origin, consistent with characteristics of porphyry
copper systems. However, the dominant structural
control and hydrothermal-metasomatic features ob-
served in the deposit suggest that the deposit may
represent a porphyry-related skarn or endoskarn sys-
tem developed in response to magmatogene fluid mi-
gration along lithological and structural contacts.

4.6. Copper ore exploration potential
and metallogenic implications

Data from the Phan Si Pan zone (including Sin
Quyen, Ta Phoi, Phin Ngan, Lung Thang, and Suoi
Thau deposits) suggest a major metallogenic event
between 810 and 820 Ma.

U-Pb dating of granitoids across the zone and
along the Ailao Shan-Red River belt confirms syn-
chronous magmatism and mineralization [11, 65],
pointing to a shared metallogenic system.

Given the wide distribution of granodiorite—dior-
ite intrusions and their apparent link to the copper
mineralization, the region holds high potential for
additional undiscovered resources. In particular, areas
such as Lung Thang and Suoi Thau remain underex-
plored and require further investigation.
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Conclusions

This study enhances understanding of the Ta
Phoi copper deposit through an integrated petro-
graphic, geochemical, isotopic, and geochronological
approach. The main findings are as follows:

Firstly, copper occurs in lensoid and vein-type
bodies along NW-SE-trending structures. The ore as-
sociation of chalcopyrite, bornite, pyrite, pyrrhotite,
cubanite, and magnetite forms disseminated, anhe-
dral- to subhedral-grained textures that record hydro-
thermal infilling and replacement.

Secondly, sulfur isotope compositions (5*S) va-
lues for chalcopyrite and pyrite are magmatic in na-
ture, pointing to nearby granodiorite-diorite intru-
sions (Phin Ngan, Suoi Thau, and Lung Thang mas-
sifs) as the primary metal and fluid reservoirs being
sources of the deposit material.

Thirdly, U-Pb ages of hydrothermal sphene
(819.5%£2.0 to 810.7+4.6 Ma) fix the mineralizing
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event in the Neoproterozoic and coincide with the age
of intruding the regional intrusive suites, confirming
a genetic link.

Furthermore, fluid inclusion microthermometry
indicates moderate to high temperatures (163-410 °C),
moderate salinities (7-16 wt % NaCl eq.), trapping
depths of ~3.4-6.5 km, and pressures of 44—-100 Mpa,
i.e. conditions typical of magmatogene hydrothermal
systems.

Lastly, the magmatic sulfur signature, high-tem-
perature saline fluids, and structural setting together
suggest that Ta Phoi deposit represents a porphy-
ry-related skarn (endoskarn) developed in a subduc-
tion-related convergent margin during the Neoprote-
rozoic.

Collectively, these results refine the metalloge-
nic framework of the Ta Phoi district and underscore
its potential for further copper exploration in north-
wester Vietnam.
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Abstract

It is very urgent to increase the efficiency of depressing magnesium-containing silicates (MS) in the course
of the flotation of copper-nickel ores to reduce the content of magnesium in the concentrate, which causes
a significant increase in energy consumption in pyrometallurgical processing of the concentrate. The
use of polymer reagents containing sulfo groups seems to be a promising area of research. However, only
lignosulfonates have been studied so far in this field. The question of the effectiveness of the depressing
effect of other polymer sulfonates including polystyrene sulfonates (PSS), and their comparison with
polysaccharides used in industrial conditions remains unclear. The purpose of this work is to study the
depressing effect of PSS on the performance of bulk flotation of copper-nickel ores. Research objectives:
to experimentally compare the effectiveness of the depressing effect of PSS and a reagent from the
polysaccharide class on MS; to determine the modes of PSS use to reduce the magnesium content in the
concentrate without significantly reducing the recovery of copper and nickel into the bulk concentrate; to
establish the effect of molecular weight and the method of obtaining PSS samples on the effectiveness of
their depressing effect. Laboratory experimental studies were carried out on the bulk flotation of copper-
nickel ores from the Kola Peninsula, containing 15.7% of magnesium, 0.44% of nickel and 0.25% of copper.
The effect of the following polymer anionic reagents on the flotation was studied: PSSs with molecular
weight ranging from 89,000 to 208,000 g/mol; polyanionic cellulose (PAC-N) was used for comparison. To
increase the effectiveness of these reagents, magnesium chloride was previously added. It was found that
the lowest magnesium content in the concentrate of 14.7% was achieved using a composition of magnesium
chloride and PSS against 16.7% without the depressants. It was shown that PSS provides a higher recovery
of copper (by 7%) and nickel (by 8%) into the concentrate than when using PAC-N, since PSS, unlike
polysaccharides, does not form chelate complexes with these metals. It was also shown that for PSS samples,
the molecular weight within these limits has virtually no effect on the studied ore flotation performance.
New scientific knowledge has been obtained about the effect of the consumption and properties of PSS on
the flotation performance. It has been shown that the practical use of this class of reagents is advisable for
the flotation of copper-nickel ores with a high magnesium content in cases where it is necessary to achieve
the maximum possible decreasing the content of this element in the concentrate without significantly
reducing the recovery of copper and nickel.

Keywords

flotation, copper-nickel ore, depression of magnesium-containing silicates, polystyrene sulfonates, magnesium
cations, polyanionic cellulose
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AHHOTaUuA

BecbMa akTyasbHOI SIBJISIETCS 3a/1a4a MOBBIIIEHMUST 3P GhEKTUBHOCTHU JIETIPEeCCUY MarHUiCOAepsKaIiuX CUIKa-
ToB (MC) ipu protauyy MegHO-HUKeIEBbIX Py, IJIs1 CHYKEHUS COIepsKaHMs B KOHLIEHTPATe MarHusl, BbI3bl-
BaIOIIErO CYIIECTBEHHOE YBEeJIMUEHME IHEPTO3aTPaT Ha MUPOMETA/UTYPIUUECKYIO TepepaboTKy KOHIIEHTpaTa.
[lepcieKTMBHBIM HallpaB/ieHMEM MPeCTaBISIETCS IPMMEHEeHYe OMMEPHBIX peareHTOB, COAePXKaLMX CYllb-
dorpynrbl. OqHAKO N0 HACTOSIIETO BpeMeH! M3Y4eHO JIefCTBMEe TOMbKO JIUTHOCYIbGOHATOB. OCTaéTCs Hesic-
HBIM BOTPOC 06 3((HEeKTUBHOCTY JIEMPECCUPYIONIETO NeCTBUS APYTUX MOTMMEDPHBIX CY/b()OHATOB, BKITIOUAS
nonuctuponcynbdoHaTsl (IICC), 1 ux cpaBHeHUM C MOAMCAXapUAaMu, MPUMEHSIEeMbIMU B MTPOMBILIUIEHHBIX
ycnoBusiX. Llens HacTosieit paboTel: u3yueHue gemnpeccupytoiero aeiictBus [ICC Ha 3P heKTUBHOCTb KO-
JIEKTUMBHOM (GoTanuyu MeTHO-HUKENEeBOi Pyabl. 3amauy MCCAeNOBaHMI: SKCIIEPUMEHTATIbHOE CpPaBHEHME
adexTuBHOCTU Oernpeccupytomiero meiictBust [ICC u peareHTa M3 Kiaacca monucaxapuao Ha MC; omnpene-
neHue pexxumoB npumMeHeHus [1CC, obecreunBanIMX CHUKeHNE COAePsKaHUsS Marausl B IEHHOM IPOIyKTe
6e3 CyLIECTBEHHOTO CHMKEHMS U3BJIEUEHUs MeOV Y HUKEJS B KOJUIEKTUBHBIN KOHIIEHTPAT; YCTAaHOBJIEHME
BJIMSIHMSI MOJIEKY/ISIPHOI Macchl ¥ criocoba momyuennst 06pasuos IICC Ha 3¢ GeKTUBHOCTD UX IeIpeccupyio-
1Iero JeiicTBUsI. BoITloTHeHbI J1abopaToOpHbIe 3KCIIepYMeHTaabHbIe MCCIeJOBaHMSI TI0 KOJUIEKTUBHOM (dioTa-
LMY MeIHO-HUKeIeBoil pyabl Koimbckoro moayocTpoBa, comepskamieii 15,7 % maruus, 0,44 % uuxens u 0,25 %
Meu. M3yueHo BiusHYME HA GIIOTAIMIO TIOMMMEePHbIX aHMOHOAKTUBHBIX peareHToB: [ICC co 3HAaUEHUSIMU MO-
JexkynasspHoi maccel oT 89 000 go 208 000 r/Monb; A1 CpaBHEHUSI MTPUMEHSIIN TTOIMaHUOHHYIO LeUTIN03Y
(TTAII-H). Inst moBbimeHMs 3QGEeKTUBHOCTU OEMCTBUS ITUX PEareHTOB MPpeIBapUTENbHO TO0ABISIIN XJTOPU]T
Mar"us. YCTaHOBJIEHO, UYTO HaMMeHblllee cogepkaHue MarHus B KOHLIEHTpaTe NOCTUTAEeTCsl IpUMeHeHueM
KoMmosuumm xaopuaa maruust u IICC u cocrasisier 14,7 % npotus 16,7 % 6e3 mernpeccopos. [TokasaHo, UTO
[1CC obecrieunBaeT 60Jiee BHICOKOE M3BIeUeHNe Meay (Ha 7 %) v HUKeJs (Ha 8 %) B KOHIIEHTPAT, YeM B CIydae
nipumeHenus [TALI-H, Tak kak I1ICC, B oT/iMuMe OT MOMcaxapuaoB, He o6pa3yeT XelaTHble KOMILIEKCHI C YKa-
3aHHBIMM MeTautamu. Takke MMOKa3aHo, uyTo 11t 06pasnos [ICC 3HaUeHNE MOJIEKY/ISIPHON Macchl B yKa3aH-
HBIX Ipefesiax MpakTUYeCKy He BAusIeT Ha MoKasaTeny GQroTauuy UccieoBaHHOM pyabl. [lomyyeHbl HOBbIE
HayuyHble 3HAHUS O BIMSHMM pacxoma 1 cBoiictB [ICC Ha moKkasaTeny GuoTanyu 1 MoKa3aHo, YTO MpaKkTuye-
CKO€ NMPUMEHEHME ITOTO KIacca peareHToB Lieecoo6pasHo mpu GroTanuu MeJHO-HUKEIEBbIX Py, C BBICOKMM
cofiepskaHMeM MarHusl B TeX Caydasix, Korma TpebyeTcs JOCTUTHYTh MaKCUMMaIbHO BO3MOXHOTO CHVDKEHUS
COfiepsKaHMUs 3TOTO 3JIeMeHTa B KOHILIEHTpaTe 6e3 CyIeCTBEHHOTO CHYDKEHMSI M3BIeUeHNST MeIy Yl HUKeJIS.

KnioueBble cnoBa
Cl)J'IOTaLH/IH, MeoHO-HMKe/IeBasd pyaa, oerpeccus MaI‘HI/IVICO,ZLep)KaH.U/IX CUMJIMKATOB, HOJ'[I/ICTI/II)OIICYJ'[b(bOHaTbI,
KaTMOHBI MarHus, IOJIMaHMOHHAs LeJIJTI0/I03a

[Ansa uuTupoBaHus
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sulfonates for the depression of magnesium-containing silicates in copper-nickel ore flotation. Mining Science
and Technology (Russia). 2025;10(3):280-288. https://doi.org/10.17073/2500-0632-2025-06-419

Introduction
The current stage of mining industry develop-
ment is characterized by the involvement of rela-
tively lean copper-nickel ores in processing [1-4].
A significant problem in the flotation of such ores is
the presence of magnesium-containing silicate mine-
rals (MS), including talc, serpentinite, and a number
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of others [5, 6]. As a result of the extraction of these
silicates into the concentrate, the content of harmful
impurities, especially magnesium, increases. This, in
turn, has an adverse effect on the subsequent proces-
ses of pyrometallurgical processing of the concen-
trate. For instance, according to [7], the effect of MS
on the processing of nickel sulfide concentrate con-
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sists in increasing energy consumption, increasing
equipment wear, and growing the amount of sulfur
dioxide atmospheric emission. This makes the prob-
lem of MS depression in copper—nickel ore flotation
processes rather relevant.

Lowering MS recovery into flotation concentrate
is achieved by using depressants that change the
surface properties of these minerals by reducing the
contact angle and/or increasing the negative surface
charge. As a result, a potential barrier is created be-
tween a MS particle and an air bubble, which prevents
the formation of a flotation complex and its extrac-
tion into the concentrate.

To date, various methods for depression of MS,
mainly talc and serpentinite, have been developed.
The first one is characterized by natural hydropho-
bicity due to the peculiarities of the crystal struc-
ture: weakly polar Si—-O bonds predominate on the
basal surface, which constitutes about 90% of the to-
tal surface of this mineral [8]. Therefore, the contact
angle is relatively high, from 60 to 90° [9, 10]. Unlike
talc, serpentinite is more hydrophilic, but its surface
charge in acidic, neutral, and alkaline media (up to
pH 11-12) is positive [11]. As a result of the mutual
attraction of negatively charged sulfide particles and
positively charged serpentinite particles, the latter
are extracted into flotation concentrate. In this re-
gard, various methods are used for talc and serpent-
inite depression.

Polysaccharides including carboxymethylated
starches and celluloses (CMS and CMC, respective-
ly), have become popular as talc depressants [12, 13].
They are characterized by a strong depressing effect
not only on silicates, but also on sulfide minerals [14],
i.e. low selectivity. Studies carried out at the IPKON
RAS have shown that a domestically produced CMC
sample manufactured under the PAC-N brand name
(low molecular weight polyanionic cellulose) has
a higher depressing capability against MS than for-
eign samples of reagents of the same class [15]. It is
known that the effectiveness of CMC increases when
combined with liquid glass, both in acidified [16] and
in neutral form [17]. The papers [18, 19] have shown
the possibility of effective depression of talc by ligno-
sulfonates with the preliminary addition of calcium
cations. The mechanism of depression in this case
consists in reducing the hydrophobicity of talc under
the influence of strong anionic sulfonate groups. At
the same time, calcium cations contribute to an in-
crease in the adsorption capacity of talc in relation
to lignosulfonates. It is noted that the adsorption of
lignosulfonate on chalcopyrite is lower than that on
talc; this suggests that polymer reagents containing
sulfo groups are selective in their depressing effect on
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talc. The effect of other polymer sulfonates on the flo-
tation of copper—nickel ores has not yet been studied
both in Russia and abroad.

The results of monomineral talc flotation showed
the depressing effect of sodium polystyrene sulfonates
(PSS), which is slightly weaker than that of CMC and
increases when magnesium or aluminum cations are
pre—added [20].

For the depression of serpentinite during the flo-
tation of copper—nickel ores, liquid glass in particular
is used [21]. Its effect is mainly to neutralize the posi-
tive surface charge of this mineral by silicate anions. It
is also known about the use of graphene oxide, which
can selectively aggregate serpentinite [7, 22], organic
phosphates, in particular sodium phytate [6], and acid
treatment [23].

An analysis of the literature sources made it pos-
sible to establish the following:

- modern methods of MS depression using poly-
saccharides, liquid glass, and other reagents make it
possible in some cases to effectively reduce the mag-
nesium content in the concentrate, but at the same
time reduces, and in some cases significantly, the
recovery of copper and nickel into the bulk flotation
concentrate due to the depression of the sulfides of
these metals;

- to date, the effectiveness of the depressing ef-
fect of polymer sulfonates and polysaccharides has
not been compared,;

— the effect of PSS on monomineral talc flotation
has been studied, but it is unclear what effect PSS has
on the flotation performance of copper—nickel ore
containing MS, including on the concentrate yield, its
magnesium content, and the recovery of copper and
nickel.

The purpose of this work is to study the de-
pressing effect of polystyrene sulfonates on the per-
formance of bulk flotation of copper—nickel ore.

Research objectives:

— experimental comparison of the effectiveness
of the depressing effect of PSS and a reagent from the
polysaccharide class on MS;

— determining the modes of PSS use that reduce
the magnesium content in the concentrate without
significantly reducing the recovery of copper and
nickel into the bulk concentrate;

— establishing the effect of molecular weight and
the method of producing PSS samples on the effec-
tiveness of their depressing effect.

To achieve these goals, it was planned to conduct
experimental studies on the flotation of copper—nickel
ores with reagent compositions to achieve the lowest
magnesium content in the concentrate without sig-
nificantly reducing the recovery of copper and nickel.
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Procedure of experiments

The studies were carried out with a sample of
copper—nickel ore from the Kola Peninsula. The el-
emental composition of the ore according to X-ray
fluorescence analysis was as follows: Si — 17.2, Mg -
15.8, Fe - 12.9, Al - 2.5, Ca - 2.0, S — 1.13, Ni - 0.44,
Cu - 0.25, Cr - 0.20 %. X-ray phase analysis revealed
the following minerals in the ore: antigorite, chlorite,
amphibole, olivine, spinel minerals, pentlandite, vi-
olarite, pyrrhotite, chalcopyrite, chalcophyllite, etc.

The experiments were carried out on a laboratory
flotation machine with a cell volume of 150 cm® ac-
cording to a scheme that involves sequential rougher
and recleaner flotation of the initial ore sample with
separate supply of reagents and appropriate stir-
ring. A sample of an aqueous suspension of the ini-
tial ore (pulp) was prepared: the weight of the sam-
ple was 45 g, pH = 9. After mixing for 60 seconds, the
reagents were sequentially fed in the following order:
a depressant, collectors, and a frother. The contact
time of each reagent with the pulp was 60 sec with
permanent stirring. The froth product was sampled
every 15 seconds. After 300 seconds of rougher flota-
tion, a recleaner flotation of the cell product was car-
ried out, with adding the above reagents sequential-
ly in an amount equal to 40% of the consumption in
the rougher flotation. The recleaner flotation lasted
180 sec. The combined concentrate and tailings were
weighted. The grades of copper, nickel, magnesium,
and silicon in them were determined by X-ray fluores-
cence analysis. The studies were carried out using pa-
rallel experiments. Statistical analysis showed that the
discrepancy between the results in a pair of the par-
allel experiments was approximately £0.8% (relative).

The effectiveness of the depressing effect of the
studied reagents was determined based on the yield
of concentrate vy, the recovery of copper ¢., and nic-
kel e, into the concentrate; the grades of these metals
(Bc, and By;, respectively) in the concentrate, as well as
the content of magnesium B,,; the Hancock-Luyken
criterion (HL), which takes into account the values of
g, v, as well as the grades of copper and nickel in the
initial ore o

HL=-°"7_ 1)
100 -«

Laboratory samples of linear sodium PSS, which
were not previously used in ore flotation, were used as
MS polymer depressants. The properties of the studied
PSS samples are presented in Table 1. For comparison,
carboxymethylated cellulose PAC-N manufactured
by Policell CJSC with an average viscosity molecular
weight of about 116,000 g/mol and a gamma number
of 90% was also used as a polymer depressant.
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Potassium butyl xanthate (PBX) and dibutyl
dithiophosphate (DBTP) were used as collectors. To
increase the effectiveness of the depressing effect
of the polymer reagents, MgCl, was added, since the
Mg? cation, according to [20], contributes to talc de-
pression with the use of PSS.

Findings and Discussion

In the ore flotation without depressants but with
the use of PBX and DBTP, the highest copper and
nickel recoveries were achieved at PBX consump-
tion of 112 g/t and that of DBTP of 84 g/t: 89.6% and
85.5%, respectively. This reagents composition was
used in further experiments.

The depressing effect of polystyrene sulfonates
on MS was studied using the example of the effect of
L-50 in comparison with PAC-N (Fig. 1).

In Fig. 1, one can see that the optimal consump-
tion of L-50 depressant is 700 g/t. At this consump-
tion, the concentrate yield decreases from 49.8% to
44.6%. At the same time, copper recovery decreases
from 89.7% to 88.5%, and nickel recovery, from 86.1%
to 82.8%. A further increase in the depressant con-
sumption leads to a significant decrease in the reco-
very of the metals into the concentrate. For instance,
at L-50 consumption of 1,400 g/t, copper recovery into
the concentrate was 79%, and that of nickel, 76.6%.

The data presented in Fig. 1, b show that effective
results were obtained at a PAC-N consumption of 420
g/t. Under this flotation regime, copper recovery into
the concentrate was 81.7%, and that of nickel, 76.6%,
while the grades in the concentrate increased from 0.4
to 0.74% Cu and from 0.7 to 1.22% Ni.

An analysis of the beneficiation performance
when using various depressants in accordance with
the Hancock-Luyken (HL) criterion showed (Fig. 2)
that the maximum HL criterion for both copper and
nickel is achieved at L-50 and PAC-N consumption of
700 and 420 g/t, respectively.

Table 1
Properties of the studied polystyrene sulfonates
Reagent | [oClecularweight | reguistors
(MW), g/mol concentration, mol/1
L-50 97,000 Isopropanol; 0.3
L-51 89,000 Isopropanol; 0.9
L-54 89,000 Glycine, 0.9
L-55 96,000 Glycine, 0.9
L-5 93,000 Trimethylamine; 0.008
L-6 208,000 Trimethylamine; 0.041
L-7 176,000 Trimethylamine; 0.082
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Thus, the optimal consumption of the depres-
sants was 700 g/t for L-50 and 420 g/t for PAC-N, that
corresponded to relatively low metal losses in the
course of flotation. These values were adopted for fur-
ther research to determine the most effective modes
of the use of these reagents.

According to a number of studies, for example [20],
the effectiveness of the depressing effect of polymer
reagents on MS increases when multicharged cations,
in particular Mg%, are pre-added. Therefore, in this
study, the effect of the addition of this cation on the
depressing action of PSS and PAC-N was investigated.

The results of experiments using L-50 and the
preliminary addition of MgCl, at a consumption of
0 to 70 g/t showed that the lowest bulk concentrate
yield was achieved at a consumption of MgCl, of 7 g/t
through reducing the floatability of rock minerals due
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Q
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to hydrophilization of their surfaces. This reduces the
magnesium content in the concentrate by approxi-
mately 2.0% compared to the regime without the use
of the depressants.

Figs. 3 and 4 show data characterizing the ore
flotation with the following compositions of the stu-
died depressants: 1 — without depressants; 2 — L-50,
700 g/t; 3 — PAC-N, 420 g/t; 4 - MgCl,, 7 g/t + L-50,
700 g/t; 5 - MgCl,, 7 g/t + PAC-N, 420 g/t.

The data in Fig. 3, a show that the lowest values
of y, approximately 27% and 25%, are achieved by
using PAC-N and MgCl, in combination with PAC-N,
respectively, that indicates the latter's high depres-
sing capacity. At the same time, L-50, if used indivi-
dually, even slightly increases the y value that may be
due to the manifestation of some flocculating ability
of this reagent.
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Fig. 1. The effect of depressant consumption on ore flotation: a — L-50; b - PAC-N
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Fig. 2. The effect of depressant consumption on the ore beneficiation performance according to Hancock-Luyken criterion:
a—-L-50; b - PAC-N
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Fig. 3. The effect of depressant compositions:
a - on the concentrate yield; b — on the magnesium content in the concentrate
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Fig. 4. The effect of depressant compositions: a — on the recovery of copper and nickel into the concentrate;
b - on the content of copper and nickel in the concentrate

In the case of preliminary addition of MgCl,, for
L-50, the y value decreases from 49 to 30%, and for
PAC-N, from 27 to 25%. It is obvious that the diffe-
rence in y values with the use of MgCl, and a polymer
reagent compared to the individual use of the latter
for L-50 is 19% versus 2% for PAC-N. This is pro-
bably due to the fact that L-50 sulfo groups are more
strongly attracted to the surface of minerals modified
by Mg?* ions than PAC-N carboxyl groups.

Fig. 3, b shows that composition No. 4 (MgCl, and
L-50) provides the lowest magnesium content in the
concentrate: 14.7% versus 16.7% for No. 1 (without
depressants) and 15.6% for No. 5 (MgCl, and PAC-N).
Overall, the magnesium content in the concentrate is
reduced by about 2%.

Fig. 4, a shows downtrend of the recovery va-
lues ¢ with the use of the depressants. At the same
time, L-50 reduces the recovery to a lesser extent than
PAC-N, as can be seen from the comparison of compo-
sitions Nos. 2, 3 and Nos. 4, 5: in the case of individual
use of the depressants, L-50 reduces the recovery of
copper and nickel compared to the experiment with-
out depressants by 0.5 and 0.4%, respectively, against
8.1 and 8.9% for PAC-N at its effective consumption.
When MgCl, is first added to L-50, the recovery of cop-

per and nickel decreases by 6.2% and 9.0%, respective-
ly, compared to the experiment without the depres-
sants; for PAC-N, by 7.9 and 11.1%, respectively. The
data in Fig. 4, b show that the least decrease in B is
observed when MgCl, and PAC-N are used.

Thus, L-50 has an effect on MS in the presence of
MgCl, only, and, at the same time, provides less effec-
tive depression as compared to PAC-N. A comparative
analysis of the mechanisms of interaction between
PSS and PAC-N with the MS surface, taking into ac-
count literature data, showed that for linear PSS mac-
romolecules characterized by a smaller Kuhn segment
length (4 nm versus about 20 nm), and, therefore,
higher flexibility than PAC-N, some of the anionic
groups are distant from the surface, or shielded, and
therefore do not participate in the formation of sur-
face charge. Unlike PSS, a PAC—N macromolecule has
a wave-like, close to flat shape and is located along
the mineral surface [24]. As a result, most of the an-
ionic groups participate in the formation of surface
charge. In contrast to PSS, a PAC-N macromolecule
also contains hydrogen atoms capable of forming hy-
drogen bonds with electronegative atoms on the MS
surface. This presumably determines the weaker ef-
fect of PSS on these minerals compared to CMC.
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Fig. 5. Correlation between silicon and magnesium content
in flotation products

At the same time, polysaccharides, in contrast to
PSS, form chelated complexes with copper and nickel
[25, 26], and this leads to a lower recovery of these
metals into the concentrate when using PAC-N com-
pared to L-50.

It was also found that the contents of silicon and
magnesium in both concentrate and tailings are cor-
related with very high values of the determination co-
efficient §, as can be seen in Fig. 5; this confirms that
magnesium is mainly concentrated in silicate minerals.

The attempts to use other PSS samples for MS de-
pression, which differ from L.—50 in MM values, as well
as by reagents for regulating chain growth, showed
very similar recovery and content values in the bulk
concentrate:

— for Cu - 85.7-87.0% and 0.48-0.59%, respec-
tively;

—for Ni — 75.2-80.4% and 0.74-0.90%, respec-
tively.

The analysis of the dependences of y, as well as ¢
and B values for copper and nickel on the MM of these
PSS samples showed that the determination coeffi-
cient & does not exceed 0.21; this indicates that the
MM value in the range from 89,000 to 208,000 g/mol
has virtually no effect on the results of the ore flota-
tion with the listed PSS samples. The reagents used
to regulate chain growth during the polymerization
of PSS (isopropanol, glycine, trimethylamine, see Ta-
ble 1) also did not had an effect on the results.

Practical application

Based on the experimental data obtained, the use
of PSS is recommended for the flotation of copper-
nickel ores with a high magnesium content in cases
where it is necessary to achieve the greatest possible
restriction of the content of this element in the bulk
concentrate without significantly reducing the recov-
ery of copper and nickel, especially when the use of
polysaccharide depressants does not significantly re-
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duce the magnesium content in the concentrate and/
or there is a significant decrease in the valuable metal
recovery. PSS consumption is several hundred grams
per ton; it is determined experimentally for a specific
ore. Before applying PSS, it is advisable to add aque-
ous solutions of magnesium compounds so that the
consumption of Mg? ions is about 5-10 g/t. At the
same time, the expected magnitude of reducing the
recovery of copper and nickel into the bulk concen-
trate will be lower compared to the use of CMC. This
will make it possible to obtain an economic effect by
reducing energy consumption for the subsequent py-
rometallurgical processing of the concentrate.

It also seems appropriate to conduct separate
studies with linear PSS samples with a MM of more
than 1 million g/mol.

Conclusions

Based on experimental studies on bulk flotation
of copper—nickel ore using sodium polystyrene sul-
fonate and PAC-N carboxymethyl cellulose, new sci-
entific knowledge was obtained about the effect of the
consumption and properties of polystyrene sulfonates
on flotation performance.

1. It was found that in terms of reducing the con-
centrate yield, polystyrene sulfonate generally has a
weaker depressing effect on magnesium-containing
silicates than PAC-N. However, when using polysty-
rene sulfonate, the magnesium content in the con-
centrate is approximately 1% lower than when using
PAC-N that allows reducing energy consumption in
the course of the subsequent pyrometallurgical pro-
cessing of the concentrate. Polystyrene sulfonate also
provides a higher recovery of copper (up to by 7%) and
nickel (up to by 8%) into the concentrate than when
using PAC-N, since it does not form chelate complex-
es with these metals unlike polysaccharides.

2. It was found that the most effective MS depres-
sion is achieved by sequential applying magnesium
chloride with a consumption of 7 g/t and polystyrene
sulfonate with a consumption of 700 g/t. At the same
time, the magnesium content in the concentrate is
reduced by 2% compared to the flotation without de-
pressants that justifies the use of this composition.

3. It was found that for the polystyrene sulfonate
samples, the molecular weight ranging 89,000 to
208,000 g/mol, as well as the reagents used in the course
of the synthesis process to regulate chain growth, have
virtually no effect on the flotation results.

4. It has been shown that the practical use of PSS
is advisable for the flotation of copper—nickel ores with
a high magnesium content in cases where it is neces-
sary to achieve the maximum possible decreasing the
content of this element in the concentrate without sig-
nificantly reducing the recovery of copper and nickel.
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Abstract

The reliability of mine ventilation fans plays a crucial role in aerological systems and is determined by
a combination of various geological, mining-technological, and structural factors, most of which are stochastic
in nature. The problem of quantifying the reliability indicators of mine fan installations is addressed using
various mathematical methods for modeling random processes. This study considers the possibility of applying
Markov process theory to develop a methodology for calculating the operational reliability of centrifugal main
mine ventilation fans, using the VShTs-16 as an example. The limitations of applying Markov processes to
reliability analysis are demonstrated, particularly due to the condition of stochastic independence of failures.
The use of homogeneous Markov processes has its constraints, since the transition intensities between
individual system states are not always constant. In such cases, it is impossible to construct a system of
differential equations with time-dependent coefficients. When stochastic dependence is present in failure
flows of mechanical systems, the application of Markov process theory remains possible, but the most effective
tool for reliability analysis in such cases is the Monte Carlo numerical simulation method.

Keywords
Markov processes, technical system, stochastic processes, reliability, correlation analysis, failure, ventilation
fans, main mine ventilation fan
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AHHOTauus

BaskHeIIYyI0 Pojib B a9POJIOTMYECKMUX CUCTEMAX UrpaeT 0€30TKA3HOCTh IIaXTHBIX BEHTWMISTOPHBIX YCTaHO-
BOK, Ha/IeXKHOCTb KOTOPbIX OIpeJiesisieTCs] KOMIVIEKCOM Pa3IMuHbIX re0Iormyecknx, TOPHOTEXHOTOTUYECKUX
U KOHCTPYKTUBHBIX (DaKTOPOB, MPEUMYIIECTBEHHO CTOXaCTUMYECKOTO XapakTepa. 3afava OnpeneieHus] Ko-
JIMYEeCTBEHHbIX MMOKa3aTeseil HaeXKHOCTY IIaXTHbIX BEHTUISTOPHbBIX YCTAHOBOK pellaeTcsl C IpuMeHeHeM
Pa3IMUHbIX MaTeMaTUUECKUX METOIOB MOMEIMPOBaHMs CIIyYaifHbIX IIPOIeCCOB. B paboTe paccMaTpuBaeTcs
BO3MOSKHOCTH MCITOJIb30BAHMS TEOPUM MapKOBCKMX ITPOIIECCOB IIJIsT pa3paboTKy METOOMKYM pacueTa SKCILTY-
aTalMOHHOM HAJleXXHOCTU IIAXTHBIX BEHTUJIITOPHBIX YCTAHOBOK Ha MpuUMepe BEeHTW/ISITOpa MIaXTHOTO 1[eH-
TPOOEKHOTO IJIaBHOTO IpoBeTpuBaHusa BIIIII-16. [TokasaHa OrpaHMYEHHOCTb MPUMEHMMOCTY MapKOBCKUX
MPOIIeCCOB K aHAMMU3y TeOpUM HAZEKHOCTHU T10 YCIOBUIO CTOXACTMUYECKOl He3aBMCUMOCTY OTKa30B. Vcronb-
30BaHMe MOJe/IM OJHOPOAHBIX MAapKOBCKMX MPOLIECCOB MMeeT CBOM I'PaHMIIbI, T.K. MHTEHCUBHOCTU Tepexo-
JIOB MEXIy OTAeNIbHbIMU COCTOSTHMSIMM CUCTEMBI JlaJieKO He BCerfa SIBJSIOTCS MOCTOSTHHBIMM BeIMYMHAMMU.
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B atom crydae HEBO3MOJKHO COCTaBUTb CUCTEMY ﬂMd)(bepeHLlMa)IbeIX ypaBHEHI/Iﬂ C 3aBUCAIIMMMU OT BpeMeH!
KOBCl)(bI/ILU/IeHTaMI/I. HpI/I HaJIMUMM CTOXACTUUECKOJ 3aBMCMMOCTM B MOTOKAaX OTKa30B MeXaHMYeCKUX CUCTEM
IpMMeHeHNe TeOPUN MapPKOBCKHUX ITPOLIECCOB BO3MOKHO, HO B 3TUX C/TydasaX HAMJIYYIIMM MHCTPYMEHTOM OJIs1
aHa/IM3a HaJleXXHOCTU SIBJSIETCS YMCAEHHbBIM MeTOI, CTATUCTUIYECKMUX UCTTBITAaHUIA MOHTe-KapJ'IO.

KnioueBble cnoea

MapKOBCKHME ITPOIEeCChl, TEXHMUECKas CUCTeMa, CTOXaCTnU4YeCKue Imporecchbl, HagJe>XKHOCTb, KOppGIISILU/[OHHbe;[
dHaJ/IN3, OTKa3, BEHTUJIATOPHAA YCTAaHOBKA, BEHTUJIATOPD LIaXTHbIV [JITABHOTO IMpOBeTpMBaHUSA

Ans yutTupoBaHms

Vyatkin P.V., Valiev N.G., Simisinov D.I., Volkov E.B. Reliability analysis of mine ventilation fans based
on Markov process theory. Mining Science and Technology (Russia). 2025;10(3):289-297. https://doi.
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Introduction

According to Rostechnadzor, aerological risk fac-
tors in underground mining remain at a high level.
With enterprises transitioning to underground mi-
ning under complex geological and mining-tech-
nological conditions, and with increasing mining
depths in operating mines, the efficiency require-
ments for ventilation and degassing systems are
becoming more stringent [1-3]. The failure-free op-
eration of mine ventilation fans plays a key role in
aerological systems.

The reliability of mine ventilation fans is influ-
enced by a range of geological, mining-technological,
and structural factors, most of which are stochastic in
nature [4, 5].

Quantitative indicators of reliability are deter-
mined using various mathematical methods for mo-
deling random processes. The fundamental concepts
and reliability measures of ventilation fans were
first introduced through the state function method,
the critical path method, the statistical method, and
statistical simulation [6, 7], as well as fuzzy logic ap-
proaches [8].

The mathematical framework of reliability theo-
ry is broad, but mathematical statistics, probabili-
ty theory, and the theory of random processes hold
a central position. The concept of reliability in com-
plex technical systems has led to the extensive use of
Markov process theory as a mathematical tool. This
approach has been successfully applied in analyzing
the operability of complex electronic devices and
systems [9, 10]. Reliability theory itself, as a general
engineering discipline, was shaped largely by advan-
ces in radio electronics, computer technology, and ro-
cket engineering, although reliability issues were
first raised in the 1930s by specialists in structural
mechanics and power systems. Consequently, the
mathematical methods most widely adopted in relia-
bility theory were those that met the requirements of
computing technology.

The analysis of mechanical system operability
emerged later as a second direction in the develop-

ment of general reliability theory. The mathema-
tical toolkit of this field was significantly enriched
by methods and theories that had been deeply de-
veloped and broadly applied in electronics. In some
cases, however, such borrowing has been applied
without sufficient consideration of the specifics
of the systems under study and without adequate
analysis of the physics of failures. This is particu-
larly relevant to the use of Markov process theory in
analyzing the reliability of mechanical systems. In
studies [11-13], the authors employ Markov process
theory to develop methodologies for engineering
calculations of the reliability indicators of specific
mechanical engineering products and their manu-
facturing processes.

Theory
According to the definition in [14], a Markov pro-
cess is a random process &(t), t > t,, that satisfies the
condition

p(s,x,t,B) = P{f(s,x,t) € B, BER',t > §,
under
E(S1) =Xy, ooy E(Si) = X, E(S) = X,

independently of x,, x,, ... X,,.

This property, known as the Markov property, ex-
presses the independence of the future behavior of
E(t), t > s, from its past prior to s, given the current
state £(s) = x. The conditional probabilities

p(s, x, t, B) = P{E(t) € BIE(s) = x},

referred to as transition probabilities of a Markov pro-
cess, describe the likelihood of the process moving
from state §(s) = x to a state §(s) € B, where B < R'.
The corresponding function p(s, x, t, y), —© < y < +© is
called the transition density. Accordingly, the states
of failure-free operation and failure of mine ventila-
tion fans can be described by these transition proba-
bilities.

When assessing the reliability of complex tech-
nical systems, the methods of queuing theory are
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commonly employed, which generally involve stu-
dying steady-state regimes of simple ergodic sys-
tems [15, 16]. All failure flows that transfer such
a system from an operable to an inoperable state are
simple and therefore imply statistical independence
of the constituent random events.

Consequently, verifying the statistical indepen-
dence of failure flows is a prerequisite for applying
continuous-time discrete Markov processes to eva-
luate the reliability of mine ventilation fans as ele-
ments of complex technical systems.

From probability theory, by definition, random
variables &, ..., §, are independent if the algebras
A, ..., A, generate by them are independent. Since
each algebra A consists of events of the form {¢, = B},
B < R}, this is equivalent to stating that random vari-
ables are independent if, for any sets B,

P{t, B, <B,} =] [P{& <B..

According to a well-known theorem in probabi-
lity theory, the independence of algebras A, , ..., A
is equivalent to the independence of the partitions
o, ..., O generating them. This yields another
equivalent definition: random variables ¢, ..., &, are
independent if, for any sets x,; , ..., X

“s Xnj,

P{&1 = lel 7""‘?;”, = an”} = lllllp{éz = Xii,- }

The covariance (or correlation moment) of two
random variables & and n is defined as

cov(E, n) =, =ME-ME)MM-MM), (1)

and it follows directly that cov (&, n) = M(én) — M(€)
M(n). Equation (1) can also be expressed as

cov (g, M) = [ [(x~ M) - M) dF(x, y),

where F(x, y) the joint cumulative distribution func-
tion of the two-dimensional random vector (&, n). In
particular, if (&, n) has density p(x, y), then

+00 +00

cov(&, M= [ [ (x=ME)(y-Mm)p(x, y)dxdy.

—00 —00

Covariance is used as a measure of dependence be-
tween random variables. This is justified by the well-
known equality in probability theory, cov(§, n) = 0,
which holds for independent random variables & and
n with finite variances. However, the value of the co-
variance of & and n depends on the choice of mea-
surement units for these variables, and therefore this
characteristic is not always convenient to use. Free
from this drawback is the characteristic known as the
correlation coefficient. By definition, the correlation
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coefficient of random variables & and n is the ratio of
their covariance to the product of their standard de-
viations:

_covEm.

&n
Gécn

The operating conditions of mine ventilation fans
give rise to both dependent and independent failures.
For example, failures such as “impeller looseness on
the shaft” and “bearing wear” are dependent. In con-
trast, “bearing wear” and “failure of the motor control
system” are independent. Let & and n represent such
failure events. Clearly, the correlation coefficient of
independent random variables & and n equals zero,
i.e., p,, =0if £ and n are independent. Random varia-
bles & and n are called uncorrelated if their correlation
coefficient P, = 0. Thus, independence implies uncor-

ul
relatedness. The converse does not hold in general —
specifically, when only second moments are known:
cov (§,n) = 0 does not necessarily imply independence
of £ and n.

As an illustration, let £ be a random variable with
finite M(&%) and a density p(x) symmetric about x = 0
i.e., p(=x) = p(x). Define n = £2. Then

M(&)= [ xp(x)dx =0

due to the evenness p(x). It follows, by the evenness
of p(x), that

cov(&,m) = M(E)(n—-M(n)) = M(En) = M(E)M(n) =

=M(E)-0MMn)=M(&’) = IX3P(X)dX=0-

Nevertheless, £ and n are dependent: if x is any
number such that 0 < p(|¢| < x) < 1, then for y = x2

p(lElcx,m<y)=p(lEl x, " <x*) =
=p(IEl<x)>p*(1EI<x)=p(IE < x)p(n < Y).

Therefore, the uncorrelatedness of random
events in a failure flow cannot serve as evidence of
independence.

Moreover, even for correlated random variables
with a bivariate normal distribution, the hypothe-
sis of independence of random variables x and y in
mathematical statistics [17] is tested using a sample
*x,y), ..., (x,, y,) Of size n, based on reliability statistics
of mine ventilation fans

where
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i(xi X))

\/Z(xi _)T)ZZ(.VI‘ _)_/)2
i=1 i=1
is the sample correlation coefficient, and

I L I L
X_;;Xp y_;;yl

are sample means.

Using a two-tailed test at significance level o with
m = n — 2 degrees of freedom, the null hypothesis H
of independence of random failure probabilities is re-
jected if

ry

tl>t .

m;1-—

For the same distribution parameters, the hy-
pothesis may be tested against critical values of the
correlation coefficient. In this case, under a two-tailed
test for significance level o and m = n — 2 degrees of
freedom, H is rejected if || > 1,,..

The critical values of the correlation coefficient
are determined from statistical tables for m = n — 2
andg=1-o/2.

Methods

In practical applications, verification of stochas-
tic independence using the expressions described
above is highly challenging. Consequently, an alter-
native explanation is often employed, although it is
purely qualitative in nature: random variables & and
n are defined as independent if the random mecha-
nisms determining the distributions of & and n ope-
rate independently of one another [9].

Guided by this qualitative interpretation, in many
cases the failures of individual components in me-
chanical systems cannot be regarded as independent
events [18]. As an illustrative example, the operability
of the assemblies of a main mine centrifugal ventila-
tion fan VShTs-16 is considered.

The VShTs-16 fan is designed for mine ventila-
tion in installations with bypass channels, operating
in blowing or suction mode during shaft sinking, in
heating and ventilation systems, for cooling electric
machines, and for other industrial purposes. The fan
is manufactured by AO AMZ Ventprom (Open Joint-
Stock Company Artyomovsky Machine Engineering
Plant VENTPROM).

The assemblies of the fan are subjected to dis-
turbances in the air stream caused by unsteady
aerodynamic forces arising from flow nonunifor-
mity during interaction with the casing ribs and the
blades of the guide and straightening devices [19].
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Furthermore, variation in the mechanical loading
on fan components is induced both by operational
adjustment of the air supply into mine workings
and by sudden pressure fluctuations resulting from
abrupt changes in the characteristics of the external
ventilation network, associated with the movement
of equipment and personnel through airlock cham-
bers and with the travel of conveyances in intake
shafts [20]. Transient processes occurring in such
complex mechanical systems exert a considerable
influence both on the efficiency indicators of the
units and on the reliability indicators of the system
as a whole [21]. An analysis of the operational re-
liability of the fan under underground ore mining
conditions, conducted by the authors, demonstrated
that the unsteady nature of blade loading - caused
by sudden gas outbursts or by pressure waves gene-
rated during blasting operations — results in a sig-
nificant number of failures such as “impeller loose-
ness on the shaft” and “bearing wear.”

Such failures lead to rotor imbalance, an increase
in dynamic loads, and, consequently, accelerated bea-
ring wear. Therefore, random events such as “impeller
looseness on the shaft” and “bearing wear” cannot be
considered stochastically independent. It is evident
that reliance on such a qualitative criterion of statis-
tical independence introduces significant uncertainty
into the reliability analysis of mechanical systems.
A definitive resolution of this issue can be achieved
only through the application of rigorous quantitative
criteria. In scientific and engineering practice, corre-
lation analysis, as described in the theoretical section
of this paper, is widely used to evaluate the depen-
dence of random variables.

Accordingly, in the case of a normal distribution,
even correlated random variables may, under the sta-
ted hypothesis, be regarded as independent.

It should be emphasized, however, that this ap-
proach is applicable only to a limited class of me-
chanical systems, since the normal distribution of
failure flows is characteristic primarily of designs
that are well optimized for reliability, i.e., exhibiting
a high level of operational durability. For the com-
ponents and mechanisms of such systems, gradual
failures — wear, fatigue, corrosion, etc. — predomi-
nate over sudden failures. The majority of mining
machines and stationary mine equipment cannot be
attributed to this class due to the insufficiently high
technical level of mining machine-building and, in
particular, the severe conditions of their operation
and maintenance.

For main mine ventilation fans, the failure-free
operating time of mechanical components appro-
ximately follows the Gnedenko-Weibull distribu-
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tion with parameters a = 800, b = 1.31, as well as its
particular cases, the Rayleigh and exponential dis-
tributions with parameter o = 0.264. For centrifugal
main mine ventilation fans, the logarithmic-normal
distribution provides a more accurate description of
the failure flow [12]. According to an analysis of the
operational reliability of the VShTs-16 main mine
centrifugal ventilation fan performed by the Arte-
movsk Machine-Building Plant, the probability of
failure-free operation of these units at the Sibay and
Uchaly mining and processing plants corresponds
closely, under the Mises criterion (w? = 2.38-3.64), to
the exponential distribution (w? = 0.466-0.747-10™).
Thus, statistical evaluation of stochastic indepen-
dence in failure flows of mining machines and sta-
tionary mine equipment using sample correlation
coefficients is, in most cases, infeasible. For such
systems, nonparametric statistical methods, in-
cluding Fisher’s exact test and the y? test, may be
applied. In addition to their main advantage — the
ability to be used under any distribution law — non-
parametric methods, unlike correlation analysis, do
not require large volumes of prior failure data and
can be applied at the earliest (preliminary) stages of
reliability analysis.

An analysis of the above example of testing the
independence of the failures “impeller looseness on
the shaft” and “bearing wear,” performed using the y?2
independence test, confirmed the validity of the con-
clusion previously drawn from the qualitative evalu-
ation of the physical mechanism. The hypothesis H
of independence of these failures was tested using
a contingency table of attributes (Table 1).

Table 1

Contingency of attributes
for the independence hypothesis

joi 152 h;
1 16 —>1 17

358 11
h; 1959 28

The test statistic for the 2x2 contingency case is
calculated using the following formula

t= h(huhzz _hlzhm)z =13.68.
hhyhyh,

For a significance level of o = 0.05 and degrees
of freedomm=(r-1)(s-1)-2-1)(@2 -1)=1, the
tabulated critical value of % is x,,,; = 3.84. Since the
calculated value t = 13.68 exceeds this threshold,
hypothesis H must be rejected. This indicates that
the failures of the VShTs-16 main mine centrifugal
ventilation fan - specifically, “impeller looseness on
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the shaft” and “bearing wear” — are stochastically de-
pendent events.

Up to this point, the discussion has focused on
the limitation of applying Markov processes to re-
liability analysis under the assumption of stochastic
independence of failures. To address the possibility
of stochastic dependence between failures of com-
ponents in mechanical systems, Prof. A.S. Pronikov
proposed a classification of complex technical sys-
tems from the perspective of reliability, distingui-
shing three categories: disjoint, dependent, and
combined systems [18].

Disjoint systems are those in which the reliability
of individual elements can be determined in advance,
since the failure of an element can be regarded as an
independent event. Such systems are more typical
of radio electronics, where individual components —
semiconductor devices, resistors, capacitors, etc. —
perform independent functions and must ensure out-
put parameters within specified limits regardless of
the parameters of other components. Replacement of
a failed element fully restores the operability of the
entire system.

Dependent systems are those in which element
failures are dependent events associated with chan-
ges in the output parameters of the system as a whole.
For example, the reliability of a mechanical system
designed for precise displacement of a driven link de-
pends on the wear resistance of all components trans-
mitting motion. However, the wear of each component
cannot be limited independently of the others, since
greater wear of one component may be compensated
by the higher wear resistance of another.

Combined systems consist of subsystems with in-
ternally dependent structures but with independence
between the subsystems themselves.

Although simplified, this classification of com-
plex technical system structures makes it possible to
select suitable methodological approaches for analy-
zing overall reliability and, in particular, for applying
Markov process theory.

For systems with disjoint structures, the assump-
tion of stochastic independence in failure flows of
elements is valid, and the use of Markov methods is
not constrained. By contrast, in mechanical systems
with dependent structures, the applicability of Mar-
kov process theory is limited.

For complex technical systems with combined
structures, the Markov approach is acceptable, with
a certain approximation, only for analyzing reliability
at the highest level, i.e., when the system is studied
as an aggregate of subsystems.

It should be emphasized that these observations
apply to the analysis of functional reliability, in which
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element failure is understood as a breakdown or mal-
function that results in system failure, i.e., cessation
of operation.

In the case of parametric reliability, where ele-
ment failure is defined as the deviation of its function-
al characteristic beyond permissible limits - leading
to the system’s main parameters falling outside the
allowable range — the use of any assumptions based
on stochastic independence of the studied failure
flows is inadmissible. This is particularly important
for mining machines and stationary mine equipment,
which, as systems of high material intensity and large
unit power, are highly sensitive to the stability of their
basic parameters during operation.

Experimental studies

As an illustrative example, the operation of the
VShTs-16 main mine centrifugal ventilation fan is
considered under the assumption of no stochas-
tic dependence in the failure flows. In this case,
the probability of system failure does not depend
on time or on previous states [22]. The system is
assumed to exist within a single day in one of two
states: operable, P,(t), or inoperable, F (t). This two-
state representation simplifies the analysis and
enables estimation of transition probabilities be-
tween states.

Based on observed transitions over a time inter-
val t, the probabilities can be expressed as a transition
matrix

P, B, - P,
S N S
Pnl PI’lZ o Prm

For the VShTs-16 fan, the probability of remain-
ing operable during a given period (P,,) is 0.9, and
the probability of transitioning to failure (P,,) is 0.1.
The probability of recovery during the period (P,,) is
taken as 0.99, while the probability of non-recovery
(P,,) is 0.01. Taking these values into account, matrix

(2) becomes
H iiH:[OS O.lj.
0.99 0.01

The state diagram of the system, illustrating pos-
sible transitions between operable and inoperable
states, is shown in Fig. 1.

Let the vector of initial state probabilities be de-

fined as
0
(1)
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then, for a homogeneous Markov chain, the proba-
bilities of system states can be determined from the
relation:

P()=Y P(k-1)-P, ®)

where k is the step number (months).

From expressions (1) and (2), the probabili-
ty of failure-free operation in the first month is
P,(1) = P,(0) - P,, + P,(0) - P,; = 0.99, and the proba-
bility of failure is P (1) = P,(0) - P,, + P,(0) - P,, = 0.01.
In the second month, the probability of failure-free
operation is 0.9009, while the probability of failure
is 0.0991. Subsequently, by applying computer mo-
deling of the probabilistic process, the data obtained
for several cycles (months) are presented in tabular
form (Table 2).

P,,=0.99

Py(®)

=0.01

P21

Fig. 1. State diagram of the system (VShTs-16)

Table 2
Simulation results
bhs| PO | FE® |5l P | RO
months months
1 0.99 0.01 6 0.90826 | 0.09174
2 0.9009 0.099 7 0.90826 | 0.09174
3 0.9089 0.091 8 0.90826 | 0.09174
4 0.9081 0.0918 9 0.90826 | 0.09174
5 0.9082 | 0.09173 10 0.90826 | 0.09174
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1.00

0.98

0.96

Py(t)

0.94

0.92

0.90

0.88 T T
0 2 4

Pan 1 (6e3 yueta K(t))

6 8 10 12

Psan 2 (c yuetom K(t))

Fig. 2. Probability of the VShTs-16 remaining in an operable state over time

Discussion

Analysis of the obtained values indicates that
this approach is generally straightforward to apply;
however, it does not account for the cumulative effect
of failures associated with system degradation [23].
Nevertheless, system reliability can be evaluated by
applying formula (3), supplemented with stochastic
coefficients K(t) derived from the distribution laws of
reliability indicators as functions of operating time t:
P=fiP(k), K(t)}.

Table 3 shows the calculated probability of the
VShTs-16 system remaining in an operable state, ta-
king into account coefficients that reflect the degra-
dation process of the technical system. It should be
noted, however, that this calculation does not incor-
porate the frequency of random failures or the effect
of individual component failures on overall system
reliability.

The corresponding simulation results are illus-
trated graphically in Fig. 2.

Table 3
Simulation results with stochastic coefficients K(t)
t, months P (b t, months P (1)
1 0.98910 6 0.90286
2 0.89910 7 0.90196
3 0.90622 8 0.90106
4 0.90460 9 0.90016
5 0.90376 10 0.89926

Analysis of the dependence shown in Fig. 2 (se-
ries 2) indicates that the probability of the system
remaining in an operable state decreases with in-
creasing operating period and exhibits a nonlinear
character. Thus, the qualitative determination of
failure probability reduces to refining the stochastic
coefficients.

Conclusions

The application of homogeneous Markov process
models has inherent limitations, since the transition
intensities between system states are not always
constant. When transition intensities vary with time,
calculations become significantly more complex, and
in some cases certain intensities may not exist at all.
In such situations, it is impossible to construct a sys-
tem of differential equations with time-dependent
coefficients. In mechanical systems, such dynamic
transition intensities are typically associated with
aging processes.

The analysis of the operational reliability of
the VShTs-16 main mine centrifugal ventilation fan
showed that the probability of failure-free opera-
tion of these units at the Sibay and Uchaly mining
and processing plants corresponds closely, accor-
ding to the Mises criterion (o? = 2.38-3.64), to the
exponential distribution (w? = 0.466-0.747-10%).
Verification of the independence of the failures
“impeller looseness on the shaft” and “bearing
wear”, performed using the y? independence test,
did not confirm the independence hypothesis, since
the calculated value t = 13.68 exceeded the tabula-
ted critical value of 3.84. This finding demonstrates
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that the failures of the VShTs-16 fan are stochasti-
cally dependent events.

To account for the influence of individual compo-
nent failures on overall system failure, the determina-
tion of failure probability should incorporate refined
stochastic coefficients. This approach may provide
a foundation for developing methodological princi-
ples for monitoring and diagnosing the technical con-
dition of ventilation systems, as well as for predicting
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the residual service life of operating fans based on
condition monitoring data.

In this context, the analysis of reliability may in-
volve finite Markov chains and semi-Markov process-
es. When stochastic dependence is present in the fail-
ure flows of mechanical systems, the use of Markov
process theory remains possible, but the most effec-
tive tool for reliability analysis under such conditions
is the Monte Carlo numerical simulation method [24].
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Abstract

Across all sectors of the Russian economy, the adoption of digital technologies (DT) is accelerating, with high-
tech industries leading the way. The coal industry, like other extractive sectors, has been slower to embrace
these solutions, yet digitalization is advancing both at the industry level and within individual companies.
One of the most dynamic areas of DT development is the adoption of digital twins (DTw), which form a core
element of integrated digital management systems—acting as an integrator for cross-cutting technologies
and sub-technologies. This article examines current approaches to studying and implementing digital twins
in the coal sector. The objective is to highlight the specific features of digitalization processes, identify
barriers, and outline promising directions for the adoption of DTw in the coal industry. To this end, the
article systematizes conceptual and applied approaches to DTw, proposes an original framework for defining,
structuring, and classifying digital twins based on maturity levels, and identifies both general and industry-
specific trends in the development of DT and DTw. The analysis demonstrates that digital twins are a critical
tool for managing value chains, and their effectiveness depends on the maturity of production and digital
technologies and on the degree of their interoperability. The study compares and evaluates international
and domestic experiences of DT and DTw adoption in mining and coal companies, as well as national-level
models. It identifies barriers to adoption in the coal sector and offers recommendations for overcoming
them. The research applies systems and comparative analysis, bibliographic review, generalization, and
expert surveys. Data sources included media reports, websites of leading coal and mining companies, expert
assessments, digital project case studies, consulting reports, and primary and secondary expert surveys.
The findings show that digital transformation in the coal industry, including the adoption of DTw, lags
behind other sectors. This gap is driven by both general and sector-specific factors: high costs and limited
resources, scale effects, the absence of a clear development model and digitalization strategy, low levels of
automation in production and management, insufficient digital infrastructure, and an acute shortage of
personnel with digital competencies, particularly among executives.

Keywords

coal industry, digitalization, digital twins, typology of digital twins, analysis, experts, implementation, value
chains, national models, infrastructure, management
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LLUDPOBBIE TEXHO/TIOMMU U UCKYCCTBEHHbBIW UHTEJIJIEKT

Hay4Has cTaTbs

Lindpoebie ABONHNKYU N LUPOBbIE TEXHONOMUMN:
0CO6EHHOCTHM M NEepPCNeKTUBbI B YroJIbHOW OTpac/iu

C.M. HukurteHko! X, E.B. T'ooceHn! , A.A.Poxkkog?(>), M.K. Koposes!
U @edepanvHutii uccnedosamensckuii yeHmp yeas u yenexumuu CO PAH, 2. Kemeposo, Poccutickas @edepayus
2 Poccutickoe aHepzemuueckoe azeHmcmeo, Munarepzo Poccuu, 2. Mockea, Poccutickas @edepayus
DA< nsm.nis@mail.ru

AHHOTauunA

B HacTosIIIee BpeMs IIMPOKO pa3BepHYIOCh BHeAPeHMe MG POoBbIX TexHOomoruit (IIT) Bo Bcex OTpacisix poc-
cuiickoit skoHoMYKK. Hanbosee aKTMBHO B 9T MTPOLIECCHI BOBJIEUEHBI BBICOKOTEXHOJIOTUHbBIE OTPAC/IN. YTOJTb-
Hasl OTpaciib, KaK U OCTAJIbHbBIE AOOBIBAIOIINE OTPAC/IN, OTCTAET BO BHeIpeHUM IM(MPOBBIX TeXHOIOTUi. Tem
He MeHee 3TU MPOoLEeCcChl YT KaK Ha YpOBHE BCeli OTpaciau, Tak M Ha YPOBHE OTHe/bHbIX KOMIIaHMii. OmHUM
13 HauboJsee MOMY/ISIPHBIX HaTIpaBieHuit pa3sutus LT siBasieTcst BHeApeHYE IU(PPOBBIX ABOTHUKOB, KOTOPBIE
SIBJISTFOTCSI YaCThIO eAMHO IMGPOBOI CUCTEMBI YITpaBIeHMS KOMITaHME — TEXHOJIOTME-MHTErPAaTOPOM BCEX
ckBO3HBIX LIT 1 cy6TexHonoruii. CraThs MOCBSIIEHAa aHAIM3Y COBPEMEHHBIX MOIX00B K M3YUEHUIO U TTPAKTHU-
Ke BHeJpeHUs [M(PPOBbIX JBOMHUKOB B YTOJMbHOI OTpaciu. Llenb cTraThy — MOKa3aTh 0COOEHHOCTH MTPOLIECCOB
MG POBU3aLY, BLIIBUTH Oapbephl U MEePCIIEKTUBHbBIE HAIIpaBieHUs BHeApeHus 1M poBbix ABoiiHMKOB (L)
B YTOABHOI OoTpaciu. [Ijig peannusaly 3TON LeU B CTaThe CUCTeMaTU3UPOBAHbI KOHLENTya/lbHbIE U MIPU-
KJIaJHbIe NTOAXOAbI K u3ydeHuo L1, mpenyioskeH aBTOPCKUI TOAXOZ, K OIpefielIeHUI0, CTPYKTYpPe ¥ TUTIONIOI U
LT Ha OCHOBE BBIJI€JIEHUS ITATIOB UX 3PEIOCTU. BBISIBJIEHBI 06IIIVE U OTpacieBble 3aKOHOMEPHOCTY Pa3BUTHUS
IUT m . JokaszaHo, uto LIl — 3TO BasKHENIMI MHCTPYMEHT YIIPaBJIeHUS [eNOYKaMu CO3L4aHUS CTOMMOCTU
(LICC), KOTOPBIIT 3aBUCUT OT CTETIEHN 3PEJIOCTU ITPOU3BOACTBEHHBIX U LG POBBIX TEXHOIOTHA, 8 TAK)KE CTeIe-
HU UX MHTeponepabenbHOCTHU. [IpOBeeHbI cpaBHeHMe U OlleHKa orbiTa BHeApenus LT u 111 B 3apy6eskHbIX
Y OTeUeCTBEHHbIX TOPHOOOBIBAIOIINX Y YTOJbHBIX KOMITAHUSIX U B CTPAaHOBbIE MOE/. BbIsB/IeHbI 6apbephbl
BHeapenus LT u LIl B yronbHOM OTpacin, MpenaoXkeHbl peKOMeHIaluy Mo UX yCTpaHeHU0. [Ipy moaroroBke
CTaThU UCIIOJIb30BaHbI CJIeAYIOIIVe HayuHble METObl: CUCTEMHBIN 1 CpaBHUTENbHBIN aHaMu3, 6ubanorpadm-
YyecKoe UcciefoBaHme, 06001eH1e, COIMOIOTUYECKIUIA OTIPOC IKCIEPTOB. VICTOUHMKAMY JaHHBIX MOCTYKUIU
matepuanbl CMU u caifToB Beaymnx 3apyOekHbIX ¥ OTeUeCTBEHHBIX YTOIbHBIX M TOPHOAOOBIBAIOIINX KOM-
TaHMii, SKCIIePTHbIE OlLleHKM, Keiic-cTaay 1MGbPOBbIX MPOEKTOB, aHATIUTUYECKNME OTUEThl KOHCAITUHTOBbIX
KOMITaHUIi, MaTepuaibl IEPBUYHOTO U BTOPMUYHOTO 3KCIIEPTHBIX ONPOCOB. [IpoBeieHHbIl aHa/IN3 MMoKasa,
yTO npoiecchl nudpoBoii TpaHchopmanuu 1 BHegpeHus LI]] B yroapHOI OTpacau OTCTAIOT OT APYTUX OTpac-
neit. [IpUuMHOI TOMY SIBISIIOTCSI 6aphepbl Kak 001IMe /1JIT BCeX 0Tpaciieii, Tak U CrienybUyYHbIe 1Sl yTOIbHOM
OTpac/u: BbICOKAs IieHa MUMPOBBIX TEXHOMOTUI ¥ HEXBATKA PECYPCOB, 3HAUMTENbHBIN 3ddekT MaciiTaba;
OTCYTCTBME YETKO BHICTPOEHHOI MO/ Pa3BUTHS YTOJIbHOI OTPaC/Iv U CTpaTerny ee UuQppoBU3aIU; HU3-
K1t ypOBEeHb aBTOMAaTHU3alMY IIPOMU3BOICTBA U YIIPABIEHNSI, HEOCTATOYHOCTH MG POBOI MHDPACTPYKTYPHI;
OCTpast HeXBaTKa KaJpoB U MM POBBIX KOMITETEHILIUI Y pYKOBOANUTEIEeH KOMITAaHMIA.

KnioueBble cnoea

yronbHas OTpacib, udpoBusanys, uudpoBble JBOMHNKN, TUTIOIOTUS U(POBLIX JBONHMUKOB, aHAIN3, IKC-
TepThl, BHEAPEHME, IIETTOUKY CO3JaHMsI CTOMMOCTM, CTPAaHOBbIE MOJIEN, MH(PPACTPYKTYpa, yIIpaBaeHue
®duHaHcupoBaHue

ViccnemoBaHMe BBIMOTHEHO IIPY ITOAIepskKe Poccuiickoro HayuHOTo GoHpaa (cornmamenne N2 25-18-00647).
Ansa yutupoBaHmsa

Nikitenko S.M., Goosen E.V., Rozhkov A.A., Korolev M.K. Digital twins and digital technologies: specific
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Introduction

The implementation of digital technologies (DT)
is now rapidly expanding across all sectors of the
Russian economy, with the most active engagement
observed in high-tech industries. The coal industry,
similar to other extractive sectors, lags behind in
adopting digital solutions. Nevertheless, digitaliza-
tion is progressing both at the industry-wide level and
within individual companies.

One of the most prominent directions of DT de-
velopment is the implementation of digital twins
(DTw), which serve as an integral component of a uni-
fied digital enterprise management system - a tech-
nology that integrates all cross-cutting digital solu-
tions and sub-technologies.

Recent advances in artificial intelligence (AI)
have accelerated the adoption of digital twins (DTw)
in extractive industries, including the coal sector.
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DTw now make it possible to automate all key stages
of value chains, support the integrated introduction
of advanced technologies for deposit exploration, se-
lective coal extraction, beneficiation, and the design
of project coal blends, as well as optimize routes for
coal transportation and processing.

The purpose of this article is to highlight the spe-
cific features of digitalization processes in the coal
industry, identify barriers, and outline promising di-
rections for DTw adoption. The objectives are as fol-
lows: 1 — To define digital twins and describe their
distinctive features and current level of adoption in
coal-producing countries; 2 — To identify and charac-
terize the basic national models of coal industry di-
gitalization management, and to determine the role
of digital twins within these models; 3 — To identi-
fy barriers to the adoption of digital technologies
and digital twins in the coal industry and to propose
measures for overcoming them.

Data and methods

The study applied systems and comparative ana-
lysis, bibliographic review, generalization, and expert
surveys.

Data were drawn from online and media sour-
ces, websites of leading international and domestic
coal and mining companies, expert assessments, case
studies of digital projects, consulting reports, and ma-
terials from primary and secondary expert surveys.

Research results

Since the early 2000s, the adoption of digital tech-
nologies (DT) and digital twins (DTw) has accelerated
in the mining and coal industries. The initial introduc-
tion of enterprise resource planning (ERP) platforms
made it possible to synchronize fragmented produc-
tion operations, corporate processes, and reporting,
significantly improving efficiency. This, in turn, drove
major global investments in digital software and infra-
structure aimed at developing local digital twins.

The term digital twin was first introduced into
academic discourse in 2003, but its interpretation re-
mains diverse [1]. Some authors define it narrowly as
software that models objects and outcomes [2, 3], while
others describe it as a key tool for monitoring and stra-
tegic management [4-6]. In international literature,
the most widely cited definition presents a DTw as
“...an integrated multiphysics, multiscale, probabilistic
simulation of a complex product, enabled by a digital
thread, that uses the best available physical models,
sensor data, and input information to mirror and pre-
dict the behavior of its corresponding physical twin
across its life cycle” [1]. More recent publications exa-
mine the role of DTw in managing companies, regions,
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and value chains, accounting not only for technological
but also for financial, organizational, and other aspects
of complex system management [7, 8]. In Russia, re-
search schools focusing on DT [9, 10] and DTw [11, 12]
have emerged more recently, including studies on their
application in the coal industry [15, 16].

In the authors’ view, a digital twin is a compre-
hensive management tool that creates a realistic vir-
tual model of a physical object, continuously updated
in real time.

Leading adopters of DT and DTw include major
mining and coal companies in Australia, China, the
United States, Canada, and Germany. These compa-
nies align DTw with priority digital technologies and
apply them not only to individual units, technologi-
cal stages, and mines, but also as tools for managing
the entire value chain. In this article, the value chain
refers to the full production sequence in the coal in-
dustry, from geological exploration to the sale of pro-
cessed coal products [17-19]. The primary goals are
to identify and maintain optimal operating modes in
order to maximize productivity and reliability. This
provides a basis for assessing the level of digital trans-
formation and DTw adoption (Table 1).

Analysis of official reports and websites of mining
and consulting companies allows for identification of
levels of DT and DTw adoption. Level 0 is defined as
the stage of standardization and automation of prima-
ry and auxiliary operations, marking the onset of basic
digital technology adoption. At this level, production
processes — including management — are extensively
automated, and virtual models of individual products
and operations, or quasi-digital twins, are introduced.
Level 1 corresponds to the stage of business process op-
timization and reengineering in line with the require-
ments of digital technologies. It involves creating local
digital twins (LDTw) for the most critical assets and
processes, and synchronizing digital models with real
business operations. Level 2 reflects the development
of integrated digital twins (IDTw), achieved through
the convergence of DTw with priority digital technolo-
gies. Level 3 represents the formation of a digital twin
of the entire value chain (VC), capable of managing all
its links and supporting both operational and strategic
decision-making.

Alongside these adoption levels, two governance
models of DT and DTw implementation in the coal in-
dustry have been identified: the corporate model, cha-
racteristic of developed economies (BHP, Anglo Ameri-
can, Glencore, and others), and the state-driven model,
exemplified by China (China Shenhua Energy Compa-
ny Limited, China Coal Energy Company Limited, etc.).
These models differ in the structure of value chains
and the maturity of DT and DTw (Table 2).
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Table 1
Features of DT and DTw adoption in major mining and coal companies, 2024
Autonomous Ir;{:lgnrgttgd Digital twins Artificial
Country of registration / mining . at asset, Intelligence Level
Company . . Operations AP P
Coal asset location equipment Centers process, and and of digitalization
and vehicles system levels | Generative Al
(IROC)
BHP UK, Australia / Australia + + + + 3
China Shenhua | China/China, Australia, + + + + 2-3
Energy Indonesia
China Coal China / China + + + + 2-3
Energy
Rio Tinto Australia / no coal assets + + + + 2-3
since 2018
Glencore UK / Australia, Colombia + + + - 2-3
Anglo American |UK/Australia + - + - 2
PT Adaro Energ |Indonesia/Indonesia + - + - 2
Vale Brazil / no current + - + - 2
coal assets (formerly
Mozambique, Australia)
Yankuang Energy | China / China, Australia + - + - 2
Group
Tata Steel India / India - - + - 1
ArcelorMittal Switzerland / USA, Bosnia - - + - 1
and Herzegovina, USA
Nippon Steel Japan / indirect coal assets - - + - 1
through joint ventures in
Australia and the USA
Teck Resources | Canada / British Columbia + - - - 1
Peabody Energy | USA /USA, Australia, + - - - 1
Venezuela
Coal India India / India - - 0

Source: Compiled by the authors based on official company reports and websites, and data from McKinsey and GlobalData.

Comparison of digitalization and DTw adoption in Australia, China, and Russia

Table 2

Criterion

Australia

China

Russia

Governance model

Private—corporate

State-driven

None (pilot projects only)

Structure of value

Open, horizontally diversified,

Closed, vertically integrated,

Closed, vertically integrated,

chains in the industry | global domestic market-oriented export-oriented

Level of adoption High Medium Initial

Core technologies Autonomous equipment, 10T, 5G, Al Sensors, GIS, ERP systems
blockchain

Safety Predictive safety monitoring Accident prediction models Local solutions

Efficiency +5-10% +15-20% +2-5%, often negative

Source: Compiled by the authors based on official company reports and websites, and data from McKinsey, Yakov & Partners, and

GlobalData.
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Another group of countries, including Indonesia,
Mongolia, and Russia, is still in the process of shaping
their digital transformation models.

In the corporate model, leading companies op-
erate globally and benefit from geographic and func-
tional diversification, which makes their value chains
more flexible and resilient. Such groups include en-
terprises engaged in the mining, transportation, and
processing of coal, ferrous and non-ferrous metals,
and diamonds. They also encompass service, finan-
cial, and research organizations, as well as dedicated
digitalization centers.

Case: BHP

BHP is the world’s largest diversified mining and
metallurgical company, with assets in more than 90 coun-
tries. Its sources of competitiveness include high-quality
assets, proximity to consumers, transnational scale of
operations, production and geographic diversification,
and effective corporate governance across the entire va-
lue chain.

BHP is a global leader in the adoption of DT and
DTw. The company has reached the third level of digi-
talization, completing the integration of IDTw, Al, and
predictive analytics through a unified Integrated Remote
Operations Center (IROC). This center functions as a lo-
cal industrial hub of digital expertise: it monitors and
analyzes trends in DT development, establishes stan-
dards for the use of DT and DTw, negotiates contracts
with partners, and selects and supervises DT projects
within both BHP and partner companies.

BHP collaborates with global leaders in DT and
mining, including AWS (data analytics, IoT platforms),
Siemens, and Schneider Electric (industrial automa-
tion). The company also engages in joint projects with
Rio Tinto and Vale to standardize digital solutions, while
investing in technology start-ups and the creation of in-
novation centers. In partnership with universities and
the national research agency CSIRO, IROC contributes
to the development of innovative digital and technologi-
cal solutions.

Source: Official company website, consulting
company data.

The BHP case represents one of the most success-
ful examples of an open, predominantly corporate-dri-
ven model of coal industry digitalization. This model
is based on close collaboration among leading global
companies, supported by national governments, which
provide the foundation for technological leadership.

In contrast, state-driven vertically integrated coal
companies in China rely on government support and
administrative resources to reduce operating costs and
accelerate the adoption of DT and DTw, thereby nar-
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rowing the gap with global leaders. The case of China
Shenhua Energy exemplifies a closed, predominant-
ly state-driven model of coal industry digitalization,
aimed at strengthening technological sovereignty and
economic security.

Case: China Shenhua Energy

China Shenhua Energy — is the largest coal company
in the world. It is part of the state-owned energy holding
China Energy Investment Corporation (CEIC). The com-
pany’s key sources of competitiveness include its scale of
operations, low production costs, strict vertical control of
the entire value chain (VC) — from exploration to trans-
portation, sales, and processing — state participation,
and a focus on a protected domestic market.

A major factor is its status as a “national energy
leader,” which allows the company to secure govern-
ment subsidies, preferential loans, reduced tax rates,
and guaranteed state contracts for coal and electricity.
The government grants China Shenhua Energy priority
access to the country’s largest coal deposits and pro-
vides infrastructure preferences, such as the construc-
tion of railway lines and ports at public expense (e.g.,
Huanghua Port), while restricting foreign companies
from entering the Chinese coal market. Through CEIC,
China Shenhua Energy actively participates in drafting
industry legislation and standards that reflect its inte-
rests. In implementing its projects, the company pri-
marily cooperates with national technology firms:
Huawei (5G technologies for “smart” mines), Alibaba
(cloud-based Al solutions), and XCMG (autonomous
mining equipment).

Source: Official company website, consulting
company data.

The Russian coal industry and Russian companies
lag far behind international leaders in terms of digi-
talization and DTw adoption!. To clarify the situation,
the authors conducted a survey in 2024 of ten experts
representing the largest coal companies operating in
the Kemerovo region. The results largely correspond
to those reported by Bratarchuk et al., who carried out
a similar survey in 2023 [15] (Table 3).

Experts agreed that Russian coal companies are
not yet ready to adopt full-scale digital twins, while
digital technologies are being introduced only in se-
lected segments of coal value chains, primarily logis-
tics and safety management (Table 4).

! Digitalization of the Russian Mining and Metallurgical
Industry in 2024: Long-Term Optimism and Ambitious Goals.
Moscow: Yakov & Partners, Tsifra Group; 2024. 20 p.
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Table 3

Level of digitalization of Russian coal companies, 2023-2024

Data from Bratarchuk et al., 2023 Authors’ survey data, 2024
Technology Share of investment in DT, Average age of deployed systems, Share of investment in DT,
% of total years % of total

APCS 7.2 124 8.4
GIS 5.4 8.6 6.2
SCADA 4.0 10.2 5.0
MES 3.2 6.8 3.8
Al 1.2 1.8 1.0
DTw 1.6 2.4 1.2

Source: Compiled by the authors based on Bratarchuk et al. [15], official company reports and websites, and expert survey data.

Table 4

Priority areas of digitalization implemented in Russian coal companies

Company

Priority areas of DT adoption

Russian Coal JSC

Wireless data transmission systems

East Mining Company LLC

Artificial intelligence technologies
Logistics management

CCKOLMARLLC

Kuzbassrazrezugol Coal Company JSC

SUEK JSC

Integrated MES-based business process management systems

Osinnikovskaya Mine (Raspadskaya Coal Company, EVRAZ coal assets) | Local digital twins

Autonomous robotic technologies

Barzasskoye Tovarishchestvo Open-Pit Mine (Stroyservice JSC)

Source: Compiled by the authors based on official company reports and websites, and expert survey data.

The adoption of DT and DTw in Russia remains
stuck between the first and second levels of digitaliza-
tion. The DTw currently being introduced are local in
scope and, even in large coal companies, fail to deliver
the expected results.

Discussion and conclusions

The analysis showed that digital transformation
and DTw adoption in the coal industry are lagging be-
hind other sectors. This is due to both cross-industry
barriers and challenges specific to coal mining, in-
cluding:

- high costs of digital technologies and resource
shortages, combined with significant scale effects;

— the absence of a coherent development model
for the coal industry and a dedicated digitalization
strategy;

- limited automation of production and man-
agement, combined with inadequate digital infra-
structure;

—an acute shortage of personnel and a lack of
digital competencies among company executives.

A further obstacle to DT and DTw adoption is the
difficulty of assessing the real effects of digital trans-
formation. At present, measurable indicators of objec-
tives, as well as methodologies for evaluating the ef-
ficiency and effectiveness of DT implementation, are
almost entirely absent. The indicators used for moni-
toring and ranking are largely oriented toward deve-
loped countries and remain unbalanced [20]. As a re-
sult, expert judgments and scoring-based evaluations
are increasingly applied, but their main drawback is
subjectivity. Without the development of national
standards and assessment methodologies, these is-
sues cannot be resolved.

In the authors’ view, overcoming these barriers
requires the development of a coal industry digita-
lization strategy, defining its key stakeholders, goals,
and mechanisms. Under conditions of sanctions and
heavy dependence on imported production and di-
gital technologies, this is impossible without active
state involvement. Since coal companies in Rus-
sia are privately owned, only a mixed model of DT
and DTw adoption is feasible. A suitable instrument
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for its implementation could be industrial compe-
tence centers (ICC) - a mechanism for collabora-
tion between the state, industries, and IT companies
launched in 2022. ICCs enable government, private
companies, and research and educational organiza-
tions to establish standards and priorities for indus-
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try digitalization, while co-financing and managing
projects. To date, 36 ICCs have been created under
the national project Effective and Competitive Econ-
omy in all key sectors of the economy on the princi-
ples of public—private partnership, but none yet in
the coal industry.
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Abstract

Itis not unusual for the valuations of mining companies and projects to be debated by mining investors, analysts
and regulators. Difficulties understanding geological information, volatility of metals prices, high investment
risks and poor historical returns on capital in the mining industry are among the reasons. An additional and
important factor is the varying risk profile at different stages of a mining project. A non-zero probability of
not advancing to production for a project with a positive feasibility study (FS) requires a careful analysis
of its valuation methods and supportive data. Because each mining project is different, and public mining
companies are a small part of the market, it’s hard to compare them accurately. Once a company prepares
a mineral resources report, the exploration costs cease to be a relevant value metric. We offer a practical
valuation method for non-producing mining companies, accounting for development stage risks to determine
market value. Recognizing the specific attributes of the mining industry, we show that the NPVs calculated
using the expected cash flows and discount rates developed using the traditional CAPM framework provide
realistic estimates of the project’s value, that compare well to the market indications for the peer groups. We
are also investigating the large gap between the NPV values in technical reports and the actual market values
of mining companies.

Keywords
valuation of mining assets and companies, NPV, market value, feasibility study, risks of mining projects,
discount rates
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onbIT PEANIU3ALUN NMPOEKTOB B rOPHOMNMPOMDbILLWIEHHOM CEKTOPE 3KOHOMUKH

Hay4yHaqa cTaTba

Ou,eHKa ropHbIX KOMMNaHUKA C NPOEKTaMM Ha CTajuMN OLLeHEHHbIX PEeCypCcoB M 3anacoB
A0 3Tana CTPoOMTeNbCTBA NPEANPUATHUSA U J06bIUN
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AHHOTauusa

O1uieHKa TOPHBIX KOMITAHMI M MPOEKTOB HEPEJIKO CTAHOBUTCS TEMO OVCKYCCUIT OTPaC/IeBbIX MHBECTOPOB, aHa-
JUTUKOB U perynsTopoB. Cpeiy MPUUUH — CJIOKHOCTY MHTEpIIpeTaluy Teoiornyeckoit MHbopmalmn, BbICo-
Kast BOJIATWJILHOCTb I[€H Ha METaJUThl U MUHEPAJIb, TOBBIIIEHHBI! PUCK TTPY MHBECTUPOBAHUY U UCTOPUUECKU
HEeBBICOKAs JOXOAHOCTh Ha KaluTasa B OTPacin. JJONOMHUTENbHBIN U CyLIeCTBEHHbIN (HakTop — XapaKTepHas
IIJIS1 TOPHBIX MTPOEKTOB CTAUITHOCTD, KOTAA TPodWIb pycKa ITPOEKTOB 3aMEeTHO MEHSIETCSI Ha Pa3HbIX ITarax
ux pa3BuTus. HeHyneBas BEpOSITHOCTD IIPOEKTA — He MepeiTH K CTaiuy CTPOUTENBCTBA TOPHOTO TIPeIpusi-
TS U JOOBIUM TasKe TIpU Hanuuuu ucciaenoBanus ypoBHs Feasibility Study (FS) — TpeGyeT 0co60ro BHUMaHMUS
K BBIOOPY METOZa OLIeHKN Y aHAIU3Y UCXOAHBIX TaHHBIX. YHUKAIbHOCTh TOPHBIX IIPOEKTOB U OTHOCUTETHHO
He6OJIbINON pasMep pbIHKA IYOIMYHBIX KOMITAHUI OTPACiy OTPaHMUYMBAIOT HAIEKHOCTh CPAaBHUTETHHOTO
aHanm3sa. [Tocse mybimuKanuy OTUeTa C OIIEHKOM PeCcypCcoB 3aTPAThl IEPECTAIOT ObITh PEJIEBAHTHON METPUKOIA
cTouMocTu. Huske MbI OTIIMChIBaeM MPaKTUIECKI ITOAX0, K aHAIM3Y CTOMMOCTY TOPHOI KOMIIAaHMUM WIIU TTPO-
eKTa JIo 3Tala CTPOUTENbCTBA, KOTOPbIi MO3BOJISIET YUeCTh PUCKY MPOEKTa Ha JNaHHOM CTaAuu, TeM CaMbIM
TIOBBICUTH HAZEXHOCTh OLIEHKM €r0 PHIHOYHOM CTOMMOCTH. MbI ITOKa3bIBa€M, YTO HECMOTPS Ha CIennpUKy
OTpac/iu UCIonb30BaHMe B pacueTe NPV oxxuaeMbIxX eHeXKHbIX TOTOKOB ¥ TPaJULIMOHHBIX METO/IOB pacueTa
cTaBkU OucKoHTUpoBaHus (CAPM) mO3BOJISIET TTOYYUTD i€ KBATHYIO OLIEHKY ITPOEKTa, KOTOpast COracyeTcs
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C BbIBOJJAMM CPABHUTEJIbBHOTO aHAJ/IN34a. B pa60Te NpuUBeOEH aHa/IM3 IIPUUYMH HEPEAKO KaXKYIIerocs rmapaaok-
CaJIbHbIM 3HAUUTEJIbHOTO HECOOTBETCTBIMSA MEXOY 3HAUECHMEM NPV B TexHMUYeCKUX OTUYETaX TOPHBIX KOMIIa-

HMI1 ¥ X PIHOYHOJ KanuTaau3alme.
KnioueBble cnoea

OIleHKa CTOMMOCTM F'OPHBIX aKTMBOB M KoMIauuit, NPV, ppiHOUYHasT CTOMMOCTbD, Feasibility Study, pucku rop-

HBIX ITPOEKTOB, CTaBKa AVMCKOHTMPOBAHUA
OAna uuTupoBaHua

Lopatnikov A.N., Rumyantsev A.Y. Valuation of non-producing mining companies. Mining Science and
Technology (Russia). 2025;10(3):306-316. https:/doi.org//10.17073/2500-0632-2025-06-426

Introduction

Valuing mining companies and projects in the
early stages is considered more difficult than valuing
an average company in most other industries, except
for pharmaceutical companies, which have a similar
risk profile. The reasons mining companies are diffi-
cult to value include challenges interpreting geolo-
gical information, several distinct development sta-
ges of a project and the binary nature of risks at the
exploration stage, the high volatility of metal prices,
and the relatively small size of both the industry and
most mining companies. This, combined with the fact
that many companies in the industry are not publicly
traded, makes some investors believe that valuation
methods used in finance are not suitable for assets
with this type of risk profile.

The purpose of this article is to explain the reason
for the differences between NPV in technical reports
and fair values, as well as to offer a way of assessing
the market value of companies and projects with fea-
sibility studies prepared, but before the start of mine
construction and production. To achieve this purpose,
the study addresses the following three issues. First,
we identify and systematize the factors explaining the
large differences between the NPV values provided in
technical reports and the market values of mining
projects. Second, we propose a practical approach to
selecting a discount rate developed using the CAPM
model that considers the changing risk profile of
a mining project. Lastly, we compare the value esti-
mated using the proposed approach with market mul-
tiples based on market capitalization.

NPV and public disclosure standards

Despite the unique characteristics of mining as-
sets and the variety of methods available to investors
for their valuation, they are all variations of one of
three basic valuation methods or approaches: com-
parison with similar or comparable assets, justified
equivalent costs, or the present value of the expected
income.

NI 43-101 Standards of Disclosure for Mineral
Projects, and a companion Form 43-101F1, require
Technical Reports of the public companies (Prelim-

inary Economic Assessments (PEA), Pre-Feasibility
Studies or Feasibility Studies) to include a section
with economic analysis and its key assumptions. Spe-
cifically, Form 43-101F1 requires the report to include
“a discussion of net present value (NPV), internal rate of
return (IRR), and payback period of capital with imputed
or actual interest”.

Neither the JORC Code 2012 nor the 2024 draft
mentions NPV or requires its calculation disclosed in
public reports [1]. However, the JORC Code requires
disclosing all material information that impacts the
economics of a particular mining project. This infor-
mation includes economic assumptions considered in
developing the modifying factors (i.e. mining meth-
od, processing, metallurgy, infrastructure, as well as
economic, marketing, legal, social factors, including
environmental and regulatory requirements) which
must be included in technical reports with estimates
of mineral resources and reserves.

In theory, NPV can be used to estimate the value
of any asset; however, not every estimate of NPV re-
sults in the market value. The intended use of NPV de-
fines how the key parameters are estimated, i.e. cash
flows and discount rate. The main goal of estimating
IRR and NPV in technical reports is to test if the pro-
ject is economically feasible. Positive NPV means the
project can be undertaken [2].

As a result, a useful practice of disclosing mi-
ning project NPV in public reports becomes a reason
for confusion, since those NPVs have nothing to do
with the market value of the project. Explaining the
nature of value creation in mining and the confu-
sion that arises from misinterpreting the intent of
the technical reports vs market valuations, Michael
Samis [3] noted that “Industry professionals and ob-
servers are often confused by the large difference be-
tween an exploration company’s market cap and the
NPV reported in its project NI43-101”. NPVs provi-
ded in technical reports or announcements of pub-
lic companies often tend to be significantly higher
than market capitalization. An analysis of 100 mi-
ning projects in 2024 [4] showed that NPV repor-
ted in Feasibility Studies were on average 40-60%
higher than their market values.
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TIt is not unusual to see NPV of hundreds of
millions of US dollars reported in a Pre-feasibility
Study (PFS) or Feasibility Study (FS) by a company
with a market capitalization of a few tens millions
of dollars or less. A recent example is TriStar Gold’s
May 2025 announcement about the updated PFS that
notes “There was no change to the mineral resources or
reserves, the focus of the update study was the cost es-
timate since the release of the previous PFS, as well as
to incorporate changes to the gold price and exchange
rates” [5]. The markets positively reacted to the
doubling of the project’s NPV from 321 to 603 mil-
lion US dollars in the updated PFS (calculated using
USD2,200/0z and 5% discount rate)!. At the same time
the reaction to the increased NPV was rather subdued,
the market capitalization of the company increased
by 9.1% to reach USD36.5 million, which is roughly
one-sixteenth of the NPV reported in the PFS.

Another example [6] is the updated Feasibili-
ty Study on a lithium project in Canada prepared by
Frontier Lithium. The company with a market capi-
talization of USD90 million reported an NPV@8% of
USD932 million.

The magnitude of the difference is way too high
to assume a systematic mispricing of the mining
projects by the markets. Neither can it be explained
by the difference in the estimates made using dif-
ferent valuation approaches, e.g. comparative vs
income based. In the following sections we explain
that this value dichotomy is not a bug, but a feature
of the mining companies at the exploration stage or
Feasibility Study projects that did not reach mine
construction and production phase.

NPV, Technical Value and Market Value

NPV logic is implicit in the definition of “Techni-
cal Value” in the VALMIN mineral assets and company
valuation code, defined as follows “Technical Value is
an assessment of a Mineral Asset’s future net economic
benefit at the Valuation Date under a set of assumptions
deemed most appropriate by a Practitioner, excluding
any premium or discount to account for market consi-
derations”.

The term “Technical Value” is not used or men-
tioned in the International Valuation Standards (IVS),
International Financial Reporting Standards (IFRS) or
economic literature. However, it is essentially an NPV
developed using certain subjective inputs, raises ques-
tions and confuses. In the latest version, VALMIN at-
tempted to harmonize its definitions with IVS. It was
done in a clarifying statement that Technical Value

1 At 10% discount rate NPV was calculated by the company
to be equal USD393 million.
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is equivalent to Investment Value in IVS. In our view
it is not much of an improvement, since Investment
Value under IVS is often nothing more than an NPV
calculated using subjective user-specific assumptions.
IVS2025 defines Investment Value as “the value of an
asset to a particular owner or prospective owner for indi-
vidual investment or operational objectives”.

The assumptions used to calculate NPV in Tech-
nical Reports that make it significantly different from
market value are as follows:

—use of a single set of cash flows instead of the
expected cash flows. This approach implies that the
project is guaranteed to reach production, and that its
technical parameters, schedule and economic results
will match the model;

—use of a “standardized” discount rate (norma-
tive), that does not reflect the risks and the cost of
capital for the project during exploration and evalu-
ation stages.

The first assumption could be appropriate for
the valuation of an existing mine that reached the
planned production level and sales volumes. Howe-
ver, even in this case, the use of a single discount rate
for all projects is hard to justify for estimating the
market value.

Based on empirical data, A. Dixit and R. Pin-
dyck [7], noted that in financing new projects, inves-
tors tend to use not the opportunity cost or corporate
WACC, developed using CAPM (Capital Asset Pricing
Model), but a hurdle rate, which is much higher in
real terms. The statistics of the mining industry show
that the probability of a project reaching the stage of
mine construction and production varies over life of
the project. Even for bankable Feasibility Study pro-
jects this probability is markedly lower than 100%.
The planned mining volumes cannot be achieved or
be achievable for various reasons outside of the com-
pany’s control. The research on the probability of
mining companies failing to reach the stage of mine
construction and production is limited. However, the
available studies consistently report similar chances
of moving between the stages for projects, that could
be considered as a rough estimate of the risks at the
respective stages.

It should be noted that the “stage” of a mining
project is a broadly defined term subject to interpre-
tation. The CIMVAL mineral valuation code mentions
that “As applied to Mineral Properties, the Valuation
approach depends on the stage of exploration or deve-
lopment of the Mineral Property. Mineral Properties can
be categorized for convenience into four types; however,
it should be noted that there are no clear-cut boundaries
between these types, that the Mineral Property catego-
ry may change over time, and that it may be difficult to
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classify some Mineral Properties so they fit in only one
specific category” [8]:

- prospecting and exploration projects without
mineral resources;

— projects with mineral resources and reserves
before final investment decision (FID) and mine con-
struction;

- built and producing mines.

It is reasonable to expect that for the projects
with resources and reserves, estimated according to
one of the internationally accepted codes based on the
CRIRSCO template, the stage of development will in-
versely correlate with their riskiness hence, positively
correlate with their value, ceteris paribus. That said,
no exploration or evaluation can ever remove all risks
and uncertainties of a mining project. This explains
why investors’ valuations of FS stage non-producing
projects and producing mines differ.

Statistics that help better understand the risks
of mining projects at different development stages
were provided by J.P. Syles and A. Trench [9] in their
study of global copper projects. The authors noted
that a pyramid representation is the best illustration
of “a flow of many projects to few through a hierarchical
or linear stage-gating system”.

To illustrate the approximate probability of
a mining project advancing to the next stage, in
Table 1 we use the findings of the study to show the
percentages at respective development stages.

According to J.P. Syles and A. Trench ”As well as
the expected large number of projects that do not make
it from the raw prospect or early exploration stages into
the advanced exploration stages, as would be expec-
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ted, a significant number do not also make it from ad-
vanced exploration to prefeasibility. The approximate
percentage not converting from advanced exploration
to prefeasibility is about 85 per cent in this sample,
a greater percentage than the amount not making it
from early exploration to advanced exploration (about
75 per cent). This suggests that a significant number
of projects have an advanced level of exploration con-
ducted on them, only to then subsequently prove une-
conomic”.

Similar findings reported by others [10] are illus-
trated in Table 2.

AMC data [11] suggests that around 25% of FS
projects fail. McKinsey (2017) [12] estimates that only
20% of FS stage mining projects were built as planned
initially, many experienced multi-year delays and had
lower parameters than planned. Other researchers
found that 30% of mining projects do not advance
beyond Feasibility Study because of problems obtain-
ing regulatory approvals, technical issues, or failing to
attract financing.

Table 3 illustrates the taxonomy of main deve-
lopment stages and appropriate valuation methods
provided in VALMIN, CIMVAL, and SAMVAL mineral
valuation codes.

Explaining the limitations of NPV for valuing
mining projects P.F. Bruce [13] argued ”The NPV-DCF
method is invaluable for comparing the worth of various
advanced exploration properties particularly those with
similar technical and financial parameters. It is not ap-
propriate to use the method rigorously on an Exploration
Property which lacks the necessary technical and com-
mercial parameters needed to properly apply the method.

Table 1
Global copper projects hierarchy
. Construction and Advanced Early
Project development stage production = (Lt Exploration Exploration
Number of projects at this stage 66 75 92 664 2,870
Percgzntage of p(r)mects at this stage vs 38 32 14 23 N/A
previous stage, %
Table 2
Probability of success at different phases of development
Year Year 1 Year 2 Year 3 Year 4 Year 5 Probability of Success,
0,
Quarter (Q) 01-04 01-04 01-04 Q1-04 01 %
Profile Engineering 50
Conceptual Engineering 70
Basic Engineering 90
Production 100
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Any attempt to ‘invent’ parameters to engender the
cash flow with some semblance of reality can be most
misleading to the inexperienced or uninformed. Never-
theless, a crude conceptual cash flow model based on
best judgement expectations of future mineral resource
parameters is a useful in-house technique for putting
an Exploration Property into perspective to support
a ‘value’ or for justification of further exploration ex-
penditure. The method applied to an Advanced Explo-
ration Property will provide an indication of the value
for ‘what can be seen’ on the property”.

It is fair to say that public companies’ disclo-
sures note that NPV provided in the technical re-
port does not reflect the project’s market value,
which is often shown separately to illustrate the
difference. As an example, presenting the results
of a PFS prepared to restart its Madsen Mine, West
Red Lake said the following “Madsen Mine NPV
is CAD$496 million using long-term gold price of
USD2,640/0z. Developers often valued at ~0.4 times
their asset value. Producers often valued between 0.7
and 1.0 times their asset value. WRLG’s market cap-
italization is ~CAD$300M today”. Market capitaliza-
tion did not change much after the mine restarted
in May 2025 [14].
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Why do the NPVs reported in PEA, PFS,
or FS not represent market value?

Large differences between NPV reported in a PFS
or FS and the market value of the mining project are
explained by recognizing that a Feasibility Study is
essentially a marketing product, supported by certain
research and quantitative estimates. Its primary goal
is “to sell” the project to investors. Investors usually
consider not one project but select between several
investment alternatives, making the use of a “single”
discount rate appropriate. The task of the investor,
therefore, is to make the right choice, not to estimate
the market value of the specific investment.

For NPV to yield an estimate of the market value,
the calculations should use the assumptions implicit
in the market value definition and market inputs [15].
Mathematically, it means one should use the expected
cash flows and the discount rate reflecting the risks
of the projects. The main reason why NPV in a Feasi-
bility Study differs from the market value is that the
above conditions are not met.

The risks of a mining project can be accounted for
in one of two key components of NPV, i.e. expected
cash flows and/or the discount rate. Table 4 shows the
examples.

Comparative illustration of project stages and valuation methods favles
Valuation Approach Applicability to Respective Project Stage
Approach Approach | Approach VALMIN CIMVAL SAMVAL
YES NO YES Exploration projects | Exploration Projects Early-stage
exploration
YES In some cases In some cases Pre-Development Mineral Resource Advanced stage
Projects Properties exploration
YES YES NO Development Projects | Development Projects Development
properties
YES YES NO Production Projects Production Projects | Production properties
NA NA NA NA NA Dormant properties
NA NA NA NA NA Defunct properties
Table 4
Accounting for risk when estimating the market value using NPV
Risk Better modeled in Comments
Systemic/Market risks Discount rate Expected return or return on an alternative investment
Time value of money and inflation Discount rate Present value
Financial risks Discount rate Uncertainty premium
Operating/project risks Cash flows Provisions for planned costs and contingencies
Technical and regulatory risks Cash flows Delays, likelihood of failure, cost overruns
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Fig. 1 illustrates the risk structure of an explo-
ration project. An estimate of value of a resource or
reserves stage project can be made using a resour-
ces-based multiple or cash flows analysis, where ex-
ploration and evaluation data support it.

The fact that a company reported mineral re-
serves in a Pre-feasibility or Feasibility Study does
not mean that all material risks of the project were re-
moved; the remaining risks need to be reflected when
estimating the market value of the project using NPV.
Failing to do it is a major reason behind the differen-
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ces between the valuations based on market multiples
that use peer group market capitalization and NPVs
in the technical reports.

To reflect the industry practice of using “standar-
dized” discount rates in mining Feasibility studies for
non-producing projects, mining analysts use an ad-
justment to NPV (or more precisely Net Asset value, of
which NPV is the largest element). Fig. 2 provides an
example of such conversion of NPV (or Technical Va-
lue) to the market value measured by market capitali-
zation of a mining company, as presented by SRK [16].

v !
I Appropriateness 1 1 Reliability 11 Priority to Market 1
1 of the Method 11 of Data (| Inputs 1

Market Value — Resource Stage Project

|
Comparative Approach Income Approach
I
v |
Expected Risk
Benefits to the Benefits

2 I

Risks of early stage projects
Market data or resolved risks
Partially resolved risks
Remaining risks

— I
T

Reliability of data used
in cash flow forecasts 49_’ BN 7 ology

I

Fig. 1. Key factors and risks to be considered in valuations of exploration projects

Mkt Cap =' (NAV Multiple) '+

Quality
= YNPV of Assets + Cash - Debt
Confidence
Discount Rate Shares Outstanding
Sentiment
Mineral Resources
Management Team
Net Cash Flow

Fig. 2. Relationships between market value and NPV
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BMO [17] describes the use of P/NAV multiple by
analysis as follows “We apply NAV target multiples to
each asset in our coverage universe based on our assess-
ment of the asset’s risk, including construction/startup
risk, production risk, geopolitical risk etc. We also con-
sider opportunities, including potential for mine life ex-
tension. The multiples that we have applied range from
0.0 and 0.1x for early-stage, end-of-life, or otherwise
higher-risk assets, and 1.0x for mature and stable oper-
ating mines as well as long-lived smelter assets”.

There is a practical problem with using P/NAV
multiple to estimate the market value - its calculation
is not transparent, and it is not obtained directly from
the market. Furthermore, it is an ‘integral’ adjustment
to NPV, not to its two key parameters, i.e. cash flows
and discount rate.

Feasibility studies often report NPV for a base
case scenario, which may not and often does not
necessarily meet the definition of the expected cash
flows for a project that has yet to be built and is not
producing. This is evidenced by the absence of pro-
babilistic adjustments in NPV developed for PEA,
PFS and FS studies.

Some analysts compensate for the higher risks of
the cash flows by using a higher discount rate, assu-
ming that above-average risks require above-average
discount rates, other things equal. While intuitively
appealing, this adjustment is highly subjective and
lacks academic support to sanity check the size of the
adjustment.

The NPV presented in PEA, PFS, or FS is usual-
ly calculated using a “standard” normative discount
rate that doesn’t reflect the condition and risks of
the project. There may be some logic in using 5%
real discount rate for producing gold mine, but it is
hardly appropriate for a company that is yet to start
building a mine.

Early-stage mining projects, prospecting and ear-
ly exploration phases, are known to have the highest
levels of uncertainty and the lowest amounts of infor-
mation. Acknowledging there is no way of reliably es-
timating the value of such a project, investors choose
to defer the valuation decision until additional data
is obtained. A typical way of investing in early-stage
projects is to share risks (costs) and secure the right to
commence a more reliable valuation in the future by
signing an option or a farm-in agreement. No mining
valuation code recommends using NPV for projects at
this stage of development.

Producing mines with stable mining and sales
volumes or large multi-location companies are valued
by market participants based on their projected cash
flows or market multiples of publicly traded peers;
however, the uniqueness of every mine and the re-
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latively small size of the mining equity markets con-
strain the reliability of comparison. The most chal-
lenging task is usually the valuation of PFS or FS stage
projects prior to mine construction and production.

Estimating the market value of projects
and companies that did not start mine construction
and production

The probability of entering production and rea-
ching the expected mining volumes can be accounted
for in the cash flows, the discount rate, or both. Al-
ternatively, it can be addressed by using an integral
adjustment, such as the previously mentioned P/NAV.

NPV of a gold mining project calculated in a Feasi-
bility Study most often uses a ‘base’ real discount rate
of 5% (equivalent to 7% in nominal terms, accounting
for inflation). Lawrence Devon Smith [18] provided
results of industry practitioners surveys undertaken
over several years by CIM Mineral Economics Section
to obtain an indication of common practice regarding
discount rates for projects at different stages (Fig. 3).
Respondents were asked to express the discount rates
in real terms. Solid lines are mathematical averages
of the responses; dashed lines indicate the ranges
plus/minus one standard deviation. It is worth men-
tioning that the ranges are rather broad.

The publication also provided the average pre-
miums over the ‘base’ discount rate, WACC for a pro-
ducing mine, applicable for projects at different
stages of development. We show them in Table 5.

18

] o.......,_._.“‘..

—_
[e)}
1

Discount rate, %
—_ =
AR QPSR

Concept PEFS FS Producing
(Scoping) mine
Gold A Base metals
+/-1 Std Dev e+ +/-1 Std Dev

Fig. 3. Discount rates for cash flows in real terms for mining
projects at differ stages

Table 5
Premiums over the “base” discount rate for projects
at different stages

Premium above WACC .
of a producing mine, % = N
Gold 3.3 5.7 6.9
Base metals 2.5 4.5 5.5
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The survey results demonstrate the inverse rela-
tionship between project risk and discount rates used
by market participants.

G. A. Davis [19] criticized the practice of using
the discount rate as a receptacle of all and any risks.
It is more appropriate to model the uncertainties of
a specific project directly in the cash flows, not gros-
sing up the discount rate with “specific” premiums
lacking theoretical rigor and practical ways of cali-
brating them to risks.

The basic formula for the weighted average cost
of capital or WACC is as follows:

E +R, .(1_T).L,
E+D E+D
where R, — cost of equity capital; E/(E+D) — share of
equity in capital; R, — cost of debt; D/(E+D) — share of
debt in capital; T - corporate tax rate.

To estimate the cost of equity of smaller compa-
nies, the modified CAPM model is often used:

R, =(R, +CRP)+p-ERP+SP,

WACC =R, -

where R, - risk-free rate; CRP — country risk premium;
B (Beta) — the coefficient that reflects the relationship
between the asset risk and market risk; ERP — average
equity risk premium over and above the risk-free rate;
SP (size premium) — premium for smaller sized com-
panies.

The following calculations illustrate how NPV
would change for a Twin Hills project, developed by
Osino Resources in Namibia, using the same cash
flows assumptions, but selecting a different discount
rate based on the modified CAPM.

The calculations are as of June 2023, the date of
Osino Resources’ technical report, an FS prepared
in accordance with NI43-101 (the company used
the name DEFS, Definitive Feasibility Study) [20].
DFS includes the details of the NPV calculations
made in real terms assuming long-term gold price
of USD1,750/0z and a discount rate of 5% resulting
in NPV of USD 480 million. The company also illus-
trated the sensitivity of NPV to gold price, showing
that at a gold price of USD1,950/0z, the project’s NPV
would be USD656 million. In June 2023, spot gold
prices ranged from USD1,910 to 1,970/0z. The con-
sensus forecast predicted a gold price of USD1,500/0z
in 5-7 years.

The assumptions we made in developing the dis-
count rate were as follows:

Rf - considering the cash flow forecasts in the
DFS were in USD, the risk-free rate was the yield of
10Y US treasury bonds of 3.7%.

CRP - country risk premium can be proxied by
the spread between the US T-bonds and the project’s
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country Eurobonds (if available) or a country with the
same credit rating. According to Professor Damodaran,
Namibia’s country premium was 5.5% in 2023.

ERP - equity risk premium, Rm-Rf, (Equity Risk
Premium, «ERP») is the difference between the ex-
pected returns on a diversified portfolio of stocks and
the risk-free rate. It can be interpreted as the average
premium investors require for investing in stocks as
an asset class. According to Kroll, mid-year 2023 ERP
was 5.5%.

Beta - the coefficient showing the riskiness of
the stock (or industry) relative to the market. To ad-
dress the fact that companies’ Betas can be noisy,
practitioners often use average betas for a represent-
ative peer group of companies from the same indus-
try. The mining companies’ industry beta reported
by Professor Damodaran was 1.17. It should be noted
that this average beta was developed using the in-
dustrywide set of companies that include the large
gold miners with betas well below one and junior
gold mining companies with projects at the explora-
tion stage that have significantly higher betas.

It is empirically established that betas tend to in-
crease as company size goes down, the relationship
holds for all industries. Our analysis of junior gold
mining companies shows that their Betas start in-
creasing significantly for companies in the 8-10" size
deciles, those with market capitalization of below
USD 1 billion. We show it in Fig. 4. The below trend
betas for the companies from decile 9 are reflective of
the composition of the decile that includes companies
with operating mines, hence lower risks.

The average Beta for the set of junior gold mining
companies from the 9" and 10* deciles was 1.5.

SP - size premium is the incremental return ex-
pected by investors in smaller-sized companies over
and above the Beta of the stock.

2.5
2.0

1.5

1.0
0'5 _] I I
0- T T T T T T T
3 4 5 6 7 8 9 10

MCAP Decile
Il Average

Beta

Median

Fig. 4. Betas for different size deciles
of junior gold mining companies
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Fig. 5. Osino Resources share price, USD

Non-producing public junior gold mining compa-
nies have market capitalization below USD 500 million
and are classified as microcapitalization stocks. Size
premium for the companies of this size is estimated
by Kroll as 2.9%. For smaller companies with a market
capitalization below USD200 million, it is 4.7%.

Considering the above, the cost of equity for Osi-
no Resources can be estimated as follows:

R, =3.7%+5.5%+1.5-5.5%+2.9% = 20.4%.

Using industry average capital structure and Osi-
no Resources’ cost of debt, the company’s WACC is es-
timated to be approximately 18% in nominal terms,
or 16% in real terms. The calculated discount rate is
significantly higher than real 5% rate selected in the
DFS NPV calculations.

Using a 16% real rate developed using the modi-
fied CAPM with size premium adjustment and a cash
flows probability adjustment of 88% for projects at FS
stage, the resulting NPV would be USD150 million.

In June 2023, at the time when Twin Hill project
DFS was published, base case NPV@5% in the tech-
nical report was USD464 million, whereas the market
capitalization of the company was USD134 million, or
about 30% of the reported NPV. Considering total re-
sources of the project of 3.19 million oz of gold and
the company’s enterprise value (EV) of USD132 mil-
lion, the market valued Osino Resources at USD42/0z.

The market valuation was also closer to the
Rule of Thumb (or Yardstick Metod) estimate of
USD129-172 million. This empirical method uses
market transactions data for gold companies and
projects and usually works best for earlier stage re-
sources projects but can also be used to test the rea-
sonableness of NPV for non-producing mining pro-
jects that did not start mine construction [21, 22].

Fig. 5 shows the dynamics of the company’s mar-
ket capitalization. The dashed lines indicate the dates

Osino Resources published PEA (August 2021), PES
(September 2022), and DFS (June 2023).

The chart shows that the publication of the DFS
did not materially change the market’s opinion re-
garding the value of the Twin Hills project. This is
not unusual assuming the typical value evolution
profile for the mining companies known as the
Lassonde Curve [23]. During the so-called ‘orphan’
period — when there is no investor committed to fi-
nance and develop the project, or until such a de-
cision is made by the current owner — the value of
a project often declines.

In December 2023, six months after the DFS was
published, Dundee Precious Metals

offered USD214 million to buy Osino Resources,
the owner of the Twin Hill project, at a premium

of 44.3% to Osino Resources’ market capitaliza-
tion. [24] In February 2024, Chinese Shanjin Inter-
national Gold Co., Ltd. (previously Yintai Gold Co.,
Ltd.) made a better offer and acquired the project for
USD272 million [25]. Following the acquisition, the
buyer delisted Osino Resources from the TSX.

Despite a competitive bid and a high premium,
the acquisition price was significantly lower than the
DFS NPV, representing only about 60% of the repor-
ted value.

Discussion and Conclusions

The analysis of Feasibility Study level non-pro-
ducing mining projects helps understand the rea-
sons behind the systematic difference between NPV
in technical reports and the market value of mining
companies measured as their market capitalization.

Industry professionals and companies provid-
ing disclosure to investors have to better explain the
differences in two value metrics, i.e. NPV and mar-
ket value, since not all the users of such reports are
equally experienced and knowledgeable about the pe-
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culiarities of the mining industry, and may therefore
interpret them incorrectly. Market capitalization of
a company and the volatility of its stock price provide
important information about its market value and
risks at different stages of project development.

The proposed method of estimating the market
value of a non-producing company or project with
completed PFS or FS but before the FID or construction
of the mine considers the project’s risks and improves
the reliability of the estimate. We showed that despite
mining industry specifics, the use of expected cash
flows and traditional methods for selecting discount
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rates (CAPM) when calculating NPV results in an ad-
equate estimate of the project’s value that reasonably
compares with the market analysis using a peer group.

Important note: these discount rates should be
used with the expected cash flows. Feasibility Study
resource projects and earlier stage PEA and Pre-Fea-
sibility Study projects require the application of
risk-adjusted cash flows that account for the proba-
bility of achieving production.

The Rule of Thumb method can reasonably es-
timate market value and test NPV for early-stage
projects.
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