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The structural transformations of the natural quartzite under the electron irradiation in doses range of
107...10° Gy in various medium were studied using IR-spectroscopy, X-ray diffraction, and crystal-optical analyzes.
It was established that under the irradiation, both in air and in a water stream, intense crystallization of the
amorphous component occurs, which is siliceous cement. The initial crystal structure of quartzite is also improved
as a result of radiation annealing of defects and impurities present in the initial quartz. It was found that the water
medium significantly accelerates these processes, however, in the studied doses range for both types of irradiation,
degradation of the quartzite crystal structure is not observed.

PACS: 539.2:549.2:535.33

INTRODUCTION

The object of the study in this work is the natural
gray quartzite of the Ovruch deposit in the north-eastern
part of the Zhytomyr region belonging to the Chernobyl
region [1-6]. The thickness of quartzite in this region
can be considered as one of the most promising
geological formations for the construction of a
radioactive waste storage facility. Since the rock will be
exposed to ionizing radiation from the radioactive waste
during deep burial, it is necessary to study the resistance
of its structure to radiation, including possible contact
with groundwater.

Structural transformations of natural quartzite as a
result of electron irradiation in the air medium were
studied in previous researches [7, 8]. It was found that
quartzite is highly radiation resistant and retains its
crystalline structure after electrons irradiation to a dose
of 10° Gy. In this work, in order to assess the prospects
of using quartzite rocks as a natural barrier for the safe
isolation of radioactive waste for a long time, as well as
to study the impact of the irradiation medium on the
radiation-stimulated structural-phase transformations of
quartzite, the experiments were carried out on by
irradiation with accelerated electrons in two mediums:
in the air and in the water stream. A comparative
analysis of the quartzite structural transformations under
irradiation in various medium was carried out on the
basis of the obtained experimental data.

EXPERIMENTAL TECHNIQUE

The samples were irradiated at the linear electron
accelerator KUT-1 with the following parameters:
electron energy E~7 MeV, average beam current
I =500 pA, temperature of the irradiated samples
Tir = 40 °C, absorbed dose Dy = 10°...10° Gy, electron
flux density @ =3-10"...3-10"" cm?. The indicated
dose range was chosen because it is known that the
maximum dose of external radiation from the
radioactive waste, which can be accumulated by the
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geological medium for 1000 years, is ~3-10’ Gy [9].
Irradiation in the air was carried out in a cooling water
medium in airtight copper containers (copper foil
thickness 0.5 mm). To simulate possible contact with
groundwater during the irradiation process samples
irradiation experiments were carried out without
container directly in the cooling water stream.

The structure and phase composition of quartzite
were studied by infrared spectroscopy, petrographic
analysis and X-ray diffraction. Infrared absorption
spectra were recorded using UR-20 (Zeis, Jena) and
IRS-29 (LOMO) spectrophotometers in the frequency
range of 400...4000 cm™ with a measurement error of
+(2...7) cm™. Petrographic studies were carried out on
polarizing microscopes MIN-8, POLAM-211L using
immersion liquids. X-ray diffraction analysis was
performed using DRON-4-07 diffractometer in Cu-Ka-
radiation equipped with Ni selective absorbing filter and
scintillation detector.

RESULTS AND ITS DISCUSSION

Microstructure study of the initial quartzite using
petrographic analysis of transparent thin sections in
transmitted light showed that it consists of large grains
of a-quartz (SiO,) (= 90 vol.%), tightly adjacent to each
other and interconnected by semi-amorphous siliceous
cement (=10 vol.%) (Fig.1.1, a, b). The width of the
binder layer of siliceous cement is 8...15 um. Grains of
quartz have sizes from 60 to 120 um. Some grains
contain gas-liquid inclusions and opaque impurities of
ore minerals. Such a structure of quartzite is explained
by the processes of metamorphism happening during its
formation under conditions of intense influence of
temperature and pressure [10]. The chemical
composition of the studied gray quartzite from the
Ovruch deposit is represented by the following oxides:
S|Oz —97.52%; A|203 — 1.54%; Fe,03 — 0.34%;
CaO - 0.12%; MgO - 0.09%; TiO, — 0.09%;
Na,O — 0.05% [8].


mailto:bereznyak@kipt.kharkov.ua

Fig. 1. Microphotographs of quartzite grains in an immersion preparation: a —without analyzer, b —with analyzer;
1 —initial quartzite — pure crystalline quartz grain with an isotropic rim of a semi-amorphous cementing substance;
2 — after electron irradiation in the air (D = 10° Gy) — quartz grain with point inclusions and an anisotropic
polycrystalline rim consisting of secondary quartz grains; 3 — after electron irradiation in a water stream
(D = 10® Gy) — a quartz grain containing clusters of point defects surrounded by an anisotropic polycrystalline
quartz mass. In the transmitted light

Diffraction pattern of the initial sample is shown in
Fig. 2, curve 1. Position of the diffraction peaks and
their integrated intensity fully correspond to
polycrystalline quartz. Lattice parameters of the initial
quartz, which is part of quartzite, are: a=4.9140 A,
¢ =5.4075 A. These values are close to the literature
data for a-quartz: a=4.914 A and ¢ =5.405 A (ICDD
PDF-2 database, #85-0798) [11]. A slight increase in the
lattice parameter ¢ (compared with the published data)
indicates the presence of defects and impurities in the
initial structure of a-quartz (Table).

The IR-spectrum of the initial quartzite contains the
main absorption bands of a-quartz: 470, 700, 810,
1100 cm™, which are typical for Si-O [12] vibrations.
However, the bands are somewhat blurred and in the
region of 830...750 cm™ there is no doublet caused to v,
Si-O-Si vibrations, which indicates the presence of an
amorphous component (probably semi-amorphous
siliceous cement), as well as defects and impurities in
the initial structure of quartz. There are no bands in the
spectra characterizing the presence of other minerals or
high-temperature quartz modifications. The presence of
absorption bands in the spectrum in the frequency range
1600 and 3400 cm™ indicates the presence of OH~
groups in the initial sample (Figs. 3, 4, curve 1).
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Fig. 2. Diffraction patterns of the studied quartzite
samples: 1 —initial quartzite; 2 —irradiation in water
stream D = 10’ Gy; 3 —irradiation in water stream
D =510’ Gy; 4 —irradiation in water stream
D = 10° Gy; 5 —irradiation in air D = 10° Gy

Lattice parameters of the initial and irradiated
(in the water stream and in the air) quartzite samples

Lattice parameters
Dose D, Gy
a, A C, A
a-quartz [11] 4,914 5.405
initial 4.9140 5.4075
——
10° (irradiation in a 4.9156 5.4073
stream of water)
) 7 /- - n -
5-10° (irradiation in 4.9172 5.4074
a stream of water)
o —
10° (irradiation in 4.9154 5.4066
a stream of water)
3/ . - .
10° (irradiation in a 4.9144 5.4045
stream of water)

Crystal-optical studies of quartzite irradiated with
electrons up to Dg,, = 10"...10° Gy have shown that the
grains of a-quartz retain their shape and size up to a
maximum dose of 10® Gy both under irradiation in the
air and in the water stream. The refractive index did not
change. Under both types of irradiation a large number
of smoky-colored grains appear (up to volume 40%) and
the formation of accumulations of gas-liquid inclusions
in quartz grains is observed (see Fig. 1.2,a,b). This is
due to the formation of color centers and radiation-
induced diffusion of impurities in the initial quartz [13].

In contrast to irradiation in the air, in which a
noticeable crystallization of siliceous cement is
observed only at the maximum dose of 10°Gy,
intensive irradiation of the cementitious substance
occurs during irradiation in the water stream already at
the first dose of radiation (10" Gy) (see Fig.1.2,b). It is
known that the solubility of amorphous silica and quartz
glass is almost 10 times greater than in crystalline
quartz [14]. Therefore, under irradiation in water stream
due to the formation of water radiolysis products: H,O
— H,0* > H" + OH, H"+ H" - H,, OH + OH —
H,0,, H® + OH — H,0, crystallization acceleration
process of semi-amorphous silica occur. When crystals
of stable modification of a-quartz are formed in

siliceous cement, this process stops and there is no
increase in their number with further radiation dose
increasing.
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Fig. 3. IR-spectra of quartzite absorption:
1 —initial quartzite; 2 — after irradiation with electrons
in the air up to D = 10" Gy;
3 — the same up to D = 10% Gy

In contrast to irradiation in the air, in which a
noticeable crystallization of siliceous cement is
observed only at the maximum dose of 10°Gy,
intensive irradiation of the cementitious substance
occurs during irradiation in the water stream already at
the first dose of radiation (10" Gy) (see Fig.1.2,b). It is
known that the solubility of amorphous silica and quartz
glass is almost 10 times greater than in crystalline
quartz [14]. Therefore, under irradiation in water stream
due to the formation of water radiolysis products: H,O
— H,0* > H" + OH, H"+ H" > H,, OH + OH —
H,0,, H* + OH — H,0, crystallization acceleration
process of semi-amorphous silica occur. When crystals
of stable modification of o-quartz are formed in
siliceous cement, this process stops and there is no
increase in their number with further radiation dose
increasing.

The lattice parameters of a-quartz after irradiation in
the air up to a dose of 10°Gy are: a=4.9144 A
(Aa=0.0005A), c=5.4045A (Ac=-0.003A) (see
Table). In comparison with the initial ones
(a=4.9140 A, c =5.4075 A) these values are closer to
the literature data for o-quartz (a=4.914A and
c=5.405 A). In addition, there is a decrease in the
FWHM of the quartz lines, as well as an increase in the
number of diffraction peaks, which can be explained by
the formation of a large number of small o-quartz
crystals during crystallization of amorphous cement
under irradiation (see Fig. 2, curve 5). At lower doses
these changes are weakly expressed. Therefore, we can
say that under irradiation in the air up to a dose of
10° Gy radiation annealing of defects occurs in the o-
quartz.

Diffraction pattern of quartzite, irradiated in the
water stream already at a dose of 10’ Gy, shows a
redistribution of the intensities and an increase in the
FWHM of individual diffraction peaks caused by the
mass formation of gas-liquid inclusions in quartz grains
(see Fig. 2, curve 2). The lattice parameters of a-quartz
are: a=4.9156 A, ¢c=5.4073 A (see Table). Lattice



parameter a increased (compared with the initial value
a=4.9140 A ) by 0.0016 A (approximately 0.03%), the
change in the parameter ¢ is within the measurement
error. The accumulation of impurity ions in the
structural channels of a-quartz leads to increase in the
parameter a, it is caused by the fact that as a result of
irradiation the mobility of structural elements-impurities
in quartz (Al, Ti, Na, etc.) increases, which, being
released from the nodes of the crystal lattice, occupying
free structural channels [14]. In addition, the presence of
water  dissociation  products  accelerates  the
accumulation of impurities and defects in the structural
channels and voids of the a-quartz crystal lattice.
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Fig. 4. IR-spectra of quartzite absorption:
1 —initial quartzite; 2 — after electrons irradiation
in a water stream up to D = 10’ Gy;
3 — the same up to D = 10° Gy

Upon subsequent irradiation in water to
D=5-10"Gy the intensity and FWHM of the
diffraction peaks do not change (see Fig. 2, curve 3).
The measured lattice parameters of a-quartz at
D=5-10"Gy are: a=49172A (Aa=0.0032 A,
approximately 0.07%), c=5.4074 A. Parameter a
continues to increase due to the accumulation of
radiation defects.

A number of significant changes occur in quartzite
under irradiation in the water up to a maximum dose of
10 Gy. There is a normalization of the peaks
intensities, a decrease in FWHM (see Fig. 2, curve 4), as
well as a decrease in the lattice parameters a and c:
a=4.9154 A, c = 5.4066 A (compared with a dose of
510" Gy, where a=4.9172A c=54074A) (see
Table). This indicates that radiation-induced diffusion
of impurities and defects contained in the sample leads
to their drain to the surface of quartz grains.

As a result of quartzite irradiation, both in the air
and in the water stream, infrared spectra change
significantly. These changes are accompanied by an
increase in the intensity of the main absorption bands, a
narrowing of their maxima and the appearance of
doublets typical for a-quartz, which is caused by
radiation annealing of structural defects of the initial
quartz, as well as the gradual crystallization of semi-
amorphous siliceous cement around grains of quartz.
However, under irradiation in the water stream changes
in the spectrum appear already at the first irradiation
dose of 10" Gy (see Fig.4, curve 2). The main

absorption bands in the spectrum become sharper, and a
number of characteristic peaks of a-quartz are also
appears, which are most dependent on the level of
crystallinity: 520, 700 cm™, as well as the doublet
780...810 cm™. The reasons for this are both intensive
crystallization of the bulk of silica cement, accelerated
by the presence of an water medium, and radiation
annealing of defects and impurities presented in the
initial quartz, which is part of quartzite.

A change of the shape and a redistribution of the
intensities of the absorption bands in the vibration area
of the hydroxyl groups 1630 and 3400 cm™ is similar to
that described in work [8] under irradiation in the air.
With an increase in the radiation dose to 10° Gy, a
noticeable increase in the intensity of the band is
observed, which is typical for molecular water in the
region of 3400 cm™, which is contained in gas-liquid
inclusions and intergranular space. The main maxima of
a-quartz in the spectrum (470, 700, 810 cm™) become
narrower, and a characteristic shoulder of 1180 cm™
appears, which is associated with stretching vibrations
of Si-O in the quartz structure (see Fig. 4, curve 3).
Thus, after irradiation to a maximum dose of 10% Gy the
crystal structure of a-quartz, which is part of quartzite,
becomes even more ordered, which may indicate its
high radiation resistance.

CONCLUSION

It was established that as a result of irradiation of
natural quartzite with electrons in the dose range of
10"...10° Gy, both under irradiation in the air and in the
water stream, intensive crystallization of the amorphous
component occurs, which is a siliceous cement, as well
as improvement of the initial crystal structure of
quartzite due to the radiation annealing of defects and
impurities, presented in the initial quartz.

It was found that the irradiation medium has a
significant effect on the rate of these processes. Hence,
under the irradiation in the water medium, intensive
crystallization of the bulk of silica cement and radiation
annealing of defects in the initial structure begin at
lower doses (10’ Gy), which is due to the presence of
water radiolysis products — H*- and OH-ions. However,
in the studied dose range for both types of irradiation,
no degradation of the crystal structure of quartzite is
observed. This indicates the high stability of the studied
rock to the effects of ionizing radiation from radioactive
waste, including possible contact with groundwater.
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BJUSIHUE BHEIIHEM CPEJIBI HA CTPYKTYPHO-®A30BBIE IPEOBPA3OBAHUSA
KBAPIMTA ITPU OBJIYYEHUH BBICOKOSHEPT'ETHYHBIMU JIEKTPOHAMMU

E.IL Bepe3nak, H.B. Konoouii, 10.C. Xoovipesa

Metomamu HK-crexTpockomnuu,

PEHTTEHOCTPYKTYPHOTO M KPHUCTAJLUIOONTHUYECKOTO aHAIU30B H3YYEHBI

1pe06Pa3OBAHMS CTPYKTYPhI IPUPOIHBIX KBAPLHTOB MPH OOIyIEHHH SIeKTPOHaMu B uHTepBane 103 107...10° Ip B
Pa3JIMYHBIX CpesiaxX. Y CTAHOBIIEHO, YTO B pe3yibTaTe OOIydeHHs KaK Ha BO3JyXe, TaK U B TIOTOKE BOABI IPOUCXOIST
WHTEHCHBHAs KPUCTAITM3A1Us aMOP(HOI COCTaBIIAIONIEH, KOTOpasi IPEACTABIISIET COO0M KPEMHE3EMHUCTBIN IIEMEHT,
a TaKkKe COBEPIIEHCTBOBAHHE HMCXOIHON KPHCTAJUIMYECKONH CTPYKTYpPHI KBaplUHTa B pe3yibTaTe PagHallHOHHOIO
oTxHra JedeKToB M TpHMecel, NPHCYTCTBYIOIIMX B MCXOAHOM Kapue. OOHapyXeHO, 4TO BOJAHAs cpena
CYIIECTBEHHO YCKOpPSIET 3TU MPOLIECCH, OJHAKO B MCCIEAYEMOM JHala3oHe 03 Ipu 00OMX BUAAX OOIyueHHS He
HabromaeTcs Kako-Mnbo erpafaiy KPUCTAIINYECKOW CTPYKTYPhI KBapIUTa.

BIIJIMB 30BHIIINIHBOI'O CEPEJJOBUIIA HA CTPYKTYPHO-®A30BI IIEPETBOPEHHSA
KBAPHUTY NPU ONTPOMIHEHHI BUCOKOEHEPTETUYHUMMU EJIEKTPOHAMUAU

O.11. bepe3nsak, 1.B. Konooii, 1O.C. Xooupcea

Meronamu [Y-criekTpockorii, peHTTeHOCTPYKTYPHOTO 1 KPUCTAIOONTHYHOTO aHaJli3iB BHUBUECHI IIEPETBOPEHHS
CTPYKTYpH NPHPOJIHMX KBAPIMTIB IPH ONPOMiHEHHI enekTpoHamu B imrtepsami o3 107...10°Ip y pismux
cepenoBuIiax. BeraHoBneHo, O B pe3yibTaTi ONMPOMIHEHHS SIK Ha MOBITPi, Tak i B MOTOL BOJM BifOYBarOTHCS
IHTEHCHBHA KpHCTaji3auis amMop(hHOi CKIaIoBOi, SKa INpeICTaBisie COOOI0 KPEMHE3EMHCTHH LEMEHT, a TaKoX
BJIOCKOHAJICHHA BHXIJHOI KPHUCTaJi4HOI CTPYKTypH KBapIWTy B pe3yiabTaTi paiamiifHoro Biamamy aedekTiB i
JIOMIIIIOK, TIPUCYTHIX Y BUXIIHOMY KBaplli. BUsBIEHO, 110 BOJHE CEPEJOBUINE iCTOTHO MPUCKOPIOE IIi MPOIECH,
OJIHaK Yy JOCIiIKyBaHOMY Jiama3oHi 103 mpu 000X BHJaX ONMPOMIHEHHS HE CIOCTEpiraeThes Oymb-aKoi Jerpanarii
KPHUCTAIIYHOT CTPYKTYpH KBapILUTY.



