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PHASE FORMATION PROCESSES IN STEEL - BENTONITE INTERFACE IN THE
CONDITIONS OF RADIOACTIVE WASTE GEOLOGICAL REPOSITORY EVOLUTION

The review work presents the analysis of up to date publications, including original ones, devoted to studying of nano-sized mineral
phase formation processes on the interface surface of a bentonite buffer, mineral composition of which contains montmorillonite (70-
90 mass%), and a steel container in the conditions of radioactive waste geological repository. Probable changes of mineralogical,
geomechanical and hydraulic properties of bentonite during evolution of geological disposal have been considered. It is expected that
ferric saponite, berthierine or chlorite may be formed as a result of phase transformations of the buffer material. It has been
demonstrated that saponitization of the buffer will not significantly decrease its isolation properties due to ability of saponite to swell
and similarity of its physicochemical properties to montmorillonite, while montmorillonite illitization may cause buffer insulating
properties loss. Characterization of the germinal structures of Green Rust and Fe- ferrihydrite which can be formed on the surface of
a steel container under geological disposal conditions, and contribute to radionuclides fixation on the steel-bentonite interface is
presented. It is emphasized that it is necessary to carry out complex experimental researches, which will allow prediction of bentonite
buffer long-term stability in geological repository conditions, taking into account mineralogical-geochemical processes caused by
corrosion of steel containers. A change of physicochemical conditions, mineralogical, geomechanical and hydraulic properties of the
bentonite during geological disposal facilities operation and closure which can lead to decrease of buffer insulating properties is
considered. Particular attention need to be paid for the analysis of the processes, taking place on the bentonite buffer steel container
interface. It has been shown that formation on the surface of old germinal structures of Green Rust and ferrihydride and their phase
transformations into sorption-active phases of ferrum oxyhydroxides and oxides can become an additional mechanism for fixation of
mobile forms of radionuclides and transfer them to a less mobile and toxic state by means of reduction. During contact of the ground-
water saturated bentonite buffer with the steel surface, mineralogical changes of the bentonite are directed to processes of
saponitization and beidelitization. While saponitization is not critical to buffer isolating properties because of the ability of saponite
to swell, partial or complete formation of beidelite substantially worsens them. One of the main processes that can become critical for
the bentonite isolation properties is illitization of montmorillonite, the rate of which depends on temperature, chemical composition of
the aqueous medium (pH and alkaline cation concentration, especially K+), degree of bentonite saturation with water, and the ratio
between dispersion phase and dispersion medium. While a predictive estimate shows impossibility of buffer illitization due to low
temperature, the use of external building materials, in particular, cements may shift the balance and lead to transformation of the
bentonite to illite. The article emphasizes the necessity of carrying out complex experimental researches that will allow to predict the
long-term stability of the bentonite buffer in the conditions of geological repository existence, taking into account mineralogical-
geochemical processes caused by corrosion of steel containers.
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Introduction

Today, the optimal prototypes for geological storage facil-
ities (GS) that are planned to be located in crystalline
rocks of Chornobyl exclusion zone or adjacent regions of
Ukraine [34] are geological repositories (GR) of high
level waste (HLW) and spent nuclear fuel (SNF) that are
situated in Precambrian crystalline rocks (granites) of
Sweden and Finland [34]. The GR safety concept is based
on the use of multiple barriers in the disposal systems that
perform protective functions over different time periods.
Standard design of storage facilities foresees the follow-

ing barriers: matrix with HLW, metal canister for the ma-
trix, clay buffer between the canister and the containing
rock, filler for main tunnels and other underground work-
ings (the backfill) - engineering barriers system (EBS),
containing rock and geological environment as a whole
that separate EBS from the biosphere. The canister is one
of the EBS most important elements, which is usually
made of iron alloys (carbon steel, cast iron, stainless steel)
[37].

The main function of the clay buffer is to isolate
the waste container from the environment due to its high
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ability to retain radionuclides in the engineering barriers
system (EBS) and to prevent access of groundwater [9].

In the conceptual decisions of many GR, clay
buffer material is considered to be natural bentonite
(montmorillonite clay) of the MX-80 grade produced in
states of Wyoming and North Dakota (USA), as well as
pure sodium or calcium forms of montmorillonite. It con-
tains up to of 75% Na-montmorillonite, 15% quartz, 5-8%
feldspar, 1% carbonate, 0.3% pyrite, 0.4% C org. There
are numerous deposits of bentonite clays on the territory
of Ukraine in Cherkaska, Vinnytska, Zakarpatska, Cher-
nivetska and other oblasts. Chemical and mineral compo-
sition, crystallochemical features and ion-exchange prop-
erties are studied for samples of some repositories [8].

Steel packaging provides isolation of radionu-
clides from groundwater flow for one thousand years,
bentonite buffer may increase this period, at least by one
order of magnitude [20]. At the same time the isolating
properties of the bentonite buffer in multibarrier disposal
system can change over time and negatively affect the
safety of the GR [49]. It is distinguished three stages in
evolution of the GR: 1. early aerobic (with presence of
oxygen) phase (100-200 years, stage of waste placing in
the disposal and some period after its closure); 2. transi-
tion from aerobic to anaerobic phase (up to 1000 years)
and 3. long-term anaerobic phase (more than 10,000
years) [26]. Saturation of the repository with water may
occur in both transitional and long-term anaerobic phase
and depends on groundwater filtration rate.

The aim of the review work is to analyze the
phase transformations of bentonite on steel - bentonite
interface in the system of radioactive waste geological
repository and to evaluate the impact of newly formed
mineral phases of corrosion and geochemical origin on
the isolating properties of bentonite buffer and the long-
term safety of the GR.

1. Characterization of primary nanoscale
structures of corrosive origin

The primary mineral phases formed on steels
surface during the corrosion process are Fe(Il)-Fe(III)
layered double hydroxides (Green Rust) and ferrihydrite
(Fh). The main factors that determine the chemical com-
position and structure of germinal phase are the anionic
component of dispersion medium, presence of Fe (II) or
Fe (III) aqua hydroxyl forms and the reduction-oxidation
conditions of particles formation.

1.1. Fe(ll)-Fe(lll) layered double hydroxides
(LDH) structure, their formation mechanism and phase
transformations.

Fe(I)-Fe(IIl) LDH structure consists of hydrox-
ide layers formed by FeH'm(OH)G octahedra. In the inter-
layer space there are located water molecules and anions,
which are coordinated with the hydroxide layers, which
provide compensation of Fe** charge and gives electro-

neutrality to entire structure of the mineral. Depending on
the coordination of the anions in the interlayer, Fe(Il)-Fe
(III), layered double hydroxides (LDH) are referred to the
first or second type, which is reflected in their crystal-
lochemical properties: the ability to gradually change
Fe**/Fe** cations ratio in the Green Rust- I structure and
permanency of this ratio in Green Rust-II structure [44].
Thus, the typical representative of Fe(II)-Fe(Ill) LDH of
the first type, which can be formed by steel surface con-
tacting with groundwater, is the hydroxycarbonate Green
Rust-(CO32') with crystallochemical formula
Fe“4FeI”2(OH)12CO3-2H20, and of the second type -
hydroxysulphate Green Rust-(SO,”"), crystallochemical
formula of which is Fe',Fe'",(OH),,S0,-~ 8H,0 [46].

Green Rust-(CO;”) formation can occur by sev-
eral mechanisms: 1. by chemical interaction of aqua-
hydroxy forms of ferrum (I) and oxygen-containing car-
bon compounds under oxidative conditions [47], 2. by
their reaction with pre-deposited Fe(OH); or 3. by solid
phase reaction between Fe(OH), and Fe(OH); in presence
of oxygen-containing carbon compounds. At the same
time, the formation of structures Fe(II)-Fe(IIT) LDH can
occur with participation of so-called "green complexes",
formation of which is associated with hydrolysis and
polymerization of aqua hydroxy forms of Fe (II) and Fe
(ITIT) and their flow into reaction zone [1]. Formation of
Green Rust phases occurs topotactically without destroy-
ing the mineral structure during oxidation of natural
amakinite Fe(OH), in the presence of Fe** and of SO42' or
CO;* anions [2].

Investigation of Fe(Il)-Fe(Ill) LDH formation
kinetics on the steel surface of showed [30] that the rela-
tive quantity of Green Rust phase does not remain con-
stant and, depending on chemical composition of the dis-
persion medium and reducing- oxidation conditions on
steel-dispersive medium interface, may increase or de-
crease due to the phase transformation of GR into other
ferric oxygen-containing mineral phases - ferrihydrite,
ferric oxyhydroxides or magnetite. The main criteria that
determine the course of Green Rust phase transformations
are the reduction- oxidation potential (ROP) of the sys-
tem, dispersion medium chemical composition and pH,
temperature, presence of microorganisms.

«Green Rust — ferrihydrite» system (Green Rust
—Fh)

Studying of ferrihydrite formation process dur-
ing Fe(OH), water suspension oxidation in presence of
HCO;™ anions (pH 7,5-9,0), shoves that Fh is a transi-
tional product between Green Rust-(CO32_) and goethite
[J-FeOOH phases [15]. Green Rust-(Cl") transformation
to ferrihydrite can be a result of Fe(Il) hydrated cations
and Green Rust itself rapid oxidation [18].

Shabalin B., Lavrynenko O., Buhera S., Mitsiuk N./ Geochemistry of Technogenesis 1(2019) 13-23

14



At the same time, restoration of ferrihydrite and
mixed forms of oxidized Green Rust-Fe(III) to Fe** cati-
ons is possible in natural systems [16].

«Green Rust — goethite» system

Formation of a-FeOOH goethite during oxida-
tion of Fe(Il)-Fe(Ill) DLH with dissolved oxygen was
investigated for the mineral phases Green Rust-
(S0,%),Green Rust-(C1)[18], Green Rust-(CO5*) [55].
The mechanism of such a transformation goes through
stages of Green Rust dissolution and subsequent deposi-
tion of well-ordered iron (III) oxyhydroxides structures
[7]. At the same time, it was shown in [11] that Green
Rust-(CO;”") of corrosive origin turns into a-FeOOH goe-
thite in 0.1 M solution of NaHCO; without intermediate
formation of the iron (IIT) hydroxide.

Growth of redox potential from (-0,45) to (-0,3)
V [55] is observed in the solution during phase transfor-
mation of Fe(Il)-Fe(Ill) DLH to goethite [1-FeOOH (pH
value ~9.5). Formation of goethite particles is accompa-
nied by a decrease in the pH of the dispersion medium.

«Green Rust — akaganeite» system

The main condition of Green Rust transfor-
mation to akaganeite [J-FeOOH is Fe(Il) and CI™ in-
creased concentrations [36].

«Green Rust — lepidocrocite» system

The formation of lepidocrocite [1-FeOOH during
slow oxidation of Green Rust (pH ~ 7.0) occurs in two
stages [40]. The first stage is connected to partial oxida-
tion of Fe** in DLH structure, hydrolysis and redeposition
of Fe™ cations in poorly crystallized hydrated ferrihydrite
phase. Here, Fh can quickly react with Fe** cations and
turn into Green Rust again. Secondary formation of Green
Rust reaction order is limited by the deposition of Fh and
concentration of Fe**. Redeposition of lepidocrine parti-
cles occurs at the second stage.

During Green Rust oxidation, a magnetite as an
intermediate phase may be formed, which then that forms
a part of Green Rust structure or replaces its structural
elements. Further oxidation of the system goes with both
mineral phases destruction and y-FeOOH needle-like par-
ticles precipitation. Transformation of natural foigherite
into lepidocroquite during its contact with dispersion me-
dium, containing high quantities of carbonates, aluminum
aqua form and silicates, is illustrated in [52].

«Green Rust — feroxyhyte» system

A mixture of weakly crystallized ferrihydrite and
feroxyhyte (ferric green rust) structures was obtained dur-
ing phase transformation of Green Rust-(CO32') of corro-
sive origin under oxidation conditions of the system [11].

«Green Rust — magnetite» system

Formation of Fe;O, magnetite in aqueous sus-
pension of Green Rust is also associated with dissolution
and redeposition of Fe(II)-Fe(Ill) LDH unstable structures
[21]. At pH = 9 and the Fe**/Fe’** ratio 0.5 and 1, the for-

mation of hexagonal particles of GR(SO42") lasts ~ 6
minutes, then they turn into magnetite. At the same time,
Green Rust-(SO,”) phase remains stable when pH de-
crease to 7 with Fe** / Fe™* ratio = 0.5 - magnetite does
not form. Decreasing pH <7 leads to dissolution of Green
Rust structure and dispersion medium saturation with Fe®*
cations, which are gradually oxidized with iron oxyhy-
droxides phase deposition [31].

The main results of modern studies of laboratory
synthesis methods, structure, Fe(Il)-Fe(IIl) LDH proper-
ties, their formation in the natural environment and inter-
action with components of various nature are covered in
the review papers [5, 6]. Formation of Green Rust on steel
and iron surfaces, which is characterized by strong reduc-
tion properties, chemical activity to a series of chemical
elements and compounds, and the ability for phase trans-
formation with involvement of different cations, may be
an important additional contribution to radionuclides fixa-
tion in case of steel vessels usage in GR of radioactive
waste.

2.2 Phase transformation offerrihydrite

Another primary phase that can originate on the
steel surface during the corrosion process is ferrihydrite
(Fh), which belongs to the Fe(Ill) oxy-hydroxy salts
group and is closely related to the iron oxides [39]. Syno-
nyms of ferrihydrite are "hydrated oxide of trivalent iron"
(HFeO), "amorphous hydroxide of trivalent iron", "col-
loidal hydroxide of trivalent iron" and " Fe(OH);".

Ferrihydrite belongs to ferrous-hydroxide meta-
stable phases and is easily converted into more stable
minerals, in particular, goethite and hematite [12]. The
main factors influencing the mechanisms and products of
ferrihydrite phase transformations are chemical composi-
tion and pH of the dispersion medium, temperature, redox
conditions [10]. Because of that the transformation of
ferrihydrite to goethite is a typical process in natural sys-
tems, it is extensively covered in the literature. The main
mechanism for such a transformation is dissolu-
tion/redeposition, which is catalyzed by presence of Fe**
cations in aqueous medium [50]. Under standard condi-
tions, Fh to [1-FeOOH transformation in the presence of
Fe’* ends over 24 h. with complete dissolution of the fer-
rihydrite, while in the absence of Fe?* cations, ferrihydrite
remains stable for a long time. Considering that solubility
of Fh (107°) is higher than solubility of its transformation
products - [-FeOOH (10™*") and [1-Fe,05 (107*), this
mechanism is quite probable. Formation of all types of Fh
occurs at hydrolysis of Fe’ by polymerization of
Fez(OH)44+, while the most favorable conditions for Fh
transformation are at pH ~4 and pH ~12 due to formation
of Fe(OH)," complexes and, respectively, Fe(OH),". Ac-
cording to other data, the optimal conditions for ferrihy-
drite transformation to goethite correspond to pH = 9 and
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T ~ 40 °C, where polymerization of Fe (III) hydroxocom-
plexes occurs [17].

2.  Steel containers corrosion investigation

In most countries, canisters for vitrified HLW
are made of steel containing <0.3% wt. carbon, Mn, Si,
Cu, Cr, Ni, Mo, W, V, Zr may also be present. The guar-
anteed lifetime of such a canister is about 1,000 years, and
corrosion is the main destructive process [27]. Main fac-
tors, affecting steel corrosion are its composition, temper-
ature, oxidation potential, alkalinity and mineralization of
groundwater, as well as presence of bentonite buffer and
other structural materials, in particular cement, in reposi-
tory system [9].

Oxidizing conditions in the RW repository will
be kept several hundred years at the stage of waste depo-
sition and some period after repository closure. After that,
the repository will be characterized by anaerobic reduc-
tion regime, set as a result of reactions in EBS. Generally
speaking, aerobic corrosion has very limited significance
for analyzing of multilayer container behavior, because it
is present during relatively short operational stage of the
repository and some period after its closure. During this
time, only the outer packaging can be damaged. After all
oxygen has been used in the ESB reduction-oxidation
reactions, anaerobic corrosion of the container in a water-
saturated environment starts to play the main role. These
conditions are corresponded by two types of steel con-
tainer corrosion that change its properties, which can
cause deterioration of metal functions and the whole bar-
rier system. Corrosion can be divided into general and
local, and the latter - on hole corrosion and crevice corro-
sion. General corrosion occurs throughout the surface and
at constant speed. In aqueous media, this is an electro-
chemical process having at least one oxidation reaction:
(M™, xe) = (M*") + x(¢) and cathode reduction: Ox*" +
x(e) — Red“™", where Ox and Red are oxidized and
restored element forms. In aerobic conditions, cathode
reaction occurs according to the scheme: O, + 2H,0 + 4¢
— 40, and in anaerobic conditions - with hydrogen for-
mation: H,O + e- — 0.5H, + OH".Thickness of metal wall
decreases with time, if corrosion products are soluble in
water, or corrosion products layer is formed, remaining
the overall thickness — if not. First case is active corrosion
with charge and matter transfer, and second case is pas-
sive corrosion with protective film formation from newly
formed compounds. Films formation is an important as-
pect of steel corrosion process in solutions with close to
neutral pH.

Surface films can affect SNF container steel cor-
rosion process in different way:

e  Limiting matter reagents transfer to corrod-
ing surface and corrosion products from corroding sur-
face;

e  Surface blocking from further dissolution
(if the film is not conducting);

e  Changing anode and cathode surfaces and
their ratio (if the film is conductive enough to maintain
electrochemical reactions).

Surface blocking and matter transport limiting to
and from the surface are the most important possible ef-
fects among listed above. Both of these effects lead to
corrosion decrease over time, which is proved by experi-
mental work, including in underground research laborato-
ries.

Numerous works are devoted to the study of car-
bon steel behavior in conditions of GR. Long experiments
(6000 h) in conditions simulating HLW disposal facility
of in clays showed that the rate of steel destruction in wa-
ter at 90 °C is less than 10~ cm per year [13] and in ag-
gressive conditions of seawater contact (80 °C) it is
slightly higher - 2x10~ cm/year [48].

First decades after the repository closure and its
filling with water in aerobic stage it will dominate the
process of local container corrosion with microfractures
formation under the influence of current. In the ongoing,
anaerobic stage, the main degradation reasons will be
general container corrosion and its destruction due to ap-
pearance and action of hydrogen [37].

Carbon steel has high corrosion rate (0.06
mm/yr) during aerobic stage in water with a 2.5 g/l min-
eralization (main cations are Na* and Ca2+, anions - CI,
SO42' sulfate and carbonic acid), which increases by 30-
50 percent with temperature increase from 30 to 50 Celsi-
us degrees [59]. The rate of corrosion of low carbon steel
in 1 M NaCl solution at pH range 8.4-11 is independent
of pH and decreases from 30 pm/h at the experiments
beginning to 1-3 pm/h after 4600 hours of interaction. In
anaerobic conditions, the rate of corrosion becomes less
than 5 pm/h after 300-600 hours of steel contact with wa-
ter that equilibrated with bentonite [43].

According to other data [37] at moderate tem-
peratures in anaerobic conditions, carbon steel corrosion
occurs at a rate of the first microns per year. Radiation
does not significantly affect the rate of corrosion and can
lead to its slight increase or even decrease, but under large
radiation loads negative accelerating effect on the destruc-
tion becomes more evident.

Stainless steel is more stable than carbon steel.
Its average corrosion rate under hypothetical RW reposi-
tory conditions is estimated at 0.01 um/h, expected corro-
sion is 31.8 mm per 1,000 years, realistic values of the
corrosion rate are 2-20 mm in 10,000 years [60].

Stainless steel corrosion rates are in the range
from 0.003 to 0.15 um/h for Belgian HLV repository in
Boom clay formation [35]. Its total corrosion in water
equilibrated with cement is 0.03-0.5 pm/year in aerobic
medium and 0.001-0.01 pm/year in anaerobic conditions.
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Corrosion of steel slows down with time and pH of water
increase, but increases with temperature growth, increase
of oxidizing potential and increase of water mineraliza-
tion.

In the works [25. 54] it has been shown that steel
anaerobic corrosion rate during first tens of hours reaches
70 pm/h (70 mxm/pr,) and then decreases to the first mi-
crons per year due to formation of protective layer con-
sisting of steel corrosion products — oxides (magnetite,
maggemite) and carbonates (siderite , FeCOj;) of iron
(Fig. 1). With pH of water increasing, the rate of steel
corrosion and hydrogen generation are reduced by two
orders of magnitude - from several dozens to one tens of
liters per square meter per year, but irradiation leads to its
increase [45]. Temperature accelerates formation of pro-
tective layer on the steel surface, which in reducing con-
ditions (Eh -300 mV) at 90 °C and pH 8 starts to form
during one hour of steel and 0.1 M (HCO5'+ CO;%) solu-
tion contact [19].

A similar structure of the corrosion layer was re-
ported in an eight-month experiment on steel and argil-
lites interaction at 90 °C under anaerobic conditions [13].
There can be highlighted external dense layer of iron car-
bonate (FeCOj;) corrosion products and an internal inter-
change layer of iron oxides and silicates. In the presence
of bentonite, it is reported a drop in of steel corrosion rate
in water over time, reaching stationary regime of 1-3 mi-
crons/year, already after hundreds of hours in experiments
with bentonite suspension or with water in equilibrium
with bentonite or after one thousand hours in contact with
compacted bentonite. Solution pH increase suppresses
steel corrosion as a result of poorly soluble Fe** hydrox-
ides the container surface.

Thus, corrosion rate depends on the properties
of the metal, various environmental factors (Eh-pH, tem-
perature, composition and total mineralization of ground-
water, etc.) and associated processes in the EBS, for ex-
ample, formation of corrosion products films. In the aero-
bic stage (with oxygen presence) after waste placing into
storage facilities, corrosion of steel slows down over time
and with pH increase, but accelerates with temperature
growth, increasing of oxidation potential and water min-
eralization. In this stage, formation of a protective film
plays main role in reducing ofcorrosion rate, especially at
high pH values in contact with bentonite and temperature
growth.

At the beginning of the anaerobic period, a
previously formed film consisting of a porous layer of Fe
(II) corrosion products (and possibly Fe;O4) may be pre-
sent. This previously formed film will have the same ef-
fect on the corrosion process as a porous film formed in
anaerobic corrosion. If the main function of this film is to
block the surface, then the formation of primary corrosion
products film under anaerobic conditions, ignoring the

effect of the previously existing film will not matter.
However, if the corrosion products film main effect is to
limit the matter transfer in the direction to and from the
surface, then ignoring the previously existing film will
lead to underestimation of the overall thickness of the
film and, thus, the rate of corrosion.

Puc. 1. bynosa mapy mpoaykTiB Kopo3ii Ha KOHTaKTi HU3KOBYIJICLEBOL
cTani i BogoHacuueHoi mactu 3 rauHM micnst 550 r npu 90 °C y aHae-
poOHuX ymoBax [13]

Fig. 1. SEM cross-sectional view of a low-alloy steel corroded in a clay
paste at 90 °C after 550 h under anaerobic conditions [13]

Peariite

3. Bentonite clays transformation processes
in steel container — bentonite system in geological repos-
itory conditons

Bentonite is a montmorillonite clay, which has
high sorption capacity, plasticity and swelling when satu-
rated with water. The specificity of montmorillonite struc-
ture is the presence of a three-layer package of the tetra-
hedron-octahedron-tetrahedron. The bonding between all
the packages is weak and water can penetrate into this
space, which causes strong swelling of the mineral. Its
cation exchange capacity reaches 80-120 mg-eq per 100
g. Montmorillonite content reaches 55-95% in bentonite,
other minerals are represented by hydromica, chlorite,
kaolinite, and quartz. The largest deposits of bentonite are
formed during decomposition of volcanic ash and tuffs in
underwater conditions [4.23].

Bentonite buffer transformations at the initial
stage GR evolution depend on the degree of its saturation
with water: firs — dehydration, which is caused by benton-
ite heating with the heat of radioactive waste, and then —
rehydration, due to the penetration of groundwater in the
GR. When bentonite is saturated with groundwater, it
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swells and fills empty spaces between the buffer and
waste canister and rocks cracks near to the buffer.

Mineral composition and bentonite isolating
properties can change under the influence of high temper-
ature, chemical composition of groundwater, products of
waste dissolution and pakage material corrosion, which is
made of steel or other material, as well as related micro-
biological processes. Combined effect of these factors and
the possible synergistic effect are difficult to predict.
Chemical and physico-chemical evolution of the buffer
are regulated by thermodynamic conditions in GR system,
which contribute to formation and transformation of new
nanosized minerals, and is closely related to the quantita-
tive ratios of the disperse phase and the dispersion medi-
um (solution) [29]. Thermal, hydrodynamic and mechani-
cal processes can last from several hundred to 1000 years,
and mineralogeochemical reactions caused by corrosion
of canisters or products of destruction of structural and
associated materials will occur during all time of GR evo-
lution.

Temperature is one of the key factors that affect
the rate and degree of smectite (montmorillonite) phase
transformation. At the same time, it is known that at the
evolution beginning, the temperature in GR will be rela-
tively low (<150 °C), with steady decrease trend. Accord-
ing to the prognosis [33], the maximum expected temper-
ature in GR will be 45.5 °C in 1000 years, and after
10,000 years - 20.5 °C. Consequently, it is likely that
chemical composition of the water environment will con-
trol bentonite buffer evolution with respect to phase trans-
formations of the mineral phases [51].

It can be assumed that the porous water chemical
composition in bentonite buffer should be influenced by
diffusion of iron water hydroxy forms, formed during
canister corrosion, as well as other compounds introduced
from containing rock. At the same time, bentonite is char-
acterized by high acid-alkaline buffer capacity, which is
provided by surface hydroxyl groups protonation-
deprotonation, as a result of which the chemical composi-
tion of bentonite porous water will remain stable for very
long time [14] and is almost the same as the composition
of groundwater in contacting it [38]. Moreover, when
contacting bentonite with groundwater of granites where
GR is located in, the buffer sorption capacity and clay’s
ability to cation exchange are practically do not decrease,
which will promote sorption retardation of individual
forms of radionuclides.

It is possible that, Na-form of montmorillonite
will be changed by its calcium form during the geological
repository evolution, but to date there has been no exper-
imental evaluation of the actual speed and extend of these
changes. It can be predicted that the bentonites transfor-
mation into its Ca-dominating composition will contribute
to long-term stability of the buffer, since calcium-

containing smectite is characterized by high water-
holding (isolating) properties, high sorption capacity and
resistance to dissolution when it is in contact with strong-
ly alkaline ground waters. Natural bentonites (MX-80,
Cherkaskii) contain not only Ca** and Na* cations, but
also cations Mg”** and K*, which has low effect on cation
exchange process, therefore, it is almost impossible to
achieve mono-cation composition of bentonite buffer in
the GR conditions.

Important questions concerning the phase trans-
formation of bentonite and, consequently, changes in its
physical and chemical properties, are processes of buffer
interaction with corrosion products of steel container.
When contacting groundwater saturated with bentonite
buffer with steel surface, mineralogical changes of ben-
tonite can occur in two ways: saponitization and/or
beidellitization according to the scheme: low-charged
montmorillonite — high-charged baidellite + saponite +
quartz [32, 56] and/or ilitization [53]. While saponitiza-
tion is not critical to the isolating properties of the buffer
due to the fact that saponite, like bentonite, is swelling -
capable and can be used as a buffer material itself, the
formation of beidelite critically affects the isolating prop-
erties of the buffer.

Thermodynamic calculations suggest processes
of montmorillonite dissolution and iron enriched minerals
precipitation in the conditions of the GR. The most prob-
able products of montmorillonite transformation are iron
smectites (for example, Fe-saponite), berthierine or chlo-
rite, which has been confirmed experimentally [58]. At
the same time, the transformation of montmorillonite in
contact with iron at temperatures > 50 °C remains contro-
versial, and the results obtained are contradictory. Most of
them were obtained from the French Radioactive Waste
Management Program [32]. Thus, at T = 80 °C, in some
experiments, the newly formed iron-oxide phases were
not detected; in others, only corrosion products - magnet-
ite, hematite, goethite were found, in the third — it was
reported the presence of berthierine, nootronite, saponite.
At temperatures of 250-300 °C, it is reported the for-
mation of chlorite and saponite, that is, smectite with high
Fe content. But general conclusion regarding the process-
es of bentonite transformation in GR conditions in contact
with the steel surface is that under the isothermal condi-
tions the ratio of disperse phase/dispersion medium are in
the inverse-correlation dependence to mineralogical buff-
er changes.

In particular, according to [24], the reduction of
the ability of bentonite to swell due to its interaction with
the container metal (iron) remains limited in space to sev-
eral centimeters over a long period of time. The main
source of the ferrum is newly formed siderite particles
and Fe™* cations in porous water of unchanged buffer.
According to the results of the long-lasting (8.2-10 years)
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experimental modeling of MX-80 bentonite transfor-
mations in contact with iron (cast iron) placed in a copper
container, it is shown [28] that the diffusion front of iron
into bentonite is 7-8 mm from iron surface. Saturation of
the initial solution (0.5 M NaCl) with Mg**, Ca®* and
SO,* ions resulted in solution alkalinity increase to 8 and
formation of mineral phases of gypsum, quartz, aragonite
and hematite on the surface of the bentonite. At the same
time, bentonite in contact with cast iron was cemented to
a certain extent due to illite fraction content increase.
Converted montmorillonite have been characterized by
decrease in the ability to swell and swelling pressure, but
its hydraulic conductivity practically did not change. In
general, it was found that ferrum was incorporated into
the structure of montmorillonite, and silicon oxide - re-
leased from it. The increase in amount of exchange iron in
the bentonite occurred in the direction to cast iron. After
8,6 years, the redox conditions in external solution and
porous water were strongly reducing. The gas phase con-
tained H,, which was probably released due to cast-iron
cylinders corrosion, and CO,, the source of which could
be the calcite dissolution.

At the same time, with iron/clay ratio increase
and pH value increase, the transformation of bentonite
occurs more intensively, which have been shown in serial
TAEA tests. In samples that were kept in 0.3-0.6 M NaCl
solutions and, partly, in 0.1 M NaHCO; solution montmo-
rillonite have lost its swelling ability and turned into an-
other clay containing phases of serpentine and berthierine
in the contact zone with steel. Silica oxide was released as
a result of montmorillonite transformation. In samples
that were kept in distilled water and in 0.05 M solution of
sulfate in distilled water solution, a montmorillonite frac-
tion was isolated that contained magnetite and pyrite ad-
mixtures. In general, the montmorillonite component of
bentonite MX-80 after 8-10 years of contact with iron
practically did not change. There was also no evidence of
complete montmorillonite transformation into non swell-
ing mineral. But such a transformation can be accelerated
by increasing ionized iron content on the bentonite con-
tainer interface and increasing of aqueous medium pH.

Taking into account the presence in the granite
groundwater of K cations (mainly because of feldspars
presence in granites) that have the largest, compared with
other cations, energy of absorption by montmorillonite
[3], the illitization of bentonite buffer can become a real
threat to the safety of the storage facility. The gradual
transformation of montmorillonite into illite happens be-
cause substitution of interlayer cations Na* or Ca®* on K*.
As a layers of il-
lite/montmorillonite are formed. In this case, pure illite
does not have the ability to swell, and for the mixed later
illite-montmorillonite, this ability is limited. Additionally,
a gradual change in the mineralogical characteristics and

result of illitization, mixed

physical-chemical properties of the buffer, such as the
specific surface, cation exchange properties, hydraulic
conductivity, etc., are observed.

At the same time, kinetics simulations montmo-
rillonite to illite transformation, performed for KBS-3
type repository conditions [42], has proved practical im-
possibility illitization process because of low temperature
in the repository. At temperatures below 100 °C, the rate
of bentonite transformation will be insignificant and will
not lead to buffer isolation properties loss during the peri-
od when the buffer should perform safety functions.
However, taking into account that montmorillonite to
illite transformation process is also influenced by a num-
ber of other factors, such as the degree of bentonite satu-
ration with water or disperse phase/solution ratio, pH val-
ue, concentration of alkaline cations (in particular, K*),
evaluation of illitization process probability should be
carried out separately for each GR site.

Detailed studies of temperature of bentonite to il-
lite transformation were performed for samples of differ-
ent nature in wide range of physical and chemical condi-
tions. Thus, the results of study of ilitization in natural
conditions have proved [22] that montmorillonite exists in
stable state for more than 1 million years at temperatures
below 100 °C. The authors of the work [22] have con-
cluded that noticeable ilitization at temperatures of 100-
130 °C will not occur even for ten years. In a review pa-
per [57], which is devoted to the study of bentonite stabil-
ity at temperatures <100 °C, it is assumed that the trans-
formation of smectite into illite depends on temperature,
time and concentration of K* in porous water. At the same
time, it was reported that in wet conditions at T = 120 °C
no significant changes in hydraulic and mechanical prop-
erties were detected in bentonite, and noticeable effects of
cementation and possible ilitization were observed only at
temperatures > 150 °C. In dry conditions, montmorillonite
(bentonite) remains stable to temperature up to 300 °C.

Prognosis estimates of the state of Olkiluoto geo-
logical repository (Finland) [29] testify that illitization
and cementation (by silicon dioxide or iron oxides) of
bentonite buffer are unlikely due to the current and ex-
pected natural conditions (composition and localization of
groundwater and possible temperature changes). Howev-
er, the use of external materials and repository structures,
such as cement-based fillings, can lead to the release of
K* and SiO* and increase pH> 13, which can accelerate
of cementation/illitization processes, and also contribute
to other transformations such as saponitization and/or
beidelitisation. In particular, it is believed that zeolite
formation occurs even at a pH of <11. It is expected that
initial leaching products in the repository will have pH ~
10.5-11.5, but further redistribution of the substance un-
der such conditions is not determined.
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Thus, in spite of the prognostic estimation, ac-
cording to which significant harmful influence of the con-
tainer shell on the physical and chemical properties of the
buffer is not expected for 105 years, the processes of
phase transformations on bentonite - steel interface should
be taken into account when calculating the isolating char-
acteristics of the buffer material. An important issue that
should also be considered during GR creation is the po-
tential impact of Fe** on the sorption centers of bentonite.
But preliminary experimental results indicate that front of
the ferrum transfer from the container surface will not
penetrate deeply into buffer for a long time. On the con-
trary, the zone of corrosion process and formation of
highly dispersed and sorption-active particles with iron-
hydroxide and iron-oxide composition can play the role of
effective sorbents and reducing agents (in the case of
formation of Fe (II)-Fe(IlI) DLH and magnetite) for redox
conditions sensitive aqua (hydroxo) forms of uranium
(VD), plutonium, technetium and selenium.

Conclusions

1. Bentonite clay, which is used as a buffer mate-
rial in design of geological repository of radioactive
waste, over repository evolution conditions under the in-
fluence of a number of factors, can change its mineralogi-
cal-geochemical, geomechanical and hydraulic properties,
which can lead to decrease in buffer insulating properties.
Particular attention needs to be paid to the analysis of
processes that take place at the interface between benton-
ite buffer and the steel container. According to thermody-
namic calculations, the most probable reaction products in
the disposal facility will be ferrous smectite (Fe-saponite),
berthierine or chlorite.

2. During the contact of groundwater saturated
bentonite buffer with steel surface, mineralogical changes
of bentonite can be directed by saponitization, beidelitiza-
tion or illitization. While saponitization is not critical for
buffer isolating properties because of the ability of sapo-
nite to swell, formation of beidelite essentially worsens
the buffer insulation properties.

3. One of the main processes that can become
critical for bentonite isolation properties is the illitization
of montmorillonite, the rate of which depends on tem-
perature, chemical composition of the aqueous medium
(pH and alkaline cation concentration, especially K¥),
degree of bentonite saturation with water, and the ratio
between dispersion phase and dispersion medium. While
a predictive estimate shows impossibility of buffer illiti-
zation due to low temperature, the use of external building
materials, in particular, cements may shift the balance and
lead to transformation of bentonite to illite.

4. Previous studies have shown that the diffusion
of ferrum-containing components into bentonite is limited
to a few centimeters in space for a long time. Formation
of Green Rust embryonic structures and ferrihydrite on

the steel surface and their phase transformations into the
sorption-active oxyhydroxides and ferrous oxides phases
can become an additional mechanism for radionuclides
mobile forms fixation and transferring them to less mobile
and toxic state by reduction.

5. In order to predict the long-term stability of
the bentonite buffer and assess the safety of the storage
facility, taking into account mineralogical-geochemical
processes caused by corrosion of the container, and the
possible transformation of bentonite buffer in the condi-
tions of the geological repository, integral experimental
research should be introduced into the future concept and
program of creating a geological repository in Ukraine.
One of the points of such a study should be to analyze the
processes of phase formation on steel - bentonite interface
and to determine the effect of newly formed nanosized
phases on their isolating properties radionuclide migra-
tion.
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B oensioosivi pobomi npogedeno ananiz cyvacnux nyomKayii,y m.u. aemopcokKux, NPUCEAUEHUX O0CTIONCEHHIO NPOYECi8 POPMYBAHHI HAHOPOIMIPHUX
MIHEpanbHUX (Pa3 Ha NOBEPXHI PO30iny OeHMOHIM08020 Oyhepy, MiHepanbHUll CKIAO AKO20 MICIUMb nepedaxdcHo moummopunonim (70-90mac. %), i
Ccmaneeo2o KOHMEUHEPY 8 YMOBAX 2e0N02INHO20 CXOSUWA PAdiOAKMUGHUX GI0X00i6. Po3enanymo 3minu @isuko-XiMiyHUX yMO8, MIHEPANIOIYHUX, 2€0-
MEXaHIYHUX [ 2i0paeniuHux 61acmueocmel OeHmMoOHImy nio 4ac eKCuayamayii i 3aKpummsi 2e0102I4HO20 CX08UWA, WO MOJICYMb NPU3EECMU 00 3HU-
Jicen s i30m0104ux eracmugocmeil 6ygepa.Ocobaueoi yeazu nompedye ananiz npoyecis, sAxi 8i00Y8AMUMYMbCA HA 2pAHUYi PO30iny OeHMONIMOB8020
6ypepy ma cmanesoeo konmeiinepa. Ilokazano, wjo popmyeanns na nosepxui cmari 3apooxosux cmpykmyp Green Rust i pepueiopumy ma ix ¢pazosi
nepemeopents. Ha CopOYIHO-aKmMueHi hasu oKcueiopokcudie ma okcudie gepymy moduce cmamu 00OAMKOGUM MEXAHIZMOM Qikcayii MOGIIbHUX
Gopm padionyknidie ma nepegederms ix 8 MeHW MOOIIbHUL MA MOKCUYHUL CMAH WIAXOM GIOHOBNIeHHA. [Ipu KOHMAaKmi HACUYEHO20 TPYHMOBUMU
600amu 6enmonimogozo Oygepy 3 nogepxnero cmani MiHepanNo2iumi 3MiHYU GEHMOHINY CNPAMOBAHI HA npoyecu canonimuszayii i 6eidenimusayii. B
motl uac, sAK CanoHimu3ayis He € KpUMU4HOI0 OIS I307110I04UX eracmueocmeil 6ygepy eHaciiook 30amHocmi canouiniy 00 HabyXanHs, a Hacmkoge abo
noeHe ymeopenus betideninty cymmego no2ipuiye izonayitini enacmusocmi 6ygpepy. O0Hum i3 20108HUX NPOYecis, AKUL MOdICe CHAMU KPUMUYHUM O
[307AYIIHUX glacmugocmeil OeHMOHImY, € Limu3ayis MOHMMOPUIOHIMY, WEUOKICIb SKOI 3a1eHCUumy 6i0 memMnepamypu, XiMiuHo2o CKIaody 600HO20
cepedosuwya (snavenns pH ma konyenmpayii nyschux kamionie, ocooauseo, K*), cmynens nacuuenocmi 6enmonimy 600010 ma cniegioHowenns ouc-
nepcuoi ghasu ma oucnepcitinozo cepedosuwa. B moii uac, sk npoeHosHa oyinka ceiouums npo Hemoxcaugicmo inimizayii 6yghepa eHaciiook Hedo-
cmammboi memMnepamypu Ha NOGEPXHIOEHMONIMY , GUKOPUCIAHHS CMOPOHHIX 6YOi6eTbHUX MAMepIanie, 30Kpema, Yemenmis, Modice 3CYHYmu pieHo-
6azy ma npusgecmu 00 nepemeopents Genmonimy na inim. B cmammi niokpecieno neobXionicms nposedents KOMNIEKCHUX eKCHepUMEeHManbHux
Q0CniOdHCeHb, SKI 0A0YMb 3MO2Y CHPOSHO3Y8AMU 00820CIMPOKOBY CIMABINbHICMb OEHMOHIM08020 Oydepa 8 yMO8aX ICHYBAHHS 2€0JI02IYHO20 CX08UWA 3
YDAXy8aAHHAM MIHEPANO020-2COXIMIUHUX NPOYECIB, GUKTUKAHUX KOPO3IEI0 CMANe6020 KOHmelHepa.

Knrouosi cnoea: 6enmonim, Kopo3sis cmani, n08epxHa po30iny cmaib-benmonim, ¢azosi nepemeopenns 6enmoninty, inimusayisa, GreenRust, ¢pepuci-
opum
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