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Octahedral cations distribution in the structure
of magnesiohastingsite. Kinetics of structural iron
radiation oxidation

The distribution of octahedral cations within nonequivalent sites of magnesiohastingsite structure has been
investigated by means of X-ray structural analysis, NGR- and IR-spectroscopy. Variations of ferrous and ferric
ions contents in different structural sites and kinetics of Fe3"™ ions accumulation in the course of y-irradiation
are described by mathematical equations. The calculated kinetic parameters enabled to estimate the minerals
susceptibility to radiation action. Dependence of the radiation effects on the irradiated mineral particles size
has been found. The radiation oxidation of iron takes place mainly in M1 and M3 sites, adjacent to A sites
occupied by K* and Na* ions. Probable mechanisms of radiation oxidation, thermal reduction of iron ions and
dehydroxylation of their structural environment are proposed. The results obtained may be used for dosimetry
of radiation loads and for estimation of the amphibole-bearing rocks fitness capabilities for burying the
radioactive waste products.

Introduction. Intense development of atomic engineering and radionuclides application in
industry, medicine and other fields of human activity puts forward problems of development of
technologies of radioactive wastes (RW) safe storage and diminution of their influence on the
environment. The modern technologies of RW burial use natural and synthetic mineral sub-
stances. It stimulates development of investigations of the radiation influence on the structur-
al state of minerals and rocks as materials of engineering designs and constructions for RW
storage. Minerals and rocks suitability for these purposes is based on their radiation structural
stability.

Amphiboles belong to the most widespread minerals of the earthys crust. They consti-
tute about 7 volume percent of magmatic, metamorphic and metasomatic rocks [14]. Since
amphiboles have some elements of variable valence in their structure, they are sensitive to the
radiation influence. The radiation influence on structure and some physicochemical properties
ofamphiboles were investigated in a series of scientific publications [6-8, 11, 12, 18, 19].

Purposes, objects and analytical methods. To clear up the dependence of amphiboles
radiation stability from their composition and to continue our previous works on this topic [6—
8, 18, 19], octahedral cations distribution in the structure of magnesiohastingsite and irradia-
tion influence on iron cations valence state and on their anionic environment study is carried
out.

Chemical composition of studied amphibole in % is: SiO,—41.71; TiO,— 1.28; AL,O;—
10.33; Fe,0,— 5.87; FeO— 15.20; MnO —0.45; MgO —8.79; CaO — 12.25; Na,0 — 1.25;
K,0—1.00; H,0-—0.20; H,0*— 1.93; F —0.11; the sum— 100.33 (sample from granodiorite
Trigur massif, Volyn’, Ukraine, v. Grigor'je, collection of A. L. Litvin). The crystallochemical
formula of amphibole, calculated by the "Minfile" program per 13 of cations, is:

(Nay 37K0.19)0.56(Caz0)2.00(Mg1 oM o6 Fe?* g4 Fe? .6l 29T 15)s.00(Slg 354l 65)5.00022.00(OH) 2. 00-

According to mineralogical classification [21] amphibole under consideration is magne-
siohastingsite.

The crystal lattice parameters and structure-forming elements distribution are obtained
by means of X-ray structural analysis. To control the iron cations distribution between octahe-
dral structural sites and their valence state nuclear gamma-resonance (NGR) is used. The state
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Fig. 1. Spectra NGR magnesiohastingsite: @ — d — samples initial and irradiated by dozes 1-108, 2-108, 4-108 Gy
accordingly. The strokes show a situation of lines of absorption of the allocated doublets

of OH-groups depending on its nearest cationic environment is studied by infra-red (IR) spec-
troscopy.

Samples were irradiated by °Co source, and also by placing amphibole samples in the wet
channel of nuclear reactor fuel assembly storehouse. Maximal doze of irradiation (D) was 4-108
Gyat doze capacity (P) 18.05 Gy/s.

Experimental results and discussion. Refinement of cations distribution. Structure pa-
rameters and sites population in amphiboles of hastingsite series are known to depend on their
composition and conditions of formation [16, 17].

Calculated magnesiohastingsite lattice cell parameters (diffractometer DRON-2. radiation
Cuy,, measurement of E. E. Grechanovskaja, IGMOF NACU) are: a= 0.9896 (2) nm, b=1.8156
(20)nm, ¢=0.5321 (12)nm, B=105°25'(9"), v=0.9233 nm?>.

Experimental data for structure refinement is obtained on the four-circled automatic dif-
fractometer "JIAPY-1". Refinement of "Fe" and "Mg" distribution between octahedral sites
M1, M2 and M3 ("Fe" = Fe*, F&3*, Mn?", Ti*" and "Mg" = Mg?", AI*") is made by the least
squares method. The last was successfully applied to study octahedral cations distribution in
amphiboles [ 16—18]. Refinement of atomic structural positions is carried out by comparison of
experimental and calculated interatomic distances in M1, M2 and M3 octahedra, that are equal
to (in nm): M1-O—0.2107 and 0.2110; M2-O—0.2049 and 0.2041; M3-O—0.2112and 0.2113
correspondingly.

The following cations distribution between octahedral structural sites (calculated per one
position), based on the sample chemical composition and experimental interatomic distances is
received: M1=0.505Fe*" +0.495 Mg; M2 =0.155 Fe?* +0.33 Fe>* +0.07 Ti +0.10 Al +0.345 Mg;
M3=0.68 Fe?*+0.32 Mg.

Mn cations contribution (0.06 u.) is included in the contribution of iron cations. Structural
position of Mn cations in amphiboles is ambiguous. The largest value of the average Mn—O
distance in octahedral sites M1 and M2 would be 0.2173 nm [16]. In M3 they are 0.001 nm
smaller. However the range of average bonds length changes in M1 and M3 octahedra is
approximately half, than that in M2. In other words, M2 octahedron is more mobile than M1 and
M3. This causes its filling both by small and large cations. At the same time Mn?* ionic radius
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Table 1. Parameters of NGR spectra of magnesiohastingsite

D10° Gy Ton, site 5 | A [ w S, % N, u.
mm/s
0 Fe*" (2M1) 1.38 2.78 0.33 31.5 0.82
Fe*'(M3) 1.37 2.40 0.38 242 0.63
Fe'(2M2) 1.41 1.78 0.51 14.2 0.37
Fe?+ 0.66 0.71 0.43 30.1 0.78
3+
Fe T T T T T
2
0.01 Fe**(2M1) 1.39 2.75 0.33 32.0 0.83
Fe*'(M3) 1.37 2.38 0.40 253 0.66
Fe*' (2M2) 1.43 1.74 0.59 15.3 0.40
Fe?+ 0.67 0.72 0.38 27.4 0.71
3+
Fe 5 T T T T T
0.1 Fe*'(2M1) 1.39 2.73 0.27 30.5 0.79
Fe?'(M3) 1.37 2.38 0.31 242 0.63
Fe*' (2M2) 1.37 1.88 0.37 14.2 0.37
Fe’” 0.66 0.72 0.42 311 0.81
3+ -
Fe, T T T T
1.0 Fe*'(2M1) 1.39 2.72 0.30 28.1 0.73
Fe?'(M3) 1.37 2.37 0.31 21.0 0.55
Fe*" (2M2) 1.40 1.81 0.45 14.4 0.37
Fef* 0.67 0.73 0.38 30.8 0.80
Fey 0.70 1.45 0.39 5.7 0.15
1.3 Fe**(2M1) 1.39 2.71 0.28 27.5 0.72
Fe*'(M3) 1.37 2.33 0.30 20.0 0.52
Fe'(2M2) 1.41 1.74 0.43 14.7 0.38
Fe?+ 0.68 0.72 0.37 30.0 0.78
Fet 0.68 1.50 0.40 7.8 0.20
2
1.6 Fe**(2M1) 1.38 2.71 0.28 26.7 0.70
Fe*'(M3) 1.36 234 0.29 19.6 0.51
Fe*' (2M2) 1.39 1.77 0.42 14.4 0.37
Fef+ 0.67 0.70 0.37 29.6 0.77
Fey 0.72 1.41 0.52 9.7 0.25
2 Fe?'(2M1) 1.39 2.72 0.27 25.6 0.67
Fe?'(M3) 1.37 2.32 0.27 19.0 0.49
Fe*' (2M2) 1.39 1.79 0.43 14.4 0.37
Fef* 0.67 0.70 0.41 29.0 0.75
Fet 0.69 1.37 0.62 12.1 0.32
2
3 Fe*'(2M1) 1.38 2.67 0.31 242 0.63
Fe?'(M3) 1.36 2.29 0.35 18.2 0.47
Fe*' (2M2) 1.40 1.76 0.49 14.2 0.37
Fe 0.67 0.71 0.41 31.1 0.81
1
Fe 0.70 1.39 0.56 12.3 0.32
2
4 Fe**(2M1) 1.38 2.66 0.33 24.0 0.62
Fe*'(M3) 1.35 2.32 0.34 17.8 0.46
Fe*' (2M2) 1.38 1.75 0.52 14.1 0.37
Fe?+ 0.68 0.73 0.41 34.8 0.90
Fe 0.70 1.59 0.43 9.3 0.24
2
4% Fe**(2M1) 1.38 2.67 0.27 23.8 0.61
Fe*'(M3) 1.36 227 0.28 17.5 0.46
Fe*' (2M2) 1.37 1.72 0.46 13.7 0.36
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The End of Table 1.

D-10° Gy Ton, site 3 | A | w S, % N, u.
mm/s
4% Fe*' (2M1) 1.40 2.75 0.30 23.4 0.61
Fe*'(M3) 1.38 2.36 0.31 18.8 0.49
Fe*" (2M2) 1.41 1.78 0.45 13.0 0.34
F 0.67 0.72 0.41 313 0.81
1
Fe; 0.71 1.48 0.52 13.5 0.35
4wk Fe?' (2M1) 1.39 2.69 0.30 23.0 0.60
Fe?"(M3) 1.37 2.31 0.33 19.2 0.50
Fe** (2M2) 1.40 1.72 0.49 14.1 0.37
F 0.68 0.71 0.39 29.0 0.75
1
F 0.68 1.49 0.50 14.7 0.38
2
0.0331 Fe**(2M1) 1.39 277 0.27 30.3 0.78
Fe*'(M3) 1.37 243 0.29 24.5 0.64
Fe?' (2M2) 1.40 1.88 0.40 15.7 0.41
Fet 0.66 0.72 0.36 29.5 0.77
1
3+ . . . _ .
Fe 5
0.0482 Fe*" (2M1) 1.39 2.76 0.28 29.7 0.77
Fe*'(M3) 1.36 243 0.29 24.4 0.63
Fe?' (2M2) 1.37 1.86 0.39 15.6 0.41
Fet 0.64 0.71 0.39 30.3 0.79
1
3+ . . . _ .
Fe

2

N ot e. 8 — isomeric shift, A — quadruple splitting, W — half-width of absorption line; S — relative square
of summary spectrum component, N — iron concentration. *, ** *** _— fractions 0.08 + 0.063; 0.1 + 0.08
and > 0.1 mm accordingly.

value lies between those values for Mg?" and Fe?", that are typical for M1 and M3 sites, and
those for Na* and Ca?", that are typical for M4 sites. That’s why Mn?* could occupy M4-site
like in Mn-cummingtonite [23] and riebeckite [16] structures, as well as M2 site like in horn-
blendes [2] and some other amphiboles [16]. Perhaps Mn?" could also fill M1 and M3 sites. For
instance in taramites structure it was placed in site M1 [10, 16].

Let’s note, that Fe?" distribution between octahedral sites of investigated amphibole
corresponds to the scheme Fe**(M3) > Fe?"(M1) > Fe?*(M2). This distribution reflects high-
temperature formation conditions of calcic amphiboles [9, 10, 16].

Iron octahedral cations distribution by NGR data. The NGR spectrum of magnesiohas-
tingsite (Fig. 1, a) is divided into four doublets of quadruple splitting using the least squares
method. Three of them — Fe2*(M1), Fe**(M2) and Fe?"(M3) — are due to resonance absorp-
tion of gamma quanta by Fe?" ions nuclei in corresponding octahedral positions M1, M2 and
M3, and the fourth — by Fe’* — Fe*" in all these positions. The assumption of Fe** presence
in several positions is based on widening of Fe’* doublet lines. At the same time this widening
could be caused by not uniform cationic environment of Fe3* in M2 site. The last could concen-
trate the number of ions with various valences. The identification of the doublets obtained is
based on X-ray data and results of previous NGR-spectroscopic research of calcic amphiboles
[5-7, 17]. By means of optical spectroscopy it was shown that in calcic amphiboles structure
M4 site could be occupied by Fe2' [4]. This result has caused changes in approaches to NGR
spectra decomposition and their interpretation by some authors [24, 26, 27]. By X-ray analysis
we did not identity the occupation by FeZ" cations of M4 sites in given amphibole. Calculation
of different valency iron ions concentration (/) in structural positions is made basing on the
equality of their resonant absorption factors in all nonequivalent octahedrons [1, 15]. These
results together with other spectroscopic parameters are given in Tab. 1. Cations distribution
between octahedral sites, obtained from the NGR spectrum analysis, is described by the fol-
lowing numerical values of formula units per one position: M1 = 0.406 Fe?*; M2 =0.185 Fe** +
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Fig. 2. Dependence of change of cations concentration of iron different valency on unequivalent structural
positions magnesiohastingsite on a doze of an irradiation: a — Fe?"(2M1); b — Fe*"(M3); ¢ — Fe?'(2M2);
d — Fe3*(M1-3). Points — experimental values, continuous lines — theoretical curves designed on the
equations 1, 2

Fig. 3. Distribution of grains magnesiohastingsite on fractions

+0.39 Fe3" M3 = 0.63 Fe?*. That is, the divergence of results on the octahedral sites occupan-
cies by iron cations obtained by X-ray and NGR-spectroscopic data is = 10 % and is within the
limits of accuracy of both methods. Schemes of Fe?* distribution between nonequivalent sites
according to X-ray and NGR-spectroscopy data are identical. It is described by the typical for
high-temperature genesis amphiboles set Fe?*(M3) > Fe?'(M1) > Fe2'(M2).

Influence of irradiation on iron cations valence state by NGR data. 1t is ascertained [6—
8, 16, 19], that irradiation influence on structure and physicochemical properties of Fe- and OH-
containing amphiboles is expressed in excitation of oxidation reactions of Fe* cations in
octahedral M1 and M3 sites, coordinated by four anions O* and two OH~. The radiation
oxidation of iron is accompanied by geometrical distortions of coordination polyhedron. Iron
oxidized by radiation is stable in environment conditions in time. On example of three Ca- and
Na-amphiboles it was shown [5], that amphiboles susceptibility to iron oxidation under radia-
tion influence depends on their structure and chemical composition. Iron oxidation in amphi-
bole structure is accompanied by reduction of intensity of doublets Fe?*(M1), Fe?*(M3) and
occurrence of a new doublet Fe)", characterized by high values of quadruple splitting and
half-width of absorption lines (see Fig. 1, b — d; Tab. 1). The last doublet we attributed to
radiation oxidated iron. Visible changes of spectra at small irradiation dozes (0.01-10% and
0.1-108 Gy) are not marked. Therefore in this case Fe" doublet is not present in spectra. At
decomposition into four doublets of the spectrum of the sample, irradiated by the doze 0.01-108 Gy,
even 2.7 % reduction of doublet Fe;" intensity relatively to initial sample spectrum is marked.
It is the author’s opinion that the last changes could be explained by the partial restoration of
Fe3* up to Fe2* in quantity of 0.07 u. Similar effect was observed at the first stages of ferriferous
elbaites experimental y-irradiation [29]. Probably, such effects are also peculiar to amphiboles
of other composition, irradiated by small dozes. Usually such changes lay within the limits of
experimental measurement mistakes, and we do not fix attention on them. At irradiation doze
increasing up to 4-108 Gy Fe3* concentration increases from 0.78 in initial sample up to 1.14 at.
un. in irradiated one, that is 14 % from the general iron contents. The change in the different
valency iron cations contents in nonequivalent positions during irradiation is shown in a Fig.
2. Results of NGR-spectroscopic research of the sample, irradiated by the minimal doze 0.01-108
Gy, are not taken into account at the construction the given dependences . Analytically given
dependences of change of Fe?* concentration in positions M1 and M3, and Fe3* concentration
in all possible positions (curves a, b, and d) could be described by the exponential regression
functions:

N=a+ bexp (—D/c), (D
where the constant values, ensuring the best coincidence of experimental points and theore-
tical curves, correspondingly are: a—0.562, 0.445 and 1.202; 56— 0.249, 0.192 and —0.420; c —
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Fig. 4. IR-spectra of valent fluctuations OH of magnesiohastingsite.
= Samples: 1 — initial, 2 — 5 — irradiated by dozes 1-108, 2-108,

| oD 4-10% and 0.0331-10% Gy accordingly and received at room
c B temperature; la, 4a — are received at temperature of liquid
| Cp H ~~——— nitrogen; / — 4 — irradiation by a source °Co, 5 — in the wet

| | | [ channel of fuel assembly storehouse

2.551-10% 1.489-108 and 1.879-108 Gy. The set of experi-
mental points for Fe2"(M2) (curve c) is described by
linear function

N=a+ bD, 2
where a=0.372 and b=-2.474-10"12Gy ..
The comparison of functions (1) and (2) parameters
values for given amphibole with those for taramite [7]
testifies their dependence from the mineral composition.
To reveal the particles size influence on the intensi-
ty of the iron radiation oxidation processes, the sample,
irradiated by the doze 4-108 Gy, is divided by the grains
A size into four fractions: 1 —<0.063 mm;2—0.08 =+ 0.063;
1 3—0.1+ 0.08;4—>1mm. The distribution of grains
among the fractions is shown in Fig. 3. For fractions 2—4

the NGR spectrum are received. By results of several re-

Absorption

3750 3500 peated measurements, when the mistake of definition is
Freq uency, sm'l <1 %, the reduction of average values of total Fe3* con-

centration from 45 up to 44.8 and 43.7 % for fractions 2—4

correspondingly is fixed. The reproducibility given du-
ring repeated experiments allows to conclude, that the amphibole crushing (limited by named
particles dimensions) causes some intensification of iron radiation oxidation processes in its
structure. This coincides with other authors conclusions about the influence of degree of
samples dispersion on the radiating effects [25, 28].

The irradiation influence on anionic environment of iron cations by IR-spectroscopy
data. IR-spectra are obtained on IR-spectrometer UR-20. For spectrum research in the 3500—
3800 cm! spectral region samples were prepared as KBr pellets with 5 mg of the investigated
substance. To exclude the spectrum distortions owing to the strong KBr hygroscopicity and to
control them, spectra of thin films of the samples on the nonhygroscopic fluorite windows
were also received. In the last case some vaseline oil was used to minimize the parasitic disper-
sion.

IR-spectrum of'initial sample corresponds to spectra of hornblendes [13, 20]. In the 3500—
3800 cm! region of hydroxyls stretching vibrations a wide weak absorption band has take
place. The fine spectrum structure is represented, at least, by six overlapped narrow absorption
bands. The most high-frequency absorption maximum is at the frequency 3700 cm~!. Accor-
ding to R. G. Burns and R. G. J. Strens model [3], worked out for amphiboles with vacant 4 site,
the most low-frequency absorption band would be at 3675 cm™!. By this model it is attributed
to stretching vibrations of hydroxyls, coordinated by three Mg atoms. I. L. Lapides and

Table 2. Absorption bands frequencies of hydroxyls stretching vibrations in IR-spectra of
magnesiohastingsite in 3500-3800 cm~! spectral region

Absorption band Blgzgﬁrg:’(g?;?q Cations in M1 and M3 sites A site occupation

H 3610 Fe?'Fe?'Fe** Vacant

D 3635 Fe*'Fe*'Fe** "

C 3650 Fe*'Fe* Mg "

B Fe*"MgMg "

D’ 3668 Fe?Fe” Fe** Occupied

F’ { Fe’'Fe''Mg "

c’ 3682 Fe*'Fe* Mg "

B’ 3700 Fe’'MgMg "
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T. A. Valjetov model [15] assumes, that the occupation of 4 site would give rise to the low-
frequency shift of the appropriate hydroxyl stretching bands. The size of such shift depends
on the sort of cations, that occupies A4 site, and on the degree of this site filling. According to
crystallochemical formula of researched amphibole more then half of 4 sites are populated by
K" and Na* ions that should lead to low-frequency hydroxyls stretchings displacement on 30—
40 cm~!. Hydroxyls stretching bands frequencies and their attribution according to model [15],
that are displaced on 30-32 cm™ ! relative to those offered by R. G. Burns and R. G. J. Strens, are
given in Tab. 2.

The most intense in this frequency range is the band 3668 cm™! (Fig. 4), which according
to accepted model, corresponds to three overlapped bands with close frequencies that belong
to the stretching vibrations of three differently coordinated hydroxyls: B—vqy r.2 5 u - in
which the nearest adjacent A4 sites are vacant, D' — vy 3.2 and F'— v, 2 2 w3y . with the
occupied 4 sites in their nearest environment. These bands attribution is in good agreement
with chemical composition of studied amphibole.

The character of IR-absorption curve of y-irradiated samples changes in the process of
doze accumulation from 1-108 up to 4-10% Gy due to the gradual intensity reduction of three
most low-frequency bands (Fig. 4), attributed mainly to vibrations of hydroxyls adjoined to the
populated A sites (Tab. 2). And as far as the maximal irradiation doze is achieved, absorption
bands 3700 and 3682 cm™! could be fixed only in the spectrum, recorded at the liquid nitrogen
temperature. The sample irradiation does not lead to appearance of new absorption bands. The
weak band 3668 cm™! in the spectra of samples accumulated maximal irradiation doze, probably,
corresponds to the band B (Tab. 2).

Thus, IR-spectra analysis allows to conclude that y-irradiation gives rise to the loss of
only those hydroxyls that are adjoined to the populated 4 sites. But the maximal y-irradiation
doze 4-108 Gy, accumulated by the sample, appeared to be insufficient to remove all of them
from the lattice. Partial dehydroxylation of magnesiohastingsite as a result of radiation influ-
ence is due to radiation oxidation of iron in M1 and M3 sites. Based on the data obtained, it is
possible to assume, that the activation energy of iron oxidation process in these structural
positions is higher for those Fe?" ions that are located near the vacant 4 site. Processes of iron
radiation oxidation and of OH-groups deprotonisation are known to pass simultaneously [19].
Reaction of exchange between hydrogen and iron is based on electron-donor-acceptor prop-
erties of iron ions and proton-donor-acceptor properties of hydroxyl ion:

Fe?*+ OH < Fe3*+ O~ + H™. 3)

In IR-spectrum of the sample which has accumulated doze 0.0331 Gy at irradiation in the
channel of fuel assembly storehouse, the gravity centre of absorption band is displaced to
3682 cm™! comparing to initial sample spectrum, as well as the small reduction of intensity of
3668 cm! band is observed. These changes are opposite to those fixed in spectra of samples,
irradiated by ®°CO and described above. It, apparently, could occur as a result of replacement
of the " band — vy > >y, bY the C"band — vy g >y, caused by Fe?* reduction under
the influence of weak y-radiation with continuous spectrum of energies.

Thus, the results obtained make it possible to conclude that y-irradiation first of all has an
influence upon iron ions in M1 and M3 sites, adjacent to populated by Na* and K* cations 4
sites. The last can be explained by the capture of hydrogen deposition at radiation splitting of
OH bonds and formation of [(K, Na) H], complexes in 4 site after the scheme:

(K, Nay* + H- — [(K, Na) H],. 4)

The opportunity of realization of such mechanism ofradiation-chemical processes of iron
cations oxidation and deprotonisation of their anionic environment was considered by us in
[19]. Complexes [(K, Na) H], at thermal dissociation could take part in reduction of iron oxidized
by radiation and its anionic environment as OH-groups:

Fe3* + O~ +[(K, Na) H], » Fe?* + OH™ + (K, Na)*. (5)

The thermal reduction of iron, oxidized by radiation, in Fe, OH-containing amphiboles is
the typomorphic property of the irradiated minerals [6, 8, 18, 19]. The thermal stability fields of
[(K, Na)H], complexes and of iron, oxidized by radiation, are close to one another.
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Fig. 5. Dependence of the relative contents Fe3' in
. . . ) structure of magnesiohastingsite on time of its
0'280‘0 0.5 1.0 15 2.0 25 irradiation. Points — experimental values,
; continuous lines — theoretical curves designed on
t-10,s the equation (6)

Kinetics of Fe’" radiation oxidation in magnesiohastingsite structure. Results of NGR-
spectroscopic determination of the relative Fe3* contents at the fixed doze of irradiation —
a = (Fe*'/Fe,, ) are used to describe iron radiation oxidation kinetics. We had considered
phenomenon of oxidized iron accumulation as a result of simultaneous iron oxidation and
reduction processes that take place under irradiation influence. They have different intensity
and are oppositely directed in time. o dependence from time of irradiation, according to our
previous works [6, 7], is described by the equation:

a=oa,— [o, o exp [—(k + k). 6)

Here o =[Fe*'] /Fe , — relative quantity of Fe>" at f — oo; o = [Fe?*] /Fe —relative
quantity of Fe’* before the irradiation; k, and k, — constants of rate of oxidation and reduc-
tion correspondingly; ¢+ — time of irradiation, determined as ¢ = D/P. The values obtained
experimentally and calculated by the equation (6) are given in Tab. 3 and are shown in Fig. 5.
The best coincidence of the experimental and theoretical data is fixed at values o, = 0.463 and
k,+ k,=9.567-10% s7I. The k, and k, values have been calculated by the formula:

a, =k/k +k, (7)
and have estimate up k;, =4.43-10 857!, and k,=5.137-10 8 s,

Among parameters described the radiation influence on specific structure, we have used
the following: ¥ — rate of relative change of Fe** amount in dependence from time of irradia-
tion; G — amount of Fe3* ions, formed under the influence on the sample of radiation energy
unit; £ — field energy, that is necessary to increase amount of Fe3* ions on a unit. Formulas of
their calculation have been considered in papers [6, 7], and their numerical values are given in
Tab. 3. Dependence of each of these parameters from the irradiation time (doze) could be
described by exponential function of regression. For the most informative parameter G, used
for estimation of a mineral resistibility to radiating influences, such function looks like

G=a+ bexp(—D/c). (8)

The best coincidence of the experimental points and the curve, described by the equation
(8), is observed at the next constant values: a=-1.519-101%; 5 =1.162-10'5, ¢ = 1.888-108 Gy.
Comparison of G values at the large irradiation dozes for investigated amphibole with those for

Table 3. Dependence of kinetic parameters of iron radiation oxidation reactions from the
radiation doze in magnesiohastingsite structure

108 107 107 ! G-10", E-10*
D-10°, Gy +10', s Olexp Oltheor 7107, s on/] InG Vion
0* 0 0.301 0.301 15.5 11.61 34.688 0.538
0.1 0.0554 0311 0.309 14.7 11.01 34.635 0.568
1.0 0.554 0.365 0.368 9.122 6.833 34.158 0915
1.3 0.7202 0.378 0.382 7.781 5.828 33.999 1.072
1.6 0.8864 0.393 0.394 6.637 4972 33.840 1.257
2 1.108 0411 0.407 5.369 4.022 33.628 1.554
3 1.662 0.434 0.430 3.16 2.367 33.098 2.640
4 2216 0.441 0.444 1.86 1.393 32.568 4.486

N o t e. * — the values of parameters make sense at insignificantly to a small doze and time of irradiation,
when D and t — 0, and (- reflects a ratio of ions Fe of different valency, generically incorporated in structure
of not irradiated minerals.
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Fig. 6. Dependence of quantity of ions Fe3", unit, formed at influence, of energy of radiation on a sample,
from a doze of an irradiation of magnesiohastingsite. Points — experimental values, continuous lines —
theoretical curves designed on the equation (8)

Fig. 7. Dependence of In (G) on a doze of an irradiation of magnesiohastingsite. Points — experimental
values, continuous lines — theoretical curves designed on the equation (9)

magnesial and tschermakitic hornblendes, riebeckite and taramite, that are given in work [7],
allows to establish the higher sensibility of magnesiohastingsite hornblende structure rela-
tively to the first three minerals compared and reduced — relatively to the fourth one.

The logarithmic dependence of parameter G upon the irradiation doze as a straight line is
more convenient for comparison with similar dependences of other minerals and for estimation
of'their relative resistibility to radiation influence. It looks like:

InG=a+bD, )
where the values of constants are a = 34.688; b=-5.3-102 Gy ! under the R-factor values that
are not less than 0.999. Comparison of slope ratio of straight lines In G = f{(D), describing the
rate of Fe3" accumulation in minerals structure, makes it possible to estimate by sight the
crystal structures irradiation stability and to carry out the radiation loadings dosimetry of
minerals under natural and man-caused influence of radiation fields.

Conclusions. 1. It is shown by means of X-ray analysis and NGR-spectroscopy, that
octahedral sites in magnesiohastingsite structure are filled by Fe?" cations in order Fe2"(M3) >
>Fe?"(M1) > Fe?"(M2), that reflects a high-temperature conditions of calcic amphiboles forma-
tion.

2. Formulas describing the changes in the different valence iron ions content in structural
sites during the mineral irradiation are obtained.

3. Kinetics of Fe** accumulation in amphibole structure is described on the basis of
the physical process model, proposed by the authors. Calculated kinetic parameters are the
following: ¥— the rate of the relative change of Fe>* number, that depends on the irradiation
time; G— number of Fe3* ions, formed under the influence on the sample of radiation energy
unit; £ — the field energy that is necessary to increase of the Fe3" ions number per unit.
Dependences of the mentioned above parameters from absorbed radiation doze could be used
to estimate the relative radiation stability of minerals.

4. By means of IR-spectroscopy it is determined that Fe?" radiation oxidation occurs
mainly in M1 and M3 sites, adjacent to 4 sites populated by Na* and K* cations. This fact
experimentally confirms our hypothesis of iron radiation oxidation and thermal reduction mecha-
nisms, which were put forward earlier.

5. These results could be used for dosimetry of radiation loadings, and also for estimation
of the possibility to use amphibole-bearing rocks as a burial place of RW.
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PE3FOME. MetofaMu peHTIeHOCTPYKTYpHOro anaiizy, SI[P- ta IY-ciekTpockorii BUBUEHO PO3IOAIT OKTa-
eJPUYHMX KATIOHIB [0 HEEKBIBAJICHTHHUX MO3MLISAX MarHe3ioracTHHICHTYy. 3MiHA BMICTy iOHIB 3aii3a pi3HOL
BAJIEHTHOCTI MO CTPYKTYPHHUX TO3MIIAX i KiHeTHKa HakonuueHHs Fe3™ y mpoueci onpomiHeHHs omnucaHi 3
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BUKOPHUCTAHHSAM MAaTEMAaTHYHUX PIBHsAHb. Po3paxoBaHi KiHETHYHI IapaMeTpH, sSKi J03BOJSIOTH OLIHIOBATH
CHPUITHATINBICTG MiHEpaliB 10 paxianifHOro BIUTMBY. BcTaHOBIGHA 3a1eKHICTh eEKTiB paaiauiifHOro BILIHBY
BiJl PO3MIpIB YaCTHHOK ONpPOMiHIOBaHOro MiHepainy. [loka3aHo, o paxianiiiHe OKMCHEHHs 3aji3a BinOyBaeThcs
nepeBakHo y mosuuisx M1 m M3, mo posramoBani no6nusy nosuuiii 4, 3anosHenux ionamu K* ta Na*. Lle
JI03BOJIMJIO PO3BHHYTH TillOTE3y NMPO MEXaHI3MH paaialliiHOro OKMCHEHHs 3aji3a i Jerigpokcuiaiii ioro
OTOYCHHS, @ TAKOX IXHBOrO TEPMIYHOIO BimHOBICHHs. OTpHMaHi pe3ynbTaTH BaXJIHMBI IS T03UMETPii
pamiaiifHUX HaBaHTAXKEHb, @ TAKOK UL OLIHKH 3AaTHOCTI aM(piOOIBMICHUX MOPiJ Ul 3aXOPOHEHHs Pajioak-
TUBHHUX BigXxomis.

PE3FOME. MeronaMu peHTI€HOCTPYKTypHOro aHanu3sa, SII'P- u MK-cnekTpockonuu u3y4eHo pacrpenene-
HHUC OKTadApPHUYCCKUX KAaTHOHOB IO HEIKBUBAJECHTHBIM IMO3ULHUAM B CTPYKTYPEC MAarH€3MOoraCTUHIrCUTA. I/ISMC—
HEHHE COJCpPIKAHHS HOHOB JKeje3a Pa3HOH BAJCHTHOCTU B CTPYKTYPHBIX MO3HMLMSIX M KHHETHKA HAKOIUICHHS
noHoB Fe*' B mporecce 06iydeHus ONMCaHbl ¢ MCIONB30BAHUEM MATEMATHYECKHX ypaBHEHMH. Paccuntans
KHHETUYCCKUE NMapaMETpPhl, MO3BOIOINNE OLUCHUBATh BOCIPUUMYUBOCT MUHEPAJTIOB K paJuallMOHHBIM BO3-
JIeHCTBUSIM. YCTaHOBJICHA 3aBUCHMMOCTH 3(D(EKTOB pajinallHOHHOrO BO3ICHCTBHS OT Pa3MEpOB YacTHI[ 00iyda-
emoro MuHepana. Iloka3zaHo, 4T0 pagMallHOHHOE OKHCICHHE JKeje3a MPOMCXOIUT IPEHMYIIECTBEHHO B MO3HU-
musax M1 u M3, xotopble pacrnosoxeHbl BONMM3M no3uuunii 4, 3anonHeHHsix nonamu K u Na*. Dto nossonuino
Pa3BUTh THIIOTE3y O MEXaHU3MAax PaIHALOHHOIO OKHCJICHUS JKele3a M JeTMIPOKCHIALIMU ero OKPYXKEHHs, a
TAKX€ UX TEPMUYCCKOIr0O BOCCTAHOBJICHUA. nOJ’ly'—leHHble pe3yabTaThl BaXXHbI IJ11 JO3UMETPHUH paguallMOHHBIX
HArpy30K, a TaKXkKe JJI1 OLEHKH HPUIOAHOCTH aM(puOOICOAepK AKX TOPOA AT 3aXOPOHEHHS PaJM0aKTHBHBIX
OTXOJI0B.
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