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Abstract

The Donets Basin (Donbas) is one of the major late Paleozoic coal basins in the world. The Donbas Foldbelt is an inverted part

of the Donets Basin characterized byWNW–ESE-trending folds and faults. The age of basin inversion is under discussion. Large

parts of the Donets Basin host anthracite and meta-anthracite. Low-rank coals are restricted to the western and northern basin

margins. Vitrinite reflectance patterns along the Gorlovka Anticline indicate syn-deformational coalification. Vitrinite reflectance

isolines are displaced along thrusts, clear evidence that main coalification predates late faulting. 1-D and 2-D numerical models

were applied to elucidate the factors that control coalification in the western Donets Basin (Krasnoarmeisk Monocline, Kalmius–

Torets Depression, South Syncline). The models indicate that the depth of the seams and the heat flow during maximum

(Permian) burial are the most important parameters. The thickness of late Carboniferous and Permian rocks increased from the

southwestern basin margin towards the basin center. Permian erosion along the Krasnoarmeisk Monocline and in the Kalmius–

Torets Depression was on the order of 2–3 km. More rocks were eroded southeast of the Donetsk–Kadievka Fault Zone (4–5

km). Heat flow during maximum burial was in the range of 40–75 mW/m2. Heat flow in the Krasnoarmeisk Monocline and the

Kalmius–Torets Depression increased in a northeastward direction from 40 to 55 mW/m2. Heat flow at the eastern edge of the

Kalmius–Torets Depression and in the South Syncline was in the range of 60–75 mW/m2 and increased towards the southeast.

The resulting coalification pattern in this area was overprinted by thermal events in the northern Krasnoarmeisk Monocline and

the South Syncline. These are probably related to (Permian?) magmatic intrusions. Coked coal occurs at the contact to presumed

Permian sills and dikes southwest of Donetsk. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Donets Basin (Donbas) occupies the southeas-

tern part of the Dniepr–Donets Basin. It covers an area

0166-5162/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.

PII: S0166-5162 (01 )00063 -5

* Corresponding author. Tel.: +43-3842-402-788; fax: +43-

3842-402-9902.

E-mail address: sachsenh@unileoben.ac.at (R.F. Sachsenhofer).
1 Present address: NAM, Assen, Netherlands.

www.elsevier.com/locate/ijcoalgeo

International Journal of Coal Geology 49 (2002) 33–55



of 60,000 km2 and contains one of the major coal fields

in the world. The basin lies mainly in the Ukraine with

the eastern part of the coal field extending into Russia.

The basin fill contains Devonian pre- and syn-rift

rocks and a complete Carboniferous post-rift sequence

several thousand metres thick. A major part of the

Donets Basin has been inverted and is named Donbas

Foldbelt (Fig. 1).

Although major progress has been achieved in the

understanding of Donets Basin, there also remain nu-

merous questions (cf. Stephenson et al., 2001).

These include (i) the mechanisms resulting in the

excessively thick post-rift Carboniferous succession

compared to the degree of tectonic activity recorded

in the basin architecture; (ii) the precise timing and the

tectonic events leading to profound Permian uplift and

erosion; and (iii) the timing of the formation of large

linear folds, reverse faults and thrusts in the Donbas

Foldbelt.

The Carboniferous sequence contains about 130

workable coal seams. Seam thickness varies between

0.45 and 2.5 m and averages 0.9 m. The Donbas coals

usually have high ash yields (12–18%) and high sul-

phur contents (2.5–3.5%, Panov, 1999). The average

methane content of coal is 14.7 m3/t (Marshall et al.,

1996). Coal rank in the Donets Basin is generally high

and reaches the meta-anthracite stage. Low-rank coals

are restricted to the western and northern basin mar-

gins. Commercial reserves in the Ukrainian part were

estimated during Soviet times to be 23,700 Mt of coal.

However, according to Walker (2000), they appear

overestimated under current economic conditions.

In the present paper, we apply basin modelling

techniques to reconstruct the factors that control coal-

ification patterns in the Donets Basin. Apart from

coalification, the knowledge of the thermal history is

interesting for different aspects of the evolution of the

Donets Basin, including the heat flow distribution

during maximum Permian burial, the estimation of

the thickness of eroded rocks and the timing of coal

bed methane generation. The reconstructed thermal

histories also contribute to a better understanding of

the origin of epigenetic mineral deposits in the Do-

nets Basin, including mercury, antimony, lead, zinc,

and gold. These deposits are probably related to post-

Carboniferous magmatic activity (Nikolskiy et al.,

1973; de Boorder et al., 1996; Aleksandrov et al.,

1996).

2. Geological setting

2.1. Basin structure

The Donets Basin is the southeastern segment of the

Dniepr–Donets Basin, a Late Devonian rift structure

located on the southern part of the Eastern European

craton (Stovba and Stephenson, 1999; Fig. 1). The

boundary between the Donets and Dniepr segments is

defined as the Mariupol–Kursk Lineament (de Boor-

der et al., 1996; see insert in Fig. 1). The Moho beneath

the Donets Basin is at 40 km depth (DOBREfraction

Working Group, 2001), whereas it is at about 35–40

km depth beneath the Dniepr segment. The Dniepr–

Donets Basin continues westward into the relatively

shallow Pripyat Trough, and eastward into the Kar-

pinsky Swell. The basement is formed by crystalline

rocks of the Eastern European craton. These are over-

lain with an erosional unconformity by middle Devon-

ian to Carboniferous rocks, which reach a thickness of

more than 20 km thick (Chekunov et al., 1993).

The structure of the Donbas Foldbelt, which is the

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

nated byWNW–ESE-striking anticlines and synclines.

The Gorlovka (Main) Anticline is the largest fold. It is

almost symmetric with steeply dipping limbs (60�–
80�, Fig. 3). The anticline is bounded by the North and
South Synclines (Fig. 1). Major thrusts occur along the

northern margin of the basin. Minor folds, reversed

faults and rotated fault blocks occur along the southern

boundary of the basin. The age of the compressional

structures is a matter of controversy. Following tradi-

tional ideas, Privalov et al. (1998) assume a dominantly

Permian (Hercynian) age, whereas Stovba and Ste-

phenson (1999) favour a dominantly late Cretaceous

(Alpine) age.

The southwestern part of the Donets Basin com-

prises the KrasnoarmeiskMonocline and the Kalmius–

Torets Depression. The NE-ward-dipping rocks of the

Krasnoarmeisk Monocline overlie the Mariupol–

Kursk Lineament. Towards the east, the Krasnoarmeisk

area grades into the Kalmius–Torets Depression,

which represents the intersection of the northwestern

continuation of the SE-trending South Syncline with

the SW-trending Voltchansk synform. The eastern

margin of the Kalmius–Torets Depression is located

near Donetsk and Makeevka. It is formed by a set of

NE-trending faults, which may be the surface expres-
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Fig. 1. Location of the study area and geologic sketch map of the Donets Basin (modified after Minesterstvo Geologii SSSR, 1983).

R
.F
.
S
a
ch
sen

h
o
fer

et
a
l.
/
In
tern

a
tio

n
a
l
Jo
u
rn
a
l
o
f
C
o
a
l
G
eo
lo
g
y
4
9
(2
0
0
2
)
3
3
–
5
5

3
5



Fig. 2. Chrono- and lithostratigraphy of the Donets Basin. Major magmatic and tectonic events are also shown (Sterlin et al., 1963; Belokon,

1971; Einor, 1996; Privalov et al., 1998; Stovba and Stephenson, 1999). Time-scale after Harland (1990).
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Fig. 3. Coalification map at the top of the Carboniferous sequence (modified after Levenshtein et al., 1991b). The insert shows a cross section through the Gorlovka Anticline.
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sion of a deep basement fault (Donetsk–Kadievka

Fault Zone; Fig. 4).

2.2. Basin evolution

2.2.1. Devonian syn-rift phase

Main rifting occurred during Late Devonian time.

van Wees et al. (1996) reconstructed stretching factors

up to 1.3 for the northwestern Dniepr–Donets Basin,

but emphasize that conventional lithospheric stretch-

ing and thermal subsidence models fail in the south-

eastern part. The total thickness of Devonian pre- and

syn-rift rocks exposed along the southern margin of

the Donets Basin is 750 m, including thick volcanic

rocks (Fig. 2). The thickness of Devonian rocks along

the basin center is unknown, but may reach 5 km.

2.2.2. Late Paleozoic post-rift phase

Major post-rift subsidence occurred during the

Permo-Carboniferous. The Carboniferous sequence

is subdivided into lower (C1), middle (C2), and upper

Carboniferous (C3) rocks. These are further subdi-

vided into lithostratigraphic units named suites

(Makarov, 1982, 1985). C1 is composed from bottom

to top of suites A–D, C2 comprises suites E–M, and

C3 contains suites N–P. Their correlation with the

standard time-scale is presented in Fig. 2 (see also Izart

et al., 1996). Suites C, K, L and M are especially rich

in coal (Levenshtein et al., 1991a). However, coal

seams and intercalations of coal are present throughout

the Carboniferous succession. Permian rocks are pre-

served along the western and northern margins of the

Donets Basin, where they are represented by a sand–

shale series with sparse interbeds of coals and lime-

stone (Nesterenko, 1978). Thick evaporites occur in

Asselian and Sakmarian levels. Whereas extensive

syn-rift magmatism occurred in most of the Dniepr–

Donets Basin, post-rift magmatic rocks have been des-

cribed only in the Donets Basin. They include Carbon-

iferous (ultra-)basic stocks and dikes, and Permian

Fig. 4. Position of the modelled wells and the cross section in the western Donets Basin (see Fig. 3 for location of map). The position of

intrusive bodies and respective hydrothermal haloes (Aleksandrov et al., 1996) is indicated together with the location of epigenetic mineral

deposits and occurrences (Lazarenko et al., 1975).
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(f 290–260 m.y.) trachyliparites (e.g. Lazarenko et

al., 1975; Stovba and Stephenson, 1999; Fig. 2). The

presence of early Permian salt tectonics in the Donets

Basin is controversial. However, a preliminary inter-

pretation of deep seismic reflection data suggests that

there may be Devonian salt at depth coring the

Gorlovka Anticline (DOBREflection Working Group,

2000).

2.2.3. Permian uplift

Within the Donbas Foldbelt, Permian rocks and

significant parts of the Carboniferous sequence were

eroded during a major Permian uplift phase. Its mech-

anisms are still poorly understood and may be related

to the build-up of stresses emanating from the Hercy-

nian Caucasus/Uralian orogens or to the activity of an

asthenospheric diapir (cf. Stephenson et al., 2001).

Using coalification data, Nagorny and Nagorny (1976)

estimated Permian erosion to be as much as 11 km a-

long the central part of the basin and up to more than 15

km along its southern margin. Stovba and Stephenson

(1999) suggest erosion of up to 10 km based on ex-

trapolations of missing stratigraphy in view of seismic

evidence. Many authors assume that basin inversion

occurred during Permian uplift (e.g. Privalov, 1998).

2.2.4. Mesozoic–Cenozoic post-rift phase

Only relatively thin rocks, separated by unconform-

ities, were apparently deposited during the Mesozoic

and Cenozoic (Fig. 2). Magmatic events occurred

during (trans-)tensional stages and produced Triassic

(f 230–200 m.y.) (trachy-)andesites and Jurassic

(f 160 m.y.) lamprophyres (e.g. Lazarenko et al.,

1975; de Boorder et al., 1996; Privalov, 2000; Fig.

2). Using magnetic data, deep seismic sounding data

and field observations, Aleksandrov et al. (1996)

mapped large hidden intrusions and their hydrothermal

haloes in the western Donets Basin. The authors

advocate for a Late Permian (Triassic?) age of the in-

trusion and discuss a relation to epigenetic ore deposits

in the Donets Basin (Nikolskiy et al., 1973; de Boorder

et al., 1996). The locations of the postulated intrusive

bodies and some ore deposits are shown in Fig. 4.

A minor uplift phase occurred during late Creta-

ceous to early Tertiary time. According to Stovba and

Stephenson (1999), this was the time of major com-

pression and basin inversion. In the latest Cretaceous

time, a meteorite impact formed a large crater east of

Kamensk–Shaktinsky (Grieve, 1982; Movshovich

and Milyavsky, 1985).

2.3. Coalification

Coalification patterns in the Donets Basin were

mapped by Levenshtein et al. (1991b; Fig. 3). Iso-

Table 1

Lithological composition of Carboniferous suites in different re-

gions of the Donets Basin (after Levenshtein et al., 1991a)

Suite Sandstone

(%)

Siltstone

(%)

Mudstone

(%)

Limestone

(%)

Coal

(%)

All regions

P 47.0 28.0 24.0 1.0

O 32.0 40.0 25.0 3.0

Krasnoarmeisk Monocline +

Central Kalmius–Torets Depression

N 18.6 37.0 43.0 1.2 0.2

M 37.0 34.0 26.0 2.2 0.8

L 33.0 36.0 25.0 3.1 2.9

K 45.0 27.0 25.0 2.3 0.7

I 34.0 25.0 39.0 1.7 0.3

H 27.0 39.0 32.0 1.8 0.2

G 16.0 45.0 37.0 1.5 0.4

F 26.0 35.0 35.0 3.6 0.4

Eastern Kalmius–Torets Depression

N 27.4 33.0 38.5 0.8 0.4

M 29.0 66.7 3.1 1.2

L 41.0 54.0 2.5 2.5

K 36.2 61.0 1.6 1.2

I 33.0 65.0 1.5 0.5

H 28.0 70.5 0.5 1.0

G 20.0 79.0 0.6 0.05

F 23.7 72.0 4.0 0.3

South Syncline/North Syncline

N 32.2 32.5 33.6 1.3 0.4

M 24.0 51.5 20.7 3.0 0.8

L 41.0 36.0 18.8 2.4 1.8

K 36.0 44.5 15.7 3.0 0.8

I 30.9 41.0 27.0 0.7 0.4

H 33.0 47.9 17.7 0.7 0.7

G 32.3 30.4 36.6 0.5 0.2

F 39.0 39.7 20.3 0.92 0.08

All regions

E 14.0 48.0 32.0 6.0

D 25.0 45.0 28.0 2.0

C 16.0 53.0 29.0 2.0

B 19.0 58.0 20.0 3.0

A 100.0

R.F. Sachsenhofer et al. / International Journal of Coal Geology 49 (2002) 33–55 39



reflectance lines generally follow the main structural

elements, like antiforms and synforms. Breaks in

coalification are observed across thrust planes. Coal-

ification, therefore, is older than the main thrusting

event. On the other hand, transects across the Gor-

lovka Anticline show that the dip of iso-reflectivity

lines is gentle, whereas the dip of bedding planes is

steep (Fig. 3). This is clear evidence that coalification

along the Gorlovka Anticline predates the late stages

of its formation, but postdates its early stages. Per-

haps, the latter are related to (Early Permian?) salt

tectonics.

The rank of specific stratigraphic units increases

towards the basin center. For example, vitrinite reflec-

tance of a coal seam in suite K (k5) is below 0.6% Rr

SW of Donetsk and N of Lugansk, but above 6.0% Rr

near Krasnij Luch, despite a similar present-day ele-

vation (sea level). In the literature (e.g. Nagorny and

Nagorny, 1976), this is interpreted exclusively in terms

of an increase of original upper Carboniferous and

Permian overburden. Anomalously high coalification

including natural coke is observed in close vicinity

(several metres) to magmatic sills and stocks SW of

Donetsk (e.g. Jernovaya, 1997; Fig. 3).

3. Methodology

3.1. Vitrinite reflectance

Random vitrinite reflectance (%Rr) of 131 coal

samples was measured in the Leoben lab using a

Leitz microscope and standard procedures (e.g. Taylor

et al., 1998). The standard deviation was generally

low ( < 10% of the mean value). Information on

vitrinite reflectance of 117 additional coal samples

was taken from unpublished reports (Donetsk State

Regional Geological Survey, Artemovsk). All vitrinite

reflectance values were measured on coals and are

therefore reliable, even if they were measured in

different labs (Bostick and Foster, 1975). Rr values

of well Sch-1144 was calculated using maximum

(Rmax) and minimum vitrinite reflectance (Rmin) data

and the equation Rr= (Rmax +Rmin)/2. Most vitrinite

Table 2

Physical properties assigned to standard lithotypes used for simulations

Lithotype Density Initial Compression

[Pa� 1]

Matrix thermal

conductivity

[W/m K]

Heat capacity

[cal/g K]

Permeabilitya

at porosity of[kg/m3] porosity

Maximum Minimum 0 �C 100 �C 20 �C 100 �C 5% 75%

Water 1160 0 2 1 0.60 0.68 0.999 1.008 1.0 1.0

Sandstone 2660 42 500 10 3.12 2.64 0.178 0.209 � 2.0 0.0

Siltstone 2672 56 8000 10 2.14 2.03 0.201 0.242 � 5.0 0.0

Mudstone 2680 65 60,000 10 1.98 1.91 0.213 0.258 � 5.5 � 1.0

Limestone 2710 42 300 25 2.83 2.56 0.195 0.223 � 4.0 13.0

Coal 2000 52 130,000 10 0.50 0.46 0.204 0.248 � 5.5 � 1.0

Basement 2750 5 2 1 2.72 2.35 0.188 0.223 � 16.0 � 16.0

a Permeabilities (� 5 means 10� 5 md) are calculated for different stages of porosity.

Fig. 5. (A) Subsidence and heat flow histories of well K-900. On the right, measured (dots) and calculated (lines) calibration data are shown.

Shown isotherms are calculated using a heat flow of 56 mW/m2, which results in a good fit between measured and calculated calibration data.

Note that heat flow is only well defined for the time of maximum burial and for the present. (B) Calibration for an alternative model assuming

that no information on lithologies would be available. Accepting a uniform sand–shale lithology, a good fit with vitrinite reflectance data would

be achieved with a constant heat flow of 62 mW/m2. (C) Calibration for models with modified subsidence histories. A good fit is obtained with a

Permian heat flow of 60 mW/m2 (erosion of a 1640-m-thick rock interval) and 53 mW/m2 (erosion of a 2460-m-thick rock interval). (D) Models

with modified Permo-Triassic heat flows. Heat flow peaks of 90 and 100 mW/m2 result in a poor fit, whereas a heat flow peak of 110 mW/m2

results in an unacceptable fit.
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Fig. 6. Measured and calculated vitrinite reflectance (%Rr) for 10 wells in the southern Krasnoarmeisk Monocline and the Kalmius–Torets Depression. Values given in the boxes

indicate the modelled Permian heat flow and the amount of eroded Paleozoic rocks. Capital letters represent Carboniferous suites (A–D: lower Carboniferous; E–M: middle

Carboniferous; N–O: upper Carboniferous). See Fig. 4 for location of wells.
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reflectance data are from middle and upper Carbon-

iferous rocks. Data for lower Carboniferous rocks are

available only for well 3793.

3.2. Thermal modelling

For thermal modelling, wells were selected, where

vitrinite reflectance is below 6.0% Rr and where

calibration data cover a depth interval of at least 750

m. These restrictions consider the applicability of al-

gorithms for the calculation of vitrinite reflectance

(see below) and the fact that the quality of heat flow

reconstructions increases with the depth range of ca-

libration data. Twenty-three wells, all located in the

western Donets Basin, fulfilled these prerequisites

(Fig. 4). For these wells and a NW–SE-trending cross

section, paleo-heat flow was estimated using the basin

modelling approach (Welte et al., 1997; Yalcin et al.,

1997). Temperature modelling was performed with

the PDI-1Dk and PetroMod 6.0 software packages of

IES, Jülich. Calibration of the burial and heat flow

histories was performed using Rr values and recent

formation temperatures.

Input data for numeric models include the thick-

ness of stratigraphic units, lithologies, rock physical

parameters (e.g. thermal conductivities), the temper-

ature at the sediment–water interface, and heat flow at

the base of the Carboniferous sequence. Devonian

syn-rift rocks are not considered. Detailed information

on the thickness of the drilled suites and lithologic

composition (percentages of sandstone, siltstone,

mudstone/shale, coal, and limestone) for most wells

was provided by the Donetsk State Regional Geo-

logical Survey. Average lithologic composition of

specific suites in the Krasnoarmeisk, Kalmius–Torets,

and South Syncline regions (Table 1) was used for

suites which were not drilled in the respective well

and for the 2-D model. The physical properties of

standard lithologies which were used for the calcu-

lation of the mixed lithologies are shown in Table 2.

See Büker (1996) and Hertle and Littke (2000) for a

more detailed description of the calculation of phys-

ical properties of stratified bodies.

The above information was used to construct de-

compacted subsidence histories and the temperature

field through time. The models were calibrated by

modifying heat flow and the thickness of eroded rocks

until a satisfactory fit between measured and calcu-

lated vitrinite reflectance and formation temperatures

was obtained. We tried to keep heat flow histories as

simple as possible. Therefore, we started with time-

constant heat flows. If necessary, different heat flows

for late Paleozoic and Mesozoic/Cenozoic times were

adopted. In some wells, additional thermal events had

to be included to obtain a good calibration. Heat flow

variations associated with Devonian rifting are not

considered in our models. This is because heat flow

was elevated during Devonian rifting (up to 110 mW/

m2 according to models by Starostenko et al., 1999),

but decreased rapidly during the post-rift stage. Mid-

dle and late Carboniferous heat flow (40–70 m.y.

after rifting), therefore, was close to equilibrium ( < 60

mW/m2; Starostenko et al., 1999).

In general, vitrinite reflectance is calculated using

the kinetic EASY %Ro algorithm (Sweeney and Burn-

ham, 1990). However, as this algorithm handles ref-

lectances only up to 4.69% Rr, we used an extended

version, which is calibrated to a maturity of 6.23% Rr

(Everlien, 1996). Note, that up to 4.6% Rr, the models

yield identical results.

4. Results

4.1. 1-D thermal models

4.1.1. Kalmius–Torets Depression, southern Krasno-

armeisk Monocline

Well K-900 is located NW of Donetsk. Models for

this well are discussed in some detail to illustrate the

basin modelling approach and to show some limita-

tions. The subsidence history of well K-900 assuming

Permian erosion of 2050-m-thick rocks is shown in

Fig. 5. A heat flow of 56 mW/m2 results in an excellent

calibration (Fig. 5A) and is accepted as the most likely

heat flow estimate.

Alternative models were introduced to check the

sensitivity of the results. First, we used lower (50 mW/

m2) and higher heat flows (62 mW/m2) which resulted

in a poor fit (Fig. 5A). Second, the physical properties

of the rocks were modified. For the original model,

lithologies were created which consider detailed litho-

logical information. For the alternative model, all

lithologies were replaced by ‘‘shale + sandstone’’, sim-

ulating the case where no information on drilled li-

thotypes would be available. Because these lithologies

R.F. Sachsenhofer et al. / International Journal of Coal Geology 49 (2002) 33–55 43



are characterized by higher thermal conductivities than

the coal-bearing lithotypes, the heat flow had to be

increased to 62 mW/m2 (Fig. 5B). Note that this sce-

nario results in a poor fit with formation temperatures.

Third, we modified the thickness of eroded Permo-

Carboniferous rocks to 1640 and 2460 m and had to

change heat flow to 60 and 53 mW/m2, respectively

(Fig. 5C). Thus, the alternative models suggest that the

uncertainty of heat flow estimates in deep wells with

good calibration data is only about 10%. The uncer-

tainty concerning the thickness of eroded rocks is sig-

nificantly higher.

Because vitrinite reflectance is mainly controlled

by maximum temperatures, the above paleo-heat

flow estimates are strictly valid only for the time

of maximum burial (Permian). Carboniferous and

Mesozoic heat flows cannot be determined precise-

ly. However, it is possible to define an upper limit

of possible heat flow ranges. Calculated vitrinite

reflectance trends assuming Permo-Triassic heat flow

events with 90, 100 and 110 mW/m2 are shown in

Fig. 5D. The first two models result in moderate to

poor calibration, whereas the third model (110 mW/

m2) results in an unacceptable fit. Thus, Permo-

Triassic heat flow definitely was not higher than 100

mW/m2.

Thermal histories of 10 additional wells in the sou-

thern Krasnoarmeisk and Kalmius–Torets regions

Fig. 8. Subsidence and heat flow histories of well S-1379. On the right, measured (dots) and calculated (lines) calibration data are shown. (A)

Adopting a simple thermal history (e.g. Permian heat flow of 65 mW/m2; see also calculated isotherms) and Permian erosion of a 4740-m-thick

Permo-Carboniferous rock interval results in poor calibration. The fit with vitrinite reflectance data cannot be improved by changing Permian

heat flow to 55 or 75 mW/m2 (dashed lines). (B) A good calibration is obtained with a high Paleozoic heat flow of 115 mW/m2 and Permian

erosion of a 2130-m-thick Permo-Carboniferous rock interval. Significantly more rocks have been eroded in neighbouring wells (e.g. S-1441;

Fig. 7). Therefore, this model is not very likely. (C) A good calibration is also obtained with a subsidence history as in (A), a heat flow of 60

mW/m2 during maximum burial, and a post-maximum burial heat flow event (180 mW/m2). Note that the timing of the heat flow event is not

well constrained.

Fig. 7. Subsidence and heat flow histories of well S-1441. On the right, measured (dots) and calculated (lines) vitrinite reflectance data are

shown. Note that heat flow is only well defined for the time of maximum burial.
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were calibrated in similar ways. The thickness of Per-

mo-Carboniferous rocks, which were eroded during

the Permian and the applied heat flow values during

maximum burial are presented together with calcu-

lated and measured calibration data in Fig. 6.

4.1.2. South Syncline, North Syncline

The South and North Synclines located southeast of

Gorlovka are characterized by high-rank coals. Wells

S-1441 and S-1379 are key wells for this area. In well

S-1441, a good calibration is achieved applying a mo-

derate heat flow during maximum burial (60 mW/m2),

and assuming that Permian erosion removed more than

4.3 km of rocks (Fig. 7). Although erosion cut into

deeper stratigraphical levels (suite L) than in neigh-

bouring wells in the Kalmius–Torets Depression (N,

O), the result agrees with an observed eastward in-

crease in the thickness of Permo-Carboniferous rocks

(cf. Nagorny and Nagorny, 1976).

Erosion removed parts of suite K in well S-1379.

Therefore, even more rocks should have been eroded

in this well. In our model, we assume erosion of a

4740-m-thick rock interval. However, no fit between

measured and calculated calibration data can be a-

chieved using this estimate and a simple thermal his-

tory. Irrespective of using Permian heat flows of 55,

60, or 65 mW/m2, the resulting vitrinite reflectance

gradients are too low (Fig. 8A).

There are two ways to obtain a better calibration:

1. decreasing the thickness of eroded rocks to

2130 m and increasing heat flow during ma-

ximum burial to 115 mW/m2 (Fig. 8B), or

2. introducing a high heat flow event, either be-

fore or after maximum burial. A scenario with

a Permo-Triassic heat flow event is shown in

Fig. 8C.

Scenario 1 is unlikely, because it implies a sharp

eastward decrease in the original thickness of middle

Carboniferous to lower Permian rocks. This is in con-

tradiction with the general distribution of Paleozoic

rocks in the Donets Basin (e.g. Maidanovitch and

Radzivill, 1984). It also disagrees with an observed

eastward increase in thickness of the preserved middle

Carboniferous rocks. Thus, scenario 2 is accepted as

more reasonable. The timing of the heat flow event is

poorly constrained. However, some observations help

to confine the age. Coalification patterns along the

Gorlovka Anticline indicate syn-deformational coal-

ification (Fig. 3) suggesting that heating occurred after

the (post-Carboniferous) onset of deformation, but

before the final stage. The age of final deformation

along the Gorlovka Anticline is not yet solved finally.

Most authors assume a Permian age (e.g. Zhykalyak

et al., 2000); some authors favour a Cretaceous age

(e.g. Stovba and Stephenson, 1999). Thus, at the

moment, the heating event can be limited only to the

time interval between the Permian and late Cretaceous.

Several models differing in the timing of the heat flow

event were established. The best calibration is obtained

in models where the heat flow event occurs when ero-

sion of Permo-Carboniferous rocks was advanced, but

not yet completed (Fig. 8C). This suggests a late

Permian age (248–257 m.y.) of heating, which was

accepted in our 1-D models. However, as Permian up-

lift paths and Mesozoic subsidence curves are also not

well constrained, later ages cannot be excluded.

Results from wells S-1489, S-1115, and S-1026 are

not as clear. In these wells, a fair calibration is ob-

tained applying simple heat flow histories with mod-

erately high heat flows during maximum burial (60–

80 mW/m2). A better calibration is obtained using

slightly lower heat flows during maximum burial

(58–70 mW/m2) and very high heat flows (175–

200 mW/m2) during a post-maximum burial heating

event (Fig. 9). Calibration data in wells Sch-1144 and

746-Ts (North Syncline) are modelled using slightly

elevated heat flows (65–70 mW/m2) during maxi-

mum burial. Provided that post-maximum burial heat

Fig. 9. Measured and calculated vitrinite reflectance (%Rr) for wells in the South and North Synclines and in the northern Krasnoarmeisk region.

For most wells, two heat flow scenarios were modelled. Models with a time-constant Permian heat flow (solid line) are indicated by a single heat

flow value. Scenarios with an additional Permo-Triassic heating event (dotted line) are shown with two different heat flow values. The lower value

refers to heat flow during maximum burial, the higher value (bold numbers) refers to the heating event. Values given in the upper right corner of the

boxes indicate the amount of eroded Paleozoic rocks. Note that in wells S-1489, S-1115, S-1026, K-1517, K-1513, and K-1463, an additional

heating event produces a better fit. Capital letters represent Carboniferous suites (A–D: lower Carboniferous; E–M: middle Carboniferous; N:

upper Carboniferous). See Fig. 4 for location of wells and text for further explanations.
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flow was elevated, it was definitely below 150 mW/

m2 (see Fig. 9).

4.1.3. Northern Krasnoarmeisk Monocline

Borehole K-1517 helps to unravel the thermal

history of the northern Krasnoarmeisk Monocline

(Fig. 9). In this well, a heat flow of 55 mW/m2 and

erosion of 2.5-km-thick rocks result in a poor calibra-

tion. A reduction of heat flow to 45 mW/m2 during

maximum burial and the introduction of a heat flow

maximum of 150 mW/m2, either before or after ma-

ximum burial, results in a significantly better fit. Si-

milar heat flow histories result in a good calibration

also in wells K-1513 and K-1463. This supports the

presence of the additional heat flow maximum, al-

though a simple heat flow history cannot yet be ruled

out. Similar to the South Syncline, the age of the

heating event cannot be determined exactly. A pre-

maximum burial event cannot be excluded. If the

heating event occurred after maximum burial, a slight-

ly younger age (245–250 m.y.) than in the South Syn-

cline corresponding to more advanced erosion has to

be assumed.

In wells K-463 and K-1035, a good calibration is

obtained without an ‘‘additional’’ heat flow event.

However, as vitrinite reflectance in these cases is not

sensitive to post-maximum burial heat flows up to 150

and 125 mW/m2, respectively (Fig. 9), a heat flow

event cannot be excluded.

4.1.4. Summary of 1-D models

Some major results of our 1-D models, which are

important for 2-D modelling, are summarized in this

section. The most important results are also displayed

in Fig. 10. A more detailed evaluation follows in Sec-

tion 5.

Heat flow during maximum burial was in the range

of 40–75 mW/m2 (Fig. 10A). Lateral heat flow

variations are obvious. Along the modelled cross sec-

tion (see below), Permian heat flow increased east-

ward.

There are convincing indications for a heating

event occurring after maximum burial (late Permian?)

in the South Syncline southeast of Gorlovka. This area

coincides with one of the intrusions postulated by

Aleksandrov et al. (1996; Fig. 10A). Therefore, we

assume that magmatism was the main heat source.

The applied 1-D software cannot handle magmatic

intrusions. So, in the 1-D models, we increased heat

flow (up to 200 mW/m2) at the lower boundary of the

model (base of Carboniferous).

1-D models suggest that the area north of Kras-

noarmeisk also was exposed to a thermal event with

heat flows up to 150 mW/m2. In analogy to the eastern

anomaly, we postulate a post-maximum burial event,

which is slightly younger (245–250 m.y.) than the

heating event in the South Syncline region (248–257

m.y.). Although no indications for a magmatic intru-

sion are known from this part of the basin, we spec-

ulate that magmatism occurred not only in the South

Syncline region, but also in the Krasnoarmeisk region.

4.2. 2-D thermal model

4.2.1. General

The aim of the 2-D model is to test whether the

thermal effects of magmatic intrusions are able to

explain the observed coalification trends in the Kras-

noarmeisk and South Syncline regions. For this, we

modelled a 138-km-long WNW–ESE-trending trans-

ect connecting the thermal anomalies in the Krasnoar-

meisk and South Syncline regions (Fig. 11A).

The computer-generated finite element model used

for 2-D simulations is shown in Fig. 11B. The lower

model boundary is defined by the base of the Carbon-

iferous sequence. A total of 64 events and 203 grid-

Fig. 10. Results from 1-D models. (A) Heat flow distribution: The upper number indicates Permian heat flow during maximum burial. Two

numbers separated by a slash refer to different thermal models (see Fig. 9). Note, that the left number is considered more reliable and was used

to draw the shown hand-contoured isolines. The models suggest an additional heating event for the area southeast of Gorlovka (South Syncline)

and the northern Krasnoarmeisk region (grey shading). Heat flow values during this thermal event are given by bold numbers. A magmatic heat

source is suggested by the position of magmatic intrusions for the South Syncline (see Aleksandrov et al., 1996). (B) Map showing thickness of

middle/upper Carboniferous (suite G to suite P) and lower Permian rocks. Hand-contoured isolines indicate a dramatic northeastward increase in

thickness from the basin margin to the basin center. The thickness of rocks removed during Permian erosion is also indicated (negative

numbers). Note a general eastward increase in erosion. Maximum values occur along antiforms, minimum values in synforms.
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points was used to define the geological evolution.

The calibration of the thermal history is based on eight

wells.

Magmatic intrusions were introduced in the eastern

and western sectors of the transects. Depth and lateral

continuity of the intrusions were chosen to obtain a fit
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with calibration data. The intrusion model is based on

Delaney (1988) and uses the values for liquid magma

shown in Table 3. Convective heat transport was not

considered.

4.2.2. Thermal history

Heat flow histories reconstructed with the 1-D

approach were used as ‘‘background heat flow’’ in

the 2-D model. The resulting thermal field is overpri-

nted by the thermal effect of the modelled magmatic

intrusions. Depth, shape, age, and temperature of the

intrusions influence the thermal structure and the re-

sulting vitrinite reflectance patterns. A satisfactory fit

between measured and calculated calibration data (Fig.

11C) is obtained with a model including two shallow

intrusions (see Fig. 11B for their present-day position).

Fig. 12 represents calculated isotherms and the calcu-

lated vitrinite reflectance pattern for a 10-million-year-

long time-interval during the Permian.

Awestward decrease in heat flow during maximum

burial (274 m.y.) resulted in a gentle dip of both

isotherms and iso-reflectivity lines. Four million years

after maximum burial, a shallow pluton intruded the

western transect (South Syncline) at a depth of 5–6

km. A temperature of 1000 �C was adopted for this

intrusion. Maximum heating and coalification of over-

lying rocks occurred within a very short timespan (0.2

m.y.). Thereafter, no change of vitrinite reflectance

occurred along the eastern part of the transect. Then

265 m.y. before present, a pluton intruded the western

profile (Krasnoarmeisk region) in an even shallower

position (3–4 km depth) and with a slightly lower

temperature (900 �C). The thermal effect matured

middle Carboniferous rocks in the western part of

the transect and vanished after a few hundred thou-

sand years.

5. Discussion

The heat flow distribution during maximum burial

is indicated by (hand-contoured) isolines in Fig. 10A.

Although the isolines are rather speculative in some

areas, they show some major trends. Heat flow

during maximum burial was in the range of 40–75

mW/m2. The Donbas Foldbelt (inverted part of the

Donets Basin) was characterized by higher heat flow

than the Krasnoarmeisk Monocline and the Kalmius–

Torets Depression. In the latter areas, heat flow

increased in a northeastward direction from 40 to

55 mW/m2. East of Donetsk, heat flow was in the

range of 60–75 mW/m2 and increased towards the

southeast. Both amplitude and distribution of paleo-

heat flow, are similar to the present-day one (Gor-

dienko et al., 1999). Unfortunately, paleo-heat flow

east of the study area (central and eastern Donets

Basin) cannot be reconstructed because of advanced

coalification (> 6% Rr) and the limitations of our

approach (see Section 3.2).

Apart from a major increase in thickness of Permo-

Carboniferous rocks towards the basin center (Fig.

10B), the lateral variations in Permian heat flow also

contributed to the observed eastward increase in coal-

ification of specific seams.

Permian erosion was 2–3 km in the Krasnoarmeisk

and Kalmius–Torets regions. Erosion was signifi-

cantly higher (> 4 km) in the South and North Syn-

clines east of the Donetsk–Kadievka fault (Fig. 10B).

Interesting to note that the jump in Permian erosion

follows the Donetsk–Kadievka Fault and roughly pa-

rallels the 60 mW/m2 isoline of Permian heat flow

(Fig. 10A).

Additional heating events are suggested for the

South Syncline and northern Krasnoarmeisk regions.

Table 3

Properties assigned to liquid magma

Age

[m.y.]

Intrusion

temperature [�C]
Magma density

[kg/m3]

Solidus temperature

[�C]
Magma thermal

conductivity [W/m K]

Magma heat capacity

[cal/g K]

Crystallisation

heat [MJ/m]

270/265a 1000/900 1000 900/850 2.00 0.70 700

a First value: eastern intrusion, second value: western intrusion.

Fig. 11. (A) NW–SE-trending transect through the western Donets Basin and position of calibration wells. See Figs. 4 and 10 for the location of

cross section. (B) Computer-generated finite element model used for 2-D modelling. The position of postulated magmatic intrusions and the

calculated vitrinite reflectance isolines are shown. (C) Calculated and measured vitrinite reflectance values for the calibration wells.
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The heating event in the South Syncline area can be

interpreted by magmatic activity, which is postulated

by Aleksandrov et al. (1996). They favour a late Per-

mian age, which fits well with the applied 1-D and 2-D

models. However, a final decision on age will be pos-

sible only after radiometric age dating (e.g. fission track

analyses).

The heat source for the northern Krasnoarmeisk

area is more speculative, since no indications for

magmatism are known from this part of the basin so

far. Heating by a late Permian magmatic body, which is

slightly younger than the intrusion in the South Syn-

cline, therefore remains speculative. In any case, it is

remarkable that the studied wells are located at the

northern tip of a SW–NE-trending zone with elevated

vitrinite reflectance (see Fig. 3). We speculate that the

latter may be a result of the same heating event. Fur-

ther investigations will show whether coalification was

due to increased basement heat flow or due to mag-

matic activity. Privalov (1998, 2000) distinguished

several tectonic sectors within the Donets Basin. The

Krasnoarmeisk area lies in sector C1, which according

to his model was under extension during the late

Permian. Perhaps local extension was related to the

observed thermal event.

Reconstructed paleo-heat flows southwest of Do-

netsk are rather low. Low heat flows during maximum

burial and the lack of evidence for a high heat flow

event are remarkable, because they occur near an area

where Permian magmatic stocks and sills metamor-

phosed Carboniferous coal (Jernovaya, 1997; Figs. 3

and 10). According to Privalov et al. (1998), these

Permian sills and stocks (gabbro–monzonite–syenite

complex) are slightly older than the magmatic bodies

[(trachy–)andesite complex] in the South Syncline

region and intruded during a compressional phase.

Probably, the volume of the magma was not high

enough to influence regional heat flow. Therefore,

the hot magma only resulted in contact metamor-

phism.

The reconstructed thermal event, which occurred

after maximum burial during the late Permian(?) in the

South Syncline region, has consequences for our

understanding of the evolution of the Donets Basin.

The following aspects should be mentioned. A more

thorough discussion is beyond the scope of the present

paper.
. The thermal event helps explain the spatial

distribution of epigenetic minerals in the basin (see

Aleksandrov et al., 1996 and Fig. 4).
. Our results suggest that coal bed methane was

generated not only during maximum burial, but also

afterwards. Obviously, the late generated gas has a

higher preservation potential. Therefore, the gas po-

tential of the Donets Basin should be re-evaluated in

the light of the new findings.
. The thermal effect of the magmatic event may

have weakened the crust during Permian uplift.
. Unfortunately, the reconstructed thermal history

does not help to ascertain whether main inversion

occurred during the Permian or Cretaceous. The pos-

tulated syn-deformational, late Permian age agrees

with both tectonic scenarios.

6. Conclusions

The applied numeric models suggest that different

factors control coalification patterns in the western

Donets Basin. Among these are:

� depth of Carboniferous rocks during maximum

(Permian) burial,
� Permian uplift,
� lateral heat flow variations during maximum

burial.

The resulting coalification pattern was overprinted

by:
. Permian sills and stocks, which coked seams SW

of Donetsk. The amount of heat transported by the

magmatic rocks was not high enough to cause a

regional heat flow anomaly.
. A heating event in the northern Krasnoarmeisk

and the South Syncline regions. At least the latter is

most probably caused by magmatic intrusions. Based

Fig. 12. Calculated temperature and vitrinite reflectance distributions for different Permian times (ages are shown in the lower left part of each

plot). The thermal model considers heat flows, which were reconstructed by 1-D models for each well. The resulting temperature distribution is

overprinted by magmatic intrusions.
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on our models, we suggest a late Permian heating.

However, Mesozoic ages cannot be excluded.
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des Ruhr-Beckens und des nördlichen Rechtsrheinischen Schie-

fergebirges. Berichte Forschungszentrum Jülich, Jülich, 250 pp.
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