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Figure 4. Map of the present-day distribution of Cambrian deposits on the platform with location
of stratigraphical column. In black - outcrop area; cross-hatching - subsurface area.

are predominantly found in the lower part, but also occur in the upper part of the formation.

The Tiirisalu Formation is overlain by Upper Tremadocian sandstone and clay/claystone of the
Varangu Formation (Fig. 5). In the southern part, it is covered by the Leetse glauconitic
sandstone (Latorp) and in the northwestern corner (incl. Hiiumaa and Vormsi islands) by the
Kunda (or Volkhov) sandy limestone (PUKKONEN & RAMMO 1992). Phosphatic sandstone of
the Kallavere Formation with a thickness from 1 to 20 m (predominantly 3-4 m) underlies the
Tirisalu Formation and contains organic-rich mudstone interlayers. In some places, e.g. on the
Hiiumaa Island, a layer of dark mudstone occurs at the base of the Kallavere Formation. This
layer contains less organic matter than the Tirisalu Formation (6-9% and 14-16% TOC
respectively, PUKKONEN 1993). Southwards, the thickness of the Tiirisalu Formation decreases
and the number of sand- or siltstone interlayers increases. For example, in the core F-309 located
near the thinning-out line (see Fig. 1), the Tirisalu Formation (0.4 m) is characterized by the
intercalation of mudstone (0.17 m), sandstone (0.06 m) and anthraconite concretions (0.17 m).
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Figure 5. Stratigraphical scheme of the Tremadocian and Arenigian rocks in North Estonia.
Legend: 1 - limestone; 2 - dolomitic limestone; 3 - clay (mudstone); 4 - quartzose sandstone and
siltstone; § - organic-rich mudstone (Dictyonema Shale) with disconformity; 6 - glauconite; 7 -
pyrite; 8 - complete shells and debris of inarticulate brachiopods; 9 - interlayers of organic-rich
mudstone. Note: Part of the Kallavere Formation belongs to the Upper Cambrian

The thickness of the Tiirisalu Formation decreases eastwards towards the central province.
Simultaneously, the upper part of the formation becomes more homogenous (massive) with fewer
visible silty interlayers. The content of organic matter is slightly lower than in the western
province, and the concentration of precious metals (U, Mo, V) drops 2-3 times. Graptolites are
very rare or lacking in the upper part the Tiirisalu Formation. No anthraconite concretions are
found. Eastwards from the Maardu phosphorite deposit, a sandstone interlayer appears in the
middle part of the Tiirisalu Formation dividing it into a metal-lean, upper part and a metal-rich,
lower part. This sandstone layer reaches its maximum thickness of 0.6 m in the eastern part of
the central province, for example in the Nommeveski outcrop (see Fig. 2). The underlying
sandstone of the Kallavere Formation contains numerous intercalations or films of kerogenous
mudstone. The thickness of these intercalations varies from some millimeters to some centimeters
and constitute less than 10% of the total thickness (MENS et al. 1989). The lower boundary of
the Kallavere Formation (Fig. 2) is in some places marked by a thin layer of kerogenous
mudstone. More frequently, the boundary is developed as a 0.2 m thick brachiopod coquina,
containing densely packed valves of Ungula ingrica. The uppermost 4-10 cm of the sandstone
formation, which forms the boundary to the overlying Tirisalu Formation, is usually cemented
with pyrite, forming the so-called pyrite layer (LOOG & KIVIMAGI 1968). The boundary
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between the Tirisalu Formation and the overlying Varangu Formation is also distinct, marked by
a disconformity with borings (VIIRA et al. 1970, MAGI et al. 1989).

The lithological composition of the Tiirisalu Formation of the eastern province differs
considerably from the western sections. Detailed prospecting for phosphorite was carried out in
the Toolse phosphorite deposit in the period from 1968 to 1975 by the Geological Survey of
Estonia (Fig. 1). Here, the Tirisalu Formation with an average thickness of 1.4 m was divided
into four units (upwards): A), B), C), D) (KIVIMAGI & TEEDUMAE 1971). Unit A (0.3 m)
is characterized by homogenous, thinly laminated dark-brown mudstone, unit B (0.9 m) by
intercalations of siltstone and mudstone interlayers containing pyrite, anthraconite and white lenses
of chert (KIVIMAGI & LOOG 1972). The quartzose sandstone of unit C (0.05 m) contains pyrite
crystals, calcite, dolomite and debris of inarticulate brachiopods. Unit D (up to 0.15 m) consists
of very homogenous dark-brown mudstone, sometimes intercalated by thin (up to 4-5 mm)
siltstone layers. The Tiirisalu Formation is overlain by clays (or claystones) of the Varangu
Formation with thicknesses reaching 3 m. In the eastern part of the subcrop area, the Tiirisalu
Formation (less than 1 m) is very heterogenous showing intercalations of mud-, silt- and
sandstone, anthraconite concretions and white lenses of chert. The formation is here overlain by
glauconitic sandstone of the Hunneberg Stage. The chert lenses were described by K.Miiiirisepp
as originating from spicules of silicious sponges (LOOG 1982).

Mineralogy. The mineralogical composition of the Tirisalu Formation is dominated by clay
minerals (30%), potassium-feldspar (20%) and quartz (15%). The average content of organic
matter and pyrite is 15% and 4-5% respectively. According to UTSAL et al. (1982) and
PALVADRE et al. (1984), about 15% of the shale consists of amorphous substances considered
to be oxides of iron, alumina and silica. The clay minerals were divided into the following
groups:

1) Genuine hydromica (illite) with a lattice spacing d = 10.00 to 10.10A and hydrated
hydromicas with d = 10.11 to 10.20A (this group makes up 16% of the whole rock composition).
2) Expansive hydromica with d = 10.21 to 10.30A and montmorillonite-hydromicas with
disordered mixed-layer structure, d > 10.31 A (10%).

3) Micas with d = 9.93 to 9.99 A (muscovite).

4) Chlorite (0.5%).

The micas were mainly found in the fraction from 2 to 5 u or more, the expansive and hydrated
hydromicas in the fraction of 0.2 p and the montmorillonite-hydromicas in the fraction less than
0.2 u. The following processes have been proposed for the formation of the latter: Vulcanic
activity = fine volcanic ash - authigenic montmorillonite - diagenesis — disordered mixed layer
hydromicas.

The influence of volcanic activity on the genesis of the Tiirisalu Formation has been mentioned
also in other studies (ZHUKOV et al. 1987, PETERSELL et al. 1987, JUDOVITSCH &
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KETRIS 1988). The main argument for volcanic influence is the occurrence of euhedral
(authigenic?) K-feldspar crystals in the mudstone, also described as sanidin-like crystals
(KLEESMENT & KURVITS 1987). Besides the authigenic K-feldspar, the problematical
amorphous substances have also been considered as of volcanic origin.

Among the heavy mineral fractions, authigenic minerals are prevailing, first of all pyrite and
marcasite. The different types of pyrite in the Estonian Tirisalu Formation were studied by
PYLINA (1966), LOOG (1982) and KALLASTE & PUKKONEN (1992). Allogenic translucent
heavy minerals include mainly zircon, tourmaline and garnet (KLEESMENT & KURVITS 1987),
but also corundum, sillimanite, brookite and Ti-minerals (ilmenite, leicoxene, rutile, anatase) have
been reported. The Ti-minerals and the seldom occurring pyroxenes and amphiboles have well-
rounded grain shapes. Also baryte has been reported in the Estonian Tirisalu Formation. The
sphalerite and galenite crystal modifications were described by (PUKKONEN 1991).

CHEMICAL COMPOSITION OF THE TURISALU FORMATION

The first detailed study of the major element and kerogen composition of the Tiirisalu Formation
was carried out by KUPPFER (1870), who analysed material from three localities in western,
central and eastern Estonia. N.Ré4go studied the kerogen elemental composition of the Tiirisalu
Formation from the Méekalda outcrop (9 km from Tallinn) and gave data of kerogen, bensol-,
xylol-, aceton-soluble bitumen extractions and of the major element composition (RAGO 1928).
Simultaneously, the Tiirisalu Formation of the St.Petersburg Region was studied by Russian
geologists (POTULOVA 1927, ORLOV & KURBATOV 1934-1936, DOBRIYANSKIY 1947,
USPENSKIY & GORSKAYA 1940). After the II World War and the annexation of Estonia by
the Soviet Union, intensive uranium prospecting in the Estonian Tirisalu Formation was started
by Russian geologists (see ALTHAUSEN 1992 and MAREMAE 1989). Also, detailed work on
the thermal decomposition of the organic matter in the Tirisalu Formation was carried out by
O.Kirret, N.Gerassimov and A.Tikk in the Institute of Chemistry at the Estonian Academy of
Science in 1947 (KIRRET et al. 1957).

When the mining of phosphorite in the Maardu quarry began in the late fifties, interest into the
Tiirisalu Formation as a potential resource overlying the phosphoritic sandstone increased. Several
thoroughful studies were carried out in the Institute of Chemistry during this time (KIRRET et
al. 1957, KIRRET et al. 1959, POLIKARPOV 1957).

Detailed studies of the trace element geochemistry of the Tirisalu Formation started at the
Geological Survey of Estonia in the second half of the sixties and lasted about 25 years. Data
were presented in more than 10 unpublished reports and are stored in the archive of the
Geological Survey of Estonia. The chemical constituents of the Tiirisalu Formation can be roughly
divided into three groups: (1) Major elements, (2) kerogen, and (3) trace elements.
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1) Major elements. The major element composition of the Estonian Tirisalu Formation was
determined by wet chemical analyses, and in some later studies also by neutron activation
(PELEKIS et al. 1985, PUKKONEN unpublished data). A comparison of old and new analyses
was given by PUKKONEN (1989). This short review of the major element composition of the
Tirisalu Formation is based on the chemical analyses carried out in the laboratory at the
Geological Survey of Estonia. As shown in the Table 2 and Figure 6, the composition of the
major element oxides in the Tiirisalu Formation and in the Scandinavian Alum Shale is quite
similar. The Alum Shale data given in the table were obtained from the Bérstad core (Oster-
gotland, Sweden), where the sample B-1 represents the average Tirisalu Formation and the
sample B-2 Alum Shale of the Leptoplastus zone (Upper Cambrian). The Baltoscandian Alum
Shales can be characterized as non-calcareous mudstones (or shales) with low CaO, MgO and
MnO concentrations (TUREKIAN & WEDEPOHL 1961). The elevated P,O5 and Fe,O; content
in the Cambrian sample (Fig. 6) is related to the higher organic matter and pyrite content. Both
the Tiirisalu Formation and the Swedish Alum Shales are enriched in K,O and depleated in Na,0.
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Figure 6. Plot showing ratios of major element oxides in the Estonian Dictyonema
Shale to average shale by TUREKIAN & WEDEPOHL (1961).
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The Tirisalu Formation of Estonia contains 2.3 times more K,O than the average shale by
Turekian and Wedepohl (1961). This potassium is mainly found in K-feldspar (65%) and clay
minerals (35%).

The changes in the major element composition in the different geochemical provinces are not
remarkable. The heterogenous Tiirisalu Formation from the eastern province is characterized by
higher and more uneven concentrations of pyrite and P,O;. The organic-lean shale from the
central province has lower P,O4 content (see Table 3).

2) Kerogen composition and maturation. The Tirisalu Formation contains up to 20% of organic
matter (kerogen). Elemental composition of this kerogen has been studied in many earlier works
(some data are given in Table 4). The kerogen is characterized by a high nitrogen content
reaching 4 wt.%. Related to this fact, some researchers have considered the source material of
the organic matter to be derived from graptolites (MANSKAYA & DROZDOVA 1962,
YUSSUPOVA 1981), while others preferred primitive green and blue-green algae (PARPAROVA
et al. 1984, KLESMENT 1985) and acritarchs (LAPO & MIKHAILOVA 1988) as the main
source. ZHMUR (1988) described several microorganisms from the Tiirisalu Formation, such as
the cyanobacteria Microcoleus chthonoplastes, Colothrix, the purple bacteria Thiopsa and
Thiocystes and reached to the conclusion that the organic matter of the Tiirisalu Formation was
generated by benthic microorganisms under brackish-water conditions.

As shown in Table 5, the total organic carbon (TOC) content of the Tiirisalu Formation varies
between 6 and 13%. The very low vitrinite reflectance (R, = 0.53%) and T,,, (404-408°C) prove
that the Tirisalu Formation is thermally immature. The formation is characterized by little
extractable bitumen, by methano-naphtene type of bitumoids (YUSSUPOVA 1978) and, as in the
Swedish Alum Shale, by high H/C-ratios (Table 4). In comparison with the kukersite (Estonian
oil shale of Middle Ordovician age), which formed under oxidizing conditions, the organic matter
of the Tiirisalu Formation is enriched in NSO compounds (oxygen, sulphur and nitrogen), 12-14%
and 17-25% respectively (KLESMENT 1985). Rock Eval hydrogen index values are considerably
lower (HI from 300 to 430 mg HC/g TOC) than those found in contemporaneous shales of similar
maturity from Oland and Visterg6tland (HI up to 630), probably reflecting the higher content of
non-hydrocarbons in the kerogen. In the van Krevelen diagram (WILKEN & BUCHARDT 1994),
the Tirisalu kerogen can be classified as a mixed type II and III. Klesment supposed that the high
content of rare elements in the Tiirisalu Formation results not only from the reducing depositional
environment, but also from the high concentration of NSO compounds in the organic matter,
which formed chelate complexes with the multivalent metals (Table 5).

The amount of nitrogen released upon pyrolysis of the Tirisalu Formation varies from 4 to 17
% and increases in the eastern province (NAPPA et al. 1978). It is worth to notice that the NSO
content in the Swedish Alum Shale kerogen is remarkably lower than in the Tiirisalu Formation
(WILKEN et al. 1994).
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The lateral and vertical distribution of the organic matter in the Tirisalu Formation coincides with
the calorific values, which have been determined from more than 2500 samples in 400 drill cores.
Only part of these data have been published (PUKKONEN & RAMMO 1989). Pure kerogen of
the Tirisalu Formation has a calorific value of 35.1 MJ/kg (8350 kcal/kg, KIRRET et al. 1959).
The highest calorific values of the Tiirisalu Formation were found in the northwestern corner of
the mainland, where the thickness of the Tiirisalu Formation is also the biggest (up to 7 m). The
calorific values decrease eastwards and southwards, but is usually higher than 4.2 MJ/kg (1000
kcal/kg). The oil yield of the Tirisalu Formation by the Fisher Assay correlates well with the
organic matter content and shows the highest value in the western zone (3-4%). In the Toolse
phosphorite deposit of the eastern province, where the average calorific value of the Tiirisalu
Formation is 4.8 MJ/kg, the oil yield of the mudstone is 2.1-2.2% (KIVIMAGI & TEEDUMAE
1971). Probably, this low oil yield is caused by the long-time exposure of the organic matter to
radiation from decay of uranium (LEWAN & BUCHARDT 1989). The comparison of the
uranium-poor and uranium-rich Tirisalu Formation in thermo-oxidation curves led to the same
conclusion (VESKI et al., 1993).

3) Trace elements. The trace element composition of the Tirisalu Formation is mainly known
from the Maardu and Toolse phosphorite deposits (IVANOV et al. 1984, PELEKIS et al. 1985,
KIRRET et al. 1986, KIRRET et al. 1987, PIHLAK & ISAND 1989). Outside these areas, the
distribution of U, Mo, and V has been described by the geologists from the Geological Survey
of Estonia (PETERSELL et al. 1981, PUKKONEN & RAMMO 1992, PUKKONEN 1993). The
average trace element composition of the Tiirisalu Formation is given in Table 6. As shown there,
the eastern (IIT) geochemical province is characterized by elevated concentrations of U, Mo, (V),
RE, Ag, and elements of sulphide association - Ni, Pb, As. The same distribution pattern can be
seen in the western province near the thinning-out line, where the thin Tirisalu Formation
contains also many sand- or siltstone intercalations.

Usually, the lower part of the Tiirisalu Formation is characterized by elevated concentrations of
U, Mo and V (PUKKONEN & RAMMO 1992, KIVIMAGI & TEEDUMAE 1971, see Table 7).
The thickest and most organic-rich parts of the Tirisalu Formation in the northwestern corner of
the mainland contain vanadium in high concentration (1200-1300 ppm). Vanadium is mainly
associated with the organic matter, and vanadyl porhyrin complexes has been described from the
benzene extraction fraction (800 ppm in bitumen extract, DROZDOVA & CHINENOV 1974).
Part of the vanadium occurs in clay minerals (PALVADRE et al. 1984). Molybdenum has a
positive correlation with the organic matter (PALVADRE et al. 1984, PETERSELL et al. 1981,
PELEKIS et al. 1988), but is also incorporated into the pyrite phase (PETERSELL et al. 1981,
KALLASTE & PUKKONEN 1992, PALMRE 1969). No molybdenium minerals have been found
in the Tiirisalu Formation, although some authors (MALDRE 1976) considered the molybdenum
to be bound as molybdenite.

Uranium concentrations are higher in the more sandy (or silty) sections of the Tiirisalu Formation.
Therefore, it is assumed that the uranium was enriched preferably in the near-shore or more
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shallow part of the depositional basin, where good organic matter preservation conditions occurred
locally. For example, the mudstone interlayers inside the Kallavere Formation sandstone in the
eastern part of North Estonia contain uranium up to 1200 ppm (core 0612, see Fig. 1).
ALTHAUSEN (1992) considered 5-10% of the uranium to be in mineral form as the uraninite
mineral nasturane.

The lead concentration, which averages 100 ppm in the Tirisalu Formation, is about 2 times
higher than normally in the Alum Shales of Scandinavia. This enrichment can probably be
explained by the high content of authigenic K-feldspar in the Tirisalu Formation. The zinc content
in the Tirisalu Formation (average 100 ppm) is several times lower than in the Swedish Alum
Shales. The distribution patterns of Pb and Zn are different in the Tiirisalu Formation basin.
Nevertheless, three areas in the basin show co-enrichment of Pb and Zn above the values
mentioned above: on Hiiumaa Island, near the Maardu deposit and in the northeastern part of
Estonia (Viivikonna). These enrichments have been explained by submarine polymetal-rich
hydrothermal activity during the deposition of the Tirisalu Formation (PUKKONEN 1991).

STABLE ISOTOPES

Sulphur isotope analyses of 19 samples of disseminated and discrete pyrite were performed by
PETERSELL et al. (1987). The 6*'S varied from -16.1 0/00 to +2.9 0/00. The main part of these
samples (58%) had 6**S values similar to the meteoritic standard (from -3.8 o/oo to +2.9 0/00)
and the authors could not exclude the possibility of significant flux of magmatic sulphur by
postvolcanic solutions. Carbon isotope composition of organic carbon determined from seven
samples in the Tiirisalu Formation range from -29.31 o/oo to -27.58 o/oo versus PDB. These
numbers are 1 to 2 o/oo more positive than the corresponding values from the Djupvik-1 and
Gislovshammar-2 cores. No geographical or stratigraphical trends can be identified in the data.

DEPOSITIONAL ENVIRONMENT

Estonia is located on the southeastern slope of the Baltic Shield, where the southwards tilted
crystalline basement forms the socalled Estonian Monocline. The basement is covered by Upper
Vendian and Lower Palaeozoic (incl. Devonian) sedimentary rocks with a total thickness of up
to 1 km in the southern part of Estonia. Development of the main basinal structure in the Baltic -
the Baltic Syneclise - started in Late Cambrian time (SUVEIDIS et al. 1987).

The Lower Palacozoic sedimentary cycle (the Caledonian structural complex of Russian authors)
was preceded by deposits of Upper Vendian to Lower Cambrian age (Baikalian Platform structural
complex), which mainly consist of conglomerates, arcosic sandstones, and - in the younger part
- siltstones. Deposition of the Vendian sediments took place in the present Estonian area and in
the eastern part of Latvia and Lithuania under subcontinental and near-shore, marine conditions



Dictyonema Shale of Estonia 16

Figure 7. Scheme of the isopachytes and types of the Middle Cambrian terrigenous-sandy marin
formations (after BRANGULIS et al. 1987). Legend: 1 - sandy deposits; 2 - silty-clayey
deposits; 3 - area without deposits; 4 - isopachytes; 5 - boundary between deposits of the
different types; 6 - subcrop area of the formations.

(BRANGULIS et al. 1987). Probably, the Vendian and Lower Cambrian deposits also covered
the eastern part of the Baltic Shield (the present Finland and Karelian areas, PUURA et al. 1987,
p.74). At the beginning of the Caledonian structural complex (Middle Cambrian), sedimentation
took place in the western, northern and central parts of the East Baltic? where mainly silty-clayey
deposits were formed. The Middle Cambrian deposits in the western and central part of the East
Baltic (see Fig. 7) are characterized by sandy quartzose siltstones containing kaolinite. The Upper
Cambrian is represented by siliciclastic rocks, mainly quartzose sand- and siltstone containing thin
interlayers of greenish-gray clays in the lower and dark kerogenous shales and mudstones in the
upper part of the section. These rocks are developed predominantly in the northern part of the
East Baltic (Fig. 8 and MENS et al. 1993). The Cambrian deposits of the East Baltic are mainly
marine, but may sometimes have formed under brackish-water conditions (PIRRUS 1981).

At the beginning of the Ordovician, the Baltic (NE Poland, SW Baltic) and Moscow Syneclises

2 The term East Baltic is here used as a synonym to the area today defined by the three Baltic republics
Estonia, Latvia and Lithuania and the St. Petersburg Region.
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Figure 8. The distribution, thickness and facies of the Upper Cambrian in the northwestern part
of the East European Platform (after MENS et al. 1993).

Legend: 1 - thickness of the corresponding deposits, m (up to the base of the Cordylodus
succession); question mark shows the undetermined Cambrian or Ordovician age of deposits; 2 -
recent erosional boundary of the Upper Cambrian; 3 - isopachytes, m ; 4 - boundary of a facies
belt.

came into existence. At that time, the central part of the East Baltic formed an east-west trending
swell (the Latvian Saddle). North of this high, the basement was tilted to the north and formed
a basin, where phosphatic sandstones and organic-rich mudstones were deposited during the
Tremadocian transgression (Fig. 9). The Tremadocian sea in the East Baltic probably was very
shallow and with an even bottom topography. The distribution of bioclastic phosphoritic sandstone
and kerogenous mudstone was controlled by bottom topography and currents, but also by
movements of minor basement blocks (HEINSALU 1979). The organic-rich muds in North
Estonia were deposited in the deepest part of the basin, which probably extended into the present-
day Finnish Gulf. Further to the east, the basin had connection to the Moscow Syneclise through
the area of the present-day Lake Ladoga (DAVYDOVA & GOL’DSHTEIN 1960). During periods
of sea level highstands, the East Baltic basin acted as a strait linking the major Scandinavian and
Russian basins, and water movement from the west to the east took place affecting the formation
of the phoshorite deposits and organic-rich mudstones, and also the Middle Ordovician kukersites
(PUURA et al. 1987).

By the opinion of several authors, the elevated content of OM in the Tiirisalu Formation was
caused by high productivity linked to upwelling from the pericontinental part of the basin in the
west (PUURA et al. 1987, POPOV et al. 1989). However, the low sedimentation rates seen in
the Baltoscandian Alum Shales seem to contradict this interpretation (THICKPENNY 1984).
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Fig.9 Lithological-facial scheme of the Pakerort time in the East-European Platform with the type sections (after Heinsalu, 1985).

Legend: 1 - Dictyonema Shale; 2 - quartzose sandstone or siltstone with brachiopod detritus; 3 - brachiopod coquina (Obolus phosphorite); 4 - intercalation of sandy and
clayey rocks; 5 - outcrops, thickness of the Dictyonema Shale, m (in the denominator), and Obolus sandstone (in the numerator); 8 - drill cores, numbers - thickness of the
deposits, m; 7 - drill cores, thickness of the Obolus sandstone (or sandy-clayey rocks), m; 8 - Baltic-Ladoga clint; 9 - presentday distribution area of the sedimentary rocks
of the Pakerort Stage; 10 - isopachytas, m; 11 - Valmiera-M&niste-Lokno nose of the crystalline basement; 12 - overlap to the platform; 13 - Teysseire-Tornquist line; 14 -
type sections: | - Nérsnes (South Scandinavian); Il - Maardu (North Baltic); Ill - ligai (South Baltic); IV - Rostovskaya (Moscow Syneclise); V - Ksize (Pulish type); additional
conventional signs: 15 - stinkstone; 16 - glauconite; 17 - pyrite; 18 - interlayers of kerogenous mudstone

Note: By the new data (Dmitrovskaya, 1989) the thickness of the sedimentary rocks of the (Lower Tremadocian) Pakerort Stage in the Moscow Syneclise is about two
times smaller than given in the figure.
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ECONOMICAL INTERESTS, TECHNOLOGICAL STUDIES AND THE RESOURCES
OF THE ESTONIAN TURISALU FORMATION

At the end of the Second World War, the demand for uranium for nuclear power and weapons
aroused. Because the Estonian Tiirisalu Formation was a potential resource for uranium, several
uranium prospecting studies were carried out by St.Petersburg geologists. Also, technological
investigations into the methods of uranium enrichment were initiated. The first uranium
concentrate from the Tirisalu Formation was presented at a high-level meeting in the Kremlin,
Moscow, attended by L.Beria, K.Voroshilov, G.Malenkov and other members of the Soviet
Government (ALTHAUSEN 1992). Later, several technologies for uranium extraction were
developed, the most effective were as follows (MAREMAE 1989, ALTHAUSEN 1992):

1) The method of heap bacterial leaching of metals from lump material of the Tiirisalu
Formation developed in the All-Union Institute of Raw Materials in Leningrad (ALTHAUSEN
et al. 1965, ZVEREYV et al. 1965). This method gave a yield of 70-80 % of uranium, 40-60% of
molybdenum and 13-20% vanadium.

2) The method of oxidizing autoclave leaching of the Tirisalu Formation from the acid
pulp with an anion-exchange resin, which enabled to extract into solution 73-76% U (SMIRNOV
et al. 1973).

3) The sulphuric acid method of complex extraction of metals performed by the Institute
of Chemistry, Academy of Sciences of the Estonian SSR (MAREMAE & KIRRET 1989 and
1990). This method enabled to extract from the Tiirisalu Formation 80-90% U and V, 63-75%
Mo and other elements, but was uneconomical due to the huge consumption of sulphuric acid.

The Tiirisalu Formation was also investigated for heating purposes (KOLL et al. 1959, LOONE
& UUESOO 1966 a.o0.), for oil and gas generation (STEPANOV & RIKKEN 1957), and as a raw
material for concrete production and for many other purposes (see MAREMAE 1988). Since
1942, more than 40 institutes in the former Soviet Union have studied the potential of the Tiirisalu
Formation as fertilizer (VESKI 1986). According to ZHZEZHZEL’ (1955, see VESKI 1986) the
growth of different agricultural plants after applying powdered rocks from the Tiirisalu Formation
increased from 5 to 95 %. Using combined processes of hydrocycling and flotation, AHELIK &
PALVADRE (1992) obtained a concentrate with an organic matter content of 62% from the
Tirisalu Formation. No economically effective technologies for use of the Tiirisalu Formation
have been worked out yet.

RESOURCES

The total reserves of the Tiirisalu Formation in Estonia are close to 64 billion tons. Considering
the average concentrations of uranium (106 ppm), vanadium (910 ppm) and molybdenum (180
ppm) given in Table 5, the total reserves of these elements in the Tirisalu Formation can be
calculated: Uranium 6.8 million tons, vanadium 58.2 million tons, and molybdenum 11.5 million
tons.
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Economically important are the resources of the Tirisalu Formation in the Toolse phosphorite
deposit (see Fig. 1), where the formation overlies the phosphoritic sandstone. Here, future
phosphorite mining may make it economically attractive to exploit also the Tirisalu Formation.
The resources of the Tiirisalu Formation in the Toolse phosphorite deposit were calculated using
data from more that 150 drill cores (KIVIMAGI 1975): Total resources are more than 141.4
million tons, uranium 21 100 tons, vanadium 147 000 tons, and molybdenum 57 400 tons.

The resources of the Tirisalu Formation have been calculated also in the northwestern part of
Estonian, where the thickness and organic matter content of the formation is at the highest. Based
on the data from 250 drill cores and about 2000 analyses, the resources of the Tiirisalu Formation
with a thickness above 3.5 m (in the area of 1607 km?) were as follows (RAMMO et al. 1989):
Total resources 10 651 million tons, uranium 1.176 million tons, vanadium 7.260 million tons,
and molybdenum 2.444 million tons.

ENVIRONMENTAL STUDIES

Over the last 15 years, a great deal of attention has been given to the environmental problems
arisen from the mining of the phosphorite deposit in the Maardu open pit. Here, the overlying
Tiirisalu Formation with a thickness up to 4 m was removed and dumped in the quarry. As a
result of self-ignition processes and burning of the shale dumps, sulphur and heavy elements (e.g.
uranium) were released from the rock and polluted air, surface and ground water.

The environmental aspect of the Tiirisalu Formation studies includes investigations of the
groundwater pollution JOHANNES et al. 1979, PIHLAK et al. 1984, NAUMOV 1991 a.o0.) and
leaching processes of the metals (ALTHAUSEN et al. 1980, PALVADRE & KLEEMEIER 1982,
MAREMAE et al. 1979). Different aspects of the self-ignition processes have been studied by
EPSTEIN et al. (1964), UROV & VYSSOTSKAYA (1981), VESKI & SIDOROVA (1981),
PEVZNER et al. (1982), KOCH & KIIS (1984), and PIHLAK (1984a and 1984b). Most of the
studies related to the environmental hazard of the Tiirisalu Formation have been published in the
journal "Goryuchie Slantsy” ("Oil Shales") founded in Tallinn, 1984.
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Table 1

The average mineral composition of the crystalline phase of the mudstone
in the different particle size fractions (after UTSAL et al. 1982)

Mineral composition (in %)
Fraction,
(in um) M-Hm Exp.Hm Mica Chlo- Quartz Ortho- Pyrite
+Hm rite clase

>0.2 100 - - - - - -

0.2-0.35 - 93.57 - 1.43 214 2.86 -

0.35-0.5 - 92.14 - - 5.00 2.86 -

0.5-0.75 - 93.57 - - 2.14 4.29 -

0.75-1.0 - 84.29 - - 7.17 8.57 -

1.0-2.0 - 76.43 - 1.43 8.00 14.14 -

20-5.0 B 40.71 - 0 2429 34.29 -
5.0-10.0 - - 19.29 - 3543 4371 1.57
10.0- 100.0 - - 10.29 0.57 37.86 50.14 1.00

M-Hm - mixed-layer montmorillonite-hydromica (illite)
Exp. Hm. - expansive hydromica (illite)
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Table 2
The major element composition of the Estonian Dictyonema Shale (F-342), Swedish Dictyonema Shale
(Birstad, B-1) and Swedish Cambrian Alum Shale (Birstad, B-2), and comparison with the average shale
by (Turekian and Wedepohl, 1961)
Location Sample [Si02 ARO3 TiO2 MnO Ca0O MgO Fe203 P205 Na20 K20 LOL 5 co2
tot tot
BARSTAD OI1(B-1) | 4800 1419 0.69 0.016 0.30 1.36 6.80 0.18 0.20 4.30 264 397 0.09
BARSTAD <€3(B-2) | 41.70 11.93 060 0016 0.42 101 11.61 0.28 0.14 4.31 28.50 847 0.17
F-342 01 4990 1280 0.67 0.020 0.29 LIl 5.87 0.20 0.11 B4 20 33 0.07
Average black shale: 5850 1510 077 0110 3.09 51 674 016 1.29 321 0.24
(Turekian and Wede-
pohl, 1961)
Ratios (o the average shale
Location Sample [S#02 ARO3 TWO2 MnO Ca0 MgO Fe203 P205 Na20 K20 LOL S Cco2
tot tot
BARSTAD O1(B-1) 0.82 094 09 015 0.10 054 1.01 113 0.16 1.50 16.54
BARSTAD +€3(B-2) 0.71 079 078 015 0.14 040 1.72 L75 0.11 1.34 59
F-342 01 0.85 0.85 088 018 009 044 0.87 124 009 263 13.75

LO.L - Total weight lost on ignition at 1000°'C
01 : Tremadocian
€3 : Upper Cambnian
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Table 3
Whole chemical analysis of the major and minor oxides in the Estonian
Dictyonema Shale (in weight %) from the selected cores
Core Zope Depth Nr.| SiO2 AI203 Fe203 TiO2Z MnO CaO MgO S P205 FeO Na20 K20 LOI Mot S03 CO2
tot ot
F-342 1 111.00 844 S095 1282 5% 067 0018 016 119 319 012 172 009 350 2164 164 149 007
F-342 I 111.55 845 5008 1282 634 072 0018 016 114 341 012 158 007 840 2159 165 163 007
F-342 1 11220 346 4990 1282 547 065 0018 021 114 288 013 172 009 840 2247 L72 147 007
F-342 I 11280 847 5200 1294 S47 069 002 018 113 288 012 244 009 870 2042 175 168 007
F-342 I 113.35 848 5064 1284 655 068 0021 025 113 394 019 201 009 822 2075 191 194 007
F-342 1 113.70 349 555 1181 572 062 0018 09 094 332 068 187 009 832 1677 140 13 007
F-342 I 114.10 850 50.64 1307 547 069 0021 021 1.17 288 016 201 008 852 2166 190 L72 0.04
F-342 1 114.70 851 4816 13.07 538 067 0021 021 112 316 013 230 008 842 2341 195 173 004
F-342 1 11530 &s2 4780 1231 573 064 0020 024 104 339 015 216 008 830 2400 191 170 007
F-342 I 11590 853 439 1294 616 069 0021 021 109 362 015 187 007 830 2% 19 18 0.11
F-342 1 116.35 854 4830 1256 S64 065 0023 021 108 313 016 137 009 840 VKW 19 167 007
F-342 1 116.60 856 4578 1357 660 072 0022 044 116 382 027 187 007 830 2460 224 179 007
01g9¢vy 1 5871 672 5294 1416 417 077 0017 018 123 192 008 L15 010 99 1673 142 091 015
0189(Vy O 5883 675 5590 1436 573 077 0018 058 123 306 022 144 010 992 1194 155 130 020
0189(V)y I 58.98 678 5892 1436 463 077 0018 070 108 205 041 131 011 976 1006 131 099 020
0189(Cy O 5920 680 6170 1665 434 088 002 027 153 135 008 129 012 109 448 L10 034 009
0189 a 59.65 682 5280 1410 668 077 002 021 132 368 010 216 011 932 1504 142 168 0.04
0189 o 5995 683 5200 1410 642 075 0019 021 128 368 010 172 010 834 1634 140 168 0.04
0189 o 60.25 684 4932 1345 712 070 0018 021 120 436 008 187 010 846 1983 169 226 0.04
0189 o 60.55 685 5158 1410 555 072 0019 025 130 318 0.08 194 010 88 1801 L71 221 004
0189 o 60.90 687 4832 1370 660 067 0021 023 128 38 011 223 010 3834 2138 182 226 007
0189 o 61.20 o688 5000 1436 48 070 0021 021 134 231 009 201 010 908 2011 158 158 0.04
0189 o 61.55 689 5090 1269 608 062 0019 035 112 367 02 177 010 800 2031 159 183 011
0189 (K) 11 6203 695 5250 1499 59 080 0020 033 146 275 017 201 011 908 1481 175 200 007
0189 (K) i} 6227 697 4392 1181 608 062 0044 173 172 340 034 244 010 762 249 212 216 172
0189 (K) n 6272 699 469 1410 547 070 0018 035 137 28 023 273 011 834 2270 254 243 011
0189 (K) 1} 6298 701 4814 1307 547 067 0019 047 125 2% 027 221 011 800 2251 243 270 015
0189 (K) It} 67.62 718 4576 1436 686 077 0018 025 124 418 013 194 009 892 2242 166 227 017
946 m 3320 62 4820 1244 S73 072 0021 019 094 313 012 259 006 840 233 319 49 007
946 m 3350 64 4820 1168 503 059 002 052 09 279 030 287 006 79 2548 348 471 015
946 m 3380 65 4724 1231 469 063 0014 035 099 343 020 273 012 780 2605 368 472 011
946 m M0 oo 4960 1156 486 065 0015 064 09 276 040 273 012 824 2365 380 475 007
946 m 3425 67 51.20 976 694 055 0011 105 081 464 072 244 012 652 2239 359 513 007
946 m M0 68 4308 1143 885 059 0014 035 105 S64 026 331 011 710 2745 459 619 009
P-1949 m 5437 650 3894 951 937 049 0009 716 09 640 S02 201 015 580 21M 220 243 056
P-1949 m 5448 651 4220 1256 825 067 0014 193 129 481 134 172 011 754 2461 243 241 017
P-1949 m 5459 653 4356 1269 703 059 0014 070 126 428 041 201 010 758 2607 295 372 007
P-1949 m 5462 654 45.60 913 1441 047 0015 175 083 1027 110 194 011 536 2244 282 459 011
P-1949 m 5475 655 4556 1385 582 070 0018 041 137 299 025 223 010 808 2395 258 254 0.13
Fe203 tot - total iron was calculated into Fe203
LOI - total weight lost on 1gmition at 1000°C
(V) - argillite interlayers in the glauconitic sandstone of Varangu Formation
(C) - clay of the Varangu Formation
(K) - argillite interlayers in the phosph d of the Kall Formation

¥

Geochemical provinces: [- western, [I- central [1I- eastern
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Table 4

Kerogen elemental composition of the Estonian Dictyonema Shale
(in percents)

Author Locality Cc H N 0 + ClI S H/C
atom.
KUPPFER (1870) Tallinn 69.00 7.17 2.57 21,26 ... 1.24
RAGO (1928) Tallinn 61.43 7.18 4.24 24,93 2.22 1.40
KIRRET et al. (1957) | Maardu 68.88 7.72 3.69 17,59* 2.66 1.34
KIRRET et al. (1959) | Maardu 76.00 7.40 1.88 12,22 2.50 117
NAPPA et al. (1978) | Aseri 65.50 6.80 2.10 1.25
RAMMO et al. (unpu-
blished report 1989) |[NW Estonia 62.53 6.56 2.63 10,67 1.26

* - only oxygen content



Table 5
Total carbon (TC), total sulphur (TS), vitrinite reflectance (Ro), Rock Eval and
IATROSCAN data of the Estonian Dictyonema Shale (Schovsbo, Wilken and Buchardt, 199 )
Core Nr. Nr. Depth TC TS Ro 51 52 S3 S¥83 HI OI PP Pl Tmax| EOM Satur. Arom. NSO  Asphal-
Est  Denm m | % % % ‘c | wippm HC HC compound  tenes
Fo To T To

F-342 ESTO-1 111.30 915 27 241 3918 182 2153 428 20 4160 006 408 4203 10.4 563 2892 0.99
F-342 &5 ESTO9 11155 1093 366
F-342 849 ESTO-10 11370 151 is
F-342 852 ESTO-11 11530 1253 347
F-342 ESTO-2 116.15 1253 2% 1.62 3159 326 11.53 300 26 3920 004 405 3382 1.32 245 2235 0.65
F-342 856 ESTO-12 11660 1210 395
K-14 ESTO-4 69 50 1192 254 053 249 4538 362 1154 381 30 4790 005 404 5274 113 13 3386 1.72
K-16 ESTO-3 103.60 1052 228 139 3531 343 1029 33 33 3670 004 409 2464 0.82 402 1809 0.5%

0189 675 ESTO-S 58.83 421 299
0189 682 ESTO-6 59.65 599 368
0189 638 ESTO-7 61.20 10,24 236
0189 701 ESTO-8 6298 1038 29

P-1949 650 ESTO-13 5437 686 6.10
P-1949 651 ESTO-14 5448 11.00 478
P-1949 655 ESTO-15 54.59 11.26 293

Note: Sample ESTO-4 (core K-14) was taken from the impact breccia in the Kardla impact
structure (Hilumaa isl), 3 km southwest from the core K-16.

HI - Hydrogen Index (SZTOC)*100, mg HC/g TOC
Ol - Oxygen Index (S3/TOC)*100, mg CO%g TOC
PP - Production Polential S1+52, mg HC/g sample
PI - Production Index S1/(S1+52)

§1-mg HC/g sample

S2 - mg HC/g sample

$3 - mg CO2/g sample

BIUOIST JO 2[BYS BUWIAUOAII(
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Table 6

The supposed average trace element composition of the
Estonian Dictyonema Shale (after Pukkonen, 1989. with
some corrections), in ppm

[Element |Metbod | Min Max| Mean| Zooes
o

Li ESA 10 n 17

Be ESA 1 [ p

B ESA 30 150 75

Cl NAA 280

Sc NAA 3 15 1

v AA 210 1910 910 | + +

Cr ESA 27 ] 50

Co NAA i1 o 12

Ni NAA U 300 120 +

Cu AA 15 90 110

Zn AA <25 7100 100

Ga ESA 7 pad 15 +

Ge ESA <l$ 24 LS

Az ESA 10 350 k1] +

Se XRF L5 8 2

Br NAA L1 13 14

Rb XRF 42 137 110

Sr XRF 9 192 0 +

Y XRP 11 119 37 +

Zr XRF 13 mn 170

Nb XRF 5 “ 4

Mo XRF 3 1990 190 -

Ag ESA o b 07 +

Ccd AA 1 62 L9

In ESA <Lé

Sn ESA 25 14 46

5b NAA <2 100 10

Cs NAA L7 a9 5

Ba NAA 300 1050 500

La NAA 13 140 40

Ce NAA 53 170 85

Nd NAA <05 183 B4

Sm NAA <(.06 0.8 (¥

Eu NAA 0.66 5.02 L4

Gd ESA <10 15 <10

Tb NAA 0.39 18 L2

Dy ESA <6 15 <t

Ho ESA <6 10 <t

Er ESA <4 10 <4

Yb NAA 09 10 17

Lu NAA a3 £ a7

Hf NAA 23 &l i3

Ta NAA as L2 08

w NAA [3]

Re AA <002 L33 al +

Au NAA <002 025 0o

Hg AA 1y 1.06 0.84 +

m ESA 28 215 15

Pb XRF 8 1050 140 +

Bi ESA <1 L1 1?

Th XRF 7 17 12

U XRF 3 1200 106 +

Methods:
ESA - emission spectroscopy analysis
NAA - neutron-activation analysis
XRF - X-ray (luorescence spectroscopy
AA - alom-adsorbtsion analyss

+,- - higher or lower concentration in the

geochemical provinces: I- western. [I- central,

[II- eastern zone
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Trace element composition of the Estonian Dictyonema Shale from the selected cores (in ppm)

Table 7

X-ray fl Emission spectroscopy
Core  Zope Depth  Nr.
u Mo S Rb Pb| Cr Co Ni Cu Zn Ga Sm Ag Y Yb Sc B

F-342 1 111.00 344 92 128 143 60 12 100 110 <30 15 05 07 30 30 10 60
F-342 I 11155 845 & 1 129 60 10 &0 150 30 17 30 07 40 30 10 60
F-342 I 11220 846 82 142 128 49 6 30 110 <30 12 27 08 30 30 10 8
F-342 1 11280 847| 107 180 8 42 10 %9 % 3 15 30 08 25 30 10 8
F-342 I 11335 848 | 158 258 139 42 10 9% % 3 12 30 09 30 30 &8 &
F-342 I 11370 349 | 204 360 150 42 10 8 8 <3 10 25 1.1 60 40 3 100
F-342 I 11410 850 | 148 260 111 60 11 9% 8 <30 17 27 08 25 15 6 &0
F-342 I 11470 851 | 136 260 113 49 10 9% % 120 15 30 06 30 30 10 100
F-342 I 11530 852| 122 248 112 4 9 120 8 35 1S 27 07 4 30 6 60
F-342 I 11590 853 | 136 263 93 49 10 100 8 120 15 30 07 30 30 8§ 8
F-342 I 11635 854 | 155 335 3 40 8 70 e <30 15 20 05 25 20 6 60
F-342 I 11660 856 | 194 518 139 4 3§ 110 2 40 15 30 10 40 40 6 4
01g9(vy 10 58711 672 0 12 67 3% 49 27 o 30 40 17 35 02 40 40 10 100
g vy 0 5883 675 25 11 76 46 49 20 & 0 60 20 30 03 40 40 10 100
o9 (v)y I 5898 678 51 10 95 3 49 12 4 % 60 17 35 02 40 30 6 150
% (C, [ 59.20 630 30 4 M 2% 39 10 0 &0 60 2 49 01 20 40 10 200
0189 i 59.65 682 16 13 67 75 49 9 4 100 4 2 27 03 30 30 10 100
0189 i 5995 683 17 12 67 a4 49 12 S0 100 60 20 30 03 30 25 10 150
0189 o 60.25 634 14 14 & 106 37 4 &0 % % 16 30 03 40 40 15 100
0189 i 60.55 635 21 13 & 80 49 12 60 100 270 15 32 03 30 30 10 150
0189 il 60.90 687 47 8 65 131 49 15 9% 9% 150 17 30 08 30 40 10 100
0189 it 61.20 633 53 8 o 93 49 15 8 9% 200 15 27 06 20 40 10 150
0189 o 61.55 689 “4 U N 101 40 10 70 120 80 15 25 06 40 30 10 100
0189(K) O 6203 695 31 & 95 57 12 & 9% 60 15 35 07 25 40 8§ 150
0189(K) O 6221 697 78 162 78 132 40 12 3% 80 <30 12 05 07 30 30 6 60
0189 (K)y O 6272 699 | 133 1540 80 13 51 17 120 80 40 15 25 14 o0 80 10 40
0189 (K) i 6298 701 207 2050 78 121 49 17 100 110 30 15 25 14 40 60 10 40
0189 (K) I 6762 718 15 250 106 40 15 50 110 3 24 25 03 25 30 38 1%
946 m 320 62 8 24 60 110 75 42 12 80 40 12 30 05 15 40 8 35
946 m 3350 64| X2 70 64 116 19 3 10 100 60 100 15 40 07 40 40 10 30
946 m 33.80 65 200 73 61 114 74 3 9 %0 %0 20 12 30 06 30 30 9 69
946 m 3410 66| 245 450 63 119 81 s 9 80 100 % 10 05 07 60 30 8 60
946 m 34.25 67 12 410 76 9% 118 2 9 %0 50 <30 10 15 07 100 60 10 60
946 m 3460 68| 103 715 53 114 155 40 10 140 100 3 12 30 07 25 40 8 80
P-1949 m 5437 650 | 323 647 192 34 110 40 20 120 8 <3 15 20 08 60 60 3 &0
P-1949 m 5448 651 241 %9 102 105 239 42 12 20 70 <30 15 30 07 30 60 10 60
P-1949 m 5459 653| 224 249 75 116 224 49 20 200 12 4 12 20 12 4 60 8 150
P-1949 m 5462 654| 221 211 101 8 134 4 19 280 200 3 14 05 14 39 80 8 &0
P-1949 m 5475 655| 346 1132 80 127 9% 69 12 100 100 3 15 30 12 40 40 & 100

(V) - argillite interiayers in the glauconitic tandstone of the Varangu Formation

(C) - clay of the Varangu Formation
(K) - argillite interlayers in the ph

h

4

of the Kall

¥

Geochemical provinces: [- western, [I- central, [1l- eastern

Formation





