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Abstract. To assess the possibility of selective disintegration and reduction of overgrinding of hard-to-reproduce ores,
optical microscopic and X-ray microtomographic studies were carried out and quantitative characteristics of morpho-
logical parameters of disseminated and rich cuprous ore samples from Norilsk-type Oktyabrsky deposit were identified.
Among quantitative morphological parameters the most informative are area, perimeter, edge roughness, sphericity,
elongation and average grain spacing for disseminated copper-nickel ores; area, perimeter, edge roughness and elon-
gation for rich cuprous ores. The studied parameters are characterized by increased values and dispersion in ore zones,
which is especially important for fine-grained ores, which are difficult to diagnose by optical methods. Three-dimen-
sional modelling of the internal structure of sulphide mineralisation samples was carried out using computed X-ray
microtomography, which allows observation of quantitative parameters of grains, aggregates and their distribution in
the total rock volume and interrelationship with each other. The evaluation of rock pore space by computer microto-
mography made it possible to compare the results obtained with the strength characteristics of rocks and ores, including
those on different types of crushers. The obtained quantitative characteristics of structural-textural parameters and anal-
ysis of grain size distribution of ore minerals allow us to evaluate the possibility of applying selective crushing at
various stages of ore preparation
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Introduction. In the modern world, the proportion of finely crushed, resistant raw materials is
increasing, which requires the development of new approaches and technologies in the process of ore
dressing [1, 2]. Disintegration processes applied at the initial stage of beneficiation allow extraction
of the valuable components in a more economical and environmentally friendly way and thus increase
the profitability of ores and deposits [3-5]. The complexity of finely disseminated sulphide ores pro-
cessing is caused by the difficulty of opening of clusters of valuable components at disintegration for
their extraction in the conditioned quality commercial products [6, 7]. It is known that the main
task of disintegration of refractory ore is to break the object at interfaces without overgrinding at
minimization of power inputs [8]. The currently known methods do not provide sufficient disclo-
sure of grains of valuable components, and the destruction of material occurs in bulk [9, 10], which
leads to losses of valuable components and reduces the technological indicators of further ore pro-
cessing [11, 12].

To realise selective disintegration, a detailed study of the relationship between structural phase
and material composition and the physical, physic-chemical and technological properties of minerals
is necessary [13, 14]. Usually, geologists describe the structure and texture of rocks and ores through
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the analysis of thin sections or polished sections [15-17]. To obtain morphometric structural-textural
characteristics of rocks and ores, the optical method has limitations, as it is two-dimensional and can
only give a qualitative description. To obtain more detailed, including quantitative, information about
minerals, it is necessary to find the relationships between the relevant fracture parameters, product
characteristics and inherent technological-mineralogical and structural-textural features, which is an
urgent task in the study of selective disintegration processes and the development of apparatuses for
their implementation [18, 19].

Currently, new 3D modelling tools and measuring morphometric characteristics of rocks and
ores are being actively developed [20, 21]. In this connection, the main purpose of this work was to
investigate the possibilities of applying modern means of measurement and analysis of optical and
microscopic data, Thixomet Pro software (Russia) [22] and computer X-ray microtomography data
processing programs [23, 24] to study the structural and textural characteristics on the example of
sulphide copper-nickel ores of the Norilsk ore district.

Geological structure of the Norilsk ore district. Typical deposits of sulphide copper-nickel ores
in the Norilsk ore district were chosen as objects of study [25, 26]. The geological position of the
Norilsk deposits has been well studied and described in numerous papers [27, 28].

The Norilsk ore district is located in northern Siberia at the junction of the Siberian Platform
with the Tunguska syncline and the Enisei-Khatanga Trough (Fig.1). Sill-like intrusions of gabbro-
dolerites, leucogabbro and gabbro-diorites, bearing platinum-copper-nickel mineralization, were in-
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bearing, but more abundant. Intrusions of the Norilsk type are differentiated from gabbro-dolerites
of the normal series to taxitic and picritic gabbro-dolerites with ore phenocrysts in the lower part of
the intrusion and to leucogabbro and gabbro-diorites in the upper part. The lower part of differentiated
intrusions of the Norilsk type is associated with bedded bodies of massive copper-nickel sulphide
ores, located in the surrounding hornfels and the intrusion body as lenses and bedded deposits. There
are also bodies of complex morphology, represented by massive, breccia-like, densely disseminated
so-called “cuprous ores” [28, 30]. The main sulphide minerals in the ore bodies are chalcopyrite,
pyrrhotite, pentlandite and pyrite [33, 34]. Secondary minerals include galena, valleriite, millerite,
mackinawite, argentopentlandite and bornite. Ores of this composition are complex and diverse when
studying morphometric parameters for selective extraction, which is especially complicated by the
presence of fine grains of platinum minerals in the ore composition.

The present study analysed typical samples of disseminated copper-nickel and rich cuprous ores
of the Norilsk type of the Oktyabrskoe deposit Norilsk ore district (central and western flanks of
the Kharaelakh intrusion, respectively).

The disseminated copper-nickel ores of the central flanks of the Kharaelakh intrusion (21 sam-
ples, 63 thin sections) are differentiated mainly from poikilophytic to taxitic and picritic gabbro-dol-
erites with massive ore phenocrysts in the lower part of the intrusion. In the upper parts of intrusives,
interstitial sulphide phenocrysts in leucogabbro; below — drop-shaped, less frequently sideronite phe-
nocrysts in gabbro-dolerites and picrite dolerites; in the middle lower part of intrusives — nests of
irregular shape in taxitic gabbro-dolerites; in the bottom parts of intrusives — massive pentlandite-
talnakhite ore on the contact with brecciated hornfels.

The rich cuprous ores of the western flanks of the Kharaelakh intrusion (23 samples, 69 thin
sections) are less differentiated compared to the central parts of the Kharaelakh intrusion. With
approaching the massive sulphide ore, ore minerals form large allotriomorphic-grained aggre-
gates that take the form of interstitials between pyroxene crystals and plagioclase leists, individ-
ual ore minerals are drop-shaped and begin to accumulate and form nests. In the marginal parts
of the intrusive in the described section, there are no leucocratic varieties, and taxitic varieties
predominate.

Methodology. Samples of disseminated copper-nickel and rich massive ores were studied
using optical and microscopic methods with subsequent image processing using Thixomet Pro Soft-
ware, as well as computer X-ray microtomography methods.

Opto-microscopic investigations were carried out using an Axio Imager A2m (Zeiss) optical
polarisation microscope. The obtained images were then processed and analysed using Thixomet
Pro image analysis Software, which has been metrologically certified as a measuring instrument [35].
For the study, oriented petrographic thin sections were made in mutually perpendicular slices accord-
ing to the method [13].

Then, the panoramas of the thin sections were created and the grains of the ore minerals were
automatically captured. Then the morphometric parameters of the grains quantitatively reflecting the
structural-textural features of the ores were automatically calculated using the Thixomet Pro Soft-
ware. The main of these parameters are: area A, pm?; perimeter P, um; diameter (minimum, maximum,
average), um; length L and width B, um (calculated with P = 2(L + B), A = LB); shape factor, a unit
fraction (4mA/P?); continuity, a unit fraction (ratio of real and convex area); elongation, a unit fraction
(L/B); edge roughness/roughness, a unit fraction (P/R., where P, is convex perimeter); average dis-
tance between grain centres, pm (real area/number of grains).

X-ray tomography studies and visualisation of the internal three-dimensional structure of the
oriented samples were performed using a Bruker SkyScan-1173 micro-CT scanner (Belgium),
equipped with NRecon, DataViewer, CTAn and CTVox Software. Cylinders with a diameter of 2 cm
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were cut out for imaging. Imaging parameters: accelerating voltage 130 kV, current strength 60 mA,
resolution 17 pm, glass filter 0.25 mm, rotation step 0.3 deg.

The methodology of computed X-ray tomography studies is described in detail in [36, 37]. The
essence of the X-ray method is to reduce the power of X-ray radiation during its passage through the
definite volume of the sample due to the photoelectric absorption of X-rays. The absorption is de-
tected by the detector by creating shadow projections — graphic files in which each pixel contains
information about the amount of absorbance at a specific point. The result of such scanning is a series
of X-ray images, which are then converted into 3D images for further visual studies and morphomet-
ric analysis [7, 32]. Significant differences in the density of plagioclase (= 2.7 g/cm?), clinopyroxene
(3.1-3.5 g/cm?®), ore minerals (chalcopyrite ~4.2 g/cm?®, pyrrhotite 4.6-4.7 g/cm?®, ilmenite 4.8 g/cm?,
magnetite to 5.2 g/cm?®, marcasite 4.85-4.9 g/cm?, titanomagnetite 4.8-5.3 g/cmq), and platinum group
minerals (18-21 g/cm®) made it possible to obtain a realistic picture of the distribution of the densest
phases on a scale from a few centimetres up to 15-20 um resolution [16, 25].

Morphometric parameters of grains calculated by computed X-ray microtomography: area, um?;
perimeter, um; length L, um (diameter of the circle of equivalent area/maximum distance between two
points of the object); width B, um (minimum distance between two points of the object); sphericity,
unit fraction (ratio of ball surface of equivalent volume to the surface); specific surface (roughness),
mm?/mm?3 (ratio of total surface to volume); elongation, unit fraction (L/B); edge roughness/roughness,
unit fraction (P/R.); closed porosity, % (proportion of area completely enclosed); effective porosity, %
(proportion of area not completely enclosed); total porosity, % (sum of closed and effective porosity).

The chemical composition of ores was determined by energy dispersive X-ray fluorescence anal-
ysis, and PGE (platinum group elements: platinum and palladium) contents were estimated by induc-
tively coupled plasma mass spectrometry method using ELAN DRC mass spectrometer of Perkin
Elmer company in the central chemical laboratory of MMC Norilsk Nickel. Laboratory tests were
carried out at the benefication facilities of the St. Petersburg Mining University and Freiberg Mining
Academy; the methodology is described in detail in [38]. All data obtained were processed using
Statistica software (STATISTICA 10.0, StatSoft, Tulsa, OK, USA).

Results and discussion. Morphometric parameters of ore minerals in Norilsk-type ores of the
Talnakh intrusive complex calculated using optical and microscopic images in the Thixomet Pro
Software and analysis of computer X-ray microtomography data are presented in Table 1.

Comparative analysis of morphometric data shows that such parameters as elongation, and edge
roughness are most closely determined by different investigation methods while determining the area
and perimeter of ore minerals are diagnosed ambiguously. Thus, during interpretation, one of the
main limitations of Thixomet Pro data, is the correct data capture, namely the difficulty of automated
extraction of individual grains within polyphase ore aggregates. The Software can see aggregates as
a single grain and calculate their overall morphometric parameters. A similar problem may arise when
processing and interpreting microtomographic data; the tomograph Software most effectively distin-
guishes ore minerals with high X-ray density (native elements, sulphides and metal oxides) from
silicate (olivines, pyroxenes, amphiboles, feldspars, quartz, etc.) or carbonate matrix, but poorly dis-
criminates grains of minerals with similar X-ray density, e.g. sulphides between each other, by en-
tirely isolating aggregates of sulphide grains. Nevertheless, when comparing the results obtained by
the different methods, a high convergence and complementarity can be noted.

Ore minerals of disseminated copper-nickel ores form separate rather large nested clusters in
biotite-bearing metasomatically altered gabbro-dolerites (Fig.2). All grains in them are elongated
in the horizontal plane, have an irregular shape, sinuous grain boundary contours, and large distance
between grains and grain aggregates. In fine-grained basalts, ore minerals form phenocrysts with
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minimum ore grain size and maximum elongation. The grains have irregular, sinuous boundaries
and are spaced far apart (Table 1).

Table 1
Comparison of morphometric parameters of ore minerals
Opto-microscopic method Thixomet Pro | Computed X-ray microtomography
Parameter
1 2 1 2

Samples/Measurements 21/6305 23/11100 21/21 23/23
Area, mm? 0.18+0.08 0.06+0.03 0.28+0.23 0.10+0.06
Perimeter, mm 3.93+0.06 0.25+0.10 7.05+0.15 0.48+0.04
Shape factor / Sphericity, unit fraction 0.19+0.07 0.18+0.05 0.23+0.10 0.25+0.05
Continuity, unit fraction 0.58+0.11 0.59+0.10 n.d. n.d.
Elongation, unit fraction 33.2+£5.7 33.7£8.1 28.2 32.1
Edge roughness/ Roughness 1.96+0.25 2.1£0.51 3.61£0.58 2.3+0.08
ﬁI\I/Ierage distance between the centres of the grains, 460.87 157.4 nd. n.d.
Closed porosity, % n.d. n.d. 0.61 0.82
Effective porosity, % n.d. n.d. 0.28 1.18
Total porosity, % n.d. n.d. 0.89 2.0
Sphericity of pores, % n.d. n.d. 0.82 0.70

Note. Mean values + confidence interval at 95 % probability; 1 — disseminated copper-nickel ores from the central flanks
of the Kharaelakh intrusion; 2 — rich cuprous ores from the western flanks of the Kharaelakh intrusion.

Ore minerals from the rich cuprous ores of the central flanks of the Kharaelakh intrusion form a
fine-grained, drop-shaped sulphide phenocryst in the host rocks (Fig.3). The quantitative characteris-
tics of the ore minerals vary to a lesser extent in three planes over the area and perimeter of the grains
(Table 1). When comparing with disseminated ores, the granulometric differences of the ore minerals
are of particular note: all grains are considerably smaller in size, have more sinuous boundaries, have
smaller spacing between grains (aggregates), and irregular shapes.

In assessing the distribution of morphological parameters by rock type, it was found that the
maximum size of ore minerals in the central part of the intrusion is characteristic of taxitic gabbro-
dolerites, and in the marginal parts of the intrusion — of olivine porphyritic taxitic gabbro. The most
productive (with increased PGE content) in the central and marginal parts of the intrusive are taxitic
gabbro-dolerites. The average distance between olivine grains in the marginal parts of the intrusion
has increased.

1200 1600 2000 2400 2a|oo 3200 3600 4000 4400 1200 1600 2000 2400 2800 3200 3600 4000 4400
11y n%L
h L3 .

Fig.2. Disseminated copper-nickel ores in gabbro-dolerite. Transmitted light photos of thin sections, without analyzer (left),
an example of automatic image capture of ore minerals in Thixomet Pro (right)
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Fig.3. Rich cuprous ores in gabbro-dolerite. Transmitted light photos of the thin sections, without analyser (left),
example of automatic image capture of ore minerals in Thixomet Pro (right)

In the central part of the Kharayelakh intrusion, disseminated ore minerals have fairly isometric
shapes in all three planes throughout the section, and only in one interval sharp scatter of parameters
(area, perimeter, edge roughness, elongation) in three planes is observed, as well as the increase of
the area and perimeter of grains and mainly in the horizontal plane (thin section/plane 3). The sphe-
ricity parameter in this interval, on the contrary, decreases. The rocks in this interval are dominated
by taxitic and pycritic gabbro-dolerites with frequent leucogabbro autoliths that are not mineralized
[32]. According to the chemical data exactly in this interval the platinum and especially palladium
content increases (Fig.4).
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Fig.4. Distribution of ore mineral quantitative parameters in three planes along the borehole depth
in the central part of the Kharaelakh intrusion. Disseminated copper-nickel ores.
The colour highlights the zone with increased PGE concentrations
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Figure 5. Distribution of ore mineral quantitative parameters in three planes along the borehole depth in the western flanks

of the Kharaelakh intrusion. Rich cuprous ores.

The colour highlights the zone with increased PGE concentrations

Ore minerals of rich cuprous ores from the
western flanks of the Kharaelakh intrusion are
generally characterized by a smaller scatter
of morphometric parameters, smaller sizes of
ore grains and smaller spacing between them
(Fig.5). However, in the ore intervals, a sharp
scatter of almost all parameters is evident, ex-
cept for the average distance between the cen-
tres of ore grains with an increased sphericity
parameter, which is probably due to the pres-
ence of large aggregates of ore-free pyrite.

According to computed X-ray microto-
mography, the sphericity of ore minerals is in-
versely related to their area, which fully corre-
sponds to the results of chemical analyses and

0.40 . a1
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S
=5
€ 0.20 e
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Fig.6. Dependence of ore minerals sphericity

on their area according to computed
X-ray microtomography
1 — disseminated ores; 2 — rich cuprous ores

optical-microscopic study, which show that the largest aggregates and clusters of ore minerals belong
to xenomorphic complex branching skeleton crystals of pyrite, not bearing, as a rule, platinum-cop-
per-nickel mineralization (Fig.6). It is also worth noting that large ore grains (or “clumped” aggre-
gates of smaller grains) according to Fig.6 have a more complex morphology in contrast to the

smaller, more idiomorphic grains.

The microtomography studies have also produced 3D images of the samples, which allow us to
observe not only the size of the grains and their aggregates but also their distribution in the total rock
volume and their relationships with each other, which is particularly important for studying the open-
ing of aggregates during crushing and milling in the ore dressing process (Fig.7). The software allows
to simulate the total rock volume, to separate silicate matrix from sulphide matrix and sulphide matrix
from platinum group minerals. As the pores are easily distinguishable from minerals when separating,
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Fig.7. 3D X-ray imaging of disseminated copper-nickel ores (left),
sulphide distribution in the rock volume (centre) and platinum group minerals (right)

the X-ray computed microtomography method also determines the porosity of ores which shows the
strength characteristics of rocks and affects the behaviour of rocks during disintegration, because
fracture occurs along the weakest zones — fractures, intergrowth boundaries of individual mineral
phases, etc. [39, 40]. The analysis of the pore space characteristics of the samples revealed a fairly
low porosity, which indicates the high strength of the ores themselves [41, 42].

The results obtained were compared with the laboratory results on the physical and mechanical
properties of ores and the data obtained by T.N.Aleksandrova et al. [38] (Tables 2, 3), which show
that copper-nickel ores belong to the hard ore type (both in terms of low-energy fracture parameter
and the complex parameter of high-energy fracture A-b) but are soft in terms of fracture resistance
during impact crushing and are moderately abrasive. It should be noted that rich cuprous ores have
higher effective porosity (see Table 1) and at the same time are less compressive and fracture resistant
both in dry samples and in water-saturated ones (Table 2), which is connected with peculiarities of
internal structure of both ores themselves (size, roughness of borders, distribution in rock space) and
structural and textural features of host rocks (distribution of taxite textures, etc.).

Table 2
Physical and mechanical properties of the disseminated and rich ores
Parameter 1 2

Volumetric weight, g/cm3 2.93-3.26 2.5-2.96
Compressive strength, kg/cm? 990+89 450+58
Compressive strength at water saturation, kg/cm? 750+£76 215435
Tensile strength, kg/cm? 70+9 267
Strain modulus according to static test diagrams, kg/cm? 500-10° 430-10°
Longitudinal wave velocity, m/s 6200 4600
Poisson's ratio 0.27 0.23
Anisotropy coefficient 1.0 0.9-1.1
Dynamic Young's modulus

For air-dry samples, kg/cm?3 n.d. 26+7

For water-saturated samples, kg/cm? n.d. 26£7

Note. Young's modulus is determined based on measured values of velocity and volume weight;
1, 2 — see notes to Table 1.
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Table 3

Physical and mechanical properties of sulphide copper-nickel ores according to [38]

Parameter

Sulphide copper-nickel ores

JK DropWeight test results
Parameter A

Parameter b

Multiplication Ab

Abrasive parameter ta

Parameter SCSE™, kWh/t

F. Bonds’ indexes determination
Ball mill work index BWI, kWh/t
Crushing work index CWI, kWh/t
Allis Chalmers’ abrasive tests
Abrasiveness index Al, g

Bulk density (with tamping), t/m3

99.90+4.95
0.30+0.0015
30.00+0.64
0.30+0.06
11.90+0.21

11.96+0.54
21.82+1.09

0.1653+0.008
2.01+0.09

EI.E-'EgEl
i
s

The data obtained are also consistent with the results of laboratory tests [38, 43]. Thus, during
the crushing of the mentioned ores in different types of crushers (jaw, roller and rotary crushers) it
was revealed that the main ore components (mainly copper and nickel) are concentrated also in fine
sieve classes with a simultaneous increase in silica and calcium content in the coarse sieve classes
(table 4). All these studies allow us to justify the possibility of selective disintegration for different
types of copper-nickel ores, both in terms of mineralogical and technical characteristics and in terms
of experimental studies using different types of crushing plants.

Table 4
Distribution of copper, nickel, silicon and calcium in size classes in different types of crushers [38]
Sieve classes, Jaw Roll Impact Jaw Roll Impact
mm crusher crusher crusher crusher crusher crusher
Copper, % Nickel, %

—4+3.2 43.42 25.28 31.64 59.47 2491 34.49
-3.2+1.6 13.69 24.98 14.05 11.06 27.70 13.34
-1.6+0.8 10.57 11.75 13.11 9.62 12.06 16.02
-0.8+0.4 8.77 9.11 9.63 5.13 10.01 10.35
-0.4+0.2 6.50 8.50 11.55 4.43 7.28 9.62
-0.2+0.1 7.06 7.08 11.32 3.49 6.06 9.43
-0.1+0 8.99 13.28 8.70 6.80 11.98 6.75

Silica, % Calcium, %

—4+3.2 71.86 37.53 61.54 71.06 34.94 67.70
-3.2+1.6 11.66 33.29 13.01 12.03 35.71 10.98
-1.6+0.8 6.90 13.10 9.13 7.20 1391 8.00
-0.8+0.4 3.35 6.09 5.36 3.33 6.30 4.34
-0.4+0.2 2.48 4.19 4.68 2.56 4.19 3.96
-0.2+0.1 1.66 3.08 3.83 1.70 3.12 3.10
-0.1+0 2.09 2.72 245 212 1.83 1.92

Conclusions. Quantitative characteristics of morphological parameters of typical samples of

disseminated and rich cuprous Norilsk-type ores within the Oktyabrsky deposit of the Norilsk ore
district were identified as a result of optical-microscopic and X-ray microtomographic studies.
Among the quantitative parameters measured using Thixomet Pro Software, the most informative
for disseminated ores were grain area, perimeter, edge roughness, shape factor, elongation and the
average distance between grains, and for rich cuprous ores — grain area, perimeter, edge roughness

and grain elongation.
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As a result of this study, the Norilsk-type intrusions are characterized by increasing values and
dispersion in ore zones of parameters such as grain area and perimeter, as well as the average distance
between grains. This pattern can be seen for both disseminated and rich cuprous ores. Thus, ore in-
tervals can be predicted from the combined maximums and strong variability of morphological pa-
rameters in the three planes. However, when identifying ore zones, special attention should be paid
to the occurrence of leucogabbro in the intervals, as these rocks have large sulphide segregations
(main pyrite), are often non-bearing and may violate the identified patterns.

It is noted that the area of ore minerals increases at least 2-3 times in the ore zones, which is
especially important for the marginal flanks of the Kharaelakh intrusion, where ore minerals are an
order of magnitude smaller than similar differentiates in the central part and are difficult to diagnose
by optical methods.

Quantitative analysis of ore minerals in the Thixomet PRO Software and using a computed
X-ray microtomography is quite fast, so they can easily be used as preliminary express methods of
substance study. Also, the method of computed X-ray microtomography is used for 3D visualization
of the internal structure of sulphide mineralization samples, which allows observing not only quanti-
tative parameters of grains and their aggregates but also their distribution in the total volume of rocks
and their interrelation with each other. The undoubted advantage of computed tomography is the
possibility of obtaining not only the quantitative characteristics of mineral phases but also the pore
space of the rock, which affects the strength characteristics of rocks and ores.

In conclusion, it should be noted that the possibility to obtain statistical dispersion parameters of
different morphometric characteristics, and their spatial distribution is an undoubted advantage of
both used methods, since based on a large amount of the obtained data using mathematical-statistical
modelling (correlation, factor analysis, etc.) it is possible to forecast dependences between the mor-
phometric parameters of ores and properties of dressing products or system characteristics, such as
wear and tear or energy consumption, which will allow to closely approach the issues of selective
disintegration of Norilsk ores.
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