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SUMMARY

As the resources deplete and excavation areas expand, different sorts of ores with various
mineral composition (often more complex) begin to be used, which increases necessity of its
complete quantitative determination. It is the mineral composition fluctuation that causes
necessity of changes or complete change of technological processes. This factor must be
accounted for during planning of further mining activities. This general problem gains real
significance for Ukrainian strategic iron ore industry due to depletion of traditional iron ore
deposits and necessity of its gradual replacement with new insufficiently studied types.
Decrease of iron ore quality in times of rising demand is a global issue. Quality assessment
technique was developed and approbated on BIF formation iron ore, but can be successfully
implemented for other types of mineral material
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Introduction

Quality assessment of mineral material includes: geological-structural factors research, determination
of chemical composition, physical properties and textural-structural features of ore, quantitative
analysis of its complete mineral composition. The entire array of acquired data determines the manner
of excavation and technological scheme of the valuable component extraction, hence — end product
value and potential economic risks. Monitoring of quality is a necessary requirement during the entire
period of exploitation of every ore deposit.

As the resources deplete and excavation area expands, different sorts of ores with various mineral
composition (often more complex) begin to be used, which increases necessity of its complete
quantitative determination. It is the mineral composition fluctuation that causes necessity of changes
or complete change of technological processes. This factor must be accounted for during planning of
further mining activities.

This general problem gains real significance for Ukrainian strategic iron ore industry due to depletion
of traditional iron ore deposits and necessity of its replacement with new insufficiently studied types
(Shnyukov et al., 2017). Decrease of iron ore quality in times of rising demand is a global issue
(Yellishetty et al., 2022 etc).

Method and/or Theory

BIF-hosted iron ore in Ukraine is represented by magnetite quarzites and ferrous schists. These rocks,
even relatively rich varieties (up to 50 wt% Fe), are characterized by fluctuations and complexity of
mineral composition. They are characterized by fine-grained closely intertwined ore and silicate
minerals (Fig. 1a). Aforementioned features distinguish them from other ore types, especially from
rich varieties (50-70 wt% Fe) massive magnetite ore (Troll et al., 2019) from Sweden deposits (Fig.
1b). Yet even Kiruna ore has small amounts of such minerals as: actinolite, phlogopite, chlorite,
titanite, talc, feldspar, quartz, carbonates, sulphides, sulfates and clays (Troll et al., 2019). Those
minerals presence can influence metallurgic qualities (Parian et al., 2015) and require constant
quantitative monitoring
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Figure 1 EPMA images (BSE) of rich iron ore varieties: a — magnetite quartzite (Belanovo deposit,
Ukraine),; b — massive magnetite (apatite-iron-oxide) ore (Kiruna, Sweden) (Troll et al., 2019). Mag —
magnetite; Qz — quartz; Hem — hematite; Bt — biotite

Main modern techniques of mineral composition monitoring in mining industry, apart from classic
mineralogical analysis, are X-ray diffractometric analysis (XRD) and systems based upon quantitative
evaluation of minerals by scanning electron microscopy (QEMSCAN and MLA). But reliability of
results is often doubted due to a number of limitations and uncertainties caused by disperse phases,
limited area of study and planimetric uncertainty (Chapman et al., 2013; Parian et al., 2015; Blannin
et al., 2021). Developed by Australia’s national science agency (CSIRO), Mineral4/Recognition4
software for iron ore (Poliakov et al., 2019) enabled to increase detection of textural features by
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implementation of image processing technique, but couldn’t eliminate the problem completely (Parian
et al., 2015). Calculation of mineral composition out of element composition seems to be somewhat
more promising technique (Lamberg et al., 1997; Lund et al., 2013; Parian et al., 2015).

Balance calculation technique (BCT) — is a traditional and simple technique of mineral composition
calculation by solving a system of equations of mass balance, which was formulated between
chemical elements and minerals. There are several ways to solve the equation system (technique 1):
(1) non-negative least squares algorithm (Lawson et al., 1995); (2) gradient descent algorithm of
Barzilai-Borwein method; (3) Quasi Newton algorithm; (4) algorithm projected gradient and
sequential coordinate algorithm (Cichocki et al., 2009). This technique is relatively successfully used
in geometallurgical software (Lund et al., 2013; Parian et al., 2015) and approbated (Lund et al.,
2013) at Malmberget mineral deposit (Sweden). Method is limited by relatively simple mineralogy,
where mineral count does not exceed the number of analyzed elements. Otherwise for some minerals
zero concentration is applied (Fig. 3a) or an array of artificial techniques is applied, which decreases
legitimacy of calculation (Lund et al., 2013; Parian et al., 2015).

Technology of ore quality assessment, which is suggested by the paper authors, includes a simple
technique of balanced assessment of mineral composition, which is implemented by MS Excel
software (technique 2). Suggested technique (Fig. 2) is not limited by mineral count and can include
additional parameters (such as, LOI). Mandatory conditions for the correct execution of the technique
are: (1) representative samples; (2) detection of all mineral phases (detailed petrographic research,
XRD); (3) determination of representative average composition of every mineral phase (EPMA/EMP,
QEMSCAN); (4) determination of bulk composition of representative sample (WD XRF, ED XRF);
(5) calibration of machinery using single standards/reference material; (6) development of a database;
(7) using a single lab complex during all analytical research. Necessity of the last condition was
explicitly demonstrated by the authors earlier (Gavryliv et al., 2017).

K 5 A1 3 — A1 : 0.
1 ;;L Component concentration (10 suneral/in sample per puneral). wite= ’
1 Si0.= TiO= Fex Other= i Lol |
Mz So M= 5o Ma| Sz | Mo| So | Mo| Sz | Mo Sa |
a i i i i Fe Fe Lor Lor
e T T g s T e T 5 M B i Rt
i i i T Fi Fi Lor Lor
20| ;9 ai.xq ai.xq X, a;o: a;.fj: X,| axq ay] -Xq| 7| 7| i af -X4| a5 | ax - X4
i i i i Fe Fe Lar Lor
30| X3l a3%) a3 Xyl apt] ay -X5| ax ax; - Xs{ | 9| &k, af, - Xs{ ax] | a, X5
ool eeem| Lo waald aead P | B eald eatil  Lom| o am weald wauld .
[a Sy Sk g, T, Fe Fe SNECe gt e H b Lor Lor 1
02| Hef @) ap” X ap | ap K| ax ax Xn 2 onlh) Br) 2n Fa
" [a} Sy [a] R [a] Fe [a] [a} 1] 0 Lar
1
C; .t %o S a Tt o a cFg a| p-a| o My o IO

Figure 2 Generalized principle of data organization for balanced quantitative assessment of mineral
n

composition using technique 2: M — mineral; S — sample; X\, X,,X;...,X, — fraction (> X =1) of a
1

m

mineral (M - 1, 2, 3, ..., n) in a sample; a,' — content(wt %) of component m in a mineral n; A, —
sum a, (bulk content of a component in sample/fraction, wt %); Cg — analytically determined

content of a component in a sample/fraction (wt %)
Results

Figure 3 depicts results of suggested technique of balanced assessment of mineral composition
approbation for a complex artificial multicomponent mineral mixture of a test sample. Calculation for
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a single mixture was carried out using two techniques (Fig. 3). Supremacy of the technique 2 is self-
evident.
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Figure 3 Comparison of results of assessment of mineral composition to real values of mineral
composition in one of the test samples: a — 1 calculation technique; b — 2 calculation technique
(Lamberg et al., 1997). Mag —magnetite; Cum — cummingtonite;, Qz — quartz; Cel — celadonite; Sd —
siderite; Chl — chlorite; Bt — biotite; Hem — hematite; Ank — ankerite

Capabilities of the suggested calculation technique are also demonstrated on a real sample (Fig. 4).
Celadonite was predicted and detected for the first time in composition of Kremenchug basin due to
inability to balance out the composition (Fig. 4a) by several components (K>O and Al,Os). It is clear,
that account for celadonite in calculation drastically improves correlation of results. Celadonite
presence in the ore was later confirmed during additional research (Fig. 4b).
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Figure 4 Comparison of results of reverse calculation of sample chemical composition based on its
mineral composition, derived by balanced calculation with analytically determined content in a
sample: a — without celadonite; 6 — with celadonite

Conclusions

As you can see, suggested technique of mineral composition calculation can improve ore quality
monitoring capabilities. In order for it to work it is mandatory to create a database, which includes
data on mineral composition of the ore and chemical composition of those minerals. It will enable fast
monitoring of the extracted ore quality, based solely on regular determination of major and trace
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element composition. Quality assessment technique was developed and approbated on BIF formation
iron ore, but can be successfully implemented for other types of mineral material
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