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ABSTRACT

Purpose. A comprehensive analysis of apatite morphology in carbonate-bearing variations of complex ores in the
context of Kovdor deposit as an important typomorphic characteristic of a mineral being of high genetic and
applied informativeness.

Methods. The research relies upon ontogenetic approach to analyze typomorphic characteristics of the apatite deposit.
Possibilities of both traditional and raster electronic microscopy have been used. Elements of internal morphology
were studied using structural etching and compounds with immersion liquid. Typomineralogical observations have
helped record peculiarities of spatial variability of the morphological characters.

Findings. The development of an oblong ellipsoidal grain patterns with 0.16 —0.20 mm prevailing size is the key
morphological characteristic of the majority of apatite individua within carbonate-bearing ores. Internal morphology
(i.e. anatomical representation) is characterized by the pronounced block structure. Formation of apatite liberation
from carbon-bearing groundmass depends upon frontal dissipation of previously developed polyhedral grains of
apatite II under the effect of aggressive carbonate fusions-solutions. Surface areas, corresponding to prism planes,
experience the most active fuse. Apatite liberation from carbonate ores is characterized by a specific smooth surface
in the form of complex combination of flat and riblike face fusion elements. Within the “abnormal” zone of carbo-
natite core, small apatite individua differ in clear sharp contours, and absolutely even surface of cutting planes which
can be explained by gradual intensification of surface defects of the mineral surface as a source of fusion layers at the
subsequent carbonization stages.

Originality. Morphological features of apatite from Kovdor deposit are characterized by the pronounced typomor-
phism being the sensitive indicator of evolution of mineral genesis system. It has been identified that formation of
apatite typomorphic characteristics depends upon manifestation activity of carbonization within primary ores which
achieves its maximum in an “abnormal” zone of carbonatite core.

Practical implications. The results are interesting from the viewpoint of prognostic and prospecting informative-
ness, solving engineering problems, and rational mining and homogenizing of apatite-bearing ores before their deli-
very to a preparation plant. The information is recommended to be used to optimize prospect and evaluation of com-
parable objects connected with Ukrainian carbonatite complexes.
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1. INTRODUCTION

Kovdor deposit of complex magnetite-apatite-
baddeleyite ores is confined to a cognominal formation
of ultrabasic alkali rocks and carbonatites located south-
west of Kola Peninsula at the distance of 30 km from
Finland frontier. Kovdor Mining and Processing Plant
Ltd (Kovdor MPP), integrated currently in EvroKhim
Group, is engaged in the deposit development. Open cast
mining is applied in Zheleznyy ore mine. In accordance

with the project, reserves of the rock mass, being extract-
ed, is 190 Mt. Prospective resources for the scheduled
superdeep (more than 800 m) are considered to be
590 Mt. In future, underground ore mining is planned
(Zhirov, Klimov, & Melikhova, 2014).

Activities of the industrial complex are unique even
for the world practices since it implements sequential
processing chain to produce magnetite, apatite, and bad-
deleyite concentrates. Currently, the Kovdor MPP is the
second Russian manufacturer of apatite concentrate, and
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the only world manufacturer of baddeleyite concentrate.
Apatite concentrate by Kovdor MPP is used to produce
the defluorinated feed phosphates and nitrophoska. The
Company markets its product in the Russian Federation,
Czech Republic, Slovakia, Poland, Japan, the USA, and
Europe (Bloomberg, 2019; Mining Atlas, 2019).

Such well-known papers as (Kukharenko et al., 1965;
Rimskaya-Korsakova & Krasnova, 2002; Krasnova,
Balaganskaya, & Garcia, 2004; Afanas’yev, 2011;
Zaitsev et al., 2015) represent rather sufficiently various
geological, petrographic, mineralogical, and genetic
aspects of the deposit. Kovdor complex is within the
tectonically weakened zone on the contact of ijolite and
pyroxenite series. Morphologically, the ore body com-
bines two unequal areas. Larger southern area

(800%200 m) is of oval shape; it is connected with circu-
lar fault array. Northern area (200x500 m) is elongated
submeridionally which depends upon its confinedness to
a system of linear faults (Fig. 1).
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Figure 1. Schematic map of geological structure of Kovdor
complex deposit (Afanas’yev, 2011)
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The deposit structure shows gradual periphery-centre
alternation from foskorite rocks, differing in content
(apatite, fosterite, and magnetite are basic minerals), to
typical ore carbonatites (i.e. soevites and later bephorsi-
tes). Carbonatites core is fixed with the help of a system
of ring faults. The core has been formed at a final stage
of the ore complex establishing. It is connected with the
intrusion of carbonatite fuse-solution which has changed
cardinally the initial foskorite rocks. The deposit zonality
reflects single spatial and time series of evolution of
mineral forming processes (i.e. complex combination of
ultrabasic magmatism and gradual metasomatic phenom-
ena in the form of apatitization and carbonization) which
variety has stipulated the composition diversity, structur-
al and textural characteristics of ores and rocks as well as
variability of the form, type, and characteristics of metal
forming minerals. “Abnormal” zone with rare-metal
mineralization (pyrochlore, hatchettolite, and zirkelite) is
registered within the carbonatite core. The zone forms
two ore bodies which total area is more than 20 thousand
square meters (Fig. 1).

Together with magnetite and accessory baddelite,
apatite is rather important commercial mineral among
complex ores. Along with other mineral components, it is
the unified and genetically interdependent system. As a
subjacent mineral, it is available in ores belonging to
each geological and commercial type. Thus, it reflects
logically the consequential evolution of mineral forming
processes, manifested within the deposit, in terms of the
whole range of its characteristics.

The specified distinctive features determine the topi-
cality of the deposit apatite analysis which characteristics
are of the pronounced typomorphism. That is important
both mineralogically and genetically (i.e. analysis of
debateable genetic moments; and determination of effec-
tive prospective indicators) as well from engineering
viewpoint (i.e. specific apatite behaviour at the stages of
ore preparation and floatation).

The authors believe that apatite separation right from
carbonate-bearing variations of complex ores of Kovdor
deposit is of specific interest. That can be explained by the
discovery of Chernihivskyi complex of ultrabasic alkaline
rocks and linear type carbonatites in the north-west Prya-
zovia (Zaporizhzhia Region, Ukraine) in the late 1960s.
North block of the complex is connected with the availa-
bility of the only Ukrainian Novopoltavske deposit of
apatite-bearing carbonatites with the manifestation of rare-
metal mineralization. In terms of rock assemblage, mineral
components, apatite content, and ore genesis processes,
Chernihivskyi complex resembles greatly Kovdor deposit.
A number of monographs and publications analyze its
geological characteristics (Glevasskiy & Krivdik, 1981;
Krivdik, Bezsmolova, & Dubina, 2009; Pogrebnoy, 2013;
Shniukov, Lazarieva, Nikanorova, & Morozenko, 2014).
To compare with Kovdor deposit, the complex is ready for
its development but it has not been under commercial
operation yet (Hurskyi et al., 2006). According to the
classification by (Hurskyi, 2008), it belongs to “I"™” type,
i.e. “deposits are not deve-loped and underexplored cur-
rently but they may become important strategically for the
country economy in the near future”. It should be noted
that in practice, weathering crust of Novopoltavski
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carbonatites, represented by apatite-crandallite mineraliza-
tion, where apatite was accumulated naturally, is of the
greater interest (Pogrebnoy, 2013). In addition to Ukraini-
an Chernihivskyi complex, Proskurov formation of ultra-
basic, alkali rocks in the south-western part of Ukrainian
shield (Transnistria) is supposed to be promising. Howev-
er, carbonatite rocks have not been prospected there yet
(Shnyukov & Osypenko, 2016).

Currently, fenitization coronae of enclosing rocks are
under analysis for the development of potentially produc-
tive complex of prognostic and prospecting criteria to
explore apatite-bearing deposits of a carbonatite type
within the territory of Ukraine. Data concerning material
composition, petrography, and structural features are
being analyzed; comparison with well known carbonatite
deposits inclusive of Kovdor one is being made (Shni-
ukov, Lazarieva, Nikanorova, & Morozenko, 2014;
Shnyukov, Lazareva, & Nykanorova, 2015). Constitu-
tional peculiarities of the mineral are being studied
(Dubyna, Kryvdik, & Soboliev, 2012; Kalinichenko,
Brik, Il’chenko, Kalinichenko, & Kalinichenko, 2018)
since it is known that crystal chemistry of apatite is ra-
ther sensitive to the parameters of mineral genesis envi-
ronment (Tacker, 2004; Gornostayev, Walker, Hanski, &
Popovchenko, 2004; Tacker, 2008; Fleet, 2014). Ne-
vertheless, at the level of mineral individuum typo-
morphic characteristics of apatite itself as the research
subject are represented insufficiently. In this connection,
such apatite observations may become interesting for
other, thoroughly studied similar objects.

The paper represents results of the analysis of apatite
morphology from carbonate-bearing variations of complex
ores of Kovdor deposit. In this context, specific attention is
paid to different ontogenic facts. The authors suppose that
the methodological approach helps reveal to the fullest
extent typomorphic, indicative characteristics of the min-
eral; and extrapolate the obtained information to analogous
objects as an important informative indicator.

2. LITERARY REVIEW

Interest to Kovdor deposit apatite arose in the second
half of the 20" century after the ore complex started to be
developed in 1962 and when a possibility to manufacture
apatite concentrate using magnetic separation tails
occurred. Significant activization of the research took
place in the late 1970s since in 1975 apatite-baddeleyite
plant commenced its operation at the mining and prepara-
tion integrated works which involved solution of a number
of scientific and applied problems. It became necessary to
analyze thoroughly different apatite characteristics, to
single out those being principal for preparation and deter-
mining the mineral behaviour at the stages of technologi-
cal conversion of the apatite-bearing complex ores. The
authors believe that (Kurbatova, 1974; Rimskaya-
Korsakova, Krasnova, & Kopylova, 1979; Gornostayev,
Crocket, Mochalov, & Laajoki, 1999; Pirogov & Trunin,
2000; Pirogov, Trunin, & Kholoshin, 2001; Zaitsev et al.,
2015; Pirogov, Trunin, & Kholoshin, 2016) are the most
relevant papers representing various mine-ralogical aspects
of Kovdor ore complex apatite. The papers consider typo-
morphic, topomineralogical, and generic problems of the
apatite as well as problems of its applied mineralogy.
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Currently, efforts of researchers are aimed at analysis
and generalization of large volumes of factual infor-
mation accumulated during many years. Among other
things, it concerns the development of three-dimensional
model of spatial distribution of the basic ore-forming
mineral components (Ivanyuk et al., 2016; Kalashnikov
et al., 2016; Mikhailova et al., 2018). Such a model makes
it possible to represent variability of mineralogical and
geochemical indices within the field limit; to perform
reasonable perspective and operational planning of min-
ing activities; to optimize charge calculation of geologi-
cal and commercial ores; and to stabilize qualitative
characteristics of the manufactured concentrates. Pro-
cessing behaviour of apatites, belonging to the ore com-
plex, are still under in-depth analysis (Mikhaylova &
Garanichev, 2010) and possibilities to manufacture apa-
tite concentrate, using technogenic waste of complex ore
processing, are under consideration (Andronov & Pe-
runkova, 2018). Bodies of calcite carbonatites as well as
apatite-francolite ores formed within their weathering
core, which mining started in 2015, are of keen scientific
interest. The new commercial ore types are localized in
the form of an arch-like area within south-west flank of
the ore complex inside the open pit actual envelope. The
above involves the necessity to analyze actively miner-
alogical and geochemical characteristic, textural and
structural indices, geological structure, and preparability
of the ores (Dunaev, 2011; Dunaev & Yanitskiy, 2013;
Lapin & Lyagushkin, 2014; Stepanova & Petrov, 2018).
As it has been mentioned, similar weathering core with
commercial apatite localization is in Chernihivski rock
mass (Ukraine) (Pogrebnoy, 2013).

It should mentioned particularly that current science
is experiencing significant splash of interest to the study
of apatite resulting from rapid progress of innovative
schools in tissue engineering, in the development of
promising biomimetic nanomaterials, and in the studies
of specifics of bone tissue mechanics (Yoder, Pasteris,
Krol, Weidner, & Schaeffer, 2012; Deymier et al., 2017,
Drouet, 2018; Hiroyuki, Miake, Matsumoto, & Hayaka-
wa, 2018; Yoder, Bollmeyer, Stepien, & Dudrick, 2019).

In spite of the represented numerous publications,
the topic of apatite metamorphism of Kovdor deposit is
still of current interest owing to the problem manysi-
dedness. Among other things, it is necessary to actual-
ize visualization of morphological nature of granular
apatite separation in complex ores inclusive of their
carbonate-bearing variations; the correlation between
apatites from apatitization zones, and following carbo-
nization needs clarification of certain topomineralogical
tendencies within a zone of a carbonatite core. The
paper analyzes the problems.

The research purpose is to study thoroughly mor-
phology of apatite within the carbonatite core of Kovdor
ore complex, using ontogenic approach, as a key typo-
morphic mineral characteristic being of great genetic
informativity. The authors consider morphology to a
wide extent of the property: form of individua and aggre-
gates; internal morphology (i.e. anatomy of individua);
surface state; nature of spatial variability of characteris-
tics; and mineralogenetic processes which stipulated the
current state of morphological characteristics of apatite.
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3. METHODOLOGY

The research continues complex studies of Kovdor
deposit apatites which findings are represented in earlier
publications (Pirogov & Trunin, 2000; Pirogov, Trunin,
& Kholoshin, 2001; Pirogov, Trunin, & Kholoshin,
2016). Unique collection, consisting of more than
500 mineralogical samples, has become material for the
research. The samples were selected with a view to the
performance of contractual activities by the Department
of Mineralogy of Kryvyi Rih Mining Institute (Kryvyi
Rih National University now) at Kovdor deposit in the
1980 — 1990 under the supervision of Professor
B.I. Pirogov. The samples correspond evenly to the
whole outline of the ore complex; moreover, they repre-
sent carbonatite core zone.

Methodologically, the research relies upon ontogene-
tic approach to analyze typomorphic characteristics of
the deposit apatite which favours deepening of informa-
tivity of the obtained results. The research used possibili-
ties of traditional electronic microscopy and scanning
one. Spatial variability of morphological characteristics
was registered, i.e. topomineralogical observations were
carried out. Apatite monofractions were separated using
binocular microscope and gravitational method (i.e. vi-
brating table). Anatomy of the apatite was analyzed at
the polished sections with the help of structural etching
by a dilute hydrochloric acid; in terms of separate grains,
compounds with immersion liquids were applied.

4. RESULTS AND DISCUSSION

Earlier research studies have helped singled out ob-
jectively four basic morphostructural and inherent types
of apatite of complex ores alternating each other succes-
sively from the deposit periphery to its central part to-
gether with various apatite-bearing ores enclosing them
(Pirogov & Trunin, 2000; Pirogov, Trunin, & Kholo-
shin, 2001; Pirogov, Trunin, & Kholoshin, 2016). Fine
xenomorphic separations of apatite I (i.e. those which
average grain size is 0.10 mm) (Fig. 2a) are represented
in apatite-forsterite low-chamoisite ores of the hardened
zone bordering the deposit. Relatively large polyhedral
individua (up to 1.5mm when average value is
0.47 mm) of apatite II evolved in the apatitized ores of
foskorite composition which are the most developed in
the ore body outline (Fig. 2b).

Medium (i.e. when average size is 0.38 mm in terms
of elongation) ellipsoidal, columnar grains of apatite 111
are registered within the carbonatite core zone where
carbonate-bearing variations of complex ore dominate;
they pass to carbonatite in spots (Fig. 2c and 2d). Indi-
vidua of apatite IV are separated in so called “abnormal”
zone of carbonatite core where rare-metal mineralization
is manifested (Fig. 1). Differences between apatite III
and apatite IV are determined mainly by means of aggre-
gate of crystalochemical characteristics reflecting speci-
fic nature of evolution of physical and chemical parame-
ters of mineralogenetic environment. External difference
of the two types of apatites is problematic. Lower granu-
lometric indices of apatite IV within “abnormal” zone
should be noted (its average grain size is 0.26 mm).
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Figure 2. Apatite morphology within the deposit ores. Find
explanations in the text. Raster electron MSM-5
microscope

Formation of the carbonatite core complicated criti-
cally mineralogical and petrographic characteristics of
the deposit ores, and stipulated conceptually new features
of the whole range of typomorphic characteristics of
orogenetic minerals.

Moreover, it varied significantly morphological
and structural apatite characteristics. The development
of the elongated grain is the basic morphological fea-
ture of the majority of apatite individua within
carbonatite assemblage (Fig.2c and 2d). Crystalline
formations of the mineral with habitual appearance
features are very rare.

Depending upon elongation value (i.e. length-width
ratio within the individua sections), rounded grains
(1.00 — 1.39), ellipsoidal grains (1.39—2.56), and co-
lumnar grains (more than 2.56) are singled out. Among
the samples, which have been analyzed, ellipsoidal grains
are the major part (62.9%), and columnar grains (20.0%)
together with the rounded ones (17.1%) are less com-
mon. The mentioned grain forms are available jointly
stipulating morphological apatite variety even in the
context of one mineralogical sample (Fig. 3).

Figure 3. Variety of apatite individua morphology in the
samples of the deposit carbonate-bearing ores. Bin-
ocular microscope. 40 zooming
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Systematic increase in the share of ellipsoidal indi-
vidua (47 up to 69%) is registered from enclosing rocks
towards the deposit central part when content of the
rounded ones experiences its decrease (22 down to 11%).
Frequency of columnar grains occurrence does not vary
significantly. As a result, minor increase in average elon-
gation is observed from 2.05 on the contact with enclos-
ing rocks up to 2.09 within the central part of the deposit
carbonatite core. 0.16 —0.30 mm grain size prevails
within the carbonate-bearing ores.

Internal morphology, i.e. anatomical pattern of the
apatite, is characterized by the pronounced block struc-
ture which is manifested clearly after the individua have
been etched (Fig. 4).

Figure 4. Block structure of apatite individua of carbonate-
bearing ores determined during etching with the help
of HCI: (a) polished section, 70" zooming; (b) apatite
grain surface after etching. Obtained with the use of
microhardness IIMT-3 tester. 1680* zooming

Boundaries between the blocks are traced both in the
process of the apatite etching at the polished sections
(Fig. 4a), and in the process of the mineral grain etching
(Fig. 4b). Allocation of the blocks is stipulated by intersec-
tion of two systems of thin fissures being developed along
elongation of the grains, and perpendicularly to it. The larg-
er the grain is, the greater number of blocks it involves.

Anatomy of the individual is also emphasized by a spe-
cific nature of distribution of gaseous and liquid spots in
them. The latter are characterized by predominantly ellip-
soidal and columnar shapes. The rounded shape is rare. As
a rule, they are oriented along the apatite individua elonga-
tion (Fig. 5a and 5b). Decrease in granulometric separa-
tions of the mineral is followed by the decreased spots
down to their complete nonavailability (Fig. 5S¢ and 5d).
Slip joints help determine allocation of secondary spots.

Origin of apatite separation within the carbonate rock
mass depends directly upon the process of the superim-
posed carbonization of the earlier formed silicate-bearing
variations of complex ores. As a result, almost complete
substitution of silicate minerals (i.e. forsterite, and
phlogopite) is observed. By contrast, magnetite experi-
ences accumulative recrystallization. It is represented by
(up to the first centimeters) octahedral crystals. Some-
times, thombidodecahedron faces are made visible.

Carbonate fusion-solution elevation was followed in-
evitably by the temperature increase and especially pres-
sure within enclosing rocks. Along with the formation of
powerful system of ring fractures within the central part
of the southern isometric share of the deposit, renovation
of previously formed linear disturbances took place in-
clusive of those governing manifestations of the super-
imposed apatitization.
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(d)

Figure 5. Morphology and distribution of gaseous and liquid
spots within the apatite grains of carbonate-bearing
ores. Find explanations in the text. Samples with
immersion liquid. Obtained with the help of Am-
plival microscope. Zooming: (a) and (b) — 270%; (c)
and (d) — 90©

In such a way, the development of ore carbonatiza-
tion out of the carbonatite core zone is explained; first of
all, it concerns disintegration areas of brittle granoblastic
textures of apatite II. The intensive disintegration of
mosaic apatite aggregates favoured penetration of CO, —
enriched agents in shallow fissures along the intergrain
boundaries. The fact supports high mobility of carbonate
fusion-solution.

It is worth noticing that on the contact with calcite
(dolomite is uncommon), polyhedral apatite individua
become rounded visibly and angles between ‘“faces”
smooth out. On the contact with primary apatite II sepa-
rations, the same grains show typical angular contours
with straight-line boundaries at their sections (Fig. 6a).

If carbonate rock mass envelopes apatite individua in
full, then their size reduction is registered as well as
“elongation” along the long axis (Fig. 6b —6d) which
position is controlled by the characteristic orientation of
gaseous and liquid spots in the grains (Fig. 5a and 5b).
Consequently, gradual substitution (i.e. solution) of apa-
tite I separations for carbonate fusion-solution takes
place. Nonavailability of thin intruding fissures, filled
with the guest calcite or penetrating of “attacking is-
lands” of carbonate structure is indicative of the liquid
phase-solid phase interaction right at the substitution
front when the matter circulates either within intergrain
space or along the front. Reaction carracks around the
apatite grains cannot be traced depending upon rather
high diffusion velocity of the system components.

Generally, independent apatite individua are localized
at the boundary between carbonate grains. Together with
separations of other primary minerals, they form eutaxic,
maculose ore structure. Texture of the aggregates is close
to porphyroblastic one. Certain apatite grains contain
hangovers of small, rounded forsterite individua.



O. Trunin, S. Tikhlivets. (2019). Mining of Mineral Deposits, 13(3), 58-67

Figure 6. Consequent carbonatization episodes of mosaic
aggregates of apatite 11 with following formation of
elongate apatite individua within carbonate matrix
(a — d): Ap — apatite; Cal — calcite; Mag — magne-
tite. Obtained with the use of MPS-2 microscope.
Incident light; with analyzer. 90" zooming

The fact supports direct genetic interaction of ellipsoi-
dal mineral separations within carbonate-bearing ores
with polygonal grains of apatite II also containing silicate
spots (Fig. 7). Sometimes, xenolites of granoblastic (i.c.
mosaic) apatite aggregates are seen. Frequently, apatite
individua “stretch” in one direction demonstrating in such
a way displacement dynamics of the carbonate rock mass.

Figure 7. Hangovers of small, elongated forsterite within apa-
tite II1 individua: Ap — apatite; Cal — calcite; Fo —
forsterite. Obtained with the use of MPS-2 micro-
scope. Incident light; with analyzer. 120~ zooming

Formation of ellipsoid, columnar pattern of the majority
of the mineral separations can be explained by preferential
solution of primary apatite II individua in terms of a prism.
Probably, it is connected with carbon admixture adding to
phosphorus during carbonatization (i.e. manifestation of
concentration isomorphism). As a result, structure of the
apatite becomes incomplete due to the origin of deficit of
Ca?" cations replaced by water molecules (Bliskovskiy,
1983). At the same time it is known that hexagonal prism
faces are characterized by maximum density of distribution
of calcium atoms: 244 atoms per 1000 square angstroms
(Yashchenko, 1981). Thus, areas of apatite II polyhedrals,
correspond-ding to the prism faces, turn out to be the most
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incomplete as well as unstable places of grain surface;
solution will start from them. Papers (Yoder, Pasteris, Krol,
Weidner, & Schaeffer, 2012; Deymier et al., 2017) also
mention the increased apatite solubility in connection with
carbonate-ions adding to its structure.

It is quite possible that anisotropy of thermal conduc-
tivity of apatite along different crystallographic lines
plays a key role in the process which stipulates progress
of ellipsoidal shape of the individua. The above men-
tioned results in non-uniform solution of original mineral
grains and in their elongated shape. Rising availability of
hydrogen bond OH —F, represented clearly within IR
spectra of the mineral, should also be taken into consid-
eration as for the structure of apatites from carbonate-
bearing ores (Pirogov, Trunin, & Kholoshin, 2001). Cor-
responding absorption bands achieve their peak intensity
within the spectra of apatite IV from the “abnormal”
deposit area. Progress of the bond favours hexagonal
structure axis strengthening: sharp decrease in the mo-
bility of hydroxylic groups takes place; and ion-exchange
process along sextic axis becomes more difficult. Apatite
solvability —decreases drastically along the line
(Knubovets & Kislovskiy, 1975).

Hence, mineral grains in carbonate ores are characte-
rized by a shape derived from isometric, polygonal separa-
tions of apatite I1. Preferential solution along a prism “fac-
es” stipulated domination of ellipsoidal and columnar
apatite individua within the area of core of the deposit.

Block structure of the mineral separations simplifies
penetration of highly mobile carbonate fusion-solution
inside the individua (apatite corrosion within areas of the
dispersed allocation of atoms) with following division of
the grains into independent subindividual parts acting as
autonomous, smaller mineral separations which, in turn,
experience further substitution (solution) at the subse-
quent carbonatization stages (Fig.8). Boundaries be-
tween blocks are “reentrants” along which the most dy-
namic solution of the individua takes place.

Figure 8. Division of apatite grains into subindividua within
carbonate-bearing ores: Ap — apatite; Cal — calcite;
Mag — magnetite. Obtained with the use of MPS-2
microscope. Incident light; with analyzer; (a) 100¢
zooming; (b) 170" zooming

The grain division is connected with longitudinal frac-
ture system, and with transversal one. Columnar separa-
tions are formed predominantly in a case one. If joint
superposition of systems takes place then ellipsoidal and
elongated separations are formed (Fig.8). Transversal
fracture system is the most typical for apatite; it is stipu-
lated by the manifestation of imperfect cleavage in terms
of pinacoid which concerns mainly the elongated grains.
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Hence, each block is a potential apatite grain. If the
separated individuum left rather large and preserved its
block structure, then its further fragmentation took place
with the involvement of smaller simple grains. Thus, apa-
tite “recrystallization” was of a multistage nature. Figure 9
represents logic diagram of apatite grain transformation in
the connection with the multistage carbonatization.

Carbonization intensity

Figure 9. Logic diagram of apatite individua “fragmentation”

during carbonatization

The block nature of the majority of apatite grains
within the carbonatite ores stipulates the variety of the
individua morphology and geometry being recorded even
within one mineralogical sample (Fig. 3).

Active tectonic mode, followed by carbonization
events, favoured successive failure and solution of the
mineral separations. To the fullest extent, the process has
been demonstrated within the deposit carbonatite core
area. Gradual decrease in the average apatite grain size
within carbonate-bearing varieties of the complex ores
(i.e. 0.58 down to 0.18 mm) is seen from the contact with
enclosing rocks to the carbonatite core central part.
Moreover, variability of the individua granulometry
decreases significantly. Apatite separations in the car-
bonatite ores are characterized by the specific smooth
surface (Fig. 10a). Negative shapes, being typical for
solution microrelief, are not available. Probably, the
etching figures, originated initially at the surface of the
grains, were gradually destroyed by the solution layers
spreading from apices and edges. Apatite grains become
smoother and more rounded. It should be noted that crys-
tal apices and edges (in this context, apatite II polyhe-
drals are meant) are the most powerful source of solution
stages especially at early stages of the process.

At the same time, apatite surface within the carbonate-
bearing ores is characterized by combination flat noncrys-
tallographic shapes and edge ones. The edges are of curly
contours. They are not connected with a contact of the
faced surfaces. Generally, they are allocated along the
individua elongation. The flat shapes are numerous, varied
in form 4- and 6-sided polygons interlocking at an obtuse
angle making apatite grain rounded. It is seen very clearly
within the apical shares of the grains (Fig. 10b). Each
polygon has smooth surface which is relatively plane.
Origination of such faced and flat shapes is connected with
the anisotropy of the individua dissolution velocity.

Large mineral separations (for instance, the least dis-
solved ones) are characterized by edge flattening within
the joints of bordering polygons. The latter also differ in
the minor surface wrap (Fig. 10b). Small apatite separa-
tions (i.e. the most dissolved ones) are notable for their
distinct straight contours as well as absolutely smooth
surface of boundary planes (Fig. 10c and 10d).
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Figure 10. Nature of surface and morphology of apatite
separations within the carbonate-bearing ores.
Find explanations in the text. Raster electron
MSM-5 microscope

Such a transition can be explained by gradual
strengthening of a role of defects of the mineral surface
as a source of solution layers; at the subsequent stages of
the process that can be explained by a result of the in-
creased undersaturation of the system relative to the
apatite. Among other things, the abovementioned in-
creased defectiveness of a prism faces stipulates maxi-
mum velocity of their solution. As a result, prismatic
faceting may originate on certain individua. It is common
knowledge that during solving, a crystal may demon-
strate the faces being characterized by the maximum
solution velocity. Getting back of individua to a crystal-
lomorphic prismatic habitus should be considered as a
manifestation of morphological memory of apatite.

Thus, against consistent increase in undersaturation of
mineralogenetic system, one can trace a transition from
the “edge” mechanism of solution of apatite of carbonate-
bearing ores to the predominantly “defective” one being
typical for solutions of apatite experienced repetitive
carbonization (solution). Hence, apatite individua within
the central share of the deposit carbonatite core experi-
enced the most intensive effect of the “defective” solution
mechanism. First of all, it concerns the areas of rare metal
mineralization coverage (‘“abnormal” zone) where finely
granular separations of apatite IV have evolved.

5. CONCLUSIONS

Ontogenic approach has turned out to be extremely in-
formative and efficient technique to analyze apatite charac-
teristics in the context of rather complex genetic (i.e. poly-
genic, polychronous, and spatially heteroge-neous) rocks of
Kovdor deposit. Apatite morphology of carbonate-bearing
variations of complex ores is a direct reflection of the con-
voluted history of continuous mineral-environment interac-
tion which has appeared to be extremely aggressive as for
the apatite. Moreover, it has transformed typomorphic
characteristics of the mineral fundamentally.
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Morphological properties are determined by the com-
bination of internal factors (i.e. mineral anatomy and
crystallochemistry) and external ones (i.e. metasomatosis
and the process time). Metasomatic carbonization has
turned out to be the dominant event for a fast and dynam-
ic formation of apatite individua. Internal factors have
predetermined delicate specific nature of the process.

Formation of apatite grains within the carbonate ores re-
sult from logical solution of polygonal individua of apatite II
in terms of a prism “faces” as a consequence of intensive
carbonization of earlier ores of foskorite composition.

The most important typomorphic characteristics of
apatite morphology in carbonate-bearing variations of
complex ores are as follows: mainly ellipsoidal (rarely
columnar), rounded grains with no habitus limitation;
specific smooth surface of the individua being a combina-
tion of numerous flat noncrystallographic shapes and edge
ones; pronounced block structure of the mineral separa-
tions stipulating further division of the grains into inde-
pendent parts — subindividua; availability of relic small,
rounded forsterite impurities; and gradual transition from
the “edge” apatite solution mechanism to the “defective”
one while nearing the central part of carbonatite core.
Visually, it is expressed by the essential smoothing of a
surface of bordering faces (i.e. pseudofaces). The rounded
contours of apatite individua become more angular. Most
of all, the tendencies are typical for apatite IV separations
within the “abnormal” area of the ore complex which is of
absolute interest from the viewpoint of prognostic and
prospecting informativity of the considered typomorphic
mineral characteristics. It is also important to prospect
apatite-bearing areas of carbonatite complexes being per-
spective from the viewpoint of rare metal mineralization.

The obtained information, concerning typomorphic
characteristics of Kovdor deposit apatite, should be used
to optimize determination and estimation of similar ob-
jects connected with Ukrainian carbonatite complexes.

ACKNOWLEDGEMENTS

The authors highly appreciate consultative support
provided by Professor B.I. Pirogov both in the process of
analytical generalization of the obtained results and while
the paper writing.

REFERENCES

Afanas’yev, B.V. (2011). Mineral’nye resursy shchelochno-
ul’traosnovnykh massivov Kol’skogo poluostrova. Sankt-
Peterburg, Rossiya: Roza vetrov.

Andronov, G.P., & Perunkova, T.N. (2018). Poluchenie
dopolnitel’'nykh produktov iz tekhnogennykh otkhodov
pererabotki rud Kovdorskogo mestorozhdeniya. Vestnik
Kol’skogo Nauchnogo Tsentra RAN, 4(10), 68-74.

Bliskovskiy, V.Z. (1983). Veshchestvennyy sostav i obogati-
most’ fosforitovikh rud. Moskva, Rossiya: Nedra.

Bloomberg. (2019). Retrieved from https://www.bloomberg.
com/markets/stocks?cic_redirect=fallback

Deymier, A.C., Nair, A.K., Depalle, B., Qin, Z., Arcot, K.,
Drouet, C., & Pasteris, J.D. (2017). Protein-free formation
of bone-like apatite: new insights into the key role of car-
bonation. Biomaterials, (127), 75-88.
https://doi.org/10.1016/j.biomaterials.2017.02.029

Drouet, C., Aufray, M., Rollin-Martinet, S., Vandecandelacre, N.,
Grossin, D., Rossignol, F., & Rey, C. (2018). Nanocrystal-

65

line apatites: the fundamental role of water. American
Mineralogist, 103(4), 550-564.
https://doi.org/10.2138/am-2018-6415

Dubyna, O.V., Kryvdik, S.H.,, & Soboliev, V.B. (2012).
Izomorfizm v TR-apatytakh Chernihivskoho karbonaty-
tovoho masyvu. Mineralohichnyi Zhurnal, 3(34), 22-33.

Dunaev, V.A. (2011). Osobennosti razmeshcheniya fosfatnogo
orudeneniya i genezis Kovdorskogo apatit-frankolitovogo
mestorozhdeniya. Izvestiya VUZov. Geologiya i Razvedka,
(5), 34-42.

Dunaev, V.A., & Yanitskiy, E.B. (2013). Rudokontroliruyush-
chie faktory, osobennosti i stepen’ izmenchivosti
orudeneniya Kovdorskogo apatit-frankolitovogo mes-
torozhdeniya. Nauchnye Vedomosti BelGU. Estestvennye
Nauki, 7(160), 140-147.

Fleet, M.E. (2014). Carbonated hydroxyapatite. London, United
Kingdom: CPC Press, Taylor & Francis Group, Boca Raton.
https://doi.org/10.1201/b17954

Gornostayev, S.S., Crocket, J.H.,, Mochalov, A.G.,, & Laa-
joki, K.V.O. (1999). The platinum-group minerals of the
Baimka placer deposits, Aluchin horst, Russian Far East.
Canadian Mineralogist, 37(5), 1117-1129.

Gornostayev, S.S., Walker, R.J., Hanski, E.J., & Popovchen-
ko, S.E. (2004). Evidence for the emplacement of ca.
3.0 Ga mantle-derived mafic-ultramafic bodies in the
Ukrainian Shield. Precambrian Research, 132(4), 349-362.
https://doi.org/10.1016/j.precamres.2004.03.004

Glevasskiy, E.B., & Krivdik, S.G. (1981). Dokembriyskiy kar-
bonatitovyy kompleks Priazov’ya. Kiev, Ukraina: Naukova
dumka.

Hiroyuki, M., Miake, Y., Matsumoto, Y., & Hayakawa, T.
(2018). Comparative examination of natural apatite crystal
and biological apatite crystal. Oral Tissue Engineering,
16(2), 65-73.

Hurskyi, D.S. (2008). Kontseptualni zasady derzhavnoi mine-
ralno-syrovynnoi  polityky ~ shchodo  vykorystannia
stratehichno vazhlyvykh dlia ekonomiky Ukrainy korysnykh
kopalyn. Kyiv, Ukraina: Kyivskyi natsionalnyi universytet
im. Tarasa Shevchenka.

Hurskyi, D.S., Yesypchuk, K.Yu., Kalinin, V.I., Kulish, Ye.O.,
Chumak, D.M., & Shumlianskyi, V.O. (2006). Metalichni i
nemetalichni korysni kopalyny Ukrainy. Tom II. Nemetalich-
ni korysni kopalyny. Kyiv-Lviv, Ukraina: Tsentr Yevropy.

Ivanyuk, G.Y., Kalashnikov, A.O., Pakhomovsky, Y.A., Mi-
khailova, J.A., Yakovenchuk, V.N., Konopleva, N.G., &
Goryainov, P.M. (2016). Economic minerals of the Kovdor
baddeleyite-apatite-magnetite deposit, Russia: mineralogy,
spatial distribution and ore processing optimization. Ore
Geology Reviews, (77), 279-311.
https://doi.org/10.1016/j.oregeorev.2016.02.008

Kalashnikov, A.O., Yakovenchuk, V.N., Pakhomovsky, Y.A.,
Bazai, A.V., Sokharev, V.A., Konopleva, N.G., & Ivanyuk, G.Y.
(2016). Scandium of the Kovdor baddeleyite-apatite-
magnetite deposit (Murmansk Region, Russia): mineralogy,
spatial distribution, and potential resource. Ore Geology
Reviews, (72), 532-537.
https://doi.org/10.1016/j.oregeorev.2015.08.017

Kalinichenko, E.A., Brik, A.B., II’chenko, E.A., Kalinichenko, A.M.,
& Kalinichenko, T.G. (2018). Izomorfnye zameshcheniya v
apatitakh iz magmaticheskikh porod Chernigovskoy zony
razlomov Priazovskogo bloka Ukrainskogo shchita po
dannym YaMR i IKS. Mineralohichnyi Zhurnal, 3(40), 65-84.

Knubovets, R.G., & Kislovskiy, L.D. (1975). Issledovanie
anionnykh zameshcheniy v apatitakh metodom infrakras-
noy spektroskopii. Fizika Apatita, 63-88.

Krasnova, N.I., Balaganskaya, E.G., & Garcia, D. (2004).
Kovdor — classic phoscorites and carbonatites. Phoscorites
and Carbonatites from Mantle to Mine, (10), 99-132.
https://doi.org/10.1180/mss.10.04




O. Trunin, S. Tikhlivets. (2019). Mining of Mineral Deposits, 13(3), 58-67

Krivdik, S.G., Bezsmolova, N.V., & Dubina, A.V. (2009).
Shchelochnoy magmatizm Priazov’ya. Naukovi Pratsi
UkrNDMI NAN Ukrainy, (5), 158-166.

Kukharenko, A.A., Orlova, M.P., Bulakh, A.G., Bagdasarov, E.A.,
Rimskaya-Korsakova, O.M., Nefedov, E.I., II’inskiy, G.A.,
Sergeev, A.S., & Abakumova, N.B. (1965). Kaledonskiy
kompleks ul’traosnovnykh, shchelochnykh porod i karbo-
natitov Kol ’skogo poluostrova i Severnoy Karelii. Moskva,
Rossiya: Nedra.

Kurbatova, G.S. (1974). Tipomorfnye osobennosti apatita
Kovdorskogo massiva. Shchelochnye Porody Kol’skogo
Poluostrova, 129-138.

Lapin, A.V., & Lyagushkin, A.P. (2014). Kovdorskoe apatit-
frankolitovoe mestorozhdenie — perspektivnyy istochnik
fosfatnykh rud. Geologiya Rudnykh Mestorozhdeniy,
56(1), 70-92.

Mikhailova, J., Ivanyuk, G., Kalashnikov, A., Pakhomovsky, Y.,
Bazai, A., Panikorovskii, T., & Goryainov, P. (2018). Three-D
mineralogical mapping of the Kovdor phoscorite-carbona-
tite complex, NW Russia: 1. Forsterite. Minerals, 8(6), 260.
https://doi.org/10.3390/min8060260

Mikhaylova, A.V., & Garanichev, Ya.V. (2010). Issledovanie
flotatsii apatita iz rudy Kovdorskogo mestorozhdeniya.
Gornyy Zhurnal, (10), 42-43.

Mining  Atlas. (2019). Retrieved from  https:/mining-
atlas.com/operation/Kovdorsky-Iron-Ore--Magnetite-Mine.php

Pirogov, B.I., & Trunin, A.N. (2000). Morfostrukturnye oso-
bennosti apatita Kovdorskogo mestorozhdeniya. Heoloho-
Mineralohichnyi Visnyk Kryvorizkoho Tekhnichnoho Uni-
versytetu, 1-2(3-4), 153-167.

Pirogov, B.I.,, Trunin, AN., & Kholoshin, LV. (2001). IK-
spektry apatita Kovdorskogo mestorozhdeniya. Heoloho-
Mineralohichnyi Visnyk Kryvorizkoho Tekhnichnoho Uni-
versytetu, 1(5), 78-87.

Pirogov, B.I., Trunin, A.N., & Kholoshin, I.V. (2016). Nekotorye
cherty kristallokhimii apatita Kovdorskogo kompleksnogo
mestorozhdeniya. Heoloho-Mineralohichnyi Visnyk Kryv-
orizkoho Tekhnichnoho Universytetu, 2(36), 13-19.

Pogrebnoy, V.T. (2013). Redkozemel’nye rudy krandalli-
tovogo tipa Vv epigeneticheski izmenennoy kore
vyvetrivaniya karbonatitov Novopoltavskogo massiva
(Ukrainskiy shchit, Priazov’ye). Osadochnye Basseyny,
Sedimentatsionnye i Postsedimentatsionnye Protsessy v
Geologicheskoy Istorii, (2), 1-12.

Rimskaya-Korsakova, O.M., & Krasnova, N.I. (2002). Geolo-
giya mestorozhdeniy Kovdorskogo massiva. Sankt-Peterburg,
Rossiya: Izdatel’stvo Sankt-Peterburgskogo universiteta.

Rimskaya-Korsakova, O.M., Krasnova, N.I., & Kopylova, L.N.
(1979). Tipokhimicheskie osobennosti apatitov Kovdor-
skogo kompleksnogo mestorozhdeniya. Mineralogiya i
Geokhimiya, (6), 58-70.

Shniukov, S.Ye., Lazarieva, I.1., Nikanorova, Yu.Ye., & Moro-
zenko, V.R. (2014). Spivstavlennia heolohichnoi pozytsii,
skladu ta heokhimichnykh osoblyvostei Dubravinskoho (Vo-

ronezkyi shchyt) i Chernihivskoho (Ukrainskyi shchyt) kar-
bonatytovykh masyviv. Heoloho-Mineralohichnyi Visnyk
Kryvorizkoho Natsionalnoho Universytetu, 1-2(31-32), 70-78.

Shnyukov, S., Lazareva, 1., & Nykanorova, Y. (2015). Fenite halos
of linear carbonatite massifs: identification criteria and deter-
mination of geological structure. Visnyk of Taras Shevchenko
National University of Kyiv. Geology, 1(68), 26-31.
https://doi.org/10.17721/1728-2713.68.05.26-31

Shnyukov, S., & Osypenko, V. (2016). The Proskurov massif
of alkaline rocks (Ukrainian shield): new geochemical da-
tabase. Visnyk of Taras Shevchenko National University of
Kyiv. Geology, 1(72), 28-34.
https://doi.org/10.17721/1728-2713.72.04

Stepanova, K.D., & Petrov, S.V. (2018). Sostav kal’tsitovikh
karbonatitov Kovdorskogo massiva, kak potentsial’'nykh
promyshlennykh rud. Vestnik Voronezhskogo Gosudar-
stvennogo Universiteta. Seriya Geologiya, (1), 102-108.

Tacker, R.C. (2004). Hydroxyl ordering in igneous apatite.
American Mineralogist, 89(10), 1411-1421.
https://doi.org/10.2138/am-2004-1008

Tacker, R.C. (2008). Carbonate in igneous and metamorphic
fluorapatite: two type A and two type B substitutions.
American Mineralogist, 93(1), 168-176.
https://doi.org/10.2138/am.2008.2551

Yashchenko, A.V. (1981). Izuchenie kharaktera raskola apatita
rentgenometricheskim metodom i podschety plotnostey
raspredeleniya atomov kal’tsiya na poverkhnostyakh rasko-
la. Mineralogicheskiy Sbornik, 2(35), 61-63.

Yoder, C.H., Bollmeyer, M.M., Stepien, K.R., & Dudrick, R.N.
(2019). The effect of incorporated carbonate and sodium on
the IR spectra of A- and AB-type carbonated apatites.
American Mineralogist, 104(6), 869-877.
https://doi.org/10.2138/am-2019-6800

Yoder, C.H., Pasteris, J.D., Krol, K.A., Weidner, V.L., &
Schaeffer, R.W. (2012). Synthesis, structure, and solubility
of carbonated barium chlor- and hydroxylapatites. Polyhe-
dron, 44(1), 143-149.
https://doi.org/10.1016/j.poly.2012.06.039

Zaitsev, A.N., Terry Williams, C., Jeffries, T.E., Strekopytov, S.,
Moutte, J., Ivashchenkova, O.V., & Borozdin, A.P. (2015).
Rare earth elements in phoscorites and carbonatites of the
Devonian Kola Alkaline Province, Russia: examples from
Kovdor, Khibina, Vuoriyarvi and Turiy Mys complexes.
Ore Geology Reviews, (64), 477-498.
https://doi.org/10.1016/j.oregeorev.2014.06.004

Zhirov, D.V., Klimov, S.A., & Melikhova, G.S. (2014). Inzhe-
nerno-strukturnoe rayonirovanie massiva porod Kovdor-
skogo mestorozhdeniya baddeleit-apatit-magnetitovykh i
malozhelezistykh apatitovykh rud, kak osnova dlya proek-
tirovaniya krutogo borta kar’era. Ekologicheskaya Strate-
giva Razvitiya Gornodobyvayushchey Otrasli — Formiro-
vanie Novogo Mirovozzreniya v Osvoenii Prirodnykh
Resursov, (1), 92-103.
https://doi.org/10.13140/2.1.4208.2885

TUIIOMOP®HI O3HAKH MOP®OJIOTTi ATTATUTY KAPBOHATBMICHUMX
BIJIMIH KOMIIVIEKCHHUX PYJI KOBJOPCBKOI'O POJOBHIIA

O. TpyniHn, C. Tixmiseln

Mera. BcebiuHe BUBYeHHSI MOPQOJIOTIT anaTUTy B KapOOHATBMICHHX BiIMiHAX KOMIUIEKCHUX pyJ KOBIOPCHKOTO posio-
BHII[A SIK BOXKJIMBOT TUIIOMOP(HOT 03HAKK MiHEpaJTy, 1110 BOJIO/IIE BUCOKOIO F€HETHYHOIO Ta PHUKJIJHOI0 IHPOPMATHBHICTIO.

MeTtoauka. JfocmipkeHHsT 3aCHOBaHI HA OHTOT€HIYHOMY MiJAXO[l Uil BUBYEHHS TUIOMOP(HUX SKOCTEH amatuty
poaoBuia. BukopucroByBai MOXKIMBOCTI TPaAULIHHOI Ta pacTpoBOl eNeKTPOHHOT Mikpockomii. [lerani BHYTpilIHBOT
MopdoJtorii BUBYAIH i3 3aCTOCYBaHHSIM CTPYKTYPHOT'O TPaBJIEHHS U mpenapartiB 3 iMepciitHoro piguHoto. Tonominepa-
JIOT1YHI CHIOCTEPEKEHHS AO3BOJIHIH (IKCYBATH OCOOIUBOCTI IPOCTOPOBOT MIHJIIMBOCTI MOP(OJIOTIYHUX O3HAK.

Pe3yabTaTn. HaliBaskuBimoo ocobauBicTio Mopdoiorii O1IbIIOCT iHAMBIIIB aaTUTy B KApOOHATBMICHHUX pyAaX €
PO3BUTOK ITOJIOBXXEHOTO, EJIICOIAAIEHOr0 BUIIIALY 3€peH i3 nepeBaxkatounM kiacoM kpyrHocti 0.16 — 0.30 mM. BryT-
pitHs Mopdoriorist (aHATOMIYHUI PUCYHOK) XapaKTEepU3YETHCS ICKPABO BUPAKEHOIO 0JI0KOBOIO Oy0BoI0. POpMyBaHHS
BHIJICHb allaTUTy B KapOOHATHOMY MAaTPHKCI OB’ s3aHO 3 (DPOHTAIBHUM PO3UYMHEHHSIM PaHIIIe YTBOPSHUX MOTieqpid-
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HUX 3epeH anatuTy Il mix BrumBoM arpecMBHHX KapOOHATHHX PO3IUIABiB-pO3uMHIB. HaWOUIBII aKTHBHO PO3YHHSIOTHCS
IUITHKY TIOBEPXHi, IO BIIMOBINAIOTH “TpaHAM’ MpHU3MHU. BUAIICHHS anaTuTy B KapOOHATHUX PYyHax XapaKTePHU3YIOThCS
crier}iYHOI0 3rIIAHKEHOI0 TIOBEPXHEIO Y BUIVISI CKIIQJHOTO TOEHAHHS TUIOCKUX 1 peOPOBUX TPaHHUX EIEMEHTIB pO3-
YUHEHHs. Y “aHOMalbHINW” 30HI KApOOHATUTOBOTO s/Ipa APIOHI IHAWBINM aNaTUTY BIAPIZHAIOTHCS YiTKUMHU MPSMOJIIHIN-
HHUMH KOHTYpaMH Ta 36COJ'IIOTHO piBHOIO TMOBEPXHECIO IJIOIIHNH, SIK1 OrpaHsArOTh, 1O MOSACHIOETHECA NOCTYIIOBUM ITOCUJICH-
HSIM poJii Ae(heKTiB TOBEpXHI MiHEpally, sIK JpKepesia IapiB pO3YMHEHHs, Ha OUIBII Mi3HIX eTarnax KapOoHaTH3allii.

HayxoBa noBu3na. Mopdooriyai o3Haku anatuty KoBmIopchbKOro pooBHIa XapaKTEpHU3YIOTHCS SICKPaBO BHpa-
KEHUM THIOMOP(i3MOM, € YyHHMM IHIMKAaTOPOM €BOJIIOLII cHcTeMH MiHepanoreHesy. BusmieHo, mo QopmyBaHHS
TUIMIOMOP(GHUX SKOCTEH anaTuTy 3alIeKUTh BiJl aKTHBHOCTI NMPOSIBY KapOOHaTH3alii B IEPBUHHUX pyJax, fKa J0cArae
MaKCHMaJIbHOTO PO3BUTKY B “aHOMAIIBHIIT’ 30HI KapOOHATUTOBOTO SIpa.

IpakTH4yHAa 3HAYNMiCTh. Pe3ynbTaTi mpencTaBIsaroTh iHTEpEC 3 TMO3HIIIH TPOTHO3HO-TIONTYKOBOT iHPOPMATHBHOCTI,
BHPIMICHHS MUTaHb TEXHOJIOTIYHOTO MOPS/IKY, a TAKOXK PAILliOHAEHOTO BiIIPAMIOBAHHS Ta YCEPETHEHHS allaTUTBMIiCHIX
pyA mepen nopadero ix Ha 30arauyBaiibHy (haOpuky. [HpOpMaLio peKOMEeHAY€eThCs BUKOPHUCTOBYBATH JUIsS ONTHMI3ALIT
TIOITYKY ¥ OLIIHKH aHAJIOTIYHUX 00’ €KTIB, OB’ S3aHMUX 3 KApOOHATHTOBMMHU KOMIUIEKCAMH, Ha TepuTOpii YKpainu.

Knrouoei cnosa: Kosoopcwke podosuye, KOMIIEKCHI pyou, Kapboramumut, (poCKopumu, anamum, OHMO2eHist, Mmunomoppiam

TUIIOMOP®HBIE NPU3HAKU MOP®OJIOT'UU AITATUTA KAPBOHATCOAEPKAIINX
PASHOCTEU KOMIUVIEKCHBIX PY /I KOBJIOPCKOI'O MECTOPOXKJIEHUA

O. Tpynus, C. Tuxnusen

ILean. Bececroponnee n3ydeHre MOpQoIIOTHH anaTuTa B KapOOHATCOIEPIKAIUX PA3HOCTIX KOMIUIEKCHBIX pyn Kos-
JIOPCKOT0 MECTOPOIKICHUS KaK BaYKHOTO THIIOMOP(HOT0 NMpHU3HaKa MUHepajia, 00J1a/Iaollero BEICOKOW TeHeTHUEeCKO 1
MIPHUKIIATHON HH(POPMATHBHOCTHIO.

Metoauka. VcciienoBanvsi OCHOBaHBI Ha OHTOTCHUYSCKOM ITOJIXO€ JJIs U3yUCHHS TUIIOMOP(HBIX KAYeCTB alaTHTa
MECTOPOXKICHHS. VICIIONB30BAIMCH BOZMOKHOCTH TPATUIIMOHHON W PacTPOBOM 3JIEKTPOHHOW MHKpoOckomuu. Jleramm
BHYTpPEHHEH MOP(OJIOTHH H3YJaJHCh C MPIMEHEHHEM CTPYKTYPHOTO TPaBJICHUS U MPENapaToB ¢ IMMEPCUOHHOM JKUJI-
KOCTBIO. TOIIOMHHEPATIOTHYECKIEe HAOMOICHUS MO3BOIIIN (PUKCHPOBATH OCOOEHHOCTH MPOCTPAHCTBEHHON M3MEHYH-
BOCTH MOP(OJIOTHYECKUX TPU3HAKOB.

PesyabTaTsl. Baxkneiimeir ocoOeHHOCThIO MOpGOIOTHHA OONBIIMHCTBA WHAWBUIOB amaTUTa B KapOOHATCOAepKa-
IIUX PyAax SBJSIETCSA Pa3sBUTHE YAJIMHEHHOTO, IUIHIICOMJATFHOTO 00JIMKA 3epeH ¢ MPeodIalaonyM KIIacCoM KPYITHO-
ctu 0.16 — 0.30 mM. BayTpenHsist Mopdosorust (aHATOMUYECKUN PUCYHOK) XapaKTEepU3yeTcsi SPKO BBIPaKEHHBIM 0JI10-
KOBBIM cTpoeHreM. PopMUpOBaHHE BBIACICHHUH arnaTuTa B KapOOHATHOM MAaTPHKCE CBSI3aHO C (PPOHTAIBHBIM PacTBO-
peHneM paHee 0Opa3oBaHHBIX MOJUIAPUUECKHUX 3epeH arnatuta Il mox Bo3ieiicTBUEM arpecCUBHBIX KapOOHATHBIX pac-
M1aBOB-pacTBOpoB. Hanbonee akTUBHO pacTBOPSIIOTCS YYAaCTKU MOBEPXHOCTH, COOTBETCTBYIOIIUE “TpaHsM’ MPU3MEI.
BrigeneHus amatuta B KapOOHATHBIX PyNaxX XapaKTCPU3YIOTCS CIEMU(PUUSCKON CTIaKEHHON MOBEPXHOCTHIO B BUJIC
CJIOKHOTO COYCTAHUS TUIOCKUX U PeOCPHBIX TPAHHBIX 3JICMEHTOB PacTBOpeHIsl. B “aHoManbHOM 30HE KapOOHATHTOBO-
TO siipa MEJIKME WHIUBU/IBI allaTUTa OTIUYAIOTCS YSTKUMH MPSMOJIHMHEHHBIMU KOHTYPaMH M COBEPIICHHO POBHOM IO-
BEPXHOCTHIO OTPAHSAONINX IDIOCKOCTEH, 9TO OOBACHSACTCA IOCTETICHHBIM YCHJICHHEM DPOJIA Ne(PEeKTOB TOBEPXHOCTU
MHUHepaa, Kak ICTOYHUKA CJIOEB PACTBOPECHMUS, Ha O0JIee TO3HHUX Tanax KapOOHATH3AINH.

Hayunasi HoBu3Ha. Mopdororndeckre npu3Haky anaTuta KoBIOPCKOTro MECTOPOXKICHUS XapaKTePU3YIOTCS SIPKO
BBIPQXEHHBIM THIIOMOP(H3MOM, SBIAIOTCS YyTKUM HHIMKATOPOM ABOJIOIHMH CHCTEMBI MHUHEpajoreHe3a. BrisiBieHo,
4T0 (POPMUPOBAHUSI TUIIOMOP(HBIX KAYECTB allaTUTa 3aBHCUT OT aKTMBHOCTH MPOSIBIICHUs] KApOOHATU3AIMU B IIEPBUY-
HBIX pyJax, KOTOpasi JOCTUTaeT MaKCHMAJIBHOTO Pa3BUTHSA B “aHOMAJIBHOI 30HE KapOOHATUTOBOTO SpA.

IIpakTHyeckasi 3HAYUMOCTB. Pe3yJIbTaThl MPENCTABISIOT UHTEPEC C MO3UIMK TPOTHO3HO-TIOMCKOBOI MH(OpMa-
TUBHOCTH, PELICHUS] BOIPOCOB TEXHOJIOTHYECKOTO MOPsAKA, a TAKXKE PALMOHAIBHOW OTPaOOTKM M yCPEIHEHHs ara-
TUTCOJICPKAIIMX PYJ Mepe]a Mmojadeid ux Ha oboraTutenbHyr (hadpuky. MHDOpMALHIO PEeKOMEHIYETCSl HCIOJIB30-
BaTh JUI ONTHMH3AIMH MTOVCKA W OI[CHKU aHAJOTHYHBIX OOBEKTOB, CBI3aHHBIX C KApOOHATUTOBBIMU KOMILIEKCAMU,
Ha TCPPUTOPUH Y KPAHHBI.

Knrouesvie cnosa: Kogdopckoe mecmoposicoeHue, KOMNIEKCHble pyobl, KApOOHAmMumsl, (OCKOpUmbsl, anamum,
OHMO2eHUsl, MUNOMOpPuUIM
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