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Abstract

The Carboniferous succession in the Donets Basin hosts about 130 seams, each with a thickness over 0.45 m. Nine

economically important seams from the (south)western Donets Basin are studied using organic petrographical, inorganic

geochemical, and organic geochemical techniques. The main aim of the study is the reconstruction of peat facies of

Serpukhovian (Mississippian) and Moscovian (Middle Pennsylvanian) coals.

Formation of major coal seams commenced during Serpukhovian times. Early Serpukhovian coal accumulated in a relatively

narrow shore-zone and is rich in inertinite and liptinite. Very low ash yields, low to moderate sulphur contents, and upward

increasing inertinite contents suggest coal deposition in raised mires.

Moscovian coal has a significantly wider lateral extension and is generally rich in vitrinite. Coal properties vary widely in

response to different peat facies. Low-sulphur, low-ash k7 coal was formed in a raised mire or in a low-lying mire without

detrital input. l1 and l3 seams containing several fluvial partings were formed in low-lying mires. Both seams are more than 2 m

thick. Seams m2 and m3 contain high-sulphur coal, a consequence of deposition in a peat with marine influence. In contrast,

syngenetic sulphur content is low in the m5
1 upper seam, which was formed in a lacustrine setting. The late Moscovian n1 seam,

up to 2.4 m thick, accumulated in a swamp with a vegetation rich in bryophytes and pteridophytes. The properties of the n1
seam are transitional between those of Serpukhovian and other Moscovian seams. Differences in maceral composition between

Serpukhovian and Moscovian coals probably reflect changes in climate and vegetation type.

Tuff layers are observed in the l1, l3, and m3 seams. The l3 and m3 seams contain abundant authigenic quartz. Trace element

contents are high in many seams. As contents are especially high in seams c10
2, k7, l3 and m3. Ash in the l3 seam contains up to

8000 ppm As. Co is enriched near the base of several seams. Maxima up to 2400 ppm occur in the ash of the k7 and l3 seams.

Cd contents in ash are frequently as high as 30 or 40 ppm.
D 2003 Elsevier B.V. All rights reserved.
Keywords: Ukraine; Coal; Serpukhovian; Moscovian; Organic geochemistry; Inorganic geochemistry; Coal petrography

* Corresponding author. Fax: +43-3842-402-9902.
0166-5162/03/$ - see front matter D 2003 Elsevier B.V. All rights reserved.

doi:10.1016/S0166-5162(03)00112-5

E-mail address: sachsenh@unileoben.ac.at (R.F. Sachsenhofer).



R.F. Sachsenhofer et al. / International Journal of Coal Geology 55 (2003) 225–259226
1. Introduction

The Donets Basin (Donbas), located mainly in the

Ukraine with the eastern part of the basin extending

into Russia, contains one of the major coal fields in

the world. The basin covers an area of 60,000 km2 and

is located between the Dniepr–Donets Basin and the

buried Karpinsky Swell (Fig. 1).

The Carboniferous succession in the Donets Basin

hosts about 130 seams, each with a thickness over

0.45 m. Total coal thickness is about 60 m (Ritenberg,

1972). The coal is generally of meta-anthracite rank in

the central part of the basin. Low-rank coals are

restricted to the western and northern basin margins

(Fig. 1; Levenshtein et al., 1991a). The thickness of

coal seams currently mined is in the range of 0.6 to

2.5 m. Seams in excess of 2 m are rare. Proven

commercial reserves in the Ukrainian part in the depth

interval up to 1600–1800 m are 52 Gt (Zhykalyak and

Privalov, 2002).

The average methane content of coal is 14.7 m3/t

(Marshall et al., 1996), but numerous seams have

significantly higher gas content, presenting a high

potential for coal mine methane projects (e.g. Triplett

et al., 2001). On the other hand, the high methane

content presents a severe mine safety problem in this

area.

In the present paper, some of the economically most

important seams are studied using a multidisciplinary

approach involving organic petrographical, inorganic

geochemical, and organic geochemical techniques.

The main aim of the study is to reconstruct the

depositional environment of the seams. In addition,

differences between Mississippian (Serpukhovian) and

middle Pennsylvanian (Moscovian) peat forming envi-

ronments are investigated. Inorganic geochemical

analyses are applied mainly to support the character-

ization of the mineral matter in the coal. However,

because Donets coals are known to be rich in hazardous

trace elements such as Hg, As, Cd, Pb, and Zn (Panov

et al., 1999; Kizilshtein and Kholodkov, 1999), select-

ed trace elements are included in the present study.
2. Geological setting

The Donets Basin forms part of the Pripyat–

Dniepr–Donets–Karpinsky Basin (Fig. 1), a Late
Devonian rift structure located on the southern part

of the Eastern European craton (Stovba and Ste-

phenson, 1999; Stephenson et al., 2001). Some

important aspects of the evolution of the basin are

summarized in Fig. 2. Total thickness of Devonian

pre- and syn-rift rocks is 750 m at the margins of

the Donets Basin, but may reach 5 km towards the

basin center.

Major post-rift subsidence occurred during the

Permo-Carboniferous. The Carboniferous sequence,

up to 14 km thick, is subdivided into lithostrati-

graphic units named suites A, B, C, to P (Lutugin

and Stepanov, 1913). Their correlation with the

standard time-scale is presented in Fig. 2. A sequence

stratigraphic frame for the Permo-Carboniferous

rocks in this basin is provided by Izart et al. (1996,

1998, 2002a). The coal-bearing succession consists of

elementary sequences, composed of fluvial sandstone,

coal, marine limestone or claystone, and deltaic clay-

stone and siltstone (Izart et al., 2002b). The percent-

age of continental deposits is higher in the western

than in the eastern Donets Basin. Coal seams and

intercalations of coal are present throughout the

Carboniferous succession. However, lower Serpukho-

vian (suite C) and Moscovian successions (suites K to

M) are especially rich in coal (Levenshtein et al.,

1991b).

Economic coal seams of suite C are mainly found

in a narrow (f 10 km wide), NW–SE trending zone

along the southwestern basin margin (Shulga, 1981).

Moscovian seams have a significantly wider areal

extent, with some seams covering the entire Donets

Basin. A detailed stratigraphic column of Moscovian

rocks, together with a number code for limestone

layers (capital letters) and coal seams (small letters),

is shown in Fig. 2.

Permian rocks are preserved along the western and

northern basin margins, where they are represented by

a sandstone-mudstone series with limestone interbeds

(Nesterenko, 1978). Thick evaporites occur in Asse-

lian and Sakmarian levels. Only relatively thin sedi-

ments were deposited during the Mesozoic and

Cenozoic.

The structure of the Donbas Foldbelt, which is the

inverted part of the Dniepr–Donets Basin, is domi-

nated by WNW–ESE striking anticlines and syn-

clines. The maturity of the Carboniferous rocks

increases from the western and northern basin margins



Fig. 1. Geologic sketch map of the Donets Basin (modified after Popov, 1963), and coalification map at the top of the Carboniferous sequence

(modified after Levenshtein et al., 1991a). Eight coal seams from mines in the (south)western Donets Basin were studied. The position of the

mines is shown in the vitrinite reflectance map.
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Fig. 2. Chrono- and lithostratigraphy of the Donets Basin. Major magmatic and tectonic events are shown (Sterlin et al., 1963; Belokon, 1971;

Einor, 1996; Privalov et al., 1998; Stovba and Stephenson, 1999). A detailed stratigraphic column is provided for the Moscovian sequence.
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towards the basin center and mirrors the main struc-

tural elements (Fig. 1). The rank of the coals is

controlled mainly by temperatures attained during

deep Permian burial. The resulting coalification pat-

tern was overprinted in some areas by thermal events

probably related to late Permian magmatic intrusions

(Sachsenhofer et al., 2002).
3. Samples and methods

Eleven profiles representing eight Serpukhovian

and Moscovian seams, each with a thickness in excess

of 1 m, were selected for the investigation. In order to

investigate low rank coals, the seam profiles were

sampled in the (south-)western part of the Donets

Basin (Krasnoarmeisk, Donetsk-Makeevka, Yuzhno-

Donbasskaya regions; Fig. 1). Most coals are high

volatile bituminous (0.60–0.92% Rr); two profiles

contain medium volatile bituminous coal (1.2% and

1.4% Rr).

The present study is based on 71 samples, taken by

staff of the coal mines, who also logged the seam

sections. Only four samples are from Serpukhovian

seams: three samples represent the lower, middle, and

upper part of the c10
2 seam, respectively, and a single

channel sample represents the entire c11 seam. Each

Moscovian seam section is represented by 5 to 11

samples. Each sample typically represents a 10-cm

interval.

As a first step, the samples were crushed to a

maximum grain size of 3 mm. For petrographical

investigations, a representative part of the sample

was mounted in epoxy resin, ground and polished.

At least 300 points were counted on polished sections

using a Leitz microscope in reflected white and

fluorescent light to provide data for maceral analyses.
VI ¼ teliniteþ telocolliniteþ fusiniteþ s

desmocolliniteþ vitrodetriniteþ inertodetriniteþ
The maceral abundances refer to percentages on a

mineral matter free basis (% mmf).

There have been several suggestions to character-

ize coal facies on the basis of maceral ratios (e.g.

Diessel, 1986; Calder et al., 1991). These maceral

indexes were developed for specific coals of Permian

and Pennsylvanian ages and do not necessarily ex-

trapolate to other coals, even of the same age. More-

over, modern peats studies show that maceral ratios

alone are of limited utility to interpret depositional

environments (e.g. Dehmer, 1995; Wüst et al., 2001;

Moore and Shearer, 2003). Even so, maceral ratios

provide a convenient way to present complex maceral

data. Therefore, the following indexes were calculated

for samples with ash yields < 50%.

The gelification index (GI; Diessel, 1986) contrasts

gelified with fusinitised macerals. The GI is consid-

ered to give an indication of the relative dryness of

peat forming conditions, although pyrofusinite may be

blown or washed into the system.

GI ¼ vitriniteþmacrinite

fusiniteþ inertodetrinite

The groundwater index (GWI; Calder et al., 1991)

is the ratio of strongly gelified vitrinite plus detrital

mineral matter to weakly gelified vitrinite. Because

gelocollinite and corpocollinite are generally rare, the

GWI is mainly a measure for the detrital input.

GWI ¼ gelocolliniteþ corpocolliniteþ detrital mineral matter

teliniteþ telocolliniteþ desmocollinite

The vegetation index (VI; Calder et al., 1991)

contrasts macerals of forest affinity with those of

herbaceous and aquatic affinity.
emifusiniteþ suberiniteþ resinite

alginiteþ liptodetriniteþ sporiniteþ cutinite
:



Table 1

Position above the base of the seam, ash yield, total sulphur and organic carbon contents (TOC), Rock Eval parameters (Tmax, S1 [mgHC/g

Rock], hydrogen index [HI; mgHC/gTOC]), maceral composition (V: vitrinite; L: liptinite; I: inertinite), and facies indicators (GWI:

groundwater index; VI: vegetation index; GI: gelification index) for Donets Basin samples
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Table 1 (continued )

Grey shading indicates samples with more than 30% ash.
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For chemical analysis, a representative portion of

each sample was crushed to < 250 Am to determine

sulphur and total organic carbon (TOC) contents on a

Leco CS-300 instrument. Ash yield and moisture
content analyses followed standard procedures

(Deutsches Institut für Normung, 1978, 1980). All

ash and sulphur values are given as weight percents

on a dry basis (db).
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Rock Eval pyrolysis was performed in duplicate

using a RockEval 2+ instrument (Espitalié et al.,

1977; Peters, 1986). The amount of free hydrocarbons

(S1) and the amount of hydrocarbons released from

kerogen during gradual heating (S2) were determined.

The latter was normalized to TOC to give the hydro-

gen index (HI = S2/TOC). As a maturation parameter,

the temperature of maximum hydrocarbon generation

(Tmax, jC) was determined.

To characterize the molecular fraction, the pow-

dered sediments were treated with chloroform at 60

jC for 45 min using a solvent extractor ASE200. The

total extract obtained was fractionated by liquid chro-

matography on a silica column into saturates, aromatics

and polars. Saturates and aromatics were analysed by

gas chromatography-mass spectrometry in the labora-

tory of the UMR G2R (Unité de recherche Géologie et

Gestion des ressources minérales et énergétiques,

Nancy). The gas chromatograph was a Hewlett-Pack-
Fig. 3. Vertical distribution of sulphur, ash yield, hydrogen index, maceral
ard 5890 Series II and the detector a HP 5971 mass

selective detector, operating in ‘‘fullscan’’ or SIM

modes.

Inorganic geochemical analysis was performed

using Instrumental Neutron Activation Analysis

(INAA) and Inductively Coupled Plasma Emission

Spectrometry (ICP-AES).
4. Results

4.1. Ash yield, inorganic geochemistry, and

micropetrography

Ash yields, sulphur contents, and petrographic data

are summarized in Table 1. The contents of major and

some trace elements in coal ashes are listed in Table 2

together with typical trace element concentrations of

ashes from bituminous coals after Krejci-Graf (1984).
groups (mineral free basis), and facies indicators in c10
2 and k7 seams.
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Vertical variations within the seams are shown in Figs.

3, 4 and 7–11. The seams are described in a strati-

graphic order from the oldest c10
2 to the youngest n1

seam.

4.1.1. Seam c10
2 (Yuzhno-Donbasskaya #1)

The c10
2 seam in the studied section is 1.25 m thick.

It overlies siltstone and is overlain by claystone (Fig.

3). The seam contains high volatile B/C bituminous

coal (0.61% Rr) with an average ash yield of only

3.5%. Sulphur contents are moderately high (1.8–

4.2%). The ash is dominated by Fe2O3 (Fig. 4),

suggesting that pyrite is the most important mineral

in the low-ash coal. Ni, As, and Cd contents are

relatively high.

Considering all samples from the present study,

there is a good correlation between iron contents of
Fig. 4. Concentration of major and trac
whole coals ( < 50% ash) and sulphur contents (r2 =

0.87; n = 54) suggesting that pyrite is the main source

for iron. However, Fe/S ratios are generally < 0.813

indicating that pyrite is not the only sulphur source.

Obviously, a significant part of the sulphur occurs

within the organic matter (see also Bechtel et al.,

2002).

Vitrinite contents range from 50% to 60%. Desmo-

collinite is the prevailing vitrinite maceral (Fig. 5a,b).

Inertinite contents (mainly inertodetrinite, some pyro-

fusinite) are high and increase upwards from 16% to

26%. Liptinite percentages are in a similar range (20–

26%). (Crassi)sporinite and liptodetrinite are the most

abundant liptinite macerals. Macrospores occur in

considerable amounts, and cutinite is rare. Because

of abundant detrital macerals, the VI is generally low

(0.5) with a maximum value of 0.8 in the lower part of
e elements in c10
2 and k7 seams.



Fig. 5. Photomicrographs of coals from c10
2 , l1 and l3 seams (oil immersion; incident white light except b, and d). (a) c10

2 (Yuzhno-Donbasskaya,

sample 1): Trimaceritic coal. (b) Same field as (a) (fluorescent mode): Sporinite is the main liptinite maceral. (c) l1 (Novogrodovskaya, sample

1): liptinite-rich coal from the base of the seam. Vitrodetrinite and desmocollinite are the dominating vitrinite macerals. (d) l1 (Dimitrova, sample

5; fluorescent mode): macrosporinite occurs in large quantities in the middle part of the seam. (e) l3 (Almaznaya, sample 7): cross section

through several leafs separated by shale. (f) l3 (Almaznaya, sample 6): coal dominated by vitrodetrinite and thin layers of telocollinite. Sporinite

and cutinite are present as well. (g) l3 (Belozerskaya, sample 9): inertinite-rich coal. (h) l3 (Belozerskaya, sample 4): kaolinite from the lower tuff

layer.
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the seam. GWI and GI are also low. The latter

decreases upwards.

4.1.2. Seam c11 (Yuzhno-Donbasskaya #3)

Vitrinite reflectance of the studied section is 0.7%

Rr (high volatile B bituminous). This 1.6-m-thick coal

is low in ash yield (2%) but rich in sulphur (3%).

Fe2O3 content is lower in the c11 seam than in the c10
2

seam (Table 2), demonstrating that despite high sul-

phur contents, pyrite is less abundant than in the c10
2

seam. Inertinite (29%) and lipinite (15%) percentages

are high. GWI, VI, and GI are low and similar to those

in the c10
2 seam (Table 1).

4.1.3. Seam k7 (Centralnaya)

The studied seam section is about 1.1 m thick and

overlies rooted sandstone (Fig. 3). The roof is formed

by siltstone 35 cm thick and another sandstone 13.4 m

thick. The k7 seam is of high volatile A bituminous rank

(0.92% Rr).

A shaly seam split occurs 20 cm below the top of

the seam in the Dimitrova mine but is missing in the

studied profile. The average ash yield in the Central-

naya section is only 1.9%. High percentages of SiO2

and Al2O3 indicate that the ash is dominated by

alumosilicates. Sulphur contents are moderate

(1.2%) and reach a maximum (2.3%) near the top of

the seam. Iron is abundant only in the uppermost

sulphur-rich sample (Fig. 4).

The lower part of the seam is rich in Ni (2500 ppm)

and Co (2400 ppm) and the contents in both elements

decrease upwards (Fig. 4). As contents (1000–5000

ppm) are high within the entire seam. Concentrations of

Pb and Zn are moderate, but in contrast to most other

seams, Pb is less abundant than Zn.

Inertinite macerals are rare (5.6%) compared to

other seams. In contrast, liptinite (predominantly ten-

uisporinite and liptodetrinite) content is relatively high

(11%). Vitrinite percentages range from 78% to 89%.

The VI decreases from the base towards the top of the

seam. A very low GWI results from the virtual lack in

detrital minerals. High GI values in the middle part of

the seam reflect the very low inertinite contents.

4.1.4. Seam l1 (Dimitrova, Novogrodovskaya #3,

13bis)

Fig. 6 illustrates a 40-km-long N–S section through

the l1 seam. Two tuff horizons occur within the seam. In
the northern section the seam is split by fine-grained

fluvial rocks (Uziyuk et al., 1972). The upper coal layer

(l1
upper) starts with coaly shale. The uppermost part of

the seam is eroded along the southern section.

The l1 seam is studied in profiles Dimitrova and

Novogrodovskaya located near the section presented

in Fig. 6, and in the 13bis mine northeast of Donetsk

(Fig. 7; see inset in Fig. 6 for location of mines). Seam

thickness is about 2 m in the western part and about 1

m in 13bis. The thin lower tuff, about 5 cm thick, is

evident in all profiles. Claystone and coaly shale in the

upper part of the Dimitrova and Novogrodovskaya

profiles represent the fluvial seam split. The roof of the

seam in the Dimitrova profile is formed by sandstone.

Ash yields are generally low (2–8%). Obviously,

ash yields are significantly higher in samples contain-

ing tuff (Novogrodovskaya: kaolinite-rich sample 1)

and samples from fluvial seam splits. The upper part of

the seam (l1
upper) in Dimitrova contains low-ash coal (c.

10% ash) but consists of coaly shale (60% ash) in the

Novogrodovskaya section. Minor authigenic quartz

occurs below the tuff in the 13bis section. Sulphur

contents of low-ash coals ( < 10% ash) range from 3%

to 7.5%. The highest values occur at the base and at the

top of the seam in the Dimitrova section. Sulphur

contents of high-ash coals, coaly shales, and claystones

are negatively correlated with ash yields (r2 = 0.86;

n= 7).

The Dimitrova (0.74% Rr) and Novogrodovskaya

(0.72% Rr) profiles contain high volatile bituminous

coal, whereas medium volatile bituminous coal

(1.39% Rr) occurs in location 13bis. Because of the

advanced rank, liptinites are not observable in the

13bis section. The rank difference between the sec-

tions shows the general eastward increase in maturity

in the western Donets Basin.

Inorganic geochemical data are available from the

Dimitrova section (Fig. 8). There, the shaly seam split

is characterized by high percentages of SiO2 (60%),

Al2O3 (30%), and K2O (4%). Similar chemical sig-

natures of samples at 0.7 and 1.7 m (samples 4, 8;

Table 2) suggest that the mineral matter in these

samples is dominated by detrital minerals. In contrast,

the ash of low-ash coals from the base of the seam (0–

0.5 m; samples 1–3) is dominated by Fe2O3 (55–

80%) suggesting that pyrite is the main mineral

present. Samples below and above the seam split are

mixtures between both end member types.



Table 2

Concentration of elements in ash of Donets Basin samples
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High-ash coals and seam splits are indicated by grey shading. Bold numbers denote typical values of trace elements of ashes from bituminous

coals according to Krejci-Graf (1984).

Table 2 (continued)
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In general, the ash from low-ash coals contains

higher percentages of trace elements than that of

mineral matter-rich coal. Co contents are moderate

(20–75 ppm) but show a distinct upward increasing

trend. Moderate As contents (300–1300 ppm) are

negatively correlated with ash yields (r2 = 0.67; n = 9).

Vitrinite is the dominant maceral group in all

sections. The coal beneath the lower tuff in the

Novogrodovskaya and Dimitrova sections is rich in

liptinite (mainly sporinite; Fig. 5c) and inertinite. In

contrast to the Novogrodovskaya section, degradofu-

sinite is more abundant than pyrofusinite in the

Dimitrova section. Relatively high contents in liptinite

(including macrosporinite; Fig. 5d) and inertinite also

occur in the middle part of the l1 seam. Coaly shales in

the Novogrodovskaya section are rich in vitrinite,

whereas the l1
upper seam in the Dimitrova section

contains abundant inertinite (20–25%). VI is about

1 in most samples. The GWI is slightly raised only in

the middle part of the Dimitrova section and in the

lowermost sample from the Novogrodovskaya profile.

GI values reach maxima about 0.5 m above the floor

of the seam. Sporinite rich sapropelic coal is indicated
in the cross section shown in Fig. 6. However, no

sapropelic coals were encountered in the studied

profiles.

4.1.5. Seam l3 (Almaznaya, Belozerskaya)

A cross section along the l3 seam, which is one of

the thickest seams in the Donets Basin, is presented in

Fig. 6. Seam thickness reaches 2.3 m in the Belozer-

skaya mine but is < 0.4 m between the illustrated

segments. Thickness variations are at least partly due

to erosion, which removed the entire seam in the

Novogrodovskaya mine and the upper part of the

seam along the southern transect shown in Fig. 6.

The l3 seam contains several partings including two

tuff layers 5 and 15 cm thick. The roof of the seam is

formed by claystone.

The rank of coal from the Almaznaya and Belo-

zerskaya mines is high volatile A bituminous (0.80–

0.90 % Rr). The seam overlies rooted claystone in

both sections (Fig. 9). Ash yields are generally low

but often increase in samples near seam splits. Shaly

coal occurs between the lowermost seam split and the

lower tuff in the Almaznaya section. The chemical



Fig. 6. Lithostratigraphic profiles along the l1 and l3 seams in the western Donets Basin. Tuff layers are used for correlation (after Uziyuk et al.,

1972). Quartzitic coal: coal with abundant authigenic quartz. The position of the profiles is shown in the inset.
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signature of detrital seam splits and of shaly coal is

similar to that of the l1 seam split. The chemical

signature of the lower tuff layer in the Belozerskaya

section (sample 4; Table 2) differs significantly show-

ing higher Al2O3 content (42%), a slightly lower SiO2

content (53%) and significantly lower percentages of
K2O (0.6%) and MgO (0.3%; Fig. 8). This composi-

tion suggests kaolinite as the predominant mineral and

agrees with analyses from other tuffs in the Donets

Basin (Zaritsky, 1972). Ash yields of the uppermost

sample in both sections are slightly increased (9.6%

and 7.4%, respectively). Microscopic examination



Fig. 7. Vertical distribution of sulphur, ash yield, hydrogen index, maceral groups (mineral free), and facies indicators in seam l1 (Dimitrova,

Novogrodovskaya, 13bis mines).
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Fig. 8. Concentration of major and trace elements in l1 and l3 seams.
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Fig. 9. Vertical distribution of sulphur, ash yield, hydrogen index, maceral groups (mineral free), and facies indicators in seam l3 (Belozerskaya,

Almaznaya mines).
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shows that this is due to the presence of authigenic

quartz and epigenetic carbonate. The presence of

authigenic quartz is reflected by unusually high

SiO2/Al2O3 ratios (2.9–7.5), whereas high calcium

and magnesium contents (6.4% MgO) in the upper-

most Almaznaya section (Fig. 8) indicate the presence

of manganese-rich calcite or dolomite. The sulphur

content in low-ash coal is significantly higher in the
Belozerskaya section (2.8%) than in the Almaznaya

section (1.3%).

As contents are very high in ash from the upper part

of the Almaznaya section (2000–8000 ppm). Co con-

tents reach maxima near the base of the seam and are

especially high in the Belozerskaya section (673 ppm).

The ash-rich sample below the lower tuff in the

Almaznaya section is rich in leaves (Fig. 5e). The
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lowermost sample contains abundant spores (Fig.

5f). Inertinite contents are generally low in the

lower half of the seam but reach maxima, with up

to 24%, below the upper tuff (Fig. 5g). High

inertinite contents are also observed above the upper

tuff ( < 14%). The GI shows parallel trends in both

sections with maxima below the lower tuff and

minima below the upper tuff (Fig. 9). The VI of

both sections is relatively high and ranges from 1 to

2. The GWI is very low. Relatively high values are

restricted to ash-rich samples. Sample 4 from the

Belozerskaya section represents the lower kaolinitic

tuff (Fig. 5h).

4.1.6. Seam m2 (Belitskaya)

The m2 seam in the Belitskaya region is about 1 m

thick. The floor and roof of the seam are formed by

siltstone. A shaly parting 12 cm thick separates a

high-ash lower part from a low-ash upper part (ca.

5%; Fig. 10). Ash yield increases to 20% at the top of

the seam. The average sulphur content of coal is 5.2%.

These are the highest sulphur values of all studied

seams. Sulphur maxima occur near the base of the

seam (>8%). A slight increase in sulphur is also

observed below its roof. Very high pyrite contents

relate to high concentrations in iron.

The chemical signature of the shaly seam split

corresponds to that of other detrital seam partings in

the Donets Basin. The coal ash above and below the

seam split is relatively rich in CaO (Fig. 11). SiO2/

Al2O3 ratios are higher than in most other seams.

Heavy metal contents are within the range of typical

concentrations of these elements in ash from bitumi-

nous coals (Table 2). Only sample 5 is enriched in Cd

and As.

Average vitrinite reflectance (0.68% Rr) classifies

the coal as high volatile B bituminous. Vitrinite reflec-

tance decreases near the top of the seam to 0.64% Rr.

Liptinite percentages are typically in the order of

6% to 7%. Only the uppermost ash-rich coal contains

17% liptinites, with tenuisporinite as the most abun-

dant maceral. Average inertinite content is about 10%.

VI values are generally low (average VI about 1) and

VI values decrease upwards in the upper part of the

seam. The GWI reaches maxima (0.2) near the base

and the top of the seam. GI values are high in the

lower portion of the seam and low with an upward

decreasing trend in its upper part.
4.1.7. Seam m3 (Bazhanova)

The seam section is 1.55 m thick, which is slightly

lower than the average thickness in the Bazhanova

mine (1.65 m; Triplett et al., 2001). The seam over-

lies siltstone, the roof is formed by claystone. A 6-cm

tuff layer with coarse kaolinite crystals splits the

seam a few centimetres below the top (Fig. 10).

Rank of the studied section is medium volatile

bituminous (1.18% Rr).

Ash yields are generally low ( < 5%) but signifi-

cantly increased in the lowermost part of the seam and

above the tuff layer. The mineral matter in the ash-rich

coal includes thin layers with large biotite crystals,

feldspar, and quartz phenocrysts (Fig. 12a). Samples

with tuffogenous minerals contain more than 60% SiO2

and about 20% Al2O3. Ash from the lower part of the

seam contains CaO in significant amounts (Fig. 11).

Authigenic quartz causes high ash yields in the

middle part of the seam (sample 5; Fig. 12b) and

results in a very high SiO2 content (92.5%; Fig. 11).

Quartz crystals reach diameters >0.1 mm and are also

present in minor amounts in sample 6. Quartz also

fills cell lumens of fusinite (Fig. 12c). Migrated

bitumen with a strong orange fluorescence colour is

sometimes associated with the authigenic quartz and

forms thick granular or fibrous coatings. Framboidal

pyrite occurs within the organic matter, whereas

idiomorphic pyrite often forms the center of quartz

crystals. Migrated bitumen also occurs in other sam-

ples and is especially abundant in sample 2, where it

fills cracks, predominantly in inertinite.

Sulphur values ranges from 0.5% to 7.5% and are

positively correlated with ash yields in low-ash coals

( < 10% ash; r2 = 0.91; n = 6). Average sulphur content

is about 4%. High iron concentrations are consistent

with abundant pyrite. As contents of >4000 ppm

occur in ash from two low-ash coal samples.

Because of advanced rank, primary liptinites are

not visible in the studied section. The ash-rich sam-

ples near the top and the base of the seam contain

exclusively vitrinite. Inertinite percentages in low-ash

coals ranges from 9% to 22%. Inertodetrinite and

degradofusinite occur in high proportions. Pyrofusin-

ite is abundant only in sample 5 (7%). With the

exception of the base and the top of the seam, the

GWI is very low ( < 0.1). The VI shows a wide scatter.

GI is very high in the uppermost and lowermost

samples but low in the bulk of the seam.
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Fig. 10. Vertical distribution of sulphur, ash yield, hydrogen index, maceral groups (mineral free), and facies indicators in m2, m3, m5
1 upper, and

n1 seams.
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Fig. 11. Concentration of major and trace elements in m2, m3, m5
1 upper, and n1 seams.

R.F. Sachsenhofer et al. / International Journal of Coal Geology 55 (2003) 225–259244



Fig. 12. Photomicrographs of coals from m3, and n1 seams (oil immersion; incident white light). (a) m3 (Bazhanova, sample 10): volcanogenic

minerals within vitrinite-rich coal. (b) m3 (Bazhanova, sample 5): authigenic quartz. (c) m3 (Bazhanova, sample 5): quartz in fusinite. (d) n1
(Butovskaya, sample 4): trimacerite.

R.F. Sachsenhofer et al. / International Journal of Coal Geology 55 (2003) 225–259 245
4.1.8. Seam m5
1 upper (Almaznaya)

The m5
1 upper seam in the Almaznaya section con-

tains high volatile bituminous B coal (0.73% Rr) and

is about 1 m thick. Claystone underlies and overlies

the seam (Fig. 10). Average ash yield is 5%. Thin

layers with kaolinite are present in the upper part of

the seam. Sulphur contents generally range from 1%

to 2% but are very high (7.3%) in sample 4, which

contains massive epigenetic pyrite filling cell lumens

in fusinite. Although percentages are only moderate,

the m5
1 upper seam is amongst the richest seams in Pb,

Zn, Cd, and Mo (Table 2). Inertinite contents range

from 6% to 19% and correlate with liptinite (r2 = 0.94;

n = 4). Average VI is about 1.5, indicating a high

proportion of decay resistant plants. GWI (f 0.03)

and GI ( < 10) are low.

4.1.9. Seam n1 (Butovskaya)

The n1 seam reaches its largest thickness (up to 2.4

m) in the Donetsk-Makeevka region. A 1.6-m-thick

section was sampled in the Butovskaya mine. Here,

the seam overlies siltstone and is overlain by sand-

stone (Fig. 10).
Ash yield is generally low (7%). Samples with ash

yields above 5% are dominated by SiO2 and Al2O3,

indicating a predominance of clay minerals. Ca and Fe

concentrations are high in low-ash coals. The sulphur

content is moderate but increases in the uppermost

sample to 2.9%. Pb, Zn, and Cu contents are moderate

and the concentrations of all three elements decrease

upwards (Fig. 11).

Vitrinite reflectance decreases upwards from

0.85% to 0.63% Rr. A negative correlation with the

amount of free hydrocarbons (RockEval peak S1;

r2 = 0.90; n = 5) and a weaker correlation with liptinite

contents (r2 = 0.58) suggest that vitrinite reflectance is

suppressed due to bitumen generated from liptinites

(Diessel, 1992).

Vitrinite percentages range from 56% to 82%. A

high proportion of vitrinite displays a considerable

fluorescence. Liptinite contents increase upwards

from 6% to 13%. The average liptinite content is

about 10%. Inertinite percentages are also relatively

high. Sample 4 (0.9 m above the base of the seam;

Fig. 12d) contains 32% inertinite. Degradofusinite,

macrinite, and pyrofusinite are the most abundant
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inertinite macerals. The VI is about 1.0 near the base

and the top of the seam and is considerably below 1.0

in the middle part. The average VI (0.85) is lower than

in any other studied Moscovian seam. GWI and GI are

also low. The GI shows a general upward decrease but

increases in the uppermost sample.

4.2. Organic geochemistry

4.2.1. Rock Eval pyrolysis

The maturity parameter Tmax correlates well with

vitrinite reflectance (r2 = 0.93; n= 71; Fig. 13a). The

trend line is similar to that published by Teichmüller

and Durand (1983) and Veld et al. (1993). However,

high-rank Donets coals (l1 and m3 seams in the 13bis

and Bazhanova mines) tend to have slightly higher

Tmax values at a given vitrinite reflectance.

HI values of coal range from 120 to 310 mgHC/

gTOC. HI values of mudstone (50–234 mgHC/

gTOC) are often significantly lower than that of coal
Fig. 13. Vitrinite reflectance versus (a) Tmax, and (b) hydrogen index

for Donets Basin samples.
in the same profile. A plot of HI against vitrinite

reflectance (Fig. 13b) shows that HI of coal is mainly

controlled by maturity.

Within-seam variations of HI are shown in Figs. 3,

7, 9, and 10. HI values increase upwards from 230 to

280 mgHC/gTOC in the c10
2 seam. In the m5

1 upper

seam (185–246 mgHC/gTOC) the lowest HI value

occurs in the ash-rich middle part of the seam. In most

other seams there are only minor vertical variations.

The highest average HI (282 mgHC/gTOC) occurs in

seam m2 in the Belitskaya mine. In a few seams HI

displays correlations with macerals. However, in most

seams there is no correlation. Littke and ten Haven

(1989) made similar observations and assumed that

this is because high liptinite contents are often asso-

ciated with high inertinite percentages.

4.2.2. Extract characterisation

Typical n-alkanes, isoprenoids, hopanes, and ster-

anes distributions in extracts from Donets Basin coals

are presented in Fig. 14. Peak assignments are shown

in Table 3 and important geochemical parameters are

summarized in Table 4. Selected data for the l1 and n1
seams are plotted versus depth in Fig. 15.

4.2.2.1. Extract yields and distribution of polars,

aromatics and aliphatics. The yields of extractable

organic matter range from 1.5 to 22 mg/g of coal.

The highest value occurs in the l1 seam below the

shaly seam split. This sample is also characterized by

an exceptionally high S1 value. Nevertheless, extrac-

tion yields are low compared to coals from the

Lorraine Basin in France (5–40 mg/g; Fleck et al.,

2001).

The extracts contain high relative proportions of

polar compounds (51–83%), medium proportions of

aromatic components (14–38%) and low amounts of

aliphatic hydrocarbons (3–12%). Asphaltenes pre-

dominate within the polar fraction (25–51%). The

ratio between the aromatic and aliphatic fractions

varies from 2.8 to 5.8. The uppermost sample in the

n1 seam contains more aromatic (37%) and aliphatic

hydrocarbons (8%) than the deeper samples.

In the l1 seam, samples with low extract yields (3,

4, 9) show higher concentrations of aromatic and

aliphatic hydrocarbons than other samples. The Ser-

pukhovian seams c10
2 and c11 also contain high

amounts of aromatic and aliphatic hydrocarbons



Fig. 14. Examples of (a) n-alkanes and isoprenoid distributions (n-alkanes are labeled according to their carbon numbers), (b) diterpane distributions, (c) hopane distributions, and (d)

sterane distributions of typical Donets coals. Peaks are identified in Table 3.
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Table 3

Peak assignments for diterpanes, hopanes and steranes

Peak number Name

Diterpanes

2 19-Norisopimarane

3 ent-Beyerane

4 iso-Pimarane

5 16h-Phyllocladane
6 16a-Kaurane

7 16a-Phyllocladane

Hopanes

3 Trisnorhopane (C27)

4 Norhopane (C29)

7 Hopane (C30)

10 22S-homohopane (C31)

11 22R-homohopane (C31)

13 22S-bishomohopane (C32)

14 22R-bishomohopane (C32)

Steranes

1 a-Cholestane(20S)C27

2 h-Cholestane(20R)C27

3 h-Cholestane(20S)C27

4 a-Cholestane(20R)C27

5 Methyl-a-Cholestane(20S)C28

6 Methyl-h-Cholestane(20R)C28

7 Methyl-h-Cholestane(20S)C28

8 Methyl-a-Cholestane(20R)C28

9 Ethyl-a-Cholestane(20S)C29

10 Ethyl-h-Cholestane(20S)C29

11 Ethyl-h-Cholestane(20S)C29

12 Ethyl-a-h-Cholestane(20R)C29
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(46–49%). In general, aromatic and aliphatic hydro-

carbons (17–49%) are higher in coals from the

Donets Basin than from the Lorraine Basin (Fleck

et al., 2001).

4.2.2.2. n-Alkanes distributions. The mass chroma-

tograms (m/z = 57) for the n-alkanes for selected

samples are shown in Fig. 14a. The n-alkane distri-

butions are generally unimodal with maximum peaks

between n-C16 and n-C19. The abundance of longer

chain n-alkanes decreases exponentially with chain

length. Only in coal from the c10
2 seam and in sample

8 from the l1 seam (Dimitrova section) do longer

chain n-alkanes occur in significant percentages. Sim-

ilar patterns have been documented in Carboniferous

coals and coaly rocks with a similar maturity from the

Ruhr (Littke and ten Haven, 1989) and Lorraine

basins (Fleck et al., 2001).
The Carbon Preference Index (CPI; Bray and

Evans, 1961) ranges from 1.04 to 1.23 in the l1
and n1 seams and is slightly higher in seams c10

2 and

c11. Average CPI values for different seams corre-

late well with thermal maturity parameters (Rr:

r2 = 0.89; Tmax: r2 = 0.95; n = 4) indicating that dif-

ferences in CPI are mainly controlled by differences

in maturity.

The relative abundances of short-chain (n-C17–19)

and long-chain (n-C25–34) n-alkanes have been quan-

tified (Table 4; Fig. 15). The abundance of n-C15–19

alkanes is an indicator of algal organic matter and the

abundance of n-alkanes higher than C22 is an indicator

of wax of higher plants (Tissot and Welte, 1984).

However, a predominance of n-C15–20 alkanes can

also reflect bacterial biomass input or biodegradation

of n-alkanes during coal deposition (Peters and Mol-

dowan, 1993).

Maturation also results in a shift towards short-

chain n-alkanes. Thus, it is difficult to compare coals

with different maturity. However, within-seam varia-

tions in the l1 seam suggest that different organic

matter input and/or different bacterial overprint con-

tributed to the different n-alkane patterns. Because

alginite is rare in the l1 seam, the reduced amount of

long-chain n-alkanes and the low HI value of sample

8 from this seam may indicate less severe bacterial

activity.

4.2.2.3. Isoprenoids. Pristane/phytane (Pr/Ph) ratios

range from 5 to 10. On average, slightly higher values

are observed in the n1 and c10
2 , than in the l1 and c11

seams. In oxic conditions, the transformation of

phytol to pristane is favoured, resulting in Pr/Ph

ratios higher than 1. On the contrary, a ratio below

0.6 is related to anoxic conditions (Volkman and

Maxwell, 1986). The results clearly indicate oxic

conditions for all coals. Because Pr/Ph ratios are

known to be affected by thermal maturity (e.g. Tissot

and Welte, 1984), it is difficult to compare ratios from

different seams. However, within-seam variations can

be interpreted in terms of varying redox conditions.

Accordingly, the observed upward increase in the n1
seam (6.8–9.3; Fig. 15) indicates more oxic condi-

tions in the uppermost part of the seam. Within the l1
seam Pr/Ph ratios (5.2–7.6) indicate considerable

vertical variations of redox conditions below the

fluvial seam split. In this part of the seam, Pr/Ph



Fig. 15. Depth trends of extract yield, relative proportions of different hydrocarbon fractions, relative proportions of short chain and long chain

n-alkanes to total n-alkanes contents, pristane/phytane ratio, the Rdit ratio (see text for details), and relative proportions of steranes with different

carbon numbers in seams l1 (Dimitrova) and n1 (Butovskaya).
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ratios correlate well with inertinite percentages

(r2 = 0.81; n = 6). The correlation is worse in the

upper part of the seam.

The Pr/n-C17 ratio is generally between 3 and 6 but

exceeds 10 in the c11 seam and in the uppermost n1
seam. The Ph/n-C18 ratio ranges from 0.35 (c10

2 ) to

1.13 (n1). The ratios are in accordance with the
postulated deposition in a mire (Lijmbach, 1975;

Connan, 1981).

4.2.2.4. Diterpanes. Diterpanes were detected in the

m/z = 123 chromatograms. The determination was

made by comparing chromatograms and mass-spectra

diagrams from Noble et al. (1985a,b). The following



Table 4

Extraction yield, relative proportions of asphaltenes, NSO (polars without asphalthenes) and polars (total), aromatic and aliphatic compounds in the extract

Sample Bulk bitumen parameters n-alkanes Isoprenoids Diterpanes Steranes

Extract

(mg/g)

Asphaltenes NSO Polars Aromatics Aliphatics Aromatics/

aliphatics

n-C17-19/

n-C17 – 34

n-C25 – 34/

n-C17 – 34

CPI Pr/Ph Pr/n-C17 Ph/n-C18
Rdit C27 C28 C29

wt.% wt.%

n1 (Butovskaya)

5 7.0 37 18 55 37 8 4.6 0.41 0.17 1.23 9.31 10.77 1.13 1.05 37.7 15.1 47.2

4 11.0 42 41 83 14 3 4.7 0.49 0.14 1.11 7.56 5.48 0.70 1.52 28.3 24.1 47.6

3 7.0 46 20 66 29 5 5.8 0.56 0.11 1.14 7.66 3.42 0.47 1.54 31.2 23.0 45.9

2 2.7 44 28 72 22 6 3.7 0.53 0.13 1.15 7.26 4.32 0.61 1.95 24.4 26.7 48.9

1 2.1 41 29 70 25 5 5.0 0.50 0.17 1.15 6.88 3.13 0.48 1.66 26.3 27.6 46.1

l1 (Dimitrova)

9 4.0 41 25 66 28 6 4.7 0.45 0.18 1.11 6.02 5.33 0.91 1.18 47.6 24.5 27.9

8 8.2 34 46 80 14 6 2.3 0.24 0.46 1.03 6.20 5.84 0.98 1.16 43.1 24.7 32.2

6 22.1 49 21 70 25 5 5.0 0.35 0.24 1.20 6.57 4.52 0.73 1.20 41.0 26.6 32.4

5 6.4 46 22 68 26 6 4.3 0.47 0.18 1.16 7.62 5.84 0.81 1.00 37.5 16.4 46.1

4 2.9 41 22 63 31 6 5.2 0.51 0.17 1.10 7.16 4.33 0.71 1.17 35.7 30.5 33.7

3 1.5 41 20 61 30 9 3.3 0.36 0.21 1.11 5.80 5.56 0.79 1.14 42.4 15.7 41.9

2 2.8 48 19 67 27 6 4.5 0.36 0.19 1.15 5.16 6.08 0.87 1.13 42.8 20.9 36.4

1 2.0 51 17 68 25 7 3.6 0.50 0.15 1.11 6.56 6.12 0.95 1.38 42.1 15.8 42.2

c11 (Yuzhno-Donbasskaya #3)

8.6 29 25 54 34 12 2.8 0.18 0.33 1.25 5.94 10.54 0.96 0.78 37.2 29.0 33.9

c10
2 (Yuzhno-Donbasskaya #1)

1 7.7 25 26 51 38 11 3.5 0.41 0.14 1.57 9.51 3.81 0.35 1.17 30.4 30.6 39.0

Aromatic to aliphatic hydrocarbon ratios, relative intensities of short and long chain n-alkanes, carbon preference index (CPI; after Bray and Evans, 1961). Pristane/phytane (Pr/Ph)

ratio, and ratios of pristane/n-C17, and phytane/n-C18, Rdit ratio after Fleck (2001), and relative proportions of C27, C28, C29 steranes.
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Fig. 16. Sterane data. Sterane carbon number distributions for coals

from c10
2 , c11, l1 and n1 seams (a). Plot of relative proportions of C27

steranes versus sulphur content (b) and Rdit ratio (c).

R.F. Sachsenhofer et al. / International Journal of Coal Geology 55 (2003) 225–259 251
diterpanes were detected (numbers refer to diagrams

in Fig. 14b):

(2) 19-Norisopimarane, (3) ent-Beyerane, (4) iso-

Pimarane, (5) 16h-Phyllocladane, (6) 16a-Kaurane

and (7) 16a-Phyllocladane.

According to Philp (1994) diterpanes occur in the

following groups of Carboniferous plants:

� Pimaranes (2 + 4): pre-gymnosperms (cordaites),

pteridophytes, bryophytes;
� ent-Beyerane (3): pre-gymnosperms;
� Kaurane (6): pre-gymnosperms, pteridophytes,

bryophytes;
� Phyllocladanes (5 + 7): pre-gymnosperms.

Fleck (2001) suggested a diterpane ratio (Rdit),

which is a measure for the relative abundance of

pteridophytes and for the height of the water table

in the mire (low: Rdit < 1; medium to high: Rdit>1).

Rdit ¼
19-Norisopimaraneþ iso-Pimaraneþ 16a-Kaurane

ent-Beyeraneþ 16h-Phyllocladaneþ 16a-Phyllocladane

The lowest Rdit ratio occurs in the c11 seam (0.78).

The c10
2 and l1 seams are characterized by medium

ratios (1.0–1.4), whereas relatively high values pre-

vail in the n1 seam (1.05–1.95). No vertical trend is

visible within the l1 seam, but sample 5 differs in a

reduced Rdit ratio (1.0; Fig. 15). In the n1 seam the Rdit

ratio decreases upwards. In both seams, the samples

with the highest relative abundance of pre-gymno-

sperm-derived biomarkers (low Rdit values) are the

samples with the highest Pr/Ph ratio. This agrees with

the interpretation that low Rdit ratios reflect low water

tables favouring oxic conditions.

4.2.2.5. Hopanes. Hopanes are ubiquitous constitu-

ents of sedimentary organic matter. They are derived

from the degradation of the bacteriohopane C35 (Our-

isson et al., 1979). A unimodal distribution of hopanes

with a maximum at C30 was found in all samples. The

abundance of hopanes above C31 decreases progres-

sively. Hopanes are characteristic for the presence of

bacteria in the swamp (Ourisson et al., 1979) and the

hopanes distribution indicates an oxic-type paleoen-

vironment (Philp and Mansuy, 1997).

4.2.2.6. Steranes. The distributions of C27, C28 and

C29 steranes are plotted versus depth (Fig. 15) and are
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displayed in a ternary diagram (Fig. 16a). The n1 seam

is characterized by a dominance of C29 steranes (45–

49%) without any vertical trend. C27 steranes increase

upwards from 24% to 38%, whereas C28 steranes

decrease in the same direction (28–15%). Sterane

patterns in the l1 seam are more variable and C27

steranes are more abundant. Only sample 5 is domi-

nated by C29 steranes. C27 steranes increase and C29

steranes decrease in the upper part of the coal seam.

Coal samples from suite C are characterized by equal

amounts of C27, C28 and C29 steranes. Percentages in

C27 steranes correlate with sulphur contents (r2 = 0.54;

n = 15; Fig. 16b), and decrease with increasing Rdit

ratios (r2 = 0.44; n = 15; Fig. 16c).

C29 steranes in coals are mainly derived from C29-

sterols from the wood of higher plants. C27 and C28

steranes can be indicative of algal-derived kerogen

(e.g. Huang and Meinschein, 1978, 1979). The C27 and

C28 steranes may also be derived from heterotrophs

(protozoa, fungi, various invertebrates) decomposing

wood, or bacteria degrading C29 sterol chains. Matu-

rity effects probably have little influence on the distri-

bution of C27, C28 and C29 steranes within the present

maturity range (0.6–0.8% Rr; see Dzou et al., 1995).

The correlation of C27 percentages with sulphur

contents suggests a relation between (sulphur-reduc-

ing) bacteria and the concentrations of C27 steranes.

Therefore, and because alginite is rare, a bacteria-

derived origin of C27 steranes in Donets Basin coals

is likely.
5. Discussion

5.1. Paleoenvironmental interpretations

5.1.1. Serpukhovian seams

The fine-grained floor and roof rocks of early

Serpukhovian (Stechevskian–Tarussian) seams c10
2

and c11 were deposited in lagoons (Shulga, 1981).

The coal is rich in inertinite (20–30%) and liptinite

(15–25%) and very low in ash. GWI, VI, and GI are

likewise low and lower than in any studied Mosco-

vian seam. Average maceral group percentages of the

studied seams fit well those of seams c2 and c6
1

(Volkova, 1975). In the latter two seams inertinite

contents increase from the base (f10%) towards the

top of the seam (40–50%; Volkova, 1975). A similar
trend is visible in seam c10
2 and suggests that each of

these Serpukhovian seams represents an evolutionary

trend to drier and less groundwater influenced con-

ditions. Relatively dry conditions and highly oxidized

peat are also indicated by the frequent occurrence of

herbaceous lycopods (Densosporites) which, together

with arborescent lycopods (Lepidodendron, Lageni-

cula), dominate Serpukhovian plant and palyno-

morph spectra from the Donets Basin (Einor, 1996).

According to Shulga (1981), the southwestern

margin of the Donets Basin (tectonic sector D1 after

Privalov et al., 1998) subsided rapidly during coal

deposition. This caused marine ingressions from the

central basin and the transport of high amounts of

clastic sediments by northeastward trending rivers,

which dissected the approximately 10-km-wide,

NW–SE trending zone with peat accumulation. Al-

though the coal was formed in a relatively narrow

shore-zone surrounded and dissected by high energy

environments, the coal seams are depleted in mineral

matter. This, together with a trend towards less

groundwater influence, suggests peat accumulation

in raised mires.

The studied samples contain significantly more

sulphur (1.8–4.2%) than typical raised mires. How-

ever, lower average sulphur contents are reported from

the Yuzhno Donbasskaya mines (e.g. 1% in the c11
seam; Triplett et al., 2001) indicating major regional

differences in sulphur. Probably, the observed high

sulphur contents are a result of marine flooding

events, which ended peat accumulation. In addition,

sulphur (and trace element) maxima at the base of the

c10
2 seam may be a result of diffusion processes or

plant-root bioturbation.

5.1.2. Moskovian seams

Izart et al. (1996) subdivided the Moscovian suc-

cession into 4 third-order sequences (Vereian, Kashir-

ian, Podolskian, Myachkovian) and 18 fourth-order

sequences (SM1-SM18). In the present chapter, typ-

ical features of Kashirian, Podolskian, and Myachko-

vian seams are described. Information on the

depositional environment of the floor and roof rocks

is taken from Ritenberg (1972).

5.1.2.1. Kashirian seams. Seams k7, l1, and l3 occur

in the Kashirian succession, which includes some of

the thickest seams with the greatest lateral extension
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in the Donets Basin. For example, according to

reconstructions by Kizilshtein (1975), the original

aerial extent of the l3 seam exceeded 35,000 km2. In

spite of the vast area, the remarkable persistent posi-

tion of tuff markers in the l1 and l3 seams (Fig. 6;

Zaritsky, 1972) confirms roughly contemporaneous

peat accumulation in different parts of the basin.

The maximum thickness of the seams exceeds 2 m.

However, in some areas the seams have been eroded

by fluvial activity.

Seam k7. In comparison with other Kashirian

seams, the low-ash k7 seam is relatively thin. GI is

high suggesting a low degree of oxidation. High VI

values near the base of the seam indicate that con-

ditions for tissue preservation were best during early

stages of peat formation. The virtual absence of

detrital minerals and a generally low sulphur content

suggest either deposition in a raised mire or in a low-

lying mire without detrital influx. The low sulphur

content excludes a marine influence during early

stages of peat accumulation. This interpretation is in

agreement with paleogeographic reconstructions.

Zhemtchuzhnikov et al. (1960) show that the western

margin of the marine realm was distant from the

study area and followed roughly the line Kamensk-

Krasny Luch-Novoshakhtinsk during deposition of

the k7 seam. Siltstone, probably of lacustrine origin

(Ritenberg, 1972), forms the roof of the seam. This

suggests that peat formation ended due to a trans-

gression. The latter is supported by higher sulphur

(2.3%) and liptinite contents in the uppermost part of

the seam (e.g. Diessel, 1992). However, the high

sulphur value supports a brackish rather than a non-

marine transgression.

Seam l1. In the study area, the l1 seam overlies a

roughly 30-m-thick fining-upward sequence with flu-

vial conglomerate and sandstone and limnic clay-

stone. The roof of the seam is formed by lagoonal

claystone a few meters thick (Ritenberg, 1972). Be-

cause of the influence of sulphate-rich water during or

after peat accumulation, the sulphur contents of the

coal are generally high. The seam is located within the

regressive part of SM4 but close to the maximum

flooding surface of the third-order sequence Kashirian

(Izart et al., 1996). This may explain the sulphur

enrichment for seam l1. After deposition of the la-

goonal shale, fluvial systems cut into the shale and

eroded parts of the l1 seam (see Fig. 6).
Relatively high ash yields and occasional seam

splits show that the l1 seam formed in a low-lying

mire. GWI, GI, and Pr/Ph ratios suggest relatively dry

and oxic conditions during early stages of peat for-

mation, which were modified only during a rise in

water table after deposition of the tuff layer. The

major seam split is related to east-trending rivers

dissecting the vast peatland (Zhemtchuzhnikov et

al., 1960). High inertinite contents and low GI values

suggest that relatively dry conditions continued after

deposition of the fluvial sediments in the Dimitrova

region. However, high ash yields provide evidence for

frequent flooding events. VI values show that there

was little change in the relative proportion of plants

with different preservation potential. Nevertheless, a

weak positive correlative exists between VI and Rdit

(r2 = 0.53; n = 8) suggesting that pteridophytes are

more decay resistant than other plants.

Seam l3. The l3 seam overlies seam l2 and

lacustrine claystone (Ritenberg, 1972). The roof is

formed by lagoonal claystone followed by another

coal seam (l4). In some areas the lagoonal claystone

interfingers with fluvial sandstone deposited in east-

erly flowing drainage systems (Zhemtchuzhnikov et

al., 1960). In the central and eastern Donets Basin the

roof of the l3 seam is formed by marine limestone L4

(Uziyuk et al., 1972).

In the studied section the l3 seam contains two tuff

layers and several partings, which suggest peat depo-

sition in a low lying mire. The GI shows parallel

trends in both sections, indicating that the ratio

between vitrinite and inertinite reflects large-scale

variations within the seam. Generally, high GI values

in the lower portions of the seam indicate a high

position of the water table. Probably, the mire became

drier between the deposition of the lower and upper

tuffs. VI values range from 1 to 2 and suggest a

vegetation rich in decay resistant trees.

Whereas facies indicators are similar in both sec-

tions, there is a difference in sulphur contents. Sulphur

contents are higher in the Belozerskaya (2.8%) than in

the Almaznaya section (1.3%). An even wider range

of sulphur contents was observed by Kizilshtein

(1975), who suggested a raised mire environment

for low-sulphur coals ( < 1.5%). High-sulphur coals

(>3.5%) with high ash yields were interpreted to

have formed near shallow, mainly E–W trending

depressions formed by intra-swamp rivers, which
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were regularly flooded by marine water. Because

original data were not shown by Kizilshtein (1975),

it is difficult to test this interesting model. However,

the studied sections exhibit similar seam thicknesses

and similar coal facies. This argues against a control

of sulphur by peat facies in the present case. More-

over, frequent seam splitting excludes a raised mire

environment for the bulk of the Almaznaya coal.

According to Izart et al. (1996), the seam is located

within the regressive part of SM5. This may explain

the lack of a sulphur enrichment at the top of the

seams.

Moderately high ash yields in the uppermost part

of the seam result from epigenetic carbonate and

minor amounts of authigenic quartz. Zones with high

amounts of authigenic quartz in the Belitskaya and

Belozerskaya mines are shown in Fig. 6 (‘‘quartzitic

coal’’; Uziyuk et al., 1972). The spatial relation of

quartz and tuff argues for a genetic link. Perhaps, the

silica became available during the transformation of

tuff material into kaolinite. Siderite was described by

Uziyuk et al. (1972) from the uppermost portion of

the l3 seam but was not detected in the studied

sections.

5.1.2.2. Podolskian seams. Seams m2, m3, and

m5
1 upper were deposited during Podolskian times. The

first two seams overlie lagoonal deposits and are

overlain by lagoonal and marine rocks (Ritenberg,

1972) suggesting that peat accumulation ended due to

a marine transgression. This fits well with the position

of both seams within the transgressive part of the third-

order sequence Podolskian close to the Moscovian

maximum flooding period (Izart et al., 1996). Very

high average sulphur contents (>4%) and high HI

values (m2) indicating high hydrogen contents are

consistent with a marginal marine environment (e.g.

Diessel, 1992). The marine influence reduced the

acidity of the peat. High CaO contents in some samples

are consequences of these conditions. Ash from the m2

seam has higher SiO2/Al2O3 ratios than that of most

other seams (except those with authigenic quartz).

Perhaps this indicates a better preservation of detrital

silicate minerals, another result of nearly neutral or

slightly alkaline pH conditions. Although the acidity of

the mire was probably reduced, the mire was still acidic

enough to convert the tuff layer a few centimetres

below the top of the m3 seam into kaolinite.
The seam m2 contains high-ash coal, which was

deposited in a low-lying mire. A shaly seam split

represents a major flooding event. VI values are low

compared to other Moscovian seams suggesting a

relatively low contribution of decay-resistant plants

to the peat-forming vegetation. GI values indicate a

gradual drop in water table during both deposition of

the lower and of the upper part of the seam. However,

several other properties of the uppermost portion of

the seam (upward increase in GWI, sulphur and

liptinite contents, decrease in vitrinite reflectance

and VI) are characteristic for transgressive coals

(e.g. Diessel, 1992).

Peat facies reconstruction for the m3 seam are

complicated by the advanced maturity of the studied

section. However, cannel and cannel-boghead coal,

characteristic of subaquatic deposition, occur in the

upper part of the seam in the southern Krasnoarmeisk

region (Yablokov et al., 1955). Authigenic quartz is

abundant in the middle part of the m3 seam in the

studied section. The authigenic quartz is related to

bitumen, which is strongly fluorescing despite the

high coal rank. This suggests that bitumen migration

and quartz growth postdate the thermal maximum.

This interpretation agrees with a late diagenetic

origin of authigenic quartz postulated by Zaritsky

(1985).

In contrast to the above seams, the m5
1 upper

seam in the Almaznaya section is under- and

overlain by lacustrine claystone. Detrital minerals

in the coal are generally rare. High ash yields in

the middle part of the seam partly result from

epigenetic pyrite. Apart from this sample, sulphur

contents are moderate ( < 2%), a consequence of the

nonmarine environment.

5.1.2.3. Myachkovian seam n1. The seam n1 was

deposited during the regressive phase of SM17 (Izart

et al., 1996) and is the youngest economic seam in the

Donets Basin. Mainly because of erosion during the

lowstand of SM18 and during major Permian uplift,

its present-day areal extent is low. In the studied

section the n1 seam is overlain by fluvial sandstone

(Ritenberg, 1972).

Moderate sulphur contents in the bulk of the seam

(1.2% to 1.7%) indicate that the peat was not influ-

enced by marine water. However, the sulphur content

increases significantly in the uppermost part of the



Fig. 17. (a) Comparison of average maceral group percentages in

seams from different suites. Shaded areas indicate typical maceral

compositions from lower and middle Carboniferous seams accord-

ing to Inosova (1963). (b) Plot of the geometric mean of vegetation

and gelification indices of different seams. Grey arrow indicates a

stratigraphic trend, which is probably at least partly controlled by

climate.
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seam. This, an upward increase in HI, and GI, and an

upward decrease in vitrinite reflectance suggest peat

accumulation during a transgression. Inertinite con-

tents are higher than in any other Moscovian seam.

This causes relatively low GI values and indicates,

together with very high Pr/Ph ratios, rather dry and

oxic conditions. The regular upward increase in Pr/Ph

ratios suggests a trend to even more oxic conditions

during peat deposition. The Rdit ratio suggests that the

relative abundance of bryophytes and pteridophytes

decreased during peat accumulation. Perhaps this is

because of a gradual drop in water table, indicated by

the increasing Pr/Ph ratio. The postulated floral

change is not reflected in the VI data. The latter are

lower in the n1 seam than in most other Moscovian

seams, indicating poor tissue preservation. Relatively

low concentrations in C27 and C28 steranes suggest a

minor contribution of bacteria and heterotrophs to the

biomass.

Rdit ratios are generally higher in the Myachkovian

n1 seam than in Kashirian (l1) and Serpukhovian (c10
2 ,

c11) seams. Similar observations were made by Fleck

(2001), who detected maximum Rdit ratios in West-

phalian D (Podolskian and Myachkovian) coals from

the Lorraine Basin. Apart from a higher proportion of

bryophytes and pteridophytes, the raised Rdit ratio

may indicate a wet climate (Fleck, 2001).

5.2. Possible reasons for different maceral composi-

tions of Serpukhovian and Moscovian coals

Serpukhovian and Moscovian seams differ not

only in terms of lateral extension but also in terms

of maceral composition. The results from this study

and previously published works show that Serpukho-

vian coals contain considerably higher amounts of

liptinites and inertinites than Moscovian coals (Fig.

17a). The difference is also evident on crossplots of

GI versus VI (Fig. 17b) and may be due to different

peat facies, different climatic conditions, or different

vegetation type.

High inertinite contents have been attributed to

relatively dry conditions. Therefore, the generally

higher inertinite contents in Serpukhovian coals could

be attributed to local peat facies (e.g. relatively dry

raised mires). However, Mississippian (Visean) coal

from the Moscow Basin contains similar percentages

of inertinite (30–35%; Volkova, 1975). Abundant
alginite and high ash yields prove the origin of this

coal in a low lying mire suggesting that Mississippian

coal from the eastern European platform contains

abundant inertinite irrespective of local peat facies.

A relatively dry (moderately humid) Visean to

early Serpukhovian climate is suggested by paleocli-

matological models based on paleobotanical data. Van

der Zwan (1981) and Van der Zwan et al. (1985)

reconstructed a dry late Devonian to Tournaisian

climate and a moderately humid Visean to early
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Namurian climate. Phillips and Peppers (1984)

showed that moist tropical conditions prevailed during

Bashkirian and Moscovian times with maximum hu-

midity during the late middle Pennsylvanian (Podol-

skian and Myachkovian). The late Pennsylvanian

(Kasimovian) climate was transitional and was

replaced by a dry late Stephanian and Permian cli-

mate. According to Van der Zwan et al. (1985), the

changes in climate reflect a general northward shift of

Euramerica.

The postulated climatic changes are also consistent

with palynomorph spectra from the Donets Basin.

Whereas Serpukhovian palynomorph spectra are dom-

inated by arborescent and herbaceous lycopods, Mos-

covian spectra contain significant amounts of

arborescent ferns, pteridosperms and lycopods. For

example, Kashirian seams contain on average 50%

spores from ferns and pteridosperms, 44% lycopods

(Lepidodendron), 3% sphenopsids, and 3% cordaites

(Lyuber, 1972).

The comparison suggests that the distinct differ-

ences in maceral compositions of Serpukhovian and

Moscovian coals in the Donets Basin are probably

attributable to climatic and floral changes rather than

to local peat facies variations.

5.3. Distribution of trace elements

Correlation coefficients of trace elements are gen-

erally low, but Cu, Ni and Co are positively correlat-

ed. The highest correlation coefficient occurs between

Ni and Co (r2 = 0.65; n = 51). The correlation between

Pb and Zn has a low coefficient (r2 = 0.44; n = 52),

which is higher, when only seams l3 to n1 are

considered (r2 = 0.60; n = 36).

Mo, Pb, Zn, and Cu are within the normal range

of concentrations of these elements in ash from

bituminous coals (e.g. Krejci-Graf, 1984; Table 2),

although very high values are determined in some

low-ash samples. Ni and Co are enriched only in the

k7 seam and at the base of the l3 and n1 seams. As

mentioned earlier, the high values near the floor

rocks may be due to plant-root bioturbation or

diffusion processes.

In contrast, As and Cd contents are often signifi-

cantly higher than in typical bituminous coals. A

similar observation was made by Kizilshtein and

Kholodkov (1999) in anthracites from the eastern
Donets Basin (Russia). As contents between 2000

and 8000 ppm are observed in ash from samples from

c10
2 , k7, l3 (Almaznaya), and m3 seams. Most of the As

is probably associated with pyrite (Hower et al., 1997).

This is evident in seams c10
2 (only three samples) and

n1 (r
2 = 0.99; n = 5), where As is positively correlated

with Fe. However, because not all pyrite morphologies

have equal concentrations of As (e.g. Ruppert et al.,

2001), there is not a good correlation between As and

Fe for all other seams. Cd contents are very high (10–

40 ppm) in ash from many samples. As contents

increase upwards in the l3 seam, but there is no distinct

vertical trend in other seams. Cd contents also show

neither vertical nor stratigraphical trends. Probably,

this is because the observed very high As and Cd

contents are related to post-Carboniferous magmatic

activity and epigenetic Au, Hg, and Sb mineralizations

(Lazarenko et al., 1975).
6. Conclusions

Formation of coal seams in the Donets Basin

commenced during Serpukhovian time. Lower Serpu-

khovian coal accumulated in relatively small raised

mires along the paleo-shore line and contains remark-

ably high inertinite and liptinite contents.

Moscovian seams have a considerably wider lateral

extension (tens of thousands of square kilometres) and

contain a significantly higher amount of vitrinite.

Their properties vary widely in response to different

peat facies. The Kashirian succession contains some

of the thickest seams with the greatest lateral exten-

sion in the Donets Basin. For example, seams l1 and l3
are more than 2 m thick and were formed in low-lying

mires with considerable fluvial influence. Podolskian

seams were deposited close to the Moscovian maxi-

mum flooding period. A marine influence is apparent

in several seams (e.g. m2, m3). The only economic

Myachkovian seam (n1) accumulated in a relatively

dry swamp with a high proportion of bryophytes and

pteridophytes.

Apart from local peat facies variations, differences

between Serpukhovian and Moscovian coals reflect

climatic and floral changes. In comparison to Serpu-

khovian times, the Moscovian was characterized by a

wetter climate, and a vegetation rich in arborescent

ferns, pteridosperms and lycopods.
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Trace element contents are high in many seams.

The distribution of Ni and Co suggests syn-depo-

sitional control (e.g. plant-root bioturbation), where-

as very high As contents up to 8000 ppm are

probably related to post-Carboniferous Au, Sb, and

Hg mineralizations.
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