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SECONDARY MACERALS OF COALS AS AN INDICATOR OF TRANSFORMATION OF
GELIFIED MATTER
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Abstract. Coal is a valuable fossil raw material for the power, metallurgy, and chemical industries. The intended
usage of a particular coal is determined by several reasons, including its petrographic composition. The petrographic
composition of coals as a set of macerals is formed in diagenesis and is unchangeable according to normative docu-
ments. In this paper, based on the long-term practice of the petrographic study of coals, we show the macerals referred
to a certain group by their petrographic features (shape, color, brightness, relief). Still, by genesis, they have nothing to
do with this group. They are the product of the gelified matter transformation, i.e. "primary" macerals of the vitrinite
group, thus being "secondary macerals". In such cases, errors may occur in evaluating the properties of coals as raw
materials for a particular industry.

The paper aims to give examples for the identification of "secondary macerals" of coals depending on their genesis
and to give recommendations for their consideration. Genetic prerequisites for the occurrence of "secondary macerals"
are described. Basically, it is a transformed gelified substance as a result of stress thermal impact by gas fluid, solidifica-
tion of liquid phase of fluid on vitrinite of interlayer surfaces, dynamometamorphism in fractured zones, bacteriological
processing. The authors carried out research with the help of video-optical complex: MBI-11, NV200, software Scope
photo. The genesis of "secondary" macerals can be varied: stress thermal transformation of gelified substance by gas
fluid, solidification of liquid phase of fluid on vitrinite of interlayer surfaces, dynamic metamorphism in fractured zones,
bacteriological processing of the gelified matter, chemical reactions between liptinite and vitrinite during regional meta-
morphism. It is recommended, when diagnosing maceral as a "secondary" one, to exclude it from the calculation of pet-
rographic composition in order not to make a mistake in estimating the properties of coal, for the reason that their proper-
ties are not studied at this stage. Since the counting is carried out according to the principle of "chessboard" the exclud-
ing the fact of meeting of such maceral will not significantly affect the result.

Keywords: coal, petrographic composition, optical microscopy, macerals, gelified matter.

1. Introduction

Despite the global shift towards renewable energy sources (renewable energy is
energy obtained from natural sources that are replenished at a rate greater than the
rate at which it i1s consumed. Examples of such constantly replenished sources are
sunlight and wind. In contrast, fossil fuels — coal, oil, and gas — are non-renewable
resources that take hundreds of millions of years to form. When fossil fuels are
burned to produce energy, harmful greenhouse gases such as carbon dioxide are emit-
ted), and the world still remains dependent on fossil fuels. Moreover, in 2023, global
primary energy consumption reached historical highs — about 81% of the world's en-
ergy balance comes from fossil fuels, while renewable energy sources account for
only 15%. Although this is the highest figure in human history, it certainly does not
allow us to completely abandon primary energy. Oil, coal, and gas remain the most
popular ways of obtaining energy in the world. Coal is considered the cheapest and
dirtiest fossil fuel. In 2023, humanity used 1.5% more fossil fuels than in 2022. The
reason for the new records was a surge in energy demand, more than half of which
comes from the Global South, where demand is growing twice as fast as the global
rate. India consumes more coal than all the countries in Europe and North America
taken together.

In addition to energy, coal is intensively used in metallurgy and the chemical in-
dustry.
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Where and what coals to use is determined by the properties of these coals. The
properties of coals from a petrological viewpoint depend on three factors: metamor-
phism, recoverability, and petrographic composition of coals [1].

As the outstanding Ukrainian scientist Uziyuk V.I. notes: “The philosophical doc-
trine that the composition of a substance determines its quality is unquestionable” [2].

The transformation of dead plants into coal occurs as a result of a continuous pro-
cess, in which it is common to distinguish two main phases: 1) humification - the
transformation of dead plants into peat and 2) coalification - the transformation of
peat successively into brown, hard coal and anthracite. Coalification is divided, in
turn, into two parts: 1) diagenesis of coal, during which, under the influence of pre-
dominantly biochemical transformations due to the vital activity of microorganisms,
peat is transformed into brown coal, and 2) metamorphism, during which brown coal,
under the influence of physical factors - increased temperature and pressure of rocks -
is transformed into hard coal and anthracite.

The petrographic composition of coal as a set of macerals is formed once during
humification and the initial stages of diagenesis and then does not change, while the
properties of the macerals themselves change during metamorphism, as a rule, con-
verging with each other as the degree of coalification increases.

The nomenclature of coal macerals is regulated by the International Committee of
Coal Petrology (ICCP) [3] and the Society of Organic Petrology (TSOP) [4].

Several dozen macerals are distinguished [5]. Such diversity is due to several rea-
sons:

- botanical diversity of the original plant material (trees, bushes, moss, grass,
etc.);

- anatomical diversity (root, trunk, branches, bark, sporulation organs, etc.);

- autochthonous and allochthonous conditions of accumulation of plant material;

- processes of transformation of biomaterial (gelification, fusinization, etc.).

Such a fractional division of macerals is justified from a scientific viewpoint. In
practice, it usually comes down to dividing macerals into three groups: vitrinite, iner-
tinite, and liptinite. Vitrinite is lignin-cellulose plant tissues buried in anaerobic con-
ditions; inertinite has an initial organic matter similar to vitrinite, but, presumably, the
burial environment is aerobic; liptinite is integumentary tissues and resinous sub-
stances buried in various environments [6].

Macerals differ under a microscope by characteristic petrographic features: color,
reflectivity, relief, morphology, and size. These features are smoothed out with the
growth of metamorphism, so, for example, the color and relief of liptinite become
identical to vitrinite, the reflectivity of which in anthracites becomes equal to the re-
flectivity of inertinite.

The need to classify coal macerals by their genesis often leads to controversial
conclusions, such as the origin of micrinit and mixtinite.

Currently, there is no unambiguous classification of all macerals, including their
genetic origin.

Coal petrographic methods for researching organic matter (OM) have long gone
beyond "coal" and are used for different types of OM, and therefore the term "organic
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petrology" is used much more often today about microscopic methods for studying
rocks containing organic inclusions.

Over the past 50 years, the world has gained a great experience in microscopic
OM research, thanks to the study of oil source rocks at different stages of rock trans-
formation, from which "shale gas or shale oil" is extracted, as well as any sedimen-
tary rocks with carbonaceous residues. American and European researchers are in the
lead here [7,8].

Thus, macerals formed during diagenesis as a result of the transformation of the
original plant material during gelification and fusification should be considered "pri-
mary". New (secondary) macerals are a product of the transformation not of the orig-
inal plant material but of the already formed "primary" macerals under the continuing
impact of regional metamorphism factors (temperature, pressure, and the associated
process of gas generation), as well as individual factors: local stress pressure (dyna-
mometamorphism), local increase in temperature during the movement of intra-
formational fluids, bacterial activity, chemical interaction of individual macerals.

Many years of experience in coal petrographic research at the IGTM of NAS of
Ukraine has allowed us to gather extensive material on macerals assigned to a certain
group by coal petrographic features. They are shape, color, brightness, and relief.
But, they do not have any relation to this group by genesis and are the product of the
transformation of the gelified matter, i.e. "primary" macerals of the vitrinite group,
thus being "secondary macerals".

In such cases, errors may arise in evaluating the properties of coals as raw materi-
als for a certain type of industry. At the same time, such cases provide material for
studying the processes occurring in coals under various geological conditions and
help to explain some complex gas-dynamic phenomena.

This research includes examples of identifying "secondary macerals" of coals de-
pending on their genesis. Basically, this is a gelified substance transformed under
various external impacts and as a result of internal processes.

The purpose and methods of the work are to give examples of "secondary macer-
als", to provide signs of their identification and recommendations for their account-
ing.

2. Methods

The authors applied the method of petrographic analysis of coal samples accord-
ing to the produced coal petrographic preparations (cut sections with polishing of two
planes — bedding and section). The research was carried out using optical microscopy
(video optical complex: MBI-11, NV200, software - Scope photo.

3. Results and discussion

Secondary macerals formed by the transformation of the gelified matter with a lo-
cal increase in temperature.

Various authors have named the gelified matter differently over more than a cen-
tury of practice in describing coal macerals. We consider the names of gelified mat-
ter, groundmass, and vitrinite group macerals to be identical.
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Fluids circulating in coal beds (liquid and gaseous mobile components of magma
or gas-saturated solutions circulating in the depths of the earth) can be formed as a
result of gas generation [9] and as a result of deep degassing of the earth's depths
[10].

In both cases, this is an exothermic process, but with a difference in the composi-
tion and temperature of the fluids.

Migration of fluids (gas, water, oil) from the place of generation or accumulation
due to increased pressures is always directed toward unloading along the shortest
path — vertically into fault and crack zones, but primarily along the bedding upward
along the rise of the beds [11].

Our research confirms these observations the results of this migration and the ef-
fect of fluids on coal matter we see on the walls of cracks and interlayer surfaces.

Let us consider both options:

I. Transformation of gelified coal matter under the temperature impact of gases
moving along cracks.

In Figure 1, on the surface of the bedding of grade " Lean " coal in bed 15 at the
"Ilovaiska" mine, a crack is observed in the gelified matter (vt), the walls of which
are zonally transformed by the temperature of gases moving along the crack.

Figure 1 — Transformation of the gelified matter along crack walls

Two zones with a thickness of 30—50 um were formed from the crack center out-
ward. The first is represented by lighter-than-vitrinite lumps of isometric shape, 1-
20 um in size, and the larger ones were obviously formed by merging smaller ones.
Here the temperature was the highest, the gelified matter was plasticized, liquefied,
mixed, and degassed. The second zone, located further from the center of the crack,
was under lesser temperature impact and is represented by darker than vitrinite
lumps, 1-2 pm in size. This is probably one of the initial stages in the transformation
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of the gelified matter that occurred in the first zone.

Coal grade “Lean” is formed at a temperature of 250-300 °C and the ease with
which the gaseous fluid transformed the already formed maceral with the formation
of "secondary" maceral — light lumps of the first zone, indicates a fluid temperature
of over 400 °C.

Measurements of the gray shades’ intensity (analogous to the reflectivity by the
method of the IGTM of NAS of Ukraine [12]) in the micrograph (Figure 1) showed
that the values of this indicator for the light lumps of the first zone exceed similar
values for vitrinite and even semifusinite (the lower right corner in the Figure) and
are equal to the values of inertinite or vitrinite of the anthracite stage.

When preparing a preparation for quantitative petrographic research (polished
section briquette), the coal presented by the polished section in Figure 1 will be
crushed to a size of less than 1 mm, and the light lumps of transformed the gelified
matter along the crack will fall out of the context of the mutual arrangement of mac-
erals and as separate objects, according to all coal-petrographic features, will be iden-
tified as macerals of the inertinite group, namely micrinite. However, the above facts
show that they have nothing to do with the fusinization process, but are transformed
vitrinite, i1.e., "secondary" maceral of this group.

As for the lumps of the second zone (more distant from the crack), which are
darker than the parent vitrinite, then in polished sections, vitrinite fragments with
them as heterogeneous or contaminated will most likely be excluded when measur-
ing, for example, reflectivity, which significantly reduces the risk of obtaining ques-
tionable results when using "secondary" macerals.

The results of this process are observed only on interlayer surfaces and are absent
in polished sections made across the strike of the bed or tangentially.

II. The second variant of interaction between fluid and coal matter occurs in the
case of gas-liquid fluid and consists of solidification of the liquid phase mainly on the
interlayer surfaces of coals (Fig. 2).

Figure 2 — The liquid phase of fluid solidified on the interlayer surface of coal
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Similar films on interlayer surfaces in textbooks of past years are mistakenly in-
terpreted as "slip mirrors", i.e. as a result of friction of two surfaces. The morphology
of these surfaces would not allow this to be done — this is confirmed by the absence
of terrigenous material and our research of the petrographic composition of these
films, which showed their absolute homogeneity, in contrast to the gelified matter,
which either cements at least a small number of macerals of other groups or preserves
the structure of the original plant material.

In organic petrology, liquid hydrocarbon compounds released from macerals dur-
ing their transformation and present in the rock in the form of films, deposits, or clots
are called bitumen.

It is impossible to determine exactly at the coal petrographic level which bitumens
are formed from which macerals, although most researchers consider alginite and
liptinite to be the source material for them.

In our case, the film of the solidified liquid phase of fluid was formed from geli-
fied coal matter in the process of gas generation by coal itself, it has nothing to do
with alginite, although liptinite products may participate here.

In organic petrology, they have taken the path of proposing new names for macer-
als of organic matter in inorganic rocks. However, the same names in different
branches of research can have different meanings, for example, in organic geochem-
istry the term "bitumen" is used to describe naphthoids.

In the present research, to avoid confusion in terminology, we do not propose new
names for macerals but use examples to show the features by which "secondary"
macerals can be identified.

Secondary macerals formed by the transformation of the gelified matter under lo-
cal pressure increase.

Laboratory experiments on uniaxial compression of coal petrographic prepara-
tions directly on the microscope stage with video recording of the results conducted
at the IGTM of NAS of Ukraine allowed us to record the wave-like nature of stress
transmission through coal matter before crack formation.

After crack formation, the result of this impact is detected in polished sections
during micro petrographic research in the form of thin (0.3-1 um) light stripes that
exactly repeat the crack contour and are parallel to each other (Fig. 3). The stripes are
located only on one side of the cracks, along the entire length of the cracks, their
number can reach ten.

Light stripes are the transformed gelified matter. Their reflectivity can exceed the
reflectivity of the parent gelified matter by 2—4 grades, i.e. these stripes in coal of
grade "Fat" can have values characteristic of anthracites.

When crushing such a section of coal in the process of making a coal petrographic
preparation, we will obtain fragments of these stripes, which will be diagnosed as in-
ertinite but, in fact, are transformed the gelified matter of a higher degree of carboni-
zation, i.e. "secondary maceral".

When light stripes are formed, i.e. increasing the coalification of the gelified mat-
ter in this area, a certain volume of gas will be generated. The stripes (as noted
above) are very thin, but their number is determined by the number of cracks during
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coal crushing. If crushing occurs spontaneously, such as during a sudden outburst of
coal and gas, the increasing number of cracks will be accompanied by an increasing
amount of the transformed gelified matter and an increasing amount of generated gas,
and the process will become avalanche-like.

Figure 3 — Light stripes of transformed gelified matter as a result of the wave-like passage
of stress from external pressure, the gelified matter

The formation of such stripes along cracks is most often observed in medium-
grade coals, slightly less in highly metamorphosed coals and isolated cases of grades
"Long Flame-Gas". They are not characteristic of the entire coal bed, but are found
locally and can be as a sign of the tendency of coals to manifest gas-dynamic phe-
nomena.

Secondary macerals formed by the transformation of the gelified matter under
bacterial action.

Along with the role of aerobic bacteria in the humification of the original plant
material, the issue of the activity of anaerobic bacteria in coals is widely discussed in
the scientific literature.

Bacterial theory is one of the most common theories of spontaneous combustion
of coals, along with the pyrite theory of the "coal-oxygen" complex and phenolic one.

Theoretically, it is possible that, along with methane of thermogenic generation,
biogenic methane, which is a product of the vital activity of anaerobic bacteria, may
be present among the combustible gases of coal basins [13].

We have discovered new formations on the interlayer surfaces of coals that look
like colonies of microorganisms or products of their vital activity (Fig. 4).

Colonies of these microorganisms, in addition to the oval shape, can also be rec-
tangular.

Their reflectivity is mainly lower than that of vitrinite, although it varies widely.

Bacteria are located on interlayer surfaces represented by the gelified matter; they
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are not noticed on either liptinite or inertinite. Probably, inert macerals and macerals
formed from fats, waxes, and suberin are of no value to them as a nutrient medium.

Figure 4 — Traces of bacterial activity on the gelified coal matter

On interlayer surfaces, they are located above the system of cleavage cracks and
are not connected with them in any way. Consequently, their appearance is not con-
nected with the replenishment of fluids of various genesis. They were formed during
the inversion period of the basin development.

In coal-petrographic calculations of the maceral composition, fragments with
these new formations will be erroneously (based on external features, mainly reflec-
tivity) attributed to macerals of the liptinite group, although they are not such based
on their genesis and physical properties (hardness). They should also be considered
"secondary" macerals.

Being attributed to liptinite, these "secondary" macerals, especially at low stages
of metamorphism, will erroneously overestimate the quality of coals, for example, in
terms of sintering, i.e. use in the charge in the coke-chemical industry.

4. Conclusions

1. Coal macerals are formed during diagenesis.

2. During coalification, new formations of various genesis appear, which should
be considered "secondary".

3. In regulatory documents on the identification of macerals, only their external
coal petrographic features are considered without regard to genesis. This can lead to
the classification of "secondary" macerals of the transformed gelified matter as
liptinite and inertinite groups, which they are not, which will result in either an over-
estimate or underestimate of coal as a raw material for certain industries.

4. In percentage terms, the share of "secondary" macerals is small (except for
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stripes of transformed vitrinite along tectonic cracks, especially in zones of crushed
coal), but they should not be ignored.

5. The genesis of "secondary" macerals can be varied: stress thermal transfor-
mation of gelified substance by gas fluid, solidification of liquid phase of fluid on
vitrinite of interlayer surfaces, dynamic metamorphism in fractured zones, bacterio-
logical processing of the gelified matter, chemical reactions between liptinite and vit-
rinite during regional metamorphism.

6. In this paper, we present the features of "secondary" macerals of various gene-
sis for their identification, but do not propose new names to maintain a balance be-
tween new coal petrographic facts for the classification of macerals and the overload
of terminology.

7. In coal petrographic studies, in addition to the GOST preparation - polished
section - briquette, it is desirable to have a polished section - sample for a preliminary
evaluation presence of "secondary" macerals.

8. The fact that all "secondary" macerals have external signs of liptinite or iner-
tinite and have sizes from 1 to 100 microns facilitates their diagnostics.

Recommendations:

1. When diagnosing a maceral as a "secondary" one, it should be excluded from
the calculation of the petrographic composition, so as not to make a mistake in evalu-
ating the properties of coal, since at this stage their properties have not been studied.
Since the calculation is carried out according to the "chessboard" principle, excluding
the fact of finding such a maceral will not significantly affect the result;

2. In connection with the development of research technologies, it is necessary to
study the properties of "secondary" macerals by various methods, in particular, by
FTIR-spectroscopy.
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BTOPWHHI MALIEPANW BYTINNA AK IHOAWKATOP NEPETBOPEHHSA MENI®IKOBAHOI PEYOBUHU
Gespy4ko K., bapaHoscbkul B.

AHoTauis. Byrinns - UiHHa BUMKONHA CUPOBMHA ONS eHepreTWkW, MeTanyprii, XiMiyHoi npomucnosocTi. Hanpsamok
BUKOPUCTaHHS KOHKPETHOIO BYTiNns BU3HAYAETHCS HWU3KOK MPUYMH, Y TOMY YMCHIi Oro neTporpadivHum cknagom. Met-
porpaiyHniA cknag BYrinns Sk CYKYMHICTb MaLepanis (hOpMyeTbCs B [iareHesi i 3@ HOPMaTUBHUMM JOKYMEHTaMU €
HEe3MiHHWUM. Y aaHiin poboTi Ha OCHOBI GaraTopiYHOI NPaKTUKK NeTporpad)ivHOro BMBYEHHS BYFiNs nokasaHo Malepan,
SKi 3a ByrneneTporpadgiyH1Mi 03Hakamu (hopma, Konip, SCKpaBiCTb, penbed) BiAHECEHO A0 NEBHOI rPynK, ane 3a rexHe-
30M HE MaKTb [0 Liiei rpynu XOAHOTO CTOCYHKY, @ € MPOAYKTOM NEpEeTBOPEHHS renidlikoBaHoi pevoBuHM, T06TO "nep-
BMHHUX" MaLiepaniB rpyni BITPUHITY, SIKi, TaKUM YUHOM, € "BTOPUHHUMW MaLepanamm”. Y Takux BUNagkax MOXyTb BUHN-
KHYTM NOMMIKM B OLIiHLi BNACTUBOCTEN BYriNna SK CUPOBUHU NS NEBHOT ranysi.

Meta po60oTu - HaBeCTV npuknaau ineHTudikawii "BTOPUHHUX MaLepanis” BYrinns 3anexHo Bid IXHbOT FeHETUKM Ta
AaTn pekoMeHaaLlii Wwoao ixHboro obniky. OnncaHo reHeTUYHi NnepeayMoBM BUHWUKHEHHS "BTOPUHHUX Malepanis”. 3ae-
BinbLUIOro Le nepeTBopeHa renigikoBaHa pevoBWMHA BHACTILOK CTPECOBOMO TEPMIYHOMO BRMBY rasoBuM roigom, 3a-
CTUraHHs pigkoi dhasw niigy Ha BITPUHITI MXLLAPOBUX MOBEPXOHb, AMHAMOMETaMopdi3My B TPiLMHYBaTUX 30HaX,
BakTepionoriyHoro nepepobnexHs, a TakoX AOCImKEHb, WO NPOBOAUANCE 3@ JOMOMOrO BiA€OONTUYHOIO KOMMEKCY:
MEBI-11, HB200, nporpamHe 3abe3neyeHHs Scope photo. [eHesnc «BTOpUHHUX» MaLepanis Moxe 6yTu pisHUM: CTpeco-
BE TEPMIYHE NEPETBOPEHHS renenogibHoi peyoBMHY ra3oBnM (ioidoM, 3aTBepAiHHS PiaKkoi dasu toigy Ha BITPUHITI
MIXLLAPOBMX MOBEPXOHb, AWHAMIYHMIA MeTaMopdisM B TPILLMHYBATUX 30HaX, GakTepionoriyHa obpobka renenogibHoi
PEYOBUHU, XiMIYHI peakLjii MiX MINTUHITOM Ta BITPUHITOM Npu perioHanbHOMy meTamopdiami. PekomeHayeTbCs npu giar-
HOCTYBaHHI MaLiepany sik "BTOPUHHOrC", BUKMKOYNTY MOTO 3 NigpaxyHKy neTporpadivyHoro cknagy, Wwob He noMunuTics B
OLliHLi BNACTUBOCTEN BYTiNMs, OCKINbKM Ha AaHOMY eTani iXHi BNacTMBOCTI He BiBYEHI. OCKinbKM nigpaxyHOK BeAEThCA 3a
NPMHUMNOM "LIaxoBOi AOLIKK", BUKITHOYEHHS (haKTy 3yCTpidi Takoro maLepany iCTOTHO He MO3HAYMTLCA Ha pesynbTarTi;

KntovoBi cnoBa: Byrinns, netporpadivHuin cknag, matepanu, renigikosaHa pevoBuHa.
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