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Abstract The thermal methods, including TG and DSC

techniques, were implemented to determine the composi-

tion of the fine-grained rocks with dispersed organic mat-

ter. The analyses were carried out in inert and oxidising

atmosphere. The analysed samples represented Palaeozoic

siltstones, shales, claystones and mudstones from Baltic

Basin, Lublin Basin and Upper Silesian Coal Basin

(Poland). There was detected the presence of some min-

erals as: clay minerals, muscovite, quartz, calcite, dolomite

and pyrite. A comparison of the reactions occurring in an

oxidising and inert atmosphere can give a solution to the

problem of some effects overlapping, such as distinguish-

ing pyrite decomposition from organic matter combustion.

The analysis of DSC curves of heated rocks under oxida-

tive atmosphere allows to determine the temperature

regions of the organic matter combustion and to conclude

on its maturity level. There was also found a strong cor-

relation between the mass loss resulted from organic matter

combustion, and the mass loss as a result of pyrolysis.

Keywords Thermal analysis � Shale � Organic matter �
Pyrolysis

Introduction

The aim of the study was to determine the composition of

the fine-grained rocks with dispersed organic matter, using

thermal methods, including differential scanning

calorimetry (DSC). In the examinations of shale rocks,

including gas shales, for determining their productivity, the

type of kerogen, and its level of thermal maturity, is of

primary importance. Organic matter content in shales or

silty shales is an indicator of potential hydrocarbon source

rocks. Gas shale contains predominantly Type II kerogen,

as opposed to coal and coal bed methane reservoirs, which

contain mostly Type III. Kerogen is the main source of

TOC in the rock; hence, they are usually correlated.

The thermal methods, including TG, DSC and DTA

techniques, are implemented in evaluation of fossil fuels:

lignites [1], coal [2, 3] and oil shales [4–6], etc. Rajeshwar

[7, 8] stated the applicability of DSC method to measure-

ment of oil shale combustion enthalpies.

Organic matter in sedimentary rocks is usually present

in two different forms: finely disseminated macromolecular

material (kerogen, insoluble in usual organic solvents), and

free hydrocarbons (bitumen, soluble in usual organic sol-

vents) [9]. In the case of rocks of a lower organic matter

content, interpretation of the results of thermal analysis

encounters certain difficulties, due to the complex mineral

composition [10, 11]. The presence of organic matter in

rocks containing clay minerals (due to their sorptive

properties) shifts the characteristic peaks temperature range

for the various types of minerals. Therefore, there were

conducted comparative studies [12] on artificial mixtures

of liquid and solid organic substances with various clay

minerals. The most frequent and difficult problem identi-

fied by Paulik et al. [13] is that the individual mineral

components decompose closely after one another. In this
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case, it is very helpful to implement an analyser of gases

released as a consequence of the reactions. To avoid the

problem of overlapping thermal effects, the thermal anal-

ysis experiments were also conducted on kerogen extracted

from the studied rocks; regarding kerogen as a geochemical

marker of the thermal history of rocks [11, 14].

Samples and methods

The analysed samples represent Silurian siltstones and

shales (gas shale), as well as Upper Carboniferous clay-

stones and mudstones, containing dispersed organic matter

(Table 1).

Because of the complex mineral composition of the

analysed rocks, there were performed microscopic exami-

nations in transmitted light, and the XRD analysis of the

phase composition.

For XRD analysis, the rock samples were ground in

McCroneMicronisingMill to the granularity of less than

5 mm and were homogenised by micronising in a vibration

mill and then pressed into the cells of depth of 2 mm. XRD

measurements were carried out with use of powder

diffractometer Bruke-AXS Advance D8 (Germany) of 2h/h
geometry, equipped with linear semiconductor detector

LynxEye and energy-dispersive detector SOL-XE. Mea-

surement conditions: radiation CoKa/Fe filter, voltage

40 kV, current 40 mA, step of 0.014 2h, step time 1.25 s

(the sum of five measurements with a step of 0.25 s) and

digital processing of the resulting data. For the measure-

ment and calculation, there was used software of

BrukerDiffracSuite.

For qualitative assessment, the diffraction database

PDF-2, version 2011 (International Data Centre for

Diffraction, Pennsylvania, USA) was used. For semi-

quantitative analysis Bruker Topas version 4.2 software

was implemented. Quantification is based on a Rietveld

method of structural analysis of the powder diffraction

data and consists in modelling diffraction spectrum using

the known structural data (lattice parameters, the posi-

tions of atoms in the structure, space group, etc.) for each

of the minerals and the subsequent comparison of the

measured diffraction pattern using multivariate regres-

sion. The deviation between measured and calculated

from the crystal structure record is treated as measure-

ment error. Input structural data were taken from Bruk-

erDiffracPlus Topas structure database.

In XRD analysis of rock samples, the internal standard

(ZnO, cca 10%) was used. Quantitative analysis is possible

by comparing the integral intensity of the reflections of

individual minerals in the sample to the intensity of the

standard (ZnO) reflex. To determine the amount of amor-

phic components (including organic matter), the sum of

crystalline components was substracted from 100%. The

example of XRD spectrum is shown in Fig. 1.

Total organic carbon content in the samples (TOC),

which is generally regarded as an indicator of kerogen and

bitumen amounts in the rock, was determined with use of

the Rock–Eval pyrolysis method.

The essential part of the study was the analysis of

mineral composition and organic matter content in the

examined rocks, performed with use of thermal methods

(TG/DSC). The experiments were performed with

NETZSCH STA 449 F3 Jupiter� equipment. The mea-

surement heating rate was 10 K min-1. The analysis of

the rock samples was carried out over the temperature

range of 40–1000 �C, in the oxidising atmosphere

(synthetic air) or under inert gas (nitrogen), with gas

flow rate of 50 mL min-1. The samples were powdered

and put into the alumina (Al2O3) crucible in amount of

about 20 mg. Before the analysis, the instrument was

calibrated using six temperature standards from 156 �C
(indium) to 1064 �C (gold).

Results and discussion

Curves interpretation

As a result of performed analysis, there were obtained

several curves (TG, DTG and DSC) for each sample,

separately for oxidising (synthetic air) and inert (N2)

atmosphere.

The thermally active minerals, detectable in the anal-

ysed samples, are: clay minerals, muscovite, quartz, cal-

cite, dolomite and pyrite. In the oxidising atmosphere, the

intensive exothermic peak reflects organic matter com-

bustion, whereas in inert atmosphere the weak endothermic

peak is attributed to pyrolysis of the organic matter. The

example of the curves interpretation is shown in Fig. 2

(sample 8). All of the determined reactions in examined

samples are synthetically listed in Table 2. The tempera-

tures of the thermal effect beginning and the end were

determined as onset and endset on the DTG curves,

whereas Tmax—on DSC curves. The notes with two values

in brackets (e.g. 388–/453, 481/–550) mean that the ther-

mal effect has two points of maximal temperature, as in the

example of sample 1 (Fig. 2).

In the first segment of DSC curves (up to approx.

300 �C) for each of the samples, the dehydration of clay

minerals is shown by an endothermic peak, regardless gas

atmosphere of the analysis. The term ‘‘clay minerals’’ in

this case usually refers to kaolinite, but in some cases,

when chlorites and micas (muscovite) are very fine-grained

and dispersed in the rock, these minerals can also be

manifested in dehydration segment of the curves. Usually
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Table 1 Stratigraphical position and mineral composition of the examined samples

Sample Stratigraphical position Region Mineral content (XRD)/mass %

1 Lower Silurian Lublin Basin Quartz: 34.50

Muscovite: 37.33

Chlorite: 9.73

Microcline: 9.77

Dolomite: 2.24

Calcite: 2.39

Pyrite: 1.39

Amorphous: 2.65

2 Quartz: 90.54

Muscovite: 5,78

Albite: 3.34

Amorphous: 0.34

3 Quartz: 45.08

Muscovite: 34.41

Microcline: 12.05

Albite: 7.30

Amorphous: 1.12

8 Baltic Basin Quartz: 36.96

Muscovite: 23.88

Chlorite: 12.36

Albite: 8.15

Dolomite: 7.30

Calcite: 5,40

Orthoclase: 3.51

Pyrite: 2.43

Amorphous: 19.70

C2 Upper Carboniferous Upper Silesian Coal Basin Quartz: 25.60

Muscovite: 31.84

Chlorite: 10.12

Albite: 5.29

Kaolinite: 6.25

Amorphous: 20.90

C5 Quartz: 24.80

Muscovite: 24.92

Chlorite: 10.08

Albite: 10.71

Amorphous: 29.50

C11 Quartz: 35.56

Muscovite: 21.64

Chlorite: 6.47

Albite: 13.60

Orthoclase: 9.30

Amorphous: 9.30

K1 Quartz: 28.12

Muscovite: 18.99

Chlorite: 1.47

Albite: 0.52

Orthoclase: 10.39

Amorphous: 31.1
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the maximum of the reaction is well visible on DTG

curves, and it is placed between 70 and 115 �C. The size of

DSC peak is often smaller than it could be expected, taking

into account the clay minerals content detected by other

measurements. Yariv [12] explains this state by the pres-

ence of organic matter which replaces some of the adsor-

bed water in clay minerals. Moreover, the presence of

organic molecules on the clay surface makes it hydropho-

bic, and, consequently, the peak of the maximum appears

at a lower temperature.

In the range of temperatures from 300 to 700 �C, the

shape of DSC and TG curves depends on the implemented

atmosphere. In oxidising environment (synthetic air), the

oxidation (combustion) of organic matter takes place. The

several exothermic peaks are observed on the curve. In

some cases, certain reactions are overlapping and the dis-

tinction is not possible. The fine-grained Palaeozoic rocks

very often contain sulphides (mostly pyrite), which reac-

tions interfere the organic matter oxidation. In an oxidising

atmosphere, the thermal evolution of pyrite is complex, and

it is the combination of oxidation, decomposition and

thermal dissociation [15]. The most characteristic feature

of pyrite presence in the rock sample is a strong exothermic

reaction in range of 400–550 �C, and relatively small effect

of mass loss.

In case of rich in organic matter shales, when they are

heated in an inert atmosphere, the two different mecha-

nisms causing loss of mass are visible. According to

Marshall et al. [10] in the temperatures higher than 600 �C,

the first mechanism is distillation, and the next is thermal

cracking. In case of our samples, under inert atmosphere

(nitrogen) the weak endothermic peaks attributed to

pyrolysis of the organic material is placed in range of

temperature from 310 to 660 �C. The maximum

Table 1 continued

Sample Stratigraphical position Region Mineral content (XRD)/mass %

K2 Quartz: 26.58

Muscovite: 33.08

Chlorite: 10.51

Albite: 5.48

Kaolinite: 6.43

Amorphous: 17.90

P1 Quartz: 28.71

Muscovite: 30.39

Chlorite: 2.69

Albite: 2.11

Orthoclase: 5.54

Kaolinite: 18.66

Amorphous: 11.90

Q22 Upper Carboniferous Lublin Coal Basin Quartz: 28.97

Muscovite: 23.88

Chlorite: 6.77

Albite: 5.63

Pyrite: 1.71

Amorphous: 33.00

R4 Upper Silesian Coal Basin Quartz: 23.13

Muscovite: 13.94

Chlorite: 8.48

Albite: 11.43

Orthoclase: 9.94

Amorphous: 20.40

R5 Quartz: 25.79

Muscovite: 18.66

Chlorite: 6.39

Albite: 10.75

Kaolinite: 8.70

Siderite: 3.20

Amorphous: 26.00
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temperature of pyrolysis effect falls on 500–550 �C,

depending on the maturity of organic matter.

The last part of DSC curve (above 550–650 �C) shows

the endothermic peak related to clay minerals dehydroxy-

lation. In some cases, these peaks are overlapped by the

effect of oxidation or pyrolysis of the remainder of organic

matter. The research results obtained by Yariv [12] show

that the dehydroxylation temperature in case of organoclay

mixture is sometimes lower than in case of pure clay

materials, but the reason of this shift is unknown.

The quartz presence in the rock can be easily observed

on DSC curves in the form of a small endothermic effect,

with maximum at 573 �C. It is known as ‘‘quartz peak’’ and

attributed to quartz b-a polymorph transition. The rever-

sible exotherm upon cooling is observed at the same tem-

perature. This polymorph transition is not connected to the

mass change; hence, the quantitative quartz determination

in the sample is not possible. It could be only roughly

estimated by the intensity of peak on DSC line [16].

Dubrawski and Warne [17] stated the possibility of quartz

determination in the composed sample, when this mineral

is present in amounts of 5–50%. Comparing the results of

XRD analysis we can conclude that in the case of present

study, quartz is not detectable under the amount of 28%.

Studied shale rocks are the mixtures of minerals, what

could interfere the DSC signal, but the presence of quartz is

expected to be visible on DSC curve under cooling con-

ditions, as it was mentioned above. The low level of the

quartz detectability is rather a consequence of a very fine-

grained structure of the investigated rocks. The small

quartz particle size results in that they are significantly

dispersed in the rock, which in turn effectively yield no

thermal inversion [18].

Organic matter and pyrite content

A comparison of the reactions occurring in an oxidising

and inert atmosphere can give a solution to the problem of

some effects overlapping. The example of sample 1

(Fig. 3) demonstrates DSC/TG/DTG curves for oxidising
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Fig. 2 DSC, TG and DTG

curves for sample 8 (oxidising

atmosphere). First step on TG

curve (with no distinct

maximum) is for dehydration of

the sample, next (max. in

483 �C on DSC curve) is for

organic matter combustion with

overlapping pyrite

decomposition. The third step of

high mass loss is endothermic

carbonates decomposition

reaction. The last exothermic

peak is derived from spinel

phases crystallisation
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Table 2 TG/DSC results for the examined rocks

Sample Oxidising atmosphere Inert atmosphere

Reaction Temperature

range/�C
Mass

loss/%

Reaction Temperature

range/�C
Mass

loss/%

1 Clay minerals dehydration 40–/115/–218 0.46 Clay minerals dehydration 40–280 0.38

Pyrite decomposition 388–/453,

481/–550

2.97 Calcite decomposition 650–/730/–

780

4.78

Clay minerals dehydroxylation 550–650 0.73

Calcite decomposition 650–/718/–

794

2.56

2 Organic matter combustion 380–/458/–

700

0.53 Pyrolysis n.o. n.o.

Quartz transition 572 – Quartz transition 572 –

3 Organic matter combustion 400–/457/–

560

3.27

(total)

n.o. – 2.05

(total)

8 Clay minerals dehydration 40–365 0.68 Clay minerals dehydration 40–/77/–300 0.37

Organic matter combustion with

overlapping pyrite decomposition

365–/483/–

580

2.73 Pyrolysis 380–/520/–

600

2.57

Calcite and dolomite decomposition 630–/746/–

800

6.15 Calcite decomposition 600–/760/–

870

5.87

Spinel phases crystallisation 903 – Spinel phases crystallisation 900 –

C2 Clay minerals dehydration 40–/85/–310 0.87 Clay minerals dehydration 40–/86/–310 0.86

Organic matter combustion with

overlapping pyrite decomposition

370–/516/–

660

7.53 Pyrolysis 310–/520/–

660

5.40

Muscovite dehydroxylation 660–/840/–

1000

1.04 Muscovite dehydroxylation 660–1000 2.21

C5 Clay minerals dehydration 40–/72/–300 0.85 Clay minerals dehydration 40–/75/–300 0.73

Organic matter combustion 346–/520/–

668

5.14 Pyrolysis 330–/550/–

709

4.11

Muscovite dehydroxylation 670–/820/–

1000

0.74 Muscovite dehydroxylation 710–1000 1.43

C11 Clay minerals dehydration 40–/80/–260 0.54 Clay minerals dehydration 40–/90/–260 0.66

Organic matter combustion 320–/514/–

605

3.69 Pyrolysis 320–/477/–

640

3.22

Quartz transition 571 – Quartz transition 574 –

Muscovite dehydroxylation 605–/780/–

1000

1.06 Muscovite dehydroxylation 640–1000 1.24

K1 Clay minerals dehydration 40–/77/–260 0.67 Clay minerals dehydration 40–/74/–330 0.81

Organic matter combustion 327–/480/–

690

5.15 Pyrolysis 330–/522/–

655

4.28

Quartz transition max. 572 – Muscovite dehydroxylation 655–1000 1.35

Muscovite dehydroxylation 690–/830/–

1000

0.59

K2 Clay minerals dehydration 40–/98/–290 0.51 Clay minerals dehydration 40–/84/–330 0.85

Organic matter combustion 290–/498/–

680

6.46 Pyrolysis 330–/526/–

633

5.72

Muscovite dehydroxylation 680–1000 0.63 Muscovite dehydroxylation 633–1000 2.46

P1 Clay minerals dehydration 40–/93/–210 0.51 Clay minerals dehydration 40–/80/–180 0.76

Organic matter combustion 325–/535/–

715

6.59 Pyrolysis with overlapping

muscovite dehydroxylation
310–/510/–

715

5.69

Muscovite dehydroxylation 715–/858/–

1000

0.42
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atmosphere (fine lines), and the corresponding curves for

inert atmosphere (bold lines). Apart from dehydration

reactions, present below the temperature of 150 �C, the

clearly visible for an inert atmosphere is the endothermic

reaction in the temperature range of 650–780 �C. This

reaction is attributed to calcite decomposition, and it is also

detectable under the oxidising atmosphere. The most rel-

evant for this example is the lack of pyrolysis effect, which

indicates the lack of organic matter in this sample (which is

also confirmed by very low TOC in this sample—0.04%).

This means that the exothermic reaction appearing on a

DSC curve for oxidising atmosphere reflects the oxidation

reaction of pyrite. Pyrite decomposition is a complex

reaction dependent on pyrite content in the sample, the

oxygen content in the environment, etc. This reaction is

expressed here in the form of a double exothermal peak

(453 and 481 �C). In nitrogen atmosphere, only the

endothermic pyrite disproportion reaction can be recorded

between 600 and 700 �C. This reaction is overlapping the

mentioned calcite decomposition. This explains the greater

mass loss for calcite decomposition in inert atmosphere.

Ysupova et al. [19] stated the great advantage of thermal

methods in allowing not only concentrated organic matter

(OM) but also finely dispersed OM to be detected and

Table 2 continued

Sample Oxidising atmosphere Inert atmosphere

Reaction Temperature

range/�C
Mass

loss/%

Reaction Temperature

range/�C
Mass

loss/%

Q22 Clay minerals dehydration 40–/80/–240 1.03 Clay minerals dehydration 40–/90/–240 1.69

Pyrite decomposition 380–/415/–

450

n.o. Pyrolysis 366–/500,

556/–610

4.65

Organic matter combustion 400–/480,

544/–635

4.76 Clay minerals dehydroxylation 610–1000 1.47

Clay minerals dehydroxylation 635–1000 1.64

R4 Clay minerals dehydration 40–235 0.55 Clay minerals dehydration 40–/80/–230 0.67

Organic matter combustion 235–/456/–

645

6.36 Pyrolysis ? clay minerals

dehydroxylation

350–/500/–

640

5.14

Clay minerals dehydroxylation max. 498 Muscovite dehydroxylation 640–1000 1.70

Muscovite dehydroxylation 645–/800/–

1000

0.93

R5 Organic matter combustion and other

overlapping reactions

320–/454/–

609

10.29 Pyrolysis 318–/503/–

616

4.95

n.o. determination not possible
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curves for sample 1. Fine lines
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atmosphere (nitrogen)
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examined. These authors found that the organic matter

concentration even below 0.25% is detectable.

Ysupova et al. [19] analysed the organic matter in oil- and

bitumen-containing rocks, and they found the thermoox-

idative destruction of OM starting in the temperature

region of 130–200 �C and ending at 600–700 �C. The mass

loss resulted from OM combustion (under oxidative

atmosphere) up to the temperature 500 �C is regarded by

Markova et al. [20] to be related to the presence of light

hydrocarbons in bitumens. Schmidt and Heide [9] per-

formed analysis of hydrocarbons in Palaeozoic black shales

under vacuum, and stated the bitumen decomposition up to

300 �C, and pyrolysis of the kerogen between 300 and

850 �C. In case of our study, the pyrolysis takes place

between 310 and 715 �C. In the tested samples, the pres-

ence of bitumines was not stated, as the mass loss in low

temperatures is very faint, associated rather with dehy-

dration of the rock. The maximum temperature of the

pyrolysis peak, which describes the thermal maturity of the

kerogen, is placed between 477 and 550 �C, which indi-

cates kerogen of type II. The resulted mass loss is from 2.6

to 5.7% (not taking into account samples 1, 2 and 3 where

the value is not possible to measure). The mass loss

resulted from OM decomposition correlates with the values

of TOC. The lowest TOC values were determined for

samples 1, 2 and 3 (0.04–0.37%). Samples 8 and P1 have

the average TOC content (0.63–0.67%), while samples R4,

R5 and C2 have comparatively high content of organic

carbon (1.38–2.89%).

The loss in mass resulted from organic matter combustion

(under synthetic air environment) is higher in each sample, from

2.7 to 7.5%. There is a strong correlation between mass loss in

those two processes (Fig. 4). The ratio of the mass loss during

combustion to mass loss as a result of pyrolysis averages: 1.2.

Figure 5 shows DSC curves for all analysed samples of

the reaction under oxidative atmosphere. The exothermal

effects between 300 and 600 �C are generally caused by

the organic matter combustion. The curves were stacked

for easy comparison; hence, the scale of y-axis (DSC) is

not shown (it is displaced for each sample).

The absence of the low-temperature peaks (below

300 �C) is explained by Cebulak et al. [14] as indicating

heating of the rock formation above 200 �C, typical of dia-

genesis–catagenesis of sediments. The light and middle OM

fraction oxidation (sharp peakTmax = 415 �C) takes place in

case of sample Q22, which indicates the low to moderate

maturity of kerogen. This sample represents Upper Car-

boniferous sediment of Lublin Basin. The low maturation of

OM is a consequence of thermal history of the region [21].

The heavy OM fractions are destructed in different

ranges of temperature. In case of samples: 2, 3, 8, K1, K2,

R4 and R5, Tmax of OM combustion ranges from 450 to

480 �C, whereas for samples: P1, C2, C5 and C11 from

500 to 580 �C. Sample 1 is not discussed here in terms of

the occurrence of organic matter, due to the fact that a

strong exotherm is affected by the decomposition of pyrite

(which was discussed above—Fig. 3). Samples 2, 3 and 8

represent lower Silurian shales. The other samples in this
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group originate from the coal mines located in the south-

west part of the Upper Silesia Coal Basin (USCB), repre-

senting claystones and mudstones of Carboniferous pro-

ductive sequence. The high level of organic matter

maturity in samples P1, C2, C5 and C11 (from Jastrzębie

region) could be explained by the influence of igneous

intrusions, causing thermal alteration observed in this

region in coal seams and adjacent rocks.

Conclusions

The performed thermal analysis allowed to detect the pres-

ence of some minerals in the analysed fine-grained rocks:

clay minerals, muscovite, quartz, calcite, dolomite and

pyrite. Quartz is easily detectable by TG/DSC methods in

the rock samples, but only if its content exceeds 28%. This is

due to the fact that the analysed rocks are the mixtures of

minerals of very fine grains, thus causing dispersion and in

consequence the low detectability of quartz grains.

A comparison of the reactions occurring in an oxidising

and inert atmosphere can give a solution to the problem of

some effects overlapping. It is possible to distinguish the

superimposed reaction effects of pyrite decomposition and

organic matter combustion when comparing DSC/TG

curves obtained in oxidising and inert atmosphere.

The analysis of DSC curves of heated rocks under

oxidative atmosphere allows to determine the temperature

regions of the OM combustion. The concluded organic

matter maturity could be explained by the thermal history

of the region. Measured on TG curves, the mass loss

resulted from combustion and the mass loss being a result

of pyrolysis are strongly correlated.
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