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Assessment of the potential ability of phyllosilicates to
accumulate and retain tritium in structural OH-groups

A complex of hierarchical criteria is proposed by which OH-bearing phyllosilicates can be divided into
different classes according to their ability to accumulate and retain tritium in structural OH-groups during
interaction with heavy water. The criteria are based on the distinctions of phyllosilicates mineral structure
and its crystal-chemistry. Besides, we were taking into account the structural and energy state of OH-groups
and water molecules in the minerals, potential mechanisms of tritium transfer from the water phase into the
mineral structure and hydrogen isotope exchange with protons of OH-groups. Phyllosilicates with interlayer
or channel spaces containing either mobile water molecules or continuous hydroxyl nets are the most
promising ones. In the first case, the water molecules increase the capacity for tritium interaction with
protons of structural OH-groups by means of O-lattice ions; in the second, tritium can be incorporated into
hydroxyls through interaction of free mineral matrix protons with tritium ions of dissociated HTO or T,0
molecules.

1. Introduction

In recent years our research group’s work has been directed to the evaluation of the properties
of clay minerals as a barrier for tritium contamination, establishing that some phyllosilicates are
able to accumulate and retain tritium in their structures [11-14, 16, 18-20]. It was determined
that tritium is accumulated by clay minerals in various forms and structural positions. A
considerable amount of tritium is easily adsorbed on the surface of particles in the form of
water films and conformably washed away with infiltration flow. Somewhat smaller amount of
tritium accumulate in the interlayer space, but are not strongly bound either. The strongest
fixation results from isotope-hydrogen exchange in structural OH-group positions. Hence,
from the standpoint of assessment of barrier properties, the minerals with enough OH-groups
in their structure are of particular interest.

According to DANA’s mineral classification [4] and the mineralogy database [1], the
group of phyllosilicates includes 226 species. Naturally, to study so many minerals regarding
their suitability as barriers is time consuming. Thus the aim of this study was to select a group
of phyllosilicates whose structure can accumulate and retain tritium. Promising minerals were
selected among this group accordance to criteria based on experimental data and suggested
exchange mechanisms for heavy hydrogen isotopes in the "heavy water-mineral" system.

2. State of the art

Phyllosilicates can be found in a multitude of geological context. Many are formed by
hydrolysis of primary silicates, in both supergenic alterations and under low-grade
metamorphism [5, 10]. They also appear in association with hydrothermal veins, in amygdales
found in volcanic rocks and as interaction products of Al and Fe hydroxides with SiO, gel and
sea water. Although some of these minerals are formed in large amounts as a result of surface
processes, they occasionally form large deposits in marine and lacustrine basins.

Variations in formation conditions in the weathered surf3ace result in considerable variety
of phyllosilicate species, which are determined both by the specific features of structural
bonding of silicon-oxygen radicals and by the isovalent and heterovalent isomorphism of
cations and anions [3]. The large group of phyllosilicates is made up of minerals in which
silicon may be substituted by aluminium in tetrahedron coordination, with Si-Al ratios from 4 :
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0to 1 : 3. Besides, in some cases Si is substituted by B (boron-muscovite).

In most of phyllosilicates, the hexagonal mesh arrangement of Si—O (or Al-Si—O) tetrahedron
is associated with gibbsite or brucite octahedral sheets and forms two main types of layers, the
so-called2 : 1 (or T.O.T.) and 1 : 1 (or T.O.) layers. Minerals with a 2 : 1 structure are formed at
earlier and higher-temperature stages of hydrolysis than minerals with 1 : 1 layer. The structure
of chlorites is typically hybrid, consisting of alternating 2 : 1 and brucite (or gibbsite) layers.
Alteration of these minerals generally gives rise to the appearance of mixed-layer minerals [2],
whose structures alternate layers of mica, smectites, kaolinite, chlorite, etc. according to their
composition.

Regarding their chemistry, the phyllosilicates are characterized by a great compositional
variability. Apart from Siand Al, the most common cations are Mg, Fe, K, Na, Ca, and, to a lesser
extent, Mn, Ti, Ba, Li, as well as Ni, Pb, Cu, Zn. The main anions are O and (OH), although it is
very common to find isomorphic substitutions of hydroxyl by F and Cl; sometimes sulphate
and carbonate anionic groups are also found [3, 5].

3. Proposal of classification criteria

Phyllosilicates can be classified according to different principles, depending on the aim of
view. Regarding their potential ability to accumulate and retain tritium, we propose, besides the
structure and crystal-chemistry, a hierarchical succession of criteria taking into account the
structural and energy state of OH-groups and water molecules, the potential mechanisms of
tritium transfer from water into the mineral structure and the hydrogen isotope exchange with
protons of OH-groups.

3.1. First criterion: presence of OH-groups, with potential exchange capacities for tritium
fixation in the mineral structure. Of the 226 species, 174 minerals have OH-groups in their
structure (Table 1). This group is further arranged according to crystal-chemical and structural
features [1].

3.2. Second criterion: presence of H,0 molecules in the structure of phyllosilicates. As
in liquid phase tritium migrates mostly in the form of tritium water molecules (HTO, T,0), the
main transport agent providing delivery of this isotope into the mineral structure is water
molecules. On the base of this criterion, the 174 mineral having OH-groups were divided into
two groups: 69 mineral species containing H,O molecules in their crystalline-chemical formulae
and 105 mineral species not containing H,O molecules.

3.3. Third criterion: structural positions of OH-groups and water molecules. This criterion
is based on distinctive exchange mechanisms of protium by tritium, depending on whether

Table 1. Phyllosilicates with OH-groups

Index Phyllosilicates | Number of species
VII-71 Phyllosilicate with Six-Membered Rings

71.0 Minerals Without Dana Classification 4

71.1 Phyllosilicate Sheets of Six-Membered Rings with 1:1 layers 27

71.2 Phyllosilicate Sheets of Six-Membered Rings with 2:1 Layers 53

71.3 Phyllosilicate Sheets of Six-Membered Rings with 2 : 1 clays 14

71.4 Phyllosilicate Sheets of Six-Membered Rings interlayered 1 :1,2: 1, 21

and octahedra
71.5 Phyllosilicate Sheets of Six-Membered Rings with other anions 1

VII-72 Phyllosilicate Two-Dimensional Infinite Sheets with Other Than
Six-Membered Rings

72.1 Phyllosilicate with 4-membered Rings 3

72.2 Phyllosilicate with 4-, 6-, and 8-membered Rings 1

72.3 Phyllosilicate with 3-, 4-, or S-membered rings and 8-membered rings 7

72.4 Phyllosilicate with 4-, 6-, and 12-membered rings 6

72.5 Phyllosilicate with corrugated and complex layers 5
VII-73 Phyllosilicate Condensed Tetrahedronl Sheets

73.1 Phyllosilicate with double layers 4

73.2 Phyllosilicate with double and single layers 7
VII-74 Phyllosilicate Modulated Layers

74.1 Phyllosilicate with joined islands 10

74.3 Phyllosilicate with joined strips 11

TOTAL 174
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there are OH-groups or H,O molecules [7, 15].

Anumber of H,O-bearing phyllosilicates (Table 2) have various energetic states of water
molecules (parameters of diffusion in the interlayer space, exchangeability with liquid phase
molecules, hydratability of exchange cations, etc.). H,O molecules can hydrate exchangeable
cations such as K, Ca and others (hydration water), form part of the mineral’s structure
(crystallization water) or can be found in the so-called "zeolitic channel" of some minerals as
fibrous clays, for instance (zeolitic water). A contribution of these structural types of water
molecules in tritium accumulation process depend on mineral’s structure type.

Montmorillonite (dioctahedral smectite group) is a typical representative of hydrous
phyllosilicates. The well-known models of sp>-hybridization of oxygen ions [6] allow us to
assume an exchange mechanism of H,O protons with (OH) protons in the structure of this
mineral. Of the four orbitals of lattice-oxygen ofthe Si—O tetrahedron, two are combined with
two Siions and the other two are oriented towards the interlayer space, where they are weakly
bounded with the hydrogen of the water molecules. In the case of structural OH-groups, two
of four orbitals are connected with two octahedrally co-ordinated cations (Al, Fe**2, Mg,
etc.); the third one, which is directed at a 16° angle to the basal plane, is connected with the (H")
proton and the fourth orbital, directed along the ¢’ axis, is free. In the absence of water molecules
in the interlayer space, interchangeable ions (Na, K, Ca, Li and others) shift towards the
hydroxyls, sealing the hexagonal ring up. The entrance of water into the interlayer space
causes rehydration of ions and their extraction from hexagonal rings and, consequently, a shift
towards the interlayer space. As a result, water molecules protons increase the capacity for
interaction with structural OH-group protons by means of O-lattice ions. Thus, the availability
of free orbitals in both lattice-oxygen and in the hydroxyls makes exchange of hydrogen
isotopes possible between water molecules and OH-groups.

Validity of the proposed model of tritium accumulation process in the montmorillonite
structure was confirmed by experimental study of the "montmorillonite-deuterium water" system
[15]. It should be mentioned that in this smectite, the exchange mechanism of heavy hydrogen
isotopes with OH-group protons is a two-stage process: the initial stage is water-molecule
diffusion into the interlayer space of montmorillonite, as the coefficients of water-molecule
diffusion are approximately equal in the liquid phase and in the inter-layer space of a damp

Table 2. Ranking of H,O-bearing Phyllosilicates by structural type of water and mineral
structure type

Class Class 1.2
2 1.1
% 1.1.A 1.2.A 1.2.B 1.2.C 1.2.D 1.2.E
-.é structur | structur structure type 2 : 1 interlayered | structure with Sheets with
2 e type e type 1:1,2:1, inverted Other Layers
1:1 1:1 & octahedra ribbons
o Endel- Hisin- Dioctahedral Smectites | Chlorite- Palygorskite | Amstallite,
lite gerite gr. (Montmorillonite, Smectite gr. | gr., Eakerite
Beidelite, Nontronite, (Tosudite, Sepiolite gr., Tobermorite gr.
etc.), Corrensite, Chrysocolla, (Clinotobermo-
Trioctahedral Rectorite, Krauskopfite, | rite,
Smectites gr. Aliettite, Makatite, Riversideite),
(Saponite, etc.), Glagolevite) | Intersilite
Hydromica subgr. Macdonaldite,
(Hydrobiotite, Illite, Hydrodelhaye-
Vermiculite, lite, Vertumnite
Brammallite), Reyerite gr.
Surite gr., Stilpnomelane
gr.,
Amstallite, Eakerite, Ganophyllite
Vertumnite, gr.
Brinrobertsite,
Ekmanite,
Bariumbannisterite
B Swinefordite Varennesite,
Zeophyllite,
Tuscanite,
Fedorite
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mineral; in the second stage, the transfer of tritium from dissociated water molecules to structural
positions of minerals with free orbital compensation takes place due to proton-tritium exchange.
This process may be accelerated by gamma-irradiation of the system [17].

Thus, the presence of mobile water molecules in phyllosilicate structure promotes tritium
penetration inside the mineral to potential places of protium-tritium exchange. On the basis of
this criterion, the group of water-containing phyllosilicates may be divided into 2 classes
according to the state of water molecules in their structure: class /. /, containing only zeolitic
water and class /.2 with zeolitic and hydration water (Table 2).

In phyllosilicates not containing interlayer water molecules (Table 3), the exchange
mechanism of heavy water hydrogen isotopes with protons of structural OH-groups is
determined by the presence or absence of continuous hydroxyl nets in the mineral structure.
The quantity of OH-ions in the structural formula is > 2 or < 2 respectively. Distinctive features
of this exchange mechanism are showed using kaolinite as a representative example of the
minerals in this group of anhydrous phyllosilicates [3-5, 10].

Experimental studies of deuterium accumulation in kaolinite structure during its interaction
with deuterium-rich water revealed that absence of water molecules, which carry deuterium
into the interlayer space to OH-groups, does not inhibit the accumulation of the heavy hydrogen
isotope in the mineral structure. The possibility of such process is conditioned by the fact that
there are continuous net of hydroxyl groups in the structure of kaolinite-type minerals. The
surplus protons arising in their structure can able to migrate from one OH-group to other by
jump. According to G. Maiti and F. Freund [9] protons life-time in structural OH-group of a
mineral do not exceed 10~ sec., comparable with their life in liquid phase of water. The quantity
of such protons may reach about 10'3 moles.

In kaolinite, continuous OH-group nets are located in structural packs (hydroxides) on
the interlayer space side. In these minerals, the freely migration protons are exchange with the
heavy isotopes of the water molecules in the course of "vibrations" on crystalline edges close
to the water phase. Exchange process intensifies in case when OH-groups are adsorption
centers on the edges of mineral particles. Violation of isotope equilibrium (concentration)
promotes diffusion of tritium (deuterium) along structural OH-groups and formation of
OT-(OD)-groups [7, 15].

In anhydrous phyllosilicates containing two or less OH-groups, continuous hydroxide
nets are absent and protons cannot transfer into them. As a result, accumulation of hydrogen
heavy isotopes does not occur in structural-OH positions of such minerals.

Table 3. Ranking of Anhydrous Phyllosilicates by type of hydroxyl nets and mineral structure
type

" Class 2.1 Class 2.2
E 2.1.A 2.1B 2.LE 22.A 22.D
< . .
P structure structure Sheets with structure interlayered 1 :
& typel : 1 type2: 1 Other Layers typel : 1 12:1, &
octahedra
o Bismutofe- | Pyrophyllite-Talc Prenite, Kaolinite gr. Chlorite gr.
rrite gr. gr., Biotite subgr. Pyrosmalite gr. (Dickite, Nacrite, | (Clinochlore,
(Eastonite, (Schallerite, Odinite, Chamosite,
Hendricksite, Nelenite), Halloysite) Pennantite, etc.),
Aspidolite etc.) Kvanefjeldite, Lizardite Chlorite-
Margarite subgr., Parsettensite, subgr., Smectite gr.
Macaulayite Zussmanite, Amesite subgr., | (Dozyite),
Coombsite, Chrysotile Franklinfurna-
Searlesite, Pianlinite | subgr., ceite, Gonyerite,
Imogolite Kegelite
B Muscovite subgr. Pyrosmalite gr., Caryophilite
(Nanpingite, Fridelite gr.,
Chromphyllite, Semenovite
Boromuscovite,
etc.),
Biotite subgr.
(Biotite, Phlogopite,
Lepidolite etc.)
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On the base of this criterion, anhydrous phyllosilicates may be divided into two classes,
where processes of substitution of protons by hydrogen heavy isotopes in structural OH-
groups positions is potentially possible (quantity of OH-ions in the structural formula is > 2,
class 2.1, Table 3) or impossible (respectively quantity of OH-ions < 2, class 2.2, Table 3).

Thus, availability of continuous nets of structural OH-groups or (and) water molecules in
the interlayer space of phyllosilicates is a favourable condition for accumulating and retaining
hydrogen heavy isotopes in their structure.

3.4. Fourth criterion: structure type. As arule, minerals havinga 1 : 1 structure (excluding
bismuthoferrite group) are characterised by the presence of continuous nets of OH-groups.
Therefore in anhydrous phyllosilicates with two sheets (groups of kaolinite and serpentine),
incorporation of tritium into structural OH-groups can occur due to the interaction of free
protons from the mineral matrix with tritium ions of dissociated HTO or T,0 molecules. In H,0-
bearing phyllosilicates of this structural type (hisingerite, endellite) additional access of tritium
ions to structural OH-groups is favoured by the diffusion of HTO (or T,0) molecules into the
interlayer space.

In most of the cases, minerals with a 2 : 1 structure do not contain continuous nets of OH-
groups. The main carrier of tritium into their structure must be, therefore, the water found in the
interlayer space. Dioctahedral and trioctahedral smectite groups are made up of mineral
accumulators of tritium, as well as those included in the hydromica group (vermiculite,
hydrobiotite and illite) and surite group, etc. (Table 3). Under normal conditions protium-tritium
exchange does not occur in other anhydrous phyllosilicates with this 2 : 1 structure, like
muscovite, biotite, pyrophyllite-talc and margarite subgroups etc. Partial incorporation of
deuterium into the matrix of some of these minerals was noted only during their irradiation up
to 107 Gy [15,17].

In minerals with a2 : 1 : 1 structure (chlorite group), hydroxyl ions are partially combined
in three-sheet packs, but mainly co-ordinated by Mg and Fe in octahedral (brucite or gibbsite)
layers easily accessible for isotope exchange.

Minerals having a structure with inverted ribbons (palygorskite and sepiolite groups
often known as fibrous clays or pseudo-layered clays) are rather important for absorption of
tritium. Such structure provides an easy access of HTO and T,0O molecules to the hydroxyls
and substitution of free protons by tritium ions.

3.5. Fifth criterion: availability of other ions (F, Cl, etc.) competitive for a proton in OH-
structural positions. Substitution of a part of OH-groups by F, CI or O ions, or by complex
anions (CO,, SO, etc.) breaks the continuity of the hydroxyl net. As a result, the efficiency of
formation of surplus protons and their isotope-hydrogen exchange capacity decrease. Such
minerals (with index B in Tables 2, 3) — swinefordite, varennesite, zeophyllite, tuscanite,
fedorite, caryophilite etc. are less efficient for the accumulation of tritium then phyllosilicates
containing only OH-groups without other ions and anions (minerals with index o in Tables 2,
3 — Dioctahedral Smectites gr., Chlorite—Smectite gr., Palygorskite gr. etc.) and therefore less
promising for their use as barriers for tritium contamination of environment.

Table 4. List of Phyllosilicates prospective for use as accumulators and retainers of tritium

Class Minerals
1.1.Aa Endellite
1.2.A a Hisingerite
12.Ba Dioctahedral Smectites gr. (Montmorillonite, Beidelite, Nontronite, etc.),

Trioctahedral Smectites gr. (Saponite, etc.), Hydromica subgr., (Hydrobiotite, Illite,
Vermiculite, Brammallite), Surite gr., Amstallite, Eakerite, Vertumnite, Brinrobertsite,
Ekmanite, Bariumbannisterite

1.2.Ca Chlorite-Smectite gr. (Tosudite, Corrensite, Rectorite, Aliettite, Glagolevite)

1.2.Da Palygorskite gr., Sepiolite gr., Chrysocolla, Krauskopfite, Makatite, Intersilite

12.Ea Amstallite, Eakerite, Tobermorite gr. (Clinotobermorite, Riversideite), Macdonaldite,
Hydrodelhayelite, Vertumnite, Reyerite gr., Stilpnomelane gr., Ganophyllite gr.

22.A 0 Kaolinite gr. (Dickite, Nacrite, Odinite, Halloysite)
Lizardite subgr., Amesite subgr., Chrysotile subgr., Imogolite

2.2.Da Chlorite gr. (Clinochlore, Chamosite, Pennantite, etc.), Chlorite-Smectite gr. (Dozyite),

Franklinfurnaceite, Gonyerite, Kegelite
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In spite of such high polytypical variety, phyllosilicates exhibit noticeably small variations
ofthe main structural patterns. The most wide-spread patterns are reticulate structures with 6-
membered rings of [SiO, ]+ tetrahedron (class VIII-71)[1,4]. Classes VIII-72 (two-dimensional
infinite sheets with other than 6-membered rings of silicon-oxygen tetrahedron), VIII-73
(condensed tetrahedron sheet) and VIII-74 (modulated layers and joined islands of silicon-
oxygen tetrahedron) are less prevalent and variable. With the noticeable exception of prehnite
(VIII-72.1 group), apophyllite (VIII-72.3), pyrosmalite (VIII-72.4), stilpnomelane (VIII-74.1)
and palygorskite-sepiolite (V1II-74.3), they are exotic minerals appearing, for instance, filling
effusive rocks vesicles.

Concluding remarks

The application of the suggested criteria, based on the crystal-chemical and
geochemical characteristics of phyllosilicates, allow their classification according to the
potential ability for tritium accumulation and retention in structural hydroxyl groups, as
well as to make an estimation of their perspective for use as barriers for tritium contamination
of environment (Table 4). The availability of continuous nets of structural OH-groups
and water molecules in the interlayer space of phyllosilicates is a favourable condition
for this on principle. Further assessment for the possible use of the 111 selected minerals
can be performed taking into account their abundance, accessibility, price, and other
technological parameters.
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PE3FOME. TlpeanoxeH MepapXu4ecKuil KOMILJICKC KputepueB Uit pasuenenus OH-comepxkamux Guiiocuiim-
KaTOB Ha PAa3JIMYHbIC KJIACCHI B COOTBETCTBUH C MX CIIOCOOHOCTBIO HAKANJIMBATh U yIACP)KUBATh TPUTHIH B
crpykTypHbix OH-rpynmnax npu B3auMOACHCTBUHU C TsOKeNoW BogoW. Kpurepru 0asupyroTcs Ha pasiudusx
MHUHEPaJIbHOM CTPYKTYPbl M KPUCTAUIOXHMHYECKUX OCOOCHHOCTEH (HIUTOCHINKATOB. BMecTe ¢ TeM, Mbl yuu-
TBIBAJIM CTPYKTYpPHbIE U 3HEpreruueckue nozuuuu OH-rpynn u Monekys BOibl B MUHEpaJax, MOTEHLUAIbHbIE
MEXaHU3MBI [IEPeHOCa TPUTHUS U3 BOJHON (a3bl B CTPYKTYpy MHHEpajga M MEXaHH3MbI H30TOMHOr0 oOMeHa
TputHs ¢ nporoHamu OH-rpynn. HanGonee nepcHeKTUBHBIMHU SIBISIOTCS (HMIUIOCHIMKATBHI, COAEPIKAILUE MO-
OHMJIBHBIC MOJICKYJIbI BOJBI B MEXKCIOCBOM I KaHAJbHOM MPOCTPAHCTBE MHHEPAJIBHOH CTPYKTYpPBI, a TaKKe
coZiepKallMe CIUIOLIHBIE CeTH T'MIPOKCHIIbHBIX IpyIl. B repBoM ciydae MOJEKyJIbl BOZbI ITOBBIIIAIOT BO3MOXK-
HOCTb B3aUMOJICHCTBUSL TPUTHS C MPOTOHAMH CTPYKTYpHbIX OH-rpynmn 4epe3 KUCIOpPOAHbBIE HOHBI CETKH, BO
BTOPOM — TPUTUH MOXKET BXOJIUTh B T'MJPOKCUIIbHBIC I'PYIIbI HOCPEICTBOM B3aUMOAEHCTBUS CBOOOJHBIX
NPOTOHOB MATPHUIBI C HOHAMM TPUTHUS U3 AUCCOUMUPOBAaHHBIX Monekyn HTO umu T,0.

PE3FOME. 3anpomnoHOBaHO iepapXiyHUN KOMIUIEKC KpHUTepiiB mist posninenHss OH-BmicHux dinocumikaris Ha
pi3HI KJIAcH 3rigHO 3 IX 3JaTHICTIO HAKONUYYBaTH i yTpUMYBAaTH TPUTIH B cTpykTypHux OH-rpynax mpu
B3a€MOJIl 3 Bakkoro Bomoro. Kpurepii 6asyroTbcst Ha Pi3HHUILI MiHEpaIbHOI CTPYKTYPH Ta KPHCTAJIOXIMIYHUX
ocobauBocTeil dinocuiikaris. PazoM 3 THM, MH BpaxoBYBaJM CTPYKTYpHI Ta eHepreruuHi nosuuii OH-rpym i
MOJIEKYJI BOJM B MiHepajax, MOTCHIiHI MeXaHi3MU NEPEHOCY TPUTIIO i3 BOAHOI (a3u 10 CTPYKTypH MiHepaiy
Ta MeXaHi3MH 130TOHHOro 0OMiHy Tputito 3 nmporoHamu OH-rpyn. Hai#6inbl nepcrnekTHBHEME € (izocuiika-
TH, SIKI BMIIYIOTh MOOIJIbHI MOJNEKYJIM BOIAM B MDKIIAPOBOMY Y KaHAJIbHOMY HPOCTOpPI MiHEpalbHOI CTPYKTY-
pH, @ TAKOXK Ti, 10 MAIOTh CYLIIbHI CITKH TiAPOKCHIBHHUX TPYI. Y MEpPLIOMY BHIAAKy MOJCKYIH BOAM IiABHIILY-
I0Th 3[IaTHICTh B3aEMOJII TPUTIIO 3 MPOTOHAMH CTPYKTypHHX OH-rpym uepe3 KHUCHEBI 10HH CiTKH, B IPyromMy —
TPUTIil MOXKE BXOAUTH B T'iIPOKCHIIBHI I'PYNH 3aBSKH B3a€MOI] BIIbHUX IPOTOHIB MAaTpHLl 3 iOHAMH TPHTIIO
3 puconifioBanux mojekyn HTO yu T,0.
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