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ABSTRACT

The chemistry and mineral assemblages of serpentinite-type rock aggregates used in radiation-
shielding concrete vary, affecting the material's shielding effectiveness. These variations in
aggregates result from different levels of serpentinization, leading to diverse compositions rich in
serpentine, antigorite or lizardite minerals. These changes impact the overall radiation attenuation
properties, differences in radiation-induced volume expansion, and concrete density.
Understanding these distinctions is crucial when concrete mixes are tailored to specific shielding
requirements in nuclear facilities. This ensures concrete-optimized radiation protection while
maximising structural performance and durability. To identify such differences, a combination of
Raman spectroscopy, large-area imaging and mapping using scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) and powder X-ray diffraction
(PXRD) was performed to compare Czech and Slovak serpentinite rocks which were used in the
construction of local nuclear power plants, which are still in operation.

1. INTRODUCTION

Concrete is the most commonly used material for
radiation shielding due to its relatively low production
cost and its efficacy in attenuating both neutrons and
gamma rays. The main concrete structures in newly
constructed nuclear power plants (NPPs) are designed
to have a service life exceeding 60 years. Aging
management studies of concrete used in existing NPPs
have identified the most susceptible components and
significant degradation factors that may impact the
functionality of safety-related features (Torrenti and
Nahas, 2010; Copinger et al., 2012; Remec et al.,
2013; Bruck et al., 2019). The durability of concrete is
mainly affected by mechanical stresses from structural
loads, shrinkage and creep, thermal exposure/thermal
cycling, enhanced carbonation, and the percolation of
fluids through the concrete due to moisture gradient
(Piotrowski, 2021). Prolonged exposure to high levels
of radiation can cause changes in the microstructure of
concrete, leading to its degradation. The radiation-
induced volumetric expansion (RIVE) of aggregates
significantly affects the structural integrity of
radiation-shielding concrete, resulting in a significant
reduction in the mechanical properties of the irradiated
concrete, such as compressive strength and tensile
strength and stiffness (Maruyama et al., 2017; Bruck
et al., 2019; Khmurovska and Stemberk, 2021).

Serpentinite rocks are widely used for so-called
serpentinite concrete, commonly used in the “dry”

radiation shield of the Water-Water Energetic Reactor
(WWER/VVER) type of pressurized water reactor
(PWR) nuclear power plants built in the Russian
Federation (Denisov, 2018) and other countries, such
as the Czech Republic and Slovakia. In combination
with heavyweight aggregates such as baryte, it
improves radiation attenuation properties remarkably
(Masoud et al., 2020). The presence of crystalline-
bound water in serpentinite plays a crucial role in its
effectiveness for radiation shielding, particularly for
neutron attenuation. Serpentine minerals, primarily
chrysotile, lizardite, and antigorite, contain
approximately 13-14 % water by weight in their
crystal structure (Coleman, 1971; Deer et al., 2009).
This high structurally bound water content is
particularly beneficial for neutron shielding, as
hydrogen atoms are highly effective at moderating fast
neutrons through elastic scattering interactions
(Calzada et al., 2011; Abdullah et al., 2022). The
bound water in serpentine's crystal structure, together
with bound water in C-S-H gels of cement paste,
provides a stable source of hydrogen that does not
evaporate or migrate under normal conditions,
ensuring long-term shielding performance (Riipke et
al., 2004; Sengupta et al., 2012).

Serpentinite forms from mafic or ultramafic
rocks (such as dunite, harzburgite, or Iherzolite)
through a metamorphic process called
serpentinization, which typically occurs under specific
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geological conditions  involving  water-rich
environments and relatively low temperatures. Over
time, the original minerals, such as olivine and
pyroxene, are replaced by the serpentine group
minerals. The extent of alteration during this
metasomatic process affects the resulting mineral and
chemical composition. The exact composition can
vary depending on the parent rock and the specific
conditions  of  serpentinization.  Additionally,
serpentinites may contain traces of elements such as
nickel and chromium and common mineral impurities
such as magnetite and Cr-spinels (Sobolev and
Logvinova, 2005). While some of these impurities
represent remnants of the original protolith, they
impact the rock’s mechanical qualities and stability,
presenting noticeable issues for use in the NPPs. It has
been described that several impurities in serpentinite
rocks, such as dolomite, magnesite, calcite and
particularly olivine, hornblende, and pyroxenes, can
raise the radiation-induced alterations in the
serpentinite concrete by 2-4 times (Denisov et al.,
2012) and moreover by extending the service life of
anuclear power plant, the radiation changes in
concrete may grow up to 6-12 times (Denisov, 2018).
It was also shown that during the service lifetime, the
serpentinite aggregate may affect the overall porosity
of the concrete and thereby influence durability of the
shielding (Dabrowski et al., 2022).

This study aims to identify and define various
serpentinite rocks based on different degrees of
serpentinization and to determine the most appropriate
serpentinite for use in a new generation of radiation-
shielding concrete.

2. MATERIAL AND METHODS
2.1. SAMPLES PREPARATION

All studied samples were collected in an in-situ
environment, either active or inactive quarries,
corresponding to actual localities from where the
aggregates were taken while the considered NPPs
were constructed.

To characterise the microstructural features of
the selected serpentinite aggregate samples, the test
samples were prepared for SEM-EDS and micro-
Raman analysis by processing them into polished
epoxy-encased blocks/mounts. For the purposes of
SEM-EDS analysis, the surface of the test samples was
coated with an approx. 20 nm thick layer of carbon to
suppress charging.

The samples were ground to a powder to identify
individual phases in aggregate samples via PXRD. It
is assumed that these materials will be tested after
irradiation; therefore, we are investigating the optimal
sample preparation method suitable for preparing
active aggregates after irradiation in the environment
of shielded glove boxes, following the procedure
described in (Aparicio et al., 2024), where the studied
material was ground in ethanol using an MM 400
oscillating mill in three stages.

2.2. CHARACTERISATION METHODS

Light optical microscopy (LOM) was used for
primary characterisation of the studied aggregate
samples. The Nikon Eclipse LV100N POL
microscope was equipped with a 5-megapixel camera
and image acquisition and processing software. The
samples were photographed at either 5x (NA=0.15),
10x (NA=0.30), or 20x (NA=0.45) magnification.

The samples were analysed using a Tescan Mira
GMU electron microscope for large-area imaging and
elemental mapping, supplemented with an X-Max80N
energy-dispersive analytical system and acquisition
SW AzTec (Oxford Instruments). Data were acquired
using an acceleration voltage of 15 kV, beam current
of 3 nA, and approx. 1 pm spot size, where the total
mapped area consists of segmented blocks with a size
of 1000x1000 pum. For the quantitative analysis MAC
55 Reference Standard block containing pure elements
and silicate minerals was used for standardization.

A confocal micro-Raman spectrometer, LabRam
Evolution (HORIBA JOBIN YVON), equipped with
a Peltier-cooled CCD detector and linked to an
Olympus BX41 microscope, was used to collect single
Raman spectra of selected minerals. The instrument
was calibrated using the Rayleigh line using either
532 nm Nd: YAG or 473 nm diode-pumped solid-state
laser. Data were collected in the 1004000 cm™' range
utilising a diffraction grating with 600 grooves/mm, an
entrance slit of 100 um, a confocal hole of 200 um and
a 50x or 100% objective. The diameter of the spot for
the measurement was ~1 um. Data were processed
with Seasolve PeakFit 4.1.12 and LabSpec 6 software.
Band fitting was done after appropriate background
correction, assuming Lorentzian—Gaussian band
shapes.

The samples' diffractograms were collected by
an Empyrean IlIl  diffractometer (Malvern-
Panalytical), which is equipped with an X-ray lamp
with a cobalt anode (Co-Ko, A =1.789 A, 40 kV,
40 mA, line focus) and a focusing mirror in the
transmission mode setting. The range of 2 theta was
from 5 up to 82°, with a step of 0.013° and a total
measurement time of 2.5 h.

3. RESULTS AND DISCUSSION

3.1. PETROGRAPHIC AND MINERALOGICAL

FEATURES

Serpentinite rocks from the Czech Republic
(shortcut S1) are still mined today in the only
serpentinite-active quarry in the vicinity of the town of
Bernartice. The body of the deposit is stretched almost
from east to west with a maximum length of about
3.5 km and a maximum thickness of about 900 m. The
area around the deposit consists mainly of biatitic to
sillimanite—biotitic paragneisses belonging to the
Variegated Series of the Moldanubian Zone (Benes,
1963). Serpentinite from Bernartice has a very dark
green-black colour, fine-grained texture, and typical
features on the exposed areas, indicating ongoing
weathering processes (Fig. 1). This process is
influenced by factors such as pH, temperature, and
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Fig. 1

Specimens of serpentinite S1 taken from the site, together with a piece of magnesite vein. Scale for

comparison (black & white rectangles equals 1 cm).

Fig. 2

Specimens of serpentinite S2 taken from the site, with intersecting light-coloured chrysotile veins. Scale

for comparison (black & white rectangles equals 1 cm).

water availability (Olsen et al., 2023), resulting in the
presence of secondary minerals. In addition to
the serpentinite body, there are occurrences of
peridotite relicts visible to the naked eye or veins with
tremolite or magnesite present (Pauli§ et al., 2010).
Magnesite veins penetrating the deposit are also
exceptionally thick (0.5-25 cm).

Serpentinite rocks from Slovakia (shortcut S2)
come from an inactive quarry that is still accessible
and lies in the vicinity of the town of Dobsina. The
body near Dobsind belongs to serpentinized
peridotites of the Mesozoic age. The oval lens of
serpentinite, with the largest dimensions of about
700 min the direction from east to west, is tectonically
significantly broken. It is divided into several parts
with typical fillings of relatively thick veins of white
chrysotile asbestos (Hovorka et al., 1984, 1985). The
colour is dark to light green (Fig. 2), rarely occurring

as yellow-green. This represents a mineral
composition dominantly rich in antigorite, chrysotile
and lizardite. The occurrence of brucite, magnesite,
calcite and other rare minerals is also caused by the
weathering processes of the serpentine (Pauli§ and
Dud’a, 2002). Dark to black rock parts occur in minor
quantities and represent original lherzolites with
minerals such as olivines, pyroxenes and spinelides.

The samples S2 were considerably texturally
different from S1 even when observed with LOM. In
the serpentinite S1, the main serpentine minerals
appear to be relatively homogeneous, and the presence
of other mineral inclusions, including extensive
magnesite veins and cracks, is quite prevalent
(Fig. 3a). Serpentinite S2 shows chaotically oriented
minerals that are penetrated by chrysotile veins, with
occasional cracks and the presence of other minerals
(Fig. 3b).
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Comparison of diffractograms of samples S1 (a) and S2 (b), the main phases are labelled with letters.

C — chrysotile, E — enstatite, F — forsterite, L — lizardite, M — magnetite (spinel), T — tremolite.

3.2. PXRD AND MINERAL CHEMISTRY

The X-ray powder diffraction investigation of
powdered bulk rock from two different localities
allowed a comparison between Czech and Slovak
serpentinite phase composition. The minerals detected
in the S1 sample can be colour-differentiated into two
parts, which were separated prior to the sample
preparation for better recognition and phase
identification. The brighter part (labelled as
heterogeneous) of the serpentinite consists mainly of
tremolite, a small amount of lizardite and traces of
clinochlore. The dark part (labelled as homogeneous)
has a different mineral composition; the main phases
are lizardite and forsterite, pyroxene, magnetite
(spinel), and clinochlore were also detected (Fig. 4a).

Similar minerals were identified in serpentinite
originating from the S2 sample; however, they are
represented in different amounts. The dominant light
green part contains minerals such as chrysotile and
lizardite. The dark parts of this sample also contain
chrysotile and lizardite, while magnetite (spinel) was
also detected (Fig. 4b).

Estimating the degree of serpentinization
involves analysing changes in mineral assemblages
and chemical compositions. As the process of

serpentinization progresses, primary minerals such as
olivine and pyroxene are gradually replaced by
serpentine group minerals, with the highest degree
consisting of only serpentine minerals, while also
affecting the changes in Calcium (Ca), Magnesium
(Mg), lron (Fe) and Chromium (Cr) within the
serpentinite deposit (Moody, 1976). Differences can
be observed when we compare the bulk chemical
composition of S1 and S2 (Table 1 or supplementary
Fig. S1).

Mg is  generally  conserved  during
serpentinization, but its distribution shifts from olivine
to serpentine minerals. Our values range from 39.08 to
41.79 wt.% MgO and correlate with SiO, content, with
the remaining Mg bound to other mineral groups. Iron
undergoes partial oxidation where Fe?* from olivine
changes to Fe®* in magnetite. Iron is also present in
other minerals that bind iron into the structure,
including relict olivines where it remains in the Fe?*
form. Bulk values are almost similar with S1 — 5.15
and S2 — 5.08 wt.% Fe;Os. From Figure 5 it is
noticeable that Cr forms discrete Cr-spinel phases
(Hodel et al., 2017). Significant differences can be
observed between the S1 — 1.02 and S2 — 0.29 wt.%
Cr,03 values, which also agrees with our observations,
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Table 1 Bulk chemical composition of studied samples S1 and S2, results are shown in wt.%. b.d.l. = below

detection limit.

SiO2 TiO> Al203 Cr203 Fe20Os CaO CoO

S1 Serpentinite 36.79 0.17 2.96 1.02 5.15 1.91 b.d.l.
S2 Serpentinite 43.85 b.d.l. 0.47 0.29 5.08 0.14 0.13
MgO MnO NiO Na.O K20 H20

39.08 0.13 0.21 0.94 0.24 11.39

41.79 0.19 0.45 b.d.l. b.d.l. 7.61

S1 - Bernartice

S2 - DobsSina

Fig. 5

relict Cr-spinelides replaced by magnetite.

whereas in the case of S2, the presence of the Cr phase
is much rarer. In both serpentinites, Cr concentrates in
the core of the primary Cr-spinel phase, which is partly
converted to secondary magnetite towards the rims
(Figs. 5 and 6). Due to the natural abundance in the
ultrabasic rocks, trace metals such as Cobalt (Co) or
Nickel (Ni) were detected as well (Caillaud et al.,
2009), where elevated values of these elements are
present in S2 serpentinite. A rare mineral as the
product of lateral weathering was detected in the case
of Dobsind in the form of closer unspecified
Ni-smectite.

Cobalt is especially the most problematic since it
leads to the formation of a relatively long-lived isotope
of %°Co that generates significant gamma radiation,
which then causes the radiolysis of water in the
serpentinites and cement and subsequent crack

EDS images of mapped areas in S1 (up) and S2 (down) for Fe, Cr and Co in relation to crystal grains of

formation, thus reducing its attenuation and
mechanical properties (Lavdanskij et al., 1989). Ca, K
and Na are typically leached from the system, resulting
in decreased values in the bulk content. Aluminium
(Al) is dominantly concentrated in the mineral
clinochlore or other minerals such as spinelides,
antigorite and tremolite.

Quantitative assessments of serpentinization
degree have been developed based on mineralogical-
chemical changes, such as the magnetite proxy method
(Toft et al., 1990) or the serpentinization degree index
(Meer, 1994). Based on the elemental associations
(Figs. 8 and 9), it is most likely evident that both
bodies went through a different developmental stage
of serpentinization, and it was most likely additionally
affected by secondary alteration processes (Hodel et
al., 2017). In the case of sample S1, considerable



370 K.Sobek et al.

S1 - Bernartice

Fig. 6

Fig. 7

S2 - Dobsina

BSE image of relict Cr-spinel grains partly replaced by secondary magnetite.

%3

BSE image of typical microstructure of studied serpentinites. In S1, numerous relicts of primary mineral

association and their advanced alteration by secondary serpentine is visible. In S2, serpentine is the
dominant mineral phase with only Cr-spinel-magnetite relicts present.

alteration of the original peridotites by newly formed
minerals of the serpentinite group can be observed,
nevertheless, with relics of the former minerals (such
as olivine F090 and tremolite) still present. In sample
S2, almost no relics were preserved. The replacement
of Cr-spinelides by magnetite can be observed in
a similar way (Fig. 7). However, it should be noted
that the weathering of the serpentinite body affected
the overall concentration of trace metals, leading to
chemical discrepancies between different profiles.

3.3. RAMAN SPECTROSCOPY ANALYSIS

Micro-Raman spectroscopy is an ideal and
reliable technique for determining and differentiating
present silicates, oxides or carbonates and
distinguishing individual phases within mineral solid
solution systems. Most significantly, minor changes
between composition and structure can be observed if
the solid solutions contain crystal-bound water (e.g.,
see Novak et al., 2023). Based on this observation,
minerals of the serpentine group can be distinguished,

where the contained OH can serve as a point of
reference in the form of Raman bands in the regions
from 3600 to 3800 cm™! (Hajjar et al., 2016, Rizzo et
al., 2023).

In the Raman spectra of serpentine minerals
(belonging to the phyllosilicate group) in S1 and S2
(Fig. 10), shifts can be observed for Si-Oy-Si
stretching and SiO4 bending modes, which occur at
691 and 387 cm™! in chrysotile, 685 and 377 cm™! in
antigorite and at 689 and 381 cm™' in serpentine-
lizardite, respectively. For antisymmetric Si-Oy-Si,
a characteristic peak at 1043 cm™ in antigorite could
be observed. Other low-frequency modes vary from
100 to 230 cm ! and should be related either to lattice
or MOg vibration modes. Because the structure reflects
the compositional changes, some OH bands detected
vary, where chrysotile is characterised by one strong
peak at 3694 cm’!, antigorite by peaks ranging
between 3660-3698 cm™' and serpentine-lizardite
ranging from 3680 to 3701 cm™. (Groppo et al., 2006,
Wang et al., 2015, Lahondére et al., 2019, Aspiotis et
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al., 2023). For comparison, tremolite is also included
here, which has a different spectrum as it structurally
belongs to the amphibolite group (Rsche et al., 2022).
Antigorite was detected only in S2; altogether, with
SEM-EDS analyses, we may establish in Dobsina
a different degree of serpentinization most likely
related to mantle wedge (Soda and Wenk, 2014).

In both samples, we were able to identify calcite
based on the translational and rotational lattice modes
155 cm™! and 281 cm™! and two internal modes, such
as in-plane bending mode v4 712 cm™ and typical
symmetric stretch v, around 1086 cm™'. The magnesite
spectrum was different (Fig. 11a) with translational
and rotational lattice modes at 211 cm™! and 328 cm™,
and two internal modes, such as in-plane bending
mode v4 738 cm™! and dominant symmetric stretch
band v, around 1094 cm™! (Frezzoti et al., 2012).

Small changes in the spectra of magnetite and the
detection of magnesiochromite with characteristic
bands in the region 100-800 cm™' are also visible in
samples S1 and S2, indicating substitutional changes
within the magnetite-chromite spinelide group (See
Fig. 11b). These changes belong to the most prevalent
band between 650-710 cm™ and are most likely
attributed to the MBOs group (B=Cr, Al, Fe®*) as
symmetric stretching vibration v1. Other bands below

600 cm™! should belong to the v4 or Eq symmetric
MB-O stretching vibrations (Kharbish, 2018; Krolop
etal., 2019).

Another mineral detected using Raman
spectroscopy was olivine, which, based on the band
positions, will have a chemical composition between
the forsterite and fayalite solid solution system with
a tendency towards the forsterite component (Kuebler
etal., 2006). According to SEM-EDS data, the mineral
containing the most aluminium was identified as
clinochlore, with three well-defined peaks related to
OH vibrations (Fig. 11c), even though the exact peak
positions are widely variable. In previous studies,
establishing exact vibrations in the chlorite group
minerals is quite challenging, as different proportions
of Mg? and Fe?* in the structure may result in
complex peak shifts in most Raman bands (Arbiol and
Layne, 2021).

4. CONCLUSIONS

In conclusion, the degree of serpentinization and
place of a given serpentinite deposit affects the quality
of aggregate based on mineral and chemical
composition. Based on these differences between
samples from the Czech Republic and Slovakia, we
addressed changes in composition for elements such
as Co, Cr, or Ni. The presence of Co is undesirable,
but it is present in only trace amounts in the
aggregates, and its proposed quantitative limits can be
calculated by numerical modelling, considering the
tendency of activation susceptibility and the time
required to reach the clearance level. To ensure
a longer life of concrete used in NPPs, we recommend
using serpentinite with as little cobalt as possible,
which may also affect radioactive waste management
after the decommissioning of NPPs.

Based on our observation and taking these
reasons into account, Slovak serpentinite appears to be
less suitable, especially because of the presence of
undesirable elements and ashestos. The Czech
serpentinite aggregates containing a large proportion
of relict minerals such as olivine, pyroxene, and
amphibole might also be considered less suitable, as
these minerals can significantly contribute to the
formation of RIVE during long-term radiation
exposure. Nevertheless, when comparing the
advantages and disadvantages, Czech serpentinite is
amore suitable material for radiation-shielding
concrete in general, provided that aggregate quality
control is carried out during the selection process and
areas with a high degree of serpentinization are
prioritised.

Another recommendation is using serpentinite,
which is not contaminated with carbonates, as this
attribute can also significantly impact the quality and
durability of radiation-shielding concrete. Serpentinite
should be processed so the calcite or magnesite
presence is reduced to a minimum as far as is
technologically possible to achieve a high consistency
within the aggregate quality. However, for a deeper
understanding of other processes within the minerals
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without the presence of OH vibration.

of the serpentinite group and their exact response to
irradiation, it is necessary to carry out further research
that includes irradiation in the reactor in the future.
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