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Аннотация: Согласно требованиям МАГАТЭ захоронение радиоактивных отходов (РАО) 
в геологических формациях является одним из способов обращения с РАО. Отмечено, что 
анализ безопасности захоронения РАО в литифицированных глинистых образованиях 
требует оценки подземной среды как многокомпонентной системы. Подземные соору-
жения хранилищ РАО находятся в сложном взаимодействии с другими компонентами 
подземного пространства. Верхневендские глины и нижнекембрийские синие глины счи-
таются перспективными формациями для захоронения отходов в Санкт-Петербургском 
регионе. Авторы предлагают эти грунты рассматривать как трещиноватые толщи, под-
верженные воздействию напорных минерализованных вод с низким окислительно-вос-
становительным потенциалом (-35 мВ) и богатым анаэробным микробным сообществом. 
Установлены сложные формы коррозии материалов обделки тоннелей. Делается вывод, 
что аналогичные процессы будут происходить и в материалах обделки хранилищ РАО. 
Рассматривается воздействие радиолиза на  глины, материалы инженерных барьеров 
и интенсификация микробной деятельности. Соответственно, использование вендских 
и нижнекембрийских глин в качестве вмещающей формации не гарантирует надежной 
и безопасной изоляции этих отходов, что требует дальнейших комплексных теоретиче-
ских и прикладных исследований.
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Abstract: According to the IAEA requirements, disposal of radioactive waste (RAW) in 
geological formations is one of the ways of RAW management. It is noted that an analysis of the 
safety of RAW disposal in lithified clay formations requires an assessment of the underground 
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Introduction
According to the Russian State Atomic 

Energy Corporation RosAtom, Russia 
currently has 11 nuclear power plants 
with 38 power generating units, with three 
more units under construction. Moreover, 
RosAtom alone plans to build additional 
35 power units around the world. Despite 
the abandonment of nuclear power in 
some European countries, its global share 
as a “green alternative” to burning fossil 
fuels is expected to rise to 14% by 2050, 
compared to 10% in 2018. However, 
the management of radioactive waste of 
varying degrees of activity and aggregate 
states generated during the nuclear fuel 
cycle remains a key issue for nuclear 
power worldwide. According to the 
current approach adopted by the IAEA [1], 
such waste is supposed to be isolated after 
a period its heat release at great depths in 
stable geological formations. 

According to the IAEA requirements, 
the following geological formations are 
considered reliable for geological disposal 
of RAW: 1) solid crystalline basement 
rocks (Sweden, Finland, Russia), 2) 
volcanic tuffs (USA), 3) argillaceous 
sediments (clays, mudstones, marls) 
(France, Belgium, Switzerland, Russia), 4) 

evaporite formations (principally bedded 
or dome rock salt) (Germany, Russia). 
The underground disposal medium must 
meet the requirements regarding the 
depth, sufficient thickness, homogeneity 
and structure, low hydraulic conductivity 
of the strata, and tectonic stability of the 
region [1]. 

Analysis of safe RAW disposal in 
lithified clay formations requires a special 
approach and comprehensive assessment 
of the underground environment as a 
multicomponent system, covering soils 
and rocks, as well as their voids (fractures 
and pores), taking into account the existing 
gravity stresses, groundwater, gases and 
microorganisms, as well as supporting 
structures of mine workings. At the same 
time, it should be noted that groundwater 
and gases may have an additional impact 
on the stress-and-strain state of the clay 
formation [2]. 

Long-term stability of the repository 
support structures that are exposed to the 
complex impact of the above mentioned 
components of  the underground 
environment shall ensure the safety of 
the RAW disposal facility. Underground 
structures are affected by gravitational 
stresses, which are determined by the 

environment as a multicomponent system. Subsurface structures of RAW repositories are in 
complex interaction with other components of the subsurface medium. The Upper Vendian clay 
and the Lower Cambrian blue clay are considered promising formations for waste burial in the 
St. Petersburg region. The authors argue that these soils should be considered as fissured strata 
exposed to confined mineralized water with a low redox potential (-35 mV) and a rich anaerobic 
microbial community. Complex patterns of corrosion of tunnel lining materials are detected. 
It is concluded that similar processes will take place in the linings of RAW repositories. The 
impact of the radiolysis on the clays, engineering barrier materials and intensification of 
microbial activity are considered. Accordingly, the use of Vendian and Lower Cambrian clays as 
host formations does not guarantee reliable and safe isolation of these wastes, which requires 
further comprehensive theoretical and applied research. 
Key words: clayey formations, radioactive waste, disposal, corrosion, microbial activity, 
mineralized water, radiolysis.
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depth of the disposal facility, physical and 
mechanical properties of the overlying 
rocks, hydrodynamic influence of 
groundwater, as well as the development 
of corrosion processes of different 
nature caused by the presence of water, 
microorganisms and gases (Fig. 1).

1. Engineering and geological 
features of bedrock clays in the St. 
Petersburg region

Thick series of highly lithified clays of 
the Upper Vasileostrovskaya Formation of 
the Upper Vendian Kotlin Horizon (Upper 
Kotlin clays) V2kt2 and the Siverskaya 
Formation of the Lontovas Horizon of the 
Lower Cambrian (blue clays) Є1sv were 
selected as prospective formations for 
RAW burial for geological conditions of 
the St. Petersburg region (Fig. 2). 

These sediments were formed in 
shallow and relatively warm marine 
basins. The main source of sedimentation 

material was chemical weathering crusts of 
crystalline rocks of the Baltic Shield and, 
to a lesser extent, sedimentary formations 
of the Riphean Priozersk Formation [3]. 

The Upper Kotlin sediments are 
represented by greenish-grey thinly 
laminated silty claystone-like clays. 
These clays used to be referred to as 
laminaritic because of the Laminarites 
algae debris, which formed thin brown 
films of organic matter. Lamination is 
formed by alternating layers with different 
ratios of silty and clayey fractions. The 
maximum thickness of the Upper Kotlin 
sediments reaches 120−140 m. According 
to microprobe and X-ray diffraction 
studies performed at the Institute of 
Precambrian Geology and Geochronology 
of the Russian Academy of Sciences and 
St. Petersburg State University, the clay 
fraction of these deposits is represented 
by kaolinite, whose content increases 
towards the upper part of the formation, 

Fig. 1. A block diagram showing interaction of underground workings support with multicomponent 
underground environment
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chlorite, and hydromica (including the 
mixed illite-muscovite series). Siderite, 
ankerite, Fe-dolomite are also present 
either as cementing minerals or as 
individual porphyroblasts. Clastic material 
is represented by quartz, muscovite, 
chloritized biotite, and occasional pyrite 
[4, 5, 8]. 

The Lower Cambrian formations of the 
Siverskaya Formation are also classified 
as silty clays of a distinctive greenish-
blueish colour. The content of particles 
smaller than 2 µm reaches 25−40%, 
rarely exceeding 60%. According to the 
composition of minerals, these clays are 
hydromicaceous (illite, hydromuscovite, 
hydrobiotite) with the subordinate 
presence of chlorite and kaolinite. Blue 
clays are characterized by the presence of 
glauconite, as well as nodules, individual 
crystals and finely dispersed pyrite 
(melnikovite). An important feature of 
these clays is the presence of organic 
compounds, the content which reaches 
4%, including up to 1.5% of bituminous 
compounds. The maximum thickness of 
the formation reaches 120−130 m [4]. 

Upper Vendian and Lower Cambrian 
clays are characterized by low physical 

andchemical activities, i.e. their sorption 
capacity does not exceed 14 mg-eq/100g, 
being on average 12 mg-eq/100g [4]. This 
is due to the low activity of Vendian clay 
minerals and a kind of «insulation» of the 
active centres of clay minerals in the Lower 
Cambrian sediments of organic films. 

Studies of Lower Cambrian bedrock 
clays in outcrops, pit walls, and Upper 
Vendian clays in underground mine 
workings started by R. E. Dashko back 
in the 1960s, showed that these strata 
should be considered as a fissured media, 
with fracturing of different origin, both 
tectonic and non-tectonic [6, 7]. The study 
of fracturing carried out within the cross-
section of the St. Petersburg region made 
it possible to assess the peculiarities of its 
development depending on the depth. With 
depth, the average block size increases 
from 0.10−0.15 m in the first few meters 
from the roof, i.e. in the interval most 
affected by the exogenous processes, to 
1.0−1.2 m and more at depths more than 
40−50 m from the roof, corresponding to 
the clayey strata (Fig. 3). 

The fact that in the geological past these 
fractures were permeable is evidenced by 
the presence of secondary formations on 

Fig. 2. Schematic geological and lithological cross-section of the St. Petersburg region
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the fracture walls, including brown iron 
oxides, the presence of sulphates and 
carbonates [2]. 

The clayey strata are underlain by 
sandstone formations, to which the 
Lomonosov and Lower Kotlin aquifers of 
the same name are confined (see Fig. 2). 
The head of aquifer does not exceed 30 m 
above the top of the Lomonosov formation, 
water is sodium chloride bicarbonate with 
mineralisation below 1.2−1.3 g/dm3; the 
aquifer is used as a source of decentralised 
domestic and drinking water supply for 
individual households and some industrial 
facilities in the south of St. Petersburg. 
In addition, in the western part of the 
Leningrad Oblast, where mineralisation 
stands at around 0.5−0.7 g/dm3 (up to 
1.0 g/dm3), these waters are used for 
centralised water supply of the towns of 
Kingisepp, Ivangorod and Slantsy. 

The Lower Kotlin aquifer is a high-
pressure water-bearing formation, the 
head of which currently exceeds 100 m, 
and its recovery is observed at the rate 
of about 1 m/year. Water withdrawal in 
the central part of St. Petersburg slightly 
exceed 1,000 m3/day, the aquifer is mainly 
used as a source of domestic and potable 
water supply in the Kurortny District 

of the city, as well as on the Karelian 
Isthmus [9]. The Lower Kotlin aquifer is 
considered to be a strategic water supply 
source for the metropolis in an emergency 
situation. Chemically, these waters are 
sodium chloride with a predominant 
mineralisation of 3−5 g/dm3, which rises 
up to 7 g/dm3 in the fracture zones, with 
a low redox potential (Eh, measured in 
situ, was -35 mV). The waters are slightly 
alkaline or neutral in hydrogen index 
(рН = 6.9−7.4). Because these waters 
are a source of nutrients and energy for 
microorganisms, microbiological tests 
were performed by inoculation of media 
and 16S rRNA metagenomic analysis. 
These tests showed that the water contains 
a rich biotic community of anaerobic and, 
to a lesser extent, facultative and aerobic 
microorganisms, including sulphate-
reducing (the groundwater smells slightly 
of hydrogen sulphide), ferrobacteria (both 
iron-reducing and iron-oxidising), silicate 
bacteria (Bacillus) and others. Most of the 
identified microorganisms belong to the 
active degraders of construction materials. 
The confined groundwater of the Lower 
Kotlin aquifer is the main source of 
microbial contamination of tunnels 
excavated in the Vendian bedrock clays. 

Fig. 3. Fractures in bedrock clays of the Upper Vendian (left) and Lower Cambrian (right) bedrock 
clays. A — lithogenic fractures, B — tectonic fractures 
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The accumulated experience of 
operating subway tunnels and stations 
[2, 10−17] deep excavations and flooding 
of basements of some unique high-rise 
buildings confirms that excavation and 
operation of underground workings in 
jointed bedrock clays of St. Petersburg 
region (mainly Upper-Kotlin clays) is 
accompanied by discharge of pressurized 
water of the Lower Kotlin aquifer 
into these excavations. Studies show 
that the actual in-situ conductivity of 
bedrock clays exceeds the values of 
conductivity coefficient measured in 
laboratory conditions by about 2 orders of 
magnitude, increasing up to n∙10−2—10−1 
m/day in the zones of tectonic faults. This 
fact should be taken into account when 
designing underground RAW repositories 
in similar engineering, geological and 
hydrogeological conditions. 

2. Specific features of subsurface 
structures

2.1. Specific features of RAW disposal 
facilities

All currently available repository 
design concepts can be described as 
a sequentially interacting system of 
different barriers, the last of which is the 
geological formation (clays) itself. The 
primary barrier is the corrosion-resistant 
metal or reinforced concrete containers, in 
which the RAW is directly placed. These 
containers are sequentially placed inside 
the mine workings, which are supported 
by reinforced concrete lining, after which 
the free space is backfilled with highly 
active clays of the montmorillonite 
group or native clays mixed with active 
additives. It is assumed that this complex 
engineering barrier together with the 
natural barrier, i.e. the host rocks, should 
reliably protect the environment from 
ionizing radiation and direct pollution of 
the groundwater and the host rocks with 
radionuclides.

As noted earlier, the Upper Vendian 
and Lower Cambrian clays were selected 
as formations suitable for underground 
disposal of low- and medium-level active 
waste in boreholes or drifts and tunnels at 
the Koporie and Radon sites, located south 
of St. Petersburg in the Sosnovoborsky 
District [18−20]. 

2.2. Features of operation of 
underground excavations in bedrock clays 
of the St. Petersburg region 

It should be noted that the main emphasis 
in the study of the operation of engineering 
structures is shifted mainly to the waste 
container and only to a lesser extent to 
the backfill material. The basic design 
principle is that the bedrock clay formation 
is stable and watertight, hence the reliable 
performance of the load-bearing lining of 
the drifts and tunnels is guaranteed in time. 
However, as shown above, the bedrock 
clays are a jointed and blocky medium, 
in which upward filtration of mineralized 
water from the Lower Kotlin confined 
aquifer is observed. The interaction of these 
waters with the materials of the lining of the 
excavation, passed through the Upper Kotlin 
Vendian clays, leads to the destruction of the 
supporting structures due to various types of 
corrosion (see Fig. 1). 

Examination of tunnels and stations 
of the St. Petersburg subway, which 
have been operated for a long time in 
similar geotechnical and hydrogeological 
conditions, revealed complex patterns of 
drstruction of lining materials caused by 
their interaction with groundwater of the 
Lower Kotlin aquifer (Fig. 4).

The complex nature of the failure 
of the supporting lining is due to the 
following factors:

1. Stresses created by the weight 
of the overlying formations, as well as 
hydrostatic and hydrodynamic influence 
of pressurized groundwater of the Lower 
Kotlin aquifer cause stress-corrosion of 
the lining materials.
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2. Groundwater of the Lower 
Kotlin aquifer has a complex chemical, 
physicochemical and biochemical effect on 
the waterproofing layer and the materials 
of the load-bearing lining, i.e., reinforced 
concrete and cast-iron. The ability of active 
diffusion penetration of chloride sodium 
waters, limited by pressure over 0.3 MPa, 
into the matrix of even very dense hydro-
reinforced concretes leads to the removal of 
Ca2+ and Mg2+ ions, which accelerates the 
destruction of concrete and its reinforcement, 
exposing the latter to ferribacterial and 
electrochemical corrosion in the reducing 
conditions of water environment. 

3. Biochemical processes. Analysis 
of the composition of aqueous extracts 
prepared f rom corroded tunnel 
construction materials indicates active 
biocorrosive processes: biological oxygen 
demand (BOD5) varied in a wide range 
of values up to 410 mgO2/dm3, chemical 
oxygen demand with dichromate as the 
oxidant (COD) reached a thousand of 
mgO2/dm3. In some samples of destroyed 

concrete structures, values of COD and 
BOD5 reached almost 11.8 thousand 
mgO2/dm3 and 4.6 thousand mgO2/dm3

, 
respectively. 

Conducted inoculation of samples 
of corroded construction materials on 
nutrient media showed a high number 
of biodegrading microorganisms of 
different taxonometric groups (up to 106 
CFU/g), which confirmed the decisive 
role of biocorrosion in the destruction of 
tunnel supports. Their destruction would 
lead to infiltration of mineralized water 
that carries microorganisms into the 
underground repository, the destruction of 
active clay seals, and the commencement 
of corrosion of waste containers.

3. Effects of ionizing radiation on 
clays

As shown by laboratory tests with 
pulse irradiation of clay powders, as 
well as clays from uranium deposits, in 
minerals begins the process of crystal 
lattice damage, which is accompanied by 
removal of cations Fe3+, Fe2+, Ca2+, Mg2+, 
Al3+, up to their complete amorphization. 
Radiation stability of clay minerals 
decreases in the kaolinite-hydromica-
montmorillonite series. The value of the 
absorbed dose triggering amorphization of 
clay minerals is n∙106 Gy, with the action 
of heavy ions (α-radiation), accelerates 
lattice damage, and, therefore, the process 
of amorphization [22]. The disadvantages 
of these tests include their short-term 
nature, as well as the lack of opportunity 
to study the physical and mechanical 
properties of irradiated clays. 

The results of a study of blue clay 
samples that had been exposed to low-
level radiation from sludge, i.e., waste 
material from a uranium enrichment plant 
in Sillamäe (Estonia), for more than 50 
years are unique in this case.

First, the alteration of these clays 
was visually evident, as they were 

Fig. 4. Schematic representation of the impact 
of pressurized groundwater on the tunnel lining 
in the bedrock clays of the geological setting of 
St. Petersburg.
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characterized by intense fine fracturing, 
which made it very difficult to even cut 
out the proper samples.

Second, the change took place at the 
mineral level, since the data of thermal 
and X-ray analysis of the crystal structure 
showed that the mineral composition of the 
clays had undergone significant changes, 
i.e., almost complete amorphisation of 
clay minerals was observed, and only 
illite and muscovite were detected. 

Third, the change in the mineral 
composition caused an increase in 
physicochemical activity with an increase 
in the sorption capacity of the clays up to 
20−22 mg-eq/100g. However, as special 
studies showed, no active absorption of 
radionuclides was observed. The index 
of free swelling of clays increased almost 
three-fold, up to 14%. Due to the increased 
hydrophilic properties of blue clays, there 
was a 1.8-fold increase in the moisture 
content at the liquid boundary and, as a 
consequence, in the plasticity index. At the 
same time, the values of natural moisture 
content remained practically unchanged 
and were within the background values, 
typical for clays not exposed to radiation. 

Despite a slight increase in the density 
of the mineral part (due to some sorption 
of radionuclide up to 2.88 g/cm3), the 
natural density of clays decreased by 
25−30%. The values of shear strength 
and modulus of deformation have also 
significantly decreased (Table 1). 

Irradiation led to a significant increase 
in microbial activity in the blue clays at the 
bottom of the waste repository. Microbial 

protein values obtained using a modified 
Hartree-Lowry assay ranged from 8064 
to 16640 µg/g and higher. Inoculations 
also showed anaerobic microbiota content 
ranging from 104to 106 CFU in 1 g of soil 
sample. A general decrease in microbial 
activity was detected with increasing 
depth and distance from the radiation 
source. 

The impact of radiation on clay 
formations is complex and leads to 
radiolytic decomposition of crystallisation 
and constitutional water in the mineral 
part, pore water, as well as organic 
compounds. In the course of radiolytic 
decomposition of pore and crystallisation 
water, intermediate free radicals (H+, 
H3O+, OH–, e-

aq, H2O+, H2O*) and 
molecular products (H2 and H2O2) are 
formed [23], which lead to transformation 
of physical and chemical conditions of 
the repository environment and cnahge of 
properties of the host clay. As shown by 
recent international surveys, the intensity 
of molecular hydrogen generation due 
to radiolytic decomposition of water 
contained in clays is several times higher 
than in the case of free water [24]. 
Moreover, the radiolytic decomposition 
of pore water in clay formations is 
accompanied by the oxidation of 
sulphides and organics contained in soils 
and leads to the formation of sulphates, 
hydrocarbonates, and carbonates with 
simultaneous changes in acid-alkali 
(pH drops to 5 and below) and redox 
conditions. Radiolytic decomposition 
of organic compounds is complex and 

Table 1
Comparative assessment of mechanical properties of blue clays in the zone of low-level 
radioactive waste and beyond its boundaries

Object of studies Strain Modulus, 
MPa

Cohesion, MPa Internal friction 
angle, degree

Blue clays exposed to 
radiation

2.5−13.7 0.019−0.075 0

Unaltered blue clays 10.0−28.0 0.075−0.14 0−4



74

depends primarily on their composition. 
However, in the general case, there is a 
partial degradation of complex compounds 
to simpler ones, often with methane (CH4). 

In  th i s  way,  the  rad io ly t i c 
decomposition of pore water in clays 
leads to their radiolytic shrinkage, and, 
as a consequence, to the formation of 
microfractures, causing an increase 
in permeability and reduction of the 
strength of soil, which was observed in 
the blue clays at the bottom of the sludge 
depository. The concept of «radiolytic 
shrinkage» should be used when analysing 
the process of dewatering both natural 
and specially prepared clay mixtures as a 
result of radiolytic decomposition. 

Thus, to assess the stability of long-
term controlled RAW repositories, the 
microbiological communities of the 
underground environment as well as 
engineering barriers, among others, must 
also be studied in detail

It is also necessary to mention the 
effect of radiation on microorganisms, 
which can exist in a wide range of 
ionising radiation. Recent studies prove 
that products of radiolytic decomposition 
serve as a source of electron acceptors 
for underground microorganisms [24]. 
Thus, to assess the sustainability of 
long-term controlled RAW repositories, 
the microbiological communities of the 
underground environment, as well as the 
engineering barriers, among other things, 
must also be studied in detail [25].

Conclusions
1. According to IAEA requirements, 

the following four genetic types of rocks 
are recognized as safe host formations for 
ultimate containment of RAWs: igneous 
rock, volcanic tuffs, salts, argillaceous 
and argillaceous-carbonaceous sediments 
(clays, mudstones, marls).

2. To improve the reliability of 
prediction of safe RAW disposal in 

lithified clayey formations, it is proposed 
to use a comprehensive assessment 
of the underground environment as a 
multicomponent system including rocks, 
groundwater, microorganisms, gases and 
support structures of drifts and tunnels. 
The specific features of interaction of 
support structures with other components 
of the underground environment are 
considered. 

3. The peculiarities of formation of 
Upper Vendian and Lower Cambrian 
bedrock clays of the St. Petersburg 
region, as well as the development of their 
fracturing of different origin and changes 
in its intensity throughout the depth of 
cross-section were studied.

4. Based on the performed safety 
studies of transport tunnels operating 
in jointed and blocky environment of 
bedrock clays, the disintegration of their 
supporting structures under the influence 
of mineralized confined waters of the 
Lower Kotlin aquifer was observed. 
Expert evaluation of the destruction 
processes in construction materials 
revealed the complex nature of corrosion 
processes, among which the leading role 
is played by biocorrosion. 

5. Application of the method of analogy 
made it possible to conclude that when 
RAW is buried in underground drifts 
and tunnels under similar engineering, 
geological, and hydrogeological conditions, 
the same destruction processes will take 
place, which will cause water infiltration 
directly into the internal space of the 
repository and, as a result, introduction of 
rich biotic community of groundwater and 
further intensification of complex corrosion 
processes in the engineering barriers.

6 .  T h e  e f f e c t  o f  r a d i o l y t i c 
decomposition on clay formations, water 
and underground microorganisms is 
considered. A comprehensive analysis 
on forecasting possible negative 
consequences from the destruction 
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of protective barriers in underground 
repositories of RAW leaves in doubt the 

reliability and safety of their containment 
in clayey formations.
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