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Abstract. This summer, the state program “Critical and Strategic Mineral Resources of Ukraine in the
Context of Globalization and Climate Change” was formulated. A significant group of minerals is classified as a
critical raw material, including copper, lithium, cadmium, magnesium, nickel, graphite, aluminum, germanium
and other metallic and non-metallic elements. If we look at the raw material base of germanium in the world in
general and in our country, in particular, it can be noted that at the present stage one of the important sources
for the extraction of germanium is coal, from which this element was additionally extracted in the form of metal
earlier at the coking stage. The high geochemical mobility of germanium salts and the ability to concentrate at
different stages and substages of lithogenesis have become the reason for the appearance of accompanying
raw materials, which attracted the attention of many specialists. The task of this article is to focus on less
known facts, and to determine the main regularities in the formation and transformation of accompanying
germanium in coal seams at various stages and substages of lithogenesis in general and catagenesis, in
particular. Since germanium, as well as other rare (small, accompanying, trace) elements are contained in this
substance, when the temperature rises, it leaves the coals, along with lipids. But before leaving completely,
the complex of lipids (hydrocarbons), together with rare elements, undergoes a cycle of hydrothermal
transformations. As a result, we observe the enrichment of hydrocarbons with rare elements in coal seats and
interlayers as they move upward. The downward movement of fats and small elements leads to their
accumulation in the roof of coal seams and interlayers. Ultimately, at temperatures of about 1400-160°C,
germanium, together with hydrocarbons and other small elements, goes into the fractured zones, where the
pressure and temperatures are lower.
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Introduction. The beginning of the third millennium was marked by the wide use
of computer technology in all industries. Now it is impossible to imagine a human
society without gadgets, the Internet, and mobile communications. Scientists, with
the help of modern equipment, are exploring space, the resources of the ocean depths
and the still untouched Antarctica. The word “resources” has become relevant for
various branches of knowledge: industry, agriculture, transport and communications.
Experts are considering projects for the extraction of ferromanganese nodules from
the bottom of the oceans, valuable minerals from sea waters. To meet the needs of the
high-tech industry, the need to extract rare, minor, dispersed, associated elements is
increasing.

In this regard, this summer, the state program “Critical and Strategic Mineral
Resources of Ukraine in the Context of Globalization and Climate Change” was
formulated, which has good ground for our country.
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From 15" to 18" of November of this year, the 8th International Conference on
Critical Raw Materials was held on this topic, with a center in Brussels, to which a
large group of specialists from different countries of the World was connected online.

It is very important to divide the countries of the World into several main
domains, each of which strives for relative raw material independence and most of
the reports, questions and discussions were devoted to this. By this time, the countries
of Africa, Latin America, Canada and Ukraine, as well as some countries of the
Middle East and Asia, joined the domain of the European Union.

A significant group of minerals is classified as a critical raw material, including
copper, lithium, cadmium, magnesium, nickel, graphite, aluminum, germanium and
other metallic and non-metallic elements. There is a significant demand for this raw
material, since they are used for the transition of the countries of the World to green
energy, which has no alternative. The European Union plans to switch to renewable
energy by 2050.

Currently, the processing of secondary raw materials, especially batteries,
accumulators, containers, has been widely developed in the countries of the European
Union. Extensive research is underway to replace some packaging materials, such as
plastics, with other materials that degrade more easily and quickly without posing a
threat to the environment. Environmental problems, especially for developing
countries, the problem of drinking water supply are also relevant. But the problem of
raw materials, its production in different countries, has now become significantly
aggravated. Therefore, the creation of the specified domain from different countries
under the auspices of the European Union is a kind of response to the existing
challenges facing the modern generation.

If we look at the raw material base of germanium in the world in general and in
our country, in particular, it can be noted that at the present stage one of the important
sources for the extraction of germanium is coal, from which this element was
additionally extracted in the form of metal earlier at the coking stage [1-7].

Germanium belongs to trace elements, accompanying or small elements, the
clarke of which does not exceed 0.1 %. In the coals of Ukraine, the average high
content (g/t) has the following microelements: Ge - 100; Pb - 125; Be - 12; Mo - 7.7,
Zr-418; V -381; Ni-132; Cu- 146; Zn - 216; W - 46; Yb - 6.

Earlier [1, 3] for trace elements in modern peatlands, the dependence of their
composition on the composition of the demolished area was established, which was
also proved for coal deposits: for ultrabasic rocks V, Cr, Co, Ni, Zn, Cu, Se are
typical; for alkaline rocks Zr, V, Yb, La, Nb are typical; for acidic rocks Be, Ga, Mo,
Pb, Sn, Ge are typical.

The fact that germanium and the group of the aforementioned trace elements are
associated with acidic parent rocks is known and established. In addition to felsic
rocks, various authors have established a relationship between the increased content
of germanium and volcanic rocks.

Germanium as a chemical element was prognosed by D.M. Mendeleev back in
1871 and named it ecosilicon. This is an important detail, because the properties of
this element are quite close to silicon dioxide [4]. It is also important that the forms of
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germanium mono- and dioxide are amphoteric, dissolves well in an alkaline medium
with the formation of germanites and germanates. Germanium has numerous
compounds with halogens and sulfur, forms sulfogermanates, which are readily
soluble in aqueous solution. Most oxide compounds of germanium are structural
analogs of silicon compounds. Therefore, this element is found as impurities in
silicon minerals, to a lesser extent in iron and zinc minerals. Own minerals
germanium are rare and of no practical value. Germanium accumulates in
hydrothermal and sedimentary rocks, where it is possible to separate it from silicon. It
i1s found in increased quantities in iron ores (magnetite), in brown and bituminous
coals.

The question why the associated resources and reserves of germanium are
associated with the coal of Donbass is not difficult. It was noted above that such
element as Be, Ga, Mo, Pb, Sn, Ge, and others are associated with felsic rocks and
demolished areas. The rocks of the Ukrainian Crystalline Shield are mainly acidic.
Sediments containing Donbass coal were washed away from the shield (its
southwestern part). Up to 60-70 % of the volume of demolished rocks (sandstones
and siltstones) are fragments of quartz, in which, as noted earlier, germanium is
found in increased quantities as an impurity.

Hypergenesis and upward tectonic movements on the shield area over the past
1.5-2 billion years have led to the formation of significant volumes of sediments of
sandy and siltstone fractions, which were carried away by river, flood and glacial
processes into the Dnieper-Donetsk depression (DDD). The average thickness of
Carboniferous deposits reaches 5-10 kilometers and is represented, to a large extent,
by the destroyed remains of crystalline rocks of precisely persilicic rock. The high
geochemical mobility of germanium salts and the ability to concentrate at different
stages and substages of lithogenesis have become the reason for the appearance of
accompanying raw materials, which attracted the attention of many specialists.

It is interesting that from the beginning to the middle of the last century more
attention was paid not to the coal itself, but to the products of its combustion — coal
ash.

A special report on this topic, published in Washington in 1953, provides free
access to interesting materials on the content of germanium in coal ash from various
coal deposits of the United States, the Soviet Union, and its republics. The works of
47 authors, including well-known geochemists, geologists, who were involved in the
problem of determining the possibility of extracting germanium from the coal ash.
Left after burning coal of different ranks and degree of coalification, are presented.
Scientific papers and even unpublished scientific reports from 1919 to 1952 were
analyzed.

In the post-war years, when metallurgy and the technological industry, modern
mechanical engineering were gaining momentum, new materials began to be in
significant demand. The leading states spared no expense on geological surveys and
scientific experiments. Many different publications, reports, scientific developments,
inventions, etc. were published. The main results of these works — information about
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where the specified element is found in increased quantities and how to extract it, are
given in the fundamental works of scientists [1-7].

Proceeding from the problem of the need to provide industry with germanium raw
materials, the task of this article is to focus on less known facts, and to determine the
main regularities in the formation and transformation of accompanying germanium in
coal seams at various stages and substages of lithogenesis in general and catagenesis,
in particular.

In schematic form, a coal deposit or coal-bearing basin is formed in several
stages. At the first stage — sedimentogenesis — precipitation is formed in negative land
areas or coastal areas. Demolition of terrigenous material occurs from positive
regions. The thickness of these deposits is up to several meters, less often — up to
several tens of meters. Under favorable conditions (temperature, humidity), wet
sediments are covered with vegetation, which, over time, forms peat bogs.

With the progressive course of lithogenesis and the subsidence of this area to a
certain depth, the bog is covered with a layer of newly demolished continental
material, and the contents of the bog — peat bog, pass to the next stage of lithogenesis
— diagenesis. At this stage, significant geochemical changes take place. Sediments are
transformed into rocks; peat is transformed into brown coal, and later into coal.
Usually, all these processes occur in an aqueous medium, which simplifies the release
of germanium from finely destroyed quartz material, its transfer and accumulation in
organic materials, moreover, mainly in lipids. This connection is well traced during
coking, when the supra-resin waters released during the thermal treatment carry with
them germanium, which is relatively easily utilized.

The stage of diagenesis turns into catagenesis under certain conditions. The
temperature of this transition is about 60-70°C, the depth can vary significantly, from
several hundred meters to 2.5-3 km.

The early catagenesis substage includes coals of grades subA, hvAb; the
temperature is in the range of 70-110°C. Coal grade hvAb is the boundary zone
between early and middle catagenesis. If we present everything in a schematic form,
then the early catagenesis is separated from the middle one, by the boiling point. In
general, grades of coal have comparable conditions for the transition from one stable
condition to another (or from a grade to a grade). The gradient of these transitions is
20°C. In other words, grade subA (hvCb hvBb) coals are formed at a temperature of
about 80°C, grade hvAb coals about 100°C, and mvb grade coals about 120°C (but
this is already the middle substage of catagenesis). The indicated temperatures were
obtained without the involvement of organic matter, the methods of obtaining them
are described and patented in the prescribed manner [9-10].

The middle substage of catagenesis, these are coals of grades subA (hvCb hvBb),
mvb , lvb, sa. Grades subA and sa are borderline between early and middle (subA)
and between middle and late catagenesis (sa ). The temperature at this substage varies
from 100°C to 160°C. This substage is characterized by the presence of heavy
hydrocarbons (HH), which are no longer present at the late substage of catagenesis.
By the end of this substage, sapropelite, the oil source rock, “disappears”. It leaves
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along with lipids (fatty constituents). We can talk about the evaporation of lipids
from coal matter, primarily vitrinite, in which structureless lipids are stored.

Since germanium, as well as other rare (small, accompanying) elements are
contained in this substance, when the temperature rises, it leaves the coals, along with
lipids. But before leaving completely, the complex of lipids (hydrocarbons), together
with rare elements, undergoes a cycle of hydrothermal transformations.

All coals pass through this cycle at the middle stage of catagenesis. This does not
happen in some kind of jump at a fixed temperature, as you know, water boils at
100°C, and fats, paraffins, hydrocarbons have higher boiling points. Therefore, this
cycle or process occurs rather slowly, but for a long time according to the following
scenario.

The first, naturally, water boils, turning into steam and moving up to the level of
condensation. After cooling, moving down again, under the influence of gravity and
boiling, the cycle for water is repeated. Lipids or fats at temperatures above 100°C
melt and, in accordance with the same law of gravity, move downward, until they
sublimate or boil, after which they also move upward with steam. If for water such
cycles or “swing” occur without any special consequences, then for hydrocarbons
carrying rare and scattered elements, there are consequences. They consist in the
movement of these elements in organic matter with a significant specific surface area.
Coal seams and interlayers act as a kind of filters that trap rare elements, most likely
with lipids. As a result, we observe the enrichment of hydrocarbons with rare
elements in coal seats and interlayers as they move upward. The downward
movement of fats and small elements leads to their accumulation in the roof of coal
seams and interlayers.

Thus, germanium isolated from quartz fragments (together with other small
elements) accumulates in the structureless substance of the organic mass - lipids.
During the transition of coals to the sub-stage of medium catagenesis in a temperature
range of about 100°-160°C, together with the released hydrocarbons, it participates in
vertical movements (swings), enriching the organic matter of the seat and roof.
Ultimately, at temperatures of about 150°-160°C, germanium, together with
hydrocarbons and other small elements, goes into the fractured zones, where the
pressure and temperatures are lower.

Subvertical fractured zones combine layers and stratigraphic horizons, therefore,
due to the mixing of parameters of different layers, conditions are created in them
that differ from those in the rock layers. According to our calculations, large fractured
zones, which are usually the boundaries of mine fields or areas, at depths of about 2-3
km have increased concentrations of gas-condensate hydrocarbons and increased
contents of rare and scattered elements.

Hydrocarbons do not reach the substage of late catagenesis. The accompanying
elements go there in very limited quantities. In other words, under certain conditions
(temperature, pressure), there is a differentiation of organic matter, small and
scattered elements, hydrocarbons. Each of the listed types of substance occupies the
most convenient niche as long as these conditions persist. If the existing conditions
change, new displacements are possible, which can be predicted, to a certain extent.
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If we recall the coke-chemical process, the mechanism of melting fats from coals
(lipids, hydrocarbons) together with germanium, which chemists called over-resin
waters, and from which the necessary germanium was extracted, becomes quite clear.
When funding is resumed, this process can be recommenced, but it is logical to carry
out preliminary studies and find out the entire composition of the elements included
in the over-resin waters, so that over time not to look for cadmium, beryllium or any
other rare accompanying element that was not extracted at one time in a convenient
location.

Conclusions. The natural chain or conception of formation and transformation of
germanium clusters under different conditions is considered and presented, which
includes:

- destruction of the carrier of acidic rocks of the Ukrainian crystalline shield
during hypergenesis;

- transfer and accumulation of clastic material in the Dnieper-Donetsk depression
during sedimentogenesis;

- separation of germanium from clastic material and its transition to
organometallic compounds in early catagenesis;

- redistribution of germanium compounds in coal seams and interlayers during
vertical movement in early and middle catagenesis;

- isolation of germanium compounds together with hydrocarbons and their
transition to fractured zones at depths of 2-3 km at the end of the middle catagenesis.

These changes occur under the influence of constantly changing conditions and
for this reason the compounds of germanium and other small, rare and scattered
elements do not have significant accumulations in coals at the substage of late
catagenesis. For the complex extraction of these elements, improved enrichment
technologies and their subsequent production are needed not only from the products
of coal combustion, at coke plants, but also from fractured zones. For these purposes,
it is necessary to consider the existing technological capabilities and, if necessary,
improve them or offer new technologies, which is one of the areas of work of
specialists from the Institute of Geotechnical Mechanics of the NAS of Ukraine.
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AHoTauif. Bnitky ysoro poky 6yno cdopmynboBaHO LepxaBHy nporpamy «KpuTuuHi Ta cTpaTteriuHi MiHepanbHi
pecypcy YkpaiHu B ymoBax rnobanizauii Ta amiHu knimMaty». [Jo KpUTUYHOI CUPOBMHM BiZHECEHO 3HAYHY IPyny KOPUCHIX
KonanuH, cepeq SKUX: Miab, NiTiK, KaaMin, MarHin, Hikenb, rpadiT, antoMiHii, repmaHii Ta iHLWi MeTanesi Ta HEMeTaneBi
eNeMEHTU. FKWO MOAMBUTUCH Ha CMPOBWHHY 0a3y repmaito y CBITi 3aranoM i B Hawiil KpaiHi 30kpema, TO MOXHa
BiA3HAYMTH, LLO HA Cy4acHOMY eTani OLHUM i3 BRXIMBUX MKEPEN BUNYYEHHS repMaHito € BYrinns, 3 SKOro Len enemeHt
[00aTKOBO BMTArYBaBCA Y BUIMAZi MeTany padile Ha cTafii KokcyBaHHs. Bucoka reoxiMiyHa pyxXnmBicTb conen
repMaHilo Ta 34aTHICTb KOHLEHTPYBATUCh Ha Pi3HWMX CTafifax Ta MiacTagdisx NiToreHesy crana NpuUuvHO BUHWKHEHHS
CYNYTHBOI CUPOBUMHK, SIka NpuBEpHyna yeary Garatbox (paxiBuiB. 3aBAaHHs AaHOl CTATTi — 30CEpeauTUCh HA MEHLU
BigOMMX (hakTax, Ta BM3HAYMTM OCHOBHI 3aKOHOMIPHOCTI (hOpMyBaHHA Ta TpaHcdopmaLji CynyTHLOrO repMaHito y
BYFiNbHUX NNacTax Ha pi3HuX CTagisax Ta NiacTapisx nitoreHe3y B3arani Ta katareHesy, 3okpema. OCKinbku repMaHin, sk i
iHLLI pigkicHi (Mani, CynyTHi, PO3CiHI) eneMeHTU MICTUTLCS Y Ll pe4OBUHI, Y pasi NiABULLEHHS TemMnepaTypu BiH iae 3
BYrinns, pasom i3 ninigamu. Ane nepeg TUM, SK MiTU OCTaTOMHO, KOMMMEKC NiNiaiB (BYrneBOAHIB) pa3oM i3 pigkicHUMM
enemMeHTaMu NPOXCANTb LMK rigpoTepMoTpaHcopMaLli. Y pesynbTari, crnocTepiracTbcs 36arayeHHs BYrneBogHAMM 3
PIOKICHAMW enemMeHTaMmn IpYHTY BYFifIbHUX NAAcTiB Ta NPONAAacTKiB, KOMM BOHW NEpPeMilLytoTbCst Bropy. MepemilyeHHs
BHM3 XWPIB i Manm1x enemeHTiB NPU3BOAUTL 4O HAKOMMYEHHS B MOKPIBAI BYTiNbHWX NAACTIB | NPONIacTKiB.

KntoyoBi cnoBa: repmanii, BYrinns, piakicHi Ta po3cisHi eneMeHTU, Nopoau, katareHes.

AHHoTauums. Jletom aTOro roga Obina copMynMpoBaHa rocynapcTBeHHasi nporpamma «Kputuueckue u
cTpaTernyeckiie MiHeparnbHble pecypcbl YkpauHbl B YCOBUSX rnobanuaauuy 1 uameHeHus knumatay. K kputinieckomy
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CbIpbl0 OTHECEHa 3HauuTeNbHas rpynna nonesHbIX WCKOMaeMblX, CPeau KOTOpbIX: Medb, NUTWUMA, KagMWA, MarHum,
HUKENb, rpacuT, antMWUHUIA, repMaHuii U Apyrue MeTanamyeckue 1 HemeTannyeckue anemeHTbl. ECnin nocmotpeTs Ha
CbipbeBYH0 Basy repmaHns B MUpe B LIENIOM W B HalLen CTpaHe, TO MOXHO OTMETUTb, YTO Ha COBPEMEHHOM 3Tane O4HUM
13 BaXHbIX UCTOYHUKOB U3BMNEYEHUS TepMaHUs BNSETCS Yrofb, U3 KOTOPOro 3TOT AMIEMEHT AOMNOMHUTENBHO M3BMEKarncs
B BMOE MeTanfia paHblue Ha CTaguM KOKCOBaHWS. BbiCOKas reoxummyeckas MOABMKHOCTb CONMEi repMaHus 1
CMNOCOOHOCTb KOHLEHTPUMPOBATLCSH HA pasHbIX CTagusx W MOACTAAWSX NMWUTOreHesa ctana NpUYMHOM BO3HWUKHOBEHWS
COMYTCTBYIOLLETO Chbipbsi, MPUBIEKLLETO BHUMAHUE MHOMX CrieumanucToB. 3agada AaHHOM CTaTbi — COCPefoTOuNTLCA
Ha MeHee M3BECTHbIX (bakTax, OnpedenuTb OCHOBHbIE 3aKOHOMEPHOCTM (DOPMUPOBAHWS 1 TpaHCcdopMaLmu
COMYTCTBYIOLLErO repMaHns B YroMbHbIX MacTax Ha pasHbIX CTagusx U NogcTagusx nuMToreHesa BoobLLe W KaTareHesa,
B YaCTHOCTW. [1OCKOMbKY repMaHuit, kak ¥ Apyrne pedkue (Manble, COMyTCTBYIOLUME, PacCesHHble) 3reMeHTbI
COAEPKMTCA B 9TOM BELUECTBE, NPU NOBbILIEHWM TEMNEPATYPbl OH YXOAMT U3 YINs, BMECTE C nunuaamu. Ho nepeq Tem
Kak YMTU OKOHYaTemnbHO, KOMMNEKC NUMMAOB (YrNeBOAOPOAOB) BMECTE C PEAKAMW JrieMEHTaMM MPOXOAMT LMKN
rmgpoTepmoTpaHcdopmauuit. B pesynbtate Mbl Habniogaem oboralleHne yrneBogopogaMn ¢ PeakuMi aneMeHTamu
MOYBbI YroMbHbIX MIACTOB M MPOMMACcTKOB, KOrda OHM NepemeLlaloTcsl BBepX. lNepemelleHne BHWU3 KUPOB U MarbiX
4acTuL, NPUBOANT K CKOMIEHWIO B KPOBME YrOMbHBIX NAaCcTOB M NPONacTKoB.
KntoyeBble cnoBa: repMaHui, yrorb, peakne 1 pacCesHHbIE ANEMEHTHI, MOPOAbI, kKaTareHes.
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