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GEOCHEMISTRY

UDK 551.71/.72 (477)

N. P. Shcherbak, À. N. Ponomarenkî, A. R. Belevtsev

Geochronological boundaries of the Early Precambrian
of the Ukrainian Shield and their correlation with the
International scale of geological time of Precambrian

In the Precambrian of the Ukrainian Shield on the grounds of datum isotope marks seven geochronological boundaries
are established, which correspond to lower boundaries of stratigraphic subdivisions. In comparison with International
scale of geological time in the Early Precambrian of the Ukrainian Shield boundaries of 3000 and 2020 Ma are
distinctly manifested.

As a basis of creation of Precambrian stratigraphic scale of the Ukrainian Shield (USh) a complex
approach which includes the following fundamental provisions has been laid:

1. Any association of Early Precambrian rocks is connected with geological history of formation
of the primary-sedimentary and volcanic series, typical composition of which is presented in work [7].
Sedimentary, magmatic and metamorphiñ processes played the leading role in filling in the series
sections. The tectomagmatic cyclic recurrence is clearly traced in the structure of thick sections of
some series. Tectomagmatiñ cycles manifest in each petrologic-tectonic mode of Precambrian
formation — formation of greenstone structures, high grade metamorphic mobile belts, mobile zones
with low-temperature metamorphism, subplatform structures.

2. The marking boundaries accepted for stratigraphic correlation are the initial stages of large
tectomagmatic cycles — primary volcanites and sedimentary series, which are contemporaneous
with them. The final stages of stratigraphic subdivisions are accepted for the upper boundaries which
mostly correspond to the processes of synkinematic granite formation.

3. To determine the age of magmatic, sedimentary and metamorphic processes datum isotope
marks are used, as the most reliable in terms of methodology.

4. On the basis of geological and structural-petrological investigations the dated object always is
assigned to the definite place in the stratigraphic sections described in work [7].

5. As more justified, a six-block structure of the USh is accepted.
6. Interblock correlation of the stratigraphical boundaries is carried out basing on datum isotope

marks of magmatism.
As it was noted already [5], datum isotope marks meet two main conditions: 1) minerals used

for dating (mainly zircon) should have distinct genetic connection to geological processes, 2) in
terms of methodology, the datum marks are more often determined by U-Pb isotope method and less
often by two or three isotope methods on coexisting minerals. It should be noted that in 1988 the
total number of datings for the Precambrian of the USh obtained by all isotope methods was 2500,
and the number of datum isotope marks was 56 only. In 10 years, by 1999 the total number of datings
was more than 3500, and the number of datum isotope marks — 159 only. The reason is that the
methodology of determination of datum isotope marks includes a complex of geological, petrological,
mineralogical and isotope-geochemical investigations. And this process is durable. Therefore it is
necessary to note that less than a half of almost a hundred of various Precambrian subdivisions of the
USh (the stratigraphic scale) have been characterized by datum isotope marks, though these
investigations have been consistently carried out for a long time.

Metamorphic, ultrametamorphiñ and magmatiñ rock associations of different ages constitute the
geological structure of the USh. They have complex structural and stratigraphical relations. The
stratigraphic scale of the Precambrian of the USh (Table 1) is based on the complex analysis of a
great deal of actual material,  considering the principles specified above.  In Table 1 only main
stratigraphic subdivisions — series are presented. Their forming, as a rule, was completed by intrusive
and ultrametamorphic rocks formation. Total combination of these processes, as it was marked,
corresponds to tectomagmatiñ cycles, each containing series. In the Precambrian of the USh the
number of registered large cycles is not less than six — two in the Early Proterozoic and four — in
the Archean.

Archean. Novopavlovka complex composed by ultrabasite-basite-tonalite rocks association is
related to Early Archean with the low age boundary 3650 Ma. The rocks of the Novopavlovka

© N. P. Shcherbak, À. N. Ponomarenkî, A. R. Belevtsev, 2000
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complex have been established only within the central part of the Orekhovo-Pavlograd zone and
have been insufficiently investigated yet. The isotope age data on zircon allow to draw two stages of
events in the complex formation. The age of primary-crust formations is 3650 Ma. Granulitic
metamorphism manifested 3400 Ma ago. The date 3650 Ma has been obtained by Å. V. Bibikova on
zircon from enderbite-gneiss of the Gaivoron complex (oral report). Thus, the date 3650 Ma which
corresponds to the process of tonalite magmatism could be accepted as the low boundary of Lower
Archean.

Kosivtsevo greenstone series and metamorphiñ rocks of the Dniester-Bug, Western Azov and
Aul series also belong to Lower Archean. Diorites which intersect the greenstone Kosivtsevo series
were dated 3300 Ma. Metamorphism of the Dniester-Bug series is more than 3400 Ma. There are no
more certain age data for the lower boundary of these formations yet.

Middle Archean is represented by the Konka-Belozerka series, spread in the Middle Dnieper
Area. The Konka series is the most investigated in detail and can represent the stratotypical section.
The younger age of the Konka series than that of the Aul series is determined by their structural
position and isotope age data. In the content of the Konka series metamorphosed basic effusive rocks
dominate, volcanites of medial and persilic composition are represented. In the upper part of the
section the number of metamorphîsed sedimentary rocks increases. The Konka series is divided into
three suites. The values of isotope dating on zircon from metabazites of the lower suite are 3170 Ma.
The lower border of the Belozerka series is younger. The zircon age of keratophyres of the Belozerka
series is 3000 Ma. Granitîids which have active contacts with the rocks of the series are characterized
by the age of 2950–2600 Ma.

The Bug and Ros‘-Tikich series belong to Late Archean. The Bug series is represented by two
suites — the Khoshchevato-Zavalye and the Koshar-Alexandrov. In the Ros‘-Tikich series the
Volodarka-Belaya Tserkov suite is distinguished. The sections of the Teterev and Ros-Tikich series
are given in work [1].

The boundaries between Archean and Proterozoic. In the stratigraphic scales of Precambrian a lot
of regions of the East-European platform the section of the Krivoy Rog series is taken for the
stratotype of Lower Proterozoic. In the area of the Krivoy Rog-Kremenchug zone the contact
between the Archean base and the Proterozoic formations is investigated the most completely
(Figure). The lower suite of the Krivoy Rog series, which contains clastogene zircon, overlays granitoids
and greenstone rocks of Archean. In clastogene zircons two age generations are distinguished —
3200–3020 and 2800–2740 Ma.

In the North-Western, Dniester-Bug and Ros‘-Tikich blocks the processes of Proterozoic
granitoid magmatism are manifested, which do not allow to reveal the connection between the
Archean and Proterozoic formations. But, according to the stabilization age of the Ros‘-Tikich series
(about 2550 Ma) and the beginning of sedimentation and volcanism of the lows of the Teterev
series (about 2450 Ma ), if a break in the western blocks hase taken place, it was not more than 50 Ma.

Proterozoic. In the initial period of Proterozoic (2650–2020 Ma), correlated Krivoy Rog, Teterev,
Ingoul-Ingoulets, Central Azov and Novograd-Volyn series were forming. Then the formation of the
Klesovo series rocks took place. The Lower Proterozoic age of the Central Azov series has not been
authentically confirmed yet because of its insufficient studying. Probably, the Archean rocks are

Table 1. Stratigraphic scale of the Precambrian of the Ukrainian Shield (a brief version)

Group Subgroup
Age border,

Ma
Main stratigraphic

subdivisions (supercrustal
series)

Intrusive and ultrametamorphic
complexes

Late PR2 1760
Ovruch series Dyke

Protero-
zoic

Pugachevka and Klesovo
series

Perga, Osnitsa, Korosten,
Kamenna Moguila,
October, Yuzhniy Kal’chik

Early PR1 2020

2600

Novograd-Volyn,
Teterev, Ingoul-
Ingoulets, Krivoy Rog,
Central Azov series

Buky, Kirovograd-
Zhitomir, Berdichev,
Uman ,̀ Novoukrainka,
Chernigov, Azov,
Khlebodar

Late AR3 2800 Bug, Ros -̀Tikich Tetiev, Uriev

Archean Middle AR2 3170 Konka series Tokovo, Sura, Shevchenko

Early AR1

3650

Kosivtsevo, Aul, West
Azov, Dniester-Bug
series, Novopavlovka
complex

Dobropolye,
Dnepropetrovsk, Gaivoron

SCHERBAK N. P. et al.
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present there.
The Krivoy Rog series, as it was mentioned above,

is the stratotype of the Lower Proterozoic. Its key sections
are located in the Saksagan‘ region of Krivbas. In the
structure of Krivoy Rog series such suites (from below
upwards) are distinguished: the Novo-Krivoy Rog, the
Skelevatka, the Saksagan‘, the Gdanzevo and Gleevatka.
The question about the volume of these series, its lower
and upper borders, still remains debatable. There is no
generally accepted opinion on the age of the Gleevatka
suite. The new Sm-Nd data have been obtained recently.
The Archean age of volcanites of the Novo-Krivoy Rog
series is 2650 Ma.

The Novograd-Volyn series, which builds up the
section of the Lower Proterozoic, is located only in the
north-western part of the USh and consists of
sedimentary-effusive formations (tuffites, meta-
alevrolites, gneisses, slates). The U-Pb age of volcanite
formation is 2410 Ma.

The Klesovo volcanogenous series, which is
located in the northern part of the USh, is younger than the Novograd-Volyn series. The
numerous age datings of volcanites show their formation to have occurred in the short period

Scheme of location of samples of clastogene zircon: 1 — Ingulets
series; 2 — the upper ferruginous-siliceous suite of the Krivoy
Rog series; 3 — the  lower suite of the Krivoy Rog series; 4 —
Saksagan metabasite series; 5 — granitoids and migmatites of the
Archean basement; 6 — points of sample selection and isotopic
age of clastogenic zircon; 7 — granitoid massifs of the Saksagan
type

Group Age border, Ma 1 2 3

Proterozoi
c

1650  50

2000  50

Vepsiy —
subiotniy

1850  50
Kaleviy

(Ladoga series)

Ovruch series
Pugachevka

series

Klesovo series

Akitkan series

2500  50

Souysariy
Yatuliy

2300  50

Sarioliy

Sumiy

Novograd-Volyn
series

Krivoy Rog series

Udokan series

Late Lopiy

3000  200

Gimol,
Hautovara series

Belozerka, Bug,
Ros -̀Tikich series

Olondin series

Archean Middle
Dnieprean

3500  100
Early Aldaniy

Saamiy
Vodlozerka
complex

Konka series

3300  100
Kosivtsevo suite

Novopavlovka
complex

Tirekh-mastar
series

Kourultin series

Table 2. Comparison of stratigraphic scales of Early Precambrian of the Baltic (1), Ukrainian (2)
and Aldanian (3) Shields
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of time — 2020–1970 Ma.
Thus, the lower age boundary of concrete stratigraphic subdivisions of the Early Proterozoic

varies within a wide range. The Klesovo series is an upper age subdivision. It is absolutely
obvious that we may speak of two tectomagmatiñ cycles of Lower Proterozoic — the Krivoy
Rog and the Klesovo, with the lower age boundaries 2650 and 2020 Ma, respectively.

In the final tectomagmatiñ cycle of Early Proterozoic the formation of the Pugachevka
series rocks took place. They are unconformable to gneiss of the Teterev series and
ultrametamorphic rocks of the Kirovograd-Zhitomir and Osnitsa complexes, where by their
lower border is determined. The granitîid veins of the Korosten complex of age 1760 Ma
intrude the terrigene rocks of the Pugachevka series. This age boundary can be accepted for the
upper border. Thus, the upper age boundary of the Lower Proterozoic of the USh, according to
isotope data, is 1760 Ma.

The Upper Proterozoic of the USh areas is represented by subplatform volcanic-sedimentary
rocks of the Ovruch series, overlaying the degraded surface of granitîids of the Korosten
complex in the sublatitudinal graben-syncline. In this series the following suites are distinguished

Table 3. Correlation of Precambrian subdivisions of the Ukrainian Shield (II) and International
geological scale (I)

Age, Ma Eon Era Period
I II I II I II

1400 Mesoproterozoic PR2 1400 1400

1500

1600 1600 1600
1740 1740

1700

1800 Proterozoic

1900
1970

2000 2020
Paleoproterozoic PR1 2050

2100

2200

2300 2300

2400

2500 2500 2500 2500

2600 2600 2600 2600

Neoarchean
2700 AR3

2800 2800 2800 2800

2900 Mesoarchean AR2

3000
Archean

3100
3170 3170

3200 3200

3300

3400 Paleoarchean AR1

3500

3600 3600
3650 3650

Eoarchean

SCHERBAK N. P. et al.
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(from below upwards): the Zbrankov (mainly volcanic) and the Tolkachev (terrigene). Isotope-
geochronological data on zircon for felsic volcanites of the Zbrankov suite show that their
formation occurred   1745  Ma   ago, whereas they were metamorphîsed much later, about
1400 Ma. Therefore in the stratigraphic scale of the USh the Ovruch series is attributed to the
Late Proterozoic. As to the age of the Tolkachev suite, there are no data available. Therefore, the
stratigraphic position of the Ovruch series is problematic.

The main stratigraphic subdivisions of the Precambrian of the USh are correlated with
great stratigraphic subdivisions of Baltic and Aldanian Shields (Table 2) [3, 9]. The available
data regarding crystalline formations of the Baltic, Ukrainian and Aldanian Shields allow to
draw the trinomial division of Archean, whereby the most ancient tonalite-gneiss complex
is attributed to Lower Archean, and the boundary between Middle and Upper Archean,
which manifested in the formation of two last generations of greenstone belts is fixed on
3000 ± 200 Ma.

The Lower Archean units authentically established in the Ukrainian and Aldanian
Shields are represented by the Novopavlovka complex (U-Pb age of magmatic zircons —
3650 ± 100 Ma, isochrone Sm-Nd age — 3600 Ma), and the Kourultin series (Sm-Nd age of
basites — 3540 ± 200 Ma), metamorphosed 3450 ± 50 Ma (U-Pb age of zircon), accordingly.
Middle Archean is represented by rocks of the most ancient granite-greenstone belts. It
consists of: in the USh rocks of the Konka series, volcanites of which have zircon age of
3170 Ma,  and  intrusive Sura   plagiogranites — 3120 ± 35 Ma;   in  the  Aldanian Shield —
metavolcanites  of the Tirechmastar series,   komatiites   of which   have   Sm-Nd age of
3330 ± 200 Ma; in the Baltic Shield — the rocks of the Vodlozerka block which have
isochrone Sm-Nd age of 3400 ± 100 Ma and contain metamorphogenetic zircon U-Pb age
of which is 3150 ± 50 Ma. Granite-greenstone belts of the second generation belong to the
Upper Archean. Their supercrustal series are represented by the Lopiy of the Baltic Shield, the
Olondin series of the Aldanian Shield and Belozerka series of the USh. Concordant U-Pb for
zircon and isochrone Sm-Nd data from the Lopiy and the Olondin series show the age of
their   volcanites   to be 2950–3000 Ma,   whereas   the most ancient of their intrusions are of
U-Pb age 2890 ± 30, 2840 ± 30 and 2900 ± 50 Ma, accordingly. Felsic volcanites of the
Belozerka series have U-Pb age of 2960 ± 20 Ma, and intersecting granites are 2935 ± 10 Ma,
and less. The younger formations of the Late Archean in the Baltic, Ukrainian and Aldanian
Shields are represented by a complex series of the syn- and postkinematic granitoids, and high-
grade metamorphites. The most late of these formations which directly precede Proterozoic
supracrustal series are of age of 2720 ± 20 ... 2760 ± 10 Ma in the Baltic Shield and of
2590 ± 20 ... 2615 ± 10 Ma in the central and western regions of the USh, respectively, and
of 2510 ± 20 Ma in the Aldanian Shield.

The Archean and Proterozoic boundary separates the Lopiy granite-greenstone and gneiss-
granulite complexes of age more than 2650 ± 50 Ma from Sumiy-Sarioliy volcanic-sedimentary
suites, formed at rough fault-valleys resulting from the initial stages of Proterozoic rifting. Sumiy
volcanites along with stratified basic intrusions, which are widely spread in the East of the Baltic

Table 4. Correlation of the main geochronological boundaries of Early Precambrian according to the
International and Ukrainian geochronological scales (age, Ma)

Subgroup International
scale

Ukrainian scale
Main geological events dated by geochronological

boundaries of the USh

Mesoproterozoic 1600 1740
Volcanism of the Zbranka suite of the
Ovruch series

2020
Volcanism of the Klesovo series

Paleoproterozoic

2500 2600

Granitoid magmatism and basic magmatism
of the Novo-Krivoy Rog suite of the Krivoy
Rog series

Neoarchean 2800 2800

Granitoid magmatism. Stabilization stage of
Mesoarchean and volcanism of the Ros -̀
Tikich series

Mesoarchean 3000

Age of the clastogene zircon of the Bug and
volcanism of the Belozerka series

3200 3170 Magmatism of the Konka series

Paleoarchean
3600

3650
Ultrabasite-basite-tonalite magmatism of the
Novopavlovka complex

GEOCHRONOLOGICAL BOUNDARIES OF THE EARLY PRECAMBRIAN
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Shield, form a unified volcanic-plutonic association. The age of these intrusions is about 2450 Ma. In
the USh the age of volcanic activity of the Novograd-Volyn series is 2410 Ma, and of the Novo-
Krivoy Rog suite of the Krivoy Rog series — 2650 Ma. Thus, the available geological and isotope-
geochronological data for the Baltic and Ukrainian Shields conform to the dating of the Archean
and Proterozoic boundary, which is about 2500 Ma.

The large subdivisions of the stratigraphic scale of the Precambrian of the USh are comparable
to the scale of geological Precambrian time, proposed by International commission on Precambrian
stratigraphy [2]. In the Precambrian of the USh, in contrast to the International scale insignificant
deviations within more fractional subdivisions — periods — are observed (Table 3).

From the given comparison we can see that the main boundaries of Paleo-, Meso- and Neoarchean,
and also age boundary between Archean and Proterozoic are very close. As to Proterozoic, in the
Precambrian of the USh, in addition, four periods, which correspond to the Krivoy Rog, Klesovo,
Korosten, and the Ovruch tectomagmatic cycles, accordingly, can be distinguished.

It is difficult so far to distinguish periods in the Archean eon of the Precambrian of the USh,
as well as in other regions. But we can not rule out the possibility that in the Paleoarchean of the
USh granite-gneiss complexes of the Aul and Western-Azov series are the base for the most ancient
Kosivtsevo granite-greenstone association. Then in the Paleoarchean of the USh two geochronological
periods are marked, which correspond to the formation stages of granulite-gneiss complexes and the
earliest granite-greenstone associations, respectively. At present in Paleoarchean it is granite-greenstone
associations in Australian and African continents that are reliably dated.

In the sratigraphic scale of the Early Precambrian of the USh lower geochronological boundaries
are preferred, since between the initial formation stage of superposed series and final formation stage
of underlying stratigraphic subdivisions a significant break in manifestation of the sedimentation,
volcanism and granitoid magmatism processes may take place [8]. Then the geochronological boundary
of 3400 Ma in the stratigraphic scale of the Precambrian of the USh is to be eliminated for it
corresponds to the granulite metamorphism stage of the Novopavlovka complex and the Dniester-
Bug series. As to the Kosivtsevo suite, the rocks are established to be intersected by granitoids of age
of  3300 Ma. Taking into consideration that formation duration of early granite-greenstone associations
is not less than 150 Ma, the formation of the Kosivtsevo suite can be related to Paleoarchean.

By analyzing the data given in Tables 1–4 it can be concluded that in regard to the
geochronological boundaries of the International scale of geologic time in the Archean of the USh
boundaries of 3000 Ma are marked, in the Proterozoic — of 2020 Ma. And on the whole the main
geochronological boundaries of the Precambrian of the USh and International scale coincide.

In conclusion, it should be emphasized that the geological events marked in Table 4 date initial
stages of formation of large sratigraphic subdivisions of the Precambrian of the USh, which in time
correspond to lower geochronological boundaries.
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ÐÅÇÞÌÅ. Â äîêåìáðèè ÓÙ íà îñíîâå ðåïåðíîãî èçîòîïíîãî äàòèðîâàíèÿ óñòàíîâëåíî ñåìü ãåîõðîíîëîãè-
÷åñêèõ ðóáåæåé, ñîîòâåòñòâóþùèõ íèæíèì ãðàíèöàì ñòðàòèãðàôè÷åñêèõ ïîäðàçäåëåíèé. Ïî ñðàâíåíèþ ñ
Ìåæäóíàðîäíîé øêàëîé ãåîëîãè÷åñêîãî âðåìåíè â ðàííåì äîêåìáðèè ÓÙ ÷åòêî ïðîÿâëåíû ðóáåæè 3000 è
2020 ìëí ëåò.

ÐÅÇÞÌÅ. Â äîêåìáð³¿ ÓÙ íà îñíîâ³ ðåïåðíîãî ³çîòîïíîãî äàòóâàííÿ âñòàíîâëåíî ñ³ì ãåîõðîíîëîã³÷íèõ
ðóáåæ³â, ÿê³ â³äïîâ³äàþòü íèæí³ì ãðàíèöÿì ñòðàòèãðàô³÷íèõ ï³äðîçä³ë³â. Â ïîð³âíÿíí³ ç Ì³æíàðîäíîþ øêà-
ëîþ ãåîëîã³÷íîãî ÷àñó ó ðàííüîìó äîêåìáð³¿ ÓÙ ÷³òêî ïðîÿâëåí³ ðóáåæ³ 3000 ³ 2020 ìëí ðîê³â.

SCHERBAK N. P. et al.
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V. A. Mykhaylov, D. N. Shcherbak

Comparative Characterization of the Precambrian  of the
West-African Craton and the Ukrainian Shield

The major events in the Precambrian of the West-African Craton are connected with the Archaean Preeburnean
stage which includes the Leonian (3.2–2.9 Ga) and the Liberian (2.9–2.6 Ga) cycles, and the Early Proterozoic
Eburnean stage (2.2–1.8 Ga). The Birimian deposit which formed greenstone belts plays a leading role in the structure
and metallogeny of this region. The main metallogenic events are also connected with this stage. The Proterozoic
Eburnean   metallogenic  cycle  in the West Africa   is   supposed to  have  lasted over the period about 150 Ma from
2120 ± 41 (Perkoa deposit) to  2001 ± 17 Ma (Poura deposit). The fact that there are analogous cycles in other
Precambrian cratons, including the Precambrian of the Ukrainian Shield attests to a global importance and practical
significance of the Early Proterozoic tectono-metallogenic cycle in terms of gold mineralization.

The comparatively deep study of the West-African (WA) craton is conditioned by its
practical significance as a one of the world major sources of gold. Through the mining
activity in the region (deposits in Ghana, Guinea, Mali, Senegal, Cote-d’Ivoire, Liberia, Sierra
Leone, Burkina Faso and Niger) about 1000 tons of gold have so far been extracted [18].
Major gold deposits (Ashanti, Prestea, Tarkwa, Konongo, Bibiani, Ntotronso — Ghana; Poura,
Taparko — Burkina Faso, Kalana, Loulo, Syama — Mali; Sabodala — Senegal; Ity, Yaore —
Cote-d’Ivoire; Samira — Niger) are connected with the Early Proterozoic greenstone volcanic
belts [1, 5, 19, 23, 26, 27], accreted to the Archaean nuclei of the WA craton (The Man Shield)
in the interval 2.1–2.0 Ga [12, 27]. However, the more ancient origin of certain deposits is
possible [13]. Two major stages in the development of the Precambrian in the WA craton
were distinguished: the Archaean Preeburnean and the Early Proterozoic Eburnean. The
Posteburnean Paleozoic formations of Panafrican mobile zones and covering deposits are
not considered here.

The Archaean rocks (A) form the nucleus of the WA craton. They crop out in the west
part of the region, in Guinea, Senegal, Sierra Leone, Cote-d’Ivoire, etc. The Archaean is
represented by deeply metamorphosed granitic-gneiss complexes and associated greenstones
which include basic and ultrabasic rocks and ironstone formations (BIF), intruded by ancient
granitoids and migmatites. Their age varies from 3.2 to 2.5 Ga. At the histogram of distribution
of the geochronological dates a distinct maximum of 2.8–2.7 Ga is traced (Table 1). The
Preeburnean stage is usually subdivided into two cycles: the Leonian (3.2–2.9 Ga) and the
Liberian (2.9–2.6 Ga) [3, 4, 7, 22, 26, 31]. Tectonic thrusts are believed to have played an
important role in this stage [10, 12, 26]. There are no hard data on the Archaean gold deposits,
though there are some recent data supposing that the Ity gold deposits (Cote-d’Ivoire) are
probably Archaean [13].

In the rest of the region, the granitic-gneiss complexes (G) of the Archaean to Proterozoic
age developed from 2.8 to 2.65–2.35 Ga, rarely — 2.2–2.1 Ga (Table 1). They are composed
mostly of alkaline microcline granites, migmatites, granitic-gneiss and gneiss, rarely amphibolites,
gabbro-amphibolites, quartzites and crystalline schists. Sometimes these rocks are composed
of olistolites and olistoplates (or tectonic plates) covering the Birimian. These rocks are
perhaps a part of the Archaean basis which was changed and rejuvenated by the latest
Eburnean tectonic processes.

The Birimian deposit, which formed greenstone belts, plays a major role in the structure
and metallogeny of the WA craton. The Birimian supergroup is usually divided into two
series: the lower (B1), represented by sedimentary and volcano-sedimentary rocks, and the
upper (B2), where volcanic rocks prevail [9, 16]. The latter are found in a number of
comparatively narrow volcanic belts, stretching in the NNE direction among metasedimentary
rocks and/or granite-metamorphose basement. There are, however, opposite views that these
formations are contemporaneous facial analogues [26, 27]. Our investigations have confirmed
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Table 1. Radiometric age data for the Precambrian of the WA craton

Rock Mineral Location Refe- Method, date, Ma
rence 40K/40Ar Rb/Sr 207Pb/206Pb Sm/Nb 238U/204Pb

A
Orthogneiss Zircon Cote-d’Ivoire [26] — — 304112 27658 —

The same The same [26] — — 30296 — —
BIF — Sierra Leone [5] — 3010 — — —

— The same [5] — 2820 — — —
Gneiss — Ghana [2] 283513 — — — —
Charnokite Zircon Cote-d’Ivoire [7] — — — — 2750
Granite The same The same [26] — — 293510 — 288460
Monzogranite —   "      " [7] — 285040 — — —
Granite —   "      " [26] — — — 2600190 —
Pegmatite —   "      " [7] — 246724 — — —
Granite — Liberia [26] — 2770 — — —

— Sierra Leone [31] — 277050 — — —
G

Gneiss Zircon Cote-d’Ivoire [26] — — — 211380
The same The same [26] — — 211512 — 211210

Granite   "      "   "      " [26] — — — — 21084
Granite gneiss —   "      " [6] — 215114 — — —
Orthogneiss Zircon Guinea [26] — — 20913 — —
Gneiss Biotite Ghana [2] 214411 — — — —

The same The same [2] 21128 — — — —
Hornblende   "      " [2] 216926 — — — —

—   "      " [32] — 210060 — — —
Amphibolite Biotite   "      " [2] 187246 191742 — — —

Hornblende   "      " [2] 193047 — — — —
B1

Schist —   "      " [20] — 218460 — — —
Hornblende   "      " [2] 204751 202342 — — —
Biotite   "      " [2] 195845 — — — —

Sandstone Zircon Mali [26] — — 21258 — 209811
The same The same [26] — — 214011 — —
  "      " Guinea [26] — — 215315 — —
  "      " The same [26] — — 206712 — —

B2
Metaandesite — Ghana [16] — — — 216666 —
Metabasalt — The same [9] — — — 2220 —
Basalt — Niger [28] — 2050 — — —
Rhyodacite — The same [28] 198599 — — — —

—   "      " [28] 194698 — — — —
Rhyolite Zircon   "      " [28] — — 212911 — —
Metavolcanite — Mali [24] — 20985 — — —
Rhyolite — Cote-d’Ivoire [22] — 209214 — — —
Andesite Zircon Senegal [26] — — 207010 — —

T
Sandstone — Tarkwa [26] — 208125 — — —

— The same [26] — 196849 — — —
Zircon   "      " [16] — — 21046 — —
The same   "      " [16] — — 21298 — —

Conglomerate   "      " Mali [26] — — — — 212538
  "      " Cote-d’Ivoire [10] — 209612 — — —

1
Granite — Ghana [2, 8] — 249515 — 2336203 —

— The same [2] — 24875 — 2240 —
—   "      " [33] — 221672 — —
—   "      " [8] — 212765 — 2170 —
—   "      " [2] — 207329 — — —

Biotite Cape Coast [2] 189715 197428 — — —

MYKHAYLOV V. A., SHCHERBAK D. N.
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the presence of facial transitions, thinning out of volcanogenic rocks away from volcanic
centers and their replacement by volcano-sedimentary and sedimentary deposits. It is
important to note the availability of flysch horizons, the presence of black schist and
chert rocks. The latter is also composed of olistolites and olistoplates in the Birimian
olistostrome.

The Birimian is rather widely characterized by geochronological dates within the
interval 2.2–1.9 Ga (Table 1). The age of the lower (B1) and the upper (B2) series is
practically identical.

Volcano-sedimentary and volcanogenic formations of the Birimian are overlapped
by sandstones and conglomerates of the Tarkwaian series (T) with angular and structural
discordance [19]. But some researchers have noted that "the deformation features of
Birimian rocks were not observed to be substantially different from those observed in
Tarkwaian rocks" [9]. This demonstrates the structural conformity of both units [8]. The
Tarkwaian gold deposits are of the Paleoplacer type (like Witwatersrand deposit), however,
we can expect the presence in the Tarkwaian deposits of not only Paleoplacer type
gold mineralization, but also hydrothermal mineralization. The latter, in particular, was
described in the study of the Damang gold deposit. Geochronological dates for the
Tarkwaian are similar to those of the Birimian — 2.1–1.9 Ga.

End of Table 1.

Rock Mineral Location Refe- Method, date, Ma
rence 40K/40Ar Rb/Sr 207Pb/206Pb Sm/Nb 238U/204Pb

Biotite Cape Coast [2] 194247 196186 — — —
 The same  The same [2] 198945 197864 — — —

Tonalite — Cote-d’Ivoire [29] 189745 189848 — — 2100
2

Granite — Ghana [16] — 1821 212138 — 21782
— The same [9] — 226398 — 2280 21792

Biotite   "      " [35] — 196540 — — —
Granodiorite The same   "      " [21] — 186070 — — —
Granite   "      "   "      " [2] 194445 199643 — — —
Diorite   "      "   "      " [2] 196440 197370 — — —
Granodiorite   "      "   "      " [30] — 192570 — — —
Diorite Hornblende   "      " [35] 1930 — — — —

Zircon Niger (Sirba) [28] — — 21549 — —
Granodiorite The same The same [28] — — 21266 — —
Microdiorite   "      "   "      " [28] — — 211212 — —
Granodiorite Biotite   "      " [28] 211067 — — — —
Granite —   "      " [28] — 2137126 — — —

—   "      " [28] — 200060 — — —
3

Granite Bongo — Ghana [33] — 196842 — — —
— The same [8] — 208125 — — —

Granite Boku Feldspar   "      " [35] 2070 — — — —
Muscovite   "      " [35] 2105 — — — —

Granite Sefwi —   "      " [9] — 212222 218137 2190 —
Pegmatite Biotite   "      " [35] 1949 — — — —

Feldspar   "      " [35] 1970 — — — —
Biotite   "      " [35] 1723 — — — —

Granodiorite The same   "      " [35] 1703 — — — —
Pegmatite Feldspar   "      " [2] 185120 — — — —
Gabbro dykes —   "      " [21] — 196849 — — —
Granite Biotite Niger [34] — 1860110 — — —
Pegmatite Lepidolite The same [34] — 192060 — — —
Monzonite Zircon Guinea [26] — — 207315 — —
Rhyolite — Cot-d’Ivoire [6] — 2092 — — —

N o t e. Conventional signs: A — the Archaean rocks; G — granitic-gneiss complexes; B1 — the lower series of the
Birimian; B2 — the upper series of the Birimian; T — the Tarkwaian series. Granitoid intrusions of Eburnean stage may
be divided into three types:1 — large batholiths of granites, adamellites and granodiorites of the Cape-Coast complex,
localized preferentially in sedimentary paleobasins, which separate volcanic belts; 2 — stocks, sills, plate intrusives of
granodiorites and quartz diorites of the Dixcove complex, usually associating with volcanic belts; 3 — stocks and dome
intrusives of alkaline and subalkaline granites and monzogranites and syenites of the Bongo complex.

COMPARATIVE CHARACTERIZATION OF THE PRECAMBRIAN
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The Tarkwaian is believed to cover the granitoids of the Cape Coast and Dixcove
complexes intruding the Birimian, which is in turn intruded by Bongo granitoids [19, 21,
23, 27]. The analysis of geochronological dates (Table 1) and the histograms of their
distribution show the situation to be actually more complicated. All the Eburnean
granitoids (excluding Tena granites, aged 2.5–2.6 Ga) are derived from one tectono-
magmatic cycle (TMC), of duration 300 Ma (2.1–1.8 Ga), with separate flashes of
magmatic activity. Therefore, intrusive complexes are really facial varieties, differentiated
not so much by time, but by the structural conditions during their formation.

Mobile Panafrican belts which surround the WA craton are represented by
Mauritanides and Rokelides in the NW, Nigerides in the NE, and Dagomeides in the E.
All of them are related to Early Paleozoic (partly to Late Proterozoic) and are overlapped
by a thick series of Paleozoic sedimentary rocks (Voltain, Togo, Taodeni and others).

In the West Africa the following main types of gold deposits can be identified [14,
18, 23, 27]:

1. Lode deposits with gold-bearing arsenopyrite: Ashanti, Prestea, Konongo and
Bibiani (Ghana), localized in shear zones, often at the contact of the volcanic and
sedimentary Birimian rocks. There are no geochronological dates of these deposits,
however, the age of mineralization can not be older than 2.0 Ga, since their formation
took place after the deformations of the third phase of the Eburnean cycle, which
affected the Tarkwaian sediments [26]. This is indirectly confirmed by geochrono-
logical dates of postore pegmatites, which intrude into volcanic and sedimentary
rocks (including the Tarkwaian) in the Ashanti volcanic belt (according to K/Ar
data method): 1851 ± 120  [32] and 1649 ± 120 Ma [17].

2. Turmalinized auriferous Birimian turbidites: Loulo (Mali). Probably, the
mineralization is connected with submarine hydrothermal systems and represented by
early-disseminated sulfide mineralization and late mineralization of a stockwork type
[26, 27]. The age of the hydrothermal systems is determined from fragmented zircons
and varies in the interval 2098 ± 11 Ma and 2072 ± 9 Ma [27] (Table 2).

3. Disseminated sulfide mineralization in the volcanic and plutonic Birimian rocks:
Yaore (Cote-d’Ivoir), Syama (Mali) and Ntotronso (Ghana).

4. Disseminated gold mineralization in the Birimian black schist formation: Samira
(Niger).

5. Mesothermal quartz veins with gold and polymetallic sulfides: Kalana (Mali),
Poura and Taparko (Burkina Faso), Sabodala (Senegal), Banora (Guinea), Hire (Cote-
d’Ivoir) and others. The age of mineralization at Poura (according to the lead isotope
ratio in galena) is equal to 2001 ± 17 Ma [25, 26]. Postore dykes and stocks of diorites
and granodiorites at Kalana mine dated by K/Ar method are 1865 ± 31 Ma [26].
According to 238U/204Pb ratio, the age of mineralization of the Hire mine is 2001 ±
± 17 Ma [27].

6. Ore bodies in laterite: Ity (Cote-d’Ivoir). Basic volcanic rocks, amphibolites,
sedimentary rocks (carbonaceous and skarn facies) are covered by laterite and probably
are of the Archaean age [13].

7. Paleoplacer gold deposits related to the Tarkwaian series: Tarkwa, etc. (Ghana).
The age of this series according to Rb/Sr dating is 2081 ± 25 ... 1968 ± 49 Ma [26], and
according to 207Pb/206Pb dating is 2129 ± 8 ... 2104 ± 6 Ma [16]. They therefore lie in
the interval 2129–1968 Ma. It is interesting to note that side by side with paleoplacer
gold deposits lode deposits occur localized in the Tarkwaian series (Damang gold
deposit), similar to the lode deposits developed in the Birimian.

In addition to auriferous deposits in the West Africa, there are mines of other
types, for example, Perkoa deposit (Burkina Faso) which is represented by massive

Mineral Rock Location Reference Method, date, Ma

40K/40Ar 207Pb/206Pb 238U/204Pb

Galena — Perkoa [25] — 212041 —
Sulfides — Loulo [27] 20729 — —

— The same [27] 209811 — —
— Hire [27] — — 200117

Galena — Poura [25] — 200117 —
   — Postore dykes Kalana [26] 186531 — —

Table 2. Mineralization age of the WA craton
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silver-zinc ores localized in the metamorphosed tholeiite series of the Birimian age,
intruded by granodiorites. According to 207Pb/206Pb ratio of galena, their age is 2120 ±
41 Ma [25]. However, there are data about more protracted, polystaged ore formation:
"The  (238U/204Pb) and W (232Th/204Pb) ratios, characterize the deposit’s lead evolution
from 3.7 Ga to 2.12 Ga" [27, P. 319].

It can be deduced from Table 1, 2 that the age of the Tarkwaian practically coincides
with the age of the Birimian and corresponds to the age of such deposits, as Loulo,
Perkoa, and Poura. It was shown above that the gold mineralization of the Ashanti mine
is younger than that of the Tarkwaian sediments. Therefore, a problem arises in
determining of the source and primary age of the gold mineralization, re-deposited  in
the Tarkwaian.

So, in the West Africa the following important geological events can be identified:
Cratonization stage: the Leonian cycle — 3.2–2.9 Ga; the Liberian cycle — 2.9–

2.6 Ga.
The Preeburnean stage: intrusion of Tena-granites — 2.5–2.2 Ga.
The Eburnean stage: accumulation of sedimentary, volcano-sedimentary, and volcanic

Birimian rocks — 2.2–1.9 Ga; accumulation of the Tarkwaian series — 2.1–1.9 Ga;
intrusion of Cap-Coast, Dixcove, and Bongo granites — 2.1–1.8 Ga; rejuvenation of
Preeburnean granite-metamorphic complexes — 2.1–1.8 Ga.

Mineralization: formation of massive sulfide ores of Perkoa deposit, stratiform mineralization
in turmalinized turbidities of Loulo deposit — 2120 ± 41 ... 2072 ± 9 Ma; accumulation of
gold-bearing Tarkwaian conglomerates — 2129 ± 8 ... 1968 ± 49 Ma; formation of lode
deposits (Obuasi, Prestea, Konongo, Bibiani) and mesothermal quartz veins with gold
and polymetallic sulfides (Kalana, Poura, Taparko, Hire, etc.) — 2001 ± 17 Ma; intrusion
of postore pegmatite, granodiorite, diorite dykes — 1851 ± 20 ... 1865 ± 31 Ma.

The Early Proterozoic age of the Tarkwaian deposits is similar to the age of such
Paleoplacer gold deposits as Jacobina and Moeda (Brazil) (2.4–1.9 Ga); Nullagine
(Australia) (2.6–2.0); Wyoming in the USA (2.7–2.1); Sakami, Huronian series and
Hurwitz (Canada) (2.5–1.8 Ga). At the same time, it can be seen that the age of
similar types of deposits in South Africa (Pongola, Dominion, Witwatersrand) (2.9–
2.5) and India (Bababudan) (3.2–3.0 Ga) is older and corresponds to the Middle-
Late Archaean.

The majority of lode gold deposits is of the Archaean age: Kadoma, Phoenix, Kwekwe,
Dalny, Lima, Blanket, Vubachikwe (Zimbabwe); Golden Mile, Kalgoorli, Sons of Gwalia,
Leonora, Mararoa-Crown, Norseman, Mt. Charlotte (Australia); Hollinger, Timmins, Kerr
Addison, Larder Lake, Sigma, Val d’Or (Canada); Kolar (India), and others [11, 14].
After R. P. Foster et al. [14], the peak of the Archaean gold mineralization is 2.65 ± 0.5 Ga.
This information allows us to suppose the presence of auriferous deposits of the Archaean
age (unknown to date) in the WA craton, so far not detected.

It is therefore possible that major metallogenic events are also connected with this
period. The Proterozoic Eburnean metallogenic cycle in West Africa is supposed to have
lasted over the period about 150 Ma from 2120 ± 41 (Perkoa deposit) to 2001 ± 17 Ma
(Poura deposit) and has analogous cycles in some other Precambrian cratons: the
Ubendian cycle of the Tanzanian Shield (Mpanda, Lupa gold deposits), and the Angola-
Kasai craton (Cunene-Quibala and Lufico-Cabinda Earlier Proterozoic mobile belts);
the Transamazonian cycle of the Guiana Shield (2.3–1.9 Ga) represented by a series
of greenstone belts favorable for veined gold mineralization (El-Kalao — Venezuela;
Omai,   Sent-Pierre, Dorlin — Guiana, etc.); they are covered by Roraima series (1.7–
1.6 Ga) with gold-bearing strata (like Tarkwaian in the West Africa); a number of the
Early Proterozoic greenstone belts in North Wisconsin and Manitoba of the Canadian
shield, and others.

There are six metallogenic epochs with special host rocks and ore formations in
the Precambrian of the Ukrainian Shield [15]. Only single iron ore occurences are
connected with the Early Archaean epoch (3.8–3.4 Ga). In the WA craton the rocks of
the same age were not detected. The Middle Archaean epoch (3.4–3.1 Ga) developed
locally both in the Ukrainian Shield and in the WA craton. The Late Archaean epoch
(3.1–2.6 Ga) which corresponds to the Konsko-Verkhovtsivsky TMC is widely
represented by gold and iron deposits. In the West Africa the Late Archaean epoch
corresponds to the forming of greenstone belts of the Leonian (3.2–2.9 Ga) and the
Liberian (2.9–2.6 Ga) cycles. The Early Proterozoic epoch (2.6–2.1 Ga) which
corresponds to the Kryvorizky TMC also developed locally, but major iron deposits of
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Ukrainian (Kryvbas) formed at this time. In the West Africa this epoch corresponds to
the Preeburnean stage, when the Tena granite intruded. So, when in the Ukrainian
Shield the sedimentary formation, including BIF, had been forming, contemporaneously
in the West Africa granite magmatism was developing. Therefore, in the West Africa big
iron deposits are absent. In the Middle Proterozoic epoch which corresponds to the
Kirovogradtsky TMC (2.1–1.8 Ga) numerous deposits of U, Au, Fe, Ni, Cr, etc. generated.
At this time in the West Africa greenstone belts and granitic intrusions were forming
(2.2–1.8 Ga). For the West Africa, as much as for the Ukrainian Shield, it is the main
metallogenic period, when the majority deposits of gold and others metals was forming. In
the Late Proterozoic epoch (1.8–1.6 Ga) Korostensky and Korsun-Novomyrhorodtsky
plutons with deposits of titan and gemstones and rare metal deposite were forming. At
the end of this epoch the accumulation of supracrustal volcano-sedimentary deposits
of Ovrutsky series began. In the West Africa at this time the processes of erosion
prevailed.

Three Precambrian metallogenic epochs of the Ukrainian Shield are the most
favorable for the gold mineralization [15]: the Late Archaean (mineralization is
connected with greenstone belts); the Early-Middle Proterozoic (mobile belts with
basic igneous rocks in subduction zones, granitic magmatism of areas of tectono-magmatic
activization, orogenous and collision zones, volcano-plutonic belts); the Late Proterozoic
(areas and linear zones of activization of the older structures). Archaean greenstone
belts of the Ukrainian Shield are similar to analogous structures of other Precambrian
shields and cratons (such as Canadian, West-Australian, Kaapvaal etc.), in particular, of
the West Africa. Probably, the age of formation of Early-Middle Proterozoic of the
Ukrainian Shield is analogous to that of the Eburnean metallogenic cycle of the West
Africa. There are some basic igneous and volcanic rocks in the Early-Middle Proterozoic
of the Ukrainian Shield (Kryvorizka and Ingulo-Inguletska series). Therefore, we can
suppose the presence of fragments of Early-Middle Proterozoic greenstone belts in
these areas (Kirovogradska, West-Inguletska, Kryvorizko-Kremenchutska structures with
Mayske, Yuryevske, Klintzovske and other gold deposits). Therefore, it attests to a global
importance and practical significance of the Early-Middle Proterozoic tectono-
metallogenic cycle in terms of gold mineralization.
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ÐÅÇÞÌÅ. Íàéâàæëèâ³ø³ ïîä³¿ â ãåîëîã³÷í³é ³ñòîð³¿ Çàõ³äíî¿ Àôðèêè ó äîêåìáð³¿ ïîâ’ÿçàí³ ç àðõåéñüêèì äîå-
áóðíåéñüêèì åòàïîì, ÿêèé âêëþ÷àº ëåîí³éñüêèé (3,2–2,9) òà ë³áåð³éñüêèé (2,9–2,6) öèêëè, ³ ðàííüîïðîòåðî-
çîéñüêèì åáóðíåéñüêèì åòàïîì (2,2–1,8 ìëðä ðîê³â). Ïðîâ³äíó ðîëü ó ãåîëîã³÷í³é áóäîâ³ ³ ìåòàëîãåí³¿ öüîãî
ðåã³îíó â³ä³ãðàþòü Á³ð³ì³éñüê³ ìåòàâóëêàí³÷í³ òà ìåòàîñàäîâ³ â³äêëàäè, ÿê³ ñêëàäàþòü çåëåíîêàì’ÿí³ ïîÿñè.
Ãîëîâí³ ìåòàëîãåí³÷í³ ïîä³¿ òàêîæ ïîâ’ÿçàí³ ç öèì åòàïîì. Åáóðíåéñüêèé ìåòàëîãåí³÷íèé ïåð³îä â Çàõ³äí³é
Àôðèö³ òðèâàâ áëèçüêî 150 ìëí ðîê³â â³ä 2120 ± 41 (ðîäîâèùå Perkoa) äî 2001 ± 17 (ðîäîâèùå Poura). Â³í
ìàº â³êîâ³ àíàëîãè â ³íøèõ äîêåìáð³éñüêèõ êðàòîíàõ, ó òîìó ÷èñë³ ³ â äîêåìáð³¿ Óêðà¿íñüêîãî ùèòà. Öå çàñâ³-
ä÷óº ãëîáàëüíèé õàðàêòåð òà âàæëèâå ïðàêòè÷íå çíà÷åííÿ ðàííüîïðîòåðîçîéñüêîãî òåêòîíî-ìåòàëîãåí³÷íîãî
åòàïó äëÿ çîëîòî¿ òà ³íøî¿ ì³íåðàë³çàö³¿.

ÐÅÇÞÌÅ. Âàæíåéøèå ñîáûòèÿ â ãåîëîãè÷åñêîé èñòîðèè Çàïàäíîé Àôðèêè â äîêåìáðèè ñâÿçàíû ñ àðõåéñ-
êèì äîýáóðíåéñêèì ýòàïîì, âêëþ÷àþùèì ëåîíèéñêèé (3,2–2,9) è ëèáåðèéñêèé (2,9–2,6) öèêëû, è ðàííåï-
ðîòåðîçîéñêèì ýáóðíåéñêèì ýòàïîì (2,2–1,8 ìëðä ëåò). Âåäóùóþ ðîëü â ñòðîåíèè è ìåòàëëîãåíèè ýòîãî
ðåãèîíà èãðàþò Áèðèìèéñêèå ìåòàâóëêàíè÷åñêèå è ìåòàîñàäî÷íûå îòëîæåíèÿ, ôîðìèðóþùèå çåëåíîêàìåí-
íûå ïîÿñà. Ãëàâíûå ìåòàëëîãåíè÷åñêèå ñîáûòèÿ òàêæå ñâÿçàíû ñ ýòèì ýòàïîì. Ïðîòÿæåííîñòü ýáóðíåéñêîãî
ìåòàëëîãåíè÷åñêîãî ïåðèîäà â Çàïàäíîé Àôðèêå ñîñòàâëÿåò îêîëî 150 ìëí ëåò îò 2120 ± 41 (ìåñòîðîæäåíèå
Perkoa) äî 2001 ± 17 (ìåñòîðîæäåíèå Poura). Îí èìååò âîçðàñòíûå àíàëîãè è â äðóãèõ äîêåìáðèéñêèõ êðàòî-
íàõ, â òîì ÷èñëå è â äîêåìáðèè Óêðàèíñêîãî ùèòà, ÷òî äîêàçûâàåò ãëîáàëüíûé õàðàêòåð è âàæíîå ïðàêòè÷åñ-
êîå çíà÷åíèå ðàííåïðîòåðîçîéñêîãî òåêòîíî-ìåòàëëîãåíè÷åñêîãî ýòàïà äëÿ çîëîòîé è èíîé ìèíåðàëèçàöèè.

COMPARATIVE CHARACTERIZATION OF THE PRECAMBRIAN



ISSN 0204-3548. Mineral.  Journ. (Ukraine). — 2000. — 22,  ¹ 5/618

UDÊ 553.441.071
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Metallogenic Epochs in the Precambrian of Ukraine

Precambrian history of Ukraine may be divided into six metallogenic epochs — from Early Archean to Late Proterozoic.
Each of these epochs is characterized by a number of specific types of ore mineralization, and it is the Late Archean,
Early-, Middle- and Late Proterozoic that are the most industrially important.

The periodization of ore formation processes in geologic history is one of key problems,
in particular for analysis of all types (both metallic and non-metallic) of economic
mineral deposits. This problem have been considered in many papers [1, 4, 12, 11, 9, 2],
since reliably distinguished stratigraphic subdivisions and distinct established
geochronological boundaries are of great value for ore controlling.

The problem of distinguishing the Kaledonian, the Hercinian, the Kimmerian and
the Alpine metallogenic epochs in the Phanerozoic is resolved by many explorers in
such a way: they accept epoch boundaries at 560–400, 400–250, 250–100, 100–0 Ma,
respectively. But till now, there is no universal agreement among the explorers on the
age subdivision in ore formation or metallogenic processes in Precambrian.

Recently a method of complex investigation of the Precambrian, which includes
the interconnected solution of problems of geology, tectonics, mineralogy, stratigraphy,
geochronology and ore formation, has been put into practice. However it is stratigraphy
and metallogeny that are the most acute. Close relations between these scientific directions
may be explained by the fact that the expansion areas of Precambrian formations of
different age commonly have good prospects for concrete types of mineral resources.
For example, rare metal and uranium mineralization is genetically confined to
Proterozoic formations, but precious-metal ores are confined to Early Archean granite-
greenstone associations.

Isotopic dating allows to establish at least relative ages (sometimes absolute) of
all geological events, including magmatic, metamorphic, and metasomatic, occured within
the exact area. The ore formation processes are commonly related to one of the geological
events established. Now it is possible to establish age relations between endogenic
events in the Precambrian of Ukraine. To solve this problem metallogenic age subdivisions
(epochs, stages) have been suggested [5, 6].

Metallogenic epoch should be understood as a period of geologic time within
which the association of key ore formations forms. Geollogically this interval may
correspond to a particular tecto-magmatic or tecto-metamorphic cycle, the beginning
of which is marked by rifting with intensive sedimentation and basic igneous activity.
Granite intrusion and regional metamorphic events indicate the final stages of the
cycle with collision environment [7, 10]. Moreover, in the Precambrian ore formation is
mostly contemporaneous with the formation of rocks in which economic ore
manifestations and deposits occur in contrast to the Phanerozoic era where ore and
rock formation processes are commonly separated in time.

Each metallogenic epoch can be subdivided at least into two metallogenic stages.
Metallogenic stage reflects the character of ore specialization at the beginning and at
the end of the epoch, and its age corresponds to the age of the most typical deposit of
the epoch.

Among all the Precambrian cratons of the Eurasian region (the Baltic, the Ukrainian.
the Aldanian Shields, the Karnataka craton and the Chinese platform), the Ukrainian
Shield is the most investigated in terms of geochronology and stratigraphy. However,
the Ukrainian Shield is less investigated in terms of metallogeny than that the Australian
platform and the Canadian Shield. Reliably established metallogenic epochs, and stages
in them, with comparative study of global ore forming events and the most typical
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deposits in the world, can contribute to forecasting and searching for new possible ore
sources in Ukraine.

In terms of its structure, the Ukrainian Shield may be divided into six large regions
(megablocks) [3, 8]: the Northwestern, the Dniester-Bug, the Ros-Tikich, the Ingulo-
Ingulets, the Middle Dnieper and the Near Azov (Figure). All the megablocks have a
high potential for economic ore. The exception is the Ros-Tikich block where no
considerable ore manifestations but iron have been found till now. That is probably due
to insufficient geologic investigations carried out, especially in depth.

Based on the above stated, the Precambrian history of the Ukrainian Shield can be
divided into six major metallogenic epochs, each of which is characterized by specific
complex of key ore formations (Table).

Early Archean epoch (3.8–3.4 Ga). The lower boundary of the epoch is interpreted
as the age of the most ancient ferruginous quartzites of Isua, western Greenland. The

Generalized map of Ukrainian Shield. Regions (megablocks): I — Northwestern, II — Dniester-Bug, III — Ros-Tikich,
IV — Ingulo-Ingulets, V — Middle Dnieper, VI — Near Azov. Formations: 1 — volcanic-sedimentary sequences of the
Ovruch group; 2 — granites and metasomatites of the Sushchano-Pergan zone; 3 — rapakivi granites of the Korosten
complex; 4 — gabbro-anorthosites of the Korosten complex; 5 — alkaly rocks of the Priazov complex; 6 — granodiorites
and granites of the Osnitsk complex; 7 — gneisses of the Teterev group; 8 — granites of the Kirovograd-Zhitomir
complex; 9 — crystalloschists, gneisses and charnokites of the Bug and Dniester-Bug groups; 10 — enderbites; 11 —
granites of Berdichev complex; 12 — gneisses and amphibolites of the Ros-Tikitch group; 13 — gneisses and amphibolites
of Ingulo-Ingulets group; 14 — polymetamorphic rocks of the West and Central Priazov groups; 15 — migmatites and
plagiogranites of the Dnepropetrovsk complex with relics of amphibolites and gneisses of the Aul group; 16 — granite-
greenstone terrains; 17 — outline borders of regions (megablocks)

Ore formation Age, Ga Key ore formations

epoch Global Ukrainian Shield

Late Proterozoic 1.8–1.6 Rare-metal Rare-metal, titanium

Middle Proterozoic 2.1–1.8 Iron-ore, mangane,
uranium

Uranium, gold, iron-
ore

Early Proterozoic 2.6–2.1 Titanium-magnetite,
chromite

Chromite

Late Archean 3.1–2.6 Gold, iron-ore Gold

Middle Archean 3.4–3.1 Nickel Gold, iron-ore

Early Archean 4.2–3.4 Iron-ore Iron-ore

Metallogenic epochs of the world and Ukraine
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upper boundary indicates the age of global metamorphic events and basic volcanite
formation of the most ancient greenstone terrains of Australia and South Africa.

Early Archean epoch is not favourable for the formation of large-scale deposits
but among widely known there are the most ancient iron deposits in ferruginous quartzites
of Isua, Greenland (3.76 Ga), some chromite deposits in anorthosites of Greenland,
Scotland, Southern Africa, India (about 3.5 Ga),  and some others.

In the Ukrainian Shield the Aul group of the Middle Dnieper megablock and
the Novopavlovka complex of the Near Azov region formed during the epoch.
The Aul  group is composed of amphibol i tes, di f ferent gneisses and basic
crystalloschists, occurring as xenolites in plagiogranite matrix of the Dnepropetrovsk
granite complex. The primary age of the group has not been established due to the
intensive alteration by metamorphism and granitization. No ore manifestations of
economic importance have been found here. In the Near Azov region formations
of the Early Archean epoch (3.65–3.4 Ga) are represented by biotite and garnet-
biotite gneisses, amphibolites, piroxenites and migmatites that are widely distributed
all over the megablock. Some iron-ore manifestations of the early Novopavlovka
metallogenic stage with ferruginous quartzite bodies measuring not more than 10–
15 m have been found. The second, the Kosivtsevo stage, resulted in the formation
of some small iron-ore deposits associated with the Kosivtsevo greenstone terrain
localized in the west of the Near Azov megablock.

Middle Archean epoch (3.4–3.1 Ga). Age boundaries of the epoch may
correspond to the upper and lower age limits of the most ancient granite-greenstone
terrains in Australia and South Africa. Cu-Ni sulfide deposits which associated with
basalts occuring in depth and rare-metal pegmatites in granitoids are typical of this
epoch. In the Ukrainian Shield, formations of Middle Archean epoch locally spread
within the Dniester-Bug, the Middle Dnieper and Near Azov megablocks.

Metasedimentary sequences of the Konka suite of the Konka-Verkhovtsevo granite-
greenstone terrain typical of Middle Dnieper megablock, formed from 3.15 to 3.0 Ga.
All the economic deposits of the epochs formed during the Konka metallogenic stage
dated at 3.15 Ga and represented by iron-ore beds formations associated with granite-
greenstone terrains. The Chertomlyk iron-ore deposit is the largest among them with
ore bodies measuring about 300 m and ore resources up to 1000 mln t. Besides, it was
recently established that the accumulation of economic gold confined to greenstone
terrains started during the Early Archean epoch. Gold disseminated in sulfides of recently
discovered the Balka Shyroky deposit in typical granite-greenstone terrains with
associated iron-ore banded formations may attest to that.

Late Archean epoch (3.1–2.6 Ga). The formations of the epoch spread in the
Ukrainian Shield and India. Banded iron-ore and gold of granite-greenstone terrains
are typical deposits for this epoch. Formations of the Late Archean epoch occur in all
the megablocks of the Ukrainian Shield.

In the Middle Dnieper megablock, the Chertomlyk, granite-greenstone associations
of gold-polymetallic mineralization type have been found, with metavolcanites of the
Belozerskoye suite dated at 3.0 Ga and essentially potassic granite of Tokovo complex
at 2.7 Ga.

In the Dniester-Bug region the formations of the Late Archean epoch are
represented by different polymetamorphic gneisses and crystalloschists of the Dniester-
Bug group, with minor enderbites and charnokites of the Gaivoron complex and
subordinate basic-ultrabasic formations. A lot of ore manifestations and chromite deposits
(among which  the Kapitanovka is the largest) with high Ni, Co and V content are
associated with layered basic-ultrabasic massifs, as well as rare-metals do with pegmatites
of essentially potassic granitoids.

The Early Proterozoic epoch (2.6–2.1 Ga). The upper boundary of the epoch
corresponds to the beginning of the essentially potassic granite plutons formation all
over the world. Deposits of chromite (Southern Africa), titanium-magnetite (Finland)
and pyritic (Northern America) associated with gabbronorites, peridotites and rare-
metal pegmatites associated with potassic granitoids are typical of this epoch.

In Ukraine sedimentation processes dominated over the igneous activity and
intrusive events in the course of the whole Early Proterozoic epoch. At the final stage of
the epoch regional metamorphism resulted in the formation of different gneisses,
crystalloschists and migmatites with characteristic deposits of metamorphic origin
(graphite, banded iron-ore and others).
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In the Middle Dnieper block the Early Proterozoic epoch 2.6 (2.3)–2.1 Ga, resulted
in the formation of the linear Kryvoy Rog-Kremenchug trough structure, with
accumulation of voluminous banded iron-ore formations of the Saksagan group. The
iron-ore banded formations formed at the early Kryvoy Rog metallogenic stage locally
spread within the Ukrainian Shield, but all the major iron ore deposits of Ukraine have
been formed at this stage. Within the linear trough a lot of uranium and gold
manifestations have been found in conglomerates of Skelevatka suite.

In the Dniester-Bug region formations of the Early Proterozoic (2.5–2.3 Ga)
epoch are represented by garnet-biotite, garnet-sillimanite and graphitic gneisses, as
well as calciphyres, ferruginous quartzites and crystalloschists. But it is only gneisses of
the Khashchevato-Zavalye syncline structure that include graphitic ores of economic
importance. Graphite ore bodies of the Zavalye deposit are spacially confined to the
kaoline crust of the eroded graphitic gneisses.

In the Northwestern region formations of the Early Proterozoic epoch are
represented by gneisses and amphibolites of the Teterev group and volcanic sequences
of the Novograd-Volynsk complex with no economic ore manifestation occured, with
only Burtyn manifestation of graphitic gneisses that may be given as an exception.

The Middle Proterozoic epoch (2.1–1.8 Ga). Deposits occured at the early and
final stages of mobile belt formation are characteristic of this epoch. Large manganese
deposits of India, pyritic deposits of Australia and Sweden, as well as Cu-Ni sulfide
deposits (Sudbury), rare-metal and uranium metasomatites formed during the epoch.

The formations of the epoch are widely distributed in all the regions of Ukrainian
Shield and represented by various granites, basic rocks and felsic volcanites, as well as
metasomatites.

A lot of deposits of economic importance with sulfide-complex ores (the Verovsk
ore manifestation) and Ni-bearing formations of gabbro and ultrabasic rocks of the
Northwestern region, gold and uranium in potassic aplite-pegmatitic granites and
highthermal metasomatites (Pervomaisk stage) of the Dniester-Bug megablock, gold
deposits of the Klintsy type (Kirovograd vein stage) of the Ingulo-Ingulets megablock
formed. Widely distributed uranium albitites started to form here at the edge of the
Middle and Late Proterozoic epochs.

In the Middle Dnieper megablock, the epoch is represented by different vein
formations of the Kirovograd stage. It is mostly potassic pegmatites and pegmatitic
granites with associated rare-metal mineralization that predates albitization.

Different granites of Kirovograd metallogenic stage are also widely distributed in
the Near Azov megablock, where intensive sodium metasomatism resulted in the thorium
albitites formation (1.936 Ga).

The Late Proterozoic epoch (1.8–1.6 Ga). The epoch is characterized by the
platform environment where large anarthosite-rapakivi granite complexes intruded.
Uranium deposits confined to unconfirmity surfaces (Australia,), stratified Pb-Zn and
Cu-Co deposits (Africa) and rare-metal metasomatites of activation zones (Ukraine)
formed.

In the Ukrainian Shield the Late Proterozoic epoch is manifested by two large-
scale geological events which resulted in the formation of numerous manifestations
and ore deposits. The intensive sodium metasomatism led up to the formation of uranium
albitites which exactly predate the emplacement of the Korosten and Korsun-
Novomyrgorod anorthosite-rapakivi granite plutons. Uranium albitites form a lot of
deposits in the Ingulo-Ingulets megablock and Kryvoy Rog linear zone, located to the
west of the Middle Dnieper megablocks. Albitites replaced granites, different gneisses
and schists. In case of ferrous quartzites such a rock as  egirinite was formed.

In the Northwestern megablock numerous albitites have also formed, but here no
considerable ore manifestations have been found. Numerous deposits of titanium associate
with anorthosites of the Korosten and Korsun-Novomyrgorod plutons. Intensive erosion
with subsequent redeposition of anorthosites resulted in the formation of economic
titanium placers that now represent of the main industrial type of titanium deposits in
Ukraine. Besides, within the Northwestern megablock a number of economic gold
manifestations of sedimentary origin have been found in quartzite porphyry of the
Vilcha suite.

In conclusion, we can say that the Precambrian history of Ukraine can be divided
into six metallogenic epochs: from Early Archean to Late Proterozoic. Each of the
epochs is characterized by a number of specific types of ore mineralization, and it is
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the Late Archean, Early-, Middle- and Late Proterozoic epochs that are the most
industrially important among them.

The deposits of gold, chromium, iron and economic manifestations of nickel,
molybdenium, as well as high concentrations of platinum and copper, are confined to
the Late Archean epoch. The Early Proterozoic epoch resulted in the formation of
large deposits of iron (Kryvoy Rog), molybdenium (Malobratalovsk), graphite (Zavalye),
economic ore manifestations of uranium (Skelevatka suite), and industrially high
concentrations of germanium in banded iron-ore formations.

Formations of the Middle Proterozoic metallogenic epoch are widely distributed
in the Ukrainian Shield. The uranium deposits of two metallogenic stages (early and late),
gold deposits of Klintsy and Savran types, and a lot of nickel, molybdenium, vanadium, scandium,
thorium, lead, fluorine manifestations formed during the epoch.

The Late Proterozoic epoch which completes Precambrian history of the Ukrainian
Shield resulted in the formation of berilium, titanium, precious stones deposits, and it is
possible to found deposits of nickel, copper, niobium, tantalum, zircon, gold, phosphorus, fluorine,
graphite.

1. Bilibina T. V., Kratz K. O., Laverov N. P. et al. Precambrian metallogeny and metallogenic epochs // Problems of the
Precambrian metallogeny. — Leningrad: Nauka Press, 1978. — P. 3–30 (in Russian).

2. Folinsbee R. E. Variations in the distribution of mineral deposits with time // Mineral deposits and the evolution of
the biosphere. — 1980. — P. 221–236.

3. Plumb K. A., Games H. L. Subdivision of the Precambrian time: recommendations and suggestions by the subcomission
on Precambrian stratigraphy // Precambr. Res. — 1986. — 32. — Ð. 65–92.

4. Rundkvist D. V., Kuznetsov V. A., Markov K. A. et al. Metallogeny of the USSR // The 27th Intern. Geol. Cong.
Geology of the Soviet Union. — Ìoscow: Nauka Press, 1984. — V. 1. — P. 115–125 (in Russian).

5. Shcherbak D. N. Favorable epochs for gold accumulation in geological history of Ukraine // Mineral. journ.
(Ukraine). — 1998. — 20, N 3. — P. 60-63 (in Russian).

6. Shcherbak D. N.  Epochs  of   rare   metal  ore formation of the Ukrainian  Shield and surrounding folding areas //
Ibid. — 2000. — 22, N 1. — P. 87–89 (in Russian).

7. Shcherbak N. P., Bartnitskiy Ye. N., Bibikova E. V., Levkovskaya N. Yu. Precambrian geochronology of the Ukrainian
Shield // Methods of isotopic geology and geochronological scale. — Ìoscow: Nauka Press, 1986. — P. 8–37 (in
Russian).

8. Shcherbak N. P., Bartnitskiy Ye. N. Reference isotopic dates of geological processes and stratigraphic scheme of the
Precambrian of the Ukrainian Shield // Geochemistry and ore formation. — 1995. — N 21. — P. 3–24.

9. Shcherbak N. P., Shcherbak D. N. Epochs of endogenic ore formation in the Early Precambrian // Geol. journ. —
1993. — N 5. — P. 3–11 (in Russian).

10. Smirnov V. I. Periodicity of ore formation in geological history // The 27th Intern. Geol. Congr. Geology of the
Soviet Union. — V. 12. — Ìoscow: Nauka Press, 1984. — P. 3–10 (in Russian).

11. Terner Ph. S. Metallogenic provinces and epochs // Problems of ore deposits. — Ìoscow: Inostrannaya literatura
Press, 1958. — P. 34–82 (in Russian).

12. Tvalchrelidze G. A. Main stages of ore formation in geological history of the Earth // Isotopic dating of endogenic
ore formations. — Kyiv: GlavKGU Ukrgeology, 1990. — P. 1–3 (in Russian).

Kyiv Nat. Shevchenko University, Kyiv                                                                                                   Received 7.08.2000

ÐÅÇÞÌÅ. Â äîêåìáðèè Óêðàèíñêîãî ùèòà ìîæíî âûäåëèòü øåñòü ìåòàëëîãåíè÷åñêèõ ýïîõ: îò ðàííå-
àðõåéñêîé äî ïîçäíåïðîòåðîçîéñêîé, êàæäàÿ èç êîòîðûõ õàðàêòåðèçóåòñÿ ñâîèì íàáîðîì ðóäíûõ êîì-
ïîíåíòîâ. Â ïðîìûøëåííîì îòíîøåíèè íàèáîëåå ïåðñïåêòèâíûìè ÿâëÿþòñÿ ÷åòûðå ïîñëåäíèå: ïî-
çäíåàðõåéñêàÿ, ðàííå-, ñðåäíå- è ïîçäíåïðîòåðîçîéñêàÿ ýïîõè.

ÐÅÇÞÌÅ. Ó äîêåìáð³¿ Óêðà¿íñüêîãî ùèòà ìîæíà âèä³ëèòè ø³ñòü ìåòàëîãåí³÷íèõ åïîõ: â³ä ðàííüîàð-
õåéñüêî¿ äî ï³çíüîïðîòåðîçîéñüêî¿, êîæíà ç ÿêèõ õàðàêòåðèçóºòüñÿ ñâî¿ì íàáîðîì ðóäíèõ êîìïîíåíò³â.
Â ïðîìèñëîâîìó â³äíîøåíí³ íàéá³ëüø ïåðñïåêòèâíèìè º ÷îòèðè îñòàíí³: ï³çíüîàðõåéñüêà, ðàííüî-,
ñåðåäíüî- òà ï³çíüîïðîòåðîçîéñüêà åïîõè.
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The Oldest Precambrian Formations of Eurasian
Continent

The most ancient Precambrian geological formation of Eurasian continent of age more than 3670 ± 50 Ma are
established in Orekhov-Pavlograd zone of the Ukrainian Shield. According to Sm-Nd isotope data, granulite-gneiss
rock associations of age about 4250–3800 Ma are widely distributed in the West Azov region, and make up the base
of the Azov block of the Ukrainian Shield. By analogy with most ancient block structure of continental core, we can
suppose that infracrustal complex of the Azov block is represented by grey gneisses of the Verchnetokmak suite of the
West Azov series, similar to the most ancient Precambrian complexes of other continents.

At the Ukrainian Shield the oldest geological formations of Eurasian continent were established.
They were also established in West Greenland, North America, South Africa, West Australia and East
Siberia. According to indirect geologic data, sialic continental core on the Earth arised more than
4000 Ma ago. This rocks associations did not remain, but there are xenolites of metasedimentary
rocks with detrital zircon of age up to 4275–4100 Ma in gneisses of Narryer complex of Yilgarn
block (West Australian) [8]. The most ancient infracrustal rocks are grey gneisses of Amitsok complex
in West Greenland (3900–3700) [12], tonalite ortogneisses of Napier complex in Enderby
Land [20], tonalite   and  trondhjemite gneisses of ancient gneiss complex (AGC) of Caapvaale
cratone (3644 ± 2) [6], tonalite gneisses of the Aldanian Shield (3570 ± 50 Ma) [3].

Unlike the regions mentioned, ancient gneisses of Narryer complex of Yilgarn block of age
3678 ± 6 Ma are derivates from monzogranites. Specific magmatic complexes — stratificated gabbro-
anorthozite intrusions, for example, Manfred complex of age 3730 ± 30 Ma on Yilgarn block [23],
basic rocks of alkaline series and pyroxenites associate with ancient sialic rocks [22].

Ancient supracrustal rocks, overlapping infracrustal complex are, for example, Isua series
(3813 ± 20) [21], Iengra series of the Aldanian Shield (> 3460 Ma) [3], and others. At the final phase
of Paleoarchean stage in the lower part of continental core, conditions for granulite facies metamorphism
could form, since its thickness amounted to 45–60 km [21]. Mineral associations of Early Archean
granulite metamorphism laying on ancient grey-gneiss and supracrustal complexes remained in
metamorphic rocks of ancient complexes. Formation of granulite facies rocks Akiliya in West Greenland
is of age about 3600 ± 50 Ma [2, 10], at the Aldanian Shield granulite metamorphism manifested
3460 ± 160 [3], on Yilgarn block 3350 [7], in Napier complex of Enderby Land — 3070 ± 34 Ma
[20]. At the end of Paleoarchean — the tectonothermal regime of the Earth changes roughly, and
early greenstone belts and plagiogneiss complexes form about 3500–3300 Ma ago. Early greenstone
belts at Caapvaale craton (Barberton, Dvalile and others) formed about 3500 Ma ago [11], and
Pilbara block (North Pole and McPhee domains, and others) [13]. The age of early greenstone belts
of the Aldanian Shield is 3507 ± 123 Ma [22]. The beginning of Mesoarchean is marked by mass
greenstone belts formation of age 3200–3000 Ma — at the Middle-Dnieper craton [15], at the
Aldanian Shield (Subgan greenstone complex) [22], in the west part of Yilgarn block (Murchisson
and Sauzern-Cross provinces) [9], and others.

In the Azov block of the Ukrainian Shield Paleoarchean granulite-gneiss complexes are
represented by plicate structures, formed by methamorphic rocks of the West Azov series and by
granitoids of the later Tokmak complex. They are crumpled in narrow (0.5 1.5 km) close to linear,
folds [25]. In addition to the described forms, more wide ellips-like ones in terms of antiform (5.5 
12 km) occur. Nuclear parts of the structure are built by the Verhnetokmak suite (with hypersthen-
containing paragenesises), and adjacent synclines — by gneisses of the Kainculak suite. Maximum of
regional methamorphism coincide with these two deformation stages. Paleoarchean granulite-
gneiss associations of rocks remained in the least eroded peripheral parts of the third order
blocks — the Obitochna, Gaychur  and others. Large strip-like relics of submeridional strike
with width up to 20–40 km are observed also in limits of the Orekhovo-Pavlograd zone,
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Kuksungur-Chernigovka zone and in the west part of Mangush sinclinorium. There are large wrinkled
structures with size up to 2 11 km — Novopavlovka and Tokmak anticlines and Orekhovka,
Vasinovka-Tersyanka and Vasil’kovka synclines in the Orekhovo-Pavlograd zone. Syncline structures
are represented by mixed rocks — biotite and aluminiferous gneisses, itabirites, ore-free quarzites,
schists of basic composition, pyroxenites, and others. The most ancient rocks are divided into the
Novopavlovka and Tokmak suites of the West Azov series. Judging from structure relations, the
Tokmak suite represented mainly by biotites gneisses is more ancient than the Novopavlovka suite, as
it makes up nuclei of anticline folds and the Novopavlovka, where the most ancient dates were
obtained — on their wings [25]. Pitch of the rocks is heavy — to the east and rarely to the west at an
angle of 65–85°. Large bodies of the Novopavlovka complex are observed at depth 7–10 km.
Paleoarchean age of granulite–gneiss rocks is reliably established in the Novopavlovka region of the
Orekhovo-Pavlograd zone only [4, 5, 14–19].

The most ancient rocks of the Novopavlovka complex metamorphosed in granulite facies (T =
866–750 °C, P = 900 MPa). The most typical rocks are schists of basic composition of granulite
facies hornblende-pyroxene-granulite subfacies. Enderbites are represented by melano- and leucocratic
varieties. Metaultrabasites are made up  of olivin-bipyroxene paragenesises. Metapelites in granulite
facies are represented by biotite and garnet-biotite gneisses. Itabirites and bipyroxene magnetite
quartzites are distinguished amongst iron rocks.  Multiple metamorphism of the Novopavlovka
complex rocks occured under conditions of amphibolite facies (T  600 °C, P  700–800 MPa), that
led to diaphthoresis of mineral associations of granulite facies and granitization [24].

Metamorphosed basic effusive rocks of tholeiitic basalts type are predominant in the Novopavlovka
complex. Metabasites with nondifferentiated and weak-differentiated distribution of rare-earth elements
(REE) spectrum are present. Metabasites with small REE contents and unfractionized REE distribution
correspond to tholeiites TH1 [14]. Stratum bodies of gabbroids, hornblendites, ultrabasites and pyroxenites
associate with them. Amongst gabbroids gabbro-norites and amphibolites with relics of gabbroic
structure are established. There are the following varieties among ultrabasites: weakly-metamorphosed
dunites, peridotites, pyroxenites and serpentinites and their metamorphosed varieties. Stratificated
bodies represented by gabbroanortozites and pyroxenites are widely distributed. Tonalite-trondhjemitic
gneisses are the predominant type of rocks. Nature of gneisses is not univocally interpreted. Tonalitic-
trondhjemitic gneisses are close to calc-alkali series, but they are a specific type with low K/Na =
0.1–0.2 ratio  and  lower  content of FeO + MgO (< 3.4) total.   Enderbites and apotonalitic
bipyroxene magmatites are impoverished by hard REE, and have a sharp  positive Eu anomaly.
Judging by petrological data, magmatic rocks of the Novopavlovka region is a typical bimodal series
of rocks [19].

Two zircon generations are discovered in pyroxenites and tonalite gneisses of the Novopavlovka
complex. Early generation remained in the form of nuclei in the later metamorphogenic. These two
varieties of zircon essentially differ in uranium contents, with which early generation is enriched.
Isotopic age was determined on zircon rock shelters by classic methods and isolated grains with an
ionic microzond SHRIMP at Australian University. According to these data, U-Pb age of early-
magmatic zircon which also was confirmed by Sm-Nd method is 3670 ± 50 Ma [4, 5, 14–19]. Sm-
Nd model age of tonalite gneisses TNd(DM) — 3680, enderbites — TNd(DM) = 3650 Ma. Sm-Nd
isochronous age of the Novopavlovka region tonalites — 3600 ± 300 Ma (Nd(T) = +1.4). Sm-Nd
model age of the same region pyroxenites TNd(DM) ) — 4100 ± 200 Ma [4].

Wide expansion of the most ancient formations in the Azov block was confirmed by Sm-
Nd data of isotopic researches into rocks of the West Azov series and in other regions of the
Azov block [1]. Sm-Nd model isotopic age of amphibole-biotite gneisses in the uppers of the
river Konka — TNd(DM) = 4250 Ma, biotite-amphibolite gneisses of the Burtichiya river
TNd(DM) = 3820, biotite gneisses of the river Volchya — TNd(DM) = 3770 Ma [1]. Results of
this researches pointed to long crust history of rocks of the West Azov series, that agree with
geological data.

Conclusions. Paleoarchean age of granulite-gneiss associations rocks is reliably established in
the Novopavlovka region of the Orekhovo-Pavlograd zone. According to U-Pb isotope data,
metamorphic rocks of the Novopavlovka complex formed more than 3670 ± 50 Ma ago. According
to structure-geological and Sm-Nd isotopic data, granulite-gneiss associations of the same age spread
also in the Volchya and Gaychur block of the Azov region. The first greenstone belts generation
formed at the end of Paleoarchean. By analogy with geological structure of the most ancient continental
core blocks, we can suppose that infracrustal complex of the Azov block similar to the most ancient
Precambrian complexes of other continents is represented by grey gneisses of the Verchnetokmak
suite.
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ÐÅÇÞÌÅ. Äðåâíåéøèå äîêåìáðèéñêèå ãåîëîãè÷åñêèå ôîðìàöèè Åâðîàçèàòñêîãî êîíòèíåíòà âîçðàñòîì áî-
ëåå 3670 ± 50 ìëí ëåò óñòàíîâëåíû â Îðåõîâî-Ïàâëîãðàäñêîé çîíå Óêðàèíñêîãî ùèòà. Ñîãëàñíî Sm-Nd
èçîòîïíûì äàííûì, ãðàíóëèòî-ãíåéñîâûå àññîöèàöèè ïîðîä âîçðàñòîì îêîëî 4250–3800 ìëí ëåò øèðîêî
ðàñïðîñòðàíåíû íà òåððèòîðèè Çàïàäíîãî Ïðèàçîâüÿ è ñëàãàþò ôóíäàìåíò Ïðèàçîâñêîãî áëîêà Óêðàèíñêîãî
ùèòà. Ïî àíàëîãèè ñ ãåîëîãè÷åñêèì ñòðîåíèåì äðåâíåéøèõ áëîêîâ êîíòèíåíòàëüíîé êîðû ìîæíî ïðåäïîëî-
æèòü, ÷òî èíôðàêðóñòàëüíûé êîìïëåêñ Ïðèàçîâñêîãî áëîêà, êîòîðûé ñõîäåí ñ äðåâíåéøèìè äîêåìáðèéñêè-
ìè êîìïëåêñàìè äðóãèõ êîíòèíåíòîâ, ïðåäñòàâëåí ñåðûìè ãíåéñàìè âåðõíåòîêìàêñêîé òîëùè çàïàäíîïðèà-
çîâñêîé ñåðèè.

ÐÅÇÞÌÅ. Íàéäàâí³ø³ äîêåìáð³éñüê³ ãåîëîã³÷í³ ôîðìàö³¿ ªâðîàç³àòñüêîãî êîíòèíåíòó â³êîì á³ëüøå çà 3670 ±
50 ìëí ðîê³â âñòàíîâëåíî â Îð³õîâî-Ïàâëîãðàäñüê³é çîí³ Óêðà¿íñüêîãî ùèòà. Çã³äíî ç Sm-Nd ³çîòîïíèìè
äàíèìè, ãðàíóë³òî-ãíåéñîâ³ àñîö³àö³¿ ïîð³ä â³êîì á³ëÿ 4250–3800 ìëí ðîê³â øèðîêî ðîçïîâñþäæåí³ íà òåðè-
òîð³¿ Çàõ³äíîãî Ïðèàçîâ’ÿ òà ñêëàäàþòü ôóíäàìåíò Ïðèàçîâñüêîãî áëîêó Óêðà¿íñüêîãî ùèòà. Çà àíàëîã³ºþ ç
ãåîëîã³÷íîþ áóäîâîþ íàéäàâí³øèõ áëîê³â êîíòèíåíòàëüíî¿ êîðè ìîæíà ïðèïóñòèòè, ùî ³íôðàêðóñòàëüíèé
êîìïëåêñ Ïðèàçîâñüêîãî áëîêó, ÿêèé ïîä³áíèé äî íàéäàâí³øèõ äîêåìáð³éñüêèõ êîìïëåêñ³â ³íøèõ êîíòè-
íåíò³â, ïðåäñòàâëåíèé ñ³ðèìè ãíåéñàìè âåðõíüîòîêìàêñüêî¿ òîâù³ çàõ³äíîïðèàçîâñüêî¿ ñåð³¿.

OLDEST PRECAMBRIAN FORMATIONS
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Exploration of mineral deposits by mobile forms of
chemical elements

Geochemical exploration methods by mobile forms of chemical elements are suggested for exploration of deep-seated
mineral ore deposits at the territories with high anthropogenous loading.

The whole territory of Ukraine is characterized by high technogenic pollution. Traditional
geochemical methods make a slight contribution to  the exploration of deep-seated blind
mineral ore deposits. Their improvement should be directed to the use of new methodological
ways and, first of all, to the use of mobile forms of chemical elements [1–3].

Some scientists consider as mobile forms only those which easily transfer from soils
into aqueous phase. Others relate to mobile forms only the forms which are absorbed by
plants. Under the term "mobile forms of chemical elements" most researchers mean all
forms of chemical elements transferred into water, saline extracts, weak solutions of mineral
and organic acids, alkalies and other solutions.

Under the term "mobile forms of chemical elements" we understand the forms that are
thermodynamically stable in water under certain physico-chemical conditions of environment
and the forms that are easily extracted from minerals, soils and rocks into aqueous solution
and can migrate for long distances. Distribution of mobile forms in natural waters is a base
of hydrogeochemical method of exploration with preliminary thermodynamic analysis, and
that of mobile forms in soils and rocks — of the method of exploration by mobile forms of
chemical elements.

Transportation of mobile forms from mineral ore deposit of primary haloe to the surface
of Earth may take place by capillar lift, diffusion, free filtration and other natural processes.

Approaching the surface they are sorbed and form superimposed saline dispersion. These
geochemical haloes are formed by metals and even by such an active element as fluorine
over blind deep-seated mineral deposits covered with thick series of sedimentary rocks.
There is a difficulty in detecting of anomalies over mineral deposits because the anomalies
of similar type may be also formed over zones of tectonic faults and tectonic activization,
localities of unloading of abyssal underground waters alteration zones of ore body margins,
technogenic pollution and other cases. First of all, anomalies related to mineral ore deposits
are difficult to detect because of small differences in contents of elements in superimposed
haloes in comparison with background ones.

The conditions of their formation and differences are determined by a set of factors: 1)
concentration and forms of presence of indicative element in mineral phase of studied
sample and contact waters; 2) physico-chemical conditions of formation of dispersion halo;
3) special features of kinetics and dynamics of sorption-desorption process and its
thermodynamic direction in natural systems "rock (mineral), soil — water". Superimposed
dispersion halo over mineral deposit is formed due to the distribution of the chemical
elements from ore body and its sorption by surface sediments (soils). The task is to determine
this amount. The value corresponding to the sorbed amount may be detected in water
extract by correct selection of time. The duration of water extraction is established by special
study of kinetics and dynamics of sorption-desorption process. The amount of element received
from ore object and sorbed by rock is often 0.1–0.001 % of total content of this element in
rock or soil. That is why, the main task is to determine only that part of the element that was
absorbed by rock or soil.

The study of special features of chemical element in various sedimentary rocks (including
soil-plant layer) allows to establish two types of dependence of sorption and of chemical
element on time.

© Edw. Ya. Zhovinsky, 2000
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Dependence of the first type is characteristic of detrital rocks with small amount of
clays, carbonate minerals and organic matter. According to the form of sorption isotherms
one can suggest that the absorption process is predominant. That is why complete release of
the earlier absorbed ones takes place during the first 5–10 min of water extraction and then
chemical element is released at the expence of dissolution of its own minerals.

Some other forms of dependence of sand sorption and desorption of chemical elements
have been established for the rocks and soils with high content of clay minerals, carbonate
minerals and organic matter.

According to the form of isotherms of sorption and desorption and to the forming of
hysteresis curve, during the sorption the process of irreversible chemosorption prevails. In this
case desorption isotherm is gentle and desorption equilibrium in the system "solution —
rock" is established in 0.5–3.5 h. Sorption dominates over desorption. That is why the use of
rocks with high content of clay minerals and organic matter and also of soil-plant layer for
exploration needs the compulsory study of kinetics of desorption and determination of
values of element absorbed before. Therefore in this case it is better to make sampling from
subhumic layer. That is why during geochemical exploration by the mobile forms of chemical
elements it is necessary in conditions of certain geochemical landscape to carry out preliminary
study of kinetics of the process of element desorption for correct measurement of water
extraction duration.

The method of geochemical exploration by superimposed dispersion haloes consists in
sampling of soil (subsoil), obtaining of water extract, measurement of element content in it
and compiling according to the data obtained of the map of distribution of mobile forms of
chemical elements.

Geochemical method of exploration by superimposed haloes is widely applied at the
exploration of deposits of fluorite, polymetallic and rare-metal mineralization, mineral waters
and some other deposits.

Hydrogeochemical method of exploration by the mobile forms of chemical elements is
proposed to be used with preliminary thermodynamic analysis of natural system "solution —
rock" and with determination of the degree of water saturation with chemical elements
taking into account temperature, pressure, water composition and other factors. It allows to
determine the nature of various hydrogeochemical anomalies of chemical elements, to
distinguish false anomalies and to select those ones connected with ore bodies. On the
example of study of mobile forms of chemical elements it has been shown that the nature of
hydrogeochemical anomalies is different. They may be connected with mineral deposits and
ore manifestations of chemical elements abyssal faults and zones of tectonic activization,
artesian and thermal waters, zones of oxidation of many mineral deposits: tin, molybdenum,
tungsten, uranium, mercury, nickel, copper and many others [4].

The highest enrichment of underground waters with ore chemical elements results
from their supply by abyssal solutions delivered to the surface in zones of tectonic faults. In
this case the false hydrogeochemical anomalies not related to ore bodies are also found. For
example, great concentrations of fluorine are established in underground waters in direct
contact with ore manifestations of fluorite, phosphorites, aluminofluorides and other fluorine-
bearing rocks and minerals. In this case, hydrogeochemical anomalies may be a direct indicator
for exploration. Within the areas of slight tectonic faulting such anomalies are found even by
surface waters. As an example some gold areas could be mentioned with low background
fluorine content in surface waters.

Intensity and contrast of hydrogeochemical anomalies depends on a set of factors.
However migration of each element including fluorine into water solution takes place
under definite thermodynamic conditions. This time fluorine may interact in chemical reactions
with other elements present in solution or with solid substance (mineral, rock), that leads to
formation of unsoluble compounds. That is why it is necessary to calculate conditions of
existence of different forms of chemical element under various physico-chemical factors of
environment.

For example, dependence of stability of different forms of chemical elements on its
activity and pH of solution and concentration of other chemical elements. On the whole,
such an analysis makes possible to determine groups of stability of ore minerals by definite
activity of chemical elements and definite pH and Eh. Out of it is easy to calculate (for
fluorite exploration, for example) the degree of saturation of water with fluorine and to
distinguish types of hydrogeochemical anomalies.

Using of this method allows to draw an exploration hydrogeochemical map, the model
of which was made for some mineral deposits of Ukraine and other countries.

EXPLORATION OF MINERAL DEPOSITS
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Study of mobile forms of chemical elements in plants made possible to establish that
the most informative value for exploration is chemical element content in juice of plants.
This method consists in juice extraction and determining of chemical element in it by ion —
selective and other methods.

Geochemical methods of exploration by mobile forms of chemical elements must be
used in complex with other methods of exploration. Several examples could be given. For
example, study of regularities of fluorine distribution within the area of vein mineralization
of fluorite in the central part of the Ukrainian Shield allowed to establish that the most
informative is water extract, and the most contrasting contents are observed in subhumus
horizon on the contact with horizon A. The use of mobile forms of chemical elements and
some of stable forms showed high effectiveness at the exploration for deposits of beryllium,
mercury, gold, rare metals etc. Complex use of these methods on the territory of the Ukraine
as well as geological-structural, lithological-facial and other data made possible to distinguish
on the territory of the Ukraine some promising ore areas for exploration of mineral deposits.

Effectiveness of geochemical exploration methods by mobile forms of fluorine, chlorine,
heavy metals and other elements is confirmed by discovery of mineral deposits of fluorite,
gold, polymetals, mineral waters etc.

Study of mobile forms of chemical elements is now carried out not only by geologists,
but also by soil scientists, biologists, medical scientists, ecologists and other specialists.

Their study for various environmental landscapes allows to detect natural and technogenic
anomalies and to solve a set of practical tasks of protecting environment.
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ÐÅÇÞÌÅ. Ïðåäëîæåíû ãåîõèìè÷åñêèå ìåòîäû ïîèñêîâ ãëóáîêîçàëåãàþùèõ ìåñòîðîæäåíèé ïîëåçíûõ èñêî-
ïàåìûõ íà òåððèòîðèÿõ ñ âûñîêîé àíòðîïîãåííîé íàãðóçêîé ïî ïîäâèæíûì ôîðìàì õèìè÷åñêèõ ýëåìåíòîâ.

ÐÅÇÞÌÅ. Çàïðîïîíîâàíî ãåîõ³ì³÷í³ ìåòîäè ïîøóê³â ãëèáîêîçàëÿãàþ÷èõ ðîäîâèù ç âèñîêèì àíòðîïîãåííèì
íàâàíòàæåííÿì ïî ðóõëèâèõ ôîðìàõ õ³ì³÷íèõ åëåìåíò³â.
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Mineralogical specific character of promising
rare-metal deposits of Ukraine

General mineralogical features are briefly characterized, and the most essential peculiarities of the following native
rare-metal deposits are elucidated — the Shevchenko, the Azov, the Polokhiv, the Nadiya, the Stankuvatske, the Perzhanske,
the Zhovtorichnyanske, the Pershotravneve — which are new genetic types of rare-metal deposits. Besides, the prospects
of rare metals extraction from alluvial and technogenous deposits of Ukraine are emphasized.

Introduction. Leading market economy countries experience says that rare elements should
occupy a prominent position in the development of mineral raw base of Ukraine, because
their use covers key branches of science and engineering. Special steel, alloys, cermet, nuclear
and space industry, quantum and microelectronics, microwave, laser technologies, high-
temperature superconductivity, oil cracking — that its a very short list of rare-metal using.
Every year new directions of their using arise, which are sometimes very unexpected and
effective.

The most part of the world resources of lithophylic rare elements in endogenous deposits
is located at ancient platforms and Precambrian median massifs [42]. The largest and, very
often, the richest rare-metal (RM) deposits are located mostly there. So, one of six Ukrainian
mineralogical provinces, the Ukrainian Shield, the Dnieper-Donetsk, the Volyn-Podil, the
Prychornomorska, the Carpathian, the Crimean — the Ukrainian Shield (USh) has the best
prospects for mineralization. By now within the Ukrainian Shield some RM deposits have
been known, discovered but not explored, different in age, mineral composition and genesis.
The most important of them are shown in Table. As it is shown in Table, all large Li, Be, Sc
and TR deposits of the USh by mineralogical indications belong to non-traditional and by
carrier-minerals to new types of RM deposits.

Shevchenko deposit. Albite-spodumene-petalite pegmatites of the Shevchenko deposit
have some mineralogical features, not common for highly differentiated RM pegmatites of
classic type [42]. These are full absence of typical minerals of RM pegmatites (beryl, polychrome
tourmaline, lepidolite) and insignificant quantity of lithium phosphates and tantalo-niobates.
Chrysoberyl, sillimanite and Fe-cordierite are usual accessory minerals. Garnet (almandine)
and muscovite + sillimanite association spread indicate high aluminium content. Seven
structural-mineralogical zones are distinguished by types of mineral associations [11], but
their model is rather idealized and does not reflect the classic type of spodumene pegmatites.

In all pegmatite zones Li-feldspars are represented by well-ordered forms — a peak
microcline and albite. Li-feldspar and quartz add up to 90 % of pegmatite body at the most.
An irregularly developed twin grid is characteristic of microcline. In a single crystal twin
domains of different size — from submicroscopic (pseudomonocline) to monodomain
(triclinic) — coexist. Processes of twinning (monodomainization) progress, and at sites of
muscovite accumulation unlatticed microcline can be found. Albite from micropertite accretions
sometimes contains calcium (N 0–7), and in association with spodumene it makes up a
pure albite. Pertite phase usually amounts to 17–20 %, that is much lower than it is known
for Li-feldspar in RM pegmatites (up to 40 % Ab).

The main Li-containing mineral in pegmatites of the Shevchenko deposit is spodumene.
Petalite is less distributed. Lithium micas and phosphates are rare. Several morphological
types of spodumene exist [9]. The earliest spodumene, which subgraphically intergrows with
quartz, is considered to be the dominant spodumene morphological type. It might be more
correct to name the process "pseudographical", as mutual orientation of quartz and spodumene
is exceptional — within one spodumene crystal quartz of several orientation can be found.

MINERALOGY
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"Pseudographical" form of spodumene prevails within the deposit [9], and this is a unique
pecularity of these pegmatites. Genesis of pseudographical spodumene-quartz accretions has
not been revealed in detail. Phase relation varies in a very wide range (from 17 to 52 % of
quartz), that makes the hypothesis of eutectic or topotaxic intergrowth mechanism disputable.
The other morphological type of spodumene — lath-like or needle spodumene, widely distributed
in petalite, and to a lesser degree in quartz and lithium-feldspar, is also characteristic of lithium
pegmatites of the Shevchenko group. It is considered to be a later one (low-temperature), but
petalite + spodumene association can not be in equilibrium at a low temperature [18].

Petalite is also a usual mineral for Shevchenko deposit. It forms the last but one zone in
albite-spodumene veins. Here spodumene and petalite belong again to one association, which is
not stable at a temperature above 300 °C and pressure 200 MPa [18]. At the last stage of
mineral formation spodumene probably could exist as a metastable phase in association with
petalite.

Two rare minerals are characteristic of RM pegmatites from the Shevchenko deposit (like
for the Shpolyansko-Tashlykske deposit). The first one is ferruginous cordierite, widely distributed
in the peripheral zones of ore bodies (from the quartz-albite-microcline to the selvage), it is
represented by hexagonal mode. Essentially it is seckanaite and hexagonal. As the rocks around
contain rhombic cordierite — a usual magnesian mineral, ferriferous cordierite can be considered
as a specific mineral of pegmatites. It is possible that assimilation of environmental schists
contributed to hexagonal cordierite formation. It should be noted that high BeO content (up to
1 %) was found in ferriferous cordierite.

One more exotic mineral belongs to the högbomite group — hexagonal spinel (Fe, Zn,
Sn)2(Al4O8)

*.  Zinc spinel (gahnite) also occurs in pegmatites in the form of fine blue crystals,
so "coexisting" conditions of two spinel types are not clear. Perhaps, the critical role in the
process of hexagonal spinel formation belonged to elements (Ti, Fe) from external rocks or
xenoliths.

Azov deposit. The Azov deposit belongs to a new formation type of RM deposits, at
formation of which the accumulation of accessory RM-minerals in the process of crystallization
differentiation of magmatic melt of syenite composition was the most important genetic factor
[23–25]. High fluorine, phosphorus and carbon content, low oxygen potential caused melt
lamination (liquation). Syenite melt, which has formed the Azov stock, is the end product of
gabbro-syenite magma differentiation, according to Fenner’s scheme. Crystallization of residual
melt, enriched with alkalies, iron and RM, determines very specific composition of the rock on
the whole and of the ore in particular. The amount of mineral phases, e. g., rock forming minerals,
is insignificant, since the process of mineral growth has being controlled by physic-chemical
equilibrium conditions in the course of melt crystallization. Low-temperature characteristics of
early femic minerals, which are the end elements of Fe-Mg isomorphic series, draw attention.
Fayalite, hedenbergite and ferrosilite do not contain Mg, function of which is sometimes performed
by Mn. High content of fugitive components (halides, hydrogen, and carbon oxides) in the melt
causes crystallization of great amounts of such femic minerals as ferrohastingsite and lepidomelane.
These minerals bonded some alkali amounts influencing in the composition of Li-feldspar,
which crystallized at the last stage. Some specific features of the minerals of the Azov deposit
were generalized in [24]. We shall mention the most important.

Fayalite and hedenbergite are extremely ferriferous, that highlights the residual type of
magmatic melt. High Na2O content was detected in hedenbergite from taxite syenites. It is
considered to be characteristic of the later differentiates [15]. The insignificant quantity of
ferrosilite can be marked as a feature of early dark quartz syenite complex. In other syenite
intrusives this mineral is not detected.

The most important dark mineral of ore syenites is ferrohastingsite, which is somewhat
similar to the amphiboles from the Yastrubetsky massif [14, 15]. Instead of Mg and Al, Få2+ and
Få3+ dominate in this mineral. The percentage of Ca with Na replacement and alkali total is
lower than in amphiboles from the Yastrubetsky massif, but also types containing more alkalies
were detected. Needle-like grains and laths of high-alkali amphibole in the form of inclusions
were noticed in Li-feldspar from taxite syenites. Characteristic of the Azov deposit amphiboles
is a low coefficient of oxidation (Få3+/(Få2+ + Få3+) [24]. This is a result of low oxygen
potential in the initial magmatic melt. As a result, minerals enriched with Fe2+ (fayalite and
ferropyroxenes) were the first to crystallize and magnetite did much later.

Lepidomelane is widely distributed, and it is the main femic mineral of non-ore feldspar
syenite-pegmatites. It is characterized by extremum Fe content and high Al content in the
tetrahedral coordination. In Li-feldspars from ore zones, there are a lot of lepidomelane inclusions,
______________________

* By structure it is close to nigerite, but its true symmetry is probably monoclinic.
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partly resulted from captured magmatic melt crystallization.
Feldspar is represented by the anorthoclase-perthite, perthite phase of which is the maximum

latticed microcline, and its matrix is albite. Sodic phase twinning is albite, and sometimes so thin
that mineral looks like monoclinic in optics. Albite-pericline twinning can also be found. This
type of twins arises in the course of inversion from monoclinic phase and indicates high-
temperature formation conditions of this feldspar. Composition of feldspar from melanocratic
ore syenites (61 % NàÀlS³3Î8) corresponds to the minimal temperature of crystallization,
which is characteristic of the temperature of residual quartz-feldspar melts. It might be interesting
that, despite low quartz content, concurrent crystallization of quartz and feldspar can be found.
We can not exclude that it is connected with high fluorine content. Feldspar is xenomorphic
in respect to amphibole and zircon in ore taxites, i.e., it is an intercumulus mineral. Lathlike
cataphorite, a lot of which feldspar from ore zone contains, had been crystallized before, and
lepidomelane did after anorthoclase. This scheme is concordant with the mechanics of
fractionating, at least for melanocratic syenites.

Zircon, despite extremely high Zr content in ore systems, is the only Zr mineral in the
deposit. There were two reasons for this: Zr exception from mineral formation process at the
early magmatic stage [33] and relatively insignificant alkali content that did not promote
zirconium sillicate formation. Two morphological types of zircon were established, they differ
in crystallization temperature. The central part of short-prismatic crystals, in which habit shapes
{110}, {331} and {111} dominate, had crystallized at a temperature about 1250 °C. Less spread
long-prismatic zircon with habit {110}, {111}, {311} and dominant {111} crystallized at a
temperature about 850 °C. In zircons of the first type rough zoning of the central part and fine
zoning at peripheral * parts were established. There are less isomorphic additions in long-
prismatic zircon, that can influence on unit cell size of two types (generations) of zircon. In
some areas of the deposit one morphological type of zircon was detected, which called
"Auerbachite type" — with {111} dominant shape and almost undeveloped prism {110}. Crystal
external zones are rather often formed by malacone. This crystal type might be low-temperature
(metasomatic?) [16]. Formation of different zircon types is controlled not by temperature only.
In melanocratic syenites, where zircon accumulates, there were some horizons in which one or
the other morphological zircon type dominate. There is some rhythm in zircon arrangement in
the rock as a part of total syenite stock lamination. Weakly expressed lamination manifests itself
in small seam formation enriched with olivine and quartz and with different amount of ore
minerals. The latter tend to fayalite rhythms.

Britholite is the main TR and Y concentrator [20, 21, 24]. This makes the main difference
of the Azov deposit from the other RM deposits [35, 42]. These are mostly metasomatic
formations with complex polymineral paragenesis that include britholite as a minor or accessory
mineral [16, 38, 41]. Britholite and zircon expansions in the syenites of the Azov stock are not
the same, their concentration maximums do not agree. This distribution type reflects accumulative
formation character of britholite aggregations. Intrusive lamination resulting from crystallization
fractionating caused enrichment of some layers with accessories when the latter formed cumulus
phases. The fact that two britholite types (generations) of different chemical composition exist
shows the complex character of magmatic crystallization in the system, which might be open
for incoming abyssal fluids enriched with fluorine, alkalies and TR. High Y and heavy lanthanide
content variety of britholite presence in the deposit (yttrium britholite-abukumalite [10] was
detected in separate areas of the deposit) is the distinction of this new formation type.

Orthite is a component and a significant part of TR ore, that also might be a mineralogical
characteristic of the deposit. Its crystallization takes place right after britholite and sometimes
form thin coats around it. But orthite is also known to occur in the form of rich impregnation:
its crystallization characterizes a certain stage of magmatic process of TR bonding when the
melt was pure in phosphor. Reduction environment provided high ions Fe2+ concentration and
was the only TR > Ca replacement compensator while Mg was absent in the system.

High fluorite content can be considered as an unusual mineralogical characteristic of the
Azov deposit. The most part of it formed at the magmatic stage from the phase separated from
silicates. Thin Li-feldspar and fluorite intergrowth (pseudographics) are of magmatic genesis,
the proof of which is the homogenization temperature measurement of ultimate inclusions.
Liquation is inevitable at so significant calcium fluoride concentration. Morphology of some
fluid inclusions can be explained just by the capture of essentially fluoride melt. An extremely
low TR and Y concentration in fluorite against the environment melt enrichment with these
elements is the result of liquation process.

Bastnaesite is a rather widespread TR carbonate which occurs in a few forms. Solid
__________________
* Crystallization temperature of peripheral zones ~ 900–800  °C.
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bastnaesite inclusions (microprobe analysis) were registered even in zircon. In some cases
carbonate (actually bastnaesite) nodules were detected in amphibole. Considering TR carbonates
dissociation low temperature its formation is not quite clear. But in view of pressure and
retatively low temperature of Fe-amphibole formation we can not exclude that this bastnaesite
is an ultimate formation. Metasomatic bastnaesite occurs not so often. Britholite destruction by
postmagmatic solutions is accompanied by carbonate (including TR-carbonates) formation,
but this process has not been investigated in detail.

So, the composition of rock-forming minerals and limited quantity of RM minerals is a
result of magmatic genesis of the deposit and the limited influence of metasomatic processes. At
the same time the melt crystallization was complicated by liquation processes and fugitive
components (probably coming from lower levels of magma pocket), that played an important
role in RM and TR mineralization formation.

Polokhiv, Nadiya and Stankuvatske RM deposits (west of Kirovograd block). In the
central part of the Ukrainian Shield peculiar Li pegmatites and accompanying metasomatites
were detected. They both form RM deposits. The Polokhiv deposit is purely petalite, Nadiya
and Stankuvatske are spodumene-petalite and Lypnyansky manifestation is petalite-spodumene
[6, 34, 47]. These deposits contain conditioning ores for metallic Li extraction, Li-ceramics
production accompanied by that of niobo-tantalates. They almost do not contain femic elements,
that allows to use them in porcelain industry. Metasomatically changed rocks in exocontant
zones of pegmatites are promising for Li, Rb and Cs extraction.

Geological composition of pegmatite region. RM pegmatites of the west part of the Kirovograd
block are located in the submeridional zone bunded by the Golovanivska fault structure in the
west and by Korsun-Novomyrgorod [6, 34] raise in the east. Its tectonical layout is determined
by the synforms dislocated gneiss-migmatite substratum of Ingul-Ingulets series (of Early
Proterozoic — Archean age), and bells, and brachyanticlines of potassic granites (Erly Proterozoic).
At the edges of these anticlines complex RE deposits and numerous ore manifestations of Li,
Ta, Nb and Be are located. The region formed under conditions of metamorphism from granulite
to high and moderate amphibolite phase. Polyphase metamorphism of amphibolite phase was
interrupted by younger intrusion striking root (Korsun-Novomyrgorod and Novoukrainsky)
about 1.75–2.1 Ga ago [39].

High aluminiferous rocks (cordierite-biotite, garnet-cordierite-biotite, garnet-biotite, biotite,
rarely diopside-biotite plagiogneisses) are enclosing for pegmatites — Polokhiv deposit;
amphibolites and mafit-amphibolite rock metamorphosed under conditions of amphibolite
phase of — Nadiya and Stankuvatske deposits.

Mineral composition of pegmatites. By their amount in pegmatites minerals are divided
into 3 groups: 1) main rock-forming (> 10 %) — petalite, feldspars, quartz, spodumene; 2)
minor rock-forming (1–10 %): muscovite, sillimanite, garnet, cordierite; 3) accessories (< 1
%) — other minerals. According to this classification minerals were distributed in the following
way (in the alphabetacal order): simple substances: (a-Fe, bismuth, copper, graphite, silver); sulphides
and their analogues (arsenopyrite, chalcocite, chalcopyrite, galena, löllingite, markasite, molybdenite,
pyrite, pyrrhotine, stannite, sphalerite); oxides and hydroxides (betafite (?), cassiterite, chromite,
chrysoberyl (ordinary and cymophane), columbite, gahnite, ilmenite, leucoxene, magnetite, microlite,
nigerite, quartz, rutile, struverite, spinel, tapiolite, uraninite); silicates (actinolite, albite, augite, biotite,
caolinite, Fe-cordierite, dumortierite, epidote, garnet, glaukonite, holmquistite, hornblende, indialite,
microcline, montmorillonite, muscovite, oligoclase, olivine, orthite, orthoclase, petalite, serpentine
(antigorite), sillimanite, sphene (titanite), spodumene, staurolite, tourmaline, thorite (?), zircon);
carbonates (bastnaesite, calcite, dolomite, siderite); phosphates (amblygonite, apatite, triphyline,
wagnerite, xenotime); chromates (crocoite); halides (fluorite).

Some features of mineral composition of pegmatites should also be marked: 1) a number
of minerals (salite, actinolite, hornblende, augite, serpentine, holmquistite, olivine, calcite and
others) have relict nature, native or associated with metasomatites; 2) petalite is the main
essential ore mineral in the Polokhiv deposit although actually it is not an industrially valuable
pegmatite mineral; 3) low content of minerals with fugacious elements.

Consider main rock-forming minerals more in detail: feldspars, petalite, spodumene, quartz
[47].

Feldspars are represented by orthoclase, microcline and plagioclase (mostly albite, rarely
oligoclase). Feldspars content in deposit rocks mostly amounts to 50 %, albite dominates over
potassic feldspars. Monoclinic potassic feldspar with micro- and cryptoinclusions of albite
spread in pegmatites. It is represented by a structurally monoclinic (low sanidine) or orthoclase
(a space-medial ordered cryptotwin system). Potassic feldspars are mostly represented by a
mixture of the monoclinic and triclinic "phase" which coexist in one crystal. Their correlation
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depends on the transformation extent of the ultimate orthoclase composition. In the Polokhiv
and Nadiya deposit, and Lypnyansky ore manifestation potassic feldspar monoclinic phase
prevails. Also triclinic feldspars (interstitial microclines) occur in the Stankuvatske deposit. NÍ
cation-radicals and E-centers were detected in the potassic feldspar of the Polokhiv deposit
(NÍ >K isomorphism). Concentration of NÍ-centers sometimes is very high, and by percentage
is similar to feldspars from pegmatites of the Korsun-Novomyrgorod and Korosten plutons.
Water is always present in feldspar study samples, but its concentration is relatively low —
0.02–0.03, rarely 0.05 % (according to proton magnet resonance data). OH-groups were not
registered in feldspar structures. Feldspar structural features can be explained by influence of
high temperature (>500 °C) in the earlier (ultimate) feldspar (perhaps, microcline). This
temperature caused partial homogenization and disordering. Relics of quartz-spodumene
pseudographical accretion are also a proof of early pegmatites high-temperature transformation.
By fluid inclusion high PT liquid CO2 flows with addition of N2 and other components, which
determined structural features of potassic feldspar and NH centers formation, were established.

Petalite and spodumene are the main ore-minerals. In the deposits of this area relation of
these minerals is different: the Polokhiv deposit contains essetially petalite ores (petalite ~ 25,
spodumene <1 %), Stankuvatske and Nadiya — petalite, spodumene and mixed ores (petalite
up to 14, spodumene 20–25 %). Both minerals have a few generations [6, 47]. FåÎ + Få2Î3
content in petalite mostly amounts to about 1 % of the total mass. LiO2 content varies from 0.35
to 2.23 % in different ore bodies of the Stankuvatske deposit, and makes up 1.26 % in average.
Thikness of the productive zone is about 140–150 m. LiO2 content at the Nadiya deposit varies
from 0.25 to 1.264 % in 1.06 % in average. Thickness of the productive zone is 130–140 m. In
the Polokhiv deposit LiO2 content varies from   0.615 to 0.491 %,  and  in average makes up
1.17 %. In the deposit  an ore body has been found, thickness of which varies from 10 to 45 m
and makes up in bulges 90–130 m [6, 34]. Accompanying elements for all the deposits are Rb,
Ta, Nb, Be, Sn.

The content of quartz in pegmatites is insignificant (12–15 %) — it is about 10 % less that
of classic   RM pegmatites.   Quartz of the    Polokhiv deposit contains less lithium centers —
structural addition of Li (S³  Àl + L³), which is comparable to their content in quartz of
granites) if compared with classic RM pegmatites. Quartz contains equable and regularly
oriented microinclusions of petalite (by elongation they coincide with quartz L3). Quartz grains
have frames without petalite microinclusions (so-called an "empty zone"), which is characteristic
of matrix minerals of solid solutions.

Quartz volume decrease in petalite pegmatites might be determined by metasomatic
replacement, which took place according to "spodumene + 2 quartz  petalite" scheme. Liquid
solutions of CO2 (density 0.88–0.9 g/cm3), at a temperature  680 °C and pressure  460 MPa
contributed to the formation of fine-grained petalite (main ore of pegmatites) formation.
According to PT diagram, for lithium minerals and quartz (fluid pressure set by H2O) CO2
isochors of specified density in the field of petalite are located close to the triple point "petalite+
+ spodumene + -spodumene" [18].

Lithium pegmatite formation of this region passed through two stages — magmatic and
metasomatic [6, 36, 47]. The probable gap between these stages could be the first hundreds of
millions of years [6, 47, 48]. Different mineral composition and structural-textural charactersistic
of the pegmatites form at the metasomatic stage and result from action duration and PT
parameters of CO2 fluid flow. The latters (density 0.82–1.04 g/cm3; 540–870 MPa at a temperature
1100–1200 °C) entered through deep bedding system of chaps, which could form for a long
time. Location of pegmatites in this dislocation system determined the extent of metasomatic
replacement of their ultimate minerals and finally determined the modern appearance of
pegmatites. Although extent of pegmatites transformation varied, but so significant on the whole
that the term "metapegmatites" as to these formation is justified [36].

Perzhanske deposit. RM-mineralization in the northwest of the USh is located within
the Perzhansky tectonic knot, where Be-deposit of the same name in the Upper Proterozoic
rocks is known. The deposit belongs to pneumatolite-hydrothermal type, subtype of Be-containing
alkali metasomatites [49]. Perzhansky tectonic knot consists of different granitoid rocks of alkali
formation — syenites, granites and metasomatites including greisens and a complex of joint
vein formations. Fine-medium-grained gneiss-like rocks within which ore metasomatite bodies
are partially located, so-called Perzhansky apogranites, consist of about 50–70 % of pink potassic
feldspar, 5–20 of albite, 25 of quartz and 5 % of biotite. There are a lot of scientific publications
dealing with different granitoid descriptions and genesis problem [2, 8, 27].

Ore metasomatites have changeable relation of rock-forming minerals: potassic feldspar-
perthite, albite, microcline, quartz and mica (siderophilite and muscovite). Metasomatic formation
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diversty can be reduced to three feldspar metasomatite types: metasomatites, mica-metasomatite
up to typical greisen formation and quartz veins and streaks at the external parts of metasomatites.
Potassic feldspar-metasomatite feldspar is fully perthitized, and because of that these
metasomatites were called "perthozites". This is the main ore-carrying type where the highest
Be content was detected (240 ppm in average). Be content in the siderophilite greisen is by a
factor of ten lower.

Perzhanske Be ore deposit pecularity is its complexity: high-quality ores are Be and Zn
ores the same time. The dominant ore mineral is genthelvite containing 11 % BeO and 30–50
ZnO. It forms grain aggregations and isolated tetrahedral crystals measuring about 0.1 mm
(sometimes 10–15 mm). Content of this mineral in the most intensively mineralized albitites
may amount up to 30 % of the total, though metasomatites, which contain 0.01–0.3 % of
genthelvite are more widespread. Several generations of genthelvite according to the sequence
of metasomatite formation are distinguished [3, 49]. In siderophyllite greisens one more mineral
common for Be and Zn — Be-variant of willemite occurs. High Be and Zn content is
characteristic of rock-forming minerals of metasomatites (starting with 0.001 % Be in quartz
and up to 0.005 % in microcline-perthite). Phenakite — essential Be mineral — accounts for
3 % of the total Be at the most. Other Be minerals — beryl, euclase, bavenite and bertrandite   are
known as   mineralogical findings.  Other Zn-minerals — gahnite and sphalerite — are only of
mineralogical value. But the latter might be of practical interest, especially when included in
sulphide veins.

In addition to Be and Zn, other elements, expecially rare and dispersed, cumulate in the
metasomatites forming even ore concentrations. This is accompanied by formation of
miscellaneous accessory minerals.

Zn mineralization of the Perzhanske deposit is decisive for concentration of such dispersed
elements as In and Cd, content of which in genthelvite of the early generation makes up 40–
60 and 350–450 ppm, respectively [49]. In the late metasomatites sphalerite as Cd concentrator
gains ground. Cd own sulphide — grinokite [30] and native In in quartz greisens [32] were
detected. Such dispersed elements as Tl, Ga, Ge also concentrate in genthelvite (up to 5000
ppm Tl).

Metasomatite   rock-forming   minerals  are characteristic of high content of rare alkalies
— Li, Rb, and Cs [28]. Rb content in alkali feldspar increases from the earlier generations to the
later and makes up 0.4 %. Siderophyllite is a more important concentrator of Rb and other
rare elements.

Later stages of metasomatic process are represented by sulphide metasomatites with
polymetals and native silver, content of which in places makes up to 3 kg/t [29]. Silver
mineralization is accompanied by gold and copper-sulphide mineralization (bornite, covelline,
chalcosine, chalcopyrite) with polymetallic (galena and sphalerite) mineralization.

Ore content of the Perzhansky granites should be also mentioned. The content of accessory
phenakite in some types is so high that they can be considered as poor Be-ores (0.01–0.3
BeO). In addition to zircon (cyrtolite), which is a Zr and Hf (1–5 %), TR (2–12) and Sc (0.3),
Be (0.05–0.3 %) concentrator, at the same time granites are enriched with tantalo-niobates,
columbite and pyrochlore, that allows to consider granites as RM columbite granites with
naturally separated Ta-U and TR mineralization [5]. Micas from granites are a natural Nb, Li,
Rb (0.n) and Cs (0.0n %) concentrator. Stannousness and molybdenousness of granites is also
of significance. Within ore field quartz bodies with W-Sn mineralization were detected, cassiterite
of which contains high RE concentrations [31]. To the south of the Verba deposit Bi-Mo ore
manifestation is located [26]. This entails that borders of the Perzhanske deposit should be
expanded, and it should be considered as a complex polymetal-RM object.

Zhovtorichnyanske deposit. The Zhovtorichnyanske deposit is located in the North part
of Kryvyi Rih ferriferous basin within the Zhovtorichnyanska syncline. Essentially Sc-ores were
discovered in 1976 [45]. Preliminary prospecting was conducted in 1980–1984, and exploration
was done in 1985–1990. Uranium and scandium mineralization is related with aegirine-riebeckite
metasomatites. Thickness of tectono-metasomatic zones in the west slope adds up to tens of
meters, total length is > 1000 m. The most part of Sc and V concentrates in vanadium aegirine-
augite (70.4 and 80.5 %, correspondingly), the rest part of it is in alkalic amphiboles (20.8 and
14.1 %); the most part of Y and U (77.5 and 88.1 %,  respectively) is concentrated in apatite, the
rest — in malacon [45]. Aegirine contains 8 % of U2O5 at the most.. Some results of microprobe
analysis show that Sc concentration in aegirine makes up 40000–50000 ppm and more [37].
A new mineral phase of Sc was detected — evidently, it is hydrous carbonate, which sometimes
accounts for ~ 40 % of total Sc from aegirine (60 % in the isomorphic form) [37]. A new
technological scheme of profitable ore processing, which allows Sc, V, U and TR extraction from
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the ore, was worked out. It is also possible to extract insignificant amount of P, Zr and Hf [44, 45].
Presence of a new mineral phase of Sc (hydrous carbonate (?) may help to reduce the cost of
its extraction from ores.

Pershotravneve deposit. The Pershotravneve deposit is also located in the North part of
the Kryvyi Rih ferriferous basin. Its complex Sc-V-Fe ores were discovered in 1985–1987 [7].
The deposit resulted from metasomatic transformation of ferriferous quartzites, which caused
formation of Sc-V aegirine-riebeckite ferriferous metasomatites. Ore bodies are zoned — aegirine
metasomatites in the center  are changed by riebeckite metasomatites on periphery. The latter
have silification and carbonatization aureoles around. The largest ore beds with the highest RM
concentrations were registered at depth of about 800–1000 m [7]. The most part of RM ore
beds are located in zones of aegirinization of ferriferous quartzites. Sc content in aegirine
constitutes up to 250 ppm, V — 1500, Y — 350, Zr — 1000 ppm [7]. Main mineral-concentrators
of RM are aegirine, first of all, the cryptocrystalline form (Sc amounts to 600, V — 10000 ppm).
Other concentrators are riebeckite, tetraferribiotite and cummingtonite. The ores of the
Pershtravneve deposit are more homogenous than the ores of the Zhovtorichnyanske deposit
[7, 37].

So, mineralogical specification of Pershotravneve and Zhovtorichnyanske deposits is
conditioned by two main factors: 1) localization in the rocks of ferriferous-siliceous formation
and 2) its intensive change by hydrothermal fluid (Na-metasomatism).

Alluvial RM deposits. Alluvial deposits are one of the most important sources of RM.
There are about 300 alluvial deposits and manifestations [4] discovered and explored in Ukraine.
Titanium, titanium-zirconium, RM, rare earth, alluvial deposist are distinguished. Forenamed
deposits are usually complex; besides, both main and satellite minerals contain additions of RM.
Just titanium, and zirconium-titanium alluvial deposits are commercial in Ukraine. The Irsha
an Novomyrgorod groups of deposits belong to the first. The main mineral of these deposits is
ilmenite, satellite minerals are as follows: zircon (from 0.5–1 to 4–5 kg/m3, and more), baddeleyite,
cassiterite, gold and diamond. These deposits are located within massifs of the basic rocks of the
Korosten and Korsun-Novomyrgorod plutons, which were their main source of ilmenite. The
technology of ilmenite ore processing allows of the output of zirconium concentrates. Although
zircon content is low, it is possible to extract a relatively large amount of zirconium concentrate
with high Hf (1.5–2 % HfO2 in ZrO2 + HfO2) and Sc (up to 0.01 % Sc2O3) contents due to
great volume of ilmenite ore processed. According to S. M. Tsymbal’s data, ilmenite from the
Irsha group of alluvial deposits contains the following elements-additions, %: V2O5 — 0.20–
0.25; Nb2O5 — 0.01–0.05; Ta2O5 — up to 0.01; Sc2O3 — up to 0.01. No stock of resources of
these elements in any of the deposits was taken. Though it is possible to extract Sc2O3 together
with V2O5 in the process of sulphuric ilmenite processing into pigmentary TiO2, that will
contribute to pigment refinement and 30 % reduction of its cost.

Vilnogirsky state mining factory operating on the basis of titanium-zirconium ores of the
Samotkanske deposit produces ilmenite, rutile, zircon, disthene-sillimanite and staurolite
concentrates. Factory products are delivered to more than 20 countries of the world. The factory
has a metallurgical works where zircon concentrate is processed by solid-phase chloring and
chalk sintering. The first method produces Zr and Si chlorides, which are the source for pure Zr,
ZrO2, HfO2 and metallic Hf; pure Zr for technical purposes is produced using another method.
There are about 1.5 mln t of the metallurgic wastes collected after this process containing high
contents of Nb, Ta, Sc, TR, U, Th, etc. Nowadays these wastes are not processed, they are simply
disposed and polluting environment. They should be considered as a promising source of RM.

In conclusion it should be mentioned that at the stage of the deposit prospecting and
exploration qualititave evaluation of RM content in the main and satellite minerals of Ti and
Ti-Zr alluvial deposits was made, without any consideration of the form. So, there is an acute
need to complete the following: a) research into internal structure and physical characteristics
of industrial, satellite and rare minerals of alluvial deposits; b) research into chemical composition
of main industrial and satellite minerals and their concentrates from known alluvial deposits
using a complex of modern chemical, physical and isotopic methods; c) research into composition,
content and forms of elements-additions in industrial and satellite minerals and their concentrates;
d) to make a preliminary evaluation of alluvial deposits for rare and precious metals and the
extraction prospects.

RM of technogenous deposits. While explorating and ore processing a lot of industrial
waste forms. Annual amount of solid phase of industrial waste in Ukraine adds up to 1.2 bln t.
More than 23 bln t of solid industrial wastes are accumulated at an area exceeding 50000 ha.
Not more than 15 % of Ukrainian industrial wastes are recycled, whereas leading countries
recycle 60–65 % of their industrial wastes.
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Enterprises of the Ministry of Ecology and Natural Resources of Ukraine completed the
certification and preliminary evaluation of industrial wastes and exploration at some technogenous
deposits of constructing material (accumulations of cinder, clays, metallurgical cinders). A possibility
of using these wastes to get black, color, rare and precious metals, non-ore, constructing materials,
chemical fertiliser and other material was revealed.

High content of RM was established in the industrial wastes of Turbivskiy kaolin factory,
Mykolayiv aluminous plant, Zaporizkiy titanium-magnesium plant, Mykytivskiy mercurial plant [1].

Considering high RM content in the wastes and their complex significance, the following
is recommended: a) to continue research into chemical composition of the wastes; b) to
conduct geological field works within wastes with sampling through the whole thickness of
wastes collected and calculating resources of RM and the components; c) to promote the
development of complex waste processing technologies for the purpose of creating a wasteless
production.

Research into wastes and the further utilization will allow to transfer detrimental and
toxic wastes into accesible and valuable mineral raw.

General conclusions. 1. The Ukrainian Shield is a unique RM province within which
different in chemical and mineral composition, genesis, age and mineralization scale RM deposits
and ore manifestations were detected. The Ukrainian Shield is also a very promising province
for searching for new types of RM deposits and expansion of traditional RM raw resources.

2. The most part of the deposits and ore manifestations at the Ukrainian Shield are
essentially magmatic, or they are genetically related to magmatic activity.

3. All large Li, Be, Sc, TR deposits are very specific in their mineral composition and
genetic types. Actually they might form new genetic types of RM deposits.

4. All RM objects of Ukraine including technogenous deposits are complex deposits or
ore manifestations. It means that RM should be extracted together with other elements for the
ore could be used rationally in wasteless technology. This is a great problem for Ukraine
nowadays.

5. As RM are a very important economic factor of modern society and high-tech
development, the lack of which can negatively influence in economics of Ukraine, research into
RM deposit in order to create powerful RM industry is a very important task for Ukrainian
scientists, practical workers and politicians.
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ÐÅÇÞÌÅ. Êðàòêî îõàðàêòåðèçîâàíû îáùèå ìèíåðàëîãè÷åñêèå îñîáåííîñòè è âûÿâëåíû íàèáîëåå ñóùå-
ñòâåííûå ïðèçíàêè (ìèíåðàëîãè÷åñêàÿ ñïåöèôèêà) òàêèõ ïåðñïåêòèâíûõ êîðåííûõ ðåäêîìåòàëëüíûõ ìåñ-
òîðîæäåíèé Óêðàèíû, êàê Øåâ÷åíêîâñêîå, Àçîâñêîå, Ïîëîõîâñêîå, Íàäèÿ, Ñòàíêîâàòñêîå, Ïåðæàíñêîå, Æåëòî-
ðå÷åíñêîå è Ïåðâîìàéñêîå, êîòîðûå ôàêòè÷åñêè ÿâëÿþòñÿ íîâûìè ãåíåòè÷åñêèìè òèïàìè ðåäêîìåòàëëüíûõ
ìåñòîðîæäåíèé. Êðîìå òîãî, àêöåíòèðóåòñÿ âíèìàíèå íà ïåðñïåêòèâíîñòè èçâëå÷åíèÿ ðåäêèõ ìåòàëëîâ èç
ðîññûïíûõ è òåõíîãåííûõ ìåñòîðîæäåíèé Óêðàèíû.

ÐÅÇÞÌÅ. Ñòèñëî ñõàðàêòåðèçîâàíî çàãàëüí³ ì³íåðàëîã³÷í³ îñîáëèâîñò³ é âèÿâëåíî íàé³ñòîòí³ø³ îçíàêè (ì³íå-
ðàëîã³÷íà ñïåöèô³êà) òàêèõ ïåðñïåêòèâíèõ êîð³ííèõ ð³äê³ñíîìåòàëüíèõ ðîäîâèù Óêðà¿íè, ÿê Øåâ÷åíê³âñüêå,
Àçîâñüêå, Ïîëîõ³âñüêå, Íàä³ÿ, Ñòàíêóâàòñüêå, Ïåðæàíñüêå, Æîâòîð³÷íÿíñüêå òà Ïåðøîòðàâíåâå, ÿê³ º ôàêòè÷íî
íîâèìè ãåíåòè÷íèìè òèïàìè ð³äê³ñíîìåòàëüíèõ ðîäîâèù. Êð³ì òîãî, àêöåíòóºòüñÿ óâàãà íà ïåðñïåêòèâíîñò³
âèëó÷åííÿ ð³äê³ñíèõ ìåòàë³â ç ðîçñèïíèõ ³ òåõíîãåííèõ ðîäîâèù Óêðà¿íè.
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The Azov Deposit — a New Type of
Rare-metal Objects of Ukraine

The paper is a short survey of the petrochemical and mineralogical features of the rare-metal ore of the Azov deposit
(Ukraine), which may be compared with large-scale deposits of the world. It is supposed that high contents of Zr, TR
and Y caused crystal accumulation during fractional crystallization of the syenitic melt.

Introduction. The Azov rare-metal (RM) deposit is located within the South Kalchik, a
large massif (330 km2), which consists of subalcalic two-feldspar syenites, quartz syenites
and granosyenites. Based on the mafic minerals composition, three syenite rock types are
distinguished: fayalite-hedenbergite (with ferrohastingsite), amphibole-biotite and biotite. Ore-
bearing syenites of the Azov deposits, in fact, slightly differ from surrounding syenites of the
S. Kalchik massif. However, ore-bearing syenites do not contain plagioclase (oligoclase) but
substantial amount of the fluorite is present. Mafic silicates of the Azov stock are more
ferrous [10]. In the S. Kalchik massif the biotite-amphibole and biotite granites are also
widespread. The varieties of fayalite and ferroaugite were established. Significant volumes of
the basic and ultrabasic rocks (ferrogabbro, ore-bearing gabbro ("kazanskite"), ore-bearing
peridotite, andesinite, gabbronorite) on the S. Kalchik massif have been discovered for last
years [17, 4]. Similar rocks with basic and ultrabasic composition have been found close to
the Azov deposit. They were called "basificates". The last petrologic investigations [4] of the
rocks set of the S. Kalchik massif and features of their mineral composition showed that they
are very similar to those of anorthosite-rapakivi granite plutons. The syenites were found on
the Korsun-Novomirgorodsky and Korostensky plutons (Veliko-Viskovsky and Yastrubetsky
massif). On the basis of these researches the S. Kalchik massif can be regarded as the syenitic
analogue of the anorthosite-rapakivi granite plutons, which evolved according to syenite
trend of the differention (iron-enriched trend).

It is necessary to indicate the most important two specific features of the syenites of the
S. Kalchik massif. They are the following: a) high ferrousness of the mafic minerals (fayalite,
hedenbergite, ferrohastingsite); b) substantial enrichment by incompatible elements, such as
Zr, TR, Y, and, to a small degree Nb, which form the accessory minerals — zircon, britholite,
orthite, chevkinite, fergusonite and others. In some cases zircon becomes a rock-forming
mineral and the content accounts for several percents. It is assumed that the above mentioned
features of the composition indicate that syenitic melt was residual. The syenite formation
was performed for a long time of crystal fractionation of parental magma, perhaps, basite
composition. Geochemical specialization of these syenites has been expressed more distinctly
in the Azov and Yastrubetsky massifs, where rich ore deposit of Zr, TR and Y formed.

In previous works on the Azov deposit [6, 8, 10] some features of minerals were described.
They can not be explained on the effect of metasomatic processes which are suggested as
the main factor of ore formation [15, 7]. Simple mineral composition of ores and rocks, high
ferrous mafic silicates as a result of significant fractionation and cumulates forming have
been shown. Two geochemical peculiarities of the Azov deposit should  be noted: a) high
local concentrations of the fluor; b) the ratio Fe3+/(Fe2+ + Fe3+) is much lower than in
other syenites. It is possible that these factors determine the conditions for transfer and
precipitation of such fluorphillic elements as Zr, TR and Y.  In the present paper  we
summarized our data on the Azov deposit but abstained from the construction of any
genetic model because the hole depths are not more than 350 m.

Petrochemical characteristics of syenites. The majority of rocks that form the Azov
stock are the varieties of amphibole syenite. General mineralogical peculiarities of syenites
are the following: a) the main dark-colored mineral of all varieties — is a high-ferrous
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amphibole ( ferrohastingsite or
ferrohastingsite hornblende); b) the main
salic mineral is alkali feldspar (AFS) with
anorthoclase composition; c) various
minerals that help to distinguish the varieties
of syenite — these are quartz, plagioclase,
olivine (fayalite), pyroxene (hedenbergite),
biotite (annite).

According to the macrotexture, syenites
are divided into homogeneous (with endure

composition, equigranular) and heterogeneous (with sharp variations of mineral composition
and granularity). By mineral composition, two main syenite varieties are distinguished: a)
two-feldspar (anorthoclase + plagioclase) or alkali-calcic, pyroxene-amphibole and amphibole
syenite, quartziferous; b) one-feldspar (anorthoclase) or alkali-feldspar (AFS), olivine-
pyroxene-amphibole syenite, sometimes with quartz, but without olivine. Minable Zr-TR-
mineralization is confined to alkali feldspar olivine-containing variety of syenite with extremely
heterogeneous structure (taxite, schlieren, pegmatoid). A simplified geological map (Fig. 1)
illustrates the relationship  of the varieties of the amphibole syenites.

In the central part of the stock coarse-grained and pegmatoid annite-orthoclase
quartziferous syenites are situated. These essentially leucocratic fluorite-containing rocks are
considered as a separate intrusion [15]. It is necessary to note that the Azov stock boundaries
and, consequently, the stock form can not be established for sure, because intrusive contacts
and quenching zones were not observed. Space interrelations of different macro-textural and
mineral varieties of syenites are not quite clear. Some varieties are defined as independent
intrusions (phases), for others facial relations are assumed [7, 15].

According to SiO2 content, main varieties of syenites may be arranged in a definite
range, which should not be considered as evolutionary (Fig. 2).

1. The most basic rock (SiO2 ~ 43–45 %) occurs in the western and northwestern part
of the stock at the base of alkali-calcic syenites. Their chemical composition is close to
composition of alkali gabbroids (basites), but (FeO + Fe2O3)/MgO ratio is much higher, and
the amount of alkalies is less. Besides, nepheline and feldspathoids are absent in the mode.
The most part of the rock is made up of high ferriferous hornblende, ferrosilite, fayalite and
lepidomelane (Mg-annite), and feldspar accounts for less than 10 %. Melanocratic schlieren
of the similar composition  were reported in the Yastrubetsky massif, and they were interpreted
as biotite-amphibole-pyroxene cumulates [4]. Chemical composition of this rock and the
melanocratic olivine gabbro outlying of S. Kalchik massif from southeast is almost identical.
For femic mineral of "basites" high MgO content is typical (ferrosilite contains up to 11 %
MgO), and for the rock in general — high content of volatile components (P2O5 up to 1.9,
CO2 up to 2.9, F up to 0.36 %) and a little higher of Ba, Sr, Zr, and Nb is anomalous.

2. One-feldspar olivine-pyroxen-amhibole syenites with taxite texture (taxite) show
considerable variation of SiO2 (51–65 %). As Fig. 2 shows, the points of taxitic compositions
are situated along the line that connects anortoclase with composition Na0.62K0.38AlSi3O8
and ferrohastingsite with average composition. It is caused by the fact that AFS and amphibole
proportion in the first place define composition of taxite, and in case of highly heterogeneous
texture this relationship  is immensely changeable. Olivine and pyroxene and also mica in
the rock composition change this dependence not much, as their amount is not large. We
should note that composition of "basite" is "situated" in this line of dependence. That is why
it can be formally considered as melanocratic cumulate of taxitic syenites, but with more
basic composition.

3. Two-feldspar quartziferous syenites are more siliceous rocks than taxite ones. But it
refers only to the syenites which have homogeneous texture. Two types of syenites are
distinguished: with normal and high content of iron (3–7 and 12–14 % iron oxides

Fig. 1. Simplified geological map of the Azov deposit.
Rocks: 1 — two- and one-feldsp ars syenites (Fe-Hst ± Fa±
± Hd ± Qz); 2 — taxitic one-feldspar syenites (Fe-Hst ±
±Fa ± Hd ± Ann); 3 — two-feldspars syenites (Fe-Hst ±
±Hd ± Qz); 4 — one-feldspars syenites (Fe-Hst ± Fa ±
±Hd); 5 — leucocratic annite-anorthoclase syenite-
pegmatites with fluorite; 6 — surrounding syenites and
granosyenites (amphibole + biotite) (Fe-Hst —
ferrohastingsite; Fa — fayalite; Ann — annite; Hd —
hedenbergite; Qz — quartz)
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accordingly) (Fig. 3). Less
ferrous syenites according to
CaO and (FeO + Fe2O3) ratio
are close to average alkali
syenite [14]. In comparison
with taxite syenites they have
higher content of CaO and
SiO2, that is expressed in quartz
and acid plagioclase N 10–17
presence. Amount of alkalies in the first type is close to that of taxites. High content of iron
of the second syenite type is attended by low content of silica and alkalies. It may result from
local enrichment of rocks with ferrohastingsite and hedenbergite. Probably, two types of
syenites reflect the tendency in forming cumulative rocks with contrast composition. General
peculiarity of the composition of alkali-calcic syenite is Ca and Mg role increase in mafic
minerals and alkalinity decrease.

4. Annite-anorthoclase syenites are presented by coarse-grained and pegmatoid rocks,
which   consist of anorthoclase-microperthite (70–90 %), annite (up to 15), quartz (up to
20 %) and fluorite. It is difficult to evaluate fluorite content because of the uneven distribution
in the rock. Sometimes schlieric accumulations of fluorite are observed, in which AFS and
quartz form pseudographic intergrowthes.

5. Heterogeneity of syenite composition may result in local increase of quartz content.
Such a rock containing not less than 7–8 % of alkalies may be classified as alkali granite.
Strongly enriched with quartz layers occur both within two-feldspar and one-feldspar
syenites, and besides,  quartz content in syenite increases with depth. Quartziferous layers in
syenite are sometimes considered as a sign of granitization, but it is more natural to consider
them as the result of crystallized differentiation.

The Azov deposit is drilled only to the depth of 300–350 m. Its structure beneath this
level remains unknown. But we have enough grounds to consider the Yastrubetsky massif,
which is explored to the depth of 1.5 km, the petrologic prototype of the Azov deposit. The
main result of the research was the conclusion that this massif is a layered syenite intrusion
[4]. The structure of the Azov intrusion is much more complex as some varieties of syenites
may be separate intrusive phases. But large amount of plutonic material points the possibility
of lamination in the result of cumulative processes [18]. Lamination signs are the most
visible in taxite syenite. They manifest themselves in the alteration of fayalite- and quartziferous
varieties of syenites. Cryptic lamination is found in the dependence of SiO2 content in
amphibole on the mode of syenite: in quartziferous syenite ferrohastingsite is enriched with
SiO2, in fayalite syenite — Al2O3. In taxite syenite without quartz fayalite concentrates in
anorthoclase bands poor in calcium, and hedenbergite together with ferrohastingsite forms
melanocratic schlieren. AFS is present in all types of the bands, but its composition is closely
connected with composition of minerals, which are constituents of the band. In the bands
containing annite, amount of albite minal in anorthoclase increases, as the part of potassium
is concentrated in mica. Anorthoclase enriched with potassium occurs in amphibole bands,
and is similar to anorthoclase of alkali-calcic syenites. It means that during crystallization
mineral phases were in the conditions of relevant equilibrium.

Textural heterogeneity of one-feldspar syenites (fine-grained and pegmatoid varieties
of syenite replace each other in the interval of several meters) may be also the result of
crystal separation. But fluorine may have certain influence on the size of crystals [16], as
there is a tendency in forming schlieren-similar accumulations in the distribution of fluorite.
We should note that quartz amount increases with depth and, perhaps, that of fluorite and
also of amphibole alkalinity may indicate that in depth there are more persilic and alkali
differentiates similar to "quartz core" of the Yastrubetsky stock.

Ore-mineralization peculiarities. The number of minerals-concentrators of Zr and TR

Fig. 2.  Total   content   of  alkalies
(Na2O + K2O) vs. SiO2 in the syenites
of the Azov deposit. Rocks: 1 — taxitic
syenite; 2 — average    contents   (A —
"basites", B — taxitic syenites, C — calcic-
alcaline syenites, D — anni te-
anorthoclase syenites, E — quartz
syenites and granosyenites); 3 — points
for albite (Ab), microcline (Mic) and
ferrohastingsite (Fe-Hst)
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in the deposit is limited:
these are zircon, britholite,
orthite and bastnaesite.
Ore-forming minerals of
rare earths such as
britholite, orthite and
bastnaesite may be
considered as specific ones
for the deposit. Incon-
siderable number of TR-
minerals is explained by
the fact that ore peg-
matoid taxitic syenites are

not the product of truly pegmatite process but are the products of crystallization of residual
magmatic melt water-saturation of which was not very high. Zirconium and rare-earth
elements forming high-melting phases (zircon, britholite and orthite) were the first to crystallize
and so they were excluded from the subsequent process of mineral formation. Fluid enrichment
with carbonic acid caused crystallization of a great number of initial carbonates including
the rare-earth.

RM mineralization, which is of an industrial interest, is localized only in one-feldspar
olivine-pyroxene-amphibole taxite syenites. The average content of ZrO2 and TR2O3 in the
taxitic   syenites  makes  up 2 and 1 % correspondingly (Table). Maximum content is 46 and
12 %. Ore zones confined the contact between melanocratic taxitic syenites and leucocratic
annite-anorthoclase syenites. High amounts of ore minerals are always connected with olivine-
containing bands. In the thicker layers ore minerals concentrate near the upper contact of
olivine and quartz bands. Surface relief of the quartz- and fayalite-containig bands repeats
the geometry of the boundary of ferrohastingsite and annite syenites. It is obvious that
conformity of these bands to the boundary is expressed in ore levels. At a distance from the
boundary intensity of TR-mineralization decreases, but Zr-mineralization remains the same
on the whole. Maximums of TR- and Zr-mineralization do not agree, and that is why they

Fig. 3. CaO vs. total iron (Fe +
+Fe2O3) in some syenites. Rocks:
1 — one-feldspar taxitic syenites;
2 — two-feldspars alkali-calcic
syenites; 3 — "basite"; 4 — average
values for the alkalies (1) and
alkali-calcic (2) syenites [14]

Compo- The Azov deposit The Yastrubetsky deposit

nent 1 2 3 4 5 6 7 8

SiO2 46.70 48.04 44.98 60.81 57.50 47.20 59.50 56.60
TiO2 0.53 0.80 0.26 0.04 0.08 0.74 0,10 0.19
Al2O3 11.73 12.20 16.51 20.21 16.67 13.80 16.75 15.50
Fe2O3 7.70 4.47 4.40 1.44 0.42 2.00 1.45 2.29
FeO 10.00 8.95 8.29 0.86 2.73 11.70 1.94 4.52
MnO 0.30 0.35 0.37 0.05 0.08 0.17 0.07 0.16
MgO 0.42 1.02 0.99 0.62 0.48 0.98 0.43 0.55
CaO 3.05 3.96 2.56 0.70 1.92 4.80 1.23 2.57
Na2O 3.80 3.94 2.60 5.10 5.96 4.24 6.04 5.51
K2O 3.60 3.58 2.90 3.80 4.90 4.52 4.80 5.02
S — — 0.08 0.02 0.02 0.08 — 0.01
P2O5 0.10 0.10 0.06 0.04 0.15 0.14 0.04 0.08
CO2 3.00 1.23 0.74 — 0.82 1.11 0.46 0.92
F 0.40 0.55 — — 0.40 0.78 0.23 0.70
ZrO2 5.25 5.30 10.36 6.24 6.61 4.90 6.00 4.40
TR2O3 1.80 4.52 2.51 0.14 — — 0.15 0.27
H2O 0.20 0.20 0.02 — — — — 0.04
H2O + 0.40 0.60 1.33 0.22 0.98 2.87 0.59 0.86
Total 98.98 99.81 98.96 100.29 99.72 100.03 99.78 100.19

The chemical composition of some varieties of ore-bearing rare-metal syenite from the Azov and the
Yastrubetsky deposits (after [5]), %

N o t e. 1, 6 — melanocratic; 2, 3, 8 — mezocratic; 4, 5, 7 — leucocratic layers.
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seem to be separated in time. But zircon and britholite are syngenetic in the large interval of
temperature, and separation effect results from cumulative processes. This statement may be
proved by the fact that zircon and britholite primarily crystallized in the form of single
crystals and later formed crystal aggregates.

Mineralogic peculiarities of the deposit. The majority of minerals of the Azov deposit
are typical and accessory minerals of rocks with syenite-normal alkalinity. Ore syenites of
the Azov deposit are syenites with normal or slightly heightened alkalinity, anomalous
enriched with accessory minerals. At the same time mineralogy of the Azov deposit is rather
specific as it is presented by phases of Fenner’s trend of magmatic crystallization — extremely
ferriferous silicates (fayalite, hedenbergite, ferrohastingsite). Unlike magnesium, the role of
calcium in the magmatic process retained, and a rather large number of minerals, containing
calcium (pyroxene, amphibole, britholite, orthite, carbonates, and fluorite) formed.

High ferrous amphibole is the main femic mineral of alkali-calcic and anorthoclase
syenites. In the first syenites the average content of amhibole is 15–20 %, in the others —
20–25 %. In melanocratic sections (schlieren) of subalkaline syenite the amount of amhibole
increases to 40–50 %.

In addition to the high content of iron (accordingly, low — magnesium), high
concentration of alkali (from 2 to 5 %) is typical of amphibole. According to relation between
alkali and aluminum oxide, two types of amphibole are distinguished: a) ferrohastingsite —
with high content of alkali and maximum silicon substitution for aluminum (small-siliceous
amphibole); b) ferrohastingsite subalkalic hornblende — with small amount of alkali and
aluminum oxide (strongly siliceous amphibole). The most alkaline amphibole —
ferrocatophorite, is discovered at a depth of 300 m in the margin of quartz-fluorite-magnetite
nodules. Besides, aggregates of fine plates and needles of this mineral were observed in the
alkali-feldspar of taxite olivine-pyroxene-amphibole syenites.

There is a definite correlation between chemical composition of amphiboles and mode
of the host rock. The following peculiarities may be considered as rather general: a) amphiboles
from quartziferous bands are more enriched with silicon than amphiboles from bands with
olivine (41 and 37 % SiO2 accordingly); b) amphiboles from two-feldspar syenites are more
ferriferous in comparison with those from one-feldspar syenites (33–35 and 29–33 % iron
oxides); c) amphiboles from taxite syenites are enriched with TiO2, and its amount increases
with depth; d) ferrohastingsites are typical for one-feldspar syenites, and ferrohastingsite
hornblende of two-feldspar syenites.

The distinction of the composition of high ferrous amphibole from the Azov deposit is
a very low content of ferric iron. Oxidization coefficient (K = Fe3+/(Fe3+ + Fe2+)) changes
in significantly (0.009–0.018) and does not depend on alkalinity (Fig. 4). We should note
that high-ferrous amphiboles from nepheline-containing rocks of the Mariupol massif (Eastern
Azov Region) show a distinct direct dependence between K and (Na + K). A similar
dependence, but less distinct, is in force for amphiboles of the Yastrubetsky stock.

Amount of MgO in ferrohastingsite rarely exceeds 1.5 %, but in alkalic hornblende of
alkali-calcic syenites it amounts to 2–3 %. The highest value (about 5 % MgO) was established
in hornblende of "basite" cumulates.

High ferrous biotite in a small amount is present both in two- and one-feldspar syenites.
In pegmatoid anorthoclase syenite large plates of mica are the main and often the only one
femic mineral. According to the data of chemical analysis, we can conclude that Fe atoms
occupy more than 90 % of octahedral positions in the crystal structure of biotite, and so this
mica factually is a pure annite. Content of titanium in annite is very changeable (from 0.5 to
2 % TiO2) and as in the case with amphibole, it increases with depth. Mg-annite of basite is
the most enriched with titanium:

K(Fe1.5
2 Mg0.77 Fe0.18

3 Ti0.25)2.8[Si2.84Al1.1Fe0.05O10](OH, F)2.

In addition to green annite, in coarse-grained and taxite olivine-pyroxene-amphibole
syenites fine plates of bright-brown mica, which replaces ferrohastingsite, occur. The composition
of this mica is close to the composition of annite, but Fe3+ value is higher (K > 0.2).

Fayalite in a small amount (to 10 %) occurs predominantly in quartz-free syenite in
association with monoclinic pyroxene and (or) ferrohastingsite.

Composition of fayalite from taxitic syenite is extremely ferriferous (forsterite < 1 %),
but the content of forsterite minal in olivine in alkali-calcic syenite increases to 3 %. Manganese
is the typical isomorphic element in fayalite, its concentration depends on melt differentiation
degree and crystallization temperature. The highest content of knebelite minal (5 % Mn2SiO4)
is established in fayalite of taxite syenite (olivine + monoclinic pyroxene + ferrohastingsite
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association). In alkali-calcic syenite the amount of manganese in fayalite is less (about 1 %
Mn2SiO4). This is probably connected with the higher crystallization temperature of the
latter and the higher alkalinity of the former.

Monoclinic pyroxene in syenite of the Azov deposit is presented by hedenbergite. In
taxite syenite it is present in layers enriched both with quartz and olivine. In the last case
margins of hedenbergite around fayalite are observed. The highest amount of pyroxene is
established in alkali-calcic syenite (up to 10 %). Hedenbergite of syenite varieties clearly
differs in the content of minorelements. In the more differentiated taxite syenite pyroxene is
enriched  with  titanium, manganese and sodium, it contain the largest amount of acmite
minal  (up   to  10 % NaFeSi2O6), and in alkali-calcic syenite pyroxene can contain up to
15 % CaMgSi2O6.

Rhombic pyroxene is presented by a rare extremely ferriferous variety — ferrosilite. It is
found in quartziferous bands of anorthoclase syenite where probably it substitutes fayalite. It
also associates with fayalite and hedenbergite. We can suppose that stability of ferrosilite is
conditioned by several reasons: manganese admixture (up to 1 % MnO) and low oxygen
potential of the system. Calcium admixture (1–3 % CaO) which is always present in ferrosilite
probably is connected with fine intergrowthes of hedenbergite. Ferrosilite of "basite" cumulates
contains ~11 % Mg2Si2O6.

Quartz is widespread in syenites of the Azov deposit. Quartz in alkali-calcic variety
accounts for 10–15 %. A bit smaller value (up to 7 %) was obtained for annite-anorthoclase
pegmatoid. Fine quartz-feldspar bands with very difficult mineral interrelations are often
observed in taxite syenites. In some cases quartz is epigenetic, it grows on the idiomorphic
grains of AFS, in the others — syngenetic, it forms intergrowthes with AFS, that points to
eutectic growth. The last circumstance does not seem to be strange if to take into account the
fact that quartz and AFS contain a lot of small inclusions of fluorite. It is known [11] that
fluorine presence causes displacement of quartz-feldspar eutectic enriched with sodium
towards less content of silica. Fluid inclusions in quartz of taxites are indicative of high
concentration of NaCl in residual melt.

Fluorite is present in all types of syenites but its distribution in the rock is very uneven.
Usually fluorite occurs in the form of globular inclusions in crystals of AFS and amphibole,
and its size varies from submillimeter to 0.5–1 cm. A typical and very important peculiarity
of inclusions of fluorite is that, irrespective of their shape, this is a single crystal of fluorite. In
syenitic layers are present, on which flourite content exceeds the clark one, and layers with a
very high concentration, and this resulted in the abundant impregnations of globular fluorite.
Inclusions of anhydrous salt melt (NaCl prevails) with melting temperature 700–800 °C
found in fluorite allow to refer globular fluorite to the earliest magmatic generation. Small
inclusions of "dry" melts with complex carbonate-silicate-halide composition are always
established in fluorite of ore zone. Besides, fluorite contains numerous silicate (zircon, quartz,
albite, biotite), carbonate (including TR-carbonates) and phosphate (britholite, apatite)
inclusions. Many of them show the signs of syngenetic crystallization with fluorite.

Despite of high quantity of rare earths in taxite syenites and high crystallization
temperature of fluorite, the content of the structural admixtures is very low (not more than
0.5 % Y). Similar "sterility" of the structure of globular fluorite may be caused by its
crystallization from haloide phase, i. e. this fact may show evidence of liquation of silicate and
fluoride melt.

Moving forward from taxite towards leucocratic syenite the melt inclusions in fluorite
are more and more enriched with water saturated with NaCl and CaCl2. In annite-anorthoclase
pegmatoid the pseudographic intergrowthes of fluorite and AFS are known, and they contain
40–50 % calcium fluorine. This fluorite formed of water-carrying brine-melts in which
CaCl2 dominated over NaCl. Brine-melts inclusions could not be homogenizated, but we
can claim that crystallization temperature of this fluorite was much higher than 450 °C.

Zircon, britholite and orthite are main rock-forming silicates of the Azov deposit. As
they were characterized in detail [10], we will note the most specific features.

Zircon is the only mineral of zirconium, which is known to occur in the deposit. Having
high concentration of zircon ore is presented by aggregate of crystals (cumulus), which are
cemented by transparent anorthoclase (intercumulus). It is of interest that in leucocratic
syenites located higher zircon occurs as accessory mineral.

Zircon forms crystals which are extremely poor in crystallographic forms, and often
zonal. Peculiarity of zircon crystals habit in the Azov deposit is face {331} predomination
over faces {111} and {110}. According to correlation between prism faces {110} and bi-
pyramid {111}, {331}, three morphologic types of zircon are distinguished [10]. Morphologic
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types of crystals differ in content of trace elements, parameters of crystal lattice, crystallinity,
colour, mineral-forming temperature. Crystallization temperature of the first and second
types, established on melt inclusions, is 1250–1160 and 920–870 °C, accordingly [10]. The
higher level of isomorphic substitutions and large sizes of unit cell are characteristic of high-
temperature type. It is of interest that amount of crystals of the second type increases with
depth.

Britholite is the essential component of TR-ore. It forms impregnations of irregular
shaped fine grains in AFS and ferrohastingsite. Britholite crystals occur rarely but some
findings of several centimeters are known. Perfect individualized britholite crystals are found
in zircon in the form of inclusions.

Amount of phosphorus in britholite varies in a wide range, but a variety of britholite
rich in phosphorus probably is the most phosphorous of all ever known. Content of TR2O3
+ Y2O3 varies in the range of 36 to 58 %. According to amount of rare-earth elements and
yttrium two generations of britholite are distinguished: a) enriched with light rare earths
and poor in yttrium (TR2O3 — 55–57, Y2O3 — 4–5 %); b) enriched both with heavy rare
earths and yttrium (Y2O3 up to 22 %). Essentially yttrium britholite – abukumalite (usually
metamict) occurs in small amounts. High thorium content (ThO2 < 1 %) is not typical of
britholite of the Azov deposit therefore crystals of britholite, as a rule, are semi-metamict.
Texture of britholite is unstable towards the effect of postmagmatic solutions enriched
with carbonic acid and haloids. Final dissolution of britholite is accompanied with the
pseudomorph forming, consisting of mixture of  rhabdophanite (amorphous), bastnaesite,
fluorite and apatite (?).

Orthite is the second essential rare-earth mineral of the Azov deposit after britholite. In
addition to independent separations, orthite forms intergrowthes with britholite in the form
of narrow margins around grains of britholite, especially on the contact with AFS. Orthite
margins formation is not caused by reaction relations between minerals but results from
calcium and phosphorus activity decline, when the temperature desreased and aluminum was
involved in the process of crystallization. So, at a certain stage of magmatic crystallization
orthite extracted from the melt the rest rare-earth elements without phosphorus participation
and with minimum calcium "consuming".

Carbonates (calcite, siderite, bastnaesite) are widely distributed in the deposit. The earlier
generations form fine inclusions in feldspar, amphibole and fluorite. We should note that for
rare-earth carbonates a syngeneticity with containing minerals seems doubtful. Basthnaesite
frequently forms phenocrysts measuring not more than 1 cm. In intergrowthes with it more
rare carbonates — synchysite and parisite were diagnosed. Siderite is the most typical and
widespread mineral of the final stages of deposit formation. Large amount of siderite is found
in annite-anorthoclase pegmatoids.

Alkaline feldspar is the main salic mineral of all varieties of syenites, which form the
Azov stock. Its amount varies from 45 in melanocratics to 80–90 % in leucocratic varieties
of syenites.

Content of albite minal corresponds to anorthoclase composition, but strongly varies
depending on mineral constituents of syenites. In two-feldspar syenite NaAlSi3O8 amount in
AFS is 45–55 % (CaAl2Si2O8 < 2–3 %). This is normal because a part of sodium appeared
to be connected in plagioclase. In one-feldspar olivine-pyroxene-amphibole a syenite albite
minal fraction in AFS increases to 62 % and in leucocratic annite-anorthoclase syenite the
amount of albite in AFS makes up 70–72 %.

According to X-ray data, anorthoclase is made up of high-ordered phases of solid
solution exsolved — maximum microcline and low albite. In a size aspect the structure of
exsolved anorthoclase is referred to microperthite in which perthite phase is microcline and
matrix is albite. The structure of microperthite (size, shape and perthite phase orientation) to
some extent depends on the structure and mineral composition of syenite. In one-feldspar
syenite with equigranular structure the microperthites in AFS form linear or weak-sinuous
fine, lamellar separations, sometimes transiting cryptoperthites. Perthite segregation is manifested
slightly or absent. In taxite coarse-granular or pegmatoid syenite an intensive segregation of
perthite lamellas is often accompanied by formation of thickened along [001] separations of
microline, regularly oriented in monocrystal albite matrix. Perthites segregation degree varies
widely even within a single crystal of AFS. In albite matrix we can observe two types of
perthite structure — thick-plate or rodlike perthites are developed against a background of
fine lamellar perthites. The extreme case of segregation of potassium phase of perthites is a
full division of microperthite into two phases — albite and microline. We should note that
the formation of two-feldspar association resulting from segregation takes place in subsolidus
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region and has nothing in
common with separate
crystallization of two AFS at
high fluid pressure [12].

Despite of the local
nature of perthite segregation,
we can establish the average
type of perthite structure of
AFS for a rather large
volume of the rock and use
th is characterist ics for
genetic constructions. In
anorthoclase of annite
pegmatoids a "zig-zag" type
structure is widespread, which

emerges at the intermediate stage of perthite segregation. In one-feldspar taxite syenite
perthite segregation is the most developed. In zircon-britholite ore microcline forms
independent separations on the boundary of grains and mosaic blocks of albite. It is important
to emphasize that in the course of segregation relation between potassium and sodium
phases of perthites remains the same as in the sectors of fine lamellar structure. It is indicative
of the absence of metasomatic replacement and ascertains isochemical nature of segregation
process.

As microperthite is composed of phases of triclinic symmetry it was natural to predict
appearance of twinning in them. It turned out that twinning scale depends upon perthite
segregation degree. In the structure formed of linear and (or) weak-sinuous fine, lamellar
perthites neither potassium phase twinning nor matrix twinning was observed. Perthite
symmetry is triclinic (extinction angle on the surface ((001) — 10–13°), and matrix shows
monoclinic optical symmetry that points to cryptotwinning structure of albite. In the "zig-
zag" type structure in the places of perthite thickening a microcline twinning lattice is
sometimes observed, and in matrix — very fine twinning subject to albite and albite-pericline
twin law. In intensively segregated structure distinct twinning is observed both in thickened
perthites and matrix. But in matrix large sectors of cryptotwinning structure remain. It is
known that twinning of phases that make up perthite structure is the result of phase transition
at a high temperature — more than 700 °C for sodium phase and more than 450 °C for
potassium phase.

AFS crystals of syenites of the Azov stock show intensive deformation signs. The result
of deformation and postdeformation processes is the formation of crystals mosaic structure.
Disorientation of mosaic structure blocks varies from 1 to 10 degrees, and sometimes is even
more. As the boundaries of strongly disoriented blocks are not crossed by the earliest (fine,
lamellar) perthites we can conclude that the mosaic structure of AFS formed before the
exsolution of solid solution of anorthoclase, and deformation processes took place at a
temperature exceeding 700 °C.

It is important to note that in anorthoclase of one-feldspar syenites, melanocratic and
leucocratic, large, almost hundreds of micrometers, inclusions in the form of negative crystal
filled with aggregate, silicate and haloid minerals were observed. Negative shape of inclusions
gives grounds to interprete these formations as inclusions of recrystallized melt. There are
instances when coexisting negative polyhedrons are filled with melt of different composition;
some of them are essentially siliceous, with fluorite admixture, in others fluorite predominates
over silicates that may be explained only by liquation processes in residual melt. According
to petrographic observations, crystallization of residual melt and exsolution of anorthoclase
solid solution are almost synchronous processes, i. e. they took place at the same temperature.

Mineral-forming processes. Ore-bearing syenites of the Azov deposit should be considered
as a final differentiate of magmatic melt of subcrustal genesis. Many stages of melt fractionation

Fig. 4. (Na2O + K2O) vs. Fe3+/(Fe2++
+ Fe3+) ratio for the ferrohastingsites
and high ferrous amphiboles[10].
Rocks: 1 — taxitic syenites of the
Azov deposit; 2 — syenites of the
S.Kalchik massif; 3 — alkaline syenites
of the East Pryazovye; 4 — alkaline
amphiboles; 5 — syenites of the
Yastrubetsky massif
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are proved by negative europium anomaly in rare-earth elements distribution, by high content
of iron and very low of magnesium. The latter circumstance is connected with presence of
low-temperature mineral associations of isomorphous Mg-Fe-series in the rocks of the
deposit. A rather high alkalinity level in melt caused crystallization not only of alkali feldspar
but also of ferrohastingsite and annite. Water saturation of the melt at the first crystallization
stage was relatively low. It is proved not only by primary crystallization of fayalite, ferrosilite
and hedenbergite but also by hypersolvus nature of syenite. Water fluid activity increased
when temperature decreased, and that resulted in the crystallization of hydrous amphibole
and mica. The typical peculiarity of the process is a low oxygen potential even at the last
stages of magmatic crystallization. This peculiarity is expressed in immensely low Fe3+/
(FeO + Fe2O3) ratio in all ferrous silicates, and in microinclusions of "spherical" graphite
presence in AFS. Stability of ferrohastingsite at a temperature higher than that of crystallization
of AFS and later magnetite crystallization (< 750–700 °C, together with AFS) may be
another indication of reductive conditions of crystallization. Low oxygen potential remained
even after crystallization of AFS (it is proved by annite composition), but Fe3+ concentration
increases still (ferrocataphorite appearance). Annite crystallized at a temperature below 650 °C
since in association with quartz it is not stable at any pressures of oxygen [2, 3]. We can
suppose that immensely low oxygen potential was provided by constant fluids transportation
in melt; fluids were enriched with hydrogen and later caused high amount of H2O, which is
the essential component of amphibole and mica.

Inclusions found in zircon, anorthoclase and fluorite show evidence of the existence of
melt at the global stages of deposit formation, i. e. magmatic genesis of the majority of ore-
and rock-forming minerals. Melt temperature was about 1250 °C, but majority of minerals
crystallized at lower temperatures — 600–800 °C. Free growth of zircon crystals took place
at a considerable temperature interval. Britholite is also one of the early minerals. So, before
crystallization of rock-forming minerals in the melt crystal there was a suspension of ore-
forming minerals and not only on a front of crystallization. It is proved by mineralization of
uneven expansion, which forms layers. It points to the specific mechanism of crystal suspension
capture by melt in the process of solidification. One of the peculiarities of this mechanism is
the possibility of differentiated capture of britholite and zircon that results in their spatial
separation.

Early generations of fluorite also were crystallized from the melt — not siliceous, but
halogenous, which formed in the result of liquation of parental melt hypersaturated with
fluorine. The peculiarities of morphology of globular separations of fluorite in AFS are
satisfactorily explained by its liquation genesis [10]. There are some other criteria for liquation
genesis of fluorite: immensely broad variation of the globules sizes and violation of zircon
idiomorphism on the contact with "fringes" of haloid melt.

One can not deny the role of autometasomatic processes in redistribution of some
elements, including the rare. But suggestion about metasomatic recrystallization of "uniform"
olivine-pyroxene syenites with amphibole syenite formation is based on the substitution of
the process: reaction relations between minerals in magmatic process are presented as a
metasomatic replacement. Indeed, olivine replacement by hedenbergite and the latter by
ferrohastingsite are often observed but it is a magmatic substitution. Metasomatic zoning
with typical sharp paragenesis change is absent in the Azov deposit.

Low oxygen potential may be provided only in the conditions of relatively closed
magmatic system. For typical metasomatic alkali rocks the riebeckite and aegirine instead of
ferrohastingsite and are inherent. Typomorphic amphiboles for fayalites is ferrohastingsite
with high ratio Fe3+/(Fe2+ + Fe3+) and high content of magnesium. The possible reason
for weak development of metasomatic processes could be bonding of water, present in magmatic
melt, in the structure of amphibole and mica. Later carbonatization (usually siderite) and
fluorides formation (bastnaesite, fluorite) are indicative of postmagmatic fluid enrichment
by carbonic acid and fluorine. In some sites of syenite destruction of minerals and formation
of pseudomorphs of amphibole and britholite took place. These alterations are local, that
attests to their autometasomatic nature.

New genetic type of ore-bearing laminated intrusions. The distinction of the Azov
deposit is a very simple set of ore-forming elements — Zr, TR, Y. If to take into account that
this triad refers to the most fluorinphilic elements, and fluorite always accompanies ore
minerals in the deposit, mantle nature of ore elements seems to be the most real.

The majority of ore minerals of the Azov deposit results from magmatic crystallization.
But it is difficult to explain high Zr, TR, Y and F concentration by differentiation in situ
because of the limited melt volume. There are several possible variants of the mechanism of
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rare elements primary accumulation: a) fractional crystallization of large volume of magmatic
melt liquid in  magmatic chamber; b) rare-elements transportation (first of all, TR and Y)
to the upper part of  this chamber by the flow of mantle fluids (H2, CO2., F). Some peculiarities
of ore syenites may be useful when choosing of genetic model: a) femic minerals (olivine,
pyroxene, amphibole) refer to the most ferriferous varieties, and, so, to the most low-temperature
products of crystallization differentiation according to Fenner’s trend; b) low ratio Fe3+/
Fe2+ points to the very low potential of oxygen even at the last stages of crystallization; c)
a great number of hydrous minerals attests to comparably high water saturation of residual
portions of magmatic melt. Fluid components (H2, CO2, F, Cl), providing low partial pressure
of oxygen at the magmatic stage did not have essential influence in the subsequent
postmagmatic processes as their majority was included in mineral structure.

It is  difficult to explain unusually high rare-earth elements concentration only by
cumulate processes because intensive TR-mineralization was not observed in the Yastrubetsky
laminated intrusion, represented by all the zones [4]. Rare elements transportation to the
upper part of magma chamber by fluid constituents is a more appropriate idea for the Azov
stock. High fluorite content in ore-bearing syenite is peculiar to the Azov deposit and points
to the exclusive role of fluorine in ore formation, that probably manifested in formation of
low-melting alkali-halogene complexes TR, Y, Zr (?). From this point of view TR-minerals
localization in the upper part of taxite syenites and TR-mineralization decline with depth
is revealed. Fluorine influence in ore mineralization might be expressed in considerable
extension of melt crystallization interval of enriched with fugitive constituents, and this
increased accumulation mechanism effectiveness and prevented from dispersion of ore elements
in the accessory minerals in the whole volume of the rock.

The Azov deposit as well as its petrologic prototype — the Yastrubetsky deposit, refers
to the a new type of rare-metal magmatic deposits of [9]. The basic mechanics of ore zones
formation is accumulation of ore-bearing minerals crystallization of which took place at the
early stage. However, the process of primary accumulation of rare elements is not quite clear.
The necessary conditions of crystallized differentiation, according to Fenner’s trend, are a
large melt volume and tectonic stable regions (platforms). Magma chambers with small
section but of considerable vertical extension can provide necessary melt volume and
accumulation effectiveness.

Ore analogues of the Azov and the Yastrubetsky syenite stocks are unknown yet as well
as instances of formation of minable zircon and britholite concentrations in syenite rocks
with normal or heightened alkalinity [1, 13]. Stable anorthoclase-ferrohastingsite-britholite
paragenesis, which is increased by constant presence of fluorite, is the distinctive peculiarity
of the Azov deposit, which enables to refer the deposit to a new type of rare-metal ore
formation.

Laminated stock intrusions of syenite composition are new promising objects of rare-
metal specialization, which may be more widely distributed at the territory of the Ukrainian
Shield.
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ÐÅÇÞÌÅ. Îáîáùåíû ïåòðîõèìè÷åñêàÿ è ìèíåðàëîãè÷åñêàÿ õàðàêòåðèñòèêè ïîðîä è ðóä, ñëàãàþùèõ Àçîâñ-
êèé øòîê â ïðåäåëàõ Þæíî-Êàëü÷èêñêîãî ñèåíèòîâîãî ìàññèâà. Âûäåëåíû ðàçíîâèäíîñòè ñèåíèòîâ: ïî ñòðóê-
òóðíûì îñîáåííîñòÿì — îäíîðîäíûå è íåîäíîðîäíûå (òàêñèòîâûå); ïî ìèíåðàëüíîìó ñîñòàâó — îäíî-, äâî-
ïîëåâîøïàòîâûå è àííèò-àíîðòîêëàçîâûå; ïî ñîäåðæàíèþ SiÎ2 — àíàëîãè÷íûå áàçèòàì è îáîãàùåííûå êâàðöåì
âïëîòü äî îáðàçîâàíèÿ ùåëî÷íûõ ãðàíèòîâ. Ðóäîíîñíûìè ÿâëÿþòñÿ îäíîïîëåâîøïàòîâûå ñèåíèòû ïðåèìó-
ùåñòâåííî òàêñèòîâîé ñòðóêòóðû. Âûÿâëåííûå îñîáåííîñòè õèìè÷åñêîãî ñîñòàâà, êðèñòàëëîìîðôîëîãèè è
ñòðóêòóðû ïîðîäîîáðàçóþùèõ (àíîðòîêëàç, ôàÿëèò, ãåäåíáåðãèò, ôåððîãàñòèíãñèò, àííèò, ôëþîðèò) è ðóäíûõ
(öèðêîí, áðèòîëèò, îðòèò, áàñòíåçèò) ìèíåðàëîâ, äîïîëíåíû ðåçóëüòàòàìè èçó÷åíèÿ âêëþ÷åíèé ìèíåðàëîîá-
ðàçóþùåé ñðåäû. Ñäåëàí âûâîä, ÷òî ðóäîíîñíûå ñèåíèòû Àçîâñêîãî ìåñòîðîæäåíèÿ ïðåäñòàâëÿþò ñîáîé ïðî-
äóêò êðèñòàëëèçàöèè êîíå÷íîãî äèôôåðåíöèàòà ìàãìàòè÷åñêîãî ðàñïëàâà ïî òðåíäó Ôåííåðà. Âûñîêàÿ íà-
÷àëüíàÿ òåìïåðàòóðà ðàñïëàâà, ñî÷åòàíèå ëèêâàöèîííîãî è êðèñòàëëèçàöèîííîãî ôðàêöèîíèðîâàíèÿ, àêòèâ-
íîå ó÷àñòèå ôòîðà íà ôîíå íèçêîãî ïîòåíöèàëà êèñëîðîäà ïðèâåëè ê îáðàçîâàíèþ ñïåöèôè÷åñêîãî ðåäêîìå-
òàëëüíîãî îðóäåíåíèÿ, êîòîðîå ìîæíî ðàññìàòðèâàòü êàê íîâûé òèï ìåñòîðîæäåíèé â ðàññëîåííûõ øòîêîîá-
ðàçíûõ èíòðóçèÿõ ñèåíèòîâîãî ñîñòàâà.

ÐÅÇÞÌÅ. Óçàãàëüíåíî ïåòðîõ³ì³÷íó òà ì³íåðàëîã³÷íó õàðàêòåðèñòèêè ïîð³ä ³ ðóä, ùî ôîðìóþòü Àçîâñüêèé
øòîê ó ìåæàõ Ï³âäåííî-Êàëü÷èöüêîãî ñ³ºí³òîâîãî ìàñèâó. Âèîêðåìëåíî â³äì³íè ñ³ºí³ò³â: çà ñòðóêòóðíèìè
îñîáëèâîñòÿìè — îäíîð³äí³ é íåîäíîð³äí³ (òàêñèòîâ³); çà ì³íåðàëüíèì ñêëàäîì — îäíî-, äâîïîëüîâîøïàòîâ³
é àí³ò-àíîðòîêëàçîâ³; çà âì³ñòîì SiO2 — áëèçüê³ äî áàçèò³â ³ çáàãà÷åí³ êâàðöîì àæ äî óòâîðåííÿ ëóæíèõ
ãðàí³ò³â. Ðóäîíîñíèìè º îäíîïîëüîâîøïàòîâ³ ñ³ºí³òè ïåðåâàæíî òàêñèòîâî¿ ñòðóêòóðè. Âèÿâëåí³ îñîáëèâîñò³
õ³ì³÷íîãî ñêëàäó, êðèñòàëîìîðôîëîã³¿ òà ñòðóêòóðè ïîðîäîóòâîðþâàëüíèõ (àíîðòîêëàç, ôàÿë³ò, ãåäåíáåðã³ò, ãà-
ñòèíãñèò, àí³ò, ôëþîðèò) ³ ðóäíèõ (öèðêîí, áðèòîë³ò, îðòèò, áàñòíåçèò) ì³íåðàë³â äîïîâíåí³ ðåçóëüòàòàìè äîñ-
ë³äæåííÿ âêëþ÷åíü ì³íåðàëîóòâîðþâàëüíîãî ñåðåäîâèùà. Çðîáëåíî âèñíîâîê, ùî ðóäîíîñí³ ñ³ºí³òè Àçîâñüêî-
ãî ðîäîâèùà — öå ïðîäóêò êðèñòàë³çàö³¿ ê³íöåâîãî äèôåðåíö³àòó ìàãìàòè÷íîãî ðîçïëàâó çà òðåíäîì Ôåííåðà.
Âèñîêà ïî÷àòêîâà òåìïåðàòóðà ðîçïëàâó, ïîºäíàííÿ ïðîöåñ³â ë³êâàö³éíîãî ³ êðèñòàë³çàö³éíîãî ôðàêö³îíóâàí-
íÿ, àêòèâíà ó÷àñòü ôòîðó íà òë³ íèçüêîãî ïîòåíö³àëó êèñíþ ïðèçâåëè äî óòâîðåííÿ ñïåöèô³÷íîãî ð³äê³ñíîìå-
òàëüíîãî çðóäåí³ííÿ, ÿêå ìîæíà ðîçãëÿäàòè ÿê íîâèé òèï ðîäîâèù ó ðîçøàðîâàíèõ øòîêîïîä³áíèõ ³íòðóç³ÿõ
ñ³ºí³òîâîãî ñêëàäó.
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A. N. Platonov, A. N. Tarashchan, O. A. Krassilshchikova

Some problems in application of
spectroscopic methods for study admixture
3dN ions location in real minerals

Admixture atoms of 3d-elements fixed in composition of natural minerals and often classiffied a priori as isomorphic
admixtures hardly ever are placed in regular structural sites. An influence of various physical and chemical factors on
mineral during its complicated and prolonged genetic history results in the formation of segregates of admixture 3d-
atoms from clusters, molecular aggregates, colloidal particles, nanodispersion structures, et cetera, right up to individualized
mineral phases. Examples of such segregates in some well-known minerals (quartz, feldspar, other silicates) examined
in the article support the tendency mentioned. It is necessary to take into consideration this circumstance when
interpretating optical absorption and luminescence spectra of natural minerals, especially in cases of their anomalous
parameters.

Active use of theoretical representations and methods of crystal spectroscopy (optical
absorption and luminescence spectroscopy, EPR, NMR, Mössbauer spectroscopy, etc.)
for better understanding of mechanisms and schemes of isomorphic substitutions in
natural minerals played an important role in rapid progress of crystal chemistry of
minerals and its geochemical and mineralogical applications [4, 22, 35].

Experimentally measured spectroscopic parameters of speciating and admixture
3dN ions in mineral structures are the most part reliable criteria for identification of
their valent state, ligand surrounding and local symmetry of coordinational polihedron,
state of valent bond, etc.

Nevertheless, one should notice that during numerous spectroscopic investigations
which have as their objective more and more mineral species and varieties, a lot of
problems appear with interpretation of spectra of different minerals, that becomes an
object for persistent discussions.

In fact, unusual spectral position (energy) of absorption or emission bands and
lines of these or other admixture ions their abnormal intensity polarization features,
and complicated structure, and especially revealing of additional bands in spectra of the
minerals studied are often not capable of being explained within the limits of classical
models (for instance, the schemes of energy levels of 3dN ion in crystal fields of definite
symmetry). In such cases only arbitrary conclusions with speculative arguments can be
given in favour of anomalous valent state or unusual structural position for the given
admixture ion.

We believe that the reasons of contradictory conclusions and their ambiguity appear
due to some idealization of structures of natural minerals, as well as of "classical" types
and schemes of isomorphic substitutions.

It is well known that, contrary to synthetic analogues of minerals which are used
and often incorrectly for spectroscopic models of activated crystals, interior structure
of natural crystals is more complicated as a result of their extended and complicated
genetic history. For example, prolonged temperature and chemical actions upon crystal
during metamorphic transformation of parent geological body, influence of radioactive
fields etc. Integrated action upon natural mineral of various physical chemical factors,
characteristic of one or other geological processes makes a sufficient impact on the
state of admixture atoms in crystals, that promotes their diffusion with forming of
clusters or domains, structural microfragments of new mineral (protominerals),
heterogenities of binodal or spinodal exsolutions etc. The nature of such phenomena in
real crystals of minerals has been discussed in minute detail in a great number of
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publications [21, 34, 38-40].
Close attention of mineralogists has been lately attracted by nanolevel of

investigations where the new world of structurally and morphologically regular objects
is discovered. Such objects are represented either by individuals or autonomized
fragments of individuals. These are nanocrystals, protocrystals, clusters, fullerenes, blocks
of crystals, molecular aggregates etc. [23].

It is obvious that complicated interior structure of crystals of natural minerals
demands to use traditional models and approaches with some care when we try to
explain their spectroscopic features. On the other hand, many "anomalous" spectra of
admixture ions or color centers will possibly be given an explanation due to the
mentioned peculiarities of real crystals.

Quartz. Color varieties of crystalline quartz colored by admixtures of 3dN  elements
attract close attention of specialists on synthesis and spectroscopy of crystals up to
now. Here we will only go into problems of those natural varieties which are now
under active discussion as to the origin of their color.

Even a cursory examination of a large body of publications on spectroscopy of
natural and synthetic quartz enables us to conclude that most deductions on nature of
color of these or other varieties are based on results of EPR investigations. Without
casting upon doubt these results we have to underline that EPR method due to its high
sensitivity is able to detect the smallest amounts of admixture ions (centers) which do
not produce any tangible effect on visible color of mineral. Among other things,
paramagnetic centers of Ti3+ and Mn2+ have been detected in many minerals [22], but
their effect on color of the studies samples was not confirmed.

Nevertheless, on the basis of numerous EPR studies of pink titanium-bearing veined
quartz a concept of relation of its color (absorption bands 490 nm) with Ti3+ ions
located in silicon positions or in octahedral interstitions (I6) of quartz structure has
become common in mineralogy. Octahedral coordination of Ti3+ admixture ions in
quartz is confirmed by the results of luminescent studies of synthetic hydrothermal
quartz with titanium admixture [24]. In luminescence spectra of crystals grown at a
temperature 900–1000 °C with 0.1–0.2 % of titanium (according to microprobe data),
emission band 830 nm is observed close by energy to the band of emission of Ti3+ ions
in laser crystals of Al2O3Ti3+ [25]. In spectra of the samples grown at a temperature
550–600 °C, emission band 830 nm is reduced by two orders, that indicates an extremely
limited amount of titanium ions incorporation in quartz at the mentioned temperatures
which are close to pink veined quartz formation temperatures [9]. It is quite clear that
they contain a very low structural Ti3+ amount is (not higher than concentration of
paramagnetic centers) for pink color to be related with this admixture.

Taking into account the justified denial of the very presence of Ti3+ ions in terrestrial
minerals, considerations on chromophoric function of titanium in pink quartz have

been modified into the model of pair centers of Ti
6

3
I


 — Ti4S
  or F

6

4eI


 — Ti4S
  [6, 32],

while the band 490 nm was assigned to charge transfer Fe2+ — Ti4+. Further studies of
pink veined quartz from different areas of the world by HRTEM method show that at
least most of them are colored by microinclusions of subdumortierite phase with pair
centers Fe2+ — Ti4+ (G. R. Rossman, private communication). These observations are in
good accordance with the results obtained by Ignatov et al. [18].

Such an observation together with numerous facts of detection of thin rulite
inclusions in pink quartz samples (especially those ones with effect of opalescence and
asterism) give us compelling evidence of the trend of admixture ions of Ti and Fe to
segregation within quartz with production of complex associates (clusters) and their
subsequent partial or complete transformation into germs of separate mineral phases.
One of the products of such segregation of titanium and iron atoms are submicron
inclusions of ilmenite into quartz which are responsible for its blue color as a result of
Rayleigh scattering [43].

One of the most controversial subjects is (in our opinion) the origin of the color
of amethyst. After the works of Cox [7, 8] who identified Fe4+ in a silicon position by
EPR method (so-called paramagnetic centre S = 2, or S2) as a centre of amethyst
color, everyone of scholars accepted this result as an axiom. Some diversity of opinions

SOME PROBLEMS IN APPLICATION
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reffered to details of valence transformations FeSi
3   FeSi

4  or Fe4+ positions in quartz

structure. In particular, Cohen [5] demonstrated presence of Fe4+ ions in octahedral
interstitions I6.

It is hardly probable that anyone of the followers of such a model of amethyst
color centers showed consideration for the question why such an unusual valence
state of iron atoms had been realized only in one though the most abundant mineral of
Earth crust and only in one of its low-temperature generations.

Of course, it is unreasonable to exclude a possibility of the production of ions
with anomalous valent state (especially under the action of ionizing irradiation),
among them Fe4+ ions in the structure of quartz, however their decisive role in
coloration of amethyst, as well as suggested by Cox [8] interpretation of optical
spectrum of Fe4+ (3d4 ion in tetrahedral coordination) * does not seem convincing.
We know some examples when for explanation of trivial in its origin pink color of

kunzite (Mn3+  AlVI
3 )Mn3+ ions with analogous electronic configuration (3d4) were

placed into tetrahedral position of silicon [12, 31]. To the point, the basis for such a
deposition of Mn3+ ions are the results of EPR investigation of kunzites (spodumenes)
where five (!) positions of Mn2+ paramagnetic centre were observed [17].

Obviously, we ought to consider that admixture 3dN ions which most probably
enter interstitial I4 and I6 positions of quartz structure were exposed to similar attacks
during geological life of crystals. The processes of their segregation lead to formation
of associates (clusters) which include as their own structural elements octahedral and
tetrahedral positions occupied by differently charged 3dN ions linked by common oxygen
ligands (possibly together with OH-groups). Possibility of the processes of diffusion
and segregation of admixture ions of iron in the crystals of amethyst is indirectly
confirmed by unusually high density of dislocations within the pyramids of growth of
the faces of positive rhombohedron <R> — the main concentrators of amethyst color
centers [3].

For amethyst it is possible, in particular, formation of associates of F 2e6
 … F 3e4

 …

F 2e6
  type, which can be primary (growth) products at relatively low temperatures of

growth of amethyst crystals. Such associates can be formed within structural channels
of quartz as it is supposed in Fe-bearing beryls [10].

Electron interaction of differently charged Fe-ions in such associates can be
described after the model of charge transfer of M  M type, which in the case of

amethyst looks like F 2e6
  F 3e4

 . Energy of the corresponding charge transfer band

(CTB) in spectrum of amethyst (~ 550 nm, ~ 18000 cm–1) is characteristic of similar
bands in spectra of mineral including differently charged Fe-ions in octahedral and
tetrahedral positions (for instance, in violet cordierite). Special attention is drawn to
the fact that for natural and synthetic amethysts there is a direct correlation between
intensity of color and concentration of OH-defects [3]. This fact can attest to increased
defect concentrations within the areas of crystals with amethyst color and, on the
other hand, the reflection of special "design" of this color centers or special features of
composition of clusters including possibly hydroxyl ions in coordination surrounding
of iron ions. Enclosure of hydroxyl ions into regular positions of amethyst structure is
confirmed by production of anion vacancies during heating of crystals at a temperature
above 800 °C, which produce E-centers responsible for maximums of thermolumi-
ninescence at 450 °C after their subsequent irradiation. During the analogous experiment
with other varieties of quartz this phenomenon has not been observed; it was
characteristic only of amethyst.

Iron-bearing clusters are probably responsible for the color of transparent green
quartz-prasiolite and green heat-treated amethyst. Green color of these varieties is
related to "prasiolite" absorption band 725 nm (13800 cm–1) which is attributed to

_____________________

* According to this interpretation in the model of molecular orbitals of (FeO4)
4– complex the main amethyst band

~18000 cm–1(~ 550 nm) is related to the charge transfer band of ligand-metal type.
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intersticial ions Fe 6I in distorted octahedral positions by majority of scholars. In

accordance with this interpretation, the second band of Jahn-Teller doublet of Fe2+

ion is observed at 930–950 nm.
Our measurements allowed us to represent different conceptions of absorption

bands nature in prasiolite optical spectra [27].
Partly by comparison of measurements of investigated samples optical spectra,

partly heat-treatment results and low-temperature measurements led to the conclusion
that 725 and 930 nm absorption bands are of different nature; it may be argued as
follows:

1. In the same polarization the relative intensities of 725 and 930 nm bands for
different crystals (or parts of crystals) vary in a wide range;

2. Absorption bands 725 and 930 nm characterize different dynamics of annealing;
3. Strong increase in intensity of absorption band 725 nm after cooling to the

temperature of 77 K is very characteristic of charge transfer band Mx — Mx+1 partly
Fe2+ — Fe3+.

Half width (3700–4100 cm–1) and distinct polarization dependance are additional
evidence of such a nature of 725 nm  band. The position of 725 nm band is particularly

characteristic of charge transfer bands F VI
2e   — F VI

3e   in optical spectra of minerals

containing Fe-ions of different valency.
In natural and synthetic amethysts [11], rose Ti-bearing quartzs [6] and some

kinds of Fe-bearing citrines spectra — the band in the range of 900–950 nm is related
to 5T2  5E transfer and full absence of 725–740 nm band is to be observed
simultaneously.

In this case, it seems to be enough evidence to suppose that 725 and 930 nm bands
are not components of the same absorption centre but are characterized by different
types of electron transitions, i. e.:

a) presence of 930 and 1040 nm bands is related to 5E  5B1 and  5A1 transitions
in Fe2+ ions in distorted octahedral sites;

b) 725 nm band is determined by charge transfer band (CTB) Fe2+  Fe3+;

spectral position of this band probably refers to (CTB) F VI
2e   — F VI

3e  , which in case of

quartz relates to interaction Fe2+(I6) — Fe3+(I6).
Considering the character of polarization of 725 nm absorption band in spectrum

of natural prasiolite, electric dipol pairs Fe2+ — Fe3+ are, first of all, orientated parallel
to c axis, this fact allows us to assume the presence of interacted Fe2+ and Fe3+ ions in
structure channels of approx. 0.3 nm diameter running along the c axis. Taking into
account the possibility of Fe2+ — Fe3+ pairs formation in structure of quartz (prasiolite),
their  relationship  to colloidally-dispersed Fe-bearing phase can not be excluded.

Some investigators [3] explain the nature of synthetic quartz green colour referring
it to the presence of colloidally-dispersed Fe-bearing phase.

In our opinion, Fe2+ — Fe3+ pairs of widespread segregates consisting of such
pairs are main parts of potential silicate structures, still able to dissociation, charge
transfers and transformation into new (oxide) phases.

Feldspar. Luminescent properties of rock-forming feldspars which reflect availability
of specific, genetically caused combinations of different emission centers — structural
and admixture defects [19, 29, 37] are widely used in practice of typomorphic analysis.
Variable color of feldspar which often determines color hue of many types of rocks is
one of the subjects of constant attention of mineralogists [13, 26, 33].

According to the data of spectroscopic studies, 3dN admixture elements embedded
isomorphously into feldspar structures, are mainly represented by Fe3+ and Fe2+ ions.
The highest concentrations of Fe3+ in tetrahedral positions of feldspar framework are
found in potassium feldspar — orthoclase and sanidine [13]. Fe2+ ions with the amount
of 0.5 % FeO are characteristic of isomorphic admixture in plagioclase, where they
occupy two structurally nonequivalent calcium positions [14]. Very small amounts of
Mn2+ admixture ions in plagioclase are detected by luminescent methods [29, 37], and
paramagnetic Ti3+-centers — by EPR method [22].

Processes of metamorphic transformation of feldspar rocks of different composition
substantially change the plot of distribution of admixture Fe ions into feldspar. Their

SOME PROBLEMS IN APPLICATION



ISSN 0204-3548. Mineral.  Journ. (Ukraine). — 2000. — 22,  ¹ 5/654

predominant part under the action of heat, hydrothermal solutions, natural radiation
fields forms associations of different complexity up to formation of separate oxide or
silicate phases. The presence of local cluster aggregates of  Fe3+ ions in plagioclase,
which represent one of intermediate stages of pre-decay phenomena, was confirmed by
EPR investigation [20].

Another admixture 3dN elements detected in feldspars due to their chemical or
spectroscopic   studies,  are   usualy  related to microinclusions of separate mineral
phases — Mn3+-bearing pink and violet micas, Cr3+-bearing green jadeite, etc.

In particular, comprehensive analysis of previously measured spectra of plagioclase
luminescence [1, 2], presence of emission lines of Cr3+ having been considered as an
argument in favour of Cr3+ isomorphous embedding into feldspar, showed that their
emission is related to microinclusions of chromium-bearing beryl, pyroxene or kyanite.

According to the data of Hofmeister and Rossman [16], specific pink to red and
green color of transparent crystals of labradorite from Lake County, Oregon, is caused
by Cu0-clusters or colloid-like fragments of different dimensions and orientation.

Green color of the so-called "plagioclase-amazonites" [30] is related to Cu2+ ions
within some unidentified mineral phase. In contrast to genuine Pb-bearing amazonites,
green color of "plagioclase-amazonites" disappears after heating of samples to 300 °C
and does not reappear under irradiation. The samples with a rather high concentration
of copper (up to 2 %) after heating became grey or black due to transformation of
admixture Cu2+-bearing phase.

Other silicates. Cobaltiferous rhodonite from carbonate-manganic ores from Polar

Urals has unusual lilac and violet color, caused by presence of Cooct
2  absorption bands

in its optical spectra [36]. Unusual for octahedral Co2+ complexes intensity of absorption

bands with cobalt concentration ~ 0.05 % and anomalous for Cooct
2  of crystal field

parameters (Dq = 1000, B = 734 cm–1) forced the authors to locate Co2+ ions in the
smallest M4 position of the rhodonite structure, which is supposedly characterized by
the symmetry centre and increased M — O bond covalency.

Further electron microscopic study of this sample [23] showed presence in rhodonite
matrix of microinclusions of magnesial-cobaltiferrous silicate phases with concentrations of
CoO up to 16 % which are responsible most probably for absorption banls of Co2+ in
optical spectra of the studied rhodonite sample. Spectroscopic parameters of Co2+ ions
mentioned above are probably corresponding to features of coordination polyhedra in
admixture cobalt phases.

We met with analogous situation while studying the nature of blue color of talc from
Shabrovskoe deposit in the Urals.* Optical absorption spectra of this unusual color variety
of talc showed the presence of intense absorption bands of Co with general amount of cobalt
in the sample not more than 0.005 %.

Comprehensive microscopic studies of blue talc samples, performed together with
G. R. Rossman (California Institute of Technology, Pasadena, USA) enabled to reveal an
admixture of Co-bearing mineral phase yet unidentified, penetrating talc grains along cleavage
plane of forming scurfy aggregates of deep blue color in intergranular space. Presence of
this pigment phase allowed to avoid quite possible speculative reasoning on "unusual" structural
position of Co2+ admixture ions in talc.

Interesting results were obtained when studying of optical absorption spectra luminescence
spectra and excitation spectra of Cr3+ ions in kyanites which confirmed the presence of two

positions CrI
3  and Cr I I

3  +  drastically different in crystal field parameter Dq and B [28].

Attempts to explain such pronounced differences by the presence of Cr3+ ions in different
Al-sites of the kyanite structure [41, 42] did not succeed which made us look for alternative
decisions. It was assumed that Cr3+ ions (Dq = 1610, B = 620 cm–1) are related to corundum-
like phase (precurs) in kyanite matrix. HRTEM-studies of these kyanite samples performed
by R. Wirth (GeoForschungZentrum, Potsdam, Germany) confirmed the presence of a precurs
of an Al-rich chromium-bearing corundum-type exsolution, which was previously suggested
to explain to greatly different crystal fields for Cr I I

3  +  in Cr-bearing kyanites.

____________________________

* Samples of this unusual color variety of talc were kindly given by I. V. Sinyakovskaya (Institute of Mineralogy of the
Ural Division of RAS) for joint investigation.
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Indirect evidence of such behavior of Cr3+ ions in natural kyanites is the presence in
their high-chromium varieties of microinclusions of mineral phases of the corundum-escolaite
exsolution [14], which probably are the final products of transformation of defects mentioned
above.

Such a situation is also characteristic of some Cr3+-bearing diopside samples in which
luminescence spectra a set of narrow lines is observed (spin-forbidden transitions 2E  4A2)
and an intense broad band with maximum ~ 860 nm (spin-allowed transitions 4T2  4A2)
[37]. These lines and the band have different excitation spectra, that indicates the presence of
at least two types of luminescence centers. Judging from the coincidence of excitation spectrum
of the band 860 nm with absorption spectrum of chromium diopside, the main contribution
to its luminescence is made by regular Cr3+ ions located in the weak crystal field in Mg-
positions. Positions of excitation bands of narrow band luminescence and corresponding
values of crystal field parameters (Dq = 1660, B = 530 cm–1) are more consistent with
parameters of Cr3+ ions in oxide phases with more covalent bond Cr — O. It may be related
to defects described above for kyanite or to separate Cr-bearing mineral phase. Identification
of these defects in diopside demands special studies of their spectral and kinetic characteristic
as well as their temperature and concentration dependence which are being performed now.

The examples examined above allow to conclude that admixture 3d-elements registered
in natural minerals and often classified as isomorphic admixtures form in many cases its own
segregates — from clusters, molecular aggregates, colloidal particles, nanodispersic structures,
et cetera right up to individualized mineral phases. It is necessary to take into consideration
the circumstance mentioned when interpretating optical absorption and luminescence spectra
of real minerals, especially in cases of their anomalous parameters.
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ÐÅÇÞÌÅ. Ïðèìåñíûå àòîìû 3d-ýëåìåíòîâ, ôèêñèðóåìûå â ñîñòàâå ïðèðîäíûõ ìèíåðàëîâ è ÷àñòî êëàññèôè-
öèðóåìûå a priori êàê èçîìîðôíûå ïðèìåñè, äàëåêî íå âñåãäà ðàñïîëàãàþòñÿ â ðåãóëÿðíûõ ñòðóêòóðíûõ ïîçè-
öèÿõ. Âîçäåéñòâèå íà ìèíåðàë ðàçíîîáðàçíûõ ôèçèêî-õèìè÷åñêèõ ôàêòîðîâ íà ïðîòÿæåíèè åãî ñëîæíîé è
äëèòåëüíîé èñòîðèè ñïîñîáñòâóåò îáðàçîâàíèþ ñåãðåãàòîâ ïðèìåñíûõ 3d-àòîìîâ îò êëàñòåðîâ, ìîëåêóëÿðíûõ
àãðåãàòîâ, êîëëîèäíûõ ÷àñòèö, íàíîäèñïåðñíûõ ñòðóêòóð è ò.ï., âïëîòü äî èíäèâèäóàëèçèðîâàííûõ ìèíåðàëü-
íûõ ôàç. Ïðèâåäåííûå ïðèìåðû ïîäîáíûõ ñåãðåãàòîâ â íåêîòîðûõ øèðîêî èçâåñòíûõ ìèíåðàëàõ (êâàðö, ïî-
ëåâûå øïàòû, äðóãèå ñèëèêàòû) ïîäòâåðæäàþò òàêóþ òåíäåíöèþ. Ýòî îáñòîÿòåëüñòâî íåîáõîäèìî ó÷èòûâàòü
ïðè èíòåðïðåòàöèè ñïåêòðîâ îïòè÷åñêîãî ïîãëîùåíèÿ è ëþìèíåñöåíöèè ïðèðîäíûõ ìèíåðàëîâ, îñîáåííî â
ñëó÷àå èõ àíîìàëüíûõ ïàðàìåòðîâ.

ÐÅÇÞÌÅ. Äîì³øêîâ³ àòîìè 3d-åëåìåíò³â, ÿê³ ô³êñîâàí³ ó ñêëàä³ ïðèðîäíèõ ì³íåðàë³â ³ ÷àñòî êëàñèô³êîâàí³ a
priori ÿê ³çîìîðôí³ äîì³øêè, äàëåêî íå çàâæäè ðîçòàøîâóþòüñÿ ó ðåãóëÿðíèõ ñòðóêòóðíèõ ïîçèö³ÿõ. Âïëèâ íà
ì³íåðàë ð³çíîìàí³òíèõ ô³çèêî-õ³ì³÷íèõ ôàêòîð³â ó ïåðåá³ãó éîãî ñêëàäíî¿ ³ òðèâàëî¿ ³ñòîð³¿ ñïðèÿº óòâîðåííþ
ñåãðåãàò³â äîì³øêîâèõ 3d-àòîì³â â³ä êëàñòåð³â, ìîëåêóëÿðíèõ àãðåãàò³â, êîëî¿äíèõ ÷àñòîê, íàíîäèñïåðñíèõ ñòðóê-
òóð i ò. ï., ùiëüíî äî ñàìèõ ³íäèâ³äóàë³çîâàíèõ ì³íåðàëüíèõ ôàç. Íàâåäåí³ ïðèêëàäè ïîä³áíèõ ñåãðåãàò³â ó
äåÿêèõ øèðîêî â³äîìèõ ì³íåðàëàõ (êâàðö, ïîëüîâ³ øïàòè, ³íø³ ñèë³êàòè) ï³äòâåðäæóþòü òàêó òåíäåíö³þ. Öþ
îáñòàâèíó íåîáõ³äíî âðàõîâóâàòè ïðè ³íòåðïðåòàö³¿ ñïåêòð³â îïòè÷íîãî ïîãëèíàííÿ ³ ëþì³í³ñöåíö³¿ ïðèðîä-
íèõ ì³íåðàë³â, çîêðåìà, ó âèïàäêó ¿õ àíîìàëüíèõ ïàðàìåòð³â.
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Formation Mechanisms and Localization Places of

CO2
  Radicals in Tooth Enamel

This report is on the properties of the CO2
  radicals of tooth enamel and of the precenters from which they are

formed by irradiation. The experiments were carried out using electron paramagnetic resonance (EPR), proton magnetic
resonance (PMR) and electron-nuclear double resonance (ENDOR). It is shown that the majority of the CO2



radicals are formed by capture of electrons by molecules CO2
0  and possibly by removal of protons from carboxyl

groups of amino acid. On the basis of experimental data it is possible to divide the precenters into seven groups denoted
as Ni

0  (i = 1–7). The corresponding groups of CO2
  radicals Ni. The N1

0 , N2
0  and N3

0  precenters relate to CO2
0

molecules located in the water layers of enamel and inside the nanocrystals near to their surface. The N4
0  precenters

correspond to the carboxyl groups of amino acid, associated with nanocrystals bioapatite. The other precenters usually
only produce small amount of CO2

  radicals. In non heated enamel the main contribution to EPR signal is caused, as
a rule, by three groups of centers N1, N2 and N4. The ratio of quantity of centers in the specified groups depends on the
quantum energy of the radiation field and dose of irradiation. Ultra violet (UV) radiation is the most effective at
producing N4 centers. The temperature stability, orientation characteristics and local surroundings of the N1, N2 and N4
centers are different. The properties of the CO2

  radicals are changed by heating, as the temperature stability of the
water subsystems where the CO2

  radicals are located is lower than that of the CO2
  radicals themselves. Heating of

enamel at T ~ 250 °C leads to the transformation of the N1 and N2 centers into N3 centers. These transformations result
in increased alignment of the CO2

  radicals, and an anomalous amplification of the ENDOR signal intensities of
phosphorus nuclei. Heating at T ~ 400 °C leads to further increases in the of quantity of N3

0  precenters. Possible
mechanisms for the effects seen are described. A discussion is given to explain how the above results can be used to
increase the reliability of retrospective EPR dosimetry, to determine the mechanisms of bone demineralization during
space flight  and to study the process by which implant materials (synthetic hydroxylapatites) are assimilated by bone
tissue.

1. Introduction
Biominerals is a term used to describe the mineral component of the hard tissues of humans
and animals [12, 18]. Typical examples of biominerals are tooth enamel and bone. As tooth
enamel is the most highly mineralized tissue of the body, it is a convenient model for
studying many of the properties of biominerals. The most widespread of the paramagnetic
centers in biominerals are the CO2

  radicals. These radicals can be demonstrated in all
biominerals after exposure to various types of radiation. The EPR signals of the CO2

  radicals
in biominerals have a high intensity and can be studied at room temperature. The wide
prevalence and convenience of measuring CO2

  radicals permits the use of these radicals for
studying various applied problems. The EPR of CO2

  radicals is used for dose reconstruction
in retrospective EPR dosimetry [2, 4, 10, 14, 15]; for determination of age of archeological
objects in EPR dating [10, 15]; for determination of bone demineralization mechanisms of
osteoporosis and space flight [5, 7]; for study of mechanisms of tooth disease [1]; and for
investigation of regeneration processes of bone tissue when using synthetic hydroxylapatite
as implant material [23].

A significant quantity of works has been devoted to the study of the properties of CO2


radicals in different biominerals (see monograph [15]). The most extensive studies have been
with tooth enamel [6, 9, 10, 11, 20]. However, despite significant amounts of work which have
been done, many of the properties of CO2

  radicals in biominerals remain to be investigated.
This is because biominerals are complex, multicomponent systems. The internal structure
and the properties of the subsystems which determine the hierarchy of the internal structure
of biominerals  have not been sufficiently investigated. Because the differences between the
g-tensor values of the of the CO2

  radicals, which are located in different subsystems of the
biominerals, are small, determination of the location of CO2

  radicals in the biominerals by
EPR, is a difficult problem. The absence of detailed information about the locations of the
CO2

  radicals inhibits the application of the EPR method for solving the applied problems
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listed above.
The purpose of the this study is to investigate the properties of tooth enamel by using

EPR, PMR and ENDOR methods. The properties of CO2
  radicals and the subsystems of the

biomineral, are investigated together . Possible applications of the data are discussed.
2. Samples and experimental methods
The research was done on powdered samples and on plates of enamel. Stomatological tools
were used to separate the enamel from dentine. The powdered samples were made from
different types of teeth and the enamel plates cut out from incisors. The axes h, p and v of
the enamel plates correspond to the natural horizontal, perpendicular and vertical positions
of human tooth [7].

The registration of the EPR and PMR signals was done at room temperature with a
PS-100.X (Minsk, Belarus) spectrometer and a RYa-2301 (Smolensk, Russia) spectrometer,
respectively. The EPR PS-100.X spectrometer operates in the three-centimeter wave length
range. The continuously oscillating RYa-2301 PMR spectrometer has a working frequency
of 16 MHz. The ENDOR experiments were carried out at T = 4.2 K on a superheterodyne
EYa-1301 (St. Petersburg, Russia) X-band spectrometer. The radiofrequency field of the
spectrometer is amplitude modulated.

The irradiation of the samples was done with a cobalt source (isotope 60Co, energy of
quantum 1.25 Mev) or by X-ray tube (voltage 120 kV, current 2 mA). With the X-ray tube,
the samples were irradiated with a dose of about 103 Gy. Doses of 105 Gy and 106 Gy were
given with the cobalt source. Exposure to UV-irradiation was done with a KGU-1 hydrogen
lamp (Kiev, Ukraine). The duration of the UV-irradiation of the powdered samples was
about 10 hours and that of the plates was 40 hours. Sample heating was done in a muffle
furnace with an atmosphere of air. The duration of heating was about 40 minutes.
3. Experimental results
Electron paramagnetic resonance. The relationships between EPR signal intensities of the
CO2

  radicals and heating temperatures are shown in Fig. 1. Curves 1 and 2 are for the
powdered samples, which were irradiated with 105 Gy of 60Co gamma rays. The samples,
shown in curve 1, were initially heated to different temperatures, and were irradiated after
their return to room temperature. For curve 2, the samples were irradiated, followed by
heating to the different temperatures. Curve 1 shows the dependence of the quantity of
precenters on the heating temperature of the samples, while curve 2 shows the dependence
of the quantity of paramagnetic radicals ( CO2

 ) on the heating temperature of samples.
Curve 1 in Fig. 1 has two peaks. The peak at T   200 °C can be attributed to the removal

of water from the enamel (see below). This removal can increase the efficiency of CO2


radical production at the time of sample irradiation and also lead to improved spectra
registration due to the redistribution of microwave magnetic field density in microwave
cavity. The peak at T  400 °C indicates thermogeneration of precenters of CO2

  radicals.
There is a weak bend in curve 2 at T  250 °C which indicates a change in the

mechanism of CO2
  radical formation at this temperature. Curves 3 and 4 show the results

Fig. 1. Dependence of quantity of precenters (curve 1) and CO2
  radicals (curves 2, 3, 4) versus heating temperature of

samples. Ii — intensity of EPR signals of CO2
  radicals (in arbitrary units), T — heating temperature

Fig. 2. Dependencies of EPR signal intensities of CO2
  radicals versus power of microwave field P for non-heated (1)

and heated (2) powdered enamel. Abscissa axis shows the attenuation of microwave power P in decibels. The maximum
power P0 = 80 mW
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when the magnetic field B0 was oriented
perpendicular to the surface of a tooth enamel
plate. The curves 3 and 4 correspond to EPR
signal peaks, which are registered in magnetic
fields, ñorresponding to g and g||. The plate was
X-irradiated followed by sequential heating to
different temperatures. In previous reports [7,
6], the CO2

  radicals in tooth enamel were
divided into two groups of centers. The first
group of centers, which have chaotic orien-
tation in space were designated as (Nch), and
the second group, which have fixed orien-tation
in space were designated as (Nor). The centers
Nor are oriented in a direction close to the
perpendicular to the surface of the tooth [7, 6],
hence oriented centers (Nor) are primarily
responcible for curve 4, while curve 3 is mainly
due to chaotic centers (Nch) [6]. It can be seen
from these two curves that the temperature
stability of the chaotic and oriented centers is essentially different. It can also be seen in
curve 4 that heating the sample to T  250 °C results in an increase in the quantity of
oriented centers, i. e., an alignment of CO2

  radicals occurs [6] at this temperature.
Differences are seen in the curves 1–4 which are due to type of irradiation, X-ray versus

60Co, and differences in dosage. These differences are probably caused by differences in the
quantity and type of paramagnetic centers due to different treatments. The differences are
quantitative rather than qualitative, so it is possible to say that the curves 1–4 reflect main
peculiarities of processes which are caused by heating of tooth enamel.

We have established in unheated samples of enamel that the EPR power saturation
curves do not depend on CO2

  radical concentration and orientation of enamel plate [6, 8].
With this as a basis, we feel that the width of the spin packets is due to spin-lattice interaction.
Therefore, the relaxation times, T1 and T2, for CO2

  radicals in unheated tooth enamel, are
approximately equal, i. e., T1  T2. Large changes are seen in the EPR power saturation curve
subsequent to heating. Fig. 2 shows the saturation curves of two X-irradiated powdered samples.
The sample for curve 1 was unheated while the curve 2 sample was heated to T 280 °C
after irradiation. Using a standard procedure [19] for determination of the spin-lattice
relaxation time from power saturation curves, it is possible to estimate the values of T1 for
curves 1 and 2. We have determined that for the unheated sample, T1 ~ 5·10–7 s, and for
heated sample T1 ~ 10–7 s. Since the g-tensors are about the same for both the unheated and
heated samples, the differences in the T1 values must be due to crystalline lattice changes
caused by the heating. Such changes are possible only if the temperature stability of enamel
subsystems is lower than the stability of the paramagnetic centers which are located in these
subsystems [8]. Thus, from experimental data shown in Fig. 2, it is possible to conclude that
the structural characteristics of the enamel subsystems (where CO2

  radicals are located)
for unheated and heated enamel are different.

Fig. 3 shows the EPR signals of an enamel plate which was irradiated with UV light of
hydrogen lamp. Two orientations of the magnetic field B0 were used. It can be seen from the
drawing that the EPR spectra of the CO2

  radicals vary greatly. The anisotropy of the EPR
spectra of X-irradiated CO2

  radicals in enamel plates, has previously been described [6, 7].
The anisotropic and temperature properties of CO2

  radicals produced by UV and X-ray
radiation, are close, but are not identical [4, 6, 7]. On the basis of the data it was possible to
conclude that UV radiation is more effective at producing CO2

  radicals with fixed orientations
(Nor) than it was at producing CO2

  radicals with chaotic orientation (Nch).
Proton magnetic resonance.  Protons are located in different subsystems of enamel. These

subsystems also contain CO2
  radicals. Fig. 4, a shows the result from measuring an unheated sample.

Signal 1 is caused by protons in the nanocapillary water and by mobile protons located in the organic
matter. Signal 2 is due to the low mobility protons of organic matter and protons of the hydroxyl
groups of crystal lattice of the bioapatite nanocrystals. Signal 3 is caused by the protons of crystal

Fig. 3. EPR spectra of tooth enamel plate produced by UV
radiation. The spectra a and b correspond to orientation of
magnetic field B0||p and B0||h respectively. On abscissas axis
the values of g-factor are specified
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hydrate water. In the heated sample (Fig. 4, b) signal 3 is gone. Signal 4, which is caused by mobile
protons of organic matter, corresponds to signal 1 following the loss of the nanocapillary water. Signal
5 corresponds to signal 2 after heating of the samples.

In unheated enamel, signal 3 is a doublet. The splitting between lines of the doublet depends on
orientation of enamel plate in magnetic field B0 and varies in the interval from 0.8 to 1.0 mT. The
changes in splitting and the anisotropic values show that this doublet is caused by protons in the
crystalhydrate water. Crystalhyrate water is located on the surfaces of the nanocrystals. Crystalhydrate
water consists of monomolecular layers which cover the nanocrystals and play an important role in
the interactions between the organic and mineral components of hard tissues [5].

Heating of enamel leads to the disintegration of various subsystems with an accompanying
release of gaseous molecules, including water and CO2. At least some of the CO2 molecules are
retained and reutilized. The loss of water and organic matter results in a reduction of weight.  Curves
1–4 in Fig. 5 were obtained by PMR spectroscopy. They characterize the temperature stability of
enamel subsystems, which contain the protons. Curves 1 and 2 show the changes which occur in the
quantity of the protons of the nanocapillary and crystalhydrate water. Curves 3 and 4 correspond to
two subsystems of the organic component of enamel. These subsystems differ in the degree of
stability of their proton content and will be referred to as "organic-1" and "organic-2". The less stable
"organic-1" subsystem occupies the space between enamel prisms, while the more stable "organic-2"
system covers the individual nanocrystals [5]. Curve 5  shows the reduction in the quantity of carbonate
molecules in the enamel  due to the heating. This curve is constructed from gas chromatographic and
sample weight loss data. These data show that enamel contains about 1.8 % carbonates. According to
curve 5, the removal of the carbonates occurs at 600–900 °C.

Fig. 4. PMR spectra of tooth enamel. The spectra a and b correspond to unheated sample and sample heated at
T = 420 °C, respectively. Numbers 1–5 designate the signals from different subsystems of enamel. The signals 2 and 5
are schematic designated by lines from points

Fig. 5. Dependencies of weight of various subsystems of enamel mi (i = 1–5) versus heating temperature. Value mi
0  is

the weight of i-th subsystem in non-heated enamel

Characteristics of ENDOR and EPR signals of different samples

Sample Treatment of samples IH IP IEPR dH, MHz dP, MHz

1 1. X-rays
2. T = 20 °C

10.0 2.0 1000 0.520 0.135

2 1. X-rays
2. T = 280 °C

5.2 2.9 340 0.130 0.135

3 1. T = 440 °C
2. X-rays

19.8 12.7 600 0.115 0.085

4 1. -rays
2. T = 20 °C

32.8 4.4 1500 0.580 0.165

5 1. -rays
2. T = 280 °C

16.0 5.1 520 0.190 0.175
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Electron-nuclear double resonance. Using ENDOR, it is possible to quantitate the 31P nuclei and
1H protons of enamel [13, 16, 20, 22]. We have established quantum energy radiation and heating have
considerable effect on the structure, width, form and dynamic characteristics of ENDOR signals. The
dependency of form, intensity and the width of the ENDOR signal on irradiation and heating of the
powdered samples is shown in Figs. 6 and 7, and in Table. The spectra in Figs. 6 and 7 were measured
in magnetic fields B0, which corresponded to g = 1.9988 and g = 2.0018 respectively. The radio
frequency is specified on the abscissa of these figures. The type of irradiation and the heating temperature
are   given   in  the second column of Table. For samples shown in Table, the irradiation doses were
103 Gy and 106 Gy for X-rays and gamma rays, respectively. The next three columns of the table
specify the peak intensities of ENDOR signals from protons IH and phosphorus nuclei IP, and also the
intensity of EPR signals IEPR. If measurement conditions are identical, then the intensities of ENDOR
signals from different samples can be compared. In our experiments the accuracy of determination
of the ratio of signal intensities in different samples for ENDOR is equal approximately to 10  and
for EPR is about 5 %. The intensity of the EPR signal was arbitrarily set at 1000 units for sample 1
and the other EPR values were set accordingly. The ratio values of IEPR, IH and IP were then
evaluated. The widths of the ENDOR signals of the protons dH and the phosphorus nuclei dP are
specified in the last two columns of Table. The accuracy of width determination of ENDOR signals
is to equal about 5 %.

Spectra in Figs. 6 and 7 clearly show that the local environment of CO2
  radicals is different

for different conditions of heating and irradiation. Traditionally the ENDOR method uses constants
of nuclear superhyperfine (SHF) interactions to determine the atomic environment of the
paramagnetic centers. For tooth enamel, this method is inconvenient because the ENDOR spectra
of enamel, as a rule, are due to a superposition of signals from different groups of carbon-oxygen
radicals, which are located in various subsystems of the enamel. However, on the basis of the data
shown in Table and Figs. 6 and 7, it is possible to derive important conclusions about the properties
of the carbon-oxygen radicals without detailed information about SHF constants of the nuclei.

The ENDOR signals of protons in unheated samples form a doublet (Fig. 6, a). The width of the
signal, dH and the splitting H, between lines of the doublet, depend on magnetic field B0 at which the
ENDOR signals are registered. These values also depend upon the quantum energy and the radiation

Fig. 6. Changes of shape of ENDOR signal of 1H at various regimes of irradiation and heating of enamel. Spectra a, b,
c and d correspond to samples 1, 2, 3 and 5 in Table

Fig. 7. Changes of form of ENDOR signals of 31P at various regimes of irradiation and heating of enamel. Spectra a, b,
c and d correspond to samples 1, 2, 3 and 5 in Table
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dose.  At  the  B0   for g = 1.9988,  the  parameters dH and H for sample 1 are equal to 0.520 and
0.140 MHz, respectively. Heating of the samples results in essential changes in the intensity, width
and form of ENDOR signals. The ENDOR spectra vary the most at temperatures of 200–300 °C.
The   ENDOR  signal of specimen   heated  to 280 °C,   is  shown  in Fig. 6, b. The doublet splitting of
H = 0.140 MHz is gone in this specimen, and width of the ENDOR signal has decreased to a
fourth of its unheated value. According to data in Table, heating at 280 °C leads to a reduction of
ENDOR signal intensity by about one-half and of the EPR signal intensity by about a third. According
to the PMR and EPR data, heating at 280 °C results in the removal of the water subsystems and
causes the disintegration of the chaotically oriented CO2

  radicals. These two factors are the main
reasons for the signal changes seen in curves a and b in Fig. 6.

The shape of the ENDOR signal of the phosphorus nuclei following heating at T = 280 °C
does not change much (signals a and b in Fig. 7). However, there are differences in intensity. According
to data in Table heating at T = 280 °C results in increase of intensity of the ENDOR signal IP, by
almost in 1.5 times, even though the EPR signal intensity of the CO2

  radicals has decreased by a
factor of three.

We shall characterize the ENDOR signal intensities of 31P and 1H compared to the EPR signal
intensity, by using the effectiveness coefficient KP,H = IP,H/IEPR, where IEPR is the EPR signal
intensity and IP and IH are the intensities of the ENDOR signals of 31P and 1H. Under fixed
conditions of spectra registration, the coefficient KH,P allows comparison of the efficiency of ENDOR
signal production of different samples. For phosphorus nuclei, KP of a heated sample (sample 2) was
approximately four times higher than the corresponding value of the unheated sample (sample 1).
We shall name this effect ASH (amplification of signals by heating). The ASH effect on phosphorus
nuclei in tooth enamel can be explained as follows. In unheated tooth enamel, a significant part of the
CO2

  radicals (the radicals with chaotic orientation Nch) do not have phosphorus  for near neighbors
and hence does not produce ENDOR signals from the interaction of phosphorus nuclei. Accordingly,
the disintegration of Nch radicals (caused by heating of sample) does not lead to the reduction of the
phosphorus ENDOR signal intensity. The increase of ENDOR signal intensity of phosphorus nuclei
is caused by change of relaxation characteristics of CO2

  radicals and by increased numbers of
oriented CO2

  centers (Nor) which apparently are adjacent to the phosphorus nuclei of the nanocrystals.
This leads to increased interaction between the CO2

  radicals and the phosphorus nuclei which are
detected by ENDOR.

The ASH effect is also seen with protons, but to a lesser degree. This is because in unheated
samples, the chaotic CO2

  radicals (Nch) effectively produce an ENDOR signal for protons. Thus,
the IH intensity markedly decreases following heating due to the loss of Nch centers. However,
although there is a relative decrease in the magnitude of the proton ENDOR signal, there is an
increase  in the value of the coefficient KH for sample heated to 280 °C. This indicates that after the
heating of enamel the efficiency of ENDOR signal production by protons also grows.

According  to  data  for   sample 3   in   Table,   heating  of   the  samples at T = 440 °C (before
X-irradiation) results in increased ENDOR signal intensity and decreased signal width for both 1H
and 31P. The shape of the ENDOR signals in Figs. 6, c and 7, c indicates that in sample 3 the main part
of paramagnetic centers are located outside of the nanocrystals. For sample 3 the intensity of ENDOE
lines related to strong SHF interaction is weak in comparison with main ENDOR lines.

Samples 4 and 5, which were gamma-irradiated with a 60Co source (106 Gy), showed the widest
ENDOR signals. In addition, the ENDOR lines of the gamma-irradiated samples show distinct
doublet structures (Figs. 6, d and 7, d). The doublets are caused by superhyperfine interaction of the
paramagnetic centers with closely located nuclei. The structure of these ENDOR lines indicates that
a significant part of paramagnetic centers in these samples are located inside of nanocrystals.  If the
gamma-irradiation dose is reduced to 105 Gy, there is a reduction in the width of the ENDOR signals.

In addition to the CO2
  radicals, tooth enamel contains other paramagnetic centers such as

CO3
3 , CO3

  and O–. Heated samples contain additional centers caused by degradation of the organic
matrix of enamel. All these centers can interact with 1H and 31P to produce ENDOR signals.
However, the dependence of the ENDOR signal intensities on the value of magnetic field B0 shows
that the main contribution to above ENDOR signals is caused by CO2

  radicals.
4. Mechanisms of CO2

  radical formation
The radiation characteristics of enamel are due to its internal structure. Enamel has three subsystems:
bioapatite (95–97 %), organic matter (2–3 %) and water (1–2 %) [12, 18]. CO2

  radicals have
different properties depending on their locations in the three subsystems. The mechanisms of CO2



radical formation can also vary depending on whether UV-light, X-rays or gamma rays are used as
the source of irradiation. Based on experimental data, there are three possible mechanisms for CO2



radical formation in tooth enamel.
We believe that the majority of the CO2

  radicals formed in unheated enamel are formed by
the capture of free (secondary) electrons by molecules of CO2

0 :
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                   CO2
0  + e– CO2

  . (1)

This is probably the mechanism used for the formation of CO2
  radicals by X-ray and gamma

radiation. Molecules CO2
0  can be accumulated in biominerals as a product of metabolism of biological

object. There are at least two potential sources of CO2
0  precenters: 1) trapped molecules in a metal

carbonate layer on or near the bioapatite surface and 2) gas molecules in the organic component
of the enamel. Category 1 probably accounts for the oriented CO2

  molecules while category 2 is
probably the source of chaotic CO2

  molecules.
The second possible formation mechanism for CO2

  radicals corresponds to removal of proton
from carboxyl groups of amino acids at irradiation of enamel:

                            -COOH +   -CO2
  + H+. (2)

Removal of protons from carboxyl groups of amino acids can be caused by gamma rays  and
secondary electrons. According to equation (2), the CO2

  radicals can be caused by 60Co irradiation,
and by X-ray and UV-irradiation. Carboxyl groups are components of amino acids, which form the
protein matrix of enamel. These groups play an important role in the interaction mechanisms of
organic and mineral matter in biominerals. On the basis of our experimental results it is possible to
conclude that the CO2

  radicals created from carboxyl groups of amino acid are stable only in
mineralized tissues.

It has been reported [16, 22] that CO2
  radicals can be created in tooth enamel by the following

mechanism:

                            CO3
2  + gamma ray  CO2

  + O–. (3)

This corresponds to the removal of an oxygen ion from a carbonate ion CO3
2  following

interaction with gamma rays or secondary electrons. The probability of CO2
  radical formation by

this mechanism is low. However it increases with heating because of increased carbonate substitution
for phosphate ions in the bioapatite. Increases are also seen when high doses (and energyes) of
gamma rays or secondary electrons  are administered. UV and X-ray radiation can not to create the
CO2

  radicals with this mechanism.
5. Physical location of the carbon-oxygen radicals
According to Brik and his coworkers [7, 5], hard tissues are a mineral-organic nano-associated (MONA)
system. MONA structural units include nanocrystals of bioapatite (NCR), water-organic layers (ORG)
and layers of crystalhydrate water (CHW). NCR, ORG and CHW are the elementary units of hard
tissues and have nonequilibrium electrical charges, which can smoothly vary in time. The characteristics
and interrelationships of the enamel subsystems is described in reference [5]. There are three subsystems
in the mineral component of enamels, prism groups, individual prisms and their nanocrystal components
or bioapatite crystals. The nanocrystals are immersed in the water-organic matrix, which effects their
properties. According to reference [5] and the above mentioned PMR data, the water-organic matrix
of enamel consists of several subsystems, including "organic-1", "organic-2", the layers of nanocapillary
water and the crystalhydrate water.

As was mentioned in the introduction, the differences in g-values of the different groups of
CO2

  radicals are small. However, the CO2
  radicals and the precenters from which they are derived

have different dynamic characteristics depending on the subsystem in which they are located. On the
basis of the EPR, PMR and ENDOR data given above, it is possible to draw conclusions about the
physical locations of the CO2

  radicals in enamel. Specifically, it is possible to identify seven groups
of CO2

  radicals, based on their physical properties and locations. We shall designate the precenters
of these different groups as N i

0 , and the paramagnetic CO2
  radicals as Ni (index i = 1–7).

The first three groups of precenters N1
0 , N2

0  and N3
0  are CO2

0  molecules. The CO2
  radicals

are formed from these precenters via reaction 1. The N1
0  precenters are located in the nanocapillary

water layers. The CO2
  radicals formed from these centers are chaotically orientated in space, i. e., the

N1 centers are Nch centers. These centers have an axial g-tensor, the principal values of which equal
to approximately g||  1.9973 and g  2.0025. The free radicals from these centers are responsible for
an intensive proton-induced ENDOR signal, while the phosphorous-induced ENDOR signal is
absent. This result is indicative of a water rather than a bioapatitic environment. The N1 centers have
low temperature stability and disintegrate in the temperature range 120–200 °C (curve 3 in Fig. 1).
Based on the PMR data (curve 1 in Fig. 5), the nanocapillary water layers of enamel disintegrate at
temperatures 150–200 °C. After the removal of the nanocapillary water by heating, the N1

0  precenters
and the N1 centers are destroyed. Due to the close proximity of the surface of the nanocrystals, some
of the components of the N1

0  precenters and the N1 centers form a close association with the surface
of the nanocrystals resulting in conversion to oriented N2

0  precenters and N2 centers. This transformation
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is the first cause of  the extremum seen T   220 °C in curve 4 of Fig. 1. About 40–60 % of the CO2


radicals in unheated enamel irradiated by X-ray or gamma rays, are due to N1 centers.
The N2

0  precenters are oriented CO2
0  molecules (Nor) which are located on surface of

nanocrystals inside the layers of crystalhydrate water. The N2
0  precenters are present in significant

quantities in unheated enamel. N2
0  precenters disintegrate at the temperature range 250–350 °C

(curve 1 in Fig. 1) which corresponds to the disintegration of the crystalhydrate water layers (curve
2 in Fig. 5). The N2 paramagnetic centers and their associated CO2

  radicals are classified as Nor
because of their fixed orientation in space. Heating of enamel leads to a decrease in the width of the
distribution function for orientations [6] of N2 centers. This narrowing is the second cause of  increased
numbers of oriented CO2

  radicals with heating extremum of curve 4 in Fig. 1. Removal of water
from enamel leads to a change in the spin-lattice relaxation time of the N2 centers (curve 2 in Fig. 2).
N2 centers produce ENDOR signals for both 1H and 31P in unheated and heated samples. However,
after heating there is an increase in the production of ENDOR signals due to the N2 centers. In
heated samples,   the N2   centers   have  an  orthorhombic g-tensor, however the differences between
g-tensor values for N1  and  N2 centers are small. 20–40 % of the CO2

  radicals in unheated enamel,
irradiated with X-or gamma rays, are N2 centers.

The N3
0  precenters correspond to CO2

0  molecules located within the nanocrystals near their
surface. We assume that small quantities of N3

0  precenters are available in unheated enamel. The
number of N3

0  precenters increases upon heating. These centers may be due to a transformation of
N2

0  precenters into N3
0  precenters, and to the disintegration of the "organic-2" subsystem, whose

CO2 products are probably incorporated into the bioapatite. So, heating stimulate the diffusion of CO2
molecules into nanocrystals. According to PMR data, the heating of enamel to the temperature
interval 300–500 °C leads to disintegration of organic layers which cover the nanocrystals (curve 4
in Fig. 5). Sintering of the enamel nanocrystals occurs during heating, resulting in an increase in the
size of the particles and a reduction of the general surface of nanocrystals takes place. Unheated and
heated enamel are essentially different materials. Since the internal structure of unheated and heated
enamel is different, so N3

0  and N2
0  precenters (and accordingly N3 and N2 centers) can be divided

into two different groups. Possible locations for the N3
0   precenters are defect areas of bioapatite and

hydroxyl substitution.
According to the EPR data, the heating of enamel at T = 400 °C leads to an increase in N3

0

precenters (extremum at T = 400 °C, curve 1 in Fig. 1). This effect could be caused by the capture of
CO2

0  molecules by the enamel nanocrystals. These CO2 molecules could be formed by the disintegration
of the organic layers, or by migration of carbonate groups from substituted PO4 tetrahedrons positions.
We believe that the extremum at T = 400 °C is caused mainly by the disintegration of "organic-2"
component. According to the EPR data (curve 1 in Fig. 1), the maximum quantity of precenters N3

0

in heated enamel is equal to approximately 50 % of total quantity of precenters in unheated enamel.
The N4

0  precenters are located in the organic matrix of enamel. In unheated samples, they are
bounded with the carboxyl groups of the surrounding amino acids. The CO2

  radicals are created
from these precenters according to the equation (2). In unheated samples the N4 paramagnetic
centers can be produced by different types of radiation. We believe that the EPR spectrum seen in the
sample irradiated with UV light (Fig. 3), is caused mainly by N4 centers. When the quantum energy is
increased, (i. e., by X- or gamma irradiation), the ratio of N4 centers to N1 and N2 centers decreases.
Since the N4 centers are anisotropic (Fig. 3), we believe that, in common with the N2 centers, they have
fixed  orientation,  Nor.  We estimate that X-ray irradiation of unheated samples results in about 30–
50 % of the oriented CO2

  radicals (i. e., N2 and N4 centers). According to the  experimental data, the
N4 centers are more stable than N1 and N2 centers. The transition of N4 centers into the non-
paramagnetic state occurs at T > 250 °C. The heating of enamel to T  400 °C causes large changes
in the organic layers associated with the nanocrystals. As a result, the properties of the N4 centers in
unheated and heated enamel are essentially different, as was also the case for the N3 centers. We
suppose that the significant contribution to intensive and narrow ENDOR signals seen in Figs. 6, c
and 7, c in sample heated at T = 440 °C (sample 3, Table) are caused by carbon based radicals located
in organic matrix of heated enamel. The heating of enamel in the temperature range 400–700 °C
leads to occurrence of the EPR signals caused by combustion of the organic matrix of enamel and
by increasing of quantity of CO3

2  precenters. These signals could also contribute to the ENDOR
signals shown in Figs. 6, c and 7, c.

It is known that carbonates make up 2–3 % of the weight of tooth enamel and that this
quantity is increased by caries [18]. The bulk of the carbonates in tooth enamel are in the form of CO2
molecules, CO3

2  ions and phase of calcite. Following heating, CO3
2  anions are  located in positions

of the phosphate (position B) and hydroxyl groups (position A) of apatite. We shall designate the
precenters associated with the CO3

2  radicals in positions A and B, as N5
0  and N 6

0 , respectively.

Upon irradiation of enamel, the N5
0  and N 6

0  precenters produce CO3
  and CO3

3  paramagnetic
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radicals. References [16, 22] show that the CO3
2  anions can also produce CO2

  radicals. As was
noted before, we feel that probability of N5

0  and N 6
0  precenters being transformed into CO2



radicals is small. Therefore, large quantities of N5 and N6 centers can only be created with very large
doses of high energy gamma irradiation. It is possible that the ENDOR signals seen in Figs. 6, d
and 7, d, are  partially  caused by the N5 or N6 centers. Doublet signals with splitting parameters
  0.7 MHz (Fig. 6, d) and   0.5 MHz (Fig. 7, d) are due to centers located inside the nanocrystals.
The intensities of the ENDOR signals with specified doublet splitting are equal to about 10–20 %
of the intensities of the main peaks. In a sample, which was an analogue of sample 3 in Table, but
which was irradiated by a dose of 105 Gy (60Co), we registered a doublet signal of protons with
splitting factor of   1.1 MHz (intensity of the doublet signal is equal about 10 % of the main peak).
This doublet signal is obviously also caused by centers located inside of nanocrystals.

In some samples of tooth enamel we have measured EPR signals Mn2+ which correspond to
the signals seen when Mn2+ is in the presence of biological calcite. These Mn2+ differ considerably
from Mn2+ signals resulting from interaction with other crystal phases of the enamel. Thus, the EPR
method can be used to unequivocally demonstrate the presence of a calcite phase in tooth enamel.
We shall designate the precenters and CO2

  radicals, which are related to the calcite phase in enamel
as N7

0  and N7, respectively. The quantity of N7 centers in enamel of healthy teeth is, as a rule, very
small, but it may be important in teeth which are developing caries.

The thermal stability of the main part of the carbonate ions (CO3
2  ions in the apatite and

calcite phases of tooth enamel) is rather high. Reference to curve 5 in Fig. 5 shows that tooth enamel
loses the majority of these ions in the temperature range 600–900 °C. The temperature stability of the
N1

0 , N2
0 , N3

0  and N4
0  precenters is much lower than this. On the basis of this data it is possible to

conclude that the N1, N2, N3 and N4 paramagnetic centers are not related to the main part of
carbonate ions in the apatite and calcite phases.
6. Discussion
It is well known that composition and structure of enamel varies with age and disease [12,
18]. In addition, some samples show individual variation. Despite the presence of such variations,
we believe that the data reported upon in this paper reflects the basic properties of CO2



radicals in tooth enamel. Moreover, the properties of CO2
  radicals in tooth enamel have

much in common with properties of these radicals in other biominerals including bones.
The data on the locations and properties of the CO2

  radicals reported on in this paper
can be used for solving applied problems dealing with biominerals. Since the majority of the
CO2

  radicals are located in water subsystems, they provide information about the boundary
layer of water on the surfaces of the nanocrystals (crystalhydrate water) and the water in
the organic portion (nanocapillary water). It is known that these layers play a role in adjusting
the mass-transfer processes between organic and mineral matter in biominerals [5, 7]. For
instance, the mineralization process involves the replacement of weakly bound water by a
mineralized component which contains CO2 molecules. Once formed, this component restricts
apatitic growth by restricting phosphate uptake [17]. Since the CO2 molecules which are
located in these water layers can be studied with EPR, it is possible to observe the  growth
of the mineralized components in biological tissues and to observe how the organic component
is protected during the mineralization process. According to reference [5], the process of bone
demineralization during space flight is accompanied by changes in the electrical state of
crystalhydrate water and by increases in the quantity of the nanocapillary water subsystems.
Finally, joint investigation of the properties of crystalhydrate and nanocapillary water by
PMR and EPR methods allow us to generate detailed information about the bone
demineralization mechanisms of space flight.

A significant part of the CO2
  radicals in biominerals is possibly related to the

carboxyl groups of the amino acids. If this is the case, the CO2
  radicals formed from the

carboxyl groups are probably stable only when near to the surface of the nanocrystals.
Thus, the N4 centers are indicators of a portion of the organic matter, which is associated
with the mineral surface. Accordingly EPR of the N4 centers can be used to study the
interaction between the organic and mineral components in biominerals.

Synthetic hydroxyapatite is widely used as an experimental implant material in
orthoplasty and stomatology [23]. The quantities of the N2 and N4 centers are a measure
of the degree of interconnectivity of the organic and mineral components of the implant
interfaces. These centers occur only after the assimilation of the implant material by
organic tissue. EPR studies of the assimilated CO2

  radicals in the implant materials are
a measure of the regeneration processes of bone tissue and biologization of mineral
matter of implant material.

The majority of the carbonated material in  tooth enamel are due to the carbonated
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CO3
2  ions in the apatite and calcite phases. As mentioned in the results section, the carbonated

ions are different from the CO2 components of the tissue. Because of this it is unlikely that
simple relationships will exist between the carbonated ions and CO2

  radicals. The carbonated
ions provide a convenient tool for the study of caries development, since the quantity of the
carbonated ions is low in normal teeth, but increases during tooth decay. Studies of the
development of carbonated apatites are easily done by measuring the changes in the anisotropy
of the EPR signals (because development of caries results in a loss of orientation in the enamel
structure [6, 7]) and by measuring the EPR of Mn2+ ions, which are located in calcite phase.

As mentioned above, the stability of water-organic subsystems of enamel is low. Therefore,
the CO2

  radicals in unheated and heated enamel have essentially different characteristics. This
difference is important when using the EPR spectra of CO2

  radicals for retrospective dosimetry
and archeological dating. The properties of fossilized enamel, obviously, are closer to those of
heated enamel because of the disintegration of the water-organic matrix which occurs during
fossilization. In fossilized enamel the CO2

  radicals are very stable. According to reference [21],
the lifetime of CO2

  radicals in fossilized enamel is about 107 years. Characteristics of CO2


radicals in fossilized enamel obviously come nearer to properties of the N3 or N5 and N6
centers.

The predicted signal stability for CO2
  radicals, referred to in reference [21] is widely

quoted in papers on retrospective EPR dosimetry. However, stability of CO2
  radicals in fossilized

enamel is essentially different from that seen in the enamel which is used in EPR dose
reconstruction. It is known, that tooth enamel has a high permeability, i. e., various ions, including
large organic molecules diffuse through tooth enamel [3, 4]. This high permeability of enamel
is facilitated by the nanocapillary water, which is located between enamel prisms. The chaotic
CO2 molecules located in nanocapillary water comprise the majority of the CO2

  radicals,
which are used for population dose reconstruction. It is important that these molecules and
radicals are the most subject to metabolic variation in the teeth and hence have a low stability.
This lower stability should be taken into consideration during the development of procedures
for dose reconstruction.
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ÐÅÇÞÌÅ. Èçó÷åíû ñâîéñòâà CO2
  ðàäèêàëîâ è ïðåäöåíòðîâ, êîòîðûå ïðîäóöèðóþò ýòè ðàäèêàëû ïðè îáëó÷å-

íèè ýìàëè çóáîâ. Ýêñïåðèìåíòû âûïîëíåíû ìåòîäàìè ýëåêòðîííîãî ïàðàìàãíèòíîãî ðåçîíàíñà (ÝÏÐ), ïðî-
òîííîãî ìàãíèòíîãî ðåçîíàíñà (ÏÌÐ) è äâîéíîãî ýëåêòðîííî-ÿäåðíîãî ðåçîíàíñà (ÄÝßÐ). Ïîêàçàíî, ÷òî
îñíîâíàÿ ÷àñòü CO2

  ðàäèêàëîâ ôîðìèðóåòñÿ ïðè îáëó÷åíèè ýìàëè ïóòåì çàõâàòà ýëåêòðîíîâ ìîëåêóëàìè
CO2

0  è ïóòåì óäàëåíèÿ ïðîòîíîâ èç êàðáîêñèëüíûõ ãðóïï àìèíîêèñëîò. Íà îñíîâàíèè ýêñïåðèìåíòàëüíûõ
äàííûõ ñäåëàí âûâîä, ÷òî â ýìàëè çóáîâ ìîãóò ñóùåñòâîâàòü ñåìü ãðóïï ïðåäöåíòðîâ Ni

0  (i = 1–7) è ñîîòâåò-
ñòâåííî ñåìü ãðóïï CO2

  ðàäèêàëîâ Ni. Ïðåäöåíòðû N1
0 , N2

0  è N3
0  ñîîòâåòñòâóþò ìîëåêóëàì CO2

0 , ëîêàëèçî-
âàííûì â âîäíûõ ïðîñëîéêàõ ýìàëè è âíóòðè íàíîêðèñòàëëîâ âáëèçè èõ ïîâåðõíîñòè. Ïðåäöåíòðû N4

0  ñîîò-
âåòñòâóþò êàðáîêñèëüíûì ãðóïïàì àìèíîêèñëîò, àññîöèèðîâàííûì ñ íàíîêðèñòàëëàìè áèîàïàòèòà. Îñòàëü-
íûå ïðåäöåíòðû, êàê ïðàâèëî, ïðîäóöèðóþò ìàëîå êîëè÷åñòâî CO2

  ðàäèêàëîâ. Â íåîòîææåííûõ îáðàçöàõ
ýìàëè îñíîâíîé âêëàä â ñèãíàë ÝÏÐ îáóñëîâëåí, êàê ïðàâèëî, òðåìÿ ãðóïïàìè öåíòðîâ N1, N2 è N4. Ñîîòíîøå-
íèå êîëè÷åñòâà öåíòðîâ â óêàçàííûõ ãðóïïàõ çàâèñèò îò ýíåðãèè êâàíòà îáëó÷àþùåãî ïîëÿ è äîçû îáëó÷åíèÿ.
Óëüòðàôèîëåòîâîå èçëó÷åíèå íàèáîëåå ýôôåêòèâíî ïðîäóöèðóåò N4 öåíòðû. Òåìïåðàòóðíàÿ ñòàáèëüíîñòü,
îðèåíòàöèîííûå õàðàêòåðèñòèêè è ëîêàëüíîå îêðóæåíèå öåíòðîâ N1, N2 è N4 íå îäèíàêîâû. Ïðè îòæèãå
ýìàëè ñâîéñòâà CO2

  ðàäèêàëîâ ñóùåñòâåííî èçìåíÿþòñÿ, ïîñêîëüêó òåìïåðàòóðíàÿ ñòàáèëüíîñòü âîäíûõ
ïîäñèñòåì (ãäå ëîêàëèçîâàíû CO2

  ðàäèêàëû) ìåíüøå, ÷åì ñòàáèëüíîñòü CO2
  ðàäèêàëîâ. Îòæèã îáðàçöîâ

ïðè T 250 °C âåäåò ê ïðåîáðàçîâàíèþ öåíòðîâ N1 è N2 â öåíòðû N3. Ýòî ïðåîáðàçîâàíèå îáóñëîâëèâàåò
ýôôåêò âûñòðàèâàíèÿ CO2

  ðàäèêàëîâ, à òàêæå àíîìàëüíîå óñèëåíèå èíòåíñèâíîñòè ñèãíàëîâ ÄÝßÐ îò ÿäåð
ôîñôîðà. Îòæèã ïðè T 400 °C âåäåò ê óâåëè÷åíèþ êîëè÷åñòâà ïðåäöåíòðîâ N3

0 . Îïèñàíû ìåõàíèçìû ïåðå-
÷èñëåííûõ âûøå ýôôåêòîâ. Ïîêàçàíî, ÷òî ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû äëÿ ïîâûøåíèÿ
äîñòîâåðíîñòè ðåòðîñïåêòèâíîé ÝÏÐ äîçèìåòðèè, îïðåäåëåíèÿ ìåõàíèçìîâ äåìèíåðàëèçàöèè êîñòåé ïðè
êîñìè÷åñêèõ ïîëåòàõ è äëÿ èçó÷åíèÿ ïðîöåññîâ àññèìèëÿöèè èìïëàíòèðóåìûõ ìàòåðèàëîâ (ñèíòåòè÷åñêîãî
ãèäðîêñèëàïàòèòà) êîñòíîé òêàíüþ.

ÐÅÇÞÌÅ. Âèâ÷åí³ âëàñòèâîñò³ CO2
  ðàäèêàë³â ³ ïðåäöåíòð³â, ÿê³ ïðîäóêóþòü ö³ ðàäèêàëè ïðè îïðîì³íåíí³

åìàë³ çóá³â. Åêñïåðèìåíòè âèêîíàí³ ìåòîäàìè åëåêòðîííîãî ïàðàìàãí³òíîãî ðåçîíàíñó (ÅÏÐ), ïðîòîííîãî
ìàãí³òíîãî ðåçîíàíñó (ÏÌÐ) ³ ïîäâ³éíîãî åëåêòðîííî-ÿäåðíîãî ðåçîíàíñó (ÏÅßÐ). Ïîêàçàíî, ùî îñíîâíà
÷àñòèíà CO2

  ðàäèêàë³â ôîðìóºòüñÿ ïðè îïðîì³íåíí³ åìàë³ øëÿõîì çàõîïëåííÿ åëåêòðîí³â ìîëåêóëàìè CO2


³ øëÿõîì âèäàëåííÿ ïðîòîí³â ç êàðáîêñèëüíèõ ãðóï àì³íîêèñëîò. Íà îñíîâ³ åêñïåðèìåíòàëüíèõ äàíèõ çðîáëå-
íî âèñíîâîê, ùî â åìàë³ çóá³â ìîæóòü ³ñíóâàòè ñ³ì ãðóï ïðåäöåíòð³â Ni

0  (i = 1–7) ³ â³äïîâ³äíî ñ³ì ãðóï CO2


ðàäèêàë³â Ni. Ïðåäöåíòðè N1
0 , N2

0  i N3
0  â³äïîâ³äàþòü ìîëåêóëàì CO2

0 , ëîêàë³çîâàíèì ó âîäíèõ ïðîøàðêàõ
åìàë³ ³ âñåðåäèí³ íàíîêðèñòàë³â ïîáëèçó ¿õíüî¿ ïîâåðõí³. Ïðåäöåíòðè N4

0  â³äïîâ³äàþòü êàðáîêñèëüíèì ãðó-
ïàì àì³íîêèñëîò, àñîö³éîâàíèì ç íàíîêðèñòàëàìè á³îàïàòèòó. ²íø³ öåíòðè, ÿê ïðàâèëî, ïðîäóêóþòü ìàëó ê³ëüê³ñòü

CO2
  ðàäèêàë³â. Ó íåâ³äïàëåíèõ çðàçêàõ åìàë³ îñíîâíèé âíåñîê äî ñèãíàëó ÅÏÐ çóìîâëåíèé, ÿê ïðàâèëî,

òðüîìà ãðóïàìè öåíòð³â N1, N2 è N4. Ñï³ââ³äíîøåííÿ ê³ëüêîñò³ öåíòð³â ó çàçíà÷åíèõ ãðóïàõ çàëåæèòü â³ä åíåðã³¿
êâàíòà îïðîì³íþþ÷îãî ïîëÿ ³ äîçè îïðîì³íåííÿ. Óëüòðàô³îëåòîâå âèïðîì³íþâàííÿ íàéåôåêòèâí³øå ïðîäó-
êóº N4 öåíòðè. Òåìïåðàòóðíà ñòàá³ëüí³ñòü, îð³ºíòàö³éí³ õàðàêòåðèñòèêè ³ ëîêàëüíå îòî÷åííÿ öåíòð³â N1, N2 è
N4 íå îäíàêîâ³. Ïðè â³äïàë³ åìàë³ âëàñòèâîñò³ CO2

  ðàäèêàë³â ñóòòºâî çì³íþþòüñÿ, îñê³ëüêè òåìïåðàòóðíà
ñòàá³ëüí³ñòü âîäíèõ ï³äñèñòåì (äå ëîêàë³çîâàí³ CO2

  ðàäèêàëè) ìåíøà çà ñòàá³ëüí³ñòü CO2
  ðàäèêàë³â. Â³äïàë

çðàçê³â ïðè T 250 °C ïðèçâîäèòü äî ïåðåòâîðåííÿ öåíòð³â N1 è N2 ó öåíòðè N3. Öå ïåðåòâîðåííÿ çóìîâëþº
åôåêò øèêóâàííÿ CO2

  ðàäèêàë³â, à òàêîæ àíîìàëüíå ïîñèëåííÿ ³íòåíñèâíîñò³ ñèãíàë³â ÏÅßÐ â³ä ÿäåð ôîñ-
ôîðó. Â³äïàë ïðè T  400 °C ïðèçâîäèòü äî çá³ëüøåííÿ ê³ëüêîñò³ ïðåäöåíòð³â N3

0 . Îïèñàíî  ìåõàí³çìè çàçíà-
÷åíèõ åôåêò³â. Ïîêàçàíî, ùî îòðèìàí³ ðåçóëüòàòè ìîæóòü áóòè âèêîðèñòàí³ äëÿ ï³äâèùåííÿ â³ðîã³äíîñò³ ðåò-
ðîñïåêòèâíî¿ ÅÏÐ äîçèìåòð³¿, âèçíà÷åííÿ ìåõàí³çì³â äåì³íåðàë³çàö³¿ ê³ñòîê ïðè êîñì³÷íèõ ïîëüîòàõ ³ äëÿ
âèâ÷åííÿ ïðîöåñ³â àñèì³ëÿö³¿  ³ìïëàíòàíòiâ ç ñèíòåòè÷íîãî ãiäðîêñèëàïàòèòó ê³ñòêîâîþ òêàíèíîþ.

FORMATION MECHANISMS AND LOCALIZATION
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V. M. Kvasnytsya, V. I. Pavlyshyn

Crystallomorphology of Minerals of Ukraine
(on the Edge of Millennium): Summary,
Problems, and Tasks

A brief review of development of crystallomorphology in Ukraine, an account of the present state of knowledge of
minerals of Ukraine in terms of crystallography. Theoretical and practical significance of crystallomorphological research
is emphasized. Problems and tasks of mineralogical crystallography of the XXI century are considered.

Introduction. Polyhedron-crystals drew human attention from the earliest times, and they
were the first objects of inorganic nature research.

In the XVII-XVIII centuries crystallography, due to the discovery of main morphological
and geometrical laws of crystal formation, became more independent within mineralogy.
Later it drew nearer to chemistry (chemical crystallography and crystallochemistry), and a
dependence of crystal external form on its chemical composition and than, on the structural
parameters of internal structure of individual was also revealed. As a result of its drawing
closer to physics, crystallography came into being, which was marked by the discovery of a
number of new phenomena in crystal, leading off with refraction of light ray. Mathematics
and its methods contributed to the completing of the theory of symmetry, first of all, the
theory of space groups of symmetry and development of tenzor crystallophysics.

The XX century was a revolutionary time in the development of crystallography. It
became an independent and self-sufficient science. Mineralogical crystallography — a joint
science emboding association of crystallography with mineralogy and other geological
sciences — appeared.

M. von  Laues  discovery  of  X-ray   diffraction  in    crystals (1912),   which     followed
W. Roentgens X-ray discovery (1895) * the first transcriptions (1913)  of crystalline (atomic)
structures of minerals by G. and L. Breggs had seriously influenced further development of
crystallography. One of its most important branches is structural crystallography that involved
a lot of famous crystallographers, chemists, physicians and mineralogists. Objects of old classical
mineralogy — hills, edges, faces, and external shape — were relegated to the background.

As academician N. V. Belov marked, after the World War II the center of the gravity of
crystallography shifted to a crystal because of its genetic and practical value. The industry of
artificial crystal develops rapidly, the general attention is drawn to its internal structure,
defects, and also dependence of atomic structure, anatomy, the external shape of crystals on
the conditions of the formation. New scientific directions closely bounded up with
mineralogical crystallography — structural mineralogy, ontogeny of minerals, doctrine of
typomorphism of minerals — appeared. School of professor I. I. Shafranovsky developed a
new practical approach, whereby shape, genesis, and real structure of single polyhedral-
crystal were considered together. Geological prospecting and exploration were enriched by a
new branch — exploration crystallomorphology (N. Z. Evzikova), with Bravais law as a basis
interpreted afresh: "Look for the ore with the most dense faces". The classical stage of
mineralogical crystallography development came to an end together with the XX century.

Further, describing morphology of minerals of Ukraine, we shall concentrate on their
crystallomorphology only, which is the main branch of mineralogical crystallography,
as Ye. K. Lazarenko and I. I. Shafranovsky articulated.

Brief history of crystallomorphology and the present state of knowledge of minerals in
terms of crystallomorphology in Ukraine. History and ways of mineralogical crystallographic

© V. M. Kvasnytsya, V. I. Pavlyshyn, 2000

________________________

         * Nowadays not all people in Ukraine agree with this. A lot of Ukrainian physicians and historians (Yu. Grynyaks
monograph "Prof. Dr. Ivan Pulyuy — X-ray discoverer". — London, 1971) consider this discovery to have been by
Ukrainian scientist Ivan Pulyuy (1845–1918), who lived and worked mostly in Austria and Czech.
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research are well shown in I. I. Shafranovskys works and in the special article [14]. So, we
shall just add some new points of mineralogical and crystallographic research in Ukraine.

The first significant crystallomorphological researches of minerals of Ukraine have
been known from the second part of the XIX century (F. Foetterle, 1868, and G. Tschermak,
1868, — sylvine from Prykarpattya; J. Rumph, 1872, and V. Zefarowich, 1872, 1873, — kaluszite
(syngenite) from Prykarpattya; N. Koksharov, 1861, and P. Eremeev, 1897, — zircon
(auerbachite) from the Azov region; P. Eremeev, 1895, — gold from Nagolny Kryazh, Donbas;
P. Eremeev, 1895, and G. Tschermak, 1896, — cinnabar from the Mykytivka deposit, Donbas)
and from the first part of the XX century (Ya. Samoylov, 1906, — quartz, galena, pyrite,
marcasite, arsenopyrite, bournotite from Nagolny Kryazh; F. Kreutz, 1913, — sylvine from
Prykarpattya; A. Laszkiewicz, 1927–1936, — kaluszite, astrachanite and glaserite from
Prykarpattya; L. Ivanov, 1913, 1933, 1936, — topaz, albite, microcline, orthoclase from chambered
pegmatites of Volyn’). Crystallomorphology of about 20 minerals of the Crimea (Table 1)
was investigated  (P. Murzaev, A. Fersman, S. Popov, P. Dvoychenko, Ya. Samoilov, F. Abramov,
P. Zemyatchens’ky, B. Mokryns’ky, O. Brinken, P. Gryshchynsky et al.) also in the 1st part of
the XXth century and generalized in the book by S. P. Popov "Mineralogy of the Crimea"
(1938).

After the World War II crystallomorphological researches of minerals of Ukraine were
carried out mostly at the Universities of L’viv and Kyiv. Due to the activities of academician
Ye. K. Lazarenko — author the term of "Mineralogical crystallography" — L’viv school of

Fig. 1. The scheme (a) of geostructural zoning of Ukraine and histogram (b) of known and goniometrically investigated
minerals for  some regions of Ukraine. Zone: 1 — Ukrainian Shield (USh); 2 — Volyn’-Podillya plate; 3 — Don-Dnipro
bending flexure and Galytsiya-Volyn’ depression; 4 — plicated part of Dobrudzha; 5 — Dobrudzha and Al’ma depressions;
6 — Prychornomorya depression and adjacent part of pericraton deep of East-European platform; 7 — plicated part
of the Carpathians and megaanticlinorium of the Mountainous Crimea; 8 — Carpathian and Indol-Kuban’ depression,
Zakarpattya depression; 9 — the border of Precambrian platform; 10 — the border of Donets’k plicated region. Region:
I — the Ukrainian Carpathians; II — Volyn’-Podillya plate; III — Northwest part of the USh; IV — Central part of the
USh; V — Southeast part of the USh; VI — Don-Dnipro bending flexure and Donets’k plicated region; VII — the
Crimea; VIII — whole Ukraine

CRYSTALLOMORPHOLOGY OF MINERALS OF UKRAINE
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mineralogical   crystallography   (its center  is  at  L’viv Ivan Franko University; its
representatives — Ye. K. Lazarenko, Z. V. Bartoshyns’ky, O. I. Matkovs’ky, G. L. Piotrovs’ky et
al.) has been working very efficiently. Achievements of this school is a series of monographs
of mineralogy of Ukraine [5–13, 15, 16, 19, 20], they have also been commented on in
mineralogical reviews [3, 4, 17, 18]. The following researches of the followers of this
school can be considered classical: by P. K. Vovk — feldspars from chambered pegmatites
of Volyn[10], by B. V. Zatsikha — hydrothermal minerals of the Carpathians and the Donbas
[19, 20], by V. M. Krochuk — minerals from the Chernigivka carbonatite complex [2]. Some
serious achievements were made by mineralogists at Kyiv Taras Shevchenko University,
Ukrainian State Institute of Mineral Resources (Simferopol’), Kryvy Rih Technical University,
Donets’k Technical University, and Odesa Ilya Mechnikov University.

But just about 15 percent of 700 minerals known in Ukraine were crystallomorphologically
investigated (Table 1, Fig. 1). The mineralogical study of mineral groups, geological structures
and some regions is very irregular. Not much more than 15 mineral species were satisfactorily
investigated: native gold, diamonds, graphite, sulphur, sphalerite, cinnabar, baddeleyite, zircon,
quartz, topaz, albite, orthoclase, microcline, barite, and calcite. The Azov block of the Ukrainian
Shield and the Donets’k folding area are the best investigated regions in terms of
crystallomorphology, and chambered pegmatites of Volyn’, Azov carbonatites and hydrothermal
mineralization of Zakarpattya are the best investigated mineralogical objects.

For crystallomorphologically investigated minerals of Ukraine a division by habit types
for certain mineral complexes can be offered. It is shown in Table 2 (Figs. 2, 3). This can form
a basis for elaboration of morphogenetic classification of minerals and crystallogenetic
determinations.

Some examples of achievements of crystallomorphology of minerals of Ukraine were
given [3, 4, 17, 18], where their practical significance was shown. We shall also describe just
some of them.

Fig. 2. "Pentagon" of
cubooctahedrons of native
gold (complex twin after
spinel law) from quartz-
barite veins (Muzhiyeve
deposit, Zakarpattya): a —
side view; b — plan view.
Elongation 0.3 mm

Fig. 3. Pseudopyramidal-
prismatic graphite crystals
from Korsun-Novomyr-
gorod pluton of anorthosites.
Smila massif: a — 0.3 mm
along [0001]; b — 0.5 mm
along [0001]

KVASNYTSYA V. M., PAVLYSHYN V. I.
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Native copper. Its crystallomorphology was unknown a few years ago. Practical interest
in the native copper in volcanites of Volyn’ resulted in the intensive investigation of the
crystallization forms of copper. Nowadays one may speak of about four crystallogenetic types
of copper (Fig. 4):

1. Fine xenomorphic-hemiidiomorphic-idiomorphic copper from basalts;
2. Fine xenomorphic-hemiidiomorphic copper from tuffs;
3. Xenomorphic-hemiidiomorphic-idiomorphic copper from tuff-breccias measuring

up to 10 cm;
4. Xenomorphic-hemiidiomorphic copper from quartz veins measuring up to 15 cm.
Preliminary data for fine native copper from basalt show that dodecahedron and

combination shape {110}+{111} are usual, octahedron shape is rare. Copper crystals from
tuff-breccias have much more various morphology, created by {111}, {110}, {100}, {hko} and
other forms; octahedron is not rare. This division by crystallogenetic types also has a chemical
background. Copper types 1 and 2 (high-temperature "magmatic") are enriched by impurities
of iron and silver, and other copper types 3 and 4 (low-temperature "hydrothermal") are
poor in impurities, especially copper from quartz veins. Practical corroboration of the
conclusion regarding copper division in Volyn’ volcanites based on representative statistical
data will contribute to recommendations for rich copper deposit prognosis and exploration.
Domination of dodecahedron shape of copper crystals is also very interesting.

Diamond. Ukrainian geologists (I. F. Kashkarov, Yu. O. Polkanov, G. K. Yer’omenko)
finding of diamond in neogene titanium-zirconium placers of Ukraine and their further
investigation resulted in another discovery — a new genetic type of diamond — impact
diamond. Due to the crystallomorphological research of impact diamonds grains (Fig. 5), a
new conception of impact diamonds formation was developed. Impact diamonds formed in
the process of martensite-like replacement of graphite crystals in the impact waves. This
discovery enabled A. A. Val’ter to find impact diamond in a few impact craters on the
territory of Ukraine. Goniometric investigation of fine endogenic diamonds of Ukraine also
allowed to enlarge the list of forms usual for natural diamond {100}, {110} and different {hhl},
{hkk}, {hkl}, {hko}, in addition to {111}.

Molybdenite. As an instance of anomalous growth, it was found on investigation of
molybdenite morphology from different deposits of Ukraine. It occurs in columnar prismatic

Fig. 4. Native copper polyhedron from tuff-breccias (Rafalivka quarry, Volyn’): a — octahedron; b — dodecahedron
combined with octahedron; c, d — polyhedron shapes
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crystals, that is an unstable shape for molybdenite. It is known that {0001} faces of molybdenite

crystals have minimal surface energy, some directions    S Mo S S Mo S     are
bonded very loosely, so for individual growth along [0001] with tangential mechanism of
growth supersaturated solution is required, and with spiral mechanism of growth — low
supersaturation. Some part of molybdenite crystal has distinct features of spiral dislocation
growth (Fig. 6).

Problems and targets of crystallomorphology of minerals of Ukraine. To have a look on
Table 1 and Fig. 1 is enough to understand the main problem of this direction of geological
research — inadequate knowledge of minerals of Ukraine in terms of crystallography. Expert
problem is closely linked with the mentioned above — very few Ukrainian universities train
specialists in this field of science; the technical problem is the absence of equipment (both
old and new) for crystallomorphological research. Possible ways to solve these problems
were offered in the recent article [14]. The main problem is the state or private promotion of
these fields of science.

Tasks for crystallomorphological investigation of minerals of Ukraine were described
before [1], they are still actual, and they originate from the structure of mineralogical
crystallography: a) the theory of real crystals; b) the theory of crystal and environment
interaction; c) the laws of crystal formation and crystal division in the geological objects.

These targets are the following:
1. To create the theory of real crystals as perfect as the theory of ideal crystal;
2. Monographic investigation of crystals of all minerals and taking it as a basis to

create crystallogenetic determinants formation so as to apply all data for the crystal shape in
geology;

3. Further promotion of experimental crystallomorphology in order to reproduce
crystal growth conditions;

4. Further promotion of structural mineralogy in order to elucidate the influence of
the structure on the shape of the mineral;

5. Solving of general geological problems, basing first of all on the crystallomorphology
of accessory minerals;

6. Elaboration of methods of exploration and valuation of deposits (exploration
crystallomorphology);

7. Settling the technological problems (e. g., use of mineral morphology so as to create
wasteless technologies of ore and crystal monoblock enrichment, etc.);

Fig. 5. Apographite impact diamonds: a, b — from Samotkan’ titanium-zirconium placer; c, d — from impactites of
Belilovka crater, USh

KVASNYTSYA V. M., PAVLYSHYN V. I.
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8. Promotion of crystallosynthesis methods of research.
Some very specific tasks are as follows:
1. To generalize all the crystallomorphological data for zircon of Ukraine and to

conduct all the necessary research of this mineral. Then "Zirconometry" will be able to help
to solve many geological problems in Ukraine;

2. To investigate modern crystal formation of coal and other waste piles, that is of
practical and theoretical significance;

3. To investigate another modern crystal formation — human stones.
Morphological investigation of human stone (works by F. Zuzuk, V. Dyakiv) is of critical

value for predicting, preventing and healing of some human diseases.
Prospects of mineral morphology. Taking into consideration that it is not the polyhedron

crystals that dominate in nature, these are crystal-grains — parts of the rocks and ores, — the
scope of mineralogical crystallography of the XXI century should become much wider than
that of mineralogical crystallography of the XX century. In other words, it is scientifically
and practically expedient to investigate into internal and external morphology of crystals-
grains. This means that crystallography, as the most exact science among other sciences
originating from mineralogy, should aim at lowly-ordered systems such as rock, ore, mineral
deposit, Earth crust, the Earth, et cetera in order to shift the field of analysis from mathematically
precise and high-symmetric crystals to the objects with low or broken symmetry.

Academician N. P. Yushkin states that the modern crystallography penetrates into micro-
and nano-levels, on one hand, and onto megasystems up to cosmic ones, on the other.
Together with inorganic individuals and aggregations, biosystems of very different levels
become objects of crystallography, and biocrystallization mechanisms are considered
crystalliferous ones. Analysis of static structure transforms into analysis of dynamic structures,
that is, usual three-dimensional coordinates are supplemented with the time axe.

There is no distinct elaborated system, structure, methodology or even idea of mineralogical
crystallography of the XXI century. In the outline of its prospects we point out some very
important statements (unfortunately, without any system now) which show that mineralogical
crystallography has glorious present and past, but also very interesting and beneficial future.

1. It is necessary to work out subsequently a theory of morphogenesis investigation
based on the triad "chemical composition — structure — crystal shape" because the process
of sweeping generalization in mineral morphology (e. g., V. Goldschmidt’s Atlas) was interrupted.
Factually, since 1916 there was no full description of mineral forms occuring in nature. The

Fig. 6. Molybdenite polyhedrons from Rokytne occurrence, USh: a — pinacoidal crystal; b, c, d — different in [0001]
elongation pinacoidal-prismatic crystals
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conclusion is that in the XXI century an atlas of mineral morphology should be created,
basing on the achievements of mineralogical crystallography, both theoretical and experimental.

2. Morphological analysis of rocks and ores, armed with classical and new laws of
symmetry, nonequilibrium thermodynamics, border area surface structure (of the grain edges),
will be of prior significance for characterization and elucidation of a genetic nature of
mineral grains shape, structures and textures formed by these grains. These problems are
dictated by technical and exploration mineralogy problems.

Morphological analysis enriched by stereologic reconstructions will be very efficient.
They allow to illustrate investigation of mineral genesis spatially — from the very generation
till the end of the development. Prof. D. P. Grigoryev underlines that if material model of
mineral genesis can not be reproduced then the process was elucidated insufficiently.

3. Crystallosymmetric analysis of complex mineral systems (by I. I. Shafranovsky and
N. P. Yushkin) will have a wider scope, methodic improvement and more exact interpretation,
etc. It will help us to get very valuable results to solve global cosmogenic and geological
problems and these of theoretical and practical mineralogy.

4. The practical significance of mineralogical crystallography will increase. "This science
will be one of the most important among mineralogical sciences and that part of mining art,
which purpose is the use of mineral raw" marked E. S. Fedorov. It is necessary to enlarge the
number of instances similar to the investigation of yakut diamond. Before the discovery of
primary diamond deposit in 1954 researchers worked with crystals found in alluvial only.
Thorough analysis of thousands of diamonds showed their greatest similarity to the famous
kimberlite diamonds. This prognosis was clearly corroborated.

Crystallogenetic determinant (I. I. Shafranovskys and P. K. Vovks idea) will have serious
advantages in practice of mineralogical theory. It will also approach to some mineralogical
problems, such as correspondence of mineral shape, anatomy and ore body based on the
principle of correspondence (N. Z. Evzikova, V. A. Popov). The question if there is any
correspondence between crystal characteristics and ore reserve is still actual.

5. The theory of symmetry is still a base for crystallographic research of any
mineralogical object. In modern mineralogy it is used as a two-part system: the theory of
classic symmetry and the theory of general symmetry (V. A. Frank-Kamenetsky, P. L. Dubov,
I. I. Shafranovsky). The theory of classic symmetry, which describes isometric space
transformations, can be found in every textbook on modern crystallography. The theory of
general symmetry deals with antisymmetry, color symmetry, nonisometric symmetry: the
symmetry of similarity, conforming one, curvilinear symmetry, homology, etc. The application
of theory of general symmetry makes just a start now, and it has very serious prospects for
the future. N. P. Yushkin, I. I. Shafranovsky, K. P. Yanulov — authors of "Symmetry laws in
mineralogy" — say that one methodical scheme in the application of new symmetry methods
recurs — idealization of new mineral objects and phenomena   search for deviation from
ideal models in the course of investigation   new level of idealization, etc.

6. It is supposed (M. Seneshal) that in future theory of symmetry geometry will be of
greater significance than the theory of groups. The latter has served and serves crystallography
very efficiently, but it can not be used to investigate into the geometry of mineral individuals
because groups describe just periodic features of regular structures.

Special symmetrical category is illustrated by quasi-crystals or "non-periodic" crystals
(D. Shekhtman and others), for example, Al6Mn alloy, which, due to 5L  presence, has a
symmetry that can not be connected with any classical grid translation. It has no analogues
in nature, and no translation generally acknowledged.

7. So, mineralogists and mineralogical crystallographers feel a great need for methodical
modern theory of real (modificated, cleavage, tortile, arcuated and granular) and ideal crystal,
complex individuals, regular and irregular accretions, different mineral aggregations,
environment and processes of mineral formation symmetry.

We have all grounds to beleive that all the mentioned above scientific directions will
contribute to this new theory of symmetry formation.
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ÐÅÇÞÌÅ. Ñäåëàí êðàòêèé îáçîð ðàçâèòèÿ êðèñòàëëîìîðôîëîãèè â Óêðàèíå è àíàëèç ñîñòîÿíèÿ êðèñòàëëî-
ãðàôè÷åñêîé èçó÷åííîñòè ìèíåðàëîâ èç ðàçíûõ ðåãèîíîâ ñòðàíû. Ïîä÷åðêíóòî òåîðåòè÷åñêîå è ïðàêòè÷åñêîå
çíà÷åíèå ðåçóëüòàòîâ êðèñòàëëîìîðôîëîãè÷åñêèõ èññëåäîâàíèé. Ðàññìîòðåíû ïðîáëåìû è çàäà÷è ìèíåðàëî-
ãè÷åñêîé êðèñòàëëîãðàôèè ÕÕI âåêà.

ÐÅÇÞÌÅ. Çðîáëåíî êîðîòêèé îãëÿä ðîçâèòêó êðèñòàëîìîðôîëîã³¿ â Óêðà¿í³ òà àíàë³ç ñòàíó êðèñòàëîãðàô³÷-
íî¿ âèâ÷åíîñò³ ì³íåðàë³â ³ç ð³çíèõ ðåã³îí³â êðà¿íè. Íàãîëîøåíî íà òåîðåòè÷íîìó ³ ïðàêòè÷íîìó çíà÷åíí³
ðåçóëüòàò³â êðèñòàëîìîðôîëîã³÷íèõ äîñë³äæåíü. Ðîçãëÿíóòî ïðîáëåìè ³ çàâäàííÿ ì³íåðàëîã³÷íî¿ êðèñòàëîã-
ðàô³¿ ÕÕ² ñòîð³÷÷ÿ.
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Magmatism of the Ukrainian Shield

The article deals with brief petrological, geochemical, and geochronological description of all complexes of the magmatic
formations of the Ukrainian Shield. In geological history of the Ukrainian Shield there are three successive magmatic
stages as follows: pre-greenstone (3.65–3.40); greenstone (3.40–2.60); and post-greenstone (2.60–1.70 Ga). The initial
continental Earth crust has generated at the earliest stage. At this stage as a main cause of magmatic activity were the
Earth mantle plums ("the hot spots"). The tectonic plate mechanism has not yet worked. The relics of the oldest
magmatic formations of the stage (the granulite-enderbite rock assemblage) are observed in the Dniester-Bug and the
western area of the Near Azov regions of the Ukrainian Shield. Generation of magmatic formations of the greenstone
structures of the Middle-Dnieper and Near Azov regions is correlated with the following stage. The main cause of
their generation has been the processes of the spreading of the initial Earth crust. The line trough structures have
appeared during this time. The magmatic formations of the latest (post-greenstone) stage are widespread in the
Ukrainian Shield. They were generated under different geodynamic conditions. They were replaced from one to other,
as the following set: the island arc, the active continental margin, and the collision zone. Thus, they are much varied
both in petrographical and petrochemical  composition.

Introduction. The Ukrainian Shield (USh) is a clumpy jut of the Precambrian basement of
the East-European platform. It occupies a position close to the southwestern edge of the
platform. Together with the Voronezh Precambrian massif it forms the Scythian or Sarmatian
terrane. During Proterozoic this terrane unified with the Ural and Fennoskandian terranes,
and formed a unified protocontinent [4].

There are three successive age stages of the Earth crust formation in geological history
of the USh, they are named as follows: the pre-greenstone, greenstone, and post-greenstone,
and thus we accept the formation time of the Archean greenstone belts as the age datum
mark. The main crust forming process during these three age stages was magmatism. Its
features and intensity varied from one to another stage. However, the processes of melting of
the Earth mantle substance and transportation of the generated magma up into the Earth
crust dominated through the entire period.

The initial crust formed at the pre-greenstone stage. We can observe relics of this crust
among the oldest granulite assemblages of the Dniester-Bug region and in the Paleoarchean
basement of the greenstone belts of the Middle Dnieper region [18]. Probably, the upper-
mantle hot spots were the main causes for formation and growth of the initial crust. They
formed comparatively not deeply and intruded into the slim Earth crust. Maybe, meteoritic
bombs contributed to their formation. The tectonic plate mechanism did not work at that
time, but local expansion and compression zones already occured. Initial granulite and
amphibolite rock assemblages emerged there.

The beginning of the greenstone stage is 3.4 Ga. The mantle convection behavior
changed at that time. The mantle cells strongly grew. The tension deformation zones appeared
over big asthenolites, and the trough structures formed. In these structures sedimentary and
volcanic rocks deposited. They metamorphosed at the greenstone stage a little later. Extensive
granulite-gneiss terranes with thicker continental crust appeared in tension and compression
zones over the areas between asthenolites.

The age boundary between Archean and Proterozoic is the beginning of the post-
greenstone stage. The subsequent change of behavior of the Earth mantle convection came
about this time. It manifested as the movement of large lithosphere plates accompanied by
processes of the spreading and subduction as well as processes of interior-plate tectonic-
magmatic activity.

The pre-greenstone stage. The oldest magmatic formations are basic volcanites in the
Paleoarchean Dniester-Bug, Western-Near-Azov and Aul groups. Their plutonic analogues
are rocks of the Novopavlovka and Sabarov mafic-ultramafic complexes (Table 1).
Metavolcanites are prevalaited in the total groups volume. As a rule, volcanites occur as
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concordant bodies among the oldest enderbites or as xenolites among the later rheomorphic
charnockitoids. The body thickness measures from a few cm to 100 m. Some bodies are more
thick. Probably, among these rocks there are formations of different ages. Most of these rocks
undoubtedly are Paleoarchean, some are Neoarchean, and some are the Late Proterozoic
dykes. Unfortunately, it is not always possible to determine their  ages. Bipyroxene-plagioclase
mafic granulites and their varieties (biotite-, amphibole-, garnet-, cummingtonite schists,
bipyroxene mafic granulites, sometimes — quartz-bearing plagiogneisses)  were dominant.
The mafic granulites transform in to various amphibolites and amphibole plagiogneisses
under the influence of regressive metamorphism in zones of transition to amphibolite stage.

Mafic granulites are massive dark-gray fine-grained nondistinctly streaky rocks. They
have a granoblastic or like-lace texture, that is conditioned by chain-like position of the
dark-color minerals. Their mineral composition is as follows: plagioclase, pyroxenes, hornblende,
garnet, biotite, sometimes — quartz; ore minerals — ilmenite, magnetite. Ferruginosity (f) of
orthopyroxene is 44–62; clinopyroxene — 25–40 %. Hornblende is brown, high-titanium and
high-aluminous, hastingsite or chermackite (f = 42 %). Garnet is pyrope-almandine (f = 80–
85 %). Biotite changes the orthopyroxene; it is reddish-brown, TiO2 = 4–5 %; plagioclase is N
40–60. The volcanites do not have the analogues among the post-Precambrian rocks on
their chemical composition, but they are more similar to ocean basalts. Low concentrations
of SiO2 (45–49 %), K2O (0.10–0.90), TiO2 (0.5–1.4), and high of MgO (6–8, sometimes to
14–16 %), are characteristic of them. Increased concentration of femic components is a
specific feature of the Archean metavolcanites in comparison to the Phanerozoic. For the
first time it has been noted by I. S. Usenko [17].

Average concentration of accessory elements in metavolcanites is similar to their
concentration in basalts, ppm: Ni — 120, Cr — 370, Co — 47, Sr –105, Rb — 20. On the
diagrams with Rb, Zr, K, Ti, Ni, Co, Cr the figurative points of composition of the mafic
granulites occupy a position in the areas of basalts of the island arcs. Mafic granulites are
characterized by a non-differentiated distribution of the REE [11]. Concentration of the
REE for mafic is only from one and a half to two and a half as large as granulites their
concentration for chondrites. The melting depth of basalt magma is 20–30 km. Conditions
of metamorphism of mafic granulites were: T = 850 °C, P = 700–800 MPa.

Mafic-ultramafic rocks of the Sabarov complex are not widespread. They occur as
xenolites among enderbites. Zones of plagioclase (N 30) appear where mafic granulites
contact with enderbites. Ages of zircon in these zones are 3.0 Ga [16].

The oldest volcanites of the Western-Near-Azov group together with mafic-ultramafic
rocks of the Novopavlovka complex and enderbites of thonalite-trondhjemite composition
constitute the Orekhov-Pavlograd zone of granulite rocks. It is situated at the boundary of
the Middle Dnieper and Near Azov regions. Garnet-sillimanite-biotite, garnet-biotite, biotite,
graphite plagiogneisses, and magnetite quartzites also belong to the series. The containing
rocks are trondhjemites of the Neoarchean Shevchenko complex. Their age is 2.85 Ga.
Probably, these rocks are diaphthorite enderbites. In general, the Orekhov-Pavlograd zone is a structural
and age analogue of the Golovanev suture zone, but the rocks of the Novopavlovka complex
modified under conditions of metamorphism of the amphibolite stage. Metamorphism maximum of
the rocks corresponds to the following conditions: T = 750–680 °C, P = 770 MPa [22], if to
rely on metapelitic paragenesis. Garnet-disthen rocks have been found there. Both temperature
and pressure decreased under conditions of the amphibolite metamorphism and resulted in
andalusite paragenesis.

Mafic-ultramafic rocks of the Novopavlovka complex are the oldest hyperbasite formation.
They are represented by peridotites (lerzolites, verlites) and pyroxenites of websterite
composition. Since they are located in the zone of the Orekhov-Pavlograd deep fault, the
oldest mafic-ultramafic rocks spatially associated with the rocks of the Neoarchean gabbro-
peridotite assemblage (serpentinites and metagabbroids). The similar situation is observed in
the Bug region too.

Mafic volcanites are represented by bipyroxene-plagioclase and orthopyroxene mafic
granulites. Their mineral composition is as follows: orthopyroxene (f = 33–46 %), clinopyroxene,
plagioclase (N 65–75), hornblende, and reddish-brown biotite. In most cases, mafic granulites
transformed into amphibolites with relics of pyroxenes and garnet. The chemical composition
of the rocks is similar to modern ocean tholeites. The differentiation of the REE is slight
(Ce/Yb = 2–4). The slight Eu-minimum is observed. Very likely, the non-depleted Earth
mantle was the source of these rocks, if to base on their composition. The U-Pb isochrone
age of pyroxenites on zircon is 3.65 Ga [20]. The ages of the tonalites and enderbites are 3.37
and 3.40 Ga, correspondingly.

ESIPCHUK K. YE. et al.



ISSN 0204-3548. Mineral.  Journ. (Ukraine). — 2000. — 22,  ¹ 5/6 85

T
ab

le
 2

. 
G

ra
ni

to
id

s 
of

 t
he

 U
S
h

MAGMATISM OF THE UKRAINIAN SHIELD



ISSN 0204-3548. Mineral.  Journ. (Ukraine). — 2000. — 22,  ¹ 5/686

ESIPCHUK K. YE. et al.



ISSN 0204-3548. Mineral.  Journ. (Ukraine). — 2000. — 22,  ¹ 5/6 87

The Paleoarchean felsic magmatic formations are represented by the Gayvoron, Tashlyk,
Slavgorod and Novopavlovka complexes (Table 2). They closely associated with the mafic-
ultramafic ones. Rocks of the Slavgorod and Novopavlovka complexes were strongly modified
under conditions of high-amphibolite stage. The Gayvoron complex is the most typical and
it has been the best studied in all respects.

The enderbites of the Gayvoron complex form the most eroded Gayvoron-Zavalye
geoblock of the Dniester-Bug region. It consists of greenish-gray massive streaky gneissose
rocks. Their mineral composition is as follows: ortho- and clino-pyroxenes, plagioclase, quartz,
garnet, and hornblende. Biotite, garnet and kalifeldspar are observed only in the most acidic
enderbites. Quantitative relation of the minerals varied very much. The enderbites constitute
rock series from quartz diorite to tonalite and trondhjemite. The accessory and ore minerals
are zircon, apatite, ilmenite, magnetite, and monazite. The latter two minerals appear only
under conditions of kalifeldspartization. The orthopyroxene ferruginosity is 40 % in average;
clynopyroxene — 25–35 %. The plagioclase is N 35. The garnet is pyrope-almandine; its
pyrope amounts to 26, and almandine to 65 % of the total. The biotite is reddish-brown; its
TiO2 concentration is 4 %. The kalifeldspar occurs as skin grains. It is the orthoclase three-
cline index of which is about zero.

The enderbites vary from diorite to leucotrondhjemite in their chemical composition,
and they correspond to magmatic rocks completely. Concentration of K2O is 1 % at most.
Enderbites which correspond to tonalite composition are the most widespread. Negative
values of 18O (–6...–7 ‰) are the evidence of their magmatic genesis. Value of Nd (–1.8)
is a proof of their crust genesis.

The zircon age of enderbite from a quarry of the Zavalye village is 3.65 Ga (Ye. Bibikova
data). There are biotite and hornblende inclusions in zircon. The biotite composition is
characteristic of the amphibolite stage (TiO2 = 1.9–2.8, f = 54–55 %); f of hornblende is 30–
49 % [22]. The   inclusions   of   the  late zircon are already represented by hypersthene (f =
=42 %), and high-titanium biotite (TiO2 = 44.7–44.9, f = 30 %). These data are having a
single meaning that the enderbites are derivatives of rocks of diorite-tonalite-trondhjemite
series. The first but probably not the last episode of the granulite metamorphism was
contemporaneous with the rift formation in the granite-greenstone area. It attests to the
interconnection of tectonic processes in these terranes.

According to data of Sm-Nd method, the substance of the protolith of the gneiss-
enderbites separated from the mantle 3.8 (CHUR), or 3.9 (DM) Ga years ago. Therefore, the
crust granites of the tonalite-trondhjemite series had forerunners. If to base on the substance
balance of the rocks of the granulite stage, we may conclude that it is the volcanites of
andesite composition that precede the enderbites.

The greenstone stage. The greenstone stage on the USh corresponds to Meso- and
Neoarchean in terms of time. These geological formations manifested in the Near-Azov,
Middle-Dnieper and probably Ros-Tikich megablocks. In the Near-Azov region greenstone
structures (GS) are Dobropolye, Kosivtsevo, Soroki, Novogorovka, Zeleny Gay and Pavlovo.
Their age is about 3400–3200 Ma, the youngest felsic volcanites are 3170–3080 Ma.

The section of the Soroki GS has a three-part division. The lower part is a typical
greenstone complex, the middle one — terrigene-sedimental and the upper one — carbonate-
terrigene. In the greenstone section the lower thickness (40–2000 m) is represented by
tholeiitic basalts with subordinate pyroxenite komatites and andesites; the second one (30–
150 m) — by komatites of different composition, tholeiitic basalts, sedimentary pyroclastic
rocks and magnetite quartzites; and the third one (12–250 m) — by felsic volcanites and
tuffaceous rocks [3, 12].

The intrusive phases are represented by gabbro, diabases, dunites and peridotites. The
REE distribution is close to hondrites (CeN/YbN = 1.5; Nd(Ò) = +0.08). The initial melt
formed in the process of 50–60 % melting of undepleted mantle. Metadacites are contaminated
by the crust material (Nd(Ò) = –1.1) [2].

The peridotite komatites of the Kosivtsevo GS have the following geochemical
characteristics: CeN/YbN = 1.9; YbN = 1.8. The enrichment of light REE is conditioned
probably by the metamorphism. Al2O3/(Gd/Yb)N in peridotite komatites attest to their
attribution to aluminous depleted variety (the Barberton type). The petrochemical
characteristics of the Kosivtsevo metabasalts vary in a wide range from the picrito-basalts to
the tholeiitic basalts (CeN/YbN = 1.3; YbN = 8.1).

The Novogorovka GS in the Orekhovo-Pavlograd structure contain pyroxenite komatites
with spinifecs structure. The volcanites of the intermediate and felsic composition of lava
and pyroclastic facies. The peridotite komatites are characterized by the high content of
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nickel (0.32 %) and low titanium (TiO2 = 0.07 %) and zirconium (5 ppm) (CeN/YbN = 5
at YbN = 0.4). The melting occured under pressure > 4000 MPa. According to the
petrochemical characteristics these volcanites are represented by the sodium series and initial
magma melted out from the depleted mantle (Nd(Ò) = + 1.39).

In the Middle Near-Dnieper region the greenstone belts formed 3200–2900 Ma ago.
They are represented by Chertomlyk-Verkhovtsevo-Kobelyaky, Sura and Belozerka-Konka
ones. All of them have submeridional stretch and extend for 140–200 km. Amphybolite
gneiss and granulite gneiss basement have been remobilized intensively. In the greenstone
sections we have the volcanites of all petrographyc types which form regular paragenetic
associations: komatiite-tholeiite, dacite-andesite-tholeiite and rhyolite-dacite. They are in
accord with certain tectonic-magmatic stages of the greenstone belts development. The
ultrabasic volcanites are represented by metamorphosed komatiites of the lava (90 %) and
pyroclastic (10 %) facies, which are formed by massif and stratified covers up to 80–100 m
thick. The vent facies of the ultrabasic composition are represented by dunites and peridotites
(the Verkhovtsevo complex). According the geochemical datas they ware formed in the
process of depleted mantle melting (Nd(Ò) = + 1.75; CeN/YbN = 8.5 at YbN = 3.3). The
enrichment of light REE probably took place during the metamorphism and metasomatism.
The basic volcanites form about 70 % of the greenstone section. There are lava, pyroclastic
and lava clastic facies of the basalts which form streams measuring up to 15–30 m. The
pyroclastic facies are more common in the upper part of the komatite tholeiitic section.
They form beds from 5 to 30 m in thick. The subvolcanic facies are represented by diabasic
porphyrites and gabbro-amphibolites [3–5]. The predominant rocks in section are tholeiitic
basalts with low potassium content (K2O < 1 %) and high K/Rb ratio (> 1000). Gabbro
and diabases have high titanium and zirconium content and low strontium. Their magma
formed in the process of fractionation of tholeiitic melts with MgO = 8.5–10 under the
conditions of low oxygen fugitivity [15].

The formation of the differentional intrusions of the Sura complex — plagiogranites
and tonalites — is connected with the late stage of greenstone belts development.

The lower part of the Middle Near-Dnieper greenstone section has the name the
Konka group (series), the upper one — the Belozerka group. In the last one sedimentary
rocks, intermediate and felsic volcanites prevail. The intrusion of the Sura plagiogranites took
place in the period between the formation of these two groups (3000 Ma ago). After the
Belozerka group gabbro-peridotite dykes of the Devladovo complex intruded.

The consolidation of the Middle-Dnieper greenstone terrane was connected with mighty
crustal granitization, which took place in the interval 2900–2800 Ma. Depending on
composition of the crust bed rocks and intensity of their reworking by mantle fluids, a very
wide range of granitoids formed: from the plagiogranites and diorites to normal bi-feldspar
and K-feldspar subalkaline granites. The remobilized autochthonous Saksagan plagiogranites
formed in the domelike structures between the greenstone troughs. They differ from pre-
greenstone plagiogranites (Dnepropetrovsk) — with Si, Al, Ti, Mg and Ca content, higher of
Sr (240 ppm), Cr (12), Ba (440) and Zr (180 ppm) [6]. In the middle parts of the cupola
structures bi-feldspar porphyroblastic Demurino granites formed. At the late stage there
were allochthonous intrusions of the normal Mokra-Moskovka granites and subalkaline
porphyritic Tok granites. The evidence of their crust origin is the very high ratio of 87Sr/86Sr
(0.788–0.815).   They   have   rather   high  content of Pb (40 ppm), Rb (230), La (100), Ce
(150 ppm). The zircon in granites characterized by high content of U, Th, Y and Yb [6]. The
biotite attests to the crystallization Demurino granites under the conditions of high oxygen
activity, of the Mokra-Moskovka — under those of low and moderate alkalinity, and of the
Tok— under those of middle and high oxygen activity and high alkalinity. The distribution
of the REE in Demurino granites is characterized by a low fractionation and absence of the
Eu-anomaly. In the Mokra-Moskovka and Tok granites light and heavy REE are strongly
fractionated, and Eu-anomaly manifests very distinctly in the last one.

Neoarchean predominantly basic metavolcanites of the Ros-Tikich megablock are related
to the greenstone stage. They are intruded by the ultrabasites (Yurov) and plagiogranites
(Tetiyev) with the U-Pb age about 2600 Ma [21]. According to petrological and geochemical
data, they formed under the islandarc conditions.

The special basic and felsic intrusive magmatism manifested during Neoarchean eon in
the granulite-gneiss terrains of the Dniester-Bug and Near-Azov megablocks. Then
Kapitanovka and Derenyukha dunite-harzburgite and dunite peridotite-gabbronorite, Litin
and Tokmak enderbite-charnockite and Shevchenko plagiogranite complexes formed. The
magma of the first two was generated in the upper mantle, and of the last three — in the
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lower crust.
The post-greenstone stage. Magmatic formations of the post-greenstone stage correspond

to the period from Paleoproterozoic to the end of Mesoproterozoic. We can confidently
divide this stage into four periods of tectonic-magmatic activity: the earliest period — the
boundary between Archean and Proterozoic (2.7–2.6 Ga); the early period — Paleoproterozoic
(2.5–2.1 Ga); the intermediate period — the boundary between Paleo- and Mesoproterozoic
(2.10–1.95 Ga); and the final period — the end of Mesoproterozoic (1.8–1.7 Ga).

Magmatic formations of the earliest period rarely occur in the USh. They are located
only in the Krivoy Rog geological structure. They are represented by metavolcanites of the
Novo-Krivoy Rog suite of the Krivoy Rog group (the Middle Dnieper region) and by sub-
synchronic small intrusive bodies of thonaliite-diorite composition.

Metavolcanites of the Novo-Krivoy Rog suite are represented by almond-shaped
amphibolites. Their composition corresponds to andesite or andesibasalt for the most part
(SiO2 = 56–58 %; Na2O + K2O = 5.7–5.9 %; Na2O/K2O = 4–5; f = 64–77 %) [9]. The
metavolcanites are similar to present-day island arc rocks in their composition. Their
isochronous Sm-Nd age is 2.67 Ga, Nd = 2.7. They associate with intrusive diorites of the
close age. Their formation is connected with the forming of the suture zone between the
Middle Dnieper greenstone area and the Ingul-Ingulets granite-gneiss domain.

The rock complexes of the southwest of the Northwestern region represent the magmatic
formations of the early period. There are amphibolite bodies among gneisses of the Vasilyevka
strata, granites of the Sheremetev complex (2.5–2.4 Ga), and the later metavolcanites
related to hypabyssal intrusions of the Novograd-Volynsk strata (2.4 Ga) [20].

The amphibolites are investigated insufficiently because they have been found only in
the core of the bore holes, and they have been strongly reworked by metasomatic processes.

The small concordant bodies and veins of low-alkaline granites and plagiogranites can
be observed among biotite gneisses of the Vasilyevka strata in the outcrops and quarries. The
chemical   composition  of  the sample from these granites is as follows, %: SiO2 = 72.83;
Na2O + K2O = 6.82; CaO = 0.84; Al2O3 = 15.25. Their mineral composition is, %: quartz —
35–40; plagioclase (N 6–15) — 30–35; microcline — 5–10; biotite — 15–20; muscovite —
5–10.   The  Eu-minimum (Eu/Eu* = 0.83),  moderately high values of La/Yb (14.4) and
La/Lu (12.6) are peculiar to the granites. The data testify to the generation of the granite
magma under conditions of fractionating of plagioclase and not very large differentiation of
REE.

The formation of the metaporphyries (metadasites and metarhyolites) and the hypabyssal
granodiorite-porhyries of the Novograd-Volynsk strata represent the latter magmatic episode
of this period. These rocks arose in the outside verge of the sial basement of the Podol
domain. Probably the formation of upper complexes was connected with the beginning of
subduction of the ocean plate under the Sarmatian terrane. The metaporphyries are
characterized by the following chemical composition, %: SiO2 = 65.2–69.4; TiO2 = 0.57–
0.84; Al2O3 = 15–15.9; MgO = 0.86–2.15; FeO + Fe2O3 = 3.97–4.23; K2O + Na2O = 4.3–
8; CaO = 1.86–2.96. Their mineral composition is as follows, %: plagioclase (oligoclase-
andesine) — 50–60; quartz — 25–35; light-brown biotite — 10–15. The phenocrysts are
only plagioclase; their amount is 10–15 % [13]. These rocks do not have Eu-minimum; and
the moderate differentiation of the REE (La/Yb = 8.2; La/Lu = 13.2) is characteristic of
them.

The interval of 2.3–2.1 Ga was a non-magmatic period. At least we cannot find magmatic
formations of this time. Maybe, the movement of the plates slowed down or stopped. Probably
at this time the Northwestern region became a passive continental slope. The gray wacke and
carbonate strata (the Teterev group) deposited there at this period. We can observe the same
situation in other regions of the USh.

However, in the period of 2.08–1.96 Ga ago (the boundary age interval between the
Paleo- and Mesoproterozoic) intensive magmatism has already commenced in the
Northwestern region as well as in the other regions of the USh (with the exception of the
Middle Dnieper greenstone area). This intermediate period of the magmatic activity was the
period of transformation of the Northwestern region into the active continental verge similar
to the Andes. Probably, it was connected with the beginning of the collision process of the
Sarmatia and Fennoscandia. Intensive magmatism of both the crust and mantle genesis arose
as a result of interaction of the ocean and continental plates in the subduction zone. This is
a period of the extensive anatectic granite formation that occupied not only the Northwestern
region but also the north part of the Dniester-Bug region. This also caused the intensive
growth of the continental Earth crust. The formation of the Osnitsa-Mikashevichi volcanic-

MAGMATISM OF THE UKRAINIAN SHIELD



ISSN 0204-3548. Mineral.  Journ. (Ukraine). — 2000. — 22,  ¹ 5/690

plutonic belt can exemplify it. We can distinguish among them the low-alkaline, sub-alkaline
and alkaline ultramafic-mafic associations, temperate alkaline and sub-alkaline intermediate,
and acidic rock complexes. There volcanic-plutonic rock association is observed. We can
determine magmatic rock associations generated in both compression and expansion zones.
We can observe the non-differentiated rock complexes as well as layered intrusions.

Let us consider these formations of the Northwestern region more in detail. The
subduction of the ocean plate under the Sarmatian terrane caused an increase of the thermal
stream into the crust, and intensive compression of the rock complexes of the continental
frontier. This contributed to processes of metamorphism and anatexis of the rocks, and
generation of the anatectic magma. Anatectites arose in compression zones mainly. These
rocks are represented by temperate-alkaline and sub-alkaline two-feldspar biotite and two-
mica fine-grained and porphyroblastic granites and granodiorites to a lesser degree (the
Zhitomir complex). Their average chemical composition is as follows, %: SiO2 = 66–73;
CaO — less than 2; Al2O3 — about 15; Na2O + K2O = 7.5–8. Average mineral composition,
%: plagioclase — 34; kalifeldspar — 28; quartz — 25; biotite — 8; muscovite — 3; accessory
minerals — about 1. The plagioclase is N 12–21. The f of the biotite is 61–62, TiO2 — 2–3 %;
ISr = 0.708–0.709 [19], that is characteristic of the crust formation. These granitoids are of s-
type.  They   generated  during some tens millions years. Their U-Pb zircon ages are 2.08–
2.02 Ga. They have small Eu-maximum (Eu/Eu* = 1.2), and low differentiation of the REE
(La/Lu = 3.3). This is characteristic of the upper crust anatectic magmas.

A little later (2.02–1.96 Ga), the volcanic-plutonic association (the Klesovo group and
the Osnitsa complex) spread in the utmost northwest of the region. The volcanic rocks of the
Klesovo group are represented by metaandesibasalts, metaandesites, metadacites, and
metarhyolites. The acidic rocks dominate. These rocks were strongly dislocated and crumpled
into folds. They had transformed into amphibole diabases and leptites. However, the porphyry
textures often remained. These rocks belong to calcium-alkaline and sub-alkaline series. The
metadacites and metarhyolites are characterized by Eu-minimums (Eu/Eu* = 0.6–0.9)
and the strongly differentiated distribution of the REE (La/Lu = 9–26).

The plutonic rocks (1.99–1.96 Ga) are represented by the gabbro-diorite-granodiorite-
granite rock association. The most of the rocks belong to calcium-alkaline series. Only the
biotite granites and leucogranites in most cases are sub-alkaline. Hornblende, plagioclase and
biotite are the most common minerals for all the rocks. Clinopyroxene occurs in gabbros
from time to time. Here quartz and kalifeldspar are common minerals too. Sometimes they
occur even in gabbros. Gabbros have the small Eu-minimum Eu/Eu* = 0.9), and the
moderately differentiated distribution of the REE (La/Yb = 10.1). The diorites have the large
Eu-maximum (Eu/Eu* = 1.73), and the more differentiated distribution of the REE (La/Yb=
= 26, La/Lu = 27). The granodiorites and granites have a dinstict Eu-minimum (Eu/Eu* =
=0.7–0.9), and they are characterized by much more appreciably differentiated distribution
of the REE (La/Yb = 22–82, and La/Lu = 20–94). Therefore, the REE data show that
during the differentiation of magma plagioclase separated from the residual melts, and
accumulated in the diorites. As a result, the residual melts have got rich in alkaline elements.
Thus, we can observe a natural conversion of calcium-alkaline rock series into sub-alkaline.
We can see very high values of ISr in the acidic intrusive rocks of the Osnitsa complex
(0.710–0.724). This is characteristic only of the rocks of the upper-crust origin.

Contemporaneously with the compression zones, the deep faults which corresponded
to the expansion zones appeared. The abyssal magmatic melts have intruded into the upper
crust. Their composition depended on the depth and portion of the melting of the initial
substratum as well as on its composition. As a result, the different assemblages of intrusive
rocks arose. Their common feature is that they were not deformed and metamorphosed. We
can distinguish the following rock assemblages there: 1) the ultramafic-mafic low-alkaline
and temperate-alkaline rock association (peridotite-pyroxenite-hornblendite-gabbronorite,
peridotite-gabbro-anorthosite, and troctholite-gabbronorite-gabbro); 2) the sub-alkaline rock
associations (gabbro-monzonite-granodiorite, gabbro-syenite-granite); 3) the alkaline
ultramafic rock assemblage.

Rocks of the first group formed the small massifs in the deep fault zones. According to
"The Correlative Stratigrafic Scheme of the USh" [8], they belong to the Prutovka (the
troctholite-gabbronorite-gabbro rock association — the Prutovka dyke, 1.99 Ga), to the Osnitsa
complex (the peridotite-gabbro-anorthosite association — the Kamenka massif, 1.98 Ga)
and to the Buky complex (the peridotite-pyroxenite-hornblendite-gabbronorite association —
the Zheleznyaky stock, 2.06–2.0 Ga). All the intrusive massifs are distinctly layered. For
example, ferruginossity of olivine of the Prutovka dyke varies from 12 in low layers to 68 %
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in the "sandwich" layers of the layering series. The mentioned rocks have low value of ISr
(0.7026), and positive value of Nd(+ 3.6). This is the peculiar sign for the mantle derivatives
of the depleted mantle. The rocks have distinct Eu-minimum (Eu/Eu* = 0.60–0.64), and the
faintly differentiated distribution of the REE (La/Yb = 3.0–4.3, and La/Lu = 2.6–4.8). It is
an evidence of the separation of plagioclase during early stages of differentiation of the melts.
All the associations are Cu-Ni-Pt-bearing. The detailed petrochemical and mineralogical
characteristics of these rocks is in [14].

The sub-alkaline rock massifs (the second group) belong to the Buky complex (the
gabbronorite-monzonite-granodiorite association — the Buky massif, 2.02–1.98 Ga), and to
the Kishin complex (the gabbro-syenite-granite association — the Kishin-Zhubrovichi massif,
2.02 Ga). These rock associations are multiphase intrusions. The rocks of the gabbronorite-
monzonite-granodiorite association were investigated in detail [7]. High-temperature mineral
assemblages are characteristic of the rocks of the early intrusive phases: gabbronorites,
monzodiorites and monzonites. Two pyroxenes (ortho- (f = 44–53 %) and clyno- (f = 22–
35 %, Wol = 44–46 %)), hornblende, cummingtonite, brown biotite (f = 47–50 %), plagioclase
(as a rule, two generations: big zonal crystals (N 43–48), and intersertal plagioclase (N 23–
25), orthoclase are common for these rocks. The accessory minerals are ilmenite, apatite, and
zircon. The rocks of later phases (quartz monzonite and granodiorite) do not have pyroxenes.
The dark-colour minerals are hornblende and biotite. Alkalinity of rocks increases from the
early to the later phases. The Eu-maximum (Eu/Eu* = 1.1–1.9) and the moderately
differentiated distribution of the REE (La/Yb = 7.2–13.6) are characteristic of these rocks.
The values of ISr of the rocks are essentially lower (from 0.7034 for the monzodiorites and
monzonites to 0.7064 for the quartz monzonites and granodiorites) than in rocks of the
similar composition of the compression zones. This is the crust formation, but generation of
initial magma has taken place under the lower Rb/Sr and on the deeper levels of the Earth
crust.

The alkaline ultramafic rock assemblage (the third group) is represented by a like-dyke
body of jakupyrangites and melteigites of the Gorodnitsa complex. Probably, it is derivatives
of low grade of melting of the mantle substratum. High content of Cr (0.1 %) and presence
of chrome-spinels are characteristic of these rocks. Fenites are also found in the Northwestern
region (the Berezova Gat’ massif). Maybe, it is the aureole of the carbonatite massif.

In the north of the Dniester-Bug region of the USh, which represent the rear part of
the area of the active continental verge, we can observe some other rock associates. There
high-temperature anatectites are observed. This is high-aluminous biotite granites (garnet-,
sillimanite-, and cordierite-bearing), garnet-orthopyroxene-biotite charnockites ("vinnitsites"),
bipyroxene charnockites and mesoperthite enderbites. These rocks belong to the Berdichev
complex (2.08–1.98 Ga). The rocks containing granitoids are granulite gneisses of the
Bereznino strata of the Dniester-Bug group. According to "The Correlative Stratigraphic
Scheme of the USh" [8], the rocks of the Bereznino strata belong to the Palearchean. However,
the Sm-Nd data indicate that they cannot be older, than Paleoproterozoic [5].

All the granitoids are of the crust genesis. The data of the isotope studies point out to
this: ISr = 0.706–0.709; Nd = 0.0...–1.6. The allocation of the granitoid types in the area
displays the regularity. High-aluminous granites ("the Berdichev granites") are dominant in
the north of the region, the charnockitoids — in the south [16].

The chemical composition of the charnockitoids is very unsteady, %: SiO2 = 54–71;
Na2O + K2O = 3.65–10.25; f = 51.3–70.3. The intermediate charnockitoids (the composition
corresponds to the quartz diorite and the quartz monzonite) are predominant. As a rule, the
texture of the rocks is coarse-grained and medium-grained, sometimes — porphyroblastic.
The main rock-forming minerals are plagioclase, alkaline feldspar, biotite, garnet, orthopyroxene.
The anthiperthite plagioclase is N 35–45 in the enderbites and the mafic charnockites, and
N 12–30 in "the vinnitsites" and "the Berdichev granites" [19]. The alkaline feldspar is
orthoclase-perthite, sometimes — mesoperthite. Biotite is orange. It is high-titanium (TiO2 to
6 %). Garnet is pyrope-almandine series (f = 67–88 %). Orthopyroxene is hypersthene (f =
=45–52 %).

Two massifs of alkaline ultramafic rocks represent the intrusive rocks of the mantle
genesis. They are the Proskurovka and Antonovka massifs (the Proskurovka complex). In
geochemical features, these rocks differ from the similar rocks of the eastern part of the
USh (the Near-Azov and Middle Dnieper regions). The latter have rare metal geochemical
specialization on Nb, TR, and P. The alkaline ultramafites of the Dniester-Bug region are
poor in these elements [10].

The main tendency of this period of the magmatic activity (2.08–1.96 Ga) in the
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western part of the USh is a predominance of acidic magmas over basic and intermediate
ones; a prevalence of crust anatectic derivatives over the mantle ones. The granitoids which
have different depth of generation of initial magma are the main rocks of this part of the
USh. The anatectic melts were generated mostly in the compression zones. Thus, numerous
massifs and bodies of the granites and granodiorites, as a rule, are sub-concordant with the
folding of the containing metamorphic rocks. If one moves from the active boundary of the
protocontinent to its rear areas, he will be able to observe an increase of the PT-parameters
(temperature and pressure) of crystallization of the granite melts. Probably, this is connected
with the increase of depth of the Benioff seismic zone that is situated much deeper when
to move from the active verge of the continent to the inland area. Thus, we observe low-
temperature two-micas granites in the north and high-temperature garnet-biotite granites,
charnockites and enderbites in the south of the region. We can also observe the temporary
tendency of generation of the rocks of the expansion and compression zones. In adjacent
expansion and compression zones of the anatectic rocks of the compression zone appeared
always earlier than the intrusive rocks of the expansion zones.

We can observe a similar situation in the Ingul-Ingulets region. There granites of the
Kirovograd complex represent the anatectic granitoids similar to the granites of the Zhitomir
complex. However, there the ovoid sub-alkaline granites are more widespread than in the
Zhitomir complex (Na2O + K2O = 8.1–9.1). The rocks of the Novoukrainka complex
(2.08–2.02 Ga) are the analogues of the rocks of expansion zones. They are well comparable
to the rocks of the Buky complex. However, there we can see a high-temperature association
of granite rocks of the final intrusive phases (charnockites and garnet-biotite granites), which
is not observed in the Buky complex.

In the Near-Azov region, we can observe rock complexes of the active continental verge
too. However the zoning of these complexes is different (not from the north towards the
south, and from the east to the west). There rocks of the Salticha and Anadol complexes
represent the anatectic granitoids of the compression zones. The rocks of the Obitochna and
Khlebodarov complexes represent the intrusive rocks of expansion zones. The rock association
of the Khlebodarovka complex is analogous with the rock association of the Buky complex
of the Northwestern region. The rock association of the Obitochna complex (gabbro-diorite-
granodiorite-plagiogranite) do not have any analogues in the region above.

The alkaline ultramafic-mafic intrusive complexes of the mantle genesis occur in the
western part of the Near-Azov region (the Chernigovka complex, 2.1–2.05 Ga) and in the
eastern part of the Middle Dnieper region (the Malatersa complex, 2.05 Ga). They are rock
complexes of the alkaline ultramafic-mafic-carbonatite association.

The magmatic rocks of the final period of the tectonic-magmatic activity (1.8–1.7 Ga)
are also widespread in the USh. They occur in the Northwestern, Ingul-Ingulets and Near-
Azov regions. Their genesis is related with the collision zones of the protocontinental
terranes; Sarmatia and Fennoscandia (the rock associations of the Northwestern and Ingul-
Ingulets regions), and Sarmatia and Volgo-Uralia (the rock associations of the Near-Azov
region). The collision of the terranes resulted in the generation of the rift like structures
where the processes of intensive expansion were predominant. As a rule, the sites of these
structures are the verges of the colliding terranes. Magmatic assemblages of this period are
various. The gabbronorite-anorthosite-rapakivi granite, gabbro-syenite, sub-alkaline and alkaline
granite, ultramafite-gabbro-alkaline syenite-nepheline syenite associations are the main. The
volcanic rock association (trachwandesite-rhyolite) is also known. We can observe these
rocks in the Northwestern region (the Ovruch structure).

The rock associations of collision zones of Sarmatia-Fennoscandia and Sarmatia-Volgo-
Uralia differ in some aspects. The gabbronorite-anorthosite-rapakivi granite plutons are
characteristic only of the first of the zones of collision above. An ultramafite-gabbro-alkaline
syenite-nepheline syenite association was found only in the latter of the mentioned zones
above.

The gabbronorite-anorthosite-rapakivi granite association is represented by intrusive
rocks of the Korosten pluton in the Northwestern region, and by rocks of the Korsun-
Novomirgorod pluton in the Ingul-Ingulets region. The plutons are the polyphase intrusions.
U-Pb data on zircon and baddeleyite of the rocks of the Korosten pluton allow to estimate
total duration of the pluton formation (about 60 Ma) as well as to reconstruct a sequence
of intrusion of its main rocks [1]: 1) early anorthosites (1800–1790 Ma); 2) rapakivi
granites (1771–1767 Ma); 3) gabbronorite-anorthosites (gabbronorites, anorthosites, less gabbro,
ultramafites and basic dyke rocks — 1761–1754 Ma); 4) non-ovoid biotite subalkaline
leicogranites (1752 Ma); 5) granite-porphyries and rhyolites (1745–1737 Ma).
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Thus, U-Pb data undoubtedly show that the Korosten pluton is a multiphase intrusion
with the long period of formation. Moreover, all basic rock units of the pluton are layered. The
layering is observed both at macro-, and at microlevels, thus zircon associated with products
of crystallization of intercumulant melt enriched SiO2 then, as baddeleyite — with cumulative
phases unsaturated by SiO2. Sometimes zircon occurring close to baddeleyite is observed. U-
Pb ages of both coexisting minerals are concordant. Therefore we can see very various
relation between different basic rock units, on one hand, and felsic and basic rock units, on the
other hand. In each particular case conclusions about a sequence of rock formation require
not only a geological, but also a geochronological substantiation.

Sm-Nd data for rocks on the whole are of great value so as to find out genesis of the
initial  magma.  Now we have the data for the first three rock units which show the age
1750 Ma, where a dinstinct isochrone dependence (6 points) calculated for the gabbronorite-
anorthosite unit. It corresponds to U-Pb isotope ages obtain for the same rock samples on
zircon and baddeleyite. However the Nd calculated on isocrone is negative (–0.8). The same
value ofNd was calculated for anorthosites of early intrusive phase. For rapakivi granites Nd
is lower (–1.8). Thereby both basic and felsic units of the Korosten pluton could not be
smelted directly out of the depleted mantle. Most likely, they are derivatives of the selective
melting of the lower crust and/or the upper mantle enriched by substance of the ocean
crust absorbed by the mantle in subduction zone. The remelting of high-alumina basalts
could produce the initial magma for basic rocks of the pluton. As to rapakivi granites, they
can not be derivatives only of parental magma because their isotope parameters essentially
differ from the parameters of the basic rocks. Probably, anatexis of rocks of the upper crust
stimulated their formation. Rb-Sr data correspond to other isotope data. The basic rocks of
the pluton have a little bit higher initial ratios of the isotopes of Sr (0.7030–0.7060) than
one could expect for the mantle rocks of ages specified above.

The Eu-maximum is characteristic of the anorthosites of the pluton, and the large Eu-
minimum is characteristic of the rapakivi granites (Eu/Eu* = 0.23; La/Lu = 5.6; La/Yb =
=7.7). It is very likely that anorthosites and rapakivi granites were related not only in paragenesis
but in genesis too. However, the anatexis of the upper-crust substance played an essential role.
The process of separation of plagioclase could be a cause for change of the calcium-alkaline
trend of the differentiation to sub-alkaline. The high ferruginossity and low content of Al,
high F and P content of the rapakivi granites give grounds to suggest that the residual melts
have played an essential role in their genesis. Besides, we can see the close relation between
the rocks of gabbronorite-anorthosite-rapakivi granite association and the rocks of the
associations of the sub-alkaline gabbros-syenites (the Davidky and Stremigorod massifs) as
well as the sub-alkaline and alkaline leucogranites (the Lezniky massif (1.74 Ga) and the
Perga complex (1.76 Ga) in the Northwestern region. Thus, we can suggest that the process
of the low-crust anatexis of the plates of the ocean crust displaced under continent was
significant during formation of the intrusive rocks. In the Near-Azov region the processes of
the partial remelting of the mantle substratum played a main role. Thus, we can see sub-
alkaline and alkaline rock associations there and cannot see the anorthosite-rapakivi granite
association. About 1.7 Ga is the time, when the collision of the protocontinental terranes has
finished and the USh became a the stable platform.

Conclusions. From tables and very brief description we see that the Precambrian
magmatism of the USh was very complicated and diverse. Despite the gaps in geochemical
and isotopic data we can distinctly distinguish derivatives of the mantle and crust magma
sources, which formed under different geodinamic conditions. An especially great variety
have granitoids, which do not occur in the well-known M-, I-, S- and A- types. We can
distinguish among them more than 15 formations, different in petrochemical and geochemical
composition, magma sources and tectonic regime of their intrusion and crystallization [6].
And very important are geochemical differencies between the magmatic rocks of almost the
same mineral composition, but of different age and tectonic regime, what distinctly indicate
the geochemical evolution of the Earth crust and upper mantle.
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ÐÅÇÞÌÅ. Ïðèâåäåíû êðàòêèå ïåòðîëîãè÷åñêàÿ, ãåîõèìè÷åñêàÿ è ãåîõðîíîëîãè÷åñêàÿ õàðàêòåðèñòèêè âñåõ
êîìïëåêñîâ ìàãìàòîãåííûõ îáðàçîâàíèé Óêðàèíñêîãî ùèòà. Â èñòîðèè ãåîëîãè÷åñêîãî ðàçâèòèÿ çåìíîé êîðû
âûäåëÿþòñÿ òðè ïîñëåäîâàòåëüíûå ñòàäèè ìàãìàòèçìà: äîçåëåíîêàìåííàÿ (3,65–3,40), çåëåíîêàìåííàÿ (3,40–
2,60) è ïîñòçåëåíîêàìåííàÿ (2,60–1,70 ìëðä ëåò). Â òå÷åíèå ïåðâîé îáðàçîâàëàñü ïåðâè÷íàÿ êîíòèíåíòàëü-
íàÿ çåìíàÿ êîðà. Îñíîâíîé ïðè÷èíîé ìàãìàòè÷åñêîé àêòèâíîñòè ýòîé ñòàäèè ñëóæèëè âåðõíåìàíòèéíûå
ïëþìû ("ãîðÿ÷èå òî÷êè"). Ìåõàíèçì òåêòîíèêè ïëèò íà ýòîé ñòàäèè åùå íå ïðîÿâèëñÿ. Ðåëèêòû äðåâíåéøèõ
ìàãìàòîãåííûõ îáðàçîâàíèé (ãðàíóëèò-ýíäåðáèòîâàÿ àññîöèàöèÿ ïîðîä) íàáëþäàþòñÿ â Äíåñòðîâñêî-Áóãñ-
êîì è Ïðèàçîâñêîì (çàïàäíàÿ ÷àñòü) ðåãèîíàõ Óêðàèíñêîãî ùèòà. Ñî âòîðîé ñòàäèåé áûëî ñâÿçàíî ôîðìèðî-
âàíèå ìàãìàòîãåííûõ îáðàçîâàíèé çåëåíîêàìåííûõ ñòðóêòóð Ñðåäíåïðèäíåïðîâñêîãî è Ïðèàçîâñêîãî ðåãè-
îíîâ. Ãëàâíàÿ ïðè÷èíà èõ âîçíèêíîâåíèÿ — ïðîöåññû ðàñòÿæåíèÿ ïåðâè÷íîé çåìíîé êîðû, ïðèâåäøèå ê
âîçíèêíîâåíèþ ëèíåéíûõ òðîãîâûõ ñòðóêòóð. Ìàãìàòîãåííûå îáðàçîâàíèÿ ïîñëåäíåé (ïîñòçåëåíîêàìåííîé)
ñòàäèè íàèáîëåå øèðîêî ðàñïðîñòðàíåíû íà Óêðàèíñêîì ùèòå. Îíè ôîðìèðîâàëèñü â ðàçëè÷íûõ ãåîäèíàìè-
÷åñêèõ îáñòàíîâêàõ, ïîñëåäîâàòåëüíî ñìåíÿâøèõ äðóã äðóãà: îñòðîâîäóæíîé, àêòèâíîé êîíòèíåíòàëüíîé îê-
ðàèíû, çîí êîëëèçèè. Ýòèì îáóñëîâëåíî áîëüøîå ðàçíîîáðàçèå èõ ïåòðîãðàôè÷åñêîãî è ïåòðîõèìè÷åñêîãî
ñîñòàâà.

ÐÅÇÞÌÅ. Íàâåäåíi ñòèñë³ ïåòðîëîã³÷íà, ãåîõ³ì³÷íà òà ãåîõðîíîëîã³÷íà õàðàêòåðèñòèêè âñ³õ êîìïëåêñ³â ìàã-
ìàòîãåííèõ óòâîðåíü Óêðà¿íñüêîãî ùèòà. Â ³ñòîð³¿ ãåîëîã³÷íîãî ðîçâèòêó çåìíî¿ êîðè âèä³ëÿþòü òðè ïîñë³äîâí³
ñòàä³¿   ìàãìàòèçìó: äîçåëåíîêàì’ÿíó (3,65–3,40), çåëåíîêàì’ÿíó (3,40–2,60) òà ï³ñëÿçåëåíîêàì’ÿíó (2,60–
1,70 ìëðä ðîê³â). Íà ïðîòÿç³ ïåðøî¿ óòâîðèëàñÿ ïåðâèííà êîíòèíåíòàëüíà çåìíà êîðà. Ãîëîâíîþ ïðè÷èíîþ
ìàãìàòè÷íî¿ àêòèâíîñò³ ö³º¿ ñòàä³¿ áóëè âåðõíüîìàíò³éí³ ïëþìè ("ãàðÿ÷³ òî÷êè"). Ìåõàí³çì òåêòîí³êè ïëèò íà
ö³é ñòàä³¿ ùå íå âèÿâèâñÿ. Ðåë³êòè íàéäàâí³øèõ ìàãìàòîãåííèõ óòâîðåíü (ãðàíóë³ò-åíäåðá³òîâà àñîö³àö³ÿ ïîð³ä)
ñïîñòåð³ãàþòüñÿ â Äí³ñòðîâñüêî-Áóçüêîìó òà Ïðèàçîâñüêîìó (çàõ³äíà ÷àñòèíà) ðåã³îíàõ Óêðà¿íñüêîãî ùèòà. Ç
äðóãîþ ñòàä³ºþ áóëî ïîâ’ÿçàíå ôîðìóâàííÿ ìàãìàòîãåííèõ óòâîðåíü çåëåíîêàì’ÿíèõ ñòðóêòóð Ñåðåäíüî-
ïðèäí³ïðîâñüêîãî òà Ïðèàçîâñüêîãî ðåã³îí³â. Ãîëîâíà ïðè÷èíà ¿õíüîãî âèíèêíåííÿ — ïðîöåñè ðîçòÿãó ïåð-
âèííî¿ çåìíî¿ êîðè, ùî ñïðè÷èíèëè âèíèêíåííÿ ë³í³éíèõ òðîãîâèõ ñòðóêòóð. Ìàãìàòîãåíí³ óòâîðåííÿ îñòàí-
íüî¿ (ï³ñëÿçåëåíîêàì’ÿíî¿) ñòàä³¿ íàéøèðøå ðîçïîâñþäæåí³ íà Óêðà¿íñüêîìó ùèò³. Âîíè ôîðìóâàëèñÿ â
ð³çíîìàí³òíèõ ãåîäèíàì³÷íèõ óìîâàõ, ùî ïîñë³äîâíî çì³íþâàëè îäíà îäíó: îñòðîâîäóæí³é, àêòèâíî¿ êîíòè-
íåíòàëüíî¿ îêðà¿íè, çîí êîë³ç³¿. Öèì îáóìîâëåíà âåëèêà ð³çíîìàí³òí³ñòü ¿õíüîãî ïåòðîãðàô³÷íîãî òà ïåòðîõ³-
ì³÷íîãî ñêëàäó.
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Presence of gold of Archean greenstone series of Middle
Dnieper granite-greenstone  Area (Ukrainian Shield)

According to vast data on distribution of gold and its aññompanying elements in the archean greenstone serieses of the
Middle Dnieper Area, none of the petrochemical types of rocks of greenstone structures has advantages in respect of
presence of gold in comparison with the others. The gold contents do not usually exceed the clark ones for these types
of rocks; the only exclusion is sulphide fasieses of banded iron formation rocks and rocks of sulphide zones, which were
admittedly connected with solfataric-hydrothermal activity in the period of the sedimentary-volcanogenic-plutonic
complexes formation. At the same time it was noted that the higher gold concentrations are typical for the rocks
developed in zones of metasomatic alterations of the region, which are mainly localized within zones of schist formation.
The latter  is usually accompany differently-oriented steeply dipping faults, healed by subintrusive bodies of both mafic
and persilic composition, that are frequently represented by root facies of the rocks of paleovolcanic edifices destroyed
by erosion. Confinement of gold to the central and proximal zones of metasomatic aureoles is demonstrated; a description
of the most representative and typical deposits is given, and the necessity of paleovolcanologic reconstructions while
conducting gold search in the region is emphasized.

Introduction. The goal-oriented search for gold in the Ukrainian Shield started in the
middle of the 70-s, while the prospecting mining and boring works began only a few years
ago. Nevertheless, during this comparatively short period of time, a number of industrial
objects (Sergåevka, Balka Zolotaya, Balka Shyrokaya, Mayskoe, Klintsy) and numerous gold
manifestations and shows of mineralization were discovered. Due to that, today the Ukrainian
Shield is the most promising gold-bearing region of Ukraine.

The Archean Middle Dnieper Granite-Greenstone Area (AMDGGA) [5, 6, 10, 16, and
other] is one having the best prospects among the numerous auriferous provinces of the
Ukrainian Shield. It is argued not only by the analogy of this area with granit-greenstone
provinces all over world [26, 35], but on the facts of exposure of a large number of gold
manifestations nearly in all types of the rocks, that form the greenstone belts. Only during the
last decades, three gold deposits, a lot of gold occurrences, sites of gold-ore mineralization
and more than 300 lithogeochemical anomalies were found within the greenstone successions
of the Middle Dnieper Area (MDA).

The present article examines the peculiarities of the geologic composition of the area
named above that will help its gold evaluation.

Geological structure of the region. The AMDGGA is situated in the central part of the
Ukrainian crystalline Shield (Ukraine) (Fig. 1). In the East AMDGGA borders on the Early
Archean — Early Proterozoic Orekhov-Pavlograd granulite-gneissic complex. In the West,
the Krivoy Rog-Kremenchug fault separates the AMDGGA rocks from the Early Proterozoic,
mainly, clastogene series of the Kirovograd block that were exposed to the metamorphism of
mostly amphibolic facies and intruded by the numerous granitoid bodies. The AMDGGA
mainly consists of granitoids with scattered greenstone structures of age of 3300–3000 Ma.
The area of Archean greenstone rocks occupies only 15 % of the territory of the MDA. The
Archean greenstone structures of this area form two greenstone belts [36]: the Bazavluk, that
includes Verkhovtsevo, Sofievka, Krynychevatoe, and Chertomlyk greenstone structures, and
Deresovatka-Konka-Belozerka, that includes Deresovatka, Konka, and Belozerka greenstone
structures. The Sura greenstone structure has a specific spatial position. Its specificity is
probably determined by the fact that it is located within the limits of the Archean rift [12], in
the section where the zones of the regional deep-seated faults (Devladovo lineament and
Dneprodzerzhinsk deep fault) intersect.

In addition to the named structures, the Terny, Aleksandrovka and Vysokopolye greenstone
structures in the Western section of the AMDGA are also worth mentioning. They are
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Archean by their age, but structurally they are confined to the Krivoy Rog-Kremenchug
structural formational zone.

The greenstone sequences of the belts consist of two rock series: the lower (the Konka
series)  one,  that  is mainly a metasedimentary-volcanogenicic-plutonogenic series (3.3–
3.05 Ga) [1, 2, 22], and the upper one (Belozerka series), that is mainly metasedimentary (3.0
Ga). The lower series is represented by metamorphosed mafic, mainly volcanic rocks with
minor intercalations of ultramafic, intermediate, felsic volcanic rocks and comagmatic intrusives
that form uniform volcano-plutonic associations as well as banded iron formation (BIF).
Ultramafic rocks mostly occur in the lower parts of greenstone belts, whereas BIF is present
in their middle parts. Felsic rocks of metadacite-tonalite-plagiogranite volcano-plutonic
association represent the uppermost parts of metasedimentary-volcanogenic-plutonogenic
series. They form both concordant bodies and discordant crosscutting dykes as well as stock-
like subvolcanic and, rarely, intrusive bodies.

The upper metasedimentary rock series discordantly covers the rocks of the metavolcanic
series. It is represented by a flysch-like sequence, mostly of metaconglomerato-breccias,
metasandstones, metagritstones, and schists of different composition, quartz-carbonate rocks
and quartzites. The sequence of upper rock series is most fully presented in the Belozerka
and partly in Verkhovtsevo greenstone structure.

The greenstone belts are characterized by zonal metamorphism. The rocks of marginal
section of the belts are commonly metamorphosed under the conditions of epidote-
amphibolite and, rarely, amphibolite facies. Paragenesis of the central parts usually corresponds
to greenschist facies.

The rocks of the greenstone belts are folded into the synforms. The main folds are
usually overprinted by the secondary folds. It is considered that these secondary folds result
not only from the development of the granitoid massifs of the framing zone of the greenstone
structures but also from the subsequent steeply dipping faults. These faults are of two types.
The first one is the diagonally oriented faults of the first order (strike azimuth — 325 ± 5°
and 55 ± 1°) that, according to S. S. Bystrevskaya [3], are the non-extended echelon geostructure,
like vertical and horizontal strike-slip  faults. The second one is the orthogonal (0–90  ± 5°)
faults. The systems of submeridinal faults were partially renewed during the movement along
the sublatitudinal directions.

In the addition to fault structures, in the same direction with dislocations the thick
zones of schist-formation are also developed. Together with the secondary faults that are
local and are subjected to the tectonic systems of higher classes, these zones accompany the
fault structures, though sometimes they actively manifest themselves at a significant distance
from the faults.

These tectonic systems control not only the spatial distribution and emplacement of
the compositionally different intrusions, but also the location of most of the gold-mineralized
zones. So we think that shear zones, accompanying the fault structures, help the intensity
increase of the alteration processes. Together with the minor local faults, they represent the
main ore-bearing structures. Besides, the earlier fault system, that was renewed during the
movement along the later fault system, quite often contains both felsic subvolcanic bodies

Fig. 1.  Schemes of general structure of the MDGGA:
1 — charnokite-granulite association of the Auly
complex; 2 — granitoids of the Dnepropetrovsk
complex 3 — greenstone associations; 4 — granites of
the Sura and Demurinsk complexes; 5 — granites of
the Tok-Mokra Moskovka complex; 6 — faults; 7 —
Proterozoic Krivoy Rog-Kremenchug zone; 8 — gold
deposits (1) and manifestations (2) (deposits: 1 — the
Sergeevka, 2 — the Balka Zolotaya, 3 — the Balka
Shyrokaya; manifestations: 4 — the Apollonovka, 5 —
the East-Apollonovka, 6 — the South-Petrovka, 7 —
the Pravda, 8 — ore manifestation N 6, 9 — the Krasny
Yar — Krutaya Balka — Volnye Khutora, 10 — the
Chkalovo). Numbers in circles: 1–3 — the Bazavluk
greenstone belt (structure: 1 — the Verkhovtsevo; 2 —
the Sofievka; 3 — the Chertomlyk); 4–6 — the
Derezovatka-Konka-Belozerka greenstone belt
(structure: 4 — the Derezovatka, 5 — the Konka, 6 —
the Belozerka); 7 — the Sura greenstone structure
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and gold-mineralized zones.
Gold distribution in the Archean greenstone rocks of different petrochemical types.

N. P. Semenenko [31] classified all variety of rocks in the Archean greenstone belts of the
MDA in four petrochemical groups: 1) magnesian nonaluminium and alkaline-earth-
magnesian little-aluminium (ultrabasic rocks); 2) alkaline-earth aluminium (basic and
transitional to intermediate rocks); 3) aluminium (intermediate and felsic para- and
orthorocks); 4) ferruginously-siliceous chemogenic para-rocks (ferruginous quartzites or
BIF).

Examination of the character of gold distribution in the rocks of different petrochemical
groups of the Archean greenstone belts of the MDA and in ores, conducted on the basis of
analysis of thousands of spectrum-chemical and assay tests, as well as microscopic studies of
the polished and thin sections of the rocks, ores, and minerals. In the rocks of ultrabasic
composition, the gold concentrations, determined by spectrum-chemical and assay analysis
(more than 0.003 ppm), can be almost always found in their diversities that, to a greater or
lesser degree, were influenced by mainly potassic or sodic sulphuric-carbonic-acid solutions
and, in addition to sulphidezation, cause appearance of potassium micas, albite and magnesium-
calcium-ferruginous carbonates there. In other cases, content of gold does not usually go
over the lower threshold perception of the spectrum-chemical method (1·10–3 ppm, or
1·10–7 %). The nonaluminium-magnesian serpentinites and carbonate-talc-chlorite-serpentinic
schists are characterized by the gold concentrations that reach the clarke ones in some cases
(7·10–7 %). But at the same time, the frequency of samples with the concentrations exceeding
0.009 ppm to be found does not go up to 17 %. The rocks with the content of gold of more
than 0.009 ppm are usually either poorly sulphidized or poorly carbonatized. In the latter
case, the dolomite-parankerite component is nearly always present in the carbonates. Somewhat
higher gold concentrations are peculiar to amphibolites (9·10–7 %) which are mostly skarn-
similar hydrothermal rocks. At the same time, in ultrabasites transformed into chlorite-
carbonate-talc schists carbonate-antigorite serpentinites (in both of these rocks carbonate is
characterized by dolomite-parankerite composition), the frequency of the samples with content
of gold of hundredth fractions of ppm amounts to 30–50 %, and listwanitizated diversities of
ultrabasites quite often contain even whole numbers (up to 40.0 ppm).

In the rocks of basic and transitional to intermediate composition, the average content
of gold in the samples, included in the selection, was 6·10–2 ppm, or 6·10–6 %, that exceeds its
clarke for this type of the rock half as much again. Nevertheless, frequency of the samples
with the contents determined by the interval from whole grams to gram’s millesimals to be
found is 19 % at the most. The main mass of the rocks in the samples with the named
interval of contents’ values falls on metasomatically altered diversities. In the rocks which
were not metasomatically altered, the gold concentrations do not exceed the clarke ones for
this type of the rocks.

The average content of gold in the rocks of the alumosilicatic group (6·10–2 ppm)
exceeds its clarke in the rocks of similar types (4.5·10–7 %, or 0.0045 ppm) almost by order
(by a factor of 10). But, just like in the rocks of basic and ultrabasic compositions, the high
average gold concentrations in the acid ortho-rocks can not attest to higher gold presence, as
the maximum gold concentrations usually fall on the sites of manifestation of potassic-
sodic-sulphuric-carbonic-acid metasomatism. If we exclude such sites from the average
contents’ count, value of the average content will drop to 1.10–3–3.10–3 ppm, or 1–3.10–7 %,
thus, it will be less than the clarke one. A similar situation is observed in the nature of
distribution of contents of gold in the rocks of ferruginous-silliceous petrochemical group.

Brief examination of gold distribution in the rocks of different petrochemical groups
brings to the conclusion that the greenstone series themselves are not the reason for the
perspective of MDGGA regarding presence of gold. All sites with higher gold concentrations
coincide with the sites of manifestations of potassic-sodic-sulphuric-carbonic-acid
metasomatism. Majority of the gold occurrences that were found by now is confined to these
very sites of intensive metasomatic reworking accompanied by the zones of tectonic foliation.

Wall-rock alteration types and location of gold mineralization. Mineral and chemical
composition of these metasomatic reworking varies, and it largely depends on thermodynamical
conditions and chemical composition of mineralizing fluids, petrochemical features of altered
substratum as well as on the spatial position of the aureoles towards the boundaries of the
greenstone structures and surrounding granitoids. Nevertheless, the set of the formational
types of metasomatites, developed in the gold-bearing areas, is limited. The alterations of
propylitic, listwanite-beresitic, alkaline-feldspathic types, as well as alteration type with
amphibole are the most widespread ones within the gold occurrences in the MDGGA.

PRESENCE OF GOLD OF ARCHEAN
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Biotitic (biotite, quartz-biotite, pyrite-chlorite-biotite, sericite-chlorite-biotite), quartz-sericitic,
and other alteration types are less prevalent. The secondary quartzitic rock alterations and
the greisenization found in the limits of separate structures are seldom gold-bearing. Below
we will examine briefly the peculiarities of these metasomatic alterations and gold distribution
in the metasomatic aureoles.

Propylites. Within the Archean greenstone rocks of the MDGGA propylites form both
their own separate poorly-auriferous aureoles and conjugated aureoles with other alteration
types. Most distinctly aureoles of propylite are manifested in the rocks of mafic and intermediate
composition. Two types of zonation (according to [28]) of propylites are usually distinguished
in greenstone series: horizontal and vertical (or temperature) zonations. It is necessary to
note that only the aureoles of propylites characterized by the distinct vertical zonation are
gold-bearing. In the vertical zonation aureoles, the following temperature (or depth) propylitic
subfacies (from high- to low-temperature) can be singled out: 1) amphibole-epidote-albite;
2) chlorite-epidote-albite; 3) carbonate-albite-chlorite. In some aureoles, biotite subfacies of
quartz-albite-biotite or talc-biotite composition is located between the first and second
subfacies [28]. Nakovnik [25] also distinguishes advanced subfacies in propylites. It is usually
represented by sericite-carbonate-albite-chlorite mineral assemblage which coincides with
mineral paragenesis of middle zones of listwanite-beresites (quartz-carbonate-sericite)
alteration type.

Propylitic alteration of felsic rocks can be identified by presence of epidote, chlorite,
carbonate, and, sometimes, sericite. In ultramafic rocks, central zones of propylite-like alteration
aureoles are usually represented by quartz-carbonate-chlorite assemblage with pyrite and
sometimes with talc.

Propylites are usually characterized by schistose structure, but when middle- and low-
temperature propylites are not located within the foliation zones, the massive textures of
initial rocks stay preserved.

High (up to industrial) contents of gold are often found in the proximal zones of
propylites, but mainly in the quartz-veined bodies. Furthermore, these propylitic subfacies
and quartz-vein bodies are enriched by Pb, Bi, Ag, Cu, Zn, As, Te, and other elements that are
present as pyrite, pyrrhotite, chalcopyrite, galena, sphalerite, tellurides of bismuth and other
minerals. Òhe gold usually intergrows with veined minerals and almost with all of the sulphides
named above.

But within the examined area, distinct propylite aureoles are observed very seldom
because of multiple deformations, diaphthoresis, and spatially conjugated development of
different alteration types within the same aureoles. In common aureoles, propylitic assemblages
usually represent the external parts, whereas other alteration types (quartz-albite, quartz-
carbonate-amphibole, listwanite-beresite) occur in the central parts of the aureoles, indicating
overprinting development.

Alteration assemblages with amphibole. Alteration assemblages with amphibole usually
contain different types of mineralization and often serve as a typomorphic indicator for
some of tungsten, copper-molybdenum, copper-nickel, and especially gold deposits. Presence
of gold mineralization in the alteration aureoles with amphibole within the greenstone belts
of the MDGGA and the economic deposits within similar alteration zones in other
Precambrian regions drew great attention to this alteration type.

In the limits of the MDGGA, alteration assemblages with amphibole include hornblendic
alterations, accompanied by pyrrhotite-chalcopyrite mineralization, but chiefly gold-bearing
quartz-carbonate-amphibole, quartz-amphibole-albite, amphibole-phlogopite-carbonate and
others. Typical peculiarities of these metasomatites and the generalized structure of alteration
aureoles were considered in [18–24]. Nevertheless, it should be mentioned that hornblendic
alteration (until now, no other mineralization, but copper one, was found in these complexes)
is usually confined to the low-thick (0.5–1.0 km at the most) external contact zones of the
Sura and Dnepropetrovsk granitoid complexes. Quartz-carbonate-actinolite gold-bearing
metasomatites are most often found in places where dyke-like bodies of metadacite-porphyries,
plagiogranite-porphyries, tonalites referred to the metadacite-tonalite-plagiogranite association
of Solenoe series intersect mafic metaintrusive and metavolcanic or ultramafic rocks
predominantly of the internal part of the greenstone structures. According to the proportion
of main minerals in mineral composition of the internal alteration zones, two types of gold-
bearing assemblages with amphibole of tremolite-actinolite composition have been
distinguished [18, 23, 24]. The first one is amphibole-carbonate assemblage with occasional
quartz content up to 10 %. The other one is quartz-rich amphibole-carbonate-quartz
assemblage containing more than 50 % of quartz in the internal zones of alteration aureoles.
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Both types usually form aureoles of complex structure with thickness
from the first centims to the first meters around carbonate-quartz
and dolomitic, sometimes rhythmically-banded veins and veinlets,
or around separate concordant or cross-cutting elongated pods and
veined bodies.

Taking into consideration all peculiarities of intergrowthes,
mutual relations and composition of the minerals of metamorphic,
metasomatic and initial rocks [24], we can come to the conclusion
[21], that aforementioned alteration aureoles, together with the host
rocks, underwent metamorphic recrystallization under conditions
of epidote-amphibolite facies. On the base of aforesaid we can suppose that initial gold
concentrations originated at premetamorphic stage at the moment of formation and
hydrothermal-exhalational reworking of volcanic-plutonic rock associations.

As a rule, quartz-carbonate-amphibole metasomatites are broken down, and later the
zones of cataclasis are healed by abundant sulphides (pyrite, pyrrhotite, chalcopyrite, galena,
sphalerite, tellurides of lead, bismuth and silver, cosalite, arsenopyrite, sulphosalts, and native
gold) and sometimes by coarse-flaked biotite and chlorite. In some aureoles, sulphide-
amphibole-carbonate assemblage changes toward the external zones of the alteration aureoles
by talc-carbonate-magnetite assemblage (Fig. 2).

Analysis of the major elements distribution in the process of metabasites transformation
to amphibole-carbonate assemblages, demonstrates [24] enrichment by FeO, MgO, and
depletement by SiO2 and TiO2. Formation of quartz-rich carbonate-amphibole assemblage
requires significant enrichment by SiO2. Increased concentrations of Cu, Pb, Zn, Au, Ag, Mo, W,
Bi, Te, Sb, Co, Ni, V, B, and sometimes F (fluorite is a basic carrier mineral of F) are also
observed, and are mainly connected with central and internal zones of both metasomatite
types. The native gold is mainly located in the same metasomatites intergrowing with nearly
all minerals of these zones: carbonate, quartz, chlorite, talc, amphibole, chalcopyrite, pyrite,
pyrrhotite, arsenopyrite, sphalerite, molibdenite, magnetite, sheelite, sulphosalts, and tellurides.

Listwanite-beresite type of metasomatites. According to Sher [33, 34], listwanite-beresite
type of metasomatites is a product of middle-low-temperature alkali-hydrogen metasomatism.
We consider necessary to emphasize that term "beresite" is interpreted as near-veined, mainly
pyrite-quartz-sericite (± carbonate) metasomatites, which replace felsic rocks, and the term
"listwanite" is mainly interpreted as pyrite-quartz-carbonate (± fuchsite) metasomatites,
which replace ultramafic rocks. Similar alterations of intermediate and mafic rocks are also
often referred to as "listwanite". Still, our detailed investigations of the metasomatites of
MDA, showed that wall-rock alterations of listwanite-beresite type within rocks of basic and
intermediate composition distinctly differ from the alterations of both felsic and ultrabasic
rocks in content of Al2O3, Fe, Mg and Ca, as well as in correlation of neogenic minerals in the
composition of alteration zones. These differences were also observed by Sazonov and
Borodaevskiy [29, 30] when examinating altered intermediate rocks of the Ural region. They
offered to use the term "listwanite-beresite" for such alteration assemblages in the intermediate
rocks. Examinations of metasomatic rocks within the MDGGA laid the basis for term
"listwanite-beresite" referred to altered metabasites and to ferruginous quartzites and thus
saving the term "listwanite" to define altered ultramafic rocks only, as well as saving term
"beresite" to define altered felsic rocks.

Metasomatites of listwanite-beresite type usually form distinct zonal aureoles in rocks

Fig. 2. A cross-section through the ore-metasomatic zone of the drill 193 (dep. 303.6–
313.8 m): 1 — massive titanomagnetite-plagioclase-hornblende metagabbrodolerites
with epidote and biotite; 2 — foliated plagioclase-hornblende metagabbrodolerites with
epidote, metasomatic magnetite and different-oriented grains of porphyroblastic green
amphibole; 3 — foliated plagioclase-hornblende metagabbrodolerites with epidote and
metasomatic magnetite; 4 — foliated carbonate-biotite-plagioclase-chlorite
metasomatites; 5 — foliated carbonate-biotite-plagioclase-chlorite metasomatites with
different-oriented grains of porphyroblastic green amphibole; 6 — alkaline-feldspar
metasomatites (carbonate-chlorite-albite with biotite and pyrite composition); 7 —
chloritolites, foliated biotite-chlorite, quartz-chlorite, and quartz-carbonate-chlorite
metasomatites; 8 — carbonate vein with rare nests of colourless amphibole, chlorite,
biotite, sulphides and vein-like congregations of sheelite; 9 — quartz vein with rare
sulphide-amphibole-carbonate and biotite-chlorite nests, impregnation of sulphides and
small separations of native gold; 10 — quartz-amphibole-carbonate metasomatites with
talc, chlorite, biotite and sulphides; 11 — amphibole-carbonate-sulphide metasomatites;
12 — carbonate-talc metasomatites with rare colourless amphibole and sulphides; 13 —
talc-carbonate-magnetite metasomatites
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of any petrochemical composition which are developed around the gold-bearing quartz and
quartz-ankerite veins, but most sharply they are shown in the development of listwanite-
beresites in the basic rocks [18]. The most characteristic feature of the listwanite-beresites of
the internal zones of metasomatic column is a pyrite-quartz-carbonate-sericite mineral
assemblage which sometimes includes albite and talc. Pyrite, sericite, and quartz represent the
main metasomatic minerals, when listwanite-beresites occur in felsic rocks. In mafic rocks,
pyrite, quartz, carbonate (ankerite), and sericite are dominant metasomatic minerals. In ultramafic
rocks, carbonate (breunnerite, brown spar), talc, sericite (fuchsite), and quartz are the most
developed. A pyrite (or pyrrhotite)-siderite-chlorite assemblage appears in the internal zones
of listwanite-beresite aureoles that develop in the ferruginous quartzites. Sometimes, quartz-
veined bodies and host pyrite-quartz-sericite-ankerite metasomatites are intersected by calcite-
biotite veinlets. This confirms that the low- and middle-temperature mineral paragenesis was
replaced by more high-temperature biotite one.

In the metasomatites of middle, but mainly proximal zones of metasomatic columns
and quartz-veined bodies, where pyrite, chalcopyrite, galenite and sphalerite occur, enrichment
up to thousandfold is constantly observed in the content of gold, silver, and elements usually
connected with felsic magmatism occurrences (Mo, W, Sn, etc.). Besides, quartz veins, as well
as their external and internal contact zones, are enriched by copper, lead and zinc.

Alkaline-feldspathic alteration. It is necessary to note that in comparison with high- and
middle-temperature alkaline-feldspathic alterations concerning rare-earth and uranium
mineralization, to gold-bearing alkaline-feldspathic low-middle-temperature alterations
incomparably smaller attention was payed. In the limits of the MDGGA alkaline-feldspathic
alterations are found within the Archean greenstone rocks of nearly any petrochemical
composition [23] (felsic, intermediate, mafic, and ultramafic). Development of metasomatic
albite in ferruginous quartzites is also observed. These alterations are mineralogically expressed
in the formation of carbonate-quartz with albite, quartz-albite-carbonate, carbonate-albite
veinlets and vein-like bodies in the central part of metasomatic aureoles and carbonate-
albite assemblage with variable quantities of biotite, chlorite, sericite, quartz, pyrite (or
magnetite) in proximal zones. When alteration occurs in felsic volcanites, carbonate minerals
are mainly represented by calcite.

During the alteration, enrichments are shown by SiO2, FeOpyrite, Na2O, S, partially by
Al2O3. Altered rocks are depleted in Fe2O3, MnO, MgO, CaO, K2O and CO2. Gold, similarly to
the previous metasomatic types, occurs in the proximal and central zones of alteration aureoles.
It is usually enclosed in pyrite, chalcopyrite, pyrrhotite, galena, tellurides, sphalerite, molibdenite,
and gangue mineral, in addition to gold, Ag, As, Co, Pb, Mo, W, and Fe also enrich the proximal
and central zones of quartz-albite alteration.

Paragenesis of the intermediate and proximal zones of alkaline-feldspathic metasomatites
is frequently overprinted by pyrite-sericite or pyrite-biotite-chlorite nest-veinlet mineralization.
Such overprinting causes the conjugated development of carbonate-albite and pyrite-biotite-
chlorite alteration types that usually results in significant enrichment of alteration aureoles
by gold. Increased concentrations of Pb, Cu, Mb, sometimes Bi, W, Ag, Te, As are also observed,
but peaks of concentrations of these elements are frequently not coincidental.

In addition to the described metasomatites, quartz-feldspathic alteration with epidote
and, sometimes, with green amphibole is observed quite often in metasomatites of proximal
zones. The latter indicates that altered rocks were exposed to metamorphism of epidote-
amphibolite subfacies of greenschist facies.

Conjugated alteration types. Individual aureoles of the described alteration types are
found rather seldom within the gold-bearing areas. Conjugated development of different
alteration types within single aureoles is frequently observed. For example, propylite aureoles
very often become host rocks for other alteration types. In such a case, their epidote-quartz
internal zones are rimed by quartz-biotite-albite, biotite-albite, biotite-plagioclase with chlorite,
pyrite, pyrrhotite, and epidote alteration assemblages. In the other case, propylitic aureoles
with distinct vertical zonation in their central parts are rather often overprinted by listwanite-
beresite assemblages.

In the outer zones of quartz-carbonate-amphibole alteration, quartz-albite metasomatites
develop rather often. That means that one alteration type is replaced by another one. In
some gold deposits the listwanite-beresite alteration transfers into the quartz-albite alteration.
Replacement of the listwanite-beresite and alkali-feldspathic alteration types by the high-
temperature chlorite-biotite ones is also observed there.

Characteristics of special distribution and ore-geochemical specialization of metosomatites.
Certain regularities in the spatial distribution of the studied alteration types are observed. In
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particular, the hornblendic alteration, containing chalcopyrite-pyrrhotite mineralization, is
usually found in close proximity or within granitoids, which surround greenstone structures,
whereas gold-bearing actinolite-tremolite-containing metasomatites mostly takes place at
some distance from the granitoids. The gold mineralization of the central parts of greenstone
structures, where paragenesis of rocks usually corresponds to greenschist facies, is accompanied
mainly by listwanite-beresite metasomatites.

Each of the metasomatite types examined above is characterized by its own definite set
of ore components and geochemical associations. Au-Te-Ag-Bi-Sb-As-S and Au-Cu-Mo
geochemical associations with gold-telluride-sulphosalt mineralization are usually observed
in places where quartz-carbonate-amphibole alteration, subordination of propylite, and quartz-
albite alteration take place. Gold is usually accompanied by Au-Te-Ag-Pb-S, Au-Ag-Cu-Pb-
Zn-As-Sb-S, and Au-Cu-Mo geochemical associations in sites where propylites and quartz-
albite alteration are conjugated with listwanite-beresites. Au-Cu-Pb-Zn, sometimes with As,
Sb, Ni, and Co geochemical associations with gold-sphalerite-chalcopyrite-pyrite and gold-
pyrite-arsenopyrite mineralization dominate over the gold occurrences of listwanite-beresite
alteration type. At the deposits of quartz-carbonate-amphibole and quartz-albite alteration
types, tellurides of plumbum and silver, as well as native bismuth and bismuth- and mercury-
containing sulphosalts occur rather often. Bismuth usually makes edges and excrescences
on tellurides of plumbum and silver. Prevalence of tellurides of plumbum, silver and gold is
common in the occurrences of propylite alteration type. No tellurides and native bismuth
were registered in the deposits of listwanite-beresite alteration type. Sulphosalts of Cu, Pb,
and Ag together with galenite-boulangerine-sphalerite-chalcopyrite-pyrite-arsenopyrite
mineralization (but without bismuth) are sometimes observed in areas of listwanite-beresites
conjugation with alkali-feldspathic alteration.

Considered facts reveal that in Archean greenstone series of MDA only rocks of wall-
rock alteration zones are as much as possible enriched of gold. These rocks are sufficiently
prevalent in the limits of greenstone structures and (as it was already noted) are in most

Fig. 3. General geologic scheme
of the Sura structure: 1 — the
rocks of metabasic formation
(according to [18]); 2 — the
rocks of metaultrabasic forma-
tion; 3 — the rocks of tuffic-
ferruginous-silice-schis-tose
formation; 4 — banded
ferruginous quartzites; 5–8 —
the rocks of porphyritic forma-
tion (according to [18]) (5 —
early tholeiitic formation, 6 —
gabbro-doleritic formation, 7 —
metaultrabasic rocks bands, 8 —
late metadacite-plagiogranite-
porphyric associ-ation); 9 —
intrusives of tonalities and
tonalite-por-phyries; 10 —
gabbro-norites dykes of the
Devladovo complex; 11 —
granitoids of the Sura complex;
12 — granitoids of the Dnep-
ropetrovsk complex; 13 — faults;
14 — deposits (1 — the Sergeev-
ka, 2 — the Balka Zolotaya)
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cases confined to zones of intensive schist formation of rocks. As a rule, the latter accompany
heterooriented faults which take place at different times, that rarely control localization both
intrusions of basic-ultrabasic and oregenerative intrusions of persilic composition.

Deposits of gold. Spatial confinement of the metasomatic rock alterations to the fault
systems, especially to the sites where these faults are accompanied by the intensive rock
schist-forming process, which increases activity of these alterations, leads to the rise of thick
tecto-metasomatic zones. Nearly all the gold occurrences are localized in these tecto-
metasomatic zones which represent the main ore-bearing and ore-located structures of the
gold occurrences.

Regional geology, structural style, lithology, and petrochemical features of the host rocks
as well as special features of gold and associated mineralization were described in numerous
publications by Semenenko N. P. et al. [11, 17, 32, 39], Sivoronov A. A., Bobrov A. B et al. [4, 7,
13], Monakhov V. S. [23], and by others. However, different geological researches and revision
works of the last years not only expended the idea concerning geology of greenstone structures
and host rocks composition as well as genesis and localization of gold occurrences in the
Precambrian of the MDGGA, but also allowed to use their results to discuss the problem of
the gold presence in the Precambrian granite-greenstone series of the MDGGA from a
different perspective.

So, it was ascertained that almost all of the gold-bearing tecto-metasomatic zones
mentioned above are located in the lower, mainly metasedimentary-volcanogenic-plutonogenic
rock series, and are confined to the following geologic situations: 1) to sites where they are
restricted to the external and internal contact zones of felsic bodies, stocks and dykes of
metadacite-tonalite-plagiogranite association or in places where these felsic bodies intersect
with the faults of existing fault systems; 2) to sites where felsic and mafic volcanic rocks
intercalate or where the gold-mineralized zones occur directly in metaultramafic rocks,
while being confined to the zones of long-lived submeridional or diagonal faults; 3) by sites
where ferruginous quartzites are interbedded with mafic, ultramafic and felsic rocks.

Intensive foliation, cataclasis and metasomatic alteration, as well as presence of quartz
and quartz-carbonate veins and veinlets are the main characteristics of such gold-mineralized
zones.

The following deposits are of the first type: the Sergeevka and Balka Zolotaya deposits,
numerous sites of ore manifestations of the Solenoe ore field of the Sura structure south
flank (Fig. 3), of the contact zone of the Chkalovsk plagiogranite massif of the Chertomlyk

Fig. 4. General geological scheme of the Sergeevka deposit: 1 — nonsubdivided metabasalts, metaporphyrites, spilites,
their tuffs  and   tuff-sandstones;  2 — metagabbro-dolerites, metadolerites; 3 — nonsubdivided persilic volcanic rocks;
4 — subvolcanic and subintrusive metadacite-porphyries, plagiogranite-porphyries, tonalite-porphyries; 5 — schematic
position of ore bodies; 6 — geological boundaries; 7 — faults (the letters in circles: A — zone of the South-Petrovka fault
of the 1st order, B — central submeridional fault of the 2nd order, C — the eastern submeridional faults of the 2nd order,
D — the North-Sergeevka fault); 8 — ore bodies
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structure and the Krasny Yar-Krutaya Balka-Volnye Khutora band of the development of
persilic volcanites of metariodacite-plagiogranite volcano-plutonic association in the zone
of the eastern contact of the Volnye Khutora plagiogranite massif of the Verkhovtsevo
structure. All of them are represented by the gold-sulphide-quartz formation, in some sites
they are significantly (up to 30–35, sometimes up to 50 %) enriched by sulphides. Deposits
and ore manifestations are sometimes located in the persilic volcanic, subvolcanic, and intrusive
bodies, but mainly in their endo- and exo-contact zones that are mostly schistose. Ore bodies
are represented by separate quartz veins (at some distance from intrusive and subvolcanic
bodies), or zones of streaky silicification, disseminated sulphide mineralization and zones of
development of massive pyrites ores (in immediate proximity to persilic bodies or within
them). Since the Sergeevka and Balka Zolotaya deposits, as well as a significant group of ore
manifestations  of  the   Solenoe ore   fields of the south flank of Sura greenstone structure
(Fig. 3), are the most well-examined ones, taking them as an example we will consider only
the specific characteristics of this type of gold deposits, which help us to evaluate prospects
for gold presence of MDGGA.

Area of the Solenoe ore fields (Fig. 4) is made up of [9] the rocks of early basic
volcano-plutonic association (volcanogenic tholeiitic and subvolcano-plutonogenic gabbro-
doleritic) and late volcanogenic-plutonogenic metadacite-tonalite-plagiogranite-porphyry
association (rhyodacite-plagiogranite, according to [7]). Volcanogenic tholeiitic component
of the basic association is represented mainly by tholeiitic metabasalts and partially picrite-
basalts (less than 1 %) of mainly lava facies. Sometimes formation of tuff-lava facies is
observed, and presumably ash tuffs were found in some horizons. Massive, schistose (less
often), porphiric and aphyric differences are the most widespread ones among the basaltoids.
Rocks are mostly composed of actinolite (or blue-green hormblende) — epidote-plagioclase
(persilic plagioclase), sometimes with biotite. Sites of diaphthoresis are rich in chlorite, carbonate,
and albite. Comparatively easy angles of dip  (from 20–10  to 0°)  are generally typical of
these rocks. Plutonic component is represented by fine- and medium-grained dolerites, less
often gabbro-dolerites and gabbro, of mineral composition, analogous to basalts. They usually
form extensive, steeply dipping (80–85°)  bodies of submeridional, less often northwestern
strike; their thickness amounts to usually 100 (and less) — 650 m. Isolated (1–2 %) bodies
of talc-carbonate-chlorite ultrabasites and actinolitites are present in the basic part as secondary
ones.

Plutonic component significantly dominates in the composition of persilic metariodacite-
plagiogranite complex, that is more late as regards the previous one. Subintrusive metadacite-
porphyrys, that make up  principal volume of the Sergeevka sublatitudinal body, dyke-like
subvolcanic bodies of Solenoe and West-Solenoe fields, numerous stocks, sublatitudinal, less
often western and submeridional dykes dominate in the composition of that component. It is
evident that some of them (Sergeevka body, in particular) are root parts of the extrusions
destroyed by erosion. Intrusive porphyry-like plagiogranites and tonalites, which represent
the main volume of Western intrusive body and of smaller stocks, as well as sublvolcanic
porphyry metariodacites and felsic-like rocks are present there in subordinate quantity
(approximately 15 %). Part of them are more or less transformed into "augen" or fine-
grained sericite-quartz-albite schists in the zones of intensive tectonic schist formation.
Metadacite-tonalite-plagiogranite-porphyry association has active intrusive contacts with
early volcano-plutonic association. Bodies of this association, as most of them elongate in
sublatitudinal direction, often intersect with dyke-like metagabbro-dolerites almost at right
angles.

Endomorphic sections of subintrusive bodies often contain xenoliths of altered host
basic rocks. Sometimes, directly in the contact zones, there are ribbon-like fragmented bodies
with thickness of 5–6 m, composed by tectonic breccia, where in some cases the matrix is
presented by schistose basalts or gabbroids, and fragments are presented by dacites and
tonalite-porphyries, and in other cases the fragments of significantly altered basic rocks are
enclosed in the cementing aggregate of persilic composition. Large subvolcanic and intrusive
persilic bodies are accompanied by big number of small dyke bodies, that are subconcordant
with them. Dykes are mostly mono-rocky bodies, but sometimes they consist of two
pertrographic differences (for example, porphyry dacites and felsites) with unclear relations.
Dyke thickness considerably varies — from 0.1 to 10–15 m, but the bodies with thickness
from 0.5 to 3 m are the most common ones.

The figure of 3.17–3.15 Ga [1, 2, 22] characterizes isotopic age of plagiogranite-porphyries
of the Chkalovo massif of the Chertomlyk structure; 3.1–3.08 [1] — Volnye Khutora massif
of the Verkhovtsevo structure; 3.08–3.05 [2, 22] — metadacite-porphyries and plagiogranites
of the Balka Zolotaya and Sergeevka deposits; 3.0–2.9 Ga — granitoids of the Sura complex
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of south and northeastern flanks (stratotype of granitoids of the Sura complex) of the Sura
structure. 3.0 Ga is an isotopic age of metamorphic hornblende. Isotopic age of granitoids of
the Sura complex [2] and molybdenite [37], determined by Sm-Nd method, is, correspondingly,
3.15 and 3.13 Ga. Taking into consideration the fact that gold deposited approximately
simultaneously with galenite and only somewhat earlier than molybdenite, we can come to
a conclusion that the age of gold mineralization is not younger than 3.05–3.0 Ga.

Area of the Sergeevka deposit is composed by contrasting basite-metariodacite-tonalite-
plagiogranite rock complex, and its tectonic structure (Fig. 4) is determined by three main
fault systems that are divided by time of the initial stage and order.

1 — Zone of South-Petrovka fault of the first order. This zone is characterized by the
northwestern strike and gently slopping (30–40°)  dipping in northeastern direction. It is a
thick (100–200 m) zone of schist formation and cataclasis, bounding the deposit from the
west. Submeridional faults of the 2nd order, the Central and Eastern, are of later system. They
control development of gabbroid intrusions, defining their fault-line nature. Zone of the
Eastern fault is considered to be the eastern deposit border. Ore-controlling and ore-containing
system of the North-Sergeevka fault is of later tectonic system, intersecting all earlier fault
breaks and healed by the Sergeevka extrusion. It is very likely that spatially and genetically
gold mineralization of the Sergeevka deposit is connected with that system. In the northern
and southern exocontacts the extrusion is accompanied by a series of sublatitudinal, fragmented
local faults located in echelon-like manner, which are usually healed by ore-controlling
dykes of persilic composition.

The major volume of gold-bearing bodies is drawn towards the center of intersection
of the North-Sergeevka and Central faults, while the major volume of molybdenum bodies
is drawn towards the Eastern fault. Most of gold-ore bodies are located in the host basic
rocks of lava and subvolcanic facies directly in exocontact of persilic extrusion, but some of
them are located at a distance of 300–400 m, and at the same time they are drawn towards
metadacite-porphyric, plagio- and tonalite-porphyric, and felsic dykes of small thickness.
Some bodies localize inside metadacite body and its immediate contacts with metabasits. It
is also possible that mineralization of more complex, drawn towards near-meridional, spatial
orientation is present along weakened, schistose, and sometimes healed by dykes of persilic
composition, zones of contacts of gabbroids with basalts and along the borders of the
petrographic gabbroid differences. Mineralization of this type is most likely connected with
sublatitudinal ore bodies of apophysis and ramification type.

In total, approximately 30 ore bodies were found in the deposit. The most well-examined
ones were tracked regarding their strike for the first hundreds of meters and regarding their
dip  — up  to 500.  Sites of high and industrial gold concentrations are mainly located in the
intensely schistose, metasomatically altered rocks and represented by four types: 1) zones of
quartz-carbonate-amphibole metasomatites with the streaky-impregnated sulphide
mineralization with thickness up to 10 m and more; content of sulphides in these zones
varies from 1 to 40 %; 2) gold-bearing quartz-carbonate, carbonate-quartz, and amphibole-
quartz-carbonate veins and lens-shaped bodies with thickness up to the first hundred meters
on strike; 3) a mixed type when veins and lenses of the 2nd type are contained in the zones
of the first type; 4) quartz-vein zones, sometimes with abundant streaky-impregnated sulphide
(mainly, pyrite) mineralization in propilitized, sometimes, albitized, persilic rocks. The following
gold-bearing metasomatic rocks are present in the deposit: propilites, pyrite-biotite(± chlorites)-
albite, pyrite-biotite(± chlorites)-carbonate-albite metasomatites, but mainly quartz-tremolite-
actinolite-carbonate, actinolite-carbonate-quartz [23, 24] metasomatites and vein bodies.
Peculiarities of their structure, mineral composition, and relations of isolated minerals and
aggregates brought us to the conclusion [21, 24] that they, as well as most of gold localized in
them, are the formations that appeared before the peak of metamorphic rock alteration was
reached.

Gold is present in finely dispersed and structural [20] phases (arsenopyrite and pyrite
are the main carriers of finely dispersed and structural phases of gold), as well as free. Pyrite
is the main ore mineral in the essentially albite metasomatites; somewhat later (in respect of
pyrite) pyrrhotite, arsenopyrite and even later chalcopyrite, are widely distributed in amphibole-
containing metasomatites. A change of essentially gold mineralization by molybdenite-
chalcopyrite-pyrite and essentially molybdenite mineralization takes place on approaching
subintrusive plagiogranite and tonalite intrusions and granitoids of framing. In all the cases, it
is noticed that, in addition to gold, chalcopyrite, and sphalerite, that is characterized by a
significantly high ferruginosity, and cadmium-bearing galenite, very often containing ingrowths
of native bismuth, tellurobismuthite, and rarely hessite, is practically always present among
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the ore minerals of both metasomatites and quartz-veined bodies. Besides, scheelite, cosalite,
containing ingrowths of native bismuth, as well as native bismuth and sulphosalts of copper,
ferrum, lead, and silver, quite often with high (up to 10 %) impurities of mercury [19], are
also found as independent mineral ingrowths both in sulphides (pyrite, pyrrhotite, arsenopyrite)
and in vein minerals of ore bodies. Tellurides of bismuth, native bismuth, cosalite, and sulphosalts
are especially abundant in quartz-carbonate-amphibole metasomatites and in sulphide mineral
of massive pyrites ore zones in the persilic rocks of the western flank of the Sergeevka deposit.

The following ore textures are the prevalent ones: streaky-impregnated, banded, and
breccia.

Content of the precious metal in the ore bodies varies from 1–2 to tens and hundreds
of ppm at thickness of separate veined bodies measuring 3–5 m. Gold is of different assay
number, from 550 one to 930 one, though assay number 870 is prevalent. According to the
data of mineralogical and technological ore analysis, most of gold (85–90 %) is mainly
localized in quartz, less in carbonate, at joint of quartz and sulphides grains, or between
sulphides, and in sulphides and other ore minerals in fissures and in the form of interstitial
inclusions. Structural [20] and finely dispersed phases of gold in ores add up to 15  % at the
most. Morphology of gold emission is caused by morphology of fissures and interstices filled
by it. There are different forms of it, both isometric and drop-like, as well as very complex
irregular, even dendrite-like. In veined carbonate-quartz material, gold is usually located as
separate small (0.5–1.0 mm at the most) interstitial irregular nests or their accumulations
measuring 0.5–1.0 cm in diameter. Size of emission in intergrowths with sulphide minerals
does not exceed 0.1 mm. Gold with size of thousandths — hundredths of millimeter is
common.

Regarding the scale of industrial gold mineralization, the Sergeevka deposit is of the
group of average objects. But further examination of its promising flanks and deeper horizons,
as well as taking in consideration its molybdenum mineralization allows to consider it as a
large-scale deposit.

Area  of  the  Balka  Zolotaya  deposit,  enveloping  the  Balka  Zolotaya and Yuzhnoe
(Fig. 5) ore manifestations, is located in the exocontact areas of the Western-Solenoe and
the Eastern-Solenoe lava-subintrusive fields of persilic magmatites and is composed of basite-
metariodacite-tonalite-plagiogranite rocky complex described above. Tectonic structure of
the deposit as in all the ore field is defined by presence of two intersecting orthogonal
tectonic systems. They are represented by long-living faults, accompanied by thick zones of
tectonic schist-forming process. The latter ones can also develop independently without
causing breaks in ore continuity. Both of these tectonic systems played determinative part in
distribution of ore-producing magmatites and products of ore-metasomatic reworking. Thus,
the earliest submeridional system (the Balka Zolotaya and Central faults) together with the

Fig. 5. Schematic geological map of the Balka Zolotaya deposit. Area: A — the Yuzhnoe manifestation; B — the Balka
Zolotaya manifestations: 1 — metabasalts, their tuffs and tuff-sandstones; 2 — metagabbro, metadolerite, etc; 3 — talc-
carbonate-chloritic rocks; 4 — the rocks of metadacite-porphyry-metaplagiogranite-porphyry association; 5 —
metatonalites  and  metatonalite-porphyries;  6 — dykes  of  the Devladovo olivine gabbro-norites complex; 7 — fault;
8 — ore bodies; 9 — main faults (numbers in cicles): I — the Zolotaya Balka, II — Tsentralny, III — the Solenoe, IV —
the South-Solenoe; 10 — sites (A — Yuzhnoe, B — Balka Zolotaya)
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faults of other directions provides for formation of plutonoc rocks of basic composition.
Sublatitudinal system (the Solenoe, South-Solenoe, and other faults) controls the development
of subintrusive stock-like and dyke bodies of persilic composition. Renewal of the faults of
submeridional direction, provoked by the movements along the sublatitudinal faults, caused
intrusion of submeridional bodies of subintrusive metadacite-porphyries.

Zones of schist formation mentioned above are connected with formation of plutonic
component of riodacite-plagiogranite volcano-plutonic association. Providing for high frame
penetrability, they stimulate an increase in activity of ore-metasomatic processes. As in the
previous case, gold mineralization of the deposit is spatially and genetically confined to near-
contact zones of subvolcanic, subintrusive, and stock-like bodies of riodacite-plagiogranite
volcano-plutonic association. More than 60  steeply dipping ore bodies were found here.
Mineralization is traced to the depth of 300 m in the zone 1.3 km wide and 2.5 km long. Ore-
containing structures are represented by linear extended tecto-metasomatic zones with
thickness from 1 to 100 m. Their spatial configuration is controlled by contours of the fields
of development of riodacite-plagiogranite volcano-plutonic association. But it should be
noted that ore bodies within these zones are accompanied by thick aureoles of propilitization,
alkaline-feldspathic metasomatosis less often of listwanite-beresite and very seldom of quartz-
carbonate-amphibole alterations.

Vein material in ore bodies adds up to 10–50 % of the rock volume. Streaks of quartz
and carbonate-quartz composition are the most developed ones. Gold in ore bodies varies
from finely dispersed phase (less than 0.007 mm — 5–10 % of the discovered volume of the
metal) to grains of the size up to 1–2 mm. Most common sizes of gold particles are
thousandth-hundredth of millimeter. Maximum concentrations of visible gold are confined
to vein formations where it is isolated as ameba-like, isometric, tabular, spheroidal, and oval
grains, confined to fissures, and often forms accumulations of size up to 1.0 cm. In sulphides,
mainly in pyrites, gold is observed as small spheroid separations, fissure accumulation inside
the grains or as pellicles on their facets. Gold of high assay number (960–975), like in the
Sergeevka deposit, is prevalent here; also, argentoauride (Au — 78–84, Ag — 15–21 %) is
observed in subordinate quantity, and küstelite (Au — 14–22, Ag — 70–87 %) was also
found here.

Set of ore minerals is also somewhat different from that one of the Sergeevka deposit.
Thus, arsenopyrite, sulphosalts, and native bismuth are practically absent here. In spite of
presence of bismuth tellurides, tellurides of silver are dominant in the telluride composition,
sometimes gold and nickel tellurides are fixed too. In some sites later development of silver
and nickel tellurides in respect to gold and galenite is observed, and of bismuth tellurides —
in respect to hessite. The latter fact is an evidence of increase in temperature of ore formation
at the end of productive stage, as well as of higher temperatures of formation of metasomatites
and of ores of the Sergeevska deposit in respect of the Balka Zolotaya deposit.

Typical representatives of the ore manifestations of the second type are the Apollonovka
manifestation of the Sura greenstone structure. Mineralization is confined to the zones of
schist formation that are most often localized in the sites of close alternation of basic and
persilic volcanites. In the places of flexure-like bands, zones of breccia and streaky silicification,
where the mineralized bodies are located, develop in the schistose and massive rocks. The
specific feature of these bodies is mainly listwanite-beresite type of alteration of rocks (the
detailed description of listwanite-beresite wall-rock alterations was given earlier  [18])
containing abundant sulphide (mainly pyrite ore) mineralization (up to 50 % of the rock
volume), predominantly of sphalerite-chalcopyrite-pyrite mineral ore type, and Au-Fe-Cu-
Zn geochemical association.The following are the specific feature of the chemical composition
of the minerals, composing the ore bodies: insignificant (not more than 2–3 %) ferruginosity
of sphalerite, presence of different assay number (from 780 to 980) gold with the assay
number of 870–930 being the most common one. Gold can be both in finely dispersed
phase (mainly in sulphide minerals of the zones of wall-rock metasomatose) and more
coarse (up to 2–3 mm), then located in the intergrowthes with carbonate, quartz, and sulphides
of veined bodies.

Gold-bearing mineralization, connected with listwanitized mafite-ultramafite rocks, is
most widely presented in the listwanites of the Central-Verkhovtsevo fault of the Verkhovtsevo
structure where gold develops in close association with Sb-As-S compounds of Ni, Co, Fe,
Cu, Zn and Pb. Ni-Co-Cu-Au-As-Sb-S geochemical association is prevalently developed in
the metasomatites, which arise in the rocks of dunite-harzburgite (according to [38]) formation;
and when they develop in gabbro-peridotitic formation, zinc is added to the mentioned
association. Zn-Au-Ag-Pb-As-Sb-S association is also connected with the processes of
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ultrabasites listwanitization. Gold localized in ultrabasites has different standards (either
more than 900 or 470–700) without intermediate argentoauride. Gold mineralization is
also found in the ultabasites of the zone of western fault of the Sura structure and in
listwanitized serpentinites of the Terny structure.

The specific feature of gold-bearing mineralization in ultrabasites of metacomatiite-
tholeiite formation is also the development of quartz-amphibole-carbonate and phlogopite-
biotite metasomatites, in addition to gold-bearing listwanites, jointly with gold-bearing
carbonate-quartz vein and streaks in them. In the latter, such nickel-arsenic compounds as
orselite and plessite are noted along with niccolite, maucherite, pyrite, chalcopyrite, pyrrhotite,
bornite, and other minerals, usual for epigenetic mineralizations in the ultrabasic rocks.
Plessite often contains superfine (from the first microns to the first tens of microns) ingrowths
of gold with low assay number (Au — 52.05, Ag — 39.03 %).

Gold manifestations, connected with ferruginous quartzites (BIF), are known in all the
greenstone structures of the MDA. But each of them has its peculiarities. Mineralization in
the area of the Balka Shyrokaya deposit is the most large-scale one. The Balka Shyrokaya
deposit is localized [15, 16, 27] in the rocks of jaspilite-tholeiite formation of the Middle-
Konka series and confined to eastern flank of the Chertomlyk greenstone structure (Fig. 6),
complicated by the Eastern-Chertomlyk zone of faults, approximately 3 km wide. The latter,
according to the same researcher, is a sutural volcano-tectonic structure, containing linear-
type paleovolcanoes, and, from the larger scale, is a south-western fragment of the Balka
Shyrokaya central-type paleovolcano. Central part of this volcanic edifice is a sunken caldera,
made by the eruption products with thickness up to the first kilometers. According to the
data of geochemical mapping, the separated paleovolcanic edifices have high presence of
gold and positive anomalies of silver, arsenic, lead, zinc, copper, etc. Gold-bearing areas are
connected [15] with the mobile li p  of this paleovolcano and submit to its structural
peculiarities. The eastern deposit flank is located in volcanic basin while the western one is
located on the slope of paleovolcanic edifice. Central tecto-metasomatic zone, where majority
of the ore-bearing mineralized structures are located, is confined to its boundary zone. The
eastern flank of the deposit is mainly composed by lavas and tuffs of basic and intermediate
composition with an insignificant quantity of metalavas and tuffs of persilic composition.
Closer to border zone, bodies of subintrisive ultrabasites and explosive conglobreccias appear.
Persilic metaeffusions and their tuffs play a more important role in the western part. The
geological   section  of  the  central part of the deposit is the most complex one. More than
90 % [16] of it are represented by rocks of basic composition both with scarce bodies of
persilic rocks and intercalations of ferruginous quartzites. Quartzites are subconcordant with

Fig. 6. General geologic scheme of the
Chertomlyk structure (by Petko et al. [14,
15, 27]). The rocks of frame: 1 — schists,
gneises; 2 — plagiomigmatites; 3 —
plagiogranites of the Dnepropetrovsk
complex; 4 — granitoids of the Sura
complex; 5 — granitoids of the Tok complex.
Greenstone series: 6 — amphybolites; 7 —
rocks of predominantly basic composition;
8 — metagabbro-dolerites; 9 —
metadiabases; 10 — ultrabasites; 11 — rocks
of predominantly   average composition;
12 — rocks of predominantly persilic
composition;   13 — quartz      porphyries;
14 — the bodies of banded iron formation;
15 — fault (Arabian numbers in circles: 1 —
the   East-Chertomlyk   fault   sutural zone,
2 — the South-Chertomlyk fault sutural
zone, 3 — the Sholokhovo); 16 — geological
boundaries; 17 — central-type
paleovolcanoes (Roman numbers in circles:
I — the Shyrokaya Balka, II — the Zapadny,
III — the Chkalovo, IV — the South-
Chkalovo, V — the Gornyak); 18 — the
Balka Shyrokaya deposit
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intrusive bodies and almost always closely intermit with chlorite-quartz-sericite schists. Most
of them form low-thick (from a few decemeters to 1–5 m) lens-like and layer-like bodies,
which rapidly thin out. Their distribution in the section is uneven, in different sites of the
deposit the number of strata varies from 1–2 to 5–7, in some sites they totally disappear.
Very important characteristic of ferruginous-siliceous rocks is presence of both oxide and
carbonate, as well as sulphide facies, connected by gradual transitions. Carbonate- and sulphide-
containing (pyrite, pyrite-pyrrhotite with chalcopyrite, sometimes arsenopyrite) quartzite
facies usually occur in the base or roof of layers of quartzites of oxide facies, and their
thickness varies from tens of centimeters to a few meters. Intervals of zones with high gold
content are usually observed at the contacts of carbonate and sulphide facies of hydrothermally
altered quartzites with brecciated, schistose and hydrothermally altered volcanites. Gold
mineralization is concentrated in the limits of several ore-bearing zones that make up the
system of subparallel stripes of rocks, which, to this or  that degree, were hydrothermally-
metasomatically altered, cataclased, mylonitized, brecciated, and pressed into steep microfolds.
Some of such zones are tracked for a few kilometers in their strike. Their spatial orientation
in general agrees with occurrence of ore-containing rock masses, but in some sites they cut
ore-containing rocks both in strike and dipping at a very sharp  angle. In the sites, where
these zones intersect with sublatitudinal faults, thickness of gold-bearing zones increases,
quality of ores improves, character of mineralization changes (sulphosalt polymetallic ores
appear). These cutting structures often play role of structural traps where large column-like
ore deposits with most contrast gold form. Hydrothermal alterations mostly relate to listwanite-
beresite alterations that are sometimes combined with alkaline-feldspathic alterations. Thickness
of aureoles of wall-rock alterations in the mineralized zones measures 50 meters and is
tracked for hundreds of meters.

Ores have streaky-impregnated and breccia textures and contain 3–15 (sometimes even
up to 90 %) of sulphides. Magnetite, pyrite, pyrrhotite, and native gold are main ore minerals.
Chalcopyrite, arsenopyrite, sphalerite, galenite, hematite, native silver are secondary ore minerals.

Mineralization is represented [10] by gold-sulphide-quartz formation with gold-pyrite,
gold-pyrite-pyrrhotite, gold-pyrite-arsenopyrite-pyrrhotite, gold-pyrite-pyrrhotite-arsenopyrite-
sulphosalt-polymetallic mineral types of ores that are characterized by gold-iron, gold-iron-
copper, gold-iron-arsenic with copper and cobalt, gold-iron-copper-arsenic-antimony-lead-
zinc-silver geochemical associations. They are usually localized directly in the near-contact
zones of fragmentation, silicification, and hydrothermal alteration of ferruginous quartzites
and host rocks and represenred by: 1) gold-pyrite-pyrrhotite mineral paragenesis with Au-
Fe-S, Au-Fe-Cu-S, Au-Ag-Fe-Cu-S geochemical associations; 2) gold-pyrite-pyrrhotite-
arsenopyrite and gold-arsenopyrite mineral paragenesis with Au-Fe-S-As with Co geochemical
association (direct correlative dependency among contents of gold, cobalt, and arsenic was
observed in quartzites characterized by this association). At the same time, gold-pyrite-
pyrrhotite-arsenopyrite-polymetallic with sulphosalts of Pb, Ag, and Cu [10] mineral type
with Au-Fe-Cu-Pb-Ag-Zn-S-As-Sb geochemical association is not only observed in the
ferruginous quartzites but sometimes in the rocks of basic, partially ultrabasic, persilic
composition that intercalate with quartzites. At that silver-containing sulphosalts and
bulangerite are observed mostly as inclusions of different shape in galenite, and gold forms
fine impregnation mainly in the zones of fragmentation and in arsenopyrite.

Presence of calcite, high-manganous siderites and ankerites as well as high-ferruginous
chlorite aggregates is a distinctive feature of wall-rock alterations of ferruginous quartzites. In
the ores of gold-pyrite-pyrrhotite-arsenopyrite-polymetallic-sulphosalt mineral type, ores
are fragmented, silicificated in streaks and in mass, albitized and listwanized; in the zones of
silicification and listwanization, they are pyritized, arsenopyritized with later superposing of
pirrhotite and of bulangerite-freiberite-galenite-sphalerite, with gold mineralization. Fractured
character of localization of carbonate-quartz material (polymetallic and silver-sulphosalt
mineralization in listwanized and beresitized basic, persilic and ultrabasic rocks is confined
to this material) as well as substitution, when drawing away from zones of silicification, non-
chlorite, quartz-carbonate-serecite, quartz-albite-carbonate-sericite paragenesis of
metasomatites by significantly chlorite and later by epidote-containing carbonate-albite-
chlorite and actinolite-containing paragenesis of metasomatites testifies to superposition of
listwanite-beresite type of alterations, and later of ore material, on the propilite alterations.
Localization of gold mineralization in the inner zones of wall-rock alteration and in quartz-
vein bodies attests to epigenetic character of mineralization in regard to ferruginous quartzites.

However the dependence of ore bodies arrangment upon certain fragments of volcanic
edifices allows to assume, as in case with gold manifestations of the Sura structure, a causal
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relationship  of gold mineralization with formation afore-mentioned volcanic-plutonic
structures.

Unlike of described above, gold-bearing quartzites of the Semernikovka manifestation
(the Verkhovtsevo greenstone structure) differs from mineralized quartzites of the Chertomlyk
and Sura structures mainly by its magnetite-quartz composition, poor development of
carbonates and even more so of sulphides. Zones of brecciating and veined silicification were
not found here, but at the same time, the whole layer  of ferruginous quartzites, striped by a
borehole, is practically evenly mineralized (0.1–3.0 ppm). It seems that gold here is syngenetic,
related to primary quartzite minerals and was not subjected to redistribution connected with
later hydrothermal and metamorphic processes.

Distinctive features of gold of all the manifestations in the ferruginous quartzites of the
MDA are its high assay number (910–950) almost everywhere and rarely found presence of
mercury impurities (up to 3.5 %) in its composition. High gold assay number most likely
indicates its redeposition character and more oxidizing sedimentation conditions. Gold
associated with polymetals and sulphosalts quite often reveal to comparatively low assay
number (content of Au — 78.0; Ag — 21 %).

Gold dimension of these manifestations can vary from dispersed phase to comparatively
coarse (1–2 mm); it forms close intergrowthes with almost all ore and vein minerals of
quartzites and carbonate-quartz veined bodies. And it is some esentially carbonate veins (not
the quartz ones) that are characterized by the most high concentrations of both gold and
silver. Isotopic age of ore lead of gold-pyrite-pyrrhotite mineralization in BIF and gold-
sulphosalt-polymetallic mineralization is analogous to the isotopic age of galenite of first
and second types manifestations: 2.7–2.5 and 3.0–2.9 Ga.

Gold placers. In addition to all said above, we would like also to mention the presence
of Pre-Cambrian gold placers in weakly metamorphosed metaterrigenous post-greenstone
paleobasins rocks of the upper series (the Belozerka series) in the Verkhovtsevo, Belozerka
and other  structures. Brief description of the latter  ones we are giving here using materials
of Bobrov A. B. et al., stated in [8].

Ðre-Cambrian gold placers are represented by the objects related to relict alluvial and
proluvial fans of the Belozerka, Verkhovtsevo and other sedimentary basins developed upon
older greenstone series of tonalite-greenstone complexes (the lower series). In fact, stratiform
gold mineralization are confined to spatially very limited chemogenic-sedimentary and clastic-
sedimentary units of the upper structural level of greenstone belts. Detailed paleofacies
analysis of these units distribution has revealed its sharp litho-facial diversity pronounced by
the system of relatively small proluvial fans. Gold-bearing metacoglomerates comprised by
pebbles of quartz, guartz sandstones and plagiogranites. Cement consists of quartz sandstones
with subordinate sericite (up to 10 %). The cement contains such ore minerals as zircon,
rutile, monazite, chromehercynite, limonite and sulphides. The latter is represented by pyrite,
pyrrhotite, pentlandite and chalcopyrite. All these minerals are of clastic-sedimentary origin.
Gold occurs as native (partly in pyrite) grains, lump-like aggregates and flakes within minerals
of heavy fraction and conglomerate cement. Ore bodies are represented by thin discontinuous
placers with highly variable parameters (thickness and grade).

Significant gold resources are also contained in crust of weathering of crystalline rocks,
as well as in placers in the Buchak sedimentations occurring directly within the crystalline
core.

Conclusion. Above-mentioned data concerning the geologic and tectonic composition
of the Archean greenstone structures of the MDA, set of their consisting rocks, character of
metamorphic and metasomatic transformation, peculiarities of composition and distribution
of gold and accompanying elements allowed to assume that the prospect of the Archean
greenstone series of the MDGGA with respect of their presence of gold are specified by the
following: 1 — availability of the complete sedimentary-volcanic-plutonic sequence in the
framework of a separate greenstone structure; predominant development in the lower level
of these sequences of the metabasic and metaultrabasic rocks, and in the upper level — the
felsic rocks mainly of metadacite-tonalite-plagiogranitic association, presence in the lower
and especially middle parts of the greenstone sequences of the interbedding with the basic,
ultabasic and felsic rocks of ferruginous quartzite bodies; presence of quartzites of carbonate
and sulphide facies within the rocks of banded iron formation and massive sulphide ores
within the areas where felsic and mafic volcanites are intercalating; 2 — metamorphic
transformations of rocks, which correspond to conditions not exceeding the conditions of
epidote-amphibolite facies, and, rarely, amphibolite facies of metamorphic degree (paragenesis
of the rocks of central parts of the greenstone structures usually correspond to greenschist
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facies); 3 — broad spreading of the heterooriented systems of ancient long-living faults and
accompanying thick zones of schist-formation not only often controlling the location of
subvolcanic and dyke rocks, both of mafic-ultramafic and mainly persilic compositions, but
also providing for creation of ways for infiltration of ore-bearing solutions and areas for
localization of gold mineralization; considerable development of metasomatically alterated
rocks in limits of these fault zones and mainly in limits of the accompanying thick zones of
schist-formation; 4 — development in the boundaries of alteration zones of the carbonate-
quartz veins, veinlets and frequently abundant sulphide mineralization (pyrite, pyrrhotite,
arsenopyrite, chalcopyrite, sphalerite, tellurides, sulphosalts and other); as well as heightened
gold content of rocks of alteration zones and presence of gold manifestation, deposits and
geochemical anomaly of Au, Ag, Cu, Pb, Zn, Bi, Sb, As, Mo, W, Te and Hg.

Established confinement of gold-bearing zones to the ñertain structural elements of
volcanic edifices, pre-metamorphic genesis of gold mineralization some types [21], most
likely generation of these types in the period of solfataric-hydrothermal activity which was
admittedly connected genetically with felsic volcanites and intrusions of late dacite-tonalite-
plagiogranitic volcano-plutonic association make pay peculiar attention to paleovolcanic
reconstructions while prospecting for gold.
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ÐÅÇÞÌÅ. Íà îñíîâå îáøèðíîãî ìàòåðèàëà ïî ðàñïðåäåëåíèþ çîëîòà è åãî ýëåìåíòîâ-ñïóòíèêîâ â àðõåéñêèõ
çåëåíîêàìåííûõ òîëùàõ Ñðåäíåãî Ïðèäíåïðîâüÿ ïîêàçàíî, ÷òî íè îäèí èç ïåòðîõèìè÷åñêèõ òèïîâ ïîðîä
çåëåíîêàìåííûõ ñòðóêòóð íå âûäåëÿåòñÿ ñòåïåíüþ çîëîòîíîñíîñòè ïî ñðàâíåíèþ ñ äðóãèìè. Ñîäåðæàíèå
çîëîòà, êàê ïðàâèëî, íå ïðåâûøàåò êëàðêîâûõ äëÿ äàííûõ òèïîâ ïîðîä, çà èñêëþ÷åíèåì ó÷àñòêîâ ðàçâèòèÿ
ñóëüôèäíûõ ôàöèé æåëåçèñòûõ êâàðöèòîâ è çîí êîë÷åäàííîãî îðóäåíåíèÿ, âåðîÿòíåå âñåãî, ñâÿçàííûõ ñ ïðî-
ÿâëåíèåì ñîëüôàòàðíî-ãèäðîòåðìàëüíîé äåÿòåëüíîñòè. Âìåñòå ñ òåì îòìå÷åíî, ÷òî ïîâûøåííîé êîíöåíòðà-
öèåé çîëîòà õàðàêòåðèçóþòñÿ ìåòàñîìàòè÷åñêè èçìåíåííûå ïîðîäû øèðîêî ðàçâèòûõ â ðåãèîíå çîí òåêòîíè-
÷åñêîãî ðàññëàíöåâàíèÿ, îáû÷íî ñîïðîâîæäàþùèõñÿ ðàçíîîðèåíòèðîâàííûìè ãëóáèííûìè ðàçëîìàìè. Ïîñ-
ëåäíèå íåðåäêî çàëå÷åíû ñóáèíòðóçèâíûìè òåëàìè êàê îñíîâíîãî, òàê è êèñëîãî ñîñòàâà, ïðåäñòàâëÿþùèìè
ñîáîé êîðíè ýðîäèðîâàííûõ ïàëåîâóëêàíè÷åñêèõ ïîñòðîåê. Ïîêàçàíà ïðèóðî÷åííîñòü çîëîòà ê âíóòðåííèì è
öåíòðàëüíûì çîíàì ìåòàñîìàòè÷åñêèõ îðåîëîâ, ïðèâåäåíî îïèñàíèå òèïîâûõ ìåñòîðîæäåíèé è ïîä÷åðêíóòà
íåîáõîäèìîñòü ïðîâåäåíèÿ ïàëåîâóëêàíîëîãè÷åñêèõ ðåêîíñòðóêöèé ïðè ïîèñêîâûõ ðàáîòàõ íà çîëîòî.

ÐÅÇÞÌÅ. Íà îñíîâ³ âåëèêîãî ìàòåðèàëó ùîäî ðîçïîä³ëó çîëîòà òà éîãî åëåìåíò³â-ñóïóòíèê³â â àðõåéñüêèõ
çåëåíîêàì’ÿíèõ òîâùàõ Ñåðåäíüîãî Ïðèäí³ïðîâ’ÿ ïîêàçàíî, ùî æîäåí ç ïåòðîõ³ì³÷íèõ òèï³â ïîð³ä çåëåíîêà-
ì’ÿíèõ ñòðóêòóð íå âèä³ëÿºòüñÿ ñòóïåíåì çîëîòîíîñíîñò³ ïîð³âíÿíî ç ³íøèìè. Âì³ñò çîëîòà, ÿê ïðàâèëî, íå
ïåðåâèùóº êëàðêîâèõ äëÿ äàíèõ òèï³â ïîð³ä, çà âèíÿòêîì ä³ëüíèöü ðîçâèòêó ñóëüô³äíèõ ôàö³é çàë³çèñòèõ
êâàðöèò³â òà çîí êîë÷åäàíîãî çðóäíåííÿ, íàé³ìîâ³ðí³øå ïîâ’ÿçàíèõ ç ïðîÿâëåííÿì ñîëüôàòàðíî-ã³äðîòåð-
ìàëüíî¿ ä³ÿëüíîñò³. Ðàçîì ç òèì çàçíà÷åíî, ùî ï³äâèùåíîþ êîíöåíòðàö³ºþ çîëîòà õàðàêòåðèçóþòüñÿ ìåòàñî-
ìàòè÷íî çì³íåí³ ïîðîäè øèðîêî ðîçâèíóòèõ ó ðåã³îí³ çîí òåêòîí³÷íîãî ðîçñëàíöþâàííÿ. Îñòàíí³ çâè÷àéíî
ñóïðîâîäæóþòü ð³çíîîð³ºíòîâàí³ ãëèáèíí³ ðîçëîìè, íåð³äêî çàë³êîâàí³ ñóá³íòðóçèâíèìè ò³ëàìè ÿê îñíîâíîãî,
òàê ³ êèñëîãî ñêëàäó, ùî ÷àñòî ÿâëÿþòü ñîáîþ êîðåí³ åðîäîâàíèõ ïàëåîâóëêàí³÷íèõ ñïîðóä. Ïîêàçàíî ïðèñòî-
ñóâàííÿ çîëîòà äî âíóòð³øí³õ ³ öåíòðàëüíèõ çîí ìåòàñîìàòè÷íèõ îðåîë³â, íàâåäåíî îïèñ òèïîâèõ ðîäîâèù ³
íàãîëîøåíî íà íåîáõ³äíîñò³ ïðîâåäåííÿ ïàëåîâóëêàíîëîã³÷íèõ ðåêîíñòðóêö³é ïðè ïîøóêîâèõ ðîáîòàõ íà
çîëîòî.

PRESENCE OF GOLD OF ARCHEAN
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Isotope geochemistry and geochronology of
Precambrian gold ore deposits of the Ukrainian Shield

The gold ore deposits of the Ukrainian Shield are rather varied in age and conditions of formation. The Maiske, Klyntsi,
Yuryivka and Surozh deposits formed in Lower Proterozoic (2500–2000 Ma ago). Isotope and other geochemical
data show evidence that they were formed, in the main, due to mobilization of ore components from host rocks, and
granitoids, accompanying these deposits, were predominantly heat generators and part of solutions only. Deposits in
greenstone areas (Sergiivka, Balka Zolota, Balka Shiroka) result from hydrothermal-volcanic activity in ancient volcanic
structures. In some cases in ore formation near-surface (including meteoric) solutions were involved.

The Precambrian stage of gold accumulation in various geological structures is one of the
most productive. So, in one of the most known deposits Witwatersrand the extraction makes
up, in different estimations, 55–60 % of the total gold output in the world [4]. By the way, we
shall note that until now there is no clear genetic interpretation of this phenomenon,
especially, as to relation of sedimentary and hydrothermal-metasomatic processes. Precambrian
deposits of Southern America, India, Australia, USA and Canada are also considerable in
stocks and volumes of mining [10].

Within the borders of Ukraine the Archean gold-bearing complexes are concentrated,
basically, in greenstone areas of the Middle Dnieper Area, and the Proterozoic are in active
greenstone structures, granitized gneiss complexes, and also in the Proterozoic sedimentary
formations.

Nowadays six deposits are the most investigated in the Ukrainian Shield and promising
for operation [6, 14]: the Maiske (Dnieper-Bug block), Klyntsi and East-Yuryivka (Ingul-
Ingulets block), Sergiivka and Balka Shiroka (Middle Dnieper block) and Surozh (Azov
block) (Figure).

The Maiske deposit is located in the Bug gold ore area, within the Savranske ore field.
The tectonical position of the Maiske deposit is determined by a joint of the Khmelnik and
Talnov (diagonal) and Odessa (submeridional) faults. The host rocks of the Savranske ore
field are represented by associations of the Bug complex, among which supracrustal and
ultrametamorphic rocks in equal amounts occur. The first are represented by amphibolites
and plagiogneisses, and the second — by migmatites and plagiogranites, and also pegmatoid
granites by layers injecting supracrustal rock. In the north the zone is closed by the Uman
pluton of potassium granitoids. Ore-bearing tecto-metasomatic zones within the ore field are
not unidirectional. At a crossing with faults of the northeast direction rich ore bodies form.
On the Maiske deposit there are quite dinstinct signs of ferro-magnesian metasomatosis,
including all its varieties, amphibole, quartz-biotite metasomatites — "klyntsovites", biotite-
cordierite "gneisses", and skarnes. Epithermal metasomatic tranformations — beresitization,
propilitization and argillization — are also manifested here.

The formation time determination of the supracrustal rocks of the Maiske deposit is
linked with a number of difficulties. The most acknowledged and reliable method of U/Pb
isotope dating on accessory zircons has appeared unacceptable, due to complex crystallization
history of zircon crystals. In biotite and amphibole-biotite plagiogneisses of the zircon crystals
the ancient nuclei remain. In section of crystals the relation between the area of nuclei and
the environments in different grains varies, %: from 20:80 to 70:30.

Therefore, for dating of the bottom age border of supracrustal rock formation Sm/Nd
model was applied [13]. The maximum age for plagiogneisses, provided that primary substance
segregated from undepleted mantle, is 3130 Ma (TCHUR) and 3280 — if the plagiogneisses
substance segregated from depleted mantle (TDM).

Within the Maiske gold ore deposit manifestations of two stages of granitoid magmatism
are established. The formation of spatially individualized massifs which differ in mineral
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composition, structural-textured
features, but are of close geological
age is connected to the first stage.
One of the massifs is located in
the southwest of the deposit, the
other — in the northeast. The
second stage was marked by the
formation of vein bodies of peg-
matoid granites. Granitoids of the
first stage were dated on zircon from leucocratic aplite-pegmatoidal granites of the Yuzhny
massif. There are two zircon generations in aplite-pegmatoidal granites. For the isotope
analysis  only  the  early   zircon   generation  were taken. The U/Pb age of the zircon is —
2379 ± 78 Ma (Table 1) [13]. The second generation is represented, probably, by malacon.

Pegmatoidal granites make up vein bodies measuring from 10–15 cm up to 10 m,
sometimes more. Contacts with host rock are distinct, on contacts with mafite bodies of
pegmatoidal granites they are outlined by biotite margin. The formation time of vein granites
was determined on zircons from test of pegmatoidal granite. The crystallization time of
zircon and formation granites is 2040 ± 40 Ma [13].

Thus,   supracrustal   rocks   of   the Maiske deposit generated not earlier than 3100–
3300 Ma. In the Early Proterozoic two formation stages of microcline granites — 2380 and
2040 Ma — were manifested.

The age of ore processes can be determined by Re-Os dating results of molibdenite
from ore zones [13]. If to consider molibdenite formation as synchronous to gold the ore
process will be placed in the interval 2300–2100 Ma, that corresponds to zircon crystallization
time of vein granites mentioned above.

The isotope researches were carried out on quartz and carbonate from ore zones and
host rocks (Table 2). Values of 13C and 18O for  carbonate are clearly indicative of participation
of metasedimentary rock in gneiss rock mass. The isotope structure of oxygen in quartz from
gneisses and migmatites (+9.6...+13.0 ‰) also testifies to it. Quartz from ore zone is
enriched with light isotope 16O, probably, results from the exchange with magma fluids. The
isotope structure of sulphur in sulphides is also indicative of magmatogene character of ore
forming-fluids.

The Klyntsi, East-Yuryivka deposits and a number ore of manifestations are located in
the Kirovograd block and connected to the Kirovograd deep fault. In the zone of this fault

Gold ore deposits of the Ukrainian Shield.
Block (numbers in circles): 1 — Northwes-
tern, granitoid-metasedimentary; 2 —
Dniester-Bug, migmatite-granulite; 3 — Ros-
Tikich, amphibolite-migmatite; 4 — Ingulo-
Ingulets, granitoid-metasedimentary; 5 —
Middle-Dnieper, granite-greenstone; 6 —
Near Azov, granulite-greenstone

Table 1. Age of Proterozoic gold ore deposits of the Ukrainian Shield, Ma

N o t e. A — host rocks; B — ore processes. Mineral symbols: Amph — amphibole; Bi — biotite. Determinations were
conducted at the Inst. of Geochemistry, Mineralogy and Ore Formation of Nat. Acad. of Sci. of Ukraine.

Research object U-PbZr Re-OsMo K-Ar Sm/Nd Pb/Pb

              Maiske
A 2674 — — 3030–3080 —
B 2380 2220 1865–1615 — —

2040 — — — —
2060 — — — —

             Klyntsi
A 3195 — — — —
B — — 2410–1900 (Amph) — —

— — 1800–1600 (Bi) — —
                East-Yuryivka

3000–2100 — — — —
— — — — 2000 ± 80

               Surozh
A 3320 — — — —
B — — 2200–1600 — —

ISOTOPE GEOCHEMISTRY AND GEOCHRONOLOGY
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Table 2. Isotopic composition of oxygen, carbon, sulphur in minerals and rocks of Pre-Cambrian of
gold ore deposits of the Ukrainian Shield, 
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Klyntsi and Yuryivka ore fields are distinguished, to which the industrial gold manifestations
are connected. All of them gravitate to the east exocontact of the Novoukrainka massif
trachytoidal granites of Lower Proterozoic. The host rocks are represented by biotite, garnet
and graphite-biotite, amphibole-biotite plagiogneisses, sometimes with diopside, cordierite
widely distributed in the region and also biotite, diopside-plagioclase-quartz schists and
amphibolites. Frequently there are subconcordant bodies of pegmatoid granites, cordierite-
feldspar metasomatite and potashpathization zones. Dike formations (ortorocks?),
metasomatites, quartz veins, less often blastomylonite, fluidized rocks gravitate to ore zones. In
the limits of ore zones this formation has a character of stratiform with secondary false
tectonic-metasomatic stratification.

Zonation in the limits of the Klyntsi deposit is almost absent, all rocks are related to
amphibolite phase. The high-temperature zones include micaceous, biotite and phlogopite
rocks. A great role is played by the zones of oligoclase-quartz metasomatosis, which associate
with ore bodies. Amphibole-micaceous metasomatites (klyntsovites) and skarnoids make
up the internal ore-bearing zone. Skarn-like fringes form around of quartz veins, typical of
ore bodies. The ore bodies with the contents of gold > 3 ppm represent mineralized stringer
zones. In their limits the sharp increase (up to 70 %) of vein material mainly of oligoclase-
quartz composition is typical. In rich ore bodies the vein material is repeatedly broken and
also healed by quartz, with formation of typical gneiss-quartz breccia. The gold ore
mineralization in the Klyntsi deposit is represented by poor sulphide and ancient gold-
quartz formations. The mineralized ore zone in the Klyntsi deposit is traced at 3 km and
530 m in depth.

Geochronological researches in the Klyntsi deposit was carried out applying U/Pb and
K-Ar methods. The age of host biotite gneiss, determined by a U/Pb method on zircon [12],
is 3195 ± 200 Ma, but this zircon is interpreted by the mentioned authors as a clastogene one,
hence, the given age can be accepted as the bottom age border of processes of sedimentation
for the Checheliivsky suite.

End of Table 2.

N o t e. In numerator value variations are given; in denominator — the mean; in brackets — number of determinations.
Determinations were conducted at the Inst. of Geochemistry, Mineralogy and Ore Formation of Nat. Acad. of Sci. of
Ukraine.

ISOTOPE GEOCHEMISTRY AND GEOCHRONOLOGY



ISSN 0204-3548. Mineral.  Journ. (Ukraine). — 2000. — 22,  ¹ 5/6116

The part of the researchers relate gold ore formation in the Kirovograd block with
granitoid complexes. The age of granitoids from various complexes of the area is, Ma
[12]: the Kirovograd — 2065 ± 20; the Dolin — 2060 ± 20; the Chigirin — 2045 ± 10;
the Bobrinets — 2026 ± 20; the Novoukrainka — 2020 ± 40.

The age of aplite-pegmatoidal granites taken directly from the deposit is 1975 ± 10 Ma.
We have carried out researches of age of micas and amphiboles by K-Ar method

directly in mine ore zones. For the analysis samples from similar to diorite margins around
quartz-feldspar vein were selected. The place of selection is a vein with a margin, fragments
of fine-grained biotite-quartz-feldspar gneiss, cataclasis zones in gneisses and veins, which
are filled with sulphide-carbonate substance, with pyrite, pyrrhotine and arsenopyrite nests.

The results of the analysises are indicative of the presence of several stages of rock and
ore formation of age 2.4, 2.2, 1.8 and 1.6 Ga. It is interesting that in work [16] also the
number of K-Ar age 2.5 Ga for silicificated amphibole gneiss of the Checheliivsky suite is
given. Hence, it is impossible to neglect the fact that firstly the rocks of the Checheliivsky
suite, existed already about 2.5 Ga ago, and, secondly, at that time they metasomatically
changed, and, thirdly, rock (and ore?) formation process on the Klyntsi deposit was very
prolonged (probably, 0.5 Ga ).

The model Pb-Pb age on ore leads from both Klyntsi and Yuryivka deposits is 2000 ±
±150 Ma [6, 15]. Klyntsi and East-Yuryivka deposits are investigated by isotope methods
rather detailed (Table 2). Thus, it is possible to note the great similarity of almost all isotope
characteristics of both deposits, that results from similar parameters of ore formation processes.

The isotope composition of carbon in graphite from host rocks is indicative of secondary
character of this graphite. Most probably, this graphite was recrystallizated in the contact
with  isotope-heavy   carbon-containing  fluids at comparatively high temperatures (550–
600 °C). The presence of isotope-light carbonates with values 13C = –14.0 ‰ may be also
explained by formation in eqailibrium with such fluids. The isotope composition of CO2
inclusions in ore zones (13C = –18.1...–7.8 ‰, Table 2) very well corresponds to such
supositions.

The isotope composition of hydrogen and oxygen from water  is indicative of participation
of meteoric component in these fluids. To the same conclusion we have come before, having
registered infringement of isotope equilibrium between quartz and plagioclase in ore zones
[6]. Apparently, one more process responsible for infringements of isotope equilibrium in
system was microclinization, that is clear from the presence of a microcline, as a is more
isotope-heavy whole, than quartz associating with it.

Sergiivka, Balka Zolota and Balka Shiroka deposits are located in the Middle-Dnieper
block of the Ukrainian Shield and belong to the Sura (the first two) and Chertomlyk (the
third) greenstone structures (GS).

Large ore manifestations of gold are located in the southern part of the Sura GS, within
the Solonyanske ore field. The ore manifestations and the Sergiivka and Balka Zolota deposits,
included in the ore field are connected to thick schist formation zones of metamorphozed
basalts and gabbroids accompanying large deep faults. Gold mineralization develops mainly
in endomorphic stocks of sour porphyries and tonalites, taking place in schist formation
zones, though inside these intrusions stockwork manifestations occur [5, 9]. The width of
mineralized ore zones is 100–200 m. Ore bodies are accompanied with carbonatization,
silicification and zones of amphibole metasomatosis. Some of the researchers consider that
the primary aureoles of gold ore formation formed before sour porphyries and tonalites
intruded. With intrusions of sour composition the formation of hydrothermal-metasomatic
zones and redeposition of gold is connected. The formation of gold in the Sergiivka and
Balka Zolota deposits is clearly confined to certain formation stages of of greenstone belts of
Middle-Dnieper Granite-Greenstone Area (GGA). At the first stage the dispersed gold was
removed from mantle with volcanites of the basic and ultrabasic composition and their
intrusive comagmatic rocks (about 3200 Ma). Their primary aureoles of enrichment form at
the metamorphism and block fault tectonics stage, probably, connected with formation of the
early granitoids phase of the Sura complex (3170–3100 Ma). The formation of large gold
deposits is related with intrusions formation of sour porphyries and tonalites of the Solone
volcano-plutonic association (3080–3050 Ma) and hydrothermal-metasomatic transformation
of host rocks, connected with them.

The most difficul problem in determining the age of gold ore objects of greenstone belts
of the Middle-Dnieper GGA is the dating of volcanites of mafite-ultramafic composition
which make up the bottom part of the section of greenstone belts of the area. Their reliable
isotope dates are absent. According to the indirect data based on their intersection of
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plagiogranitoids of the Chkalovsky massif, and bodies of sour porphyries among them, their
isotope age > 3170 Ma [1, 9]. Sour magmatism in greenstone belts of the Middle-Dnieper
GGA was cyclic. According to the geochronological data, the epochs of sour magmatism of
age 3170, 3140, 3100–3080, 3070–3040 and 3000–2950 Ma are distinguished [13]. In the
Solone ore field the age of intrusions of sour porphyries and tonalites on zircon is 3080–
3050 Ma [1, 13]. These datum marks determine the formation time of the Sergiivka and
Balka Zolota gold deposits. Gold is not connected with the last intrusive phase of
plagiogranitoids of the Sura complex (3000–2950 Ma). Molybdenum mineralization is also
characteristic of the Sergiivka deposit. The method of Re-Os isotope dating (187Re/187Os),
applied for determination of age of molybdenum mineralization genetically connected to
gold formation on the east flank of the Sergiivka deposit indicated another value of the age
of the mineralization — 3126 ± 13 Ma [13]. The model age values were obtained and two
formation stages of ore lead of age 2900 ± 200 and 2600 ± 200 Ma were established on
galenite from ore mineralization zones [5, 9]. Age determinations on ore lead, in view of
disadvantage of this method of dating, can be considered only as an approximate date of gold
ore mineralization.

The deposit Balka Shiroka is in the Northeast part of the Chertomlyk GS [6]. Gold
mineralization is located, mainly, in ferriferous quartzites of jaspilite-metatholeiitic formation
of the Sura suite, which frames from the west the group of isolated subvolcanic bodies of
plagiogranite-porphyries of the Chkalovsky massif. In the structure of this band metabasites
alternate with horizons of ferriferous quartzites, quartz-schists, chlorite slates and tuffs of
dacite-rhyolite structure. Gold mineralization is controlled by the submeridional East-
Chertomlyk schist formation zone, cataclasm, mylonitization and brecciation, which is
subconcordant with host rocks. Ore-bearing zones are traced for several kilometers. They are
presented by subparallel strips of brecciated broken down mylonitizated metasomatically
changed rocks. Ore-bearing rocks are beresitizated. The aurede of beresites 80–130 m wide is
traced to 300  m on dip.  Gold-bearing are the narrow linear  zones of cataclasm and splitting,
which are healed by quartz-carbonate-sulphide material. Gold concentrates in magnetite,
sulphides, sulphosalts and deposits in the native form. Gold presence of these zones increases
with depth. The stable gold concentrations coincide with intervals of ferriferous quartzites.
On this deposit gold-sulphide-ferriferous (in ferriferous quartzites), gold-silver-polymetallic
(in schist-basite band) and gold-quartz low-sulphide (in metabasite-ultrabasites) types of
gold mineralization are distinguished.

According to the geochronological data, in the Chertomlyk GS four phases of sour
magmatism of age 3170, 3140, and 3040 Ma are distinguished [1, 13]. Within the limits of the
Balka Shiroka deposit sour metavolcanites are not dated. The U-Pb age of plagiogranites of
the Chkalovsky file is 3175 Ma [1]. As gold mineralization is connected to faults, its precise
evaluation meets difficulties. Given by the authors [1] isotope dates of gold-polymetallic
mineralization on galenite 2800–3000 and 2500–2700 Ma can not aspire for high precision,
that is caused by disadvantages of this dating method.

The isotope-geochemical characteristics for minerals and inclusions from the Sergiivka
and Balka Shiroka deposits are rather close, though there are distinctions. So, carbonates
from the Sergiivka deposit on isotope composition of carbon are closer to redepositioned
primary-deposited, whereas at the Balka Shiroka deposit deep carbon probably contributed
to their formation. It is confirmed also by isotope-oxygen values in these carbonates, in
contrast to carbonates of the Sergiivka deposit. Value 18O for them makes up 16.4 ‰
(Table 2).

Fluid inclusions on the Balka Shiroka deposit also are a little lighter by isotope
composition of carbon, though the oxygen in them has a higher content 18O. This fact can be
explained by small formation depths of such ores and involvment of atmospheric air in ore
formation processes.

The values 18O for quartz from these two deposits are almost identical, that testifies to
proximity of parameters of ore formation processes. Some enrichment by an isotope 18O
magnetites from the Balka Shiroka deposit, probably, is caused by the fact that this deposit is
represented by Au-Fe type, and a part of magnetites, apparently, inherits isotope structure of
magnetites of ferriferous quartzites, which make up the most part of the geological sectious
of this deposit.

The isotope composition of sulphur identical by average values, for both deposits, is
close to the meteoric standard, and it is no wonder, taking into account a very ancient age of
these deposits.

The Surozh gold deposit is located in the Soroki structural-facies zone, in the western
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part of the Near Azov block initialized obviously in Late Archean in the period of completion
of folding deformations [7]. Within it a graben-syncline of the Northwest (320–330°) trend
with thickness up to 1–2 km and extension of 30–35 km is allocated. The pitch of metamorphic
rocks is southwest, heavy at an angle 75–85°. The Soroki structural-facial zone is made up of
sedimentary rocks volcanogene complex, geological interpretation of which remains disputable
until now. Some researchers relate it to a diaphthorited fragment of the ancient base, and
others — to GS. The majority of the researchers supports the latter point of view. The
peculiarity of the Soroki GS is the wide spread of aluminiferous and biotite gneisses, which
occur as separate packs, as well as interbeds among metamorphozed volcanites of basic and
ultrabasic composition. The genesis of these rocks, owing to high degree of the metamorphism,
remains unclear. On separate crossings in biotite and amphibole-biotite gneisses relics of
porphyric structures are marked, that is indicative of their volcanogenic genesis [7], but, on
the other hand, zircon in its rocks has traces of roundness, that allows to interpret them as
metamorphozed sedimentary rocks [7]. The degree of metamorphism of rocks of the Soroki
GS is very non-uniform on strike. In the northern part (the Andreevsky site) relics of
mineral associations of granulitic facies of metamorphism and their subsequent diaphthoresis
frequently occur. To the south on the Soroki and Surozh sites the rock are metamorphozed
in amphibolite and epidote-amphibolite facies.

The Surozh gold deposit is confined to crossing joint of an ancient break of the Northwest
trend, bounding the Soroki zone in the southwest, and to later break (a kind of thrust) of the
Northeast trend (Skiff fault). On this deposit fine-grained and visible native gold in amount
up to 15–30 ppm is established within original ore pole in brecciated and sulphidizated
metasomatites, formed on quartz-cummingtonitic schists, amphibolites, actinolite-
cummingtonite-magnetitic quarzites and, less often, on micatizated ultrabasites [7, 8]. Among
host rocks calciferous skarns and aluminiferous (garnet-biotitic etc.) slates also occur. Gold
ore bodies are controlled by echelon-like tectonics sutures and cataclasm zones. Most of
visible gold, that makes up 15–20 % of its total content in rock at the most, is marked in thin
and fine-grained quartz, or among other minerals in immediate proximily of veinlet-lenticular
ore bodies of sulphide mineralization (well 21–93).

On the Surozh deposit probably, two gold ore stages are manifested: the early — a
deposit of high standard gold, and the late — a deposit of very high standard gold. The early
fine-grained gold, which makes up 60–70 % of all resources of the Surozh deposit, is
confined to quartz, and, in a lesser degree, to pyrrhotine and pyrite.

The features of gold mineralization of ore field of the Soroki zone are indicative of its
metamorphogene-hydrothermal origin. It is possible that the part of gold could be introduced
by depth solutions.

It is confirmed also by isotope data. The values of 18O in quartz from ore zones vary
from 10.9 up to 18.1 and make up 12.7 ‰ for the deposit in average. There is no direct
correlation between the Au contents and values of 18O established, but the direct correlation
between the degree of secondary modifications (opalization) in rock and 18Î content of
quartz is very well traced. As a rule, in the most changed differences quartzites the contents
of Au is higher. Thus, it is possible to assume that some stages of gold ore formation processes
on the Surozh deposit took place involving solutions mobilized from host rocks, including
metasedimentary rocks. As to coaly substance and host carbonate rocks, they obviously have
a metasedimentary origin, and marbles of the Sadovy site by values of 13C belong to the
group of the "anomalous" carbonate rocks occuring rather seldom on strictly determined
stratigraphic horizons.

The geochronological data for the Soroki structural-facial zone its long geological
development. Zircon in biotite gneisses by morphological characteristics corresponds to the
clastogene type. On the Surozh site on this zircon the date 3320 ± 30 Ma was obtained [2,
3]. The U-Pb age of zircon of granodiorites interecting amphibolites and biotite gneisses is
2800 ± 30 Ma [3], and that of dikes of leucocratic porphyric granites intersecting amphibo-
lites — 2680 ± 30 Ma [2]. The time of gold mineralization of the Surozh deposit can be
determined now only by indirect geochronological and geological correlation. The early
fine-grained gold formed, probably, in Late Archean, and later gold (the redeposited) is
connected with Proterozoic stage of development of the Soroki GS. The idea about the age
of ore processes can be made by results of K-Ar dating of micas both amphiboles in ore and
near-ore zones (Table 1). In the table the consolidated data for the deposit received as result
of the analysis of 127 amphibole samples and 12 of biotite are shown. The age interval on
amphiboles is 2320–1990, on biotites — 1970–1840 Ma, that, evidently marks the latest
changes of metamorphic rocks. Age values for boitites, probably, correspond to time of ore
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processes, at least, these dates are very near.
Thus, the researches conducted and analysis of the publiched data for gold ore deposits

of the Ukrainian Shield show that, despite of the very large time interval of their formation
(3100–1800 Ma) some parameters of ore formation processes were similar. In particular,
almost in all ore associations the isotope traces of meteoric components are appreciable, and,
on the contrary, mantle characteristics very seldom dominate in these processes.
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ÐÅÇÞÌÅ. Çîëîòîðóäíûå ìåñòîðîæäåíèÿ Óêðàèíñêîãî ùèòà âåñüìà ðàçíîîáðàçíû ïî âîçðàñòó è óñëîâèÿì
îáðàçîâàíèÿ. Ìåñòîðîæäåíèÿ Ìàéñêîå, Êëèíöû, Þðüåâñêîå è Ñóðîæñêîå îáðàçîâàëèñü â íèæíåì ïðîòåðîçîå
(2500–2000 ìëí ëåò òîìó íàçàä). Èçîòîïíûå è äðóãèå ãåîõèìè÷åñêèå äàííûå ñâèäåòåëüñòâóþò î òîì, ÷òî îíè
îáðàçîâàëèñü â îñíîâíîì çà ñ÷åò ìîáèëèçàöèè ðóäíûõ êîìïîíåíòîâ èç âìåùàþùèõ ïîðîä, à ãðàíèòîèäû,
ñîïðîâîæäàþùèå ýòè ìåñòîðîæäåíèÿ, áûëè ïðåèìóùåñòâåííî òîëüêî ãåíåðàòîðàìè òåïëà è ÷àñòè ðàñòâîðîâ.
Ìåñòîðîæäåíèÿ â çåëåíîêàìåííûõ îáëàñòÿõ (Ñåðãååâñêîå, Áàëêà Çîëîòàÿ, Áàëêà Øèðîêàÿ) îáðàçîâàëèñü â
ðåçóëüòàòå ãèäðîòåðìàëüíî-âóëêàíè÷åñêîé äåÿòåëüíîñòè â äðåâíèõ âóëêàíè÷åñêèõ ñòðóêòóðàõ. Â îòäåëüíûõ
ñëó÷àÿõ â ðóäîîáðàçîâàíèå áûëè âîâëå÷åíû ïðèïîâåðõíîñòíûå (â òîì ÷èñëå è ìåòåîðíûå) ðàñòâîðû.

ÐÅÇÞÌÅ. Çîëîòîðóäí³ ðîäîâèùà Óêðà¿íñüêîãî ùèòà äóæå ð³çíîìàí³òí³ çà â³êîì ³ óìîâàìè óòâîðåííÿ. Ðîäîâè-
ùà Ìàéñüêå, Êëèíö³, Þð’¿âñüêå ³ Ñóðîçüêå óòâîðèëèñÿ â íèæíüîìó ïðîòåðîçî¿ (2500–2000 ìëí ðîê³â òîìó).
²çîòîïí³ òà ³íø³ ãåîõ³ì³÷í³ äàí³ ñâ³ä÷àòü ïðî òå, ùî âîíè óòâîðèëèñÿ â îñíîâíîìó çà ðàõóíîê ìîá³ë³çàö³¿
ðóäíèõ êîìïîíåíò³â ³ç âì³ùóþ÷èõ ïîð³ä, à ãðàí³òî¿äè, ùî ñóïðîâîäæóþòü ö³ ðîäîâèùà, áóëè ïåðåâàæíî ãåíåðà-
òîðàìè òåïëà ³ ÷àñòèíè ðîç÷èí³â. Ðîäîâèùà â çåëåíîêàì’ÿíèõ îáëàñòÿõ (Ñåðã³¿âñüêå, Áàëêà Çîëîòà, Áàëêà
Øèðîêà) óòâîðèëèñÿ â ðåçóëüòàò³ ã³äðîòåðìàëüíî-âóëêàí³÷íî¿ ä³ÿëüíîñò³ â äðåâí³õ âóëêàí³÷íèõ ñòðóêòóðàõ. Â
îêðåìèõ âèïàäêàõ â ðóäîóòâîðåíí³ ïðèéìàëè ó÷àñòü ïðèïîâåðõíåâ³ (â òîìó ÷èñë³ ³ ìåòåîðí³) ðîç÷èíè.
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