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Abstract

The high temperature decomposition of basalt from Lower
Silesia (Poland) was followed by Md&ssbauer spectroscopy in-
vestigation. The Fe content of the sample was ~9.0 at.%. The
X-ray diffraction analysis shows that augite (37%) and olivine
(12%) are major Fe-bearing mineral components. The sam-
ple also contains significant amount of anorthite (22%) and
nepheline (17%). The sample was heated at various tempera-
tures between 200°C and 1100°C for three hours. Up to a tem-
perature of 500°C changes in contribution of Fe-bearing min-
erals are insignificant. Heating in the temperature range from
500°C to 1100°C leads to a systematic increase in contribution
of iron oxides at the cost of contribution of silicate minerals,
like augite and olivine. Mdssbauer spectrum obtained after
heating at 1100°C showed hematite as the main iron oxide
phase. The ratio of Fe*/Fe,, in the non-heated sample was
equal to 0.51 and after heating at 1100°C this ratio amounted
to 0.89.

Keywords: basalts; high temperature affects; Mdssbauer
spectroscopy; Fe-bearing minerals.

1. Introduction

Basalt is the name given to a wide variety of volcanic
rocks, known principally for its resistance to high tem-
peratures, strength, durability, and wide distribution
around the world. Basalt rock forms when lava erupts at
the Earth’s surface for example at mid ocean ridges. The
lava is between 1100°C to 1250°C when it is erupted and
it cools quickly to form solid rock, within a few days or
a couple of weeks (Sedlackova et al. 2021). The specific
gravity of basalt is nearly 3 g/cm?® (Al-Baijat, Benedetti
2013; Mishra et al. 2018) and it can be extremely hard,

ranging from 5 to 9 on Mohs’ scale (Felippi de Lima et
al. 2022). For these reasons it is often used in its natu-
ral form as paving and building stone. Furthermore, the
good mechanical properties of basalt and basalt rock
products like basalt rebars (Urbanski et al. 2013), basalt
fabrics, chopped basalt fiber strands (Liu et al. 2006;
Monaldo et al. 2019), continuous basalt filament wires
or basalt mesh (Sunny et al. 2020), make them particu-
larly suitable for many industrial applications, including
building materials and thermal insulators.

Almost all industrial processes in which basalt is used
are thermal processes. Annealing of basalt causes a
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number of changes in its mineralogical composition,
structure and physical properties. Basalt is mainly com-
posed of silicate minerals, where iron is one of the main
elements. It is well known that the Mdssbauer spec-
troscopy method (Stucki et al. 1988) is very sensitive to
the local atomic structure, deformation, atomic or lat-
tice defects and can provide quantitative information
concerning iron atoms in geological samples. Currently,
there are many investigations into the physiochemical
properties and application performance of basalt prod-
ucts. There several studies of basalts characterized by
Mossbauer spectroscopy (Gunnlaugsson et al. 2008;
Thompson et al. 2011; Hassan, Dekan 2013; Malczewski
et al. 2017). However, reports on Mdssbauer studies of
basalt after heating in air are relatively uncommon (Bur-
khard 2001). Therefore, our objectives were to study
high temperature changes in different fractions of basalt
after heating in air by ’Fe Mdssbauer, X-ray diffraction
and X-ray fluorescence methods. The results, in turn,
enhance our knowledge of the physiochemical proper-
ties of basalt, a widely used material in many industry
applications.

2. Samples and methods

A composite sample of Tertiary basalt from the Lower
Silesia region (Wilkéw, Pogdrze Kaczawskie, SW Poland),
which forms the eastern part of the Central European
Volcanic Province was kindly provided by PGP “BAZALT”
SA. This rock mine is opencast. The sample is a mixture
of basalt chunks that represent an average sample from
the region. These samples are dark grey and without
fail contain olivine phenocrysts, which were recognized
with the naked eye. The material was divided into seven

groups with different granulation (0- 50

necessary, only the internal standards coupled with the
fundamental parameters (theoretical relationship be-
tween the measured X-ray intensities and the concen-
trations of elements in the sample) were implemented.
The samples for the analysis were prepared in the form
of pressed tablets.

To identify minerals present in investigated sample,
X-ray diffraction studies were done (XRD). These studies
were conducted at room temperature by the use of a
Siemens D5000 Xray diffractometer and CuK, radiation
at the University of Silesia (Institute of Physics). Riet-
veld refinement was performed in a licensed Xpert High
Score Plus with a PDF-4 crystallography database. The
phase content is assumed to be less than 2% in volume.
Main sources of errors are the background, orientation
of phyllosilicates or grinding of the samples.

>’Fe Mdossbauer transmission spectra were recorded at
room temperature with an MS96 Mdssbauer spectrom-
eter and a linear arrangement of a >Co:Rh source, a
multichannel analyser with 1024 channels (before fold-
ing), an absorber and a detector. The spectrometer was
calibrated at room temperature with a 30 mm thick aFe
foil. Numerical analysis of the Mdssbauer spectra was
performed by means of the WMOSS program (lon Prise-
caru, WMOSS4 Mdossbauer Spectral Analysis Software,
2009-2016).

3. Results

Figure 1 presents contents of the elements in the in-
vestigated basalts with different granulation. The re-
sults indicated that chemical composition of all the
investigated samples is almost the same and virtual-
ly does not depend on the granulation. The analysed

0.063 mm, 0-2 mm, 2-5 mm, 4-8 mm,
8-11 mm, 11-16 mm and 16-22 mm).
The sample with 0-2 mm granulation
was heated for three hours in an elec-
tric furnace in atmosphere air under
static conditions in a temperature
range from 200°C to 1100°C. After
each heating treatment, the Moss-
bauer measurement was taken.

The chemical composition of all sam-
ples were determined by X-ray fluo-
rescence (XRF) with a ZSX Primus I
Rigaku spectrometer at the Univer-
sity of Silesia (Institute of Physics).
The spectrometer, equipped with the C
4 kW, 60 kV Rh anode and wavelength
dispersion detection system, allowed
for the analysis of the elements from
Be to U. No external standards were
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Figure 1. Elements concentrations higher than 1 at.% and smaller than 1 at.% (in-
sert) of the investigated samples with different grain sizes. In the graph the Y-axis
concentration (at.%).
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Figure 2. Elements concentrations of the 0-2 mm size fraction of the basalt before
and after heat treatment. In the graph the Y-axis concentration (at.%).

materials contained very small amounts of Cr (~0.05
at.%), Zn (~0.01 at.%), Cu (~0.01 at.%), Ti (~1.66 at.%),
Sr (~0.11 at.%) and Ba (~0.07 at.%), accompanied by
large amounts of Si (~18.04 at.%), Fe (~9.26 at.%), Al
(~7.42 at.%), Ca (~7.38 at.%), Mg (~4.49 at.%) and Na
(~3.12 at.%), which, just as C and O, are elements of
minerals present in basalt rocks. The variability of the
element concentrations in the analysed 0-2 mm sample
during heating in air are shown in Figure 2. The mea-
sured concentrations were almost constant, reflecting
that present minerals have much higher melting tem-
peratures than the highest applied heating temperature
(i.e. 1100 °C).

Figure 3 presents X-ray diffraction patterns the 0-2 mm
sample before and after heating at selected tempera-
tures (400°C, 600°C, 800°C and 1000°C). Mineral com-
position for the investigated sample of the basalt ob-
tained during heating process is listed in Table 1. The
results of the mineralogical analysis of
this non-heated sample show that au-
gite (Al,Ca,Fe,Mg,Ti),(Al,Si),O, (37%),

K Ca

lines.

Mossbauer spectra of all samples
are presented on Figure 4. The spec-
tra consist of components related to
iron-bearing phases with different con-
tent and their hyperfine parameters are listed in Table
2. They are best fitted as four sextets and five doublets.
The sextets with hyperfine magnetic fields of about 43
T and 38 T are connected with magnesioferrite and re-
sult from Fe3* on the tetrahedral sites and Fe** on the
octahedral sites of the spinel structure respectively. The
isomer shifts at both sites are of comparable values that
indicates similar covalence effects of Fe** ions at both
sites (Lakshman et al. 2004). Additionally, the broaden-
ing of the lines in magnesioferrite has been interpreted
as being due to the distribution of magnetic hyperfine
fields caused by the random occupancy of the tetrahe-
dral and octahedral sites by Fe**, Mg?* or other cations,
which can substitute them. The hyperfine magnetic
fields of 31 T and 23 T are associated with goethite. The
broadness of the sextet lines can be a result of poor-
ly ordered goethite (Komadel et al. 2008). Additionally,
natural conditions include mineral phases with the com-

Ti Fe

Table 1. Mineral composition (in %vol) for the 0-2 mm size fraction of the basalt
obtained during heating process.

anorthite CaAl,Si,O, (22%), nepheline

Heating temperature

(Na,K)A|S|O4 (18%) and olivine (Mg,FE)- Component Formula Row 400°C 600°C 800°C 1000°C
510, (12%) are major mineral compo- 5 gite (CaFeMg),si,0, 37 37 35 29 26
nents. Magnesioferrite MgFe,0, (7%),  anorthite CaALSi,0, 2 23 25 26 23
goethite a-FeOOH (3%) and sodalite . pefine (K, Na)Alsio, 18 17 15 16 13
NagAleSicO,Cl, (2%) are minor com- 5,0 (Mg, Fe),si0, 12 12 12 11 12
ponents. Structural changes were not Magnesioferrite  MgFe,0 7 7 4 5 7
o 2¥4
Ebserved ufi) tcil ternpersture 4(70 C. Goethite FeOOH 3 3 i i i
owever, after heating the sample at ¢\ ;e Na,(ALSi,0,,)Cl, 2 2 3 3 2
temperature 600°C diffraction lines re- .
lated to hematite are visible. The line Flematite Fe.0; _ ) > ° 8
) Quartz Sio, - - 1 4 7

with the highest intensity for hema-
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be assigned to Fe ions located in
augite structure. Augite is an essen-
tial mineral in basalts and belongs
to the pyroxenes (Morimoto 1988;
Dyar et al. 2013). First of them has
QS values varying from 0.62 to 0.67
mm/s and IS values varying from

0.47 to 0.53 mm/s. Hyperfine pa-
rameters of this component indi-
cate Fe* ions in octahedral coordi-
nation. These ions constitute about
65% of iron in augite and about
25% of iron in all the samples (Ta-

Intensity (a.u.)

ble 1). Two other doublets with IS
from 0.92-1.06 mm/s and QS from
1.80-2.18 mm/s are connected with
octahedrally coordinated Fe?* ions
also in augite.

Figure 5 shows room temperature
Moéssbauer spectra obtained for the

sample heated up to a temperature
of 1100°C, while the changes in con-
centration of silicates, Fe-oxides/
hydroxides and ratio of Fe** to total
iron (Fe,,,) obtained after heating at
high temperatures are presented

O%mm |

in Figure 6. Obtained hyperfine pa-
rameters for all fitted components
are listed in Table 3. A decrease in
contribution of goethite is observed
after heating the sample at 500°C.
Mé&ssbauer spectrum obtained after
heating at 1100°C showed hematite

2-theta (degrees)

as the main iron oxide phase.

4. Discussion

Figure 3. XRD patterns of the 0-2 mm size fraction of the basalt before and after heat

treatment. Identified peaks are: Augite (Aug), Anorthite (An), Nepheline (Ne), Olivine
(Ol), Magnesioferrite (Mfr), Goethite (Gth), Sodalite (Sdl) and Quartz (Qtz).

position differing from the stoichiometric variety due to
vacancy mechanism and isomorphic replacement mech-
anism. Therefore, the hyperfine magnetic fields ob-
tained for these Feoxides and hydroxides are lower than
those reported in the literature (Stevens et al. 2005;
Hassan 2015). The two doublets with isomer shift (IS)
values of 1.06—1.21 mm/s and quadrupole splitting (QS)
of 2.55-2.85 mm/s and 2.88-2.95 mm/s originate with
Fe? ions in the octahedral positions of the olivine struc-
ture (Kadziotka-Gawet et al. 2018). The doublet with the
smaller quadrupole splitting, i.e. the larger distortion of
the corresponding octahedron, can be assigned to Fe?
in octahedron labeled as M1, the other one with the
larger quadrupole splitting to Fe?* in octahedron labeled
as M2 (Morozov et al. 2005). Three other doublets can

The XRF results indicate the Fe con-
tent of the sample was 9.03 at.%.
The X-ray diffraction analysis shows
that augite and olivine are major Fe-bearing mineral
components and magnesioferrite and goethite are mi-
nor components in row basalt samples. Results of these
methods also show that after heating the sample above
1000°C augite and hematite are the main Fe-bearing
components. Elements concentrations did not depend
of sample granulation and on heating temperature up
to 1000°C. The structure and element concentration of
these materials determines their durability. Above ba-
salt properties can be essentially used in many fields of
civil engineering. Additionally, relative homogeneous
chemical structure and large-scale availability make ba-
salt an excellent raw material for fiber-forming (Sunny
et al. 2020).
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Figure 4. Mossbauer spectra obtained for basalts with different granulation. Fitted components, their assignment (Au — augite,
Ol - olivine, Mfr — magnesioferrite, Gth — goethite) and concentration are indicated on the spectra.
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Figure 5. Room temperature Mossbauer spectra obtained after heating of basalt sample at selected temperatures. Fitted sub-
spectra and their assignments are visible on the spectra.
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Table 2. Hyperfine parameters: isomer shift (IS), quadrupole splitting (QS), hyperfine magnetic field (H), line width (G), relative
peak areas (A) and components asigments of spectral components from the Mdssbauer spectra obtained for the raw basalt
samples. IS, QS and G are in mm/s; A is in percent and H is in T. Estimated errors are + 0.02 mm/s for IS, QS and G; = 0.5 T for

H, and + 1% for A.

IS Qs H G A Component IS Qs H G A Component
0.49 0.66 - 0.60 26 Fe3* Au 0.52 0.64 - 0.65 25 Fe*Au
0.98 1.88 - 035 5 Fe?* Au 0.96 1.75 - 040 4 Fe*Au
1.04 2.28 - 0.35 10 Fe?* Au 1.03 2.16 - 0.40 11 Fe*Au
g 1.05 2.87 - 035 12 Fe?* Ol = 1.01 2.66 - 040 4 Fe?* Ol
g 1.17 295 - 0.35 20 Fe> Ol é 1.14 291 - 0.40 27 Fe*Ol
g 0.30 0.00 42.2 080 7 Fe* Mfr 0 0.30 0.00 426 0.85 5 Fe* Mfr
0.38 0.00 369 0.80 7 Fe3* Mfr 0.39 0.00 36.6 0.85 8 Fe* Mfr
0.37 -0.14 226 085 7 Fe3 Gth 0.37 -0.12 227 0.85 7 Fe*Gth
0.37 -0.15 295 0.85 6 Fe* Gth 0.37 -0.11 294 0.85 8 Fe*Gth
0.49 0.67 - 0.60 27 Fe3* Au 0.53 0.63 - 0.65 24 Fe*Au
0.92 1.77 - 0.40 4 Fe? Au 0.85 1.70 - 040 3 Fe*Au
1.06 2.13 - 0.40 11 Fe?* Au 1.02 2.07 - 040 9 Fe*™Au
c 1.05 2.87 - 040 9 Fe2* Ol E 1.03 2.54 - 040 7 Fe?* Ol
f, 1.15 2.92 - 0.40 19 Fe> Ol © 114 2388 - 040 32 Fe*Ol
~ 0.38 0.00 421 0.80 9 Fe3* Mfr : 0.30 0.00 433 0.80 6 Fe* Mfr
0.43 0.00 36.1 0.80 7 Fe3* Mfr 0.44 0.00 369 0.80 7 Fe* Mfr
0.37 -0.12 222 0385 7 Fe Gth 0.37 -0.12 227 0.85 6 Fe*Gth
0.37 -0.11 288 0.85 7 Fe* Gth 0.37 -0.13 303 0.85 6 Fe*Gth
0.48 0.67 - 0.62 29 Fe3* Au 0.45 0.73 - 0.60 46 Fe*Au
0.90 1.82 - 0.38 3 Fe?* Au 0.89 1.99 - 040 5 Fe*Au
1.03 217 - 0.38 10 Fe?* Au 111 2.29 - 040 11 Fe*Au
e 1.01 2.75 - 038 6 Fe?* Ol E 1.01 261 - 0.40 4 Fe*Ol
g 1.15 2.90 - 0.38 23 Fe> Ol N 111 2.88 - 0.40 15 Fe* Ol
~ 0.36 0.00 439 080 8 Fe3* Mfr é 0.30 0.00 413 0.85 4  Fe* Mfr
0.44 0.00 36.8 0.80 8 Fe3* Mfr 0.44 0.00 36.1 0.85 4  Fe* Mfr
0.37 -0.12 237 085 7 Fe Gth 0.37 -0.12 217 0.85 6 Fe*Gth
0.37 -0.18 306 0.85 6 Fe* Gth 0.37 -0.11 283 0.85 5 Fe*Gth

There are no significant changes in contribution of com-
ponents visible on Mdssbauer spectra of the sample
heated up to a temperature of 400°C (Figure 5, Table 3).
A decrease in contribution of goethite is observed af-
ter heating the sample at 500°C and on the Mdssbauer
spectrum appears a sextet with hyperfine magnetic field
of 48.5 T associated with hematite Fe,0,. Dehydration
of goethite involves removal of hydrogen and one quar-
ter of the oxygen, without disturbing the network of the
remaining oxygen, and atomic rearrangement of Fe3* to
form hematite (Ozdemir, Dunlop 2000; Gialanella et al.

2010). After heating the sample at 600°C sextets related
to goethite are not visible. Additionally, the result of an-
nealing the sample at 500°C is appearance of ferric dou-
blet with hyperfine parameters IS = 0.41 mm/s and QS
= 0.92 mm/s on Mdssbauer spectrum. This component
can be related to the formation of superparamagnetic
nanoparticles of Fe,O, (Brown et al. 1998; Barcova et al.
2003; Rivas-Sanchez et al. 2009) as a result of oxidation
of Fe?* ions in the olivine structure (Kgdziotka-Gawet et
al. 2019). It indicates that the decomposition of the ol-
ivine structure starts at this temperature. This process
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Table 3. Hyperfine parameters and relative peak areas of spectral components from the Mdéssbauer spectra obtained for the
0-2 mm size fraction of the basalt before and after heating at high temperatures (T). The meaning of the parameters and errors
are the same as in Table 2.

T IS Qs H G A Component T IS Qs H G A Component
0.49 0.66 - 0.62 27 Fe** Au 0.44 0.70 - 0.55 24 Fe* Au
0.98 1.88 - 0.34 5 Fe?* Au 1.03 1.47 - 0.32 Fe?* Au
1.04 2.28 - 0.34 10 Fe?* Au 1.04 2.15 - 0.32 FeZ* Au

%_ 1.05 2.87 - 0.34 13 Fe? Ol 0.95 2.78 - 0.32 Fe? Ol
% 1.17 2.95 - 0.34 21 Fe?* Ol g 1.15 2.93 - 0.32 15 Fe?* Ol
_TE 0.30 0.00 42.1 0.80 5 Fe3* Mfr R 038 0.00 48.1 0.60 10 Fe3* Mfr
£ 042 0.00 36.8 0.80 7 Fe3* Mfr 0.59 0.00 44.6 0.60 6 Fe3* Mfr
0.37 -0.12 226 0.85 6 Fe* Gth 0.37 -0.21 50.9 0.50 19 Fe* Hem
0.37 -0.15 295 0.85 6 Fe* Gth 0.43 0.91 - 0.55 Fe3*
0.16 0.45 - 0.55 Fe®
0.47 0.62 - 0.65 27 Fe3* Au 0.43 0.65 - 0.52 19 Fe* Au
0.99 1.80 - 0.35 5 Fe?* Au 1.06 1.44 - 0.34 Fe? Au
1.05 2.18 - 0.35 10 Fe?* Au 1.06 2.14 - 0.34 Fe?" Au
1.03 2.80 - 0.35 13 Fe? Ol 1.00 2.68 - 0.34 Fe? Ol
g 1.19 2.89 - 0.35 21 Fe> Ol g 1.14 2.94 - 0.34 10 Fe? Ol
R 035 0.00 43.2 0.85 4 Fe3* Mfr & 038 0.00 48.4 0.50 11 Fe3* Mfr
0.38 0.00 38.5 0.85 7 Fe3* Mfr 0.50 0.00 44.6 0.50 4 Fe* Mfr
0.37 -0.12 256 0.85 7 Fe* Gth 0.37 -0.21 50.9 0.47 25 Fe* Hem
0.37 -0.14 325 0.85 6 Fe¥* Gth 0.37 0.92 - 0.52 10 Fe3*
0.16 0.40 - 0.52 9 Fe3*
0.49 0.68 - 0.65 28 Fe3* Au 0.45 0.64 - 0.50 16 Fe¥ Au
1.05 1.53 - 0.35 3 Fe?* Au 1.10 1.49 - 0.37 3 FeZ* Au
1.06 2.09 - 0.35 10 Fe?* Au 1.07 221 - 0.37 6 Fe? Au
O 1.10 2.67 - 0.35 12 Fe?* Ol o 1.09 291 - 0.37 7 Fe?* Ol
S 116 2.98 - 0.35 22 FeZ Ol S 0.36 0.00 47.7 0.50 9 Fe* Mfr
¥ 0.38 0.00 455 0.85 Fe3* Mfr e 0.34 0.00 43.6 0.50 3 Fe3* Mfr
0.42 0.00 40.0 0.85 Fe3* Mfr 0.37 -0.20 50.5 0.40 40 Fe** Hem
0.37 -0.10 28.0 0.85 Fe* Gth 0.40 0.91 - 0.50 7 Fe3*
0.37 -0.18 354 0.85 Fe3* Gth 0.17 0.49 - 0.50 9 Fe®
0.48 0.64 - 0.60 29 Fe3* Au 0.41 0.64 - 0.40 15 Fe* Au
1.00 1.81 - 0.40 3 Fe?* Au 1.10 1.67 - 0.36 3 Fe?* Au
1.05 2.27 - 0.40 9 Fe?* Au 0.98 241 - 0.36 5 Fe?* Au
1.03 2.88 - 0.40 11 Fe? Ol 0.90 2.99 - 0.36 3 Fe? Ol
g 1.19 2.93 - 0.40 18 Fez* Ol g 0.31 0.00 47.7 0.50 5 Fe3* Mfr
R 039 0.00 43.6 0.70 5 Fe3* Mfr § 0.42 0.00 46.1 0.50 2 Fe3* Mfr
0.40 0.00 38.8 0.70 7 Fe3* Mfr 0.37 -0.21 51.8 0.40 29 Fe** Hem
0.37 -0.12 483 0.70 7 Fe** Hem 0.37 -0.22 499 0.40 16 Fe* Hem
0.37 -0.14 291 0.85 7 Fe* Gth 0.41 0.90 - 0.40 10 Fe3*
0.41 0.91 - 0.40 4 Fe3* 0.19 0.44 - 0.40 12 Fe3*
0.42 0.70 - 0.65 30 Fe* Au 0.41 0.64 - 0.40 15 Fe* Au
1.02 1.76 - 0.32 3 Fe?* Au 1.10 1.50 - 0.39 3 Fe?* Au
1.04 2.24 - 0.32 Fe?* Au 0.96 241 - 0.39 Fe? Au
1.03 2.87 - 0.32 Fe?* Ol 0.87 2.99 - 0.39 Fe?* Ol
g 1.17 2.92 - 0.32 13 Fe?* Ol g 0.35 0.00 47.1 0.50 11 Fe3* Mfr
8 032 0.00 47.6 0.55 Fe3* Mfr § 0.34 0.00 44.1 0.50 4 Fe* Mfr
0.60 0.00 44.5 0.55 Fe3 Mfr 0.37 -0.19 51.7 0.40 26 Fe** Hem
0.37 -0.13  49.2 0.55 18 Fe3* Hem 0.37 -0.20 494 0.40 16 Fe** Hem
0.40 0.90 - 0.65 7 Fe3* 0.43 0.93 - 0.40 10 Fe3*
0.18 0.54 - 0.40 7 Fe®
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is important, hematite concentra-
tion has a great influence on the
thermal and elastic properties of
basalt products, e.g. basalt fiber
(Chen et al. 2022).

1200

Figure 6. Changes in concentration of silicates, Fe-oxides/hydroxide and ratio of Fe**
to total iron (Fe,.,) obtained after heating at high temperatures for basalt 0-2 mm size

fraction.

is advancing with an increase in annealing temperature
and after annealing the sample above 1000°C only a
small amount (~3%) of this mineral was detected on the
Mdssbauer spectrum. However, olivine diffraction lines
are still visible on the X-ray diffractogram after heating
the sample to 1000°C. It can suggest that at this tem-
perature we have forsterite in the sample.

Augite structure is much more stable at high tempera-
tures in comparison to olivine (Khisina et al. 2005;
Kadziotka-Gawet et al. 2019). Small changes observed
for this compound are oxidation of Fe? ions to Fe** ions.
However, after heating at 700°C on the Mdssbauer spec-
trum appears a doublet with the values of isomer shift of
about 0.16 mm/s and quadrupole splitting 0.45 mm/s,
which are characteristic of Fe* in tetrahedral coordina-
tion. This doublet corresponds to ferric ions that can be
incorporated in the tetrahedral position, probably, of the
augite structure. Note that after heating at 1100°C large
concentration of this mineral is still detected. Burkhard
(2001) explain the stability of augite during heating in
air by diffusion of Ca?* into the sample. She showed that
the Ca? is diffused at the air interface, forming a thin
Ca0, layer that limits the O diffusion into the sample’s
interior. High temperature stability of augite also con-
firms results of Scorzelli et al. (2005).

Hematite makes up more than 50% of all the iron-bear-
ing phases in the investigated samples of olivine heated
above 1000°C (Figure 6, Table 3). However, on Mdssbau-
er spectrum two sextets with hyperfine magnetic fields
~49.5 T and ~51.5 T are visibly connected with this iron
oxide. Substitution of foreign-elements in Fe,O, struc-

5. Conclusions

The paper illustrates that Mdssbauer spectroscopy is a
technique which can characterize iron-containing min-
erals and their processing. The changes in the Mdssbau-
er spectra reflect various phases of decomposition and
transformation. Knowledge about the physicochemical
properties, mineralogy and structure at high tempera-
ture ranges is important for basalt suitability for indus-
trial applications. The obtained results show that up
to a temperature of 500°C changes in contribution of
Fe-bearing minerals are nonsignificant. Heating in tem-
perature range from 500°C to 1100°C leads to a system-
atic increase in contribution of iron oxides at the cost of
silicate minerals, like augite and olivine.
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