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RESUME

La région de Ladoga est une des plus intéressantes du bouclier Baltique pour la métallogenese
de I’'uranium. Des minéralisations uraniféres sont connues dans tous les niveaux stratigraphiques
de de la région. Les principaux gisements sont: celui de Karku associé a une discordance
localisé dans les grés Mésoprotérozoiques (Riphéen) du bassin Pasha Ladoga, ceux de type gres
et de type schistes noirs dans les dép6ts de platforme paléozoiques inférieurs, les minéralisations
localisées dans les granites anatectique et dans des roches carbonatées riches en phosphore
metamorphisées appartenant au socle cristallin Archéen-Paléoprotérozoique de la zone de
Raahe-Ladoga; des minéralisations de type filonien dans le socle et les formations riphéennes.
Une croissance graduelle des teneurs en U des formations géologiques et des resources miniéres
en U est mise en évidence pendant de I’évolution géologique depuis I’Archéen jusqu'au
Paléozoique. Trois stades principaux de la métallogenése de I’uranium ont été détermineés : le
Svécofennien (1.97-1.77 Ga), le Mésoprotérozoique (1.6-1.2 Ga) et de I’Ordovicien au
Devonien (0.45-0.38 Ga). Il est montré que les gisements de type discordance, gres et filonien
sont les plus prospectifs pour de découverte de gisements d’U de dimension économique dans la
région de Ladoga. La plupart d’entre eux sont localises le long de la zone Raahe-Ladoga.

Mots clé: Uranium, Ladoga, Discordance, Gisements, Métallogenése.

ABSTRACT

The Ladoga region is one of the most interesting areas of the Baltic Shield with respect to U
metallogenesis. U mineralization occurs at all stratigraphic levels of the geological succession in
the region. The main U occurrences are: the unconformity-related Karku deposit in the
Mesoproterozoic (Riphean) sandstones of the Pasha Ladoga basin, those of sandstone and black-
shale type in the Lower Paleozoic platform sediments, the mineralization located in anatectic
granites and metamorphosed phosphorites in the Archaean-Palaeoproterozoic crystalline
basement of the Raahe-Ladoga zone, vein type U mineralization hosted in the basement and in
the Riphean. U content in the geological formations and U ore resources gradually increase
during the geological evolution of the Ladoga region from Archaean to Paleozoic. Three main
stages of U metallogenesis have been identified: Svecofennian (1.97-1.77 Ga), Mesoproterozoic
(1.6-1.2 Ga) and Ordovician-Devonian (0.45-0.38 Ga). Unconformity-related, sandstone and
vein types represent the most prospective ones for the discovery of economic-grade U deposits
in the Ladoga region. Most of the promising areas are located along the Raahe-Ladoga zone.

Key words: Uranium, Ladoga, Unconformity, Deposits, Metallogenesis.
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General Introduction.

GENERAL INTRODUCTION

1. Object and aim of the study.

Several peripheral areas of the Baltic Shield are considered as potential area for the
location of uranium deposits similar to the huge uranium deposits of Athabasca (Canada) and
Pine-Creek (Australia) related to Proterozoic unconformities.

The Ladoga region is especially prospective for the discovery of unconformity-type
uranium deposits for the following reasons:

1) it contains the largest Mesoproterozoic (Riphean) intracontinental sedimentary basin
of the Baltic shield — the Pasha-Ladoga basin that unconformably overlays the Archaean-
Palaeoproterozoic (AR-PR;) metamorphic and granitoidic basement;

2) itis located at the intersection of two trans-regional tectonic belts controlling various
types of uranium mineralization in adjacent areas: the Raahe-Ladoga and Baltic-Mezen zones;

3) there are many uranium-bearing formations and numerous uranium occurrences of
different types in the Ladoga region;

4) there are good evidences for the existence of unconformity-related U accumulation —

the Karku deposit, localized in basal horizon of Riphean sediments of the Pasha-Ladoga basin.

Geological exploration has been carried out in the Ladoga region since the XVII™
century. U exploration started in 1945. Because of the low level of knowledge about the factors
controlling U mineralization, the first works were global with no specific prospecting targets and
any kind of radioactive anomalies were investigated. In 1945-1948 a series of U deposits in the
Ordovician Dictyonema shales were discovered. Diverse U occurrences in crystalline formations
of the Northern Ladoga area were also discovered by the exploration work of “Nevskgeologia”
from 1948 to 1981. First, the Vendian-hosted deposit of Slavyanovskoye was found in 1957,
others were discovered later. In the middle of 1980™, exploration directed toward the discovery
of unconformity-type deposits started in the Riphean Pasha-Ladoga basin. As a result the Karku
deposit related to the Mesoproterozoic unconformity was discovered in 1989.

Initially uranium exploration in the Ladoga region have started by an operative group
attached to the Leningrad geological directorate (LGGU).

Since 1947, another enterprise was the exclusive executor of all uranium specialized
explorations. Its name changed many times. In 2007 it has been named SZSP “Nevskgeologia”

of SE “Urangeo”. To be short this enterprise will be called “Nevskgeologia”. More limited

33



General Introduction.

uranium exploration was carried out by: “Sevzapgeologia”, Severnoye (Northern) and Pyatoye
(Fifth) geological directorates, ZGT, “Sevmorgeo”, “Hydrospecgeologia”, “Aerogeologia” and
others. Accompanying scientific researches have been undertaken by specialists of VSEGEI, St-
Petersburg State University (SPbGU, previous name LGU), VIRG, VIMS, CNIIGRI, IGEM,
KNC etc. Unfortunately, 99 % of the information on uranium mineralization of the Ladoga
region is unpublished. Until 2004 all reports have been accumulated in archives of
“Nevskgeologia” and SE *“Urangeo”. This process is still continuing but since 2004, an
independent compilation of information about U started in the ZAO Novaya Lekhta (joint-stock
company established by AREVA, VSEGEI, SE “Urangeo” and “Geologorazvedka™).

Until now only a few theses deal with uranium in the Ladoga region: Russian Candidate
degree thesis of A.V. Krasnyh “Structural conditions of the localization of high-grade uranium
ores of the “unconformity type” in the Karku deposit (Karelia) and foreign objects” 2003, at
VIMS; thesis for PhD degree of the Henri Poincaré University of V.M. Lobaev “Mineralogical
and petrogeochemical characteristics of the Mesoproterozoic Pasha-Ladoga volcanic-
sedimentary basin and its basement (Baltic shield, Russia)”, in 2005; Russian Candidate degree
thesis of A.V. Shurilov — “Geological-structural position of Karku uranium deposit (North-
Eastern Ladoga)” SPbGU, 2006. The main targets of all of these researches were focused on

different aspects of the unconformity-type Karku deposit.

The aim of the present thesis is a comprehensive review of the uranium metallogenesis of
the Ladoga region. As unconformity-type deposits are suggested as the most attractive economic
target in the region, the main attention has been concentrated on uranium occurrences related to
the Riphean unconformity and pre-Riphean basement formations. They are available for
sampling, whereas uranium mineralization in V-PZ platform sediments does not outcrop and
mineralized drill core had been lost long ago.

For the basement-hosted and Riphean-hosted uranium occurrences of the Ladoga region
complex analysis has been undertaken. Different geological parameters controlling the uranium
mineralization such as petrologic, structural and geochemical features have been studied.
Special attention was paid to the ore mineralogy.

General evolution of the uranium fractionation in the Ladoga region is proposed.

Prospective of the Ladoga region for the discovery of economic-grade U mineralization

will be defined as a major outcome of the detailed analysis of old and newly-obtained data.
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2. Structure of the manuscript.

Part 1.

Part 1 is devoted to the presentation of the metallogenic diversity of the Ladoga region is
in relation with its specific location in the structures of the Baltic Shield. It includes the
description of tectonic zoning, of the sedimentary and magmatic complexes, the evolution of

geological structure and of the uranium abundance in the region.

Part 2.

The different uranium occurrences of the Ladoga region are described in Part 2. Their
geological, structural, geochemical and mineralogical characteristics, the parameters controlling
the uranium mineralization and grade are considered. Their classification and an estimation of

their economic attractivity will be proposed.

Part 3.
The third part comprises an attempt to propose the most prospective areas for

discovering economic uranium deposits in the Ladoga region.

Conclusion.
It summarizes the major results obtained during the present research work and introduces

unresolved problems requiring additional investigations.

Appendixes.
The Appendixes to Part 1, Part 2 and the General Appendix contain graphics and tables
too large to be inserted directly in the text or being referred in different chapters.

3. Terminological aspects.
There are many differences in the understanding of major geological processes and in the
corresponding terminology between the Russian and Western geological literature. Some of

them should be first discussed to avoid confusions as much as possible.
1. Stratigraphic aspects.

Since 1980™ in USSR and now in Russia a specific chronostratigraphic scale is in use

(Table 1). The principal formal difference of it from the international geochronological scale is
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the subdivision of the Archaean and Proterozoic into two periods. In this thesis the international

terminology for global subdivisions is used as much as possible.

Table 1. General chronostratigraphic scale of Precambrian of Russia and its correlation with the
International geochronological scale

(compiled from Glebovitsky and Shemyakin, 1996, Mitrofanov and Negrutsa, 2002).

Acro Eontheme Eratheme Subdivision Limits, Ma International version
theme /System
Upper
Vendian, V pp 620+15 .
Lower 650+20 Neoproterozoic
Upper
Proterozoic Upper 1000£50
Riphean, R Middle 1350450 ]
o = Mesoproterozoic
S Lower 1650450
g Vepsian, Vp 1800
E Upper, K; Kalevian, Kl 1920
Lower ) Ludicovian, Ld 2100 )
Proterozoic - Palaeoproterozoic
(Karelian, K) Jatulian, Jt 2300
Lower, K; Sariolian, Sr 2400
Sumian, Sm 2500
Upper, L; 2800 Neoarchaean
S Middle, L
g Upper Archaean 2 3000 Mesoarchaean
f_) (Lopian, L) Lower, L; 3200
< Lower Archaean
. Palaeoarchaean
(Saamian, S) 3600

Sometimes Vendian is included into Palaeozoic. Although the platform sequence of the
Eastern Europe plate (Russian Platform) starts from Upper Vendian and the correspondence of
the last system to Palaeozoic seems quite reasonable, official subdivision is used in this thesis —
with a lower limit of Palaeozoic corresponding to the Cambrian (cca 540 Ma).

Some local subdivisions are in use only for Russian part of the Baltic Shield.

So, a term Ludicovian was proposed by Sokolov in 1979 (Sokolov, 1984) for
metamorphosed carbonaceous terrigenous and carbonate formations associated with mafic
volcanites. They overlap the Upper Jatulian dolomites. The Ludicovian stratotype is described in
the Onega Lake area. The Ludicovian sequence of the Ladoga region can be correlated with the
marine formations the upper part of the Upper Jatulian and the Lower Kalevian of adjacent areas
of Finland, but this parallelism is not well established.
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The Vepsian subdivision has been proposed by Krats (1963) for weakly-metamorphosed
terrigene-dominated sequence of the Onega depression. Such kind of rocks does not exist in
other parts of the Baltic Shield where this period is only represented by igneous formations.

The Riphean stratotype was defined for Mesoproterozoic formations of the Ural region.
The Riphean sequence of the Pasha-Ladoga basin can be correlated with the Jotnian one of
Finland (the Satakunta and Muhos grabens).

Subdivision and age reference for the different units of the Riphean sequence of the
Pasha-Ladoga basin are still not definitively fixed. There is contradiction between the traditional
scheme and newly obtained isotopic constraints. This problem will be specially discussed in Part

1 (paragraph 1.4. Riphean sedimentary basin).

2. Problem of granite petrogenesis.

There are also different theories on the origin of U-hosted granites of the Northern
Ladoga granite-gneiss domes. Either intrusive emplacement or in-situ partial melting or high-
temperature metasomatism have been proposed. | try to adopt a neutral terminology as much as

possible in the present work.

3. Problem of evaluation of deposit resource.

There are different classifications of uranium ore resources in the world mining industry.
As the descriptions the uranium occurrences described in this thesis are based on Russian
reports, the Russian terminology will be used.

Table 2. Russian classification of grade of uranium mineralization (after Skorospelkin, 2002).

Content, ppm Grade of deposit, kt

Increased Ore

i very
out of low high | very small | median | large large

incr. | geoch. ordinary | .. .
balance | (poor) (rich) | high

bcgrd | anom. showing

5 50 100 300 500 1000 3000 | 10000 | 0,5 10 50 100

incr. begrd. — increased background;

geoch. anom. — relevant geochemical anomaly.

Classification of uranium occurrences:

Anomaly — mineralized spot of small size (few meters); low-grade — if uranium content is

below 300 ppm.
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Ore-showing — extended U-mineralized zone with average uranium content over 300
ppm and evaluated or presumed resource less 500 kt.
Deposit — evaluated occurrence with resource over 500 kt for a 300 ppm U cut-off.

Unfortunately, information about uranium occurrence resources in the Ladoga region is
often uncertain. Only the unconformity-related Karku deposit and sandstone-type deposits have
been studied sufficiently for Identified Resource evaluation including Reasonably Assured
Resources according the IAEA classification system. Grade of other occurrences in better case
can be estimated as Inferred Resources only. Sometimes the information is controversial and the

same occurrences are ranged as ore-showing or as deposits in different reports.

4. Radiometric measurements.

Different units are used for radiometric measurements during uranium explorations. For
Russia the most common is micro-Roentgen per hour (UR/h) measured by radiometer, whereas
in France scintillometer measurements of counts per second (cps) are used. For approximate
correlation between them the following ratio can be used: 1 uR/h /1 cps = 4.8.

UR/h units will be used for the preservation of the original numbers compiled from old
reports. Also they are used in some figures made by the present author, because radiometers
SRP-68-1 and dosimeter “Bella” (1 uSv/h = 100 pR/h) were used during work in the Karku
deposit and field first trip of this thesis (in 2005). During following field works a scintillometer

SPP-y was used and radioactivity is given in cps.

5. Linguistic problems.

Since most of the information used in this thesis is from Russian published and archive
sources, problems caused by transformation of the names from Cyrillic to Latin alphabet should
be considered. It concerns mainly archive topographic names, never published, hence never
before translated into English. Although translations of these words have been done according to
special grammatical rules, some alternative version exists.

Another problem is diverse description in Latin some of Russian topographic names used
in different publications in other languages. In this text the most common versions will be used.

Special mention should be done for a word “Beibopr“— a name of the city at the frontier
with Finland. In the European literature it is often translated as Vyborg according to above

mentioned rules, but for the rapakivi batholith with the same name in Russian, a German name
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“Wiborg” is usually used (see for example Rdmd, 2001). Here the rapakivi batholith is called
“Wiborg”, whereas a word “Vyborg” is used for one of blocks of the Svecofennian domain — the
Vyborg block.

References to Russian publications and archives are translated into English, but the

original names are given in brackets.

4. Methodology.

The research has been carried out at the G2R laboratory of the University of Henri
Poincaré (UHP, Nancy, France) and at the Saint-Petersburg State University (SPbGU, St-
Petersburg, Russia). Several successive and synchronous activities have been undertaken:

1) compilation of old published and archive data;

2) field works including mapping of ore-hosting geological structures and sampling of

mineralized rocks;

3) mineralogical studies on mineralized rocks;

4) interpretation of old and newly-obtained information

5) writing and design of the manuscript.

1) Compilation of previous data.

This study is based on information obtained during long-term geological and especially
uranium investigations carried out in the Ladoga region. As published as archive data of
“Nevskgeologia”, VSEGEI, “Sevzapgeologia”, SPbGU, “Mineral”, IGGD and ZAO “Novaya

Lekhta” were used.

The geological structure of the Ladoga region is quite well studied, but this knowledge is
not uniform. The outcropping northern part was well studied by Finnish geologist before 1940™
(O. Trustedt, P. Eskola et al). More detailed studies were carried out by many Soviet and
Russian geologists (K.O. Krats, N.G. Sudovikov, A.N. Kairyak, L.V. Grigorieva, R.A. Khazov,
V.Z. Negrutsa et al). There are many publications on this matter and they have been used during
this research. More detailed archive reports of “Sevzapgeologia”, “Nevskgeologia”, “Mineral”,
VSEGEI, SPbGU and IGGD have been used as well.

The structure of the southern part of the region concealed under the VV-PZ platform cover

is not well studied. Geophysics and drillings give a very general geological image of this area.
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Detailed works were local and many important features are still uncertain. Most of the

information on this area is unpublished. Archives of “Nevskgeologia” have been used here.

There is lack of open publications on the U occurrences of the Ladoga region. The Karku
deposit, Vendian- and Ordovician-hosted occurrences have been described in several periodicals
and special editions, but information on others is only available in archives. Descriptions of U
occurrences presented in the thesis are based on unpublished reports of “Nevskgeologia”, less of
VSEGEI. An additional difficulty of the compilation was caused by the strictly confidential
character of the information concerning U in the former Soviet Union. A “top-secret” degree of
archive reports has been abolished just a few years ago and now are available for commercial
use, but because of long storage and disturbance of 1990™ lot of primary information is lost.

2) Field works.

Author observations obtained during field work in the Ladoga region represent a major
part of the thesis. From 2000 to 2003 the author has worked as a geologist of “Nevskgeologia”
in the Karku deposit. Materials obtained during this period give the base of the Chapter 2 of this
thesis devoted to the Riphean-hosted U mineralization.

Three field trips have been accomplished in 2005-2007 specifically for the thesis. Two
additional excursions to the most representative areas have been organized by the author for
visits of French and Finnish geologists in 2005 and 2006.

Mapping and sampling of the most representative uranium occurrences have been

undertaken during the field works. Some key geological objects have been observed in addition.

3) Mineralogical studies.

A collaboration project between the Saint-Petersburg State University (SPbGU, Russia)
and the Centre de Recherché sur la Géologie des Matiéres Premiéres Minérales et Energétiques
(CREGU, France) has been established for the study of uranium ore paragenesises of several U
occurrences. A group of geologists of the Faculty of SPbGU, IGGD, “Hypronickel” and
VSEGEI under the direction of professor Yu. S. Polekhovsky (SPbGU) was also involved in this
research project. Significant part of work including electron-microprobe and isotopic researches
was done at the UHP and the CRPG in Nancy.
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Mineralogical studies were preceded and accompanied by autoradiographies made with
18x24 cm Roentgen film (Sterling Diagnostic Imaging, USA). Macro images of the samples
have been obtained with Epson Perfection 3200 Photo scanner. Optical microscope studies and

micro-photos were achieved with Polam P312, Leica DM 2500 P, Olympus BX51 microscopes.

Chemical compositions of the ore minerals were determined with following electronic
microprobes (EMP):

1) ABT-55 “Akashi” (IGGD, St.-Petersburg, Russia);

2) CAMECA SX 100 (UHP, Nancy, France);

3) CamScan-4 (Hypronickel, St.-Petersburg, Russia).

U, Pb isotopic compositions and REE abundance in the uranium oxides were measured
by Second lon Mass Spectrometry (SIMS) using the CAMECA IMS-3F ion-microprobe at
CRPG-CNRS (Nancy, France).

Uraninite from Katanga (Zambia) dated at 540+4 Ma was used as a standard for U-Pb
analysis. Analytic protocol was according to Holliger (1988).

Determination of the REE distribution in uranium oxides is useful for identification of a
uranium source, chemical composition of the ore-producing fluids, process of deposition and
type of ore occurrence. A uraninite from Mistamisk Valley in Canada (Kish and Cuney, 1981)
was used as a standard for analysis of REE content in uranium oxides from the Ladoga region.
REE composition of the standard has been independently determined by ICP-MS (Bonhoure et

al., 2007). Results were normalized to chondrite REE content after Evenson et al., 1978.

The main results of the mineralogical studies are included in this manuscript. A full
version is presented as an independent report “Ore paragenesises of radioactive mineralization
of the Northern Ladoga area (Karelia)” (Polekhovsky et al., 2007).

4) Interpretation of the obtained data.

All figures of the thesis were compiled from publications, archives and from results
obtained during this study. Results of a new interpretation of satellite images (Landsat-7) were
used for mapping the tectonic structure of the Ladoga region. The interpretation was carried out
with Arc-View 3.2 and Map-Info 7.8 software with the help of Zakharov V.I. (SPbGU).

Interpretation of U-Pb isotopic data was carried out with the help of Kister Ph.
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(AREVA), Golubev V. (IGEM) and Larionov A. (VSEGEI). The concordia diagrams were built
with the ISOPLOT software (Ludwig, 1999).

Interpretation of the geochemical data was done with Microsoft Excel XP and Minpet
software with the help of Saltykova A. (VSEGEI).

5) Design of the manuscript.

The text was written with Microsoft Word 2000 and XP. Tables and some diagrams were
compiled with Microsoft Excel 2000 and XP. Some diagrams and all other figures were drawn
and designed with Corel Draw 11 and 13, ACDSee 7.0 and Photoshop CS. Final compilation

and publication of the manuscript was released with Adobe Acrobat Professional 7.0.
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PART 1. REGIONAL GEOLOGICAL REVIEW.

1. Geological structure of the Ladoga region.

The Baltic (Fennoscandian) Shield is an exposed part of the East-European craton, and
represents an assemblage of Precambrian domains that show a generally decreasing age from
Archaean in the northeast to Neoproterozoic/Riphean to the southwest. The oldest known rocks
are 3.5 Ga granulite facies trondhjemitic gneisses in the Pudasjarvi Complex in Finland (Huhma
et al, 2004) and the Vodlozero domain in Russia (Gorbatschev and Bogdanova, 1993;
Glebovitsky, 2005). The last major crustal forming event took place in the Upper Riphean
(about 0.9 Ga) in the southeastern part of the Scandinavian Peninsula, although the Paleozoic
Caledonian Orogeny caused significant tectonometamorphic reworking of the western margin of
the Shield.

The Ladoga region is of particular interest in that occupies a key position at the
intersection of two regional tectonic zones — the Raahe-Ladoga zone and the Baltic-Mezen belt
(Appendix to the Part 1, fig. 1). The first one corresponds to the boundary between the Archaean
Karelian and the Palaeoproterozoic Svecofennian cratons, the second — to the southern part of
the Baltic Shield.

Because of its location, the Ladoga region is geologically very complex, with multiple
crust-forming and reactivation events since Archaean time. The extensive Mesoproterozoic
(Riphean) Pasha-Ladoga basin occurs in the central part of the Ladoga region. To the south the
older basement is covered by gently dipping Vendian-Palaeozoic sediments of the East-
European platform.

The crystalline basement of the Ladoga region can be divided into three zones related to
different geological units of the Baltic Shield (Appendix to Part 1, fig. 2 a):

— the Karelian domain of Archaean age basement, locally overlapped with
Palaeoproterozoic syncline formations;

— the heterogeneous Raahe-Ladoga zone composed of Archaean-Palaeoproterozoic
formations;

— the Palaeoproterozoic Svecofennian domain.

Inasmuch as the region considered here includes only parts of these geological units,
they will be referred to in this study as the Karelian, Raahe-Ladoga and Svecofennian
“domains” respectively. As the Karelian domain is located towards the northern margin of the

study area and is essentially devoid of interesting uranium anomalies, it will be described here

45



PART 1. Regional geological review.

only briefly, while the Svecofennian domain and in particular the Raahe-Ladoga domain, which
represents the main focus of research, will be treated more extensively.
Generalized geological column of the Ladoga region is presented in the figure 3 of

Appendix to Part 1.

1.1. The Karelian domain.
According to geophysical data (Sharov, 1993; Khazov et al., 2004; Shustova, 1997;

Isanina, 1988; Isanina, 2001), the thickness of the crust in the Russian part of the Karelian
craton is 40 km on average, with a general tendency to increase towards the SE. Near the Raahe-
Ladoga domain the crust is up to 45 km thick (Luosto, 1997) and consists of a predominantly
granitic upper crustal layer 10-12 km thick, underlain by a dioritic layer 15-25 km thick, and a
lower crustal mafic layer from 10-15 km in thickness (Appendix to Part 1, fig. 4). The south-
eastern limit of the Karelian craton is defined by the NW-SE trending Janisjarvi fault zone.

The oldest rocks in the Karelian craton are within the VVodlozero domain, located to NE
and the lisalmi and Koitelainen domains, to the NW of the study area. These oldest rocks consist
of Mesoarchaean, locally Palaeoarchaean (Saamian), high metamorphosed amphibolites and
calc-alkaline tonalite and trondhjemite gneisses with ages greater than 3.2 Ga. Gneisses from the
Vodlozero domain have yielded an age of 3500+90 Ma (Sergeev et al., 1990). The
Palaeoarchaean and Mesoarchaean rocks are generally only weakly mineralized, and uranium
concentrations are only 0.5 ppm on average (Mikhailov et al., 1999).

Neoarchaean (Lopian) rocks typically form elongated N-S trending greenstone belts
consisting of mica-quartz-feldspar schists and amphibolites, intruded by various granitoids with
ages between 2.89-2.74 Ga (Rybakov and Golubev, 1999). The southern parts of two such
greenstone belts lie within the studied area, namely the Ilomantsi-Jalonvara and Hautavaara
belts, while the Segozero trough is located some distance to the northwest (Appendix to Part 1,
fig. 2.b).

The Jalonvara (or Ilomasi-Jalonvara) greenstone belt consists mainly of metasediments
and metavolcanics of andesitic-basaltic and dacitic composition, with some komatiites in the
northernmost part (Sorjonen-Ward, 1993). Reported ages for the Jalonvara rocks are between
2995-2865 Ma (Rybakov and Golubev, 1999), while volcanic and plutonic rocks in the
llomantsi part of the belt are mostly in the age range 2755-2725 Ma (Vaasjoki et al., 1993).
Polymetallic mineral deposits are present in the Jalonvara area, including several occurrences of

Mo, W, Cu, Au mineralization associated with granitoids intruding the volcanic rocks.
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The Hautavaara greenstone belt is composed mainly of metavolcanics belonging to the
komatiite-basalt and andesite-dacite series, dated at 2995+20, 2921+55 and 2854+14 Ma
(Svetov, 2004). Subordinate metasediments (sometimes graphite-bearing) occur as well.

The Archaean structure of the Karelian craton is both partially obscured and complicated
by unconformably overlying sequences of Paleoproterozoic sedimentary and volcanic rocks,
occurring as erosional outliers and fault-bounded basin remnants. These Sariolian, Jatulian and
Ludicovian sedimentary and volcanogenic units were metamorphosed from greenschist up to
amphibolite facies during the Paleoproterozoic Svecofennian Orogeny. The largest of these
Paleoprotorozoic structures is the Zaonegskaya Synclinorium, located to the northeast of the
study area. The northern part of the Zaonegskaya Synclinorium contains numerous deposits
enriched in noble metals, uranium and vanadium, including the Padma group deposits,
Czarevskoye and Kosmozerskoe. These deposits show a distinct structural localization within
ductile and brittle dislocations — so-called “SDD (structure-discontinuity dislocation) zones” - in
narrow NW-SE trending anticlinal hinge zones. In the southeastern part of the Onega area
Ludicovian and Archaean formations are overlain by Kalevian-Vepsian sediments and mafic
volcanics of the Prionejskaya depression. All these formations are in turn intruded by the
Ropruchei mafic sill, which has been dated at 1.77 Ga (Bogdanov et al., 2000). Carbonaceous
Vepsian sandstones host the small Pticefabrika uranium deposit and the Rybreka uranium ore-
showing, which is located within fractures in the mafic volcanics. The southern part of the
Prionejskaya depression is covered by younger, unmetamorphosed platform sandstones of
uncertain, though probably Riphean, age.

The Paleoproterozoic Tulomozero depression occurs at the margin between the Karelian
craton and the Raahe-Ladoga zone (fig. 1.2.b) and lies along the continuation of the N-S
trending Murto-Kudongupskaya tectonic zone, which is considered to have been episodically
active between at least 2.7-1.2 Ga, and was the presumed locus of a Svecofennian aulacogen.
The Tulomozero depression is filled with mafic volcanics, carbonates and metapelites of
Jatulian and Ludicovian age, with uranium contents varying from 1.3 to 2.4 ppm. An E-W
striking fault zone cutting the Archaean and Jatulian formations of the western limb of the
Tulomozero inlier hosts the small and complex (Au, Cu, Pb, Zn) Faddein-Kelya deposit of
complex ores (Au, Cu, Pb, Zn) with superimposed uranium mineralization.

A number of Proterozoic intrusions cut the Archaean basement of the Karelian craton.

Near the Raahe-Ladoga domain, small mafic intrusions are mostly of Jatulian and Ludicovian
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age. Apophyses of the Lower Riphean Rapakivi Salmi massif intrude the Karelian craton as well
as the adjacent Raahe-Ladoga domain; the Ulalegi massif is the larest of these intrusions.
Farther to the south the Precambrian rocks of the Karelian craton are concealed by the

Vendian-Paleozoic sediments of the East-European platform.

1.2. The Raahe-Ladoga domain.

1.2.1. Tectonic and metamorphic structure.

The Raahe-Ladoga Zone (known variously as the Ladoga-Bothnian belt or zone, the
Svecokarelian fault zone, or in Sweden as the Luled-Jokkmokk zone) is an elongated narrow
tectonic belt between the Archaean Karelian and the Paleoproterozoic Svecofennian cratons
(Appendix to Part 1, fig. 1). The zone can evidently be traced southeastward from the
Caledonian thrust front in Norway, as far as the southeastern Ladoga region, where it disappears
beneath the East-European platform cover. However, Raahe-Ladoga Zone can be traced by
geophysical means both further to the NW beneath the Caledonides and to the SE as far as the
Rybinskoe reservoir. The width of the Raahe-Ladoga zone varies, but in the Ladoga region it
reaches 70-90 km. In the northern Ladoga region, the northeastern boundary of the Zone is
defined by the Janisjarvi fault, while the southeastern margin corresponds to the Meeri Thrust.
In the southeastern part of the Ladoga area the precise location of the boundary is uncertain, due
to deep burial beneath Riphean-Paleozoic sediments. It is worth noting here that Skorospelkin
(2002) proposed locating this margin further to the west, to including the Pasha Graben entirely
within the Raahe-Ladoga domain.

The deep crustal structure beneath the Raahe-Ladoga zone in the Ladoga region is
characterized by steep NE-dipping features, beneath the Karelian domain. Isotopic indications of
contamination of different intrusions located in the Northern Ladoga area (the Salmi massif, the
Valaam sill) by Archaean material suggest that the Archaean lithosphere underlies
Palaeoproterozoic one in this area (R&mo, 1991 and 2001; Amantov et al., 1996).

The crustal thickness is 45 km in average, with a tendency to thicken westwards. Instead
of a granitic composition, the upper crust is mainly dioritic (Appendix to Part 1, fig. 4), while a
mafic layer is distinguished below 35 km (Shustova, 1997).

The upper 15-20 km is composed of heterogeneous metamorphosed rock units of
Archaean and Palaeoproterozoic age. In the Raahe-Ladoga domain, the metamorphic grade of
the basement units tends to increase from greenschist facies (quartzites) in the Janisjarvi

pericratonic depression to upper amphibolite facies (garnet-cordierite gneiss), close to the Meeri
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thrust zone at the border of the Svecofennian domain (fig. 1.1). The following characteristic
mineral paragenesises have been distinguished within the different metamorphic zones of the
Northern Ladoga area (Baltybaev et al., 2000):

1) greenschist facies — Bt+Chl+Qtz+PI+KFsp+MstGrt;

2) staurolite subfacies — Bt+Qtz+Pl+Ms+St+And+Grt+Cum;

3) biotite-sillimanite subfacies — Grt+Bt+Qtz+PI+Sil +Ms;

4) garnet-cordierite subfacies — Grt+Bt+Qtz+PI+Crd+Sil.

The Raahe-Ladoga domain can be subdivided into several structural units as follows,
each with its own specific geological features: the Janisjarvi syncline, the Ruskeala anticline, the
Salmi massif, the Sortavala, Ljaskelja, Impilakhti-Pitkjaranta and Svir blocks (Appendix to Part
1, fig. 2 b).

Quartzites,
sericite-chlorite schists

Biotite-chlorite schists

Garnet/staurolite and
andalusite-biotite schists

Sillimanit-muscovite
and ortoclase gneiss

Garnet-cordierite gneiss

Garnet-cordierite,
ortopyroxene granulites
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Figure 1.1. Map of metamorphic zoning of the Northern Ladoga area.

The Janisjarvi syncline (depression) is a pericratonic trough between the Ruskeala and
Janisjarvi fault zones, at the southwestern margin of the Karelian domain. It consists mainly of
Kalevian sediments of low- to intermediate metamorphic grade (Ladoga group, Kontiosaari,
Naatselka, Pyalkjarvi, Hunukki, Velimyaki suites). In the pericratonic zone several separate
depressions occur, separated by domal axial culminations exposing basement gneisses and
granitoids. The cover rocks within the Vyartselya, Maloye Janisjarvi and Leppyasurja
depressions consist of Jatulian (Jangozero and Tulomozero suites) and Ludicovian (Sortavala

group, Soanlakhti suite) terrigenous and shallow marine deposits and mafic volcanogenic rocks,
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with relatively low metamorphic grade. The axis of the trough generally trends NW-SE with an
increasing thickness towards the SE, with some deflection in its southeastern part around the
basement uplift between the Kokkoselka dome and the Leppyasurja horst of the Karelian
domain. East from this uplift, the axis of the trough dips towards the south-east until it is
truncated by the Salmi granite intrusion. The NE limb of the syncline dips to the SW at an angle
of 70-80° and is complicated against the Leppyasurja domal culmination, where dips are less
steep, being to the south at angles from 45° to 70°. The SE limb is steeply overturned, with a dip
of 60-80° to the southwest. There are many local elongated synclinal and anticlinal folds of
different size (up to 1x10 km) along the trough, mostly trending NW-SE. A large N-S trending
syncline (5-7 km across) occurs in the vicinity of the eastern shore of Janisjarvi Lake. East from
the Kokkoselka-Leppyasurja uplift, the wavelength of local folds increases and strike trends
become more E-W. In the vicinity of the Salmi massif, the folding is very complex, with strong

variations in fold trend and plunge.

The Ljaskelja block is a tectonic inlier located along the continuation of the Jalonvara
greenstone belt of the Karelian craton and is bounded to the west by the meridional Janisjoki
Fault, and to the east by the Kokkoselka Fault. Where outcropping the block is composed of
Ladoga group flysch formations (mainly metaturbidites, with some additional taphrogenic
material). Metamorphic grade increases towards the shore of Ladoga Lake, and mafic to
intermediate volcanics with increased alkalinity occur, including the Velimyaki gabbro-

monzonite-diorite and the Impiniemi granitoid massifs in the southern part of the block.

The Ruskeala anticline strikes NW-SE along the fault zone of the same name with a
southwards deflection in its southern part. The hinge zone is structurally complex, although
plunges are generally to the NW. The anticline is steeply overturned, with both limbs dipping
60-80° to the south-west. The anticline has a length of about 35 km and a width of 1.5-6 km. Its
core is composed of Ludicovian carbonate and volcanogenic formations (Archaean gneisses are
inferred to be present at the base), with overlying Kalevian sediments and volcanics preserved
on the limbs. Some narrow smaller synclines (mainly striking NW-SE, with limbs dipping 10-
80°) composed of Kalevian sediments occur in the central part of the Ruskeala anticline. The
Kalevian sediments on the anticline limbs are intensively tectonized and folded in the vicinity of

the Matkaselka and Kaalamo intrusive complexes.
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The Sortavala and Impilakhti-Pitkjaranta blocks are characterized by the presence of
numerous domal structures composed of Archaean-Palaeoproterozoic gneisses and
amphibolites. There are a total of about 20 domes in the Northern Ladoga area, varying in size
from 0.3-0.5 to 8-10 km?; the domes tend to decrease in size and become more closely spaced
towards the SE. With a few exceptions, notably Kirjavalakhti and Jokiranta, the domes are
elongated in a meridional direction. NE-directed stresses during convergent deformation
resulted in inverted (60-85°) dips of the northern contacts of many of the domes, particularly
within the Sortavala block. Conversely, southern contacts usually dip to the south at highly
variable angles (40 to 85°).

Dome uplifts are surrounded by Ludicovian strata (Sortavala group, Pitkjaranta suite
carbonate, volcanogenic and subordinate terrigenous rocks). The Kalevian terrigenous
formations (Ladoga group) occupy the interdome synformal depressions. In the Impilakhti-
Pitkjaranta block they comprise a rather monotonous rock association of metapelite and
metapsammites with rare intercalations of carbonate schist (Impilakhti suite). In the Sortavala
block, the Kalevian association is complicated by late folding and metamorphism and its
subdivision is tentative. In the present work they are therefore classified as an undefined Ladoga
group. Metamorphic grade increases from NE to SW in both blocks, but in the Sortavala block
the grade is higher, up to garnet-cordierite gneiss near the Meeri thrust zone. Ductile
deformation in the Impilakhti-Pitkjaranta block is manifest as synclinal-anticlinal fold pairs
concordant with the domes and by complex deformations in other tectonic zones. Within the
Sortavala block, isoclinal folds and other cover structures with a general NE vergence are
typical, and not merely restricted to the vicinity of domes.

There are numerous small intrusions of the Svecofennian synorogenic granodiorite at
Impiniemi and of the late-orogenic leucogranitic Pitkjaranta complexes in the Impilakhti-
Pitkjaranta block. Moreover, the eastern part of this area is occupied by the Lower Riphean
Salmi granite intrusion, with numerous related pegmatites, skarns and greisen. The Lower-
Middle Riphean Hopunvaara gabbro-diabase stock also occurs in the eastern part of this block.
Numerous Svecofennian orogenic intrusions of varying composition are present within the
Sortavala block, the most significant being the Kaalamo pyroxenite-gabbronorite-diorite
complex and the Matkaselka and Latvasursky granite complexes. A Riphean gabbro-diabase
dyke complex occurs in the Sortavala area. Migmatization and granitic veins are widespread in
both blocks, but are more typical of the southern part of the Sortavala block, within a zone of

high-temperature metamorphism near the Meeri thrust.
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The Salmi basin occurs in the southeastern part of the Impilakhti-Pitkjaranta block. The
basement of this depression consists of the same kinds of metamorphic rock units described
above, in part intruded by the Lower Riphean Salmi rapakivi granite massif. VVolcanogenic and
sedimentary basin fill will be described in the section below devoted to the Riphean basin and in

Chapter 2 devoted to the Karku deposit.

The Svir block is covered with Vendian and in part Palaeozoic sediments and
consequently its structure is uncertain. It is supposed to be similar to the Impilakhti-Pitkjaranta
block, differing only in that Ludicovian rocks are more extensively developed. The Riphean
Pasha graben is present in the southwestern part of the block. According to geophysical and
drilling data, crystalline units beneath the Pasha graben sediments are partly cut by the Oyat
granite intrusion, which is assumed to correlate with the Lower Riphean rapakivi intrusions. The
southern part of the Svir block corresponds to a fault zone concealed by the Riphean and
Vendian and Paleozoic sediments. According to Skorospelkin (2002) the boundary between the
Raahe-Ladoga and the Svecofennian domains in the southern Ladoga area would be 20-30 km to

the southwest of the Pasha graben.

The Salmi rapakivi massif, which occupies a significant part of the north-eastern part of
the Ladoga region, will be described below, in the section devoted to the magmatism.

1.2.2. Lithology.
The lowermost structural levels of the Raahe-Ladoga domain are represented by specific

granite-gneiss domes. The most typical rock types within the domes are gray plagiogranite-
gneisses and pink plagioclase-microcline granite-gneiss. Archaean isotopic ages of 2.7 Ga have
been obtained for zircons from gneisses within the domes (Tugarinov and Bibikova, 1977).
There are also diverse Palaeoproterozoic rocks within the domes, including abundant concordant
and discordant amphibolite bodies; Svecofennian granites and migmatites are widespread as
well. The proportion of Archaean to Palaeoproterozoic material varies from dome to dome and
has not been quantitatively defined. Therefore the granite-gneisses of the domes are usually
referred as undifferentiated Archaean-Palaeoproterozoic.

The lowermost Palaeoproterozoic crystalline units occur along the pericratonic Janisjarvi
fault zone where they overlie Archaean basement of the Karelian domain, either unconformably

or with tectonic contact. In the study area they are present in several separate depressions,
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namely (from NW to SE) the Vyartselya, Maloye Janisjarvi, Leppyasurja and Tulomozero
depressions. At the very base of the succession, a thin layer (< 50 m) of conglomerates,
inferentially of Sariolian age (Seletskaya suite) is locally present. These rocks are overlain by
Jatulian formations of the Onega group, which in this area consists of two units: the lower
Jangozero and upper Tulomozero suites. The Jangozero suite (thickness up to 800 m) is
composed of quartz conglomerates, quartzites, and in the upper part, arkoses. The Tulomozero
suite (up to 200 m thickness) consists of dolomites, dolomitic marbles, phyllites and tholeiitic

basalts.

Ludicovian units of the Raahe-Ladoga domain are presented by the Soanlakhti and
Pitkjaranta suites of the Sortavala group. These suites are considered as coeval and lateral
correlatives, but represent different facies and compositions, deposited in different areas.

The Soanlakhti suite overlaps eroded Jatulian formations in the pericratonic zone along
the Janisjarvi fault. It consists of chlorite-mica schists with dolomitic interlayers. Carbonaceous
(graphite) schist intercalated with mafic lavas occurs in its upper part. The total thickness of the
suite is up to 950 m.

The Pitkjaranta suite occurs to the south of the Janisjarvi syncline, surrounding the
granite-gneiss domes and forming the core of the Ruskeala anticline. It tends to decrease
southwards in thickness, from a maximum of more than 1900 m to the north of the Kokkoselka
dome and in the central parts of the Ruskeala anticline, but less than 600 m along the northern
shore of Lake Ladoga. Further south, in the area surrounding the Karku deposit, the Pitkjaranta
suite has a thickness of about 180 m only. Four subsuites have been recognized, (Akromovskii
et al., 2000), the first of which directly overlies the Archaean-Palaeoproterozoic gneisses of the
domes. However, due to overprinting by deformation and metamorphism, the precise nature of
the contact is obscure, although the lowermost sediments consist of arkosic metapsammites. The
uppermost part of the first subsuite is composed of carbonate rocks (also referred to as the
“lower carbonate horizon”), with some volcaniclastic intercalations. The second and third
subsuites are composed of volcanogenic rocks (ortho-amphibolites), separated from one another
by an interval of carbonate schist. Rare intercalations of siliceous and graphite-bearing rocks
occur between volcanogenic units. The fourth, uppermost subsuite is composed of carbonate
rocks interbedded with mica-amphibole and biotite-quartz schists, locally containing graphite

(“upper carbonate horizon™).
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The Kalevian formations are represented by terrigenous sediments of the Ladoga group.
Sedimentation occurred during lower Kalevian, until about 1.89 Ga, when orogenic deformation
commenced, followed by uplift According to different estimates, the total thickness of the
Kalevian supergroup varies from 3 000 (Akromovskii et al., 2000) to 10 000 m (Ojakangas et
al., 2001). The sediments occupy synformal depressions between domes and are generally
interpreted as metaturbidites. Basal conglomerates of the pericratonic depression on the
northeastern limb of the Janisjarvi syncline indicate a cratonic source for the Kalevian sediments
and their deposition at a rifted or passive continental margin.

There are two different types of Kalevian sedimentary sequences in the Ladoga group:
the Janisjarvi and the Impilakhti (Bogdanov et al., 2000) sequences. Correlation between them is
uncertain.

The Janisjarvi sequence was mapped mainly in the Janisjarvi syncline and in the
Ljaskelja block and consists of, in ascending order:

1. The Kontiosaari suite: quartz conglomerates, quartzites, overlain by quartz-biotite
schist, phyllite; total thickness = 400 m.

2. The Naatselka suite: coarsely rhythmic two mica schists, rarely quartzites; thickness
=1000-1150 m.

3. The Pyalkjarvi suite: finely rhythmic quartz-biotite schist. Garnet, staurolite,
andalusite, sillimanite and cordierite appear in the south with increasing metamorphic grade.
The thickness of the suite is 1150-1250 m.

The Impilakhti sequence was mapped between the gneiss domes in the Impilakhti-
Pitkjaranta block and consists of:

1. The Impilakhti suite with quartz-biotite, biotite schists (usually graphite-bearing),
quartzites with garnet-biotite schist interlayers. Rocks of this suite usually lack distinct rhythmic
layering. The thickness of the suite is 600-800 m.

2. The Hunukki suite with coarsely rhythmic quartzite-sandstones (coarse/fine grained
variations), with sporadic trachyandesite intercalations; the latter have been dated at 1883+6.7
(Bogachev, 1999). The thickness of the suite is 1000 m.

3. The Velimyaki suite is composed of metaturbidites, with variable grain size, from
gritstone to siltstone and argillite, metamorphosed to garnet- and staurolite-bearing schists.
Typically, rocks of the suite show graded bedding, with cross bedding, and slumping features.
Syngenetic breccias, neptunic dykes and metamorphosed limestone concretions are also present.
The thickness of the suite is 1200 m.
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Subdivision of Kalevian of northwestern part of the area is the subject of considerable
debate and is therefore classified in the present work as undifferentiated Ladoga group.

1.3. The Svecofennian domain.

The Meeri thrust zone defines the northeastern boundary of the Svecofennian domain in
the northwestern part of the Ladoga area; in the southern Ladoga area this boundary is buried
beneath a thick Riphean to Paleozoic sedimentary cover sequence. This boundary also coincides
with a change in structural style, with the typical domal structure of the Raahe-Ladoga zone
being absent from the Svecofennian domain. The continental crust in the Svecofennian domain
is entirely of Palaeoproterozoic age and no Archaean rocks have been found (Huhma, 1986).
The crust of the Svecofennian domain in the study area has a thickness of 45 km on average, but
is about 40 km thick beneath the Wiborg rapakivi massif (Haapala et al., 2005). There is no
sharply defined transition between the granitic and dioritic crustal layers, but it is considered
that the thickness of the granite layer is less in the northern part of the domain (Isanina et al.,
2001). Mantle upwelling, recognized in the northwestern part of the Ladoga Lake depression
(Gintov et al., 1987; Khazov et al., 2004), is responsible for the anomalous heat flow, occurring
in the Valaam archipelago area. Farther to the SW, a large part of the upper crust consists of the
rapakivi granites of the Wiborg massif.

In contrast to the metamorphic zoning of the Raahe-Ladoga domain, the regional
metamorphism associated with the Svecofennian domain is rather monotonous and corresponds
to high-grade amphibolite and granulite facies. Variations in metamorphic grade are however
locally present in local tectonically controlled retrograde deformation zones. Migmatized garnet-
bearing gneisses are the most typical rock types of the Svecofennian domain, with typical
prograde mineral paragenesis being: Grt+Bt+PlxKfsp+Qtz, Grt=Crd+Sil+Bt+PI+Kfsp£Qtz+Sp,
Grt+Opx+Bt+PI+Kfsp+Qtz. Retrograde assemblages typically contain Ms, And, Cm and Chl..
Less common rock types include hypersthene and two-pyroxene gneisses with biotite,
hornblende and (or) cummingtonite, hornblende and hornblende-cummingtonite amphibolites,
and calcareous rocks with variable paragenesis: CalctHbl+Cpx+CatGrt+Sc+Ep+TitxBt+PI(Lb-
Byt)+Qtz (Baltybaev et al., 2000).

Because of strong metamorphism and migmatization, the identification of the nature of
the protoliths and their stratigraphic position are very difficult. It is presumed that the crystalline
formations of the Svecofennian domain are related to Kalevian sedimentation (not earlier than
1.89 Ga) (Shuldiner et al., 1999).
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Based on observed differences in basement lithological composition, the Svecofennian
domain can be subdivided into two parts: the northern and the southern parts, usually referred to
as the Lahdenpokhya and Priozersk subdomains correspondingly, separated by the NW-trending
Priozersk fault (Shuldiner et al., 1999; Baltybaev et al., 2000). Because the present review also
includes the Southern Ladoga area, which is covered by more than 250 m of Vendian and
Paleozoic sediments, different terminology will be used here; accordingly the northern
subdomain is called Lahdenpokhya-Hiitola, while the southern is the Petersburg subdomain.

The Lahdenpokhya-Hiitola subdomain

The northern boundary of the Lahdenpokhya-Hiitola subdomain corresponds to the
Meeri thrust zone. Svecofennian formations have been overthrusted onto the heterogeneous
basement of the Raahe-Ladoga domain and underwent intensive migmatization. The southern
boundary of the Lahdenpokhya-Hiitola subdomain is the Priozersk fault. According to the deep
seismic data, there is a mantle upwelling under this subdomain (Gintov et al., 1987; Khazov et
al., 2004). The basement in the southwestern margin of the Pasha graben and in the Southern
Ladoga region may also possibly be correlated with the Lahdenpokhya-Hiitola subdomain.

The Lahdenpokhya-Hiitola subdomain is composed of undifferentiated Ludicovian-
Kalevian Lahdenpokhya gneisses and migmatites. On this basis of lithological similarities, these
rock units are considered to mainly correlate with the Kalevian Ladoga group of the Raahe-
Ladoga; relict rhythmic sedimentary layering can be distinguished and subordinate calc-alkaline
volcanics occur. The main differences are the higher grade of metamorphism (up to low-
pressure granulite facies) and predominance of greywacke with a calcic-sodic trend (Baltybaev
et al., 2000). Intensively folded metabasalts discovered in the southern part of the subdomain
have been interpreted as belonging to an ophiolite complex (lvanikov et al., 1999).
Migmatization is widespread, especially close to the Meeri thrust zone. A sodic composition for
the migmatites is typical. Svecofennian early- and syn-orogenic I-type intrusions are more
abundant in the Lahdenpokhya-Hiitola subdomain, whereas late- and post-orogenic intrusions
are more common in the Petersburg subdomain (Baltybaev et al., 2000).

Based on variations in rock composition, the Lahdenpokhya-Hiitola subdomain is
subdivided into two blocks: the Lahdenpokhya (southeastern) and the Isojarvi (northwestern)
blocks (Appendix to Part 1, fig. 2 b). They are also well differentiated in gravimetric field: the
Isojarvi block has a lower density (“felsic”) character, whereas the Lahdenpokhya block is more

heterogeneous with high-density domains corresponding to the North-Western Ladoga mantle
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upwelling and a more localized local low-density anomaly corresponding to the Tervus granite
massif (Appendix to Part 1, fig. 5). The NE-SW trending Elisenvaara fault separates these two
blocks.

The metamorphic complex of the Lahdenpokhya block is subdivided into 5 granulite-
gneiss suites, based on the diagnostic presence of: biotite, garnet, diopside-biotite, diopside-
garnet, cordierite and hypersthene-garnet. Biotite and garnet gneisses are derived from
terrigenous clastic rocks and subordinate felsic volcanics; from the latter rocks, an isotopic age
of 1883.3t6.6 was obtained (Baltybaev et al., 2004). Diopside-bearing gneisses have had
terrigenous and carbonate protoliths. The cordierite-bearing suite is composed of peraluminous
gneisses, always with two feldspars and variable contents of cordierite, garnet, sillimanite and
biotite. Hypersthene-bearing rocks correspond to metamorphosed volcanics of mafic and
intermediate composition, and subordinate metagreywackes. It is assumed that the hypersthene-
garnet suite is composed of younger rocks compared to the Northern Ladoga Kalevian
formations, since it mainly consists of metavolcanics, for which no analogous rocks are found in
the classical Ladoga group (Bogachev, 1999).

The Isojarvi block is the less studied because of poor exposure and its proximity to the
national frontier. In contrast to the rock units of the Lahdenpokhya block, those of the Isojarvi
block are less metamorphosed and migmatized and include sandstones, volcaniclastic deposits,
carbonaceous aleurolite and quartzite, skarns, basalts and andesites, metamorphosed in upper
amphibolite facies. In the southern part of the Isojarvi block metabasalts have been attributed to
an ophiolite complex. In the adjacent Finnish territory, mica schist and gneiss alternating with

amphibolite, felsic volcanics and graphitic schists have been mapped (Bogachev, 1999).

The Petersburg subdomain.

This subdomain occupies the western and southern parts of the Ladoga region and
continues into Finland (the Tampere zone).

Although crystalline rocks of this subdomain are considered as of Kalevian age, rock
characteristics differ from the contemporaneous sequences of the Northern Ladoga domain. The
metamorphic grade in general corresponds to upper amphibolite and granulite facies with local
evidence of diaphthoresis. Primary depositional features are no longer preserved and highly
calcareous rocks and metavolcanics are absent. Typical rocks are metapelites and moderately
aluminous metapsammites with distinctly potassic compositional trends. An isolated occurrence

of marble is present near the NE contact of the Wiborg rapakivi massif. In contrast to the
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Lahdenpokhya-Hiitola subdomain, migmatites in the Petersburg subdomain are predominantly
of potassic composition. A characteristic feature of this subdomain is the abundance of
Svecofennian late-orogenic S-type granite intrusions. Post-orogenic intrusions are also common
in the Petersburg subdomain, whereas early- and syn-orogenic I-type Svecofennian intrusions
are less typical (Baltybaev et al., 2000). The extensive Lower Riphean Wiborg rapakivi massif
occupies the southwestern part of this subdomain, intruding and underlying Palaeoproterozoic
rock units for a distance up to 20 km from its exposed contact. The Riphean Priozersk and
Simagino depressions occur in the western part of the subdomain, while the Pasha graben is
located further to the southeast.

The Petersburg Subdomain can be subdivided into three blocks separated by E-W
striking fault zones which are from the north to the south: the Priozersk, Vyborg and Southern
blocks.

Adjacent to the Lahdenpokhya-Hiitola subdomain the Priozersk block is characterized by
a high metamorphism grade (high temperature and low pressure granulites), the presence of
short but thick bodies of orthopyroxene gneisses near its northern border and the prevalence of
late-Svecofennian potassic granites.

The metamorphic grade of the basement rocks decreases toward the south; in the Vyborg
block it corresponds to upper amphibolite facies. It is assumed that this block was downfaulted
relative to the Priozersk one by the E-W striking Sukhodolje tectonic zone. Another indication
of this displacement is the lower degree of erosion of the granite intrusions in the Vyborg and
Southern blocks; the upper contacts have been recognized in drill cores in these areas (Caillat et
al., 2002).

The Southern block is completely covered with a thick (> 250 m) succession of Vendian
to Paleozoic sediments and its geological structure is therefore less well studied. Crystalline rock
units resemble those of the Vyborg block and mainly consist of greywacke and pelite
metamorphosed to upper amphibolite facies. The easternmost part of the block (east of the SE
continuation of the Priozersk fault) is composed of less metamorphosed biotite schists. Late
Svecofennian potassic granite intrusions in this area are represented by the Polyany and
Chaplinsky complexes, the former being an analog of the Kuznechensky complex., The
Chaplinsky granites, located further to the east, are more leucocratic and are comprise small
intrusive bodies, probably analogous to the intrusions of the Matkaselsky complex. Gravimetric
data show that they represent apophysis of deeper intrusions (Skorospelkin and Dolgushina,

2004). Correlation with other blocks is difficult. Its western part is assumed to be an analog of
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the Vyborg block whereas the eastern part has been considered as either a continuation of its
western part (i.e. Vyborg block), or as the western margin of the Raahe-Ladoga zone
(Skorospelkin, 2002).

1.4. The Riphean basins.
A key geological object of the region is the vast (120x200 km) Pasha-Ladoga

sedimentary basin, located at the intersection of the NW-SE and NE-SW trending faults of the
Raahe-Ladoga zone and the Baltic-Mezen belt respectively. The basin is elongated parallel to
the NW-SE trending faults which divide it into several uplifted and down-faulted blocks
(grabens). The NE-SW trending Vaskelovo fault separates the basin into two parts which
coincide with changes in the present day topography beneath Lake Ladoga as well as the
basement morphology beneath the Riphean sediments. In the northern part of Lake Ladoga, the
Quaternary surface topography is more dissected: numerous uplifts corresponding to islands
(mostly resulting from the Vallaam sill gabbro) are separated by deep (down to 230 m)
depressions with a NW trend (Rumyantsev, 2002). In general this relief reflects the Riphean
unconformity surface in the Northern Ladoga region. Topographic relief beneath the southern
part of the Lake Ladoga, which is underlain by Vendian to Cambrian sediments, is more
subdued, with water depths less than 70 m. The most significant elongated depressions coincide
to reactivated fault zones, mainly striking NW, representing continuations of the Priozersk,
Sortavala, Ruskeala and other faults of the Northern Ladoga region, although some have N-S
trends, being continuations of the Hautavaara and Jalonvara tectonic belts. The Riphean
unconformity surface in the Southern Ladoga area is more complex (Amantov et al., 1996),
including various steep down-faulted and locally uplifted blocks resulting from a combination of
faults with predominantly NW and NE trends. There are three trough-like depressions striking
NW beneath the eastern part of the lake; these combine further south into the Pasha graben,
which continues under the platform cover for about 70 km to the south (the exact SE boundary
of the graben is unknown). According to geophysical data, the total thickness of Riphean basin
formations in the southern part of the Lake Ladoga is up to 2000 m, whereas in its northern part
it is only 400-500 m.

The basin is filled with non-metamorphosed Riphean sediments and volcanites, lying
unconformably over eroded basement formations. Lobaev (2005) has given a detailed
description of the mineralogical and lithogeochemical characteristics of the Pasha-Ladoga basin

formations and some of the underlying rocks, therefore only brief summary will be given here.
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Most of the Riphean basin formations are either under Lake Ladoga, or concealed by
Quaternary till and Vendian-Palaeozoic cover, and are not exposed, except for a single outcrop
of Riphean basalts in the Tulema river rapids and several outcrops of sediments and volcanics or
sills on islands within Lake Ladoga (Amantov et al., 1996)

There are five land occurrences of Riphean sediments in the Ladoga region:

- three sub-basins within the Pasha-Ladoga basin: the Priozersk, Salmi, and Pasha,

sub-basins (depressions) located to the NW, NE and SE from the Ladoga Lake;

- the Ulja-Risti and Simagino depressions (basins), separated from the major basin and

located to the NE and W respectively.

All these depressions, except the Pasha graben, are quite shallow, with the total thickness
of the Riphean sequence being less than 400 m. The Pasha graben is a steeply bounded trough
60 km in width (the widest part being at the Ladoga Lake coastline) and about 70 km length
(from the Ladoga Lake coastline to the poorly defined south-eastern margin). The graben is
bounded by the Ruskeala and Priozersk faults, with a total preserved thickness of the Riphean
sequence up to 1600 m. There is a local narrow tectonic uplift in the axial part of the graben.

It is probable that the original extent of the Riphean sedimentary basin was much greater;
evidence to support this idea is given by the apparent parallelism of the Riphean layers imaged
in the seismic data (Amantov et al., 1996). Indirect evidence for an initial upper level of erosion
is the existence of swarms of Middle Riphean dykes in northeastern (Salmi massif) and
northwestern (Sortavala area) parts of the Ladoga region.

Before describing the Riphean basin sequence, it is necessary to clarify some
uncertainties with respect to stratigraphy. Traditionally (Bogdanov et al., 2000; Caillat et al.,
2002; Skorospelkin, 2002), formations of the Pasha-Ladoga basin have been regarded as of
Middle-Upper Riphean age, which means that sedimentation took place between 650 and 1350
Ma. However, age determinations from basaltic flows within the Salmi depression (1499+68
Ma, Sm-Nd analysis, Bogdanov, 2003) and of gabbro from the Vallaam sill, which intrudes
basin sediments (1457+2 Ma, U-Pb dating of baddeleyite by Ra&mo et al., 2001) demonstrate that
most of the sediments were instead deposited during the Lower Riphean. Accordingly, the
present study adopts this revised age for the Riphean sequence, based the above results, as well
as new data reported below from Riphean-hosted uranium mineralization. The previous
stratigraphic subdivision will nevertheless be referred to as well.

The oldest Riphean sediments of this region are found in the Simagino depression (it is a

conventional name proposed by author, because of absence of an official one). It is a narrow
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trough located to the west of the area and closely related to a NW-trending fault. According to
data from several drillholes, the trough is filled with quartzose sandstones and tuffaceous shales
of uncertain stratigraphic affinity. Some researchers correlate these rocks with the Hoagland
suite, which is, in turn considered to be Lower Riphean (Akromovskii et al., 2000) or Vepsian
(Skorospelkin, 2002). Alternatively, it may be correlated with the Priozersk suite (Caillat et al.,
2002)The former alternative is preferred here because the Simagino depression rocks differ from
all other units in the Pasha-Ladoga basin yet seem to be resemble stratotype of the Hoagland
suite on, which takes its name from the island in the Gulf of Finland (Suursaari island in
Finnish). The quartz- and feldspar phyric porphyry at the base of the Hoagland island sequence
has an age of 1640+11 and 1638+4 Ma (Belyaev et al., 1998). The sediments referred to the
Hoagland suite locally overlie the Wiborg rapakivi massif and consequently were deposited after
1615 Ma (Puura and Flodén, 1999).

The basal unit of the Riphean sequence of the Pasha-Ladoga basin is known as the
Priozersk suite (traditionally attributed to Middle Riphean) (Appendix to Part 1, fig. 6). It
consists of pink or beige quartz-feldspar coarse-grained sandstones, some gritstones, with local
basal conglomerates and rare lenses of siltstone and mudstone. The thickness of the Priozersk
suite varies from up to 250 in the Priozersk depression in the Western Ladoga area, to over 450
m in the Pasha graben, while in the Salmi depression it is less than less 80 m thick. The Ulja-
Risti depression, located to the NW of the Salmi depression is very small (less than 2 km? in
areal extent) and is inferred to contain Priozersk suite sediments, although the paucity of drill
hole data make this difficult to confirm. The mean uranium content of the Priozersk suite
sediments is 3.6 ppm, although it varies considerably at different localities, being 5.2 ppm in the
Salmi depression, 2.5 ppm in the Priozersk depression, and 2 ppm in the Pasha graben
(Skorospelkin, 2002).

In the Salmi and Pasha depressions, the Priozersk suite is overlain by the Salmi
volcanogenic and sedimentary suite of Lower Riphean age (previously assigned to the Middle
Riphean). The Salmi suite consists of two horizons of sub-alkaline basalts (the lower layer has
also been assigned to the Priozersk suite, Skorospelkin, 2002), separated by a layer of quartz-
feldspar sandstone. The total thickness of the suite in the Salmi depression is up to 250 m; in the
Pasha depression the thickness is less certain, presumably about 300 m. Uranium abundances in
Salmi sediments are on average 4 ppm, compared to 1 ppm in the basalts (Skorospelkin, 2002).

The Salmi suite is overlain by the Pasha terrigenous suite, which attains a thickness of

290 m in the Salmi depression, compared to only 150 m in the Pasha graben. In the Salmi
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depression the sequence consists of interbedded quartz-feldspar sandstones, siltstones and
mudstones with fine-grained varieties predominating. Coarse-grained sediments are more typical
in the Pasha graben. The average content of uranium in the Pasha suite sediments is 3.6 ppm
with enrichment up to 5.6 ppm in argillite layers (Skorospelkin, 2002).

In the Priozersk depression the Priladojskaya suite overlies the Priozersk sandstones and
has a thickness up to 250 m. The age of the suite is uncertain, though more likely Middle than
Upper Riphean. The lower part of the suite starts with a thick layer of basal conglomerates,
followed by interbedded quartz-feldspar sandstone, siltstone and mudstone. The middle part of
the sequence is composed of carbonate rocks (limestone and dolomite) with terrigenous
interlayers, while the upper part of the suite is composed of sulfide-bearing gray-green siltstone
and mudstone.

The Jablonovskaya suite overlies the Priladojskaya suite. In addition to the Priozersk
depression, this unit is also locally present at the bottom of E-W trending depressions
(corresponding to fault zones) in the western and central part of Lake Ladoga (Amantov, 1992).
The sequence is composed of coarse-grained polymictic sandstones and tillite-like rocks. The
age of the sedimentation is tentative, being either Upper Riphean (Caillat et al., 2002;
Mikhailov, 2004), or more probably Lower Vendian, and was in part deposited during a glacial
episode (V1 Volyn series) (Amantov et al., 1996; Akromovskii et al., 2000). Such sediments are

also quite typical in the late Precambrian depressions of the Eastern European platform.

1.5. The platform cover.

The southern half of the region is covered by sediments of the East European platform,
which form a monocline sequence dipping gently to the SE. The boundary between the uplifted
Baltic Shield and the downfaulted East European platform occurs along the Baltic-Mezen
tectonic belt, although no evident post Lower Vendian displacements have been identified along
this zone — the platform sediments are essentially flat and undisturbed here (Amantov et
al.,1993).

The lower unit of the platform cover sequence is composed of Upper Vendian sediments.
They unconformably overlie lateritic paleoregoliths that developed over the basement and the
Riphean formations. The basal unit is named the Redkino horizon (Akromovskii et al., 2000),
although it is also sometimes known as the Gdov horizon (Skorospelkin, 2002). The lower part
of the horizon consists of polymictic sandstone (up to 7 m thick), which is enriched in uranium

to values of up to 1900 ppm. This sandstone is overlain by clays, which are sometimes
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bituminous and pyrite-bearing (thickness 20-40 m). The Kotlin horizon overlies the Redkinsky
unit; it has a similar composition but is up to 225 m thick.

The Palaeozoic sequence in the study area comprises Cambrian, Ordovician, Devonian
and Carboniferous sediments. Lower Cambrian sediments conformably overlie Upper Vendian
rocks and are mainly composed of clays with subordinate sandstone intercalations, and have a
total thickness up to 140 m. There was a brief hiatus before deposition of Middle and Upper
Cambrian sandstones, with intercalated clay layers. The thickness of these sediments is up to 30
m. The Lower Ordovician sequence is up to 32 m thick and is composed of sandstone and
uranium-bearing Dictyonema shales (Tremadoc stage, Pakerortsky horizon), overlain by with
glauconitic sandstone, clay, marl and limestone (Arenigian stage). The Middle Ordovician
(Llandeilo stage) is represented by clay, marl and limestone with a thickness of up to 12 m.
Upper Devonian sediments unconformably overlie the Ordovician rocks and consist of
sandstone, clay, limestone, marl and dolomite of the Frasnian age. Carboniferous sandstone,

siltstone, clay, limestone and bauxite occur in the very SE of the considered area.

1.6. Quaternary.

Quaternary sediments cover about 80% of the northern part of the Ladoga region and the
entire southern part, with an average thickness of 30-35 m (up to 200 m in local depressions).
There are no natural outcrops of Vendian or Paleozoic sediments, but basement rock units are
relatively well exposed in the Northern Ladoga area. There are also a few outcrops of the Pasha-
Ladoga basin Riphean formations in the Northern Ladoga area.

The Quaternary sequence consists of two layers of glacial and lake-glacial sediments
separated by an interglacial horizon of bituminous clay and sand. The last moraine is dated at 21
880110 and 21 140+150 years (Ekman et al., 1991). Recent soil formation has occurred on top

of the moraine deposits.

1.7. Magmatism.

Magmatic rock units preceding the Svecofennian orogeny are confined to the Karelian

and Raahe-Ladoga domains.
The earliest well-preserved record of magmatic activity occurs in the granite-greenstone

belts of the Karelian craton. Andesite-basalt and dacite metavolcanics of the Jalonvara trough
(2995-2865 Ma, Rybakov and Golubev, 1999) were intruded by the Jalonvara granitoid massif,
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which is dated at 2600+90 Ma (lvaschenko and Ovchinnikova, 1988) and forms a NW-oriented
elongate stock about 15 km? in extent, accompanied by numerous NW-striking granite dykes.
The intrusion consists of multiphase and composed of: diorite and granodiorite, granite,

porphyritic leucogranite, dacite and rhyolite (Ivaschenko and Lavrov, 1994).

The granite-gneiss domes of the Northern Ladoga region represent a specific group of
rock units of with uncertain origin. Traditionally, all granite-gneiss domes of the Northern
Ladoga area have been interpreted as autochthonous Archaean basement windows (Trustedt,
1907; Krats, 1963) or as allochthonous thrust sheets of Archaean basement (Sudovikov, 1954).
Eskola (1948) proposed a the conception of diapir-like domal uplifts consisting of remobilized
ancient granitoids. The youngest granites in the domes were attributed to syn-orogenic
Svecofennian granitization (Saranchina, 1972; Nikolskaya and Gordienko, 1977). According to
the research in recent decades, the central cluster of domes (Kirjavalakhti, Jokiranta,
Kokkoselka, Impilakhti etc) are composed predominantly of Archaean protoliths (60-70 %),
whereas those in the domes of the NW part of the study region (NW of Sortavala block) and
Pitkjaranta district (Luppico, Ristiniemi, Uuksa etc) have greater proportions of
Palaeoproterozoic components (Bogachev, 1999). In the present study, the domes to the NW of
the Sortavala block are correlated with the early-orogenic Svecofennian Jakkima intrusive
complex (see below), as also indicated on the most recent edition of the geological map of this
area (Stepanov et al., 2006). The domes of the NW Ladoga area are nevertheless still classified
as an undifferentiated Neoarchaean-Palaeoproterozoic (AR,-PR;) granite-gneiss complex
comprising tonalitic and plagioclase-microcline granitic gneisses, gneissic granites and
subordinate amphibolites. Intensive migmatization is typical. Pegmatites and pegmatoids are
widespread especially in the domes at the periphery of the Northern Ladoga area. Granitoids of
the domes are of this area include migmatites and anatectic granites combined under the name:
Kokkaselsky granite-migmatite complex and referred to a formation. There are two main rock
types in this complex:

- Pinkish gray to gray fine- to medium-grained, occasionally porphyritic biotite
plagioclase-microcline gneissic granites, strongly recrystallized, sometimes blastomylonitic,
with patches of pink pegmatoid granites in which biotite has altered to chlorite.

- Light-red medium-grained granites with less evidence of recrystallization and
containing segregations of pink-gray and gray granites, with ovoid enclaves (skyalithes) of

gneiss. Pegmatoid granite segregations and coarse-grained pegmatite veins are also typical.
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A trend towards U and Th enrichment in the gneisses and granitoids has been
distinguished toward from the central set of domes to its periphery (fig. 1.2). This might be due
to the different intensity of anatexis during the Svecofennian orogeny, which was stronger in the
peripheral domes, as is evident from the abundance of anatectic granites. It is significant too,
that the Th-U ratio increases in the Impilakhti, Korinoya-Pitkjaranta and especially Mursula
domes. Because these domes (and notably the Mursula dome) contain abundant uranium
occurrences (mostly related to the intradome granites), this can be interpreted as result of the

uranium redistribution during anatexis.

The earliest generation of pegmatites distinguished in the Northern Ladoga area is also
considered to predate Svecofennian orogenic processes, occurring. They form thick veins inside

the granite-gneiss domes, folded concordantly with enclosing metamorphic host rocks.

west east
U Th
Th/U
4 20
3 15
2 10
1 5

L J K I M KP U

Figure 1.2. U and Th contents in the rocks of the granite-gneiss domes of the Northern Ladoga
area (compiled from Gavrilenko, 1990; Grigorieva, 1977; Korotaev et al., 1978).
Empty circles — granite-gneiss, filled ones — granite. Names of the domes: L — Latvasurje, J —
Jokiranta, K — Kirjavalakhti, | — Impilakhti, M — Mursula, KP — Korinoya-Pitkjaranta, U —
Uuksa. Location of the domes see in the Appendix to Part 1, fig. 2 b.

The Jatulian magmatic rocks occur along the pericratonic Janisjarvi fault zone and are
called the Vyartsilya-Kiihtelusvaara belt (Pekkarinen, 1979; Kolbantsev, 1994). They are
represented by the mafic volcanites of the Tulomozero suite and gabbro-dolerite dykes. These
dykes are mostly of Upper Jatulian age — 2150+60 Ma (Akromovskii et al., 2000), although it is
possible that the latest ones could be Ludicovian, Kalevian and, perhaps, Riphean too. Some of
the dykes that are restricted to the Karelian craton may also be older, of Sumian and Sariolian

age.
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The Ludicovian magmatism is related to the rifting and extensional events that preceded
Svecofennian orogenic deformation. Three magmatic complexes are distinguished (Bogachev,
1999):

1) trap metabasalts;

2) high-magnesium basalts and picrites;

3) ophiolite gabbro-basalts.

Metabasalts (orthoamphibolites) form the major part of the Sortavala group and consist
predominantly of Fe-rich tholeiites, with magnesian basalts being less common. More silicic
differentiates, corresponding to andesites, have been found at the northern margin of the
Kirjavalakhti dome. Mafic sills and dykes co-magmatic with the basalts occur inside the granite-
gneiss domes. Their primitive composition, relatively low REE content and uniformly negative
eng demonstrate that these basalts were derived from depleted mantle magmas contaminated
with Archaean crust (Bogachev, 1999). Trachyandesite from basal horizons of the Sortavala
group volcanites was dated at 2000 +25 (Bogdanov et al., 2000).

Metabasalts and picrites related to the rifting and breakup of the Karelian craton, prior to
the Svecofennian orogeny, have been mapped in the southern part the Sortavala block, close to
the Meeri thrust zone (Svetov et al., 1990). They have predominantly high-Mg compositions and
are enriched in LIL- and HFS- and LRE-elements that indicates their derivation from primitive
mantle sources. A picrite dyke cutting the Sortavala granite-gneiss dome has been dated at 1995
Ma (Bogachev, 1999).

A gabbro-dolerite and pillow basalt complex was mapped locally around the
Kirjavalakhti dome, including lava flows, dykes and sills with gradual contacts. The metabasalts
discovered in southern part of the Isojarvi block are assigned to the same complex (Stepanov et
al., 2006). The chemical composition and uniformly positive eng of these rocks correspond to
low K-Ti tholeiites of MORB origin and in this respect they are analogous to volcanic rocks
associated with the Jormua-Outokumpu ophiolite complex in Finland. An isotopic age of
1963+19 Ma was obtained for a metadolerite dyke cutting the Sortavala dome, (Baltybaev et al.,
2000). The same type of material within the Ludicovian amphibolites was dated at 1942 +12 Ma
(Stepanov et al., 2006).

The Svecofennian orogenic event culminated in Upper Kalevian was very rich in respect

of magmatic manifestations in the Ladoga region. The Raahe-Ladoga and Svecofennian
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domains are saturated with numerous intrusions referred to this period (Appendix to Part 1, fig.
2 C).

The 1.9-1.89 Ga tonalite and granodiorite complex. The Jakkima complex is considered
to be an analog of the early-orogenic Svecofennian tonalite-trondhjemite complexes in southern
and central Finland. It consists partly of domal uplifts in both the NW Ladoga (Lahdenpokhya-
Hiitola subdomain, Sortavala block) and NE Ladoga (Impilakhti-Pitkjaranta block) areas. The
complex consists of two phases:

1) hypersthene-amphibole-biotite diorite, quartz diorite and tonalite forming the main
part of the massifs;

2) porphyritic biotite tonalite-leucoplagiogranite, which occur as thick dykes

Granitoids of the Jakkima complex are referred to peraluminous field in the A/ICNK
diagram (fig. 1.3 a). For diorite of the Jakkima complex an isotopic U-Pb age of 1893+5.2 Ma
was obtained (Bogachev, 1999).

The 1.89-1.88 Ga gabbro, norite, pyroxenite, diorite, monzodiorite, tonalite complex.
The clinopyroxenite-gabbronorite-diorite-monzodiorite Kaalamo complex comprises a pluton
some 70 km? in area, a series of smaller satellite intrusions and several isolated small plutonic
bodies throughout the northwestern and northern Ladoga area, the Ruskeala anticline, the
southern part of the Janisjarvi syncline, and the Isojarvi, Sortavala and Ljaskelja blocks.

The Kaalamo massif is located to the southwest of the northwestern part of the Ruskeala
anticline. On the gravimetric map it corresponds to a high-density anomaly, consistent with a
deep-rooted structure of mafic composition (Appendix to Part 1, fig. 5). The intrusion is
discordant relative to the earliest folding event, but was apparently affected by later
deformations and metamorphism (rocks are partly altered to amphibolites).

The earliest magmatic phases of the massif are olivine clinopyroxenites and melanocratic
gabbros; they mainly occur as xenoliths in leucocratic gabbro-norite or in subordinate diorite
and tonalite intruded during the subsequent phase. The latest phase is a plagiogranite-porphyry
dyke complex, which transects all earlier rock types.

Enrichment of the mafic rocks of the main phase in LIL-elements, particularly Ba and Sr,
and conversely, their depletion in Ti, Ta and Nb, are features characteristic of arc-related calc-
alkaline basalts and andesites in active continental margins (Pearce, 1983). The age of the diorite
in the Kaalamo intrusion is 1888+5.2 Ma (Bogachev et al., 1999).
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Figure 1.3. A/CNK diagrams (Manjar and Piccoli, 1987) for the granitoids of the Ladoga region
(based on Bogachev, 1999 and Stepanov, 2006), plutonic complexes:
a-Jakkima, b-Lavutsaari-Impiniemi, c-Tervus and Putsaari, d-Kuznechenoe,
e-Borodinsky, f-Matkaselka, g-Elisenvaarsko-Vuoksinsky, h-Kamennogorsky.
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The earliest magmatic phases of the massif are olivine clinopyroxenites and melanocratic
gabbros; they mainly occur as xenoliths in leucocratic gabbro-norite or in subordinate diorite
and tonalite intruded during the subsequent phase. The latest phase is a plagiogranite-porphyry
dyke complex, which transects all earlier rock types.

Enrichment of the mafic rocks of the main phase in LIL-elements, particularly Ba and Sr,
and conversely, their depletion in Ti, Ta and Nb, are features characteristic of arc-related calc-
alkaline basalts and andesites in active continental margins (Pearce, 1983). The age of the diorite
in the Kaalamo intrusion is 1888+5.2 Ma (Bogachev et al., 1999).

Another relatively large (10 km?) intrusion of the Kaalamo complex, the Velimyaki
massif, is located in the southern part of the Ljaskelja block. It is composed of wide spectra of
rocks — from ultramafites to monzonites. The main part of the massif consists of monzodiorites
and monzonites dated at 1891.7+4.9 Ma (Bogachev et al., 1999). A subordinated gabbro has an
age of 1893+6 Ma (Lokhov et al., 2004). A small deposit of magnetite is related to the
ultramafic sequence.

There are numerous hypabyssal dykes and small massifs of dominantly plagiogranite
composition occurring from the south-eastern part of the Sortavala block (south of Sortavala
city) to the central part of the Janisjarvi syncline (southern coast of lake Janisjarvi). These are
known as the Suistamo complex of intrusions, with rock composition varying from gabbro-
diorite to tonalite (porphyritic plagiogranite). It is remarkable however, that dioritic
compositions (SiO, 53-58 %) are absent from the sequence, thus imparting a bimodal character
to the complex (Bogachev 1999). The tonalite from the Janis massif was dated at 1872+13 Ma
(Stepanov et al., 2006) and the gabbro-diorite from the Alattu stock was dated at 1884.8+3.3 Ma
(Pb-Pb dating of the zircons, Bogachev, 1999). Gabbro-diorite and porphyritic tonalite
belonging to this age group host hydrothermal gold mineralization (the Alattu occurrence).

Intrusions of the Kaalamo complex have been correlated with basic and ultrabasic rocks
of the Kotalakhti ore belt of Finland (Glebovitsky et al., 1996).

The 1.89-1.88 Ga andesite-basalt complex. Rare occurrences of volcanic rocks have been
found intercalated with Kalevian metasediments of the Hunukki suite (Svetov et al., 1991). They
have been also mapped to the north of the Kirjavalakhti dome. These rocks are fine-grained
amphibolites and amphibole-biotite plagioclase schists, sometimes garnet-bearing. They are
often enriched in apatite (up to 2 %) and titanite. According to their lithochemical characteristics

these rocks are classified as trachy-andesibasalt-trachy-andesites of K-Na type (Artamonova,
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1989) and resemble rocks of the Velimyaki massif. They have been dated at 1883+6.7 Ma
(Bogachev, 1999).

The 1.88 Ga pyroxene granitoid complexes. Norite-enderbite intrusive massifs such as
the Kurkijoki complex are mainly confined to the Lahdenpokhya-Hiitola subdomain of the
Svecofennian domain but also occur in the northern part of the Petersburg subdomain. They
underwent intense deformation during later orogenic events. According to interpretations of
geophysical data, they represent apophysis of the North-Western Ladoga mantle upwelling
(Khazov et al., 2004).

These massifs consist of multiple phases, the earliest phase being of noritic and gabbro-
noritic composition, the second of dioritic and enderbitic composition, while the third, youngest
phase consists of hypersthene-biotite plagiocharnockite and plagiogranite. Granites of the
complex are low-K, high-Ca rocks belonging to the I-type calc-alkaline series, reflecting a
mixture of mantle-derived and crustal material in an active continental margin setting. The
isotopic age of the Kurkijoki intrusive complex is 1883+2 Ma (U-Pb method, Bogachev et al.
1999).

The 1.88-1.865 Ga tonalite and diorite complex. Intrusions of this age are grouped under
the name of the Lauvatsaari-Impiniemi complex. Such intrusions are widespread throughout the
Ladoga region. They are usually relatively small ( 3-10 km? in area), the largest plutons being
the Priozersk (50-70 km?, NE part of the Priozersk block of the Petersburg subdomain) and
Lauvatsaari intrusions (20-25 km?, covering the islands and shoreline of Lake Ladoga in the
southern part of the Lahdenpokhya block of the Lahdenpokhya-Hiitola subdomain). Tonalite,
biotite-hornblende diorites and quartz diorites predominate. Early gabbroic intrusions,
sometimes occur very close to the tonalite and diorite massifs, and have also been assigned to
the Lauvatsaari-Impiniemi complex (Glebovitsky, 2005), although it is more probable that they
belong to the Kaalamo complex (Bogachev et al., 1999). Leucogranites occur in late phases of
the Lauvatsaari-Impiniemi complex in the Impilakhti-Pitkjaranta block.

Rocks of this complex share similarities with those of the Kurkijoki complex and are
interpreted as the product of crystallization of high-Ca magma of calc-alkaline type. The
tonalites are also considered to represent I-type magmatism, although the most leucocratic
varieties may correspond to S-type granites (Bogachev, 1999). A peraluminous-metaluminous

trend is observed from granodiorite to tonalite (fig 1.3 b). A U-Pb isotopic age of 1878.5+3.3
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Ma has been obtained for tonalite from the Lauvatsaari massif (Stepanov et al., 2006), and
1864+13 Ma for the granite (Kotov et al., 1992). The Impiniemi granite massif, located at the
southern edge of the Ljaskelja block of the Raahe-Ladoga domain, was dated at about the same
age: 1871+12 Ma (Baltybaev et al., 2000).

The muscovite-tourmaline apatite- and garnet-bearing pegmatite complex in the Raahe-
Ladoga domain was presumably emplaced contemporaneous with or shortly after the
Lauvatsaari-Impiniemi intrusions. Large and typically zoned pegmatite dykes cut the gneisses of
the domes. In Ludicovian and Kalevian crystalline rocks, these pegmatites are concordantly
folded and form thick layered veins (Grodnitsky, 1982). Radioactive mineralization (orthite,

viikite etc) occurs in these pegmatites.

The 1.87-1.8 Ga group of biotite granites. Such granites are only known to occur in the
Svecofennian domain. In the Northern Ladoga part of the Raahe-Ladoga domain they are
absent. To the south, under the Vendian and Paleozoic cover, Svecofennian granites have not
been sufficiently studied for classification with certainty. Biotite granite plutons have
crosscutting, sometimes tectonic contacts with enclosing crystalline rocks and were evidently
intruded during late collisional deformation.

Granites of this group have often been grouped together under the name: Kuznechensky
complex, but differences in mineralogy (especially accessory minerals), geochemistry and age
of emplacement allow subdivision into four complexes: 1) Kuznechensky, 2) Borodinsky, 3)
Tervussky, 4) Putsaarsky. Poorly studied biotite granites of southern Ladoga area are referred to
the Polyansky complex. Accessory mineral set and geochemistry of the potassic granites of the

Ladoga region are presented in the tables 1.1 and 1.2 of Appendix to Part 1.

Plutons of the Kuznechensky complex are located in the Svecofennian domain (mostly
the Petersburg subdomain and in Isojarvi block of the Lahdenpokhya-Hiitola subdomain), and
are confined to the north of the Petersburg subdomain. In Western Ladoga the largest intrusions
are the Kuznechnoye (55 km?) and Lazurny (300 km?) plutons, located in the Priozersk block.

The Kuznechnoye massif is composed of porphyritic medium- to coarse-grained biotite-
amphibole garnet-bearing granites, and more leucocratic medium-grained and pegmatoid biotite-

oligoclase granites. The intrusion has a dome-like shape. The massif is cut by rare thick dykes of
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fine-grained mafic rocks (Bt-Hbl-PI) and a 2 km long swarm of carbonatite (phlogopite-Qtz-
Calcite) dykes striking NW in the central part of the massif. The age of these dykes is unknown.
The Lazurny (sometimes it is called Lazurninsky) massif is a concentrically zoned
funnel-like intrusion. The central part is composed of massive coarse-grained and porphyritic
biotite granite with locally coarse-grained to pegmatoid leucogranites. At its periphery a
trachytoid granodiorite occurs, containing numerous xenoliths of the surrounding crystalline
host rocks occurs. The transition between these rocks is gradual. Rocks in the central part are
characterized by a predominance of potassium feldspar over plagioclase. Typical minerals are
garnet, ilmenite, apatite, monazite and zircon. The trachytoid granodiorite has more plagioclase
than potassium feldspar, a high content of biotite and lower content of quartz. Accessory
minerals in these intrusions are: garnet, ilmenite, apatite, monazite and zircon with increasing
garnet, monazite and zircon content in the marginal facies. (Appendix to Part 1, table 1.1).
Zircons of the Kuznechnoye massif granite have given a U-Pb age of 1873.6+4.1 Ma and those
of the small un-named massif of garnet leucogranites, which also belonging to the
Kuznechensky complex have given an age of 1866.9+4.4 Ma (Bogachev et al., 1999).

The Borodinsky complex comprises the Borodino (100 km?), Zavetny (37 km?
sometimes called Zavetnensky) massifs and several small intrusions (the largest one being Gory
with an area of 2 km?) located in the Priozersk block. As a rule, the locations of the massifs are
controlled by the intersection of NE and NW striking fault zones. Tectonic controls also
determined the irregular and complex shape of the intrusions, and the occurrence of protoclastic
textures, cataclasis and mylonitization especially at the edges of the massifs. Enclaves of host
rocks are abundant especially in the endocontact zone. Injection of the magma into the frame
rocks occurred quite often. Large massifs have concentric zone structure with a central part
consisting of trachytoid granite with a coarse-grained ground mass, gradually becoming massive
and porphyry granites with fine medium-grained matrix. The abundance of granite and aplite
veins increases from the center to the periphery of the structure. At the south-western edge of
the Borodino massif, medium-grained granites contain enclaves of trachytoid granodiorite of the
Lazurny massif; indicating a later origin for the Borodino massif. The trachytoid granite is
composed of K-feldspar (40-50 %), oligoclase, quartz (20-35 %), biotite (2-5 %) and garnet. The
mineral composition of the external zone and of the porphyry granite is similar, only the quartz

content is lower. Accessory minerals are the same for all rock varieties: garnet, ilmenite
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(strongly replaced by leucoxene), monazite, apatite and zircon (Appendix to Part 1, table 1.1).
The Borodino massif is dated at 1799+4 Ma (Konopelko and Eklund, 2003).

The Tervussky complex is located in the Lahdenpokhya block It represents a dense
cluster of intrusions concentrated near by the main Tervus massif (50 km?), which occupies the
Tervus peninsula and surrounding area. The complex is composed of three varieties of
microcline granites. The central part of the Tervus massif consists of trachytoid microcline
granites with a NE-striking fabric alignment of feldspar crystals. They are surrounded by a zone
of leucocratic medium-grained granites up to 250 m thick, which are usually equigranular, rarely
porphyritic. Coarse-grained granite forms the matrix to magmatic breccias of Lahdenpokhya
gneiss and Lauvatsaari tonalite at the periphery of the massif. Accessory minerals are: garnet,
ilmenite, apatite, zircon, pyrite, thorite, and rarely titanite. A specific feature of granites of the
Tervussky complex is the presence of muscovite, which is not typical of the biotite granites of
the Svecofennian domain, but is well-known in leucogranites from the Raahe-Ladoga domain
(see below). The Tervus granites have been dated at 1859+2 Ma (Glebovitsky et al., 2001).

The Putsaarsky complex is composed of a main Putsaari massif and several smaller
satellite bodies in the Lahdenpokhya block, on Putsaari island and along the adjoining coastline
The Putsaari complex is composed of a suite containing gabbro, diorite, monzonite and granite
suite. Nikolskaya and Gordienko (1977) and Saranchina (1972) have distinguished two different
magmatic complexes: K-enriched moderately mafic rock, altered by later emplaced granites,
whereas Jdanov (1972) proposed the existence of only one multiphased intrusion from the same
deep source. The latter interpretation appears more realistic in view of new geochemical and
geochronological data. U-Pb isotopic analyses of zircons give about the same age for the mafic
and felsic varieties: 1869+7.7 Ma and 1867.2+5.6 Ma respectively, suggesting a coeval
emplacement and crystallization of all the rocks of the Putsaari massif (Konopelko and Eklund,
2003). The different phases of this massif are also geochemically similar to other complexes of
the Ladoga region: the mafic rocks are comparable to the monzodiorite of the early-orogenic
Velimyaki massif, the diorite to early mafic phase of the post-orogenic Elisenvaara, and the
granite to the Tervussky granites (Stepanov et al., 2006).

The Putsaarsky granites are rich in magnetite (up to 3 %), but poor in other accessories,
which include: pyrite, ilmenite, apatite and zircon. Garnet and monazite are not common.

Allanite is also present but it is not typical for the other complexes of the group.
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The Migmatite-anatectite-granite complex occurs in the Svecofennian subdomain and in
the domes of the Raahe-Ladoga domain. Rocks of this complex are often difficult to recognize
and distinguish due to complex relations with its granite-gneiss hosts rocks. Contacts are
typically transitional rather than sharp, , with zones of garnet-bearing migmatites enclosing host
rock relics. Microcline-plagioclase and plagio-microcline varieties, often with large microcline
crystals, are associated with granites of above mentioned group of intrusions and have similar
chemical composition. The U-Pb age of the leucosome of the migmatites from the Petersburg
subdomain is 1873-1869 Ma (Baltybaev et al., 2002)

The biotite granites of this group are peraluminous (fig. 1.3 c, d, e; Appendix to Part 1,
table 1.2). The Tervussky, Lazurny and Borodino granites are strongly peraluminous
(A/CNK>1.1), alkali-rich (Na,0O + K0 = 7.5-9.5%), with high K,0/(K,0+Na,0) = 0.42-0.65,
high SiO, and low Mg, Ti and Ca contents. The Tervussky granite richer in Na. The Zavetny
granite has higher Mg-content and is less peraluminous. The Lazurny massif is richer in Ca. The
Borodino massif is characterized high K,O contents — up to 7%.

All of these granites have low abundance of the trace elements, F and CIl. Negative Eu
anomalies are also typical of all granites of the Svecofennian domain (except Putsaarsky). REE
patterns tend to be specific for each complex. The Kuznechensky complex granites are poor in
LREE and rich in HREE (up to 7 ppm Yb), whereas the Borodino granites are rich in LREE (La
up to 250 ppm) and poor in HREE (Yb — 0.5 ppm). The Tervussky granites have intermediate
characteristics.

The Putsaarsky granites have distinctive features: they tend to be less peraluminous,
more magnesian, they have a higher Fe oxidation state with magnetite prevailing over ilmenite,
lower Th and U, but higher Ca and Mg contents. REE abundances are but highly fractionated
([La/Yb], = 60 in average) and, unlike other peraluminous granites of the Svecofennian domain,
the Putsaarsky granites have no negative Eu anomaly (Bogachev, 1999).

Biotite granites of the Svecofennian domain have very similar accessory mineral
paragenesis with Grt-1lm-Mzt (Appendix to Part 1, table 1.1). However the Tervussky granite is
poor in monazite and contains thorite and magnetite, which are rare in other granites of the
group, and sometimes titanite. The Borodino granite is rich in monazite (high Th and LREE)
and the Kuznechensky in garnet (high Y).
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The Kuznechensky, Borodinsky and Tervussky granite accessory minerals and REE
patterns correspond to S-type granites, whereas the Putsaarsky granite has characteristics closer
to I-type (Chappel and White, 1974). Unlike other massifs of the group, Putsaari is located on a
positive gravimetric anomaly (Appendix to Part 1, fig. 5), which is another indication of its
relation to magmas with a primitive source.

In general, all Svecofennian granites of the Priozersk block are poor in U and enriched in
Th (especially the Borodinsky complex). Average contents of U and Th are presented in the
table 1.2 of Appendix to Part 1. U and Th abundance in some derivates of syn-, late- and post-
orogenic Svecofennian granitoids rocks see in General Appendix 2.2.

Direct comparisons between the Ladoga region biotite-granite and those of the Southern
Finland migmatite-granite belt have been made (Glebovitsky, 2005 and others) but are not
necessary justified because of their different emplacement ages. The Ladoga region granites
have been mainly intruded between 1.86 and 1.87 Ga, whereas the Finnish potassium granites
are younger (1.84-1.82 Ga) (Bedrock Map of Finland, 1997). The southern Finland granites are
more comparable with the leucogranites of Northern Ladoga (see below), but this problem

demands further investigation.

1.8 Ga two-mica leucogranites.

Granites of this group are conventionally grouped under the name the Matkaselsky
complex (Bogachev, 1999; Skorospelkin, 2002). It includes three occurrences located in
Northern Ladoga Raahe-Ladoga domain: Matkaselka, Latvasursky and Pitkjarantsky complexes
(Bogachev, 1999). The leucogranites of the south-eastern part of the Svecofennian domain (so
called “Chaplinsky complex”, Skorospelkin, 2002) may belong to this group, but they have not
been sufficiently studied to support such an interpretation.

Common features of all these intrusions are: post-metamorphic and post-kinematic
emplacement, discordant relationships with respect to all metamorphic rock units (including
late-kinematic migmatites); control by NW-SE and NE-SW faults; diversity of petrologic and
geochemical characteristics, and enrichment in accessory minerals and in particular the trace
elements U, Th, Nb, Y, and Ti. No precise age determination is available for these intrusions
although indirect estimations lead to an age between 1.73-1.82 Ga (Grodnitsky, 1982), or about
1.8 Ga (Konopelko and Eklund, 2003).

The intrusions of the Matkaselka complex are confined to an area between the Ruskeala

anticline and the Janisjarvi syncline, where they intrude mica schists of the Kalevian Ladoga
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group. The complex is composed of four relatively large massifs: Kurenlampi (10 km?),
Vahvajarvi (8 km?), Matkaselka (6.5 km?), Jakkima (2 km?) and numerous bodies of pegmatites.
They are localized along an E-W trending negative gravimetric anomaly extending from the
Janisjarvi lake to the Kitee and Puruvesi massifs on the Finnish territory.

On the eroded surface intrusions of the Matkaselka complex have lens shape and are
localized within the Ruskeala tectonic zone. According to geophysical data, massifs forms
system of harpolith bodies located one above another. Veins and dykes of pegmatite are
common in the vicinity of the main intrusive bodies, but also occur separately.

The other main types of the rocks of the Matkaselka complex are:

1) Fine- to medium-grained  garnet-muscovite  albite-oligoclase  leucogranite

(leucoplagiogranite);

2) Medium- to coarse-grained tourmaline-bearing two mica granite (microcline-plagioclase
pegmatoid granite);

3) Fine-grained garnet- and tourmaline-bearing muscovite and two-mica granite (aplite);

4) Two-mica microcline and muscovite- tourmaline-albite-microcline pegmatite;

5) Quartz-muscovite- tourmaline-microcline pegmatoid,;

6) Rare metal albite granite with beryl, columbite, tantalite and cassiterite.

The Latvasursky complex is located to the SW of the Sortavala block, surrounding the
northern and eastern margins of the Latvasursky dome. Numerous small intrusive bodies occur
within the granite-gneisses of the dome, and within the Ludicovian Pitkjaranta suite carbonates
and amphibole schist, and Kalevian Ladoga group quartz-biotite schists and gneisses. A N-S
strike is typical for these intrusive bodies. Three types of rocks are recognized: (i) fine- to
medium-grained biotite leucogranites, (ii) garnet-biotite pegmatite, (iii) zoned muscovite
pegmatite. They occur as two types of intrusions, the first being stock-like bodies of even-
grained leucogranites (varying from 20x30 m? to 3x3 km? in size.. Another (probably later) type
is presented by N-S-elongated lenticular or vein-like bodies (up to 1501000 m? in extent,
consisting of even-grained and pegmatoid plagioclase, microcline-plagioclase granites. The
Latvasursky granites have a general resemblance to the granites of the Matkaselka complex but
are less differentiated, have less plagioclase, are poor in apatite, tourmaline and muscovite and

lack rare-metal mineralization.
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The Pitkjarantsky (other names — Impilakhtinsky, Mursulsky) complex is composed of
pegmatite dykes and veins, and small intrusions of leucogranite located in the Impilakhti-
Pitkjaranta block. In the literature it is often referred to as the Pitkjaranta field of ceramic
pegmatites. Two mineralogical-geochemical groups are recognized:

(i) Muscovite-albite-microcline rare metal pegmatites and leucogranites, usually

intruding the Ludicovian Pitkjaranta formations and more rarely the Kalevian Impilakhti schists.
They occur as dykes, lenses, stocks and irregular bodies, varying in length from 10 to 600 m,
with thicknesses up to 35 m. They are typically homogenous and consist of coarse-grained two-
mica Qtz-PI-Mcl pegmatoids, sometimes with graphic pegmatite, aplite and quartz cores,
although medium- to coarse-grained two-mica leucogranite bodies are also common. The most
extremely differentiated varieties are usually coarsely zoned, with an outer medium- to coarse-
grained Qtz-Fsp zone, an intermediate coarse-grained Qtz-PI-Mcl pegmatoidal zone, locally
with graphic textures and quartz, and a central zone composed of blocky microcline and coarse-
graphic pegmatite. Sometimes late-crystallized clevelandite and albite are present. Typical
accessory minerals are: beryl, apatite, magnetite, pyrite, chalcopyrite, molybdenite, and more
rarely titanite, monazite and xenotime. Pegmatites of this group are similar to the rare-metal
pegmatites of the Matkaselka complex.

(i) REE-rare metal pegmatites usually occur inside the granite-gneiss domes (especially

within the Mursula dome), but more rarely in the Palaeoproterozoic schists and amphibolites
between domes. They occur as dykes and lenses with sharp contacts and can be up to 700 m
long and up to 15 m thick, although in exceptional cases as much as 25 m thick. Most veins
however are 25-40 m in length with a thickness of 2-4 m. Zoned structure is typical, from a fine-
to medium-grained granitic marginal zone, through a Qtz-Mcl-PI pegmatite, locally with graphic
texture and large biotite laths, finely graphic pegmatite, then a zone of blocky microcline and
large biotite laths and finally a quartz core with biotite laths. A characteristic feature of this
group of the pegmatites is the abundance of the accessory minerals of U, Th, Nb, Y, REE and
Ti. Besides accessory magnetite, ilmenite, hematite, rutile, tourmaline, titanite, orthite,
monazite, apatite, xenotime, zircon, cyrtolite, pyrite, chalcopyrite, arsenopyrite, molybdenite,
bismuthinite and galena, there are also REE and rare-metal minerals: evkensenite, samarskite,
columbite, tantalite, fergussonite and U-Y-bearing Ti-Ta-niobates (obruchevite, Y-gatchettolite,
Y-betafite, Ta-betafite). All these minerals occur in the block microcline zone, more rarely in

the quartz core.
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Geochemically, the Matkaselka complex comprises K-Na peraluminous leucogranites
with subordinated metaluminous and peralkaline terms (fig. 1.3 f; Appendix to Part 1, table 1.2).
Mineralogically their peraluminous character is reflected by the presence of garnet, muscovite
and corundum. In most rocks K,O/(K,O+Na,O) < 0,5. Leucogranites of the Matkaselka
complex are rich in Al and Fe, and poor in K, Ca, Mg, Ti compared to the Latvasursky and
Pitkjarantsky granites. Peraluminous leucogranites and non-differentiated Bt-Mcl pegmatites are
rich in Rb, U (10 ppm), Pb and poor in F, Ba, Sr, Ti, Zr, Cr, Th, REE. There is a trend towards
increased U, F, S, Cs, P, Li, Pb, Nb, Sn, Be and a concomitant decrease in Ba, Zr, Y, Th, and Pb
hen comparing early fractionated and late derivatives of the Matkaselka complex, although Sr
behaves independently. Mus-Ab-Mcl rare-metal pegmatites are enriched in F, B, Li, Cs, Nb, U
(up to 65 ppm), Sn, and Be but are relatively depleted in Ba, Zr, Th and have the lowest K/Rb,
K/Cs and highest Rb/Ba ratios. The Latvasursky complex is less differentiated than the
Matkaselka complex, with lower P, F, Li, Cs, U, Sn, Be and higher Zr, Th, Ba contents.
Pitkjaranta granites have geochemical characteristics intermediate between those of Latvasursky
and Matkaselka (Bogachev, 1999).

The Matkaselka complex is characterized by differentiation, from homogenous biotite
and two-mica leucogranites in its center, to biotite microcline pegmatites with simple texture
and finally to differentiated muscovite albite-microcline pegmatites with rare-metal
mineralization at its margin. The proportion leucoplagioaplite and quartz-muscovite rock
increase in the same direction, Rare Metal-bearing albite appears. In general, albite, muscovite,
tourmaline, apatite abundance increase towards the margin as well. The Matkaselka complex
represents a complete compositional range. On the basis of this observed trend, and taking in
account geophysical data, the Puruvesi massif of Finland (1797+19 Ma, Huhma, 1986) may
represent the deeper parts of a similar intrusive body, while the other massifs are later derivates,
becoming younger from west to east.

In contrast with biotite-granites of the Svecofennian domain, two-mica granites of the
Raahe-Ladoga domain are enriched in U and Th content is low. The most uranium-bearing are

pegmatites of the Pitkjaranta area — 12.5 ppm in average (General Appendix 2.2).
The highly differentiated granites of the Matkaselka complex are fertile for concentration

of rare metals and ore minerals. The Matkaselka lepidolite-albite rare-metal pegmatite hosts Li-

Be-Sn-Nb-Ta mineralization. Sn, Be, Li, Nb, Ta mineralization (up to economic grade) occurs in
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skarns associated with the Matkaselka and Pitkjarantsky granites. Tungsten mineralization also
occurs in skarns associated with the Latvasursky granites (Ivanikov et al., 1984).

The 1.81-1.77 Ga gabbro-monzonite-syenite-granite complex.

There is a series of multiphase hypabyssal intrusions intruded within the Svecofennian
domain during the post-kinematics stage of the Svecofennian orogeny. In the present study area
they are regrouped under the name Elisenvaarsko-Vuoksinsky complex. They cut discordantly
across all other Palaeoproterozoic rock units, are not metamorphosed and do not show any
ductile deformation overprint. These massifs are related to the intersection of deep NW- and
NE-trending faults. The Vuoksa and Oja-Jarvi massifs in the Priozersk block are relatively
large, while the Elisenvaara complex comprises 12 small intrusions in the Lahdenpokhya block.
The swarm of lamprophyre dykes on the Kalto island to the NE of the Lahdenpokhya block also
belong to this magmatic group. In general, they consist of two intrusive series: (i) ultramafic-
mafic dykes with widely varying composition (from ultramafic, calc-alkaline, apatite-rich
potassium lamprophyres to quartz diorites, monzodiorites and monzosyenites), and (ii)
leucocratic felsic rocks (leucosyenites, quartz monzonites, granodiorites, and granites). They are
considered to be the eastern continuation of an elongated belt of shoshonitic intrusions,
extending from the Ladoga region through, southern Finland to the Aland islands (Eklund et al.,
1998).

Shoshonitic rocks are characterized by K,O+Na,0>5 wt %, K,O/Na,0>0.5, Al,03>9 wt
% and wide variations in SiO, content (32-78 wt %). Granites are metaluminous to
peraluminous (fig. 1.3 g; Appendix to the Part 1, table 1.2) and mafic rocks are extremely
enriched in P, F, Ba, Sr. REE contents are also very high and the patterns are highly
fractionated. Abundances of La in Vuoksa mafic rocks are 1000 times higher and for
Elisenvaara up to 10000 times higher than chondrite values. (Ce/Yb), is up to 100 and more.
The main LREE bearing minerals are orthite and monazite. Uranium abundances vary from 1 to
8 ppm (m=4.5 ppm), the most U-rich being the lamprophyre derivates; Th contents are 25 ppm
on average. The most typical accessory mineral paragenesis is Mt-Tit-All (Bogachev, 1999).

The apatite-bearing ultramafites of the Vuoksa have an age of 1802+17 Ma (lvanikov et
al., 1996) and the Elisenvaara syenite is dated at 1801+4 Ma (Andersson et al., 2006).

The small gabbroic-dioritic Ostrovsky and Kamennogorsky complexes in the Priozersk
block differ from the other post-orogenic intrusions. They are located close to the northern

contact of the Lazurny massif and controlled by an E-W fracture zone.
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Mafic rocks of the Ostrovsky complex (includes mafic facies of the Kamennogorsky
massifs) unlike those of the Elisenvaarsko-Vuoksinsky complex, contain OPx, have no alkali
feldspar, are much richer in mafic minerals and ilmenite prevails over magnetite.
Mineralogically these rocks are similar to the gabbro-anorthosite of the early phase of the
rapakivi complex. Geochemically they have continental tholeiitic signatures, in contrast to the
calc-alkaline character of the Elisenvaarsko-Vuoksinsky complex (Bogachev, 1999). Zircons
from the mafic rocks of the Ostrovsky massif have given an age of 1785+5 Ma (Bogachev V.A.,

personal communication).

The amphibole-biotite trachytic granitoids of the Kamennogorsky complex (felsic facies
of the Ostrovsky and Kamennogorsky massifs, Prudinsky massif) from the northern part of the
Lazurny massif were originally considered as part of its marginal facies. However, recent
mineralogical and geochemical studies have led to its being classified separately. These
hornblende-bearing medium-grained rocks correspond to monzodiorites and granodiorites.
When compared with the Lazurny granites, the Kamennogorsky complex granitoids are found to
have similar silica content, are less aluminous, richer in K and Fe (fig. 1.3 h; Appendix to Part 1,
table 1.2). LIL-element patterns are similar to crustally derived peraluminous potassic granites.
Their HFSE (Nb, Ta, Y and esp. Zr and Hf) and F abundances are the highest of all late- and
post-orogenic granites, and approach those of the rapakivi-granites.

Their accessory mineral paragenesis is quite distinct: ilmenite > magnetite, titanite,
apatite, zircon, allanite, = fluorite and molybdenite. The most typical accessory mineral

association for the Kamennogorsky granite complex is lIm-Tit-All.

The 1.67-1.5 Ga gabbro-anorthosite-granite rapakivi complex.

Lower Riphean anorogenic intrusions of rapakivi type occur throughout the southern part
of the Baltic Shield (Fennoscandian Rapakivi Province) and have been recognized by drilling
and geophysics under the platform cover (Appendix to Part 1, fig. 1). Several intrusions of this
type occur in the study area: the large multiphase Wiborg and Salmi batholiths, the small Ulalegi
and Svir massifs, the Oyat massif, whose presence is only presumed from geophysical data, and

a series of small bodies of fault-related leucocratic granites and pegmatites.

The Wiborg massif is situated in the center of the Fennoscandian Rapakivi Province,

south of Lake Ladoga, on the northern coast and under the Gulf of Finland. The total surface
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area of the pluton is about 30 000 km?, 16 000 km? being on land. There are two satellite bodies
north of the main intrusion: Ahvenisto and Suomenniemi. According to geophysical data, it the
batholith transects much of the crust, being composed of several phases with a total thickness
about 30 km (Elo and Korja, 1993). A positive gravimetric anomaly to a depth of 10-16 km
beneath the pluton is interpreted as a gabbro-anorthosite phase, similar to the Ahvenisto massif.
Depth to Moho beneath the batholith is about 41 km, which is 10-20 km less than in surrounding
areas (Sharkov, 1999). In the Western Ladoga area, gravimetric surveys demonstrate that the
upper surface of the batholith has a dip of 40-55° below Palaeoproterozoic metamorphic rock
units at a distance of over 10-30 km from the surface contact (Appendix to Part 1, fig. 5).

The Wiborg massif is composed of several intrusive phases. Gabbro-anorthosites are
exposed in the Ahvenisto massif (Finland), whereas only rare xenoliths of these rocks occur
within in the granites. Four groups of granites have been recognized (Velikoslavinsky et al.,
1978):

(i) Biotite-amphibole quartz syenites (local name — lappee-granites) occur in the northern
periphery of the pluton representing its uppermost part, near the roof of the intrusion.

(if) Ovoid hornblende-biotite rapakivi granites (“wiborgite”) is the main phase (76% of
the total surface area). These rocks are characterized by large (2-5 cm) phenocrysts of K-Na Fsp
with concentric-zonal structure, often with oligoclase rims, set within a coarse-grained
groundmass. NW-elongated bodies of ovoid granites with a fine-grained groundmass represent
the residual melts of this phase. Veins of fine-grained ovoid granites are related to orthogonal
fracture systems.

(iii) Medium- coarse-grained and porphyritic trachytic biotite granites with black quartz
form bodies of variable size intruding the wiborgites and including them as xenoliths. Rare fine-
grained biotite granite dykes also occur along orthogonal fracture sets.

(iv) Biotite-muscovite-topaz granites occur as a 3x5 km? stock in the western part of the
massif. The central part of the stock is a fine-grained porphyritic rock and the outer fine-grained
zone has a width of 0.5 km. Greisenised pegmatite stockscheider is developed at the contact
with the wiborgite and Sn-rare metal mineralization occurs in the biotite-muscovite granites.

The emplacement of the Wiborg batholith occurred from 1615 to 1645 Ma, and was
preceded by mafic dykes at 1665 Ma (Vaasjoki et al., 1991).

The Salmi massif is located to the east of Lake Ladoga and is partly covered by it. It is an

irregular-shaped intrusive body, elongated in a NW-SE direction, parallel to the main structural
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trend of the Raahe-Ladoga zone. At the basement surface it has a length of about 130 km and a
width of 40-50 km, making a total area of about 4200 km?. The southern part of the Salmi
massif is sometime considered as a separate intrusion, referred to as the Olonetsky massif
(Caillat et al., 2002). The elongated shape of the Salmi massif is not typical for rapakivi plutons
but results from its emplacement along the Janisjarvi fault zone and reactivation of NW-SE
faults.

According to geophysical data, the Salmi massif is a sheet-like body with a thickness
increasing from 2 to 12 km towards the south-east where a feeder channel has been inferred
(Sharkov, 1999). The north-eastern contact of the massif is generally sharp and related to the
Janisjarvi fault zone. Only in its central part is a satellite body emplaced into the Karelian
domain: the Ulalegi massif. To the north-west, the roof of the Salmi massif dips gently under
Archaean and Palaeoproterozoic (AR-PR;) basement rocks and can be traced by geophysical
means for a distance up to 8 km from the exposed contact. In that area, crystalline rocks are
intruded by pegmatite apophysis of the Salmi massif and hydrothermally altered. To the south,
the massif is cut by the E-W trending Podporoje fault zone.

The Salmi massif is composed of six successively emplaced phases (Amelin et al.,
1997):

(i) gabbro-norite, labrodorite and anorthosite, occurring in central southeastern part of
the massif above the proposed feeder channel, dated at 1546.7 Ma,

(if) monzonite, quartz syenites, syenites, locally observed to the north of the first phase,
dated at 1543.7 Ma;

(iii) biotite-amphibole syenogranite, composing the easternmost part of the Salmi massif
and the main part of the Ulalegi satellite intrusion, dated at 1543.4 Ma;

(iv) amphibole-biotite rapakivi granite, with wiborgite, pyterlite and rare-ovoid varieties,
which is the most widespread rock type, dated at 1540.6-1537.9 Ma for Salmi and 1529.9 for
Ulaleqi,

(v) Dbiotite granite with porphyritic and even-grained varieties, comprising the
northwestern part of the massif, dated at 1538.4-1535.0 Ma,

(vi) albite - Li-siderophyllite topaz-bearing granite, occurring very locally at the western
edge of the massif (Pitkjaranta area), dated at 1538.0 Ma.

The latest generation of pegmatites is related to the youngest major phase of the massif.

The pegmatite bodies occur both within the plutons and in their immediate vicinity.
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There is trend towards increasing U and Th contents from the early to the late phases of
Salmi and Wiborg massifs (fig. 1.4). Mineral hosts for the radioactive elements are orthite,

viikite (a mixture of euxenite and obruchevite), monazite and zircon.
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Figure 1.4. Uranium and thorium distribution in the different granite phases of the Wiborg and
Salmi massifs (after Ivanikov et al., 1984).

Differences in source rock composition influence the geochemistry of the rapakivi
granites. It is proposed that the Wiborg intrusion originated by about 20 % partial melting of
intermediate-felsic Svecofennian lower crust, whereas the Salmi granites have an Archaean crust
component (R&mao, 1991). This observation can explain the relative enrichment of the Wiborg

granites in U in comparison with the Salmi ones.

The Svir rapakivi granite massif is located SE of the Salmi massif. It is a dome-like
intrusive body with gently dipping contacts under the enclosing Palaeoproterozoic rock units of
the Raahe-Ladoga domain. At the present erosion level it covers 50 km? and has a regular
ellipsoid shape with an E-W trending long axis. The intrusion represents another apophysis of
the Salmi massif. The Svir massif has not been studied in detail because it is totally covered by
Vendian sediments. However, a predominantly wiborgite composition is assumed on the basis of
rare drill holes data (Skorospelkin, 2002). Two small intrusions assigned to the rapakivi type are
located to the SW of the Svir massif.
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According to geophysical data, a large low density region is present in the basement
beneath the northeastern part of the Pasha graben and also further to the northwest, under Lake
Ladoga (Appendix to the Parl, fig. 5); this anomaly is attributed to another rapakivi-granite
intrusion, referred to here as the Oyat massif.

Rapakivi complexes cannot be related to any known orogenic event, but their
emplacement is considered as an important event in the construction of continental crust. A
predominantly crustal source is inferred for the rapakivi magmas and they are classified as A-
type granitoids. Globally, ages of rapakivi granites generally fall between 1.0-1.8 Ga, but there
are also Phanerozoic analogs as well (Ramd and Haapala, 1996; Calzia and Ramd, 2005;
Haapala et al., 2005). It is supposed that rapakivi provinces could be formed under the influence
of large mantle upwellings, such as plumes or hot spots) in an anomalously thick continental
crust environment (Sharkov, 1999). Local crustal thinning has been detected beneath large
rapakivi intrusions, such as the Wiborg batholith (Elo and Korja, 1993). The Fennoscandian
Rapakivi Province has a radiating shape (Appendix to Part 1, fig. 1) similar to the classical
configuration of pre-rifting intracratonic break-up above a plume. The oldest ancient rapakivi
intrusions are located in the central part of this configuration, becoming younger towards the
periphery, along the radial axes. Although there have been attempts to relate the formation of the
rapakivi magmatism to an intermittent subduction event on the SW flank of the Shield (Ahall et
al., 2000), the plume hypothesis seems more tenable (Haapala and Rd&mo, 1992; Rd4md and
Korja, 2000). Taking into account the spatial coincidence of the Fennoscandian Rapakivi
Province and late Lower-Middle Riphean intracratonic rifting, such magmatism can be

considered as an integral part of the pre-rifting stage during crust extension.

The 1.46-1.35 Ga gabbro-dolerite and basalts

The Pasha-Ladoga basin comprises not only a sedimentary sequence but also

contemporaneous volcanic units. The Salmi trap complex is located between clastic sedimentary
units and is composed of two horizons of tholeiitic trachybasalts with a total thickness up to 350
m. The basaltic units are known in both the Salmi and Pasha depressions and have been detected
by geophysical techniques under the Ladoga lake. The basalts are characterized by SiO, contents
of 45-50 %, high Fe (up to 15-17 wt %), Ti (up to 3-3.5 wt %), alkali (Na > K), P, Zr, Sr
contents and a high oxidation state of Fe (Scheglov et al., 1993) and are assigned to the tholeiitic
series (fig. 1.5). The eruption of the lavas took place in a subaerial environment, as indicated by

the absence of pillow lavas and intense oxidation of upper parts of the lava flows (Frank-
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Kamenetsky, 1996). A Sm-Nd age 1499+68 Ma was obtained for these rocks (Bogdanov et al.,
2003).

FeO

Tholeiitic

Calc-Alkaline

Na,0+K.,O MgO
Figure 1.5. AFM diagram for the Salminsky complex basalts (after Frank-Kamenetsky, 1998).

Two other centers of mafic magmatism are present in the Northern Ladoga area: the well
preserved Valaam sill and the Hopunvaara intrusion (stock), which has been eroded to a depth
exposing its feeding channel. Together with the Sortavala group of dykes they are regrouped

under the name Valaam intrusive complex.

The Valaam sill forms a flat intrusive body extending over 2000 km?, exposed on the
pre-Quaternary surface of the Valaam archipelago in the northern part of the Ladoga Lake and
on islands of the north-eastern shore of the lake. It cuts the sediments of the Salmi depression
and is composed of two compositional rock series: (i) one ranging from subalkaline gabbroids
through monzonites to syenogranites, and (ii) another from alkaline granites to alkaline
leucogranites. The main bulk of the sill consists of subalkaline ferro-gabbro-dolerites, while
more felsic rocks occur in the uppermost part of the intrusion; granophyre aplite veins are the
latest phase of the intrusion. The gabbros and dolerites have high Ti, Fe, P, K, Ba, Rb, LIL, HFS
and LREE contents and low Mg, Cr, Ni, Co contents. They are considered as derivates of
continental tholeiitic basalts, which underwent differentiation in magmatic reservoirs in the

middle crust, and show evidence of contamination by continental crust including admixture of
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Archaean material (Amantov et al., 1996; Bogachev, 1999 Ramo et al., 2001). The U-Pb age of
the intrusion is 1457+2 Ma (Rdmo et al., 2001).

The Hopunvaara stock, consisting of augite porphyrites, is located in the Pitkjaranta area
7 km from the north-eastern shore of the Ladoga Lake and 40 km north of the Salmi depression.
Svetov (1979) interpreted it as a feeder zone to the Salmi basalts, but Frank-Kamenetsky (1998),
based on petrologic analysis and spatial analysis has rejected this hypothesis. The feeder zone
hypothesis is also inconsistent with the 1325+52 Ma Rb-Sr age of the intrusion (Larin and
Kutyavin, 1993) but this age needs to be rechecked.

According to some maps (Skorospelkin, 2002), a dyke swarm also cuts the Salmi
rapakivi massif. The dykes have not been dated, but are presumed to be Riphean,
contemporaneous with the Valaam sill. Their location along a N-S trending continuation of the
Palaeoproterozoic Tulomozero tectonic trough indicates a reactivation of this structure during a
Riphean event. Dyke swarms have also been found cutting all formations of the Prionejskaya
depression to the east of the present study area. The age of these dykes is unknown, but they are
also presumed to be Riphean (Skorospelkin, 2002).

Mafic dykes also occur to the NE of Lake Ladoga, in the Sortavala city area. The dykes
are up to 10m wide and 300 m long and mainly strike NW-SE. Their composition corresponds
to subalkaline diabase porphyrites and hyalobasalts called “sortavalites” (Nazimova, 1986).

Volcanic and subvolcanic formations define a trend from the trachydolerites of the
Sortavala dykes to the late alkaline leucogranites of the Valaam sill (fig. 1.6). Their similar
geochemical compositions (high Ti, P, Zr, Y, Ba, Nb, Rb contents and low Cr and Ni contents,
high Fe/Mg ratios, uniform K;O/Na,O) suggest derivation from a common source (Amantov et

al., 1996; Frank-Kamenetsky, 1998) during Lower Riphean intracratonic rifting.

The 0.77-0.72 Ga tagamite complex

The latest traces of magmatic activity in the Ladoga region were discovered on islands
and very locally on the western coast (Leppyaniemi cape) of the Janisjarvi Lake. The origin of
the lake depression is considered as an Upper Riphean cryptoexplosion structure. It is filled by
allogenic breccias, zuvites, tagamites and andesite-litites. The age of the impact event and
associated magmatic activity is estimated at 770 (Khazov et al., 1999) or 730-720 Ma
(Bogdanov et al., 2000). Andesite-litites are enriched in U — up to 7 ppm (Grigorieva, 1977).
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Figure 1.6. TAS diagram for the rocks of the Salminsky and Valaam magmatic complexes (after
Frank-Kamenetsky, 1998). Fields according to Le Maitre et al., 1989:
1 — phoydogabbro, 2 — gabbro, 3 — monzogabbro, 4 — gabbro-diorite, 5 — monzodiorite,
6 — monzonite, 7 — syenite/qtz-monzonite, 8 — granite-tonalite.
The dotted line separates alkali and calc-alkali fields.

1.8. Fault zones

Interpretation of satellite images and gravimetric data allows orthogonal and diagonal
tectonic systems in the Ladoga region to be recognized (Appendix to Part 1, fig. 2 d). The
orthogonal trends (especially the meridional faults) are more typical of the Archaean Karelian
craton, whereas in the Proterozoic crust the diagonal system predominates. Arcuate and
concentric structures of variable size are widespread. Many of these correspond to domal uplifts
and intrusions, but the circular Janisjarvi astrobleme is a distinctive feature in the northern part
of the region. The higher density of tectonic structures in the northern part of the area compared
to the southern one is explained by the burial of ancient structures beneath Vendian and
Paleozoic platform sediments such that only the most significant faults, reactivated after
sedimentation, can be distinguished in the southern part of the area. Many of the tectonic

structures of the Ladoga region were subjected to repeated tectonic reactivations from
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Palaeoproterozoic until recent times, so that the early kinematics of these faults usually is quite
obscure.

The most significant faults of Ladoga region are striking NW-SE, parallel to the general
trend of the Raahe-Ladoga zone. The Janisjarvi, Ruskeala, Priozersk and VVuoksa faults are the
largest fault zones and can be traced by geophysical methods to the upper mantle, down to a
depth of 110 km. The Sortavala and Lahdenpokhya faults are intracrustal and appear to
terminate at a depth of about 40 km. The Svecofennian rock units have been thrust onto the
heterogeneous basement of the Raahe-Ladoga domain along the flat-lying Meeri thrust zone,
which also generally trends NW-SE. All large tectonic dislocations striking NW-SE consist of a
series of parallel and en echelon structures with a total thickness up to 7 km. For the Ruskeala,
Sortavala, Priozersk and Vuoksa fault zones, it is usually possible to distinguish a main fault
surrounded by smaller ones, whereas the Janisjarvi and Meeri zones are typically composed of a
series of equal-sized faults. Most of the faults dip steeply towards the NE, subparallel to the
overall trend of the Raahe-Ladoga zone, which likewise shows a steep contact with the Karelian
domain. The Ruskeala and Meeri tectonic zones are exceptions; the Ruskeala fault deeps steeply
(80-85°) to the SW (Khazov et al., 2004) as a result of Riphean reactivation. The Meeri thrust
zone is very distinctive, since it comprises numerous faults overprinted by high grade
metamorphism and migmatization. This flat-lying to gently dipping tectonic zone has a true
thickness of some 6-8 km, but because of its orientation, it is exposed over an area 20 km in
width. It is interpreted as a zone of combined ductile and brittle deformation related to the
thrusting of the Svecofennian domain over the Raahe-Ladoga zone (Baltybaev et al., 2000).

Generally, reverse displacements and thrust faults and strike-slip displacements
characterized deformation along NW-SE-trending structures during the Svecofennian orogeny.
During late Cenozoic time, some of the earlier dextral NW-SE trending faults were reactivated,
mostly with dextral and normal sense of displacement (Chuvardinsky, 2000).

Dykes of diabases and granodiorites, and pegmatites of Jatulian, Svecofennian and
Lower-Middle Riphean age are often oriented parallel to NW-SE trending structures.

Tectonic zones striking NW-SE correspond to schistose zones, mylonites and breccias.
Metasomatic alteration in these rocks is widespread. Medium- to low-temperature conditions
prevailed, as indicated by alteration paragenesis consisting of sericite-quartz and sericite-albite-
quartz (often accompanied by sulphides), and the presence of quartz-carbonate veins and
breccias zones filled with a hematite-albite-quartz-carbonate cement. High-temperature

microcline-quartz metasomatic rocks occur sporadically in the east part of the Janisjarvi fault
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zone in the granite-gneisses of the Karelian domain (Grigorieva, 1977). Numerous U
occurrences of different types and grades are associated with the Janisjarvi and especially the
Ruskeala fault zones.

NE-SW trending faults in the Ladoga area form part of the Baltic-Mezen tectonic belt,
which overall has a convex shape toward the east, with orientations changing from E-W along
the Baltic Sea, to NNE in White Sea area. At regional scale, there is a fault-controlled mosaic of
uplifted blocks and downfaulted depressions, the latter corresponding to the present Baltic Sea,
Ladoga and Onega lakes, and the Dvinsky and Mezen gulf areas of the White Sea. Uplifted
areas correspond to the Karelian isthmus, Podporojskaya upland, Vetrenny belt and the
Belomorian-Kuloiskoe plateau. The Baltic-Mezen belt controls the location of many of the
granite-rapakivi intrusions (Aland, Laitila, Wiborg, Svir, Salmi and Ulalegi). The Migmatite
Belt of Southern Finland, which can be traced as far as the Ladoga region, is also located within
the limits of the Baltic-Mezen belt. Most of the Riphean sedimentary basins preserved on land
(Muhos, Pasha-Ladoga, Lemsky, Onegozersky and Severoberegny) also lie within the belt.

The NE-SW tectonic zones are composed of fault systems up to 2-5 km in total width.
Generally, these dislocations are strike-slip faults, the largest of which are the Elisenvaara and
Ruokojarvi fault zones, observed north and northwest of Ladoga. They are discernible in seismic
images to a depth of 40 km, and can generally be traced for many kilometers along strike. In the
NE-SW trending brecciated zones, low- to medium- temperature hydrothermal alteration is
evident (Grigorieva, 1977). The Southern Ladoga tectonic system (Svir fault, etc) is concealed
beneath the Vendian and Paleozoic cover and has been identified on the basis of geophysical
signatures, although interpretations are mostly of a tentative nature.

Many of the meridional faults of the area correspond to ancient structures of the Karelian
basement. Thus, the Jalonvara granite-greenstone belt continues into the Raahe-Ladoga domain
as the Ljaskelja downlifted block and further south to the Svecofennian domain (southern
Ladoga Petrokrepost bay). The southern continuation of the Hautavaara belt can be recognized
under the platform cover as the VVolkhov river fault. These meridional structures differ markedly
depending on whether they traverse Archaean or Palaeoproterozoic terrain: in the first case they
are composed of numerous faults and can be traced through the crust to the upper mantle, while
their continuations into the Palaeoproterozoic domains are not so deep and are represented by
several intracrustal dislocations and expressed as a major fault. The north-south extension of
most of the granite-gneiss domes of Northern Ladoga and local occurrences of syn- to late-

orogenic granitoid intrusions along the meridional faults (Latvasurje area) indicate the
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importance of this tectonic direction in controlling the emplacement of anatectic melts during
the Svecofennian orogeny. Meridional faults of the pericratonic Tulomozero depression
continued into the Salmi massif, accompanied by a swarm of mafic dykes of Lower-Middle
Riphean age.

The meridional dislocations had different kinematics at different times. However, it is
considered that strike-slip faults were the most typical during the Svecofennian orogeny. Among
neotectonic dislocations, N-S and NW uplifts and dextral displacements occur that correspond to
moderate horizontal compression (Chuvardinsky, 2000).

Several generations of deformation and alteration are related to intradome meridional
structures (Grigorieva, 1977). The earliest deformation place soon after the consolidation of the
granite-gneiss domes and is represented by intense small-scale folding, development of augen
structures in the gneisses, layered migmatites, agmatites and boudinage structures. During the
second stage, contemporaneous with Svecofennian late-orogenic leucogranite formation,
microcline-quartz metasomatic rocks with REE mineralization, and abundant blastomylonites
and blastocataclasites were developed. The third event is represented by zones of cataclasis and
fine mylonitic and fracture systems and, sericite-quartz and sericite-albite-quartz metasomatism
often hosting uranium mineralization. Lastly, Neogene-Quaternary reactivation of the
meridional faults is responsible for the formation of the numerous fjord-like gulfs of the
Northern Ladoga coastline.

The E-W trending fault system is less significant in the Ladoga region, being mainly
represented by local short fault segments with small depth extent. Individual structures usually
have a length of less than 10 km, although they can combine to form swarms that can be
followed for distances up to 55 km (Grigorieva, 1977). One of the most significant E-W
trending fault systems is the Sukhodolje system, which disrupts metamorphic rocks and the
Wiborg granite massif and can be traced beneath the lake to the Podporoje faults in the Eastern
Ladoga region. The Valaam archipelago, which is composed of uplifted VValaam sill formations,
is partly controlled by an E-W trending fault with a reverse throw on the southern limb of 100-
150 m (Amantov, 1992). The Gulf of Finland is likewise formed by the E-W trending Baltic
tectonic trough. The Kitelya fault can be followed from the Ljaskelja block of the Raahe-Ladoga
domain into the Salmi massif. Usually the kinematics of E-W trending dislocations corresponds
to small-amplitude normal and reverse faults, with small horizontal displacement.

The E-W trending faults are not usually accompanied by significant alteration: fractures

are “dry”, and only rarely associated with mylonitization and fine-grained breccias cemented
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with chalcedony and carbonate. Ore mineralization is absent as a rule; an exception however, is
the Kitelya fault, which is intensively mineralized in the vicinity of the Salmi massif (Kitelya

Sn-polymetallic deposit with overprinting U mineralization).

1.9. Non-radioactive metallogeny.

All ore deposits of the region are located in the Northern Ladoga part of the Raahe-
Ladoga zone (fig. 1.7), in the other areas mineralization only corresponds to anomaly range.

Deposits (a) and ore occurrences (b)
.a @, Snand complex (Sn,Zn,Cu,Fe,Be,ft)
.a ©, Feand complex (Fe,Ti,V)
QOa O Complex Mo-Cu-Zn-Pb
Op Au
Op W (sometimes with Cu, Pb, Zn and U)
©®, Be (sometimes with Ta and Sn)
®, VandFe-V
Ob Y
Q. ¥, Graphite
+  Accompanying U mineralization

Mustalampi
Kimamyaki
Otsojnen
Ruskeala
Velimyaki
Jalonvara
Yukakoski
Kitelya
Pitkjaranta

© 00 N O O b~ wWwNPRE

Figure 1.7. Map of non-radioactive mineral resources of the Northern Ladoga area.

The most significant mineralized areas is at Pitkjaranta-Kitelya, surrounding the Salmi
granite massif, where there are numerous medium- to small-sized complex ore deposits (Sn, Zn,
Cu, Fe, Be, fluorite). Late U mineralization in fractures accompanies these ores. . Mineralization
is hosted mainly in skarns and greisens in enclosing metamorphic rocks, but also as veins within
the Salmi granites. A Palaeoproterozoic age was obtained for molybdenite from these deposits
(1750-1820 Ma by Re-Os analysis, Stem et al., 1996), but Sm-Nd analyses of ore-hosting skarn
and greisen give Lower Riphean ages (1546+28 and 1492+25 Ma , Larin et al., 1991). These
deposits are related to granite formation in the domes during the Svecofennian orogeny and to

the Lower Riphean Salmi massif. They were mined from 1814 to 1904.
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In the Salmi depression under the Riphean sediments two complex-ore occurrences
similar to ones of the Pitkjaranta-Kitelya ore knot are located — Salmi and Karkunlampi ore-
showings.

The small deposit at Jalonvara and several occurrences of Mo-polymetallic ores are
located at the intersection of the Janisjarvi and Elisenvaara fault zones and the Jalonvara
greenstone belt. The more significant Mo mineralization is related to metasomatically altered
Lower Lopian silicic metavolcanic rock and the Upper-Lopian Jalonvara granite massif. The Mo
ores are often associated with Cu, Zn, Pb, W, Au, Ag, S, while U mineralization has been found
in late fracture zones.

The small Velimyaki Fe-Ti deposit is localized in pyroxenites of the Velimyaki
intrusion, while Fe ores also occur in lacustrine sediments east of Lake Janisjarvi.

Gold ore-showings were discovered to the north within the Jalonvara and Hautavaara
greenstone belts and also in their southern continuation at Alattu, in greenschist formations of
the Ladoga group, south of the Janisjarvi Lake. The Au mineralization is related to beresite
alteration of Palaeoproterozoic granite and gabbro-dolerite dykes and hosting quartzose
sandstones.

Tungsten mineralization has been found in the Sortavala block. Scheelite mineralization
is also associated with the magnesium skarns after carbonate rocks (Pitkjaranta suite),
accompanied by molybdenite, wolframite, casseterite, bismuthine, native bismuth, sulphides.
The ore-showings are considered as analogs of the occurrences of the Begslagen area of Sweden
(Ohlson, 1979).

Vanadium mineralization is present within the Ludicovian carbonaceous rocks of the
pericratonic depression along the Janisjarvi fault zone.

Beryllium mineralization occurs in skarns (with Sn) and in pegmatites (with Ta).

Occurrences of Ta, Nb and REE are related to pegmatites of Palaeoproterozoic and
Lower Riphean age (late phases of the Ulalegi rapakivi massif). REE mineralization was also
discovered in the exocontact of the Wiborg granite massif.

The Ladoga region also contains other, non-metallic mineral resources; there are many
deposits of dimension stone in both the Raahe-Ladoga domain and the Svecofennian domain:
Svecofennian and Riphean intrusive rocks, Ruskeala marbles, Putilovo limestone etc. There are
five small deposits and numerous occurrences of graphite in the Kalevian schists of the Northern
Ladoga area, while Ladoga group schists host the small Kitelya garnet deposit in the Northern

Ladoga region.
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There are also numerous uranium occurrences in the Ladoga area. In general, according
to their stratigraphic position, they may be subdivided into three groups:

I. basement hosted,

Il. Riphean hosted,

I11. Vendian-Palaeozoic platform sediment hosted.

Each of these types will be considered in detail in the subsequent chapters.

2. Evolution of geological structures and uranium abundance of the Ladoga region.

The present Baltic Shield was formed mainly as a result of accretionary growth during
several successive tectono-magmatic cycles: i.e. Lopian (3.0-2.6 Ga), Karelian (2.5-2.1 Ga),
Svecofennian (2.0-1.8 Ga), Sveconorwegian (1.5-0.85 Ga) and Caledonian (0.53-0.39 Ga). This
prolonged and complex evolution from Archaean to recent times is recorded in the geological
structures of the Ladoga region (Appendix to Part 1, table 1.3). The formation of the continental
crust was accompanied by a gradual enrichment in uranium.

Archaean geologic processes occurred in the Karelian craton and locally in the Raahe-
Ladoga zone. During the Mesoarchaean (Saamian: < 3.15 Ga) the earliest sialic cratonic nuclei
formed, the largest of them being the Vodlozersky domain, located to the north-east of the
Ladoga area. Processes of continental crust break up, riftogenesis, subduction and collision
during the Lopian (3.15-2.5 Ga) led to the formation of linear greenstone belts with a
submeridional strike. The amalgamation of the present Kola-Karelian craton occurred as a result
of the Late Lopian or Rebol orogeny.

Economic uranium concentrations are not very typical of Archaean terrains (De Vivo et
al., 1988). However, the first significant U-enrichment event in the Karelian crust is related to
the late- (2.8-2.7 Ga) and post-collision (2.7-2.6 Ga) granites of the Rebol orogeny, with the
formation of U-rich granites and pegmatoids (U content 5 ppm) (Voinov and Polekhovsky,
1985).

The regional U clarke value for Mesoarchaean rocks in the Ladoga region is 0.5 ppm,
compared to 1.4 ppm for Neoarchaean rocks. Increasing U abundances occurs in the late Lopian
silicic metavolcanics (up to 3.5 ppm) of the Jalonvara belt and in the Jalonvara granite intrusion
(up to 6.1 ppm).

After a long (about 100 Ma) period of tectonic stability, at the beginning of the
Palaeoproterozoic, the Kola-Karelian continent was subjected to tectonic reactivation. During

the Early Sumian (after 2.5 Ga), extension and incipient break up of the continental crust
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occurred. Rifts formed, mostly in the northern and central parts of Karelia, often due to
reactivation of earlier structures in the Lopian greenstone belts. Deposition of volcanogenic and
sedimentary sequences occurred in these fault troughs. Rifting of the northern part of the craton
and emplacement of layered dunite-peridotite-gabbro-norite plutons and dyke swarms took place
during Sumian-Sariolian time (2.5-2.3 Ga). It is presumed that the northern part or the
Palaeocraton was rifted and an ocean was formed. The southern part of the Karelian craton
during that period was relatively stable and traces of early Palaeoproterozoic tectonic as a rule
are not recognized in the considered area. Sumian and Sariolian formations of the Karelian
craton are poor in U, containing only .1 ppm on average.

During Lower Jatulian time (2.3-2.15 Ga), a vast basin with continental and
transgressing shallow-marine sedimentation covered much of Karelia (Ojakangas et al., 2001,
Heiskanen, 1990). Orthoquarzites, from the pericratonic depression of the north-eastern limb of
the Janisjarvi syncline, derived from weathering and aeolian erosion of the Archaean craton,
while respective clay fractions were mainly removed to depocenters which are not preserved in
the Ladoga region. Mechanical separation of detrital material, in the absence of organic
reductants, led to the formation of Th-U placers, well-known in the nearby Koli-Eno area in
Finland. Similar types of sediments are preserved in the pericratonic depression at the north-
eastern limb of the Janisjarvi syncline. Uranium and thorium abundances in these rocks are on
average 2.8 ppm and 49 ppm respectively. Numerous Th anomalies (up to 450 ppm Th, with a
value of 7000 ppm) with subordinate U enrichments occur in the quartz conglomerate interbeds.

Towards the end of the Early Jatulian, tectonic activity increased, reflected by an
increasing abundance of detritus in the basal quartzites layers and arkoses. The first record of
stramotolith colonies also appears in the Jatulian. In the Upper Jatulian (2.15-2.06 Ga), rifting
commenced at the southern edge of the Karelian craton, reflected by thick basaltic flows and
numerous dyke swarms (mostly striking NW-SE), intruded along pre-existing structural trends,
and also shallow marine sediments. This Jatulian extensional event did not however proceed to
continental break up, but only formed aulacogen depressions (Glebovitsky, 2005). Sometimes
this rifting event is referred to as part of Svecokarelian tectonic-magmatic cycle. However,
Heiskanen (1990) proposed that a complete tectonic cycle took place and that an ocean basin
opened and closed during the Upper Jatulian. There are no proves of this conception in the
Ladoga region because the earth crust of this area had been formed or strongly reworked during

the Svecofennian orogeny.
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Upper Jatulian formations are relatively poor in uranium (up to 2.3 ppm in dolomite and
0.8 ppm in basalts), but some epigenetic concentrations hosted by these rocks probably represent
endogenic reactivation, as in Finland (Laverov et al., 1983).

Ludicovian (2.1 or 2.06-1.92 Ga) and Kalevian (1.92-1.8 Ga) geodynamic processes
played a key role in the geological structural evolution and U enrichment of the basement in the
Ladoga region. Juvenile crust of the Svecofennian domain was formed during the latter period
(fig. 1.8).

At the beginning of Ludicovian, intensive, predominantly basaltic magmatism occurred
in the Raahe-Ladoga domain. The earliest tholeiitic basalts of the Sortavala series derive from a
depleted mantle, were contaminated with Archaean crust material and represent the pre-rift stage
of crustal extension. The picritic composition of the next stage of magmatism corresponds to an
enriched mantle source and is consistent with continental break up. Prolonged and episodic
rifting culminated in the opening of the Svecofennian ocean basin at about 1.97 Ga
(Glebovitsky, 2005).

The oceanic rift axis had a NW-SE trend, with NE-SW trending transform faults.
Subsequent convergent deformation reworked the Karelian craton margin, which also
presumably gave rise to the orthogneiss domes. Dolomite, limestone and subordinate arkoses
were deposited in rather shallow marine basins between the craton and a belt of accreted terrains
— possibly an ensialic island arc complex. The presence of organic-and sulfide-rich rocks
indicates an oxygen free environment, which was apparently normal for the upper
Palaeoproterozoic. Phosphatic iron formations occurring in carbonate layers precipitated from
upwelling waters at the shelf margin (Ojakangas et al., 2001). Deposition of carbonaceous and
phosphatic marine sediments was associated with uranium accumulation, resulting in an average
abundance of 11 ppm, whereas. Average uranium content in the Ludicovian sequence is only 2.4
ppm, due to its predominantly mafic volcanic composition.

Dating of the earliest volcanics of the bimodal series and primitive tonalites of the
Ladoga region, indicate that the beginning of subduction and juvenile island arc formation
occurred at 1.91-1.92 Ga. Kalevian sedimentation continued in the marginal basins.
Conglomerate and sandstone occur in the pericratonic depression of the northern limb of the
Janisjarvi syncline (Kontiosaari suite). Mature metapelites and subordinate metavolcanics
(Hunukki suite) are interpreted as distal facies of a back-arc basin, but in the Raahe-Ladoga
domain flyschoid facies derived from the adjacent Karelian craton predominate. Essentially

greywacke metasediments of the Svecofennian domain, often associated with mafic and
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intermediate metavolcanics, are presumed to represent fragments of a primitive ensimatic arc

system. As a whole, this domain is considered to be a proximal facies of a back-arc basin

(Bogachev, 1999; Stepanov et al., 2006). Precipitation of U by organic matter led to its

enrichment in graphite-bearing rocks of the Raahe-Ladoga domain with 5.6 ppm U, in contrast

with an average of 2.7 ppm in the Raahe-Ladoga domain Kalevian sediments (Skorospelkin,

2002).
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Figure 1.8. Scheme of the geodynamic evolution of the Ladoga region during the Svecofennian

tectonic-magmatic event.

96




PART 1. Regional geological review.

Closure of the ocean was not coeval throughout the entire craton margin, for example in

the north-eastern part of the Raahe-Ladoga zone, where the Jormua and Outokumpu ophiolite

complexes were obducted onto the Karelian craton. In the Ladoga region, such ophiolite

associations are absent and, subduction prevailed instead, such that the basement of the Northern

Ladoga area is composed of tectonic terrains accreted successively to craton. The early stages of

prograde metamorphism are attributed to these events (fig. 1.9).
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Figure 1.9. Evolution of metamorphic conditions in the Ladoga region crust during the

Svecofennian orogeny (after Baltybaev et al., 2000).
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During convergence, because of the reworking of former continental crustal material,
magmatic composition of the magmatism shifted to the calc-alkaline series. The onset collision
and the formation of mature island arcs is defined by dating the essentially andesitic-dacitic
volcanics and plutonic complexes of gabbroid-tonalite-diorite and norite-enderbite composition.
According to the isotopic-geochemical data, they were intruded during the interval: 1.895-1.87
Ga (Glebovitsky, 2003). As a result of high thermal gradients above the subduction zones and
collisional stresses, progressive metamorphism (up to high-temperature granulite facies)
occurred. Subsequently, allochthonous sheets of juvenile crust of the Svecofennian domain were
overthrusted upon the heterogeneous basement of the Raahe-Ladoga domain. Intensive
migmatization is related to this stage of the collision and isotopic ages of migmatites are
between 1869 and 1871 Ma. The collisional event culminated with the emplacement of two-
feldspar I-type granites (the Lauvatsaari-Impiniemi complex) and early S-type potassic biotite
granites (the Kuznechensky complex) at 1.87-1.86 Ga. These events were followed by
retrograde metamorphism occurred. Thus, the duration of the Svecofennian (sometimes also
called Ludicovian) ocean from its opening to the collision is estimated to have been about 110
Ma (Glebovitsky, 2003). Subsequent cratonization of the newly formed crust occurred with the
intrusion of S-type granites, i.e. sodic tonalitic plutons were replaced by potassic granites.
Mobilization of crustal sources for the biotite granite massifs (Tervussky, Putsaarsky, late
phases of the Kuznechensky complexes) was caused by underplating during the latest phases of
the Svecofennian orogeny. There was a gap in magmatic activity between 1.85 and 1.81 Ga,
after which a new phase of magmatism began, with the intrusion of two-mica leucogranites of
the Matkaselsky complex. Leucocratic magmas may result from adiabatic decompression
following rapid uplift of deep anatectic zones (Bogachev, 1999).

The granites produced at this stage are enriched in U, Th, P and REE, some of the
leucocratic varieties having 15 ppm U in average (the Matkaselsky complex). The relatively late
generation of migmatites in the Northern Ladoga, produced by partial melting of newly formed
continental crust, has up to 110 ppm U (Mursula dome), with sporadic extreme enrichments up
to 14 000 ppm in the Puttumyaki deposit.

It is noticeable that between 1.87 and 1.86 Ga the axis of endogen activity had undergone
reorientation. Before this time, the most significant Palaeoproterozoic tectonic and magmatic
phenomena were related to the NW-SE structures (correlating with the Raahe-Ladoga zone
trends in the study area). Afterwards, NE-SW structures, corresponding to the extension of the

Baltic-Mezen belt, predominate. Potassic granite magmatism and shoshonite series rocks are
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associated with this tectonic system, which can be followed from the continuation of the Late
Svecofennian granite province (Migmatite belt of the Southern Finland, Bedrock Map of
Finland, 1997) and also with an area of shoshonitic massifs (Eklund et al., 1998). Apart from
alkali shoshonite intrusions, which only occur within the Svecofennian domain, Vepsian (1.8-
1.65 Ga) terrigenous sediments were deposited in the Prionejskaya depression along the eastern
continuation of the Baltic-Mezen belt and intruded by the Ropruchei gabbro-dolerite sill at
1770+12 Ma (Bibikova et al., 1990). Subsidence occurred at that time, instead of the uplift
characteristic of the Svecofennian craton.

A tectonically quiescent time gap occurred between 1.77 and at least 1.67 Ga throughout
almost the entire Baltic Shield. The only exception, far to the west of the study area, in Sweden,
within the Transscandinavian igneous belt, was the 1.71-1.68 Ga, Dala A-type granite plutonism
and accompanying volcanism (Ahl et al., 1999). Just before and during the early Lower Riphean
(1665-1500 Ma), a number of rapakivi intrusions were emplaced in the southern part of the
Baltic Shield. In the Ladoga region, the duration of this period was about 130 Ma, from 1665
Ma (the earliest phase of the Wiborg pluton), until 1535 Ma (the latest phases of the Salmi
pluton). The abundance of U and Th in these intrusions increased from early to late phases and
reach 14 and 100 ppm respectively.

A regional sedimentary hiatus corresponding to the middle Lower Riphean, from 1535
until about 1460 Ma, indicates that the entire craton underwent uplift, caused, at least partly, by
isostatic compensation of the low-density granitic crust. As a result, numerous granite
intrusions, of Svecofennian and early Lower Riphean age, were exhumed. The magnitude of this
uplift was not less than 5-10 km (corresponding to the emplacement depth of the rapakivi
massifs).

During late Lower Riphean time, the Ladoga region was affected by a tectonic
rejuvenation marking the beginning of a new rifting cycle. Crustal thinning occurred, and
ancient NW-SE and NE-SW tectonic zones were reactivated. Renewed movements along faults
internal to and bordering the Raahe-Ladoga and Baltic-Mezen tectonic belts resulted in
formation of the Pasha-Ladoga sedimentary basin, which was filled with predominantly alluvial
arkosic sediments. The basin was also the locus for sub-alkaline basaltic magmatism, with two
specific intrusive centers being recognized: the well-preserved Valaam sill on the Valaam
archipelago within Lake Ladoga, and a more deeply eroded feeder conduit represented by the

Hopunvaara intrusion in the Pitkjaranta area. Intercalation of volcanic flows with terrigenous
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sediments indicates an episodic pulse character to this magmatic activity. Based on the age
determination of the Valaam sill, sedimentation must have begun not later than 1.46 Ga.

The diversity of lithofacies in the Pasha-Ladoga basin sequence indicates deposition in
highly variable conditions. It is inferred that, following a period of general subsidence,
accommodating the basal volcanogenic-sedimentary units of the Priozersk, Salmi and Pasha
suites, the Pasha-Ladoga basin continued to subside along its southwestern margin, with some
stabilization of its eastern parts. This can explain the presence of carbonate layers in the
sequence preserved in the Priozersk depression and their absence from the Salmi and Pasha
areas.

Erosion of the U-enriched basement formations (firstly late-Svecofennian and Lower
Riphean granites, and then Ludicovian and Kalevian supracrustals) can also account for their
relatively high abundances in the Pasha-Ladoga basin sediments. Diagenetic and mild
deformational events within the newly deposited units and the underlying basement formation,
with hydrothermal activity driven by anomalous geothermal gradients, with migration of brines
would have all contributed to extraction of uranium from the basin sediments and from the
basement, and its concentration at the geochemical and mechanical trap represented by the
Riphean unconformity.

The late Lower Riphean geodynamic setting in the Ladoga area corresponded to the early
stages of the formation of the triple junction rift system above the mantle upwelling, possibly
centered on the southeastern part of the modern Lake Ladoga basin. The southwestern branch of
the rift was along the Baltic-Mezen tectonic belt, while the southeastern branch is represented by
the Pasha graben and the northern one corresponds to the dyke swarm cutting the Salmi massif.
However, the crust of the region was apparently too strong to permit complete cratonic breakup,
and the effects of rifting become weaker by the end of the Middle Riphean. The locus of
magmatic activity moved relatively to the west, where the Dalslandian (Sveconorwegian)
orogeny occurred, and the Pasha-Ladoga basin continued to develop episodically as a typical
aulacogen since Upper Riphean time. The broadly concentric pattern of sedimentation in the
Pasha-Ladoga basin maybe attributed to collapse and subsidence of the cooling mantle
upwelling.

It is inferred from the absence of contemporaneous sediments in eastern Fennoscandia
that the time interval from 900-650 Ma was a quiescent period of gradual uplift and erosion. As
a result, formerly widespread Riphean sediments have been preserved only in some depressions

(Pasha-Ladoga, Satakunta, Muhos, etc).
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During Lower Vendian time (650-620 Ma), Laplandian/Varanger glaciation occurred
throughout the area corresponding to the modern Baltic Shield (Nikishin et al, 1996). Remnants
of tillite sediments have been preserved in the low lying areas, as in the Pasha-Ladoga
depression.

The platform stage of development of the East-European craton commenced during
Upper Vendian time (620-550 Ma) with a widespread transgression, corresponding to the
opening of the lapetus ocean to the west of the Baltic Shield (Kohonen and R&mg, 2002). The
uniform thickness of the Upper Vendian sequence northward and its occurrence in the Bothnian
gulf testify that these sediments have covered at least the south-eastern part of present Baltic
Shield (Nikishin et al, 1996), or possibly the entire craton (Amantov and Voronov, 1993). The
Upper Vendian-Lower Cambrian transgression was interrupted at the end of Lower Cambrian
(ca 530 Ma) by a mild uplift event throughout the Baltica. This regression event, known as the
Soligalich inversion coincides with the climax of the Timan-Pechora-Ural orogenesis to the east
of the study area and to transtensional deformation accompanying the oblique opening of the
Tornquist Ocean to the southwest (Nikishin et al, 1996).

The period from Middle Cambrian until Early Devonian (530-420 Ma) corresponds to
the Caledonian orogenic cycle. From Middle Cambrian to Upper Silurian (530-424 Ma) a vast
shallow marine basin occupied the southern part of present Baltic Shield. Biogenically mediated
accumulation of uranium from sea water led to its anomalous enrichment in organic-rich rock
units such as the Cambrian bituminous shale of southern Sweden, and Ordovician Dictyonema
shale of Estonia and western Russia (Pakerortsky horizon). During the Upper Silurian-Lower
Devonian (424-386 Ma) the craton was uplifted, as a consequence of the Caledonian orogeny
when Baltica collided with the Laurentia to the northwest (Norwegian Caledonides), to form the
Laurassia continent (Nikishin et al, 1996). As a result of collision-related stresses, NE-SW -
trending brittle displacements of Silurian age occurred within the Baltic Shield. In response to
ongoing compression, uplift continued until Middle Devonian time, resulting in the complete
erosion of the Upper Ordovician-Silurian sediments in the Ladoga region. The Caledonian
orogeny was the last significant tectonic event in the long process of formation of the Baltic
Shield as a united continental crust domain; later reactivations have only had a minor influence
on its structure. A thermal signature of the Caledonian event has been recognized in the Ladoga
region by isotopic dating where, for example U-Pb age determinations of zoned zircon grains
from the Svecofennian Velimyaki massif gave 1893+6 Ma for the core and 507+53 Ma for the

rim of the crystals, while chalcopyrite from a late schistose zone in the same massif was dated
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by the Pb-Pb method at about 550 Ma. U-Pb dating of zircon from the Svecofennian
Kuznechnoye massif yielded ages of 1881+66 and 410+100 Ma (Lokhov et al., 2004).
Hydrothermal redistribution of uranium ores at 400+40 Ma related to the Caledonian orogeny
has also been recognized in the Kola Peninsula (Anderson et al., 1990). On the north-western
continuation of the Janisjarvi fault zone in Finland diamond-bearing kimberlites dated at 434-
592 Ma occur (O’Brien and Peltonen, 1998).

Indications of late Middle to Upper Devonian intracratonic rifting, relating to the
initiation of the Hercynian (Variscan) tectonic cycle (385-300 Ma), occur to the north and
northeast of the study area. This is particular manifest through alkaline magmatism: concentric
nepheline-syenite intrusions (Hibiny and Lavozero), carbonatites (Kovdor) and kimberlite-
lamproite intrusions (Archangelsk kimberlite province, Povenetz diatreme). It is noteworthy,
that the fault systems controlling this magmatism usually trend NE-SW. The Ladoga region
however has little evidence of Hercynian reactivation and from Middle Devonian to
Carboniferous time; the area corresponded to a continental to proximal shelf environment, with
a shallow sea present to the south-southeast. During the Lower Carboniferous Lower Visean
epoch (350-345 Ma), renewed uplift led to exhumation, followed by a further marine incursion
from the east at the beginning of the Upper Carboniferous (311-303 Ma). The climax of the
Uralian orogeny coincided broadly with the Carboniferous-Permian boundary (290 Ma) in the
easternmost part of the East European craton, far to the east of the study area. To the west, the
youngest significant period of magmatic activity took place in Late Carboniferous to Permian
time, when the aborted Oslo intracratonic rift developed. It has been proposed that anomalous
(up to economic grade) abundances of uranium in Upper Vendian sandstones are mainly a result
of Hercynian activation (Mikhailov et al., 1999).

Since Triassic time, stable cratonic conditions have presumably prevailed in the Baltic
Shield. In contrast with the adjacent Eastern Europe platform, there has been gradual (or
episodic) uplift and exhumation. It is also inferred, that continental sediments, principally
derived from the Scandinavian Caledonides buried a significant part (or all) of the Baltic Shield
until their removal by erosion about 250 Ma ago (Larson et al., 1999). The existence of lateritic
paleoregolith dated at 140 Ma (Anderson et al., 1990) indicates that Russian Karelia was at least
partly exhumed during Cretaceous.

During Mesozoic time, denudation alternated with marine transgressions; in particular,
Lower Cretaceous marine sedimentation took place on the southern part of the shield (Ziegler,

1981). The fact, that Lappajarvi (Finland) meteorite impact site was buried under sedimentary
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rocks at about 75 Ma provides further evidence of the recent age of the final exhumation
(Kohonen and Ramo, 2002). A peneplaned environment then prevailed until the end of the
Mesozoic (Amantov et al., 1989).

The Cenozoic Era is characterized by a general uplift of the Baltic Shield, with weak
oscillations, probably controlled by a combination of deep-seated endogenous (mantle
upwelling) and exogenous (erosion, glacial isostasy) factors.

The Ladoga region, as a marginal area between the Eastern European platform
depression and the uplifted Baltic Shield, has been subjected to intermittent tectonic activity
during the Cenozoic era. The northern part of the Ladoga region is rising at an average rate of 1
mm/year, locally up to 6,4 mm/year (Kakkuri, 1997), whereas the southern part is subsiding at a
rate of 0.4 mm/year. The Ladoga Lake, formed during the Quaternary, is also subsiding at a rate
of 0.7-3.1 mm/year (Akromovskii et al., 2000). Some of the ancient faults were reactivated and
elongated graben (Vuoksa) and local horsts (Toksovo) developed. The present landscape was
formed as a consequence of at least five successive glaciations during Pliocene-Holocene,
followed by isostatically driven transgressions and regressions. The latest glaciation took place
about 21,500 years ago. Glacial events and subsequent geodynamic responses led to surfacial
and subsurface remobilization of ancient U ores, with formation of secondary mineralization
(Reed et al., 2007).

There is abundant evidence of seismic activity in historical times. Since the beginning of
the 20™ century, several earthquakes with a magnitude up to 3-4 have been registered. Most of
the epicenters are located in the Valaam archipelago and northern coastline of the Northern

Ladoga region (Akromovskii et al., 2000).

Analysis of uranium distribution reveals a gradual increase in its average abundance with
the time (fig. 1.10): 0.5 ppm in Mesoarchaean, 1.4 ppm in Neoarchaean, 2.5 ppm in
Palaeoproterozoic, 3.4 ppm in Mesoproterozoic, 4 ppm in Neoproterozoic, 8.6 ppm in
Palaeozoic rock units. Within the Proterozoic rock units of the Ladoga region an increase in U
content with time is also observed: 1.1 ppm in Sumian-Sariolian, 1.5 ppm in Jatulian, 2 ppm in
Ludicovian, 4.1 ppm in Kalevian, 8.2 ppm in Vepsian (granites), 5 ppm in Riphean and 4 ppm in
Vendian. Maximal dispersion of U occurs in Jatulian and Ludicovian rocks (Mikhailov et al.,
1999). The most enriched ones are the Matkaselsky leucogranite complex (9.5 ppm U on
average, in the Matkaselka massif — 17 ppm) and the latest phases of the Wiborg rapakivi massif

(14 ppm U). High U abundances in Palaeozoic sediments are a consequence of their enrichment
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in Lower Ordovician phosphorites and especially the Dictyonema shales of the Pakerortsky
horizon where it reaches subeconomic grades (130 ppm). Combined data on U and Th
abundances in geological formations of the Ladoga region are presented in the General
Appendix 2.1.
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<C| 3200 conglomerate interlayers.

Figure 1.10. Evolution of uranium contents in the bedrocks of the Ladoga region.
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Norwegian
sea
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500 km

Caledonian crust area: 1-Norwegian thrust.
Riphean crust area: 2-Dalslandian domain.

Paleoproterozoic crust area: 3-Svecofennian craton.

Areas of Paleoproterozoic and reworked Archaean crust:
4-Raahe-Ladoga zone, 6-Lapland-Belomorian belt.

Archaean crust areas, cratons: 5-Karelian, 7-Kola.

ENRROm|

Intrusions of Rapakivi formation with ages.

Outline of the Rapakivi Province.

\

Baltic-Mezen tectonic belt.

4

~---===Actual outline of V-PZ platform cover.

Actual outlines of Riphean sedimentary basins, incl.: I-Satakunta, 11-Muhos,
I11-Pasha-Ladoga, 1V-Lemsky, V-Ustonegsky, VI-Tersky, VII-Zimneberegsky.

D

Figure 1. Generalized map of the tectonic zoning of the Baltic Shield.
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Figure 2 a. Map of the regional tectonic zoning of the Ladoga region.
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Figure 2 b. Map of the detail tectonic zoning of the Ladoga region.

"Xipuaddy ‘malnal [ea160]0ab [euoifay 'T 14vd




(1181

0 50km

Ulieleg

Finland A‘h_l_u.‘;?i A~

\ S'alllmii
RS
RSN

N
‘A
L

\|

\ .
& y
IE2]
Wibong
/i

N

No data
available

Figure 2 c. Map of the magmatic formations of the Ladoga region.
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Figure 2 d. Map of the major fault zones of the Ladoga region.
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Figure 2 e. Legend to the set of maps of the Ladoga region.

770-720 |:| Jj-Janisjarvi impact complex.

1460-1250 Va - Valaam complex: a-on land, b-under Lake Ladoga.
1470-1300? ln S - Salminsky trap complex: a-on land, b-under Lake Ladoga.
1546,7-1535 Salmi, Uljalegi, Svyr, Oyat massifs of the rapakivi formation.

1645-1615 ﬂ Wiborg massif of the rapakivi formation

ca. 1770 - R - gabbro-dolerite Ropruchei sill.

Elesinvaara-Vuoksa, Ostrovsky, Kamennogorsky gabbro-mozonite-syenite-granite complexes,

1810-1770 massifs: V-Vuoksa, O-Ostrovsky, K-Kamennogorsky, Pd-Prudinsky, Oj-Oja-Jarvi, E-Elisinvaara.

ca.1800 - Borodinsky Bt-granite complex: B-Borodino and Z-Zavetny massifs.
Matkaselsky bi-mica leucogranite complex: L-Latvasursky, M-Matkaselsky,

ca.1800 - Pi-Pitkyarantsky chamber magmatic complexes, Chaplinsky massif.
_ Bt-granite complexes, massifs: Po-Polyansky, Lz-Lazurny, Kz-Kuznechnoye,
1870-1860
I:l T-Tervus, P-Putsaari.
1873-1869 - Migmatite-anatectite-granite complex.
Tonalite-diorite Lauvatsaari-Impiniemi complex:
1880-1
880-1865 I:l Pr-Priozersk, L-Lauvatsaari, I-Impiniemi massifs.
1883 - Pyroxene granitoid Kurkijoki complex: Kk-Kurkijoki massif.
Gabbro-norite-pyroxenite-diorite-monzodiorite-tonalite Kaalamo complex:
1890-1880 - K-Kaalamo and V-Velimyaki massifs, A-Alattu stock.
1900-1890 - Jakkima intrusive complex: tonalite and granodiorite.
1963-1942 - Gabbro-basalts of Ludicovian ophiolite complex.
2150-1970 Jatulian-Ludicovian gabbro-dolerite dyke complex.
ca. 2600 I:l Upper Lopian granitoid intrusions: Ja - Jalonvaara.
30007 I:l Lower Lopian gabbro, leucogabbro.
)} Outlines of covered roof of rapakivi granite massifs.
-~

Subdivisions of the basement, blocks: V-\Whborg, P-Priozersk, Lh-Lahndenpokhya, I-1sojarvi,
St-Sortavala, L-Ljaskelja, Ls-Leppesurja, IP-Impilakht-Pitkjaranta, Sv-Svyr, S-Southern;
depressions: T-Tulomozero, Zo-Zaonejskaya, Po-Prionejskaya;

greenstone througs: JI-Jalonvaara, H-Hautovaara, S-Segozero;

J-Janisjarvi syncline; R-Ruskeala anticline.

Principal domes: L-Latvasurje, J-Jokiranta, S-Sortavala, Ki-Kirjavolakhti,
Kk-Kokkoselka, I-Impilakhti, M-Mursula, K-Korinoya-Pitkjaranta, U-Uksa.

Riphean depressions: Sm-Simagino, Pr-Priozersk, U-Ulja-Risti, S-Salmi, P-Pasha.
Limit of PZ cover. ~ Limit of V, cover. ~ "7 Limits of Riphean depressions.

Principal faults. —— Subordinated faults.

Meeri thrust zone. Q Janisjarvi impact structure.

Tectonic troughs.

Principal uranium occurrences:

basement-hosted;
hosted by the Riphean formations;
hosted by the Vendian-Palaeozoic formations.

others (out of consideration).

cure [I]] 00 =

Outline of the considered area.

NB: Information on areas out of considered region is reduced.
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Svecofennian domain

Raahe-Ladoga domain and adjacing area of Karelian domain

Subdivision Thickness,m Lithology Age, Ma Lithology Thickness,m Subdivision
. . . - -\ Lower-Middle Riphean: sedimentary-volcanogenic]
Lower-Upper Riphean: sedimentary-volcanogenid] P . . . 480-2000 ) Ny :
formations of the Pasha-Ladoga depression. 480 ’ - .\/ \‘\/ v = formafions of the Pasha-Ladoga depression.
- \Z = Y
: : \— 1460
1645-1615 Ma, Lower Riphean, o 1547-1535 Ma, Lower Riphean,
Wiborg intrusions ~ ~ o o Salmi, Ulalegi, Svir, Oyat intrusions
of the rapakivi formation. — — of the rapakivi formation.
-+ — -+
~ ~
1900-1770 Ma, Upper Kalevian - Lower Vepsian| — — 1900-1800 Ma, Upper Kalevian,
Svecofennian and post-Svecofennian intrusions . . Svecofennian intrusions.
— @ — — ——
I - 2100-1893, Ludicovian-Kalevian, >10000 3000 -
Lakhdenpohja group. o s 10000 1920-1893 Ma, Lower Kalevian, Ladoga group.
1I - 1920-1893, Kalevian undivided complex. —~ ~ ~ov
—
— | -+ —
~ ~
F@ ~ ~
— —
—+ — || +— —+
1950 -
. Lahdenpokhya- West I East
Characteristic rocks Hiitola. Potorsburg
subdomain subdomain
% Limestone and dolomite. =950 Ludicovian, Sortavala group, Soanlakhti (I) and
Pitkyaranta (II) suites: metavolcanite, limestone,
Sandstone. Marbl 1I=160-1900| dolomite, marble, schist.
. arble.
Mafic volcanites. Quartzite.
pa— 2060
Amphibolite. Conglomerate. 200 Upper Jatulian, Onega group, Tulomozero suite:
dolomite, basalt, quartzite, conglomerate.
Metapelitie, metapsammite schist. Persilic volcanite. 2150 0 % 6 % 0% o ° o °
° : ° : ° : ° : ° : : 800 Lower Jatulian, Onega group, Jangozero suite:
© L% g0 g0 0 0 quartzite, gartzite-sandstone, conglomerate.
- Metagreywacke. Granite-gneiss. o2 _°. 2 0.
2800F =~~~ TS 507 Sariolian, Seletskaya suite: conglomerate.
2400 I T N - — -
Metamorphosed limestone. Carboniferous rock. 2600 Ma, Upper Lopian, granite intrusion.
Lot L L 3000 2995-2865 Ma, Lower Lopian,
) Intrusive formations see 3000 L L L 8 Jalonvara and Hautovaara suites.
Metamorphosed dolomite. . " - — - "
in the legend to fig. 1.2. — — — Saamian-Paleolopian: plagiogranite
o o . and migmatite-plagiogranite complexes.

Figure 3. Column of pre-Vendian geologic formations of the Ladoga region.

NB: formations of the granite-gneiss domes of the Raahe-Ladoga domain are not shown because of uncertain reference.
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0 50km

Finland

Lake Ladoga N

Svecofennian domailn Raahe-Ladoga Karelian domain

Lahdenpokhya-Hiitola domain

Petersburg subdomain ) by
(p)  subdomain gy, & ‘R

Legend
Map Section

- Salfemic crust with reduced thickness of the granite-gneiss layer. Rapakivi massifs.

Granite layer.

- Femic crust with reduced thickness crust with absence or small granite-gneiss layer.
Granodiorite layer.

- Femisalic crust with predominance of granite-rapakivi in the granite-gneiss layer:
Diorite layer.

Peridotite layer.

c Line of the section. Upper mantle.
B Crust-mantle admixture
A (Northen Ladoga mantle upwelling).

\ Principal fault zones, including: P-Priozersk, M-Meeri, R-Ruskeala, J-Janisjarvi.

D Femisalic crust with normal three-layered composition.

Other symbols see in the legend to the Fig. 1.2.

Figure 4. Map and section of the deep structure of the Ladoga region.
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Figure 5. Map of the gravity field anomalies of the Ladoga region. Compiled by Shipota A.P. et
al., edited by Apanasevich A.V., “Nevskgeologia”, 2005.
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Stratigraphic subdivisions.

Upper Vendian-Palaeozoic
platform sediments.

Lower Vendian, Jablonovskaya suite.

Middle (?) Riphean, Priladojskaya suite.

Lower Riphean.

Pasha suite: sandstone,
siltstone, mudstone.

Salmi suite, Upper subsuite,
Salmi basalt complex, upper unit.

Salmi suite, Middle subsuite.

Salmi suite, Lower subsuite,
Salmi basalt complex, lower unit.

Priozersk suite.

Paleoproterozoic, Ludicovian
and Kalevian supracrustals.

Archaean-Paleoproterozoic undivided,
domes formations.

Intrusions

Lower Riphean, Valaam sill gabbroids.

R, Rapakivi granitoids.

PR,, Svecofennian granites.

oL

Characteristic lithology.

Clay.

Tillite.

Limestone, dolomite.
Sandstone, gritstone.
Conglomerate.
Schist.

Amphibolite.

Marble.

Uranium occurrences.

Unconformity-type
Karku deposit.

Anomalies at the

Lower Riphean unconformity.

v veined U mineralization.

Gneiss, granite-gneiss.

Svecofennian domain

Raahe-Ladoga domain

Figure 6. Geological column of the Pasha-Ladoga basin.
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Table.1.1.Accessory minerals of the potassic granitoids of the Ladoga region (after Bogachev, 1999).

Massif Rock Minerals
Fluorite | Apatite | Zircon | Monazite | Garnet | Tourmaline | Orthite | Titanite | Ilmenite | Magnetite
Putsaari Bt granite 0 X X X E E 0 E 0 X X X X
Tervus Bt granite E X X X X X 0 0 X X E
Mus-Bt granite X X X X X X X 0 0 E X X 0
Kuznechensky | Bt granite E X X X X X X X 0 0 0 X 0
Lazurny Bt granodiorite 0 X X X X X X X 0 0 0 X X 0
Bt granite X X X X X X X 0 0 0 X X 0
Zavetnensky Bt granite E X X X X X X X E E 0 X X E
Borodinsky Bt granite E X X X X X X X 0 E 0 X X E
Matkaselsky Mus leucogranite 0 X X E E X X X X X X 0 E E X
Oja-Jarvi Amf-Bt quartz monzonite X X X X X X 0 E 0 X X X X X X X
Vuoksa Amf-Bt quartz monzonite X X X X X X 0 0 0 X X X X X X X X
Ostrovsky Amf-Bt quartz monzonite X X X X X 0 0 0 X X X X X X X E
Prudinsky Amf-bearing E X X X X E E 0 X X X X X E
Bt granosyenite
Salmi Amf-Bt rapakivi granite X X X X X E 0 E X X X X X X
Bt granite X X X X X E 0 0 X X E X X X

0 — mineral is absent, E — mineral occurs in single, x — rare mineral, x x — common mineral with content up to 0,n%,
x x x — widespread mineral, referred as subordinated rock-forming one.
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Table 1.2. Average chemical composition of Svecofennian potassic granites of the Ladoga region (after Bogachev, 1999).

Kz L, L, P T B Z G M La 0j v o Pr | Km
Si0, % | 72.90 |67.06 | 7149 | 7157 |7250 |71.08 | 7051 |70.25 |73.86 | 73.46 |64.40 |61.86 | 6419 | 6594 | 65,02
TiO,, % | 025 |1.01 |050 |0.44 |038 |049 |043 |053 |003 |006 |115 |095 |1.31 |086 |10
AlLO; % | 13.42 | 1551 | 14.36 | 1453 | 1456 | 1459 | 14.44 | 1435 |14.27 |13.98 | 1503 | 1551 | 1450 | 14,06 | 14,00
Fe,Os, % | 052 |1.08 |056 |1.14 |073 |071 |061 |275 |053 |050 |1.37 |273 |164 |169 |051
FeO,% |197 |353 |233 |1.38 137 | 167 |195 024 091 |323 |256 |457 |334 |529
MnO,% |0.04 |008 |006 |004 |003 |003 |003 |002 |006 |009 |008 |007 |010 |00 |0,06
MgO,% | 053 |1.07 |067 |066 |057 |059 |072 |0.79 |0.42 |034 |1.74 |207 |1.44 |142 |131
CaO,% | 117 |245 |157 | 188 113 [1.33 |149 |0.89 034 |042 |285 |411 |2.86 |29 |3,22
Na;O,% | 258 |2.82 |269 |3.13 |3.28 |289 |284 |25 409 |401 |347 |337 |288 277 |271
K:O,% |552 |423 |488 |436 |469 |536 |564 |695 |423 |474 |439 |518 |466 |553 |5,10
P05, % |010 010 |007 002 |009 |009 |018 |00 |023 |006 |067 |048 |045 |0726 |0,35
LOI,% |062 |1.28 |080 |0.73 078 |083 |102 |062 |060 |036 |1.13 |062 |1.32 |115 |0,98
AICNK | 1.09 |1.18 |1.14 |1.08 116 |142 |107 |1.09 |120 |141 |095 |0.84 |096 |088 |088
CINK | 0.105 |021 |0.45 |0.48 |0.097 |0.115 |0.125 |0.070 |0.027 |0.033 |0.25 |0.33 |025 |026 029
F.ppm | 600 | 900 |600 | 490 880 | 590 | 640 330 | 210 2500 | 1120 | 2970 | 2300
Li, ppm | 26 23 21 13 29 17 18 60 21 20 16 21 19
Cr,ppm | 14 27 12 8 14 12 16 19 9 9 47 34 23 16
Rb,ppm | 216 | 133 | 169 |92 204 | 224 | 205 |259 | 296 | 307 153 | 146 | 185 | 217
Sr,ppm | 94 177|115 | 541 151|185 |273 | 167 |14 48 1250 | 1660 | 433 | 370
Y,ppm | 48 36 41 <10 22 16 10 18 13 19 25 48 41 26
Zrppm | 172 | 287 |201 | 175 193|302 |314 306 |14 78 301|504 | 710 | 650
Hf, ppm | 5.2 50 |42 38 49 |86 |83 |79 12 13 28 26
Nb, ppm | 12 17 14 9 15 14 8 20 1.4 15 20 29 36 31
Ta,ppm | 084 |0.39 |046 | 041 082 | 078 |054 048 |31 16 16 |17 |1
Ba, ppm | 697 | 1290 | 722 | 1530 | 1080 | 1060 | 1350 |630 | 205 | 176 1670 | 2690 | 1770 | 1550
La, ppm | 41 37 34 31 44 111 [ 123|138 | 4.2 15 144|212 | 134 | 173
Yb, ppm | 6.3 37 |55 0.35 127 094 |088 049 |11 1.8 2.1 30 | 355 | 2,65
Th, ppm | 16 20 15 6.5 17 55 47 123 |1 24 20 35 25 39
U, ppm | 2.8 14 |15 1.3 30 |21 |26 |47 17 10 1.3 23 |08 |12
Th/U 5.7 14 10 2.1 55 |26 18 26 006 |17 15 15 31 32

Massifs: Kz-Kuznechnoye, L;-L,-central and marginal facies of Lazurny, P-Putsaari, T-Tervus, B-Borodino, Z-Zavetnensky, G-Gory, M-Matkaselka, La-Latvasursky,
0j-0Oja-Jarvi, V-Vuoksa, O-Ostrovsky, Pr-Prudinsky, Km-Kamennogorsky.
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Table 1.3. Succession of the geological events in the Ladoga region (combined from: Baltybaev et al., 1999; Bogachev, 1999; Glebovitsky,
2005; Heiskanen, 1990; Kohonen and Ramg, 2002; Akromovskii, 2000; Stepanov, 2006). Events occurred out of the Ladoga area but
influenced on its structure are shown in italics.

Lower age | Era Tectono- Stage Geological event Magmatism Metamorphism Deformation
limit, Ma magmatic circle
3500 Saamian Forming of nucleuses of the continental crust of the Karelian domain
3200 Lopian Lopian Rifting and collision — forming of the greenstone | Mafic and felsic volcanites, granite | Ultrametamorphism of N-S faults
belts intrusions, pegmatites Saamian basement and
metamorphism of the
greenstone belts
2500 Sumian- Belomorian Rifting, collision Continental
Sariolian sedimentation
2300 Lower Littoral sedimentation,
Jatulian psammite
2150 Upper Karelian Intracraton rifting, Marine sedimentation, | Mafic dykes, sills
Jatulian beginning of the dolomite
spreading
2100 Ludicovian Svecofennian Extension of the crust of Mafic dykes NW faults
the Karelian craton
1970 Continental crust break Marine sedimentation, | Mafic dykes, sills, traps
up, Svecofennian ocean limestone, dolomite
opening
1920 Kalevian Forming of juvenile Turbidite series, Volcanites of polymodal series
island arcs littoral sediments
1917 Beginning of the collision Primitive tonalites (Jakkima Zonal prograde Isoclinal folds,
complex), migmatites metamorphism foliation.
(leucogranites), pegmatoids T=650-850°C, P=4.5-6.4
1893 Uplifting Gabbro-norite-diorite-monzodiorite | kbar Open and
(Kaalamo complex) isoclinal folds,
1883 Mature island arc, Enderbite (Kurkijoki complex), foliation.
continental crust growing trondhjemite migmatites NW-ward thrusts,
1880 Cratonization, Diorite-tonalite (Lauvatsaari faults, NW shear
uplifting. complex), pegmatites, intensive zones, open and
migmatization; |SOC||na| folds,
1870 Culmination of the early massifs of potassic Bt- Early retrograde foliation.

collision event

granites (Kuznechensky,
Putsaarsky complexes), migmatites.

metamorphism
T=720-650°C, P=4.5-3.5
kbar
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Table 1.3. Succession of the geological events in the Ladoga region (continued).

Lower age | Era Tectono- Stage Geological event Magmatism Metamorphism Deformation
limit, Ma magmatic circle
1860 Svecofennian Finalization of the Cratonization, uplifting | Potassic Bt-granites (Tervussky Late retrograde NE faults, NW
(finalization) collision complex), late migmatites. T=650-400°C, P<3.5 kbar | folds.
metamorphism shear zones, small
1810 Uplifting, erosion Potassic bi-mica granites NE faults
(Matkaselka complex), gabbro-
1800 Vepsian monzonite-syenite-granite,
shoshonitic series (Elisenvaara,
Vuoksa, Oja-Jarvi etc massifs)
1780 Local intracraton
rifting. Peneplenization
1650 Lower Beginning of the crust
1645 Riphean extension Wiborg massif of rapakivi NE, W-E, NW
formation and accompanying faults
rhyolite volcanism
1615 Local continental sedimentation
(Hoagland suite)
1550 Salmi massif of rapakivi formation
1530 Intensive uplifting and
erosion
1500 Dalslandian Intracraton rifting Intracraton basin Trapp basalts, gabbro-diabase NW and NE
sedimentation intrusions normal faults and
1350 Middle shifts
1100 Riphean Collision
1000 Upper
900 Riphean Uplifting and erosion
770-720 Janisjarvi impact event
650 Lower Glaciation, then
Vendian uplifting and erosion
0.62 Upper Salairian Platform (shelf to early | Moderate downlifting, Proximal continental and marine NE faults
Vendian- foredeep) then uplifting and sedimentation
Lower sedimentation, then erosion
Cambrian regression
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Table 1.3. Succession of the geological events in the Ladoga region (continued).
Lower age | Era Tectono- Stage Geological event Magmatism Metamorphism Deformation
limit, Ma magmatic circle
0.53 Middle Caledonian Spreding-Rifting- Moderate downlifting, Proximal continental and shelf NE faults
Cambrian- Subduction-Collision, then uplifting and sedimentation
Upper shelf sedimentation, erosion
Silurian then regression
0.42 Moderate uplifting and
erosion
0.39 Middle- Hercynian Shelf sedimentation, Transgession-regression NE faults
Devonian- then regression
Upper
Carbonifer
ous
0.3 Permian- Uplifting and erosion
Paleogene
0.02- N Multiple glaciations, NW, NE, W-E,
recent upliftings and erosion. local N-S normal
faults
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THE LADOGA REGION
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PART 2. Uranium occurrences of the Ladoga region. Introduction.

PART 2. URANIUM OCCURRENCES OF THE LADOGA REGION.

Introduction

There are three principal stratigraphic levels in the geological sequence of the Ladoga
region (upward succession):

1. AR-PR; crystalline basement;

2. Riphean-Lower Vendian proto-platform formations;

3. Upper Vendian-Palaeozoic platform sediments.

According to their stratigraphic localization uranium occurrences of the Ladoga region
can be subdivided into three groups:

I. Basement-hosted;

I1. hosted by Riphean basinal formations;

I11. hosted by Upper Vendian-Palaeozoic sediments.

Part 2 of the thesis is devoted to the description of uranium occurrences of all these
groups with consideration of the most representative examples. Basement- and Riphean-hosted
occurrences have been visited and sampled during field trips of this thesis and will be described
in detail. Uranium occurrences in the Vendian-Palaeozoic platform sediments do not outcrop
and rock material from them is no more available. They will be briefly described on the base of

published and archive data.
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PART 2. Uranium occurrences of the Ladoga region. Chapter 1. Basement-hosted uranium occurrences. Introduction.

Chapter 1. Basement-hosted uranium occurrences.

Introduction.

All significant uranium occurrences in the crystalline formations of the basement are
known in the Northern Ladoga area of the Raahe-Ladoga domain (General Appendix 1, fig. 1.1
and 5). Farther to the south-east along the Raahe-Ladoga zone the basement is concealed under
the platform sediments and in spite of the similar structure of the basement, no basement-hosted
uranium occurrences have been found (General Appendix 1, fig. 1.2). Basement of the
Svecofennian domain is poor in respect of uranium occurrences. Only rare uranium anomalies
referred to granite accessories have been discovered in outcropped part of the Western Ladoga
area (General Appendix 1, fig. 1.3).

Next groups of uranium occurrences in basement rocks of the Northern Ladoga area can
be distinguished in accordance to its stratigraphic-petrologic reference and structural features (in
order of their location in the basement sequence):

1. granite-hosted U-Th occurrences;

2. Th-U anomalies in the Jatulian quartzites;

3. U-Pin carbonate rocks of the Ludicovian Pitkjaranta suite;

4. vein-type U occurrences in different lithologies.

The most representative specimens of all of these groups have been visited and sampled
during field trips of this thesis. Descriptions of these occurrences and groups in a whole are

presented in the subsequent paragraphs.
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PART 2. Uranium occurrences of the Ladoga region. Chapter 1. Basement-hosted uranium occurrences. Paragraph 1.1.

Paragraph 1.1. Granite-hosted uranium occurrences.

Introduction

Granite-hosted uranium occurrences are widespread in the Ladoga region. In general
they can be subdivided into two groups:

1. hosted by anatectic granites.

2. hosted by intrusive granites;

This subdivision is quite conditional. At first, it is not always possible to recognize the
nature of the granite without more detailed work, especially in zones of intensive
ultrametamorphism like in the Northern Ladoga granite-gneiss domes, diverse points of view on
the origin of the same granites often takes place. Besides, in many occurrences radioactive
mineralization occurs in the both types of rocks. Typology of uranium occurrences described

below is given depending on the major type of mineralization for each occurrence.

Svecofennian anatectic granites of the Ladoga region are much more fertile with respect
to uranium ore mineralization compared to intrusive ones. They host many ore-showings
whereas U concentrations in the last ones are ranged as anomalies only. That is why the present
research has been concentrated on the anatectic-hosted U occurrences; description of most

uranium-enriched intrusive granites is given briefly.

1. U-Th-REE occurrences in anatectic granites.

Different types of anatectic granites are widespread in the Ladoga region. The oldest
ones are related to the Lopian diastrophism and occur in gneisses of the Karelian domain and
granite-gneiss domes of the Raahe-Ladoga zone. In the last ones, the Archaean granitization is
obscured by Svecofennian orogenic processes. Svecofennian anatectic granites occur in all
basement metamorphic formations, in the Raahe-Ladoga as well as in the Svecofennian domains
(fig. 2.1.1.1). Increased radioactive background is quite common for these formations, but all
more or less significant uranium occurrences are hosted by specific intradome anatexites
attributed to the latest phases of the Svecofennian event. In other areas of the Ladoga region, in
the interdome formations-hosted migmatites of the Raahe-Ladoga zone as well as in diverse

migmatites of the Svecofennian domain, only very rare low-intensity anomalies occur.
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Figure 2.1.1.1. Svecofennian ptigmatites in the Kalevian micaschist in the Pitkjaranta area.

In the Northern Ladoga area most of U-Th-REE occurrences in anatectic granites have
been discovered in granite-gneiss domes the Impilakhti-Pitkjaranta block (General Appendix 1,
fig. 1.1). A few ones (mostly of anomaly grade) occur in the Sortavala block and in the Karelian
domain. The Mursula dome of the Impilakhti-Pitkjaranta blocks is the richest in uranium
occurrences, but several occurrences have been discovered in the Korinoya-Pitkjaranta and

Kokkaselsky domes as well.

U-Th-REE occurrences in anatectic granites have been discovered during exploration
programs undertaken by “Nevskgeologia” from 1947 to 1978. Several uranium occurrences of
the Impilakhti-Pitkjaranta block have been mapped and sampled during my own field work in
2005 and 2006.

Uranium-bearing anatectic granites of the Northern Ladoga area are hosted by diverse
formations of the domes — granite-gneiss, amphibolites, earlier migmatites. Two types of
uranium-bearing anatexites have been distinguished:

1. pegmatoids;

2. migmatites.

Both groups are quite common for zones of intensive ultrametamorphism as the granite-

gneiss domes are. Pegmatoids are more typical for the internal parts of the domes although occur
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on the periphery as well. Uranium-bearing migmatites occur in the dome periphery only, a few

hundred meters from contact with the enveloping PR; formations.

The pegmatoids are middle/coarse-grained granitoid rocks, forming irregular-shaped
bodies conformable to discordant with respect to the host rocks. The pegmatoid is composed
mainly of K-feldspar (microcline) and quartz; Fe-biotite is a common accessory mineral. As a
rule, transition between pegmatoid and host rocks is gradual although sharp borders occur as
well. They have no obvious differentiation as it is in chamber pegmatites, although a
mineralogical and geochemical zoning at the transition part can be revealed (see below). Typical

for pegmatites eutectic graphic structures are rare in the pegmatoids.

The migmatites are rather elongated formations — up to tens meters length. They are
composed of alternating leucocratic (mainly quartz and feldspars) and melanocratic (mainly
biotite) layers. Uranium-bearing migmatites are related to extended linear tectonic zones
occurring around the domes periphery and parallel to domes boarders. The origin of these

tectonic zones has been attributed to dome fracturing during its emplacement (Letnikov, 2000).

Description of the most representative specimens of the uranium occurrences in anatectic

granites of the Impilakhti-Pitkjaranta block is presented below.

1.1. Uranium mineralization in the pegmatoids.

The Sjuskinsaari group of anomalies.

There are over 40 uranium anomalies hosted by pegmatoids on the eastern slope of a
local synclinal structure complicating the western part of the Mursula granite-gneiss dome, in
the Sjuskinsaari island (Appendix to Chapter 1, fig. 1). They present the Sjuskinsaari group of
anomalies (or the Czerkovnaya ore zone). This area is composed of plagioclase-microcline
gneiss-granites with amphibolite interlayers (about 25 % of the sequence). Migmatization is
widespread.

Veins and lenses of quartz-microcline pegmatoids 2 to 70 m long (maximum 300 m) and
0.1-10 m thick occur among all rock varieties. Especially they are concentrated at the contacts
between amphibolites and granitic-gneisses. Generally pegmatoids bodies have N-S striking,
conformable to a foliation of the host rocks, but often local contacts are discordant (fig. 2.1.1.2).

133



PART 2. Uranium occurrences of the Ladoga region. Chapter 1. Basement-hosted uranium occurrences. Paragraph 1.1.

Figure 2.1.1.2. Uranium-mineralized pegmatoid granite body in the Sjuskinsaari area.

Many of these pegmatoids host radioactive mineralization located in nests or related to
undulating biotite schlierens (fig. 2.1.1.3). U content reaches up to 4 300 ppm and Th — 1 810
ppm. Th-U ratio usually is between 0.1 and 1, rarely up to 2 (Korotaev et al., 1978).

>

Figure 2.1.1.3. Biotite aggregates in uranium-mineralized pegmatoid in the Sjuskinsaari area.
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Primary uranium mineralization is represented by euhedral uraninite crystals
disseminated in the rock (fig. 2.1.1.4). It occurs enclosed into the feldspar crystals but is

especially concentrated in biotite schlierens (fig. 2.1.1.5). Pitchblende develops after uraninite.

Figure 2.1.1.4. Impregnated uraninite mineralization in pegmatoid from the Sjuskinsaari area;
a — sample Sju-4; b — 14 days exposition autoradiography.

500 mkm

Figure 2.1.1.5. Idiomorphic uraninite crystals in biotite aggregates in the pegmatoid from the
Sjuskinsaari area. Sample Sju-1, optical photos of a polished thick section: a — plain transmitted
light; b — reflected light.
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The uraninite from the Sjuskinsaari area is characterized by evaluated Th and REE
contents that correspond to the high-temperature origin. The pitchblende developing after the
uraninite generally inherits particularities of its chemical composition, but it is relatively
contaminated with Si and Ca that can be referred to alterations and essentially lower Pb content.
According to the last one, the age of the pitchblende can be approximately estimated as
Palaeozoic. Compositions of the uranium oxides from the Sjuskinsaari area are presented in
table 1 of General Appendix 2.3 and table 1 of General Appendix 2.4.

Late coffinite replaces both uranium oxides (fig. 2.1.1.6). Hexavalent uranium minerals
(uranophane, kasolite, autunite) occur, especially along late fractures. Locally it can be observed

in outcrops (fig. 2.1.1.7).

S0 mkm

Figure 2.1.1.6. Development of pitchblende (Pbl) and coffinite (Coff) after uraninite (U).
Molybdenite (Mo) occur around the uraninite. The Sjuskinsaari area, sample Sju-1, BSE photo.

Figure 2.1.1.7. Hexavalent uranium mineralization in pegmatoids of the Sjuskinsaari area.
Radioactivity 180 uR/h.
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The uranium mineralization is accompanied by high content of Mo, Cu, Ag, Y, Ga, Be,
Yb.

A U-Pb isotopic age 1818+27 Ma has been obtained on the uraninite from the
Sjuskinsaari area (fig. 2.1.1.8). Five points of the sample Sju-1 have been analyzed. The lower
intercept of the discordia 527+200 Ma has a large error and possibly corresponds to formation of

the coffinite alteration.
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Figure 2.1.1.8. Concordia diagram for the uraninite from the Sjuskinsaari area; sample Sju-1.

REE content in the same uraninite has been analyzed by the same tools (fig. 2.1.1.9;
General Appendix 2.7, table 2). REE contents are elevated and the pattern is weakly fractionated
with slightly increasing from the LREE to the HREE as generally observed for magmatic
uraninite (Bonhoure et al., 2007; Bonhoure, 2007). Contents of Gd and Yb have not been

obtained because of technical problems occurred during the analyses.
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Figure 2.1.1.9. Pattern of chondrite-normalized REE contents in uraninite from the Sjuskinsaari
area; sample Sju-1.

1.2. Uranium mineralization in the migmatites.

Uranium mineralization from the following ore-showings occurs in the migmatites as
well as in the pegmatoids, but the migmatite-hosted ones represent the most important resources
for these ore-showings.

The Mursula-Puttumyaki ore zone. The Puttumyaki and Hirsimyaki ore-showings.

The N-S striking (340-360°) Mursula-Puttumyaki zone represent a large number of
uranium occurrences on the eastern slope of the Mursula dome (Appendix to Chapter 1, fig. 1).
It occurs at 300 to 1000 m from the contact with PR, Ludicovian formations and over a length
about 5.5 km. It is associated to the Ruokojarvi fault zone striking N-S 340-360°. The Mursula-
Puttumyaki ore zone is located in a wide geochemical halo (sometimes called the Mursula-
Puttumyaki geochemical zone) with increased uranium content (> 100 ppm) which can be
followed over 8 km along the eastern slope of the Mursula dome. This U enrichment halo is
associated with high Pb (30-50 ppm) and Cu (30-40 ppm) contents and in its southern part by
high Mo (40-100 ppm, up to 500 ppm) contents. Spot anomalies of Zr (2 000 ppm), Y (1 000
ppm), Nb (300 ppm) also have been found. To the north of the halo, increased contents of U
(2.7-4 ppm), Bi (2.5-3 ppm), Y (150 ppm) and La (200 ppm) occur over 15 km along the
Ruokojarvi fault zone (Korotaev et al., 1978).
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The Mursula-Puttumyaki ore zone comprises a series of U occurrences. From the north
to the south there are Puttumyaki, Hirsimyaki, Mursula and Lesnoye occurrences. Puttumyaki,
Hirsimyaki and Lesnoye define an alignment of mineralized zones striking about 345°. The
Mursula occurrence is situated to the west of the southern part of this line (Appendix to Chapter
1, fig. 1).

The Puttumyaki and Hirsimyaki uranium ore-showings are located at the northern part of
the Mursula-Puttumyaki zone. The Hirsimyaki ore-showing is located to the south and separated
from the Puttumyaki occurrence by a submeridional fault corresponding to a narrow valley.

The Puttumyaki occurrence is 400 m wide and 1200 m long and the Hirsimyaki
occurrence is 2000 m long and 200 m wide.

Geological environment.

The environment of the uranium occurrences is mainly composed of amphibole-biotite
and granitic gneisses; in addition, migmatized biotite-plagioclase gneiss, plagioclase-
hornblende, biotite and amphibole-biotite schists and amphibolites occur (Appendix to Chapter
1, fig. 2). Generally, the foliation of the supracrustals is striking 340-350° with a steep dipping to
the east. Quartz-microcline coarse-grained pegmatoids are widespread. Rare quartz veins occur.
All formations are cut by quartz-microcline non-zonal pegmatites mostly striking NE (20-30°).

Three principal groups of fractures have been measured (fig. 2.1.1.10):

1) NNW 340-350°with a 70-90°NE dipping ;

2) NWW 280-290° with a 80-90°NE dipping ;

3) NE-latitudinal 75-90° with a 60-90°NW-N dipping.

The most prominent fractures strike NNW 340-350° and are conformable to the foliation.
They represent a few extensive tectonic zones discovered along a distance of about 1500 m, and
a width of 500 m across the strike. They are referred as the Ruokojarvi fault zone.
Blastomylonites and microbreccias occur along the NNW dislocations. The tectonites are thin-
parallel banded formations composed of elongated lenses of biotite, quartz and feldspar
(microcline, oligoclase, locally — albite). They are enriched in accessories. Besides the uranium-
bearing mineral phases there are magnetite and sulphides.

NWW- and NE-latitudinal fracture zones displace NNW-striking ones and are not

mineralized as a rule.
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Figure 2.1.1.10. Rose-diagram of fissuring in the Puttumyaki ore-showing area
(after Korotaev et al., 1978).

Ore bodies.

Uranium occurrences consist of several parallel ore zones 200-1400 m long and related
to the migmatite layers (fig. 2.1.1.11). The zones are composed of many mineralized lenses 5-7
up to 15 m long with thicknesses of 0,1 to 0,4 m (fig. 2.1.1.12).

Figure 2.1.1.11.Tectonized migmatites hosting uranium mineralization in the Puttumyaki ore-
showing. Part of the Outcrop 23.
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Figure 2.1.1.12. Outcrop 23 of the Puttumyaki ore-showing (after Korotaev et al., 1978).

Uranium ore mineralization is especially concentrated in sericite-quartz-albite alteration
in shattering zones conformable to the migmatites. Lower-grade mineralization occurs in quartz-
microcline pegmatoids. Spotty low-grade anomalies also occur in the cutting pegmatite bodies
as well, but those have lower radioactive backgrounds in comparison with the migmatites.

Uranium mineralized zones have been followed by drilling down to 390 m. Average U-
content is 400 ppm with a maximum of 17 800 ppm over 0.1 m. The grade decreases with depth.
Average Th-content is 80 ppm and may reach, up to 260 ppm. The uranium ore is in
equilibrium.

The uranium resource of these occurrences is evaluated at about 90 t for a depth of 60 m
and about 500 t for a depth of 300 m (Korotaev et al., 1978).
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Uranium mineralization.

According to previous studies (Grigorieva, 1977; Korotaev et al., 1978), there are two
principal types of the uranium mineralization in the Mursula-Puttumyaki occurrences.

(i) The first type corresponds to disseminated, 0.01 to 0.5 mm large euhedral uraninite
crystals. It occurs in quartz-microcline-rich rocks interpreted as metasomatites in microfissures
of amphibole, biotite, plagioclase, quartz, titanite. Aggregates of quartz and uraninite within
apatite sometimes occur (Grigorieva, 1977).

(ii) The principal uranium mineral of the Mursula-Puttumyaki occurrences is pitchblende
forming 1-5 mm thick, up to 20 cm long, chained aggregates localized in tectonic zones (fig.
2.1.1.13). The mineral has irregular or rounded shapes. Small crystals (up to 0.15 mm) have a
shelly structure and form clusters up to 7 mm size (fig. 2.1.1.14). Gradual replacement of

uraninite by pitchblende occurs as well.

Figure 2.1.1.13. Chained pitchblende mineralization from the Hirsimyaki ore-showing; a —
sample Hm-1, b — autoradiography (7 days).

Two generations of pitchblende have been distinguished in the samples taken from the
Puttumyaki and Hirsimyaki occurrences. Pitchblende-1 is replaced by pitchblende-2 (fig.
2.1.1.15). Both uranium oxides also suffer of partial replacement by coffinite (fig. 2.1.1.16).
Chemical compositions of these minerals are represented in tables 2 and 3 of General Appendix
2.3 and in table 2 of General Appendix 2.4. Low content of Th in the pitchblendes duffers them
from pegmatoid-hosted uraninite and indicates relatively low temperature regime during the
deposition.

Uranium oxides are associated with quartz, biotite, apatite, sericite, albite, monazite,

zircon, hematite, magnetite, sulphides of Fe, Cu, Pb, Zn (Grigorieva, 1977; Polekhovsky, 2007).
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Figure 2.1.1.14. Pitchblende segregation in the quartz-feldspar “metasomatite”. The Hirsimyaki
ore-showing, sample Hm-1; optical photo of a thick section, polarized transmitted light.

Figure 2.1.1.15. Development of pitchblende-2 (Pbl-2) after pitchblende-1 in the Puttumyaki
ore-showing, sample Pt-1, BSE photos: a - from the periphery and along the fractures; b - from
the center of the grain.

Figure 2.1.1.16. Development of coffinite (Coff) after pitchblende (Pbl). Galena crystal (Gl)
occurs at the periphery. The Puttumyaki ore-showing. Sample Pt-H6. BSE photo.
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Hexavalent uranium minerals: uranophane, kasolite, rarely — schoepite and curite replace
early tetravalent uranium oxides. They also frequently occur as late fracture fillings with quartz,
calcite, K-micas and sulphides.

High contents of Th, Pb, Mo, Ag, P and REE have been revealed in the occurrences.

U-Pb isotopic dating of the pitchblende mineralization has been undertaken. Six points
of the sample Pt-1 have been analyzed. The upper intercept of the Discordia with the Concordia
define an age of 1789+31 Ma for the pitchblende mineralization (fig. 2.1.1.17). Three points are

nearly concordant and define an age of 179865 Ma.
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Figure 2.1.1.17. Concordia diagram for pitchblende from the Puttumyaki ore-showing, sample
Pt-1.

The Korennoye ore-showing.

Geological environment.

The Korennoye uranium ore-showing is located in the southern part of the Korinoya-
Pitkjaranta AR-PR; granitic gneiss dome, at 20-50 m from its contact with the PR; Ludicovian
Pitkjaranta suite (Appendix to Chapter 1, fig. 3). The ore-showing area is composed of biotite-

plagioclase and hornblende gneisses, granitic gneisses, amphibolites and plagio-microcline
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migmatites. All types of rocks are microclinized. The uranium occurrence is localized in lenses
of fine/medium-grained microcline granites (alaskite) occurring inside of the dome at the contact
with the Pitkjaranta suite layers. According to Korotaev et al., (1978) this granite has a
metasomatic origin.

Migmatized biotite-amphibole gneiss and amphibolites occur inside of the granitic lens.
These rocks form bands and lenses (schlierens) of 0.1-0.7 m thick with a sublatitudinal strike
and gently dipping (20-40°) to the south.

The ore-showing is related to the intersection of two tectonic zones. The oldest one
striking 350° to the NNW and dipping steeply (75-80°) to the SW cuts only the dome
formations, not the Pitkjaranta suite layers. This structure is responsible for local undulation of
the lithological layers. There are zones of blastomylonites, schistosity, fractures and
microbreccias along this tectonic zone. Host rocks alterations as biotitization, albitization,
sericitization, silicification, hematitization are widespread in the zone. Intensity of these
alterations increases southward inside the dome formations, but alterations do not penetrate into
the Pitkjaranta suite. Only the Cu-rich geochemical halo occurs in rocks located above the
tectonic zone in the Pitkjaranta suite formations, but local Cu enrichments are quite common for
this suite and in this case it can be caused by lithological particularities.

Another tectonic zone is a flat sublatitudinal structure occurring along the contact
between the dome formations and the Pitkjaranta suite. It is represented by small displacements

parallel to the Pitkjaranta suite roof and gently dipping to the south.

Ore bodies.

The uranium ore bodies are hosted by the microcline granite lenses; the highest-grade
mineralization is related to the shattering zones with sericite-albite-quartz alterations developed
after the migmatization of the biotite-amphibole gneiss and amphibolites.

Uranium ore mineralization forms lenses (up to 6x10 m) and small stockworks. They dip
quite gently (about 20°) to the south. The ore bodies have been recognized by drilling for 460 m
along their strike and 110 m down the dip, and have a thickness up to 30.6 m.

U mineralized breccias have been discovered in one of drillholes. Fragments of
migmatized rocks of the dome are cemented by quartz. Hematitization and argillization (K-
micas+chlorite+montmorillonite) occur along fractures. Pitchblende has very low Pb content
(Korotaev et al., 1978). It is an indication of a late, possibly Palaeozoic uranium redistribution.
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There is only outcrop of the ore bodies expressed as an anomalously radioactivity zone
with 50 uR/h over 12x50 m (fig. 2.1.1.18).
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Figure 2.1.1.18. Outcrop of the Korennoye ore-showing (after Korotaev et al., 1978).

146



PART 2. Uranium occurrences of the Ladoga region. Chapter 1. Basement-hosted uranium occurrences. Paragraph 1.1.

Average U content in the Korennoye ore-showing is 500 ppm, with a maximum of 15
120 ppm over a thickness of 0.2 m. The ores are at equilibrium.

The resource of the Korennoye ore-showing is evaluated at about 130 t (Korotaev et al.,
1978).

Uranium mineralization.

According to previous works, uranium ores are mainly composed of uraninite and
pitchblende. Coffinite, schoepite, uranophane, kasolite and curit also occur. Uranium
mineralization is accompanied with hematite, pyrite, chalcopyrite, galena, rarely molybdenite.
Uranium is associated with increased contents of Zr, Be, Pb and to lesser extend in Zn and P
(Korotaev et al., 1978).

Uraninite occurs as a disseminated rare mineral impregnation of 0.01-0.08 mm crystals,
locally up to 0.1 mm large, included in plagioclase, in the vicinity of accumulations
melanocratic minerals (biotite and amphibole) and within the melanocratic minerals, mainly in
amphibole.

Pitchblende is more common and distributed as nests (up to 3x6 mm) and veins.
Pitchblende replaces uraninite and develops in shattering zones of with sericite-albite-quartz
alterations. Very subordinated pitchblende mineralization in late fractures has been observed.

Three generations of pitchblende partly replaced by coffinite have been distinguished in
samples taken from the outcrop of the ore-showing during this thesis field work (Polekhovsky et
al., 2007). Compositions of uranium-bearing mineral phases are presented in table 4 of General
Appendix 2.3.

Pitchblende-1 occurs within feldspar-biotite aggregates in quartz-feldspar rock where it
forms chained accumulations (fig. 2.1.1.19). Pitchblende-2, partly replaced by pitchblende-3,
occurs in veinlets (fig. 2.1.1.20) controlled by latitudinal structures, dipping 20-25° southward.

In comparison with pitchblende-1, pitchblendes from the veinlet content more U, they
are enriched in Al, Fe and Mn, whereas Pb content in essentially lower. That is an evidence of
late and probably low-temperature hydrothermal origin of fracture-bound pitchblende-2 and
pitchblende-3.

Hexavalent yellowish uranium minerals were observed in the mineralized outcrop.

Two samples from the Korennoye ore-showing have been selected for U-Pb isotopic

analyses for the determination of the ages of the uranium minerals.
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Figure 2.1.1.19. Autoradiography of chained impregnations of pitchblende in the Korennoye
ore-showing. (from Korotaev et al., 1978).
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Figure 2.1.1.20. Fracture-bound pitchblende mineralization in the Korennoye ore-showing,
sample Ko-1; a — sample; b — autoradiography (7 days); ¢ and d — optical photos of thick
sections, reflected light, ¢ — veinlet of pitchblende-2 (Pbl-2) accompanied with marcasite

(Marc); d — partial replacement of pitchblende-2 by pitchblende-3, pyrite (Py).
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The first sample (Ko-2) corresponds to the pitchblende-1 with was taken from the
mineralized migmatite, the second one (Ko-1) corresponds to the pitchblende-2 — from above
mentioned veinlet. 9 points have been analyzed in the sample Ko-1, but because of strong
heterogeneity only 3 in the Ko-2.

The analytical results are not precise because technical problems have occurred during
the analyses, but at least two different uranium mineralization events: one of Palaeoproterozoic

age and another of Palaeozoic age can be distinguished (fig. 2.1.1.21).
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Figure 2.1.1.21. First possible interpretation of U-Pb isotopic data in a Concordia diagram for
the pitchblende from the Korennoye ore-showing. Samples Ko-2 (upper group) and Ko-1 (lower

group).

Because of poor accuracy of the data, several interpretations of the results can be
proposed. A first interpretation suggested by Philippe Kister, propose an age of 1874+130 Ma
for pitchblende 1 and 324+61 Ma for pitchblende by fitting all the points along the same
Discordia. But this interpretation should be considered cautiously. If pitchblende 2, located in
veins, does not result from a remobilization of pitchblende-1 but from two distinct precipitation
events the two pitchblende generations should not be associated for the calculation of the
Discordia. Each group of analyses has to be interpreted as an independent Discordia.

In another interpretation, the discordia has been drawn through the isotopic data obtained
on pitchblende-1 and forcing the Discordia to pass through 0 using a continuous diffusion
model, and an age of 1772+43 Ma has been obtained (fig. 2.1.1.22 a).

The Discordia calculated only using the isotopic data obtained on pitchblende 2 gives an
upper intersect with the Concordia at 469+180 Ma and lower one at 127+180 Ma (fig.
2.1.1.22b). The low quality of these analyses does not allow to propose a more precise
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interpretation. However this U-mineralization event is probably of Palaeozoic age.

26pp 23| 18/[30 P 206ppy 238
[1271260 & 469+180 Ma
s MSWD 0,82

[0120 & 1772443 Ma]

? P MSWD 0,82
I/ Pb/*U o P Pb/*U b

Figure 2.1.1.22. Second possible interpretation of U-Pb isotopic data in a Concordia diagram for
the pitchblende from the Korennoye ore-showing

Pitchblende-2 was analyzed for its REE contents as well (General Appendix 2.7, table 2).
With decreasing fractionation from the LREE to the HREE the pattern is typical for vein-type
mineralization (according to Bonhoure, 2007) and similar to one of the pitchblende of a vein-
type occurrences of Finland, especially the Sarkijarvi occurrence (Bonhoure, 2007) (fig.

2.1.1.23). However the REE pattern of the Korennoye pitchblende is more fractionated.

Korennoye Sarkijérvi
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Figure 2.1.1.23. Chondrite-normalized REE patterns of uranium oxides from late vein type
mineralization of the Korennoye and Sarkijarvi occurrences (after Bonhoure, 2007).
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1.3. Other uranium occurrences in the anatexites.

There are many other uranium occurrences hosted by the anatectic granites in the
Northern Ladoga area. As a rule those located in the migmatites have larger resources, whereas
pegmatoid-hosted ones are ranged just as anomalies.

The Sumeria uranium ore-showing is located on western flank of the Mursula dome in a
similar structural position as occurrences of the Mursula-Puttumyaki zone. The mineralization is
related to elongated zones of tectonized migmatites of N-S striking. During this study, U-Pb age
of 1748130 Ma (MSWD 206) was yielded for pitchblende from the Sumeria ore-showing. The
small number of analytical data does not allow a better accuracy of the results. Chemical
compositions of pitchblende and coffinite from this ore-showing are presented in table 5 of
General Appendix 2.3 and in table 3 of General Appendix 2.4. In general it corresponds to
compositions of pitchblendes from the Mursula-Puttumyaki zone.

Besides of the above-mentioned ore-showings, the most significant of anatexite-hosted
uranium occurrences is the Vuorilampi ore-showing, located in the southern part of the
Kokkoselka dome (Appendix to Chapter 1, fig. 1). It is an ore showing of combined type —
uranium mineralization occurs as in pegmatoids as in migmatites. Resource of the ore showing
is estimated to about 300 t of uranium (Korotaev et al., 1978). The ore-showing had been
discovered by trenches and drilling; presently just a few mineralized outcrops are available for
the observation.

1.4. Generalized geological parameters characterizing the anatexite-hosted uranium

mineralization of the Northern Ladoga area.

I. Petrologic control.

The uranium-bearing anatexites are represented by two varieties:

1) complex shaped lenses of microcline pegmatoids;

2) elongated linear migmatites composed of interbedding of leucocratic (mainly of
quartz and feldspar) and melanocratic (mainly of biotite) layers.

In both cases uranium (uraninite) mineralization is mainly related to biotite schlierens,
but occurs also in the feldspar crystals.

Locally developed sericite-albite-quartz rocks host the most concentrated uranium

(pitchblende) mineralization.
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I1. Structural and tectonic control.

1. Principal structural feature of the anatexite-hosted uranium mineralization of the
Northern Ladoga area is its distinct affinity to granite-gneiss domes. Early uraninite
mineralization occurring in pegmatoids occurs in different parts of the domes, but it is more
typical for theirs internal parts. Pitchblende-mineralized migmatites occurs only on the periphery
of the domes.

2. Most of anatexite-hosted uranium occurrences are located along the Ruskeala fault
zone. For rest of them an affinity with other NW and NE striking regional fault zones is
characteristic.

3. The most high-grade mineralization is related to local dislocations of the domes

periphery and conformable to zones of linear migmatites.

I11. Ore mineralogy.

Main bulk of ores is composed of uranium oxides. Uraninite forms impregnations in
microcline-quartz granite, whereas pitchblende, besides of partial replacement of the uraninite,
also occurs in thin and elongated zones of sericite-albite-quartz rocks. Subordinated coffinite

partly replaces the uranium oxides. Hexavalent uranium mineralization occurs.

IV. Geochemical features.
The anatexite-hosted uranium mineralization is accompanied with increased content of
Th, REE, Rare metals, P, Mo, Pb, Ag, less — Zr, Be, Cu, Zn, Y, Ga.

V. Grade of the occurrences.

All discovered in the Northern Ladoga area anatexite-hosted uranium occurrences are
ranged from anomalies up to few hundred tons ore-showings. Maximum identified resource is
about 300 tons of uranium (the Vuorilampi ore-showing). Average uranium content is 500 ppm,
maximum — up to 17 800 ppm. Total identified resource of the anatexite-hosted uranium

occurrences of the Northern Ladoga area is about 1 500 tons, prognostic resource is 5 000 tons.

1.5. Remarks to the genesis of the anatexite-hosted uranium occurrences of the

Northern Ladoga area.

Anatexite-hosted uranium mineralization of the Northern Ladoga has a complex origin.

By Grigorieva (1977) two principal stages are suggested.
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1. High-temperature ““quartz-microcline metasomatism”.

Traditionally, in the Russian geological literature, the origin of above described
anatexites considered as a result of high-temperature potassic metasomatism producing granitoid
rock of essentially quartz-microcline composition (Sudovikov, 1964). The structural features of
quartz-microcline metasomatites depend on the characteristics of the replaced rock:
composition, structure, permeability, tectonization. Quartz-microcline metasomatites after
migmatites compose extended plate bodies with indented pinching out along the strike (see fig.
2.1.1.12). Ones after intradome amphibolites compose complex-shaped bodies, often with S-like
bends. In general metasomatite bodies have conformable striking with host rocks. Contacts of
the metasomatite bodies can be as sharp (with quartz-biotite fringe) as gradual.

The quartz-microcline metasomatite are pink, mainly middle/coarse-grained rock with
dark lenses or undulating layers (schlierens composed of melanocratic minerals aggregates.
Microcline forms big isometric porphyroblasts and fine-grained aggregates. Banded quartz
occurs.

Characteristic mineral association of the quartz-microcline metasomatites: quartz +
lattice microcline + microcline-perthite + oligoclase (relics mainly) + Fe biotite £ garnet-
almandine + apatite (F-apatite) + cyrtolite (metamict zircon) + magnetite + titanite + uraninite +
broggerite (uuraninite with high Th content, up to 14 % ThO;) + xenotime + monazite +
uranothorite £ molybdenite. Mineral association and theirs abundance depend on the replaced
rock.

According to (Grigorieva, 1977), the quartz-microcline metasomatites have a zoned

structure which depends on composition of replaced rock (Table 2.1.1.1).

Table 2.1.1.1. Quartz-microcline metasomatic alteration paragenesis for different types of host
rocks (after Grigorieva, 1977).

Zones Principal minerals

Granitoid Amphibolite

Non-altered | Quartz, oligoclasess.o4, microcline- Oligoclase;-2s, hornblende.

perthite, biotite, hornblende.

External Quiartz, oligoclases-24, microcline- Oligoclase;-24, microcline-perthite,
perthite, biotite, actinolite, garnet. quartz, actinolite.

Intermediate Quartz, oligoclases,-»4, microcline-perthite, biotite, epidote, chlorite.

Internal Quiartz, lattice microcline, Fe-biotite.
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REE-U-Th accessories form chain-like, banded and nest concentrations in the
metasomatites. Monazite, xenotime and uranothorite are localized in leucocratic varieties of the
rock, especially in fine-grained quartz-microcline matrix surrounding microcline porphyroblasts.
Often they are related to the biotite aggregates, sometimes they occur along the cleavage inside
microcline crystals.

Uraninite and broggerite are concentrated in Fe-biotite or biotite-quartz clusters and
undulate lenses. They are cubic crystals up to 0.5 mm size associated with apatite and titanite. In
the biotite-quartz lenses they form clusters with the cyrtolite and molybdenite crystals.
Sometimes, uraninite occurs inside of the microcline porphyroblasts as well.

Also according to Grigorieva (1977) the geochemical characteristics of the quartz-

microcline metasomatites depends on composition of the replaced rock (Table 2.1.1.2).

Table 2.1.1.2. Geochemical characteristics of the quartz-microcline metasomatites developed

from different protoliths (after Grigorieva, 1977).

Particularity Granitoid Amphibolite
Alkali high, K>> Na. high, K> Na

Silica high relatively low.
Enrichment in low Ca, Mg, Fe high Fe

rock-forming elements

Enrichment in Zr, REE, Th, U. Zr, REE, Th, U, P, Ti, Mn.

accessory elements

Increased content Mo, Ti, Ba, Mn, Nb. Co, Cr, Nb, Cu, sometimes Mo.

The REE-U-Th mineralization is localized in the internal zone of the metasomatites. The
highest abundances of U, Th and REE occur in metasomatite varieties enriched in Fe, P, Ti that

would be formed after amphibolites (U content — up to 23 000 ppm, Th — up to 8 000 ppm).

Western country geologists considered formations similar to the above described quartz-
microcline rocks as derived from partial melting of quartz-feldspathic metasediments or met-
igneous rocks. Those with syngenetic uranium mineralization are described in the Réssing
deposit and in the Grenville belt of Canada (Cuney, 1980; 1981; 1982; Cuney and Barbey,
1982).
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2. Low-/middle-temperature sodium sericite-quartz-albite “metasomatism.

In the reports of VSEGEI (Grigorieva, 1977) and “Nevskgeologia” (Korotaev et al.,
1978) indications of late Na-metasomatism were described for uranium occurrences in the
anatexites of the domes.

Specific sericite-quartz-albite rock was discovered in linear tectonic zones along the
peripheries the migmatite domes. These zones represent overprinted schistosity, blastomylonite
and microbreccias. Grigorieva (1977) had studied uranium mineralization of these zones in
details and considered the sericite-quartz-albite rock as a metasomatite formation after the above
described quartz-microcline granitoids. Presented below description of this rock and uranium
mineralization is based on her study (Grigorieva, 1977).

The alterations are represented by sericitization of the biotite, silicification of feldspars
and biotite, albitization of feldspars, alkalination of hornblende, hematitization of magnetite and
feldspars. The alterations are weak and local. Thickness of intensively altered halos is 0.1-0.25

m. Zoning in the alteration halos can be distinguished sometimes (Table 2.1.1.3).

Table 2.1.1.3. Sericite-quartz-albite metasomatic alterations for various host rocks (after
Grigorieva, 1977).

Zones Principal minerals

Granitoid Amphibolite

Non-altered | Oligoclase;s.o4, microcline-perthite, Oligoclase,o.-2s, hornblende.

quartz, biotitezo*, hornblende.

External Quiartz, biotiteso, chlorite, microcline- | Quartz, oligoclaseis-22, microcline-

perthite, oligoclaseis-2o. perthite, actinolite, chlorite, epidote.

Intermediate | Quartz, lattice microcline, microcline- | Quartz, lattice microcline, microcline-

perthite, oligoclase;-14, biotitesy. perthite, oligoclase;.1s, albite, biotites.
Internal Quiartz, albite, sericite. Quiartz, albite, sericite, alkali
hornblende.

*in biotite, n = Fe**/(Fe**+Mg).
Zones of the sericite-quartz-albite alterations are the most uranium-enriched formations
of the domes. The uranium content is up to 17 800 ppm. The uranium mineralization in the

sericite-quartz-albite metasomatites is represented by uraninite and pitchblende.
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The uraninite probably is presumed to crystallize during the earlier quartz-microcline
stage (“metasomatism”). During sericite-quartz-albite alteration it was partly or completely
replaced by pitchblende.

Pitchblende is a major uranium mineral of the sericite-quartz-albite metasomatites.
Besides uraninite replacements, it occurs in shattering zones. The cement of the fractured rock is
composed of quartz (75-80 %), albite (5-10 %) and hematite (10-15 %). Sericite develops after
biotite and feldspar. Skeletal crystals of pitchblende and their fragments form chained and
banded aggregates, often with a boudin-like shape (fig. 2.1.1.24). Small spherulites (up to 2 mm

size) and veinlets (up to 3 mm thick) of pitchblende are rarer.

Figure 2.1.1.24. Boudin-like pitchblende aggregate in tectonized migmatites from the Sumeria
ore-showing. Sample Su-1, optical photo of the polished thick section, plain transmitted light.

Veinlets and spherulites of pitchblende have a complex structure: zones of pitchblende
alternate with zones composed of gangue minerals. Pb content decreases and Fe content
increases from the center to the periphery of the spherulites and veinlets.

Uranium mineralization is accompanied by apatite, titanite, cyrtolite and molybdenite.
The most widespread is the association of pitchblende with apatite; it is common for the
mineralization hosted by migmatites and amphibolites. Titanite is associated with uranium
oxides in the amphibolites. A less common association is pitchblende with cyrtolite (sometimes
accompanied by molybdenite) which occurs in silicified zones with overprinted schistosity.

In the whole rocks U-enrichment is positively correlated with P, Pb and Sn, and to a
lesser extend with Yb, Be, Mo. Increased contents of Ag and Bi occur as well.
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From gas-fluid inclusions studies in the apatite accreted with the pitchblende in the
sericite-quartz-albite metasomatite temperatures of ore-forming process has been estimated at

240-380° and carbonic-acid composition has been determined.

In the samples obtained from migmatite-hosted uranium occurrences of the Impilakhti
area albitization has not been observed. Distinguished alterations referred to shattering zones
along the migmatites are represented by sericitization of biotite, silicification of feldspars and
hematitization of magnetite and feldspars. Uranium mineralization is represented by

disseminated impregnations and boudinated chains of pitchblende.

3. Overlapped vein-type mineralization.

Indications of low-temperature uranium metallogenesis have been revealed in some of
anatexite-hosted uranium ore-showings (Korennoye, Maisunmyaki, Sumukanmyaki,
Raskenjarvi etc). Pitchblende and coffinite mineralization occurs in fractures cutting all rocks
and early ores.

4. Age of the uranium mineralization

All available isotopic data constraining the age of uranium mineralization in anatectic
granites are presented in Table 2.1.1.4. Results of Anderson (1990) and of this study have
acceptable precision where as those of Gromov (1980 and 1981) are based probably on isotopic-
spectral analyses and have not a good accuracy. They should be considered cautiously.

Statistically, the uraninite from the quartz-microcline metasomatites is older than the
pitchblende from the sericite-quartz-albite metasomatite. Uraninite crystallization can be limited
occurs at 1820-1800 Ma, an age corresponding to the emplacement of the late-orogenic
Svecofennian leucogranites (in the Northern Ladoga — the Matkaselsky complex).

Reliable age constrains of pitchblendes from the anatexites of the Northern Ladoga
should be limited 1800-1770 Ma that corresponds to autometamorphic alterations of the granite
systems during post-orogenic processes.

Indications of late uranium redistribution have been identified during this study in a
sample from the Korennoye ore-showing. Palaeozoic age about 400 Ma has been obtained for
pitchblende-2 related to fractures cutting mineralized anatexites.

The late supergene mineralization develops in outcropping ore bodies, but it does not

modify significantly a distribution of the mineralization.
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Table 2.1.1.4. Isotopic age constrains of U mineralization hosted by anatexites in the Northern
Ladoga area (SIMS — CAMECA IMS-3F ion-microprobe; TIMS — mass spectrometer; n —

number of analyses; T, — upper intercept and T, — lower intercept of the Concordia).

Occurrence Host rock Mineral Method n | Isotopic age, T,, | Reference
Tm, Ma
Sjuskinsaari mcl-gtz uraninite U-Pb, SIMS | 5 | 1818+27, This study
metasomatite 527+200
Puttumyaki ser-qtz-ab pitchblende | U-Pb, SIMS | 6 | 1789431, -6£110 | This study
metasomatite | pitchblende | U-Pb, TIMS | 13 | 1770, ~1100 Anderson, 1990
pitchblende | U-Pb, TIMS | 7 | 1753461, Anderson, 1990
243+45
Korennoye ser-qtz-ab pitchblende | U-Pb, SIMS | 3 | 177243 This study
metasomatite (constrained to 0)
quartz veinlet | pitchblende | U-Pb, SIMS | 9 | 4694180, This study
127+260
Sumeria ser-qtz-ab pitchblende | U-Pb, SIMS | 4 | 1748+130, This study
metasomatite 104+440
Mursula mcl-qtz uraninite U-Pb, TIMS |2 | 1800 Anderson, 1990
metasomatite (concordant)
uraninite U-Pb, TIMS | 13 | 1808+95, Anderson, 1990
204+83
uraninite U-Pb, TIMS |5 | 1816+14 Anderson, 1990
uraninite Pb-Pb, TIMS | 5 | 1813+26 Anderson, 1990
ser-qtz-ab pitchblende | U-Pb, TIMS |5 | 1770-1750 Anderson, 1990
metasomatite
Sumukanmyaki | ser-gtz-ab pitchblende | U-Pb, TIMS |5 | 1786 Anderson, 1990
metasomatite (~ concordant)
pitchblende | Pb-Pb, TIMS | 5 | 1760£10 Anderson, 1990
uraninite, ? 1560+70 Gromov, 1980
pitchblende,
coffinite
Raskenjarvi mcl-qtz uraninite, ? 2000+70, 1780 Gromov, 1981
metasomatite | pitchblende,
Kokkoya mcl-gtz and uraninite, ? 26 | 168050 Gromov, 1980
ser-qtz-ab pitchblende
metasomatites | uraninite, ? 15 | 200070 Gromov, 1980
pitchblende
uraninite, ? 13 | 1430+£130 Gromov, 1980
pitchblende
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5. Stages of the uranium metallogenesis.

Thus, three main episodes of uranium deposition associated with anatectic granites in the
granitic-gneiss domes of the Northern Ladoga area have been identified by mineralogical and
isotopic studies:

I. 1.82-1.8 Ga high-temperature “potassic metasomatism” or in another terms
“partial melting”;

Il. 1.8-1.77 Ga medium- to low-temperature hydrothermal sericitization with local
Na metasomatism;

I11. Palaeozoic low-temperature hydrothermal uranium redistribution.

6. Typological reference of anatexite-hosted uranium mineralization of the Northern
Ladoga area.

Complex character of uranium mineralization in the anatexite-hosted occurrences of the
Northern Ladoga makes difficult theirs typological identification. The early uraninite
mineralization related to quartz-microcline pegmatoid granites can be compared with one of the
Raéssing deposit (Namibia). Second stage is not studied enough and in depends on opinion it
could be considered as very weak manifestation of albitization principally resemble to more
advanced one of the Arjeplog-Arvidsjaur area (Sweden), but in the last one sericitization is not
typical, or to hydrothermal fracture-bound type, possibly similar to Beaverlodge area deposits.
Third event of hydrothermal vein-type uranium redistribution has no big importance in the
occurrences resource. Until more detail study, these uranium occurrences are presented as

anatexite-related.

2. U-Th occurrences hosted by intrusive granites.

High abundance of U and Th is quite common for certain types of intrusive granites of
the Ladoga region (General Appendix 2.2), but there is no uranium ore-showings hosted by the
granite intrusions themselves, only local anomalies are known. In general, they can be
subdivided into three groups:

1. Th-U anomalies in the Upper Lopian granites of the Karelian domain;

2. U-Th anomalies in the late-Svecofennian leucogranites;

3. U-Th anomalies in the latest phases of rapakivi granites.
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The most U-enriched granites are latest phases of the late-Svecofennian granite
intrusions forming pegmatites swarms referred as the Matkaselka, Latvasurje and especially
Impilakhti-Pitkjaranta pegmatite complexes.

2.1. U-Th-REE-rare metal late-Svecofennian pegmatites of the Impilakhti-Pitkjaranta
area.

Late-Svecofennian pegmatites of the Impilakhti-Pitkjaranta area are concentrated in
tectonic zones of different strike. The most saturated are submeridional-striking dislocations.
Most of the pegmatites occur inside granite-gneiss domes, to a lesser extend within the
Ludicovian and rarely the Kalevian formations. Their length reaches up to 700 m, width up to 25
m. Their average size is 30x3 m.

There are two mineralogical subtypes of rare-metal-REE pegmatites in the Impilakhti-
Pitkjaranta area (Bogachev, 1999):

1) pegmatites with orthite-thorite-cyrtolite mineralization;

2) pegmatites with monazite-viikite mineralization.

Pegmatite veins with the orthite-thorite-cyrtolite mineralization usually occur in the
amphibolites and plagio-microcline migmatites in the amphibole-biotite schist. In general they
are located in internal parts of the granite-gneiss domes.

The pegmatite bodies are not zoned, form complex-shaped veins composed of light-gray
granite with variable grain size. Microbreccias structures are common. Geochemically the rock
corresponds to a granite with 10 % K,0+Na,O and 0.6-1.3% CaO.

The rock composition is of: 40 % of plagioclase (An12-22), 40% of microcline-perthite,
about 20 % quartz and less than 1 % biotite. Accessories are magnetite, almandine, apatite,
titanite, cyrtolite, orthite and thorite (ferrithorite prevails). Broggerite rarely occurs.

The REE-Th-U mineralization is localized mainly in peripheral parts of the pegmatite
bodies and concentrated in the shattering zones cutting fine-grained quartz-microcline or quartz-
microcline-biotite granite. It occurs in intergranular settings and in cleavage fractures in biotite
and feldspars.

U contents in the pegmatites with the orthite-thorite-cyrtolite mineralization is up to 3
300 ppm and Th — up to 4 300 ppm.
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Monazite-viikite mineralization is hosted by pink microcline pegmatites typically
occurring at the periphery of the domes and in inter-dome synclines. They typically occur as
dykes. They are zoned, with from center to periphery: a quartz core, a coarse-grained microcline
zone, a graphic granite and a quartz-biotite salband (K,0=5.7-9.4 %, Na,0=3.2-4.8 %).

The mineral composition of the pegmatite is: 50 % of microcline and microcline-
perthite; 40% of plagioclase (An14-20; less than 20 % quartz and 5 to 7 % coarse-grained Fe-
biotite. Major accessories are (total content about 1 %): zircon, cyrtolite, monazite, apatite,
titanite, tourmaline, magnetite, molybdenite, rare Fe and Cu sulphides, epidote, muscovite,
chlorite.

Accessory REE-Th-U mineralization is represented mainly by monazite, cyrtolite,
xenotime, viikite (collective name of complex REE-Ta-Nb minerals with U and Th, including
euxenite and samarskite). Rarely orthite, thorite and brdggerite occur. Accessories form
disseminations and nest concentrations.

The distinctive feature of these pegmatites is the occurrence of widespread metasomatic
alterations. Albitization after syngenetic feldspar occurs in the shattering zones. Microcline and
biotite are also replaced by fine-grained quartz and sericite. Replacement of plagioclase by
epidote and zoisite, biotite by chlorite occur in the shattering zones and at the contacts of the
pegmatite bodies.

U content in pegmatites with the monazite-viikite mineralization reaches 13 000 ppm, Th
— up t010 000 ppm, but the anomalous areas are very local. U-mineralized zones do not exceed
30 m? for a 100 ppm U cutoff.

2.2. Other granite-hosted uranium occurrences.
Other radioactive anomalies are of very low grade and we have not studied them in

details, although some of them have been visited during field trips and should be mentioned.

The most ancient granite-hosting radioactive mineralization occurs in the northernmost
part of the Ladoga region and is related to the Karelian domain. They have been discovered in
the Kuhilaslampi area (Appendix to Chapter 1, fig. 5) during exploration by “Nevskgeologia”
from 1957 to 1976. They are always spot anomalies and only a few ones spread over tens of
square meters. The anomalies are hosted by coarse- and middle-grained microcline granites. U
content in these anomalies reaches up to 150 ppm and Th up to 800 ppm. Radioactive

mineralization is represented by thorite and zircon (fig. 2.1.1.25). Thorite has suffered of
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intensive alterations followed with Th loss. Replacing minerals have increased content of Th
(General Appendix 2.3, table 3).

Figure 2.1.1.25. Th-bearing minerals from Archaean granites from the Kuhilaslampi area.
Sample Jn-1, BSE photos: a -replacement of thorite (Tr) grain by hollandite (Hol) and hydro-
hematite (H/Hem); b — zircon grain (Zr), hydrohematite develops around it and in the (H/Hem),
pyrite and chalcopyrite (Py+Chp) occur in fractures.

Local low-grade radioactive anomalies referred to U- and Th-bearing accessories are
widespread the late Svecofennian granite massifs occur all around the Ladoga region. Most of
them have been discovered in the Northern Ladoga area of the Raahe-Ladoga domain and in the
Priozersk block of the Svecofennian domain. According to previous works (Ivanikov et al.,
1984; Bogachev, 1999), the granites of the Western Ladoga (the Svecofennian domain) are
enriched in Th, but relatively poor in U. On the contrary the granites of the Northern Ladoga
(Raahe-Ladoga zone) have high U and moderate Th contents (General Appendix 2.3, table 2).
The most U-enriched are those of the Matkaselka complex. Local radioactive anomalies up to
3500 cps related to muscovite aggregates in the coarse-grained granite have been observed
inside the massifs (fig. 2.1.1.26). “Nevskgeologia” carried out local drilling of the Matkaselka
complex intrusions during regional prospects, but all discovered uranium occurrences are of low

grade and have no economic importance.

The late phases of the rapakivi granites have increased U abundance. Spotty radioactive
anomalies referred to U- and Th-bearing accessories occur.
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Soil cover
+  Fine-grained granite
T 4 Coarse-grained granite

F A, Muscovite segregations
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Anomalous radioactivity (in cps):
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Figure 2.1.1.26. A radioactive anomaly related to muscovite segregation in coarse-grained
granite in the Matkaselka massif.

Conclusion.

Diverse granite-hosted radioactive mineralization occurs in the Ladoga region. The most
fertile are anatectic quartz-feldspar granites of the granite-gneiss domes referred to latest stages
of the Svecofennian event, but even they host uranium occurrences ranged just up to ore-
showing grade.

Uranium mineralization in the intrusive granites of the Ladoga region is of low grade.
Uranium occurs mostly as substituted in the structure of the refractory accessory minerals, its

content is low and the size of the mineralized zones is small.

Thus, granite-hosted uranium occurrences of the Ladoga region have no economic
importance and, taking in account their quite detail prospect studying carried out in the past, it is
difficult to expect here undiscovered large uranium deposit of this type. But it is necessary to
note, that indications of latest hydrothermal uranium redistribution revealed in some of the
granite-hosted uranium ore-showings in the Ladoga region allow considering these

concentrations as a probable source of uranium for late occurrences.
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Paragraph 1.2. Th-U anomalies in the Jatulian quartzites.

Introduction.

In the Ladoga region the Jatulian formations occur only along boundary between
Karelian and Raahe-Ladoga domains (General Appendix 1, fig. 1.1). They are located in the
Tulomozero and on north-eastern slope of the Janisjarvi syncline were they unconformably
overlays the weathered Archaean granite-gneiss basement of the Karelian domain (Appendix to
Chapter 1, fig. 6). Numerous Th-U occurrences hosted by the Jatulian sediments had been found

in the Janisjarvi syncline.

Exploration works in the area of north-eastern slope of the Janisjarvi syncline were
carried out in 1946, 1957-1960, 1974-1975. Diverse uranium and thorium anomalies have been
found. They can be subdivided into three types:

1) Th and U anomalies related to the accessory minerals (zircon, allanite and thorite) in
the Upper Lopian granitoids. These anomalies are briefly considered in the Paragraph 1.1.

2) Fracture-bound U and Th anomalies in different geological environment. Some of
these occurrences will be described in the paragraph 1.4 concerning the vein-type
mineralization.

3) Th-U anomalies in the Jatulian quartzites. This Paragraph is devoted to these

occurrences.

1. Geological structure of the Kuhilaslampi area.

In the Russian territory Th-U anomalies in the Jatulian quartzites have been discovered
in the area from Vyartselya village on the Russian-Finnish frontier to the south-east over a
distance of about 20 km along the northern shore of the Maloye Janisjarvi Lake. The central part
of this area (named Kuhilaslampi area) has been studied in the present work (Appendix to
Chapter 1, fig. 5).

The lower stratigraphic layer of the area is composed of Archaean formations of the
Karelian domain. Most Archaean rocks are Saamian-Lower Lopian tonalite granite-gneiss,
oligoclase gneiss-granites and migmatites. In the Kuhilaslampi area plagiogranite gneiss prevails
in the Archaean sequence. Generally they are characterized by low uranium and thorium
contents: 0.5 and 4.3 ppm respectively in average.
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Upper Lopian formations occur to the east from Kuhilaslampi area, within the Ilomasi-
Jalonvara granite-greenstone belt. In the Janisjarvi fault zone they are cut by the Jalonvara
granitoid intrusion. Quartz diorites of the Jalonvara intrusion have increased uranium content
(up to 6.1 ppm).

Palaeoproterozoic formations unconformably overlay Archaean basement of the Karelian
domain. In the Kuhilaslampi area they occur in the closure of local fold complication of the
Janisjarvi syncline. Palaeoproterozoic formations dip 25-50° to the center of the fold, whereas
along the northern limb of the Janisjarvi syncline the dip is 15-40° to SW.

There is a thick layer of Sariolian quartz conglomerates at the base of the
Palaeoproterozoic sequence of the Janisjarvi depression. They occur very locally and have been
discovered to the east from the Kuhilaslampi area.

In the Kuhilaslampi area the Palaeoproterozoic sequence starts with Jatulian sediments
unconformably overlaying Archaean formations. Karelian basement regolith in this area is about
2-4 m thick (Polikarpov et al., 1976). It is composed of white or light-greenish-gray rock. The
rock is brecciated. Isometric fragments (up to 3x4 cm size) of fine-grained carbonate with relics
of carbonated granite-gneiss are cemented by a carbonate-hydromica material.

The proper Jatulian succession in the Kuhilaslampi area is represented by terrigene, littoral,
shallow-marine sediments of the Jangozero and Tulomozero suites. The basal horizon of the Lower
subdivision of the Jatulian Jangozero suite is composed of light-gray coarse-grained quartzite; upward
they are replaced by middle-grained quartzite (fig. 2.1.2.1 a). The rock composition is: quartz grains
cemented with sericite and minor chlorite, biotite and carbonate. Light-gray rocks are overlain by dark-
gray analogs.

Cross-bedding of littoral type is often observed in the quartzitic-sandstone of the
Jangozero suite (fig. 2.1.2.2 b). Lenses of weakly ferruginous coarse-grained quartzitic-
sandstones, gritstones and minor conglomerates occur at the contact of the cross-bedded series.
Concentrations of accessories occur at the base of the conglomerate layers: zircon, rutile,
leucoxene, apatite, hematite, pyrite (with jarosite pseudomorphs) and monazite. Usually the
accessories are well-rounded and are detrital, unlike pyrite which is considered as authigenic
(Kondakov et al., 1963).

According to drilling data, the quartzitic-sandstones are locally overlaid with a thick
layer of quartz-sericite schist. The upper horizon of the Jangozero suite of the Kuhilaslampi area
consists of pink-gray massive arkoses. The total thickness of the suite is about 200 m.
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Figure 2.1.2.1. Jatulian quartzite from the Kuhilaslampi area: a — thin section of sample Jn-3,
optical photo, polarized transmitted light; b — quartzites cross-bedding, photo of outcrop.

The Jangozero suite is conformably overlaid by dolomites and phyllites of the
Tulomozero suite of the Upper Jatulian to the south and south-east of the Kuhilaslampi area.

The Jatulian layers dip under the Ludicovian carbonate and metabasite rocks (the
Soanlakhti suite of the Sortavala group) to the south. Usually the contact between the Jatulian
and the Ludicovian is not obvious although sometimes indications of erosion can be
distinguished (Bogdanov et al., 2000). Lithologically, the Ludicovian sequence differs from the
Jatulian one by an increased proportion of mafic volcanites and graphite abundance in the
carbonate lithologies.

AR and PR; formations of this area are cut by mafic dykes swarms mainly striking NW-
SE. They are mostly of Jatulian age — 2150+60 Ma (Bogdanov et al., 2000), but presumably

there are older (Sumian and Sariolian), or younger (Ludicovian, Kalevian, Riphean) intrusions.

This area is referred to the Janisjarvi fault zone and is composed of numerous structures
striking NW-SE. There is local rotation of the faults striking in the Kuhilaslampi area: they
strike 290-300° compared to the usual 330° striking for the Janisjarvi fault zone. Sub-meridional
faults are widespread in the central and eastern parts of the area. They continue from the
Karelian domain and correspond to the striking of the Ilomasi-Jalonvara granite-greenstone belt.
To the SE, the area of the Jatulian formations is limited by NE-striking faults referred to the
Leppyasurja horst of the Karelian domain basement.

Manifestations of diverse and multiphase epigenetic processes are widespread along the
fault zones. Mineral paragenesis of hydrothermal alteration zones corresponding to low and
medium depths predominate: propylites, beresites, secondary quartzites, hydrothermal
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argillizites, tourmaline-chlorite alterations. Deep skarns and serpentines occur rarely (Polikarpov

etal., 1976).

2. Th-U mineralization in the Jatulian quartzites.

Over 40 radioactive anomalies related to the Jatulian Jangozero suite quartzites have
been found in the Kuhilaslampi area. They occur as in light as in dark-gray varieties of the
quartzites. As a rule the anomalies are localized in small interlayers of conglomerates in the
basal parts of cross-bedded series (fig. 2.1.2.2). The mineralized layers with radioactivity over
100 cps are 0.5-70 cm thick and up to 150 m long. Average Th content is 500 ppm, up to 7 000
ppm over 0.2 m; U contents are up to 50 ppm (one sample with 120 ppm of U, without Th)
(Kondakov et al., 1963). Total U resource of the Jatulian conglomerates of the Kuhilaslampi
area is evaluated to a few tons and these occurrences are below of economic grade.

The major radioactive mineral is Th-enriched monazite; zircon and Th-bearing rutile
occur as well (fig. 2.1.2.3). Thorite is also present according to the previous works (Kondakov et
al., 1963) (fig. 2.1.2.4). It occurs in the Jatulian conglomerates hosting gabbro-diabase dykes. Th

enrichment has been also discovered in rutile and iron hydroxides (Table 2.1.2.1).

Table 2.1.2.1. Chemical compositions of Th and U bearing minerals from the Jatulian quartzites

of the Kuhilaslampi area.

@ ~ o~ I g o~ 0 ~ ~ o™ o o o
c| 8 || |2]2|8|Q||¢ |22 |2|<| S| &
z | 3 5 | E || & |S|S |2 E|S2| R |E| &8 |S|5| ]| 3

MONAZITE

Jn-3-
1 1-1 1.2 37.0 46 | 0.3 | 214 4.1 0.3 15.2 84.1
2 0.7 11.8 5.7 | 0.8 | 20.7 139 | 2.2 25.5 81.3
3 6.7 21.8 65| 01 | 216 7.3 0.8 19.3 84.1
4 9 5.2 13 | 252 | 05 | 17 43.3 0.8 0.2 4.7 82.9

ZIRCON

Jn-3

1-2 33.7 655 | 24 101.6
6 3 135 2.0 0.8 | 24.9 389 | 24 82.5

RUTILE / altered RUTILE
Jn-3-
1-7 1.8 91.0 1.6 2.1 1.2 97.7
8 8 140 | 336 [ 04 | 299 | 0,1 |04 149 | 0,1 0,4 90,8
IRON HYDROXIDE
Jn-3
9 1-5 4.1 70.9 0.1 0.1 75.2
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The origin of these anomalies is considered as syngenetic. Primary sedimentary
accumulation in the conglomerates was the principal mechanism. Some digenetic redistribution
occurred after deposition. The epigenetic alterations of the radioactive mineralization are only
indicated by weak increasing of radioactivity along the fractures (fig. 2.1.2.5), but the
radioactive mineral phase has not been identified.

As this area is located in a mobile zone (the Janisjarvi fault zone) with evidences of
multiple activations and of vein-type uranium mineralization (see Paragraph 1.4. Vein-type
uranium mineralization), it is possible that U may have been leached from the quartzites by
hydrothermal fluids during these activations.

The synsedimentary origin of the Th-U mineralization in the Lower Jatulian quartzites of
the Kuhilaslampi area allow to estimate the age of these occurrences between 2.3 and 2.15 Ga.

Soil cover

Quartzite

Conglomerate
N~ Fractures
Qutlines of anomalous
radioactivity (in cps):
T 100

T 500

Figure 2.1.2.2. Jatulian quartzite with radioactive conglomerate from the Kuhilaslampi area.
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. “H/Hem
100 mkm

Figure 2.1.2.3. Th-bearing mineral phases from the Jatulian quartzites, sample Jn-3,
left column — optical photos, reflected light, right column — BSE photo:
a, b — monazite crystal (Mon) partly replaced by iron hydroxides (H/Hem) and quartz (Qu);
c, d —zircon; e, f —rutile replaced by the Fe hydroxides.

Figure 2.1.2.4. Ferrithorite (FTr) segregations in the quartzite; fractures around the ferrithorite
are composed of hydrothorite. Transmitted plain light (from Kondakov et al., 1963).
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Soil cover
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Figure 2.1.2.5. Radioactive anomaly in the Jatulian quartzite from the Kuhilaslampi area.

There are also many Th anomalies in the Jatulian conglomerates in Finland (Koli

province) and they seem to be similar to the Janisjarvi area ones.

Several small U deposits hosted by the Jatulian quartzites have been discovered in

Finland (Martinmonttu, Hermanninmonttu, Ruunaniemi, Ipatti etc). Thorium mineralization is

absent or subordinated there. Uranium mineralization is represented mainly by pitchblende and

uranophane related to the conglomerate layers. Origin of those deposits considered as

synsedimentary-diagenetic, but vein-type uranium mineralization occurs as well. Sometimes it

makes the principal contribution to the deposits resource (the Paukkajanvaara deposit).

Conclusion.

Th-U mineralization in the quartz conglomerates of the Maloye Janisjarvi area is referred

to syn-sedimentary quartz-pebble conglomerate type. Very low uranium content and small size

of mineralized layers make these occurrences not interesting for economic targets.
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Paragraph 1.3. U-P occurrences in the Ludicovian carbonate rocks.

Introduction.

Uranium occurrences hosted by Ludicovian formations of the Northern Ladoga area are
subdivided into two groups:

1. U-P occurrences in marbles and carbonate schists (metamorphosed phosphorites);

2. vein-type U-polymetallic occurrences.

The last ones occur not only in the Ludicovian formation and will be described in the
Paragraph 1.4 Vein-type uranium occurrences. The Paragraph 1.3 deals with the U-P

occurrences of the first group.

1. U-P occurrences of the Northern Ladoga area.

Most of U-P occurrences are located along the Ruskeala anticline (General Appendix 1,
fig. 1.1). The Ruttu ore-showing was discovered in the south-striking apophysis of the anticline.
The Pappinmyaki ore-showing occurs on the Kalamsaari island in the Sortavala area. The
Impilakhti group of U-P occurrences was found in the Impilakhti area on the south-eastern
continuation of the Ruskeala fault zone. Few low-grade anomalies presumably of the same type
were discovered in the Ludicovian carbonate enveloping granite-gneiss domes in the Latvasurje
area.

All U-P occurrences of the Northern Ladoga area are hosted by carbonate rocks of the
upper carbonate horizon of the Pitkjaranta suite. The most significant specimen of this type is

the Mramornaya Gora ore-showing.

1.1. The Mramornaya Gora ore-showing.

The ore-showing was discovered by “Nevskgeologia” during the 1951-1953 and 1978-
1980 geological surveys. A large amount of exploration work was undertaken at that time
(especially during the fifties): trenching, drilling, prospecting shafts and pits. The main ore-
showing was visited and sampled during field work performed during this thesis.

Geological environment.

The Mramornaya Gora ore-showing area is located at the north-eastern slope of the
central part of the Ruskeala anticline (fig. 2.1.3.1 and 2.1.3.2).
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- PR,Id, Kalevian, Ladoga group: quartz-biotite schists,
quartzite-sandstones, quartzites.

PR,pt, Ludicovian, Sortavala group, Pitkjaranta suite:
quartz-biotite schists, quartzites;

amphibole-, mica-amphibole and siliceous schists;
- graphite-bearing schists;

marbles, limestones, dolomites, scarnoids, carbonate schists.

BPR,, gabbro-amphibolites, metagabbro-diabases.

- BuPR,, metadiabases.

Tectonic dislocations

___—— observed,
e supposed,;

with blastomylonites and blastocatoclasites;
with schistosity;

filled with fragmented or fractured rocks;

filled with breccias and cataclasites.

2%  Inclination of: a-schistosity; b-faults.

Rock alterations:

biotitization; chloritization;
quartzitization; hematitization and hydrohematitization;
epidotization; sulphidization.

carbonatization:;

.}" Ore beds of the Mramornaya Gora ore-showing.

Local uranium anomalies:
(NB: because of scale, not all anomalies are shown)

° over 300 uR/h; ’:; : Ore showings:

e  100-300 pR/h; o

. less 100 uR/h; 1 Mramornaya Gora;
. !n bo_ulders, Ies_s 100 uR/h; 2 Potkulampi;

e in drill holes with uranium content >300 ppm;

o in drill holes with uranium content >100 ppm. 3 Nutjarvi.

Figure 2.1.3.1 (continued). Legend to geological map of the Mramornaya Gora ore-showing

area.
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The ore-showing is hosted by lenses of calc-silicate metamorphic rocks of the upper
carbonate horizon of the Pitkjaranta suite (fig 2.1.3.2 and 2.1.3.3). The main lens of 800x380 m
size, NW striking (320°, SW dipping 70-80°), is composed of (in order of importance) dolomite,
calcite-dolomite and calcitic marbles, mica-amphibole and amphibole schists. It is broken into
smaller tectonic lenses deformed with disharmonic folds. It is enveloped by the Pitkjaranta suite
hornblende schists.

There are small (0.1-0.7 m thick) dykes of metabasites, granodiorite-porphyries and
pegmatites, quartz and quartz-calcite veins.

All rocks except pegmatite and late quartz veins are complexly deformed. The most
intensive deformations are observed at the contact between the carbonate lens and the
hornblende schists, whereas the central part of the lens is relatively weakly fractured. Quartz
veins are of several generations. Early ones are deformed and boudinated; the latest generation
forms a complex system of small veinlets cutting all metamorphic formations. Rare pegmatites
occur as small size dykes without significant deformations. They are related to the late
Svecofennian granites and can be correlated with the pegmatites of the Matkaselsky complex.

Analysis of the spatial relationships, deformations and alterations of the rocks composing
the Mramornaya Gora area reveals the following succession of formation:

1. Schists

- hornblende;
- actinolite-tremolite and cummingtonite;
- mica-amphibole;
- carbonate;
- silicification;
2. Marbles
- calcite;
- calcite dolomitized;
- calcite-dolomite;
- dolomite;
3. Skarnoids
- amphibole;
- pyroxene-amphibole;
- amphibole-pyroxene;

- pyroxene;
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o

ﬂ

I Pegmatite (most of them are out of scale).
[ ] Diopside-bearing actinolite-tremolite rocks (skarnoids).
[ ] Dolomite and dolomite-calcite marbles.
I Biotite-amphibole schist.
[ ] Amphibole schist.
Uranium ore bodies:
~A U>300 ppm: A\./ Line of the section.
~2N U>100 ppm. Outline of the outcrop.

Figure 2.1.3.2. Geological map of the Mramornaya Gora ore-showing (compiled from Nemtsov
etal., 1954, Kitsul, 1963, Gromov et al., 1981).
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A The outcrop B

50
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200
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300

350

[ ] Soil cover. & Breccias zone.
[ Gray dolomite and dolomite-calcite marbles. Fracture zone.

I Dark-gray dolomite and dolomite-calcite marbles. t Drill well

[ Skarnoids. <+ Shaft

I Biotite-amphibole schist. Ore bodies with U content:
I Graphite-amphibole schist. - > 300 ppm;

[ Amphibole schist. <~ > 100 ppm.

Figure 2.1.3.3. Geological section of the Mramornaya Gora ore-showing (after Gromov et al.,
1981).
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4. Dyke and vein complex
- metadiabase;
- granodiorite-porphyry;
- quartz and quartz-carbonate veins;

- pegmatite.

The tectonic structure of the Mramornaya Gora results mostly from intense ductile
deformations forming numerous disharmonic folds and lenses of different lithologies. The brittle
displacements, although quite common, have less importance and amplitudes of those
displacements are small. Most of them are normal or reversed faults striking NW, in accordance
with the general strike of the host rocks and related to the Ruskeala tectonic zone. Usually those
are represented by small-thickness (2-30 cm) dislocated zones conformable with the bedding,
filled with hydrothermal calcite, quartz and granodiorite-porphyry hosting sulphide
mineralization (pyrite, pyrrhotite, more rarely sphalerite and arsenopyrite). Prospecting shafts
and drill holes have discovered more significant fault zones controlling metadiabase dykes and
pegmatite veins, quartz-carbonate breccias zones with sulphide, palygorskite and uranium

mineralization. Neotectonic corresponds to cliffs up to few meters height.

The most uranium-enriched structure is the most deformed eastern part of the carbonate
lens. The rocks are intensively folded and boudinated at the folds limbs. Uranium mineralization
is hosted by marbles, actinolite-carbonate schists, pyroxene- and pyroxene-tremolite and
tremolite skarnoids. The brecciaed gray dolomitic marbles enriched in apatite and sometimes in
graphite are the most mineralized rocks are. Uranium mineralization is especially concentrated
in intensively deformed areas, particularly in curved parts of small folds. Silicification,

chloritization, carbonatization and sulphidization occur in uranium mineralized zones.

Uranium mineralized rocks have been observed in several artificial outcrops and
trenches. The most representative outcrops are located nearby the closed entrance to a
prospecting shaft. The outcrops were refreshed and mapped during field work made for this
thesis (fig. 2.1.3.4).
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Q om

|:| Soil cover.

|:| White essentially calcite marble.

|:| Light-gray dolomite marble.

Dark-gary graphite-enriched
dolomite marble.

Folded zone of early silicification.

Dyke of the altered diabase.

\eins of quartz: a-white, b-dark-gray.

Zone of intensively marbled rock.

Zone of oxidation.

Contacts of the rock varieties:
a-observed, b-supposed.

Brittle dislocation and its dlpplng Outlines of radioactivity (Cps):
«__~ >8thousands;

N[

0N Dipping of foliation .
.~ >7 thousands;

@»  Spot with radioactivity >9000 cps. . >6 thousands and less (noted).

Figure 2.1.3.4. The outcrop of the Mramornaya Gora ore-showing (compiled by Polekhovsky
Y., Shurilov A., Vinogradov L.).
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The outcrop is mostly composed of marbles with predominance of dolomitic varieties
(fig. 2.1.3.5). Skarnification occurs as linear segregations of actinolite-tremolite, diopside,
wollastonite and garnet. Dark-gray dolomitic marbles are relatively enriched in graphite,
whereas in light grey ones its content is low. Almost white marbles are essentially calcitic are
subordinated. Dolomitic marbles are enriched in apatite occurring as small drop-like crystals.

Several generations of sulphides, arsenides and Ti minerals (titanite and rutile) are common.

Figure 2.1.3.5. Microstructure of the Ludicovian dolomite marble hosting the Mramornaya Gora
ore-showing; thin section of sample MG-1, optical photo, polarized transmitted light.

The carbonate rocks are strongly deformed and boudinated into specific spindle-shape
bodies composed of dolomite and enveloped by calcite (fig. 2.1.3.6). The spindles dip 75-80° SE
and SW (170-230°). On outcrops they look like rectangular blocks or lenses of dolomite up to
30 cm size, but along the dip these lenses are up to a few meters long. According to old data
obtained from 30 m-deep prospect shaft and drill holes, these structures continue at depth at
least over tens meters (Nemtsov S.N. et al, 1954).

There are series of metadiabase dykes in the area. They are 5-70 cm thick, generally NE
striking with steep dipping to NW. They are folded and sometimes fractured into separated
blocks. Schistosity striking NW 310-330° was observed in the metadiabases. It is oblique on the

dykes, but corresponds to the regional strike of the host rock foliation.
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Figure 2.1.3.6. Uranium ore-hosting brecciaed dolomitic marble cemented by calcitic marble in
the Mramornaya Gora ore-showing.

Several types of silicification of the metamorphic rocks occur. The earliest one is
represented by zones impregnated by small quartz lenses (up to 1 mm thick) and individual
grains (fig. 2.1.3.7).

Figure 2.1.3.7. Early silicification of uranium ore hosting marbles in the Mramornaya Gora ore-
showing; pitchblende and sulphide mineralization occur in lower left corners of the images.
Sample MG-5, thin section optical photos: a — plain transmitted light; b — polarized transmitted
light.

These zones are strongly deformed conformably with hosting marbles. Silicification is
accompanied with development of sericite, phlogopite, titanite and sulphides. The next
generation of silicification corresponds to complex shaped, often boudinated quartz veins (0.5-
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10 cm thick) of general NE strike (fig. 2.1.3.8). Small quartz and quartz-carbonate veins cutting

all formations are rarer. They often contain late sulphide mineralization (fig. 2.1.3.9).

Figure 2.1.3.9. Late quartz-sulphide veinlet cutting silicified marble of the Mramornaya Gora
ore-showing. Sample MG-5, thick section optical photos: a — polarized transmitted light,
b — reflected light.

On the outcrop, uranium mineralization was observed in different carbonate rock types.
The most uranium-enriched rocks are the dolomitic marbles, calcitic ones being less radioactive.
The highest grade uranium mineralization is localized in oxidized spots corresponding to
sulphide enrichment (fig. 2.1.3.10). Veins of mafic rocks and zones of silicification are poor in

uranium.
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Figure 2.1.3.10. High-radioactive spot (over 1300 pR/h) in brecciated marbles associated with
local enrichment in oxidized sulphides; the Mramornaya Gora ore-showing.

Ore bodies.

The Mramornaya Gora ore showing comprises 40 ore bodies with cut-off 100 ppm U.
They are conformable with hosting carbonates. Ore bodies are lens-like shaped, 38-250 m long,
average thickness is 4 m (up to 7.8 m). They are followed by drilling down to -295 m. The
largest ore bodies are localized in vicinity of the carbonate layer roof. U ores are of low-grade
layered and highest grade breccias types (fig 2.1.3.11). First ones are more widespread.

20 mm

Figure 2.1.3.11. Different texture types of uranium ore of the Mramornaya Gora ore-showing:
a - low-grade layered type (from Andersson, 1990); b — high-grade breccias type.

U ores are associated with high P content concentrated in apatite. Apatite content in the

ore-hosting marbles is 1520 ppm in average (up to 130 000 ppm). P content is 14 000-55 000
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ppm. U associated apatite has high F content (0.59-0.62 wt %), Zr, Pb, Cu, Yt, Ba, Be, Yb, U
(up to 0.1 wt %) (Grigorieva, 1977).

Also brecciated ore-hosting dolomites have increased contents of Fe up to 80 000 ppm,
Ba — up to 20 000 ppm, Sr — up to 3000 ppm, Ni — 1000 ppm, Zn — 500 ppm, V — 200 ppm, Mo
— 200 ppm, (Gromov et al., 1981; Rybakov and Golubev, 1999).

U ores of the Mramornaya Gora ore-showing are characterized by significant radioactive
disequilibrium — from 82 to 139 %, with a tendency of Ra enrichment upward to the surface
(Gromov et al., 1981).

U resource of the Mramornaya Gora ore-showing is evaluated to about 136 tons with a
cut-off 500 ppm and about 400 t with cut-off of 100 ppm.

Uranium mineralization.

Uranium mineralization of the Mramornaya Gora ore-showing is complex. Previous
works show that the earliest uranium mineralization is represented by thin impregnations and
chained aggregates of uraninite, less by U-bearing apatite (Nemtsov S.N. et al, 1954; Grigorieva,
1977). Idiomorphic uraninite is associated with graphite, sulphides and apatite (fig. 2.1.3.12).

b

uraninite /

Cc

uraninite

pyrrothite

100 mkm

pyrrothite

059 0 K /‘\ uraninite
/ ‘-‘h“"*—./

py%othite

Figure 2.1.3.12. Uraninite mineralization associated with carbonaceous phase (C phase) and
different generations of pyrrhotite in the Mramornaya Gora ore-showing
(compiled after Nemtsov et al., 1954).
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The uraninite mineralization is disseminated and in the samples taken during field work
for this thesis it has not been recognized. Only pitchblende was identified in the brecciated
marble samples. Autoradiographies of these samples have revealed two types of U distribution
in these rocks (fig. 2.1.3.13).

Figure 2.1.3.13. Diverse distribution of uranium mineralization in the brecciated marbles of the
Mramornaya Gora ore-showing, samples (left column) and corresponding autoradiographies
(right column): a — sample MG-7, uranium concentrated in the dolomite fragments
(autoradiography — 14 days); b (sample MG-6) and ¢ (sample MG-10) — uranium concentrated
in a cement of the breccias (autoradiographies — 3 days).
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In the first one (fig. 2.1.3.13a) the low-grade radioactive mineralization occurs in
dolomite fragments and is absent in the calcite cement; it is represented by disseminated
pitchblende-1 associated with apatite, amorphous carbonaceous phase and sulphides (fig.
2.1.3.14 and 2.1.3.15). This pitchblende may develop after earlier uraninite. It is characterized
by high Pb content (General Appendix 2.3, table 8).

100" um

Figure 2.1.3.14. Characteristic spectrum photos of the Mramornaya Gora ore-showing early
uranium mineralization associated with apatite, carbonaceous phase, sulphides and arsenides;
sample MG-1, scale — 100 um.

In the second type the cement is more enriched in U than the fragments (fig 2.1.3.13b),
when they are irregular and angular (fig. 2.1.3.16) and related rather to brittle deformations than

to a regional metamorphic event.
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Figure 2.1.3.15. Early pitchblende (Pbl-1) from the Mramornaya Gora ore-showing associated
with carbonaceous phase (C), sample MG-1: a — pitchblende develops on the periphery and
inside of amorphous carbonaceous phase; arsenopyrite (Asp) occurs (BSE photo); b and ¢ —

pitchblende enveloped by colloform carbonaceous phase; early galena (GI-1) develops on the

periphery of the pitchblende (b — optical photo, reflected light; ¢ — BSE photo).

Uranium mineralization of this type is composed of several varieties of pitchblende:

1. disseminated impregnation of pitchblende spherulites with cores replaced by
coffinite (fig. 2.1.3.17a) (up to 40 % of the preparation);

2. aggregates of pitchblende spherulites rich in gangue inclusions (fig. 2.1.3.17b);

3. pitchblende spherulites overgrowths on gangue fragments (fig. 2.1.3.17c);

4. aggregates of pitchblende spherulites developing after rutile (fig. 2.1.3.17d);

5. pitchblende spherulites veinlets cutting earlier non-radioactive ore (fig. 2.1.3.17¢);

6. veinlets of chained aggregates of large (up to 200 pm) massive pitchblende

spherulites cutting pitchblende mineralization rich in gangue inclusions (fig. 2.1.3.17f).
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Figure 2.1.3.16. Uranium-bearing cement of late breccias from the Mramornaya Gora ore-
showing; sample MG-6: a — macro photo of the thick section, fields of b and ¢ images are
outlined; b — optical photo, transmitted plain light; ¢ — combination of optical photos, reflected
light.

All of above-listed pitchblende types except the last one are characterized by strongly
heterogeneous structure (fig. 2.1.3.18). Many of them have more complex composition
compared to chained pitchblende of the 6™ variety (General Appendix 2.3, table 8, General
Appendix 2.4, table 4 and table 5). Nevertheless, most of them have relatively low Pb contents,
corresponding to rather young ages. Only in some grains Pb content is high. It can be explained
by strong reworking of the tectonized zones with replacement of older pitchblende generations
by younger ones. This process was not studied enough to separate surely these generations, that

is why all these phases have been combined under the name “pitchblende-2”.
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50 mkm

Figure 2.1.3.17. Different types of late pitchblende (Pbl-2) from the Mramornaya Gora ore-
showing: a — disseminated pitchblende (sample MG-5, BSE photo);

b — aggregate of pitchblende spherulites with gangue inclusions (sample MG-5, BSE photo);
¢ — pitchblende spherulites overgrowing gangue fragments of quartz-chlorite-mica aggregate
(sample MG-5, optical photo, reflected light); d — aggregates of pitchblende spherulites
developing after early rutile (sample MG-5, optical photo, reflected light); e — veinlet composed
of pitchblende spherulites cutting early non-radioactive ore mineralization (sample MG-5,
optical photo, reflected light); f — veinlets of chained aggregates of late pitchblende (Pbl-2(6))
cutting mineralization of pitchblende saturated with gangue inclusions (sample MG-6, BSE
photo).
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Figure 2.1.3.18. Heterogeneous structure of the pitchblende-2 spherulites from the Mramornaya
Gora ore-showing. Sample MG-1, BSE photo.

Ore mineral paragenesis in the samples from the Mramornaya Gora ore-showing is
presented in the Table 2.1.3.1.

Because of small size and heterogeneous structure most of the pitchblendes in the
Mramornaya Gora ore-showing, isotopic researches are very difficult. Previous works obtained
a Svecofennian age about 1850 Ma was obtained (see Table 2.1.3.2. at the end of the
Paragraph). For U-thuhcolite from the similar Nuottaijarvi deposit in Finland an isotopic U-Pb
age of 1897+7 Ma was obtained (Vaasjoki et al., 1980). During this study only successful age
determination was for more “fresh” variety 6 of pitchblende-2. A U-Pb isotopic age of 397+19
Ma was yielded (fig. 2.1.3.19).

For the same points in the pitchblende an analysis of REE content was undertaken (fig.
2.1.3.20 and table 3 of General Appendix 2.7). REE contents are relatively low and the
chondrite-normalized pattern is weakly fractionated with some LREE gap from Ce to Nd
(contents of Pm, Gd and Yb have not been obtained because of technical problems occurred
during the analyses). The pattern is differentiated from ones obtained for all well studied

examples of uranium oxides from different uranium deposits (Bonhoure, 2007).
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Figure 2.1.3.19. Concordia diagram for late pitchblende from the Mramornaya Gora ore-
showing; sample MG-6.
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Figure 2.1.3.20. Pattern of chondrite-normalized REE contents in uraninite from the Sjuskinsaari
area; sample MG-6.

192



PART 2. Uranium occurrences of the Ladoga region. Chapter 1. Basement-hosted uranium occurrences. Paragraph 1.2.

Table 2.1.3.1. Ore mineral paragenesis of the Mramornaya Gora ore-showing
(Polekhovsky et al., 2007).

Paragenesis

No -
Minerals Of rock Saurlsz:li?jz- Sulphide (el;;lly) (::Ji-ti) temlg;g::ture Hypergene
1 Rutile-1 +
2 Titanite +
3 Arsenopyrite +
4 Pyrite-1 +
5 Gersdorffite +
6 Pyrrotite-1 +
7 Pentlandite +
8 Sphalerite +
9 Chalcopyrite +
10 Molybdenite +
11 Cartr))?]r;asgeous +
12 Mo phase +
13 Pitchblende-1 +
14 Galena-1 +
15 Pyrrotite-2 +
16 Pyrite-2 +
17 Ti-U phase +
18 Pitchblende-2 +
19 Galena-2 +
20 Galena-3 +
21 Pyrite-3
22 Marcasite
23 Rutile-2 +
24 Coffinite +
25 Hydrohematite +
26 Leucoxene +
27 Uranophane +
28 Curite +
29 Demesmaekerite +
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Besides of uranium oxides, uranium mineralization of the Mramornaya Gora ore-
showing is also represented as much subordinated coffinite and Ti-U phase. Coffinite develops
after pitchblende (fig. 2.1.3.21), also in late calcite veinlets (fig. 2.1.3.22). The Ti-U phase
occurs in areas where rutile is replaced by pitchblende-2 (fig. 2.1.3.23). Development of rutile-2
after pitchblende-2 was observed (fig. 2.1.3.24).

Figure 2.1.3.21. Coffinite (Coff) replacing pitchblende-2 (Pbl-2); pyrite (Py-1), galena (GI-2);
Mo-phase (Mo) occur, sample MG-5; a — optical photo, reflected light, image b area is outlined;
b — BSE photo.

Figure 2.1.3.22. Late calcite veinlet with coffinite mineralization cutting early pitchblende ores
in the Mramornaya Gora ore-showing; sample MG-29.

Hexavalent U  minerals:  uranophane  Ca(UO,)2(SiOs0H),x5H,0,  curite
Pb3(UO2)805(0OH)sx3H,0 and demesmaekerite Phb,Cus(Se03)s(U0O2)2(OH)sx2(H,0) were
recognized by X-ray diffraction (Polekhovsky et al., 2007).
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Figure 2.1.3.23. Development of pitchblende-2 (Pbl-2) after rutile-1 with forming of
intermediate cryptocrystalline Ti-U phase (Ti-U); early pyrite-1 (Py-1), Mo phase (Mo) and
galena (GI-3) occurs; sample MG-5, a — optical photo, reflected light, image b area is outlined;
b — BSE photo.

" 20 mkm

Figure 2.1.3.24. Development of late rutile (Rut-2) after pitchblende-2 (Pbl-2); sample MG-5,
optical photo, reflected light.

1.2. The Ruskeala group of uranium ore-showings.

The Ruskeala area is located at the NW closure of the Ruskeala anticline (fig. 2.1.3.25).
The basement is composed of Ludicovian Pitkjaranta suite marbles, skarnoids, carbonate
tremolite-actinolite and mica-amphibole schists. They are enveloped by Kalevian Ladoga group
mica schist and quartzites. All rocks are cut by small dykes of metadiabases and granodiorites.
Quartz and quartz-carbonate veins are also widespread.
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. " Ore-showings:

1 Mramorny Combinat;
2 Severnaya Ruskeala;

3 Ujnaja Ruskeala;
4

Zapadnaya Ruskeala;
5 Vostochnaya Ruskeala.

Other symbols correspond to legend to geological map
of the Mramornaya Gora area (fig. 2.1.3.2).

Figure 2.1.3.25. Geological map of the Ruskeala area (after Gromov et al., 1981).

The metamorphic formations mainly strike NW 310-320°, dip 70-85° SW. In the area of
the anticline closure, undulations striking 270-280° and dipping 50-70° were observed. Second-
order folds are widespread in the limbs of the anticline.

The specific feature of the geological structure of the Ruskeala area is an increased
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thickness of the upper carbonate layer of the Pitkjaranta suite in the curvature of the anticline.
Here this layer is composed of interbedded marbles, carbonate and mica-amphibole schists. Its
thickness is up to 1.5 km; total thickness of pure marble layers is up to 600 m. Several marble
quarries are in exploitation since the XIX™ century in the Ruskeala area (fig. 2.1.3.26).

Figure 2.1.3.26. Folded marbles in a quarry of the Ruskeala area.

Several U ore-showings compose the Ruskeala ore district: Mramorny Kombinat, Ujnaya
Ruskeala, Severnaya Ruskeala, VVostochnaya Ruskeala and Zapadnaya Ruskeala. They were
discovered by “Nevskgeologia” during exploration work of the fifties and 1977-1981. Very
locally outcropping zones in the Ujnaya Ruskeala and Severnaya Ruskeala ore-showings were
visited and sampled during the field work for this thesis.

Uranium mineralization is richer in fine-grained gray marbles and carbonate-tremolite
schists of the upper carbonate horizon of the Pitkjaranta suite. Skarnoids are relatively depleted
in U. Layered distribution of U mineralization prevails. Mineralized layers are conformably
folded with the host rocks (fig. 2.1.3.27a). Like at Mramornaya Gora, two types of U
mineralization distribution occur in brecciated marbles: an early mineralization concentrated in
dolomitic fragments and absent in calcite cement; whereas in late tectonites the cement contains
uranium (fig. 2.1.3.27 b and c).

Over 50 U ore beds with size up to 170x80x25 m are known in the Ruskeala area. They
are composed of complex shape lenses up to 5x4x3.5 m conformable to the host rocks. Average

U content is 570 ppm over 1.2 m, up to 1350 ppm. Th content is up to 20 ppm.
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Figure 2.1.3.27. Autoradiographies of drill core samples with U mineralized rocks from the
Severnaya Ruskeala U ore-showing (5 days exposition, from Gromov et al., 1981):
a — U mineralization conformably folded with host carbonate rock; b — brecciated carbonate rock
with U mineralization concentrated in the fragments; ¢ — brecciated carbonate rock with U
mineralization concentrated in the cement.

Total uranium resource of the Ruskeala ore-showings is about 600 tons with a 300 ppm
cut-off. Radioactive equilibrium in the ore-showings varies from 85 to 201 % with radium

enrichment at the surface (Gromov et al., 1981).

U mineralized rocks are enriched in P (up to 70 000 ppm), Pb (100-4 000 ppm), Mo (300
ppm), Ba (15 000-30 000 ppm), Be (10 ppm), La (100 ppm), Ni (700-1500 ppm), Ti (10 000
ppm), Fe (150 000 ppm).

Previous researchers observed rounded uraninite (possibly they meant pitchblende) and
U-bearing apatite as a principal U mineral phases of the Ruskeala ore-showings. The U
mineralization is associated with apatite, pyrite, pyrrhotite, sphalerite, chalcopyrite,
molybdenite, ilmenite and graphite (Nemtsov et al., 1954; Gromov et al., 1981).

In samples obtained during a field trip U mineralization occurs as pitchblende. The most

common association is pitchblende with titanite and rutile, less with graphite and sulphides.

Indications of late hydrothermal U redistribution have been discovered in the Ruskeala

ore-showings by previous exploration (Nemtsov et al., 1954; Gromov et al., 1981). Few
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anomalies with U content up to 360 ppm occur in fractures in pink-colored marbles in the
Mramorny Kombinat ore-showing. U-Pb ages of pitchblende from these fractures are 1221+64
Ma (Anderson, 1990). Mineralized veinlets cutting all formations including early U
mineralization occur in the Severnaya Ruskeala ore-showing as well (Gromov et al. 1981).

Unfortunately, this mineralization is no more available from the surface.

1.3. The Impilakhti group of uranium ore-showings.

U-P mineralization in the Impilakhti area on the south-eastern continuation of the
Ruskeala fault zone was discovered by “Nevskgeologia” in the beginning of fifties. One
prospecting shaft, 10 drillholes and few trenches have been realized.

The Impilakhti group of U ore-showings is composed of Centralno-Impilakhtinskoye and
Vostochno-Impilakhtinskoye showings localized in the carbonate formations of the Pitkjaranta
suite enveloping the Impilakhti granite-gneiss dome (Appendix to Chapter 1, fig.1). The first
one is located on northern slope of the dome, whereas the second one on its eastern slope.

The ore-showings are hosted by tremolite-pyroxene carbonate schist and pyroxene
skarnoid of the upper carbonate horizon of the Pitkjaranta suite. Here, the thickness of the
horizon is 10-15 m. In the Centralno-Impilakhtinskoye showing its strike is sublatitudinal (80-
909), in the Vostochno-Impilakhtinskoye showing its strike is submeridional (345-355°).

U mineralization is concentrated in 5-10 m long and 0.1-1.1 m thick lenses conformable
to the host rocks (fig. 2.1.3.28 and 2.1.3.29).

In the Centralno-Impilakhtinskoye ore-showing two parallel mineralized zones can be
followed over 175 m and to depth of 95 m (fig 2.1.3.30). One zone 0.25-1.1 m thick is located in
the upper part of the carbonate horizon, another one 0.3-0.4 m thick occur in median part. U-
bearing layers are displaced of 3 m by a sinistral fault striking N-S. Some radioactive anomalies
up to 1500 puR/h, hosted by granite-gneiss of the Impilakhti dome, are related to fracture zone on

the southern continuation of the fault (Grigorieva, 1977).

The Vostochno-Impilakhtinskoye ore-showing comprises three separated mineralized
zone. They have a cumulated extension of 417.5 m and were followed down to 115 m. U
mineralization is very low-grade, average U content is 250 ppm, maximum 740 ppm. The
mineralized rocks are also enriched in Fe — up to 100 000 ppm
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Figure 2.1.3.28. Outcropped U-mineralized tremolite-pyroxene-carbonate rocks in the
Centralno-Impilakhtinskoye ore-showing.

Figure 2.1.3.29. Tremolite-pyroxene-carbonate rocks from the Centralno-Impilakhtinskoye ore-
showing and its autoradiography (20 days exposition). Concordant folding of U mineralized
layers can be observed. Sample VI-3.

According to previous studies uranium ores are formed by small crystals (up to 0.02
mm) of uraninite always associated with apatite (Sukhanova, 1952). Uraninite is included in
crystals of pyroxene and apatite, rarely plagioclase, exceptionally in phlogopite, carbonate and

ore minerals. It occurs in fractures or between the minerals.

In the samples obtained during field work for this thesis pitchblende was recognized, but
not uraninite. It forms separated spherulites, aggregates are associated with a carbonaceous
phase, titanite, rutile and sulphides (fig. 2.1.3.31). Chemical composition of pitchblende from
the Centralno-Impilakhtinskoye showing is presented in the General Appendix 2.3, table 9.

Development of coffinite after pitchblende occurs locally.
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PR,im, Kalevian, Impilakhti suite: mica schist.

PR pt, Ludicovian, Pitkjaranta suite:

upper carbonate horizon: thremolite-pyroxene skarnoids, ampibol-carbonate schist;
amphibolite, biotite-amphibolite schist;

lower carbonate horizon: biotite-amphibolite schist, skarnoid.

AR-PR,, undivided:

ortoamphibolites;

granite-gneiss, migmatite,

Faults.

~  Outcropped U mineralized layers of the Centralno-Impilakhtinskoye ore-showing.

Figure 2.1.3.30. Geological map of the Centralno-Impilakhtinskoye ore-showing area (after
Korotaev et al., 1978).
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Figure 2.1.3.31. Pitchblende (Pbl) mineralization from the VVostochno-Impilakhtinskoye ore-
showing, optical photos, reflected light: a — sample VI-1, pitchblende associated with
carbonaceous phase (C), deformed graphite (Gf) occurs; b — sample VI-1, development of
pitchblende after early rutile (Rut-1) and independently, galena (Gl) and pyrrhotite (Pirr) occur;
¢ —sample VI-3, development of late rutile (Rut-2) after titanite (Tt) in association with
pitchblende spherulite, aggregate of pyrrhotite (Pirr), chalcopyrite (Chp) and sphalerite (Sf)
occur; d —sample VI-3, molybdenite (Mo) enveloping pitchblende, partial replacement of
pyrrhotite (Pirr) by aggregate of pyrite and marcasite (Py+Marc).

2. Generalized characteristic features of the U-P occurrences.
U-P occurrences of the Northern Ladoga area can be characterized by following

distinctive features.

I. Petrologic control.

1. There is an exact stratigraphic control of the U-P occurrences — all of them are
localized in upper carbonate horizon of the Ludicovian Pitkjaranta suite.

2. There is exact lithological control of the U-P occurrences — all occurrences are

hosted by carbonate rocks (dolomitic marbles and carbonate schists).
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I1. Structural and tectonic control.

1. Most of the U-P occurrences were discovered in the Ruskeala anticline related to the
Ruskeala fault zone.

2. The most significant occurrences are localized in upper parts of swells of carbonate
rocks interlayers.

3. As a rule, the U ore bodies have a lens shape conformable to the host rocks;

subordinated high-grade vein type mineralization occurs locally in late breccias zones.

I11. Ore mineralogy.

1. Uranium mineralization is represented mostly by U oxides with predominance of
pitchblende; coffinite and Ti-U mineral phase are subordinated.

2. Uranium mineralization is associated with apatite, carbonaceous matter and
sulphides. Positive correlation of U with P, Pb, Mo, Zn was recognized.

3. Uranium ore mineralization is characterized by significant differentiation of
radioactive equilibrium with uranium depletion upward to the surface.

4. Most isotopic results constrains the age of the mineralization between 1.9 and 1.8 Ga
(table 2.1.3.2).

Earliest attempts of age determinations (Gromov et al., 1981) used an uncertain method
and are not reliable. They give only very approximate age limits of the U-producing event. More
precise constrains of Anderson (1990) reveals two generations of the U mineralization. First one
was obtained for most widespread low-grade uraninite-pitchblende mineralization. It has an age
about 1860 Ma that corresponds to culmination of the Svecofennian metamorphism. Vein type
pitchblende from the Mramorny Kombinat ore-showing is correlated with the Riphean tectonic
reactivation at the origin of the Pasha-Ladoga sedimentary basin and the unconformity-related
Karku deposit (see Chapter 2). During this study, a Palaeozoic age of 397£19 Ma was obtained

for pitchblende mineralization in tectonic breccias zones in the Mramornaya Gora ore-showing.

IV. Grade of the occurrences.

All occurrences are of low grade — size of mineralized zones is small, resource is less
200 tons, average uranium content is low (about 400 ppm). It is notable that low grade is
peculiar for such type deposits in the Baltic Shield. So, same type deposits known in Finland are
small as well: Vihannti deposit 700 tons of uranium with 300 ppm average content and

Nuottijarvi 1000 tons of uranium with 400 ppm average content.
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Table 2.1.3.2. Isotopic age constrains of U mineralization hosted by Ludicovian carbonate rocks

of the Northern Ladoga area.

Occurrence | Mineral Method n | Isotopic age, To, Reference
Tm, Ma
Mramornaya | uraninite, U-Pb, TIMS | 6 | 1856+180, Anderson, 1990
Gora pitchblende 100£100
U-Pb, TIMS 1 ]1850 Gromov et al, 1981
Pb-Pb 199 | 1830+70 -1
-//- 79 | 1960+50 /-
-1 63 | 1720+30 -1
pitchblende | U-Pb, TIMS | 10 | 14324201, ~320 | -//-
pitchblende | U-Pb, SIMS | 8 | 397%19, -21+£140 | This study
Mramorny | pitchblende | U-Pb, TIMS | 7 | 1221+64, 36641 | Anderson, 1990
Kombinat
Severnaya uraninite U-Pb, TIMS | 5 | 1860+20 Anderson, 1990
Ruskeala -/l- -/l- 3 |1780+20 -/l-
-/l- Pb-Pb 3 |1640+30 Gromov et al, 1981
Ujnaya uraninite Pb-Pb 3 | 1900+10 Gromov et al, 1981
Ruskeala -/l- -/ 3 [ 1780+20 -/
Pitkyajarvi | uraninite Pb-Pb 159 | 1790+100 Gromov et al, 1981
-/l- -//- 44 | 1830+50 -//-
-/l- -/l 43 | 1580+70 -1
-//- -//- 22 | 1680+50 -//-
-/l- -/ 20 | 2040+50 -1/
-/l- -/ 19 | 1970470 -/
%ﬂomaly uraninite | Pb-Pb ? | 1800430 Gromov et al, 1981
Savipuro uraninite Pb-Pb 4 | 1900+£10 Gromov et al, 1981

U-P deposits in metamorphosed FZ phosphorites with resource up to few tens of kilotons
of U are known in the Kazakhstan (Kushnerenko et al., 1985). Some of them were mined in the

past (the Zaozernoye deposit).

Total identified resource of U-P occurrences of the Northern Ladoga area is about 1100

tons U, prognostic resource is about 4000 tons U.

3. Remarks to origin of the U-P occurrences.

The origin of U mineralization in the U-P occurrences of the Northern Ladoga area is
complex. A model based on previous works (Nemtsov et al., 1954; Grigorieva, 1977; Rehtijarvi
et al., 1979; Vaasjoki et al., 1980; Aikas O., 1980; Gromov et al., 1981) and our observations is

proposed below.
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The U ore hosting upper carbonate horizon is composed of interbedded carbonate, marly,
sandy-clayey and sandy sediments metamorphosed during the Svecofennian orogeny into
marbles, schists and quartzites. This lithological association corresponds to sublittoral
environment with unstable position of the coastline.

The properly carbonate sequence is composed of dolomitic and calcitic marbles
interbedded with subordinated transitional formations. Initially dolomite and limestone were
produced by chemical precipitation of Ca and Mg from sea water and diagenesis of the
carbonate silt.

Calcitic marble prevails in the lower part of the sequence. Graphite content in this rock is
low. Dolomite and graphite contents increase upward in the sequence.

Predominance of dolomite in the upper part of the sequence can be explained by
increasing sea water salinity during progressive chemical weathering and mass transfer in
conditions favorable to migration of Ca and Mg.

A characteristic feature of the upper carbonate horizon is a higher P content concentrated
in apatite. Origin of the P enrichment is considered as chemogenic sedimentary, syngenetic to
the carbonate rocks. Maximum average P content in light dolomitic marbles is 2-4 wt %.

Uranium is spatially associated with apatite, graphite and dolomite. Prevalence of the
chemical weathering in the feeding areas was favorable for the derivation of U, P and Mg. High
CO; content in the Precambrian atmosphere caused acidification (Ph<7) of the waters
contributing to the migration of these elements.

Phosphates and carbon matter are good sorbents of uranium from aqueous solutions,
especially phosphates (Altgauzen, 1956). According to Neruchev (1982), the jelly-like
consistence of the sea bottom during the sedimentation of the dolomites favored U precipitation.

Diagenetic redistribution of U and P occurred during the formation of the dolomites.

Uranium at this stage mainly occurred in apatite, less — in carbonaceous matter.

Thus it is supposed that the primary U accumulation in the phosphate-bearing carbonate
rocks occurred during the sedimentation (U-bearing phosphorite). Other evidences are:

1) U mineralization is strictly related to the upper carbonate horizon of the Ludicovian
Pitkjaranta suite;

2) high U background is quite common for the Pitkjaranta suite carbonate formations
(General Appendix 2.1), U-enriched rocks can be followed over tens of kilometers;

3) U mineralization is especially related to apatite-bearing dolomite marbles;
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4) early uranium ore mineralization is conformable with the host rocks;
5) U is associated with characteristic complex sedimentary-metamorphogenic minerals
such as dolomite, apatite and graphite (initially carbonaceous matter).

Svecofennian regional metamorphism transforms phosphate-carbon carbonate sediments
into apatite-graphite-bearing marbles. U was extracted from the apatite and formed its own
mineral phase; in early high-temperature stages it forms thinly disseminated uraninite. During
following retrograde metamorphic events pitchblende mineralization was formed. As a result of
the metamorphism, the banding of the U-bearing layers became more contrasted. Skarnification
of the carbonate rocks led to a redistribution and impoverishment of the early U ore.

Ductile deformations related to the Svecofennian orogeny caused complex folding of
ore-hosting layers. The uranium mineralization was especially concentrated in the keystones of
the folds. As a result of tectonic movements of this stage early breccias were formed. Dolomite
fragments more enriched in uranium are enveloped in more plastic calcite.

Latest brittle deformations led to local redistribution of U along fracturing zones.

Thus, U-P occurrences of the Northern Ladoga are presumed as metamorphosed
uranium-bearing phosphorites with principal uranium enrichment during the metamorphism and
according to Dahlkamp (1993) can be referred to the synmetamorphic type. Subordinated vein-
type mineralization occurs locally as a result of low temperature hydrothermal remobilization of

the uranium.

Conclusion.

Numerous U-P phosphorus occurrences of the Northern Ladoga area have been
discovered during exploration from the fifties to the seventies. Processing of the Mramornaya
Gora ores have shown the possibility of an effective uranium extraction by sodium leaching
(I”in, 1984). Nevertheless, all of these attempts have led to negative evaluation, because of the
small resources and the low uranium contents. Moreover, a low grade is typical for such type of
deposits in general. Consequently, this type of occurrences cannot be considered presently of
economic interest. However, widespread indications of hydrothermal alterations and especially
occurrences of telescoping vein type uranium mineralization, allow to consider the areas where

the U-P ore-showings occur as prospective for vein-type uranium deposits.
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Paragraph 1.4. VVein-type uranium ocCurrences.

Introduction.

All known vein-type uranium occurrences of the Ladoga region are located in the Northern
Ladoga area.

There are three varieties of vein type uranium mineralization in the Northern Ladoga area
(General Appendix 1, fig. 1.1):

1. uranium as a principal ore mineralization in quartz-carbonate veins;

2. subordinated uranium mineralization telescoping complex ore occurrences;

3. late fracture-bound uranium mineralization in other type of uranium occurrences.

This paragraph is mostly devoted to proper vein type uranium occurrences (type 1).
Uranium mineralization telescoping complex ore occurrences (type 2) is briefly described.
Fracture-bound uranium mineralization in other type of uranium occurrences will be just
mentioned; it is considered in other paragraphs corresponding to the leading type of the
mineralization. In addition, a few occurrences of vein-type Th mineralization are described in this

paragraph.

1. Uranium as a principal ore mineralization in quartz-carbonate veins.
Uranium mineralization hosted by fracture zones in a quartz-carbonate gangue has been
discovered in different parts of the Northern Ladoga. The most representative uranium occurrence,

where uranium is a major product, is the Varalakhti ore showing.

1.1. The Varalakhti uranium ore-showing.

The ore showing was found by “Nevskgeologia” in 1952, additional occurrences were
worked in the seventies by the same enterprise. The ore-showing was recognized by an adit, 3
drillholes down to 50 m and trenching. The Varalakhti ore showing was sampled during this work.

Geological environment.

The Varalakhti U ore showing is located at the southern limb of a sublatitudinal syncline
between the Sortavala and Kirjavalakhti AR-PR; granite-gneiss domes. The depression is filled
with Pitkjaranta suite amphibole schists. Generally, in the syncline they have a latitudinal strike
and dip 20-50° to the south, but its undulation caused by a local prominence of the Kirjavalakhti

dome in the immediate area of the Varalakhti ore-showing. Here, the layers are striking 5-20° NE
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and dipping 30-60° to the NW (40-45° in average). The amphibole schists are cut by dykes of
metadiabases and granodiorite-porphyry referred to the Svecofennian orogeny. Quartz lenses
conformable to the schists are widespread. They contain xenoliths of the host rocks.

The U ore-showing is located in vicinity of the intersection of the N-S 355° striking
Varalakhti and W-E 275° striking Kirjavalakhti fault zones. The first one is traced by granodiorite-
porphyry dykes, zones of blastomylonites, schistosity and breccias. The second one is marked by
numerous fractures. On the eastern continuation of the Kirjavalakhti fault zone, 2 km from the
Varalakhti ore-showing, the Kirjavalakhti fracture-hosted anomaly occurs (General Appendix 1,
fig. 1.1 and 5).

Three systems of local tectonic displacements are distinguished in the ore-showing area:

1) NE 5-20° breccias zones, with steep dipping, generally conformable to the host rocks,
filled by host rock fragments, quartz, carbonate, sometimes ore minerals;

2) NE 70-80° mylonite zones, dipping steeply, several meters long, up to 2 m thick;
sometimes accompanied with a dense network of thick quartz-carbonate veinlets;

3) sublatitudinal 270-290° fractures, with diverse dipping, cutting all rocks, sometimes
filled with carbonate or clayey material; blastomylonites zones with about the same strike occur
farther to the north among the granite-gneiss of southern periphery of the Kirjavalakhti dome.

The Varalakhti ore-showing is related to a second order fracture of NE strike
accompanying the Varalakhti fault. U mineralization is localized in a complex breccias zone
hosted by amphibole schists of the Pitkjaranta suite (fig. 2.1.4.1 and 2.1.4.2). The zone is
conformable to the host rock foliation and strikes 10-20° NE with a 50-80° NW-dip. At the surface
it can be followed over 40 m along the strike, with a thickness up to 8 m.

The breccia zone is composed of fragments of quartz, carbonate rocks and amphibole
schists cemented by quartz, calcite and ankerite (fig. 2.1.4.3), locally by pitchblende and sulphides
(fig. 2.1.4.4). Biotitization, chloritization, microclinization, local scapolitization of the rocks are
observed. Newly-formed pyroxene, epidote and zoisite rarely occur.

The breccias zone is complex and was formed in several stages:

I. fracturing and silicification of the amphibole schists;

I. succession of breccia and cataclastic events with a cementing of the fragments by
quartz, calcite, ankerite, several generations of sulphides, pitchblende and native bismuth;

I11. latest ramified small veinlets of pink calcite with sulphide mineralization.

208



PART 2. Uranium occurrences of the Ladoga region. Chapter 1. Basement-hosted uranium occurrences. Paragraph 1.4.

Crossection A-B
C-D

Crossection C-D
A-B

0 30m
[ ] Tails of the adit. — =~ Discovered fractures.
- Pitkjaranta suite, amphibole-biotite schist. ho Dipping.
- Granodiorite-porphyry. I 4 Uranium ore body.
- Quartz-carbonate bodies. /7 Adit outline.

Figure 2.1.4.1. Geological map and sections of the Varalakhti ore-showing area (after Nemtsov
S.N. et al, 1954).

Quartz-carbonate breccias zones in this area are very abundant. Generally they have not
suffered from late tectonics, except in the U-mineralized zone of the Varalakhti ore-showing
where late cataclasis has occurred. Quartz of the early breccias was deformed and fractured (fig.
2.1.45), and ankerite-pitchblende-sulphide mineralization were deposited as a late cement of the

breccia.

209



PART 2. Uranium occurrences of the Ladoga region. Chapter 1. Basement-hosted uranium occurrences. Paragraph 1.4.

0 10m
[] Tails of the adit. “o=—..  Supposed confines of rock varieties.
- Pitkjaranta suite, amphibole-biotite schist. ~=o_ . Brachic
Granodiorite-porphyry.
- sty ﬁ Uranium ore body
[] Quartz-carbonate body.

Ankerite-cemented breccias, p Adit outline

Figure 2.1.4.2. Geological map the Varalakhti ore-showing (after Nemtsov S.N. et al, 1954).

Figure 2.1.4.3. Quartz breccias cemented by calcite and ankerite from the Varalakhti ore-showing.
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Figure 2.1.4.4. U mineralized breccias from the Varalakhti ore-showing; a — sample Va-6; b —
autoradiography (3 days).

Figure 2.1.4.5. Quartz deformations in the U mineralized breccias of the Varalakhti ore-showing.
Sample Va-1, optical photo, polarized transmitted light.

Ore-body.

Uranium mineralization is concentrated in the hanging wall of the breccia lens, in the
tectonic zone between quartz-ankerite breccias and quartz cataclasite (fig. 2.1.4.6). The ore body
is columnar, steeply dipping to the NW and conformable with the breccia zone. It is composed of
U-mineralized lenses up to 8 cm thick and up to 10 m long. The total length of the ore body is
presumed to be 30 m along the dip. The size of the ore body in section is up to 1.2x4.5 m with an
extension conformable to the host rock. Average U content is 5 000 ppm with a maximum of 16
600 ppm. Resource of the ore-showing is about several tons U (Nemtsov et al., 1954).

U is associated with Cu (0.01-6 %), Pb (0.1-10 %), Ni (0.01-0.03 %), Zn (0.03-0.3 %).
Anomalous contents of Bi, Ag, Co, Zr, Y and As occur.
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Figure 2.1.4.6. U mineralized zone (oxidized rock inside of the dotted line) inside of the adit.

Uranium mineralization.

Uranium mineralization of the ore showing is represented by pitchblende and coffinite.

Pitchblende occurs in the carbonate cement of the breccias as isolated rounded spherulites

and botryoidal aggregates developing along fracture, overgrowing gangue and ore minerals (fig.

2.1.4.7). During the latest fracturing, pitchblende spherulites were fractured and the fragments

were cemented by a new generation of calcite and sulphides (fig. 2.1.4.8).

According to electron microprobe analyses, pitchblende composition is characterized by

following features (General Appendix 2.3, table 10; General Appendix 2.4, table 6):

UO; and PbO contents vary between 74-77 % and 16-18 wt%, respectively;

SiO; content is quite rather low (<1.8 wt%) indicating a weak alteration;

Al,O3 detected in some analyses might be attributed to the presence of clay minerals;
CaO contents are quite high 3-4 wt%, probably related to the presence of carbonates;

Th content is below the detection limit.
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Figure 2.1.4.7. Pitchblende (Pbl) mineralization of the Varalakhti ore-showing, optical photos.
Sample Va-1: a —pitchblende impregnations in the calcite cement, overgrowings of the fracture
confines, sulphides and gangue minerals (polarized transmitted light); b — pitchblende
development along the fracture confines (polarized transmitted light); ¢ — single pitchblende
spherulite with galena (GI-2) framing (reflected light); d — pitchblende aggregates overgrowing
chalcopyrite (Chp-1) and bornite (Bn-1) aggregates (reflected light); e — pitchblende overgrowing
and penetrating inside of brassevelite (Bras) (reflected light); f — pitchblende overgrowing of
brassevelite (Bras) fragments, late nickeline (Nik) occurs (reflected light).

Coffinite develops after pitchblende and occurs in late veinlets (fig. 2.1.4.9). Analyses of
coffinite indicate an admixture of PbO (up to 19.2 wt %), Y,O3 (up to 4.7 wt %), Fe,O3 (up to 6.0
wt %), CuO (up to 1.7 wt %), CaO (up to 5.1 wt %) and MgO (up to 3.3 wt %).
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500 mkm

Figure 2.1.4.8. Pitchblende (Pbl) fragments cemented by late gangue (quartz and calcite mainly)

and sulphide minerals. Sample Va-1, optical photos: a — predominating calcite cement, polarized

transmitted light; b — chalcopyrite (Chp-1) and nickeline (Nik) cementing pitchblende fragments
are replaced by galena (GI-3), reflected light.

Figure 2.1.4.9. Two types of coffinite mineralization. Sample Va-1: a — development after
pitchblende (Pbl), late nickeline (Nik) occurs, optical photo, reflected light; b — the latest coffinite
(Coff) veinlet cutting (Pbl) and galena (Gal-3), the last one is partly replaced by geerite (Ge),
BSE photo.

Uranium mineralization is accompanied with diverse non-radioactive ore mineralization.
Ore paragenesises revealed in the samples from the Varalakhti ore-showing are presented in the
table 2.1.4.1.
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Table 2.1.4.1. Ore paragenesises of the Varalakhti ore-showing (after Polekhovsky et al., 2007).

Paragenesis
No Minerals Pre U-ore U-ore Galena- Arsenide Galena - Cu Low- Hyper
2 noble metal | sulphide | temperature gene
1 Rutile +
2 Bracewellite +
3 Chalcopyrite-1 +
4 Chalcopyrite-2 +
5 Bornite-1 +
6 Bornite-2 +
7 Co-pentlandite +
8 Pitchblende +
9 Galena-1 +
10 Galena-2 +
11 Galena-3 +
12 Nickeline +
13 Safflorite +
14 Electrum +
15 Native Bi +
16 Altaite +
17 Coffinite +
18 Native Cu +
19 Geerite +
20 Covellite +
Iron
2 Hydroxides +

The upper intercept defines an age of 1538+180 Ma and the lower intercept an age of 243+430
Ma. The large uncertainty of the upper intercept age results from the clustering of the analytical
data (fig. 2.1.4.10a). If the Discordia is constrained through 0 the upper intercept age is 1460+£26
Ma (fig. 2.1.4.10b). Previous age determinations obtained close results: 1588-1420 Ma (Anderson,

In a Concordia diagram the U-Pb isotopic data of pitchblende (5 points) are discordant.

1990, see the table 2.1.4.8 in the end of the Paragraph 1.4).
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Figure 2.1.4.10. Concordia diagrams with two possible interpretation of isotopic U-Pb ratio for
pitchblende from the Varalakhti ore-showing; sample Va-1.

1.2. Vein-type uranium mineralization of the Latvasurje area.

Several uranium occurrences of hydrothermal origin were discovered during exploration
by “Nevskgeologia” in the seventies and eighties in the Latvasurje area in western part of the
Sortavala tectonic block.

This area is located in an interdome depression between the Latvasurje and the Jokiranta
granite-gneiss uplifts (Appendix to Chapter 1, fig. 6).

The domes are composed of AR-PR; plagioclase-microcline gneiss-granites, migmatites
and subordinated concordant amphibolite bodies. Ludicovian formations of the Sortavala group
surrounding the domes are represented by rocks metamorphosed in high grade amphibole facies:
amphibole and biotite-amphibole schists, dolomitic and calcitic marbles, skarnoids. The Ladoga
group consists of quartz-biotite and quartz-feldspar-biotite gneiss. Palaeoproterozoic formations
are migmatized and intensively folded with a general N-S strike of the folds. The foliation of all
crystalline formations strikes N-S in general, with a variable dip because of humerous folds.

There are many indications of magmatic activity in the Latvasurje area. The intrusive
bodies generally are generally elongated N-S. Small granodiorite dyke intrusions of the
synorogenic Lauvatsaari-Impiniemi complex are widespread. They represent the oldest orogenic
formation of the area as indicated by their important deformation and migmatization.

The late Svecofennian Latvasursky granite complex is composed of small intrusions,
stocks and veins of leucocratic pegmatoid and aplitic granites. There are two types of intrusions:
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- stock-like intrusions (from 20x30 m to 3x3 km large) of even-grained leucocratic
plagioclase-microcline and microcline granites often enclosing fragments of hosting metamorphic
rocks

- N-S-extended lens- or vein-like bodies (up to 150x1000 m large) of even- and coarse-
grained plagioclase and microcline-plagioclase granites. Crosscutting relations between the
different granites were observed (fig. 2.1.4.11). The granites of the Latvasursky complex have

increased U content (9 ppm in average).

Figure 2.1.4.11. Two generations of veins of late Svecofennian leucogranites cutting Ladoga
group mica schists in the Latvasurje area.

The youngest rocks of the area are gabbro and gabbro-diabase dykes (up to 25x150 m
large) striking N-S, cutting all formations. The age of these dykes is not known; they may be
Riphean, because there are Riphean mafic dykes 10 km to the east, along Ladoga lake coast.

There are many N-S, NE-SW and NW-SE faults in the area. The most widespread are N-S
and referred to the Latvasurje fault zone. Then, among the NE-SW ones, the Elisenvaara fault is
the largest. Carbonatization, chloritization and sulphidization occur along faults of different strike.

Subeconomic fluorine-scheelite mineralization is hosted by magnesium skarns after
carbonate rocks of the Pitkjaranta suite.

There are three types of U occurrences in the area. The most widespread are granite-hosted
concentrations of U- and Th-bearing accessories. All of them are local and low-grade. Content of
U is up to 270 ppm, Th up to 100 ppm (Gromov et al., 1981).
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Few local anomalies with radioactivity up to 500 cps are hosted by the Ludicovian
carbonate rocks. Presumably they are of the same type as ones of the Ruskeala anticline (see
Paragraph 1.3 U-P mineralization in the Ludicovian carbonate rocks).

More interesting are several hydrothermal U occurrences related to fracture zones. The

most significant is the Karinmyaki ore-showing. It was visited and sampled during this work.

The Karinmyaki ore-showing.

The ore showing is related to the intersection of two fault systems: a submeridional one
(second-order fracture accompanying the Elisenvaara fault of striking NE) and a 290° NW striking
one. It is hosted by the Ludicovian Pitkjaranta suite biotite-amphibole schist and the Kalevian
Ladoga group migmatized biotite gneiss (Ssometimes graphite-bearing) (fig. 2.1.4.12.).

- PR, Id, Kglewaq, Ladoga £roup; ) Hematitization and hydrohematitization.
migmatized quartz-biotite gneiss. . S
N o ) Silicification. Chloritization.
|:| PR pt. Ludicovian, Sortavala group, Pitkjaranta suite: o P
biotite-amphibole schists. Carbonatization. Sulphidization.

o 2 . Amphibolitization,
- PR, Latvasursky complex: plagio-microcline granite.

Magnetite nuneralization.

PR,, Lauvatsaari-Impiniemi complex; granodiorites, 7 Graphite-enriched rock.

hsg Inclination of: a-schistousity: b-faults. O;Smcs::;{?g;radw@w 2?&6%]

- iz >500; s >50;
—— Tectonic fracture. - >300; 520,
h— Zone of tectonic breccias. Aament. U/Th content, %.

Figure 2.1.4.12. Outcrop of the Karinmyaki ore-showing (after Gromov et al., 1981).
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Intrusion of coarse-grained plagioclase-microcline granite of the Latvasurje complex
occurs to the north. Usual for the Latvasurje area the submeridional strike of the gneiss foliation is
disturbed, especially at the contact with the granites where plication of the gneiss is widespread.

Uranium mineralization is localized in a 280-300° NW striking fracture zone steeply (75-
85°) dipping to the SW. The thickness of the zone is about 10 m. It is composed of individual
zones of intensive fissuring and brecciation 0.3-1 m thick and 0.5-12 m long. Intensive
biotitization, amphibolization, silicification, carbonatization, graphitization, sulphidization (pyrite,
galena, molybdenite) and local epidotization, chloritization and hydromicanization occur along the
fractures. U-mineralized rocks are intensively carbonatized, silicified and sulphidized.

7 ore bodies with U content over 100 ppm were discovered in the ore showing. They have
lens and nest shape and are 0.3x0.3 up to 3x1 m large. U content is 210 ppm in average, with a

maximum of 3200 ppm; Th content is less than10 ppm (Gromov et al., 1981).

U mineralization in the ore-showing is accompanied by very high contents of Pb (up to
1100 ppm), Zn (up to 700 ppm), Mo (up to 300) and high contents of P, Sr, La, Sn, Ag, Cu and V.

The radioactive mineralization of the Karinmyaki ore-showing form spot impregnations,
nest aggregates or disseminated in the cement (fig. 2.1.4.13).

Figure 2.1.4.13. U-mineralized breccias from the Karinmyaki ore-showing; a — sample Ka-1; b —
autoradiography (8 days). Impregnated uraninite mineralization and cementing pitchblende
mineralization can be recognized.
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According to previous researches, uranium mineralization of the ore-showing is composed
of uraninite, pitchblende and hexavalent U minerals (uranophane, kasolite, becquerellite and
ianthinite) (Gromov et al., 1981). In the samples obtained during the present field work, uraninite,
pitchblende, hydropitchblende and kasolite have been identified (Polekhovsky et al., 2007).

Uraninite is preserved as relics of idiomorphic grains forming disseminated impregnations.

It is mainly replaced by pitchblende and other late U minerals (fig. 2.1.4.14).

500 mkm

Figure 2.1.4.14. Karinmyaki ore-showing uraninite crystals (U) partly replaced by pitchblende
(Pbl), coffinite (Coff), kasolite (Kz) and hydropitchblende (H/Pbl); a — sample Ka-1, optical photo,
reflected light; b — sample La-1, BSE photo.

Pitchblende development after uraninite was associated with thin galena crystals. Coffinite
was locally observed. It develops at the edges and in fissures of the uranium oxides. Supergene
hydropitchblende and kasolite replace earlier U minerals. Kasolite also develops after sphalerite

and in veinlets cutting rock-forming minerals (fig. 2.1.4.15).

Figure 2.1.4.15. Karinmyaki ore-showing;
development of kasolite (Kz) in fractures in
sphalerite; sample Ka-1, BSE photo.
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Composition of U minerals from the Karinmyaki ore-showing is given in the table 11 of

General Appendix 2.3 (Th has not been analyzed). There is trend of decreasing of U content from

early mineral phases to the latest ones:
80.1-83.0 wt % of UO, in uraninite;
77.2-79.9 wt % of UQO; in pitchblende;

49.2-69.2 wt % of UO, in coffinite;

66.1 wt % of UO, in hydropitchblende;

45.9-59.0 wt % of UO, in kasolite.

Presence of significant amount of SiO, in the uranium oxides composition is an evidence

of strong alterations of these minerals.

The paragenetic mineral succession is presented in Table 2.1.4.2.

Table 2.1.4.2. Ore paragenesis of the Karinmyaki ore-showing (after Polekhovsky et al., 2007).

Paragenesis
No Minerals Early _ Low-
epigenetic U-ore Polysulphide temperature Supergene
1 | Titanite n
2 | Rutile +
3 | Graphite +
4 | Pyrite-1 n
5 | Uraninite n
6 | Pitchblende n
7 | Galena-1 n
8 | Galena-2 "
9 | Sphalerite "
10 | Chalcopyrite -
11 | Coffinite "
12 | Marcasite "
13 | Pyrite-2 "
14 | Covellite "
15 | Hydropitchblende -
16 | Kasolite n
17 | lron Hydroxides "
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Gromov (1981) had obtained a Pb-Pb age for the U mineralization for the Karinmyaki ore-
showing Pb-Pb at 1640+20 Ma. This age is based on isotopic-spectral analyses may not be
reliable. Such an age correspond to a quiescent time in the considered area with no significant

tectonic activation, but the Wiborg rapakivi granites were emplaced about 150 km to the south.

1.3. Vein-type uranium and thorium mineralization of the Kuhilaslampi area.

There are many indications of hydrothermal alterations and diverse mineralization along
the Janisjarvi fault zone caused by repeated tectonic activity. The most significant was the
Svecofennian event when the Karelian craton was faulted along this zone and when the Raahe-
Ladoga new crust was accreted to the Archaean craton. Late reactivations (the most important was
the Riphean one) have had less influence on the tectonic structure and metallogeny of the area.

These occurrences were discovered by exploration works of “Nevskgeologia” in the fifties
and beginning of the seventies. Few occurrences of vein type U and Th mineralization were visited
and sampled during the present work in the Kuhilaslampi area, located in the Janisjarvi fault zone
(Appendix to Chapter 1, fig. 4 and 5).

Anomalies hosted by Archaean formations.

Apart from the Th-U anomalies referred to syngenetic accessories concentrations in the
Upper Archaean granitoids mentioned in the Paragraph 1.1, there are few indications of
hydrothermal redistribution of radioactive elements in the Karelian domain formations. Kondakov
et al. (1963), in the Kuhilaslampi area reported U contents in fracture zones within a AR3.3
tonalitic gneiss up to 710 ppm (15 000 ppm in one sample) and Th contents up to 2 500 ppm. The
main U mineral is uraninite. There are also uranophane, curite and minor nenadkevite. Other ore
minerals are titanite, pyrite, ilmenite, hematite and magnetite. The size of the mineralized zones is
up to 20x0.5 m. Anomalies are located along NW faults.

Point 1 is the most prominent radioactive anomaly in the Kuhilaslampi area discovered
during the present work (Appendix to Chapter 1, fig. 5). It is hosted by Middle-Upper Archaean
granite-gneiss with indications of migmatization possibly related to the Svecofennian orogeny. A
radioactivity of 6500 cps is related to a fracture striking 280° and cutting pink microcline-
plagioclase granite-gneiss. The fracture is filled with oxidized red-brown clayey material. As
sampled radioactive materials are very altered and friable, it was not possible to identify the

radioactive mineral phase.
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The Razlomnaya uranium anomaly in a carbonate schist lens.

The anomaly is localized in the vicinity of the Kuhilasvaara dextral fault striking 300°, one
of faults of the Janisjarvi tectonic zone. This is also a contact zone between the Karelian and the
Raahe-Ladoga domains. Palaeoproterozoic Jatulian Jangozero suite metaterrigeneous formations
unconformably overlay the Archaean Saamian-Lopian tonalitic gneisses. The Jatulian formations
are folded here (Appendix to Chapter 1, fig. 5). Fold structure is shifted to the SE with downthrow
of its south-western limb. In the relief this downthrow forms cliff 25 m high.

There are gabbro-diabase dykes swarms inside a zone 300-500 m wide along the fault.
Archaean granite-gneisses in this zone are strongly fractured and partly altered.

The U anomaly is located in a basal horizon of the Jatulian quartzitic sandstone, over a
distance of 4 m to the SE of a gabbro-diabase dyke striking NW (fig. 2.1.4.16). The gabbro-
diabase is medium-grained, dark gray, with mica-enriched zone at its contact with hosting
quartzitic sandstone. In the vicinity of the dyke, the quartzitic sandstone is dark-green, fine-
grained, with contact metamorphism. The quartzitic sandstone is becoming lighter outward from
the contact. It is enriched in pyrite in 2-3.5 m a thick zone (with 5-8 mm cubes). All the rocks are
chloritized, carbonatized, enriched in magnetite, pyrite and chalcopyrite along the tectonic zone.

Maximum radioactivity is up to 1400 cps localized in the cataclasite rock. The size of the
anomalous area is 1.1x3.2 m. U content is up to 770 ppm over 10 cm. U mineralization associated
with magnetite is represented by pitchblende replaced by coffinite and rutile (fig. 2.1.4.18). The
paragenetic succession in the Razlomnaya anomaly is presented in table 2.1.4.3.

Table 2.1.4.3. Ore paragenesis of the Razlomnaya anomaly (after Polekhovsky et al., 2007).

Paragenesis
No Minerals Host rock | Pitchblende Low Supergene
magnetite sulphides temperature
1 Magnetite +
2 Pitchblende +
3 Pyrite +
4 Chalcopyrite +
5 Galena +
6 Coffinite +
7 Hematite +
8 Rutile +
9 Iron Hydroxides +
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Figure 2.1.4.16. Geological map of the Razlomnaya anomaly area
(after Kondakov et al., 1963).

Figure 2.1.4.17. Fracture-bound U mineralization of the Razlomnaya anomaly; the mineralization
is located in the fracture in central part of the image.
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" 50 mkm

Figure 2.1.4.18. The Razlomnaya anomaly; relic of a pitchblende spherulite replaced by coffinite
(Coff) and rutile (Rut) associated with magnetite (Mgt) replaced by hematite. Sample Jn-4, optical
photos: a — reflected light; b — plain transmitted light.

There are few other anomalies in the vicinity of the Kuhilasvaara fault farther to NW of the
Razlomnaya anomaly. They are also located in the vicinity of the gabbro-diabase dykes, but
hosted by Archaean gneisses. Host rocks are altered with chloritization and carbonatization. All
these anomalies are low-grade and they are interesting as evidences of hydrothermal U
redistribution.

The Dyke thorium anomaly hosted by the gabbro-diabase dyke.

In addition to hydrothermal uranium anomalies, a specific vein type Th anomaly hosted by
a gabbro-diabase dyke should to be mentioned. The dyke is striking 320° NW-SE. It forms a ridge-
like uplift of 40x200 m, up to 15 m height. Enclosing Th-bearing Jatulian Jangozero suite
quartzites are metamorphosed to solid dark-green rock consisting of quartz, chlorite and iron
oxides in vicinity of the dyke. The periphery of the gabbro-diabase dyke is fine-grained and
strongly altered. The rock has a granoblastic structure and consists of 50-60 % amphibole
replacing pyroxene, plagioclase (partly albitized), albite, biotite, chlorite, sericite, quartz.
Accessories are magnetite, apatite and titanite. In its central part the dyke becomes coarser with a
gabbro structure and is less altered (with pyroxene relics).

Anomalous radioactivity was discovered in the vicinity of the northern and southern
salbands in the western part of the dyke outcrop. Fractures with different strikes cut the dyke in the
mineralized area. Three major directions can be distinguished: NE, NW and N-S. Quartz veinlets
occur in small fractures striking N-S in the northern salband of the dyke. The radioactive
mineralization is localized in fractures striking 35-50° NE and dipping 60-65° NW. It can be

followed along the fractures over 3-5 m. The gabbro-diabase is altered in the fractured zone. There
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is partial recrystallization of the rock with appearance of granoblastic and lepidoblastic structures,
replacement of pyroxene and plagioclase by amphibole, biotite, chlorite, albite, quartz and
carbonate. The orientation of the mineralized fracture coincides with a ferrithorite-bearing
conglomerate layer adjacent to the dyke. A maximal radioactivity of 370 uR/h was observed in

one of the fractures in the southern part of the dyke (fig. 2.1.4.19).

Soil cover.

~ Fractures.

y a Fractures accompanied with obvious schistosity.

- Gabbro-diabase.

Aj - Thorium mineralized fracture.

Figure 2.1.4.19. Geological map of the Dyke anomaly southern flank (after Kondakov et al.,
1963).

The mineralized fractures are filled with quartz, biotite, chlorite and thorite. Primary
minerals of the parent rock are totally replaced. The fracture has zonal structure, with from

periphery to center:
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1) asilicified gabbro-diabase, 1-2 cm thick;

2) a biotite-quartz rock with augen structure formed by rounded aggregates of quartz
surrounded by sub-parallel biotite laths, 1 cm thick;

3) a biotite zone composed of corroded mica laths, partially replaced by chlorite, very rare
quartz, 1 cm thick;

4) a chlorite zone with small laths of chlorite and radial aggregates, quartz and biotite are
subordinated, 0.5-0.7 cm thick;

5) a central zone with a complex shape (fig. 2.1.4.20) composed of thorite with

subordinated quartz, biotite and rare chlorite, 0.4 cm thick.

Figure 2.1.4.20. Altered gabbro-diabase from the Dyke anomaly; a — sample Jn-8; b — 30 days
radiography

Paragenetic succession in the Dyke anomaly is presented in table 2.1.4.4.
Thorite crystals are of 0.2-0.7 mm size. They are often strongly altered and replaced by
sulphides and latest iron hydroxides. (fig. 2.1.4.21). The chemical composition of the thorite from

the Dyke anomaly is presented in Table 2.1.4.5. It is characterized by high Th contents and low U

content.
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Table 2.1.4.4. Ore paragenesis of the Dyke anomaly (after Polekhovsky et al., 2007).

Paragenesis
No Minerals Oxide- Sulphides Low
silicate temperature
IImenite +

Supergene

Thorite +
Pyrite +
Chalcopyrite +

1

2

3

4

5 Galena +

6 Rutile +

7 Leucoxene +
8 Anglesite +
9 Iron Hydroxides +

Tr

W

" Py+Chp+Gl
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Figure 2.1.4.21. Thorite (Tr) mineralization from the Dyke anomaly; development of pyrite (Py),
chalcopyrite (Chp), galena (GI) and iron hydroxides (H/Hem) takes place, sample Jn-8: a — optical
photo, polarized transmitted light; b and ¢ — optical photos, reflected light; d — BSE photo.
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Table 2.1.4.5. Chemical composition of vein-type thorite mineralization in the Dyke anomaly.
Sample Jn-8. Analyzed with ABT-55 Akashi electron microprobe (Polekhovsky et al., 2007).
No |SiO, |UO; | ThO, | Sum
1 23,5 76,5 100,0
2 254 |10 73,5 99,9

3 22,7 |21 75,2 100,0
4 23,7 |07 75,6 100,0

2. Uranium mineralization in the complex-ore occurrences.
There are several examples of late uranium mineralization telescoping complex-ore

deposits and occurrences.

2.1. The Jalonvara complex ore deposit.

There is the Jalonvara small deposit of complex ores at the border between the Karelian
domain and the Raahe-Ladoga zone (Appendix to Chapter 1, fig. 4). Uranium mineralization was
discovered in 1949 and explorations (shaft and drilling) were carried out in 1950-52 and 1973-75.
The deposit was visited during the present work. Mineralized rocks are not outcropping and are
available in the shaft tailings only.

The Jalonvara deposit is related to the NW-striking Kuhilasvaara fault related to the
Janisjarvi tectonic system. The deposit is hosted by quartz-chlorite-sericite schist (sometimes
graphite-bearing), andesite-basalt and dacite metavolcanite of the Middle Lopian Jalonvara suite.
These formations are underlain and cut by the Upper Lopian Jalonvara granitoid intrusion in the
deposit area. The Jalonvara suite rocks are propylitized, beresitized (sericite-pyrite), silicified and
argillized. Complex ore is composed of pyrite, pyrrhotite, chalcopyrite, sphalerite and magnetite.
Associated uranium mineralization occurs in late fractures striking NW and in a lesser amount to
the NE, and is related to the contacts of the sulphide ores with silicified zones and quartz-sericite
schists. The fractures are filled with crushed host rocks, calcite, melnikovite, chalcopyrite,
subordinated galena and U minerals. The length of the mineralized parts in the fractures is 5-9 m
and 0.05 - 0.2 m thick. Ore nests and columns up to 1 m thick occur in the intersection of NW- and
NE fractures. The total extension of the U-mineralized zone is 40 m along the strike and 50 m

along the dip. Average U content is 3 700 ppm over 0.5 m, with a maximum of 34 280 ppm over
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0.2 m. On base of available data (Guptor and Ufa, 1953; Polikarpov et al., 1976) it can be very
approximately ranged about 10 tons.

Polikarpov et al. (1976) and Grigorieva (1977) showed that the U mineralization occur as
pitchblende associated with antraxolite, coffinite and U-bearing leucoxene. Because of strong
supergene alteration, no primary uranium mineralization has been found in the tailings, but
heterogeneous admixtures only (fig. 2.1.4.22). Electron microprobe data suggest two types of
admixtures (Table 2.1.4.6). The first one may correspond to hydrocoffinite aggregate
predominating over Fe-hydroxides. The second mineral phase develops at the edges and in
microcraks of pyrite grains. Their size of 3-5 um, does not allow getting a precise chemical

composition.

H/Coff+ 3
H/Hem/ﬂ.

Figure 2.1.4.22. Secondary uranium mineralization from the Jalonvara deposit, BSE photos:
a —sample JI-1, uranium-zirconium-silicate mineral phase (U-Zr-Si) associated with
hydrohematite (H/Hem) in the veinlets and periphery of the pyrite (Py) grain; b — sample JI-2,
hydrocoffinite+iron hydroxides (H/Coff+ H/Hem) and Cu mineralization in the veinlet cutting
intensively chloritized (Chl) rock.

Table 2.1.4.6. The Jalonvara complex ore deposit. Vein-type uranium mineralization.
Analyzed with ABT-55 Akashi electron microprobe (Polekhovsky et al., 2007).

No Sample S|02 T|02 A|203 Fe,O; MnO MgO uo, PbO ZrO, SO; Sum
ADMIXTURE No1l

1 JI-2 17,7 10,4 19,0 0,4 59 285 28 84,7

JI-2 90 03 41 11,6 0,2 1,7 360 25 65,4

JI-2 7,9 3,7 111 0,2 22 450 40 74,1
ADMIXTURE No?2

4 Ji-1 11,8 3,0 23,9 03 227 09 133 80 839

Ji-1 10,6 3,2 29,4 04 180 04 114 090 824

JI-1 7,2 4,9 35,5 05 114 07 62 7,7 741
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Age of the complex ore is ranged 2200-1850 Ma (dating of galena). For uranium
mineralization different ages were obtained: 1800, 1600-1400 and 600 Ma. The accuracy of these

data is not satisfactory.

2.2. The Prolonvara complex ore-showing.

The Prolonvara ore-showing is located 5 km to the NW of the Jalonvara deposit along the
Janisjarvi fault zone and is related to breccias and cataclasites. U mineralization at Prolonvara was
discovered and studied by the same exploration project as for the Jalonvara deposit. The showing
is hosted by Jatulian quartzitic sandstones, phyllite schists of the Jangozero suite, dolomites and
arkoses of the Tulomozero suite. A Mn mineralization (manganite, pyrolusite, psilomelane) is
associated with barite on the walls of cavities filled with drusy quartz and in lenticular concretions
15-40 cm large. Native Cu, hematite and pyrite occur in the cement of the arkoses. The schists
host lenses with fine hematite impregnation. Age of the complex ore is about 1840 Ma.

U mineralization occurs in fractures in the quartzitic sandstones, phyllite schists, rarely —
dolomites. Morphology of the mineralized zones has not been recognized surely. It seems to form
a system of 25 m long ore lenses along a local N-S fracture. U content is 100-400 ppm over 0.25-
2.5 m thickness (in the drilling), up to 2600 ppm over 0.4 m. U resource is small. U mineralization
is composed of pitchblende, coffinite, hydropitchblende, sooty pitchblende and ocher minerals
(Polikarpov et al., 1976).

2.3. The Faddein-Kelya complex ore deposit.

The Faddein-Kelya deposit of complex ores (Au, Cu, Pb, Zn) is telescoped by U
mineralization in the Tulomozero depression at the edge of the Karelian domain (General
Appendix 1, fig. 1 and 5). It was discovered and mined in XIX", beginning of XX™ centuries. In
the fifties U mineralization in the deposit was studied by “Nevskgeologia”. The deposit was
recognized with a small pit and a few drill holes. Now the U mineralization is no more available at
the surface.

The Faddein-Kelya deposit is located in 5 km to NW from the Salmi granite in the vicinity
of the Janisjarvi fault zone. The mineralization is controlled by the intersection of N-S and W-E
fractured zones cutting Jatulian and Saamian-Lopian formations. Pitchblende was discovered in
small veinlets in an E-W fracture zone. U content is 400 ppm in average, up to 40 000 ppm
(Lobanov and Bryzgalova, 1956). Discovered occurrences of U mineralization are very local, but
the ore-showing have not been studied sufficiently (Skorospelkin, 2002).
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2.4. Uranium ore-showings of the Pitkjaranta-Kitelya ore district.

There are series of complex-ore deposits in the Pitkjaranta district — Pitkjaranta, Kitelya,
Hopunvaara (Sn, Zn, Cu, Fe, Be, fluorite) partly mined in the past (Appendix to Chapter 1, fig. 1).
The area is composed of AR-PR; granite-gneiss domes enveloped by amphibolites and carbonate
rocks of the Ludicovian Pitkjaranta suite. Interdome formations are composed of the Kalevian
Impilakhti suite micaschists (sometimes graphite-bearing). Late Svecofennian pegmatites of the
Pitkjaranta granite complex are widespread. Aplite and pegmatites correspond to the latest phases
of the Salmi rapakivi granite intrusion. The complex-ore deposits are localized in exo-contact zone
of the Salmi massif. All rocks of the area have suffered of alterations related to the emplacement
of the granite: greisenisation, albitization, chloritization and silicification.

Complex ores are hosted by carbonates and skarns of the Pitkjaranta suite. Molybdenite
from these deposits was dated at 1750-1820 Ma (Re-Os analysis, Sterm et al., 1996), but ore-
hosting skarn and greisen give Lower Riphean ages (1546428 and 1492425 Ma from Sm-Nd
analyses, Larin et al., 1991). So, the origin of these deposits is presumed to be a multiphase
process referred to two events: the Svecofennian orogenic granites and Lower Riphean Salmi
massif emplacement.

U mineralization is considered as being the latest one, because it is related to fractures
cutting all formations and complex ores. It occurs as small (1-5 m long, 0.25-1.5 m thick) lenses
and nests in deformed granite-gneiss and feldspar amphibolites of the domes, also in thin (0.05-3
mm thick) cleavage fractures in aplite pegmatites of the Salmi intrusion. U mineralization is
accompanied by chloritization, silicification, fluoritization and sericitization of the host rocks.

Average U content in the dome formations is 110-580 ppm, maximum 2 900 ppm over
0.95 m. In the fractures cutting aplitic granites referred to the Salmi massif, U content is 380-1150
ppm over 1-3 mm, Th content is 270 ppm. U mineralization with contents up to 25 000 ppm was
found in skarns from the tailings of old shafts (Korotaev et al., 1978).

High content of radon in the ground water has been detected.

Bryzgalova et al. (1956) described several U mineral phases differing for different host
rocks: uraninite, pitchblende, uranophane occur in the granite-gneiss; sooty pitchblende and U-
bearing fluorite are typical Salmi massif granite veins.

In the radioactive samples of the altered Pitkjaranta suite carbonate rocks obtained during
the present work from the Bekk shaft of the Hopunvaara ore-showing tailings, U mineralization
has not been detected, but disseminated and chained ferrithorite concentrations (fig. 2.1.4.23 and
2.1.4.24). The ferrithorite composition (Table 2.1.4.7) isrich in Y and P.
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Figure 2.1.4.23. Low-grade ferrithorite mineralization from the Hopunvaara complex-ore deposit:
a — sample BV-1 of altered chlorite-carbonate rock; b — 30-days radiography, spot of increased
radioactivity is red outlined.

Figure 2.1.4.24. Ferrithorite (Fe-Tr) impregnations associated with pyrite (Py), marcasite (Marc)
and magnetite (Mgt) from the Hopunvaara deposit, sample BV-1, BSE photo.

Table 2.1.4.7. The Hopunvaara complex ore deposit. Ferrithorite from veins. Sample BV-1.

Analyzed with ABT-55 Akashi electron microprobe (Polekhovsky et al., 2007).

No SiOz Fe, O3 ThOz Y>03 P>0s Sum
1 133 149 449 5,6 20 813
2 15,1 8,7 50,8 6,9 2,2 84,7

3. Late vein-type uranium mineralization in other type of uranium occurrences.

Subordinated overprinted vein type uranium mineralization has been observed in other
types of Palaeoproterozoic U occurrences: in granite-hosted ones (the Korennoye and the
Raskenjarvi ore-showings) and in the Ludicovian carbonate rocks (the Mramornaya Gora and the
Mramorny Kombinat ore-showings). These examples are described in dedicated paragraphs.
Specific fracture-bound U mineralization in sericite-quartz-albite alteration zones (Puttumyaki,

Hirsimyaki, Korennoye ore-showings) hosted in tectonized intradome migmatites can be
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presumed to be of hydrothermal origin, but for some of them to vein-type occurrences. Additional
study is however needed. In this thesis such kind mineralization is considered in Chapter 1,
Paragraph 1.1 “Granite-hosted uranium occurrences”. The Riphean basalts of the Salmi depression
also host late uranium mineralization related to fracture zones (the Karku deposit area, the

Kotalakhti ore-showing). It will be described in Chapter 2.

4. Generalized geological characteristics of vein-type uranium mineralization of the
Northern Ladoga area.
In spite of their diversity, vein-type uranium mineralization of the Northern Ladoga area,

share several characteristic geological parameters.

I. Tectonic control.

All U vein type (and Th) occurrences of the area are related to long-living brittle tectonic
structural zones. The mineralization usually occurs not in major fault zones but in second-order
associated structures. The striking of the structures controlling 20 U occurrences (including late
vein type mineralization in the complex-ore deposits and in other types of U occurrences is

presented in figure 2.1.4.25.

2702

Figure 2.1.4.25. Diagrams of striking of ore controlling brittle tectonic dislocations of vein-type
uranium occurrences of the Northern Ladoga area: a — regional faults; b — local dislocations.

The predominance of NW-striking regional fault zones (Janisjarvi and Ruskeala) as U-
controlling tectonic structures is demonstrated in figure 2.1.4.25a. Notable that the Kotalakhti vein
type U showing in the Riphean basalts is located in the NW-striking Ruskeala fault zone as well.

Local U-controlling tectonic structures have more diverse orientation (fig. 2.1.4.25b), but
most of them are dominantly NW. Specific kinds of structures are the fracture zones occurring at
the peripheries of the granite-gneiss domes. These structures result from the emplacement of partly
melted dome material into plastic crystalline formations of the frame (Letnikov et al., 2000). U
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enrichment of these zones was described by Skorospelkin (1974), Grigorieva (1977) and Korotaev
et al. (1978). Fracture-bound U mineralization in quartz-feldspar pegmatoids are related to these
zones (see Paragraph 1.1 of Chapter 1, the Puttumyaki, Hirsimyaki and Korennoye ore-showings).

It is important to notice, that ancient fault zones usually correspond to depressions in the

present topography; therefore they are often concealed under Quaternary sediment cover.

I1. Petrologic control.

Vein type mineralization often has an affinity with U-enriched bedrocks, although it is not
systematic. Most of the discovered vein type U occurrences of the Northern Ladoga area are
hosted by Ludicovian formations (Fig. 2.1.4.26). The main one, the Varalakhti ore-showing, is

hosted by breccias zone within the Pitkjaranta suite amphibolites.

/ 6 AR-PR,
b

Figure 2.1.4.26. Distribution of different type uranium occurrences of 20 vein-type uranium
occurrences of the Northern Ladoga area according to the host rocks: AR, — granite-gneiss of the
Karelian domain; ARj — quartz-chlorite-sericite schists and quartzites of Jalonvara suite; AR-PR;
— granitoids of the domes; Jat — Jatulian sediments; Lud — Ludicovian formations; Kal — Kalevian
mica schists. NB: Karinmyaki ore-showing is hosted as Ludicovian as Kalevian formations and is

referred to both sectors; a — number of occurrences; b — approximate total resources.

a

Many occurrences show affinity with granites of different ages: Upper Lopian (Jalonvara),
Svecofennian (Karinmyaki, Korennoye) and Lower Riphean (Kitelya, Pitkjaranta, Hopunvaara).
Some of them are hosted by granitoids (intragranitic subtype — Korennoye), some are hosted by
enclosing metamorphic formations (perigranitic subtype — Karinmyaki, Jalonvara); many occur in
both kinds of rocks (Kitelya, Pitkjaranta, Hopunvaara).

A smaller number of U occurrences are hosted by Jatulian formations of the Janisjarvi fault
zone and the Tulomozero depression, but some of them are relatively big as the Faddein-Kelya

and Prolonvara ones, explaining why the total resources of these units is significant.
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Kalevian sediments are the least representative with respect to discovered U occurrences
(not only vein type ones), but it is noteworthy that they commonly outcrop badly because of their

low resistance to erosion.

I11. Ore mineralogy.

Vein type uranium occurrences are mostly composed of pitchblende, less of coffinite and
are referred to low-middle temperature metallogenesis. Rare rudimental uraninite was identified in
the Karinmyaki ore-showing. Carbon-associated pitchblende mineralization (pitchblende-
antraxolite) was described in the Jalonvara complex-ore deposit (Grigorieva, 1977). Exhumation
of the mineralized rocks led to the development of hexavalent supergene U mineralization.

All available isotopic age constrains on the vein type uranium mineralization, including the
overprinted granite-hosted ones and U-P occurrences are summarized in Table 2.1.4.8. Age
determinations were undertaken since the seventies, but only the results of Anderson (1990) and

those of the present study are reliable.

Table 2.1.4.8. Isotopic age constrains of vein-type U mineralization of the Northern Ladoga area.

Occurrence Host rock Mineral Method | n | Age, T,, T, Ma | Reference
Varalakhti Quartz-carbonate pitchblende U-Pb, 5 | 1538+180, This study
breccias in amphibole SIMS 243+430
schist of the Pitkjaranta or 1460+26
suite (Ludicovian) (constrained to 0)
pitchblende U-Pb, 6 | 1588+946, ~890 | Anderson,
TIMS or 1510420, ~100 | 1990
and 1420+20,~0
Karinmyaki amphibole schist of the | pitchblende Pb-Pb ? | 1640+20 Gromov et
Pitkjaranta suite al., 1981
(Ludicovian) and biotite
gneiss of the Ladoga
group (Kalevian)
Jalonvara Fracturated quartz- pitchblende- ? ? | 1800+50 Grigorieva,
sericite-chlorite schist of | antraxolite ? 4 | 1600-1400 1977
the Jalonvara suite coffinite and ? ? | 600450
(Lopian) hydropitchblende
Korennoye Quartz veinlet in pitchblende U-Pb, 9 | 4694180, This study
anatectic granite of the SIMS 127+260
granite-gneiss dome
Mramornaya | Fracturated marble of pitchblende U-Pb 8 | 396+21, -21+140 | This study
Gora the Pitkjaranta suite
(Ludicovian)
Mramorny Fracturated marble of pitchblende U-Pb, 7 | 1221+64, 366+41 | Anderson,
Kombinat the Pitkjaranta suite TIMS 1990
(Ludicovian)

According to these data, Lower-Middle Riphean (ca 1600-1200 Ma) and Palaeozoic (ca

500-350 Ma) ore-producing events can be distinguished. The first event can be correlated with the
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early stages of the Riphean (Dalslandian) activation, the second one with the Caledonian orogeny

or early phases of Hercynian orogeny.

IV. Grade of the occurrences.

Vein-type ore mineralization is characterized by quite high U contents: 1000 ppm in
average. Maximum content is 34 800 ppm U. However, the resources of the discovered
occurrences are low and correspond to several t U maximum. Total resources of the vein type
occurrences of the Northern Ladoga have not been evaluated precisely, but approximately it can

be estimated to 50 tons.

Conclusion.

The quite high U contents and the diversity of vein type uranium occurrences of the
Northern Ladoga area make them one of the most attractive prospecting targets. From 1948 to
1981 limited exploration of vein type uranium mineralization was undertaken by “Nevskgeologia”
in the Northern Ladoga area, but no economic deposit has been found so far.

Discovery of vein type deposits is difficult because they are related to tectonic zones that
are often strongly eroded and concealed under thick Quaternary cover. In addition the basement is
covered by Riphean and V-PZ platform sediments in the southern part of the Ladoga region. That
is why some of the vein-type uranium occurrences of the Ladoga region may be still undiscovered.

Promising zones for vein-type uranium mineralization will be given in Part 3.
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Conclusion to Chapter 1.

Generalized characteristics of the basement hosted U occurrences.

Diversity of uranium metallogenesis has been discovered in the Northern Ladoga area by
over 50-years of prospects carried out by “Nevskgeologia”.

Uranium occurrences of the region previously have been combined into four groups in
accordance to theirs structural features and stratigraphic-petrologic reference:

1. granite-hosted U-Th occurrences;

2. Th-U anomalies in the Jatulian quartzites;

3. U-Pin carbonate rocks of the Ludicovian Pitkjaranta suite;

4

. vein-type (fracture-bound) U occurrences in different lithologies.
Generalized characteristic of these occurrences is presented in followings items.

I. Petrologic reference.
The basement-hosted uranium occurrences of the Northern Ladoga can be subdivided
into eight groups in accordance to its stratigraphic and petrologic reference:
1. hosted by Middle Archaean gneiss-granite;
hosted by Upper Archaean (Lopian) granitoids;
hosted by Jatulian quartzites and carbonate schists;
hosted by late Svecofennian anatectic granites of the domes;
hosted by late Svecofennian intrusive granites;
hosted by Ludicovian carbonate rocks;

hosted by Kalevian mica schists;

© N o g B~ WD

hosted by Lower Riphean rapakivi granites.

Following diagram introduces approximate distribution of resources of the Northern
Ladoga uranium occurrences in depends with hosting lithologies (Fig. 2.1.5.1). Approximate
character of this estimation is caused by not precise evaluation most of the occurrences.

As it is demonstrated at the diagram, most of the uranium occurrences are hosted by
granitoid formations of the granite-gneiss domes, especially tectonized migmatites of the dome

periphery and pegmatoids.
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Ludicovian formations host numerous U-P occurrences and significantly contribute into

total uranium resource of the Northern Ladoga area as well.
<50t

I Hosted by anatectic granites of the domes.

1135t 1500t [ ] Hosted by Ludicovian carbonate rocks.

B Others.

Figure 2.1.5.1. Distribution of basement-hosted uranium ore resources of the Northern Ladoga
area according to the host rocks.

Other formations host much subordinated uranium resource composed mainly of
fracture-bound (veined) mineralization. Resource of the Jatulian sediments also includes very

minor part of conglomerate-hosted Th-U concentrations.

I1. Tectonic control.

The most uranium enriched tectonic structure of the Northern Ladoga area is the
Ruskeala fault zone of NW striking. Most of U-P occurrences hosted by the Ludicovian
carbonate rocks, many granite-hosted U occurrences and some of veined occurrences are related
to this zone. The occurrences are of different types and ages. Direct genetic link between
dislocations of the Ruskeala zone and uranium mineralization not always can be distinguished,
but undoubted spatial coincidence is an evidence of theirs affinity.

The Janisjarvi fault zone (of NW striking as well) is less saturated in discovered uranium
occurrences, but many previous researchers notified significant contamination of bedrocks of
this zone by foreign uranium (Polikarpov et al., 1976; Grigorieva, 1977 etc). Another important
feature is that veined uranium mineralization is the most common for this zone; pebble-
conglomerates are much subordinated. It is an evidence of significant and possibly multiply
hydrothermal redistribution of uranium in the Janisjarvi fault zone.

Local dislocations of peripheral parts of the granite-gneiss domes often controls uranium
occurrences in metasomatic granites. The most saturated in such kind uranium occurrences is the

Mursula dome cut by the Ruskeala fault zone.
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NE-striking faults are the most favorable for localization of veined uranium occurrences

of other tectonic dislocations of the Ladoga region.

111. Age.

There are no evidences of uranium ore deposition during Archaean and early
Palaeoproterozoic in the Ladoga region. Although there are uranium occurrences hosted by
Archaean basement in the Karelian domain, theirs origin is presumed to be referred to the
Svecofennian event.

Uranium mineralization with the most ancient proven age has been discovered in the
Jatulian quartz conglomerates. Low-grade uranium concentrations occur in refractory
accessories and presumed to be of synsedimentary genesis. If it so, age of Th-U anomalies of the
Kuhilaslampi area is ranged in 2.3-2.1 Ga.

Main bulk of resource of basement-hosted uranium occurrences of the Northern Ladoga
area had been formed during period 2.0-1.79 Ga referring to the Svecofennian tectonic event. U-
P mineralization of occurrences hosted by the Ludicovian phosphatic carbonate rocks in general
was formed during those deposition (about 2.0-1.9 Ga) and following metamorphism (not later
than 1.85 Ga). U-Th-REE granite-hosted mineralization has been formed during late stages of
the Svecofennian orogeny and post orogenic processes in 1.82-1.77 Ga.

The basement-hosted veined uranium mineralization was partly formed during the
Lower-Middle Riphean tectonic activation in period 1.6-1.2 Ga.

Late indications of uranium redistribution and deposition are related to Caledonian and
Hercynian activations and ranged in 0.5-0.35 Ga. It is presented by synsedimentary and
hydrogenous mineralization in the V-PZ platform cover and hydrothermal fracture-bound

mineralization in basement formations and Riphean volcanites of the Northern Ladoga.

IV. Typology.

Most of considered basement-hosted uranium occurrences can be classified accordingly
to the IAEA classification of U deposits (Dahlkamp, 1993), only those in anatectic granites have
uncertain typological reference because of their complex genesis. In the present study they are
related to anatexite-hosted occurrences. Thus, there are five types of uranium occurrences in the
Northern Ladoga area:

1. Th-U anomalies in quartz-pebble conglomerates;

2. anatexite-hosted occurrences;
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3. anomalies in intrusive granites;
4. Synmetamorphic U-P occurrences (metamorphosed phosphorite);

5. Vein-type occurrences.

V. Grade and total resource of the occurrences.
Total resources of different type basement-hosted uranium occurrences of the Northern

Ladoga area are presented in the Figure 2.1.5.2.

50t <5t

I Quartz-pebble conglomerate.
I Anatexite-hosted.

[ Intrusive.

[ ] Synmetamorphic.

[ ] Vein.

/7
<5t

Figure 2.1.5.2. Typological distribution of the basement-hosted uranium ore resources of the
Northern Ladoga area.

Most of the basement-hosted uranium resource in the Northern Ladoga of the
occurrences are related to anatectic granites of the granite-gneiss domes and especially
concentrated in zones of tectonized migmatites. Average uranium abundance in these
occurrences is 500 ppm, in mineralized zones of sodium alterations — up to 17 800 ppm.
Resource of an occurrence reaches few hundreds tons, total resource of this type is the biggest
for basement hosted occurrences of the Northern Ladoga — about 1 500 tons.

U-P occurrences in the Ludicovian formations of synsedimentary-metamorphogenic
origin also significantly contribute into total uranium resource of the Northern Ladoga area.
Resource of single occurrence is less 200 tons and uranium content is just 400 ppm in average,
but local enrichment up to few percent have been revealed in late breccias zones.

Veined uranium mineralization is widespread in the Northern Ladoga area, but usually
uranium is a by-product of non-radioactive complex ores, or late uranium-bearing veins are

related to previous uranium occurrences of other types. Independent uranium occurrences of
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vein-type are rare. Despite of quite common high uranium content (1000 ppm in average,
maximum — up to 34800 ppm), resource of single vein-type uranium occurrence and total
resource of the type is low in the Ladoga region. Peculiarity of the vein-type mineralization,
especially its reference to fault zone usually eroded and concealed under Quaternary, leave some
chance for undiscovered vein-type deposits in the Ladoga region.

All intrusive-type uranium occurrences of the Northern Ladoga area are ranged as
anomalies only and have no significant importance as they are.

The Th-U bearing Jatulian quartz conglomerates occur only in pericratonic depressions
along the Janisjarvi fault zone. They are enriched in Th-bearing accessories, U content is very
low and total resource of this type is unimportant.

Thus, of all considered basement-hosted uranium occurrences, only the vein-type
mineralization has some economic potential in the Ladoga region. Fracture-bound uranium
discovered in the Riphean formations of the Salmi depression (see Chapter 2) is an additional

positive indication.
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Figure 1. Geological map

of the Impilakhti-Pitkjaranta area.
Based on: Korotaev et al., 1978;
Ivannikov et al., 1984;

Amelin et al., 1997.

R,,, Lower-Middle Riphean

- gabbro-dolerite of the Hopunvaara intrusion

]

sandstone, gritstone, conglomerate

R,, Lower Riphean Salmi intrusion

Phorphyric biotite granite
with fine-grained groundmass

Even-grained biotite granite

Albite-lithian siderophylite granite.

Phorphyric biotite-amphibole granite
with fine-grained groundmass.

Wiborgite, pyterlite.

PR,, Palaeoproterozoic
Pitkjarantsky intrusive complex: leucogranite
and pegmatite, a-in scale, b-out of scale

Lauvatsaari-lmpiniemi intrusive complex:
granodiorite, plagiogranite

PR, Id, Kalevian, Ladoga group, Naatselkya, Hunuki
and Velimyaki suites: quartzite-sandstone, bt-schist.
PR,im, Kalevian, Ladoga group, Impilakhti suite:
biotite, garnet-biotite, cordierite schist, migmatite.

PR,pt, Ludicovian, Sortavala group, Pitkjaranta suite:
amphibolite, bt-amf schist, skarn, migmatite.
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Uranium occurrences

s Mursula-Puttumyaki uranium ore zone: 1-Puttumyaki,
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[@) o secondary U mineralization in fractures — Major faults.
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|_, Soil cover.

PR,, Ludicovian, Pitkjaranta suite.
[ Amphiborite.
|:| Carbonate rock.

AR-PR,, undivided.
- Plagiomicrocline pegmatite.
B Amphibolite.
- Migmatite of plagiomicrocline granite.

|:| Plagiomicrocline gneiss-granite.

Supposed confines of rock varieties
under the quaternary cover.

Brittle dislocations:
— principle;
Inclination of: a-schistosity; b-faults.

subordinated.

~.,
~—

[ ]

Quartz vein.

Blastomylonites and blastocataclasites.
Impregnated and veined

sulphide mineralization.

@=== U mineralization in migmatite:
b***»  a-discovered, b-supposed.
Spotted mineralization in pegmatoid:
Ay Ap 4 U>300 ppm, b-U>100 ppm,
Ac 2 c-Th mine(al_ization,
d-not identified nature.
\ AR Spotted mineralization in pegmatites:
a "D 3-U>300 ppm, b-U>100 ppm,
vc vg C-U-Th mineralization,
d-not identified nature.
Mineralized drill holes:

@5 Qs4 depth, projection of mineralized layers,
fa ib a-U>300 ppm, b-U>100ppm;

000 ¢-Th-U mineralization;

} 4.t d-Thmineralization

i€ i0 i€ e_non identified nature.

1,5 Drill well with depth (on the section).
E Outline of the outcrop 23.

B Line of the section.
Ore intersections
with U content (on the section):

e over 300 ppm;
e — over 100 ppm;
----- over 50 ppm.

Figure 2. Geological map and section of the Puttumyaki

Based on Korotaev et al., 1978.

248

ore-showing (part).




PART 2. Uranium occurrences of the Ladoga region. Appendix to Chapter 1.

FakellEadega

0 100m
E——————

Figure 3. Geological map and section of the Korennoye ore-showing.
Based on Korotaev et al., 1978.
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Quaternary sediments (for the section only).

PR,,, Ludicovian, Pitkjaranta suite.

Fine-grained amphibole schist.

- Tremolite schist.

Quartzite-sandstone.

Dolomite and caliciphyr.

AR-PR,, Archaean-Paleoprotorezoic undivided.
Pegmatite.

Middle-grained feldspar amphibolite.

Fine/middle-grained microcline granite.

Migmatite of plagiomicrocline granites
upon the biotite and biotite-amphibole gneiss.

Microcline, pagiomicrocline gneiss-granite.

65 Inclination.
--z=22- Fracture zones with blastomylonites and blastocataclasytes.
—~ " Flat-dipping tectonic dislocation.

Rock alterations along the fractures:

albitization;
quartzitization;
™~ chloritization.

s Uranium mineralization:

"\A:‘, exposed ore body of the Korennoye occurrence;
Ay Yy others mineralized points, a-in migmatite, b-in pegmatite;

®258 9209 mineralized drill holes, depth, well elongations,
3 ‘h positions of the mineralized layers,

la a-U>300 ppm, b-U>100ppm.

A/ Line of the section.

For the section.
Ore intersections with U content :

— over 300 ppm,;
e over 100 ppm;
________ over 50 ppm.

15  Drill well with depth.

Figure 3 (continued). Legend to geological map and section of the Korennoye ore-showing.

Based on Korotaev et al., 1978.
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Figure 4. Geological map and section of the Maloye Janisjarvi area.
Based on “Nevskgeologia” data; Lobanov and Polikarpov, 1981.

PR,, metadiabases,
metagabbro-diabases, mandelstones.

PR,Id, Kalevian, Ladoga group: quartzite, qurtz-biotite,
muscovite-biotite-quartz schist

PR;sn, Ludicovian, Sortavala group, Soanlakhti suite: dolomites,
phyllites, amphibole schists.

PR,on, Jatulian, Onega group, Jangozero and Tulomozero suites: quarzites,
quartzite-sandstones, conglomerates, carbonate schists, dolomites, dolomite marbles, phyllites.

PR;sl, Sariolian, Seletskaya suite: quartz conglomerates.
AR,, Neolopian intrusive complex: a-granodiorite, diorite; b-granite-porphyry (Jalonvara massif).

AR, jal, Lopian, Jalonvaara suite: Lavas and tuffs of rhyolite, dacite, siliceous and carbonate schist.
AR, ,, Saamian-Paleolopian: a-migmatite, migmatite-plagiogranite; b-tonalite, granodiorite, diorite.

Principal faults.

\z  Veined U mineralization: a-in the Jalonvara complex deposit, b-in the Prolonvara complex occurrence, c-anomalies.

Th-U anomalies in the Jatulian conglimerates.
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uhﬁﬂasﬂampﬁ

Maloe Janisjarvi

- PR,, metadiabases, metagabbro-diabases.

PR,sn, Ludicovian, Sortavala group, Soanlakhti suite:
dolomites, amphibole schists.

PR.tl, Jatulian, Onega group, Tulomozero suite:
quartzite-sandstones, conglomerates, dolomites.

- PR,jn, Jatulian, Onega group, Jangozero suite: a-arcoses and quartzite-sandstones,
b-quarzites, quartzite-sandstones, conglomerates.

- AR, ,, Saamian-Paleolopian: tonalite, granodiorite, diorite.

/ Faults.

TB0° Foliation.

&/ v Veined U (a) and Th (b) anomalies: 1-Point 1; 2-Dyke; 2-Razlomnaya.
« Th-U anomalies in the Jatulian conglimerates.
2~ pA Anomalies related to radoiactive accessories in AR granitouds: a - essentially U, b - Th.

Figure 6. Geological map of the Kuhilaslampi area.
Compiled from Kondakov et al., 1963 and Polikarpov et al., 1976.
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Figure 6. Geological map of the Latvasurje area (fragment).

Based on Gromov et al., 1981.
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PR,ld, Kalevian, Ladoga group: migmatized quartz-biotite schists and gneiss,
- quartzite-sandstones, quartzites.

PR,pt, Ludicovian, Sortavala group, Pitkjaranta suite: amphibole-
and biotite-amphibole schists, limestones, dolomites scarnoids, quartzites.

AR-PR,, Archean-Paleoroterozoic undivided: plagioclase
and plagio-microcline gneiss, gneiss-granites, migmatites.

PR,.., gabbro, gabbro-diabases.

- PR,, Latvasursky complex: plagio-microcline and microcline granites.

PR,, Lauvatsaari-Impiniemi complex: granodiorites.

Tectonic dislocations

major, a-observed, b-supposed,;
M J pp
a///t; second-grade, a-observed, b-supposed;

with blastomylonites and blastocatoclasites;
with schistosity;

filled with fragmented or fractured rocks;

222  Inclination of: a-schistousity; b-faults.

Rock alterations:

hematitization and hydrohematitization;
silicification; chloritization;

carbonatization; sulphidization.

Radioactive occurrences:

[e)]
o

with known U/Th content;

N
o

o140 with measured radioactivity (in uR/h);

. The Korinmyaki U ore-showing.

Figure 6 (continued). Legend to geological map of the Latvasurje area.
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Chapter 2. Uranium occurrences hosted by the Riphean formations.

Introduction.

The Riphean volcanogenic-sedimentary complex of the Pasha-Ladoga basin
unconformably overlies AR-PR; basement of the Raahe-Ladoga and the Svecofennian domains.
Most of the Pasha-Ladoga basin is concealed under the Ladoga Lake. Three terrestrial
occurrences of the Pasha-Ladoga basin formations represent under the glacial sediments
overburden occur in the western, south-eastern and north-eastern shoulders of the basin: the
Priozersk, Pasha and Salmi depressions correspondingly.

Because of its similarity to the Athabasca basin, since beginning of 1980" the Pasha-
Ladoga basin has been considered as a potential area for the discovery of unconformity type
uranium deposits. Exploration programs for this target have started at 1984. The Karku deposit
has been discovered in 1989 and exploration programs in the Salmi depression have been carried
out until 2007 with an interruption in the 1990™ because of technical problems. Since 1999
exploration programs started as well in the Priozersk and Pasha depressions, but drilling in those
areas has been limited.

Until now, all discovered uranium occurrences hosted by the Riphean formations
(including the Karku deposit) are located in the Salmi depression. Only few low-grade (up to
100 ppm of U) local anomalies at the unconformity are known in the Svir-Oyat area in the
north-eastern slope of the Pasha graben and the Jablonovka area in the northern part of the

Priozersk depression (General Appendix 1, fig. 2.1 and 3.1).

1. The Salmi depression.

1.1. Geological environment.

Local sub-basin called the Salmi depression occurs on the north-eastern shoulder of the
Pasha-Ladoga basin, in the continuation of the Ruskeala fault zone (General Appendix 1, fig.
1.1). The bottom of the depression gently dips (4° in average) to the WSW with local
complications determined by the paleorelief of the basement surface and late tectonic structures.
The size of the depression is about 300 km? (Appendix to Chapter 2, fig. 1).

Many brittle tectonic structures occur in the Salmi depression area.

NW striking faults correspond to the Ruskeala tectonic zone. They seem to dip steeply
(70-80°) to the NE. Many of them only affect basement formations, but some cut the Riphean

sequence as well. The Salmi depression is first controlled by NW structures.
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N-S and E-W faults produce local uplifts of the depression. The Karku deposit is located
within one of the most prominent uplift called the Central Block.

N-E faults are rare and have a weak influence on the structure of the depression. No
significant displacement along these faults has been observed.

The basement below the Salmi depression is composed of AR-PR; granitic-gneiss domes
surrounded by the carbonate and amphibole schists of the Ludicovian Pitkjaranta suite and
metapelites of the Kalevian Impilakhti suite intruded by the Lower Riphean Salmi granitic

massif.

On land occurrence of the Riphean volcanogenic-sedimentary complex in the Salmi
depression extends for 40 km along the Lake Ladoga coast line and for 10-12 km to the NE from
it. Here its thickness is up to 360 m. The succession is subdivided into three suites: Priozersk
(Priozerskaya), Salmi (Salminskaya) and Pasha (Pashskaya). Significant variation of thickness
of the suites (especially the basal Priozersk suite) and of the whole Riphean succession and the
diversity of erosion level of the basement regolith indicate the importance of the basement
paleorelief before and during sedimentation. If late tectonic displacements are excluded, the
basement surface below the Riphean sediments was a very hilly landscape. Many elongated
depressions represent former paleo-valleys. Location and configuration of these valleys are
determined by former tectonic structures of the basement: and variations of resistance of the
various basement lithologies to erosion.

The petrology of the Salmi area is described in the thesis of Lobaev (2005). Therefore
only the main rocks varieties will be briefly presented below.

1.2. Bedrock petrology.
Basement rocks.

The lowest structural level of the basement is represented by the AR-PR; formations
forming the core of the domes. Generally these formations are more leucocratic compared to
overlaying PR; ones. Strongly folded tonalite gneisses and pink plagioclase-microcline granitic-
gneisses are the most common rock varieties. Migmatization is widespread. Late lenses and
dykes of coarse/medium-grained quartz-oligoclase-microcline pegmatoids occur. The transition
between pegmatoids and hosting gneisses is gradual, sharp contacts are common for the granite
injections only (fig. 2.2.1).
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Figure 2.2.1. Biotite granite-gneiss cut by the granophyre vein from the Salmi depression, DDH
1044, 110 m.

In the Salmi depression area, the Palaeoproterozoic Pitkjaranta suite (150-200 m thick),
which surrounds the granitic-gneiss domes, is mostly composed of amphibole-bearing rocks:
amphibole-biotite schist and subordinated amphibolite, carbonate rocks are subordinated.

The base of the suite, mainly consists of fine/medium grained pyroxene-amphibole and
quartz-feldspar-amphibole gneiss, granite-gneiss occur. Migmatization is widespread.

Its middle part is composed of alternating layers of amphibolites, hornblende and
hornblende-biotite gneisses and schists and marbles. Migmatites and pegmatites occur.
Carbonate rocks are often skarnified.

The upper horizon of the suite is composed of biotite-hornblende schist, sometimes
graphite-bearing (1-2 % graphite).

The Pitkjaranta suite is overlapped by the 400 m thick Impilakhti suite. Because of their
strong metamorphism (in the upper amphibolite facies), the contact between them is uncertain
and is only recognized by the lithological difference. The Impilakhti suite is more homogeneous.
Meta-terrigene flyshoid formations prevail: biotite, garnet -biotite, quartz-biotite, in the upper
part also garnet -cordierite-biotite gneiss and schist. Rare interlayers of amphibole-bearing rocks
occur. Migmatization of the Kalevian rocks is the weakest for the supracrustal formations of the
area, however granites dykes sometimes occur. Local microclinization takes place in the lower
horizons (Skorospelkin, 2002). Accessory sulphides (pyrite and pyrrhotite) and graphite are
quite common. Graphite content is 1-2 %, but schist lenses of with up to 5 % occur (fig. 2.2.2).
They more typically occur in the lower part of the suite. Apart from the stratified distribution,
there are indications of graphite and sulphide enrichments in fractures; sulphide-graphite-
enriched shattering zones and veinlets are also widespread (fig. 2.2.3, 2.2.4).
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Figure 2.2.2. Graphite/sulphide- bearing biotite schist of the Impilakhti suite from the Karku
deposit, DDH 627, 146.8 m.

20 mm

Figure 2.2.3. Blastocataclasite of graphite-bearing biotite schist of the Impilakhti suite from the
Salmi depression, DDH 890, 79.2 m.

200mkm

Figure 2.2.4. Newly formed graphite (G) and pyrite (Py) in tectonized biotite schist of the
Impilakhti suite from the Karku deposit area, a— DDH 711, 89.5m; b — DDH 890, 79.2m.
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Over 50 % of the Salmi depression basement is composed of even-grained and ovoid
granites of the Salmi complex (fig. 2.2.5). According to geophysical data they underlay the AR-
PR; metamorphic complex. The roof of the intrusion gently dips to the WSW.

Figure 2.2.5. Rapakivi granite of the Salmi massif from the Salmi depression, DDH 1045, 69 m.

There is a wide zone of metasomatic alterations around the Salmi massif. The
metamorphic rocks are cut by pegmatitic granites related to the Salmi intrusion. Quartz-sericite-
muscovite greisen formed after the granite-gneiss and the Salmi massif granites occur. Epidote-
amphibole-pyroxene skarns of the Pitkjaranta carbonates are widespread in areas with abundant
leucogranite veins to the SE of the Salmi depression. To the NW of the depression, the Salmi
massif granites are intensively microclinizied and albitized. Sometimes albitization is

accompanied with fluorite.

Regolith.

The intensity of the alteration of the upper part of the basement formations at contact
with the Riphean sediments is variable (fig. 2.2.6). Leucocratic coarse-grained rocks are less
resistant to weathering than melanocratic ones. The alteration of the upper part of the basement
has a thickness of 5 to 20 m, but may reach up to 70 m and more along the faults. The alteration
of the upper part of the basement is attributed to paleoweathering but probably also results partly
from late hydrothermal alterations, occurring especially along the faults.

The alteration of the upper part of the basement is zoned with a physical and a chemical
zone. The upper zone is composed of alluvium-diluvium breccias and quartz-mica shale.
Intensive kaolinitization and chloritization, also sporadic ferruginazation occur. Usually the
thickness of the physical weathering zone is less than 1 m, and up to a few meters in the

tectonized zones.

261



PART 2. Uranium occurrences of the Ladoga region. Chapter 2. Uranium occurrences hosted by the Riphean formations.

Figure 2.2.6. Contact of the Priozersk suite gritstone and physical weathering crust of the
basement from the Karku deposit, DDH 665, 122.6 m; a — sample; b — gritstone at the contact; c
— weathering crust rock; d — thin section of the weathering crust rock; optical photos, plain (left)

and polarized (right) transmitted light.

The underlying chemical weathering zone is characterized by changing of mineral
composition of the underlying rock with preservation of its structure. There is gradual decrease

of the intensity of rock alteration with depth. Metamorphogenic minerals are replaced by
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hydromicas, chlorite, sericite and kaolinite in the upper part of the zone. Intensively altered
rocks have friable clayey constitution and a greenish-gray color. Hydration of biotite is followed
by Fe hydroxides development and forms rusty-brownish spots. The alteration is not complete,
relics of primary metamorphic rock are widespread. In the lowest levels alteration is sporadic
and represented by development of hydromicas after plagioclase and along small fractures,
chloritization of biotite. The lower limit of the chemical weathering zone is uncertain but its
approximate thickness 5 to 20 m, down to 70 m along the faults. As it was noted before, the
alterations could be produced partly by late hydrothermal processes.

A complete section of the regolith is represented in the succession of pictures of the drill
core of DDH 627 from the Karku deposit (fig. 2.2.7-10).

The sample in the figure 2.2.7 is a rock from the contact zone between the Priozersk
suite sediments and the physically weathered basement. The rock has a shale structure composed
of fragments of basement formations. This rock represents a new-formed sedimentary rock,

derived from the underlying basement and deposited in situ.

Figure 2.2.7. Shale from the physical zone of the regolith of the basement from the Karku
deposit, DDH 627, 133.75 m (70 cm from the contact with the sandstone); a — sample; b — thin
section, optical photos, plain (left) and polarized (right) transmitted light.
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The contact of the physical zone with the proper basement rock (migmatized gneiss) is

presented in the figure 2.2.8.

Figure 2.2.8. Contact of the physical altered shale with the chemically altered quartz-microcline
gneiss of the Impilakhti suite from the Karku deposit, DDH 627, 134.05 m; a — sample; b —
enlarged fragment of the shale; ¢ — enlarged fragment of the gneiss; d — thin section of the shale,
plain (left) and polarized (right) light; e — thin section of the gneiss, plain (left) and polarized
(right) light.
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The sample of altered biotite schist is presented in the figure 2.2.9. In the sample the
alterations are not obvious because the quartz grains and graphite laths are preserved and the
rock preserves original schist structure, but in the thin sections replacement of biotite and
feldspar by hydromicas aggregates can be observed.

Figure 2.2.9. Altered graphite-bearing biotite schist of the Impilakhti suite from the zone of the
chemical alterations from the Karku deposit, DDH 627, 134.5 m; a — sample; b and ¢ — thin
section, optical photos, transmitted light, b — plain light, ¢ — polarized light.

Thin section from the non-altered graphite-bearing gneiss is presented in the figure
2.2.10).

Figure 2.2.10. Non-altered graphite-bearing biotite gneiss from the face of the bore well from
the Karku deposit, DDH 627, 166 m; a — sample; b — thin section, optical photos, plain (left) and
polarized (right) transmitted light.
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It is important to notice, that a zoning of reddish to greenish regolith alterations typical
for the Athabasca Basin has not been discovered in the Karku area. Described by Lobaev (2005)
reddish and greenish regolith-like alterations only occur in the area where the Riphean
sediments pinch out and rather refer to supergene alteration.

Riphean rocks.

The Priozersk suite is the lower unit of the Riphean sequence. In the Salmi depression it
has thickness from 5 to 80 m. It is composed of clastic sediments of quartz-feldspar
composition. Pink- or beige-colored coarse-grained sandstones prevail (fig. 2.2.11a); gritstones
(fig. 2.2.11b) are subordinated. Coarse polymictic conglomerates with well- and coarse-rounded
pebbles locally occur at the base of the suite (fig. 2.2.11c). Pebbles are mainly of quartz, but
fragments of the basement rocks (gneiss, granite and amphibolite) occur as well. Rare mudstone
pebbles exist (fig. 2.2.12). Lenses of dark-gray siltstone and mudstone rarely occur; as a rule

they are related to shoulders of the paleovalleys.

Figure 2.2.11. The Priozersk suite quartz-feldspar sandstone (a), gritstone (b) and conglomerate
(c) from the Karku deposit, DDH 612, a—98.5 m, b — 100.5 m; ¢ — south of the Salmi
depression, DDH 1043, 96.8 m.

Clastic material composes 70-80 % of the rock. The main clastic minerals are quartz (65-
95 %, 80 % in average) and feldspar (up to 20 %) (fig. 2.2.13). The most common accessories
are: amphibole, micas (biotite, muscovite), garnet, zircon, tourmaline, apatite, ore minerals
(ilmenite, rutile, titanite, pyrite, pyrrhotite, chalcopyrite, sphalerite, magnetite, brannerite,
ferrithorite), sporadically — epidote and monazite. They have siltstone size and are dispersed in

the cement or compose thin interlayers of heavy minerals (fig. 2.2.14).
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Figure 2.2.12. The Priozersk suite polymictic conglomerate with soft pebbles (mud rolls) from
the Karku deposit, DDH 690, 129.5 m.
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Figure 2.2.13. The Priozersk suite sandstone from the Salmi depression, DDH 1021, 62 m;
quartz and feldspar clasts are cemented with kaolinite and hydromicas; optical photo of a thin
section, polarized transmitted light.

concentrate
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Figure 2.2.14. Heavy mineral concentration in the leached sandstone of the Priozersk suite from
the Karku deposit, DDH 627, 127.2 m.
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The cement of the sediments is composed of hydromica-kaolinite with subordinated
chlorite, Fe-chlorite and calcite. Where local chlorite enrichment occurs the rock becomes gray.
Calcite and chlorite enrichments in the sandstone cement occur near the contact with overlying
effusives. A small layer of dark-gray tuffaceous-sandstone is localized at the contact.

Diagenetic alterations are represented by the replacement of the detrital particles of the
cement by kaolinite and to a lesser extend by sericite, chlorite, carbonate and hematite.
Mikhailov (2001) and Velichkin (2005) mention also diagenetic overgrowths over detrital
quartz, but our observations do not allow to consider these overgrowths as a typical process in
the sediments. Clear quartz overgrowths occur in vicinity of the U-ore bodies and we consider

them as belonging to the ore-forming epigenesis (Kushnerenko et al., 2004).

The middle part of the Riphean sequence of the Salmi suite has a complex composition.
Lower and upper effusive subsuites are separated by a sedimentary layer. Total thickness of the
suite in the Salmi depression is up to 250 m.

The lower and the upper subsuites are composed of mafic volcanites with 2 to 5 more or
less regular rhythms in each of them. A complete rhythm is composed of basal thin to thick layer
of gray vesicular basalt (with small chlorite amygdalae), basalt porphyry (main part of the
rhythm), vesicular basalt (with chlorite and carbonate amygdalae), volcanogenic breccias and
tuffs at the roof (fig. 2.2.15). There is a thin (up to 1 m) layer of strongly altered brecciated dark-
gray effusive ash at the bottoms of each effusive subsuite.

The thickness of the lower effusive subsuite is 130 m. There is a unique outcrop of the
Riphean formations in the Salmi depression represented by the lower subsuite basalts in the
rapids of the Tulema river. Distinctive feature of this subsuite is the existence of widespread
agate inclusions in the upper vesicular basalt layer of the middle rhythm. Agate fills amygdalae
or veins with several morphologic types (Polekhovsky et al., 2002) (fig. 2.2.16).

Petrographic characteristics of the lower subsuite effusives, in particular the occurrence
of relatively well-crystallized lavas, indicate an accumulation of this layer during a rather brief
period. Rapid deposition of a thick basalt succession provides the necessary conditions for slow
cooling of the internal parts of the rhythms and their crystallization as a doleritic rock. For the
basalts of the lower subsuite a Sm-Nd age of 1499+68 Ma was obtained (Bogdanov et al., 2003).

According to Spiridonov (2001), agate filling of the amygdalae in the basalts is an
indication of its burial at a depth about 2.5 km.
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Figure 2.2.15. The Priozersk suite mafic effusives of the lower subsuite from the Salmi
depression; a — vesicular basalt with chlorite amygdalae cut by calcite veinlet (DDH 627, 71.1
m); b — porphyrites (DDH 627, 91 m); ¢ — vesicular basalt with chlorite-calcite and agate
amygdalae cut by calcite veinlet (DDH 1043, 54.8 m); d - volcanogenic breccias and tuff (DDH
627, 63.8 m)

Sedimentary interlayer of the Salmi suite overlaps eroded lower effusive subsuite. The
thickness of the interlayer is up to 35 m. It is composed of Quartz-feldspar or polymictic coarse-
grained beige and pink sandstones mainly, subordinated gritstones and conglomerates (fig.
2.2.17). Cement consists of kaolinite and hydromicas with hematitized and chloritized spots and
interlayers. Fe-chlorite is developed in the cement of the rock at its upper contact with the
effusives. An occurrence of pebbles of the basalts, including agates (fig. 2.2.18) refers to the
quite long period of erosion between the formation of the Salmi suite lower subsuite basalts and
deposition of the sedimentary interlayer.

The upper effusive subsuite (up to 90 m thick) conformably overlay the sandstone
subsuite. The vesicular basalt is thicker than in the lower subsuite and tuffs are less abundant.

Hydrothermal alterations of the effusives are more intensive in the fault zones.
Secondary minerals are chlorite, carbonate, quartz, Fe-hydroxides, and minor albite, biotite and

epidote. The two last minerals have been observed in the porphyries.
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Figure 2.2.16. Different types of agates from the Salmi suite basalts (sampled at the Tulema
river rapids): a — vein agate (sard) surrounded by the calcite; b — zonal-concentric bastion agate;
¢ — spheroidal and vaguely zonal agate; d — patter agate of the mixed type; e — onyx.

Figure 2.2.17. The Salmi suite polymictic conglomerate from the Karku deposit, DDH817, 63m.
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Figure 2.2.18. Conglomerates with agate fragments from the basal horizon of the Salmi suite
sedimentary interlayer from the Karku deposit, DDH 817, 63 m.

The upper part of the Riphean sequence is called the Pasha sedimentary suite. In the
Salmi depression it has thickness up to 290 m and is composed of interlayered polymictic
sandstones, siltstones and mudstones with predominance of the fine-grained varieties. The clasts
are cemented by hydromicas with minority of kaolinite. A layer of conglomerates with well-
rounded pebbles occurs in the base of the suite. Apart of fragments of the basement and
underlying effusives, unique pebbles of red quartzites, similar to Vepsian Shoksha suite
quartzite (age 1.8-1.77 Ga) of the Onega depression have been discovered in the Pasha subsuite.
This observation and the discovery of numerous fragments of red-colored quartzite-sandstones
refer to wider development of the Vepsian formations in comparison with the present situation.

To the west, the formations of the Salmi depression are cut by gabbroic Valaam sill. In

the Salmi area they outcrop at the Lunkulansaari and Mantsinsaari islands.

1.3. Metallogenic characteristic of the bedrocks.

Geological units of the Salmi depression are enriched in U, Mo, Pb and Zn. Granite-
gneisses of the domes and amphibolites of the Pitkjaranta suite are enriched in Pb (20 ppm) and
Zn (200 ppm) (Skorospelkin, 2002). Biotite gneiss and schist of the Impilakhti suite are weakly
enriched in Mo (3.6 ppm), Pb (28 ppm) and Zn (180 ppm). The graphite-bearing varieties of the
Impilakhti suite are enriched in U (5.8 ppm) and Mo (5.6 ppm). Granites of the Salmi intrusion
in the Salmi area have 4.1-5 ppm U in average, 18-20 ppm Th and 3.3-3.5 ppm Mo. Numerous
spotty radioactive anomalies related to local U and Th-bearing accessories clusters are common

in the Salmi granites around the study area. The regolith is depleted in U, Mo, Pb and Zn
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compared with the original rocks, but slightly enriched in Ti and Nb. Increased U contents occur
in the sedimentary rocks: 4.8 to 6.5 ppm U in the Priozersk suite sandstone and gritstone, 3.9
ppm in the Salmi suite sandstone, 4.6 to 5.6 ppm in the siltstone of the Pasha suite. They also
have increased Mo contents (2-3.9 ppm) and the Pasha suite is also enriched in Pb (up to 30
ppm) and Zn (up to 170 ppm) (Skorospelkin, 2002).

In addition, the Riphean sediments have increased contents of Th, Nb, W, B, Ag As and
basement rocks — of Ag, As, Bi, Cr, W, Y, Li, B. For Dolgushina and Kushnerenko (2004) the
above-clarke association U-Mo-Y-Li-Bi-B occurring in the basement rocks is an indication of
their greisenisation presumably in relation with the Salmi granite intrusions.

Two occurrences of complex-ore similar to the ones of the Pitkjaranta ore district exist in
the Salmi depression. The Salmi Fe-Zn-Pb ore-showing occurs in the altered Ludicovian
formation at the contact with the Salmi intrusion, at the eastern edge of the Central Block. The
Karkunlampi polymetallic ore-showing is related to the south-western slope of the Vipuoiskii
granitic-gneiss dome in the eastern part of the Central Block (Appendix to Chapter 2, fig. 2).

There are a few uranium occurrences hosted by the Riphean sediments in the Salmi
depression: the Karku deposit and the Matala and the Kotalakhti ore-showings.

2. The Karku uranium deposit.

2.1. Geological environment.

The Karku deposit area is localized in the Central Block — a local tectonic uplift of the
basement and Riphean formations (Appendix to Chapter 2, fig. 2). The Block resulted from an
orthogonal fault system and has an almost square shape covering 40 km?. The total amplitude of
the vertical displacement of the basement roof is up to 200 m. Formerly this block was
considered as a horst-like uplift and was called Central Horst. According to new obtained data it
is in fact an allochthonous block of the basement and Riphean formations overthrusted to the
north through series of E-W striking thrusts (Petrov, 2006).

The basement consists of AR-PR; granitic-gneiss domes mantled with PR; amphibole-
biotite schist, amphibolites, skarns of the Pitkjaranta suite and biotite schists of the Impilakhti
suite. All rocks are migmatized and injected by plagioclase-microcline and microcline granites
and pegmatites. There is a low-density gravimetric anomaly below the Block that probably
indicates the presence of the Salmi granites. According to these data, the upper contact of the

massif dips from 600 to the east to 2000 meters to the west of the Central Block (Skorospelkin,
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2002). Such a structure may result from the overthrusting of the supracrustals and Riphean
sediments upon the roof of the massif.

The surface of the basement in the Central Block is complex, with local hills and valley-
like depressions (Appendix to Chapter 2, fig. 3). The hills correspond to granitic-gneisses of the
domes due to their more resistance to the erosion, and the depressions to interdome synclines
composed of the Palaeoproterozoic schists. The basement roof tends to dip to the west. In the
Karku deposit area its depth reaches 77 to 190 m.

The Riphean sequence is reduced on the Central Block because of late erosion resulted
from the uplift of the Block. Local variations of thickness of whole Riphean sequence and its
components are determined by the paleorelief (it increases in the depressions and decrease
above the dome uplifts) and by late tectonic displacements (Appendix to Chapter 2, fig. 4). In
the central part of Central Block Riphean volcanogenic-sedimentary formations are eroded and
the basement is covered with Quaternary sediments only.

The Riphean sequence in the Central Block consists of the Priozersk suite (8 m thick
above the basement surface hills and up to 40 m thick in the depression) and the lower
volcanogenic subsuite of the Salmi suite. Lower horizons of the sedimentary layer of the Salmi
suite occur in the easternmost edge of the Central Block only.

All the Central Block is covered by 25-140 m thick Quaternary moraine sediments.

Tectonic displacements of different striking and age are numerous. Orthogonal structures
limit the Central Block and influenced also its internal structure. There are ancient
Palaeoproterozoic faults cutting the whole sequence among the NW faults. A unique NW-
striking upthrow of the Riphean sequence over 17 m has been revealed at the westernmost flank
of Ore body 1 of the Karku deposit (DDH 653). Priozersk suite sandstone presents cataclasis
along NW faults. NE faults do not disturb the Riphean sequence although some of them

presumably have been reactivated during the post-sedimentary period.

2.2. Characteristics of the deposit.

The Karku deposit comprises 3 separated ore bodies located in the south-eastern part of
the Central Block. All of them are related to the unconformity between the Priozersk suite
sediments and the basement.

Ore body 1 is the largest one. In the NW-SE direction it occurs along 1.5 km, in the NE-
SW direction presumably along 2 km. Last estimation is not precise because of low density of

the drill net. Sometimes the eastern flank of Ore body 1 is considered as the distinct Bolotnoye
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ore-showing. Thickness of the ore lens with 300 ppm cut-off is up to 20.5 m, 8.2 m in average.
Thickness at a 1 000 ppm cut-off is up to 5.6 m. Average U content is 840 ppm, up to 34 600
ppm over 0.5 m. Estimated resources of the ore body is about 6 600 t of U (Petrov, 2007).

Ore body 1 is localized in a valley-like depression of the basement surface corresponding
to biotite schist of the interdome Impilakhti suite. The general extension of the ore body
coincides with a NE fault zone. The highest-grade ore concentrations of Ore body 1 occur at the
intersection of NE and NW faults where graphite-rich biotite schists of the Impilakhti suite are.

Uranium ore is hosted by the Priozersk suite sediments, rarely the ore occurs in the very
upper part of the regolith. Rare low-grade U mineralization (up to 470 ppm) has been discovered
in fracture zones in the basalts of the Salmi suite (DDH 609 and 641).

Anomalous Th contents (over 300 ppm, up to 1840 ppm) have been discovered in the
sandstones at the unconformity in several drillholes (DDH 605, 607, 609, 642). In DDH 608
they are located in the upper part of the Priozersk suite, in DDH 646 in the weathered basement

rock. Only in the DDH 605 high Th content (930 ppm) accompanies the uranium ore.

Ore body 2 is the smallest one. The size of the ore body is not certain because of the low
density of drilling. The known size is 250x150 m (for a 300 ppm cut-off). Ore body thickness
for a 300 ppm cut-off is up to 6.5 m, 1.2 m in average. Its thickness for a 1 000 ppm cut-off is up
to 3.2 m, and its size: 90x140 m. Average U content is 1040 ppm for a resource of about 400 t U
(Petrov, 2007).

Ore body 2 is located on the south-western slope of the Vipuoiskii granitic-gneiss dome
and located at the intersection of NW and N-S faults. It is located within the Karkunlampi
polymetallic ore-showing outline. A distinctive feature of the ore body is its location mostly
above Pitkjaranta suite formations.

Ore body 3 is the best studied and the drill net is the densest in the Karku area. Ore body
size with a 300 ppm cut-off is 220x620 m, and 50x430 m at a 1 000 ppm cut-off. The ore body
thickness increases southwards up to 7 m. Average U content is 1 800 ppm, with a maximum of
166,200 ppm over 0.25 m. The resource of the ore body is about 1 300 t U (Skorospelkin, 2002).

The ore body is localized mainly where graphite-bearing biotite schist of the Impilakhti
suite exist; only the eastern flank of the ore body partly occurs above the graphite-bearing
amphibole-biotite schist of the Pitkjaranta suite. It has a wedge shape with two lenses
corresponding to NW and N-S faults (fig. 2.2.19, Appendix to Chapter 2, fig. 5).
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Basement rocks are graphitized along these faults (fig. 2.2.20). Cataclastic zones have
been recognized in the sandstone along the NW fault (fig. 2.2.21).

- 200mkm
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Figure 2.2.20. Development of graphite (G-2) in tectonized biotite schist of the Impilakhti suite;
two generations of epigenetic pitchblende (Pbl 1+2) occur; the Karku deposit, DDH 665, 136.3
m. Polished section, optical photo, reflected light.

5 mm

Figure 2.2.21. Cataclasis of the ore-hosting sulphide-chlorite-carbonate Priozersk suite rock;
the Karku deposit, optical photos: a —polished section, reflected light, DDH 625; b — thin section
of the same sample, plain transparent light; ¢ —development of epigenetic pyrite (Py-2) in the
cement and fractures in detritus quartz (Q), DDH 680, reflected light.

The highest-grade ores are localized at the intersection of this zone with graphitized
schists (6-10 %graphite) of the Impilakhti suite. The high-grade ore is enveloped by a wide halo
of low-grade mineralization located in a valley-like depression of the basement surface
(Appendix to Chapter 2, fig. 6) with corresponding increase of the sandstone layer thickness
(Appendix to Chapter 2, fig. 7). This indicates that the depression was pre-existing sediment
deposition.
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There is a sinistral strike-slip fault in the central part of Ore body 3. It displaces the Ore
body over 40 meters. Vertical displacement is small — about 3 m, with the southern block being
downlifted. Apart from the mechanical displacement, no indications of the fault influence on the
uranium distribution have been observed. Consequently it is a late fault.

The main part of the ores, including the high-grade mineralization, is hosted by the
Priozersk suite and spatially related to the unconformity. Lenses of low-grade ores occur in the
upper and middle part of the suite. In the southern part of the ore body, uranium mineralization
penetrates into the regolith down to 4 m below the unconformity. Unique low-grade ore
intersection has been discovered at a distance of 50 m to the south of Ore body 3, in a breccias
zone at a depth of 9.8-10.8 m below the unconformity (DDH 674, 146.1 m; fig. 2.2.22).

Figure 2.2.22. Brecciated graphite-bearing biotite schist of the Impilakhti suite from the
Karku deposit area, DDH 674, 146.1 m; a — sample; b and ¢ — thin section, optical photos,
transmitted light, b — plain light, ¢ — polarized light.

Fragments of the graphite-biotite schists of the Impilakhti suite are cemented by calcite
with increased U content (up to 635 ppm). Unfortunately, because of low density of the drill grid
this zone has not been studied as it would be worth to do. Close to the northern flank of Ore
body 3, increased U content has been discovered in a fracture zone in the basalts of the lower
subsuite of the Salmi suite (DDH 851, 102 m; fig. 2.2.23)
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b

Figure 2.2.23. Brecciated basalt of the Salmi suite lower subsuite from
the Karku deposit area, DDH 851, 102 m; a — sample; b — autoradiography.

Identified resource of the Karku deposit is about 8 300 t of uranium. The resource of the
high-grade ores with U content over 3 000 ppm is about 1 300 t (Skorospelkin, 2002; Petrov,
2007). Prognostic resource of the Karku deposit is estimated in 11 000 t, of the Central Block —

22 000 t (Vladimir Kushnerenko personal comment).

2.3. Host rocks alterations.

High-grade U mineralization in the Karku deposit is surrounded by a wide halo of host
rocks alterations. The halo has a zoned structure. Limits of the zones are not sharp, metasomatic
variations gradually replace one another.

In Ore body 1 these alterations have been discovered locally and their structural features
are not well studied. In Ore body 2 the ore-associated alterations are weak, and mostly
represented by dickitization and hematitization, less by chloritization.

Ore body 3 is the best studied and zoning in the halo is the best defined (Appendix to
Chapter 2, fig. 8). That is why the following description of the alterations is mostly documented
from Ore body 3drill cores.

The following succession of alteration zones from external to internal zones of the Karku
deposit ore bodies can be proposed (fig. 2.2.24, 2.2.25):

1) weak altered bleached sediments;

2) chloritized rock;

3) leached porous sandstones;

4) chlorite-carbonate alteration — external zone of carbonatization;

5) sulphide-carbonate alteration hosting high-grade ore.
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Figure 2.2.24. Generalized geological section of the Karku deposit ore body.

1) Weakly altered and bleached sediments.

The external zone of the ore-hosting alteration extends over hundreds meters from the
ore bodies and has very gradual contacts with the non-altered sediments. It is characterized by
replacement of the clayey cement and partially the clasts by dickite and dissolution of Fe oxides
and hydroxides leading to bleaching of the pink and beige background sandstone (fig. 2.2.25 a).

Significant overgrowths on the quartz clasts occur in the sediments of this zone. Often
the contact between these two quartz generations is marked with brownish clinochlore and Fe

hydroxides aggregates.

2) Chloritized rocks.

The external zone of the halo of the strong ore-hosting alteration is composed of dark-
grey chloritized rocks (fig. 2.2.25 b). The zone has lens shape with complicated “pine-tree”
edges. The indented shape of the flanks of this zone results from the heterogeneity of the
sediments — coarse-grained varieties are more permeable than fine-grained ones.

The alteration zone has the largest extension along the unconformity. In Ore body 3 it
size is over 400x1000 m. The zone has an increased thickness above the ore bodies.

Chloritization reaches the effusive layer along the faults and penetrate into it for a distance over

279



PART 2. Uranium occurrences of the Ladoga region. Chapter 2. Uranium occurrences hosted by the Riphean formations.

50 m from the bottom of the layer. Chloritization is developed down to 8 m below the

unconformity below the high-grade ores (Roman, 2004).

20 mm

Figure 2.2.25. Samples of ore-hosting altered sandstones from the Karku deposit: a — bleached
sandstone, DDH 627, 117 m; b — chloritized sandstone, DDH 627, 124 m; ¢ — leached
sandstone, DDH 627, 127.2 m; d — carbonatized sandstone, DDH 671, 123.8; e —sulfide-
carbonate metasomatite DDH 671, 123.8.

The composition of the clastic material in this zone a slightly differs from the regional
sandstones of the Priozersk suite. Proportion of quartz is 85 % in average, overgrowing of
detrital grains is widespread (fig. 2.2.26). Feldspar is corroded, partly replaced by dickite,
sericite and late kaolinite.

Figure 2.2.26. Overgrowth of epigenetic quartz (Qu-2) on detrital quartz (Qu-1). The Karku
deposit, DDH 627, 125.5. Thin section optical photo: a — plain transmitted light, b — polarized
transmitted light.

The cement mainly consists of dark-gray chlorite with FeO/MgO=5.4-7.5 with
subordinated amounts of leucoxene, Fe-hydroxides, dickite and calcite. The hydroxides and
dickite contents decrease and calcite content slightly increase toward the halo center.

It is necessary to differentiate ore-associated chloritization and the one occurring in the
sandstones at the contact with the overlapping effusive layer. Chlorite from the basalt/ sandstone
contact has more Fe and its growth was promoted by the lavas. Besides chlorite, calcite is
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abundant in the cement and has a similar origin. The thickness of the alteration in the contact

zone is up to 2-3 m with a rather constant extension and has no relation with U mineralization.

3) Leached porous sandstone (euhedral quartz zone).

There is a thin lens (1-2 m thick) of dark-gray (sometimes almost black) porous
sandstone above the high-grade ores bodies (fig. 2.2.25 ¢). It has a cap-like upwards curved
shape. Local decrease of the thickness of the lens of porous sandstones occurs where the ore-
controlling NW-striking fault crosscut it.

Clastic material is generally of gray to dark-gray quartz (smoky) and, in minor amount of
pink to pink-grey K-feldspar (< 6 %). A specific feature of this zone is the presence of quartz
overgrowths but also of euhedral crystals, forming tiny druse-like aggregates in the pores.

Dark color of the rock is caused by almost total chloritization of the cement. Calcite
content is low, but increases from the top to the bottom of the layer toward the center of the

alteration halo.

4) Chlorite-carbonate alteration.

Zone of the chlorite-carbonate alteration is identified with an increase of calcite content.
In Ore body 3 this zone is followed over a few hundreds meters along the ore-controlling NW-
faults and is tens of meters wide. It is localized along the unconformity. The zone has lens-like
profile with a maximum thickness of 22 m above the high-grade U ore body. It occurs mostly in
the sandstone layer, but upper part of the regolith (usually less than 1.5 m below the
unconformity) with calcite as well and can be considered as part of this zone. In addition, such
kind of alteration extends into the ore-controlling faults of the basement down to 12 m from the
unconformity.

The color of the carbonatized sandstone varies from dark-gray to light-gray depending on
the chlorite-calcite ratio in the cement. Sometimes it has a red color because of Fe-hydroxides
(fig. 2.2.25 d). The clastic material is more corroded than in the external zones. Quartz
overgrowths are partly resorbed. Carbonatization increases toward the ore bodies, the rock

becomes denser and lighter.
5) Sulphide-carbonate alteration.

Specific quartz sandstone cemented with sulphides and carbonates (in Russian literature
it is called “sulphide-carbonate metasomatite”) composes the central part of the altered rocks
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halo. It is localized at the unconformity and host the high grade U mineralization. The thickness
of the sulphide-carbonate zone is up to 5 m. In Ore body 3 this zone extends along the NW fault
for distance up to 180 m with a width up to 30 m. Sulphide-carbonate metasomatites are
localized mostly in the sandstone layer, although the same kind of alteration occurs locally in the
uppermost part (usually < 0.4 m) of the regolith below the high grade mineralization.

This zone is characterized by a very intensive carbonatization. Whole rock CaO contents
exceed 15 %. Carbonates replace all minerals of the cement and forms large (up to 20 mm)
poikiloblasts including clastic material (fig. 2.2.27). The color of the rock varies from light to
dark-gray, depends on the relative calcite, chlorite and pitchblende contents (Appendix to
Chapter 2, fig. 9). High-grade U-ore samples are dark grey, since pitchblende composes up to 25
% of the rock. The rock becomes yellowish where sulphides are abundant in the cement (fig.
2.2.25 e). Hematite gives a pink hue to the rock.

Figure 2.2.27. Poikilitic calcite cement in a sulphide-carbonate altered rock of the Priozersk
suite sandstone. The Karku deposit, DDH 671, 124.5 m. Thin section optical photo, polarized
transmitted light.

Intensive carbonatization and ore deposition make the rock very dense and resistant.
Good calcite cleavage can often be observed on the break of such rock. In this rock the clastic
material is corroded. The amount of feldspar is much lower than in the non altered sandstones
and in the center of this zone they disappear. Quartz also suffered corrosion and partial
replacement by calcite. Smoky quartz is associated with the high-grade U mineralization. Also
detrital accessory minerals such as zircon, apatite and garnet are partly corroded.

Chlorite is subordinate and its importance in the cement decrease to the center of the
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carbonate-rich zone. Chlorite FeO/MgO ratio varies from 0.24 up to 10. Its Mg content increases
towards the central part of the alteration halo where high-grade ores occur. Such tendency is
typical for the unconformity-type deposits, but in comparison with ore-accompanying chlorites
from the Shea-Creek deposit, those from the Karku have essentially lower Al content (fig.
2.2.28)

Al Vl Karku Shea-Creek

Chlorite o o

Trend of U enrichment

Figure 2.2.28. Composition of chlorites from the Karku and Shea-Creek deposits in Al'-Mg-Fe
ternary diagram; arrows correspond to general trend from background to U-mineralized rock.
Chlorite compositions from the Karku after Polekhovsky et al., 2005 (2), those from the Shea-

Creek after Lobaev (2005).

In the diagram MgO/FeO of chlorites versus whole rock U, two types of chlorites can be
recognized in the sulphide-carbonate zone according to their MgO/FeO ration but both are
enriched in Mg compared to weaker mineralized rocks (fig. 2.2.29). However, this interpretation

is based on X-ray analyses and the valence of iron state is not distinguished.

There is also small amount of other epigenetic minerals, such as apatite, fluorite, Al-
lizardite, ilmenite, rutile and sulphides (pyrite, marcasite, pyrrhotite, pentlandite, chalcopyrite,
bornite, sphalerite, molybdenite) and a Mo mineral. Bitumen locally occurs in association with
the Mo phase and pitchblende (fig. 2.2.30). The amount of sulphides increases toward to the
central part of the halo. They often form the main part of the sandstone cement close to high-
grade ore. Chemical compositions of altered Priozersk suite sandstones from the Karku deposit

are presented in the table 2.2.1.
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Figure 2.2.29. MgO/FeOQ diagram of the chlorites versus whole rock U in the Karku deposit
(compiled after data of Polekhovsky et al., 2005 (2)).

Figure 2.2.30. Bitumen aggregates (C) associated with Mo phase (MP) in sulphide-carbonate
metasomatite; quartz (Q) fragments are cemented by pitchblende of two early generations (Pbl-
1+2). The Karku deposit, DDH 671, 124.75; BSE photo.

A qualitative diagram of the mineral and element behavior in the different zones of the
halo is presented in the (fig. 2.2.31).

284



PART 2. Uranium occurrences of the Ladoga region. Chapter 2. Uranium occurrences hosted by the Riphean formations.

Table 2.2.1. Chemical composition of the Priozersk rocks (Polekhovsky et al., 2005 (2)).

Oxides Low-altered bleached Leached dark gray Sulphide-carbonate
sandstone DDH 671, sandstone DDH 671, metasomatite DDH 671,
-113 m -119.5m -130.7 m
SiO; 89.1 83.6 62.7
Al,O3 5.7 4.5 3.4
TiO; 0.081 0.081 0.062
FeO 0.62 6.28 3.47
Fe 03 0.21 2.13 0.15
MnO <0.005 0.051 0.32
MgO 0.25 0.61 0.47
CaO 0.068 0.068 15.9
Na,O 0.11 0.81 0.063
2.2.20 3.0 0.8 1.3
P20s <0.05 <0.05 0.11
loss 0.78 1.89 12.8
Sum 99.92 100.09 100.75

SiO; and Al,O3 depletion towards the center of the alteration halo is caused by quartz

and feldspar dissolution. Mg content in the rock increases with increasing of chloritization of the

rock and Mg content in the chlorites; the central part of the halo is relatively depleted in Mg

because of the low chlorite content of the sulphide-carbonate alteration zone. Dickite content is

maximal in the external zone of the alteration; towards the center it is replaced by the chlorite

and calcite. A characteristic feature of the Karku deposit zoning is a drastic carbonatization and

sulphidization of the high-grade ore-hosting central zones. Local drop of calcite and sulphide

contents in the very center of the halo is caused by predominance of the uranium oxides in the

cement of the rock.

285




PART 2. Uranium occurrences of the Ladoga region. Chapter 2. Uranium occurrences hosted by the Riphean formations.

St-chl-carb

Background Bleached Chloritized Leached Carbonatized :
& metasomaltite

Size

(thickness x width x length) - Kilometers 24x400x 1000 m 2x30x300 m 142120600 m Tx18x200 m

Uranium

Pitchblende —
Coffinite =

Calcite

Chlorite —
mg# = e

Sulphides

Dickite

Quartz:

resorption _—
OVETgrowing -
euhedral —_—

Feldspar
resorption

Figure 2.2.31. The mineral and element behavior in the different zones of the Karku deposit
alteration halo.
3. Other uranium occurrences in the Riphean formations of the Salmi depression.
There are few uranium occurrences besides the Karku deposit in the Salmi depression.

The most significant are the Matala and the Kotalakhti ore-showings.

The Matala ore-showing is located in the Central Block, 1 km west from Ore body 3 on
the other flank of the Ilyarantskii granitic-gneiss dome (Appendix to Chapter 2, fig. 2). The
uranium mineralization is hosted by the Priozersk suite sandstone and occurs above graphite-
enriched biotite schist of the Impilakhti suite as in the Karku deposit. U mineralization occurs at
the unconformity and as a halo in the middle part of the sandstone layer. U content is up to 1800
ppm over a thickness of 1.75 m. Increased contents of Pb, Zn. As and Ag accompany it. Ore

hosting sandstone is cut by latest fractures filled with hexavalent U minerals.

The Kotalakhti ore-showing is located in the north-western part of the Salmi depression
(fig. 2.2.32). Even-grained biotite granites of the Salmi massif occur below the Riphean
sediments in that area. The ore-showing is hosted by a fracture zone in basalts of the Salmi
lower subsuite. Pitchblende and coffinite occur within quartz-hematite-carbonate veinlets.

Deeper along the drilling uranium mineralization has not been observed in the sandstones, but
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increased content of Th occurs right above the unconformity.
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Figure 2.2.32. Geological section of the Kotalakhti ore-showing (compiled after Petrov, 2006).

U contents are up to 890 ppm over 0.4 m in the ore-showing. Two generations of

pitchblende and late coffinite are accompanied by increased contents of Pb. Mo and As.

Most of the uranium anomalies in the Salmi depression have been discovered in the best
studied Central Block and most of them are hosted by the Priozersk suite sandstones. Several
uranium anomalies are located at the northern part of the Central Block and related to thrust
structures (Surjamyaki showing). Duplicated sections have been discovered there. Uranium
mineralization occurs at different levels of the Riphean sequence: in the sandstones and in the
basalts and are related to fracture zones. U contents reach up to 350 ppm. Few U anomalies are
hosted by basement rocks. Unfortunately this occurrence was poorly studied because of
technical problems and its real resource remains to be evaluated.

Other radioactive anomalies of the Salmi depression occur at different levels of the
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sequence, but most of them are localized close to the unconformity. As a rule the mineralization
is related to tectonic structures and sometimes it penetrates along them in to the basement and in
the upper levels of the Riphean sequence. So few U anomalies accompanied by high content of
Ag. Zn. and Pb have been discovered in the Pasha suite sediments.

Several radioactive anomalies have been discovered in the Priozersk suite sandstones
overlying the Salmi granites but they are mainly Th rich. Also spots with increased Th contents

are quite common for the Priozersk suite and especially for its basal horizons.

Total prognosticate resource of the Salmi depression is estimated in 41000 tons

(Vladimir Kushnerenko personal comment).

4. Characteristics of the radioactive mineralization.

The following of mineralogical and petrographic descriptions of the U mineralized rocks
is based on the observation of drill core samples from the Karku deposit (mainly DDH 612, 621,
625, 627, 656, 671, 674, 680, 687, 749, 770, 817, 843, 844, 851). In addition, some other sites
have been studied: DDH 872 and 890 in the Central Block area, DDH 913 and 929 for Matala
and DDH 1001 for Kotalakhti ore-showings, south of the Salmi depression (DDH 1043).

4.1. Textural types of the radioactive mineralization

Six types of textures for the radioactive mineralization have been distinguished in the
Karku area as a result of the drill core autoradiographic observations (Polekhovsky et al., 2005
and 2007 (2)): 1) layered, 2) impregnated, 3) striated, 4) nested, 5) massive, 6) vein.

Layered type (fig. 2.2.33 a): occurs in the sandstones and gritstones. It has the lowest
radioactivity. Existence of layered-type concentrations is caused by local syn-sedimentary heavy
radioactive minerals concentrations (U and Th-bearing accessories). They have been discovered

in the Karku deposit area and at the distance from the epigenetic mineralization.

Impregnated type of uranium mineralization (fig. 2.2.33 b) is formed by local
concentrations of epigenetic radioactive minerals (pitchblende and coffinite mainly) and was
discovered in the Karku deposit and other occurrences. This type is more radioactive than the

layered mineralization (40-90 pR/h, rarely — up to 150 pR/h in the drill core samples).
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Figure 2.2.33. Autoradiographies and corresponding samples of different textural types of the
radioactive mineralization (a-e — from the Karku deposit, Ore body 3, f — the Kotalakhti ore-
showing): a — layered type in the leached quartz-feldspar gritstone, DDH 627, 127. 2m (16 days
exposition autoradiography); b — impregnated type in the bleached quartz-feldspar gritstone,
DDH 627, 127.4 m (16 days exposition autoradiography); ¢ — striated type in the graphite-biotite
schist, DDH 627, 137.2 m (16 days exposition autoradiography); d — nested type in the sulphide-
carbonate cemented quartz sandstone DDH 621, 122.5 m, (72 hours exposition
autoradiography); e — massive type in the pitchblende-sulphide-carbonate cemented quartz
sandstone, DDH 625, 131.3m: a —(20 hours exposition autoradiography); f — vein
mineralization in the basalts of the Kotalakhti ore-showing, DDH 1001, 238.2m, (16 days
exposition autoradiography).
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Striated type of U mineralization (fig. 2.2.33 c) was observed in graphite-bearing biotite
schists of the Impilakhti suite at the very bottom of Ore body 3. This type mineralization is
composed of epigenetic uranium minerals: pitchblende and coffinite. Radioactivity of the
samples is up to 250 pR/h.

The high-grade uranium ore is composed of the nested (fig. 2.2.33 d) and massive (fig.
2.2.33 e) types of the mineralization. They are typical for the sulphide-carbonate alteration zone
of the Karku deposit. These types of the mineralization are composed of pitchblende with
subordinated coffinite. Samples of nested and massive ore have radioactivity of 400-800 uR/h,

sometimes exceeding 3000 puR/h.

Late redistribution of the uranium ores produced the vein type mineralization. The
veinlets cut all the rocks of the Karku area, but only a few U mineralized ones have been
discovered. Three drill holes with pitchblende-coffinite mineralization in fractures occur in the
Salmi suite basalts from the Karku deposit area (Ore body 1, DDH 609 and 641; DDH 851 at the
northern flank of the Ore body 3). The Kotalakhti ore-showing (DDH 1001, fig. 2.2.33 f) located
in 18 km to the north-west from the Karku is an occurrence of uranium mineralization in the
fractured Salmi suite basalts. Vein-related mineralization forms low-grade concentrations with

radioactivity up to 200 puR/h.

4.2. Radioactive mineralogy.
Diverse radioactive minerals have been recognized in different parts of the Salmi area,
but principal ones are pitchblende and coffinite composing absolutely dominating part of

resources of the Karku deposit and uranium ore-showings.

Uranium oxides

Uranium oxides discovered in the Salmi depression are represented by several
generations of pitchblende. Early generations form separated nodules (2-30 pum large) and
aggregates. They compose main part of the cement of the high-grade mineralized sandstones of
the Karku deposit (fig. 2.2.34). Also they occur as loop-shaped aggregates in the Priozersk suite
sediments of the altered halo or in an intergranular space in the Impilakhti suite graphite-biotite
schist (fig. 2.2.35). Chemical compositions of the uranium oxides are presented in the General
Appendix 2.5 and 2.6.
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Figure 2.2.34. Pitchblende (Pitchbl) as a cement of the high-grade mineralized sandstone in the
Karku deposit, central part of Ore body 3, DDH 627, 131.75 m; optical photo of a polished
section, reflected light.
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Figure 2.2.35. Intergranular aggregates of two pitchblende generations (Pitchbl-1 & 2); the
Karku deposit, central part of Ore body 3, optical photos of polished sections, reflected light: a —
altered quartz sandstone with the carbonate cement, DDH 627, 131.8 m; b — altered graphite-
bearing schist, DDH 656, 136.3m.

Pitchblende-1 (UO,z3) is a light-gray mineral a little bit more reflective than sphalerite. It
occurs in the sandstone cement and in weathered basement rocks where it replaces as pre- and
early-epigenetic minerals. Contents of UO; is 68.2-86.4 wt%, PbO — 1.5-16.5 wt%, SiO; — 1.6-
16.5 wt%, although the highest SiO, content may result from the simultaneous analysis of quartz
micro inclusions. In pitchblende-1 high TiO; (up to 1.9 wt%), MnO (up to 1.8 wt%), Al,O3 (up
to 1.1 wt%), FeO (up to 2.2 wt%), CaO (up to 5.4 wt%) and ThO, (up to 5.4 wt%) have been
also measured. Pitchblende-1 has collomorph shelly structure, especially revealed when replaced
by pitchblende-2 or coffinite (fig. 2.2.36 a). There are radial and concentric shrinkage fractures

in the massive pitchblende filled with galena-2 (fig. 2.2.36 b) or pyrrhotite (fig. 2.2.36 c).
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Figure 2.2.36. Mineralogical particularities of the pitchblendes from the high-grade ores
of the Karku deposit (central part of Ore body 3, DDH 680, 125 m), optical photo of polished
sections, reflected light: a — colloform-conchoidal structure of the pitchblende (Pitchbl-1 & 2),

small grains of galena (GI-1 & 2) occur; b — development of galena (GI-2) in the desiccation
fissures of the pitchblende (Pitchbl-1 & 2); ¢ — stick- and curve-like aggregates of pyrrhotite
(Pyrr-3) in pitchblende (Pitchbl 1+2).

Intensive carbonatization precedes pitchblende deposition. Calcite overgrowths replace
quartz grains (fig. 2.2.37 a), and enclose brannerite (fig. 2.2.37 b), zircon, garnet and secondary
pyrite (fig. 2.2.37 ¢).
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Figure 2.2.37. Carbonate overgrowths and replacement of different mineral phases; the Karku
deposit, central part of Ore body 3, DDH 680; optical photos of polished sections, reflected
light: a — of quartz (Qu), 125.2 m; b — of brannerite (Bnt), 125.4 m;

c — of pyrite (Py-2b), 125.7 m.
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Pitchblende content increases toward the central part of the ore body. At the periphery of
the high-grade ore bodies pitchblende replaces carbonate of the cement and pyrrhotite
impregnations are widespread in the carbonate-chlorite borders (fig. 2.2.38 a). When
pitchblende content increases in the intergranular space, sulphides disappear from the borders.
Thus, the highest-grade mineralization is mainly composed of clastic quartz relics cemented by

pitchblende, carbonate and galena mainly associated with pitchblende-2 (fig. 2.2.38 b).

Figure 2.2.38. High-grade pitchblende mineralization of the Karku deposit, central part of Ore
body 3, DDH 680, optical photo of the polished sections, reflected light: a — thin impregnation
of pyrrhotite (Pyrr-3) in carbonate rims of corroded quartz (Qu); pitchblende (Pitchbl 1+2)
includes small grains of galena (GI-1); 125.3m; b —pitchblende (Pitchbl-1&2) cements quartz
fragments enveloped by carbonate; galena (GI-1) impregnations occur in pitchblende; 125.4 m.

Pitchblende-2 is a darker-gray mineral. It partly replaces pitchblende-1 and forms of
irregular cloud-like aggregates. Pitchblende-2 is usually accompanied by disseminated fine-
grained radiogenic galena (fig. 2.2.39). UO, contents are lower in pitchblende-2 (63.8-82.9
wit%). PbO content varies from 0.7 to 13.0 wt% (high contents may be due to contamination by
galena-1). SiO; content varies from 4.3 to 12.8 wt%. Content of Y,0O3 is up to 3.9 wt%, BaO -
up to 1.3 wt% and SrO — up to 1.0 wt% (Polekhovsky et al., 2005).

The following ore minerals are associated with pitchblende-1 and 2 in variable
proportions: galena-1 and 2, Cd-sphalerite, greenockite, howlite, Mo phase, Cu-arsenides, Fe,
Ni, Co arsenides and sulphoarsenides. Pitchblende-1 and 2 are partly replaced by coffinite and

hydropitchblende.
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Figure 2.2.39. Pitchblende (Pitchbl-1 & 2) cement of the altered quartz sandstone; galena (Gl-1)
impregnations occur in the pitchblende; the Karku deposit, central par of Ore body 3, DDH 680,
125.4m; optical photo of a polished section, reflected light.

Pitchblende-3&4. Late U mineralization occurs in the quartz-chlorite-carbonate veinlets
cutting the lower volcanogenic layer (fig. 2.2.40). Mineral paragenesis of pitchblende-3 is
similar to one of the unconformity-related high-grade mineralization. Pitchblende-3 is associated
with galena, pyrite, marcasite and chalcopyrite (fig. 2.2.40 b). UO, content of pitchblende is
72.9-89.8 wt%, PbO - 0.7-8.1 wt%, SiO, — 3.7-6.4 wt%. Pitchblende-3 is replaced by
pitchblende-4 and coffinite. UO, content of pitchblende-4 is up to 86.6 wt%, PbO — up to 3.7
wit%, SiO, — up to 6.4 wt% (Polekhovsky et al., 2005). Low PbO indicates rather young age of
the mineralization. High SiO; is an evidence of late alterations of the mineral phases.
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Figure 2.2.40. Vein-type U mineralization in the Salmi suite basalts; the Kotalakhti ore-showing,
DDH 1001, 238.2m; optical photos of a polished section, reflected light; a — two generations of
pitchblende (Pitchbl 3+4) in the quartz-chlorite(Chl)-carbonate(Carb) veinlet;

b — enlargement of the same veinlet introduces consecutive replacement of pitchblende-3
(Pitchbl-3) by pitchblend-4 (Pitchbl-4) and both — by coffinite (Coff); galena (Gl), chalcopyrite
(Chp) and marcasite (Marc) occur on the pitchblende aggregate periphery.
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Uranium silicates

Coffinite U[SiO4] is the most widespread uranium mineral in the Karku deposit area. It
occurs in the Priozersk suite sandstones, in graphite-bearing schists and in fracture zones in the
basalts. In high-grade ores it is subordinated and replaces pitchblende (fig. 2.2.41 a). It is a
major uranium mineral of the ore bodies periphery where it partly composes the sandstone
cement.

Coffinite is a dark mineral with low reflectivity close to that of non-ore matrix.
Sometimes it can be found finely disseminated in sulphides inherited from replaced pitchblende;
there is disseminated rutile when coffinite replaces brannerite and ilmenite (fig. 2.2.41 b).

Figure 2.2.41. Coffinite (Coff) mineralization in the altered sulphide-carbonate Priozersk
suite sandstone; the Karku deposit, central part of Ore body 3; optical photos of polished
sections: a —coffinite develops after pitchblende, DDH 627, 135.3m; b — pseudomorphs of
coffinite after the ilmenite; development of late rutile (Rut-4) occurs; DDH 680, 126.7m.

Coffinite forms xenomorphic replacement of pitchblende or can be observed isolated.
The last case is common for ore body periphery where coffinite is associated with carbonate,
sulphides and Fe-hydroxides composing the cement of the altered sandstone (fig. 2.2.42, 2.2.43).
Coffinite nodules occur in fractures and at the rim of pyrite-2 (fig. 2.2.44a) and chalcopyrite
(fig. 2.2.44b) grains. Coffinite pseudomorphs develop inside the zircon grains (fig. 2.2.45).

Sometimes coffinite fills thin veinlets in the sandstones (fig. 2.2.46), basement rocks and
effusives. These veinlets can be monomineralic or with hydropitchblende and carbonate.

As it is a hydrated mineral, trace element content varies largely in the coffinite
composition. The following composition variations have been measured: UO, — 27.8 to 67.9
wit%; SiO; — 5.8 to 28.6 wt%; P,0s up to 7.9 wt%; Y,03 up to 8.9 wit%; V,0s up to 2.1 wt%,
Ce,03 up to 3.0 wt%. Chemical composition of the coffinite from the basement-hosted breccias
zone at southern flank of the Ore body 3 (DDH 674) is presented in General Appendix 2.6.
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Figure 2.2.42. Coffinite (Coff) replaces quartz (Qu); sphalerite (Sf) and pyrite (Py-2) develop in
the intergranular space of the Priozersk suite sandstone; the Karku deposit, Ore body 2
periphery, DDH 817, 171.0 m; a — optical photo of a polished section, reflected light; b — BSE-
photo.

Figure 2.2.43. Coffinite-carbonate cement of the quartz-feldspar sandstone; the Karku deposit,
Ore body 3 periphery, DDH 656, 129.6 m, thick section: a — optical photo, plain transmitted
light; b — optical photo, reflected light; c — BSE-photo.
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Figure 2.2.44. Diverse types of coffinite (Coff) development, the Karku deposit, optical photos
in reflected light in the left column, BSE-photos in the right one: a — coffinite in fractures and on
periphery of pyrite (Py-2), the Priozersk suite sandstone, Ore body 2, DDH 817, 171 m; b —
coffinite replaces chalcopyrite (Chp-2) in brecciated schist of the Impilakhti suite at the southern
flank of Ore body 3, DDH 674, 143.1 m).
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Figure 2.2.45. Coffinite (Coff) replacement of zircon (Zr-2); optical photos of polished sections,
reflected light: a — partial replacement with development of the coffinite on periphery and in
center of the zircon grain; galena (Gl-2) and pyrrhotite (Pyrr-3) porphyroblasts occur as well; the
Karku deposit, the Ore body 1, DDH 844, 185 m; b — almost total replacement of the zircon
grain, central part of the Central Block, DDH 890, 79.2 m.
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Figure 2.2.46. Coffinite (Coff) veinlets in the quartz-feldspar sandstone; the Karku deposit,
northern flank Ore body 3, DDH 890, 79.2 m, optical photo of a polished section, reflected light.

Apart of above-described coffinite varieties, there is a rare mineral coffinite-like phase
with Y,03 content up to 16.9 wt% and Nd up to 0.7 wt%. It is characterized by UO, content up
to 45.9 wt%. Usually it has a collomorph structure (fig. 2.2.47a). Sometimes this mineral is
idiomorphic (fig. 2.2.47b), probably in relation with the replacement of a former mineral.

Figure 2.2.47. Coffinite-like phase (Coff) in cement of the Priozersk suite sandstone, northern
part of the Central Block, DDH 872, 113.3m, BSE-photos: a — colloform aggregates;
b-pseudo-idiomorphic aggregates.
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Uranium vanadates.

Carnotite (K;[UO]2[VO4]3H,0) has been discovered in the tectonized sandstones of the
Matala ore-showing only. It occurs in the sandstone cement as aggregates in the intergranular
space and as thin veinlets (fig. 2.2.48). Aggregates of carnotite are small (1-5 um) with different
oriented plates (fig. 2.2.49). In the Matala ore-showing the mineral has almost stoechiometric
composition, with small (<1.2 wt%) contents of Si, Ti, Al, Fe, Mg, Ca, Cr and Ba. There are V-
celadonite, hollandite and hydrohematite associated with carnotite in the tectonized sandstone
(fig. 2.2.50).

Figure 2.2.48. Carnotite (Carn) and V-bearing celadonite (\V-Sel) in the Priozersk suite
sandstone cement and in the fractures of quartz grains; the Matala ore-showing, DDH 929,
203.1m, thick section; a — optical photo, reflected light; b — optical photo, polarized transmitted
light; c — BSE-photo.
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Figure 2.2.50. Carnotite, V-bearing celadonite and hollandite in the cement of the Priozersk
suite sandstone; the Matala ore-showing, DDH 929, 203.1 m; optical photo of a thick section,
plain transmitted light.

Uranium hydroxides.

Hydropitchblende (UO,3n-H,O) has been identified by optical microscopy studies
(Polekhovsky et al., 2005). It forms thin hair-like veinlets in association with hydromicas and
graphite in tectonized basement rocks (the Karku deposit, Ore body 3, DDH 627, 137.2 m).
Sometimes it contains low amounts of fine-grained galena-1 inherited after hydropitchblende

replacement of pitchblende.
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Uranium titanite.

Brannerite ([U.Ca.Ce][Ti.Fe].Os) relics form rounded grains separated or concentrated in
thin layers in the sandstones. In the ore bodies the grains are totally replaced by pitchblende 1
and 2 (fig. 2.2.51a), at the margins by pitchblende-2 and coffinite, everywhere by finely
crystallized rutile-4 (fig. 2.2.51b). As brannerite is strongly altered its composition varies
largely: UO,: 25.5 - 60.5 wt%. TiO,: 13.1 - 58.1 wt%, SiO, up to 15.1 wt%, Nd,O3 up to 4.0
wt%, ThO, up to 3.1 wt%.
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Figure 2.2.51. Replacement of brannerite fragments (Bnt) by pitchblende (Pitchbl) and late rutile
(Rut-4) in altered quartz sandstone of the Priozersk suite; the Karku deposit, Ore body 3, optical
photos of thick sections, reflected light: a-DDH 680, 125.0 m; b — DDH 627, 131.65 m; other
mineral phases: veinlet and impregnations of late galena (GI-2); rutile-3 (Rut-3), pyrite-2 (Py-2),
geerite (Gr).

Thorium mineralization.

Increased Th contents have been discovered in many drillholes in the Salmi area. Besides
numerous spot anomalies related to the Th-bearing accessory minerals common in the granites
of the Salmi massif and sometimes in the migmatized supracrustals, there are numerous
anomalies in the Priozersk suite sediments attributed to syn-sedimentary heavy minerals
concentrations. Their identification is difficult. The only identified mineral, ferrithorite in one of

the heavy mineral concentrations (Polekhovsky et al., 2007) (fig. 2.2.52).

Th redistribution was discovered in the Karku deposit area. In general Th is depleted
around the ore bodies, but local Th enrichment may also occur (Appendix to Chapter 2, fig. 10).
Th content in these sites is up to 1840 ppm, but no Th-bearing mineral phase has been identified.
Th anomalies occur at the periphery of the alteration halos, whereas the inner parts with the
high-grade U mineralization are not so enriched or even depleted in Th. character of Th

distribution allows to presume its epigenetic nature.
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Figure 2.2.52. Heavy mineral concentration in the Priozersk suite sandstone of the Salmi
depression, DDH 838, 264.4 m, BSE-photo: 1 — ferrithorite, 2 — zircon, 3 — ilmenite, 4 —
hematite, 5 — marcasite, 6 — quartz, 7 — feldspar.

Radium mineralization.
Radioactivity independent of uranium was found in the small (0.5-0.7 mm) zoned
veinlets in one of the drill holes of the Matala U occurrence (DDH 929, 200.1 m) (fig. 2.2.53).

Figure 2.2.53. Romanechite veinlet cutting the Priozersk suite quartz-feldspar sandstone; the
Matala ore-showing, DDH 929, 200.1 m: a — sample; b —autoradiography (14-days exposition).
Radioactivity is concentrated in upper part of the veinlet.
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Its central part is massive whereas its periphery is brecciated. Zoned and collomorph Fe-
hydroxides (goethite and hydrogoethite) occur at the border between the massive and the
brecciated zones. The salbands of the veinlets are composed of radial-axial romanechite
(BaMngO15[OH],4) and coronadite (Pb, Ba)MngOs5 replacing quartz fragments. Radioactivity is
concentrated in salbands of the veinlet.

Measurements with an “Ortec” gamma-spectrometer (Ge detector, 24-hour exposition,
operator A. Alekseev, RIAN) show no traces of *®U and other radioactive isotopes (***U. #*U.
2%Th etc) up to “®Ra in the obtained spectra (fig. 2.2.54), but lines of ?°Ra and its radioactive
decay products: #*Pb and #“Bi do occur. It is an indication of a recent (less 1600 a)
redistribution of uranium radioactive decay products in the host veinlet. Radioactivity of the
sample is 150 BK. It corresponds to 0.001 ppm of radium. Ra mineral phase has been found
neither by roentgen-phase nor by microprobe analysis. Ra occurs as an isomorphic replacement
of Ba and Pb in romanechite and coronadite crystalline structures.
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Figure 2.2.54. Spectra of radioactive isotopes of the sample 929 from the Matala ore-showing,
DDH 929, 200.1 m (Polekhovsky et al., 2005).

4.3. Isotopic study of the uranium mineralization of the Salmi depression occurrences.

Isotopic age determinations.

Isotopic age determinations of the Karku uranium mineralization have been realized by
many researchers since beginning of the 1990th. Available isotopic age constrains are presented
in table 2.2.2. As it is known from the research performed on the uranium mineralization of the

world-known unconformity-related deposits. Interpretation of the isotopic analysis of the
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pitchblende is very difficult because of strong alteration and heterogeneity of the U-minerals. It

explains the wide variation of ages obtained for these deposits and also for Karku.

Table 2.2.2. Isotopic ages determined on Riphean-hosted uranium mineralization (SIMS —
CAMECA IMS-3F ion-microprobe; TIMS — mass spectrometer; n — number of analyses; T, —
upper intercept and T, — lower intercept of the Concordia).

Occurrence Isotopic age (for the
h ' Mineral Method n U-Pb method - T,, | Reference
ost rock
Tm), Ma
Karku deposit, | pitchblende-1 | U-Pb, IMS 5 1405476, 412+11 Shurilov et
sandstone al., 2005
pitchblende-1 | Pb-Pb, LA-ICPMS 3 | 137146 Sergeev et
al., 2001
pitchblende-1 | Pb-Pb, TIMS ? 1690-1550 Miguta et al.,
2002
pitchblende-2 | Pb-Pb, LA-ICPMS 3 | 113132 Sergeev et
al., 2001
pitchblende-2 | Pb-Pb, TIMS ? 1260-1210 Miguta et al.,
2002
pitchblende ? | Pb-Pb: wall rock 450 | 1450 Polikarpov,
roentgen-spectral 1993
analyses;
pitchblende mass- 4 | 1000-900 and
spectrometric 350 - redistribution
analyses
coffinite Pb-Pb, LA-ICPMS 17 | 1370-790 Polekhovsky
et al., 2007
coffinite Pb-Pb, TIMS ? 1225-1100 Miguta et al.,
2002
Kotalakhti pitchblende-3 | U-Pb, IMS 3 | 412473 Shurilov et
ore-showing, or al., 2005
basalt cca 474

We analyzed two types of pitchblendes: one from the Karku deposit (DDH 625, 131.1 m)
and another one from the vein mineralization in the Salmi suite basalts from the Kotalakhti ore-
showing (DDH 1001, 238.2 m).

The 5 analytical points of pitchblende from the Karku deposit are strongly discordant,
defining an upper intercept at 1496+340 Ma and a lower intercept at 525+310 Ma (fig 2.2.55 a).
The large inaccuracy of the data results from the clustered and very discordant location of the
points on the Concordia diagram. This reflects the very strong heterogeneity of the U phase and
high degree of remobilization, as recognized by petrography and electronic microprobe (see

General Appendix 2.6).
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Figure 2.2.55. Different interpretations of U-Pb isotopic data in Concordia diagrams for the
pitchblendes from the Karku deposit; b — for pitchblende-3 from the quartz-chlorite-calcite

veinlet from the Kotalakhti ore-showing; ¢ — combined diagram for both samples.

The result approximately corresponds previous isotopic constrains giving Lower-Middle
Riphean ages. Taking in account significant inaccuracy of results, it can be correlated with
Lower-Middle Riphean ages obtained for some occurrences of basement-hosted vein-type
uranium mineralization (the Varalakhti and the Mramorny Kombinat ore-showings, see
Paragraph 1.4 of Chapter 1). These ages are correlated with early stages of the Lower-Middle
Riphean activation (the Dalslandian tectonic event), responsible for forming of the Pasha-
Ladoga basin and other occurrences of intracraton sedimentation in the Baltic shield (of the

Muhos and Satakunta basins etc) locally accompanied with the mafic volcanism.
Only 3 analyses have been performed on the pitchblende vein from Kotalakhti due to the

very small sized of the U minerals. On a Concordia diagram they displayed discordant points
defining an upper intercept at 412+730 Ma and lower intercept at -294+2900 Ma (fig 2.2.55 b).
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The poor accuracy of the data is due to the strong heterogeneity of the analyzed material.
Nevertheless a parallelism with some ages obtained for basement-hosted vein-type uranium
mineralization of the Northern Ladoga area (the Korennoye and the Mramornaya Gora ore-
showings see Paragraphs 1.1, 1.3 and 1.4 of Chapter 1) can be recognized. This age can be

correlated with a culmination of the Caledonian activation in the Baltic shield.

Although the isotopic U-Pb data of the two analyzed samples provide poorly constrained
Discordia ages, there seems to be two major events:

- A first one occurring in Lower Riphean time as indicated by the upper intercept age of
the first sample. Such an age might be attributed to primary ore deposition.

- A second age in Paleozoic time as indicated by the lower intercept age of the second
sample and the upper intercept age of the first sample. Such an age might be attributed to a
remobilization event of the primary U ore, possibly associated with a partial redeposition of U as

pitchblende vein.

To more accurately define the age of U mineralization and remobilization, a possible
model would be to constrain the lower intercept age of the first sample, by the upper intercept
age of the second sample (fig 2.2.55 c). In this case, the modeled age of primary U deposition

would be 1405 Ma with a better accuracy £76 Ma.

Of others isotopic constrains, the Pb-Pb age determinations realized with LA MC-ICP-
MS NEPTUNE in the Center of Isotopic Researches of VSEGEI, St.-Petersburg, Russia
(Sergeev et al., 2001) is the most credible. The age of pitchblende-1 obtained by this research is
1371+46 Ma, that well corresponds to results yielded during this study. Pitchblende-2 was dated
as well and has an age of 1131+32 Ma that can be approximately correlated with a finalization
of the Dalslandian orogeny.

1690-1550 Ma Pb-Pb age of pitchblende-1 obtained with thermal ionization mass
spectrometry (TIMS, Miguta et al., 2002) apparently is incorrect, because the Salmi rapakivi
massif underlying the ore-host sediments had been emplaced not early than 1.55 Ga.

Pb-Pb wall rock roentgen-spectral and mass-spectrometric analyses can give just very
approximate idea on age of the uranium mineralization.

Isotopic age determinations of coffinite are always very difficult because of its

mineralogical peculiarities (easy led loss for example) and all results presented in the table 2.2.2
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should be considered very cautiously.

REE distribution in the uranium oxides.

For the first time research of REE content in the uranium oxides from the Salmi are (the
Karku deposit and the Kotalakhti ore-showing) was undertaken. The same fields in the
preparations as for the above described age analyses were used.

The chondrite normalized REE patterns of pitchblende from the high-grade ore of the
Karku deposit is weakly bell-shaped centered on Sm and Eu, with a significant enrichment in the
lightest REE (fig. 2.2.56). The absolute REE content is low.
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Figure 2.2.56. Chondrite-normalized REE patterns of pitchblendes from the Kotalakhti ore-
showing (sample 1001-7b, in blue) and the Karku deposit (sample 625-1, in red).

The REE patterns of pitchblende from the unconformity-related uranium ore of Karku
are atypical for the unconformity-type deposits. U oxide REE patterns in last ones have bell
shape centred on Th and Dy (fig. 2.2.57) and REE contents are higher. No other reference
spectra found in literature display similar shape. As seen with the U-Pb isotopic data and from
petrographic observations, the analysed U oxides in Karku experienced strong alteration
(probably during the Palaeozoic). It is possible the REE composition might have been

remobilised during these later events (especially the light REE).
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Figure 2.2.57. Chondrite-normalized REE patterns of two generations of uraninites from the Sue
deposit (Athabasca Basin) (Bonhoure et al., 2005).

The chondrite normalized REE patterns of pitchblende from the Kotalakhti ore-showing,
are relatively flat shaped; slightly decreasing from light REE to heavy REE. No specific Eu
anomaly may be highlighted. The absolute amount of REE is relatively high.

Although the absolute REE contents are variable, the similarities in the shape of the REE
patterns from Kotalakhti, with those from the vein-type Sarkijarvi and Alho occurrences in
Finland are consistent with the interpretation that these occurrences may be of similar origin
(fig. 2.2.58) (Bonhoure, 2007). This interpretation is further supported by the similar U-Pb

isotopic ages obtained for these localities (Palaeozoic).

It is also remarkable that the REE patterns of vein type mineralization from the
Kotalakhti occurrence differs from that of the Karku deposit especially by its much higher REE
contents. Since there is no early uranium mineralization at the unconformity beneath the
Kotalakhti occurrence, it can be interpreted as a difference in the origin of the mineralization.
The Kotalakhti U mineralization has probably no genetic links with the Riphean unconformity-

type uranium mineralization and refers to another (Palaeozoic) uranium-producing event.
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Figure 2.2.58. Chondrite-normalized REE patterns of uranium oxides from the Kotalakhti ore-
showing and the Karku deposit in comparison with those of the S&rkijérvi, Luthi and Alho vein-
type occurrences of Finland (Bonhoure, 2007).

Valency of uranium in the Karku deposit ores.

The valence of uranium in the high-grade U mineralization from DDH 671 (124,5 m)
and DDH 627 (131,75 m) have been determined (crystal-diffraction roentgen-spectrometer
measurements, Polekhovsky et al., 2005): U** prevails and content of the most mobile U (V1) is
quite low (less than 25 % of total U amount, table 2.2.3).

Table 2.2.3. U (IV), U (V) and U (VI) contents in pitchblendes of the Karku deposit
(Polekhovsky et al., 2005).

Sample
671/15-5 627p/5
U valence
u(lv) 57.80 % 64.80 %
u(v) 21.85 % 10.75 %
u(vl) 20.35 % 24.45 %
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4.4. Succession of uranium metallogenesis in the Karku deposit area.

As shown in the previous chapter, Svecofennian U mineralization is widespread in the
basement rocks of the Raahe-Ladoga domain. The Salmi depression being related to this
domain, the same kind U deposit is expected to occur under the Riphean sediments, although no
significant occurrences in the basement have been discovered here, only rare anomalies of
uncertain type. Local radioactive anomalies related to U-Th accessories occur in Salmi granites.

Erosion of the basement U-bearing rocks led to the U enrichment of the Riphean
sediments. The earliest radioactive anomalies in the Priozersk suite correspond to thin heavy
mineral layers with U- and Th-bearing minerals such as monazite, zircon and ferrithorite. The
U-Th bearing accessories are disseminated in the cement of the sandstones. They represent a
possible U source, because they have been partly altered during the diagenesis. Sometimes
epigenic ore (pitchblende. coffinite. rutile and sulphides) can be observed in fractures and edges
of altered zircon. Lobaev (2005) had shown a U and Th enrichment of zircon during its
alteration — from 0.04 wt% U and 0.06 wt% Th in unaltered grain up to 1.5 wt% and 2.0 wt%
respectively in altered one.

The paragenetic mineral succession of the Karku deposit area is presented in figure
2.2.59.

Replacement of the sandstone cement and clasts by dickite took place during the first
stage of the epigenetic process. It can be observed in the external part of the alteration halo
hosting the Karku ore bodies. Dissolution of hematite in the sandstone cement led to the
bleaching of the initially pink-colored rock. Quartz and especially feldspar clasts have been
corroded. Silica dissolved from the internal part of the halo has been transported to the
periphery, where detrital quartz grains were overgrown with epigenetic quartz. Resorption of the
sandstone components in the central part of the halo led to the decompaction of the rock.
Compared to the huge, frequently total, quartz dissolution occurring in the classical
unconformity-related deposits, in the Karku this process was relatively weak. Feldspar clasts
disappeared in central parts of the alteration halo, whereas quartz (although partially corroded)
remains anywhere.

Further alteration is represented by intensive carbonatization of the sandstone and of the
upper part of the regolith. There is wide development of Fe-chlorite (FeO/MgO = 5.4+7.5) and

local sulphidization, new formation of apatite, rutile and ilmenite.
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Figure 2.2.59. Succession of the epigenetic mineral paragenesises of the Karku deposit, Matala
and Kotalakhti ore-showings (based on Polekhovsky, 2007).
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The next phase of this stage corresponds to the introduction of the earliest generation of
uranium mineralization — pitchblende-1 dated at 1405£76 Ma. It occurs in paragenesis with two
types of Fe-Mg alumino-silicates. The first one is a chlorite with relatively high Al content and
wide variation of the Fe-Mg ratio (from 0.3 to 10). There is a trend of Mg enrichment of the
chlorites toward the central part of the halo, where high-grade ores occur. The second group of
alumino-silicates has a low Al content and Fe/Mg = 0.5+0.7 and corresponds to Al-lizardite:

(Nap082.2. 01Ca0.03)0.12(Mg1.79Al0.55F€0.26MnNo.08)2.70(Al0.00S11.9105) (OH)a.

It forms accretions with calcite and pyrrhotite.

There are also a non-identified Mo phase of non-identified mineralogical reference,
galena, Cd-sphalerite, Co-Ni arsenides, sporadically fluorite and apatite in this paragenesis.
Bitumen has been observed as well.

During the second stage pitchblende-1 was replaced by pitchblende-2, coffinite, hematite
and hydromicas which led to an improverishment of the ore. Pb-Pb age of pitchblende-2 is
1131+32 Ma. Low-grade coffinite mineralization at the periphery of the ore body is often
associated with sulphides and hematitization. Increased uranium content in the oxidized

sandstones corresponds to U adsorption by Fe oxides (Roman, 2004).

The third stage corresponds to a hydrothermal mineralization in veinlets cutting the
whole sequence, including the ores. Several generations of the veinlets have been distinguished.
Most of them dip steeply (70-90°). In a unique outcrop of the Riphean cover formations (basalts
of the Priozersk suite at the Tulema river rift) NW (290-310°) veinlets predominate.

Rarely veinlets in the basalts contain late U mineralization. Pitchblende-3 from the
mineralized veinlets in the basalts of the Kotalakhti occurrence was dated at 412+73 Ma. It is
partially replaced by pitchblende-4 and coffinite.

Apart from the uranium minerals, late chlorite, calcite, quartz, chalcedony, barite,
fluorite, galena, chalcopyrite, pyrite, marcasite, hematite, coronadite, hollandite and romanechite

occur in the veinlets related to this stage.
The fourth stage refers to supergene alterations. They are represented by limonitiztion

and kaolinitization developed especially along late fractures. Clayey formations occur in sites of

where very intensive alterations are present. Sometimes they are accompanied with a radioactive
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mineralization optically identified as a hydropitchblende. Locally the early uranium oxides are
replaced by carnotite. Native copper, replacement of Cu-arsenides by geerite and chalcocite are
locally observed. Fe hydroxides occur along the fractures, grain confines and partially form
cement of the sandstone. High intensity hypergene alterations have been observed in the drill
core from tectonized zones in the Matala occurrence and to the east from the Karku deposit,
where Riphean basalts and sediments pitch out and meteoric water directly achieve the

unconformity.

It is necessary to notice that only the first and probably the second stages can be
considered as real events, while the others represent a succession of several events referring to

multiply tectonic reactivation of the region during and after deposition of the Riphean cover.

4.5. Particularities of the epigenetic uranium mineralization in the Salmi depression.
Summarizing the preceding information allow to propose the following specific

characteristics for the epigenetic uranium mineralization discovered in the Salmi depression.

1. Uranium mineralization has a rather simple composition. Main part of the ores and
all high-grade mineralization are composed of two generations of pitchblende and coffinite. As
the grade of the mineralization decreases. The importance of the U-silicates increases. At the
periphery of the ore bodies coffinite is a major U-mineral and occurs without direct association
with the uranium oxides. Low-grade coffinite mineralization predominates in Ore body 1 and
especially Ore body 2. Ore body 3 is composed of pitchblende (dominating in the center) and

coffinite (dominating on the flanks).

2. The polychrone character of U-forming process has been confirmed by isotopic
dating. High-grade U mineralization hosted by the sandstones and the regolith is composed of
pitchblende-1 and pitchblende-2 dated at 1405+76 and 1131+32 Ma, respectively, and early
coffinite. Vein mineralization in the fractured basalts of the lower subsuite of the Salmi suite has
a Palaeozoic age — 412+73 Ma. The latest U mineralization (carnotite and hydropitchblende)

occurs in the fractured sandstones and basement rocks altered by supergene processes.
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3. Secondary (supergene) U mineralization is quite rare because of a good preservation
of the early one by a thick basalt layer and the dense sulphide-carbonate alteration envelop

around the high-grade ore.

A list of uranium minerals from the Salmi depression and their associated rock is

presented in table 2.2.4.

Table 2.2.4. Location of epigenetic uranium mineral phases in the different rock types (in bold)

and types of the uranium mineralization (in italic).

Mineral Effusive | Sandstone Weathered Basement rocks
basement rock
vein impregnated | vein impregnated | vein impregnated | vein
Pitchblende-1 + + +
Pitchblende-2 + + +
Pitchblende-3&4 +
Coffinite + + + + + + +
Carnotite +
Hydropitchblende +

5. Factors controlling uranium mineralization in the Salmi depression.
There are several geological factors controlling uranium occurrences in the Salmi

depression.

I. Petrologic control.

1) Priozersk suite sandstone. Main bulk of the ore is localized in the lower layers of the
Priozersk suite sediments. Sometimes low-grade uranium mineralization occurs in middle and
upper levels of the suite.

2) Regolith. A much subordinated part of the deposit resource is hosted by the upper part
of the regolith. As a rule, in this case, the mineralization continues from the sandstone to the
altered rock, but few ore intersections have been discovered only beneath the unconformity.
Non-regolithized basement rocks host no uranium ores, rare anomalies only.

3) Graphite and sulphide enriched schists. High-grade ores of the Karku deposit are
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localized above graphite and sulphide-rich zones of the Impilakhti suite biotite schists (graphite>
10 % and more). Generally, low-grade mineralization from graphite-bearing schist areas (with
graphite > 2 %), but at the periphery of the ore bodies may also occur out of those areas.

4) The alteration halo. Ore bodies of the Karku deposit are enveloped by wide halos of
sulphide-chlorite-carbonate alterations of the host rocks. Toward the central part of the halos,

where high-grade ore occurs, carbonatization of the rock increases.

I1. Structural control.

1) Riphean unconformity. The Karku deposit ore bodies are related to the unconformity
between the Riphean Priozersk suite sediments and metamorphic Palaeoproterozoic basement
formations. The main part of the ores is localized above the unconformity, subordinated amount
occurs below. The ore bodies are located in valley-like depression of the unconformity surface
with a corresponding increase of the sandstone layer thickness (Appendix to Chapter 2, fig. 3
and 4). High grade ores are located in the vicinity of the paleovalley axis but not necessarily its
deepest part. Low-grade ore may occur above the uplifts, but mainly extends along the

paleovalleys.

2) Interdome depressions. The uranium ore bodies are located in the depressions between
the domes of the crystalline basement, mainly in the margin of them. The depressions consist of
PR; schists and gneisses of the Impilakhti suite, and to a lesser extend of the Pitkjaranta suite;

the domes are composed of AR-PR; granite-gneiss and migmatites.

3) Tectonic displacements. There is an apparent relation between the U mineralization
and the tectonic displacements. The crystalline basement is intensively faulted. Some faults cut
but rarely displace Riphean formations. Influence of all these structures to the U distribution is
diverse.

1) Graphite and sulphide enrichment occurs along the faults of Palaeoproterozoic age.
This enrichment has been recognized in NW and N-S structures. Graphite content reaches 10 %
and more in tectonized Impilakhti suite schists, against 1-2 % outside such zones. High-grade U
mineralization is related to graphite and sulphide enriched zones of the basement rocks.

ii) A sulphide-chlorite-carbonate alteration halo striking NW has been mapped in Ore
body 3. It corresponds to a zone of cataclasis in the Priozersk sandstone. The highest grade ores
of Ore body 3 are related to the intersection of NW-striking cataclased zones of the Riphean
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sediments and N-S tectonic zone enriched with graphite in the basement rocks.

It is proposed that the high-grade uranium concentrations of Ore body 1 are related to the
intersection of NW and NE-striking faults (Appendix to Chapter 2, fig. 2). Ore body 2 is located
at the intersection of NW-striking tectonic zone and local N-S striking faults.

iii) Several uranium occurrences have been discovered in tectonic zones at some distance
from the unconformity: few ones occur in fractured zones in the basalts of the lower subsuite of
the Salmi suite and in the graphite-biotite schist of the Impilakhti suite.

Rare Ra mineralization has been discovered in fractures cutting the Matala ore-showing.

I11. Geochemical control.

Several geochemical features of the Karku deposit host rocks differentiate them from the
background rocks of the Salmi area.

1) There is high uranium content in some of the rock types in the Karku deposit area

(table 2.2.5). The fraction of mobile uranium in the sediments is about 40 %.

Table 2.2.5. Average U abundance in rocks of the Karku deposit area (Skorospelkin, 2002).

Rock type Average U content, ppm
Karku deposit area Background
Basalts of the Salmi suite lower subsuite >5 2
Priozersk suite sediments 6.5-7.4 3.6
Upper part of the weathering crust 2.6 No data
Impilakhti suite Bt schist 4.0 2.6
Impilakhti suite graphite-bearing Bt schist 5.8 4.8

2) In mineralized rocks U is positively correlated with Pb, Zn, Mo, Mn, also Ag, Cd, TlI,
less with Cu and As, negatively with Th, Nb, Sn (fig. 2.2.60). The association U-Pb-As is
common for the Riphean sediments and the basement rocks in the Karku deposit. U-ore hosting
sandstone is enriched in Mo, Ag, Pb, Zn, often in As and Mn. Depletion of the sandstones in Th,
Sn, Nb, Zr and Ti has been revealed in the Karku deposit area. A 1200x400 m halo of lower (<
12 ppm) Th content has been evidenced around of Ore body 3. U-Th ratio in the mineralized
sandstone is 2.5-10 contrasting with background of 0.5 (Dolgushina and Kushnerenko, 2004).

3) Around the Th depleted domain in the mineralized area, local zones of epigenetic Th
enrichment occur close to the uranium ore-bodies.

4) An increase in disseminated U and associated elements occurs in the vicinity of the
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ore bodies: up to 200 % for U, 110 % Ag, 82 % Pb, 80 %, Zn, 80 % Mo (Dolgushina, 2005).

5) Uranium content in the basalts of the Salmi suite lower subsuite increased up to 5
ppm above the U ore bodies of the Karku deposit, whereas the background values for these
rocks is 2 ppm in the Salmi depression (Dolgushina, 2005).

U.zn| sn Th.Nb|Pb,Mo,Mn
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Figure 2.2.60. Diagram of the geochemical zoning in the Karku deposit area (based on
Dolgushina and Kushnerenko, 2004). Zones: I-sulphide-carbonate metasomatite, 11-
carbonatized sandstone, Il1-chloritized sandstone, I1V-bleached sandstone, V-background
sandstone.

6) There is a local increase of radioelement abundance in the Quaternary sediments
above the ore bodies. Discovery of the Karku deposit had happened as a result of verification of
radon anomalies in the soil cover (Polikarpov, 1993). Nevertheless, efficiency of surface
geochemical methods is reduced in the Karku area, because the ore-hosting sandstones are
covered with low permeable thick basalt layer and significant watering of the upper bedrocks

layers and the glacial cover (the Karku deposit area is rather swampy).
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6. Typology of the Karku deposit.
Unconformity type uranium deposits have been subdivided into two subtypes:
“sandstone-hosted” and “basement-hosted” (fig. 2.2.61).
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o o o o L ol Loy o Non-metamorphosed sediments.
el s & %l s Metamorphic basement formations.
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8 I 8 H H — = Fault.

l Uranium ore.
8 8 H [ 8 Subtypes of the unconformity type
¢
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Figure 2.2.61. Sandstone-hosted and basement-hosted subtypes of unconformity-type deposits.

H I - sandstone-hosted;

é In [T - basement-hosted.

Basement-hosted unconformity type deposits (Subunconformity-Epimetamorphic type
after Dahlkamp, 1993) are typical for the Pine Creek geosyncline (Australia) whereas sandstone-
hosted ones occur in the Athabasca basin (Canada) only. However, there are many basement-
hosted unconformity type deposits in the Athabasca basin as well, including the newly
discovered Millennium deposit (Roy et al., 2005). Many deposits in the Athabasca basin refer to
a transitional subtype with the mineralization above as well as deep below the unconformity.

Structural setting of the Karku deposit allows to link it to the sandstone-hosted subtype
unconformity-related deposits. It has many similarities with a classical example of sandstone-
hosted Athabasca basin uranium deposits — the Cigar Lake deposit (fig. 2.2.62). Nevertheless,
many distinctive features have been recorded by the detailed study of the Karku deposit.

6.1. Comments on the origin of the Karku deposit and unconformity-type deposits of
the Athabasca basin.

The genesis of the unconformity-related deposits is still not perfect understood. The
epigenetic character of such high-grade U concentrations first time was proposed by Hoeve J.
and Silbadd T. (1978).

Former uranium concentrations in the basement (Palaeoproterozoic U occurrences and
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U-enriched basement bedrocks) and basinal sediments are considered as probable U sources.
Uranium from the uranium minerals from the uranium occurrences in the basement is
quite mobile, but they cannot be the only source for the large unconformity-type deposits

because of the small size of these occurrences.

Karku deposit Cigar-Lake deposit
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PR.. basal Rock alterations.
PR , basalts. ..
2 ’ - Chloritized rock.
PRz| PR,, terrigenous sediments.
- Euhedral quartz zone.
PR,: graphite-bearing gneiss and schist. o e
- 1+ BTap gen - Zone of graphitization and sulphidization
AR-PR:| AR-PR: granite gneiss. of the basement rocks.
Clayey rocks: a-temperary altered,
\E Lower limit of the basement rock weathering. b-intensively altered.
Carbonatized rocks:
E U ore bodies: a-high-grade, b-low-grade. a-chlorite-carbonate; b-sulphide-carbonate.

Figure 2.2.62. Comparative geological sections of the Karku and Cigar-Lake deposits (structure
of the Cigar Lake deposit is based on Bruneton, 1987 and 1993).

The total uranium resource in the basement bedrocks is high, but their contribution as a
uranium source is limited by high density of the magmatic and metamorphic rocks. Uranium
could be mobilized rather locally, mainly along the faults. Rock alterations (for example

greisenisation of granites) increases ability of the basement formation to contribute uranium into
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the mobile brines (Mikhailov et al., 1999). Indirect evidence that extraction of U took place at
the Karku during the ore-producing process is the occurrence of fluorite in association with
pitchblende-1 and late veinlets. It may represent an indicator of biotite chloritization in basement
rocks that leads to the extraction of F and U from the mica (Gortsevsky, 1993).

The permeable basinal sediments presumed as an important contributor to the
unconformity-related uranium occurrences by many authors. Extraction of uranium from the
refractory accessories was possible because of the extreme reactivity of the oxidized, highly
saline, Ca-Na brines (Cuney, 2005). They were generated at the base of thick sedimentary basins
and have been circulating for a long period in the basin and upper part of the basement (“free
convection” model, Raffensperger and Garven, 1995). The application of the “free convection”
model to the Karku environment is difficult because of the quite small space for such cells in a
less 40 m sedimentary cover below the basalts and the relatively thin regolith (in comparison
with more than 1 kilometer of silicoclastic sediments and regolith in the Athabasca).

Regolith alteration zones characteristic of the Athabasca basin (upper oxidized red zone
and lower reduced greenish one) have not been clearly evidenced in the Karku area. If this
alteration results from the circulation of oxidized basinal brines (Cuney, 2005) its absence at
Karku is an indication of the weak intensity of this process and/or of a lower reactivity of the
brines.

Uranium deposition occurred in the space created by open fractures accompanying new
(or renewed) faults and massive quartz dissolution in the sandstone by aggressive acidic brines
preceding the uranium-bearing fluids (Cuney, 2005). As a result, the most high-grade ore
concentrations have been formed at the geochemical barrier represented by the unconformity
between the basin sediments and basement supracrustals. The importance of the redox front
between U-transporting oxidizing basinal brines and reducing emanations above the layers of
graphite/sulphide-enriched supracrustals exposed at the unconformity is accepted by many
authors. An intense graphite resorption has been observed above the ore bodies in the Athabasca
basin (Fouques et al., 1986), however, a credible model of influence of the graphite conductors
on uranium deposition at the unconformity still has not been elaborated. Graphite depletion
beneath the Karku deposit has not been well identified, but micro-inclusions of the epigenetic
bitumen have been found in the ore-hosting alteration zone (Polekhovsky et al., 2005 (2)).

According to studies of fluid inclusions in the sediments, the fluid composition changed
from Na-rich basinal brines of the diagenetic stage to Ca-rich aqueous fluids during the
uranium-ore event in the Athabasca and Kombolgie basins (Derome et al., 2003, 2005).
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Uranium precipitation at the unconformity of the Athabasca basin occurred at T=140-160°C and
P=600-700 bar (Derome et al., 2005).

Some modeling of the ore-producing process in the Karku deposit have been undertaken
(Mikhailov, 2001; Bylinskaya, 2004; Polekhovsky et al., 2005 (2), Velichkin et al., 2005). It is
presumed that major uranium deposition event in the Karku occurred at T=90-170 °C, P=200-
300 bar and variable oxidizing-reducing regime (Bylinskaya, 2004). According to studying of
fluid inclusions in the quartz overgrowths, the uranium-bearing brines had chloride-Na-Ca-Mg
composition (Velichkin et al., 2005).

Increased Na contents in leached sandstone at the border of the carbonate alteration and
in external chloritized sandstones can be interpreted as an indication of occurrence here a zone
of contact between Na-rich basinal brines a Ca-rich uranium-bearing fluids ascending from the
basement and responsible for the intensive carbonatization and high-grade U mineralization in
the central part of the halo.

Atypical for unconformity-type deposits, a wide halo of low grade coffinite
mineralization occurs in the Karku deposit. Late spindle-like coffinite aggregates have been
observed on the surface of the sulphides and bitumen. Such kind of aggregates is quite common
for sandstone hosted uranium deposits and their presence indicates an infiltration process
(Miguta et al., 2002). This fact and the paleovalley-related location of the low-grade uranium
halo can be considered as an evidence of its origin as a result of hydrogenous redistribution of
early high-grade ores.

Late mineralization in veinlets occurs in the vicinity of unconformity-related ores
(periphery of the Karku deposit) and at some distance (Kotalakhti ore-showing). If in the first
case a genetic link between the two types of the mineralization can be supposed, the second case
is obscure. Moreover, difference of REE patterns for the Karku pitchblende and the Kotalakhti
occurrence possibly indicates the derivation of uranium from independent sources. Because of
absence of link between the Kotalakhti vein-type uranium ore-showing and the unconformity
related uranium mineralization, it seems more correct to classify this ore-showing as a vein-type
occurrence.

Indications of a meteoritic water influence in the remobilization of the primary uranium
mineralization are widespread in the Karku area (Matala occurrence at the NE flank of Ore body
1). This process is especially intense in Ore body 1. The north-easternmost flank of it (the
Bolotnoye ore-showing) is in vicinity of an area where the Riphean sequence pinches out and
where meteoric waters reach the productive horizon directly. High-grade ore concentrations are
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very rare in Ore body 1, but a wide halo of low-grade and sub-economic mineralization occurs

with overlapping oxidation stretches over few kilometers.

Thus, four different processes have played a role in the genesis of the uranium
mineralization in the Karku deposit:

1) early hydrothermal-diagenetic of unconformity-type;

2) hydrogenous;

3) late hydrothermal of vein-type;

4) supergene.

6.2. Generalized comparison of the Karku deposit with unconformity-related deposits
of the Athabasca basin.

Similarities between the Karku and Cigar-Lake and other unconformity-related deposits
of the Eastern Athabasca are the followings:

1. Relation of the U ore bodies with the regional unconformity between AR-PR;
basement and non-metamorphosed clastic formations of a vast sedimentary basin.

2. Location of the deposits in a mobile tectonic zone with heterogeneous AR-PR;
basement (the Wollaston belt and the Raahe-Ladoga zone).

3. Ore bodies are located in vicinity of granitic-gneiss domes.

4. Uranium mineralization is related to fault zones cutting hosting sediments.

5. Main part of ores is related to graphitized and sulphidized zones of the basement.

6. Uranium mineralization is hosted mainly by the sediments above the unconformity.
And to a lesser extend by weathered basement rocks.

7. Subordinated U mineralization occurs at some distance from the unconformity in the
tectonic zones — as above as below.

8. Ore bodies are surrounded by a chlorite alteration halo in the host rocks.

9. Uranium ore mineralization is composed mainly of pitchblende and coffinite.

10. Uranium mineralization is polychronous, but high-grade ore has been formed during
the 1450-1100 Ma interval.

11. Sulphides, sulphoarsenides and arsenides accompany the uranium mineralization.

12. Uranium is associated with increased content of Mo, Pb, Zn, Cu, Fe and As.
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Main differences between the Karku and unconformity-type occurrences of the
Athabasca basin are following.

1. Sedimentation of the Priozersk suite sandstones started at about 1470 Ma only,
whereas in Athabasca it occurred between 1700-1650 Ma (Cumming et al., 1987).

2. Feldspar-quartz sandstones of the Priozersk suite are less mature in comparison with
the highly quartzose ones of the Athabasca Group.

3. Thickness of the Priozersk suite is less than 40 m and of the whole Riphean sequence
is up to 160 m in the Karku deposit area whereas the thickness of the Athabasca Group
sediments in the areas of the unconformity-type deposits is up to more than 700 m. Weak
development of diagenetic overgrowth on detrital quartz and presence of kaolinite in non-altered
sandstones cement in the Karku area, instead of dickite in the Athabasca indicates a less thick
sequence of Riphean sediments in the Salmi depression at the time of the digenesis.

4. Thick basalt layers are present in the Riphean sequence of the Salmi depression, but
are absent in the Athabasca basin.

5. Mesoproterozoic granites of rapakivi types occurring in the basement of the Salmi
depression are unknown in the Athabasca Province.

6. Graphite- and sulphide-bearing rocks are widespread in the Northern Ladoga, but the
epigenetic graphite and sulphide enrichment of the basement rocks is less in the Karku deposit
area; elongated zones of sulphide-graphite mylonites (augen gneisses) like in the Athabasca
basin deposits are not typical in the Karku area.

7. Ore bodies of the Karku deposit are localized in the valley-like depressions of the
basement roof. This is not so common for the Athabasca basin deposits although exists
sometimes (at the Key Lake deposit for example); the Cigar Lake deposit ore body is situated
above a local bump of the basement corresponding to a zone of augen gneisses.

8. Regolith alterations are weak in the Karku deposit area; the regolith thickness is
much smaller in Karku than in the Athabasca.

9. Host rock alterations of the Karku deposit are less intense and have different
composition compared to the ones associated with the Athabasca basin deposits:

— there are no complete dissolution of detrital quartz in the Karku deposit area;

— diagenetic kaolinite in the cement of non-altered sandstones in the Karku deposit area

is replaced by dickite around the ore-enveloping alteration halo. whereas diagenetic

dickite is replaced by illite in the external alteration zones of Athabasca basin ores;
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— the altered zone hosting high-grade ore in the Karku deposit has a sulphide-chlorite-
carbonate composition with abundant calcite contrasts with clayey alteration mainly
composed of Mg-Al chlorite and dravite in the Athabasca basin deposit host rocks.

10. Breccias bodies frequently associated with U mineralization in the Athabasca basin
(Lorilleux et al., 2003) have not been discovered in the Karku area; only a relatively weak
cataclasis of the ore-hosting sandstones occurs in the Karku deposit.

11. High-grade ores of the Karku deposit are surrounded by a wide halo of low-grade
mineralization forming the main part of the deposit resource, whereas U mineralization in the
Athabasca basin consists mainly of high-grade ores.

12. Positive correlation between the U and Ag characterizes Karku ores is uncommon
feature for the Athabasca basin deposits. On contrary, high contents of Au and Pt may occur
with U ores from Athabasca and have not been discovered in Karku.

13. Epigenetic Th enrichment of the sandstone and basement rocks in the vicinity of the
U ore bodies in the Karku deposit has not been observed in other unconformity-related deposits.

14. Chondrite-normalized REE-content patterns of uranium oxides from most
unconformity-type deposits have a bell shape; the ones from the Karku deposit uranium oxides
is similar to that of vein type deposits; also REE contents in the pitchblende from the Karku

deposit high-grade ores are much lower than in the ones from the Athabasca basin deposits.

Conclusion.

The discovery of the Karku deposit happened in the 1989, but unfortunately the area of
the deposit and even more the Salmi depression have still not been covered with a sufficiently
dense drilling net. Therefore, a more detailed estimation of the resource of the Pasha Ladoga
basin remains to be done, but already obtained information allows to draw some conclusions.

The similarities between the Karku deposit with the Cigar Lake and other unconformity-
type deposits also testifies some similarities in the ore-producing processes and allows to refer it
to the same type. At the same time numerous differences need to be taken into account when
estimation of the prospects of the Karku area and whole Pasha-Ladoga area for the occurrence
of large economic uranium occurrences.

The relatively small thickness of the host sedimentary unit at Karku and its coverage
with a thick low-permeable volcanite layer constitutes a much smaller volume of rocks which
can be included into the circulation of uranium-leaching fluids.

The much lower alteration intensity of ore-hosting rocks in the Karku deposit is a further
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evidence of the lower aggressivity of ore-producing fluids. The essentially calcitic composition
of the ore-hosting alteration zone testifies a higher pH for the brines during Karku deposit
formation. The Fe-rich nature of the chlorite attests the lesser oxidizing conditions prevailing in
the Karku deposit. It may results from the reducing capacity of the mafic effusives overlapping
the ore-hosting sandstones and relatively high content of detrital sulphides in the Priozersk suite
sediments of the Salmi depression.

Faults crosscutting the ore-hosting sandstone in the Karku deposit area produced no
strong brecciation, hence their effectiveness for producing trap space for the U mineralization
was less than in the Athabasca basin.

Zones of epigenetic graphitization and sulphidization in the basement rocks of the Salmi
depression are not so contrasted and extensive as they are in the Athabasca basin. It decreases
their role as a probable reducing barrier in the ore-forming process.

There is no economic uranium mineralization hosted by the basement rocks as it is in
many of unconformity-type deposits. Unique deep occurrence of a fracture-bound uranium
mineralization below the unconformity is of low grade and has not been studied enough.

Wide halo of low-grade, sometimes apparently late U mineralization demonstrates the
importance of late U redistribution, possibly decreasing the grade of the mineralization.

Presently, evaluated resources of the Karku deposit allow to consider it as a small-middle
grade deposit. There are high-grade uranium concentrations in the deposit, but unlike Athabasca
unconformity-type deposits, in Karku they form only subordinated part of the resource. The
main resource consists in low-grade disseminated mineralization. This feature and the coverage

of the ores by a thick overburden (including thick basalt layer) increase the costs of exploitation.

Other uranium occurrences in the Salmi depression have no economic importance
although some of them have not been evaluated sufficiently and could have larger resources (the
Matala and Kivis ore-showings).

Most of the Salmi depression basement is composed of Salmi granites; therefore areas
favorable for the unconformity-related U deposition underlain with graphite-enriched

metasediments are quite limited.
Most of above listed features decrease the attractiveness of the Karku deposit and the

Salmi area. In other parts of the Ladoga region the geological environment differs and it is taken
into account while the final estimation of the regional U potential in Part 111 of this thesis.
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Figure 1. Geological map and section of the Salmi depression.
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PR,, Palaeoproterozic.

PR,im, Impilakhti suite: biotite schist, migmatite.
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AR-PR,, Archaean-Palaeoproterozoic.
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Figure 2.

Geological section

Quaternary sediments (only for the section): glacial moraine, soil.

Lower Riphean

R;sal,, Salmi suite, lower subsuite:
basic porphirite, mandelstone, lava, tuff.

R,pr, Priozersk suite:
sandstone, gritstone, conglomerate.

PR,, Palaeoproterozic.
PR,im, Impilakhti suite:

Biotite/garnet-biotite/amphibole-biotite schist, migmatite.

Graphite-bearing biotite schist.

PR,pt, Pitkjaranta suite:
amphibolite, biotite-amphibole/carbonate schist, skarn, migmatite.

Graphite-bearing amphibole-biotite schist.

AR-PR,, Archaean-Palaeoproterozoic.
Granite-gneiss, gneiss-granite, amphibolite,
amphibol-biotite gneiss, migmatite.

R,, Salmi intrusion: wiborgite, pyterlite.

Granite-gneiss domes: | - Ilyarantskii,
11 - Vipuoiskii, 111 - Tulensuiskii.
Faulrs
a) major
observed; = == supposed;

6) second-grade
observed; ————  supposed.

Outline of the Riphean sediments.

Outline of the Karku deposit ore bodies:
observed,; == == supposed.

Ore bodies
high-grade ore (U>3000 ppm); ~~ ordinary ore (U>1000 ppm).

Number of the ore body.
Outline of the Matala ore-showing.

Drill holes with high content of uranium out of the Karku deposit
(a-in the sandstone of the priozersk suite, b-in the basement).

Outline of the Karkunlampi polymettalic ore-showing.
Outline of the Salmi tin-magnetite deposit.

Line of the section.

0 1km

Geological map and section of the Central Block area. Based on “Nevskgeologia” and ZAO “NOVAYA LEKHTA” archive data.
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Figure 3. Map of the basement surface in the Central Block area. Based on ZAO “NOVAYA LEKHTA” archive data.
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Figure 4. Map of thickness of the Priozersk suite in the Central Block area. Based of ZAO “NOVAYA LEKHTA” archive data.
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PR.im, Impilakhti suite: Faults:

[ ] Biotite and garnet-biotite schists major;
[ Graphite-bearing biotite schists second-grade.

. . _ .. _.. Outline of cataclasis zone

Graphitized schist: in the Priozersk suite rock.

) 10 on
- graphite content 5-10 %; Ore bodies with U content, ppm:
I graphitecontent > 10 %. >3000:

PR,pt, Pitkjaranta suite: 1000-3000;

[ am hibolite, amphibole, biotite-amphibole 300-1000.

biotite and carbonate schists, skarnoid,;
[ ] griphite-biotite-amphibole schist.

AR-PR, undivided complex

- Granite- gneiss, biotite and .
biotite-amphibole gneiss, migmatite.

Figure 5. Geological map of the Karku deposit Ore body 3 area.
Based on “Nevskgeologia” data.

333



PART 2. Uranium occurrences of the Ladoga region. Appendix toChapter 2.

200m

02iVs

-130

Absolute depth of the basement surface, m:

90-95; E Paleovalley axis.
95-100; Major faults.
|| 100-105;
For gther symbols see )
E 105-110; the Geological map of the Karky deposit Ore body 3 area.
110-115;
115-120;
120-125;
[ 12530,
] 130135,

Figure 6. Map of the basement surface in the Karku deposit Ore body 3 area.
Based on “Nevskgeologia” data.
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Figure 7. Map of thickness of the Priozersk suite in the Karku deposit Ore body 3 area.
Based on “Nevskgeologia” data.
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Figure 8. Map of metasomatic alterations in the Karku deposit Ore body 3 area.

Based on “Nevskgeologia” data.
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Figure 10. Sections with U (upper) and Th (lower) contents in the Karku deposit Ore body 1
Based on “Nevskgeologia” and ZAO “NOVAYA LEKHTA” data (Kushnerenko V.K. and
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Chapter 3. Uranium occurrences hosted by Vendian-Palaeozoic platform sediments.

Introduction

The Upper Vendian-Palaeozoic sedimentary cover of the East European platform occurs
in the southern half of the Ladoga region. It unconformably overlays with an unconformity AR-
PR, basement of the Karelian, Raahe-Ladoga and Svecofennian domains and Riphean-Lower
Vendian formations of the Pasha-Ladoga basin. Numerous uranium occurrences hosted by
Upper Vendian sandstones and Ordovician shales have been discovered in this region (fig.
2.3.1). Uranium occurrences in sandstones and siltstones of Middle-Upper Devonian occur to
the south from the study area.
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Figure 2.3.1. Geological map of the Nevsko-Volkhovsky uranium ore district (after Fuks, 2007).
1-5 - Stratigraphic subdivisions: 1 - D3, 2- O3, 3- Oy, 4- €, 5- V3, 6- PR1.2; 7-10 - lithology:
7 - sand, sandstone, aleurolite, 8 - clay confining layer, 9 - sand-clay and carbonate-clay
sediments, 10 - limestone, dolomite, marl; 11 - outline of the Pasha-Ladoga Riphean basin;
12 - 0,5 km isohypse of the basement roof; 14 - uranium occurrences: a - sulphide-uranium in V,
basal sandstones, b- rare-metal-uranium in O; phosphorite, ¢c- vanadium-molybdenum-uranium
in Oy Dictyonema shales; 15 - grade of an occurrence: a-deposit, b-ore-showing, c-anomalies;
16 - outline of sulphide-uranium mineralization in V, basal sandstones with cut-off 100 ppm.

The uranium occurrences in the platform cover have been discovered and studied during
exploration works in 1945-1947, 1957-1963, 1975, 1983-1985. There was experimental
exploitation of Sillamyae uranium deposit (Estonia) hosted by Lower Ordovician shales during
brief period in 1950™.

There are no outcrops with the uranium mineralization of these types and drill samples

are no more available. 1 will only present a brief description based on archive reports of
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“Nevskgeologia” and VSEGEI (Kondakov et al., 1963; Onjushko, 1979; Sharikov and Potapov,
1986; Fuks, 2007) to give a complete image of uranium metallogenesis in the Ladoga region.

3.1. Uranium occurrences in the Upper Vendian sandstones.

The Nevsko-Volkhovsky ore district comprises Slavyanskoye, Ryabinovskoye and
Ratnitskoye uranium deposits, numerous ore-showings and anomalies hosted by basal
sandstones of Upper Vendian (620-540 Ma). The ore district extends from the Gulf of Finland to
the Southern Ladoga for distance about 150 km with a 50-80 km width and partly coincides with
the eastern part of Pribaltic uranium ore district composed of occurrences in Lower Ordovician
formations. The Nevsko-Volkhovsky ore district occurs along the Baltic-Mezen tectonic belt.
Basement of the district area is represented by the weathered Kalevian gneiss and schist
metamorphosed to amphibolite grade (sometimes graphite-bearing) and late-Svecofennian
Polyansky and Chaplinsky granite complexes.

Laterites on the basement formations have thicknesses from 5 to 30 m. Linear
weathering occurs along basement faults. Localities with uranium enrichment occur along these
zones.

The lower layer of the Upper Vendian sequence is the Redkinsky horizon (V.rd)
(another name is the Gdovsky horizon). It is composed of 3 layers:

1) variegated and gray Fsp-Qtz gritstone-sandstone and small-pebble conglomerate,
cemented by the sand-clay material, sometime containing organic matter (0.5-3.0 m thick);

2) gray Fsp-Qtz coarse-grained sandstone interbedding with fine-grained sandstone,
mudstone and clay; rocks are enriched in organic matter and sulphides (0.5-1.5 m thick);

3) green-gray shaley clay (2-8 m thick).

The Redkinsky horizon sediments inherit of the trace element pattern of the weathered
basement in many respects. Increased uranium content is common for the basal layers of the
Redkinsky horizon and the most uranium-enriched sediments overlay the uranium-specialized
magmatic complexes (Chaplino and Polyany late-Svecofennian leucogranites); above the
Riphean sediments the radiogeochemical background is lower and uranium anomalies are
absent. Only in the eastern slope of the Pasha graben rare uranium anomalies in the Vendian
sandstone have been discovered above the uranium anomalies at the Riphean unconformity
(Skorospelkin, 2002).
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All uranium occurrences of the Nevsko-Volkhovsky ore district are localized in the basal
layers of Redkinsky horizon; sometimes uranium mineralization penetrates in the basement
weathering crust. Uranium occurrences are located in depressions of the crystalline basement
surface limited by tectonic zones. Ore bodies are tabular and conformable to the host rocks.
There are several mineralized levels. Most of the ores are related to the upper part of the first
gritstone-sandstone and second interbedding layers. Maximal ore concentrations occur in the
gray-colored sandstone close to its contact with red-colored rocks.

The Slavyanskoye deposit is located in the lower reach of the Neva river, in SE part of
the Saint-Petersburg (fig. 2.3.2. and 2.3.3). The deposit is located on a shoulder of a paleovalley.
The mineralized zone has irregular shape with a size about 30 sg. km (cut off 200 ppm). The ore
bodies are discovered at 241-278 m depth. The thickness of ore bodies is 0.75-3.85 m. Average
uranium content is 210 ppm over 1.88 m, maximum is 1760 ppm.

Host rocks are mainly coarse- and fine-grained, cross and diagonal bedded, poorly sorted
sandstones, also the lower part of overlaying shaley clays and underlying laterits after the
basement rocks. Sandstones are polymictic and oligomictic. Clasts are cemented with silica-
chlorite-sericite, rarely silica-carbonate matter. Sulphides form thin impregnation of idiomorphic
crystals and xenomorphic grains. They replace sericite and chlorite of the cement, also fill
conformable and cutting fractures. Pyrite prevails; sphalerite, chalcopyrite, pyrrhotite, chalcocite
and covellite. Uranium mineralization is associated with a tabular oxidation of the host rock.

Uranium minerals are pitchblende, sooty pitchblende, micaceous uranium minerals
(uranilphosphates, uranilvanadates etc) and ocher. Pitchblende envelops quarts grains, forms
accretions with the sulphides and together with them replace primary minerals of the cement;
also it occurs in fractures in association with carbonates. Sooty pitchblende develops as pellicles
and thin coatings on clay cleavages, fills fractures, forms accumulations in the carbonate-clayey
cement, together with pyrite occurs as pseudomorphs after vegetal remains. Micaceous uranium
minerals and ocher accompany pitchblende and sooty pitchblende. Also uranium partly occurs
as thin-dispersion and associated with the organic matter.

Uranium mineralization is accompanied with high contents of Pb (300-600 ppm), Cr
(100-1000 ppm), Ag (70 ppm), Zn (60 ppm), Cu (up to 50 ppm), Y (20 ppm) and Ga (up to 300
ppm).
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Figure 2.3.2. Geological map of the Slavyanskoye deposit (after Fuks, 2007).

1-4 - Lithological varieties of rocks: 1 - anisomerous sandstone with gritstone and pebbles,
weakly cemented by clayey matter, in upper part - transition to sandstone, cemented by clayey
matter, 2 - anisomerous sandstone with gritstone and pebbles, weakly cemented by clayey and
carbonate-clayey matter, 3 - fine-grained sandstone, cemented by clayey matter, 4 - microcline

granite; 5-8 - Geochemical varieties of rocks: 5 - gray-colored, reduced, 6 - speckled, 7 - weakly
oxidized, 8 - intensively oxidized; 9 - uranium content outlines: a - < 300 ppm; b - > 300 ppm;
10 - uranium content in drill holes: a - <200 ppm; b - 200-300 ppm, ¢ - 300-500 ppm, d - > 500
ppm; 11 - line of the section.

DDH 1 DDH 2 DOH S 100 ss0 e
|

50 100 150 200 pR/N 50 100 150 200 R/h
DDH 3

o o~ ‘M ~ ~ |~ —~ 50 100 150 pR/h

ay
layer

\A
3e§%g‘
yer

I ‘ T

|/ _ I I I (1 ,u, L o o
4 - N » - e A o \
il TR T o F oo o o |17 i R \ N ) N N
Scale vertical P i ° ° ° o\ O\x AN AN
horizontal 10 20 30 40 stom o NN
o N AN N
B P B =3 | ° oo = a7 )
T h = EEE s s B H DN s [ o [ holl T [5 1ol @07

Figure 2.3.3. Geological section of the Slavyanskoye deposit (after Fuks, 2007).

1-8 - Lithological varieties of rocks: 1 - clay, clayey aleurolite, 2 - fine-grained sandstone,
cemented by clayey matter, 3 - anisomerous sandstone with gritstone and pebbles, cemented by
clayey matter, 4 - anisomerous sandstone with admixture of gritstone and pebbles, weakly
cemented by clayey and carbonate-clayey matter, 5 - coarse-grained sandstone, weakly
cemented by clayey and carbonate-clayey matter, 6 - microcline granite, 7 - migmatite, 8 -
laterite; 9-13 - Geochemical varieties of rocks: 9 - gray-colored, reduced, 10 - weakly oxidized,
11 - intensively oxidized; 12 - drill holes with gamma logging diagram; 13 - ore zone.
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Age determinations of uranium mineralization gives diverse ages — from 500 to 90 Ma;
most frequent ages are ranging between 270-300 Ma. All analyses are old (before 1980™) and
obtained by uncertain methods. That is why they give just common idea about age of the

mineralization.

Ryabinovskoye deposit is located in the Southern Ladoga area, in the Polyany village
area. Size of the deposit is 12x5 km with an average thickness of 1.4 m (for a 100 ppm cut-off).
Ore bodies occur at a depth of 380-400 m. There are two ore bodies 3x1.5 and 5x1.5 km 0.1-5.8
m thickness with average uranium content 300 ppm for 2 m thickness. In the Polyany ore bed
maximum uranium content is 800 ppm for 5.6 m, including 1900 ppm for 1 m thickness. This
ore bed is cut by late brittle dislocation and doubled section of the mineralized formations has
been discovered. Pitchblende, coffinite and sooty pitchblende mineralization is localized in the
interbedding and sandstone layers, also in the regolith. There are uranium mineralized fragments
at the unconformity between Vendian and Palaeoproterozoic formations. They occur as rounded
grains in a base of the sandstone layer and as non-rounded fragments in the regolith. They
consist of quartz of quartz-hematite breccias with pitchblende and coffinite. This represents an
indication of the occurrence of uranium ore mineralization in the basement.

Epigenetic uranium minerals are associated with pyrite and galena, more rarely with
sphalerite.

Several periods of uranium forming process have been distinguished by isotopic
methods: 600-500, 400-380, 230-175, 50-5 Ma, but it is considered that the main part of the ores
was formed about 380 Ma. Isotopic constrains were done in 1980" by uncertain methods and

should be considered very carefully.

Generalized characteristics of uranium in occurrences in the Upper Vendian
sediments of the Southern Ladoga area.

Uranium occurrences in the Upper Vendian sediments of the Southern Ladoga area are
characterized by the following distinctive features:

1) exact lithological control — they are localized in the Upper Vendian basal sandstones,
as a rule grey-colored, and to a lesser extend in the regolith;

2) the occurrences are localized in valley-like depression of the crystalline basement

surface;
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3) relation of the uranium occurrences to long-living tectonic dislocations (first the NE-
striking Baltic-Mezen belt) has been distinguished,

4) the highest grade uranium mineralization is related to reducing front between
carboniferous/sulphide-bearing and oxidized sediments;

5) the ore bodies have a tabular shape and are localized in the well permeable
formations (mainly coarse-grain sandstones) between more dense basement gneiss and overlying
clays;

6) occurrences are located above the uranium-enriched basement rocks (dominantly
late-Svecofennian granites at first);

7) uranium mineralization is composed of pitchblende, coffinite, sooty pitchblende and
hexavalent minerals;

8) uranium concentrations are accompanied by increased contents of Cu, Zn, Pb, Ag
and Y;

9) uranium mineralization is of Palaeozoic age mainly, main ore-producing event refers
to the Hercynian orogeny (cca 380 Ma).

10) identified uranium resource of the deposits is about 35 000 tons, prognostic resource
is over 50 000 tons (Mikhailov et al., 1999).

It is presumed that uranium occurrences in the Upper Vendian sediments have been
formed mostly as a result of leaching of uranium from the basement rocks by deep fluids that
had been migrating along reactivated ancient faults (mainly NE striking) during the Hercynian
event. Uranium had been transported by weakly alkaline, mildly reducing to oxidizing
groundwater until its precipitation by concentrated reductants (plant remnants and sulphides).
Uranium mineral paragenesis corresponds to low-temperature conditions.

According to their geological characteristics, uranium occurrences in the Vendian

sandstones are referred to the tabular subtype of sandstone type uranium deposits.

In spite of the quite large resources (several tens thousands tons) these deposits were
estimated as uneconomic because of low uranium content and not sufficient permeability of the
ore-hosting horizon, that makes impossible using of in situ leaching (ISL). The permeability
increases to the west in the Slavyanovskoye deposit, but this area corresponds to Saint-
Petersburg city and its suburbs, that is why the exploitation is impossible there. Open pit

exploitation is very expensive because of big overburden thickness (over 300 m).
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3.2. Uranium occurrences in the Lower Ordovician formations.

The Pribaltic uranium district comprises a series of uranium occurrences hosted by the
Lower Ordovician sediments. It is followed from the Pakerortsky cap area (Estonia) to the east
until the Southern Ladoga.

This area corresponds to the Ordovician shallow marine basin (sometimes called
Pribaltic basin). Geotectonic structure of the area is complicated with systems of sub-latitudinal-
and meridional-striking structural zones. The sub-latitudinal-striking zone is localized above
latent basement faults. It comprises Lower Ordovician bar-like uplift with abundance of Obolus
shale detritus at the limbs and adjoining from the north littoral-lagoon depression filled with
carbon-enriched Graptolite clays and southern Middle Ordovician depression with sapropel
sediments. Phosphorites occur in the axial part of the latitudinal-striking zone, and carbon-
bearing formations — at its periphery. Meridional-striking zone is presented by an uplift, where

graptolite clays are absent. It is limited by a fault system.

Mineralized rocks are confined to the Pakerortsky horizon (O;pk) of the Tremadoc stage
comprising Obolus phosphorite-bearing sandstones and Dictyonema shales, overlain by
glauconitic clays and sandstones. The thickness of the horizon varies from 2.5 to 16 m.

There are two types of uranium mineralization in the Ordovician rocks of the area: P-U
mineralization in phosphorite and phosphate-bearing rocks and V-Mo-U mineralization in
carbon-bearing black shales and clays.

3.2.1. P-U anomalies in the Lower Ordovician Obolus sandstones.

The phosphorus-bearing layer mainly consists of fine/middle-grained quartz sand and
sandstones with abundant of Obolus shells detritus. Interlayers and lenses of small-pebble
conglomerates occur at the base of the layer. The layer is of 2-10 m thickness. It is considered
that P- and U-enriched rocks deposition took place in a humid shallow sea basin, and mainly
intensively — in its littoral part.

Sandstones are gray, dark-gray to black. There is a secondary oxidation of the sandstones
in areas where the overlying Dictyonema shales are eroded and the rock takes a brown-yellow
color. P,Os content in the sandstones and conglomerates varies from 3 to 20 %. P-bearing
minerals are F-apatite and francolite.

Uranium content varies from 7 to 60 ppm, locally — up to 100 ppm. There are small

concretions of phosphorites enriched in uranium up to 500 ppm. Two main form of uranium
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enrichment take place: a) sorbed in lamellar silicates, b) own uranium minerals: uranium oxides
UQO,, rarely coffinite and micaceous uranium minerals.

Increased concentrations of Sr (0.003-0.26 %), F (0.3-3.3 %), Y (Y03 —0.026-0.028 %),
REE ( REE,O3; — 0.025-0.048 %) occur.

Uranium mineralization in the Lower Ordovician phosphorites is identified as of the

“phosphorite type” in the IAEA classification.

3.2.2. V-Mo-Pd-U occurrences in the Lower Ordovician Dictyonema black shales.

Dictyonema bituminous shales overlay the Obolus sandstones. This formation occurs
along the 500 km latitudinal belt with a width from 15 km in its eastern part to 80 km in the
western one. It is followed along the southern coast of the Gulf of Finland from the Pakerortsky
cape of Estonia to river Syas in the Southern Ladoga. The northern limit of this layer is its
exposition on the coastal glint of the Gulf of Finland; to the south and east it declines.

The Dictyonema-bearing layer can be subdivided into 3 parts (from the bottom to the
top):

1) interbedding of the Dictyonema shale with the Obolus sandstones, 0.05-3.7 m thick;

2) Dictyonema clayey shale with small aleurolite interlayers, up to 1 m thick;

3) almost monotonous Dictyonema clayey shale (argillite), up to 2.5 m thick.

The total thickness of the layer is 7.2 m.

The shales are dark-brown, sometimes black. Organic matter makes 15-20 % of the rock.
There are abundant concretions of pyrite, marcasite, Ca-phosphate and antraxolite. Small
segregations of sphalerite and galena, rarely molybdenite occur.

Dictyonema shales are enriched in uranium along whole area where they occur. Average
uranium content in the interbedding layer is 70-150 ppm; proper Dictyonema shale layers
contain 160 ppm of uranium in average, maximum — 750 ppm. The lower part of the
Dictyonema-bearing layer is more enriched in uranium; argillite contents more uranium then
aleurolite.

Uranium is mostly sorbed by organic matter, phosphate oolites and Al-Si compounds.
Only 5 % are referred to own uranium mineral phases (pitchblende and sooty pitchblende).

Besides of U, the shales are enriched in V, Mo, Ni, Ag, Pd and Cu. They also have
increased contents of Zn, Pb, REE, Se, Re, Bi and Sn.

Uranium mineralization in the Lower Ordovician Dictyonema shales is referred to the

“black shale” type in the IAEA classification.
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Uranium content in the black shales of the Kotlovskoye and Krasnoselskoye deposits
varies from 180 to 400 ppm in average. Maximum concentration occurs in monotonous argillites
(up to 1970 ppm). Other elements abundances (ppm): Mo — 200-490, V - 900-1100, Ni — 100-
180, S — 38 200-53 400,

Total prognostic uranium resource of occurrences hosted by the Ordovician black shales
Is estimated in 616.5 kt (Mikhailov et al., 2006).

V-Mo-Pd-U occurrences in the Dictyonema black shales have been mined in Estonia
during brief period in 1950™. At present time they considered as uneconomic for uranium
because of the low grade of the ore, technological and environmental constraints. Nevertheless,

proposals on exploitation of these occurrences as complex deposits appear from time to time.

3.2.3. Origin and typology of U occurrences in the Lower Ordovician sediments.

Uranium mineralization in the Lower Ordovician formations considered of syn-
sedimentary origin. Exhumation and erosion of basement formations of the Baltic Shield as a
response Caledonian tectonic event about 490-480 Ma with possible contribution of uraniferous
endogen brines led to enrichment of waters of the Lower Ordovician sea in uranium. Primary
deposition of ore elements is referred to sedimentation and early digenetic stages. The most
productive localities were straits and lagoon with swampy shores, where favorable conditions
occurred due to presence of such strong sorbents as organic matter and phosphorus. The
diagenesis contributed to forming of most high-grade uranium mineralization. Hence, age of ore
mineralization is ranged in 490-480 Ma. Indications of late epigenetic uranium redistribution as
overgrowing of pyrite concretions by sooty pitchblende and pitchblende mineralization dated at
70 Ma (Mikhailov et al., 2006).

Conclusion.

All platform-hosted uranium occurrences of the Southern Ladoga area presently are
considered as of uneconomic grade, but they have different potential. In order of decreasing of
its possible future economic importance they can be ranged as follows:

I.  Uranium occurrences in the V, sandstones (Sandstone-type);

Il. V-Mo-Pd-U occurrences in the O; Dictyonema shales (Black shale type);

I11. P-U anomalies in the O; Obolus sandstones (Phosphorite type).
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Uranium deposits in the V, sandstones discovered in the Southern Ladoga area in the
past have been evaluated as uneconomic, but increased uranium demands make them more
attractive. In addition, other territories of southern part of the Ladoga region have not been
studied in detail and some of them seem to be quite promising. They will be introduced in the
Part 3.

Although for now V-Mo-Pd-U occurrences in the Dictyonema black shales considered as
uneconomic in respect of uranium but have some potential as complex deposits (Mikhailov et
al., 2006).

P-U anomalies in the O; Obolus sandstones are ranged only as anomalies and have no

economic importance.
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Generalized characteristic of uranium metallogeny of the Ladoga region.

The Ladoga region is characterized by a significant diversity of U metallogeny. Uranium
occurrences of different types have been discovered in all stratigraphic levels of the geological
sequence: in the AR-PR; basement, in the proto-platform Riphean formations, in the V-PZ
platform cover. General characteristics of U metallogeny of the Ladoga region are presented in

following paragraphs and in Table 2.1.
I. Typology of the Ladoga region uranium occurrences.
Accordingly to the IAEA classification uranium occurrences of the Ladoga region can be

divided into following types introduced in order of importance in the world production.

Table 2.2. Typology of the Ladoga region uranium occurrences in the IAEA classification.

No | Type Principal occurrences of the | World-known analogs
Ladoga region

1 | Unconformity Karku Cigar-Lake (Canada)

2 | Sandstone Slavyanskoye, Ryabinovskoye, Monument Valley (USA)
Ratnitskoye

3 | Vein Varalakhti, Jalonvara, Faddein- Beaverlodge area (Canada)
Kelya

4 | Qtz-pebble Kuhilaslampi area Martinmonttu, Ruunaniemi

conglomerate etc (Finland)

5 | Intrusive Impilakhti-Pitkjaranta area Charlebois area (Canada)

6 | Phosphorite Anomalies in the Southern block | Florida area (USA)

7 | Anatexite-hosted* Vuorilampi, Korrennoye, Rdssing (Namibia)
Mursula-Puttumyaki

8 | Synmetamorphic Mramornaya Gora Vihannti (Finland)

9 | Black shale Kotlovskoye, Krasnoselskoye Ranstad (Sweden)

* anatexite-hosted uranium occurrences are not enough studied for distinct identification (see
Part 2, Chapter 1, Paragraph 1).

Different types U occurrences of the Ladoga region have been studied with different
intensity. Unconformity-type is the best studied (especially the Karku deposit). Explorations of
the Vendian-hosted sandstone-type deposits of Southern Ladoga and some of the basement-
hosted ore-showings of the Northern Ladoga area (the Korennoye and Mramornaya Gora ore-
showings for example) have not been very detailed but sufficient for approximate evaluations.
Resource of others can be estimated just approximately.
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Table 2.1. Principal types of uranium occurrences of the Ladoga region (anomalies are not included).

subtype

Characteristic U-Th-REE in U-P in Ludicovian | Vein-type Hosted by Riphean Hosted by Upper Hosted by
anatexite granites | carbonate rocks sediments Vendian sandstone Ordovician
Dictyonema shale
Type “Anatexite-hosted” | Synmetamorphic Vein-type Unconformity-related | Sandstone, tabular Black shales

Regional location

Northern Ladoga
area (at first

Northern Ladoga
area

Northern Ladoga area

Northern Ladoga
area, Riphean Salmi

Southern Ladoga area

South-Western
Ladoga area, Pribaltic

domes

Ruskeala anticline

first of NW and NE
striking.

Palaeoproterozoic
unconformity

Lower Vendian, above
Late Svecofennian
leucogranites

Impilakhti- depression region
Pitkjaranta block)
Structural control Granite-gneiss Mostly in the Large fault zones, at Riphean- Basal horizons of the Pribaltic Ordovician

marine basin

Tectonic control

Local faults of the
domes surrounding

At first — Ruskeala
fault zone

Accompanying
dislocations of big
faults

NW faults (Ruskeala
fault system), other
local faults

Slight correlation with
NE faults

Orthogonal faults

Petrologic control

Anatectic granites
(qtz-fsp rocks) of

Upper carbonate
horizon of the

Some reference to U-
enriched formations

Lower Riphean
Priozersk suite fsp-qtz

Upper Vendian
sandstones

Lower Ordovician
Dictyonema black

economic deposit

the domes Ludicovian sandstones shale

Pitkjaranta suite
Principal uranium Pitchblende, Pitchblende, Pitchblende, coffinite Pitchblende, coffinite | pitchblende, sooty U in organic,
minerals uraninite uraninite pitchblende phosphate and Al-Si

matter, pitchblende,

Age of U 1820-1770 cca 1850 1600-1200, 500-350 1400-1100 <380 cca 450
mineralization, Ma
U content in ores, 500/17800 400/3000 (up to 1000/34800 1000/166200 400/1900 300/1300
ppm (av/max) 25000 in late

breccias)
Max. grade of an 300 136 n<10 8334 20000 ~30 000
occurrence, t
Total ~1500/~5000 ~1100/~4000 ~50/~400 8500/41000 35 000/50 000 ?/over 100 000
identified/prognostic
resources of the type
Perspective of negative negative low medium medium negative
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Rough comparison of total resources of the different types of U occurrences of the
Ladoga region is presented in following diagrams (figure 2.1).

b

a

>100 ppm >1000 ppm

Types of uranium occurrences:

[ ] Blackshale. [ ] Unconformity.
I Sandstone. I Others.

Figure 2.1. Typological distribution of uranium ore resources of the Ladoga region.

The Ordovician black shales have the largest total identified U resource (including all
occurrences of the Russian part of the Ordovician basin), but the mineralization is very low-
grade. Vendian-hosted sandstone-type deposits are mostly composed of low-grade
mineralization as well. On a contrary, high-grade mineralization is quite common in the
unconformity-type Karku deposit. As a result, the unconformity type composes overwhelmingly
predominate for the resources over 1000 ppm of U, the sandstone-type is subordinated. The
resources of other occurrences are small. In over 1000 ppm grade it is mostly of the vein-type

and anatexite-hosted occurrences.

I1. Regional structural-tectonic distribution.

1. Regional structural distribution.

There is well differentiation in the regional structural distribution of U occurrences in the
Ladoga region:

— Most of basement-hosted U occurrences are located in the Northern Ladoga part of the

Raahe-Ladoga domain. Few ones occur in adjacent areas of the Karelian domain.
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— All significant U occurrences related to the Mesoproterozoic unconformity including
the Karku deposit, ore-showings of the Salmi depression and anomalies of north-eastern slope of

the Pasha graben are related to the Raahe-Ladoga domain as well.

50 km

Gullf of Einlante

. *
= N

Outline of the Palaeozoic cover.

Principal U occurrences:

&~ Outline of the Upper Vendian cover. Y the Karku unconformity-type deposit;
~~ Outline of the Riphean basins. @ sandstone-type deposits;
I PR, Lower Riphean rapakivi intrusions. V. vein-type;
. . tz-pebble conglomerate;

|:| PR,, Svecofennian formations. = 4P g
|:| AR-PR, formations of the Karelian domain ¢ anatexne-host-ed;

and granite-gneiss domes. mm symetamorphic;

= — Principal faults. == Dblack shales.

Figure 2.2. Distribution of different type uranium occurrences in the Ladoga region.

— The sandstone-type U occurrences are especially concentrated in the Southern block
of the Svecofennian domain.

— Uraniferous Ordovician black shales and phosphorites are related to Early Palaeozoic
basin of marine sedimentation located in southern part of the Ladoga region and farther to west

along the south coast of the Baltic sea.
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3. Regional tectonic reference.

The Ladoga region is located at the intersection of the Raahe-Ladoga and Baltic-Mezen
tectonic belts. That is why the diagonal tectonic system is a principal one for the considering
area and many of U occurrences show an affinity to brittle dislocations. The orthogonal tectonic
system much less influences on tectonic structure and distribution of U in the region. Notable
that westward the Baltic-Mezen tectonic belt turns from NE to sub-Ilatitudinal striking.

Different-striking faults have not the same importance for the different type occurrences.

— NWh-striking tectonic zones referred to the Raahe-Ladoga belt control the localization
most of the basement-hosted U occurrences in the Northern Ladoga area. The Ruskeala fault
zone is the most important in respect of U enrichment. Besides of basement-hosted U
occurrences, it controls the location of Riphean-hosted ones including the Karku deposit.

— NE-striking tectonic zones host many of the basement-hosted U occurrences. They are
especially important for the vein-type mineralization. Some affinity of the Karku deposit with
the NE-striking faults is presumed. In the southern part of the study region all faults are
concealed under the thick V-PZ cover and theirs role is not always clear. Presumably, the
sandstone-type U occurrences are partly related to these faults.

— N-S-striking fault zones are followed from the Karelian domain and control location
of a few U occurrences at its periphery. In the Raahe-Ladoga and Svecofennian domains theirs
regional striking is not always clear and their importance for U distribution is tentative. Some of
Northern Ladoga occurrences are related to local meridional-submeridional faults, but these
structures are rather corresponding to local tectonic events (as a granite-gneiss domes formation
for example) than to regional movements.

— E-W-striking faults as regional structures have no significant importance for U
metallogenesis in the Northern Ladoga area. Only a few vein-type U occurrences related to local
faults of W-E strike. Sub-latitudinal-striking faults influence the structure of the Ordovician
sedimentary basin hosting U occurrences in black shales and phosphorites. Possibly these faults
are related to the Baltic-Mezen tectonic belt.

I11. Distribution of uranium occurrences in generalized geological sequence of the
Ladoga region.

Most of U occurrences of the Ladoga region are characterized by reference to specific
stratigraphic-lithological subdivisions (fig. 2.3); only the vein-type mineralization occurs in

different horizons of the Precambrian sequence.
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Lake Ladoga

Stratigraphic subdivisions with principal/ore-hosting formations.

PZ, Upper Devonian: limestone, sandstone.
! PZ, Lower-Middle Ordovician: limestone / black shale and phosphorite.
R,

PZ, Cambrian: clay, sand.
PR,, Upper Vendian: clay, sandstone / sandstone.
PR,, Lower Vendian: sandstone.

PR,, Middle Riphean: sandstone, limestone.
PR,, Lower Riphean: sandstone, basalt / sandstone, (basalt).
PR,, Lower Riphean, granite-rapakivi intrusions / aplite pegmatite .

PR,, Kalevian-Vepsian, granite intrusions / pegmatite.

PR,, Kalevian: mica schist / (qtz-bt gneiss).

PR,, Ludicovian: amphibolite, carb. rocks / carb. rocks, (bt-amp schist).
PR, Jatulian: quartzite, carbonate rocks / quartzite.

AR-PR, ¢

AR-PR,, granite-gneiss / anatectic granite.
AR,, persilicic metavolcanite / (qtz-chl-sericite schist).

AR,, gneiss / (granite).

......... Principal structural unconformities.
———- Principal faults.
Uranium occurrences.
* Unconformity-related.
* Sandstone-type.
va Vb  \ein-type, including overlapped on uranium occurrences of other types (b).

¢ Anatexite-hosted.

- Synmetamorphic.

= Black shale.

- Phosphorite.

- Qtz-pebble conglomerate.
I Intrusive.

NB: 1. Sariolian is not presented because of small thickness.
2. vein-hosted rocks are in the brackets.

Figure 2.3. Schematic geological section and lithological column of the Ladoga region with
position of the uranium occurrences.
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IV. Evolution of uranium metallogenesis in the Ladoga region.
Previous and new age determinations of the Ladoga region U mineralization are

compiled in the figure 2.4.

Age, Ga

Occurrence | 2,3 2,2 2,0 1,8 1,6 14 ,0 0,8 0,6 0,4 0,2 0

1,2 1
+ Kbrlﬁu

Unconformity-
related

Slgvyanskoye

Sandstone .
Ryabinovskoye
(]

Varalakhti A Gara

Vein-type Mramjorny Kdmbinat
el

Qtz-pebble Kuhilaslampi area
conglomerate e

Intrusive Pitkjarantajand| Matkaselkajcomplexes
=

Phosphorite

Sjuskinsaari

Anexite-
hosted

Sumeria

Ujnaya Ruskeala

Synmetamorphlc Mramornaya|Gora

Svecofennian Dalslandian Caledonian
lercynian

Black shale

TMA

L U-Pb age obtained during this study.

==f==  U-Pb age obtained by other researches.

Pb-Pb age obtained by other researches for: a-U oxides, b-coffinite.

mmmm  Age of formations hosting syngenetic mineralization.

: Ages obtained with unknown methods: a-principal, b-subordinated, c-general distribution.
Vein-type mineralization in the anatexite-hosted occurrences.

= Vein-type mineralization in the synmetamorphic occurrences.

Figure 2.4. Ages of uranium mineralization discovered in the Ladoga region.
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According to these data, three principal stages of U metallogensis can be distinguished in
the Ladoga region.

I. Late Palaeoproterozoic (1.97-1.77 Ga):
— granite-hosted occurrences of anatexite-hosted and intrusive types;
— synmetamorphic occurrences in the Ludicovian carbonate rocks.

I1. Lower-Middle Riphean (1.6-1.2 Ga):
— vein-type occurrences;
— unconformity-type occurrences and the Karku deposit;

I11. Ordovician-Devonian (0.45-0.38 Ga):
— occurrences in the black shale;

— sandstone-type deposits and occurrences.

These stages in general correlate with the Svecofennian, Dalslandian (Sveconorwegian)
and Caledonian-Hercynian activations. The last one probably can be subdivided into Caledonian
and Hercynian stages in addition, but definitive conclusion is required for more accurate age
constrains.

The Svecofennian event is characterized by a predominance of endogenic types of U
enrichment in the Ladoga region. The most productive was the orogenic stage when intensive
granitization and migmatization occurred. Synsedimentary U accumulation was subordinated
that time, but redistribution some of these U concentrations (Ludicovian phosphorites) during
regional metamorphism also significantly contribute to the basement-hosted U resource.

Lower-Middle Riphean Dalslandian activation corresponded to aborted intracratonic
riftogenesis in the Ladoga region. It was forestalled with anorogenic rapakivi intrusions which
increased the U potential of the region. As a result, many hydrothermal U concentrations as
vein-type mineralization and unconformity-related occurrences have been produced.
Remarkable is the fact that two principal events of unconformity-related deposition are preceded
by vein-type mineralization, although this assertion is still not sufficiently substantiated by
available data.

Phanerozoic corresponds to a succession of transgressions and uplifts in the region. The
most important tectonic activations were Caledonian and Hercynian. The Caledonian accretion
finalized the structure of the Baltic Shield in general. During the Hercynian event numerous
manifestations of intracratonic alkali magmatism occurred in different part of the Shield. These

events produced diverse fracture-bound mineralization including vein-type U. Indications of
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Palaeozoic hydrothermal U redistribution are widespread in the Ladoga region, where they often
accompany early mineralization. But the principal U deposition occurred in the platform
sediments preserved in southern part of the region. Ordovician black shales and phosphorite
corresponds to synsedimentary U deposition deriving of U from exhumed areas of the Baltic
Shield with precipitation in shallow marine environments. Sandstone-type mineralization was
formed by leaching of U from basement formations (the late-Svecofennian leucogranites
dominantly) and its deposition in the carbonaceous Upper Vendian sandstone. Thus, the leading

ore-producing process of this epoch can be classified as exogenous.

Hence, each of these above-listed stages is characterized a specific U-producing process:

— Palaeoproterozoic  (Svecofennian) stage - predominance of endogen U
metallogenesis.

— Lower-Middle Riphean stage — hydrothermal U mineralization.

— Palaeozoic stage: most of U resources were produced by deriving of U from U-
enriched bedrocks and have exogenous nature; hydrothermal redistribution contributes
subordinately.

The U concentrations were affected suffered by supergene processes between these main
stages. It led to an impoverishment of the ores and to formation of low-grade secondary

mineralization.

A gradual increase of average U content through time in the geological formations of the
Ladoga region has been demonstrated in the Part 1 of this thesis (see figure 1.16).

The resource of U occurrences of each type increases with time as well from low-grade
Jatulian Th-U-bearing conglomerates anomalies to deposits hosted by Ordovician black shales
with total resource over 100 thousands tons (fig. 2.5). But the ore grade evolution is different. U
content in the ores increases and reaches its maximum in Riphean (up to 16.6 % of U in the in
the unconformity-type Karku deposit). All occurrences of Palaeozoic age are characterized by

low U content and it decreases theirs economic importance despite the large resources.

V. Grade and perspectives of the uranium occurrences.
As it was shown in the Conclusion to the Chapter 1, all discovered basement-hosted U
occurrences are of uneconomic grade. Possibility of discovering of new economic deposits is

also estimated negatively for most of these types:
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— U-producing processes in granites are relatively weak in Northern Ladoga anatexite-
hosted U occurrences;

— Precambrian synmetamorphic U-P mineralization has uneconomic grade as a type;

— U mineralization in the Jatulian conglomerates and Svecofennian intrusive granites is

local and ranged as anomalies.
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Figure 2.5. Evolution of uranium enrichment in the Ladoga region.

Among all basement-hosted U occurrences only the vein-type possibly has some
economic potential. Evidences of hydrothermal U redistribution are widespread in the Northern
Ladoga area and occur not only in the basement, but also in the Riphean formations of the Salmi
depression. Abundance of U-enriched formations, numerous tectonic reactivations, diversity and
prevalence of this type occurrences in the Ladoga region allow to hope for undiscovered
deposits, although such possibility is not very high because of the many U exploration programs

already carried out in the Ladoga region.
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Unconformity-related mineralization is considered as the most interesting prospective
target. This conclusion is based on some similarities between the Pasha-Ladoga and the
Athabasca basins. The discovery of the Karku unconformity-type deposit made this opinion
better grounded.

Detailed studies of the Karku deposit revealed significant differences with the world-
known unconformity-type U deposits explaining relatively low grade of the first one. It and
failure of all others prospects in different parts of the Pasha-Ladoga basin decrease the prospect
for discovery of unconformity type U deposits in the Ladoga region. Nevertheless, for final
conclusion additional researches should be undertaken. Also a subunconformity type U
occurrence (basement-hosted unconformity-type deposits) could be expected below and in
vicinity of the Pasha-Ladoga basin, but presently no indications for such kind mineralization

have been found.

Sandstone-type is represented by three small-medium grade deposits and numerous ore-
showings located in the Southern Ladoga area. Low U contents, environmental problems
(vicinity of the St Petersburg agglomeration and Lake Ladoga) and technologic difficulties (low
permeability of the ore-hosting sandstone and big depth) make them uneconomic at the moment,

but definitive evaluation of this type requires additional exploration.

Ordovician phosphorites of the south-western part of the region are ranged as low-grade

anomalies only.

Black shales hosted low-grade mineralization presently considered below the economic
conditions. Because of this and environmental difficulties in addition, perspectives of Ladoga

region Ordovician Dictyonema shales is estimated as negative.

There are no indications of other types of U deposits in the Ladoga region.

Thus, according to their decreasing economic importance, U occurrences of the Ladoga
region can be ranged in the following order:

1. Unconformity-type;

2. Sandstone-type;

3. Vein-type;
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4. Black shales;
5. Anatexite-hosted;

6. Synmetamorphic;

7. Intrusive;
8. Phosphorite;

9. Quartz-pebble conglomerate.

The three first types have potential economic importance; unconformity-type and
sandstone-type are represented by known deposits, whereas the discovered vein-type
occurrences are ranged as ore-showings or anomalies only.

Types 4 to 6 include uneconomic deposits (black shales) and ore-showings considered as
not corresponding to actual economic conditions and having no perspectives in the Ladoga
region.

The last three types are represented by low-grade anomalies without economic

importance and perspectives.

Areas of the Ladoga region suggested as promising for the discovery of economic-grade

deposits are indicated in the Part 3 of this thesis.
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PART 3. URANIUM PROSPECTS OF THE LADOGA REGION.

Introduction.

Inference of Part 2 is that only three types of uranium occurrences have some potential
economic interest in the Ladoga region:

I.  Unconformity-type;

Il. Sandstone-type;

I11. Vein-type.

Part 3 introduces an attempt to indicate the areas which are the most promising for

occurrences of these types.

For more efficiency ore-exploration projects should be forestalled and accompanied by
distinguishing three principal factors:

1. possible source of ore element;

2. indication of the presence of an agent responsible for its extraction and transport;

3. possible trap for ore deposition.

Although the factors are often different for uranium deposits of different types, some

parallelism can be found.

1. Uranium source.

Uranium-bearing bedrocks including previous syngenetic-epigenetic ore occurrences
represent potential sources for uranium deposits. The major role of granites (especially potassic
leucogranites) is suggested and abundance of granites in a region is very positive factor.

1.1. Uraniferous granites.

According to deep gravimetric data, the lithosphere of the Ladoga region is generally
characterized by a quite high density indicating a small thickness of the granite layer. This
feature is negative for uranium abundance.

Granites of the Ladoga region are represented by the Svecofennian intrusive and
anatectic granites, and Lower Riphean rapakivi anorogenic intrusions. This differentiates the
Raahe-Ladoga from the Svecofennian domains.
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Late Svecofennian leucogranites are non uniformly distributed in the Raahe-Ladoga
domain. The higher abundance occurs in the Impilakhti-Pitkjaranta block (the Pitkjaranta
complex and anatexites of the domes), the north-eastern envelop of the Ruskeala anticline
(Matkaselka complex and Pirtipohja pegmatite swarm) and the Latvasurje area (Latvasurje
complex and anatexites of the domes). All these granites are U-enriched; U content in anatexites
of the domes in the Impilakhti-Pitkjaranta block reaches economic grade (> 500 ppm) and occur
in relatively mobile form: U oxides and silicates.

In the Svecofennian domain PR; granites (especially the Priozersk block) are more
abundant, but of the Western Ladoga ones (the Kuznechensky, Borodinsky, Tervussky and
Putsaarsky complexes) are relatively poor in U (2.1 ppm in average). U-enriched granite massifs
are supposed to occur in the Southern block of the Svecofennian domain (Chaplinsky and
Polyansky complexes), but their geochemical characteristics are not well known. A correlation
between late Svecofennian granites of the Ladoga region and the uraniferous granites of the

Southern Finland Migmatite Belt is very important for uranium potential prediction.

Rapakivi intrusions occur in both domains. There is no significant uranium occurrences
related to the rapakivi granites in the Ladoga region but low-grade anomalies represented by
refractory radioactive accessories and role of these rocks as a uranium source is not well
identified. Two features indicate their importance as a source:

— there are several vein type uranium occurrences surrounding the most U enriched
northern part of the Salmi rapakivi massif;

— Riphean sandstones of the Salmi depression partly underlain by the Salmi granites

are the most enriched formation of the Pasha-Ladoga basin.

1.2. Other potential uranium-source lithologies.

Lower Ordovician Dictyonema shale is the most enriched in syngenetic U concentration
from all other geological formations of the Ladoga region (130 ppm U in average). Although
uranium in this rock occur mostly in mobile status, its transport is difficult due to strong
reducing environment in the black shales. Also importance of the shale as a possible uranium
source for other deposits is essentially limited by its late deposition — most of geodynamic
processes in the Ladoga region had been terminated to the Phanerozoic. Although some
indications of late epigenetic uranium redistribution have been discovered in the shales
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(Mikhailov et al., 2006), there are no proves that this process was sufficient for formation of
economic ores.

Uranium background in other rocks is much lower. The most prominent of them are the
Ludicovian graphite-/apatite-bearing carbonate rocks (8 ppm of uranium in average). Uranium
in this rock mainly occurs as proper U mineral phases (uraninite at first) or is included into
apatite. It could be remobilized by hydrothermal fluids.

The Kalevian graphite- and sulphide-bearing micaschist have increased uranium contents
and the proportion of mobile uranium is high — up to 50 % (Mikhailov et al., 1999).

Some of Riphean sediments of the Pasha-Ladoga basin have increased uranium content:
with up to 5.6 ppm in the Pasha suite argillites. The Priozersk suite sandstones and gritstones in
the Salmi depression are the uranium enriched as well —with 5.2 ppm on average.

Grade of metamorphism of the basement formations has to be considered for general
estimation of uranium potential of different parts of the Ladoga region, because increasing of the
metamorphism leads to depletion in uranium.

As described in the Regional geological review (Part 1), metamorphism varies from
greenschist to upper amphibolite facies in the Raahe-Ladoga domain. This is favorable for
uranium enrichment and presence of numerous uranium occurrences along this zone is an
additional confirmation of it.

The Svecofennian domain formations are more metamorphosed in comparison with the
Raahe-Ladoga one. The highest grade of the metamorphism (granulite facies) occurs in the
Lahdenpokhya-Hiitola block. It is the less favorable area with respect to uranium mineralization;
a unique low grade anomaly has been discovered at its border with the Priozersk block.

Metamorphic grade decreases southward and corresponds to medium-high amphibolite
facies in the Southern block. There are many uranium occurrences in the platform cover of that

area.

1.3. Uranium occurrences.

As described above, uranium ore occurrences have been discovered in different parts of
the Ladoga region at different stratigraphic levels. Basement-hosted mineralization of the
Northern Ladoga part of the Raahe-Ladoga domain has mostly a Palaeoproterozoic age and
uranium from these occurrences could be remobilized by later reactivations or by exhumation

and erosion. After the Svecofennian event when they had been formed, the Riphean event is the

367



PART 3. Uranium prospects of the Ladoga region.

most significant one when the unconformity-related mineralization of the Salmi depression was
produced. Despite prominent uranium resource of platform cover occurrences, they can not be
considered as a uranium source, because no significant uranium redistribution can be expected
in quiescent environment as it was in the Ladoga region after the Caledonian and Hercynian

events.

2. Extraction and transport.

Processes of uranium mobilization are indicated by specific alterations of source rocks
or/and formations hosting transport channels. Type of alteration depends on the type of
mineralization and will be considered in the corresponding paragraphs. In the most common

cases extraction and transport of uranium occur in oxidizing environments.

Greisenisation is considered as an alteration favorable for uranium leaching from
granites (Mikhailov et al., 1999). It is widespread in the Ladoga region. This process is
especially intense in the Southern Ladoga Svecofennian leucogranites underlying Upper
Vendian sediments that host sandstone-type occurrences. Also a remarkable greisenisation
occurs under Riphean sandstones in the southern part of the Salmi depression. Greisens may had

existed in presently eroded part of granites.

Fault zones are very important channels for uranium-bearing fluids and hydrothermal
alterations along the faults are positive indications. Many and diverse alterations (oxidation,
chloritization, albitization) have been discovered in the Northern Ladoga area of the Raahe-
Ladoga zone, whereas they are not common for the outcropping part of the Svecofennian
domain in the Western Ladoga; the Southern Ladoga area is concealed under Quaternary and not
studied in this respect. Numerous manifestations of hydrothermal uranium redistribution related
to faults occur also in the Northern Ladoga area. The most prominent in this respect are the
Ruskeala and Janisjarvi fault zones. A unique and tentative indication of uranium redistribution
along a fault was described in the Polyany area of the Ryabinovskoye sandstone-type deposit
hosted by the Upper Vendian sediments.

Besides, retrograde metamorphism occurring along the fault zones may lead to uranium
enrichment. Such zones are described in the outcropping part of the Svecofennian domain, but

increased uranium content has not been observed.
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3. Trap.

Generally, precipitation of uranium is caused by its reduction from the mobile
hexavalent state to the stable tetravalent state. It may be also caused by drastic changing of pH
or/and P-T conditions. They can be related to specific alterations of ore-hosting rocks and differ

for the different types of U mineralization.

The most common uranium reducants are carbonaceous matter (in different state — plant
debris, bitumen, graphite, gases etc) and sulphides. Carbon- and sulphide-enriched formations
are very widespread in the Raahe-Ladoga basement (Ludicovian carbonate rocks, Kalevian mica
schists). Graphite-bearing gneisses have been discovered by drilling in the Southern block of the
Svecofennian domain. In the Vyborg, Priozersk and Isojarvi blocks of the Svecofennian domain
neither significant graphite nor sulphide enrichments are known. A unique graphite ore-showing
occurs in the northern part of the Lahdenpokhya block, in the vicinity of its border with the

Raahe-Ladoga zone.

Drastic changes of P-T conditions may be produced by penetration of uranium-bearing
fluids from massive to porous environment (from metamorphic basement to sandstone for
example) or by tectonic opening of a fracture space often accompanied by brecciation of the
host rocks.

Permeable rocks overlaying masive basement formations in the Ladoga region are
represented by the Riphean and Vendian clastic sediments. They will be considered below in
corresponding items.

Breccias zones and open fractures (sometimes with uranium mineralization) are
widespread in the basement of the Northern Ladoga area. In the basement of the Svecofennian

domain and in the platform cover they are not common.

Conclusion:

The Raahe-Ladoga domain has the most significant potential for the discovery of
uranium ore mineralization in the Ladoga region. The Southern block of the Svecofennian
domain is also promising. Western and north-western parts of the Svecofennian domain are not

prospective.

369



PART 3. Uranium prospects of the Ladoga region.

1. Unconformity type.

1.1. Unconformity-type exploration criteria applied to the Ladoga region.

The Pasha-Ladoga depression is the largest preserved basin of Mesoproterozoic
sedimentation in the Baltic Shield. It is considered as an analog of the Athabasca basin, hosting
numerous large unconformity-type uranium deposits (fig. 3.1). The surrounding zone where the
depth of erosion from the Riphean unconformity is presumed to be less then 200 m can be
proposed as areas for possible occurrence of basement-hosted subunconformity-type deposits
(General Appendix, fig. 1.2, 2.2, 3.2).

100 km

Basinal formations. =———Principal faults.

* unconformity-type;

[:I PR, formations. Principal U occurrences:

AR-PR, formations.
others: a - basement-hosted;
Outlines of the platform covers. b - platform-hosted.

" Outlines of the Athabasca and Pasha-Ladoga basins.

Figure 3.1. Geological maps of the Athabasca and Ladoga regions at the same scale.

A set of exploration criteria has been proposed for the unconformity-type deposits
(Dahlkamp, 1993; McMillan, 1998; Cuney, 2005; Jefferson et al., 2007). Below they are
considered with reference to peculiarities of the Ladoga region.

1. Unconformity between metamorphosed AR-PR; basement and non-metamorphosed
oxidized U-depleted quartz-dominated terrigene strata of an intracratonic basin of late PR; —
early PR, age.
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The Pasha-Ladoga basin is featured as a Mesoproterozoic intracratonic depression filled
with  non-metamorphosed formations and unconformably overlaying Neoarchaean-
Palaeoproterozoic crystalline basement and in minor PR, (Lower Riphean) rapakivi-granite
complexes. Unfortunately, now a major part of the basin is under the waters of the Lake Ladoga,
but three onshore occurrences of Riphean sediments exist (Salmi, Priozersk and Pasha). In
addition, there are two other Riphean basins (Simagino and Uljya-Risti) indicating wider
extension of area where the post-Riphean erosion was not very deep.

The basinal sequence comprises siliciclastic terrigenous sediments and sub-alkaline
mafic effusive interbeds (basalts).

Compared with the Athabasca basin sandstones, those of the Pasha-Ladoga basin are less
oxidized and have immature essentially feldspar composition. Age of the sedimentation in the
Pasha-Ladoga basin is not more than 1.47 Ga, where as one for the Athabasca group is ranged in
1.7-1.65 Ga (Cumming et al., 1987). Also above mentioned lithological features of the Pasha-
Ladoga basin are considered as an indication of low reactivity of basinal brines, hence lower
leaching of U from refractory accessories.

Presence of basalts in the Pasha-Ladoga sequence is considered as a negative factor,
because they limit the volume of permeable sediments available for the “free convection” and
leaching of uranium. Also the mafic composition of the volcanites decreases the oxidation
potential of the basinal brine — a principal transport agent of uranium in classical unconformity-
related deposits (Michel Cuney, personal comment). It is notable that that the basalts are absent
in the Priozersk depression (Western Ladoga) and it can be considered as a positive feature from

this point of view.

2. Basement is composed of Archaean continental crust formations reworked during the
Svecofennian orogeny and Palaeoproterozoic syncline formations; Palaeoproterozoic mobile
belts comprising the Archaean-Palaeoproterozoic domes enveloped with Palaeoproterozoic
formations are the most favorable.

Generally the basement is of the Pasha-Ladoga basin consists of two domains of
different structure.

The Raahe-Ladoga domain has heterogenic AR-PR; composition. AR-PR; granite-gneiss
domes are enveloped by PR; Svecofennian formations. In this respect the Raahe-Ladoga domain
is similar to the Wollastone belt hosting or underlying the largest unconformity-related deposits

in the Athabasca basin.
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It is necessary to emphasize that the presence of the Archaean continental lithosphere
under the Palaeoproterozoic crystalline formations as it is supposed in the Wollastone domain is
presumed in the Raahe-Ladoga domain as well. Indications of contaminations of located in the
Raahe-Ladoga domain Svecofennian potassic leucogranites, Lower Riphean Salmi rapakivi-
granites and the Lower-Middle Riphean Vallaam dolerite by Archaean material have been
identified by isotopic methods (Ramo, 1991 and 2001; Amantov et al., 1996; Laura Lauri,
personal comment).

Juvenile crust in the Svecofennian domain was formed during PR; Svecofennian
orogeny. Archaean isotopic age for the rocks of the domain has been obtained neither in the
Ladoga region nor in Finland.

As it was noticed before, a reduced thickness of the granite layer in the crust sequence as
in the Raahe-Ladoga as Svecofennian domains has been revealed by deep geophysics. It is a
negative feature, especially in comparison with the intensively granitized cratonic crust of the

Athabasca area.

3. Regional metamorphism of basement rocks up to amphibolite grade, locally — up to
granulite grade facies; areas of low prograde (up to intermediate amphibolite facies) or
retrograde metamorphism are favorable.

The Raahe-Ladoga domain is characterized by zoning metamorphic of the basement.
Metamorphism grade increases from greenschist facies at the border with the Karelian domain
to upper amphibolite subfacies at its contact with the Svecofennian domain.

Regional metamorphism of the Svecofennian domain is high and corresponds to
granulite facies at its northern part (Lahdenpokhya-Hiitola subdomain and northern part of the
Priozersk block of the Petersburg subdomain) and upper amphibolite subfacies at its southern
part. The precise metamorphic grade of the basement of the southernmost part of the region has

not been characterized because of its coverage with thick platform sequence.

4. Abundance of U-enriched granite intrusions and migmatites.
As mentioned above, leucogranites of the Western Ladoga part of the Svecofennian
domain have low uranium content. Uranium-enriched Palaeoproterozoic granites occur in the

Raahe-Ladoga zone and the Southern block of the Svecofennian domain.
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Uranium-enriched phases of the rapakivi granite massifs are located in the northern part
of the Salmi massif (eastern part of the Northern Ladoga area) and in western part of the Wiborg

massif.

5. Uranium-enriched metamorphic basement formations are favorable.

The most uranium-enriched metamorphic basement rocks are Ludicovian phosphorous
graphite-bearing carbonate rocks and the Kalevian graphite-bearing micaschists. They occur
along the Raahe-Ladoga zone and have not been characterized in the Svecofennian domain

where contemporary metaterrigenous formations are poor in uranium.

6. Fault zones associated with metasomatic alterations; indications of uranium
redistribution along the faults are favorable.

Diverse metasomatic alterations (including albitization and hydrothermal uranium
mineralization) associated with brittle dislocations are widespread in the Northern Ladoga part
of the Raahe-Ladoga domain, but they are uncommon in the outcropping parts of the
Svecofennian domain. The southern part of the Ladoga region is concealed under the V-PZ

cover and the fault zone are not available for observation.

7. Uranium occurrences referred to previous epochs.

Other types of uranium occurrences prior to the Riphean unconformity-related uranium
mineragenesis are known in the Northern Ladoga part of the Raahe-Ladoga domain only. They
are numerous and diverse, but all are of small grade and less rich than ones of the Athabasca

basin area where intrusive- and vein-type deposits occur.

8. Graphite-sulphide enriched metasediments (““‘conductors’ or ““reducers”).

Graphite-sulphide enriched formations are present in the Paleoproterozoic sequence of
the Raahe-Ladoga domain.

In the Svecofennian domain graphite-enriched basement rocks are discovered in the
Southern block only. The graphite content is always low (less than 1 %). Zones of conductivity
distinguished by geophysics (General Appendix, fig. 3.2) are not associated with graphite
enrichment.

Graphite-sulphide enriched formations are widespread in the Paleoproterozoic sequence

of the Raahe-Ladoga domain. However it is noted that the zones of graphite enrichment in the
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basement of the Athabasca are more intensive and contrast with surrounding graphite depleted
metamorphic bedrocks (Claude Caillat personal comment). In application of the “free
convection” model, dispersed graphite reducants in the basement could be even a negative factor

impeding circulation of uranium-bearing oxidized brines (Michel Cuney personal comment).

9. Pervasive pre-ore alterations of basinal sediments and upper part of the basement.

The Pasha-Ladoga basin sediments in general are less oxidized in comparison with the
Athabasca basin ones. Diagenetic silicification is lower. Diagenetic clayey alterations are
widespread, but represented by dominantly by kaolinite, whereas its higher crystallinity
polymorph dickite typical for the Athabasca basin in the Pasha-Ladoga is referred to pre-ore
alteration.

The regolith alterations (“red” oxidized upper and “greenish” reduced lower zones in
upper part of the basement) are not common for the Pasha-Ladoga basin. A unique regolith-like
profile was discovered by one recent drill hole in the north-eastern flank of the Pasha graben
(the Svir block, Svir-Oyat area).

Regional disturbance of Th-U ratio in the basinal sandstone with tendency of uranium
depletion (Th/U > 4) is considered as an indirect indication of convection of uranium leaching
brines (Michel Cuney personal comment). The Pasha-Ladoga basin sandstones are characterized
by lower Th-U ratio in comparison with those of the Athabasca and Kombolgie groups. The low
maturity of the sandstones and low alteration of accessory monazite and zircon in the Pasha-
Ladoga and other Riphean (Jotnian) basins of the Baltic Shield had been shown in research of
Lobaev (2005) and Ibrahim (2007) is considered as an evidence of a lower reactivity of the

uranium-leaching brines, i.e. a lower effectiveness of the ore-producing process.

10. Intensive alteration of uranium ore-hosting basinal sediments and basement rocks
associated with the principal ore-producing event and indicated by the development of a Mg-Al
clay mineral association (illite and sudoite at first), then by turmalinization (dravite),
sulphidization and silicification.

As shown in the Chapter 2, uranium ore mineralization of the sole unconformity-related
Karku deposit in the Pasha-Ladoga basin is associated with alterations represented by calcite,
sulphides, chlorite and silicification. Intensity of the alterations is relatively moderate. The
chlorite is mostly a Fe-rich one; Mg chlorite is much subordinated and occurs only in the high-
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grade mineralized ore zones. B enrichment has been evidenced neither by mineralogical nor
geochemical methods.

In other parts of the Pasha-Ladoga basin such kinds of alterations have not been
discovered. Local and weak disturbance of the synsedimentary geochemical association of U
with petrogenic (Si, Al, Ca, Ti, Mn) and trace (Th, Nb, Zr, Sn) elements has been revealed at the
north-eastern flank of the Pasha graben (the Svir block, Svir-Oyat area).

Table. 3.1. Applications of unconformity-type deposits exploration criteria to the different part

of the Ladoga region.

Criteria Northern Ladoga South-Eastern Ladoga Western Ladoga
Svir block Southern block

1. Unconformity ++ ++ ++ +++
2. Orogenic belt with AR-

+++ ++ + - -
PR; basement
3. Metamorphism grade +++ +++ ++ —/+
4. U-bearing granitization ++ ++ +++ +
5. U-enriched

) +++ +++7? +? -

metamorphic basement
6. Graphite-sulphide

+++ ++ + ++ -
basement rocks
7. Previous U occurrences +++ - - -
8. Fault zones with

+++ - - -
alterations
9. Pre-ore alterations ++ ++ - -
10. U-associated

+++ + - -
alterations
Discovered unconformity-

++ + + - —/+
related U mineralization
Grade of studying of the Locally detail; generally — Rare profiles Not studied Few drillholes
unconformity rare profiles
Total rating ++ + +7? -

Thus, general estimation of the Ladoga region prospects for unconformity-type deposits
is not very optimistic. The Pasha-Ladoga basin is inferior to the Athabasca basin in many
respects. Nevertheless prospects of the Pasha-Ladoga basin for unconformity-type deposits have
not been finally defined, it demands additional explorations. The most promising areas are

considered below.
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1.2. Prospects.
1.2.1. The Raahe-Ladoga zone.
The area related to the Raahe-Ladoga zone is suggested as the most preferable. Three

promising areas are proposed (General Appendix, fig. 1.2).

1) The Pitkjaranta area.

It is characterized by specific for the Northern Ladoga structure of the basement with
ultrametamorphic granite-gneiss domes enveloped by PR; formations metamorphosed in
medium facies of amphibolite grade. Abundance of graphite-bearing crystalline rocks and
uranium-enriched late-Svecofennian pegmatites are positive features. In addition, the PR;
basement is intruded by the Salmi rapakivi massif. Uranium-enriched late phases of the intrusion
occur in the depth from several hundred meters to 2 kilometers in the Pitkjaranta area. Few
veined uranium occurrences are located in vicinity of the area (the Pitkjaranta and Hopunvaara
ore-showings).

Negative factors are:

— very locally preserved Riphean sediments (small Ulja-Risti depression);

— location in the vicinity of the Ladoga lake where environmental constraints are very
important;

— the Pitkjaranta city suburbs are located in the northern part of the area, the population
density is quite high and that limit possibilities for the exploration.

General estimation of the area is moderately positive. Unconformity-type mineralization
is possible (especially basement-hosted), but the resource of the area is limited by environmental
constrains and large-tonnage deposits are not expected. As exploration methods, profile drilling

forestalled and accompanied by surface geophysics are suggested.

2) The Salmi area.

The area is related to the Salmi depression and includes the Karku deposit described in
the Chapter 2. Despite representing of the best studied area with the unconformity in comparison
with other parts of the Ladoga region, the U resource prospect of this territory is not definitively
assessed. As a special target, basement-hosted unconformity-type mineralization can be
proposed. It has not been well studied and few discovered occurrences deserve special attention

(northern edge of the Central Block, southern part of the Ore body 3).
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In general, resource prospects of the area seem not very optimistic to the moment.
Negative factors revealed when comparing of the Karku deposit with classical unconformity-
type deposits decrease the attractivity of this territory and large-tonnage deposits are not
expected. In additional, favorable and unstudied areas available for further exploration are quite
limited here.

In the Karku area an increase of the density of the drilling pattern should be undertaken
for more precise evaluation of the deposit. Deeper drilling for discovering sub-unconformity
deposits should be undertaken locally. Fault zones at the southern limit of the Central Block
would need more detail studies as well. In other parts of the Salmi depression preliminary
surface geophysics and profile drilling should be carried out.

3) The Svir-Oyat area.

The Svir-Oyat area (or Shotkusa) geological structure has significant resemblance with
the Salmi depression. The area is also located on the continuation of the uraniferous Ruskeala
zone. The basement belongs to the Raahe-Ladoga zone and contains granite-gneiss domes
mantled by the Ludicovian-Kalevian formations Graphite-bearing schists and late-Svecofennian
leucogranites with increased uranium content occur. Large Rapakivi intrusions have been
discovered to the north and the large Oyat rapakivi-granite pluton is presumed to exist to the
south. A difference with the Salmi depression is that the rapakivi granites do not underlay the
basement and Riphean sequence in the Svir-Oyat area. Also the Riphean sediments are covered
with quite thick (few hundred meters) V-PZ sequence in this area and it can provide a better
preservation of possible ore deposits. On other hand it makes exploration more difficult in the

area, because the abilities of geophysics are reduced and drilling is deeper and more expensive.

Presently the Svir-Oyat area is considered as the most promising for economic-grade
unconformity-type mineralization in the Ladoga region. The potential of the territory is limited
because of the steep dipping of the unconformity surface.

As this area was preliminary studied and the position of the unconformity and basement
conductors have been well localized, detail drilling can start in the most interesting zones.

Preliminary and accompanying surface geophysics should be undertaken as well.
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1.2.2. The Svecofennian domain.

As it was demonstrated before, the Svecofennian domain is considered as less interesting
with respect to the occurrence of Precambrian uranium mineralization in general, but a difinitive
conclusion cannot be given because of lower level of studying of the Precambrian sequence in
the territory. It differs for different areas. So, the Riphean unconformity has been reached only
by a few drillholes in northern part of the Priozersk depression. That is why a proposition of
prospective areas is quite speculative here. Ageneral review of occurrences of the Riphean
sediments referred in the Svecofennian domain to evaluate the areas the most interesting for

uranium mineralization is presented below (see also General Appendix, fig. 2.1 and 3.1).

1) The Priozersk depression.

Despite of its large size and relatively shallow depth, the Priozersk depression is
traditionally considered as the least prospective area for unconformity-related deposits
(Skorospelkin 2002). It is caused by above described peculiarities of the basement as its high
metamorphism grade, the lack of graphite, low uranium abundance in the bedrocks, absence of
significant uranium occurrences etc.

The Riphean sequence of the Priozersk depression is devoid of effusive interlayers, and
if we accept the oxidized brine convection as a principal ore-producing process, it can be
considered as a positive factor.

Uranium content in the basal sandstones (the Priozersk suite) is lower than in other parts
of the Pasha-Ladoga basin and it can be considered either as negative (lack of uranium source),
or as positive (indication of uranium leaching) factor. The geochemistry of these rocks has not
been studied sufficiently to adopt one or another opinion.

There are two territories, proposed by “Nevskgeologia” as the most prospective for the
discovery of unconformity-type deposit.

— The Otradnensko-Vaskelovskaya area, because of the presence of conductive zones
in the basement detected by geophysics. But no graphite-rich structures have been discovered in
this zone at the moment. Just a few drillholes have crossed the unconformity in this area. No
ore-accompanying alterations (chloritization, carbonatization etc) have been discovered. Only
very low-grade anomaly (less 100 ppm of uranium) has been found.

— The Irinovskaya area is suggested due to a surface radioactive anomaly revealed by
the airborne survey. The nature of the anomaly had not been determined, but its possible relation

to the unconformity seems to be too tentative, because the Riphean sediments are concealed
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under about 100 m thick Upper Vendian cover and over 10 meters of the Quaternary in addition.
I think that this anomaly can be referred to an anthropogenic pollution because it is located in a
harbor area. The Riphean sediment sequence and even the outline of their occurrence have not
been studied in this area.

An additional negative factor of the Priozersk depression is the presence of numerous
military objects in this area that makes exploration in this area very difficult.

Because the Priozersk depression is badly studied, the prospecting works should start
with airborne survey for the general localization of the most promising areas. Subsequent
surface geophysics and drilling in smaller areas has to define the particularities of the Riphean
and the basement sequence there. Mineralogical, petrologic and geochemical study should be

undertaken simultaneously.

2) The Simagino depression.

As mentioned above, this depression was weakly studied. Its exact extension is
unknown. Few drillholes reach the pre-Vendian sediments supposed to belong the Hoagland
suite of the Lower Riphean. The unconformity was never intersected. The basement is supposed
to be similar to that of the southern part of the Priozersk depression and composed of Kalevian
gneisses metamorphosed in upper amphibolite facies and late-Svecofennian granites. The
depression result from NW striking normal faulting. Prospects of this depression cannot be
estimated because of the lack of information. Any exploration work there should be preceded by
reconnaissance exploration including surface geophysics and drilling to precise the limits of the

depression, the petrologic and geochemical characteristic of the Riphean and basement.

3) South-western part of the Pasha graben.

This area is supposed to belong to the Southern part of the Svecofennian domain, but
some authors refer it to the Raahe-Ladoga zone (Skorospelkin, 2002). It is still not defined
because the basement and the Riphean Pasha graben is totally covered by the Vendian-Paleozoic
(V-PZ) sediments in that area. The basement and upper part of the Riphean sequence in the
Southern Ladoga have been recognized by numerous drill holes during exploration of the
Vendian-hosted sandstone-type uranium deposits. Zones of graphite-enrichment in
Paleoproterozoic metapelites have been discovered. There are numerous U-enriched late-

Svecofennian leucogranites (Polyansky and Chaplinsky complexes) possibly similar to some of

379



PART 3. Uranium prospects of the Ladoga region.

the Southern Finland Migmatite Belt. NE-striking faults referred to the Baltic-Mezen belt occur.
The Pasha graben is limited by NW-striking faults.

The western part of the graben represents an area for the possible occurrence of
unconformity-related U deposits (the Novoladogskaya area). Unfortunately, the Riphean
unconformity has not been reached here and there are no data on the composition of the basal
sediments. Geophysical data indicate a steep dipping of the unconformity surface. Prospects of
this area are uncertain because of the lack of information. The relatively low grade of
metamorphism in the basement, the multiplicity of fault zones, the presence of graphite-bearing
rocks and uranium-rich granites are estimated as positive factors and this area may represent one
of the most promising ones in the Svecofennian domain.

Possible exploration problems in this area are mainly connected with the depth of the
unconformity (> 300 m). Clayey and water aquifer Upper Vendian layers reduce geophysics

efficiency. For this reason drilling is the top priority exploration tool in this area.

2. Sandstone-type.

2.1. Sandstone-type exploration criteria applied to the Ladoga region.

Sandstone-type (tabular subtype) uranium deposits were discovered only in the Upper
Vendian Redkinsky horizon sandstones — the basal layer of the platform cover.

The subsequent discussion introduces generalized exploration guides for the tabular
subtype sandstone-type uranium occurrences (De Vivo et al.,, 1988 and Dahlkamp, 1993)

applied to different part of the Ladoga region.

1. Intracratonic or pericratonic basins of terrigenous or shallow marine sedimentation;
they are filled with immature permeable feldspatic or arkosic, more rarely quartzose and cherty
sandstone, pebble conglomerates and siltstone; interbeds of impermeable mudstone horizons is
common. Fluvial arkosic sandstones with limited thickness (<10 m) interbedded with less
permeable rocks deposited in an intracratonic environment are the most favorable.

Upper Vendian sediments lay at the base of the Eastern Europe platform. Uranium ore-
hosting basal sandstone, gritstone and conglomerate have quartz-feldspar composition. The
thickness of the permeable basal sandstone horizon is up to 4.5 m and it is limited by dense
basement formations and overlaying clays.
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2. Adjacent or/and ore-hosting formations with increased uranium content can serve as
an uranium source; presence of felsic volcanites in the ore-hosting sequence is favorable.

Uraniferous late-Svecofennian leucogranites underlay Upper Vendian sediments.
Rapakivi granite massifs partly underlay the sediments as well and outcrop laterally. Upper
Vendian sediments have derived from the granitic basement of the Baltic Shield.

All Vendian-hosted uranium deposits of the Southern Ladoga area are related to
uraniferous late-Svecofennian leucogranites of the Polyansky and Chaplinsky complexes. In
other sites only ore-showings and anomalies occur and no uranium occurrences have been
discovered above the Riphean formation of the Pasha graben (relatively poor in uranium).

Although the Lower Ordovician black shales and phosphorite are enriched in mobile
uranium, they occur above the Vendian sediments and the possibility of downward percolation
of uranium from these rocks is limited by several clayey horizons in the Cambrian and Upper

Vendian sequence.

3. Alterations of host and adjacent formations indicating the uranium leaching.

A bedded oxidation is widespread in the Redkino horizon sandstones and indicates an
oxidized environment favorable for uranium leaching and transport.

Intensive greisenisation of the leucogranites has been discovered in the Southern Ladoga
area. According to Mikhailov et al. (1999) it could contribute to uranium mobilization.

4. Abundance of uranium precipitants/reductants (particularly carbonaceous material
and/or sulphides) in the ore-hosting sediments.
Concentration of reductants as plant remnants and sulphides are widespread in the

Redkino horizon sediments and uranium mineralization is definitely referred to them.

2.2. Prospects.

Large amount of exploration works have been carried out by “Nevskgeologia” in the
Southern Ladoga region for the discovery of Vendian-hosted uranium mineralization. Three
small-medium deposits had been discovered to the end of eighties. At that time they were
estimated as uneconomic because of the insufficient ore-hosting sandstones permeability and
environmental problems, making in-situ leaching impossible. Open pit exploitation would be
very expensive because the Ryabinovskoye and Ratnitskoye deposits occur at depths exceeding

300 m. The depth of the Slavyanovskoye deposit ore beds is less, but it presently occurs in the
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vicinity of Saint-Petersburg city. However, it is suggested that the deposits of Ryabinovskoye
and Ratnitskoye should be now reevaluated because of increased prices for uranium and new
technologies.

Among other areas of the Ladoga region, where sandstone-type uranium deposits could
be expected, the most prospective is the Svir block to the north-east of the Pasha graben
(General Appendix, fig. 3.1). The basement of this area is related to the Raahe-Ladoga zone and
late-Svecofennian U-enriched leucogranites are widespread. The Upper Vendian sandstones
above them are considered as the most promising. The Salmi massif occurs farther to the north,
but it is represented by early phases with low uranium content there. The Svir granite has not
been studied.

The Redkinsky horizon occurs at a depth of less 300 m in significant part of the area. In
spite of the low density of drilling, several anomalies have been discovered there.

Denser drillings should be undertaken for recognizing prospective areas there.

3. Vein-type.

3.1. Vein-type exploration criteria applied to the Ladoga region.

The high mobility of uranium causes the diversity and multiplicity of vein type uranium
mineralization, but in most cases they represent small occurrences. There are several general
exploration criteria of areas favorable for economic-grade vein-type uranium deposits (Ruzicka,
1990; Dahlkamp, 1993; Lefebure, 1996; McMillan, 1996)

1. Orogenic belts with intensively cratonized continental crust are preferable.

The Ladoga region basement is composed of the PR; Svecofennian accretion orogen, AR
Karelian craton and transitional heterogeneous AR-PR; Raahe-Ladoga zone. The region was
intensively tectonized during the Svecofennian and Riphean events. The Upper Vendian-
Phanerozoic time is a relatively quiescent period corresponding to a platform environment. The
most significant tectonic movements are referred to the Caledonian and Hercynian events, but
even they produced no displacements comparable with the Precambrian ones.

As described above, the earth crust of the region is cratonized to a moderate degree, the

thickness of the “granite” layer is small and it decreases its uranium potential.
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2. Presence of uraniferous formations such as highly differentiated peraluminous
leucogranite complexes, sediments or metasediments metamorphosed up to amphibolite facies
are favorable.

The uraniferous low-medium metamorphosed basement formations and granites are
widespread along the Raahe-Ladoga zone and in the Southern block. The first ones host
numerous and diverse uranium occurrences (including veined ones) in addition. The Riphean-
hosted unconformity-type and vein-type uranium occurrences are in the north-eastern part of the
Pasha-Ladoga basin (the Raahe-Ladoga zone as well). The platform formations of the southern
part of studied region are enriched in uranium up to economic grade, a few deposits and

numerous ore-showing have been discovered there.

3. Sometimes an affinity with mafic, aplite or lamprophyre dykes exist.

Numerous mafic dykes of PR; age are swarming along the pericratonic Janisjarvi fault
zone and some of them are associated with Th and U mineralization. In the Sortavala block of
the Raahe-Ladoga domain and in the Lahdenpokhya block of the Svecofennian domain mafic
and lamprophyre dykes of presumably Low Riphean age occur. A few Low-Middle Riphean

mafic dykes cut the Salmi rapakivi intrusion.

4. Brittle dislocation environment; zones of repeatedly activated fault are the most
favorable. Uranium mineralization is preferentially emplaced in subsidiary decompression
dislocations forming breccias zones and fracture systems with stockwork or horsetail pattern.

Several regional-size fault systems and numerous second-grade displacements have been
observed in the Ladoga region. Many of them indicate repeated activations during different
tectonic events. A few events of fracture-bound uranium deposition have been discovered by
isotopic constrains. The principal ones are Mesoproterozoic (Lower-Middle Riphean) and
Palaeozoic (Ordovician-Devonian) periods.

The most saturated in diverse uranium occurrences are the Ruskeala and Janisjarvi NW-
striking fault zones. The last one is especially related to vein-type uranium occurrences. Several
veined uranium occurrences are also related to NE-striking faults. Usually the uranium

mineralization is related to subsidiary decompression dislocations of different striking.

5. Hydrothermal ore-associated alterations depend to some degree on host rock

composition; the most common are carbonatization, chloritization, argillitization, silicification,
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hematitization, K-feldspartization. Quartz-carbonate gangue is the most common for ore-
hosting fracture zones.

Diverse hydrothermal alterations are widespread in the Northern Ladoga area and
especially in the Ruskeala and Janisjarvi fault zones. The most significant vein type U
occurrences are accompanied with carbonatization and silicification. Chloritization,
hematitization, fluoritization, sericitization and argillitization occur as well.

In the Svecofennian domain fracture-bound hydrothermal alterations are not so common;
the most typical is chloritization. No indications of hydrothermal uranium redistribution have
been discovered in outcropping parts of this domain.

The southern part of the region is concealed by platform sediments and the possible
presence of hydrothermal alterations is obscure. Rare indications of late U redistribution have
been discovered by drilling in the basement and Upper Vendian formations of the Svir and

Southern blocks.

3.2. Prospects.

Prospects for vein-type uranium deposits are difficult because of very limited extension
of ore-accompanying alterations and reference of fault zones hosting the mineralization often
significantly eroded and concealed under late sediments. Outcropping bedrocks of the northern
part of the Ladoga region (especially the Northern Ladoga area) is the best studied in all
respects, including the uranium occurrences and the most probable sites of veined uranium
mineralization can be well localized.

The Ruskeala and Janisjarvi fault zones are considered as the most promising for vein
type U mineralization. NE-striking faults are proposed as promising zones and especially when
intersecting others faults. Areas where carbonaceous and uranium-enriched Ludicovian and
Kalevian basement rocks are intruded with late-Svecofennian and Lower Riphean leucogranites
are the most interesting (General Appendix, fig. 1.2). Deeper drilling in the proposed areas is

suggested as a principal prospecting method.

The promising areas in the covered southern region cannot be defined precisely, but
general criteria are the same: the areas rich in uraniferous formations and cut by NW- and NE-
striking fault zones are considered as the most promising (General Appendix, fig. 2.2 and 3.2).
For more efficiency, exploration in those areas should be preceded by reconnaissance drilling

and geophysics.
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Conclusion.

The Ladoga region is much less prospective than the Athabasca region for the discovery
of unconformity-type uranium mineralization and its prospects for large deposits of this type
should be estimated quite cautiously. Nevertheless several interesting areas are suggested. The

most promising are related to the Raahe-Ladoga zone and the Svir-Oyat area.

Sandstone-type deposits discovered in the Ladoga region had been estimated as of
uneconomic grade in the past, but in present uranium market conditions they deserve a
reevaluation. The south-eastern part of the region (the Svir block) could host undiscovered
uranium deposits of this type.

Economic-grade vein-type uranium mineralization has not been discovered in the
Ladoga region, but it can be presumed in some of the faults widespread there. The most
interesting in this respect are the Ruskeala and Janisjarvi fault zones.

In general, uranium potential of the Ladoga region is estimated with moderate optimism.
The general geological features of the region and the detailed characteristics of individual areas
define the possibility for the discovery of economic-grade uranium deposits of different types,
but large-tonnage objects are not expected. Most of the prospective areas are located in the

Raahe-Ladoga zone.
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GENERAL CONCLUSION.

The Ladoga region is one of the most interesting areas of the Baltic Shield as in respect

of geological structure as because of diversity of uranium mineralization.

The region is featured by location in crossing of two multiactivated transregional tectonic
belts — the Raahe-Ladoga and Baltic-Mezen zone.

Generalized geological sequence of the region is composed of three principal structural
levels:

1. AR-PR; crystalline basement;

2. Riphean protoplatform basin;

3. Upper Vend-Palaeozoic platform cover.

The basement was formed as a result of Palaeoproterozoic Svecofennian accretion of
juvenile crust to the Archaean Karelian domain.

Aborted intracratonic riftogenesis of Riphean age occurred in the Ladoga region as a
response of Sveconorwegian orogeny. It caused formation of large Pasha-Ladoga basin
composed of sedimentary-volcanogenic formations.

Upper Vend-Palaeozoic platform sequence, preserved in southern part of the region,
corresponds to succession of transgression-regression events occurred in stable cratonic

environment.

Uranium ore mineralization occurs in all stratigraphic levels of geological sequence of
the region. Structural, mineralogical-petrologic and geochemical characteristics of the
occurrences are introduced in the thesis.

Diverse and numerous basement-hosted uranium occurrences have been discovered in
the Northern Ladoga area of the Raahe-Ladoga zone. All of them are characterized by small
resources with wide variation of uranium contents (up to few percent) and are below economic
grade.

Unconformity-related Karku deposit and few unconformity-related and veined uranium
ore-showings are located in Riphean formations of the Salmi depression of the Northern Ladoga
area. The Karku deposit is considered as an analog of the Athabasca basin unconformity-type
deposits, but significant differences from typical deposits have been revealed. They are
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estimated as negative features and decreases perspectives of the Karku deposit and area in a
whole.

Upper Vendian hosts sandstone-type deposits in the Southern Ladoga area. Uranium
occurrences in Lower Ordovician black shales and phosphorites occur in south-eastern part of
the region. Vend-Palaeozoic hosted occurrences have large total resource, but grade of uranium

mineralization is very low and does not correspond to actual economic demands.

There is a gradual increase of the average uranium content through time in geological
formations of the Ladoga region from Archaean to Palaeozoic.
Compilation of old and new age determinations of uranium mineralization allow to
maintain three principal epoch of uranium deposition in the Ladoga region:
I.1.97-1.77 Ga Late Palaeoproterozoic;
Il. 1.6-1.2 Ga Lower-Middle Riphean;

I11. Ordovician-Devonian.

According to its economic potential uranium occurrences of the Ladoga region can be
ranged in the following order:
1. Unconformity-type;
Sandstone-type;
Vein-type;
Black shale;
Anatexite-hosted;
Synmetamorphic;
Intrusive;

Phosporite;

© o N o g bk wWw DN

Quartz-pebble conglomerate.

Only three first types — unconformity, sandstone and vein — considered as having

potential economic importance.
Areas, perspective for economic deposits are marked in the Part 3 of the thesis. Most of

them are related to the Raahe-Ladoga zone. The Southern Ladoga is presumably located on

continuation of uraniferous South Finland migmatite belt and can be interesting as well.
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Thus, the principal aim of the research — introducing of uranium potential of the Ladoga
region — has been realized.

Nevertheless, several problems should be resolved by future researches for better
understanding of uranium perspectives of the region.

As it was shown, there are many diverse types of uranium mineralization in the Ladoga
region. Detail study of each one could be an object of a special study. That is why many
questions could not been answered within the limits of a thesis. The most interesting one is a
problem of uranium redistribution discovered in different type uranium occurrences. It has as
fundamental interest as pragmatic importance, because the late vein-type uranium mineralization
is one of the most concentrated and promising in the Ladoga region.

More certain correlation of late Svecofennian granites of the Ladoga region with those of
the uraniferous Southern Finland Migmatite Belt has very important metallogenic sense.
Following of this belt into the Ladoga region could help to definite areas the most promising for
uranium mineralization of different types.

Research of parallelism of Ludicovian formations hosting numerous uranium
occurrences in the Northern Ladoga with contemporary formations of adjacent Finish territory
would allow to understand better the geological structure and uranium potential of crystalline
basement on both sides from the frontier.

Uranium enrichment of the Ruskeala fault zone is ascertained and accurate following of
this structure to adjacent territories is important prognostic task.

Subdivision of Riphean (Jotnian) sequence of the Pasha-Ladoga basin is controversial
now. Resolving of this stratigraphic problem is necessary for correct modeling of process of the
Mesoproterozoic sedimentation and uranium deposition at the unconformity.

These and other actual questions on geological-metallogenic characteristic of the Ladoga

region deserve special complex researches.
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Figure 1.1. Geological map of the Northern Ladoga area.

“Mineral”, ZAO “NOVAYA LEKHTA” data and Amelin et al., 1997.

Compiled from “Nevskgeologia”, VSEGEI,
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Figure 1.2. Prognostic geological map of the Northern Ladoga area.
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Figure 2.1. Geological map of the South-Eastern Ladoga area. Based on “Nevskgeologia” data.
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Figure 2.2. Prognostic geological map of the South-Eastern Ladoga area.
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Figure 3.1. Geological map of the Western Ladoga area.
Based on “Nevskgeologia”, “Mineral”, VSEGEI and ZAO “Novaya Lekhta” data.
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Figure 3.2. Prognostic geological map of the Western Ladoga area.
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Figure. 4. Legend to geological and prognostic maps of the Northern, South-Eastern and Western Ladoga areas.

Eontheme | Local subdivision Isotopic Northern Ladoga
age, Ma
=
g Lower Vendian
g
o
§, Upper Riphean 770-720 Janisjarvi impact complex: tagamaite, zuvite, andesite.
Middle Riphean
1460-1250 .] Valaam complex: gabbro, dolerite; a-on land, b-under Lake Ladoga.
|:| R,ph, Pasha suite: qtz-fsp sandstone, gritsone, siltstone.
R.s, Salmi suite: a - lower subsite basalt, b - middle subsuite qu-fsp sandstone, gritsone, silstone,
!! ¢ - upper subsuite basalt.
|:| R,pr, Priozersk suite: qtz-fsp sandstone, gritstone, siltstone.
o
‘S
N
g 1535,4 Salmi massif, VI phase: phorphyry biotite granite with fine-grained groundmass.
=}
s
é Lower Riphean 1538,4-1535 - Salmi massif, VI phase: even-grained biotite granite.
Salmi massif, V phase: albite-lithian siderophylite granite.
1538
- Salmi massif, V phase: phorphyric biotite-amphibole granite with fine-grained groundmass.
1540,6-1535,3 - Salmi massif, IV phase: wiborgite, pyterlite.
1546,7 Salmi massif | and 11 phases: gabbronorite, monzonite.
1640-1610?
1645-1615
1810-1770
cal800 - Matkaselsky complex: bi-mica leucogranite.
1870-1860 Em Tervus (a) and Putsaari (b) complexes: bt granite, diorite, trondijemite.
1880-1865 E Lauvatsaari-Impiniemi complex tonalite, Qtz-diorite.
Kalevian 1883
1890-1880 - Kaalamo complex: pyroxenite, gabbro, granodiorite, plagiogranite.
o
'S
g 1900-1890 - Jakkima intrusive complex: tonalite and granodiorite.
2
% - PR,ld,, Ladoga group, Kontiosaari, Naatselka, Pyalkjarvi, Hunuki, Velimyaki suites:
I quartzite, quartz-biotite, garnet-stavrolite, amphibole-biotite schist.
& |:| PR.im, Ladoga group, Impilakhti suite: biotite, garnet-biotite,
cordierite gneiss and schist, migmatite.
- PR,ld,.,, Ladoga group undivided: sillimanite-muskovite-ortoclase gneiss,
quartz-biotite schist, migmatite.
Ludicovian- f . o : ; f
Kalevian |:| PR.Ik, Lakhdenpohja group: garnet, sillimanit, staurolite gneiss.
2000-1940 - PR,, Ludicovian volcanite complex: metagabbro, metadolerite.
Ludicovian |:| PR pt, Sortavala group, Pitkjaranta suite: biotite-amphibole and carbonate schists, marble, skarn, migmatite.
- PR;sn, Sortavala group, Soanlakhti suite: biotite-amphibole schist, dolomite, marble.
. PR,jt, Onega group, Jangozero and Tulomozero suites: quartzite,
Jatulian N o . L
- quartzite-sandstone, dolomite, limestone, phyllite, toleiitic basalt.
Sariolian - PR;sl, Seletskaya suite: quartz conglomerate.
Archaean-Palaeoproterozoic |:| AR-PR,, undivided, dome formations: granite-gneiss, gneiss-granite, migmatite, amphibolite.
é Neolopian ca. 2600 D Jalonvara granite complex: diorite, granodiorite, granite.
S
§ Palaeolopian 2995-2865 |:| AR,jal, Jalonvaara suite: andesite, dacite, rhyolite, siliceous and carbonate schist.
§ |:| AR, tonalite, granodiorite, diorite.
[ _‘g Saamian-
o~ Palaeolopian
> § P |:| AR,,: migmatite, migmatite-granite, plagiogranite.
z

NB: 1) Sariolian conglomerate is not shown because of its very local occurrence; 2) geological formations under the V-PZ cover are not surely identified.
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South-Eastern Ladoga

Western Ladoga

[ ]

V,jb, Jablonovskaya suite.

]

R, ., Priladojskaya suites: qtz-fsp sandstone, gritsone, silstone, basalt.

Svir massif: wiborgite; Oyat massif ?

R.hg, Hoagland suite, quartzite-sandstone, tuff-sandstone.

Wiborg massif: wiborgite, pyterlite.

Elesinvaara-Vuoksa, Ostrovsky, Kamennogorsky complexes:
gabbro, monzonite, syenite, granite.

Chaplinsky complex: leucogranite.

Borodinsky complex: bt-granite.

PR,, Polyansky complex: bt granite, diorite, trondijemite.

Tervussky (a), Kuznechensky (b) and Polyansky (c) complexes:
bt granite, diorite, trondijemite.

PR,, Kurkijoki intrusive complex: Opx-bearing granitoid (ca. 1880 Ma).

PR,ld, Ladoga group undivided: quartz-biotite,
garnet-stavrolite, biotite schist and gneiss, migmatite.

PR,, Kalevian undivided complex, gneiss, migmatite.

@

PRIk, Lakhdenpohja group: garnet, sillimanit, staurolite gneiss.
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Figure 4 (continued). Legend to geological and prognostic maps
of the Northern Ladoga, South-Eastern Ladoga and Western Ladoga areas.

P sl Offshore outline of the Pasha-Ladoga basin.

Supposed outline of the Riphean sediments under the Vendian cover.

Limit of Palaeozoic cover.

Limit of Upper Vendian cover.

Supposed location of Oyat rapakivi granite intrusions
under the Riphean sediments.

Supposed location of Palaeoproterozoic granite intrusions
under the Riphean sediments.

Major faults.

Second-grade faults.

Janisjarvi impact structure.

— 00— lsohypse of the Riphean unconformity.

Uranium and thorium occurrences

Grade of occurrence

Type of occurrence according
to structural-lithological reference

deposit | ore-showing | anomaly
* * * Related to Riphean unconformity
® ] * Related to Upper Vendian sandstones
1 =] Related to Lower Ordovician Dictyonema shale
¢ Related to anatectic granite
- Related to Ludicovian carbonate rocks
Vv v Related to fracture zones (vein-type)
) \ein-type in occurrences of non-radioactive ores
v Vein-type mineralization in other type U occurrences
- Related to Jatulian quartzites

Related to Lower Ordovician phosphorite

Basement-hosted of uncertain nature

NB: 1) isohypse of the Riphean unconformity are not shown
in the Northern Ladoga - see detailed map of the Salmi depression).
2) for the Northern Ladoga area anomalies are not shown because of multiplicity.
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Figure 4 (continued). Legend to geological and prognostic maps
of the Northern Ladoga, South-Eastern Ladoga and Western Ladoga areas.

For the prognostic maps only:

Supposed outlines of areas where post-Riphean erosion level is less 200 m.
YU ra-. Zones of conductivity in the basement.

= Areas promising for unconformity-type deposits:
L — . J P-Pitkjaranta; Sl - Salmi; S - Svir-Oyat; O - Otradnensko-Vaskelovskaya;
I - Irinovskaya; N - Novoladogskaya.

——

"y o n n el

Areas promising for sandstone-type deposits.

Areas promising for vein-type deposits.
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. Areas of detail consideration

A

’YL- Latvasurje, R - Ruskeala, J - Malpye Janisjarvi, M - Mramornaya Gora,

1 4’

iL_,/ 1-P - Impilakhti-Pitkjaranta, S - Salmi.

U and Th occurrences mentioned in the text:

1 - Karku deposit; 2 - Matala ; 3 - Kotalakhti; 4 - Faddeyn-Kelya;
5 - Hopunvaara; 6 - Pitkjaranta; 7 - Kitelja; 8 - Korennoye; 9 - Mursula-Puttumyaki;
10 - Sjuskinsaari; 11 - Sumeria; 12 - Vostochno-Impilakhtinskoye;

13 - Centralno-Impilakhtinskoye; 14 - Vuorilampi; 15 - Maisunmyaki;

16 - Mustaoya; 17 - Sumukanmyaki; 18 - Kokkoya; 19 - Kokkoya Severnaya;
20 - Raskenjarvi; 21 - Harlu; 22 - Pitkajarvi; 23 - Kirjavalakhti; 24 - Varalakhti;
25 - Papinmyaki; 26 - Karinmyaki; 27 - Potkulampi; 28 - Maramornaya Gora;
29 Ruttu; 30 - Savinpuro; 31 - Ruskeala group; 32 - Jalonvara; 33 - Prolonvara;
34 - Kuhilaslampi area.

NB: for symbols for the occurrences see General Appendix 1 fig. 4.
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General Appendix 2.1.
Table of radiogeochemical characteristics of the geological formations of the Ladoga region (after Mikhailov et al., 1999 and Bogachev, 1999).

: . . . . : U, ppm Rate of
Selected geological formations (number in brackets is | isotopic 5 . Th,
Era . ; n X V, % mobile
rate of U-enriched formation) age, Ma U % ppm
D3 | limstone, siltstone, sandstone 50 1.2 75 9
Oaxk+1d | limestone, combustible shale 103 3.1 90
140 30 50
1o clays, glauconitic sandstone, dictyonema shale (4 %), shell 15 13 35 13
Palaeozoic | ~!Pk*!t | phosphorite 16 | 130 45 16
100 18 50
%ZSIZ sand, sandstone, clay, siltstone 143 2.1 27 12
3
Cims | sandstone 155 2.2 25 13
Vo | clays, sandstone 419 2.1 80 18
Vendian
. . 200 2.0 180 10
0,
Varg | mudstones, siltstones, carboniferous sandstones (5 %) 80 5 9 120 9
. 1450-
Riov | trachydolerite 1350 39 1 100 18
136 3.6 45 14
0,
R12pn | Sandstone, mudstone (30 %) 40 56 30 10 5
Riphean . . 132 2.5 40
Riq | Sandstone, gritstone, tuffite 20 40 30 7
322 35 65 58
Ri-2pr | gritstone, conglomerate, apogranite weathering crust 34 4.2 60 20
48 3.8 55 16
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Table of radiogeochemical characteristics of the geological formations of the Ladoga region (continued).

. . . . . U, ppm Rate of
Selected geological formations (number in brackets is | isotopic 0 . Th,
Era . ; n X V, % mobile
rate of U-enriched formation) age, Ma U % ppm
gabbro-anorthosite-rapakivi granite (Wiborg Salmi, 630 > 120 30 20
Ulalegi massifs): Li-F-bearing granite (5%) o5 76 120 28
Lower R orphyraceous ét- ranite (20 %) ’ 1538- 244 >0 83 10 20
Riphean 1 porphyrace g ! 1645 | 91 | 36 37 20
ovoid granite (70 %), 20 19 40 13
Qtz-monzonite, gabbro-norite '
35 0.6 58 36
Kalevian- . . . 1800-
Vepsian PRy | gabbro-syenite-granite formation 1785 80 2.1 45 22.3
PRimt | leukogranite-granite formation 1800 114 9.5 102 40 4.6
. . 1870 -
PR1kzbd | granite formation 210 4.1 120 15 28
1800
. . . . . 1880 - 10 7 90
PRims | granitoid, quartz-albite-microcline metasomatite 1770 42 110 250 20
Kalevian PRy | plagiogranite-granodiorite formation 11%%05 108 8 45 5
PRiq | gabbro-plagiogranite formation 11%98% 59 1 60 25 5
: . : . : : 309 2.6 80 50 11
- - 0,
PR1ntkn | Mica schist, graphite- and sulphide-bearing schist (15 %) 45 48 40 40 p
PR1vunn | Sandstone - gritstones - dacite formation 194 2.4 80 12 9
PR ampibol-carbonate schist, 700 2.1 290 29 8
. et | apatite-bering dolomite marble (10 %) 79 8.0 80 7.7
Ludicovian 201 17 160 5
. . : 0 :
PRysn | carboniferous carbonate schist, tuffite (20 %) 60 13 120 20 11
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Table of radiogeochemical characteristics of the geological formations of the Ladoga region (continued).

Selected geological formations (number in brackets is Isotopic 0 Rate'of Th,
Era rate of U-enriched formation) age, : X Vi % mobile ppm
Ma U, %
. . . 142 14 70 2.5
0,

Jatulian carboniferous dolomite (5 %) 50 23 130 30
granite, quartz-feldspar metasomatites (1%) 2600 31122 ig 2(7) ig 28
migmatite-granite formation 550 2.1 110 18 6.8

Lopian 146 1.1 50 4 6
graphite/sulphide-bearing schists (1-3 %) 2900 o5 35 100 18 7
migmatite-plagiogranite formation 355 1.3 90 10 3

Saamian micaceous and high-aluminous gneiss 3300 126 0.5 60 4.2

Comment: n is amount of samples; X is average U content; V is variation coefficient.
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General Appendix 2.

General Appendix 2.2.
Table of U and Th contents in Svecofennian syn-, late- and post-orogenic intrusions of the
Ladoga region, ppm (after Bogachev, 1999).

Complex Intrusion Type of intrusion Rock Th U
Lauvatsaari-Impiniemi Impiniemi massif gabbro 2.9 1.2
-/ bt diorite 3.71
-1l granodiorite 4.3 1.4
-1l- qtz diorite 2.6 1.98
-1l -/l 8.84 1.72
Kuznechensky Kuznechny massif granite 22.5 3.6
-Il- -/l 15 13
-Il- -/l 21 2.6
-Il- -/l 8 3.5
-/l- -Il- 15 4.9
-/l- -Il- 5 14
Lazurny massif granodiorite 19 2.1
-Il- -/l 25 1.4
-Il- -/l 19 14
-Il- -/l 20 0.6
-Il- -/l- 15 1.2
-Il- -Il- 20 1.7
-1l granite 14 1.2
-Il- -Il- 9.0 1
-Il- -/l- 10 1.2
-Il- -/l- 21 1.6
-Il- -/l 23 1.2
-Il- -/l 16 3.2
-//- -1/- 16 1
-/l- -Il- 17.2 15
-/ -/l 16 1
-Il- -/l 16 3
-/l- -/l- 30 2
-Il- -/l 13 14
-Il- -/l- 13 1.2
-Il- -/l 9.0 1.1
-/l- -/l 13 0.6
-/l- -/l- 11 15
Borodinsky Borodino massif granite 108 0.8
-/l- -/l- 41 1.8
-Il- -Il- 39 1.7
-Il- -/l 40 3
-Il- -/l 43 2
-Il- -/l 34 2.6
-Il- -/l- 42 2.9
-Il- -/l 43 2.6
-Il- -/l 27 1.7
-Il- -/l 27.5 3.4
-Il- -Il- 47.4 3.9
-Il- -/l- 141 1.7
-Il- -Il- 93
-Il- -/l 64 2.6
-Il- -/l 12 1.8
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Table of U and Th contents in Svecofennian syn-, late- and post-orogenic intrusions of the

Ladoga region, ppm (continued).

Complex Intrusion Type of intrusion Rock Th U
Borodinsky Zavetny massif granodiorite 31 35
-/l- granite 52 2
-1l- -/l- 60 3.2
-1l -1l- 24 1.4
-1l -1l 44 2.6
-Il- -1l- 57.4 2.8
-1l -1l- 61 4.1
-1l -1l- 43 1.7
-//- -Il- 9 15
-Il- -/l 18 1.4
Gory massif granite 123 4.7
Tervussky Tervus massif granite 12 3
-/l- -/l- 11 2
-Il- -Il- 12 3
-Il- -Il- 7 25
-Il- -/l- 18 3.2
-1/- -Il- 25 2.2
-//- -Il- 12 4
-Il- -Il- 15 1.8
-/l- -Il- 11 2.2
-Il- -/l- 18 3
-1/- -Il- 17 3.8
-1l -1l- 24 2.2
-1l -1l 18 3.9
-Il- -1l- 11 3.2
-1l -1l- 18 3.6
-1l -1l- 22 4.3
-1l -1l- 20 2.3
-Il- -Il- 24 3
-//- -Il- 13 4
-1l -1l- 21 2.1
-Il- -1l 24 2.6
Putsaarsky Putsaari massif gabbro 13.1 5.54
-I/- -/l 5.3 1.2
-Il- -/l- 1.89 0.78
-1/- -Il- 2 1
-1l -1l- 2.4 1
-1l -Il- 3.2 0.7
-1l -1l 0.96
-1l diorite 416 1.12
-/l- -/l 1.6 1.1
-//- -Il- 6 1
-1l -1l 2.1 0.78
-1l -1l- 3.94 2.5
-Il- -1l- 5.1 1.3
-1/- -Il- 3 1
-//- -Il- 4 1
-1l- qtz diorite 5.1 15
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Table of U and Th contents in Svecofennian syn-, late- and post-orogenic intrusions of the
Ladoga region, ppm (continued).

Complex Intrusion Type of intrusion Rock Th U
Putsaarsky Putsaari massif qtz diorite 1.5 2.2
-/l- -Il- 15 0.7
-1/- -Il- 8 1
-//- -Il- 4 1
-1l- -Il- 2 1.7
-1l granodiorite 10 3
-1l- granite 9.44 2.13
-1l -1l- 4.2 0.6
-/l- -//- 5 1
-/l- -Il- 7 0.92
-Il- -Il- 3 1.2
-1l -1l- 1.7 1.3
-//- -Il- 11 1
-1l- -Il- 9 15
-1l- -Il- 10 1
-Il- -1l- 431 0.99
-1l -1l- 3 0.71
-Il- -Il- 3 0.6
Matkaselsky Jakkima massif ab leucogranite 4 1.7
-Il- -Il- 5 2.5
-Il- -Il- 3 2.3
-1l- leucoplagioaplite 3 1
-Il- -l- 2 1.1
pegmatite dyke mcl leucogranite 5 2.6
-/l- -Il- 5 35
-1/- -Il- 21 4
-1/- -Il- 5 2.3
-1l ab leucogranite 2 15
-1l- -Il- 1 6
-Il- -Il- 3 35
-I1- leucoplagioaplite 5 5
-/l- -1l- 1 35
-1l pegmatite 5 4.1
-1l- -Il- 3 2
-Il- -Il- 3 6.6
-1/- -Il- 1 4.4
-//- -Il- 1 55
-Il- -Il- 2 3
Matkaselka massif mcl leucogranite 1 44
-Il- -Il- 1 6.6
-1l -1l- 0.5 2.6
-/l- -//- 8 4.6
-1l ab leucogranite 1 10
/- -Il- 1 7.6
-Il- -Il- 2 18
-1/- -Il- 1 22
-//- -Il- 4 40
-1/- -Il- 1 10
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Table of U and Th contents in Svecofennian syn-, late- and post-orogenic intrusions of the
Ladoga region, ppm (continued).

Complex Intrusion Type of intrusion Rock Th U
Matkaselsky Matkaselka massif ab leucogranite 2 4
-Il- -Il- 1 7.5
-1/- -Il- 4 16
-//- -Il- 2 2.4
-1l -Il- 1 2.6
-/1- leucoplagioaplite 2 13
-1/- -Il- 1 28
-//- -Il- 1 20
-/l- -/l- 1 1.8
-Il- -Il- 1 1.1
-Il- -/l- 1 8.6
-1/- -Il- 1 24
-//- -Il- 1 32
-Il- -Il- 1 19
-Il- pegmatite 1 1
-//- -Il- 1 15
-1/- -Il- 6 1.2
-1/ -/l 6 18
-Il- -Il- 6 14
-Il- -/l- 3 3
-Il- -/l- 2 6
-1/- -Il- 4 6.5
-Il- -Il- 4 8.5
Kurenlampi massif ab leucogranite 1 5
-Il- -/l- 2 3.1
-1/ -/l 3 2.3
-1/- -Il- 2 65
-//- -Il- 2 4
-Il- -Il- 1 4.7
-Il- -/l- 3 6.1
-1/- -Il- 3 14
-/l- leucoplagioaplite 1 34
pegmatite dyke mcl leucogranite 1 3.3
-Il- -/l 1 3.5
-/l- ab leucogranite 3 7.5
-/l- gtz-mus segregation 4 36.5
-/ -/l 3 2.7
Pirtipohja pegmatite dyke leucoplagioaplite 8 16
pegmatite swarm -Il- -I- 2 5.6
-1/ -/l 1 9.5
-1/- -Il- 1 8.3
-//- -Il- 1 35
-Il- -Il- 1 12
/- -Il- 1 8.5
-Il- -/l- 1 6.9
-/l- ab leucogranite 1 14
-/ -/l 4 7.4
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Table of U and Th contents in Svecofennian syn-, late- and post-orogenic intrusions of the

Ladoga region, ppm (continued).

Complex Intrusion Type of intrusion Rock Th U
Matkaselsky Pirtipohja pegmatite dyke ab leucogranite 1 2.7
pegmatite swarm -JI- -J/- 1 18
-1l -Il- 2 3.4
-Il- -Il- 2 2.7
-1l- -1l 2 2.3
-/ -//- 1 16
-1l- pegmatite 3 7
-1l qtz-mus segregation 1 2.2
-//- -/l- 3 30
-1l- -1l 1 13
-1l -1l 4 6.4
-/l- -//- 3 22
-Il- -Il- 1 115
-/l- -Il- 1 23
-/l- -Il- 1 2.7
-/l- -Il- 2 6.1
Pitkjarantsky pegmatite dyke leucogranite 7 9.5
complex -1l- -1l 16 9
-1l- -Il- 4 18
-1l -1l 19 19
-1l -1l 18 27
-1l -Il- 24 17
-/l- -1/- 6 7
-1l- -Il- 6 8
-/l- -Il- 24 26
-1l -1l 13 16
-/l- -1/- 15 15
-/l- -1/- 26 6
-1l -1l 12 12
-1l -1l 16 16
-1l -Il- 7 3.6
-Il- -Il- 4 2.4
-Il- -Il- 15 25
-/l -1l 14 4.3
Latvasursky pegmatite dyke bt leucogranite 24 10
complex -/l- mcl pegmatite 6 5
-1l leucoplagiogranite 10 13.4
Elisenvaarsko-Vuoksinsky Vuoksa massif gabbroid 53 8.2
-/l- -Il- 16 2.6
-1l -1l 16 35
-/l- -1/- 20
-/l- -1/- 9 1.5
-1l- -Il- 13
-1l- -Il- 9 2.2
-/ -//- 15
-1l -Il- 35 6.3
-1l diorite 8 1.8
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Table of U and Th contents in Svecofennian syn-, late- and post-orogenic intrusions of the
Ladoga region, ppm (continued).

Complex Intrusion Type of intrusion Rock Th U
Elisenvaarsko- Vuoksa massif monzonite 54 4
Vuoksinsky - -J/- 36
-1l- monzodiorite 6 1.2
-II- - 8
-Il- -Il- 16
-Il- -/l- 23
-Il- -1l- 9
-//- -Il- 26 1.4
-//- -Il- 20 1.2
-Il- -/l- 18 1
-1l -Il- 12
-1l- (tz monzonite 28 1.8
-1l -//- 34 3.6
-/l- -11- 42 14
-Il- -1l 36
Elisenvaara massif nevoit 30 6
ladogalite 11 4
-//- 11 2
leucosyenite 12 2
dyke lamprophyr 23 8
Oja-Jarvi massif gabbro 25
-/l- monzonite 32.5 7.5
-Il- gtz monzodiorite-qtz
monzonite 15 1.4
-Il- -l- 45 0.8
-Il- -Il- 21 05
-Il- -Il- 29 1.1
-//- -Il- 16 1.1
-1/- -Il- 15 0.6
-Il- -Il- 16 0.5
-1l -1l 14 1.4
/- -Il- 16 1
-//- -Il- 15 0.9
-/l- -Il- 22 2.6
-//- -Il- 17 1.7
-1l -1l 14 1.7
-1l -1l 135 2.6
-Il- -1l 18 1.4
-Il- -1l 24 15
-Il- -Il- 25 15
-Il- -Il- 21 1
-/1- granodiorite 20 1
-1l- -/l- 31 0.9
-1l- -//- 22 0.6
-1l- granite 67 4.6
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General Appendix 2.3.
Tables of chemical composition of uranium and thorium bearing mineral phases (wt. %).
Analyzed with ABT-55 Akashi electron microprobe, St-Petersburg (Polekhovsky et al., 2007).

Table 1. The Sjuskinsaari group of anomalies. Pegmatoid-hosted mineralization (Th was not

analyzed).
No | Code |sio,]| ALO, | Fe,0, | MnO | Mgo | cao | Uo, | Pbo | ,0, | BaO | Sum
URANINITE
1 Sju-1-1 | 0.3 05 | 733|231 | 22 99.4
2 2 0.3 0.1 02 | 02 | 752|216 16 99.2
3 3 04 | 03 0.1 1.0 | 748 | 204 | 1.4 98.4
4 4 02 | 05 0.1 08 | 750|220 | 16 100.2
5 5 02 | 03 0.2 01 | 02 | 747|189 | 44 99.0
6 6 09 | 03 0.4 09 | 782|175 | 16 99.8
7 7 07 | 05 01 | 02 | 02 | 04 |766|178 | 16 | 11 | 99.2
8 8 03 | 06 0.3 01 | 14 |737[208 | 23 | 04 | 99.9
PITCHBLENDE
9 Sju-1-9 | 25 | 04 0.1 03 | 33 |607| 74 | 11 | 02 | 760
10 10 22 | 06 0.4 03 | 35 [652] 91 | 15 82.8
Table 2. The Korennoye ore-showing. Migmatite-hosted mineralization.
No | Code | Sio, | TiO, ‘ Al,O; | Fe,0, | MnO ‘ MgO ‘ Ca0 | U0, ‘ PbO ‘ Y,0; ‘ Ce,0; | V,05 | Sum
PITCHBLENDE-1
1 Ko-2-1 0.6 0.4 0.5 3.6 74.1 | 20.3 0.2 99.7
2 2 0.5 0.2 0.2 2.5 726 | 21.9 0.7 0.2 98.8
3 3 0.4 0.4 2.8 73.7 | 204 0.2 0.1 98.0
PITCHBLENDE -2 (vein-type)
4 Ko-1-1 3.8 1.0 4.0 1.2 0.3 3.8 79.3 5.9 99.3
5 2 4.1 1.0 3.9 1.3 0.3 3.7 793 | 71 100.7
6 3 4.0 1.2 4.0 1.2 0.4 3.8 79.9 5.5 100.0
7 10 5.5 0.8 2.0 14 0.2 2.6 81.1 3.1 2.1 98.8
8 11 5.3 0.9 1.7 1.3 0.5 24 81.8 3.9 2.0 99.8
9 12 5.1 0.5 2.1 1.3 0.1 2.4 825 | 3.9 2.2 100.1
10 13 5.5 0.7 2.0 1.1 2.5 82.5 3.2 2.6 100.1
11 14 4.9 0.9 2.0 1.3 0.3 2.2 80.5 | 5.0 2.3 99.4
PITCHBLEND E -3 (vein-type)
12 Ko-1-7 44 1.1 2.6 1.1 0.3 3.9 786 | 4.2 2.6 98.8
13 8 4.1 0.7 2.9 1.2 0.3 3.7 79.1 4.8 0.1 2.9 99.8
14 9 3.9 1.0 3.0 1.1 0.5 3.6 79.7 4.5 3.0 100.3
COFFINIT E (vein-type)
15 Ko-1-4 49 1.3 3.7 0.9 0.3 35 646 | 6.8 86.0
16 5 11.0 0.9 19 13.3 0.2 0.2 3.3 60.2 6.0 0.1 2.7 0.1 99.9
17 15 12.7 0.5 1.7 3.8 0.1 0.3 2.8 71.1 2.5 3.1 0.2 98.8
HEMATITE (vein-type)
18 Ko-1-6 | 7.2 | ‘ 3.0 | 84.9 | 0.3 ‘ 0.7 ‘ 0.5 | 1.8 ‘ 0.5 ‘ 0.2 ‘ | 0.3 | 99.4

448



General Appendix 2.

Table 3. The Hirsimyaki ore-showing. Migmatite-hosted pitchblende.

No Code SiO, | MgO CaO Uo, PbO Y,0; Sum
1 Hm-1-8 0.4 0.4 0.3 74.7 23.1 1.9 100.8
2 9 0.4 0.1 0.3 74.2 21.8 1.6 98.4
3 10 0.1 0.2 0.3 75.5 225 12 99.8
4 12 0.3 0.3 0.3 76.0 23.6 14 101.9
5 13 0.4 0.2 0.2 74.3 22.0 15 98.6
6 14 0.4 0.7 74.1 21.5 1.3 98.0

Table 4. The Puttumyaki ore-showing. Migmatite-hosted mineralization.

PITCHBLENDE-1
1 Pt-1-1 0.3 0.2 0.3 1.2 738 | 22.2 2.0 100.0
2 2 0.2 0.3 15 | 738 | 217 1.9 99.4
3 3 0.3 0.4 14 739 | 21.2 2.2 99.4
4 6 0.4 0.1 0.2 0.1 1.9 748 | 195 2.2 99.2
5 Pt-2a-23 1.1 76.6 | 214 | 0.9 100.0
6 30 15 0.1 80.7 | 168 | 0.1 99.2
7 31 0.7 0.2 1.7 794 | 17.7 99.7
8 34 1.6 0.2 0.8 775 | 195 | 0.2 99.8
9 Pt-H6-1 0.5 0.3 75.7 | 21.3 2.8 100.6
10 2 0.2 0.1 76.0 | 21.0 04 | 21 99.8
11 13 0.7 0.3 758 | 20.1 2.3 99.2
12 17 0.6 0.3 81.1 | 16.1 2.3 100.4
COFFINITE
13 Pt-1-5 3.8 0.2 0.3 0.9 68.6 | 25.2 1.7 100.7
14 Pt-H6-14 | 15.9 2.6 61.6 2.3 4.7 87.1
15 16 16.8 2.2 595 | 2.9 4.3 85.7
Table 5. The Sumeria ore-showing. Migmatite-hosted mineralization.
No | Code | SiO, | Al,O; | Fe,0; | MgO | CaO ‘ uo, | PbO | Y203 | Ce;03 | P,Os | Sum
PITCHBLENDE

1 Su-3-1 1.3 0.6 0.1 0.1 10 | 748 | 194 2.2 99.5

2 3 0.1 0.3 1.0 | 759 | 205 2.3 100.1

3 4 0.3 0.2 0.1 0.9 771 | 19.7 25 100.8

4 7 0.5 0.6 1.6 732 | 21.2 1.8 0.8 99.7

5 8 0.3 0.3 0.1 0.2 11 | 753 | 193 2.3 0.7 99.6

6 9 0.3 0.3 0.2 0.1 24 | 79.7 | 137 2.6 0.7 100.0

7 15 3.0 0.5 0.1 0.1 13 | 69.4 | 23.8 2.1 0.9 0.3 101.5

COFFINITE

8 Su-3-2 23.7 4.3 0.2 0..2 31 | 620 | 31 1.1 97.5

10 29.5 7.3 0.3 0.4 15 | 558 | 09 33 0.3 0.7 100.0

10 11 25.7 4.3 0.3 0.9 58.5 7.0 2.4 1.0 100.1
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Table 6. The Pribrejny anomaly hosted by granitoid of the Kuhilaslampi area.

THORITE
1 Jn-15 | 175 11 | 34 | 20 [03] 17 426 | 1.3 | 83 78.2
2 6 18.6 16 | 34 | 28 |08 | 14 415 | 11| 80 79.2
3 7 21.2 42 | 26 | 1.7 | 27| 29 308 | 1.3 | 80 25 77.9
4 8 19.1 25 | 1.0 | 1.0 [ 09| 29 359 19| 94 21 76.7
5 12 16.5 11 | 41 | 28 [ 03] 17 485 | 27| 13 2.9 81.9
6 15 20.6 1.3 | 02 | 72 |03 22 309 | 14 | 112 02 | 13 76.8
7 23 16.9 09 | 07 01| 20 55.7 | 26 | 17 6.5 87.1
ZIRCON
13 | Jn-1-19 | 289 10 | 47 | 02 [ 04| 24 01 | 26| 401 | 22 0.1 82.7
14 20 29.1 13 | 27 | 03 |04 26 23| 401 | 18 0.1 80.7
15 21 251 | 01 | 26 | 1.0 | 29 | 06| 28 96 | 41| 243 |07 | 10 | 27 775
RUTILE
16 | Jn-1-24 97.9 01|02 |02] 01 0.1 03 1.8 100.7
17 | Jn-2-2a-1 | 03 | 99.1 0.3 99.7
ILMENITE
19 [ Jn1-25 | 6.1 \42.1| 09 |301] 06 |0.3 \ 05 \ \ 02 |01 01 \ 0.4 \ 81.4
HOLLANDITE
23 Jn-1-3 1.0 1.3 | 06 | 664 |04 | 04 6.7 76.8
24 4 11 10 | 05 | 622 |03 | 04 10.7 76.2
25 13 6.9 48 | 274299 | 29| 04 0.2 4.0 76.5
26 17 25.4 99 | 1.0 [ 437 ] 05| 06 02 |02 01 10.9 92.5
27 18 7.2 42 | 36 | 518 16| 03 0.4 01 13.9 83.1
28 22 1.2 09 | 05 |593]05]| 05 0.4 0.1 16.1 | 01 79.6
HYDROHEMATITE
3 | Jn1-11 | 47 | 02 | 45 | 435|116 [ 22| 03 02| 05 0.2 67.9
35 14 4.0 11 | 630 | 61 [ 03| 04 03 75.2
36 16 8.2 52 | 461 | 36 [ 20| 03 0.3 03 66.0
37 26 84 | 05 | 35 [ 561 10 | 1.8 ] 03 716
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2.

Table 7. Th-U anomalies hosted by the Jatulian quartzites of the Kuhilaslampi area.

(5} ~ o~ g g Q XL N N < g r) 0
ol 8 | 9|02 218[%|5|¢2|2|¢|¢|2|2|3| | &
2l S| |F || &|S|S|2|E|E|R|E|S|F|5| ]| 3
MONAZITE

Jn-3-
1 11 | 12 37.0 46 | 03 | 214 41 |03 152 | 84.1
2 4 07 118 57 | 0.8 | 20.7 139 | 22 255 | 813
3 6 6.7 218 65| 01| 216 73 |08 19.3 | 84.1
4 9 5.2 13252 | 05|17 433 08 |02 47 | 829

ZIRCON

Jn-3-

5 12 | 337 655 | 2.4 101.6
6 3 135 2.0 08 | 249 389 | 2.4 825
RUTILE

Jn-3-

7 17 | 18 | 910 16 2.1 1.2 97.7
8 8 140 | 336 | 04 | 269 | 0.1 | 04 149 | 01 04 90.8
HYDROHEMATITE

Jn-3-
9 15 | 41 709 0.1 0.1 75.2
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Table 8. The Mramornaya Gora ore-showing. Uranium mineralization hosted by Ludicovian

carbonate rocks.

PITCHBLENDE-1
1 MG-1-4-7 0.1 0.3 0.1 74.1 20.5 3.2 98.3
2 14 5.6 0.7 0.1 0.4 75.0 16.7 98.5
3 MG-4-1-3 15 0.5 0.5 34 70.8 20.6 97.3
4 9 0.1 76.8 22.1 99.0
PITCHBLENDE-2
5 MG-5b-10 1.3 0.8 05 | 04 0.8 0.1 87.8 3.7 1.0 0.3 96.7
6 12 1.1 0.2 02 | 03 14 85.7 6.5 0.5 1.0 96.9
7 14 3.6 0.9 05 | 07 14 81.4 0.6 1.9 91.0
8 15 3.0 1.6 06 | 0.8 0.8 80.9 5.2 4.6 0.5 98.0
9 MG-6-5 14 02 |02 2.7 84.6 5.0 94.1
10 5a 1.2 0.1 2.6 84.5 6.0 94.4
11 1.2 02 ] 01 3.0 86.5 3.7 94.7
12 0.8 0.1 35 83.4 5.0 92.8
13 0.7 02 |03 3.3 84.2 5.7 944
14 0.8 0.2 3.9 86.8 5.0 96.7
15 10 0.4 03] 0.2 3.0 85.9 6.3 96.1
16 11 14 0.1 2.8 86.7 4.5 95.5
17 12 0.9 0.4 4.1 87.1 5.3 97.8
18 13 0.7 0.1 4.0 88.0 49 97.7
19 14 0.6 4.0 87.7 4.2 96.5
20 15 1.1 01 1] 01 4.3 87.0 5.8 98.4
21 16 0.6 0.1 3.7 86.9 5.0 96.3
22 17 0.8 02 |01 35 87.8 5.1 97.5
23 18 0.7 0.1 34 87.5 5.7 97.4
24 19 0.5 0.1 3.1 88.0 7.0 98.7
25 20 0.9 0101 3.9 87.9 5.6 98.5
26 21 0.7 03] 0.2 3.3 86.0 6.0 96.5
27 22 1.0 02 |01 3.4 85.8 6.6 97.1
28 23 0.5 0.2 | 0.2 2.7 88.1 5.7 97.4
COFFINITE
20 [mesb20 140  [210oa] | 10| |79 | 37 [ | L | o
TITANIUM-URANIUM PHASE
30 MG-5b-11 1.8 37.3 16 | 06 0.9 48.1 0.7 3.1 0.1 0.2 94.4
31 16 0.8 370 | 06 | 16 25 |02 45.5 1.0 1.8 0.9 91.9
32 17 1.0 36.7 02 | 20 2.3 48.7 1.9 1.7 0.4 94.9
ZIRCON
33 | Mosb9 | 252 | 06 | 22 [a9] | | 17 [o2]| 08 | | 1287 s3] 88| | 11| 795
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Table 9. The Centralno-Impilakhtinskoye ore-showing. Pitchblende mineralization hosted by

Ludicovian carbonate rocks.

No | Code | SiO, | TiO, | ALLO; | Fe,05 | MNnO ‘ MgO ‘ CaO ‘ Na,O ‘ K0 ‘ uo, | PbO | BaO | P,Os Sum
PITCHBLENDE

1 Cl-1-1 3.9 1.9 74.2 | 199 99.9

2 2 4.3 1.7 749 | 19.0 99.9

3 10 2.2 1.0 76.8 | 19.7 99.7

4 11 3.6 2.5 746 | 19.3 100.0

Table 10. The Varalakhti ore-showing. Vein-type uranium mineralization.

| Code | Sio, | Tio, | Al,O; ‘ Fe,0; ‘ MnO ‘ MgO ‘ Ca0 | Cr,0; | Uo, ‘ PbO ‘ Cuo | Y,0; ‘ V,0s | Sum

No
PITCHBLENDE
1 Va-1-1-5 0.5 0.4 0.8 4.6 774 | 16.2 99.9
2 6 0.4 0.2 0.7 4.3 76.0 | 18.3 99.9
3 12 0.6 0.4 0.7 0.1 4.5 76.3 | 17.2 99.8
4 20 0.1 0.3 0.5 0.1 0.2 3.0 772 | 182 0.4 100.0
5 Va-1-2-1 0.9 0.4 0.1 3.7 76.4 | 16.6 0.5 0.5 99.1
6 2 0.7 0.4 0.1 3.8 76.2 | 17.2 0.5 0.5 99.4
7 3 0.8 0.4 0.1 3.6 753 | 186 0.7 0.8 100.3
8 4 1.7 13 0.8 0.3 4.4 75.0 | 156 0.4 0.2 99.7
9 5 1.2 1.1 0.8 5.0 75.7 | 151 0.5 0.4 99.8
10 6 1.2 0.7 0.8 0.2 5.3 76.6 | 145 0.5 0.4 100.2
11 11 0.6 0.1 0.2 0.6 0.1 0.2 3.3 0.1 748 | 175 0.5 0.8 98.8
12 12 1.0 0.5 0.3 0.7 0.1 5.0 0.2 755 | 15.6 0.6 0.2 99.7
13 13 0.8 0.4 0.4 0.4 3.7 0.1 758 | 16.3 0.5 0.7 99.1
14 Va-1-5-20 1.2 0.5 0.3 0.1 3.5 758 | 17.2 0.4 0.8 0.3 100.1
COFFINITE

15 Va-1-5-10 | 16.5 2.8 1.4 2.8 64.2 | 10.7 1.6 100.0
16 11 111 6.0 33 5.1 48.8 | 19.2 1.7 4.7 0.3 100.2
17 21 134 0.2 1.8 0.2 0.4 15 624 | 174 14 1.2 99.9
18 22 19.0 0.2 1.2 0.1 0.5 2.0 66.0 8.9 0.7 1.5 100.1
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Table 11. The Karinmyaki ore-showing. Vein-type uranium mineralization.

No | Code | SIOZ ‘ Fe,O, ‘ MnO ‘ CaO ‘ uo, ‘ PbO ‘ Nd203 ‘ SO; ‘ SeO, ‘ Ce,03 ‘ P,0Os | Sum

URANINITE

1 La-1-1-1 9.0 0.3 17 81.3 5.0 97.3
2 2 8.6 0.2 1.7 83.0 55 99.0
3 7 8.5 0.4 17 80.1 5.6 0.5 96.8
4 9 8.5 0.2 0.8 80.4 5.7 15 14 98.5
5 22 8.9 0.4 1.8 82.0 4.6 1.0 0.9 99.6
PITCHBLENDE

La-1-1-20 | 8.8 0.1 1.0 79.9 6.2 1.0 1.0 98.0
7 26 9.9 0.2 1.4 78.7 8.1 98.3
8 Ka-1-2-1 8.0 0.4 1.6 3.6 77.2 7.3 98.1

COFFINITE
9 La-1-1-5 | 11.9 0.7 67.7 9.2 3.0 2.7 0.3 3.0 98.5
10 6 18.7 0.6 53.5 15.0 3.0 4.0 0.1 3.7 98.6
11 8 235 0.9 0.1 49.2 13.3 3.4 0.5 90.9
12 10 17.8 60.7 2.7 2.8 1.2 2.9 88.1
13 11 19.3 0.5 0.1 62.1 4.6 2.0 13 2.1 92.0
14 12 16.1 0.1 66.4 6.3 2.0 1.8 2.1 94.8
15 13 19.5 0.4 58.0 2.8 2.5 0.4 0.2 2.6 86.4
16 14 18.7 0.2 0.1 62.4 7.1 2.0 2.7 2.2 95.4
17 15 21.9 0.7 54.2 15 2.0 0.7 3.2 84.2
18 21 14.6 0.3 0.3 67.7 5.3 1.9 0.4 2.3 92.8
19 23 23.2 0.7 56.4 4.4 2.0 13 0.2 2.9 91.1
20 24 18.1 0.2 0.2 59.2 133 2.0 3.9 0.1 2.3 99.3
21 27 12.8 0.3 0.3 69.2 7.5 2.0 2.8 0.5 1.9 97.3
HYDROPITCHBLENDE
22 Ka-1-2-2 2.8 0.2 1.6 66.1 17.7 88.4
23 2 2.9 1.4 66.1 13.4 83.8
CASOLITE

24 Ka-1-2-4 | 10.5 0.2 0.1 48.3 38.2 97.3
25 5 8.3 0.2 0.3 0.7 59.0 26.5 95.0
26 6 9.5 0.1 0.1 459 35.6 91.2
27 7 6.7 0.2 0.1 58.1 28.0 93.1
28 8 11.6 0.1 53 58.5 125 88.0

Table 12. The Dyke anomaly. Vein-type thorite mineralization.

No Code Si0, | UO, | ThO, Sum
1 Jn-8-1-5 | 235 76.5 100.0
2 6 25.4 1.0 73.5 99.9
3 7 22.7 2.1 75.2 100.0
4 9 23.7 0.7 75.6 100.0
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Table 13. The Jalonvara complex ore deposit. Vein-type uranium mineralization.

No | Code | S|02 | T|02 | A|203 | Fezog | MnO | MgO | U02 | PbO | Zl’02 | 803 | Sum

ADMIXTURE Nol

1 JI-2-4 17.7 10.4 19.0 0.4 5.9 285 | 2.8 84.7
2 5 9.0 0.3 4.1 11.6 0.2 1.7 36.0 [ 2.5 65.4
3 6 7.9 3.7 11.1 0.2 2.2 450 | 4.0 74.1

ADMIXTURE No2

4 JI-1-5-2 11.8 3.0 23.9 0.3 22.7 | 0.9 13.3 8.0 83.9
5 3 10.6 3.2 29.4 0.4 18.0 | 04 11.4 9.0 82.4
6 4 7.2 4.9 35.5 0.5 114 | 0.7 6.2 7.7 74.1

Table 14. The Hopunvaara complex ore deposit. Vein-type ferrithorite.

No Code S|02 Fe,O4 Th02 Y,03 P,O5 Sum
1 BV-1-1-4 13.3 14.9 44.9 5.6 2.0 81.3
2 5 15.1 8.7 50.8 6.9 2.2 84.7

Table 15. The Karku area. Syn-sedimentary ferrithorite.

No Code SiO, | FeO | ThO, | Ce,O3 | P,Os | Sum

1 | 838/264,4-1 | 12.7 | 27.9 | 38.9 2.2 2.5 84.2
838/264,4-2 | 14.1 | 27.1 | 38.2 4.0 4.5 89.1
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Tables of chemical composition of uranium mineral phases (wt. %).

Analyzed with Cameca SX-100, Nancy.

General Appendix 2.4.

Table 1. The Sjuskinsaari group of anomalies. Pegmatoid-hosted uraninite mineralization. Sample Sju-1.

No | SiO, | SO; CaO | V03 [MnO |FeO |Y;0;3 |Nd,O3 |Dy,0O; |PbO Uo; ThO, | MgO | Total
1| 0.037 0| 1.195| 0.094 0.08 0| 1524 | 0.129| 0.331 17.79 | 66.285| 5.081 0.02 | 92.565
2| 0.036 0.06 | 0.783 0| 0.007| 0.054| 2.084| 0.257| 0.535| 18.447| 64.818 535| 0.023| 92.454
3| 0.054| 0.158 | 1.051 0| 0.018 0 1.46 0.291| 0.399| 19.415| 68.086 | 4.659 | 0.035| 95.627
4| 0.064 | 0.015| 0.351 0 0 0| 1953 0.183 | 0.447| 19.556 | 65.612| 5.678 0.01| 93.869
5 0| 0.001| 0.829 0 0| 0.016| 2422 0.286 | 0.616| 19.473 | 64976 | 5.204 | 0.019 | 93.843

Table 2. The Hirsimyaki ore-showing. Migmatite-hosted pitchblende mineralization. Sample Hm-1.
No | Al,O3|SiO; | P,Os | SO, | CaO | V.03 | FeO | Y03 | Nd,O3 | Dy,O3 | PbO | UO, | ThO; | MgO | Total
1| 0.002 | 0.002 | 0.034 0]0562| 0.04|0.091|1.239| 0.244 | 0.335|17.467 | 62.95| 0.01| 0.03 | 83.005
2 | 0.049 | 0.032 0]0.065 | 0.671 0 0(1.282| 0.219| 0.499 | 19.049 | 72.076 | 0.064 0 | 94.007
3 0]0.113 | 0.051 | 0.076 | 0.942 0 0| 1531 0.251| 0.531 | 18.441 | 70.532 0| 0.003 | 92.472
4 0 0 0]0.025 | 0.491 0 0| 155| 0.775| 0.491 | 19.276 | 69.958 0 0 | 92.564
5 0]0.018 0 0| 0.38 0 01407 | 0.372| 0.505 |20.492 | 70.299 | 0.111 | 0.02 | 93.605
6 0 0 0 0 | 0.565 0 0] 1451 0.24 | 0.607 | 19.457 | 70.861 0| 0.008 | 93.188
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Table 3. The Sumeria ore-showing. Migmatite-hosted pitchblende mineralization. Sample Su-3.

No | SiO; | P,Os | SO, | CaO | V,03 | MnO | FeO | Y203 | Nd,O3 | Dy,0O3 | PbO UoO; ThO; | MgO | Total

0|0.045|0.072 | 1.013 0 0| 0.01|2384| 0878 | 0.792|15.075| 69.11 0 0| 89.38
0.066 00.055|1.106 | 0.014 0] 0.046 | 2.443 | 1.009 0.9 | 17.203 | 70.971 | 0.066 | 0.029 | 93.907
0/0.002 0.032| 1.9|0.034|0.151|0.151 |2.599 | 0.852 | 0.979 | 11.938 | 71.788 0| 0.002 | 90.429
00.105 | 1.135 0 0 02136 | 0.792 0.7 | 17.099 | 71.202 0| 0.033 | 93.202
0 0 0]1.331 0 0 0| 2.148 0.79 | 0.832|17.361 | 69.772 | 0.084 | 0.019 | 92.336
0.117 0 0]1.195| 0.054 0]0.112 | 2462 | 0.702 | 0.854 | 16.477 | 69.905 0 0]91.878

o O | W N
o

Table 4. The Mramornaya Gora ore-showing. Different types of pitchblende mineralization hosted by Ludicovian carbonate rocks. Session 1.

LSy

No | Sample | Mineral | Al,O; | SiO, | SO, | CaO | V.03 | FeO | Y,0; | PbO uo, Ti0O, | MoO | NiO | CuO | AsO | BaO | Total
1| MG-1 | Pbl-1 00114 | 0.198 | 0.236 | 0.176 | 0.098 | 3.784 | 19.558 | 68.317 | 0.019 0 | 0.007 | 0.108 0 0| 92.614
2 | MG-5 | Pbl-2 013520049 | 0918 | 0.187 | 0.309 | 0.006 | 2.953 | 88.418 | 0.803 0| 0.017 | 0.062 | 0.071 0| 95.145
3| MG-5 | Pbl-2 0.044 | 0.816 | 045 |0.878 | 0.041 | 0.232 | 0.41 | 3.539 | 84.856 | 4.277 | 0.197 0] 0.069 | 0.221 0 96.03
4 | MG-5 | Pbl-2 0]0.993 | 0506 | 0.762 | 0.081 | 0.32 0| 2.826 | 86.692 | 1.972 | 0.252 0 0 | 0.107 0| 94.509
5| MG-5 | Pbl-2 0.003 | 1.559 | 1.166 | 0.777 0| 046 0| 3.634|83.153 | 2.601 | 0.65| 0.066 | 0.045 | 0.199 0| 94.312
6 | MG-5 | Pbl-2 0] 1.849 | 2.156 | 0.759 0| 0.609 0| 3324 |82271| 2.639 | 1.452 0 00193 0| 95.253
7| MG-5 | Pbl-2 0.141 | 2.629 | 2.248 | 0.76 | 0.09 | 0.438 | 0.765 | 4.603 | 79.593 | 3.113 | 1.044 00106 | 0.25 0| 95.781
8 | MG-5 | Ti-U phase 00893 |0.148 | 2172 | 0.107 | 1.146 | 0.448 | 1.118 | 48.489 | 34.116 0 0 | 0.003 | 0.048 | 1.851 | 90.539
9 | MG-5 | Ti-U phase 0| 114 |0.266 | 1.905 | 0.041 | 1.081 0| 1.403 | 45.391 | 34.906 | 0.006 0 |0.078 | 0.104 | 2.203 | 88.522
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Table 5. The Mramornaya Gora ore-showing

. Different types of pitchblende mineralization hosted by Ludicovian carbonate rocks. Session 2.

Sample MG-6.
No | Mineral | ALO; | SiO, | P,0s | SO, |CaO |V,0; | MnO | FeO ZrO, | Nd,0; | Dy,0; | PbO | UO, ThO, | MgO | Total
1| Pbl-2(?)* | 0.283 | 0.866 | 0.108 | 3.049 | 2.651 0] 0128 | 0291| 0.946 0| 0.117 | 19.003 | 68.776 0| 0.016 | 96.235
2 | Pbl-2 0] 0362 | 0.338 | 0.042 | 2.892 | 0.103 | 0.057 | 0.148 | 1.079 0| 0067 | 4.872| 86.631 0| 0.038 | 96.629
3 | Pbl-2 0] 021 02| 0581 ] 2793 | 0119 | 0.15| 0.024 | 1.466| 0029 | 0.027 | 6.426 | 84.768 0| 0.023 | 96.815
4 | Pbl-2 0.007 | 0.176 | 0.289 | 0.111 | 2.563 0 0| 0116 | 1.878 0| 0.069 5.32 | 84.482 | 0.087 | 0.046 | 95.145
5 | Pbl-2 0.055 | 0.309 | 0.31| 0.055 | 3.193 | 0.085 | 0.139 | 0.093 | 1.006 0 0| 4551 85.763 0| 0.038 | 95.596
6 | Pbl-2 0.178 | 0.842 | 0.094 | 0.314 | 3.706 0 0| 0.088]| 0.863 0| 0129 | 4.287 | 85.991 0| 0.082 | 96.574
7 | Pbl-2 0.022 | 0.476 | 0.345 0| 3.361 | 0.084 | 0.022 0| 1.003| 0.008| 0.029| 4.637 | 86503 | 0.049 | 0.031 | 96.57
8 | Pbl-2 0.016 | 0.217 | 0.313 | 0.028 | 2.395 | 0.026 0 0| 1.892 0| 0007 | 5147 | 86.164 0| 0.032 | 96.236
9 | Pbl-2 0| 0.608 | 0.244 | 0.007 | 3.549 | 0.042 | 0.072 0| 1.158 0| 0039| 3.695| 86.962 0| 0.022 | 96.397
10 | Pbl-2 2518 | 5.119 | 0.208 | 0.294 | 2.443 0| 0.016 | 0.259 1.82 0 0.02 | 3.883| 81.174 0| 0.148 | 97.901
11 | Pbl-2(6) | 0.031 | 0.457 | 0.261 | 0.131 | 3.27 | 0.063 | 0.073 0| 1.326 0| 0.029| 4.089| 87.505 0| 0.053 | 97.289
12 | Pbl-2(6) | 0.068 | 0.381 | 0.336 | 0.038 | 3.742 0| 0.032 0| 0.908 0| 0058]| 4.406| 87.757 0| 0044 | 9777
13 | Pbl-2 (6) 0| 053] 0.291 0| 3.403| 0.028 | 0.021 | 0.063 | 1.326 0 0| 4.141] 86.419 0| 0.004 | 96.228
14 | Pbl-2(6) | 0.069 | 0.408 | 0.311 | 0.065 | 2.97 | 0.03 0 0| 1.105| 0.003 014 | 4811 | 8527 | 0.071 | 0.048 | 95.302
15 | Pbl-2 (6) 0| 0516 | 0.417 | 0.072 | 3.371 | 0.105 | 0.035 | 0.136 | 0.656 0| 0017 | 4.817 | 86.633 0| 0.032 | 96.805
16 | Pbl-2(6) | 0.072 | 0.611 | 0.306 0| 3.524 0008 | 0101 1.014 0 0| 4391 87.124 0| 0.055 | 97.286

* Pbl-2(?) — a mineral phase optically similar to other Pbl-2, but relatively rich in PbO.
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Table 6. The Varalakhti ore-showing. Vein-type pitchblende mineralization. Sample Va-1.

No

Al,O3

SiO,

P205

SO,

Uuo,

TiO;

FeO

Y203

CaO

PbO

MoO

V703

NiO

CuO

AsO

Cr,03

Total

0.008

0.308

0.36

0.12

72.97

0.069

0.276

1.054

3.2

17.893

0.102

0.606

0

0.239

0.127

0.076

97.41

0.02

0.575

2.544

0.002

72.516

0.279

0.679

0.553

4.009

16.886

0.024

0.447

0.063

0.159

0.012

0.192

98.96

0.019

0.366

0.398

0.04

72.967

0.118

0.331

0.648

3.404

16.448

0

0.696

0.03

0.071

0.082

0.063

95.68

0.082

0.854

0.09

0.041

73.103

0.407

0.742

0.709

4.443

14.693

0.024

0.503

0.129

0

0.028

0.159

96.01

a1l [(WiN (-

0.008

0.219

0.46

0.548

70.846

0.253

0.471

0.381

2.777

17.048

0

0.613

0.01

0.809

0.127

0.111

94.68
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General Appendix 2.5.
Table of chemical composition of pitchblendes from the Karku deposit (wt. %).

Analyzed with ABT-55 Akashi electron microprobe, St-Petersburg (Polekhovsky et al., 2005).

09

No | DDH | SiO, | TiO, | A,03 | FeO | MnO | MgO | CaO | K,0 | Cr,05 | UO, | PbO | ThO, | Y,03| BaO | SrO | SO; | Sum
PITCHBLENDE-1
1| 625 | - - - - | 183 | - - - - |8251] 111 | - - - - | 11| 8715
2 | - - - - - | 151 | - - - - 7939|1507 | - - - - | 2.75| 98.72
3| - | 32] - | 04 ]03]| - - | 22| - - 827 | 53 | 21 - - - - | 96.2
4| 627 | 54| 03| 07 |04]| - - |12 ] - - 806 | 53 | 25 - - - - | 964
5| - | 58] 06|11 |05| 04 | 11 | 12| - - 771 | 48 | 2.2 - - - - | 948
6 | /- | 53]02|05]| - | 08 - |11 ] - - 823 | 38 | 2.2 - - - - | 96.2
7| 4 | 55| 02| 06 |03 09 - |11 ] - - 785 | 45 | 3.9 - - - - | 955
8 | /- | 44| - | 06 | 03| 07 - | 44 | - - 774 | 66 | 2.8 - - - - | 972
9 | 4 | 36| - | 05|04 07 - |17 ] - - 789 | 74 | 3.7 - - - - | 96.9
10| /- | 48 | 02 | 03 |04 | 04 | 02 | 13| - - 775 | 58 | 4.6 - - - - | 955
11| /- | 43 ] 05| 04 | 04| 08 | 03 | 15 | - - 796 | 59 | 3.0 - - - - | 96.7
12| - |122] - | 08 | 03| 04 | 03 | 15| - - 760 | 21 | 16 - - - - | 95.2
13| /- | 74 ] 03 | 05 | 05| 05 - | 15 | - - 772 | 38 | 41 - - - - | 958
14| - | 91| - | 06 | 03| 04 YA - 771 | 31 | 36 - - - - | 959
15| /- | 50 ] 02 | 05 | 04| 08 - |18 | - - 81.1 | 1.4 | 34 - - - - | 94.6
16| /- | 50| - | 04 03| 05 - |13 ] - - 809 | 6.8 | 2.2 - - - - | 974
17| /- | 41 ] 02 | 03 | 04| 08 - | 16| - - 787 | 62 | 41 - - - - | 964
18| /- [ 20 ] 02 ] 02 |03 07 | 02 | 18| - - 80.3 | 6.8 | 3.2 - - - - | 957
19| /- | 53] 02| 06 |11 08 | 07 | 15| - - 788 | 42 | 41 - - - - | 973
20| - | 49 | 02 | 05 | 05 | 0.9 - | 14| - - 786 | 42 | 5.0 - - - - | 96.2
20| - | 48| - | 05 | 04| 08 - | 14| - - 787 | 55 | 35 - - - - | 956
22| /- | 40| 02 | 05 | 05| 07 - | 22| - - 795 | 63 | 3.8 - - - - | 977
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Table of chemical composition of pitchblendes from the Karku deposit (wt. %).

No | DDH | SiO; | TiO, | A;03 | FeO | MnO | MgO | CaO | K;0 | Cr,03 | UO, | PbO | ThO, | Y,0; | BaO [ SrO | SO; | Sum

PITCHBLENDE-1

23| 627 | 42 | 02 | 04 | 03| 07 - 1.5 - - 777 | 5.7 5.4 - - - - 96.1
24 | I 4.6 - 0.4 - 0.8 - 14 - - 79.1 | 56 4.0 - - - - 95.9
25 | I 4.2 - 0.5 - 0.7 - 1.3 - - 79.6 | 53 3.9 - - - - 955
26 | - 83 1 02 | 06 | 04 - 02 | 11 - - 7.7 | 4.2 3.1 - - - - 95.8
27 | 656 | 1.6 - - 05| 06 - 3.8 - - 842 | 76 0.4 - - - - 98.7
28 | - 1.6 - - 05| 08 - 3.4 - - 840 | 75 0.1 - - - - 97.9
29 | - 1.8 - - 05| 08 - 3.1 - - 864 | 6.8 - - - - - 99.4
30 | I 34 119 | 05 | 04 | 05 - 21 | 05 - 779 | 94 - 0.4 - 0.5 - 975
31671 | 62 | 03 ] 07 |09 03 05 | 21 - 0.1 827 | 15 - - - - - 95.3
PITCHBLENDE-2
32 | 625 | 7.88 - - - 1.9 - - - - 80.72 | 6.38 - - - - [1.06] 97.93
33| /- |894 - - - 1.75 - - - - 82.92 | 6.22 - - - - [1.56]101.38
34 | - | 8.66 - - - 1.6 - - - - 80.42 | 10.05 - - - - 11.75]102.48
35| M- 1912 - - - 1.38 - - - - 82.24 | 6.38 - - - - [0.93 | 100.04
36 | -I- 4.3 - 04 | 0.2 - - 1.6 - - 746 | 13.0 - - - - - 94.1
37 | - 6.9 - 03 | 05 - 03 | 15 - - 753 | 7.9 1.7 - - - - 94.4
38| 627 | 6.0 - 05 | 0.6 - - 1.5 - - 750 | 89 2.3 - - - - 94.8
39 | - 6.5 - 0.7 | 2.2 - 05 | 14 - - 759 | 45 2.5 - - - - 94.2
40| M- 102 - 13 | 24 - 15 | 16 - - 66.6 | 95 1.9 - - - - 95.0
41 | 656 | 123 | 36 | 16 | 0.2 - - 19 | 0.2 - 75.7 | 0.7 0.3 - - - - 96.5
42 | - | 128 | 31 | 16 | 0.2 - - 19 | 0.2 - 728 | 0.7 0.3 15 | 11 | 09 - 97.1
43| - | 118 | 02 | 13 - - - 04 | 01 - 68.3 | 8.6 - 39 | 09 | 08 - 96.3
44 | - |120] 59 | 1.0 | 0.1 - - 11 | 0.2 - 638 | 9.3 0.2 16 | 1.3 | 06 - 97.1
45| - 1100| 72 | 1.2 | 01| 01 - 1.6 - - 68.0 | 6.0 0.7 08 | 05 10 - 97.2
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General Appendix 2.6.

Table of chemical composition of pitchblende from the Karku deposit and the Kotalakhti ore-showing (wt. %).

Analyzed with Cameca SX-100, Nancy.

No | Occurrence | DDH | Al,O4 SiO, P,Os5 SO, TiO, CaO FeO YO, PbO ThO, uo, Total

PITCHBLENDE-1

1| Karku 625 o] 2661 0] 0.559 0] 4555 0.492 0] 9.631 0] 77.73] 96.046

2 625 0 2.88 0| 0.927 0 412 | 0331 0| 12.926 0| 76.252 97.648

3 625 0 2914 0| 0.579 0| 4427 | 0491 0| 10.156 0| 76.279 95.042

4 625 0 2411 0] 0.229 0| 5.386 | 0.486 0 9.517 0| 74728 93.099

5 625 0 3.404 0] 1.281 0 3.75 | 0.407 0| 10.268 0 75.47 94.914

6 625 0 1.89 0| 0314 0| 5431| 0.461 0| 16.529 0| 68.263| 93.213
PITCHBLENDE-3

7 | Kotalakhti 1001 0.389 5.101 0 0 0| 2604 2.084 0 4.097 0| 79.492 94.291

COFFINITE

8 | Karku 674 0944 | 14513 | 0.282| 0.103| 1.985| 0.108 4.004 0.777 0| 65.207 88.02

9 674 1.007 | 17.476 | 0.776 | 0.132 2.3 0.11 | 0.323 | 6.586 0 0| 58.289 87.28

10 674 0.887 | 18.212 | 1.588 0| 1.801 0| 0.364 9.65 0 0| 54.178 86.958

11 674 1.038 | 17.598 | 1.423 0| 2.548 0| 0.791 | 9.503 0.787 0.451 | 55.079 89.309
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Tables of chondrite-normalized REE and Y content in the uranium oxides.

General Appendix 2.7.

Table 1. The Sjuskinsaari group of anomalies. Pegmatoid-hosted uraninite mineralization. Sample Sju-1.

No La Ce Pr Nd Sm Eu Th Dy Ho Er Tm Lu Y
2377.55 | 3468.57 | 8865.49 | 8588.99 | 11936.47 | 3167.29 | 19601.99 | 19423.28 | 24130.05 | 21619.15 | 25817.19 | 7174.24 | 35419.84
3236.03 | 5757.33 | 13407.76 | 11864.13 | 15573.61 | 5127.80 | 25147.89 | 24287.00 | 30015.43 | 24909.92 | 33819.84 | 10743.23 | 55431.13

Table 2. The Korennoye ore-showing. Late vein-type pitchblende from the anatecxite-hosted occurrence. Sample Ko-1. Gd and Yb contents are

calculated as an arithmetic mean value of Eu and Th, Tm and Lu (interpretation of Bonhoure, 2007).

No La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu
1| 494158.78 | 72926.76 | 12540.74 | 12512.72 | -3340.05 | 770.77 | 2188.19 | 3605.62 | 257.10 | 267.37 | 309.17 | 295.91 | 160.31 | 24.71
2 | 323228.02 | 56231.43 | 12147.74 | 6728.99 246.27 | 413.37 | 918.35| 1423.33 | 133.10 | 10459 | 133.83 | 131.26 | 68.73 6.21
3| 228363.45 | 41938.56 | 7531.54 | 4304.77 346.81 | 257.28 | 833.61 | 1409.94 | 102.70 79.01 | 113,51 | 104.99 | 55.39 5.78
4 | 228562.52 | 41404.07 | 7288.67 | 4172.61 321.57 | 257.17 | 792.97 | 1328.76 92.03 79.33 | 109.99 95.22 | 50.71 6.21
5] 192763.55 | 36106.96 | 8458.33 | 4388.23 390.64 | 298.37 | 78552 | 1272.66 | 111.55 85.04 | 14425 | 109.49 | 57.91 6.32

Table 3. The Mramornaya Gora ore-showing. Late vein-type pitchblende hosted by Ludicovian carbonate rocks. Sample MG-6.
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No La Ce Pr Nd Sm Eu Tb Dy Ho Er Tm Lu Y
1| 113254 | 184.88 | 231.70 | 161.21 | 330.26 | 566.43 | 454.63 | 458.06 | 655.42 | 537.26 | 677.06 | 184.52 | 3266.03
2 314.60 | 105.69 | 17181 | 173.84 | 540.05 | 676.08 | 706.54 | 786.79 | 987.87 | 778.22 | 967.13 | 252.53 | 2557.39
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