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Abstract

More than one hundred and thirty coal seams and coaly layers occur in the Donets Basin (Donbas). Twenty-eight (52
samples) of them, ranging in age from Serpukhovian (Late Mississipian) to Gzhelian (Late Pennsylvanian), 33 clastics and
three limestones were studied in terms of maceral composition, sulphur contents, and biomarker distribution. Diterpanes are
used to estimate the contribution of different groups of plants and the height of the water table in the swamp; hopanes are a
measure of bacterial activity in the peat; and steranes indicate the relative input of wood and algae. Stratigraphic trends in
these parameters are discussed in relation to paleoenvironment, climatic changes, and eustacy. A tropical climate prevailed in
the Donbas from Serpukhovian to Kasimovian times. Nevertheless, periods with drier and wetter conditions can be
distinguished based on maceral and biomarker data. Relatively dry conditions are observed during Serpukhovian and
Vereian times, whereas wetter climates with a maximum of coal deposition occurred during the (late) Bashkirian, most of
the Moscovian, and the earliest Kasimovian. No economic coal seams are hosted in upper Kasimovian and Gzhelian
deposits, a result of a change to an arid climate. Our data also suggest climatic changes during sequences of different order.
For the second-order, third-order, and fourth-order sequences, relatively dry or wet conditions occurred during coal
deposition in the lowstand systems tract, an intermediate climate during the transgressive systems tract and the maximum
flooding, and a wet climate during the highstand systems tract. The results for high frequency sequences support the Cecil’s
paleoclimatic model: an intermediate paleoclimate during LST (sandstone and levee siltstone), a wet climate during early
TST (coal), and a dry climate during late TST (limestone), MFS (claystone), and HST (deltaic siltstone). Coals deposited
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during maximum flooding periods are more enriched in C,; steranes derived from algae, and contain lower proportions of

C,9 steranes derived from the wood of higher plants.
© 2005 Elsevier B.V. All rights reserved.
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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 km? and
is located between the Dniepr—Donets Basin and the
buried Karpinsky Swell (Fig. 1).

The Carboniferous succession in the Donbas hosts
about one 130 seams, each with a thickness of over
0.45 m. Coal rank is generally high and reaches the
meta-anthracite stage. Low-rank coals are restricted to
the western and northern basin margins (Fig. 1; Sach-
senhofer et al., 2002). Main aim of a former paper
(Sachsenhofer et al., 2003) was to reconstruct the
depositional environment of nine seams.

In the present paper, 28 coal seams, 33 clastic
rocks and three limestones are studied using a multi-
disciplinary approach involving organic petrographi-
cal and geochemical techniques. The seams range
from Serpukhovian (Late Mississippian) to Gzhelian
(Late Pennsylvanian) in age and include the econom-
ically most important coals. Main aim of this paper is
to describe stratigraphic variations of maceral compo-
sition, sulphur content, and biomarker distributions in
Donbas coal seams and associated rocks, and to dis-
cuss them in relation to changes in paleoenvironment,
paleoclimate and eustacy. Our data from Donbas will
be compared with samples from other paralic and
limnic coal basins of western Europe and the paleocli-
matic model of Cecil et al. (2003) that described the
mid-Pennsylvanian climate across North America.

2. Geological setting and sequences

The Donets Basin forms part of the Pripyat—
Dniepr—Donets—Karpinsky Basin (Fig. 1), which is 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 impor-
tant 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 reaches 6 km along the basin center
(Maystrenko et al., 2003).

Major post-rift subsidence occurred during the
Permo-Carboniferous. The Carboniferous sequence,
up to 14-km thick, is subdivided into lithostratigraphic
units named suites A (C1), B (C), C (C?), to P (C3)
(Lutugin and Stepanov, 1913). Their correlation with
the standard time-scale is presented in Fig. 2. A
sequence stratigraphic frame for the Permo-Carboni-
ferous rocks was provided by Izart et al. (1996, 1998,
2003). The coal-bearing sequence is composed of
fluvial sandstone, coal, marine claystone or limestone,
and deltaic claystone and siltstone. Sequences of dif-
ferent order can be distinguished in the Donbas: high
frequency (HFS, fifth and fourth order, < 200 ka),
fourth order (FOS, 100 ka to 1 Ma), third order (TOS,
1 to 5 Ma), and second order (SOS, 5 to 10 Ma). The
durations of sequences are average durations obtained
by division of duration of stages by number of
sequences and also calculated durations by spectral
analysis (Izart et al., 2003). The radiochronologic data
charts of Hess and Lippolt (1986) and Menning et al.
(1997) were chosen for the Carboniferous. A HFS is
equivalent to a parasequence of the sequence strati-
graphy (Van Wagoner et al., 1988), FOS consist of
several HFS, TOS of several FOS, and SOS of several
TOS.

3. Samples and methods

The samples represent 28 Serpukhovian to Gzhe-
lian coal seams including seven Moscovian and two
Serpukhovian seams studied by Sachsenhofer et al.
(2003). Most Moscovian seams are represented by 5
to 11 samples (see Sachsenhofer et al., 2003 for
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Fig. 1. Geological 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., 1991). The position of the studied coal mines, wells and sections 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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detailed seam sections). Apart from these, each seam
is represented by one to four samples. The sample
code in Table 1 (e.g. In; But) contains a number (1,
only in cases where several samples have been taken
along vertical seam sections), the name of the coal
seam (n;), and the name of the coal mine (But for
Butovskaya; see Fig. 1 for mine locations). Thirty-
three Podolskian to lower Kasimovian clastic rocks
and three limestones from boreholes MC 598 and MC
599 (Fig. 3) were included in the study to assess
changes related to lithology and within high frequency
sequences. Their results are listed in Table 3 with
indication of the nearest limestone bed and coal seam.

For petrographical investigations, a representative
part of each of the 120 coal samples was mounted in
epoxy resin, ground, and polished. Vitrinite reflec-
tance (VR% R,) was measured according to estab-
lished procedures (Taylor et al., 1998; Table 1). At
least 300 points were counted on a Leitz microscope
using reflected white and fluorescent light to provide
data for maceral analyses. For each sample the relative
amounts of maceral groups (Table 1) were calculated.
The maceral abundances refer to percentages on a
mineral matter free basis (vol.% mmf). To expand
our data base in terms of stratigraphic coverage, mace-
ral data of low-rank coals (<1% R,) provided by the
Donetsk State Regional Geological Survey were also
used.

For chemical analysis (Table 1), a representative
portion of the sample was crushed to <250 pum to
determine sulphur and total organic carbon (TOC)
contents on a Leco CS-300 instrument. Ash yield
and moisture content analyses followed standard pro-
cedures (Deutsches Institut fiir Normung, 1978,
1980). All ash yields and sulphur contents are given
as weight percents on a dry basis (db). Rock Eval
pyrolysis (Table 1) was performed in duplicate using a
Rock Eval 2+ instrument (Espitalié et al., 1977,
Peters, 1986). The amount of hydrocarbons released
from kerogen during gradual heating in a helium
stream was normalized to TOC to give the hydrogen
index (HI) defined as S2/TOC (Espitali¢ et al., 1977).
The bitumen index (BI), defined as S1/TOC (Killops
et al., 1998), and the quality index (QI), defined as
(S1+S2)/TOC (Pepper and Corvi, 1995), were also
calculated. As a maturation parameter, the temperature
of maximum hydrocarbon generation (7., “C) was
determined. To characterize the molecular fraction,

the powdered whole sediments were extracted by
chloroform at 60 °C for 45 min. The total extract
obtained was fractionated by liquid chromatography
on a silica column into saturates, aromatics and polars.
Saturates and aromatics were analysed by gas chro-
matography—mass spectrometry in the laboratory of
the UMR G2R. The gas chromatograph was a Hew-
lett—Packard 5890 Series II and the detector a HP
5971 mass-selective detector, operating in “fullscan”
or “single ion” (SIM) modes. The area of each peak of
biomarker was measured on SIM chromatograms and
ratio of various biomarkers calculated. Reference stan-
dards were not employed. Fifty-two samples of coal,
two fluviatile sandstones, four levee siltstones, three
marine limestones, four lacustrine claystones, 11 mar-
ine claystones and 12 deltaic siltstones were analysed
by gas chromatography (Tables 2 and 3). A part of
these analyses was already published (Sachsenhofer et
al., 2003, Fig. 14 and Table 4) and Privalov et al.
(2003a,b).

Geochemical and petrographical parameters are
known to be affected by maturity. Therefore, the
study concentrates on low-rank coals (<0.9% R,)
and only eight samples have a VR >0.9% R,. More-
over, the relationships between maceral percentages,
extraction yields, abundance and ratios of biomarkers,
and VR are studied in a first part of the paper to assess
whether any of the observed stratigraphic trends are
related to changes in maturity.

4. Results
4.1. Macerals

Donbas coals are generally rich in vitrinite, with
average contents of 81% (Fig. 4, Tables 1 and 5).
Inertinite and liptinite macerals have mean contents of
12% and 7%, respectively. Some Serpukhovian and
Vereian samples exhibit higher inertinite (58%) and
liptinite (26%) percentages.

Liptinite is not visible in high-rank coals (>1.4%
R,, Fig. 5a). The same value of VR for the liptinite end
was noted by Alpern and Lemos de Sousa (2002, their
Fig. 27). Therefore, there is a negative correlation
between liptinite percentages and VR. The low corre-
lation coefficient (R*=0.33) reflects the highly vari-
able liptinite contents in low-rank coals.



Table 1
Petrographic, chemical and Rock—Eval data of Donbas coals
Samples Coal mines Vitr. Inert. Lipt. Min.Mat. VitrRefl. Ash Sulphur TOC Tmax BI HI QI FOS TOS SOS AGE

vol.% (mmf) vol.% % R, (% db) (°C) mgHC/gTOC
ps Lug Luganskaya section 589 3.1 27.6 433 1.7 325 326.7 HST LST HST Gzhelian
0, Svet Svetlana quarry 88 7 5 3 0.48 11.3 1.2 52.0 441 1.7 55 56.7 HST HST HST Kasimovian
n§ MC 599 MC 599 borehole 73 4 23 1 0.63 50 3.6 745 431 7.1 243 250.1  TST TST TST Kasimovian
n3 MC 599 MC 599 borehole 78 16 6 7 0.65 21.1 93 60.2 431 7.8 231 2392  HST LST LST Kasimovian
n3 MC 599 MC 599 borehole 65 29 6 19 0.7 13.2 53.0 432 11.6 258 269.6 HST LST LST Kasimovian
5n; But Butovskaya Donetskaya 72 15 13 2 0.63 4.3 2.9 774 436 12.5 306 318.5 MFS HST HST Myachkovian
4n; But Butovskaya Donetskaya 56 32 12 1 0.75 11.6 15 75.5 438 8.7 244 2527 MFS HST HST Myachkovian
3n; But Butovskaya Donetskaya 73 16 11 1 0.79 20 12 82.0 444 79 262 2719 MFS HST HST Myachkovian
2n; But Butovskaya Donetskaya 82 12 6 1 0.83 6.9 1.4 77.9 442 8.1 255 263.1 MFS HST HST Myachkovian
In; But Butovskaya Donetskaya 82 10 8 2 0.84 9.5 1.7 75.7 437 83 254 262.3 MFS HST HST Myachkovian
n; But Mak Butovskaya Makeevka 1.7 535 MFS HST HST Myachkovian
2mg MC 598 MC 598 borehole 77 15 8 9 0.80 8.5 61.8 447 193 193 2125 LST LST HST Myachkovian
Img MC 598 MC 598 borehole 82 10 8 3 0.78 44 66.0 448 202 200 2199 LST LST HST Myachkovian
mg Sch 1355 Sch 1355 borehole 80 12 8 5 0.83 109 28 LST LST HST Podolskian
m; MC 598 MC 598 borehole 88 7 5 7 0.79 6.7 69.4 448 20.7 190.7 2114 TST HST HST Podolskian
mg Sch 1355 Sch 1355 borehole 82 13 5 18 0.76 31,6 3.8 HST HST HST Podolskian
2ms Alm Almaznaya 79 14 7 1 0.73 13 13 79.9 435 2.4 246 2484 TST MFS MFS Podolskian
4my Dob Dobropolskaya 81 11 8 0 0.7 42 21 78.1 438 39 204 2079 HST MFS MFS Podolskian
m; Trudo Trudovskaya 90 4 6 0 0.39 29 23 68.7 418 1.6 219 220.6 TST TST MFS Podolskian
m; Za Zasyadko 72 25 3 1 0.82 34 16 84.5 449 13.7 179 1927 TST TST MFS Podolskian
Im, Bel Belozerskaya 87 6 7 15 0.71 212 8.0 61.7 433 6.3 290 2963 MFS TST MFS Podolskian
11g Bel Belozerskaya 92 5 3 3 0.79 47 1.0 75.7 444 3.6 228 231.6 HST HST MFS Podolskian
14 Trudo Trudovskaya 83 10 7 0 0.52 0.8 09 75.9 431 3.7 165 168.7 HST HST TST Kashirian
8l; Alm Almaznaya 89 6 5 0 0.91 1.8 13 83.6 449 3.1 200 203.1 MFS MFS TST Kashirian
115 Bel Belozerskaya 86 6 8 3 0.87 34 31 81.9 445 10.6 217 227.6 MFS MFS TST Kashirian
31y Nov Novogrodovskaya 85 3 12 1 0.71 29 4.0 77.7 437 9.6 244 253.6 MFS MFS TST Kashirian

YL
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11; Dob Dobropolskaya 88 8 4 4 0.78 132 25 51.9 432 75 276 283.5 HST MFS TST Kashirian

91, Dim Dimitrova 67 24 9 5 0.71 93 57 73.1 442 10.1 245 255.1 HST MFS TST Kashirian

81; Dim Dimitrova 70 22 8 5 0.72 100 33 77.1 443 1.1 224 2351 HST MFS TST Kashirian

6l; Dim Dimitrova 78 15 7 0 0.74 23 3.6 81.1 442 18.1 242 260.1 HST MFS TST Kashirian

51; Dim Dimitrova 71 18 11 1 0.73 1.5 34 83.8 442 11.4 248 2594  HST MFS TST Kashirian

41, Dim Dimitrova 72 18 10 6 0.76 13.6 29 71.0 441 93 250 2593 HST MFS TST Kashirian

31, Dim Dimitrova 83 6 11 1 0.77 41 55 80.1 439 147 263 2777 HST MFS TST Kashirian

21; Dim Dimitrova 81 8 11 2 0.76 33 35 81.9 440 14 253 267 HST MFS TST Kashirian

11; Dim Dimitrova 80 15 5 10 0.74 83 74 75.3 438 11.4 248 2594  HST MFS TST Kashirian

1kg Dob Dobropolskaya 81 12 7 0 0.9 72 09 76.5 446 5.1 202 207.1 MFS MFS TST Kashirian

1kg Nov Novogrodovskaya 81 14 5 20 0.62 326 2.6 53.1 429 155 282 297.5 MFS MFS TST Kashirian

1k; Dim Dimitrova 77 10 13 5 0.89 114 2.7 73.4 440 59 233 2389 TST TST TST Kashirian

1k; Cen Centralnaya 84 6 10 0 0.91 1.5 09 83.0 446 11 212 223 TST TST TST Kashirian

3ks Krasno Krasnolimanskaya 85 9 6 0 0.88 24 0.8 84.5 451 11.7 209 2207 TST TST TST Kashirian

2k3 Ka Kalinina 85 12 3 2 1.03 29 0.7 90.7 468 24 156.6 259 MFS MFS LST Vereian

1k3 Ka Kalinina 40 58 2 2 1.04 55 1.7 84.5 464 1.3 94.7 96 MFS MFS LST Vereian

ko, M 1859 M 1859 borehole 84 16 0 15 1.04 MFS MFS LST Vereian

3ho Pe Petrovskaya 61 28 11 2 0.63 1.7 1.9 80.4 438 20 243 263 HST HST HST Bashkirian

2h;o Pe Petrovskaya 62 15 23 7 0.62 1.2 28 70.6 441 22.8 304 3272 HST HST HST Bashkirian

1hg Pe Petrovskaya 59 21 20 4 0.73 149 47 674 443 21.1 259 280.1 MFS MFS HST Bashkirian

hg Glub Glubokaya 92 8 0 1 1.59 20 0.7 89.8 511 16.7 52 69 MFS MFS HST Bashkirian

hg Sha Glub Shakhterskaya 100 0 0 0 4 89.2 671 0.42 3 342 MFS MFS HST Bashkirian
Glubokaya

dy Krw Krasnoarmeisk 97 2 1 0 0.92 2.1 08 84.5 460 6.8 191 197.8  HST MFS HST Serpukhovian
Zapadnaya # 1

¢ YD Yuzhno-Donbasskaya # 3 56 29 15 0 0.7 1.9 3.1 81.4 436 6.9 249 255.9 HST HST TST Serpukhovian

2¢10 YD Yuzhno-Donbasskaya # 1~ 59 21 20 2 0.62 22 18 81.2 430 4.8 260 264.8 HST HST TST Serpukhovian

leio YD Yuzhno-Donbasskaya # 1~ 58 16 26 1 0.63 51 42 73.7 431 49 229 2339 HST HST TST Serpukhovian

Vitr.: vitrinite; Inert.: inertinite; Lipt.: liptinite; Min. Mat.: mineral matter; Vitr. Refl.: vitrinite reflectance; TOC: total organic carbon content; BI: bitumen index; HI: hydrogen index and QI:
quality index. FOS: fourth order sequences, TOS : third order sequences, SOS: second order sequences, LST: lowstand systems tract, TST: transgressive systems tract, MFS: maximum flooding
surface and HST: highstand systems tract. Each coal sample is represented in table 1 by its sample code (e.g. In; But), that contains a number (1, only in cases were several samples have been
taken along a vertical seam section), the name of the coal seam (n;), and the name of the coal mine (But for Butovskaya).

L01-69 (9002) 99 4801020 [p0) JO [pUNOL [DUOYDUIDIU] / D J2 JADZ] “F
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4.2. Rock Eval pyrolysis

Bitumen index (BI), quality index (QI) and hydro-
gen index (HI) are plotted versus 7T, in Fig. 6. The
BI (Fig. 6a) increase up to a VR 0of 0.8% R, and a T'.«
of 445 °C, and decreases with higher maturity. The QI
(Fig. 6b) and HI (Fig. 6¢) decrease progressively with
increasing maturity. Most samples follow the trend
defined by Sykes and Snowdon (2002). A few sam-
ples plot outside the trend. These samples include 5
m; Baz (1.2% R,) and hg Glub (1.6% R;), which have
migrated bitumen and, consequently, a high BI value.
Low-rank coal o, Svet (0.48% R,) has an unusually
low HI and a relatively high 7,,.x. A rather high water
content (10.9%) suggests that this surface sample is
slightly weathered.

4.3. Extract yields and distribution of polars, aromatics
and aliphatics

Extract yields range from 0.9 to 66.2 mg/g for
coals (Fig. 5b, Table 2) and from 0.01 to 0.65 mg/g
for clastics and limestones (Table 3). High values for
coals correspond to low-rank (0.4-0.8% R;) and low
values for coals to high-rank (1.6-4% R,, Fig. 5b).
Extract yields in Donbas coals and clastics are similar
with those in the Lorraine (Fleck et al., 2001) and
higher than in the Central Asturias coal basins (Pie-
dad-Sanchez et al., 2004).

The extracts of Donbas coals (Fig. 5c, Table 2)
contain high amounts of polars (34-98%), medium
amounts of aromatics (1-58%), and low amounts of
aliphatics (2-28%). Asphaltenes represent 2—73% of
the extractable organic matter. The percentages of the
different fractions are very poorly correlated with VR.
Aromatics show a maximum in the maturity range of
0.8% to 1.0% R, (Fig. 5c¢). The extracts of Donbas
clastics and limestones (Table 3) contain also high
amounts of asphaltene+resin fractions (28-74%),
medium amounts of aromatics (19-56%), and low
amounts of aliphatics (4-25%). Percentages of aro-
matics and aliphatics are higher in the Donbas than in
the Lorraine coal Basin (Fleck et al., 2001).

4.4. Aliphatics

4.4.1. n-Alkanes distributions

The n-alkane distributions (m/z 57, Sachsenhofer
et al., 2003, Fig. 14) are generally unimodal with
maximum peaks between n-Cy4 and n-Cjg or n-C,;.
The abundance of longer chain n-alkanes decreases
exponentially towards n-Csy.

The samples 0, Svet, n§ MC, n MC, 81, Dim, h;,
Pe, and hg Pe exhibit a bimodal distribution with a
maximum between n-C4 and n-C,9 and another one
between n-C,3 and n-Cs;. In the Lorraine coal Basin
(Fleck et al., 2001) two distributions were also
observed in coals: light n-alkanes from Ci4 to Cyg
and heavy n-alkanes from C,; to Cs;.

In Donbas coals, short-chain (C;7_;9) n-alkanes (A,
Table 2) represent 9% to 56% of all n-alkanes. Their
percentage increases with rank up to a VR 0of 0.9% R,
(R*: 0.25; Fig. 5d). Long-chain (Cs_34) n-alkanes (C:
10-62%) show an opposite trend (Fig. Se), with the
highest proportions of long-chain n-alkanes occurring
in samples with a bimodal n-alkanes distribution. In
Donbas clastics and limestones, short-chain (C7_;9)
n-alkanes (A, Table 3) represent 19% to 56% of all n-
alkanes, mid-chain (C,y_,4) n-alkanes (B) 27% to
54%, and long-chain (C,s_34) n-alkanes (C) 17% to
52%.

The CPI (carbon preference index) of Donbas coals
(Table 2) ranges from 1 to 2. There is only a general
trend of decreasing CPI with increasing VR (R*:
0.04). The CPI of Donbas clastics and limestones
(Table 3) ranges from 0.6 to 1.5, generally without a
well-marked predominance of odd over even n-
alkanes.

4.4.2. Isoprenoids

Pristane (Pr) and Phytane (Ph) isoprenoids can be
assigned from m/z 57 mass chromatograms. The Pr/
Ph ratio of Donbas coals (Table 2) ranges from 1 to
22, and of Donbas clastics and limestones (Table 3)
from 0.2 to 8.4. According to Didyk et al. (1978) high
ratios indicate dysoxic to oxic conditions, and low
ratio reduced conditions. However, Pr/Ph ratios are

Fig. 3. Stratigraphy and sequences of MC598 and MC599 boreholes CN: coal number, D: deltaic paleoenvironment, F: fluvial paleoenviron-
ment, FOS: fourth order sequence, HFS: high frequency sequence, L: lacustrine paleoenvironment, LN: marine band number, M: marine
paleoenvironment, R: regression, S: swampy paleoenvironment, SK1 to SK4: number of Kasimovian FOS, SOS: second order sequence, SM8
to SM18: number of Moscovian FOS, SN: sample number, 7: transgression, TOS: third order sequence.



Table 2
Biomarkers data of Donbas coals
Samples Extr. Polars Asph Aro Aliph CPI A B C Pr/Ph Pr/ Ph/ R4 Hopanes/ Steranes MPI1 AGE

(mge) (0 (%) () (%) @) () (%) n-Crr n-Cig seranes 5o oo g
ps Lug 12.7 47 15 32 21 1.38 40 41 19 3.8 5.2 1.9 1.3 153 24 34 42 0.48  Gzhelian
0, Svet 39.8 98 73 1 2 122 18 35 47 49 7.9 1.9 .1 111 12 37 51 0.16  Kasimovian
n§ MC 599 23.9 59 16 32 9 1.15 10 28 62 89 ND 1.4 1.0 12.0 24 28 48 0.56  Kasimovian
n3 MC 599 15.1 54 7 39 7 121 12 26 62 713 ND 1.3 22 100 25 25 50 0.42  Kasimovian
n3 MC 599 8.0 47 45 8 1.17 49 30 31 ND ND 1.0 22 118 19 28 53 0.37  Kasimovian
5n; But 7.0 55 37 37 8 122 41 42 17 93 10.8 1.1 1.1 184 38 15 47 0.32  Myachkovian
4n; But 11.0 83 42 14 3 1.1 49 37 14 76 5.5 0.7 1.5 215 28 24 48 0.6 Myachkovian
3n; But 7.0 66 46 29 5 1.18 55 34 11 77 34 0.5 1.6 208 31 23 46 0.53  Myachkovian
2n; But 2.7 72 44 22 6 1.1 53 34 13 173 4.3 0.6 20 223 25 26 49 0.62  Myachkovian
In; But 2.1 70 41 25 5 1.15 50 33 17 69 3.1 0.5 1.7 177 26 28 46 0.6 Myachkovian
n; But Mak 4.9 94 53 1 5 1.1 27 39 35 1.0 0.7 0.6 1.8 8.9 22 28 50 0.85  Myachkovian
2mg MC 598 31.9 73 49 23 4 1.09 34 30 36 27 0.2 0.3 1.4 8.9 27 29 44 0.51 Myachkovian
Img MC 598 40.5 80 63 15 5 1.05 14 38 48 713 ND 0.6 1.3 6.2 22 33 45 0.53  Myachkovian
m§ Sch 1355 425 73 46 23 4 1.08 34 30 36 04 0.1 0.5 1.3 9.4 23 31 46 0.54  Podolskian
m; MC 598 44.1 71 44 25 4 1.08 34 29 37 1.0 0.2 0.6 1.2 6.9 22 32 46 0.53  Podolskian
mg Sch 1355 66.2 85 74 13 2 1.07 18 39 42 6.7 ND 0.5 1.2 3.5 26 33 41 0.48  Podolskian
2ms Alm 7.2 63 33 30 7 1.11 28 34 38 98 19.6 1.9 1.3 221 27 30 43 0.39  Podolskian
4m, Dob 34.0 57 29 32 11 1.3 44 40 16 69 35 0.6 1.2 198 35 31 34 0.7 Podolskian
m; Trudo 7.2 55 28 31 14 1.5 28 44 28 55 7.3 1.6 1.7 0.5 42 42 16 0.52  Podolskian
m3 Za 42.8 35 2 58 7 1.08 40 36 25 32 1.4 0.5 1.4 2.2 29 34 37 0.7 Podolskian
Im, Bel 6.7 60 45 34 6 1.15 42 38 20 9.0 13.3 1.6 1.2 115 45 22 33 0.62  Podolskian
113 Bel 5.0 75 51 20 5 .16 50 38 12 92 7.2 0.9 1.5 117 33 27 40 0.75  Podolskian
14 Trudo 43 58 26 32 10 143 29 39 32 106 140 1.6 1.0 9.5 30 33 37 0.23  Kashirian
8l; Alm 3.9 67 43 24 9 1.14 52 38 10 62 33 0.6 1.2 21.6 30 31 39 0.8 Kashirian
113 Bel 4.6 72 52 24 4 1.62 56 34 10 8.1 53 0.7 1.3 199 28 25 47 0.46  Kashirian

8L

L01-69 (9002) 99 4801025 [p0) O [pUnOL [PUOYDUIDIU] / D 32 1DZ]



31; Nov 10.0 52 30 39 9 1.14 53 36 12 83 53 0.6 1.6 192 35 18 47 0.47  Kashirian

11; Dob 3.4 59 40 31 10 .11 53 35 12 6.6 3.7 0.6 1.4 9.3 29 38 33 0.31  Kashirian

91; Dim 4.0 66 41 28 6 1.1 45 37 18 6.0 5.4 0.9 1.2 8.1 47 25 28 0.33  Kashirian

81} Dim 8.2 80 34 14 6 1.03 23 31 46 62 5.8 1.0 1.2 9.0 43 25 32 0.29  Kashirian

6l; Dim 22.1 70 49 25 5 1.19 35 41 25 6.6 4.5 0.7 1.2 9.2 41 26 33 0.3 Kashirian

51; Dim 6.4 68 46 26 6 1.16 47 36 18 7.6 5.8 0.8 1.0 146 38 16 46 0.32  Kashirian

41y Dim 29 63 41 31 6 1.1 5132 17 72 43 0.7 1.2 9.0 36 31 33 0.3 Kashirian

31, Dim L5 61 41 30 9 1.1 37 42 21 58 5.6 0.8 12 147 42 16 42 0.34  Kashirian

2l; Dim 2.8 67 48 27 6 .15 36 45 19 52 6.1 0.8 1.1 13.0 43 21 36 0.32  Kashirian

11; Dim 2.0 68 51 25 7 1.1 50 36 15 6.6 6.1 1.0 14 143 42 16 42 0.28  Kashirian
kg Dob 52 63 33 31 6 139 35 40 25 64 5.9 0.9 1.1 237 24 29 47 0.64  Kashirian

1kg Nov 59 76 61 19 5 1.17 35 44 21 42 7.6 1.3 1.2 6.3 56 19 25 0.3 Kashirian

1k; Dim 4.9 68 32 26 6 1.1 48 39 13 78 6.3 0.7 12 242 29 25 46 0.33  Kashirian

1k; Cen 5.1 68 45 24 8 1.04 38 41 22 62 42 0.6 1.4 242 27 22 51 0.49  Kashirian
3ks Krasno 4.4 63 50 24 13 198 45 44 11 44 0.6 0.2 1.0 5.5 26 31 43 0.23  Kashirian
2k3 Ka 8.3 35 3 52 13 1.07 46 38 17 22 0.5 0.3 0.7 1.3 30 28 42 1.03  Vereian

1k3 Ka 18.3 34 8 58 9 1.05 40 42 18 20 0.7 0.3 0.7 1.1 24 27 49 1.1 Vereian

kou M 1859 29.6 52 27 38 10 1.08 34 38 28 22 0.9 0.4 1.0 0.8 22 34 44 0.82  Vereian

3hyo Pe 26.5 39 4 39 22 142 9 34 58 15 ND 0.8 1.6 112 39 26 35 0.32  Bashkirian
2h;o Pe 33.6 52 23 36 12 .19 15 35 51 79 ND 0.7 1.3 179 33 25 42 0.32  Bashkirian
lhg Pe 11.7 38 20 48 14 1.13 14 34 52 8.1 ND 0.6 1.1 171 34 22 44 0.51 Bashkirian
hg Glub 1.0 52 26 40 8 134 34 41 25 34 4.5 1.3 1.6 140 25 36 39 0.95  Bashkirian
hg Sha Glub 1.0 58 0 14 28 1 24 21 55 35 0.2 0.2 1.1 6.4 31 25 44 ND Bashkirian
dy Krw 2.6 64 38 28 8 1.16 50 40 10 3.7 0.6 0.2 1.0 1.5 31 32 37 0.64  Serpukhovian
¢ YD 8.6 54 29 34 12 124 19 49 33 59 10.5 1.0 0.8 175 37 29 34 0.51 Serpukhovian
2¢10 YD 30.9 72 44 24 4 132 11 41 48 219 ND 0.3 1.1 380 19 32 49 0.35  Serpukhovian
Ieyo YD 7.7 51 25 38 11 1.56 41 45 14 95 3.8 0.4 1.2 306 30 31 39 0.54  Serpukhovian

Extr.: extract yields; Polars; Asph: asphaltenes; Aro: Aromatics, Aliph: Aliphatics; CPI: carbon preference index; A: Cy7_j9 n-alkanes; B: Cyg o4 n-alkanes; C: Cps_34 n-alkanes; Pr/
Ph: pristane/phytane ratio; Pr/n-C;: pristane/C,; n-alkane ratio; Ph/n-C g:phytane/C,g n-alkane ratio; Rg;: diterpanes ratio; % C,;, Cog and C,o Steranes; MPI1: methyl-
phenantrene index.
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Table 3

Biomarkers data of Donbas clastics and limestones

Samples Strat Lithology Environment Vitr. Refl. Extr.  Polars Asph Aro Aliph CPI A B C Pr/Ph Pr/n-C17 Ph/n-C18 Ry, Hopanes/ Steranes MPI1 HFS

(Y% Rr)  (mglg) (%0) (%) (%) (%) (%) (%) (%) steranes
% Ca7 % Cog % Cyo

MC599-1 Ka siltstone levee 0.62 0.12 49 35 16 1.2 25 33 42 1.89 1.75 0.8 1.5 9.86 2529 2825 4645 033 LST
MC599-3-0, claystone sea 0.075 46 30 24 1.16 32 35 33 142 124 1 1.2 9.69 3425 2537 4037 026 MFS
MC599-4 limestone sea 0.037 52 28 20 0.8 31 34 35 09 23 0.7 09 19 26 24 50 TST
MC599-n$ coal swamp 0.63 239 59 16 32 9 1.15 10 28 62 89 nd 1.4 112 24 28 48 0.56 TST
MC599-5 siltstone  delta 0.05 46 29 25 0.7 53 27 20 0.7 1 1.2 08 3.6 26 28 46 HST
MC599-6 claystone lake 0.05 57 30 13 0.7 48 29 23 0.7 0.7 0.9 0.7 9.9 21 25 54 TST
MC599-8 siltstone  levee 0.64 0.1 61 27 13 146 35 32 33 153 134 0.78 1 232 28.06 25.87 46.06 0.3 LST
MC599-10 claystone lake 0.64 0.1 48 34 18 1.24 35 34 31 1.09 1.15 1.06 1.1 5 2485 29.62 45.13 0.17 MFS
MC599-13-N} claystone sea 0.06 64 23 13 1.35 51 27 22 1.06 0.66 0.81 1.3 14.83 51.34 21.8 2885 032 MFS
MC599-16 sandstone river 0.1 53 32 15 1.22 45 31 24 122 085 0.87 1.5 3.88 29.25 2835 424 03 LST
MC599-19 claystone lake 0.67 0.8 45 45 10 126 43 28 29 nd nd 0.68 03 5.19 17.93 26.21 5585 0.33 MFS
MC599-22 siltstone  delta 0.67 029 49 38 13 1.22 36 31 33 2.08 1.1 0.7 1.3 6.68 22.35 26.79 50.85 0.2 HST
MC599-24-N3 claystone sea 0.08 49 31 20 1.39 29 36 35 122 0.96 0.82 1.4 14.11 31.92 27.55 40.52 0.39 MFS
MC599-n3 coal swamp 0.65 15.1 54 7 39 7 121 12 26 62 73 nd 13 2.2 10 25 25 50 042 TST
MC599-26 siltstone  delta 0.02 56 34 10 07 36 39 25 03 08 0.7 1.5 79 57 14 29 HST
MC599-27-n% coal swamp 0.7 8 47 45 8 1.17 49 30 31 nd nd 1 22 11.79 18.47 2821 5331 0.37 TST
MC599-28-N3 Ka claystone sea 0.29 40 48 12 1.14 36 34 30 nd nd 1.24 23 205 30.7 18.64 50.64 035 MFS
2n; But Mya coal swamp 0.83 27 72 44 22 6 1.1553 34 13 73 43 0.6 2 223 25 26 49 0.62 TST
MC598-1 sandstone fluvial 0.02 56 33 11 06 29 33 38 1.8 13 0.2 LST
MC598-8 siltstone  levee 0.04 59 32 9 1 43 40 17 1 1.5 0.6 1.1 95 20 31 49 LST
MC598-11 siltstone  delta 0.83 022 49 41 10 1.21 30 36 34 2.66 0.97 0.35 1.3 12.35 31.72 179 5038 0.48 HST
MC598-14-N3 claystone sea 0.16 51 38 11 1.2 21 38 41 2.13 142 0.61 0.9 18.08 40.76 13.92 4532 0.5 MFS
MC598-15 siltstone  levee 0.02 53 25 22 1 29 47 24 04 0.8 0.3 1 5.6 26 25 49 LST
MC598-17 claystone sea 0.04 58 31 11 09 31 40 29 1 1 0.5 0.5 16.5 26 25 49 TST
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MC598-19-N,
MC598-20
MC598-21-M7,
MC598-22
MC598-23
MC598-24
MC598-2mq
MC598-1mo
Sch-1355-m}
MC598-30-m o
MC-598-m,
Sch-1355-m;
MC598-31
MC598-32
MC598-35
MC598-36
2msAlm
MC598-38
MC598-39
MC598-41
4myDob
m;Trudo
MC598-42
1m,Bel
MC598-43-m,

claystone
siltstone
claystone
claystone
siltstone
claystone
coal
coal

Mya coal

Pod claystone
coal
coal
siltstone
siltstone
claystone
claystone
coal
siltstone
limestone
siltstone
coal
coal
limestone
coal

Pod claystone

0.83

0.8
0.78
0.83

0.79
0.76

0.9
0.73
0.92

0.99
0.7
0.39

0.71

0.07
0.15
0.09
0.12
0.1
0.06
455
57.9
60.7
0.27
63
94.5
0.02
0.13
0.11
0.18
7.2
2.4
0.02
0.21
34
72
0.01
6.7
0.65

49
63
46

44
74

33

29
28

45

33
19
31
31
37
32
23
15
23
41
25
13
29
29
45
44
30
56
37
45
32
31
25
34
52

1.12
1.26
1.17
1.18
0.9

0.9

1.09
1.05
1.08
1.03
1.08
1.07
0.6

0.9

0.9

1.09
1.11
1.32

1.39
1.3
1.5
0.9
1.15

20
24
31
21

28
34
14
34

34
18
18
15
22
30
28
40
15
34
44
28
20
42
25

52
40
31
42
26
34
36
48
36
29
37
42
40
31
39
33
38
20
47
27
16
28
45
20
41

1.18
3.49
2.09
1.28
0.8
0.9
2.68
7.33
0.35
1.4
0.98
6.71
0.2
8.4
0.5
1.79
9.8
23
0.6
1.47
5.5
32
0.5

0.86

0.62
1.23
0.75
1.39

1.2
0.22
nd
0.05
0.52
0.16
nd
0.8

0.9
0.46
19.6
0.5

0.43
3.5
7.3

13.3
0.42

0.52
0.37
0.37
0.81
0.5
0.7
0.28
0.6
0.53
0.41
0.59
0.52
0.6
0.2
0.6
0.26
1.9
0.3
0.4
0.33
0.6
1.6
0.7
1.6
0.65

1.9
1.4
1.2
1.2
0.9
0.6
1.4
1.3
1.3
0.7
1.2
1.2
0.6

0.8
1.4
1.3
1.2
0.3
1.2
1.2
1.7
0.5
1.2
1

7.88
7.06
5.88
12.78
11.4
7.9
8.88
6.22
9.37
2.21
6.94
35
52
2.3
3.5
4.34
22.1
4.72
2.7
2.56
19.8
0.5

11.5
1.29

42.51
42.78
41.18
35.32
54
56
27.57
22.49
22.93
53.99
22.58
26.42
21
29
27
29.98
27
20.28
29
36.47
35
42
57
45
40.73

23.37
23.08
23.49
20.48
15

16
29.82
32.76
30.95
15.26
31.41
32.79
28

34

27
20.24
30
28.72
24
23.78
31

42

17

22
28.4

34.12
34.14
3533
442
31

28
44.61
4475
46.12
30.75
46.01
40.79
51

37
46
49.78
43

51

47
39.7
34

16
26

33
30.87

0.22
0.46
0.39
0.29

0.51
0.53
0.54
0.53
0.53
0.48

0.6
0.39
0.54

0.29
0.7
0.52

0.62
0.6

MFS
HST
MFS
HST
HST
TST
TST
TST
TST
MFS
TST
TST
HST
HST
HST
MFS
TST
HST
TST
HST
TST
TST
TST
TST
MFS
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known to be affected by differences in the nature of
the contributing sources (Volkman and Maxwell,
1986; ten Haven et al., 1987) and by maturation
(Tissot and Welte, 1984; Koopmans et al., 1999).
The latter is also supported by Fig. 5f, which shows
that Pr/Ph ratios from coals exhibit a maximum in
samples with a VR close to 0.7% R, (2ms Alm, 1,
Trudo, 1lg Bel, 1c;o YD), whereas low values were
observed in low and high-rank coals. Therefore, Pr/
Ph ratios are interpreted with great caution.

The Pr/n-C;; ratio ranges from 0.2 to 20 for
Donbas coals (Table 2) and from 0.4 to 2.3 for Donbas
clastics and limestones (Table 3). The Ph/n-C,g ratio
ranges from 0.2 to 1.9 for Donbas coals (Table 2) and
from 0.2 to 1.3 for Donbas clastics and limestones
(Table 3). After Lijmbach (1975), these ratio change
versus continental and marine environments.

4.4.3. Diterpanes

Diterpanes are recognized from the m/z 123 mass
chromatograms (Fig. 7 and Table 4). The determina-
tion was made by comparing chromatograms and mass
spectra with data from Noble et al. (1985a,b). After
Fleck (2001), the Rg; ratio=(19-Norisopimarane+
iso-Pimarane + 16a-Kaurane)/(ent-Beyerane + 163-
Phyllocladane+ 16a-Phyllocladane) was calculated
and ranges from 0.7 to 2.2 for Donbas coals (Table 2)
and from 0.3 to 2.3 for Donbas clastics and limestones
(Table 3). There is no correlation between Rg;; from
coals and VR (Fig. 5g). Rg;; is maximum in coals and
minimum in marine limestone.

The samples were classified into three groups
according to the relative proportions of diterpanes
and R g

— group 1 with 5 (B-Phyllocladane)>6 (Kaurane)>3
(ent-Beyerane) or 6>5>3 or 6>5>7 (a-Phyllocla-
dane), 3>5>6 and Rg;< 1.1. This group comprises
Kasimovian (0,, n$), Kashirian (L4, ks), Vereian (ks,
kzz), Bashkirian (hg), and Serpukhovian (d4, cio,
c11) coals, deltaic siltstones, limestones, and marine
or lacustrine claystones;

—group 2 with 4 (iso-Pimarane)>6>3, 6>5>7,
6>5>4, 6>2>3 or 2>3>4 and Ry:>1.5 for
lower part of Kasimovian (n3, n3), Myachkovian
(1-4n, But), Podolskian (mj3), Kashirian (I; Nov),
and Bashkirian (h;o, hg) coals, deltaic siltstones,
and marine claystones;

— group 3 with 6>3>4 or 6>4>3 or 6>3>5 or
6>3>7 or 6>5>3 or 6>7>3 and Ry4=1.1 to
1.5 comprising Gzhelian (ps), Myachkovian (5n;
But, mo, mé), Podolskian (m- to m,), Kashirian (Ig,
13, 1;, kg, ky), Bashkirian (h;(), and Serpukhovian
(c10) coals, fluvial sandstone, levee and deltaic
siltstones, limestones, and marine or lacustrine
claystones.

Rgic 1s low (0.78) to intermediate in Serpukhovian
coals, and high (1.5) in Bashkirian coals. Within the
Moscovian sequence the Rg;; ratio increases upwards
from Vereian (0.7) to Myachkovian (1.6) levels and
reaches a peak in the lowermost Kasimovian (2.2).
Lower values occur in lower Kasimovian (1.1) and
Gzhelian (1.3) coals. Vertical variations within single
seams (e.g. n; But, l; Dim) reflect variable contribu-
tions to the peat forming vegetation and/or a varying
height of the water table.

4.4.4. Steranes

Steranes are recognized from the m/z 217 mass
chromatograms (Fig. 7 and Table 4). The determina-
tion was made by comparing with mass chromato-
grams and mass spectra in literature (Moldovan et al.,
1992; Philp, 1985). Based on sterane carbon number
distributions, the Donbas coals (Fig. 8a), limestones
and clastic rocks (Fig. 8b) are classified into three
groups, subdivided themselves after stratigraphy (Fig.
8a) or lithology (Fig. 8b):

— group 1 with a predominance of C,9 steranes: Cyg
(39-51%), Cyg and C,; (20-30%). This group
comprises Gzhelian (ps), Kasimovian (0, n$, n3,
nf), Myachkovian (n;, mo, mé), Podolskian (ms,
mg, ms), Kashirian (1, kg, k7, ks), Vereian (k», k3),
Bashkirian (h;o, hg), Serpukhovian (c;q) coals,
limestones, marine and lacustrine claystones,
levee and deltaic siltstones, and fluvial sandstone
(Table 3).

— group 2 with similar proportions of C,g, C,g and
C,; steranes comprises Podolskian (my, my),
Kashirian (lg, 14, 13) and Serpukhovian (d4, cio,
cy1) coals, marine claystones and deltaic siltstones.

— group 3 with C,; or Cyg equal or higher than Cyq
comprising Podolskian (ms, m,) and Kashirian (1,
kg) coals, marine limestones and claystones and
deltaic siltstones (Table 3).
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Table 4
Peak assignments and formula for diterpanes and steranes in Fig. 6
and hopanes

Peak number Name

Diterpanes (m/z=123)

19-Norisopimarane
ent-Beyerane
iso-Pimarane
16(3-Phyllocladane
16a-Kaurane

7 16a-Phyllocladane
Rgi=(2+4+6)/(3+5+7)

Steranes (m/z=217)

AN B W

14a, 17a-Cholestane(20S) (Cy7)

14p3, 17p-Cholestane(20R) (Cy7)

14p, 17p-Cholestane(20S) (C,7)

14a, 17a-Cholestane(20R) (C,7)

24-Methyl-14a

17a-Cholestane(20S) (Cyg)

6 24-Methyl-14p,
17B-Cholestane(20R) (Csg)

7 24-Methyl-14p,
17B-Cholestane(20S) (Cyg)

8 24-Methyl-14a,
17a-Cholestane(20R) (Cag)

9 24-Ethyl-14a,
17a-Cholestane(20S) (Cy9)

10 24-Ethyl-14p,
17B-Cholestane(20R) (Cso)

11 24-Ethyl-14p,
173-Cholestane(20S) (Cy)

12 24-Ethyl-14a,
1-Cholestane(20R) (Cso)

Steranes=1+2+3+4+5+6+7+8+9+10+11+12

% C,7 Steranes=100(1+

(O N R

2+3+4)/Steranes
% C,g Steranes=100(5+
6+7+8)/Steranes
% Csyo Steranes=100(9+
10+11+12)/Steranes
Hopanes (m/z=191)
3 173(H) 22, 29,
30-Trisnorhopane (C,7)
4 17a(H), 21p(H)-Norhopane (C,7)
7 17a(H), 21p(H)-Hopane (C;0)
10 (229)17a(H),
21pB(H)-Homohopane (Cs;)
11 (22R)17a(H),
21p(H)-Homohopane (C5;)
13 (229)17a(H),
21p(H)-Bishomohopane (Cs;)
14 (22R)17a(H),

21p(H)-Bishomohopane (Cs;)
Hopanes=3+4+7+10+11+13+14
Ho/St=Hopanes/Steranes

There is no correlation between relative propor-
tions of C,9, Cog and C,; steranes from coals and
VR (Fig. 5h—j).

4.4.5. Hopanes

Hopanes are recognized from the m/z 191 mass
chromatograms (Table 4, Sachsenhofer et al., 2003,
their Fig. 14). The determination was made by com-
paring chromatograms with data from Moldovan et al.
(1992). A unimodal distribution of hopanes with a
maximum at Csy is found for all samples. The
hopanes/steranes ratio of coals (Table 4) ranges
from 0.5 to 38 with a mean of 13.3. This ratio is
not correlated with rank (Fig. 5k). The hopanes/ster-
anes ratio of limestones and clastics ranges from 1 to
18. The values are minimum in limestones and max-
imum in coals.

4.5. Aromatics

Phenanthrene, methyl-phenanthrene, and dimethyl-
phenanthrene were characterized after full-scan and
SIM of m/z 178, 192 and 206. The methyl-phenan-
threne index (MPIl) was calculated according to
Radke and Welte (1983)

MPI1 = 1.5%(2-MP + 3-MP) /(P + 1-MP + 9-MP)

where P = phenanthrene and MP = methyl phenanthrene.

The MPI1 of Donbas coals ranges from 0.15 to
1.1 (Fig. 51) and increases with rank up to a VR of
1.3% R,, and decreases in high-rank coals. The trend
line (Fig. 51) is identical with that for Ruhr Basin
coals with a VR <1.3% R, (Radke and Welte, 1983).
The MPI1 of Donbas clastics ranges from 0.17 to
0.6.

Naphthalene, methyl-naphthalene, di- and tri-
methyl-naphthalene, fluoranthene and pyrene, benzo-
fluoranthene, benzo[e]pyrene and benzo[a]pyrene,
chrysene, and retene were recognized in full-scan and
SIM (ions 202, 219, 228 and 252). Relatively high
proportions of pyrene, benzo[e]pyrene, and benzo
[a]pyrene are observed in samples with inertinite per-

Notes to Table 3:

HFS: high frequency sequences, Ka: Kasimovian, Mya: Myachko-
vian, Pod: Podolskian, Strat: stratigraphy, and see other legends in
Tables 1 and 2.



Table 5

Relationships between macerals, sulphur, biomarkers and eustacy

Sequences Fourth order seq.(FOS) Third order seq.(TOS) Second order seq.(SOS) High frequency seq.(HFS)
System tracts LST TST MFS  HST LST TST MFS HST LST TST MFS  HST LST TSTl TST2 MFS HST
Number of samples 3 18 44 41 5 24 53 24 5 52 15 34
Vitrinite Mean % 80 84.2 79.1 77.6 764 842 78.6 77 704  79.3 83 79.3
o % 2.7 49 10.8 12.8 6.7 7.5 108 143 188 10 8.2 13.3
Max % 82 96 100 100 82 100 98 100 85 98 100 100
Min % 77 72 40 52 65 72 40 52 40 52 72 56
Inertinite Mean % 1233 7.7 13.2 133 164 79 1356 13 262 11 10.7 12.9
o % 2.5 4.9 10.1 8.8 7.4 4.9 9.8 93 189 7.2 6.6 8.8
Max % 15 19 58 32 29 19 58 32 58 29 25 32
Min % 10 1 0 0 10 0 1 0 12 1 0 0
Liptinite Mean % 8 8.2 7.4 9.1 7.2 8 7.6 10 3.4 9.5 6.4 7.8
o % 0 5.3 5 6 1.1 5.2 4.7 7 2.6 5.7 3.8 5.4
Max % 8 23 23 26 8 23 23 26 6 26 17 23
Min % 8 2 0 0 6 0 0 0 0 0 0 0
Vitrinite/ Mean 0.87 091 0.85 0.85 0.82 091 0385 0.85 073  0.87 0.88 0.86
(Vitr.+Inert.) o 0.03  0.05 0.11 0.1 0.08 0.06  0.12 0.12  0.19 0.08 0.07 0.1
Max 0.89  0.99 1 1 0.89 1 0.99 1 0.88  0.99 1 1
Min 0.84 0.79 0.41 0.64  0.69 0.79 041 0.59 041 0.66 0.74 0.62
Number of samples 3 18 52 47 6 24 66 24 5 58 24 34
Sulphur Mean 523 2.1 2.72 3.5 6.87 258 277 297 684 253 3.62 2.94
o % 294 197 2 7.2 4.14 234 173 268 54 1.43 2.42 2.71
Max % 8.5 7.3 8 132 132 8 7.4 125 132 7.4 8 12.5
Min % 2.8 0.7 0.4 083 2.8 0.4 0.4 0.9 0.7 0.7 0.4 0.4
Number of samples 3 5 14 28 6 5 24 15 5 22 6 17 6 13 3 15 12
Pristane/ Mean 346 584 543 735 423 744 585 824 34 755 725 564 13 575 064 129 2
Phytane o 351 335 258 33 3 216 195 44 2.6 3.57 257 266 056 32 0.2 046 225
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Ric

Hopanes/

Steranes

C,7 steranes

C,g steranes

C,9 steranes

Max
Min
Mean

o

Max
Min
Mean

o

Max
Min
Mean %
o %
Max %
Min %
Mean %
o %
Max %
Min %
Mean %
o %
Max %
Min %

7.3
0.4
1.33
0.06
1.4
1.3
8.2
1.72
9.4
6.2

24
2.64

27

22

31
2

33

29

45
1

46

44

9.77
1
1.18
0.14
1.3
0.96
16.58
9.52
242
55
26.41
2.66
29.22
22
27.73
436
32
21.54
45.94
32
51.18
42.85

8.99
1.95
1.16
0.27
1.69
0.66
10.67
8.58
23.71
0.49
31.8
9.77
56.16
22
29.25
6.16
41.86
19.33
38.94
9.35
48.71
16.44

21.94
3.69
1.33
0.35
22
0.78

14.67
7.6

38
1.49

32.16
8.65

47.57

12.11

26.41
6.35

40.26

26.41

41.38
6.8

53.31

27.92

7.3
0.4
l1.61
0.45
22
1.29
10.27
3.05
15.26
6.2
23.27
2.69
27
19
30.17
3.24
34.33
25.67
46.56
4.14
53
41.59

9.77
4.39
1.16
0.14
1.3
0.96
17.5
8.52
242
5.5
30.9
7.72
44.62
26.72
25.6
4.34
30.87
21.4
43.5
6.23
51.18
33.97

8.95
1.95
1.19
0.24
1.69
0.66
11.26
6.98
23.71
0.49
35
8.55
56.16
23.55
26.8
7.22
41.86
15.72
38.1
8.27
48.71
16.44

21.9
1
1.3
0.31
1.95
0.78
17.24
8.98
38
35
28.64
7.32
38.87
12.11
28.17
5.42
36.75
15.08
433
5.44
51.13
33.85

7.3
1.95
1.36
0.78
22
0.66
4.95
5.48
11.8
0.8
23.96
3.96
29.73
19
28.55
332
34
25
47.49
4.53
53
41.83

21.9
4.13
1.16
0.17
1.59
0.78

15.97
8.36

38
55

34.43
9

56.16

19

25.68
6.18

37.85

15.72

39.89
7.48

51.18

24.5

9.77
3.17
1.35
0.2
1.69
1.13
11.3
8.83
22.1
0.49
35
7.03
44.62
26.84
30.7
6.93
41.86
21.4
343
9.5
43.92
16.44

9.31
0.4
1.35
0.26
1.95
0.95
13.16
6.43
2233
1.49
27.29
6.47
38.87
12.11
28.71
5.75
36.75
15.08
43.98
4.25
51.13
34.92

1.9
0.4
1.22
0.26
1.5

6.22
3.34
9.9
2.3

25.72
3.57

29

20

27.69
2.36

31

25

46.58
2.71

49

42

9.8
0.35
1.5
0.45
2.3
1
11.15
6.73
22.3
0.5
27.96
7.89
45
18.5
30
4.8
32.79
22
42.2
9.78
53.31
16

0.87
0.5
0.56
0.31
0.9
0.3
1.87
0.85
2.7
1

37

17

57

29

22
4

24

17

41

13

50

26

2.1
0.7
1.1
0.52
1.9
0.3
8.32
5.42
18
1.3
36.12
11.6
54
21
22.66
4.89
30
14
41.23
9.49
56
28

8.4
0.2
1.1
0.28
1.5
0.6
6.67
3.75
13

33.57
12.24
57
20
23.89
6.05
34
14
42.52
8.12
51
29

Mean: average value; mini: minimum value; maxi

: maximum value, ¢: standard deviation. HFS: high frequency sequences, FOS: fourth order sequences, TOS: third order sequences,
SOS: second order sequences, LST: lowstand systems tract, TST1: early transgressive systems tract (coal), TST2: late transgressive systems tract (limestone), MFS: maximum
flooding surface and HST: highstand systems tract.
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Liptinite

Vitrinite

Kasimovian
Myachkovian,
Podolskian,
Kashirian
Vereian
Bashkirian
Serpukhovian

Inertinite

Fig. 4. Comparison of average maceral group percentages in coal seams from Serpukhovian to Kasimovian.

centages higher than 20% (4n; But, 51; Dim, 1¢;,YD,
CllYD).

Aromatized arborane/fernane triterpenoids (Vliex
et al., 1994), consisting of monoaromatic tetracyclic
hydrocarbons (MATH), monoaromatic pentacyclic
hydrocarbons (MAPH), and diaromatic pentacyclic
hydrocarbons (DAPH), were only detected in Kasi-
movian (0o, Svet) and Gzhelian (ps Lug) samples.

5. Discussion
5.1. Thermal maturity

According to the interpretation of Sykes and Snow-
don (2002), coals are generally gas and oil-prone (Fig.
6¢). All but one sample reached the oil window.
Higher rank coals expelled oil or even generated gas
(Fig. 6a, b).

The increasing BI values of low-rank coals reflect
the progressive transformation of kerogen into free
hydrocarbons. The hydrocarbons were not expelled,
but are retained within the coal pores. QI and HI of
higher rank coals decrease due to expulsion and
thermal cracking. The exceptionally high values of
BI of the high-rank coals samples Sm; Baz and hg
Glub are due to migrated bitumen residing within the
pores of inertinite macerals. To minimize effects due
to maturity and migration, only biomarkers from coal
samples with a VR lower or equal to 0.9% R, were
used for paleoenvironmental and paleoclimatic recon-
struction. However, samples from Serpukhovian

seam d4 (0.92% R,) and Vereian seam k, (1.04%
R,) were included, because of their special strati-
graphic interest.

Liptinite disappears at a VR of 1.4% R,, and its
absence leads to a slightly enrichment in vitrinite in
high-rank coals. Many chemical parameters reach a
maximum in the maturity range between 0.7% and
0.9% R; (e.g. extraction yield, aromatics, pristane/
phytane ratio). The percentage of short-chain (Cy7_;9)
n-alkanes increases and the percentage of long-
chain (C,s_34) n-alkanes decreases up to a VR of
0.9% R,

These results agree with artificial maturation
experiments (Eglinton et al., 1988; Han et al., 2001;
Piedad-Sanchez et al., 2005) and with studies in other
coal basins. A thermal effect was observed in British
coals and in Ruhr Basin coals (Allan and Douglas,
1977; Littke et al., 1989a,b; Radke et al., 1980), where
a set of coals with a VR of 0.7%, 0.9% and 1.3% R,
exhibits n-alkane maxima at C,5, C,; and C,7, respec-
tively. Radke et al. (1980) showed that in low-rank
coals the oxidation, then decarboxylation of phytol
results in the generation of pristane and a Pr/Ph max-
imum at a VR of 0.9% R,. Recent investigations show
that variables sources for pristane and phytane may be
considered (Koopmans et al., 1999; Hold et al., 2001
and reference therein). Despite this, Pr/Ph ratio is still
used as a redox indicator for the depositional environ-
ment. Increasing Pr/Ph ratios during thermal matura-
tion mainly result of higher precursors of Pr
(Koopmans et al., 1999). The Pr/Ph ratio decreases
in higher-rank coals due to a preferential degradation
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Fig. 5. Maceral and biomarker data versus vitrinite reflectance (% R,). (a) % liptinite; (b) extraction yield; (c) % aliphatics, aromatics and polars;
(d) % short-chain n-alkanes; % long-chain n-alkanes; (f) Pristane/Phytane; (g) Rqii; (h) % C,5 steranes; (i) % Cag steranes; (j) % Cag steranes; (k)

hopanes/steranes; (1) vitrinite reflectance (% R,) versus MPI1. Correlation coefficient R? and formula are provided for some correlations.
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Fig. 6. Rock—Eval indexes. (a) bitumen index (BI), (b) quality index (QI) and (c) hydrogen index (HI) versus Tp.. Samples included in the
biomarker study are shown. Note that high-rank coals h8 Glub and h8 Sha were not used for paleoclimatic interpretations.
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Fig. 7. Examples of (a) diterpane distributions and (b) sterane distributions of typical Donbas coals. Peaks are identified in Table 4. R4; and

group of steranes are indicated for each sample.

of pristane compared to phytane. A similar pattern is
observed in Donbas coals. The proportion of Cy9, Cyg
and C,; steranes were probably not influenced by
maturity because of the generally low rank of the
coals (<0.9% R,). The same applies for diterpanes
and hopanes. For higher ranks, Piedad-Sanchez et
al. (2005) showed by pyrolysis that proportion of #-
alkanes, steranes, diterpanes and hopanes change.

5.2. Paleoenvironmental assessment

The relationship between biomarkers and sources
of organic matter was already discussed for Donbas
(Sachsenhofer et al., 2003) and Asturias coal basin
(Piedad-Sanchez et al., 2004). Therefore, we briefly
review this link with some complements. The abun-
dance of C;5_19 n-alkanes can be an indicator of algal
organic matter, whereas the abundance of long-chain
n-alkanes (>C,,) is an indicator of the wax of higher
plants (Tissot and Welte, 1984) or of spores (Allan

and Douglas, 1977). The Donbas coals are vitrinite-
rich (mean: 81%). Consequently, the abundance of
C;s5_19 n-alkanes should be low and a maximum
should be found in C,_»4 n-alkanes (Allan and Dou-
glas, 1977). However, the predominance of C;5_19 n-
alkanes can also reflect bacterial biomass input (Peters
and Moldowan, 1993). Abundance of different n-
alkanes is variable in Donbas clastics and limestones
because higher plants and algae are present together.

From our results, oxic conditions are implied for all
Donbas coals and deltaic siltstones, and oxygen-
depleted conditions for limestones and claystones
considering that pristane and phytane are phytol diag-
enesis products. Pr/n-C,; ratios >1 are characteristic
for inland peat-swamp environments and those < 0.5
for open-water conditions (sea and large lake, Lijm-
bach, 1975). If the ratio ranges from 0.5 to 1, a
transitional environment between continent and sea
(Volkman and Maxwell, 1986) can be expected.
Based on these ratios, Donbas coals were deposited
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Fig. 8. % C,7, Cyg and Cyg steranes distributions for Serpukhovian to Gzhelian coals (a) and limestones and clastic rocks (b).

in a continental swamp, limestones in open-water and
claystones in open-water or transitional environments.
An agreement is observed between these conclusions
and the sedimentology. But, because the Pr/Ph ratio is
strongly influenced by maturity (Fig. 5f; Radke et al.,
1980) and the amount and nature of precursors (Koop-
mans et al., 1999; Hold et al., 2001), it must be used
with caution for the estimation of the oxic state of the
depositional environment.

According to Philp (1994) diterpanes are represen-
tative 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.

The Rg; ratio (Section 4.4.3) described by Fleck
(2001) allows determination of the relative importance
of pre-gymnosperms (dominant when Ry;;<1) versus
pteridophytes (dominant when R4;>1) among the peat
forming vegetation. This ratio is also a measure of the
comparative height of the water table in the swamp that
determines the type of vegetation (low: R 4;;<1; medium
to high: R4;>1). For the clastics and limestones, this
ratio will be an indicator of plants that were eroded,
transported and deposited during the sedimentation.

The group 1 samples are characterized by high
contents in Phyllocladane and ent-Beyerane represen-
tative of pre-gymnosperms during the Carboniferous.
The Rg;; ratio is < 1 and indicates a low water table.

The group 2 samples are high in iso-Pimarane and
diterpanes common to pteridophytes, pre-gymnos-
perms, and bryophytes. High R 4; ratios suggest a high
water table.
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The group 3 exhibits high Kaurane contents and
diterpanes common to the same plants as in group
2, but with ent-Beyerane and Phyllocladanes known
only in pre-gymnosperms. Lower Rg; ratios indi-
cate a medium height or seasonally variable water
table.

Huang and Meinschein (1978, 1979) plotted the
relative proportions of C,7—C,3—Cyo steranes on a
ternary diagram. A decrease of C,9 and an increase
of C,7 is observed from group 1 to group 3 for coals
(Fig. 8a) and limestones and clastic rocks (Fig. 8b).
High values of C,; steranes are found in marine lime-
stones and claystones, deltaic siltstones and rare coals
and low values in most of coals, limestones and clastic
rocks.

Therefore, two possibilities can be proposed to
explain the differences in the relative abundance of
C,7 and C,g steranes for coals: (1) C,o steranes are
mainly derived from Cs,g-sterols from the tissues of
higher plants. According to this interpretation, group
1 represents the highest input from woody plants.
The C,; and C,g steranes may be derived from algal
material as in lacustrine environments. Thus, the
group 3 samples represent a high input of algae
and a swamp with a high water table. However,
alginite is a rare maceral in these coals; (2) The
C,7 and C,g steranes may possibly be derived from
the heterotrophs (protozoa, fungia, various inverte-
brates) decomposing wood.

And for limestones and clastic rocks, though algi-
nite is observed in considerable amounts in some
marine claystones (MC599-28), it is rare in others
(MC599-3 and-24). Therefore, there is no simple
relation between steranes, higher plants and algae.
Volkman (1986) and Volkman et al. (1998, 1999)
presented a review of sterol markers for terrigenous
and marine organic matter. These authors showed that
algae produced various contents of C,;, Cyg and Cpg
steranes according to the species. Only 6'°C isotopic
analyses (Grice et al., 1996, 2001) would allow to
attribute steranes to higher plants, algae or bacteria
and to remove this indetermination. But, Volkman
(2005) wrote that the presence of a biomarker may
only provide information about the existence of a
biosynthetic pathway rather the presence of a particu-
lar group of organisms. C,; steranes are synthesized
by green algae, diatoms and fungi by diverse path-
ways whereas C,g and C,g steranes are synthesized by

higher plants. Most of cyanobacteria and eubacteria
do not synthesize steranes.

Hopanes are ubiquitous constituents of sedimentary
organic matter. They are derived predominantly from
the degradation of the C;5 bacteriohopane (Ourisson et
al., 1979). But ferns, bryophytes, lichens and fungi
contain both sterols and Cj, hopanoids (Rohmer et
al., 1992). The samples show comparable hopane
patterns, characterized by a dominance of the Cjg
hopane. The abundance of hopanes above Cj;
decreases progressively with increasing carbon num-
ber. This pattern is characteristic for the presence of
bacteria in the swamp (Ourisson et al., 1979) and for
an oxic-type environment (Philp and Mansuy, 1997).
The hopanes/steranes ratio allows estimation of the
relative abundance of bacteria versus algae and ter-
restrial higher plants (Boreham et al., 1994; Bechtel
et al., 2001). This ratio is high in our samples from
coals, marine claystones and deltaic siltstones, sug-
gesting high bacterial activity or best preservation in
these environments.

Pyrene, benzo[e]pyrene, and benzo[a]pyrene are
derived from combustion of land-plants (Jiang et al.,
1998). In the Donbas, arboranes/fernanes were
observed in Kasimovian and Gzhelian coals. They
were also reported in the Stephanian and Autunian
of the Saar Basin which represent equivalent stages
(Vliex et al., 1994). According to these authors, these
molecules are correlated with gymnosperms. How-
ever, an algal or bacterial origin is also possible
(Hauke et al., 1992a,b).

5.3. Paleoclimatic changes

Two kinds of climatic changes occurred during the
Permo-Carboniferous: (1) those related to the north-
ward shift of the continents, and (2) glacio-eustatic
changes depending on glaciations and deglaciations in
Gondwanaland.

Paleobotanical data suggest that, in Euramerica, the
first phenomenon was responsible for progressive cli-
matic changes, from dry during the Devonian and
Tournaisian, to moderate humid in the Visean and
Serpukhovian (Van der Zwan, 1981; Van der Zwan
et al., 1985), with tropical humidity in the Bashkirian
and Moscovian (Phillips and Peppers, 1984), a transi-
tion from humid to dry in the Kasimovian (early
Stephanian), and a change to a dry climate during
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the Gzhelian (late Stephanian) and Permian. Palyno- Herbaceous and arborescent lycopods are found in
logical data from the Donbas (Fig. 9; Inosova et al., Visean to early Serpukhovian, and lycopods and
1976) indicate the same floral and climatic changes. ferns in the late Serpukhovian. Arborescent ferns,
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Fig. 9. Stratigraphic changes of macerals, plants and biomarkers. % C,7: % C,7 steranes, FOS: fourth order sequence, Ho/St: hopanes/steranes,
HST: highstand systems tract, K: Kashirian, LST: lowstand systems tract, M: Myachkovian, MFS: maximum flooding surface, P: Podolskian,
Pr/Ph: pristane/phytane, R: Regression, Rg;: ratio diterpanes, % R,: vitrinite reflectance, % S: % Sulphur, SOS: second order sequence, St:
Groups of steranes, 7" transgression, TOS: third order sequence, TST: transgressive systems tract and V: Vereian.



A. Izart et al. / International Journal of Coal Geology 66 (2006) 69—107 93

pteridosperms, and lycopods are indicative of an
equatorial humid climate during Bashkirian and Mos-
covian times. An increase in gymnosperms correlates
with a drier climate during Kasimovian, Gzhelian, and
Permian times. The Peri—Tethys maps (Dercourt et al.,
2000) place the Donbas with the equatorial zone
during Moscovian and tropical zone during Artinskian
(Early Permian).

The second phenomenon relates to three glacial
and interglacial episodes in the Gondwanaland
(Lopez-Gamundi, 1997), that correspond to global
second-order sequences (SOS) between Famennian
and late Permian times, when the ice cap finally
disappeared:

* Glacial (Famennian—early Visean) and interglacial
episode I (late Visean—Serpukhovian)

* Glacial (Bashkirian) and interglacial episode II
(Moscovian)

* Glacial (Kasimovian) and interglacial episode Illa
(Gzhelian)

* Glacial (Asselian) and interglacial episode IIIb
(Sakmarian)

* Glacial (Sakmarian) and interglacial episode Illc
(Artinskian—late Permian).

What was the impact of these glacial variations on
coal basins located near the equator?

Cecil et al. (1985) and Cecil (1990) assessed after
lithologies and paleosols a non-seasonal tropical cli-
mate with coal seams and non-calcareous siliciclastic
sediments in the early to mid-middle Pennsylvanian
(Bashkirian to Myachkovian) Appalachian Basin.
During the remainder of the Pennsylvanian (Myach-
kovian to Gzhelian), the climate cycled from humid
tropical with coal seams to nearly semiarid with lacus-
trine and pedogenic carbonates.

In our study of the Donbas, vitrinite percentages
(Fig. 9) are high in lower and mid-Bashkirian, Mos-
covian (except lower Vereian), and upper Kasimovian
coals. Liptinite contents show little stratigraphic var-
iations. Inertinite percentages are high in coals with
Serpukhovian, late Bashkirian/early Vereian, and late
Myachkovian/early Kasimovian ages, indicating that
burning was more important and these times were
relatively dry.

The Ry ratio from coals is lower in Serpukho-
vian, Vereian, upper Kasimovian, and Gzhelian

coals, than in upper Bashkirian and Kashirian to
lowermost Kasimovian coals (Figs. 9—12). This is
an indication of alternating drier and wetter climates
on million years time scales. Within these cycles, the
Moscovian is characterized by a general trend
towards higher Rgy; ratios and wetter conditions
(Figs. 9 and 11).

Phillips and Peppers (1984) postulated a maximum
in climatic wetness for North American coal basins
in the Desmoinesian (Myachkovian, Westphalian D).
R ratios (Fig. 10) in this level are high in Donbas
coals (>1.5), in the Lorraine coal Basin (Fleck, 2001),
and in the Central Asturias coal Basin (Piedad-Sanchez
etal., 2004). The drier Stephanian (Late Kasimovian)
and Autunian (Gzhelian) climate is supported by R g
ratios close to 1 and the appearance of arborane/
fernane in Donbas coals. Note that the first xerophi-
lous plants, attesting to a dry climate, were found by
Stschgolev (in Aisenverg et al., 1975) at the top of
the sandstone overlying the nj coal (FOS SK2, Fig.
12). This coal is located between the n3 (FOS SK1)
and n$ coals (FOS SK3) included in the present
study. The coals n; and n3 present a high R4 and
the coal n? a low Ry ratio. This is in accordance
with the first appearance of xerophilous plants in the
n3 coal.

The Pr/Ph ratio from coals (Figs. 9-12) is low
in upper Serpukhovian, Vereian, and lower Myach-
kovian coals, whereas it is high in lower Serpukho-
vian, upper Bashkirian, Kashirian, Podolskian,
upper Myachkovian, and lower Kasimovian coals.
The Pr/Ph ratio suggests more oxidation of peat
during the periods of wetter conditions assessed by
diterpanes.

The hopanes/steranes ratio (Figs. 9—12) is low in
upper Serpukhovian, Vereian, upper Podolskian, and
lower Myachkovian coals; and high in lower Serpu-
khovian, upper Bashkirian, Kashirian, lower Podols-
kian, upper Myachkovian, and Kasimovian coals.
Similar to group 3 steranes distribution, the high ratios
are probably related to greater bacterial activity in the
swamp. High values are observed in coals deposited
in a peat with a high water table and a wetter climate
assessed by diterpanes.

Curves representing stratigraphic changes in
groups of steranes (Fig. 9) and in the percentage of
C,7 steranes (Figs. 10-12) were drawn. Coals with a
group 1 steranes distribution (dominance of Cyy ste-
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of samples during Serpukhovian and Bashkirian. See legends in Fig. 9.

Limestones are indicated by capitals and coal seams by lower cases.

ranes) are present in upper Bashkirian, Vereian, upper
Podolskian, Myachkovian, Kasimovian, and Gzhelian
horizons. Coals with group 2 (equal amounts of C,7,
Csg, Cy9) and group 3 distributions (high percentages
of C,;7 and Cyg) are present in Serpukhovian, Kashi-

rian, and lower Podolskian levels. The presence of
group 3 in Kashirian and lower Podolskian coals is
probably related with a period of higher transgression
and not necessarily to a period of wetter climate
assessed by diterpanes.
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5.4. Climatic and stratigraphic controls on coal
deposition

5.4.1. High frequency sequences (HFS)
In the Donbas (Izart et al., 2002), a high frequency
sequence (HFS, Fig. 13) consists of

* fluvial channel sandstone (lowstand systems tract;
LST),

* paleosol, coal seam and limestone (transgressive
systems tract; TST),

» marine claystone with pelagic fauna indicative for
high bathymetry (maximum flooding surface; MFS),

* deltaic siltstone and sandstone (highstand systems
tract; HST).

(Figs. 3, 10—-13) exhibit examples of lithological
columns and curves of HES in the Donbas. Note that

according to Ukrainian usage, marine bands are indi-
cated by capital letters (e.g. Ky, Fig. 11), whereas coal
seams are indicated by lower-case letters (e.g. k», Fig.
11). The curves of sequences of diverse orders were
built by sorting the paleoenvironments between two
trends, marine at the left and continental at the right to
follow the retrogradation and transgression (7)
towards the west and the progradation and regression
(R) towards the east of the Donbas. The coal is
always intercalated between underlying sandstone
or paleosol, and overlying shale or limestone, and
is interpreted by us as the beginning of the TST of
HFS.

Coal is always observed at the boundary between
continental and marine facies in all Carboniferous
paralic coal basins of western Europe (North France,
England and Ruhr basins, Izart and Vachard, 1994)
and in the central Appalachian Basin (Chesnut, 1994),

Mean values
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Fig. 13. High frequency sequence (HFS) of the Donbas HST: highstand systems tract, LST: lowstand systems tract, MFS: maximum flooding

surface and TST: transgressive systems tract.
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where peat formation was initiated by a renewed
transgression.

Cecil (1990) proposed a relationship between
lithology and paleoclimate and suggested a wet cli-
mate during deposition of coal and siliciclastics and a
dry climate during deposition of limestone and marine
shales. If this model is applied to the Donbas, the
climate would be wet during the LST, early TST and
the HST, and dry during the late TST and the MFS.

Cecil et al. (2003) described a Pennsylvanian
cyclothem characteristic for North American coal
basins, consisting of weathered paleosol, coal, marine
claystone, deltaic siltstone and sandstone and fluvial
channel sandstone or limestone. In contrast with our
interpretation in the Donbas, these authors attributed
the paleosol and the coal seam to the LST, the marine
claystone to the TST, and the deltaic siltstone and
fluvial sandstone (Appalachian Basin) or limestone
(Illinois and Midcontinent basins) to the early and
late HST of this cyclothem. Cecil et al. (2003)
described the mid-Pennsylvanian climate across
North America: (1) during glacial intervals, low pres-
sure belts caused non-seasonal wet conditions in low
latitude with intense weathering of paleosols and peat
formation; whereas (2) during interglacial intervals,
seasonal swings replaced the low-pressure belt and
produced a more seasonal drier climate. Ziegler et al.
(1997) also suggested that rainfall increased in equa-
torial latitude during glacial periods.

Miller et al. (1996) and Olszewski and Patzkowsky
(2003) studied the upper Pennsylvanian to lower Per-
mian (Gzhelian—Asselian) in the US Midcontinent and
concluded that the coal is located in the upper part of
HST of fifth-order sequences. For these authors, an
evolution of paleosols from vertic to calcic suggests a
change from a wet to an arid climate during the LST
of these sequences. An arid climate persisted during
the evaporitic, carbonate TST and was followed by a
relatively humid coaly, siliciclastic HST. The authors
used a paleoclimatic model of Miller and West (1993)
to explain the observed changes: During glacial inter-
vals, the monsoon was weak and did not bring equa-
torial humidity to the latitude of the Midcontinent
(~10° N). During interglacial intervals, the monsoon
was stronger and monsoonal rains did reach the Mid-
continent. This model differs from that of Cecil et al.
(2003) in a wet upper part of the HST. It also differs
from the model of Perlmutter and Matthews (1989), in

which the glacial event is dry because of high equa-
torial pressures and the interglacial event is wet
because of low pressures and because the monsoon
would be weak and not yet established during Carbo-
niferous times.

5.4.2. Fourth and Third order sequences (FOS and
TOS, respectively)

Diessel (1992, p. 506) discussed the sequence
stratigraphic interpretation of coal seam settings.
Coal seams are present in both TST and HST of
FOS and TOS and exhibit different petrographic com-
position. In the paralic coal basins of western Europe
(Izart and Vachard, 1994) and of the Donbas (Izart et
al., 1996, 1998), the FOS and TOS consist of nume-
rous HFS with sandstone, coal, and marine facies
overlain by deltaic facies during the TST, and nume-
rous HFS with sandstone, coal, and either lagoonal or
lacustrine facies overlain by deltaic facies during the
HST. The lithological column compared with FOS
and TOS columns (Figs. 10—-12) exhibit the place of
coals during TST and HST in the Donbas.

The cyclothem described by Cecil et al. (2003) in
the Illinois and the Midcontinent basins was shown
previously by Heckel (1994, his Figs. 1 and 8). It
corresponds to the major transgressive cycle Verdigris
during Desmoinesian and is followed by three minor
transgressive cycles. These four cycles corresponding
to HFS constitute a FOS with a TST (major cycle)
with coal and limestone at the lower part and a HST
(three minor cycles) with coal and marine claystone in
the upper part. In this FOS, coal seams are also
present in TST and HST as in all paralic basins. For
Miller et al. (1996) and Olszewski and Patzkowsky
(2003), the FOS and TOS of the US Midcontinent
include HFS with limestone, claystone and coal du-
ring the TST and limestone, claystone, sandstone and
coal during the HST. The relation between climate and
eustacy for FOS and TOS in the Midcontinent may be
offset (Miller et al., 1996), with wet climate during
HST and LST and dry climate during TST and MFS.

5.4.3. Second order sequences (SOS)

The second order sequences (SOS) in the Donbas
correspond to the Serpukhovian, Bashkirian, Mosco-
vian, Kasimovian, and Gzhelian stages (Fig. 9, Izart et
al., 2003). The Moscovian includes a TST during the
Vereian and Kashirian, a MFS during the Podolskian
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(M5 limestone) and a HST during the Myachkovian
(Fig. 11, Izart et al., 1996). A peak in climatic wetness
during Desmoinesian (Myachkovian, Westphalian
D) times is reported for coal basins in the USA
(Phillips and Pepper, 1984), in Central Asturias
(Piedad-Sanchez et al., 2004), and for the Donbas
(this paper). This period corresponds to the HST of the
Moscovian SOS. The (Figs. 10—12) exhibit the increase
of marine limestones during the MFS (Podolskian) and
the place of coals during all system tracts of SOS in the
Donbas. However, the coal seams appeared during the
Serpukhovian SOS, increased during the Bashkirian
SOS, reached a maximum during the Moscovian
SOS, then the coal decreased during the Kasimovian
SOS and finally disappeared during the Gzhelian SOS
as in the western Europe (Izart et al., 2003).

5.5. Relationship between maceral and biomarker
data and glacio-eustatic changes

The changes of biomarkers in Fig. 14 don’t repre-
sent all variations of lithology and sequence (Fig. 3)
because the sampling is incomplete. Only a statistical
treatment of data (Figs. 13 and 15, Table 5) allows to
check these fluctuations for HFS. A statistical study
was also carried out using maceral and biomarker for
FOS, TOS, and SOS (Fig. 16, Table 5) to identify
differences related to glacio-eustatic changes. Biomar-
kers exhibit major differences between sandstones,
claystones and coals (see Fleck (2001) for the Lor-
raine Basin (France) and our data for the Donbas).
Thus, calculating mean values using data from dif-
ferent lithologies is agreed useless. Therefore, our
statistical study is based on clastics and coals for
HFS (Figs. 13 and 15, Table 5), but is restricted to
coals for FOS, TOS and SOS (Fig. 16, Table 5). Con-
sequently, our paleoclimatic interpretations concern
the time of coal and clastic deposition for HFS, but
only the time of coal deposition for other sequences.

The selection of samples for biomarker studies is
discussed in Section 5.1. To test potential differences,
the statistical study was repeated with a limited sam-
ple set including fifty coal samples with a VR < 0.8%
(groups 1 and 2 according to Fig. 6a), three limestones
and thirty-three clastic samples, which are compared
to thirteen coeval coal samples.

The mean values for all Carboniferous coals and
for a Myachkovian to Kasimovian subset are similar.

Only the R; value is significantly higher for the latter
(1.76, n=13) than for all coals (1.16, n=50). This is
because the Myachkovian to Kasimovian climate was
wetter than the lower Moscovian one.

The observed trends for different systems tracts
for sequences of different order are generally the
same, but slight differences occur in absolute values.
The TST of SOS, MFS of TOS and HST of FOS
with a great number of samples (22-28) or para-
meters with a low standard deviation ¢ (V/V+I,
Cy7, Cyg and C,9 steranes) are statistically more
significant than systems tracts with a low sample
number or with a high ¢ (S, Pr/Ph and H/S). Note
that Rg; (Table 5) presents a high ¢ in LST of SOS
and a low ¢ for other system tracts of SOS and other
sequences.

The vitrinite/ (vitrinite + inertinite) (V/(V +1)) ratio
is highest in coals formed during the TST and the
MES of different sequences, and is relatively low in
coals deposited during the LST of SOS. Although
pyrofusinite may be blown or washed into the deposi-
tional environment, a low V/(V+]I) ratio is generally
considered to indicate oxidation and relatively dry
peat forming conditions. Therefore, relatively low
ratios during the LST of SOS suggest a relative aridity.
But, two populations of samples, one rich in vitrinite
and the other in inertinite are demonstrated by high
values of ¢ existed certainly during LST. Strehlau
(1990) described also in the Ruhr Basin an increase
of inertinite linked with burning in the upper part of
the Bashkirian sequence and in the lower part of the
Moscovian sequence.

Liptinite percentages (Table 5) show a maximum
during the HST of FOS and TOS. Regarding SOS,
liptinite percentages are low during the LST and reach
a maximum during early TST and HST. Liptinite
percentages, similar to vitrinite, are linked with the
increase of organic productivity or preservation in the
swamp during wetter periods.

The Rg;, ratio of coals (Fleck, 2001) allows estima-
tion of the level of the water table in the swamp (low:
R 4;<1; medium to high: Rg;;>1) and the paleoclimate.
The variable R 4;; of coals suggest for the HFS a coin-
cidence or a delay between the beginning of transgres-
sion and dry climate when Rg; is low or high,
respectively. For HFS (Figs. 13—15, Table 5), the Rg;
exhibits intermediate values during LST (mean: 1.22),
high to intermediate values during early TST1 (1.5 for
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the interval Podolskian—Kasimovian, but 1.16 for all (fluvial sandstone), a wet to dry climate during early
the Carboniferous), low values during late TST2 TSTI (coal) and a dry climate during late TST2 (lime-
(0.56), during MFS (1.1) and HST (1.1). The Rg; stone), MFS (marine claystone) and HST (deltaic
suggests for HFS an intermediate climate during LST siltstone). The Ry of coals decreases from LST
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(1.36) to early TST (1.16), then increases to
HST(1.35) for FOS, TOS, and SOS. The LST of
TOS and SOS presents two populations of samples
as demonstrated by high values of o: coals from
Vereian with low values of Ry; and coals from
lower Kasimovian with high values. The R g4;; suggests
for SOS a relatively dry climate for LST of Vereian,
and wet climate for LST of Kasimovian, an intermedi-
ate to wet climate for early TST and MFS and a
relatively wet climate for HST. This trend and conse-
quently this paleoclimatic change are observed also
for TOS and FOS.

Pr/Ph ratio show high values for HFS (Figs. 13—
15) during early TST1 (mean: 5.75), intermediate
during HST (2), and low values during late TST2
(0.64), MFS (1.29) and LST(1.3). For FOS and
TOS, Pr/Ph ratio from coals exhibit high values
during the early TST and the HST, intermediate
during MFS, but relatively low values during the
LST. For SOS, this ratio show low values during
the LST (mean: 3.4) and generally high values dur-
ing the early TST (7.55), MFS, and HST. But, high
o values show that the variability is important for all
system tracts and sequences. If we compared with

the paleoclimates deduced from diterpanes, the high-
est oxidation corresponds to the wettest period and
conversely.

The hopanes/steranes ratio exhibit low values for
HFS (Figs. 13—15) during late TST2 (mean: 1.87),
intermediate during LST (6.22), HST (6.67) and MFS
(8.32), and high (11.15) during early TST1. This ratio
is low for SOS in the LST (5), intermediate in MFS
(11), and high in early TST (16) and HST (13). The
same trend is observed for sequences with different
order. If we compared with diterpanes and Pr/Ph, the
hopanes/steranes ratio shows that bacteria were more
active in the swamp during periods with a wettest
climate and high oxidation.

The maximum of C,; steranes (37%) and the mini-
mum of C,g steranes (41%) are observed for HFS
(Figs. 13-15) in rocks deposited in the late TST2
and the MFS, whereas the C,g steranes present only
a small change. Coals deposited near the MFS contain
the highest amount of C, steranes linked to algae and
the lowest amount of C,g steranes derived from wood
of terrestrial higher plants. The abundance of C,;
steranes increases for SOS from the LST (24%) to
the TST (34%) or MFS (35%) and decreases in the
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Fig. 16. Changes of macerals, sulphur and biomarkers during different systems tracts in the second order sequences (SOS), third order sequences
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HST (27%). The same trend is observed for diverse
sequences. The percentage of C,g steranes is about the
same in all systems tracts and sequences, but reaches a
maximum in the MFS or LST. C,g steranes are high
for SOS in the LST (47%), and the HST (44%),
intermediate in TST (40%), and low in MFS (34%).
The same relationship between the steranes and
eustacy is observed for diverse sequences. Although
part of the C,3 steranes may be produced by hetero-
trophic organisms (protozoa, fungi, invertebrates), this
interpretation fits well with a high-water table prevail-
ing during the MFS.

The results for HFS support the paleoclimatic
model of Cecil et al. (2003): an intermediate paleo-
climate during LST (sandstone and levee siltstone), a
wet climate during early TST (paleosol and coal), and
a dry climate during late TST (limestone), MFS
(claystone), and HST (deltaic siltstone). The results
for SOS, TOS and FOS during the coal deposition
involve a relatively dry or wet paleoclimate during
LST, intermediate or wet during the TST and the
MFS, and relatively wet during the HST. Some para-
meters (e.g. macerals, diterpanes, pristane/phytane,
and hopanes/steranes) are linked mainly with paleo-
climate and others (e.g. steranes) with the transgres-
sion of the sea. But offset and lag times can exist
between paleoclimate and eustacy for sequences of
different order.

6. Conclusions

A relationship between the distribution of mac-
erals, biomarkers, and paleoenvironment was demon-
strated for the Donbas. Because of maturity effects,
the Pr/Ph ratio cannot be applied as a measure for eH
conditions in our study. The diterpanes can be used
to assess the input of diverse plant groups and the
height of the water table in the swamp; the hopanes
are indicative for bacterial activity in the peat. Ster-
anes allow to assess the input of wood- and algal-
derived kerogen in the peat. The aromatics exhibit
PAHs linked with the combustion of wood. The
occurrence of arborane/fernane is linked with the
appearance of gymnosperms and is restricted to
Kasimovian and Gzhelian coals.

For the relationship between the distribution of
macerals, biomarkers, and paleoclimatic and eustatic

changes, two kind of climatic changes must be dis-
tinguished during the Permo-Carboniferous in the
Donbas: (1) climatic changes due to the northward
shift of the continents as demonstrated by Carbonifer-
ous plants of an equatorial climate that evolved to
plants of a dry climate during the Permian, and (2)
glacio-eustatic changes depending of the frost and
melt of the ice cap in the Gondwanaland.

A tropical climate prevailed in the Donbas from the
Serpukhovian to the Kasimovian. Nevertheless, pe-
riods with relatively dry and wet conditions can be
distinguished based on maceral (vitrinite, inertinite)
and biomarker (diterpanes, hopanes) data. Relatively
dry conditions are observed during Serpukhovian and
Vereian times; whereas wetter climates with a max-
imum of coal deposition occurred during the Bashkir-
ian, most of the Moscovian, and the -earliest
Kasimovian. No economic coal seams are hosted in
upper Kasimovian and Gzhelian deposits, a result of a
change to a dry climate.

For the second order, third order and fourth order
sequences of the Donbas, coal deposition during
lowstand systems tracts is characterized by relatively
dry or wet conditions. An intermediate climate
occurred during the transgressive systems tract and
maximum flooding, and the wettest conditions dur-
ing the highstand systems tract. The results for HFS
support the paleoclimatic model of Cecil et al
(2003) and the results for SOS, TOS and FOS during
coal deposition show some differences with this
model. Maceral and biomarker data suggest that
coal deposition during high frequency sequences
could be produced under wet or relative dry climate,
which indicates the coincidence or delay between
eustacy and paleoclimate.
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