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Abstract Thermal analysis is a useful tool for determi-
nation of the rock‘s thermal behavior. The thermal
behavior of the rock is affected by both its composition and
structure. This study presents the application of thermo-
gravimetric, differential thermal, and thermomechanical
analyses for the characterization of the selected Czech
sandstone samples. The detailed study of mineralogical
composition was carried out by FTIR spectroscopy, X-ray
diffraction, and optical microscopy. Thermal expansion
during heating up to 1,000 °C, together with the coefficient
of thermal expansion showed almost the same values for all
the studied sandstone samples. Nevertheless, the residual
thermal expansion varied depending mainly on the com-
position. In the case of higher content of quartz, the thermal
expansion showed higher values. With increase of car-
bonate, glauconite, or clay mineral volume, the residual
thermal expansion decreased. Factors such as grain size or
shape of particles did not significantly influence the
observed thermal expansion values.
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Introduction

Sandstone is a sedimentary rock formed from sand-sized
grains. The spaces between grains may be filled with cement
of silica, carbonate, or clays. The principal mineral constit-
uents of the grain framework are quartz, feldspar, and rock
fragments. Sandstones are quarried for use mainly as build-
ing stone. Sandstone has represented the traditional stone-
cutting material, being used in the Czech republic for a long
time. The usage of green Cenomanian sandstone from
Eastern Bohemia (Rychnov nad Kneznou districts) has been
known since the thirteenth century as a building material of
local castles (Potstejn, Zampach), palaces, religious build-
ings, as well as significant local sculptural material. In the
nineteenth century, green sandstone played an important role
in the construction of railway lines (Hradec Kralove—Lich-
kov) and river bridges. Next well-known medium-grained
sandstone from northern edge of the Beskydy Mountains
(Reka quarry) and light quartz sandstone from area near
Horice town are traditionally used for exterior cladding,
garden architecture, as well as outdoor designs [1, 2].
Because of their abundance, diversity, and mineralogy,
sandstones are important to geologists, e.g., as indicators of
erosional and depositional processes etc. [3-6].

The effect of temperature on the resultant sandstone
properties seems to be a difficult problem significantly
effected by composition and structure. Temperature increase
causes the phase and polymorphic sandstone transformation
connected to thermal expansion with following appearance
of tensions and cracks in minerals and rock structure. After
consequential temperature decrease, developed tensions and
cracks still influence the process. Also the differences in
mineralogical composition cause different thermal behav-
iors of sandstone as the consequence of various chemical
reactions (dehydration, dehydroxilation, dissociation, etc.)
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and phase or polymorfic transformations [7, 8], as well as the
different mechanical properties [9—13].

In this article, a detailed study of eight Czech sandstone
samples based on investigations carried out using thermo-
gravimetry, differential thermal analysis and thermome-
chanical analysis along with optical microscopy, X-ray
powder diffraction, and FTIR spectroscopy is reported. The
detailed study has included mainly the effects of sandstone
composition and structure on residual thermal expansion
and the effect of phase transformation process during the
heat stress of material.

Samples

For this investigation, eight Czech different sandstone
samples were chosen for the characterization of their ther-
mal behavior particularly with regard to thermal expansion.
Samples of glauconitic sandstone from Zamel quarry
(7643), white sandstone from the same quarry (7642),
medium-grained sandstone from Reka quarry (10197),
sandstone from Doubrava mine (8959), sandstone from
Cerveny Kostelec quarry (10577), and three sandstones
from Darkov mine (10167, 10168, and 10169) were used for
this study. These samples were chosen not only because of
their different medium grain sizes, sortings, or shapes of
grains but also because of their different stratigraphies. The
schematic map of Czech republic including the quarry
localities of the studied samples is shown in Fig. 1.

Methods
Optical microscopy

Thin sections were prepared from all the test samples and
were oriented in the directions A, B, and C of specimen.
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Fig. 1 The schematic map of Czech republic including the quarry
localities

@ Springer

The orientation was arranged in three directions perpen-
dicular to each other (coordinate system ABC). Prepared
thin sections were observed under BX 50 OLYMPUS
polarization microscope with a DVC camera connected to a
PC. The photomicrographs were taken by a microscope
model: NICON ECLIPSE 80i. The analysis was performed
in polarized light at 20 times magnification. Size and
possible preferred morphological orientation of grains were
determined for every thin section (coordinate system
ABC).

X-ray diffraction and FTIR spectroscopy

X-ray diffraction (XRD) was performed using Bruker D8
Advance X-ray powder diffractometer. XRD patterns were
obtained using position-sensitive Vantec detector, CoK,
radiation, and operating parameters of 35 kV, 25 mA,
0.03° 20 increment, and time at step 1 s.

Infrared spectra were recorded using Nicolet Avatar 320
FTIR spectrometer equipped with a DTGS/KBr detector.
The KBr pressed-disk technique (2 mg of sample and
200 mg of KBr) was used. The spectra were measured by
accumulating 64 scans at 4 cm ™' resolution in the spectral

1

range from 4,000 to 400 cm™ .

Simultaneous thermogravimetry and differential
thermal analysis

Thermal properties were investigated by simultaneous
thermogravimetry and differential thermal analysis using
the thermal analyzer, Setsys 12 Setaram equipped with
thermal measurement head, TG ATD Rod. The TG/DTA
curves were recorded in a static air atmosphere with a
heating rate 10 °C min " to the final temperature 1,000 °C.
The sample mass used was about 50 mg.

Thermomechanical analysis

Thermal expansion was determined by thermomechanical
analysis using the thermal analyzer, Setsys 12 Setaram
equipped with thermal measurement head TMA quartz.
Test specimens (cube 10 x 10 x 10 mm) were heated in a
furnace and transmitted by means of spherical-ended
QUARTZ probe with a 5-mm diameter. Measurement of
deformation was performed by compression with a probe
resting on the sample and the load adjusted to nil value.
Sample cubes were prepared according to the three prin-
cipal axes of the reference coordinate system ABC men-
tioned above.

Resultant TMA curves show the measurement of a
specimen’s dimension (length) as a function of temperature
under constant compressive load and following conditions :

final temperature 1,000 °C, and heating rate 20 °C min~".
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This technique was used to determine residual thermal
expansion (¢), thermal expansion obtained during heating
(en), and the coefficient of thermal expansion (oy) in the
temperature interval 25-1,000 °C.

Results and discussion
Optical microscopy

Grain size, sorting, shape of grains, type of contact among
the grains, and characteristic of rock structure were deter-
mined by optical microscopy (Table 1). The porous
structure was determined for the most of tested samples
except for two samples. For the samples, 10577 and 11167,
the basal structure was determined. The shape of clasts and
grains varied from angular to rounded with most of them
being subangular. Sorting of samples varied from good to
poor: the samples, 7643 and 11167, were of good sorting:
and the samples, 10555, 10577, and 11168, were of poor
sorting. Medium grain size ranged from 0.17 mm (sample
7642) to 0.68 mm (sample 11169). The contacts among the
grains and clasts were found in limited areas; only two
samples (10577 and 11167) showed the grains being spread
out in matrix.

The petrographic analysis did not reveal many differ-
ences in the quality of the sample. Major phase was the
quartz for all the analyzed samples followed by constitu-
ents like rock fragments, feldspar, muscovite, biotite, and
carbonate. Carbonate was found as separate or as a part of
binder in the samples 8959, 10197, 10577, 11167, and
11168. Only the sample 7643 contained relatively a large
amount of glauconite (over 20%). For illustration, the
photomicrographs of the samples: 7642 (with the smallest
medium grain size), 10577 (with the middle medium grain
size), and 11169 (with the highest medium grain size) are
shown in Figs. 2, 3, and 4.

Table 1 Localization and microscopic characterization of tested samples

Fig. 2 Photomicrographs of the sandstone microstructure—thin
section no. 7642—Zamel quarry (transmitted light, crossed polarizers)

XRD and FTIR measurements

X-ray diffraction analysis was used to evaluate patterns
considering the phase analysis. Major phase was quartz for
all the analyzed samples. Illite was also found in all the
tested samples. The carbonate was identified as calcite (in
samples 10197 and 11168), dolomite (in samples 10577
and 8959), and siderite (in sample 10167). Also the pres-
ence of chlorite (samples 7642, 7643, 11167, 11168, and
11169), kaolinite (sample 7642), muscovite (samples 8959,
and 11169), mica (samples 8959, 10197, 10577, and
11167), glauconite (7643) and feldspare (samples 8959,
10197, 10577) was observed. The presence of individual
phases was evaluated by software ICCD 2004 (EVA) with
an extensive database of minerals and other inorganic
substances. The measured XRD patterns and results were
also compared with the previously published data [14—16].
For illustrative purposes, XRD patterns are given in
Figs. 5, 6, 7, and 8. In XRD patterns, muscovite is signed
as M, mica (biotite/phlogopite) is signed as Mc. and the
other components are fully marked.

Sample Localization; Medium grain size Sorting Shape of Structure Character of grain contact
stratigraphy My/mm grains

7642 Zamel; Cretaceous 0.17 Medium to poor Subrounded Porous In limited areas

7643 Zamel; Cretaceous 0.23 Good Subangular  Porous In limited areas

8959 Mine Doubrava; Carboniferous 0.59 Medium to poor Subangular Porous In limited areas

10197  Reka; Cretaceous 0.28 Medium to poor Angular Porous In limited areas

10577  Cerveny Kostelec; Permian 0.37 Poor Rounded Porous to basal In limited areas; some places
without contact

11167  Mine Darkov; Carboniferous 0.22 Good Subangular  Porous to basal In limited areas; some places
without contact

11168  Mine Darkov; Carboniferous 0.56 Poor Subangular  Porous In limited areas

11169  Mine Darkov; Carboniferous 0.68 Medium Subangular  Porous In limited areas
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Fig. 3 Photomicrographs of the sandstone microstructure—thin
section no. 10577—Cerveny Kostelec quarry (transmitted light,
crossed polarizers)

Fig. 4 Photomicrographs of the sandstone microstructure—thin sec-
tion no. 11169—Doubrava mine (transmitted light, crossed polarizers)

Method of infrared spectroscopy with Fourier transfor-
mation was used to complete the results of the mineral-
ogical composition. The major component was the quartz
for all the tested samples (bands approx. at 1180, 1124, and
1081, characteristic doublets 795 and 778 cmfl). Illite/
muscovite (bands approx. at 3440, 1030, and 1021 cmfl)
was also found in all the tested samples. These were fol-
lowed by other compounds like chlorite (bands approx. at
1635, 1087, 985, 650 cm_l) found in samples 7642, 7643,
10555, and 10168; mica (bands approx. at 3628, 1625,
1063 cm_l) found in samples 7643, 10577, 11167, and
11169; kaolinite (bands approx. at 3694, 3668, 3645, 3619,
1008, 938, and 913 cm_l) found in sample 7642; and
feldspar (with its characteristic sharp low-intensity bands at
the interval range of 800400 cm™') found in samples
8959, 10197, 10577, 11169, and 11169. The presence of
carbonate (bands approx. at 1420, 878, and 712 cm_l) was
confirmed in samples 8959, 10197, 10577, 11167, and
11168. The measured spectra were compared with the
records of the published data [17-19]. The results from
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FTIR correspond well with those from XRD measurement;
a few differences are probably caused by the quite low
volume of some components, or/and the presence of mixed
structures of clay minerals. The problems associated with
the identification of mixed structures of clay minerals using
infrared spectroscopy have been pointed out by several
authors [20-22]. For illustrative purposes, FTIR spectra of
sandstone samples are given in Figs. 9, 10, and 11.

TG and DTA measurements

Thermal behaviors and mineralogical compositions of the
studied samples were determined using simultaneous
thermogravimetry and differential thermal analysis. Quartz
was found in all the tested samples. The presence of car-
bonate (calcite, dolomite, or siderite) was detected in five
samples, which corresponded well with the results of X-ray
diffraction. Associated minerals determined by XRD and
FTIR methods could not be confirmed by simultaneous TG/
DTA because of their really small amounts or overlapping
effects (corresponding with releasing of constitution water,
crystal lattice breaks, or recrystallization) with carbonate
dissociation effect (700-1,000 °C) or endotherm effect due
to polymorphic transformation of quartz, which is under-
going o—f modification at 573 °C [23, 24]. Only the
presence of minerals such as kaolinite, illite, chlorite, and
glauconite could be confirmed by small weight loss at
temperature intervals belonging to the dehydroxilation of
these minerals, approximately at the temperature interval
of 300-600 °C [25]. Their thermal effects on DTA curves
were overlapped and impacted by endotherm connected to
modification of the relatively the large amount of quartz
[26]. TGA was used to determine carbonate content in the
tested samples, it was an average determination of five
measurements. This determination could be made because
of the absence of other thermal effects connected to mass
loss in the temperature range of 700—1,000° C. Dissocia-
tions of calcite and siderite take place in only one stage,
while that of dolomite takes place in two stages (Table 2).
The summary of the results obtained from TG/DTA curves
(temperature peaks corresponding to carbonate dissociation
(Tgis), the total mass loss (Am) in the temperature interval
25-1,000 °C along with the average carbonate content
(Gc)) are shown in Table 2. For illustrative purposes, TG/
DTA curves of selected sandstone samples are given in
Figs. 12, 13, and 14 (sample 7642—free of carbonate,
sample 10197—containing calcite, and sample 10577—
containing dolomite, respectively).

TMA measurements

Test specimens were heated to 1,000 °C and cooled down to

the room temperature. The heating rate 20 °C min~"' was
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Fig. 5 XRD pattern of sample
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chosen because of elimination of pertinent disintegration of
sandstone cubes under lower heating rates [9, 27]. Low
heating rates can bring the complications with resolving
thermomechanical curves. Each sandstone sample was
measured in three perpendicular directions A, B, and C
because of possible preferred orientation of optical axis ¢ of
quartz. The temperature, time, and deformation were
recorded during heating/cooling. This procedure thus
allowed us to calculate the residual thermal expansion ¢ (%)
as a temperature normalized value [28]. Also, the changes
in the length of the sample during heating (ey) were cal-
culated. The coefficient of thermal expansion of the speci-
men was obtained by the following relationship: aely, = di/
dT (where o is the coefficient of thermal expansion, [ is the
original sample length, and d//dT is the rate of change of
sample length with temperature). Calculated values of
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coefficient of the linear thermal expansion oy at the tem-
perature range from 25 to 1,000 °C corresponded to the
values of thermal expansion (ey) obtained from TMA
curves at the same temperature interval. Percentage dis-
placements for the tested samples are shown in Table 3.
The results of the TMA curves showed that the differences
in thermal expansion during heating ¢y in directions A, B,
and C for every sample were minimal. The minimal differ-
ences indicated no preference in the morphological orien-
tation of quartz optical axis c. Therefore, it was not necessary
to orient the sample and measure the expansion in three
directions perpendicular to each other (coordinate system A,
B, C), which is recommended e.g., for some marbles dis-
tinguished by preferred morphological orientation of calcite
grains [29-31]. Also the coefficient of thermal expansion
showed very similar values corresponding with minimal
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Table 2 Thermal data including peak temperatures of carbonate
dissociation (Ty;), the total mass loss (Am) and average carbonate
content (Gc¢) 40 ]
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Fig. 12 TG/DTA curves of sample 7642

differences in &y values. It is evident, that all the tested
sandstones behaved very similarly during heating, regardless
of their composition and texture.

Noticeable differences were found at values of residual
thermal expansion between measured samples. Values of
residual thermal expansion ¢ ranged between 0.3 and 1%.
Samples were compared in terms of their composition,
texture, porosity, grain size, etc. The results showed that all

“space” may probably partially offset the increase of
quartz volume because of quartz reversible modification at
about 573 °C.

The second group consisted of sandstones with higher
content of carbonate, and their residual thermal expansion ¢
was around 0.7%. In the temperature range of 750-950 °C
the dissociation of carbonate and releasing of CO, take
place. Generated “space” also did partially offset the
increase of quartz volume because of reversible structural
modification of quartz as in the case of glauconite
dehydroxilation.

@ Springer



842

E. Plevova et al.

Table 3 The thermal expansion data of sandstone samples including
residual thermal expansion (&), thermal expansion during heating (&)
and coefficient of thermal expansion (o)

Sample direction &% e/ % oy/ppm K=
7642 A 0.87 1.88 19.8
B 0.92 1.95 20.2
C 0.88 1.89 20.6
7643 A 0.28 1.80 19.5
B 0.29 1.84 19.8
C 0.33 1.88 19.4
8959 A 0.96 1.91 20.4
B 0.97 2.00 20.0
C 0.92 1.95 19.7
10197 A 0.73 1.95 19.8
B 0.70 1.90 20.0
C 0.77 1.94 20.3
10577 A 0.74 1.82 19.8
B 0.70 1.79 20.0
C 0.77 1.83 19.6
10167 A 0.99 1.96 19.8
B 0.98 1.98 19.4
C 0.96 1.95 19.3
10168 A 0.93 1.99 20.2
B 0.95 2.02 19.7
C 0.96 1.95 20.0
10169 A 0.87 1.88 19.8
B 0.92 1.95 20.2
C 0.88 1.89 20.6

The last group consists of samples with residual thermal
expansion ¢ ranging from 0.9 to 1%. These samples (with
no or minimal carbonate volume up to 10% and minimal
clay mineral and mica content) contained relatively high
quartz amount. The absence or minimal dehydroxilation
and carbonate dissociation could not offset the quartz
expansion, and therefore “the space” for compensation of

3
direction A 7642
- - - -direction B
------ direction C
2 4
&
=
[}
8
o 149
0 -
T T T T T T T T T

T
0 100 200 300 400 500 60
Temperature/°C

700 800 900 1000

Fig. 15 TMA curve of sample 7642
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quartz modification was probably insufficient. Therefore,
the residual thermal expansion was higher than for other
samples mentioned above. Factors such as grain size or
shape of particles did not influence measured values of
residual thermal expansion ¢. For illustration, Figs. 15, 16,
and 17 show TMA curves of selected sandstones.

Conclusions

The composition of the studied samples were similar to that
of the quartz found as the main component. Small amount
of illite was found in all the studied samples. Other com-
ponents like mica, muscovite, biotite, feldspar, chlorite,
and kaolinite were found only in a few samples. One
sample contained a significant amount of glauconite, and
the presence of carbonate (calcite, dolomite, or siderite)
was found in five samples. Samples were identified by
microscopic analysis as grainy with porous structure, from
medium to poor sorting, with only sandstone samples 7643
and 11167 being classified as a good sorting. Thermal
expansion in directions A, B, and C for each sample was
almost identical. The minimal differences indicated no
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preferred morphological orientation of quartz grains along
with no prior orientation of quartz optical axis c. The
thermal expansion coefficient of heating (o) as well as the
thermal expansion during heating ¢y demonstrated similar
values. Coefficient oy was around 20 ppm K" and values
of thermal expansion ey varied from 1.8 to 2.0%. In the
case of residual thermal expansion &, some differences
between samples have been already found. The maximum
values of residual thermal expansion ¢ were detected in
samples with higher content of quartz and rock fragments
and with relatively low content of clay minerals and car-
bonate content of up to 10%. Middle values were found for
samples with higher content of carbonate (more than 10%)
and lower content of quartz. The lowest value of residual
thermal expansion ¢ was detected for the sample with rel-
atively high content of glauconite (above 20%). It is evi-
dent that mainly the amount of quartz and the higher
volume of clay minerals, glauconite, and carbonates play
the main role in resultant sandstone residual thermal
expansion. The other factors such as grain size or shape of
particles did not significantly influence the observed values
of residual thermal expansion é.
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