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Abstract

The goal of this work is to study the ability of two immature Carboniferous coals from Donets Basin (Ukraine) to act as source
for oil. Heating experiments in confined medium were performed to compare the thermal behavior of these coals, 111 Dim (%
R,=0.55; H/C at.=0.79) and 2c10YD (%R,=0.65; H/C at.=0.80), relative to a mature Cretaceous coal from Sabinas Basin (Olmos,
%R,=0.92, H/C at.=0.77). Macerals analysis carried out on starting materials showed that Olmos is exhausted in liptinite contrary
to 2¢10YD (20 vol.%) and 111Dim (6 vol.%). The vitrinite content is lower for 2c10YD (59 vol.%) than for Olmos (84 vol.%) and
111Dim (80 vol.%). Solid bitumen occurs often dispersed in the raw coals. Both petrographic and geochemical analyses on starting
materials revealed that the selected Carboniferous Donets coals have better potentialities for bitumen generation than the
Cretaceous Sabinas coal. The presence of long chain r-alkanes (>7r-Cg) in the pyrolysis-GC chromatograms indicates that the two
raw Carboniferous coals from Donets Basin can yield non-volatile hydrocarbons under further thermal maturation. It is speculated
that some vitrinite macerals present in hydrogen-rich Carboniferous coals from Donets Basin can act as source rocks for oil. As a
matter of fact, results showed that the ‘oil window’ occurs between ~ 1.0%R, and ~2.0%R, for both Cretaceous Sabinas and
Carboniferous Donets coals during confined pyrolysis. As expected from geochemical and petrographic analyses of starting
samples, the Carboniferous Donets coals yielded more bitumen and hydrocarbons than Cretaceous Sabinas coal during artificial
maturation. Low proportions of solid bitumen (<12 vol.%) are also formed between 1.1%R, and 1.5%R, during confined pyrolysis
of coals. Two solid bitumen groups have been identified, which correspond to distinct phases of neo-formation. The drop in the
solid bitumen content at higher ranks indicates that it contributes to generation of gas during experimental simulation. Moreover,
their morphology and porosity change with the level of maturity. The porosity of the vitrinite matrix increases as well as the pore
size with increasing maturity. A relationship has been observed between the porosity and the weight loss: the higher pore content of
Carboniferous Donets coals is correlated with a higher generation of gas compared to Cretaceous Sabinas coal.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Under the influence of time and temperature due to
increasing burial, sedimentary organic matter undergoes
thermal alteration that leads to oil or gas generation and
residual organic solid of higher rank. It is generally
accepted that type-Il kerogen is oil-prone. There is,
however, no consensus concerning the assessment of
humic coals as sources for oil. Oil-source rock
correlation attempts and basin modeling attributed to
coals from Jurassic to Tertiary age range high oil-
generative capacities (Wilkins and George, 2002 and
references therein; Pedersen et al., 2006). Because most
of field observations did not indicate Carboniferous
coals-sourced oil accumulations, these coals are gener-
ally considered as sources for gas and condensates
(Petersen, 2006). Floral evolution through the geologic
time is suspected to be the main factor controlling the
ability of post-Paleozoic coals to generate non-volatile
hydrocarbons (Petersen and Nytoft, 2006). However,
the occurrence of oilfields derived from pre-Jurassic
coals has been reported. Suggate (2002) suggested that
humic coals in the Carboniferous Nottinghamshire—
Yorkshire Coalfield in England contributed to the East
Midlands hydrocarbon fields. Durand and Parratte
(1982) and Bertrand (1984) believed that the near
absence of Carboniferous coals associated with oilfields
result from a probable loss of oils by migration over the
very long period of geological time.

The ability of coals to generate hydrocarbons
strongly depends on their macerals composition, and
as a general rule liptinite-rich coals are oil-prone while
vitrinite-rich coals are gas-prone. However, hydrogen-
rich New Zealand coals poor in liptinite and containing
more than 80% of vitrinite have high potentialities of
generation for oil (Powell et al., 1991; Killops et al.,
1998). In addition, Isaksen et al. (1998) did not observe
any clear relationship between the liptinite content and
capability of Middle Jurassic humic coals of the
Norwegian North Sea for oil generation. So, some
vitrinite group macerals, such as desmocollinite, are
more and more recognized to have the potential for oil
generation (Bertrand, 1984; Killops et al., 1994, 2001;
Suggate, 2002; Wilkins and George, 2002 and refer-
ences therein).

Combining to maceral analysis, the pyrolytic meth-
ods offer the possibility of qualitatively and quantita-
tively assessing the oil-generative potential of both coals
and maceral concentrates. Open pyrolysis systems,
including Rock-Eval pyrolysis (Espitalié¢ et al., 1977,
Verheyen et al., 1984; Sykes and Snowdon, 2002), but
also pyrolysis-gas chromatography (Schenck et al.,

1983; Katz et al., 1991; Isaksen et al., 1998), have
been extensively used for these purposes. However,
olefins rarely found in crude oils are generated during
heating experiments in open-pyrolysis systems (Behar
et al., 2003) So, closed-pyrolysis systems using different
type of reactors including glass (Saxby et al., 1986;
Horsfield et al., 1989; Lu and Kaplan, 1990; Boreham
et al., 1999), stainless steel (Brooks and Smith, 1969;
Lewan and Williams, 1987; Kholi et al., 1994; Mishra
et al., 1996; Petersen, 2002; Kotarba and Lewan, 2004)
and gold tubes (Monthioux et al., 1985; Monthioux and
Landais, 1988; Behar and Hatcher, 1995; Huang, 1996;
Xiong et al., 2004; Su et al., 2006) have been developed
for reproducing the natural coalification. Excess of
liquid water during heating experiments in stainless
steel tubes is unequivocal essential to obtain pyrolysis
products similar to those found in nature. Brooks and
Smith (1969) detected only small amounts of alkenes
when 5 wt.% of water is added during heating
experiments of brown coals. Geochemical and isotopic
investigations have indicated that liquid water is a
source of hydrogen for the newly formed hydrocarbons
during thermal maturation (Lewan, 1997 and references
therein; Schimmelmann et al., 1999; 2001). However,
several studies have shown that it is also possible to
yield oil-like pyrolysis products in absence of water
when using the others types of reactor. The quality of
simulation strongly depends on experimental conditions
and reacting medium (Saxby et al., 1986; Horsfield
et al., 1989; Mansuy et al., 1995; Michels et al., 2000).
Saxby et al. (1986) did not observe olefins in
pyrolyzates during six years of anhydrous pyrolysis of
torbanite and brown coal in glass tubes. Using sealed
glass capillary tubes (micro-scale sealed vessel MSSV
pyrolysis) to reduce free volume, Horsfield et al. (1989)
greatly improve the quality of simulation compared to
classical glass tubes. The addition of excess water is not
needed in confined-medium pyrolysis (Monthioux et al.,
1985; Huang, 1996; Su et al., 2006). Experimental data
clearly indicate that water generated by organic matter is
sufficient for the formation of hydrocarbons in a con-
fined environment (Landais et al., 1994; Michels et al.,
1994). Some papers have been published concerning the
ability of these pyrolysis systems to simulate the natural
coalification (Monthioux et al., 1985; Monthioux and
Landais, 1988; Michels and Landais, 1994; Behar et al.,
1997a, 2003). We think that each of these pyrolysis
systems must be viewed as additional and not as a
replacement. Open pyrolysis enables us to simulate the
primary cracking while the closed pyrolysis takes
into account the secondary cracking. However, primary
and secondary cracking are overlapped in the latter. The
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need to add water in closed-system pyrolysis to improve
the quality of simulation still remains matter of debate.
Hydrous pyrolysis presents a major advantage for
expelling of oil. However, this technique needs to add
an excess of water in the reacting medium (100 to
250 wt.%). Despite its ubiquity in the geological
medium, the proportion of water, however, progressive-
ly decreases with the coal rank (Hildenbrand et al.,
2006). So, as already pointed out by Saxby et al. (1986),
there may well be cases in which liquid water is not in
intimate contact with organic material at the time of
generation. Monthioux (1988) thought that the natural-
reaction system should be considered as ‘quasi con-
fined’ in the case of coals on account of their physical
and chemical properties. In this case, the non-hydrous
closed-systems pyrolysis using glass tubes (Horsfield
etal., 1989) or gold cells (Monthioux et al., 1985) can be
appropriated to simulate natural coalification. Experi-
mental data clearly show that the addition of water in
excess is not needed to obtain products closed to crude
oils. We agree that the involved mechanisms are not the
same in absence or in presence of water. Lewan (1997)
experimentally demonstrated that the presence of water
in excess inhibits the transformation of bitumen into
solid bitumen during artificial maturation of marine
sediments. However, the amount of solid bitumen is low
or nil for type III kerogen during non-hydrous confined
pyrolysis, thus indicating that its formation also depends
on the nature of organic material (Behar et al., 1991). In
the same way, the addition of water in excess
dramatically retards the thermal evolution of residual
kerogen (Michels and Landais, 1994). This may have
important implications for estimating of the coalbed gas.

However, the purpose of this study is not to compare
hydrous pyrolysis and confined pyrolysis. A relevant
comparison should be needed to heat the same sample
using these two pyrolysis techniques (Behar et al., 2003).
Here, we prefer to provide additional information to better
understand the transformations occurring in the coal
during artificial maturation in confined medium. As a
matter of fact, till now, only geochemical and molecular
analyses were performed to demonstrate that confined
pyrolysis satisfactorily duplicates the transformations of
organic matter during the natural coalification (Month-
ioux et al.,, 1985; Monthioux and Landais, 1989a,b).
Petrographic examinations were limited to vitrinite
reflectance measurements while the changes occurring
in the maceral composition and the relationship between
porosity/solid bitumen formation and gas generation
during confined pyrolysis have never been studied before.
In addition, most of experimental simulations using
confined pyrolysis were carried out on lignite and

immature coals (Michels and Landais, 1994; Behar and
Hatcher, 1995; Behar et al., 1995, 2003). Only some
studies dealing with Paleozoic coals or comparing thermal
behavior of coals different in age during confined
pyrolysis are reported in the literature (Landais et al.,
1989; 1991; Landais, 1991; Piedad-Sanchez et al., 2005).
This study deals with the characterization and the thermal
reactivity of three coals: a mature Cretaceous coal from
Sabinas Basin depleted in liptinite and whose both
petrographic and geochemical parameters indicate that
peak of oil generation has been reached during natural
coalification and two immature coals from Donets Basin
that lie at the beginning of oil window and have different
maceral compositions. This study is targeted at the
following objectives:

1. comparison of thermal behavior of one Cretaceous
coal from Sabinas—Piedras Negras (Mexico) and two
Carboniferous coals from Donets (Ukraine) during
artificial maturation,

2. changes in maceral composition with increasing
maturity in confined pyrolysis,

3. role plays by vitrinite on the generation of oil,
especially in the case of Carboniferous coals,

4. relationships between solid bitumen content/extract
yield and between porosity/gas yield.

Following a general characterization of starting
materials, coals were subjected to pyrolysis experiments
under confined conditions. Unextracted pyrolysates
were analyzed by optical microscopy whereas Rock-
Eval pyrolysis and elemental analysis were performed
on extracted raw samples and solid residues. The
amounts of bitumen and gas generated during confined
pyrolysis were measured. Saturates and aromatic
hydrocarbons were analyzed by gas chromatography-
mass spectrometry.

2. Geological settings and sampling
2.1. Sabinas—Piedras Negras Basin

The Sabinas Basin encompasses an area of about
37,000 km?. The Sabinas basin initially developed on
the margin of the North American craton during the
early Mesozoic opening of the Gulf of Mexico with a
preferential direction NW—SE (transtensional or exten-
sional phase), and then it folded during the Laramide
orogen (compressional phase) (Cserna, 1960; Longoria,
1984; Santamaria-Orozco, 1990). The most important
source rocks in this basin correspond to the following
formations: Olmos (Maastrichtian), Eagle Ford (Late
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Cretaceous), la Pefla (Early Cretaceous), la Virgen
(Early Cretaceous), and la Casita (Late Jurassic)
(Eguiluz de Antuiiano, 2001). A vitrinite-rich coal
from Olmos (Maastrichtian) of the Mimosa coal mine
was selected for this study.

2.2. Donets Basin (Donbas)

The Donets Basin is located in the south-eastern part of
Ukraine, extending into the territory of Russia. Geolog-
ically, the Donets Basin represents a large bending flexure
that covers an area of approximately 60,000 km? (Triplett
etal., 2000; Sachsenhofer et al., 2003). There are over 330
identified Carboniferous coal seams to a depth of 1800 m.
However, only a hundred seams are considered mineable
due to either thin seam thickness or depth constraints
(Privalov et al., 1998). Two vitrinite-rich coals from
Donets Basin were studied: 2c10YD from the Serpukho-
vian seams of the Yuzhno Donbasskaya #1 coal mine and
111Dim from the Moscovian seams of the Dimitrova coal
mine.

3. Methodology
3.1. Confined-system pyrolysis

Three coal samples from Donets (2 coals) and Sabinas
(1 coal) basins were selected for the experimental artificial
maturation. The starting materials are vitrinite-rich coals
with a reflectance of 0.92% for Sabinas coal and 0.55—
0.65% for Donets coals. Artificial maturation was
performed by confined-system pyrolysis on unextracted
coals. About 1 g of coal powdered and sieved (<250 pm)
was placed inside a gold cell (L=5 cm, i.d.=1 cm). The
loaded gold tubes were evacuated and purged with Ar
twice over to minimize the pre-exiting gas, and were then
welded under an Ar atmosphere. The sealed gold cells
were placed into the high-pressure autoclaves and
isothermally heated at 330, 360 and 400 °C for different
periods of times (1, 5 and 30 days) and under an external
hydrostatic pressure of 700 bars. Temperature was
controlled by an internal thermocouple in contact with
the gold cells (accuracy £1 °C). After the pyrolysis runs,
the gold cells were recovered and carefully cleaned, then
pierced and kept at ambient temperature for 2 h to measure
the weight loss.

3.2. Geochemical analysis of organic effluents
The raw and heated samples were extracted using a

Dionex ASE 200 instrument (Dionex, CA, USA) at
100 °C with dichloromethane as solvent following the

conditions: 5-min heat up time, 8-min static time, 60%
flush, 200 s purge with nitrogen and pressure 130 bars.
About 1 g of powdered sample (sieve <250 um) was
placed inside an 11 ml stainless steel extraction cell for
each raw coal. Heated coals were also powdered (sieve
<250 pum) before solvent extraction. Coals have the
ability to trap the bitumen generated during the natural
coalification (Littke and Leythaeuser, 1993). On the other
hand, in confined-system pyrolysis the coal network and
pore structures are altered by high temperatures, facilitat-
ing the solvent extraction of generated bitumen (Month-
ioux and Landais, 1987). Monthioux (1988)
recommended extracting several times natural coals
grounded to compare natural and artificial series. Two
coals, Olmos and 2c10YD, were extracted four times.
Each organic extract was recovered in a vial, concentrated
by evaporation under nitrogen using Turbo Vap 500 and
then weighted to calculate the cumulative extract yield.
The trends observed in Fig. 1 reveal that bitumen remains
trapped even if the coals are extracted four times.
However, a major part of extractable organic material
seems to be recovered after two successive extractions by
using a Dionex ASE 200 with dichloromethane as
solvent. 111Dim was extracted two times and the heated
samples one time according to the analytical procedure
described above.

The extractable fractions were deasphaltened with n-
heptane. The maltene fractions were then fractionated
into saturated and aromatic hydrocarbons, and resins by
means of liquid chromatography on alumina and silica
columns. These fractions were gently dried under
nitrogen and then weighted.

Saturated and aromatic hydrocarbons were analyzed
by gas chromatography-mass spectrometry. The gas
chromatograph was a Hewlett-Packard 5890 Series II

26

Donets Carboniferous coal
—e— Z2cl0YD

Sabinas Cretaceous coal
-w- Olmos

Cumulative extract yield (mg/g TOC)

1 2 3 4
Number of extraction
Fig. 1. Cumulative extract yield in mg/g TOC as a functifon of the

number of extraction for the unheated coals: 2¢10YD and Olmos from
Donets and Sabinas Basins, respectively.
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instrument equipped with a split/splitless injector (used
in the splitless mode) heated at 300 °C and a J & W DB-
5 capillary column (60 m=0.25 mm i.d.x0.1 pm film
thickness). The oven temperature was programmed as
follows: 70—130 °C at 15 °C/min, then at 3 °C/min to
315 °C and held at that temperature for 10 min. Helium
was used as the carrier gas at a constant flow of 1 ml/
min. The detector was a HP 5971 mass selective
detector with an ionizing voltage of 70 eV. It was
operated first in full scan mode and alternatively in
multiple ion monitoring mode for the detection of
biomarkers.

3.3. Petrographic and geochemical analysis of kerogen

Aliquots of unheated and heated coals were prepared
for petrographic analysis. Maceral and porosity analysis,
and mean random vitrinite reflectance measurements
were carried out with a MPV-Combi Leitz microscope.
On both unheated and heated coals. The new maceral
classifications for the vitrinite macerals (ICCP, 1998)
and the inertinite group (ICCP, 2001) were used in this
study. In addition, solid bitumen in the coals was also
counted following a similar procedure as for maceral
analysis, and its reflectivity was measured.

Raw and heated coals were analyzed using a Vinci
Rock-Eval 6 instrument at ISTO (Orléans, France) to
determine total organic carbon (TOC), T (°C) and
petroleum potential HI (mg HC/g TOC). The C, H, and
O contents were determined by using a CHNS-932 Leco
microanalyzer.

Flash pyrolysis of extracted raw coals was performed
with a CDS 2000 pyroprobe. Samples were loaded into
quartz tubes and heated at 620 °C for 15 s. The
characteristics of the GC were the same as described
above. After cryofocusing, the GC oven was temperature
programmed from 40 to 300 °C at 5 °C/min. As the
products eluted from the GC column, they were analyzed
by MS using a HP 5972 spectrometer.

4. Results and discussion
4.1. Starting materials

Table 1 shows that the three starting coals have a high
volatile bituminous rank with maturation levels increasing
in the order 2c10YD<111Dim<Olmos. Vitrinite reflec-
tance measurements indicate that the starting coal from
Sabinas basin (%R, =0.92) has reached the peak of oil
generation during the natural coalification whereas the
two Donets coals fall into the onset of the ‘oil window’
(Petersen, 2002). The maceral composition changes with

the maturity level of coal. The low liptinite content of
Sabinas coal compared to Donets coals can be accounted
by its higher rank (Table 1). With higher liptinite contents
(6—20% of the total volume), Carboniferous Donets coals
are expected to have better capabilities for generating
liquid hydrocarbons compared to Olmos.

Elemental data and vitrinite reflectance are coincidental
in assessing of ranks since both indicate that all samples are
high volatile bituminous coals (Alpern and Lemos de
Sousa, 2002). Moreover, the order of maturation based on
elemental analysis is similar to that given by reflectance
vitrinite measurements i.e. Olmos>111Dim>2c10YD.
The two Carboniferous coals from Donets Basin have
higher atomic H/C ratios, which is consistent with their
higher liptinite contents. Vitrinite is by far the most
abundant of macerals in coals (more than 59% of the total
volume). Its hydrogen content may be assumed to be
similar to that of the whole coal. A previous study showed
that vitrodetrinite and desmocollinite are the dominating
vitrinite macerals, and that sporinite and liptodetrinite are
the most abundant liptinite macerals in the two Carbonif-
erous Donets coals analyzed in this study (Sachsenhofer
et al., 2003).

Table 1

Geochemical and petrographic characterizations for two Carboniferous
coals from Donets Basin (111 Dim & 2¢10YD) and one Cretaceous coal
from Sabinas Basin (Olmos)

Basin Sabinas Donets

Coal mines Mimosa Dimitrova Yuzhno—
Donbasskaya
#1

Samples Olmos 111 Dim 2¢10 YD

Rock-Eval parameters

TOC (wt.%) 66 82 84

Tinax (°C) 454 438 430

HI (mg HC/g TOC) 167 256 275

OI (mg CO,/g TOC) 3 4 5

Elemental analysis

% C 67.42 80.4 67.42

% O 6.50 7.88 9.57

%H 4.33 5.29 433

H/C at. 0.77 0.79 0.80

O/C at. 0.07 0.07 0.09

Petrographic analysis

Vitrinite (vol.%) 84 80 59

Inertinite (vol.%) 8 7 12

Liptinite (vol.%) 0 6 20

Porosity (vol.%) 6 4 5

Pyrobitumen I (vol.%) 1 2 3

Pyrobitumen II (vol.%) 1 1 1.5

Vitrinite reflectance (%) 0.92 0.65 0.55
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Reviewing the hydrogen indices (HI, mg HC/g TOC),
the Carboniferous Donets coals have better abilities to
yield liquid hydrocarbons than the Cretaceous Sabinas
coal (Table 1). The hydrogen index is more important for
2¢10YD than for 111Dim, indicating that the former has a
better generative potential. Rock-Eval T, values also
show that the Sabinas coal is more mature than the Donets
coals. With a Ty, 0f460 °C, the Cretaceous Sabinas coal
has already generated massive amounts of bitumen during
the natural coalification, in agreement with the vitrinite
reflectance value (Espitalié et al., 1985). On the other
hand, 7T,,,., values of Carboniferous Donets coals indicate
that their oil generative capacity is intact.

Pyrolysis-gas chromatography analyses show that the
pyrolysates of the Sabinas and Donets coals have low
aliphatic and high aromatic contents (Fig. 2). However,
the abundance of aliphatic groups relative to aromatic is
higher for Carboniferous Donets coals than for Creta-
ceous Sabinas coal. The pyrolysis-GC chromatograms of
Carboniferous Donets coals show long-chain aliphatic
groups (>n-Cg), thus providing additional evidence of
their capability of generating non-volatile oils (Fig. 2).

4.2. Optic microscopy examination of unextracted solid
residues

4.2.1. Vitrinite reflectance and macerals composition

Table 2 shows that the reflectance of vitrinite increases
during thermal maturation in confined-system pyrolysis.
The maturity ranged from high volatile bituminous coal to
semi-anthracite, which corresponds to changes from early
mature oil stage to main zone of gas generation. Table 2
also reveals that the modifications in the structure of
artificially heated kerogen depend on both time and
temperature. The increase in vitrinite reflectance is more
pronounced for the sample 2c10YD, especially for 30 days
of experiments.

Thermal stability of maceral groups have been studied
both on natural and artificial series. In natural series the
degradation of vitrinite takes place earlier compare to
liptinite macerals (Price and Barker, 1985; Cook and
Struckmeyer, 1986; Murchison, 1987; Han et al., 1993).
Landais et al. (1991) showed that the peak of generation
occurs later (at ~375 °C) for exinite (liptinite) during
confined pyrolysis of individual macerals separated of
Carboniferous coal (Lorraine Basin, France). However, the
vitrinite is present whereas the proportion of liptinite is
often very low or nil at medium volatile bituminous rank
corresponding to vitrinite reflectance of 1.1-1.4% in a
suite of coals (Alpern and Lemos de Sousa, 2002; Izart
et al., 2006). As an example, the liptinite is absent in
Donets Basin coals having vitrinite reflectance values

higher than 1.0% (Sachsenhofer et al., 2003). Kinetic
models show that vitrinite has a broader range of activation
energies than liptinite, explaining the presence of the
former at high temperatures.

Our simulation on whole coals indicates that the
liptinite content is exhausted at 330 °C for 1 day, a time-
temperature condition for which the R, values are higher
than 1.0% (Table 3). Comparing to the raw sample, the
vitrinite content in 111Dim significantly decreases from
the beginning of heating treatment (i.e. 330 °C/1 day or
330 °C/5 days) and then does not show any significant
evolution with further thermal maturation (Table 3).
Changes in vitrinite content for 2c10YD are comparable
to those observed for 111Dim. The drop is however
much less pronounced at 330 °C for the former because
the original material is poorer in vitrinite. On the other
hand, the rate of evolution of vitrinite content is lower
for Sabinas Cretaceous coal, likely due to differences in
the structural chemistry and macerals composition of
vitrinite relative to Carboniferous Donets Basin coals.
The degradation of inertinite occurs later, consistent
with its highly condensed structure (Sun et al., 2003).
Variations in the macerals composition, and especially
decreasing in the vitrinite content, are associated with
changes in the porosity of the matrix and solid bitumen
content during artificial maturation as evidenced below.

4.2.2. Solid bitumen occurrence and alteration

In source rocks having reached high levels of
maturation, all macerals of the liptinites group become
increasingly difficult to observe because their original
structure is modified during the significant loss of mass
accompanying the generation of bitumen. The generated
bitumen is trapped in the fine porosity of coals. If any
expulsion occurs, it is then converted to gas and solid
bitumen under increasing thermal stress. The occurrence
of solid bitumen finely dispersed in the rock has been
noted in natural series (Behar et al., 1991; Huc et al.,
2000) and in a deep sample from the Mere Basin at
maturities as high as 1.3%R, (Erdmann, 1999).

In a confined-system pyrolysis, the bitumen is not
removed from the environment of generation, and its
subsequent degradation with increasing temperature is
accompanied by the production of solid bitumen and gas
(Behar et al., 1992; Hill et al., 2003). Schlepp et al.
(2001) showed that the production of solid bitumen
starts at 330 °C for 72 h and then increases up to a
maximum value with temperature. The formation of
solid macromolecular material likely results of recom-
bination reactions of first formed high molecular weight
compounds during artificial maturation in closed system
(Erdmann and Horsfield, 2006). Behar et al. (1992)
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Fig. 2. Pyrolysis-GC chromatograms of unheated Carboniferous (111 Dim & 2¢10YD) and Cretaceous (Olmos) coals from Donets and Sabinas

Basins, respectively. The numbers refer to the chain length of aliphatic groups.
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Table 2

Evolution of vitrinite reflectance values for the two Carboniferous
coals from Donets Basin (111 Dim & 2¢10YD) and the Cretaceous coal
from Sabinas Basin (Olmos) with time/temperature conditions during
artificial maturation in confined medium

T Time Olmos 111 Dim 2¢10 YD
°C) (day) %R,

330 1 1.05 1.07 1.09
360 1 1.37 1.56 1.65
400 1 2.13 2.11 2.16
330 5 1.20 1.44 1.49
360 5 1.87 1.94 2.07
400 5 2.24 2.30 2.23
330 30 1.59 1.90 1.98
360 30 2.27 2.28 2.51
400 30 2.65 2.57 2.78

showed that the amount of solid bitumen formed during
artificial maturation in closed-systems is lower for type
I kerogen than for type II kerogen.

Fig. 3 shows two groups of solid bitumen (they are
distinct by their reflectance and their morphology), which
likely correspond to distinct phases of occurrence. The first
generated solid bitumens (group I) display the highest
reflectance values (>2.8%). They are degraded with
increasing maturity, for producing not only gas but also
more mature solid bitumens (group II) whose reflectance
values range between 1.8 and 2.5%. The proportions of

Table 3

solid bitumen groups (I and II) are shown in Table 3 and
Fig. 4. Solid residues in Sabinas and Donets coals are richer
in group I than in group II. The amounts of both solid
bitumens I and II are very low at the ultimate maturity
stages.

In addition, the content of first generated solid
bitumens (group 1) shows two peaks during thermal
maturation in confined system, especially in the case of
Donets Carboniferous coals (Fig. 4). The first occurs at
maturity levels ranging between 1.0 and 1.5%R,. whereas
the second is observed around 2.0%R,. It is probable that
the mechanisms involved in the generation of first solid
bitumens are different during confined pyrolysis of
Donets coals (Figs. 3B and 4). The thermal cracking of
recombination residues is postulated to occur at vitrinite
reflectance higher than 2.0% (Erdmann and Horsfield,
2006). The relative abundance of solid bitumens drops
with increasing maturity levels, suggesting that they crack
to contribute to the generation of gaseous hydrocarbons
(Erdmann and Horsfield, 2006). Their shape progressive-
ly becomes more irregular and porous with increasing
temperatures (Fig. 3).

The petrological examination also indicates that the
amount of solid bitumen formed during confined pyrolysis
strongly depends on the liptinite content and maturity level
of starting coals (Fig. 4, Table 1). The solid bitumen is a
thermal degradation product of bitumen yielded by H-rich

Trends in the vitrinite, inertinite, liptinite, solid bitumen and porosity contents (vol.%), and in the vitrinite reflectance (%) for the Carboniferous coals
from Donets Basin (111 Dim & 2¢10YD) and the Cretaceous coal from Sabinas Basin (Olmos) with time/temperature conditions during artificial

maturation in confined medium

Basin Sample Temperature  Time  Solid bitumen I~ Solid bitumen IT ~ Vitrinite  Inertinite  Liptinite  Porosity SUM R,
(°C) (day)  (vol.%) (%)
Sabinas  Olmos 330 1 2 6.4 75.6 7.2 0 8.8 100 1.05
330 5 1.6 6 69.6 5.6 0 17.2 100 1.20
360 1 1.2 5.2 58.8 52 0 29.6 100 1.37
400 1 0.8 3.6 59.6 5.2 0 30.8 100 2.13
400 5 0.4 2 56.8 5.6 0 352 100 2.24
360 30 0.4 1.6 59.6 52 0 332 100 2.27
Donets  111Dim 330 1 2.4 9.6 58 6.4 2.8 20.8 100 1.07
330 5 3.6 10.8 54.4 7.6 0 23.6 100 1.44
360 1 2.4 7.6 54 7.2 0 28.8 100 1.56
360 5 1.2 3.6 59.2 44 0 31.6 100 1.94
400 1 0.8 5.6 55.2 4.8 0 33.6 100 2.11
360 30 0.4 2 56 4 0 37.6 100 2.28
400 5 0 3.2 56.8 5.6 0 344 100 2.30
2¢10YD 330 1 4 8.4 48.4 6.8 4 28.4 100 1.09
360 1 1.2 3.6 51.2 10 0 34 100 1.65
360 5 0.4 24 52.8 6.8 0 37.6 100 2.07
400 5 0.8 2.8 49.4 4.6 0 42.4 100 2.23
360 30 0 1.2 49.6 3.6 0 45.6 100 2.51
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Fig. 3. Maceral analysis of 111Dim from Donets Basin unheated and artificially maturated in confined pyrolysis. A) Raw coal (R,=0.65%), B) 330 °C
for 1 day (R,=1.07%), C) 330 °C for 5 days (R,=1.44%), D) 360 °C for 1 day (R,=1.56%), E) 360 °C for 5 day (R,=1.94%), F) 400 °C for 1 day

(R=2.11%), G) 360 °C for 30 days (R,=2.28%), and H) 400 °C for 5 days (R,=2.30%). (R,: random reflectance, picture width of 130 mm along the
long axis).

macerals (mainly liptinites) during the bituminous stage (at coalification jump in the liptinites and vitrinites, initiating
the lower limit of the oil window with a vitrinite reflectance the liptinite transformation with oil generation (Stach et al.,
of about 0.5-0.6%). This corresponds to the first 1982; Taylor et al., 1998). As expected, the amounts of
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Fig. 4. Evolution of pyrobitumen contents (vol.%) during thermal
maturation in confined medium for two Carboniferous coals (111 Dim
& 2¢10YD) from Donets Basin and one Cretaceous coal from Sabinas
Basin (Olmos).

solid bitumen are higher in liptinite-rich Donets coals than
in Sabinas coal (Table 3, Figs. 3 and 4).

4.2.3. Porosity evolution

Fig. 5 shows the evolution of the porosity vs. R, values
in raw samples and solid residues after pyrolysis for
Sabinas and Donets coals. The porosity increases from
bituminous to anthracite stages. Its increase is slow with
respect to that of starting material at the first stages of
pyrolysis (330-360 °C) on account of the generation of
both gas and liquid hydrocarbons. At the ultimate stage of
thermal maturation (400 °C), the rapid increase of R, and
the development of a highly porous structure in the kerogen
are the most significant features. In this study, the porosity
reaches a maximum for the 360 °C—30 days pair, where the
pores are completely round and often stuck together
(Fig. 5). A massive production of gas is expected to occur

50
Donets Carboniferous coals
- 2c10YD
40 + & 111Dim
Sabinas Cretaceous coal
ES v Olmos
= 30 F 4
2
=
8 20t
o
o
10t 1
0 L L L " .
0.0 0.5 1.0 15 2.0 25 3.0

Vitrinite Reflectance (%)

Fig. 5. Evolution of the porosity (vol.%) during artificial maturation in
confined pyrolysis for two Carboniferous coals from Donets Basin (111
Dim & 2¢10YD) and one Cretaceous coal from Sabinas Basin (Olmos).

due to secondary cracking of hydrocarbons and primary
cracking of kerogen itself at this maturity level (Behar et al.,
1995). It is important to keep in mind that the pore size is
smaller in Sabinas coal than in Donets coal samples
(Fig. 5).

The optical microscopy observations also show
major changes in textural and microtextural properties
associated with the corresponding structural modifica-
tions undergone by the coal samples during thermal
stress. At the last stages of pyrolysis (i.e. 400 °C), the
vitrinite matrix develops a texture of fine mosaic, which
can be explained by the cracking of bitumen occupying
the microporosity. One can observe that the develop-
ment of the significant network of large vacuoles in the
kerogen coincides with the increase of the pore volume.

4.3. Rock-Eval pyrolysis of extracted solid residues

In the plot %R, vs. Thmax in Fig. 6, the shaded zone
shows the natural trend as proposed by Espitalié et al.
(1985). Fig. 6 reveals that the 7,,,x values increase
linearly with increasing vitrinite reflectance for Donets
and Sabinas coals (Teichmiiller and Durand, 1983;
Espitali¢ et al., 1985). Fig. 6 also shows that the artificial
maturation paths of our three coal samples point out
similar trends to the natural evolution of the type III
kerogen reported by Espitali¢ et al. (1985).

Fig. 7 shows the variations of HI (mg HC/g TOC) vs.
Tmax for the three coals. The horizontal dashed lines
represent the three-fold classification of kerogen
according to Peters et al. (2005): (i) oil prone
(HI>300 mg HC/g TOC) (ii) gas and oil prone (HI of
200-300 mg HC/g TOC), and (iii) gas prone (HI of 50—
200 mg HC/g TOC). Samples from Donets basins can be
classified as oil- and gas-prone coals and the Sabinas

Donets Carboniferous coals
® 2c10YD 7
m  111Dim 5 TS
. Sabinas Cretaceous coal .v
g v Olmos ’. ®
3 v 4
I—E 500 v. -
asol - T e
.
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Vitrinite Reflectance (%)

Fig. 6. Vitrinite reflectance (%) vs. Thax (°C) for the two Carboniferous
coals (111 Dim & 2¢10YD) from Donets Basin and the Cretaceous coal
(Olmos) from Sabinas Basin during artificial maturation confined
pyrolysis. Shaded field represents the natural coalification pathway as
reported by Espitali¢ et al. (1985).
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Fig. 7. Hydrogen index (HI, mg HC/g TOC) vs. Tyax (°C) for the two
Carboniferous coals (111 Dim & 2¢10YD) from Donets Basin and the
Cretaceous coal (Olmos) from Sabinas Basin during artificial
maturation confined pyrolysis. Shaded field represents the natural
coalification pathway as reported by Espitali¢ et al. (1985).

sample as a gas-prone coal. Donets coals lost a massive
part of their initial petroleum potentialities from the
beginning of experimental maturation. Sabinas coal
differs mainly by a lower decrease in its hydrogen index.
A clear correlation between HI and T,,,« can be
observed for the three coals despite a large variability
of their maceral composition. The plot HI vs. T«
shows that the artificial maturation pathways of three
coals are inside the envelope of natural coalification of
type III kerogen (Espitali¢ et al., 1985).

4.4. Solvent-extractable organic matter

4.4.1. Yields and compositions

The organic extract yields show typical trends to
those observed during artificial maturation of coals: an
increase up to a maximum value followed by a decline
(Fig. 8). The ‘oil window’ occurs between R, ~1.0%
and ~2.0% for both Cretaceous Sabinas and Carbon-
iferous Donets coals (Fig. 8). As expected from maceral
analysis, the liptinite-rich Donets coals yields more
organic extract than Cretaceous Sabinas coal during the
heating treatment (Fig. 8). However, the liptinite content
cannot explain all. Indeed, although containing less
liptinite, 111Dim generates more extractable organic
material than 2¢10YD (216 mg/g TOC compared to
189 mg/g TOC) at R. ~1.6. As a comparison, the
sample no. 32362 (Monthioux et al., 1985) from
Tertiary Mahakam coals (Indonesia) that have been
associated with oilfields (Burrus et al., 1992; Peters
et al., 2000), yielded 233 mg of organic extract per gram
TOC when it was artificially heated and extracted by
using a Dionex ASE 200 extractor (Li et al., 2002).
Although its liptinite content is nil, the Cretaceous
Sabinas coal also yields organic extract during artificial

maturation. Thus, these results indicate that, in addition
to liptinite, vitrinite can play a role in the generation of
bitumen during confined pyrolysis of the whole coal.
The most important point is that the two Carboniferous
Donets coals (111 Dim and 2¢10YD) analyzed in this
study can be considered as sources for oil.

Table 4 shows that the chemical composition of
bitumen recovered from raw coals is dominated by
resins and asphaltenes (more than 70 wt.%). Their
proportion progressively decreases whereas that of
hydrocarbons increases with increasing temperature.
Despite the absence of liptinite, the Cretaceous Sabinas
coal also generates hydrocarbons during thermal
maturation. As expected from elemental and Rock-
Eval analyses, the Carboniferous Donets coals yield
more hydrocarbons than the Cretaceous Sabinas coals.

4.4.2. Saturated hydrocarbons

For the most immature coals, the GC-MS fingerprints
of saturated hydrocarbons are dominated by high
molecular weight n-alkanes that typify terrestrial inputs.
A typical evolution of n-alkanes distribution during
thermal maturation in a closed pyrolysis system is
exemplified by sample 2c10YD for one day heating
experiment (Fig. 9). It shows that it is progressively shifted
toward low molecular compounds with increasing tem-
perature. Kinetic studies indicate that n-alkanes derived
mainly from thermal cracking of kerogen in a temperatures
range corresponding to the zone of bitumen production;
the heavy compounds being generated much faster than
low molecular weight n-alkanes from type III kerogen
(Behar et al., 1997b). However, in our case, heating
experiments at temperatures below 330 °C are needed to
better evaluate the contribution of kerogen in the n-alkanes
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Fig. 8. Evolution of extractable organic material yields (mg/g TOC) vs.
vitrinite reflectance (%) for the Cretaceous coal (Olmos) from Sabinas
Basin and the Carboniferous coals (2c10YD and 111Dim) from Donets
Basin during confined pyrolysis.
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Table 4

Evolution of (i) the yields of aliphatics, aromatics and polars, (ii) molecular parameters C7_jo/total (A), C5o_»4/total (B), C,5_34/total (C), Pr/C;g and
Pr/Ph calculated from the n-alkanes distribution (m/z 57), and (iii) MPI-1 values calculated from the phenanthrenes distribution (m/z 178; 192) for the
Carboniferous Donets coals (111 Dim & 2c10YD) and the Cretaceous Sabinas coal (Olmos) with time/temperature conditions during thermal

maturation in confined medium

Basin  Sample Temperature Time Aliphatics Aromatics Polars C;_jo/total Cyo_a4/total Cys_34/total Pr/ P/ MPI-1
(A) (B) ©) Cl18 Ph

(°C) (day) (mg/g TOC) (%)

Sabinas Olmos  Raw 0.6 4.7 19.4
330 1 3.8 10.4 412 21.79 37.71 40.50 0.55 3.18 1.04
330 5 5.8 17.1 37.7 25.05 40.51 344 028 273 1.11
330 30 8.2 21.0 34.1 2881 41.55 29.6 0.19 1.60 1.23
360 1 6.1 24.4 113.1  20.01 36.42 34.6 0.14 381 1.16
360 5 9.2 22.6 44.8 31.16 40.95 27.9 0.13 1.62 1.33
360 30 54 9.8 14.0 45.80 40.32 13.87 0.02 nd. 133
400 1 22 7.1 8.3 38.42 41.99 19.58 0.03 0.71 1.53

Donets 111Dim Raw 0.62 3.90 16 20.97 35.11 43.92 0.75 475 033
330 1 3.85 31.79 49.7 18.79 39.66 41.55 0.41 3.59 042
330 5 5.83 32.59 52.61 21.31 39.97 38.73 0.23 2.77 0.51
330 30 8.21 31.47 41.63 24.87 40.73 34.40 0.19 1.54 0.74
360 1 6.05 39.92 143.22 23.62 39.33 37.06 0.14 390 0.55
360 5 9.21 50.64 84.01 26.54 40.62 32.84 0.17 1.85 0.88
360 30 5.40 12.79 15.37 43.85 40.89 15.26 n.d. nd. 099
400 1 2.17 20.53 39.33 35.24 41.88 22.88 0.04 1.08 0.83

2c10YD Raw 0.73 3.81 19.93 n.d. 23.6 66.7 0.9 52 03

330 1 3.39 22.70 68.01 17.5 34.6 48.0 0.5 37 04
330 5 4.06 29.44 60.76 20.3 37.2 42.6 0.3 27 05
330 30 441 29.60 40.66 23.4 37.8 38.8 0.3 1.9 08
360 1 10.17 53.22 153.18 23.1 35.1 41.8 0.2 45 05
360 5 11.48 43.80 78.25 25.5 39.2 352 0.1 37 08
360 30 6.75 13.49 17.88 42.6 41.4 16.0 0.0 nd. 0.9
400 1 1.04 10.28 15.38 349 432 21.9 0.0 0.8 0.8

generation. For higher temperatures, there is an overlap
between the generation from macromolecular materials
and the cracking of formed heavy n-alkanes. Fig. 9
suggests that it occurs between 330 and 360 °C for one day
of experimentation in confined pyrolysis. At high pressure,
as used in this study (700 bars), the thermal decomposition
of Cy 5+ hydrocarbons occurs in liquid phase. Experimental
results show that low molecular weight alkanes are the
main products formed during liquid-phase thermal
decomposition of hexadecane, eventhough high molecular
weight alkanes were also found (Ford, 1986). At an
elevated temperature the hydrocarbons-generative poten-
tial of kerogen is totally depleted and the cracking of n-
alkanes becomes the predominant mechanism responsible
for a major enrichment in light compounds. This is verified
by the m/z 57 mass chromatogram at 400 °C for one day
heating in Fig. 9.

Changes in the n-alkanes fingerprints can be visualized
by calculating their relative abundances in the C;7_o,
Cs0_24 and C,s_34 ranges. The percentages drastically
change at 330 °C for 30 days: the relative abundance of n-
alkanes in the C,s_34 range declines whereas that of the
Ci7_19 range increases (Table 4). Variations with

increasing temperatures are steadier for one and five
days. Reviewing the data in Table 4, it is apparent that the
displacement of the hydrocarbons distribution toward low
molecular weight compounds occurs more intensively for
Olmos followed by 111Dim and 2c10YD. Maturity
indicators can be calculated from the n-alkane finger-
prints. Amongst them, the Carbon Preference Index
[CPI=0.5 x Zn Cops1 X (I/Zn Gy, + I/Zn C2n+2)
where n=12 to 16] allows us to follow the evolution of
the odd predominance of n-alkanes in the C,4 35 range
with maturation. CPI in the C,4_35 hydrocarbons range is
high in immature coals, reflecting the contribution of wax-
derived n-alkanes to the bitumen present at the end of
diagenesis. With maturity it steadily decreases for
approaching values closed to one within the oil generation
window for type III kerogen, indicating a progressive
disappearance of the odd predominance. Calculations
carried out for the three starting coals reveal that the n-
alkanes have almost lost their odd predominance during
the natural coalification (CPI1<1.3), thus CPI has a limited
applicability in this study. The relative abundance of
pristane (Pr) to phytane (Ph), two isoprenoids having
several organic precursors (Blumer et al., 1963; Goossens
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Fig. 9. Changes in the n-alkanes distribution (m/z 57) for the Carboniferous coal (2c10YD) from Donets Basin with temperature for 1 day during

confined pyrolysis.

et al.,, 1984; Rowland, 1990; Navale, 1994), is also
commonly used as maturity parameter. It has been
demonstrated that the Pr/Ph ratio first increases up to
around 300—-350 °C, but then decreases at higher levels of

maturity during confined pyrolysis of a lignite from
Mahakam delta (Monthioux and Landais, 1989a; Piedad-
Sanchez et al., 2005). Koopmans et al. (1999) experi-
mentally demonstrated that the rising results from higher



98 D. Alsaab et al. / International Journal of Coal Geology 71 (2007) 85-102

amounts of precursors for Pr compared to Ph rather than
different timings of generation. Radke et al. (1980)
interpreted the drop as a result of a major change in
involved reaction types i.e. a shift from predominantly
generation to predominantly degradation reactions as the
coal rank increases. Table 4 shows that the Sabinas coal is
more mature than Donets coals, consistent with the
vitrinite reflectance values and Rock-Eval parameters.
The Pr/Ph ratios drop in the artificially maturated coals
compared to starting materials, probably due to a
preferential degradation of pristane relative to phytane
at the time-temperature pairs selected in this study (Radke
et al., 1980). The Pr/Ph ratio remains lower for Sabinas
coal than Donets coals at 330 °C — 1 day. On the other
hand, no significant difference can be noticed at higher
temperatures and experiment duration between the three
coals. No differences are also observed regarding trends
and values of Ph/C;g ratios with the time-temperature
conditions (Table 4).

4.4.3. Aromatic hydrocarbons

Phenanthrene (P) and methyl-phenanthrenes (1, 2, 3
and 9-MP) were identified (m/z 178 and 192, respec-
tively) from aromatic hydrocarbons then integrated
to calculate the MPI-1 (MPI-1=1.5x(2-MP+3-MP)/
(P+1-MP+9-MP). The development of this index was
based on the assumption that the stables isomers (2 and 3
methyl-phenanthrenes) are derived not only from 1 and
9-methyl-phenanthrenes by rearrangement, but also
phenanthrene through methylation reactions. The MPI-1
increases then declines from vitrinite reflectance of 1.3%
in a suite of coals (Radke et al., 1986). However, the
vitrinite reflectance value at which the reversal is observed
depends on the heating rate. Studying igneous intrusions,
Raymond and Murchison (1992) showed that the
applicability of MPI-1 can be extended up to vitrinite
reflectance of ~2.00% for rapidly heated coals. The
calculated MPI-1 values confirm the higher rank of
original Sabinas coal compared to Donets coals. MPI-1
displays a relatively strong correlation with vitrinite
reflectance during thermal stress in confined pyrolysis for
all the studied coals up to the reversal. It is attained at
vitrinite reflectance approximately 0.5% lower for the
Sabinas coal (Fig. 10). Our result reveals that the
applicability of MPI-1 can be extended up to 2.5% for
Carboniferous coals heated in confined system. The
reversed trend in MPI-1 may be interpreted as a result of
change in the predominating reactions from methylation
and rearrangement to demethylation (Radke et al., 1982).
The shift toward higher values of vitrinite reflectance for
Donets coals is probably due to difference in the chemical
composition and macromolecular structure because the
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Fig. 10. Evolution of the MPI-1 vs. vitrinite reflectance (%R,) for the
Cretaceous coal (Olmos) from Sabinas Basin and the two Carbonif-
erous coals (2¢10YD and 111Dim) from Donets Basin during confined
pyrolysis.

coal-forming plants changed significantly from Carbon-
iferous to Cretaceous. This difference in the chemical
composition of coals may explain why the MPI-1 values
are always lower for the Carboniferous Donets coals and
never exceed 1.5, even at the ultimate stage of thermal
stress in confined medium. As a comparison, Piedad-
Sanchez et al. (2005) obtained a maximum MPI-1 value
of 1.2 during confined pyrolysis of the Carboniferous
Asturian coal.

4.5. Weight loss

Gas yield is one of the most important parameters
monitored during the artificial maturation experiments
conducted on coals. These gases include methane and
other light hydrocarbons, as well as CO, and H,O.
Gaseous hydrocarbons originate from cracking of
kerogen, liquid organic effluents and solid bitumen in
the reacting medium during heating experiments in a
closed system (Erdmann and Horsfield, 2006). The ther-
mal cracking of type 1l kerogen is mainly responsible for
a massive production of gaseous hydrocarbons. Methane
is mainly generated at high temperatures due to desalk-
ylation reactions of coals during confined pyrolysis
(Behar et al., 1995). A detailed analysis of the gas phase
in our samples is in progress. Below we describe results
for bulk gas evolution in Donets and Sabinas coals.

A common trend in the gas yields is observed for the
three coal samples i.e. a steadily increase with increasing
maturity (Fig. 11). However, the Donets coals generated
significantly more gas than the Sabinas coal with in-
creasing maturity. As a consequence, the matrix of
Carboniferous Donets kerogens is more intensively
affected by high temperatures than that of Cretaceous
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Fig. 11. Gas weight loss (mg/g of coal) vs. vitrinite reflectance (%R,)
for the Cretaceous coal (Olmos) from Sabinas Basin and the two
Carboniferous coals (2c10YD and 111Dim) from Donets Basin during
confined pyrolysis.

Sabinas kerogen (Fig. 5). Compared to the matrix ker-
ogen, the bitumen contributes at a much less extent to the
gas generation during thermal maturation of type III
kerogen in a closed pyrolysis system. However, it is
transformed in solid bitumen which degrades to give gas
at very high temperatures (Erdmann and Horsfield,
2006). The more gas-prone nature of Donets during
thermal maturation in confined pyrolysis, compared to
Sabinas coal, may be explained by the more intense
alteration of matrix kerogen combined with the higher
generation of organic extract and solid bitumen in the
former. This is consistent with field data (Triplett et al.,
2000; Eguiluz de Antufiano, 2001).

5. Conclusion

General characterization of starting coals based on
both optical microscopy and Rock-Eval pyrolysis has
revealed that the Sabinas coal lies around the peak of oil
generation while the Donets coals fall at the beginning
of ‘oil window’. Sabinas coal has a low petroleum
potential and is depleted in liptinite. Contrary, elemental
analysis shows that the Carboniferous coals from
Donets Basin are hydrogen-rich coals containing 6—
20 vol.% of liptinite with hydrogen indices higher than
250 mg HC/g TOC. Pyrolysis-GC chromatograms evi-
dence that the two Carboniferous coals from Donets
Basin selected in this study can generate non-volatile
oils under further maturation.

The confined-system pyrolysis was used to estimate
the generative potential for oil of Cretaceous coal
(Olmos) from Sabinas Basin and Carboniferous coals
(111 Dim & 2¢10YD) from Donets Basin. Petrographic
analyses evidence that the coals range from high volatile

bituminous rank to semi-anthracite or anthracite (%
R,=2.5-3) with increasing temperature during confined
pyrolysis. As in geological medium, liptinite is com-
pletely exhausted at a maturity stage corresponding to
vitrinite reflectance values higher than 1.0%. A strong
correlation is observed between Rock-Eval parameters
and vitrinite reflectance during thermal maturation in
confined-system pyrolysis. Plots Tj.x vs. %R, and HI
vs. %R, show that the artificial maturation paths for the
three coal samples point out similar trends to the natural
evolution of the type Il kerogen. Here, it is found that the
changes in the physical and chemical properties of coals
induced by heating experiments under confining satis-
factorily reproduce the natural transformations of type I1I
kerogen.

Data also show that Olmos (Cretaceous coal) yields
little amounts of bitumen when artificially maturated in
confined pyrolysis because it has already lost a major
part of its petroleum potential during natural coalifica-
tion. The selected Carboniferous coals (111 Dim &
2c¢10YD) from Donets coals generate more bitumen than
the Cretaceous Sabinas coal, which is in line with the
presence of liptinite in the former. As a comparison, the
two Carboniferous coals from Donets Basin yield
amounts of bitumen comparable to Tertiary Mahakam
coals, which have been associated with oilfields. What-
ever the studied coals in the present work, the ‘oil
window’ occurs between 1.0%R, and 2.0%R, during
confined pyrolysis. Cretaceous coal from Sabinas Basin
can also generate hydrocarbons under further matura-
tion. As expected, the two Carboniferous coals from
Donets Basin (111 Dim & 2c10YD) produce more
hydrocarbons that Cretaceous Sabinas coal (Olmos).
Hydrocarbons are dominated by aromatics in the
pyrolyzates yielded by the three coals artificially mat-
urated in confined pyrolysis.

Increasing thermal stress induces the cracking of
bitumen (secondary cracking) to form low molecular
weight compounds and solid bitumen (solid bitumen).
The solid bitumen content increases soon the first stage
of thermal maturation, suggesting an overlap of primary
and secondary cracking during confined pyrolysis of
coals. A correlation can be observed between the solid
bitumen content and the amounts of generated bitumen.
The proportion of solid bitumen decreases in the order
111Dim>2¢10YD>Olmos.

The hydrocarbons occupied the porosity of coals
since they are not removed from the environment of
generation in a confined medium only because no water
is used to separate oil from source rock. At elevated
temperature, one of the reasons explaining changes in
porosity during pyrolysis might be linked to the



100 D. Alsaab et al. / International Journal of Coal Geology 71 (2007) 85-102

formation of volatile decomposition products. Gas
generated at the ultimate stage of thermal maturation
probably induces a growth of the pores. Our results
show a correlation between the porosity and the gas
yields: Carboniferous Donets coals producing more gas
have a higher porosity than Cretaceous Sabinas coal.
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