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Abstract. The research devoted to the study and analysis of the influence of the thickness for the cg coal seam of
the Dniprovska coal mine on the content of germanium and elaboration of an objective (natural) typifying of the coal
seam areas of different thickness according to the element’s concentration. The study is based on the data set of 370
samples of germanium and other impurity elements (so called "small elements") as well as measurements of seam
thickness, ash content and sulfur content of coal performed in the central certified laboratories of geological production
and exploration enterprises of Ukraine derived from the matter of formation samples obtained by production and
research enterprises and companies. In order to bring the samples to the same scale, the raw data were normalized. In
order to achieve the purpose of the study laboratory and statistical methods of research were applied, taking into
account and interpreting the obtained results in terms of geological concept. During the research, the clustering of seam
sections of different thickness according to germanium content was carried out using the weighted centroid median
method, which was implemented in the statistical software platforms that provided the analysis of the clustering results.
The implementation of the approach outlined in the article makes it possible to propose a natural typifying of areas
based on the thickness of the coal seam according to the germanium content. The analysis of the modeling results
shows that they comply with so-called "Zilbermints’ law", i.e. an empirical regularity that describes enrichment of some
elements (predominant germanium enrichment) in the near-contact zones of coal seams. The thickness of such layers
usually does not exceed 0.2 - 0.3 m. The novelty of the study is determining of the relationships for the differential
influence of the coal seam thickness of the Dniprovska coal mine on the content of germanium as well as development
of a natural typifying for areas with different thickness of the seam of the Dniprovska mine according to the concentration
of the elements. The practical approach implies method and an algorithm of actions that allow to distinguish between
natural seams, seams with similar germanium content as well as genetically related areas, which provides the possibility
of the most efficient planning of operational and technological measures and the implementation of their most probable
geological and economic assessment, which aimed at extracting germanium from coal.

Key words: germanium, coal seam, regression analysis, cluster analysis, distribution histogram, normalized
content.

1. Introduction

The relevance of the study for the content of germanium in coal seams is due to
the possibility of its industrial extraction and utilization as a valuable co-product [1-
5]. According to our estimation, the average monthly prices for a kilogram of
germanium dioxide on the world market from 1992 to 2011 ranged from US$380 to
USS$1460. The world’s production of refined germanium is about 130 tons, 2/3 of
which is produced by China. US industry annually (from 2019 to 2022) uses (authors'
estimation) about 30 tons of germanium. As of today the most important global end
consumers of this element are the following: the fiber optic systems production
(30%), infrared optics production (25%), production of components for
polymerization catalysis (25%), electronics and photovoltaic cells for solar energy
(15%), phosphorus, metallurgical and pharmaceutical industry (total consumption
5%). A significant amount of germanium is contained in fly ash, which is formed
during the combustion of some types of thermal coal. Germanium is accumulated in
products hydrothermal and sedimentary processes where the possibility of its
separation from silicon is provided. Unconventional process of natural enrichment
leads to high germanium content in some coal seams discovered by Victor Moritz
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Goldschmidt during an extensive survey of germanium deposits [6] The highest value
of germanium concentration was found in the coal ash of the Hartley coal deposit
with a germanium content of 1.6%. China's coal deposits near Xilinhaote, Inner
Mongolia, contain about 1600 tons of germanium.

Currently, coal is the main well-estimated source of germanium in Ukraine,
China, Uzbekistan as well as Russia. Germanium-coal deposits are being developed
in England, Canada, USA, Ukraine, Russia etc. An interesting fact that is directly
related to the topic of the study: in the USSR back in the 1980s, about 4.5 t/year of
germanium was obtained exclusively at the coke plants of Ukraine. As of 2021 this
amount of germanium for average price US$1200 costs US$5400000. The research
carried out is particularly relevant taking into account the decision of the National
Security and Defense Council of Ukraine dated July 16, 2021 "About the promotion
of the search, extraction and enrichment of minerals of strategic importance for the
sustainable development and defense capability of the state™ and Decree of the
President of Ukraine No. 306/2021, which sets this decision up. In these documents,
germanium ores are included in the list of materials for strategic importance for the
sustainable development and defense capability of the state.

Analysis of previous studies. For the first time, the phenomenon of zonal
distribution of germanium along the cross-section of coal seams with its
accumulation within contact zones (underground and roof package as well as
packages near rock’s intra-layer layers - partings) was established in 1936 in
Zilbermints’ study carried out with co-authors for the coal of Western Donbas [7].
Back in 1966, Pavlov suggested to designate such an empirical regularity the
"Zilbermints’ law" [8].

Purpose. This work is devoted to the study of the influence of the cg" coal seam
thickness of the Dniprovska coal mine on the content of germanium and the
development of an objective (natural) typifying of the coal seam areas of different
thickness according to the concentrations of the element.

It should be noted that such studies have not been carried out ever before. Thus,
the development of a natural typification for coal seam areas of different thickness
according to germanium concentration is an urgent problem, which creates an
opportunity to determine their geochemical features as well as ecological and
economic consequences of deposits’ use.

2. Methods

Research methods. The study is based on the data set of 370 samples of
germanium and other impurity elements (so called "small elements") as well as
measurements of seam thickness, ash content and sulfur content of coal performed
since 1983 in the central certified laboratories of geological production and
exploration enterprises of Ukraine derived from the matter of formation samples
obtained by production and research enterprises and companies. In some cases, they
were supplemented by seam samples’ testing taken by the furrow method [9] from
duplicate cores and mine workings from 1983 until 2017.
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Before sample taking from the mine workings, measurements of coal packages
and rock seams were carried out. Based on the measurement results, the most
representative areas of sampling were determined. The volume of the control testing
comprises 7% of the total sample volume.

The concentration of germanium was determined according to [10]. The content
of Hg was determined by atomic absorption analysis. The content of As was
determined according to [11]. The content of other elements was determined by
guantitative emission spectral analysis [12]. Six percent of duplicate samples were
sent for internal laboratory control treatment, while 10% of duplicate samples were
subjected to external laboratory control. The quality of the testing results s
(correctness and reproducibility) was evaluated as the significance of the mean
systematic error, which is tested by means of the Student's t-distribution and the
significance of the mean random error, which is tested by means of the Fisher’s
criterion. Since the abovementioned errors for the confidence level of 0.95 are not
significant, the quality of the testing is satisfactory.

At the initial stage of primary geochemical information processing, the values of
the main descriptive statistical indicators were calculated by means of statistical
software (sample arithmetic mean, its standard error, median, kurtosis, mode,
standard deviation, sample variance, minimum and maximum content values,
coefficient of variation, sample asymmetry), frequency histograms plotting for Ge
content as well as seam thickness and determining of features for the distribution of
these parameters were carried out.

The number of intervals was calculated according to Sturges' rule while plotting
frequency histograms:

n=1+ [log,N],

where n — number of intervals, log, — logarithm to base 2, N — samples number, [X] —
denotes the whole part of a number x.

It is well known that the typifying (classifying) procedure is the systematization
of objects according to preliminary specified features. The objective reason for the
practical importance of typification process is the complex problems of storage,
search and operation of large empirical data sets. There is a need to reduce the
amount of data and at the same time not to lose too much information data contains.
Cluster analysis, taxonomy, pattern recognition, and factor analysis are usually used
for this purpose.

One of the most efficient procedures for simplifying and minimizing the array of
data in order to facilitate its meaningful interpretation is clustering. The term “cluster
analysis”, introduced by Tryon back in 1939, currently includes more than 100
different algorithms [13]. Despite the fact that cluster analysis has been known for a
long time, this group of methods became widespread much later than other
multivariate methods of statistical analysis. The book by R. Sokal and P. Sneath
"Numerical Taxonomy: The Principles and Practice of Numerical Classification"
published back in 1973 causes growth of studies performed by means of this method
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[14]. Currently, clustering methods are widely used in biology (for the selection of
spatial and temporal groups of organisms in homogeneous conditions as well as
aggregating similar genomic sequences, for determining genotypes, etc.). The same
methods are used in medicine (for antibiotics classification according to the type of
antibacterial activity, for automatic selection of different types of tissues in a three-
dimensional image of positron emission tomography, etc.), in marketing (for data
processing of various surveys, selection of distinguished groups of buyers, market
dividing for creating private offers, etc.). Clustering methods are used in computer
sciences (for determining population niches formed during the evolutionary
algorithms processing, in image segmentation for determining boundaries and object
recognition, etc.) Nevertheless, rare case studies with successful application of cluster
analysis are known in geological research to date, despite its exceptional simplicity
and visual transparency. At the same time, cluster analysis not only solves the
problem of systematization of objects in much more simple and transparent way, but
also has an undeniable advantage, because the result of its applying prevents loss of
incoming information about the objects difference or correlation of features.

It is important that, unlike other methods used in solving typification problems,
cluster analysis does not require preliminary assumptions about the data set, which
does not impose restrictions on the presentation of the studied objects, allows
analyzing natural indicators of various data types (interval data, frequency arrays,
binary data, etc.) The use of cluster analysis for typification has a number of
advantages, since it allows to divide a large number of the studied objects and
features into groups or clusters that are homogeneous in the appropriate sense, as well
as reveal the internal structure (at different hierarchical levels) of the sampled
population. At the same time, like any other method, cluster analysis has certain
flaws. In particular, the composition and number of clusters depends on the selected
grouping criteria (“classification strategies™), and the application of different methods
corresponding to different conceptual approaches to the selection of taxa to the same
samples can lead to drastically different results [13]. Thus, a distinctive feature of the
cluster analysis, unlike other methods of multivariate statistics, is the strong
dependence of the obtained results on the preliminary assumptions of the study at the
substantive level. In our case, preliminary assumptions are as follows: the absence of
hypotheses regarding the number of clusters, their structure and shape; achieving
maximum level of visualization for the deposits division by classes at different scale
levels; determining a clustering method (algorithm) for the most stable division of the
entire array of seam’s sections being considered.

In the cluster analysis, the features assumed as follows: a) selected parameters
basically allow the desired division into clusters; b) units of measurement (scale) are
chosen correctly.

Thus, the choice of scale in typifying methods is of great importance. In order to
bring the raw data to the same scale, as a rule, they got normalized in one way or
another. Since the content of germanium in the considered areas of the coal seam
quite uniformly fills in entire interval of values, without significant deviations that



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) I'eorexniuna mexanika. 2022. Ne 162 169

exceed conventional distribution, normalization of the initial values of the germanium
content and thickness of the seam was carried out according to the relationship:

Xi norm. = (Xi — X min) / (XI max — Xi min);

where X; horm. - Single normalized value of germanium content, .X; - single value of
germanium content, X; nax. - Maximum value of germanium content in coal, X min. -
minimum value of germanium content in coal.

In order to achieve the purpose of the study, clustering process was applied for the
seam areas of different thickness according to germanium content by means of
weighted centroid median method, which was implemented in the statistical software
platforms. Further, the analysis of clustering results was performed.

3. Results and discussion

Research results and their discussion. For the deposits of the Dniprovska coal
mine, the concentration of germanium in the coal of the cg” seam according to the
data obtained from 370 samples varies between 0.14 g/t and 23.63 g/t, while an
average value is 8.34 + 0.26 g/t, a median is 6.79 g/t, mode is 7.69 g/t, standard
deviation is 5.04, sample variance is 25.38, sample kurtosis is 0.23, sample
asymmetry is 0.97. The thickness of the seam at the sampling sites varies between
0.06 m and 1.00 m, the average value is 0.66 = 0.01 m, the median is 0.7 m, the mode
value is 0.7 m, standard deviation is 0.16, the variance is 0.02, kurtosis is 0.55,
asymmetry — 0.69. In order to visualize density distribution of germanium
concentrations and thickness of the seam related to the sampling sites, histograms
were plotted (Fig. 1).

normalized Ge content normalized Ge content
a b

a—normalized Ge content, b — normalized values of seam thickness

Figure 1 — Histograms

Visual analysis of the given histograms shows the following: 1) non-compliance
of both samples with the normal or lognormal distribution law; 2) in both cases, the
bimodality of the distribution indicators is clearly noticed; 3) in the case of the
distribution for germanium concentration, a shift of the distribution density kernel to
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the left is observed, while in histogram of the seam thickness distribution, the
distribution density kernel is shifted to the right.

Despite the convincing visual analysis of the distribution histograms (Fig. 1), the
authors have performed calculations to prove the correspondence of the empirical
distributions for the studied parameters with the Gaussian distribution. For this
purpose, Shapiro-Wilk test, Pearson's chi-square test, Kolmogorov-Smirnov test as
well as Lilliefors test were were performed. In all cases, the results of the calculations
have confirmed the non-compliance of both samples with the normal or lognormal
distribution law. Thus, for a more realistic assessment of the central tendency for
germanium content and seam thickness, instead of the arithmetic mean values, it is
necessary to use the median values of both indicators.

The relationship between the content of germanium and the thickness of a coal
seam according to the analysis of the general sample regarding to the Chaddock
scale, taking into account the data of correlation (for linear Pearson’s correlation this
value is 0.94, non-parametric Spearman —0.95, Kendel —0.84 and gamma —0.86) and
regression of data is inverse and very tight. For a confidence level of 0.99 it is
statistically significant. Figure 2a shows the the results of the regression analysis for
the modeling of the linear relationship between the germanium content and the coal
seam thickness. The regression equation for this model is the following: Ge = 1.0835
— 1.1614'm, but in our opinion, the cubic polynomial is more suitable for
interpretation of the results in geological terms. Its curve is shown in Fig. 2b, while
the obtained regression equation is the following: Ge = 0.987 + 0.1291'm —
3.3477-m* + 2.357'm>. When analyzing this regression model taking into
consideration initial data for both germanium content and seam thickness as well as
the results of previous studies [15-20], it is possible to make preliminary conclusions
regarding the relationship between these indicators.
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a - linear relationship between germanium content and coal seam thickness, b - cubic polynomial
relationship between germanium content and coal seam thickness

Figure 2 — The results of the regression analysis

It is obvious that Ge is distributed extremely non-uniformly within the vertical
profile of the coal seam. The main influence on the germanium content of the seam
thickness is a consequence of the manifestation of the so-called "Zilbermints’ law",
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I.e. empirical regularity that describes enrichment of some elements (predominant
germanium enrichment) in the near-contact zones of coal seams. The thickness of
such layers usually does not exceed 0.2-0.3 m. It should be noted that manifestations
of the "Zilbermints’ law" are registered in every coal basin of the world. These
manifestations find a rather satisfactory interpretation within the framework of the
concept for post-sedimentary diagenetic accumulation of germanium in the contact
zone by means of diffusion process and, partly, by means of filtration mechanisms
during the period of turf accumulation [21-23]. Thus, with other conditions being
equal, decreasing of the seam thickness as a whole leads to an increase in the
contribution of germanium-enriched areas within the total content of this metal in the
seam. At the same time, in some cases, these enriched layers will merge and the
entire coal seam will represent a continuous zone of enrichment. This feature can
explain a bond of almost all abnormally high values of germanium content with the
areas of the formation with a seam thickness that does not exceed 0.45 m.

In order to develop a methodology for selection of the most efficient method of
creation an objective (natural) typification for coal seam sections of different
thickness according to germanium concentration, the general sample, taking into
account the number of samples, was divided into 10 partial samples, which main
parameters are shown in Table 1.

Table 1 — Main parameters of partial samples for germanium content

Number of partial sample 1 2 3 4 5 6 7 8 9 10
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Number of samples 35

Median values of germanium
content normalized for the total | 0,73 | 0,60 | 0,48 | 0,44 | O
number of samples

341028 (0,22|0,18 | 0,14 | 0,12

Dispersion values

0,023
0,012
0,007
0,006
0,001
0,002
0,001
0,002
0,001
0,001

In order to visualize the statistical features of all the partial samples, a box
diagram (Fig. 3) was plotted.

The box diagram (Fig. 3) shows five most important consolidated parameters
(minimum value, median value, first and third quartile, maximum value), as well as
values that were qualified by means of the interquartile range criterion as outliers and
their variants - extreme outliers. For distinguished manifestation of the central
tendency variability for private samples, their median values are connected with a
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straight line. Formal analysis of the diagram allows to outline the following: 1) the
minimum interquartile range is observed in 9-th partial sample, while the maximum
interquartile range is observed in the first partial sample; 2) all partial samples, except
the fifth one, show the presence of outliers. Their number varies between one (for
samples 1, 4, 7 and 10) and four (for samples 2 and 6). In most cases, outliers are
below the values of the interquartile range (for samples 1, 2, 4, 7, 9 and 10), while
their number is rarely the same for the samples 3, 6 and 8; 3) extreme single outliers
observed in all paired partial samples (2, 4, 6, 8 and 10) show abnormally low values
of germanium concentration; 4) the variability of the inclination for the line
connecting the median values of partial samples reflects the general variability of this
indicator.
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Figure 3 — Box diagram of germanium concentration in partial samples

In studies [24-40], the use of one of the methods for cluster analysis, i.e. the
weighted centroid median method for the development of natural classification
(typification) of oil deposits and coal seams by the content of impurity elements, as
well as areas of coal seams by germanium concentration was substantiated. As a
result of the cluster analysis using the specified method, a clustering dendrogram was
plotted (Fig. 4).

Analysis of the dendrogram of the clustering results allows, using qualitative
estimations, to divide all the main clusters for germanium concentration into 7 types:
1) cluster 1.1.1.1. consists of the areas with abnormally low germanium content
values with a seam thickness that exceeds 0.75 m. Partial samples 8, 9, 10 pertain to
this cluster. The median value of normalized germanium concentration is 0.15, which
corresponds to 3.67 g/t; 2) cluster 1.1.1.2 with low germanium concentration values
contains only 7 partial samples, aggregating sections of the coal seam with a
thickness that varies between 0.70m and 0.75 m. The median value of normalized
germanium concentration is 0.22, which corresponds to 5.25 g/t; 3) cluster 1.1.2 with
germanium content values below the average value includes two subclusters 1.1.2.1
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Figure 4 — Dendrogram of clustering results obtained by means of weighted centroid median
method by germanium content

and 1.1.2.2, that consist of the sections of the layer with a thickness of 0.60 - 0.65m
and 0.65 - 0.70m respectively. Thus, on the average, the median value of normalized
germanium concentration per cluster is 0.30, which corresponds to 7.11 g/t; 4) cluster
1.2.1.1 consists of only 4 partial samples, aggregating sections of the seam with a
thickness that varies between 0.55m and 0.60 m. For average values of germaniume
content indicators, its median value of normalized germanium concentration is 0.44,
which corresponds to 10.37 g/ t; 5) cluster 1.2.1.2 is composed of 3 partial samples of
seam sections with a thickness that varies between 0.50m and 0.55 m with an above-
average germanium content. The median normalized value of this element for this
cluster is 0.48, which corresponds to 11.41 g/t; 6) high values of germanium content
are found in the 0.45-0.50 m layer sections of cluster 1.1.2, which pertain to partial
sample 2. The median value of the normalized germanium concentration for the
sample is 0.60, which corresponds to 14.25 g/t; 7) cluster 2 is consists of the areas of
layer 1 of the sample with an abnormally high germanium content. The thickness of
the seam in the sections is less than 0.45 m. The median value of normalized
concentration is 0.73, which corresponds to 17.36 g/t.

4. Conclusions

The conducted studies allow to outline the following conclusions:

1. For the deposits of the Dniprovska coal mine, the concentration of germanium
in the coal for the cg" seam according to the data of 370 samples varies between 0.14
g/t and 23.63 g/t, with an average value of 8.34 + 0.26 g/t, median value is 6.79 g/t,
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mode value is 7.69 g/t, standard deviation value is 5.04, sample variance value is
25.38, sample kurtosis value is 0.23, sample asymmetry value is 0.97.

2. The thickness of the seam at the sampling sites varies between 0.06 m and 1.00
m, the average value is 0.66 = 0.01 m, the median value is 0.7 m, the mode value is
0.7 m, the standard deviation value is 0.16, variance value is 0.02, kurtosis value is
0.55, asymmetry value is 0.69.

3. The overall distribution of samples for both germanium content and seam
thickness is bimodal and asymmetric relative to each other. The relationship between
the concentration of germanium and the coal seam thickness according to the analysis
of the samples related to the Chaddock scale, taking into account the data of
correlation and regression analysis is inverse and extremely tight, with a confidence
level of 0.99 it is statistically significant.

4. The result of the regression analysis on the relationship between the germanium
content and the coal seam thickness shows that the cubic polynomial model is the
most relevant.

5. The analysis of the regression analysis as well as box diagram plotting show
the manifestation of the so-called "Zilbermints’ law", i.e. the empirical regularity of
the enrichment of some elements (predominant germanium enrichment) in the near-
contact zones of coal seams for this case. The thickness of such layers usually does
not exceed 0.2-0.3 m.

6. Based on the results of the cluster analysis, the sample mean values of
germanium concentration, which differ significantly between individual samples of
areas by the thickness of the coal seam, could be interpreted in terms of qualitative
assessment as follows: abnormally low; low; below average; average; above average;
high; abnormally high values. The implementation of this approach, in turn, makes it
possible to propose a natural typification of areas by the thickness of the coal seam
according to the germanium content shown in Table 2.

Table 2 — Natural typification of areas with different seam thickness for the cg" coal seam of the
Dniprovska coal mine by germanium content

Ne Parameters of germanium content (qualitative assessment of Coal seam thickness, m
B content; content range; median value of content), g/t

1 abnormally low values; 0.14/7.12; 3.67 >0.0-0.75

2 low values; 2.72/6.82; 5.25 0.70-0.75

3 values below average; 1.65/9.68; 7.11 0.60-0.70

4 average value; 4.17/12.57; 10.37 0.55-0.60

5 values above average; 7.69/17.62; 11.41 0.50 - 0.55

6 high value; 5.32/17.26; 14.25 0.45-0.50

7 abnormally high values; 6.62/23.63; 17.36 <0.45

The practical approach implies method and an algorithm of actions that allow to
distinguish between natural seams, seams with similar germanium content as well as
genetically related areas, which provides the possibility of the most efficient planning
of operational and technological measures and the implementation of their most
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probable geological and economic assessment, which aimed at extracting germanium
from coal.

The novelty of the study is determining of the relationships for the differential
influence of the coal seam thickness of the Dniprovska coal mine on the content of
germanium as well as development of a natural typifying for areas with different
thickness of the cg" seam of the Dniprovska mine according to the concentration of
the elements.
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