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ABSTRACT

The numerical modeling of the Ukrainian part of the Donbas
fold belt indicates that the coalification pattern was controlled
mainly by the maximum burial depth of coal seams and the
heat flow (HF) (40—75 mW/m?) during the Permian. The coal-
ification pattern was overprinted by magmatic events dur-
ing the Late Permian in the south syncline (150 mW/m?) and
during the Permian—Triassic in the north of the Krasnoarmeisk
region (120 mW/m?). The coalification pattern shows a strong
increase in vitrinite reflectance values toward the east and
southeastern parts of the study area likely caused by (1) an
eastward increase in burial depth, (2) a probable eastward in-
crease in HF, and, (3) probable magmatic activity. An increase
in total erosion toward the eastern and southeastern parts was
also observed with a maximum erosional amount of approx-
imately 8 km (5 mi) in the southeastern part of the study area.
The basin modeling of this area predicts that the main phase of
hydrocarbon generation occurred during the Carboniferous—
Early Permian subsidence. The magmatic events that occurred
during the Permian—Triassic caused renewed pulses of hy-
drocarbon generation. A large amount of the generated hy-
drocarbons was lost to the surface because of a lack of seals.
However, the numerical simulation predicts accumulations
of about 2 tcf (57 billion m?) of methane generated from
Carboniferous coals in the south and main synclines, where
Lower Permian seal rocks are preserved. Finally, this study
provides data on methane resources along the northern flank
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of the basin, which remains a significant frontier for natural gas
exploration.

INTRODUCTION

The Dniepr-Donets Basin (DDB) in Ukraine is an important
hydrocarbon province (Ulmishek et al., 1994; Chebanenko
etal., 1995; Kabyshev et al. 1998; Ulmishek, 2001). This basin
experienced inversion movements, uplifts, and erosions that
were more intense to the southeast through geologic time
(Chekunov, 1976; Chekunov et al., 1992; Stovba et al., 1996;
Privalov, 1998; Stovba and Stephenson, 1999; Saintot et al.,
2003a, b; Stephenson et al., 2006). The Donbas fold belt (DF)
is the strongly inverted and deformed part of the DDB cov-
ering an area of 60,000 km? (23,166 mi) in the southeastern part
of Ukraine and adjoining areas in Russia. The deformed strata
mainly consist of Carboniferous with, however, Lower Perm-
ian sediments preserved along the northwestern margin of the
basin (Popov, 1966; Stovba and Stephenson, 1999).

The DF contains some of the world’s most important coal
resources in terms of quantity and quality (Sachsenhofer et al.,
2002; Privalov et al. 2004a). However, conventional gas de-
posits are known in structural traps sealed by Lower Permian
rocks along the northern margin of the DF (Privalov et al.,
2007). Mississippian and Lower Permian clastic rocks, and at a
much lesser level the carbonates, are the main reservoir lithol-
ogies (Ulmishek et al., 1994; Kabyshev et al., 1998; Ulmishek,
2001). Basin inversion, uplifts, and subsequent erosions of
sedimentary layers, especially Lower Permian salt-bearing se-
quences, within the DF may have induced the vertical mi-
gration and loss of hydrocarbons to the surface. However,
the DF contains viable prospective sites for conventional and
coalbed methane accumulations in the Carboniferous coal-
bearing strata. The potential resources have been estimated to
be in the range of 12-27 trillion m?® (424-953 tcf) (Uziyuk
et al., 2001; Privalov et al., 2004b). Triplett et al. (2001) esti-
mated the coalbed methane resources to be 1.4-2.5 trillion m>
(49-88 tcf) in mineable coal seams. Deposits in cupola-like
structures related with dextral strike-slip zones along the north-
ern marginal fault of the DF host conventional gas reserves
of 240 billion m> (8500 bcf) (Privalov et al., 2007).

The Pennsylvanian marine shales and carbonates are con-
sidered as principal source rock intervals for the Dniepr-
Donets hydrocarbon system formation, although the function
of the Carboniferous coals is still uncertain (Ulmishek et al.,
1994; Ulmishek, 2001; Privalov et al., 2005; Ivanova, 2006).
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However, Carboniferous humic coals from the DF,
mostly rich in collodetrinite and liptinite (sporinite
and alginite), holding a hydrogen index (HI) of
200-300 mg HC/g total organic content (TOC)
(Sachsenhofer et al., 2003), and containing long
aliphatic chains higher than C;g (Alsaab et al.,
2007), can be regarded as oil- and gas-prone source
rocks (Bertrand, 1984; Wilkins and George, 2002,
and references therein; Privalov et al., 2007). Con-
siderable work was conducted to understand the
relationship between the coalification pattern and
the effects of magmatic bodies, tectonic events,
HF history, and erosional processes in the DF
(Porfiriev, 1948; Triplett et al., 2001; Uziyuk et al.,
2001; Sachsenhofer et al., 2002; Privalov et al., 2003,
2004a, b). To date, no detailed two-dimensional
(2-D) modeling study has been performed on this
basin. Consequently, the key factors controlling
the generation, migration, and accumulation of hy-
drocarbons are poorly constrained. In addition, the
thermal history in the northern flank of the DF has
not been studied before.

In this article, the numerical simulation of the
DF was performed and calibrated with more than
40 wells along 6 cross sections in the Krasnoar-
meisk, Donetsk, Torez, and Lisitchansk areas. Data
from these wells were published by Sachsenhofer
et al. (2002). In this study, additional data (vitrinite
reflectance and lithology) were obtained from
boreholes located in the northern part of the basin,
i.e., Kosiora, Osnovnaya, Gazeti Izvestiya, Tches-
nokova, Olkhovatsky Site, Illytcha, Proletarskaya,
Centr. Belyanka, and Zamkovskaya mines. The
objectives of this article are to (1) reconstruct the
burial and thermal history of the DF; (2) evaluate
the factors controlling the coalification pattern;
(3) model the processes of hydrocarbon genera-
tion, expulsion, migration, accumulation, and loss;
(4) estimate the amount of methane trapped in the
study part of the DF; and (5) predict the main zones
of methane accumulation.

REGIONAL GEOLOGIC SETTING

The Dniepr-Donets depression (DDD) is a large
Late Devonian Pripyat-Dniepr-Donets-Karpinsky

rift system located at the southern part of the East
European craton (Figure 1). Prior to the rift, the re-
gion was a platform in which Middle Devonian and
lower Frasnian sediments were deposited (Alekseev
et al., 1996; Stovba et al., 1996). A major postrift
subsidence occurred during the Carboniferous and
Lower Permian (Sakmarian) under the sediment
load (Stovba et al., 1996; Van Wees et al., 1996;
Sachsenhofer et al., 2002) or a tectonic reactivation
(Izart et al., 2003a). The Donbas Foldbelt is gen-
erally considered to have been profoundly uplifted
at the end of the Early Permian in response to the
build-up of stresses emanating from the Hercynian
Caucasus—Uralian orogens (Milanovsky, 1992).
Compression resulted in a thrusting, folding, and
inversion movement particularly intense south-
eastward of the DDB (Popov, 1966; Belokon, 1971;
Pogrebnov, 1971; Mikhalyev, 1976; Nagorny and
Nagorny, 1976; Privalov, 1998). The following up-
lift and erosion of the Permian successions are re-
flected by a basinwide unconformity (Nagorny and
Nagorny, 1976; Privalov et al. 1998; Sachsenhofer
et al., 2002; Spiegel et al., 2004). The Triassic—
Tertiary postrift platform sequence is characterized
by unconformity-bounded depositional sequences
in response to tectonic deformation, uplift, and sub-
sequent erosion (Kabyshev et al., 1998; Sachsenhofer
et al., 2003; Spiegel et al., 2004). Seismic data led
other authors to suggest that the strong compres-
sional event (basin inversion) occurred during the
Late Cretaceous—early Tertiary because of Cim-
merian and Alpine orogenies (Stovba et al., 1996;
Stovba and Stephenson, 1999; Saintot et al., 2003a,
b; Stephenson et al., 2006). So, the structure of the
southeastern part of the DDB is thought to be con-
trolled by Early Permian and/or Late Cretaceous—
early Tertiary inversion phases.

The DF is the deformed and structurally in-
verted part of the DDB (Figure 1) dominated by
west-northwest—east-southeast—striking anticlines
and synclines. The main anticline, the largest fold
in this area, is bordered by two gentle synclines:
main and south synclines (Figure 1). The thickness
and lithology of the Devonian rift sediments still
remain unknown because these deeply buried strata
have not been drilled yet. Mesozoic and Cenozoic
strata are absent in the study area (Figure 1). The
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Figure 1. Location of the study area in the Donbas fold belt in the southeast of Ukraine and the map of vitrinite reflectance at the top of the Carboniferous section (modified from
Levenshtein et al., 1991).



youngest Paleozoic succession is up to 15.3 km
(9.5 mi) thick with Lower Permian and Carbon-
iferous strata as preserved (Figure 2). The latter
alone can reach up to 13.3 km (8.2 mi) and consists
of cyclic successions of marine, continental, and
lagoonal facies (Izart et al., 2003a, b, 2006; Sach-
senhofer et al., 2003). Tournaisian—lower Visean
strata are mainly composed of marine limestones.
The overlying upper Visean—Gzelian strata consist
of clastic rocks, mainly shales, interbedded with
limestone and coal beds (Figure 2). The overly-
ing upper Visean—Gzelian strata consist of clastic
rocks, mainly shales, interbedded with limestone
and coal beds (Figure 2). The Carboniferous se-
quence is divided into early (C1), middle (C2), and
late (C3). Based on fauna analyses of major marine
limestone horizons, these are further subdivided
into units called suites according to local nomen-
clature and designated by capital letters (Aizenverg
etal., 1975). From bottom to top, C1 is composed
of suites A—D, C2 comprises suites E-M, and C3
contains suites N—P. Finally, sandstones, limestones,
and evaporites (salt or anhydrite) were deposited
during the Asselian—Sakmarian (Early Permian).
Carboniferous succession alone is preserved toward
the southeastern part of the study area. However,
up to 2.2 km (1.3 mi) of Lower Permian rocks are
present in the main and south synclines (Figure 2).
Extensive postrift magmatic events have been re-
ported in the DF. Permian sills and stocks with al-
kaline rocks occur southwest of Donetsk. Permian—
Triassic magmatic events (andesitic magmatism)
occurred in the south syncline (southeast of Gor-
lovka) and in the northern Krasnoarmeisk mono-
cline (Aleksandrov et al., 1996; Sachsenhofer et al.,
2002; Spiegel et al., 2004). Figure 2 also shows that
magmatic events occurred during the Triassic and
Jurassic (Lazarenko et al., 1975, de Boorder et al.,
1996, Privalov, 2000, Alexandre et al., 2004).

PETROLEUM SYSTEM

Nobody had prognosticated the presence of oil
and gas in the DDB before 1931; the assumption
that Donbas was a coal-bearing basin dominated at
that time. Based on the prognosis of N. S. Shatsky

in 1931, the initial oil and gas exploration phase
was in 1936-1937 under the leadership of F. O.
Lysenkoin 1932-1936. An excellent review of the
history of the oil and gas exploration in the DDB
can be found in the articles of Kabyshev et al.
(1998) and Ulmishek (2001). One can date the
beginning of the oil and gas exploration in the
DF at 1950 with the discovery of the gigantic gas-
condensate Shebelinka deposit. Indeed, recent in-
vestigations show that this giant gas field is almost
located within the DF (Privalov et al., 2007). In
1958, massive hydrocarbon prospecting resulted
in the discovery of some 15 commercial gas de-
posits along the northern marginal fault of the DF.
In the 1990s, U.S. Geological Survey studies iden-
tified the presence of coalbed methane accumula-
tions in the DF (Law et al., 1998).

The main oil- and gas-generating source rocks
identified in the DDB are Pennsylvanian marine
shales and carbonates (Kabyshev et al., 1998; Ul-
mishek, 2001). Shales and carbonates in the De-
vonian strata are suspected to be potential source
rocks, as well as Pennsylvanian and Mississippian
shales. The function of Carboniferous coal seams
as a source rock for gas and oil is still uncertain
(Ulmishek, 2001). However, vitrinite reflectance
values suggest that the Carboniferous coals could
have generated gas in the eastern half and oil in the
western half of the study area (Figure 1). Works of
Sachsenhofer et al. (2003) and Alsaab et al. (2007)
have shown that Carboniferous coals from the
DF can be regarded as effective gas- and oil-prone
source rocks.

Hydrocarbon accumulations are trapped in
structural (anticlinal, synclinal, and fault block) and
stratigraphic (reef sand pinch-out) traps at depths
of up to 6200 m (20,341 ft) in the DDB (Ulmishek
etal., 1994; Kabyshev et al., 1998; Vakarchuk et al.,
2006; Privalov et al., 2007). Deeply buried car-
bonates and clastic rocks of Pennsylvanian and
Devonian age could have poor reservoir properties
because of high temperature and overpressure. Mis-
sissippian and Lower Permian clastics and, to amuch
lesser degree, the carbonates are the reservoir rocks.
Carboniferous coal seams can also be potential res-
ervoir rocks for oil and gas (Levine, 1993). Figure 2
shows that the Carboniferous coal-bearing reservoir
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Figure 2. Chrono- and
lithostratigraphy of the
Donbas fold belt showing
the distribution of source
rocks, potential reservoirs,
sealing beds, and eroded
formations in the study
area. Major magmatic and
tectonic events are also
shown.
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rocks are sealed by Lower Permian salt-bearing
sequences.

Hydrocarbon trapping mechanisms are differ-
ent between the non- and inverted parts of the
DDB. Main hydrocarbon accumulations are lo-
cated in the non- and mildly inverted parts of the
DDB, suggesting that inversion movements caused
the loss of hydrocarbons to the surface and the
modification of trap geometries, as well as the de-
velopment of secondary traps that can be charged
with hydrocarbons escaping from pre-existing pri-
mary traps (Kabyshev et al., 1998). However, con-
ventional gas deposits are known on the north of
the Kalmius-Torets depression where Early Perm-
ian salt-bearing sequences have been preserved
(Privalov et al., 2007). So, the almost unexplored
northeastern margin of the study area, where reser-
voir rocks are capped by a Lower Permian salt seal,
may be a viable commercial prospect (Figure 1). In
the southeastern flank of the study area, all strata
younger than the Carboniferous sections were com-
pletely removed by several erosional phases occur-
ring during the basin evolution (Figure 1). How-
ever, the Carboniferous coal-bearing strata can be
potential coalbed-thermogenic methane resources
whose amounts mainly depend on the rank and
presence of endogenic CO (Privalov et al., 2004b;
Privalov et al., 2007). Viable prospective sites of
coalbed methane trapped within fractured and sealed
secondary reservoirs are suspected between the
Donetsk and Torez regions (Privalov et al., 2007).

METHODS
Physical Rock Properties

Detailed information on the thickness and litho-
logical composition was provided by the Donetsk
State Regional Geological Survey and has been pub-
lished for most wells by Sachsenhofer et al. (2002).
Average lithological compositions of Carbonif-
erous suites in the Krasnoarmeisk and Kalmius-
Torets regions and in the south and main synclines
used for simulation are from Sachsenhofer et al.
(2002). The simulation was also performed using
the thermal conductivity, density, heat capacity,

Table 1. Lithological Composition of Carboniferous Suites in
New Mines in the Northern Part of the Donets Fold Belt

Sandstone Siltstone Mudstone Coal Limestone
Suite (%) (%) (%) (%) (%)
Olkhovatsky Mine
M 35.7 493 10.3 2.1 2.6
L 41 42.2 11.7 3.1 b
K 39 46 11.8 1.7 15
| 31 49.5 17.3 1.1 1.1
H 48.9 33.9 16 0.8 04
G 26.2 54.3 18.5 0.6 04
F 18 20 60 0.1 1.9
Kosiora Mine
N 18 63.6 14.3 0.9 3.2
M 46 37 84 1.3 13
L 36.4 32.8 26.7 2 2.1
K 29.2 53.1 14.6 14 1.7
Menzhynsky Mine
D 17 40 40 1 2
C 25 35.5 35.5 3 1
B 17 40.5 40.5 1 1
M 21 36.5 36.5 1 5
L 27 335 33.5 2.5 35
K 39 28 28 1.4 3.6
Gazeti Izvestiya Mine
L 50 235 235 1.7 13
K 22 36.2 36.2 2.7 29
Tchesnokova Mine
N 26.4 38 343 0.04 1.26
M 29.6 42 14 14 13
L 36 343 22.8 25 44
K 39 41 15 14 3.6
lllytcha Mine
N 24.4 39.6 315 0.7 3.8
M 29.6 51 5 1.4 13
L 36 37.1 18.7 35 47
K 33 38.3 213 29 45
Proletarskaya Mine
M 23 35.4 20 3.6 18
L 39 314 12 8.6 9
K 53 20.3 17 2.7 7
Zamkovskaya Mine
L 21 52 18 4 5
K 32 48 12 3 5
| 28 53 16 2 6
H 35 55 7 1 2
G 56 24 17 1 2
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Table 2. New Vitrinite Reflectance (R,) Data Observed in Coal Mines in Donbas*

Kosiora Mine Centr. Belyanka Mine
Well b4534 b4659 Well M686
Depth R, (%) Depth R, (%) Depth R, (%)
646.24 249 691.42 2.57 695 1.02
948.14 2.82 968.32 2.78 971 1.12
1085.49 2.66 1140.72 2.72 1051 1.25
1334.89 3.25 1382.47 3.25 1195 1.53
1846.15 3.34 1405 1.59
1545 1.62
Olkhovatskaya Mine
Well 11-1294 11-1259 11-1248 11-1202
Depth R, (%) Depth R, (%) Depth R, (%) Depth R, (%)
464 2.6 765 3.02 761 3.74 775 3.79
1072 2,97 1188 3.09 1102 3.96 819 411
1556 43 1324 3.77 1158 4.1 1079 4.21
1449 4.32 1140 44
Zamkovskaya Mine Proletarskaya Mine
Well b2234 1490 Well 2770
Depth Ry (%) Depth R, (%) Depth R, (%)
1294.93 1.87 984.9 1.92 34475 0.52
1365.52 1.88 1129.8 1.95 441.75 0.56
1483.72 2.04 1256.8 1.97 539.75 0.59
645.32 0.64
820.32 0.7
llytcha Mine Tchesnokova Mine
Well 50632 53292 Well 1781 3300
Depth R, (%) Depth R, (%) Depth R, (%) Depth R, (%)
628 0.92 525 0.95 514.8 0.87 575.2 0.9
711 0.94 582 0.96 644.8 0.95 702.2 0.95
762 0.95 588 1.05 775.8 0.99 766.04 1.07
801 0.96 647 1.09 965.8 1.02 870.28 1.08
876 1.06 683 1.1 994.8 1.07 1151.28 1.22
1000 1.2 936 1.2 1240.28 1.37
1102 1.22 1016.3 1.22
1132 1.26 1041.3 1.29
1036 Predicting Methane Accumulations, Donbas Fold Belt, Ukraine



Table 2. Continued

Osnovnaya Mine

Well V-3971 V-4033 V-4059
Depth R, (%) Depth R, (%) Depth R, (%)
770.1 3.27 798.8 428 694.98 3.28
813.4 3.98 837.36 438 737.04 3.8
912.08 43 964 4.5 832.1 43

*See Figure 1 for the location of the mines. Depths are in meters.

and permeability data given by Sachsenhofer et al.
(2002). The average lithological composition of Car-
boniferous suites in the northern part of the DF is
given in Table 1. The dimensions, depth, and ther-
mal and physical properties of andesitic intrusions
in the western and eastern parts have also been pub-

lished by Sachsenhofer et al. (2002).
Coal Beds

Random vitrinite reflectance (R,) data of 248 coal
samples were published by Sachsenhofer et al.
(2002) and are used in the present article. Addi-
tional vitrinite reflectance data were measured
in the coal mines in the northern part of the DF
(Table 2). The coal is generally of anthracite rank
in the central part of the DF. Subbituminous and
bituminous coals are restricted to the western and
northern basin margins (Figure 1). This rank pat-
tern was controlled by a Carboniferous—Early Perm-
ian subsidence. This pattern was distorted and
overprinted in some areas because of thermal events
associated with the Permian—Triassic magmatic
pulses (Sachsenhofer et al., 2002; Privalov et al.,
2004a). The Carboniferous section hosts more than
300 coal seams. About 130 coal seams are thicker
than 0.45 m (1.4 ft). Coal seams are typically thin
(<1 m) but have a wide lateral extent. The total
coal thickness is about 60 m (197 ft) (Sachsenhofer
et al., 2003; Privalov et al., 2004a). Seams in the
Serpukhovian (upper Mississippian; suites C and
D) and Moscovian (middle Pennsylvanian; suites
K-M) sections (Figure 2) are the most important.
Table 3 gives the TOC (%) and HI (mg HC/g
TOC) values of the coals collected in suites B-O.
The TOC values of Carboniferous suites were cal-

culated by considering the percentages of the coal
reported in Table 1.

Heat Flow and Erosion Histories

The impacts of Permian—Triassic magmatic intru-
sions are taken into account by an increase in HF
values (Allen and Allen, 1990). Fission-track data
and basin modeling indicate that the andesitic mag-
matism was a very important factor in determining
the high maturity of coal beds in the DF (Sachsen-
hofer et al., 2002; Spiegel et al., 2004). However,
with the exception of contact metamorphism, Perm-
ian magmatic sills and stocks southwest of Donetsk
did not significantly change the regional HF and,
therefore, the coalification pattern because the vol-
ume of the magma was not high enough (Privalov

Table 3. Total Organic Content (TOC) and Hydrogen Index
(HI) Data Used for the Modeling Study in the Donets Basin*

Suites TOC (wt. %) HI (mg HC/g TOC)
0 52 210
N 78 306
M 89 298
L 75 264
K 84 282
| 83 276
H 86 310
G 64 290
F 69 279
E 76 257
D 84 249
C 81 260
B 62 218

*See Table 1 for the percent of coal in the Carboniferous suites.
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et al., 1998). The HF history of the DF proposed
by Sachsenhofer et al. (2002) using a basin model-
ing approach is as follows: (1) HF during maximum
Permian burial was in the range of 40—75 mW/m?,
and (2) high HF values occurred after the maximum
burial along the south syncline (up to 200 mW/m?)
and in the northern Krasnoarmeisk monocline
(up to 150 mW/m?), probably related to Permian—
Triassic magmatic events.

Combining fission-track analysis and numeri-
cal modeling techniques, Spiegel et al. (2004) and
Sachsenhofer et al. (2002) estimated the erosion
during the Permian of approximately 2—-3 km (1.2-
1.8 mi) of sediment in the Krasnoarmeisk mono-
cline and Kalmius-Torets depression and of approx-
imately 4-6 km (2—4 mi) of sediment in the area
east of the Donetsk-Kadievka fault zone. Low vi-
trinite reflectance values in the range of 0.6—-0.7%
(Sachsenhofer et al., 2003) indicate that less erosion
occurred in the Yuzhno-Donbassky region. These
results are in agreement with those of Nagorny and
Nagorny (1976), which showed an erosion of about
15 km (9 mi) of sediment along the southern mar-
gin, 11 km (7 mi) in the center, and 2 km (1.2 mi)
along the northern margin of the basin. From seismic
reflection profiles along the northwestern margin
of the DF, Stovba and Stephenson (1999) suggested
that rocks up to 10 km (6 mi) thick were eroded.

Geological Models

Models for six cross sections (S1-S6; Figure 3a)
were established for the study area and calibrated
using vitrinite reflectance data. The input data
include the thickness of the stratigraphic suites,
physical properties of rocks, HF, temperature at
the sediment-water interface, paleowater depth,
and structural data. Figure 3b shows the north-
northwest—south-southeast—trending cross section
S1 together with the location of the wells. Figure 3b
also shows that the Carboniferous suites are af-
fected by faults and associated folds in the central
and southeastern parts and by two magmatic in-
trusions of andesitic type (Sachsenhofer et al.,
2002; Spiegel et al., 2004). Cross sections S2, S3,
S4, S5, and S6 (Figure 3a) run parallel to the Don-
bas Basin deep seismic refraction experiments and

Donbas Basin deep seismic reflection experiments
(DOBRE) refraction and reflection seismic line
(Grad et al., 2003; Maystrenko et al., 2003). All
cross sections were imported and digitized in Petro-
Builder 2-D.

Basin Modeling and Map Construction

PetroMod software was used to reconstruct the
burial and thermal history of the DF and to model
hydrocarbon generation, migration, and trapping.
Using stratigraphic, structural, petrophysical, and
organic geochemical data, six 2-D numerical mod-
els were developed for the study area of the DF.
The structural models are based on six regional cross
sections constructed from the geological map of the
basin and the DOBRE seismic line. The simulation
of the thermal history relies on understanding the
thermal properties of different formations, HF his-
tory, thickness of eroded sediment, and present-
day subsurface temperature. The simulation began
by defining vertical grid lines and horizontal event
lines in each cross section. For each cell, input data,
i.e., thickness, age at upper and lower boundary,
lithological properties, and HF, were defined and
entered (Poelchau et al., 1997; Lutz et al., 2004).
Furthermore, total organic carbon contents and HI
values were used for the calculation of hydrocarbon
generation from Carboniferous suites (Biiker et al.,
1995; Poelchau etal., 1997). Because of high ranks
of Carboniferous Donets coals in most parts of the
study area in the DF, Burnham’s (1989) kinetic
model of methane generation from coal has been
selected for the numerical simulation in this work.

Numerical 1-D and 2-D models were cali-
brated by modifying the HF and the thickness of
eroded rocks until a satisfactory fit between mea-
sured and simulated vitrinite reflectance values was
reached. Basically, vitrinite reflectance is simulated
using the kinetic EASY%R,, algorithm (Sweeney
and Burnham, 1990). However, this algorithm is
only applicable for R, maturation values as high as
4.69%. Vitrinite reflectance values higher than 6%
are observed in the DF. Consequently, an extended
model (extended EASY%R, model), depicted in
Figure 4, was used for the calibration of thermal
models up to 6.23% (Everlien, 1996). Note that,
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Devonian basement, Carboniferous suites (A-0), Permian seal rocks (P), and magmatic intrusions.

ALSAAB ET AL. 1039



. . o -
Figure 4. Activation energy distribution Frequency Factor (s7) 1.00052e+13

for the extended EASY%R, model inte-

grated in PetroMod software. 40.00 — I L 4000
I
= 30.00 : | 20.00
2 EASYOR. model |  Everlien 1996, data
X 20,00 oo Mode : 20,00
T e
£ e — — —
10.00 — ! —10.00
|
0.00 - —0.00
40.00 50.00 60.00 70.00 80.00 90.00
Activation Energy [kcal/mol]
up to 4.6% R,,, the models yield identical results as in Surfer software, isoline maps were built at a
shown in Figure 4. depth of 500 m (1640 ft) for vitrinite reflectance,
The 2-D basin modeling of cross section S1 is erosion, methane generation, and accumulation in
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Figure 5. The 2-D basin modeling derived from calibration curves between measured and calculated vitrinite reflectance (% R,) values
for cross section S1.
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BURIAL AND THERMAL HISTORY

Only the scenario based on a major Late Permian
uplift was considered in the present study (Sachsen-
hofer et al., 2002). Devonian synrift formations
are not taken into account in this study, as well as
pre-Carboniferous subsidence. The Carboniferous—

[:l Asselian, Sakmarian, Artinskian

I Kasimovian, Gzhelian

I Voscovian

m—— Section

Early Permian basin subsidence was followed by an
uplift at the end of the Early Permian and a subse-
quent erosion of approximately 2100 m (6890 ft).
Another erosional phase of approximately 300—
400 m (984-1312 ft) occurred during the Late
Cretaceous. The HF history for well Sch-1027 can
be summarized as follows: (1) HF approximately
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65 mW/m? during the Carboniferous—Early Perm-
ian subsidence, (2) HF approximately 150 mW/m?
in the south syncline related to Permian—Triassic
magmatic events, and (3) HF approximately
57 mW/m? during Mesozoic and Cenozoic post-
rift phases.

The 2-D modeling enables a more precise de-
scription of the temperature distribution in sed-
imentary basins. Figure 6 shows the distribution of
paleotemperatures and present-day temperatures
for cross section S1. Paleoisotherms shallow to-
ward the eastern part of the profile in the south
syncline between 285.5 and 284.5 Ma (Figure 6)
and in the north part of the Krasnoarmeisk region
because of magmatic events. The magmatic in-
trusion occurred at a temperature of about 1000°C
in the south syncline (Sachsenhofer et al., 2002).
The temperature of the pluton apparently de-
creased from 1000 to 750°C over about 0.5 m.y.
(between 285.5 and 285 Ma) and then to 400°C
at 284.5 Ma (Figure 6). Temperatures of about
900°C are suspected during the magmatic event

] Asselian, Sakmarian, Artinskian

ness of eroded sediment
estimated using a 2-D
modeling approach in
the Donbas fold belt.

in the Krasnoarmeisk region. The HF values as-
sumed at the base of the sedimentary sequence in
the zones around plutons for which a good fit was
obtained between measured and calculated vitrinite
reflectance values are (1) 120 mW/m? for the Perm-
ian sills and stocks southwest of Donetsk and (2) 150
and 130 mW/m? for the Permian—Triassic andes-
itic magmatism in the south syncline and in the
northern Krasnoarmeisk monocline, respectively.
The distribution of the present-day temperature
in Figure 6a shows subhorizontal isotherms with
a maximum temperature of 300°C recorded in the
center of the basin at a depth of 8 km (5 mi). Cross
sections S2, S3, S4, S5, and S6 were also modeled
and calibrated using vitrinite reflectance data from
more than 40 wells.

The present-day coalification pattern is shown
in this contribution as vitrinite reflectance maps
reconstructed from 2-D modeling results on the
six studied cross sections. Following Hilt’s rule,
vitrinite reflectance values increase with depth
(Figure 7). For instance, vitrinite reflectance in
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the Krasnoarmeisk area is less than 0.5% at the
surface and approximately 2% at a depth of 2000 m
(6562 ft). In the southeast zone, near Torez, it is
less than 4.5% at the surface and approximately
6-6.5% at a depth of 2000 m (6562 ft). Figure 7
also shows that the maturity level increases to-
ward the eastern and southeastern parts of the DF.
Vitrinite reflectance values indicate that coals are
overmature in the southeastern half, although they
are within the oil and gas window in the north-
western half of the study area. The difference
across the study area can be related to the influ-
ence of Permian-Triassic HF events (Sachsenhofer
etal., 2002).

Three erosional phases are suspected to occur
after the compressional phases during the Late
Permian, the Late Cretaceous, and the late Ceno-

41,53 [mg HC/g TOC]
45.65 [mg HC/g TOC]

49.12 [mg HClg TOC]

50.00 [mg HC/g TOC]

50.00 [mg HC/g TOC]

zoic in the Donets Basin. The Late Permian ero-
sion is reported to be the most important, but, un-
fortunately, it was not possible to discriminate
them because the two youngest strata are missing
in the study area. Consequently, the total eroded
thickness maps were constructed from 2-D mod-
eling results in the six studied sections (Figure 8).
The total erosion in the different parts of the DF
is approximately 5 km (3 mi) near the main an-
ticline, approximately 2—5 km (1.2-3 mi) in the
main syncline with eroded thickness increasing to-
ward the northeastern part to reach approximate-
ly 6.5 km (4 mi) near Lugansk, approximately
3-4km (1.8-2 mi) northward near Lisitchansk,
2.5-4.5km (1.5-2.7 mi) between Krasnoarmeisk
and Donetsk, and approximately 5.5-6.5 km (3.4—
4 mi) near Torez in the southeastern part of the
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DF. Total erosion clearly increased strongly to-
ward the eastern and southeastern parts of the
study area, with maximal values reached in the
zone of the south syncline at approximately 8 km
(5 mi) (Figure 8). Figure 8 also shows a jump of the
total erosion toward the eastern and southeastern
parts, i.e., more rocks were eroded southeast of the
Donetsk-Kadievka fault zone separating the two
erosional domains (Sachsenhofer et al., 2002). How-
ever, the present study provides more details about
the total erosion in the northern, northeastern, and
northwestern parts of the DF (Figure 8). The dis-
tribution of the eroded section in the present study
shows similar trends to those obtained by Nagorny
and Nagorny (1976), Privalov et al. (1998, 2004a),
and Spiegel et al. (2004).

PETROLEUM GENERATION

The source rocks considered in cross section S1
were suites B—O. Numerical simulation suggests
that the Carboniferous—Early Permian subsidence
induced a considerable transformation of kerogen
into hydrocarbons. Contrasting trends are observed
between the southeastern and northwestern parts of
cross section S1 for suites B-K. The transformation
ratio (TR = 1200 x (HI, — HI)/HIo x (1200 — HI)
with HIj as the initial petroleum potential) of ker-
ogen is almost 100% in the southeastern part,
whereas it is lower than 75% in the northwestern
part near Krasnoarmeisk. Differences across S1 can
be caused by the additional influence of Permian—
Triassic magmatic events. The 2-D modeling of
S1 shows that greater amounts of hydrocarbons,
especially methane, were generated prior to basin
inversion. As expected, source rocks fall into the
gas-to-overmature zone in the southeastern part,
whereas gas and oil are generated in the north-
western part. The theoretical potential of oil and
gas generation along the cross section in Figure 9
shows that the Carboniferous suites buried at
more than 4 km (2 mi) generated large amounts
of methane (~110 mg/g TOC) and oil (~50 mg/g
TOCQC). The shallow Carboniferous suites (L-0O)
in the central and western parts of S1 have very
low capacities for gas (~9 mg/g TOC) and oil

(~0.78 mg/g TOC) generation. As discussed pre-
viously, the amounts of gas and oil are lower in the
northwestern part than in the southeastern part
because of Permian—Triassic magmatic events. Hy-
drocarbon generation from Carboniferous coals
was estimated on cross sections S2—-S6 by the same
method.

Maps of the generation of methane at 500 and
2000 m (1640 and 6562 ft) (Figure 10a, b) and oil
at 500 m (1640 ft) (Figure 10c) were made using
the 2-D modeling results. Figure 10a shows that
the generation of methane at a depth of 500 m
(1640 ft) was (1) low (10-30 mg CH4/g TOC) in
the northern part (main syncline), (2) moderate
(40-80 mg CH4/g TOC) in the western part (near
Krasnoarmeisk), and (3) high (greater than 110 mg
CH,4/g TOC) in the southeastern part of the study
area. A comparison of Figure 10a and b reveals that
the generation of methane increased with the buri-
al and toward the southeastern part. Figure 10c
shows similar trends of iso-oil generation lines with
higher amounts (~60 mg/g TOC) in the eastern
and southeastern parts of the study area. An in-
crease in the rate of 0il generation, likely caused by
Permian—Triassic heating events, can be observed
near Krasnoarmeisk (~50 mg/g TOC).

EXPULSION, MIGRATION, AND TRAPPING

Numerical 2-D modeling predicts three successive
phases of oil expulsion in the DF during (1) the Mis-
sissippian and Early Permian for suites B and C in
the northwestern part of the study area, for suites B—
F in the central part, and for all in the southeastern
part; (2) the Triassic and Jurassic mainly in the cen-
tral part of S1; and (3) the Cretaceous mainly in the
central part (Figure 11). Figure 11 also shows the
effect of the magmatic events in the northwestern
and southeastern parts of S1 on the occurrence of
heating anomalies during the Permian—Triassic and
of a major expulsion phase at the Late Permian.
These three phases of oil expulsion from coals were
also simulated for the other sections (S2, S3, S4,
S5, and S6). Thus, these oil pulses along the DF
indicate that the migration and the entrapment of
hydrocarbons might occur in multiple stages.

1046 Predicting Methane Accumulations, Donbas Fold Belt, Ukraine



Expulsion Time (Liquid) [Ma]
-0 200

20 220
40 240
7000 =60 260
80 280
=1 00 300
120
80004 % 340
60 B0
150 )
200 400

Figure 11. Model of oil expulsion in cross section S1.

Hydrocarbon migration was simulated along
the six cross sections in the DF. Figure 12 shows
the hydrocarbon saturation and the direction of
oil and gas flow at different times along cross sec-
tion S1. After the main phase of generation caused
by the Carboniferous—Early Permian subsidence,
hydrocarbons may have migrated not only laterally
but also vertically through the fault system in the
central and northwestern parts at the end of the
Early Permian (Figure 12a). Hydrocarbon gener-
ation also occurred in the southeastern part of
the basin because of the volcanism and high HF
at this time. Hydrocarbons were generated and
migrated during the Mesozoic (Figure 12b) and
Cenozoic (Figure 12¢) depositions. The gener-
ating amounts were much lower because (1) coals
had already reached high maturity levels because
of the Mississippian—Early Permian subsidence,
and (2) the thicknesses of the Mesozoic and Ce-
nozoic loads were not enough to induce a further
maturation of coals. The existing traps may have
been filled with migrating hydrocarbons. Basin in-
version in the Early Permian and/or during the Late
Cretaceous—early Tertiary caused the destruction
of some primary accumulations and the migration
of hydrocarbons either in newly formed secondary
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traps or to the surface (Kabyshev et al., 1998). Car-
boniferous rocks alone were preserved along cross
section S1 because of uplifts and intense erosional
processes at the Late Permian and Late Cretaceous—
early Tertiary. The simulation predicts that hydro-
carbon accumulations were destroyed and faults may
have been a factor in the vertical migration and loss
to the surface of hydrocarbons because of a lack of
Lower Permian salt seals (Allan, 1989; Knipe, 1997).

IMPLICATION FOR EXPLORATION

The actual methane accumulation zones suspected
in the DF were simulated by basin modeling. The
present-day methane amounts accumulated in the
Carboniferous coal-bearing strata were evaluated
for cross sections S1, S2, and S6. Cross section S1
displays two methane accumulation zones that are
close to the magmatic body with amounts in the
range of 0.3-0.5 tcf of methane. Cross section S2
is the richest cross section in the methane reser-
voirs, especially in the south and main synclines
with amounts from 0.2 to 2.0 tcf of methane. Cross
section S6 is located in the anthracite zone of the
DF. Three main methane accumulation zones are
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Figure 12. Model of petroleum migration in cross section S1 (oil shown in green, gas shown in red) during (a) the Carboniferous-
Early Permian subsidence, (b) the Mesozoic, and (c) the Cenozoic time.
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predicted in the southern part close to the faults, in
the zone of the main anticline, and in the northern
part close to the fault and anticline with amounts
0f 0.2-0.5 tcf of methane. The methane reservoirs
were simulated for all other cross sections to con-
structisomethane accumulation maps at a depth of
4 km (2 mi). Figure 13 shows that the higher amounts
of trapped methane are located in the main and
south synclines at a depth of 4000 m (13,123 ft) with
an estimated maximum value of 2.0 tcf of meth-
ane. Two methane maxima are observed in the zone
between Debaltsevo, Donetsk, and Torez, with
methane accumulations of 0.2-0.8 tcf (Figure 13).
The zone of meta-anthracite (southern and south-
eastern parts of Donetsk) is relatively poor in meth-
ane reservoirs (~0-0.3 tcf of methane).

The present study indicates that the overma-
ture Carboniferous coal-bearing strata in the south-
eastern part of the DF contain virtually no preserved
methane (Privalov et al., 2007). Stable C isotopic
analyses suggest that CO, migrated from deep
(mantle?) sources or magma chambers and replaced
the methane (Privalov et al., 2004a). The formation
of coalbed methane accumulations is suspected in
less-mature Carboniferous coal-bearing strata (oil
and gas window) and not sealed by Lower Permian
rocks located between the Donetsk and Torez re-
gions (Marshall et al., 1996; Radzivill, 1999; Pri-
valov et al., 2004a; Privalov et al., 2007). Numer-
ical simulation suggested that gas resources could
be expected in the main anticline. This result
matches with the distribution of known conven-
tional gas deposits trapped in fractured and sec-
ondary reservoirs (Privalov et al., 2007). The 2-D
basin modeling predicts methane accumulations
in the main syncline, where Lower Permian seal
rocks were preserved. However, it is important to
keep in mind that the composition of gases is con-
trolled by the regional hydrogeology (Scott et al.,
1994; Scott, 2002; Pashin, 2007). The presence of
secondary biogenic gases can be observed in con-
ventional and unconventional gas deposits caused
by bacteria introduced by meteoric waters (Scott
etal., 1994; Ayers, 2002). Isotopic studies clearly
indicated that the origin of methane in the DF is
thermogenic (Belokon, 1987; Voitov et al., 1987;
Privalov et al., 2004b). So, the northern flank of

the study area may be considered as a viable pro-
spective site for gas.

SUMMARY AND CONCLUSIONS

The geochemical analysis of coals in the DF indi-
cates a significant source rock potential, with TOC
values of coal seams ranging from 52 to 89% and

HI values ranging from 210 to 310 mg/g TOC.
Numerical basin modeling shows the following:

¢ Coal rank increases toward the eastern and south-
eastern parts of the study area (1) possibly be-
cause of an eastward increase in burial depth,
(2) probably because of an eastward increase in
HF, and (3) maybe because of magmatic activity
observed in the southeastern part of the study
area near Torez.

* A good fit was observed between simulated and
measured vitrinite reflectance values by consid-
ering HFs of (1) approximately 40—75 mW/m?
during the Carboniferous—Early Permian sub-
sidence, (2) 120 mW/m? in the southwest of
Donetsk caused by the intrusion of Permian al-
kaline rocks, and (3) 150 mW/m? in the south
syncline and 130 mW/m? in the northern Kras-
noarmeisk monocline caused by the Permian—
Triassic magmatic events.

* A major erosional event occurred in the Late Perm-
ian with maximum total erosion in the southeast-
ern part (~8 km, ~5 mi). Post-Permian erosions
have had little effect on the coalification pattern.

¢ The main phase of hydrocarbon generation oc-
curred during the Carboniferous—Early Perm-
ian subsidence. However, the Permian-Triassic
magmatic events also induced pulses of hydro-
carbon generation.

e Three phases of oil expulsion are predicted
at (1) the Mississippian—Early Permian, (2) the
Triassic—Jurassic, and (3) the Cretaceous.

e The uplift and erosion of sealing beds during
the Late Permian and Late Cretaceous caused
an intensive migration and dismigration of
hydrocarbons.

» The presence of natural gas was confirmed in the
south syncline and predicted in the main syncline,
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where the Lower Permian salt-bearing sequences
are preserved.

REFERENCES CITED

Aizenverg, D. E., V. V. Lagutina, M. L. Levenshtein, and
V. S. Popov, eds., 1975, Field excursion guide book for
the Donets Basin: 8th International Congress on Carbon-
iferous Stratigraphy and Geology, Izdatelstvo Nauka,
Moscow, 360 p.

Aleksandrov, A. L., V. V Gordienko, K. I. Derevskaya, G. A.
Zemskov, A. P. Ivanov, B. S. Panov, V. A. Shumlyans-
kiy, and O. G. Epov, 1996, Deep structure, evolution
of fluid systems and endogenic gold-bearing potential-
ity, southeastern part of Ukrainian Donets Basin (in
Russian): Kyiv, Edition of Institute of Fundamental Re-
searches of Ukrainian Scientific Association, 74 p.

Alekseev, A. S., L. I. Kononova, and A. M. Nikishin, 1996,
The Devonian and Carboniferous of the Moscow
syneclise (Russian platform): Stratigraphy and sea level
changes: Tectonophysics, v. 268, p. 149-168.

Alexandre, P., F. Chalot-Prat, A. Saintot, J. Wijbrans, R.
Stephenson, M. Wilson, A. Kitchka, and S. Stovba, 2004,
The *°Ar/3?Ar dating of magmatic activity in the Donbas
fold belt and the Scythian platform (Eastern Europe
craton): Tectonics, v. 23, p. 1-15.

Allan, U. S., 1989, Model for hydrocarbon migration and
entrapment within faulted structures: AAPG Bulletin,
v. 73, p. 803-811.

Allen, P. A., andJ. R. Allen, 1990, Basin analysis— Principles
and applications: Oxford, Blackwell, 451 p.

Alsaab, D, I. Suarez-Ruiz, M. Elie, A. Izart, and L. Martinez,
2007, Comparison of generative capacities for bitumen
and gas between Carboniferous coals from Donets Basin
(Ukraine) and a Cretaceous coal from Sabinas-Piedras
Negras Basin (Mexico) during artificial maturation in con-
fined pyrolysis system, in M. Mastalerz and J. C. Hower,
eds., Special issue The Society for Organic Petrology
2005: International Journal of Coal Geology, v. 71,
p. 85-102.

AyersJr., W. B., 2002, Coalbed gas, resources, and production
and a review of contrasting cases from the San Juan and
Powder River basins: AAPG Bulletin, v. 86, p. 1853—-1890.

Belokon, V. G., 1971, Geological history of evolution of the
Donbas (in Russian) in Geology and prospecting of coal
deposits: Moscow, Nedra, p. 3-15.

Belokon, V. G., 1987, Genetic link of mining gas from Donbas
mines due to oil generation (in Russian): Geological Jour-
nal, v. 47, no. 2, p. 18-30.

Bertrand, P., 1984, Geochemical and petrographic character-
ization of humic coals considered as possible oil source
rocks: Organic Geochemistry, v. 6, p. 481-488.

Biiker, C., R. Littke, and D. H. Welte, 1995, 2-D modeling of
the thermal evolution of Carboniferous and Devonian
sedimentary rocks of the eastern Ruhr basin and north-
ern Rhenish massif, Germany: Zeitschrift der Deutschen
Geologischen Gesellschaft, v. 146, p. 321-339.

Burnham, A. K., 1989, A simple kinetic model of petroleum
formation and cracking: Lawrence Livermore National
Laboratory Report UCID-21665, 11 p.

Chebanenko, I. 1., E. M. Dovzhok, V. P. Klochko, A. V.
Krayushkin, E. S. Dvoryanin, V. V. Krot, B. I. Malyuk,
and V. S. Tokovenko, 1995, Hydrocarbon potential of
the crystalline basement of Dnieper-Donets Aulacogen
(Ukraine): Geological Journal, v. 4, p. 15-17.

Chekunov, A. V., 1976, On spreading and rotation of blocks
during the formation of the Dnieper-Donets aulacogen
(in Ukrainian): Geological Journal, v. 1, p. 119-123.

Chekunov, A. V., V. K. Gavrish, R. 1. Kutas, and L. I. Ryabchun,
1992, Dnieper Donets paleorift, in P. A. Ziegler, ed.,
Geodynamics of rifting: I. Case history studies on rifts:
Europe and Asia: Tectonophysics, v. 208, p. 257-272.

de Boorder, H., A.J.J. van Beek, A. H. Dijkstra, L. S. Galetsky,
G. Koldewe, and B. S. Panov, 1996, Crustal architecture
of the Donets Basin: Tectonic implications for diamond
and mercury-antimony mineralization: Tectonophysics,
v. 268, p. 293-309.

Everlien, G., 1996, High-temperature programmed pyrol-
ysis of Paleozoic source rocks from northern Germany
and adjacent areas and its thermodynamic constraints:
Organic Geochemistry, v. 24, p. 985-998.

Grad, M, etal., 2003, DOBRE fraction ’99 — Velocity model
of the crust and upper mantle beneath the Donbas fold
belt (East Ukraine): Tectonophysics, v. 371, p. 81-110.

Harland, W. B., 1990, A geologic time scale 1989: Cam-
bridge, Cambridge University Press, 263 p.

Ivanova, A. V., 2006, Gas content of the Carboniferous coal-
bearing formation of the Donbas: Geological Journal,
v. 4, p. 82-86.

Izart, A., Y. Le Nindre, R. Stephenson, D. Vaslet, and S.
Stovba, 2003a, Quantification of the control of sequences
by tectonics and eustasy in the Dniepr-Donets Basin and
on the Russian platform during Carboniferous and Perm-
ian: Bulletin de la Société Géologique de France, v. 174,
p. 93-100.

Izart, A., et al., 2003b, Sequence stratigraphy and correlation
of Late Carboniferous and Permian in CIS, Europe,
Tethyan area, North Africa, Arabia, China, Gondwana-
land and the United States: Palaeogeography, Palaeocli-
matology, Palaeoecology, v. 196, p. 59-84.

Izart, A., et al., 2006, Stratigraphic distribution of macerals
and biomarkers in the Donets Basin: Implications for
paleoecology, paleoclimatology and eustasy: Internation-
al Journal of Coal Geology, v. 66, p. 69-107.

Kabyshev, B., B. Krivchenkov, S. Stovba, P. A. Ziegler, 1998,
Hydrocarbon habitat of the Dniepr-Donets depression:
Marine and Petroleum Geology, v. 15, p. 177-190.

Knipe, R. J., 1997, Juxtaposition and seal diagrams to help
analyze fault seals in hydrocarbon reservoirs: AAPG Bul-
letin, v. 81, p. 187—195.

Law, B. E., G. F. Ulmishek, B. P. Kabyshev, N. T. Pashova,
and V. A. Krivosheya, 1998, Basin-centered gas evaluated
in Dnieper-Donets Basin, Donbas fold belt, Ukraine: Oil
& Gas Journal, November 23, p. 74-78.

Lazarenko, E. K., B. S. Panov, and V. I. Gruba, 1975, The
mineralogy of the Donets Basin: 1 (in Russian): Kiev,
Naukova Dumbka, 225 p.

ALSAAB ET AL. 1051



Levenshtein, M. L., O. 1. Spirina, K. B. Nosova, and V. S.
Dedov, 1991, Map of coal metamorphism in the Donetsk
Basin (Paleozoic surface) at 1/500000: Kiev, Ministry of
Geology of the USSR, 7 sheets.

Levine, J. R., 1993, Coalification: The evolution of coal as
source rock and reservoir rock for oil and gas: AAPG
Studies in Geology 38, p. 39-77.

Lutz, R., R. Littke, P. Gerling, and C. Bénnemanna, 2004,
2-D numerical modeling of hydrocarbon generation in
subducted sediments at the active continental margin
of Costa Rica: Marine and Petroleum Geology, v. 21,
p. 753-766.

Marshall, J. S., R. C. Pilcher, and C. J. Bibler, 1996, Oppor-
tunities for the development and utilization of coalbed
methane in three coal basins in Russia and Ukraine, in
R. Gayer and I. Harris, eds., Coalbed methane and coal
geology: Geological Society (London) Special Publica-
tion 109, p. 89-101.

Maystrenko, Y., et al., 2003, Crustal-scale pop-up structure
in cratonic lithosphere: DOBRE deep seismic reflection
study of the Donbas fold belt, Ukraine: Geology, v. 31,
p. 733-736.

Mikhalyev, A. K., 1976, The mechanism of thrust formation
and peculiarities of the evolution of the Donets Basin
(in Russian), in N. I. Pogrebnov, ed., Tectonics of coal
basins and deposits of the USSR: Moscow, Nedra, p. 102—
106.

Milanovsky, E. E., 1992, Aulacogens and aulacogeosynclines,
regularities in setting and evolution, in P. A. Ziegler, ed.,
Geodynamics of rifting, v. 3: Thematic discussions: Tec-
tonophysics, v. 215, p. 55-68.

Nagorny, Y. N., and V. N. Nagorny, 1976, Peculiarities of
geological evolution of the Donets Basin (in Russian):
Geotectonica, v. 1, p. 74-86.

Pashin, J. C., 2007, Hydrodynamics of coalbed methane
reservoirs in the Black Warrior Basin: Key to understand-
ing reservoir performance and environmental issues: Ap-
plied Geochemistry, v. 22, p. 2257-2272.

Poelchau, H. S., D. R. Baker, T. Hantschel, B. Horsfield, and
B. Wygrala, 1997, Basin simulation and the design of the
conceptual basin model, in D. H. Welte, B. Horsfield,
and D. R. Baker, eds., Petroleum and basin evolution:
Berlin, Springer, p. 5-70.

Pogrebnov, N. L., 1971, History of tectonic movements and
sedimentation in the eastern part of the Great Donbas
(in Russian) in Geology and prospecting of coal depos-
its: Moscow, Nedra, p. 15-24.

Popov, V. S., 1966, The geological map of the pre-Cenozoic
sediments of the Ukrainian part of the Great Donbas:
Ministry of Geology of USSR.

Porfiriev, V. B., 1948, Metamorphism of carbofossils (in
Russian): Lvov, Lvov University Publication, 183 p.
Privalov, V. A., 1998, Block rotations and scenario of the
tectonic evolution of the Donets Basin (in Russian): Ge-
ology and Geochemistry of Fossil Fuels, v. 4, p. 142—158.

Privalov, V. A., 2000, Local extension as factor governing the
localization of centres of magmatism and endogenous
mineralization in the Donbas (in Russian): Transactions
of Donetsk State Technical University (Trudi DonGTU),
v. 11, p. 115-120.

Privalov, V. A., E. A. Panova, and N. Ya. Azarov, 1998,
Tectonic events in the Donets Basin: Spatial, temporal
and dynamic aspects (in Russian): Geological and Geo-
chemistry of Fossil Fuel Deposits, v. 4, p. 11-18.

Privalov, V. A., M. V. Zhykalyak, and E. A. Panova, 2003,
Geologic controls on coal bed occurrence in the Donets
Basin (Ukraine) (abs.): 3rd International Methane and
Nitrous Oxide Mitigation Conference, November 17—
19, Beijing (China), v. 2, p. 53-59.

Privalov, V. A., R. F. Sachsenhofer, E. A. Panova, and V. A.
Antsiferov, 2004a, Coal geology of the Donets Basin
(Ukraine/Russia): An overview: Berg und Hiittenmin-
nische Monatshefte (BHM), v. 149, p. 212-222.

Privalov, V. A., A. Izart, R. F. Sachsenhofer, E. A. Panova,
M. V. Zhykaliak, V. A. Antsiferov, and D. Alsaab, 2004b,
Coalbed methane in Donbas (Ukraine), relationships
with methane exploitation and mining outbursts (abs.):
International Science and Technology Conference,
“Rock Geology, Rock Mechanics and Mine Surveying,”
November, Donetsk, Ukraine, 8 p.

Privalov, V. A., V. A. Antsiferov, E. A. Panova, A. Izart, and
R. F. Sachsenhofer, 2005, Parameterization of organ-
ic matter from gas source rocks of the Donets Basin:
Naukovi Praci DonNTU (Scientific Transactions of the
Donetsk National Technical University), v. 96, p. 137—
145.

Privalov, V. A., E. A. Panova, R. F. Sachsenhofer, A. Izart,
A. V. Antsiferov, and V. A. Antsiferov, 2007, Delinea-
tion of gas prospective sites in the Donets Basin, Ukraine
(abs.): European Association of Geoscientists and Engi-
neers (EAGE) 69th Conference and Exhibition, 11-14
June 2007, London, United Kingdom, p. 4.

Radzivill, A. Y., 1999, The ways of hydrocarbon prospecting
in Ukraine: in Scientific Transactions of the Institute of
Fundamental Research (in Ukrainian): Kiev, p. 185-
188.

Sachsenhofer, R. F., V. A. Privalov, M. V. Zhykalyak, C.
Bueker, E. A. Panova, T. Rainer, V. A. Shymanovsky,
andR. A. Stephenson, 2002, The Donets Basin (Ukraine/
Russia): Coalification and thermal history: International
Journal of Coal Geology, v. 49, p. 33-55.

Sachsenhofer, R. F., V. A. Privalov, A. Izart, M. Elie, J.
Kortensky, E. A. Panova, A. Sotirov, and M. V. Zhykalyak,
2003, Petrography and geochemistry of Carboniferous
coal seams in the Donets Basin (Ukraine): Implications
for paleoecology: International Journal of Coal Geology,
v. 55, p. 225-259.

Saintot, A., R. A. Stephenson, S. M. Stovba, and Y.
Maystrenko, 2003a, Structures associated with inversion
of the Donbas fold belt (Ukraine and Russia): Tectono-
physics, v. 373, p. 181-207.

Saintot, A., R. A. Stephenson, A. Brem, S. Stovba, and V.
Privalov, 2003b, Paleostress field reconstruction and
revised tectonic history of the Donbas fold-and-thrust
belt (Ukraine and Russia): Tectonics, v. 22, p. 1059.

Scott, A. R., 2002, Hydrogeologic factors affecting gas
content distribution in coal beds: International Journal
of Coal Geology, v. 50, p. 363-387.

Scott, A. R., W. R. Kaiser, and W. B. Ayers Jr., 1994, Ther-
mogenic and secondary biogenic gases, San Juan Basin,

1052 Predicting Methane Accumulations, Donbas Fold Belt, Ukraine



Colorado and New Mexico— Implications for coalbed
gas reproducibility: AAPG Bulletin, v. 78, p. 1186-1209.

Spiegel, C., R. F. Sachsenhofer, V. A. Privalov, M. V.
Zhykalyak, and E. A. Panova, 2004, Thermotectonic
evolution of the Ukrainian Donets Basin: Evidence from
apatite fission track data: Tectonophysics, v. 383, p. 193 -
215.

Stephenson, R. A., T. Yegorova, M.-F. Brunet, S. Stovba, M.
Wilson, V. Starostenko, A. Saintot, and N. Kusznir,
2006, Late Paleozoic intra- and pericratonic basins on
the East European craton and its margins: Geological
Society (London) Memoir 32, p. 463-479.

Stovba, S. M., and R. A. Stephenson, 1999, The Donbas
fold belt: Its relationships with the uninverted Donets
segment of the Dniepr-Donets Basin, Ukraine: Tecto-
nophysics, v. 313, p. 59-83.

Stovba, S. M., R. A. Stephenson, and M. Kivshik, 1996,
Structural features and evolution of the Dniepr-Donets
Basin, Ukraine, from regional seismic reflection profiles:
Tectonophysics, v. 268, p. 127-147.

Sweeney, J. J., and A. K. Burnham, 1990, Evaluation of a
simple model of vitrinite reflectance based on chemical
kinetics: AAPG Bulletin, v. 74, p. 1559-1570.

Triplett, T., A. Filipov, and A. Pisarenko, 2001, Coal mine
methane in Ukraine: Opportunities for production and
investment in the Donetsk coal basin: U.S. Environmental
Protection Agency Report, 131 p.: http://www.epa.gov
/cmop/docs/ukraine_handbook.pdf (accessed June 11,
2001).

Ulmishek, G. F., 2001, Petroleum geology and resources of
the Dnieper-Donets Basin, Ukraine and Russia: U. S.

Geological Survey Bulletin 2201-E, 14 p.: http://geology
.cr.usgs.gov/pub/bulletins/b2201-e/ (accessed February 5,
2007).

Ulmishek, G. F., V. A. Bogino, M. B. Keller, and Z. L.
Poznyakevich, 1994, Structure, stratigraphy, and petro-
leum geology of the Pripyat and Dniepr-Donets Basins,
Byelarus and Ukraine, in S. M. Landon, ed., Interior rift
basins: AAPG Memoir 59, p. 125-156.

Uziyuk, V. L, S. I. Byk, and A. V. Ilcthishin, 2001, Gas gen-
eration potential of Carboniferous basins of the Ukraine
(in Ukrainian): Geology and Geochemistry of Fossil Fuels,
v. 2, p. 110-121.

Vakarchuk, S. G., A. M. Koval, T. E. Dovzhok, V. V.
Sabetky, A. A. Kitchka, 2006, Carbonate reservoirs het-
erogeneity evaluation and prediction: The Dnieper-
Donets Basin case study (abs.): AAPG International Con-
ference and Exhibition, November 5-8, 2006, Perth,
West Australia, p. 1: http://www.searchanddiscovery
net/documents/2006/0614Perth_abs/index. htm#UV
(accessed December 15, 2006).

Van Wees, J. D., R. A. Stephenson, S. M. Stovba, and V. A.
Shymanovskyi, 1996, Tectonic variation in the Dniepr-
Donets Basin from automated modeling of backstripped
subsidence curves: Tectonophysics, v. 268, p. 257-280.

Voitov, G. 1., V. A. Pavlov, R. H. Mourogova, and L. V.
Sennitskaia, 1987, On some geological particularities of
geochemical parameters in geodynamical zones of
Donbas (in Russian): Geological Journal, v. 3, p. 62-72.

Wilkins, R. W. T., and S. C. George, 2002, Coal as a source
rock for oil: A review: International Journal of Coal
Geology, v. 50, p. 317-361.

ALSAAB ET AL. 1053



	CONTENTS: 


